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Preface 

Selections from the Aldrichimica Acta 

When we started the A/drichimica Acta in 1968 we 

didn’t envisage that it would grow into an international 

journal, just as we did not dream that Aldrich, which 

began in 1951 as a part-time operation run by one chemist 

making one compound in a garage, would become a 

world-wide supplier of 40,000 products. 

The first issues of the Acta, sent to 10,000 customers, 

were just glorified advertisements, and since most were 

promptly thrown away, the early issues have become col- 

lectors’ items. Many of our customers ask, ‘‘Where can 

I obtain a complete set?’? Even Aldrich has just a few 

of the early issues, and we have had to photocopy many 

thousands of pages to satisfy the demand for the most 

interesting articles. 

At the beginning it took courage (or was it nerve?) to 

ask scientists to write papers, and only our best friends 

did. Today chemists know that the Acta goes to 170,000 

readers all over the world, the papers are abstracted by 

Chemical Abstracts, and are often cited. Among our 

authors are some of the world’s most eminent chemists, 

and two issues were dedicated to two of America’s 

greatest teachers, Robert Burns Woodward and Gilbert 

Stork. 

For the Se/ections we have chosen those articles which 

we believe are still of interest to many of our readers, 

and for the cover we chose the painting which was on 

the Acta dedicated to Professor Woodward. 

It is with great pleasure and pride that we serve chemists 

throughout the world, and count them as our friends. 
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The Evolution of Totally Synthetic, Strong Analgesics 

Everette L. May: Chief, Section on Medicinal Chemistry, National Institutes of Health, Bethesda, Maryland 

The use of opium for the relief of pain and distress dates 
from antiquity. Until the invention of the hypodermic 
syringe by Christopher Wren (about 1850) opium was 
either smoked or eaten. This invention, the isolation of 
morphine from Opium by Sertiirner (1803), and the syn- 
thesis and clinical use of diacetylmorphine (heroin) in the 
late 1890's presaged the modern age of potent pain-reliev- 
ing agents with all its advantages and problems, medical 
and social. 
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Fig. 1. Chemical structure of morphine, 

codeine, and heroin. 

Thus, for well over a half century, especially since the 
chemical architecture of morphine became known and the 
interrelations of morphine, codeine and heroin (Fig. 1) 
were fairly well understood, scientists of various disciplines 

have toiled diligently to develop substances with morphine- 
like, pain-relieving efficacy and negligible adverse effects 
particularly abuse liability. Early attempts consisted prin- 
cipally of modifications of morphine and codeine or of the 
toxic, medically useless thebaine which occurs in opium 
along with morphine and codeine and is closely related 
chemically. Of the hundreds of congeners made (some of 
which are shown in Fig. 2) none has attained more than 

limited medical use, usually in restricted clinical situations. 
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Fig. 2. Chemical structure of congeners of morphine. 

And, with the possible exception of metopon (5-methyldi- 
hydromorphinone) prepared in the systematic studies of 
Small, Eddy, and Mosettig (1929-1939), any change in 
analgesic potency has been paralleled in general, by 
changes in deleterious effects including those of depend- 
ence liability, a term now preferred to addiction liability. 



Equally discouraging were efforts directed toward the 
total synthesis of structures simulating various portions of 
morphine. In these efforts, morphine was considered as a 
phenanthrene, a dibenzofuran, an isoquinoline, a piperi- 
dine, etc. with phenanthrene the most frequently used fun- 
damental structure again by the Small-Eddy-Mosettig 
group. However, the serendipitous discovery of pethidine 
(Demerol, meperidine) by two astute German investi- 
gators, Eisleb and Schaumann, a chemist and a pharma- 
cologist, provided a breakthrough in 1939 which added a 
new dimension and direction to the search for totally syn- 
thetic analgesics. After it was found that pethidine, which 
was really modeled after cocaine as a spasmolytic agent, 
was a morphine-like analgesic agent, albeit of lesser potency 
than morphine, these investigators discerned that pethidine 
represented a substantial fragment of morphine as shown 
ime Figy oe 
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Fig. 3. Chemical structure of pethidine. 

Pethidine has become a popular and valuable analgesic 
but possesses the same general drawbacks as morphine and 
a shorter duration of action. Perhaps more importantly, its 
advent stimulated the synthesis of hundreds of analogs, the 
more prominent of which are shown in Fig. 4, and more 
divergent structures such as methadone which was devel- 
oped in World War II, also in Germany (Bockmiihl and 
Ehrhart). The pharmacologic profile of methadone, whose 
structural resemblance to morphine is depicted in Fig. 5, 
is similar to that of morphine, although it is much more 
effective orally and longer acting. It is presently under 

HO 

() 
W 

H 
Seb gees 

cH 
3 

N N 
| \ 
CH, CH, 

KETOBEMIDONE ALPHAPRODINE TRIMEPERIOINE 

(CLIRADON) (NISENTIL) (PROMEDOL) 

° ° 
q i 

COC AH, COEt 

Ls N 
\ 

CH, CH,C H A ire. CH, CH, NH, 

PIMINODINE (ALVODINE) ARTERICUTe 

Fig. 4. Chemical structure of analgesic compounds 

related to pethidine. 

investigation (Dole, Nyswander) in maintenance and re- 
habilitation therapy for heroin and morphine addicts, ap- 
parently with marked success. d-Propoxyphene (Darvon), 
discovered by Pohland, et al. and dextromoramide (Jans- 
sen) are practical developments arising from methadone 
(see Fig. 6). 

= c 
= 

Cie. (CHs)o 

cH 
3 

METHADONE 

Fig. 5. Structure of methadone. 
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Fig. 6. Structure of d-propoxyphene and dextromoramide. 

Almost simultaneously with the emergence of methadone 
came another important advance in synthesis, the mor- 
phinans which resulted indirectly from one of the early 
attempts at the total synthesis of morphine, again by a 
German chemist, Rudolph Grewe. The best- known anal- 
gesic of this series (-)-3-hydroxy-N-methylmorphinan (lev- 
orphanol Fig. 7), contains the complete carbon-nitrogen 
framework of morphine but lacks several of morphine’s 
peripheral functional groups. It is, nevertheless, four times 
as potent as morphine on a dosage basis with good oral 
effectiveness. A tangential development and fringe benefit 
of the morphinan research was the discovery of an effec- 
tive, non-narcotic antitussive, (-+)-3-methoxy-N-methyl- 
morphinan (dextromethorphan), the methyl ether of the 
enantiomorph of levorphano]l. Levorphanol and dextro- 
methorphan are due to Schnider, et al. 

Still further alteration and simplification of the molecule 
(deletion of part of the terminal hydroaromatic ring C, 
Fig. 8) has provided 6,7-benzomorphans (National Insti- 
tutes of Health) with the intact iminoethano system and 
other structural features of morphine believed essential for 
strong, central analgesic action. These compounds as race- 
mates have shown a consistent separation of morphine-like 
analgesia (referred to the mouse and rat) and physical 
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dependence properties (tests in monkeys). Never before 
has any substantial divorcement of these advantages and 
disadvantages been demonstrated for a class of compounds 
even in animal species. This separation is not entirely 
species related but is shown to apply partially to man in 
the few compounds so tested. One N-substituted deriva- 
tive, (+)-5, 9-dimethyl-2-hydroxy-2-phenethyl-6, 7-benzo- 
morphan (Fig. 8) has been marketed in the United States 
as Prinadol and in England as Narphen. It has a broad 
pain-relief spectrum, 3-5 times the milligram potency of 
morphine, oral effectiveness and less abuse liability than 
morphine. 

I Morphine (-) II Levorphanol (-) 

Fig. 7 

IIL 6,7-Benzomorphans 

Based on these findings and on the discovery of strong 
analgesic activity for the non-dependence producing, nar- 
cotic antagonist, nalorphine, Archer Harris, et al. have 
synthesized a series of antagonists of varying degrees of 
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R=CH,CH=CMe -Pentazocine 

Fig. 8 

potency by substituting other hydrophobic groups for the 
methyl of 2’-hydroxy-2,5, 9-trimethyl-6, 7-benzomorphan 
(Fig. 8). The 2-(N)-cyclopropylmethyl analog (cyclazo- 
cine) is not only a strong narcotic antagonist but is also 



a powerful, orally effective analgesic in man without sub- 
stantial abuse liability. It appears to be useful (Freed- 
man) as a deterrent and rehabilitation agent in heroin and 

morphine abuse. Pentazocine, the dimethylally] congener 
(Fig. 8) is marketed as a non-narcotic analgesic, Talwin, 
20-40 mg. being as efficacious, it is claimed, as 10 mg. of 
morphine in most types of pain. 

Finally, optical resolution of several of the racemates of 
the benzomorphan group containing methyl on the nitrogen 
(Fig. 9) has resulted in further separation of morphine- 
like effects. Thus, the levo-isomers (in some instances 
twice as potent as morphine) contain almost all the activity 
elicited by the racemates, yet have no capacity to substitute 
for morphine in an established physical dependence in 
rhesus monkeys. In fact, these Jevo-antipodes will actually 
precipitate or exacerbate abstinence signs, being nalor- 

phine-like in this respect. Apparently, they will also an- 
tagonize some of the (undesired) effects of their weakly 
analgesically effective dextro-counterparts which, surpris- 
ingly, have from low to high physical dependence capacity 
in monkeys; in all cases, the racemates from which these 
levo- and dextro-isomers are derived have very low or no 
physical dependence capacity. It is already known that 
the levo-isomers are excellent pain-relieving agents in man, 
so that if the results obtained in monkeys are also quan- 
titatively transferred to man, the near-ideal strong analge- 
sic may be at hand. 

In any event, with the plethora of efficacious, totally 
synthetic analgesics and antitussives now extant, several 
of which are much less likely to be abused than morphine 
and heroin, mankind would not be handicapped without 
opium. It is possible even probable that if opium, the only 
ready source of morphine, codeine and heroin, were to be 
extinguished, the problem of drug dependence of the mor- 
phine type (narcotic addiction) would be greatly alleviated. 

For a detailed treatment of Morphine-like and peripherally acting analgesics, see “Analgetics”, G. deStevens, Ed., Academic Press, 
Inc., New York, N. Y. 1965. 
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Organothallium Chemistry-New Horizons in Synthesis 

Edward C. Taylor, 

Department of Chemistry, Princeton University, 

Princeton, N. J. 08540 

and 

Alexander McKillop, 

School of Chemical Sciences, University of East 

Anglia, Norwich, England 

The last two decades have seen a tremendous upsurge of 

interest and activity in or ganometallic chemistry, with the 

result that there are now few metals the organochemistry 

of which has not been investigated in some detail. Prior to 

the initiation of our studies on organothallium chemistry 

in 1966, however, little was known of the organic chem- 

istry of this group IIIB metal. This situation must be 

regarded as surprising, as not only is thallium abundant, 

inexpensive and readily available in a high state of purity, 

but sporadic reports during the past half century have 

clearly indicated that in certain reactions thallium deriva- 

tives are effective chemical intermediates. In this article 

we summarize the remarkable utility of thallium com- 

pounds in organic synthesis. We believe that the reac- 
tions discovered thus far presage a bright future for this 

versatile metal. 

Our initial interest in thallium chemistry stemmed from 

curiosity about a statement made some years ago by 

Menzies and Wilkins! that the thallium(1) salt a ethyl 
acetonedicarboxylate was “readily soluble in cold ethyl or 
methyl iodide, thallous iodide being deposited on standing 

or heating”. This startling statement about the apparent 
solubility of a B-dicarbonyl chelate in ethyl iodide (not a 
popular solvent for ionic compounds! ) prompted - rash 

conclusion on our part that thallium(1I) salts might be 

unusually covalent in character, thus raising exciting pros- 

pects of a wide spectrum of possible base-catalyzed 

reactions in homogeneous solution. A later report by Fear 

and Menzies? that reaction of the ne salt of 

ethyl acetoacetate with ethyl iodide resulted in apparent 

C-ethylation stimulated us to prepare some ee ntative 

thallium (I) salts of B-dicarbonyl compounds and to investi- 

gate their physical and chemical properties. 

We found that the most effective reagent for the formation 

of thallium (I) salts of @-dicarbonyl compounds was thal- 
lium (1) ethoxide. This remarkable compound is a covalent 
tetramer’ which is soluble in most organic solvents (includ- 

CoHs 
=O Tl 
rAd Z| 

Tl 1 (@) CoH; 

Ti —|—0 
ie I> CHs 

C2Hs 

ing heptane and benzene) and thus possesses considerable 
advantages over sodium ethoxide and other alkali metal 
alkoxides in that homogeneous base-catalyzed reactions 
can be carried out in non-polar solvents. Treatment of a 
benzene or petroleum ether solution of a (-dicarbony] 

(0) 0 0 Ti o 
I I 

TIOC2Hs 
a ae ——— ae ee Nc; 

(eq. 1) 

compound (ee., acetylacetone, (eq. 1)) with 1 equivalent 

of thallium(1) ethoxide resulted in the instantaneous 

separation in quantitative yield of its thallium (1) salt. 

Co 
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To our great surprise, and contrary to the previous report,! 

these salts were comp letely insoluble in cold ethyl iodide. 
Heating the suspension, however, resulted in the formation, 
in quantitative yield, of pure mono-C-ethylated product 

o TI) 9 0 0 

( | CoHel ! ! -) oH 5 € Cc - oHs 

CH a Be Sey Ss fat ae Dee ac 
2 | 100% CH- 

+TII 

(eq. 2) 

(eq. 2).* Ironically, the extreme insolubility of these thal- 

lium salts in alkyl iodides appears to be the key to the 

remarkable specificity of alkylation (and acylation ) which 

we have observed upon treatment of these thallium (I) 

salts, in suspension, with alkylating and acylating agents.‘ 

It appears that re action occurs at the cry stal surface, liter- 

ally “peeling away” the crystal until ‘complete reaction 

has been achieved; retention of the geometry of the 

thallium(I) chelate in the transition state leads to regio- 

specificity rivalling that of an enzymatic reaction. 

Not only are thallium(I) salts of £- dicarbony] compounds 

alkylated regiospecifically, but they may also be acylated 

selectively on oxygen or on carbon, depending upon reac- 
tion conditions. Thus, reaction with acid chlorides in 

ether suspension at —78° leads to exclusive O-acylation, 

while treatment with acetyl fluoride in ether suspension 

at room temperature leads to exclusive C-acylation (eq. 3). 

1 fe) 
| i 

CH;3CCl -78° ret. CH3CF 

OCOCH; ie) 
\I iB tl 
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(> 95%) | 
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(eq. 3) 

The remarkable effectiveness of this combination of regio- 

Tage acylation and alkylation reactions is illustrated! in 

eq. 4, w hich describes the synthesis of 1,1,1-triacetylethane. 
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CH2CF CHI 
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(eq. 4) 

Thallium (1) ethoxide forms thallium(1I) salts with a wide 
spectrum of acidic organic substrates, and the properties 

of the resulting thallium(I) salts resemble those of the 

above £-dicarbonyl salts: they are all high'y crystalline, 
colorless, sharp-melting, light-insensitive and readily recrys- 
tallizable solids. They. are also exceptionally useful inter- 
mediates in a wide diversity of synthetic reactions. Thus, 

treatment of an ether suspension of thallium(I) salts of 

phenols with an equimolar quantity of an acyl or aroyl 

halide at room temperature affords me phenol esters in 

yields seldom lower than 97%. Phenol tosylates are prepared 

similarly (eq. 5).5 

OTs OT OCOR 

TsCl RCOCI 

( > 95%) (> 97%) 

(eq. 5) 

Treatment of thallium(I) carboxylates with a stoichio- 
metric amount of an acyl or aroyl halide in ether suspen- 
sion, followed by removal of thallium(I) chloride by 
filtration and ev aporation of the ether, affords symmetrical 
or unsymmetrical carboxylic anhydrides (according to the 
choice of the acid chloride) in quantitative 1 yield (eq. 6): 

0 
|| Ul 

RCOG!] + R’' COO) Tl°———> R-C-0-C-R’ = TIC 

(100%) 

(eq. 6) 



Symmetrical anhydrides are alternatively prepared by 

treatment of thallium (I) carboxylates with thionyl chlo- 

ride in ether suspension at room temperature; the inter- 

mediate diz eae or diaroyl sulfites spontaneously lose sulfur 
dioxide (eq. 

f) 0) 0 
2 RCOOm Mit meee SOG tes | Sasooee| 5 (ROL0 6s 

2 TIC! (100%) 
(eq. 7) 

Thallium (TI) carboxylates of n-alkanoic acids readily yield 
n-alkyl bromides upon treatment with bromine and carbon 
tetrachloride in a modification of the classical Hunsdiecker 

reaction (eq. 8).6 

2RCOO-TI+ + 3 Br, —> 2RBr + 2C0> + TI>Bry 

(eq. 8) 

The utility of thallium (1) carboxylates in organic syn- 

thesis can be further illustrated by an improved preparation 
of Paquette’s “active esters”? (eqs9))s {this procedure 

SS 
RCOO"TI + | 
os 

NNo 
| 
OCOR (60-70%) 

soci +TICl + SO> 

permits the direct conversion of an amino acid to a 

peptide without the necessity of intermediate formation 

of an acid chloride.’ However, an even better route to these 

“active esters” involves treatment of the thallium/(I) salt 
of 1-hydroxy-2(1H)-pyridone with acid chlorides; the 

reaction proceec ls instantaneously at room ee ae to 

give quantitative yields of products (eq. 10).8 

S SS 
RCOCI 

NSO (95-100%) No 
or OCOR 

(eq. 10) 

A common feature of all of the above metathetical reactions 

is the avidity of thallium for halide ion and the consequent 

separation of an insoluble thallium(I) halide from the 

organic reaction medium. As a result, facilitation of intra- 

molecular halide abstraction by thallium(1I) was to be 

anticipated. Thus, difluorocarbene is conveniently pre a »d 

by thermolysis of thallium(I) chlorodifluoroacetate (ech 
11). 

CleRscoGr Tis cs cnexens z (60%) 
diglyme 

\ 

(eq. 11) 

The physical properties of thallium(1) salts (solubility, 
crystallinity, stability ) can also be used to adv rantage in 

the alkylation and acylation of a variety of fetrony clic 

compounds. For example, phenanthridones can be alky- 

lated eae teed at room temperature via their thallium salts 

(eq. )'°; previous procedures required formation of the 

R R’ 
S Ss 

ZA 
A 0 |. TIOC2H- 0 

ry 
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aS 

(60-80%) 

R R 

(eq. 12) 

potassium salt by fusion with solid potassium hydroxide, 

followed by alkylation in a sealed tube at elevated temper- 
atures.'' A variety of purines readily form thallium (1) 

salts upon treatment in ethanol or DMF solution with 

thallium(I) ethoxide; in contrast to sodium or chloro- 

mercuri salts, these thallium(I) salts alkylate exclusively 

at position 9, and this reaction has been exploited for the 

preparation of nucleosides (eq. 13).!” 

Nw l NH 

WA 

(eq. 13) 

By-products of many of the above reactions are thallium (1) 

halides, and it is interesting to note that thallium(I) bro- 

mide is an extremely effective reagent for the synthesis of 
biaryls from aromatic G rignard reagents (eq. 14) 18 
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R R 
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MgB, 4 4———> (70-100%) 

This supe rficially prosaic process has been shown to pro- 

ceed via a complex series of redox reactions involving all 
hree of the valence states of thallium (0, I and III). I Facile 
interplay among these valence states is, in fact, a charac- 
teristic feature of much of thallium chemistry. It is some- 
what surprising that the chemistry of th allium (IIL) has 

een generally neglected in view of the well-known posi- 

tion of its sedition potential between that of mercury 

(Il) and lead (IV). Furthermore, thallium(III) com- 

»ounds would be expected to be strong Lewis acids, and 

may be considered coordinatively unsaturated if the asso- 
ciated anion is considered as a monodentate ligand. We 

have found, for example, that thallium (IIT) acetate is an 

extremely effective Friedel-Crafts catalyst (eq. 15).14 Fur- 

OCH; OCH; 

(OAc) 

+ CH,COCI > (80%) 

Tate Gla 

COCH, 

(eq. 15) 

thermore, a combination of thallium(III) acetate and bro- 

mine has been found to effect exclusive para bromination; 

an ordered bromine-thallium(II1) acetate-aromatic substrate 

complex appears to be involved in this highly specific elec- 
trophilic reaction (eq. 16) .' 

R R 

Bro 

Se 70-95% 
TI(OAc)3 ( ) 

Br 

(eq. 16) 

The mild, selective and non-radical oxidizing properties 

of thallium (III) acetate are illustrated by its utility in the 
cleavage of a-glycols (eq. 17).1° 

~“ 

2 PhoC- 0 
CCl, 

aS (84%) 

(eq. 17) 

One of the most interesting and versatile thallium (III) 

reagents which we have discovered thus far is thallium (III) 
trifluoroacetate (T1(OCOCF;)3,TTFA). Its extraordinary 
reactivity as an electrophilic metallating reagent is illus- 
trated by its reaction with aromatic substrates, often at 
room temperature, to give arylthallium ditrifluoroacetates 
(eq. 18).17 Kinetic investigations!8 have shown that thal- 

TI(OCOCF;)> 

fnl(OCOCEs) sae OQ + CF COOH 

(80-1 00%) 

(eq. 18) 

lation, like aromatic mercuration,!® is one of the few 
examples of a freely reversible electrophilic substitution 

reaction. Thallation with TTFA of phenylethanol at room 

temperature (kinetic control) leads to ortho substitution, 
while thallation at 73° (thermodynamic control) gives pre- 
dominant meta substitution. Ortho substitution, we believe, 

results from intramolecular delivery of the thallium Bie: 

phile from an intermediate Lewis acid-Lewis base complex 

between the TTFA and the side-chain hydroxyl group, and 
is thus subject to control by appropriate modification in 

the structure and size of the intermediate chelate. This is 

dramatically illustrated by the observation that thallation 

at room temperature (kinetic control) of the acetate of 

phenylethanol results in para substitution (eq. 19).*° 

CH.2CH;20H 

4 TIFA 

Fat: 13° on acetate 

CH=CH.0H CH;CH20OH CH3CH;0H 

TI(OCOCF 3), 

TIK(OCOCF3), 
TI(OCOCF;)> 

(eq. 19) 



These arylthallium ditrifluoroacetates are versatile inter- 

mediates for the synthesis of a wide spectrum of substituted 

aromatic compounds. For example, treatment with aqueous 

potassium iodide at room temperature yields aromatic 

iodides.?? Phenols are readily prepared by treatment with 

lead tetraacetate followed by triphenylphosphine.”? It 

should be noted that it is not necessary to isolate the inter- 

mediate arylthallium ditrifluoroacetates in either of the 

above reactions; thallation can be carried out in trifluoro- 

acetic acid solution and the appropriate reagents added 
directly to the reaction mixture. 

Arylthallium ditrifluoroacetates may also be utilized as 

intermediates for the synthesis of aromatic nitriles?? and 

thiophenols,”* while reductive cleavage with lithium alu- 

minum deuteride or aluminum amalgam in DsO leads to 
specific deuteration of aromatic substrates.24 These reac- 

tions are summarized in Scheme 1. 

OH I CN 

R R R 
7, 

3,4 1 ea 

(OCOCF.) 

R 

5,6,7 

SH D 

R R 

Reagents: 1. aq. KI 2. aq. KCN, he 3. Pb(OAc), 4. PPh, 

5. K*> SCSN(CH3)> —> ArTI(SCSN(CH3)2)> 

6. hv in acetone gives mixture of ArSSAr and ArSCSN(CH3)> 

7. (H] or H30 + 8. LiAID, 

SCHEME 1 

It should be noted that control over the orientation of 

thallation, as illustrated above (eq. 19) with phenylethanol, 

has as its consequence control over isomer orientation in 

the above syntheses of iodides, phenols, nitriles, thio- 

phenols, and deuterated aromatics. 

Just as lead tetratrifluoroacetate is a more powerful oxidiz- 
ing agent then lead tetraacetate,2° so TTFA is a more 

effective and versatile oxidizing agent than thallium (III) 

acetate. For example, we have found that a wide variety 

of p-t-butyl phenols are smoothly transformed into p-qui- 
nones upon treatment with TTFA in either TFA or carbon 

tetrachloride solution.2® A variety of other p-substituted 

phenols are likewise converted to p-quinones upon treat- 

ment with TTFA. Hydroquinones can literally be titrated 

with TTFA and this reaction constitutes an extremely 

convenient procedure for their oxidation to p-quinones 
(eqn 20))R2e 

OH OH OH 

R R R R R ZR 

x OH 

TTFA TTFA TTFA 

0 

R R 

| 

0) 

R=R’ = alkyl, halogen, etc 

X= halogen, OAc, NR, etc. 

(eq. 20) 

Finally, the reactivity and selectivity of uae as an 

oxidizing or metallating agent can apparently be exten- 

sively mig dned by the edaition of appropriate co-reagents. 

For example, treatment of 4-bromoveratrole with TTFA 
and boron trifluoride etherate results in a smooth Scholl 

reaction (eq. 21)?" in which oxidative coupling rather than 

(eq. 21) 

thallation has taken place. 

It is widely recognized that organometallic chemistry 

offers some of the greatest challenges and promises some 
of the richest bewards in synthetic organic chemistry. We 

suggest that thallium may well be regarded in the future 

as one of the indispensable metals in synthetic organic 

chemical methodology. 
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Batrachotoxin, a Novel Steroidal Alkaloid with Selective Effects on 
Biomembrane Permeability 

John Daly, Chief, Section on Pharmacodynamics, National Institutes of Health, Bethesda. Maryland 20014 
Bernhard Witkop, Chief, Laboratory of Chemistry, National Institutes of Health, Bethesda, Maryland 20014 

During their evolution, amphibians dev eloped an amazing 

variety of pharmacologically active compounds, which play 

a role in defending the frog, toad, newt or salamander, 

against predators. These defensive principles are remark- 

able for both their chemical and pharmacological diversity. 

They include biogenic amines, peptides, proteins, steroids, 

steroidal alk: ode. and a variety of other compounds. Their 

pharmacological activities encompass cardio-, myo- and 

neuro-toxins, cholinomimetics, sympathomime tics, vasocon- 

strictors, hypotensive agents and_ hallucinogens. Among 

these compounds are some of the most powerful venoms 

known. A few examples are give in Fig. 1. 
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H3C | CH 
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H3C —Oi-C=CH H3C —OH 
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H }— CH20H 
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Dehydrobufotenine Tetrodotoxin 

Fig. 1. Pharmacologically Active Substances Isolated from 
Various Amphibians 

Among these venoms, ps rhaps the most intere sting, from 

both the chemical and pharmacological standpoint, is the 

steroidal alkaloid, batrachotoxin, which is found in the skin 

of a small, brightly colored, Colombian frog of the genus 
Phyllobates (Fig. 2). The poisonous character of skin 

Fig. 2. The Colombian Poison Arrow Frog, Phyllobates 

aurotaenia 

secretions of this frog was oe long ago by the 

Indians of the Pacific rain forests in Colombia and they 

devel oped methods for obtaining the venom and using it 

on their blowdarts for hunting birds and small game. The 

use of blowguns and darts poisoned with the milky secre- 

tion from this small frog persists even to this day in the 
upper reaches of the Rio San Juan in the Choco jungle of 
western Colombia. The first scientific report on this venom 

appeared in 1871. Subsequently, the gross toxicological 

effects of the crude extracts have been published, but it 

remained for our own studies initiated in 1961 to demon- 

strate that the active ingredient from extracts of a frog 
was one of the most toxic substances known so far (Table 
I). Only certain bacterial toxins, such as the one from 

Table I Toxie Substances with Their LDs) for Subcu- 

taneous Administration in Mice 

LDso 
Substance pg/kg 

Batrachotoxin 2 

Tetrodotoxin 5 

Bufotalin 400 

Curare 500 

Strychnine 500. 

Sodium Cyanide 10,000 

ioe) 



Botulinus, surpass it in toxicity. The structure and mech- 

anism of action of such a potent venom were indeed of 

great interest. 

Investigation of batrachotoxin was handicapped by the 

paucity of materiz ul and by its lability. The skin of an adult 

frog, approximé ately 3 cm in length, contains only 80 micro- 

grams of toxic congeners consisting mainly of batr achotoxin, 

Rovobaanehoten) pseudobatrachotoxin and batrachotox- 

inin A. The frog which occurs in a rather inaccessible 
region of Colombia was difficult to obtain in large numbers, 
but in the course of four expeditions, approximately 7000 

frogs were collected. Methods for the isolation and separa- 

tion of the active principles were developed, which mini- 

mized losses resulting from their great lability. 
Preliminary inv estigation indicated that these Ss 

were weak bases with a pk of approximately 7.5. High 

resolution mass spectrometry indicated that batr achotoxin 

and homobatrachotoxin were steroidal alkaloids with the 

empirical formula C4H3;NO4. The much less toxic batra- 

chotoxinin A, on the basis of mass spectral data, was closely 
related in structure, but contained the additional elements 

of water in its molecular ion of Co4,H3;NO;. Since the com- 

pounds were weakly basic and since the mass spectra indi- 

cated only one nitrogen, it was quite surprising when, in 

the course of microchemical investigation, it was discovered 

that batrachotoxin and homobatrachotoxin gave a strong 
positive Ehrlich’s test indicative of the presence of a pyr- 
role moiety. In view of the evidence, the conclusion was 

inevitable that the basic nitrogen in (homo) batrachotoxin 
was part of a potential pyrrole ring which converted to a 

pyrrole under the strongly acid conditions of the Ehrlich’s 
reaction. 

A crystalline derivative suitable for X-ray analysis was 

finally obtained in 1967, when Dr. Tokuyama succeeded 

in preparing a crystalline p- -bromobenzoate derivative of 

batrachotoxinin A, the least toxic of the congeners. X-ray 

analysis of a tiny crystal of this derivative by the “symbolic 

addition procedure” of Jerome and Isabella Karle estab- 
lished its structure as the 20-a-p-bromobenzoate of batra- 

chotoxinin A (anfeas 18) 

Br 

Fig. 3. Batrachotoxinin A 20a-p-bromobenzoate 

With the structure of one of the bases now known, reex- 

amination and reinterpretation of the physical and spectral 

properties of batrachotoxin and homobatrachotoxin led to 

the elucidation of the actual venom. Thus, when the mass 

and n.m.r. spectra of bactrachotoxinin A were compared 

with those of (homo) batrachotoxin, the presence of a com- 

mon steroid moiety in all of these bases became apparent. 
Batrachotoxin and homobatrachotoxin, however, exhibited 

4 
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ultraviolet spectra with Amax at 234 and 264 ae indicative 
of a conjugated system, infrared absorption bands at 1690 

em, typical of a carbonyl group or perhaps a vinyl ether, 

and, “Of course, the positive Ehrlich reaction due to a (po- 

tential) pyrrole system. In addition, the n.m.r. spectra 

showed that batrachotoxin contained two additional methyl 

groups and homobatrachotoxin, an additional methyl and 
ethyl group not present in the n.m.r. spectrum of batra- 

chotoxinin A. It was impossible to rationalize structures for 

(homo) batrachotoxin in terms of solely a Cy4 steroid struc- 

ture closely related to batrachotoxinin A. The inescapable 

conclusion was that the true molecular ion had so far es- 

caped detection in the mass spectra of (homo) batracho- 

toxin and that these compounds contained the steroid 

system of batrachotoxinin A plus an additional moiety re- 

sponsible for the ultraviolet chromophore, the carbonyl 

band, the pyrrole reactions and the additional methyl and 

ethyl groups. It was postulated that this moiety consisted 

of a dimethylpyrrole-carboxylate ester in the case of batra- 

chotoxin and an ethylmethylpyrrole- carboxylate in the case 

of homobatrachotoxin. The mass spectra of batrachotoxin 

and homobatrachotoxin did contain additional low-mass 

nitrogen-containing fragments not present in the spectra 

of batrachotoxinin A. These fragments, for example, 

CgH,;NO, in homobatrachotoxin and C7;HyNOs» in batra- 

chotoxin, could well have arisen from an ethylmethylpyr- 

role-carboxylic ester or a dimethylpyrrole-carboxylic ester, 

respectiv ely. It now remained to prove that batrachotoxin 

and homobatrachotoxin were, indeed, dialkylpyrrole-car- 

boxylates of batrachotoxinin A. 

The mass spectrum of batrachotoxin was reexamined and 

great attention was given to detecting the true molecular 

ion. As predicted for a dimethylpyrrole-carboxylate of 
batrachotoxinin A, a very weak molecular ion was found 

at m/e 538. Batrachotoxin was then hydrolyzed in base. 

A low yield of a compound identical w ith batrachotoxinin 

A was obtained. 

The next task was to establish the position of esterifica- 

tion and nature of the dialkylpyrrole-carboxylate moiety. 

Comparison of the n.m.r. and mass spectra of (homo)- 
batrachotoxin and batrachotoxinin A and its 20a-p-bromo- 

benzoate clearly established that the postin of esterifica- 

tion in (homo) batrachotoxin was the 20a-hy droxyl group. 

Thus, the resonance peak for the 20B-hy drogen in batra- 
chotoxin A appeared at 4.58 §, while in (homo) batracho- 
toxin and the 20a-p-bromobenzoate of batrachotoxinin A, it 

is shifted downfield, approximately 1.3 ppm, a change 
compatible with esterification of the 20a-hydroxyl group. 

The ring substitution pattern of the dialkylpyrrole- car- 

boxylate moiety was now investigated. A comparison of 

ultraviolet spectra of ethylpyrrole carboxylates with those 

of (homo) batrachotoxin demonstrated the presence of a 

pyrrole-3-carboxylate in these alkaloids. The position of the 

two allel substituents was determined by n.m.r. spectros- 

pee using two different solvents and observing the shifts 
1 position of methyl resonance in (homo) batrachotoxin 

a ethyl-dimethylpyrrole-3-carboxylates. Batrachotoxin 

was shown to be batrachorosinin A 20a-2,4-dimethylpyr- 
role-3-carboxylate and homobatrachotoxin to be batracho- 
toxinin A 20a-2-ethyl-4-methyl-pyrrole-3-carboxylate. 

This assignment of structure was confirmed by the par- 

tial synthesis of batrachotoxin, viz, by acylation of the 

allylic 20a-hydroxyl of batrachotoxin with the mixed anhy- 

dride prepared from 2,4-dimethylpyrrole-3-carboxylic acid 

and ethyl chloroformate (Fig. 4). The synthetic material 

was identical in all respects with natural batrachotoxin. 

Hem 
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Fig. 4. Partial Synthesis of Batrachotoxin from Batracho- 
toxinin A 

A variety of other synthetic analogs of batrachotoxin 
were prepared in a similar manner. The effect of different 
ester moieties on the toxicity of batrachotoxinin A is shown 
in Table IT. 

Table II Effect of the Ester Moiety on the Toxicity of 
Batrachotoxinin A Esters on Subcutaneous Ad- 
ministration in Mice 

20-a-Ester Moiety LDso (ng/kg) 
None (batrachotoxinin A) 1000 
2,4-Dimethylpyrrole-3-carboxylate 

(batrachotoxin) 2; 
2-Ethyl-4-methylpyrrole-3-carboxylate 3 

(homobatrachotoxin ) 

2,5-Dimethylpyrrole-3-carboxylate DES 
4,5-Dimethylpyrrole-3-carboxylate 260 
2,4,5-Trimethylpyrrole-3-carboxylate 1 
2,4-Dimethyl-5-ethylpyrrole-3-carboxylate 8 
2,4-Dimethyl-5-acetylpyrrole-3-carboxylate 250 
N,2,4,5-Tetramethylpyrrole-3-carboxylate > 1000 
Pyrrole-2-carboxylate > 1000 

The many unusual structural features in batrachotoxin, 

such as the 3a,-9a-hemiketal bridge, the 7-membered 
148,188-heterocyclic ring, the A!® double bond, and the 
unique 20-(2,4-dialkylpyrrole-3-carboxylate ) pose many 
interesting biogenetic questions and, in addition, a major 

challenge to the synthetic organic chemist. 

The pharmacology of batrachotoxin has proven no less 
interesting than its history and chemistry. When adminis- 

tered subcutaneously to mice, approximately 0.2 pg of 

batrachotoxin causes partial paralysis of the limbs. This 

state is soon interrupted by violent convulsions, dyspnea 

and death within a course of eight minutes. Cardiac effects 

and neuromuscular blockade both appear to play a role in 

the toxicology of the venom. The mechanism of action of 
batrachotoxin in eliciting neuromuscular blockade has now 

been the subject of elegant investigations by Dr. E. X. 
Albuquerque and his collaborators, who have used pharma- 
cological, biochemical and ultrastructural techniques. Their 
results demonstrate that batrachotoxin is an extremely im- 
portant tool for the study of events in nerve, synapse and 
muscle. 

These events are summarized schematically in Fig. 5 and 

are currently thought to consist of: 1. Generation of an 
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action potential in nerve; i.c., depolarization of the nerve 

membrane with passive diffusion of sodium ions into the 
axon (increase in sodium permeability), followed by -re- 
polarization due to passive diffusion of potassium ions out 

of the axon (increase in potassium permeability ) . The 

membrane potential with excess sodium ions outside and 

excess potassium inside the cell is maintained by the action 

of the sodium pump (Na-K* activated ATPase) which 
transports sodium ions out of, and potassium ions into, the 
cytoplasm; 2. a calcium-dependent quantal release of ace- 

tylcholine as a result of depolarization of the membrane of 

the presynaptic terminal; 3. interaction of acetylcholine 

with receptors in the muscle endplate resulting in depolari- 

zation of the muscle membrane, generation of a muscle 
action potential and a concomitant liberation of calcium 

ions from the sarcoplasmic reticulum into muscle cyto- 
plasm; 4. combination of calcium ions with troponin which 
thereby permits the interaction of actin and myosin, the 

basic process of muscle contracture; 5. sequestration of 

calcium ions, followed by inhibition of actinmyosin inter- 

action by troponin and muscle relaxation. 

This complex series of events has been elucidated in 

large measure through the use of compounds which specifi- 

cally interact at one of these molecular steps. A few 

examples are given in Fig. De 

Batrachotoxin blocks neuromuscular 

then evokes a powerful muscle contracture in isolated 

nerve-muscle preparations. The work of Dr, Albuquerque 

and collaborators has now demonstrated that batrachotoxin 

does not affect the action potential-generating system of 
either nerve or muscle and that the acetylcholine sensitivity 

transmission and 
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of the muscle endplate is unaffected, suggestive of block- 

ade of transmission in the presynaptic terminal. Batracho- 

toxin does not inhibit Nat-K*-ATPase as does ouabain. 

Instead, it appears to cause a specific increase in the per- 

meability of excitable membranes, especially the presynap- 

tic terminal, to sodium ions. This increase in sodium 

permeability results in depolarization of the presynaptic 
terminal and a concomitant calcium-dependent increase in 

acetylcholine release. The subsequent block in transmitter 

release appears due to complete depolarization of the nerve 

terminal. The effects of batrachotoxin can be prevented by 

tetrodotoxin which blocks passive diffusion of sodium ions 

through excitable membranes. The muscle contracture 

caused by batrachotoxin appears to be due to muscle de- 

polarization elicited by an increase in sodium permeability 

in the muscle membranes. The extreme toxicity of batra- 

chotoxin has been related to effects on cardiac conduction 

which result in extra systoles and ventricular fibrillation. 

These toxicological effects seem to have their molecular 

origin in the se lective action of batrachotoxin on the perme- 

ability of the cardiac membrane to sodium. Such an agent 

with selective effects on membrane permeability should 

find wide application in studies of nerve, muscle and syn- 

apse. Indeed, studies on the interrelation of nervous activ- 

ity, biogenic amines and cyclic AMP formation in brain 

slices (Shien ct al., 1970) have already made use of 

batrachotoxin, as a potent and selective depolarizing agent, 

and have confirmed the fact that tetrodotoxin is a specific 

antagonist. 
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Macrocyclic Polyethers for Complexing Metals 

Dr. Charles J. Pedersen 

Elastomer Chemicals Department 

E. I. Du Pont De Nemours & Company, Inc. 

Discovery of “Crown” 

Certain macrocyclic polyethers, nicknamed crown com- 
pounds, have aroused considerable interest in several 
branches of chemistry in recent years because they are the 
first neutral synthetic compounds to form stable com- 
plexes with the alkali metal ions. It is my purpose in this 
short article to tell you about the preparation and properties 
of these compounds and their complexes. To start with, this 
is how I discovered the crown compounds, 
For years, I had studied the autoxidation of petroleum 
products and rubber, and its retardation by antioxidants. 
Autoxidation is greatly catalyzed by trace-metals, such as 
copper and vanadium, which also accelerate the destruc- 
tive oxidation of antioxidants. Hence, I had developed 
compounds known as “metal deactivators” which suppress 
the catalytic activity of the metal salts by converting them 
into inactive, multidentate complexes.! For example, N,N’- 
(1,2-propylenebis ) (salicylideneimine) is an excellent de- 
activator for copper and has been used industrially for this 
purpose for many years. (See Figure 1.) 

Figure 1. Copper Complex of N,N’-(1,2-Propylenebis) (Sal- 
icylideneimine) 

When I transferred my interest to vanadium catalysts for 
the polymerization of olefins, I decided to study the effects 
of uni- and multidentate phenolic ligands on the catalytic 
properties of the vanadyl group, VO. The quinquedentate 
ligand I selected was_ bis [2- (o-hydroxyphenoxy )ethy]] 
ether whose synthesis is depicted in Figure 2. 
The partially protected catechol? (see Figure 2, I) was 
contaminated with about 10% unreacted catechol but I de- 
cided to use this mixture for the second step, since purifica- 
tion would be required anyway at the end. The reactions 
were carried out as outlined and gave a product mixture in 
the form of an unattractive goo. Initial attempts at purifi- 
cation gave a small quantity (0.4% yield) of white crystals 
which drew attention by their silky, fibrous structure and 
apparent insolubility in hydroxylic solvents. 
It was fortunate that I used an ultraviolet spectrophoto- 
meter to follow the reactions of the phenols. These com- 
pounds and their ethers, in neutral methanol solutions. 
absorb in the region of 275 my. On treatment with alkali, 
the absorption curve is not significantly altered if all the 
hydroxyl groups are covered, but it is shifted to longer 
wavelengths and higher absorption if one or more hydroxyl 
groups are still free. 

The unknown product was very little soluble in methanol 
and the neutral solution gave an absorption curve char- 
acteristic for a phenolic compound. The solution was made 
alkaline with sodium hydroxide with the expectation that 
the curve would either be unaffected or shifted to longer 
wavelengths. The resulting spectrum, however, showed 
neither effect but the one shown in Figure 3. At the same 
time, I noticed that the fibrous crystals were freely soluble 
in methanol in the presence of sodium hydroxide. This 
seemed strange since the compound did not contain a free 
phenolic group, a fact confirmed by its infrared and NMR 
spectra. I then found that the compound was soluble in 
methanol containing any soluble sodium salt. Thus, the in- 
creased solubility was not due to alkalinity but to sodium 
ions, but there was no obvious explanation for this property 
of the compound because its elementary analysis corre- 
sponded with that for 2,3-benzo-1,4,7-trioxacyclononane, 
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(see Figure 4) a plausible product from the reaction of 

catechol and i histo hicroet ether in the presence of 
sodium hydroxide. Its molecular weight, however, was ex- 

actly twice that of the above compound and revealed the 

true structure of dibenzo-18-crown-6, the fitst and most 
versatile of the aromatic crown compounds. (see Figure 5) 

It seemed clear to me now that the sodium ion had fallen 
into the hole in the center of the molecule, and was held 
there by the electrostatic attraction between its positive 

charge and the negative dipolar charge on the six oxygen 
atoms symmetrically arranged around it in the polyether 

ring. Tests showed that other alkali metal ions and ammon- 
ium ion behaved like the sodium ion so that, at long last, a 

neutral compound had been synthesized which formed sta- 

ble complexes with alkali metal ions. My excitement, which 

had been rising during this eae now reached its 
peak and ideas swarmed in my brain. I applied the epithet 

“crown” to the first member of this class of macrocyclic 
polyethers because its molecular model looked like one and, 

with it, cations could be crowned and uncrowned without 

physical damage to either, just as the heads of royalty. 
Another ee of this discovery filled me with wonder. A 

ring of eighteen atoms had been formed in a single opera- 
tion by the reaction of two molecules of catechol, which 
was present as a minor impurity, with two molecules of 
bis (2-chloroethyl) ether. Further experiments revealed that 
dibenzo-18-crown-6 can be synthesized from these inter- 

mediates in a 45% yield without resorting to high dilution 
techniques. This was most unexpected and some good rea- 

son must exist for such an unusual result. I concluded that 

the ring-closing step, either by a second molecule of cate- 
chol or a second molecule of bis(2-chloroethyl) ether, was 
facilitated by the sodium ion which, by ion-dipole interac- 
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Figure 3. Effect of Sodium Hydroxide on the Ultraviolet 
Spectrum of Dibenzo-18-Crown-6 in Methanol 
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tion, “wrapped” the three-molecule intermediates around 

itself in a three-quarter circle and disposed them to ring 

ges Later experiments appear to support this hypothe- 

The yields of dibenzo-18-crown-6 are higher when it is 

eee with sodium or potassium hydroxide than when 

lithium or tetramethylammonium hydroxide is used. Lith- 

ium and the quaternary ammonium ions are not strongly 
complexed by the polyether. The best complexers, rings of 
15 to 24 atoms including 5 to 8 8 gen sees are formed 
in higher yields than smaller or larger rings, or rings of 

equal sizes with only 4 oxygen atoms. Finally, nee -chain 

polyethers such as 3,4,12 13. dibenzo-2,5,8,11,14- -pentaoxa- 

pentadeca-3,12-diene, ee Figure 6) were found to form 

complexes with sodium and potassium ions.* 

we 
0 

Figure 2,3-Benzo-1,4,7-Trioxacyclononane 

Preparation and Properties of Macrocyclic Polyethers 

Spurred by curiosity regarding the factors involved in the 
apes of the salt complexes, such as the relative sizes of 
the hole and the cation, and the number and symmetrical 

arrangement of the oxygen atoms in the polyether ring, I 
initiated an extensive program of syntheses. Ultimately, 
about 60 macroyclic polyethers were prepared containing 

12 to 60 atoms in the poy ether ring including 4 to 20 oxy- 
gen atoms.*° Many of these compounds were found to be 

useless as complexing agents but they served to define the 

effective ones which are compounds containing 5 to 10 

oxygen atoms in the ring each separated from the next by 

2 carbon atoms. 

Since the official names of the macrocylic polyethers is too 

cumbersome for convenient use, a system of abbreviated 

names has been devised solely for their ready identifica- 

tion.* The examples in Figure 7 illustrate how the name is 

made up of the side-ring substituents, the total number of 

atoms in the polyether ring, the word “crown”, and the 
number of oxygen atoms in the main ring. 

The aromatic macrocyclic polyethers are neutral, colorless 
compounds with sharp melting points, and are little soluble 
in water and alcohols, fairly soluble in aromatic solvents, 

and very soluble in methylene chloride and chloroform. 
They undergo substitution reactions characteristic for aro- 
matic ethers (halogenation, nitration, etc.), and form for- 
maldehyde resins when treated with paraformaldehyde 

under acid conditions. They are decomposed by reactions 

which cause the scission of aromatic ethers. 

The saturated macrocyclic polyethers are obtained most 

simply by catalytically hydrogenating the aromatic com- 

pounds using ruthenium catalyst. Bridge-bond isomers are 

obtained from compounds containing two or more aromatic 
side-ring substituents. For example, dibenzo-18-crown-6 

gives two isomers of dicyclohexyl-18-crown-6. The satu- 

rated polyethers are colorless, viscous liquids or solids of 
low melting points. They are thermally stable but, like the 

aromatic compounds, must be protected from oxygen at 

high temperatures. They are, as a group, very much more 

soluble than the aromatic compounds in all ‘solvents, and 
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most of them are even soluble in petroleum ether. They 
cannot be easily substituted but certain substituted com- 
pounds can be obtained by hydrogenating the appropriate 
aromatic precursors. 

~~ 
e) fo) 
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Figure 5. 2,3,11,12-Dibenzo-1,4,7,10,13,16- Hexaoxacyclo- 

octadeca-2,11-Diene (Dibenzo-18-Crown-6) 

Salt Complexes of Macrocylic Polyethers 

The importance of macrocyclic polyethers as complexing 

agents is due to their preference for alkali metal ions which 
do not form complexes with many of the numerous ligands 
for the transition metal ions. The crown compounds form 

stable crystalline complexes and solutions of the complexes 

with some or all of the cations of Li, Na, K, Rb, Cs, NH4. 
RNHs3, Ag(I), Au(I), Ca, Sr, Ba, Ra, Zn, Cd, Hg(I & II), 

La(III), TI(I), Ce(III), and Pb(II).4 Some of them, e.g., 

dicyclohexy]-18-crown-6, also form complexes with Co(II) 

and some other transition metal ions.* The saturated com- 

pounds are better complexing agents than the correspond- 
ing aromatic compounds. 
Three criteria have been used for the formation of com- 

plexes between macrocyclic polyethers and salts: (a) isola- 
tion of the complexes as crystals; (b) characteristic ch anges 

in the ultraviolet spectra of the aromatic compounds; and 

(c) changes in the solubilities of the polyethers and salts 
in diferent solvents. 

As is evident from the diagrams in Figure 7, these com- 

pounds have holes of different diameters in the center of 

the polyether rings. The uncomplexed cations also differ in 
size: sodium 1.90A, potassium 2.66A, ammonium 2.84A, 

rubidium 2.96A, and cesium 3.34A. Depending, therefore, 
on the relative sizes of the hole and the cation, crystalline 

complexes with polyether/cation ratios of 1:1, 3:2, and 2:1 

have been prepared.’ For example, benzo-15-crown-5 forms 
1:1 with sodium, 2:1 with potassium, ammonium and ce- 

sium; dibenzo-18-crown-6 forms 1:1 with potassium, am- 

monium and rubidium, 3:2 with cesium, 2:1 with rubidium 

and cesium; dibenzo-21l-crown-7 forms 2:1 with cesium; 
and dibenzo-24-crown-8 forms 2:1 with cesium.® The aro- 
matic macrocyclic polyethers tend to give high melting 
complexes w hich are not readily soluble in aprotic solv ents, 

while the saturated compounds give lower melting com- 
plexes which are more soluble. Most of the pure complexes 

are decomposed by water, the rate and extent of decom- 
position depending on the proportion of water and the 
temperature. 
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Figure 6. 3,4,12,13-Dibenzo-2,5,8,11,14-Pentaoxapentade- 
ca-3,12-Diene 

It was postulated from the beginning that complexes of 
macrocyclic polyethers containing less than 7 oxygen atoms 
consisted of a cation Puaied by the oxygen atoms ar- 
ranged symmetrically in a single plane.4 The essential cor- 
rectness of this view of the structure has bee n confirmed by 
Professor M. R. Truter and her collaborators who have 

been the first to determine the structures of a number of 

crystalline salt complexes of crown compounds.® 
All macrocyclic polyethers containing one or more benzo 
groups have a characteristic absorption maximum at 275 

mz in methanol, and the shapes of the curves are altered 

by the addition of complexable salts as shown in Figure 3. 

The spectral evidence is nearly always confirmed by the 

other two criteria. This is a convenient test but it cannot be 

applied to the saturated polyethers which do not absorb in 
a useful range. 
Macrocyclic polyethers and complexable salts mutually in- 

crease their solubilities in solvents wherein the complexes 

are soluble. Sometimes these effects are spectacular, for in- 

stance, the solubility of dibenzo-18-crown-6 in methanol is 
0.001 mole per liter, but the solubility of the potassium 

thiocyanate complex is 0.107 moles per liter, a 100-fold 

increase. Many other examples are given in the original 
publication. Some of the saturated polyethers, such as 

dicyclohexy]-18-crown-6, have the useful property of solu- 
bilizing alkali metal salts, particularly those of potassium, 
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in aprotic solvents. Crystals of potassium permanganate, 

potassium tertiary-butoxide, and potassium palladous tetra- 
chloride (PdCl, + 2 KCl) can be made to dissolve in liquid 
aromatic hydrocarbons merely by adding dicyclohexyl-18- 

crown-6. Benzylpotassium is rendered soleble in n- -heptane 

by this polyether, but the polyether ring is gradually de- 
composed by this organometallic compound. A strongly 
alkaline (ca. 0.3 normal) solution is obtained by dissolvi ing 
an equimolar mixture of potassium hydroxide and dicy se 

hexyl-18-crown-6 in methanol, and replacing as much a 

possible of the methanol with benzene or toluene.+ This 

solution will readily saponify the hindered esters of 2,4,6- 

trimethylbenzoic acid which are resistant to ordinary s sap- 

onifying agents. The solution also is a powerful anionic 

catalyst and induces the polymerization of anhydrous for- 
maldehyde and the trimerization of aromatic isocyanates. 

The solubilizing power of the saturated macrocyclic poly- 
ethers permit ionic reactions to occur in aprotic media. 

It is expected that this property will find practical use in 
catalysis, enhancement of chemical reactivity, separation 

and recovery of salts, electrochemistry, and in analytical 

chemistry. 

When a large quantity of a salt solubilized with dicyclo- 

hexyl-18-crown-6 is used in stoichiometric rather than ca- 

talytic proportion, it is frequently possible to recover the 
polyether for further use after the desired reaction has been 

completed. If the reaction mixture is warmed in a large 
amount of water, the polyether will separate and can be 

extracted by a solvent, such as toluene. 
When an aqueous solution of an alkali metal hydroxide or 

salt containing a very low concentration of the picrate of 
the same cation is mixed with an equal volume of an im- 

miscible organic solvent, such as methylene chloride or 

toluene, nearly all the picrate is present in the yellow aque- 
ous phase and the organic phase remains substantially 
colorless. If a cyclic polyether is added to the system, the 
complexed picrate transfers to the organic phase, the ex- 

tent depending on the effectiveness of the polyether as a 

complexing agent for the cation. If the polyether is ineffec- 
tive, the organic phase will be colorless; if the polyether is 
very powerful, most of the color will be in the organic 
phase. The efficiencies of the polyethers will lie between 
ilies: two limits, and can be expressed as percentage ex- 

tracted. This method is simple, it can be applied to satu- 

rated compounds, and it makes it possible to numerically 

rank the efficiencies of complexation.!° 
Dr. H. K. Fresdorff has determined the stability constants 
for 1:1 complexes of many macrocyclic poly ethers with 

alkali metal ions by potentiometry with cation-selective 

electrodes.!! Selectivity toward the different cations varies 

with polyether ring size, the optimum ring size being such 
that the cation just fits into the hole, i. e., 15-18 for sodium 
ion, 18 for potassium ion, and 18-21 for cesium ion. 
The ea ae of macrocyclic polyethers are similar to 

those of certain naturally-occurring macrocyclic antibiotics, 
such as valinomycin, which affect cation transport across 
biological and artificial membranes. The polyethers, there- 
fore, have created great interest among biologists for study- 
ing the mechanism of transport of sodium and potassium 
ions across cell membranes, one of the fundamental pro- 
cesses in both animal and vegetable kingdoms. 

Limitations and Toxicity 

Although salts with high lattice energy, such as fluorides, 
nitrates, sulfates and carbonates, form complexes with ma- 

crocyclic polyethers in alcoholic solvents, they cannot be 

isolated in the solid state because one or the other uncom- 
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plexed component precipitates on concentrating the solu- 
tions. For the same reason, these salts cannot be rendered 

soluble in aprotic solvents by the polyethers. 

Dicyclohexy]-18-crown-6 possesses unusual physiological 

properties which require care in handling. It is likely that 

other cyclic polyethers with similar ae power are 

also toxic, and should be handled with equal care. The ap- 

proximate lethal dose for ingestion by rats was 300 mg./kg. 

It should be mentioned, however, that no difficulty what- 

ever was encountered with this compound during seven 

years of handling in the laboratory. 
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Cornelis Bega’s Alchemist 

A Problem in Art History 

Alfred Bader 

One of the best known works in the collection of alchemical 
paintings of the Fisher Scientific Company in Pittsburgh, is 

a painting by Cornelis Bega called The Chemyst (fig. 1), 
familiar to most chemists through more than 9000 repro- 

ductions distributed by Fisher Scientific.1 

Fisher describes this painting as “the gem of all alchemist 

paintings because of its modern rendition of highlights, the 

meticulous attention to all details, the flesh-tones of the 
alchemist, and the unusual heliotrope tint of the entire 

picture. In fact, the former director of fine arts of Carnegie 
Institute, Pittsburgh, stated that this picture would do 
justice to any collection in America for its artistic merit 
alone—without even considering its scientific interest.” 

Figure 1 

1 I would like to thank Mr. John C. Pavlik, the Director of Public Rela- 
tions at the Fisher Scientific Company for allowing me to reproduce the 
cover of The Laboratory and the Fisher paintings, and for his generous 
help in comparing the paintings. 

“This particular painting was the favorite picture of the 

late Sir William Jackson Pope, professor of chemistry at 
the University of Cambridge in England, who attained just 
about all the honors available to a chemist, including an 
honorary membership in the American Chemical Society, 
for his contributions to the winning of World War I.” 

Figure 2 

Certainly it is one of the two best paintings in the Fisher 
Collection. Unfortunately, the greatest artists—Rembrandt, 
Titian, Vermeer, Velasquez, for instance—did not paint 
alchemical subjects, and so most alchemical paintings are 
of greater historical than artistic interest. The Fisher Col- 
lection’s other really fine alchemical painting is a study by 
Adriaen van der Venne (fig. 2) which unfortunately has 
never been reproduced, 

Two years ago there appeared at Christie’s a small can- 

vas (fig. 3) which of course must be related to the Fisher 
painting. 

The painting in London came from the collection of one 
of England’s greatest 19th century collectors, John Sheep- 
shanks, is signed and, except for a yellowed varnish which 
was easily removed, is in a fine state of preservation. 
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The great English auction houses have a simple way of 
indicating their opinion of a painting's authenticity. If it is 
called * ‘Cornelis Pietersz Bega’ they believe it to be a work 
by the artist. If called “C. P. Bega” they believe it to be a 
work of the period, which may be the work of the artist. If 
just called “Bega,” they don’t think that it could possibly be 
a work by Bega, but the owner says it is. The Sheepshanks 
painting was called Cornelis Pietersz Bega, and because of 
its beauty and provenance brought an auction record for a 
work by Bega, and perhaps also ‘for an alchemical painting. 

Professor Pope had aneercs the Fisher painting from 
the collection of J. C. W. Sawbridge—Earle—Drax which was 
auctioned also at Christie’s, on Way 10, 1935, was then 
described as a work by C. P. Bega and brought the rather 
unsubstantial price of ‘50 guineas. 

; ro 3 Figure 3 

Knowing that, it seemed possible that the Fisher paint- 

ing was a copy after the Sheepshanks original. A direct 

comparison of the paintings side by side in Pittsburgh made 
it clear however that both paintings are of such fine quality, 

and there are so many variations of details that one cannot 
think of one being someone else’s copy of the other, no mat- 
ter how skillfully done. The Fisher painting is somewhat 

smaller (14% x 13% inches against 164% x 15 inches), on 
panel and signed and indistinctly dated. The Sheepshanks 
painting is on canvas and signed on the lower right. 

Some years ago, Fisher's publication, The Laboratory 

(Vol. 23, Number 1; fig. 4), featured on its front cover 
one of the world’s foremost authorities on the conservation 
of paintings, The Mellon Institute's Dr. Robert L. Feller, 
examining the Fisher painting. 
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When asked about the signature of the Fisher painting, 
he said that he had not really cleaned the painting, but 
only posed for the photograph; Dr. Eric C. Holmer, the 
restorer who really did clean the painting, is certain Then the 

signature in the Fisher painting sits firmly on the letter in 

the center of the painting. Similarly, the signature on the 
painting on canvas was immovable by acetone during 
cleaning, and is certainly contemporary with the painting. 

Thus the logical conclusion is that both paintings are by 
Cornelis Bega. It is surely conceivable that a customer had 
greatly admired the first work and had commissioned the 
artist to paint a work much like it. 

But which is the first and which the second version? 
There certainty is much harder to attain. Comparing details, 

there are some in each painting better than the correspond- 
ing detail in the other. This is subjective and elusive. But I 
believe that there are some changes which only an artist 

would make when ‘improving’ a second version after a first. 
Take the pestle, for instance, at the foot of the step. In the 

Sheepshanks painting it is small (fig. 5) and the spatial 
delineation of the steps is not quite clear. In the Fisher 
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Figure 5 

painting, the pestle (fig. 6) is much larger and serves to 
give spatial clarity to the steps. The larger pestle is, I 

believe, the sort of ‘improvement’ an artist would make 

when working on a replica of his own work. This is, of 

course, a double edged argument: if I thought the Sheep- 

shanks painting to be a copy after the Fisher painting, I 
would argue that the copyist simply did not understand the 
purpose of the large pestle—to aid in delineating the steps. 
Clearly, art historical analysis is not as straightforward as 

chemical analysis. Perhaps the most convincing argument 
for the priority of the Sheepshanks painting lies in the 

comparison of size and support. When Bega painted these 

around 1660, canvas was relatively inexpensive and can, of 

Figure 6 

course, be cut to any size. Panels were much more expen- 
sive, were planed towards the edges and hence of fixed 
size. If Bega had painted the panel painting first, he could 

easily have cut the canvas to the same size as the panel. 
The painting on canvas contains some beautiful details 
which are partly or fully missing in the panel painting: 
presumably Bega only had a panel smaller than the canvas, 
and so had to leave them out. 

I think that Bega would be amused and intrigued if he 
could know that his two alchemical paintings after 300 
years are in the collections of chemical companies and 
enjoyed by thousands of chemists. 
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The Methadone Story 

Everette L. May 

National Institutes of Health, Bethesda, Md. 20014 

Abstract - 

Methadone, a synthetic analgesic, topologically similar to 

morphine and with a similar pharmacologic profile was con- 

fiscated from Germany in the spring of 1945. Craving for 

methadone does not match that experienced for morphine or 

heroin and withdrawal symptoms, although prolonged, are 

much milder than with morphine or heroin. Consequently its 

principal use in the United States to 1965 was for the al- 

leviation of heroin withdrawal sickness. Since that time, 

it has been used as a substitute for heroin in so-called 

maintenance programs begun by Dole and Nyswander of New 

York City. Its virtues are high oral effectiveness, long 

duration of action and blocking of the thrill normally given 

by heroin. At present 45 - 50 thousand former heroin addicts 

are participating in the programs. Many are now useful 

members of society. Longer-acting methadone derivatives 

(e.g., acetylmethadols) hold promise of being superior to 

methadone. 

In the spring of 1945, a team of scientists headed by Dr. 

Ervin C. Kleiderer of Eli Lilly and Company was sent by the 

United States government to study the pharmaceutical act- 

ivities at the I. G. Farbenindustrie plant, Hochst am Main, 

Germany. Among the interesting products disclosed in the so- 

called Kleiderer Report that followed! was 6-dimethylamino- 

4,4-diphenyl-3-heptanone (amidone, methadone, IJ), a potent 

analgesic initially synthesized by Bockmuhl and Ehrhart? of 

Germany and first tested for spasmolytic properties. Since 

that time, methadone researches have been numerous, and a 

plethora of papers have been published on the chemistry and 

pharmacology of this drug and on literally thousands of analogs 

and derivatives. 34 

Although on casual examination, methadone’s structural re- 

semblance to morphine (I) appears remote, an inspection of 

molecular models reveals striking similarities in rigidity and 

topology. More recently, Beckett? suggested that inter- 

action of the free electron pair of the nitrogen and the 

slightly positive carbonyl carbon of methadone might assist 

in the formation of a favorable conformation (III) for a 

biological receptor that would also accommodate morphine and 

pethidine. One might consider, too, a conformation (IV) which 
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would result from intramolecular bonding between the (pro- 

tonated) nitrogen (at physiological pH)and the oxygen func- 

tion.4b In any event, methadone and morphine do have in 

common, chemically, a quaternary carbon, a phenyl! group at- 

tached to this carbon, and a tertiary amino group two carbons 

removed. 

MORPHINE, I METHADONE, IL 

igael 

The synthesis of methadone (Fig. 2) is readily achieved in 

two steps by condensation of diphenylacetonitrile (V) and 

2-chloro-N,N-dimethylpropylamine (VI) (NaNH,?4 or KOH8 

as carbanion-forming reagent) followed by reaction of one 

(VII) of the two isomeric nitriles thus formed with ethyl- 

magnesium bromide. The other nitrile (VIII) leads to iso- 

methadone (IX), also an effective pain-relieving compound. 

It has been amply demonstrated that the pharmacologic profile 

of methadone closely parallels that of morphine with some 

important time-action differences and clearly superior oral 



effectiveness for methadone.%!9 In an individual depend- 
ent on large daily doses of morphine, methadone can be sub- 
stituted and the dose rapidly reduced with days elapsing 
before the patient is aware that either has taken place. 
Impending abstinence phenomena can be avoided by adminis- 
tration of small oral doses of methadone. Given a choice, 
some former addicts prefer methadone (for its prolonged 
effect) to morphine or heroin, but some reverse this choice 
later because of the greater peak thrill which morphine and 
heroin provide.%!0,!! 
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c 
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Fig. 2 

Chronic administration of methadone causes rapid development 

of tolerance and cross-tolerance to heroin, morphine and other 

morphine-like agents (but not to barbiturates and stimulants 

91011) and of a physical dependence of the morphine type. 

On abrupt withdrawal, abstinence signs are not evident for 

about 48 hours. These signs never reach severe intensity and 

disappear more slowly than with a morphine dependence. 

Thus, orally administered methadone has long been used to 

minimize withdrawal sickness in narcotics addiction. 

About 1964, Drs. Vincent Dole and Marie Nyswander, a hus- 

band-wife medical team of New York City, recognizing the 

inadequacies of narcotics-addiction treatment and cogni- 

zant of the differences in pharmacologic properties of the 

large battery of ‘narcotic’ drugs at a physician’s disposal, 

conceived and began a program of ‘maintenance* therapy’ 

with a few selected heroin addicts. Their philosophy!2 

was based on the belief that rehabilitation of a drug- 

dependent individual should be given priority over elimi- 

nation of drugs. Their choice of methadone was out of 

consideration not only for the published pharmacologic 

properties of available agents, but also for actual clin- 

ical trial of some of these agents in a small group of 

patients during a two-year period.!9!2 

*For a statement on the concept of maintenance, see Wld. Hlth. 

Org. Techn. Rep. Ser., 1970, No.460, p. 20, ff. and references therein. 
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The original protocols and rationale!3 emphasized the impor- 
tance of having available a long-acting orally effective drug 
(methadone) and plausible reasons for failure of the limited 
trial with ‘maintenance’ [with relatively short-acting, pa- 
renterally (sometimes self-) administered morphine] from 1919- 
1923. Using methadone,!? patients can be stabilized by a 
single, daily, oral dose. Maintaining patients on methadone 
was said to be 3 ‘no more difficult than maintaining dia- 
betics with oral hypoglycemic agents.’ It was further stat- 
ed!3 that methadone ‘appears to relieve narcotic hunger and 
thus free the patient for other interests as well as protect 
him against readdiction to heroin by establishing a pharma- 
cological block.’ 

The program was developed in three phases.!3 1. Stabili- 
zation of addict patients with methadone hydrochloride, 
administered orally, in an unlocked hospital ward during a 
period of about six weeks. The patients are given a com- 
plete medical workup, psychiatric evaluation, review of family 
and housing problems and job-placement study. 2. Discharge of 
patients to outpatient care, these patients returning every day 
for methadone medication. 3. Return of the patients to society. 
These patients still receive methadone medication (cf. refer- 
ences 10, 13 for details of these three phases). 

Dr. Everette L. May 
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During the approximately eight years since its inception in 

New York City, the methadone program has proliferated 

throughout the United States and Canada. It is estimated that 

in the United States alone, 300 Investigational New Drug (IND) 

licenses have been issued by the Food and Drug Administration 

(which jointly with the Bureau of Narcotics and Dangerous 

Drugs exercise controls over the program) for this modality of 

treatment of narcotics addiction!*; there are presently about 

50,000 patients in the program.* No reliable figures are 

available on what percentage of this restricted group of patient 

addicts have been returned as useful members to society or what 

has been the impact of the methadone program on crime and 

economics. [he consensus seems to be that overall, the results 

are favorable. Also, not yet known is what will happen if and 

when the ‘rehabilitated’, methadone-dependent individual is 

deprived of this ‘crutch’. Will there be recidivism to the same 

extent as with other treatment methods or is the methadone- 

treated patient truly cured? 

As for the future, it is likely that methadone maintenance 

programs will continue to grow; political leaders have called 

for rapid expansion in New York City alone to a caseload of 

25,000. 

sought. 

Better drugs for this type of treatment are being 

Already, alpha-++)-3- 

acetoxy-6-dimethylamino-4,4-diphenylheptane (alpha-acetyl- 

a methadone derivative, 

methadol),!5 a longer-acting, also orally effective drug has 

been tried with marked success.'6 More recently!’ the /evo 

been Others are no doubt in isomer has under study. 

the chemical and pharmacologic ‘pipelines’. 

*Fora current medical report cf. Medical World News (a McGraw-Hill 

publication) March 17, 1972, p. 53. 
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CHEMICAL INFORMATION MANAGEMENT FOR THE 21ST CENTURY 

W. J. Wiswesser, 

Fort Detrick, 

Frederick, Md. 21701 

The 20th century is characterized by the profound change 
from flowery words and phrases to severely compressed iden- 
tifications that more efficiently accomodate the information 

“explosion” of this era. Thus if people in ACS, EPA, FDA, 
ISI, NBS, NCI, NIH, NLM, and related organizations talked 
about ESR, GC, GLC, IR, LD50, MAC or TLV, NMR, and 

UV records, they would be dealing with the central problem 

in chemical information management--the “cosmic” addresses 

for the basic substances of these records. By the 21st century, 

such people also would have annually updated “chemical 

almanacs” about the size of the 1972 edition of The Aldrich 

Handbook of Organic Chemicals that would explain the 

meanings of these organizational and technical abbreviations, 

as well as very many other frequently used chemical terms 

such as “the QI equivalent” of antifreezes, “the Q2 concentra- 

tion” of cocktails, “the QH content” of foods, “the QR coef- 

ficient” of germicides, and 10,000 easily indexed 

structural identifications of the commonly met lab and shop 

environmental chemicals. Such “cosmic” identifications will 

be as commonplace to chemists as “Mr, Mrs, and Ms” now 

are to their secretaries. In the relentless competitions of “mass 

action” usage, these SHORTEST NECESSARY AND SUF- 

FICIENT DESCRIPTIONS will survive _ like many 

work-horse Anglo-Saxon words have-- because they minimize 

the reading, writing and remembering effort for the users!, 

and minimize the storage, retrieval and processing costs for 

the computers. 

some 

This seems an appropriate year to make these predictions, 

because our proposed solution to the chemical indexing 

problem was summarized in C&EN 20 years ago, and its key 

value for high-speed structure display was realized 10 years 

ago (demonstrated with a UNIVAC “dot-plot” program in 

February 1964). The first fundamental inspiration for our no- 

tation proposal was documented thirty-five years ago, in these 

1938 notes on “Systematic Names,” prepared for an invited 

discussion with Dr. A. M. Patterson at the National Meeting 

of the American Chemical Society at Baltimore in April 1939: 

“... The Geneva principle is to name the open-chain 

derivatives according to the number of atoms in the 

principal chain. It would seem desirable that 

closed-chain structures be named the same way--by 

the total number of atoms in the basic ring frame. 

Since the very same chain of atoms can, through 

ring closure, give rise to alicyclic and aromatic 

compounds, this geometrical connectedness can be 

profitably implied in the root name.” 

The tragic theme of history is that the young ignore its lessons 

and thereby are condemned to repeat its mistakes. After this 

encouraging 1939 meeting with Dr. Patterson, ten years 

passed before the revealing history on the origin and develop- 

ment of line-formula notations was gathered and reported at 

the 118th National Meeting of ACS at Chicago in 1950. This 

historic research was updated in 1961 for the hundredth anni- 

versary of line-formula notations, and again in 1968 for a 

symposium on chemical notations?. Youthful ignorance of 

origins and developments in science and technology should 

not continue if humans are to enjoy the 2Ist century as a 

freedom-tolerating world community. 

DEVELOPMENT OF LINE-FORMULA APPROACH 

Computer identifications for chemicals in the 21st century will 
use the same short and simplified descriptions that the users 

will have learned in their first courses in general chemistry, 

because this directness and familiarity is overall “least effort.” 

For example, the first chapters in their chemistries should 

explain how the science started in the 17th and 18th centuries 

through systematic examinations of naturally separated 

MINERALS (crystallized in deep layers from evaporated 

inland seas and lakes, or from colossal pools of lava) and 

METAL-BEARING ORES (studied with obvious enterpris- 
ing motivations). 

Mineral examples such as these--with short names that will 

survive for another century--were cited in Josiah P. Cooke’s 

Harvard textbook of 1871, a full hundred years ago}; these se- 

lections indeed had name and synonym identifications in 

Martin Klaproth’s “Chemischen Kenntniss der MINERAL- 

KORPER”$ in 1807: 

.AG .AG3.SB . BA, .C-03 

.AU . AGS. BI . BA. . S-O4 

. BI .AL2, 03 .CA..C-03 
cu .AS2, 03 -CA,.S-O4 
. FE .AS4, S4 -CO..AS-S 
.NI .AS4, S6 . FE. .AS-S 
. PB .AU2. BI . PE. .C-03 
. SN . BI2. $3 . - H3. B-03 
. TE ACA. R2 .MG. .C-03 
.ASY . FE... S2 . MN. .C-03 

AG..G . FE2.0 PB. .C-03 
AG2.S . FE3.0 . PB... S-O4 
cU..S . MN. .02 . SB2. 0. S2 

.CU2.0 . MN3. O04 ee 
cu2.s . SB2. 03 SRE. S= 

BHG eS . SB2. S3 . ZN. .C-03 
.MN..S -SI..02 -AG..AS. S3 
NI..S . SN, .02 -AG3. SB. S3 

/PBa.S .TI..02 -AG5. SB. S4 
ZN..S . UR3.08 . AL2, BE-04 

No chemist should need help in understanding these identifi- 
cations, thanks mainly to the notational concerns of Jons 

Jacob Berzelius (1779-1848), “the organizer of chemistry.” At 

a time when the tools of the chemist were the same primitive 

ones of the alchemist, he proved to be a master craftsman in 

chemistry: he analyzed over 2000 minerals and compounds, 

discovered more elements than any other individual (deter- 

4] 



mining the atomic weights of 55 of them), made his own 

special glassware, introduced rubber tubing, the water bath, 

desiccator, wash bottle, filter paper, test tube, and separatory 

funnel. As a pioneering editor and abstractor, this “respected 

professor of chemistry of the Karolinska Medical Institute at 

Stockholm, Secretary of the Swedish Academy of Science, 

and uncrowned ruler of chemistry” insisted that “the chemical 

signs ought to be letters, for the greater facility of writing, and 

not to disfigure a printed book”5. He was indeed the 

“Rembrandt” of the chemical world, creating “a work of 

art--a thing of beauty that is a joy forever.” Our chemical con- 

tribution is very modest by comparison. All we have done is 

standardize his symbol set and the “line-formula” citing 

method that first appeared in 1861 (13 years after his death), 

then combine these with a mathematically basic analysis of 

ring systems. 

STANDARDIZATION OF ATOMIC SYMBOLS 

The first and simplest step in this standardization is to im- 

plement his intent to distinguish at a glance the few common- 

place NONMETALS from the many less frequently cited 

METALS. Cooke’s Harvard text contained appended tables 

with Ur (like Cr) for uranium, Va (like Ta) for vanadium, 

and Wo (like Mo) for tungsten, 100 years ago. This grand 

oversight is matched by a much later one--in the 1921 M.LT. 

Textbook by Norris® and in other Periodic Tables of the early 

1920’s) showing Yt (like Yb, both from the Swedish Ytterby 

sands) for yttrium. Since Berzelius started with Po and So for 

potassium and sodium, all that is needed to complete the 

standardization of two-letter symbols for ALL metals is to 

maintain the parallel with Ka for kalium, like Na for natrium. 

CHLORINE NOTATION 

Berzelius had proposed single-letter symbols for the common- 

ly met but small number of NONMETALS--reserving the 

letters B, C, F, H, I, N, O, P and S (initially also M for the 

“muriatic” radical) for these most frequently cited elements. 

Now students occasionally slur the symbol of chlorine into a 

fusion that looks like G, and they might even misspell it as 

“GLORINE” with subconscious association of that 7th letter 

of the alphabet (which also appears in the word HALOGEN) 

for the element that “glorifies” the 7th Periodic Group. So the 

symbol G replaces the ambiguous symbol Cl. 

BROMINE NOTATION 

Bromine today is extracted in ton-a-day quantities from the 

sea, so when we suggested “extracting” from Br a letter in the 

alphabetically closed set covering E, F, G, H and I, a Syra- 

cuse University student many years ago very aptly showed 

how to extract the desired letter by proudly writing “SEA” on 

the blackboard and then rubbing out the two end letters! It 

also appears in the word haloGEn, right next to its compan- 

ion letter G. 

HYDROXYL NOTATION 

Astronauts marvel at the beautiful blue color af our planet, 

caused by the bountiful abundance of that thermodynamically 

unusual vapor and liquid sea of AQUA. Surely the letter Q 

from this aqueous medium best describes its characteristic 
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group--as an O-atom with a tiny H-tail. 

AMINES AND THE IMINO NOTATION 

Nitrogen parallels oxygen with a corresponding IMINO or 

IMIDE group, so this important NH-group is best denoted 

with the mid-letter M, pictured as a tilted N with a slender 

H-prop. When nitrogen appears as a doubly hydrogenated 

primary AMINO or AMINE (inorganic AMIDE or NH, 

anion) group, an end selection ends the inorganic A, B, C’s of 

the symbolism with the letter Z--literally and figuratively an N 

on end (rotated 90°)! 

COMPACT LISTING OF MINERALS 

Now with a frequently useful Q for OH, M for NH, E for Br, 

G for Cl, and Z for NH,, additional minerals identified by 

Klaproth in 1807 can be lucidly explained by the cation-anion 

formulations that first appeared with “ferrIC vs ferrOUS” 

types of names just about 100 years ago: 

AG..G . CU2. C-03. Q2 
.HG..G CUB. P-04. Q3 
.NA..G PB2. C-03.G2 
.2&..G CA..S-O4. QH2 
3CUL OS CO. . S-O4. QH7 
. MG... Q2 CU... S-O4. QHS 
.MN..0.Q . FE. .S-O4. QR7 
. FE2.0.Q4 — . MG. .S-O4, QH7 
FE4.03.Q6 -MG3.B/7-013.G 
CU2.AS-04.Q . PB5. P-O4*3.G 

In these examples of a computer-generated “compacted list- 

ing,” Mitscherlich and Berzelius would have been delighted to 

see how the intercrystallizing or isomorphous (very closely 

related) minerals are automatically associated by simple al- 

phabetization within each fixed-length set of records. Periods 

“fill” the separating blank spaces for simple cations and 

anions--with a reserved place for the first multiplier to guar- 

antee simple scanning of the anionic descriptions. Compound 

anions are recognized at a glance by the bonding hyphen 

mark, and when necessary, these are multiplied with the 

Fortran mark and multiplier in a manner that does not mess 

up the sorting advantages. No artificial “connection-table” gy- 

rations are needed to create these notations, because 

MINERALS AND INORGANIC SALTS are aggregates of 

ions; and here these descriptive units are cited one after 

another in an ordered manner, directly reporting the experi- 

mentally found compositions of these “aggregates.” 

CITING ORDER 

Structural chemistry could not begin with this description of 

component parts like marbles in a bag, freely slipping and sli- 

ding around. Modern structural chemistry, as A. M. Butlerov 

first visualized in his 1861 paper on “The Chemical Structure 

of Compounds,” is concerned with the connecting arrange- 

ments of atoms in molecules. For more than a century now 

chemists have speculated (sometimes wildly) on imaginary 

“stick-like” connections between atoms in molecules such as 

these: 

NN Oco CNNC NCSCN NCOCCCN Occccco 
00 ONN NCCN OCCCO NNNCCCN SCCCCCO 
Oc 0SO NCNC SCCCO OCNCCCN SCCCCCS 
ON Sco ONCN SCCCS SCNCCCN 
So scs ONNO SNSNS SCNCCNC 

aya 

eek 



These are linear chains of atoms connected to form molecules 

by a cementing cloud of electrons that has elongated spherical 

harmonic spatial patterns’. But why should the computer 

records be labored with these speculations? Moreover, the 

“chemical bondage” cannot explain why intermediate cases 

nkemOCCOmSCCO™ SCCS or, OCCCCONSCCECO mand 

SCCCCS do not exist! If the only experimentally confirmed 

details are the locations of the atomic groups (by beams scat- 

tering from those sharply defined centers), why force in more 

than we truly know? These end-to-end descriptions of un- 

branched molecules are the simplest necessary and sufficient 

descriptions, hence the preferred “cosmic” identifications and 

self-determined computer addresses. For the asymmetric 

cases, and for all “otherwise equal!” citing alternatives in more 

complicated structures, a “highest first” resolving rule based 

on anciently familiar alphabetic order suffices. Indexing em- 

phasis thus is automated as in arabic numeration, by first 

citing the highest-valued and most important mark on the 

left. 

ALKYL CHAINS 

Paraffin chains are so named because they have par af- 

finis--least chemical affinity and therefore least indexing 

value; the FUNCTIONAL GROUPS attached to them deter- 

mine the properties which determine the uses and values. So 

ALKYL CHAINS are denoted with ARABIC NUMERALS 

for the number of C-atoms in them, and the citing values 

ascend with 1,2,3,....A,B,C,... to K,Y,Z. The FUNCTION 

comes first, then the paraffinic or alkyl “tail.” 

UNSATURATION MARK 

Unsaturations classically relate to dehydrogenations between 

carbon atoms, for E. Erlenmeyer was referring to olefinic 

double bonds and acetylenic bonds when he introduced the 

multiple bond marks in 1866. Thus when carbon-chain termi- 

nals are dehydrogenated, a single U-mark logically denotes 

the “single” unsaturation or dehydrogenation, and a 

UU-mark (logically and quantum-mechanically) denotes the 

“double” unsaturation or dehydrogenation (two plus the 

single bond line). 

CARBONYL NOTATION 

A Very commonly met diValent connectiVe that appears with 

the paraffinis groups (and causes frustrating nomenclatural 

gyrations in its great variety of combinations) is the ALDO- 

or KETO- or CARBONYL group. Within it is a classical 

C-to-O “unsaturation,” so the etymologically related letter V 

(a Latin variant for “least effort” chiseling of U-marks in 

granitic monuments) is most appropriate for this -CO.- con- 

nective. When this V-mark is used (as VH) to signal ALDO- 

as well as KETO-groups (without H-mark), programmers 

should be cautioned that the aldo-V is two-connected like the 

keto-V only if the cited H is counted as a valid connection. 

When the H-details are ignored (traditionally giving “primary, 

secondary, ternary and quaternary” connecting differences 

among alkane carbons), the aldo-C is only 2-connected (to O 

and C) whereas the keto-C is 3-connected (to O, C and C). 

Pa) 

DI-OXYGEN TERMINAL 

DIOXO or DIOXYGEN branches with N- or S-atoms in 

nitro- and sulfonyl- and like groups classically have a doubly 

unsaturated hypothetical bonding pattern, so this logically 

and etymologically leads to a selection of the W-mark for 

branched dioxygen groups, because the medieval letter truly 

whispers this “double-U” meaning. 

SIMPLE UNBRANCHED EXAMPLES 

Now with single digits for the ever-present alkyl(ene) chains, 

singlesletters for five commonly met groups that first appear- 

ed as anions (E, G, M, Q, Z), and these last three (U, V, W) 

for unbranched aliphatic additions, chemists and computers 

have a powerfully efficient set of tools: one mark for each 

commonly met variable leads to an ultimate of simplicity and 

conciseness for thousands of linear combinations that show 

their connections with pictorial directness. Here is a “compac- 

ted listing” of items that were available 20 years ago. 

WLN DESCRIPTIONS OF UNBRANCHED MOLECULES 

COMMERCIALLY AVAILABLE IN 1953 

Syst Gish ile Z3 2GH 3V3 6M6 EE GIE GV6 
6H Gh IG Zh 28H M4 606 E2E GIG GV7 
pe GB ast ZS 2M2 402 686 E3E G2E GV8 
8H G6 ai Z6 202 Ook 6vl EKE G2G 11g 
Pia G7 Q2 27 2S1 4Sl 7M7 ESE G3E 112 
E2 G8 Q3 ZZ 2Ss2. 4S2 787 EVl G3G 116 
E3 Tl Qh 19H 2vl_ =64sh 67uUlL)SoEV2)«=6GuWG ) «=6—I1I 
| fa 12H 2ve2 4Ul 9gVl EV3 G5SG I3I 
E6 13 Q6 14H 32H «=4ve fg EVAL GVl_ ISI 
ay = Yaly) 16H 3M3. «UV CEL2 «©6G1@ =O GV2_— NC 
E8 15 Q8 1M1 303 5M5 El4 Gl2 GV3 NC2 
HHO Ow zl 1s1 383 505 E16 G16 GVk NC3 
G2 (eee lvl 3Vl SVl £18 G18 GVS ete 

This “simplistic” listing, ordered by the lengths or “Hollerith 

numbers” of the records, automatically displays the simplest 

(2- and 3-mark) structure descriptions first, and provides easy 

visual scanning of both ends of the descriptions. No other 

kind of display can compress so much chemical information 

into such a small amount of line-printing space, so this 

method should enjoy a long-enduring profitable usage in the 

21st century. Perhaps these simplest commercially available 

chemical descriptions are uninteresting, but for the same 

reason they should be very inexpensive: processed in huge 

quantities for the benefits of all chemists at trifling costs per 

entry! 

BRANCHED CHAINS 

Branching points are topologically unique features (nodes), so 

these deserve distinct single-letter marks for the most impor- 

tant or most frequently cited cases: Y-marks for the ternary or 

Y-branched CH-groups (with U if unsaturated), X-marks for 

the quaternary or X-branched C-atoms, and K-marks for the 

analogous quaternary N-atoms. These complete the eleven 

new aliphatic letters, with the five and three noted above. 

Branched line-formula descriptions incorporate a subtle and 

tacitly understood rightward-unfolding polarization that has 

been followed ever since shrewd Josef Loschmidt published 

the first line-formula examples in his 1861 booklet on 
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Chemische Studien. Thus inorganic examples like FBFF and 

GPGG never are garbled into FFBF or GGGP citing sequen- 

ces. This rightward polarization came naturally as 

a mechanical scanning of the earliest diagrams, in i 

which the carbon skeleton extended vertically, CH 

like the human skeleton. Substituted groups were l 2 

cited after the chain atom (like its associated CH, 

H-atoms). The inset diagram (figure | in our 1952 l ‘ 

C&EN report’) shows the “Origin of the CHOH 

Line-Formula delineation (circa 1861) as a tele- | 

vision-like scanning of the vertical chain diagram, COOH 

top to bottom and left to right, giving this delin- 

eation: CHO.CH,.CH,.CHOH.COOH (with a period@mark- 

ing the end of each scanned line).” . 

Selection of the letter Y for a Y-branched or 3-connected 

CH-group, as noted above, leads to YU or UY for the corres- 

ponding keto-like dehydrogenated acyclic C-branch, and to 

the letter X for the corresponding acyclic quaternary or 

4-connected C-atom. Then all simple secondary alcohols are 

automatically indexed under the QY... marks, and simple ter- 

tiary alcohols under the QX...marks, with similar automated 

benefits for the corresponding halides and all other terminal 

functional groups. The letter X in turn suggests selection of its 

graphically related letter K for the corresponding quaternary 

N-atom. 

METHYL CONTRACTION 

Now Y, X and K are new and distinct branching symbols, so 

they can be defined as methyl-branched unless otherwise spe- 

cified. This expressive conciseness for the ubiquitous “unit” 

alkyl group reflects the century-old custom of omitting the 

cluttering “unit” marks in chemical formulas: not H,O, and 

H,N,O, and H,C,N, or the like, but simply H,O and HNO, 

and HCN. 

A terminating ...Y expresses the nine connections among the 

three C-atoms and seven H-atoms in the 

isopropyl group with maximum economy (see , 

inset). The terminating ...X likewise is a “least H - | _y 

effort” ultimate for the four C-atoms, nine 

H-atoms, and their twelve connections in the | 

tertiary butyl group (2nd inset). This is the saan 

meaningful kind of symbol economy that is | 

mandatory if the six million presently repor- ne ifs “ 
ted structures in the chemical world are to be 

widely available and searchable at low cost by Hs 

the 21st century. H 

Contractions, like linguistic abbrevia- He I H 

tions, should not disturb the indexing | i 

first parts of any descriptions, so the -WHH-C_H4_C_y 

corresponding methyl-branched | | 

groups are written as 1Y..., 1X..., and Le GueET H 

1K... (for quaternary trimethylammo- | 

nium) when they initiate a notation. H 

No branch-ending punctuation is needed when these are the 

only branches in the description, and no additional explana- 

tions should be needed for the following simple isoalkyl and 

neoalkyl examples found in The Aldrich Handbook of Or- 

ganic Chemicals: 
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2X 4Y GX QY ElLY NCX Q2Y SHY Z5Y 
PNG ye (ERE ZO B2Y NCY Q3Y VHY ZVY 
Be APE ABS AE G2X Q1X QVX WNY (and others 
BN sXe) LYS (CVYS (GVXEQUY, | LOV Yee Zy. among the 
4X EY QX 3VX GVY Q2X SHX Z2yY 10,000 rarer 

chemicals) 

These “curt, clear and complete” descriptions have enjoyed 

more stability during the past 20 years than the corresponding 

names, and the contrast in long-enduring usefulness seems 

likely to intensify much sooner than the 21st century! 

BENZENE 

BENZENE is a Resonating, Regular-hexagonal, aRomatic 

Ring, so the R-mark for this unit provides the greatest symbol 

economy of all, because in large collections this ring occurs 

more frequently than all other rings combined. It is subordin- 

ated to all other atomic group symbols because of this super- 

prominence and its consequent negligible indexing value 

(nearly two million of the six million reported structures 

contain benzene rings without any other rings). A terminal 

...R denotes the three double bonds, eleven single bonds, six 

C-atoms and five H-atoms in the phenyl group (often written 

with least effort as the Greek phi or @ mark). Here are a few 

examples: 

2R 8R QR 1SR 2VR 5VR GIR Q1R RIR RVR Z2R 
3R ER RR 41VR 2XR EIR G2R Q2R RER SHR Z3R 
4R FR ZR 1XR 2YR E2R GVR QVR RMR VHR ZMR 
5R GR I1MR 1YR 5VR ESR NCR QXR ROR WNR ZVR 
OR IR 10R 2MR 4OR EVR ONR QYR RSR Z1R ZYR 

REVIEW OF SYMBOLS 

Chemists in the 21st century will be able to read these descrip- 

tions as easily as our children today read words like ace, ape, 

ark, art, asp, bad, bag, bar, bat, bay, bib, cab, car, cat, cog, 

cow, and so on. By that time the international professional 

competition will have convinced chemistry teachers and prac- 

ticing chemists that they have an information-managing 

bargain with hundreds of such descriptions per printed 

page--at pennies per page (or less with reading equipment for 

microfilm cartridges or microfiche packets). Here is the learn- 

ing requirement for the examples given thus far: 

Letter: E G K M Q R 

I, 
Meaning: Br Cl MNS NH OH (O) 

etter: U Vv W xX NE Le 

red Nes ENG 
Meaning: = tl O, e C(H) NH, 

O TaN 1 

ARABIC NUMERALS denote ALKYL CHAIN 

lengths (carbon count). K, X and Y are 

methyl-branched unless otherwise specified. ZERO 

is slashed as@, leaving the far more frequently 

cited O unmarked. 

BRANCHING TERMINATION 

The ampersand here is the “end mark” for punctuating alkyl 

side groups and any others that do not end with the strictly 

terminal E, F, G, H, I, Q, W or Z groups. When some of 

these in turn--like iodine--are not terminal, they are set off 



with hyphens, like all organometallic two-letter symbols. The 

ampersand is retained whenever a methyl-contracted Y, X or 

K group is not the last branch in the notation (or in a clearly 

“spaced” cyclic side group), simply to keep things clear when 

descriptions get complicated. The Aldrich Handbook again 

has many simple examples of notations with punctuated side 

groups, and others with the “understood” punctuation for E, 

F, G, H, I, Q, W and Z marks: 

1Y&X 1N1&1 UNL &y OSR&R QY4&2 
1Y&Y 1N1&R Ph aly Ql YGG QYLL& 3 
2Y&Y 1 X&&X 8N8&6 QVYER QYh él 
EYEE 1Y&1Y EXEEE QVYFF QYLER 
EYER 1Y&2X EYR&R QVYGG QYS&ly 
GPGR 1Y&2Y FXFFR QX&KY QYS&Y 
GXGG 1Y&3Y GPR&R QX2k&2 QY6&3 
GYGE 1Y&MY GX&&X QX 3&2 QY7&2 
GYGG 1Y&SY GXGGE QX 3&3 QYR&R 
GYGR 1Y&UY GXGGG Qxy&e RNR&R 
veraalat 1Y&VY GY&YG QY&1Y RPR&R 
QBQR 2N2&1 GYG1G QY&Y2 SPGGR 
QY&X 2N2k2 GYGO1 QY&YQ SUYGG 
QY&Y 2N2&R GYGVG QY2&2 WS3&3 
WSG1 2Y&1Y GYGVR QY2&R WSh&ly 
WSGR 2Y&UY GYR&R QY2&X WSR&R 
WSQl 2Y&kY2 OPGGR QY2&Y Z1YQR 
WSQR 2Y2&2 OS1&1 QY 3&2 ZMSWR 
ZSWR 3N 3&3 OS 3&3 QY 3&3 ZN1&1 
ZY&X 3N3&R O Sh &ly QY3&R etc.! 

Of course there is no very simple way to describe very compli- 

cated structures, but there are far more 2- to S-mark notations 

in the chemical world than equally short words in the English 

language. Yet while “apathy is our deadliest danger,” chemists 

may have to wait until the 21st century before the simplest 

million reported chemical descriptions are widely and cheaply 

available for their “professional enhancement.” There are over 

1000 notations with five or less places in a file of 30,000 bio- 

logically screened compounds, so this same first fraction is 

more than a hundred thousand in the six million world total! 

Most of the high-volume, high interest, high-hazard chemicals 

are in this simplest fraction: must we wait another 25 years to 

structurally identify and reference the first few thousand in a 

$2 chemical almanac? 

RING LOCANTS 

LOwer CAse letTErs were used to LOCATE ring positions in 

1866 when Kekule? presented his historic discussion of 

benzene ring isomerism. These letters are more logical than 

numbers for such information, because positions are relative 

rather than absolute values, and in modern chemistry these ci- 

tations frequently go past the single digit range, but seldom 

go past the alphabetic range. Lower-case meaning is indicated 

in computer applications without a penny of special hardware 

cost by prefixing such (upper case) letters with a blank space. 

This nonprinting signal serves as a shift key to denote 

lower-case meaning for the letter that follows; like the famil- 

iar space bar, this is the most frequently used keyboard signal. 

Spaces also serve handsomely to break up the units of 

information, just as words are clarified by putting spaces 

between them (a great discovery of the Middle Ages). Thus 

the notation logically shows a locant between the ring descrip- 

tion and the substituent symbols, saying in effect, “and at this 

position there is a so-and-so group.” 

Phenylene (CH) segments of chains are distinguished by as- 
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suming the a-position for the first-cited substituent, thus 

giving ...R B... for ortho-, ...R C... for meta-, and ...R D... for 

the para- isomers. Kekule’s student, William Korner, estab- 

lished these cleverly distinctive names just 99 years ago (1874), 

and the corresponding “computerized” O@-, M@- and P@- 

prefix marks deserve continuing usage with two-connected 

phenylene root names. 

Locant marks, like atomic Y, X and K branches, can be 

defined as methyl-“filled” when not otherwise specified. 

Aldrich Handbook selections again show frequent usage of 

this contraction along with other locant-specifying short nota- 

tions: 

1RC 10R B FR DF QIlR D QR DG 
1R D 1R CR FR DR QR B2 QR DI 
eR B 1R DR G1R B QR B3 QR DQ 

ARC 1VR C G1R D QR BE QR DR 
eRe 1VR D GR BE QR BF QR DX 

ER B 1,56 1D) GR BG QR BQ QVR B 
ER D 1YR D GR CE QR BR QVR C 
FR B 2MR B GR CG QR BX QVR D 
FR D 2MR C GR DE QR BY QYR D 
GR B 2R Be GR DF QR C3 RR BR 
GRC 2k C2 GR DG QR CE RR DR 

GR D 2R De GR DR QR CF e SHR B 
IR B ELR B GVR B QR CG SHR C 

TRAC E1R C GVR C QR CQ SHR D 
QR B ElLR D GVR D QR CX VHR B 

QR C ER BE IR DG QR CY VHR C 
QR D ER DE NCR B QR De VHR D 
DRG FR BE NCR C QR D3 WNR B 
ZR D FR CF NCR D QR DE WNR C 

FR DE ONR B QR DF etc 

An important complementing pair of resolving rules should 

be emphasized here: outside the ring, the highest of otherwise 

equal marks are cited first (to put front emphasis on func- 

tions); inside the ring, the lowest sets of locants, etc., are 

chosen (to follow this well-justified tradition). 

OTHER RINGS 

The simplest features of aliphatic and benzenoid notations 

now have been illustrated with several hundred Aldrich 

Handbook selections, none of which required more than five 

typing columns. Distinctly longer notations will be needed to 

illustrate the simplest types of other cyclic compounds, 

because the rings themselves have many independent vari- 

ables: carbocyclic or heterocyclic, aromatic or having a lone 

saturated C-atom, and saturated or having localized unsatura- 

tions. Each feature will be explained very briefly--with ex- 
amples. 

Beyond benzene, the cyclic part of a structure is traditionally 

and topologically the main feature and most useful indexing 

part, so the notations in this largest class all begin with a 

“ring-closing or ring-starting” mark, followed by the tradi- 

tional ring number(s), heterogroup symbols, then the satura- 

tion character and finally the “ring-finishing” mark. The car- 

bocyclic or “aLicyclic ring-closing L...J marks were inspired 

by Emil Erlenmeyer’s historic (but contorted) 1866 diagram!° 

for his postulated structure of HC - CH 

naphthalene. In the inset ll Il 

diagram, his vertically extend- HG CH 

ed ring has been swung up | 

from his original lower posi- HG= C= €=C_ CGH 

tion to more clearly display 
ee soap L J 
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his subtle “L- and J-shaped” angle-brackets that Erlenmeyer 

used to imply the ring closure. Beilstein’s separation of a 

“heTerocyclic” kingdom justified the corresponding T...J 

marks, first used with the L...J in a 1951 demonstration deck 

of IBM cards. These punched-card substitutes for parentheses 

are still the users’ choices, even though non-distinguishing 

parentheses (as in the 1954 manual) are more logical to set off 

this first part of the cyclic connecting specifications. 

RING SATURATION 

After the ring numbers and heterogroup symbols are cited, 

four distinct types of rings are denoted as combinations of 

two binary variables: minimum-maximum hydrogenation, 

The minimum 

marks logically apply to the most frequently met extremes in 

hydrogenation: the aromatic, understood with no mark; and 

the fully saturated, distinguished with a “saTuration” mark. 

In the 1954 manual, this mark was a “slash” or virgule (“capi- 

talized letter symbols to denote atoms or atomic groups” and 

“punctuation marks to denote modes of connection or discon- 

nection” or the like), but today it is a T-mark just before the 

ring-clasing J-mark. This double usage of the T for a kind of 

“punctuation” was necessary with the primitive 1950 equip- 

ment, but the make-shift obviously would not be necessary 

today. 

and minimum-maximum notation marks. 

Aromatic monocyclic descriptions (with no lone saturated 

C-atoms) perhaps are most easily explained by citing many 

examples from the Aldrich Handbook (the parent ring is the 

catalog item in most cases, but some appear only as substitu- 

ted derivatives). 

L8J TONT TSNSJ TSVMVJ TSMNNNJ TOMVMVMVJ 
L7VJ_ L4VVJ TOMVJ = TSOVOJ TOMVMVJ TOMVMVVVJ 
T5MJ LOVVJ TONNJ TSVOVJ TOVMMVJ LOVVVVVVJ 
T50J TSMNJ TOOVJ ToOMVNJ TSMMVMVJ TOBHMBHMBHMJ 
T5SJ  TSNOJ TSNONJ LOVVVVJ TONMVMVJ TOBHOBHOBHOJ 

Here adjacent heterogroups appear exactly as they would in 

an open-chain segment, but with the traditional “lowest first” 

choice inside the ring. If aromatic C-atoms separate the 

heterogroups, spaced letters locate them: 

LoV DVJ TON CNJ TSNN DSJ 
TSM CNJ TON DNJ TONN DNJ 
TSN CSJ ToO DVJ TOVM DNJ 
TOM DVJ TSMN DNJ TON CN ENJ 

Connecting positions are considered before the symbols at 

those positions, so T6VM DNJ by this rule is correct and 

“lower on first counts” than T6MV ENJ. 

“Extra hydrogen” citations (always with a locant, to avoid 

ambiguity with heterocyclic H-attachment) characterize those 

structures that are dehydrogenated to the aromatic limit and 

have just one remaining saturated C-atom: 

L5 AHJ TSNMV DHJ 
L7 AHJ TONOV EHJ 
LAV BHJ TOMVMV EHJ 
LOV BHJ TSSVMV EHJ 
TOM DHJ TOMV DV CHJ 
T3MM CHJ TOMVMVV FHJ 
T5OV CHJ TOOV DV CHJ 
T5OV EHJ TOVMVMV FHJ 

Fully saturated structures provide the greatest number of 
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monocyclic examples (parent ring systems) in the Aldrich 

Handbook. All end with ...TJ marks; all have more than one 

saturated C-atom, and none have any C-to-C unsaturations: 

L5TJ TSSTIJ TOMVTJ TOM CVTJ 
IATI TOMTJ TSMVMTJ TOM DMTJ 
L5TJ TOOTJ TSMVOTJ TOM DOTJ 
LOTJ TOSTJ TSOMVTJ TOM DVTJ 
L7TJ T7MTJ T5OSOTI TOO COTJ 
L8TJ T(OTI TSOSWTI TOO DOTJ 
LAVTJ T8MTJ TS VMVTJ TOO DSTJ 
L5 VTJ TOMTJ TSVOVTI TOS CSTJ 
LOVTJ LOVWVTJ TOMVMTJ TOS DSTJ 
L7VTJ L7VVTJ TOOSWTJ TOS DVTJ 
L8VTJ TYOVTI TOVMVTJ T7M DMTJ 
LOVTJ TOMVTJ TOVOVTI TOM DSWTJ 
T3MTJ TSOVTI T5OPHOTI TOMV DOTJ 
TSOTI TSSVTJ TOOBHOTJ TOMV DSTJ 
T3STI T5SWTI L5V CVTJ TOOV DOTJ 
TAMTI TOMVTJ LoV CVTJ TOMV DMVTJ 
T4OTI TOOVTJ L6V DVTJ TOVOV EOTJ 
T5MTJ T7MVTJ TSM CSTJ TOM CM EMTJ 
T5OTI T8MVTJ T50 COTJ TOO CO EOTJ 

TOS CS ESTJ 
T80SWO EOSWOTJ 

The dioxygen symbol W, like H, is defined as a strictly ter- 

minal symbol and is cited immediately after the symbol of the 

atom to which it is attached, inside as well as outside the 

“ring-enclosing” marks. 

UNSATURATED RINGS 

Localized unsaturations characterize the fourth class of ring 

notations--those with maximum hydrogenation and maxi- 

mum citing marks; the cited U-mark appears without a locant 

only in the special case of simple cycloalkenes, cycloalkynes, 

and their combinations that have no heterogroup: 

L5UTJ L7U CUTJ T6O BUTJ 
LOUTJ L8U CUTJ T7N AUTJ 
L7UTJ L8U EUTJ T5SW CUTJ 
L8UTJ TSM BUTJ TONMV FUTJ 
L5V BUTJ T5M CUTJ T5N CO AUTJ 
LOU CUTJ T50 BUTJ TSN CS AUTJ 
LOU DUTJ T50 CUTJ TOM CN BUTJ 
LOV BUTJ TOM CUTJ T60 DO BUTJ 

Benzyne is an exceptional structural type, justifying a single U 

without a T when this dehydrogenation is superimposed on 

an aromatic one: L6UJ. In all cases, localized unsaturations 

(like “extra” or indicated hydrogen) are cited as subordinated 

details that do not change the other “lowest locant,” etc., 

measures within the ring-enclosing marks. This is equally true 

of any substituents; beyond the special case of benzene rings, 

substituents are cited in ascending order of locants, then 

“highest first” when locants are equal. 

Thio- or imino- or methylene-type substituents on cyclic 

keto-groups provide a fifth type of ring, with a cyclic Y-mark 

here replacing the V-mark, and the necessary U-mark appear- 

ing outside the ring description: 

L5YTJ AU1 L6V DYJ DUM TOMVMVYVJ EUM 
L5YTJ AUM T5MYMTJ BUS LOYYTJ AUM BUM 
LOYTJ AU1 TSNMYSJ CUM TSMYMV EHJ BUS 
LOYTJ AUM TSNYVOJ BU1 TSOYMV EHJ BUS 
L7YTJ AUM T5SYSTJ BUS TSSYMV EHJ BUM 
TOMYJ BUS TOMYMVJ BUS T5SYMV EHJ BUS 
TOMYTJ BUM TSMVMVYJ EUM TSVOVY EHJ DUl 
TOMYTJ BUS T4VOY DHJ CUl LOY DYJ AUl DUl 
T7MYTJ BUS TSMY DMTJ BUS LOYVYTJ AUM CUM 

Some of these are keto-like tautomers of enolic or mer- 

capto-groups. 



MACRO RINGS 

Macro-rings stand out in this notation because two-digit ring 
sizes are set off with hyphens (avoiding ambiguity with sizes 
33 and higher vs bicyclics). Again the Aldrich Handbook 
contains a good number of examples: 

L-19-TJ L-13-VTJ 
L-11-TJ L-15-VTJ 
L-12-TJ T-13-MVTJ 
L-18-VTJ L-11-UTJ 
L-11-VTJ L-12-UTJ 
L-l2-VTJ L-12-U EUTJ 

L-12-U EU IUTJ 

Substituents, as previously mentioned, are cited in ascending 

alphabetic order for all rings beyond the special case of 

benzene rings. 

POLYCYCLIC RINGS 

Chemical notation and nomenclature systems eventually 

“meet their Waterloo” in the polycyclic region, where seem- 

ingly endless complications keep compounding to a climax of 

frustrations. The strength of the WLN in this area was sensed 

in 1952:8 “The most outstanding feature of this notation is 

that a single position-determining rule suffices for all kinds of 

polycyclic structures.” This central advantage is based on a 
traditionally familiar aim--to seek a lowest possible set of ring 
measures, One that subordinates heterogroup variations. Each 
measure has a sharply defined priority, as stated by E. G. 
Smith in the official manual!! of the Chemical Notation Asso- 
ciation. 

DETERMINING LOCANT PATH 

The first requirement is that the locant path must be a contin- 

uous one through the largest possible number of ring posi- 

tions (generally it is a peripheral loop or spiral through all of 

them). This aim maximizes the number of automatically de- 

fined connections--i to j to k...--and thus minimizes the neces- 

sary specifications of all other (nonconsecutive) links. For 

example, the elaborate tetracyclic steroid connecting pattern 

of 17 positions and 20 connections is compacted into a record 

of just four pairs of locants, each indicating a ring-closing 

link: (ei bj am aq). Chemists prefer to see the ring sizes direct- 

ly, so this becomes (e5 b6 a6 a6) or simply (e5 b666) after 

omitting the understood a-locants. 

The pathfinding rule was stated as follows in 1952: “All poly- 

cyclic ring positions are determined by starting the longest 

possible chain of ring positions at the point which gives the 

lowest sum for the fusion locants,” “the name given here for 

the lowest position in each ring, relative to (this path).” In the 

above example, e, b, a, a are the fusion points, and their sum 

esas ee ise lli@res) 

All bicyclic fused and bridged ring paths thus start at one of 

the atoms common to both rings, for then the fusion locants 

are a,a (the same lowest position in each ring). In perifused 

systems where one “triple point” is common to three rings, 

this singular multicyclic junction or focal point is the starting 

point, and from here the locant chain proceeds through the 

shortest path to the furthermost ring. Some 

well-known examples that were included in the 1951 demon- 

stration deck of IBM cards had these name identifications: 

possible 
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L57Jd azulene T56 BMJ D_ skatole 
LooJ naphthalene T50 BMVVJ isatin 
T56 BMJ indole L B666J phenanthrene 
TOO BNJ quinoline L c666J anthracene 
T66 CNJ isoquinoline L Bo56 HVJ fluorenone 
T56 BNOJ anthranil L C666J BQ anthranol 
TO6 BMVJ carbostyril L E6 BOo6d chrysene 
T66 BOVJ coumarin 

Many additional examples are provided in “Educator” decks 

of IBM cards. 

Free radicals are freely and easily described with the 1964 

“dot-plot” extension of the carbyl C (for an unbranched 

C-atom); D for the diatomic, dehydrogenated, unbranched 

CH-group (pictured as a C-image and H-bar); L for the 

aLiphatic CH, Link; and T for the 3-connected or T-branched 

C-atom. With these the writer also urged the use of J for a 

Junction N-atom, the very frequently cited 3-connected nitro- 

gen of tertiary amines, N-nitrosamines, and the like (rather 

than wasting this valuable atomic-symbol letter on a rarely 

cited “Jeneric haloJen”). But nine years have passed, and the 

other users still strangely oppose any change in “the sacred 

symbol set.” 

THE CHEMICAL NOTATION ASSOCIATION 

The most bizarre aspect about this notation is that its desig- 

ner no longer “owns and controls” it: that sensitive responsi- 

bility has been put in the hands of the Chemical Notation As- 

sociation, an international association of more than 100 

members. At the time of this writing, a “NATO/CNA Ad - 

vanced Study Institute (ASI) on Computer Representation 

and Manipulation of Chemical Information” is planned to be 

held in Noordwijkerhout, near Amsterdam, from June 4 to 

15, 1973, cosponsored by the North Atlantic Treaty Organiza- 

tion and the Chemical Notation Association. 

Elbert G. Smith, more than any other individual, extended 

the spirit that this notation “was designed to be shared” with 

the chemical world. He started encoding the organic tables in 

the Hodgman and Lange Handbooks with the rudimentary 

instructions in the 1952 reports, helped edit the 1954 manual, 

wrote a faculty report demonstrating the notation’s value in a 

table of phenylhydrazones (identification derivatives), built an 

experimental file of over 80,000 WLN descriptions--with 

other identification and reference data, wrote an atten- 

tion-commanding report on substructure searching (with his 

set of 48 bit screens) when this file was 50,000-items strong, 

established the rule-controlling Chemical Notation Associa- 

tion, helped by his personal visits to establish the United 

Kingdom and Japanese chapters of CNA, and encoded the 

15,000 Ring Index structures as part of his most time-con- 

suming undertaking--to WLN 

manual!!. The royalties from this 6-year effort he turned over 

to the Chemical Smith’s “Tutorial 

Lessons” provide 21 pages of the best kind of introduction to 

the WLN--learning by doing the stepwise decoding and en- 

coding exercises !2. 

write a comprehensive 

Notation Association. 

Graham Palmer provided an excellent introduction to the 

WLN in 1970!3, which Usdin and Efron noted in 1972 with 

their own lucid summary'4. Gibson and Granito also pub- 

lished a well-composed tutorial introduction to “Wiswesser 

chemical line-notation” in 1972'5. Computer applications of 
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the WLN were summarized in 1969!¢ and 1970!’, but so many 

advances have occurred since then that these reports now are 

regarded as obsolete. 

UTILIZATION OF WLN BY ORGANIZATIONS 

In the final analysis, the best “proof by test” of this informa- 

tion-managing tool is the extent to which others have pub- 

lished on their encouraging uses of it. The letter-symbol set 

was “finalized” at mid-century, in 1950. Only twelve reference 

citations on the notation appeared in the first ten years 

(1950-1959), then ten in the next five years (to 1964), followed 

by twelve in two years (1965-66), seven in 1967, and now there 

are some 150 citations from the organizations listed in Table 

If. 

TABLE I. 

ORGANIZATIONS THAT HAVE PUBLISHED 

OR PRESENTED PAPERS ON WLN 

(An author index, keyed to these organizations and including 

the titles with journal or meeting citations, is given in a 

special report of the Committee on Chemical Information 

Management, Lehigh Valley Section of ACS.!8) 

Aldrich Chemical Company 

Althouse Chemical Division (C&K Corp.) 

American Society for Testing & Materials 

J. T. Baker Chemical Company 

Biological Abstracts (BIOSIS) 

Chemical Abstracts Service 

Chemical Rubber Company 

Ciba-Geigy Corporation 

College of Charleston 

Columbia University (Biological Sciences) 

Diamond Shamrock Chemical Company 

Dow Chemical Company 

Drexel University 

Excerpta Medica Foundation 

Food and Drug Administration 

GAF Corporation 

Goodyear Tire & Rubber Company 

Hebrew University (Israel) 

Hoffmann-La Roche, Inc. 

Horner Associates 

Imperial Chemical Industries 

Indian Institute of Science (India) 

Institute for Scientific Information 

Lehigh Valley Section of the ACS 

Eli Lilly and Company 

McCormick & Company, Inc. 

Meta Information Applications, Inc. 

Mills College (E.G. Smith) 

Ministry of Defense of Israel 

Monsanto Company 

Moravian College (Bethlehem, Pa.) 

National Bureau of Standards 

National Cancer Institute 

National Council of R & D (Israel) 

National Institute of Mental Health 

National Institute for Occupational Safety & Health 

National Institutes of Health, DCRT 
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National Library of Medicine 

Oesterr. Kunststoffinst. (Austria) 

Ohio State University 

Olin Corporation 

Reading Chemists’ Club (Reading, Pa.) 

Remington-Rand Corporation (Norwalk, Ct.) 

Sankyo Company (Tokyo, Japan) 

G. D. Searle & Company, Inc. 

Shippensburg (Pa.) State College 

Simpson College (Indianola, lowa) 

Stanford Research Institute 

State University of N. Y., Stony Brook 

Tanabe Seiyaku Co. (Saitama, Japan) 

Texas A&M University, TRC-API 

United Kingdom Atomic Energy Authority 

University of Sheffield (UK) 

University of Pennsylvania 

U.S. Army, CIDS Program (Edgewood 

Arsenal) 

U.S. Army, Fort Detrick, VCD 

U.S. Army, Industry Liaison Office (E.A.) 

Wildlife Research Center, USDI (Denver) 

Willson Products (Division of ESB Corp.) 

Winthrop Laboratories (A. Addelston) 

William J. Wiswesser 



3) 

4) 

8) 

33 
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THE APPLICATION OF ELECTRON SPIN RESONANCE AND SPIN-LABELING IN 

BIOCHEMISTRY AND PHARMACOLOGY 

Colin F. Chignell 

Section on Molecular Pharmacology 

Pulmonary Branch 

National Heart and Lung Institute 

Bethesda, Maryland 20014 

Spin-labeling is a spectroscopic technique that employs stable 

organic radicals as probes or reporter groups for biological 

macromolecules.'~5 The first free radical to be used as a spin 

label was the cation radical of the phenothiazine drug chlor- 

promazine (I). Ohnishi and McConnell studied the binding of 
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this radical to shear-oriented DNA and found that the aro- 

matic plane of the drug was perpendicular to the helix axis of 

the nucleic acid. Since the chlorpromazine free radical was 

stable over a rather limited pH range, McConnell and co- 

workers sought other spin labels. In 1961, Hoffmann and 

Henderson had reported the synthesis of di-f-butyl nitroxide 

(DTBN) (II), a free radical that was stable in aqueous solu- 

tion over a wide range of temperatures and pH values.’ Sub- 

sequently, Rozantsev’ in Russia and Rassat? in France had 

synthesized a large number of free radicals in which the ni- 

troxide group was part of a heterocyclic ring system (III). 
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These nitroxides provided McConnell and his coworkers with 

the starting materials from which they prepared more specific 

spin labels. A wide variety of compounds containing the ni- 

troxide free radical have now been synthesized.'—5; 8, 9 

THE ELECTRON SPIN RESONANCE SPECTROSCOPY 

OF THE NITROXIDE RADICAL 

When an unpaired electron is placed in a magnetic field, it 

may exist in one of two energy states in which its magnetic 

moment is aligned either parallel or antiparallel to the direc- 

tion of the applied field. Transitions between these two energy 

states can be induced by the application of electromagnetic 

radiation of the appropriate energy. The relationship between 

the magnetic field strength (H) and the required frequency (v ) 

is given by 

an = fe lb) 1a] (1) 

where /: is Planck’s constant, g is the so-called g-value for the 

electron, and B is the Bohr magneton, a fundamental 

constant for the electron. Equation (1) indicates that at re- 

sonance, the applied frequency (v ) is directly proportional to 

the magnetic field (H),so that electron spin resonance (ESR) 

can be observed when either H or y is varied. For experi- 

mental convenience, it is usual to keep v constant while H is 

changed. Most commercial ESR spectrometers operate in the 

microwave frequency range of 9 x 10° Hz (or 9 GHz) so that 

H is approximately 3300 gauss (G). 

When the nitroxide radical is present at low concentration in 

a non-viscous solvent, its ESR spectrum consists of three 

equally spaced lines of about the same height (Fig. 1). This 
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Fig. 1. The ESR spectrum of a nitroxide radical in 
aqueous solution. 

triplet results from an interaction between the magnetic 

moment of the unpaired electron and the magnetic moment of 

the '4N nucleus. In qualitative terms, the magnetic moment of 

the nitrogen nucleus can be aligned parallel, anti-parallel or 

perpendicular to the applied magnetic field. Since the mag- 

netic field experienced by the electron is the sum of the exter- 

nal magnetic field and the local contribution provided by the 

'4N nucleus, it follows that the electron experiences three dif- 

ferent magnetic field values each of which gives rise to an ab- 

sorption line in the spectrum (Fig. 1). For technical reasons, 

the commercially available ESR instruments display the spec- 

trum as its first derivative instead of the simple absorption 

spectrum familiar to optical spectroscopists. The spectrum is 

characterized by three parameters: (1) the hyperfine splitting 

(A,), ie. the distance (G) between adjacent lines, (2) the 

so-called g-factor (g_), i.e., the position of the center line in 

the magnetic field and (3) the peak-to-peak linewidth (G). 

ws 

| 



When a nitroxide spin label is incorporated into a host 

crystal, the ESR spectrum of the free radical is dependent 

upon its orientation with respect to the magnetic field (Fig. 2). 

The largest hyperfine splitting (Az,) is observed when the 

magnetic field is parallel to the nitrogen 7r-orbital (z-axis) 

(Fig. 3). The g-values are also dependent on the orientation of 
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Fig. 2. The ESR spectra of 4’,4’-dimethyloxazol- 

idine-N-oxyl derivative of acetone oriented in the 

crystal 2,2,4,4-tetramethyl-!,3-cyclobutanedione 

(adapted from reference 26) 

iz 

Fig. 3. The molecular coordinate system of the ni- 
troxide group 

the nitroxide group (Fig. 2). At angles that lie between the 

three principal axes, the ESR spectra are intermediate 

between those shown in Fig. 2. When the crystal of nitroxide 

is dissolved in a solvent of low viscosity, the motion of the 

free radical is so rapid that its ESR spectrum appears as a 

triplet (Fig. 1) in which the hyperfine splitting (A,) and 

g-value (g_) are the average of the values seen in Fig. 2. 

The ESR spectrum of the nitroxide radical is sensitive to 

changes in (1) the polarity of the environment of the radical, 

(2) the molecular motion of the radical and (3) the orientation 

of the radical with respect to the applied magnetic field. The 
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ESR spectrum of the nitroxide group is modified by the 

presence of other paramagnetic species. Furthermore, the 

nitroxide group can be chemically reduced by a variety of 

agents with the concomitant loss of its ESR signal. While 

these properties make the nitroxide radical an almost ideal re- 

porter group, it should be borne in mind that the bulkiness of 

the nitroxide radical may cause a large steric perturbation of 

its local environment. 

THE NITROXIDE GROUP AS A PROBE FOR BINDING 

SITE POLARITY 

Solvent effects on the ESR spectrum of the nitroxide radical 

are characterized by changes in both A, and g, parameters. 

DTBN in water yields A, = 16.7 G and g, = 2.0056 while 

DTBN in hexane is characterized by A, = 14.8 G and go = 

2.0061. An extensive study by Dodd er a/. has shown that A. 

decreases while g, increases as the solvent polarity is de- 

creased.'° In line shape studies of moderately immobilized 

spin labels, the solvent dependence can be troublesome 

because it is difficult to estimate the effects on the principal 

values of A and g. However, when small, rapidly tumbling 

spin labels are used, the solvent effects can be useful. 

Hubbell and McConnell have reported that when IV is dif- 

Me Me 

Me N Me 

O 

IV 

fused into an aqueous phospholipid dispersion or a rabbit 

vagus nerve in Ringer solution, the high field line is replaced 

by two lines.'! Similar observations have been made by Jost 

and Griffith with the DTBN-myelin system.!? The relative in- 

tensities of the two high field lines provide a measure of the 

amount of spin label in hydrocarbon and aqueous environ- 

ments. McConnell and coworkers have made use of this fact 

to develop a method for the estimation of the fraction of lipid 

in a biological membrane that is in a fluid state.!3 

THE NITROXIDE GROUP AS AN INDICATOR OF 

MOLECULAR MOTION 

When the molecular motion of a nitroxide radical in dilute 

solution is decreased by increasing solvent viscosity,the ESR 

lines of the free radical appear to broaden and the spectrum 

becomes asymmetric (Fig. 4). The limiting line shape is 

known as the rigid glass, powder or polycrystalline spectrum 

of the nitroxide radical. This spectrum can be thought of as a 

simple sum of all the spectra shown in Fig. 2 together with the 

spectra of all possible intermediate orientations. As a result, 

the splitting between the outermost peaks of the rigid glass 

spectrum is 2A,., corresponding to the bottom spectrum of 

Fig. 2. The rigid glass spectrum is encountered whenever the 

spin label is randomly oriented and molecular motion is either 

absent or very slow on the ESR time scale, 7. e., when T-! << 
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BHh" ~3 x 107 sec (at 9.5 GHz), where Tis the rotational 

correlation time. 
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Fig. 4. The effect of solvent viscosity on the ESR 

spectrum of  2,2.6,6-tetramethylpiperidine-1-oxyl 

(5 x 10 4M) dissolved in glycerol (adapted from 

reference 26) 

The ESR spectrum of the nitroxide group can often provide 

useful information on the mobility of the spin label probe. 

For example, the ESR spectrum of human erythrocyte ghost 

membranes labeled with V reveals the presence of at least two 
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populations of spin labels that differ in their relative 

mobilities. The spectrum of one group resembles the rigid 

glass spectrum of the nitroxide group (cf. Fig. 4) with a split- 

ting of 59 G between the low and high field extrema (Fig. 5, 

lines a and e). These spin labels are highly immobilized. In 

Fig. 5. The ESR spectrum of human erythrocyte 
ghost membranes spin-labeled with V 
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contrast, a second group has a fairly sharp three line spectrum 

(Fig. 5, lines b and d) that is characteristic of mobile nitroxide 

groups. The center line in Fig. 5 (line c) contains contribu- 

tions from all of the spin labels. Holmes and Piette!4 have 

suggested that the highly immobilized spin labels are attached 

to sulfhydryl groups which are buried deep within the mem- 

brane where their motion is restricted. The more mobile spin 

labels are probably attached to surface sulfhydryl groups. In 

contrast to the maleimide spin label (V), the iodoacetamide 

analog (VI) labels only the surface sulfhydryl groups.'4 
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Holmes and Piette have found that when erythrocyte ghosts 

labeled with VI are treated with chlorpromazine, a highly im- 

mobilized population of spin labels appears in the spectrum. 

They have suggested that the drug induces a change in the 

conformation of the erythrocyte membranes so that spin 

labels which are on the outside of the membrane are moved 

into the interior.!4 

Spin-labeled analogs of stearic acid (VII) have proved to be 

very useful probes for both natural and artificial membranes. 
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For example, when VII (m=12, n=3, R=H) is incorporated 

into erythrocyte ghost membranes, its ESR spectrum 

resembles the rigid glass spectrum of the nitroxide group with 

a splitting of 57 G between the low and high field extrema 

(Fig. 6). In contrast, when VII (m=1, n=14, R=H) is incorpor- 

ated into the ghost membranes, its ESR spectrum (Fig. 6) in- 

dicates a high degree of motional freedom. Since it seems 

most likely that both labels are oriented with their ionized 
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Fig. 6. The ESR spectra of two stearic acid spin 
labels bound to human erythrocyte ghost mem- 

branes 
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carboxyl groups at the membrane interface, these observa- 

tions suggest that near its surface, the membrane has a highly 

ordered rigid structure, whereas the interior of the membrane 

is fairly fluid in nature. Similar results have been observed for 

other membrane systems both natural and artificial.!5—!7 

Spin labels have been employed to study the effect of various 
perturbants on membrane systems. For example, Hubbell and 
coworkers have made use of nitroxide analogs of methyl 
stearate (VII, m=5, n=10, R=CH,) and 17 B-hydroxy-5q@-an- 

drostane to study the interaction of the local anesthetics 

benzyl alcohol and lidocaine with erythrocyte ghost mem- 

branes.'* ESR measurements indicated that at low concentra- 

tions, benzyl alcohol produced a fluidizing effect on the mem- 

brane. However, at high (lytic) benzyl alcohol concentrations, 

the spin labels became highly immobilized. Hubbell and co- 

workers have suggested that at lytic concentrations, benzyl 

alcohol uncovered protein spin label binding sites that were 

covert in the unperturbed membrane.!® These results were in 

good agreement with the previously reported nuclear mag- 

netic resonance studies of Metcalfe and coworkers.!9 

THE NITROXIDE GROUP AS A PROBE FOR 

MOLECULAR ORIENTATION 

The ESR spectrum of the nitroxide radical is sensitive to the 

orientation of the radical with respect to the applied magnetic 

field (Fig. 2). The z-axis of the stearic acid spin label VII 

(m=5, n=10, R=H) is parallel to the long hydrocarbon chain. 

Hubbell and McConnell have shown that when this spin label 

is incorporated into shear-oriented canine erythrocytes, there 

is a larger splitting when the magnetic field is oriented perpen- 

dicular to the surface of the red cells.'! This suggests that the 

preferred orientation of VII (m=5, n=10, R=H) is one in which 

its long hydrocarbon chain is perpendicular to the membrane 

surface. Similar observations have been made with artificial 

membrane systems such as oriented phospholipid multilayers. 

In their experiments with phosphatidylcholine multilayers, 

Griffith and coworkers 2° have reported that as the nitroxide 

group is moved farther and farther away from the carboxy] 

head group of stearic acid, the difference between spectra 

recorded with the field parallel and perpendicular to the plane 

of the multilayers decreases until with VII (m=1, n=14, R=H), 

there is little difference between the two orientations. These 

observations indicate that while an ordered multilamellar ar- 

rangement of hydrocarbon chains exists at the surface, the 

interior of the multilayer is quite fluid. Other experiments by 

Hsia and coworkers 2!~23 employing both a cholestane spin 

label and VII (m=10, n=5, R=H) have shown that cholesterol 

causes an increase in the rigidity of egg lecithin multilayers. 

Similar results have been reported by Kroes er al. for erythro- 

cyte membranes isolated from cholesterol-fed guinea pigs.?4 In 

contrast to cholesterol, general anesthetics such as chloroform 

and butane decrease the organization of lecithin or brain lipid 

multilayers at very low concentrations.?5 Local anesthetics 

such as procaine or tetracaine increase order at low concen- 

trations but decrease order at high concentrations.?5 

OTHER APPLICATIONS 

SPIN LABELS 
INVOLVING NITROXIDE 

Membranes 

It is obvious from the foregoing discussion that spin labels 

have played an important role in determining the structure of 

ay 

membranes (see also refs. 26 and 27). More recently, McCon- 

nell and coworkers have used spin-labeled phosphatidylcho- 

line analogs to measure some of the dynamic properties of 

membranes. For example, Kornberg and McConnell have 

estimated the rate of inside-outside transitions occurring in 

egg lecithin vesicles with the aid of spin label VIII.28 In their 
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experiments, vesicles labeled with VIII were treated with 

ascorbic acid at 0°. The ascorbic acid quickly reduced the 

spin labels present in the external monolayer thereby 

abolishing their paramagnetism. Since ascorbic acid is a 

highly polar molecule, it cannot penetrate the vesicles and 

reduce the spin labels present in the internal monolayer. 

However, when the internally oriented labels reoriented 

toward the outside, they were reduced with a half time of 6.5 

hrs. From this experiment, Kornberg and McConnell were 

able to measure the rate of phospholipid flip-flop across the 
artificial membrane. 

Scandella and coworkers have estimated the rate of phospho- 

lipid lateral diffusion in rabbit sarcoplasmic reticulum using 

spin labels VIII and IX.2? When vesicles were prepared from 
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either VIII or IX, nitroxide-nitroxide interactions reduced the 

ESR spectrum to a single line.’ When such vesicles were 

added to a sarcoplasmic reticulum preparation, patches of the 

spin label were incorporated into the membrane. As the spin 

labels diffused into the membrane, their ESR 

changed until eventually the three-line pattern reappeared. 

From an analysis of the line shapes and their rate of change 

with time, Scandella and coworkers were able to estimate that 

the diffusion constant D of the spin labels was 6x 10° 

cm/sec at 37°.29 Grant and McConnell have used this same 

approach to examine phospholipid diffusion in the membrane 

of Acholeplasma laidlawii.»® 

spectra 

Topographical Studies of Binding Sites 

Chignell and coworkers have studied the topographies of the 

active sites of several mammalian erythrocyte carbonic anhy- 

drases by means of a series of spin-labeled aromatic sulfon- 

amide (X) inhibitors.3!~34 The active site of carbonic anhy- 

drase is a deep crevice at the bottom of which is a single zinc 
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atom. When an aromatic sulfonamide inhibitor binds to the 

active site, the sulfonamide group is directly coordinated to 

the zinc atom. Chignell and coworkers prepared a series of 

spin-labeled sulfonamides in which the distance d, between 

the sulfonamide group and the pyrrolidine ring of the spin 

label, was varied. It was found that when d was small, the 

spin label was highly immobilized when the inhibitor bound 

to the enzyme active site. As d increased, the mobility of the 

spin label also increased until eventually the free radical de- 

monstrated little or no interaction with the active site. Using 

this technique, it was possible to determine that the active site 

of human anhydrase C was 

funnel-shaped and about 144 deep. Similar studies with the 

human B isozyme and bovine carbonic anhydrase B suggested 

that the active sites of these enzymes were the same shape as 

human carbonic anhydrase C but somewhat deeper. This 

“molecular dipstick” approach was originally devised by Hsia 

and Piette who used the technique to study the topography of 

hapten binding sites on rabbit anti-2,4-dinitropheny! immuno- 

erythrocyte carbonic 

globulins.*> 

Free Radical Assay Technique 

Leute and coworkers have used spin labeling in conjunction 

with the immunoassay technique for the rapid determination 

of morphine (XI) and other drugs in urine, saliva and other 
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biological fluids.3° These workers prepared an antigen (XII) 

by coupling morphine to bovine serum albumin (BSA). Anti- 

bodies were then raised against the antigen in rabbits. When 

the spin-labeled morphine analog XIII bound to the anti- 

bodies, the ESR spectrum of the nitroxide group became 

broad and asymmetric, indicating a high degree of immobil- 

ization at the immunoglobulin binding site. When morphine 

was added to the spin label-immunoglobulin complex, the 

spin label was displaced and its ESR spectrum reverted to the 

sharp three-line pattern. Leute and coworkers were able to 

estimate the concentration of free spin label by measuring the 

amplitude of the low field peak. When this amplitude was 

plotted as a function of added morphine, a calibration curve 
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was obtained from which it was possible to estimate the con- 

centration of morphine in any biological sample. Morphine 

substitutes such as methadone and propoxyphene and un- 

related drugs such as barbiturates and amphetamines were 

not recognized by the antibody. Thus, the technique is well 

suited for use in heroin treatment programs. Chignell and 

Starkweather?’ have recently shown that this same approach 

can also be used when other drug-binding proteins such as 

enzymes are available. 

PROGNOSIS 

Spin-labeling is a versatile spectroscopic technique that can be 

used to probe the structure of biologically important macro- 

molecules. The future should see increasing application of 

spin-labeling to biological problems, particularly those that 

involve the various receptor proteins. Finally, when used in 

conjunction with immunoassay procedures, spin _ labels 

provide a rapid method for the detection and quantitation of 

drugs and other small molecules present in biological fluids. 

Dr. Colin F. Chignell 
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Hexachlorocyclopentadiene 
Adducts of Aromatic 
Compounds and their 
Reaction Products 

HISTORY AND BACKGROUND 
In 1953, Hyman and Danish! disclosed 

that hexachlorocyclopentadiene forms 

an adduct with naphthalene (eq 1). 

The adduct thus formed undergoes nor- 

mal aromatic substitution reactions 

(preferably in the B-position), exclusively 

in the unadducted ring of naphthalene. 

Moreover, the substituted adduct can un- 

dergo a reverse Diels-Alder reaction 

when heated, yielding naphthalene com- 

pounds which are otherwise difficult to 

synthesize.2 These reactions were 

developed further in the Florida Hyman 

Laboratories.3 Efforts to develop these 

studies into commercial processes were 

conducted by the Berkeley Hyman 

Laboratories in 1958 to 1964. This report 

covers the work of this latter period. 

Much of the research is unpublished or 

has never been reported to the scientific 

community. It is hoped that the vast 

amount of new and specific reactions 

available to the organic chemist may 

broaden the horizon of these naphthalene 
and related polynuclear aromatic com- 

pounds. 

ee Aa >. 

THE ADDUCTION 

Hexachlorocyclopentadiene 

(henceforth called Hex) is a remarkably 

active diene that has a tendency to un- 

Cte 

dergo Diels-Alder reactions.4 Under nor- 

mal conditions the reaction with 

polynuclear aromatic hydrocarbons is 

slow. Extensive studies in Berkeley show- 

ed a conversion of 25-35% to the adduct 

when a reaction mixture of naphthalene 

and Hex (1 to 3 mole ratio) was heated at 

150-160° for one week (less than1 /4%per 

hour).5 Petroleum-derived naphthalene 

consistently gave a purer product than 

coal tar naphthalene. Commercial grade 

Hex (purity 95%) was used. Glass vessels 

gave the cleanest material; however, 

Monel™ vessels were found to be feasible 

Melvin Look, 

Former Senior Research Chemist, 

Hyman Laboratories, Inc., 

Berkeley, California* 

at plant scales. Usually, the adduct of 

naphthalene [1,2,3,4,5,6,7,8,13,13,14,14- 

dodecachloro-1,4,4a,4b,5,8,8a,12b- 

octahydro-1,4,5,8-dimethanotriphenylene 

— henceforth called Di-Hex-Adduct 

(DHA)] can be filtered off, the mother li- 

quor reconstituted with fresh starting 

materials to the original 1:3 naphthalene- 

Hex mixture, and readducted. Generally 

3 to 5 recycles can be made without a high 

(eq 2) 

accumulation of impurities. Runs up to 

200 gallons have been conducted 

successfully in Berkeley. 

Among the by-products formed during 

the adduction is an unusual tetracyclic 

compound formed by the dispropor- 

tionation of Hex (eq 2). 

The structure of the tetracyclic com- 

pound was determined simultaneously by 

Mark® and by our group in Berkeley. The 

reaction is minimal at 150-160° (less than 

1% in one week). A serious impurity 

formed when coal tar naphthalene is used 

is a mono-Hex adduct of thianaphthene, 



a common coal tar impurity (eq 3). This 

adduct is more active to substitution than 

DHA and causes the formation of tars 

when reactions are conducted on DHA. 

4] 

Very little is known about the orienta- 

tion and physical structure of the DHA 

molecule. The nature of the hindrance to 

substitution in the a-position is un- 
known. 

ee OO 
The adduction reaction was extended 

to other B-substituted naphthalenes (eq 

4),’ yielding, for instance, the very useful 

2-methyl-DHA with 2-methyl- 
naphthalene. Adduction attempts with a- 

substituted naphthalenes were non- 

productive, and in some cases their very 

presence as impurities in B-substituted 
naphthalenes gave rise to impure and 

tarry DHA products. Other polynuclear 

aromatics form adducts (mono- and di- 
Hex), the notable exception being 
phenanthrene (eq 4). 

(eq 3) 

REACTIONS OF DHA’S (eq 5) 

1) Nitration 

Nitration of DHA does not form f- 

nitro-DHA exclusively as previously 

believed? but a mixture of 13% a-nitro- 

DHA and 87% B-nitro-DHA. Instead of 

the strenuous conditions formerly used,? 

we found that anhydrous nitric acid in 

either sulfuryl chloride or methylene 

chloride at reflux gave quantitative yields 

of nitro-DHA.!! The isomers are 

separable by recrystallization from 

aqueous acetone. The ultraviolet spec- 

mi H CH,Br 

O @ CO CH, coci 

Oe INO Ae 
a (FL IO oe [te PHENANTHRENE ~ nod resection 

O) 
(eq 4) 

ANTHRACENE 

One of the major difficulties to com- 

mercialization of the adduct process was 

the extremely slow rate of the reaction. 

Since a considerable decrease in volume 

results from the formation of the diad- 

duct, the age-old Le Chatelier principle in 

adduction was studied. Preliminary 

studies at 7000 psiand 150-160° showed a 

three-fold increase in rate. With specializ- 

ed equipment,’ our studies eventually 

culminated at a pressure of 100,000 psi 

and 300° where yields were quantitative 

in 3 minutes (Table 1).9 One of the main 

advantages of high pressure adductions is 

that higher temperatures can be used, 

without formation of the undesirable by- 

products encountered in atmospheric 

reactions. The only comparable studies of 

the Diels-Alder reactions at high 

pressures are those of Plieninger.' 

Dienophile Temp. 

Naphthalene 150-160 
160 

160 

160 
200 

230 

235 

260 
160 

160 
160 

180 

150 
150 

2-Methyinaphthalene 

Pyrene 

24 

(eq 4) 

TABLE 1 

PSI 

(Atmos) 

6-7000 

15,000 

35,000 

35,000 

35,000 

100,000 

100,000 

100,000 

(Atmos) 

35,000 

35,000 

(Atmos) 

35,000 

trum of a-nitro-DHA is similar to that of 
6-nitrotetralin, while the spectrum of B- 
nitro-DHA is similar to that of 7- 
nitrotetralin. The ratio of nitro isomers 
did not deviate greatly under varying 
nitrating methods and conditions, e.g., 
nitrogen pentoxide in chloroform at 0°, 
70% nitric acid at reflux, and anhydrous 
nitric acid in solvent. The possibility of 

two forms of DHA is disproved by the 
following experiments: Pure -nitro- 
DHA was reduced to B-amino-DHA 
which was diazotized and reduced to 
DHA. Renitration of this DHA gave the 
normal a- and B-nitro-DHA mixture (eq 
6).!2 a-Amino-DHA cannot be diazotiz- 
ed, probably because of stearic reasons. 

Under slightly more stringent nitrating 

conditions, a-nitro-DHA is quantitative- 
ly converted to 1,3-dinitro-DHA.!3 Still 
more stringent nitration gives 2,3-dinitro- 
DHA from £-nitro-DHA.'4 The a-nitro- 
DHA is completely nitrated to 1,3- 
dinitro-DHA before B-nitro-DHA is 
formed. Nitration of 2-methyl-DHA 
gives a quantitative yield of 2-methyl-3- 
nitro-DHA (eq 7). 

2) Halogenation 

Chlorination of DHA gives 1,2,3,4- 
tetrachloro-DHA.} Depending on con- 

ditions, bromination or iodination with 
3N nitric acid in methylene chloride solu- 
tion gives 2-bromo-, 2,3-dibromo-, 2- 
iodo- or 2,3-diiodo-DHA. No noticeable 
amount of nitration is encountered if 
nitric acid remains at or below 3N.!5 No 
work was conducted on fluorination. 
Chlorination of 2-nitro-DHA gives 3,4- 
dichloro-2-nitro-DHA.'6 3-Bromo-2- 
nitro-DHA is synthesized by nitrating 2- 
bromo-DHA.!6 

Time/hr. Yield Yield/hr. 

200 44% 

18 13.1 

18 22.9 

18 45.9 

75 

55.6 

1 

31 

12.1 

55 

27.9 

64.3 

0 

40 

0.25% 

0.73 

1.23 



CH, 
DHA 

cl 

NO, cl 

DHA DHA 

NO, NO, 
NH, 

DHA | HNO, cl, 
SnCi, sO; PES a5 Se NO, NH, 

HCI NO, 

SnCl, 
only + OHA ae DHA 

eo 9) 13% SO3H 87% ato NO, 
io) Srl 

NO 53 
z HNO, DHA 

HNO, Cn Cle NO, 

$0, 
Cl,Cl. 2Cl, ee oF) a 

SO3H Cl 
so, Cl. 

DHA = Ora OO ee OL 
I¢ a) \ 

eS Br, (12) c 
c 

CH,Cl, 

So,Cl 
DHA 

we EXCESS 
Gee: Br, (12) 

Br (I Br(I oO r(\) — (1) 

NO, Br(\) (eq 5) 

No H 

DHA E02 DHA 
3) Sulfonation 

set Sulfonation of DHA’s is accomplished 
CHCl, with 30% oleum:3 or, preferably, with sul- 

15min/RT 

_/COOH 
70% eR OHA 

HNO, A 

1) HNO, 
cH, 

DHA : 
NH,Ci 

4N HNO,/CH,Cl, 
— 

—" 
2) H,SO.H,O 

DHA 

ray te’ Seo dts 

18% 

25 

87% 

COOH 

pee oh DHA 
HNO, A NO, 

fur trioxide in methylene chloride.!’? We 

were never able to synthesize DHA-2,3- 

disulfonic acid. Chlorosulfonation of 

DHA is done in methylene chloride with 

chlorosulfonic acid.!8 

(eq 6) 
4) Multiple Reactions 

Many of the common reactions on 

aromatic compounds have been carried 

out on the DHA compounds. A few ex- 

amples include the oxidation of 2-methyl- 

DHA with concentrated nitric acid to 

DHA-2-carboxylic acid'§ which can be 

nitrated with white fuming (98%) nitric 

acid to 3-nitro-DHA-2-carboxylic acid 

(eq 8). 

2-Methyl-3-nitro-DHA is reduced with 

stannous chloride to 2-amino-3-methyl- 

DHA. Hydrolysis of the diazonium salt 

of the amino-DHA gives 2-hydroxy-3- 

methyl-DHA. The latter can be oxidized 

to 2-carboxy-3-hydroxy-DHA (eq 9).!8 

Preparation of 2-nitro-DHA-3-sulfonic 

acid may be effected by the nitration of 

DHA-sulfonic acid but not by the reverse 

sequence (eq 5).!5 

(eq 9) 
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5) Other Reactions (and Non-Reactions) 

We have never been able to perform a 

Friedel-Crafts reaction or a 

chloromethylation on DHA or its 

derivatives. DHA is unaffected by 

chromic oxide-acetic acid at reflux; ox- 

idation of the pyrene adduct by this 

method gives the 1,2-pyrenequinone ad- 

duct (eq 10).!9 

2-Amino-DHA-3-sulfonic acid can be 

diazotized and coupled to phenols and 

naphthols to give dyes and pigments with 

probable flame retarding properties (eq 

11). 

REVERSE DIELS-ALDER REAC- 

TIONS 

All of the mentioned Hex adducts un- 

dergo reverse Diels-Alder reactions at 

250-400° to regenerate Hex and the 

dienophile or substituted dienophile if the 

latter is stable to heat and does not readily 

react with Hex at these conditions (eq 12). 

Small quantities (0.5 to 2 gms) can be 

pyrolyzed ina test tube; the products tend 

to collect on the cooler part of the tube. 

Larger quantities are usually cracked in 

rotary flask equipment designed for sol- 

vent evaporation, using a nitrate-nitrite 

salt bath as a source of heat. Ideally, 

pyrolysis of larger quantities is carried 

out in a wipe-film still such as the ASCO 

molecular Rota-Film™ still. In the latter 

case, the DHA’s are fed into the still asa 

slurry in Hex. In each case, a vacuum cor- 

responding to the vapor pressures of the 

products at the temperature of pyrolysis 

is necessary. DHA derivatives were 

pyrolyzed continuously in hundreds-of- 

pounds scale in our plant using wipe-film 

pyrolyzers. DHA-acids are pyrolyzed as 

their salts, in which case the residue is the 

product (eq 13). 

Mono-adducts are similarly pyrolyzed 

(eq 14). 

The products are usually separated from 

Hex by hexane extractions. The products 

are usually insoluble in hexane, whereas 

Hex is completely miscible with aliphatic 

hydrocarbons. 

REACTIONS OF PYROLYZED 

PRODUCTS 

Because the products made via the Hex 

adduction method were rare and 

otherwise difficult to synthesize by other 

processes, many of the reactions we 

studied were new. Only a few represen- 

tative examples will be described for it 

will be impossible to discuss the hundreds 

of polynuclear aromatic compounds that 
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oO q (eq 10) 

Cle cro; “! 
HOAc, A 7 re) 

OH (eq 11) 

Or.” HNO, On” @©@ i Om 

DHA ———————> DHA —aeeeet DHA 

NH, Ny N 

Il 
N 

R= -80;H, -COOH, -OH, etc. CO) OH 

R 

(eq 12) 

Ce 

(eq 13) 

So; ss 

Mg 

coo” 

cl 

Clo Cl NO, cl OCH, 
Fe CIO) NaQCH, (IO) 

Fe cl cl ct cof] 

ci cl 

were synthesized in Berkeley by direct or 

indirect use of our processes. Readers 

who are interested in the details of earlier 

naphthalene compounds should consult 

either of two references available.” 

B-NITRONAPHTHALENE 

This compound is prepared from 2- 

nitro-DHA by thermal decomposition at 

250-375° at 12mm pressure in yields 

greater than 95%. B-Nitronaphthalene is 

chlorinated to form 1,2,3,4,5,6- 

hexachloro-7-nitronaphthalene.2! The 

nitro-group of this compound is displac- 

ed with sodium methoxide to form the 7- 

methoxychloronaphthalene which can be 

cleaved to the naphthol (eq 15). 



NO, NO, NO, UCC 
NO, NeOCH, 

B-Nitronaphthalene is nitrated with [te rh 

concentrated nitric acid to form an equal e i, CO NO, 

mixture of 1,6- and 1,7-dinitronaph- 

thalene.22 The more valuable 1,6-dinitro- OcH, (eq 16) 

naphthalene can be separated from the 

1,7-isomer by reaction with sodium 
methoxide. The 1,6-dinitronaphthalene e) OH 

remains insoluble, while the 1,7-isomer is 

solubilized by the reaction (eq 16).?3 CO KOH © NOH abs oo” 

CH,OH SORT 

B-Nitronaphthalene is reduced to [- (eq 17) 

naphthylamine by several methods. The 

amine is well known for its carcinogenic SOH 

roperties.24 Though £-nitronaphthalene 
eae implicated in studies as being NO? 100% H,SO, NO, a NO, 

carcinogenic,?5 our cooperative studies ~Smin/RT 
show that the nitro compound is not car- 

cinogenic.?¢ It is of interest to note that 3- SO,H (eq 18) 
methyl-2-naphthylamine prepared from 2/3 

the corresponding nitro compound is a 

highly potent intestinal carcinogen.2” No 
: 

NO, NO, 

DHA’s tested have been found to be car- 100% H,SO, 
. . SS EEEnneeiEnea call 

cinogenic. 19hrs/RT 

B-Nitronaphthalene undergoes the NO, SO,H NO, 

Meisenheimer reaction to give a quinone (eq 19) 

oxime (eq 17). Mononitrated naph- 

thalenes are usually sulfonated with 

anhydrous sulfuric acid (concd sulfuric NO, Girso —-NO, 
acid boosted to 100% with oleum) at Se =e @©@ 

room temperatures (eq 18). NO, NO, 
SO,H 

Dinitronaphthalenes require more 2) 

strenuous sulfonating conditions (eq 19, 

20). 

| ,3-Dinitronaphthalene can be partial- : > COOH 

ly reduced to 3-nitro-l-naphthylamine (NH,)2S CO) KS OO) 

under a variety of conditions.2? The NO, NO, NO, (eq 21) 

phthalamic acid of the amine shows 

growth regulatory properties in bean 

plants (eq 21).28 Y 

NO, 

2,3-Dinitronaphthalene undergoes oe Nawey ae CO) NaNO 
many unusual reactions not attributed to NO, NO 

+ 

Be : 2 
other dinitro aromatic compounds. where Y = OCH, CH(CO,Et);, CN, 

Reactions of the compound with cyclopentadienyl, etc. 

numerous carbanions result in products (eq 22) 

where the 2-nitro group is removed as the 

carbanions enter the I-position (eq 22).29 

Numerous biologically active com- NO, oonkt NO, 

pounds were synthesized by this e + NaCH aE 

method.?8 This type of reaction may offer NO, iS co,Et 
an alternative route to the benzomorphan CHCO,Et 
analgesic-type compounds described by Co, et 

May (eq 23).30 hydrolysis 

-CO, 

c= cyclization 

wh 
ou (eq 23) 

Zit 
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HALOGENATED NAPHTHALENES 

By the use of the DHA-nitric acid ie 

halogenation method and other methods, 

numerous rare halogenated naphthalenes 

were made available for experimental 

purposes (Figure 1). No mixed 

halogenated naphthalenes were syn- 

thesized, but there appears to be no 

reason why they cannot be made using 

8 
our methods. Typical reactions of these Br 3 
compounds were described in one of our °* 
publications. '!6 a Ne: 

SULFONATED NAPHTHALENES 

Br 1 

The chemistry of sulfonated naph- 

thalenes is well documented, particularly NO, NO, 

in dye chemistry.3! Sulfonated naph- 

thalenes, if prepared from DHA’s, are 

synthesized as their salts or acid chlorides 

(eq 24). Sulfonated 2-methyl-DHA is the 

POLYNUCLEAR AROMATICS 

OTHER THAN NAPHTHALENE 
0,Cl SOMg, 

OOoL Little work was done by the Berkeley 

nS we 
group on the higher polynuclear 

aromatics and their adducts. The 1,2- 

SO,Mo; (S0,C! ) pyrenequinone can be oxidized to 1 ,2,6,7- 

Oe pyrenediquinone with chromic anhydride 

where R = CH;, H, NO,, ete. (eq 27).19 
(eq 24) Although the anthracene adducts have 

ae been studied, most of the work in this 
basis of a new process for synthesizing area is still unfinished. 

BON acid (3-hydroxy-2-naphthoic acid), 

an important dye intermediate (eq 25).!® 

SIGNIFICANCE OF COMMERCIAL 

AND ACADEMIC POTENTIALS 

A vast amount of work remains to be 

done on DHA’s and their derivatives. 

Studies on the use of high pressures in 

H 

(eq 28) 

Diels-Alder reactions are still in their in- 

fancy. The work in Berkeley shows that 

one can avoid the use of the dangerous B- 

naphthylamine intermediate for the 

2-Nitronaphthalene-3-sulfonic acid, CH, 1) (CH3),NCH(OCH), 

magnesium salt, pyrolyzed from its DHA SOME eee X 

derivative is the basis of a process for 2) H,/Pd-C, C,H, 

another dye intermediate, 2,3- NO, 

naphthalenediol (eq 26).!’ (or as DHA) 

CH, COOH cco 
DHA senate oe [OL SOs om [OL fo) 
OL... SO3H So, 

300° 

5mm 

10} 
COOH 7 

OO) 1) KOH/H,0/260° (LO) << 
2) H+ OH So, (eq 25) 

O,Ma, ate SO,H 

1) aq. NaHSO,, 150° 
2) H+ 

OH OH 
1) NaOH, 300° 

2) SO, CO) OH SO3H 

preparation of dyestuffs. Naphthalene 

compounds made available by the 

Berkeley group have led to many poten- 

tially interesting commercial products 

and biologically active products, some of 

which were discussed in this article. Many 

newly discovered reactions were never 

pursued; e.g., 2-methyl-3-nitro- 

naphthalene can be utilized in the new in- 

dole synthetic reactions described by 

Leimgruber and Batcho?? (eq 28) to 

produce benzoindole. There is an open 

challenge in DHA technology to all 

chemists. 
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The Aldrich 
First System of 
Information Retrieval 

Since the Aldrich FIRST (Fragment 

Information Retrieval of STructures) 

system was introduced more than six 

years ago,! we have processed thousands 

of inquiries for computer-generated lists 

of structurally similar compounds. 

Hopefully, this article will acquaint our 

readers with many of the advantages of 

using the Aldrich FIRST system. Lists of 

compounds for consideration as reagents 

in various research projects may be ob- 

tained at no cost to the inquirer. 

One immediate advantage of using the 

Aldrich FIRST system is that the more 

than 20,000 compounds being surveyed 

represent the most current listing of 

products available from Aldrich and its 

Alfred Bader Chemicals Division. At pre- 

sent, there are approximately 800 Aldrich 

items and 2,000 Alfred Bader items in the 

Aldrich FIRST computer file that do not 

appear in “The Aldrich Handbook of 

Organic Chemicals”. This gap will be 

reduced with the release of our newest 

catalog. However, because of the rate at 

which new compounds are added to our 

product line, a gap between catalog items 

and all available compounds will always 

exist. The Aldrich FIRST system helps to 

keep this gap at a minimum. 

