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I .  Introduction and General Remarks 
Microbial transformations, and yeast-mediated 

transformations in particular, have been widely used 
since the early days of mankind for the production of 
bread, dairy products, and alcoholic beverages. All of 
these early applications used mixed cultures of mi- 
croorganisms, and all of these biotechnological opera- 
tions have primarily been directed in the areas of ag- 
riculture and human nutrition. It was the merit of 
Pasteur in 1862l to lay a scientific foundation of one 
of these early applications, namely the oxidation of 
alcohol to acetic acid by using a pure culture of Bac- 
ter ium xylinum.2 Investigations of the oxidation of 
glucose to gluconic acid3 by Acetobacter aceti and of 
sorbitol to sorbose by Acetobacter .spa4 followed. The 
reducing action of fermenting yeast, Saccharomyces 
cereuisiae, was first observed by Dumas in 1874.5 He 
reported that, on addition of finely powdered sulfur to 
a suspension of fresh yeast in a sugar solution, hydrogen 
sulfide was liberated. The reduction of furfural to 
furfuryl alcohol under the anaerobic conditions of fer- 
mentation by means of living yeast6i7 was the first 
"phytochemical reductionn8 of an organic molecule de- 
scribed in literature. Numerous further enzymatic or 
microbial biotransformations, bioconversions, biodeg- 
radations, and fermentations followed, and as ChalefP 
pointed out, in the initial excess of enthusiasmlo that 
invariably accompanies the birth of a new field," bio- 
transformations were hailed as a panacea that would 
ultimately displace traditional organic chemistry.12J3 
But the role is one of support rather than supplantation, 
of synergy rather than r i ~ a l r y ; ~  biotransformations 
should be employed when a given reaction step is not 
easily accomplished by "ordinary" chemical methods.14 

Contrary to the very early applications, biotransfor- 
mations are carried out today by pure cultures of mi- 
croorganisms or plant cells or with purified enzymes, 
and they should always be considered as a way of 
performing selective modifications of defined pure 
compounds into defined final products.15 The main 
differences between biotransformations and fermenta- 
tions have clearly been listed by Yamada.lG 

The general goals of biotransformations may be 
considered to be as follows: resolution of racemates, 
selective conversion of functional groups among several 
groups of similar reactivities, introduction of a chiral 
center, and functionalization of a certain nonactivated 
carbon. Applications in the energy sector or with regard 
to applications in the areas of environmental pollution 
problems are of forthcoming interest.17 

Several excellent reviews and monographs have been 
published on microbial/enzymic transformations. To 
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avoid excessive echoing of these reviews and of other 
literature in the field, background material will be lim- 
ited to  the minimum commensurate with both the 
diversity of the readership of this review and the 
chemical nature of the discussion to follow. 

There are two different biotransformation systems, 
whole cells or isolated enzymes, and both display several 
advantages.I8 Availability of a certain microorganism 
is often a deciding factor for an organic chemist turning 
to the use of biotransformations in synthesis. For ex- 

SCHEME I 

gives high regio-and 
slereowedliav I the substrate is Joluble 

in the fermentation medium 

ample, baker's yeast (BY), Saccharomyces cereuisiae, 
is a readily available microorganism (world output of 
BY, 600000 ton~/year '~) ,  but obtaining other mi- 
croorganisms may require help from a microbiologist 
and access to fermentation facilities. A further disad- 
vantage of the use of whole cells for laboratory-scale 
operations is that sterile growing of the cells sometimes 
is required and the workup is both time-consuming and 
messy due to separation of the product from the huge 
amounts of biomass; this process is very often com- 
plicated by side reactions that interfere or even domi- 
nate the desired transformation. Contrary, enzymes are 
more often specific for selected reactions and their use 
may require only small-sized equipment and simpler 
workup.z0 But enzymes are more expensive, and ad- 
dition of enzyme cofactors or enzyme cofactor recycling 
might be necessary?l,n The ideal interactions between 
the substrate and the microorganism (Scheme 1) are 
scarcely found in praxi; some advice how to deal with 
basic problems often encountered in such biotransfor- 
mations is provided in Scheme 2.14J6,23,24 

There are some basic ways to perform a reaction with 
intact baker's yeast: One has to differentiate between 
using preuiously grown cells, e.g., active cells or spores,z5 
biotransformations under jermentatiue conditions, or 
transformations with immobilized cells. 

I I .  Reductions 

A. General Remarks 

Unsaturated compounds 1 can be reduced by BY 
(Scheme 3). For 1 the enzyme has to distinguish be- 
tween the re and the si face of the s-system to yield 
chiral 2.26 

The asymmetric reduction of carbonyl-containing 
compounds by BY constitutes one of the most widely 
applicable reactions. Originally described in 1898 for 
the reduction of furfural to furfuryl alcoh01,6~ the 
widespread applications of this reaction are based on 
systematic investigations by MacLeodZ7 and Hub?* 
Ketones with varying substituents (Me, Et, n-Pr, n-Bu, 
Bz) were reduced by BY, and the secondary alcohols 
obtained were mainly of S configuration. Only 3- 
hydroxyheptanol (from the reduction of 3-heptanone) 
was predominantly R-configured. Sterically hindered 
ketones (e.g., 4-octanone, tert-butyl methyl ketone, 
isobutyl isopropyl ketone, or n-amyl phenyl ketone) 
were not reduced at all. These r e s ~ l t s ~ ~ * ~ ~  suggested a 
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SCHEME 2 
the substrate is dissolved 
in a relatively non-toxic, water 
miscible solvent (e.g. ethanol, 
acetone, propylene glycol, 
DMSO, ethylene glycol mono- 
methylether) pnor to addition. 

the crystalline substrate is 
ground to micron size particles 
(pseudo-crystallo- fermentation) 

- the reaction is carried out by 
a punfed enzyme or with a 
cell-free enzyme preparation 2 I 

an emulsifying agent 
(e.g. Tween) is added. 

a 

chemical or physical treatment of 
the cells in order to make the substrate 
accessible (grinding. drying, treatment 
with acetone, lyophilization, autolysis, 
lysozyme-treatment, addition of 
detergents, osmotic shock, freeze- 
thawing of the cells, sonication). 

biphasic or multiphasic reaction medium 
(e.g. n-alkanes, cyclohexane, chlorinated 
solvents, ethyl acetate, butyl acetate, 
ethers) or solid lipophilic adsorbents 
(e.g. Amberifle XAD4, XAD2). The .f* 
phase should not exert an inhibitory effect. 

presence of low concentrations 
grow the cells in the 

of the substrate or an analogue. 

the substrate is dispersed after 
completion of growth at a defined rate 
in small portions (semlantinuously) 
or continuously (at low rate) such that 
the cells can convert the substrate 
before it becomes toxic. 

genetic strain improvement by 
mutagenization (UV or chemical) 
or by recombinant DNA technology) 

or iow regio-and stereospecificity 

addan inducer 
(or an inhibitor) Chemical modification of the 

substrate by addition, removal 
or variation ofprotecting groups 
or by changing the oxidation 
state of functional groups. 

change of the phydological state of the yeast by 
change of aeration (aerob/anaerob), pH-shin, 
addition of organic solvents, sans, detergents, or 
changing the medium’ s composition or the 
inoculum size (affecting the call density). 

SCHEME 3 

1 2 

SCHEME 4 

3 4 

Si-face 

SCHEME 5 

- 42% & 
ref.40 

5 6 

ref.41 

7 8 

9 (S,S) 10 -1 .ma (S,R) 11 &75% 

R = 4-OCH&H4 

SCHEME 6 
H 

hydrogen transfer to the re face of the prochiral ketone 
3, with RL representing a large substituent and Rs a 
small substituent adjacent to the carbonyl group 
(Scheme 4) to yield alcohol 4. 

But, as SihZ9 pointed out, one should exercise con- 
siderable caution when Prelog’s rule30 is applied to in- 
tact cell systems. 

B. Reduction of Monocarbonyl Compounds 

1. Reduction of Cycloalkanones 

Only a few examples for the reduction of cyclo- 
alkanones31 bearing no further functionalities (or ob- 
viously not participating remote functional groups) have 
been described so far;32 however, there are numerous 
reports on the reduction of  steroid^,^^-^* but some of 
these reductions claimed for the action of BY are at- 
tributable to the action of bacteria having contaminated 
the yeast.39 Cyclopentanone (5) (Scheme 5 )  was re- 

rac-12 1 4  1 3  

ref.45: 24%,ee=m% W!.,ee-Brl% 
ref.44: 18%.(n.d) %.- 

duced into cyclopentanol(6),40 and racemic Z-methyl- 
cyclohexanone (7) was found to yield dextrarotatory 
2-methylcyclohexanol (8).41 Similarly, 9 gave a 1:l 
mixture of cis-(1S,2S)-2-(4-methoxybenzyl)-l-cyclo- 
hexanol (10) (91.6% ee) and of trans-11 (97.5% ee).42 
Reduction of racemic cis-2,4-dimethyl-l-cyclohexanone 
provided all possible stereoisomers in 4 % overall yield.43 

2. Reduction of Bi- and Polycyclic Cycloalkanones 

The first reported reduction of a cyclobutanone is 
represented by the BY-mediated transformation of 
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SCHEME 7 
0 OH 0 

\\ 

Csuk and Glanzer 

rac 16 a3 21 
14%. &% 27%, ee>99% 

7 

J 
22 

67%, ee=l2% 

+ 

23 
1 i% eed7% 

rac 17 

(f)-bicyclo[3.2.0]hept-2-en-6-one (12) (Scheme 6). 13 
was obtained in about 90% optical purity; the optical 
purity of the byproduct 14 (obtained in ca. 18% yield) 
was not determined. It is of interest to note that ad- 
ditional riboflavin and commercial yeast nutrient were 
added to the reaction mixture.44 

Since these bicycloheptenones represent important 
building blocks for the synthesis of prostaglandins 
PGE2, PGFA,,,, and PGA2, the reduction of 12 was re- 
cently reinvestigated in more In order to im- 
prove the low substrate enantioselectivity achieved by 
using commercially available BY, other different yeast 
strains were screened and marked differences estab- 
lished (the ratio of 13 to 14 for different strains of 
Saccharomyces cereuisiae was found to be 1:l to 7:l). 
In addition, the endo to exo ratio (13 to 14) changed 
on prolonged incubation (7:3 in 24 h to 3:2) but could 
kept constant (5:2), maintaining a glucose concentration 
of 350 g/L. The yeast reduction is inhibited by 50% 
at a concentration of 15 g/L of ketone The best 
results for this reduction, however, were obtained with 
Mortierella ramanniana (Glaxo C2506), giving rise to 
an endo to exo ratio of >30:1; no increase in the con- 
version rate by increasing the oxygen-transfer rate but 
definitive requirement for oxygen were demonstrated. 

Reduction of the bicyclo[4.2.0]octenones 15-17 
(Scheme 7) was found to be completely diastereose- 
lective for reduction from the ketone’s exo face in ad- 
dition to being highly enantioselective. Thus, reduction 
of racemic 15 afforded 32% of 18 (40% ee) and 25% 
of 19; 16 gave within 45 min 14% of 20 (88% ee) and 
27% of 21 (ee >99%), whereas 17 yielded after 6 h 67% 
of 22 (12% ee) and 17% of 23 (57% ee).46 An enzymic 
reduction of chlorinated bicyclo[3.2.0]hept-2-en-6-ones 
of similar substrate and product enantioselectivity has 
been reported.47 

SCHEME 8 
H 

(1R,4R,5R) 24 (lS,4S,SS) 24 

HO HO 
COz-CHz-Ph 

(1 R,4R,5R,6S) 25 (IS,4S,5S,6S) 26 

a) BY/ sucrose, 4h r.1.: 36h, 37% 
educt added in ethanol (ref.48) 

SCHEME 9 

I n OH 0 

rac.27 (2S,5R,7S) 28 (2S,5S,7R) 29 

b) I b) I 

(5R,7S) 27 (5S,7R) 27 

a) BY, ref.49. 28%, 2-3d, 90%; b) Cr0$H2SOdacetone 

Similarly, reduction of racemic (la,4a,5a)-4-(benzy- 
loxycarbonyl)-2-oxabicyclo[3.2.0]heptan-6-one (24) 
(Scheme 8) by BY gave 59% of a separable mixture of 
the corresponding diastereomeric 6-hydroxybicyclo- 
heptanols 25 and 26 in 10% and 2% isolated yields, 
respectively. 25 and 26 afforded upon separate reoxi- 
dation with pyridinium chlorochromate the resolved 
enantiomers (lR,4R,5R)-24 and (lS,4S,5S)-24. Inter- 
estingly, 2-(4-hydroxyphenyl)ethanol was obtained as 
a byproduct of this BY-mediated reduction.48 

An analogous sequence of reduction and reoxidation 
for obtaining the pure enantiomers was used for prep- 
aration of enantiomerically pure methyl 5-chloro-2- 
oxobicyclo[2.2.1] heptane-7-carboxylates (27) from the 
corresponding racemate (Scheme 9). Racemic 27 af- 
forded upon treatment with BY 90% of a mixture of 
methyl (2S,5R,7S)-5-chloro-2-hydroxybicyclo[2.2.1]- 
heptane-7-carboxylate (28) and methyl (2S,5S,7R)-5- 
chloro-2-hydroxybicyclo[2.2.1] heptane-7-carboxylate 
(29), which were each reoxidized by Cr03/H2S04/ 
acetone to yield both enantiomers of 27. A drawback 
of these reductions is the laborious workup, which could 
be improved by performing the reduction with Candida 
utilis and stopping the reduction at 52-53% conversion 
of racemic 27.49 
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SCHEME 10 SCHEME 12 
H .= R ref. 

a O b  28 
Y O H  bMe 50 

33 n 
ee=58% 

32 33 
1 1 %. ee=70% 

/ 
0 OH 1.8:1 HO 

SCHEME 11 
,. 
U 

32 % 

ref.52 

Me0 

37 

OH OH 

Me0  M e 0  

38 39 

Anaerobic reduction of norbornenone (30) (Scheme 
10) afforded only endo-norborneol(31) but with mod- 
erate enantioselectivity. As shown by differential 
scanning calorimetry, 31 crystallizes as a pseudorace- 
mate and it is therefore not possible to improve the low 
ee (58%) by repeated recry~tall ization.~~ Bicyclo- 
[2.2.2]octan-2-one (32) afforded only 11% of 33 (78% 
ee). Racemic 4-twistanone (tricyclo[4.4.0.03~8]decan-4- 
one, 34) gave a k1.8 mixture of endo and exo alcohols 
35 and 36 of 89% and 54% ee, re~pect ively.~~ Better 
yields and higher ee values were obtained with Rho- 
dotorula r ~ b r a . ~ l  

Reduction of the racemic estradien derivative 37 
(Scheme 11) with BY (Saccharomyces cerevisiae Heyen 
ex. Hansen) afforded in 32% yield the corresponding 
alcohols 38 and 39 in optically pure form whereas re- 
duction of 37 using lithium aluminum hydride afforded 
the corresponding racemic materials. Better yields, 
however, were obtained by using Rhizopus n i g r i c a n ~ . ~ ~  

3. Reduction of Aliphatic Alkanones 

The reduction of aldehydes and ketones by means of 
fermenting BY is long known, and this subject as been 
covered in several The stereochemical 
course of these reductions has been investigated by 

R R 

-1 (SI 4 w  
a) 48h, 30°, EtOH. ref.50 

C H  
d F  
e CI 
f Br 
g l  
h CQMe 
i CN- 
iNq  

Pentafluoro 

SCHEME 13 
OMe 9 QH OMe 

27.6265,67,68 
50 
50 
50 
65 
50 

50 
50 
66 

SCHEME 14 

G O H  E$t + H o G O H  

-L 
/ / / 

Br Br 
Br 

47 4 8  (SI 49 
0.5 % 75% ee=99.4% 

a) anaerobic, 34. ref.72a 

several deuteration s t ~ d i e s . ~ ~ - ~ ~  Hence, the number of 
examples for these reductions of carbonyl groups with 
the carbonyl moiety being part of an acyclic chain will 
be limited. A variation of these reductions has been 
established by Simon et a1.,60961 namely the electromi- 
crobial reduction that brought about several advan- 
tages. This topic has been reviewed recently.26 

Fermentative reduction of substituted acetophenones 
40a-j (Scheme 12) afforded (S)-1-arylethanols 41a-j in 
low to moderate yields and ee values between 82 % and 
96 % .27928,50962-68 No influence on the steric course of the 
reduction was observed when the substituents were 
changed, but the velocity of the reaction was decreased 
by electron-donating s u b s t i t ~ e n t s . ~ ~ ~ ~ ~  

The advantage of yeast-mediated reductions of ke- 
tones is their high re selectivity, often resulting in high 
optical yields of products. In addition, when the ketone 
carries a substituent capable of coordination through 
hydrogen bonding or lone-pair interaction, the products 
are predominantly of erythro configuration. 

Thus, treatment of racemic 42 (Scheme 13) (cf. re- 
duction of racemic 21 1) with Saccharomyces cerevisiae 
(YSC-l/Sigma) gave 91% of the reduction products 43 
and 44F9 which are synthetic intermediates for the 
synthesis of anthracyclinones. The racemic prosta- 
glandin analogue 45 has been treated with resting cells 
of Saccharomyces cerevisiae (ATCC-4125), and 
30-40% of alcohol 46 and 40% of starting material have 
been obtained.'O It was not possible to assign unam- 
biguously the stereochemistry at  position C-15. The 
resolution of racemic estra-4,9-diene-3,17-dione by 48 
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highest conversion rates, however, have been obtained 
by using Cryptococcus macerans, Curvularia falcata, 
and Rhodotorula mu~i lag inosa .~~ 

Synthesis of masked 1,2- or 1,n-diols has been in- 
vestigated by several groups. Slow addition of educts 
52a,b (Scheme 16) (approximately 0.5 g of educt during 
8-18 h) to a highly diluted yeast suspension (Eridania 
brand) gave access to the S-configured alcohols 53a,b 
in 90% and 95% ee, re~pect ively.~~ 

More recent examples for the reduction of a-hydroxy 
ketones 54a-f to yield the corresponding 1,Zdiols 55a-f 
are summarized in Scheme 17.75-s0 

Older examples for the bioreduction of aliphatic 
(hydroxy) carbonyl compounds have already been com- 
piled in the literature.40i" In general, it was foundm that 
larger amounts of yeast were required for the reduction 
of ketones than for the reduction of aldehydes. 