The Aldrich FIRST system of informa- 

tion retrieval is based on the various 

structure fragments which an individual 

molecule contains rather than on its 

chemical characteristics. More than 250 

structure fragments have arbitrarily been 

assigned a two-character code designa- 

tion. By means of these code 

designations, one can request a listing of 

substances having a particular structure 

fragment or a combination of fragments, 

while at the same time excluding other 

coded fragments. 

CODING OF RING SYSTEMS 

A significant structure fragment in any 

ring compound is the ring system itself. 

Unlike the arbitrary code designations 

given to other structure fragments, ring 

systems are coded according to a definite 

set of rules: 

1) A number is used to indicate the 

total number of atoms in a ring. 

2) Hetero atoms in a ring system are 

represented by the element symbol which 

is placed directly ahead of the ring size 

number. 

3) If more than one hetero atom is pre- 

sent in a ring, the element symbols are 

listed in alphabetical order. 

4) If more than one non-fused ring is 

present in a molecule, the rings are listed 

in increasing order of size. 

David W. Griffiths 

Aldrich Chemical Company, Inc. 

5) If a molecule contains at least two 

non-fused rings of the same size, the rings 

are listed in increasing order of hetero 

complexity. If the degree of hetero com- 

plexity is the same, alphabetical order 

becomes the determining factor. 

6) Fused ring systems are coded by 

applying the rules for non-fused rings just 

given. 

7) If a molecule contains both a fused 

and a non-fused ring system, the non- 

fused ring is listed first. 

8) An asterisk (*) is placed before the 

ring designation for a non-fused ring and 

the letter R before that of a fused ring 
system. 

Examples of ring designations in the 

Aldrich FIRST system are given in Table 

I. 

Table I. Ring Designations 

Ring System Ring Code Rule 

(ont yw *6NG 5 

*NOSNSS 5 

Ges R46 6 

Ring System Ring Code Rule 

CL eres 6 

es RN56 6 

TJ —-RNNSNN6 

COO $s Rs66 6 

BE R66NO6 6 

eer *6R606 7 

aD 
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The value of these systematic ring 

designations will become apparent as the 

utility of the Aldrich FIRST system is dis- 

cussed. 

RETRIEVAL OF BENZENE 

DERIVATIVES 

It is possible to produce lists of a wide 

variety of benzene derivatives by means 

of the Aldrich FIRST system. The 

benzene ring itself can be retrieved from 

our computer file by means of its ring 

designation, the number 6. However, 

since cyclohexane, cyclohexene and 

cyclohexadiene all have the same ring 

designation as benzene, these rings are 

normally excluded from any request for 

benzene derivatives. This is done simply 

by excluding the arbitrary structure frag- 

ment codes which were assigned to the 

three cyclohexane ring systems. 

The significant structure fragments in 

benzoic acid derivatives (in addition to 

the benzene ring) are the carboxyl and 

conjugated carbonyl groups. These 

fragments may be requested in order to 

obtain a listing of all of our benzoic acids. 

For other benzoyl derivatives, the car- 

boxyl group code is replaced by the code 

for the carbonyl derivative being sought. 

In this manner, one can obtain lists of 

benzoyl halides, benzamides, benz- 

aldehydes, phenyl ketones, benzoate es- 

ters and benzoic acid hydrazides (see 

Table II). 

Cinnamic acid derivatives contain an 

additional structure feature which allows 

them to be distinguished from benzoic 

acid derivatives by the Aldrich FIRST 

system. That feature is the double bond 

which is in conjugation with both the car- 

bonyl group and the benzene ring. By re- 

questing this structure fragment along 

with the benzene ring and the carboxyl 

and conjugated carbonyl groups, a listing 

of all of our cinnamic acids may be ob- 

tained. If the carboxyl group code is 

replaced by other carbonyl derivative 

codes, lists of cinnamoyl halides, cin- 

namamides, cinnamaldehydes and cin- 

namate esters may be obtained (see Table 

III). 

Although substituent orientation has 

not been encoded for all polysubstituted 

benzene derivatives, it is possible to 

specify orientation for certain nitrogen- 

containing compounds by means of cod- 

ed structure fragments such as N-C-C-N, 

N-C-C-C-N, N-C-C-C-C-N, N-C-C-O 
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and N-C-C-S. A listing of o- 

phenylenediamines can be produced by 

requesting benzene derivatives which 

contain an amino function together with 

the structure fragment N-C-C-N. 

Similarly, m-phenylenediaminesandp - 
phenylenediamines can be located by 

replacing the N-C-C-N fragment code 

with those for the N-C-C-C-N and N-C- 

C-C-C-N fragments, respectively. The 

means by which lists of these and other 

nitrogen-containing benzene derivatives 

can be requested are summarized in Table 
IV. 

Table II. Retrieval of Benzoyl Derivatives 

Class of Compound 

benzoic acids 

benzoyl halides 

benzamides 

benzaldehydes 

phenyl ketones 

benzoate esters 

benzoic acid hydrazides 

Structure Fragments Required 
(other than benzene ring) 

Table III. Retrieval of Cinnamoyl Derivatives 

Class of Compound 

cinnamic acids 

cinnamoy! halides 

cinnamamides 

cinnamaldehydes 

cinnamate esters 

Structure Fragments Required 

(other than benzene ring) 

Geaek 
~C-O ,-C-C=C-, -C-6-€=¢- 

g ° 
-x t-e=¢-, --6-C=C- 

2. 2 
“CN -€-C=C-, -C=C-C=C- 

9 9 
CH -€-¢ =¢-,-C=0-6=¢ 

ee eer eee, 

Table IV. Retrieval of Specifically Oriented Benzene Derivatives 

Class of Compound 

o-phenylenediamines 

m-phenylenediamines 

p-phenylenediamines 

o-aminophenols 

o-aminobenzenethiols 

o-nitroanilines 

m-nitroanilines 

p-nitroanilines 

picrylamines 

(2,4,6-trinitroanilines) 

36 

Structure Fragments Required 

(other than benzene ring) 

-NH, , N-C-C-N 
-NH, , N-C-C-C-N 
-NH, , N-C-C-C-C-N 
-NH, , -OH , N-C-C-O 
-NH, , -SH , N-C-C-S 
-NH, , -NO,, N-C-C-N 
-NH, , -NO,, N-C-C-C-N 
-NH, , -NO, , N-C-C-C-C-N 
-NH, , -NO,, N-C-C-N , N-C-C-C-N, 
N-C-C-C-C-N 

Lg OF 
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Additional structure fragments of par- 

ticular utility in the retrieval of benzene 

derivatives’ are the phenethylamine 

(C,Hs-C-C-N) and benzhydryl (C,H,-C- 
C,;Hs) groupings. With these fragments, it . ? : is possible to produce lists of Table V. Retrieval of Specifically Substituted Heterocycles 

phenylacetamides (which contain both 
f ; Class of Structure Fragments Class of Structure Fragments amide and phenethylamine fragments), Compound Required Canpoena Ee a 

phenylacetonitriles (nitrile and pred 
phenethylamine fragments) and ben- eat 4) “ es N 
zophenones (ketone, conjugated car- Lo, CY Hess Udon cae bh 
bonyl and benzhydryl fragments). The 2-aminoimidazoles 2-hydroxyimidazoles 
phenethylamine grouping is also present 
in many physiologically active benzene rN N N Ch ca " 
derivatives such as ephedrine and ibe oe o\ Nw WH; ap me 
norepinephrine. A listing of these and 

related compounds can be obtained by re- 

questing the phenethylamine, hydroxy rea N NN el 

and N-C-C-O fragments. Fake oe Ba ee 

id 

2-aminooxazoles 2-aminopyrimidines 

| 

inethiols 
0H 

A 
f 

Cie 
2-aminothiazoles 2-pyrimi 

RETRIEVAL OF HETEROCYCLIC N Z ° 
COMPOUNDS Che (a) BS Or @ 4 H 
The Aldrich FIRST system is also Daur ldee nici hyd Aa : useful in the retrieval of heterocyclic com- fedects vias sah? eae ees 

Ook N 

pounds. As discussed previously, Ch a) : 
heterocyclic ring systems have been s ~-SH s s S 
assigned specific ring designations which mn 
can be used to retrieve systems of interest. 2-thiazolethiols 8-hydroxyquinolines 
Most of the common monocyclics, as well 

as certain bicyclics suchas indole, purine, 

quinoline and isoquinoline, also have 

been given arbitrary two-character code 

designations. This is necessary in order to 

distinguish between heterocyclic ring 

systems like pyridazine, pyrimidine and 

pyrazine, all of which have the ring 

designation *NN6. It is possible to 

produce lists of specifically substituted 

heterocycles by requesting a specific 

heterocyclic ring system and certain other 
structure fragments as summarized in Table VI. Retrieval of Fused Ring Heterocycles 
Table V. 

Class of Structure Fragments Class of Structure Fragments 
Certain heterocyclic alkaloids have Compound Required Compound Required 

characteristic structures which allow for 
their ready retrieval by the Aldrich esl [e3 Cr 
FIRST system structure fragment ap- 7 re RGNNG a: ae) RNOS6 
proach. Compounds such as papaverine quinazolines benzoxazoles 
and laudanosine contain isoquinoline 

Za S N 
and phenethylamine fragments, which e 2 eS e RNNG6NN6 ele) Cr RNS566 
can be requested and subsequently 
retrieved. Harman alkaloids have a ie ets aces 
polycyclic fused ring system which in- Cr (em Ces Oe 
cludes an indole ring system, a pyridine y* N= RNN56 NSN n- REENG 
(or piperidine) nucleus and the N-C-C-N indazoles acridines 
fragment. These three fragments can be . ke 4 
requested to produce a listing of harman Cw ay RNNS6 CL sli) Ee) R66NS6 
alkaloids. ts e 

benzimidazoles phenothiazines Some fused ring heterocycles which 

have not been assigned arbitrary two- 

character code designations can be 

retrieved by requesting a coded 
heterocyclic fragment and the specific 
ring code designation for the fused ring 
system as shown in Table VI. 
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MISCELLANEOUS RETRIEVALS 

Many types of amino acid derivatives 

can be retrieved by the Aldrich FIRST 

system because they contain other 

characteristic structure fragments in ad- 

dition to the amino acid fragment. For 

example, phenylalanines contain the 

phenethylamine grouping; serines and 

threonines contain the N-C-C-O frag- 
ment; cysteines, including penicillamines, 

contain the N-C-C-S fragment; and N- 

carbobenzyloxy amino acids contain the 

carbamate ester grouping. 

A wide variety of a- and B-dicarbony] 

compounds can also be retrieved. Some 

examples are shown in Table VII. 

Special mention should be made of a 

device used by the Aldrich FIRST system 

to insure that some listings of structurally 

similar compounds do not containa large 

number of invalid items. When looking 

for malonic acids, one might request a 

listing of all compounds containing the 

carboxyl and #-dicarbonyl fragments 

(see Table VII). However, such a listing 

would also contain many B-keto car- 

boxylic acids. In order to avoid this type 

of problem, the Aldrich FIRST system 

has been programmed so that either an 

exact ora minimum number of atoms ofa 

particular element can be specified. Thus, 

in addition to structure fragment codes, a 

request for malonic acids will require that 

each valid compound contains a 

minimum of four oxygen atoms per 

molecule. This procedure can be used 

because the FIRST file contains both 

structure fragment codes and the 

molecular formula for each item listed. 

This also makes it possible to provide lists 

of compounds containing a particular 

element such as a listing of all of our 

organoboron compounds. Similarly, 

various elements may be excluded froma 

request. 

GUIDELINES TO USERS OF THE 

FIRST SYSTEM 

Some guidelines are given below for 

those who might wish to submit a com- 

puter search request: 

1. Make your request as specific as 

possible. This is especially important 

when requesting such categories as 

benzene derivatives and chlorinated com- 

pounds. We list several thousand com- 

pounds in each of these categories, mak- 

ing a total listing useless to the inquirer as 

Table VII. Retrieval of Dicarbonyl Compounds 

Class of Compound 

a-diketones 

B-diketones 

B-keto esters 

crea 

pyruvaldehydes 

eae 

oxamates 

Ol c-c-C-0-C 
benzoylacetates 

norte son 

malonic acids 

well as costly for us to provide. To avoid 

producing such listings, we often make 

assumptions based on the structure of in- 

terest which may have been included with 

the request. For example, if the structure 

does not contain any ring systems, we will 

exclude them unless given instructions to 

the contrary. 

2. Try to keep the number of variables 

in your request at a minimum. A seeming- 

ly simple request for trisubstituted 

benzene derivatives can lead to an im- 

posing number of individual requests if, 

for example, each of the three sub- 

stituents could be three different func- 

tional groups. We try to overcome this 

problem by providing a more general 

listing than that requested if in our opi- 

nion such a listing would not be too large 

to diminish its usefulness. However, it 

would always contain compounds having 

the desired structure fragments. 

3. When requesting nitrogen- 

containing compounds such as amines 

and amides, it is helpful to indicate the 

degree of substitution. Primary, secon- 

dary and tertiary amines as well as 

primary, secondary and tertiary amides 

are each considered to be a separate struc- 

ture fragment in the Aldrich FIRST 

system. 

4. If you are interested only in the 

specific compound included with your re- 

quest, please indicate this. Such a request 

Structure Fragments Required 

a Riewe de 
mp ea 
pee eye 

Mecuiceh es 

Sha See sth 

® Loe doe, 
c-b-c- , -&c-é 

bed bo. 

can be answered immediately upon in- 

spection of our molecular formula file. 

This will also avoid the nuisance of 

receiving a listing of our products which 

contain all the structure fragments of the 

particular compound of interest but not 

the compound itself (if it should be un- 

available). 

5. If you receive a listing of our 

products which does not appear to be 

related to your request, please write to us 

concerning the problem. We will explain 

the particular structure fragment ap- 

proach used on your request. Often, we 

are able to use a modified approach based 

on your additional comments which will 

allow us to provide you with a more 

useful list of products. 

Although many examples have been 

given, these should not be considered to 

represent all the possibilities. They have 

been presented primarily to show the 

general utility of the Aldrich FIRST 

system of generating lists of structurally 

similar compounds. It is hoped that many 
of our readers will avail themselves of this 

free service. 

REFERENCE 

W.F. Buth, Aldrichimica Acta, 1, No. 

1, 3 (1968). 
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New Reagents for 
Hydroboration and for 
Synthesis Via Boranes 

*An address presented before “The 

Robert A. Welch Foundation Con- 

ferences on Chemical Research. XVII. 

Organic-Inorganic Reagents in Synthetic 

Chemistry,” which was held in Houston, 

Texas, November 5-7, 1973. The Aldrich 

Chemical Company expresses thanks to 

Dr. W. O. Milligan, Director of Research 

of the Robert A. Welch Foundation for 

permission to publish this paper. 

1. INTRODUCTION 

The original studies of the hydrobora- 

tion reaction emphasized the application 

of the parent reagent, borane- 

tetrahydrofuran or other ether complex- 

es.'! Consequently, it was natural that the 

subsequent studies of the applicability of 

boron intermediates in organic synthesis 

emphasized the utilization of the 
trialkylboranes,? the usual products of 

such hydroborations. 

Instances arose where it was desirable 

to achieve hydroboration with better 

regioselectivity than could be achieved 

with borane itself. This led to the develop- 

ment of a number of substituted boranes 

for hydroboration with improved 
regioselectivity. 

Some reactions of organoboranes, 

such as oxidation with alkaline peroxide, 

carbonylation to tertiary alcohols, and 

brominolysis to alkyl bromides, utilize all 

three groups of the trialkylborane, R;B. 

However, other reactions utilize only one 

or two groups. This made it desirable to 

utilize substituted boranes in these reac- 

tions to minimize loss of valuable R 

groups. 

We have had considerable success in 

overcoming these difficulties with the 

new reagents. Consequently, it appeared 

that this symposium would provide an 

exceptional opportunity to review our 

work exploring these reagents. 

Developments in this area have been 

exceptionally rapid. Moreover, ex- 

perience in working with organoboranes 

is not generally available. Consequently, 

we are faced with the major hurdle of 

teaching the chemistry to organic 

chemists interested in synthesis and of 

transmitting sufficient know-how to help 

create the confidence required to utilize 

this chemistry. To assist in this objective, 

I have prepared the manuscript for a new 

book, “Organic Syntheses via Boranes.” I 

have also encouraged the Aldrich 

Chemical Company to set up a sub- 

sidiary, “Aldrich-Boranes, Inc.” to make 

available the various intermediates we 

have found to be valuable in utilizing the 

fascinating chemistry of the 

organoboranes, and to participate in 

transmitting the techniques for work in 

this field. The time appeared particularly 

appropriate, therefore, to discuss these 

new reagents and their interesting 
possibilities. 

2. HYDROBORATION WITH 
BORANE! 
Let us first take a few minutes to review. 

Hydroboration is broadly defined as the 
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addition of an H-B= bond to multiple 
bonds of carbon with oxygen, nitrogen, 

and carbon. In this discussion we shall be 

concerned primarily with hydroboration 

involving the addition of the H-B— bond 
to carbon-carbon double and triple 

bonds. 

Hydroboration can be carried out very 

simply by starting with sodium 

borohydride (Fig. 1). 

Figure 1 

Hydroboration Procedures 

Kf) | 
C=C +H-BC —> Hidde’ 
(leat) i = 

12 RCH=CH, + 3 NaBH, + 4 BF,:OEt, THE, 

4 (RCH,CH,),8 + 3 NaBF,! + 4 Et,0 

3 RCH=CH, + H,B:THF —“—> (RCH,CH,),8 

3 RCH=CH, + H,B:SMe, ——> (RCH,CH,),8 + Me,S 

For many purposes it is desirable to 

avoid the presence of the salt, sodium 

fluoroborate. This is now easily ac- 

complished by using borane- 

tetrahydrofuran complex or borane- 

methyl sulfide complex, both available 
from Aldrich Chemical Co., Inc. (Fig. 1). 

The use of borane-methyl sulfide com- 

plex makes it possible to synthesize the 

desired organoboranes readily in 

hydrocarbon media, ethyl] ether and other 

solvents, so one is no longer restricted to 

tetrahydrofuran as the operating 
medium. 

The reaction is essentially quantitative 

and instantaneous. It proceeds in an anti- 

Markovnikov manner, and involves a 

clean cis-addition (Fig. 2). 

The addition takes place preferentially 

from the less hindered side of the double 

bond. No rearrangements of the carbon 

skeleton have been observed, even in 

molecules as labile as a-pinene (Fig. 3). 
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Figure 2 

Hydroboration Characteristics 

The addition proceeds in an anti-Markovnikoy manner 

HB {0} RCH=CH, —“2—> RCH,CH,BL ——> RCH,CH,OH 

CH, CH, 
CH,CH,CH,CH=CH, CH,CH,C=CH,  CH,C=CHCH, 

6% 94% 1% 99% 2% 98% 

The reaction involves a cis-addition of the H-B bond 

H3C Hie oy r HC iy 

esos” nal 

Figure 3 

Hydroboration Characteristics 

The addition takes place preferentially from the less hindered side of the double bond 

mene ay ' BC 
B 

99.6% 0.4% | \ 

No rearrangements of the carbon skeleton have been observed 

BO OH 
HB {0} 

Most functional groups can tolerate hydroboration 

SS 
CH,=CHCH,CO,;R ———> ~B-CH,CH,CH,CO,R 

CH,=CHCH,CN =———> >B-CH,CH,CH,CN 

Figure 4 

Partially Alkylated Boranes 

Hy CH, Dae ye 

cf nedaby ener 
H,C CH, 

tue | HB \ue Jue fue 

ibe HW 
C-C-C 2 

Nes -7,BH 
He—BH 2 yh 

ve : 
thexyl- disiamy!- dipinyiborane 9-BBN 3,5-dimethyl- 

borane borane borinane 

(Ox 

Figure 5 

Partially Substituted Boranes 

H 
BCI, BCI, 

OH 
|x, Et,0| BH; E1,0] BH; 

CI,BH:0Et, CIBH,;OEt, 

catecholborane dichloroborane monochloroborane 
etherate etherate 

Finally, but perhaps most important is 

the fact that olefins containing functional 

groups can be hydroborated (Fig. 3). 

Thus, for the first time we are in position 

to synthesize reactive organometallic in- 

termediates containing such functional 

groups. (Some people may object to con- 

sidering the organoboranes as 

organometallics; however, they have 

many similar characteristics and fill many 

of the same applications.) 

3. HYDROBORATION WITH 

BORANE DERIVATIVES?4 

In an earlier work we converted the un- 

saturated organic compound to the R;B 

derivative by treatment with borane and 

then utilized the organoborane in subse- 

quent reactions. In many cases we observ- 

ed that in such subsequent reactions only 

two of the three R groups were being 

utilized. Sometimes only one of these 

groups would be utilized. Clearly, this 

could be a serious handicap if R was 

derived from a valuable intermediate. 

Consequently, we began to explore the 

possibility of synthesizing hydroborating 

agents that had only one or two reactive 

centers by achieving the partial alkylation 

of borane (Fig. 4). 

Thexylborane is the most readily 

available monoalkylborane.!° Di- 

siamylborane is perhaps the most readily 

available dialkylborane.!° Dipinylborane 

(diisopinocampheylborane) is an 

asymmetric dialkylborane.!.4 9-BBN24 is 

the first dialkylborane which is sufficient- 

ly stable to the atmosphere to permit 

handling in air with precautions com- 

parable to those used with lithium 

aluminum hydride and sodium 

borohydride. It is now commercially 

available from Aldrich Chemical Co., 

Inc. Finally, 3,5-dimethylborinane24 has 

found application in synthesizing the cor- 

responding B-R derivatives for transfer 

of the R group in free radical reactions. 

An alternative approach would be the 

introduction of alternative substituents 

into the borane molecule. Dimethoxy- 

borane is readily synthesized. Unfor- 

tunately, it is not satisfactory for 
hydroboration. Presumably the 

resonance of the oxygen atoms with the 

boron atom so stabilizes the boron atom 

that it will not add to the carbon-carbon 

double bond. Such resonance should be 

less favorable in a phenol derivative. In- 

deed, catecholborane** proves to be a 

valuable hydroborating agent (Fig. 5). 
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The reaction of boron trichloride with 

borane in the presence of an ether can be 
controlled to yield either the 
dichloroborane etherates or the 
monochloroborane etherates,24 which 
have valuable applications (Fig. 5). 

It is helpful to be familiar with these 

various reagents and their similarities and 

differences in directive effects. Some of 

the advantages of disiamylborane over 

borane are indicated in Fig. 6. 

Figure 6 

Directive Effects (Disiamylborane) 

BH, Sia,BH 

CHS(CH,), CH=CH, CH,(CH,), CH=CH, 
6% 94% 1% 99% 

leis CH.CH=CH, 

' 40%. 60 Cl os, 98% 

(CH,),CH CH, (CH,),CH CH, 

peak exc 
Li Ve ENS 

H tN Heel 
ie tee 3% 97 

Chloroborane etherate exhibits a high 
directive influence for the hydroboration 
of terminal olefins (Fig. 7). However, it 
does not exhibit the large steric factor 
that makes disiamylborane so useful in 
the hydroboration of internal olefins, 
such as 4-methyl-2-pentene (Fig. 7). 

Figure 7 

Directive Effects (Chloroborane) 

BH CIBH, :OEt, 

CH,(CH,),CH = me CH,(CH,), CH=CH, 

6% 94% 0.5% 99.5% 

Ove Ove 
19% F % 4% 96% 

(CH;).CH CH, 

C=C C=C 

wt ty Ate 
43% 57% 40% 60% 

9-BBN exhibits a remarkable directive 
influence, both for terminal and many in- 
ternal olefins (Fig. 8). 

Obviously, the availability of these 
reagents facilitates the task of doing selec- 
tive hydroborations at a_ particular 
double-bond or of doing regioselective 
hydroboration of many double-bonds, 
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Figure 8 

Directive Effects (9-BBN) 

Saadhiad ie _$-BBN _ 

CH,(CH,),CH=CH, CH, (CH,),CH=CH, 

6% 94% ! 0.1% 99.9% 

ar GHetH, 

19% 81% 1.5%98.5 % 
CH,),CH wee (CH)2cH = CHy 

c= Ne = rf 
re i Wf) Ny 

43% 57% 0.1% 99.9 % 

4. SYNTHESIS OF BORON IN- 
TERMEDIATES24 

These reagents can be utilized to syn- 

thesize specific organoboranes (Fig. 9). 

It is interesting that only a few years 

ago it was thought that mixed 

organoboranes (organoboranes with two 

or three different groups attached to 

boron) could not be synthesized and, if 

synthesized, would undergo spontaneous 

conversion into the corresponding 

symmetrical molecules. However, 

hydroboration makes these “mixed” 

organoboranes readily available and they 

can be converted into other products 

without loss of the original structure. 

Figure 9 

Synthesis of Boron Intermediates 

(Disiamylborane) 

Sia,BH+CH,= CHCH,C| —> Sia,BCH,CH,CH,CI 

H=CH, CH,CH, BSia, 

Sia,BH + iG 

Sia,BH + HC=CR ___, ys 

Sia, ie 

Optically active dipinylborane can be 

utilized to achieve asymmetric syntheses 

(Fig. 10). 

Since the a-pinene utilized was only 

90% optically active, hydroboration 

achieves an asymmetric synthesis almost 

as good as that induced by enzymes. 

Figure 10 

Synthesis of Boron Intermediates 

(Dipinylborane) 

HCCH, 

a Cie 

CH;-CH, 

w»),8-CHCH, 
* 

| 

* 

CH,CHCH CH, 
OH 

87% opt. act. 

»’),BH 
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There are many promising reactions of 
dipinylborane. We used it to separate 3- 
methylcyclopentene into its antipodes. It 
has been used to obtain optically active 
allenes. Finally, it has been used recently 
to prepare optically active prostaglandin 
intermediates, 

Boracyclanes, such as 3,5- 
dimethylborinane (Fig. 5) or borinane 
itself, can be used to hydroborate olefins 
to obtain the corresponding derivatives. 
(Fig. 11). 

Figure 11 

Synthesis of Boron Intermediates (Borinane) 

cous 
C): Li-t-Bu pentane 

OCH, 

euacnty 

Various derivatives of 9-BBN are 
readily synthesized (Fig. 12). These 
derivatives find valuable applications, to 
be described later. 

Figure 12 

Synthesis of Boron Intermediates (9-BBN) 

o : Or—C yD 

RC=CH + 2 (C31 — RCH,CH 

Catecholborane reacts more sluggishly 

than borane itself. In tetrahydrofuran at 

0° the borane reaction is often over in less 

than one minute. However, the reaction 

of catecholborane with representative 

olefins requires a temperature of 100° 

and reaction time of approximately one 

hour. Acetylenes are somewhat more 

reactive, so that one hour at 67° is usually 

adequate (Fig. 13). An advantage of this 

reagent is that the products can be readily 

hydrolyzed to the corresponding borinic 
acids. 
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Figure 13 

Synthesis of Boron Intermediates (Catecholborane) 

Co O—-CLo 

Cpecaen ot 

Figure 14 

Synthesis of Boron Intermediates (Dichloroborane Etherate) 

Et,O:BHCI, + ZI BCI, fh +Et,0: ec.,¥ 
pentane BCI, 

R H 7 al cl, Et,0:BHCI, + RC=CH Ss. Sere + Et,0:BCI, 
o° H BCI, 

Figure 15 

Synthesis of Boron Intermediates (Thexylborane) 

H 

| | BH, QO rs CH,=CHCH,CO,R | | Yee a ese 

CH,CH=CH, CH,CH,CH, 

Se oe Sea Li 
CH,CH=CH, CH,CHCH/ 

ee 

Figure 16 

Synthesis of Boron Intermediates (Monochloroborane Etherate) 

Et,0,0° w')2 BCI 

Et,0:BH,Cl +2 ane 

H 
Et,0:BH,Ci+2 RC=CH ——> = 

Bc! 
B1% 

A 
BTME B :THF 

Et,0:BH,CI+ Ny 

90% 

In the case of dichloroborane etherate, 

the complex is so stable that hydrobora- 

tion does not occur at any convenient 

rate. Unfortunately, a higher reaction 

temperature or a long reaction time does 

not solve the difficulty, since the products 

obtained are no longer the pure 

monoalkyldichloroboranes desired. For- 

tunately, the addition of the reagent to a 

mixture of the olefin and boron 

trichloride in pentane at 0° solves the 

problem and provides the desired RBCI, 

derivatives (Fig. 14). The synthesis is 

readily extended to acetylenes. 

Thexylborane is the most readily 

available monoalkylborane. In the early 

days we used it empirically and often en- 

countered phenomena we could not un- 

derstand. More recently, we undertook a 

systematic study of thexylborane as a 

hydroborating agent and established the 

conditions which provide first, the 

monoalkylthexylborane and then the 

dialkylthexylborane! (Fig. 15). 

One of the valuable applications of 

thexylborane as a_ bifunctional 

hydroborating agent, is the cyclic 

hydroboration of dienes. For example, 

the cyclic hydroboration of limonene 
controls the stereochemistry at three 

centers (Fig. 15) and provides a simple 

route to (-)-carvomenthol. 

In contrast to the behavior of 

dichloroborane etherate (Fig. 14), 

monochloroborane etherate 

hydroborates olefins and acetylenes 

readily at 0°. This provides a simple new 

route to dialkylchloroboranes and their 

corresponding borinic acids and esters 

(Fig. 16). In the presence of one mole of 

tetrahydrofuran, the reaction can be con- 

trolled to yield the monoalkyl- 

chloroborane species (Fig. 16). 

These developments make readily 

available a large number of borane 

derivatives. Consequently, we have been 

exploring the chemistry of these 

derivatives with emphasis on their utiliza- 

tion to facilitate organic synthesis. 
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Synthesis of Boron Intermediates (Trialkylborohydrides) 
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Application of Disiamylborane (Halogenolysis) 
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For example, triethylborane reacts 

with lithium hydride to produce lithium 

triethylborohydride, apparently the most 

active nucleophile known. The cor- 

responding derivative from _ tri-sec- 

butylborane cannot be synthesized by 

direct reaction with lithium hydride, but 

can be made by reaction with lithium 

trimethoxyaluminohydride or potassium 

hydride. It exhibits remarkable selectivity 

for the reduction of ketones (Fig. 17). 

Both of these reagents are now commer- 

cially available from Aldrich Chemical 

Co., Inc., (Super Hydride® and Selec- 

tride®). The related derivative from thex- 

ylborane and limonene has been reported 

to be uniquely effective for the reduction 

of a prostaglandin intermediate. 

It is important to realize the power of 

these new methods. At one time it was a 

major task to prepare pure isomeric 

alcohols, such as cis- and trans-2- 

methylcyclohexanol. However, 

hydroboration-oxidation of l1- 
methylcyclohexene yields trans-2- 

methylcyclohexanol. Oxidation to the 

ketone followed by reduction with Selec- 

tride® yields essentially pure cis-2- 

methylcyclohexanol ( 99.3%). Conse- 

quently, it is no longer a problem to 

provide these derivatives in quantity. 

5. THE VERSATILE ORGANO- 

BORANES?469 
The ready availability of the tri- 

alkylboranes via the hydroboration reac- 

tion prompted research to explore the 

chemistry of these derivatives. This ex- 

ploration has been exceptionally fruitful. 

Time will not permit a detailed discussion 

of the developments in this area.?-4 

However, it may be helpful to outline the 

main features (A-T). 

6. APPLICATIONS OF BORON IN- 

TERMEDIATES*4 
It was not feasible here to attempt a 

detailed discussion of the remarkable 

chemistry of the versatile organoboranes, 

summarized in the previous section. It 

seems more appropriate, for the special 

objectives of the present treatment, to 

consider some of the advantages of the 

new boron intermediates in some of these 

reactions. 

The reaction of iodine with 

organoboranes is greatly facilitated by 

alkali. Unfortunately, only one or two of 

the alkyl groups of the R;B intermediate 

react readily. Since primary alkyl groups 

react far more readily than secondary, it 

is possible to utilize disiamylborane! to 

achieve high yields of the desired iodide 
(Fig. 18). 
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The cyclization reaction (5-D) ap- 

parently proceeds through the formation 

of a dialkylborane intermediate formed 

in the thermal decomposition of the 

trialkylborane. Utilization of thexyl- 

borane!® provides the thexyl- 

monoalkylborane directly for cyclization 

(Fig. 19). 

Figure 19 

Application of Thexylborane (Cyclization) 
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A disadvantage in applying the car- 

bonylation reaction’ to simple 

trialkylboranes (5-L) is the loss of one of 

the three alkyl groups. The use of thexy]- 

borane avoids this difficulty and makes 

possible the synthesis of ketones con- 

taining two different groups (Fig. 20). 

The Pelter reaction (5-N), treatment 

with an alkali metal cyanide, followed by 

trifluoroacetic acid anhydride, provides 

an alternative route. 

Cyclic hydroboration of appropriate 

dienes with thexylborane, followed by 

carbonylation or cyanidation, provides a 

simple route from such dienes to the cor- 

responding ring ketones (Fig. 21). 

H; H; H, H, 

Hy H, H, H, 

Figure 21 

Application of Thexylborane (Ring Ketones 

via Carbonylation or Cyanidation) 
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These reactions provide a new annela- 

tion reaction of wide applicability!® (Fig. 

22). 

a-Bromination24 in the presence of 

water provides an alternative means of 

converting organoboranes into carbon 

structures (5-Q). Thus, the same cyclic 

hydroboration intermediate (Fig. 22) is 

converted through this reaction into a 

different carbon structure (Fig. 23). 

It is possible to utilize a-bromination?4 

to achieve the synthesis of tertiary 

alcohols, many of them not readily 

available by classical methods (Fig. 24). 

The Zweifel trans olefin synthesis 

provides a simple valuable route to the 

trans olefins.2-4 However, it suffers from 

the disadvantage of requiring 

dialkylboranes as intermediates, and 

many of these are not readily available. 

Moreover, only one of the two alkyl 

groups in the dialkylborane is utilized. 
Use of the thexylmonoalkylborane cir- 

cumvents these difficulties+!° (Fig. 25). 

The thexylmonoalkylboranes also 

provide a convenient new route to the 

monoalkylboranes, making these 

derivatives readily available for the first 

time.*!0 Treatment of the borane with a 

tertiary amine of low steric requirements, 

such as pyridine, results in the formation 

of a simple addition compound. 

However, a base of larger steric re- 

quirements such as triethylamine, results 

in the displacement of 2,3-dimethyl-2- 

butene and the formation of the aminate 

of the monoalkylborane (Fig. 26). 

Figure 20 

Application of Thexylborane (General Ketone Synthesis via Carbonylation) 
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Figure 22 Figure 25 
Application of Thexylborane (New Annelation Application of Thexylborane (Zweifel trans Olefin 
Reaction via Carbonylation or Cyanidation) Synthesis) 
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Application of 9-BBN (Cyclopropane Synthesis) 
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The boron derivatives realized from 

allylic halides provide a simple route to 

cyclopropanes (Fig. 27). 9-BBN possesses 

advantages in this application because its 

high regiospecificity for the terminal car- 

bon atom overcomes the unfavorable 

directive influence of the allylic 

halogen.?4 The relative openness of the 9- 

BBN boron atom facilitates addition of 

the hydroxide ion leading to closure. 

A similar cyclization reaction of di-9- 

BBN derivatives provides routes to the 

corresponding B-cycloalkyl-9-BBN com- 

pounds (Fig. 28). Oxidation of the B- 

cyclopropyl derivative yields 

cyclopropanol in excellent yield. The 

parent 9-BBN derivatives are also 

valuable to transfer the B-R group to the 

a-position of ketones, esters, nitriles, etc. 

(5-P).’ 

A highly useful reaction which should 

be in the repertoire of every chemist 

engaged in organic synthesis is the con- 

version of the B-R-9-BBN derivatives 

into the corresponding aldehydes24°5 

(Fig. 29). 

It should be recalled that in this reac- 

tion, as in many others which have been 

mentioned, many functional groups can 

be accommodated (Fig. 30). 

The B-alkyl- and _ B-aryl-9-BBN 

transfer selectively the B-R group to the 

a-position of a-halo ketones, esters, 

nitriles, etc. (5-P).247 Moreover, this 

reaction, as do practically all which have 

been studied, proceeds with retention at 

the migrating center (Fig. 31). 

In free radical reactions involving 

organoborations, such as the conjugate 

addition (5-S), secondary and tertiary 

alkyl groups participate in preference to 

primary.?-48 Therefore, in such reactions, 

the B-R-9-BBN derivatives are un- 

satisfactory. Fortunately, the borinane 

derivatives are entirely satisfactory for 
many of these free radical reactions¢ (Fig. 

32). 

The B-alkylcatecholborane derivatives 

are readily reduced to the corresponding 

boranes.23 This provides an alternative 

route for the synthesis of mono- 

alkylboranes (Fig. 33). 

The B-vinylcatecholborane derivatives 

react rapidly at 0° with mercuric acetate 

to produce the corresponding mercurials 

with complete stereospecificity”4 (Fig. 

34). This approach has been utilized in 

the Pappo prostaglandin synthesis.‘ 

Figure 29 

Application of 9-BBN (Aldehyde Synthesis via 

Carbonylation) 
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Application of 9-BBN (Aldehyde Synthesis 

via Carbonylation) 
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Figure 31 

Application of 9-BBN (Alkylation and 

Arylation) 
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Figure 32 

Application of Borinane (Free Radical Reac- 

tions) 
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Figure 33 

Application of Catecholborane (Synthesis of 

Monoalkylboranes) 
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Figure 34 

Application of Catecholborane (Vinyl 

Mercurials) 

a Ps 

The B-vinylcatecholborane derivatives 

are readily transformed into the cor- 

responding vinyl halides. The reactions 

can be directed to achieve the replace- 

ment of the boronic acid grouping either 

with inversion or with retention‘ (Fig. 

35). This reaction has also been utilized in 

a prostaglandin synthesis.* 



Figure 35 

Application of Catecholborane (Vinyl 

'  Halides) 
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The synthesis of peroxides from 

organoboranes can be improved by utiliz- 

ing the alkyldichloroborane etherate 

(Fig. 36). This avoids loss of one of the 

three alkyl groups and the need to 

separate the peroxide from the accom- 

panying alcohol.2.4 

Figure 36 

Application of Dichloroborane (Synthesis of 

Peroxides) 
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Dialkylborinic acids are especially 

valuable as intermediates in the a- 

bromination reaction (5-Q). While a few 

dialkylboranes (e.g., disiamylborane, 

dicyclohexylborane) are readily available 

through hydroboration, many others are 

not. Fortunately, chloroborane provides 

a simple route to such borinic acids, as il- 

lustrated for the synthesis of dicyclopen- 

tylchloroborane and its conversion to 1- 
cyclopentylcyclopentanol in 97% yield24 
(Fig. 37). 

Figure 37 
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The greater acid strength of the R,BC] 

and RBCI, derivatives over the parent 

R,B compounds greatly facilitates the 

reactions with diazo derivatives and 

makes it possible both to extend the reac- 

tion to hindered groups and to achieve a 

higher utilization of the groups? (Fig. 
38). 

Figure 38 
Application of Chloroborane (Hooz Reac- 

tion) 
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The related reaction with alkyl or aryl 

azides provides a stereospecific route to 

secondary amines (Fig. 39). 

Figure 39 

Application of Chloroborane (Reaction with 

Organic Azides) 
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The hydroboration of acetylenes with 

chloroborane provides a direct route to 

the dialkenylborinic acids and greatly 

facilitates the Zweifel synthesis of 

cis,trans-dienes* (Fig. 40). 

The power of these new methods is il- 

lustrated by their utilization for the 

stereospecific synthesis of aziridines? 

(Fig. 41). In this synthesis the 

stereochemistry of the two centers of the 

ethylenimine ring can be controlled as 

well as that of the R’ group attached to 
the nitrogen atom. 

The ready availability of the borinic 

acid derivatives through selective 

hydroboration to the dialkylborane or 

through reaction with chloroborane can 

be combined with the base-induced reac- 

tion with dichloromethyl methyl ether 

(DCME) (5-O) to provide a versatile, new 

synthetic route to ketones (Fig. 42). 

7. CONCLUSION 

The facile hydroboration of olefins was 

discovered in 1956, For the next decade 

we were engaged primarily in the study of 

this fascinating new reaction. This reac- 

tion made the organoboranes readily 

available. Consequently, we then began 

to shift our emphasis from the study of 

hydroboration toa study of the chemistry 

of organoboranes. 

This proved to be an extraordinarily 

rich, albeit largely virgin, unexplored 

area. 

Figure 40 

Application of Chloroborane (Zweifel Diene 

Synthesis) 
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Figure 41 
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Application of Chloroborane (Stereospecific 

Synthesis of Aziridines) 
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Figure 42 

Application of Chloroborane (Synthesis of 

Ketones via DCME) 
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In this lecture I could present only a 

part of the remarkable chemistry of the 
| organoboranes that we and others have 

uncovered. Clearly, these developments 
will have a major impact on synthetic 

organic chemistry. The problem is how to 

transmit this information to the workers 

in the field who hesitate to utilize 

organoboranes because of their inex- 

perience with them. 
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One approach I have taken is to writea 
book, “Organic Syntheses via Boranes,” 
which will give a) reviews of the 
chemistry, b) detailed procedures for the 
various syntheses, and c) a detailed 
description of the laboratory techniques. 
A second approach has been to persuade 
Dr. Alfred R. Bader of the Aldrich 
Chemical Company to set up a sub- 
sidiary, Aldrich-Boranes, Inc., to make 
readily available the basic chemicals and 
intermediates and certain specialized 
pieces of apparatus to facilitate applica- 
tion of these new methods by chemists. 

Before us lies the utilization of these 
methods for the synthesis of complex 
molecules, such as natural products and 
pharmaceuticals. Before us lies the ex- 
ploration of the applicability of this 
chemistry for the synthesis of fine 

chemicals. Before us lies the exploration 
of the utility of this chemistry in the 
petrochemical area. 

But this is only the beginning. Before us 
also lies the exploration of the reaction 
mechanisms involved in the remarkably 
clean reactions of the organoboranes. 
The spectroscopy of organoboranes is in 
its infancy. Structural effects have yet to 
be explored systematically. 

Clearly it will require another genera- 
tion of chemists to conquer fully this new 
continent. 
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Trialkylborohydrides as 
New Versatile Reducing 
Agents in Organic 

Synthesis 

INTRODUCTION 

Addition compounds of lithium 

hydride and sodium hydride with 

trialkylboranes were first discovered in 

the course of War Research in the period 

of 1942-45 at the University of Chicago 

by Professor H.C. Brown, the late 

Professor H.I. Schlesinger with their 

coworkers! (eq | and 2). 

LiH + B(CH;), ——e Li(CH,),BH (eq 1) 

NaH + B(C,Hs); ———> Na(C,H;),;BH (eq 2) 

However, relatively little research was 

devoted to these derivatives. A brief study 

indicated that lithium triethyl- 

borohydride is a stronger reducing agent 

than the parent compound, lithium 

borohydride.? There was no reason to an- 

ticipate that these compounds would 

possess highly useful properties. 

However, developments within the past 

two years at Purdue University have 

altered this situation. This review sum- 

marizes the discovery of the exceptional 

properties of trialkylborohydrides, the 

various methods that have been 

developed for the synthesis of 

trialkylborohydrides and their utility in 

organic synthesis. 

THE DISCOVERY OF EXCEP- 

TIONAL PROPERTIES OF LITHIUM 

TRIETHYLBOROHYDRIDE(SUPER 
HYDRIDE®) 

The author may be permitted to 

describe how an unusual experimental 

observation, noticed in the exploratory 

program dealing with the carbonylation 

of organoboranes led to the discovery of 

exceptional characteristics of lithium 

triethylborohydride. 

Lithium tri-tert-butoxyalumino- 

hydride is a very mild reducing agent, 

stable indefinitely in tetrahydrofuran at 

25°. However, we observed a puzzling 

feature in applying this reagent to the car- 

bonylation of B-alkyl-9-BBN derivatives 

(to give the corresponding homologated 

aldehydes)‘ (eq 3). 

‘4 (eq 3) 

(Ope ae ((p<-r 

OAI(0- tert - Bu),Li 
—2!_. RcHo 

To obtain a good yield, it was important 

that the reagent be added concurrently 

with the uptake of carbon monoxide. If 

the reagent was added to the 

organoborane prior to the introduction 

of carbon monoxide, the yield of the 

aldehyde decreased sharply. 

Investigation soon revealed that the 

addition of an equimolar amount of 

triethylborane to a 0.5 M solution of 

lithium _ tri-tert-butoxyaluminohydride 

(LTBA) resulted in a very rapid loss of 

hydride, 72% of the active hydride dis- 

appearing in 5 min.3 Upon hydrolyzing 

the reaction mixture, an equivalent quan- 

tity of 1-butanol was found. A catalytic 

quantity of triethylborane was also effec- 

S. Krishnamurthy 
Postdoctoral Research Assistant 
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Purdue University 
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tive. The reactions were essentially com- 

plete in 3 hr (Figure 1). Thus, 

triethylborane induces a rapid, essentially 

quantitative reductive opening of the 

tetrahydrofuran ring at 25° (eq 4). 

0. Sh E138 

<0, OSM Et,e 

!- BUTANOL, PERCENT 

° 6 12 18 24 
TIME, HR 

Figure 1. Reductive cleavage of 

tetrahydrofuran at 25° by lithium tri-fert- 

butoxyaluminohydride (0.5 ) in the absence 

and presence of triethylborane. 

Et,B 4 
( \ + LiAIH(O-tert-Bu), ass xeq*) 

H,0 
Li[n-BUOAI(O-tert-Bu);] ————> _7-BuOH 95% 

Surprisingly, triethylborane fails to in- 

duce a similar reductive cleavage of THF 

by the otherwise more powerful reducing 

agent, lithium  trimethoxyalumino- 

hydride. The significance of this will be 

discussed later. 



How could even trace quantities of 

triethylborane cause the mild reducing 

agent LTBA to open THF, impervious to 

the most powerful reducing agents 

previously known? Further research in 

this area indicated that the reaction 

proceeds through the formation of a new 

type of hydride, lithium  triethyl- 

borohydride (LiEt,BH), and possibly the 

hitherto unknown monomeric 

aluminum-tert-butoxide, an exceptional- 

ly powerful Lewis acid capable of coor- 

dinating with the oxygen atom of THF> 

(eq 5). 

(eq 5) 
LiAIH(O-tert-Bu), + Et,B + 

Al(O-tert-Bu); 

oe MELB Ve 

The highly active hydride reagent 

LiEt,BH then reacts (by displacement) 

with the polarized carbon-oxygen bond 

to open the ring and to regenerate 

triethylborane (eq 6). 

Al(O-tert-Bu); (eq 6) 

LiEt,BH + or Ba 

Li[n-BuOAl(O-tert-Bu),] + Et,B 

These investigations led us to believe that 

lithium triethylborohydride should 

possess enormous hydride transfer abili- 

ty. Accordingly, we undertook a major 

new program to synthesize a variety of 

lithium trialkylborohydrides with 

different alkyl substituents and to study 

their chemistry. Because of their superior 

hydridic property, these are named 

“super-hydrides”, a term truly represen- 

tative of their activity. 

APPROACHES TO THE SYNTHESIS 

OF SIMPLE AND STERICALLY 
HINDERED TRIALKYL- 
BOROHYDRIDES 

As mentioned earlier, trialkyl- 

borohydrides were first prepared by 

Professor Brown and the late Professor 

Schlesinger at the University of Chicago. ! 

In the period 1956-60, Dr. A. Khuri of 

our laboratory (a graduate student of 

Professor Brown) carried out a detailed 

study of the reactions of alkali metal 

hydrides (LiH and NaH) with trimethyl- 

and triethylboranes in a variety of 

ethereal solvents in vacuum lines.? 

In 1968 Professor Ké6ster and 

coworkers reported the synthesis of a 

variety of trialkylborohydrides and some 

of their properties.6 Unfortunately, the 

majority of their reactions have been 

carried out neat or in aromatic hydrocar- 
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bon solvents requiring rather drastic 

reaction conditions (eq 7 and 8). 

200°, autoclave 
Lid + Et,;B —y—7—> LIEt,;BH 93% (eq 7) 

110°, xylene 
— ee NaH + (Oe Et AT 

However, a systematic research 

directed towards the synthesis of various 

trialkylborohydrides in our laboratory, 

revealed that in tetrahydrofuran solvent 

lithium hydride reacts with a variety of 

simple organoboranes under mild con- 

ditions to give lithium trialkyl- 

borohydrides in quantitative yield’ (eq 9). 

A THF, refiux 
LiH + aero LIR3BH 95-100% (eq 9) 

R = Et, n-Bu, /-Bu, (Orr, oo etc. 

Lithium hydride reacts quantitatively 

with triethylborane even at room 

temperature( 24 hr). Thecorresponding 

deuterium derivatives are readily syn- 

thesized from lithium deuteride (eq 10). 

THF, reflux 
LiD + Et,8 LIEt,BD 100% (eq 10) 

Unfortunately, with the hindered 

trialkylboranes suchas tri-s-butylborane, 

we encountered a major synthetic dif- 

ficulty. The reaction is very sluggish and 

incomplete (eq 11). 

THF, reflux 
LiH + s-Bu;B —— > Li-s-Bu,BH 10% (eq 11) 

(CH,);CLi 

LiAIH(OCH;), + R3B 
< min 

( = Et, n-Bu, /-Bu, s-Bu, Ci 
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THF, 25° 

However, the preliminary experiments 

soon made it clear that the stereoselectivi- 

ty achieved in the reduction of ketones 
with trialkylborohydrides increases 

remarkably with the steric bulk of the 

trialkylborane. Consequently, synthesis 
of highly hindered trialkylborohydrides 

was a necessity. 

Professor Corey and coworkers also 

found that thexyllimonylborane’« (a 

hindered trialkylborane derived from 

limonene and thexylborane) fails to react 

with lithium hydride in THF.® They cir- 

cumvented the difficulty by using fert- 

butyllithium, which yields the correspon- 

ding trialkylborohydride (eq 12). 

We were also actively exploring the 

methods for the synthesis of hindered 

trialkylborohydrides. Finally, after ex- 

tensive research, we discovered that the 

addition of one mole equivalent of any 

trialkylborane (simple or hindered) to a 

THF solution of lithium trimethoxy- 

aluminohydride (LTMA) at room 

temperature results in a facile and rapid 

displacement of aluminum methoxide to 

produce the corresponding lithium 

trialkylborohydride in quantitative yield? 
(eq 13). The reaction is highly general and 

aluminum methoxide does not interfere 

in the further reactions of LiR,BH. 

At that time Professor Charles A. 

Brown at Cornell University was un- 

covering many remarkable and unique 

characteristics of potassium hydride. For 

example, potassium hydride exhibits un- 

precedented reactivity toward weak 

organic acids, such as amines, sterically 

hindered alcohols, etc.!° Further, he 

found that unlike lithium hydride and 

sodium hydride, potassium hydride 

ie (eq 12) 

Ah ga 
Li? + (CH,),C=CH, 

ny 
“A 

LIR,BH + [AKOCHs)s}, } freq 18} 
100% 

pee) 



reacts rapidly and quantitatively with the 

hindered trialkylboranes, such as tri-s- 

butylborane, yielding the corresponding 

potassium trialkylborohydride under 

mild conditions!! (eq 14). 

KH + s-Bu,6 UE? k s-Bu,BH 100% (eq 14) 
Thr 

Recently Professor Hooz and 
coworkers have reported the synthesis of 
lithium dimesitylborohydride 
bis(dimethoxyethane)!2 (eq 15). 

CH, 

CH, 

CH, 

CH B-H + LiH 

CH, 

The discovery of the hydroboration 

reaction in 1956 has made possible the 

synthesis of organoboranes with a wide 

variety of structures.!3 These can now be 

readily converted to the corresponding 

trialkylborohydrides and dialkyl- 

borohydrides. 

REDUCTIVE CLEAVAGE OF 

CYCLIC ETHERS: 

The lithium tri-tert-butoxy- 

aluminohydride-triethylborane system, 

discussed earlier, has been found to be 

one of the most active reagents currently 

available for the reductive cleavage of 

cyclic ethers. To our knowledge, no 

reducing system currently available is 

capable of achieving the reductive 

cleavage of THF so rapidly and cleanly. 

Both monoglyme (MG) and 

tetrahydropyran (THP) dissolve the 

LTBA-Et,B system. At 25° monoglyme 

yields 47% 2-methoxyethanol. However, 

the reductive cleavage of THP is very 

slow as we observed only 17% of 1- 

pentanol after 24 hr. Consequently, we 

used this as the solvent for the following 

interesting synthetic transformations (eqs 
16-19). 

(eq 16) 
LTBA-Et,B,THP 
25°,2 1 min 100% 

(eq 17) 

LTBA-EL,8 THP | CH,CH,CH,CHCH, 
25°, 3 hr 

95% OH 

LTBA-Et,B,THP any (eq 18) 

25°, 2hr CH, HOH 

95% (pure cis) 

° OH (eq 19) 

LTBA-Et,B,THP 
—————_—___ 97% 

25°, 3h 

LITHIUM TRIETHYLBORO- 

HYDRIDE AS A SUPERNUCLEO- 

PHILE. FACILE DEHALOGEN- 

ATION OF ALKYL HALIDES"4 

Lithium triethylborohydride has been 

found to be an extraordinarily powerful 

reducing agent, far more powerful than 

lithium aluminum hydride and lithium 

a (eq 15) 

DME, reflux 

borohydride, as revealed by the rates of 

reduction of n-octyl chloride represented 

graphically in Figure 2. Further, kinetic 

studies reveal that the reagent is con- 

siderably more powerful than 

nucleophiles such as thiophenoxide and 

alkyl mercaptides, previously considered 

to be the most powerful simple 

nucleophiles available for Sjj2 dis- 
placements (eq 20). 

n-OCTANE FORMED, % 

° 8 16 24 
TIME, HRS. 

Figure 2. Rates of reduction of n-octyl chloride 

(0.25 M) with representative complex metal 

hydrides (0.5 ) in tetrahydrofuran at 25°. 

(eq 20) 
ey ene =20 

"een)/Mnoy = 10" 

Neren)/ "on = 10° 

The reaction exhibits typical 

characteristics of a nucleophilic displace- 

ment of the Sj 2 type. Simple primary 

alkyl bromides and allylic and benzylic 

bromides are reduced almost instantly 

(eq 21 and 22). 

(eq 21) 

, LIEW BH, THF cH, 

<1 min 100% 

LIEt,BH, THF (eq 22) 
CH,(CH,),CH,Br ry 

CH,(CH,),CH, 100% 

Super Hydride® reduces cleanly and with 

remarkable ease, even neopentyl bromide 

and cycloalkyl bromides which are highly 

resistant to SN2 displacement reactions 

(eqs 23 and 24). 

LiEt;BH, THF 

65,3hr 

WEt,BH,THF THF 
Br 24h 

Lithium triethylborodeuteride provides a 

simple means of introducing deuterium 

with clean stereochemical inversion at the 

substitution center (eq 25). 

cH, 
CH;-¢CH,Br 

CH, 

(eq 24) 

hye (eq 25) ply Se 

Unlike lithium aluminum hydride,'5 

Super Hydride® is inert toward aryl 

halides and should therefore be valuable 

for the reduction of alkyl halides without 

simultaneous attack on aromatic halogen 
(eq 26). 

LiEt,;BH, THF (eq 26) 
ArX no reaction 

REGIOSPECIFIC AND STEREO- 

SPECIFIC REDUCTION OF 
HINDERED AND BICYCLIC EPOX- 
IDES'* 

Lithium triethylborohydride in THF 

possesses remarkable ability for the 

facile, regiospecific and stereospecific 

reductive opening of epoxides to give the 

Markovnikov alcohol in excellent 

isomeric purity. The reaction is very 

general, applicable to epoxides with a 

wide range of structural features. Simple 

mono-, di- and trisubstituted epoxides 

are completely reduced in 2-5 min with 

this reagent, yielding the more sub- 

stituted of the two possible isomeric 

alcohols in 100% isomeric purity (eq 27 

and 28). 



LieysHtHR '€4 27) 
SSS nat 

CHC CH en 25° 5min 
CH, OH 

CH,CH,CH,C (CH), 
100% (100% tertiary) 

CH, (eq 28) 
H 

LIEt,BH, THF 

25°, 5 min 

99% (100% tertiary) 

Such reactions are far faster and 

cleaner than those involving lithium 

aluminum hydride, Li-ethylenediamine, 

etc. (eq 29). 

(eq 29) 

a 

The advantage of Super Hydride® is 

especially evident in the reduction of 

labile bicyclic epoxides. Thus, benzonor- 

bornadiene oxide which invariably gives 

rearranged products with conventional 

reducing agents undergoes facile reduc- 

tion with Super Hydride® yielding 93% of 

exo-benzonorbornenol in > 99.9% 

isomeric purity (eq 30). 

LIAIH, THF 

LIEt,BH, THE 
65°, 3-6 hr 

(eq 30) 

LIAIH,,Et,O 

reflux, 24 hr 

BH,, THF 

reflux, 4 hr 

Li-ethylenediamine 

50°, 24 hr 
Oty 

LIEt,BH, THE 

65°, 24 hr 

The high regio- and stereospecificity of 

the reaction, especially with the labile 

epoxides, enable us to use this reaction as 

a chemical tool to determine precisely the 

stereochemistry of epoxidation of such 

labile bicyclic olefins.!7 

ENZYME-LIKE STEREOSELECTIVE 

REDUCTION OF KETONES 

One of the remarkable features of the 

trialkylborohydrides is their unusual 

ability to introduce steric control into the 

reduction of cyclic ketones. This ability 

was first recognized in our laboratory 

with lithium perhydro-9b-boraphenaly] 

hydride (PBPH).!'8 Reduction of ketones 

with trisubstituted borohydride proceeds 

rapidly even at -78° and the yields of the 

corresponding alcohols are quantitative!9 

(eq 31 and 32). 

97% cis 

CH, CH, (eq 31) 

OSU 
PBPH, THF 

0° 

fo} H 

tonne (| 

The discovery was quite timely as 

demonstrated by its immediate applica- 

tion in one of the stereoselective syntheses 

by Professor Ireland?° (eq 33). 

eon: PBPH, THF 

OCH, . 
SS y.° 

(eq 32) 

52% cis 

+ 

CH, 
70% (a) 30% (e) 

Conventional reducing agents gave only 

the more stable equatorial isomer. 

These results stimulated our further in- 

terest in this area. Consequently, we un- 

dertook examination of the influence of 

the steric bulk of the trialkylborohydride 

15% 85% 

54% 23% 

15% 

93% < 0.1% 

on the stereoselectivity of the ketone 

reduction.2! For example, examination 

of LiEt,BH, Li-n-Bu,BH and Li-i-Bu,BH 
clearly revealed that, unlike lithium 

trialkoxyaluminohydrides, increasing the 

size of the alkyl substitution on boron 

enhances the stereoselectivity (towards 

the less stable isomer). It appeared that a 

more hindered trialkylborohydride might 

improve the stereoselectivity. 

Indeed our prediction became a reality 

when we first synthesized lithium tri-s- 

butylborohydride (L-Selectride®), the 

first simple and highly hindered 

trialkylborohydride.? It exhibits essen- 

tially an enzyme-like stereoselectivity in 

the reduction of cyclic and bicyclic 

ketones, unequalled by any other 

previously known reducing agents. 

\ ea 

Hindered ketones, such as 2- 

methylcyclohexanone, 2-methyl- 

cyclopentanone, camphor, etc., are 

reduced rapidly and quantitatively with 

this new reagent, with over 99.5% 

stereoselectivity to the corresponding less 

stable epimers. The new reagent coupled 

with hydroboration-oxidation provides 

the synthesis of both the isomeric 

alcohols in high stereochemical purity 

(eqs 34-36). 

5 (eq 34) 

i) BH,-THF 99.5% trans 

7) NeOH-H,0, NaOH-H,0, aT a 

Ba -s-Bu,BH, THF Lode 

“y H; 

fia Se THF 

Even ketones with an alkyl group 

relatively remote from the reaction 

center, such as 3- and 4- 

alkylcyclohexanones, are predominantly 

(> 90%) reduced from the equatorial side. 

The remarkable effectiveness of this 

reagent is demonstrated by the higher 

selectivity observed with L-Selectride® 

than with an enzyme in the reduction of 4- 

tert-butylcyclohexanone2? (eqs 37-39). 

no NADHOCore 

Horse Ea 

Dehydrogenase 

99.5% cis 

(eq 35) 

H 99.3% cis 

(eq 36) 

99.6% exo 

(eq 37) 

OH 

95% cis 

ey L-Selectride* 
(eq 38) 

96.5% cis 

(eq 39) 

Cs Li-s- a THF 6 

“CH, 
95% trans 

The corresponding potassium 

derivative (K-Selectride®) prepared by 

Professor Charles A. Brown is equally 

effective for stereoselective reductions!! 

(eq 40). 

CH, CH, _— (eq 40) 
O H 

K-s-Bu,BH, THF 
-_— 

O° 

> 99% cis 



Recently, Professor Hooz and 

coworkers have reported that lithium 

dimesitylborohydride bis(dimethoxy- 

ethane) complex (DMBH) also reduces 

cyclic ketones with exceptionally high 

stereoselectivity comparable to that of 

the Selectrides®!2 (eq 41), 

CH, H; (eq 41) 
OH 

DOMBH,MG 
O° 

99% cis 

Interestingly, unlike the trialkyl- 

borohydrides, this reagent reacts very 

sluggishly with hindered ketones such as 
camphor. 

APPLICATIONS OF HINDERED 

TRIALKYLBOROHYDRIDES IN 

PROSTAGLANDIN SYNTHESIS 

Many of these hindered 

trialkylborohydrides are finding attrac- 

tive applications in the stereoselective 

synthesis of prostaglandins, where the use 

of other known reducing agents has 

failed. Professor Corey and coworkers 

first initiated work in this area by their 

elegant application of lithium thexyl- 

limonylborohydride (TLBH) to the 

stereoselective reduction of the C,, car- 

bony] group;*” later this was remarkably 

improved by utilizing an exogenous 

directing group} (eq 42). It should be 

noted that the use of NaBH, or Zn(BH,), 

leads to a 1:1 mixture of 15S and I5R 
alcohols. 

Further, the stereoselective conversion 

of prostaglandin E, to F,q@ has been 

achieved using TLBH and PBPH. No 

Fog could be detected?4 (eq 43). 

Drs. Miyano and Stealey have selec- 

tively reduced C,, carbonyl without affec- 

ting the C, carbonyl group in the total 

synthesis of prostaglandin E,?5 (eq 44). 

Dr. Weiss and coworkers have exten- 

sively utilized PBPH for stereoselective 

synthesis of various prostaglandin in- 

termediates, especially 11-substituted 

derivatives of 11-deoxyprostaglandin 

F,¢7627 (eq 45). 

TRIALKYLALKYNYLBORANATES. 

VERSATILE INTERMEDIATES FOR 

THE SYNTHESIS OF CARBON 
STRUCTURES 

Alkali metal trialkylborohydrides 

react rapidly and quantitatively with ter- 

minal acetylenes to yield the alkali metal 

trialkylalkynylboranates?8 (eq 46). 

, _ArH,25° 
MR,BH + HC=CR ace na M[R,BC=CR’) +H, 

95-100% 

= Li, Na, R’ = alkyl or ary! 
= K, R' = H, alkyl or ary! (eq 46) 

oe 9° 9 (eq 42) 

6 . LiR,BH Pas can 

LiR,BH 15S/15R 
TLBH 92/8 
L-Selectride* 89/11 

(eq 43) 

° fo) (eq 44) 

wh Wn _n_00 “ate yi nam 000 H 

+ Ci, epimer 

< FA THRO” 
THPO y H ‘OH 

° (eq 45) 

rR 7 = 
OR" 

R = CH,NO,, R' = R" =H 
R = CH,, R' = CH;, R"= Ac 

R = CH=CH,, R’= R* = H 

R=H,R' =R"=H 

R = CONH,, R’ = CH;, R"” = Ac 

SCHEME I 

RCOCHR'CH,COX 

iE 
R 

UJ ‘ 1 

oe oe \ ‘3 Nooe® a a Nea 
gas CH CH v R _cocn, Teas 2€OX HH, COX 

@ 

ie ¥ 
% 

R wa \/THE 

cis | (CS oe f8C! MIR; BC—CRi] Me eee ie RC=CR’ 
R 4 BR’, -78 

RX 

HOAc 

‘ a4 (cis & trans) 
R R R, : 

cis x= A 

H H Hh ~ 
{0} 

R! 

R’ R R 

NG \ 7 
CHER cate (mixture of cis & trans) 
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These are highly versatile intermediates 

for the synthesis of carbon structures 

(Scheme I). Preliminary experiments in- 

dicate that it should be possible to syn- 

thesize functionalized alkynyl-“ate” com- 

plexes.?? 

CONCLUSION 
In 1971 we first recognized the excep- 

tional characteristics of  trialkyl- 
borohydrides, especially lithium triethyl- 

borohydride.3® Since then, further 

research in our laboratory and elsewhere 

has led to the synthesis of a number of 

trialkylborohydrides with different struc- 

tural features and their application to 

organic synthesis. All prove to be highly 

active nucleophilic selective reducing 

agents. Many of these derivatives possess 

extremely attractive properties, such as 

the reduction of cyclic ketones with 

enzyme-like stereoselectivity. Research 

underway in our laboratory is leading to 

the discovery of many more attractive 

uses for these new reagents in organic 

synthesis.3! In addition to their reducing 

properties, we are discovering certain 

new aspects of these reagents, useful for 

the regio- and stereoselective synthesis of 

carbon structures.3? These new, exciting 

developments will be reviewed later. 

Finally, it should be pointed out that we 

are only in the beginning of the explora- 

tion of a vast new area of synthetic and 

theoretical interest. Continued research 

in this area together with the understand- 

ing of the structure-reactivity 

relationship should facilitate the develop- 

ment of highly specific reducing agents, 

similar to the enzymes developed by 

Nature, to achieve highly specific 

biological transformations. 
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Sodium Cyanoborohydride: 
A Highly Selective Reducing 
Agent 

The synthetic organic chemist, faced 

with the need to prepare compounds of 

ever-increasing complexity, has had the 

problems confronting him greatly 

simplified by the development of numerous 

selective reducing agents.!.2 Reagents that 

are capable of reducing a given functional 

group in the presence of various other sen- 

sitive functional groups have been 

prepared by modifying the reducing power 

of complex metal hydrides. For example, 

substituted borohydrides are a particularly 

successful modification. The steric and 

electronic effects of the substituents greatly 

influence the reactivity of the borohydride 

ion.4 Thus, sodium cyanoborohydride with 

its strongly electron-withdrawing cyano 

group is a milder and more selective reduc- 

ing agent than sodium borohydride. 

The initial exploratory work on the utili- 

ty of analkali metal cyanoborohydride asa 

reducing agent resulted in almost totally 

negative results. Of all the functional 

groups studied, only aldehydes were 

reported to have been reduced.‘ Fortunate- 

ly, the reagent was not forgotten and recent 

investigations have shown that, under the 

proper conditions, sodium cyanoborohy- 

dride is an extremely useful reagent for the 

selective reduction of organic functional 
groups. 

PHYSICAL PROPERTIES 

Sodium cyanoborohydride is highly 

soluble in a variety of solvents including 

water, alcohols, amines, and tetrahydro- 

furan (THF) but is insoluble in hydrocar- 

bons. Complete solubility data are sum- 

marized in Table I. 

The NaBH,CN available from the 

Aldrich Chemical Company is of sufficient 

purity for most applications. However, if 
ultra-pure material is required, one of the 
following purification procedures should 
be used. The NaBH,CN is dissolved in 
THF (20%w/ v), filtered and reprecipitated 
by a four-fold volume of methylene chlor- 
ide.5 The NaBH,CN is then collected and 
dried in vacuo. Alternatively, the NaBH,- 
CN is dissolved in dry nitromethane and 
filtered, and the filtrate is poured into a ten- 
fold volume of carbon tetrachloride with 
vigorous stirring. The white precipitate of 
NaBH,CN is filtered, washed several times 
with carbon tetrachloride and dried in 
vacuo. A third method for the purification 
of NaBH,CN involving precipitation and 
recrystallization of the dioxane complex 
has been reported in detail by Borch and 
coworkers.’ 

Solvent-free NaBH,CN is a _ white 

amorphous powder, m.p. 240-242° (dec.). 
Contact with air should be kept to a 

Clinton F. Lane 

Aldrich- Boranes, Inc. 

Milwaukee, Wisconsin 

53233 

minimum because 

hygroscopic. 

CHEMICAL PROPERTIES 
1. Hydrolysis 

The utility of NaBH;CN as a reducing 

agent is greatly enhanced by its stability in 

acid to pH 3.8 The hydrolysis of NaBH,;CN 

is acid-catalyzed. However, its rate of hy- 

drolysis is 10-8 times that of NaBH,.? The 

NaBH;CN is _ very 

a 12N HCI 
BH,CN + 3H,O0 Oe (1) 

B(OH), + CN” + 3H, 

decomposition of NaBH,CN in waterat 

pH 7 as measured by hydrogen evolution at 

concentrations from 103 to 0.3M is less 

than 0.5 mole % after 24 hr.6 In 12N hy- 

drochloric acid, relatively rapid hydrolysis 

occurs (eq 1).® 

Table I. Solubility of NaBH,CN? 

Solvent Temp., Solubility, 

iC g/100g solvent 

THF 28 37.2 
46 41.0 

62 42.2 
Water 29 ele 

52 181 

88 121 
Methanol 25 Very soluble 
Ethanol 25 Slightly soluble 
Diglyme 25 7.6: 
lsopropylamine 25 Slightly soluble 
Diethyl! ether 25 Insoluble 
Benzene 25 Insoluble 
Hexane 25 Insoluble 
ei 

“Data taken from Ref. 5. 
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The acid stability of NaBH,CN has 

resulted in numerous applications of this 

reagent that would not be possible with 

NaBH, (vide infra). For example, NaBH, 

can be used to trap carbonium ions formed 

in the ionization of readily ionizable or- 

ganic halides in an aqueous diglyme 

solution.!9 The rate of solvolysis would, of 

course, be enhanced by the presence of 

acid, but this would also rapidly destroy 

the NaBHy,. This serious limitation is not 

present with NaBH;CN, which has been 

used to trap carbonium ions generated with 

hydrogen chloride in aqueous THF.!! 

The addition of one equivalent of 

hydrogen chloride to a solution of NaBH,- 

CN in THF results in incomplete 

hydrolysis with the formation of cyano- 

borane, which was postulated to exist in 

THF as the BH,CN:THF complex (eq 

NaBH,CN + HC) —=—> (2) 

BH,CN-THF + NaCl + H, 

2).'!2 The addition of amines to this solution 

has been used for the preparation of 

various amine-cyanoborane adducts.!3.!4 

This procedure appears generally useful for 

the synthesis of donor-cyanoborane com- 

plexes. If diethyl ether is used as the solvent 

instead of THF, then various polymeric 

forms of cyanoborane are formed.!5 

Measurement of the volume of hydrogen 

evolved upon complete hydrolysis in 

aqueous acid can be used for the quan- 

titative analysis of sodium borohydride.!® 

However, this procedure cannot be used 

conveniently to analyze NaBH,;CN due to 

its slow rate of hydrolysis even in aqueous 

acid. lodometric titration has been used to 

determine the purity of NaBH,!’ and 

NaBH,CN.’? The half-reaction for this 

redox reaction is as shown (eq 3). 

BH,CN’ + 3H,O 
(3) 

B(OH), + CN” + 6H* + 6e 

2. Exchange 

At pH 3, the hydrogens of BH;CN- can 

be readily exchanged for either deuterium 

or tritium,’ thus permitting the direct syn- 

thesis of NaBD;CN and NaBH,CN-t.’ 

When D,O is used, the rate of exchange is 

about 15 times as fast as the rate of hydro- 

lysis.? In the case of NaBHy,, hydrolysis 

competes with exchange so that exchange 

is barely detectable. 

Recent experimental results have shown 

that as the solvent becomes more basic, the 

ratio of the exchange rate to the hydrolysis 

rate becomes greater.!8 For example, the 

ratio Kex/kKhy 1s equal to 34 in pure water 

while in 4:1 DMSO-water, the ratio is 

equal to 374. 

3. Industrial Applications 

The reducing properties of alkali metal 

cyanoborohydrides have led to a number 

of interesting industrial applications. Li- 

thium cyanoborohydride has been used to 

cure a liquid nitrile polymer!? and a 

polymer made from an aliphatic mercap- 

tan and a conjugated diene.2? Cyanoboro- 

hydrides have been used for the reductive 

bleaching of groundwood pulp, sulfate 

pulp and chemigroundwood pulp without 

corrosion of the equipment.?! Finally, 

chemical metal plating baths have been 

described where a cyanoborohydride is 

used as the reducing agent”? or as an ad- 

ditive to improve the stability and efficien- 

cy of the chemical plating solution.” 

4. Transition Metal Complexes 

The cyanoborohydride ion can act as a 

ligand for transition metal complexes, and 

the preparation, structure, physical pro- 

perties and spectra of a number of these 

complexes have been described. Complex- 

es have been reported where the transition 

metal is copper,?4~0 silver,?46 nickel,2427,30 

cobalt,27,30 ruthenium, 3! rhodium, 2732.33 or 

iridium.?7,32 

The synthesis of these complexes is quite 

simple. For example, a copper complex is 

readily prepared by adding an ethanol 

solution of NaBH,CN to a chloroform 

solution of (Ph,P),;CuCl.24 On standing, 

this solution develops colorless crystals of 

(Ph;P);Cu(NCBH;). 

A systematic investigation of the 

chemical properties of these transition 

metal cyanoborohydride complexes has 

not been undertaken. These complexes 

may show interesting and useful 

characteristics for the reduction of organic 

functional groups. For example, aromatic 

nitro groups are normally inert to NaBH, 

but are readily reduced to amines in the 

presence of (Ph;P),;NiCl,.34 This process 

may be more complicated but it could in- 

volve an intermediate nickel borohydride 

complex.?> 

SELECTIVE REDUCING PROPER- 

TIES 
Sodium cyanoborohydride is a versatile 

reagent that will reduce a variety of organic 

functional groups with remarkable selec- 

tivity. For example, many selective reduc- 

tions have resulted from the observation 

that an imminium ion (I) is reduced much 

faster than a carbonyl group (eq 4).7.8 

3C=O + HNC === DC=N¢ HepraeN HC-N: 
as 

I 

(4) 
NaBH,CN \ 

HC-O. .- 
very slow iB. 

Also, the stability of NaBH,;CN in protic 

solvents at low pH has allowed reductions 

under conditions that would rapidly 

hydrolyze NaBH,. Finally, the solubility of 

NaBH,CN in polar aprotic solvents has 

further enhanced its utility as a reducing 

agent. 

Sodium cyanoborohydride is a very 

selective reducing agent because, even un- 

der the diverse reaction conditions em- 

ployed, many sensitive functional groups 

are not reduced. For example, amides, 

esters, lactones, nitriles, nitro compounds 

and epoxides are inert toward this reagent. 

The various selective reductions will now 

be discussed in detail. 

1. Reduction of Aldehydes and Ketones 

Under neutral conditions in water or 

methanol, there is negligible reduction of 

aldehydes and ketones. However, at pH 3- 

4, the rate of reduction is sufficiently rapid 

to be synthetically useful.’3¢ Since the 

reduction consumes hydrogen ions (eq 5), a 

3¢:0 +BH,CN’ +3ROH + H® ——> 
(5) 

3HCOH + B(OR), + HCN 

buffered system is required or acid must be 

added to maintain the necessary low pH.’ 

Some specific examples are illustrated 

below (eq 6,7).’ 

oO 
by NaBH,CN 

CH,OH, HCI 
pH 4, 25° (6) 

CH,OH 

87% 

9) H,.OH 
NaBH,CN (7) 
a ol 

pH 4, 25° 

88% 



The reduction of cyclopentenone with 

NaBH,CN gives mainly cyclopentanol.’ 

However, this may not be a general result 

for a,B-unsaturated systems. Recently, it 

was shown that, in the reduction of a series 

of conjugated ketones of the cholestenone 

type with NaBH,CN in THF, the major 

product was usually the corresponding 

allylic alcohol. '6 

For NaBD,CN reductions, the recom- 

mended solvent is THF-D,O and the pH is 

maintained by adding a solution of DCI- 

AcOD in THF-D,O.’ High yields of deu- 

terated alcohols are possible as shown in 
equation 8. 

i NaBD,CN 
CH; D,0- THF 

DCI, pH3 (8) 
OH 

CDCH, 

88% 

The mild conditions employed for these 

reductions with NaBH,CN should result in 

many applications for the selective reduc- 

tion of aldehydes and ketones. Recently, a 

specific example was reported which show- 

ed that an aldehyde group can be selective- 

ly reduced with NaBH;CN in the presence 

of a thiol ester group (eq 9).38 

By changing the cation and solvent, it is 

possible to carry out an even more selective 

reduction. Thus, tetrabutylammonium 

cyanoborohydride in acidified hexa- 

methylphosphoramide (HMPA) selec- 

tively reduces aldehydes in the presence of 

almost all other functional groups in- 

cluding cyano, ester, amido, nitro, and 

even the keto group.3? 

A recent patent disclosed that a new class 

of reducing agents can be prepared by the 

reaction of sodium cyanide with dialkyl- 

boranes in THF.4° The resulting Na- 

[R,BHCN] reagent was claimed to be 

useful for carbonyl reductions. 

2. Reduction of Oximes 

Under acid conditions, the reduction of a 

ketoxime proceeds smoothly to the cor- 

responding N-alkylhydroxylamine with no 

trace of the amine which would result from 

overreduction (eq 10).’ 

n-OH 
NaBH,CN H,.NHOH 

ee CH,OH,HCI eo (10) 
pH 4, 25° 

77% 

The reduction of aldoximes is extremely 

pH-dependent. When the reduction is 

carried out at pH 4, the major product is 

the dialkylhydroxylamine, while at pH 3, 

the major product is the monoalkyl- 

hydroxylamine (eq 11).? 

HO-C-H O=C-H 

C¢-s ~ ance 

oO S O 

NaBH,CN 
C,H;OH, AcOH (9) 

pH 5.5 

HO-CH, 

gates 

oO 

OH 

CH,0OH, HCI CH>N-CH, 

pH 4 

CH=NOH 60% 

+ NaBH,CN (11) 

CH,OH, HCI CH NHOH 

pH 3 

79% 

Ar te; NaBH,CN es, 
ENS CH,OH, HCI Ar-CH,-NH-OR (12) 

H OR pH 3 

aN ‘NC ‘Ne 
aS Ht. or BH,CN- re (13) 

=== H H 

) 

Reduction with NaBH,CN provides 

what is apparently the only known method 

for the conversion of O-alkylbenzald- 

oximes to the corresponding N, O-dialkyl- 

hydroxylamines (eq 12).4! 

The reduction of oximes with borane- 

THF provides an alternative method for 

the preparation of N-alkylhydroxyl- 

amines.4? However, this procedure cannot 

be used to prepare N, O-dialkylhydroxyl- 

amines because reduction of oxime ethers#3 

and oxime esters#44 with borane-THF 

proceeds readily to give the corresponding 

amines in excellent yields. Also, catalytic 

hydrogenation of arylketoximes gives 

amines,*5 while aldoximes afford WN, N-di- 

ea niuied hydroxylamines?? and O-alkyl- 

5 

_NaBH;CN CN 

THF-CH, THF-CH,OH~ 
pH 5, 25° 

Cry 2 
86% 

benzaldoximes give benzyl and dibenzyl- 

amines.‘6 

3. Reduction of Enamines 

Although the enamine group should be 

resistant to reduction by NaBH,CN, rapid 

and reversible protonation of the B-carbon 

generates a readily reducible imminium 

salt (eq 13). 

Simple enamines are rapidly reduced by 

NaBH,CN at an initial pH of 5 ina 15:1 

THF-methanol solvent mixture (eq 14)’ 

If the enamine is conjugated with a car- 

bonyl group, the reduction becomes more 

difficult and acid must be added to main- 

tain a pH of 4 (eq 15).’ 
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4. Reductive Amination of Aldehydes and 

Ketones 

| Since the imminium ionis reduced much 

| faster than a carbonyl] group, it is possible 

| to reductively aminate an aldehyde or 

| ketone by simply reacting the carbonyl 

| compound with an amine at pH 6-8 in the 

presence of NaBH;CN (eq 16).’ 

The reaction is general for ammonia, 

primary and secondary amines, all 

aldehydes, and unhindered ketones. 

Hindered and diaryl ketones fail to react 

and aromatic amines react somewhat 

sluggishly. Some interesting examples of 

reductive amination are given below along 

with isolated yields (eq 17-20). 

The reductive amination process is not 

limited to the simple amines. The reaction 

of a ketone with hydroxylamine has been 

used to prepare the N-alkylhydroxyl- 

amines II and III.’ 

The reaction of a dicarbonyl compound 

with anamine in the presence of NaBH,CN 

provides an interesting new synthesis of 

nitrogen heterocycles, as illustrated in the 

| preparation of compounds IV,’ V,’ VI,* 

and VII.‘? 

The mild conditions employed for these 

reductive aminations obviously indicate 

that numerous highly selective reductions 

should be possible. Recently, it has been 

shown that reductive amination with 

NaBH,CN can be used to prepare each of 

the following functionally substituted 

amines: aminoester (VIII),” aminoepoxide 

(1X),5° and aminonitroxide free radical 

(X).5! An unhindered ketone can be selec- 

tively aminated in the presence of a 

relatively hindered ketone to give the 

aminoketone (XI).52 Finally, a selective 

amination of a formyllactone gave the 

aminolactone (XII).53 This was then used 

as the key step in a convenient and high 

yield synthesis of the plant antifungal 

agent, tulipalin A (XIII).*4 

The reductive amination of substituted 

pyruvic acids provides a useful new syn- 

thesis of d/-w-amino acids (eq 21,22).’ This 

procedure is apparently the most efficient 

and economical route for preparing '5N- 

labelled amino acids (eq 23).’ 

5. Reductive Alkylation of Amines and 

| Hydrazines 

A mild and efficient method for the syn- 

thesis of tertiary methylated amines has 

been developed that involves simply the 

reductive amination of formaldehyde.*> 

The reaction of an aliphatic or aromatic 

amine with aqueous formaldehyde and 

NaBH,CN in acetonitrile results in ex- 

| cellent isolated yields of methylated amines 

(eq 24-27). 

70 

0. 
NaBH,CN 0 

“THF-CH,OH” 65% 
N 9 HCl, pH 4 N fo) 

CH;C=CH-C-OCH,CH, CH,;-CHCH;C-OCH,CH, 

ee rs nai — cage — rrenies RX 'R ys Rre~ Ry Rs R, 

O N(CH;), 
NaBH,CN + (CH,),NH-HCI + KOH —eron 

54% 

NaBH,CN 
+ NH,OAc CH;0H H 

pH 6-8 
NH, 

63% 

O NHCH3 

CCH(CH,), NaBH,CN CHCH(CH,), 
+. CH.NH 

CH;0OH, pH 6-8 

91% 

2 H,NHCH,CH 
C-H 4 CHCH.NH, Nisei 3 

CH,OH, pH 6-8 
91% 

fe) 
NaBH,CN H<NHOH 

+ NH,OH CH,OH, pH 6-8 66% 

ll 

(15) 

(17)47 

(18)7 

(19)? 

(20)’ 

9 NaBH,CN NHOH 
CH,CH,;C-CH, + NH,OH CH;OH, pH 6-8 CH,CH,CHCH, 64% 

Il 

A g NaBH,CN ce 
CH,NH, +  H-C-(CH,),-C-H ope KN nae 

i 

CH, 
IV 

2 < 
Z~ C-(CH,),-C-H Ni NaBH,CN A 

| ng 3 “CH,OH, pH6-8 | N rer 

Vv 

6 



| Slaanen NaBH,CN 
H- Jeeta ie CH,OH, pH 6-8 

eee 
2 uf 

C-OCH,CH, + (CH,),NH 

86% 

NaBH,CN 
CH,OH, pH 6-8 

Go CH,CH, 

CH,), 

ve 53% 

O 

NaBH,CN 
"Or eats eee 
CH, sy CH, 

(@) H, 

CH, CH, 
CH, H, 

§ . 70% 

oe fe) 
C-H H a H aise C-H _(CH:),NH_ CH,N(C ie 

rs —NaBH,CN 
oO Oo” O _ CH,OH, ‘pH 10 O 

| ent 

| XIII 

o9 NaBH,CN fe) 
C,H,CH-C-C-OH+NH,Br —cH,on > CeHsCH,CH-C-OH (22) 

pH 6-8, 25° 2 49% 

(CH,),CHNH (CH,),CHNCH, 

+ HCHO NaBH,CN 
CH,CN, H,0 ae 

25° 

87% 

NH, N(CH,), 

+ HCHO NaBH,CN (26)55 

H,CN, H,O NO, ages NO, 
68% 

vi 

1 3 Oo H 

CH;CH NaBH,CN + CHNH,HC] oro os 

CH,O a 
: cH, 5° 

H 

is 
chee ' 

VII 
CH,O cnt 

h 
CH; 35% 

GUS: + NH,NO | H c 4 3 CH;,0H 

SS) H cD 

NH, Ix 

H CH: 

CH, 
+ NH,OAc _NaBH,CN 

CH;,0H 

fe) CH 

CH, 

0 HN XI 100% 

oe) fe) 
NaBH,CN " CH;C-C-OH + NH,Br oye CH,CH-C-OH (21) 
pH 6-8, 25° NH, 50% 

a9 
CH;C-C-OH 

| + NTS NO NaBH,CN 
—_-—— 

N fied 2 TCHIOM 
PH 6-8, 25° (23) 

CH,CH-C-OH 
| SNH, 

H 

>97%15N 

NH 2 N(CH,), 

+ HCHO  NaBH,CN (25)55 

CH;CN, H,O 
Br 25° 

Br 87% 

OCH, 0 OCH, 9 
€-CH-CH;C-OCH, C-CH-CH;C-OCH, 

NaBH,CN re 
+HCHO CH,CN, H,0 (27) 

NH, - NCH;), ogo, 
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The mild conditions, ease of experimen- 

tal manipulation and the high yield of pure 

product appear to make this the method of 

choice for the reductive methylation of 

amines. 

Hydrazines can also be reductively 

alkylated using NaBH,CN to provide a 

simple synthesis of some interesting tetra- 

alkylhydrazines (eq 28-30).°’ 

6. Reductive Displacement of Halides and 

Tosylates 

Sodium cyanoborohydride in HMPA 

provides a rapid, convenient, and ex- 

ceedingly selective system for the reductive 

removal of iodo, bromo and _ tosyloxy 

groups.>°’.? The following examples give an 

indication of the scope of this reductive dis- 

placement procedure (eq 31-33). 

Primary alcohols may be converted by a 

simple two-step-in-one process to the cor- 

responding hydrocarbons. The process in- 

volves conversion of the alcohol to the 

iodide with methyltriphenoxyphosphon- 

ium iodide in HMPA at room temperature 

followed by addition of NaBH,CN and 

stirring at 70°. Equations 34 and 35 il- 

lustrate this procedure. 

The superior selective feature of this 

reductive displacement reaction is 

demonstrated by its inertness toward 

almost all other functional groups in- 

cluding ester, amide, nitro, chloro, cyano, 

alkene and even such sensitive groups as 

epoxide, ketone, and aldehyde.’ This 

selectivity becomes even more pronounced 

when tetrabutylammonium cyanoborohy- 

dride is used.?? 

7. Deoxygenation of Aldehydes and 

Ketones 

The propensity for NaBH,CN to reduce 

imminium ions has resulted in the develop- 

ment of still another useful synthetic reac- 

tion. The reduction of aliphatic ketone and 

aldehyde tosylhydrazones with NaBH,CN 

in acidic 1:1 DMF-sulfolane provides a 

mild, selective, convenient, and high-yield 

alternative to the Wolff-Kishner and 

Clemmensen reductions (eq 36).®-®2 

The prior preparation of the tosylhy- 

drazone is unnecessary in many cases since 

the slow rate of carbonyl reduction permits 

the in situ generation from tosylhydrazine 

and the carbonyl compound. 

A number of general deoxygenation 

procedures have been developed depen- 

ding on the structure of the carbonyl com- 

pound. The original investigation, in which 

over 60 different carbonyl compounds 

were studied, should be consulted for ex- 

perimental details,®! but the following ex- 

amples should indicate the utility and selec- 

tivity of this method for the deoxy- 

= + NaBH,CN 
CN NH NCHO CH,CN, H,0 X N-NCH,), (28) 

59% 

9 9 
D NaBH,CN ( NENH, + H-C-CH)-C-H oo vn ee, 

36% 

NH fe) NaBH, NeBHCNE 

| + wl cH), -C-H CH,CN, H,0 a ES (30) 

NH 32% 

NaBH,CN ° 
u 

CH CH OCU : NEA Oa 
r 

NaBH,CN 

HMPA, 70° 

_NaBH;CN 

"HMPA, 70° 

ae 
C,HsCH-CH-CH,Br 

° 
H,(CH,),CH,-C-OCH,CH, (31) 

90% 

C,H-CH-CHCH, (32) 
63% 

0 

° 89% 

H=CHCH,OH CH=CHCH, 
CH,(PhO)3P*1~ NaBH,CN (34) 

—_—_—__ —_— 

aoe he 68% 

O(CH,),CN CH,(PhO),P4” NaBH,CN 

CHE CN Tae eee CHICHI.CN 66% (35) 

Ht 

Xc=0 + H,NNHTos ————* >C=NNHTos ——— \C=NHNHTos 

‘cH, + N, <—— wen 

H,NNHTos 

| BH,CN7 
(36) 

=—888¢_ SC H-NHNHTos 

re) fe) 
cHt(cH)-€-0(cH),ch, —aBHCN_. CH,CH,(CH,),-C-O(CH,),CH, (37) 

DMF-sulfolane 
100° 

an wees 1 1 a 
CH;C-CH,-C-O|CH,),CH race and is alte, 

: : ¢ a $ DMF-sulfolane 
100° 

oO H,NNHTos 
NaBH,CN 

V—_—__—-"- 

DMF-sulfolane 
100° 

87% 

fe) 
CH,(CH,),-C-O(CH,),CH; (38) 

65% 

fe) 
CH,CH,(CH,)-C-O(CH,),CN (39) 

75% 

cape 
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eer oEn a 

N apn \ 
; ——<—_—_—_———— pe 56% (40) 
CH, DMF-sulfolane CH. : 

100° 

0 
CH, H CH, H 
CH; CH, H.NNHTos NaBH,CN CH; CH, (41) ee 

C,H;OH, A DMF-sulfolane 
110° 

92% 

“i 
C-CH, H,NNHTos NaBH,CN CHCH, 

C,H;OH, A DMF-sulfolane 79% (42) 
110° 

H,NNHTos NaBH,CN ne 

48% C,H;OH, A DMF-sulfolane 
CH; CH, ute 110°. CH; CH, 

it . 
CH=CH-C-H H,NNHTos NaBH,CN CH,CH=CH, 

——_> 
C,H5OH, A Been (44) 

10° 

98% 

0. ee e 

< N re) . 
XIV 80% 

Oo 

9 
nV _—_—_— = (eres O 

pei, fe) XVI 76% XV i 0 

Q OCH, CH,-S-CH, _FSO3CH ~~ ~-CH;S-CH, 
“CH,Ch, 0 | 

SS 

NaBH,CN 

C,H<OH, 0° (45) 

CH,-S-CH, 1G 

CT 92% 

genation of carbonyl compounds (eq 37- 

44). 

Aryl carbonyl compounds proved to be 

quite resistant to reduction by this method 

regardless of the procedure used.°! How- 

ever, this might prove to be useful because 

aliphatic ketones and aldehydes could 

probably be selectively removed in the 

presence of an aryl carbonyl group. 

The mild conditions required for this 

modified Wolff-Kishner process should 

result in numerous applications in syn- 

thetic organic chemistry. For example, this 

deoxygenation procedure was recently 

used as a key step in the stereoselective syn- 

thesis of the ring skeleton of the alkaloid 

lycorine.*3 An 80% isolated yield of y- 

lycorane (XIV) was obtained. Deoxygena- 

tion of XV also occurred without bridge- 

head epimerization giving a 76% conver- 

sion to the desired trans-1-oxadecalin 
structure XVI. 

A procedure has also been developed for 

the deoxygenation of sulfoxides using 

NaBH,CN which involves the prior forma- 

tion of an alkoxysulfonium salt using 

methyl fluorosulfonate (eq 45).65 

In conclusion, the stability and reactivity 

of the cyanoborohydride ion in aqueous 

systems at pH 6-8 indicate the potential for 

carrying out imine reductions and carbonyl 

aminations on complex biological systems. 

Recently, such an application has been 

reported where the imino linkage between 

I1-cis-retinal and the lipoprotein, opsin, 

has been reduced under mild conditions 

(aqueous, pH 5, 3°) using NaBH,CN.° 

Also, the observed deactivation by 

NaBH;CN in aqueous acid medium was 

used in a recent characterization of an 

aldolase enzyme.°’ 
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Borane* methyl sulfide (BMS) is a con- 

centrated, reactive, and stable source of 

BH,, and we have reported its utility in the 

hydroboration of alkenes? and in the 

reduction of aromatic carboxylic acids.3 

Borane: tetrahydrofuran (BH,*THF) is 

the most commonly used hydroboration 

reagent and its use was recently reviewed 

by Professor Herbert C. Brown.* However, 

this reagent possesses certain character- 

istics which limit its preparation, storage, 

and use as a commercial source of borane, 

namely: (1) BH,;* THF canonly besoldasa 

dilute solution (1M) in THF (1.5 wt % 

BH;), (2) THF is slowly cleaved by BH; at 

room temperature, (3) sodium borohy- 

dride (5 mole %) must be added to BH;° 

THF to inhibit the cleavage of THF, and 

(4) THF is relatively expensive and at times 

has been in short supply. 

BMS has been found to overcome all of 

these disadvantages. BMS has a molar con- 

centration of BH, ten times that of the 

BH,:THF reagent. It can be stored for 

months at room temperature without loss 

of hydride activity and is apparently stable 

indefinitely when refrigerated. Also, BMS 

is soluble in and unreactive toward a wide 

variety of aprotic solvents. 

The BMS available from the Aldrich 

Chemical Company is a clear, colorless li- 

quid with a BH; concentration of one mole 

per 100ml (ca. 10M). The reagent contains 

only BMS and ca. 5% excess methyl sul- 

fide. 

BMS is very soluble in ethyl ether, tetra- 

hydrofuran, hexane, heptane, toluene, 

xylene, methylene chloride, monoglyme, 

diglyme, and numerous other aprotic 

solvents. BMS dissolves readily in alcohols 

with the quantitative evolution of hydro- 

Organic Synthesis via Organoboranes. IV.! 

Reduction of Organic 
Functional Groups 

with Borane-Methyl Sulfide 

gen. However, BMS is insoluble in water 

and only very slow hydrolysis occurs. The 

addition of water to ether solutions of 

BMS results in rapid hydrolysis. 

We recently reported that quantitative 

hydroborations with BMS are possible un- 

der mild conditions in a variety of aprotic 

solvents such as ethyl ether, THF, hexane, 

toluene, and methylene chloride.? The vast- 

ly improved air stability and ease of hand- 

ling of this reagent have resulted in its use 

as a hydroboration reagent in an under- 

graduate laboratory.» The successful 

hydroboration of olefins with BMS ina 

variety of solvents prompted a similar 

study with BMS as a reducing agent. 

The reduction of organic functional 

groups with BMS has been under active in- 

vestigation for the past two years in the 

laboratories of Aldrich-Boranes, Inc. The 

results of this study seem to indicate that 

the reactivity of BMS parallels that of 

BH,;:THF.* However, BMS reductions 

usually require somewhat higher tempera- 

tures, i.e., with BH,*THF many reactions 

occur readily at 0-5° while the analogous 

reactions with BMS occur readily only at 

20-25°. Consequently, it is strongly recom- 

mended that the addition of BMS toa reac- 

tive molecule be carried out at 20-2S° or 

higher. Addition of BMS at 0° or lower 

may result in a very slow reaction; upon 

subsequent warming a vigorous exother- 

mic reaction may then occur. 

The reduction of carboxylic acids with 

BH,°THF was found to yield the corres- 

ponding alcohols rapidly and quantita- 

tively under remarkably mild conditions. A 

detailed study of the scope of this reduction 

has been reported.’ We have investigated 

the use of BMS for the reduction of car- 

boxylic acids.3 n-Hexanoic acid and ben- 

zoic acid were initially studied as represen- 

tative carboxylic acids. The reduction of n- 

hexanoic acid was found to occur rapidly 

and quantitatively in THF while the reduc- 

tion of benzoic acid was appreciably 

slower, giving a low yield of benzyl alcohol. 

Fortunately, this difficulty was easily over- 

come by carrying out the reduction in the 

presence of trimethyl borate. This im- 

proved procedure was then used to reduce 

a number of functionally substituted ben- 

zoic acids on a preparative scale. Equation 

| gives a specific example. 

COOH CH,OH 

1) BMS, (CH30)3B 

2) CH3,0H (1) 

NO, NO, 
98% yield 

Although THF was used as the solvent in 

this study, reductions with BMS can be 

carried out in various aprotic solvents as 

shown in Table 1. 

A wide range of functional groups can be 

reduced with BMS and, to illustrate this, 

representative procedures have been 

developed for the reduction of carboxylic 

acids, esters, oximes, nitriles, and amides. 

The selectivity of the reagent is also il- 

lustrated by the complete absence of reduc- 

tion of halides and nitro groups. 

An important feature of the following 

experimental procedures is the ease of 

product isolation. In the reduction of car- 

boxylic acids and esters, it is only necessary 

to add an excess of methanol and then 

remove all volatiles in vacuo to give an 

alcohol residue that is boron-free and of 

satisfactory purity for most applications. 

In the reduction of oximes, nitriles, and 



Table 1. Reduction of n-Hexanoic 

Acid with BMS 

Solvent Study* 

Solvent Time, 1-Hexanol, 

hr % yield’ 

Ethyl ether ] 100 

THE 4(0.5)° 100 

Hexane 0.5 100 

Toluene 2 99 

Triglyme 4 91 

Trimethyl borate 0.5 100 

| “n-Hexanoic acid (30mmol) added dropwise to 

BMS (33mmol) in 30ml of solvent at 20-25°. Vield 

by ge analysis after hydrolysis using an internal 
standard. “BMS added to n-Hexanoic acid in 30ml 
of THF, 

amides, it is necessary to add anhydrous 

| hydrogen chloride to hydrolyze the boron- 

nitrogen intermediates to trimethyl borate 

and the amine hydrochloride salt. Again, 

simple removal of all volatiles in vacuo ona 

rotary evaporator or similar apparatus 

gives the amine hydrochloride which is 

boron-free and of satisfactory purity for 

most applications. 

The key step in the isolation procedures 

is the removal of solvent and trimethyl 

borate in vacuo. Although the residue ob- 

tained may be reasonably pure, it is usually 

necessary to carry out a distillation, re- 

crystallization, or a related purification 

process to obtain a product of high purity. 

The procedure below for the preparation of 

| |-bromo-1-undecanol describes the use of 

the Aldrich Kugelrohr distillation ap- 

paratus while that of 2-chloro-4-nitroben- 

| zyl alcohol illustrates another approach to 

the purification of an alcohol product. 

The procedures describing the reduction 

of an oxime, nitrile, and amide illustrate 

three different methods that we have found 

particularly useful for the purification of 

amine products. The preparation of N- 

cyclohexylhydroxylamine hydrochloride 

has as its purification step a straightfor- 

ward recrystallization of the amine 

hydrochloride salt. The preparation of 2- 

(2,6-dichlorophenyl)ethylamine _ illus- 

trates the conversion of the amine hydro- 

chloride salt to the free amine followed by 

distillation. Finally, the preparation of 4- 

nitrobenzylamine hydrochloride describes 

a special technique where only the 

stoichiometric amount of methanol is add- 

ed followed by treatment with hydrogen 

chloride gas which results in the precipita- 

tion of the amine hydrochloride salt. Sim- 

ple removal of the supernate then 

| eliminates the majority of the impurities. 

] 
| 

The isolation procedures given are not 

limited to these specific examples or these 

specific functional groups. For a given 
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reduction it is usually necessary to proceed 

with a trial-and-error approach to the best 

isolation procedure. The following proce- 

dures are given for illustrative purposes 

only and may, in fact, not be the best 

procedure for the isolation and purifica- 

tion of specific products. 

It is hoped that the following examples 

will make it apparent that BMS is a very 

useful reagent for the reduction of organic 

functional groups. The stability, commer- 

cial availability in pure form, solubility ina 

wide variety of solvents, and ease of ex- 

perimental work-up should make BMS the 

reagent of choice for many borane reduc- 

tions. 

Preparation of 11-bromo-1-undecanol 

A one-liter, three-necked, round-bot- 

tomed flask equipped with a magnetic stirr- 

ing bar, pressure-equalizing addition 

funnel, thermometer well, and reflux con- 

denser is flushed thoroughly with dry, high- 

purity nitrogen and maintained under a 

slight positive nitrogen pressure by use of a 

mercury or mineral oil bubbler attached to 

the condenser. The flask is opened and 

quickly charged with 100g (377 mmol) of 

11-bromoundecanoic acid. After 

reflushing the apparatus with nitrogen, 

anhydrous ethyl] ether (500 ml) is added us- 

ing the double-tipped needle transfer 

technique (note |). The resulting clear solu- 

tion is stirred at room temperature with no 

external heating or cooling as the BMS (42 

1) BMS, (C2Hs)20 
Br(CH,),,>COOH aware 

Br(CH,)CH,OH 

94.6% yield 

ml, 420 mmol, note 2) is added dropwise. 

Vigorous gas evolution occurs during the 

addition of the first 12-13 ml of BMS (time 

of addition 0.5-lhr) and the reaction does 

not appear to be exothermic. When the gas 

evolution is complete, the BMS addition is 

stopped and the reaction is heated to a gen- 

tle reflux using a warm water bath. The 

BMS addition is then continued at a rate 

sufficient to maintain a gentle reflux . The 

reaction mixture remains clear throughout 

the BMS addition which takes a total of 1- 

1.5hr. Following the BMS addition, the 

reaction mixture is maintained at reflux for 

an additional hour (note 3), then cooled to 

20° in a cold water bath and poured into | 

liter of ice-cold methanol with gentle swirl- 

ing (note 4). The resulting clear solution is 

loosely covered with aluminum foil, allow- 

ed to stand overnight in a hood, and con- 

centrated to an oil (note 5) on a rotary 

evaporator (note 6). Short-path distillation 

of this oily solid on the Aldrich Kugelrohr’ 

gives 89.6g (94.6% yield) of a colorless, 

21 

crystalline solid, b.p. 140-145° (air bath 

temp.) at 0.08mm, m.p. 45-47° (uncorrec- 

ted) (Lit.? m.p. 46-49°), with ir and nmr 

spectra in accordance with assigned struc- 

ture. The solid product is conveniently 

removed from the Kugelrohr receiver by 

melting witha hot-air gun and pouring into 

an open dish for crystallization. 

Preparation of 2-chloro-4-nitrobenzy| 

alcohol 

COOCH, CH,OH 
cl 

1) BMS, CgHsCH, 
2) CH;OH 

NO, NO, 
95.3% yield 

The reaction apparatus is assembled as 

described in the foregoing experiment and 

charged with 87.9g (408 mmol) of methy] 2- 

chloro-4-nitrobenzoate and 400ml of 

toluene (note 7). The addition funnel is 

charged with 43m]! (430 mmol) of BMS 

(note 2). The reaction mixture is then 

stirred in a 20-25° water bathas the BMS is 

added dropwise over a 0.5 hr period. The 
reaction is not exothermic and only a 

minor amount of gas evolution occurs. 

Following the BMS addition, the resulting 

clear solution is stirred for an additional 

0.5hr at 20-25°, heated slowly to a gentle 

reflux and maintained at reflux for 4 hr 

(note 3), cooled to 20°, and then slowly 

poured into 400ml of ice-cold methanol 

with gentle swirling (note 4). The resulting 

clear solution is loosely covered with 

aluminum foil, allowed to stand overnight 

in a hood, and then concentrated to 76.5g 

of a boron-free (note 6), orange, crystalline 

solid on a rotary evaporator. This solid 

shows no carbonyl absorption in its ir spec- 

trum but does contain a small amount of 

ether-insoluble material. The solid is 

slurried in ethyl ether(1.51) and THF (0.5), 

heated to reflux, cooled to 20°, filtered, ex- 

tracted with 25% aqueous potassium car- 

bonate (2 x 250ml) and saturated aqueous 

sodium chloride (1 x 250ml), dried over 

anhydrous potassium carbonate, filtered, 

and concentrated to dryness on a rotary 

evaporator. The resulting yellow, crystal- 

line solid is further dried in vacuo giving 

73.0g (95.3% yield) of 2-chloro-4-nitro- 

benzyl alcohol, m.p. 78-80°, with nmr spec- 

trum identical to that reported for the 

authentic material.!° Recrystallization 

from toluene gives light-yellow needles, 

m.p. 79-80° (uncorrected). 

Preparation of N-cyclohexylhydroxyl- 

amine hydrochloride 

A two-liter, three-necked, round-bot- 

tomed flask is equipped and assembled as 

previously described and charged with 
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134g (1.18mol) of cyclohexanone oxime 

and | liter of toluene (note 7). The addition 

funnel is charged with 130ml (1.3mol) of 

BMS (note 2). After heating the clear reac- 

tion mixture to a gentle reflux, the BMS is 

added dropwise with the heat turned off 

and ata rate sufficient to maintain a gentle 

reflux. Vigorous gas evolution and 

moderate foaming occur during the addi- 

tion of the first SOml of BMS (addition 

time: 0.5-Ihr). The remaining 80ml of BMS 

is then added at an increased rate due to 

decreased gas evolution. Total time for 

BMS addition is 1I-1.5hr. Following the 

BMS addition, the clear reaction mixture is 

heated at reflux with stirring for an ad- 

ditional 3hr period (note 3). After cooling 

to 20° in a cold water bath, methanol 

(300ml) is added dropwise (note 4) over a 

hr period. During the methanol addition, 

a white solid forms in the reaction mixture. 

This slurry is stirred for an additional hour 

NOH H. _NHOH 

1) BMS, CsH;CH3 -HCI 
2)CH3OH, HCl 

64.8% yield 

at 20-25°, and then in an ice-water bath as 

anhydrous hydrogen chloride is bubbled 

(note 4) into the reaction mixture until a 

pH of <2 is reached. During the HCI addi- 

tion, the reaction temperature is main- 

tained <15° and the solid dissolves giving a 

clear solution at pH 7. The mixture 

becomes cloudy as more HCl is added. 

When stirring is stopped, the cloudy reac- 

tion mixture separates into two clear, 

colorless, liquid layers. This two-phase 

reaction mixture is stirred overnight at 20- 

25° and then concentrated to a solid ona 

rotary evaporator (note 6). The solid (note 

8) is dried to constant weight at 20- 

25°/0.01mm giving 167g (93.4% yield) of a 

white, crystalline solid, m.p. 125-130°. A 

trace of boron was indicated by flame test. 

Recrystallization from methanol-ethyl 

ether gave 115.9g (64.8% yield) of N- 

cyclohexylhydroxylamine hydrochloride 

as colorless needles, m.p. 139-141°, with ir 

and nmr spectra in accordance with assign- 

ed structure. Percent Cl calculated for 

C,H,4CINO: 23.38; found: 24.12. Purity by 

perchloric acid titration: 99.4%, 

Preparation of 2-(2,6-dichlorophenyl)- 

ethylamine 

The reaction apparatus is assembled as 

previously described and charged with 

82.0g (441 mmol) of 2,6-dichlorophenyl- 

acetonitrile and 0.51 of toluene (note 7). 

The addition funnel is charged with 48.5ml 

(485 mmol) of BMS (note 2). The clear 

reaction mixture is heated toa gentle reflux 

as the BMS is added dropwise over a Ihr 

period. The heat is shut off whenever the 

refluxing becomes too vigorous. Following 

the BMS addition, the reaction mixture is 

maintained at a gentle reflux for 24hr(note 

3). After cooling to 20° in a water bath, 

methanol (0.51) is added dropwise. Gas 

evolution occurs during the addition of the 

initial SOml of methanol which is added 

CH,CN 

Cl Cl 1) BMS, C,H.CH, 
2) CH;OH,HCI 
3) HO, NaOH 

CH,CH,NH, 
Cl Cl 

63.7% yield 

slowly over 0.5-lhr. The remaining 450ml 

of methanol is then added rapidly over 

0.5hr. After cooling to <10° with stirring 

in an ice-water bath, anhydrous hydrogen 

chloride is bubbled into the clear solution 

until a pH of <2 is reached. The resulting 

clear, light-yellow solution is heated to 

reflux, maintained at reflux for Ihr, cooled 

to 20°, and concentrated to a yellow solid 

on a rotary evaporator. This solid is 

redissolved in 0.5] of methanol and again 

concentrated to a solid on a rotary 

evaporator. Further drying in vacuo at 20- 

25°/0.01mm gives 102g (100% yield) of a 

light-yellow crystalline solid. A flame test 

showed that a trace of boron was present. 

Percent total chlorine calculated for 

CyHj9Cl,N: 46.95; found: 43.68. Purity by 

perchloric acid titration: 92.5%. This solid 

is dissolved in 250ml of water with gentle 

heating and the solution is then cooled in 

an ice-water bath as solid sodium hydrox- 

ide pellets are added slowly with swirling 

until a pH of >10 is reached. The aqueous 

layer is saturated with solid sodium 

chloride, extracted with ethyl ether 

(400ml), and discarded. The ether extract is 

dried over anhydrous potassium carbona- 

te, filtered, and concentrated to an oil ona 

rotary evaporator. Short-path distillation 

of this oil from a few pellets of potassium 

hydroxide on the Aldrich Kugelrohr® gives 

53.4g (63.7% yield) of 2-(2,6-dichloro- 

phenyl)ethylamine as a clear, colorless oil, 

b.p. 68-72° (air bath temp.) at 0.07mm, 

ng 1.5705, with ir and nmr spectra in ac- 

cordance with assigned structure. Purity by 

gc analysis: 96%. Sample contains 4% of a 

single lower boiling impurity. 

Preparation of 4-nitrobenzylamine 

hydrochloride 

CONH, CH,NH, -HCI 

1) BMS, THF 

2) CH30OH, HCl 

NO, NO, 

72.3% yield 

tN tN 

The reaction apparatus is assembled as 

previously described and charged with 

50.0g (301 mmol) of p-nitrobenzamide and 

0.61 of THF. The addition funnel is charged 

with 73.7ml (737 mmol, note 9) of BMS 

(note 2). The BMS is then added dropwise 

with stirring to the amide-THF slurry at 

20-25° over a lhr period. Gas evolution oc- 

curs during the BMS addition and the 

amide dissolves giving a clear solution. 

This solution is stirred for an additional 

0.Shr at 20-25° and is then heated to reflux 

and maintained at reflux for Shr (note 3). 

After cooling to 20-25°, methanol (100ml, 

2.43 mol) is added dropwise over a lhr 

period at a rate such that the reaction 

temperature does not exceed 30° (note 4). 

The resulting clear solution is allowed to 

stand overnight at room temperature. 

After cooling to <10° in an ice-water bath, 

anhydrous hydrogen chloride is bubbled 

slowly into the solution with stirring while 

maintaining a temperature <15° (note 4). 

A white precipitate immediately forms and 

the HCl addition is stopped when the solu- 

tion reaches a pH of <2. The resulting 

white slurry is heated to reflux, maintained 

at reflux for Ihr and then cooled in an ice- 

water bath. The solid settles giving a white, 

crystalline precipitate and a clear, yellow 

supernate. This supernate is removed via a 

double-tipped needle using nitrogen pres- 

sure (note 8) and the solid is dissolved in | 

liter of methanol with gentle heating. Con- 

centration of this solution on a rotary 

evaporator followed by drying to constant 

weight in vacuo gives 41.0g (72.3% yield) of 

4-nitrobenzylamine hydrochloride, m.p. 

>260° (dec.), with ir and nmr spectra in ac- 

cordance with assigned structure. Percent 

Cl calculated for C,H,CIN,O,: 18.79; 

found: 19.63. Purity by perchloric acid 

titration: 99.2%. 

Notes 

|) For a description of syringe and double- 

tipped needle transfers, please consult 

the bulletin “Handling Air-Sensitive 

Solutions,” which is available upon re- 

quest from the Aldrich Chemical Com- 

pany, Inc. 

2) For best results, BMS should be handled 

using syringe and double-tipped needle 

techniques (note 1). A few chemists, 

who have never handled BMS, have ex- 

pressed concern about a possible odor 

problem in working with BMS. 

Naturally, BMS should be handled ina 

hood, but whether an odor is offensive 

or otherwise is a highly individual judg- 

ment. To the author, working with 

BMS has never caused any odor 

problems. In fact, in dilute concen- 

trations he finds the odor reminiscent of 

tomatoes, and a laboratory aide has ex- 

pressed the same observation. 



3) Depending upon the compound being 

reduced and the presence of other sub- 

stituents, it may be necessary to increase 

or decrease the time and temperature re- 

quired for complete reduction. 

4) Caution: vigorous gas evolution along 

with foaming may occur. 

A solid if temperature of water bath on 

the rotary evaporator is below ca. 45°. 

6) The presence of boron in the product is 

indicated by a green flame. Dissolving 

the product in methanol followed by 

concentration to dryness removes the 

boron as the volatile trimethyl borate. 

This procedure may be repeated until a 

negative flame test is observed. 

7) Commercial, bulk-solvent grade toluene 

is dried over a small amount of calcium 

hydride prior to use. 

8) Exposure of the hydrochloride salt to air 

| must be kept at a minimum until 

purified and dried because the crude salt 

is usually very hygroscopic. 

Nn 

9) For complete reduction, one equivalent 

of primary amide requires 7/; equiva- 

lents of BMS, one equivalent of secon- 

dary amide requires °/, equivalents of 

| BMS, and one equivalent of tertiary 

amide requires 5/, equivalents of BMS. 
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Chemistry : 

Principles and 
Applications 
Background 

The importance of macrocyclic poly- 

ethers and the field bearing the cognomen 

“crown ether chemistry” can be attributed 

largely to the work of Charles J. Pedersen 

of the DuPont Company, who reported 

many of these compounds and con- 

siderable complexation data in 1967.! 

Compounds of this type, viz., glymes? and 

cyclic polyethers} were known, but no 

alkali metal complexes had been reported. 

Many such complexes are now known and 

have been catalogued. 

Pedersen’s discovery of these com- 

pounds is interesting and the details are 

available in an earlier issue of this jour- 

nal.!” Pedersen was attempting a synthesis 

of bis-phenol 1 by the sequence illustrated 

below. Apparently, some of the incom- 

OR 
+ (CICH,CH,),0 

OH 

pletely protected mono-THP-catechol 

reacted with 2,2’-dichlorodiethyl ether to 

yield dibenzo-18-crown-6 (2). Although ir 

analysis showed that compound 2 had no 

hydroxyl group, it exhibited a_base- 

induced shift in the UV. This shift is now 

understood and is attributed to complex 

formation.> 

The macrocyclic polyethers are generally 

defined as being cycles containing repeat- 

ing (-X-CH,-CH,-), units. For the cases 

where X=O, the repeating unit is 

ethyleneoxy. If the carbon portion were 

NaOH 
a 

n-BuOH 

one carbon shorter (methyleneoxy) the 

repeating unit would be an acetal function 

and would exhibit hydrolytic instability. If 

longer carbon chains were involved, the 

CH-CH interactions would exert an effect 

on the overall conformation of the macro- 

ring. The generic name “crown” was 

evidently suggested to Pedersen by the 

similarity of the (CPK) molecular models 

to a regal crown, and by the ability of these 

compounds to “crown” cations by com- 

plexation. The smallest value of n which 

fits the above definition is 2, 1,4- 

dioxane. No smaller molecule satisfies the 

“repeating” requirement of the definition. 

The name for 2 is derived as follows: diben- 

zo— describes the non-ethyleneoxy sub- 

stituents, 18— the total number of atoms in 

the ring, crown is the class name, and 6 is 

ex 
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the total number of heteroatoms in the ring 

portion of the macrocycle. Compound 7 

would simply be called 18-crown-6.!* 

Structural Variation 

The principal variation in X has been to 

substitute NH or NR for O.*'6 Sulfur has 

also been substituted for oxygen and the ef- 

forts in this area have recently been review- 

ed.'’ Other variations include replacement 

of O by P!8 or CH,.!11,19.20 The structural 

variation is illustrated in formulas 3-17. 

These are representative examples of the 

variety possible and are only a small frac- 

tion of the structures which have been 

reported. For more complete listings, the 

reader is directed to the extensive reviews 

have appeared the last 

years. 4!7,30-34 

which in five 
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A cursory examination of the structures 

formulated above will indicate that a 

feature common to all of them is an effec- 

tive two-dimensionality. The polyhetero- 

atom macrocycles may be made three- 

dimensional by adding a third (-X-CH,- 

CH,-) strand. Lehn and his collaborators 

designed numerous three-dimen- 

sional polyheteroatom macrocycles which 

he has named “cryptates.”73335-39 The 

molecules which Lehn has designated the 

1.1.1- and 2.2.2-cryptates are represented 

by structures 18 and 19. The conceptually 

have 

EEN 7 
N N N N 
Ny, ae 

O oO O 
Nee 

18 19 
(1.1.1 Cryptate) (2.2.2 Cryptate) 

related but independently developed “in- 

out” bicyclic amines which were developed 

by Simmons and Park,?° are represented by 

structure 20. The molecule represented by 

| (CH aN 
| :N=(CH,),—N: 
| {CH,) 

20 

structure 21 is similar to a cryptate but the 

pentaerythritol unit replaces the bridge- 

head nitrogen.4! The elegant cryptate 

CH, 0 43") OCH} 
BS 

R-C—CH o/\ 0 \ oct. ~c-r 

CH,O oO OCH, 
We 

21 

chemistry developed by Lehn is closely 

related to that of the simpler crown ethers 

and it serves admirably for many of the 

applications discussed in later sections. 

Because of the greater cost of these bicyclic 

materials and their consequent relative un- 

availability, we will largely restrict further 

discussion of applications to the 

monocyclic crowns. 

Complexes and the Template Effect 

Despite the multiplicity of structural 

variation, the macroheterocycles would be 

little more than an interesting chemical 

curiosity were it not for the ability of these 

cycles to complex a wide variety of sub- 

strates. Pedersen, in his early papers,! 

demonstrated this property. He reported 

that crown ethers complex alkali and 

alkaline earth cations, transition metal 

1729 

cations, and ammonium cations. The bin- 

ding constants for metal ions generally are_ | 

largest for the most similar relationships of 

cation diameter to hole size. Pedersenand | 

Frensdorff?! have reported stability con- | 
stants (K) for polyether-cation complexes | 

with dicyclohexyl-18-crown-6 in water at | 

25°C (see Table 1). The hole size of 18- | 

crown-6 has been estimated to be 2.6- | 

3.24.42 The available evidence suggests | 

that the appropriately sized metal ion is 

lodged in the hole of the crown, coplanar 

with and equidistant from each oxygen 

atom.*3 

Table BP! | 

Stability Constants 
K (in water) for Equation 1 

Ionic | 

Cation diam. (A) K(1/ mol) | 
Lit 1.28 0.6 | 
Nat 1.93 jerk | 
K+ 2.66 22 
Rb* 2.96 1.5 | 
Cst 3.66 1.2 | 
NH,* 3.6* 1.4 | 
Agt 2.39 ve | 

*Authors’ estimate based on CPK scale model ex- 

amination. Note that the ammonium ion complex in- 
volves H-bonding to the face of the crown and not in- 
sertion. Its effective size is similar to K* ion. 



A number of other substrates have also 

been shown to form either solid or tran- 

sient complexes. Examples include solid 

complexes of crown ethers with hydronium 

ion*? and a complex of benzo-27-crown-9 

with guanidinium ion.44 In addition, 

evidence has been developed fora complex 

between benzene diazonium ionand crown 

ethers in a non-polar solution.45 The pre- 

sumed structure is formulated as 23. Other 

solid materials which may be complexes, 

solvates orclathrates between crown ethers 

and acetonitrile,?! thiourea,4? THF22 and 

dimethyl acetylenedicarboxylate*? have 

been reported. 

The complexation of the Lewis acid is 

also crucial to the formation of these rings. 

Apparently, the final step in the William- 

son ether synthesis of these compounds in- 

volves a wrapping of the polyheteroatom 

chain about the metal ion, bringing the 

alkoxide and the carbon bearing the leav- 

ing group into proximity (see eq. 2). 

Because of this, the crown ethers can be 

prepared in relatively concentrated solu- 

tion, while most large ring syntheses re- 

quire high dilution. Pedersen’s dibenzo-18- 

crown-6 is routinely prepared in 39-48% 

yield working at a concentration of ca. 0.75 

molar.4#8 Compound 7, 18-crown-6, is 

prepared in about | molar solution.2!” 

Application in Synthesis 

The synthetic utility of crown ethers is 

derived from their ability to solvate cations 

in a non-polar environment. A large body 

of work has developed over the last ten 

years on phase-transfer (PT) chemistry4? 

using quaternary ammonium cations to 

transfer otherwise insoluble anions into 

non-polar media. The development of syn- 

thetic reactions using crown ethers clearly 

parallels the development of the quater- 

nary ammonium (or phosphonium) cata- 

lysts. The synergistic power of crown ethers 

was first pointed out by Pedersen!.48 who 

showed that potassium hydroxide could be 

solubilized in toluene and that the crown- 

complexed potassium hydroxide was a 

powerful base. Pedersen found that esters 

of mesitoic acid (2,4,6-trimethylbenzoic 

acid) could be hydrolyzed using the crown- 

complexed potassium hydroxide salt (eq. 

3). Not only was the methyl ester hydrolyz- 

— = 

O 0 Ona O 
+ MX = SAURS (eq. 1) 

O O Ceinenro 

ieee) eae x 

22 

One i, 05 s! e 

[ eka ey ([ J (eq. 2) 
Ose ete oO O 

L256 oo Ce 

7 

CH, CH; 

70 22 + (eq. 3)575 CH; Sse +7 KOH. CH; coo-K (4's) 
3 

CH, CH, 

93% 

CH, CH, 
Re 

CH; Cc + KOH —2 CH COO- K* (eq. 4)575 
‘oc(CH,), toluene 3 

CH, CH, 

94% 

ed (no reaction was observed in the absence 

of a crown ether) but the ¢-butyl ester was 

also cleaved in high yield (eq. 4). Pedersen 

also reported that this reagent may be used 

for the anionic polymerization of anhy- 

drous formaldehyde and the trimerization 

of aromatic isocyanates. 

The major difference between crown- 

catalyzed reactions and the quaternary am- 

monium catalysts is that crown ethers may 

catalyze a direct solid/liquid phase-trans- 

fer of salts into non-polar solvents whereas 

most quaternary ammonium-catalyzed 

reactions are done from a liquid (aqueous) 

phase into non-polar solvents. The success 

of crown ethers as reagents for solid-liquid 

PT can likely be attributed to two proper- 

ties of these systems. The first is that crown 

ethers are multidimensional flexible 

molecules with a number of polar sites. 

When the crown ether interacts with the 

crystal lattice of a salt, it may assume the 

approximate geometry of the complex on 

the crystal surface and the subsequent 

transfer of the cation from its lattice site to 

the crown cavity is energetically favorable. 

The anion simply accompanies the cation 

complex. In case of quaternary salts, the 

positive nitrogen is sterically shielded and 

therefore cannot achieve proximity to the 

lattice-bound cation. The second impor- 

tant property is the intrinsic difference 

between crown ethers and quaternary salts, 

namely that crown ethers are neutral 

ligands. Whereas the quaternary ion is 

always associated with an anionic species, 

the crown ether can be neutral both as a 

crown-cation-anion complex or as the free 

ligand. The efficiency of crown ethers as 

solid-liquid PT reagents may well be at- 

tributable to the fact that the complexed 

product salt can be deposited in a crystal 

lattice and the ligand freed to complex 

more reactant salt. 

After Pedersen’s initial observations, the 

first major interest in crown-complexed 

salts was in their ability to generate 

separated ion pairs.5°° MaskornickS! 

observed that potassium f-butoxide in 

DMSO initiated E-2 type reactions in the 

presence of 18-crown-6 (7) with great facili- 

ty. Maskornick also observed that the reac- 

tion, in the presence of the crown ether, 

gave pseudo first order rates even in con- 



centrated (=0.5M) solution. In the absence 

of the crown ether, the reaction showed 

pseudo first order kinetics only at low 

(=1023M) concentrations. The crown- 

complexed base apparently inhibits 

aggregate formation, even at high concen- 

tration, dramatically increasing the reac- 

tivity of potassium t-butoxide. Bartsch,*2 

and others,*? have studied the effect of the 

crown ether complexation in numerous 

nucleophilic substitution and _ #-elimi- 

nation reactions. As a general observation, 

these reactions are substantially affected by 

the presence of the appropriately sized 

crown ether, especially in non-polar 

solvents. A comprehensive review of this 

reactivity has recently appeared.*? 

In the initial work by Pedersen, the 

potassium hydroxide complex with di- 

cyclohexyl-18-crown-6 (22) had to be 

preformed in methanol then used in 

toluene (or benzene) after the methanol 

was removed. Sam and Simmons,*} also at 

DuPont, observed that direct solid-liquid 

phase transfer of potassium permanganate 

could be effected with 22. This hydro- 

carbon-solubilized permanganate (com- 

monly known as purple benzene) is a very 

mild, yet effective, oxidizing reagent. Un- 

der these conditions, a@-pinene is oxidized 

to pinonic acid (eq. 5), stilbene to benzoic 

acid (eq. 6), and diphenylmethane to ben- 

zophenone (eq. 7). Solubilization of potas- 

sium permanganate with 18-crown-6 (7) in 

CH,Cl, has been observed*4 to transform 

substituted catechols to o-quinones in high 

yields (eq. 8). The same solubilization of 

potassium periodate and potassium iodate 

was also observed to transform catechols 

to o-quinones in high yields*4 in a solid- 

liquid process (eq. 9). In all cases, only one 

equivalent of the oxidizing reagent is re- 

quired. No evidence of over-oxidation to 

open ring products was observed under 

these conditions. 

Recent work at Rutgers®> and Upjohns’ 

has shown that potassium superoxide may 

be solubilized by 7 and 22 in both DMSO 

and benzene. Once in solution, this reagent 

may be used as a very nucleophilic oxygen 

anion which reacts with alkyl halides and 

tosylates (eq. 10-13). The products seem to 

be solvent-dependent, i.e., in DMSO, % the 

alcohol is produced as the major product 

(by a mechanism which remains obscure at 

present) whereas in benzene,*’ the major 

product is the dialkyl peroxide. A hydro- 

peroxide®® has been isolated in at least one 

case as an intermediate. Recent work5* has 

also shown that dialkyl peroxides may be 

reduced to alcohols with potassium 

superoxide, Stereochemical studies5® 57 in- 

dicate that the displacement occurs with 

virtually complete inversion of configura- 

oO : O 
3, KMnO u " 

ST HO-C CH;C-CH, (eq. 5)5° 

Zz 
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100% 

OH KIO, oO 

OH 7, CH,Clp a (eq. 9)54 

95% 

CH,(CH,),CH,Br + KO, —2—* _  CH,(CH,),CH, OH cates 
DMSO (eq. 10) 

63% 

6 
CH; (CH,), CH,OTs + KO, Serr 7 CH,(CH,) ,CH, OH (eq. 11)55.56 

75% 

OTs _ OH 

CH, (CH,),CHCH, te KO eae are CH;(CH,); CHCH, (eq. 12)55.56 

75% 

22 CH,(CH,),CH,Br + KO, ——— CoH, O-O-CsHy (eq, 13)57 
54% 

7 
ease + O, + KOH benzene Reo (eq. 14)59 

H -H O 

95-100% 

pee Opmt: KOH ae N=N (eq. 15) 

35-40% 

tion at the asymmetric carbon. 

Crown ether 7 catalyzes the air oxidation 

of fluorene*? to fluorenone in the presence 

of solid potassium hydroxide (eq. 14) in 

quantitative yields. Similarly, aniline® un- 

dergoes oxidative condensation to azo- 

benzene (eq. 15), although in somewhat 

lower conversion. In the former case, the 

oxidation rate is enhanced by rapid stirring 

which presumably increases both inter- 

facial contact and oxygen absorption. 

Boden®! has shown that the potassium salt 
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| of rose bengal is solubilized by 7 in non- 

polar solvents. This crown-dye complex 

sensitizes the photoaddition of singlet oxy- 

gen to either tetramethylethylene (eq. 16) 

or anthracene (eq. 17). The reaction con- 

ditions are very mild and may be conducted 

| conveniently in several aprotic solvents. 

| An additional advantage is that singlet 
| oxygen generated in aprotic solvents (such 

| as CS,) has a longer lifetime than singlet 

oxygen generated in protic solvents (such 

as methanol). 

The remarkable ability of the macro- 

| cyclic polyethers to draw salts into non- 

polar solution has been utilized in reactions 

| involving fluoride ion. 18-Crown-6 (7) 

assists the solubilization of KF in either 

| acetonitrile or benzene and the poorly 

| solvated fluoride anion exhibits potent 
| nucleophilic properties.©? Two examples of 
| fluoride substitution are illustrated in eqs. 

| 18-21. In cases where elimination is more 

favorable than substitution, it becomes a 

major side reaction. Bromocyclohexane 

| under these conditions yields only 

| cyclohexene. In cases where elimination is 

unlikely, the substitution reaction works 

extremely well giving high yields of 

product (eqs. 22 and 23). The substitution 

reaction can also be aplied to vinyl 

chloride, yielding vinyl fluorides (see eqs. 

24 and 25).°3 This reaction proceeds via 

addition-elimination. 

Other halides®.65 also exhibit reasonable 

| nucleophilic behavior. In a liquid-liquid 
phase-transfer system,® the 1- and 2-octyl 

mesylates were converted to the iodide (eq. 

26) and the bromide (eq. 27) respectively, 

by the appropriate nucleophiles. The lower 

yield reported in the latter case is 

presumably due to loss of product by 

| elimination. The crown-mediated reaction 

of KBr in acetone yields the alkyl bromide 

in quantitative yield from the correspon- 

ding brosylate (eq. 28).64 Methoxide ion 

also gives a net substitution reaction where 

halide is the leaving group. This is il- 

lustrated for o- and m-dichlorobenzene in 

equations 29 and 30. 

The pseudohalide cyanide ion exhibits 

similar behavior in Sy2 reactions, and a 
| variety of nitriles have been prepared in 

good yield using PT techniques (eq. 31- 

33).65",66.67 A particularly interesting case 

is illustrated in eq. 34. To our knowledge, 

the preparation of trimethylsilyl cyanide 

has not yet been effected under quaternary 

ion-catalyzed phase-transfer conditions. 

The carboxylate ion is not generally con- 

sidered a good nucleophile; its Swain-Scott 

constant is near 3. In non-polar media, 

however, it is quite nucleophilic. 18- 
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fo) 
7 " " 

(2)RCO,K + (1) cICO2et Bier esses Ce 

Br : C,H; 

CN ae a alae Re ety se (eq. 
oe CAs 

O OCH, 
iT) | 

CsHsCH,SCH C,H; + CH;0SO,F ——> C,H,CH7S-CH,C,H, ~OSO,F 

7, NaBH, 
CH,Cl, 

(C,H.CH,).S 

(eq. 

28) 64 

29)64 

30)64 

31)55.66 

32)65 

33) 65 

34)66 

35)68 

36)69 

. 3769 

38)70 

39)71 

7, KBH, | | 
+ a a S (eq. 40)"1 

(sometimes called “bare acetate”) reacts 

readily with n-heptyl bromide in aceto- 

nitrile to yield n-heptyl acetate (eq. 35).68 

Considerable utility has been demons- 

trated in the corresponding reaction of 

other carboxylate ions.6? They have been 

used in the preparation of phenacyl ester 

derivatives (eq. 36), anhydrides (eq. 37), 

and some otherwise inaccessible lactone 

precursors (eq. 38).7° 

Several other crown-assisted nucleo- 

philic substitution reactions have been 

reported. The sequence of reactions for- 

mulated in eqs. 39 and 40 provides a mild 

and general method for the reduction of 

sulfoxides using crown solubilization in the 

reduction step.?' The Koenigs-Knorr 

alcoholysis of bromosugars (eq. 41) is also 

assisted by the presence of the crown 

ether.7? 

The presence of crown ether has also 

been shown to influence product geometry 

in the Wittig reaction. The olefins formed 

from benzaldehyde and two phosphonium 

ylides are illustrated in eqs. 42 and 43. Note 

that the products exhibit predominant 

trans geometry. 

Addition of polyethers to solutions con- 

taining configurationally mobile salts has 

yielded interesting results. Noe and 

Raban’4 have noted that the crown ether 7 

causes a change in the preferred conforma- 

tion of sodium acetoacetonate. Gokel and 

coworkers’5“ have developed evidence for 

crown ether-cation interaction in the Can- 

nizzaro reaction. In other systems, crown 

ether-solvation of potassium-containing 

ion pairs evidently enhances reaction toa 

considerable extent. In the two reactions 

formulated, a rate acceleration of ap- 

proximately 105 was observed. The fact 

that both a decarboxylation (eq. 44)’6 and 

an oxy-Cope rearrangement (eq. 45)?’ ex- 

hibit similar rate enhancements is probably 

not coincidental: the Williamson reaction 

of potassium /-butoxide with benzyl chlor- 

ide in THF is dramatically accelerated by 

addition of 7.75” 

The generation of carbenes or carbenoid 

intermediates has been reported by several 

groups. Weber and coworkers’ have 

shown that diazomethane may be 

generated from aqueous potassium 

hydroxide, chloroform, hydrazine hydrate, 

and 18-crown-6 (7) in 48% yield (eq. 46). In 

Weber’s procedure only 0.004 mole % of 7 

is used. The advantages of this procedure 

over the classical methods of generating 

diazomethane are manifest. Markosza’? 

also reports the generation of dichlorocar- 

bene under the influence of 22 by a liquid- 

liquid (PT) process (eq. 47). The selectivity 

and reactivity of crown-catalyzed di- 
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chlorocarbenes mimic the quaternary am- 
monium PT dichlorocarbene formation. 

Moss and Pilkiewicz®° reported the reac- 
tion of activated dihalides (i.e., benzal 
halides, thiomethyl dihalides) with the 18- 
crown-6 (7) complex of potassium 1- 
butoxide. The rate of reaction, product 
yields, and selectivity are similar to those 
observed for carbenoid intermediates 
generated by the photolysis of diazirines 
(eqs. 48-50). Since the halides are generally 
more readily available than diazirines, this 
synthetic procedure makes this route to 
halophenyl carbenes quite attractive. 

In a somewhat different application of 
the complexation of crown ethers, Cram 
and coworkers?78! have designed optically 
active crown ethers, such as the dibinaph- 
thy! crown ether (24), which extract alkyl 
ammonium salts (such as phenethylam- 
monium hexafluorophosphate) from water 
into chloroform. The optically pure S,S 
crown ether was found to prefer the R- 
enantiomer of phenethylamine over the § 
enantiomer by a ratio of ca. 2:1. Because of 
this chiral recognition, effective partial 
resolutions of amines can be achieved ona 
preparative scale in separatory funnels. 

Cram also reports that the related op- 
tically active diacid binaphthyl-20-crown-6 
(25) has a great specificity for Sr** ions, 
even in the presence of a large excess of 
Ba** ions. For example, hydrolysis of the 
diester of 25 with barium hydroxide con- 
taining 0.8% Sr** as an impurity gives a 
complex (26) where the Srt+ had been 
scavenged from the Ba(OH), solution. 

Optically pure diacid crown S-25 was 
found to preferentially complex S-valine 
from a racemic mixture by a ratio of 1:3, 

This same chiral recognition approach 
has recently been extended by Stoddart 
and coworkers*? who synthesized a series 
of chiral 18-crown-6 ligands based on op- 
tically active diols. Selective extraction- 
complexation with the 18-crown-6 ligand 
(27) was observed with enantiomeric 
amines (as their salts). 

The “chiral recognition” achieved by for- 
mation of diastereomeric complexes ap- 
parently depends largely on complemen- 
tary steric relationships. Where the “fit” 
between a chiral ammonium salt and a 
chiral crown ether is good for one amine 
enantiomer and poor for its antipode, the 
selectivity of the crown ether will be high 
and so will the chiral recognition. As might 
be expected, a broad range of enantiomer 
selectivities has been reported. This 
procedure for partial resolution may be 
coupled with liquid chromatography to 
multiply the advantages of enantiomer 



selectivity. In this way, Cram and 

O O coworkers have achieved total resolution 

(ae iy mane 2 of several amines. 

O °) Ss 0 We, Toxicology 

= Ae SS Relatively little toxicity data is available 
Xo re} 

fe} fe} on the crown ethers despite the many struc- 

Rely. tures which have been prepared. This is 

Lo igh particularly surprising in light of the cation 

24 binding properties of these systems and the 

biological implications thereof. Pedersen*® 

reports that dicyclohexyl-18-crown-6 ex- 

hibits an approximate lethal dose (ALD) 

ye O by ingestion (in rats) of 300 mg/kg. The 

Oo o compound is both a skin and eye irritant 

OR o- and exhibits a somewhat higher toxicity 
ALD 130 mg/kg) by skin absorption. O ( 8/ Kg 

an a 20 Sublethal doses appeared to be non- 

O 0 Oo O cumulative. 
Ba(OH)> ++ A . ; 
(8% Sr) Sr The cyclic tetramer of ethylene oxide 

oO Oo (EO-4, 12-crown-4) has been found by Oo fe) a 
Oee fe Leong and coworkers*3 to exhibit con- 

NU — a siderable biological activity. This molecule 
OR R=CH, o- exhibited deleterious effects on inhalation 

oO NN OA, by rats, and higher homologs showed CNS 

activity. /¢ is clear that these and all new 

crown ethers should be handled with all 

due caution and respect. 
25 26 

Conclusion and Prognosis 

The report by Pedersen in 1967 that 

macrocyclic polyethers are effective com- 

plexing agents for numerous substrates 

and his preparation of many of these 

“crown” molecules has engendered con- 

siderable scientific activity during the last 

eight years. The complexation phenome- 

non is intrinsically linked to the template 

effect which allows these large ring com- 
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re sounds to be pre ave in Boods yields at ex- 

traordinarily high concentration. 

allow 

The crown ethers now seem to be firmly 

entrenched as phase-transfer catalysts and 

reagents to influence ionic reactions. They 

for enhanced rates, reactivity, 

economy, and convenience. For these and 

as yet unreported reasons, crown ether 

chemistry will continue to be important in 

the foreseeable future. 
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Applications of Phase- 
Transfer Catalysis in 
Organic Synthesis 

Organic chemists are frequently faced 

with synthetic routes which involve the 

reaction between water-soluble reagents 

and water-insoluble organic compounds. 

Traditionally, this problem has been 

resolved by the use of an appropriate 

mutual solvent, such as dimethylform- 

amide, 1-methyl-2-pyrrolidone, dimethyl 

sulfoxide, or hexamethylphosphoric tri- 

amide.! There are disadvantages, however, 

in the use of these dipolar aprotic solvents, 

especially in their application on an in- 

dustrial scale, as they are both expensive 

and difficult to recover. Their use at 

elevated temperatures may also give rise to 

complicated side reactions. Alternatively, a 
water-miscible cosolvent, such as ethanol 

or dioxane, may be added to the organic 

phase in order to promote the solubility of 

the organic compound, but such proce- 

dures are not universally applicable. The 

rate of the heterogeneous two-phase reac- 

tion may also be increased by rapid agita- 

tion, which increases interfacial contact 

between the two phases. Such a procedure 

is not always successful, however, as il- 

lustrated by the failure of 1-bromooctane 

to react with aqueous sodium cyanide un- 

der vigorous stirring at 100° for two weeks, 

the only reaction being the hydrolysis of 

the cyanide to give sodium formate.The 

rate of the interfacial reaction may be 

enhanced by the use of surfactants which 

disperse the organic compound in the 

aqueous phase through micellar forma- 

tion. Such reactions are characterized by 
the linear dependence of the reaction rate 

upon the rate of stirring and discontinuity 

behavior in the dependence of the reaction 

rate upon the surfactant concentration, 

due to changes in the micelle size.2 

During the past few years, due largely to 

the pioneering work of Brandstrom, Starks 

and Makosza,* increasing interest has been 

centered upon phase-transfer catalysis, 

aqueous phase 

Organic phase 

also sometimes referred to as “ion-pair par- 
tition” or “extractive methylation,” as a 
solution to the problem posed by hetero- 

geneous systems.4 An increase in the reac- 

tion rate for such heterogeneous systems is 

brought about by the addition of catalytic 

amounts of an agent which transfers the 
water-soluble reactant across the interface 
into the organic phase where a homo- 
geneous reaction can take place rapidly. 
Thus, in the reaction involving the water- 

* The technique is by no means new, however, and ex- 
amples of the procedure were reported as long ago as 
19263 
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soluble nucleophile, A- (eq. 1), the addition 

of the phase-transfer catalyst, Q*X-, causes 

the transfer of the nucleophile as an ion- 

pair [Q*A-] into the organic phase where it 

reacts with the organic reagent, BX. Migra- 

tion of the cationic catalyst back to the 

aqueous phase completes the cycle, which 

continues until equilibrium has been reach- 

ed or until all of either the nucleophile, A-, 

or the organic compound, BX, has been 
consumed. 

The success of the catalytic effect 

depends to a large extent upon the high 

partition coefficient of the ion-pair [Q*A-] 

between the aqueous and organic phases, 

compared with the corresponding value for 

the ion-pair [Q*X-]. Where the leaving 

group, e.g., Y-, from the organic com- 

pound is not the same as the anion 

associated with the phase-transfer catalyst, 

a third partition coefficient for the ion-pair 

[Q*Y-] is significant.) As the reaction rate is 

[Q°x"] + AB <—— [Q’A] + Bx 

directly dependent upon the partition coef- 
ficient for the ion-pairs between the two 
phases, it is solvent-dependent. The most 
commonly used organic solvents are 
methylene chloride, chloroform and o-di- 

chlorobenzene and it has been generally 

observed that the reaction rate enhance- 

ment is greater with the more polar 

solvents. Quaternary ammonium and 

phosphonium salts are excellent phase- 

transfer catalysts and it has been found that 

salts having the larger and more sym- 

metrical cations, e.g., tetrabutylammon- 

ium, methyltrioctylammonium, and tetra- 
a eee eee 
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butylphosphonium salts, are the most 

effective.°’ Early suggestions that these 

reagents behave as surfactants have been 

discounted,®.’” although the more linear am- 

monium salts, e.g., cetyltrmethylammon- 

ium salts, are known to be micellar 

catalysts. Crown ethers also serve as ef- 

ficient phase-transfer catalysts and their 

activity has been reviewed in earlier issues 

of Aldrichimica Acta.’ 

The versatility, simplicity and speed of 

phase-transfer-catalyzed reactions make 

them particularly attractive synthetic 

procedures. Relatively few kinetic data are 
available but it appears that reactions in- 

duced by phase-transfer catalysis proceed 

to completion more rapidly than do the 

corresponding “classical” reactions con- 

ducted in a homogeneous medium, while 

the addition of a phase-transfer catalyst to 

a heterogeneous system has been observed 

to produce reaction rate increases of the 

order of 104 to 109. In addition, many reac- 

tions which hitherto required anhydrous 

solvents may now be carried out in the 

presence of water. 

Experimentally, the reactions are very 

easy to perform. The reagents, appropri- 

ately dissolved in water or an organic sol- 

vent, are shaken or stirred in the presence 

of a catalytic amount of, for example, 

tetrabutylammonium hydrogen sulfate, at 

room temperature or, if necessary, under 

reflux conditions. The course of the reac- 

tions, which may be complete within a 

matter of several minutes, may be followed 

easily by TLC or GLC analysis of the 

organic layer and the product is readily 

isolated by separation of the organic phase 

and evaporation. In many instances the 

yields are in excess of 90% and, if con- 

sidered expedient for economic reasons, 

the catalyst may be recovered and recycled. 

NUCLEOPHILIC SUBSTITUTION 

REACTIONS: 

Using phase-transfer catalysis, SN2 

reactions become perfectly simple and 

straightforward. Examples have been cited 

in the literature for reactions of alkyl 

chlorides and bromides with the 

RX5tn Ye wie RY eee 

nucleophiles Y = F,? Cl,°* Br,®*!0 CN, 6 11-14 

NCO,** HO,®* alkyl-O,!516 aryl-O,317,18 

aryl-S and alkyl-S,7:!920 RCO,,6%2!-26 and 
NO,.°* In the majority of cases the reaction 

times are short when 1-10% catalyst is used 

and the yields are frequently almost quan- 

titative. Nucleophilic substitution of alkyl 

iodides, however, requires the use of 

greater-than-catalytic amounts of the 

quaternary ammonium salts, due to the 

high solubility of the quaternary ammon- 

ium iodides in organic solvents. Similarly, 

H( =C),CHC,H, | H(C=C),CHC,H, Q* Br nae 
OH HO- (CH,);S0, OCH, tea: 

oO aa 
+ = 1 

RCHLOn earns | CH-CN-——® ——» 5 (ea: 3) 

aa : i 

OCH, 

——— eee 
~ aor © CHO 

OCH 
patos 3 

eq. 5 
a aa Chae on fe 80-90% (eq. 5) 

OCH,Ph 

PhCH! 

OCH, 
oe R R R = CH, 92% 

= CH(CH,)> 84% (eq. 7) 
= See = C(CHs3)3 83% 

O° Na” __ CHB 
a’ PRR ITE 464 H, 76 - 86% (eq. 8) 

quaternary ammonium tosylates and methylation of acetylenic alcohols, which 

mesylates are extremely soluble in organic 

solvents and, although examples of the 

nucleophilic displacement of tosyloxy and 

mesyloxy groups have been reported,?7-29 

almost equimolar quantities of the catalyst 

and substrates must be used. Kinetic 

studies3° have suggested that the nucleo- 

philicity of the non-solvated halide ions, 

produced upon dissolution of the quater- 

nary ammonium salts in organic solvents, 

follows the order F > Cl > Br > I. 

However, the conversion of chloroalkanes 

into the corresponding fluoro compounds 

requires high temperatures and prolonged 

reaction times and may be accompanied by 

elimination reactions.? The method of 

choice for the preparation of fluoroalkanes 

appears to be by the displacement of an 

alkyl or aryl sulfonyloxy group.?7~29 It is 

obvious that reactions which normally re- 

quire anhydrous conditions or the use of 

strong bases, such as alkoxides, amides or 

carbanions, can now be accomplished in 

the presence of water. In addition to the 

Williamson-type synthesis of alkyl ethers 

from alkyl halides, the phase-transfer- 

catalyzed methylation of alcohols with 

dimethyl sulfate has been reported.3! 

Among the examples cited is the O- 
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occurs without alkylation of the terminal 

acetylenic group (eq. 2). 

The alkylation of cyanohydrins under 

phase-transfer-catalyzed conditions has 

been utilized in the synthesis of un- 

saturated ketones (eq. 3).3? 

The phase-transfer-catalyzed O-alkyl- 

ation of phenols generally proceeds in 

yields in excess of 80% and the procedure is 

particularly attractive for cases where the 

classical methods give trouble as, for exam- 

ple, in the alkylation of resonance-stabi- 

lized phenoxide anions (eq. 4, 5, 6). More- 

over, it has been noted that the reaction is 

virtually insensitive to steric effects (eq. 
7).18 

Although dichloromethane is frequently 

used as the organic solvent, it has been 

found that it will react with phenols in the 

presence of benzyltriethylammonium salts 

and solid potassium hydroxide to form 

di(aryloxy)methanes.*3 Similarly, methyl- 

enedioxy derivatives, which are usually dif- 

ficult to prepare by conventional methods, 

have been obtained in good yield via the 

reaction of the disodium salts of catechols 

with dibromomethane in the presence of 

Adogen 464 [CH,(C,-C,9),;N*Cl] (eq. 8).34 

——SSE EEE eae eee 
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Thiols also react with dichloromethane 

to give the corresponding dithioethers.!9 

The reactions of the dihalogenomethanes 

are, however, generally slower than the 

corresponding reactions involving mono- 

halogenoalkanes. 

Esterification of carboxylic acids pro- 

ceeds rapidly under phase-transfer con- 

ditions and may be applied to the synthesis 

of sterically hindered esters.35 In the 

absence of other alkylating agents, car- 

boxylic acids react slowly with dichloro- 

methane to give methylene diesters (eq. 
g),26 

Sulfones have been synthesized by the 

alkylation of sodium arylsulfinates in the 

presence of tetrabutylammonium brom- 

ide3¢ and mixed dialkyl phosphates by the 

reaction of  bis(tetraalkylammonium) 

monoalky] phosphates with alkyl halides.37 

Phosphorylation of alcohols has also been 

carried out by means of the phase-transfer- 

catalyzed reaction with dialkyl phosphites 

in the presence of either tetrabutyl- 

ammonium bromide or benzyltriethyl- 

ammonium chloride.38 The phase-transfer- 

catalyzed two-phase system has also been 

applied to the corresponding Atherton- 

Todd phosphorylation of amines,39 and di- 

tert-butyl phosphorochloridate and the 

analogous bromine derivative have been 

synthesized by the reaction of the 

phosphite with the appropriate tetrahalo- 

genomethane under basic conditions in the 

presence of benzyltriethylammonium 

chloride.4° Attempts to prepare other 

dialkyl phosphorobromidates failed. The 

heterogeneous reaction of bromoalkanes 

with silver nitrate to yield alkyl nitrates is 

accelerated by the presence of tetraethyl- 

ammonium salts.4! 

An important application of phase- 

transfer-catalyzed two-phase reactions is 

the formation of carbanions in the presence 

of water. The reaction of compounds con- 

taining acidic C-H groups with quaternary 

ammonium hydroxides, generated from 

the ammonium salts with sodium hydrox- 

ide, yields the corresponding quaternary 

ammonium salts of the carbanion, which, 

in certain instances, have been isolated.42,43 

The salts are soluble in dichloromethane 

and react readily with alkylating 

agents.°*42-75 Reaction with an excess of 

the alkylating agent frequently yields the 

dialkylated product,4349-5155,60 while di- 

halogenoalkanes react with the quaternary 

ammonium salts to give cycloalkanes (eq. 
10, 11),5156,62,63,67,76 

The phase-transfer-catalyzed reaction of 

B-keto sulfones with bromoacetone 

provides a convenient route to y-dicar- 

bonyl compounds (eq. 12).77 

are 

RCO, Navee .CHCl, oe OS (RcO,);cH, (eq. 9) 
60 - 90% 

BrCH,CH,Br Ar 
ArCH,COCH, O° OH. COCH, 54% (eq. 10) 

ArCH,C al de ae aoe 97% ——_—_—--» rCH,CN FO Cy (eq. 11) 

(C4Ho)4N* OH- 
PhCOCH,SO,Me + MeCOCH,Br 

(eq. 12) 

MeSO.CH — CH PhCOCH,CH,COMe ze x ae e1% 
A AcOH PhCO COMe 

96% 

OSiMe, fo) fo) 
Me. Me PhCH,Br nie. x ae (eq. 13) 

QF 

80% 9% 

2 SR Q+ OH : 
SAE RSCN PhCHCN 

(eq. 14) 

CH2SCN 

CH,SCN 
Q*OH- 

In virtually all cases where there are 

alternative sites for alkylation of the car- 

banion as, for example, in the reactions of 

B-dicarbonyl compounds, the C-alkylated 

products predominate. Only in reactions in 

which there is a possibility of steric hin- 

drance between the alkylating agent and 

the carbanionic system is there any 

evidence of O-alkylation. In such reactions 

the rate of alkylation is extremely slow and 

yields of the O-alkylated product are 

small.55.63.68 The C-arylation of the quater- 

nary ammonium salts of the carbanions by 

activated halogenobenzenes has also been 

reported to proceed in good yields.’8 In 

contrast, acylation of B-dicarbonyl com- 

pounds under phase-transfer conditions 

has been found to produce the O-acylated 

derivatives in yields in excess of 75%.75 

An interesting variation of the alkylation 

of quaternary ammonium enolates, gener- 

ated by proton extraction from the ketone, 

is the displacement of a trimethylsilyl 

group from silyl enol ethers by quaternary 

ammonium fluorides in the presence of an 

alkylating agent (eq. 13).72 Such reactions 

have been shown to be regiospecific, 

monoalkylation occurring at the least sub- 

stituted a-C atom. (The cleavage of silyl 

enol ethers by quaternary ammonium 

fluorides’? appears to be superior to 

procedures using potassium fluoride.) 

The asymmetric alkylation of ketones 

using chiral quaternary ammonium salts 

has met with only limited success.8° 

Carbanions, generated under phase- 

transfer conditions, react with organic 

thiocyanates to give thioethers.’! Thio- 

ketals have been synthesized by a similar 

route (eq. 14).8! 

Reissert compounds, derived from iso- 

quinoline, have been alkylated at the 1- 

position under the influence of quaternary 

ammonium bases.®2 

FORMATION OF CARBENES: 

Perhaps the most impressive use so far 

made of phase-transfer catalysts is in the 

generation of carbenes. The dihalogeno- 

carbenes can be generated readily under 

very mild conditions and can be utilized as 

standard reagents.6%81,83-132 Thus, a very 

wide range of dichlorocyclopropane 

derivatives have been synthesized from di- 

chlorocarbenes, generated from the reac- 

tion of chloroform and aqueous sodium 

hydroxide in the presence of a quaternary 

ammonium salt (usually benzyltriethyl- | 

ammonium chloride) (eq. 15, 16, 17). 
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LOSES ze = The corresponding production of di- 
CHCI, + NaOH + PhCH,NMe, Cl —® PhCH,NMe, CCI, bromocarbene from bromoform is general- 

(eq. 15) ly poor and good yields of the dibromo- 

cyclopropanes are obtained only by the use 

of an excess of bromoform and prolonged 
reaction time .85.101,102,107,123,124,126-128 

Bromofluorocarbene,!2?_ chlorofluoro- 

iis cl 98% (eq. 16) carbene,!29.13! and fluoroiodocarbene!30 

cl have been generated by similar procedures 

and the method appears to be particularly 

effective for the production of diiodo- 
} carbene.!32 It has been shown, however, 
| ‘Si that monohalogenocarbenes cannot be 

:CCly CC (eq. 17) generated in the two-phase system.4 The 
| bre Sree 79% stronger electron-withdrawing effect of a 
| IG) al cl cyano group, however, allows the forma- 

Cl tion of monocyanocarbene under the mild- 
ly basic conditions. 133.134 

:CCl, 

rel] As indicated above, the dihalogenocar- 
cl Cl benes are generated in the organic phase 

{o —— ! via the trihalogenomethyl anion. It has 
ae: pee been assumed that the reaction of carbenes 

H NaOH (eq. 18) with alkenes produces the cyclopropane 
ArCHO derivatives, whereas reactions involving 

the trihalogenomethyl anion generally 
ArCHCCl, NaOH ArCHCO,H yield open-chain products. The mechanism 

i of the phase-transfer-catalyzed addition 

reactions, however, appears to depend 

upon the electronic character of the un- 

saturated system.%.135,136 The conversion of 
Ne N° NO cl- aryl aldehydes into mandelic acids has been 

aN ENS CH, \ ae shown to proceed via the carbene and not 
Cc (eq. 19) through nucleophilic attack by the anion 

upon the carbonyl group (eq. 18).!25 

Dichlorocarbene, when generated in the 
H presence of tetraalkylammonium salts, 

generally reacts at all available unsaturated 
| cl sites of a polyalkene.8? However, when B- 

hydroxyethylammonium salts are used to 

(eq. 20) generate the carbene, selective addition of 

the carbene to only one site occurs.!!9 It has 

been suggested that a complex (eq. 19) is 
Za formed between the hydroxyalkylam- 

monium ion and the carbene and, although 

it has been shown that B-hydroxy- 
nS cl a thy! jum salt ly enhance th ‘ (eq. 21) ethylammonium salts greatly enhance the 

Cl 93% rate of SN2 reactions,!37.138 the formation 

of the complex presumably reduces the 

reactivity of the carbene. The addition 

reactions appear to occur invariably at the 
Cl more reactive highly substituted un- 

api (eq. 22) saturated sites (eq. 20,21), but it is not im- 
——_ mediately obvious why the trans alkenic 

bond is more readily attacked than the cis 

bond in the cyclododeca-1,5,9-triene 

system (eq. 22). The use of a chiral B-hy- 

droxyethylammonium salt appears to 

| :CCl, result in some asymmetric induction in the 
SP 90% (eq. 23) reaction. 

| OH Cl When dichlorocarbenes are generated in 

the presence of an alcohol, the normal 

deoxygenation reaction occurs with the 
OH ‘CCl, a Cl 94% (eq. 24) formation of the corresponding chloro- 

alkane via the carbonium ion intermediate 
(eq. 23, 24),87,96 

CHCl./NaOH 

— ——— —— — 
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[ 1,2-Diols react with dichlorocarbene, 

generated under phase-transfer conditions, 

to yield ketones and alkenes, possibly by 

the mechanisms shown in eq. 25.110 

Amides are dehydrated efficiently to give 

nitriles in a two-phase system (eq. 26, 27). 

Yields vary from ca. 10 to 90%,194,109 

The use of a phase-transfer catalyst 

represents a major improvement upon the 

classical Hofmann carbylamine reaction 

for the synthesis of isonitriles (eq. 28).%.9! 

Under similar conditions secondary 

amines yield formamido derivatives (eq. 

29)!!5 and tertiary amines react with C-N 

cleavage (eq. 30).!9 

The aziridines, produced from the reac- 

tion of imines with dichlorocarbene, 

rearrange under the basic phase-transfer 

conditions to yield a-chloroacetamides 

(eq. 31).118 

The ring expansion of indoles into 3- 

halogenoquinolines proceeds cleanly and 

in moderate yields under phase-transfer- 

catalyzed conditions. !39 

Phase-transfer catalysts have also been 

| used to prepare vinylidene carbenes from 

3-chloroprop-l-ynes and from 1-chloro- 

prop-l-ynes.!40-!43 |-Halogenoallenes react 

in a similar manner.!4° In the presence of 

alkenes the expected reaction to give viny]- 

idenecyclopropanes occurs (eq. 32),!40-142 

but in an interesting rearrangement reac- 

tion which involves N-N_ cleavage, 

dimethylvinylidene carbene reacts with 

azobenzene to give a_ benzimidazole 

derivative (eq. 33).!43 

N-£-Hydroxyethyl-N-nitrosoacet- 

amides yield vinylidene carbenes under 

basic conditions in the presence of quater- 

nary ammonium salts (eq. 34),!44-146 

N-ALKYLATION REACTIONS: 

The phase-transfer-catalyzed alkylation 

of acidic NH-compounds proceeds cleanly 

and, in the majority of cases, in excellent 

yield. The alkylation of acetanilide and of 

phthalimide generally requires reaction 

temperatures of between 60 and 100° ,!47,148 

while pyrroles and indoles react exother- 

mically with primary and secondary alkyl 

halides.'49-!5! Alkylation with tertiary alkyl 

halides fails,'5° presumably due to a 

preferential elimination reaction. 

The alkylation of 1,4-dihydropyridines 

under phase-transfer conditions has also 

been reported. !52 

OXIDATION REACTIONS: 

In the presence of quaternary am- 

monium and phosphonium salts, per- 

manganate ions are transferred efficiently 

into benzene (“purple benzene”) and they 

HO OCCI HO HO fe) 
i] 1 + 

i} ‘ 1 oi 

(eq 
/0 

a a aeeeinemeen eal | + co, 

‘o 

H NSH ow 
RCONH, —<2p R-C ——» RCN R=Ph 84% (€0- 

Yo -Cel, 

oa 

:CCl R=n-C4Ho 60% 
RNH, - RNC mus 570% (eq. 

:CClp aA gee H,0 
R,NH ——® R,N-CCl, ——® R,NCHCI, ———® R,NCHO = (24. 

“CCl, 
NCHCI, 

UOC 
as ys: CCl aan NCHCI, 

Jr:0 (eq. 

NCHO 

NCHO 

O 

: ArCH—N ArCHCONHAr 
ArCH=NAr co Ae Wik a eae a C (eq. 

ci’scl cl 

Cl 
i] 

HC=C- CMe, 
CIC=C-CHMe S>—_ MOH Me,C=C=C: dan me,c=c=eC (eq. 

HCIC=C=CMe, 
(CgH,7)3NMetCl- 

PhN—NPh N 
See 

: * 

Me,c=c=c: XN, c Sc CMe: 

' 

CMe, Ph 

ok 

oa 

(eq. OH NaOH 
se 

CH,NCOMe (¢,H,;);NMe*Cl 

. 25) 

26) 

27) 

28) 

29) 

30) 

31) 

32) 

33) 

34) 
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oxidize terminal alkenes in the organic 

phase to give carboxylic acids having one 

carbon atom less than the alkene.®%!53,154 

Non-terminal alkenes are oxidized to 1,2- 

diols under strongly alkaline conditions in 

dichloromethane.!55 Diols, which are high- 

ly soluble in water, are oxidized with C-C 

cleavage to dicarboxylic acids in the 

aqueous phase of the two-phase system. 

Benzonitrile, benzyl alcohol and stilbene 

are oxidized by tetrabutylammonium per- 

manganate in benzene to give benzoic 

acid!55 in yields in excess of 90%. 

Quaternary ammonium perchlorates 

have been prepared and used as oxidizing 

agents in chloroform.!5¢ 

REDUCTION REACTIONS: 

The rate of reduction of ketones to the 

corresponding alcohols with sodium 

borohydride is greatly enhanced in a two- 

phase system by the addition of quaternary 

ammonium salts.6%!57.158 Tetraalkylam- 

monium borohydrides can be extracted 

almost quantitatively into dichlorometh- 

ane from an aqueous sodium hydroxide 

solution of sodium borohydride upon the 

addition of the tetraalkylammonium salt. 

Evaporation of the organic phase yields the 

solid ammonium _borohydride,>.!59.160 

which, in spite of its low reactivity, has 

been used extensively for reductions in 

organic solvents. 

The reagent has been used, for example, 

in the synthesis of 1,3-dioxolanes from 2- 

methoxyethyl carboxylates (eq. 35).!6! 

Attempts to induce asymmetric reduc- 

tion of ketones by the use of chiral quater- 

nary ammonium salts have met with varied 

success.!57.158 The degree of asymmetric in- 

duction depends upon the structure of the 

ketone and is enhanced by a high concen- 

tration of catalyst. 

In general it has been assumed that 

diborane can be generated and used only in 

ethers. It is possible, however, to produce 

diborane in dichloromethane through the 

reaction of tetrabutylammonium borohy- 

dride with alkyl halides (eq. 36). The 

diborane so produced is as versatile and, in 

many respects, more reactive than that 

generated by classical procedures. Thus, in 

addition to the normal reduction of 

nitriles, aldehydes and ketones to amines, 

primary and secondary alcohols respec- 

tively, it has been found that esters are also 

reduced to give alcohols. Hydroboration of 

alkenes in dichloromethane and the subse- 

quent almost quantitative conversion into 

alkyl alcohols by the addition of sodium 

hydroxide and hydrogen peroxide is ex- 

tremely simple. 

Tetrabutylammonium cyanoboro- 
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oO Et Et,0°BF,- a) 
RCO.CH.CH/OMel eee RC Mes 

‘o- CH, 

(eq. 35) 

R, ,O verti /O x J (Cay) N* BH, r-& | BF; 
H’\9 CH,Cl. Xo 

+ CH,Cl, A es 
NaBH, + Q° + NaOH(aq) ———® Q'BH; 

tbe (eq. 36) 

RX = Mel, EtBr, CH2Cl BoH, + Qx in CH3Cly 

C16H33)(C4Hg)3N*Br- RSSR (Cig — 9)3 RSH 

eee 60 - 90% (eq. 37) 
s a 
GC— 

HN’ ~OH 

NaOH <1% 

PhCH,CH,Br (eq. 38) 

Q*x- 4 eae PhCH=CH, ~100% 2hr 

RCH-CHR (CgH,7),MeN*Cl- =CHR 
Br Br Nal/Na,S,0, RCH (eq. 39) 

RCH OH R i H._ PhNMe4Br3 H f Ho- R- 

RCH;CTNNHTos| c= NNTos © 9 _C-N=NTos (09; 40) 
RCH, RCH, 

hydride has been prepared and used for the 

reduction of alkyl iodides and bromides at 

room temperature. | 

Dialky] disulfides are reduced to thiols in 

high yield by formamidinesulfinic acid in 

the presence of cetyltributylammonium 

bromide and aqueous sodium hydroxide 

(Eqn s7)ac: 

ELIMINATION REACTIONS: 

The rate of elimination of halogen acids 

from halogenoalkanes is dramatically in- 

creased by the addition of a phase-transfer 

reagent, particularly when the products are 

conjugated (eq. 38).4 A phase-transfer cata- 

lyst has also been used in the preparation of 

dichloroacetylene from_ tetrachloro- 

ethylene. !4 

The reaction of 1,2-dibromoalkanes 

with sodium iodide in the presence of 

sodium thiosulfate and methyltrioctylam- 

monium chloride proceeds easily to give 

the alkenes in 85-95% yield (eq. 39).!6 

Trimethyl(phenyl)ammonium perbrom- 

ide brominates tosylhydrazones which, un- 

der basic conditions, eliminate HBr with 

the formation of tosylazo derivatives (eq. 
40). 166 

The elimination of triphenylsilane from 

2-triphenylsilylalk-l-enes to give allenes 

has been found to be catalyzed by quater- 

nary ammonium fluorides.!® 

ADDITION REACTIONS: 

Tetraethylammonium bromide cata- 

lyzes the addition of ethylene oxide to 

aldehydes and ketones to form 1,3- 

dioxolanes.!®8 It has been postulated that 

tetraethylammonium £-bromoethoxide is 

formed, which acts as a nucleophile in the 

initial step of the reactions. The same in- 

termediate is involved in the phase-trans- 

fer-catalyzed reaction of ethylene oxide 

with alkyl halides in the formation of B- 

halogenoethyl ethers.'6 Highly reactive 

sulfur ylides have been formed in the 

presence of water and have been employed 

in the synthesis of oxiranes through their 

reaction with aldehydes and ketones (eq. 

41).!70.171 Both trimethylsulfonium iodide 

and trimethyloxosulfonium iodide are con- 

verted into the sulfur ylides in dichloro- 

methane by aqueous sodium hydroxide in 



the presence of tetrabutylammonium salts. 

A six-membered ring by-product is 

produced in the reaction of benzaldehyde 

with trimethyloxosulfonium iodide (eq. 42) 
and a similar 2:1 cyclized adduct results 

from the base-catalyzed reaction of ben- 

zaldehyde with dimethyl sulfone (eq. 43).!72 

In none of the reactions is there any 

evidence of a Cannizzaro reaction in the 

case of benzaldehyde, or of aldol condensa- 

tion products from other aldehydes. 

a,B-Unsaturated ketones yield cyclo- 

propyl ketones in high yield in their reac- 

tion with the ylide derived from trimethyl- 

oxosulfonium iodide under the phase- 

transfer conditions (eq. 44).!7° 

Utilization of chiral B-hydroxyethyl 

quaternary ammonium salts results in the 

enantioselective ring closure in the forma- 

tion of the oxiranes from aldehydes and the 

ylide derived from trimethylsulfonium 

iodide. !7! 

Oxiranes have also been prepared via the 

phase-transfer-catalyzed reaction of 

chloromethylsulfones and aldehydes or 

ketones.!73 It was assumed that a car- 

banionic intermediate is involved in the 

reaction, but it is possible that a carbene is 

generated. The sulfonyloxiranes, which 

hitherto had been assumed to be of limited 

stability, may be isolated under the mild 

phase-transfer conditions (eq. 45). 

The Michael addition reaction to a,B- 

unsaturated ketones and esters is catalyzed 

by tetrabutylammonium cyanide (eq. 46).!2 

In the carbohydrate field, it has been 

observed that the use of phase-transfer 

catalysis favors the formation of the ther- 

modynamically less stable isomer in the ad- 

dition of carbanions to nitroalkenes (eq. 

47).174 

The catalyzed addition of phenylaceto- 

nitrile to acetylenes under basic conditions 

has also been reported (eq. 48).!75.176 

CONDENSATION REACTIONS: 

The benzoin condensation of benzal- 

dehyde may be effected by tetrabutyl- 

ammonium cyanide under considerably 

milder conditions than those used in the 

classical procedures. !2.!77 The reaction may 

be carried out in water in the absence of an 

organic phase. 

The base-catalyzed condensation of 

aldehydes with sulfones to give a,B- 

unsaturated sulfones (eq. 49)!78 and the 

synthesis of 2-styrylbenzazoles (eq. 50)!79 

have been shown to be catalyzed by ben- 

zyltriethylammonium chloride. 

WITTIG AND WITTIG-HORNER 

REACTIONS: 

Application of phase-transfer catalysis 

permits the generation of phosphoranes and 

NaOH Fed R 
Me,S | + RCHO - 909 (eq. 41 3 anune ese 20 - 90% ) 

48hr, 50° 

PhCHO + Me,S=O Ts 
(eq. 42) 

12% 

[~L8 PhCH,NEts+ 
MeSO,Me + 2PhCHO ——W— BPI 48% (eq. 43) 

Oo 

Me,S=O + ArCH=CHCOAr ————> aac ae 70 - 80% (eq. 44) 
Spel Ar CH; 

Roe 
F RR’ PhSO, R 

PhSO,CH,CI at R60 - 90% pial an We o (eq. 45) 
PhCH,NEt,*Cl- 

oO O 

lable 84% 46 (CaH)4N°CN- : eon28) 
CH,NO, 

Ph Ph oe a BNSO R 
fo) oO —_ oO 0 

——Y OMe O,N 

NO, OMe 

R=CH(CO,Et), 72% (eq. 47) 
CH(COMe), 80% 

CH(COPh), 85% 
CH(COMe)CO,Et 50% 
CH(CN)> 40% 

- Qt fe PhCH,CN + RC=CH = ———> PhCHCH=CHR (eq. 48) 
CN 

' " NaOH ' " RSO 5 SO.CH2R + RCHO PhCH,NEt Cr RSO,CR=CHR (eq. 49) 

20°, 2-6hr 

\ PhCHO N 
Me ae ear ) CH=CHPh X=0 (eq. 50) 

PhCH,NEts*Cl- ‘ or Saree 60 - 80% 

phosphonate anions by aqueous sodium 

hydroxide without recourse to strong bases 

or anhydrous solvents. Quaternary am- 

monium salts have been used52.!80-182 but, 

as phosphonates and, in particular, phos- 

phonium salts are excellent phase-transfer 

catalysts, it is possible to conduct both the 

Wittig and the Wittig-Horner reactions in 

two-phase systems without the addition of 

a catalyst.!83-!87 Although the yields ob- 

tained with and without a quaternary am- 

monium salt are comparable, the rates of 

the reactions at room temperature are in- 

variably slower when a catalyst is not used. 
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tay 1, 

In the preparation of a,B-unsaturated 

sulfides (R = SPh, R’= Ph, R” = H) ithas 

been noted that the E : Z isomer ratio 

depends upon the catalyst used, being 

higher with the more efficient catalysts (eq. 

51).52.!8! In the absence of an added catalyst 

the tetraethyl bis-phosphonate reacts with 

benzaldehyde to give exclusively the E- 

isomer (eq. 52).!87 

MISCELLANEOUS REACTIONS: 

The hydrolysis of carboxylic esters by 

aqueous sodium hydroxide is aided by the 

addition of quaternary ammonium 

salts.6%!88,189 The rate enhancement is most 
significant in the hydrolysis of low 

molecular weight esters. Thus, for exam- 

ple, although dimethyl adipate is inert to 

50% aqueous sodium hydroxide at room 

temperature over a period of several hours, 

the addition of a catalytic amount of 

tri(hexadecyl)methylammonium chloride 

produces an exothermic reaction and 

hydrolysis is complete in 30 min.6* The 

catalytic effect is less powerful in the 

hydrolysis of long-chain carboxylic esters, 

due possibly to the formation of strong ion- 

pairs between the quaternary ammonium 

ion and the carboxylate anion, which are 

highly soluble in the organic phase. 

Hydrolysis tends to stop after 35% reac- 

tion, but further addition of catalyst does 

not produce any appreciable continuation 

of the reaction.® It is apparent that quater- 

nary ammonium hydroxides are stronger 

bases than they are nucleophiles in organic 

solvents, as they rapidly generate the car- 

banion from ethyl acetoacetate without 

any significant hydrolysis of the ester 

group. Use is made of the reactivity of the 

non-solvated fluoride ion in the catalytic 

effect of tetrabutylammonium fluoride in 

the synthesis of hydantoins (eq. 53).!9° 

Tetrabutylammonium azide has been 

employed in the Curtius rearrangement 

reaction for the preparation of acyl azides 

in toluene!?! and, in a similar reaction, the 

moisture-sensitive aroyl cyanides have 

been synthesized in ca. 60% yield from 

aroyl chlorides and tetrabutylammonium 

cyanide in dichloromethane.!% A further 

reaction can occur between the aroyl 

cyanide and the reactive cyanide ion to 

yield a higher molecular weight by-product 

(eq. 54). 

The synthesis of a-diazoalkanes is im- 

proved by the addition of quaternary am- 

monium salts (eq. 55).!93 

Quaternary ammonium salts have also 

been utilized in D/H exchange reactions®* 

and, in place of ion-exchange resins, in the 

conversion of iodides into chlorides.!%4 
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n U 

Ry NaOH N 

Et P ,C= 1&= (Eto), POCH,R + Rc Omer TREO: Reis (eq. 51) 
exothermic ver 55 - 80% 

EtO),PO oy 
NaOH EO ror =G eq. 52 (Eto),POCH,PO(E!), + PncHo = —=— He= “ph feqae2) 

79% 

= R 
are te R (C4Ho9)4N*F- JES (eq. 53) 

Oo” SNH ~? We ° yo 
R R 

OCOPh 
PRCOCI (C4Hg) 4N*CN PhCOCN (C4Hg)4N*CN Ph-C- CN (eq. 54) 

PhCOCl ! 
CN 

NaOH ox X =Y =CO.C,H,-t 87% (eq. 55) 
X-CH,-Y + TosN, Set N2=C 

EVALUATION OF CATALYSTS: 

In early studies, Makosza examined the 

catalytic activity of different quaternary 

ammonium salts in the ethylation of benzyl 

cyanide.‘ It is evident that the benzyltri- 

ethylammonium ion is more effective than 

the more symmetrical tetraethylammon- 

ium ion.”!95 Similarly, the efficiency of 
alkyltriethylammonium ions, [Me(CH))n- 

NEt,;*] in the catalytic elimination of 

hydrogen bromide from 2-phenylethyl 

bromide increases toa maximum whenn = 

5, but falls off only slightly through to n= 

11,4 while the maximum activity with alkyl- 

trimethylammonium ions was found with 

the butyl] derivative.!% 

As indicated in the Introduction, the rate 

of reaction depends to a great extent upon 

the ability of the quaternary ammonium 

ion to transfer the reactive anionic species 

into the organic phase as an ion-pair and is 

therefore dependent, not only upon the 

structure of the ammonium ion, but also 

upon the anion. Consequently, no one 

catalyst can be said to be universally the 

most effective. Thus, for example, the ac- 

tivities of different catalysts upon the 

generation of carbenes,!22 SN2 reactions,’ 

and the transfer of the permanganate anion 

into organic solvents!5> have been examin- 

ed. It is generally accepted that benzyltri- 

ethylammonium chloride is the catalyst of 

choice for carbene reactions, whereas 

methyltrioctylammonium chloride and 

tetrabutylammonium hydrogen sulfate are 

the most effective for the other two reac- 

tions, respectively. These three salts are the 

most commonly employed phase-transfer 

catalysts and they are commercially 

available. Other quaternary ammonium 

X =Ph; Y=COMe 100% 

salts are frequently used, however, as are 

phosphonium salts. Although the selected 

kinetic data presented in the Table show 

phosphonium salts to be as efficient as 

many ammonium salts in SN2 reactions, 

they are less frequently used, due to their 

susceptibility to decomposition, par- 

ticularly under basic conditions, and to 

their proneness to side reactions. 

Second-Order Rate Constants for the 

Reaction of Thiophenoxide with 

1-Bromooctane in Benzene:Water’ 

Catalyst k x 103 M"'sec" 

(0.00137 mol) 

Me,N*Br- <0.0016 
PhCH,NEt,*Br- <0.0016 
C,,H33;3NMe,*Br- 0.15 

C,.H,,NEt;*Br- 0.48 

(C,H,),N*Br- Si) 

(C,H ,7);NMe*Cl- 31.0 

Ph,PMe*Br- 1.7 

C,,H;;PEt,*Br- 1.8 

Ph,P*Br- 25 

(C,H)4P*Cl- 37.0 

(C,H,7);PEt*Br- 37.0 

Recently, renewed interest has been 

shown in the catalytic effect of tertiary 

amines as catalysts for two-phase systems 

but, in general, they are less effective than 

the quaternary ammonium salts, !5.!13,197,198 
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Recent Advances in 

Synthetic Pyrethroids 

How is great research achieved? 

Perhaps a systematic study of how 

research is carried out in various countries 

is just not possible, as it would require in- 

timate knowledge of so many research 

groups. Even today, when great research is 

being done so openly by many academic 

research teams, often in the same or adja- 

cent buildings — R.B. Woodward’s or E.J. 

Corey’s groups at Harvard, for example — 

there has not been a systematic study of 

how this differs from country to country, 

from industrial to academic laboratories, 

or even from one professor’s laboratory in 

the same building to the next. One can 

come close to understanding how academic 

research was done fifty to a hundred years 

ago by reading those wonderfully infor- 

mative obituaries of great chemists that 

appeared in the Berichte. Also, some auto- 

biographies, such as “Aus meinem Leben” 

by Richard Willstatter, are most infor- 

mative. Today, however, chemists write 

much less personally: too many heed that 

most foolish of sayings that time is money. 

Time is the one commodity that money 

cannot buy, and we are so busy “doing” 

chemistry that we seldom reflect how it 

could be done best. 

Naturally, as a supplier of building 

blocks for organic chemical research, we 

are most interested in how research is being 

done, and most suggestions for our new 

compounds have come from great research 

laboratories around the world. Thus, we 

were very interested in meeting, and dis- 

cussing research in general and his research 

in particular, with Dr. Michael Elliott of 

the Rothamsted Experimental Station in 

Harpenden, Hertfordshire, England, 

whose work is likely to change the world’s 
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agriculture as fundamentally and more 

lastingly than the chlorinated hydrocar- 

bons such as DDT have done earlier. 

Dr. Elliott, born in London in 1924, 

educated at University College at South- 

ampton and King’s College, University of 

London (Ph.D. and D. Sc.), is a most ap- 

proachable chemist, and when I called him 

from London recently, he readily invited 

me to his laboratories in Harpenden, and 

he subsequently visited Aldrich fora day to 

discuss our interest in providing building 

blocks for synthetic pyrethroids. (Fig. | 

shows Dr. Elliott with Dr. Irwin Klundt 

and Mr. Charles Pouchert of Aldrich.) 

Dr. Elliott’s interest in the chemistry of 

pyrethrins started when he was a student 

with Professor Stanley Harper, with whom 

Fig. 1. From left to right, Mr. Pouchert, Dr. Elliott and Dr. Klundt. 

Alfred Bader 

he moved from Southampton to London. 

From London, Dr. Elliott went directly to 

the Rothamsted Experimental Station 

where work on pyrethrins had been guided 

by Dr. Frederick Tattersfield and Dr. 

Charles Potter, who had realized the great 

importance of a stable supply of insects to 

the studies of structure-activity relation- 

ships, and who had built a multidiscipli- 

nary team at the Experimental Station. To- 

day the team associated with Dr. Elliott in- 

cludes organic chemists Dr. Norman F. 

Janes (Fig. 2) and Dr. David A. Pulman 

(Fig. 3), an electrophysiologist, Mr. Paul 

Burt, and entomologists Dr. Andrew W. 

Farnham and Mr. Paul H. Needham. This 

team works in modest, cluttered labora- 

tories, much like university laboratories 

built in the thirties, and one gets no inkling 



from discussions with these modest scien- 

tists that they are doing fundamental work 

on which the giants of the world’s chemical 

industry — ICI, Roussel-Uclaf, FMC, 

Sumitomo and others — are spending 

millions in efforts to commercialize these 

inventions. 

Naturally, my first question to Dr. 

Elliott was how he believed his research 

differs in method from that in the 

laboratories of the industrial giants. The 

Rothamsted research on pyrethroids has 

been supported by the National Research 

Development Corporation which has 

patented the active compounds and has 

licensed these to the companies mentioned, 

and so Dr. Elliott has been able to compare 

their research efforts with those of his own 

team. In some of the laboratories of the 

chemical giants, one group of chemists 

makes the new compounds. These are then 

computer-coded and eventually — often 

months later — fed to insects by scientists 

Fig. 2. Dr. Norman F. Janes 

who may not even know the chemists who 

made the chemicals, and it may be months 

later before the synthetic chemists get the 

neatly tabulated test results. All this is 

often impersonal and always time-consum- 

ing. At Rothamsted, a compound syn- 

thesized in the morning is sometimes tested 

for its insecticidal activity the same after- 

noon, by scientists working in proximity. 

They know and talk to each other, and 

have only one aim — to produce guickly 

the most active, least toxic compound of 

the series being studied to establish fun- 

damental structure-activity relationships. 

Clearly it is easier to find active compounds 

in such an environment. 

The natural pyrethrins are the active in- 

secticidal ingredients of pyrethrum 

flowers. Their chemistry has been carefully 

reviewed;!*~“ they are esters of cyclopro- 

panecarboxylic acids and alkenylcyclo- 

pentenolones. 

C=CH c-O CH; 
CH; \ : 

CH, CH, CH,CH=CH-R 

R = CH; or CO,CH, 
R' = CH=CH, or CH, 

or CH,CH3 

Oo 
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Cl’ pease z Ok 
1} 
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NRDC 143 (R=H) 
NRDC 149 (R=CN) 

H, , 
Br. ; ay Gi O Br =CH CON, 2 
| pd fe 4 SH 

CH; *CH; CN 
NRDC 161 

Until relatively recently, the interest in 

the pyrethrins as insecticides was greatly 

overshadowed by the interest in the 

chlorinated hydrocarbons, phosphates and 

carbamates, because these are generally 

much more easily made and more stable 

than the pyrethrins. The pyrethrins, how- 

ever, have the great advantages of being 

biodegradable, much less volatile, and 

harmless to mammals, and so the en- 

vironmentalists’ concern about DDT, 

Aldrin, Dieldrin, etc., has shifted interest 

to the synthetic pyrethroids which have 

been studied by Dr. Elliott and his co- 

workers since the sixties. Many hundreds 

of analogs of the natural pyrethrins have 

been made, and the relationship between 

structure and activity has been studied in 

detail. 

To date, the three most promising com- 

pounds are NRDC 143, NRDC 149 and 

NRDC 161. 

All three compounds appear very dif- 

ficult to prepare, and their facile prep- 

arations are the result of work by some of 

the ablest chemists in the world’s giant 

chemical companies. 

The acid moiety was the more difficult to 

synthesize, and Professor Ralph A. 

Raphael of Cambridge University elec- 

trified this September’s symposium on syn- 

thetic pyrethroids in San Francisco when 

he described the as yet unpublished prep- 

aration from trichloroethylene and iso- 

butylene, developed by Dr. Peter Cleare at 

ICI. Trichloroethylene and isobutylene are 

condensed to 1,1-dichloro4-methyl-1,3- 

pentadiene which is then converted to a lac- 

tone with manganic acetate. When this is 

treated with thionyl! chloride and ethanol, 

it yields an ester which can be cyclized to 

the key cyclopropanecarboxylic ester re- 

quired for NRDC 143. 

FMC chemists reported a parallel syn- 

thesis of this ester at the same symposium. 

It proceeds via the same _ dichloro- 

methylpentadiene, which is converted to 

the ester with ethyl diazoacetate. FMC 

reported raw materials cost by this route to 

be low, only about $2.50/ lb, but the cost of 

a plant to handle ethy] diazoacetate safely 

is likely to be much higher than that for the 

ICI process. 

chit Roeper Clem Haeersn 
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m-Phenoxybenzyl alcohol and m-phen- 

oxybenzaldehyde are much more easily 

made, but how best to do this on the 

hundreds-of-tons scale that may be need- 

ed? We understand that an air-oxidation 

process from m-phenoxytoluene, which is 

readily available from phenol and m- 

cresol, has been developed. Also m- 

phenoxytoluene can be halogenated and 

hydrolyzed to m-phenoxybenzyl alcohol 

which can be easily oxidized to the 

aldehyde. Alternately, the benzal halide 

can be converted to the aldehyde directly. 

These methods, however, involve a raw 

material cost estimated at $5-6 per lb of 

alcohol or aldehyde, which may be too high 

for economic feasibility. 

Aldrich became interested in m-phen- 

oxybenzyl alcohol when we were asked to 

study the reduction by hydroboration of 

m-phenoxybenzoic acid, easily made by 

the oxidation of m-phenoxytoluene. We 

had no problem scaling up the hydrobora- 

tion and made several hundred pounds of 

the alcohol. However, it became clear that 

this process could not compete econom- 

ically with the alternate routes. 

Fig. 3. Dr. David A. Pulman 

Shortly after completion of this work, 

we found a much better synthesis of m- 

phenoxybenzyl alcohol via the aldehyde. 

This uses neither m-phenoxytoluene nor 

the acid, and has an intrinsically lower raw 

material cost than the syntheses from m- 

phenoxytoluene. Just at that time, atten- 

tion focused on NRDC 161, the ester of the 

cyanohydrin of the aldehyde, so the 

aldehyde itself became important. We 

believe that we have a more economical 

synthesis of the aldehyde than any in- 

volving the oxidation of m-phenoxybenzyl 

alcohol and, in fact, the most economical 

preparation of the alcohol may be via the 

reduction of the aldehyde made by our 

method. 

We at Aldrich do not have any large- 

scale equipment and certainly could not 
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make many tons ourselves. However, 

some time ago I discussed the industrial 

production of the aldehyde with one of my 

best friends, Bert Van Deun, at Janssen 

Pharmaceutica in Belgium. The Janssen 

engineers then scaled up the process using 

specific technology developed within the 

company, and so we have licensed Janssen 

to prepare the aldehyde, and hope that they 

will be able to fill much of the demand. 

Naturally, we were most interested to 

learn what the contributions of the NRDC 

licensees have been. As we understand the 

situation, it is as follows: ICI may have 

made the greatest synthetic efforts, par- 

ticularly towards NRDC 143, culminating 

in Dr. Cleare’s work discussed. Shell 

appears to have concentrated on new struc- 

tures, and FMC with ICI (U:S.), the licen- 

sees in the Western Hemisphere, have 

emphasized studies of biological activity. 

Roussel-Uclaf has developed elegant syn- 

theses of chrysanthemic acid, either via a 

sulfone} derived from isoprene, and £,B- 

dimethylacrylic acid (which may explain 

why we have sold many tons of this recent- 

ly) or via addition of this sulfone to an 

isopropylidenemalonate ester.4 All the 

most active compounds are resolved, op- 

tically active isomers; for example, the (+)- 

trans-chrysanthemates and analogs are ac- 

tive while the (-)-trans-isomers are virtually 

inactive. Thus, resolution is very impor- 

tant, and the best methods appear to have 

been developed by chemists at Roussel- 

Uclaf. Sumitomo’s contributions have 

been both in synthetic innovations and of 

new structures. They have prepared the es- 

ters via the triethylamine salt of m-phen- 

oxybenzyl bromide without isolation of the 

alcohol. Also, they have shown® that the 

cyclopropane moiety is not essential to ac- 

tivity: ‘Sumicidin,’ $5602, is the p-chloro- 

a-isopropylphenylacetate of the cyano- 

hydrin of m-phenoxybenzaldehyde. 

Just how active these synthetic pyre- 

throids are in comparison with the older in- 

secticides can be seen from this table.’ 

Relative toxicity to 

house flies mustard beetles 

Parathion SH 7 

DDT 4-15 11 

Dieldrin 35 4-10 

NRDC 161 2300 1600 

This much greater insecticidal activity, 

coupled with their low mammalian toxicity 

and biodegradability, makes it appear like- 

ly that these pyrethroids will become im- 

portant insecticides in the future.’ 

Because of my interest in art, I am often 

asked how I believe motivation between 

great artists and great chemists differs. The 

great chemists often achieve greatness 

because they want to be the first to reacha 

difficult goal: R.B. Woodward must have 

known that if he did not synthesize quinine 

or strychnine and Vitamin B,,, someone 

else would. A great artist paints because he 

knows that if he does not create this great 

work, no one else will. If Rembrandt had 

not painted that marvellous “Return of the 

Prodigal Son” now in the Hermitage, no 

one else would have. This rather pat answer 

falters when considering Dr. Elliott’s work: 

would NRDC 161 really have been made 

without him and his team? Probably not, 

or at least not for a very long time: in the 

case of men like Elliott, the motivation of 

scientists and that of artists overlap. 

de 
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Robert Burns Woodward: 
Three Score Years and Then? 

Synthetic organic chemistry began 150 

years ago when, in1828, Wohler! prepared 

urea from ammonium cyanate. “The unex- 

pected result,” reported Wohler, “is also a 

remarkable fact inasmuch as it presents an 

example of the artificial production of an 

organic, and so-called animal, substance 

from an inorganic substance.” Liebig, who 

at this time was working in similar areas, 

initially doubted Wohler’s work but was 

soon convinced, however, of its correct- 

ness, and the two young chemists became 

close and lifelong friends. Only a decade 

after Wohler’s original discovery, he and 

Liebig, writing jointly on uric acid, asserted 

that, “The philosophy of chemistry will 

draw the conclusion that the synthesis of all 

organic compounds, as longas they are not 

a part of an organism, must be seen as not 

merely probable but certain.”? No one has 

more completely fulfilled this prophecy 

than R.B. Woodward, who in 1965 was 

awarded the Nobel Prize for art in organic 

synthesis. Some of his most notable 

achievements are the synthesis of vitamin 

B,,, the most complex non-polymeric 

naturally occurring substance, as well as a 

series of other synthetic triumphs which 

have each in their turn established stan- 

dards of elegance and creativity for which 

most other organic chemists can only hope 

to strive. 

How does one tell the chemical com- 

munity anything about Woodward which 

either they do not already know, or which 

they cannot readily learn by consulting any 

of the numerous collections of biograph- 

ical data? I could list here the more than 30 

honorary degrees which have been bestow- 

ed on him, and which are recorded in a 

closet in Cambridge as an array of multi- 

David Dolphin 
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Vancouver, British Columbia 

Canada V6T 1W5 

Fig. 1. Plan in detail, then carry it out (printed with permission of the American Chemical 
Society, from Chemical and Engineering News, Nov. 1965, p. 38). 
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hued academic robes (with the exception of 

one from a Scottish University, which shall 

remain unnamed, which insisted that if 

Woodward wanted the gown, he would 

have to buy it!). And I could follow this by 

a list of awards which would include the 

Theodore William Richards Medal, the 

Roger Adams Award, the Willard Gibbs 

Medal, the Pius XI Gold Medal, the 

National Medal of Science, the Nobel Prize 

in Chemistry, the Lavoisier Medal, the 

Decorated Order of the Rising Sun 

(Japan), and on into a list which would re- 

quire more space for its completion than 

the Aldrichimica Acta has available. 

Rather than pursue this typical approach, I 

have decided to take a light-hearted look at 

the man as well as his chemistry.3 

Neither teacher nor student of chemistry 

can have failed to have come across many 

of the contributions that R.B. Woodward 

has made to science in the past four 

decades. This was certainly true for me as 

an undergraduate, as well as a graduate of 

chemistry at the University of Nottingham 

where I worked with Alan Johnson in the 

early 60’s. When it became clear that I 

would probably obtain my Ph.D., I asked 

my mentor what he would suggest I do 

after I was through at Nottingham, and he 

advised me that it might be good for my 

soul to go somewhere where I would be ex- 

pected to work a little harder than I had 

been used to, and that I might think about 

trying to work with Woodward at Har- 

vard. After some considerable agonizing I 

came to the conclusion that surely all of the 

rumors I had heard about this man, his 

work habits and those of his collaborators, 

could not possibly be true, and that I 

should indeed see if Woodward would give 

me a postdoctoral appointment in his 

laboratories. Having prepared a carefully 

worded letter I took it along to Alan John- 

son to see if it met with his approval, and I 

was told I would be wasting my time if I 

sent it since Woodward never replied to 

letters. I have since learned that this was a 

slight exaggeration; nonetheless, the letter 

was never sent. Instead, however, when a 

few days later I was present at a half-day 

symposium on Vitamin B,, in London at 

the Royal Society, during one of the 

traditional tea breaks I was approached by 

an individual whom I knew, by the tell-tale 

cigarette and blue tie, could be none other 

than Woodward. Within ten seconds he 

ascertained that I did indeed wish to work 

with him, and suggested that I should write 

to his secretary and say that I would be 

arriving the following September. 

Having made plans to cross the Atlantic 

in search of fame and fortune, I thought it 

advisable to familiarize myself in a general 

way with some of Woodward’s work, and 
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am sure that you will be as interested as I 

was to note that his first two papers were: 

" iti? 

Precipitation of barium in the copper- 

tin group of qualitative analysis, W.J. 

Hall and R.B. Woodward, Ind. Eng. 

Chem., Anal. Ed., 6, 478 (1934). 

The staling of coffee II, S.C. Prescott, 

R.L. Emerson, R.B. Woodward, and 

R. Heggie, Food Research, 2, 165 

(1937). 

But a glimpse of the greatness to come was 

evident in his third contribution to science: 

A pressure regulator for vacuum dis- 

tillation, R.L. Emerson and R.B. 

Woodward, Ind. Eng. Chem., Anal. 

Ed., 9, 347 (1937). 

Arriving in Boston in the fall of 1965, I 

was met by his secretary, Dodie Dyer, and 

told if I would like to wait in the library Dr. 

Woodward would soon see me. And in- 

deed, two weeks later, I was shown into his 

office, where we discussed what I might do 

during my stay at Harvard and agreed that 

I would participate in the synthesis of B,. 

Having established my scientific program 

for the period of my stay I turned my atten- 

tion to more important matters such as the 

length of any holidays that I could expect. 

After a brief pause Woodward shrugged 

his shoulders and said, “Well, I take Christ- 

mas Day off.” 

During this first discussion I had been 

seated at the side of his desk. Convinced, as 

I am now, that Bob Woodward does 

nothing which he has not carefully thought 

out I have realized since that the small 

ous proteins (from the Boston Herald, Wednesday, June 

— 

quotation I saw then in front of him was as 

much for the benefit of his colleagues as for 

him, and after slowly moving my position 

so that I was able to read it, at the conclu- 

sion of the interview I saw the words that 

were to encourage me in my work for the 

next year: “Let sleeping dogs lie.” 

That year I spent in Woodward’s 

laboratories was an especially exciting one 

and was highlighted early one morning 

when, as I walked into the laboratories, I 

heard the clinking of champagne glasses, 

and realized that although I had missed the 

news, the inevitable had obviously happen- 

ed. The speed at which the champagne 

appeared in Bob’s office surprised me, but I 

soon found out that, in fact, the cham- 

pagne had been laid down by the depart- 

ment some time earlier in anticipation of 

the Nobel Prize. As the party progressed it 

was generally felt that signed champagne 

bottles would make a suitable memento of 

the occasion; however, it transpired that 

there were more drinkers than bottles. 

Woodward soon remedied this problem by 

holding sufficient parties until enough 

bottles had been accumulated. A few days 

later the Swedish television company came 

into Bob’s laboratories and said how disap- 

pointed they were that they had missed the 

party, since they felt that scenes of a less 

formal nature might be suitable for a 

program they were preparing on that year’s 

Nobel Laureate. Not wishing to disappoint 

his visitors from Sweden, Bob threw 

another round of parties which were receiv- 

ed by his group with no less enthusiasm 
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than the initial ones. 

Since he obtained the highest accolade in 

his field it-might be of interest to see how 

Woodward’s career had developed up to 

the time of the Nobel Prize. Born on April 

10, 1917 in Boston, Woodward spent his 

childhood in a suburb of that city, Quincy. 
To give you a brief glimpse of his childhood 

I quote from an article in the Boston Daily 

Globe of June 8, 1937. “As a boy in short 

pants in Quincy Grammar School, he con- 

sistently brought home report cards 

dimmed with a pair of D’s for conduct and 

effort. The Woodward youngster, who was 

always playing in the cellar with a 

chemistry set, received three double 

promotions hurdling the fourth, seventh 

and tenth grades, all the while whispering 

in classes, chewing bubble gum, being the 

last one in after recess and pulling little 

girls’ long curls.” I can assure you, after ten 

years of close association with Bob 

Woodward, that things have certainly 

changed since his earlier days — I don’t 

think I have seen him blowing bubble gum 

in a long while. 

In addition, it would appear that the 

passing years have also instilled a little cau- 

tion. Recently, at an MIT fraternity house 

Pat* introduced RBW to a striking young 

redhead who was interested in meeting 

him. Amid the din and accompanying 

revelry the two remained locked in an 

animated conversation. After some time 

RB, looking a little disillusioned, came 

over and said: “I find this young lady quite 

interesting. However, she has just made a 

strategic mistake.” “What could she have 

done?” Pat queried. “Well,” said RB, “she 

Robert 8. Woodward and William E. Doering, firtt to synthesize quinine 

Fig. 3. Printed with permission of the 
American Chemical Society, from 
Chemical and Engineering News, 

just told me that she had been engaged toa 

professional wrestler. And, Pat, that is a 

very hard act to follow.” 

Returning to the report from the Boston 

Globe we find that “in 1933, a sixteen year- 

old lad from Quincy with a very distin- 

guished scholastic record appeared at MIT 

where professors, being only human, form- 

ed a quick but wrong impression of him. 

The savants at this institute solemnly 

soliloquized, ‘Woodward as a freshman 

had much to learn. He was in no position to 

think the world his oyster in or out of 

season, so happy-go-lucky, not at all the 

grim and studious type.’ ” One professsor 

had remarked, “Well, the Institute, young 

man, is a different place than a public 

school.” It would appear then, as now, that 

MIT professors can be mistaken, for in 

four years Woodward had obtained his 

Ph.D. from MIT — not, however, without 

some difficulties. His transcript which 

shows a 4.9 out of a possible 5 was 

highlighted by a double F in gym. 

Clearly Woodward’s career at MIT was 

atypical in that he obtained both his 

Bachelor’s and Doctorate degrees by the 

age of 20. Again quoting from the Boston 

Globe, “The achievement was the more 

remarkable in that Woodward obtained his 

goal after only four years of study against 

the seven usually required; when during 

this period much of his time had been 

devoted to outside work to finance his 

collegiate career.” 

“IT never heard of it being done by any 

young man before, either at Tech or 

anywhere in the world,” was the commen- 

dation of James Flack Norris, Professor of 

Organic Chemistry and Director of the 

Tech Research Laboratory in the field in 

which young Woodward took his degree. 

While taking the regular freshman 

courses, during the first semester at the 

Institute, Woodward applied for a seat in 

the laboratory. The Organic Department 

told him that only graduate students, men 

who possess degrees, are allowed that 

privilege; but his appeal interested the 

Department and he was told that if he 

could supply a list of the experiments he 

was planning, he might be given some con- 

sideration. A few days later he produced a 

list of experiments that showed such out- 

standing originality and scope that he was 

granted a seat. 

Toward the end of the second semester 

of his freshman year Woodward walked 

into the examination room where third- 

year students were being tested in organic 

chemistry. He inserted a note in his ex- 

amination book, asking the professor to 

correct it, and if possible, to give him 

credit. 

At the beginning of his second year he 

was given his own laboratory in which to 
experiment. In that year he happened to at- 
tend an organic chemistry lecture in which 

the professor told about the difficulty of 

synthesizing the female sex hormone from 

carbon. At the end of the lecture 

Woodward came to the professsor and 

showed him a way which might lead to such 
a synthesis. 

The professor was amazed; the entire 

organic chemistry department became ex- 

cited. For Woodward had hit on something 

that might prove to be revolutionary in the 

field of organic chemistry. 

During his third year Woodward took as 
many as 15 courses in one semester so that 
he might receive his Ph.D. sooner. The 
faculty permitted him to spend as little time 
as he wished in classes. Instead he studied 
the required subject matter independently 
and simply presented himself at the ex- 
aminations. Again and again he walked off 
with honors in organic chemistry courses. 
At the end of his third year Woodward was 
notified that he was to be granted a 
bachelor’s degree. 

His last and fourth year at Tech, 

Woodward describes as his happiest, for he 

was able to spend his time in the research 

laboratory where he could resume his ex- 

periments, which he had begun in his se- 

cond year at the Institute, on the female 

hormone. He did this work independently 

and wrote his thesis on it. 

In explaining Tech’s attitude toward 

Woodward, during that period of time, 

Professor Norris says, “We saw that we had 

in our midst a person who possessed a very 

unusual mind. We wanted to let it function 

at its best. If red tape, which was necessary 

for other less brilliant students, had to go, 

we cut it. We did for Woodward what we 

have done for no other student in our 

department, for we have had no student 

like him in our department. And we think 

he will make a name for himself in the 

scientific world.” Norris further said, “But 

unlike some scholars, he will not burn out 

suddenly.” It was not to be long before 

these prophesies were to be fulfilled. 

Upon graduating from MIT Woodward 

spent the summer of 1937 at the University 

of Illinois but, with the approach of winter, 

migrated to warmer climes and moved 

back to Cambridge, where he became an 

assistant to Professor Elmer Peter Kohler 

at Harvard. The following year he was 

elected to the Harvard Society of Fellows, 

and by 1941 had published a series of 

papers on ultraviolet spectral structure cor- 

relations which are still used to this day. In 

1944 Woodward (as a consultant for the 

Polaroid Corp.) and Bill Doering achieved 1944, p. 730. 
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the total synthesis of quinine in only 14 

months (Fig. 3). In 1947 he was to elucidate 

the structure of strychnine, to be followed 

in 1954 by total synthesis of strychnine and 

lysergic acid. The synthesis of strychnine 

was not without its difficulties, however, 

and after several months of trying to close 

the 6th ring, and after the most recent ex- 

periments had failed, Bob is recorded as 

saying, “If we can’t make strychnine, we'll 

take strychnine!” 

Prior to the total synthesis of strychnine 

both cholesterol and cortisone were syn- 

thesized, and in 1952 Woodward proposed 

the sandwich structure for ferrocene. 

Few personal accounts of the major dis- 

coveries in chemistry are documented. An 

exception to this is the dream of August 

Kekulé> which led to the suggestion that 

benzene contained a cyclic structure. 

“There I sat and wrote my Lehrbuch,” 

reported Kekulé, “but it did not proceed 

well, my mind was elsewhere. I turned my 

chair to the fireplace and fell half asleep. 

Again the atoms gamboled before my eyes. 

Smaller groups this time kept modestly to 

the background. My mind’s eye, trained by 

repeated visions of a similar kind, now dis- 

tinguished larger formations of various 

shapes. Long rows, in many ways more 

densely joined; everything in movement, 

winding and turning like snakes. And look, 

what was that? One snake grabbed its own 

tail, and mockingly the shape whirled 

before my eyes. As if struck by lightning I 

woke; this time I again spent the rest of the 

night to work out the consequences.” 

This dream of 1865, occurred 35 years 

before Sigmund Freud’s theories were 

published in 1900,6 and one can but 

wonder about Freud’s reaction to snakes’ 

biting their own tails! If, however, this led 

to the elucidation of the structure of 

benzene, what thoughts led Woodward to 

the sandwich structure of ferrocene would, 

I am certain, prove fascinating. 

While the suggested structure for 

ferrocene initiated an era of organometallic 

chemistry, it also aided in the demise of 

Woodward’s continuing practice at the 

bench. About 3 a.m. one day the group was 

gathered in the laboratory suggesting ways 

to try and oxidize or reduce the then-new 

ferrocene. RB put a lump of FeSO, into a 

separatory funnel and shook it with asolu- 

tion of ferrocinium ion to reduce it. On be- 

ing shaken, the funnel was broken by the 

lump, and the solution poured out onto 

RB’s trousers (where it had the audacity to 

remain oxidized). 

In 1960 Woodward announced the total 

synthesis of chlorophyll (Fig. 1), having 

already synthesized lanosterol and reser- 

pine, and followed these successively with 
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Fig. 4. A telegram from Sweden! 

syntheses of tetracycline, cortisone and 

cephalosporin during the period in which 

he was awarded the Nobel Prize (Fig. 4). 

While I have chosen only a few of the 

highlights in the above list of achievements 

in synthesis, it must be remembered that 

the theoretical aspects of organic chemistry 

are areas to which Woodward has also 

turned his talents. The latest of these is the 

conservation of orbital symmetry devel- 

oped by Woodward and Hoffmann in the 

late 60’s, and so elegantly summed up by 

them in their Angewandte Chemie article 

in 1968 where, in considering violations to 

the rules, they concluded “there are none!” 

Oosterhoff had suggested that orbital 

symmetry might play a role inelectrocyclic 

reactions, and, while introducing Roald 

Hoffmann to an audience, made the obser- 

vation that throughout the history of 

organic chemistry a number of significant 

contributions had been made by various 

distinguished Hoffmanns, among them be- 

ing August Wilhelm von Hoffmann, and 

Friedrich Hoffmann. However, Ooster- 

hoff noted, “of all the Hoffmanns the most 

famous is undoubtedly the Hoffmann 

whose first name is Woodward.” 

The greatest of all of Woodward’s syn- 

thetic achievements is that of Vitamin B,,, 

which, in collaboration with Albert 

Eschenmoser, was completed in the early 

70’s. As colloquia chairman at Harvard I 

persuaded Woodward to present a talk on 

the synthesis of B,,. Our colloquia at Har- 

vard were normally of an hour duration, 

and at first Bob was reluctant to lecture, 

since he assured me that there would be no 

way he could say his piece in an hour. If we 

were to schedule the talk at 5 p.m. as nor- 

mal, we might break into the dinner hour 

and upset the audience. We easily over- 

came these objections by starting the talk at 

8 p.m. which of course left us the rest of the 

evening, and if necessary the following 

morning, for the remainder of the presenta- 

tion. It had not gone unnoticed, on earlier 

occasions, that Woodward’s talks had oc- 

cupied several hours, and since I had no 

reason to expect that this occasion would 

be any different I felt it might be ap- 

propriate to give a more detailed than usual 

introduction of our speaker. 

A few weeks earlier Duilio Arigoni had 

presented the Tishler lectureship to the 

department, and had been introduced by 

Woodward who took some delight in giy- 

ing a detailed discussion of a horoscope 

that had been prepared for Arigoni. I 

remembered, too, that Woodward had told 

me several years earlier that one should use 

all available avenues to gain information 

about a subject. In particular I remember 

that Woodward was trying to repeat some 

of Thorpe’s earlier work in which he had 

claimed to have synthesized some 

derivatives of tetrahedrane. By the time 

Woodward was attempting to repeat this 

work Thorpe had died and parts of the ex- 

perimental details were no _ longer 

available. Woodward knew, however, that 

Lady Thorpe was a clairvoyant who claim- 

ed to be in touch quite regularly with her 

husband, so Bob thought that this might 

indeed be a unique way of obtaining infor- 

mation and would certainly constitute a 

novel footnote. It thus seemed appropriate 

to me that, in the absence of a clairvoyant, 

possibly a detailed analysis of a horoscope 

prepared for Woodward might be included 

in my own introduction. At the time of the 



preparation of Arigoni’s horoscope, it had 

been suggested by the young lady prepar- 

ing the horoscope, that perhaps Bob 

himself might like to have a horoscope 

prepared, but that in order to do this she 

would need the exact time, to the minute, 

of Woodward’s birth. Woodward suggest- 

ed that rather than use that time, which he 

didn’t know anyway, and doubted that it 

could now be found, the young lady should 

prepare a horoscope for every minute of 

the day of his birth, and then by looking at 

the various comments decide what time he 

was born. Since I had neither the time nor 

the resources to undertake this obvious 

scientific but rather lengthy procedure, I 

determined to try and establish the exact 

time of Woodward’s birth. A trip to the 

Massachusetts State House told me that 

Woodward was born on April 10, 1917 in 

the Boston Lying In Hospital for Women, 

but unfortunately no time had been record- 

ed. However, the Boston Lying In Hospital 

for Women is an old established hospital 

and they informed me that for a small 

research fee they would check their records 

and find the information I needed, and 

behold a few days later a letter (Fig. 5) 

appeared recording Woodward’s time of 

birth as 3:39 a.m. This is an especially 

significant time I feel, for I remember, one 

morning toward the end of a party in Bob’s 

apartment, we saw the sun rise over the 

river Charles at about four in the morning. 

Woodward commented that yes, indeed he 

observed this every morning. Somewhat to 

our amazement he told us that he slept only 

three hours a day and had done so for as 

long as he could remember, and that he 

usually went to bed about | a.m. and got up 
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Fig. 6. Horoscope prepared for Woodward. 

around 4 a.m. It would appear that he ac- 

quired this habit at a very young age then, 

and hasn’t changed it since. 

Having determined the exact time of 

W oodward’s birth, I transmitted this infor- 

mation to Ztirich and on the day of 

Woodward’s lecture at Harvard, Arigoni 

flew in with the appropriate document and 

a somewhat detailed analysis of the 

horoscope. You will appreciate that it 

would be ignoble of me to outline here 

details of many of the comments that were 

made, but I reproduce in Fig. 6 the 

horoscope, so that those of you who are 

trained in the art of interpreting such 

documents can come to your own con- 

clusions. I must make it clear right from the 

beginning that up until that time I had little 

faith in horoscopes, but many of the inter- 

pretations were indeed accurate in many 

respects; we knew we were on to a good 

thing with the first comment 

Woodward’s favorite color was red! It was 

noted, however, that his career had begun 

at 22, an accurate deduction, and that the 

man for whom this horoscope had been 

prepared should be a scientist. And not 

only that, that he should be a chemist, too. 

I must admit that to this day Ido not know 

how much of this information came from 

the horoscope and how much came via 

Arigoni. The analysis went on to point out 

the subject was a user of nicotine and li- 

quor, but was such a strong individual that 
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these had no effect on his health. 

Woodward ran true to form to show us, 

that night, how accurate the statement was 

by consuming his number of 

packages of Benson & Hedges and by 

finishing the two pints of Daiquiri that had 

been prepared for him as part of my in- 

troduction. Despite what 

believe, among them such crusaders as 

James the First, who had this to say 

usual 

non-smokers 

Smoking is a custom loathsome to the 

eye, hateful to the nose, harmful to the 

brain, dangerous to the lungs, and in 

the black stinking fumes thereof nearest 

resembling the Stygian smoke of the pit 

that is bottomless. 

the habit has been a tradition amongst 

synthetic chemists since the time of Wohler 

and Liebig, both of whom were heavy 

smokers, especially Wohler, who once 

made this comforting comment to a non- 

smoking colleague: “there are examples of 

non-smokers who became bearable 

chemists; however, this occurs only 

rarely.” 

The horoscope indicated that the in- 

dividual was forceful, energetic, had a good 

practical sense but was by no means 

diplomatic, and that he impressed others 

with his own personal viewpoint. And the 

individual possessed with a 

phenomenal memory. To this I can per- 

sonally attest. In late 1973 just before I left 

Harvard to move to the University of 

British Columbia, I was discussing the ox- 

idizing power of oxaziridines with 

Woodward, who said that he recalled a 

paper from the Redstone Arsenal which he 

had read a while ago, where oxaziridines 

were titrated with iodide and hence ox- 

idants. As a measure of Woodward’s 

memory it transpires that the paper he 

referred to had been written about twenty 

years earlier, and that the iodide titrations 

were described in a footnote to the ex- 

perimental section. 

Was 

But let me return to Woodward’s latest 

accomplishment. Although the total syn- 

thesis of B,,, in the form of cobyrinic acid, 

formally represented a total synthesis of 

the vitamin itself, it was only a year ago 

that the complete synthesis was achieved, 

when the nucleotide loop was attached to 

the cobyrinic acid. (Fig. 7) 

My latest count of the people involved in 

this undertaking, in both Cambridge and 

Ziirich, totalled about 100 postdoctoral 

fellows. It is, of course, apparent that dur- 

ing the past 40 years Woodward’s achieve- 

ments must also be gauged in reference to 

Woodward as a teacher. During these past 

four decades nearly 400 students have been 
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associated with him. It is said that a man 

can be judged by the company he keeps, 

and it is certainly true that a chemist can be 

measured by the men he has trained. It 

would be inappropriate to list here all 400 

colleagues; other ventures being planned to 

celebrate Woodward’s 60th birthday will 

better measure the magnitude of this 

group.® | have however gone through the 

list of Woodward’s collaborators and ran- 

domly selected about ten percent of the 

names: 

Bill Ayer, Jerry Berson, Ray Bonnett, 

Rich Borch, Axsel Bothner-By, Ron 

Breslow, Bill Chan, Malcolm Clark, 

Gerhard Closs, Pat Confalone, Pierre 

Deslongchamps, Bill Doering, Paul 

Dowd, lan Fleming, Chris Foote, 

David Ginsburg, Jacques Gosteli, Hans 

Gschwend, James Hendrickson, Ken- 

ichi Hiroi, Ken Houk, Sh6 It6, Bill 

Jencks, Tom Katz, Andy Kende, Yoshi 

Kishi, Hoshiro Kobayashi, Jean-Marie 

Lehn, Willy Leimgruber, David Lemal, 

Paul de Mayo, Jerry Meinwald, David 

Ollis, Roy Olofson, Avram Patchornik, 

Subramania Ranganathan, Myron 

Rosenblum, Dick Schlessinger, Franz 

Sondheimer, Bal Dattaraya Tilak, 

Denny Valenta, Harry Wasserman, 

Larry Weiler, Ernie Wenkert, Emil 

White, Mark Whiting, Alex Wick, 

Charles Wiesner, Reuven Wolovsky, 

Peter Yates, Alexander Gregoryevitch 

Yurlchenko, Howie Zimmerman. 

It is inevitable, in preparing a list of this 

type, that some of the more famous 

colleagues should have been left out. These 

names | have added below.? 

In May of 1944 The Tech (The MIT 

newspaper) made the following comment. 

“Professors who have known him well have 

stated that Woodward was excellent not 

only in chemical subjects but in academic 

studies as well.” Those same professors 

would now have to admit that through the 

efforts of Robert Burns Woodward 

chemistry can at last be acclaimed a 

scholarly and academic pursuit. 

And what of the future? You might 

imagine that the best answer to this ques- 

tion would come from the oracle himself. 

However, such pilgrimages are usually 

destined to failure. For example, I remem- 

ber a press conference that was held on the 

morning that Bob won the Nobel Prize. A 

reporter from one of the local newspapers 

asked if he thought that he now would 

begin to synthesize life in the test tube. 

After a moment's reflection he looked up 

and said, “No, I am quite happy with the 
way it is done now.” 

After all of Woodward’s scientific 

achievements one might imagine that there 

is nothing that he can do to exceed, for in- 

stance, the elegance or complexity of the 

B,, synthesis. I am certain that this is not 

so, and that we shall see even greater 

triumphs in the future. If you doubt this 

statement | leave you with the words of 

Lewis Carroll: 

“There is no use trying,” she said; “one 

can’t believe impossible things.” “I dare 

say you haven’t had much practice,” 

said the Queen. “When I was your age, I 

always did it for half an hour a day. 

Why, sometimes I believed as many as 

six impossible things before breakfast.” 

Fig. 7. Mark Wuonola and RBW announce the completed synthesis of vitamin By. 
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1) F. Wohler, Ann. d Physik, 12, 253 revised edition (London: George Allen 

(1828). and Unwin, Ltd., 1937). 

2) F. Wohler and J.v. Liebig, Justus 7) F. Haber, “Justus von Liebig 1803- 

Liebigs Ann. Chem., 26, 254 (1838). 1873” in Great Chemists, ed. E. Farber, 
3) This article is written as an appreciation Interscience, New York, 1961, p. 535. 

of all that Woodward has done for 8) In addition to papers, dedicated to 
chemistry in general and for me in par- Woodward on the occasion of his six- 
ticular, and is dedicated to him on the tieth birthday, which will be published 

anniversary of his sixtieth birthday. Ifat throughout the scientific literature, 

any stage the reader should feel that my Heterocycles, under the editorship of 

personal account transgresses the Tetsuji Kametani, will publish an issue 

bounds of gentlemanly behavior, then I containing papers dedicated to 

would refer them to the first piece of ad- Woodward. 

vice that Woodward ever gave me: This year’s Leermakers Symposium, to ae 3 

“David, there is not time enough to be held at Wesleyan University three David Boehn a 

worry over what others think about weeks after Woodward’s birthday, is to 

you.” be built around the impact Woodward About the Author 
4) I thought of changing your name, Pat, has made on total synthesis. Additional After obtaining his Ph.D. with Alan 

but I know, and you know, and he information on the symposium, of Johnson in 1965 David Dolphin spent a 

knows where the story comes from, so which Woodward is the Honorary year’s postdoctoral fellowship with 

what’s the point? Chairman, can be obtained from Woodward, and he then joined the faculty 

5) R. Anschtitz, “August Kekulé 1829- Professor Max Tishler, Department of — of the chemistry department at Harvard 
1896” in Great Chemists, ed. E. Farber, Chemistry, Wesleyan Univesity, where he stayed for eight years, moving in 
Interscience, New York, 1961, p. 697. Middletown, CT 06457. 1974 to his present location at the Universi- 

6) Sigmund Freud, The Interpretation of — 9) David Dolphin. ty of British Columbia. 
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Handling Air-Sensitive 

| 

Reagents 

A large variety of air-sensitive reagents is 

available from Aldrich. Specific examples 

include solutions of borane complexes, 

organoboranes, borohydrides, Grignard 

reagents, organoaluminums, organo- 

lithiums, and organozincs. Since all of 

these reagents react with water or oxygen 

or both, they must never be exposed to the 

atmosphere. 

Most modern synthetic chemists are 

familiar with the utility of these versatile 

organometallic reagents. However, 

because the compounds are air-sensitive or 

pyrophoric, some workers hesitate to make 

use of the remarkable chemistry of these 

reagents. Some chemists still believe that 

very specialized equipment and com- 

plicated techniques are required for handl- 

ing air-sensitive reagents. This is often not 

the case. 

Air-sensitive materials can be separated 

into two categories: those which react 

catalytically with air and/or water and 

those which react stoichiometrically. In the 

latter case, which fortunately includes most 

of the synthetically useful reagents, the 

reagents can be handled easily on a 

laboratory scale using syringe and syringe- 

related techniques. The catalytically sen- 

sitive materials often require the use of 

more sophisticated apparatus such as 

vacuum lines, Schlenk-apparatus, or inert- 

atmosphere glove boxes. 

Brown and coworkers have recently 

described simple, convenient bench-top 

methods for handling stoichiometrically 

sensitive compounds on a _ laboratory 

scale.! Shriver has presented an excellent 

description of the more sophisticated 

techniques used to manipulate catalytically 

sensitive materials.? 

The present discussion is limited to those 

techniques necessary for handling air- 

sensitive reagents on a preparative scale. In 

addition, several pieces of specialized 

equipment which greatly facilitate the safe 

and effective handling of these reagents will 

be described. The book by Brown and 

coworkers should be consulted for more 

detailed descriptions of simple techniques 

for working with air-sensitive materials. 

Air-sensitive reagents available from 

Aldrich are packaged in special bottles. 

The Aldrich Sure/Seal packaging system 

(Fig. 1) provides a convenient new method 

for storing and dispensing research quan- 

tities of air-sensitive reagents. With this 

ULM Bakelite 

Tefl ri 
ap 

eflon Liner 
backed with (eee te

 
lastomer etal Crown 

® Cool ae with 
Teflon Liner 4/4” Hole 

backed with —— 
Special Neck Elastomer ¢ 
equipped 
with Glass 

Standard Crown 
32 oz and 

Amber Threads 
Glass 

Fig. 1. The Aldrich Sure / Seal packaging 
system. 

new bottle, reactive materials can be 

handled and stored without exposure to at- 

mospheric moisture or oxygen. The 

reagent comes in contact only with glass 

and Teflon®, yet it can be readily trans- 

ferred using standard syringe techniques. 

Syringe transfer techniques will be 

described in more detail later, but a short 
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Gary W. Kramer 

Department of Chemistry 

Purdue University 

West Lafayette, IN 47907 

discussion at this point will illustrate the 

convenience of the new Sure/ Seal packag- 

ing system. 

The Bakelite cap on a Sure/Seal bottle 

can be safely removed because the crown 

cap, with its Teflon/elastomer liner, is 

already crimped in place. The reagent can 

then be dispensed using a syringe or 

double-tipped needle inserted through the 

hole in the metal crown cap. After the nee- 

dle has been withdrawn from the bottle, a 

small hole will remain in the Teflon/- 

elastomer liner. Under normal cir- 

cumstances, the hole in the liner will self- 

seal and the reagent will not deteriorate. 

However, the possibility exists that once an 

elastomer liner is punctured, it may leak on 

long-term storage. This possibility is vir- 

tually eliminated with the Sure/Seal 

system because when the Bakelite cap is 

replaced, the Teflon/elastomer liner in the 

cap forms a seal against the top of the metal 

crown. Thus, the contents are effectively 

protected from moisture and oxygen in the 

atmosphere. 

Reactions involving our air-sensitive 

reagents may be carried out in common 

ground-glass apparatus. The only ad- 

ditional equipment required is a source of 

inert gas, a septum inlet, a bubbler, and 

syringes fitted with suitable needles. 

Aldrich offers a variety of septums, 

syringes and syringe-related hardware, 

several pieces of septum-inlet-equipped 

glassware, and a bubbler. 

Laboratory glassware contains a thin 

film of adsorbed moisture which can be 

easily removed by heating in an oven 

(125°/ overnight or 140°/4 hrs). The hot 

glassware should be cooled in an inert at- 

mosphere by assembling the glassware 
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while hot and flushing with a stream of dry 

nitrogen or argon. A thin film of silicone or 

hydrocarbon grease must be used on all 

standard taper joints to prevent seizure 

upon cooling. Alternatively, the apparatus 

may be assembled cold and then flamed 

with a Bunsen burner while flushing with 
17-, 18- or 20-gauge needle dry nitrogen. 

Fig.2. Nitrogen-flushing needle. needle-tubing connector The oven drying procedure is more ef- 
ficient than flaming with a burner because 

it removes moisture from inner surfaces of 

condensers and from other intricate parts. 

Spring clips or rubber bands are required 

to secure joints during the flushing since 

‘ two wraps the nitrogen pressure may open the seals of 

of wire unsecured standard taper joints, especially 

when the joints are hot. 

SS 

hein) 
glass septum ——>> ww 

inlet iE ES 

el Di 

Only high-purity, dry nitrogen from a 

Step | Step 2 Step 3 cylinder witha pressure regulator (adjusted 
Fig. 3. Procedure for utilization of rubber septum. to 3-5 psi) should be used for flushing. 

Plastic tubing (Aldrich Catalog No. 

Z10,119-2) can be used to connect the 

nitrogen line to a tube connector adapter 

: Pepeumtinict (equipped with a stopcock) on the reaction 

ml apparatus. Nitrogen may also be in- 

troduced through a rubber septum wia a 

<— septum inlet hypodermic needle connected to the end of 

the flexible tubing on the nitrogen line. The 

needle-tubing connector (Aldrich Catalog 

No. Z10,116-8) provides a simple method 

for attaching the needle to the tubing. 

When not in use, this nitrogen-flushing nee- 

dle (Fig. 2) should be closed by inserting 

the needle into a solid rubber stopper to 

rubber ———> 

septum 

Fig. 4. Flask equipped with septum inlet. Fig. 5. Septum inlet adapter. prevent diffusion of air into the needle 
when the nitrogen supply is turned off. 

plastic tubing ; S) <——_ septum inlet Large rubber septums may be used to 
TE : y iouhood cap female joints. However, the use of 6- 

SEA | mm septums and 8-mm o.d. standard wall 

or 9-mm o.d. medium wall (6-mm i.d.) 

glass septum inlets is preferred. The small 

rubber septum (Aldrich Catalog No. 

Z10,072-2) provides a more positive reseal 

after puncture and allows less rubber to be 

in contact with organic vapors in the reac- 

tion vessel. The use of 9-mm o.d. medium 

wall tubing, instead of the more common 8- 

mm o.d. standard wall, with 6-mm septums 

is preferred. With the medium wall tubing, 

the 6-mm septum not only fits the inside 

diameter of the glass tube but also fits snug- 

ly over the outside when the top is folded 

over (Fig. 3). The glass septum inlet can be 

built into the reaction flask (Fig. 4) or 

placed on an adapter (Fig. 5) for use with 

unmodified glassware. 

9 4 

to reaction <«——N 
flask 

Fig. 6. Bubbler. 

The rubber septum may be wired in place 

as shown in Figure 3. However, if the 6-mm 

septum is properly fitted to 9-mm medium 

wall tubing, the wiring step may be omitted 

unless high pressures (>10 psi) are ex- 

pected. 

To maintain an air-tight system the reac- 

Fig. 7. Flushing a syringe with nitrogen. tion vessel must be vented through a mer- 
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cury or mineral oil bubbler. Obviously, 

simple drying tubes will nor prevent oxy- 

gen from entering the system. At all times 

during the reaction, the system should be 

under a slight positive pressure of nitrogen 

as visually indicated by the bubbler. Figure 

6 illustrates a suitable bubbler (Aldrich 

Catalog No. Z10,121-4). 

A pressure reversal in the reaction vessel 

may cause the liquid in the bubbler to be 

sucked back. The enlarged head space in 

the bubbler will minimize the danger of the 

half filled with nitrogen and the needle tip 

is inserted in a rubber stopper. It should be 

possible to compress the gas to half its 

original volume without any evidence of a 

leak. A sma// amount of stopcock grease or 

a drop of silicone oil placed on the Luer 

lock tip will help insure tightness. 

The syringe transfer of liquid reagents is 

readily accomplished by first pressurizing 

the Sure/Seal reagent bottle with dry, 

high-purity nitrogen followed by filling the 

syringe as illustrated in Figure 8. The 

nitrogen pressure is used to slowly fill the 

bubbles) of the reagent. Note that the 

nitrogen pressure pushes the plunger back 

as the reagent enters the syringe. The 

plunger should not be pulled back since 

this tends to cause leaks and creates gas 

bubbles. The excess reagent along with any 

gas bubbles is forced back into the reagent 

bottle as illustrated in Figure 9. The ac- 

curately measured volume of reagent in the 

syringe is quickly transferred to the reac- 

tion apparatus by puncturing a rubber sep- 

tum on the reaction flask or addition 

funnel, as shown in Figure 10. Syringes 

She, 

bubbler liquid being sucked back into the 

vessel. However, if a large 

pressure reversal occurs, air will be ad- 

mitted into the reaction vessel. The T-tube 

bubbler shown can be used to prevent this 

problem because nitrogen pressure can be 

introduced intermittently through the sep- 

tum inlet. The problem can be completely 

eliminated by a slow and continuous 

nitrogen flow. 

syringe with the desired volume plus a 

slight excess (to compensate for gas 

with capacities up to 100ml are available. 

However, the large syringes become 

reaction 

When the assembled (nitrogen-flushed) 

glassware has cooled, air-stable solids may 

be introduced through an entry port under 

a blanket of nitrogen. The entry port is 

closed and the system is flushed with 

nitrogen. <————— ring support to hold 

Small quantities (up to 50ml) of air- Boulesccurely 
sensitive reagents and dry solvents may be 

transferred with a syringe equipped witha 

needle (length 1-2ft). The long needles are 

used to avoid having to tip reagent bottles 

and storage flasks. Tipping often causes the 

liquid to come in contact with the septum. 

Contact of rubber septums with many 

organic liquids causes swelling and 

deterioration of the septums, and should 

therefore be avoided. 

—i@— Sure/Seal bottle 

~<«—— ring stand 

Fig. 8. Filling syringe using nitrogen pressure. 

A rubber septum in contact with organic 

vapors provides a positive seal for only a 

limited number of punctures, depending 

upon the needle size. The lifetime of the 

septum may be extended by always reinser- 

ting the needle through an existing hole. It 

is also advantageous to put a layer of 

silicone or hydrocarbon grease ona rubber 

septum to facilitate passage of the needle 

through the rubber and to minimize the 

size of the hole in the septum. Ideally, the 

syringe and needle should be dried in an 

oven prior to use. Naturally, the syringe 

body and plunger should not be assembled 

before being placed in the oven. The 

syringe should be flushed with nitrogen 

during the cooling. A syringe may also be 

flushed 10 or more times with dry nitrogen 

as illustrated in Figure 7 to remove the air 

and most of the water adsorbed on the 

glass. A dry syringe may be closed to the at- 

mosphere by inserting the tip of the needle 

into a rubber stopper. 

The syringe-needle assembly should be 

tested for leaks prior to use. The syringe is uae 
Removing gas bubbles and returning excess reagent to the Sure/Seal bottle. 
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to bubbler <t— 

| 
| a 
= 

to bubbler<«— 

awkward to handle when completely full. 

When the transfer of more than 50ml of 

solvent or liquid reagent is required, it is 

generally much more convenient to use the 
double-tipped needle technique. Figure 11 

illustrates liquid-reagent transfer under 

nitrogen pressure using this technique. 

To accomplish the double-tipped needle 

transfer, the needle is first flushed with 

nitrogen. The Sure/ Seal bottle is pressuriz- 

ed with nitrogen using the nitrogen 

flushing needle. The double-tipped needle 

is then inserted through the septum on the 

reagent bottle into the head space above 

the reagent. Nitrogen immediately passes 

through the needle. Finally, the other end 

of the double-tipped needle is inserted 

through the septum on the reaction ap- 

paratus, and the end of the needle in the 

<t——- septum inlet 

t——Teflon stopcock 

reagent bottle is pushed down into the li- 

quid. The volume of liquid reagent 

transferred is measured by using a 

calibrated flask or addition funnel. When 

the desired volume has been transferred, 

the needle is immediately withdrawn to the 

head space above the liquid, flushed slight- 

ly with nitrogen, and removed. The needle 

is first removed from the reaction ap- 

paratus and then from the reagent bottle. 

An alternative method for transferring 

measured amounts of reagents is shown in 

Figure 12. The reagent is first transferred 

via a double-ended needle from the Sure/ - 

Seal bottle to a dry, nitrogen-flushed 

graduated cylinder equipped with a female 

$ joint and a double inlet adapter 

(glassware G as illustrated in equipment 

section). Only the desired amount of 

reagent is transferred to the cylinder. The 

needle is then removed from the Sure/ Seal 

bottle and inserted through the septum on 

the reaction apparatus. By applying 

nitrogen presssure as before, the reagent is 

added to the reaction apparatus. If it is 

necessary to add the reagent slowly, a 

modified double-tipped needle can be used. 

This useful transfer needle is constructed 
from two long standard needles and a male 

Luer lock to male Luer lock syringe valve 

(accessory O as illustrated in equipment 

section). The valve may be opened slightly 

allowing only a very slow flow of reagent. 

Thus, the addition funnel is not needed 

and many reactions can be carried out in 

single-necked flasks as shown in Figure 13. 

The 12-gauge stainless steel needles on 

the Flex-needle provide a rapid means of 

transferring air-sensitive reagents under 

nitrogen pressure. However, the needles 

are so large that once the crown cap liner 

on the Sure/Seal bottle is punctured, the 

liner will not self-seal. If only a portion of 

the contents is to be used up, a needle no 

larger than 16-gauge should be utilized. By 

using small needles and by always tightly 

replacing the Bakelite cap, the reagent ina 

Sure/Seal bottle will not deteriorate even 

after numerous septum punctures. How- 

ever, if the reagent is to be used repeatedly 

for small-scale reactions or if an unused 

portion is to be stored for an extended 

length of time, the material should be 

transferred from the Sure/Seal bottle toa 

suitable storage bottle. One type of con- 

tainer (Aldrich Catalog No. Z10,248-2) for 

air-sensitive reagents is shown in Figure 14. 

Alternatively, an appropriate adapter (Fig. 

15) can be used to convert a round- 

bottomed flask into a storage vessel. 

The Teflon stopcock on the storage bot- 

tle keeps solvent vapors away from the sep- 

tum, thereby minimizing swelling and 

deterioration of the septum. Furthermore, 

the stopcock allows for replacement of the 

septums. A change of septums is sometimes 

necessary because they tend to deteriorate 

on prolonged standing in a laboratory at- 

mosphere. 

Naturally, this storage bottle must be 

oven-dried and flushed with nitrogen 

before use. A clean and dry Flex-needle 

should be used to transfer the contents of 

the Sure/Seal bottle to the storage bottle, 

using the standard double-tipped needle 

technique. 

Clean-up of equipment that has been 

used to transfer air-sensitive reagents must 

not be taken lightly. Since many of these 

reagents react violently with water, fires are 

a potential hazard. The crown cap and liner 

of an “empty” Sure/Seal bottle should be 

removed and the open bottle placed in a 

hood to allow the last traces of reactive 

Aldrichimica Acta, Vol. 10, No. 1, 1977 14 



114 

reagent to slowly air-hydrolyze and ox- 

idize. After at least a day, the inorganic 

residue can be rinsed out with water. Emp- 

ty storage bottles and storage flasks should 

be treated similarly. Air-hydrolysis in a 

hood is appropriate only for the last traces 

of material that remain after a Sure/Seal 

bottle has been emptied as completely as 

possible via syringe or double-ended needle 

transfer. The Aldrich Catalog/ Handbook 

should be consulted for the recommended 

disposal procedures for larger amounts of 

reactive chemicals. flat-cut end ——>> 

~<t— double-ended needle 

> <&— nitrogen 

to bubbler <¢— (aes A 

(TTT? 

All syringes and needles that have been 

used to transfer air-sensitive materials 

must be cleaned immediately following 

use. Also, in general, a syringe should only 

be used for a single transfer. Failure to 

follow this practice will invariably result in 

plugged needles and “frozen” syringes due 

to hydrolysis or oxidation of the reagents. 

The double-tipped needles are flushed free 

of reagent with nitrogen in the transfer Fig. 12. Double-ended needle transfer to graduated cylinder. 

system, and then immediately removed and 

placed in a clean sink. With water running 

in the sink and in the complete absence of 

flammable solvents and vapors, the 

double-tipped needles or Flex-needle can 

be rinsed with water. When activity in the 

rinse water is no longer observed, acetone 

from a squeeze bottle can be flushed 

through the needle. Depending on the 

reagent transferred, it may be necessary to 

use dilute aqueous acid or base from a 

squeeze bottle to remove inorganic residue 

that is not water-soluble. 

<«@— Sure/Seal bottle 

— » to bubbler 

nitrogen - 

a <fale , 

le SO 

Following its use, a syringe contains a 

larger residual amount of reagent. It is ad- 

visable to rinse out the reactive reagent by 

first placing a few milliliters of the same 

solvent that was used for the reagent in a 

small Erlenmeyer flask in the hood. Keep- 

ing the needle tip under the solvent at all 

times, no more than half the solvent is then 

sucked into the syringe until the syringe is 

at least half-full. The solvent plus dissolved 

residual reagent is ejected from the syringe flat-cut end ——» 
back into the same Erlenmeyer flask. This 

rinsing treatment is repeated at least three 

times. The wash solution can be safely Fig. 13. Double-ended needle transfer with syringe valve. 
combined with other waste solvents for 

eventual burning, and the syringe may be 

further cleaned with water and acetone in 

the sink. Again, treatment with dilute 

aqueous acid or base may be necessary. 

via 

<q— septum inlets f=) ——— 

D 
<t——Teflon stopcock 

Once the syringe needles and double- 

tipped needles have been rinsed in a sink, 

they can be further cleaned and dried using 

a device similar to that shown in Figure 16. 

Needles are cleaned by inserting them 

through the septum. Vacuum from a water 

aspirator is used to pull solvents from 

| squeeze bottles through the needles. After 
| pulling air through the system for a few Fig. 14. Storage bottle equipped with Fig. 15. Septum inlet adapter for storage 
|_ minutes, the syringe plus needle or the Teflon stopcock. flask. 

<t— |000-m] Pyrex® 

bottle 

<<—§ inner joint 
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double-tipped needle will be dry. The 

syringe plunger should be replaced in the 

barrel for storage. If a syringe plunger and 

barrel are not assembled for storage, dust 

can settle on the plunger and in the barrel. 

Upon reassembly, these fine particles will 

occasionally scratch the barrel or cause 

seizure of the plunger in the barrel. How- 

ever, the plunger and barrel must be dis- 

assembled before oven drying. 

Most of the above techniques were 

developed for handling various organo- 

borane reagents. However, these methods 

are applicable to other air-sensitive 

materials. 

When handling air-sensitive materials, it 

is important that the user be thoroughly 

familiar with the basic chemistry of the 

reagent. Also, the user should be prepared 

for unexpected problems. For example, at 

least one extra set of clean, dry syringes and 

needles or double-tipped needles should 

always be available in case the first set of 

equipment becomes plugged. 

As in all laboratory practices, simple 

“common sense” is required. It is impossi- 

ble to describe in detail the techniques re- 

quired for all possible situations. As a rule- 

of-thumb, the chemist working with these 

air-sensitive reagents should always keep in 

mind that, if at all possible, these solutions 

115 

septum inlet ——>» 

heavy-walled vacuum —— 
filtration flask 

re 

Fig. 16. Needle cleaning and drying apparatus. 

should never be allowed to come incontact 

with the atmosphere. 

Finally, it is our sincere hope that with 

the convenience of our new Sure/Seal 

packaging system, coupled with simple, 

convenient syringe techniques, no 

technically qualified chemist will ever 

again hesitate to use air-sensitive reagents. 
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| Silver Anniversary of a 
Lively Heterocumulene 

Introduction 

Chlorosulfonyl isocyanate (CSI) is 

probably the most chemically reactive 

isocyanate known. It was discovered by 

Graf! 25 years ago and has been the subject 

. 
CI-S-N=C=O 

" 
oO 

(csi) 

of several reviews.? The present survey will 

emphasize the synthetic applications of this 

extremely versatile reagent. 

Chlorosulfonyl isocyanate is a clear, 

colorless, mobile liquid which freezes at 

-43°C and boils at 107-108°/760mm 

(38° / 50mm).2” It shows no sign of thermal 

decomposition up to 300°. CSI fumes 

slightly on exposure to humid air, but 

reacts violently with water. Solvents which 

are generally inert to CSI include aliphatic, 

aromatic, and chlorinated hydrocarbons, 

diethyl ether (but not tetrahydrofuran), 

and acetonitrile. The high reactivity of CSI 

precludes the use of protic solvents. 

Chlorosulfonyl isocyanate has enableda 

wide variety of useful and often novel syn- 

thetic transformations. For clarity, reac- 

tions will be classified according to the 

probable site of initial attack on the CSI 

molecule by a given nucleophile, as 

depicted in Scheme I. Accordingly, Class I 

reactions will involve initial attack on the 

isocyanate carbon atom; Class II reactions 

will include formal [2+2] cycloadditions of 

carbon-carbon bonds across the isocyanate 

C=N bond; and Class III reactions of CSI 

will include the relatively few reported ex- 

amples of nucleophilic additions to the sul- 

Chlorosulfonyl Isocyanate 

William A. Szabo 

Aldrich Chemical Company, Inc. 

Milwaukee, Wisconsin 53233 

fur atom. These are, of course, somewhat 

arbitrary classifications intended to facil- 

itate an organized presentation of chloro- 

sulfonyl isocyanate chemistry. 

Class I: Nucleophilic Addition to the 

Isocyanate Carbonyl 

CSI undergoes the expected nucleophilic 

additions by alcohols, phenols, and 

amines.2 The resulting N-chlorosulfonyl 

derivatives may be subsequently func- 

tionalized, as shown in Scheme II. The use 

of CSI thus enables the formal insertion of 

the -CONHSO,- linkage between alcohol 

and/ or amine functional groups. The reac- 

Scheme | R' R? 

ata hs nG 
R'-X-R Y 

Class | 

Cli-SO,-N=C=O 

Class III Class Il 
X = O, NH, S, = CH, etc. 

Y = O, NR3, C = NR3, etc. 

R's =H, alkyl, aryl, etc, R-Z C-C,C=C, C=C 

Scheme Il 

H,O 
2 R'OCONH, 
2 

R'OCONHSO,CI ROH 5 R'OCONHSO,OR? 
2p3 

heen RTRINH, R'OCONHSO,NR?R° 

CSI 

R'R?NH H,0 R'R?NCONH, 
3 

R'R°NCONHSO,CI R'OH ___,. R'R?NCONHSO,OR? 
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tivi f CSI with hols i t th Ivity oO with alcohols is so great that OMe 

primary alcohols can be derivatized in the RCH,CONH = S 1) CSI/MeCN 

presence of other functionalities. In addi- : - 
a) 2) acid hydrolysis 

tion, reaction with CSI generally does not Zz OH 
alter the stereochemistry at other centers, OMe 
even of complex molecules. The examples RCH,CONHa= Ss 

shown in equations 13 and 24 illustrate this ‘ | 
selectivity. A synthesis of the oxazolones 2 oN Zz OCONH, 

depends on the facile reaction of CSI with 

the alcoholic function of a-hydroxy 
ketones (equation 3).5 Ring closure of the 

resulting carbamates (1) was accomplished HO H,NCOO 
by heating at 175-250°. 

The novel reagent 4° (Scheme III), pre- | NH, 

pared by the reaction of CSI with methanol 

followed by treatment of the resulting (in "OH "OH 

92% yield) carbamate 3 with triethylamine, OH OH 

has been used by Burgess® to synthesize 

carbamates from primary alcohols and to R! oO 1 1 

dehydrate secondary alcohols. Intermedi- ine 1) CSI/PhH bee ie A R ==N 

-“~o 

(eq. 1) 

R = 2-thienyl CO,H 

2 (eq. 2) 

ate 3, itself a useful reagent,” has been used R Ceara armenia ri (i 5 

for the preparation of heterocycles 5,”° 6, R Part Rage07.0 Ome oe 

and 7. The ratio of 6 to 7 is oo Rt = Ph, t-Bu 1 2 } 
temperature and solvent dependent.’ R2, R3= Me, Ph 
Compounds such as 3 which are derived 

from certain phenols (e.g., 2,4,6-trichloro- 

phenol) are claimed to be useful bacteri- 

cides and fungicides.’ They may be further CISO,NHCO,Me 2 Et,N Et,NSO,NCO,Me 

functionalized by treatment with alcohols, PhH/25° 

as shown in equation 4. Heating the 3 4 (81%) 
resulting carbamates 8 above 100° 1) NaH R's = H, Me, Ph 
produces alkoxysulfonyl isocyanates 9 in 2) MeCN 

47-77% overall yields.9 1 R' 
2= 

4 

Oo 
The reaction of CSI with mercaptans af- mee eal cae Re NCO,Me R yeees 

fords thiocarbamates 10, intermediates for | N een | | + R N 
N R SO, EG s- 

the synthesis of potential herbicides (e.g., Sa 

6 7 

Scheme Ill 

R' R° = : 

11, equation 5!°). Oz Ear R ; 
5 (75%)  R : 

The reaction of CSI with ketals results in 

the insertion of the -COM(SO,ClI)- linkage 2ae Fn 

between oxygen and carbon atoms of the ArOCONHSO,CI ae ArOCONHSO,0R eerie ROSO,NCO (a. 4) 
ketal functional group.!! This transforma- + 9 i 
tion has been used by Hall er a/.!!’ for the Brae Ra MeCCre eH z | 
net conversion of the isopropylidene- CsI PhNH, HSO 
protected sugar 12 (equation 6) to its cor- RSH Ph RSCONHSO,CI pe RSCON ales (eq. 5) 
responding |,2-carbonate (13). R = CioHos 10 11 (90%) 

Aromatic compounds that readily un- 

dergo electrophilic substitution react with O-~Ph 

chlorosulfonyl isocyanate to produce the S_|-O 

corresponding N-chlorosulfonyl carbox- aaa 9 SSS ve 

amides 14 (equation 7). Lohaus!2 has O ens O ee re ( (eq. 6) 
demonstrated that these intermediates can o4 ><a ; 20 
be converted in situ to nitriles in good over- 

all yields by treatment with dimethyl- 

formamide. The method is characterized 

13 (31% 12 ate 

by mild reaction conditions (15-20°) and ArH Pecos ArCONHSO,CI eS ArCN 
facile workup (quenching with ice and ex- CH2Cl, “SO, (eq. 7) 
traction). A related sequence converts 14 moe (66-96%) | 

enolizable ketones (equation 8'°), certain Ar=2,4-(MeO),C6Hs, mesity!, 2-furyl, 2-thienyl, 2- and 4-MeO-1-naphthyl, 9-anthry! 
cyclic enamides (e.g., 15 in equation 9!4), 

and carboxylic acids (equation 10!5) to the s ae Rey ; Ae 

corresponding nitriles. In the case of the RCOCHR'R SU RCOCR'R'CN 
latter the intermediate 16 is often stable en Bae (eq. 8) 
enough to be isolated, depending on the - pein ye a (63-90%) 
nature of the starting acid.!5 Faubl!§ has ees 

a ae — 
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Scheme IV 

— R_~0O_o 

aa a, RCHO + cS ==> eee aac 
NCOR ~ 2) DMF NcOR (€4: 9) NSO, 

| 15 R = Me (50%), Ph (32%) eA 20 

| RY 00 Zee |» 

| RCH [Rco,CONHSO,C!] O. _NSO,CI 

a Ise xg RCH=NSO,CI 

| DMF (eq. 10) 21 (R = Ph, 80%) 22 
| RCN 50 RCONHSO,ClI 
| = 3 

(63-87%) -HC| 16 a Ar 2 

R=t-Bu, c-Hex, CICHsCH», PhCH», PRCH=CH, 1-naphthy! Cu ONS ae a NSGNae? 

Sz 
Ar' 

HH Me H H 0 HN NH HN : 
2 Ser Ss = = 7S 2 at Ar 

eae [ wit csi = ele nif i fe) 
1 23 24 25 

Beate er ee ee 
| CO2H MeCN Me 

1) 2CSI 
= 45% OEt 

aie 
aa 2) hydrolysis 

Messi Naa an “ys pe Ae el (eq. 14) 

oe | So ee ee 
o7N HN NH HN NH 

(eq. 12) NO a 

Oo @) 

| Bess, Nw 26 27 

R = alkyl, aryl, etc. aa : Ps 

R~+/0 
R'cONR’R' + cs] = | SY 

eee R’R'N — -NSO2C 
R NH 28 R'COCH,R? 1) CSI | 

| 2) Na,SO3 1 9-802 \} 

| 17 2a 1 R\ 
R°R°N R 

| and/or sae R’RN] O | (eq. 15) 

fe) O (eq. 13) gpl CISO,N—\, 

RS wu R* SNH 

a { cates | | bie 29 
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R1 = Me, i-Bu, Ph, PhCHp, 4-CICgH4, 4-MeCgH, NSO,NR‘R* 

R2 = Me, Et, i-Pr, Ph 
31 

recently reported an anhydropenicillin 

rearrangement (equation 11) induced by 

| chlorosulfonyl isocyanate, which is 

thought to proceed via an intermediate of 

type 16. As an interesting aside, inter- 

mediates such as 16 canalso displace N-tri- 

methylsilyl groups under mild conditions. 

An example is given in equation 12.!7 

A variation of equation 8 provides either 

the potential “third-generation” sweeten- 

ers!8 17 or substituted uracils 19 (derived 

from products 18), as outlined in equation 

13.!9 The ratio of 17 to 18 is dependent on 

the nature of the substituents on the start- 

ing ketone and on the solvent. This work by 

Hassner and Rasmussen is a particularly 

striking example of the versatility of 

chlorosulfonyl isocyanate for the synthesis 

of useful intermediates from _ readily 
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accessible starting materials. 

The reaction of CSI with certain 

aldehydes” can also be included in Class I, 

since evidence recently published by Clauss 

et al.''° suggests that products 21 and 22 

(Scheme IV) are derived from 1,4-dipolar 

intermediates 20, the apparent result of 

nucleophilic attack by the aldehydic car- 

bonyl on the isocyanate carbon atom. The 

reaction of benzophenone with CSI in 

nitrobenzene at 130° produces benzoiso- 

thiazole 23,!! probably via cyclization of 

the diphenyl kerimine corresponding to 22. 

Such species can be isolated from the reac- 

tion of CSI (and other activated isocyan- 

ates) with y-pyrones.?! N-Aryl imines and 

ketenimines afford (after removal of the N- 

chlorosulfonyl group) heterocycles of types 

2422 and 25,23 respectively. A similar 

5 LUTE 

cyclization takes place with ethyl iso- 

butenyl ether to produce, after oxidation of 

intermediate 26 (equation 14), dimethyl- 

barbituric acid (27).2° This is an inter- 

esting, but atypical (vide infra), mode of 

addition of an olefin to CSI. Products 

which are analogous to 26 have also been 

obtained from certain su/fur-substituted 

olefins.24 

Dipolar intermediates have been pos- 

tulated for the reaction of CSI with N, N-di- 

alkylamides.2> As shown in equation 15, 

collapse of dipole 28 to form the unstable 

29, followed by loss of carbon dioxide, 

produces the observed amidines, 30. The 

amidines can be further functionalized to 

prepare derivatives of type 31, which have 

been claimed to exhibit insecticidal and 

acaricidal activity.?6 
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Class II: Net [2+2] Cycloaddition of 

Carbon-Carbon Bonds to the Isocyanate 

C=N 

The ability of chlorosulfonyl! isocyanate 

to undergo cycloaddition to carbon- 

carbon bonds adds another dimension to 

its usefulness. The most studied case to 

date is the net [2+2] cycloaddition of CSI 

to a wide variety of olefins to produce f- 

lactams (33, Scheme V).?”? Adducts of type 

34 are common by-products. Their propor- 

tion in the product mixture appears to bea 

function of the pattern and type of sub- 

stitution on the olefin. For example, the 

ratio of 33 to 34 has been determined by 

Graf2” for the following olefins: 35, 50:50; 

36, 65:35; 37, 70:30; 38, 80:20; and 39, ca. 

100% B-lactam. 

Both concerted?’ (involving orthogonal 

approach of the CSI and olefin 7 or- 

bitals??) and nonconcerted, 1 ,4-dipolar20.30 

Scheme V 

Xan CSI 

[72s + 72a]]Cs! 

oO 

33 

ex ae Ak 

35 36 37 

Cl 
Cl 1) CSI/40° 
os 

ies 2) NaHCO, ) NH 
oO 

O 
1) CSI/CH,Cl, ( 
SONGS OSeaa 
2) Na,SO3 NH 

JVCSUCHCh CSI/CH,Cl, 

SoiNaSORan. Na,SO, 

1) CSI/-78° 

2) Na,SO, 

_1) CSI/-60° CSI/-60° 

2) NaOH mM L 

(via 32) mechanisms have been proposed 

for these reactions. It seems likely that 

either or both mechanisms may be 

operative, depending on the substitution 

(and, hence, charge stabilization) of the 

olefin.3!_ The cycloadditions are highly 

stereo- and regiospecific: the cis adduct is 

always formed, and addition takes place in 

such a way that the most stable carbonium 

ion would be generated.2 The examples 

cited in equations 16 through 2532-37 il- 

lustrate the utility and high specificity of 

Class II reactions of chlorosulfonyl iso- 

cyanate. Note that reductive hydrolysis of 

the initial cycloadduct to the correspond- 

ing N-unsubstituted B-lactam can be ac- 

complished by employing a two-phase 

system consisting of organic solvent and 

aqueous sodium sulfite, the latter being 

kept slightly basic by the addition of 

KOH.38 Note, too, that the low temper- 

atures indicated in several of the examples 

Ot 1) CSI/-60° 

2) hydrolysis 

are necessary to preclude Wagner-Meer- 

wein rearrangement of the intermediate N- 

chlorosulfonyl B-lactams. Vinylcyclopro- 

panes (including 40) are particularly prone 

to rearrangement, especially when the reac- 

tion with CSI is conducted at or above 

room temperature (see, for example, 

equations 26 and 2739), 

Heterosubstituted B-lactams, which 

comprise the fundamental nucleus of the 

penicillin and cephalosporin antibiotics, 

may be prepared by the reaction of CSI 

with a variety of vinyl esters (41, equation 

28).40 The acyloxy substituent of the 

resulting B-lactams (42) may be selectively 

replaced by a variety of nucleophiles (e.g., 

RCO,, RSO,-, N;-, RO-, and RS-) in good 

to excellent yields, leaving the four- 

membered ring intact. 

In view of the stereospecific cis addition 

of chlorosulfony] isocyanate to olefins and 

(eq. 21)30.35” 

1) CSl/ether F 

2) NazSO, NH (eq. 22)35 

: 
O™SNHSO,CI _1) c8W/ether oui 

34 my hiyaranaiones feq).23) 

0, ee ~ (35%) 

its sd Ph _1) csi-30" a : 
Ph 22) hydrolyals an pe AA ot 

(55%) (eq. 16)%? 

Me 
‘eZ 1) CSI/-60° f 

2) hydrolysis” Me (53%) (eq. 25)37 

(39%) (eq. 17)33 40 

Phe Ph. 
? K ae CONHSO,CI (eq. 26) 
NH (eq. 18)33 ss (88%) 

Me. eo 

CSI Me N_0 K te [soe (92%) (eq. 27) 

(eq. 19)34 Ph Ph 

O R’ 2 (48%) Re OR 1) CSI R OCOR 

ae: 2) NasSO, NH 
1 or ‘aa . 28 @ R At NaHCO, Oo (eq. 28) 

(53%) (eq. 20)? R1 =H, Me 42 (40-65%) 
R2 = Me, Et, /-Pr, t-Bu, Ph 
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the facile cleavage of the resulting B- 

lactams, this versatile reagent provides a 

convenient route to erythro- and threo-B- 

amino acids (43, equation 29).4! 

The uniparticulate electrophile CSI can 

be an extremely useful reagent for the 

generation and intramolecular trapping of 

carbonium ions in polyenes. Paquette* has 

amply demonstrated this use of CSI as a 

mechanistic probe in his studies of 

molecules such as bullvalene,42* barrel- 

ene,42” and homobarrelene.4?° A practical 

synthesis of methoxyazabullvalene 44 

(equation 30) has emerged from this 

research on fluxional systems.*3 

Reaction of CSI with residual olefinic 

bonds in certain polymers, followed by 

cleavage of the chlorosulfonyl groups from 

the resulting B-lactam units, has been 

claimed to enhance the resistance of some 

natural and synthetic rubbers to thermal 

and physical stress.44 In addition, chloro- 

sulfonyl isocyanate has been used as a 

probe for the study of polymer micro- 

structure in certain rubbers.45 Recently, 

CSI has figured in the preparation of 

desalination membranes from a variety of 

polyisoprenes.*® 

CSI reacts with cumulated double bonds 

to produce a multitude of interesting com- 

pounds. For example, simple allenes react 

quickly at room temperature to afford mix- 

tures of B-lactams (45) and a,B-unsatu- 

rated amides, as shown in equation 31.47 

The lactams generally predominate. Cyclo- 

propylidene derivatives are exceptions* in 

that they react with CSI to produce 

“reversed” regioisomers such as 46 (equa- 

tion 3248”), the apparent result of elec- 

trophilic attack by CSI ata terminal allenic 

carbon atom. Mundlos and Graf*? have 

suggested that the reaction of ketene with 

CSI at low temperature produces the un- 

stable imide 47,5° which is readily trans- 

formed into malonic acid derivatives, as 

shown in equation 33. 

Strained, carbon-carbon single bonds of 

certain bicyclic hydrocarbons undergo for- 

mal cycloaddition reactions with chloro- 

sulfonyl isocyanate as a consequence of 

their high degree of p character.5! The 

products obtained are often novel hetero- 

cycles which might be difficult to prepare 

by other methods. Examples taken from 

Paquette’s work*!” are given in equations 

34 and 35 (the major products are in- 

dicated). 

CSI reacts with most acetylenes to 

produce good yields of 1:1 adducts 49, 
probably via the intermediates shown in 

equation 36.52 Although it was claimed 
that intermediates of type 48 could be 
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R' R' R? 
R'__R’ 1) CSI Riv fn - Ri R‘ 
2 pr “a i} fw eq. 29 R R 2) hydrolysis ee HN CO.H (eq ) 

43 

OMe 
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Os SO,Cl 
46 (50%) 

R H CsI MeOH CO2Me Say O 
pany) Tene cs Ac RA <co:me (ea. 33) 

-50° 
2 (72%) 

47 

C 1) CSI/CH2Cle N 
2) NaOH iE (eq. 34) 

(37%) 

Me R R 

MSU R =H (43%), Me (51%) (eq. 35) 
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Me Me H 
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48 
(eq. 36) 

1 R\ R R 2 

eee ee anil O H,0 X N 7~Cl 
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R1,R2=H, Me, Et, n-Pr, t-Bu, Ph 49 (42-95%) 

O N-Me 
CsI 

(Me,SiNMe),CO GH.Ch Me-N /)-0SiMes (100%) (eq. 37) 
-Me,SiC| ‘SN 

O, 

isolated from the reaction mixture, the 

species isolated were shown by Moriconi 

and Shimakawa*® to be products 49. The 

hydrolysis of such products affords 

ketones, as indicated in equation 36. In- 

terestingly, CSI reacts only with the 

acetylenic function of l-octen-4-yne: an 

equimolar mixture of these two materials 

in CH,Cl, produced only 49, R! = n-Pr, 

R? = CH,CH=CH,,.°? 
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Class III: Nucleophilic Addition to Sulfur 

Compounds that are unreactive toward 

the isocyanate moiety of CSI may react 

with the chlorosulfonyl group. Equations 

3754 and 3855 depict reactions whose 

products are probably derived from this 

mode of addition. Certain experimental 

conditions also promote Class III reac- 

tions. Equations 395° and 4057 illustrate 

such additions to CSI under the influence 

of high temperature and free-radical con- 
ditions, respectively. 

Conclusion 

Considering the rich chemistry of 

chlorosulfonyl isocyanate, and now its in- 

expensive and ready commercial availabili- 

ty from Aldrich, it is safe to predict that 

CSI will enjoy many more “anniversaries” 

as one of the most useful reagents in syn- 

thetic organic chemistry. 
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[tis easy to exaggerate the dangers of new inventions and to forget that we have learned to live with the hazards of familiar 
materials. In Newsletter 70 | reprinted an article which assumed that coal had just been discovered but that nuclear energy 
had been in use for a long time. In the following, we assume that water, in the pure form, has been unknown — there are no 
seas, no rivers, no lakes — and has just been discovered. 

NEW FIRE-FIGHTING AGENT MEETS OPPOSITION 

“COULD KILL MEN AS WELL AS FIRES” 
T.A. Kletz 

Division Safety Adviser 
Imperial Chemical Industries Limited 

ICl has announced the discovery of a new fire-fighting agent to add to their existing range. Known as WATER (Wonderful 
And Total Extinguishing Resource), it augments, rather than replaces, existing agents such as dry powder and BCF which 
have been in use from time immemorial. It is particularly suitable for dealing with fires in buildings, timber yards and 
warehouses. Though required in large quantities, it is fairly cheap to produce and it is intended that quantities of about a 
million gallons should be stored in urban areas and near other installations of high risk ready for immediate use. BCF and 
powder are usually stored under pressure, but WATER will be stored in open ponds or reservoirs and conveyed to the scene 
of the fire by hoses and portable pumps. 

|Cl’s new proposals are already encountering strong opposition from safety and environmental groups. Professor Connie 
Barrinner has pointed out that, if anyone immersed their head in a bucket of WATER, it would prove fatal in as little as 3 
minutes. Each of ICl’s proposed reservoirs will contain enough WATER to fill half a million two-gallon buckets. Each 
bucket-full could be used a hundred times so there is enough WATER in one reservoir to kill the entire population of the UK. 
Risks of this size, said Professor Barrinner, should not be allowed, whatever the gain. If the WATER were to get out of con- 
trol the results of Flixborough or Seveso would pale into insignificance by comparison. What use was a fire-fighting agent 
that could kill men as well as fires? 

A Local Authority spokesman said that he would strongly oppose planning permission for construction of aWATER reser- 
voir in this area unless the most stringent precautions were followed. Open ponds were certainly not acceptable. What 
would prevent people falling in them? What would prevent the contents from leaking out? At the very least the WATER 
would need to be contained in a steel pressure vessel surrounded by a leak-proof concrete wall. 

A spokesman from the Fire Brigades said he did not see the need for the new agent. Dry powder and BCF could cope with 
most fires. The new agent would bring with it risks, particularly to firemen, greater than any possible gain. Did we know 
what would happen to this new medium when it was exposed to intense heat? It had been reported that WATER was acon- 
stituent of beer. Did this mean that firemen would be intoxicated by the fumes? 

The Friends of the World said that they had obtained a sample of WATER and found it caused clothes to shrink. If it did this 
to cotton, what would it do to men? 

In the House of Commons yesterday, the Home Secretary was asked if he would prohibit the manufacture and storage of 
this lethal new material. The Home Secretary replied that, as it was clearly a major hazard, Local Authorities would have to 
take advice from the Health and Safety Executive before giving planning permission. A full investigation was needed and 
the Major Hazards Group would be asked to report. 
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Selective Reductions 
Using Borane Complexes: 

Boron hydride reducing agents are 

becoming increasingly important in syn- 

thetic organic chemistry. Sodium boro- 

hydride, sodium cyanoborohydride,! the 

Selectride® reagents,? and Super- 

Hydride®?s are all widely utilized for selec- 

reductions. These borohydride 

reagents react principally by nucleophilic 

attack on an electron-deficient center. 

Conversely, borane, which is electron- 

deficient, is believed to function through 

attack on an electron-rich center.4 Thus, 

borane complexes are acidic-type reducing 

agents which exhibit markedly different 

selectivity from the basic-type reducing 

agent, sodium borohydride. This in- 

teresting difference in the reducing activity 

of diborane and sodium _ borohydride 

prompted an extensive study of the reduc- 

tion of organic compounds with borane- 

ether complexes.®’ 

tive 

In addition to the Lewis acid character of 

borane, other important chemical proper- 

ties have enhanced the utility of borane 

complexes as reducing agents. Many reac- 

tions involving borane complexes have un- 

usually low activation energies. Conse- 

quently, most reactions occur readily at or 

below room temperature. These low temp- 

eratures favor clean reaction mixtures. 

Because of the solubility of borane com- 

plexes, the reactions are usually homo- 

geneous, proceed without induction 

periods, and are easily controlled. Finally, 

the inorganic by-product of a borane 

reduction is usually an inert, water-soluble 

borate salt, which can be washed away over 

a broad pH range. All of these chemical 

and physical properties combine to make 

borane one of the most chemically versatile 

compounds known. 

*For a more comprehensive treatment of this topic, see 

C.F. Lane, Chem. Rev., 76, 773 (1976). 

THE REAGENTS 

The high reactivity of diborane is pre- 

sumably due to its ready dissociation into 

borane (BH;).8 The borane molecule 

behaves as a strong electron-pair acceptor 

(Lewis acid) forming coordination com- 

plexes with suitable electron donors (Lewis 

bases). Of the various known complexes, 

the borane-amine, borane-ether, and 

borane-alky] sulfide complexes are all par- 

ticularly interesting because of their wide 

range of physical and chemical properties. 

More importantly, these borane-Lewis 

base complexes provide a convenient 

source of borane for use as a reducing 

agent. 

1) BH,: Amine Complexes 

The borane-amine complexes are very 

useful reagents which have many impor- 

tant laboratory and industrial applica- 

tions.? 

The first borane-amine complex was 

reported in 1937 and was prepared by the 

direct reaction of diborane with trimethyl- 

amine (eq. 1).!° Since then almost all struc- 

tural types of amines have been used to 

——_ 2 (CH,),N + BH. en 

2 (CH,),N:BH, 

prepare borane-amine complexes. A wide 

variety of these complexes is now available 

from Aldrich. 

An important feature of the borane- 

amine complexes is their broad range of 

physical properties. Liquid, low-melting 

solid, and high-melting solid borane- 

amines are known. The borane-amines also 

have low vapor pressures and can be 

purified by distillation and/or recrystal- 

lization. They are also soluble in a wide 

variety of solvents.?.!! 

Clinton F. Lane 

Aldrich - Boranes, Inc. 

Milwaukee, Wisconsin 53233 

Most borane-amines are stable in- 

definitely at room temperature and are un- 

affected by dry air. The borane-amines 

prepared from primary and secondary 

amines are surprisingly resistant to loss of 

hydrogen. 

Only the borane complexes with N-aryl- 

amines (N-phenylmorpholine and N,/N-di- 

ethylaniline) are hydrolyzed by water (at- 

mospheric moisture) and alcohols.'! How- 

ever, by careful and rapid handling, they 

may be transferred in air with only minimal 

loss of hydride activity. All of the other 

borane-amines are stable in hydrolytic 

solvents at neutral pH for a minimum of 

ihreat25—.2! 

The most important chemical property 

of the borane-amine complexes is their 

ability to act as reducing agents.’ The use of 

borane-amines for the reduction of organic 

functional groups will be discussed in later 

sections of this review. 

2) BH,°THF 
A Raman spectroscopic investigation of 

the liquid systems diborane-THF, 

diborane-dimethyl ether, and diborane- 

diethyl ether, provides evidence for the for- 

mation of a R,O:BH, addition complex in 

each system.!2 Also, a study of the solid- 

liquid equilibrium for diborane-THF 

clearly indicates the formation of the com- 

pound tetrahydrofuran-borane (1).!3 On 

i. BH; 

1 

the basis of these two studies, the stability 

of borane-ether complexes is believed to 

decrease in the order: 1 >Me,O:BH, >> 

Et,O:BH,. Additional evidence is available 

for the existence of 1 in a THF solution of 

diborane. In THF the solubility of 
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diborane is much greater than perfect- 

solution predictions, i.e., the solubility in- 

creases as the square root of diborane 

pressure increases.!4 Also, a phase diagram 

study!5 and two !'B plus 'H nmr studies!® 

provide convincing evidence for the ex- 

istence of 1 in excess THF. It is apparent 

that diborane must be present in THF solu- 

tion as the complex 1. The stability of 1 is 

quite unique and is mainly responsible for 

the interest in and utility of BH,;-THF asa 

convenient reducing agent. 

3) BH;° Me,S 

| The first reported preparation of a 

|  borane-alkyl sulfide complex was by Burg 

| and Wagner.!7 Condensation of dimethyl 

sulfide and diborane on a vacuum line 

produced a stable, liquid adduct of borane- 

methyl sulfide (BMS) (eq. 2). 

nid 

(eq. 2) 

2 (CH,),S + BH, 

2 (CH,),S:BH, 
BMS 

The surprising stability of BMS at room 

temperature prompted a more detailed 

study of borane-alkyl sulfide complexes by 

Stone and coworkers.!8 

The physical and chemical properties of 

BMS make this reagent an attractive 

source of BH,, and its numerous advan- 

tages over BH,-THF as a storable reagent 

| were first discussed by Adams and 

| coworkers.!9 The BH,-THF reagent pos- 
| sesses certain characteristics which limit its 

| preparation, storage, and use as acommer- 

cial source of BH;, namely: (1) BH;-THF 

can only be sold asa dilute solution(1M) in 

| THF (1.5 wt % BH;), (2) THF is slowly 

cleaved by BH, at room temperature, and 

(3) sodium borohydride (<5 mole %) must 

be added to BH,-THF to inhibit the 

cleavage of THF. 

Fortunately, BMS has been found to 

overcome all of these disadvantages. BMS 

has a molar concentration of BH, ten times 

that of the BH,-THF reagent. It can be 

stored for months at room temperature 

without loss of hydride activity and is ap- 

parently stable indefinitely when refrig- 

erated. Also, BMS is soluble in, and un- 

reactive toward, a wide variety of aprotic 

solvents including ethyl ether, THF, hex- 

ane, heptane, toluene, xylene, methylene 

chloride, glyme, and diglyme. BMS dis- 

solves readily in alcohols with the quan- 

titative evolution of hydrogen. However, it 

is insoluble in water and only very slow 

hydrolysis occurs. The addition of water to 

ether solutions of BMS results in rapid 
hydrolysis. 

Quantitative hydroborations with BMS 

are possible under mild conditions in a 

\! 
ae 
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variety of aprotic solvents such as ethyl 

ether, THF, hexane, toluene, and methyl- 

ene chloride.?° The air-stability and ease of 

handling of this reagent have permitted its 

use in an undergraduate laboratory.2! The 

successful hydroboration of alkenes with 

BMS prompted similar studies with BMS 

as a reducing agent.2? The results of these 

investigations make it apparent that BMS 

is a very useful reagent for the reduction of 

organic functional groups. 

REACTION WITH ACIDIC 

HYDROGENS 

BMS and BH,-THF react rapidly and 

quantitatively with various acidic 
hydrogens (H-Y), liberating one mole of 

hydrogen per equivalent of boron hydride 

(eq. 3). The acidity of the hydrogen and the 

ability of the donor atom Y to share a pair 

of electrons influence the rate of these 

reactions.’ 

The direct measurement of the volume of 

hydrogen gas produced upon hydrolysis of 

a boron hydride provides a convenient and 

accurate method for the determination of 

either the purity of a boron hydride or the 

concentration of a boron hydride 

solution.23 

R* + NaBH, SIT e AT a 

In reactions of borane complexes with 

compounds containing acidic hydrogens, 

hydrogenolysis of the C-Y bond is usually 

not observed. Upon hydrolysis the alcohol, 

amine, thiol, or related functional group is 
regenerated. However, in a few specialized 

cases, those alcohols which can readily 

form carbonium ions are transformed by 

diborane into the corresponding hydrocar- 

bons (vide infra). Even though the alcohol, 

thiol, and amine groups are normally 

recovered, their presence and reactivity 

must by considered when carrying out a 

borane reaction, i.e., sufficient borane 

reagent must be added to compensate for 

loss of hydride activity upon reaction with 

acidic hydrogens. 

Other functional groups which contain 

acidic hydrogens such as carboxylic acids 

and primary and secondary amides, react 

with borane with evolution of hydrogen. 

However, since these groups react further 

with borane, they will be discussed in later 

sections dealing with the reduction of such 
functional groups. 
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REDUCTIVE CLEAVAGE 

In general, this section deals with those 

reactions which involve the reductive 

cleavage of a C-Y single bond (eq. 4). The 

reduction of organic functional groups 

containing carbon-sulfur, carbon-nitro- 

gen, or carbon-oxygen multiple bonds will 

be discussed in later sections. Naturally, 

some overlap is inevitable; but by subdi- 

viding the sections into discussions of spe- 

cific functional groups, the retrieval of in- 

formation about the reducing charac- 

teristics of borane complexes should be 

simplified. 

1) Organic Halides 

Primary, secondary, and tertiary alkyl 

and aryl fluorides, chlorides, bromides, 

and iodides are all inert toward the various 

borane-Lewis base complexes.’ Even un- 

der vigorous conditions (Ihr at reflux), the 

more reactive primary alkyl bromides and 

iodides are stable to BH,-THF.24 Under 

similar conditions, lithium aluminum 

hydride (LAH) is extremely reactive.25 Un- 

der solvolytic conditions, sodium 

borohydride reacts with readily ionizable 

secondary and tertiary organic halides to 

give good yields of the corresponding 

— ' 

ein Sie Fahl (eq. 3) 

(eq. 4) 

(eq. 5) 

Na’ + RH + _ BH, 

hydrocarbons (eq. 5).26 Obviously, the 

presence of sodium borohydride as a 

stabilizer in commercial BH,-THF must be 

considered when using this reagent for the 

reduction of an organic compound con- 

taining a readily ionizable halide since a 

small amount of a side reaction involving 

the NaBH, can occur as shown above. 

2) Alcohols 

Alcohols normally react rapidly with 

diborane to give alkoxyboranes (2). 

Hydrogenolysis of the carbon-oxygen 
bond usually does not occur. Thus, the 

alcohol is regenerated upon hydrolytic 

work-up (eq. 6). However, this does not 

= 

ROH + H-B_ oaisteed 

(eq. 6) 

RO-BC —#°> ROH + HO-BC 
2 

mean that reductive cleavage of the 

carbon-oxygen o bond is unimportant in 

borane reductions. When the intermediate 

alkoxyboron compound is of the correct 

structural type, cleavage of the carbon- 

<—— *~ 



oxygen bond becomes the major reaction 

pathway. Equations 7-10 illustrate a varie- 

ty of known carbon-oxygen bond cleavage 

reactions. 

Although the mechanism may be more 

complex, the presence of an electron- 

donating atom is required before cleavage 

of the C-O bond is observed in a C-O-B 

type of intermediate. Other examples are 

known and will appear later, but in- 

termediates 3-6 illustrate the generality of 

this electron-donation-induced cleavage. 

Obviously, intermediate 3 is formed dur- 

ing the reaction of esters and lactones with 

borane and the importance of this reduc- 

tive cleavage will be discussed in a later sec- 

tion. Also, the fragmentation of inter- 

mediate 4 constitutes the reaction pathway 

observed in the facile reduction of amides 

with borane reagents. Intermediates of the 

type illustrated by 6 can be formed by 

reduction of the corresponding aldehyde or 

ketone. Finally, intermediates similar to 5 

are formed not only during the reduction of 

certain aldehydes and ketones but can also 

arise directly from an appropriate alcohol. 

Reductive cleavage of the alcohol then 

results. A specific example is illustrated by 

equation 11.27 

3) Ethers 

The formation of borane-ether complex- 

es is known to occur, but more crucial is the 

fact that reductive cleavage of ether 

linkages by borane is also known. For- 

tunately, reductive cleavage is a relatively 

slow reaction under normal conditions.?8.29 

With BH,-THF, heating for an extended 

period of time in a sealed tube is necessary 

to obtain a reasonable yield of tri-n-buty] 

borate (eq. 12).2830 

The reductive cleavage of THF by BH;- 

THF is negligible for the laboratory use of 

this reagent. The BH,-IHF reagent is 

stable for several months when prepared 

and stored at 0° under nitrogen.3! The 

reagent loses 1-3% of the available BH; per 

day when stored at ordinary temperatures 

(25-30°).29 This becomes a major problem 

during the manufacture, storage, and ship- 

ment of the commercial material. For- 

tunately, Brown discovered that a small 

amount of dissolved sodium borohydride 

stabilizes the BH;-THF reagent and effec- 

tively eliminates the loss of hydride due to 

reductive cleavage.2? The commercial 

availability of the reagent is a result of this 

observation. The stabilized BH,-THF 

reagent shows no loss in active hydride 

after 2 weeks at 25°.29 Even so, whenever 

possible, the reagent should be stored at 0° 

to maintain maximum hydride activity. 

Brown also disclosed that solutions of 

diborane in THF are stabilized against 

A 

a 

3 | pr 

ql 
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“BH (eq. 10) 
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te BH3-THF 
ono’ én \-ocn, = 

(eq. 11) 

ono Von _\-oon, 82% yield 

( \ + — BH;-THF ae (CH,CH,CH,CH,0),B (eq. 12) 
oO 

Ph 
CHOCH, CH,Ph 

[/ \ codiehetlalane tye (eq. 13) 
Eto-C CH, 25° EtO-C-\ CH; 

oN Oo H 
7 

decomposition for at least 8 weeks by the 

presence of an organic sulfide.*? 

As was observed for the hydrogenolysis 

of alcohols, the presence of electron-do- 

nating groups greatly enhances the ease of 

reductive cleavage. The reductive cleavage 

of the benzylic ether 7 is a specific example 

(eq. 13).33 This reaction presumably in- 

volves an intermediate analogous to 6. 

Acetals and ketals are reductively cleav- 

ed with borane reagents under milder con- 

ditions (2-3hr at 25-30°) than are required 

for simple ethers.3435 A probable reaction 

pathway is illustrated in equation 14. This 

mechanism is a straightforward extension 

of the idea of electron-donation-induced 

cleavage. Two specific examples are illus- 

trated in equations 15 and 16.35 Although it 
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has not been shown in these equations and 

will generally be omitted in later equations, 

a hydrolysis step is usually necessary in the 

borane reductions. 

4) Epoxides 

Brown and Yoon have demonstrated the 

pronounced catalytic action of both 

NaBH, and BF, on the reduction of epox- 

ides with BH,-THF.*637 For example, in 

the presence of a catalytic quantity of 

boron trifluoride, styrene oxide undergoes 

a quantitative, regioselective, reductive, 

ring-opening reaction (eq. 17).%¢ 

REDUCTION OF ORGANIC 

SULFUR COMPOUNDS 

Dimethyl sulfoxide is reduced to 

dimethyl sulfide with BH,-THF at a 

moderate rate at 0°.’ Such a deoxygena- 

tion reaction was recently used as the final 

step in the first reported preparation of 1 ,3- 

dithietane (eq. 18).38 

All other compounds containing sulfur- 

oxygen double bonds, including aromatic 

and aliphatic sulfones and cyclohexyl 

tosylate, are inert to BH,-THF under stan- 

dard conditions.’ 

REDUCTION OF ORGANIC 
NITROGEN COMPOUNDS 

A variety of organic functional groups 

containing a multiple-bonded nitrogen is 

reduced with borane reagents. Most of the 

effort has been directed towards the reduc- 

tion of imines, oximes, nitro derivatives, 

and nitriles. The reaction of borane 

reagents with these functional groups will 

be discussed in detail in individual sections. 

However, a number of other nitrogen- 

containing groups undergo reaction with 

borane. 

Diazomethane reacts readily with BH,- 

THF giving an almost quantitative yield of 

a highly crystalline, boron-containing 

polymethylene.3? Diborane reacts with 

organic isocyanates and isothiocyanates to 

give thermally unstable diadducts at low 

temperatures.49 At higher temperatures 

decomposition leads to complex mixtures 

which include aminoboranes and boron- 

nitrogen cyclic trimers. Finally, pyridine 

N-oxide is reduced at a moderate rate, but 

hydride uptake and examination of the ir 

spectrum of the product indicate attack on 

the aromatic ring.’ 

1) Imines 

The reduction of Schiff bases with BH,- 
THF proceeds under very mild conditions 

giving excellent yields of the corresponding 

amines.*! A specific example is shown in 

equation 19, but this reduction and similar 

reductions of Schiff bases can also be 

carried out with the milder reducing agent, 

sodium borohydride. Consequently, the 

BH, Sc=0- + —_BH,-O- 

N eq. 
7 O— H pale 

CO ant BH,-O- 

OCH, BH,-THF 

PhCH-OCH, 24hr, 25° PhCH,-OCH, (eq. 15) 

90% yield 

=] _BHeTHE H aor yield = (eq tb) 
o 1Shr, 35° OCH,CH,OH 

Oo BH -THF 
Lea, ———._. PhCH,CH.OH (eq. 17) 

Ph-CH——CH, BF; catalyst 98% yield 

am x “\ 
S S=0 a Ses 70% yield (eq. 18) 
Vv wd 

on’ \-cxann aaa ond \\cu-nn (eq. 19) 

92% yield 

SS) BHg-THF 5% HCI-H,O 
a 

8 

4 
C-CH, 

BH, (deficient amount) 

diglyme 

PhCH,N g (eq. 21) 2 -CH; ; 

PhCH,NH*= 
H 

borane reagents would appear to be of 

limited utility for imine reductions. 

With a number of specific systems, 

borane either exhibits superior selectivity 

or gives a product that is not possible using 

sodium borohydride as the reducing agent. 

For example, isoquinoline reacts with 

BH,-THF giving an intermediate dihydro- 

isoquinoline-borane adduct 8 which is 

reduced further to tetrahydroisoquinoline 

upon treatment with dilute, aqueous 

hydrochloric acid in ethanol (eq. 20).42 The 

selectivity of borane is illustrated by the 

reported reduction of an imine group in the 

presence of a ketone (eq. 21).43 When 

sodium borohydride in methanol was used 
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as the reducing agent, both the imine and 

ketone were readily reduced. 

The selective reduction of the cyano- 

substituted imine 9 is possible using BH,- 

THF (eq. 22).44 When sodium borohydride 

in methanol at room temperature is used, a 

rearranged nitrile (10) is obtained (eq. 
23).44 

For alkyl-substituted imines, an equi- 

librium may exist between the imine and 

the corresponding enamine. Evidence for 

this equilibrium was provided by the obser- 

vation that hydroboration-oxidation of 

some cyclohexanone imines gave both the 

corresponding amine and the 2-hydroxy- 

cyclohexylamine.*5 
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PhCH=CH-C=NPh BH3-THF PhCH=CH-CH-NH Ph 
CN CN (eq. 22) 

9 

PhCH,CH=C-NHPh 
NaBH, ' 23 

9 CH,OH CN aes 
10 

H 

ea(CHs)NBHs: BHg 
Cl diocancam dioxane N fa (eq. 24) 

CH, 

72% isolated yield 

H 
NCH, NCH, 

BH3-THF (eq. 25) 

‘ nee 
Ph Ph 

CH,CH,C=NOH BHer i CH;,CH,CH-NHOH (eq. 26) 
CH, 25°, 4hr CH, 

HC=NOH CH,NHOH 

BH3-THF 
Srze 

25°, 12hr Gey 

NO? NO, 

H.NHOH -HCI 

_1) BMS, toluene, A BMS, toluene, A 

>) MeOH, Hcl oy 

65% isolated yield 

CH=NOCH, CH,NH, 

BH3-THF 
Tan ae N (eq. 29) 

i) 

CH, 

72% yield 

O oO 
g u 

CHO i) i [ 1) Ac,0, pyridine CHs0 a z i ae 
CH,O 2) BH3-THF, 25° CH,0 K 

NOH NH, 

The reaction of N-unsubstituted indoles 

with excess BH,-THF results in an initial, 

rapid evolution of hydrogen gas.46 Addi- 

tion of excess acetone or slow inverse addi- 

tion to a large excess of methanol gives the 

starting indole. However, if the reaction 

mixture is treated with methanol under 

neutral, acidic, or basic conditions, reduc- 

tion to an indoline is observed.4¢ The 

mechanism probably involves an_ in- 

termediate iminium ion (11). 

“Nt a 
N= Co 11 

70% overall yield 

Recently, Berger found that various in- 

doles can be reduced via their indolinium 

salts by borane-trimethylamine in general- 

ly good yields.47 The success of Berger’s 

method is a result of the fact that borane- 

trimethylamine is a hydridic species which 

is remarkably stable under the highly acidic 

conditions required to generate indolinium 

ions. The reduction of a tetrahydrocar- 

bazole provides a specific example (eq 

24).47 Surprisingly, in certain specific cases, 

a related reduction with BH,-THF gives 

the trans-fused ring system (eq.25).48,49 

Aldrichimica Acta, 

An intermediate iminium ion must also 

be involved when borane-amines are used 

for the reductive amination of ketones. 

Reduction of ketones with a borane-amine 

in the presence of an excess of ammonia, 

methylamine, or dimethylamine (pH ~9- 

10) at room temperature gives reasonable 

yields of the corresponding amines.°? An 

interesting modification of this reaction 

was used to prepare a-amino acids. Thus, 

several substituted pyruvic acids were 

reduced at room temperature with a 

borane-amine complex in the presence ofa 

5-fold excess of ammonia to give the cor- 

responding a-amino acid in 66-72% yield.5° 

Borane-amines can also be used for the 

reduction of imines. Borane-dimethyl- 

amine selectively reduces the imino linkage 

in the presence of the chloro, nitro, alkoxy, 

hydroxy, carboxy, carbethoxy, and sul- 

fonamido groups.5! This reduction pro- 

ceeds rapidly and smoothly in glacial acetic 

acid to give excellent yields of secondary 

amines. 

When the reduction of imines is carried 

out under more vigorous conditions using 

an excess of borane-trimethylamine, 

reductive acylation is observed.*2 

2) Oximes 

The reduction of readily available aldox- 

imes and ketoximes with BH,-THF 

provides a facile and convenient synthesis 

of N-monosubstituted hydroxylamines 

(eqs. 26,27).53 BMS can also be used as the 

reducing agent and offers the advantage of 

a much simpler isolation procedure (eq. 
28),22 

Heating the intermediate from the BH,- 

THF reduction of an aliphatic oxime to 

105-110° in a diglyme-THF solvent system 

gives complete reduction to the correspon- 

ding amine.*4 On the other. hand, oxime 

ethers and oxime esters are reduced readily 

at 25°.54.55 Hydrolysis then gives excellent 

yields of the corresponding amines (eqs. 29, 

30). 

3) Nitro Compounds and Related 

Derivatives 

Nitrobenzene and |-nitropropane fail to 

react with BH,-THF in any reasonable 

time under normal conditions.’ Also, the 

aryl nitro group fails to react with BMS 

even under somewhat more vigorous con- 

ditions.22 Azoxybenzene is unreactive, but 

azobenzene is reduced at a moderate rate, 

utilizing two hydrides with hydrogen 

evolution and giving aniline upon 

hydrolysis.’ 

Even though the nitro group is inert, 

salts of nitroalkanes are readily reduced to 

hydroxylamines with BH,-THF.°° Pre- 

sumably, the anion provides a point of at- 

tack for the electrophilic borane species. 
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The reduction of aromatic nitroso com- 

pounds with BH;-THF at 25° affords the 

corresponding amines in good yields.5’ 

4) Nitriles 

The BH,-THF reagent reacts slowly at 

0° with both aliphatic and aromatic 

nitriles.’ However, by using an excess of 

borane reagent and a higher temperature, 

reasonable isolated yields of amines are 

possible upon acid hydrolysis of the in- 

termediate borazines (eqs. 31-33). 

BMS is also a useful reagent for the 

preparation of amines via reduction of 

nitriles (eq. 34).?2 

An interesting nitrile reduction step has 

been used for the preparation of !!C- 

labeled norepinephrine hydrochloride (eq. 

35).59 It should be possible to use the same 

procedure to reduce other cyanohydrins. 

Indeed, recently, various substituted ben- 

zaldehyde cyanohydrins were reduced with 

BH,-THF to give 70-80% isolated yields of 

the corresponding B-amino alcohols.® 

REDUCTION OF ORGANIC OXYGEN 

COMPOUNDS 

1) Aldehydes and Ketones 

Excess diborane reacts readily at room 

temperature with aldehydes and ketones to 

yield the corresponding dialkoxyboranes 

(eq. 36).4 All attempts to isolate the 

monoalkoxy derivative have been un- 

successful.46! When an excess of aldehyde 

or ketone is used, the trialkyl borate is 

formed (eq. 37).4 

BH,-THF reacts similarly. For example, 

the reaction of two equivalents of acetone 

with one equivalent of BH,-THF gives a 

95% yield of diisopropoxyborane.® 

Aliphatic and aromatic aldehydes and 

dialiphatic, monoaromatic, and alicyclic 

ketones all react rapidly with BH,-THF at 

0°.7 Only with benzophenone is the rate 

considerably slower, probably a conse- 

quence of the combined steric and elec- 

tronic effects of the phenyl groups.’ 

Borane-N-arylamine complexes reduce 

cyclohexanone in less than 3hr at 25° in 

THF.!! However, again only two of three 

hydrides on boron are available for reac- 

tion, i.e., the intermediate (RO),BH must 

fail to react with ketones as observed for 

BH;-THF reductions. Borane-pyridine 

and borane-trimethylamine in THF give 
no detectable reduction of a carbonyl com- 

pound after 38hr at 25°.!! Under more 

vigorous conditions (benzene or toluene at 

reflux), borane-pyridine reduces aldehydes 

and ketones to the corresponding 

alcohols.®3,6 

Interestingly, the borane-amines are 

much more effective reducing agents in 
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strong aqueous acid. The rate of reaction 

with carbonyl compounds actually in- 

creases with increasing acidity of the 

medium.® A tremendous increase in rate 

occurs upon addition of either a mineral 

acid!! or a Lewis acid.® The effect of added 

boron trifluoride etherate is very striking. 

It has been used for the reduction of 

ketones with borane-d,-trimethylamine to 

give a-deuterio alcohols.®’ 

Sodium borohydride is a much milder 

reducing agent than BH,-THF and is nor- 

mally the reagent of choice for the prepara- 

tion of alcohols via reduction of aldehydes 

and ketones. However, with a number of 

systems, reduction with a borane reagent 

gives a selectivity or a product that is not 

possible using sodium borohydride. For 

example, the reduction of norcamphor 

with BH,-THF is unusually stereoselective 
(eq. 38).’ 

The borane reduction of a,B-unsat- 

urated carbonyl systems does not provide a 

general synthetic procedure for the 

preparation of allylic alcohols.’ Hydro- 

boration of the carbon-carbon double 

bond competes as a side reaction and 

proceeds to completion when sufficient 
borane reagent is used. 

The double bond may undergo hydro- 

boration directly, or a 1,4-addition of 

boron hydride may occur. Reduction of 

isophorone with excess BH,-THF 

probably involves a direct hydroboration 

CN CH,NH, ‘HCI 

1) BHg-THF er 31)6 
ST EIOR HG 79% yield (eq. 31) 

NO, NO, 

1) BH3-THF . 

NC(CH,),CN 2) EtOH, HCl HoNCH,(CH,),CH.NH> eS (eq. 32)6 
74% yield 

CN CH,NH, 
i NaBH,-BF; i 

(CH,),CCH Sees (CH,),CCH (eq. 33)58 
¢n CH,NH, 

36-48% yield 

CH,CN CH,CH,NH, 
Cl Cl BMS cl Cl 64% yield (eq. 34) 

toluene, A 

OH OH 
Sh] Bt : CH-"'CN Scere CH-"'CH,NH, “HCI 

2) HCI (eq. 35) 
3) ion exchange 

OH OH 
OH OH 

4 
4.R-C-R + BH, ——®» 2 (RR‘CHO),BH a 7] 

m 
6 RC-R + B,Hy ——» 2 (RR‘CHO),B A) 

endo/ exo 
NaBH, 86/14 

Sa LAH 89/11 see 28) 
BH, 98 / 2 

O OH 

re) OH 

1) BH3-THF (excess) »OH ¢ 
65% yield (eq. 39) 2) HO, NaOH, H,0, 
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of the carbon-carbon double bond. The 

1,2-diol is obtained upon alkaline peroxide 

oxidation (eq. 39).69 

The electron-donation-induced reduc- 

tive cleavage of carbon-oxygen bonds is of 

fundamental importance in the reduction 

of aldehydes and ketones with borane 

reagents. Intermediates corresponding to 5 

and 6 are formed during the reduction of 

many functionally substituted carbonyl 

compounds. The reductive cleavage is 

known to be catalyzed by trace amounts of 

both BF,” and NaBH,.2?7 The exact 

mechanism is unknown, but in all cases an 

intermediate closely related to 5 or 6 is 

probably involved. For the reduction of 

certain systems, this process is an unfor- 

tunate and undesirable side reaction. 

However, if the product of choice is the 

alcohol, then sodium borohydride should 

be used for the reduction. 

In many cases the methylene derivative is 

the product of choice. Consequently, the 

reduction of these appropriately sub- 

stituted carbonyl compounds with a 

borane reagent provides a mild, syn- 

thetically useful deoxygenation procedure. 

The borane deoxygenation of xanthone 

and pyrrole derivatives is particularly im- 

portant and has been widely utilized (eqs. 

40, 41). 

2) Quinones 

p-Benzoquinone reacts slowly with BH,- 

THF utilizing two hydrides, one for reduc- 

tion and one for hydrogen evolution.’ This 

stoichiometry corresponds to reduction to 

hydroquinone. In fact, Brown and 

coworkers obtained a quantitative yield of 

hydroquinone following methanolysis.’ 

An interesting application of this reduc- 

tion involves the conversion of a 5,8-quin- 

olinedione to a 5,8-dihydroxyquinoline in 

an 86% isolated yield (eq. 42).’? 

3) Carboxylic acids 

Both aliphatic and aromatic carboxylic 

acids are reduced by BH,-THF to the cor- 

responding primary alcohols rapidly and 

quantitatively under remarkably mild con- 

ditions (eq. 43).’? The obvious potential of 

this reaction for selective reductions in 

multifunctional molecules prompted a 

detailed study of the scope of this reduc- 

tion.73 This investigation by Brown and 

coworkers summarizes the reactivity and 

selectivity observed for the reaction of 

BH,-THF with carboxylic acids. Also, 

some mechanistic possibilities are given.73 

Aliphatic carboxylic acids react readily 

at 25° with BMS in a variety of solvents.?2 

This reaction has been developed into a 

useful synthetic procedure for the prepara- 

tion of 11-bromo-l-undecanol (eq. 44).22 

Aromatic carboxylic acids react very slow- 
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O 

0 O 
100% yield 

fa LS ‘ BH,-THF 
EtO-C / \ saa EtO-C N CH, (eq. 41)33 

n NN CH; O H 

Om! 78% yield 

Oo CH, OH CH, 

H,N SS 1) BH3-THF H,N ip. -2HBr (en a 

NZ CH, 2) MeOH, HBr NZ CH, 

fe) OH 

OCH,R 

3 RCOOH + 3 BH,THF ——> oo 3H 
| 

RCH,O-B._, -B-OCH,R 
(eq. 43) 

| mens 

3 RCH,OH + 3 B(OH), 

BriCH 1) BMS, Et,O H t(CH,) COOH San Br(CH,),9CH,OH feanaay 
95% yield 

COOH CH,OH 

1) BMS, (MeO),3B , 
Suid ss 98% yield (eq. 45) 

NO, NO, 

HO HO 

CH,0 CH,CHCOOH STF CHO CH,CHCH,OH (eq. 46)75 
Br NH, Br NH, -HCI 

80% yield 

NC coon Bis THF NC CH,OH 
(eq. 47)73 

82% yield 

ly with BMS, but reduction occurs rapidly 

in the presence of trimethyl borate.’4 The 

reduction of p-nitrobenzoic acid provides 

an example of the synthetic utility (eq. 

45).74 

The use of borane reagents provides a 

highly convenient synthetic procedure for 

the selective reduction of the carboxylic 

acid group in the presence of other poten- 

tially reactive functional groups. Numer- 

ous examples could be cited, but equations 

46-51 should be sufficient to indicate the 

selectivity that is possible. For simplicity 

the hydrolysis step has been omitted, and 

the yield given is for isolated, purified 

product. 

As illustrated by the examples, the 

reduction of carboxylic acid groups is 

possible in the presence of nitro, amino, 

nitrile, keto, ester, lactone, and amide 

groups. Even in cases where a selective 

reduction is not required, the BH,-THF 

reagent is often used to reduce carboxylic 

acid groups because of the mild reaction 

conditions and ease of product isolation. 

The mild conditions and selectivity in- 

dicate the potential for carrying out car- 

boxylic acid reductions on complex bio- 

logical systems. For example, a series of di- 

peptides (as N-trifluoroacyls) was treated 

with BH,-THF to give 62-100% reduction 

of the C-terminal amino acid.*° This pro- 
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cedure was later applied to a series of poly- 

peptides and naturally occurring proteins 

and specific reduction of the free carboxyl 
groups was achieved in these complex 

systems.®! Interestingly, if N-acylamino 

acids are used instead of N-trifluoroacyl, a 

substantial amount of amide reduction is 

also observed.*? 

Obviously, in most, if not all, of the 

above examples, the BH,-THF reagent is 

superior to LAH. In a specific case, the 

LAH reduction of polysiloxanes con- 

taining terminal carboxyl groups results in 

extensive reductive cleavage of silicon- 

oxygen bonds whereas with BH,-THF, the 

terminal carboxyl groups are reduced 

cleanly.%3 

When appropriate electron-donating 

groups are present, complete reduction toa 

methyl group is possible (eqs. 52, 53). 

4) Carboxylic Anhydrides 

n-Hexanoic anhydride and _ benzoic 

anhydride are satisfactorily reduced with 

BH,-THF giving a 94% isolated yield of 1- 

hexanol and an 82% isolated yield of ben- 

zyl alcohol.86 

5) Esters and Lactones 

Aliphatic esters and lactones are reduced 

relatively slowly with BH;-THF at 0°.7 A 

12-24hr period is required for complete 

conversion to the corresponding alcohol. 

Phenyl acetate is reduced somewhat more 

slowly, but the aromatic esters and lactones 

are almost completely unreactive at 0°, ex- 

hibiting only 4-6% uptake of hydride after 

24hr.’ Apparently, resonance of the aro- 

matic ring with the carbonyl group renders 

the group less susceptible to electrophilic 

attack by the borane species. 

In general, the lower reactivity of the es- 

ter group is probably a result of the elec- 

tron-withdrawing inductive effect of oxy- 

gen on the carbonyl group. For example, 

carbonate esters?4 and polycarbonates8’ 

are stable to BH,-THF at room temper- 

ature.88 Steric hindrance can also lower the 

reactivity of esters. Thus, pivalate esters are 

stable toward BH;-THF at room temper- 

ature.** During reduction of esters to 

alcohols, there is no detectable aldehyde 

formation, indicating that no stable inter- 

mediate is formed.” A probable mechanism 

which explains all of the above results is 
shown in equation 54. 

Intermediate 12 is probably very un- 

stable, and a rapid intra- or intermolecular 

hydride transfer occurs to give the stable 

intermediate 13. This hydride transfer 

could be promoted by an intramolecular 

coordination of boron and oxygen in 12. 

BMS can be used to reduce a variety of 

functional groups and is particularly useful 

for the high-temperature reduction of nor- 

mally unreactive esters. The reduction of 

14 illustrates a specific example in which 
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° ° 
CH,-C-CH,CH,cCOOoH «= —HTHFES = Gu -C-CH,CH,CH,OH (eq. 48)’ 

60% yield 

2 BH,-THF 2 
EtO-C-(CH,),COOH 2 EtO-C-(CH 2)7CH,OH (eq. 49)77 

86% yield 

° ° 
u iW OC C7 te 
cH i Oo Ce (eq. 50)78 

Br’ COOH Br CH,OTHP 

86% yield 

° CH, fo) CH, 
PhNH-C-OCH,CHCOOH —8MS_» PhNH-C-OCH,CHCH,OH (eq. 51)78 

100% crude yield 

COOH CH, 
\ re cla \ (eq. 52)24 

N A N 
H H 

COOH CH, 

Ss eEE (eq, 53) COOH HO BF, CH, 
Fe(co), Fe(CO), 

; H 
fe) Dane 0-B-OR’ m . BH, f fast ! 54 R-C-OR See R>CIO-R | apa ee htacah (eq. 54) 

H H 

12 13 

° 
-OCH; CH,OH 

cl 1) BMS, toluene, A Cl 
2) MeOH (eq. 55) 

NO, NO, 

14 95% yield 

the relatively high temperature found 

necessary to reduce the ester function still 

did not result in reduction of the nitro 

group (eq. 55).?? 

During the selective reduction of a more 

reactive group with BH,-THF, the slow 

reduction of an ester group is sometimes a 
problem. However, Jackson and co- 

workers found that the reduction of an 

aliphatic ester group is inhibited by the 

presence of ethyl acetate.8? 

Electron-donation-induced reductive 

cleavage via an intermediate analogous to 6 
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can also occur during borane reduction of 

an ester group resulting in complete reduc- 

tion to a methyl group. Again many ex- 

amples are found in derivatives of pyrrole, 

equation 56 being representative. 

Reduction of an appropriately sub- 
stituted lactone with a borane reagent can 

result in complete deoxygenation of the 

carbonyl group to give an ether. Steroidal 

6-lactones were examined in the most 

detail and experimental conditions were 

developed for the conversion of these lac- 

tones to cyclic ethers. This is another exam- 

atom * 



ple of an electron-donation-induced reduc- 

tive cleavage which probably involves an 

intermediate similar to 3.9! The original 

procedure used by Pettit consisted of 

treating the lactone with diborane in the 

presence of a large excess of boron 

trifluoride.?? He later found that the ester 

to ether conversion was favored if the ester 

or lactone was derived from a tertiary, 

hindered alcohol,?3 but branching next to 

the carbonyl had little influence on the 

yield of ether and only decreased the rate of 

reduction.%4 

Recently, Pettit found that the large ex- 

cess of BF; is not necessary in many cases, 

i.e., a large excess of BH,-THF gives essen- 

tially analogous results.?! A large number 

of cyclic ethers has been prepared using 

these procedures. Equations 57 and 58 

provide specific examples. 

6) Amides 

Primary, secondary and tertiary amides 

derived from both aliphatic and aromatic 

carboxylic acids are reduced rapidly with 

BH,-THF in THF atreflux. Acidic or basic 

hydrolysis then provides the corresponding 

amine in excellent yield. The reduction of 

amides with diborane was originally in- 

vestigated by Brown and Heim and a full 

report of their detailed study has been 

published.%8 

Commercial BH,-THF (eq. 59) and 

BMS (eq. 60)?? have both been used for 

selective amide reductions. In general, this 

reaction provides a convenient synthetic 

procedure and has been used extensively 

over the past 12 years, since the appearance 

of Brown’s original communication.%” 

The syntheses of natural products and 

new pharmaceuticals are two important 

areas where many applications and ad- 

vances have been made using this reduc- 

tion. For example, the reduction of an 

amide functional group with BH,-THF 

provided one of the key steps in the syn- 

thesis of the naturally occurring poly- 

amine, sym-homospermidine.! An amide 

reduction was involved in an interesting 

synthesis of the eburnamine alkaloid ring 

system.!®! Also, amide reductions with 

borane reagents have been used for the 

preparation of catecholamines,!?? 

dehydrobufotenine,' _tetrahydrocarbo- 

lines,!°4 desoxypithecolobines,!® and 

derivatives of ephedrine.!% 

Numerous chemicals of interest and im- 

portance in medicinal chemistry have been 

prepared through an amide reduction with 

a borane reagent. A few specific examples 

include derivatives of 2-fluoroethyl- 

amine! (potential carcinolytic agents), de- 

rivatives of N-(2-haloethyl)benzyl- 

amine!° (antineoplastic agents), 1-deaza- 

1-thiareserpine! (antihypertensive), 6- 

131] 

9 
EtO-C,__/OCH, 

fe BH3-THF 
eek ry 

CHS 

Oo-2 
on 

CH,Ph 
N 

BHg-THF 
——{_——_> 

A 
O 

O 

iz 
C-NH, 

cl __1) BHy THF, A 
2) HCI, ie BV HCLHLON ia. 
3) NaOH 

2 
C-NH2 

mos ieee BMS, THF, A 

a MeOH, Hol MeOH, HCl 

NO2 

9 Y 
CF,-C-N N-C-OEt BH3-THF 

A 

CO,CH, 

ot S BH,-THF 

N 
CH,Ph 

(N-alkyl-N-arylamino)pyrimidines!!9 (po- 

tential antimetabolites), various deriv- 

atives of 1,4-benzodiazepine!!! (anti- 

anxiety drugs), derivatives of 2-oxa-5-aza- 

bicyclo[2.2.1]heptane!!? (anticholinergic 

agents), 1,2-dihydro-3H-imidazof 1,5-a]- 

indol-3-ones!!3 (CNS-active agents), and 

4,4’-diaminodiphenyl sulfone deriv- 

atives!!4 (antileprotic agents). 

Various other metal hydride reagents are 

known to reduce amides to amines, but 

LAH is probably the most widely used 

alternative to the borane reagents. How- 

ever, LAH is an extremely powerful reduc- 

ing agent which will attack a large variety 

of sensitive functional groups. Thus, the 

utility of LAH as a selective reducing agent 

Aldrichimica Acta, 

Cay \ OCH, 

mer, 
86% yield (eq. 56) 

CH, 

BH,-THF Gals } (eq. 57)95 

te 

CH,Ph 

N 

(eq. 58) 

oO 

H,NH, 

cy 86% yield (eq. 59) 

CH,NH, -HCI 

O) 72% yield (eq. 60) 

° ChCH Nie N-C-OEt) 
\ / q. 61) 

80% yield 

CO,CH, 

( : 54% yield (eq. 62)125 

CH,Ph 

is rather limited. Examples of groups at- 

tacked by LAH during attempted amide 

reduction include a-fluoro,!!%!15  q- 

bromo,!!6 N-cyclopropyl,!!’ (trifluoro- 

methyl)aryl,84!!7,118 and sulfonyl.!'!9 Also, 

LAH reductions of trifluoroacetamides are 

extremely violent!?° and other 

trifluoromethyl groups are known to un- 

dergo complete hydrogenolysis with 

LAH.!2! Finally, reductive cleavage of the 

N-benzyl group is usually a_ serious 

problem during LAH reduction of ben- 

zamide derivatives.!!2:!22, Fortunately, 

amides which contain the above sub- 

stituents or structural features are readily 

and cleanly reduced to amines using one of 

the borane reagents.!?3 
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In addition to the selective reductions 

mentioned above, the BH,-THF reagent 

also reduces an amide substituent in the 

presence of either a carbamate (eq. 61)!*4 or 

an ester (eq. 62).125.126 

The preceding discussion and examples 

should indicate that BH,-THF is usually 

the reducing agent of choice for the conver- 

sion of amides to the corresponding 

amines. 

CONCLUSION 
Brown and Korytnyk established the 

relative rates of reduction by BH,-THF for 

a number of representative classes of 

organic compounds.!2’ The results of these 

experiments indicate that the rate of reac- 

tion decreases in the order: carboxylic 

acids > alkenes > ketones > nitriles > 

epoxides > esters > acid chlorides. 

However, the reactivity of a given func- 

tional group can be greatly modified by the 

structure of the molecule. It is important to 

recognize that these relative reactivities 

must be considered approximate values for 

simple, representative groups, and may be 

altered or even inverted by modifications in 

the molecular structure. Hopefully, this 

review will help to further define the reac- 

tivity of the borane reducing agents and 

will assist organic chemists in deciding 

when it would be advantageous to utilize a 

borane reduction to solve a synthetic 

problem. 
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Chemical Reactions of 

INTRODUCTION 

In the last decades pyridine derivatives 

have gained importance, particularly in the 

production of herbicides and medicinals. 

The only 2,3-cycloalkenopyridines (1, n= 

3-13) of any importance have been 5,6,7,8- 

oe Ig 

N N 

1 2 

KIO, 

3 

tetrahydroquinoline (2) and its alkyl 

derivatives. The syntheses known for 1 did 

not enable the technical utilization of these 

compounds, although derivatives of 2 are 

accessible through hydrogenation of the 

corresponding quinolines.' A new syn- 

thesis of 2,3-cycloalkenopyridines (3, n = 

3-13; R = H, CH;) involving a hetero- 

2,3-Cycloalkenopyridines 

catalytic gas-phase reaction of cyclo- 

alkanones with alkenones and ammonia,’ 

makes such pyridines accessible. From 

acrolein and the ketones cyclohexanone, 

cyclopentanone, cycloheptanone and 

cyclododecanone, one obtains 5,6,7,8- 

tetrahydroquinoline, 2,3-cyclopenteno- 

pyridine, 2,3-cycloheptenopyridine and 

2,3-cyclododecenopyridine respectively in 

yields of 60-90%. Methyl vinyl ketone 

yields 2-methyl derivatives, whereas meth- 

acrolein and crotonaldehydes lead to 3- 

methyl- and 4-methyl derivatives. Since 

these compounds can now be made so easi- 

ly, their applications have become of 

special interest. The purpose of this review 

is to summarize the reactions of these 2,3- 

cycloalkenopyridines. 

CHEMICAL TRANSFORMATIONS 
WITH 2,3-CYCLOALKENO- 

PYRIDINES 

Chemical reactions of 2,3-cycloalkeno- 

pyridines can be most easily classified ac- 

cording to the initial chemical reaction of 

the cycloalkenopyridine, i.e., N-oxidation, 

hydrogenation of the pyridine ring, 

dehydrogenation of the aliphatic ring, 

metallation of the reactive CH, group at- 

tached to the a-position of the pyridine 

ring, and the reaction of this reactive group 

with carbonyl compounds. 