Recently, a kinetic resolution by BY has been used 
for the synthesis of endo-brevicomin.81 Reduction of 
racemic 56a (Scheme 18) with actively growing BY 
under anaerobic conditions afforded after initial for- 
mation of racemic 57a 27% of 58a (99% ee) and 2% 
of 59a (98% ee). 56a gave primarily endo product 58a 
via syn-selective reduction, whereas in the reduction of 
56b the exo isomer 59b predominated (18%). The ob- 
servation of the opposite diastereoselectivity in the 
reduction of 56a as compared to 56b was attributeds1Ys2 
to the loss of the precursor for the endo product by 
biodegradation. Finally, reduction of 56c gave after 7 
days only 9% of reduction products 59c (3%) and 58c 
(6%), but the ratio of 59c to 58c can be increased to 
1:30 by using acyclic intermediate 57c (yield 7.5%).81 

The aggregation pheromone sulcatol ((S)-60) (Scheme 
19) has been synthesized by reduction of 6-methyl- 
hept-5-en-2-one (61) in 80% yield and 94% ee.83 This 
recent finding is in contrast to previous reports.84 No 
reduction of the double bond was observed. Similarly, 
62 was only reduced at the carbonyl moiety to give 34% 
of (S)-63 in 99% ee. (S)-63 has been used as a starting 
material in a Brefeldin A synthesis.85 

4. Reduction of Sulfur-Containing Molecules 

a. Thiocarbonyl Compounds. Thiols from the cor- 
responding thioaldehydes are formed in an analogous 
manner as reported for the reduction of aldehydes. 
Thioacetaldehyde was very readily reduced to ethyl 
m e r ~ a p t a n , ~ ~ ~ ~  thio-n-butyraldehyde as well as thio- 

SCHEME 15 
0 0 ,  OH 

SCHEME 16 

53af, 
a n=l 
b n=2 

a) 30°, 6d, add. of educt in EtOH, ref. 74 

SCHEME 17 

9 ?H 

S a - f  5-4 

R Y[%l ee[%] conf. r e f .  
a n-C5H11 56 100 R 75 
b CsHi 45 100 R 75 

d CZHS 37 100 R 18 
e CH(CHB)* 55 100 R 78 
f (CH3)sC 66 100 R 78 

C CH3 43.5 9 1  R 77-80 

different microorganism has been investigated recent- 

Interestingly, the reduction of 47 (Scheme 14) gave 
crystalline 48,728 which seems to be remarkably stable 
under these physiological conditions; however, (R)-49, 
as the main product, was obtained in 75% yield and 
99.4% ee.72a Recently, the enantioselective reduction 
of 4-acetylpyridine by nonfermenting BY has been re- 
ported. Thus, (S)-1-(4-pyridyl)ethanol(79% yield) has 
been obtained with an ee of 96%.72b In addition, 1- 
(acyloxy)-3-azido-2-propanones (70-95% yield of (SI- 
l-(acyloxy)-3-azido-2-propanols, ee = 75 - >95%)72c and 
3 4  benzyloxy)-1-hydroxypropanone have been reduced 
(ee = 99% of (S)-3-(benzylo~y)-l,2-propanediol).~~~ 

The biodegradation of pentoxifylline (50) (Scheme 
15) (used in the treatment of cerebrovascular and pe- 
ripheral vascular diseases) has been investigated. Thus, 
Saccharomyces cerevisiae NRRL Y2034 reduced 50 to 
give alcohol 51 with 8% conversion within 72 h. The 

SCHEME 18 

iy.71 

I 57ac 

t 

R O  % 
I 
@f 

R y p ]  e@%] 59 e@%] SB ratio 99/5) 
a CHI Z9 0 99 1/16 
b H  32 98 99 a1 
C C Z H S  9 98 99 1R 

ref. 81,82 



Baker's Yeast Mediated Transformations 

SCHEME 19 

Chemical Reviews, 1991, Vol. 91, No. 1 55 

SCHEME 21 

a) Ed, 34', 60% wnv., ref. 85 

SCHEME 20 

a CH3 H 

b CzH5 H 
c n-C,H, H 

e n-C,H,, H 
f CF3 H 

g CH20H H 
h CHZOAc H 

i CH20C7H7 H 

j CH20(4-OCH3CsH4) H 

k CH20THPd H 

1 CH20CH20CH3 H 
m C H 2 0 S I  ( C H 3 ) 2 t C k H 9  H 

n ( C H 2 ) , 0 H  H 

d n-CkHs H 

0 CH3 CH3 
P CH3 CH2CH=CH2 

q ( C H ~ ) ~ C O Z C H ~  H 
-3 C) H 

r ( C H ~ ) ~ C O ~ ' B U  H 

1 84 >96 
2 71 
4 92 
3 7 1  

8 38 
2h 96 67 
5 28 96 
1 58 87 
5 50 95 
6 27 98 
3 37 96 
4 82 
7 <10 

10 74 96 
2.5 50 
4 31 

hydrolysis of ester 
3 17 97 
3 65  99 

ref. 

91,96 
91,96 
91 
91 
96 

96 
96 
96 
96 
96 
96 
96 
96 
91 
91 
91 
92 
93 
92 

a) BY (Oriental): addn. of MgS04:glucose: ref.91 
b) BY (Red star); without sugar; 70h; 25': ref.92 
c) SC 567; 1 -7d 28-58%; ee- 87-95% ref.96 
d) complete cleavage of MP-acetal 

isobutyraldehyde gave the corresponding mercaptans;@ 
diethyl thioether was reported to cleave to ethanethiol.@ 

b. 2-Thio-Substituted Ketones. The reduction of 
carbonyl groups with adjacent sulfur substituents by 
actively fermenting BY is critically dependent upon the 
substituents attached to the sulfur-containing group 
and to the carbonyl group. In cases where these sub- 
stituent groups are bulky, very little reduction occurs. 
The relative ease of reduction decreases from @-keto 
sulfones to @-keto sulfoxides to @-keto sulfides.g0 
Asymmetric reduction of a-keto thioacetals was 
achieved by fermenting BY to afford optically active 
a-hydroxy thioacetals, which are synthetic equivalents 
to chiral a-hydroxy aldehydes or ketones. Reduction 
of 64a-r (Scheme 20) afforded 65a-r with high ee and 
proceeded predominantly to the S-configured alcohols; 
only the allyl-substituted educt 64p afforded the R- 
configured product 65p.91 The methyl ester 64q was 
rapidly hydrolyzed with Red-Star BY, whereas the 
tert-butyl ester 64r was stable and afforded 65r in good 
yield.92 65q (ee = 97%) could be obtained, although 
in low yield (17%), from SC567.93 

Somewhat lower yields but still high enantiomeric 
excesses could be achieved upon reduction of 1,l-bis- 
(p-tolylthio) ketones 66a-f (Scheme 21) to the corre- 

I 
STol 

66a-f 

I 
STol 

67a-f 

R t [al yield [%I ee [ %I 
a CH3 3.5 50 >95 
b c n  7 d o  
c CF3 3 25 >95 

ecWC+W-b 6 50 
f CHgI 7 e5 

4 42 d CHF 

a) Educt in EtOH; 27-30'; ref.94-96 

SCHEME 22 
S 7  S 7  

68 69  

a) Oriental yeast: glucose; 24h: 

sponding alcohols 67a-f. The rate of reduction was 
shown to depend on the length of hydrocarbon and the 
type of s u b ~ t i t u e n t . ~ ~ ~ ~  These results indicate that the 
use of the 1,3-dithione (as in 64) instead of the bis(p- 
toly1thio)methane derivatives permits the synthesis of 
a broader range of a-alkoxycarbonyl compound equiv- 
a l e n t ~ . ~ ~  

The @-keto thioacetal 68 (Scheme 22) was reduced in 
99% ee to (S)-l-(1,3-dithian-2-yl)-2-hydroxypropane 
(69), a key intermediate for the synthesis of (S,S)-gra- 
hamimycin ALg7 

Asymmetric reduction of the @-keto dithioester 70a-d 
(Scheme 23) with BY produced mainly the corre- 
sponding optically pure (3S)-hydroxy thioester 71a-d; 
72c was obtained as a low yield byproduct although 
with high ee (96%). The syn to anti ratio (71~72~) is 
better than with the corresponding oxo isomers (cf. 
Scheme 81, compounds 357 and 358), a fact that seems 
to be due to the enhanced enolization of the @-keto 
groups by the thiocarbonyl moiety. Thus, changing the 
oxygen atoms in an ester group of a @-keto ester to 
sulfur atoms can control the diastereoselectivity of the 
reduction quite efficient1y.l'"' 

Many @-keto sulfides have been reduced by BY. 
Thus, (pheny1thio)acetone (73) (Scheme 24) gave 
(S)-(+)-2-hydroxypropyl phenyl sulfide (74) with high 
ee but rather low yield;90*98 the corresponding l,l,l- 
trifluoropropyl phenyl sulfide was not reduced at all by 
BYg9 whereas the l-fluoro-2-oxopropyl phenyl sulfide 
(75) gave under similar conditions (R)-76 with 70% ee.% 

Fair ee (78%) was achieved upon reduction of 1- 
hydroxy-3-(phenylthio)-2-propanone (77) to yield 
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P OH 

7 3  74 
21%, ee=94-99% ref.98 
35% ee>95% ref.90 

FH,C L S P h  FHzC L S P h  fl 

75 76 ee=70% 

77 78 
90% ee=78% 

a) BY (Oriental), 5h. r.t.. ref.98 
b) BY, pH=7.3. 24h. 35', ref.99 
c) BY(Orienta1). 24h, r,t., ref.101,102 

79 8 0  
49% ee>95% 

81 rac.82 5% 

84 8 3  
2%, ee>95 
35% of recov. 84 

SCHEME 25 
0 0  

ref.98 

Y 
1% a)30h. 50% of (S) 85 in ref.90 

86b:87b=16:84 

(S)-3- (phenylthio)-l,2-propanediol (78) (90% ), which 
was successfully used for the synthesis of both enan- 
tiomers of the insect pheromone 6-n-hexadecanolide and 
for the synthesis of the deoxy sugars L-rhodinose and 
D-amicetose.101J02 

The structural analogue 79 gave 49% of S-configured 
80 whereas 81 was not reduced but oxidized in about 
5% yield to 82.90 A very low yield of only 2% of cis-83 
(and 38% recovery of starting material) was found for 
the cyclohexanone derivative 84.90 Generally, the re- 
duction of these @-keto sulfides proceeded with relative 
difficulties and only at low concentrations of the sub- 
strate.w 

Reduction of racemic l-(phenylsulfiny1)acetone (85) 
(Scheme 25) resulted in formation of (S)-85 and a 
mixture of diastereomeric 86a/87a; the ratio of 85 to 