As this reactive methylene group is es- 

pecially important in many reactions, these 

2,3-cycloalkenopyridines will be depicted 

as 4. 

Sa 

4 

ALDRICH ® 

Helmut Beschke 

Degussa 

Most of the reactions in the literature in- 

volve 5,6,7,8-tetrahydroquinoline (4, n = 

3) or its methyl derivatives, 2,3-cyclopen- 

tenopyridine (4, n = 2) and 2,3-cyclohep- 

tenopyridine (4, n = 4). Methyl substitu- 

tion, particularly common in the 3-position 

of 5,6,7,8-tetrahydroquinoline, will not be 

referred to specifically, because it does not 

affect the reaction schemes. 

N-Oxidation and Subsequent Reactions 

(Scheme I) 

The N-oxidation of various 2,3-cyclo- 

alkenopyridines with H,O, in acetic acid 
has been described.3-7 Reaction of the N- 

oxide 5 with methanesulfonyl chloride 

yields the a-chloro compound 6,56 which is 

transformed to the a-amino compound 7 

by treatment with methanolic ammonia at 

80° for 24 hours.5° Reaction with isothio- 

cyanates affords the corresponding 8-thio- 

carbamoylamino derivative 8, e.g., 7 

reacts with methyl isothiocyanate in aceto- 

nitrile to yield the 8-methylthiocarbam- 

oylamino compound, and with benzoyl 

isothiocyanate in acetone to give the 8- 

benzoylthiocarbamoylamino compound. 

The latter is hydrolyzed with alkali to the 8- 

thiocarbamoylamino compound.° 

The Boekelheide rearrangement con- 

verts the N-oxide 5(with acetic anhydride) 

to the acetate 9, which undergoes saponifi- 

cation with alkali or hydrochloric acid to 

the carbinol 10.9 

8-H ydroxy-5,6,7,8-tetrahydroquinoline 

(10, n = 3) was dehydrogenated with 

palladium on charcoal in diisopropyl- 

benzene to 8-hydroxyquinoline 13° and it 

was dehydrated (by heating with poly- 

phosphoric acid) to 5,6-dihydroquinoline 

(14, n= 3).!° The analogous dehydration of 

7-hydroxypyrindan to 5,6-dihydropyrin- 
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dan (14, n = 2) has also been described.!° 

The carbinol 10 can be oxidized with 

manganese dioxide in methylene 

chlorides’ or with chromium trioxide in 

dilute sulfuric acid? to the ketone 11 which 

has been converted to the oxime 125.7 

followed by hydrogenation with Raney 

nickel to the amine 7.5 Finally, 10 has been 

converted to the chloro compound 6 with 

thionyl chloride’§ and to the correspond- 

ing bromide with PBr;.!! The preparation 

of various guanidines from the amine 7 has 

also been described. !2 

R3 R, 

N 
R4 H Ry 

16 

(a, B) 
(a, B) 
(only a) 

(a, B) 

Hydrogenation of the Pyridine Ring 

(Scheme IT) 

The hydrogenation of 5,6,7,8-tetra- 

hydroquinoline and its methyl derivatives 

15a-e with sodium in ethanol leads to the 

corresponding trans-decahydroquinolines 

16 in better than 90% yields.'3 The methyl 

derivatives 15b, c and e yield two di- 

astereoisomers, a@ and £, whereas 15d 

yields only the a-isomer in which the 

methyl group is equatorial. 

Hydrogenation of 5,6,7,8-tetrahydro- 

quinoline in ethan(ol-d) yields predom- 

inantly the trans-decahydroquinoline- 

2,3,3,4,9, 10-d,, 17.13 

D 
D D 

D 

H D 

17 

The synthesis of the corresponding 

trans-diastereoisomers by reduction with 

sodium in ethanol has been described for 

cycloheptano-2,3-piperidine!4 and cyclo- 

pentadecano-2,3-piperidine.!5 In contrast, 

the hydrogenation with platinum and 

acetic acid yields the cis-diastereoisomers, 

e.g., cis-cyclopentadecano-2,3-piperi- 
dine.!5 

Dehydrogenation of the Aliphatic Ring 

The dehydrogenation of the aliphatic 

ring of 2,3-cycloalkenopyridines succeeds 

only in the case of 5,6,7,8-tetrahydro- 

quinolines: by heating with palladium at 

300°C, the expected quinoline is formed. '6 

This dehydrogenation fails with com- 

pounds such as 2,3-cyclopentenopyridine 

in which no aromatic ring can be formed, 

and which are unchanged by palladium or 

selenium at elevated temperatures. !¢ 

Metallation of the Reactive CH, Group 

(Scheme III) 

Numerous compounds can be synthesiz- 

ed from 2,3-cycloalkenopyridines via the 

metallation of the reactive CH, group. 

These compounds can undergo further 

reaction, e.g., N-oxidation or hydrogena- 

tion. It is even possible for the N-oxides to 

rearrange with acetic anhydride to form 

acyloxy compounds, yielding cyclo- 

alkenopyridines with two different sub- 

stituents on the a-methylene carbon atom. 

Metallation can be effected with either 

Grignard reagents to form 17!7,!820 or, 

better, with organolithium compounds to 

yield 18.!7.!8.21,22 As expected, the car- 

boxylic acids 19,20-22 esters 20,20-22 amides 

21,!8-20.22 thioamides 22,!7.18.2122 and 

nitriles 23!8 were formed. The deuterated 

derivative 24 has also been made.?! 

The N-oxides 25, 26 and 27 made from 

the esters, amides and nitriles have been 

described.*34 Rearrangement of the ester 

N-oxide 25 yields the acetoxy ester 28.23 

The corresponding amide 26 was converted 

in four steps via the acetoxycarboxamide 

29, the hydroxycarboxamide 30 and the 

methoxy-N-methylcarboxamide 31, into 

the methoxy-N-methylthiocarboxamide 

32.2324 The cyano-N-oxide 27 was con- 

verted to the thiocarboxamide-N-oxide 33, 

and also, by rearrangement to the acetoxy- 

carbonitrile 34, to the acetoxycarbothio- 

amide 35,23 
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As already mentioned, one can 

hydrogenate substituted 2,3-cycloalkeno- 

pyridines to the corresponding piperidines. 

For example, the carboxamide 21 can be 

reduced to the decahydro-3-methyl- 

quinoline-8-carboxamide 36, which can 

then be converted to the thioamide 37.24 

The 8-cyano-S5,6,7,8-tetrahydro-3- 

methylquinoline, 23, was metallated 

further and reacted with methyl iodide to 

produce the compound with a methyl 

group on the reactive carbon atom. The 

product, 8-cyano-5,6,7,8-tetrahydro-3,8- 

dimethylquinoline, 38, was then converted 

to the corresponding thioamide 39 with 
H,S.24 

Reactions with Carbonyl Compounds 
(Scheme IV) 

2,3-Cycloalkenopyridines 4 react with 

formaldehyde to yield the hydroxymethyl 

derivatives 40 at 110-120° and the bis(hy- 

droxymethyl) derivatives 41 at 150-160°.3 

The hydroxymethyl derivatives can be 

dehydrated to the “styrenes” 42 with poly- 

phosphoric acid.!! Reaction with benz- 

aldehyde,*5.26 methoxybenzaldehydes?5 

and m-nitrobenzaldehyde?* yields the ben- 

zylidene derivatives 43. Some of these were 

hydrogenated to the benzyl derivatives 4425 

and, where n = 3, the 8-benzylquinoline 45 

was obtained by dehydrogenation. 

CONCLUSION 

It is surprising that many compounds 

have been made from the relatively few 2,3- 

cycloalkenopyridines that were known 

prior to Degussa’s work.? About half of the 

published work came from one group !2.24 

that has been interested in antiulcer 

therapeutic agents. Considering the ease 

and specificity with which one can 

chemically modify the 2,3-cycloalkeno- 

pyridines, these versatile intermediates 

offer the synthetic and medicinal chemist a 

fresh area for exploration, bounded only 
by the imagination. 
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Recent Progress in 
Macrolide Synthesis 

The recent history of organic chemistry 

is adorned with an impressive list of syn- 

thetic achievements of numerous complex 

molecules. Most of these compounds, how- 

ever, incorporate 5- and 6-membered-ring 

systems where conformational analysis dis- 

plays its power. In contrast, the synthesis of 

acyclic systems has received less attention 

in the past and there remains much to be 

explored in order to enhance synthetic ex- 

pertise in this area. The structures of 

macrolides are basically acyclic, uniquely 

and regularly oxygenated, and rich in chir- 

ality. Thus, the synthesis of macrolides ob- 

viously demands new methodologies fun- 

damentally important to organic chem- 

istry, and further, there is good reason to 

believe that a deeper understanding of 

several basic reactions may enrich our 

knowledge of biochemical processes in- 

volved in the early stages of lipid synthesis. 

We are now witnessing a surge of effort un- 

derway in many laboratories, directed 

toward these objectives. It is my pleasure to 

present some of our contributions in this 

lecture. 

The macrolide family includes more 

than one hundred physiologically active 

metabolites,! and approximately a half of 

these compounds are subgrouped as poly- 

oxo macrolides, represented by the five an- 

tibiotics shown below [methymycin (1), 

pikromycin (2), erythromycin (3), leuco- 

mycin A, (4), and tylosin (5)]. They are 

twelve-, fourteen-, and sixteen-membered 

lactones with numerous substituents on the 

ring, and one or more hydroxy groups are 

glycosidated with sugars. It is clear from 

the structures that these compounds are 

biosynthesized from acetate and propion- 

ate, and in the case of 16-membered mac- 

Methymycin (1) 

rolides such as 4 and 5, one butyrate unit is 

incorporated. This lecture concerns mainly 

the progress that has been made in this area 

since our methymycin synthesis, and par- 

ticular emphasis is placed on pikromycin, 

the first macrolide antibiotic discovered.? 

The arrangement of substituents attached 

to the lactone framework is remarkably 

systematic and all follow what is now called 

Celmer’s model (6), expressed by the 

Fischer projection formula (Figure |), and 

the antibiotics differ mainly in the degree of 
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oxidation. The conformation of 

macrolides has received much attention 

and indeed there have appeared numerous 

papers concerning this subject.4 In short, 

the majority of 14-membered macrolides, 

represented by erythronolide B(7), prefera 

conformation similar to that shown by the 

bold line indicated in the diamond model I. 

Conformer 7a is further modified in order 

to eliminate syn-periplanar interactions 

between the two methyl groups indicated 

by the arrow and also in order to enhance 
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the hydrogen bonding interaction in the 

molecule. This provides what we now call 

Perrin’s conformer 7b or 7c, which turned 

out to be almost the same as that of the 

structure elucidated by X-ray 

Two comments are in order. 

First, it is clear that the molecule does not 

have much conformational freedom even 

in solution; thus, the molecule is very rigid. 

This rigidity can be clearly indicated by 

space-filling models such as CPK models, 

and one is led to believe that even the seco- 

acid derived the macrolide may 

possess a high degree of rigidity except for 

one or two freely rotating carbon-carbon 

single bonds. This consideration was im- 

portant in selecting a synthetic scheme fora 

macrolide, and we were led to believe that 

the seco-acid might cyclize under proper 

conditions much more readily than one 

would normally expect. Another interest- 

ing feature of the molecule is that virtually 

all of the hydroxy groups are oriented on 

one side and most of the methyl groups lie 

below the ring framework, a structural 

feature likely having an important bearing 

on the microbial activity of the antibiotic. 

crystal 

analysis.> 

from 

Let me review briefly two major, obvious 

problems associated with the macrolide 

synthesis. The first one is the construction 

of a medium- or large-sized lactone and the 

second involves the incorporation of the 

substituents in a stereochemically con- 

trolled manner. It is natural to devise a 

methodology for lactone formation first, 

and then to test its applicability to more 

complex molecules. This has been the prac- 

tice in many recent cases. Some represen- 

approaches are illustrated by 

equations I-3. Borowitz disclosed a clever 

the fused bond rupture of a 

bicyclo[m.n.o] system to obtain the cor- 

responding keto-lactone,° and Vedejs 

tative 

idea of 

Figure 1 

c=0 c=0 

-O ° R20 

-O RO RO R10 

fo) fo) 

les -0 c HO 

OH OH 

—~>oO —~o —~>Oo 

Conformation of Erythronolide B 

utilized a 2,3-sigmatropic rearrangement 

by which the original ring system was ex- 

panded by three carbon atoms.’ This ring- 

growing reaction is repeatable; therefore, 

consecutive applications of this sequence 

would lead, in principle, to the construc- 

tion of a desired ring system. The ap- 

proaches represented by these two exam- 

however, solve difficult 

stereochemical problems of a medium- 

sized ring system at each step. Several 

cyclizations of acyclic precursors have been 

reported, and one of the most recent in- 

volves the aldol condensation of an 

aldehydic bromo ester.® 

ples, must 

The fused bond rupture of a 

bicyclo [m.n.o] system 

cl 9 
De 03H 

| ee 0 
fo) or O3 

oO 

Borowitzé (eq. 1) 

It is appropriate at this point to consider 

the feasibility of the direct lactonization of 

the seco-acid corresponding to a natural 

macrolide. This is obviously a most naive 

way to analyze the synthesis of a macrolide, 

and it is rather surprising that this method 

has not been utilized until recently. There 

was one reason for it. Stoll’s classical work 

on the acid-catalyzed lactonization of w- 

hydroxycarboxylic acids (eq. 4) was indeed 

discouraging for the purpose of preparing 

Ring-growing reaction 

the corresponding monolactone, and even 

the use of a dilute solution of the carboxylic 

acid (8) led to none of compound 9 and the 

majority of the product consisted of the 

dimer 10 or oligomer.’ This reaction, in es- 

sence, is the competition between the first 

order versus second order reaction; there- 

fore, in an infinitely dilute solution of 8 the 

lactone 9 should be the sole product. This 

high dilution technique can be effected in 

practice, if one can devise an efficient 

method for the reaction. Suppose you add 

slowly a solution of compound 11 (eq. 5) to 

dimethyl sulfoxide containing potassium 

carbonate.!9 Since the lactonization pro- 

ceeds very rapidly, the first drop of com- 

pound 11 completes its reaction before the 

second drop is added to the solution; thus, 

at any given time the concentration of 11 is 

extremely small. Galli and Mandolini 

report that the ratio of 9 to 12 is 89:9.!° 

Another important consideration in this 

connection is concerned with the confor- 

mational rigidity of the seco-acid which 

may favor the lactonization rather than in- 

termolecular ester formation. These two 

encouraging, nonetheless very risky predic- 

tions led us to examine direct lactonization 

of the seco-acid for the synthesis of methy- 

mycin, and fortunately we were able to 

complete the first synthesis of this polyoxo 

macrolide.!! Since then the lactonization of 

seco-acids has become the standard ap- 

4 Oo 1) 3) _egHsCOCHN2 = 

60% HCI0, HCI0, 
c=0 

fea fee 
S$ $- —CHCOCgHs i CeHs 

Ae 
aa 

H ' 
ers Vedejs’ 

RO 
(eq. 2) 

=| 
HCO Cyclization of an acyclic precursor 

| i" OH 

CH 

HO Cec Br Zn - (CpHs) AICI CH; 

iz W e) CH CS Se aR fe} 

= THF 
“le Pig Nc, 

lo) 

4 Nozaki (eq. 3) 

Gon i Ht 

Celmer Model HO(CH2)49 CO7H ————>  (CH2)40 —-C =O + HO(CH2)49C-O(CH2),9COZH 

6 1 2 3 4 = Ge 

1: Methymycin 3: Erythromycin A 8 9 uy 

2: Pikromycin 4: Leucomycin Stoll? (eq. 4) 

ED EI 
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K2CO3, (CH3)2S0 
Br(CH9);gCO2H aa (CH2\49 —-C—=0 + (CHa)19 2ho 

11 Se 64 

89% a 

9 9% 

Galli and Mandolini'® 12 (eq. 5) 

Scheme | 

H H 

Sin Mice ycua 3] | CHa ah 
4 fees 

HO»C* R20 

R1=CH2OTs R2 = Si(CH3)3 
R1=CH3 R2 = Si(CH3)3 

proach to the synthesis of macrolide 

molecules. 

Scheme I outlines the synthesis of methy- 

mycin (1)!! which appears to represent a 

major part of the citation for the Award. I 

am not going into details of each step but 

wish to draw your attention to the process 

of lactonization. The use of thiol esters for 

this purpose is obviously hinted at by a 

similar process likely taking place in the 

biological system, and a considerable effort 

RCOC! + TISR’ — + RCOSR!' : ; : ; Fi ; ue (sare: thiol esters using an acid chloride and  Corey’s procedure is patterned after 1 ’ . . . . . . wR 9: sodium thiolate does not proceed well | Mukaiyama’s peptide synthesis using pyri- 

i H (Oto i 
DENIES CO2H +(CgHsO0)2P Cl —+ Wye SPOOR) 13 = 2 Ore Een 

| OH 2F542 a =N 

ON 843 14 YG OH 16 

| lve 
oO ° 1 AN HS 
l aE ~sin 

R: 1°,2°,3°, or aromatic Bly Glas hes — ‘oO 
OH as Sy © (S-ona 

| a (eq. 7) 17 (trace) 15 (eq. 8) 

fe) 
(CgHs5)3P lI Ss it ba ia i ki See Pe ed JUECUUNE. + Hg(CH 3803). AHS arueannnc  +Haish), 

( C\-s} oH i is ie oe Se } = 2 18 Hg(CF3CO>)2 
Mukaiyama16 (eq. 9) 15 19 (eq. 10) 
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R, = imidazolide 

R, = CH = P(CgHs)3 

has been made since the completion of the 

methymycin synthesis in order to widen the 

scope and define the limitations. 

In view of the enormous amount of sul- 

fur chemistry accumulated over a century, 

I was surprised to find at the outset of this 

work that there had not been much chem- 

istry done which was useful and applicable 

to our case. The synthesis of thiol esters 

was one of them. Thus, our work began 

with this apparently simple preparative 

method. The standard method to prepare 

when both R and R! are bulky and this 

problem was quickly solved by replacing 

sodium with thallium (eq. 6).!2 Another 

problem which one faces very often in the 

macrolide synthesis is selective functional- 

ization of the carboxylic acid in the 

presence of hydroxy groups in the same 

molecule. The examination of the behavior 

of diethyl chlorophosphate has suggested 

that it might distinguish between the two 

groups. Indeed, use of this reagent con- 

verted compound 13 into the anhydride 

(14) of compound 13 and phosphoric acid 

which in turn produced the desired thiol es- 

ter (15) upon treatment with thallium thiol- 

ate (eq. 7). This reaction is quite general 

and R can be primary, secondary, tertiary 

aliphatic, or aromatic.!3 A similar selectivi- 
ty was also attained with carbonyldiimida- 

zole and the intervening acid imidazolide | 
(16) was converted into its benzenethiol es- 

ter (15) (eq. 8).'4 This last reaction appears 

to require protonation of imidazole; there- 

fore, a less acidic alkanethiol does not react 

readily with this intermediate. Very often 

the direct conversion of an ester into the 

corresponding thiol ester is desirable, and 

this has been achieved by reacting a pheny! 

ester (17) with trimethylsilylimidazole in 

the presence of trace amounts of sodium 

phenoxide.'5 Reactive thiol esters such as 

pyridinethiol esters (18) can be prepared by 

Mukaiyama’s procedure'® using triphenyl- 
phosphine and the corresponding disul- 

fide (eq. 9). 

Several satisfactory procedures are now 

available for the preparation of thiolesters, 

and the next step involvesconversion ofthe | 

thiol esters to the corresponding lactones 

or O-esters through thiol activation. Three | 

efficient techniques for this conversion were 

disclosed almost simultaneously by three 

research groups and became available for 

use three years ago. Our method utilizes 

thiophilic mercury(II) salts to activate al- 

kanethiol esters (eq. 10).!7 The reaction 

proceeds, in general, almost instantaneous- 

ly at room temperature or below to provide 

a near-quantitative yield of compound 19. 
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(Method 2) 

Entry R) 

oe oO a) ll Ss 
nner, OJ —S——- anernnrc + er y CH 

— 

OH N~ — Agcio, ” i Nis 

18 19 c > 

3 an 

equation 11a Corey'® 
equation 11b Gerlach’? 

dinethiol esters (18) for the S-O conver- 

sion (eq. 11).'8 Since the hydroxy group is 

not a particularly good nucleophile toward 

thiol esters as compared with the amino 

group, this conversion requires refluxing of 

a xylene or toluene solution of compound 

18 for a prolonged period of time (eq. I la). 

Gerlach found that the same reaction was 

enormously accelerated by the addition of 

silver perchlorate and was completed with- 

in one hour at room temperature (eq. 

11b).!9 The superiority of the newer 

methods as compared with the earlier, 

R10 q HO CH3 
c—R3 

R20 Z 2 o2 
20: R!=R2=CH;, R°=SC(CHs), 

21: R'=H, R2=THP, R= Cs 
=N 

zearalenone dimethyl! ether 

20: Merhoaht ethylene ketal 
25°, 5 min. 90% 

Method 2 Ht zearalenone ethylene 

21: <a ketal 
benzene reflux 75% 

classical techniques was evident. For in- 

stance, the lactonization of a zearalenone 

seco-acid derivative (20 with R7=OH) by 

means of the mixed anhydride method 

published in 1968, proceeded in low yield,” 

whereas use of the thiol esters (20 and 21) 

with or without a catalyst brought about 

quite acceptable results. 

The application of equation 10 to mac- 

rolides other than methymycin and zea- 

ralenone requires modification of the 
fo} oO 

\| +R20H Hg(CH3S03)2(1) ple 
as) (Rongequvicuseronsames IR? OR? 

* Hg(CF3CO>)2 (2) 23 

a (eq. 12) 

original procedure and progress has been 

made to this end.?! First, it should be 

pointed out that 2-methylpropane-2-thiol 

esters (22) are as stable toward acid and 

base as O-esters and survive many syn- 

thetic operations. Second, the S~O con- 

version (eq. 12) proceeds smoothly even if 

both R! and R2 are very bulky (Table 1). 

The pivalic thiol ester provides a 90% yield 

of its O-rert-butyl ester (23) upon this treat- 

ment (entry 2). The double bond conjuga- 

tion does not suppress the efficiency of this 

reaction (entry 3). This result almost ex- 

do 

ee Oh 
ing this reaction and the retention of the a- 

deuterium during the same reaction (entry 

4) further corroborates this conclusion. 

Expectedly, in the absence of an alcohol, 

Hg(Il) trifluoroacetate converts thiol es- 

(eq. 11) 

oO oO oO 
" u > -on " 
c Hg(CF3CO2)2_ /EX Cc 

Ng TEES 8 Socata 8 NS 
2) 23 

22 24 
(eq. 13) 

ters (22) into the mixed anhydride (24) 

which only slowly reacts with tert-butyl 

alcohol, approximately ten times more 

slowly than the above S—O conversion (eq. 

13). Therefore, we conclude that the major 

course of the direct conversion involves an 

intermediate complex similar to that 

shown as II. In this intermediate, the soft- 

H 

(CHg)3¢— 0 
Ha( 1) 

Qu st 
FG Sci(chal, 

soft interaction between the sulfur and 

Hg(Il) and the hard-hard combination of 

the hydroxy and acyl groups ideally satisfy 

Saville’s rule2? and effect the desired reac- 

tion smoothly. There arises no problem in 

the hydrolysis of thiol esters and their con- 

version into the acid chlorides also pro- 

ceeds without difficulty (eqs. 14 and 15).*3 

These two operations are executed under 

neutral or near neutral conditions, so that 

sensitive functional and protective groups 

remain intact. 
Needless to say, this Hg(II)-assisted ac- 

tivation of thiol esters is not free from dis- 

advantageous side reactions, which are 

mainly caused by the soft-soft interaction 

of Hg(II) with other functional groups. 
Thus, the metal cation reacts with an elec- 

tron-rich double bond to bring about the 

well known hydroxymercuration although 

a,B-unsaturated ketones and esters very 

fe) 

1) Hg(CF3CO2)2 ie Nota 

0 2) HO Zab % eq. 14 
pe buffered ( q ) 

R S. 
1) Hg(CF3CO2)9 

° 

2) Lict le 

>95% (eq. 15) 

Table 1 

R2 Reagent Buffer Yield(%) 

at 1or2 Na,HSO, 100% 
(or none) 

1 Q 90% 
Pe 2 cH) ; 

Jor 2 p 85% 

po? 

Na HPO, Cyn 

often found in macrolides are inert to this 

reagent. How can we overcome this dif- 

ficulty when a reactive double bond is pre- 

sent in the substrate? Note that in the S-O 

conversion reaction there are four 
variables to manipulate: S, R?, M, and X 
(eq. 16). All that has to be done is to finda 

combination of reactivity-matching pairs 

for the reaction. Since selenol esters are 

found to offer no obvious advantages and 

indeed suffer from several other serious 

side reactions, we decided to concentrate 

our investigation on the behavior of thiol 

esters. Known soft or thiophilic cations 

other than Hg(II), and chemically inert to 

ordinary double bonds are Ag(1), Cu(1), 

and Cu(II), and the reactivity of these 

cations toward thiol esters was first tested. 

Interestingly, S-rert-butyl 

methanethioate was completely inert to 

Ag(I)CF,;CO, and Ag(I)CF;SO, even if a 

tetrahydrofuran reaction mixture was re- 

fluxed for a prolonged period of time (en- 

try | in Table 2). This result suggested a 

need for modification of R?2 in order to 

match the reactivity of S with Ag(1). Thus, 

replacement of the ¢er/-butyl group with 

the phenyl or benzothiazole group brought 

about very rewarding results (entries 2 and 

3). The three entries (4, 5, and 6) deal with 

the model experiment for a synthesis of 

cytochalasin, and the last three examples 

(entries 7, 8, and 9) provide some assurance 

that pikromycin seco-acid which has a B- 

keto moiety would cyclize with the com- 

bination of the 2-methylpropane-2-thiol 

ester and Cu(I)CF,CO, or the benzene- 

thiol ester and Ag(I)CF;CO). 

Cytochalasins have attracted much atten- 

tion in recent years because of their unique 

cytostatic activity (see Scheme II). The 

structure of the B species (25) shows, ina 

rather straightforward manner, that a sim- 

ple retrosynthesis dissects the molecule 

into three sub-units because of the stereo- 

chemistry of the ring juncture and also the 

presence of functional groups, providing 

the seco-acid can be lactonized at a late 

stage of the synthesis. This assumption is 

rather “shaky” because of the tertiary na- 

ture of the hydroxy group and the extreme 

crowdedness of the reaction center as well 

as the presence of some sensitive functional 

groups in its neighborhood. Therefore the 

cyclohexyl- 

| cludes the intermediacy of the ketene dur- 

Aldrichimica Acta, Vol. 11, No. 2, 1978 
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Table 2 Scheme II 

] ] 
Entry | R? R? MX Solvent| Time] Yield Asch eon 

T 4 

1 Ag(CF3CO>) THF 18 hr 0 
¢ Ag(CF,S0;) THE | 18hr ) 

2 < ) + Ag(CF3CO2) |CgHg/THF] 3 hr 98% Cytochalasin B Cytochalasin B 
seco-acid derivative Ri=R2=H 

N 
3 <) Ke sis) Ag(CF3CO2) CgHg | 10 min 100% 1) CH,SO,Cl S 

2) NoBH,CN 

4 ~S =o) Cu(CF3S03) |CgHg/THF| Shr 80% 

' 

C,H Roca Ss 65 H H 
5 Ger - Cu(CF3S03)2 | CH3CN | 15 hr. 24% ES) CyHe a 

Ag(CF3CO,) | CgHg (a) | 1.5hr 100% H ~O cGp xa 
AgBF, CgHg (A) | Thr. - 5% 
AgiCF3S03) | CgHg (4) | Thr. “5% 28 R'=THP, R2=OH 

29 R'I=CH3CO, R2=SC,H; 27 R=THP 
6 ers xp. Ag(CF3CO,) | CgHg (a) | 1.5 hr 100% F 

s Cu(CF3S03) |CeHe/THF! 5 iy, 90% 
Cu(CF3S03)2 | CH3CN | 30 min. 100% VO(acac) 

7 Hg(CF3CO2)] CH3CN | 0.5 hr. 0 Son 
nie = ae Ag(CF3CO2) | THE 18 hr recover 

Cu(CF3S03) | CEH 2h, 100% 

8 INRA e CulCF3CO2) | CHyClp | 2hr. 100% 
fo) 

H 
9 Hg(CF3CO) 

ae <\ Ag(CF3C02) 

i oe ae 
RU G—=SR2 Mx = ni—c—o-— 

(eq. 16) 

feasibility of the lactonization should be 

examined before attempting the construc- 

tion of the seco-acid. None of the then ex- 

isting methods was applicable to this lac- 

tonization and the Hg(II) activation sim- 

ply destroyed cytochalasin B very readily. 

Indeed it was this failure that had motiva- 

ted us to modify the original procedure and 

broaden the scope of the S—O conversion 

reaction that has been discussed. Ag(I) 

forms a complex with cytochalasin but is 

inert chemically, and eventually turned out 

to be a reagent of choice. The benzenethiol 

ester (26) of the diacetylcytochalasin seco- 

acid derived from the natural metabolite 

underwent smooth cyclization in the 

desired manner,2! and therefore the 

presumed last step of the synthesis is now 

secured. Additional conversions of 25 have 

been made.?! Reductive isomerization of 

the allylic system via the mesylate (25—27) 

followed by lactone opening provided 28 

which was converted to 29 and then epox- 

idized by Sharpless’ procedure. The acid 

treatment of 30 afforded cytochalasin B 

seco-acid 26. The utility of compound 28 as 

a relay compound is thus evident. The 

stereochemistry of this ring juncture is such 

that the Diels-Alder reaction of two ap- 

propriate components (diene and ene) does 

lead to the correct stereochemistry as 

shown by Weinreb,24 and substantial 

30 

progress toward the synthesis of 28 has 

already been made. 

Another interesting observation is worth 

mentioning. Tylonolide (31), the aglycone 

of a 16-membered macrolide antibiotic, ty- 

losin (5), has been converted into the cor- 

responding seco-acid derivative (32) 

through three steps (Scheme III). Treat- 

ment of the compound with Hg(II)- 

(CH;SO;), or better with Ag(I)CF,CO, 

effected formation of the 16-membered lac- 

tone system.?5 It is rather surprising to note 

Cytochalasin A 

that the 15-hydroxy group had to compete 

with the hydroxy group located at the 3- 

position for lactonization, yet the 

macrocyclic ring (33) has formed. We were 

aware that the benzenethiol ester of a B- 

hydroxycarboxylic acid (34) produces, un- 

der the same conditions, the corresponding 

B-lactone (35) in good yield (eq. 17) and 

that the B-lactone corresponding to 32 is 

not an intermediate of the lactonization of 

32 to 33. There must be some strong con- 

formational preference as is suggested 

Scheme III 

2) Peracid 

Tylosin 5 R'=Mycinosyl 
R2=Mycarosyl 

OMT 36 RI=R2=H 

—— 
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3) (CF3CO)0 
4) CH3CO>Na 

Ha(II)(CH3S03)2 

or 

Ag(CF3CO2) 

Tylonolide 31 

1 

CgHsS—c=o 

32 

—_—* 
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1 

r i 
R2— C ~ CH2COSCgH, ——>  R2—C—CH2 

| 
OH 

Pikromycin Pikronolide (37) 

(eq. 18) 

38 

Kromycin 

37 

Pikronolide (R=H) 

(+)-C-(+)-8-A 
(+)-C + rac.B + Ke 

(+)-C-{-)-B=A 

from the CPK atomic model. No ap- 

preciable non-bonded interaction is ex- 

pected to be present inside the ring system 

in contrast to the situation of !2-membered 

methymycin. Tylosin also provided us with 

the unique opportunity to devise a proce- 

dure to remove an acid-resistant amino 

sugar from an antibiotic under mild con- 

ditions in order to secure an intact aglycone 

— a general problem inherent to macrolide 

antibiotics that required a solution. Ob- 

viously, direct acid hydrolysis of the 

glycoside linkage present in tylosin leads to 

partial or total destruction of the aglycone 

tylonolide. Application of the Polonovski 

reaction to OMT (36) involving the conver- 

sion of the amine to its amine oxide and en- 

suing acylation offered a smooth pathway 

to tylonolide. This technique is also found 
to be applicable to pikromycin (2) (eq. 18), 

which is unusually prone to eliminate water 

as is evident from its structure. 

The rest of this lecture describes our ef- 

fort directed toward the synthesis of pik- 

romycin. We are no longer worried about 

the success of lactonization, but our main 

attention has been directed toward two u- 

nique aspects of this molecule: the presence 

of the B-keto ester moiety which has indeed 

caused many problems during the synthe- 

sis, and facile elimination of water from the 

B-hydroxy ketone fragment. Brockmann, 

as early as 1950, noted this elimination and 

his attempt at preparing pikronolide (37), 

the intact aglycone, invariably led to the 

formation of kromycin (38) (eq. 19). The 

correct structure and a likely conformation 

of this antibiotic are now known, and the 

facile elimination which occurs even at pH 

6.5 (an observation by Brockmann) is ex- 

plained by the anti-periplanar disposition 

of the hydroxy and glycosidic linkages as 

9 

lapel nae 
c 

HO™ a 
H 4 

' 

40 

shown in 2a. The retrosynthetic dissection 

of the molecule was patterned after our 

earlier synthesis of methymycin and con- 

sists of three fragments A, B, and C. 

The enolate or its equivalent derived 

from propionic thiol ester (propanethio- 

ate) serves as fragment A and the aldehyde 

39 which has already been available in op- 

tically pure form can be utilized to con- 

struct the C unit. Fragment B is a modified 

representation of the so-called Prelog- 

Djerassi lactonic acid (40), which was 

prepared from the cycloheptene derivative 

(41) as described in the methymycin syn- 

thesis.!! Recently lactonic acid 40 has been 

more conveniently obtained from aldehyde 

42 using Heathcock’s procedure (eq. 20). 
Reaction of this readily obtainable 

aldehyde (42) with enolate 43 afforded the 

aldol product 44 in as high as 50% yield (eq. 

21). This result is rather surprising because 

Cram’s rule does not apply to this case. A 

tentative explanation may be offered by in- 

voking some weak interaction of the rather 

remote carbomethoxy group with the 

aldehydic group. The B-side approach of 

the enolate as shown in III is thus dis- 

favored and the now preferred conforma- 

tion similar to IV leads to the formation of 

44. Recent studies in our laboratory dem- 

onstrate that boron enolates also undergo 

stereoselective aldol condensations and 

appear to solve several fundamental prob- 

lems exemplified here by the conversion of 

42 into 44. Hopefully the progress of this 

investigation will soon reach a stage that 

the results may be disclosed. 

We planned to combine the optically pure 

C fragment with racemic B+A to give a di- 

astereoisomeric mixture of (+)-C-(+)-B-A 

and (+)-C-(-)-B-A. Our expectation 

was that the wrong isomer might fail to 

cyclize as judged from inspection of CPK 

OR 

41 42 (eq. 20) 

fe) 

ss fe Oli ~. oa Onno “ igh ieee ae 2c Oo 2 

a oc? ik OMG cH, HO t 

R-C=O f 
42 43 44 40 

Re (Heathcock 1977) 
OSi(CH,) (eq. 21) 
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models, and thus, separation would be 

facilitated after the lactonization. There 
are two sequences for combination of the 

three fragments: A+B+C (counter clock- 

wise) and C+B+A_ (clockwise). The 

A+B+C sequence was examined first and 

is briefly summarized in Scheme IV. The 
facile ring opening of the 6-lactone 40a 

which proceeds ca. 100 times as fast as the 

alkaline hydrolysis of normal esters leads 

to the hydroxy acid salt which is then 

converted via two steps to the silyl ether 

(45) with R = C,H, or Cl,C-CH). The acid 

chloride 46 is now readily obtainable from 

the thiol ester and treated at -70°C witha 

standard acylating reagent without causing 

epimerization of the chiral centers to pro- 

vide compound 47. In order to suppress the 

facile dehydration of 47, there was a need 

for deactivation of the 3-keto group which 

was attained by means of acetylation. Con- 

version of 48 into the (neutral) Wittig 

reagent (49) followed the procedure pre- 

viously utilized for the methymycin syn- 

thesis. 

The Wittig reagent 49 with the aldehyde 

39 proceeded in the expected manner to af- 

ford 50 with an Edouble bond and the next 

operation involved the removal of an O- 

protecting group (Scheme V). 

protecting groups were originally chosen 

because the generation of the O- anion at 

the 5-position by means of the F- anion 

should induce the acyl migration from the 

C-3 enol position. What actually occurred 

in the system was that the silyl group 

brought in its vicinity the F- 

subsequently attacked the C-3 acetyl group 

rather than the C-5 silyl protecting group. 

We realized the seriousness of this result, 

nonetheless proceeded with the next cycli- 

zation which provided the 14-membered 

lactone 52 in acceptable yield. Compound 

52 turned out to be, as we were afraid, a 

dead-end product and all the attempts at 

removing the silyl group resulted in either 

recovery of 52 or destruction of the system. 

For example, the F~ anion, a specific re- 

agent for cleavage of the O-Si bond, in this 

case caused enolate formation at C-2,3 and 

the silyl ether remained intact. This un- 

usual stability of the O-Si(CH,),(tert-C,H,) 

group toward the F~ anion may be due to 

the presence of the electronegative O- 

group in the vicinity of the silyl group 

repelling the approach of a second anion of 

F-. Also mild acid treatment of 52 led to 

complete recovery of starting material un- 

der conditions normally used to liberate 

the hydroxy group of a silyl ether. This 

result may be due to the extremely crowded 

environment of the silyl ether at C-S. 

The two 

anion which 

Clearly there was a need for the inven- 

tion of anew OH-protecting group or reex- 

amination of older ones to replace the tert- 
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butyldimethylsilyl group. We have also 

considered the alternative C+B+A, clock- 

wise approach rather than the A+B+C 

that has just been presented. While the 

latter approach requires two protecting 

groups, the former needs only one for the 5- 

OH group, but demands a mild acylation 

technique, disallowing the use of the nor- 

mal, basic conditions generally used for 

this reaction. Thus, if one adopts the 

C+B+A approach, there are two prob- 

lems: (1) use of a proper OH-protecting 

group which satisfies several conditions 

and (2) realization of non-basic acylation. 

The requirement for the OH-protecting 

groups in the present case is described as 

follows. The same group must be attached 

to both the hydroxy and carboxy group 

and be selectively removed to regenerate 

Cu(I)CF,CO, 

1) (CyHo)g NF 

2) H" 

$1 

the latter. Because the hydroxycarboxylic 

acid (45 without Si protection) derived 

from Prelog-Djerassi’s lactone (40a) relac- 

tonizes with extreme ease, the attachment 

of the protective group to OH must 

proceed with high efficiency. The protected 

hydroxy group then should survive a varie- 

ty of conditions tabulated below and be 

Stability of R-OCH,OCH, 

survive: 

1N H,SO, in THF, 16 hr 
ZnBro, MgBro 
(CH3)3C-S- in DMF or THF 
Hg(II), Cu(I) 
(N-C4Hg)4N*F- 

removed selectively under mild conditions. 

Our choice, after many trials, has turned 

out to be the old methoxymethyl group, 

which has not enjoyed popularity in the 
=| 
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past, partly because the removal requires 

somewhat drastic conditions or hydride 

abstraction.*”? The deficiencies have now 

been remedied. First, primary, secondary, 

and tertiary hydroxy groups as well as car- 

boxylic acids are protected efficiently (eqs. 

22 and 23). The stability of R-OCH,OCH, 

appeared quite adequate for its use in the 

sequence and provided a promising out- 

look. 

Selective cleavage of methoxymethy] es- 

ters in the presence of methoxymethyl 

ethers can easily be effected by bromotri- 

butylsilane and a trace amount of meth- 

anol,?® followed by near-neutral hydroly- 

sis. In contrast, cleavage of methoxy- 

methyl ethers is somewhat complex. Some 

phosphorus impurities which had fortui- 

tously been introduced into the silyl re- 

agents in our earlier preparations, and 

whose exact composition is still unknown 

to us, were found to catalyze the reaction 

(eq. 24). With small R!, the reaction of a 

methoxymethyl ether with bromosilanes 

leads initially to a kinetically controlled 

distribution of four possible products (53, 

54, 55 and 56) which equilibrate to a ther- 

modynamically controlled mixture. How- 

ever, when both R and R! are bulky (e.g., i- 

C,H.) as in the present case, there is no 

equilibration and the formation of 

ROCH,Br proceeds in excellent yields. 

Thus, removal of the methoxymethy! pro- 

tecting group or its conversion into other 

protecting groups appropriate for the en- 

suing operation has become feasible as 

shown (Scheme VI). 

The methoxymethyl protecting group 

having met the requirements, our attention 

was focused on the development of a facile 

non-basic acyl-transfer reaction. A brief 

description of the acetoacetic acid biosyn- 

thesis is an appropriate introduction to this 

subject.2? One molecule of acetyl CoA (57) 

is transformed, with the aid of biotin, into 

malonyl CoA (58) which is properly at- 

tached#to an acyl carrier protein (ACP) 

through a so-called central SH, as in- 

dicated in 59(eq. 25). Another molecule of 

acetyl CoA, after being linked with a 

peripheral SH in ACP, moves into the ac- 

tive site of an enzyme and acts as an accep- 

tor of malonyl CoA (eq. 26), and then the 

condensation takes place with concurrent 

evolution of CO, (eq. 27). Probably or- 

ganic chemists can conceive several reac- 

tion systems that mimic this biosynthetic 

process and bring about a non-enzymatic, 

efficient acetoacetic acid condensation. 

Four such reaction systems are: (1) intra- 

molecular acylation, using malonyl thiol 

half-ester as an enolate source (V), (2) 

neutral generation of an acyl cation in the 

presence of a ketene hemithioacetal (V1), 

(3) use of a thiophilic metal [e.g., Cu(1)] to 

CICH, OCH, 2 
R-OH eee -R=OCHOCH. e Oo (i=CH, NCH 2OCH, RCO.H RC-OCH,OCH, 

(eq. 22) R: 1°,2°%, and 3° (eq. 23) 

Cleavage of RCO-OCH,OCH, by: RSiBr R =n-C,Ho or CoH, 

Cleavage of R-OCH,0CH, 

R4SiBr : 
ROCH,OCH, ———> ROCH,Br + CH;OCH,Br + ROSIR, + CH,OSIR, 

Catalyst 

53 54 55 56 (eq. 24) 

Scheme VI 
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57 58 59 (eq. 25) 

O ACP O ON 
pN S an W\ Na ps0 

CoA SpACP C,H, -CH,CH,-CO,H ——_—_—_- 

60 2) Reagent I 
(eq. 26) (rt. 24 hr) 

59 + 60 a ° CyH, -CH)CHCO-CH-C-S 
(oy (0) Rik R 

urther 

DSI S- ACP ae transformation R=H 95 “lo 
R=CH, 90% 

Lynene9 (eq. 27) (eq. 28) 

activate a thiol ester and at the same time to 

induce decarboxylation (VII), and (4) use 

of a relatively hard metal to bring two reac- 

tants together and also to simultaneously 

activate the methylene group of the 

malonyl half-ester (VIII). 

We indeed spent a great deal of effort to 

explore all of these possibilities, each of 

which met with a varying degree of success 

in both model studies and the preparation 

of an intermediate for the synthesis of pi- 

kromycin. Summarized below is the use of 

the magnesium salt of a malonic thiol half- 

ester which has provided by far the most 

encouraging result. Reagent I consists of 

an equimolar mixture of magnesium 

pivalate 61 and malonic or methylmalonic 

thiol half-ester 62 with R! = C,H, or tert- 

C,H,. Treatment of an unhindered car- 

boxylic acid with carbonyldiimidazole 

followed by Reagent I provides an ex- 

cellent yield of the corresponding aceto- 

acetic thiol ester (eq. 28). While this reac- 

tion proceeds very effectively with primary 

carboxylic acids, the yields decrease sub- 

stantially with secondary carboxylic acids 

Possible Synthetic Equivalent 

Oey 
lve) 

Ra CeemnGE OY fe) 

ka a Ie Ze 5 

" 
ie) Oo 

(V) (V1) 

RS. 20 Rue 

ce 
fo) CH be Sey we © cy ; 
' cy ¢=0 one n R 

oo) | | Ss 
BS <5, ean 
M~ R 8 rece) 

8+ 

(VII) (VII) 

Reagent I 

HO,C-CH-COSR' + — Mg (O2C —), 

R 

62 61 

R  HorCH; 
R_— CpHs or tert-CyHg 
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2 HO,C-CH-COSR' + Mg(OC Hs), —» Mg(O,C-CH-COSR’), ie 
naw HOC Garten 90% 
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R HorCH, 66 (Reagent II) CH3 CH, ee = 
R-—_CoHs or tert-C4Ho (eq. 31) (eq. 34) 

such as cyclohexanecarboxylic acid 63and Ag(I)CF,CO,, Meg(II)(CF;CO,),, and be mentioned, which describes the forma- 
the formation of dimethylacetone- 

dicarboxylic thiol ester 64 becomes a major 

reaction course (eq. 29). Other salts thus far 

these were found to be less effective than 

Ma(II) pivalate 61. Before a newer version 

(Reagent II) of Reagent I is discussed, a re- 

tested include Zn(II), Cu(II), Co(II), cent report by Kobuke and Yoshida should 

Scheme VII 
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tion of an acetoacetic thiol ester 65 from 

the benzenethiol ester of acetic acid anda 

malonic half-thiol ester in the presence of 

imidazole and magnesium acetate (eq. 
30).30 

Reagent II, the magnesium salt of ma- 

lonic or alkylmalonic thiol half-ester 66 

(eq. 31), is much more effective than Re- 

agent I and provides a wide scope of this 

reaction. Note that Reagent II is a neutral, 
crystalline salt, and that the acylation pro- 

ceeds under near-neutral conditions with 

sensitive functional groups being kept in- 

tact, an achievement significant to organic 

synthesis. Three selected examples clearly 

demonstrate the superiority of this reaction 

(eqs. 32-34). 

We were now ready to utilize the new 

acylation reaction for the synthesis of pi- 

kromycin 2. The thiol ester (40a) of the 

Prelog-Djerassi lactone was converted to 

its open form with the methoxymethyl 

protective group as shown in 67 (Scheme 

VII) and then was connected with the left- 

hand fragment C to provide 68 ina manner 

similar to that described earlier. The reac- 

tion of 68 with Hg(CF,CO,), under the 

standard conditions took a rather abnor- 

mal course to give 69 because of the unex- 

pected participation of the methoxymethy] 

group in the reaction, but this difficulty 

was soon overcome by a_ modified 

procedure. 

The next crucial step, acylation of 70, 

(Scheme VIII) proceeded rather ironically 

even with Reagent I, which is normally less 

efficient than Reagent II, despite the steric 

congestion around the carboxylic acid. As 

was noted earlier in the Hg(II) treatment of 

68, this anomalous behavior appears to be 

again attributable to the methoxymethyl 

participation which leads to the activation 

of the acid imidazolide intermediate which 

reacts with Reagent I. We now have the pi- 

kronolide seco-acid precursor 70 with the 

ae 
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properly protected functional groups, and 

from previous experience we do not antici- 

pate any major problem in executing the 

lactonization of 71. 

I have outlined the current status of our 

work in this area. I may conclude that the 

problems associated with the formation of 

medium- and large-sized lactones have 

found satisfactory solutions. This com- 

pletes phase I of macrolide syntheses and 

we and others have now entered the second 

stage of the project that concerns the acyl 

and aldol condensations. I am pleased to 

learn at this meeting that some important 

progress has been made and am sure that 

the next few years will witness the major 

breakthrough in this challenging problem. 

No account of this work would be com- 

plete without mention of the devotion and 

expertise of my co-workers. I wish to ex- 

press my particular appreciation to Dr. 

G.S. Bates and Mr. D.W. Brooks who have 

made the progress in the pikromycin syn- 

thesis, and also to Drs. Y. Hayase and W.- 

K. Chan who have executed numerous 

delicate experiments on cytochalasin and 

tylosin. 
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Aldrich offers these reagents cited 

by Prof. Masamune. 

14,304-9 Aldrithiol-2 (2,2’-dipyridyl 
| disulfide) 

19,050-0  tert.-Butyldimethylsilyl chloride 

| 11,553-3  1,1’-Carbonyldiimidazole 

C6,270-0 m-Chloroperoxybenzoic acid 

13,900-9 _1,5-Diazabicyclo[5.4.0]undec- 
S-ene 

D9,163-2 Diethyl chlorophosphate 

10,770-0 4-Dimethylaminopyridine 

| E105-5 Epichlorohydrin 

15,648-5 Mercuric trifluoroacetate 

10,920-7 2-Methyl-2-propanethiol 

17,643-5 Silver trifluoromethanesulfonate 

15,615-9 Sodium cyanoborohydride 

19,568-5 Tetrabutylammonium fluoride, 
1M solution in tetrahydrofuran 

T6,240-5 Trifluoroacetic acid, silver salt 

| 15,358-3  N-(Trimethylsilyl)imidazole, 
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Selenium Reagents 
for Organic Synthesis 

During the last few years the rapid 

development of selenium chemistry has 

provided organic synthesis with a number 

of very useful procedures.! Selenium metal 

is, of course, the starting point for all of 

these developments but it is convenient to 

summarize the new work by describing the 

main transformations that can be done 

with commercially available reagents or 

with materials easily made from them. 

1. Preparation of a,B-unsaturated 
carbonyl compounds 

One of the major applications of organo- 

selenium chemistry is based on the fact? 

that phenyl alkyl selenides can be con- 

verted = olefins under very mild con- 

ditions (eq. 1). 

The intermediate selenoxide fragments 

by a syn?“ elimination as shown and the 

process is usually both rapid and efficient 

at room temperature. It constitutes a stan- 

dard method for making a,B-unsaturated 

carbonyl compounds (eq. 2) and is carried 

out formally in three steps: (a) introduction 

of a benzeneseleno group (PhSe-) alpha to 

the carbonyl, (b) oxidation of the resulting 

selenide to the selenoxide level and (c) 

fragmentation of the selenoxide. 

The usual method for introducing the 

PhSe- group is by way of a lithium enolate 

generated at a low temperature in tetra- 

hydrofuran and then allowed to react with 

PhSe-SePh, PhSeCl, or PhSeBr* (eq. 3). 

This method has not been used with 

aldehydes but it works for ketones, esters ,4 

lactones,34°5 nitriles® and lactams.’ 

In the case of unsymmetrical ketones 

(eqs. 4 and 5) the kinetic enolate can be 

generated using LDA while the isomeric 

*Of these, only PhSeBr is not commercially available. 

It is made by adding Br,(1 equiv.) indry CCl, toa solu- 

tion of PhSe-SePh in the same solvent. Removal of 

CCl, after 30 minutes leaves a maroon, crystalline 

residue of PhSeBr. 

enolate is accessible via the enol acetate.’ 

These enolates react very rapidly? with 

PhSeCl and PhSeBr, but PhSe-SePh is not 

suitable as a selenenylating agent for 

ketones.3 It can be used, however, with the 

enolates of esters, lactones, and nitriles. 

Lactams have been studied only with 

PhSeCl.’ Equations 6 — 9 are represen- 

tative examples and two special points 

should be noted. First, the selenenylation 

of enolates sometimes requires the 

presence of HMPA to proceed well, and, 

secondly, two equivalents of base are need- 

ed for the monoselenenylation of nitriles 

and lactams. PhSeCl and PhSeBr can 

probably be used interchangeably. 

The enolates of multifunctional com- 

pounds such as £-keto-esters, {-keto- 

sulfoxides, and {-diketones are also 

selenenylated by treatment with PhSeCl or 

QO 
Hy /5ePh XN 

aM eae OF 
\ —c—c= 

SS 

oO 

Alar SePh _(©)_, 

H H 

oO O- 
(Base) 
SEE aad 

Ph 

ideal On 

OCOMe 

os 

7oePh ——_ > Ne =e + 

Derrick L.J. Clive 
Department of Chemistry 

University of Alberta 
Edmonton, Alberta 
Canada T6G 2G2 

PhSeBr.3 

The selenenylation of aldehydes** (and 

ketones) may be carried out by direct treat- 

ment with PhSeCl (not PhSeBr) (eq. 10). 

The process is accelerated by addition of a 

little concentrated hydrochloric acid but all 

mineral acid — both that added deliberate- 

ly and that generated in the reaction 

must be removed before oxidation of the 

selenide. 

Finally, it is possible to introduce the 

PhSe- group in the absence of a strong base 

by using certain enol derivatives (eqs. 11 

and 12). 

With the a-selenenylated carbonyl com- 

pound in hand, the next stage involves ox- 

idation followed by fragmentation of the 

resulting selenoxide. A variety of methods 

is available for these processes. Sodium 

periodate, peracids (usually m-chloroper- 

HO—SePh (eq. 1) 

(eq. 2) 

PhSe-X 2 ee 
SePh 

= Olizie 4. fede) 
or SePh 

oO 

UIE a Re or hoe Ph 
(eq. 4) 

“Phseci, 78° -78° 

262% 

i) MeLi, THF, 

Tp Phsepr, 78" c (eq. 5) 
86% 
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Esters:4" 

LDA, THF PhSeB 
)—cooet AT aes ia )—cooet = COOEt (eq. 6) 

0.5hr SePh 85% 

Lactones:° 

-O PhSeSePh ee 
Cerner ey 

6 aeee yea 
= then -40°/1.5hr 

Me fe SePh 85% 

Nitriles:6 

2 [ae PhSeSePh 
i = room temp., 1.5hr 

Cott CH CNS ame Cols CCN prgean cies (eq. 8) 
time: - 

Coss —CHCN he 

SePh 96-100% 

Lactams:’ - SePh 

/ \ 2 LDA, THF l x PhSeCl l \ 
0. (eq. 9) 

n~ O 78° N HMPA N vs 
Me Me Me 55% 

° EtOAc C19H,;—CH—CHO 
CioHpCH,CH + PhSeCl —oontemo. SePh + HCI (eq. 10) 

20hr >46% 

Me 
OMe 0 

Z benzene a 
—C) ————__—_» 

Ms PhSe—Cl room temp. (eq. 11)° 
SS (extremely rapid) Oo 

a SePh 

eres 82% 

OAc O 

| i) PhSeBr** SeP’ Bs 
ied : : | + AgOCOCH, <\Goaw Hel fon gl?) 

~70% **The effective reagent here is probably PhSe-OCOCF3. 

9 - PhSe,_ eee aN ee 
a COOH COOH 

NalO,, aq MeOH — 

eis 10min, 25° : 

o~< >46% Xo (eq. 13) 
OEt 

| O oO 
CH3CO3H, EtOAc 

1hr (eq. 14)* 

SePh 

| 215% 

Me 
PhSe,, 

~-Me 

44 = Aldrichimica Acta, Vol. 11, 

SePh 
i) Og, CHpCly, -78° 

54 

ii) -78° — aa) room temp. 

benzoic acid), ozone, and hydrogen perox- 

ide are the most common reagents and it is 

often advisable to purify the a-selenenyl- 

ated carbonyl compound — especially to 

free it of unselenenylated material. 

The choice of reagent is guided! by 

several factors. Other functionalities in the 

molecule must, of course, be inert and, 

where an excess of oxidant is used, the sen- 

sitivity of the fragmentation product is a 

factor to be considered. One of the 

products of selenoxide fragmentation is 

PhSe-OH, which can disproportionate to 

PhSe-SePh, PhSe(O)OH, and H,03 

Sometimes, however, unless special pre- 

cautions are taken, the PhSe-OH is oxi- 

dized by residual selenoxide so that the 

eventual yield of unsaturated compound is 

lowered.!! 

With NalO, general practice calls for an 

aqueous organic solvent and at least suf- 

ficient oxidant to react with the selenide 

and the PhSeOH. Under these conditions 

oxidation and fragmentation are complete 

at room temperature. Occasionally, it is an 

advantage to buffer the reaction mixture 

with sodium bicarbonate. 

Peracids are generally used in an organic 

solvent and are employed in stoichiometric 

amounts (1 mole per mole of selenide) at 

low temperature. If the fragmentation 

product is inert to peracid, a sufficient 

amount is used to oxidize the PhSeOH 

formed, and the reaction is run in the 

temperature range of 0° to 25°. 

It is usual to employ ozone at -78° (if 

possible) in CH,Cl,, Et,O, or CCl,. (The 

reagent attacks THF.) 

The selenoxide (from peracid or ozone 

treatment) can be allowed to fragment by 

warming the cold selenoxide solution to 

room temperature. (Occasionally, pyridine 

is added to suppress certain side reac- 

tions.3) Alternatively, the cold (-78°) 

selenoxide solution is added to refluxing 

CH,Cl, or CCl, and a useful variation of 

this procedure is to mix i-Pr,NH with the 

selenoxide initially. The presence of the 

amine again results in improved yields. 

Hydrogen peroxide (typically 30-50% 

w/w) is one of the most frequently used ox- 

idants and a sufficient quantity is employed 

to quench the PhSeOH resulting from the 

fragmentation. THF is the usual solvent 

and careful temperature control (0° to 

room temperature) is necessary because the 

oxidation is strongly exothermic. Hydro- 

gen peroxide converts!? PhSe(O)OH into 

PhSe(O)OOH, and this compound has 

sometimes caused problems by epoxidizing 

double bonds or causing ketones to un- 

dergo the Baeyer-Villiger reaction.!? 

Products sensitive to basic H,O, can be 

ee by addition of a trace of acetic 

INOWS, 1973: 

a ed 



fe acid. 
0 O 

Often, best results with H,O, are ob- HO. CHCl 
tained with the following two-phase sys- SePh ———————_ > a (eq. 16)3 
tem: a CH,Cl, solution of the selenide and, 20-30", 20min aaron 

usually, two equivalents of pyridine are 84% 
stirred with an excess of H,O,. Oxidation 

and fragmentation are usually complete PhSe-, __PhSe; EH 
within about 15 minutes.3 LPP a pasa Serer eel (eq. 17)14° 

The selenium method for making a,f- >98% 
unsaturated carbonyl compounds has 
proved very effective in natural-product E COOEt 
synthesis. A few of many!® published ex- eee a PhSe-, EtOH CoH, 5 
amples of the method are shown below on a room temp., (eq. 18)* 
(eqs. 13 — 16). Br time: - SePh | 

>82% | 
2. Preparation of olefins by using aryl 
selenide anions and aryl seleno- Me Me | 
cyanates PhSe- (eq. 19)2° 

Aryl selenide anions (ArSe-) are strong ' ap celal) ' 
nucleophiles and this property can be used H OSO,Me SePh 
to attach the arylseleno group to a carbon 

skeleton and then by selenoxide fragmen- 
tation, to introduce a carbon-carbon dou- OMe NO, NO, 
ble bond under mild conditions. MsON >... (Sse (\s OMe 

PhSe-Na’ is generated!4 (as a BH; com- , EtOH a> (eq. 20)15 
plex) by addition of NaBH, to an ethanol 14hr, room temp. ; 
solution of PhSe-SePh. The selenium ion COOMe 

attacks epoxides, halides and sulfonates 

(eqs. 17 — 19). Aryl-substituted selenide 

anions have been used with halides and sul- 

fonates (eq. 20). The anion shown (see eq. 
20) is generated by treating the seleno- 

cyanate with NaBH,. (Both EtOH and 

DMF'® have been used as solvents for this 

reduction.) 

Selenide anions are also involved, 

mechanistically, in an efficient method 

(eqs. 21 and 22) for converting primary 

alcohols and aldehydes into selenides. 

A phenyl selenide anion with enhanced 

nucleophilic properties can be generated by 

heating sodium with PhSe-SePh in 

THF.!4° The uncomplexed salt, PhSe-Na‘, 

formed in this way, and solubilized by ad- 

dition of HMPA or 18-crown-6, opens lac- 

tones. PhSe-Na* generated in DMF by 

NaBH, reduction of PhSe-SePh!9 reacts 

similarly at 110-120° (eq. 23). 

Each of the selenides (see eqs. 17 — 23) 

can be converted into an olefin by oxida- 

tion under appropriate conditions (e.g., 

eqs. 24 — 28). 

Several points emerge from these and 

many other related experiments: 

(1) Conformational freedom permit- 

ting, disubstituted olefins are formed with 

trans stereochemistry, except in the case of 

a, B-unsaturated nitriles which give both cis 
and trans isomers. 

(ii) When adjacent oxygen sub- 

stituents are present (see eq. 24) elimina- 

tion is strictly away from the oxygen- 

| bearing carbon to give an allylic alcohol. 

THF or 

64% 

N 
Oo: Pyridine 

n-C,,H,,OH +7-Bu,P + SeCN —yoom P--C49H5-Se (eq. 21)17 

temp. 

92-94% 

NO2 CN NO, 

SeCN CN 

i ae ss C,H Se . 22)18 C,H,,CHO Bu,P c H; oO | a 6° "13 (eq 22) 

THF Coats 
room temp., 2.5hr 94% 

O O 

re} PhSe-, DMF OH 

10hr, 110-120° SePh (eq. 23)1° 

90% 

ae —— H,O,, EtOH, THF HO. _// 
H-- H 0 — 25°; room temp., 10hr (eq. 24)14° 

SePh 
298% 

COOEt COOEt C,H CH;CO3H, EtOAc CHs SO (eq, 25)¢ 

SePh 23-25°, 2hr 583% 

Me Me 
i) O3, CH2Cly,-78° 2 (| 
ii) hexane, room temp. ' bay 

i H 
SePh 295% 

| 
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a 

M Cy 9H2,;CHO NO, SeMe = CH,SeMe 10h24 

OMe oP H SeMe é 

oe eae) C49H»;—-CH—CH,SeMe 
o°, then cGmnaniaee 

107 %21 ‘ 2 

room temp. 71% 

COOMe COOMe : 
92% 

O H CsHi1 
O i) CHyN> Phe tgC7His SOCI, aS (eq. 35)25 

OH ii) O3, CHgClo, -78° OMe coed Sa EtN ui C-H 

iii) CHCl,, pyridine, (eq. 28)19 Et 7F45 

SePh reflux ee 80% 

70.5% 

cF C Jen) 
C»HH ee || Cikia eens ka, SS ¢ (eq. 36) 

SeMe _SeMe PhSe~, PhSe 
Oo” 

(eq. 29)2° 

CH ae as eC, ie 
65 : 35 __PhSeCl, EtOAc Ch> Fs 

Yield: 84% Soa ane (eq. 37) 

R SePh THE — Rv ~ 
Phse © 73% 

pase + BuLi ——-® _, >C-SePh + BuSePh (eq. 30) 
SePh ae R H 

O PhSeCl, EtOAc _necse (1) 
7 Fans r~O = (eq. 38)29 Eiess thal oon TEhiDeae th t : 
pePh _LOA, THE Beh (eq. 31) abr eembe: ane YH 

Pamela PhSe 
77% 

PhCHO Oo Hae US gS EtOAc 

5 a SePh PALO ees 3.5hr (eq. 39)27 

W 

SePh HO Ph 79% 

(eq. 32)?2 

ice. qa) AGO COCR COCs 

4 

ae 

AgOCOCF3, CH2Cl, 

) PhSeBr, indy PRSoeG, Uae ieses 
room temp., 2hr 

59% (eq. 40)30 
CoH ee Bul HPS SePh 

H SePh THF 2 OAc 
-78° H 

23 

Gotlts eae) _PhSeCl, ACOH 
CgH 3X CcHiz—C—H (eq. 41)31 

X = halogen 6r3 NaQAcatOnia uae 10min 
SePh room temp. ‘ 

0, eh 569%  SePh 

(iii) The preparation of terminal even methyl alkyl selenoxides'® fragment part by the fact that selenoxides (kept ata 

olefins — using the oxidation-fragmen- 

tation methods already described — often 

proceeds poorly unless (a) specially sub- 

stituted aryl selenides are used (eq. 27) or 

(b) the selenoxide is made to collapse by 

heating? in the presence of a base (eq. 28). 

However, a very promising alternative 

procedure is being developed. The selenide 

is warmed (55°) in THF containing 

suspended alumina and an excess of [- 

| BuOOH. Under these conditions terminal 

| (unsubstituted) oe, selenoxides and 
SS = = —— 

46 Giaeaien ete Vol. IL, ne 3, 1978 

readily (eq. 29). 

carbon-carbon 
using selenium- 

3. Formation of 

double bonds by 
containing synthons 

A methodology more advanced than the 

attachment of the benzeneseleno group to 

an existing carbon framework is one that 

uses synthons already containing this 

group. Such procedures are made possible 

in part by the fact that selenoacetals can be 

converted?! into carbanions (eq. 30) and in 

low temperature) can be deprotonated” 

(eq. 31). Both selenium-stabilized and 

selenoxide-stabilized anions react with 

alkyl halides and with carbonyl com- 

pounds. The following are typical ex- 

amples (eqs. 32 — 34). 

The products of these reactions are 

suitable for a variety of transformations: 

(i) Selenides (e.g., from the process of 

eq. 33) can be oxidized and allowed to frag- 

ment, or the resulting selenoxide can be 

deprotonated and treated with an alkyl 

tA 
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enyl reagents as shown in eq. 43, where Y ] 
OAc can be Cl, Br, OCOCH,, OCOCF,, OMe, 

; i OEt, O-i-Pr depending on the reaction con- 

= cee ase) ditions.34 
ii) PhSeCl, ACOH (eq. 42)32 

room temp., 30min 5. Deoxygenation reactions using 
Sra SePh selenium chemistry 

Raney nickel can be used to hydrogen- 

olize monoselenides and _ selenoacetals™ 
= y Ne ye but both compound classes are reduced | 
= q + PhSe—Y ————> DPrmer (eq. 43) smoothly by tin hydrides*5 (eqs. 44-48). | 

PhSe This tin hydride reduction, which works 

in the presence of a range of functionality 

is, Of course, suitable for making labelled 
C12H».SePh Ph3SnH, PhMe CyoHos 73% (eq. 44) compounds by use of Ph,SnD. 

ee The selenoacetals needed for the reduc- 

tion can be generated from aldehydes and 

ketones by treatment with PhSeH in the 

H presence of sulfuric acid or zinc chloride. 
CQ BUSA EROS PhMe ' Oo (eq. 45) Selenoacetals are also formed by treating 

Sari cil dees reflux O carbonyl compounds with (PhSe),B (eqs. | 

49 and 50). This reagent is a crystalline | 
PhSe 74% carrier for the very air-sensitive PhSeH. In | 

using the boron reagent?’ it is sometimes 

advantageous or necessary to add to the 

reaction mixture a small amount (~10 

SePh eo Ne PhMe CH mole %) of trifluoroacetic acid. Some 
Sata Rectucokes reflux N 2 (eq. 46) preliminary results are given in the 

Cooet COOEt equations. 

80% A second type of deoxygenation is the | 

conversion of epoxides into olefins (eq. 51) 

by Reagents 138 and 2.39 Both react with 
See PhMe nara 3 : PhSe SST Peet an cholestane (eq. 47) epoxides in the presence of one equivalent 

PhSe 87% of trifluoroacetic acid and the olefin is 
generated without disturbing the relative 

stereochemistry about the carbon-carbon 

SePh bond of the epoxide. 
oF Ph3SnH, PhMe fa pa eth - 

0.75hr, reflux al 
at: Ph,P=Se se 

halide or a carbonyl compound. 42. The reactions, which occur under the 2 Me 

(11) Selenoxides (e.g., from the pro- conditions indicated, proceed in a clearly 

cess of eq. 32) can be permitted to fragment defined stereochemical fashion and the ¢ Catalytic uses of selenium | 
or they can be reduced (NaHSO, or KI) to utility of these processes has been Metallic eniaes Bat ented es | 
the Se(II) level. In the case of B-hydroxy- demonstrated in natural-products work.33 gine ‘. 
selenides, conversion of the -OH to a good . : fk ee See ee ie Dee aN 

: : Olefins not properly constituted for carbonyl selenide, which reacts with 
leaving group affords an olefin (eq. 35). ; ; Se : ie eh Tent An a 

cyclofunctionalizations react with selen- nucleophiles to give species of the type 
Several reagents are available for this | 

purpose?4+2526 [(CF,CO),O + Et,N; TsOH; | 

HCIO,; SOCI, + Et,N; MeSO,Cl + Et,N] (PhSe),B | 
and B-hydroxyselenides, which are usually Cholestan-3-one = PhSe (eq. 49) 
made by processes of the type shown in eq. CR a oh PhSe 

34, are useful precursors to olefins. 89% 

Removal of the PhSe- and OH~ groups oc- 

curs in a trans fashion. 

4. Cyclofunctionalization with C19H,;CHO Prise) eB LEA aes C4oHCH(SePh), (eq. 50) | 

selenenyl reagents See Be 

Cyclofunctionalization2” is an_ intra- : 
molecular ring-forming process in which | 
one end of the double bond involved in the O Ph3P=Se | 
cyclization becomes attached to a group - Tha TATRA /SmaN (eq. 51) | 
such as PhSe — that allows further R R CH,Cl, R R : 
transformations at that site (eq. 36). a he 
Typical examples are shown in eqs. 37 — | 

= — — _ _ — —o ae 
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THF 
BuNH, + Se + CO 

20° (eq. 52) 

O=C=Se 

BuNH, + O=C=Se ——» 

e “ (eq. 53) 

BuNH, BuNHCOSe 

O, on 

(eq. 54 | ) 

BuNH, BuNHCOSe™ 

BuNHCONHBu + H,0 + Se 

100% 

X-C(=O)-Y where X and Y are heteroatoms. 

For example, when CO is passed into a 

| THF solution of BuNH, containing a small 

portion of selenium, the metal dissolves as 

it is converted into COSe (eq. 52). The 

latter reacts with the amine (eq. 53) and, ifa 

controlled amount of oxygen is now added 

to the CO stream, the salt (see eq. 53) is 

converted into a urea (eq. 54). The 

selenium metal generated in the latter 

process is recycled. Therefore, production 

of the urea is catalytic in selenium.’? 

Equations 55 — 59 summarize analogous 

processes that have been reported. 

~ 
Selenium dioxide 

Substantial insight has been obtained 

into the mechanism of action of SeO,* and 

a few aza-analogs, e.g., 3, are now available. 

R-N=Se=N-R 

3 

R = p-Me-C,H,SO,-; t-Bu- 

These species aminate olefins (eq. 60). 

Selenium dioxide can also be used to 

convert semicarbazones into |,2,3-selena- 

diazoles48 (eq. 61). 

These heterocycles decompose — usual- 

ly between 160 and 220° — to afford 

acetylenes. Although thermally severe con- 

ditions are needed the yields of simple 

acetylenes are frequently excellent. 

8. Preparation of fluoro-compounds 

Dissolution of selenium pellets in CIF, 

affords SeF, which converts ketones and 

aldehydes into gem-difluorides*? at, or 

below, room temperature (eq. 62) in yields 

of 65-100%. Alcohols are converted into 

alkyl fluorides and carboxylic acids (as well 

| as their anhydrides) into acyl fluorides.4? 

Reactions with hydroxylic substrates are 

best done in the presence of an equivalent 

| of pyridine to quench the HF that is 

| evolved. 

9. 1,3- 

alcohols 
| 

1,3-Transposition of primary allylic 

fe alcohols can be achieved by the a? 

Transposition of allylic 

EtOH + EtONa + Se + CO 

room temp. 

~2hr 

OH 
E MiSae 4 CCOM ee 

room temp. 

NH eq. 56)42 2 le ‘so (eq. 56) 

41 

Etocoet ° (°% 5°) 
99% 

trace Et,N 
————— > 

10hr, 25° 
(eq. 57)43 

SH 
C + Se + CO 

SH S 

lw Ss 90% 

Oo 
- + oO 

MeOC-H + EtONa + Se 
O (eq. 58)44 

MeOC-OEt 
at (COSe is not involved in this reaction.] 

20° 
t-BUNH, + Se + CO + PhSSPh Ee a ac” t-BuNHCOSPh (eq. 59)45 

(4 atm) fast 84% 

NH pee N Tosyl NH Tosy! 
Se=N ee 

kos 
eet 

Ph N-NHCONH, __SeO, 
——_—_——_——P> 

aio AcOH, heat 

ae — l ic ———— | (eq. 60)47 

UL toss Unt Tosy! 

\ h Nw PhCECH (eq. 61)40" 
sé 84% 

RS=0 SeFa RN cr, R = alkyl or aryl (eq. 62) 
R' R'~ R’ = alkyl, aryl, or H ; 

OH p-NO,-C,H.SeCN SeAr 15% H,0, HO 

~~ Bu,P, pyridine a pyridine —~ a 

CoH room temp. CoH 0.5hr eq. 

eis 0.5hr Sau? CoHi9 

95% 77% 

i " 
N PhSe-O-SePh (eq. 64)55 

> 
THF, 50-60° Oo 

N 
w{_\, a 73% 

_Phie-0-SePh_ 5 2 SePh cholestanone (eq. 65)56 
eka rec thr, 

room temp. 72% 

summarized in eq. 63. The intermediate 

allylic selenoxide rearranges and _ the 

resulting selenenic ester is hydrolyzed in 

situ. Both of these stages occur spontane- 

ously in the reaction medium.®! 

10. Applications of benzeneseleninic 

anhydride 

Benzeneseleninic anhydride oxidizes 

certain amines to the ketone level5? and can 

be used to hydroxylates? or aminate™ 

phenols. The reagent has a general applica- 

tion in synthesis for releasing carbonyl 

compounds from hydrazones, oximes, 

semicarbazones, and thioacetals (eqs. 64 

and 65). 

11. Miscellaneous reactions 

(i) Benzeneselenol reduces diazon- 

ium salts to arylhydrazines.*’ 

(ii) PhCH,Se-Na*, in refluxing DMF, 

demethylates phenolic ethers.°* 

(iii) Selenoxides can be used as weak 

oxidizing agents.*? 
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Aldrich offers these reagents cited by 
Professor Clive: 

21,300-4 Benzeneseleninic acid 

21,301-2 Benzeneseleninic anhydride 

18,617-1 n-Butyllithium, solution in 

hexane 

85,731-9 Chloramine-T trihydrate 

18,062-9 Dipheny! diselenide 

H1,160-2  Hexamethylphosphoramide 

16,197-7 N-Isopropylcyclohexylamine 

18,334-2 Phenylseleneny! chloride | 

20,430-7 Selenium, pellets, 99.9999% 

20,431-5 Selenium(1V) oxide, 99.999% 

20,010-7 Selenium(IV) oxide, 99.9+% 

21,004-8 Sodium periodate 

T6,240-5 Trifluoroacetic acid, silver 

salt 

| 

18,013-0 Triphenylphosphine selenide | 
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Organic Sulfur Compounds 
in Organic Synthesis: 
Some Recent Advances 

Eric Block | 

Department of Chemistry 
University of Missouri-St. Louis 

| St. Louis, Missouri 63121 

“We may judge, with great accuracy, of _ the reactions described herein and of the _ fonylation of sulfone Ib, prepared in quan- 

| the commercial prosperity of a country basic chemistry of organosulfur com- _ titative yield by m-chloroperbenzoic acid 

| from the amount of sulfuric acid it con- pounds is to be found inarecently publish- | (MCPBA) oxidation of sulfide la, has 

sumes.” This often repeated observation by ed book by this author.? been employed in the synthesis of novel 

the great German chemist Justus von The range of reactions available for cyclophane 2.° Pyrolytic methods are also 

Liebig! is as true today as it wasin 1851,for organosulfur compounds is aptly illus- very useful in cleanly removing sulfur. For 

sulfuric acid annually tops the list, inton- trated by examples chosen from syntheses eXample, [2.2](3,3’)biphenylophane, 5 , 
nage, of all synthetic chemicals. Since most — of cyclophanes, strained molecules with in- may be synthesized in good yield by pyrol- 

sulfuric acid is made from elemental sulfur _ teresting properties due to transannular z- ysis (at 500°) of sulfone 4.° Sulfur dioxide 

it is fair to say that sulfuristhechemicalin- electron interaction between the facing is, of course, an excellent leaving group in 

dustry’s most widely used raw material. aromatic rings. An important synthetic ap- pyrolysis reactions. Sulfenic acids (RSOH) 

While dwarfed in importance by their in- proach to these structures involves cou- are also readily produced, efficient leaving 

organic counterparts, organic sulfurcom- pling a bis-thiol with a bis-halide (or groups as illustrated by the conversion of 

pounds have nonetheless become in- related derivative) under high dilution con- dithiacyclophane 3 to [2.2](3,3’)biphenyl- 

| creasingly useful and important in organic ditions and then extruding the sulfur with ophane-1,15-diene, 8, through a sequence 

| synthesis. This essay will briefly outline concomitant carbon-carbon bond forma- involving methylation of 3 with dimeth- 

| some of the transformations which can be _ tion. Inegq. 1,3 carbon-carbon bond forma- oxycarbonium tetrafluoroborate, double 

effected with sulfur-containing reagents, tion is achieved by photodesulfurization in Stevens rearrangement of the bis-sulfon- 

using examples selected from the recent trimethyl phosphite, a procedure dis- ium salt 6, oxidation of bis-sulfide Jatothe | 

literature. More detailed consideration of covered by Corey and Block.4 Photodesul- bis-sulfoxide 7b with MCPBA at 0°, and 
finally elimination of CH,SOH at 320°C. 

x SH s Bis-sulfoxide 7b may also be desulfurized 
to 5with Raney nickel in refluxing ethanol. 

| ead Eee 40% 
| Oe, : & Sia Several additional points should be 

| made regarding the reactions in eq. 3. The 
| x SH Ss ability to oxidize sulfide sulfur to the sul- 

foxide or sulfone level selectively, often in 

(eq. 1) the presence of other sensitive function- 

alities, is critical in realizing the full syn- 

thetic potential of sulfur. Generally, the ox- 

idation can be stopped at the sulfoxide 

stage as the second oxidation (to sulfone) is 

| (Meo),P=S + Ey, (70%) slower than the first. Reagents are avail- 

able, however, which will transform sul- 

foxides to sulfones in the presence of sul- 

fides without affecting the latter.’ Pyrol- 

ysis of sulfoxides represents a very useful 
us c) means of introducing unsaturation. Often 

\ ES the elimination reaction is combined with 

ays 1“ KY an alkylation sequence involving a-sulfinyl | 

a at or a-sulfenyl carbanions as will be discuss- | 

EN eee ; (30%) (eq. 2) ed below. Pyrolysis of sulfoxides also | 
es ae) represents a useful means of synthesizing | 

Xx : ; : 3 
o> sulfenic acids which themselves are in- | 

teresting compounds whose basic structure 

la, eee 2 has been only recently determined.’ An 

| Ue alternative to the Stevens/sulfenic acid 

hv | (MeO) P 

| 

| 
Sl) 
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(MeO),CHt*BF,- 

S S CH,Cl, 
(100%) 

3 

| excess H;O, 

OS SO 
100mm 

(68%) 

elimination route to unsaturated cyclo- 

phanes is the Ramberg-Backlund reaction, 

illustrated by the preparation of 9.° Cyclo- 

phanediones may be generated by a se- 

quence employing alkylation of  bis-di- 

thianyl derivative 10.'!° Both of these latter 

routes will be discussed further. 

C - C from C - X 

The controlled formation of C -C bonds 

is often a critical step in organic syntheses. 

Organosulfur carbanions have proven to 

be extremely useful in this process. Ineq. 5, 

carbon-carbon bond formation is achieved 

by displacement on an alkyl halide by a 

lithio dithiane. Allylic groups can be 

coupled via allylic thiocarbanions in a 

process termed Biellmann alkylation.!' In 

the dendrolasin synthesis (eq. 6),'? the 

thiophenyl group is removed with lithium- 

ethylamine.’ Elemol has been synthesized 

by an intramolecular variant of the Biell- 

mann alkylation process (eq. 7).!3 Alkyl- 

ation of a-sulfinyl carbanions followed by 

sulfenic acid elimination has been 

employed in a triene synthesis (eq. 8)!4 

and in the synthesis of muscone (eq. 9).!5 

(+)-Nuciferal has been prepared by alkyla- 

tion of an a-sulfonyl carbanion followed 

by elimination of sulfinate anion (eq. 10).!6 

C-C from C=O 

O 

While phosphorus ylides react with car- 

bonyl compounds giving olefins via the 

well known Wittig reaction, sulfur ylides 

afford epoxides under analogous con- 

ditions, e.g., 11 (eq. 11).!7 In view of the im- 

portance of epoxides as synthetic in- 

termediates and the ready avarebility of 

ORD. 

tee 

x 

1) NaH, THF ey 
. —____» Me-S S-Me ~2) MCPBA 

0°, CHCl, 
(60%) 

/ os 
a 7a, X=MeS 

6 7b, X=MeSO 

(eq. 3) 
320°] -MeSOH 

(67%; from 7b) 

(56%) 

5 

Cl- era CH= 4 

wb DEN ae, 
os), SS opp Tae os 9 (eq. 4) 

(55%) 
Cl- ae CH= Z 

~ Che 
HEE URS 

BR __Buli, THE ste 

S“\ sp, DABCO Cl 

(eq. 6) 

jj se} Li, EtNH, SPh j ie) 
~ WN ZA RS WN ZA 

Dendrolasin 

O 
SN S LEZ 

ponds 1) Li, EtNH, © (eq. 7) 
ye Li OH 2) heat = OH 

SPh SPh Elemol 

Bo + PhS(O)CHLiPh = —————» 

H 1°) (eq. 8) 

AANA A =PhSOH ee 

Ph (87%) 
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carbonyl compounds, epoxide formation 

using sulfur ylides is a very useful pro- 
2LDA H Sas : 

PhS(Q)CH,COCH, SHISHA VE PhS(0)CH(COCH,)(CH, ),.C! raed cedure that has been studied in great detail 

both from a mechanistic and a preparative 

standpoint. The generality of the reaction 0 Pp g 4 
SO)Ph is demonstrated by the lack of interference 

from enol ethers, acetals, amides, nitriles, 
= x 80° sala - ; : Spree BRE Phs(0)C(COCH,)(CH, ),,CI ; > divalent sulfur, and in some cases, esters, 

-PhSOH hydroxyl groups and amino groups.!* 
(eq. 9) Asymmetric syntheses of epoxides may be 

realized using optically active sulfur ylides 

(eq. 12).!9 The use of cyclopropyl sulfur 

ylides is the basis for the novel process of 

“spiroannelation” (eq.13).'* An instance of °) fe) 
intramolecular epoxide formation has 

been published recently (eq. 14).?° 

LiCuMe, 
i Y = 

C - C from C = O 
. 

S 

Ketones and aldehydes may be con- 

d/-Muscone verted into thiiranes using lithio derivatives | 

of 2-(thiomethyl)-A?-oxazolines as shown 

in eq. 15. 2! Through the use of '3C-labeled 

evar PhSO, O methyl iodide, 'C-labeled thiiranes may be 

PhSH + CH,=C(CH,)CHO ecicvuhien prepared. These compounds have been 

i employed in mechanistic studies of the 

thermal rearrangement of allene episulfide 

| (eq. 16).?2 

Ar | Ar (eq. 10) C,-,C from C = C 

Noe eee HOAc C 

SO2Ph 2) base Base Sulfonium and = sulfoxonium _ ylides 

Ge readily add to such Michael acceptors as 

O 
a,B-unsaturated ketones, esters, nitriles, 

(+)-Nuciferal isonitriles, sulfones, sulfoxides, sul- 
fonamides, sulfonates, and nitro com- 

pounds to afford cyclopropanes,'® e.g., eq. 

ae 2 Bul Cel CgH,;3CHO 
M CH ® 

__MesS Cy : (eq. 11) CE yf Lisl 

NMe _N 

PhCHO + Ar SCH, nA . Oo Li (eq. 15) 

(eq. 12) 

(R) 7S O Ss 
(R) (60% yield, 20% optical purity) O 73% < Leas ( 0 y | ne ( ) Oo + 

H 
sen a Ao ion, Ht or A 

BuLi 
(eq. 13) SCH,I + Nas es BCH ssX a Sais 

O 
Oo | 

ft Oo 

H SEC cutee 13 
xX an y : Li cH S-norbornenone z (eq. 16) | 

8H, | 

Ph 

Et,S-CHCH,CH,CH(Ph)COPh ——> ca (ea) SS & + ——— we a 
+S * S * Ss 
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[ 17.23 These reactions are all nucleophilic 0 0 

| cyclopropanations which proceed best 7 ’ 
| with electron deficient olefins. While sul- RCNH S PSone 5 )N(CH, Yo RCNH ine 

fonium ylides such as diphenyl sulfonium (eq. 17) 

| methylide are normally unreactive toward O N 4 py en jo ZA CH,O0Ac | 

| olefins such as cis- and trans-2-octene, it CO,CH,CCI; CO,CH,CCI, 

| has been discovered that cyclopropanation 

| does occur in the presence of copper salts 

| and that these reactions are stereospecific CH; _cum 
| : : 24 + 2 | with retention (eq. 18). Ph,S—CH, + \ ae wi \ ae 

C = O from CHOH CsA (eq. 18) 

A useful procedure for the selective PR CH, C5Hi cu) Bix 

oxidation of alcohols to aldehydes or PhaS—CH, + Neen, eo ail CsHu 
ketones involves treatment of the alcohols 

with dimethyl sulfoxide (DMSO) and aco- 

reagent such as dicyclohexylcarbodiimide 
(DCC)-pyridinium trifluoroacetate (Pfitz- al DMSO, DCC Ch (eq. 19) 

ner-Moffatt oxidations, eq. 19),*5 acetic si~ -OH Py: CF,;CO2H si~ 0 | 

anhydride, methanesulfonic anhydride, Ph~ ~Ph Ph~ Ph 
trifluoroacetic anhydride, oxalyl chloride 

or pyridine-sulfur trioxide (the latter three C3H,»7CH,OH ———> C,3H»7CHO 
coreagents are compared ineq. 20).?¢ All of 

these reactions involve a,f’-elimination of System Yield (eq. 20) 
an intermediate oxysulfonium ylide.? A cee Vepami pane aa 
number of sulfonium and sulfoxonium DMSO, Py-SO, 42% | 

| reagents of the type R,SX and R,S(O)X | 

| have also proven useful in alcohol ox- é, + | 

| idations as indicated by the reactions in Cl CH,S(0),CH; ©} CH,OH CH,S(0)nCH, 

eqs. 2177 and 22.78 The latter reaction is CH,SQ)nCH; Tay Cl eee at 
significant in that a vicinal diol is oxidized OCH, 

without complications from C - C bond 

cleavage (the case with most other ox- “CH,—S(0),CH, (eq. 21) 

idants!). ) q 

A variety of organosulfur compounds H.>-9 

that have the same level of oxidation as eee a ae CH;S(O)nCH, a! (cho 
aldehydes and ketones (e.g., 12-15) or car- (n = 0, 80% 

boxylic acids (e.g., 16) and which are readi- n= 1, 94%) 

ly converted into the carbonyl equivalents 

by hydrolysis is known. Thioacetals and 

thioketals, of course, have long been used 

as protecting groups for the carbony] func- 

tion. By taking advantage of the carban- __PHS(CI)CHs )CH3 (eq. 22) 

ion-forming capacity of these organosulfur ( 

carbonyl equivalents, it becomes possible ‘OH 
ee : (80%) to achieve nucleophilic acylation, as il- \ 

lustrated for the 1,3-dithianyl group in eq. OH 

23. In effect, the normal direction of polari- 

ty of the carbonyl group has been tem- S fs 

porarily reversed, transforming the nor- € ) == CH,=0 Ss ) == CH,=0 
mally electrophilic carbonyl carbon into a Ss 

nucleophilic center (termed Umpolung or 12 13 

dipole inversion). This procedure is of ob- 

vious great synthetic importance since the RSCH,S(O)R = CH,=O  CH,=CHSR==CH,CHO  (RS),C-H = HCO,H 
whole range of reactions characteristic of 14 15 16 
carbanions can now be conducted with 

these nucleophilic carbonyl equivalents. eG 

Following the original publications by Rv 6+ 6- i 

Corey and Seebach, reports of other useful HS(CH,),SH i yrs PRET 7 ‘~ x aes 
organosulfur (and sulfur-free) nucleophilic 

| acylating agents have appeared frequently 

| inthe chemical literature. Certain of these F 
| newer methods are claimed to offer advan- & Nene C=O aan, & ~ a SSE ar RCOR 

tages over the dithiane method because of Li 
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greater ease of hydrolysis to carbonyl com- 

pounds or greater availability of starting 

materials. One example of the use of a 

dithianyl reagent has already been given 

(eq. 5); other examples are the preparation 

of L-streptose (eq. 24),?? alnusone dimethyl 

ether (eq. 25),3° and the A!-cannabinoid 

derivative 17 (eq. 26).3! Examples of other 

nucleophilic acylating agents are given in 

eqs. 2732 and 28.33 Extensive reviews of 

nucleophilic acylation and Umpolung 

employing organosulfur reagents have 

been published.34 

E 

C - NH, from RCH - NH, 
¢ 

R 
A method has recently been reported for 

the Umpolung of reactivity of amino car- 

bons. As illustrated in eq. 29,35 transforma- 

tion of primary amines to N-sulfinylamines 

followed by treatment with base affords the 

equivalent of a-amino carbanions which 

may then be converted into a-alkylated 

amines. 

a“ By NC ZN NC 
from | 

R ae 

ortho-Alkylation of aromatic amines 

can be realized through application of the 

Sommelet-Hauser rearrangement of ylides 

(a [2,3]-sigmatropic process) derived from 

azasulfonium salts as shown in eq. 30 and 

Scheme I.3¢ 

SSS 
O0-C-C,-C=O from 

HO - C - C, - COOH 

A valuable method for lactonization 

consists of the treatment of w-hydroxy-S- 

2-pyridyl carbothioates with silver 

perchlorate as illustrated by the conversion 

of ricinoleic acid, 18, to ricinoleic acid lac- 

tone, 19 (eq. 31).37 An additional feature of 

this synthesis is the cis to trans isomeriza- 

tion of 18 through irradiation in the 

presence of diphenyl! disulfide. The lac- 

tonization process is thought to be 

promoted by coordination of the silver 

ion.38 In some instances, cyclization can be 

achieved without the silver salt although 

higher temperatures are required.?? 

C - Hal from C - O 

Allylic hydroxyl functions can be selec- 

tively replaced by chloride in the presence 

on nonallylic alcohol units. (eq. 32.).4° 

C - CHI from C - I 

Polymeric phenylthiomethyllithium is a 

reusable reagent for homologation of alkyl 

iodides (eq. 33).4! 

S O S } 
( ie S 

Ss‘ Li Oo 1) HgO/BF, CHO 
(0 a ere eet gst SytOLs?. OH (eq. 24) | 

Scr - OH = OH (52%) 

L-Streptose 

(eq. 25) 

& | 

(PhP) CH;0 
EE | 

CH,O i 

Oo S Ss 

( ou HO 
S S TSOH, CgHs, A 

es ea ee —— 
OH 

OH 

x OH ese CsHi1 

eq. 26 Ses ae (eq. 26) 

BF, OEty 

UNG Qe 

: 17 
+ isomer 

S\O)/Me H.O+ 

x 5c + MeS()CHLISMe —» ioe (O)Me Ho" 

(eq. 27) 
HO, 

n lohexanone »- i cyc UA 

ether, shor erern Se, 
po LO 

(eq. 28) 

(73% overall) 

Sy ae OG aes (_\-cho 

(74% overall) 
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KOtB N On ea OF - eae 
| Sea 

| ees. es 29) NH, (eq. 30) 

| pee aa 1) CH,=CHCH,Br 

Ko 2) H3;O° S 

(53%) 

Scheme I. Azasulfonium Route to Substituted Anilines and ae | 

NH, 
alae NH— > NH— <<) 

pela base S 

= Taay-shitt” Ge: Ge [2,3]-shift 

S . Ra - Ni 

| (aie Vie 
SS NH, | 

NHAc NHCI | 

wi 5 
CHO 

(62%) | 
CHgSCHzCOCH3 CH3SCHCH;CO,2C>H; | 

(44%) | 
NH E CH; NH, | 

: Recs NHSCH,COCH, NHSCHCO,C,H, eet /CO,C>H, 
! ad 

CHCOCH, [2,3]-shift CH, CH; (2,3]-shift CH7 “SCH, 

SCH, H 

45% LiAIH H 

phat CH No 
H 
NCH H CH, 

men Ni 3 a-Ni l N CH, Perein SCH, 

H (49%) | 
SCH; 

__hy, CoHe | OH 
PhSSPh 
(58%) 

COOH 

> Pog 
| OQ PhgP, CeHe 

N~~S-S-NN (eq. 31) 

ee 

AgClO,, CH3CN 

reflux (88%) 

19 

O 
CH, 7H + > CH.Cl 

SC=C, +97 (CH,)S-N el Chater ae 
HOCH,CH, ~CH,OH 

| fe} 
(eq. 32) 

CH,_H : CH; +H 
C=C 0 cre + (CH,),SO 

HOCH,CH, ~‘CH,OS(CH,),CI HOCH,CH,  ‘CH,CI 
(87%) 

L — 

O- from C -O 

The high nucleophilicity of RS~ is ex- 

ploited in the splitting of O-methyl bonds 

in esters (eq. 34)42 and ethers (eq. 35).*3 

C - NH, from C - OH 

Lithium bisbenzenesulfenimide 

employed in a variant of the Gabriel syn- 

thesis of primary amines. The N-S bonds 

are easily cleaved with acid (eq. 36).44 

is 

C - H from C - NH, 

Reductive deamination of primary 

amines is achieved via borohydride reduc- 

tion of N,N-disulfonamides (eq.37).* 

C - H from C - OH 

Barton has devised a new method for the 

replacement of a hydroxyl function by 

hydrogen involving conversion of the 

hydroxyl group to a xanthate ester follow- 

ed by treatment with tributyltin hydride 

(eq. 38).46" Using tributyltin deuteride, 

stereoselective synthesis of certain deoxy- 

deuterio systems is possible.46” 
| 
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(P) Table |. The Corey-Winter Olefin Synthesis 

Sena RI Entry Substrate Product Yield (%) Ref. 

THF 
oO a 

SCH_Li * = © @® asp » KO us 
Nal, DMF 

are CL Int : 

SCH, RCH! Bout 2 62 48b 

oO. ,O 
LISCH, K,Fe(CN Ps 
ed 

"NCO.Me HMPA, 25° NCO,Li o° 
0. 

NCO:Me NCOzLi » S 

N (65%) 

N 

4 | 54 48d 

CH;0. 
PACH, 

| reflux 0 

CH,O 5 me ¥s 71 48e 
CH,O. (eq. 35) O 

HO CHO O, 

S CH,O (90%) 6 (> y, 60 48f 

HCl 
C,H,jOTs + (PhS),NLi —® C,H,,N(SPh), ——> 

(eq. 36) a 

C,H,,N H,° HCl (86%) Uf 85 48g 

NN 
Oo O 

| NaBH,y, HMPA S 
| BCHICH,).Nis)) are a CH,(CH,),,CH, (€9- 37) 

“As 2,5-diphenyl-3,4-isobenzofuran adduct 

(CsHe)3Sn° C = C from C(OH)C(OH 
0 R—OH —* RoCc(S)SCH, ——— Ee aes 

| me A procedure related to that shown in eq. 

| O O ROC(CH,)SSn(CsHe), ee (C,Hs),SnSC(O)SCH, + R: 38 enables the conversion of vicinal diols to 

| OH /‘o olefins (eq. 39).47 This same type of conver- 

oe (C4Hg)3SnH F wa (eq. 38) sion can be accomplished stereospecifically Re ————e (C;Ho),S R—-H : a : 
A Me ( a; beans fee) through the Corey-Winter olefin synthesis 

which involves conversion of the diol to a 

aN O 1) NaH, THF, wae cyclic thiocarbonate followed by heating 

re) oO imidazole O with a tervalent phosphorus compound 

HO io 5 vee aie ab tae oa of the te ee 

OMe e olefin synthesis are summarized in Table I. Mesc(s)O (an rag) 

Pho C=C from 2C=0O 

BusSnH Oo Oo (56%) Barton (and independently, Kellogg) has 
PhCHg, A OMe developed a “two-fold extrusion” ap- 

proach to olefin synthesis which involves 

pyrolysis of A3-1,3,4-thiadiazolines 

mn i> S (available in good yields from ketones or 

OH OH = yy ON ON 0” ~o thioketones as shown in eq. 41) in the 
4+—1 ie we Dee Fa pase ——. + R,P=S + CO, presence of phosphines, reagents known to 
R R orB aon jeinedlle 4 R R extrude sulfur from  episulfides.4? 

R R (eq. 40) Applications of this reaction appear in 

Table II. 
Cpe ee: 
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The Ramberg-Backlund reaction, the 

sulfur analog of the Favorskii rearrange- 

ment, is general for molecules containing 

the structural elements of a sulfonyl group, 

an a-halogen (or other suitable leaving 

group), and at least one a’-hydrogen atom 

and, with few exceptions, enables the clean 

replacement of a sulfonyl group by a dou- 

ble bond (see eq. 42)?5! The required a- 

halogen atom may be introduced by treat- 

ment of the corresponding a-sulfonyl car- 

banion with a source of X*(BrCN, I, and 

Cl,CSO,CI are convenient sources of Br’, 

I*, and Cl*, respectively).>? A particularly 

useful modification of the Ramberg- 

Backlund reaction has been developed by 

Meyers>} whereby sulfones may be taken 

directly to olefin without the isolation of a- 

halosulfones (carbon tetrachloride serves 

as the halogen source). A variety of syn- 

thetic applications of the Ramberg-Back- 

lund reaction and the Meyers modification 

of this reaction is listed in Table III (also 

see eq. 4). An additional related reaction 

sequence in which an episulfone is produc- 

ed by oxidation of an a,a’-sulfonyl dicar- 

banion is shown in eq. 43.55 
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[ Aldrich offers these reagents cited by Professor Block: 

14,304-9 Aldrithiol-2 20,794-2 Hydrazine hydrate 19,923-0 Sodium hydride 

10,133-8 Benzothiazole 19,987-7 Lithium aluminum hydride S$755-6 — Sulfur trioxide pyridine com- 
plex 

17,550-1 Boron trifluoride etherate T1,560-1 Tetrahydrothiophene 

16,048-2 Magic Methyl® (methyl 

18,617-1 n-Butyllithium, 1.6M solution fluorosulfonate) 15,605-1 1, 1’-Thiocarbonyldiimidazole 

in hexane 

C6,270-0 m-Chloroperoxybenzoic acid 17,610-9 Mercuric acetate T7,970-7 Trimethyl phosphite 

17,895-0 Methanesulfonyl fluoride T8,048-9 Trimethylsulfonium iodide 

D2,780-2 1,4-Diazabicyclo[2.2.2]octane 

18,620-1 Methyllithium-lithium bromide —_18,840-4_ s-Trithiane 

12,591-1 a@,a’-Dibromo-m-xylene complex 

17,795-4 Methyl methylsulfinylmethyl 

D4,480-4 a,a’-Dibromo-p-xylene sulfide Also available from the Aldrich 
bookshelf... 

D12,580-6 N, N-Diisopropylethylamine O-880-1 Oxalyl chloride A 
Reactions of Organosulfur 

15,787-2 1,3-Dithiane 15,667-1 Potassium fert-butoxide Compounds 

E2,740-8 Ethylene glycol dimethyl ether 20,801-9 Potassium ferricyanide by 

Eric Block 
P5,060-9 1,3-Propanedithiol 

13,923-8 Hexafluoroacetone sesqui- Published in 1978 by Academic 

hydrate 19,807-2 Sodium borohydride Press 

H1,160-2 Hexamethylphosphoramide Z10,376-4 
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Boranes For Organic Reductions - 
A Forty-Year Odyssey’ 

I. INTRODUCTION 

In 1939 there appeared a publication in 

the March issue of the Journal of the 

American Chemical Society, “Hydrides of 

Boron. XI. The Reaction of Diborane with 

Organic Compounds Containing a Car- 

bonyl Group,” by H.C. Brown, H.1. 

Schlesinger, and A.B. Burg.? This is the 

first report of the application of a hydride 

for the reduction of organic functional 

groups. 

Forty years have elapsed since this 

original report. This observation initiated 

rapid progress in the development of new 

boron hydride reducing agents and in the 

exploration of their scope and applications 

in organic synthesis. These developments 

have revolutionized the procedures for the 

regio-, stereo-, and chemoselective re- 

duction of various organic functional 

groups.34 It appears appropriate at this 

time to summarize the progress of these 

forty years in the application of borane and 

borohydride reducing agents. 

Before the discovery of hydrides as 

reducing agents for the reduction of 

organic functional groups, there were 
available a number of nonhydridic reduc- 

tion procedures to achieve such transfor- 

mations. Thus, the reduction of aldehydes 

to the corresponding alcohols was achieved 

by a variety of metal-acid (zinc dust + 

acetic acid, sodium amalgam + acetic acid, 

iron + acetic acid, etc.) procedures (eq. 1).° 

Fe, HOAc 

6hr, 100° 

CH,(CH,);CH,OH 80% 

The corresponding reduction of ketone to 

alcohol was achieved by sodium in ethanol 

or zinc-sodium hydroxide in ethanol.®’ 

The discovery of the Meerwein- 

Ponndorf-Verley reduction introduced a 

CH;(CH,);CHO 
(eq. 1) 

Herbert C. Brown 

and S. Krishnamurthy 

Richard B. Wetherill Laboratory 

Purdue University 
West Lafayette, Indiana 47907 

more general, improved procedure for the 

reduction of aldehydes and ketones to the 

corresponding carbinols.’!? Similarly, the 

Bouveault-Blanc method enabled the 

reduction of carboxylic acid esters to the 

corresponding alcohols. !3 

The nonhydnidic reduction procedures 

for the reduction of carbonyl groups often 

required elevated temperatures and long 

reaction times and resulted in low yields of 

the desired products. However, the dis- 

covery of boron hydride reducing agents 

has dramatically changed the situation, not 

only for the reduction of carbonyl groups, 

but for reduction of a wide variety of other 

organic functional groups. 

Il. THE DISCOVERY OF 
BORON HYDRIDES AS 
REDUCING AGENTS. 
HISTORICAL 
DEVELOPMENTS 

In 1936 there was considerable discus- 

sion about the structure of 

carbonyl, then recently synthesized by 

Professor H.I. Schlesinger and Dr. A.B. 

Burg at the University of Chicago (eq. 2).'4 

2 (BHs)2 

borane- 

+ CO = H,B:CO (eq. 2) 

It was suggested that the senior author, 

then a new graduate student at the Univer- 

sity of Chicago, undertake a study of the 

reaction of diborane with aldehydes and 

ketones in the hope that the results would 

contribute to the better understanding of 

the structure of borane-carbonyl. Soon it 

was discovered that aldehydes and ketones 

react rapidly with diborane at 0° (oreven at 

-78°); hydrolysis of the resulting dialkoxy- 

borane yielded the corresponding alcohol 

(eqs. 3 and 4).? 

2R,CO + 1/, (BH3), ——_> 

3 (R,CHO),BH eo 2) 
(R,CHO),BH + 3H,O—> |. 4) 
2R,CHOH + H, + B(OH), °°" 
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However, interest in this new development 

among organic chemists was minimal 

because diborane was a chemical rarity, 

available only in milligram quantities 

through complex preparative proce- 

dures.!5"!7 

The situation was soon altered by 

pressures of World War II. The National 

Defense Agency was interested in new 

volatile uranium compounds with as low 

molecular weights as possible. Ura- 

nium(IV) borohydride appeared to be a 

suitable candidate in meeting these require- 

ments. Accordingly, it was decided to un- 

dertake the preparation of uranium boro- 

hydride from aluminum borohydride.!*-*° 

Indeed, this was successful and the 

chemical proved to be volatile (eq. 5).?! 

UF, + 2Al(BH,); ——> 

U(BH,),! + 2 AlF,(BH,)) &* } 

This development led to the need for con- 

siderable quantities of uranium boro- 

hydride for large-scale testing. 

The development of practical proce- 

dures for the synthesis of diborane (ingre- 

dient in the synthesis of aluminum boro- 

hydride) was stimulated by this require- 

ment. Indeed, such routes to diborane? 

and lithium borohydride”? were developed 

from lithium hydride and boron trifluor- 

ide. These intermediates could be readily 

utilized for the synthesis of uranium boro- 

hydride (eqs. 6-9).?4 

6 LI + & BRAS OEu oe > (eke) 
(BH;).t + 6LiBF, 

. Et,O0 . LiH + 1/, (BH;)2 —* > LiBH, (eq. 7) 

AICI, + 3LIBH, 4p 
AI(BH,);1 + 3LiCI he 2) 

UF, + 2Al(BH,)s 
U(BH,).t + 2AIF,(BH,)) 4 9 

Unfortunately, lithium hydride was in very 

short supply and could not be spared for 

the synthesis of uranium borohydride on a 

commercial scale. The supply of sodium 

hydride was ample. 

Although sodium hydride could not be 

utilized in the same way, a new sodium 

hydride derivative, sodium trimethoxy- 

borohydride,25> solved the problem and 

achieved the desired transformations (eqs. 

10-13).2223 

NaBH(OCH,); (eq:-10) 

6 NaBH(OCH,), + 8 BF;:OEt, —> 
(BH,),t + 6 B(OCH,);1 + (eq. 11) 

6 NaBF, + 8 Et,O 

NaBH(OCH,),; + 1/2 (BH3)2 
—» NaBH, + B(OCH;), (€4 12) 
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AICI; + 3 NaBH, 
Al(BH,)3! 

——_—————_> 

a Nach oe 

At this point (1943), the Signal Corps 

became interested in the new compound, 

sodium borohydride (eq. 12), for the field 

generation of hydrogen. Further research 

under their sponsorship led to an improved 

method for the synthesis of sodium 

borohydride, the basis of the present U.S. 

industrial process for this chemical (eq. 

14).26 

4NaH + B(OCH), 
NaBH, + 3NaOCH, 

The reaction provides a mixture of two 

solids, sodium borohydride and sodium 

methoxide. Acetone was among _ the 

solvents tested for the separation of these 

two components. With acetone, a vigorous 

reaction was observed. Hydrolysis of the 

reaction mixture indicated the absence of 

any active hydrogen and the presence of 

four moles of isopropyl alcohol per mole of 

sodium borohydride. In this way it was dis- 

covered that sodium borohydride was a 

valuable new reagent for the hydrogena- 

tion of organic molecules (eq. 15). 

NaBH, += 4 (CH;),C=—O — 

NaB[OCH(CH,)2], —2°, (eq. 15) 
NaB(OH), + 4 (CH3),CHOH 

250° 

(eq. 14) 

The alkali metal hydride route was later 

successfully extended to the synthesis of 

lithium aluminum hydride (eqs. 16-18).?’ 

4LiH + AICI, ae (eq. 16) 
LiAIH, + 3LiCI 

SAH Ac =. 
SAI, suicr ct? 

QAI, + 4LIH ———e (0. 49) 
4 LiAIH, 

Ill. MODIFICATION OF 
BOROHYDRIDES 

The discovery of sodium borohydride} 

in 1942 and of lithium aluminum hydride?’ 

in 1945 brought about a revolutionary 

change in procedures for the reduction of 

functional groups in organic molecules.** 

Indeed, numerous major applications have 

appeared for both the reagents and more 

are still appearing. Lithium aluminum 

hydride is an exceptionally powerful reduc- 

ing agent capable of reducing almost all 

organic functional groups.” Sodium boro- 

hydride is an exceptionally mild reducing 

agent, which readily reduces only 

aldehydes, ketones, and acid chlorides 

(Table 1). The mildness of sodium boro- 

hydride limits its applicability to selective 

reductions involving relatively reactive 

groups. Consequently, it appeared 

desirable to develop various boron hydride 

reagents with markedly different reac- 

tivities towards various organic functional 

groups, reagents possessing a high degree 

of selectivity. Accordingly, we undertook a 

program of research on “Selective Reduc- 

tions” to explore these possibilities. The 

reducing characteristics of the parent 

hydride, sodium borohydride, could be 

modified by various means, such as varying 

the cation in the complex hydride, in- 

troduction of substituents (alkyl or alkoxy) 

in the complex ion that would exert mark- 

ed steric and electronic influences upon the 

reactivity of the parent ion, etc. Yet 

another approach would be the develop- 

ment of acidic reducing agents such as 

borane and its substituted derivatives 

(alkylboranes, alkoxyboranes, halo- 

boranes, etc.). In the following section we 

shall discuss the evolution of various new 

boron hydrides as selective reducing agents 

and their utility in organic synthetic 

transformations. 

IV. EVOLUTION OF 
VARIOUS BORON 
HYDRIDE REAGENTS 
AND THEIR 
APPLICABILITY 

1. Sodium borohydride 

Sodium borohydride is a very mild 

reducing agent, insoluble in ethyl ether, 

only slightly soluble in tetrahydrofuran, 

but readily soluble in diglyme and tn- 

glyme.2° In hydroxylic solvents, it reduces 

aldehydes and ketones rapidly at 25°, but is 

essentially inert to the other organic func- 

tional groups. The reductions can be 

carried out in aqueous solutions (basic), 

ethanol, or 2-propanol (eq. 19). 

4R,CO + NaBH, ——> 
H 

Na[B(OCHR,),] ees 

NaB(OH), + 4R,CHOH 

(eq. 19) 

In aqueous solvents, sodium borohy- 

dride reacts with ionizable alkyl halides to 

Table |. Comparison of sodium 
borohydride with lithium 

aluminum hydride 

NaBH, LiAIH, 
in in 

EtOH THF 

Aldehyde ar 

Ketone 55 

Acid chloride R 

Lactone — 

Epoxide — 

Ester — 

Acid _ 
Acid salt — 

tert-Amide — 

Nitrile — 

Nitro _— 

Olefin — 

(+) Rapid reaction 
(—) Insignificant reaction 
R Reaction with solvent 

Jt++++4+4+4+4+4+++4+ 

Wow 



give the corresponding hydrocarbons, — 

| proceeding through the intermediacy of 

carbonium ions (eq. 20).?! 

L\ a, NaBH, 

OCH, 

OCH, 98% 

Recently, sodium borohydride has been 

successfully employed for the reductive 

deamination of primary amines through 

their sulfonimide derivatives (eq. 21).3? 

CH,N(Ts), 
NaBH,, HMPT 

150°, 4hr 

(eq. 21) 

+ NaN(Ts)2 

78% 

2. Lithium Borohydride 

Preliminary exploratory studies on the 

reduction characteristics of lithium and 

sodium borohydrides indicated a marked 

difference in their reactivity.3334 Lithium 

borohydride is a more powerful reducing 

agent. The reagent can be synthesized con- 

veniently in situ by the addition of an 

equivalent quantity of lithium halide to a 

solution of sodium borohydride in diglyme 

or monoglyme (reflux, eq. 22). 

NaBH, + LiBr ———e 

LIBH, + NaBr) 84-22) 

Lithium borohydride reduces a number 

of representative esters to the correspond- 

ing carbinols quantitatively in 1-3 hr at 

100° in diglyme.35 Under these conditions, 

sodium borohydride alone brings only 

slight reduction of such esters (eqs. 23 and 

24). 

NaBH, -LiBr 

diglyme, 100° 
(eq. 23) 

CH3(CH,);,;CH,OH 98% 

CH,(CH,);,COOEt 

CH=CHCOOEt CH=CHCH,OH 

(eq. 24) 

98% 

3. Borohydrides Containing Polyvalent 

Metal Ions 

Ions of higher ionic potential would be 

expected to be even more effective. Thus, 

magnesium borohydride synthesized by 

the addition of an equivalent amount of 

solid magnesium chloride to a diglyme 

solution of sodium borohydride, brings 

about the facile reduction of esters (eqs. 25 

and 26).35 

CH,(CH,),eCOOEt NaBH Mal. 
diglyme, 100 (eq. 25) 

CH,;(CH,);;CH,OH 74% 

COOEt CH,OH 

= (eq. 26) 

57% 
NO, NOstet 

Kollonitsch and coworkers have achieved 

rapid reduction of esters by sodium 

borohydride in the presence of magnesium, 

calcium, barium and strontium salts.36.37 

Aluminum borohydnde is synthesized 

by the addition of one equivalent of 

aluminum chloride to three equivalents of 

sodium borohydride solution in diglyme. 

The reaction mixture remains clear; no 

precipitation of sodium chlonde is observ- 

ed, indicating an equilibrium3* which must 

favor the reverse reaction (eq. 27). 

AICI, + 3 NaBH, <= AI(BH,), +3 NaCl 

(eq. 27) 

Nevertheless, the resulting solutions ex- 

hibit markedly enhanced reducing power 

approaching that of lithium aluminum 

hydride itself, capable of reducing lactone, 

epoxide, carboxylic acid, fert-amide, 

nitrile, etc. The mixture is capable of 

hydroborating olefins to the corresponding 

organoboranes.38“ 

Zinc borohydride, synthesized from zinc 

chloride and sodium borohydride in ethy! 

ether, is useful for the selective reduction of 

a, B-unsaturated aldehydes and ketones to 

the corresponding allylic alcohols (eq. 

28).39 

O 

Zn(BH4)2 : 

OH OH (eq. 28) 

+ 

96% 4% 

4. Sodium and Potassium Triisopropoxy- 

borohydrides 

Sodium and potassium triisopropoxy- 

borohydrides are synthesized from triiso- 

propyl borate and sodium or potassium 

hydride (eqs. 29 and 30).49.4! 

HE, 67s 

170hr 

Na(i-PrO),BH 

NaH + (i-PrO),B 
(eq. 29) 

THE, 25> 

Thr (eq. 30) 
K(i-PrO),BH 

KH + (i-PrO),B 

Fortunately, unlike the less hindered de- 

rivatives#9 (such as sodium trimethoxy- 

borohydride), triisopropoxyborohydride 

solutions in THF are quite stable and do 

not undergo disproportionation. 

Potassium triisopropoxyborohydride in 

tetrahydrofuran behaves as an excep- 

tionally mild reducing agent similar to 

sodium borohydride and lithium tri-vert- 

butoxyaluminohydride.4? It reduces only 

aldehydes and ketones, being essentially in- 

ert to almost all other organic functional 

groups. In contrast to the other two mild 

reagents, the new reagent has the ability to 

introduce major steric control into the 

reduction of cyclic ketones (eq. 31). 

O OH OH 
0° ‘ 

(eq. 31) 

NaBH, 31% 69% 
Li(t-BuO),AIH 27% 73% 
K(/-PrO),BH 92% 8% 

5. Alkali Metal Trialk ylborohydrides*3 

In recent years, a number of alkali metal 

trialkylborohydrides have emerged as 

highly attractive reducing agents capable 

of achieving stereo- and regioselective syn- 

thetic transformations, unequalled by any 

other reagent currently available. These 

reagents are soluble in a variety of organic 

solvents (ethyl ether, tetrahydrofuran, 

diglyme, benzene, pentane, ete.) and are 

stable indefinitely when stored under 

nitrogen. 

i) Lithium Triethylborohydride (Super- 

Hydrid®) 
Lithium hydride reacts rapidly and 

quantitatively with triethylborane in 

refluxing tetrahydrofuran to give lithium 

triethylborohydride in quantitative yield. 

The corresponding deuterium derivative is 

synthesized from lithium deuteride (eqs. 32 

and 33).44 

THF, 65° 
LiH + Et,B LiEt,BH 

.25n O2ehr 400% (eq. 32) 

THF, 65° : 
LiD + Ete LiEt,BD 

100% (eq. 33) 

Lithium triethylborohydride (Super- 

Hydride) is an extraordinarily powerful 

reducing agent, far more powerful than 

lithium aluminum hydride and lithium 

borohydride.45 Lithium triethylborohy- 

dride is the most powerful nucleophile 

available to organic chemists, considerably 

more powerful than nucleophiles such as 

thiophenoxide. 
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The reagent is exceptionally useful for 

the facile reductive dehalogenation of alkyl 

halides. The reaction involves a clean in- 

version at the reaction site (S,j2, eqs. 34- 

37).45 

LiEt;BH 
CH,(CH,),CH2Br TE Ce 

(eq. 34) 
CH,(CH,),CH3 

Br 

_24hr (eq. 35) 

CH 65°, 3hr 
CH, - GC - CH,Br ———_* 

CH; 
CH; (eq. 36) 

CH; - Cc - CH; 

CH; 

96% 

LiEt,BD 
65° 

Br 

(eq. 37) 

H 

D 

Lithium triethylborohydride reduces 

epoxides rapidly with remarkable regio- 

and stereospecificity to give the Markov- 

nikov alcohol. The advantage is especially 

evident for the reduction of labile bicyclic 

epoxides (eq. 38).*¢ 

O a,b, orc 

(eq. 38) 

OH 

[\ 

Br BDO 
OH 

a=LiAlH, 15% 85% 

era te N 
b=Li, NH, NH, 31% 15% 

c=LiEt,BH 93% <0.1% 

Super-Hydride reduces quaternary am- 

monium salts rapidly and cleanly to the 

corresponding amines in quantitative 

yield. The reagent is remarkable in dis- 

criminating between methyl and ethyl 

groups (eq. 39).47 

. - LiEtsBH, THF 
PhN(C,H 

3BH, 

iguanas 25°, 0.75hr 

PhN(C,H;)CH, + PhN(CH,), (eq. 39) 

96% va 

Super-Hydnide provides an advanta- 

geous procedure for the deoxygenation of 

acyclic, cyclic and hindered alcohols 

through the reduction of their p-toluene- 

sulfonate esters (eqs. 40 and 41).*%.49 

OTs 

@ ae Rae @) eet 
2 35°, 0.25hr a oER 
Pa ( 99% 

CH,OTs 

65° 
— 

2hr 

(eq. 41) 
CH, 

We 95% 

Lithium triethylborohydride adds to 

substituted styrenes providing a conve- 

nient entry into Markovnikov trialkyl- 

boranes (eq. 42).*° 

BEt LiEt 3 7 
PhCH=CH, ——>-—> | pné Pre 

H+ BEt, 
oe PhCHCH, (eg a2} 

Reduction of with 

lithium triethylborohydride proceeds with 

carbon-nitrogen fission producing the cor- 

responding alcohol (eq. 43).>! 

tertiary amides 

| _LietBH  [OBEt, 
BOON 2s acme Rae a 

(eq. 43) 

1) LiEt,BH 
RCH,OH RCH 20 2) H,0 CHO 

ii) Lithium and Potassium  Tri-sec- 

butylborohydrides(L- and K-Selectrides®) 

A number of methods have been 

developed for the quantitative synthesis of 

alkali metal trialkylborohydrides carrying 

hindered alkyl substituents (eqs. 44- 
47), 41,44,52-55 

THF, 65° 
— s-Bu,B + NaH 

hr (eq. 44) 
Na[s-Bu,;BH] 

THF, 25° 
s-Bu;3B + KH 

0.25hr 
K[s-Bu,BH] 

(eq. 45) 

THF, 25° 

0.25hr 

Li[s-Bu,BH] + [Al(OMe),]} (eq. 46) 

s-Bu,B + LiAIH(OMe), 

THF 
—_—> s-Bu,B + 
sho (eq. 47) 

t-BuLi 

Li[s-Bu,3BH] + 

Aldehydes and ketones are reduced by 

alkali metal trialkylborohydrides rapidly 

and quantitatively to the corresponding 

alcohols even at -78°. One of the remark- 

able features of hindered trialkylboro- 

hydrides is their unusual ability to in- 

troduce major steric control into the reduc- 

tion of cyclic ketones (eqs. 48-50).°°°’ 

R_Mis-Bus8H), THE 
M=Li, Na, or K 

OH (eq. 48) 

>99% 

aa 

Oo H 4 
go.6% (4 49) 

fe} OH 

TJ. (eq. 50) 

85% 

L- and K-Selectrides reduce a, B-enones 

and a,f-enoates in a conjugate fashion 

(1,4-reduction). This provides a convenient 

method for the generation of enolates 

which are trapped with a variety of elec- 

trophiles (eq. 51).585? 

/ 
OB—]K 

coro Bu,BH] \ 

7 ewe 

—S 

Ree COUCH: 

> 

iii) Lithium and Potassium Trisiamyl- 

borohydrides (LS- and KS-Selectrides™) 

It was desirable to achieve the synthesis 

of a reagent that would reduce even 3- and 

4-alkylcyclohexanones to the correspond- 

ing alcohols in a stereoselectivity of 99% or 

better. Recently, we have synthesized two 

highly hindered trialkylborohydrides — 

lithium _ tris(trans-2-methylcyclopentyl)- 

borohydride and lithium trisiamylboro- 

hydride — both of them containing secon- 

dary alkyl groups substituted by B-methyl 

(eq. 52). 

SiaB + t-Buli —“ , Lisia,BH 
; 100% 
CH; (eq. 52) 

Sia = (CH,),CHCH— 
The reagents can also be prepared by using 

lithium trimethoxyaluminohydride as the 

hydride source.°> 
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Lithium Aisienborehydede reduces 

cyclic ketones with super stereoselectivity. 

Thus, 2-, 3-, 
are all reduced with lithium trisiamyl- 

borohydride at -78°C in 299% 

selectivity (eqs. 53-55). 

O OH 

ol e (eq. 53) 

and 4-alkylcyclohexanones 

stereo- 

240° (eq. 58).63 

THF 
NaBH, + HCN 

eq. 58 
NaBH,CN + H, Og) 

Unlike other hydride reagents, it is stable in 

acid solutions down to pH 3. Itis soluble in 

tetrahydrofuran, methanol, water and in 

dipolar aprotic solvents (HMPA, DMF, 

The reactions minnie borane, a strong 

Lewis acid, are expected to involve a 

preferential electrophilic attack at the 

centers of highest electron density. Hence, 

it is an electrophilic or acidic reducing 

agent. 

CH; H i 
CH;-¢ — C=O > Cl- - =0 

CH; { 
sulfolane). It possesses a remarkable 

functional-group selectivity. nl attack by B,H, 

99.7% Sodium cyanoborohydride efficiently Diborane is sparingly soluble in ethyl 

and selectively reduces alkyl halides to ether and diglyme. It readily dissolves in 

oO OH alkanes,®4 imines to amines,® and tosyl- tetrahydrofuran in which it exists as the 

hydrazones derived from aldehydes and borane-tetrahydrofuran addition com- 

it i (eq. 54) ketones to the corresponding alkanes. all | pound. A standard solution of borane- 

in excellent yields (eqs. 59-61). THF in tetrahydrofuran can be prepared 

99.6% conveniently by treating sodium borohy- | 

re) OH 

el A @ (eq. 55) 

dride in diglyme with boron trifluoride 

etherate and passing the gas as generated 

into tetrahydrofuran (eq. 62).°’ 

3NaBH, + 4BF,;:OEt, ——> 
2 (BH,),1 + 3NaBF, (€4- 62) 

edie% ICH,(CH2)2CO2 The exploration of the reducing 

: characteristics of borane in THF has 

The corresponding potassium derivative NaBHCN, HMPA (eq. 59) revealed a number of interesting features of 

synthesized recently by a catalytic process 70°, hr this acidic reducing agent, quite different 

is equally effective.®! re) from those of the basic borohydride 

iv) Lithium B-Isopinocampheyl-9-bora- UNS 

bicyclo{3.3.1]nonyl Hydride. An Asym- Aliphatic and aromatic carboxylic acids 

metric Reducing Agent? are reduced rapidly and quantitatively to 

A trialkylborohydnde containing an the corresponding alcohols by borane in 

asymmetric alkyl group, lithium B-iso- CH,(CH,),CO tetrahydrofuran, either at 0° or 25° (or 

pinocamphey1-9-borabicyclo[3.3. 1 }Jnonyl Pre babe 899 even at -78°). (In view of the usual inertness 

hydride, has been synthesized (eq. 56). : of carboxylic acids toward many reducing 

agents, this high reactivity toward borane 

pH 6-8 must be considered exceptional.) The reac- 
* 1) 9-BBN UNF: eee mi eats bs 

Dreu tion is applicable toa variety ol structures 

-78° such as sterically hindered acids, di- and 

e 0 NR, polycarboxylic acids, phenolic acids, 

(1R, 5A) (+) (eq. 56) amino acids, etc. (eq. 63).’! 

- ee) OCH,R 
NaBH,CN | 

- ©) Lit Fi Chee H 3BH,THF_ O7° SO 
H ; NH; csteere pe ey 

l 63% (pure endo) RCH,O~8*0~ PS 0cH,R 

100% 

NNHTs NaBH,CN Ae (eq. 63) 
The reagent, prepared from (+)-a-pinene, CH,C(CH,),;COO(CH,)¢CN DMF ——+ 3 RCH,OH 

rapidly and quantitatively reduces a wide (eq. 61) 

variety of ketones to the corresponding CH,(CH,),COO0(CH,),CN CH,OH 

alcohols. The alcohols produced are op- 96% lies 

tically active (3-36% e.é.) and are con- 7 Rorane ae rit 

sistently enriched in the R enantiomer (eq. Reductions involving complex boro: 2 
57). ig complex bo 95% 95% 

hydrides and their substituted derivatives 

IPC} discussed in the earlier sections (1-6) 

ue Li appear to involve transfer of the hydride GheC OF ord 

Nu oB= moiety from the complex anion to an 

RCOR' Sl ee non | Li electron-deficient center of the functional © CO 
pe on * group. Consequently, ee are sd NO, 94% NH, 80% 

— > RCHR’ (eq. 57) nucleophilic or basic reducing a ; s 

* CH, H Borane-THF can tolerate a variety of func- 

6. Sodium Cyanoborohydride CH,-C — C=0 Ke cl- e- tional groups and a number of func- 

Sodium cyanoborohydride, synthesiz- CH, tionalized alcohols have been prepared | 

ed from sodium borohydnide and hydrogen 
preferential attack by al 

from the corresponding carboxylic acids in 

cyanide, is a white crystalline solid, mp excellent isolated yields. eo 
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BrCH,(CH,)oCH,OH 91% 
HOCH,(CH,),COOC,H; 88% 

Vides CH,OH O=C(CH,),;0H 
1 

CN 

82% 

Another major application of borane- 

THF is the facile reduction of primary, 

secondary, and tertiary amides to the cor- 

responding amines. Here again the reac- 

tion can tolerate many functional groups 

(eqs. 64-66). 72 

92% 60% 

BHg-THF 
i CH;(CH2),CONH2 

CH,(CH,),CH,NH, — (4. 64) 
87% 

CH,(CH,),CONHMe te THF, 

CH,(CH,),CH,NHMe —_(€4- 65) 

98% 

CONMe, CH,NMe, 

Moan ella tale} 

he 
NO, 84% 

Until recently, the majority of borane 

reductions were carried out in tetra- 

hydrofuran as the solvent. The recently in- 

troduced borane-methyl sulfide complex”? 

has several advantages over borane-THF. 

It is exceptionally stable and is soluble ina 

variety of aprotic solvents such as ethyl 

ether, tetrahydrofuran, hexane, toluene, 

methylene chloride, diglyme, etc. Further, 

the reactivity of borane-methyl sulfide 

towards organic functional groups paral- 

lels that of borane-THF. Consequently, it 

is an advantageous reagent for the reduc- 

tion of many organic functional groups.’4 

8. Dialkylboranes 

Hydroboration of certain hindered 

olefins or structurally suited dienes yields 

dialkylboranes preferentially. Thus, hy- 

droboration of 2-methyl-2-butene rapidly 

forms the dialkylborane, disiamylborane 

(Sia,BH).75 The addition of the third mole 

of olefin is very sluggish. Similarly, di- 

cyclohexylborane (CHex,BH) and diiso- 

pinocampheylborane (IPC,BH) (an asym- 

metric dialkylborane) can be prepared by 

the hydroboration of the corresponding 

olefins.” More recently, diisopinocam- 

pheylborane has been synthesized in very 

high purity (chemical as well as optical, 

eqs. 67-69).77 

Me THF, 0° 
2Me,C=CH + BH, ~—ast > 

Me (eq. 67) 

een ay 
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* THF 

2 ts BA gee eran 

‘ (eq. 69) 
(+)-(1R, 5h) .)2BH 

(-)-(1R, 2S, 3R, 5R) 

Cyclic hydroboration of  1,5-cyclo- 

octadiene yields a bicyclic dialkylborane, 

9-borabicyclo[3.3.1]nonane (9-BBN).’8 It 

exhibits certain unique physical and 

chemical characteristics. It is a white 

crystalline solid (mp 154-155°), thermally 

stable, relatively insensitive to air and solu- 

ble in a variety of organic solvents (eq. 70). 

1) BHa-THF 
2) A 

H (eq. 70) 

ey 
(Ce 

A systematic examination of the reduc- 

ing characteristics of these dialkylboranes 

(disiamylborane and 9-BBN) towards 

representative organic functional groups 

has revealed a number of possible 

applications for these reagents in selective 

reductions.’? One of the major applications 

of disiamylborane is the selective reduction 

of lactone to hydrox yaldehyde (eq. 71).%° 

ea 
O\e 

OBSia, 

Sia,BH 
—_ 

(eq. 71) 

He ree 

Sih 

The reaction appears to be general. A 

number of interesting applications of this 

reagent for this type of transformation 

have been reported.’9° 

Preliminary investigations indicate that 

disiamylborane exhibits promise for the 

selective reduction of tertiary amides to the 

corresponding aldehydes (eq. 72).79” 

RCONMe, —2228H men 
2 

HO (eq. 72) 
—> RCHO 

Recently, diisopinocampheylborane of 

high optical purity has been examined for 

the asymmetric reduction of a represen- 

tative series of alkyl methyl ketones. 

Asymmetric induction in the alcohol 

products in the range of 9 to 37% was 

observed.*! Even more important, this new 

reagent achieves the asymmetric hydro- 

boration of cis-2-butene to give, after ox- 

idation, 2-butanol of optical purity as high 

as 98.4% (eq. 73).77 

CH, 
' »)2BH  , »)2B-CHCH,CH; 

7 

(-)-(1R, 2S, 3A, 5A) {10 (eq. 73) 

OH 

CH,CHCH,CH, 
(-) (R) e.e. 98.4% 

9-Borabicyclo[3.3.1]nonane reduces 
a,B-unsaturated aldehydes and ketones 

rapidly and quantitatively to the cor- 

responding allylic alcohols. The develop- 

ment of a unique nonaqueous work-up 

procedure renders possible the isolation of 

the alcohols inexcellent yields. Unlike con- 

ventional reagents, the mildness of 9-BBN 

permits the presence of almost any other 

functional group, such as ester, amide, car- 

boxylic acid, nitro, halogen, and nitrile 

(eq. 74).82 

9-BBN n-Cs5H;2 

THE 02 HaNGH2 

HOCH, 

OH 
O 

te B f) (eq. 74 COR) tea.78 
NH, 

100% 

OH Or CH= chan 

Q COOEt oF 
100% 95% 76% 

Reduction of tertiary amides to alcohols 

represents another promising area of 

application for 9-BBN yet to be explored in 

detail. It should be pointed out that we are 

now in a position to control the course of 

this reaction to get three different products 

by using various reagents (eq. 75). 

Dialkylboranes are consistent reagents 

for introducing steric control in the reduc- 

tion of cyclic ketones. Increasing the size of 

the alkyl substituent(s) on boron enhances 

the stereoselectivity dramatically (eq. 76).%3 

9. Catecholborane and Chloroborane 

Several heterosubstituted boranes 

also exhibit valuable properties as reducing 

agents. Thus, catechol reacts with borane 

to produce a new useful reducing agent, 

catecholborane (CB) (eq. 77).84:85 



co 

| 

_ 

BH, OBH, 
RCHNMe, 

Sia,BH OBSia, 
RCONMe, RCHNMe, 

On ¢ \ 
RCHNMe, 

Oo OH yOH 

—_ at 

BH, 74% 26% 
9-BBN 40% 60% (ed: 76) 
Sia,BH 79% 21% 
CHex,BH 94% 6% 

IPC,BH 94% 6% 

OH 
Jooiti ales. 

OH 

(eq. 77) 
oO, 

B-H + 2H)! 
On 

The reducing characteristics of this new 

reagent have been explored in detail.*° The 

reagent is quite useful for the deoxygena- 

tion of a,B-unsaturated aldehydes and 

ketones through the reduction of their 

tosylhydrazones (eq. 78).8’ 

ie 

Se RCH,NMe, 

_—— RCHO (eq. 75) 

ae RCHO 

RCH,OH 

Procedures have been developed for the 

convenient synthesis of mono- and di- 

chloroboranes (eqs. 79 and 80).88 

BH et BC 
o° (eq. 79) 

3 BH,Cl 

BH, + 2BCl, —C— > 
OF (eq. 80) 

3 BHCI, 

Aliphatic sulfoxides are rapidly deoxy- 

genated to the corresponding sulfides in 

excellent yields by dichloroborane in tetra- 

hydrofuran at 0° in a matter of minutes. 

The reaction can tolerate a vanety of other 

reactive functional groups such as ketone, 

ester and amide (eq. 81).8? 

9) HBCl,* THF 

RSR’ 0° (eq. 81) 
RSR’ + HOBCI, 

10. Trialkylboranes and“ Ate” Complexes 

SO) oB 

(-)-(1R, 2S, 3R, 5R) 

4 
+ PhCcD ——> 

(eq. 82) 
OH 

PhC—D 

H >98% e.e. 
(S)-(+) 

Certain “ate” complexes derived from B- 

alkyl-9-BBN derivatives, such as lithium 

di-n-butyl-9-borabicyclo[3.3.1]nonane 

“ate” complex, have been discovered to be 

efficient reducing agents (eq. 83).?! 

Lit 
Uae n-Bu 

RX H B | 

H Oo | 

RCH-CH | 

a Jaco NE 
‘ OH 

RH R,CHOH RCHCH, | 

+ | 
(n-Bu),B 

(eq. 83) 

V. SUMMARY 

The systematic exploration of the reduc- 

ing characteristics of various hydride 

reagents that have evolved during the | 

course of forty years (1939-1979) has ledto | 

better understanding and appreciation of 

2 as Recently, certain trialkylboraneshave _ the scope and applicability of each reagent. 
catecholborane been found to be effective reagents forthe The reactivities of hydride reagents toward 

NaOAc reduction of aldehydes to the correspond- _ various organic functional groups at 0-25° 

ing alcohols. Especially interesting is the —_ under standard conditions are summarized (eq. 78) i ; oi 
asymmetric reduction of benzaldehyde-a-d in Table 2. Symbol (+) indicates rapid 

to benzyl-a-d alcohol by chiral B-isopino- _ reaction; symbol (-) indicates very slow or 

campheyl-9-borabicyclo[3.3.1]nonane (eq. _ insignificant reaction; symbol (+) indicates 

Se S20 a borderline case, the reactivity being sen- 

Table Il. Summary of behavior of various functional groups toward the hydride reagents | 

NaBH, Li(O-t- NaBH,+LiCl NaBH,+AICl, BH; Sia,BH 9-BBN AIH; Li(OMe),AIH LIAIH, LIEt,BH 

in Bu)3,AlH in in in in in in In in in 

ethanol diglyme diglyme THF THF THF THF THF THF THF 

Aldehyde + + + + + + + + + + + | 
| 

Ketone ar a a ate ts ate + ats at =F hs | 

Acid chloride R ap ae + — _— tr AP + + =t: 

Lactone = Be ar ate ar ar + ar ta sts ote 

Epoxide a =e + ot + ae ae Te + + 35 

Ester _ Be oP aE Be — Se ar ts fe aR 

Acid _ — = + ~ — ee + ~ ~ = 

Acid salt — — — — =e == = ae a te ze 

tert-Amide = = = = a5 ats at ar ats ta ata 

Nitrile _ — = — oe — de a SL a oe 

Nitro = _ = — = = = + Au an 

Olefin _ _ _ _— SF SF 3h — — = = | 

R = Reacts with solvent; reduced in nonhydroxylic solvent | 
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sitive to the structure of the functional 

group (both steric and electronic effects). A 

quick inspection of Table 2 reveals that by 

judicious choice of reducing agent it should 

be possible to reduce one group selectively 

in the presence of a second or to carry out 

the reverse operation. A word of caution is 

in order. The reactivities of the various 

functional groups can be greatly altered by 

the structures containing them. Conse- 

quently, these generalizations must be used 

with caution in predicting the behavior of 

greatly modified systems. 

VI. CONCLUSIONS 

Forty years ago it was first discovered 

that diborane reduces aldehydes and 

ketones rapidly. Unfortunately, the 

chemical rarity of diborane at the time 

prevented organic chemists from utilizing 

this reagent as a reducing agent. Subse- 

quently, the development of practical syn- 

thetic routes to diborane, the discovery of 

sodium borohydride and, later, lithium 

aluminum hydride made such hydride 

reducing agents readily available. There 

then resulted rapid progress in the develop- 

ment of new reducing agents and in the ex- 

ploration of their scope and applicability in 

organic synthesis. Still, we are in constant 

search of new selective reducing agents that 

are capable of reacting with a specific func- 

tional group. Today an organic chemist has 

a choice of specific hydride reagents for 

achieving specific synthetic transfor- 

mations. Even more important, the ma- 

jority of these reagents are now commer- 

cially available to facilitate their applica- 

tion by chemists.” 
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| anions are key intermediates in organo- 

Trialkylborohydrides in 
Organometallic Syntheses 

: 

Trialkylborohydrides have been well es- 

tablished as potent hydride donors toward 

a variety of organic electrophiles.! Lithium 

triethylborohydride (Super-Hydride®) has 

been shown to be an exceptionally clean 

reagent for the reductive displacement of 

alkyl halides? and tosylates? and reductive 

ring opening of epoxides.4 Hindered trial- 

kylborohydrides such as lithium trisiamyl- 

borohydride (siamyl = 3-methyl-2-butyl) 

can reduce ketones such as 3-metnylcyclo- 

hexanone with 299.6% stereoselectivity.° 

Other applications include the use of 

K(sec-C,Hy);BH (K-Selectride®) for the 

1,4-reduction of enones® and chiral trial- 

kylborohydrides for executing asymmet- 

ric reductions.’ 

A somewhat different line of research in- 

volving trialkylborohydride reagents has 

been under investigation in our laboratory. 

We have been interested in their reactivity 

toward inorganic and organometallic elec- 

trophiles. With substrates containing 

metal-metal or heteroatom-heteroatom 

bonds, rapid and high-yield cleavage to 

two nucleophilic anionic species occurs in 

many cases. Since transition metal anions, 

main-group metal anions, and metalloid 

Aldrichimica Acta, Vol. 12, No. 1, 1979 

metallic syntheses, our studies impact upon 

a broad front of synthetic chemistry. 

It was our interest in nucleophilic attack 

upon coordinated CO that first led us to 

study the reactions of trialkylborohydrides 

with metal carbonyl complexes. A variety 

of reactions had been observed previously 

between NaBH, and metal carbonyl 

complexes.’ We thought that a hydride 

source which was soluble in organic sol- 

vents and contained only one transferable 

hydride per mole would yield better de- 

fined chemistry. 

One of the first useful reactions observed 

was the cleavage of metal carbonyl dimers 

to metal carbonyl anions (eqs. 1-4).%!0 

Transition metal anions play a pivotal role 

in the construction of metal-carbon and 

metal-metal bonds. They are highly 

nucleophilic species which may be readily 

alkylated, acylated, or metalated by reac- 

tion with an appropriate electrophile. 

Conventionally, 1% Na/Hg amalgam or 

other heterogeneous metal reductants have 

been employed for the conversion of metal 

carbonyl dimers to metal carbonyl an- 

ions.!! The problems involved are mainly 

(CO),Co-Co(CO), 

(CO);Mn-Mn(CO); 

(C;Hs)(CO).Fe-Fe(CO),(CsH;) + 2Li(C,H;),BH 

(C;Hs)(CO),Fe-Fe(CO).(C;H;) + 2K(sec-C,H,),BH 

eS TCH, .BH ee 
2LI[Co(CO),] + 2(C,Hs);B + H, toa) 

2LI[Mn(CO)s] + 2(C2Hs)3B + H, Sabo) 

(C,;H;)(CO),;Mo-Mo(CO),(C;Hs) = 2 Li(C,H;)3BH ——————® 

2 LI[(CsH,)Mo(CO),] + 2(C;Hs)3B + Hp (eq. 3) 

__ HMPA 
2 Li[(CsHs)Fe(CO),] + 2(C,Hs);3B + Hy fea.) 

3hr > 

(eq. 5) 
2 K[(CsHs)Fe(CO)2] + 2 (sec-C,H,),3B + He 

J.A. Gladysz 
Department of Chemistry 

University of California 
Los Angeles, CA 90024 

ones of manipulation and handling. When 

Na/Hg is utilized, mercury-containing by- 

products are sometimes produced.!? The 

use of Li(C,H;);BH, however, enables the 

rapid, room-temperature, one-flask syn- 

thesis of anions Lif{Co(CO),], Lif(C;H;)- 

Mo(CO),], and Lif{Mn(CO),] in near- 

quantitative yield under homogeneous 

conditions. Only the volatile by-products 

H, and (C,H;),B are produced (eqs. 1-3). 

Many elegant and useful synthetic trans- 

formations utilizing organometallics pre- 

pared from [(C;H,;)Fe(CO),]- have been 

described in the literature.!3 The genera- 

tion of Li{(C;H;)Fe(CO),] via Li(C,H;),- 

BH or Li(sec-C,H,),BH (L-Selectride®), 

however, requires longer reaction times 

(2hr) and 250% HMPA cosolvent (eq. 4). 

This is likely a consequence of the higher 

reduction potential of [(C;H;)Fe(CO),], 

relative to the other metal carbonyl dimers. 

However, potassium trialkylborohydrides 

are stronger hydride donors, and K(sec- 

C,H,);BH and K(C,H,),BH were found to 

effect the synthesis of K[(C;H;)Fe(CO),]in 

THF (eg. 5). Reaction times were 3hr at 

room temperature or 0.5hr at 45-65°C. 
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Potassium salts of other metal carbonyl 

anions, (e.g., K[(C;H;)Mo(CO),], K[Mn- 

(CO)s]; eqs. 6 and 7) can also be prepared 

with K(sec-C,H,),BH and K(C,H,),BH. 

Figure 1 

UNSTABLE ANIONIC FORMYL COMPLEXES 
PREPARED WITH Li(C,H,),BH 

Sodium trialkylborohydrides are readily H, H~ O 

synthesized'4 and can be used similarly. ay, = _70=0 CO Mn-C-H co Mn-C-H 

Thus, transition metal anions can be ae CsHs(CO}Fe | ¢ )s ( a 
prepared with a number of different R’ RooT Sn(CsHs); CF; 

counter-ions by the trialkylborohydride H 

aes Bee Re ee eae ; C=O (Co);Mn-Min(CO). 

_ able to tri-sec-butylborohydrides because (Co),«Re-C-H C5Hs(CO),Mo | 
| of the greater volatility of the borane by- | \c=-0 H~oSo 

product. Br RZ e 1 

To demonstrate the preparative utility of 

these metal anion solutions, we have syn- 

thesized a number of derivatives.?!° These 

are compiled in Table I; full experimental 

details have been published.!° Entries | and 

10 depict the actual isolation of two anions 

as their air-stable “PPN*”, or [(C,H5)3- 

P],N*, salts. Acylation reactions are il- 

lustrated in entries 4,5,7,9,13, and 14. 

Alkylation reactions and the formation of 

tin and silicon derivatives are also 

tabulated. Isolated yields are uniformly 

good. 

We have investigated the in situ prepara- 

tion of other metal carbonyl anion 

derivatives. Protonation of Li{Mn(CO),] 

and Li[(C;H;)Mo(CO),] with the non- 

aqueous, nonoxidizing acid CF;SO3H af- 

fords quantitative spectroscopic yields of 

H[Mn(CO)s] and H[(CsHs)Mo(CO),], 
respectively (eqs. 8 and 9).!5 

Transition metal hydrides are key inter- 

mediates in numerous stoichiometric and 

catalytic reactions, and have been the ob- 

ject of a variety of structural, spec- 

troscopic, and theoretical studies.* Since 

the conventional preparation of anhydrous 

H[Mn(CO),] requires extensive vacuum- 

line manipulations,'® our in situ synthesis 

offers obvious advantages. We have used it 

to study several H[Mn(CO),] reactions.!> 

Trialkylborohydrides also enable the 

(CsH;)(CO),Mo-Mo(CO),(C.Hs) ap 4 K(sec-C,H,),BH ——S—SS 

preparation of metal carbonyl anions from 

other organometallic precursors.!° Eqs. 10 

and 11 provide two such examples. 

We anticipate that such reactions may 

prove of occasional synthetic utility. For 

instance, [Mn(CO),]Br undergoes much 

more rapid exchange with 3CO than [Mn- 

(CO) ],. Thus, the preparation of '3CO- 

labeled [Mn(CO),]R species would be most 

readily accomplished via initial conversion 

of [Mn(CO),], to [Mn(CO),]Br. After 

13CO exchange, the desired product could 

be obtained in a one-flask operation from 

labeled [Mn(CO),]Br. 

A major focus of research in our 

laboratory has been the preparation and 

characterization of reactive ligand types 

believed to be present on the reaction coor- 

dinate between CO/H, and alkanes and 

alcohols in Fischer-Tropsch-type process- 

es.!7 There has been a great deal of atten- 

tion focused upon formyl ligands as the 

probable initially formed catalyst-bound 

species. !7 

Trialkylborohydrides provide an ex- 

cellent means of generating anionic formyl 

complexes according to the generalized eq. 

12. Because most anionic formyl complex- 

es rapidly decompose at room tempera- 

ture, reactions must be carried out below 

0°C and the products characterized by low 

temperature spectroscopy. Figure | illus- 

trates the variety of unstable metal formyl 

complexes prepared by this method.!*-70 

Not surprisingly, we believe anionic formyl 

complexes are intermediates in many of 

our metal carbonyl anion syntheses. 

Species 1 is formed in 99% yield when [Mn- 

(CO),] is treated with one equivalent of Li- 

(C,H;);BH at -20°C; warming to room 

temperature and the addition of a second 

equivalent of Li(C,H,);BH affords two 

equivalents of Lif[Mn(CO);] quanti- 

tatively.? 

The metal carbonyl dimer [Re(CO).], 

did not cleave upon reaction with Li- 

(C,H,),BH. Instead, a thermally stable bi- 

nuclear rhenium formyl complex was ob- 

tained, which proved isolable (eq. 13).?! 

Rhenium is known to form stronger metal- 

metal and metal-ligand bonds than 

manganese. 

Anionic formyl complexes can undergo 

further reduction by trialkylborohydrides. 

Organic products, presumably derived 

from the formyl! ligand, include formal- 

dehyde and methanol.2! When Fe(CO), 

was treated with 2 equivalents of K(sec- 

C,H,),;BH, the formyl complex K[(CO),- 

Fe(COH)] (2) was rapidly formed; re- 

fluxing the reaction mixture for 3hr in 

THE afforded K,[Fe(CO),] in quantitative 

yield as an analytically pure precipitate (eq. 

14).23 The highly nucleophilic tetracar- 

bonylferrate dianion, [Fe(CO),]= has been 

proven to be of considerable value in 

2 K[(CsHs)Mo(CO),] + 2 (sec-C,H,),B + H, eee) organic and inorganic syntheses.!!?4 A 
a number of useful organic transformations 

(CO)sMn-Mn(CO), + 2K(sec-C,H,),BH ea Pur ERC) Os a 
2K[Mn(CO).] + 2(sec-C,Hy)3B + Hz (eq. 7) (CO),]*dioxane have been developed by 

nd Collman and _ coworkers.*4 Although 

K,[Fe(CO),] has not been as extensively 

LI[Mn(CO),] + CF,S0,;H ——————® H(Mn(CO),] + CF,SO;LI (eq. 8) utilized, its preparation is distinctly easier 

ae aay and it is not pyrophoric. To provide ad- 
ditional characterization, we carried out 

Li[(CsHs)Mo(CO);] + CF,S0,H ——® H[(CsHs)Mo(CO),] + CF3;SO3LI (eq. 9) the homologation reaction depicted in eq. 
15 and the derivatization with AuCl- 

[P(C,H;)3] depicted in eq. 16. 
[Mn(CO),]Br + 2Li(C,H;)3BH == ea (eq. 10) 

Li[Mn(CO),] + LiBr + 2(C,H;),3B + H, j Trialkylborohydrides may prove useful 

in the synthesis of other transition metal 

C-H.)Mo(CO).]Cl + 2Li(C,H.),BH a ie sede ee dianions. Following an initial report by 

Nae Liaetortee pees : (eq. 11) Shore,?5 we were able to prepare the cluster 
Li[(C;H;)Mo(CO)s] + LiCl + 2 (C,H;)3B ar H, : 

dianion K,fH,Ru,(CO),,] according to eq. ee Sie ese a : , ; . [H,Ru,( 12] g q 
=| 
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[= mS oes a ae - a 
a 

17.26 Exploratory reactions indicate that fe} 
‘ aie eae rr 

|  trialkylborohydrides are not sufficiently L.M-C=O + Li(C,H,),;BH - Lit L,M-C-H + (C,Hs),;B  (eq- 12) 

strong reductants to produce metal car- 

bonyl trianions and tetraanions of the type 

reported by Ellis.?’ Li(CO)-Re-Re(CO), - THF 

) (CO),Re-Re(CO), ——CatskBH Meee Ret Ou (eq. 13) 
Recently, we have found that trialkyl- H-C=O 

borohydrides can also be used to form 

neutral formyl complexes from metal car- 2 K(sec-C4Hg)3BH 

bonyl cations according to the generalized Fe(CO),; Shr THES Ee K,[Fe(CO).]! 100% (eq. 14) 

eq. 18.28 These reactions, and the proper- 

ties of the products, are under active in- 

vestigation. The neutral formyl (C;H,)Re- 1) n-C,H,7Br 
2 ates 1- I 9 (CO)(NO)(COH) (3), whose preparation is Ral ACO)4) 2) P(CgHs)3 nehana 100% (eq. 15) 

depicted in Scheme I, has a half-life of ca. 3) CH;COOH 

3hr at room temperature. The addition of a 

second equivalent of Li(C,H,;),BH affords 2 AUCI[P(CeHs)s] : 

| 4, the first bis(formyl) complex prepared. Ralhete Os : [Fe(CO),][AuP(CeHs)s]2 one teqe28) 

| Reaction of 3 with BH,-THF reduces the 

formyl ligand to a methyl ligand (Scheme H,Ru,(CO),, + 2K(sec-C,Hg)3;BH SSS (eq. 17) 

‘i KalHaRus(CO)ra] + 2 (sec-CyHy)sB + 2H, 
In only one instance have we observed a Oo 

trialkylborohydride to cleanly attack a [L.M-C=O]+ + Li(C,H;),BH ———» L.M-C-H + (C;H,),8 + LF (eq. 18) 

metal carbonyl complex ata site other than 

coordinated CO. The reaction of 5 with ¢ , 
Li(C,H.);BH afforded the novel metallo- Schemel. Formation and Further Reductions of Neutral Formyl3 

cycle 6, presumably via intermediate 7 (eq. 

19).29 We undertook an X-ray crystal- 

structure determination of the PPN‘* salt of 2 pues 3 
6 to confirm its structure. Metallocycle 6 is on~RE\co 100% on-Re og 

not merely a curiosity; it serves as a pivotal CO BF, i 
: : : : 4 H-~*“So 
intermediate in our recently described ap- 

| proach to a-silyloxyalkyl and a-hydroxy- 

| | 29 g-H | pon ae ae sg NS BH,* THE Li(CoHs)BH 

igands are be ieved to be key mechanistic 76% 80% 
branch points in Fischer-Tropsch-type 

processes.!7 

Having established that trialkylborohy- 

drides can effect the net cleavage of metal- 

a metal bonds, we decided to see if metalloid- Re = H 4 

é; metalloid bonds could be broken as well. ON” ; “CO ON-FE Sc 

. Gray, elemental selenium consists of CH; H72No No 

% polymeric, unbranched helical chains. 

& TABLE!. SUMMARY OF TRANSITION METAL MONOANION DERIVATIVES PREPARED 

£ Entry Starting Hydride Monoanion Electrophile Product Isolated 
M Carbonyl Reagent Produced Added Formed Yield (%) 

: 1 [Co(CO),]2 Li(C2Hs)3BH Li[Co(CO).] [(CgHs)3P]2N*Cr [(CgHs)sP]2N*[Co(CO).]- 79 
; < 2 [Co(CO),]o Li(CHs)3BH Li[Co(CO),] (CgHs)gSnCl [Co(CO)4]Sn(CgHs)3 83 

3 [(C5Hs) Weleda Li(C,Hs)3BH Li[ (CsHs)Mo(CO)s] CHsg| [(CsHs)Mo(CO)3] CH v7 

: 4 [(C5H5)Mo(CO)s]. Li(CjHs)3BH Li[(C3Hs)Mo(CO)ag] (CH30)COCOCI [(C5H;)Mo(CO)3] COCO,CH, 77 

5 [(C5H5)Mo(CO)3]2 — Li(sec-C4Hg)3BH Li[(Cs5H;)Mo(CO)s] (CH30)COCOC! [(C5H;)Mo(CO)3] COCO,CH3 77 

6 Pe aes Li(C2Hs)3BH — Li[(CsHs)Mo(CO)s] (CgHs)3SnCl [(CsHs)Mo(CO)3]Sn(CgHs)g 76 
if [Mn(CO)<]. Li(C,Hs)3BH Li[Mn(CO)s] C.H;COCOCI [Mn(CO);] COCOC,H; 92 

8 [Mn(CO).]. Li(C3Hs)3BH Li[Mn(CO)s] (CgHs)3SnCl [Mn(CO);]Sn(CgHs)3 88 

9 [Mn(CO)s]> Li(C3Hs)3BH Li[Mn(CO)s] (CH30)COCOCI [Mn(CO);] COCO,CH3 81 

10 [Mn(CO)s]> K(sec-C4Hg)3BH K[Mn(CO).] [(CgHs)3P]N*Cl- [(CgHs)3P]oN*[Mn(CO)s]- 78 

11 [Mn(CO).]> K(sec-C,4Hg)3B K[Mn(CO)s] (CHg)3SiBr [Mn(CO);]Si(CHg3)3 60-80 

12 [(CsHs5)Fe(CO)a]2  K(sec-CyHg)3BH K[(CsHs)Fe(CO)2] (CgHs)3SnCl [(CsHs)Fe(CO)2] Sn(CgHs)3 93 
13 [(C5H5)Fe(CO)s]2  K(sec-C4Hg)3B K[(CsHs)Fe(CO),] CgHsCH=CHCOCI [(C;H;)Fe(CO)2] COCH=CHC,H; 72 

14 [(Cs5H5)Fe(CO)sJ2  K(sec-C,4H ae K[(Cs5H5)Fe(CO)>] CgH;COCI [(C5Hs)Fe(CO)2] COCgHs 67 

1 [(C5H5)Fe(CO)>]o K(C2Hs)3BH K[(CsH;)Fe(CO)>] CHa! [(C5H;)Fe(CO).]CHs 56 

ee cows 
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While it is only partially reduced by Daag | 

NaBHy,,2° Li(C,H;);BH rapidly converts Tea Li(CjHs)3;8H M ‘ i 

Se, to Li,Se or Li,Se, (depending upon (CO);Mn-C-C-CgHs (Co).Mn ) 

stoichiometry) according to eqs. 20 and 5 ‘c-C-CoHs 

22.3! Alkyl halides could then be added to Coe Oo oH (eq. 19) 

the heterogeneous suspensions (optimally (Co)smnZ 1 6 

in the presence of ¢-butyl alcohol cosol- 2 —G-CcHs 

vent) and dialkyl selenides and dialkyl di- H 

selenides obtained in 50-90% yields (eqs. 21 

and 23),?! 
Se + 2Li(C,H,),;BH —————® Li,Se + 2(C,H;),B + H, (eq. 20) 

This one-flask preparation of R,Se and a 

R,Se, compounds offers distinct advan- 

tages over many previous methods. Alkali 

metal-ammonia reduction converts Se, to 

Se= or Se, but is obviously a more 

cumbersome procedure. Sodium formal- 

LiSe + 2RX ——___—_——_p» RA,Se + 2LiX (eq. 21) 

2Se + 2Li(C,H;),;BH —M—————> LiSe, + 2(C,H,),3B + H, (eq. 22) 

dehyde sulfoxylate (“Rongalite”) can also Li,Se, + 2RX eae rates Geen on R,Se, + 2LiX (eq. 23) | 

reduce selenium but requires an aqueous 

solvent system.?! S + 2Li(C,H,);BH —— LiS + 2(C,H;),3B + H, (eq. 24) 

We have undertaken a more extensive 

investigation of the reaction of sulfur (Sx) 2S + 2Li(C,H,);BH —————— Li,S, + 2(C,H,);3B + H, (eq. 25) 

with trialkylborohydrides.7?33 Although 

there exists a variety of means for the in- RSSR + 2Li(C,H,);B3H ———————® 2RSLi + 2(C,H,);3B + H, (eq. 26) 

troduction of sulfur into organic mole- 

cules, research continues on the develop- 

ment of new sulfur transfer reagents and 

methods. When Li(C,H;),BH is simply 

syringed onto sulfur or a sulfur/THF | 

suspension, Li,S or Li,S, formation occurs | 

RSeSeR + 2Li(C,H,),;BH ————® 2RSeLi + 2(C,Hs);B + Hp (eq. 27) 

TABLE Il. REPRESENTATIVE ORGANOSULFUR COMPOUNDS PREPARED 

over a two-minute period as depicted in Entry Product Electrophile Yield (%)° Reaction Conditions” | 

eqs. 24 and 25. Significantly, these reaction A. Sulfides 

mixtures are homogeneous, whereas com- 

mercial anhydrous Li,S is insoluble in 1 (CgHsCH2)2S CgHsCH2C! [94] 3hr 

THF. While there may be some association 2 (N-C4Hg)2S n-C4Hol m1 Shr 

between the sulfur anions and the by- 3 (n-CsH;1)2S n-CsH,,Br 1 Shr 

product (C,H,),B, experiments33 indicate 4 (sec-C4Hg)2S sec-C4Hol 63 12hr reflux 

that the homogeneity is primarily due to 5 (CH3CO)2S CH;COCI 87 2hr 

supersaturation. 

A variety of electrophiles have been add- si Ik St 

ed to these reaction mixtures. Some of the Uaioe waaay as 0 Ome! 51 2.5hr 

organosulfur compounds thus prepared | 

are tabulated in Table IT.323 Although the S Br | 

synthesis of simple dialkyl sulfides is ade- 7 r [63] 1.5hr | 

quately served by inexpensive Na,S -9H,O, 

this reagent is, of course, incompatible with a. 

electrophiles requiring strictly anhydrous Boe culides 

conditions. Notably, our Li,S preparation 8 (CsH;CH,)2S> C,sHsCH2Br [89] 5hr 

undergoes facile acylation (entries 5 and 6), 85 

ates uae eee a 9 (H,C=CHCH,),S2 _ H»C=CHCH,Br [93] 2hr reflux 
isting synthetic methods for diacyl sul- 

fides.34 While anhydrous alkali metal sul- get lg ese Hee [87] AN 
fides are commercially available, they are fe 

exceedingly hygroscopic, and thus, our it (n-CeFis)2Se Ee Camiet 2 Criteria 

one-flask in situ synthesis offers obvious 12 (sec-C4Hg)2S2 sec-C4Hol [73] 2hr reflux 

advantages. 13 (CgHsCO)2S. C,HsCOCI 85 thr reflux 

Alkali metal disulfides are not commer- i (GHsCO)282 CHGOe! ee Bont 

cially available. Methods for their prepara- “Yields are based upon starting sulfur and are not optimized. Bracketed values are 1H NMR yields; | 

tion (e.g., Li/NH,) are cumbersome and ethers aie isalated:yietis. | 

sometimes afford mixtures of polysulfide ’Room temperature unless noted. 

salts. Hence, alkylation of NaS, has been 

reported to proceed only in fair yield.33 As containing precursors. Particularly for the Disulfides and diselenides are rapidly 

is evident from Table IIB, our disulfide diacyl disulfides (entries 13 and 14) are the cleaved by Li(C,H;),BH to thiolates and 

yields are uniformly high. Thus, disulfides literature procedures markedly simpli- selenolates, respectively (eqs. 26 and 

may be readily prepared from nonsulfur- _fied.?° 27).3!-33 These reactions enable facile syn- 
- —— el 
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H,C,H 

CeTeChSSCHjCels 2) 2 CH,COCI 

1) 2 Li(C,Hs)3BH 
C,H;CH,SSCH,C,H; 2) ra} 

Ok 

180 

Nl 
2 C,H;CH,SCCH, 100% (eq. 28) 

oO 

2 63% (eq. 29) 

S-CH,C «Hs 

Figure Il 

APPARATUS FOR IR MONITORING OF REACTIONS 

theses of unsymmetrical sulfides and 

selenides. Thus, the sequential treatment of 

dibenzyl disulfide with Li(C,H,),BH and 

CH,I gave benzyl methyl sulfide in 75% 

yield. Benzyl acetyl sulfide was obtained in 

100% yield by the reaction of dibenzy] di- 

sulfide with Li(C,H,;),BH and acetyl chlor- 

ide (eq. 28).3233 Eq. 29 depicts the forma- 

tion of a vinyl sulfide via an addition- 

elimination reaction.?3 

APPARATUS 
Metal carbonyl compounds have strong 

and characteristic IR bands in the 1800- 

2100 cm-! region. Although the reactions 

we describe can be run in good yield in the 

absence of spectroscopic monitoring, the 

simple apparatus detailed in Figure II 

enables reactions to be titrated to 100% 

yields. Solutions of the metal carbonyl 

reactant are placed in a Schlenk flask 

which is fitted with a septum and a Teflon 

needle. A standard 0.1-mm-cavity NaClIR 

cell is mated to the other end of the needle 

with a machined Teflon plug. To the other 

IR cell inlet is attached a (gas-tight) 

syringe. A slight positive nitrogen pressure 

is maintained via the side arm of the 

Schlenk flask. Reagents and reactants are 

added as needed through the septum. By 

pumping the syringe, the reaction mixture 

can be spectroscopically sampled at any 

time. 

Such an apparatus might also see use in 

purely organic transformations. For in- 

stance, it should be as (or more) effective as 

TLC in monitoring the disappearance of a 

carbonyl-containing compound. 

CONCLUSION AND PROGNOSIS 

A number of rapid, high-yield, multi- 

step, single-flask synthetic sequences uti- 

Me Bubbler 

No 

lizing trialkylborohydrides have been 

described. Most of the transformations 

detailed result in the formation of a metal- 

carbon or heteroatom-carbon bond. Other 

applications include the synthesis of metal 

hydrides, mixed metal compounds, and 

formyl complexes. 

We anticipate that trialkylborohydrides 

may also be of use in the generation of 

phosphorus- and silicon-based anions. Our 

own efforts are focused on the applications 

of some of the organometallic species 

described herein to organic synthesis. 

Although the potential of metal carbonyl 

reagents has long been recognized by 

organic chemists, their inaccessibility by 

standard bench-top techniques has often 

discouraged their use. In light of the studies 

summarized in this article, we hope this will 

no longer be the case. 
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Aldrich offers these reagents cited by | 
Professor Gladysz: | 

17,619-2 Borane-tetrahydrofuran com- 

plex, 1M solution in THF 

H1,160-2 Hexamethylphosphoramide 

I-850-7 Iodomethane 

19,573-1 Iron pentacarbonyl 

18,014-9 K-Selectride®, 0.5M solution 
in THF 

20,934-1 KS-Selectride™, 0.5 solution 

in THF 

21,324-1 Lithium sulfide, anhydrous 

17,849-7  L-Selectride®, 1M solution 

in THF 

21,343-8 Potassium triethylborohydride, | 

1M solution in THF | 

20,965-1 Selenium, powder, 99.5+% 

19,807-2 Sodium borohydride 

21,341-1 Sodium triethylborohydride, 
1M solution in THF 

21,519-8 Sulfur, refined, 99.5% 

21,523-6 Sulfur, sublimed, NF 

17,972-8 Super-Hydride®, 1M solution 
in THF 

18,656-2 Tetrahydrofuran, anhydrous, 

99.9% 
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K- and L-Selectride and Super-Hydride are registered 
trademarks of Aldrich Chemical Company, Inc. 

KS-Selectride is a trademark of Aldrich Chemical 
Company, Inc. 
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Spin Trapping 

Since its discovery some thirty-four 

years ago electron spin resonance (ESR) 

has proven to be a useful tool for studies in 

chemical, physical, and biological sys- 

tems.! The ability of ESR to detect low 

concentrations of free radicals and its sen- 

sitivity to their environment and molecular 

motions have contributed greatly to its 

popularity. A limitation in the application 

of ESR to solution studies has been the dif- 

ficulty in producing sufficient quantities of 

reactive free radicals to make possible 

direct ESR detection. Various methods 

have been employed to overcome this 

problem including high-energy in situ 

radiolyses,? high-intensity photolyses,? and 

rapid-flow techniques.4 However, these 

techniques are rather expensive or cumber- 

some and do not appear to be generally 

applicable. Until recently, therefore, most 

research in ESR in the solution phase was 

limited to that involving relatively stable 

free-radical systems. 

In 1968 the technique of spin trapping 

was introduced by Professor Edward 

East Coast EPR Applications Laboratory 

Janzen’s group at the University of Georgia 

as well as by other groups around the 

world, either simultaneously or a short 

time afterwards.5 Since that time pub- 

lications in this area have proliferated® with 

applications appearing in the fields of 

polymerization,’ radiation chemistry,’ 

biology,’ and general solution chemistry. !9 

Interest in biological applications of spin 

trapping is picking up, with 

laboratories presently devoting a signifi- 

cant portion of their research effort to the 

detection of free-radical processes in 

biological systems. Because of this in- 

creased interest and because existing 

general reviews of the technique are now 

some eight years old,!! it seems appropriate 

to discuss some of the recent work that has 

been done using the spin-trapping tech- 

nique. Particular attention will be given to 

the spin traps that have been used. 

Biological applications will be discussed in 

some detail and a cautionary note is given 

to help in avoiding potential pitfalls in the 

application of the technique. 

THE TECHNIQUE 

The technique of spin trapping makes 

use of a diamagnetic compound (the spin 

trap) which reacts with a free radical (the 

spin) giving rise to a relatively stable, ESR- 

observable free radical (the spin adduct, eq. 

1). In favorable cases the free radical, R*, 

can be identified from the ESR parameters 

[e.g., hyperfine coupling constants (hfsc), 

g-factor] of SA°. Thus spin trapping ex- 

tends the capabilities of ESR in that 

previously unobservable free radicals (or, 

at least, radicals observable only with dif- 

ficulty) can now be studied as their respec- 

tive spin adducts in a somewhat more 

several 

C. Anderson Evans 

Varian Associates 

25 Hanover Road 
Florham Park, New Jersey 07932 

leisurely fashion. 

The spin traps that have been most com- 

monly employed are those designed so that 

on reaction with a free radical a nitroxide is 

produced. Typically, spin traps are either 

nitroso compounds!!* (eq. 2) or nitrones!!” 

(eq. 3). 

The actual experimental procedure 

employed in spin-trapping experiments 

depends on a number of factors such as the 

manner of radical production, the inertness 

of the solvent and reagents with respect to 

the spin trap, the lifetime of the spin ad- 

ducts, how much or what kind of deoxy- 

genation (if any) is required. Usually 

deoxygenation by bubbling purified 

nitrogen or argon gas through the solution 

is sufficient for spin-trapping purposes. In 

some cases degassing by the freeze-pump- 

thaw vacuum technique is necessary if a 

very low oxygen level is required or if 

volatile reagents are involved. 

An apparatus that has proven rather 

generally useful for us inspin trapping and 

other organic applications of electron spin 

kT 

R- + TRAP —» SA: 

Free 

Radical 

: (eq. 1) 
Spin 
Trap 

Spin 
Adduct 

O- 

R: + R-N=O ——® ppp (ea: 2) 

0 
R: + —‘C=N-R, ——> 

see (eq. 3) 
R, 

Roane 
R, O- 
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resonance is shown in figure |.!* This con- 

sists of a“U”-tube (a) which connects via a 

7/25 tapered ground-glass joint toa Varian 

“flat cell” [Fig. 1 (b)] for aqueous or high 

dielectric solvents, or to a standard ESR 

round cell [Fig. | (c)] if a low dielectric 

(nonlossy) solvent is used. In a typical ex- 

periment one positions the “U-tube ver- 

tically and a solution of the spin trap is 

placed in one chamber of the “U”-tube and 

the radical producer in the other. The 

chambers are stoppered with rubber septa 

through which long (#18 or #20 ) syringe 

needles are inserted. A stream of purified 

nitrogen or argon gas is then passed 

through the solutions for 15-30 minutes. If 

a flat cell is used it may be attached during 

the outgassing procedure since the gas can 

escape through the opposite end of the cell. 

Since the round cell has no secondary 

opening it must be flushed with nitrogen or 

argon gas just prior to attachment to the 

“U”-tube. When outgassing is complete the 

system is stoppered and the contents of the 

“U-tube and sample cell are thoroughly 

mixed and shaken down into the ESR cell, 

which is inserted into the microwave cavity 

of the ESR spectrometer. Relatively simple 

modifications of this basic experimental 

design allow the use of vacuum degassing, 

three- (or more) component mixing, etc. 

SPIN TRAPS 

As mentioned earlier spin traps are 

usually either nitroso compounds or nit- 

rones. By far the most popular nitroso 

compound has been 2-methyl-2-nitroso- 

propane or, trivially, nitroso-rert-butane 

(NtB). Nitroso compounds have an in- 

herent advantage over nitrones for radical 

identification in that the added group lies 

immediately adjacent to the nitroxide 

center and therefore can easily give rise to 

additional hyperfine splitting. For exam- 

ple, reaction of ethyl radical with NtB gives 

the ethyl adduct of NtB (NtB-Et) (eq. 4). 

The ESR spectrum of this nitroxide [Fig. 2 

(a)] shows the unpaired electron resonance 

split first into three lines of equal intensity 

by interaction with the nitrogen (nuclear 

spin= |) and then into three lines ofa 1:2: 1 

intensity ratio by interaction with the two 

equivalent methylene hydrogens of the 

ethyl group. A long-range splitting from 

the methyl hydrogens shows up asa 1:3:3:1 

pattern superimposed on the nine major 

lines and helps to identify the radical 

trapped. 

The nitrone which has been used most in 

spin-trapping studies is phenyl N-zert-butyl 

nitrone (PBN). This is probably due to the 

fact that it has a good shelf stability, has 

been commercially available for a long 

time, and was the first nitrone to be used in 

this manner. However, PBN does not dis- 

tinguish between alkyl radicals particularly 

well, its spin adducts generally consisting 

of triplet of doublets with a relatively small 

variation in the doublet splitting as a func- 

tion of trapped radical. An example of a 

typical ESR spectrum is shown in Fig. 2 

(b) for the ethyl adduct of PBN (PBN-Et) 

(ec): 

A nitrone which has shown more sen- 

sitivity to the structure of the radical is 5,5- 

dimethyl-1-pyrroline-N-oxide (DMPO), 

CH; +H 

HL 
o 

DMPO 

introduced by Janzen in 1972.'3 Examples 

of the spectra obtained on trapping 

different types of radicals with DM PO are 

shown in Fig. 3. 

It is interesting to consider the origin of 

the variation in the proton hyperfine split- 

ting observed as a function of structure of 

the trapped free radical. The magnitude of 

this interaction is governed by the Heller- 

McConnell equation (eq. 6),'* where By 

and B, are constants (B) = 0 and B, = 26 

Gauss for nitroxides) and @ is the dihedral 

angle formed by the C-N p-orbital and the 

N-C BH planes (Fig. 4). Thus, each group 

R added to the spin trap will have different 

stereoelectronic characteristics and will 

therefore give rise toa different value for 8. 

The spin trap DMPO is structured so 

that the conformation of its adducts places 

the B-hydrogen in a nearly eclipsing rela- 

tionship with the nitrogen p-orbital (7.e., 6 

is small and Ayg is large). As a result, 

small changes in the bulk of R* give rise to 

relatively large variations in Ay. This is 

illustrated in the “scatter plot” of Aj vs. 

(b) 
Paz ) 

(a) (c) 
Figure 1 

x x = impurity 

10 
Gauss a 

(eq. 4) 

(CH, ),C¢-N-CH,CH, 
NtB-Et 

CH,CH, 
i 

(Oper cH) oO: 

PBN-Et 

A Bo + 8B, cos?6 (eq. 6) HB = 

AH for a number of adducts to DMPO 

(Fig. 5). In this kind of plot, the better the 

scatter the better is the spin trap for pur- 

of identification of the trapped 

radical. The range of hfsc’s for the same ad- 

ducts to PBN is indicated on the plot. 

poses 

in 
(CH,),C-N-C,H, 

(a) 

Gauss 

Oo /C.Hs 
(CH,),C-N-CH 

Figure 2 

o-z 

Figure 3 
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<—_> R-N-N-R (eq. 7) 

O=N-OC(CH,), (eq. 8) 

Me:COH (.) 

n-PrCHOH 

MeCHOH 

Oe Cn 

a Et n-Bu 
C,H, Ola! 

ae 

Figure 4 

OTHER SPIN TRAPS 

The three spin traps discussed above 

have been the ones most utilized by 

researchers up to this point. Although a 

great deal of tailored synthesis has been 

done for the technique of spin labelling,!> 

very little has been done to configure spin 

traps to suit the exact problem under in- 

vestigation. With the advent of in- 

vestigational activity in the biological area, 

it is likely that this situation will be chang- 

ing over the next few years. 

A number of other traps have been used 

in problems investigated by spin trapping, 

particularly in the early days of the 

development of the technique.*!¢ These 

will not be discussed specifically, but the 

structures of some of these traps are shown 

in Figure 6. 

Janzen has recently published the 

preparations of a number of traps which 

seem to be quite good for trapping hydrox- 

yl radicals.!’ 

RELATIVE MERITS OF NITROSO 
VERSUS NITRONE SPIN TRAPS 

Earlier it was mentioned that nitroso 

compounds are generally more capable 

than nitrones of providing a “fingerprint” 

of the trapped radical because the added 

Aldrichimica Acta, Vol, 12, No. 2, 1979 
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group lies closer to the unpaired electron 

center. However nitroso compounds have 

the disadvantage of being both thermally 

and photochemically unstable, !!°16°18 In 

addition they possess a low-energy visible 

absorption band which makes it nearly im- 

possible to use them for photochemical 

studies. One of the consequences of this in- 

stability is that the ESR spectra of spin ad- 

ducts of nitroso compounds invariably 

show the presence of impurity nitroxides 

which may obscure certain regions of the 

spectra and hinder interpretations. It 

should be noted that aromatic nitroso com- 

pounds show much more desirable proper- 

ties in this regard.!6” 

There are other problems associated 

with the use of nitroso compounds in spin- 

trapping applications. Nitroso compounds 

have a tendency to form dimers which are 

inert towards radical trapping (eq. 7).!6” 

Thus, in any quantitative applications it is 

necessary to take this equilibrium into ac- 

count. Nitroso compounds seem somewhat 

unreliable in spin-trapping applications in- 

volving oxygen-centered radicals. For ex- 

ample, it has been shown!8 that the tert- 

butoxy adduct of NtB is unstable, decom- 

posing to give a tert-butyl radical and tert- 

butyl nitrite (eq. 8). 

Me R = -CH,OH 
Me-C-N=O -C-Me 

1 1 
R oO 

R,C—N=C R = -CO,Et 

Tei R, =H; R, = Me 
7 R; R, =H; R, = Ph 
1 R, = R, = Me 
o- 

Me Me F F 

N=O F N=O 

Me le F F 

R = -t-Bu 

R -OMe 

: -CO,Me R N=O oe, 

-C.H; 
B -NO, 

t -Bu t-Bu cna = 
t -Bu t-Bu 

Me 

R= -C-CH,0H 

Sai B CH,OH 

\ Me 
o- R= -C-CH,0H 

Me 

Me 10) Me 

ges ee 

Me 

Me 

n- XX, 
t-Bu 

l= 

Ar Oo 

+0 

© 
Oye a) N- 7 ~CraHes 

Me Figure 6 
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In contrast to nitroso compounds, 

nitrones have absorption bands firmly in 

the ultraviolet which render them suitable 

for a number of photochemical studies. In 

general, use of wavelengths longer than 

300nm completely avoids direct photolysis 

of the spin trap. Indeed, photolysis of 

benzene solutions of PBN for over two 

hours with a low-pressure mercury lamp 

gives no detectable ESR signal.'? Nitrones 

are monomeric and, to my knowledge, 

show no tendency to dimerize. Many of 

the spin adducts produced from nitrones 

are stable for long periods (the phenyl spin 

adduct of PBN has a half-life of several 

weeks; the dodecyl adduct, several years!’). 

The most serious disadvantage of nitrones 

is their tendency to undergo reactions with 

nucleophiles. A weak signal of the acetox yl 

adduct of PBN can be detected from reac- 

tion of sodium acetate with PBN.2° This 

probably arises from nucleophilic addition 

of acetate to PBN with subsequent oxida- 

tion of the anion produced (eq. 9). 

One concludes from this discussion that 

there is no such thing as the ideal spin trap. 

One trap will be good for a given applica- 

tion and another will be good for a 

different application. It seems, therefore, 

that it would be good to have a kit of spin 

traps from which a researcher could select 

the trap appropriate for his experimental 

needs. This is one of the reasons that I hope 

the custom design of spin traps will 

accelerate in order that a larger number of 

spin traps will become available. 

SPIN ADDUCTS 

The spin-trapping reaction has been 

studied extensively within Janzen’s group 

and a review of this aspect of spin trapping 

has appeared.?! A large number of rate 

constants have now been determined for 

the formation reaction (eq. |) principally 

by Janzen, Evans, et al.?? and by Schmid 

NaOC-CH, + PBN ——p» 
fo) 

9: (eq. 9) 
(CH, erven-{()) 

OccH) 
fo) 

(CH),cO + PBN ——p» 

O- 

(njorvon)) (eq. 10) 

OC(CH;); 

2 -C-N-G- ———_p 
O- 

i (eq. 11) 
-¢-N-C- + C=N-C- 
(CRT 4 ie ar 

H OH oO 

and Ingold.?3 A limited amount of data has 

been made available by other workers in 

the field?4. This rate constant data is sum- 

marized in Table I. 

All rate constants for the spin-trapping 

reaction have been measured either by 

direct competition or by determining a rate 

constant ratio in which some other rate 

constant is a “known” quantity. Thus, it is 

doubtful that any spin-trapping rate con- 

stant is correct to better than a factor of 2 

and a safer margin of error would be to say 

that the listed quantities are correct to 

within an order of magnitude. All values so 

far fall in the extremes of | x 105 to 5 x 108 

M7! sec". 

It is appropriate to remark that pre- 

liminary flash photolysis-ESR results?5 on 

the system fert-butoxy-PBN (eq. 10) in- 

dicate ak! = 2 x 106 M~! sec”! at 25°, in 

good agreement with the earlier work of 
ab 

Janzen and Evans.? 

Very little information on activation 

parameters has been obtained for the spin- 

trapping reaction, but it appears that 

energies of activation will fall in the range 

of 1-5 kcal/mole.23” 

DECAY OF SPIN ADDUCTS 

A number of decay routes are possible 

for spin adducts. In the following discus- 

sion, some reference will be made to nitrox- 

ides which are not spin adducts, per se. 

However, it is felt that data which is 

available for these nitroxides has a bearing 

on the decay of spin adducts. 

Spin adducts which have a hydrogen at- 

tached to the a-carbon can decay by dis- 

proportionation (eq. 11). The mechanism 

for this decay pathway has been worked 

out by Ingold and co-workers.?¢ For 

diethyl nitroxide, the decay involves the in- 

itial formation of a dimer which decom- 

poses to products. The decay is rather fast 

(k = | x 104 M7! sec"! at 25° in benzene). 

For more substituted nitroxides, the decay 

is slower (n-hexyl tert-butyl nitroxide: k < 

100 M~! sec"! at 40° in benzene)23" and is 
probably “a straightforward dispropor- 

tionation not involving the formation of an 

intermediate dimer.”26 Indeed, the 

decrease in decay rate seems to continue as 

the degree of substitution and size of at- 

tached groups increase.!%?’ In fact some 

spin adducts are so stable they are at least 

partially isolable.!%27 

In preliminary work aimed at studying 

the effect of the size of the added radical on 

spin adduct lifetime, I have compared the 

relative persistence of the phenyl adduct of 

PBN (I) and the dodecyl adduct of PBN 

(II). The phenyl! adduct has a half-life of 

several months in benzene whereas the 

6 
or 

dodecyl adduct evidently has a half-life of 

several years.!9 Similar results were ob- 

tained for the phenyl and dodecyl adducts 

of DMPO, although these adducts were 

much less stable.!9 

TABLE I. RATE CONSTANTS FOR THE SPIN-TRAPPING REACTION 

kT 

R- + TRAP ——» SA: 

Spin Trap Radical WIE®) kT (M-1sec-1) Reference 

PBN t-BuO- 25 5 x 106 22,44 
Ph: 25 2x 107 22,44 
BzO: 40 SexaOg 22,44 
CH;° 25 4 x 106 22,44 

RCH,: 40 eS} << TOE 23 

DMPO t-BuO- 25 4x 108 22,44 
Phis 25 7 x 107 22,44 
BzO: 40 8 x 107 22,44 

PhCH,° 25 2 x 107 22,44 
RCH: 40 2.5 x 106 2 

NtB t-BuO> 25 2 x 106 22,44 
CH30; -45 1.3 x 108 24e 

(CH3)3;0C=O 40 1 x 106 24a 
RCH,: 40 9 x 106 23 
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It may not be too obvious to remark that 

the stable nitroxides used for spin labels are 

almost exclusively those in which all of the 

hydrogens on the a-carbons have been sub- 

stituted. 

There are some other ways in which the 

spin adduct can decay. One of the most 

common is by means of a reduction of the 

spin adduct (shown formally in equation 12 

as reaction of the nitroxide with a 

hydrogen atom). The observation of this 

reaction is becoming more common now 

that the use of spin traps in biological 

systems is increasing. This is, of course, 

because of the endogenous reducing agents 

present in many biological preparations. 

The most common reductant is ascorbate, 

but there may be others (such as dithionite) 

which are not naturally occurring, but may 

have been added in the preparative pro- 

cedure. One positive aspect of the disap- 

pearance of spin adduct due to reduction is 

that the skeletal structure of the adduct is 

generally preserved. Therefore, it may be 

possible to regenerate the ESR spectrum 

by means of an appropriately chosen ox- 

idative procedure. It might even be possible 

to isolate the reduced adduct and to study it 

by other techniques such as NMR. 

It is, of course, possible to oxidize 

nitroxides?’ (eq. 13), but this appears to be 

less common than reduction, particularly 

in biological systems. It may well be that 

nitroxides which have been one-electron 

oxidized undergo 

cleavage than are the reduced species. If 

this is the case, skeletal integrity will not be 

preserved and it will be difficult to 

regenerate the original nitroxide. 

are more prone to 

Spin adducts may decay by means of 

cleavage of a portion of the nitroxide as a 

free radical. This was mentioned earlier for 

the tert-butoxy adduct of NtB (eq. 8). This 

may also be a problem when certain groups 

which add to the spin trap contain weak 

chemical bonds (e.g., -O-O-, -N=N-). For 

example, alkylperoxy radical adducts of 

PBN are difficult to observe except at low 

temperatures.2? One exception was the ad- 

duct derived from n-C,,H3,0,° and PBN, 

which was observed at room temperature. 

The decay pathway for these adducts may 

well involve breaking of the O-O bond. At 

room temperature, alkoxy radical adducts 

are observed instead of alkylperoxy ad- 

ducts (eq. 14). 

SELECTED APPLICATIONS OF 
SPIN TRAPPING TO BIOLOGY 

The presence of free radicals in bio- 

logical systems has been postulated for 

some time. Conventional ESR has not 

been heavily utilized to study these radical 

processes because of the short lifetime and 

consequent low concentrations of the free 
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O- 

. 14 Ban (eq. 14) 

OR 

non radical CH-N-C(CHs), 
products O- 
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HO . 

(eq. 15) 
Rie 

Se ae (and similar radicals) 

radicals involved. In recent years spin trap- 

ping has spurred interest in the application 

of ESR to biological problems and several 

successful studies have been reported. One 

of the more common kinds of studies con- 

cerns free radicals produced by high- 

energy radiation of aqueous solutions of 

peptides,*? amino acids,3! nucleic acids,” 

etc., in the presence of a spin trap. These 

have been discussed in some detail in a re- 

cent review.?3 

In this article I will briefly discuss the 

application of spin trapping to the study of 

lipid peroxidation and to the detection of 

superoxide (O,+) and hydroxyl radicals. 

This is in no way intended to be a com- 

prehensive review. These papers and others 

are discussed in considerably greater detail 

in the review by Janzen.*? 

LIPID PEROXIDATION 

In one of the earliest applications of spin 

trapping to a problem of biological in- 

terest, de Groot et al. examined the pro- 

duction of radicals in the anaerobic reac- 

tion of lipoxygenase with linoleic acid us- 

ing 2-methyl-2-nitrosopropanol (HONtB) 

cH, 
HOCH,C -N=0 

CH, 
HONtB 

as spin trap.44 The nitroso alcohol 

(HONtB) was chosen as spin trap because 

of its greater solubility in water over NtB. 

The reaction of interest in this work was 

the formation of dimeric linoleic acid 

which was shown to require hydroperoxy- 

linoleic acid. Garssen et al.35 had proposed 

a mechanism for this dimerization in- 

volving a linoleic acid radical. When lino- 

leic acid was incubated aerobically with 

lipoxygenase and HONtB an ESR spec- 

trum consisting of a triplet of doublets was 

observed. The ESR spectrum indicated an 

interaction of the unpaired electron with a 

nitrogen (Ay 16.0 Gauss) and a proton 

(Ay 2.0 Gauss), consistent with the basic 

structure III. The reaction could also be 

CH, 1 
HOCH,C ——N-C-H 

CH, O- 

carried out anaerobically without the en- 

zyme. In this experiment, a degassed solu- 

tion of linoleic acid and spin trap was 

prepared and mixed with a degassed solu- 

tion of hydroperoxylinoleic acid. An ESR 

spectrum identical with the one described 

above was obtained. 

The workers were able to assign a more 

precise structure to the radical giving rise to 

the ESR spectrum by means of exper- 

iments using deuterated linoleic acids. 

When 11,1 1-d,-linoleic acid was used in 

place of linoleic acid the ESR spectrum was 

unchanged. However, when either 

9,10,11,11,12,13,-d,- or 9,10, 12, 13-d,-lino- 

leic acids were used, the doublet splitting 

disappeared and the ESR spectrum con- 

sisted of three lines. The authors concluded 

that a linoleic acid radical at either C-13 or 

C-9 appeared to have been trapped. Of 

course, there is no a priori reason to ex- 

clude trapping at C-10 or C-12. Radicals 

derived from addition reactions to the dou- 

ble bond (eq. 15) are consistent with the 

above experiments whereas radicals deriy- 

ed from hydrogen abstraction at C-11 are 

not. 

Other experiments carried out with 

deuterated compounds established that the 

radical was derived from linoleic acid and 

not from the hydroperoxide. 

It should be reemphasized at this point 

that nitroso compounds are notoriously 

unreliable as traps of oxygen-centered 

radicals. It would perhaps be advisable to 

reinvestigate this system using nitrone spin 

traps to see if other radicals present in the 
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es N~ ‘H (eq. 16) 
' 
oO- 

CH,-N: = +N-CH, (eq. 17) 

CHs-N: EX 3N-CH, eae Os Oe CH,-N’ VY \N-cH, (eq. 18) 

enzyme 
ANOS ————— ArNO, 

(eq. 19) 

ArNO, + O, —® ArNO, + O7 

reaction could be detected. This system was 

reexamined recently, but again, only a 

nitroso trap was used.3¢ 

Perhaps the most powerful application 

of spin trapping to the lipid peroxidation 

area has been due to Piette and co- 

workers.3’7 These workers have explored 

radical production in rat liver microsomes 

using both PBN and DMPO as spin traps. 

The liver microsomal NADPH-dependent 

lipid peroxidation system was shown to 

produce free radicals from a variety of sub- 

strates, viz., methanol, ethanol, propanol, 

acetone, acetonitrile, DMSO, linoleic acid 

and the well known carcinogens, di- 

methylnitrosamine and_ diethylnitro- 

samine.37° The authors also showed that a 

good signal could be obtained when the 

common buffering agent, Tris, was used. 

This latter result further demonstrates that 

all components of the system must be 

checked in order that the true source of 

radicals giving rise to a particular spin ad- 

duct be identified. 

Lai and Piette37” have also demon- 

strated hydroxyl radical production in the 

microsomal system. 

SUPEROXIDE DETECTION 

Singly-reduced oxygen, superoxide 

(O,*), has been postulated as an in- 

termediate in a host of biochemical redox 

reactions. Because of its importance, a 

great deal of attention is being paid to the 
detection of superoxide anion by spin trap- 
ping.33 

The first paper in this area was the paper 

by Harbour and Bolton,38 who studied 

superoxide production in spinach chloro- 

plasts. Indeed, it now appears that this 

paper was the one which triggered much of 

the current interest in spin-trapping 

applications to biological problems. 

Harbour and Bolton found that red light 

(A >600nm) illumination of spinach 

chloroplasts in the presence of DMPO (eq. 

16) resulted in the production of an ESR 

signal identical to that previously 

observed?? for the hydroperoxy radical ad- 

duct of DMPO. Oxygen was required for 

the reaction and the observed signal was 

much larger in the presence of methyl 

viologen, a species known to accept elec- 

trons from the primary acceptor of 

photosystem I. The methyl viologen func- 

tions by taking the electron from the 

photosynthetic chain and forming the 

methyl viologen radical cation (eq. 17). 

This radical in turn reduces molecular oxy- 

gen to form the superoxide radical (eq. 18). 

A recent work from the National 

Biomedical ESR Center describes the de- 

tection of superoxide during the aerobic 

liver microsomal reduction of nitro com- 

pounds*? (eq. 19). Both DMPO and PBN 

were used as spin traps. The mechanism for 

production of superoxide is very similar to 

that given above for methyl viologen. 

Buettner and Oberley have published a 

paper in which lifetimes of the O,* (or 

HO,:) adduct of DMPO were measured 

under a variety of conditions.4! A method 

for quickly purifying the commercially 

available DMPO is presented. This paper 

should prove to be valuable since it aids in 

defining the limits of observation of 

superoxide by spin trapping. 

HYDROXYL RADICAL 

TION 

Hydroxyl radical is one of the most 

powerful oxidizing radicals occurring in 

biological systems. DMPO and PBN have 

been shown?’ to be effective traps for this 

radical. 

DETEC- 

One of the more intriguing observations 

of hydroxyl has been in the Fe*?-bleo- 

mycin-DMPO system.‘ Bleomycin# is a 

multifunctional anticancer antibiotic 

known to induce strand breakage in DNA. 

The efficiency of strand breakage is 

markedly increased when reducing agents 

are added. 

When a solution of FeSO,, bleomycin 

and DMPO is placed in the cavity of an 

ESR spectrometer the characteristic signal 

of the hydroxyl radical adduct to DMPOis 

observed. Control experiments venfy that 

the entire system is necessary to produce 

the signal, i.e., Fe*? or bleomycin alone 

with DMPO does not give rise to the ESR 

spectrum. The authors propose that the 

hydroxyl radical is the actual toxic species 

giving rise to the DNA strand breaks. 

These strand breaks are somewhat “site- 

specific” because bleomycin is bound to 

DNA and the hydroxy! radical is released 

in the vicinity of the site of strand breakage. 

SOME CAUTIONARY NOTES TO 

PRACTITIONERS OF SPIN TRAP- 

PING 

It seems to be somewhat of a law of 

nature that the easier a technique is to per- 

form, the more subject to abuse are the in- 

terpretations of the results. Spin trappingis 

in most cases rather easy to do experimen- 

tally and, accordingly, may well fall under 

the jurisdiction of the above law. It seems 

appropriate, therefore, to lay out some 

guidelines which may be helpful in 

avoiding some of the more common pit- 

falls. 

1. The observation of an ESR 

signal in a spin-trapping experi- 

ment is not prima facie evidence 

that one has trapped the radical of 

greatest interest to the researcher. 

Thus, the highest priority in any spin- 

trapping experiment is assignment of the 

ESR signals). 

2. The observation of a spin adduct 

corresponding to the radical of 

greatest interest to the researcher 

does not necessarily mean that the 

ESR signal arose by means of the 

pathway of greatest interest to the 

observer. 

Considerable testing needs to be done to 

assure that the spin adduct did indeed get 

there by the proposed mechanism. One 

simple test is to vary the concentration of 

the spin trap to determine the kinetic order 

of the reaction in spin trap. It should be 

quite general that the overall reaction 

should tend toward zeroth order in spin 

trap as the concentration of spin trap is in- 

creased.*4 It may not be too obvious to 

remark that observation of zero order 

dependence of spin trap is not 100% 

assurance of the radical nature of the ad- 

duct formation. It is, however, a step in the 

right direction. 

3. Corollary to #1. The lack of 

observation of an ESR signal does 

not mean that the radical of in- 

terest is not present. 

It may be that the spin adduct is un- 

stable, the trapping rate is too slow relative 

to other pathways for the radical, or there 

might be a number of other reasons for the 
J 
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[ failure to observe the adduct of interest. 

Some ideas for dealing with this and the 

other problems above are discussed in 

Janzen’s review.*3 

To summarize, spin trapping is a power- 

ful technique for the indirect ESR observa- 

tion of many reactive free radicals. As with 

all techniques, some care should be taken 

to cross-check results whenever possible. 
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New Synthetic Reagents 
and Reactions * 

I. INTRODUCTION 
Synthetic organic chemistry encom- 

passes, besides multistep synthesis of com- 
plex target molecules (frequently natural 
products with specific stereochemistry), 
the development of simple, basic reactions 
and new methods for carrying out in- 
dividual steps or preparing products. 

It is in this latter area that our synthetic 
investigations are centered, encompassing 
the study of basic (unit) reactions as well as 

development of new reagents. 

Il. NITRATION 
Conventional nitration! of aromatic 

compounds uses mixed acid (mixture of 

nitric and sulfuric acid). In the reaction the 

water formed dilutes the acid; further, due 

to its strong oxidizing ability, mixed acid is 
ill-suited to nitrate many sensitive com- 
pounds. It also presents serious problems 
in spentacid disposal. We have developed a 
series of efficient new nitrating agents and 
methods to overcome these difficulties. 
Readily prepared and isolated stable 
nitronium salts, such as NO3BF; and 
NO;PF5, nitrate aromatics? in organic 
solvents generally in close-to-quantitative 
yields. Alkyl nitrates, such as MeONO,,3 
BuONO, or acetone cyanohydrin nitrate, 
Me,C(CN)ONO,,é with BF, as catalyst are 
similarly effective and more selective 
nitrating agents. The powerful nature of 

ArH + NO,PF, — ArNO, + HPF, 

ArH + CH,ONO, —?-y» ArNO, 
or 

(CH,),c(CN)ONO, 

*Based on Lecture given upon receipt of the American 
Chemical Society Award for Creative Work in Syn- 
thetic Organic Chemistry, 1979, sponsored by the Al- 
drich Chemical Company, delivered at the ACS/CSJ 
Chemical Congress in Honolulu, Hawaii, April 4, 1979 
(Paper ORGN 236). 

©1979 by Aldrich Chemical Company, Inc. 

nitronium Salts as nitrating agents enables, 
for example, even trinitrationS of benzene 
to trinitrobenzene. 

NO, 

NO,*BF,- 

in FSO3H 
O,N NO, 

Nitro-onium ions, such as C;H;N*NO,, 
readily prepared®’’ from suitable donors 
and nitronium salts, act as convenient 
transfer nitrating reagents in generally 
selective, clean reactions. Transfer nitra- 
tions are equally applicable to C- as wellas 
to O-nitrations allowing, for example, safe, 
acid-free preparation of alkyl nitrates and 
polynitrates from alcohols (polyols). 

George A. Olah 
Hydrocarbon Research Institute 

and Department of Chemistry 
University of Southern California 

Los Angeles, California 90007 

NO, (7 
ArNO, + < YU Pr (Br) 

NG 
H 

= 
R-OH + | ———_» 

a 

R~ ~NG 
NO, BF, | a 

RONO, + NZ 
R i+ ae 

H BF, 

Professor George A. Olah (right) receiving the ACS Award for Creative Work in Synthetic Organic 

Chemistry sponsored by Aldrich, from Dr. Irwin Klundt, vice-president of Aldrich. 
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A new nitration system in the form of 
nitrosonium (NO)* salts in DMSO was 
developed.? The S-nitro = S-nitrito 
equilibrium was also directly observed by 
13C and 'SN NMR spectroscopy. 

CH,S-0 +NO = CH;S-ONO 
CH, CH, 

1 

Arno, <“— CH,;S-NO, 
CH, 

Solid superacid catalysts, comparable to 
or stronger than sulfuric acid, play a 
significant role in replacing conventional 
liquid acid (protic and Friedel-Crafts-type 
Lewis) catalysts in developing novel, clean, 
heterogeneous reactions. In the case of 
nitration, not only were alkyl nitrate 
nitrations carried out in this way, but also 
the azeotropic nitration of aromatic com- 
pounds with nitric acid was developed*5 
over solid perfluorinated sulfonic acid 
catalysts (Nafion-H). 

ArH + HNO, —N2fionH ys arno, + H,0 

Water formed is continuously azeotroped 
off by excess of aromatics, thus preventing 
dilution of acid and allowing its extensive 
utilization. 

Electrophilic nitration of olefins is also 
readily carried out®“ with nitronium salts in 
pyridinium polyhydrogen fluoride as sol- 
vent. The reaction gives high yields of 
nitrofluorinated alkanes which subse- 
quently can be dehydrofluorinated to 
nitroolefin. 

eee x es 

Soa oT = Beas 7 \ _ pyridine- E 
NO, 

Some of the characteristic reactions of 
NO} and NO+tsalts are depicted in Figures I 
and II, respectively. 

Figure I. 

ArNO, 
R,C-NO, + RNO, 

RONO, ROH 

RCOONO, 
RCH=CH-NO, 
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Il. HALOGENATION 
Fluorination of organic compounds still 

requires special techniques not generally 
feasible in the average laboratory. Reac- 
tions with the industrially most generally 
used and inexpensive fluorinating agent, 
anhydrous hydrogen fluoride, must be 
carried out under pressure in special equip- 
ment due to its relatively low boiling point 
(20°C) and corrosive nature. 

We have found a simple way to enable 
carrying out anhydrous hydrogen fluoride 
reactions at atmospheric pressure in or- 
dinary laboratory equipment (polyolefin 
or even glass) — by using the remarkably 
stable complex formed between pyridine 
and excess hydrogen fluoride. HF (70% 
w/w) and pyridine (30%) form a liquid com- 
plex, C;H;NH*(HF);F-, showing little 
vapor pressure at temperatures up to 

60°C.8° The reagent (pyridinium 
polyhydrogen fluoride) thus enables’°~ 
one to carry out a wide variety of synthet- 
ically very useful fluorination reactions at 
atmospheric pressure under very simple ex- 
perimental conditions. Examples of the 
usually high-yield reactions are: 

Hydro- and Halofluorination of Olefins 
and Acetylenes 

C<HsNH(HF),F H EE See 
poaeN 

NS A ls = ———— ~- Ze X=Cl, Br ey 

Figure Il. 

R,N-NO 
R'+N,+H.O H.0 

Fluorinations with Pyridinium 
Polyhydrogen Fluoride 

RNCO —CoSNH(HF)F RNHCOF 

ROH ——>_— RF 

x O 
RCH > ae RCHF, 

R,CN, a R,CHF 

RCOCHN, ———® RCOCH,F 

Where X and Y = Cl, Br, | 

Deaminative Fluorination Reactions in 
Pyridinium Polyhydrogen Fluoride 

Solution 

NaNO, 

ArNH, ————>_ ArF 
CsHsNH(HF),F 

nae NaNO é 
RCHCO,H ———® RCHCO,H 

NaNO. 
ROCNH, a ROCF 

re) oO 

The pyridinium polyhydrogen fluoride 
reagent is also very convenient for the in 
situ preparation of inorganic fluorides such 
as SF,.? Due to the good solvent properties 

CsH<NH(HF),F oe 
oe eR.Ce 

of pyridinium polyhydrogen fluoride, SF, 
fluorinations can be carried out in situ at 
atmospheric pressure. 

ArN, 

S,Cl, SF, 

SbCl,oBF, 
or PFS 

ee 
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An alternative reagent, selenium tetra- 

fluoride (SeF,), which has an atmospheric 
boiling point of 106°, was also developed.!° 
Fluorination of ketones, aldehydes, etc., 
proceeds in high yield. Since selenium com- 
pounds are generally toxic, the reagent 
must be handled with great care. 

Hee Ses R,CF, 

Cyanuric fluoride, another easily prepared 

fluorinating agent, is particularly advan- 
tageous in the preparation of acyl 
fluorides, including formyl] fluoride.!! 

9 n—¢ 
3R-C-OH + FV a 

F 

OH 
g i 3R-C-F + HO N a 

H 

Uranium hexafluoride depleted of U5 is 
an abundant by-product of enrichment 
plants. It was found’? to be highly soluble 
in fluorocarbons and halofluorocarbons, 
thus allowing its convenient use in 
atmospheric-pressure fluorination reac- 
tions (as well as in oxidations, vide infra). 

O 
UF, 

CF,CICFCI, 

F 

F 

9 UF, i 

RC-H SS > RC-F 

Due to the high carcinogenic activity of 
chloromethyl! ethers,!? chloromethylation 
reactions have presented significant prob- 
lems in recent years. A simple substitute for 
the preparation of chloromethylarenes is 
the selective side-chain chlorination of 
methylarenes. Whereas many radical 
chlorinations are known, an exceedingly 
simple and efficient PCl,-catalyzed side- 
chain chlorination of alkylbenzenes (and 
alkanes) was found.!4 

CH, CH,CI 
1% PCI; } 

An alternative chloromethylating agent, 
1-chloro-4-chloromethoxybutane, _ react- 
ing via oxygen participation to give 
tetrahydrofuran as the by-product, is also 
very effective.!5 

ZnCl, 
SnCl, 

-HCI 

ArH + CICH,O(CH,),CH,CI 

ArCH,Cl + THF 

IV. ALKYLATION 
In the Friedel-Crafts alkylation method 

using aluminum chloride or related metal 
halide catalysts, complex mixtures of 
products are generally formed due to con- 
secutive and concurrent polyalkylation 
and isomerization-disproportionation 
processes. They are promoted by extensive 
carbocationic complex formation with the 
catalyst.!6 

In order to avoid much of the side reac- 
tions and complex formation that neces- 
sitate aqueous acid/caustic workup (gen- 
erally accompanied by loss of the catalytic 
halide), high-acidity solid acid catalysts 
which allow clean heterogeneous reac- 
tions without workup problems have been 
used increasingly. My group!’ has found of 
particular utility, solid perfluorinated sul- 
fonic acids such as the acid form of 
DuPont’s ion-membrane Nafion resin 
(Nafion-H) or longer-chain perfluorinated 
alkanesulfonic acids such as perfluoro- 
decanesulfonic acid (PDSA). If needed, the 

Solid Superacid Catalysts 

-{CF,- Cr} (0cr,-c Fn 
Oo 

(CF,),S0,H 
Nafion-H 

CF,(CF,),SO,H 
PDSA 

acidity of these acids, which is similar to 
that of liquid Magic Acid® (FSO,H-SbF;), 
can be further increased by complexing 
with higher-valency fluorides such as SbF,, 
TaF,, and NbF..!8 

Alkylation of aromatics with olefins, 
alkyl halides, alcohols (including methyl 
alcohol), esters and the like takes place 
with ease over these catalysts.!9 

ArR’ 

[arcH(cH,)R] 

Transalkylation of aromatics with di- or 
polyalkylbenzenes can be carried out with 

equal ease.7° 

C,H, + R'R'C,H, ————> 

C.H,R’+ R" C,H; 

Solid superacid catalysts of the Nafion- 
H type also efficiently catalyze various 
reactions such as esterification, ketal 

(acetal) formation, Diels-Alder reactions, 
pinacol-pinacolone rearrangement and 
hydration of alkynes.?! 

9 
-C 

Oo 
iy ' 

R-C-OH + R'OH Nation R-C-OR 

° 
R-C-R’ + MeC(OMe), “tty 

QMe OMe 
R—CZR 

CH,—XH 
i] 

R-C-R’ + | 
CH,—XH 

Nafion-H 

xX XxX 
Ss R—C—R’ 

ne és IC Nafion-H rs GG 

SS 

X=0,S 

R R R R LR Nafion-H ; As CR 

OH OH Ona 

Hee 9 
R-C=C-R A R-C-CH,R’ 

2 

For selective laboratory alkylations, we 
have also developed a series of ionic 
alkylating agents. Although Meerwein’s? 
trialkyloxonium and dialkoxycarbenium 
tetrafluoroborate and _ hexachloroanti- 
monate salts (as well as the conveniently 
soluble hexafluorophosphate salts used in 
our work23) are widely used as transfer 
alkylating agents, they lack selectivity and 
generally are incapable of C-alkylation. 

R,OPF, + Nu ——> 

R-Nu + R,O 

Dialkylhalonium salts such as di- 
methylbromonium and dimethyliodonium 
fluoroantimonate, prepared from excess 
alkyl halide with antimony pentafluoride 
or fluoroantimonic acid and isolated as 
stable salts, as well as the less stable 

chloronium salts obtainable in solution, 

2Rx —sehe ys Rx'R+ SbF, 
or SbFs 

RXR + Nu ——P RNu+RX 
R= CHs, CoHs, etc. = l, Br, Cl 

are very effective alkylating agents for 
heteroatom compounds (Nu = R,O, R,S, 
R,N, R;P, etc.), and for C-alkylation 
(arenes, alkenes). As the nature of the 
halogen atom can be varied, these salts 
provide useful selectivity in their alkylation 
reactions.4 

A great variety of other halonium ions 
was also prepared, including the following: 

pies Gd een 
X =I, Br 

Their alkylating abilities were also 
studied .24525 
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Not onl onium ions, rai also carbocat- 
ion salts, can be prepared and used as high- 
ly reactive alkylating agents. The remark- 
ably stable triphenylcarbenium salts are 

| widely used as hydride-abstracting agents 
| and as initiators for cationic polymeriza- 

tions. Using methods developed for pre- 
paring stable carbocations in superacidic 
media and isolating the salts generally by 
addition of Freon-type solvents or by 
evaporation of solvent SO,, SO,CIF or 
SO,F,, we have isolated a series of stable 
salts.26 Typical carbocation salts, general- 
ly isolated as the fluoroantimonates, in- 

clude such simple tertiary ions as the tert- 
butyl and adamanty] cations,2’ as well as 
stabilized secondary ions, such as the nor- 

| bornyl cation. 

(CH,),C SbF 

SbF, 
EES 

SbF. 
. 

A particularly advantageous new tech- 
nique is to carry out alkylation reactions 
with alkyl halides by initiation with 
nitrosonium salts. Using this reaction, a 
very mild form of the Ritter reaction was 
developed.?8 

Formic cinpdnide was also prepared, 
characterized (by NMR and IR spec- 
troscopy), and used as a new formylating 
agent.32 

9 2 ut + - 
H-C-F + NaO-C-H 

fe) 
H-C-OH 

nape 
O 

DCC H—c7 
ether N 

9 SOCIl,, pyridine a 
= oi en nS he 

2 H-C-OH ether i So 

CISO,NCO, Et,N 

ether 

VI. OXIDATION AND OXYGENA- 
TION 

During investigations of oxidation reac- 
tions, including electrophilic oxygenation 
of hydrocarbons, we have studied new oxi- 
dations with higher-valency fluorides 
(UF,, WF,, MoFs, IF; and CoF;),!2.33 per- 
oxy compounds (UQO,°2H,O),34 super- 
acid-catalyzed hydrogen peroxide35 and 
ozone reactions? (i.e., with H,O03 and 
O,H*), as well as oxidations with NO,*.7,37 

In spite of the availability of uranium 
hexafluoride depleted of fissionable 235U 
and its remarkable properties, the study of 

NOPF, 
R-X ——> [Rx nee —ACN _» oe PF; 

-NOX, NOX.Sy2 

poe 

R-NH- ce 

rR] R" 
te 

R = alkyl, aralkyl 

| R’ = Me, Et, Pr, Ph, Bzl He) 
| X=F, Cl, Br, | ne lnc RUNH-C 

| 

V. ACYLATION, SULFONYLATION 
Solid superacidic catalysts of the 

Nafion-H type are also effective in bringing 
about Friedel-Crafts-type acylations with 
aroyl halides.29 Interestingly, acetyl 

ArH+R'coc: —NafionH arcor' 

chloride gives predominantly ketene under 
the reaction conditions. 

Isolated acy] salts, such as acetyl, pro- 
pionyl] and benzoy] salts, as well as similar- 

ly isolated sulfonyl halide-antimony pen- 
tafluoride complexes, are effective 
acylating (sulfonylating) agents.3° 

RCO'’SbF, + ArH ——® ArCOR 

| RSO2F-SbF;+ArH ——> ArSO.R 

Acylation3!* with acyl fluorides, general- 
ly catalyzed by boron trifluoride, also 
allows formylation, as formyl fluoride is a 
stable acyl halide of formic acid. 

ArH+FCHO —22 § ArCHO 

the reactions of UF, with organic com- 
pounds remained virtually unexplored. 
The highly covalent nature of UF, makes it 
particularly suitable for reaction in non- 
aqueous solvents. Stable solutions of UF, 
in chlorofluorocarbons (Freons) or chloro- 
hydrocarbons (methylene chloride or 
chloroform) can be used conveniently as 
they do not attack glass and are generally 
easy to handle. 

Ethers undergo oxidative cleavage to 
form carbonyl compounds and alcohols. 
Furthermore, the direction of cleavage is 
predictable, thus the utility of ethers (such 
as benzyl or benzhydryl ethers) as protect- 
ing groups for alcohols is broadened. The 
oxidation of methyl ethers is of high yield 
and regiospecific. Trapping experiments 
with phenyllithium suggest the inter- 
mediacy of methoxycarbenium ions in the 
reaction. 

RR'CHOMe + UF, ——> RRCHOMeF 
UF; 

tp RRC=OmMe > ReRc-0 
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Benzyl and benzhydry]l ethers are cleav- 
ed to the corresponding alcohols and benz- 
aldehyde or benzophenone, respectively. 

Benzyl alcohols are further readily oxi- 
dized to the corresponding carbonyl com- 
pounds. 

PhCHROH + UF, —P PhCHROHF 
UF; 

— PhCR= OHF eel PhCR=O 
= 4 

Oxidative cleavage of protected car- 
bonyl compounds such as tosylhydrazones 
and N,N-dimethylhydrazones also takes 
place with ease upon aqueous quenching of 
the initially formed UF, adducts. 

UF, RR,C=NN(CH,), Yes RR,C=0 

N, N-Dimethylalkyl(cycloalkyl)amines 
are also oxidized by UF, yielding, upon 
aqueous quenching, the corresponding car- 
bonyl compounds. 

RRCHN-CH, + UF,  —HF_» 
CH ole 3 

RRC=N-CH, —““p RRCO 
CH, 

WE,, MoF,, IF;, and CoF; are capable 
of oxidations similar to those with UF, but 
are considerably less easily available and 
also tend to give more fluorination side 
reactions. 

Both hydrogen peroxide and ozone 
readily protonate in superacids, giving the 
reactive electrophilic oxygenating agents 
H,0*-OH and O=O*-OH, respectively. 

Protonated ozone, upon reaction witha 
tertiary alkane via front-side insertion into 
the C-H bond, gives a very unstable tri- 
oxide which immediately undergoes acid- 
catalyzed cleavage rearrangement leading 
to the corresponding ketone and alcohol. 

Oo. : 
3% +  H  ——P 

HO-0-0 <— HO-0-0 

R 

R  0-0-OH ae 
R-Ciny > 

R 

R R 

R- c- 0-0-OH tabi: R-C- 0-0-0H 

R 

R. +/ 
—__ > pocro + H,0, 

ie 

R,C=O + ROH 
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The reaction can be considered as the 
aliphatic equivalent of the well known 
cumene hydroperoxide reaction giving 
phenol and acetone. 

Protonated hydrogen peroxide similarly 
acts as an electrophilic hydroxylating 
agent, forming alcohols which can react 
further with hydrogen peroxide giving 
hydroperoxides and thus, acid-catalyzed 
cleavage rearrangement products. 

H+ H 
HOOH = HO-OH 

CH Cc ‘ 
cH g-4 HOt» ei 

3 1 -78°C 3 1 “OH 

CH, CH, 

a 
veh H+ vite 

CH;C-OH ——7> CH; C” 
2 CH, CH, 

es 

CH CH, " CH, 
cH 42 cH;-¢ —0-OH 

fro CH, 

CH. 

_DC=0 + CH;OH 
CH; 

Benzene and alkylbenzenes are hydrox- 
ylated to phenols with high selectivity as 
the products are protonated in the acidic 
media and thus, are protected from further 

oxidation. 

ArH = — 2  ArOH + H,0 

The nitronium ion, NO, is generally 

considered to function only as a nitrating 
agent. It was found,’ however, that it 
possesses significant ambident reactivity 
and acts as an oxidizing agent. Dialkyl 
(aryl) sulfides and selenides, as well as 
trialkyl(aryl)phosphines, react with nitro- 
nium salts to give the corresponding ox- 

ides. 

0 ,BF R-s-R Cty R-s-R (PFe) ; 
ro) 

R-Se-Ra oo Riseck 

Oo 

Ripa oe RPO 

Another interesting aspect of our work 
relates to the utilization of stable nitronium 
(NO}) and nitrosonium (NO*) salts, par- 
ticularly the PF; and BF; salts, as mild and 
selective hydride-abstraction and oxi- 
dative cleavage agents.37 Representative 

examples are: 

Ar,CH NO2PFABF) y. arCPF, + [HNO] 

re 9 
Ar-CH,-O-C-R 2.» RC-oH 

ArCH,0H —2-p» ArCHO 

NO, I R;-CH-OCR, ——“p —R,-C-R, 
R, 

pha NO,* 9 
C=N-OH ——2-p& R,C-R; 
R, 

CH, 0 
' N + N + 

RrC=N-CH, ~—""“F » R;C-R, 
R, 

NO R,CHOMe ———®  R,C=0 

(apes 0 
1) NO* or NO,* W 

Siens R-C-R 
2) H,O R°<R ) He 

VII. MISCELLANEOUS REAGENTS 
The utilization of iodotrimethylsilane, 

(CH;),Sil,28 (also studied independently by 
M. Jung?’) and its simplified in situ analogs 

In situ lodotrimethylsilane Reagents 

(CH,),Si-SiCH,), + | 

C,HSICH,), + | 

+ Nal (in CH,CN) 

offer excellent preparative possibilities for 
mild, neutral, nonaqueous cleavage-hy- 
drolysis reactions, deoxygenations, oxida- 
tions, halogenations, and the like. Some 
examples are: 

CISiCH,), 

R’ Me,Sil 

R-O- or Me,SiCI/I- 

R-OH + ROH + RI + RI 

° re) 
R-C-O-R’ ——> R-C-OH + RI 

One ; 
R-S-R ——>_ R-S-R 

R-OH ——_»> R-I 

R-N-C-O-R" ——> R-NH + R44 
R’ R' 

ClSiMe,/Li2S 
R-OH ———>-=-» R-O-SiMe, 

9 re 0-SiMe, 
R-C-CH,R MES » R-C=CHR’ 

Other recently4® developed reagents 
from our laboratory include the solid, 

stable and quite soluble trimethyl(ethyl)- 
aminesulfur dioxide complexes R,N* SO). 
These “solid forms” of SO, make many de- 
hydrogenation, reduction, and _halo- 
genation reactions readily available, 
avoiding the use of inconvenient, low- 
boiling, and difficult-to-handle sulfur di- 

oxide. Examples are: 

Be 

R-CH,-CHNOH ———-}® RCH,C=N 

R-CH,-NO, R-C=N 

fe) re) 
R-C-CH,Br —2ip» R-C-CH, 
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Choosing and Using 
Noble Metal Hydrogenation 
Catalysts 

Catalytic hydrogenation at its best can- 
not be topped as a means of achieving con- 
trolled transformations of organic com- 
pounds. Yields are often very high and the 
products are obtained free of reagents by 
simply filtering off the catalyst. Ap- 
propriate conditions and catalysts usually 
can be chosen quickly, and satisfactory 
results obtained with very little experimen- 
tation. 

It is the aim of this paper to explore some 
of the factors that enter into the choice of 
catalysts and conditions and to set down 
general guidelines to facilitate suitable 
choices. Emphasis will be placed on noble- 
metal catalysts. These catalysts can be ex- 
ceedingly active and can reduce most func- 
tions even at ambient conditions. 

Choosing a Catalyst 
The main catalytic properties of a 

catalyst are determined by the major metal 
present. In choosing a metal it is con- 
venient to treat the metal as if it were a 
reagent with characteristic properties 
toward each type of function. This is done 
with the realization that these charac- 

| teristic properties are modified by the reac- 

Paul N. Rylander 
Engelhard Minerals and Chemicals Corporation 

tion environment and by the overall elec- 
tronic and steric structure of the molecule. 
All organic chemists are familiar with this 
type of thinking. Most noble metals will 
reduce most functions, but the activities 
vary tremendously. Metals can be chosen 
most easily by recourse to one of several 
books that list metals effective for hydro- 
genation of various functions.!~+ A first- 
choice guide is appended herewith. 

Suitable metals are chosen from these 
lists on two counts: they should be good for 
what one wants to do, and poor for what 

one does not want to do. For instance, 

palladium is excellent for the hydrogena- 
tion of aromatic nitro compounds and is 
widely used for this purpose, but it would 
not be the preferred catalyst for the hydro- 
genation of halonitroaromatics to chloro- 
anilines, as palladium is also an excellent 
catalyst for dehydrohalogenation. 
Platinum is much better for halonitroaro- 
matics, having excellent activity for nitro- 
group reduction, but relatively poor activi- 
ty for dehydrohalogenation. This reduc- 
tion can also be done quantitatively by use 
of a sulfided platinum-on-carbon catalyst; 
the sulfur present completely prevents 
dehalogenation. 

Sometimes a combination of properties 
renders a metal unsuitable. The point is il- 
lustrated by hydrogenation of car-3-ene. 
This compound is reduced over platinum 
to cis-carane in very high yield, but over 
palladium the major product is trimethyl- 
cycloheptane. The latter compound results 
from three properties of palladium: it is ex- 
cellent for double-bond migration, for 
hydrogenolysis of conjugated cyclopropyl 
systems, and for olefin saturation. Plat- 
inum, on the other hand, is relatively active 

only for olefin saturation, hence the ex- 
cellent yield of carane.5 

Engelhard Industries Division 
Newark, NJ 07105 

Choosing a Support 
More effective use of a metal is made if it 

is supported. Hundreds of supports have 
been used, but for most purposes a good 
carbon or alumina support will be ade- 
quate for the majority of reactions. Indeed 
these supports account for most catalyst 
usage. Sometimes in reactions of the type 
A — B—C, asupport such as calcium car- 
bonate or barium sulfate may give slightly 
better yields of B, presumably because B is 
less strongly adsorbed. Hydrogenation of 
acetylenes to cis-olefins is an example. 

Carbon seems more effective than 
alumina in promoting intermolecular re- 
ductions such as reductive alkylations and 
the formation of dicyclohexylamines in the 
reduction of anilines.6 Alumina is a better 
support than carbon for the rhodium- 
catalyzed hydrogenation of acetophenone 
to cyclohexylethanol; in various solvents 
the yields with alumina are 15-25% higher 
than with carbon.’ 

Concentration of Metal on a Support 
Metal concentration on commercial 

hydrogenation catalysts varies from a frac- 
tion of a percent to 30% or more. High 

4 
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metal concentrations decrease the volume 

of catalyst to be handled, low metal con- 

centrations increase the activity on a 

weight of metal basis. Some change in 
selectivity may also occur as concentration 

changes, as will be discussed later. In 

general, unless there are special demands, 
5% metal-on-support is a convenient 
catalyst for most applications. 

Concentration of Catalyst in the System 

Commercial hydrogenations have been 
run with catalyst concentrations from a 
fraction of a percent of catalyst to equal 
weights of substrate and catalyst. In 
general, for easily hydrogenated functions 
a 0.5 to 2% catalyst on support loading is 
probably more than enough; more resis- 
tant functions and sterically impeded func- 
tions may require higher loadings for con- 
venient rates. It is much less frustrating to 
use an unnecessarily large amount initially, 
than too little. The amount of catalyst can 
always be cut down once the reaction has 
been shown to go. Easily hydrogenated 
functions may produce marked exotherms 
and due allowance should be made for this. 

Temperature and Pressure 
Temperature and pressure ranges over 

which successful hydrogenations can be 
carried out are often very large, fortunate- 
ly. In general, activity increases with in- 
creasing temperature and pressure, but ob- 
vious and not-so-obvious exceptions exist. 
In practice the conditions are often set by 
the equipment available, and lack of activi- 
ty is compensated for by use of more 
catalyst and by patience. 

Agitation 
Heterogeneous liquid-phase hydrogen- 

ations are three-phase systems. For a reac- 
tion to proceed, hydrogen must leave the 
gas phase, cross a gas-liquid interface, 
cross a liquid-solid interface, and be ad- 
sorbed on the catalyst surface. There are 
surprisingly high resistances to these pro- 
cesses and the rates of many hydro- 
genations, especially over the very active 
noble metal catalysts, are controlled large- 
ly by these and other diffusional resis- 
tances. Vigorous agitation is important to 
achieve maximal activity of the catalyst. 

Hydrogen Availability 
When the rate is limited in large part by 

the rate of hydrogen transport to the 
catalyst surface, as it often is, the catalyst 
can be said to be operating in a “hydrogen- 
poor” condition. That is, the reduction 
would go faster if more hydrogen were 
available at the catalyst sites. On the other 
hand, when the rate is controlled largely by 
the intrinsic rate of the chemical reaction, 
the catalyst can be said to be operating ina 
“hydrogen-rich” mode. That is, the rate 
would not increase substantially if more 
hydrogen were available at the catalyst. It 
is easy to determine experimentally these 
different modes of operation. 

Reactions operating in a “hydrogen- 
poor” mode increase in rate when the agita- 
tion is increased. Also, in reactions rate- 
limited by gas-liquid hydrogen transport, 
the rate will not increase linearly with an in- 
crease in the amount of catalyst. Reactions 
operating in a “hydrogen-poor” mode 
clearly are not using the catalyst efficiently, 
a consequence of some importance in in- 

dustrial operations. 

Effect of Hydrogen Availability on Selec- 

tivity 

The concept of “hydrogen-poor” and 
“hydrogen-rich” catalysts can be used to 
predict the direction of change that chang- 
ing pressure, temperature, metal concen- 
tration, catalyst loading and agitation will 
have on the selectivity of a reaction. Con- 
sider that hydrogenation of a substrate A 
can afford products B and C either by the 
parallel reactions A — B and C or the series 
reaction A ~ B — C. If the rate equations 
leading to B and to C contain hydrogen 
terms raised to different powers then the 
two reactions will be affected differently by 
changes in hydrogen availability at the 

catalyst surface. 

Whether this condition exists can be 
easily determined experimentally. For in- 
stance, in going from a reaction with poor 
agitation to one with good agitation the 
ratio of B to C increases, then the assump- 

tion can be made that B is favored by a 
“hydrogen-rich” catalyst. Under this cir- 
cumstance the product B is favored by a 
higher hydrogen pressure, a lower oper- 
ating temperature (in that it decreases the 
rate of reaction relative to the rate of mass 
transport), a lower concentration of metal 
on the support, and less catalyst in the 

system. Deliberate deactivation of the 
catalyst may be in order. Solvents tend to 
increase hydrogen availability by lowering 
the surface tension and viscosity of the 
system. However, solvents have more com- 

plex effects as well, as will be discussed. On 

the other hand, if B is favored by a condi- 
tion of low hydrogen availability, the 
reverse actions are taken. 

Two types of reactions that are favored 
by “hydrogen-poor” catalysts are the isom- 
erization of a double bond relative to its hy- 
drogenation and, in general, hydrogen- 
olysis relative to hydrogenation. 

Solvents 
Solvents can have profound effects on 

both rate and selectivity of hydrogenation.® 
Rates can be influenced markedly both by 
an intrinsic property of the solvent and by 
its contained impurities. The number of ac- 
tive sites in a catalyst is usually only a small 
fraction of the catalyst present, and the 
amount of total catalyst used, a small frac- 
tion of the amount of solvent. Very small 
percentages of certain impurities can thus 
exert large influences on the rate. On the 
other hand, gross amounts of impurities 
can easily be tolerated if they happen not to 
affect the catalyst adversely. The best 
method for ascertaining suitability of a 
particular batch of solvent is by actual test. 
In general, impurities apart, more polar 
solvents tend to give faster rates than less 
polar ones. 

Selectivity of hydrogenation sometimes 
can be drastically altered by the solvent 
and, fortunately, in ways that are largely 
predictable. Solvent is often a most impor- 
tant variable, but it is one whose potential 
for selectivity control is often overlooked. 
Some idea of the extent of influence by sol- 
vent is illustrated in the following examples 
concerning stereochemistry. From these 
data and others not presented here, some 

working generalities for choice of solvent 

will be given. 

Stereochemistry: Solvents offer an im- 
portant means of influencing stereo- 
chemistry, as illustrated by the following 
abstracted data:° 

H,,,, 

‘CH,OH ‘CHOH CHOH 

CH,O CH,O CH, 

Solvent Dielectric Constant Relative Amounts in Product 

Hexane 1.9 39 61 

DMF 36.7 94 6 

: = 2 = ee ee ee 
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z In this case the influence of solvent was 
thought to arise from competition for 
catalyst sites by solvent and the hydroxy- 
methyl function, which anchors the olefin 
in an orientation such that hydrogen adds 
from the same side of the molecule. Only 
extremes are shown here and the correla- 
tion between dielectric constant of the sol- 
vent and stereochemistry holds for a vari- 
ety of solvents. From these data the gener- 
ality was derived that to the extent this type 
of anchoring (haptophilic effect) is 
operative, the extremes of stereospec- 
ificity are likely to be found at the extremes 
of the dielectric constant of the solvent. 

Augustine!? found it necessary, in mak- 
ing a correlation between dielectric con- 
stant and _ stereospecificity, to group 

solvents as protic and aprotic. When this is 
done the extremes of stereospecificity are 
again found at the extremes of dielectric 
constant, but the direction of change is op- 
posite in the two groups. The extremes of 
the two series are shown in the data below. 

H | H 

+ 

0 = co) 
H H 

Dielectric Percent 
Solvent Constant cis-B-Decalone 

MeOH 33.6 ce) 

t-BuOH 10.9 91 

DMF 38.0 79 

n-Hexane 1.9 48 

The data illustrate also how easily one 
can be misled in deriving generalities about 
solvents from limited experiments. If, for 
instance, only methanol and hexane had 

been compared, the conclusion would have 
been reached that large differences in 
dielectric constant cause only small 
changes in stereospecificity, whereas a 
comparison of methanol and dimethyl- 
formamide would suggest that relatively 
small differences in dielectric constant 
cause large differences in stereoselectivity. 
Perhaps the safest way of ascertaining 
whether a stereochemical (or other) sen- 

sitivity to dielectric constant exists, with- 
out extensive testing, is to compare two 
solvents of widely differing dielectric con- 
stant with both solvents being either protic 
or aprotic. Presumably the protic solvents 
should require separate treatment only 
with those substrates that would readily 
hydrogen-bond. 

Stereochemistry of ketone hydrogena- 
tion also can be profoundly altered by sol- 
vent and catalyst. For example, hydro- 
genation of Sa-cholestan-3-one over plati- 
num in t-butyl alcohol gives mainly the 
equatorial alcohol Sa-cholestan-3f-ol, 
whereas the axial alcohol Sa-cholestan-3a- 
ol is obtained in high yield over rhodium in 
isopropyl alcohol-hydrogen chloride.!! 
The latter system, rhodium in isopropyl 
alcohol-hydrogen chloride or in 
tetrahydrofuran-hydrogen chloride, has 
been claimed to be one of the best means of 
producing axial alcohols from unhindered 
ketones by hydrogenation. !2 

“On 
Catalyst Solvent cis/trans 
Platinum black t-BuOH 3.5 

Rhodium black i-PrOH-HCl 11 

Useful Working Generalities Regarding 
Solvents 

1) The extremes of selectivity of any kind 
will be found at the extremes of the 
dielectric constants of the solvents used, 
with the following provisos: 
a) protic and aprotic solvents may have 

to be considered separately as noted 
above 

b) the species actually undergoing 
hydrogenation must not change, as 
for example, a neutral species being 
changed by solvent into either an 
anionic or cationic one. 

2) Hydrogenolysis relative to hydrogena- 
tion is favored by solvents of higher 
dielectric constant. The generality is ap- 
plicable to a variety of competitive situ- 
ations, and presumably holds because 
the transition state in the hydrogen- 

olysis reaction always has the greatest 

charge separation. 

GUIDE TO CATALYST 
SELECTION 

Acetylenes —cis-Olefins 

Pd 
—C=C— —> —CH=CH-— 

Palladium usually gives excellent results 
if the reduction is arrested at one mole of 
hydrogen absorption. Some trans olefin 
may form even in the earliest stages of 
reduction, but the amount increases rapid- 
ly as absorption of one mole of hydrogen is 
approached and exceeded. Subambient should be limited to one mole. 

temperatures (-20°C) and/or inhibitors 
such as Pb or Cd may be used, if needed, to 
maximize the yield. 

Acetylene — Paraffin 

Pd 
— —c=c— —CH,CH- 

Palladium gives excellent results. Plat- 
inum is better, if isomerization of the in- 
termediate olefin prior to its saturation is 
likely to affect selectivity. 

Propargy! Alcohols — Allylic Alcohols 

Pd 
—CHC=CCH— —+ —CH.CH=CHCH— 

OH OH 

Hydrogenolysis of the allylic function is 
usually nota troublesome side reaction and 
palladium gives excellent results. Acet- 

ylenic glycols are more difficult. Rho- 
dium, especially in the presence of alkali, 
may be suitable if palladium fails. 

Acids — Alcohols 

RCOOH —> RCH,OH 

The reduction is difficult and requires 
high pressures. Ruthenium has been used 
at pressures of 15,000 psig. Rhenium hept- 
oxide has given good results at 4,000 psig. 

Acid Chlorides — Aldehydes 

Pd 
RCOCI —~ RCHO 

Palladium is the preferred catalyst. Re- 
duction goes easily but the problem is to 
prevent reduction to the alcohol. Inhibitors 
are often used. Excellent yields have been 
obtained with one mole of added base or 
reduction at reduced pressures. 

Aliphatic Aldehydes — Alcohols 

Ru 
RCHO —> RCH,OH 

Ruthenium is excellent. Water acts as 
cocatalyst. Maximal yields are obtained at 
high pressures and low temperatures 

(which minimize noncatalytic conden- 

sations). 

Aromatic Aldehydes — Alcohols 

Pd 

CHO —> CH,OH 

Palladium is excellent. If the yield of 
alcohol is less than quantitative, the prob- 
lem can be corrected usually by the use of 
nonpolar, nonacidic solvents with perhaps 

a trace of base. Hydrogen absorption 
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Aromatic Aldehydes ~ Hydrocarbons 

Pd 

CHO — CH, 

Palladium is excellent. Hydrogenolysis 
is promoted by traces of acids and by polar 
solvents. The reduction proceeds largely in 
a stepwise fashion through the benzyl 
alcohol. 

Unsaturated Aldehydes — Unsaturated 

Alcohols 

Re 

RCH=CHCHO —> RCH=CHCH,OH 
Pt 

The reduction is difficult. Rhenium 
(modified), ruthenium (modified), and 

platinum (modified) have all been used suc- 

cessfully. The reaction depends critically 
on the metal, catalyst preparation and the 
presence of various modifiers. Most 
catalysts exhibit the reverse selectivity. 

Anilines ~ Cyclohexylamines 

On-O- 
Rhodium and ruthenium are excellent. 

They are active and give little dicyclohex- 
ylamine. Slightly more coupling is ob- 
tained over carbon support than over 
alumina. Coupling may be decreased by 
the presence of ammonia, increased pres- 
sure, and decreased temperature. 

Anilines ~ Dicyclohexylamines 

OnD-s 
Palladium and platinum give moderate 

yields which increase with increasing tem- 
perature. Coupling is decreased by increas- 
ing pressure. 

PayPt 
_ 

Anilines - Cyclohexanones 

H+ 

NHR—> 
HO 

Palladium is quite effective, probably 
due to its excellence for double-bond 
migration in partially hydrogenated rings 
and relative ineffectiveness for imine 
saturation. Yields increase with increasing 
substitution on the nitrogen atom. 

O + RNH, 

Aromatic (carbocyclic)— Cycloparaffin 

OG, 
Rhodium, platinum, ruthenium and 

palladium are all used industrially. Choice 
depends on other functions present and on 

the operating conditions available. Pal- 
ladium and ruthenium require more vigor- 
ous operating conditions than rhodium or 
platinum. 

Benzyl Compounds — Aromatic Hydro- 
carbons 

Pd Ont 
Palladium is excellent for hydro- 

genolysis of benzyl functions. The reaction 
is accelerated by polar solvents and by 
acids. Ring saturation is nil. 

CH, 

Dehydrohalogenation 

Pd 
RX ——» RH + HX 

Palladium is excellent and is widely 
used. The reaction is frequently carried out 
in the presence of a mole of base. In com- 
plex molecules the base chosen may make a 
difference in yields. Polyhalo compounds 
can usually be dehalogenated in a stepwise 

manner. 

Epoxides — Alcohols 

—HC—CH— Pd —CH,CH— 
y — ‘1 

OH 

Palladium is usually used. It mainly 
opens the ring with inversion. Direction of 
the ring opening depends on the substrate 
and often on the pH. Deoxygenation is 

rarely a problem. 

Hydrazones — Hydrazines 

Pt 
RCH=NNH, —»* RCH,NHNH, 

Platinum is usually used in this reduc- 
tion. Hydrogenolysis of the nitrogen- 
nitrogen bond is rarely a problem. 

Imines — Amines 

Pt 

—CH,N=CH— —> —CH,NHCH;- 

Platinum is widely used for this reaction 
and for reductive alkylation, which gives 
an imine intermediate. Palladium can be 
effectively used when there is little steric 
hindrance around the bond. 

Ketones (aliphatic) — Alcohols 

RCR Ru RCHR 
Il _ | 
O OH 

Ruthenium is excellent. Water functions 

as cocatalyst. Hydrogenolysis is nil, as is 

ketal formation in lower alcohols. 

Aromatic Ketones — Aromatic Alcohols 

Pd 

O OH 

Palladium is excellent and yields ap- 

proach 100%. Hydrogenolysis can be 

prevented by use of nonacidic, nonpolar 

solvents with traces of base if necessary. 

Aromatic Ketones — Saturated Carbinols 

Ru 
cR — CHR 
i Rh | 
O OH 

Rhodium and ruthenium have given ex- 

cellent yields. Hydrogenolysis decreases as 

pressure is increased. Acidic solvents 

should be avoided although traces of acid 

have proved beneficial. 

Aliphatic Nitriles ~ Primary Amines 

RCN ——> RCH,NH, 

Palladium, platinum and rhodium have 
been used in this reduction, but little 
primary amine will result unless the nitrile 
is hindered or the reaction is carried out in 
a reactive solvent, such as ammonia, acid, 

or acetic anhydride. 

Aliphatic Nitriles ~ Secondary Amines 

Rh 
2 RCN —*(RCH,),NH + NH, 

Rhodium is uniquely effective in this 
reduction and gives high yields of second- 
ary amines. It is also useful in making un- 
symmetrical secondary amines by nitrile 
reduction in the presence of an amine. 

Aliphatic Nitriles — Tertiary Amines 

Pt 
3 RCN sa” (RCH; sN + 2.NH, 

High yields of tertiary amines are ob- 
tained from low-molecular-weight nitriles 
in nonreactive solvents over either palla- 
dium or platinum. 

Aromatic Nitriles - Benzylamines 

Pd Orn Ovo 
Using palladium, yields approach 

theoretical if small amounts of an aliphatic 
secondary amine are present. Otherwise a 
mixture of benzyl and dibenzylamine 
results. The yield is also solvent dependent. 

Aromatic Nitriles ~ Dibenzylamines 

(So _ (C_\-cnjnn 

Nearly quantitative yields of diben- 
zylamines are obtained over platinum, pre- 
ferably with one-half mole of water present 
to minimize catalyst inhibition. 

Aromatic Nitriles ~ Aldehydes 

Ht 

Pd 

Good yields of aldehydes can be ob- 
tained over palladium in acidic media. 
Conditions should be arranged so that 
hydrolysis of the intermediate imine is 
faster than its hydrogenation. Hydrogen 
absorption should be limited. 
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Nitroaromatic Compounds — Anilines 

Pd On2Om 
The reduction goes very easily over a 

number of catalysts. Palladium is usually 
preferred for economic reasons and for 
minimal ring reduction. 

Nitroaromatic Compounds — Aromatic 
Hydroxylamines 

DMSO 
NO, — NHOH 

Pt 

High yields of aromatic hydroxylamines 
can be obtained by hydrogenation over 
platinum in lower alcohols containing 1- 
2% of dimethyl sulfoxide. 

Nitroaromatic Compounds — Amino- 
phenols 

Pt 

NO, —> HO NH, 

Production of aminophenol depends on 
successful competition between hydro- 
genation of the intermediate hydroxyl- 
amine and its acid-catalyzed rearrange- 
ment. Platinum is the preferred metal. The 
yield is sensitive to reaction variables. 

Halonitroaromatics — Haloanilines 

Pt 

CI NO, —> CI NH, 

The product can be obtained in excellent 
yield over inhibited palladium or platinum, 
or over platinum or rhodium (sulfided). 

Nitroolefins — Saturated Amines 

H+ 

Pd 

( prcnennis 

Good yields of saturated amine can be 
obtained over palladium in acidic media. 
In neutral media dimeric butane deriva- 
tives result. 

N-Nitrosoamines — Hydrazines 

Pd 
S \ /JNNO —> ONNH, 

Over palladium, hydrogenolysis of the 
nitrogen-nitrogen bond can be kept to low 
levels. Excellent yields can be expected. 

Nitrosoaromatic Compounds — Anilines 

Pd 
NO —> NH, 

The reaction proceeds easily and in ex- 
| cellent yield over palladium. 

Hydrogenolysis of Vinyl Compounds 

Pt NC=CHX > SCHCH, + HX 

X = Cl, Br, OR, OCOR, etc. 

The result is sensitive to structure. 
Hydrogenolysis should precede hydrogen- 
ation. Platinum seems generally preferred 
over palladium. 

Hydrogenolysis of Allylic Compounds 

C=CHCH,X als NCHCH,CH, + HX 

X = Cl, Br, OR, OCOR, etc. 

The result is sensitive to the steric re- 
quirements of the molecule. Palladium 
seems generally more effective than 
platinum. Hydrogenolysis should precede 
saturation. 

Oximes — Primary Amines 

Rh \ 
JC=NOH —> SCHNH, + H,O 

Excellent yields have been obtained by 
reduction over rhodium in alcoholic am- 
monia. Yields may be sensitive to substrate 
concentration due to hydrolysis of oxime 
by water formed in the reduction. 

Phenols — Cyclohexanones 

Pd 

Dyn o> 
Palladium is excellent due to low activity 

for ketone reduction and high double-bond 
isomerization. Rhodium is perhaps better 
with polyhydric compounds. High yields 
can be expected. 

Phenols — Cyclohexanols 

High yields are expected over rhodium 
or ruthenium. Hydrogenolysis is minimiz- 
ed by neutral, nonpolar solvents, low tem- 
perature, and high pressure. 

Phenols — Benzenes 

This reduction is easily achieved if the 
phenol is first converted to a suitable ether 
derivative as by reaction with 2-chloro- 
benzoxazole or 5-chloro-1l-phenyltetra- 
zole. 

Reductive Alkylation 

Pt 
¢ \-w + RCOR — > 

(practi + HO 

Platinum is used usually, affording high 
yields of alkylated product. Palladium is 
effective with aldehydes or low-molecular- 
weight ketones. Precursors of anilines such 

as nitrobenzenes or nitrosobenzenes may 
be used directly in the reductive alkylation 
without prior conversion to anilines. 

References: 

1) P.N. Rylander, “Catalytic Hydrogenation 

over Platinum Metals,” Academic Press, 

New York, N.Y., 1967. 

P.N. Rylander, “Catalytic Hydrogenation 

in Organic Syntheses,” Academic Press, 

New York, N.Y., 1979. 

M. Freifelder, “Practical Catalytic Hydro- 

genation,” Wiley Interscience, New York, 

N.Y., 1971. 

M. Freifelder, “Catalytic Hydrogenation in 

Organic Synthesis, Procedures and Com- 

mentary,” Wiley Interscience, New York, 

N.Y., 1978. 

5) W. Cocker, P.V.R. Shannon, and P.A. 

Staniland, J. Chem. Soc. (C), 41 (1966). 

6) P.N. Rylander, L. Hasbrouck, and I. 

Karpenko, Ann. N.Y. Acad. Sci., 214, 100 

(1973). 

7) P.N. Rylander and L. Hasbrouck, 

Engelhard Ind. Tech. Bull., 8, 148 (1968). 

8) P.N. Rylander in “Catalysis in Organic Syn- 

theses, 1978,” W.H. Jones, Ed., Academic 

Press, New York, N.Y., 1978. 

9) H.W. Thompson, E. McPherson, and B.L. 

Lences, J. Org. Chem., 41, 2903 (1976). 

10) R.L. Augustine, Advan. Catalysis, 25, 63 

(1976). 

11) S. Nishimura, M. Katagiri, and Y. 

Kunikata, Chem. Lett., 1235 (1975). 

12) S. Nishimura, M. Ishige, and M. Shiota, 

ibid., 963 (1977). 

About the Author 

Dr. Rylander received the B.Ch.E. 
degree from Johns Hopkins University in 
1942 and his Ph.D. from Indiana Universi- 
ty in 1948. After postdoctoral studies at the 
University of Rochester and at Harvard, he 

joined Standard Oil Co. of Indiana in 1951. 
For the past 23 years; Dr. Rylander has 
been associated with Engelhard Industries 
where he has pursued research in the field 
of his main interest: application of catalysis 
to organic syntheses. 

2 ~— 

3 — 

4 
~S 

Dr. Rylander is the author of three 
books and numerous papers on catalysis. 
He has edited two other books and holds 

quite a number of patents in the areas of 
hydrogenation, dehydrogenation, dehy- 
dration, oxidation, alkylation and poly- 
merization. 

Also available from the Aldrich 
bookshelf... 

Catalytic Hydrogenation 
in Organic Syntheses 

by 
Paul N. Rylander 

Published in 1979 by Academic 
Press 

Z10,430-2 

Aldrichimica Acta, Vol. 12, No. 3, 1979 57 



200 

Aldrich offers an extensive collection of noble metal catalysts and salts; 
the following may be especially pertinent to the chemical processes discussed by 
Dr. Rylander. 

20,867-1 

20,901-5 

20,583-4 

21,291-1 

20,567-2 

20,568-0 

20,569-9 

20,570-2 

20,571-0 

20,574-5 

20,572-9 

Bis(triphenylphosphine)- 
palladium(II) chloride 

Palladium(II) acetylacetonate 

Palladium black 

20% Palladium hydroxide on 
carbon 

1% Palladium on activated 

carbon 

5% Palladium on activated 

carbon 

10% Palladium on activated 

carbon 

1% Palladium on alumina 

5% Palladium on alumina 

0.5% Palladium on !/,-inch 

alumina pellets 

5% Palladium on barium 

sulfate 

21,435-3 

20,573-7 

20,575-3 

20,591-5 

20,592-3 

20,593-1 

20,595-8 

20,596-6 

20,597-4 

20,601-6 

20,598-2 

5% Palladium on calcium 

carbonate 

5% Palladium on calcium 

carbonate, poisoned with lead 

1% Palladium on 4- to 8-mesh 

carbon 

Platinum black 

1% Platinum on activated 

carbon 

5% Platinum on activated 

carbon 

10% Platinum on activated 

carbon 

1% Platinum on alumina 

5% Platinum on alumina 

0.5% Platinum on !/,-inch 
alumina pellets 

1% Platinum on calcium 

carbonate 

20,599-0 

20,6024 

20,600-8 

20,603-2 

20,614-8 

20,615-6 

20,617-2 

21,285-7 

20,616-4 

20,619-9 

20,618-0 

21,666-6 

5% Platinum on calcium 

carbonate 

0.5% Platinum on 4-to 8-mesh 

carbon 

5% Platinum on sulfide 

carbon 

Platinum(IV) oxide 

0.5% Rhenium on !/,-inch 
alumina pellets 

5% Rhenium on carbon 

0.5% Rhodium on !/;-inch 
alumina pellets 

5% Rhodium on alumina 

powder 

5% Rhodium on carbon 

0.5% Ruthenium on !/,-inch 
alumina pellets 

5% Ruthenium on carbon 

Tetrakis(triphenylphosphine)- 
palladium(0), 99% 
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Metal-Catalyzed, Highly Selective 
Oxygenations of Olefins and Acetylenes 
with tert-Butyl Hydroperoxide. 
Practical Considerations and Mechanisms. 

I. Introduction 

The purpose of this review is to call 

When one considers the combined 
features of economics, selectivity, and safe- 

ty, TBHP emerges as one of the best 

K. Barry Sharpless 
and Thomas R. Verhoeven 
Department of Chemistry 

Stanford University 
Stanford, California 94305 

Scheme II. Oxygen Atom Sources 

attention to recent advances in the use of sources of oxygen atoms for a variety of CH, 3 
tert-butyl hydroperoxide (TBHP) in organic oxygenations. Some of the factors ied a H~ Yor" 
organic synthesis. The emphasis here will which make TBHP (1) superior to better ch Noa =e 

be on the nonradical, metal-catalyzed oxy- known sources of oxygen atoms such as 1 2 

genations shown in Scheme I. hydrogen peroxide (2) and peracetic acid o HR. 

es gaa (3) are worth discussing. Perhaps the key cH? 

advantage of TBHP is its selectivity. In 
contrast to hydrogen peroxide and 3 

ae 

peracetic acid, TBHP is unreactive toward 
most organic compounds in the absence of 
catalysts. TBHP is less sensitive to con- 
tamination by metals than either peracetic 
acid or H,O,, and on this basis is safer to 
handle. In dilute organic solution TBHP 
has high thermal stability (its half-life is 36 
days at 115°C as a 0.2M solution in 
benzene).! Hydrogen peroxide is, in princi- 
ple, also very stable thermally, but it is 
more sensitive to decomposition catalyzed 
by trace metallic impurities than is TBHP.? 

Peracetic acid is on every count less stable 
than TBHP. The 40% solution of peracetic 
acid in acetic acid sold by FMC can only be 
shipped by truck, and even then only in 
minidrums or smaller containers, whereas 
solutions which are (by weight) 70% TBHP 
and 30% H,O may be shipped in tank car 
quantities. This does not mean there are no 
hazards associated with using TBHP 
(potentially hazardous situations to be 
avoided in handling TBHP will be discuss- 

Scheme I. 

OH OH 

Professor K. Barry Sharpless sae adem, S (eq. 1) RNA V5 catalyst R re 
Dr. Thomas R. Verhoeven e 

Raa TBHP R eq. 2 
Mo*® catalyst ~<O Kea?) 

a .' RZ Le Une ae R OH (eq. 3) | 
itis A ail Os*® catalyst OH 

ka F OH 
a ; RF out 

ail ; Se*4 catalyst R “a oo 

OH | 

TBHP 
ap. R eq. 5 | 

6 RNs Se*4 catalyst << cag) | 

- == ou ———E eee 
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ed later). What it does mean is that 
peracetic acid is more dangerous in almost 
every situation than is TBHP. High- 
strength hydrogen peroxide solutions also 
tend to be less stable than TBHP solutions 
of comparable peroxide content. 

After six years of working on metal- 
catalyzed reactions of TBHP (somtimes as 
much as five moles in one reaction) we have 

| not yet hada single explosion. On the other 
| hand, we have had a few small explosions 

while working with small amounts of 
hydrogen peroxide and also with peracetic 
acid. The above mentioned explosions only 
occurred when some _ metal-catalyzed 

| process was being attempted. In our opin- 
| ion, these explosions were due to 

accelerated decomposition of H,O), or of 
peracetic acid catalyzed by the metal. 

We have made safety comparisons of 
TBHP with the two most common perox- 
idic oxidants, H,O, and peracids, because 
it is Our experience that most chemists 
regard these latter reagents as less 
dangerous than fert-butyl hydroperoxide 
(TBHP). The origin of this phobia toward 
organic peroxides (e.g., TBHP) almost cer- 

| tainly is derived from two factors, the more 
important being that common organic 
ethers (diethyl ether, tetrahydrofuran and, 

especially, diisopropyl ether) form 
dangerously explosive hydroperoxides by 

| autoxidation upon exposure to the at- 
mosphere. Chemists are justifiably afraid 
of ether hydroperoxides, and tend to 

associate fert-butyl hydroperoxide with 
this deadly class of compounds. Thus, any 
substance whose name includes the word 
peroxide is regarded as very dangerous to 
work with. Some peroxides are indeed ex- 
tremely unstable and can only be stored at 
low temperature; but the range of stability 
is wide, and TBHP is one of the most stable 
organic peroxides known. 

The other important factor in the TBHP 
phobia is lack of familiarity. This is largely 
due to the fact that TBHP is a rather new 
compound, being first prepared in 1938 by 

| Milas.3 This has led to the curious situation 
where chemists, who have long been com- 
fortable with the idea of using peracids* 
(e.g., for epoxidation of olefins), have less 
respect for the explosive possibilities with 
peracids than they do with the tamer sub- 
stance TBHP. All of this has begun to 
change due to the discovery, almost 
simultaneously (ca. 1965) in several in- 

dustrial laboratories,5-’ that propylene 
could be epoxidized by TBHP in the 
presence of a molybdenum catalyst. This 
process (Oxirane Process) is now yielding 
two billion pounds of propylene oxide each 
year. Our interest in metal-catalyzed reac- 
tions of TBHP began in 1972 and was 
aroused by the remarkable effectiveness of 
the industrial epoxidation process.’ 

II. Epoxidation of Olefins 

1. Selective Epoxidation of Olefinic 

TBHP 

hte: 

4 

OH 

eal 
5 

XS 

ee 
OH 

6 

el 

TBHP 

if 

Alcohols (Scheme I, eq. 1) 

From reports by Sheng and Zajacek? 
and by List and Kuhnen!° one could see 
that simple allylic alcohols were especially 
reactive toward epoxidation by TBHP in 
the presence of vanadium catalysts. We 
decided to have a look at more complex 
allylic alcohols in order to determine the 
regioselectivity and/or stereoselectivity 
available with these systems. The results 
were unexpectedly dramatic in that the 
selectivities were much greater than those 
discovered by Henbest!! for the epoxida- 
tion of olefinic alcohols by carboxylic 
peracids. As shown in equations 6 through 
9, geraniol (4), linalool (5), 48-hydroxy- 

cholesterol (6) and 3-cyclohexen-1-ol (7) all 
gave excellent yields of only one of the 
possible isomeric epoxy alcohols.!2* Both 
allylic and homoallylic (e.g., 7) alcohols 
showed the effects. In the case of vanadium 
catalysis even a bishomoallylic alcohol [1- 
hydroxy-(£)-4-nonene] exhibited a sub- 
stantial (13.4 times) rate acceleration over 
an analogous olefin [(£)-5-decene). !2” 

The different, and often superior, stereo- 
selectivity of these metal-catalyzed epoxi- 
dations is also observed with acyclic 
olefinic alcohols (Table I). The examples in 

Table I are taken from our recent publica- 
tion!3 in which we correct the errors in our 
earlier work'4.!5 on this same subject. 

The experimental details for these epox- 
idations are contained in our original 
publications!2“!4 although two important 
modifications of those procedures merit 
discussion: (1) Heating (reflux in benzene) 
was employed for both the vanadium- and 
molybdenum-catalyzed epoxidations (eq. 
6-9). Although heating is often necessary to 
achieve reasonable rates for the molyb- 

denum-catalyzed process, most yanadium- 

*We usually add the vanadium and molybdenum 
catalysts in these lower valent forms [i.e., VO(acac), 

and Mo(CO),]. However, these species are oxidized by 
TBHP to the catalytically active V*5 and Mo** complex- 
es. 

VO(acac), catalyst* 
H TBHP ) 

PhH, reflux 

VO(acac)> catalyst* 
TBHP 

PhH, reflux > A 

VO(acac), catalyst* 

PhH, reflux 

Mo(CO), catalyst* 

PhH, reflux 

ce) 

J ee» 

8, 93% 

(eq. 6) 

OH 

(eq. 7) 

84% (mixture of diastereomers) 

ee 

(eq. 8) HO He 

OH 

95% 

OH 

oe (eq. 9) 

[o} 

90% 

catalyzed epoxidations of olefinic alcohols 
proceed readily at, or below, room 

temperature.!2” (2) We originally used 
aqueous bisulfite (HSO,-) to reduce excess 
TBHP. We have found that the use of 
bisulfite makes it difficult, and often im- 

possible, to distill the products without ex- 
tensive polymerization occurring. These 
problems became especially severe when 
large-scale (>1 mole) distillations were 
attempted (after bisulfite work-up) with 
simple epoxides as well as with epoxy 
alcohols and even allylic alcohol products. 
The use of aqueous sulfite (e.g., Na,SO,, 
pH of aqueous solution is ca. 9)!7 or 
dimethyl sulfide (with or without a 
catalytic amount of acetic acid)!® provide 
preferable alternatives’? for reduction of 
excess TBHP. 

During the past five years these molyb- 
denum- and vanadium-catalyzed epox- 
idations of olefinic alcohols have been 
utilized often in complex synthetic se- 
quences. Space does not allow enumera- 
tion of all the applications. Consequently, 
only some of the more interesting examples 
are presented here (eq. 10 — eq. 31). The ex- 
amples are arranged in the order of allylic 
alcohols, then homoallylic alcohols, and 

finally bishomoallylic alcohols. 

Allylic alcohols have been the substrates 
most often epoxidized by these reagents 
(e.g., eqs. 10-26). Although molybdenum 
catalysts are much (ca. 100 times) more 
reactive for epoxidation of isolated olefins, 
vanadium catalysts are usually preferred 
for allylic alcohols. With vanadium 
catalysts the rate acceleration for epoxida- 
tion of allylic alcohols is so great (on the 
order of 103 faster than the parent olefin) 
that the absolute rates, and usually also the 

selectivities, surpass those realized with 

molybdenum catalysis. !2” 

Reasonable selectivities are also achiev- 
ed with some homoallylic (e.g., eqs. 27-30) 
and bishomoallylic (eq. 31) alcohols. In 

cna Se 
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Allylic alcohol 

ay 
OH 

9 

10 

eo eis 

eee 

OH 

12 

v‘5, TBHP 
MCPBA 

v5, TBHP 
MCPBA 

v‘5, TBHP 
MCPBA 

v5, TBHP 
MCPBA 

threo 

CH, 

71 
95 

Table |. Stereochemistry of Epoxidation of Acyclic Allylic Alcohols.’ 

erythro 

a 

“For the reaction conditions and for additional examples see ref. 13. 

(a) Allylic Alcohols 

a eq. 10)2° Ln ee LBL, + (ea. 10) 
Beye) note 

MCPBA : 3 
v5, TBHP ob : ~0 

vis 
rT { BHP > 

OCH,Ph 15% 

OH 
(eq. 11)2" ; (eq. 12)22 

O>: (OH 
excess 

are pocate 

OTHP 
Mo*é vs _y 
TBHP > TBHP 

HO 

(eq. 13)25 (eq. 14)24 

aes rt 

HO : ES ae | 

93% (MCPBA, 90%) 47% 39% 

€ 

a LO ino. ns 

re OH OH eo aoe 

v+s, TBHP 18% 1% 74% 

MCPBA 90% 2% 0.5% 

these cases peracids usually exhibit poor or 
no selectivity. Kishi’s use of NaOAc as a 
buffer (eq. 31) to prevent premature 
cyclization of the epoxy alcohols to the 
tetrahydrofurans is a noteworthy modifi- 

cation? which should prove useful in other 
cases where acid-sensitive epoxides are 
produced. 

In spite of the remarkable selectivity ex- 
hibited in these new metal-catalyzed epox- 
idations, they do have limitations. The 
most common problem occurs with certain 
rigid cyclic allylic alcohols (eqs. 14-16). In 
these cases there can be competition from a 
dehydrogenation process leading to the 
a, B-unsaturated ketone.?45 This side reac- 

tion seems to intrude principally in six- 
membered rings having an equatorial 
hydroxyl group. However, eqs. 10, 12 and 

13 reveal that even this structural feature 
does not necessarily mean there will be 
trouble. From existing results,24.2540 the 
factors leading to unsaturated ketone for- 

mation are not altogether clear; however, 
this side reaction is likely if the face of the 
molecule syn to the equatorial hydroxy] is 

substantially hindered in the vicinity of the 
olefinic linkage. Severe steric shielding of 
the double bond can lead to unsaturated 
ketone formation even when the allylic 

hydroxyl moiety has an axial orientation.®5 

One of the more attractive features of 
these metal-catalyzed epoxidations is that 
they look appealing for the purpose of ac- 
complishing asymmetric epoxidations. 
The first successes in this area were achiey- 
ed independently by Yamada’s group*! and 

by our group.42 Yamada used a molyb- 
denum catalyst with chiral ligands deriv- 
ed from ephedrine. We employed 
vanadium catalysts bearing chiral hydrox- 
amic acids as ligands. Since our initial 
publication we have found*3 more effective 
chiral hydroxamate ligands. The best 

asymmetric induction we ever achieved is 
shown in eq. 32. 

Breslow and Maresca have reported that 
these metal-catalyzed epoxidations can be 
directed over a remarkably long distance 
using their template-directed strategies (eq. 
33).44 

There has been recent interest in assign- 
ing optimum O—C—C=C dihedral angles 
for epoxidation of allylic alcohols by both 
peroxy acids*46 and by vanadium cata- 
lysts.2549 The conclusions reached in ear- 
lier studies were based on epoxidation of 
cyclohexenols and suggested optimum 
dihedral angles of ca. 150° (peroxy-acid 
epoxidations)?5:40.45 and ca. 90° (V*5-cata- 
lyzed epoxidations).25 We feel that the dif- 
ferent steric environments between equa- 
torial and axial positions in cyclohexenols 
as well as the rapid half-chair/ half-boat in- 
terconversion could cloud the interpreta- 
tion of epoxidation results based on such 
models. We feel a careful consideration of 
the stereoelectronic requirements of the 
epoxidation process might provide a more 
fruitful approach. 
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6H ou éu (eq. 16)2° 
V+5, TBHP 83% 0.08% 15% 

MCPBA 80% 9% 3% 

a x 
SiO. 4 Vis 

Gs ee T EHP? * 
Ho TBHP peas 

TBHP 

HO 
(eq. 18)27 <= (eq. 19)28 (eq. 20)29 

SiO. 
4 

/ fo} 
HO” ~ 

OH 
84% 

70% 

OEt T= vis OH 

ys is a TBHP | o> OEt a H OH 
: TBHP | 

A-6 HO _ 
H H.. wH | 

OH OEt (eq. 21)3° (ae (eq. 23)! 

. < ~OEt HO H 

6 0 50-60% | 
7:1 mixture of diastereomers, peracids 

60% attack only the isolated double bonds 

O., 
5 | 

H 

—— > rs 
: (eq. 24)32 
H 

MCPBA 1 A 1 

vts5, TBHP 15 : 85 

H OH H (b) Homoallylic Alcohols 

EB bie Mo Trg ye Sak aye. eS 
eS: i (eq. 26)2° ene OH (eq. 27)34 

erythro threo 

MCPBA 0.2 99.8 MCPBA 1.2 : 1 
v+5, TBHP 97 5 3 v+5, TBHP 2 : 1 

SAS RE corals se eves ZA ves z COOCH: TBHP 
HO OH ce : TBHP 

(eq. 28)35 (eq. 29)36 Ph = g=€ (eq. 30)37 
OH ™SPh 

aa A prong : Z CoocH, y 

HO OH HO OH = Ak 
erythro - erythro erythro - threo o 919 } 

5 : 1 ‘ 50-60% 

(c) Bishomoallylic Alcohols 
oats 1) V*5, TBHP, NaOAc heals | 

NaOAc } Ar 4,0 Ja OH 2) Ac,O, pyridine Ary oe Ac (eq. 31)38:39 

75% | 
8: 1 in favor of desired diastereomer ~5: 1 in favor of this diastereomer 

oe aS a Re eee 
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Our detailed mechanistic picture for the 

vanadium-catalyzed epoxidations is shown Ph an 1% V+, 2mol TBHP _ 

in Scheme III. The exchange reactions Hee enCiiyaes ene eeye Joo 
depicted are well precedented for similar Ph 3% es AH Ph (eq. 32)43 
vanadium(+5) alkoxide complexes.4” The N~t , 7 

key intermediates are 13 and 14, both being cRSo Ph OO et Se: 
neutral, roughly trigonal bipyramidal com- 
plexes. The slow step in the catalytic cycle 
is thought to be the oxygen-transfer step 
(i.e., 13-14 in Scheme III). Of course, this 
is also the step in which the stereoselectivity 
is determined. A crucial variable associated Mo*é, TBHP iP 

with the transformation of 13 to 14 is the SoG aes) 
A 

n= 1, 60% 

n = 2, no reaction 

orientation of the olefinic linkage with 
respect to the peroxide bond being broken 
in the oxygen-atom-transfer process. It is 
our opinion that all epoxidation processes 
involving attack of olefins on peroxide 
reagents will be subject to fairly rigid 
stereoelectronic requirements. (Surprising- 
ly, this point has often been ignored even 

Scheme III. Possible Mechanism for the Vanadium-Catalyzed Epoxidations. 

in the well studied epoxidations of olefins i 
by organic peroxy acids.) In particular, :0-t-Bu 2 > 
displacement on the peroxide bond should TBHP + QR Ip ao IN 
occur from the backside and along the axis allylic alcohol Ce sS- a ' 
of the O—O bond being broken.‘8 Thus, in on | ele) 
13 the conformation of the allyloxy group pees ; Q 4 
which best allows linear backside displace- is 
ment on the O!—O? bond produces a boat- R 18 
like folding resulting in an O—C—C=C TBHP + 
angle near 50°. The predicted confor- allylic alcohol slow step 
mations for the vanadium(+5)-catalyzed t-BuOH 
epoxidation are illustrated in Scheme IV + 
(15 and 16). Thus, the stereoselectivities for Tage 
the vanadium-catalyzed epoxidations of Ho OR |> 
alcohols 10 (R, and R,=alkyl) and 12(R, iaOtBu _~ Sv—0 
and R,= alkyl) are readily rationalized in \ eg | 
terms of the stereoelectronically predicted 4 Q 
conformations (either 15 or 16) of the 
allyoxy moiety. 14 

To adequately deal with allylic alcohols 
9 and 11 however, the interactions between 
substituents on the allylic alcohol and the 

__ ligands on vanadium need to be considered Scheme IV. Predicted O-C-C=C Dihedral Angles 
| (these interactions are ignored in the 

simplified analysis of Scheme IV). To the 
extent that the coordinated epoxy alcohol 
product 14 resembles the transition state, for V5, TBHP epoxidations: 
one can rationalize the stereoselectivity by ~50° 
analyzing the interactions for various sub- R | 

| stitution patterns in 14. When R, is a (threo OV { 

| ~80° 
| "Ra Re ,R—~ — Re os oy 

Re Rs 
fo) 0 Ly Re Jane 

t-Bu-O-- 0 . Serie H 

: H fie R, 15, leads to threo product 16, leads to erythro product 

| 14 (erythro) 14(threo) 

product) it experiences a 1,3-diaxial-like for peroxy acid (MCPBA) epoxidations: 
interaction with the L’ ligand (L’ is either O 1205 
or OR). At present we have no way of 
predicting the relative positions of the O H lane 

= : and OR ligands in 14. When R, is B 

teraction with the metal ligands. R; ex- R sql RS re fatlike i PRs t/) ¥s 
I 

(erythro product) there is no obvious in- 

periences a weak 1,3-diaxial-like inter- 

action with the L ligand in 14 (L is either O 
or OR) in both the erythro and threo cases; 
therefore its effect on the product ratios ies : 17, leads to threo product 18, leads to erythro product 
should be negligible. R, and R, are notina P ¥ p 
position to interact with the vanadium 

——. ~ - — —_— 
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ligands. Thus, it appears that other things 
being equal these interactions add up toa 
slight disadvantage for the fhreo transition 
state. This effect provides an appealing 
rationale for the weak erythro selectivity 
with substrates 9 and 11 (Table I). 

The application of similar stereoelec- 
tronic considerations to the peroxy-acid 
epoxidations leads us to propose the orien- 
tation of the reactants illustrated in 
Scheme V. The plane defined by the per- 
acid molecule is oriented (about 60° to 
plane B) so that one of the nonbonding 
pairs on oxygen (pair a) lies in plane B and 
is nicely oriented to begin bonding with the 
olefinic carbon; it may also be able to in- 

teract favorably with the antibonding 7 or- 
bital of the olefin. The nonbonding pair b is 
favorably oriented (in front of plane B) to 
hydrogen-bond with an allylic hydroxyl 
group. It should be noted that the selectivi- 
ty effects seen in the peracid epoxidations 
of allylic alcohols have previously been ex- 
plained by hydrogen bonding to either 
oxygen-2 or oxygen-3 of the peracid,* 
never to oxygen-l as is suggested in 
Scheme V. However, if one invokes 

Scheme V. Consideration of Stereo- 
electronic Effects in Peracid Epoxi- 
dations of Allylic Alcohols. 

backside displacement on the peroxide 
bond,48 it is impossible to form a hydrogen 
bond between the allylic hydroxyl and 
either oxygen-2 or oxygen-3. A hydrogen 
bond to oxygen-l in Scheme V appears 
feasible for O—C—C=C dihedral angles 
ranging from ~50° to ~ 130°. The observed 
stereoselectivities in Table I seem best ac- 
commodated by a dihedral angle near 120° 

(see 17 and 18 in Scheme IV).49 

2. Epoxidation of Isolated Olefins 

(Scheme I, eq. 2) 
If one wishes to epoxidize an isolated 

olefin, peracids are the first reagents which 
come to mind. Several years ago we 
wondered whether the industrially impor- 
tant Oxirane Process (TBHP and Mo*é 
catalyst) could be adapted to laboratory- 
scale (e.g., 1-5 mole) epoxidations. We im- 
mediately encountered two problems. The 
commercially available forms of TBHP 
contained varying amounts of water. 
Water is deleterious to the reaction, for it 

not only inhibits the epoxidations, but also 
gives rise to epoxide opening which pro- 
duces diols as byproducts.5°5! We have 
since found that the epoxidation of isolated 
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0.2% OsO, 
10% EtysNOH 

1.6mol TBHP(70% grade) 
tert-butyl alcohol 

0.2% OsO, 

acetone 

olefins can be carried out efficiently by 
operating in nonreactive solvents (e.g., 
benzene, dichloromethane, dichloro- 

ethane) under moderately anhydrous con- 
ditions. The use of small amounts of 
anhydrous disodium hydrogen phosphate 
(Na,HPO,) powder as an additive in these 
reactions further reduces the formation of 
byproducts.*°? Since this work has not been 
published yet*! the complete experimental 
details for the epoxidation of l-decene are 
presented below. Monosubstituted olefins 
such as |-decene are among the most dif- 
ficult to epoxidize. Therefore, the con- 
ditions now given for I-decene will epox- 
idize all simple di-, tri- and tetrasubstituted 
olefins much more rapidly>! than theca. 10 
hrs at reflux required for complete conver- 
sion of I-decene. With more reactive 
olefins we recommend that the course of 
oxidation be followed so that it can be 
stopped soon after completion. The more 
reactive olefins also give rise to more reac- 
tive epoxides, and there is no sense in 
heating such epoxides in the presence of 
Mo*¢ (a weak Lewis acid) any longer than 
necessary. 

Epoxidation of 1-Decene (1-mole scale) 

a) General procedure for azeotropic drying of 
“Aqueous TBHP-70” (or the equivalent Aldrich 
18,471-3): “Aqueous TBHP-70” (500ml, 3.6 mol) and 

850ml of reagent-grade |,2-dichloroethane *3 are com- 

bined in a 2-liter separatory funnel, which is then 
swirled (vigorous shaking can lead to emulsions) for 
about one minute. Two phases form, and the upper, 

aqueous layer (ca. 125ml) contains only about 2.7% 

(0.10mol) of the TBHP originally added. The lower 
organic layer (1225ml, containing ca. 2.35mmol of 
TBHP per mland, therefore a total of 3.5mol of TBHP) 

is drained into a 2-liter, one-necked, round-bottomed 
flask. [Thus, by simple phase separation one obtains 
this TBHP solution which is similar in water content to 

solutions which we used!2.'454 to prepare by adding 
commercial Lucidol-90 or Aldrich’s 21,312-8 to the ap- 
propriate organic solvent (e.g.,CH,Cl, benzene or 

CICH,CH,Cl). We now recommend TBHP solutions 
prepared in this way for the SeO,-catalyzed ox- 

idations*+55 (CH,Cl, or CICH,CH,CI as solvent) and 
for the vanadium-catalyzed epoxidation of allylic 

alcohols (benzene or CH,Cl, as solvent). However, for 

the molybdenum-catalyzed epoxidations of isolated 

olefins removal of even this last bit (estimated to be ca. 

5-7%) of water is important, and is easily accomplished 

as described below.] A few boiling stones are added and 
the flask is fitted with a distillation head. Distillation 
(CICH,CH,Cl/H,0 azeotrope, bp 72°C) commences a 

few minutes after heat is applied with a steam bath. The 
distillate is cloudy and separates in the collection vessel 
into organic and aqueous layers. After ca. 450ml of sol- 
vent is removed the distillate becomes clear and 
homogeneous. A total of .ca. 575ml of distillate® is 

== 25% Et,NOAc a 

OOEt 1.7mol TBHP(70% grade) , H 

ps 1% OsO, OH 
+ CH; NZ THF/H,O 

(eq. 34)®1 

69% 

H 

CH; H (eq. 35)62 

COOEt 

106.39 (72%) 

0 

: (eq. 36)85” 
OH 
80% 

collected, and this leaves about 650ml of an 
anhydrous,’ ca. 4.1M solution of TBHP (ca. 

2.67moles) in dichloroethane.* [The precise TBHP 
concentration can be very easily determined by 
iodometric titration; the exact details for these 
titrations are given in Note 58a below. The TBHP con- 
centration can also be estimated (+ 10%) by NMR in- 
tegration; a convenient equation for calculating the 
molarity of such solutions when using dichloroethane 
as solvent is given in Note 58b below.] The anhydrous 
TBHP solution is allowed to cool and can be stored*? or 
used immediately. 

b) Molybdenum-catalyzed epoxidation: A 2-liter, 3- 
necked round-bottomed flask is equipped with a 
Teflon-coated magnetic stirring bar, a reflux con- 
denser, a 500-m1 dropping funnel, and a nitrogen inlet. 
All glassware was dried in an oven, and the system 

flushed with nitrogen. The flask is charged with | liter 
of reagent-grade 1,2-dichloroethane, 146.14g(1.00mol, 
corrected for purity) of Aldrich 1-decene (95% purity), 
0.668g (0.0025mol, 0.25mol %) of Mo(CO),, and 1.0g 
(0.007mol) of anhydrous disodium hydrogen 
phosphate (Na,HPO,, AR grade, freshly ground into a 

powder). The dropping funnel is charged with 490ml 
(ca. 2mol) of the previously prepared solution of 

anhydrous TBHP in dichloroethane. The stirrer is 
started, and the reaction mixture is brought to a gentle 
reflux. Dropwise addition of the TBHP solution is 
started and then the source of heat is removed from the 
reaction vessel. The TBHP solution is added to the 
stirred mixture at a rate which is sufficient to maintain 
reflux. The addition requires ~0.5hr. (With unreactive 
olefins such as I-decene it may be necessary to reapply 
the heat source before the addition is complete in order 

to sustain reflux.) When the addition is complete heat is 
reapplied and refluxing is continued until the olefin is 
completely consumed (monitor by GLC, TLC or other 
appropriate method). In the present experiment with I- 
decene this required ca. 10 hours at reflux (GLC 
revealed <1% olefin). If for some reason olefin still 
remains, one can simply add more of the anhydrous 
TBHP solution to the refluxing reaction mixture. 

The reaction vessel is then cooled in an ice bath and 
300ml (ca. 0.24mol) of a freshly prepared 10% solution 

of sodium sulfite (Na,SO;) is added dropwise with stir- 
ring. When addition is complete the ice bath is removed 
and stirring is continued for 3 hours at autogenous 
temperature. At this point the organic phase should 
give a negative peroxide test using acidified starch- 
iodide test paper.®° If the test is positive additional 
aqueous sulfite solution should be added and stirring 
continued until the test is negative. The aqueous and 
organic phases are separated, and the milky white 
organic layer is washed twice with 250-ml portions of 
water, once with 250ml! of brine, dried (MgSO,) and 

concentrated to afford a colorless but somewhat cloudy 
oil. Distillation of this oil afforded 137.4g (center cut, 

bp 52-4°C/ Imm) of I-decene oxide which was 98% 
pure by GLC analysis (therefore 86% yield). 

Other isolated olefins which have been 

epoxidized following the above procedure 
in 85-95% distilled yield include cyclohex- 

*Warning: It is important not to allow the distillation to 
proceed too long, for this would eventually produce 
high-strength TBHP solutions. 



ene, methyl oleate, 1-methylcyclohexene, 
1-phenylcyclohexene, (£)-2-decene and 
methyl 10-undecenoate. Other solvents 
(e.g., benzene,>3 CH,Cl and CCl,) also 
work well in this epoxidation procedure 
(i.e., in both the azeotropic drying and 
epoxidation stages of the process). The use 
of methylene chloride, due to the less 
favorable composition of its azeotrope 
with water, requires about twice the initial 
volume of solvent needed for the other 
solvents mentioned above. Furthermore, 
the epoxidation step takes longer in 
methylene chloride due to its lower boiling 
point. In fact, 1-decene cannot be epoxidiz- 
ed in CH,Cl,, but more reactive olefins can 
be epoxidized in excellent yield in 5-24 
hours at reflux.>! 

In summary, we feel that even with 
isolated olefins these metal-catalyzed 
epoxidations may sometimes have advan- 
tages over the more traditional peracid 
methods. This would seem especially true 
for larger-scale (l-5mol) epoxidations 

where cost and safety become important 
considerations. 

III. Vicinal Dihydroxylation of 
Olefins (Scheme I, eq. 3) 

Our experience with vanadium- and 
molybdenum-catalyzed epoxidations en- 
couraged us to think of TBHP asa possible 
oxygen-atom source for other metal- 
catalyzed oxidations of olefins. This has 
led to the discovery of very effective 
procedures®!.2 for the osmium-catalyzed 
vicinal hydroxylation of olefins (eq. 3, 

Scheme I), and for selenium-catalyzed 
allylic oxygenations of olefins5+ and 
acetylenes®5 (eqs. 4 and 5, Scheme 1). 

These new TBHP-based osmium- 
catalyzed procedures for cis-vicinal dihy- 
droxylation of olefins are much more 
reliable than the earlier ClO, (Hof- 
mann%)- and H,O, (Milas®)- based 

| osmium-catalyzed procedures for this 
transformation. The key to the success of 
the new methods appears to be the presence 

of a nucleophile (either Et,N*-OH®! or 
Et,Nt-OAc®). It seems likely that the role 
of the nucleophile is to increase the turn- 
over rate of the catalytic cycle by 
facilitating removal of the glycol product 
from the coordination sphere of the os- 
mium. Thus, it has been possible to 
hydroxylate even some tetrasubstituted 

olefins using the EtsNOH modification (eq. 
34). The Et,NOAc modification fails with 
tetrasubstituted olefins, but, being much 
less basic than the Ets NOH method, it can 
be used with base-sensitive olefinic sub- 
strates (eq. 35). 

Upjohn chemists have also recently 
reported a very effective new osmium- 
catalyzed procedure for  cis-vicinal 
dihydroxylation of olefins.“ The oxidant 
in their process is N-methylmorpholine-N- 
oxide. In the short time since its discovery 
it has been used many times with great 
success (e.g.,eq. 36). In comparing this 0.1 ' 

| method with our TBHP-based procedures PMG 
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we noted that the Upjohn procedure failed 
in our hands with the tetrasubstituted 
olefin shown in eq. 34. We also suggested 
that it might not be very useful with 
trisubstituted olefins. We now wish to 
retract and apologize for that inference, 
because enough examples are now known 

to make it clear that the N-methylmor- 
pholine-N-oxide method is marvelously 
effective with many trisubstituted olefins 
(e.g., eq. 36). 

There have been only two appli- 
cations®®*®7 of our method so it has not real- 

ly been adequately tested. At present it 

would appear to have only two possible ad- 

vantages over the Upjohn procedure. Our 
procedure does work with some tetra- 
substituted olefins, and TBHP is about 20 
times less expensive than AN\-methyl- 
morpholine-N-oxide (NMO) even at fine 

chemical prices (and TBHP is available at 

much lower prices in bulk quantities). 
Another minor point is that we always use 
0.2% OsO, catalyst, whereas the NMO 
procedure has been reported with from 0.2 
to 5% OsO, catalyst. If the TBHP and 

NMO routes gave comparable yields of 
diol in a given case, considerations of cost 
would favor the TBHP process, especially 
on larger-than-mmole scales. 

In summary, these two new catalytic 
methods (TBHP-based®!:62 and NMO- 
based®5*) have greatly increased the 

reliability of the olefin to cis-vicinal diol 

50% SeO, 
2mol TBHP 

CH2CI,(750ml) 
25°C, ~ 2days 

Zs 

1 mol 

50% SeO, 
0.2mol TBHP 

CH2Cl, (75m) 
25°C, ~2 days 

50% SeO, 
2mol TBHP 

CHCl, 
25°C, ~15 min. 

2% SeO> 

0.1 mol 

are 
50% oe 

0.2mol TBHP ( et ed Sea 

CH2Clo, TEE CHLOL 10G wasn 
4.5hr 

0.36mol TBHP (90%) ee 

10% salicylic acid 
CH2Clo, 25°C, 27hr 

transformation: Of sane importance, the 
reaction can now be carried out on a one- 

mole scale at a reasonable cost; this should 
allow the use of such a step early in a syn- 
thetic sequence. 

IV. Allylic Oxidation of Olefins 
and Acetylenes (Scheme I, eqs. 4 
and 5) 

Selenium dioxide is the most reliable and 
predictable reagent for direct insertion of 
oxygen into an allylic carbon-hydrogen 
bond.®8 A serious complication in this reac- 
tion is the inevitable production of reduced 
forms of selenium. The frequent difficulty 
of removing colloidal selenium from the 
products is well known. Another drawback 
of these oxidations is the formation of 
organoselenium by-products. We reasoned 
that an oxidant which would rapidly and 
selectively reoxidize the reduced selenium 

species to SeO, would circumvent these 
problems, and furthermore might enable 
the reaction to proceed with catalytic 
amounts of SeO,. Indeed, we found that 
TBHP is an excellent oxidant for this pur- 
pose.54 Allylic oxidation proceeds in 
CH,Cl, at room temperature with catalytic 
(2-50%) amounts of SeO,. Examples from 

our work*4 (eqs. 37, 38, 40) and from other 
laboratories (eqs. 39, 41, 42) are shown 
below. The transformation shown in eq. 42 
by Cook and Campos” ’ is interesting in 
that the substrate contains both indole and 

Z n-C) hs 

Ad (eq. 37)54 

93.8g (60%) 

(eq. 38)54 

(eq. 39)6°9 

20% 

28% 2% 

25% 2% 

OAc 

(eq. 40)54 
OH 

48%54" (55%54”) 

coocn, OH io 

(eq. 41)70° 
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piperidine moieties. Stoichiometric SeO, 
oxidation of the same substrate required 
more vigorous conditions, and gave only 
the product of complete dehydrogenation 
(i.e., piperidine ring — pyridine ring).7°° 

In our first publication on this subject,*4 
we mentioned that cyclohexene was a poor 
substrate for the SeO,/TBHP allylic ox- 
idation procedure. The allylic alcohol is a 
minor product and the two major products 
are the allylic tert-butyl ether and the allylic 
tert-butyl perether. We have since found 
that this is a general problem when the 
olefinic linkage is in a ring (i.e., endo- 
cyclic).7! Smaller-ring olefins (e.g., 5- and 

6-membered) are worse than larger-ring 
olefins (e.g., 8- and 12-membered), but 
even in the case of cyclododecene the ether 
and perether by-products are still ap- 
parent. For cyclododecene the ratio of 
allylic alcohol to by-products (i.e., allylic 
ether and perether) is 7:3; the ratio for 
cyclohexene is 1:4. Thus, it is important 
that one be wary of applying our procedure 
to endocyclic olefins which are in small- 
and medium-sized rings, especially if the 
C—H bond to be oxidized lies within the 
same ring. However, exocyclic olefins 
work well (eq. 39), and it also appears that 
the reaction proceeds normally with en- 
docyclic olefins if the allylic C—H bond 
which is oxidized lies outside the ring.7! 

We have recently found that, unlike 
olefins, acetylenes show a strong tendency 
to undergo a,a’-dioxygenation upon reac- 
tion with the SeO,/TBHP system (eq. 
43).55 The oxidation of ten different 
acetylenes allowed assignment of the 
relative reactivity sequence as CH, =CH > 
CH;, thus allowing selective monooxy- 
genation in the case of CH, vs. CH; or of 
CH vs. CH; (eq. 45). Alkynes bearing one 
methylene and one methine substituent af- 
ford the enynone as the major product (eq. 
46). 

Both the olefinS4 and the acetylene 
SeO,/TBHP a-oxygenation procedures 
have been performed on a one-mole scale 
with no difficulty. One advantage of these 
procedures is that they can be run quite 
concentrated (at least 1M in olefin or 

acetylene), and hence are conveniently 
scaled-up. However, the key advantage of 
the SeO,/TBHP/CH,CL, system is that it is 

more reactive and also more selective than 
any known® stoichiometric SeO, oxida- 
tion procedures. With the exception of the 
endocyclic olefins mentioned above, it is 
clearly the method of choice for obtaining 
synthetically useful yields of unrearranged 
allylic alcohols from a greatly broadened 
spectrum of olefins. The positional selec- 
tivity, which has been the chief attraction 
of SeO, oxidations, is retained. The milder 
conditions avoid the rearrangements and 
dehydrations which can occur under the 
standard stoichiometric conditions. Final- 
ly, the dramatic reduction in the amount of 
colored, malodorous organoselenium by- 

products formed, and the elimination of 

precipitated selenium metal should help to 
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overcome the selenophobia which current- 
ly afflicts many synthetic organic chemists. 

V. Practical Considerations in 

Handling TBHP 

1. Commercial Sources. There are two 
commercial routes to TBHP. The most im- 
portant is the autoxidation” of isobutane 
(eq. 47). The older route involves acid- 
catalyzed alkylation’ of hydrogen perox- 
ide with tert-butyl alcohol (eq. 48). This 
latter route leads to coproduction of di- 
tert-butyl peroxide (DTBP). Lucidol offers 
two grades of TBHP: (1) Lucidol-TBHP- 
70 contains (by wt.) 70% TBHP, ~19% 

DTBP, and 11% of TBA and water;73 (2) 

Lucidol-TBHP-90 contains 90% TBHP, 
~6% TBA, ~4% H,O, and <1% DTBP. 

The 90% grade of TBHP is also available 
from Aldrich, but it must now be sent by 
truck according to a recent ruling of the 
DOT. 

Oxirane Corporation produces TBHP 
by the autoxidation route. Almost all of 
this TBHP is used on-site for the 
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molybdenum-catalyzed epoxidation of 
propylene. However, they do sell some of it 
for use outside their plant. This material is 
almost pure TBHP except for 30% water 
which is added as a stabilizer to permit 
shipment in tankcar and tanktruck quan- 
tities. Oxirane calls this material “Aqueous 
TBHP-70”.74 The vital statistics for the Ox- 
irane ‘Aqueous TBHP-70”, Lucidol 
TBHP-90 and pure TBHP are given in 
Table II. Please note that the data for pure 
TBHP are given only for the sake of com- 
parison with the commercial grades. Pure 
TBHP is not commercially available nor 
should it, in our opinion, ever be prepared 
and used except on a very small scale. The 
70% TBHP is available from Aldrich and 
can be shipped by UPS making it an ideal 
form in which to receive TBHP for 
laboratory-scale operations. 

2. Purification. Of the three’?> commer- 
cial grades of TBHP only the two shownin 
Table II are suitable for use in the metal- 
catalyzed oxidations described here. Since 
the 90% grade is inherently more expen- 
sive, and is made even more so because it 
must travel by truck, we have adapted to 



using the 70% grade (70% TBHP/ 30% 

H,O) for all our needs. This approach is ac- 
tually much more attractive than one might 
at first think. 

The aqueous 70% TBHP is ideal for 
direct use in the osmium-catalyzed vicinal 
dihydroxylation of olefins (eq. 3, Scheme 
1).!.62 This process requires the presence of 
water and there is absolutely no virtue in 
using drier grades of TBHP. In fact, 
anhydrous solutions of TBHP do not work 
for this application. 

The vanadium- and selenium-catalyzed 
oxidations (eq. 1,4 and 5, Scheme I) were 
all initially developed!2!45455 using the 
commercial 90% grade (~4-5% H,O) of 
TBHP. The vanadium-catalyzed processes 
are definitely slowed by the presence of 
water, but the 90% grade is dry enough to 
give reasonable rates and good yields. 
However, the rates and sometimes the 

yields can be increased if one prepares 
anhydrous solutions of TBHP in organic 
solvents. The selenium-catalyzed processes 
show a more complicated dependence on 
the water content of the TBHP. When us- 
ing 50% SeO, catalyst the reactions are 
rather insensitive to water content. Thus, 

| Sum and Weiler were able to use 70% 

TBHP directly for oxidation of methyl 
farnesoate (eq. 41),70° whereas we have 

found that 90% TBHP was optimum when 
using only 2% SeO, catalyst for oxidation 
of the similar olefin, geranyl acetate (eq. 
40).54 Both less water (anhydrous TBHP) 

and more water (70% TBHP or phase- 
separated TBHP in CH,Cl,) resulted in 
substantially slower oxidations under 
otherwise identical conditions.”6* How- 
ever, even in this case the phase-separated 
TBHP/CH,Cl, solutions were adequate 
for use. 

The only process in Scheme I which ac- 

tually requires anhydrous conditions for 
good yields is the molybdenum-catalyzed 
epoxidation of isolated olefins (eq. 2). For- 
tunately, we have found that it is relatively 
easy to obtain anhydrous solutions of 
TBHP in organic solvents, even when start- 
ing with the wettest grade of TBHP, name- 
ly “Aqueous TBHP-70” (70% TBHP/ 30% 

H,O, w/w) by employing the phase- 
separation and azeotropic-distillation 
techniques which are described above for 
the epoxidation of 1-decene. 

Note that the easy phase-separation 

Aqueous 

Properties TBHP-70 

diluents 
30% H,O 

bp(°C/mm) 96/760 
mp(°C) -2.8 
density (25°C) 0.935 
ca. mmol TBHP/ml ee, 
shipping UPS 
* 
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procedure for removing most of the water 
from the 70% TBHP means that the less 
convenient (more expensive and _ less 
stable) 90% commercial grade of TBHP is 
no longer really essential. Recall that 90% 
TBHP was the grade we used to recom- 
mend for the vanadium- and selenium- 
catalyzed oxidations (eqs. 1, 4 and 5, 
Scheme I). We have also found that the 
TBHP solutions one gets by the simple 
phase-separation procedure have nearly 
the same reactivity as solutions generated 
by dissolving commercial 90% TBHP in 
the same solyent.’° This is as it should be 
since both methods yield TBHP solutions 
which contain similar (based on TBHP 

content) amounts of water (i.e., 4-5% H,O 
for Lucidol TBHP-90 and 6-7% H,O for 
the TBHP solutions we prepare by phase 
separation). 

3. Dangers. We have so far emphasized 
the relative safety of working with TBHP 
as compared to working with other perox- 
idic substances. Now we must point out 
that TBHP, like almost all substances hay- 

ing O—O bonds, has to be regarded with 
respect. However, provided one avoids cer- 
tain situations, this state of respect need 
not degenerate into a state of fear. 

There are three main situations to avoid. 
The first rule is never add a strong acid 
(even just a drop) to high-strength TBHP 
solutions. The second rule is never add 
transition metal salts known to be good 

autoxidation catalysts (e.g, Mn, Feand Co 

are particularly bad) to high-strength 
TBHP solutions. Alkyl hydroperoxides are 
sensitive to metal-catalyzed radical-chain 
decomposition.’.”277 Among other things 
this produces a lot of oxygen gas. The third 
rule (which, if followed, will ameliorate any 
problems arising from violations of the 
first two rules) is never work with pure 
TBHP and avoid using high-strength 
solutions of it whenever possible. 

The literature contains a number of ex- 
amples of violations of this last rule.78 Most 
of these involve distillation of TBHP to 
purities of 98% or greater. These are per- 
formed at reduced pressure and, if done 
carefully in clean glassware, are probably 
quite safe. However, many people use 
heating mantles for distillations and one 
wonders what would happen if the flask 
broke or had a crack in it. But the real 
problem here is that one might produce 
really pure (>99%) TBHP which has to be 

Table II. Properties of Commercial Grades of TBHP 

Lucidol Pure 
TBHP-90 TBHP* 

~6% TBA 
~4% H,0 
<1% DTBP 

133/760 
-10 4.2 

0.90 0.8960 
9.0 9.94 

Truck only 

Not commercially available, only included in table for 

| comparison with the two commercial grades. 

regarded as too dangerous to work with, 
especially on a preparative scale. In the 
past, perhaps the main reason for distilling 
TBHP was the desire to obtain anhydrous 

material for further reactions (e.g., to form 

tert-butyl peresters from the corresponding 

acid chlorides’). Our new azeotropic 
procedure for generating anhydrous 

solutions of pure TBHP in aprotic organic 
solvents should in many cases obviate the 
need to distill pure TBHP. | 

Since much of this review is concerned | 
with removing water from TBHP, one | 
might naturally wonder about the effec- 
tiveness of molecular sieves for this pur- 
pose. For this reason we quote the follow- | 
ing account of a small accident which oc- 
curred at Shell Development Company in | 
Houston: “We had been routinely drying | 

90% TBHP (typically containing 6% H,O, | 
3% TBA and 1% Di-t-butyl peroxide) ona 

small scale using 4A molecular sieves. A 
technician inadvertently used Linde 13X 
mol sieves. After pouring one or two liters 
on the packed bed the technician was suf- 
ficiently alarmed at the unusual exother- 
mic reaction taking place that he quickly 
closed the fume hood. Within one or two 
minutes the hydroperoxide ignited. The en- 
suing fire was contained within the fume 
hood. We surmise that the heat of adsorp- 
tion of TBHP on 13X sieves (pore size 
~9A) was sufficient to raise the temper- 
ature to the autoignition point. Note that, 
in contrast, penetration of TBHP into the 
pores of a 4A sieve is not possible).”79 

Perhaps this behavior is specific for the 
13X sieves, but at present we would not be 
too sanguine about pouring high-strength 
(e.g., 90%) TBHP over molecular sieves of 

any kind. 

One can remove some of the remaining 
(~6-7%) water from the organic solutions 
of TBHP (obtained from 70% TBHP by 
the phase-separation technique) by swirl- 
ing them with anhydrous MgSO,. The 
MgSO, should be removed by filtration 
through a plug of glasswool placed in the 
stem of a regular funnel; a sintered-glass 
funnel should not be used for it may be con- 
taminated with metals. However, TBHP 
solutions dried in this way are less effective 
(presumably because they are wetter) in the 

molybdenum-catalyzed epoxidations of 
isolated olefins than are TBHP solutions 
dried by the azeotropic technique.°! 

If one contemplates larger-scale (0.1 

mole and greater) reactions of the type 
shown in Scheme I, then the followingad- | 

vice is of special importance. Whenever | 
possible add the TBHP slowly tothereac- | 
tion mixture under conditions where it is _ | 
being consumed as it is added. We have run 
the molybdenum-catalyzed epoxidation of 
isolated olefins (eq. 2, Scheme I) ona 2.5- | 
mole scale; this involves at least 5 moles of 
TBHP. However, the TBHP is added at a 
rate which maintains a gentle reflux and 
therefore does not build up in the reaction 
mixture. The larger-scale reactions also 
tend to need less catalyst. We have used as al 

Aldrichimica Acta, Vol. 12, No. 4, 1979 71 



little as 0.1% Mo(CO), catalyst in the 2.5- 
mole scale epoxidations. A situation to be 
avoided at all costs is that where one places 
large quantities of TBHP and the substrate 
(olefin or acetylene) together and then adds 

the catalyst. This can sometimes be done, 
but only after one has very carefully es- 

| tablished that the substrate is so unreactive 
that the reaction cannot get out of control. 
Finally, if you really must risk mixing 
everything together at once it is always 
safer to be in a lower boiling solvent thana 

| higher boiling one. 

Dr. E.S. Shanley has pointed out that 
there is a common ambiguity in the use of 
the term “stability”. We have used it in this 
review to mean low decomposition rate 

| during storage. Another meaning of 
| “stability” is lack of potential for spon- 
| taneous change. TBHP is certainly not 
| stable in this latter sense. It is therefore im- 

portant to be sure that most all peroxidic 
substances are reduced before engaging in 
distillation of reaction mixtures in which 
TBHP was used as oxidant. The Na,SO,!’ 
and dimethyl sulfide!’ procedures for 
reducing excess TBHP are reliable, and the 
absence of TBHP can, and should, be es- 
tablished with acidified starch-iodide test 
paper.®° However, of greater concern is the 
possibility that the TBHP has become 
bound into the molecule in some more- 

| stable form. This is especially true in those 
| reactions in Scheme I which involve mildly 
| acidic conditions (viz., eqs. 1, 2, 4and 5). If 

the molecule contains a ketone or aldehyde 

function in addition to the olefinic unit one 
should be aware of the possibility of 
peroxyketal or peroxyacetal formation.*! 
An NMR spectrum of the crude reaction 
mixture should reveal contamination by 
tert-butyl peroxyacetals or ketals. 

Above all, we prefer steam baths for 
heating TBHP reaction mixtures (especial- 
ly ona large scale). Oil baths are also accep- 
table, but messy on a large scale, and 
heating mantles involve obvious dangers. 
We have used heating mantles for heating 
TBHP solutions, but are careful to use low 
power settings, and to see that the level of 
solvent in the flask is always above the top 
of the mantle. 

A lot more information about safety and 
handling of TBHP as well as other perox- 
ides is available in various bulletins from 
the companies which sell it (e.g., Lucidol,°? 

Oxirane,®3 and Witco!). E.S. Shanley has 
written a chapter on “Organic Peroxides: 
Evaluation and Management of Hazards” 
in Swern’s series on “Organic Peroxides”.84 

4. Storage. The maximum recommend- 
ed storage temperature for TBHP is 38°C 
(100° F).82 It is stable essentially indefinite- 
ly at room temperature (25°C) and, thus, 

does not need refrigeration. In fact, it is im- 
portant that the “aqueous 70% TBHP” not 
be stored much below room temperature. 
It is essentially saturated with water at 
25°C, and at lower temperatures an 
aqueous phase separates which is visible on 
the bottom of the storage container. This 
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circumstance would cause the concentra- 
tion of the supernatant TBHP solution to 
vary. TBHP containers should best be 
stored in the dark or at least out of bright 
light, and should be kept in an area free of 
accelerators, corrosives and other in- 
herently hazardous materials. To avoid 

contamination while sampling always pour 
TBHP out of the container, never stick 
sampling devices into the container, and 
never return unused TBHP to the con- 

tainer. 

Like all strong oxidants TBHP is an eye 
and skin irritant. It is especially bad in the 
eyes. Should it get in your eyes flush them 
immediately with copious amounts of 
water and contact a physician. Eye protec- 
tion and rubber gloves should be worn 
when handling these materials. 

“Aqueous 70% TBHP” will burn 
vigorously if ignited but will not explode 
unless it is contained. This is one of the ad- 
vantages of shipping peroxides in plastic 
containers. Should things get hot the con- 
tainers melt down and prevent contain- 
ment. Should a fire arise copious amounts 
of water, coolants and foam extinguishers 
should be employed. 

VI. Conclusion 

Because TBHP is a selective, inexpen- 
sive, and relatively safe oxidant, its 
applications in organic synthesis should 
continue to increase. Few reactions have 
caught on as rapidly among synthetic 
chemists as the vanadium-catalyzed epox- 
idation of olefinic alcohols (eq. 1, Scheme 
I). This gives some insight into the impor- 
tance of being able to stereoselectively in- 
troduce new asymmetric centers into a 

molecule under the direct control of a 
preexisting chiral center. The fact that this 
particular reaction also exhibits good 
stereoselectivity on acyclic molecules, and 
even over fair distances, makes it all the 
more valuable. As synthetic chemists 
become more familiar with TBHP, they 
may find that some of the other metal- 
catalyzed oxygenations discussed here 

(Scheme I) are also useful for the construc- 

tion of complex molecules. 
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reagent 

Synopsis 
Hydroxylamine-O-sulfonic acid 

(HOSA) has only recently become widely 

commercially available despite the fact that 

| it has proved to be a valuable synthetic 

| reagent in preparative organic chemistry. 

Unfortunately, however, information 

| regarding the use of HOSA in organic syn- 

thesis has remained scattered in the 

literature, and it is to focus attention on the 

versatility and potential of this reagent that 

this information has been brought together 

now in the form of a short review article. 

Important among the areas of applica- 

tion of HOSA are amination and reductive 

deamination reactions, nitrile and oxime 

formation, and the preparation of amides 

and diazo compounds. These and other 

reactions, including the use of HOSA for 

the synthesis of heterocycles such as ox- 

aziridines, diaziridines, pyrroles, isothi- 

azoles, benzisoxazoles, benzodiazepines, 

isothiazolo- and pyrazolopyridines, and 

imidazolinones and related derivatives are 

discussed in the review. Many of these 

preparations can be carried out in high 

yield. 

Hydroxylamine-O-sulfonic acid, 

NH,:OSO,H (abbreviated to HOSA in 

this article) has become in recent years 

commercially available. Although much 

fruitful chemistry has been carried out us- 

ing HOSA, to this author’s knowledge, 

there has been no systematic review in 

English* of its use as a synthetic reagent. It 

is a chemically interesting compound 

because of the ability of the nitrogen center 

to act in the role of both nucleophile and 

electrophile, dependent on circumstances, 

and thus it has proved to be a reagent of 

great synthetic versatility. 

H,N-Nu 

(as an electrophilic 
center) Nu 

ul 
H,N-O-S-OH 

oO 

IE 
(as a nucleophilic 

center) oO 

E-N-0-S-OH 
H O 

Besides being directly involved in reac- 

tions, it may serve as an in situ source of 

other chemical entities (e.g., imene) which 

then undergo reaction with a given sub- 

strate. Reference will be made from time to 

*For a short review in Japanese see ref. |. 
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acid — a versatile synthetic 
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time to these various modes of reaction. 

The uses of HOSA asa reagent are organiz- 

ed below according to the different syn- 

thetic transformations that it can bring 

about. 

Probably by far the most well known 

and explored reactions of HOSA are 

amination reactions, illustrating  elec- 

trophilic attack by HOSA, with amination 

on nitrogen being the most important, 

although a significant number of 

aminations on both carbon and sulfur have 

been reported. Amination on phosphorus 

also occurs. 

AMINATION 

(a) At a nitrogen atom 

(i) Preparation of mono- and di- 

substituted hydrazines and trisubstituted 

hydrazinium salts 

SS SS —- Ge Ao 

— 

N-NH, 

I+ 
-N—NH, 

Monosubstituted hydrazines can be 

prepared in yields of the order of 50% by 

treatment of a primary amine with HOSA 

in aqueous solution in the presence of base 

(eq. 1).25 Similarly, secondary amines 

react to give 1,l-disubstituted hydrazines 

(eq. 2).45 

An alternative route for mono- or di- 

substituted hydrazines uses an aqueous 

solution of the amine and a ketone, or the 

+On secondment from the Cancer Research Cam- 

paign’s Gray Laboratory, Mount Vernon Hospital, 
Northwood, Middlesex HA6 2RN. 
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Pease candace Schiff's base, instead of the 

amine alone and involves diaziridine ring 

formation (vide infra) which avoids the use 

of a considerable excess of amine to sup- 

press further reaction of the hydrazine 

product and has additional advantages (for 

a discussion see reference 6 and references 

cited therein). 

1,1,1-Trisubstituted hydrazinium salts 

are formed when tertiary amines are 

treated with HOSA under basic conditions 

in aqueous or alcoholic media (eqs. 3,4).4>,7 

(ii) Masked hydrazines - amination on 

the nitrogen heteroatom of nitrogen 

heterocycles 

(N-H ——> (N-NH, 
\ \ + 
YN ay IN -NH, 
/ uh 

Many nitrogen heterocycles can be 

aminated on nitrogen using HOSA. These 

include azetidine,® pyridine,*° quinoline,‘ 

pyridazine,? pyrimidine,’ pyrazine,? 

tetrazole,!° indole, ''.!2 benzimidazole, !2:!3 

triazine,!4 benzoxazole,'® and purine!?.!' 

ring systems (eqs. 5-16). (The pyrimidine 

ring system, however, will often undergo 

ring opening and rearrangement res actions 

as alternative reaction pathways:? a specific 

example of this is given under mis- 

cellaneous reactions.) Here, as in the syn- 

thesis of the simple hydrazines, the ni- 

trogen of the HOSA acts as an electrophilic 

center in the reaction. 

In the case of the l-aminopyridinium 

cation,45 l-aminoindole,'!! and 1,2-di- 

aminobenzimidazole!} especially, the 

method constitutes an important 

preparative procedure since the reaction 

either fails with other reagents (pyridine) or 

the HOSA synthesis provides a more 

straightforward route to the compounds in 

question (indole, benzimidazole).  1- 

Aminobenzotriazole!* forms a convenient 

benzyne precursor. 

(iii) Preparation of 2-tetrazenes 

\ SS ye 
N-H ——>  (N-N=N: ) 

@ Lo . 

Piperidine and pipe colines react with 

HOSA in aqueous solution, in the presence 

of sodium hydroxide, to give 1,1,4,4-tetra- 

substituted 2-tetrazenes (eq. 17).!’ Pre- 

sumably, the simple hydrazine is initially 

formed and is subsequently oxidized to the 

tetrazene. 

(b) At a carbon atom 

HOSA will aminate on _ aliphatic, 

aromatic and heterocyclic carbon atoms 

under a variety of conditions. 

(1) Aliphatic carbon 

RNH, oa > ORNHNH, R=CH, 49-53% (eq. 
70°/10min R=C,H, 81-88% 

HOSA/KOH/H30 * 5 
(n C, )2N eT Te (n C4Hs),NNH, 34% (eq. 

(i) HOSA/KOH/H20/A 

Ch (CH,),NNH, fe 85% (eq. 
(ii) HI 

CH, 
HOSA/EtOH 

(CH,),N(CH, ),OH Sra TRIER La HO(CH,),-N=NH, SO, 66% (ea. 
reflux/5min 

CH, 

Onn eee Onn ef a 

SS 
aie iy Sees 0/90°/20min | 

ii) SRT RC Ee oe /room temp NZ - 63-72% (eq: 
Ae ) HI/-20°/1hr ba 

NH, 

(i) Si) HOSA/KOB MOST D IONS min 
Zz (ii) SIN SKUs 25%,  (e4- 

N 
OH 

R 5 | e = KOH/H,0/70° i un OH/H,0/70°/4hr Naz ah (ea. 

Wo CH: (i!) 1 y-  R=CH; 56% 
NH, R=CH,0 50% 

O 
Hy 

room temp. 

Ry 
je | Jiu ie e | R'=NH,, R’'=H (eq. 
O™N e) N Kau 

R' 

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

N ANN R, 
Ec oe ) HOSA/KOH/H;0/702 /4hr le | 

+ eq. 10 Ry ) HI > Rs (eq. 10) 
R,=R.=H 34% 

NH,  R,=R,=CH, 55% 

y -NH 
R l N i HOSA/Na>CO,(pH 7-8)/ R l N t : 

NV ZN 70-75° 20min/at reflux, 20- nah NON 

R N 35% 

| 
NS NSNH: 

R=n-C3H, 26% 

(eq. 11) 

R' R' 
le HOSA/KOH/DMF ’ 

N room temp./1hr N R? (eq. 12) 

H NH R1=R2=H 96% 

Aldrichimica Acta, Vol. 13, No. 1, 1980 
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One of the most successful of these 
R ne R n7NH2 procedures is the elegant one-step synthesis 
fo NH, HOSA/KOH/H20 > >-NH,; (eq. 13) of a-amino acids from carboxylic acids. 
R; N foprne mes R; N a The acid is lithiated in a mixed solvent 

system and afterwards treated with HOSA 

Ry=R2=-H = 76% (eq. 18)!8 to give the a-amino acid. HOSA 

will also aminate active methylene com- 
N N pounds as is demonstrated inthe synthesis | 
\| HOSA/KOH/H,O II of substituted pyrroles! from B-keto esters 

nN 60° noN (eq. 14) and f-diketones. 

H NH, (ii) Aromatic carbon 

Ye-h —>  )e-nn, 
O O. Zo Wy 

ro pee. yo 
N (no details) N (eq. 15) Two main methods have beenemployed | 
4 NH, to bring about direct amination in 

aromatic systems using HOSA. In both | 

cases the yields tend to be on the low side. | 

0 HN te) The first employs aluminum chloride as 
Avy N ON N a catalyst and has been fairly extensively 
ihe | Sy Sa MERLE. lke | S investigated by Keller2? and Kovacic.?! 

H,N SN No CH,OH H,N Sn N79. CH20H There appears to be a number of points of 
(eq. 16) variance between the work of the two 

authors. The precise aminating species is 
OH OH OH OH not known. Examples from both authors’ 

Pies work are given below (eqs. 19,20).2.2! 
almost quantitative 

“Note: pH 2-4 gives C-8 amination The second method is a homolytic 
amination procedure developed by Minisci 

and his co-workers,?? whereby what is 

*OSO,H/Fe**) at room temperature and 

this then attacks an aromatic substrate. 