88 10% 89 30% 90 25% 

SCHEME 27 
~~~ 0for.mation of 89. [%] , Xforfnation of 90. p/.] 

- 50. 
I ae 
0 45: 
T) 40- 
6 35. 

0) 

m 
30- 

c 25- ._ - 20. 0 formation of (Ss,Sc)-89 
X formation of (Rs,Sc)-90 
% refer to g.1.c. yields 

2 .g 15. 
10. 

5, 
- I , ,  1 I .  8 .  I ,  I 

0 20 4 0  6 0  8 0  100 
l ime [h] 
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9 4 M  
97 &To1 

a) BY; 35'; 24h; 

86a/87a (5545 to 42:58) (86a/87a as a 79:21 to 89:ll  
mixture) depended on the supplied sucrose concentra- 
tion. By means of r e c w m t i o n ,  optically pure (S)-85 
was obtained in 28% yield, whose further reduction 
with BY afforded an 84:16 mixture of 87b and 86b.98 
Reduction of a mixture of 73 and (S)-85 showed that 
73 is reduced much faster.98 (R)-85 is reduced in high 
chemical and more than 95% optical yield whereas 
(S)-85 is reduced in both low chemical and optical yield 
(68%). The order of reducibility for these compounds 
was established to be (R)-85 > 73 > (S)-85,98 which is 
for unknown reasons contradictory to the general rule.g0 

Time dependency for the course of the reduction of 
88 was encountered (Schemes 26 and 27). Thus, 88 
gave after treatment with BY for 5 h 40% of (Ss,Sc)-89, 
whereas after 4 days 10% of (R~)-88,30% of (Ss,Sc)-89, 
and 25% of (Rs,Sc)-90 were isolated.w Reduction of 
91 proceeded again very slowly (2.5% within 12 h) to 
give a mixture of the corresponding hydroxy sulfoxides 
92, which could not be separated.w 

Reduction of the fluorinated compounds 93 and 94 
(Scheme 28) afforded an 87:13 mixture of diastereomers 

respectively.99 The stereochemistry on the sulfur atom 
(Rc)-95 and (Sc)-96 with low w values of 28% and 5370, 
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R u 2 P h  

Q) R = '  im ~ ~ - 1 0 0 9 6  
101 R =  102 9?/*ea-63% 
1 m  A=ric& 104 %.,- mf.105 
105 R=&HII 106 lO%,ee=109/. fef.90 
107 b M l 3  comadon ret105 
108 f l a b  

a) BY; T I . ;  12h; sucrose : 99= 2 :1; ret. 98.90,104 

109 ai'%, 82h15%, (R). re1.65 

b) SC @OM-7; 84%; -4%; (R); ref. 65 

110 111 earn% 
112RdX2F 113 e4%.ee9Weref.1O3 

114 115 
38%, ee>95% ref. 90 

g02Ph 
116 Ra.b 
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" t[dl PA1 *AI 
a 1  1 87 99 
b 2  f 42 94 
c 3 lo" 74 93 
6 4  6" 39 96 
e 5 4' e4 72 
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OH 

c) BY: 48h; 1 reayst. W%, ee=lW%, ref.105 

d) BY; 48h; re1.106 
2reayst60%,~100%,ref.106 

has not been assigned. The p-toluenesulfonyl analogue 
97, however, gave (S)-98 of 89% ee.lo3 

Several @-keto sulfones have been reduced by BY. 
Thus, (phenylsulfony1)acetone (99) (Scheme 29) af- 
forded (S)-2-hydroxypropyl phenyl sulfone (100) in 
73%98 or 98?h90 yield, and 97%lo4 or ee. The 
rate of conversion was shown to depend on the ratio of 
educt to sucrose. Thus, the yield of 73% (ee = 100%) 
was obtained at a sucrose to 99 ratio of 21, whereas only 
8% of 100 was obtained with sucrose:99 = l:2.98 In- 
terestingly, when the same experiment was performed 
without any sucrose, only 28% of product has ob- 
tained.98 

Decrease of the ee values resulted in an increase in 
the number of carbon atoms. Thus, 101 afforded (S)- 
102 with 63% eelo4 and 103 gave (29-104 with 46% ee,lO5 
whereas reduction of 105 yielded only 10% of nearly 
racemic 106.w No reduction by BY was observed for 
1O7.lo5 108 afforded upon reduction with BY (R)-109 
(87% yield and 15% ee).65 Reduction with Saccharo- 
myces kyokai 7, however, gave (R)-109 with 84% yield 
and 92% ee.65 

In addition to phenyl, tolyl-substituted compounds 
have been investigated. Similarly 110 (Scheme 29) was 
transformed into (S)-111 (ee > 97%); the fluorine- 
containing educt 112 afforded (S)-113 in 84% yield with 
an ee of >97%.'03 Finally, (benzylsulfony1)acetone 114 
gave 38% of 115 (ee > 95%).90 

1% 131a-c 

R tal PA1 TI : w k  w ; ," >95 
c w, 3 28 28 

116 gave diastereomers anti-117 and syn-118 in a 
ratio of 2.5:1, whereas the structural analogue 119 did 
not react at  all.lo4 
l-(Arylsulfonyl)-3-chloro-2-propanones 120 and 121 

gave upon BY reduction 60% and 90% of enantiom- 
erically pure (57-122 and (S)-123, r e s p e c t i ~ e l y . ' ~ ~ J ~  

BY reduction of 124 gave 80% of 125 (Scheme 30), 
which afforded on treatment with Raney nickel W4 
(R)-126, whereas BY reduction of the @-keto ester 127 
afforded the enantiomer (S)-126 but the reduction of 
the sulfonyl ketone was more easily performed than the 
reduction of the @-keto ester.65 

It was reportedlm that the introduction of a hydroxy 
group at  the w-position of a @-keto sulfone not only 
improved the enantioselectivity but also simplified 
conversion of the products into optically active lactones. 
Thus, @-keto sulfones 128a-e (Scheme 31) gave the 
(S)-@,w-dihydroxy sulfones 129a-e with good to excel- 
lent ee.lo8 

5. cy -Heterocyclic Substituted Ketones 

The reduction of 2-acylthiazoles 130a-c (Scheme 32) 
gave poor yields of compounds 131a-c. Only in the case 
of R = Me (130b) were yield and enantiospecificity 
sa t i s f a~ to ry .~~  

Better results, however, were obtained for the re- 
duction of ketoisoxazoles 132a,b and 133a,b (Scheme 
33) to carbinols 134a,b and 135a,b, respectively." 

Two examples have been provided for the reduction 
of 5-a~etyl-2-isoxazolines~~~ 136a,b, which afforded at  
35 "C (pH 3.3-8) 137a,b (ee = 97-98%) and 138a,b (ee 
> 98%). Alcohols 137 and 138 were formed at  different 
rates, thus allowing partial kinetic resolution.l1° The 
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SCHEME 35 SCHEME 33 
0 OH 

132a, b 134a, b 

133a, b 13Sa, b 

x d  y146) W O I  

a 0 2,4,6(ccb)Jcsy 75 loo 
b 2  CkJ% 10 n.d@ 

BY erldania 
n.d.- not determined 
incubation for€d b .  

OH 
1380,b 

SCHEME 34 

r 1 

140 
139 

reduction of 2,3,5-triphenyltetrazolium chloride (139) 
(Scheme 34) to yield 140111-114 is noteworthy in this 
context. 

6. Nitrocarbonyl Compounds and Masked Amino 
Ketones 

Although the reduction of aromatic nitro compounds 
is well d o ~ u m e n t e d , ~ ~ J ~ ~ J ~ ~  no reduction of aliphatic 
nitro compounds seems to occur. Thus, the reduction 
of ketones containing additional nitro or imide moieties 
has been performed to give the corresponding secondary 
alcohols with excellent optical purities, but the nitro 
alcohols were relatively unstable under the conditions 
of the BY reduction because of decomposition by retro 
nitro aldol r e a ~ t i 0 n s . l ~ ~ ~  Despite these problems, 3- 
methyl-3-nitro-2-butanone (141a) (Scheme 35) gave 
57% of the corresponding alcohol 142a with an ee > 
96% 141b afforded under aerobic conditions 40% 
of (S)-142b, 141c gave 142c albeit in low yield and with 
low ee, and 141d gave nearly no reaction at all.117b Due 
to the instability of the nitro alcohols under the reaction 
conditions and the fact that some amino ketones are 
difficult to isolate due to Schiff base formation but also 
because of the high solubility of the corresponding am- 
ino alcohols in the aqueous phase, masked amino ke- 
tones 143a-g have been investigated and the S-config- 
ured alcohols 144a-g could be is01ated.l’~~ 

141b R= CH3, BY (Pleser), 37’, 41 h 
1 4 1 ~  R= C2H5, ref. 117b 

142b R= CH3, 40%, ee=96% 
142c R= C2Hs, 16% ee=8% 

Me02C A 1 4 1 6  

I = N 3  

0 

OH 
ref. I 1  7a - R’ &R2 

144a-g 

t[aI Yl%l 
3 48 
1 81 
4 84 
9 41 
6 52 

10 9 
6 54 

145a,b 
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e e p ]  
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75 
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y[%] eel%] 
40-50 98 

60 94 

2 6  

50 
48 

57 

50 

6 4  

2 3  
_- 
5 8  
48 

n.d. 
98 

8 9  

94 

n.d. 
97 

8 9  _ _  
8 3  

66 

Similarly, 145a,b gave the S-configured alcohols 
146a,b in about 40-60% yield, and good ee values of 
98% and 94% could be achieved.l18 

a,P-Unsaturated nitroalkenes 147a-j (Scheme 36) 
were reduced with moderate to excellent ee to yield 
nitroalkanes 148a-j.119a,b 

C. Reduction of Dicarbonyl Compounds 

1. Cyclic Diketones 

a. 1,2-Diketones. The reduction of cyclohexane- 
l,%-dione (149) (Scheme 37) gave racemic trans-cyclo- 
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154a-h 155a-e 156 b,c,e do0 .go 
I U 

157 158 

Reduction of substituted cyclopentane-1,3-diones 154a-b 

educt 

154a 
154b 
154c 
1546 
154e 
154f 
154g 
154h 

R 

CH2CHzCH3 
CH2CH=CH2 
CH2CaCH 
CHzC (CH3) =CH2 
CH2CH2C.N 
CH2C02CH3 
CH2CH2C02CH3 
C6H5 

recovered 
educt [%I 

30 
15 

10 
71 
80 
25 
n.r. 

25 

yield [%I diastereo-a 
and product selectivity 
60 155a 100 
75 155b/156b 9O:lO 
60 155c/156c 67:33 
75 155d 100 
n.r. 155e/156e 96:4 
9 157 100 

52 158 100 
n.r. 155h > 9 8  

ref. 

123,124 
123b 

123,124 
124 
128 
128 
128 
125 

a Assignments of previous works123' 124 have been corrected; 
additional references: 124, 126, 121. 

hexane-1,2-diol ( 15O),l2O and under similar conditions 
camphorquinone (151) was transformed in 63% yielda 
into 3-hydroxycamphor (152) (exo:endo = 61:39) and 
em-2-hydroxycamphor (153). 

b. 1.3-Diketones. Similarly, asymmetric reductions 
of a series of 2,2-disubstituted 1,3-cycloalkanediones 
(Scheme 38) were investigated. First reports on these 
reductions were published in the m i d - 1 9 6 0 ~ ' ~ ~ ~ - ' ~ ~  fol- 
lowed by extensive recent studies by Brooks et al. 
These reductions can be regarded as an example of an 
enzyme-catalyzed distinction of a substrate containing 
two trigonal carbonyl centers with stereotopic faces and 
one prochiral tetrahedral carbon center where mono- 
reduction generates two chiral centers. All of the 
products were obtained with ee > 98%.123-128 

154f,g afforded lactones 157 and 158, respectively. 
155b has been successfully used for the synthesis of the 
trichothecene mycotoxin a n g ~ i d i n e l ~ ~ J ~ ~ J ~ ~  or for cor- 
riolinlZ3 and 155d for the preparation of the diterpene 
zoapatan01.l~~ 

More complex 2,2-disubstituted 1,3-cyclo- 
pentanediones are potential precursors in the steroid 
field, and their reduction by BY has been investigated 
by several groups. 159 (Scheme 39) was cleanly reduced 
to 160 in 73% 130 or 78% 131 yield during 2131 or 3130 days. 
161 was observed as a byproduct in about 4%131 or 

yield. Similarly, 162 was reduced to (2R,3S)-163; 
164 as a result of a second reduction was observed in 
approximately 13% yield. 164 was independently ob- 

SCHEME 39 

OH 0 

159 160 161 

S-Ph S-Ph S-Ph 

162 163 164 

a) SC2346.2-36.28-3OnC. pH4.7-7, edud in E M .  re!. 130.1 31 
b) SC2346.25h. W'C, pH-S.7-7, Tween80 edded, educt in EtOH, ref. 132 

c) S C W .  47h, 30%. pH 6.7-7,5%. re!. 132 
13%ol164isolated,too. 
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165 166 167 
OH 

Me0 

tained from 162 in 5% yield.132 Reduction of 165 
(Scheme 40) or BY (or Schizosaccharomyces pombe 
ATTC2476) resulted in the formation of 166 as the 
main product and 167 as the byproduct. Addition of 
activators133 enhanced the rate and the extent of 
product formation and reduced the level of byproduct 
f0rmati0n.l~~ 

As early as 1974 L a n ~ i l o t t a ' ~ ~  discovered activators 
for the reduction of cycloalkanediones. Allyl alcohol, 
acrylonitrile, methallyl alcohol, methacrylonitrile, acr- 
ylic aldehyde, a-methylacrylic aldehyde, and a,P-un- 
saturated ketones containing 3 to about 12 carbon at- 
oms including cyclohex-l-en-3-one, methyl vinyl ketone, 
ethyl vinyl ketone, non-l-en-3-one, and dodec-l-en-3- 
one were shown to be activators. Typically, with Sac- 
charomyces cereuisiae ATTC4097 or Y-147 NRRL, the 
reductions were performed for 24-120 h under aerobic 
conditions at 20-35 "C and pH 3.5-4.5; the activator 
to substrate ratio was about 1:lOOO to 1 : lO  by weight.133 
A possible explanation for the effects of such activators 
could be that the activator compounds are suicide 
substrates for the oxidoreductases, affording undesired 
byproduct(s). Similarly, allylic alcohol was found to be 
a suicide substrate for the yeast alcohol de- 
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178 m 

hydr0gena~e . l~~ Unfortunately, application of these 
activator substances was up to now more or less only 
of theoretical interest but has only been scarcely used.'% 

Reduction of 168 with different fungi, bacteria, and 
yeasts137 afforded changing amounts of 169 and 170.121a 
The best result (85% yield) for 169 was obtained with 
Bacillus thuringiensis and for 170 with Saccharomyces 
uuarum (75% yield).121a A structural analogue has been 
reduced with acrylamide-NJV-methylenebisacrylamide 
immobilized Saccharomyces c e r e ~ i s i a e . ' ~ ~  

Reduction of triketone 171 (Scheme 41) afforded, 
along with the reduction product of ketone 172, cyclic 
hemiacetal 173,'39 a problem that could be circum- 
vented by using the acetal-protected compound 174 to 
yield 175.140J41 

Spiro-fused diones 176a,b (Scheme 42) were effi- 
ciently reduced to ketols 177a,b.lZ5 The enantiomeric 
purity was >98% in each case, providing useful building 
blocks for both cyclopentanoid and cyclohexanoid 
natural products. 

Cyclohexanoid 1,3-diketones 178 and 180a-f 
(Schemes 43 and 44) have also been reduced (products 
179 and 181-184, respectively), with low diastereose- 
lectivity as compared to the C5 series (cf. Scheme 38).lZ8 

The simplest member of this class of compounds, 
2,2-dimethylcyclohexane-1,3-dione (178) (Scheme 43), 
was reduced to (S)-179 in 78% yield, and an excellent 
ee of 98.8% could be achieved upon addition of 0.2% 
Triton X to the fermentation broth with a e r a t i ~ n . ' ~ ~ . ' ~ ~  
Previous experiments with Kloeckera magna (ATTC 
20109) gave 179 with comparatively lower yields and 
with lower ee. (The optical rotations reported for en- 
antiomerically pure 179 are c ~ n t r o v e r s i a l . ' ~ ~ J ~ ~ )  

I t  is of interest to note that (S)-2,2-dimethyl-3- 
hydroxycyclohexane (179) is obtained in lower ee with 

lala-f 182af 
leobf 

183 184 

educt R recov. yield [%I products 
dione [ % I  80  181a:182a-22:78 

18Oa CH2CH2CH3 1 5  80 181b:182b=45:55 
180b  CH2CH=CH2 1 5  

7 5  181c:182c-27:73 
180d  CH2C (CH3) =CH2 2 0  4 9  181d:182d=40: 60  
1804 C H Z C H ~ C ~ N  30 49 181~ :1820-30 :  70 
18Of CH2C02CH3 60 49 183:184 =35:65 

180C CH2CaCH 20 

SCHEME 45 

, O L  

165 

BH 0 
\\ 

186 187 

DMF/H20 (1:38) as the solvent for this r e a ~ t i 0 n . l ~ ~  
179 is a valuable intermediate and has been used both 

for the synthesis of (S)-2-hydroxy-P-ionon (isolated as 
a metabolite of P-ionone from the broth of Aspergillus 
niger and known to have an improving effect on tobacco 
flavor146) and for the synthesis of glycinoaclepin A 
(showing a significant hatch-stimulating activity for the 
soybean cyst nematode);'45 it has also been used for the 
synthesis of (-)-p~lygodial'~~-a hot-tasting sesqui- 
terpene from Polygonum h y d r ~ p i p e r , ' ~ ~ J ~ ~  which pos- 
sesses antifeedant activity against African crop insects 
such as the army worm Spodoptera e ~ e m p l a . ' ~ ~  Fi- 
nally, 179 has been used for the synthesis151 of the 
monoterpenoid karahana compounds of 6-oxabicyclo- 
[3.2.l]octane structure, being constituents of the Jap- 
anese hop, Kumulus lupulus s.152-154 In addition, tri- 
methyl-2-decal01 was synthesi~ed'~~ in a straightforward 
manner. 

Reduction of the steroid analogue 185 (Scheme 45) 
resulted in formation of 186 and 187 as products of 
direduction.'22 

Reductions of cyclic 1,3-diketones being part of a 
medium-sized ring (Scheme 46) are not as effectively 
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191 R=H, n=O 
192 R=H. n=l 
193 R-CH,, n=l 

1 9 4 - 1 9 6  

achieved as in the case of the five- or six-membered 
rings and resulted in high recovery rates. Of interest 
is the opposite diastereoselectivity in the yeast reduc- 
tion of the propyl dione 188a versus the allyl dione 188b 
and the lack of stereoselectivity for the methyl allyl 
dione 188d. The diastereoselectivity of the BY reduc- 
tion parallels that of the NaBH, reduction of these 
c o m p ~ u n d s . ' ~ ~ J ~ ~  

In contrast to these results, cyclohexane-1,3-dione 
(191), cyclopentane-1,3-dione (192), and 5,5-dimethyl- 
cyclohexane-1,3-dione (193) (Scheme 47) gave dimers 
194-196, respectively, resulting from a dimerization of 

the 1,3-dione with acetaldehyde produced by ferment- 
ing yeast.157alb 

c. 1,4-Diketones. The reduction of cyclic diketones 
has not been limited to the 2,2-disubstituted 1,3-diones 
but has also found extension and applications for cyclic 
1,4-diones (Scheme 48). 2,2,5,5-Tetramethyl-1,4- 
cyclohexanedione (197) was relatively inefficiently 
(0.4%) reduced. The desired reaction product, 4- 
hydroxy-2,2,5,5- tetramethylcyclohexan- 1 -one (1 98), 
however, was efficiently obtained by employing Cur- 
uularia lunata NRLL2380 (75 h, 98.2% yield, ee > 
98% ).158 

Of more success was the reduction of oxoisophorone 
(3,5,5-trimethyl-2-cyclohexene-1,4-dione, 1991, a pre- 
cursor for the straightforward synthesis of cryptoxan- 
thin and zeaxanthin. This reduction afforded in prin- 
cipal four reduction products although formed at  dif- 
ferent rate. In general, the reduction of the C-C double 
bond is very quickly achieved, and a maximum of the 
main reaction product 200 is reached within the first 
32 h (83%). Then, 201 is formed from 200. 202 and 
203 are formed very slowly and in minor concentrations 
of 6% and 1 % , respectively. The rate of formation of 
200 is strongly dependent on the concentration of 199, 
and best results (with respect to the desired 200) were 
obtained with a concentration of 5-6 g/L of 199. Be- 