Yields of between 10 and 40% of mono- 

aminated product are reported (eq. 21). (In 

2 1 2 1 1 2 | 

R R eae a és R . thought to bea protonated amino radicalis | 
3 ” —— 3 —-N=N- 3 17 generated in a redox system (H,N- R N-H ean R N-N=N-N R° (eq. 17) 2 } 

R1=R2=R3=H 18% 

LiN(i-Pr)9/HMPT/T HF-hexane 
RCH,CO,H RCHLiCO,Li ey ae many instances the yields are quantitative 

with respect to the aromatic substrate ac- 

(eq. 18) tually consumed.) In certain cases the reac- 
RCH(NH,)CO;H R=CeHs 83% tion shows a degree of stereospecificity. | 

A third method,?3 from the very recent 
CH, HOSA/AICI, CH, literature, is based on H Cc Brown’s 

See H,N 21% (eq. 19) procedure for the conversion of alkenes via 
CH, pooh CH, the organoborane to aliphatic amines ( vide 

infra). If an aryl organoborane is sub- 

stituted for the alkyl borane in the reaction 

(the paper gives triphenylborane as an ex- 

CH, ample — prepared from phenylmagnesium CH, 

HOSA/AICI5 bromide and boron trifluoride) an aryl- 
——__——_ » 50% (eq. 20) ; : FOdUCEdI (cde? Walihedisadvane 400-105°/30min NH, amine is produced (eq. 22). The disadvan 

tage of the method is that, unlike trialkyl 

boranes, which utilize two of the three alky] 

groups in amine formation, triphenyl- 

borane uses only one phenyl group and 
OCH, Coos thus the overall yield with regard to amina- 

he aromatic ring 1: xh. HOSA/Fe,SO,/MeOH NH, (eq. 21) tion on the aromatic ring is not high | 

room temp./15min 34% (iii) Heterocyclic carbon 
| 

CH, CH, (with respect to HOSA) x x | 

Ye-H > ) C—NH, 
La ffs 

HOSA/diglyme Certain heterocycles will react with | (C,Hs);B OS C,H,NH, 35% (eq. 22) é 
100°/24hr 

HOSA to give a C-substituted amino 

derivative. For instance, 1,3-dimethyl- 

Aldrichimica Acta, Vol. 13, No. 1, 1980 5 
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mee reacts with HOSA at pH 2 over 40 

hours to give the C-amino product in 

almost quantitative yield (eq. 23).*4 Guan- 

osine (eq. 16) aminates at the 8-position'® 

at pH 2-4 (70°) and 5-nitroquinoline (cf. 8- 

hydroxyquinoline) aminates at the 6- and 

8-positions under basic conditions (eq. 

24),25 

That the mechanism of some of these 

reactions may be one of addition followed 

by elimination is suggested by the fact that 

quinazolines, unsubstituted in the 4- 

position, react with HOSA at 60-65° over 

5-10 minutes to give N-(3,4-dihydro-4- 

quinazolinyl)hydroxylamine-O-sulfonic 

acids, which can be isolated in good yield 

0 
CH 

CHa yy HOSA/pH 2 °“N NU 

ie | 37°/40hr p ie | (eae) 
O N oO N 

CH; CH; almost quantitative 

NO, NO, 

= HOSA/KOH/95% EtOH H,N SS 
= 50° /2hr > S 

N N 

NO, 6% (eq. 24) 
SS 

gs 

N 
NH, 

| 13% 

H. -NHOSO,H 
— -H 
ay HOSA/H;0 a (eq. 25) 

Zz 60-65° /5-10mi > Zz 
Nao ae N~-R-R=H, CH; 50-86% 

R fe 
7 HOSA/NaOH(NH,;)/KHCO3/H,0/EtOH Ry SCN 

; N Ss room temp./15min Re WZ NH, (eq. 26) 

H R,—CH;, R,=H, R,=C,H; 80% 

HOSA/NaOMe/MeOH 5 
R2S room temp./several hr } asa SO, (eq. 27) 

2 R=C,H, 59% 

ArCOSNa —UCSA/NAQH/HLO y ArCOSNH, Ar=3,4-Cl,CcH, 95% (eq. 28) 
=20 Ar=2-furoyl 70% 

RCSNHAr | COACH > = RC(=NAr)SNH, (eq. 29) 
R=CH,, Ar=C,H, 88% 

HOSA/NaOH/H,O 
ArcSSNa ——— "> ArCSSNH, (eq. 30) 

Ar=4-CIC,H, 87% 

HOSA/MeOH Z 
(C.H;)3P are aes [(evH.),PNH, HSO, 69% (eq. 31) 

R’SO.Cl/pyridine 
RNH, —__—______—_» 

steam bath/30min 
RNHSO,R’ 

HOSA/NaOH/H,0/EtOH } RH 

distill 
(room temp. if R'=CHs;) (eq. 32) 

R=C,H,CHz, R'=C,H; 85% 

R=n-C,H,3, R'=4-CH3,C.H, >90% 

RNH, HOSA/NaOH/H30 : RH R=(CH,);CO,H 55% (eq. 33) 

0°/1.5hr 

6 

R=2-CO,HC,H, 72% 

(eq. 25).2° However, prolonged treatment 

with HOSA (70°, 4 hours) gives principally 

the 4-aminogquinazoline and no dihydro 

compound. (Interestingly, benzimidazoles 

and ortho-disubstituted benzenes are also 

products of the reaction under these con- 

ditions).?5 

(c) At a sulfur atom 

=S and -—S ——} -S-NH, 

SS Se 

Ss aia ONE 

Amination of sulfur in a variety of 

organic situations can be carried out using 

HOSA. Thus thiols(ones),2’ thioacids,® 

thioamides,?829 dithioacids?® and_ thio- 

ethers? undergo amination to give the cor- 

responding hydrosulfamines and hydro- 

sulfonium salts (eqs. 26-30). The yields for 

the reactions are generally good and, as 

with most HOSA transformations, the ex- 

perimental procedure is relatively simple. 

Sulfilimines, in particular, have proved 

to be very useful intermediates in organic 

synthesis.?! 

(d) At a phosphorus atom 

=P 
Nae 

z we —NH, > 
Triphenylphosphine, when treated with 

HOSA in methanol, gives triphenylphos- 

phiminium hydrogen sulfate (eq. 31) in 

69% yield.*2 

REDUCTIVE DEAMINA- 
TION 

Two methods of bringing about the 

transformation RNH, — RH using HOSA 

are available: an indirect method via the 

sulfonamide?3 and a direct route*4 which 

has appeared in the literature only recently. 

Reductive deamination refers to the 

transformation of an amine toa product of 

lower oxidation level (in the sense propos- 

ed by Robinson) and involves the net 

replacement of an amino group by 

hydrogen. 

In the indirect route3 a primary 

aliphatic or aromatic amine is treated with 

sulfonyl chloride (typically benzene-, p- 

toluene- or methanesulfonyl chloride) in 

dry pyridine and the mixture warmed ona 

steam bath. The sulfonamide, which is 

isolated, is dissolved in NaOH and then 

treated with HOSA and the reaction mix- 

ture distilled to give the alkane or arene. 

Yields of product are usually high(eq. 32). 

Doldouras and Kollonitsch*4 have 

shown that there is no need to proceed via 

the sulfonamide, since the primary amine 

seal 

will react directly with 2-3 molar 

equivalents of HOSA, in the presence ot 
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base, at 0°, to give the deaminated product 

in yields in excess of 50% (eq. 33). The 

authors have shown that the reaction 

works for a variety of structural types in- 

cluding amines containing other func- 

tionalities, and claim that it is a selective 

and general method. They have coined the 

name ‘hydrodeamination’ for the process 
and furthermore have illustrated how it 

may be extended to the conversions RNH, 

— RD and RI. 

In both methods a common mono- 

substituted diimide (RN=NH) is pro- 

formation differing) which readily decom- 

poses to RH and nitrogen. 

REDUCTION 
HOSA alone, or in conjunction with 

other reagents, provides under basic con- 

ditions a source of diimide which will 

reduce double bonds. Thus, HOSA with 

cyclohexanone gives 1,1-dihydroxyazo- 

cyclohexane, an unstable substance, 

which, if allowed to decompose at room 

temperature (which it does rapidly by way 

of diimide) in the presence of quinone or of 

azobenzene, yields hydroquinone and 

|  hydrazobenzene respectively.** HOSA and 

| hydroxylamine sulfate together form an in 

situ source of diimide capable of selectively 

hydrogenating conjugated multiple bonds 

(eqs. 34, 35).4° Using HOSA alone, Appel 

and Biichner?’ give examples of the reduc- 

tion of both conjugated and noncon- 

jugated multiple bonds but the yields tend 

to be lower (eq. 36). 

HYDROXYMETHYLATION 

Ne xX 
e-n —>  )\c-cH,0H 

Quinolines can be hydroxymethylated in 

the 2- and/or 4-position using HOSA in 

methanol (eq. 37).38 The discovery arose 

when a desired amination on nitrogen us- 

ing the standard HOSA method could not 

be achieved owing to insolubility of some 

quinolines in the aqueous medium and, asa 

result, the solvent changed to 

methanol. The reaction has been found to 

be general for quinolines substituted in the 

| carbocyclic ring and having either a 2- or 4- 

position (or both) vacant. 

FUNCTIONAL GROUP 
TRANSFORMATIONS: 

Loss of carbon 

Was 

——» —NH, 

Numerous attempts have been made??? 

to prepare amines in high yield by the reac- 

tion of carboxylic acids or their derivatives 

with HOSA. The best results to date have 

been yields of the order of 20-30% and have 

been obtained by heating the acid (or its 

—CO,H 

posed as an intermediate (their mode of 

HO,CC=CCO,H aa 

NO,C,H,CH=CHCO,H 

HOSA/(NH3OH)2SO,2-/NaQH/H,O 
HO,C(CH,),CO;H 77% (eq. 34) 

HOSA/(NH3OH),SO,2-/NaOH/H,O 
40°/6hr (eq. 35) 

NO,C,H,(CH,),CO,H 87% 

HOSA/NaOMe/MeOH 3 9 36 

room temp./16hr 0-40% (eq. 36) 

= HOSA/MeOH 
R e R, +> 

N 
CH,OH 

SS SS (eq. 37) 
R R, + R R, 

N~~CH,OH NZ 

R=R,=H 55% 25% 

R=7-Cl, R,;=2-CH, 95% 

HOSA/mineral oil 
n-C,H,,CO,H 170°-180°/2.5hr n-C,H,,NH, 23% (eq. 38) 

(cH 0) COH  Hosayppa (cH 0) NH, 
° 3 wdx 115-120°/thr > x aanethoxy’ 35% (eq. 39) 

x=1,2,3 2,4-dimethoxy 25% 

1-2 (i) BsHe/THF/room temp./1hr 152 
= we SOME Sea (ii) HOSA/at reflux/3hr BEECH NE 

(eq. 40) 
R1=n-C.H,3, R2=H 64% 

R1=C,H., R2=CH, 58% 

CH, CH, 

: ; NH (i) NaBH,/BF, etherate/diglyme/room temp./3hr 2 Sh (eq. 41) 

(ii) HOSA/100°/3hr 

anhydride) with HOSA in mineral oil at 

160-180° (eq. 38)3° or polyphosphoric acid 

at 115-125° (eq. 39).4° However, the con- 

ditions for this transformation clearly still 

need to be optimized. 

Addition to double bonds 

Alkenes 

Oke DR Sate a 
H.C. Brown has developed a simple one- 

step conversion of alkenes into primary 

amines via the corresponding organo- 

borane using HOSA (eq. 40).4! The method 

is applicable to a wide variety of alkenes, 

and in a later paper,*? he has shown that it 

can be applied to relatively hindered 

alkenes with equal success by conducting 

the reaction in diglyme, in which HOSA is 

soluble, rather than in tetrahydrofuran as 

in the earlier work (eq. 41). In both cases 

the organoborane is prepared in situ — 

either by the addition of diborane to the 

alkene or by the addition of boron 

trifluoride etherate to the alkene and 

sodium borohydride in diglyme. The reac- 

tion is highly 

demonstrated in the conversion of nor- 

bornene and a-pinene to the isomerically 

pure exo-norbornylamine and _ isopino- 

stereospecific as is 

campheylamine, respectively.4? Occasion- 

ally a rearranged amination product Is 

observed.*43 

i) >< > aK, 
and related transformations 

In a related but mechanistically quite 

different process, the metal salt redox 

system of Minisci (cf. on 

aromatic carbon — method two) is used to 

bring about the addition of the elements 

NH, and Cl across a double bond.4#45 The 

addition occurs when HOSA is decom- 

posed by FeCl, in the presence of the 

alkene: 

amination 

H,N—OSO,H + Fe Cl, ——> 

‘NH; + SO, + Fe. + 2CI 
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HOSA/FeCl,/MeOH R=n-CyH, 8% 
z 

ICH,NH VE 
ROHS CH re heii Ba (eq. 42) 

CECH: HOSA/FeSO,/MeOH CHCH,NH; 

oe | eS 
OCH; (eq. 43) 

CECH HOSA/FeCl/MeOH CCISCHNH, 4.0 

eq. 44 
CHCHO 

(eq. 44) 

Cl + NH, 

HOSA/K,CO, or KOAc 

RiR,c=0 ———_,—_®_RiR,C=NOSO}K 
R,=n-C4Hg, R,=CH, 55% (eq. 45) 

R,—CH,CO,CH;, R,=CH, 55% 

HOSA/H,O 

BY ag room temp. @ + AFCH=NOSO3H = Ar=subst. benzene, _—(eq. 46) 

*R.G. Wallace, unpublished observations. 

Examples are given in eq. 42. It would 

appear that the amino group attaches itself 

to the least-substituted carbon atom. The 

addition differs from the organoborane 

method in not being stereospecific. 

If addition is carried out in methanolic 

solution with FeSO, instead of FeCl,, an 

amino ether is produced (eq. 43)*4 and if 

sodium azide is also present an azido amine 

is formed.*5 

Phenylacetylene with FeCl, yields a- 

chlorophenylacetaldehyde by hydrolysis of 

the corresponding intermediate enamine 
(eq. 44).44 

Carbonyl compounds 

(i) >=o — > >=N-050;x 

Both ketones and aldehydes react with 

HOSA to give oxime-O-sulfonic acids and 

salts (eqs. 45, 46).4°47 In the case of ketones 

and some aldehydes, these derivatives can 

be isolated and are well defined, reasonably 

stable, crystallizable solids. They can be 

prepared in good yield and undergo a 

variety of further reactions. This transfor- 

mation illustrates the alternative role of the 

HOSA nitrogen as nucleophile. 

The condensation reaction to give the 

oxime-O-sulfonic acid or salt forms a com- 

mon first stage in a number of related and 

synthetically very useful transformations. 

—> 
Aldehydes, in aqueous solution/ suspen- 

sion, can be smoothly converted in high 

(i) —CHO —CN 

yield into nitriles (of the same carbon 

number) with HOSA.?*°47 The precise con- 

depend on the ditions nature of the 

aldehyde (details are given in eqs. 47-49), 

pyridine or imidazole* 

the important factor being for them to be 

sufficiently rigorous to bring about the 

elimination of sulfuric acid from the in- 

termediate oxime-O-sulfonate. 

Gi) >=0 ——P  [=N-OH 

Aliphatic ketones react exothermically 

when warmed together with HOSA in a 

water bath to give the corresponding oxime 

in very good yield (eq. 50).4* The reaction is 

accompanied by the loss of nitrogen. 

(iv) =o —> steer 
4 

Aliphatic aldehydes 
HOSA/H,O 

RCHO = 
20-40°/20min } 

Aromatic or heteroaromatic aldehydes 

i) HOSA/H20/room temp. Ap CHO see APN 
(ii) 65°/30min 

Aromatic or heteroaromatic aldehydes 

SS 

ee 

N 

(i) HOSA/H3O0/Ar2/0° 

HOSA A > ae 
RRC=O A (water bath) RRC=NOH 

Ary %, HOSA ArNH, " 

eae A (water bath)? es 

ETS HOSA/HCO>H 
at reflux/3-7hr 

A A ~ a oC=CHNR? pomeesiS At RA RoCHCN 
room temp./1hr 

8 Aldrichimica Acta, Vol. 13, No. 1, 1980 

(ii) NasCO3/NaOH/<5° 

Aryl alkyl ketones, under the above con- 

ditions (eq. 51), yield N-aryl aliphatic 

amides, again in good yields.** 

According to Sherk ef al.,48 diaryl 

ketones do not react under these con- 

ditions, but Ho‘? has reported the forma- 

tion of amides in_ tetrahydrofuran. 

Schmidt- and Beckmann-type mechanisms 

are proposed for these rearrangement reac- 

tions, the precise details of which have not 

been resolved.48.49 

In a very recent extension of this syn- 

thetic transformation, Olah and Fung*? 

have shown that alicyclic ketones can be 

converted to their corresponding lactams, 

in high yield, by heating the ketone and 

HOSA under reflux in formic acid for 

several hours (eq. 52). Benzophenone, un- 

der similar conditons, gives benzanilide in 

68% yield .5° 

Enamines 

S=cH(NR,) ——» [CH-CN 
An additional nitrile synthesis using 

HOSA has recently been reported.>! This 

time the precursor is an enamine. The 

method is extremely useful since enamines 

can be prepared readily from a variety of 

active methylene compounds and ketones. 

The enamine and HOSA are stirred 

together for | hour at room temperature, 

whereby the nitrile is obtained in good 

yield (eq. 53). 

Forster reaction 

>=N-OH =——> =N, 
Oximes react with HOSA in aqueous 

base to give diazo compounds.*? Thus, 

R=n-C¢Hj, 
R=HOCH, 

87% 
RCN 71% (eq. 47) 

Ar=4-CH,C,H, 85% 
Ar=3-CH,0, 4-CH,C,H, 89% (©4: 48) 

ss 
| ve CN 3-cyano 76% (eq. 49) 

N 

R=R'=CH, 90% (eq. 50) 
R=CH,, R'=C(CH;); 85% 

Ar=C,.Hs, R=CH, 90% (eq. 51) 
Ar=4-CH,0C,H,, R=CH; 90% 

/_ CH, 
N (CH,),, NH (eq. 52) 

Cy 
O n=10 87% 

Ar=4-NO2C.H,, R'=CH; 78% 53 
Ar=4-pyridyl, RI=CH, 68% (7 79) 

~ 4 
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fluorenone oxime gives diazofluorene in 

60% yield and benzophenone oxime gives 

diphenyldiazomethane (30%). The reac- 

tion also works well for fully conjugated 

a,B-unsaturated 1|,4-ketoximes (eq. 54).53 

Fragmentation reactions 

b oO _ 

¥—_NOH A aoe 

In a sagacious extension of the diazo 

functionality formation reaction just 

described, Wieland, Kaufmann and Es- 

chenmoser>4 have demonstrated in the field 

of steroidal chemistry the facile conver- 

sion of an a,B-oxido oxime to analkynone 

(eq. 55). A further example and a discus- 

sion of the mechanism of the reaction is 

given in a later paper.®> 

Miscellaneous 

——} -N=N=N 
Nitrosobenzene will react with HOSA in 

tetrahydrofuran in the presence of base to 

give phenyl azide (cf. Forster reaction) (eq. 

56).96 

(ii) N-Oxide formation 

Certain 4-substituted pyrimidines? and 

condensed pyrimidines (quinazolines)?6 

react with HOSA to give N-oxides. For ex- 

ample, 4,6-dimethylpyrimidine, with the 
potassium salt of HOSA in aqueous 

methanol over 4 hours at 70°-72°, gives 

4,6-dimethylpyrimidine-l-oxide (eq. 57).° 

A mechanism involving addition of 

HOSA, followed by ring opening and then 

recyclization and, finally, 

trioxide and ammonia is proposed for the 

reaction.? 

(i) —N=O 

loss of sulfur 

HETEROCYCLE FORMA- 
TION 

(a) Cyclization reactions 

Oxaziridines 

The oxaziridine ring system can be 

prepared by the reaction of HOSA with an 

aliphatic ketone5’5* or benzaldehyde*? in 

2N NaOH at 6-8°. Thus, 3-ethyl-3-methy]- 

oxaziridine is obtained in 96% yield (eq 

58)5’ from 2-butanone. The oxaziridine is 

stable only at very low temperature. More 

stable oxaziridines are generally obtained 

by acylating the unsubstituted oxaziridine 

in situ.5? 

Diaziridines 

Related to the preparation of ox- 

aziridines and probably another of the 

most widely explored areas of HOSA 

chemistry has been the synthesis of 

diaziridines. Both simple® and complex 

diaziridines such as those with steroidal®! 

and multifused® ring structures have been 

described. Principal references are given in 

R HOSA/NaOH/H,0 if 
-C= = Se -C-C=CH-C-R'" R-C-C=CH-C-R ro R-C-C=CH-C-R faa aay 

fe) NOH O No 
R'=C,H,, R"=CH;, R'’=H 78% 

HOSA/NaOH/H,0/EtOH 
room temp./16hr p 

HON (eq. 55) 

' =o 

HO 

OO 62% 

ll o 

HOSA/NaOMe/THF roe 
C,H,-N=O anager A C,H,.-N=N=N 25% (eq. 56) 

H Se CH; 
HOSA/KOH/H,0 ca ts 

6) 7072°/anr ~ y 91% cece 
N 

O 

HOSA/2N NaOH/Et, CH nH 
Yee Oo set ialarlaN actesibeaal 3 | 96% (eq. 58) 

CH,” 6-8° C,H; 

7H 
HOSA/RNH,/H;O N 

© 0°/overnight } i R=H 61-70% (eq. 59) 

\p R=CH, 62% R 

HOSA/K3CO3/H;0 NH, 

CH,COCH,COR ‘00m temp /overnight CH,COCHCOR ae. 

CH, COR eae”) 

ale Ie R=OCH; 34% 
A R=CH, 28% 

NCy-g-R = HOSA/H,0 NC NH, 
Cc |M /2h | | (eq. 61) NC \s room temp. a = LN R,=CH, ca.85% ; 

M=Na, K (nS R,=SCH, ca.70% 

reviews by Schmitz*}6+ who notes that by 

1964, fifty or so diaziridines had been 

prepared by the HOSA method. 

The diaziridine is formed by reaction of 

HOSA with ketone/ammonia mixtures, 

Schiff's bases or a mixture of a carbonyl 

compound and a primary amine. A typical 

synthetic procedure, described in Organic 

Syntheses,® is illustrated in eq. 59. The 

diaziridines may easily be oxidized to 

diazirines. 

The pyrrole system 

Tamura et al.!° have described a simple 

Aldrichimica 

one-step method for the preparation of 

tetrasubstituted pyrroles. A B-diketo com- 

pound is treated with HOSA in aqueous 

potassium carbonate solution overnight to 

give a symmetrically substituted pyrrole 

(yields 28-34%, eq. 60). Pyrroline is formed 

in low yield when HOSA is treated with 

NaOMe in methanol in the presence of | ,3- 

butadiene.** The 1,4-addition of imene 

(NH) to the diene is invoked in this reac- 

tion. 

Isothiazoles 

Dicyanothioalkene salts* (eq. 61, these 

*The yields from mienoerane Compoundsare very low 
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can easily be prepared in yields of over 70% 

by the thioacylation of malononitrile by es- 

ters of dithiocarboxylic, thionocarboxylic, 

xanthic or trithiocarbonic acids at room 

temperature) react with HOSA in aqueous 

solution to give 3-aminoisothiazoles.*’.* 

The yield of crude reaction product is 

generally good but isolation of the pure 

isothiazole may in some cases present 

technical difficulties. 

Benzisoxazoles 

Kemp and Woodward®? have described 

how benzisoxazole can be prepared in 95% 

yield when salicylaldehyde is combined 

with HOSA in water, followed by treat- 

ment with sodium bicarbonate for | hour 

at room temperature (eq. 62). A similar 

preparation was reported eleven years after 

the publication of Kemp and Woodward’s 

paper, by Suwinski,’” who seems to have 

been unaware of the former authors’ work. 

The reaction involves nucleophilic attack 

by the HOSA nitrogen. The preparation of 

Kemp and Woodward is suited to large- 

scale reaction. 

Benzodihydro-[1,2]-diazepines 

6-Amino aromatic aldehydes (see eq. 63) 

can be cyclized in low yield using HOSA to 

give diazepines.’! The major product of the 

reaction, however, is the aromatic nitrile 

(vide ante). The yields of diazepines, 

nevertheless, can be increased by 

creasing the nucleophilicity of the nitrogen 

atom of the aniline function (see eq. 63) 

and/or by employing mesitylsulfonyl- 

hydroxylamine in place of HOSA in the 

reaction (yields up to 76%). 

in- 

The proposed mechanism for the 

cyclization involves a ring expansion step; 

an additional benzodiazepine ring syn- 

thesis, which is a direct ring expansion of a 

preformed starting material, is described a 

little later. 

Isothiazolopyridines 

In an extension of the isothiazole syn- 

thesis described above, 3-cyanopyridine-2- 

thiones are found to cyclize on treatment 

with HOSA in the presence of base to give 

3-aminoisothiazolo[5,4-b]pyridines (eq. 

64).2’ The yields in this reaction are good. 

Pyrazolopyridines 

Pyridines with a B-carbonyl functionali- 

ty in the 2-position undergo ring closure 

with HOSA give pyrazolo[1,5-a]- 

pyridines (eqs. 65,66)”".’2 in good yield. The 

reaction would seem to occur by elec- 

trophilic attack of the HOSA on the car- 

bonyl function to give a derived oxime-O- 

to 

sulfonate, with subsequent electrophilic at- 

tack of the oxime nitrogen on the nitrogen 

of the pyridine ring. 

(b) Ring expansion 

H 

C 
SO (i) HOSA/Na,SO,/H2O/few min \n 95% (eq. 62) 

(ii) NaHCO,/H,0/CH,Cl2/1hr > / 
ZH oO 

O 

HOSA 
NHAr > yee Ar=C,Hs 14% (eq. 63) 

CHO = N Ar=4-NO.C,H, 7% 

R' R' 

R°-S\/CN HOSA/KHCO,/NaOH/H,0/EtOH 
3 room temp./15min > (eq. 64) 

4 R1=R3=CH,, R2=H = 72% 

7 | (i) HOSA/H2z0/<room temp. 

NON Pe (ii) NaHCO,/room temp. > (eq. 65) 

Ee HOSA\(K salt)/H,O 
Gr a > 41% (eq. 66) 

O’ “0C,H; 

R R 

— HOSA/30% NH,/abs. MeOH =N 

res Se ee la | / (eq. 67) 

Ak N 
CH R=H 72% | 

: R=CH, 17% CH, 
R=C,H; 19% 

é No N 
a FP _HOSANAOH/HLO ‘30 87% (00.68) 
SENG 60-70°/30min 
Necaitt N 

H 

oo HOSA/NaOH/H,0 
ee a O 32% (eq. 69) 

No OH N 
H 

0, 
HOSA/PPA IS) 

aan 
(CH.Ox 80-110°/2-3.5hr (CH,0)x (OCH,), (4 70) 

x=1,2,3 24-45% 

Dibenzo-[{1,4]-diazepines ring contraction reaction to give 

Treatment of N-methylacridinium 

derivatives with HOSA in absolute 

methanol containing 30% ammonia for 3-4 

hours at room temperature results in an ex- 

pansion of the heterocyclic ring. The 

resulting 5-methyldibenzo[b,e]+(1,4)-di- 

azepines’?} are obtained in variable yield 

(eq. 67). 

(c) Ring contraction 

Imidazolin-2-ones and their benzo 

derivatives 

1,2,4-Triazin-3-ones, when treated with 

HOSA in aqueous alkali at 70°, undergo a 

imidazolin-2-ones in high yield.74 Thus, 

5,6-diphenyl-1,2,4-triazin-3-one gives 4,5- 

diphenylimidazolin-2-one (68%), 1,2,4- 

benzotriazin-3-one gives benzimidazolin- 

2-one (87%, eq. 68) and phenanthro[9, 10- 

e]-[1,2,4]triazin-3-one (requiring 

aqueous/ethanolic NaOH) gives 1,3- 

dihydrophenanthro[9, 1 0-d]imidazol-2- 

one (74%). N-Aminotriazines are con- 

sidered to be intermediates in these ring 

contractions. 

Oxindole 

Cinnolin-3-one, under similar con- 

ditions to those above, reacts with HOSA 
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to give oxindole in 32% yield (eq. 69).74 

MISCELLANEOUS 

Most of the preceding reactions describ- 
ed have involved the incorporation of the 
nitrogen of the HOSA in the reaction 
product. One reaction which differs from 
all of these is that between aromatic ethers 
and HOSA in polyphosphoric acid. Here, 
sulfur is incorporated and the product is a 
diaryl sulfone (eq. 70).75 It is suggested that 
HOSA is cleaved to give H,SO, and it is 
further reaction of this that gives rise to the 
sulfone. 

CONCLUSIONS 

HOSA has proved to be a reagent of 
diverse synthetic utility, its multifarious 
uses having been amply illustrated in the 
foregoing paragraphs. Such versatility is a 
consequence of the inherent ability of 
HOSA to act as both a nucleophile and 
electrophile and also to provide an in situ 
source of other chemical entities, factors 
referred to at the beginning of this article. 
These properties have led to its exploita- 
tion in such a variety of situations. 

Clearly there is scope for its application 
in further organic transformations, and in 
particular, it must have a further part to 
play in new heterocyclic syntheses. 
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Chiral Starting Materials and Reagents 

An Outline of Recent 
Synthetic Applications 

William A. Szabo 

and 
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Format and Scope 1. Alkaloids 

In recent years the chemical literature has reflected the growing (-)-Ephedrine (1): 

popularity of chiral starting materials and reagents for the con- H 

struction of optically active organic molecules.' We present belowa Me NHMe 1) HNO, Avast 1) RMgX 

ae ean TES eatrerariiren sta ae Pd- 
broad overview of some of this literature in outline form, arranged HO Ph sl Poet Me Ar. 2 oe c 

according to an arbitrary system of chemical classes. It is hoped 

that this format will provide the reader with an appreciation for the 
: ; : ; 5 1 

wide variety of readily available, optically active compounds which PN ne 

have been successfully employed in contemporary organic synthe- (ret. 4) 

S1Ss 

: ene : I $ | Rice Me 
Space limitations require that we confine our examples to those ever RICHO 0. _-N Me 1) ReMgXx 

starting materials and reagents (used in stoichiometric quantities) 1 steps TiCl, by ph Dd) Kio 

whose chirality is incorporated intact into the product molecule R’ 4 

and/or is used to direct the stereochemical outcome of a synthetic on 

step. We must apologize to the many authors whose work could not R? 

be accommodated in a survey of this length. 
: ee eeCOsH 

R 

: : : P A Si pae'c (ref. 5) 
Categories of Synthetically Useful, Optically Active Starting 
Materials ; s 

; ; 
{aterials and Reagents 1) SOC, R0 nen os® 

——___—_ a : 
I. Natural Products 2) ay Ans 2) Ha0* ‘Sxp? 

‘ : 3) H,0* : 
A. Containing Nitrogen as Me (ref. 6) 

|. Alkaloids 

2. a-Amino Acids 

B. Non-nitrogenous 

1. Sugars 

2. Terpenes 

3. a-Hydroxy Acids 

Il. Synthetic Products 

Also: preparation of chiral, isotope-labeled ATP,’ 

a-substituted ketones and carboxylic acids,® O,S- 

dialkyl phosphoramidothioates,? and a carbonyl 

masking group.!9 The enantiomeric (+)-ephedrine 

has recently been used for the synthesis of (.S){+)-4- 

methyl-3-heptanone, an alarm pheromone.!!!? | 

A. Primary Amines Quinine (2): 

B. Alcohols x 

C. Miscellaneous = er 
| LIAIH, OAIH R R 
| Ss ———_—_> Saree \o a X=0. NH 

Chiral’ Starting Materials and Reagents: Recent Synthetic XH 

Applications ee, 
RP R? 

| 1. Natural Products er 

A. Containing Nitrogen ane | 
le = a ; = a ee a : 
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Lad 

- ey, Shige ares a) 
2. a-Amino Acids Also: preparation of chiral a-hydroxy acids,’® a- 

1(+)-Glutamic acid (3):!4 amino acids,2? alkyl methylphenylphosphinates,** 

: and prolyl dipeptides.*? 

H 1) HNO, +{+)-V: li (5): 
=C0,H L aline (5): 

BOS one 2 DHOn > FIO 

3) NaBH, Me 
NH, H Ac 

H H Easier a 
1) HO 

3 
2) KCH(CO,Et)> } 

8 st : 
2 steps steps NH, NH; 3) H,0 

5 steps : Mw 
Ose Hi CHO 

oO oO 

« EtO,C CO,Et 

° c (ref. 30) 
Et Me~_z OH 

H Ghee, p-(+)- and x-(-)-Cystine: studies on the total synthesis of strep- 

(ref. 15) Me togramin antibiotics.?! 
(-)-sulcatol'®'’ ; : ; : 

L-(+)-Leucine: preparation of (-)-ipsenol, anactive component 

(+)-trans-burseran’® of a bark beetle aggregation pheromone.” 

3 200° L \x 1) NEt, CVn i-(+)-Serine:; synthesis of (-)- deoxoprosopinine and (-)- 

thr e) N OH 2) Bite N 22a, deoxoprosophylline, the unnatural enantiomers of two 

(ref. 19) Prosopsis alkaloids. 

1) een 2) eae B. Non-nitrogenous (parent systems) 

1. Sugars34 

p-++)-Glucosamine (6): 

On\n diseers THE N %_/NHMe s Ho— OH NHCOMe 

s “ OH 3 steps HO aes fo) 3 steps 
eS 

(ref. 19) OH 
HO 

, H 
L--)-Proline (4): e Ne 

° 

eit Cone 8 n~e 4 steps n~%, OMe )R 

eee ial 2) n-BuLi 'CO,H 
i NH, 

SAMP"20 

Cale p-(+)-Glucose (7): 
N~Z 
NH OMe HO Me 

Rea co) Ones 

+ OH pebsiees H fo) 
, (eh OH AAS / 

R HO Ca: H 

OH Met e) OH 

RI=H 1) RSX Me 

1) R3R‘CO 2) O3 or 
iG 

2) Me,SiCl nisl 
3) H;0,/MeOH 

4 steps 

fo) OH, re) 

hee RoR 
R sR Me 

a *S<ME co.Me HQ 
(ref. 21) ee ortho ester ve 

4 ee g 
(refs. 20,22) Le ZS S Claisen H 7 maa = H d O 

H H ot re) 

ie) 

4 Sy ies aa 4 nh esieps 
(ref. 23) N* yy 

H Br. 
HO. CN 

\. MeO. CO,Me 
5 steps NE OR 

NH | = 3 
\EnPh 1) n-BuLi | 3) aq HO : 

2) RCHO NH,CI H HO no or ea 
CO.Me eyes eH H  HO°H 

1) R'MgX | 3) R@MgX RAS 

2) NH,Cl | 4) NH,CI 
5) Ht eR HO 

R=n-Bu 5 is (SI ROR 8 steps 

see Agi0 Cake CO,H | 
| 

HO, OH \ Lie Stl 

Ace Re HO HO °H 

(ref. 24) PGF2q°° 
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tomes 

| 7 several ZS several 

| steps 4 OH steps 
MeO* ~O 

OH 

HO fe) pa et 

| HO “H 
| TXB,37.38 

7 several several 

steps steps 

NHMe 

“OH 

(+)-spectinomycins? 

Also: recent total synthesis of anisomycin,*® (+)- 

furanomycin,*! pentenomycin,4? canadensolide,*2 

cerulenin,*} tetrahydrocerulenin,* and (-)-a-multi- 

striatin;45 and synthesis of macrolide fragments*® 

and a variety of chiral pyranones.47 

p-Mannitol (8): 

re) 

11 wef eto —]y ) Pb Cc SS 2) TsCl 
(ref. 48) Me O° 1H 

9 

methyl o 

oleate Me~{ OTs 
LDA Me O* 4 

5 steps 

10 

MeO,C (CHo)e\ __ 7CeHi7 1) HCI | 2) NaOMe 
HO MeOH 

ox meh dep Me 0 Me 
Me 

| i Ae 
several 7 steps oH 
steps 

3 steps 

oe i ae 
Cc N 

SSS IOI aN LE 

Ze (-)-ipsdienol®°® 
E . ies 

HO HO YH Cc HS 

| PGE,‘ (ref. 51)52 

Also: preparation of chiral cryptands,%} (-)-a- 

multistriatin,®4 and a variety of chiral epoxides,°5 

amino alcohols,** and benzodioxans*’ of medicinal 

interest. 

General: preparation of optically active macrocyclic polyethers 

(e.g., from p-altrose, p-galactose, p-glucose, t-iditol, p- 

mannitol, p-mannose, and t-threitol)** and reducing agents 

(prepared froma variety of O-protected sugars and LiAIH,°? or 

| NaBH, ®),. 

2. Terpenes 

| 

a. Type O) 

Aldrichimica Acta, Vol. 13, No. 1, 1980 = an 

(+)-Camphor (11): 

OAc H ; 
‘ NYO 

1) SeO, 4 steps fe) ae COMe 

2) BF, \ 
Ac,0 - = 

CO,H 
11 

HCI MeOH 

H 
N N. OMe 

a es Me 
“T= Me A 
\4 Me = 

CO,Me \ co,mMe 
“C” ring, 

vitamin B,,°! 

5 steps 
11 

hexane | R°CHO 

HO~ « 

Raa 

(ref. 62) Ie 

(-)-Camphor (12): 

MeO,C 

4 steps 2 steps 
NOH 

TsCl pyr 

Me Me 

3 steps 

several steps << SO2NHe ArCH(OEt) 

12 (ref. 64) 0 A 

MCPBA 

Ar=3-NO3C,.H, 
ND sont 

H 

° 
7 Ar 

.—-SO.NX RISR? i eta 
fe) 

\ (ref. 65) 

(-)-Borneol: synthesis of cyclopropanes via chiral carbenoids.°® 

(-)-Camphene: synthesis of nojigiku, an alcohol found in 

Japanese chrysanthemum.°’ 



b. Type 

(+)-a-Pinene (13): 

2 MeS:BH, 

EtO PB. re eee 
: Sak SS 1) TMEDA 

a3 (ref. 68)°9 2) BF5-Et,0 

P*=3-pinanyl 

(ref. 70)7! 

2) H,0,/NaOH 2) H2NOSO3H 2) I,/NaOMe 

i H 1 OH NH, HH 
> ~ M De 

Me AX Me reage os Me us 

(ref. 72)73 (ref. 74)73 (ref. 72)73 

9-BBN B EK 1) HBuLi ie 
——_ > ~ 

13 THF/65° 2) R'COR2 R'—*\R? 

(ref. 75) 

1) ncoo-or| wal 
2) HN-\~OH R“*\c=cR’ 

(ref. 76)7’ 

Also: synthesis of chrysanthemic acid derivatives’® 

and (+)-trans-verbenol, a component of bark beetle 

pheromone.’? 

(-)-Nopol: preparation of structural analogs of thromboxane 
A>.89 

(-)-3-Pinanecarboxylic acid: preparation of a chiral oxidizing 

agent.®! 

(-)-B-Pinene: synthesis of (+)-grandisol, the major component 

of a male boll weevil pheromone.*? 

calnype 

(-)-Carvone (14): 

several 3 steps 

steps 

3 steps 

4 steps 

Picrotoxinin®3 

Also: synthesis of (-)-4,11-epoxy-cis-eudesmane, 

the major component of a termite defense 

secretion.*4 
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(-)-Menthol (15): 

a ie] 
2 Ph A 1) LDA 

HO. er cae O-Men 
Me 2) n-BuBr 

OH 3) hydrol 

15 

NOR ee 

Bares Men*=(-)-menthyl 
(ref. 85) 

R\ A mosr Rr ——— 1 . S 
15 R'SO2Men (from R?C=CH) \| 

(ref. 86) 

ci R' 2R' 
Men C==0 : = 

N=C=N RY 

1S Mert/ Se vat Nowe 
Men-N ~Men 

(ref. 87) 

Also: use of menthyl esters for the synthesis of op- 

tically active B-sulfonyl sulfoxides,’* sulfoxi- 

mines,8? chrysanthemic acids (via chiral car- 

benoids),?° and (+)-disparlure;?! asymmetric cross- 

ed aldol reactions;?? and photocycloadditions to 

produce optically active oxetanes.” 

(R){+)-Limonene: synthesis of (R)- and (S)-p-mentha-|!,8- 

dien-4-ol, one of which (not disclosed) is a component of 

several essential oils and an insect attractant.4 

d. Type 

(-)-Citronellol (16): 

LIAIH, Copii tte 3 steps 

on Paw 
mesylate 

a al ees aaa CO.H Me Br 

Hi 

Me Set 

2 steps 

2 steps 

(ref. 95)26 

(+)-Citronellol: synthesis of (-)-a-multistriatin.?’ 

3. a-Hydroxy Acids 

(+)-Mandelic acid (17): 

Aldrichimica Acta, Vol. 13, No. 1, 1980 

J 
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HO H 3 steps 

mee ee: (ref. 98) 

17 

HOH 
A» 

Ph 
(ref. 99) 

Also: preparation of deuterated, optically active 2- 

phenylethanols and phenylethanes.! 

(+)-Tartaric acid (18): 

CO,H 

aes Lee ee 
07 Ph 

several 

steps 

ee 
a. 

Also: synthesis of prostaglandin intermediates, !° 

(+)-disparlure,' and optically active |-benzyloxy- 

3,4-epoxy-2-butanol, a useful synthon for the 

(refs. 53, 101) 

preparation of a variety of asymmetric 

molecules. !04 

Il. Synthetic Products 

A. Primary Amines 

Ethanolamines (19): 

Ra R2X Rowe ; 1) C;H,;CHO 
————_ > 

ou base a ce 2) base 

3) Mel NH, NH, 4) H,0* 

19 

Da 

Me 

(ref. 105)105 

(-)-a-Methylbenzylamine ( 

NHR™ aed cise AO 3 steps 
isa 

NH, cl COPh 

20 Me Ph 

R R! O R22 O 
2st r 20 steps le pee arn ‘ 

NX NER 2) R2X Nx N-R 

1 

Rez CO2H hydrol | 

(ref. 108) NH, 

; 4 2 
PhCOCF, Pn Red-Al Phaz-NHR FY, Sane iA __Red-Al_ i 

CF, CF, 

Ph NH, He 
Pd/C 

(ref. 109) CF, 

Also: synthesis of stereoisomers of 4- 

methylcyclophosphamide,!!” optically active aspar- 
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Me,N LiAIH d a 
a - “chiral complex 

HO. Ph Et,0 

Ph 
22 

H 
ees eS ee “Et BF, 

ee ed 

. . . — . . eee . 

tic acid!!! and serine!!2 (via chiral aziridines), and a 

complex (with LiAIH,) for the asymmetric reduc- 

tion of ketones.'!3 Note that many of the transfor- 

mations described above have also been effected 

with the (R){+)-enantiomer of 20. 

(R)-(-)-2-Amino-1-butanol: 

cyclohexanone.!!4 

asymmetric alkylation of 

(+)-2-Amino-1-phenyl-!,3-propanediol: preparation of (-)-4- 

methoxymethyl-2-methyl-S-phenyl-2-oxazoline [see Section 

iC]. 

Alcohols 

(-)-2,2’-Dihydroxy-1,1’-binaphthyl (21): 

oe 
Cee 1) LiAIH, See 

ROH ve ON 2) R'1OH 1 OH 7 re OR 
ile 1 

15 1) PhCOR? | 21! ) RIZE 

2) HCI 
| 

OTHP 
H ,OH 7 \=/~~c OMe} -100° /2hr 

-78°/1hr 
THF 

érup 

(ref. 116) 

Soe 
HO- ‘s 

(ref. 117)118 

(+)-4-Dimethylamino-3-methyl-1,2-diphenyl-2-butanol (22): 

Me | 

fo) 
RICH,C=CCR | ether 

(ref. 119) 

(-)-2-Octanol (23): 

Cl | cl 
oH 

OH Et,N*Cl /Et,N ie 
CH2Cl, 

23 oe (ref. 120) 

(S)-(+)-3-Hydroxy-2- | 

ionophore antibiotic calcimycin,!?! 

and a-tocopherol. !?3 

(.S)-(-)-2-Methyl-1-butanol: 

methylpropanoic acid: synthesis of the 

(R)- and (S)-muscone,!” 

synthesis of S-enantiomers of 

several Trogoderma sex pheromone Sop osea a4 



a2 

Chiral benzyl alcohols: 

phenylpropionic acids. !25 
preparation of optically active f- 

C. Miscellaneous 

Arsonium ylides (24): 

ie 

As” 
Vp 1) Ar-SBr \. Ph 1) ArCHO H Ar 

——_—_——_ Se L, 
A ~Ph = 2) NaOEt feX 2) chrom'y E Be “5 
tone EtOH Me CHAr (Al,O3) Oar 
Me 

24 (ref. 126) 

(-)-4-Methoxymethyl-2-methy]-5-phenyl-2-oxazoline 
(25); 127.128 

Ph H 

a _1(HPrO}-POCVLDA oa 
Me—<_ 72) MeCHO/KO--8u oa "y 

MeO 
ste F 

Li 

1) 2) HOAc 
3) chrom'y 

Me 

Me Me 
H,SO H 2 4 H Ss 

Wy EtOH boxe | 

Me Ase, Mé Ny 

CO,Et 

4 
n-BuLi MeP(O-/-Pr)> 

Me 
1) tBuO~ Han 9 ) t+BuO 

Ge eos riak eee 
Me 

Me 

pf Oo Me 
a a 

(+)-ar-turmerone!29 

(-)-2-Methyl-5-oxotetrahydro-2-furoic acid (26): 

Me 
L\me 6 steps Pian Me several 

0*o 'CO2H Oo o) \ steps 

26130 
oO 

Me-\_ 6 

Me 

1) Ph;,PCHR 

2) H>/cat 

a-tocopherol’! 

Also: synthesis of (.S)-(-)-frontalin, an aggregation 1 

pheromone component.!3? 

(-)-Propylene oxide (27): 

Ph,C-O H Ph H 

Me ———> —_——> > 2 
° Me Hs Hee LIAIH, Ph Me 

27 (ref. 132) 

(+)-Propylene oxide: synthesis of (R){+)-recifeiolide, a fungal 

macrolide. !33 
| 

Sulfur reagents (28,29): !34 

i O2-t-B i 2 t-B en ide ROKR § co, -t-Bu 
4 ————— § 1 

Me L Me ee 
HO R? 

28135 

| 
Al-Hg 

| 

HO 1) NaOH HO 
O,-t-B Yi, ~eOuMe a eee -tBu 

R R 

(ref. 136) 

oO i, 
. N2C(CO,Me), ph’? _-CO,Me | 

nySs CuSO, Me 

Me N (cat.) CO.Me 

(+)-29 Ge 

KOH 
MeOH | 

| N2C(CO,Me). 
CuX(cat.) 

i 
Ss CO2Me 

Phidie ees 
Me 

(Ge) 

° 
PhONA Ph 

fo) 

9 PhCO COPh 
PhS 

4 + 
Me CO2Me 

(-)- (4) 

(ref. 137) 
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Recent Developments 
in the Chemistry of 
Natural Products! 

For the past ten years we have been 

studying the total synthesis of various 

natural products. We have emphasized 

particularly polyfunctional, complex, 

rather unstable natural products such as 

tetrodotoxin,? sporidesmins,? gliotoxin,* 

saxitoxin,> and mitomycins.6 However, 

about five years ago we decided to add a 

new topic to our research program; name- 

ly, the study of acyclic chemistry. More 

specifically, we were interested in syn- 

thesizing polyketide-derived natural 

products from acyclic precursors. There 

are various polyketide-derived natural 

products which await the synthetic 

chemist’s quest; for example, macrolide an- 

tibiotics, ansamycin antibiotics, polyether 

antibiotics, and so on. We decided to con- 

sider polyether antibiotics’ as our primary 

synthetic target for the following reasons. 

First, at the time this project was started, 

we had never heard of any synthetic studies 

on polyether antibiotics. Second, polyether 

antibiotics present a formidable challenge 

to the synthetic chemist. Four represen- 

tative polyether antibiotics are listed in 

Table 1.7 There are 17 asymmetric centers 

present in monensin, for example, which 

means that in principle 131,072 stereo- 

isomers exist for this antibiotic. In the case 

of lonomycin, the number of possible 

stereoisomers exceeds 8 million! The total 

number of isomers for these antibiotics will 

be infinite if constitutional isomers are 

counted. Thus, to achieve the total syn- 

thesis of one of these antibiotics, it is very 

important to have a high degree of stereo-, 

regio-, and chemoselectivity for each step 

of the synthesis. Third, polyether an- 

tibiotics present almost perfect cases for 

testing principles or synthetic methods for 

Aldrichimica Acta, Vol. 13, No. 2, 1980 

controlling stereo-, regio-, and chemoselec- 

tivity in acyclic systems. 

In order to propose a sensible and 

workable scheme for a synthesis, we need 

to know the answers to three questions: 

1) What might be the expected major 

product for each step of the proposed 

synthesis? 

2) What might be the expected degree of 

stereo-, regio-, or chemoselectivity? 

3) In cases where the selectivity is found 

not satisfactorily high, what might be 

the method to improve it? 

Yoshito Kishi 
Department of Chemistry 

Harvard University 
12 Oxford St. 

Cambridge, MA 02138 

Judging from experience gained over the 

past five years, we are now convinced that 

these three questions can be answered 

reasonably well even in acyclic systems, 

and hence syntheses using acyclic com- 

pounds can be executed in a stereo- and 

regiocontrolled manner effectively. 

Going back to the synthesis of polyether 

antibiotics, we did not hesitate in choosing 

lasalocid A as our first target molecule. At 

the time this project was begun, we did not 

have enough confidence to propose the 

synthesis of complex molecules from a con- 

Dr. Yoshito Kishi (left) receiving the ACS Award for Creative Work in Synthetic Organic 

Chemistry, sponsored by Aldrich, from Dr. Irwin Klundt, vice-president of Aldrich. 
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formationally flexible acyclic precursor. 

Therefore, we decided to start with a 

relatively simple molecule. Lasalocid A is 

one of the simplest polyether antibiotics in 

terms of the number of asymmetric centers 

— only 10 asymmetric centers exist — yet it 

has three important functional groups, B- 

hydroxy ketone, tetrahydrofuran, and 

tetrahydropyran, commonly found in 

other naturally occurring polyether an- 

tibiotics. Therefore, the synthesis of 

lasalocid A will be the cornerstone for the 

synthesis of polyether antibiotics in 

general. Fortunately the total synthesis of 

lasalocid A was successfully carried out:8 

the key intermediate isolasalocid ketone 

was synthesized by three different routes.? 

We were particularly pleased with the route 

starting with the vinyl ketone, shown in the 

lower half of Scheme |. In this synthesis, 

the isolasalocid ketone was synthesized in 

11 steps, including protecting and 

deprotecting steps, from the vinyl ketone in 

about 20% overall yield by using only 

acyclic precursors. The most remarkable 

aspect of this synthesis is that in terms of 

stereo-, regio- and chemoselectivity, even 

the worst step had a product ratio of 10:1. 

Encouraged by the successful synthesis 

of lasalocid A, we then moved to monen- 

sin. Again, a very successful conclusion!? 

certainly provided more confidence toward 

this type of approach in organic synthesis. 

More important, however, during studies 
for the synthesis of the left half of monen- 

sin, we felt able, at least to some extent, to 

answer the three questions raised previous- 

ly. 

Based on Professor Heathcock’s!! and 

also our own’ studies on crossed aldol reac- 

tions, we originally considered that the left 

half of monensin might be synthesized by 

two crossed aldol reactions as indicated in 

Scheme 2. Indeed, this was the way we had 

first synthesized the left half of the anti- 

biotic. However, we were not satisfied since 

the stereoselectivity of the second crossed 

Scheme 2 

Table 1 

Number of 

Polyether Antibiotics Asymmetric Possible 
Centers Stereolsomers 

Me te OH 

oH oo e 

HO ° O—ias 10 1,024 

CO2H be Me Et ss way 

Lasalocid A | 

17 131,072 

19 524,288 

" te Me et | 

Narasin | 

23 8,388,608 | 

Me-- | 

ee ge Lonomycin 

Scheme 1 

Me 

T. Nakata, G. Schmid, B. Vranesic, M. Okigawa, 

T. Smith-Palmer, and Y. Kishi, J. Am. Chem. Soc., ° Me Me 

100, 2933 (1978) 
MeO 

19 steps 
3.5 
overall yield 

4 steps 

Y 45% overall 
CO3H Me Me Et yield 

lasalocid A isolasalocid ketone 

Ji steps | 20% | 
overall yield 

fe} Me 

T. Nakata and Y. Kishi, Tetrahedron Lett., 

2745 (1978) 

Scheme 3 

ByH,/THF/0°C 

ByHe/THF/0°C 
CH20B8z2)| ————_——_»> CH20Bz! 

fo) 

| 

= ee] 
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aldol reaction was only a ratio of 1.8:1 at 

best. After numerous unsuccessful ex- 

periments, we finally discovered a satisfac- 

tory method. That was the hydroboration 

shown in Scheme 3, the stereoselectivity of 

which was a ratio of 8:1 and 12:1, respec- 

tively. 

The origin of the remarkable stereoselec- 

tivity observed might be related to the con- 

formational preference at the sp? and sp? 

centers of the allylic alcohols. According to 

the pioneering investigations by Wilson,!? 

Herschbach,!3 Bothner-By,'4 and others, 

the preferred conformation of this type of 

compound is assumed to be eclipsed. 

Among the three possible eclipsed confor- 

mations, the one shown below is assumed 

most preferred because of the least steric 

crowding. Hydroboration is expected to 

take place from the less hindered side to 

yield the observed product. The observed 

phenomena are similar, in a very broad 

sense, to examples where Cram’s rule is 

applied. Indeed, based on a consideration 

of the preferred conformation of the car- 

bonyl compounds, some efforts toward the 

rationalization of Cram’s rule have been 

made by Karabatsos.!5 However, the situa- 

tion with carbonyl compounds is com- 

plicated by the fact that the stability 

difference among the three eclipsed confor- 

mations is relatively small and also that the 

carbonyl groups are strongly polarized. On 

the other hand, the situation of the olefinic 

compounds is simpler, and hence a 

straightforward analysis based on this pic- 

ture is possible. We would like to 

demonstrate the usefulness of this concept 

with the following example. 

The partial structural unit, R'!- 

CH(Me)CH(OH)CH(Me)-R2, is often 

found in important natural products. The 

three asymmetric centers of this unit give 

rise to four possible diastereomers!® as 

shown in Scheme 4, all of which are known 

to be partial structures of polyether, an- 

samycin, or macrolide antibiotics. We have 

been interested in developing stereo- and 

regioselective methods for synthesizing 

these four structural units from the in- 

dicated aldehyde, which is readily available 

in optically active and racemic forms. 

Through the studies of the monensin syn- 

thesis, it has already been shown that the 

two diastereomers shown in the lower half 

of Scheme 4 can be synthesized by 

hydroboration or crossed aldol reactions. 

25 

Scheme 4 

Me Me Me Me 

etal ae wet 

Pe iv ay 

OH OH 

R! Re R! R2 

' 
Me Me Me Me 

A proposal for controlling the stereo- 

chemistry of the two remaining dia- 

stereomers is shown in Scheme 5.Con- 

sidering the preferred, eclipsed conforma- 

tion discussed previously, it might be possi- 

ble to invert the stereochemical outcome of 

hydroboration by using a polar functional 

group on group R!. Thus, the diastereomer 

shown on the upper left of Scheme 4 would 

be produced. By changing the stereo- 

chemistry of the olefinic bond of the start- 

ing material, the diastereomer shown on 
the upper right of Scheme 4 should be 

formed. To this end, it should be men- 

tioned that a highly stereoselective syn- 

thesis of cis-allylic alcohols necessary for 

these studies, from the indicated aldehydes, 

has been developed in our laboratories.!° 

In order to examine the aforementioned 

possibility, we synthesized trans- and cis- 

allylic alcohols with R!=CH,OH, 

CH,OMe, CH,SMe, or CH,NMe, and 

studied the stereochemical outcome of 

hydroboration, using borane complex with 

tetrahydrofuran, dimethylamine or 

dimethyl sulfide in various solvents. We 

uniformly observed that the major product 

is the one belonging to the diastereomer 

shown on the lower left of Scheme 4. Under 

these circumstances, we decided to study 

the epoxidation reaction, the results of 

which are summarized in Table 2.!’ The 

high stereoselectivity observed for the two 

Scheme 5 

a aa 

Me 

OH 
_B;He/THF 

te Non 1 B2 JT R' 

‘ Ce 

Me Me 2. H2O2/OH: Me 

Steric hindrance 

of r! over Me. Directing effect of g! 

~S ewee 

Table 2 

9 fe) 
1 RS (ora gt us R TON ees wi Ro SES ot 

A Pi Siete tee, ‘ 
Me Me Me Me Me Me 

A B 

Ratio (A : B) 

1 2 0 R R MCPBAICH,CI.l0 C t-BuO,H/VOlacac),/C HIRT 

H H poral 2:1 

H CgH,CH, 6:1 3:1 

C,H, CH, H Y5:1 ¢ 4:3 

CoH CH, CH CH, 1: 1 (RT) too slow to measure 
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compounds listed on the top two lines is 

well explained by applying the directing 

effects recognized by Henbest!? and 

Sharpless'* to the aforementioned pre- 

ferred, eclipsed conformation of the sub- 

strates (cf. Scheme 5). The high stereo- 

selectivity observed for the compound 

listed on the third line, under the con- 

ditions indicated by an arrow, was explain- 

ed by a cooperative effect depicted below. 

Very similar results were observed for the 

cis-allylic alcohol as well. The stereo- 
chemistry assignment of the epoxides was 
made mainly by chemical methods. For ex- 
ample, the stereochemistry of the major 
epoxide derived from the cis-allylic alcohol 
was determined by chemical correlation 

with the cyclohexanone derivative as 

shown in Scheme 6. Although the 

aluminum hydride reduction of the epox- 

ide gave the alcohol corresponding to the 

upper left diastereomer in Scheme 4 as the 

major product, this procedure was not 

satisfactory in terms of regio- and 

stereoselectivity. To overcome _ this 

problem, we considered the possibility 

depicted in Scheme 7. Namely, we hoped 

that the ring-opening reaction of the epox- 

ide might take place more regio- and 

stereoselectively. As expected, we could 

realize a complete regio- and stereospecific 

ring-opening reaction of the epoxide with 

lithium dimethylcuprate. The major reason 

for the observed regiospecificity seems due 

to the steric hindrance toward the in- 

coming reagent, since the ring-opening 

reaction of the epoxide shown in the lower 

half of Scheme 8 gave a mixture of two 

possible products. 

Let us now turn our attention to the 

stereoselectivity of the epoxidation reac- 

tion of the nor- series. The degree of the 

stereoselectivity of the nor-allylic alcohol 

shown in Scheme 9 was very low compared 

with the example discussed before, which is 

shown again in the lower half of Scheme 9 

for comparison purposes. At first glance, 

the results were very surprising, but we 

soon realized that they could be explained 

in terms of the stability difference among 

the three eclipsed conformations shown in 

Scheme 10. In the case of R=Me, the con- 

formation A is expected to be the most 

preferred by far, because of considerable 

steric compression due to the R and methyl 

Scheme 6 
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‘ 

OH Mex. --Me 
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Me Me 

fe) 

i AlH3"/4Et20 
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or benzyloxymethy! groups in the confor- Scheme 11 

mations B or C. On the other hand, in the 

case of R=H, the steric compression due to -O ° 

the R and methyl or benzyloxymethyl BzI0 S ieee See B210 2h BzI0 

groups will be small, hence the stability Me Me Me 

difference among the three conformations OH OH 

will be small. This could be reflected in the mcpBA /CH,CI,/o°c y25 : 1 

poor stereoselectivity. 

OH 

Scheme 12 

Given the explanation above, there are i 

two very obvious methods to be considered ' 

to improve this poor stereoselectivity. One BHO aon 

is the epoxidation reaction of the nor-cis- Me Me 

allylic alcohol shown in Scheme I1. As ex- 
; F -O : © 

pected, the alcohol gave a single epoxide, Bei <a LiCu(Me)2/Et,0/-20°C 

based on NMR analysis of the crude et 
Me 

OH product. In Scheme 12, a complete regio- CH,=CHMgBr/Cul/Et,0/-20°C 

and stereospecific transformation of the As on 

epoxide to the upper right and left : 1. MsCl/ : 

diastereomers in Scheme 4, respectively, is eedle Py/0°C ee eo 
Me summarized.!? on 2 LAH/ Me Me 

Et,0/0°C 
The second possible method to improve : 

the poor stereoselectivity is depicted in 

Scheme 13. In this scheme, the substituted Scheme 13 

X, desirably bulky, will make one eclipsed 

conformation preferred over the other two, ee 

hence we can expect a highly stereoselec- ES SS ——_ Bre a OH 
tive epoxidation. After epoxidation, the C- Me hs 

X bond should be replaced by the C-H t 

bond with retention of its stereochemistry. oa) 

A current literature search made the choice Ly tS ON i B07 ~~ Yon 

of X=SiMe, seem obvious. To test this Me X Me X 

possibility, the allylic alcohol with the 

trimethylsilyl group was stereospecifically 

synthesized (see Scheme 14). As expected, 

epoxidation did take place cleanly, and x 

then the carbon-silicon bond was replaced BAO yaa ee Bzi0 van Se EO Nie, 

by the carbon-hydrogen bond on treatment Me Me Br Me 

with fluoride anion. The overall stereo- | 

specificity was excellent; no signals due to 1. DIBAL-H* 

other diastereomers were detected in the PTs | 

NMR spectra of the crude product.” Thus, | 

it was now possible to synthesize the four 

diastereomers shown in Scheme 4 in a 1, n-BuLi 

stereo- and regiocontrolled manner. 2. CICO,Me 

. BzIO S OH DIBAL-H_ — Bz10 Se Pas ston Sere BzIO yy! 
1 . e . = i 

Now let us examine the application of Me —Si(Me), Me —Si(Me) Me —Si(Me), 

the methods we have just discussed. 

Scheme 14 } 

1. n-BuLi 

b 
ie 
eer 

~T Paeeiare 

ifi - 
* cf. K. Uchida, K. Utimoto, and H. 

One specific example we would like to AEA Si rec ocr yt) 

discuss briefly is the total synthesis of the 

polyether antibiotic narasin.’ In narasin, Scheme 15 

there are 19 asymmetric centers in addition 

to one cis-olefinic bond. This means that BzI0 S OH MCPBA/CH,Cl. Bz10 

control of more than | million stereo- or ak 
; : F we oe Me Si(Me) Me — Si(Me) 

|  1somers is necessary, in principle, to syn- 2 : 

| thesize the antibiotic from acyclic pre- 

cursors. The first step of our retro- (n-Bu),NF/DMF* 

| synthesis was the crossed aldol reaction 

shown in Scheme 16. The feasibility of this 

type of crossed aldol reaction was well 

| demonstrated in our lasalocid A and mon- Bzl0 y on ee aa 
: z 4 

ensin syntheses. KONE Se 

The retrosynthesis of the right half from 

| its open form is shown in Scheme 17. “ef. T. H. Chan, P. W. K. Lau, and M. P. Li, 

|  Stereocontrolled intramolecular ketaliza- Hatranedi one elec /aI276) 

L zaies] 
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Scheme 16 Scheme 17 ] 

NARASIN 

tion under thermodynamically controlled 

conditions, somewhat similar to the 

proposed retrosynthesis, was one of the key 

steps of our monensin synthesis. However, 

the present case is more complicated than 

the monensin case, since the relative stabil- NARASIN R= Me, X= OH 

ity of the desired and undesired stereo- 

isomers with respect to two spiro ketal 

centers is obscure. In relation to this 

problem, it is important to mention the 

relative stereochemistry at the two spiro Normal Series 

ketal centers of narasin, salinomycin, and reiea cin 

deoxysalinomycin; namely, it is known 

that narasin and salinomycin have the 

SALINOMYCIN Rese), Xe=20in 

DEQXYSALINOMYCIN Roe Ko a 

Deoxy Series 

deox | 1 ysalinomycin gt 

salinomycin 

same relative stereochemistry, while that of Me | 

deoxysalinomycin is different. The dipole- | 

dipole interaction of the two carbon- Scheme 18 

oxygen bonds in the narasin and salino- 

mycin series seems to be thermo- 1. C=C-CH,OTHP | 

dynamically unfavorable. Nonetheless, a 2. MeOH/H* 
review of the extraction procedure of these 3. PCC 1. DIBAL-H 
antibiotics makes it hard to believe that ap Gale alc beer 2. HS(CH2)3SH/H* 

narasin or salinomycin would have ther- ean an aPRHeay 
modynamically unfavorable relative oy woe 
stereochemistry. We believed that the in- 

dicated hydrogen bond stabilization would 

override a seemingly unfavorable dipole- 

dipole interaction at the bisspiro center of 

the narasin and salinomycin series. Indeed, 

we could recently demonstrate that this 

was the case. Analysis of the stereoview of 8 Soe. De 
the bisspiro center of narasin clearly in- See risiinaler OMe Ome Me BRE ee OMe 

dicated the possibility that the allylic 2. ACOH/H,0 Sa eaene: 

alcohol group could stereoselectively be in- 3. Ac,O/Py 

troduced by kinetically controlled reduc- 

tion of the corresponding a, B-unsaturated 

ketone. Scheme 19 

° 

Regarding the possible synthetic route of 

the open form and its cyclization to the 

bisspiro ketal, an efficient method shown 

in Scheme 18 was developed by using the 

model system.?! It is important to protect 

the allylic alcoholic group to avoid the 

aromatization to a furan. 

Supported by successful results in the 

model system, the open form of the right o} a 

half can now be disconnected into three fe) * 

segments as seen in Scheme 19. The lactone MeunnE? n Me 

of the right side is structurally very similar a 
Se fet a = 
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to lasalocid A ketone, which has already 

been synthesized in our laboratory (see 

Scheme 20). Indeed, the synthesis of this 

lactone was straightforward. 

It seemed that the tetrahydropyran ring 

of the left half of narasin might be con- 

structed from the properly functionalized 

1,5-diol system as depicted in Scheme 21. 

There are two options available for this dis- 

connection, but we chose the one shown at 

the left. The reason for this decision should 

be obvious when one recognizes the struc- 

tural similarity between the left and middle 

segments; these segments share the same 

five carbon atoms indicated by asterisks in 

the following structures. 

Relying on the methods discussed 

previously, a straightforward retrosyn- 

thesis of these segments can be envisioned. 

In the upper half of Scheme 22, a retro- 

synthesis of the left segment is summarized. 

The first disconnection utilized the 

hydroboration method. To continue the 

disconnection along this line, a hydroxyl 

group must be put temporarily at the 

methylene carbon. In the actual synthesis, 

this type of hydroxyl group used as a han- 

dle can smoothly be removed by mesyla- 

tion, followed by hydride reduction, in ex- 

cellent overall yield. There are two options 

available for this purpose, but we chose the 

diastereomer shown in the right hand cor- 

ner of the second line for the following 

reason. The stereoselectivity of method B 

— epoxidation followed by cuprate reac- 

tion — is extremely high, while the 

stereoselectivity of method A — 

hydroboration — is a range of 12~4:1, 

depending on substrates. In the lower half 

of Scheme 22, a retrosynthesis of the mid- 

dle segment — note the structural similari- 

ty between the middle segment Prelog- 

Djerassi lactonic acid — is summarized, 

which is nearly identical to the one shown 

for the left segment. 

Following the proposed schemes, we 

have recently completed a stereocontrolled 

total synthesis of narasin,” although im- 

provements on some steps are still needed. 

For example, at the present moment, the 

cyclization reaction to construct the tetra- 

hydropyran ring is not satisfactorily effec- 

tive enough, but we are very optimistic 

about improving this step. 

In closing, I would like to take this op- 

portunity to express my sincere apprecia- 

tion to all of my former and present group 

members. Needless to say, it would be im- 

possible to carry out any single synthesis to 

its successful completion without their 

commitment, enthusiasm, and devotion to 

chemistry. Financial support from the 

National Institutes of Health (NS 12108) 
and the National Science Foundation 

(CHE 7806296) is gratefully acknowledg- 

ed. 

Scheme 20 

OH 
Et Me Me tee Eghie ut | 

07 “o~} =}> O07 “Me 07 5 Oms SO 7 OMs a0 Me 
Me H Me H Et 

Lasalocid Synthesis: J. Am. Chem. Soc., 100, 2933 (1978) 

Tetrahedron Lett., 2745 (1978) 

ro) Me 

°O OH 

AN 
‘ Hy 

Me et Me Me 

MIDDLE SEGMENT 

(0) OH OH 

Sek CHO w\ Any 

Et Me Me Me 

LEFT SEGMENT 

Scheme 22 

OH OH Method A OH OH 
moses AA A cto —— noe A t= roe A010 

Et Me Me Me Et Me Me Ete ps nae 

LEFT SEGMENT OR 

Method B OH Method B OF (0x) 
CSS nore; Aon << Foc oN CHO 

Et Me Et ae Me 

° OH ° OH 

= CO2H oN CHO 

et Me Me Me Et Me Me 

MIDDLE SEGMENT OR 

° OH fo} 
Method B I 2 (0) 

Same As Above <————> BNE AEE earners comet sath 
Me et Me Me Et Me Me 

Method A = Hydroboration 

Method B = Epoxidation - Cuprate 
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2M in ether 

19,212-0 Borane-methyl sulfide complex, 
2M in THF 

19,303-8 Borane-methyl sulfide complex, 
1M in methylene chloride 

19,482-4 Borane-methyl sulfide complex, 
2M in toluene 

17,619-2 Borane-THF complex, 1M in 
THF 

21,312-8 tert-Butyl yceopencade 90% 

18,471-3 tert-Butyl hydroperoxide, 70% 

18,617-1 n-Butyllithium, 1.6 in hexane 

C1108-1 Carbon tetrabromide 

C6270-0 m-Chloroperoxybenzoic acid, 
tech 

10,968-1 N-Chlorosuccinimide, 98+% 

C7285-4 Chlorotrimethylsilane, 98% 

20,554-4 Copper(I) iodide, 98% 

21,555-0 Copper(I) iodide, 99.99+% 

21,494-9 DIBAL-H, 1™ in cyclohexane 

21,495-7 DIBAL-H, 1M in diethyl ether 

21,496-5 DIBAL-H, 1™ in heptane 

19,030-6 DIBAL-H. 1M in hexane 

21,497-3 DIBAL-H, | in methylene 
chloride 

21,498-1 DIBAL-H, 1M in THF 

21,500-7 DIBAL-H, 1™ in toluene 

19,272-4 DIBAL-H, 25 wt. % solution 
in toluene 

D10,620-8 Dihydropyran 

21,676-3 Hydrogen peroxide, 30% 
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19,987-7 Lithium aluminum hydride 

21,279-2 Lithium aluminum hydride, 
1M in diethyl ether 

21,277-6 Lithium aluminum hydride, 
1M in THF 
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M3530-4 Methyl chloroformate 

P5060-9 —_1,3-Propanedithiol 

19,014-4 Pyridinium chlorochromate 

21,614-3 Tetrabutylammonium fluoride, 
1M in THF 
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1M in THF 

Aldrichimica Acta, Vol. 13, No. 2, 1980 

7 
30 



e 

Organosilicon Reagents 
for Carbon-Carbon Bona- 
Forming Reactions 

The development of new synthetic 

methods for use in organic synthesis is one 

of the areas of organic chemistry that has 

experienced a major renaissance during the 

past fifteen years or so. More recently there 

has been an extremely large number of 

publications describing the use of organo- 

OH R' H,0° 
R! 

———— se (eq. 2) F or 
R? 3 SiMes base 

groups or part of a carbocyclic ring the ad- 

ducts 3 are not stable, and eliminate 

Philip Magnus 

Department of Chemistry 

The Ohio State University 

140 West 18th Avenue 

Columbus, Ohio 43210 

leading to an alkene of opposite geo- 

metrical configuration.3 

Tetramethylsilane can be deprotonated 

using n-butyllithium in tetrahydrofuran 

containing tetramethylethylenediamine 

(eq. 3) to give the a-lithiomethyltrimethyl- 

n-BuLi silicon chemistry in synthesis. Nearlyevery _ trimethylsilanol to give an alkene. When Me,Si 724s Me,SiCH,Li 
journal that synthetic organic chemists the adducts 3 are isolable they may be con- pe MED: 4 
read contains papers devoted to the use of _ verted into an alkene under either acidic or reine 
silicon-based chemistry for the construc- _ basic conditions. When the elimination of eee ae Bee nes (eq. 3) 
tion of organic molecules. Since the 

carbon-carbon bond is a focal point of 

organic synthesis it is important to have 

many and varied ways to construct this 

bond in a predictable fashion. The inten- 

tion of this article is to describe how certain 

organosilicon-based reagents, some of 

which are commercially available, can be 

used to make carbon-carbon bonds in a 

controlled and predictable way that is 

useful to the practicing synthetic organic 

chemist. 

a-SILYL CARBANIONS 

The first reported a-metallosilane was 

prepared by Whitmore and Sommer in 

1946.! Treatment of a-chloromethyl- 

trimethylsilane (1) with magnesium in 

ether gave the stable Grignard reagent 2 

(eq. 1). Surprisingly, the reagent did not 

Me,SiCH,C! —M9, Me,SiCH,MgCl 
1 

(eq. 1) 

reappear until 1968 when Peterson 

developed an alkene synthesis based on this 

Grignard reagent.? Treatment of aldehydes 

trimethylsilanol is conducted with sodium 

or potassium hydride in tetrahydrofuran 

the process is asyn-elimination. Treatment 

of the adducts 3 with acid (5% H,SO, or 

HCO,H) results in an anti-elimination, 

silane (4), as evidenced by treatment with 

chlorotrimethylsilane to give  bis(tri- 

methylsilyl)methane (5).4 This type of 

hydrogen-metal exchange is by far the 

or ketones with 2 gave, after mild 

hydrolysis, the B-hydroxysilanes 3 (eq. 2). 

Frequently, when R! and R? are alkyl 

a SS 
43 Aldrichimica Acta, Vol. 13, No. 3, 1980 
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most convenient way of preparing a- 

metallosilanes, since a-halosilanes are not 

so readily available. Table | lists a number 

of a-metallosilanes that have usually been 

prepared by hydrogen-metal exchange. 

Other anions that are made by halogen- 

metal exchange or trans-metallation in- 

clude (Me,SiCCI=CHCH,)Li,?2 Me,Si- 

CCI,Li, (Me;Si),CCILi, Me,SiCBr,Li and 
Me,;SiCHBrLi.33 

The reagents 6-38 are largely used for the 

so-called Peterson olefination reaction, 

which may be classified, in its most general 
sense, as follows (eq. 4): 

R! Z zZ 

O+ Li ———> YH 

R? SiMe, R29 SiMe, 
fie 

R' 

hiece Dz + Me,SiOLi 
R 

(eq. 4) 

The wide variations in the nature of Z give 

this synthetic method its useful versatility. 

It should be noted that apart from the cases 

described below, the elements of trimethyl- 

silanoxide are lost in a syn-elimination 

even when Z is an excellent leaving group, 

to give an olefin. As such, the main advan- 

tage of the Peterson reactions over the con- 

ventional Wittig reaction is their greater 

flexibility for the synthesis of hetero- 

substituted alkenes, and perhaps more im- 

portantly, the carbanions listed (par- 

ticularly 29, 35, and 37) are more nucleo- 

philic than their phosphonate counter- 

parts. 

a-Chloromethyltrimethylsilane (35) is 

deprotonated by treatment with s-butyl- 

lithium in tetrahydrofuran at -78°C to give 

35a. It is essential to use s-butyllithium to 

obtain good yields of 35a; n-BuLi, t-BuLi, 

alkoxides and amides give unsatisfactory 

results. Treatment of 35a with aldehydes or 

ketones leads to a,B-epoxysilanes 39 via 

the intermediacy of the chlorohydrin (eq. 

5). This is a surprising result since the in- 

Me3Si o | Me3;Si R® 
Li Pes R 

cl ee Cl Oo” 

35a 35b 

Me,Si R' 

Xe (eq. 5) 

39 

termediate chlorohydrin (35b), by analogy 

with the examples described above (Z=Cl), 

would have been expected to eliminate the 

239 

Substrate 

Me,SiCH,Ph 

6 

Me,SiCH,SiMe, 

7 

Me,SiCH(SiMe;). 

8 

Me,SiCH,PPh, 

9 

Me,SiCH,P(S)Ph, 

10 

Me,SiCH,SMe 
1 

Me,SiCH,P(O)(OEt). 

12 

Me,SiCH,SPh 

13 

Me,SiCH,SOPh 

14 

Me,SiCH(SR), 

15 

Me,SiCH(SMe), 
16 

N 
SiMe, 

oO 

17 

(Me,Si),CHCO,-t-Bu 
18 

PhSeCHSiMe; 

Ph 

19 

PhSeCH,SiMe, 

20 

(PhSe),CHSiMe, 

21 

(Me,Si);CH 
22 

(Me,Si),CHSR 
23 

SnMe, 

Me,SiCH 
SR 
24 

Rea- 

gent 

n-BuLi/- 
HMPA 

t-BuLi/- 
HMPA 

n-BuLi 

n-BuLi 

n-BuLi 

n-BuLi 

n-BuLi 

n-BuLi 

n-BuLi 

n-BuLi 

n-BuLi 

n-BuLi 

LDA 

LiNEt, 

LDA 

LDA 

MeLi 

n-BuLi 

LDA 

Table | 

a-Lithiospecies 

Me;SiCHPh 

Li 

Me,SiCHSiMe; 

Li 

Me3SiC(SiMes), 

Li 

Me,SiCHPPh2 

Li 

Me,SiCHP(S)Ph2 

Li 

Me;SiCHSMe 

Li 

MeSiCHP(0)(OEt), 
Li 

Me;SiCHSPh 

Li 

Me;SiGHSOPh 

Li 

Me,SiC(SR)2 
Li 

Me,SiC(SMe), 

Li 

eum 
Li 

(Me,Si),CCO,-t-Bu 

Li 

Li 

Ph Se-C-SiMe; 

Ph 

PhSeCHSiMe, 

Li 

(PhSe),CSiMe, 

Li 

(Me,Si)3CLi 

(Me,Si),CSR 

Li 

SnMe; 

Me;SiC-Li 

SR 

Electro- 

phile 

PhCHO 

PhCHO 

CH,0 

Ph,CO 

Ph,CO 

Ph,CO 

RCHO 

RCHO 

Mel 

RCH,I 

RCHO 

RCHO 

RCOR'! 

RCOR' 
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Product Ref. 

PhCH=CHPh 5 

PhCH=CHSiMe, 6 

CH,=C(SiMe;). 6 

Ph,C=CHPPh, 7 

Ph,C=CHP(S)Ph, 7 

Ph,C=CHSMe 7 

R1 

8 
R2 P(O)(OEt). 

Ri 

8,9 
R2 SPh 

2~7~SOPh 10 

R} SR 
pee 11 

R2 SR 

12 

C(SMe), 

SiMe, 

RCH=CH_ _N 
3 13 
Oo 

7siMe3 
RCH=C. 14 

CO,-t-Bu 

Me 

PhSe-C-SiMe, 15 

Ph 

PhSeCHSiMe; 16 

CHR 

PhSe. Sao 
PhSe R 

Me,Si 
Daan 17 

Me,Si R 

Me,Si R 
=< 17 

RS R1 

Me,Sn R 

Dane 17 

RS R! 

=I 
44 



Substrate 

OMe 

ArSO,CHSiMe, 

25 

Me,SiCH,CH=NR 

26 

Me,SiCH,CN 

27 

Me,SiCH,CO,H 

28 

Me,SiCH,CO-Et 

29 

Me,SiCHN, 
30 

PhMe,SiCHCN 

Me 

31 

(Me,Si),CHBr 
32 

Me,SiCH,N-t-Bu 
NO 

33 

Me,Si-Cl 
34 

Me,SiCH,Cl 
35 

Me,SiGH-Me 
cl 
36 

Me,SiCH,OMe 

37 

Me,SiCH,CH=CH, 

38 

MeO 

Rea- 
gent 

n-BuLi 

LDA 

LDA 

LDA 

LDA 

n-BuLi 

LDA 

n-BuLi 

LDA 

t-BuLi 

s-BuLi 

s-BuLi 

s-BuLi 

s-BuLi 

Table | (cont’d.) 
a-Lithiospecies Electro- 

phile 

OMe 

ArSO,CSiMe, RCOR' 
Li 

Me;SiCH-CH=NR = R'CHO 
Li 

Me,SiICHCN RCHO 
Li 

Me,SiCHCOpLi RCHO 
Li 

Me,SiICHCO,Et RCHO 
Li 

Me,SiCN, RCHO 
Li 

Me R 
! 

PhMe,SiCCN +0 
Li R 

(Me,Si) CBr RCHO 
Li 

Me,SiCHN-?-Bu RCHO 
Li NO 

Me,SiCHLi Me,SiCl 
cl 

Me,SiCHCI RCOR' 
Li 
35a 

cl RI 

Me,SiC-Me So 
UT R2 
Li 

36a 

R1 

Me,SiCHOMe =O 
Li R? 
37a 

Ri 

(Me,SiCH=CHCH,)Li =O 
38a R? 

Me,Si H 

[0 
“Me HCO-H 

Me,SiCHCI AACE 

Oo 

Cigig MeO 41 
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Product Ref. 

MeO 
— 18 

ArSO, 1 

RICH=CH-CH=NR 19 

RCH=CHCN 20 

RCH=CHCO,H 21 

RCH=CHCO,Et 22 

oN 
RCH——CHSiMe, 23 

or RC=CR 

R CN 

=< 24 
R Me 

Me,Si 

S=CHR- 25 
Br 

-BUN=CHCR 26 

NOH 

Me.,SiCH,SiMe,Cl 27 

R' O 4H 

VERE 28 
R SiMe, 

Ri O Me 

eS 29 

R2 SiMe, 

R1 OH_ SiMe, 
30 

R2 OMe 

Ri OH 

~ SiMe, 31 
R2 

OCHO 

Me,Si!_H 

~sMe 

elements of trimethylsilanoxide to give a 

vinyl chloride rather than an a,f- 

epoxysilane. This useful result can be ex- 

ploited in synthesis (eq. 6) since a,B- 

epoxysilanes are precursors to carbonyl 

compounds.*4 

The addition of CTC (abbreviation for 

35a) to estrone O-methyl ether (eq. 7) is 

particularly noteworthy since 17-keto- 

steroids are hindered, readily enolizable 

carbonyl compounds. Merely dissolving 

the a, B-epoxysilane 41 in 90% formic acid 

gave the 20-aldehyde in excellent yield. The 

overall transformation of a carbonyl group 

to the homologous aldehyde, where the 

original electrophilic carbonyl group has 

been reduced, is termed REDUCTIVE 

NUCLEOPHILIC ACYLATION.?> 

The methyl analog of CTC, namely 

MCTC (36a), is made from 36 by 

deprotonation with s-butyllithium in 

tetrahydrofuran at -78°C. Treatment of 

36a with ketones or aldehydes (eq. 8) gives 

Me3Si_ Li 

Xa e 

R' rey e R' O M 

yey < 
R2 iMe, R?2 Me 

42 (eq. 8) 

a, B-epoxysilanes 42. This new method- 

ology has been used in a short synthesis of 

(R){+)-frontalin 43,353¢ the aggregation 

pheromone of the Southern Pine beetle, 

Dendroctonus frontalis (Scheme 1). 

Another silicon-based reagent that can 

be used for reductive nucleophilic acyla- 

tion reactions is methoxymethyltri- 

methylsilane (37). It can be deprotonated 

selectively using s-butyllithium in tetra- 

hydrofuran (Scheme 2) to give the lithio 

species 37a. The use of s-butyllithium is 

vital to the success of this reaction. n- 

Butyllithium reacts with 37 to give 

products that appear to result from 

nucleophilic attack at silicon and subse- 

quent cleavage of the -CH,OMe group; r- 

butyllithium gave the lithio species 44.30 

OCHO 

(eq. 6) 



es The lithio species 37a reacts with car- 

bonyl compounds to give adducts such as 

56. Treatment of these adducts with 

potassium hydride results in the elimina- 

tion of potassium trimethylsilanoxide to 

give enol ethers. When the adduct 45 is 

treated with cesium fluoride in dimethyl 

sulfoxide, disilylation takes place to give 

the compound 46 (Scheme 3).2° Surprising- 

ly no elimination takes place, giving enol 

ethers. 

Synthetic equivalents of the B-acyl anion 

equivalent (homoenolate) have been wide- 

ly investigated. A solution to this problem 

utilizing allyltrimethylsilane is forthcom- 

ing. 

The allyltrimethylsily! anion (38a) is 

readily prepared from allyltrimethylsilane 

(38) by treatment with s-butyllithium in 

tetrahydrofuran. As an illustration of the 

use of 38a in synthesis, and its high 

nucleophilicity, the synthesis of the 17- 

spirolactone steroid is described (Scheme 

4).37 3-Methoxyandrosta-3,5-dien-17-one 

(47) reacts with allyltrimethylsilylzinc 

chloride (38a plus ZnCL) to give the adduct 

48 after acidic workup. The vinylsilane side 
chain present in 48 was epoxidized with 

VO(acac),/t-BuOOH to give 49. Meth- 

anolysis of 49 gave 50 which, on Jones ox- 

idation, yielded the lactone 51. The yield of 

48 exceeded 90%, demonstrating that even 

in the case of hindered and readily 

enolizable 17-ketosteroids, the allyltri- 

methylsilyl anion is sufficiently 

nucleophilic to give excellent yields of ad- 

dition products, namely 48. 

SILICON-STABILIZED YLIDES 
FOR CARBON-CARBON BOND 
FORMATION 

We can represent a silicon-stabilized 

ylide by the general formula 52. Such com- 

Me,Si-C-X" X = PhP, SMep, 
R $(0)RNR, 

52 

pounds have been known for a con- 

siderable time; notably, the works of 

Gilman,38 Schmidbaur?? and Miller*® de- 

scribed how to make these ylides, but these 

reagents have not been used in synthesis. 

We were concerned with developing a 

reagent that would convert a,f- 

unsaturated carbonyl systems into silyl- 

cyclopropyl ketones 53. Methylthio- 

re) 
EOE a 

53 = 

methyltrimethylsilane was converted into 

the methiodide 54 (Scheme 5), and 

deprotonated*! using s-butyllithium in 

| tetrahydrofuran to give the ylide 55.4! 

Scheme 1 

Me;SiO_ Me APs Me 

Me,SiO.,-Me Me,;Si__Li ; 
+ ee (i) Os 

| (ii) NaBH, 
CHO Me Cl ) ° 

Me ‘SiMe, Me SiMe, 

OH oO 

BF: OEt, Sak Sorts 

OH Oo 
43 

Scheme 2 

Me,SiCH,OMe —s-Buli_ Me,SiCHOMe 37a 

{pels n-BuLi Li 

LiCH,Me,SiCH,OMe Me,Si-n-Bu + LiCH,OMe, etc. | 

44 

| 
Scheme 3 

O OH 
Li OMe 

Me,SiCHOMe SiMe; 
| 

ae 
ee 

OH 

OMe 

OMe 

46 

Scheme 4 

O 

MeO 
47 

VO(acac),/t-BUOOH 

MeOH/BF;: OEt 

Jones oxidation 

feo0 | 

cs (i) AX/SiMe,ZnCl" 
ee 
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Scheme 5 

Me,SiCH,SMe —“2!-» me,SiCH,SMe.I 
54 

ie 
eg Cae, 

CH,SMe, é Me,SiCH,CH,SMe 
Me;,SiCHSMe> 

55 

Scheme 6 

H*/Ac,0 

SiMe, 

| 58 OAc 

O O 

Ac20/H* 
———_> 

| OAc 59 

Scheme 7 

EtsSi. 4 Et,Si 

Oo Lio LiO ie) 

SOC) 

—_—_—_——_ 

a 
* —_———> Oo 

LiO 

5% pa iNeOMe = 

Saas MeOH Seal 10) 

| H oO Et,Si 

| O 

| 
(i) NH,CI 

(ii) NaOQMe/MeOH 

H H H, H H H 
= Eas Le nuh o— %, = —r +1) 

; E (eq. 9) | SiMe; R SiMe; RY SiMe; R E 
62 62a 62b 63 

| SiMe, 

| Gps: 2 SiMe; Se 
| if mee oath Ca ieee Wess. (eq. 10) 
| E 
| 64 64a 64b 65 
| 

SiMe, Me,Si 
This new class of compounds offers the 

opportunity to conduct some useful syn- 

| thetic transformations by exploiting the 

| ability of the silicon atom to stabilize a B- 

carbonium ion. Treatment of 56 with 

sodium borohydride gave the alcohol 57. 

When this alcohol was treated with acetic 

anhydride in the presence of a catalytic 

amount of perchloric acid (Scheme 6) the 
| a 

sa a +. exo: he 

compound 58 was formed. Further ex- 

posure of 58 to the above conditions gave 

the dienone 59. The allylsilane has been 

acylated under these mild conditions. 

47 Aldrichimica Acta, Vol. 13, No. 3, 1980 

Another variation on this sequence is to 

treat 57 with AcOH/ AcOOH/ H* to ox- 

idize the intermediate allylsilane 58 to the 

allylic alcohol 60. Oxidation with 

pyridinium chlorochromate gave the ring- 

expanded y-acetoxyenone 61.* 

OH Oo 

OAc OAc 
60 61 

VINYLSILANES FOR CARBON- 
CARBON BOND FORMATION 

While this section will concentrate on the 

addition of carbon electrophiles to vinyl- 

silanes mention is made of an important 

advance in annulation reactions. The con- 

jugate addition of enolate anions to ac- 

tivated vinylsilanes (Scheme 7) has solved a 

long-standing problem in organic syn- 

thesis, namely the trapping of regio- 

specifically generated enolates in aprotic 

solvents with a methyl vinyl ketone 

equivalent, and subsequent reactions to 

produce an annulated product. 

The addition of an electrophile to a 

vinylsilane (62) results in the build-up of 

electrophilic character 8 to the carbon- 

silicon bond (eq. 9).44 Such a species (62a) 

is said to be stabilized either by bridging,45 

or by so-called vertical stabilization 

(hyperconjugation).4° The addition has the 

geometrical requirement that the elec- 

trophilic character of the B-position can 

only enjoy stabilization if the developing 

positive charge is contained ina 2p, orbital 

that is in the same plane as the C-Si a- 

bond. This geometrical condition imposes 

a severe limitation upon the use of the B- 

effect for stabilizing electrophilic additions 

to vinylsilanes. In acyclic systems there is 

usually no problem; as the incoming elec- 

trophile approaches the vinylsilane 7z- 

system, rotation about the central carbon- 

carbon bond can take place to bring the B- 

carbonium ion into the same plane as the 

carbon-silicon bond,4? 62-62a=62b—63. 

For cyclic vinylsilanes, particularly in 

conformationally rigid systems, it may be 

difficult, and in certain cases impossible, 

(eq. 10) for the carbon-silicon bond to 

move into the same plane as the 2p, orbital 

carrying the positive charge, 64-64a= 

64b—65. 

As can be seen from the above 

mechanistic consideration, electrophilic 

substitution of vinylsilanes takes place with 

retention of geometrical configuration, 

and with the incoming electrophile replac- 

ing the trimethylsilyl group. 

Treatment of the cyclic vinylsilane 66 
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| oe acetyl chloride-aluminum trichloride 

at 0° (eq. 11) gave the enone 67 uncon- 

taminated by other regioisomers.4® It 

should be noted that the same electrophilic 

substitution when carried out on 4,4- 

dimethylcyclohexene gave a mixture of 67 

and 68. Several other examples of the elec- 

trophilic substitution of vinylsilanes with 

carbon-carbon bond formation are shown 

below (eq. 12-16). 

Vinyltrimethylsilane can act as an 

ethylene equivalent in Friedel-Crafts reac- 

tions to synthesize fused cyclopentenones. 

For example, treatment of the a,f- 

unsaturated acid chloride 69 with vinyl- 

trimethylsilane (eq. 17) in the presence of 

stannic tetrachloride gave bicyclo[3.3.0]- 

A’-octen-l-one 70 (52%).54 

The roles of reagent and substrate in this 

annulation reaction may be reversed; treat- 

ment of the vinylsilane 71 with 3,3- 

dimethylacryloyl chloride in the presence 

of aluminum trichloride (eq. 18) gave 72, 

which was cyclized with stannic tetra- 

chloride to a mixture of isomers 73. Treat- 

ment of this mixture with rhodium tri- 

chloride in ethanol at reflux converted un- 

wanted isomers into 74,55 

Another annulation reaction that 

utilizes a new vinylsilane reagent has been 

developed in our laboratories (Scheme 8). 

Treatment of vinyltrimethylsilane with 

phenylsulfenyl chloride in  dichloro- 

methane at -70° gave the adduct 75 in ex- 

cellent yield. Dehydrohalogenation of the 

adduct 75 with DBU or DBN provided the 

substituted vinylsilane 76.5° When 76 was 

treated with a,B-unsaturated acid 

chlorides in nitromethane followed by 

silver tetrafluoroborate, the 3-thiophenyl- 

cyclopentenones 77 were produced.‘’ 

ALLYLSILANES FOR CARBON- 
CARBON BOND FORMATION 

Without doubt allylsilanes have found 

the premier place in organosilicon 

chemistry, as applied to synthesis. This is 

primarily because allylsilanes are stable 

compared with other allylmetal species. As 

a result they usually give regiospecific reac- 

tions with electrophilic species. The general 

representation, in mechanistic terms, of the 

reaction of allylsilanes with carbon elec- 

trophiles is illustrated in eq. 19. 

Me,Si Noe | 
i | Me,Sid Ga 

\ Rae | 

| (eq. 19) 

Me,Si-Nu 

AcCI/AICl, 

CH,Cl,, 0° (eq. 11) 
ae” 

66 67 

SiMe, 

Ce _AcCV/AICls 

R! R2 

= ‘ (eq. 13) 
R aon ka 

E=CH,0Me,°° E=CH(OH)CCI,,51 E=CHOS2 

SM CISONCO OCs CISO,NCO, 0°C 
Pet See? cinotmnel see So ee 

Me;Si R' 

mae (eq.15)5) 

Me; Si R! 

Me; Si Me3Si 
\ MeOCH,CV/AICI, oe 70% — Be = 

SiMe; eMe 
MeOCHCI,/AICI, 

Me3Si 

oO 88% Tare 20% 

CHO 

CF + Z~sime, S20» 
69 70 

aie ve“ AO +S 
O (eq. 18) 

Sere 

Me,Si 

(eq. 17) 

Scheme 8 

SPh ? Me3Si 
Me;3Si 

4 7 7 PhSCi a % —peN 
Cl 

75 76 

SPh 
77 

sbieraeromres - I 
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Table Il 

Substrate Electrophile Catalyst Product Ref. 

re) 
OH 

Me,;Si~ ~~ aoe aco me ap 

Oo 

- Zz 
Z 

wes SAN Y7~eoe! aict,/-60° ee 59 

H 

hs EC TiCI,/-30° 60 
[e} [o} 

Oo OH 

CcoO,Et 

Moisi tor TiCI,/RT Nee 61 

(e} HO. 

Me.Si eS . is ° con co,et —-TICI,/-15 ors fie 62 

catalyst, 0° 63 
Me,Si ~ ciSO,NCO no cataly ele ao cine! 

Me,Si H H 
; MeOCH,Cl SnCl, 0 64 

Cl Cl 

H Cl Meo H Cl 

SiMe3 

a 7. bey @ _ 

MeO OMe 
OMe 

oO 

Lge 

Sl FeO enChin° ; 66 

SiMe; 
oO ZA 4:1 

Me,Si Nie ae t-BuCl TiCl, Ch 67 

Gite 

— BF, OEt, 68 
CHO 

‘OH 

° OH 

Ze 69 
Me,Si~ \ TiCl, 

ie) OH 

70 

Me;Si~ \ cl S 

The cleavage of the C-Si bond may be 

concerted with the build-up of electrophilic 

character B to the Si atom. The most im- 

portant feature of this reaction is that the 
electrophile enters on the terminus of the 

allyl system, and the 7r-system is relocated 

adjacent to its original position. Because of 

this predictability, and the high nucleo- 

philicity of allylsilanes, they have found 

many imaginative uses in synthesis. Table 

II provides a number of specific examples 
of this chemistry for carbon-carbon bond 

formation. 

The silicon-fluorine bond is remarkably 

strong, ca. 140 kcal/mole. This can be 

applied in allylsilane chemistry by treating 

allyltrimethylsilane with tetra-n-butyl- 

ammonium fluoride in the presence of an 

electrophile to generate the allyl anion.”! 

The reaction is catalytic in fluoride ion, and 

explained by the mechanistic rationale in 

eq. 20. 

n-Bu,N* 

cae (¥ ae n-Bu,N* aN 
Me,Si~ \— 

1 R'\-0 ~ 

R Z 
—__—_> 

R? O° NBu, 
ee a 

R1 

n-Bu,NF + R2 He 
OSiMe, (€q- 20) 

One of the major limitations of 

allylsilane chemistry is that there are no 

really versatile methods for preparing allyl- 

silanes. It is not intended to discuss 

preparative methods for allylsilanes here’? 

but to indicate the current trend. If allyl- 

silane chemistry is to find a really useful 

place in organic synthesis then one must 

have ways of introducing this functional 

group into a relatively complex molecule in 

a predictable fashion. The Wittig reaction 

can be used to prepare allylsilanes by the 

sequence shown in eq. 21.7 

Ph3P-CH, + I-CH,SiMe, 

——» Ph,P-CH,CH,SiMe,I~ 

Bully ph,PCHCH,SiMe, 

er 
SiMe; 

(eq. 21) 
Ze 

78 

This sequence is adequate for aldehydes 

and reactive ketones, but unfortunately 

with cyclopentanone and acyclic ketones 

the yields of allylsilanes are extremely 

low.74 A modification of the Wadsworth- 

Emmons-Wittig reaction allows the syn- 

thesis of functionalized allylsilanes.’> The 

yield of 79 is 75% (eq. 22) and the reaction 

works with a wide range of ketones. As 

might be expected, since 79a is an electron- 

deficient allylsilane it is relatively unreac- 

tive towards electrophiles. 

ARYLSILANES FOR CARBON- 
CARBON BOND FORMATION 

The use of arylsilanes for carbon-carbon 

bond-forming reactions is limited by the 

availability of the arylsilane, but it does 

49 AlivichinicateiaeVol13aNov3, 1980 
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ae Me: SiCH NaH 
ICH»SiMe, “ P(0}(et) ‘PO)OEt), 

9 (eq. 22) 

Me3SiCH,C~ Na 
\PO)OEt), 79—SiMes 

SiMe, COPh 
PhCOCI 

AIC (eq. 23) 

OMe OMe 
80 81 

Scheme 9 

SiMe; ~ H fe) 9 ; S 
Cc Bs Greet 
Ill + 
Cc 

Z 

83 

R SiMe; 
R-C=C-SiMe, —E', wea —» R-C=C-E (eq. 24) 

RC=CSiMe, ae RC=CCOR' (eq. 25)72 
3 

RCOCI OMe Me,SiC=CSiMe, > RCOC=C-SiMe, N20Me,_ (eq. 26)8° 
AlCl, MeOH R OMe 

OH Caria EtCHO iw 
RC=CSiMe, AICI,/CH.Cl, SICECR (eq. 27) 

CI-CHCO2Me ieee 
Me,SiC=CSiMe, NHCO2Et Me,SiC=C-CHCO,Me (eq. 28)22 

AICI, NHCO>Et 

Q — 

Me,SiC=C(CH,),COCI 20s (eq. 29)8° 

SiMe, 

i il A 

TFA HO XS =a | 

i 
84 

(eq. 30) 

have interesting and useful orientation 

value. It was shown by Eaborn that 

arylsilanes such as 80 (eq. 23) on treatment 

with benzoyl chloride in the presence of 

aluminum trichloride underwent elec- 

trophilic aromatic substitution (ipso facto) 

to give the meta-substituted anisole 81.76 

The most dramatic example of the use of 

arylsilanes”’ in steroid synthesis is the total _| 

synthesis of estra(10)-trien-17-one by 

Vollhardt (Scheme 9).78 

This sequence can be modified by the ap- 

propriate use of different electrophiles to 

convert 82 into estrone 83 itself.78 

ALKYNYLSILANES FOR 
CARBON-CARBON BOND 
FORMATION 

Alkynylsilanes react with electrophiles 

in much the same way as vinylsilanes; the 

electrophile attaches itself to the carbon 

atom bearing silicon, with the correspond- | 

ing build-up of electrophilic character 8 to 
silicon (eq. 24). 

Equations 25-29 are examples of this 

electrophilic substitution. 

An excellent illustration of a polyene | 

cyclization directed by a trimethylsilyl | 

group is the conversion of the trienyne 84 | 

into the p-homosteroid 85 (eq. 30). If the | 

-SiMe, group is replaced by a methyl 

group then cyclization leads to the normal 

five-membered p-ring.*4 

CONCLUSION 

The large number of examples of 

carbon-carbon bond-forming reactions 

shown in this review is by no means ex- 

haustive, but illustrates theleadingfeatures | 

that have brought organosilicon chemistry | 

to its prominent position during the last | 

several years. 
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21,395-0 
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ethylenediamine 

Tetramethylsilane 

Titanium(IV) chloride 

Vanadyl acetylacetonate 

Vinyltrimethylsilane 
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PTC in PracTiCe 

During the last few years articles and 

books on phase-transfer catalysis — PTC 

— have appeared in a steadily increasing 

stream.! The stream is likely to continue in- 

creasing and will change conventional 

chemical syntheses and processes greatly as 

many areas have been touched upon only 

briefly. 

The transfer of hydrophilic ions into a 

lipophilic organic medium seems strange at 

first, but in practice the technique is 

remarkably simple. 

For this article I have abstracted PTC in- 

formation that has been valuable in our 

own process development work. Some 

ideas are taken directly from the literature 

while others have been developed further 

through our daily use. Areas focused upon 

are: 

e replacement of sodium or sodium 

hydride by 50% NaOH in alkylation 

reactions 

e extended uses of inorganic salts in 

organic reactions 

e C- vs. O-alkylations 

e transfer of “nonionic” species like H,O, 

and HCl 
© extractive separations. 

I will also discuss catalyst cost and ad- 

vantages of catalyst recovery. A simple 

quantitative analytical method for quater- 

nary ammonium ions, the most common 

PTC catalysts, is described. 

The reader who has had only brief con- 
tact with PTC techniques will find 

background information in the literature 

given in reference 1. 

Use of 50% NaOH instead of sodium 

in alkylations 

PTC sometimes allows strong bases like 

sodium hydride or sodium amide to be 

replaced by 50% aqueous sodium hydrox- 

ide2 or, better still, a mixture of solid 

sodium hydroxide and sodium carbonate.? 

Zwierzak has shown that benzamides and 

formamides can be N-alkylated in good 

yields in such a solid base-organic liquid 

two-phase system.*” He uses about 10 mole 

% of TBAHSO,, but this figure can 

probably be lowered under optimized in- 

dustrial conditions. However, at a conven- 

tional PTC catalyst level of 1 mole % the 

yield is halved. One of Brandstrém’s co- 

workers, Ulf Junggren, in his thesis of 

1972, showed that benzamide could not be 

alkylated using 50% sodium hydroxide in 

the “Extractive Alkylation Procedure.”4? 

Junggren states that “the limit for the prac- 

tical application of this procedure is for 

compounds with a pKa of about 15.” For 

the alkylations of weaker acids he gives 

sodium hydride as the alternative. Using 

Zwierzak’s modification, however, this 

limit moves to a pKa of 22-25. 

Kjell Sjoberg 

Department of Chemical Technology 
Royal Institute of Technology 
S-10044 Stockholm, Sweden 

Alkylation of N-alkylformamides, general procedure 

The mixture of the N-alkylformamide (0.1mol), fine- 

ly powdered sodium hydroxide (14.0g), potassium car- 

bonate (8.0g), tetra-n-butylammonium hydrogen sul- 

fate (3.4g, 0.01mol), and benzene (60m!) is stirred 

vigorously at 35-40°C for 30 min. The resultant slurry 

of the sodium salt of the amide is heated to 60° anda 

solution of the alkylating agent (0.2mol of dimethy] sul- 

fate or 0.1 1mol of alkyl halide) in benzene (40m)) is then 

added at this temperature over a period of Ih. Stirring is 

continued at 60-70° for 4h. The mixture is then cooled 

to room temperature, diluted with benzene (50ml) and 

filtered. The precipitate is washed with benzene (2 x 

30ml) and the washings are combined with the filtrate. 

The benzene solution is washed with water (2 x 20ml), 

dried with anhydrous magnesium sulfate and 

evaporated. The oily residue is kept at 30-40° /0.2 torr 

for Ihto remove volatile impurities, Crude products are 

analytically pure. 

Uses of “new” inorganic anions 

TBA salts of a number of common in- 

organic ions which have not been found to 

have extensive organic chemical use earlier 

are now being reported. The high solubility 

of inorganic anions as their TBA salts in 

nonpolar organic solvents never ceases to 

surprise traditional chemists. Try 40% 

TBAOH in water with an equal amount of 

petroleum ether! 

Quaternary ammonium dithionite has 

already been used in reductions of ketones 

to alcohols.5 It may become a cheap alter- 

native to established reducing agents. 

———————— 

CH, 
OH 

CH 

ee CH, 
CH, 

OH 
+ 

CH, CH, 
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To our knowledge the anion of sodium 

carbonate peroxyhydrate (“solid H,O,”) 

has not yet been tried with the PTC techni- 

que. This salt has been put on the market 

recently by Interox America and might 

find use as an oxidizing or epoxidizing 

agent using the PTC technique.‘ 

TBABF, is reported as a useful elec- 

trolyte in electrochemical synthesis.’ 

TBACIO, has interesting solubility 

properties. It is almost insoluble in water. 

TBAMnO, is frequently used in 

oxidations.’ However, it is unstable and 

thus dangerous to use as an isolated salt.9 

Although borohydrides are well es- 

tablished in organic synthesis, an extra ad- 

vantage of using TBABH, deserves atten- 

tion. In an earlier survey on “Applications 

of Phase-Transfer Catalysis in Organic 

Synthesis,” reduction with TBABH, was 

reported.'* TBABH, is readily obtained 

from TBAHSO,. Applications of this 

lipophilic BH,” salt are presently arousing 

interest. 

Not only can solid TBABH, be isolated, 

its solution in a non-ethereal solvent can be 

obtained.!° The replacement of ether or 

THF by dichloromethane is a contribution 

to laboratory and industrial safety. 

Diborane is easily obtained from a dry 

solution of TBABH, in dichloromethane 

by treatment with an alkyl halide such as 

methyl iodide or 1,2-dichloroethane. The 

diborane solution thus obtained can be 

used for all the common reductions and 

hydroboration reactions. 

C- vs. O-alkylation 

Solvents have a well-known effect on C- 

vs. O-alkylation. Similarly, application of 
the PTC technique can change the C/O 

ratio. 

Brandstr6m and Junggren have studied 

factors influencing C- vs. O-alkylation of 

ambident anions such as those of methyl 

acetoacetate and dimethy! benzoylmalon- 

ate. The expected importance of the alkyl- 

ating agent is verified.!!,12,13 

These three papers introduce the concept 

of “extractive alkylation.” The authors 

have isolated the crystalline TBA salts of 

dimethyl benzoylmalonate and_acetyl- 

acetone. 

TBA* 

9; __CO,CH, 
c-C 

CO,CH, 

+ Oo; TBA 
] = 

CH,- C“CH-CO-CH, 

C- vs. O-alkylation of aldehydes 

We have studied the alkylation of 

isobutyraldehyde in our laboratories.!4 In 

the manufacture of 1-butanol by the OXO- 

process between 10 and 25% of isobutyr- 

aldehyde is formed as a by-product. This 

compound is available worldwide in quan- 

tities of 500 million Ibs/ year and premium 

outlets are sought. After treating isobutyr- 

aldehyde with benzyl chloride, we have 

isolated, not only the C-alkylated product, 

but also the O-alkylated one which has not 

been previously reported. 

Gt 
CHCHO 

CH, 
(Son + 

The highest C/O ratio (10.9) is obtained 

using tetrapropylammonium iodide. The 

bigger tetrabutylammonium ion gives a 

smaller C/O ratio. TBA counterions less 

lipophilic than iodide, viz., bromide, 

chloride and sulfate all give smaller C/O 

ratios (see Table 1). 

eo 

re 

transferred, probably solvated, by TBA 

bromide. Dehmlow has demonstrated that 

the more lipophilic the ion pair, the better it 

transfers H,O,.!5 TBAHSO, transfers only 

10% of the equivalent amount of H,O,, 
whereas TBABr transfers 68%. The still 

more lipophilic tetrahexylammonium bro- 

mide transfers H,O, equivalently. Similar- 

ly, hydrogen chloride can be transferred 

into benzene. 

Recovery of TBA ions 
Catalysts are expensive and are normally 

used over and over again. In industrial 

CH, 
CH, -C-CHO 

CH, 

CH, 4H 

c 

if 

eg 
H, ocr _\) 

processes, recovery and regeneration of in- 

effective catalysts are standard proce- 

dures.3 The cost of these operations plus 

make-up catalyst is included as catalyst 

cost in the process cost calculation. The 

price/lb of the catalyst itself is seldom 

representative of catalyst cost ina process. 

Table 1 

Alkylation of isobutyraldehyde with benzyl chloride 
in 50% sodium hydroxide/toluene at 70°C for 4 hours 

No. Catalyst (1.25 mole %) 

l TBA iodide 

Z TBA hydrogen sulfate 

3 TBA bromide 

4 Tetrapropylammonium iodide 

8) Methyltrioctylammonium 

chloride 

6 TBA chloride 

Most surprising is the higher yield ob- 

tained when iodide is the counterion. The 

known poisoning effect of iodide in PTC 

reactions seems not to apply to this reac- 

tion. A yield of 80% is obtained although 

only | mole % of catalyst is used. Further- 

more, the reaction is faster when iodide is 

the counterion. 

Transfer of neutral molecules 

Transfer of hydrogen peroxide anions 

from an alkaline aqueous phase is not prac- 

tically possible.'5 Hydrogen peroxide 

anions remain mainly in the aqueous 

phase. However, in neutral or acidic media 

hydrogen peroxide molecules are indeed 

C/O ratio Benzyl! chloride 

reacted (%) 

7.6 82.7 

4.3 71.0 

Ber. 74.0 

10.9 79.3 

5.8 68.5 

4.3 69.2 

Let us examine the figure used as catalyst 

cost in the PTC field. A PTC catalyst is 

recovered by an extractive procedure. 

Regeneration (i.e., requaternization of a 

tertiary amine) is probably not of interest. 

We have made a catalyst-cost calcula- 

tion on the propylation of phenylaceto- 

nitrile by 1-chloropropane.'!© We use 

TBAHSO, as a catalyst at $8/lb and 50% 

NaOH as a base. At the laboratory scale it 

was possible to recover 87% of the catalyst 

as TBAC] after the reaction. This puts the 

figure for catalyst cost, including recovery 

cost, at about $2 per pound of TBAHSO, 

charged in an industrial scale. 

Aldrichimica Acta, Vol. 13, No. 3, 1980 
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; Recovery at such a high percentage is 

— 

only possible for quaternary ammonium 

ions with a balanced hydrophilicity/lipo- 

philicity. The TBA ion outstandingly com- 

bines the lipophilicity necessary for an ef- 

ficient PTC catalyst with the hydro- 

philicity necessary for efficient recovery. 

How is this recovery achieved? 

There are three different ways to recover 

a quaternary ammonium ion. 

1) Salt it out from an aqueous phase with 

sodium hydroxide.!’ 

2) Transfer it selectively into the desired 

phase using a suitable counterion.'® 

3) Transfer it selectively into the aqueous 

phase by cooling.!” 

Recovery according to method | is ac- 

complished as follows. The solubility of 

tetrabutylammonium bromide in sodium 

hydroxide solutions varies markedly with 

the concentration. A solution of 1% NaOH 

can dissolve 27% TBABr, whereas a 15% 

NaOH solution only dissolves 0.07% of 

TBABr. This spectacular difference in 

solubility can be utilized in synthetic work 

as well as in process design. The factor to 

keep in mind is that hydroxide ions often 

are consumed during the course of the reac- 

tion. If NaOH is not in excess during the 

latter part of the reaction, the availability 

of the PTC catalyst will drop, thus chang- 

ing the reaction conditions. 

An example of method 2 is the addition 

of a lipophilic sulfonate, such as sodium 

naphthalenesulfonate, or a lipophilic car- 

bonic acid to an aqueous solution con- 

taining a quaternary ammonium = com- 

pound.'’ By this procedure TBA’ is 

transferred into an organic phase. If TBA* 

is to be moved into an aqueous phase, the 

system should be acidified with sulfuric 

acid. The naphthalenesulfonic acid will re- 

main in the organic layer and TBA* as the 

hydrogen sulfate will move into the water. 

Unfortunately, this simple procedure does 

not work for all quaternary ions. The more 

lipophilic they are, the less easy it is to 

transfer them into water. 

Walters has demonstrated the third 

method of recovery by showing that the 

distribution of TBA salts between an 

aqueous and an organic phase is strongly 

temperature-dependent.'9 In the hydro- 

dimerization of acrylonitrile to adipo- 

nitrile TBA salts are used as electrolytes. 

When the adiponitrile is purified there is 

the problem of removing TBA salts dis- 

solved in the product. This has been done 

effectively by cooling the product emulsion 

from 25°C to 0°C. 

_ wt % of TBA in the organic phase 

~ wt % of TBA in the aqueous phase 

K550C = 1.4; Kgoc = 0.01 

The distribution of the organic products is 

not affected by the change in temperature. 

In the recovery of quaternary am- 

monium ions the best results are obtained 

with TBA ions. Generally, methyltrioctyl 

ions are too lipophilic to reenter an 

aqueous phase to a practical degree. 

Extractive separations 

Quaternary ammonium salts may also 

be used in purifications. Harmful ions like 

cyanides or phenolates can be transferred 

from an aqueous waste stream into an 

organic phase. Valuable compounds like 

penicillins can be separated as TBA salts 

and thus recovered. 

Aldehydes are purified as bisulfite com- 

plexes. TBAHSO, is easily transferred into 

the organic phase and the formation of 

bisulfite complexes of lipophilic aldehydes 

is rapid. Mizutani and co-workers report 

the purification of 3-phenoxybenzalde- 

hyde in this manner. The impure aldehyde 

itself serves as the organic phase and the 

crystalline bisulfite adduct is easily 

separated from the impurities. Again TBA 

salts give the best results and purities of 

more than 99% are obtained. The purity of 

the aldehyde is important in the manufac- 

ture of chrysanthemic esters, well-known 

insecticides.?° 

oF 

In the subsequent esterification of 

chrysanthemic acid with 3-phenoxybenzyl 

chloride, PTC is also favorably used. 

Environmental aspects 

In earlier days the LD. value of a com- 

pound gave sufficient information about 

its toxicity. Today additional information, 

such as fish toxicity (LC), plays an impor- 

tant environmental role. A comparison of 

the LD.. and LC. values of the two TBA 

salts seems to show a practical PTC exam- 

ple. The LD.) values on TBAHSO, and 

TBABr are both between 500 and 600mg 

per kilo of body weight. In the case where 

the salt is administered into the test animal, 

the impact of the counterion is low. 

A look at the LC.) values gives a very 

different picture of the two salts. A 

zebrafish, generally accepted as a represen- 

tative test fish, tolerates a 2.5 times higher 

concentration of TBAHSO,. This can be 

attributed to the more lipophilic nature of 

TBABr. The values are: 
TBAHSO, 3370mg/1, 96 hours 

TBABr 1380mg/1, 96 hours 

Sy7/ Aldrichimica Acta, Vol. 13, No. 3, 1980 

Titration of TBA ions 
An important method of titration of 

lipophilic cations like TBA ions is well- 

hidden in Brandstrém’s “Preparative lon- 

Pair Extraction”.!§ The method is impor- 

tant because it is a simple quantitative 

analytical technique for quaternary am- 

monium ions. Other methods used to 

determine quaternary ammonium ions, 

e.g., ion-exchange to the quaternary am- 

monium iodide, then transfer of the iodide 

to an organic phase followed by treatment 

with mercuric acetate and titration of 

acetate ions with perchloric acid, gives the 

amount of the counterion from which the 

figure for TBA ions can be calculated in- 

directly only. 

Brandstrom titrates in a two-phase 

system, water and methylene chloride. 

Thus, the titration itself is a practical 

application of PTC (what else!). The titrant 

is a sulfonate, potassium 3,5-di-fert-butyl- 

2-hydroxybenzenesulfonate, that is very 

lipophilic. At the beginning of the titration 

the amount of TBA ions in the sample is 

distributed between the aqueous and the 

organic phase. During the titration all TBA 

ions present in the aqueous phase move as 

ion pairs with the sulfonate into the organic 

phase. The TBA ions already present in the 

organic phase at the beginning of the titra- 

ox 
CH,0-CO-CH—CH-CH= ao 

Cc 
i 

CH, CH; 

tion, owing to the distribution, pull an 

equivalent amount of sulfonate ions into 

the organic phase. When all TBA ions are 
present in the organic phase, an indication 

that the titration end point is reached is 

necessary. The sulfonate with an o- 

hydroxy function also acts as a chelating 

agent for ferric ions. The chelate is greenish 

blue. The addition of ferric chloride to the 

aqueous phase gives the indication. 

Experimental part 

1) Titration of crystalline TBA salts 

Dissolve an accurately weighed sample of about 

320mg TBABr or 340mg TBAHSO, in 20ml of 

dichloromethane. Add 20m of indicator solution B (see 

below). 

Titrate under stirring with solution A (see below) un- 

til the lower dichloromethane layer gets a faint blue 

color. The upper aqueous layer, at this stage, will have 

changed from yellow to blue-green. 

Calculations: 

TBABr % = serena re ~ 100(mg TBABr) 

A(339.5 
TBAHSO, % = ‘ x 

100(mg TBAHSO,) 

A = ml of solution A 

M = molarity of solution A 
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2. Titration of TBA salts in solution 

A solution containing about 0.3g of TBABr or 

TBAHSO, is made alkaline and extracted twice with 

ether if contaminated with organic compounds other 

than the TBA ion (such as amines) and then acidified. 

To the sample is then added 20m! of dichloromethane 

and 10m! of solution B. The mixture is then titrated as 

in procedure 1. 

Solution A: A 0.1M solution of potassium 3,5-di- 

tert-butyl-2-hydroxybenzenesulfonate (I) is prepared 

by dissolving 32.4g of I in water containing 10% acetone 

to a total volume of | liter. 

SO; K* 
OH I 

M.W. 324.5 

Solution B (indicator): A 0.1M = solution of 

FeCl, *6H,0 in 0.14 HCl is prepared by dissolving 27g 

of FeCl,*6H,O (M.W. = 270.3) in 1 liter of 0.1 M4 HCL. 

Procedures: 

Solution A is standardized prior to use with a 

reference sample of TBABr or TBAHSO,,. See titration 

procedure 1. 

Calculations: 

mg TBABr _ mg TBAHSO, 
Molarity Solution A = ——————- = 

(322.4)(A) 339.5 (A) 

Accuracy of the method: 

Titration of 20m1 of a 0.01 M solution of a TBA salt 

will give a breakpoint within 0.03m1 of the sulfonate 

solution. 

At lower concentrations of TBA (0.001 M) there is no 

color in the organic phase, but the aqueous phase will 

change from light green to light blue. The change inter- 

val is now larger. 
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Synthesis and Applications 
of Vinylic Organo 

The hydroboration of olefins with 

diborane in ether solvents provides a con- 

venient synthesis of aliphatic and alicyclic 

organoboranes.! The resulting organo- 

boranes have proven to be exceptionally 

useful synthetic reagents.? 

Early work which attempted to extend 

hydroboration with borane toalkynes asa 

route to the vinylic organoboranes, met 

with limited success. While the reaction of 

internal alkynes with diborane provides the 

trialkenylboranes in moderate yields (eq. 

1), terminal alkynes yield little or none of 

CH,CH,C=CCH,CH, + H,B:THF —> 

CH,CH, (eq. 1) 

‘C=C 
vA \ 

fy di 

{CH.CHs 

*Based in part upon lectures presented at the Sym- 
posium on Synthesis and Chemistry of Acetylenic 
Compounds, Division of Petroleum Chemistry, 
Meeting of the American Chemical Society, Honolulu, 
Hawaii, April 1-6, 1979, and the International Sym- 
posium on Metallo-Organics in Organic Synthesis, 
Perkin Division, The Royal Society of Chemistry, Uni- 
versity College, Swansea, Wales, UK, July 14-17, 1980. 
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the desired alkenylborane.3 Apparently 

dihydroboration competes with mono- 

hydroboration in the case of internal 

acetylenes, becoming the predominant 

reaction in the case of terminal acetylenes 

(eq. 2). 

3 CH;(CH2);C=CH + H,B-THF ——> 

Np 

| 
CH,(CH,),CH.CH + (eq. 2) 

ao 

unreacted CH,(CH,),C=CH 

The large steric requirements of certain 

olefins apparently hinder reaction with 

H,B:THF beyond the formation of the 

corresponding mono- or dialkyl- 

boranes.2*4 This feature makes possible the 

convenient synthesis of several mono- and 

dialkylboranes and their utilization as 

desirable hydroborating reagents. Many of 

these reagents exhibit highly selective 

behavior in the hydroboration of olefins. 

Consequently, they appeared attractive as 

precursors for the controlled monohydro- 

ranes* 

Herbert C. Brown 
and James B. Campbell, Jr. 

R.B. Wetherill Chemistry Laboratory 
Purdue University 

West Lafayette, Indiana 47907 

boration of acetylenes for the synthesis of 

the desired vinylic boranes. In fact, all of 

the mono- and dialkylborane reagents in- 

dicated in Fig. 1 have demonstrated utility 

FIGURE 1. MONO- AND DIALKYL- 
BORANE HYDROBORATING AGENTS 

ia 
[(cHt,).cHCH],BH 

bis(3-methyl-2-butyl)borane 
(disiamylborane, Sia,BH) 

Or 

dicyclohexylborane 
(Chx,BH) 

(CH3),CHC(CH,),BH2 <= pens 

2,3-dimethyl-2-butylborane 
(thexylborane, ThxBH,) 

9-borabicyclo[3.3.1]nonane 
(9-BBN) 

for such monohydroboration of alkynes. 

The later introduction of several other 

heterosubstituted boranes as_ hydro- 

borating reagents further expanded the 

availability of reagents for preparing 

vinylic boranes from acetylenes (Fig. 2). 

All the reagents illustrated permit the 

controlled monohydroboration of both 

terminal and internal alkynes to provide 

the corresponding vinylic boranes. The 

mildness of the reagents tolerates the 

©1981 by Aldrich Chemical Company, Inc. 
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FIGURE 2. HETEROSUBSTITUTED BORANES AS HYDROBORATING AGENTS 

: re) 

‘BH 
ce) 

1,3,2-dloxabenzoborole 
(catecholborane, CtO,BH) 

H,BCI-SMe, 

monochloroborane- 
methyl sulfide 

presence of a wide variety of functional 

groups, such as ester, ether, halogen, and 

nitrile. The stereospecific cis nature of 

hydroboration gives exclusively the trans- 

alkenylboranes, often also in high regio- 

isomeric purity. Subsequent reactions of 

the alkenylboranes usually proceed by 

stereodefined pathways, thus allowing 

highly stereo- and regiospecific syntheses. 

Many of the mono- and difunctional 

hydroborating reagents exhibit diverse 

reactivity characteristics toward different 

unsaturated substrates. Thus, the avail- 

ability of an array of hydroborating 

reagents to convert alkynes to the alkenyl- 

boron compounds expands the synthetic 

capability immensely. A wide spectrum of 

possible selective transformations of an 
alkyne in the presence of various function- 

al groups, alkenes, or even structurally 

different alkynes may then be conducted 

via hydroboration. 

With the evolution of each new reagent 

came an advance in the capability of per- 

forming selective transformations of 

alkynes by hydroboration. Thus, each new 

reagent will be discussed in a more or less 

chronological perspective. A separate sec- 

tion will examine directive effects in the 

hydroboration of several unsymmetrically 

substituted alkynes. Finally, representative 

transformations of the vinylic boranes or 

the diboraalkanes, readily available now 

via the hydroboration of alkynes, will be 

presented. 

Ii. HYDROBORATION OF 
ALKYNES WITH BORANE 
DERIVATIVES 

A. Disiamylborane 

Reaction of either terminal or internal 

alkynes with disiamylborane at 0° 

proceeds rapidly to form the alkenyldi- 

siamylboranes? (eq. 3). Competing di- 

CH,(CH,),C=CH + Sla,BH a 

CH,(CH2),, H (eq. 3) 
C= | Qa 

H,BCl r OEt, 

monochloroborane- 
ethyl etherate 

HBCI, : OEt, 

dichloroborane- 
ethy! etherate 

HBBr,-SMe, 
dibromoborane- 
methyl sulfide 

hydroboration is insignificant even with an 

excess of the borane present, thus over- 

coming the difficulties associated with 

H,B:THF as the hydroborating agent. Ap- 

parently the high steric requirements of di- 

siamylborane minimize further reaction 

with the alkenylborane. 

While diborane in THF is fairly non- 

discriminating among unsaturated sub- 

strates, disiamylborane reveals a far more 

selective reactivity. In fact, an internal or 

terminal alkyne can be selectively 

hydroborated with disiamylborane in the 

presence of all but unhindered terminal 

olefins+52 (eq. 4). 

CH,(CH;)2 HH 
C=C 

4 SS 

H CH,C=CH 

+ Sia,BH 

B. Dicyclohexylborane 

In many cases, dicyclohexylborane may 

be substituted for disiamylborane. How- 

ever, the slightly lower steric requirements 

of dicyclohexylborane may allow 

dihydroboration of the alkyne,® but 

careful control of the reaction conditions 
affords the corresponding alkenyldicyclo- 

hexylboranes in excellent yields’ (eq. 5). 

»§ g + a 

CH,C=CCOEt ),BH 

Oo 
in eq. 5 

CH, Coet ee 

c=C 

Although the relative reactivity of 

olefinic and acetylenic substrates toward 

dicyclohexylborane has not been quan- 

titatively established, selective hydrobo- 

rations are also achievable’ (eq. 6). 

CH; a 

CH,=C-C=CH ) 
»BH 

ae (eq. 6) 
CH,=C H 

Hydroboration of l-alkynes with two 

equivalents of dicyclohexylborane results 

in exclusive formation of the 1,1-dibora- 

alkanes® (eq. 7). Thus, direct access to such 

CH,(CH,),C=CH + 2 el 
),BH 

(eq. 7) 

Or 
cH,(CH,),CH.CH 

iO, 
geminal organometallics can be ac- 

complished virtually quantitatively from 

any l-alkyne and dicyclohexylborane. 

C. Thexylborane and Thexylmonoalkyl- 

boranes 

Thexylborane is unique among the 

available alkylborane hydroborating 

reagents because of its difunctional 

nature.°2 Reaction of two equivalents of a 

l-alkyne with thexylborane cleanly 

produces the thexyldialkenylborane® (eq. 

8). With the exception of simple terminal 

sn: + 2 CH,(CH,),.C=CH 

(eq. 8) 

H ¥ (CH,),CH; 

yal ‘H 
ya 

eee 

H (CH,),CH, 

olefins, the controlled low-temperature 

hydroboration of all other olefins with 

thexylborane provides the corresponding 

thexylmonoalkylboranes in nearly quan- 

titative yield. Subsequent addition of an 

alkyne gives the mixed thexyldialkenyl- 

borane!® (eq. 9). Although reaction of 

thexylborane with one equivalent of a 1- 

alkyne does not cleanly afford the thexyl- 

monoalkenylborane, reaction with either a 

1-chloro- or 1-bromoalkyne does provide 

the thexyl-l-halo-l-alkenylborane!! (eq. 

10). This monofunctional alkenylborane 

may then be used to prepare either mixed 

thexyldialkenyl- or thexylalkylalkenyl- 

boranes. 
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CH; 
rte H, + CH=C 

CH,CH,CH, 

CH3(CH2)3C=CH 
> 

\ 
ypsr. + CIC=CCH,CH, ————> Lac. 

8 H 

CH,=CHCH; 

‘C=C 
4 WS 

y—H6 H 
CH,CH,CH, 

D. 9-BBN 

Of the alkyl-substituted hydroboration 

reagents, 9-BBN possesses by far the 

greatest thermal and oxidative stability. ! 

The reagent, a crystalline solid, may be 

stored for long periods of time under 

nitrogen and is in fact commercially 

available.5+ Reaction of 9-BBN with inter- 

nal alkynes affords the B-alkenyl-9-BBN 

derivatives in good yields!3 (eq. 11). 

CH,CH,C=CCH,CH, + Ge SP 

However, addition of 9-BBN to a l-alkyne 

in stoichiometric quantities leads to the 

formation of substantial amounts of the 

dihydroboration product along with the 

desired alkenylborane. Presumably the 

openness of the boron atom in the 9-BBN 

moiety permits further reaction with the in- 

termediate alkenylborane to give the 1,1- 

diboraalkane. However, use of a con- 

siderable excess of l-alkyne, usually 100%, 

suppresses dihydroboration, yielding the 

desired alkenylborane in excellent yield3 

(eq. 12). The excess alkyne is generally easi- 

ly recovered. The resulting B-alkenyl-9- 

BBN derivative is stable and can be isolated 

by vacuum distillation, if desired, to obtain 

the pure alkenylborane. 

cH, 
-20° JcH 2CHCH,CH,CH, 

; 7 A 
H 

cH, (eq. 9) 

JCH,CHCH,CH,CH, 
ye A 

XN ve 

C=C 
7 XN 

H (CH,),CH, 

cl JCH.CH, 

‘H 
(eq. 10) 

cl CH,CH, 
\ / 

=e 
re H 

C=C 
H CH,CH, 

2 Cl(CH,);C=CH + nd) ) ——— 

Ci(CH,); WH 
nc=e 

\ 
H ey 

~ unreacted Cl(CH,);C=CH 

tH (eq. 12) 

Addition of two equivalents of 9-BBN to 
the l-alkyne readily produces the 1,1- 

diboraalkane in nearly quantitative yield 

(eq. 13), providing an alternative route to 

such derivatives. !4 

CH,C=CH + 2 (Oe Sree 

: 

CH,CH,CH 

CO 
Unlike many of the other dialkylborane 

hydroborating reagents, 9-BBN demon- 

strates a significantly different reactivity 

toward unsaturated substrates. In general, 

unhindered terminal olefins react more 

readily than terminal and internal alkynes, 

while terminal alkynes react more readily 

than internal alkynes!> (eq. 14). 

(eq. 13) 

CH,(CH2),C=CCH,C=CH + C(O» 

(eq. 14) 

CH,(CH,),C=CCH, | H 
C=C 

A 

H B 

major product VL) 

E. Catecholborane 

Addition of one equivalent of catechol to 
an equivalent of borane in THF gives the 

monofunctional reagent, catecholbo- 

rane.!65> The reaction of alkynes with 

catecholborane proceeds quite sluggishly 

at room temperature. However, at elevated 

temperatures, in refluxing tetrahydro- 

furan, the reaction proceeds smoothly to 

give the alkenylcatecholboranes in ex- 

cellent yields!” (eq. 15). These alkenylbo- 

( \-cacn + Or» 

| (eq. 15) 

he: 
C=C o OC 

ranes are quite stable to air and can be 

isolated by simple distillation or recrystal- 

lization. Such access to the alkenyl- 

catecholboranes also allows direct entry 

into the class of stereodefined alkenyl- 

boronic acids and esters via hydro- 

boration (eq. 16). 

BrCH, jH 
C=C H,O 
C3 NES, ——<—$ 

H B 

2 (eq. 16) 

BrCH, H 

c=c 

H B(OH), 

F. Mono- and Dichloroborane-Ethy] 

Etherates 

The preparation of mono- and di- 

chloroborane-ethyl etherates and their use 

as hydroborating reagents for olefins sub- 

sequently led to their development as 

precursors to the alkenylchloroboranes. 

Reaction of monochloroborane-etherate!® 

with two equivalents of an internal alkyne 

cleanly affords the dialkenylchloroboranes 

in excellent yields!® (eq. 17). Attempts to 

"ra 



oa 

CH,CH,C=CCH,CH, + H,BClI -OEt, 

| (eq. 17) 

extend the reaction to l-alkynes incur com- 

plications due to competing dihydro- 

boration. However, use of an excess 

(~40%) of the l-alkyne gives quantitative 

yields of the desired bis(1-alkenyl)chloro- 

boranes!? (eq. 18). Hydrolysis or alcohol- 

2 (cscs + H,BCI:OEt, 

(eq. 18) 

ysis of these boranes then provides a sim- 

ple, direct synthesis of dialkylborinic acids 

or esters of known stereochemistry (eq. 19). 

CH,(CH,), =H CH,OH 
= > 

a N 

H ), BCI 
(eq. 19) 

Sal CLD ees a 

7 \ 

H ),BOCH, 

The reaction of dichloroborane-ethyl 

etherate with alkynes proceeds slowly. Ap- 

parently the strong bond between the ether 

and the Lewis acid, dichloroborane, im- 

pedes the reaction. However, addition of 

one equivalent of boron trichloride to a 

mixture of dichloroborane-etherate and 

alkyne results in rapid hydroboration with 

deposition of the Cl,B* OEt, adduct?? (eq. 
20). Presumably, the stronger Lewis acid,?! 

(CH,);CC=CH + HBCI,:OEt, + BCI, 

| (eq. 20) 
(CH),cC =H 

C=C + - < Ci,B -OEt,! 

H BCI, 

BC1,, effectively removes the complexing 

ethyl ether, permitting the liberated 

dichloroborane to undergo immediate 

reaction. Hydrolysis or alcoholysis of the 

resultant alkenyldichloroborane then 

provides a simple preparation of the 

desired alkenylboronic acid or esters via 

hydroboration. 

G. Dibromoborane-Methy] Sulfide 

Quite recently, dibromoborane-methyl 

sulfide was prepared?? and demonstrated 

to react directly with olefins without addi- 

tion of a stronger Lewis acid. This is 

puzzling since one would expect dibromo- 

borane to form an especially strong adduct 

which should exhibit a diminished reactivi- 

ty. Nevertheless, reaction of dibromobo- 

rane-methy] sulfide with alkynes cleanly af- 

fords the corresponding alkenyldibromo- 

boranes in excellent yields?4 (eq. 21). For- 

(CH3),>CHC=CCH, + HBBr,-SMe, 

| (eq. 21) 
(CH,),CH 

c=c 
4 x 

H BBr,-SMe, 

tunately, with l-alkynes, the reaction 

proceeds readily to the alkenylborane 

stage, with no significant complications 

arising from competitive dihydrobo- 

ration. 

Moreover, dibromoborane-methy] sul- 

fide exhibits an unusually rapid reaction 

with internal alkynes, far faster than the 

reaction of the reagent with terminal dou- 

ble or triple bonds. This offers considerable 

promise. The relative reactivity data 

suggest that selective hydroboration of in- 

ternal alkynes in the presence of l-alkynes 

or any olefin should be feasible. The 

markedly different selectivity of 9-BBN!5 

and HBBr,*SMe,”4 should be noted (eq. 

22). 

Iii. DIRECTIVE EFFECTS 

Availability of the considerable number 

of different hydroborating reagents for the 

preparation of alkenyl- and dialkenyl- 

boranes permits various valuable selective 

hydroborations. For example, 9-BBN per- 

mits the selective hydroboration of a ter- 

minal alkene in the presence of an internal 

alkyne!S (eq. 22). On the other hand, 

dibromoborane-methy] sulfide selectively 

hydroborates an internal alkyne in the 

presence of a terminal alkene?4 (eq. 22). 

The various hydroborating reagents also 

provide a regioselectivity spectrum in the 

hydroboration of unsymmetrically sub- 

stituted alkynes. Nearly all of the reagents 

place boron exclusively at the terminal 

position in l-alkynes. However, many in- 

ternal alkynes involve a balance between 

steric and electronic effects in the place- 

ment of the boron. 

In Table I, the directive effects en- 

countered in the hydroboration of 2- 

hexyne and 4-methyl-2-pentyne are sum- 

marized for the hydroborating reagents 

discussed. Clearly, all of the reagents show 

some sensitivity to steric effects, placing 

boron predominantly at the least hindered 

position. Both 9-BBN and HBBr,:SMe, 

appear to be even more selective than the 

highly hindered reagents, disiamylborane 

and dicyclohexylborane. 

The effect of a phenyl group, which 

alters the electronic requirements of the tri- 

ple bond, is significant, as is evidenced bya 

comparison of the data for 1-phenyl-1- 

propyne with those for 1-cyclohexyl-1- 

propyne (Table II). 

RC=C(CH,),CH=CH, 

en 

RC=C(CH,),CH,CH, 

S 

Shei 

R_(CH,),cH=cH, 
C=C 

7 \ 

H BBr,-SMe, 

(eq. 22) 

TABLE I. DIRECTIVE EFFECTS IN THE 
HYDROBORATION OF 1-SUBSTITUTED PROPYNES’ 

Hydroborating Reagent 

Diborane 

Thexylborane’ 

Disiamylborane’ 

Dicyclohexylborane’ 

HBBr,:SMe,° 

9-BBN* 

CH,(CH,),C=CCH, (CH;),CHC=CCH, 

40 60 25 75 

39 61 19 81 

39 61 7 93 

33 67 8 92 

25 75 4 96 

22 78 4 96 

“Determined by oxidation of the alkenylboranes to the carbonyls. 
’Data from reference 8. 
“Data from reference 24. 
“Data from reference 13. 
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TABLE II. DIRECTIVE EFFECTS IN 
4-CYCLOHEXYL- AND 1-PHENYL-1-PROPYNE® 

Hydroborating Reagent 

Disiamy!borane’” 

Dicyclohexylborane’ 

HBBr,- SMe, 
9-BBN* 

or fare 

9 91 19 81 
8 92 29 71 
9 91 64 36 
4 96 65 35 

abcd Same as in Table I 

In l-cyclohexyl-l-propyne, all of the 

reagents show a marked tendency to place 

boron at the least hindered position. 

However, the presence of the phenyl group 

directs both 9-BBN and HBBr,:SMe, 

primarily to the position adjacent to the 

ring. Contrariwise, both dicyclohexyl- 

borane and disiamylborane still show a 

large preference to locate next to the 

smaller methyl group. Both 9-BBN and 

HBBr,*SMe, appear to be sensitive to 

electronic and steric effects, and can be 

strongly influenced by electronic effects. 

On the other hand, disiamylborane and 

dicyclohexylborane apparently are con- 

trolled mainly by steric effects, with con- 

siderably smaller sensitivity to electronic 

factors. 

The diverse regioselectivity exhibited by 

the several hydroborating reagents has im- 

portant implications for the regioselective 

transformations of alkynes. Based upon 

the steric and electronic environment of an 

alkyne, the appropriate choice of hydro- 

borating reagent could provide a range of 

regiospecific hydroborations. 

IV. REPRESENTATIVE APPLICA- 
TIONS OF VINYLIC BORANES 

All of the resulting classes of vinylic 

boranes prepared by the hydroboration of 

alkynes have demonstrated considerable 

utility in organic synthesis.2 Many of the 

reactions are, in fact, extensions of known 

alkylborane chemistry. However, the 

vinylic boranes also exhibit their own uni- 

que characteristics in many cases. More- 

over, since the hydroboration of an alkyne 

produces the trans-alkenylborane solely, 

the stereodefined nature of many of the 

subsequent reactions often permits the 

precise prediction of the stereochemistry of 

the product. Representative transforma- 

tions of vinylic organoboranes are review- 

ed below. 

A. Protonolysis 

Addition of acetic acid to an alkenyl- 

borane results in mild protonolysis of the 

boron-carbon bond to yield the corres- 

ponding alkenes.? The reaction proceeds 

stereospecifically with retention of config- 

uration?s (eq. 23). Thus, hydroboration- 

CH,CH,C=C WH 
c=c 

/ SS 

H (CH,),OAc 

1) Sia,BH 

2) HOAc, 0° 

H H 

c=C H 
ss / 

c=C 
“La \ 

H (CH,),OAc 

sex pheromone of 
Lobesia botrana 

(eq. 23) 

fe 

CH,CH, 

protonolysis of an alkyne provides a non- 

catalytic hydrogenation of triple to double 

bonds. In the case of internal alkynes, this 

procedure provides a valuable route to the 

pure cis-alkenes. The mildness and selec- 
tivity allow the presence of many func- 

tional groups and ready adaptability to the 

synthesis of many natural products. 

Deuterioacetic acid provides a simple, 

stereospecific preparation of deuterated 

olefins’ (eq. 24). 

Chx,BH 

ARS 

Ce C 

H B p 
K ») (eq. 24) 

Joon 

B. Oxidation 

Oxidation of alkenylboranes can be easi- 

ly achieved with alkaline hydrogen perox- 

ide to produce the corresponding carbonyl 

compounds}.!3 (eq. 25). For oxidation of I- 

c=c NaOH 

H ‘B M202 

v) (eq. 25) 

q 
CH,CH,CH,CCH,CH, 

97% 

alkenylboranes, the addition of a pH 7 
buffer is desirable to minimize base- 

promoted condensations of the resulting 

aldehydes},?4 (eq. 26). Hydroboration of 1- 

1) 2NaOH 
(CH,),C. sh HH 2) pH7 

peace 3) H,0, 
H BBr,-SMe, 

(eq. 26) 
i 

(CH,),CCH,CH 
77% 

trimethylsilylacetylenes, followed by ox- 

idation, provides a method of converting 1I- 

alkynes to the corresponding carboxylic 

acids*6 (eq. 27). The 1-trimethylsilylacetyl- 

= 1) n-BuLi 

( pcse 2) (CH,)3SiCI 

(eq. 27) 

Chx,BH w Si(CH); 
SS C=C 

ve ~ 

NaOH H+ 

H,O0 

CH,CO,H 
91% 

enes may be prepared and used directly in 

situ to prepare the carboxylic acids. 

C. Halogenation 

A variety of stereochemically pure 

alkenyl halides may be prepared from 

alkenylborane precursors. Iodination of an 

alkenylboronic acid in the presence of base 

gives excellent yields of the trans-1-alkeny] 

iodide.2?? Use of HBBr,*SMe, permits a 

simple one-pot conversion of l-alkynes to 

stereodefined alkenyl iodides without 

isolation of any intermediates?4 (eq. 28). 

CH,(CH,),C=CH + HBBr,-SMe.—> 

(eq. 28) 

1) 5 NaOH CRICK cones 
2) | / \ ) le H \ 

67% isolated yield 
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| The corresponding cis-alkenyl iodide 

may be prepared by first treating the 

alkenylboronic acid with excess iodine, 

allowing sufficient time to form the diiodo 

derivative, followed by the addition of 

base.27° 

The faster addition of bromine to the 

double bond makes the preparation of cis- 

l-bromoalkenes easier by a process in- 

volving the reaction of bromine with the 

alkenylcatecholborane, followed by addi- 

tion of sodium methoxide?8 (eq. 29). 

ad -40° 
nae tee 

Ye 
(eq. 29) 

NaOMe © Br 

MeOH c=C 

/ \ 
H H 

95% 

The reaction of such alkenylboronic 

acids with bromine in methanol at -78°, in 

the presence of sodium methoxide, 

provides a convenient synthesis of a- 

bromo acetals”? (eq. 30). 

oo Brz, CH30H 

H NaOGH,, -76° 
ead 

H B(OH), 
(eq. 30) 

D. Conjugate Addition 

B-Alkenyl-9-BBN derivatives undergo 

1,4-addition of the alkenyl group to acyclic 

enones, yielding y,6-unsaturated ketones? 

(eq. 31). The addition occurs with strict 

& H fe) 
/ 

+ CH,=CHCCH, —> 
\ 

H 2 

(eq. 31) 

C=C 9 
H CH,CH,CCH, 

retention of configuration in the initial 

vinylic borane. The reaction evidently 

Pew 

proceeds through a cyclic transition state, 

so that transoid enones, such as 2-cyclo- 

hexenone, cannot be utilized. On the other 

hand, cisoid enones, including very sen- 

sitive and easily polymerized derivatives, 

such as methyl vinyl ketone, react without 

difficulty. 

E. 1,2-Addition to Aldehydes 

Unlike alkylboranes, B-alkenyl-9-BBN 

derivatives add across the carbonyl group 

of aldehydes to produce stereochemically 

pure allylic alcohols?! (eq. 32). Since many 

cCI(CH.), H 
ic=e eh Meet 

HW ‘gu * CH:CHLCH 

(eq. 32) 

cI(CH,), oH 
C=C 

/ iN 

H CHCH,CH, 
OH 

functional groups, such as ester, halogen, 

and nitrile, are tolerated by hydro- 

boration, a “Grignard-like” synthesis of 

such allylic alcohols with reactive sub- 

stituents present in the organometallics is 

now possible. 

F. Mercuration 

The mercuration of alkenylboranes 

provides easy access to stereochemically 

defined alkenylmercurials.32 Addition of 

mercuric acetate to an alkenylcatechol- 

borane results in clean formation of the 

alkenylmercuric compound in excellent 

yields32° (eq. 33). The resulting organo- 

CH, 
CH,=C, HH 1) Hg(OAc), 

= 2) NaCl 
He Ke 

oe 
oO 

(eq. 33) 

cH, 
CH,=C H 

c=C 
4 SN 

H HgCl 

mercurials have since been shown to be ex- 

ceptionally useful synthetic reagents, 

undergoing a variety of carbon-carbon 

bond-forming reactions.33 

G. Transmetallation to Copper 

Recently, dialkenylchloroboranes were 

reported to undergo methylcopper-in- 

duced coupling to give trans,trans-1,3- 

dienes in excellent yields and high stereo- 

chemical purity*4 (eq. 34). The reaction 

presumably involves initial formation of 

an alkenylcopper reagent which undergoes 

thermal dimerization with retention of 

configuration to give the 1,3-diene. An 

CH,CH, = -CHCH, 4g oy o, 
2 C=C ; / 0 

H »BCI 

CH,CH, CH.CH, (eq. 34) 
‘C=C H 
/ A / 

H C=C 
CH,CH, CH,CH, 

99% 

alternative procedure employing milder 

conditions proceeds via the sodium 

methoxide addition compound of an 

alkenyldialkylborane35* (eq. 35). The 

COG an 1) NaOMe 

re - \B 2) CuBr:SMe, 

(eq. 35) 

(CH,),CH 
c=C H 

x 4 

H c=C 
/ \ 

HW C(CH,); 

98% 

stability of the vinylic copper intermediate 

should be greater at lower temperatures. 

Indeed, by working at -15°, the decom- 

position of the copper intermediate is 

retarded and it can be trapped by allylic 

halides to afford a stereochemically defin- 

ed synthesis of 1,4-dienes35¢ (eq. 36). 

AcO(cH,), =H 

i att) 
1) NaOMe 
2) CuBr-SMe, 

-15° (eq. 36) 
3) 28 

AcO(CH,),. H 
C=C 

if \ 
H CH,CH=CH, 

73% isolated yield 

Again, the mildness of the reaction allows 

a wide variety of functional groups to be 

tolerated. Finally, conjugate addition of 

the copper reagent to cyclic enones can be 

effected,3°° supplementing the 1,4-addition 

reaction of B-alkenyl-9-BBN derivatives 

(Section D) (eq. 37). 

H. cis-Olefin Synthesis 

Addition of iodine to an alkenyldialkyl- 

borane in the presence of base results in the 

exclusive formation of a cis-olefin derived 

from transfer of an alkyl group from boron 

to the adjacent carbon*6 (eq. 38). Migra- 

tion of the alkyl group from boron occurs 

with strict retention of configuration, 
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CH,(CH,); iH 
c=e, 1) NaOMe 

H ‘B( > 2) CuBr-SMez 
3) Et,O*BF, 

@ H NaOH 

defined in the hydroboration step. Because 

of the known stereochemical outcome, the 

reaction has proven to be of value in the 

preparation of prostaglandin analogs?’ 

(eq. 39). 

wEt —_ 2) ‘ He=cqHCHscty 

) BH 

NaOH 

\ / Ip 

H — CH(CH,)CH, 
OR 

4 ‘CH(CH,),CH, 
OR 

R = t-BuMe,Si- 

(eq. 39) 

I. trans-Olefin Synthesis 

Reaction of an alkenyldialkylborane 

with cyanogen bromide produces the 

trans-olefin, again derived from alkyl- 

group transfer from boron*® (eq. 40). 

eee 
eons 

(eq. 40) 
CH,(C H.), =H 

C=C 
/ 

80% 

Alternatively, hydroboration of |-halo-1- 

alkynes with a dialkylborane followed by 

treatment with sodium methoxide 

provides trans-olefins?? (eq. 41). Unfor- 

tunately, these reactions are limited by the 

availability of dialkylborane hydrobo- 

rating reagents. Also, only one of the two 

available groups on boron transfers. 

i) Se pi (eq. 37) 

~ (CH,),CH, 

c=C 

77% isolated yield 

(eq. 38) 

Chx.B CH,(CH,),c=CBr Bt 

CH,(C Ho) 3 Br 

1) NaOMe c= 
——— 
2) RCO,H H 

Use of the thexylmonoalkylboranes, 

readily synthesized from thexylborane, 

overcomes these difficulties, allowing the 

introduction of many alkyl groups. An 

alkyl-l-haloalkenylthexylborane!® is 

perfectly set up for an alkyl group migra- 

tion, and indeed, treatment with sodium 

methoxide, followed by protonolysis, 

releases the desired trans-olefin (eq. 42). 

CH, 

CH, CHCH, CH,CH, 

te As 1) NaOCH, 
C=C cc 2) RCO,H 

Br (CH,),CH, 
(eq. 42) 

CH, 
CH,CH,CH ,CHCH, HH 

H —(cH,),cH, 

The application of such a stereodefined 

reaction to the synthesis of natural 

products is again illustrated by the 

preparation of a prostaglandin model#? 

(eq. 43). 

J. Synthesis of Conjugated trans, trans- 

Dienes 

Reaction of thexylborane, first with a 1- 

haloalkyne followed by addition of a sec- 

ond alkyne, gives the mixed dialkenyl- 

thexylborane.!! Treatment first with 

sodium methoxide followed by proton- 

olysis provides the conjugated trans, trans- 

diene in good yields!! (eq. 44). This 

BrC=CCH(CH,),CH, 
OTHP 

yen. + 

BG os4) (eq. 43) 
C=C 

SN 

Br CH(CH.),CH, 
OTHP 

1) NaOCH3 
2) CH3;COjH 

CH, 

Le an 

HO C=C 
i \ 

ut CH(CH,),CH, 
OH 

R = t-BuMe,Si- 

H So 
c—C 1) NaOCH, 

) B H 2) RCO,H 
\ /H 

ci A Yen CH 
Esra (eq. 44) 

“in H 
tf 

c=Cc H 
/ \ if 

H c=c 
H (CH,),CH, 

procedure also permits the synthesis of un- 

symmetrical trans,trans-dienes. An alter- 

native preparation of symmetrical 

trans,trans-dienes has been discussed 

earlier (Section G). 

K. Synthesis of Conjugated cis, trans- 

Dienes 

Preparation of symmetrical cis,trans- 

dienes may be performed by iodination of 

dialkenylboronic acids in the presence of 

base, a procedure analogous to that 

described for the synthesis of cis-olefins*! 

(eq. 38). The requisite dialkenylborinic 

acids are most conveniently formed by 

basic hydrolysis of the dialkenylchloro- 

boranes (eq. 45), readily produced by 

CHCH, = CH.CH, 4) yao 
C=C 

/ \ 2) Ip 
H ),BCI 

(eq. 45) 
CH,CH, —_CH,CH, 

C=C cH.cH: 
Uf \ ve 

H cae 

CH,CH, 4H 
84% 
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hydroboration of alkynes with chloro- 

borane etherate.42 Thus, hydroboration of 

alkynes with H,BCI- OEt,, followed by se- 
quential treatment with base and iodine, 

provides a direct route to such dienes. 

Another more general procedure for 

preparing cis,trans-dienes, which can be 

utilized for the synthesis of unsymmetrical 

derivatives, involves stepwise treatment of 

an alkenyldialkylborane with a lithium 

alkynylide, followed by boron trifluoride 

etherate*3 (eq. 46). Protonolysis of the in- 

CH.OC(CH,), HH 
Wak) 

+ 

CH,(CH,),C=CLi 

chee 
= © 2 > a — 

a 

i ® mul o ie) m ~ i} 
2) HOAc 

fe) 
W 

CH,OC(CH,), H 
c=C (CH,),CH, 

H c=¢ 
H H 

65% isolated yield (precursor 
for sex pheromone of Bombyx mori) 

termediate releases the isomerically pure 

unsymmetrical cis,trans-diene in good 

yield. 

L. Synthesis of Conjugated cis, cis -Dienes 

The oxidative coupling of l-alkynes in 

the presence of copper salts provides a con- 

venient route to the symmetrical con- 

jugated diynes*4 (eq. 47). Hydroboration- 

a Oz, CuCl - re 
2 RC=CH pyridine RC=C-C=CR 

acetone (eq. 47) 

protonolysis of such diynes makes readily 

available the symmetrical conjugated 

cis, cis-dienes*> (eq. 48). 

Borane chemistry now provides two syn- 

thetic routes to the synthesis of un- 

symmetrical conjugated diynes, one 

proceeding through dicyclohexylmethyl- 

thioborane** and the other proceeding 

through disiamylmethoxyborane.47 The 

latter will be illustrated here (eq. 49), 

although both appear equally satisfactory. 

Hydroboration-protonolysis of this un- 

symmetrical conjugated diyne by the 

B H 
Chx,BH AN ey, CH,(CH;),C=C-C=C(CH,);CH, CHCH,); C=C 

C—C (CH,),CH, 
),B H 

HOAc (eq. 48) 

H H 60° 

CH,CH,),, cae 
c=c (CH,),CH, 

H H 
79% 

Li* AY 

; “e 
Sia, BOCH sia,ac=cr’ Fy sia a a2 3 2) BF, OEt, a AER 

(eq. 49) Re titans fl Cp 
lp 

RC=C-C=CR’ 

60-70% 

Zweifel-Polston procedure4s should 

provide the corresponding conjugated 

cis, cis-diene. 

H H 
\ if 

R C=C 
/ SS 

c=C R 
/ \ 

H H 

M. 1,1-Dibora Compounds 

The often troublesome 1, 1-dibora com- 

pounds accompanying the hydroboration 

of alkynes have themselves, in fact, 

revealed some interesting synthetic poten- 

tial. Treatment of a 1,1-diboraalkane with 

one equivalent of CH,Li,48 followed by ex- 

cess of an alkyl halide, gives a substituted 

secondary alcohol upon oxidation! (eq. 