tween 7 and 12 g/L of 199 the fermentation process 
slowed, and finally, at  a value of 12  g/L, inactivation 
of the cells was found. Interestingly, the yeast cells were 
inactivated by increasing concentrations of 201-203, but 
not by 200, which precipitated from the fermentation 
broth. Under optimum conditions the BY cells could 
be recycled up to six times.159 Reduction of the 4- 
hydroxyisophorone analogue 204 followed by acetoni- 
zation gave 25-30% of 205 with an ee of 65%. The 
low-tolerated substrate concentration (1 g/L up to 3 
g/L if semicontinuous substrate feeding was applied) 
is a drawback of this method.16* Use of 206 afforded 
upon ester hydrolysis and enantioselective double-bond 
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hydrogenation of the less hindered enol ester group 
followed by hydrolysis and acetonization enantiomeri- 
cally pure 207 in 32% yield.160J61 

Racemic bicyclo[3.3.l]nonane-2,6-dione (208) 
(Scheme 491, an intermediate for the synthesis of op- 
tically active adamantane compounds, was reduced by 
BY, and the (1S,5S)-208 dione could be recovered in 
24% yield (93% ee) on small preparative scale whereas 
in a larger scale preparation an ee of 66% was achieved 
(after 2 days), which increased to 83% after a total 
reaction time of 6 days (31% yield). (lR,2S,5R)-209 
(60%) and (lS,2S,5S)-210 in an 85:15 ratio and 5% of 
diol were isolated. (lS,5S)-208 of 60% ee (isolated after 
18-h reaction time) was subjected to a second BY 
transformation (24 h) to yield (lS,5S)-208 of 96% ee.162 

No reduction of the cyclic diketone was achieved with 
compound 211 (Scheme 50); reduction only occurred at 
the side chain to afford 212 in 19% yield. The asym- 
metric center involved did not provide any effect on the 
stereoselectivity of the microbial reduction.69 

Very early attempts at  reduction of quinones were 
successful although low yields were obtained. Anthro- 
diquinone yielded q ~ i n i z a r i n , l ~ ~ J ~ ~  phenanthraqui- 
none,164 thym~qu inone , '~~  a - n a p h t h ~ q u i n o n e , ~ ~ ~  and 
p-xyloquinone'= gave the corresponding hydroquinones, 
and tetrabr~mo-o-quinone'~~ and a n t h r a q ~ i n o n e ' ~ ~  
proved to be resistant to attack. 

Microbial reduction of the racemic diketone 213 af- 
forded 40% of an inseparable mixture of (8S,9S)-214 
and (8S,9R)-215 in a ratio of 77:23.166 

2. Acyclic Diketones 

a. 1,2-Diketones. The reduction of acyclic 1,2-di- 
ketones by BY is a long-known reaction. Thus, bu- 
tane-2,3-dione (216) (Scheme 51) gave 2,3-butanediol 
(217) in about 60% yield.16' 2,3-Pentanedione (218) and 
2,3-octanedione (220) gave mixtures of racemic mono- 
and direduction products 2 1 9 a - ~ ~ * " * ' ~  and 2 2 1 a - ~ ' ~ ' ~  
in high yields. Similar results were obtained for 2,3- 
hexanedione," and pentane-2,3,4-trione gave only 2.4 % 
of pentane-2,3,4-tri01.~~ Methylglyoxal was reduced 
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predominantly to ~-1,2-propanediol in about 65% 
yield.54 

The BY reduction of benzil (222) stopped at  the 
monoreduction stage with benzoin (223),1mJ6g whereas 
(S,S)-(94% ee)170 or (R,R)-hydrobenzoin (96% ee)171 
could be obtained by using Saccharomyces monta- 
nus,17o Rhodotorula g l ~ t i n i s , ' ~ ~  or Candida m a c e r a r ~ , ~ ~ ~  
respectively. In contrast to these findings with 222,'69 
it is of interest to note that furil(224) was very quickly 
reduced via furoin (225) into hydrofuroin (226).172 
Similarly, 227 and 228 have been reduced by BY to 
result in formation of 232.'73 l-Phenyl-1,2- 
propanedione (229) (Scheme 52) was reduced by BY at 
pH 5 to (S)-(-)-2-hydroxy-l-phenyl-l-propanone (230) 
whereas at  pH >5 230 together with the direduction 
product 231 were obtained. A possible explanation is 
depicted in the Scheme 52.120 

Although 1,2-diketones are good substrates for BY, 
the selectivity of the reductions is rather low. Intro- 
duction of a bulky sulfur-containing moiety (which can 
easily be removed) is an effective way to stereochemi- 
cally control these reductions (cf. II.B.4.). Thus, 1- 
(phenylthio)-2,3-butanedione (233) gave mainly 
(2S,3S)-l-(phenylthio)-2,3-butanediol (234) (anti:syn = 
86:14 with a total yield of 66%).174 

Similarly, 1-( 1,3-dithian-2-yl)-l,2-propanedione (235) 
(Scheme 53) gave upon BY reduction after 2 h 60% of 
(S)-l-(1,3-dithian-2-yl)-2-hydroxy-l-propanone (236) 
whereas prolonged reaction time afforded the product 
of a direduction, (lS,2S)-237, with an ee of 97%; 5% 
of the syn-configured product 238 could be detected. 
The large difference between the reduction rates of the 
two carbonyl groups was attributed to the bulkiness 
around them. In comparison, reduction of 235 with 
diisobutylaluminum hydride (-90 " C )  gave 74% of a 
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mixture of 238 and 237 (syn:anti = 89:ll); ZnBH4 (-90 
"C) afforded 58% of the mixture of 238 and 237 
(syn:anti = 86:16).175 

b. 1,3- and 1,kDiketones. Similarly, reductions of 
acyclic 1,3-diketones have been attempted, but the re- 
sults obtained were not satisfying. Thus, 2,4-pentane- 
dione was hydrogenated only slowly and incompletely 
by fermenting yeast.176 A comparative study for the 
reduction of different 2,4-diones 239a-j (Scheme 54) 
showed for the reduction by BY excellent ee values with 
predominant formation of (S)-240a-j; only monore- 
duction was o b s e r ~ e d . ~ ~ ~ - ' ~ '  Reduction by the yeastlike 
fungus Geotrichum candidum or by Aspergillus niger, 
however, proceeded much faster and resulted for 
239a,b,h,i products of opposite configuration. 

Analogue 241 (Scheme 55) was easily reduced within 
3 days by BY (Hirondelle) in quantitative yield but only 
with low ee (30%) to (R)-242.177 Reduction of the more 
lipophilic 243 gave after 100% conversion a 33:67 
mixture of ketols 244 and 245, each exhibiting an ee of 
98 70 . 180 

For the 3-methyl-branched compound 246 an 80:20 
mixture of the syn-(3R,4S)-247 and anti-(3S,4S)-248 
isomers was isolated in 30% yield (Scheme 56).  This 
result suggests that there is high enantiofacial selectivity 
in reduction of the enantiotopic carbonyl groups but low 
diastereofacial selectivity since (3R)- and (3s)-methyl 
ketols were obtained.1a0J82a 
4-Meth~lheptane-3~5-dione (249) was found to be 

reduced only by Geotrichum candidum182b to yield 
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under aerobic conditions (4S,5S)-4-methyl-5-hydroxy- 
heptan-3-one (250) or the 4R,5S stereoisomer 251 under 
anaerobic conditions.182b The reduction by BY failed. 
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251 (contaminated with 0.5% of 250) was found to be 
the aggregation pheromone sitophilure of the rice weevil 
Sitophilus oryzae L. and the maize weevil Sitophilus 
zeamais M 0 t s ~ h . I ~ ~  

Yeast reduction of the 1,3-diketones 252a,b bearing 
a quaternary carbon atom proceeded well and provided 
mixtures of diastereomeric ketols 253a,b and 254a,b 
with >98% enantiomeric purity.'@ 

In contrast to the exclusive monoreduction of these 
1,3-diketones, 2,5-hexanedione (255) (Scheme 57) was 
cleanly reduced to (2S,5S)-hexane-2,5-diol (256).lssa 
HPLC analysis indicated the presence of S,S, R,S, and 
R,R diols in the ratio 49.8:1.04:1 (96% ee, 2% meso). 
This was upgraded to >98% ee and <1% meso by re- 
crystallization.'85b 

D. Reduction of a-Keto Esters 
Although there are not as many examples as for the 

reduction of 0-keto esters, a-keto esters have also been 

a) BY, 12h. r.t., ref.187 
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successfully reduced by BY. 2-Oxo-2-arylacetic acid 
derivatives 257, 259,'%," 260,'% and 2611% (Scheme 58) 
gave optically pure a-hydroxy acid derivatives 258, 
262,186J87 263," and 264,'% respectively. The 2-oxo- 
alkanoic esters 265 and 266 produced alcohols 267 (92% 
ee) and 268; the latter product was found to racemize 
under the reaction conditions.'% Ethyl pyruvate (265) 
is reduced to (R)-ethyl lactate'% whereas pyruvate is 
reduced by purified yeast alcohol dehydrogenase in the 
presence of NADH into The thiophene 
derivative 269 was reduced in fair yield to the corre- 
sponding alcohol 270, a precursor in the synthesis of 
daucic acid, present in wheat, sugar beet, and sunflow- 
er.189 Batyl alcohol, the key intermediate for the 
preparation of platelet activating factor, was synthes- 
ized from the keto ester 271, which gave on BY treat- 
ment the corresponding (R)-(+)-alcohol 272 in high 
yield (80%), but only with a moderate ee of 64%. Use 
of Saccharomyces cerevisiae Kisato improved the ee 
(89%), although the yield dropped significantly (22%). 
The highest ee (99%) but very low yield (15%) were 
finally achieved, however, with Torulopsis sp. Jyozok- 
yokai 17,lW keto acid 273, however, decarboxylated 
under the same conditions to give 65% of benzyl alcohol 
(274),76 whereas 275 afforded aldehyde 276.1g1 277 
(Scheme 59) yielded after 12-h incubation with fer- 
menting BY 47% of (S)-278 (49% ee), which served as 
a precursor for the synthesis of the antibiotic butiro- 
sinalE7 

Regiodifferentation has been achieved for the bicyclic 
educt 279 (Scheme 60), affording upon reduction a 7:2 
mixture of diastereomers 28O.lg2 

The synthesis of enantiomerically pure (R)-panto- 
lactone (281) was achieved via enantiospecific reduction 
of ketopantolactone (282). Among a broad variety of 
 microorganism^'^^ highest optical and chemical yields 
have been reported with Rhodoturula minuta," Can- 
dida parapsilosis and Aspergillus niger,lga or Bysso- 
chlamys fulua196 whereas the BY (Fleischmann's, Red 
Star, or Anheuser-Busch) mediated reduction gave low 
yieldslg7 or low ee values.lg3 In addition, a 2-ketopan- 
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tolactone reductase (optimum pH 7) and a 2-ketopan- 
toic acid reductase (optimum pH 5 )  have been isolated 
from baker's yeast.lg8 

E. Reduction of a,y-Dlketo Ester and Keto 
a,?-Diester 

Diethyl 2-methyl-3-oxosuccinate (283a) (Scheme 61) 
gave a 43:57 mixture of syn-(2R,3R)-284a (79% ee) and 
anti-(2S,3R)-285a (31 % ee). Higher ee's were obtained 
by use of Candida albicans instead of BY.lg9 It was 
shown that formation of 284 decreases with increasing 
substrate concentration. 

Low ee values (of 65 and 20%, respectively) were 
obtained for the reduction (57% yield) of dimethyl 
2-methyl-3-oxosuccinate (283b), affording an insepar- 
able mixturem of dimethyl 2-methylmalatesm1 284b and 
285b in a ratio of 53:47. A lower yield (22%) but a 
better ratio (284b3285b = 64:36) and higher ee values 
(95% and 587L202) were obtained with Candida albi- 
cans. 

Several diketo esters of differing structural type have 
been reduced by BY. Optically pure (R)-(-)-hexa- 
hydromandelic acid has been synthesized by reduction 
of the cyclohexanone derivatives 286 and 287 under 
fermenting conditions (Scheme 62). Mixtures of syn- 
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288 and anti-289 or of 290 and 291 (1:3, ee = 95% for 
both components) were obtained, which gave on sub- 
sequent treatment with Zn/HC1 the optically pure 
(R)-(-)-hexahydromandelic ester 292 with an ee 
>99% .192*203 

It was found for 286 that the ratio of syn to anti 
depended on the relative amount of BY to substrate. 
The chemical yield and the anti selectivity increased 
as the ratio of the amount of yeast was decreased. No 
higher yield or better diastereoselectivity was obtained 
with immobilized yeast.203 

The cyclopentanone analogue 293 gave higher yields 
(74%) of 294 and 295 (in a ratio of 2:3) although with 
reduced enantiomeric excess. With the cycloheptanone 
296 both yields and ee's dropped. Only 34% of 297 
(12% ee) and 298 (60%) were obtained (297:298 = 
3:2).lg2 

F. Reduction of @-Keto Esters 

7. @-Keto Esters with the Keto Group Being Part of 
the Ring 

The enantioselectivity of the reduction of cyclic keto 
esters seems to be higher than that of open-chain &keto 
esters substituted at C-2 (cf. F.2., Scheme 69).204*205 
There are several examples of the reduction of cyclic 
/3-keto esters by BY. Thus, reduction of 299 (Scheme 
63) is performed in 80% yield, leading to a de of 100% 
of cis-300186 in another experiment,206 300 was obtained 
with a de of 60%. These reductions with BY produce 
2-hydroxy esters of predominant 1R,2S configuration. 
In general, Saccharomyces cerevisiae gives for these 
types of compounds often mixtures of optically pure 
diastereomeric hydroxy esters, predominantly of 2 s  
configuration, whereas mold strains often exhibit a very 
high dia- and enantioselection and give only one opti- 
cally pure cis or trans stereoisomer.206 

The 1R,5S enantiomer of racemic methyl (&)-%oxo- 
7,7-(ethylenedioxy)bicyclo[ 3.3.0]octane-2-carboxylate 
(304) was reduced in high optical purity to the methyl 
(lR,2R,3S,5S) 3-hydroxy-7,7-(ethylenedioxy)bicyclo- 
[3.3.0]octane-2-carboxylate (305), whereas the 1S,5R 
enantiomer of 304 gave achiral 302 (Scheme 64). 
Formation of the latter can be explained by a hydrolysis 
of (lS,5R)-304 followed by a subsequent decarboxyla- 
tion of the proposed intermediate P-keto acidam These 
transformations can be regarded as a simultaneous dual 
kinetic resolution performed by two different enzymes 
of BY. Mori et a1.208 found the reaction of 301 with 
fresh BY (Oriental) to proceed smoothly and to give 
(+)-301 in 34% yield (ee > 80%) together with 35% of 
cis-303 (ee = 98.8%). In comparison, dry BY gave 301 
in 61.8% ee. Saccharomyces bailii yielded 301 of 
92-94% ee, but its use was more time-consuming due 
to the necessity of performing a precultivation of the 
microorganism.m In addition, BY was found to remove 
the acetal group under fermenting conditions.209 
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303 is an important precursor for the synthesis of 
pentalenolactone E, a sesquiterpene antibiotic isolated 
from cultures of Streptomyces 4C5319.210 Enantio- 
merically pure 301 could be transformed into (+)-car- 
ba-PG12 (carbaprostaglandin). The reduction of ra- 
cemic methyl 8-oxobicyclo[4.3.0]non-3-ene-7- 
carboxylate (rac-306) (Scheme 65) afforded only the 
trans isomer 307 although in low yield, but ee > 99% 
and 40% of starting material exhibiting an ee of 27% 
could be recovered whereas Kloeckera saturnus gave 
both cis and trans isomers (307:308 = 73:27, ee (307) 
= 9970, ee (308) = 99%) and the recovered starting 
material (R)-306 in high optical purity (ee = 96%).211 

The reduction of 6-membered cyclic P-keto esters is 
more widespread. Reduction of the simplest compound 
of this class, racemic 309, was performed by BY 
(Scheme 66)1s6120s,212a*b in 6585% yield and resulted in 
formation of ethyl (+)-(1R,2S)-2-hydroxycyclohexane- 
carboxylate (310) in 86% ee213 or with an ee of 96- 
99% 206*212a and a diastereoselection giving rise to a de 
of 7 6 9 0 , ~ ' ~  86%,212b or 99%.212a One of the possible 
diastereomers (of cis configuration) was produced in 
excess-a fact that was due to an equilibrium by en- 
olization (with concomitant racemization) of the educt 
followed by kinetic resolution. 

The allyl-branched derivative 311 (Scheme 67) was 
found to be a less suitable substrate for BY. It was 
reduced only to an extent of about 10% to (1S,2S)-312, 
and 20% of starting material was recovered, comprising 
an ee of approximately 27%.213 

Reduction of racemic ethyl 2-oxo-4,4-(ethylenedi- 
oxy)cyclohexanecarboxylate (313) (Scheme 68) by BY 

3ll 
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afforded in 74% yield the corresponding ethyl 
(1 R,2S)-4,4- (ethylenedioxy)-2-hydroxycyclohexane- 
carboxylate (314),214v215 which was used215 for the syn- 
thesis of sporogen-AO-1, a sporogenic sesquiterpene 
from Aspergillus oryzue.210~216-218 The aerated fer- 
mentative reduction of 315 afforded a mixture of dia- 
stereomers 316 and 317 in a ratio of 63:27. Interestingly, 
(2S,4S,5R)-316 was obtained only with an ee of 43% 
whereas the minor (2R,4S,5R)-317 was found to exhibit 
an ee of 100%. Both Saccharomyces bailii and Pichia 
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terricola were found to be unsuitable for this reduction 
of 315.219 

Several benzo-annelated oxo esters, e.g., of type 
318-320, were successfully reduced to their corre- 
sponding cis hydroxy esters under “starving conditions” 
in fair to excellent yield, de, and ee.212a 

The reduction of such cyclic @-keto esters can be 
extended to 5- and 6-membered rings containing one 
additional ring heteroatom instead of a carbon. Re- 
duction of methyl tetrahydro-3-oxothiophene-2- 
carboxylate (321a) (Scheme 69) yielded in high dia- 
stereomeric excess (>95 % )  the corresponding 
(2R,3S)-3-hydroxy derivative 322a.205 322a afforded 
upon treatment with Raney nickel (3S)-323, which 
cannot be obtained by BY reduction of the keto ester 
324.220 

Similarly, 321b gave with an ee of 85% 322b;205 the 
analogous reduction of the methyl thiacyclohexanone- 
2-carboxylate (326a) is the key step in a synthesis of 
(4RS,6S,7S)-serricornine, a pheromone of the cigarette 
beetle.205 327a is obtained in 98% diastereomeric pu- 
rity, 85% ee, and a yield of 71%.204 No higher ee was 
obtained for this transformation with the corresponding 
acid instead of the ester or by working in a more diluted 
solution.204 The piperidone derivative 326b afforded 
327b in 65% yield (de = 73%, ee > 95%).212a 

2. Aliphatic Keto Esters 

a. General Remarks. Reductions of @-keto esters by 
BY are well documented and have been reviewed re- 
~ e n t l y . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  The general feature for these re- 
ductions is for most cases well explained by Prelog’s 
rule.30 When an exception to this rule is found, it is 
generally assumed that an enzyme system other than 
alcohol dehydrogenase is used for “anomalous” biohy- 
d r o g e n a t i ~ n . ~ ~ ~  Since discussions of stereochemistry in 
terms of involved enzymes have already taken place,55 
this will be omitted here. However, it was established 
that the absolute configuration and the optical purity 
of the products depend strongly both upon the nature 
and the size of the substituents adjacent to the carbonyl 
group and of the ester moiety but also-in some 
instances-upon the substrate c ~ n c e n t r a t i o n , ~ ~ ~  the 
pH,226a the concentration of glucose,226b and the culti- 
vation conditions of the yeast.227 Thus, low concen- 
trations of substrate often give better enantiospecificity 
because at low concentrations specificity is determined 
by the relative Vma,/Km, while a t  higher concentrations 

it is the relative V,, that determines specificity. The 
stereochemistry of the reduction can be influenced to 
some extent by the addition of certain a,@-unsaturated 
carbonyl compounds. These additives tend to shift the 
stereochemistry to the production of the D-hydroxy 
ester.226b 

The changes in the stereochemical course caused by 
different physiological states of the yeast cells (e.g., 
glucose-grown versus methanol-grown cells) are proba- 
bly due to  the induction of different oxido- 
r e d u c t a s e ~ . ~ ~ ~ ~ ~ ~ ~  A simulation for quantitative mathe- 
matical treatment of the kinetics of competing enzymes 
as for the reduction of 328 (Scheme 70) has been per- 
formed.m The low ee’s obtained for several educts have 
very often to be explained by invoking the participation 
within the reduction process of two or more different 
e n ~ y m e ~ ~ ~ ~ ~ , ~ v ~ ~ ~  acting with opposite stereochemistry. 
I t  was the merit of C .  J. Sih to establish that the ster- 
eochemistry of BY reductions of P-keto carbonyl com- 
pounds may be influenced by substituents at both ends 
of the molecule by the action of different oxido- 
reductases operating with different r a t e ~ . ~ ~ i ~ ~ ~ ~  Thus, 
the preferred substrates for the enzymes leading to 
R-type products are those with a large hydrophobic 
substituent a t  position C-4 whereas enzymes yielding 
S-type products should prefer substrates bearing large 
hydrophobic ester moieties.226v228b 

Three oxidoreductases capable of actively reducing 
@-keto esters have been isolated from the cytosolic 
fraction of Red-Star BY. These enzymes of molecular 
weight 2 400 000 (a fatty acid synthetase), 74 000 (the 
L enzyme, leading to carbinols of L configuration), and 
38 000 (the D enzyme) were purified to homogeneity, 
and their respective Michaelis constants and turnover 
numbers were measured.228b 

Sih and C O - W O ~ ~ ~ ~ S ~ ~ , ~ ~ ~ ~ , ~ ~ ~  investigated the BY re- 
duction of y-chloroacetoacetates 328 (Scheme 70) in 
more detail. It was shown that the stereochemical 
course for this reduction can quite efficiently be altered 
by changing the size of the ester grouping. No signif- 
icant difference in the rates of the reductions were 
observed for educts containing esters up to eight car- 
bons, whereas the c16 ester was not reduced at  all. The 
methyl ester 328a was reduced to (S)-329a with an ee 
( S )  of 65% whereas the octyl ester 328b was reduced 
to the R enantiomer 329b in high yield (70%) and with 
an excellent ee (R) of 97% .29J30 The reduction of 328c 
gave (S)-329c, although with low yield (30%) and low 
ee (50-60%).232 It is of interest to note that there was 
a change in the stereochemistry of the carbinols derived 
from the butyl and the pentyl esters.29 

b. Reduction of  Ethyl Acetoacetate. The simplest 
case, the reduction of ethyl acetoacetate (330) (Scheme 
71) to the corresponding (S)-hydroxybutanoate 331 has 
been performed many times although with differing 
yields and ee’s.76,136,225,233-240 331 has been starting 
material for many syntheses: e.g. for the main com- 
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Reduction of 330 

yield [%I 
54 
57 
n.r. 
36 
n.r 
6 4  
56 
n.r 
64 

ee [%I 
92 
84 
88 
97 
90 

>97 
82 
95 

>97 

r e f .  
233 
234 
241 
243 
245 
246 
248 
250 
235 

yield [%I 
n.r. 
59-76 
67 
70 
32 
60-80 
80 
66 
62 

ee [%I 
90 
8 5  
86 
94 
96 

>98 
n.r. 
77 
95 

ref. 
236 
237 
84 
238 
239 
225 
76 
136 
240 

ponent of the cephalic segregation of Andrena wilkella, 
2,8-dimethyl-1,7-dioxaspir0[5.5]undecane,~~~ for pho- 
rancan t h o l i d e ~ , ~ ~ ~  for (S)- (-) -ci tronell01,~~l for 
(6R,llR,12R,14R)-colletodial (a metabolite of the plant 
pathogen Colletotrichum c a p s i ~ i ) , ~ ~ ~  for the carbapen- 
em t h i e n a m y ~ i n , ~ ~ ~ , ~ ~ ~  for the C-2-C-5 building block 
of g r i s e o ~ i r i d i n , ~ ~ ~ ~ ~ ~ ~  for (S)-2-meth~loxetane,~~~ for 
2-methyl-l,7-dioxaspiro[5.6]dodecane (the volatile se- 
cretion from the mandibular glands of Andrena hae- 
morrha F.),249 for (2R,5S)-%methylhe~anolide,~~~ for 
(3S,11S)-3,11-dimethyl-2-nonacosanone (the sexual 
pheromone of the German cockroach),250 for serricor- 
nin,250 for (S) - (+) -s~lca to l ,~~  and for the synthesis of 
nystatin251 and amphothericin B.251 Unfortunately, an 
unacceptable broad bias for the quoted optical rotations 
of 331 is found, and the reported ee values determined 
by NMR vary from 70% to >97%.248 

It was shown that this reduction strongly depends on 
the reducing conditions. Thus, replacement of the 
carbon source in the medium by other nutrients (fruc- 
tose, (R)-lactate, (S)-lactate, acetate, glycerol, mannitol, 
glucuronolactone) showed that only glucuronolactone 
completed the conversion of 330. “Best conditions” 
were claimed to be “starving conditions”:212a a 4-day 
treatment of the yeast with 5% ethanol prior to the 
addition of 330.238 Another group claimed that inter- 
rupting the fermentation after 4 h will lead to 94-96% 
pure material.@ Several of the results obtained for this 
reduction are summarized in Scheme 71, although some 
of the procedures given seem not to be reproducible 
with respect to yield and/or ee. The activating effect 
of allylic alcohol has been dem0n~tra ted . l~~ 

Leuenberger et al.252 have investigated this reduction 
very carefully under controlled conditions even on a 
large industrial scale, and these authors found a de- 
crease of optical purity with increasing concentration 
of the educt (up to 1 g/L for ee = 95-97%, 20 g/L for 
ee = 58%). Performing the reduction with Geotrichum 
candidum led to (R)-331 in 36% yield and 90% ee. The 
latter reduction was found to depend strongly on the 
physiological state of the The reduction of 330 
by many other microorganisms has been compared and 
investigated.67@ 

c. Reduction of Alkyl-Substituted @-Keto Esters. 
Some reductions of @-keto esters are worthwhile to 
comment on in more detail. The results for “simple” 

are summarized in Scheme 72. It seems noteworthy 
that while acetoacetates were reduced predominantly 
to (S)-3-hydroxybutanoates, @-ketovalerates (and all 
other 6-ketoalkanoates 127 with R > CH3) gave pre- 
dominantly their respective (R)-3-hydroxyalkanoates 

alkyl-substituted @-keto e~ter~29,136,186,224-227,235,236,239,253-2~ 

R ~1 y [%I conf. ee [ % I  ref. 
CH3 
CH3 

CH3 23 S 87 253 
n-C4Hg 58 S 90 254 
t-CAHo 61 S 85 254 CH-, 

C2H5 

C8H17 
C2H5 
H 
K 
K 

CH3 
‘ZH5 

t-CqHg 
K 

C2H5 
t-CqHg 

K 

CH3 

CH3 
‘ZH5 

t-CqHg 

45 s 77 
5 

47 R 54 
56 R 96 
67 R 40 
70 S l0OC 

60-80 R 

75 R 95 
67 R 100 
12 s 71 
32 R 30-99 
35 R 99 
40 R 98 
38 R >99 
30 R 92 
54 R 80 
66 R 81 
55 R >99 
18 R 6 1  
15 R 18 

59 R >99 
73 R 92 
12 R 50 

0 -  

0 -  

239 
225 
227 
136a 
236b 

224, 186 
255 
29 
29 

236, 256 
257 
25Ea 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 
239 

a on addition of lg/L of allylic alcohol; without activator an ee 
of 59% was reported;136 18h, room temperature; material of 
higher enantiomeric purity was obtained by acidic depolymerization 
of natural heteropolymer [R-CH(OH1 -CH*-C(=O) ],,OH with R: 20% 
Et, 80% Me 254; at high yeast:substance ratio. 

SCHEME 73 

b n-C3H7 49 65 36 85 

d n-C5H11 30 58 28 85 
C n-CqHg 67 70 53 80 

e P-Cl-CgHq 40 50 30 80 
f ‘sH5 42 73 50 50 

a1 by redn. using SC NCYC1765 
b) - 18 - candida guilliermondi 

126. A better access to (R)-3-hydroxybutanoate was 
found by the reduction of ethyl acetoacetate with 
Thermoanaerobium b r o ~ k i i . ~ ~ ~  

d. Reduction of 8-Heteroatomic Substituted @-Keto 
Esters. The reduction of 6-thio-substituted keto esters 
332a-e (Scheme 73) with Saccharomyces cerevisiae 
(NCYC1765) afforded the corresponding hydroxy esters 
(R)-333a-eZ6O whereas upon treatment with Candida 
guilliermondi (S)-333a-e could be obtained.260 

The  results for reduction of ,&keto es- 
t e r ~ ~ ~ ~ , ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  containing a further hetero- 
atom-substituted moiety attached to C-4 are summa- 
rized in Scheme 74. 

Dramatic differences in the reduction of 334q 
(Scheme 74) (to yield 335q) have been found that were 
related to the incubation conditions in general and the 
yeast to substrate ratio in particular. Addition of 334q 
as an ethanolic solution over 6 h to a suspension of yeast 
(38 g/mmol of 334q) afforded (R)-335q after 1 day of 
incubation with 71% ee and 73% yield. The stereo- 
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0 0  OH 0 

33484 335a-r 
R = heterosubstituted 

entry R 
a -CHZC1 

b -CHZCl 

c -CH2-Be 
d -CHZ-Br 
e -CHz-Br 
f -CH2-Br 
g -CHz-Br 
h -CC13 
i -CF3 
j -CH2-N3 
k -CH2-N3 
1 -CHz-N3 
m -CH2-N3 
n -CH2-N3 
0 -CH2-O-t-CqH9 
p -CH2-0-t-C4Hg 
9 -CHZOCH~-C~H~ 

Y [ % I  
60-80 
60 
60-80 
30 
40-50 

40-50 
40-50 
40-50 
40-40 
70 
75 

70-80 
70-80 
70-80 
70-80 
70-80 
72 
70 
73 
58 

51 

conf. 
R 
R 
R 

s 
s 
s 
s 
s 
S 
S 

R 
R 

R 

R 

R 
R 
R 
R 

R 
R 
S 
R 

ee [ % I  ref. 
a 225, 232 
70 260 

50-60 232, 136 
b 2 2 5  
l0OC 226 
lOOd 226 
lOOd 226 
lOOd 22 6 
lOOd 226 

84-88 261 
49-51 261e 
80 226f 
95 226f 
95 226f 

100 226f 
100 226f 
97 262 
82 262 
71 2249 
56 262 
48 224h 
>99 239’ 

a the ee was shown to depend On the Concentration of the educt: 
10 mM gave 31 % ee, 20 mM gave 12% e e . 2 2 5 ;  
to depend on the concentration of the educt; 10 mM concentration 
of educt afforded product of 42 % ee whereas 20 mM gave 27% ee 
and 50 mM only 15% at pH-8; with pH-6 an ee of 60% 
was achieved; d at PH-~; e at a concentration of 15g/L of educt, 
30’. 44h; 2 recrystallizations of the 3.5-dinitrobenzoate afforded 
product with ee>98%; data reported in refs. 263, 264 are 
erroneous.261;f at pH-7.5-8; 9 educt was added as a solution in 
E t O H  during 6h; ld.38 g yeast per mmol of educt. educt added at 
once, 6d; 0.75 9 yeast per mmol of educt;i the corresponding 
derivatives with R‘-Me, Et, or t-Bu gave no reaction at 

the ee was shown 
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entry R y [%I config. ee[%l ref. 
a O-CHq 58;65 n.r;R 30:60 265, 266 
b O-C~HS 60 

d 0-n-C4Hg 55 
e O-CH2CH(CH3)2 70 

g O-CHzCHzCH (CH3) 2 35 
h O-CHzC(CH3) 3 35 
i O-CgH13 10 
j O-CaH17 0 
k OK 10 

m S-CH2CH(CH3)2 30 

C O-i-C3H5 40 

f O-n-C5H11 40 

1 S-CqHg 40 

s 
s 
s 
S 
s 
s 
s 
S 

s 
S 
s 

56 
34 
70 
90 
92 
54 
96 
96 

n.r. 
68 
74 

_ _  

2 65 
265 
265 
265 
265 
265 
265 
265 
2 65 
265 
265 
265 

chemical outcome of this reduction is reversed when 
334q is added at  once and only 0.75 g/mmol of yeast 
is added. After 6 days of incubation (S)-335q is ob- 
tained with 48% ee.224 

Enantioselectivity of the yeast-mediated reduction 
of 5-(benzyloxy)-3-oxopentanoate esters 336a-m 
(Scheme 75)285*266 was influenced by changes in the ester 
alkoxy group in a way that the enantioselectivity in- 
creases with increasing chain length for the n-alkyl 
esters. However, the amount of conversion of substrate 
to product 337a-m decreased with increasing chain 
length. For branched hydrocarbon groups, there seems 

&R, ref266 
R20 - R20 

entry ~1 R2 
a OCH3 CH3 

C OCH3 C3H7 
d OCH3 C4H9 

b OCH3 C2H5 

‘gH1 1 e OCH3 
f OCH3 C6H13 
9 OCH3 C7H15 
h OH C4H9 
i OH ‘gHll 
j OH ‘gH13 
k O(CH2)2Si(CH3)3 CH3 

m SC6H5 CH3 
1 SCH3 CH3 

n SCsH5 K 

y I % 1  config. 
11 s 
41 S 
40 S 
48 s 
26 S 
15 S 
9 s  
33 s 
59 s 
3 s  
41 R 
28 s 
8 8  R 
42 R 
32 R 
36 S 
8 s  

ee [%I of 339 
33.3 
66.1 
80.0  
82.1 
80.2 
76.7 
71.4 
79.8 
86.7 
77.8 
33.3 
20.0 
41.2 
73.0 
88 
65 
100 

a using Saccharomyces SCNCYC240; isolated as methylester 

ref 
266 
266 
266 
266 
266 
266 
266 
266 
266 
266 
266 
266 
266 
260 
267 
26ea 
26Eb 
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Ph 3L .P$JoMe + ph40Me HNBm 
HNBoc HNBoc 

340 341 342 

8) 30.Xi%. de- 60% ref 269 

RO+ 

0 OH 

343a.c 3448.0 

R d e ; ( ]  
d K  96 
b :HI 5 6  
c C*Hi 85 

to be an optimum of enantioselectivity with one meth- 
ylene group spacer before branching but this trend 
seems unclear. A change of the electronic environment 
with thioesters (entries 1, m) had little effect, and no 
change in the enantioselectivity of this reduction was 
observed.265 

For 338a-g (Scheme 76) both enantiomer ratio and 
the chemical yield increased on going from the methyl 
ester (entry a) to the butyl ester (entry d) and then fell 
off toward the heptyl ester (entry g). The esters with 
yet a smaller and more hydrophilic OH group (entries 
h-j) exhibited a similar trend, but in this series the 
maximum was obtained in the reaction of the pentyl 
ester (entry i). These results266 are in contrast to the 
results obtained by Sih et  al.29,231 on the reduction of 
328. In this case, the preferred enantiomer has the same 
configuration when R1 is sufficiently large in both se- 
ries.266 The results for 338m are somewhat controver- 
sia1260i266-268 with respect to yield and ee. Use of Can- 
dida guilliermondi (NCYC973 or NCYC1399) for some 
of these educts gave predominantly (S)-339 in compa- 
rable yields and ee values between 83 and 

e. O-Keto Ester wi th  a n  Additional Center of Chi- 
rality. An additional center of chirality in the side 
chain as in 340 (Scheme 77) gave upon treatment with 
BY 30-50% of (3S,4S)-341 (major) and (3R,4S)-342 
(minor); the de of 60% could be improved either by 
2-fold recrystallization (de = 99%) or by use of Han- 
senula anomala to yield (3S,4S)-341 with de = 92% 
whereas Candida  boidini  gave predominantly 
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entry x1 Rz R3 y ( $ 1  of 346 y ( $ 1  of 347 
a CHj CH3 CH) 52 20 
b CH3 CH3 C2Hg 37 25 

d CH3 C6Hg CH3 33 7 
C CH3 CHg C(CH3)3 31 44 

f 'ZH5 CH3 'ZH5 21 23 
e CH3 'SH5 'ZH5 36 13 

g CH2CH20CH2-CsH5 C6H5 C (CH313 decomposition 

SCHEME 79 
H -  n 

r - 

R y I " / o ] o l ~ : 3 n  
5:13 

b %  62.11 
c &4H, 48 120133 
ref 272 

(3R,4S)-342 with 90% de.269 Similarly, reduction o f ,  
343a-c gave 344a-c although with low yields but ex- 
cellent de values.270 

f .  a-Substituted @-Keto Ester. The reduction of 
a-thio-substituted @-keto esters 345a-g (Scheme 78) has 
been suggested as an alternative to the reduction of 
@-keto esters 127271 since a-sulfenyl esters 346 or 347 
can smoothly be desulfenylated by oxidation (m- 
chloroperbenzoic acid, dichloromethane, -78 "C, fol- 
lowed by treatment with amalgamated aluminum). The 
yields of 346 and 347 are fair, but ee values >96% were 
found for all compounds investigated. Although these 
reactions yielded both syn-346 and anti-347, it should 
be noted that the S configuration in the C-3 position 
was exclusively obtained in all cases.271 

For the reduction of the a-hydroxy keto esters 348a-c 
a mechanism as depicted in Scheme 79 has been pro- 
posed272 to explain the predominant formation of 2S,3S 
isomers. If BY prefers re face reduction by the Prelog 
rule, reduction of 349 to form a 5-membered ring with 
a hydrogen bond between the 2-hydroxy and the car- 
bonyl oxygen a t  C-3 with less hindered re face site to 
give the 2S,3S products 350 is more favorable than that 
of 351 to give 2R,3S products 352. An equilibrium 
between 349 and 351 is possible as well as degradation 
of the 2R isomer by BY to cause the predominant 
formation of the 2S,3S isomers.272 From 348c 
(2S,3R)-353 is formed. Chiral (2S,3S)- and (2R,3S)- 
2,3-dihydroxybutanoic acids have been shown to be 

3548-9 3558-9 

entry R' Y [ % I  ee [ % I  ref 
a 70-80 60-65 282 
b 91 238, 282  CHzCH3 88  

d CHz-CsH5 50-70 46 282 
e C6Hg 50-70 83  2 8 2  

CH3 

C CH(CH312 50-70 60 238, 282 

SCHEME 81 

R' +OR3 ~ l V 0 ~ 3  + R' =OR3 , 

R2 R2 R2 

398 s7 38) 

CH) CH) 13 58 

CH3 C2Hj 16 49 

CH3 t-CqHg 18 22 
CH3 CH2CHlCH3)z 10 46 
CH) n-CjHll 11 59 
CH) n-C8H17 4 78 

CH) CH2CgHg 30 15 
C1 C2Hg 34 34 

100 100 283 
100 100 283. 

285,286 
291,292 

100 100 283 
100 100 283 
100 100 283 
100 100 283 

n.r. 290 100 
97 84 284a 

R2 R3 y[%1 y[%1 eel%] eel%] ref. 

CHzCH-CH2 C2Hg 63 21 100 70 285,286 
CHz-CsH5 C2Hg 15 7 100 85 285 

Of 357 Of 358 of 357 of 358 

CH3 45 5 6 68 288 

R1 R2 R3 y [%I y I % 1  ee [ % I  ee [ % I  ref. 

C H Z O C H ~ C ~ H ~  CH, C2H5 25 21 36 24 28Eb 
C H ~ K H ~ C G H ~  CH3 i-C3H7 15 49 96 50 288 

of 358 of 360 of 358 of 360 

. - . .  . . 
CH-CH-CsHs CH3 CH3 7 -  95 - 2 8 9 C  

a better yields were obtained with Candida albicans (92%, synlanci- 
ratio 26/74 with e e ' s  of 97 and 95% , respectively, highest synlanti- 
ratio 94/6 (ee 91% and 87%) with Rhodotorula glutinis, highest ee- 
values (991, 99%) with Pichia f a r i n o s a  (syn/anti = 50/501. 

Rhodotorula mucilaginosa, Curwlasia minuta and Geotrichum candidum 