50). Additions of the organometallic re- 

V. CONCLUSION 

The controlled monohydroboration of 

both internal and terminal alkynes 

provides a_ stereospecific synthesis of 

vinylic organoboranes. In some cases the 

reaction can be directed to the formation of 

1,1-diboraalkanes. Highly selective and 

regiochemically distinct transformations 

of alkynes are possible depending upon the 

proper choice of hydroborating reagent. 

The alkenylboranes thus produced can un- 

dergo a variety of stereoselective reactions 

with defined stereochemical results. 

Undoubtedly, the chemistries of alkenyl- 

boranes and 1, 1-diboraalkanes are still in 

their infancy, awaiting further exploitation 

of the remarkably versatile derivatives 

made available by the hydroboration of 

CH,CH, 

1) CHgLi 
CH,(CH,),CH 2) CH3CHpI 

© 
agent derived from 1,1-diboraalkanes and 

methyllithium to carbonyl compounds give 

a “Wittig-like” olefination‘? (eq. 51). 

—r2 

B 
1) CHgLi 

CH, (CH,),CH,CH esata 

CH,(CH,);CH 
B 

OH 

87% 

- 

2) BS Ore 
area) 

[0] CH,(CH,),CHCH,C H, 

(eq. 50) 

acetylenes. Further development of novel 

hydroborating reagents and of convenient 

synthetic routes to the cis-vinylic organo- 

(eq. 51) 

= 
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boranes will greatly expand the horizons, 

allowing many more selective trans- 

formations of acetylenes. 
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Chemical Reactions of 
Newly Available Pyridines 

INTRODUCTION 
During the last few decades pyridine 

derivatives have become steadily more im- 

portant in the fields of medicinal and her- 

bicide chemistry. The structures of the 

pyridine derivatives on the market are as 
varied as their fields of application. A few 

structural derivatives of importance are: 

quaternary, dimeric, halogenated, and 

vinyl compounds, as well as carbinols, 

ketones, mercaptans, carboxylic acids, and 

polycyclics. Research and development 

teams are seeking new variants steadily and 

often the feasibility of an economic syn- 

thesis of an intermediate determines the 

commercial viability of the end product. 

In this connection a new method of syn- 

thesis of substituted pyridines is of in- 

terest.! Substituted aldehydes or ketones 

are reacted with acrolein or formaldehyde 

and ammonia in heterocatalytic gas-phase 

reactions to yield products which, until 

now, could be made only by multi-step syn- 

theses. Many of these newly available 

pyridine derivatives are offered by Aldrich 

(Scheme 1). To show the many possibilities 

offered by these 12 selected compounds, we 

have summarized their reactions in this es- 

say. 

CHEMICAL TRANSFOR- 

MATIONS OF PYRIDINES 

Among the newly offered compounds 

are five aryl pyridines, two bipyridines, two 

thienylpyridines and three symmetrically 

Helmut Beschke 

Degussa 

substituted pyridines. The known reactions 

of these products will be enumerated in the 

same order. In each case, the first reaction 

determined the order of the ensuing con- 

versions. 

CHEMICAL TRANSFORMATIONS 

OF ARYLPYRIDINES 1-5 

2-Phenylpyridine (1) has been the start- 

ing material in a great many reactions 

(Scheme 2). Quaternization with chloro- 

Scheme 1 
Pyridine Derivatives 
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acetaldoxime leads to oxime 13 (X = 

NOH, R = H) which is transformed with 

HBr and perchloric acid into ben- 

zo{a]quinolizinium perchlorate (14). 

Analogously, reaction with methyl 6- 

bromolevulinate yields ketoester 13 (X = 

O, R= CH,CH,COOCH,) and from that, 

the corresponding substituted compound 

143 

N-Oxidation of 2-phenylpyridine yields 

the N-oxide 15 from which one obtains the 

m-nitrophenyl derivative 16, and by reduc- 

tion, 2-(m-nitrophenyl)pyridine (17).4- 

Hydrogenation with nickel yields 2- 

phenylpiperidine (18),’ and with platinum, 

2-cyclohexylpiperidine (19, R = H).® 2- 

Cyclohexylpiperidine has been used for the 

preparation of various antiinflammatories 
(19, R as shown).9"!! 

Amination of 2-phenylpyridine, employ- 

ing Tschitschibabin reaction with sodium 

amide, leads to 2-amino-6-phenylpyridine 

(20, X = NH,) from which one obtains, in 

the usual manner, 2-bromo-6-phenyl- 

pyridine (20, X = Br), the 2-cyano 

derivative as well as 6-phenylpyridine-2- 

carboxylic acid. !2-!4 

Reaction with p-methoxyphenyllithium 

yields the diphenyl] derivative 21 which can 

be hydrogenated with sodium in ethanol to 

a cis/trans mixture of piperidine 22. Both 

isomers can be converted to the N-nitroso 

compound 23; the cis isomer is then re- 

duced to the hydrazine derivative 24 and 

converted with mercuric oxide to a mixture 

of the conjugated olefins 25 and 26.!5 

Addition of dimethyl acetylenedicar- 

boxylate to 2-phenylpyridine yields the 

quinolizine derivative 27 and, after further 

reaction with the acetylene derivative, 

compound 28.!6 

Reaction of 2-phenylpyridine with 

hydrogen sulfide/alumina at 630°C yields 

the ring-closed product, thienopyridine 
(29).17 

Palladium complexes are obtained by 

reaction with PdCl,. Thus was formed the 

dimeric 2-(2-pyridyl)phenylpalladium(II) 

chloride (30) which, upon treatment with 

2,2,6,6-tetramethyl-3,5-heptanedione, 

yielded 2,2,6,6-tetramethyl-3,5-heptane- 

dionato-2-(2-pyridyl)phenylpalladium(II) 

(31). These complexes are useful in the 

production of palladium coatings on glass 

or ceramics.!8 

The only reaction which has been 

described that involves the benzene ring is 

nitration. In contrast to the nitration of N- 

oxide 15 in which the main product is the 

m-nitro derivative 16, nitration of 2- 
phenylpyridine results in substantial quan- 

tities of 2-(p-nitrophenyl)pyridine (32) as 

well as the m-derivative 17.4 

D Uisrehinna Hela: Vol. 14, No. I, 1981 

262 

Scheme 2 
Reactions of 2-Phenylpyridine (1) 

Quaternization: 

X=NOH, R=H 
X=0, R=CH,CH,COOCH, 

CH, Y =ClO,, Br 
R-C=X 

13 

N-Oxidation: 

a és “si 
1 Sn SN NO, SN NO 

{ b b 
15 16 17 

Hydrogenation: 
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3-Methyl-2-phenylpyridine (2) has been 

used to make the polycyclics 4-aza- 

fluorene and 6-carboline (Scheme 3). 

Scheme 3 
Reactions of 3-Methyl-2-phenylpyridine (2) 

Oxidation of the Methy! Group: Oxidation affords carboxylic acid 34 
~~ COOH YS c-cl 0 which leads to 4-azafluorenone (36) viathe | 

2 a | | 4 a acid chloride 35. Curtius degradation | 
N N = through the azide converts 35 to 3-amino- | 

2-phenylpyridine (37), from which one ob- 

tains the 6-carboline 39 via 3-azido-2- 
NH, ZN Ns H phenylpyridine (38). The quaternary salt 

| | Ze 40, the anhydro base 41, the quaternary 

dimethyl derivative 42 and N-methyl- 

carboline (43) have been described.2° 

CH, CH, With a catalyst, direct ring closure of 2 to 
Z SONS aN ey 4-azafluorene (44) can be effected. Oxida- | 
ve —> || ee a, Fam Ree | —> | S tion yields 4-azafluorenone (36), which f N N es Aee 

reacts with aniline to yield the imine 45.2! 

2ir 

With 2-(p-tolyl)pyridine (3) only reac- 
Ring Closure: tions with the phenyl moiety have been 

described (Scheme 4). 

2 6 Nitration of 3 yields the m-nitro com- 

pound 46, which has been converted to the 

3-diethylaminopropylamino derivative 48 

via the amine 47.22 These compounds were 
Scheme 4 made in a search for new antimalarials. Reactions of 2-(p-Tolyl)pyridine (3) 

The bromo derivative 49, obtained by 
Nitration: bromination of the methyl group, can be 

a | Ze Ga converted to the nitrile 50 and the esters 51 
3—> Oa a Ne i NH(CH,), NEt, and 52. The ester 52 possesses analgesic 

and antiinflammatory properties.23 CH, CH, CH, 

46 47 oe 3-Phenylpyridine (4) (Scheme 5) has 
B nati Tine MeintG been described as an antimicrobial,24 as romination of the Methyl Group: well as an anti-corrosion agent for steel, | 

a Ze l Za Za zine and aluminum.?5 

3 —> Xn — Sn — <n —> Sn Amination of 4 using the Tschitschi- 
CH,Br CH,CN CH,CcOoEt cCHcooEt babin reaction yields 2-amino-5-phenyl- | 

49 50 
ridine (53).26 51 52 CH, py (53) 

Nitration yields the p-nitrophenyl 

derivative 54 which upon hydrogenation 
Scheme 5 affords 3-(p-aminopheny])pyridine (55).27 

Reactions of 3-Phenylpyridine (4) 
Hydrogenation of 4 yields 3-phenyl- 

Amination: piperidine (56), from which the acetyl 
derivative 57, and thence the diacetyl com- 

4a La pound 58, the carbinol 59, the chloride 60, 
NSN | the cyanide 61 and the anti-inflammatory 

a-[p-(3-piperidyl)phenyl]propionic acid 
Nitration: te (62) and its ethyl ester were prepared.?8 

; 3-Benzylpyridine (5) has been nitrated to 
hea ow oy eet, aa | the p-nitro derivative 63.29 Further 

Sr transformations have not been described. 
55 It should be noted that 3-benzylpyridine is 

structurally related to the anti-hyperten- 

oe sive phenopicolinic acid (64).3° 

4—> aha —_ We 

on \-n0, 63 
vom nee ae | 57 

CH H, CHCH, ae c ie we R =H, CoH, Z | en \-on 64 

—_—_———S——— SSE an a 

ape fo2] US) 36 ie} ° (o) 
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REACTIONS OF BIPYRIDINES 

6 AND 7 

Thus far, only two of the six bipyridines, 

namely 2,2’-bipyridine and 4,4’-bipyridine, 

have found technical applications. From 

these two, the herbicides Diquat (65) and 

Paraquat (66) have been made on a large 

scale.3! 

Zi S 
glide, 
\N Nz 65 
Nae 

2Br- 

/ 
CH,—.N \/ ‘n-cH, 66 

2,3’-Bipyridine and 2,4’-bipyridine, in- 

accessible up to now, can be made by our 

new pyridine synthesis. 

2,3’-Bipyridine (6) (Scheme 6) can be 

quaternized preferentially in the pyridine 

ring which is substituted in the 3-position. 

With methyl bromide the quaternary 

bipyridine 67 is obtained, which has been 

hydrogenated to the piperidine 68.%? 

N-Oxidation with peracetic acid yields 

the di-N-oxide 69, from which the nitro 

dioxide 70, the ethoxy dioxide 71 (by ex- 

change), and the ethoxybipyridine 72 (by 

reduction with phosphorus trichloride) 

have been made.33 The dioxide 69 can be 

converted to the bromobipyridine 78.*4 

With hydrochloric acid the nitro dioxide 70 

can be converted to the chloro dioxide 73 

from which 4-chloro-2,3’-bipyridine (74) 

can be obtained by reduction with phos- 

phorus trichloride. This can be converted 

to the quaternary product 75.3° 

Amination of 2,3’-bipyridine yields a 

mixture of 76 and 77.*6 

Bromination yields 5’-bromo-2,3’-bipy- 

ridine (78) which can be hydrolyzed with 

potassium hydroxide under pressure to the 

hydroxybipyridine 79.37 

Chlorination in the gas phase yields the 

herbicide octachloro-2,3’-bipyridine (80).38 

Addition of 2-vinylpyridine to 2,3’- 

bipyridine dihydrochloride yields the di- 

quaternary chloride 81 which has been 

reported to have fungicidal, insecticidal, 

herbicidal and germicidal activity; it is also 

a corrosion inhibitor.%? 

2,4’-Bipyridine (7) can be chlorinated to 

octachloro-2,4’-bipyridine (82).38 
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Scheme 6 
Reactions of 2,3'-Bipyridine (6) 

Quaternization: 2 

6 —__ 

N-Oxidation: 

Chlorination: 

6 -_ 

Addition of Vinyl! Pyridine: 

6 ———_> 

Scheme 7 
Reactions of 2-(2-Thieny!)pyridine (8) 
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CHEMICAL REACTIONS OF 

THIENYLPYRIDINES 8 AND 9 

Because of the reactivity of the 

thiophene ring, interesting polyhetero- 

cyclics have been made from thienyl- 

pyridines. 

2-(2-Thieny])pyridine (8) (Scheme 7), on 

treatment with butyllithium, yields pre- 

ferentially either the lithium derivative 83 

or 87 depending on the solvent. With 

chlorotrimethylsilane either 86 or 90 is ob- 

tained. Reaction with pyrimidine affords 

either the triheterocyclic 84 or 88.49 The 2- 

isomer 84 can react with the lithium deriv- 

ative 87 to yield the pentaheterocyclic 85. 

Irradiation of 88 leads to the interesting 

thieno[3,2-e]pyrido[2,3-g]quinazoline 
(89).4! 

Acylation of 2-(2-thienyl)pyridine with 

benzoyl chloride yields the benzoyl 

derivative 91.42 

Heavy metal complexes of 2-+(2-thienyl)- 

pyridine with Ni**, Cu** and Zn** have been 

described.43-45 

2-(3-Thienyl)pyridine (9) (Scheme 8) 

reacts with butyllithium to form the 

lithium derivative 92 which has been con- 
verted with pyrimidine to the trihetero- 

cyclic 93, and to thieno[2,3-e]pyrido[2,3- 

g]quinazoline (94) by irradiation. The 

tetraheterocyclic 95 was made from 92 by 

treatment with CuCl.,.4! 

REACTIONS OF SYMMETRICALLY 

SUBSTITUTED PYRIDINES 10 - 12 

1,2,3,4,5,6,7,8-Octahydroacridine (10) 

(Scheme 9) can be hydrogenated with 

nickel to perhydroacridine (96), the con- 

figuration of which has not been deter- 

mined.*6 Reduction with sodium in ethanol 

gives trans-syn-trans-perhydroacridine 

(96a) in high yield.47.48 Electrochemical 

reduction yields a mixture of products with 

stereoselectivity dependent on the cathode 
potential.49 

N-Oxidation of 10 yields the N-oxide 97 

which has been converted and rearranged 

with p-nitrobenzaldehyde and acetic 

anhydride to the benzylidene acetic ester 

98. Acid hydrolysis yields the carbinol 99, 

and dehydration with polyphosphoric acid 

yields the vinyl derivative 100.5° 

2,6-Diphenylpyridine (11) (Scheme 10) 

can be reduced with sodium in ethanol toa 

mixture of cis- and trans-2,6-diphenyl- 

piperidine (101) which, because of dif- 

ferences in their physical properties, can be 

separated then converted to the cis- and 

trans-nitrosopiperidines (102) and to the 

cis- and trans-hydrazines (103). Oxidative 

degradation of these hydrazines leads to a 

mixture of cis- and trans-1,2-diphenyl- 

cyclopropane and 1,5-diphenyl-1-pentene 
respectively.>! 

265 
SS en = ——-5 

Scheme 8 
Reactions of 2-(3-Thienyl)pyridine (9) 
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Scheme 9 
Reactions of 1,2,3,4,5,6,7,8-Octahydroacridine (10) 
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Scheme 10 
Reactions of 2,6-Diphenylpyridine (11) 

Hydrogenation: 

11 —> N a & — 

CO OO ome 
101 

2,6-Diphenylpyridine acts as a catalyst 

in the side-chain chlorination of ring- 
chlorinated toluenes.°? 

2,6-Di-t-butylpyridine (12) (Scheme 11) 

has been investigated particularly because 

of its extraordinary properties as a sterical- 

ly hindered base. It is a weaker base than 

pyridine; it reacts with proton acids, but 

not with electrophilic compounds such as 

methyl iodide or boron trifluoride under 

the usual conditions. Also, 2,6-di-t-buty]- 

pyridine displays a different reactivity than 

most pyridines. Thus, it can be sulfonated 

with sulfur trioxide at low temperature to 

obtain 2,6-di-t-butylpyridine-3-sulfonic 

acid (104),°3 while at high temperature 2,3- 

dihydro-3,3-dimethyl-5-r-butylthieno- 

[3,2-b]pyridine 1,1-dioxide (105) is ob- 
tained.*4 

The quaternization of 12 with methyl 

iodide and with methy] fluorosulfonate has 

been accomplished recently to yield the 

quaternary compounds 106 and 107. A 

pressure of 5,000-6,000 bars over a period 

zz i 
102 103 

Scheme 11 
Reactions of 2,6-Di-t-Butylpyridine (12) 
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of 10-15 hours at 90° was required.°> Reac- 

tion occurs only when the pressure is higher 

than 4,000 bars.°° 

Bromination of 12 with bromine and sul- 

furic acid yields a mixture of the bromine 

derivatives 108, 109 and 110.%’ 

SUMMARY 

This overview demonstrates the in- 

teresting chemistry of twelve pyridine 

derivatives. Since it is now possible to 

produce these compounds by heterocata- 

lytic gas-phase syntheses, they have 

become commercially available, and this is 

likely to lead to much new research. The 

important aim of this review is to challenge 

the reader’s imagination for new 

derivatives that he can make from these 

pyridines. 
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The twelve pyridine starting materials 

in the reactions outlined by Mr. 

Beschke are available from Aldrich as 

follows: 

P3,340-2 2-Phenylpyridine (1) 

19,886-2 3-Methyl-2-phenylpyridine (2) 

19,887-0 2+p-Tolyl)pyridine (3) 

20,973-2 3-Phenylpyridine (4) 

20,974-0 3-Benzylpyridine (5) 

19,888-9 2,3’-Dipyridy] (6) 

19,889-7 2,4’-Dipyridyl (7) 

19,890-0 2-(2-Thienyl)pyridine (8) 

19,894-3 2-(3-Thienyl)pyridine (9) 

19,891-9 1,2,3,4,5,6,7,8-Octahydro- 
acridine (10) 

19,892-7 2,6-Diphenylpyridine (11) 

21,958-4 2,6-Di-tert-butylpyridine (12) 

Aldvichiniea Aca Vola INORINIOST. 
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Bromotrimethylsilane and 
lodotrimethylsilane — 
Versatile Reagents for 
Organic Synthesis 

INTRODUCTION 

In the mid-seventies several research 

groups independently started investiga- 

tions on the synthetic use of bromotri- 

methylsilane and _ iodotrimethylsilane. 

Within a short period of time it became evi- 

dent that the reactivity of both reagents 

differed dramatically from that of chloro- 

trimethylsilane and that numerous stan- 

dard procedures of organic synthesis may 

be effected by bromo- and iodotrimethy]- 

silane under extremely mild conditions. 

Furthermore, it became clear that bromo- 

and iodotrimethylsilane should offer a 

variety of novel functional group transfor- 

mations. Thus, both compounds have 

rapidly become important reagents for the 

organic chemist. 

PREPARATION 

The methods for the generation of 

bromo- and iodotrimethylsilane on a pre- 

parative scale are based on the cleavage of a 

Si-Y bond by means of bromine or iodine, 

respectively, or by a halogenation reagent 

MX,.Thus, bromotrimethylsilane was 

Arthur H. Schmidt 

Abteilung fiir Organische Chemie und Biochemie 

prepared in 73% yield by the treatment of 

hexamethyldisiloxane with phosphorus 

tribromide in the presence of a catalytic 

amount of ferric chloride hexahydrate (eq. 

1).2 The yield of bromotrimethylsilane was 

improved to 81% by using a mixture of 

phosphorus tribromide/ bromine, to 87% 

by the use of catechyl phosphorus tri- 

bromide,; and to 86% by the treatment of 

hexamethyldisiloxane with aluminum tri- 

bromide.4 The following physical data? 

have been reported: clear, colorless liquid; 

bp 79.9°C/754 torr; d? 1.188; air- and 

moisture-sensitive. Analogously, iodotri- 

methylsilane is prepared by treatment of 

hexamethyldisiloxane with aluminum 

triiodide, generated in situ from the 

elements (eq. 2).5-7 According to Voron- 

kov> iodotrimethylsilane is thus obtained 

in 93% yield as a colorless liquid; bp 

107°C/760 torr; d? 1.422;4 1.470.5 The 

compound is extremely sensitive to light, 

moisture, and air. 

FeCl,*6H.O 
Me,SiOSiMe, + PBr, ~~ 

Me,SiOSiMe, + All, ————»> 

SiMe, 

2 Me,Sil 

Fachhochschule Fresenius 

6200 Wiesbaden, West Germany 

An excellent alternative procedure’ for 

the preparation of bromo- and iodotri- 

methylsilane consists of the treatment of a 

mixture of 1,4-bis(trimethylsilyl)-1,4-di- 

hydronaphthalene and the _ 1,2-isomer? 

with bromine and iodine, respectively (eq. 

3). This preparation procedure was recent- 

ly optimized by us,!° affording bromotri- 

methylsilane and iodotrimethylsilane in 

94% and 92% yield, respectively. 

IN SITU GENERATION 

Despite the ready availability of iodotri- 

methylsilane, routine application in 

organic synthesis may be difficult due to its 

marked instability toward hydrolysis. This 

has prompted several groups to devise 

suitable methods for the in situ generation 

of iodotrimethylsilane. Though bromotri- 

methylsilane is less sensitive several of 

these procedures have also been extended 

to its in situ preparation. Table | gives a 

summary of these methods. 

2 Me,SiBr + (POBr) (eq. 1)2 

+ (AION) (eq. 2)57 

+ eh Dee + 2 Me,SiX 

(eq. 3)8.10 
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Table 1. Methods for the in situ Generation of Bromotrimethylsilane 
and lodotrimethylsilane 

USE IN ORGANIC SYNTHESIS | 

Ether Cleavage 

Several early investigations have dealt 
Reagents Products Solvent Ref. : ‘ 

with the cleavage of various ethers by 

2 Me,SiCl + MgBrz 2 Me,SiBr + MgCl diethy! ether 1 means of bromo- and iodotrimethylsi- 

(as solvate) lane.!!,29-33, However, the great prepar- 

2 Me,SiCl + Mgl» 2 Me,Sil + MgCl> xylene 1 ative value of this method and its general 

Me,SiCl + Nal Me,Sil + NaCl a) neat or excess 12,13,14 applicability were eotclennly svalized 121 8 
substrate long time. In 1976 Voronkov*4 demon- 

b) CH2Clo 12 strated that the heating of 16 differently 

c) MeCN 12,15 substituted aryl methyl ethers with iodo- 

Me,SiCl + Lil Me,Sil + LiCl a) CHCl, 12,14 trimethylsilane to 120-130°C for 20-50hrs 

ley) (KON 16 afforded the corresponding aryloxytri- 

Me,SiCl + NaBr Me,SiBr + NaCl a) MeCN 17,18,19 methylsilanes in practically quantitative 
b) neat or excess 19 yields (eq. 4). Investigations on the same 

substrate topic were independently carried out by 

MeSiPh + I, Me,Sil + PhI a) neat 20 othersing the expen ees 
b) nitromethane 24 marized by Jung indicated the possibility 

‘ ; of cleaving ethers selectively in the presence 
Me,SiCH,CH=CH, + Ip =Meg3Sil + CH,=CHCH,I aprotic solvents 22 of structurally different ethers and of other 

SiMe, compounds with various functional groups 

under surprisingly mild conditions (eqs. 5 
2 {ls 2 Me,Sil + PhH aprotic solvents 22 and 6, Table 2). 

SiMe, Numerous examples have been reported | 

mixture of + 2 Xz 4 Me3Six a) neat or excess 23 pants Gealky anon e) O1nen with iodotri- 
a) X=Brb) X=! silbatrate methylsilane, demonstrating the tremen- 

atts b) MeCN 24 dous preparative value of this method. 

SiMe, c) CCl, 25 Furthermore, several variations of the 

Gs SiMe, standard procedure have been found useful 

CO and have been proposed for the dealkyla- 

SiMe, tion of specific ethers. Such examples are: 

Me3SiSiMe, + Ip 2 Me;Sil a) neat 26 The regiospecific mono-O-demethyl- 
is)) @elb, 26,27 ation of substituted catechol methyl ethers 
c) CHCl; 28 (eq. 7),36 the selective O-demethylation of 

Me,SiSiMe; + Br> 2Me,SiBr neavoaeht 45 the methyl ether function leaving the 
methylenedioxy group intact as in the cases 

of sesamol methyl ether (eq. 8)3” and 1,2- 

ArOMe + Me,Sil ArOSiMe, + Mel (eq. 4)34 methylenedioxy-3-methoxybenzene (eq. 
9).37 To effect these demethylations it was 

necessary to use quinoline as the solvent. 

Me,SiOR' + RX The methoxy group in the isoquinoline 

aR. wr alkaloid hydrocotarnine was cleaved selec- 
R'OR2 + Me,SiX —> wes =O0 | Xe and/or (eqs. 5,6)®35 tively with iodotrimethylsilane in boiling o- 

SR: Me,SiOR2 + R'X dichlorobenzene in the presence of 1,4- | 
diazabicyclo[2.2.2]octane (DABCO) 

affording hydrocotarnoline (eq. 10).3® An | 

Table 2. Cleavage of Ethers by Means of lodotrimethylsilane interesting reaction sequence was observed | 

when the demethylation of 1,4-dimethoxy- 

R1 R2 Solvent Temp./Time Yield’ Ref. phenanthrene with iodotrimethylsilane 

was attempted. Heating of the reactants in 

Ph Me neat ca. 130°/21h 99% 34 CCl, for 48hrs effected demethylation and 

2-MePh Me ayn ca. 130°/30h 97% 34 subsequently oxidation to 1,4-phenan- 

throquinone (eq. 11).39 Furthermore, iodo- 

4-MePh Me neat ca. 130°/18h 99% 34 trimethylsilane smoothly dealkylates 2,4- 

4-BrPh Me neat ca. 130°/36h 98% 34 dialkoxypyrimidines to give uracils in high 

Hexyl Me CDCI; 25°/6h 95% 6 yi ee 
in sulfolane, 15 min., quantitative yield).*° 

Hexy| Et CDCl, 25°/12h 48.7% 6 Dealkylation of alkoxyalkynes with iodo- 
Hexyl t-Bu CCh 25°/0.1h 100% 6 trimethylsilane, prepared in situ from 

Ph Me CDCI, 95° /48h 100% 6 hexamethyldisilane and iodine, afforded 
trimethylsilylketenes in moderate yield (eq. 

4-BrPh Me CDCl, 25°/120h 100% 6 13).26 

Removal of the urethane and the benzyl 
"The yields refer to the trimethylsilyl ethers R'OSiMe; ; ; ! 

ether blocking groups from peptides is 
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OMe 

OMe 

+ 1.1 Me,Sil 

R R = Me, i-Pr 

OMe OH 

G + Me,Sil quinoline 0) (eq. 

O Oo 

« , N. + Me,sil __DABCO < (eq. Oo 3 Se N 

~Me 2 “Me 
OH OMe 

OMe O 

O 
oR' 

1) 2Me.Sil HN 
N= eq. 

| 2) HO os | 9 
bie SS / OBA NaaR: 

RO ~N~ -R H 

R 

RC=COEt + Me,Sil —————» pe C =O + €Etl (eq. 

a) R=n-Bu Me, Si 
b) R = Me,Si 

R/T ae: Me,Sil ——"—»  Me,SiO(CH,),! (eq. 
Oo hexane 

Me + Me,Sil _ -10° Be StOCHCE + Be SoCH. CHD: 
hexane Me | (eq 

fe) 71% 29% 

CH,(CH.), Ae CH,(CH,) ,CHCH,X 
: 3 9 

+ 2Me,SixX ————*—» | (eq. 
CCl,, 0°, 0.5h OSiMe, 

oO X = Br, | 

HR Me,Sil RoCH rR 
+  ———————— 

‘ul ZA, fe) | (eq. 

H H Me,Si s eed yeaa 3 (eq. 

2 Me;Sil PIS 
R = n-octyl R R 

R R 
0 1) DBN, MeCN OH 

2) Me,Sil, 0°, 15 min. (eq. 
3) 12-48h, reflux 
4) H+ 

OMe 

OH 
(eq. 

——_—_—_———> 

R 

Oo OMe O OH 
< + Me,Sil quinoline < (eq. 

——_—__—_—_> 
oO oO 

7)36 

8)37 

9)37 

10)38 

11)39 

12)40 

13)26 

14)42 

. 15)42 

16)43 

17)43 

18)43 

19)44 

readily accomplished by treatment with 

iodotrimethylsilane. The method seems to 

be particularly useful for the debenzylation 

of O-benzyltyrosine peptides since no 

troublesome side products are formed in 

this reaction.#! 

Some of the results obtained so far from 

studies of the reactions of epoxides with 

bromo- and iodotrimethylsilane are shown 

in eqs. 14-16,42,43 

Simple epoxide ring opening was also 

observed on adding an equimolar amount 

of iodotrimethylsilane to cis-9,10-oxido- 

octadecene (eq. 17). The reverse addition of 

this epoxide to a twofold equimolar 

amount of iodotrimethylsilane, however, 

effects deoxygenation and affords 9-Z- 

octadecene in 83% yield (eq. 18). 

The generation of allylic alcohols from 

epoxides by treatment with iodotrimethyl- 

silane and _ 1,5-diazabicyclo[4.3.0]non-5- 

ene (DBN)** or 1,8-diazabicyclo[5.4.0]- 

undec-7-ene (DBU)* has been reported 

recently (eqs. 19, 20). 

Dealkylation of Acetals, Ketals and 

Related Compounds 

Dealkylation of acetals and ketals to the 

corresponding carbonyl compounds is one 

of the most useful transformations in 

organic chemistry. This reaction is usually 

carried out under aqueous, acidic con- 

ditions. Jung’s group* discovered that 

treatment of acetals and ketals with 

iodotrimethylsilane (CH,Cl, 25°C, 15 

min.) afforded the corresponding carbonyl 

compounds (eq. 21). It is particularly 

noteworthy that this transformation 

proceeds under extremely mild, neutral, 

and nonaqueous conditions and that the 

products are obtained in very high yield 

(Table 3). Surprisingly, treatment of 

ethylene ketals with iodotrimethylsilane 

results in the formation of a mixture of 

products (eq. 22).46 

In the context of deacetalization and 

deketalization two further examples of the 

synthetic applicability of iodotrimethyl- 

silane need be mentioned. Treatment of 

trialkyl orthoformates with an equimolar 

amount of iodotrimethylsilane*6 or bromo- 

trimethylsilane!®.47 affords the correspond- 

ing alkyl formates in high yield (eq. 23). 

The formation of Mannich salts from the 

reaction of tetraalkylaminals with iodotri- 

methylsilane (eq. 24)48 is of great pre- 

parative value and awaits further investi- 

gation with respect to its scope and 

limitations. 

Various a-iodoethers and a-iodothio- 

ethers have been made easily accessible by 

means of iodotrimethylsilane. Thus, iodo- 

methyl methyl ether is generated con- 

veniently by reacting dimethoxymethane 
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Et 1) DBU, toluene 
Sy, 2) -78°, 30 min. 

Me,Sil + 0 3) 25°, th (eq. 20)4° 
4) 80°, 38h 

MeCH=CH vV‘'CH,0SiMe, 

R' OR’ Ro 

Pca + Me,Sil—» Ze 0 + R3O0SiMe, + Ril 
2 3 1 R OR R (eq. 21)46 

Table 3. Conversion of Ketals to Ketones by Means of 

lodotrimethylsilane*® 

Ri R2 R3 Solvent’ Yield’ 

- (CHa)4 - Me CHCIl,/propene 87% 

- (CHa)5 - Me CHCIl;/propene 90% 

Ce5H13 Me Me CH,Cl, 87% 

C5H,4 H Me CHCI,/propene 85% 

- (CHa)s5 - Et CHCI,/propene 84% 

“Conditions: 25°C/15 min. 
’vVields refer to isolated product 

oO. O 

+ Me,Sil —» mixture of products (eq. 22)4¢ 

CHCl 
HC(OMe), + Me,SiX — HCO,Me + 

(eq. 23)19.46.47 

Me,SiOMe + MeX 

2 
R' R R! R? R' 

~ | Zi ‘ ea es 
N-CH-N + Me,Sil —» C=N I 

RI~ SR! H7 Np! 
(eq. 24)48 

MeOCH,OMe + Me,Sil —»MeOCH,| + Me,SiOMe 

(eq. 25)49 

0. x 
na Me,Sil_ —» Me,SiO(CH,),XCHR (eq. 26)5051 

R | 
X=0,S 

fee DETR: R'CHSR’ 
R ~CH. +  Me,Sil | + Me,SiOSiMe, 

; | OSiMe, (eq. 27)52 

PhS H 
PhSCH-7»-Pr Cie See tNe | te C=C mmm ea a8) oe 

| a SS 
H Et 
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Oo 

HN 
al 

N 

0. 
Me,SiBr Ss 

oO CHCl. Oo 
1.5h 

HN | Br 

| 
ple c=0 (eq. 29)%° 

Me 

HO 0. 
Oo 

Me,SiBr 

10 min. Oo” yee min G . 

Mé OMe 
HO 0. 

(eq. 30)5? 

be Br 

C=0 
Me 

OAc 

AcO 0 ; + Me,SiX ee 

AcO R 

poe: oar (eq. 31)>4 
R1 =H, R2 = OAc AcO 

R1 = OAc, R2 =H 
AcO AcO 

X= Brel 

AcO c OAc OAc OAc 

io AcO +  Me,Si)| ———> 
AcO °) re) 

AcO OAc (eq. 32)54 

AcO | 
OAc A 

oe ee AcO 0 Py 
AcO OAc 

R'1CO.R2 + Me,Sil ——— R'CO,SiMe, + Ril 

(eq. 33)35.55.56 ie 

R'CO,H + Me,SiOH 

JEG 40 min. 

of Neu «Y aera 
2 

COOR? N S 
a) R' =H, R2 = t-Bu | 

—— fea N BE b) R' = OAc, R?2 = t-Bu fe} CH,R' 

a) R'=H 45% 
b) R'=OAc 50% COOH 
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(methylal) with iodotrimethylsilane at bromo- and iodotrimethylsilane to effect Treatment of carboxylic esters with 

room temperature (eq. 25).4? This method _—_ exclusive formation of glycosyl iodides. bromotrimethylsilane under similar con- 

is amenable to large-scale synthesis, and Accordingly, pentaacetyl hexapyranoses ditions effected the desired dealkylation | 

yields as high as 93% have been realized. afford the corresponding glycosyl halides only in low yields.?°.47 Consistent with this, 

Another important advantage of this in high yield (eq. 31).54 In the disaccharide ring opening of lactones by iodotrimethyl- 

procedure is that it does not produce the __ series, a-octaacetyllactose was treated with silane is an easy process (eq. 35)59° while 

potentially carcinogenic bis(iodomethyl) iodotrimethylsilane. The product was the analogous process with bromotri- 

ether. Iodomethyl methyl ether has been _ found to be a-heptaacetyllactosyl iodide; methylsilane requires drastic reaction con- 

found useful for the methoxymethylation no monosaccharide formation was observ- ditions, !7.19.60 

and iodomethylation of various organic _ ed (eq. 32).54 Re ae Bae 
eubetrates, 7 c ; ic In a similar fashion, the treatment of 5- 

; ransesterification and Cleavage of methyl-1!,3-dioxolan-4-one with iodotri- 
The a-iodoethers and the a-iodothio- Carboxylic Esters methylsilane afforded a trimethylsilyl ester 

ether obtained from the reaction of iodo- In 1976 Olah35.55 reported the cleavage of (eq. 36).6! In contrast, the reaction of 
trimethylsilane with 1,3-dioxolanes and ethyl, ethyl, and benzyl carboxylicesters ethylene carbonate with bromo- or iodo- 
|,3-oxathiolane respectively (eq. 26) are by treatment with iodotrimethylsilane  trimethylsilane proceeded with decar- 
highly reactive species and have been used (100°C, 2-4 hrs) and subsequent hydrolysis boxylation to give the B-bromoethyl tri- 
successively for the alkylation of purines of the trimethylsilyl esters (eq. 33). The methylsilyl ether (eq. 37) or 1,2-diiodo- 
and pyrimidines.°.5! yields of free carboxylic acids were found ethane (eq. 38).°° Decarboxylation in con- 

Other a-iodothioethers were obtained to be in the range of 55-90%. Indepen- nection with ester dealkylation has also 

by the reaction of OXtrimethylsilyl)hemi- dently, Jung>* demonstrated thatforthees- | been observed in the treatment of B-keto- 
thioacetals with iodotrimethylsilane (eq. ter cleavage much milder conditions were carboxylic esters and gem-dicarboxylic es- 

27).52 Treatment of these a-iodothioethers — sufficient. The reaction was carried out in ters such as dialkylmalonates with iodotri- 
with an appropriate base (e.g., triethyl- © CCl, or CHCl,. Inthe case of methyl, ethyl, methylsilane (eq. 39).62 A new method for 

amine) provided aneasy accesstovinylsul- and isopropyl carboxylic esters, temper- the construction of the a-methylene-y- 
fides. In cases where geometric isomers atures of 50°C were found to be adequate. butyrolactone moiety consists of the treat- | 

were possible, the products with FE The dealkylation of tert-butyl and benzyl ment of 1-(2-dimethylaminoethyl)cyclo- | 

geometry were obtained (eq. 28). carboxylic esters proceeded rapidly at propanecarboxylates with iodotrimethyl- | 

The first synthetic applications of 25°C. A survey is given in Table 4. silane (eq. 40). 

bromo- and iodotrimethylsilane in the The preparative value of this method has In this context the conversion of car- 

nucleoside and saccharide fields have been been demonstrated by the dealkylation of a bamates to amines by means of iodotri- 

reported. On treatment of a (methoxy- tert-butyl ester in the 7-pyrrolocephalo- methylsilane (60°C, 1-2.5 hrs) deserves | 

ethylidene)uridine with bromotrimethyl-  sporin series to the corresponding acid (eq. special mention (eq. 41). This procedure 

silane, the 2,2’-anhydrouridine (eq. 29) or 34a).5’ The great selectivity of this method has been applied successfully in the 

the 2’-bromouridine (eq. 30) is obtained, was shown by the removal of the tert-butyl removal of the benzyloxycarbonyl and the | 

depending on the solvent and the reaction group leaving an acetate group intact (eq. tert-butyloxycarbonyl group in N-pro- | 

time.53 Both compounds are useful for 34b).9” tected peptides?84! as well as in the syn- 

further modification of the nucleoside 

sugar moiety. Primary and secondary 

acetoxy-substituted saccharides react with 

thesis of spectroscopically pure azepine 
It was found recently that ester cleavage 

ao BF (eq. 42).55 
by introduction of iodotrimethylsilane is 

strongly catalyzed by free iodine.*8 

O 
ii 

a Me,SiX —» Me,SiO -C-(CH,),X (eq. 35)59.60 
Table 4. Cleavage of Carboxylic Esters with lodotrimethylsilane 

R1 R2 Solvent Time/Temp. Yield’ Ref. Oo Xe Bical 

n-Octy| Me Col, 35h/50° 85° 56 Me 

Ph Me CCl, 6h/50° b 56 ( \ + Me,sil ke (eq. 36)° 
H COOSiM Ph Me net 2h/100° BO’ 35 0” ~0 pomoch Pit | 

2-BrPh Me --- 2h/100° Bt 0435 | 

$i 2 oa ee J ae eee Me,SiIOCH,CH,Br + CO, (eq.37) | 
Ph Et --- 4h/100° T2oeme 25 Sie aa 

Me i-Pr Gel 10.5h/50° b 56 oO Me.Sil ICH,CH,I + CO, (eq. 38) 

Me t-Bu CCl, 1/6h/25° b 56 

Ph t-Bu CCl, 0.5h/25° 90° 56 PhCOCH,CO,Et + Me,Sil —» PhCOMe (eq. 39) 62 
Ph Bz CCl, 1.5h/25° b 56 

Ph Bz --- 2h/100° 86° 35 A | 

; R R CH, | 
c-Hexy! Bz --- 2h/100 85 35 CH,CH,NMe, | 

Me.Sl = 
“The numbers refer to yields of isolated product. a sah) 50-95° 2 fo) | 

’Product: trimethylsilyl ester of the carboxylic acid. Yields determined one R Oo | 
by 'H NMR are ca. 100%. 2 63 

“Product: carboxylic acid. R O (oq:-40) 

i = eee ee = = as 
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R O RN ZO P(OR); + 3 Me,SiCl/NaBr —=P(OSiMe,); + 3RBr + 3 NaCl 
‘y-c7 + Me.sil ——_»> _N=C~ + Rt 

27 TS es ae 27 Sosi (eq. 47)19 
R OR R iMe, 

CH,OH 
: (eq. 41)® ROSiMe, + Me,Sil ———-» RI + Me,SiOSiMe, 

R oO 4 . 48)72 
RINHR2 + CO, <—— DN- Ce + Me,SiOMe ogee) 

2 ° 
R ao ROH + Me,Sii —2» RI + Me,SiOH 

(eq. 49)73 

Me,SiOH + Me,Sil —————» Me,SiOSiMe, + HI 
re bom 1) Me,Sil as 

\ alc hid aerate | NH (eq. 42)85 ' 
ve 3) A a Table 5. Conversion of Alcohols to Alkyl lodides and 

Alkyl Bromides by Means of lodo- and Bromotrimethylsilane 

(MeO),P=O + 3 Me,Sil——> (Me,SiO),P=O + 3 Mel R Time/Temp. Alkyl lodide Alkyl Bromide Ref. 

(eq. 43)® 
Me 0.5h/25° 100% 73 

e Py 19h/25° 95%" 47 
iT iT ee : ee Ne: Et 5h/25° 99%" 73 : Me “ OMe + 2Me,Sil——» Me ‘ OSiMe,;+ 2 Mel 307h/25° 100%? 47 

; M i eq. 44) 66 
: ia OsiMssmnlsae) iPr 24/252 96%" 73 
f i 5 46h/50° 100%" 47 

= Fade Xs oe t-Bu —0.2h/25° 100%" 73 
ie R Paes + 2Me,SiBr—» R-P-OSiMe, + 2R?Br <1/6h/25° 100%" 47 
‘ OR? O Bz 24h/25° 85%" 73 
be (eq. 45)67-59 <1/6h/25° 95%” 47 

e OH c-Hexyl  24h/25° 81%" 73 
F 14h/50° 90%’ 47 

Me,SiOSiMe,; + *Vields were determined by 'H NMR. 

36 

’Vields refer to isolated product. 

titative yields (eq.48). Further investiga- 
O : : 

fi eel tion showed that alkyl iodides are easily 

R-C-P-OMe + 2Me,SiBr—» R- ‘s if ~OSiMe, + 2Mel obtained in good yields by the direct treat- 
(oul N* OSiMe ment of alcohols with iodotrimethylsilane 
N" OMe i 

Transesterification and Ester Cleavage of 

Trialkyl Phosphates, Phosphonic Acid 

Dialkyl Esters, and Trialkyl Phosphites 

One of the most valuable applications of 

bromo- and iodotrimethylsilane is the mild 

and selective dealkylation of trialkyl phos- 

phates and dialkyl phosphonates. On addi- 

tion of iodotrimethylsilane to a solution of 

trimethyl phosphate or dimethyl methyl- 

phosphonate Schmidbaur® obtained, after 

lhr at 25°C, a 98% yield of tris(trimethyl- 

silyl) phosphate (eq. 43) and bis(trimethyl- 

silyl) methylphosphonate (eq. 44), respec- 

tively. Only a little later the groups of 

Rudinskas*®’ and Mc Kenna® reported the 

dealkylation of dialkyl phosphonates by 

means of bromotrimethylsilane and were 

the first to clearly recognize the synthetic 

potential of this deesterification procedure. 

The general applicability of the method has 

been demonstrated, in the meantime, using 

a large number of phosphonic esters (eq. 
45),69 
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Two interesting applications of this 

procedure have been reported: the syn- 

thesis of a-diazophosphonic acids” (eq. 

46) and the synthesis of enol phosphates.7! 

The treatment of trialkyl phosphites 

with chlorotrimethylsilane/NaBr afford- 

ed tris(trimethylsilyl) phosphite in 67% 

yield (eq. 47).!9 

Synthesis of Alkyl Bromides and Alkyl 

Todides 

In the early experiments on the reaction 

of ethers with bromo- and iodotrimethyl- 

silane, alkyl halides were usually obtained 

as side or main products. These results 

suggested the formation of trimethylsilyl 

ethers as intermediates, which reacted with 

more halotrimethylsilane to give alkyl 

halides. In agreement with this Voronkov”? 

showed that the treatment of trimethyl- 

silyl ethers with iodotrimethylsilane af- 

forded alkyl iodides in practically quan- 

(eq. 49).73 The silicon-containing by- 

products are a mixture of trimethylsilanol 
and hexamethyldisiloxane. A drawback of 
the method is the formation of free 

hydrogen iodide. Similarly, treatment of 
alcohols with 1.5-4.0 equivalents of bromo- 

trimethylsilane afforded the expected 

bromides (Table 5).47 

Reaction with Carbonyl Compounds 

The reaction of aldehydes and ketones 

with halotrimethylsilanes has been ex- 

amined in depth with respect to the forma- 

tion of trimethylsilyl enol ethers.74,75 

Recently the use of the hexamethyldi- 

silazane/iodotrimethylsilane system was 

proposed as a highly effective silylating 

reagent.’ The reactions are carried out at 

room temperature and usually afford a 

very good yield of the thermodynamically 

more stable product (eq. 50). 

Since 1975 we have been exploring the 

reactions of carbonyl compounds with 

halotrimethylsilanes in the absence of a 

base. On the addition of iodotrimethyl- 

silane to acetone, or on the addition of 

chlorotrimethylsilane to a suspension of 

Nal in excess acetone, we observed an ex- 

} 

} 
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othermic reaction which afforded 4-iodo- 

4-methylpentan-2-one.'4 The correspond- 

ing $-bromoketone was obtained in a 

similar way.!4.!9 This aldol-like reaction 

has been observed in the meantime for 

numerous other carbonyl compounds (eq. 

51).77:78 During the course of these investi- 

gations the iodotrimethylsilane/zinc 

system was introduced by us.’’.’9 

It has been proposed®? that the forma- 

tion of the B-haloketones may proceed 

ote Ola O- 

213 

formation of such a species was suggested 

by the formation of a,a-diiodotoluene 

when excess iodotrimethylsilane was add- 

ed to benzaldehyde.®! 

Depending upon the work-up conditions 

the reaction of aryl methyl ketones with 

iodotrimethylsilane afforded a,B-unsatu- 

rated ketones (eq. 52) or the correspond- 

ing saturated ketones (eq. 53).!3!4 The 

generation of both types of products may 

be explained by the intermediacy of B- 
through an a-halotrimethylsilyl ether. The —iodoketones. 

0 OSiMe, OSiMe, 

Me HN(SiMes3). ec GE (eq. 50)76 

Me,Sil =t 

90% 10% 

°) OR R' 
ll 2 ri | Me,SiOSiMe, + HX 

R-C-CH,R° + 2Me,SiX —» R- C-CH-C-CH,R? + 

X=Br.1 x (eq. 51)14.19,77 

q ths /H,0 

(eq. 52)13 

In addition to the results shown in eq. 53 
the conversion of a-hydroxyketones to 

ketones by means of iodotrimethylsilane 

needs to be mentioned.®? 

When aryl methyl ketones or cyclo- 

pentanone were heated with bromotri- 

methylsilane three molecules of ketone 

were condensed to form a benzene nucleus 

(eq. 54).13 

The reactions of bromo- and iodotri- 

methylsilane with unsaturated ketones, 

quinones, and several specially substituted 

ketones are summarized in eqs. 55-58 .83-85 

Miscellaneous Reactions 

Several reports are available dealing 

with the addition of bromo- and iodotri- 

methylsilane to various pentavalent 

phosphorus compounds.(eq. 59, 60).%.86.87 

The deoxygenation of sulfoxides to sul- 

fides may be accomplished easily by means 

of iodotrimethylsilane?! and bromotri- 

methylsilane (eq. 61).?! For this purpose 

both reagents may also be generated in 

situ.!9,21.88 The procedure has been found 

useful in the selective deoxygenation of an 

a, B-unsaturated sulfoxide.*? Similarly, sul- 

fonyl halides can be deoxygenated with 

iodotrimethylsilane to yield disulfides.%° 

Recently bromo- and _ iodotrimethyl- | (eq. 53)" : aoe O Me silane have been found useful in halogen- 
HI tecH _¢H R exchange reactions. Thus, acid chlorides 
a R Cc 2 were easily converted under very mild con- 

ditions to acid bromides and acid iodides 

(eq. 62).!:9! Furthermore, chlorophos- 
R phines and chlorophosphoranes have been 

converted to the corresponding iodides by 
e ie means of iodotrimethylsilane (eq. 63).% 
C-Me i (eq. 54)13 Surprisingly, iodotrimethylsilane also 

+ Me,SiBr:] ————» brings about chlorine or bromine/ iodine 
@ exchange in bis- and _tris(halomethyl)- 

R ee phosphine oxides. In the same way the 
R R tosyloxy group may be exchanged (eq. 

64).92 

O O O Osim 
iI U R Jes c—<] z Bas C-(CH,),I (eq. 55)8 N R H,0 

) He + Me,SiBr ——> > Me,SiOH 

0 1 Br (eq. 58)85 
OH | O 4) Me,sit i" e 

2) H,O ISTE rl CCAR (eq. 56)84 eee 

| R b)R=Me~ 
R Br 

OH 9 OSiMe, 

R'-C-CH=CHR’ + Me.Sil —> R'-C=CHCHR® 
{r0 | Phj;P=CH, + Me,SiBr —» Ph,P*CH,SiMe,Br- (eq. 59)86 

(eq. 57)89 

O R3P=O + Me3,SiX ———®> R,P*OSiMe3X 
qe 2 (eq. 60)56.87 

SCAR CHE a) R=OSiMe, X=Br, | 
i b) R= Et, Ph 
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fe) 
R'-S—R? + 2Me,SiX ———> R'SR2 + Me,SIOSIMe, + X, (eq. 61)1921.88 

X = Br, | 

RCOCI + Me,SiBr ———>RCOBr + Me,SiCl 
(eq. 62)°" 

RCOCI + Me,Sii——>RCO!I + Me,SiCI 

R,.PCI, + nMe,Sil ——>R,,Pl, + n Me,SiCI 

R;..PX, + nMe,Sil——>R,,PI, + nMe;Six (eq. 63)°? 
X =Cl, Br 

(XCH,),P=O + 4 Me,Sil——»(ICH,),P=O eateae 
xX = iGl) Bra hos®. 
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Transition-Metal Templates for 
Selectivity in Organic Synthesis 

A key aspect of synthetic design is ef- 

ficiency — the ability to transform readily 

available starting materials into target 

compounds via the shortest possible 

routes. Synonymous with efficiency is 

selectivity, which may be divided into three 

major classes: (1) chemoselectivity — func- 

tional group differentiation, (2) regio- 

selectivity — orientational control in the 

reaction of an unsymmetrical functional 

group and/or an unsymmetrical reagent, 

and (3) stereocontrol — control of relative 

stereochemistry (diastereoselectivity) 

and/or control of absolute stereo- 

chemistry (enantioselectivity). 

The unique position of the carbonyl 
group in synthetic design stems from the 
selective formation of bonds at the car- 

bonyl carbon atom or the alpha carbon 
atom according to eq. 1. The correspond- 
ing reactions of the 7-isoelectronic olefin, 
especially with respect to allylic func- 
tionalization, has proven much less useful 

because low selectivity frequently plagues 
such processes (eq. 2). In our search for 

chemoselective allylic alkylation proce- 

dures, we focused on the ability of 

palladium salts to achieve activation of the 

allylic system and to permit subsequent 
alkylation in the presence of other func- 
tional groups — especially the carbonyl 
group. In the course of these studies, we 

delved into the palladium-catalyzed alkyla- 

tion of allylic systems in which palladium 

templates exercise an extraordinary degree 

of control over the behavior of organic 

molecules.! In this report, I wish to con- 

sider the application of these concepts in 

four different problems, but first to outline 
the basic principles. 

As a general introduction of the basic 

process, we can consider the alkylation of 

©1981 by Aldrich Chemical Company, Inc. 

an 

Barry M. Trost 
McElvain Laboratories of Organic Chemistry 

2-methylcyclopentane-1,3-dione. Such 

systems are notorious for their tendency to 

suffer O- vs. C-alkylation. Allylation of 2- 

methylcyclopentane-1,3-dione with allyl 

bromide proceeded in only 30% yield; 

however, with allyl acetate and a 

palladium(0) catalyst, the yield of 2(R = 

H) jumped dramatically to 94%.2 Use of 1 

oO 
nucleophile | 

Us 

OH 

Nuc Ae 
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University of Wisconsin 
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Madison, WI 53706 

(R = OC,H;) gave 2 (R = OCH.) which 

permitted development of a cyclopent- 

enone annulation as illustrated in eq. 3. 

The bicyclic ketone 3, a bis-nor analog of 

the Wieland-Miescher ketone, can prove 

pivotal as a general intermediate towards 

polycondensed cyclopentanoid natural 

products — such as coriolin and hirsutic 

electrophile 
(eq. 1) 

(eq. 2) 

ri 
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role the Wieland-Miescher ketone has 

played in cyclohexanoid natural products. 

A total synthesis of coriolin using this 

strategy nears completion.’ 

E 

| acid C — ina fashion similar to the pivotal 

| 

Eq. 4 illustrates the reordering of reac- 

| tivity of two functional groups.4 In the 

absence of the transition-metal catalyst, 

only the bromide would be expected to 

react, as is observed. However, addition of 

a Pd(0) catalyst allows selective alkylation 

of the allylic acetate without any attack at 

the bromide. 

Normally, displacement reactions in 

organic chemistry are accompanied by in- 

version of configuration. As shown in eq. 5, 

this alkylation involves displacement with 

retention of configuration.4 

Eq. 6 represents a convenient working 

hypothesis. When coordination of the 

Pd(0) catalyst occurs on the face of the 

double bond opposite the acetate, it in- 

duces ionization of the acetate to give a 7r- 

allylpalladium intermediate. The position 

identity of the acetate, i.e., whether it was 

originally located at C(a) or C(b), is lost at 

this stage. Thus, the choice of substrate 

with acetate at either C(a) or C(b) can de- 

pend only onsynthetic expediency — a real 

benefit of this methodology. The regio- 

selectivity depends upon: (1) the nature of 

the nucleophile, (2) the nature of the sub- 

stitution on the allyl unit, and (3) the nature 

of the ligands on Pd. 

CATALYSTS 

Pd(0) is required as a catalyst for these 

reactions. Soluble palladium catalysts 

which are sensitive to oxygen normally 

bear phosphine ligands. The most common 

catalysts are 4° and 5.°’ In some cases, to 

PPh, 
(Ph,P),Pd C . 

4 
PPh, |, 

preserve catalyst lifetime and increase turn- 

over, 1-2 equivalents of additional 

phosphines are added. Rate retardation 

normally accompanies such a modifica- 

tion. To avoid handling such oxygen- 

sensitive materials, the catalyst can be 

generated in situ from Pd(II) salts by 

reduction with DIBAL or, in the case of 

Pd(OAc),, with an olefin (typically the 

substrate) in the presence of phosphine 

ligands. For small-scale reactions, 1-10 mol 

% of catalyst has been employed. The 

amount of catalyst decreases as the scale of 

the reaction increases; as little as 0.01 mol 

% has been employed. 

An insolubilized version of the catalyst 

has been produced.*? Either silica gel or 

crosslinked polystyrene can be phosphin- 

OAc 
; 

oO 

COs 
3 

OAc 
aes 

he pk ee, + Na oN 

: — oe E=CO,Me S=SO,Ph THE 

GN 

CO,Me 

SY: x és Nuc 

OAc 7. me ' es 
fale tee ike ee (eq. 6) ee ea eee ce 

: uc 

: a i ale 
b 

ylated and the modified support exchanged Figure 1 

with 4 to give 6. Besides facilitating 

((P)wPPh,) Pa 

6 

recovery and recycling of the catalyst, such 

insolubilized versions do show modified 

selectivities as a result of the modified 

ligands. 

STEREO-RELAY 

In Fig. 1, we consider the question of 

control of stereochemistry at a reaction site 

relative to a remote chiral center. In a con- 

formationally well defined system, such as 

a six-membered ring, this problem is 

minimized. The presence of substituents on 

the ring normally fixes the conformation in 

one of the two possible chair forms as 

shown in 7. Thus, the two faces of the car- 

bonyl group are quite distinct and reaction 

is expected to occur preferentially on one 

of the two faces — most frequently from 

the equatorial direction as shown. Cleav- 
age of bond “a” in 7 creates 8 where the 

interconnecting chain between the chiral 

Communicate (?) 

(rR i 

Chiral Reaction 
Center Site 

Template 3) 
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center and the reaction site no longer ex- 
hibits a conformational bias. Here reaction 
on the two faces of the carbonyl group oc- 
curs with equal probability. Thus, in con- 
formationally non-rigid systems — acyclic 
or macrocyclic ones — a mechanism to 
communicate between these two sites needs 
to be found. One approach is to design a 
substrate that permits temporary complex- 
ation of a normally non-rigid chain onto a 
template, thereby inducing conformational 
rigidity. We chose to examine this question 
in terms of the creation of the side chains of 
Vitamins E and K for which 9, which 
Possesses the two chiral centers, provides a 
logical target.!° In terms of allylic alkyla- 
tion, 9 translates into 10 in which bond “a” 
creates the second chiral center relative to 
the existing one,!1,!2 

Vinyl lactones represent ideal choices for 

this stereo-relay process in which the ring 

geometry will be transmitted down the 

chain. Eqs. 7 and 8 illustrate the success of 

this approach where Pd(0)-catalyzed 

alkylation leads to S,j2’ reaction with 

clean retention of configuration regardless 

of the olefin geometry.!! This reaction 

1, Ml H 

HO,C S 

E= CO,Me 

~, H z H 

Bw = HO,C > r 

0,C. - : H s = 
2 Z NN E <. 

inh E L4Pd 
f= CO,Me 

complements cuprate chemistry, shown in 

eqs. 7 and 8, which also proceeds with allyl 

transposition but with inversion of con- 

figuration.'?, Unfortunately, the cuprate 

chemistry does not exhibit as high a degree 

of stereochemical control with the F olefin 

series (eq. 8) as do the palladium templates, 

demonstrating the superiority of the 

palladium reaction in this case. 

Variation of the separation between the 

chiral centers as in 11 can be achieved by 

varying the position of the substituents on 

the vinyl lactone or, as shown in eq. 9, by 

11 

varying the size of the lactone ring.!3 Here, 
too, the higher degree of control exhibited 
by the palladium template is obvious. 

While the products of the reactions il- 
lustrated in eqs. 7 and 8 have been con- 
verted to the target for the vitamin side 
chains, this approach only controls relative 
stereochemistry. One reason for choosing 

inversion 

ve 
' 

MeO,C 3 Za 

MeO,C 
CO,H 

10 

such substrates is the use of carbohydrates 

as potential optically pure raw materials. 

Indeed, glucose is converted to lactone 12 

(eq. 10) by straightforward chemistry and 

the latter smoothly participates in the 

palladium-initiated reaction (95% yield) to 

give a single homogeneous product which 

is converted to the side-chain fragment 

where both relative and absolute stereo- 

chemistry have been fully controlled. '4 

[1.3] REARRANGEMENT 

The chemistry of allyl vinyl ethers in- 

ee eee 

NCCur HO,C (eq. 7) 

(eq. 8) 

(eq. 9) 

(eq. 10) 
Glucose 12 

Hs 0,CPh 

E ee CO,H 
E 

R 
a) ee [3.3] ‘le (eq. 11) 

CHO 
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variably becomes integrated with [3.3] 

sigmatropic rearrangements (eq. I1). In 

cases such as 13, the cycloheptenone 14 is 

produced (eq. 12). For many natural 

products, an alternative pathway, a [1.3] 

rearrangement, to produce a 3-vinylcyclo- 

pentanone would be the desired course. In- 

deed, a reordering of the “expected” reac- 

tivity profile of 13 is available using a 

palladium template in which the exclusive 

product is indeed the cyclopentanone 15:° 

This process takes on added importance 

due to the cyclization proclivity of B- 

ketoesters such as 16 (eq. 13) for O- rather 

than C-alkylation. Indeed, all attempts to 

cyclize 16 lead only to the alkylidenevinyl- 

tetrahydrofuran 17. However, this tenden- 

cy no longer presents a problem since 17 

smoothly isomerizes to the desired cyclo- 

pentanone with a Pd(0) catalyst; in this 

case, an approach to prostaglandin 

analogs. 

The utility of this cyclopentanone syn- 

thesis depends upon the availability of the 

requisite alkylidenetetrahydrofurans. Eq. 

13 illustrates their accessibility from 

ketones through use of the new conjunctive 

reagent 1-(2,6-dimethoxyphenylthio)- 

cyclopropanecarboxaldehyde.!> Especially 

valuable are vinyl lactones such as 18 (eq. 

14) and 19 (eq. 15) which are, in turn, 

available from carbohydrates.'6 Ynamines 

smoothly effect olefination of a lactone 

(87% yield) and the product rearranges to 

the cyclopentanone in 93% yield with com- 

plete regio- and stereocontrol upon subjec- 

tion to 5 as the palladium template. Alter- 

natively, 19 reacts with ¢-butyl lithio- 

acetate followed by dehydration to give 20 

in 91% yield. In this case, rearrangement 

can be controlled to give either the cyclo- 

heptenone 22 or the cyclopentanone 23 by 

judicious choice of catalyst. The regio- 

selectivity depends upon the rate of syn- 

anti interconversion in the intermediate 21. 

With the sterically demanding polymeric 

catalyst, such interconversion is inhibited 

and only the normal [1.3] product is seen. 

With a sterically small ligand, such inter- 

conversion is fast and only the seven- 

membered ring is observed. Such rational 

control of reactivity is a decided advantage 

of transition-metal-catalyzed reactions. 

Analternative approach employs methyl 

6-oxo-2-pentynoate as a conjunctive 

reagent for cyclopentanone synthesis.!’ 

Chemoselective addition of vinyl organo- 

metallics produces the alcohol 24 (eq. 16). 

Surprisingly, conjugate addition of the 

alcohol proved particularly troublesome. 

An efficient solution to this perplexing 

problem evolved from  organosulfur 

chemistry. Addition of sodium benzene- 

sulfinate to a warm alcoholic solution of 24 

smoothly triggered cyclization to the 
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fe) 
CO,Me oO 

: \ a CO,Me ; (eq. 12) 

cO,Me 
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CO,Me 
ce) MeO ‘OMe O 

s 
CsH,, Perk OH 

— —_—_> 
PhCH,O CsHyy a 

PhCH,O 

16 (eq. 13) 

M ‘ 20 Ce Li C;H,, 

desired alkylidenevinyltetrahydrofuran. 

Isomerization with the palladium catalyst 

completed an additional entry into the 

family of prostanoids. Thus, the availabili- 

ty of alkylidenevinyltetrahydrofurans of 

type 25 from many different types of sub- 

strates suggests great versatility for this 

cyclopentanone synthesis (eq. 17). 

CYCLOPENTANE ANNULATION 

The increasing importance of cyclo- 

pentanoid natural products heightens the 

demand for increased flexibility in syn- 

Oo 
¢t-BuO,C aN 

fo) 

22 (eq. 15) 

QO 

ou < 
4 e) 

marey er) 

aes 

—> || on  —— 
ce, CsHyy 

ORS O 6 24 af y 

CO,Me 

ZE C5Hiy (eq. 16) 

ro) 

thetic approaches to them. The [1.3] 

isomerization of alkylidenevinyltetra- 

hydrofurans contributes to that flexibility. 

In cyclohexanoid chemistry, the Diels- 

Alder reaction (eq. 18) holds a special posi- 

tion. The virtues of such a cycloaddition 

approach are lacking for the case of five- 

membered carbon rings for which the 

analog might be a 1,3-dipolar cyclo- 

addition as illustrated in eq. 19. Initiating 

an investigation into such an area draws 

our attention to trimethylenemethane, 

shown in a dipolar form in 26, a reactive in- 



& 

termediate which has been studied from a 
physical point of view but whose use in syn- 
thesis is precluded because of very low 
yields. 

Combining the virtues of organosilicon 
chemistry with palladium templates led us 
to propose that a bifunctional conjunctive 
reagent such as 27 (eq. 20) would be ideal 
since the zr-allylpalladium intermediate 28 
could suffer desilylation by acetate to 
generate not trimethylenemethane itself, 
but its palladium complex 29 where the 
only by-product is trimethylsilyl ace- 
tate.'*-20 Of course, the reactivity of an in- 
termediate such as 29 was not known.2! For 
example, iron complexes of trimethylene- 
methane are notorious for their lack of 
reactivity.2?, Hoping that cycloaddition 
would occur, we employed traps such as 30 
and 31 (eqs. 21 and 22) which contain both 
electron-rich and electron-poor olefins. 
Both reacted smoothly and chemoselec- 
tively with 27 in the presence of a Pd(0) 
catalyst to give cycloaddition-like products 
with the electron-poor olefin. The cyclo- 
addition to dimethyl £&,£-muconate 
produces a methylenecyclopentane (eq. 23) 
which possesses structural features that 
naturally lead to application of this 
methodology to a total synthesis of 

brefeldin A, 32. The chemistry as well as 

Fenske-Hall calculations2.23.24 lead to the 
conclusion that this complex indeed 
behaves as a zwitterion as represented in 

structure 29 (eq. 20). Thus, the cyclo- 

addition can be generalized as in eq. 24, in 

which the trap must bear at least one 

electron-withdrawing group (EWG). 

The utility of such a cycloaddition ap- 
proach depends upon the accessibility of 

the requisite bifunctional reagents such as 

27 and the extension to substituted 
analogs. Such an extension is not trivial. 

Consider the case of the methy] derivative 

33 where, at every stage, proton transfer 

can compete with the desired process as il- 

lustrated (eq. 25). 

Scheme | outlines three of the four ap- 
proaches we have developed to the re- 
quisite substrates.25 The direct metallation 
(path A) is very general for methallyl 
alcohols. 2-Trimethylsilylmethylpro- 
penal, available from methylallyl alcohol 
by the metallation-silylation procedure of 
path A followed by oxidation, represents 
an acceptor conjunctive reagent where 
organometallics serve as the source of the 
R group (path B). Alternatively, the 
lithium or magnesium derivative of 2- 
bromoallyltrimethylsilane, available from 
2,3-dibromopropene, represents a donor 
conjunctive reagent where electrophiles 
such as aldehydes serve as the source of the 
R group (path C). 

ie) 
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ay) —____ > Bice nae ———_—_> 
Oo a 

a 
25 
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The aspirations for the generality of this 
cycloaddition were fulfilled. Using cou- 
marin as a trap (eq. 26), a single major 
product resulted. Thus, an extraordinary 
event occurred. Desilylation of 34 to give 
reactive intermediate 35 competes favor- 

ably with simple proton loss to givea stable 
molecule (eq. 24)! Whereas use of 33 initial- 

ly generates 35, the regioisomer 36 
generates 38. Yet, the same product mix- 
ture emerges. Using the simple notion that 

the reaction is initiated by nucleophilic at- 
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Scheme 1. Synthetic Approaches to Bifunctional 
Conjunctive Reagents for Cycloaddition 
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Scheme 2. Formation of 7-Heptanolide 

| ye PhSO oO" 2 Py ae oo P 
a’ ——__ : PhSO, I ye SSS es ‘: ie a 

+] ne ANS 

14 SL [e 

é a a 41b 

PhSO 

PhSO, fe) fe) 

tack of the most anionic carbon of the com- 

plex, the predominant cycloadduct 37 is 

derived from 38. Indeed, calculations 

predict 38 to be more stable than 35. The 

electron-releasing methyl group prefers to 

be on the most electron-rich carbon — the 

antithesis of normal behavior in organic 
chemistry! Thus, the transition-metal 

template imposes a level of control that 

leads to new selectivity. The factors that 

lead to placing the electron-donating group 

(EDG) on the most electron-rich carbon of 

the TMM system (7.e., 39) can suggest that 

the EWG be placed on the least electron- 

rich carbon as in 39b. 

Cyclopentanone reacts smoothly with 

either 33 or 36 to give 40 virtually ex- 
clusively (>20:1 in regioisomers) — an in- 

termediate towards loganin”¢ as well as the 

insect pheromones dehydroiridodial and 

chrysomelidial2? as shown in eq. 28. The 

availability of a donor reagent to create the 

requisite structural unit particularly 

facilitates the synthesis of a substrate for an 

intramolecular reaction as shown in eq. 29. 

The promise of a family of reagents for 

cycloaddition-like approaches to cyclo- 

pentanoid natural products appears 

fulfilled. 

MACROCYCLIZATION 

Thus far, the utility of these templates 

for ring formation dealt only with the more 

normal ring sizes — five-, six- and seven- 

membered rings. Macrolides and all car- 

bon macrocycles represent major synthetic 

challenges. Techniques that focus on for- 

mation of such rings by C-C bond forma- 

tion represent the most flexible methods. 

Our initial attention?® focused on 

macrolides where  palladium-initiated 

cyclization to rings of ten or more members 

culminated in syntheses of phoracan- 

tholides I and J,2829 recifeiolide,?83° and 

exaltolide.283! Most striking is the 

regioselectivity in formation of medium- 

size rings. For example, cyclization of the 

substrate shown in Scheme 2 can proceed 

to either a six- or an eight-membered ring. 

In addition to the 10° kinetic preference for 

formation of six-membered rings, the 

higher stability of syn complexes such as 

41a should reinforce the preference for six- 

membered ring formation. In spite of all 

this, eight-membered ring formation 

dominates (93%). As shown in eq. 30, nine- 

membered ring formation dominates over 

seven. Once again the normal rules for 

reactivity are violated — the normally dif- 

ficultly available eight- and _ nine- 

membered rings are now preferred! As eq. 

30 summarizes, variation of the nature of 

the nucleophiles, of the substitution in the 

chain, and of the ligands on the palladium 

permit complete control of regiochemistry 

and thus, ring size — truly a remarkable 

——EeEy~yyE>>EE——EEEEE eee 
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Scheme 4. Retrosynthetic Analysis of Erythrynolide Synthesis 

level of control of reactivity.32 

The challenge of the synthesis of com- 

plex natural products offers an ideal testing 

ground for this method. The cytochalasin 

family of natural products consists of a 

highly substituted cyclohexyl ring fused to 

a macrolide as in cytochalasin B or to an 

all-carbon macrocycle as in aspochalasin 

B. A common feature of both is the highly 

oxygenated pattern in the macrocycle, a 

type of pattern found in other natural 

products such as antibiotic A 26771 B (see 

Scheme 3). An ideal precursor to all of 

these is the fragment shown in structure 42, 

42 

where the enol ether can serve as an easy 

entry into the simple alcohol as in 

cytochalasin B or an a-hydroxy ketone as 

in aspochalasin B and antibiotic A 26771 B. 

This fragment becomes an obvious target 

of allylic alkylation. 

Scheme 3 illustrates the ready availabili- 

ty of the requisite substrate 43 from 10- 

undecenal. Treatment of 43 with a Pd(0) 

catalyst and WN, O-bis(trimethylsilyl)acet- 

amide in refluxing THF gave the requisite 

macrocycle in 55-61% yield, a much higher 

yield than obtained by any lactonization 

approach.? Hydroxylation using a 

catalytic amount of osmium tetroxide 

followed by esterification with succinic 

anhydride completes the sequence. The 

soundness of this strategy for cytochalasin 

synthesis is established. 

Equally challenging targets are the 

erythrynolides A (44, X=OH) and B (44, 

X=H) as shown in Scheme 4. The retro- 

synthetic analysis utilizing this macro- 

cyclization principle converges to 45and 46 

— a pair of enantiomers! Thus, the 

problem of control of absolute as well as 

relative stereochemistry is resolved as long 

as both enantiomers are available in a sim- 

ple operation. A simple solution emerged. 

The O-methylmandelate esters 47 and 48 

revealed two well-resolved peaks by HPLC 

and permitted large-scale separation on a 

Waters Prep 500 instrument.34 A second 

advantage of this approach is the ability to 

assign stereochemistry. Using the Mosher 

model, the stereochemistry depicted in 47 

47 

MeO 2 H 

(0) 
oO 

Ph R xX 48 
oy faye Oo 
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and 48 corresponds to the less and more 

polar isomers, respectively. Further cor- 

relation was provided by comparison of the 

regenerated optically pure 45 and 46 whose 

absolute configurations were established 

by Horeau’s method. 

With the strategy developed, the 

elaboration of 45 into the desired alcohol is 

complete, and the corresponding elabora- 

tion of 46 into the carboxylic acid is near- 

ing completion. However, establishment of 

the critical ring closure remains to be ac- 

complished. Comfortingly, subjection of a 

model 49 (eq. 26), which possesses a fully 

elaborated alcohol half and a stripped ver- 

sion of the carboxylic acid portion, to the 

normal cyclization conditions creates the 

correct fourteen-membered macrolide ring 

of the erythrynolides. 

CONCLUSION 

An appreciation of the intricacies of 

transition-metal chemistry in the design 

and application of new reactions is emerg- 

ing. The fact that insight based upon 

traditional thinking is challenged offers an 

unprecedented opportunity to expand the 

rules of selectivity. Indeed, such an expan- 

sion is critical if we are to mount a 

successful campaign to have chemistry 

better serve the needs of man by instilling 

efficiency and bringing to application more 

sophisticated materials. We hope the above 

will contribute to this task. 
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Isobenzofuran and Related 
o-Quinonoid Systems 
A New Group of Synthetic Intermediates 

heteroaromatics.'4 Recently a compre- 

hensive review covering the literature up to 

mid-1978 was published by Friedrich- 

sen.'° However, since these reviews, new 

methods for the generation of isobenzo- 

furans have been found. Their application 

in the Diels-Alder synthesis of polycyclic 

systems, including natural products, has 

become recognized. 

This development is paralleled by the use 

of other o-quinonoid systems, e.g., o- 

quinodimethane (5),!° furo[3,4-c]pyridine 

U.E. Wiersum 

AKZO Research Laboratories 

Corporate Research Department 
Velperweg 76 

Arnhem, The Netherlands 

The aim of this review is to present the ti- 

tle compounds as a complementary set of 

synthetic intermediates, which also have 

potential application in the 

product area. 

ISOBENZOFURAN. GENERA- 
lMION AND REACTIONS 

In 1956, Wittig and Pohmer,2° while 

developing the chemistry of benzyne, pre- 

pared 1,4-epoxy-1,4-dihydronaphthalene 

(8). The double bond in 8, like in norbor- 

nene, is quite reactive as a dienophile.?! 

natural- 

perennbeiteae > (6),'7 or 2,3-dimethylene-2,3-dihydro- With diazomethane the pyrazoline 9(eq. 1) 

was formed which, on thermal decomposi- | 
Isobenzofuran (IBF) or benzo[c]furan GG os: Ci. tion, yielded pyrazole 10 anda polymer in-_| 

(1) has long been an elusive species! and, Ne dicated as polyisobenzofuran.”° 
until very recently, its chemistry has been ° : , underdeveloped. Only 1,3-diphenyliso- Isobenzofuran was first demonstrated to 

benzofuran (2) is well known as a standard : ; ast aes range Pan ee) eat 
trapping agent for olefins.4 furan (7).!8 Like isobenzofuran, these and Haddadin.” They reacted 8 with a- 

systems are conveniently prepared by pyrone to form Diels-Alder adduct 11 

7 1 ay flash-vacuum thermolysis (FVT).!9 (Scheme |), which spontaneously loses car- 

ice aa __CHNe aN 

Ph B 
1, X=0O 2 10 
3, X=S 
AX IN Scheme 1 S 

1 

The fundamental question, whether Ny SS 
A , ; IS -CO 
isobenzofuran and the related isothia- CO. A : CCH eT ies - 
naphthene (3, benzo[c]thiophene) and iso- o~ .O 
indole (4, benzo[c]pyrrole) are aromatic or R, 20 Ry 
o-quinonoid systems, makes these com- 41. (R,,Ro =H) |-ca 
pounds naturally attractive to organic R, 
chemists. Theoretical studies have been 8 = 
published in recent years.5-7 OB Cs 

Despite their relatively recent isolation, 13 R, 
the chemistry of the parent isothianaph- ac’ foo 
thene 38° and isoindole 4!!! was devel- R, R R, 
oped!2!3 earlier than that of isobenzo- = a es 
furan. Isobenzofuran is only very briefly O oO eel oly 
treated in heterocyclic textbooks. In 1978, \=n @o 
Haddadin wrote an excellent review on iso- Re Re 
benzofuran and related isoannelated a Reeele 
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bon dioxide to give product 12, the formal 

Diels-Alder adduct of isobenzofuran and 

benzene, decomposing above 60°C. 

Isobenzofuran is trapped in situ by 

dienophiles added to the reaction mixture, 

or by an excess of 8 to give an exo-endo 

mixture of diepoxide 13. Isobenzofurans 

are also transient intermediates in the reac- 

tion of benzyne with oxazoles.?3 The initial 

adduct 14 decomposes into isobenzofuran 

and a nitrile.24 Another molecule of ben- 

zyne traps the isobenzofuran to give adduct 

15. 

Isobenzofuran was isolated simulta- 

neously by three different groups, via retro- 

Diels-Alder reaction with derivatives of 8. 

Warrener*?> applied 3,6-di(2’-pyridyl)-s- 

tetrazine (Scheme 2) as the diene compo- 

nent with 8 to prepare adduct 16, which 

loses nitrogen to form 17. By decomposing 

17 under reduced pressure at 120°C, 1 and 

dipyridylpyridazine were trapped onacold 

finger. Wege?¢ isolated isobenzofuran in a 

similar experiment with lactone 11. The 

simplest and most rapid route to relatively 

large quantities of 1 involved flash-vacuum 

thermolysis (FVT) of 1,4-epoxy-1,2,3,4- 

tetrahydronaphthalene (18).! When this 

compound is evaporated at 0.1mm Hg into 

an unpacked quartz tube (25cm long, 0.8in. 

diam) heated at 650°C, ethylene is expelled 

and a quantitative amount of colorless 

crystals of pure 1 is collected ina cold trap 

connected to the tube (see Figure 1), at a 

Figure 1 

quartz tube 

to pump 

0.1 mm 
starting 
material 

liquid No 
trap 

rate of S-10g/h. In organic solvents, 1 

homopolymerizes at room temperature but 

it can be stored in the refrigerator for 

longer periods. These solutions react in- 

stantaneously and quantitatively with 

dienophiles such as maleic anhydride and 

methyl vinyl ketone to produce mixtures of 

exo- and endo-adducts 19.':!5 With less 

Hay, 

OC 
Hp Re 

a 

19 
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Scheme 2 

Py Py Py 

cs Noah Sie SN 
ih | + oS 1 || — | 
N N N -N aN 
4 

Py ii 7a, 

8 

He P 

: In 

Py = 2'-pyridyl 

18 

reactive olefins such as styrene or cyclohex- 

ene, homopolymerization of 1 starts to 

compete with the Diels-Alder addition.! 

The exo- and endo-isomers 19 are nicely 

distinguishable by NMR:?! the bridgehead 

methine protons H, in the exo-isomers 

show no coupling with the Hy, protons, 

while in the endo-isomers, Jas is about 

5Hz.?’7 In most of the adducts, the 1,4- 

oxygen bridge can be easily eliminated un- 

der mildly acidic conditions to naphthalene 

derivatives, or to naphthols with adducts of 

acetylenic dienophiles.2,20.28 

Several condensed aromatic compounds 

are rapidly prepared via isobenzofuran 

(Scheme 3), e.g. 2,3-benzofluorene (20), 

benzonaphthofuran (22), 5,12-naphtha- 

cenedione (23), and benzo[k]fluoranthene 

(24).2? 3,4-Dimethylmaleic anhydride does 

not react with furan to give the Spanish fly 

component cantharidin;3? however, its 

benzo analog 25 is rapidly formed with 1.?9 

Some adducts could not be dehydrated to 

the corresponding naphthalenes, e.g., 

those of methyl vinyl ketone?? and benzo- 

16 

650°, 0.1 mm Hg 

-CoH,4, 100% 

The reactivity of the isobenzofuran 

moiety in Diels-Alder reactions and its ver- 

satility as a synthetic intermediate are also 

illustrated with numerous reactions of 1,3- 

diphenylisobenzofuran (2).!4!533 A new 

synthesis*4 and new reactions*> of 2 were 
very recently reported. The photochem- 

istry and the reaction of 2 with singlet oxy- 

gen have also been well studied.!5 

1,3-Dialkylisobenzofurans and some 4-, 

5-, 6-, or 7-substituted isobenzofurans are 

prepared by the FVT method of Wiersum 

and Mijs.'! This method was developed in- 

dependently by Heaney and coworkers,%¢ 

who prepared 4,5,6,7-tetrafluoro- and 

4,5,6,7-tetrachloroisobenzofuran which, as 

their isoindole analogs, 3’ are considerably 

more stable than the parent systems. 

The FVT method was also applied to the 

preparation of 1-benzylisobenzofuran 

(30).38 It was demonstrated39 earlier that 30 

shows an interesting tautomerism with 

benzalphthalan (29), formed via dehydra- 

tion of hemiketal 28 (eq. 2). In the presence 

of dienophiles, the equilibrium shifts 

ee I-dioxidet gave deviant reac- towards 30 and the Diels-Alder adducts are 
ions.3? 

eo Cc 

ae) ae 
ae 

ie) 

22 

i 24 
Hy 

23 mS \ ch, 
i's CH, Oo CCH, 

fe} 

Oo CH \ 

OOO Quin. - 
25 Cho 26 st 

: — 

re) H*, -H20. OF a ~ 9 __ +» products 

Ho CH.Ph CHPh CH,Ph 
28 29 30 (eq. 2) 



formed. Several adducts of 30 and their 

conversion to naphthalenes have been 

reported.*8 

Isobenzofuran synthesis via a hemiketal 

precursor goes back to the formation of I- 

benzoyl-3-phenylisobenzofuran*? and 1,3- 

diphenylisobenzofuran (2).4! The linearly 

annelated 1,3-diphenylnaphtho[2,3-c]- 

furan (32), less stable and more reactive 

than 2, was also prepared‘? via the cor- 

responding hemiketal 31 (eq. 3). Never- 

theless, isobenzofuran generation at am- 

bient temperatures from hydroxy- or 

alkoxyphthalan derivatives was only 

recognized as general in 198(0.2.2843 

Methoxyphthalan (34), rapidly prepared 

from phthalyl alcohol (33), gives the parent 

isobenzofuran (1) in quantitative yield by 

treatment with lithium diisopropylamide 

or by refluxing in toluene (eq. 4).? 

Essentially similar in the final step is the 

generation of 5,6-dimethoxyisobenzo- 

furan (37).43 6-Bromoveratraldehyde (35) 

is converted in a number of steps to 1,5,6- 

trimethoxyphthalan (36) which spon- 

taneously yields 37 in situ which, in turn, is 

trapped by dienophiles to yield adducts 38 

(Scheme 4). 

Methoxy- or alkoxy-substituted iso- 

benzofurans are of special interest for ap- 

plication in natural-product synthesis. An 

ingenious route (Scheme 5) to l-arylnaph- 

thalide ligands 40 was reported by 

Plaumann, Smith and Rodrigo.‘ Piper- 

onal and 35 provide the ketal 39, the 

precursor to the isobenzofuran derivative 

that is reacted with dimethyl! acetylenedi- 

carboxylate to give the Diels-Alder adduct 

which is hydrolyzed to the naphthol and 

then reduced to 40. 

In another application, Kende and 

coworkers*> generated 4-methoxyisoben- 

zofuran (41) via the a-pyrone method,” as 

an intermediate in the construction of the 

tetracyclic skeleton of the aglycone part 

(42) of daunorubicin, used in cancer 

chemotherapy (eq. 5). 

1-Phenylisobenzofuran (44) is generated 

from 2-methylbenzophenone via photo- 

bromination to 43, and _ subsequent 

elimination of hydrogen bromide by boil- 

ing in carbon tetrachloride (eq. 6). 44 is 

trapped by dienophiles and the adducts 45 

are, under the acidic reaction conditions, 

converted directly to naphthalenes 46.4¢ 

With methyl vinyl ketone as dienophile, 

only 1-phenyl-2-acetylnaphthalene was 

formed in this sequence. 

o-Carbonylated phenylcarbenes yield 

isobenzofurans; for example, the photol- 

ysis of 1,4-diphenylphthalazine- N-oxide to 

1,3-diphenylisobenzofuran is thought to 

proceed via o-benzoyldiphenylcarbene.47 

l-methoxyisobenzofurans 492 are 
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generated and trapped*’49 in the copper- 

catalyzed decomposition of o-diazo- 

methylbenzoates 47, via the carbene 48 (eq. 

7). In the absence of a trapping dienophile, 

the cyclic orthoester 50 was formed by the 

addition of alcohols. It was not discussed if 

this ester reversibly forms 49. The question 

of whether the addition of alcohols to iso- 

benzofurans is reversible and the possible 

existence of equilibria like 1 = 34 or 36 = 37 

remain to be further investigated.” 

Bromine reacts instantaneously with iso- 

benzofuran (eq. 8).°° Work-up in the pres- 

ence of methanol gives phthalaldehyde 

(53), presumably via intermediates 51 and 

52.50 |-Hydroxyphthalan can be prepared 

via autooxidation of phthalan.4! The free- 

radical chemistry of I-methoxyphthalan 

(34) has been studied.>! 

GENERATION OF RELATED 
o-QUINONOIDS BY FLASH- 
VACUUM THERMOLYSIS 

Several reactive o-quinonoid interme- 

diates have been generated and character- 

ized by FVT procedures. FVT has ex- 

panded the scope of the retro-Diels-Alder 

reaction enormously.*2 Expulsion of 

ethylene from  tetrahydronaphthalenes, 

analogous to the procedure for isobenzo- 

furan,! is rather general. Isoindoles 55 (eq. 

9) are obtained from 1,4-imino-1,2,3,4- 

tetrahydronaphthalenes 54,!1,3637 The 

iminodihydronaphthalenes 56 are good 

dienophiles.*354 Isoindole chemistry con- 

tinues to grow.°> 

—_— 

56 

1,4-Methano-1,2,3,4-tetrahydronaph- 

thalene (57) yields indene (59) quantita- 

tively (eq. 10).! The intermediacy of isoin- 

dene (58) as a discrete species in this reac- 

tion could not be firmly established with 

photoelectron spectroscopy.*® This 

method,» in addition to matrix isolation,*8 

is a good tool for the characterization of 

reactive intermediates. Indenes thermally 

equilibrate to isoindenes5? and can be 

trapped with olefins.® 

Methylene-methanotetrahydronaph- 

thalenes 60 show a deviant reaction 

(Scheme 6) to form cyclopentaindenes 61,36 

which ultimately form benzof{a]fulvene 

(62) in good yield.6! No isobenzoful- 

vene (63) was found. 
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Tetralin (64) itself was intensively 

studied as a hydrogen donor in coal 

technology.®? Laser-induced decomposi- 

tion experiments (eq. 11) indicate that 

benzocyclobutene (65) is the primary 

product,®3 but under FVT conditions, 

styrene, indene and naphthalene are major 

products..63 Benzocyclobutene (65) un- 

dergoes thermal ring opening (eq. 12) to o- 

quinodimethane (5). o-Quinodimethanes 

are highly reactive dienes that enable a 

similar annelation approach, as via iso- 

benzofurans. The field, opened by Cava‘ 

who trapped 5 in the pyrolysis of 1,3- 

dihydroisothianaphthene-2,2-dioxide (66), 

has been extensively reviewed.!665.66 A 

large number of preparative approaches to 

benzocyclobutenes, including many FVT 

procedures, have been found.!®59 

Intramolecular Diels-Alder cyclization, 

via benzocyclobutene = o0-quinodi- 

methane intermediates, has been applied to 

natural-product synthesis by Oppolzer® 

and Kametani.6? Cava prepared 4-de- 

methoxydaunomycinone®’ (42) similarly. 

His method for the generation of benzo- 

cyclobutenes from sulfones of type 66 (eq. 

12) was recently applied to the total syn- 

thesis of steroids,®? an alternative to the 

cobalt-catalysis method of Vollhardt.®? 

FVT of o-methylbenzy! chloride (67) is 

an excellent method of preparation of 65 

(eq. 13).7° Cyclobutapyridines 68 and 69 

are prepared in a similar way.’! 

The mechanism of the pyrolysis of 67 

was studied by deuterium labeling.” FVT 

of 2,4,6-tris(chloromethyl)mesitylene (70, 

eq. 14) gives hexamethylenecyclohexane 

OCH, “aoe (71, hexaradialene) in good yield.!673.74 p- 
‘s H20 Quinodimethane (72) can be isolated by 

(eq. 8) =FVT of [2.2]paracyclophane.”> Boekel- 
CHO eee ; 

52 OCH, 53 heide’* applied benzocyclobutene pyrol- 

ysis to the preparation of multibridged 

800° Ci) = (Gis ae 
57 59 

58 

Scheme 6 
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cyclophanes. Hexaradialene (71) is struc- 

turally related to triphenylene and its 

heterocyclic analogs, e.g., benzo[1,2-c:3,4- 

c’:5,6-c’Jtrifuran (74). Several isoannel- 

ated furans, including 74, have been 

prepared (eq. 15) from the corresponding 

epoxy precursors’ such as 73, via retro- 

Diels-Alder FYT reaction. Non-linear 

annelation stabilizes the isobenzofuran 

structural system.’6 

Naphtho[2,3-c]furan (75, X = O) is ex- 

pected to be much more unstable and is still 

unknown. However, the thiophene analog 

(75, X = S), much less stable than 3,77 was 

isolated via FVT of the corresponding 1,3- 

dihydrosulfoxide,’”® according to Cava’s 

dehydration method.? This route was also 

successful for the synthesis of benzo[c]- 

selenophene (76),”? thieno[3,4-b]pyridine 

(77), and thieno[3,4-c]pyridine (78).8°.8! 

Cae Se S 
nee ~N mS 

N 
76 Tite 

a 
S 

NN U*> 

78 

Furo[3,4-c]pyridine (6) was prepared 

(eq. 16) by FVT of 5,8-epoxy-5,6,7,8-tetra- 

hydroisoquinoline (79).'7 6 has synthetic 

potential similar to isobenzofuran, as il- 

lustrated by the preparation of 8-aza-5, 12- 

naphthacenedione (80).!7 

Tetrahydrobenzofurans 81 produce 2,3- 

dimethylene-2,3-dihydrofurans 7, which 

form a mixture of Diels-Alder adducts (82) 

with activated olefins (eq. 17).!8 7 is also 

obtained by FVT of 2-methyl-3-acetoxy- 

methylfurans.82 Hexaradialene (71) has a 

heterocyclic counterpart in furanoradi- 

alene (84), formed in a two-step retro- 

Diels-Alder reaction (eq. 18) of octa- 

hydrodibenzofuran (83).83 Another 

teresting FVT preparation of a furan is the 

formation of methylenecyclobutenone (85) 

from furfuryl benzoate.*4 

in- 

Heteroanalogs of o-quinodimethane (5) 

have also been characterized and are ex- 

pected to have good synthetic potential as 

well.” o-Quinonemethide (87), usually 

isolated as the trimer 88,*° can be generated 

from various precursors.°8 FVT of 

chroman (86)*° gives trimer 88 above 800° 

(eq. 19), but other fragmentations occur at 

lower temperatures.* In contrast to the o- 

quinodimethane series, o-quinone- 

methides definitely exist in the open form 

(87). The parent oxetene (89), however, 

was isolated at low temperature via FVT, 

although it rearranges rapidly to acrolein 

at room temperature.’’ 

In the sulfur series, benzo[b]thiete (91) is 

obtained in good yield as a relatively stable 
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compound,** but it dimerizes and 

dergoes Diels-Alder reaction” via the open 

thio-o-quinonemethide 90 (eq. 20). The 

formation of 91 in the high-temperature 

pyrolysis of thianaphthene-1,1-dioxide®? is 

mechanistically interesting, in comparison 

to the SO extrusion” in the conversion 21 

— 22.29 Dithio-o-benzoquinone (92) is 

reported as an FVT_ intermediate.%! 

Preparatively interesting is the FVT reac- 

tion (eq. 21) of benzodioxane (93) which 

shows a genuine retro-Diels-Alder reac- 

tion.22, The primary product o-benzo- 

quinone (94) is unstable at the applied 

temperature, and, contrary to p-benzo- 

quinone,” loses one molecule of CO to 

un- yield cyclopentadienone, ultimately 

isolated as its dimer (95) in good yield. At 

temperatures above 800°, 

methide (87) also begins to decarbonylate, 

thus representing a simple preparation of 

fulvene (96).%4 

o-quinone- 

Many more FVT reactions, as sum- 

marized here, can be run with the simple 

apparatus shown in Figure 1. In connec- 

tion with isobenzofuran chemistry, the 

preparation of isobenzofuran-4,7-quinone 

(98, eq. 22) via 1,4-epoxy-5,8-dimethoxy- 

1,4-dihydronaphthalene (97) must be 

recalled.2° Diepoxide 99 (eq. 23) is the ma- 

jor metabolite of 8 in rats.9’ It is rapidly 
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prepared from 8 by m-chloroperoxy- 

benzoic acid oxidation and yields o- 

formylcinnamaldehyde (100) and indene 

(59) in equal amounts,®8 when subjected to 

PY T: 

CONCLUSION 

Isobenzofurans have become readily 

available synthetic intermediates which 

can add two rings at an olefinic bond in one 

step. The presence of the oxygen bridge in 

the adducts implies aromatization to 

naphthalene derivatives or hydroxyl func- 

tionalization as further strategic pos- 

sibilities. In the complementary case of 

benzocyclobutene addition, a tetralin unit 

is constructed. Heterocyclic analogs of 

isobenzofuran such as furopyridines, thia- 

o-quinonemethides and dimethylene- 

dihydrofurans allow, in a similar way, the 

construction of, for example, isoquino- 

line, thiachroman, or benzofuran units. 

The recent abundance of data on the 

generation of a great variety of the title 

intermediates certainly enables new ap- 

proaches in natural-product synthesis. The 

FVT method is a synthetic means of great 

value for the title compounds. 

Another important conclusion is that 

FVT is a synthetic method of general 

utility?> which encompasses many areas of 

organic chemistry.!%%9 Isotope labeling of 

the starting materials in FVT experiments 

makes these unimolecular, clean, gas-phase 

reactions likewise suited for mechanistic 

studies. 
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The Role of Silver Salts 
in Organic Processes 

INTRODUCTION 

In the early 1970’s, topical reviews'*° 

and resources such as the Fiesers’ Reagents 

for Organic Synthesis highlighted many 

uses of silver compounds in organic syn- 

thesis. This article extends that perspective 

by supplementing earlier citations with re- 

ports of recent applications such as rear- 

rangements and isomerizations, cycloaddi- 

tions and ring expansions, oxidative cleav- 

ages and couplings, and alkylations. 

Despite its wide range of applications, 

silver chemistry has remained rather 

specialized, an inference readily drawn 

from literature of the mid-seventies. Ozin’ 

described some rather selective silver 

chemistry (including the use of silver sup- 

ported on silica in the catalytic oxidation of 

ethylene) in his account of metal-ion-ma- 

trix chemistry; however, Kozikowski and 

Wetter’ reviewed transition metals in or- 

ganic synthesis with great emphasis on first- 

row (Group B) elements and platinum- 

group metals but made no mention of sil- 

ver. 

SILVER CARBONATES 
AND CARBOXYLATES 

McKillop and Young’* recently reviewed 

the use of supported reagents in organic 

preparations and highlighted numerous ap- 

plications of the Fetizon reagent (silver car- 

bonate on Celite) including: 1) general, se- 

lective and unusual oxidations; 2) frag- 

mentation reactions; 3) rearrangements of 

bromohydrins; and 4) oxidations of nitro- 

gen compounds (see Fig. 1). 

The Fetizon reagent is most effective 

when prepared immediately before use; the 

Fiesers described its role in the oxidative 

coupling of phenols and anilines (eq. 1)* 

and in the oxidation of 1,4-diols to 

lactones.°® 

In the course of the recent synthesis of 

(+)-2-acetyl-5,8-dimethoxy-1,2,3,4-tetra- 

hydro-2-naphthol, 2, anintermediate in the 

synthesis of anthracyclinones, the Fetizon 

reagent was the only suitable means of oxi- 

dizing 1 to 2 (eq. 2).’ Attempts to effect the 

conversion with Collins reagent, pyridin- 

ium chlorochromate, pyridinium dichro- 

mate, or NCS/Me.S/Et;N were unsuccess- 

ful. 

Examination of some reactions charac- 

teristic of unsupported silver carbonate 

shows that the elimination of silver halide, 

the driving force for a large number of sil- 

ver-induced transformations, is frequently 

utilized; eq. 3 is an example. 

Work on glycoside synthesis showed 

that, relative to the Konigs-Knorr synthesis, 

improvements in reaction conditions and 

yield could be achieved by treating gluco- 
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pyranosyl bromides with appropriate silver 

salts of dicarboxylic acids or hydrocarbox- 

ylic acids.* Extended to alcohols of various 

types, the reaction sequence seems to follow 

a trimolecular synchronous mechanism 

(eq.4). 
A variety of tertiary alkyl chlorides have 

been converted to di-t-alkyl ethers by a 

slight excess of silver carbonate in pentane 

at 20°C (eq. 5).° The yield of the hindered 

ether decreased as the alkyl groups became 

bulkier. Silver oxide was not as effective in 

promoting the conversion as shown by 

comparative data (Table 1). It was sug- 

gested that calcium hydride suppressed the 

formation of the alcohol by reacting with a 

postulated silver hydroxide intermediate. 

Preparations of these hindered ethers using 

HgO, ZnO, ZnCOs;, PbO, and T1,0; were 

not satisfactory. 

Silver carbonate was found to bethe most 

effective of a variety of silver salts used as 

catalysts in novel syntheses of enol esters 

from carboxylic acids and acetylenic com- 

pounds (eq. 6)."° 

Another transformation attributed to 

the chemists who popularized the reagent is 

the Prévost-Woodward'» reaction which 

utilized silver acetate and iodine in tandem. 

In wet acetic acid, the reagent converted the 

olefinic diketone 3 (eq. 7) to the diacetate 4 

as part of a stereocontrolled total synthe- 

sis'' of the triacetate precursor of 20-hy- 

droxyecdysone, a highly oxidized crusta- 

cean molting hormone. 

The Prévost reagent is also commonly 

known as the silver benzoate-iodine com- 

bination; Gunstone”’ described this reagent 

and its variations in conjunction with trans- 

hydroxylation of olefins as a function of re- 

action stoichiometry (eq. 8). 

The reagent also cleaves a-glycols to car- 

bonyls'? and may be effective in transfor- 

mations where complications from free io- 

dine are negligible. 

Arecent report on thesynthesis of a-acyl- 

oxy carbonyl compounds featured a study 

of the oxidation of enol silyl ethers by seven 

different silver carboxylate-iodine combin- 

ations.'* 

PRINCIPAL ACTIVE AREAS 

A few selected topics which represent 

areas of most active research involving 

silver salts in organic processes are: 

1) general synthetic procedures which 

are ‘‘silver-assisted’’ 

2) oxidative processes, also frequently 

described as ‘‘silver-assisted’’ 

3) rearrangements and ring contrac- 

tions 

4) cycloadditions and ring expansions 

5) alkylations and dealkylations 

6) protecting-group removal and other 

specialized uses. 

CH, 
Fetizon 

2 HO _Reagent . oC 98% (eq. 1) 

CH; 

OCH, OH Fetizon OCH, 
Reagent a ts 

Mone CH y~ Coe 90% (eq. 2) 
reflux 

0.5h 
OCH, 

AcO CH,0Ac CH,0Ac 

0 
Ag,CO aC + Ag,CO, = “yee (eq. 3) 

AcO 

Br 75-80% 

A 
ACOSO es R AcO-_ CH,OAc 

oO. ---HO (-AgBr) 1°) 
gE ONY Tuas c (eq. 4) 

tam Vo-¢ )CH-CH, AcO 

" "Ag CH- CH, A 

Ag2COz i 
- —— - - t-BuCl Ccthe t-Bu,O + t-BuOH + olefin (eq. 5) 

age!) 73% 7% 16% 

TABLE 1 
YIELD (%) 

SUBSTRATES CONDITIONS [Et(Me),.C],0 Et(Me),COH olefin 
Et(Me).CCl; Ag,CO; hexane/20°/20h 47 21 32 

Et(Me),.CCl; Ag.O hexane/35°/20h 34 27 39 

Et(Me),CCl; Ag,O/CaH, hexane/35°/40h 16 1 83 

Ag2,CO _C=CH-R?2 
R'-C=C-R’ + R™-COOH eae OR Ceca (eq. 6) 

OCOR 

ie) 

AgOAc/I 
45°C : (eq. 7) 

CH, CH, CH,OBz! 
CH excess CH excess HC-OBz! i 

80% H¢-oB21 olefin cH en He-oBzI 60% (eq. 8) 

CH,OBz! CH, ne CH,OBz! 

oO Oo 

6 '6 a SS a CH,Br  _AgBr os 4 AgBr (eq. 10) 

2R’,NH 
MSR + RSNR, +RjNH,X_ RSSR + (M(x) 

where R = alkyl, aryl; (M)(X) =AgNO;, AgOAc, HgCl, 

(eq. 11) 

AcO—-= Willa: Elect pias a ee (eq. 12) 
OAc 
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Silver-Assisted Transformations 

There are many ways in which the silver 
ion assists in organic transformations to 
yield unique products. Its solubility proper- 
ty is exploited in eqs. 9'' and 10.'° 

Equation 11 depicts the synthesis of sul- 
fenamides, important intermediates in or- 
ganic synthesis. Their preparationis greatly 
simplified in a one-pot synthesis"’ in which, 
compared to eqs. 9 and 10, more direct in- 
teraction of the silver ion with substrate oc- 
curs. Mercuric chloride is preferred where 
silver nitrate reacts with the amine; how- 
ever, somewhat lower yields and dimin- 
ished product stability are obtained with the 
mercury salt. 

A formidable synthetic problem invol- 
ving Diels-Alder routes to potential tricho- 
thecene precursors was solved by the use of 
silver acetate as shown in eq. 12.!8 

Silver cyanide has a catalytic effect in the 

reaction between acid chlorides and alco- 

hols to form hindered esters. The data ap- 

pear to rule out acyl cyanide intermediates 

although precise definition of the mecha- 

nism is complicated by the fact that silver 

trifluoroacetate or carbonate as wellas cop- 

per cyanide are ineffective for this transfor- 

mation.'* 

Silver ion can be used to activate 2-pyri- 

dylthiol esters by complexation to promote 

lactonization.”° 

The silver-assisted methanolyses of 5and 

6 (eq. 13) are particularly interesting 

because in 5 the silver ionis subject to acon- 

certed interaction involving both 7-com- 

plexation with the double bond and the at- 

traction leading to bromide displacement. 

Ensuing rearrangement results in an unex- 

pectedly great proportion of secondary 

product (13%) in comparison with metha- 

nolysis of 6 which favors the halide dis- 

placement with minimal competition from 

the Ag-7rinteraction.?! 

Irradiation of an acetonitrile solution of 

norbornene and silver trifluoromethane- 

sulfonate (AgOTf, silver triflate) effects a 

conversion (eq. 14) involving a surprisingly 

complex mechanism.?? 

Mechanisms have been proposed for a 

number of silver-assisted transformations. 

The reaction of terminal alkynes with io- 

dine in methanol may produce diiodoal- 

kenes via a molecule-induced homolytic ra- 

dical mechanism, but in the presence of sil- 

ver ion, diiodoketones and substitution 

products are also formed in considerable 

yield, presumably via anionic mechanism. 2? 

A mechanistic study of the reactions of 

methylallyl chlorides with silver nitrate in 

acetonitrile has been reported,”‘ and theste- 

reoelectronic controlin the Syl mechanism 

lL of the silver(I) ion-catalyzed acetolysis of 

CH, Br CH,~_-OCH, CH,O__CH, 
Agt 

CH,OH> + 

5 87% 13% 

Br._CH, (eq. 13) 

Ag* 
9, 0, CH,OH 3% 97% 

6 

+ AgOTf ad CH,CN 93% 14 CH3CN 2 0 (eq. ) 

OH of 

H ” CH Ag20 0. . Oe. 2 92 

+ | CgHe 
‘OH OCH, acetone 

workup 
OH O 

OH (eq. 15) 
O.  CH,OH 

HO 0. ie OCH, 

OH OH 
OH O silybin 

OCH, OCH, OCH, 

Ag(II) ox. OAS ey 

HOAc/KOAc (eq. 16) 

~70% OAc 

~30% 

various bromo-4-en-3-oxo steroids was re- 
cently discussed.?$ 

The determination of mechanisms in 
transformations involving natural product 
derivatives is a complex exercise. The oxi- 
dative coupling of substituted catechols 
with isoeugenol or coniferyl alcohol in the 
presence of Ag,O is highly regioselective 
when the catechol bears an alkyl substitu- 
ent.*° While a free-radical coupling mecha- 
nism has been proposed similar to that sug- 
gested for the biosynthesis of silybin,?’ the 
possibility that a 7-silver complex is as- 
sisting the reaction warrants further investi- 
gation. Evaluation of the system is made 
more interesting in that the best route to a 
simple biomimetic synthesis of silybin in- 
volved oxidation with equimolar amounts 
of silver(I) oxide (eq. 15).?° The reaction 
seemed to be fairly general in scope. 

The coupling of selectively blocked bro- 
mosaccharides can be effected with either 
silver triflate or Ag,CO;/AgClO,.* 

Selected Oxidations 

As part of a series on metal-ion oxida- 
tions, Nyberg and Wistrand?? discussed the 
oxidative acetoxylation of aromatic com- 

pounds in acetic acid by silver(I) complexes 
with nitrogen-containing ligands. Such 
high-yield catalytic reactions can be initi- 
ated either by presynthesized Ag(bpy).S.O, 
or by a AgOAc/2,2’-bipyridine/K,S,O, 
mixture. The procedure may be useful for 

the preparation of alkoxy- and hydroxy- 

substituted derivatives of aromatic acetates 
(eq. 16). 

Comparative studies were carried out 

with Ag(II) complexes having non-oxidiz- 

ing counterions, viz. silver(II) dipicolinate 

and Ag(bpy).(OTf),. The reaction pro- 

ceeded independently of the anion via a 

mechanism involving removal by Ag(II) of 

one electron from the aromatic substrate to 

forma radical cation. Previous studies have 

shown that the primary oxidant is indeed 

Ag(II), formed by the action of S,0,?-(or 

SO,°*) on Ag(I).°° The authors also reported 

catalyst efficiencies of between 1,500 and 

almost 10,000%. 

Silver dipicolinate has also been shown to 

act as a highly selective oxidant in the syn- 

thesis of novel quinones (eq. 17).?! 

Persulfate-silver ion oxidations of nu- 

merous substrates have been reported re- 

cently, along with much discussion on the 
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eae The development of this area 

bears considerable potential for new selec- 

tive synthetic procedures. 

| In order to better define the role of the 

silver ion, Caronna et al. used protonated 

quinoline to trap nucleophilic free-radical 

intermediates formed during the oxidation 

of various alcohols.?? The authors conclud- 

ed that alkoxy radicals were formed in all 

cases (eq. 18). 

Drawing similar conclusions, Walling 

and Camaioni emphasized that both the 

oxidants SO,‘ and Ag(II) are present in such 

systems and may show different selectivity 

patterns yielding very different products.” 

Clerici?* reported new types of selective 

homolytic aromatic substitutions involving 

protonated heteroaromatic bases. The 

reaction shown in eq. 19 occurs in lower 

yield in the absence of Ag*. 

Clerici and Porta?’ showed that unsatu- 

rated aliphatic and arylalkyl alcohols were 

oxidized by S.0,?/Ag* to cyclic ethers 

through different pathways. Contributing 

factors included chain length and hetero- 

atom influence; the primary step is the for- 

mation of the alkoxy radical and hydrogen 

abstraction. 

Silver ion has also assisted pyridinium 

chlorochromate in the oxidation of tertiary 

2-alkylcyclopropylcarbinols to corre- 

sponding £,Y-unsaturated ketones (eq. 

20),?° a synthetically useful method for 

1,4-carbonyl transposition. 

Rearrangements/ Ring Contractions 

Silver-ion-induced ring contraction of 

steroidal bromohydrins is both stereospeci- 

| fic and highly dependent upon the confor- 

mation of the bromine atom.*’ Asineq.3A 

(Figure 1), ring contraction occurs if the 

Ag.. H 

Br 

bromine atom is equatorial; if the bromine 

is axial, oxide or ketone formation (via 

hydride shift) occurs. 

Schell?® recently reported the first ionic 

rearrangement product isolated from a 

silver-ion-induced reaction of a chloramine 

(eq. 21) as part of a continuing model study 

for the synthesis of alkaloids containing a 

bridgehead nitrogen. 

The procedure allows the isolation of pri- 

mary products in good yield by preventing 

oxidation of immonium-ion-rearrange- 

ment products and minimizing production 

of secondary amines. 

Silver perchlorate catalyzes loss of nitro- 

gen from the strained-ring diazoketone 7 to 

yield an a-ketocarbene which undergoes 

.e) Ag(pic)2 

NaOAc 
CH,O 

OCH, 

R-OH + Ag” SEI 

S,037/Ag 

20/CH3CN 

| 

ssbeae 
OH PCC 

x's CH 
AgNO 3 ~~ + 

CH 
Oo 

53% 

N-Cl AgBF, 

CeyHe ZN 

(-AgCl) 

(CH3)2C=C(CHs)2 

ZA 
AG “ _AgO2CCFs 30% (eq. 23) 

iso-C5Hy2 j 
CH, -78°C 

further rearrangement (eq. 22).*° Sodium 

carbonate prevented possible acid catalysis, 

but its presence raised the possibility that 

silver carbonate might have been a partici- 

pating entity. 

A similar study has shown that only ap- 

propriate substitution of the benzotricyclo- 

heptene framework with labilizing substitu- 

ents permits silver-ion-induced skeletal re- 

arrangement. *° 

oe oe Clea. 19) 

H 

48% 

ul 
CH,=CHOCCH, 

CH,O 

+ Ag* + H* (eq. 18) 

15% (eq. 20) 

no chloroolefin 

HO 
+ 44% 

CH,O 
OCH 

30% ; 

O 
i} 

CH,CO 31% (eq. 22) 

Oo 

he) 

71% 

Cycloadditions/Ring Expansions 

Several studies by Hoffmann and co- 

workers‘! on cycloadditions of allyl cations 

to conjugated dienes have provided data 

pertaining to both reaction conditions and 

the role of various silver counterions in the 

process. The authors stated that the most 

important factor in optimizing the yield ofa 

reaction such as shown ineq. 23 is the nature 

of the silver counterion. 
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The authors were also able to initiate the 

first cycloaddition of an open-chain diene 

(eq. 24). 

If silver tetrafluoroborate is used in the 

reaction, the BF," ionis not effective in sta- 

bilizing postulated intermediates, and can 
cause the untimely production of HBF, 
which promotes the polymerization of re- 
actants and products. Electrophilic cata- 
lysts such as silver benzoate or silver acetate 
give only allylic esters, even with the reac- 
tive cyclopentadiene. 

Silver trifluoroacetate seemed to be even 

more effective than the trichloroacetate be- 

cause it is soluble in both ether and water, it 

bears considerable thermal and photo- 

chemical stability, and it liberates little if 

any trifluoroacetic acid. Silver trifluoro- 

acetate supported on diatomite resulted in 

little change in product yield or distribu- 

tion, indicating that the reaction can pro- 

ceed in either a homogeneous or heteroge- 

neous mode. 

Silver trifluoroacetate has been used 

more recently to promote the reaction of al- 

lenyl cations with dienes (eq. 25).*? 

Jendralla** has been able to isolate ther- 

mally stable, moderately light-sensitive 

trans-cycloheptene derivatives with 

AgClO, and AgOSO,CF,, and carry out cy- 

cloadditions with several dienes (eq. 26). 

Both AgBF, and AgPF, have been ap- 

plied to the cycloaddition of vinyl bromides 

to various olefins in methylene chloride.‘ 

The method gives high yields and appears to 

be widely applicable. 

Loozen‘**’** has investigated the silver- 

ion-assisted ring expansion of geminal di- 

bromobicycloalkanes, and has discussed 

the application of silver perchlorate, silver 

tosylate and silver nitrate to complex trans- 

formations such as shown in eq. 27. The 

method enables the stereospecific synthesis 

of medium-sized rings apparently viaa free 

cationic intermediate. 

Alkylations/Dealkylations 

Silver perchlorate promotes the reaction 

of alkyl iodides with the thiazulene 8 to give 

thiazulenium salts in various yields (eq. 
28) a2 

Silver chloride/methyl iodide was used 

recently to methylate at nitrogen in the er- 

goline ring system of ergot alkaloids (eq. 

29).* 

A silver(I) oxide/CH;I methylation of a 

hydroxyl group of the anthraquinone 9 was 

carried out in chloroform (eq. 30).*? 

Oxidative demethylations*°~*? are com- 

monly carried out with AgO (eqs. 31 and 

32). 

Both Ag.O and AgO have been used by 

Farina and Torres* in the synthesis of naph- 
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N-C-NH, __NaHCOs, NaHCO, x OCH, 
Cae oko | 1 joc, * Soe | 

¥ (eq. 26) 

H Br HOR 

mu Be Ag? - B (eq. 27) —— Gy Cr r eq. 
H ROH OR 

Br H 

Ph «7 Ph Ph « ? Ph 

AgCl gui C10, 
pce ould eke 

CI UY CH,Cl, Ce JO (eq. 28) 
Ss 

8 

Yields: R=CH, 87%; R=C,H,; 79%; R=n-C,H, 50% 

CO,H cO,H 

LE 
| 1) CHg! l 
N AgCl 
ee yy eq. 29 2) H2/cat ae eoeee) 

HCI 

HN HN 
fo) 0 

fe) fo) 
OTMS OTMS 

CH31/Ag,0 
ra ge a (eq. 30) 

OH O OCH, CH,O7} 0) “OCH! 

9 

oa 4 fe) 

fe) 
OH A ude, DS ia (eq. 31) 

R R | 
OCH, O 

9 CH, 
CHO (ica rf) fe) 

CH,O H CH,O O 
N CH, AgO + (eq. 32) 

CH; Zz CH; CH; 
OCH, fo) OCH, 

3 2 

Aldrichimica Acta, Vol. 14, No. 4, 1981 67 



294 

thoquinone derivatives which are valuable 

intermediates in the preparation of anti- 

tumor anthracyclines. An unexpectedly 

convenient synthesis of o-naphthazarin 

(5,6-dihydroxy-1,4-naphthoquinone), 10, 

arose from an attempt to prepare the thio- 

acetal 11 from 5,8-dimethoxy-2-tetralone 

(eq. 33). 

Specialized Applications 

Olah** has used the industrial chemical 

trichloroisocyanuricacid inplaceof N-chlo- 

rosuccinimide in the cleavage of ethanediy] 

S,S-acetals, a reaction which can be carried 

out quickly at room temperature in the 

presence of silver nitrate (eq. 34). 

Removal of the protecting group DBMB 

from 2-dibromomethylbenzoate esters has 

Gun 

co- 

been carried out under exceptionally mild 

conditions with silver perchlorate/lithium 

bromide.*> This technique should be useful 

in transformations involving sensitive com- 

pounds such as oligonucleotides; its appli- 

cation in the synthesis of adenylyl- 

(2'—5')-adenylyl-(2'~ 5')-adenosine has 

been described.*® 

DBMB 

Deprotection of theacetylenicintermedi- 

ate 

Z 

(cH,),Si “CH OL 

was carried out with AgNO;-KCN because 

KF/DMEF/H.O led to aldol condensation 

products.°*’ 

A new method for generating oxyallyls 

from a-bromoketones uses silver tetrafluo- 

roborate/NEt; to promote the reaction in 

the presence of various furans.** This pro- 

duces cycloadducts useful in the synthesis 

of biologically active analogs of a-multistri- 

atin (eq. 35). 

Studies on the thermal decomposition of 

silver salts of aryldinitromethanes in the 

presence of unsaturated systems*’ and of 

arenesulfinates® have shed additional light 

on a relatively unexploited area of silver 

chemistry. 

The specialized reactions of other simple 

and complex fluoride salts of silver merit 

discussion. Zweig*®' and co-workers de- 

scribed a new method for selective mono- 

fluorination of aromatics using silver diflu- 

oride as a strong oxidant and fluoride 

source. Oxidative fluorination of diaryl di- 

selenides has also been reported.°? 

Silver ion catalysis of fluoroxysulfate 

oxidations has demonstrated surprising se- 

68 

o OH OH s 

OH 

Oe 
AgO fo) 1 OH 

OCH, HNO} 0 heals 

2 62% 90 | Et,0 
91% (eq. 33) 

OCH 

ef 879 ice x ie 7% §~ _AgO/HNO, “A 

dioxane 

OCH, fo) 
11 

CH Che eel 

3) - a ee CH,-C-CO,CH,CH (eq. 34) \ -C- : 

CH,CH,0,C s OA\y~*o CH3CN/H,0 3 ,CHLCH; 

C1 95% 

fe) Et,N 
Za ‘ Br 9 AQBF, CH, CH, 

= + CH;-CH-C-CH,CH, 
CH,CN 

(eq. 35) 

Br 
oTf 

+ AgOSO,CF, ary (eq. 36) 

(OTD 2,2-dimethyl- 
butane 

MA as AgBF. rT 
‘c—CHR’ pata eae R'-C-CHR? (eq. 37) 

cl F 

. : SO x 
beicl + AgSbk. —————> ene [soe] 

ese : (eq. 38) 

where X = 4-OCHs, 4-CHs, 2-CHg, H, 4-Cl, 4-F, 4-CF; 

R? 4 R? R? 

ot OAC a oBF,/- m 

CH)N UN ON (CH3)2NH al Cu(BF,)> ; 

CH, a OAc AgBF. | R’ XNH> Rasy. (eq. 39) 

(if all R = H) PdCl 0.1eq. PPhg x 

X = Et, PhCH, 

lectivity toward certain inorganic sub- 

strates, and the system may bear consider- 

able potential as a chemical reagent in or- 

ganic processes.°? 

Silver(I) fluoride was required to induce 

fluorine exchange with di-, tri-, and tetra- 

bromoadamantanes, providing the respec- 

tive fluoroadamantanes in about 70% 

yield.** 

Recently, the first reported preparation 

of 1-adamanty] triflate using silver triflate 

was described (eq. 36).°* 

Silver triflate®® and silver methanesulfo- 

nate®’ are also convenient precursors to a 

number of alkylmethanesulfonate deriva- 

tives useful as alkylating agents for aroma- 

tic compounds. 

Silver tetrafluoroborate reacts with chlo- 

rinated oxiranes to produce a-fluorinated 

carbonyl compounds (eq. 37).°* 

Olah has shown that silver hexafluoroan- 

timonate, AgSbF, is an electrophilic bro- 

mination catalyst®® and is useful in promot- 

ing chlorination of reactive alkanes.’ A 

later report has shown the salt useful in the 

generation of thiobenzoyl cations (eq. 38).” 

There seems to be great potential in the 

area of silver-assisted transformations of 

complexes stabilized by other metals. For 

example, AgBF, plays an important role in 
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the palladium-promoted 1,4-cycloamina- 

tion of 1,3-dienes to pyrroles (eq. 39),”2 a 

significant class of compounds to which 

simple synthetic approaches are lacking. 

Vermeer ef al. have extended the chemis- 

try of lithium bromide-stabilized alky] sil- 

ver complexes (RAg*3LiBr)’’ to include the 

synthesis of alkylated butatrienes, RCH>- 

C(R’)=C=C=CR’R’, from the enynyl- 

methanesulfinates H1C=C(R’)C=C-CR?- 

R*OSOCH;.”* 

Such transformations may follow mech- 

anisms which utilize the silver ion in both o 

and 7 bonding modes; they are also interes- 

ting because of the parallels and contrasts 

that can be drawn with organocopper 

chemistry. 

A similar magnesium-stabilized complex 

was recently reported for the trans-addition 

shown in eq. 40.7° 

A brief examination of the use of silver 

compounds in some recent preparations of 

organometallic and coordination com- 

pounds is also instructive because such 

studies may pertain to complex catalytic 

processes. 

The preparation of the first structurally 

characterized alkoxyplatinum compound 

employed silver ion (as AgNO;) to effect 

chloride displacement from Pt(COD)Cl, 

and provide an intermediate susceptible to 

the base-induced methoxidation shown in 

equa 1.28 

Alkoxy and hydroxy complexes of Pt(II) 

may be intermediates in the preparation of 

hydridoplatinum complexes’’’’® and in 

catalytic processes such as the hydration of 

nitriles.’° 

Salts such as AgBF,, AgPF., AgOSO.- 

CF; and AgOSO,C,H,CH; have the capaci- 

ty to serve a dual function in some synthetic 

procedures: the introduction of a complex 

anion to assist in the stabilization of the de- 

sired product, and the generation of unique 

intermediates by chloride displacement. 

Silver hexafluorophosphate has been 

used in preparations of adducts formed 

with neutral diamagnetic organometallics; 

these derivatives can function as controlled 

sources of highly reactive radical cations.*° 

An example is Ag[Rh(CO)PPh;(C;H;)],- 

[PF.] which contains Ag-Rh bonds and isa 

stable source of the reactive radical cation 

[Rh(CO)PPh;(C;H;)]: *. 

Cotton et a/.*' found both silver acetate 

and silver trifluoroacetate useful in the syn- 

thesis of novel aceto complexes of molyb- 

denum and chromium which exhibit a 

monodentate acetate group which may bea 

strongly labilizing ligand (eq. 42). 

Some interesting chemistry has been 

demonstrated by Doetz and Pruskil*®? in 

complex reactions between silver(I) oxide 

5 CN R_ (C=CN 
1) Ra'’AgMgCl R 
2) He H 70-90% (eq. 40) 

R'~ *H 
Rie 

OCH, CH, 

Z cl Z x vi Agt 2+ Na,CO, va i GHLOH Pt(CH,OH), me CLLOHT as = / (eq. 41) 

cl (-2AgC!) oS Y 4) 
4 

[PNP][Mo(CO);Cl] + AgX acc [PNP] [Mo(CO);X] 
Ne (eq. 42) 

where PNP = Ph3PNPPh, and X = O,.CCH,, O,CCF, 

OH p fo) F 

‘Cr(Co), __ Ag, 
Cee ~ ether = 

CH,CH=CH, 
OCH, fo) 

by: (eq. 43) 

and 12, the condensation product of penta- 

carbonyl(methoxyphenylcarbene)chro- 

mium(0) and selected enynes (eq. 43). 

Yields are low, the reaction likely compli- 

cated by the fluxional interaction between 

the tricarbonylchromium moiety and the 

delocalized aromatic groups. 

While we acknowledge the omission of 

the specifics of numerous traditional ap- 

plications of silver salts to organic processes 

(such as Lewis acid-catalyzed nitrations us- 

ing AgNO,),** we are interested in keeping 

new applications in a high profile for our 

readership. Please feel free to submit any 

new, unusual, or overlooked reports of 

such usage to our editor for future updated 

reviews. 
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fered by Aldrich are the following: 

21,667-4 Silver acetate* 

22,727-7 Silver benzoate 

22,681-5 Silver bromide* 

17,964-7 Silver carbonate 

22,789-7 Silver chromate 

22,792-7 Silver chloride* 

18,453-5 Silver cyanide 

D9,350-3 Silver diethyldithiocarbamate, 

99% 

20,092-1 Silver difluoride 

22,687-4 Silver dipicolinate 

22,686-6 Silver fluoride* 

22,773-0 Silver hexafluoroantimonate 

22,772-2 Silver hexafluorophosphate 

22,682-3 Silver iodide* 

M870-3 Silver methanesulfonate 

20,913-9 Silver nitrate,* 99.9+%, 

A.C.S. reagent 
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22,654-8 Silver perchlorate hydrate 
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17,642-7 Silver p-toluenesulfonate 
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17,643-5 Silver trifluoromethanesul- 

fonate 

*Ultrapure grades of these items are also available; 
please consult your catalog or call for prices. 
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A Compilation of References 
on Formyl and Acyl 
Anion Synthons 

This compilation is intended to include 

acyl synthons which yield carbonyl com- 

pounds by direct alkylation 

RCO’ +R’—X ——~- R-CO-R’ 

or addition 

RCO +R’—CHO ——~ RCO-CHOH-R’ 

requiring the unmasking of the carbonyl 

group only, e.g., 

wel + RX a Ss. So eer 

as 2 

Thus, the various homologative reactions, 

e.g., 

R-CHO —+ RCH,—CHO 

(such as use of Ph,P=CH—OR) are exclu- 

ded although these are often somewhat 

loosely cited as examples of nucleophilic 

acylation. 

Note that RCHO (or RCDO) will be ob- 

tained on quenching a RCO” synthon with 

water (or D,O). This trivial solution is omit- 

ted from the Table, but other electrophiles 

are given as originally reported. Expres- 

sions such as C=C—C=O are used to cover 

both aldehydes and ketones, and imply 

generality in regard to double-bond substi- 

tution. A direct or Michael addition to such 

species is indicated by ‘‘1,2-’’ or ‘‘1,4-’’, 

respectively, in parentheses. Individual 

compounds (e.g., CH.=CHCH,0OAc) 

are only shown when generality is lacking or 

was not reported. Although many of the 

acylanion reagents listed can accommodate 

functionality in R (or Ar) such as unsa- 

turation, ether groups, etc., it is intended 

that a compilation of R-functional RCO” 

synthons be presented later. Similarly, syn- 

thons such as COOH and derivatives, 

L “C-—OH, *C—C=O, etc., fall outside the 

scope of the present tabulation. 

Tapio A. Hase and Jorma K. Koskimies 
University of Helsinki, Department of Chemistry 

Vuorikatu 20, Helsinki 10 

Finland 

Dr. Hase 

rat 

ett 

ft 

Dr. Koskimies ——— te 

Tae 
Equiv- Reagent Electrophile Ref. 
alence 

HCO- SHH RX, ROTs (cyclic or tertiary unreactive), 
(RCO, SG xX aldehydes, ketones 1 
ArcO) era ROSO,Ph (primary only) 2 

oxiranes, oxetanes 1,3,4 

RCOCI, RCOOR’, ArCN 1 

HCOOEt, (COOE?), for aryl dithianes 5 

C=C-—C=0 (1,2- vs. 1,4-addition) 6-10 

C=C-—CONR:; (1,4-) 11 

C=C-NO, (1,4-) 12 
C=N*R, 13 

ArC=N +0 (-- a-oximinodithiane) 14 

RSSR 15 

Me,SiCl, Me,;GeBr, Ph,SnCl 16-18 

allylic alcohol (S,j2') 19,20 
° 

OLS 7 Me O 
Ss or S SnMe. , s 

* Buti C ‘ S-on 18 
CX Li Cae s 

& SiMe: C.anion generation with F; for 
cyclization [R = (CH.), CHO or enal] ee 

Sak 
C Kon OH rae 

(i.e., overall 1,4-addition to enones) 
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Equiv- 
alence 

RCO 

HCO" 

HCO” 

HCO" 

HCO” 

HCO 
(ArCcO) 

HCO 

HCO” 
(RCO) 

HCO” 
(RCO) 

RCO” 

RCO” 

HCO 
(RCO) 

HCO" 
(RCO) 

HCO” 
(RCO) 

Reagent 

(R’S),CHR 

(PhS),CHR 

(R,NCS-S):CH, 

MeS-CH.-S- 
CSNMe, 

PhS-CH,OMe 

Ss 

ie 
ae 

O H(Ar) 

PhS-CH,SiMe; 

Ore, -CH-B 
Ba H(R) a) 

Meso Coane 

H(R) 

(PhSe),CHR 

MeS-CH-SO-Me 
] 
H(R) 

EtS-CH-SO-Et 

H(R) 

298 

Electrophile 

selective reaction with ArCHO vs. ketones 

stereochemistry of the anion 

stereoselective addition to cyclohexanones 

primary RBr, RI, ketones, oxiranes, CICOOEt 

RBr, RI, ketones 

oxiranes 

primary RX, ketones, oxiranes, enones (1,2-) 

RCI 

Me,SiCl 

oxiranes 

ketones, CO., CICOOEt 

enones (1,4-) 

RBr, RI 

Me;SiCl 

ketones 

enones, enoic esters (1,2- and 1,4-) 

RI (primary) 

RBr, RI (primary) 

RBr, ketones, lactones 

RBr, RI (primary) 

Mel, ketones, ArCOOEt 
chiral anion 

RBr, RI, oxiranes 

RBr, Rl, ROTs; PRCHO —> PhCH,COR 
and PhCOOMe —> PhCOCH,R 

RBr, RI (primary) 

ketones 

RX, Me;SiCl, oxiranes, ketones 

enones, enoic esters (poor 1,2- vs.1,4- 

selectivity) 

intramolecular rearrangement of the ylid 

RX, ketones, RCOOR’ 

RBr, Rl, ROTs 

dialkylation with RX 
with a,w-dihalide 

2-Br-pyridine 

C=N‘R, 

ketones 

RCOOR’ 

PhCHO, RCN-~abnormal products 

Cyclopentenone 1,4- but cyclohexenone 
unselective 

rearrangement 

RBr, Ri (primary), ketones, RCOOR’, RCOCI, 
C=C-COOR (1,4-) 

unselective for enones 

Ref. 

25 

26 

27 

28 

29 

30 

31 

32 

16 

33,34 

35 

10,35,36 

37,38 
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Gilbert Stork 
A Celebration of 35 Years 
in Research & Teaching 

Thirty-five years spent in research and 

teaching is not a special milestone, but for 

friends of Gilbert Stork, it provides a wel- 

come focus to think back on our happy as- 

sociations with him as well as to look for- 

ward to the continued sharing in this crea- 

tive life. One of Gilbert’s most remarkable 

qualities is his willingness to share time and 

energy with those who seek his counsel. His 

involvement could range from an in-depth 

discussion of the enamine reaction with a 

starting graduate student to whether a dis- 

tinguished colleague should accept a posi- 

tion as president of a major academic insti- 

tution or an industrial concern. In every si- 

tuation, not only does he project complete 

attention, he gives it. At the end of a dis- 

cussion with Gilbert, one certainly knowsa 

lot more about chemistry and life, and, 

equally important, one’s self-confidence 

grows as a result of his generous encour- 

agement and recognition. He always gives 

more than he receives. Although he is one 

of chemistry’s superstars, he is a warm 

human being. 

It is no surprise that the graduate 

students and postdoctoral research fellows 

who have been associated with Gilbert are 

among the most productive and influential 

academic and industrial chemists in the 

world today. The deep loyalty felt by this 

group prompted the creation of an infor- 

mal organization known as ‘‘The Stork 

Group.”’ In Gilbert’s Cope Award address 

in 1980, he presented, as his last slide, a list 

of the members of the Stork Group who 

presently hold positions in academia 

throughout the world. The slide listed over 

110 names, an impressive number — in- 

deed a possible world record for a single 

research professor. The names on the slide 

belong to distinguished chemists and 

Gilbert must feel proud of this remarkable 

list — a superb testimony to him. 

Gilbert Stork’s birthday is celebrated by 

everyone throughout the world, for he was 

born on New Year’s Eve in 1921 in Brus- 

sels, Belgium. Shortly afterward, his 

parents, Jacques and Simone Weil Stork, 

moved to Paris where he spent his child- 

hood. 

Certain of Gilbert’s well recognized 

characteristics were evident in his youth. 

For example, his rigorous testing of reality 

began at an early age. One day his nurse 

took him to the park and carefully explain- 

ed that he should under no circumstances 

go near a pond which was completely 

covered with water lilies. Since he found it 

difficult to believe that there could be any 

danger with what appeared to be a solid 

flower garden, he ran over to test the 

nurse’s story. When he was pulled out of 

the pool with his felt hat still firmly fast- 

ened under his chin, he believed her; but 

the poor nurse lost her job. 

Frances Hoffman 

Director of Chemical Laboratories 

Columbia University 

New York, NY 10027 

Gilbert’s qualities for leadership were 

evident quite early, for as a Boy Scout he 

was elected head of the choir in spite of be- 

ing completely tone-deaf. This small 

group, under his command, was propelled 

to greater feats than music. With visions of 

Napoleon at Austerlitz, he conceived an 

adventure which would have taken his 

group into the woods of St. Cloud to 

emerge proudly from the wilderness by 

marching smartly down the main street in 

full view of the proud citizenry of Garches, 

asmall suburb of Paris. Unfortunately, his 

leadership ran afoul with his lack of sense 

of direction and the group became com- 

pletely lost in the woods. The adventure 

ended with a ‘‘Waterloo-like atmosphere’ 

consisting of bedraggled Boy Scouts and 

hysterical parents. 

His creative solutions to difficult pro- 

blems also surfaced early. Géilbert’s 

favorite occupation during his summers at 

Ostend was going for pony rides on the 

beach. Unfortunately, he often had to wait 

fifteen to twenty minutes because of the 

long lines. One weekend, Gilbert was left 

in the care of his favorite Uncle Alex. 

Gilbert explained his problem to his uncle 

and proposed that the way to solve it was to 

have a pony of his own. His uncle found 

this to be a good solution, but when the 

pony appeared on the grounds of his home, 

considerable rumblings from the neighbors 

mounted to a volcanic eruption when 

Gilbert’s parents returned. 

Gilbert’s interest in chemistry was spark- 

ed by an excellent teacher at the Lycée Jan- 

son de Sailly (other graduates we know are 

Jacques Barzun and Giscard d’Estaing). By 

the time his family came to the United 

States at the beginning of World War II, 

his course had been set. But Gilbert was in 
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a new country, did not speak English and 

was familiar only with the French educa- 

tional system where, if one wished to at- 

tend a university, one simply showed up on 

the first day of classes. Consequently, 

there was a slight detour in his path toward 

the study of chemistry. He decided that the 

best way to select a university was to read 

everything published by the Office of 

Higher Education available in the New 

York Public Library. After two weeks of 

study, he concluded that the University of 

North Carolina was the best school for 

chemistry so he immediately boarded a bus 

for Chapel Hill. Unfortunately, the Uni- 

versity did not expect him, was on a quarter 

system and furthermore, it was very coldin 

North Carolina at that time. After a brief 

and unsatisfactory interview, he got back 

on the bus, headed further south to St. 

Petersburg, Florida, still speaking no En- 

glish and still not realizing that one had to 

apply for admission to a university. The 

details were sorted out eventually, and he 

was admitted to the University of Florida 

at Gainesville, in those days an all-male 

school with an enrollment of 3,000 stu- 

dents. 

During the six weeks Gilbert had to wait 

for the semester to start, he enrolled in 

English and Speech courses in St. Peters- 

burg. It was in those classes that he met 

Winifred Stewart whom he later married. 

Winifred has been his life’s partner and 

they now have four grown children. It is 

difficult to imagine that Gilbert could be 

the person he is today, had he not married 

Winifred. 

Problems of American procedures con- 

tinued to plague Gilbert at Gainesville. For 

example, he thought it unnecessary to at- 

tend chemistry laboratory classes if he 

knew the answers to the questions in the 

laboratory notebook. Instead, he spent his 

time in the chemistry library where he read 

an extraordinary paper by Paul Rabe pub- 

lished in the 1930’s on the synthesis of dihy- 

droquinine. Quinine had become an im- 

portant national problem, and after read- 

ing Rabe’s paper, Gilbert devised a synthe- 

sis of quinine. On the basis of this synthe- 

sis, he was given his own laboratory. The 

grumble on his non-attendance of labora- 

tory courses lowered considerably. The 

starting material for his synthesis was 

bis(2-chloroethyl)methylamine which he 

prepared in large quantities. During the 

preparation, his left hand became a red, 

swollen glob with fingers no longer visible. 

Some time later, it was learned that this 

compound was a lethal nerve gas - we are 

lucky to have Gilbert to write about today. 

He graduated in two-and-a-half years from 

the University of Florida, in part, because 
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of the many credits he received for having 

taken Greek in France, and obviously, be- 

cause he was a rather special student. 

His chemical interests had been aroused 

by pyridine and piperidine compounds, so 

Gilbert decided to do graduate work with 

either Professor Roger Adams at the 

University of Illinois or Professor S.L. 

McElvain at Wisconsin. Again, he boarded 

a bus, this time for Urbana, Illinois, but he 

was told that Professor Adams could not 

see him that day. Gilbert therefore con- 

tinued his bus trip to Madison, Wisconsin. 

He saw Professor McElvain and gave him 

his projected synthesis of quinine to think 

about overnight. Professor McElvain was 

so impressed with the synthesis that Gilbert 

started working in the laboratory the fol- 

lowing day. This work on cis-3,4-disubsti- 

tuted piperidines inspired his life-long in- 

terest in the stereochemical control of reac- 

tions. In 1946 he devised a synthesis of 

6-methoxy-a-tetralone, which he probably 

wishes he had patented, for it is still the 

method used to make starting material for 

aromatic steroids such as estrone. 

on the exam and, instead of being praised, 

Gilbert was accused of giving his students 

the answers to the questions on the ex- 

amination. The coup de grace came, 

however, when some of his students climb- 

ed out a laboratory window to beat the 

lunch crowd at the student union. This 

heinous crime was discovered by the major 

domo of the laboratory and Gilbert was 

asked to give the students’ names. He 

refused in the name of honor. The fact is 

that he had not remembered their names 

and did not know who had skipped out. As 

a result of this incident, he was summarily 

fired as a teaching assistant and was told 

that he was an incompetent teacher and 

should plan on doing something else with 

his life. The dark cloud had a silver lining, 

for the next day he received a university 

fellowship which permitted him to devote 

full time to research. 

Two of his closest life-long friendships 

developed while he was at Wisconsin. Carl 

Djerassi was a fellow graduate student and 

William S. Johnson was a member of the 

staff. Gilbert’s friendship with Carl was 

The Three Musketeers. 

It was at Wisconsin that Gilbert had his 

first experience with formal teaching. At 

first, he supported himself by analyzing for 

nitrogen and phosphorus in fertilizer but 

he was later promoted to the lofty position 

of teaching assistant. His section was com- 

posed of Army recruits who had the lowest 

grade-point averages in chemistry and were 

less than competent in the laboratory. 

Remembering how he had learned English 

by the use of flash cards, Gilbert devised a 

set of chemistry cards. He went to the bar- 

racks where his students copied them and 

studied from them. On the next examina- 

tion, his group received the highest grades 

cemented by such episodes as sharing living 

quarters in Mexico City for three days dur- 

ing a complete shut-off of the city’s water 

supply. 

After receiving his degree from Wiscon- 

sin, he joined Lakeside Laboratories in 

Milwaukee as the only senior research 

chemist in the company. By day he worked 

as a medicinal chemist; by night he worked 

on his own ideas. 

Bill Johnson was responsible for en- 

couraging Gilbert to apply for an indepen- 

dent fellowship at Harvard. Part of the ap- 

plication was an original research proposal 
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onthe synthesis of estrone. Professor Paul 

Bartlett, then Chairman of the Depart- 

ment, called and offered him an instructor- 

ship at Harvard. Gilbert promptly ac- 

cepted. 

Harvard was an incredibly exciting and 

fun place to be when Gilbert was there. 

Many still remember the colloquia he 

presented during those years, especially 

one on the stereochemistry of polyene 

cyclization in which he proposed what is 

now known as the ‘‘Stork-Eschenmoser 

Hypothesis.’’ Notable achievements dur- 

ing the Harvard years include the total syn- 

thesis of cantharidin, a significant ac- 

complishment since no entirely stereo- 

specific synthesis of a natural product had 

yet been reported. The synthesis was com- 

pleted at 4:00 a.m. on July 4, 1951 while 

Albert Burgstahler, the graduate student 

working on the problem, alternated be- 

tween working-up the last step and singing 

Gregorian chants on the roof of the 

A novel aspect of chemistry. 

chemistry building. The determination of 

the structure of cedrene was also com- 

pleted during the Harvard period. At the 

same time, Carl Djerassi arranged for 

Gilbert to be a consultant at Syntex. His 

contribution to the introduction of an 

11-oxygen function into sterols unsubsti- 

tuted in ring C led not only to an impor- 

tant industrial method, but also to 

Gilbert’s and Carl’s appearance in a Life 

magazine photograph. 

At the urging of Professor Louis Ham- 

mett, Gilbert joined the Department of 

Chemistry of Columbia University in 1953 

as an Associate Professor. Columbia was a 

far cry from what it is today, both physical- 

ly and academically. I remember the 

alchemical nature of the laboratories, 

heightened by the dimness of the light, the 

effort it took to pull open the cast-iron 

laboratory drawers while trying desperate- 
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The inner sanctum at Columbia, 1953. 

ly not to break the glass contents, the thick 

white line painted across the sixth-floor 

corridor which was meant to keep organic 

chemists from crossing into Professor Vic- 

tor K. La Mer’s territory, and Gilbert’s of- 

fice, which would have made a rather spa- 

cious closet. This closet had had a distin- 

guished history since it had served as the 

office of Professor Arthur C. Cope and 

Professor William E. von Doering. 

A distinguished event occurred there 

when Linus Pauling came to discuss the 

possibility of Gilbert’s moving to Cal 

Tech. At that time, the Columbia Chemis- 

try Department had a regular table at the 

Faculty Club and Gilbert remembers, with 

* 

mischievous pleasure, that he took Pauling 

to lunch making certain that he and Paul- 

ing could beseen from the Chemistry table. 

The physical chemists, not knowing of the 

Cal Tech offer, could not understand why 

the great physical chemist, Pauling, would 

choose to discuss scientific matters with 

Gilbert rather than with them. 

Gilbert has had a distinct elegance and 

style in all his endeavors — from playing 

table tennis to working in the laboratory 

where he resembles a Grand Prix racing 

driver. An example is the synthesis of bi- 

cyclo[4.1.0Joctanone from m-hydroxy- 

benzoic acid. It was calculated to take eight 

steps and Gilbert asserted that it would 

How many of these ‘distinguished looking’’ chemists can you identify? See page 10. 



take only two days to prepare. The rest of 

us roared with laughter at this unrealistic 

suggestion and the substantial bet of $100 

was made that he could not do it in two 

days. The race began on Saturday morning 

and by 7:00 on Sunday evening, the com- 

pound was ready to be sent for analysis. I 

will always remember paying off part of 

the bet. 

There is one aspect of Gilbert’s life that 

has bewildered me. How can such an in- 

telligent man insist on buying cars which, 

without fail, are incapacitated at least fifty 

percent of the time? One of these ‘‘trea- 

sures’’ was a sporty, white Simca with red, 

leather seats. After spending a good 

amount of money transporting it from 

France, a small fortune to adapt it to New 

Jersey requirements and further fortunes 

to keep it running, the engine blew up as he 

was driving to Yale to present the Treat B. 

Johnson lectures. With the usual Storkian 

luck, the car was on an incline which termi- 

nated in front of a gas station. Gilbert ar- 

ranged for the car to be fixed and took a 

train to New Haven. He retrieved the car 

on the way back after contributing Yale’s 

honorarium to the garage mechanic. While 

on the Merritt Parkway, the engine explod- 

ed again. This was the end of Gilbert’s en- 

durance and he decided to abandon the car 

then and there. While he was removing the 

license plates, a state trooper stopped to 

check on the strange situation. With 

characteristic aplomb, Gilbert struck a 

bargain — the state trooper could have the 

car in exchange for a ride to the nearest 

railway station. I have often wondered 

who made out best on that one. 

Then, there was the elegant, British-rac- 

ingegreen Jaguar with its impeccable styl- 

ing. It was nursed through frequent ner- 

vous breakdowns by a mechanic complete 

with French beret and eyes which projected 

megabucks. The demise of this thorough- 

bred was spectacular. One wet evening Gil- 

bert was crossing the George Washington 

Bridge when the car lurched toastop. Con- 

currently, a series of collisions occurred on 

the opposite side of the bridge. The bridge 

patrol was baffled by the number of simul- 

taneous accidents until a wheel was spotted 

careening back and forth, between and 

over the cars like a volley ball. This was 

Gilbert’s wheel which eventually plunged 

into the Hudson River. Shaken by these six 

accidents, Gilbert and the Jaguar parted 

company the next day. 

At present, his ‘‘true love’’ is a 1957, 

silver, two-seater Thunderbird. What mar- 

velous shape! But don’t step too firmly on 

the floorboards or your feet will hit the 

pavement. 

An unpublished Stork original construction. 

Stork has been the master architect of 

Columbia’s organic group. The emergence 

of this faculty from relative obscurity in 

1952 to its present position of eminence 

would not have taken place without his 

remarkable intuition and judgment. Be- 

cause of his ability to recognize young peo- 

ple of outstanding talent and to persuade 

them to join Columbia, the building of the 

organic group was accomplished (with one 

exception) with appointments at the non- 

tenure level. Perhaps one of the most strik- 

ing attributes of the Columbia organic 

faculty is its ability to combine a passionate 

involvement in chemistry with a relaxed 

and friendly attitude. Gilbert has had 
es 

much to do with this feeling which extends 

to the graduate students of all the organic 

research groups. 

The core of Gilbert Stork’s life has been 

his creative research in organic chemistry. 

Since I do not have the expertise to give a 

summary of his glittering scientific 

achievements, I wish to express my thanks 

to those who have contributed the material 

for this section. 

Stork’s achievements fall into three 

“naturally occurring”’ areas: the total syn- 

thesis of complex natural products; the 

creation of new synthetic methods; and, 

finally, the investigation of reaction mech- 

On the occasion of a reunion at Aldrich. 
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anisms. To separate synthesis from the 

creation of new reactions is totally ar- 

bitrary because of the strong interplay be- 

tween these two areas. It has been Stork’s 

philosophy that the purpose of a total syn- 

thesis must be more than a demonstration 

of the brilliance of the molecular architect 

in the clever orchestration of known 

synthetic methods. In his search for new 

reactions he has concentrated his efforts in 

seeking new and controlled methods of 

forming carbon-carbon bonds, the 

foundation of organic synthesis. 

A. TOTAL SYNTHESIS 

From the very first, Stork’s syntheses 

were designed to be stereospecific. The im- 

portance of achieving a stereoselective syn- 

thesis had not been considered or recogniz- 

ed before Stork. This principle, now uni- 

versally appreciated and used, was already 

a factor in his design of the synthesis of cin- 

choloipon (1946), a cis-3,4-disubstituted 

piperidine related to hydroquinine; and in 

the totally stereospecific synthesis of can- 

tharidin in 1951. It is of historical interest, 

with respect to the development of stereo- 

controlled syntheses, that his very first 

paper (1945), a communication (of which 

he is sole author), reported the synthesis of 

a 3,4-diaminofuran, the starting material 

for a planned stereospecific synthesis of 

biotin. The correct stereochemistry was to 

follow from catalytic hydrogenation of a 

2,3,4-trisubstituted furan followed by fur- 

ther stereo-controlled transformation of 

oxabiotin to biotin itself. 

Many of these total syntheses served as 

the focus for the development of new reac- 

tions. The stereospecific synthesis of the 

pentacyclic triterpene lupeol is a showcase 

of the power of the regiospecific formation 

and trapping of enolates. In this moleculea 

system of ten asymmetric centers was put 

in place with complete stereochemical con- 

trol. Regiospecific formation and trapping 

of enolates was also used to simplify 

markedly the building of such diverse 

molecules as the prostaglandins, lycopo- 

dine and some of the steroids. 

It would be surprising if enamines had 

not found an important use in a variety of 

these total syntheses: it will suffice to men- 

tion the construction of yohimbine and as- 

pidospermine. Even seemingly small syn- 

thetic contributions have had considerable 

impact: the synthesis of 6-methoxy-a- 

tetralone, the previously mentioned start- 

ing material for the aromatic steroids, was 

based on Stork’s discovery that the catalyt- 

ic hydrogenation of substituted naphthal- 

enes could be made to take place in the un- 

substituted ring. 
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It is the creation of new synthetic methods rather than the area of 

total synthesis which Stork believes will be his most valuable con- 
tribution to organic chemistry. These methods can be divided con- 
veniently into three parts. 

The first, and perhaps foremost, concerns the regiospecific for- 
mation of carbon-carbon bonds alpha to a carbonyl group. To 

understand what impact this has had on modern chemistry, it must 

be recalled that, prior to this work, it was impossible to achieve 

such a fundamental operation as the alkylation of an aldehyde with 

an alkyl halide or with an electrophilic olefin, or the regiospecific 

(the word did not even exist) formation of a carbon-carbon bond 

on one or the other side of a ketone carbonyl. Gilbert Stork created 

many important synthetic transformations which contributed 

greatly to the explosive development of organic synthesis. His crea- 

tive brilliance can be judged by the following work: 

1) Formation of carbon-carbon bonds by the monoalkylation of 

ketones and aldehydes with alkyl halides, aldehydes, acylating 

agents and electrophilic olefins: ‘‘The Enamine Alkylation and 

Acylation’”’ (1954, 1956, 1959, 1961, 1963). 

R R R! 

= re pape a 

Sicha AMA in ar Sor ar eee 
H H | ‘3 

CH,CH,CH,CHO ——» CH,CH,CO,Et 

tees CH,CH,CHCHO 

CH, 

: . O 

we fe) 
NC CH 

CH aaa 3 

ee 
N ie) ye) 

2) Demonstration that Jithium enolates can be alkylated and car- 
bonated without loss of any built-in regiospecificity (1961; 1965). 

Lin 
H 

CO,CH, 

3) First and most widely used method for the specific formation 
of a /ithium anion on either side of a ketone carbonyl (1961; 1965). 

] t | il —e =C. senha C=C 

4) Generation of specific lithium enolates by cleavage of silyl enol 

ethers with lithium alkyls (1968). 

OSiMe, OLi 

CH,Li 
mon a + Me,Si 

E Oe 
H : H 

CH,0OH 

Two friends in search of a treasure on the sixth Sloor of Chandler. 

5) Extension of the regiospecific lithium enolate alkylation reac- 
tion to aldol condensations (1974), and to the first general solution 
to the problem of trapping these enolates with Michael acceptors 
(via a-silylated vinyl ketones, esters . . -) (1973, 1974). 

SiR, H, 

oa Oe -CO. 
6) Extension of the regiocontrolled enolate processes to cyclopro- 

pyl ketones (1971) and to enediones (1980). 

7) First demonstration that imines can be deprotonated to imine 
anions (‘‘metalloenamines’’) thus leading to a general method for 
the monoalkylation of ketones (saturated and conjugated) and al- 
dehydes with a wide variety of halides (1963). 

RCH,CHO —> RCH,CH=NR’ —® RCH=CH-NR’ —® RCHCH=NR’ 

metal R, —» R-CH-CHO 

R, 

8) First extension of the process to N,N-dimethylhydrazones 
(1971). Further extension to regiospecific arylation via the 
N,N-dimethylhydrazones of epoxyketones (1978). These processes 
have seen numerous applications by many groups in recent years, 
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9 

especially in the area of asymmetric induction using chiral imines 

and related substances. 

— > ——— 
Or Or : Bu 

oO N-NMe, 

—<—_—$> —> 

0 Me,NN O oO 

oO H Ar 

A variety of novel systems have been designed which allow the 

storage of reactive carbonyl systems in relatively stable forms until 

needed (cf. 9-13): 

9) The isoxazole annelation, as illustrated in a total synthesis of 

progesterone (1967). 

CO,Et CH, 

CH;—C— (CH,).CH,NO, Soci) n7 

0) CH, 

On 20 
fo) 

ES 

NZ | 

fo) 

10) Another form of isoxazole annelation as exemplified by the 

construction of the most characteristic ring of the tetracyclines 

(1979). 

11) Introduction of the vinylsilane moiety as an enol (i.e., latent 

ketone or aldehyde) precursor (1971). 

R’ 

R H* 
SiR Spa eee 

ce) 
, 

lok 
Sa Oe} 

| No 
H 

12) Protected cyanohydrins (1971, 1974, 1975) as acyl carbanion 

equivalents in the formation of cyclic and acyclic ketones. 

, | R’ R 

praas Tce —— a 
Cou ‘ 

¥ 
OH y- 

ort OEt i 

RCHO ——® 0-CHCH, Nose aur’ 
RCH-CN a 

CN 

13) The a-dialkylaminoacetonitrile system as a carbonyl! dianion 

equivalent (1978, 1979). 

NEt, NEt, 
Et,NCH,CN —> RiCH 

CN ™“s} RC=O 
H 

14) Cyclization of unsaturated a-diazoketones (1961). 

fe) 
g 

CH,=CH-(CH,)-C-CHN, => 

15) Reductive cyclization of unsaturated (e.g., acetylenic) ketones 

(1965). 

tl 
R-C-C-C-C-C=CH 

16) Formation of various-size rings by intramolecular opening of 

epoxynitriles. This leads, inter alia, to one of the few non- 

photochemical syntheses of functionally substituted cyclobutanes 

(1974). 

R R, R; Pea 2 
CN 

Ri (CH,),, 

(c H Jn 

17) Generation of polycyclic and bridged systems from olefinic 

acylcyclopropanes (1969, 1971). 

CH, 

i K ee 
2 H 

CH, 9 

ae (o 
chy IN 

CH, 

18) General synthesis of 1,4- and 1,5-diketones by carbonyl- 

assisted hydration of acetylenes (1964). 

HO 
Ri 

CH, 

r . H 

° i io 
RC=C-C-C-C-R aN onan 

, G £& SS 0 

R RC=C-C R 
OH } N 

Ha"? Cc 
fe} 9g l 

——> R Hg 

‘ Si ergata ee) 
Hg RCH,C-C-C-C-R’ 

19) Direct C-21 hydroxylation in the construction of the dihy- 

droxyacetone side chain of corticoids (1957). 

CH, CH,OH 
c=0 C=O 

OH wOH 

a 

Le) fo) 

20) Stereocontrol in vicinally substituted rings and trans hydrin- 

danes by internal Michael addition (1982). 
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21) Functionally substituted rings via the 
cyclization of olefinic vinyl radicals 
(1982). 

oe 
Br CH, 

et _— Ea 
OH tn OH CN 

C. MECHANISTIC AND 

STEREOCHEMICAL STUDIES 

These studies were conducted not so 

much for their own sake as for their poten- 

tial in leading to controlled synthetic pro- 

cesses. 

1) Investigation of the stereochemistry of 

the Sny2' reaction (1956, 1977). 

CH, 
y rg Ee, 

y 
wn 

\" 

2) Stereochemistry of the Favorskii rear- 
rangement of a-haloketones (1960). 

° 
x 7 i 

Z CL we, er CH, SCH; 

>R : 
H ae 

CH, 
i COoH 

—_——_—_ 

SR 
H 

3) The mechanism of the racemization of 

usnic acid. This problem had long baf- 

fled the chemical community and was 

explained as a reversible electrocyclic 

reaction (1955). 

a 
co 

HO fc) OH 

Oe aes CH; COCH, 
OH ce) 

4) Intermediates and stereochemistry in 

the metal-ammonia reduction of enones 

(1960, 1961, 1964). 

CH,OTs CH, OTs 

—_> 

fe) *O = 
R 

5) We end by referring to the Stork-Esch- 

enmoser hypothesis. The conclusion 

that the stereochemistry of a bicyclic ca- 

tion made by a concerted reaction from 

an acyclic triene must bea trans bicyclic 

system was advanced in 1950. The pos- 

sibility was then raised that this 

theoretical conclusion might well be the 

explanation of the trans-anti-trans ar- 

rangement so prevalent in polyterpenes 

and steroids. This has been amply con- 

firmed, biogenetically as well as by the 

superb synthetic work of W. S. 

Johnson. 

ane 
arias 

if 

ro 

Not many people have had greater im- 

pact on modern organic chemistry than 

Gilbert Stork. He certainly has left his im- 

print on those who have had the good for- 

tune to be associated with him. 

HONORS AND AWARDS 

Award in Pure Chemistry of the American 

Chemical Society (1957) 

Baekeland Medal (1961) 

D.Sc. (Hon.) Lawrence University (1961) 

Elected to the National Academy of 

Sciences (1961) 

Elected to the American Academy of Arts 

and Sciences (1962) 

Harrison Howe Award (1962) 

Edward Curtis Franklin Memorial Award, 

Stanford University (1966) 

American Chemical Society Award for 

Creative Work in Synthetic Organic 

Chemistry (1967) 

SOCMA Gold Medal (1973) 

Roussel Prize, Paris (1978) 

D.Sc., Honoris Causa, Université Pierre et 

Marie Curie of Paris, (1979) 

Nichols Medal (1980) 

Arthur C. Cope Award (1980) 

Edgar Falis Smith Award (1982) 

Willard Gibbs Medal (1982) 

National Academy of Sciences Award in 

Chemical Sciences (1982) 

Note: The picture of the “distinguished looking’ 
chemists was taken in the mid ’50’s at a conference in 
the Grand Manan Island, Nova Scotia. Back row, left 
to right: H. Conroy, K. Wiesner, E. Wasserman, Z. 
Valenta, G. Stork, P. Belleau, D.H.R. Barton, and B. 
Witkop. Front row: J. Fried, C. Djerassi, F. Anet, F, 
Toole, M. Kupchan, and H.G. Khorana. 

About the Author 
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Recent Applications 

of Homogeneous Catalysis 

to Organic Synthesis 

INTRODUCTION 

Transition metal-assisted organic syn- 

thesis has enjoyed explosive growth and ex- 

ploitation in the past decade.' One of the 

most exciting advances is the adaptation of 

stoichiometric homogeneous reactions to 

catalytic reactions, largely decreasing the 

amount of noble metal needed. 

Nearly everyone is familiar with hetero- 

geneous catalysis, usually as applied to hy- 

drogenations. Actually, these catalysts can 

be used in the synthetic applications to be 

discussed, but are extremely inefficient 

compared to their solubilized counter- 

parts. Homogeneous catalysis embodies 

several important advantages: 

1) Each expensive metal atom is an ‘‘ac- 

tive site’’, as opposed to just those on 

a surface. 

2) Each atom is in an identical environ- 

ment, increasing reaction specificity. 

3) Selectivity can be ‘‘fined-tuned”’ by 

the judicious choice of ligands, sol- 

vents, and other variables. 

13 Aldrichimica Acta, Vol. 15, No. 1, 1982 

4) Heat is more efficiently dissipated, 

and reaction conditions are generally 

milder. 

5) Mechanistic studies are easier, allow- 

ing better understanding and thus 

greater control of reactions. 

The sheer vastness of this expanding 

field precludes in-depth treatment of any 

particular aspect in this survey. The aim is, 

rather, to provide the reader with an over- 

view of the very diverse, useful, and in- 

triguing reactions made possible by homo- 

geneous catalysis. Specifically omitted are 

hydrogenation reactions? and those em- 

ploying chiral ligands.’ 

MECHANISTIC 

CONSIDERATIONS* 

Transition metals undergo reaction 

pathways impossible for organic mole- 

cules, thus, complexation of a functional 

group to a metal usually drastically alters 

its normal chemistry. In order to aid in the 

planning and execution of a catalytic reac- 

T. Howard Black 

Aldrich Chemical Company 

tion, a short summary of pertinent organo- 

metallic reactions will be presented. In this 

review, the term ‘‘metal’’ (M) will always 

refer to a Group VIII metal. 

Both o- and z-organometallic complexes 

are involved in catalysis. o-Complexes usu- 

ally arise from the oxidative addition of a 

metal to an organic halide. Since the metal 

loses two electrons in the process, ligands 

which increase electron density facilitate 

the reaction while electron-withdrawing li- 

gands impede it. Thus, phosphines (strong 

o-donors) aid oxidative addition while car- 

bonyls (strong -acceptors) retard it. 

o-Complexes (e.g., 1) undergo five ma- 

jor reactions, summarized in Scheme I. 

Reductive elimination is the reverse of ox- 

idative addition, and often constitutes the 

last step of a catalytic reaction. Insertion of 

carbon monoxide affords a metallated acyl 

species (2), while alkenes insert to give 

complexes such as 3. If a 6-hydrogen is pre- 

sent, (syn) B-elimination of metal hydride 

yields an alkene, 4 (of course, this can also 

Scheme | 

reductive 

elimination 

RX + M°L, oxidative Re 

addition 

RM’ 

transmetallation 

MX + R-M-R 

5 

co 
ce 

é 

Je 

qt | 
Recaie 

2 

x insertion 

©1982 by Aldrich Chemical Company, Inc. 
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occur in 1 if R contains a B-hydrogen). 

Finally, transmetallation with another or- _PhSO,CH,CO.Me CO,Me SO,Ph a 
; are 71% (eq. 1) 

ganometallic species affords o-complex 5. SEO PdePhced CO,Me 

Electrophilic attack by metal on an al- 

kene can result in the formation of either a oO O 
BA m-olefin (6) or a z-allyl (7) complex. The pom (e _PA(PPhady 

most important consequence of such inter- a 1) BU aed se oO 4 

action is activation of the involved carbon pet o (eq. 2) 

atoms toward nucleophilic attack. | 

|» (- Pd 
NaCH(CO,Me), 

89% (eq. 3)" 6 Z Pd(dba), 

LIGAND ABBREVIATIONS 

A great many ligands are employed in 

transition-metal chemistry. Throughout Heso ey MeO,C. _CO,Me 

this survey standard abbreviations are em- ely psNachiCO.Men H, Phco,. H (eq. 4)'* 

ployed: acac=acetylacetonate; DIPHOS= WS % Pa(PPhs), ne) Z \_OH : 

1,2-bis(diphenylphosphino)ethane; dba= O,CPh 95% O | 

dibenzylideneacetone; COD =1,5-cyclo- 

octadiene; NBD =norbornadiene; dppf = Scheme II 

1,1'-bis(diphenylphosphino)ferrocene. Oo 

< ; , ate PA_SO,Ph | 
ALLYLIC ALKYLATION'*** OH PhSO,CH,CO,H fe) 

The nucleophilic alkylation of allylic al phenag as Sone 
systems constitutes one of the most thor- NaH 

oughly studied aspects of transition-metal- Pd(PPh,),, DIPHOS 

catalyzed reactions. Basically, a metal fe) | 

(usually Pd) induces ionization of an allylic 9 ° 
unit (often an acetate) which is then at- eB eA Ss ie) te 
tacked by a nucleophile. Studies on the ra- 2) sep'n from E 

cemization of optically active allylic lac- 

tones implicate a symmetrical z-allylpalla- 

dium intermediate (e.g., 8),’ although re- 

cent evidence® indicates that other species a OAc g S _PAPPR, Me ee 

may be involved. - ae ee 3 (eq. 5)'® 
e,5! 

phoracantholide J 

FS OAC 71% 

Pd 
8 Ree. RS 

ee pe ee 100% (eq. 6)” 
Many nucleophiles participate in this re- wo MeOH, SnCl, 

action. The regiochemical outcome is high- wes OMe 

ly dependent upon the nature of the nu- 

cleophile, the allylic substituents, and the 4 
i 9 OH ligands on the metal. | | Me(C eae al me(CH,) C ee 

1,3-Diketones are favorite alkylating — Pd(PPh,), ‘ as 

agents, although alkyl a-sulfonylacetates 92% 

are often more synthetically useful due to 

the variety of possible further manipula- OAc Bzl 

tions. The nucleophile can be used directly __Po(PPh) 

(eqs. 1,2) or is sometimes first deprotonat- =e ae 100% (eq. 8)'° 
ed (eqs. 3,4). Since the leaving group de- NHBzl 

parts and the nucleophile enters ¢rans to 

the metal, retention of configuration is ob- : PhMgBr Ph , Z NN _ 9S iM — SS ee 0 9)! 

served (eq. 3). Scheme II outlines a short a E NiCl,(dppf) A SVE ae 

synthesis of phoracantholide J,'* in which 

the penultimate step involves an intramo- ae 

lecular alkylation. (+)-Recifeiolide has AcO Aaa Pd(PPh,), a au (eq. 10)” 

also been prepared via this approach.'* 

Other nucleophiles recently applied to OAc 0 
: les ; PdCl OA 88% 

this reaction include enamines (eq. 5), alco- ara CC UMECh ES Sa ak c Oe (eq. 11)28 

hols (eq. 6), and amines (eq. 7). The latter 

vy 
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are particularly useful intramolecularly 

(eq. 8) and have enabled the facile con- 

struction of N-heterocycles (e.g., isoqui- 

nuclidine).”° 

Organometallic species also serve well; 

compounds of magnesium (eq. 9), tin (eq. 

10, or tin enolates*’), zirconium,** alumi- 

num,?’ and others have been employed 

successfully. 

ALLYLIC TRANSPOSITIONS; 

REARRANGEMENTS 

In the absence of added nucleophiles, al- 

lylic acetates can undergo 1,3-transposi- 

tion, usually toward the less hindered allyl- 

ic terminus. The EF isomer generally pre- 

dominates (eqs. 11 and 12). Since the ace- 

tate departs and enters trans to palladium 

(as noted previously), efficient transfer of 

chirality is possible (eq. 13). 

A general furan synthesis involves rear- 

rangement of an acetylated cyanohydrin 

followed by ester saponification, nitrile re- 

duction, and acid-catalyzed cyclization 

(eq. 14). 

Various Pd species also catalyze sigma- 

tropic rearrangements, usually of the [3,3] 

variety involving heteroatoms. Of particu- 

lar note is the propensity for S—N migra- 

tion (eqs. 15 and 16). A potentially very 

useful reaction employs a Pd(0)-catalyzed 

allyl vinyl ether shift to construct prosta- 

glandin precursors (eq. 17). 

ISOMERIZATIONS 

Although valence isomerizations have 

been observed (e.g., eq. 18), positional iso- 

merization of alkenes is most often the pur- 

pose of metal catalysis. Usually the ther- 

modynamically more stable isomer is pro- 

duced, as noted in a new synthesis of hy- 

droquinones (eq. 19). 

A useful facet of ruthenium catalysis is 

the tendency for isomerization of allyl to 

vinyl ethers, allowing the preparation of 

enol ethers from allylic alcohols (eq. 20). A 

short, general tetrahydrofurancarboxalde- 

hyde synthesis exploits this phenomenon 

(Scheme ITI).?° 

Enol ethers also result from rearrange- 

ment of alkoxycyclopropanes (eq. 21). 

OLEFIN DIMERIZATIONS; 

ADDITIONS 

Metal-catalyzed oligomerization of bu- 

tadienes has been known for many years.°’ 

Often, dimerization of the olefin is fol- 

lowed by attack of a nucleophile, resulting 

in the net attachment of a 2,7-octadiene 

fragment (eq. 22). Additionally, methyl- 

enecyclopropane codimerizes with CO), or 

certain olefins to afford some interesting 

products; Pd(dba), is used for these trans- 

formations (Scheme IV). 

15 

ee oe 1) OH~ R R 
Pd(0) 2) DIBAL-H 

Ree SF a Se el 
3) H R 

R' fo) 

mh 
Je | PdCl,(PhCN), 

—. 

AcN ~N 
\eay 

Me,CHC=NMe 
“ Pd(OAc), 

ees ol 

SENS 

MeO,C 

PHS“ oAc 96% 

2 4 

Ss = 

DD 91% 
AcN N 

Me,CHC—NMe 

Ss 42% 

CO,Me 
_Pd(DIPHOS). 

C.H,, Hn 

OBzI 69% OBzl 

= “anc. 

2 _PACI(PRON), 

91% 92% 

R? R? 
1) Me,SiCl ‘ : R’ OH 3 R OsiM 

aN 2) RUH,(PPh,), LN sat 
R',R?=H,Me >90% (mainly Z) 

Scheme III rss 

ve ° 
CAS wrO 0 

R R? be Ho —/~OH a, 

1 2 — 

a! BF,-OEt, Goo RuH,(PPh,), 

Oe Oe CHO 100% 

OMe OMe 

(Coron curr, CT mee 
CH,CO,Et 

~~ + Nuc pte nel eae Nucm XS NS 

(eq. 12)°° 

(eq. 13)?” 

(eq. 14)?° 

(eq. 15)?° 

(eq. 16)*° 

(eq. 17)" 

(eq. 18)? 

(eq. 19)** 

(eq. 20)* 

(eq. 21)°° 

(eq. 22) 

Nuc = NH,?*; HOAc®*; acyloins*®; acylamino ketones” (exclusive C-allylation) 
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Olefins also undergo electrophilic addi- 

tion of halogenated compounds,** as seen 

in anovel, one-step y-lactone synthesis (eq. 

23). If the olefin possesses two allylic hy- 

drogens, elimination to form 4-alkylidene- 

but-2-enolides is possible (eq. 24). The re- 

action also works well with silyl carboxyl- 

ates.*’ 

Trimethylenemethane, a Diels-Alder 

diene equivalent,*’ can be generated in situ 

to react with a variety of dienophiles in a 

unique three-carbon annulation technique 

(eq. 25). 

CYCLIZATIONS 

Many 1,5- and 1,6-dienes are cyclized in 

the presence of palladium. Although ring 

size can be governed by the oxidation state 

of the catalyst (eq. 26), five-membered 

rings usually are formed. Functionalized 

cyclopentenes*? and y-methylenebutyro- 

lactones*? have been constructed in this 

way. 

Miscellaneous cyclizations which have 

appeared recently include the formation of 

N-heterocycles from a,w-diamines (related 

to the disproportionation of primary 

amines),** and the one-step synthesis of 

quinolines** and chromans** from mono- 

cyclic precursors. 

THE HECK REACTION*’ 

One of the most general and useful ap- 

plications of homogeneous catalysis is the 

Heck reaction, in which organic halides are 

coupled with olefins under palladium ca- 

talysis (eq. 27). The reaction is remarkably 

selective, and almost any functional group 

can be present in either reactant. General- 

ly, the halide prefers the less-substituted 

carbon of the olefin, whose stereochemis- 

try is retained consistent with the syn addi- 

tion of an RPdX species followed by syn 

B-elimination of palladium hydride. Typi- 

cally, Pd(OAc), is used in conjunction with 

tri-o-tolylphosphine; triethylamine is add- 

ed to scavenge the HX produced. Scheme 

V outlines some representative examples 

with aromatic bromides.*’*** Note that al- 

lylic alcohols (or their trimethylsilyl 

ethers*’) afford carbonyls; these arise from 

vinylic alcohols created in the elimination 

step. A recent synthesis of curcumone 

makes use of this transformation.°° 

Aryl iodide-palladium complexes re- 

quire no phosphines for stabilization; thus, 

selective reactions (e.g., eq. 28) are possi- 

ble. o-Iodoanilines are cyclized with di- 

methyl maleate to 2-quinolines in one 

step.©? The aryl component can also be or- 

ganometallic (e.g., boron®* and mercury®’) 

or a diazonium salt.** Very recently, 

N-substituted anilines have been shown to 

be equally effective,°® affording B-amino 

enones. 

Scheme IV 
O 

Z \ (ref. 43) 
ref. 42 O : 

pee hac oO = 

(ref. 44) a yy, Dee (ref. 44) 

: n-CoHy, 

n-C.H, 5 + ClI,CCO,H SS a fe} Cl (eq. 23)” 

Cl 
O 81% 

4) RuCl,(PP R a Ul, As)3 
R'CH,CH=CHR? + ClI,CCO,H SypyridinesA oS (eq. 24) 

O 

ae 68% 

CO,Me | 

i SG Pd(PPh,), oe : (eq. 25)° | 
_—_—_—_—)P z 

x OAc —DIPHOS on 
coumarin 

52% 

Ph oe Ph 
- __ PdCl,(PhCN), ior 

— See or Me 5 a Sch cra: cal 5 (eq. 26)*' 

iM 5 

aie Orfeucn) (H,) 

R' R R' R 
Ne bv e/ 

RX + C=C. ck Aid ‘c= + HX (eq. 27) 
7: \o3 3 

H R R R 

R = aryl; vinyl (no B-H) 

Me Scheme V 

Ph CN 

aN Piel 10 cn Ae 

H Pia 

el, ArBr eA Ae 
a 

Yee 

RRO OO 
pez aes ars 

(numbers refer to % attack at that position) 

Ph Ph 

| oa Ee 

Aen 7~co,Me 

aa Sy Se (eq. 28)" 
Pd(OAc), Pd(OAc),, PPh, (eq 

Br Br St 

CO,Me 
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Vinyl halides also couple smoothly, ex- 

hibiting the same high stereoselectivity and 

generality, as indicated in eqs. 29 and 30. 

CONJUGATE ADDITIONS 

Many 1,4-additions are expedited by 

metal catalysis. The nucleophilic species is 

usually organometallic, although amines 

can often be effective.©’ Arylmercurials are 

commonly employed (eq. 31), although tin 

and many other metals also add; the choice 

is mainly one of synthetic convenience. 

Alkenylzirconiums, easily prepared 

from alkynes, smoothly add to both 

enones and dienones (eq. 32) under Ni(0) 

catalysis; prostaglandin precursors have 

been prepared via this route.’* Alkynyl- 

alanes also pose no problem (eq. 33). 

COUPLING REACTIONS 

A species such as 5 (Scheme I), formed 

via transmetallation, often undergoes re- 

ductive elimination to complete a very use- 

ful coupling reaction. A host of metals and 

halides can participate; as before, their 

choice is usually one of synthetic expedien- 

cy. Thus, magnesium’® (eq. 34) and 

boron’’ (eq. 35) compounds are commonly 

used, although tin,” silicon,*° zirconium,*’ 

zinc,®? aluminum,® lithium,** and others** 

are effective. The halides involved include 

aromatic, alkenyl, benzyl, propargyl, and 

allenyl derivatives. The major asset of this 

method is the retention of olefin geometry 

resulting in products of exceptional iso- 

meric purity. 

Acyl halides can couple with organo- 

metallics to afford ketones in high yield. 

Benzoyl chloride has been coupled with 

vinyl,®* trimethylsilyl,*’ benzyl,** aryl,** 

and alkyl*’ groups. 

Aryl and vinyl halides couple with acet- 

ylenes in the presence of Pd(II) and Cu(I) 

(eq. 36); even sensitive iodouracils are 

compatible.”’ 

A related reaction allows the displace- 

ment of enol ethers by Grignard reagents to 

afford alkenes (eqs. 37 and 38). Interest- 

ingly, enol phosphates are displaced 

preferentially to enol thioethers.** 

CARBONYLATION 

Metallated carbonyls (e.g., 2, Scheme I) 

which arise from CO insertion react with 

an array of nucleophiles to afford ketones. 

Scheme VI illustrates the diversity of this 

reaction. Intramolecular transformations 

include the synthesis of lactones from 

o-iodobenzyl alcohols,’’ indolines from 

o-allyl amines,*? and berbines from papa- 

verines.'°° 

When carbonylated in the presence of 

carboxylates, aryldiazonium species af- 

ford mixed anhydrides which thermally 

R 
Br 

eae + “~come —————> Ses (eq. 29)” 
R S >75% 

ae im! x hye (eq. 30) 

X =CO,Me®?, CH(OMe),**, CH,-N-succinimide®” 

aa | 

PS ek a 31)" 
Pho S Me — PdCl,, n-Bu,NCI Ph Me > A) 

° 

Seo. 2, pee no o (eq. 32) 

BES ay ZrCICp, fe} "A ~ ¢-Bu 

73%7 + Ni(acac),, DIBAL-H 77%” 

H 

2 Ar Ni(acac), - 

5 {= Aime, DIBAL-H fo) feq733) 

Il 7% 

Monee MgBr CH,0OH 

Z x eMgBr 1) (CH.O), i 
S sim SS = Pe eae come (eq. 34) 

iMe, Ni(acac), ue Aire 2)F SE H 

AlMe, geraniol 

re) 1) catecholborane Le] 
e 2) )—Br, Pd(PPh,), 
Za FA\CIG na 0 Eee eq. 35)”* : 3) Jones ox. LEIS (eq. 35) 

a aw 

(s)-(— )-solanone 

x 
: 1) PdCI,(PPh,),, Cul c=CH 

= ee 

Ce ae a ROH MECH 1 (eq. 36)" 
R R 

R=o0;p-NO,; X=1,Br >85% 

Ph SPh PhMgBr Ph Ph o7% ee Ee, 0 92 
ve NiCI,(PPh3), \=/ (94% 2) kedaaZ) 

Ph PhMgBr OSiMe, CIMgCH,SiMe, mags: 
OO SaaS na CU coll 

Ni(acac), Ni(acac), (eq. 38) 

73% 71% 

Scheme VI Oo 
iT i 

PhC-CN C ov PhC-OMe 
83% rg ae COM erh — 82%97 Pp (PB Sn0s\ 

hs), pa! 
: Phli e 

ry o .pnez® <°, Me,Sn ry 
Te c appt) Ni(CO) MT 

PhC-C=CPh paclSP 2(PPh,), PhC-Me 

93% ** 73/98 

ArN,BF, + MeCO,Na oo ArCO,COMe ——» (ArCO),0 (eq. 39)" 
: Ar=Ph, p-BrPh 
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rearrange into symmetrical aryl anhydrides R R 

(eq. 39). 2 CO, Rh(CO)CKPPh,), iy ea 595% 

Alkenylboranes readily carbonylate in ah. (eq. 40)'°° 

methanol to give a,G-unsaturated esters.'°? R=t-Bu ype Ph 

In the absence of added nucleophiles, al- : : 

kenylmercury compounds dimerize onto 

CO to produce divinyl ketones (eq. 40), Re Pa(PPh,), R Ron 
previously very difficult to prepare. Intra- Wi Bee we ro R=p-Cl, Br-C,H, (eq.41)'” 

molecular alkene carbonylations have en- HR’ ie) R R’=H, Me 

abled the one-step construction of substi- 

tuted 2(5H)-furanones'®** and a-methyl- 
as 105 CO, THF BA a PACH. Cl =o ee Piao Cl 85% (eq. 42)" 
Small-ring heterocycles also insert CO, (PPM), ie} 

as in the preparation of a-phenylpropio- 

lactone from styrene oxide'’* or of fused OAC oO fo) | 

B-lactams from aziridines (eq. 41). The lat- Pd(PPh,), 
e Sh fo) (eq. 43)'° 

ter process would appear to have great po- Et,N 99% fy 
tential for antibiotic synthesis. 

In the presence of allyl or benzyl chlor- 

ides and a palladium catalyst, cyclic ethers OAc OAc 

open to form eERre ethers (eq. 42). @ ‘ ‘ees (er Pd(PPh,), O (eq.44)""' 

DECARBOXYLATION SS 87% 

In the presence of base, allylic acetates 

can be oxidatively eliminated to afford ole- fils Pd(PPh,), Co) 

fins. The reaction is most facile when an 2 ET See Sag (eq. 45)""° 
aromatic (e.g., eq. 43) or conjugated sys- cor iys SS 92% 

tem results; the latter was exploited in a re- 

cent homoazulene synthesis.'!° a-Carbox- 

ylic acids depart as easily as protons (e.g., OH RuCl(PPh,), fe) 
eq. 44); a vitamin A precursor was con- oe aT (eq. 46)'"° 

structed in this manner.''” COIS 92/ 
Se oo e 

Allyl esters decarboxylate in a new car- 

bon-carbon bond-forming reaction (eq. 

45) which also allows the preparation of 

ethers from carbonates.''* ee PY be ROG N Ra ay 80% (eq. 47)" 
2) base overall : | 

OXIDATIONS Ph \, 

Transition-metal catalysis enables mild, 

selective oxidations under neutral or basic | 

conditions. Under Ru catalysis, alcohols Na,PdCl, fe) 

are oxidized to either aldehydes or acids de- Pa ONS T=GGH OAH, AK Lome (eq. 48)'” | 

pending on the oxidant [PhIO vs. 78% 

PhI(OAc),].'' Other oxidants include 
CCl,,'!® aryl bromides,''’ and oxygen (spe- R R ; 

cific for allylic alcohols, eq. 46). Such ; Rh(TFA), CcO,R 

methods offer an attractive alternative to pens a (28 EA TEAC: Bh 

the goucie chromium systems: (<10% “conjugated enone” isomers) 

Terminal olefins are oxidized to methyl 

ketones under Pd(II) catalysis in an exten- 

sion of the industrially important Wacker CO,Me Rh(OAc), se CO Me 

process.''® The transformation involves a Ae a ty (eq. 50) 

formal addition of HO; the added oxidant H . 

(even air!'?°) serves to re-oxidize extruded 

Pd(0). Eq. 47 illustrates a two-step cyclo- OH O Ope. or 

pentenone synthesis based on this conver- Rh(OAc), cine (eq. 51)" 

sion, which has recently been shown to ap- N, 

ply to enone systems (eq. 48). 86% 

REDUCTIONS * H 

Metals catalyze many useful reductions : 0 Rh(OAc), T O 96% (eq. 52)'*° 
besides hydrogenations. In the presence of NH No ae Ld NX, a 

Ru complexes, ketones are reduced to ie) €0,Bz1 e co Bai 

alcohols in high yield by formic acid'** or s 

es ————— - = hes SS ee ly 
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trialkoxysilanes.'** Interestingly, the for- 

mer effects the 1,4-reduction of chalcone 

to yield the saturated ketone.'?* 

Aryl ketones are smoothly reduced to 

methylenes by a NaBH./PdCl, system ina 

mild, neutral alternative to Wolff-Kishner 

or Clemmensen chemistry.'** Imines are 

easily reduced to amines by isopropanol 

under rhodium catalysis.'?’ Finally, 

Li(t-BuO);AlIH can be replaced by 

n-Bu;SnH/Pd(0) for the preparation of al- 

dehydes from acid chlorides.'?* 

DIAZO CHEMISTRY 

a-Diazoketones are valuable precursors 

to reactive carbenoid species.'?° Classically 

effected by copper, the decomposition of 

a-diazoketones proceeds in high yield in 

the presence of Rh(II) carboxylates (com- 

monly acetate). Cycloheptatrienes can be 

prepared from substituted benzenes in high 

chemical and stereochemical yield using 

alkyl diazoacetates (eq. 49). 

Z-a,G-Unsaturated esters result from 

treating a-diazoesters with Rh(OAc), (eq. 

50). The key step in an elegant synthesis of 

a-damascone involved the conversion 

shown in eq. 51; this mild oxidation avoids 

the partial retro-aldol reaction which 

always accompanies the acid treatment of 

a-diazo-G-hydroxy ketones.'*? 

A recently developed intramolecular 

carbene addition allows easy entry into the 

1-carbapenam ring system from diazo pre- 

cursors (eq. 52). Yields are high, and rarely 

is more than one isomer produced. The 

generality of this method is indicated by its 

recent application in the syntheses of Anti- 

biotic PS-5'** and epithienamycin.'** 

CONCLUSION 

Space limitations have prohibited the 

coverage of many useful miscellaneous 

reactions mediated by homogeneous cata- 

lysts, among them N-'** and C-alkyla- 

tions,'*’ epoxide openings,'** desulfuriza- 

tions,'*? and Wittig-type olefinations.'*° It 

is hoped, however, that this short survey 

has instilled in the reader an appreciation 

of homogeneous catalysis as a rich and 

diverse methodology not to be neglected in 

planning a synthetic strategy. Many of the 

transformations covered in this review 

simply have no one-step synthetic alter- 

native. Hopefully, broader awareness of 

this exciting field and its tremendous 

potential will result in greater application 

in organic synthesis. 
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22,238-0 Allylpalladium chloride dimer 
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During the last decade, impressive pro- 

gress has been made by organic chemists in 

further advancing the science of chemical 

synthesis. Within this discipline, one of the 

major ongoing objectives has been associ- 

ated with the discovery and development 

of highly stereoselective bond construction 

reactions. With the recognition of macro- 

lide and polyether antibiotics as potentially 

viable targets for total synthesis came the 

realization that “‘state-of-the-art’’ reaction 

methodology left much to be desired when 

| applied to these architecturally complex 

molecules. One need only survey the ste- 

reochemical complexity of the iono- 

phores, such as ionomycin (14 asymmetric 

centers) and alborixin (23 asymmetric cen- 

ters), or the macrocyclic antibiotics, such 

as erythronolide or tylosin, to realize that 

highly stereoselective chemical reactions 

are an absolute necessity for such synthesis 

ventures (Scheme I). By inspection, one 

can readily perceive an acyclic carbon 

backbone in each of the illustrated target 

molecules which contains a center of asym- 

metry at nearly every carbon. Convention- ; ; 
al wisdom has dictated that such acyclic Professor David A. Evans (right) receiving the A.C.S. Award for Creative Work in Synthe- 

. tic Organic Chemistry, sponsored by Aldrich, from Dr. Irwin Klundt, vice-president of 
Aldrich. 
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stereochemical exercises may be addressed 

by interlocking sets of asymmetric centers 

Scheme | 

H X—206 ze 

H CH Tylosin 
R=OH, Erythronolide A 

R=H, Erythronolide B 
lonomycin 
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via the agency of temporarily formed rings 

wherein remote asymmetric induction 

from one center to another may beachieved 

in a predictable fashion with the aid of ring 

conformational analysis. Two elegant syn- 

theses of erythromycin employing this “‘cy- 

cle strategy’’ for chirality transfer have 

been reported in recent years.** 

Our own approach to the architectural 

problems presented by these classes of 

molecules has been to focus on the devel- 

opment of efficient asymmetric C—C 

bond constructions which are relevant to 

the synthesis of polyketide-derived natural 

products. Our first objectives in this area 

have been directed toward the develop- 

ment of chiral enolate-derived reactions 

such as alkylations, aldol additions and 

acylations wherein the chiral auxiliary (X,) 

is both readily obtained and easily recover- 

able after the desired bond construction 

has been achieved (Scheme II). The major 

obstacles presented by this overall objec- 

tive are threefold in nature (Scheme III): 

Given the carbonyl derivative 1, the chiral 

auxiliary X must provide a strong bias for 

a highly selective enolization process (A); it 

must also provide a strong topological bias 

for enolate diastereoface selection in the 

bond construction (B); and finally its non- 

destructive removal (C) must be carried out 

with minimal racemization under mild 

conditions. For the reasons outlined in a 

previous review, we have chosen to develop 

chiral amide and imide enolates.* Several 

important aspects associated with these 

systems are illustrated below. With respect 

to the question of enolization stereoselec- 

tivity, we reasoned that Z-enolates should 

be strongly preferred if one considers tran- 

sition state allylic strain conformational 

control elements (Scheme IV). This same 

conformational control element in the 

enolization process also assumes an im- 

Scheme II 

Be |) base R 

x c 2).e1* Xo 

auxiliary recycle hydrolysis 

El 

Scheme III 
Mw 

Oo (6) 

A B CH 
eae 2a ae ee ee 

H 

MN 
Oo ie) 

> a pers cH J 
Goals NG 4c 
ee CH3 

(@) Enolate Selection >98% 

Diastereoselect > 50:1 i] ion |e 

© Hydrolysis: <!% racemization 

CH R 
Minimum Chirality Transfer: 95:5 ae 

Scheme IV 
AMIDE DEPROTONATION 

ALLYLIC STRAIN 

portant role in preventing product racemi- 

zation (via enolization) in the bond-con- 

struction process. This important point Jon [04 a Hh 

will become strikingly evident later in this z A ” 

discussion (vide infra). Given the assump- [ts"] [Ts"] [Ts"] | 

tion that Z-enolates will be produced dur- | | 

ing the enolization process, the derived 

chiral amide enolates (Scheme V) require 

an additional organizational feature which ie ae ie 
: ae nee Me. nA, UL hee eR el — Ble ee 

locks the chiral auxiliary, X¢, in either the N Ky N 
HL Me L Me L 

W- or U-conformation to ensure a pro- 

nounced enolate diastereofacial bias dur- 

ing the bond construction (Scheme V). 

Early in our studies, chiral amide enolates 

possessing fixed chirality disposition in 

both the W- and U-geometries were ex- 

plored. The prolinol-derived amide enol- 

strongly favored disfavored disfovored 

The alkylation studies summarized in 

Scheme VI for the highly nucleophilic pro- 

linol amide enolate 2 lead to the conclusion 

that excellent si-face enolate diastereoface 
ee Sie tamale eee 

been quite complementary in nature. The 

general utility of these systems in both al- 

kylation and aldol addition reactions be- 

comes apparent from the following data. 

ates 2 and the imide enolates 3 developed in 

this laboratory have both proven to be ex- 

ceptionally versatile chiral nucleophiles. In 

numerous instances, the two systems have 
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25 

selection is observed for a range of alkyl 

halides.* We have also studied the influ- 

ence of chirality in the alkylating agent 

with this enolate (Scheme VII). Under indi- 

vidually optimized reaction conditions, the 

illustrated chiral alkyl iodides were found 
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to exhibit alkylation diastereoselection 

ranging from 18 to 55:1.° 

Not surprisingly, the aldol addition re- 

actions of the lithium enolates derived 

from these systems proved to be unsatis- 

factory; however, the derived zirconium 

‘ B07 yt o7 43 B20m aaa 54% E Bno = = Xo 

; a Me Me Me Me Me 
4 YX 8 96:4 YU 600H 81% : 

: PhCH2Br 88:12 Ph COOH 69% > I Spe Xe 
¥ Me Me Me Me 

3 

enolates in these and related systems have 

proven to be exceptional.’* Several exam- 

ples which illustrate the utility of the zir- 

conium metal center in providing stereo- 

regulation in amide enolate aldol additions 

are illustrated in Scheme VIII. The amides 



4 and 5, each of which is readily derived 

from S-proline and S-valine respectively, 

exhibit good erythro diastereoface selec- 

tion with a range of aldehydes. The major 

limitation that we have noted with these 

systems to date has been associated with 

the acidic conditions that are required to 

hydrolyze these chiral amides to their de- 

rived carboxylic acids. While this is not a 

problem in simple systems, in more com- 

plex cases where acid-labile functionality 

(e.g., protecting groups) is present, these 

hydrolytic conditions have proven to great- 

ly limit the utility of these enolate systems. 

Due to the limitations noted above, 

several years ago we turned our attention 

to the exploration of the imide-derived 

enolates 3. Our initial expectations for 

these systems were that good enolate 

diastereoface selection would be possible 

and that the derived imides might be readi- 

ly hydrolyzed or reduced under mild condi- 

tions required for the construction of ar- 

chitecturally complex systems. The two 

chiral 2-oxazolidones chosen for study and 

their respective syntheses are shown in 

Scheme IX. As illustrated, the S-valine-de- 

rived heterocycle 6 (Xy) and the 

1$,2R-norephedrine-derived heterocycle 7 

(Xy) are readily prepared from inexpensive 

commercially available chiral precursors 

whose optical purities exceed 99%. The 

preparation of the derived imides and their 

respective alkylation reactions are 

summarized in Schemes X and XI.’ As is 

evident from these data, excellent diaste- 

reoface selection was observed for both the 

valine-derived auxiliary (Xy) and the 

corresponding norephedrine counterpart 

(Xj). In full accord with our expectations, 

the sense of asymmetric induction noted in 

these alkylation studies was that predicted 

from the chelated Z-enolate 3 (c.f. Scheme 

V). The major limitation associated with 

these imides is that they are not particularly 

potent nucleophiles. For example, no reac- 

tion was observed with isobutyl bromide. 

In general, these reactions must be run at 

temperatures <0°C to avoid enolate 

decomposition. The counterpoint to this 

restriction is the superb alkylation selec- 

tivity noted with these systems in numerous 

instances. When questions of reactivity 

have become an issue for us, the highly 

nucleophilic prolinol amide enolates 2 

(Schemes VI, VII) serve admirably. One of 

the real, but unanticipated, benefits 

associated with the oxazolidone auxiliaries 

is in the area of diastereomer resolution. 

Invaribly, we have found that the dia- 

stereomeric alkylation products (c./. 

Scheme X, XI) are easily separated by 

either column chromatography or recrys- 

tallization. It should be noted that the iso- 
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lated yields cited in these alkylation studies 

refer to diastereomerically ‘‘pure’’ (A:B > 

99:1) adducts. With regard to the influence 

of chiral auxiliary structure versus enolate 

diastereoselection, we have carried out a 

series of enolate methylations on a variety 

of substituted N-acyl-2-oxazolidones 

(Scheme XII).'° As anticipated from the 

presumed chelated Z-enolate structure 8, 

the C.-substituent (R2) is not involved in 

the creation of the enolate diastereofacial 

bias. More surprisingly, our own precon- 

ception that the ‘‘size’’ of the C,-substitu- 

ent (R,) would be an important considera- 

tion in asymmetric induction is strikingly 

refuted. The data in Scheme XII indicate 

that a broad range of B-amino alcohol-de- 

rived oxazolidone auxiliaries can be em- 

ployed with nearly equal success. This be- 

ing the case, other factors such as product 

crystallinity can become the major criteria 

associated with the selection of a specific 

chiral oxazolidone for a given application. 

Scheme Xl 

Oo oO 

me J JL 
1) MNR2, THF 

Me” “Ph raat, Gite! 

or 0: 

me JL eos 
2 aly (gel 

Me Ph 

B 

Electrophile Metal Temp 

PhCHeBr Li Oe 

pla ube Li (ole 

° ae ui ie) 

CHsCHgI Li -78° 

PhCHeOCHeBr Li -30° 

To date, we have examined a series of 

transformations that result in the mild, 

nondestructive removal of the oxazolidone 

auxiliaries (Scheme XIII).? Basic hydroly- 

sis, transesterification and reduction are all 

viable chemical operations in these sys- 

tems; however, some system dependence 

associated with the success of these reac- 

tions has been noted. Specifically, the ma- 

jor side reaction, which becomes signifi- 

cant as the steric requirements of R, and R, 

increase, is competitive nucleophile attack 
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Re-substituent plays no role dictating degree of 

diastereoface selectivity 

at the oxazolidone carbonyl center. Sur- 

prisingly, the noted transesterification pro- 

cess has been the most system-independent 

transformation yet discovered. Overall, 

these chiral imide enolates have provided 

us with an exceptionally useful class of op- 

tically pure, dioxygenated synthons 

(Scheme XIV) in either enantiomeric series 

which are currently being employed in a 

range of ongoing projects. One particular- 

ly relevant example is shown in Scheme 

XV. The chiral alcohol 11'' has proven to 

be exceptionally valuable in the synthesis 

of polyether antibiotics.’ We routinely 

prepare optically pure R- or S-11 in good 

overall yield from the diastereomerically 

pure precursor imides 10 or 9 respectively. 

To date, the full range of electrophiles 

has not yet been explored with these imide 

enolate systems; nevertheless, we have al- 

ready made a number of striking observa- 

tions which should considerably extend the 

general utility of these reagents. One such 

case is the acylation reaction illustrated in 



Scheme Xill SELECTED TRANSFORMATIONS with propionyl chloride afforded the chiral 

B-keto imide 13 (95% yield) which was 

found to be remarkably resistant to racem- 

fe} Vi ization via enolization. An examination of 

 rantenen its X-ray structure reveals that the allylic 

strain concepts earlier delineated (c./. | 
60-90% >90% eye a . 

Scheme IV) destabilize that conformation | 

of the molecule wherein both carbonyl 

Scheme XVI."? Acylation of enolate 12 | 

| 

} 

gaaaecte., z q See eos m-systems are co-planar with the C,-hydro- 
ahh O gen. This unprecedented observation pro- 

R Sa vides an entry into an exceptionally inter- 

bay esting class of chiral substances. The full 

tailed examination. 

| 
| Hast ae details of these reactions await a more de- | 

search groups have addressed this problem 

over the last five-year period, and remark- 

Scheme XIV able strides have been made in this area,'* 

particularly from the laboratories of Pro- 

fessors Heathcock'* (University of Califor- 

x steam Lins Sec ee Z 9 The aldol process has occupied a great 

aw a ar deal of our attention over the last few 

R SX as R, years.’*"'* This reaction is of paramount 

importance in devising efficient approach- | 

LiAIH, or LiBH, es to the synthesis of polyketide natural | 

-20 —» o°c products. Understandably, a number of re- | 

| 

CHIRAL DI-OXYGENATED SYNTHONS 

developed chiral imides has led to some of 

the most stereoselective bond construc- 

R tions yet revealed (Scheme XVII). From 

the illustrated valinol and norephedrine 

imides 14 and 15, the derived dibutylboryl 

Scheme XV enolates undergo condensation with a 

broad range of aldehydes in greater than | 

Oy. OA 9 OCHePh nia, Berkeley) and Masamune’’ (Massa- 

Se [1,3] Reduction chusetts Institute of Technology). In our 

Xe own studies, we concluded that metal-cen- | 

R R tered steric effects playa dominant rolein | 

aldol stereoregulation from enolates of de- 

0, fined structures. The subsequent exploita- 

SN 01.4) Ozonolysis tion of dialkylboryl enolates by us,'* and 

\ simultaneously by the Masamune research 

R02 group,'’ are now a matter of record, and | 

AY the application of this technology to the | 

0, 0, is R aldol addition reactions of the previously 
\~ Hydroborotion 

O 

, Fn nee ee alk 99% asymmetric induction for both newly 

ecg ie cet calecarer : ae PSI SS formed asymmetric centers. We have 

We orc Mes 87 % found that a wide range of enolate substi- 

aay = 9 tuents, R,, may be tolerated without loss of 

reaction stereoselectivity.'* With regard to 

(VEDAS THE 0 Oo condensations with chiral a-substituted al- 

ele I 2) PhCH, OCH, Er Paes ty dehydes, the chiral propionimides illustrat- 

orc Bno Ngee Ratio 2R:2S = 2:98 ed in Scheme X VIII perform with equal fa- 

ite me Al cility.'"? In these cases, resident enolate | 

10 chirality strongly overrides chirality in the 

aldehyde condensation partner. This point | 

@) | LiBH. is further emphasized in the addition reac- 

tions of enolate 18 (R = OMe, Me) with the 

q optically pure aldehydes 16 and 17 (Scheme 

eae 2 steps Bno~ oH XIX). In both examples the illustrated ad- | 

a ‘. ducts were obtained in good yield and in | 

R-11 high diastereomeric purity.”° 
| 

Branca, Fischli (1977) {a],=+5.3° (EtOH, C=2.2) ® One additional set of aldol addition re- | 
[a], =+4-97° (EtOH, C=0.93) actions which we have not yet reported is 

illustrated in Scheme XX.?! We have found 
—— | 
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Scheme XVIII 

ie} 

wy Buse 78°C Scheme XIX 
[ah ——— 
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Me Me Me 

10) 
me A >400:1 73% 47 

pee 

10) 
LERS. 

Q Me . RA 2 
| Me = SPh 1: 500 86% 18= 

AYAy J 

o—0 ) 
Oo mp IlO-Ill°C 

that chiral crotonate imides such as 19 also 

undergo the analogous aldol condensa- 

tions with equal facility. The diastereomer- 

ically pure adducts provide a facile entry to 

the chiral a-formyl imides 20 and 21 via 

ozonolysis. Based upon our earlier discus- 

sion on the low kinetic acidity of the dipro- 

pionyl imide 13 (c.f. Scheme XVI), it is no 

longer quite so surprising that both 20 and 

| 21 can be chemically manipulated via 

L 
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either reduction or oxime formation with- 

out racemizing the potentially labile center 

of asymmetry. 

From the preceding discussion, one may 

now begin to address a number of architec- 

tural exercises wherein chiral enolate-de- 

rived bond constructions may be effective- 

ly exploited. One such project area current- 

ly under study here at Caltech is a general 

approach to the macrolides tylosin, rosara- 

mycin, and josamycin. The derived agly- 

cones for these three structures may be dis- 

connected into a C,-Cio synthon B (R= 

Me, R = OMe) and three smaller fragments 

containing the C,,-C; moieties of the indi- 

vidual macrocycles. In approaching the 

construction of the C,-C,. synthon, it is ap- 

parent from the previous studies that all of 

the asymmetry in this fragment may be de- 

rived from a single source, the (1S,2R)- 
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Scheme XX 
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Scheme XXI 

RO Me 
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=(Ci9-Cu) Se 
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A 
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ie 
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=Cig- Cal) " 
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ip) 

Me~ °° ~OH 

Josamycin B (R=OMe) a) 

norephedrine-derived 2-oxazolidone chiral 

auxiliary, X, (Scheme XXII). In recently 

completed studies, we have demonstrated 

that the C.-stereocenter may be construc- 

ted with 50:1 diastereoselection via the il- 

lustrated alkylation process while the C, 

(R=Me)- and C;-asymmetric centers are 

efficiently established via the previously 

developed boron enolate aldol technol- 

ogy.”? The C,-asymmetric center was also 

established via the same aldol process 

wherein the chiral thiomethyl acetate 24 is 

required as a chiral acetate enolate syn- 

thon.'® The Cy-asymmetric center in the 

C,-C,, macrolide synthon may be stereose- 

lectively introduced at a variety of points in 

the synthesis via hydroboration. Prior stu- 

dies from our laboratory have revealed 

that the 1,3-asymmetric induction noted 

for this hydroboration process is rather 

general in nature (Scheme XXIII), and an 

example of this process was noted in our re- 

cently published Prelog-Djerassi lactonic 

acid synthesis (c.f. Scheme XXIV).'° Con- 

sequently, we have observed that the re- 

quired C,-asymmetric center for tylosin 

and related macrolides may be introduced 

via the hydroboration of either 23 or 25 but 

not 22 (Scheme XXII). Nicolaou and co- 

workers have recently noted related obser- 

vations in their own successful approach to 

the synthesis of the tylosin aglycone.’’ 

The remaining C,,-C,; subunit required 

for the tylosin aglycone and our basic ap- 

proach for its construction is illustrated in 

Scheme XXV. The establishment of the de- 

sired C,,- and C,;-stereocenters for this 

synthon has been accomplished via the il- 

lustrated aldol process. The five-step syn- 

thesis of this molecule (Scheme XXVJ), 

which has been executed in an overall yield 

of 64%, is noteworthy for its brevity. 

The chiral enolate technology described 

in this review is currently being applied to 

architectural exercises in the polyether an- 

tibiotics field as well. One such project, 

which is nearing completion, is the synthe- 

sis of the calcium-selective ionophore iono- 

mycin (Scheme XXVII).7* The basic ap- 

proach being followed has focused on the 

synthesis of the four illustrated subunits (A 

— DP). The basic protocol for absolute ste- 

reochemical control in this project is iden- 

tical to that previously described for the 

tylosin synthesis. All asymmetry is being 

derived from the chiral oxazolidone auxil- 

iaries highlighted in this review. At the 

present time we have already accomplished 

the synthesis of all four of the illustrated 

ionomycin synthons (A-D) in optically 

pure form.’* 

In summary, there are several well recog- 

nized approaches that are currently being 

followed for the production of chiral sub- 

stances. These include chemical resolution, 

the chemical modification of chiral natural 

products (e.g., carbohydrates), and asym- 

metric synthesis. Until recently, organic 

chemists have not enjoyed a great deal of 

success in this latter venture. This has been 

particularly true in the area of asymmetric 

carbon-carbon bond construction. It is my 

firm conviction that we will witness spec- 

tacular advances in this field over the next 

few years. 

I feel exceptionally fortunate to have 

been associated with a number of out- 

standing colleagues, both graduate stu- 

dents and postdoctoral associates, who 

have contributed the experimental exper- 

tise and a great deal of the intellectual input 

contained in this research effort. Finally, I 

wish to acknowledge financial support 

from the National Science Foundation 

(CHE-81-01742), the National Institutes of 

Health (CA-29187-02, GM-27111-07) and 

the Eli Lilly Company. 
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Scheme XxXIil Scheme XXIll 
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A Compilation of References 
on R-Functional Acyl Anion 

Synthons, RCO™ 

} 

35 

Tapio A. Hase and Jorma K. Koskimies 

University of Helsinki, Department of Chemistry 

R-Functional RCO” Synthons 

Functionality in R: 

1) C=C Unsaturation 

a) Protected G,7y-unsaturated cyano- 

hydrins and analogs 

b) Allylic or ketene dithioacetals 

c) Allenic ethers, thioethers, and 

analogs 

2) Carbonyl 

3) Carboxylic acid, ester, nitrile, etc. 

4) Hydroxyalkyl, alkoxyalkyl, amino- 

alkyl, etc. 

5) C-Cationic or additional C-anionic 

center elsewhere in chain 

Note that many of the acyl anion syn- 

thons (RCO-, ArCO-) listed previously 

(Aldrichimica Acta 1981, 14, 73) presuma- 

bly can accommodate functionality (e.g., 

unsaturation, ether groups, etc.) in R (or 

Ar), although the original papers may not 

have given specific examples of such cases. 

Within the present group, conjugated 

enone acyl anion synthons (Subgroup 1) 

constitute a special case as they may react 

at the a- (C=C-—CO-’) and/or the y-site 

(-C—C—COOH) irrespective of the origi- 

nal location of the double bond. This is es- 

pecially true of Subgroup 1b synthons (al- 

lylic or ketene dithioacetals). Synthons in 

which the y-reactivity mode is dominant 

will be presented in a forthcoming install- 

ment. For studies on the effect of solvent, 

temperature, counterion, etc. on the a/y 

reactivity of ketene dithioacetal anions, see 

references 1-7. In view of the importance 

of allylic or ketene dithioacetal anions in 

this context, we include here a concise sur- 

vey of some of the more recent routes to 

such compounds (for references to earlier 

1a) Protected 6,y-unsaturated cyanohydrins and analogs. 

Vuorikatu 20, Helsinki 10 

Finland 

work, see ref. 8). ‘‘Trivial’’ routes involv- 

ing the y-alkylation of ketene dithioacetals 

belong to the group of -C-C—COOH 

synthons. Also, the obvious route to allylic 

dithioacetals from 2-enals is omitted here. 

Again, expressions such as C=C—CO 

are used to imply generality in regard to 

double-bond substitution. A direct car- 

bonyl as opposed to Michael addition to 

such species is indicated by ‘‘1,2-’’ or 

“*14-’’, respectively, in parentheses. Indi- 

vidual substitution patterns (e.g., CHs;- 

COCO) are only shown when generality is 

lacking or was not reported. In Subgroup 

5, the electrophiles and/or nucleophiles 

which are known to react at the sites shown 

are indicated separately. 

Equivalence Reagent Electrophile Ref. 

eee: _CN 
“(SE (ee, ieee eet RBr, RI, ROTs 9-11 

—CH(OEt)— Me aldehydes, ketones — eReone he 12,13 
CO-C=C 

(directly) 

C=C-COR (1,2-) 12 

RCH=CHCO- RCH=CH CHa ket = = NNR, etones 
14 
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1b) Allylic or ketene dithioacetals 

Equivalence Reagent Electrophile Ref. 

Ss 
MeCH=CH-CO- (E) MeCH=CH—{ . ArCH,Br 2 

Ss 

Y Me S 
CH,=CH-—CO- 2. cyclobutanone and cyclopentanone only; aldehydes and 

Ss other ketones give y products 1 

_R (H,Me) 
=c7R(H, Me) Cre Cees we Cho=Cw cyclic C=C—COR (1,4-) 3 

NCO: : a 
Ss 

Ss 

PhCH=CH-—CO- (E) Ph-cH=cH{ : RX, Me,SO,, Me,SiCl (PHCH,Br gives y product) 2 
ts Ss 

Rees 
RCH=CR’—CO- a = RX; aldehydes and ketones give a/y mixtures 15 

R—4 s RCH,I, allylic and benzylic Br, Me,S, 16 

Ss 

C=C-C=C-—CO- ce rl é Mel 15 
C=C S 

1c) Allenic ethers, thioethers and related compounds 

CH,=CH-—CO- (RO),PO—NMe—CH=C=CH, Mel, PhCH,Br 17 

MeCH=CH-CO- (E) CH,=CH-CH=CH-—OMe PhCHO 18 

CH,=CH-—CO- BuOCH=CH-—CH,OBu RBr, RI 19 

RCH=CH-—CO- RCH=C=CH-SR’ aldehydes, ketones 20 

RCH=CH-CO- RCH,C=C-SEt RBr 21 

CH,=CH-CO- CH,=C=CH-—OR (or aldehydes, ketones, Me,S, 22 

HC=C—CH,OR) RX (primary only) 23 

2) Aldehyde or ketone functionality in R 

Equivalence Reagent Electrophile Ref. 

OHC-CO- ( fi (from 2-lithio-1,3-di- allylic Br 24 
S$ u-nme, thiane + DMF; in situ 
of * alkylation) 

OHC-CO- (EtO),CH—-CHO thiazolium salt-catalyzed addition to C=C—CO (1,4-) 25 
| 

OMe 
MeCOCO- [andCH,= CH,=C@ RI, PhCH,Br 14 

C(OMe)-CO-] CH(CN)—OSiMe, 

S 

MeCOCO- (MeOCOCH,- meco 4) RI, allyl Br, PhCH,Br 26 
CH,CH,CO-—CO- * 
similarly) 

RCOCO- (or ArCOCO-) RCOCH,SEt (or ArCOCH,SEt) RI, PhCH,Br, ArCHO, oxiranes 27 

OC—CHs—COz MeSC=C-—CH,OMe RX 28 

RCO=CHi—CO= MeS—CR=C=CH-OMe (from ketones 28 
MeSC =C—CH,OMe) 

RCOCH,CH,CO- Krad] RCH, Br 29 
in) aldehydes, ketones, esters 30 

° | 

O (MeS),CH—SnR,+2-cyclohexenone Mel 31 | 

“co | 

i@ RCH,I, allylic Br, ketones 32 (H-) R-CO(CH,),CO- 

Wigriehinica Acia) VollIs,Now21982 36 
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3) Carboxylic acid or derived functionality in R 

Equivalence Reagent Electrophile Ref. 

(H) ROOC—CO- (H) ROOCCH,SEt Rl, PhCH,Br, ArCHO, oxiranes 27 

| [and ROOC—C~(OMe),] 

ROOC-CO- ROOC-CHCI, RBr, aldehydes 33 

ROOC-—CO- ROOC-—CH(OR), RI (primary, secondary), RBr (primary, allylic, 34 | 

[and ROOC—C~(OR),] benzylic), MeOCH,Cl 

aldehydes, ketones; 2-cyclohexenone (1,2-) 35 

butenolides (1,4-) 36 

HOOC-—CO- HOOC-—CH(SR), Rl, RBr, PHCH,Cl, ROTs, oxiranes, 37,38 

N-Ts-aziridine 

R 

ROOC-—CO- ROOC-CH(SEt), c=c-co{ (1,4-) 39 

OR 

| S R 

ROOC-—CO- Rooc- ‘ c=c-co{ (1,4-) 40 

Ss OR 

s 

ROOC-—CO- rooc—{ RBr (primary, secondary), PhCH,Cl 41 

Ss 

| s 
EtOOC-—CO- Erooc{ » (Li or Mg enolate) aldehydes (using Mg enolate), 2-enals (1,2- with Mg enolate 42 

Ss but 1,4- with Li enolate) 

s 
I) NG=CO; nc~{ ) RBr, PhCOCH,Br 43 

Ss 

HOOC-—CH,CO- HOOC-—C=CH oxiranes 44 

EtOOC-—CH,CO- (EtO),CH-C=C-—SMe RCH,X 45 

R,NCO-—CH,CO- R,NCO—CH=CH—NR’, Rl, ArcOOR” 46 

MeOOC—CHMe-CO- MeOOC-—CMe=CH-—SPh aldehydes, acyl Cl; 2-enoic esters (1,4-); 2-enals (can be 47 

made to react either 1,2- or 1,4-) 

R’‘OOC—CHR-—CH,CO- R'OOC—CHR-—CH,CH(SMe)—SOMe Mel, allylic Br 48 

{from R'OOC—C-HR+ CH, = 

| C(SMe)—SOMe] 

| S SMe s 
| | ROOC-CH,CH,CO- co en Y RX 49 

Ss 
S 

fe) 
p-HOOC-C,H,CO- Pama. RI, allylic X, acyl Cl, aldehydes 50 

N 

| 4) Hydroxyalkyl, alkoxyalkyl, aminoalkyl or similar functionality in R 

| 
Equivalence Reagent Electrophile Ref. 

HOCH,CO- CH,=CHOMe ketones 51 

RSCH,CO- RS—CH=CH-SR (2) FSO,Me, aldehydes, Me,S, 52 

HOCH,(CH,),CO- cH RCH.,I, allylic Br, ketones 32 

(n=2or 8) 6 

Ph,C— 
RCO- ¢ NH(CH.),- BOC-—NH(CH,),CHR-CONH— CH,=CHCOOEt, CH,=CHCN (1,4-) 53 
BOC-— CHRCO- CH(i-Pr)-COOH (n=0,1 or9Q) 

RCO-; R= ROCH,,, 2- or RCHO thiazolium salt-catalyzed addition to 2-enones (1,4-) 54 

3-THP-yl, or 2-(A% or 

A‘-DHP)y| 
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5) C-cationic or additional C-anionic center elsewhere in chain 

Equivalence 

(a) (b) 

*CH,CO- 

(a) (b) 
*CH,CO- 

(a) (b) 
*CH,CO- 

(a) (b) 
*CH,CO- 

(a) (b) 
RC*H-—CO- 

(a) (b) 
*CH,CH,CO- 

(a) (b) 
+*CO—CHMe-CO- 

(a) (b) 

RC*HCH=CR-CO- 

(a) (b) 
*COCH,CH,CO- 

(a) (b) 
-CH,CO- 

(a) (b) 
-COCH,CO- 

(a) (b) 
-CH=CH-CO- 

(a) (b) 
R—C-=CH-CO- 

(a) (b) 
Ph-—C-=CH-—CO- 

(a) (b) 
Me,SiC-=CH-—CO- 

(a) (b) 

-CH=C(SePh)—CO- 

(a) 
-CH=CH-CH= 
CH-CO- (E,E) 

(b) 

Reagent 

cn) 

CH,=C(SR)-SOR 

CH,=C(Y)—SiMe,; Y =SMe or SiMe, 

CH,=C(CN)—NMe-—Ph 

RCH =C(SMe)—SOMe 

PhS—CLi=CMe—COOMe 

Ss 
RCH.CH=CH-CR=X » 

iS 

OSiMe, 

OSiMe, 

Me-—CSSEt 

MeS—C=C—CH,OMe 

(RO),PO—-NMe-CH=C=CH, 

RC=C-—CH,0Me 

PhC=C-—CH,OMe 

Me,SiC=C—CH,OBu 

PhSeCH,C=CH 

CH,=CHCH,CH,—CSSR 

Electrophile 

(a) RLi 
(b) Mel 

(a) ester enolate 
(b) Mel, allyl Br 

(a) RLi (excl. MeLi, PhLi, RMgX) 
(b) RCHO (~ RCH,*) 

(a) t-BuLi, allyl Li, ArLi 
(b) Rl, PhCH,Br 

(a) imine a-anion 

(b) Mel 
fe) 

R 

(a)+(b) B-keto ester enolate, — ; 
R 

COOH 

COOMe 

(a)+(b) CH,=CHCOOMe, — 
o 

SPh 

(a)+(b) CH,=CHCOOMe, — 

ie) COOMe 

(a) RLi 
(b) Mel 

(a) MeMgl 
(b) acetals, then oxidation, — 

MeCOCH,CH,CO—CRR’— OMe 

(a) aldehydes 

(b) CO,, aldehydes, 2-enals (1,2-), RINCHO 

(a) RX 
(b) ketones 

(a) Mel, PhCH,Br 
(b) PhCH,Br 

(a) R,SO,, Me,SiCl 
(b) RBr, R,SO,, Me,SiCl 

(a), (b) RCH,Br, Me,SO,, Me,SiC! 

(a) Mel, Me,SiCl 
(b) Mel, Me,SiCl, ketones 

(a) RCH,Br, RI (secondary) 
(b) Mel, Me,SiCl, aldehydes, ketones 

(a) aldehydes, ketones 
(b) Rl 

Ref. 

55 

56 

57 

58 

60 

61 

55 

62 

28 

ie 

64 

65 

66 

67,68 

69 

——— | 

Aldrichimica Acta, Vol. 15, No. 2, 1982 38 



39 

332 

Routes to allylic or ketene dithioacetals 
1) By chain extension of ketene dithioace- 

tals, excluding alkylation of y-anion 

2) Dehydrogenation of saturated dithio- 

acetals 

3) Via alkanethionocarboxylic acids and 

related compounds 

Wittig- or Peterson-type olefinations 

) Other 

Kozikowski, A.P.; Chen, Y.-I. J. Org. Chem. 

1980, 45, 2236. 
Ziegler, F.E.; Tam, C.C. Tetrahedron Lett. 1979, 

4717. 

Murphy, W.S.; Wattanasin, S. J. Chem. Soc., 

Perkin Trans. 1 1980, 2678. 

Ziegler, F.E.; Tam, C.C. J. Org. Chem. 1979, 44, 

3428. 
Coffen, D.L.; McEntee, Jr., T.E.; Williams, D.R. 

Chem. Commun. 1970, 913. 

Meyers, A.1.; Strickland, R.C. J. Org. Chem. 1972, 

37, 2579. 
Ziegler, F.E.; Fang, J.-M. ibid. 1981, 46, 825. 

Kolb, M. in ‘‘The Chemistry of Ketenes, Allenes 

and Related Compounds,”’ Part 2, Patai, S., Ed., 

Interscience Publishers: New York, 1980. 

Stork, G.; Maldonado, L. J. Am. Chem. Soc. 1971, 

93, 5286. 
Hertenstein, U.; Hiinig, S.; Oller, M. Synthesis 

1976, 416. 
Hertenstein, U.; Hiinig, S.; Oller, M. Chem. Ber. 

1980, 7/3, 3783. 
Jacobson, R.M.; Lahm, G.P. J. Org. Chem. 1979, 

44, 462 
Jacobson, R.M.; Lahm, G.P.; Clader, J.W. ibid. 

1980, 45, 395. 
Jacobson, R.M.; Clader, J.W. Tetrahedron Lett. 

1980, 2/7, 1205. 

Seebach, D.; Kolb, M. Justus Liebigs Ann. Chem. 

1977, 811. 
Corey, E.J.; Kozikowski, A.P. Tetrahedron Lett. 

1975, 925. 
Corbel, B.; Paugam, J.-P.; Dreux, M.; Savignac, 

P. ibid. 1976, 835. 

Baldwin, J.E.; Hofle, G.A.; Lever, Jr., O.W. J. 

Am. Chem. Soc. 1974, 96, 7125. 

Gould, S.J.; Remillard, B.D. Tetrahedron Lett. 

1978, 4353. 
Brandsma, L.; Jonker, C.; Berg, M.H. Recl. Trav. 

Chim. Pays-Bas, 1965, 84, 560. 

Brandsma, L.; Wijers, H.E.; Arens, J.F. ibid. 

1963, 82, 1040. 
Hoff, S.; Brandsma, L.; Arens, J.F. ibid. 1968, 

87, 1179. 

Hoff, S.; Brandsma, L.; Arens, J.F. ibid. 1968, 

87, 916. 

Wilson, S.R.; Mathew, J. Synthesis 1980, 625. 

Stetter, H.; Mohrmann, K.H. ibid. 1981, 129. 

Bryant, R.J.; McDonald, E. Tetrahedron Lett. 

1975, 3841. 
Nagao, Y.; Kaneko, K.; Fujita, E. ibid. 1978, 4115. 

Carlson, R.M.; Jones, R.W.; Hatcher, A.S. ibid. 

1975, 1741. 
Biichi, G.; Wiiest, H. J. Org. Chem. 1966, 31, 977. 

Ramanathan, V.; Levine, R. ibid. 1962, 27, 1216. 

Seebach, D.; Biirstinghaus, R. Angew. Chem. 

1975, 87, 37. 

Boeckman, Jr., R.K.; Bruza, K.J. Tetrahedron 

1981, 37, 3997. 

Villieras, J.; Disnar, J.R.; Perriot, P.; Normant, 

J.F. Synthesis 1975, 524. 

Huet, F.; Pellet, M.; Conia, J.M. ibid. 1979, 33. 

Neef, G.; Eder, U. Tetrahedron Lett. 1977, 2825. 

Damon, R.E.; Schlessinger, R.H. ibid. 1975, 4551. 

Bates, G.S.; Ramaswamy, S. Can. J. Chem. 1980, 

58, 716. 
Bates, G.S. Chem. Commun. 1979, 161. 

Cregge, R.J.; Herrmann, J.L.; Richman, J.E.; 

Romanet, R.F.; Schlessinger, R.H. Tetrahedron 

Lett. 1973, 2595. 

Aldrichimica Acta, Vol. 15, No. 2, 1982 

1) Chain extension of ketene dithioacetals 

RMgB aC a ees AG 

cl R 

Ph,P=CH, 
RCO-—CR=C(SMe), a al CH,=CR-—CR’=C(SMe), 

Me,SiCI/Et,N 
RCH,CO—CR’=C(SMe), =e RCH =C(OSiMe,)—CR’=C(SMe), 

2) Dehydrogenation of saturated dithioacetals 

ae Chloramine-T pte KOHIt-BuOH aad 
RCH rd RCH ee rre={ 

s s s V; 
Nts 

(also R’=H) 

t ot | 4) BuLi “] 
se R 

: 2) py.S: 2 = 2 ) py 

(or dithiane) 

3) From alkanethionocarboxylic acids and related 
compounds 

1) LDA 
y ee —————— ifs = ‘ 

RR’CH—CSSMe 2) MesiCl RR’C=C(SMe)—SSiMe, 

(also R’=H) 

MeSCS—NHNHTs 
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RCH=CR’—CH,X 
1) NaH 

2) (2,3]- rearr. 

3) Mel 

(MeS),C =CR-—CR’=CH, 

1) base 

CH,=CHCH,CH,CSS-i-Pr 
2) RCOR | 
3) Mel 

R,C(OH)CH,CH=CH—CH=C(SMe)-— S-i-Pr 

1) LD. RR'CH-CSSH eee RR'C=C(SR’), 
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R,CHMgX + CS, + CI(CH,),Br —> re esate 
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R,c=C0 CH 
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1) CS, 2) LDA 
ee eee 3) Me,SO, CH,=C(SMe), (also monoxide) MeMgCl 
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Advances in Stereochemical Control: 

The 1,2- and 1,3-Diol Systems’ 

1. Introduction and Background 

In recent years natural-product synthesis 

has placed heavy emphasis on asymmetric 

synthesis.? This trend has been brought 

about not only for the elucidation of fun- 

damental processes involved in asymmetric 

synthesis, but by the structural require- 

ment of some target molecules. The pre- 

1970 literature records many elegant total 

syntheses of steroids, alkaloids, terpenes, 

and others in racemic form. In addition to 

those polycyclic compounds, numerous 

other natural products are of a different 

structural type, basically acyclic in nature, 

as exemplified by macrolide and ionophore 

antibiotics. Structural analysis of this last 

group of compounds readily reveals that 

coupling of two chiral fragments A and B 

be incorporated as a logical step in their 

syntheses. With d-A—d-B representing 

the structure of a natural product, this as- 

sembly can be executed in three ways: (1) 

connection of the optically pure fragments 

both in d-form (eq. 1), (2) reaction of d-A 

with the racemate of B (eq. 2) normally 

leading to a mixture of two compounds 

d-A—d-B and d-A—/-B, which are diaste- 

reomeric and hence potentially separable, 

and (3) pairing of the two racemates (eq. 3) 

usually resulting in the formation of two 

A-B racemates in nearly equal quantities, 

d-A+d-B —». d-A—d-B (eq. 1) 

d-A+ d/-B-> d-A—d-B+ d-A—/-B (eq. 2) 

d/-A+d/-B —» d-A—d-B + /-A—/-B + 

(d-A—/-B +/-A—d-B) (eq. 3) 

unless, on rare occasions, the reaction is 

carried out under ideal conditions of kine- 

tic resolution. While reactions 2 and 3 must 

be followed by separation of the diastereo- 

isomers, a normally tedious process of op- 

tical resolution is further required in the 

latter case in order to complete the synthe- 

sis of the target molecule d-A—da-B. Thus, 

the method of choice is obviously reaction 

1, for which enantiomerically pure A and B 

fragments are required. The role of asym- 

metric synthesis is self-evident and will 

become even more significant as this Ac- 

count unfolds. 

As an illustration, let us examine the 

structure of amphotericin B (1)* which rep- 

resents the large family of macrolides of 

acetate and propionate origin.’ One logical 

retrosynthesis of its aglycone (2) (the non- 

3 Palytoxin 

Cy20H223N3054, 64 asymmetric centers, 8 double bonds 

©1982 by Aldrich Chemical Company, Inc. 

Satoru Masamune* and William Choy 

Department of Chemistry 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

sugar portion of 1) dissects, as indicated by 

the wavy lines in 2, the 38-membered lac- 

tone into chiral fragments A, B, and C 

which feature the presence of one 1,2-diol 

and several 1,3-diol structural units. In 

fact, these dihydroxyl units are ubiquitous 

in numerous polyketide natural products 

of biological significance, as exemplified in 

a dramatic manner by palytoxin (3), a po- 

tent toxin of marine origin having a 

molecular formula of Cy29H223N3Os., 64 

asymmetric centers, and eight double 

Aldrichimica Acta, Vol. 15, No. 3, 1982 47 



48 

bonds.* Thus, an approach or approaches 

to the construction of these basic diol units 

become a necessity. Once efficient 

methodologies are established, one can 

contemplate a logical synthetic scheme 

even for palytoxin, although in this parti- 

cular instance, one will be inevitably 

bogged down with repetitious operations 

as well as technical problems associated 

with the handling of large molecules such 

as peptides. 

Approximately three years ago at 

M.I.T., we launched a project aimed at the 

efficient synthesis of several representative 

macrolide antibiotics of medium complex- 

ity, with the prime objective of establishing 

the methodology for the sequential con- 

struction of the 1,3- and 1,2-diol systems. 

Although seemingly severe at the time, our 

requirements for a successful methodology 

were (a) a stereoselection of, at minimum, 

15:1, (b) a chemical yield of greater than 

80%, and (c) functional groups in the prod- 

uct so chosen that they can be easily and 

mildly transformed into a substrate for the 

next stereoselective reaction of the se- 

quence. For these objectives, two synthetic 

transformations were selected: (1) the 

asymmetric aldol reaction for the 1,3-diols 

(eq. 4) and (2) a sequence of reactions in- 

volving Wittig reaction, asymmetric epoxi- 

dation, and ring opening for the 1,2-diols 

(eq. 5). 

Five or fewer consecutive applications of 

eqs. 4 and 5 together with additional func- 

tional-group transformations will be ade- 

quate for the construction of a molecule 

with ten or fewer chiral centers, the degree 

of stereochemical complexity possessed by 

the target molecules. If the conditions set 

above are met, the overall stereoselection 

for all the reactions will still exceed a grati- 

fying 72%. 

In this article we outline the mainstream 

of our own research developments, and de- 

liberately limit the citation of other contri- 

butors to only those pertinent to the discus- 

sion. Emphasis is placed on the analysis of 

the stereochemical problems and the con- 

ceptual development in solving the prob- 

lems that have emerged. There is a wealth 

of new findings in the fields of asymmetric 

aldol reaction and asymmetric epoxidation 

and excellent review articles already exist.° 

2. Aldol Reaction 

2.1. Stereochemical Descriptors.’ Before 

we unfold a rather complicated account of 

aldol chemistry, the nomenclature to beus- 

ed throughout this article must be unam- 

biguously defined. The aldol reaction (eq. 

6) is a carbon-carbon bond-forming reac- 

tion which involves an aldehyde (4) and an 

enolate (5) and, in general, creates two 

chiral centers in the product (6). Thus, if 4 
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is an enantiomerically pure 2-methyl-sub- 

stituted aldehyde and 5 is an enolate de- 

rived from an ethyl ketone, the reaction 

products that may result from this reaction 

are four diastereoisomers, 6a-6d. For the 

reasons detailed elsewhere,’ the stereo- 

chemistry of these isomers is now ex- 

pressed in this article by the zigzag main- 

chain formula, and the descriptors ‘‘syn’’ 

and ‘‘anti’’ are used, as shown in eq. 6, to 

describe two (non-hydrogen) substituents 

on the same side and those on the opposite 

sides of the plane defined by this chain, res- 

pectively. The proposal of an additional set 

of descriptors also appears to be appropri- 

ate. The two lithium enolates 7a and 7b are 

designated Z and E. Since very often we are 

concerned with the relative disposition of 

the OLi and methyl groups with respect to 

the double bond, and in fact both enolates 

7a and 7b induce the same stereochemical 

consequence, it is preferred to assign the 

same descriptors to both of them. We pro- 

pose the use of Z(O), indicating that top 

priority is conferred on the element in the 

bracket in this special case.’ E(O) is defined 

in the same manner. These two sets of ste- 

reochemical descriptors eliminate the am- 

biguity that unfortunately has appeared in 

Asymmetric Aldol Reaction 

the recent aldol literature, and this pro- 

posed nomenclature hopefully will receive 

universal acceptance in the future. 

2.2. Models for the Aldol Reaction. Any 

condensed-phase reaction which involves 

an organometallic reagent (including metal 

enolates) takes an extremely complicated 

course, and our understanding of it is still 

at the infant stage. Even in cases where the 

degree of aggregation of the reagent in 

solution was known, é.g., a lithium enol- 

ate’ and cuprate,° the actual species reac- 

ting with a substrate had not been deter- 

mined. Moreover, reactions of the same 

type have been performed under a variety 

of experimental conditions, i.e., the aldol 

condensation may have been effected with 

various Lewis acids or bases, and thus, the 

conformation of the transition state has 

varied from case to case.*** For these 

reasons we are concerned only with aldol 

reactions (eq. 7) using a cation M* (M in 8: 

a Group I, II, or III metal) and the model 

of our selection is one which best rational- 

izes the experimental results. 

Some time ago Zimmerman and Traxler 

proposed, for the Ivanov reaction, the 

chair-type pericyclic intermediate’? (al- 

. ais . eq. 4 
R-CHO ————__ “R-CH(OH)-CH(Me)- CHO se 

Asymmetric Epoxidation and Ring Opening 

oe (eq. 5) 
‘R-CH=CH-CH,OH — ‘R-CH—CH-CH,OH ——® ‘R-CH(OR)-CH(OR)-CHO 

Nee 
a Ri 

a ean Sate (eq. 6) 
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3,4-syn 3,4-anti 3,4-syn 3,4-anti 

\ OLi : OLi 
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E(O), a: 2,3-anti 
3,4-syn 

Z(O), B: 2,3-syn 
3,4-anti 

E(O), 8: 2,3-anti 
3,4-anti 



a most the same as shown in 8) which, prior 

to our initiation of this project, had 

already proven useful in explaining the ste- 

reochemical course of several aldol-type 

reactions.**? 

The outcome of the reaction proceeding 

through 8 which delineates the case of the 

Z(O) enolate approaching the a(re)-face of 

the aldehyde is straightforward: the aldol 

product 9 should have the 2,3-syn, 3,4-syn 

stereochemistry. The other combinations 

for the assembly of the enolate and alde- 

hyde are: E(O) enolate approaching the 

a-face of the aldehyde; Z(O) enolate, 

B(si)-face, and lastly E(O) enolate, 6-face. 

The stereochemistry of the product in each 

case is tabulated. It is clear that (1) the Z(O) 

and E(O) geometries of the enolate are 

translated into the 2,3-syn and 2,3-anti ste- 

reochemistry of the aldol product, respec- 

tively and (2) the enolate’s approach to the 

aldehyde (from the a- or (-face) deter- 

mines the absolute configuration of the 

C-3 hydroxy] group created in the reaction. 

(The a- and B-face selections correspond to 

the B- and a-absolute configurations of the 

C-3 hydroxyl group of the product, respec- 

tively.) Since the G-absolute configuration 

of the C-4 methyl group in 9 is ‘‘handed 

over’’ from the aldehyde, the 3,4-stereo- 

chemistry of 9is syn in this case. Therefore, 

the stereochemical problem in the aldol 

reaction consists of two parts: how to con- 

trol the 2,3- and 3,4-stereochemistry. 

2.3. 2,3-Stereochemistry.'! One simplis- 

tic conformational analysis of the transi- 

tion state 8 (coupled with some serendipity) 

has led to an expeditious solution of this 

problem. The relatively short O—B and 

C—B bondlengths as well as the strong af- 

finity of boron toward an oxygen lone pair 

would ‘“‘tighten”’ the transition state; at the 

same time a bulky ligand attached to the 

boron atom would exert a steric demand in 

the lower space of the chair ring. These fac- 

tors would thus force the orientation of the 

aldehyde in the manner shown in 8. This 

prediction has indeed been realized and, in 

a way, validates the Zimmerman-Traxler 

model, particularly in the case of the bo- 

ron-mediated aldol condensation. '? 

The experimental results are briefly sum- 

marized in eqs. 8 and 9.'' Treatment of 

S-phenyl propionate (10a) and ethyl cyclo- 

hexyl ketone (10b) with 9-borabicyclo- 

[3.3.1]nonyl trifluoromethanesulfonate 

(triflate) (11) effects the stereoselective for- 

mation of the corresponding Z(O) boron 

enolates 10a’ and 10b’, respectively, which 

react with many aldehydes of various 

structural types to provide the racemic 

2,3-syn-3-hydroxy-2-methylcarbonyl com- 

pounds 12a and 12b with a stereoselection 

of at least 30:1. On the other hand, dicyclo- 
{L_ = = =— 

337. 

fe) (Csorr 11 

me oe 1 r R i-Pr,NEt FE 

10a: R'=SPh 

10b: R'=c-C,H,, 
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(eq. 8) 
OH O 

Racemate 

12a: R'=SPh 

12b; R= c-C.5, 

Stereoselectivity > 30:1 

aC) ae mk ue (eq.9) ay f 
j-Pr,NEt = 
-" / ‘R! OH O 

Racemate 

10c : R'=S-?-Bu 10c’ 14: R'=S-t-Bu 
Stereoselectivity > 20:1 

Scheme 1 

OH O 

6a 

a(re) attack 

6b 

B(si) attack 

Diastereofacial Selectivity 

(1) The chirality of an aldehyde 
(2) The chirality of an enolate 

pentylborinyl triflate (13) converts S-tert- 

butyl propionate (10c) to its E(O) enolate 

10c', which is capable of producing 

2,3-anti aldol products (14), again with ex- 

cellent stereoselection (>20:1). The 

majority of the above results have been 

confirmed independently by Evans and co- 

workers.'? Although a number of methods 

for the stereoselective synthesis of racemic 

2,3-syn- and anti-3-hydroxy-2-methylcar- 

bonyl compounds are now available, the 

boron-enolate aldol reaction remains the 

method of choice in terms of overall selec- 

tivity, yield, and operational simplicity. 

2.4. 3,4-Stereochemistry. While the 2,3- 

problem quickly came to a successful end, 

the 3,4-problem consumed a great deal of 

our effort. The issue in question was this: 

how to force the enolate into either the a 

(see 8) or the G (see 15) side of an aldehyde. 

The aldehyde (with a trigonal carbon) 

has two faces: re and si (a and £, respec- 

tively) as shown in Scheme 1. These faces 

(or environments) are equivalent when the 

aldehyde is achiral, i.e., R'=H or Me. In 

the case of R'‘*H or Me, these faces are di- 

astereotopic.'* Thus, when an achiral rea- 

gent (a nucleophile in the aldol reaction) 

approaches the aldehyde, the reagent, in 

principle, exhibits a varying degree of pre- 

ference for one face over the other. The 

degree of this preference normally shown 

in the product ratio is defined as diastereo- 

facial selectivity .'*° The same argument also 

applies to the reagent. Thus, an achiral al- 

dehyde approaching a chiral enolate 

“‘senses’’ the difference between the two 

faces of the enolate, andthe latter becomes | 
diastereoface-selective. Furthermore, the 

chirality of the ligands (L) attached tothe | 

metal (M) will also contribute to choosing | 

between 8 and 15. Although in actual syn- 

thesis the aldehyde is normally preselected, 

the enolate, metal, and its ligands can be 

varied, providing a means of controlling 

the 3,4-stereochemistry. Diastereofacial 

selectivity of the aldehyde has been exten- 

sively investigated both experimentally*’'® 

and theoretically'’ and is often referred to 

as the Cram/anti-Cram selectivity. 

The concept of diastereofacial selection 

is not new.'* However, our appreciation of 

the concept, which was clearly recognized 

in the process of solving the entire 2-, 3-, 

and 4-stereochemical problem, justifies a 

somewhat elaborate illustration.’* The 

chiral lithium enolate S-16 has been readily 

prepared from (+)-S-atrolactic acid (eq. | 

10). The reaction of benzaldehyde with | 

S-16 leads to the formation of two aldol | 
products, 17 and 18, ina3.5:1 ratio (eq. 11) 

which can be equated to the diastereofacial 

selectivity of S-16. As indicated by the 6 

absolute configuration of the C-3 hydroxyl 
— 
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group of the major product 17 (section 

2.2), the transition state of type 8 is more 

stable than that of type 15, and thus S-16 

enolate exhibits a slight preference for the 

a-face of the aldehyde in the reaction. The 

diastereofacial selectivity of an aldehyde 

has also been evaluated. Thus, S-2-cyclo- 

hexylpropionaldehyde (S-19) provides, 

upon treatment with achiral lithium eno- 

Oc H 
S-19 

(matched pair) 

late 20 (R=Me), a 2.7:1 ratio of aldol 

products 21 and 22 (eq. 12), favoring its 

a-diastereoface for the approach of the ex- 

ternal nucleophile 20.'** Then, upon com- 

bination of S-19 and S-16 (a matched pair), 

both the aldehyde and enolate favor the 

a-face of the aldehyde in the reaction 

which would result in the enhancement of 

the 3,4-stereoselection (eq. 13). On the 

22 
1 (eq. 12) 

(3.5 x 2.7 = 9.5) 

Me Ph 

TMS 

15 (eq. 14) 

(3.5 + 2.7 =1.3) 

Diastereofacial selectivity of 

Uldnianinica Actas VolaisaN GAO 

other hand, the reaction of S-19 with R-16 

(a mismatched pair) would lead to inferior 

stereoselection (eq. 14). These predictions 

are confirmed by the results shown (8:1 in 

favor of 23 for the matched pair, and 1.5:1 

in favor of 24 for the mismatched counter- 

parts).’*'® Note that the absolute configu- 

ration of the hydroxyl groups in 23 and 24 

are 8 and a, respectively. 

A judicious choice of a pair, reagent and 

substrate, may succeed in achieving the 

highly selective construction of 3,4-stereo- 

chemistry of one kind (e.g., 3,4-anti as in 

23). Unfortunately, this methodology is 

bound to fail in preparing the other 3,4-ste- 

reoisomer (e.g. , 24) in an equally selective 

manner. Therefore, stereochemical con- 

trol has not been achieved. However, there 

emerges an important corollary: if one can 

prepare a chiral enolate reagent which pos- 

sesses sufficiently high diastereofacial se- 

lectivity (i.e., > 100:1), the normally small 

(Cram/anti-Cram) selectivity of aldehydes 

(ranging 1:1 to 4:1)!’ can be easily out- 

weighed to the extent that either the 3,4-syn 

or the 3,4-anti isomer can be prepared as 

the (nearly) exclusive product. The first 

step we took toward this aim was the use of 

reagent 25 (eq. 15), the hexahydro deriva- 

tive of 16, which was found to have a dia- 

stereofacial selectivity of approximately 

S218 

The reaction of semi-aldehyde (—)-26 

with the chiral lithium enolate reagent S-25 

provides a 15:1 ratio of 27 (3,4-anti) and 28 

(3,4-syn). Use of the R-reagent reverses the 

ratio to 1:10.7* This was the first important 

demonstration of 3,4-control in aldol 

chemistry, although admittedly, the ratios 

are marginally acceptable and the diaste- 

reofacial selectivity of 26 is only in the 

neighborhood of 3:2. 

2.4.1. Chiral Z(O) Boron Enolate Rea- 

gent (2,3-syn-Selective).2° An immediate 

goal was clear at this stage: we must pre- 

pare a chiral enolate reagent with a diaste- 

reofacial selectivity of 100:1 or greater. 

Eliminating the details of the long road 

leading to this goal as well as abbreviating a 

mechanistic rationale for its high selectivi- 

ty, we showin Scheme 2 the structure of the 

reagent(s) which are now used routinely for 

the synthesis of complex molecules (see 

Section 3). The S(or R)-boron enolates 

[S(R)-29a,b,c] are prepared from optically 

active mandelic acids through routine op- 

erations (see Experimental Part). The reac- 

tivity and selectivity of 29 in the aldol reac- 

tion can be adjusted with the selection of a 

proper boron substituent as shown (a-c). 

For instance, aldehyde 30, a primary alde- 

hyde chosen from many examples tested, 

undergoes aldol reaction with S-29c, the 

most stereoselective (but least reactive) to 



provide a 100:1 mixture of two diastereo- 
isomers 31 and 32 (R=PhCH,O-CH,- 
CH.-). In the case of 33, an a-branched al- 
dehyde, the stereoselectivity of the reaction 
is very high [>100:1 of 31 to 32 
(R = Me,CH-)] even with the least selective 
(but most reactive) S-29a.?! Successive 
treatments of a mixture of 31 and 32 with 
hydrogen fluoride (or fluoride anion) fol- 
lowed by sodium metaperiodate provide 
the corresponding 2,3-syn-3-hydroxy-2- 
methylcarboxylic acid (34 or 35) with an 
enantiomeric excess higher than 98%! 
These results meet the standards set for the 
project. The capability of these reagents to 
control the 3,4-stereochemistry in the reac- 

tion with chiral aldehydes will be examined 

in the total syntheses that are described in 

Section 3. 

2.4.2. Enantioselective Synthesis of the 

2,3-anti-3-Hydroxy-2-methylearbonyl 

Compounds via an Indirect Route.” Since 
the aldol reaction with the Z(O) boron 
enolate 29a-e provides a means of synthe- 
sizing 2,3-syn compounds enantioselec- 
tively, this general approach should be ex- 
tended to the use of chiral E(O) enolates. 

From the above discussions, these E(O) 

enolates are expected to give rise to optical- 

ly active 2,3-anti isomers (e.g., 36). Unfor- 

tunately, many attempts made thus far by 

us and others at devising such E(O) rea- 

gents (with diastereofacial selection com- 

parable to that of 29a-c) have met with only 

partial success.?* Enolate precursors (Et- 

COR) which have a bulky chiral auxiliary 

(R) are prone to form the corresponding 

Z(O) enolate even with reagents normally 

used to generate E(O)-isomers (Section 

2.3). This tendency is mainly responsible 

for the lack of a highly diastereoface- 

selective E(O) reagent at present. An in- 

direct and somewhat circuitous solution 

which we have found for this 2,3-antiprob- 

lem is outlined below. This tentative solu- 

tion also happens to provide a route to the 

systems having two hydroxyl groups at the 

6 and 8’ positions to a carbonyl group 

(e.g., 37), another structural unit common- 

ly found in natural products (Sections 3.3 

and 5), but difficult to construct otherwise. 

Syntheses of the optically pure 2,3-anti- 

3-tert-butyldimethylsilyloxy-2-methyl- 

pentanoic acid (36, Scheme 3) and the cor- 
responding 2-hydroxymethyl aldehyde 37 
illustrate the case. The reaction of propion- 
aldehyde with the new chiral selenium-con- 

taining reagent 38, modified slightly in 
structure from 29¢, proceeds in the expect- 
ed manner (diastereoselection > 100:1) to 

Scheme 2 
OBR, 

os = i 

bio eS R tS A oot SiO’ H aa : 
OH O OH O 

S-29a BR, = 9-BBN 
S-29b R=n-Bu 31 32 
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Stier ae eae S-29a 16:1 cae 
30 S-29b 28:1 

S-29¢ 100:1 Bno OH O 
Bn =benzyl 34 

CHO S-29a 100:1 
o> S-29b 100:1 en 

33 S-29¢ No reaction OH O 
35 

HK Scheme 3 

PhSe 1)0, es 

La 
on eo ous — i R' 

4 «= «88: R=CC,H,, : : y 
Stereosel. OR? 
>100:1 : R'=Chiral residue, R2=H 

:R'=OMe, R?=Si=+ 
: COR'=CH,OH, R?=Si=+ 

1 ° ce i, con = ™ 2) 0, Osi-< 

nfs) 36 Rs 

warming at 50° with pyridine). Successive 
treatments of the resulting vinyl compound 
41 with sodium metaperiodate, diazometh- 
ane, and ferf-butyldimethylsilyl triflate 
provide a key intermediate (42), which pos- 
sesses two different functional groups, an 
olefin and an ester. Both groups can be 
readily modified to reach 36 and 37. First, 
diisobutylaluminum hydride (DIBAL-H) 
reduction converts 42 into 43. Transforma- 
tions of 43 into 36 and 37 are straightfor- 
ward (see Scheme 3). Compound 37 has 
been used to prepare the right-hand por- 
tion (44) of tylonolide (Section 3.3) 
through a Wittig reaction with ethoxycar- 
bonylethylidenetriphenylphosphorane, 
DIBAL-H reduction, and Collins oxida- 
tion. Another application of this method- 
ology appears in Section 5. It is apparent 

that the right-hand end of the main chain 
and the 2-substituent of the key intermedi- 

ate 42 are interchanged in 36 and 37 in 

order to construct the 2,3-anti stereochem- 
istry. Thus, overall, a chiral Z(O) enolate 
provides a highly selective synthesis of an 
optically active 2,3-anti aldol product as 
well. 

2.4.3. Coordination of the Lithium Ca- 

tion with an Alkoxy Substituent: Construc- 

tion of the 2,3-syn-3,4-anti-4,5-syn-3,5-Di- 

hydroxy-2,4-dimethylcarbonyl System.’ 

Lithium and magnesium enolates used in 
aldol reactions, in contrast to boron enol- 
ates, exhibit distinct propensity for coordi- 
nation with oxygenated functional groups 
present in either the enolate itself or the 
reacting aldehyde. The stereochemical 
consequence resulting from this coordi- 
nation has been delineated by Cram’s cy- 
clic (coordination) model,”* as illustrated 
by the reaction of a 2,3-syn-3-alkoxy-2- 

methylcarboxaldehyde (45) with a lithium 

Z(O) enolate (46, eq. 16). 

provide 39 which, after removal of the sil- R : wee 46 
yloxy protecting group (see 40), is sub- ent ae ee (eq. 16) | 
jected to standard conditions for the elimi- Rome | i. nation of the PhSeOH group (O; and then 45 47 
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lead to the formation of the 2,3-syn-3,4- 

anti-4,5-syn-3,5-dihydroxy-2,4-dimethyl- 

carbonyl derivative 47, a structural feature 

in several natural products such as C-9— 

C-13 fragment (49) of 6-deoxyerythrono- 

lide B. Obviously, the difference between 

the two transition states [emerging from 

the re (shown in 48) and si (not shown) ap- 

proaches] is likely to depend in part on the 

size of both R' in 45 and R? in 46. Also pre- 

requisite for the construction of the stereo- 

chemistry embedded in 47 is the exclusive 

generation of the lithium Z(O)-enolate 46 

from the corresponding ethyl ketone, a 

task that has demanded an extensive survey 

of lithium bases. [Compare with the gener- 

ation of Z(O) boron enolate which is under 

nearly perfect control (Section 2.3).] In 

general the Z:E ratio of the two geometri- 

cally differing enolates 46 and 50 (eq. 17) 

derived from an ethyl ketone 51 with a lith- 

ium amide depends largely on the size of 

the R? group in 51 as well as the basicity and 

steric bulk of the base used. Thus, while 

treatment of a 2,2-dimethylpentan-3-one 

(51 with a bulky R?) with lithium diisopro- 

pylamide provides its Z-enolate (46:R? =t- 

Bu) quantitatively, the direct, exclusive 

generation of the Z-lithium enolate from a 

ketone with a less bulky R? such as ethyl 

had not been realized prior to our investi- 

gation. Table 1 summarizes some selected 

results. Pentan-3-one (51a) and ethyl cy- 

clohexyl ketone (51b), chosen as represen- 

tative ethyl ketones having a small and a 

medium R? group, respectively, provide 

varying Z:E ratios (46 versus 50), as ana- 

lyzed by the corresponding trimethylsilyl 

ethers (52 and 53) obtained from their lith- 

ium enolates. Clearly, in both cases, the 

ratio is significantly enhanced as the size of 

the substituents of the disilazide increases; 

in particular, the use of lithium 1,1,3,3-te- 

tramethyl-1,3-diphenyldisilazide (54) leads 
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Table 1 

The Z:E Ratio of the Enolates derived from Ethyl Ketones. 

R? in 51 Base Ze 
Ratio 

S (51a) i-Pr,NLi 30:70 

Et (51a) (Me,Si),NLi 70:30 

Et (51a) (Me,PhSi),NLi (54) >100:1 

Et (51a) (Et,Si),NLi 99:1 

Cyclohexyl (51b) i-Pr,NLi 61:39 

Cyclohexyl (51b) (Me,Si),NLi 85:15 

Cyclohexyl (51b) (Me,PhSi),NLi (54) 99:1 

Cyclohexyl (51b) (Et,Si),NLi 94:6 

to the exclusive formation of Z-enolates. 

This finding is general for a variety of sim- 

ple ketones and obviously has great synthe- 

tic utility. 

With the geometrically pure Z-enolates 

now readily available from ethyl ketones 

51a and 51b, the factors that influence the 

stereoselectivity in the construction of the 

2,3-syn-3 ,4-anti-4,5-syn-3,5-dihydroxy- 

2,4-dimethylcarbonyl system (see 55 or 47) 

may be defined. The aldol reaction of 45a 

with 46 (eq. 18) proceeds efficiently at 

-78°C to provide two major products 55 

and 56 (see Table 2), in addition to minor 

amounts of the 2,3-anti-stereoisomers cor- 

responding to 55 and 56. (Amounts of 

these 2,3-anti-3,4-syn-isomers are signifi- 

cantly smaller than those observed in the 

OLi 

ee \=< R! 
yohng R? 

Table 

Entry R' in 45a 

H 

H 

Et 

Et 

PhCD,- 
PhCD,- 

i-Pr 

i-Pr 

t-BuMe,SiOCH,CH,- 
t-BuMe,SiOCH,CH,- SeOMWNONhwWD = 

46 5 OH 

aldol reaction with an aldehyde carrying no 

B-alkoxyl substituent.) This is consistent 

with the view that the reaction of 45a pro- 

ceeds through the transition state 48. The 

B-alkoxyl substituent organizes, in 48, a 

rigid framework with the lithium cation 

which steers the reaction to create the 

2,3-syn stereochemistry. The interaction 

between the enolate with R? and the two 

groups of the aldehyde, methyl and in par- 

ticular R', are indeed important, as antici- 

pated. With a small interaction (entries 

1-3, Table 2) the ratio ranges between 3.5:1 

to 5:1 and increases to approximately 10:1 

when R' is primary or secondary alkyl and 

R? is secondary alkyl (entries 4, 6, 8). Most 

significantly, when R' carries an additional 

ethereal substituent, and thus creating yet 

ey 
R? a 

oO + G (eq. 18) 

OBn 

55 56 

2 
Combined 

R? in 46 Ratio of Yield (%) 

55:56 of 55 and 56 

Et 41 87 

Cyclohexyl 3.6:1 79 

Et | 81 

Cyclohexyl 9:1 79 

Et Sion) 71 
Cyclohexyl 9:1 70 

Et 6.9:1 fs 

Cyclohexyl ‘aera 68 

Et eka 82 
Cyclohexyl 19:4 79 



another ligand to coordinate the lithium 

cation, the observed selectivities (entries 9, 

10) now exceed 10:1. 

3. Macrolide Synthesis via Aldol-Type 

Reactions 

Stereocontrol described in the preceding 

sections is sufficient for most of the crucial 

synthetic transformations in the total syn- 

theses of the selected macrolides: 6-deoxy- 

erythronolide B, rifamycin S, and tylonol- 

ide. All the synthetic designs follow the 

simple and now established ‘‘seco-acid al- 

dol approach”’ (in which a seco-acid is, ina 

final stage, lactonized to the corresponding 

macrolide).* The central issue is the crea- 

tion of the chiral centers embedded in the 

carbon skeleton, and this challenge has 

been resolved by means of the aldol meth- 

odology with remarkable overall efficiency 

in terms of both yield and stereoselection. 

3.1. 6-Deoxyerythronolide B.”* This me- 

tabolite 57 is biosynthesized exclusively 

from propionates (one propionyl CoA and 

six methylmalonyl CoA’s) and leads to all 

the erythromycins presently known. Once 

the seco-acid aldol approach is adopted, 

designing a synthetic scheme is straightfor- 

ward. Splitting the seco-acid derivative 

(58), drawn in a zigzag fashion, into frag- 

ments A and B immediately suggests the 

order of the aldol reactions to be utilized in 

the synthesis (Scheme 4). Aldol I (involving 

propanal 59 and its equivalent) produces 

fragment A, while aldols II (59 and 60) and 

III (61 and an equivalent of 59) complete a 

synthesis of fragment B. Finally, both frag- 

ments are combined via aldolIV. Note that 

aldols I, II, and III all concern the creation 

of 2,3-syn stereochemistry, the task that 

can be readily achieved with the chiral bo- 

ron enolates 29a,b,c described earlier (Sec- 

tion 2.4.1). 

3.1.1. Seco-Acid. The reaction of 

(—)-aldehyde 26 with the S-chiral reagent 

29a (Scheme 5) proceeds smoothly (stereo- 

selection 40:1) to provide an aldol product 

62'* which, after removal of the chiral aux- 

iliary (HF and then NalO,), is converted 

quantitatively into the Prelog-Djerassi lac- 

tonic acid 63. A key intermediate in the 

syntheses of several natural products such 

as methymycin?* and narbonolide,’’ 63 is 

readily available in multigram quantities 

and in optically pure form (>98% e.e.). 

Addition of the C-1, C-2 fragment to 63 

again uses the S-chiral reagent 29a. Aldol 

reaction of the aldehyde 64 derived from 63 

provides (with 14:1 stereoselection) the 

major product which, upon standard treat- 

ment (e.g., 62 to 63), is transformed to the 

carboxylic acid 65 and then to its thiol ester 

66. After modification of the functional 

groups of 66 through a series of routine re- 

Scheme 4 
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>100:1 

R? 

69: R'=H, R?=OH 

70: R’=siEt,, R?=H 

actions, the resulting carboxylic acid 67 is 

further converted to the corresponding 

ethyl ketone 68, which is an equivalent of 

fragment B. 

The enantioselective synthesis (selectivi- 

ty >100:1) of the hydroxy acid 69 corres- 

ponding to fragment A (Scheme 5) is readi- 

ly achieved using propionaldehyde (59) 

and the R-chiral reagent 29c. A sequence of 

standard operations converts 69 into alde- 

hyde 70 which is ready for coupling with 

68. 

The final aldol coupling of 70 and 68 (eq. 

19) is different from those described above 

67: R=OH 

68: R=Et 

58 

0 Aldol IV 

2,3-syn, 3,4-anti 

+ 

fe) OH OH O 

Fragment B 

0 Aldol Ill 

2,3-syn, 3,4-syn 

2 
ny Lose 

ie) 

Aldol II 

2,3-syn, 3,4-anti 

HF 

NalO, 

63 : R=OH 

64: R=H 

S-29a 
F-, NalO, 

Stereosel. 

14:4 

65: R=OH 

66: R=S-t-Bu 

in that both the aldehyde and enolate (ethyl 

ketone) are set and a diastereofacial-selec- 

tive reagent (such as 29) cannot be used to 

advantage. What is displayed in this final 

carbon-carbon bond formation is the 

strong coordinating power of the lithium 

cation with the ethereal oxygen atom at- 

tached to the B-carbon of aldehyde 70, as 

already outlined in Section 2.4.3. Treat- 

ment of 68 with lithium hexamethyldisilaz- 

ide* at -78°C followed by addition of 70 

*The use of 54 is unnecessary to achieve the exclusive 

formation of the Z-enolate in this case because the ef- 

fective bulk of the C-8—C-1 fragment of this ethyl ke- 

tone 68 is considerably larger than that of 51a or 51b. 
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gives rise to the desired 49 and its diastereo- 

isomer 71 at a diastereoselection of 17:1, a 

highly gratifying result in view of the low 

selectivity (1.8:1) observed in the boron- 

mediated aldol reaction. The synthesis of 

the seco-acid 49 containing 10 chiral cen- 

ters thus proceeds in 11% overall yield 

based on (-)-aldehyde 26 and propanal 59 

used and an overall stereoselection of 85% 

for the four aldol reactions. 

3.1.2. Lactonization. The conclusion of 

the 6-deoxyerythronolide B synthesis is 

briefly summarized below, as this is not the 

main subject of this article. A sequence of 

reactions (eq. 20), (1) reduction of 49 with 

NaBH,, (2) bisdichloroacetylation of the 

resulting dihydroxyl compounds, and (3) 

desilylation, provides epimeric (9a and 98) 

13-hydroxy thiol ester 72 which is lacton- 

ized with excess copper(I) trifluorometh- 

anesulfonate?> in benzene containing 2 

equiv. of diisopropylethylamine. After the 

successful execution of this crucial lactoni- 

zation step, the subsequent transformation 

of 73 proceeds in a straightforward man- 

ner. Removal of the dichloroacetate pro- 

tecting group, followed by selective oxida- 

tion of the C-9 hydroxyl group and finally 

hydrolysis of the acetonide group with 

mild acid completes the synthesis of the 

target molecule 57. 

3.2. The Ansa Chain of Rifamycin S.** 

Rifamycin S (74) is a well known antibiotic 

belonging to the ansamycin family (see 

Scheme 6).7* The structure of this com- 

pound is uniquely characterized by the 

naphthoquinone moiety bridged at the 2 

and 12 positions by the ‘‘ansa’’ chain (75). 

The symmetry element which is present in 

75 becomes all the more evident with two 

retrosynthetic operations: (1) oxidation of 

the C-23 hydroxyl group to the ketone, and 

(2) hydration of the double bond as in- 

dicated in 76. The C-18—C-28 fragment 

incorporating all the chiral centers in 76 

now has C, symmetry (if R? = Me). Dissec- 

tion of 76 leads to a set of four units, A, B, 

A‘, C (retrosynthesis I) or another set, A, 

B, C, D (retrosynthesis II), the former (I) 

being more symmetrical than the latter. 

Note that (1) units A and A’ are enantio- 

meric and are readily available in >98% 

optical purity (see Section 2.4.1) and that 

(2) each half (C-18—C-23 and C-23—C-28) 

of 76constitutes a 2,3-syn-3,4-anti-4, 5-syn- 

2,4-dihydroxy-3,5-dimethylcarbonyl sys- 

tem (numbering starts with the carbonyl 

group), whose stereoselective construction 

can be achieved by a single aldol reaction 

(see Section 2.4.3). The aldol approach to 

the synthesis of 75 is, thus, extremely at- 

tractive. The synthesis described below is 

based on retrosynthesis II rather than I, as 

II offers the advantage of confirming the 
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RO OMe H 
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RETROSYNTHESIS II Ce: 

yee H 

stereochemistry of a synthetic intermediate 

halfway in the entire sequence. Even with 

this less symmetrical design, the 18-step 

synthesis proceeds in 30% overall yield and 

with 80% overall stereoselectivity.”° 

3.2.1. The C-19—C-29 Fragment. The 

synthesis (Scheme 7) starts with (—)-3-hy- 

pak 2- sake mei oe acid (34) which 

MeS 

ee es o 

Y: ee 
is readily prepared enantioselectively (99% 

e.e.) from 30 (see Section 2.4.1). A se- 

quence of standard reactions converts 34 

into 77 which is ready for the aldol reaction 

with the Z-enolate generated from pentan- 

3-one with lithium 1,1,3,3-tetramethyl- 

1,3-diphenyldisilazide (Section 2.4.3). The 

reaction proceeds smoothly to provide the 

cues Me 
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ethyl ketone 78 in >95% yield and with 

20:1 stereoselection. The C-25 hydroxyl 

group of 78 is then protected with a bulky 

group (f-BuMe,Si). The silylated ketone 

(78a) is converted to the corresponding lith- 

ium Z-enolate for the final aldol reaction 

with aldehyde 79, prepared from formalde- 

hyde (80)°”* or, directly, from enzymatical- 

ly derived S-3-hydroxyisobutyric acid.*° 

With the bulky substituent at the C-25 po- 

sition of the enolate (derived from 78a), the 

intramolecular coordination of the lithium 

cation is suppressed and the intermolecular 

coordination with the ethereal oxygen of 

79 is maximized.?' Yet, as expected from 

the structure of 79, having the primary 

Sem-O substituent (Section 2.4.3), the dia- 

stereoselectivity of this aldol reaction is on- 

ly modest (3:1) and is enhanced to 8:1 only 

with the addition of bis(cyclopentadienyl)- 

zirconium dichloride to the lithium enol- 

ate’? prior to the reaction with 79. This 

ratio is expected to be further enhanced if 

the synthesis is based on the symmetrical 

retrosynthesis I (see Section 2.4.3). 

The reduction of 81 with DIBAL-H pro- 

ceeds with a stereoselection of 16:1 as ex- 

pected, and the resulting diol is converted 

to its acetonide 82, which is correlated with 

a degradation product of the antibiotic 74 

to confirm its stereochemistry. Thus, the 

seven-step sequence converts 34 into 82 

which incorporates all the 8 chiral centers 

present in the ansa chain. 

3.2.2. Ansa Chain. The addition of a 

five-carbon (C-15—C-18) unit to the 

C-19—C-29 fragment to construct a 

Z:E-dienoic acid system is patterned after 

the methodology originally developed for 

the synthesis of monomethyl Z,E-mucon- 

ate by Linstead and coworkers.*’ Thus, al- 

dehyde 83 (derived from 82, Scheme 8) is 

treated with the lithium dianion of benzyl 

2-methylacetoacetate to yield the expected 

B-keto ester which is reduced with NaBH, 

to yield the diol isomers 84. The number of 

diastereoisomers (eight) is irrelevant, since 

all will be converted to a single final prod- 

uct. Hydrogenolysis followed by heating 

causes complete lactonization; treatment 

with trifluoroacetic anhydride and then 

water provides the a,@-unsaturated 6-lac- 

tones 85 (R'=CF;CO). The C-29 primary 

hydroxyl group of 85 is then tosylated. The 

ensuing step is efficient; reaction of the tos- 

ylate of 85 with excess sodium methanethi- 

olate effects three transformations: (1) 

substitution of the tosyl group, (2) libera- 

tion of the C-25 hydroxyl group, and (3) 

the desired lactone ring opening to yield the 

Z,E-dienoic acid (80%) without double- 

bond isomerization. Esterification and acet- 

ylation completes the synthesis of 86, which 

was earlier converted to rifamycin S.*° 

= = = eae =a 
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3.3. Tylonolide, the Aglycone of Tylo- (57) and rifamycin S (74). With the meth- 

sin.'* The antibiotic tylosin (87) represents odology developed for the construction of | 

the well known family of 16-membered this unit (Section 2.4.2), the seco-acid aldol 

polyoxomacrolide antibiotics.'* The struc- approach to the synthesis of 88 is now fea- 

ture of its aglycone, tylonolide (88), reveals sible. A retrosynthetic analysis of 88 which 

the unique C-13—C-15 unit with an anti- is similar to that applied to 57 dissects the | 

14-hydroxymethyl-15-acyloxy stereochem- 16-membered ring into three fragments: | 

istry, a structural and stereochemical the left-hand (C-11—C-17, 44), C-10, and 

feature absent in 6-deoxyerythronolide B the right-hand (C-1—C-9, 89). The last 

HO. 

87 
Tylosin if 

-Si- 

ie) 

88 89 MeO 

Tylonolide ABCD [_> BCD [> cD (> D | 

= —- ar eee = = = ee) 
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fragment is further split into four subunits 

in the manner, ABCD--BCD—CD-—D.** echeme? sles 
The synthesis of 89 eee the a ere ee ‘ : 

ric aldol reaction and asymmetric hydro- nO. 1 z 5 

boration. In addition there emerges a new ome Yield 76% Yield 76% SS“ on 

problem of constructing the 3-hydroxycar- a Bn are a O . 

bonyl (*CHOH-CH:-CO-) system (in con- Fe " Racemie 4 enantiomer ve aa 

trast with 3-hydroxy-2-methyl system dis- 92:R = CH.OH 95:R = SiEt, 

cussed repeatedly above). 93:R = CHO pee (+IPC),BH 

3.3.1. Preparation of Subunit BCD Pneee MCPBA 

| (C-3—C-9) in 89. Reaction of the lithium vor 

| dianion derived from 4-benzyloxybutyric 

| acid (90) with methallyl chloride (Scheme ole 

| 9) provides the racemic monoalkylated car- z 

boxylic acid 91, which is converted into the : ee eRe 

corresponding aldehyde 93 through the hy- : O : 

| droxyl compound 92. The S-enantiomer of OSiEt OSiEt, 

| 93, which is of no avail in the synthesis, is 96 97 

| most conveniently removed in the subse- 

| quent step. Scheme 10 os) 

The construction of three chiral centers 

(C-2, C-3, and C-6 in 96 corresponding to 

C-4, C-5, and C-8 in 88 or 89) is achieved 

with an excellent overall stereoselection of 

> 25:1. Thus, aldol reaction of 93 with 1.7 

equiv. of the S-boron enolate reagent (29b) 

proceeds with the dominating diastereofa- 

cial selectivity inherent in the reagent, con- 

verting the R-enantiomer of 93 exclusively 

to 94 and the S-enantiomer of 93 (see 

above) to the C-4 epimer of 94. The two di- 

astereomeric products are separated (Sec- 

tion 1). Hydroboration of 95, the triethyl- 

silylated derivative of 94, with (—)- and 

(+)-bis(isopinocampheyl)borane [(IPC).- 

BH] results in the exclusive formation of 96 

and 97, respectively. This remarkably high 

stereoselectivity (>50:1) is normally not 

expected for the reaction of the methallyl 

system with these reagents.** Compound 

95 behaves in a unique manner and, appar- 

ently, the chirality existing in 95 hardly in- 

fluences the overall steric course of the re- 

action. 

3.3.2. Preparation of the Right-Hand 

Fragment 86: Problems Concerning the 

Acetate Addition. The dihydroxyl com- 

pound 98 (Scheme 10) that results from se- 

lective deprotection of the C-3 hydroxyl 

group of 96 is oxidized with Fetizon’s rea- 

gent to provide directly the lactone 99, 

which, after desilylation, borane-ammonia 

reduction, and sodium metaperiodate oxi- 

dation, is converted to aldehyde 100. Thus, 

we arrive at the last stage of the sequence 

leading to 89, which involves a stereoselec- 

tive addition of an acetate unit to aldehyde 

100. This two-carbon extension is indeed a 

fundamental process in the synthesis of 

acetate-derived natural products for which 

a general method has been sought. 

Many examples have already been quot- 

ed above to demonstrate the large diaste- 
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reofacial selectivity of boron enolates de- 

rived from the corresponding ethyl ke- 

tones, e.g., 29a,b,c. In contrast, an aldol 

reaction using an analogous enolate [e.g., 

101a (TBDMS instead of TMS in 101)] pre- 

pared from the methy/ ketone and an achir- 

al aldehyde proceeds virtually nonselec- 

tively. Although the sulfur reagent (102 

with X=SMe or SPh) similar to that de- 

scribed by Evans ef al.*! regenerates the 

high selectivity, experiments in our labora- 

tories have shown that removal of the thiol 

group from aldol products (103 with X= 

RS) involves rather serious problems [such 

as low yields (35-40%)]. Extensive investi- 

gation has been carried out to explore the 

reaction involving selenium reagents in 

combination with a variety of hindered 

bases (including 2,6-di-tert-butyl-4-meth- 

ylpyridine) to generate the corresponding 

enolates (102 with X =MeSe, c-CsH:.Se, 

i-PrSe, PhSe) in high yield.** After the 

completion of an aldol reaction, the selenyl 

group is readily and quantitatively elimi- 

nated from 103 (X = R'Se) by washing with 

R'-CHO ee 

103 : X = R’S, R’Se 

a K,HPO.-buffered solution containing 

benzenethiol.*” The overall selectivity of 

the aldol reaction with primary aldehydes, 

followed by removal of the selenyl group, 

ranges between 20-50:1 with a 50-80% 

yield. However, the reaction with second- 

ary aldehydes (which are model substrates 

pertinent to the present case) is extremely 

sluggish and results in an unacceptable 

yield of the product.*® 

After all this, we concluded that at the 

time, the aldol reaction of 100 with 101 

served as the best available solution in 

terms of yield, stereoselectivity, and opera- 

tional simplicity. Using the chiral boron 

enolate 101 in the standard boron-mediat- 

ed aldol reaction with 9-BBN(OTf), 100 

provides a 4:1 mixture of aldol products, 

104 and its C-3 epimer, in 88% yield. While 

both 100 and 101 exhibit small but appar- 

ently ‘‘matched’’ diastereofacial selectivi- 

ties, thus bringing about the above modest 

ratio, this selectivity certainly falls short of 

the standards originally set for the project. 



| Inde this result catalyzed our explora- 

tion of eq. 5 involving asymmetric epoxi- 

dation, mentioned at the beginning of this 

article and to be elaborated in Sections 4 

and 5. 

Compound 104 is converted to 105 viaa 

sequence of six reactions: (1) removal of 

the chiral auxiliary, (2) catalytic hydrogen- 

olysis, (3) silylation, (4) hydrolysis of the 

silyl ester, (5) conversion into the thiol 

ester, and finally, (6) selective hydrolysis of 

the primary silyl ether. 

3.3.3. Preparation of the Seco-acid De- 

1) ACOH 
2) CH(OMe), 

H+ 

rivatives and Their Lactonization. With all 

of the chiral centers embedded in tylonol- 

ide 88 having been constructed, the re- 

maining tasks were to join the right- and 

left-hand fragments and then to lactonize 

the resulting seco-acid derivative whose 

functional groups were properly protected. 

These transformations have been achieved 

in amanner similar to that of the narbonol- 

ide synthesis.”’ 

The aldehyde 106 derived from 105 

(Scheme 11) undergoes an acid-catalyzed 

rearrangement of the 6-lactone into the 

y-lactol, which is protected to give 89. This 

C-9 carboxylic acid is converted through 

107 to the corresponding trimethylsilyl- 

methyl ketone (108), the lithium anion of 

which is condensed with the left-hand alde- 

hyde 44 to complete the construction of the 

seco-acid skeleton (109). Partial deprotec- 

tion of the functional groups attached to 

109 leads to seco-acid 110, which is then 

macrolactonized through a phosphate in- 

termediate. Acid treatment of the resulting 

lactone 111 produces tylonolide 88. 

4. Asymmetric Epoxidation — Ring Open- 

ing Sequences®’® 

As shown in the preceding sections, the 

excellent stereoselective addition of a pro- 

pionate unit to an aldehyde (A) can be ap- 

plied effectively in the preparation of any 

of the stereoisomerically possible 3-hy- 

droxy-2-methylaldehydes (B, reaction 4, 

Scheme 12), whereas the aldol reaction for 

transforming A to C, formally an addition 

of an acetate unit, proceeds with only mar- 

ginal stereoselection. For the latter trans- 

formation, a route involving epoxidation 

and reductive ring opening was considered 

Scheme 11 

1) (Me,Si),NLi 

2) THPO 

89: R = OH ~ 

107:R = SX * 

108: R = CH,SiMe, 
with cuprate 

1) (PhO),POCI 

highly promising. Thanks to Sharpless’ 

discovery, the versatile epoxide functional- 

ity can be introduced into the allylic system 

of various structural types with his titani- 

um reagent which possesses an impressive- 

ly high diastereofacial selectivity (50- 

100:1).°* It soon became apparent that this 

general route, with some modification, 

would bring about another important 

transformation, A to D (reaction sequence 

5), thus creating two chiral hydroxymeth- 

ylene (*CHOH-) centers in one sequence. 

Reaction sequences 4a and 5 (Scheme 13) 

1) Hg(O,CCF.), 

Na,HPO, 
2) HF = pyridine 

Et,N 

2) DMAP 

CHA 

Scheme 12 
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are formulated as follows: The first step (I) 

consists of the construction of an E- or 

Z-allylic alcohol (E or its precursor) via a 

Wittig reaction. In the next step (II) the 

asymmetric epoxidation (AE) using titani- 

um tetraisopropoxide and fert-butyl hy- 

droperoxide with (—)- and (+)-diethyl tar- 

trate (DET) or diisopropyl tartrate (DIPT) 

plays a key role. While these first two steps 

are obvious choices for the overall conver- 

sions of Ato Cand Ato D, the subsequent 

steps, III and IV, and IIa and IVa involve 

little known transformations of epoxy al- 

cohols F; e.g., 112 which are rearranged to 

the isomeric alcohols 113 with base (Payne 

rearrangement).*® Thus, all of the C-1, C-2, 

and C-3 positions of F can be sites for nu- 

cleophilic attack. 

The approach outlined above is best il- 

lustrated by the exploratory work which 

has been most effectively carried out 

through collaboration with Professor 

Sharpless’ research group. 

4.1. Reaction Sequence 5.*° The scope 

and limitations of reaction sequence 5, Ato 

D, (Scheme 12) can be evaluated through 

the synthesis of model compounds, tetrit- 

ols and pentitols, which may lead to the es- 

tablishment of a general, iterative ap- 

proach to a wide variety of higher and 

more complicated saccharides and other 

polyhydroxylated natural products. 

4.1.1. Tetritols.*° Because of the ready 

346 

availability of the monobenzyl ether 114 

(Scheme 14), this series omits step I. The 

asymmetric epoxidation proceeds satisfac- 

torily to yield 115. The exposure of 115 to 

sodium benzenethiolate and sodium hy- 

droxide in a protic solvent leads, through 

the Payne rearrangement of the epoxy al- 

cohol moiety, to exclusive attack of benz- 

enethiolate at the C-1 position, yielding 

threo diol 117 (the stereochemical descrip- 

tors in Section 4 conform to the convention 

of sugar chemistry). This mode of epoxide 

opening is discussed in some depth at the 

end of Section 4.1.2. Compound 117 pro- 

vides for protection of the two newly gen- 

erated hydroxyl groups and sets the stage 

for a facile Pummerer rearrangement. 

Thus, 117 is converted via 118 to the cor- 

responding alcohol 119; its conversion to 

i-threitol tetraacetate 120 proceeds in a 

conventional manner. 

Another stereoselective epoxide opening 

employs attack by an intramolecular oxy- 

gen nucleophile at the C-2 center of 115. 

The phenylurethane 121 undergoes 

smooth ring opening with the aid of an acid 

catalyst,‘! and the resulting carbonate 122 

is converted to 123 with potassium hydrox- 

ide and then to the tetraacetate 120. 

All the transformations in the above se- 

quence apply equally well to the E-allylic 

alcohol 124 (Scheme 15). The epoxy alco- 

hol 125, obtained from 124, is transformed 

through two sets of intermediates 126-128 

and 130-132 to the final tetraacetate 129 of 

erythritol. 

4.1.2. Pentitols.*° The Wittig reaction of 

the known p-glyceraldehyde acetonide 133 

with triphenylformylmethylenephosphor- 

ane followed by DIBAL-H reduction 

yields the E-allylic alcohol 134 (Scheme 

16). The asymmetric epoxidation of 134 

proceeds in the normal fashion with both 

(+)- and (—)-DET to epoxy alcohols 135 

and 136, respectively. The hydroxide ion 

attack provides both 135 and 136 exclusive- 

ly, which constitutes yet a third variation 

on the stereo- and regioselective epoxide- 

ring-opening theme. The resulting triols 

137 and 138 are correlated with the penta- 

acetates 139 and 140 derived from p-lyxitol 

(= p-arabinitol) and ribitol, respectively. 

So far, so good. However, the Z-allylic 

alcohol 141 (Scheme 17) is found to react 

with Sharpless’ reagent very slowly: with 

(+)-DET the epoxidation reaches only 

55% completion in 14 days at -20°C. The 

stereoselectivity is excellent however, fa- 

voring the formation of 142 in a 30:1 ratio. 

With (—)-DET, the reaction is too slow to 

be practical and the desired epoxy alcohol 

143 is prepared with m-chloroperoxyben- 

zoic acid in a virtually non-selective man- 

ner. The epoxide rings of 142 and 143 are 

opened in the same manner as that for 135 

and 136 to provide triols 144 and 145, res- 

Tetrose series B Scheme 14 
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Scheme 16 CH,0Ac | 
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*With Ph,zP=CH—CH(Et), 145 146 pentaacetate 

pectively, which are further converted to 

p-arabitol pentaacetate (139) and xylitol 

pentaacetate (146). 

The above preliminary examination of 

the reaction sequence 5 as applied to the 

synthesis of the pentitols and other similar 

compounds reveals that (1) in all cases ex- 

Scheme 18 

CHO 

x oe 149 

meat eo es 
7 

fo) CHO 

xl 
152 

a te 
if 

amined, the sequence (Scheme 18) leading R° 147 19 : eat 
to the 2,3-erythro products 149 (such as ; . cea OO 
137 and 138) via the E-isomer 147 (such as RCHO PP esa | 

: ; , A 
134) is satisfactory, and (2) in contrast, the Sa \/ aon 

AE of the Z-isomer 147 (such as 141) in the c* ewe “a a 
2,3-threo series 150 (such as 144 and 145), x Bis #7 NS- 
when R is chiral, often proceeds intolera- 148 (threo) 152a 
bly slowly and/or with low stereoselection. 

This latter deficiency is now remedied bya 
; f : bee hae Table 3 

simple but highly effective modification, <i a 

and the overall transformation is now exe- CAO base ” 

cuted in a unified manner as summarized He) for = He (cio 
below.*? 449 150 

In compounds 149 and 150 the proton at 

C-2 is ato the aldehyde group and thus epi- 
BASE-CATALYZED EPIMERIZATION OF ERYTHRO (149) TO 

THREO (150) ACETONIDES 

merizable. From the expected stability of Benen (eas 149 Age 150 ao pay 

150 relative to 149, the latter which is readi- 450:149 

ly obtainable, can be equilibrated to givea : 

mixture enriched in 150, which has been up vite ve ppc et. ois 

to now of limited access (see above). The ° 

acetonide chosen as a protecting group ap- 149b 150b ° 98:2 | 

parently suppresses the potential complica- 5 

tion of a 6-elimination (151 to 152) as the | 

acetonide group helps maintain orthogon- 149¢ 150¢ mo 95:5 
fo) | ality between the enolate z system and the 

B-alkoxy substituent (see 152a). Thus, 

treatment of 149a-c with potassium car- 

bonate in methanol at 25 °C effects smooth 

isomerization (>20:1) as summarized in 

Table 3. These examples represent the te- 

trose, pentose, and hexose series. Incor- 

poration of this critical epimerization tech- 

nique in our general approach leads to the 

satisfactory synthesis of all possible stereo- 

isomers derived through reaction sequence 

Se 

Our final version is shown in Scheme 19, 

using the pentoses as illustration (A = 133). 

The epoxy alcohol 136 undergoes ring 

opening to provide 153 which is converted 

to the acetonide 154 through kinetically 
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controlled acetonation followed by oxida- 

tion and acetylation. Reaction of 154 with 

DIBAL-H provides, virtually without epi- 

merization, a product (155) which proves 

to be a ribose derivative. Compound 154 

can also be converted to the C-2 epimer of 

155. Thus, treatment of 154 with potas- 

sium carbonate in methanol (see above) 

causes hydrolysis of the acetoxythioacetal 

group and epimerization at the C-2 center 

to give a mixture of 156 and 155 in a 98:2 

ratio. Compound 156 has the arabinose 

configuration. The acetonides (159 and 

160) of xylose and lyxose are prepared in 

exactly the same manner. The key interme- 

R_Z~_ 0H 

134 
R OH 
ne 

135 

R:CHO a: DIBAL-H 
b : K,CO, 

diate 158 obtained from 135 via 157 pro- 

vides 159 and 160 in a manner indicated in 

the scheme. In this way a highly efficient 

route from the same intermediate 134 to ei- 

ther the erythro- or the threo-2,3- 

dihydroxy aldehydes has been established. 

It is obvious that the success of the above 

scheme depends heavily upon high asym- 

metric induction realized by the titanium- 

catalyzed epoxidation with (+)- or (—)-tar- 

trates. The diastereofacial selectivity of 

this reagent outweighs the influence of the 

pre-existing chirality in the allylic alcohol. 

Now that efficient, practical routes from a 

chiral or achiral aldehyde to all the four 

possible bishomologated aldehydes have 

been established, these final products are 

ready for a second two-carbon extension. 

Indeed, the synthesis of all the possible 

hexoses has now been completed,* al- 

though a detailed discussion of the synthe- 

sis is abbreviated in this article. 

A brief comment appears appropriate at 

this point on the ring opening of epoxy al- 

cohols which have been proven to be ex- 

tremely versatile synthetic intermediates. 

As described earlier, the known, facile 

base-catalyzed equilibration of 2,3- and 

1,2-epoxy alcohols (i.e., 112 and 113) has 

been exploited to draw out a subtle mode 

of reactivity, and both epoxides possess 

two potential sites for nucleophilic attack. 
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It is now evident that in the carbohydrate 

context, C-1 of compound 135 (Scheme 

20), for instance, is by far the most reactive 

electrophilic site for a range of nucleo- 

philes including the thiolate and hydroxide 

ions. Thus, the attack at C-1 of 161 leads to 

162, as exemplified by the predominant 

formation of 137 and 157. Under proper 

conditions it is also possible to direct nucle- 

ophiles selectively to either C-2 or C-3. For 

example, reaction of 135 with the azide ion 

provides compound 163 as the major prod- 

uct.*4 The most interesting example by far 

is reduction at C-2 with metal hydrides, in 

particular, sodium bis(methoxyethoxy)- 

Scheme 19 

153 

1 OMe 

eee ee 

RU sph 2) MCPBA nS sm oO 
Aaa : 

OH 3) Ac,0 A fo) fe) 

154 Ds eae ale: 
Y CHO 156 

fo) 

b ) Q 
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OH fo) Ac 

aluminum hydride (Red-Al®). The regio- 

specificity of this reduction plays a major 

role in developing the reaction sequence 

4a, which would achieve the stereospecific 

addition of an acetate unit to aldehydes de- 

scribed earlier and is now discussed in the 

following section. 

4.2. Reaction Sequence 4a, Construc- 

tion of the 3-Hydroxycarbonyl System.* 

Table 4 lists two examples of many in 

which Red-Al reduction of epoxy alcohols 

proceeds smoothly under normal condi- 

tions (THF solvent) to provide a single 

®Trademark of Aldrich Chemical Company, Inc. 
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product, a 1,3-diol. The regioselectivity is 

uniformly high and in many cases no traces 

of the corresponding 1,2-diols are found. 

A more impressive demonstration of this 

selectivity includes the reduction of 

2,3:4,5-diepoxy alcohol with the same re- 

ductant. Thus, compound 166 (prepared 

from 167 through AE) undergoes clean 

double-ring opening to provide only one 

product, 1,3,5-triol 168 with the indicated 

stereochemistry (Scheme 21). Similarly, 

Red-Al reduction of 169 (obtained from 

170) provides 171 exclusively. These find- 

ings, in particular the simultaneous crea- 

tion of two new hydroxylated chiral centers 

of 1,3-relationship, are important and 

bring us to the synthesis of amphotericin B 

(1), the polyenemacrolide described in the 

introduction of this article. 

5. Studies Toward the Synthesis of Am- 

photericin B 

As indicated earlier, the retrosynthetic 

dissection of 2, the aglycone of the antibio- 

tic, leads to fragments A, B, and C 

(Scheme 22), two of which may be further 

split into smaller sub-fragments: A into 

A-1 and A-2 and C into C-1 and C-2. Both 

A-land A-2can bereadily derived from 30 

and the enantiomer of 168, respectively, 

and have indeed been prepared in substan- 

tial quantities. The construction of the 

polyene (C-1) and the propionate (C-2) 

moieties should not present serious prob- 

lems. As we are equipped with adequate 

methodologies (Section 2), these two frag- 

ments are also in our hands. The only frag- 

ment that remained to be prepared was B. 

The methodology for the synthesis of 43 

discussed in Section 2.4.2 is now applied in 

this instance. The 2-vinylcarboxylic acid 

ester 174 (Scheme 23) obtained from 30 

(see Sections 2.4.1 and 2.4.2) is reduced 

with DIBAL-H. The resulting hydroxy 

compound is oxidized with Collins’ rea- 

gent to yield (without isomerization of the 

double bond or epimerization of the C-2 

center of 174) the corresponding aldehyde, 

which is then treated with a Wittig reagent 

followed by DIBAL-H reduction to pro- 

vide 175. A sequence of four now standard 

reactions indicated in the Scheme converts 

175 into the carboxylic acid 176, which, 

after methylation and hydrolysis of the pri- 

mary silyloxy ether leads to 177, an imme- 

diate precursor of fragment B. The assem- 

bly of all these fragments to synthesize 2 is 

in progress and will hopefully be complet- 

ed shortly. 

6. Concluding Remarks. The authors must 

apologize for the deletion in the above dis- 

cussion of numerous contributions made 

by other groups — in particular, those led 

by Professors Heathcock (Berkeley) and 

Scheme 21 
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Evans (Pasadena) — mainly because of 

space limitations. This article attempts to 

present the chronological and conceptual 

development of our research in this area. 

The initial investigation dealt mainly 

with the control of the 2,3-stereochemistry 

of aldol products. It soon entered the sec- 

ond generation through the modest but im- 

portant demonstration of the 3,4-stereo- 

chemical control using chiral enolate rea- 

gents derived from the enantiomers of 

atrolactic acid. With the advent of highly 

diastereoselective enolate reagents, as well 

as a clearer understanding of the influence 

of metal coordination, one can now draw 

efficient and reasonably short synthetic 

schemes for most of the macrolide antibi- 

otics of polypropionate origin. The aldol 

methodology offers one distinct advan- 

tage: stereoselective creation of two new 

chiral centers in one step. Moreover, the 

chiral auxiliaries contained in our reagents 

(e.g., 29), after the aldol reaction, can be 

removed quantitatively and under virtually 

neutral conditions to provide intermedi- 

ates ready for the next sequence or a final 

product, a technical aspect which is ex- 

tremely important in executing the synthe- 
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sis of the acid- and base-sensitive polyhy- 

droxyl compounds. 

Natural products or their fragments 

which are of polyacetate origin are also 

amenable to synthesis. In the asymmetric 

epoxidation process developed by Sharp- 

less, the diastereofacial selectivity of the 

reagent is, at least, as high as that of 29 and 

thus overrides, in many cases, the stereo- 

chemical complications arising from a 

chiral substrate used in the reaction. With 

these two asymmetric reactions, aldol and 

epoxidation, we can now achieve many 

synthetic tasks which were regarded as un- 

attainable even as recently as three years 

ago. 

What has been learned about organic 

synthesis? Previously, stereochemical con- 

trol in the synthesis of (poly)cyclic com- 

pounds, as witnessed in numerous classical 

examples, usually took advantage of the 

large diastereofacial selectivity of reacting 

substrates through the ingenious design of 

synthetic intermediates which were cyclic. 

This advantage no longer exists in acyclic 

stereoselection, as the Cram/anti-Cram se- 

lectivity is small and either does or does not 

favor the construction of a desired stereo- 

isomer (Section 2.4). However, with the in- 

vention of highly diastereoface-selective 

chiral reagents, as well as a better under- 

standing of the stereochemical interaction 

between reagent and substrate, we can now 

create any new required chiral center or 

centers (C*) in a highly diastereoselective 

manner as shown in equation 1’: d-A + d-B 

— d-A'-(C*)-d-B’ . Normally this can be 

achieved only with a combination of enan- 

tiomerically pure A and B. The clear recog- 

nition of this last precept underlying asym- 

metric synthesis is perhaps the most impor- 

tant outcome of the entire work. 
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Experimental Part: 

The preparation of R- or S-1-cyclohexyl-1-tert-butyldi- 

methylsilyloxybutan-2-one, the precursor for the R- or 

S-chiral enolate 

(A) R- or S-Hexahydromandelic Acid. A 500-ml Parr 

hydrogenator bottle is charged with 19.78g of either 

R-or S-mandelic acid (130mmol), 115m! of methanol, 

1.25ml of acetic acid, and 5g of 5% rhodium on alumi- 

na. The bottle is connected to a Parr pressure hydrogen- 

ation apparatus and charged to a pressure of 45psi. The 

bottle is shaken until absorption of hydrogen ceases. 

After disconnection from the apparatus the reaction 

mixture is filtered through a 2.5-cm pad of Celite. The 

solid residue is washed with a further 150ml of methan- 

ol. The combined filtrates are evaporated (rotary evap- 

orator) to afford a white solid which is then powdered 

and further dried under high vacuum. Recrystallization 

from SOml of acetone at -20°C affords 13.4-14.2g 

(65-69%) of optically pure hexahydromandelic acid, 

m.p. 128-129°. Optically pure R-hexahydromandelic 

acid should have fal5 = -22.8° (c=1.10, CH;CO.H); 

the S-enantiomer should have [a p=t23.0° (c = 1.065, 

CH;CO:H). NMR: 6{(CD;),CO] 1.10-2.10 (11 H, m), 

3.95 (1 H, d, J=3Hz), and 6.57 (2 H, brs, DO ex). 

(B) R- or S-1-Cyclohexyl-1-hydroxybutan-2-one. Adry 

l-liter three-neck round-bottom flask fitted with a 

magnetic stirring bar, a jacketed dropping funnel (Fig. 

1), an argon inlet, and a condenser is charged with 

12.66g of R- or S-hexahydromandelic acid (80mmol) 

and 200ml of diethyl ether. The dropping funnel which 

has been precooled to -23 °C (carbon tetrachloride/dry- 

ice) is charged with 276ml of 1.1M ethyllithium and the 

reaction vessel is cooled to -78°. The ethyllithium is 

added dropwise over two hours to the stirred reaction 

mixture. The mixture is then allowed to stir for 3 hours 

at 0°C and then overnight (15 hours) at room tempera- 

ture. The reaction mixture is carefully poured onto 1! 

liter of IN HCl in a 3-liter beaker, which is moderately 

stirred with a stirring bar. The mixture is transferred to 

a 2-liter separatory funnel and the aqueous phase is ex- 

tracted twice with 200ml of diethyl ether. The combined 

ether extracts are washed with 500ml of a saturated so- 

dium bicarbonate solution followed by 500ml of dis- 

tilled water. After drying over anhydrous sodium sul- 

fate the solvent is removed by rotary evaporation to af- 

ford an oil which is distilled to give 9.4-11.4g (69-84%) 

of R- or S-1-cyclohexyl-1-hydroxybutan-2-one, b.p. 

63-64° (0.3 mm). The crude ethyl ketone should be dis- 

tilled soon after removing the solvent. The ketone be- 

comes yellow on exposure to light and cannot be fully 

purified by distillation. Similarly, the distilled material 

should be used in the next reaction as soon as possible to 

avoid the same problem. For the R-enantiomer, fal5 

=-128.0° (c=1.45, CHCl) and for the S-enantiomer, 

[a}22 = +128.5° (c=1.26, CHCl). NMR: 6(CDCI1) 

1.103 H, t, J=7Hz), 1.30-2.10(11 H, m), 2.52(2H,q, 

J =7Hz), 3.53 (1H, s), and 4.05 (1 H, d, J=2Hz). 

Fig. 1 

Jacketed Dropping Funnel, 250ml, $24/40 

(Aldrich Catalog No. Z11,742-0, $189.00) 

(C) R- or S-1-Cyclohexyl-1-tert-butyldimethylsilyloxy- 

butan-2-one. A 250-ml round-bottom flask, fitted with 

a magnetic stirring bar, a condenser, and an argon inlet 

is charged with 6.12g of R- or S-1-cyclohexyl-1-hy- 

droxybutan-2-one (36mmol), 10.9g of ‘ert-butyldi- 

methylsilyl chloride (72mmol), 9.8g of imidazole 

(140mmol), 0.1g of 4-dimethylaminopyridine, and 

150ml of tetrahydrofuran. The mixture is stirred at re- 

flux for 18 hours. After cooling to room temperature, 
the mixture is poured into 1 liter of distilled water and 

the products are extracted three times with 200ml of 

petroleum ether (b.p. 30-60°). The combined petrole- 

um ether extracts are washed with 200ml of 1N hydro- 

chloric acid followed by 200ml of distilled water. The 

solution is dried over anhydrous sodium sulfate, fil- 

tered, and the solvent removed by rotary evaporation. 

The resulting oil is warmed (50°C, water bath) under 

high vacuum until the weight is about 10.5g. The resi- 

due is distilled to give 8.5-9.5g (83-95%) of R- or S-1-cy- 

clohexyl-1-fert-butyldimethylsilyloxybutan-2-one, 

b.p. 112-114° (1.5mm), For the R-enantiomer, 

[a]22 = +59.8°(c = 1.24, CHC); for the S-enantiomer, 

{a}? =-61.0° (c=1.14, CHCl). NMR: 6(CDCl) 0.04 

3 A, s), 0.06 (3 H, s), 1.10 (9 H, s), 1.17 (3 H, t, 
J =7Hz), 1.30-2.00(11 H, m), 2.33 (2H, m), and 3.73 (1 

H, d, J=5Hz). 

Preparation of ethyllithium. 

A 2-liter three-neck, round bottom flask, fitted with a 

mechanical stirrer, a 250-ml pressure-equalized drop- 

ping funnel and a condenser with an argon inlet is 

charged with 17g of chopped lithium wire (2.45mol) 

and 200ml of diethyl ether. A solution of 134g of ethyl 

bromide (1.23mol) (distilled from phosphorus pentox- 

ide immediately before use) in 260ml of diethyl ether is 

added to the cooled (-30+5°C, CH:CN/dry ice), 

stirred mixture over a period of 3 hours. The volume of 

solution requires that the addition funnel be charged 
twice. After the addition is complete, 340ml of diethyl 

ether is added to dilute the mixture and the temperature 

is raised to 0°C, with an ice bath (under argon and with 

the aid of acannula). The mixture is filtered through a 

Schlenck frit containing 1cm of Celite, and the receiver 

is cooled in a bath of acetone/dry ice. The product 

should be stored in a freezer (-25 to -30°C) and used 

within one week after preparation. The concentration 

of ethyllithium is determined by titration. The amount 

of the reagent is sufficient for at least two reactions on 

the scale described. All solvents used in this and experi- 

ments B and C must be dried in the usual manner prior 

to use. 
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less, K.B.; Verhoeven, T.R. Aldrichimica Acta acid) and proceeds overall 3.1% yield (assumin 8 | 
1979, /2, 63. For general discussion of acyclic ste- some unspecified individual yields are 100%) with 19,050-0 tert-Butyldimethylsilyl 

reoselection, see (h) Bartlett, P.A. Tetrahedron overall 75% selection. : ee ae 7 ; | 

1980, 36, 3. 0 chloride 

7) (a) Masamune, S.; Ali, Sk.A.; Snitman, D.L.; 30) (a) Choy, W.: Ma, P ee H é Sar hed 

Garvey, D.S. Angew. Chem., Int. Ed. Engl. 1980, SURE OG Nila sD Lor AERTS eI Tees 5) 5 aaa 4 
Feel. dei eases, oe EG 7 Lett. 1981, 22, 3555. (b) Goodhue, C.T.; Schaffer,  2/,312-8 ¢ert-Butyl hydroperoxide, 90% 

D.S. J. Am. Chem. Soc. 1982, 104, 5521. a wee ee ee me 13, 203. 

8) For NMR studies of lithium enolates, see (a) Jack- SDD) AONE EOIN ONS SN, 18,471-3 tert-Butyl hydroperoxide, 70% 
man, L.M.; Lange, B.C. J. Am. Chem. Soc. 1981, 32) (a) Evans, D.A.; McGee, L.R. J. Am. Chem. Soc. ae P s 

103, 4494 and references cited therein. For X-ray 1981, 103, 2876 and references cited therein. (b) : 

crystallographic studies on lithium enolate, see (b) Yamamoto, Y.; Maruyama, K. Tetrahedron Lett. 16,743-6 Celite, high-purity, analytical 

Amstutz, R.; Schweizer, W.D.; Seebach, D.; Dun- 1980, 4607 ; F , erade 

itz, J.D. Helv. Chim. Acta 1981, 64, 2617. 33) (a) Elvidge, J.A.; Linstead, R.P.; Sims, P.; Orkin, age ee : 

9) For a general discussion on the structure of cu- B.A. J. Chem. Soc. 1950, 2235. For recent utiliza- 22,179-1  Celite 521 

prates, see House, H.O. in ‘‘Proceedings of the eee ee aay se E.J.; Schmidt, 

Robert A. Welch Foundation,’’ Conferences on = MEH OneGrOny cect. , ‘ m vel 7 A 
Chemical Research XVII. Organic-Inorganic Rea- 34) For approaches to derivatives of 88 from carbohy- 10,803-0 3 Chloro-2-methylpropene, | 

gents in Synthetic Chemistry, 1974, p 101. drates, see (a) Tatsuta, K.; Ameniya, Y.; Kanemu- tech., 90% 

10) Zimmerman, H.E.; Traxler, M.D. J. Am. Chem. egy Nea fee ry ees 

Soc. 1957, 79, 1920. . i icolaou, K.C.; Pavia, aS ellZ, A 4 : ss a ee 

11) Masamune, S. In ‘‘Organic Synthesis Today and = Ni. SAB: wee. 1982, 104, 2027. (c) Nicolaou, INTENT ST pouz Os acid, 
Tomorrow”: Trost, B.M.; Hutchinson, C.R., K.C.; Seitz, S.P.; Pavia, M.R. ibid. 1982, 104, tech., approx. 80-85% | 

Eds,; Pergamon Press: New York, 1981; p 197 and 2030. | 

perevemnesared thercink 35) (a) Brown, H.C.; Yoon, N.M. Isr. J. Chem. 1976, | 

12) The Zimmerman-Traxler model is effective only 15, 12. (b) Brown, H.C.; Jadhav, P.K.; Mandal, : ; 

under non-equilibrating conditions. Under equili- A. enna 1981, 37, sea 23,265-3 Chromium(VI) oxide, 99.9% 

bration the 2,3-selection is often less than 10:1. 36) Choy, W.; Jackson, W.P.; Masamune, S. unpub- 

However, normal reactions involving boron enol- lished results. : nee 3 

ates lead to kinetic products. See references 6a-d. 37) For similar Penn eee methods, see (a) Oki, M.; 

13) Evans, D.A.; Nelson, J.V.; Vogel, E.; Taber, T.R. Funakosht,, W.; Nakamura, A= Bully Chem Sec) 90.782-9" Chromium(V1) oxide, 994% 
J. Am. Chem. Soc. 1981, 103, 3099. Jpn: 1971, 44, 828. (b) Seshardri, R; Pegs, WJ.; 

14) For instance, see Kagan, H.B. In “‘Organic Stereo- Israel, M. oh Org. Chem. 1981, 46, 2596. ; 

chemistry”; Halstead Press: New York, 1979; 38) Ga eee K.B. J. Am. Chem. Soc. 

Chapter 4. erica ; 24,950-5 2,6-Di-tert-butyl-4- 
15) Masamune, S.; Lu, L.D.-L.; Jackson, W.P.; Kai- 39) LM EB ts Ote: eee: 1962, 20, anYe ; hylpyridi ‘ 98% | 

ho, T.; Toyoda, T. J. Am. Chem. Soc. 1982, 104, 40) Katsuki, T.; Lee, A.M.W.; Ma, P.; Martin, V.S.; methyipyridine, 75*/o 

5523 Masamune, S.; Sharpless, K.B.; Tuddenham, D.; 

Patek oe ‘ Z Walker, F.J. J. Org. Chem. 1982, 47, 1373. ; : : ; | 
16) For reviews, see (a) Reference (2b). (b) Kagan, diye) Coren Be ie Lin ceepineeNtonrceniLEe: 14,926-8 Dichloroacetic anhydride, 98% 

H.B.; Fiaud, J.C. ‘‘Topics in Stereochemistry’’; Marr lcs Hashi P S 4 Ch 3 5 eb ss 

Allinger, N.L.; Eliel, E.L., Eds.; J. Wiley & Sons: arfat, A.; Hashimoto, S. J. Am. Chem. Soc. 
New York, 1978; Vol. 10, p 175 1980, 102, 7986. For recent and similar oxygen = -9)_396.9 (-)-Diethyl D-tartrate ; } . 10, . j ae ; Pals \ 

17) (a) Trong-Anh, N.; Eisenstein, O. Tetrahedron Seen besa oe. eae ant ae 

Lett. 1976, 155. (b) Idem, Nouv. J. Chim. 1977, 1, ENB Pte CR SOUS mth Ops 
od NOE ea y nami, N.; Ko, S.S.; Kishi, Y. J. Am. Chem. Soc. 

7 : . : 1982, 104, 1109. fe A 
18) (a) Note that the major product is the anti-Cram Ropes WALWIMCG EMarton VSG a Masamune nS 15,684-1 (+)-Diethyl L-tartrate, 98% 

product. [For the description of Cram’s acyclic ED eo et aes? 

model, see Cram, D.J.; Abd Elhafez, F.A. J. Am. eraee K.B.; Walker, F.J. ibid. 1982, 104, 
Chem. Soc. 1952, 74, 5828.] (b) The major product z : 

ieee ” . 43) Ko, S.Y.; Lee, A.W.M.; Masamune, S.; Reed III : 
from the ‘‘mismatched’’ reaction of (—)-26 and ae PS Aa ee eee : D10.620-8 Dihydropyran, 97% 

R-29a is a Cram product in J5:1 selection (reference ae Walker, F.J., submitted for 2 : P} : 

25). = : : oe 

19) For a similar demonstration of ‘‘double stereodif- ed eee Spenice: e 21,500-7 Diisobutylaluminum hydride, 
Say. cock, C.H.: Whi =: i 

ee med eats ee s ay a 45) (a) Ma, P.; Martin, V.S.; Masamune, S.; Sharp- 1.0M in toluene (DIBAL-H) 

Chem. 1981, 46, 1296 and reference cited therein. aoe ; ee eee Bre 
é : ; A Cc ; 5 " > 2 

(b) For a general discussion, see Izumi, Y.; Tal, A. (c) Viti, S.M. dy Rat Lett. 1982, 23, 4541. (d) Solutions of DIBAL-H in other solvents are 

Ba eter one er neiahhe Reactions” ee Finan, J.M.; Kishi, Y. ibid. 1982, 23, 2719. also available; see pp 446-447 of the 
Ltd.: Tokyo, 1977. : : P : 

20) Masamune, S.; Choy, W.; Kerdesky, F.A.J.; Im- 4 h ee Aeicied Bb 1982-1983 Aldrich Catalog/ Handbook. 

periali, B. J. Am. Chem. Soc. 1981, 103, 1566. Among the many compounds cited bj 
21) Shortly thereafter, other boron enolate reagents Prof. Masamune and Dr. Choy and of- D12,580-6 N, N-Diisopropylethylamine, 

Alaa s . Pant cee a = a or = | 

which possess high diastereofacial selectivity ap- fered by Aldrich are the following: 98% | 

peared. See Evans, D.A.; Bartroli, J.; Shih, T.L. : : La | 

ibid. 1981, 103, 2127. 11,004-3 Acetic anhydride, 99+ % 22,780-3 (-)-Diisopropyl D-tartrate 

22) For other masked chiral E(O) boron enolate rea- 

gents, see (a) Meyers, A.I.; Yamamoto, A. ibid. ; F APs 7 £ a. E Poe 

1981, 103, 4278. (b) Herold, T.; Schrott, U.; Hoff- 24,284-5 Acetic anhydride, ACGeS: 22,918-0 (+ )-Diisopropyl L-tartrate, 

mann, R.W.; Schnelle, G.; Ladner, W.; Stein- reagent 99% 

bach, K. Chem. Ber. 1981, 114, 359. However, 10,770-0 4-Dimethylaminopyridine, | 

none of these reagents would lead to 2,3-anti aldol , : 97 i : 

products which possess greater than 90% e.e. 17,871-3 9-BBN, dimer, crystalline 99% 

23) Masamune, S.; Ellingboe, J.W.; Choy, W. J. Am. 

Chem. Soc. 1982, 104, 5526. . cc : : | 

: ; -2 e / ‘ 9) 5-5 Ale osphate | 
94) For a description of Cram’s cyclic model, see (2) 19,385-2 9-BBN, 0.5M in hexane D20,655-5 Diphenyl chlorophosphate, 

Cram, D.J.; Kopecky, K.R. ibid. 1959, 81, 2748. 98% 

(b) Cram, D.J.; Wilson, D.R. ibid. 1963, 85, 1245. 15,107-6 9-BBN, 0.5M in THF 24,427-9 Hydrofluoric acid, A.C.S. 
25) Masamune, S.; Hirama, M.; Mori, S.; Ali, Sk.A.; reavent 

Garvey, D.S. ibid. 1981, 103, 1568. 
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18,422-5 Hydrogen fluoride - pyridine 12,760-4 3-Pentanone, 98% 21,730-1 

99+ % 

]-20-2 Imidazole, 99% 
24,425-2 Perchloric acid, A.C.S. 21,004-8 

24,078-8 Isobutyraldehyde, 99+ %, reagent 

GOLD LABEL 21,988-6 

1-1,550-5 Isobutyraldehyde, 98% 20,961-9 Potassium carbonate, anhy- 

drous, 99+ % reagent 

22,091-4 Lithium, 98%, wire 
24,355-8 Potassium carbonate ses- 22,199-6 

19,987-7 Lithium aluminum hydride, quihydrate, 99% 

95+ % 
24,084-2 Propionaldehyde, 99+ %, 24,024-9 

GOLD LABEL 

P5,145-1 Propionaldehyde, 97% T3,280-8 

Solutions of LiAIH, in various solvents 

are also available; see page 720 of the 19,014-4 Pyridinium chlorochromate, 20,527-3 

1982-1983 Aldrich Catalog/Handbook. 98% 

22,436-7 Lithium bis(trimethylsilyl)- 19,619-3 Red-Al®, 3.4M in toluene 24,087-7 

amide, 1M in hexane 
21,285-7 Rhodium on alumina powder, 

22,577-0 Lithium bis(trimethylsilyl)- 5% T3,595-5 

amide, 1M in THF 98% 

17,964-7 Silver carbonate, 99% 23 ,962-3 

M200-4  d-Mandelic acid, 99+ %, 

GOLD LABEL 19,807-2 Sodium borohydride, powder, 13,206-3 

98 + % 

15,421-0 /-Mandelic acid, 99+ %, T6,220-0 

GOLD LABEL 

NaBH, in pellet form, in solution, and on Meese: 
M220-9 /-Mandelic acid, 98% Snag : , : 

solid supports are also available; see pp 

15,648-5 Mercuric trifluoroacetate, Roa TS ae £282, 19 bakes Tah 

98% 15,853-4 

17,464-5 2-Methoxypropene, 99+ % 15,615-9 Sodium cyanoborohydride, 

95+ % 24,092-3 

24,304-3 3-Pentanone, 99%, spectro- 

photometric grade, 21,763-8 Sodium iodide, anhydrous, 

GOLD LABEL 99 + % 10,845-6 

352, 

Sodium iodide dihydrate, 

Sodium periodate, 99% 

Sodium phosphate, dibasic, 

anhydrous, 98+ %, A.C.S. 

Sodium phosphate, dibasic, 

heptahydrate, A.C.S. reagent 

Thiophenol, 99+ %, 

GOLD LABEL 

Thiophenol, 97% 

Titanium(IV) isopropoxide 

p-Toluenesulfonyl chloride, 

99+ %, GOLD LABEL 

p-Toluenesulfonyl chloride, 

Triethylamine, 99+ %, 

GOLD LABEL 

Triethylamine, 99% 

Trifluoroacetic acid, 99% 

Trifluoroacetic anhydride, 

99+ %, GOLD LABEL 

Trifluoromethanesulfonic acid 

Trimethyl orthoformate, 

99+ %, GOLD LABEL 

Trimethyl orthoformate, 98% 
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