have been usedZe8; 

to obtain the different stereoisomers with higher ee Values, 

use of Candida albicans gave 351 of 359 with 97% ee.  

versatile key intermediates in a variety of natural 
product s y n t h e ~ e s . ~ ~ ~ - ~ ~ l  

A general model for predicting the diastereoselectivity 
in yeast reductions has been suggested228b following 
similar reasoning as in the formulation of Prelog's rule. 
Thus, size and hydrophobicity of the a-substitutent are 
compared to that of the ester ligand. Such microbio- 
logical reductions allow the production predominantly 
of a single diastereoisomer; these reductions are at the 
same time both enantioselective and s t e reo~pec i f i c .~~~  
This model explains the high syn/anti selectivity ob- 
served for the reduction of a-substituted P-keto es- 
temZ28b 

g. Reduction of Formyl Derivatives. Although of 
great synthetic potential, the reduction of formyl de- 
rivatives 354a-e (Scheme 80) has only scarcely been 
performed;238-282 however, 355a-e were obtained in 
70-83 % yield and ee values ranging from 46 to 91 9o. 
As exemplified by 355a the ee could improved to 100% 
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I I 
HNAc HNAc HNAc 
365 366 367 

368 369 370 

SCHEME 84 

37181 37%-c 

X r4 TI 
a CI 90-100 
b bb 90-100 100 
cH- 20 0 

by 6-fold recrystallization of the corresponding 3,5-di- 
nitrobenzoate (yield 40%).282 

h. Miscellaneous Aliphatic P-Keto Esters. &Keto- 
butanoates 356 (Scheme 81) substituted at the a-pos- 
ition283-2w have been reduced and afforded compounds 

Introduction of a quaternary carbon as in 361a 
(Scheme 82) afforded upon BY reduction (S,S)-362a 
(20%, ee = 100%) and 38% of (R)-363a of 28% ee,285*m 
whereas 2,2-dimethylacetoacetate 361b was not reduced 
at 

During an L-threonine synthesis, 364 (Scheme 83) was 
reduced in 32% yield, leading to the diastereomers 365 
and 366 in a ratio of 60:40; in addition, 5% of 367 (as 
a product of hydrolysis and decarboxylation) was 
identified. Better yields than with BY were obtained 
with Saccharomyces rourii (60%). No reaction was 
observed for compounds 368-370;293 contrary, other 
oximes have already successfully been reduced.'63 

BY reduction of 4-substituted 3-oxobutanamides 
371a-c (Scheme 84) gave 372a-cZg4 

The enantioselectivity of the BY-mediated reduction 
of prochiral3-ketoglutarates 373a-g (Scheme 85) and 
3-ketoadipates (Scheme 86) 374a-f to the corresponding 
3-hydroxy esters 375a-g and 376a-f, respectively, was 
influenced by the simple differences in the ester 
group,295 but for 373a-g no readily differentiation (by 
changing in the size of the ester group) was found. For 
the reduction of 374f, the best result with 84% ee was 
obtained.294 Enantiomerically enriched 3-hydroxy- 

357-360. 

a) 25-30', pH=7,24h 
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glutarates have been synthesized by hydrolysis of the 
corresponding diesters with the esterase from porcine 
l i ~ e r , ~ ~ , ~ ~  a - c h y m ~ t r y p s i n , ~ ~ ~  and ArthrobacteF and 
Acinebacter sp.299 

The heteroanalogous keto esters 377 (R' and R2 alkyl 
substituents) (Scheme 87) have been reduced by BY to 
yield the corresponding P-hydroxy phosphates 378.300 
The reactions proceeded well, but due to partial race- 
mization the optical purities of the products were low 

G. Reduction of y- and &Keto Acids and Esters 

BY reduction of keto acids or esters 379 or 380 
(Scheme 88) affords the corresponding y- or &lactones 
381 or 382, respectively. Some of these lactones are 
insect pheromones. As for the esters it was supposed 
that first the ester is hydrolyzed by some nonspecific 
esterase(s) to the corresponding acid, which is the true 
substrate for the b i o r e d ~ c t i o n . ~ ~ ~  In addition, it was 
suggested3O1 that the acids are not reduced as such but 
that their corresponding CoA thioesters are. 

Reduction of the simplest compound, namely ethyl 
levulinate (379a, R' = Me), proceeded only to a modest 
extent under a variety of conditions. Approximately 
70-85% of starting material was recovered after 48 h 
of incubation and 10-15% of the reduction product was 
obtained, which gave on chemical cyclization (SI- 
381a.224 Reduction of an ethanolic solution of potas- 
sium 4-oxo-4-phenylbutanoate (379n, R' = Ph) yielded 

(0-52 % ) . 
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224, 
303,304 
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302 
305 
302 
309 
302 
302 
302 

31% 381n (with an ee > 95%) after 7 days.224 It ap- 
pears noteworthy that longer chain alkyl-substituted 
4-oxocarboxylates 379302-305 gave better yields and 
higher ee values (in favor of R-configured products) as 
compared to derivatives possessing short alkyl  group^.^ 
4-0x0-3-methyloctanoate gave a mixture of cis-4R 
(major, ee > 99%) and trans-4R (minor, ee > 92%) 
substituted 3-methyl lactones.306 

For 380f a more detailed investigation has been un- 
d e r t a k e ~ ~ , ~ ~ ~  and it was revealed that the optical purity 
of 3821 is always >98% irrespective of conditions used. 
It must be noted that the results obtained in this in- 
~ e s t i g a t i o n 3 0 ~ ~ ~ ~  are controversial to previous resultsm 
The yields observed indicate that 5.5 g of dry yeast/mol 
of substrate was sufficient while smaller amounts were 
insufficient due to poisoning of the yeast302 and larger 
amounts of yeast gave lower yields due to trapping of 
the keto acid by the yeast within the first 6-h period 
of the reaction.302 As an alternative for the preparation 

CHO a] Rp - 
mw 

98 
98 
98 

a! dry yeast (Onenral). r I , 3.5 h ,  re1.320 

I R Y i e l d  1 % 1  e e l % ]  anti/ryn R ref. 

9 8 / 2  
2 6  9713 
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317 
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319 

... 1 ”-Cr;orenlryaSeerel 313,321 326:lOrentry bandg 
SBB ref 31 7 ,  lor entry c and I see re1.322; for entry d, 
e.h.1 see re1 320 

of 382f, the use of an acylase from Aspergillus sp. has 
been proposed.309 

It seems noteworthy that the material deficit and 
hence the yield seem to depend upon the length of the 
alkyl chain whereas the pH was not found to be critical 
as long as it was kept between 4.7 and 7.0.302 This is 
in good accord with the reported value of pH 5 for the 
reduction of 3 8 0 ~ . ~ O ~  Generally, &keto acids are more 
rapidly reduced than the corresponding &keto esters. 
Retardation in the reduction of the long-chain alkyl 
keto esters was assumed to arise from their low solu- 
bilityq302 

Optically active (R) -  (+)-( y-butyrolactony1)- 
propionates 383a-d (Scheme 89) were prepared by re- 
ducing 3-ketoheptane-l,5-dicarboxylic monoesters 384. 
Whereas diesters 385a-d were hydrolyzed to 384 with 
Pseudomonas diminuta (IF013181) as the best mi- 
croorganism for partial hydrolysis of compounds of such 
type, 384a-d were reduced to 383a-d with fermenting 
BY in large-scale quantities, fair yields, and excellent 
ee. The yeast cells could be employed repeatedly sev- 
eral times for the reductions.310 

I I I .  C-C Bond-Forming and -Breaking 
Reactions 

A. a,P-Unsaturated Systems 

1. Acyloin- Type Condensations and Reductions of 
a, &Unsaturated Compounds 

First reports on this condensation reaction have been 
published 60 years ago by von Liebig (for the reaction 
of furfural) ,311 and later Neuberg3I2Bl3 and D i r ~ c h e r l ~ ~ ~  
investigated this type of reaction for benzaldehyde 
(386a) (Scheme 90) in more detail. Broader synthetic 
applications315 have been brought about by Fuganti and 
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co-workers since the m i d - 1 9 7 0 ~ ~ ~ ~  The results for 
substituted benzaldehyde derivatives 386b-q (leading 
via 387b-q to products 388b-q) are summarized in 
Scheme 90.317-322 Mainly, formation of anti-l-aryl-1,2- 
dihydroxypropanes 388a-q has been observed.320 

The acyloin-type condensation323 of benzaldehyde 
(386a) found its industrial application very early in the 
synthesis of D-(-)-ephedrine, thus being one of the first 
industrial processes combining microbiological and 
chemical synthesis.321 These investigations have been 
extended to aldehydes 389a-e, leading to products 

This reaction type can be considered the result of two 
subsequent transformations: Addition of a C2 unit 
equivalent of acetaldehyde in statu nascendi by means 
of 2-(a-hydroxyethyl)thiamine pyrophosphate onto the 
si face of the carbonyl group to form (R)-a-hydroxy 
 ketone^.^^^^^^^ Subsequent reduction of this interme- 
diate on the re face by (an) alcohol dehydrogenase(s1 
results in the formation of predominantly anti-config- 
ured diols. 

The reaction sequence was found to be dependent on 
pH. In acidic medium, the formation of ketols pre- 
dominates whereas under neutral or basic conditions 
(optimum pH 9.5) only diols were observed.320 

In addition, it seems noteworthy that upon addition 
of salicylaldehyde the fermentation immediately 
stops;329y332*333 this result has been interpreted in terms 
of toxicity. The highest cell toxicity in the aliphatic 
series has been found for h e ~ t a n a l . ~ ~ ~  

There are some severe limitations for this reactions: 
Whereas a broad structural tolerance for the first al- 
dehyde to be used in the enzymic system is found, only 
acetaldehyde is accepted as the second terminus. With 
other aldehydes (e.g., propion- or butyraldehyde), no 
incorporation of these added aldehydes could be 

The other limitation investigated in more 
detai1316 in the case of a,@-unsaturated carbonyl com- 
pounds,315 e.g., cinnamaldehyde (391a) (Scheme 921, is 
that the acyloin condensation is dominated by simple 
biohydrogenation leading to the corresponding alcohols 
392 and 393 (70-75%) instead of a chain extension 
reaction leading to 394 (25-3O%).lg1 

Compounds 394 and 395 have successfully been used 
for the synthesis of deoxy sugar analog~les,2~~~~*~3113351336 

390a-e (Scheme 91).313,317,316,322-329 
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LTB4  intermediate^,^^^ ~-(-)-aZZo-muscarine,~~~ (+)- 
e x o - b r e v i ~ o m i n , ~ ~ ~ ~ ~ ~  h e x a n o l i d e ~ , ~ ~ ~ ? ~ ~ ~  0ctanolides,2~~ 
frontalin, and other pheromones.336 

Reaction of 391d and 391e afforded under these 
conditions 392d,e and 393d,e.274t330 Small amounts of 
391a were converted into 396n3 (Scheme 93). As shown 
by NMR 396a (possessing a-configuration 
when regarded as a substituted furanoid carbohydrate) 
underwent mutarotational isomerism, reaching an 
equilibrium value of about 60% a-anomer after 1 day. 
Intermediate 397 is expected to arise upon Michael 
addition of the anion derived from the a-keto1 from 
cinnamaldehyde and a molecule of cinnamaldehyde 
followed by ring closure to yield 396.339 It is noteworthy 
that no analogous byproduct of this type was formed 
from 391b. 

A further application of the enzymic acyloin-type 
condensation to mono- and sesquiterpenes has been 
reported by Diplodia gossypina and Corynespora cas- 
sicola for the synthesis of n ~ r t e r p e n e s . ~ ~ ~  A similar 
reaction of 3,4-dimethoxybenzaldehyde has been re- 
ported with use of Aerobacter aerogenes instead of 
BY.319 

Since the acyloin condensation reaction was found to 
be followed more or less always by reduction of the 
carbonyl and/or the C-C double bond, some deutera- 
tion studies have been performed (Scheme 94) in order 
to establish the stereochemical course of the reduction 
of a,p-unsaturated carbonyl compounds.341 Thus, 
[2H]formyl-labeled 398 gave (1S)-3-phenyl[l-2H]- 
propanol (399), whereas treatment of 398 with purified 
yeast alcohol dehydrogenase afforded 400. Analogue 
401 gave upon treatment with BY followed by Cr03 
oxidation 402 without any loss of deuterium. From 403 
was obtained (3R)-[2H]-404. [1,1,2,3-2H4]Cinnamy1 
alcohol (405) afforded (lS,2S,3R)-3-Ph [ 1,2,3-2H3]- 
406;%l (2)-cinnamyl alcohol (407), however, was re- 
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covered unchanged from the reaction mixture.341 These 
results indicate a formal anti stereospecific addition of 
hydrogen across the double bond; this reduction is the 
result of an introduction of a pro-R hydrogen substit- 
uent at position 1..  Deuterium labeling has also been 
used to get first insights for the analogous water ad- 
dition and transformation of 408a,b into (R)-409a,b in 
approximately 25% yield and proceeding with 90-95% 
ee for the products.342 

Many different a,P-unsaturated carbonyl compounds 
have been used for this kind of BY-mediated C-C bond 
formation. 410 (Scheme 95) gave 10% of 411 (conjec- 
tural stereochemical a~signment) .~"~ Enantiomerically 
pure vitamin E has been synthesized in a convergent 
manner from a single precursor, a-methyl-P-2-furyl- 
acrolein (4 12), which gave upon BY-mediated acyloin 
condensation followed by reduction diol 413 in 1520% 
yield. Yields of 40430% of reduction product 414 and 
traces of unsaturated alcohol 415 were also isolated.343 

&CH'- ($+ / OH 

/ 
410 411 10% ucHo 5 -OH + 

41 2 413 1520% AoH 
H 

OH 

414 40-60% 415 

a) &8h, r J ,  1520%, ref.343 

BY treatment of a 1:l mixture of (2)- and (E)-3- 
methyl-5-phenyl-2,4-penta-2,4-dien-l-o1 (416) (Scheme 
96) afforded ca. 10% of desired 417 and a 6:4 mixture 
of isomers 418.274 E-Configured 419 gave 15% of 420, 
which was further transformed into 2,6-dideoxy-3-C- 
methyl-L-arabino-hexopyranose (olivomycose, 421), thus 
ascertaining the stereochemical assignments for 420.274 

The same group also used 419 and (22-416 as starting 
materials for another synthesis of a-tocopherol. Thus, 
419 gave 87% of 422 whereas BY treatment of (2)-416 
gave an inseparable mixture of 423 and (2)-418.344 

Reduction of 424 under modified conditions afforded 
15-20% of 4-phenylbut-3-en-2-01(425) (Scheme 97) of 
90% ee, a valuable.starting material for the synthesis 
of (S)-O-ben~yllactaldehyde.~~~ 425 was found to be 
contaminated with 5 1 0 %  of inseparable 426.345 

cu,@-Unsaturated ketone 427 gave upon reduction with 
fermenting BY 12% of (S)-428 of ca. 95% ee and 1.5% 
of 429. Reduction of 430 with fermenting Saccharo- 
myces cerevisiae or resting cells of Saccharomyces 
fermenta ti gave different results; the former yielded 
racemic 431, the latter (S)-431 of ca. 50% ee. Reduction 
of 432 gave only 4% of 433 (ee 95%) and 1% of 434,346 
The absolute stereochemistry of these products has not 
been determined. 

It seems that the condensing enzyme(s) are very 
specific whereas the substrate specificity of the subse- 
quent reduction step is not so restricted. Thus, the 
racemic and synthetically prepared hydroxy ketones 
435a-d (Scheme 98) (all of them not formed by BY- 
mediated acyloin-type condensation) were clearly re- 
duced by BY under usual conditions. 435a gave 
70-80% of a 6:4 mixture of (2S,3R)-436a and 
(2S,3S)-437a. The same is true for 435b (leading to 
products 436b and 437b) whereas 435c,d gave only 20% 
of anti-configured 436c,d accompanied by about 10 % 
of the corresponding syn isomers 437c and d, respec- 
t i ~ e l y . ~ ~ ~  

Reduction of 438 gave 70% of a 6:4 mixture of 
(2S,3R)-439 and the syn analogue (R,R)-437b.330 The 
latter is the enantiomer of (S,S)-437b (obtained by BY 
reduction of 435b).334 

Branched hydroxy ketones of similar type were also 
submitted to BY reduction. Thus, 440 (Scheme 99) 
gave 80% of a 1:l mixture of 441 and 442 whereas upon 
reduction of 443 excess (481-443 and 15336-20%334 of 
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c) memic with BY 

(3S,4R)-444 were obtained.336 
Some conclusions can be drawn from these experi- 

ments. For 435a,b and 440 the hydride addition to the 
carbonyl grouping occurred on the re face regardless of 
the configuration of the adjacent center. For 435c,d and 
443, however, only the R enantiomers were reduced to 
a significant extent.330 In contrast to 435a,b and to 440 
for 438 hydride addition took place onto the si face 
irrespective of the configuration of the adjacent center. 
Chain elongation (as in 443 as compared to 440) re- 
sulted in decreased yields.334 

422 O?% 

- "-OH 
OH 

421 

Direction of the stereocontrol of the reduction was 
performed for 445-447 (Scheme 100). 445 gave 20% 
of 448 in enantiomerically pure form, and 30-4070 of 
4s-configured starting material (of 90% ee) could be 
r e c ~ v e r e d ; ~ ~  446 gave mainly (3S,4R)-449 with 50% ee. 
Reduction of 447 resulted in predominant formation of 
(3R,4S)-450. For 447 the hydrogen addition occurred 
preferentially on the si face. The stereochemical course 
of these reactions parallels331 the mode of reduction of 
4-heterosubstituted 3-oxobutanoate esters by yeast (due 
to its five-membered acetal in 1,3-relationship to the 
carbonyl 

Similarly, 451 was reduced in about 20% yield to 452, 
and 10% of 453 and 70% of starting material could be 
recovered. While (2S,4S,5R)-452 served as a valuable 
starting material for the synthesis of 4-deoxy-~-lyxo- 
hexopyranose, (2R,4S,5R)-453 was used for the prepa- 
ration of 2,3-di-0-acetyl-4-deoxy-~-lyxo(~-ribo)-hexo- 
pyranose; 454 gave upon reduction 20% of 455.348 Ap- 
parently for this compound the absolute configuration 
at C-3 determined which of the components of the ra- 
cemic mixture is accepted as a substrate for reduction 
by the enzyme(s) at C-5. (2R,3R,6R)-454 was not re- 
duced by this system.348 
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The same phenomenon was observed when the 
structural analogues (2RS,5RS)-456 and (2SR,5RS)-457 
were treated with BY (Scheme 101). Only 
(2RS,5RS)-456 gave 30% of (2R,4S,5R)-458-an inter- 
mediate in the synthesis of (-)-a-multistriatin. 
(2SR,5RS)-457 gave no reaction at all.349 It appears that 
the yeast's enzyme(s) involved in the reduction of these 

446 c y  I1 448 eeso% a-acetoxycarbonyl compounds are quite sensitive to the 
W H  stereochemistry of remote (here P )  centers. Hydrogen 

re face of the 5R or 6R enantiomer, but of the two 
diastereomers the one with a (2R)-methyl group was 
reduced at much higher rate.348*349 

The reduction of (Z)-&methyl-2,4-pentadienal (459) 
(Scheme 102) gave after 10 days of reaction with BY 
65% of (S)-3-methy1-4-penten-l-o1 (460), 20% of (2)- 
3-methyl-2,4-pentadienol (461), and 5% of (E)-462 
whereas reduction of 461 afforded after 10 days 40% 
of recovered starting material, 45% of 460, and 3% of 
(E)-462, which upon further BY reduction at pH 8 for 
another 10 days gave 25% of enantiomerically pure 

The structural analogue 463 afforded 30% of enan- 
tiomerically pure (S)-2-methyl-4-penten-l-ol (464) un- 
der similar conditions.350 It was established for all of 
these transformations that only the double bond con- 
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tiguous to the alcoholic or aldehydic function is hy- 
drogenated by BY .350 

Reduction of the acetal-masked aldehyde but no re- 
duction of the ester moiety were observed for a Z / E  
mixture of ethyl 4,4-dimethoxy-3-methylcrotonate (465) 
(Scheme 103). Thus, 465 (E:Z = 7:3) gave 15% of 466 
and 39% of (E)-467,351 a valuable synthon for the syn- 
thesis of cholesterol derivatives.352 The 2 isomer 465 
was the best substrate for this biohydrogenation. The 
acetal group, however, is not completely equivalent to 
the aldehyde group, since slow hydrolysis of (2)-465 
allowed the isomerization to the @)-aldehyde ester, 
which was reduced to the corresponding (E)-alcohol 
more rapidly than any possible isomerization. Slow 
addition of aldehyde 468 to BY afforded within 1 day 
37% of 467 and 14% of 466. With the acetal group the 
formation of the unsaturated hydroxy ester 467 is fa- 
vored over formation of the saturated product.351 If 467 

C02Et 
HO 

475 22% 476 52% 

was subjected to a further subsequent BY reduction, 
it was recovered unchanged. Similarly (E)-465 afforded 
upon aerobic reduction within 56 h at 30 O C  and pH 3-4 
a mixture of 466 (49.2%) ee > 97%) and 467 (46.9%). 
Approximately 2-5'31 of (S)-3-methyl-y-butyrolactone 
(469) was formed during the reaction and could be ob- 
tained from 466 by acidic workup (34.4%, ee > 97%).353 

Treatment of the analogue 470 (E2 = 6:4) (Scheme 
104) showed that (2)-470 or its equivalent aldehyde was 
the substrate for the biohydrogenation to yield 471 in 
32% yield, whereas (E)-470 was only hydrolyzed and 
reduced to the corresponding alcohol 472 (60%). No 
reaction was observed for 473. 474 gave after 10 days 
22% of 475 and 52% of lactone 476. 

The inability to biohydrogenate the respective E 
isomers seems not to be a general rule since such 
transformations are known to proceed with structural 
analogues.354 Furthermore, no reaction upon BY 
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treatment was observed for 477a-e (Scheme 105) dif- 
fering in the 0 substituent R1 or in R2. This may be 
attributed to a too dramatic change in the electronic 
and stereochemical demand of the biohydrogenation.=' 

A noteworthy access to the valuable Clo-synthons for 
building up molecules containing the 1,Bdimethylated 
acyclic units 478 or 479 has been reported (Scheme 
106).354 These units are present in tocopherol, phyl- 
loquinones, insect p h e r o m ~ n e s , ~ ~ ~ - ~ ~ *  and the marine 
sponge sesquiterpenoid f a ~ c i c u l a t i n . ~ ~ ~  

Thus, in a very elegant way geraniol, 3,7-dimethyl- 
2,6-octadien-l-o1 (480), was oxidized to the aldehyde 
481, which gave by a one-pot double hydrogenation 
diastereomerically pure 482. The same compound was 
prepared by BY hydrogenation of 480 to afford enan- 
tiomerically pure (R)-citronellol ((R)-483),3M*3m which 
was oxidized to (R)-484; (R)-484 gave on subsequent BY 
treatment again 482. In a similar way and with com- 
parable yields (R)-485, (S)-484, and (S)-485 were hy- 
drogenated to afford 486-488, respectively.354 

Racemic 489 afforded an equimolar mixture of dia- 
stereomers 482 and 487. It was shown that introduction 
of the asymmetric center at C-2 is highly stereoselective 
and the same absolute configuration a t  C-2 resulted 
when starting from both (R)- or (S)-citronellol (483). 
Both (R)-483 and (S)-483 were precursors for the 

- - IS1 481 
R'O RZO 

preparation of (R)- or (S)-484. No epimerization took 
place at C-6 of the a,@-unsaturated aldehydes or alco- 
hols during microbial red~ction.~" It is interesting to 
note that nerol (490) and neral (491) (Scheme 107) each 
afforded a mixture of the two enantiomers of citronellol 
with a ratio of (R)-483 to (S)-483 of 6:4. This is due to 
a potential Z / E  isomerization of neral (491), which 
appears to be an obligatory intermediate in the BY- 
mediated conversion of nerol into citronellol.360 The 
same R to S ratio was found for the reduction per- 
formed with Beauvaria s u l f u r e s ~ e n s . ~ ~ ~  

Even the starting materials for these syntheses have 
been prepared by BY-mediated biohydrogenations or 
reductions. Thus, 492 (Scheme 106) gave on BY 
treatment362 for 2 weeks 480, and 493 afforded under 
similar conditions 59% of (R)-483.363 BY reduction239 
of the @-keto ester 494a-d gave (R)-495a-d, which were 
successfully transformed into (S)-483 (Scheme 107).364 
The intermediates of this elegant approach to chiral Clo 
synthons have been used for the synthesis of natural 

Reduction of a,p-unsaturated alcohols was investi- 
gated in more detail for substituted cinnamyl alco- 
hols.% It was shown that the reduction of 496 (Scheme 
108) proceeded through the corresponding aldehyde 497 
to yield finally 498. In analogy to the decarboxylation 
of (E)-cinnamic acid (cf. III.A.b), only (E)-cinnamyl 
alcohol but not the 2 type was reduced. Since (2)- 
3',4'-dimethoxycinnamylaldehyde (499)-which could 
not be obtained from 500-was rapidly reduced to 501, 
it was concluded that in this two-step enzymic system 
consisting of one (or two) alcohol dehydrogenases and 
a reductase it is the alcohol dehydrogenase showing a 
specificity with respect to E versus 2 ~ o n f i g u r a t i o n . ~ ~  
Gramatica and co-workers observed that an inductive 
alcohol dehydrogenase (ADH-11, of ethanol-grown cells) 
showed the same specificity toward the double-bond 
configuration as the constitutional dehydrogenase 
ADH-I. Although no (2)-alcohol was reduced by eth- 
anol-grown cells, these cells were able to reduce the 
(E)-alcohol faster than glucose-grown cells.% The same 
results were found for cell homogenates, thus allowing 
a more direct comparison between ADH-I and ADH-11. 
A blockage of the reductase but not of the alcohol de- 
hydrogenase was established for 502 but not for 503.% 

Slower reaction as compared to cy,@-unsaturated al- 
dehydes or alcohols or even no reaction a t  all was ob- 

(E)-  (7R, 11R)-phyt01.~~~ 
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SCHEME 108 

I I 
OMe 497 OMe 500 OMe 496 

I 1. YADH 

I I 
OMem OMe 498 OMe 498 

Me0 PCHflH OMe 503 

Me0 -@"" O M e -  

SCHEME 109 

r 1 

AcO, 

26, 36OC 

83 %, re1369 
OAc 

-\CHO 
5 1  1 

served for a,/3-unsaturated ketones. Thus, no reaction 
of a,P-unsaturated ketone 504 could be achieved 
(Scheme 109). Instead, reduction of the cyclic keto 
function occurred; subsequent acetylation afforded 
(S)-505 in 60% yield.% 505 is a valuable building block 
for the synthesis of carotenoids with a 2-hydroxylated 
p-ring.367 Side-chain reduction but no reduction of the 
cyclanone were found during the synthesis of prosta- 
glandins. Thus, reaction of cyclopentanone 506 with 
507 and 508 followed by hydrolysis and subsequent BY 
treatment gave a mixture of unsaturated 509 and sat- 
urated 510.368 

Upon reduction of glycoside 511, 83% of tetra-0- 
acetylconiferin (512) was obtained.369 Interestingly, no 
deacetylations were found to occur during this trans- 
formation. No reaction occurred with 513.84 

In addition, Woodward's lactone (514) (Scheme 110) 
and the analogue 515 have been reduced in about 20% 

5 1  2 - .  CH2OH 

4+ 5 1 3  ref.84 

SCHEME 110 

Q - ref.370 20% Q 
i 

0 0 

514 Sl6 
0 0 

515 51 7 

yield to give 516 and 517, respectively.370 Further ex- 
amples for the reduction of C=C double bonds are 
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SCHEME 112 SCHEME 111 
R2 
I 

R2 
I 

518a-j 519a-j 

a) 24h. pH=4-5, ref.371 

R R1 R' reaction 

H 
3,4-dihydroxy 
3,4-methylenedioxy 
4-hydroxy 
4-methoxy 
4-hydroxy-3-methoxy 
3,4-dimethoxy 
3,4-dimethoxy 
3,4-dimethoxy 
3,4-dimethoxy 

H 

H 
H 

H 
H 
H 
H 

CH3 
H 
CHzCHj 

H 

H 
H 

H 
H 

H 

H 

H 

CH3 
H 

+ 
+ 

520 521 

,CHO 

391 522 

a) for mnatbns, d ref. 374 

found in Schemes 48, 92,95,97, 120, and 123. 

2. Decarboxylations 

The decarboxylation of substituted cinnamic acids 
518a-j by BY has been investigated extensively by 
Gramatica et al.371 and as shown by NMR investigation 
of deuterated compounds to proceed with retention of 
configuration to yield 519d-j (Scheme 111). The re- 
sults obtained for BY parallel earlier findings obtained 
for Bacillus p u m i l l ~ s . ~ ~ ~  Thus, to account for the 
overall stereochemistry, it has been suggested that a 
syn-l,2-Michael-type addition has been followed by an 
anti-l,2-decarboxylative elimination. 

The E configuration of the double bond is necessary 
since neither 520-for geometric reasons-nor 521-for 
electronic and/or geometrical reasons-was reduced at 
all. This pronounced enzymic specificity with respect 
to the double bond might also be due to a conforma- 
tional effect at the transition-state level of the decar- 
boxylation step.373 The presence of remote hydroxy or 
methoxy groups in the aromatic ring seems to be nec- 
essary for attachment to the enzyme.371 

Similar to the decarboxylation of aromatic a,&un- 
saturated carboxylic acids upon treatment with BY, 
there is one report describing the transformation of 
(Ebcinnamylaldehyde (391) to styrene (522) by means 
of Saccharomyces cerevisiae SC3212374 instead of its 
reduction to cinnamyl alcohol.1g1 

Recently, decarboxylative incorporation of linear C3, 
C4, and C5 a-oxo acids into (R)-a-hydroxy ketones was 
accomplished when benzaldehyde was incubated with 
BY.375 

390,528,527 386a 
a) BY, 2C38h. 23'. pH 5.W.O. 1525% 

i L OH 
W 

532 68% 

SCHEME 113 
R + FsCCH20H F3C- 0 

R +  / y R +  /YR 
0 OH OH OH 

W, b 535s,b UC,b  537a,b 

R y(%)of535 ee(%) y(%)ofp% y(%)dSn 
93 18 38 : %  2 91 14 36 

OH 

389b,ds. 92 : 8 
535c 536c 8% 5370 4% 534c 

a) BY(0riental); 3 5 ' : ~ ;  

Thus, BY-mediated reaction of benzaldehyde (386a) 
(Scheme 112) with 523-525 afforded 15-2070 of 390, 
526, and 527, respectively. Similarly, cinnamyl aldehyde 
(391a) afforded 20% of 395 or 15% of 436d on incu- 
bation with 523 or 524, respectively. The fury1 deriv- 
ative 412 gave 528, which afforded on subsequent BY 
reduction 15% of 413; 529 gave no reaction a t  all 
whereas 468 yielded 18-20% of 530 and 531, respec- 
tively, the former of which was reduced by BY to op- 
tically pure 532 in 68% yield.375 

B. Miscellaneous C-C Bond-Forming Reactions 

C-C bond formation has been reported to occur 
during the reaction of 2,2,2-trifluoroethanol (533) 
(Scheme 113) with @unsaturated ketones 534a-c. 
Products 535a-c are the results of a conjugate 1,4-ad- 
dition, although obtained in lower yield (26-41%) but 
with high ee (91-93%) or de (9223). These reactions 
were accompanied by a reduction process, thus yielding 
536a-c and 537a-c. The a,P-unsaturated esters 538a,b 
gave products 539a,b, which lactonized very easily to 
540a,b. In addition, it was found that the reduction of 
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incubations conducted with whole cells there was a 
significant increase in sterol formation when cells were 
first sonicated for at least 0.5 h, reaching maximum 
conversion efficiency at 2 h of Since a 
cell-free cyclase system was unaffected and was com- 
pletely insensitive to ultrasound irradiation, it was 
suggested that the ultrasound effect is more likely as- 
sociated either with facilitating substrate diffusion by 
removing the obstructing outer membrane (rather than 
activating the cyclase) or by liberating membrane-as- 
sociated sterol-carrier protein A vinyl group 
rearrangement was observed in the BY oxido- 
squalene-lanosterol cyclase mediated cyclization of 
racemic squalendoid 541c to afford ( - ) - 5 4 2 ~ . ~ ~ ~ ~  How- 
ever, an attempt to apply this cyclization method to an 
isomeric substrate possessing a vinyl appendage at C-15 
in the squalene backbone was not successful.377b In 
addition, imidazo-fused quinazolinones have been pre- 
pared from N-(allylcarbamoy1)anthranilonitriles by 
BY-mediated cyclization.377c 

I V. Reduction of Organometaiiic Compounds 
Although the reduction of porphyrins and hemoglo- 

b i n ~ ~ ~ & ~ ~ ~  by BY is long known, there are only a few 
works dealing with inorganic mater iaPm and with the 
reduction of metal-containing organic molecules or or- 
ganometallic species. The first reportsm on that topic 
described the reduction of ferrocenyl-type  molecule^.^^ 
Thus, 543 (Scheme 115) gave on treatment with BY 
90.5% of (R)-544 (ee > It is also possible to 
reduce aryl ket~ne-Cr(CO)~ complexes 545a,b with 
BY.388 This reaction seems to be dependent on the 
bulkiness of the substituents since reduction of 545a 
afforded 546a within 1 day, 545b gave 546b within 2 
weeks, but 2,4,6-trimethyla~etophenone-Cr(CO)~ or 
a~etophenone-Cr(CO)~-PPh~ gave no reaction a t  all. 
Reduction of racemic indanone-Cr(C0)3 (rac-547) 
(Scheme 116) afforded a mixture of alcohols @)-endo- 
548 (47%, ee = 51%) and (S)-exo-549 (570, ee = 71%) 
together with unreacted starting material 547 (4890, 
25% ee).38s 

Similarly, enantioselective microbial resolution of the 
planar chiral metallocenic aldehyde 550 (Scheme 117) 
afforded after 55% conversion (+)-( lR)-tricarbonyl[2- 
methoxy- 1- (hydroxymethy1)phenyll chromium ((R)-551) 
in 49% yield (66% ee) and the optically active starting 
material (S)-550 (45%, ee = 81%).389 

SCHEME 114 

HO 

541a,b 5428,b 

R YWl 
a C0,CH3 62 
b CH3 a4 12 

activation of BY: 25 g BY, pH 7.4, irradiated uitrasonically 0'. 2h, re1.377a 

(+/-)-541 c (-).542c 

a) 23O, 48h. 62% conversion. ref. 377b 

SCHEME 115 

543 

ref.387 - 

545a,b 546a,b 

R y p ]  ee[%] 
a CH, 96 99 
b C2H5 20 87 

educts 534 and 538 is slower if 533 is absent.376 
Cyclization of 541a to 542a (Scheme 114) by an os- 

terol cyclase was achieved in an enantioselective manner 
by treatment of 541a with ultrasonically activated BY. 
Similarly, 2,3-oxidosqualene (541b) gave lanosterol 
(54213) in 83% yield whereas using unstimulated BY 
only 19% of product could be obtained. It was 

that the cyclase operates only on the S en- 
antiomer of the racemic starting material. 

On examination of the time course dependence of 
sterol production on ultrasound, it was shown that for 

SCHEME 116 

V. Reduction of Fluorine-Containing Compounds 

A. Ketones 

Fluorine-containing compounds are only scarcely 
found in n a t ~ r e . ' ~ ~ * ~ ~  Nevertheless, due to their po- 
tential use as drugs and valuable tools for metabolic 
studies, the number of syntheses of mono- and poly- 
fluorinated natural product analogues has increased 

TH 0 

548 549 547 
47%,ee=51% 5%, -71% 48%, -25% 
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SCHEME 118 off. 
552 a) BY; 26; 32'; ref.391 

553 551 6O%ee-44% 

560 
0 

5618-c 

b 14 74 91 263284 
c W I 7  14 @ 8 6 2 6 4  

F F 0 

563 564 

b) Odental yeast; 46: 50%. ref.264 98'4:1'6 

tremendously within the last 10 years. Recently, the 
reduction of such compounds by means of enzymic or 
microbial systems has gained much interest as tools for 
the preparation of enantiomerically pure fluorinated 
compounds. The trifluoromethyl ketones 552-555 
(Scheme 118) were reduced in good yield to the corre- 
sponding (R)-carbinols 556-559, respe~tively,3~l but no 
reduction was observed for 560.391 
561a-c gave after a quite long reaction time of 10-14 

days between 62 and 74% of (-)-562a-c; the absolute 
configuration of these compounds has not been deter- 
mined. Although the reactions were inconvenient to 
handle, particularly in the case of compounds with long 
perfluoroalkyl chains, the optical purity of the products 
was high.263*264 (-)-563 gave in 50% yield a 98.4:1.6 
mixture of diastereomers 564. Bis(perfluoroalky1) ke- 
tones were strongly resistant to the action of yeast; thus, 
trifluoromethyl-substituted ketones 565a,b gave no 
reaction at all within 7 days.264 

Further examples have been provided,64 and it was 
shown that the stereochemistry of the reduction and the 
ee value can be rationalized due to steric effects of the 
adjacent groups rather than to electronic effects. 

SCHEME 119 
0 n OH 

566ae 567- 56Ea.e 

R, R yI%]of567 VI"/] 6568 e$%] of568 
a CF, C&, 74 5 81 
b W 5 M  68 6 77 
c C&, 77 3 78 
d W3 Ct% 46 7 85 
0 W5 C Y  42 9 89 

a) Oriental, I W ,  30-35'. ref.392 
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10 67 7 8109 - 

10 46 5 7624 . 

10 51 6 8317 . 

i o  51 3 W 6  - 
a) BY (Oriental): 3-35"; ref. 392,393 

0 

574 
18-21% 

Trifluoromethyl ketones are faster reduced than the 
corresponding methyl ketones but slower than their 
bromomethyl analogues.a Differences were encoun- 
tered for the reduction with or without addition of 
carbohydrates. 

Investigations on the reduction of these fluorinated 
carbonyl compounds were extended to unsaturated 
analogues. Thus, compounds 566a-e (Scheme 119) gave 
within 10 day of reaction 567a-e (major) and 568a-e 
was found as a minor byproduct although of high op- 
tical purity; the absolute stereochemistry of the prod- 
ucts has not been e s t a b l i ~ h e d . ~ ~ ~ > ~ ~ ~  

When the reductions were applied to ketones 569a-d 
(Scheme 120) containing a perfluoroalkyl group atta- 
ched on the carbon-carbon double bond, BY was found 
to reduce these particular ketones, producing first the 
optically active carbinols 570a-d; diastereomers 571a-d 
were obtained after incubation for 10 days.392s393 These 
results seem to indicate that the C=O group of fluo- 
roalkenyl ketones is more easily reduced than the C=C 
bond with actively fermenting BY.392 

Fluoroalkynones 572a-c have been reduced by BY 
to give fluoroalkynols 573a-c; (E)-fluoroalkenones and 
fluoroalkanones were observed as the byproducts. In- 
terestingly enough, for the reduction of 572b,c, 574 was 
obtained in 18-21% yield.394 

The olefinic a-fluoroolefins 575a-d (Scheme 121) 
gave in 38-64% yield mixtures of diastereomers 576a-d 
without any reduction of the C=C double bond. The 
respective diastereomeric ratio was determined by ap- 
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SCHEME 123 
F3C\ , H 

580 583 -76% 

a) BY; 74; ref. 263 

plication of 19F NMR spectroscopy.395 
Fluorinated l,&diketones 577a-g (Scheme 122) gave 

after a l-day lasting reduction mainly the products of 
a monoreduction remote of the fluorine substituent 
578a-g, whereas on prolonged reaction time (5 days) 
the corresponding diols 579a-g were obtained.395 

Clean reduction of the double bond even occurred 
with compounds 580-582 (Scheme 123) after 7-day in- 
cubation with fermenting BY and gave products 
583-585, respectively.263 

B. Keto Esters 

Reduction of polyfluorinated /3-keto esters 586-588 
(Scheme 124) gave the desired reduction products 

SCHEME 124 
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w 5  87 94 2632% 
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R w-I of 5s YWl d 
a C H 3  52 39 
b ( 3 - h  43 54 
C G - b  37 41 

a) BY(Orienta1); 35'; 36; ref. 396 

589-591 in good yields.261i263*2M Previously reported 
optical p ~ r i t i e s ~ ~ ~ i ~ ~ ~  for 589 are in contrast to more 
recent findings.261 With lower yields, but still with a 
fair diastereomeric ratio, monofluorinated compounds 
592a-d were reduced to afford mixtures of diastereo- 
mers 593a-d.2M 

Reduction of the racemic monofluorinated ethyl 
acetoacetate 592a (giving rise to the four products 
594-597) was investigated in more detail by extensive 
NMR studies. The ratio of syn (596 + 597) to anti (594 
to 595) was 81:19 with 596:597 = 4:96 corresponding to 
an ee of 92%, whereas the ratio between the anti-con- 
figured products 594 and 595 was determined to be 
28:72 corresponding to a significantly lower ee of 
44 % .264 

Reduction of the optically active (S)-a-fluoro-a- 
methyl-8-keto esters (S)-598a-c (Scheme 125) gave 
anti-&hydroxy esters 599a-c (ee > 99%) while (R)-  
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Due to these reasons, only a few examples can be 
provided. Thus, a 1:5 mixture of racemic 6-exo-bicy- 
clo[3.2.0]hept-2-en-6-01 (14) and 6-endo-bicyclo[3.2.0]- 
hept-2-en-6-01 (13) was treated with BY for 4 days a t  
pH 6 to give (lS,5R)-12 in 85% optical purity; 13 was 
recovered in 90% optical p ~ r i t y . ~ ~ ~ ~ ~ ~  

Finally, a-allenic alcohol 601 (Scheme 127) was oxi- 
dized to 602, which underwent an isomerization of the 
allenic moiety. Thus, 26% of 603 was obtained and 
72% of the starting material could be r e c o ~ e r e d . ~ ~  

SCHEME 126 

81 82 5 % 

rac. 14 rac.13 (IS, 5R) 12 
ee=65% 

SCHEME 127 

M13 26% 

598a-c were reduced to give syn-@-hydroxy esters 
600a-c (ee > 98%).396 

VI. Oxidations 

Oxidations by means of BY have scarcely been de- 
scribed in the literature obviously due to two reasons: 
On the one hand, the microbiological oxidation of al- 
kanols to alkanones is not of very great interest except 
were polyols are to be selectively oxidized since chemical 
methods are often adequate.32 On the other hand, the 
oxidational capabilities of BY seem to be very limited.397 
For example, chiral sulfoxidation became an important 
tool in organic synthesis and many fungi including 
Aspergillus niger and Rhizopus arrhizus and fungi 
from the Penicillium and Rhodotorula species as well 
as bacteria were used for these oxidations, but there are 
no examples performed by BY.398 It seems there is only 
one oxidation at a sulfur substituent known, namely the 
oxidation of 81 to racemic 82 (Scheme 126), which 
proceeded in only about 5% yield.g0 

SCHEME 128 

VII. Hydroyses of Esters 

A. General Remarks 

Although discovered inadvertently as an undesired 
side reaction,401 the deacylations have only recently 
been a focus of thorough studies. These deacylations 
have been regarded for a longer period of time just as 
simple and more or less useless reactions happening 
only to annoy chemists and to complicate the workup 
procedure. The first report of such hydrolyses was 
given by Mamoli401 in the steroid field. Esters 604 
(Scheme 128) gave upon treatment with BY mainly 605 
as products both of a reduction at  position C-17 and a 
hydrolysis at  position C-3. As byproduct, 606 was ob- 
served.401 

Several groups investigated the enzymes involved in 
hydrolysis reactions. A very comprehensive review on 
p r o t e i n a ~ e s ~ ~ * ~ ~ ~  has been published recently,404 and it 
has been shown that all compartments of the cells are 
possible locations for these enzymes. Enzymes char- 
acterized as esterases have been isolated from Saccha- 
romyces c e r e ~ i s i a e , ~ ~ ~ - ~ ~  and their hydrolytic as well 
as their synthesizing activities have been 
probed.405p410-414 In addition, li- 
pase,415v418,419 t r i b u t y r i n a ~ e , ~ ~ ~ ? ~ ~ ~  and triacylglycerol- 
lipase a ~ t i v i t i e s ~ ~ ~ , ~ ~ ~ - ~ ~ ~  have been detected and inves- 
tigated. 

Such hvdrolvsis reactions were found to be verv 
suitable i i  

I P H  
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R=COAikyi 
a) BY, 5d: ref. 401 

6 0 5  

the"synthesis of prostaglandins and the<r 

6 0 6  

Ph H d  Ph RO RO 

607 6 0 8  6 0 9  
R= COAlkyl 
a) SC 1375, with aeration, ref. 426: 
or SC NRRL YYY342 ref. 425,427 

cC=zH 
C02Et 

Red Star, pH=7, 
16h, 25'C, ref.428 

HO 

HO e d H  6 1 0  6 1 1  OH 



Baker's Yeast Mediated Transformations Chemical Reviews, 1991, Vol. 91, No. 1 85 

SCHEME 129 
0 0 

SCHEME 130 
e 9 9 

612bj 

- 
a 
b 
C 

C 

d 
e 
f 

0 
h 
i 
i 

I 

61 38-1 61&-I 

R Y[96]of613 *]0f6l3 mnd. 

47 
48 
75 
36 
48 
38 
49 
46 
0' 
37 
36 
64 

lo0 
96 
13 
80 
97. 

>97 
86 
69 

43 
47 
3 

811 

en 
an 
88 

an 
an 
an 
M 

M 

M 

m 
an 

615e,b 6 1 4 b  617a,b 

I x  m1 Wh.1 
10 25 
59 0 

a) SC Hansen 48h, r.t. 
b) an- anaemb, ae=aemb 
c) 94% of starling material recovered 

precursors. Thus, esters of racemic 7-(2-trans-styryl- 
3-hydroxy-5-oxocyclopentenyl)heptanoic acid (607) were 
stereoselectively hydrolyzed by fermenting BY during 
120 h to yield 608 and 609,426*427 but no ee values have 
been reported. Ester cleavage has been reported for 610 
to yield 61 14% and other prostaglandin precursors.4M1 
An excellent approach for the mathematical treatment 
of such biochemical kinetic resolutions of enantiomers 
has been proposed by Sih et al.431b 

B. Esters of Amino Acids 
Although the enzymic de-N-acetylation of racemic 

N-acetyl amino acids by an aminoacylase (E.C. 3.5.1.14) 
from pork kidney432v433 has gained high industrial po- 
tential, the hydrolytic abilities of BY have also been 
used for the synthesis of amino acid derivatives. Thus, 
racemic esters of N-acetyl amino acids 612a-j (Scheme 
129) were hydrolyzed by BY (Saccharomyces cerevisiae 
Hansen) to yield the unreacted D-configured esters 
613a-j; acids 614a-k were not isolated.& Generally the 
ee's were high for educts containing unbranched alkyl 
or arylalkyl substituents (e.g., 613a,b,d,e), but the re- 
actions were inhibited by a branching in the p-position, 
thus resulting in high recovery rates and therefore low 
ee values (e.g., 613c,j); a substituent in the y-position 
showed no effect, whereas introduction of additional 
polar groups as in 612h-j lowered the ee of the obtained 
products. Ethyl 3-(N-acetylamino)butanoate was a 
nonsubstrate for the insertion of an additional CH2 
group between the center of chirality and the ester 
moiety. Enzymic regioselection, however, was found for 
diesters 612f,g; only the ester moiety a to the center 
of chirality was hydrolyzed. The cyclic derivatives 

R Y[%]0ffl9 -]of619 
a CH, 33 ea 
c r c $ +  35 s9 
d W  49 96 
e nC& 36 98 
f w7 25 97 
CI CH& 43 >99 

b 47 >99 

h 27 >99 
i C(CH& rmv. 80% of 618i 

SCHEME 131 
ee [W] 

hydmGsis of 6120, anaerobic 
A hydrolysis of 6120, aneembc 
0 hydrobis of 612c, aembic 
0 hydrolysis of 612c, ~naembic 40 

ee PA] refem to recovered 
starting material 

10 0 . -  
I I T I  1 1 1 1 1 1 , I I I  I ,  I ,  I ' 1 I I .  * 

' 2 4  12 24 48 

fermentation time [h] 

615a,b gave 616a,b with low or no ee at all. 617 was not 
i ~ o l a t e d . ~ ~ ~ ~ ~ ~ ~  

Variation of the alcohol part R of 618a-h (to yield 
products 619a-h whereas 614a was not isolated) 
(Scheme 130) showed little or no influence on the course 
of hydrolysis. No reaction, however, was obtained for 
tert-butyl ester 618i. 

The course of hydrolysis has been investigated for 
612a,c,e in more detail, and its time dependency is 
depicted in Scheme 131. 

By use of the quadruple-mutant ABYSI (from the 
wild type X 2  180-1A) deficient of four vacuolar pep- 
tidases, Le., the nonspecific proteinases yscA and yscB 
and the nonspecific carboxypeptidases ysc Y and yscS, 
and due to the close analogy of the hydrolytic behavior 
with a-chymotrypsin, the active enzyme for these hy- 
drolyses was supposed to be an nonspecific carboxyl- 
ester hydrolase (E.C. 3.1.1.1, optimum pH 8) rather 
than a lipase, esterase, or pho~pho l ipase .~~~  

As an alternative to the use of fresh baker's yeast, the 
use of acetone-dried p o ~ d e r s ~ ~ ~ * ~ ~ ~  has been suggested. 
It was shown that these powders remained active for 
several months. The presence of nicotinamide during 
the process of crushing the yeast for providing a cell-free 
preparation having high fermentative power appears 
necessary. Alternatively, lyophilized yeast has been 
prepared and found to offer several advantages as 
compared to the use of viable cells or acetone-dried 
powders. It is easily accessible and a ratio of educt to 
yeast (ca. 1:1.5, w/w) allows the reactions to be per- 
formed in a convenient manner. Since no metabolism 
is detected as long as no carbohydrates are supplied, 
both working up of the reaction mixture and easy 
monitoring (e.g., by use of a pH-stat) are facilitated. In 
addition, reductions of carbonyl groups are suppressed. 
The hydrolytic activity is fully maintained and was 
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shown to remain stable for several months when stored 
at 0-4 0C.437 

As shown for the hydrolysis of 612e and the fluori- 
nated analogues 620a-c (Scheme 132), the reaction 
stopped at about 50% conversion (Scheme 133) and 
thus allowed very easily the isolation of the  configured 
esters (R)-613em and (R)-621a-c in about 40% yield.- 
Very recently, the enantioselective hydrolysis of methyl 
esters of racemic N-acetyl-a-amino acids by BY (Sac- 
charomyces cereuisiae NCIM3044) in reverse micellar 
suspension has been reported.438b 

C. Other a-Substituted Carboxylic Esters 

It seems noteworthy in this context that racemic 
a-substituted carboxylic esters other than amino acid 
esters gave in general bad results. 

Thus, hydrolysis of 622a-c (Scheme 134) resulted in 
low yields and low eels of products 623a-c. Hydrolysis 
of 622d afforded 40% of (R)-623d with low ee (15%) 
and 15% of (R)-622d (ee = 60%). The low ee may be 
due to racemization during the reaction (pH 4). An 
excellent ee of 99%, however, could be achieved for 
(R)-622d (31% yield) by use of the lipase of Candida 
cylindracea for the hydrolysis step.439 

Racemic 624 was hydrolyzed under aerobic conditions 
with both moderate yield and ee to afford (S)-624 (40% 
yield, 35% ee). For racemic 625 the cleavage occurred 
also at the benzoate, and therefore (S)-625 was obtained 
although in moderate yield (27%) but fair ee (79%).439 

D. Acyloxy Esters and Lactones 

Studies were extended to acyloxy carboxylic acid 
esters 626a-k (Scheme 135). No dramatic differences 
in the ee values of the products could be observed with 
use of either viable cells or lyophilized yeast although 
the ee values were slightly better with lyophilized cells 
due to facile and appropriate monitoring of the reaction 

R1 R2 yrh] ee[%] conf.of 623 cond. 
a OH CZH5 2 5  21 R a n  
b OH n-C8H17 1 2  37 R an 

17 40 R ae 
c CH3 C2H5 1 0  8 S an 
d O C ( 3 0 l C H 3  CZHS 4 0  15 R ae * OEt ref.439 pJJOEt I 

(S) 624 (R) add mtisolated 
40%. -10 aerob 

QBZ OH 

TOE(+ 
(+OEt) 

0 0 
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>97 91 
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nonsutt5tlaB 
.. 
.. 
.. 

by means of a pH-stat. For example, racemic 626d 
afforded after 24 h under fermenting conditions 43% 
of (S)-627d (ee = 76%) whereas prolonged reaction time 
(48 h) allowed the isolation of (R)-626d (26% yield, 72% 
ee). Similar results were obtained with lyophilized 
yeast: (S)-627d was shown to exhibit an ee of 85%, and 
for (R)-626d an ee of 79% was reported. Enantiomer- 
ically pure (R)-627d was obtained by using the lipase 
from Pseudomonas sp. No hydrolysis was observed for 
butyrate 626j,434 a finding that is in good accord with 
the reported resistance of butyrates upon hydrolysis by 
yeasts.407 The recovered octyl ester 626k (11% after 
48 h) showed no optical rotation; no reaction was ob- 
served for 6263 either.439 

Racemic 626e afforded 17% of 627e (97% ee after 20 
h), and 30% of unreacted (nearly) racemic starting 
material was recovered. (E)-Ethyl 3-acetoxy-5- 
phenylpent-5-enoate (626f) afforded 18% of 627f with 
91% ee after 24 h. Stopping the hydrolysis after 12 h 
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rac. 628a,b 629a,b 

A d  HO 

rac. 631 (S) 632 (R) 631 

afforded 67% of starting material (33% ee). 627f is a 
valuable starting material for the synthesis of an in- 
hibitor of 3-hydroxy-3-methylglutaric acid CoA-reduc- 
tase.&O The n-pentyl and cyclohexyl analogues 626a,b 
were found to be nonsubstrates for yeast (Saccharo- 
myces cereuisiae Hansen) mediated hydrolyses.439 
These results show that enantioselective hydrolysis is 
achieved only when the acetoxy moiety is located in 
0-position to the carboxylate and that the asymmetric 
center has to bear an unsaturated substituent since 
simple aliphatic groups of similar size are not sufficient 
for an effective hydrolysis.441 

The structural analogues 628a,b (Scheme 136) were 
hydrolyzed, and this resulted in the formation of 
(S)-629a and (R)-629b of 81% and 90% ee (isolated 
after 40% conversion) and of (R)-628a (31% ee) and 
(S)-628b (18% ee), respectively. 

Regio- and enantiodifferentiation of the enzymes in 
yeast cells can be used for the selective hydrolysis of 
2-0-acyl lactones. Thus, 2-0-acetylpantoyllactone 
(630a) (Scheme 137) gave with fermenting BY under 
anaerobic conditions (48 h) or with lyophilized BY 28% 
of (S)-281 (86% ee) and 35% of (R)-630a.442 No de- 
pendency of the ee from the length of the acyl chain was 
observed (85% versus 81% from 630b or 6304,  whereas 
the conversion rate decreased for the butyrate but in- 
creased for the octanoate.443 It is of interest to note that 
only the lipase from Aspergillus sp. exhibited the same 
enantioselectivity as compared to BY, thus allowing 
isolation of 32% of (SI-281 (ee = 61%) and 32% of 
(R)-630 (96% ee). No conversions were achieved with 
other commercially available enzymes (e.g., the lipases 
from Candida cylindracea, Pseudomonas sp., porcine 
pancreas, or a - c h y m ~ t r y p s i n ) . ~ ~ ~ * ~ ~ ~  

For comparison, the analogue rac-63 1 however, gave 
upon hydrolysis with BY under anaerobic fermentative 
conditions only 14% of (S)-632 and 25% of (R)-631 
(70% 

Similarly, the deacetylation of carbohydrate-derived 
a-acetoxy lactone 633a (Scheme 138) afforded 634, 

634 633b 

639 636 78% 

SCHEME 139 
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whereas 6331, was not affected by lyophilized BY but 
by several enzymes.444 By means of this educt enan- 
tioselectivity, mixtures of epimers 633a and 633b could 
be separated very easily. The anhydro sugar 635 was 
deacetylated by the same procedure within 15 h to yield 
636; unfortunately, this method was not extendible to 
the regioselective deacetylation of peracetylated car- 
bohydrate-derived lactonesM or anhydro sugars.445 

A further application for these regioselective hy- 
drolyses was performed for the diacetylated cyclo- 
pentene derivative racemic 637 (Scheme 1391, which 
gave a mixture of (R,Z?)-637, (R$)-638, and ( S , ~ S ) - 6 3 9 . ~  
It was for a 1:l mixture of cis- and trans-637 
that the meso compound cis-637 was more rapidly hy- 
drolyzed than trans-637. The highest ee values for 
(R,R)-637 (93%) and (R,R)-638 (90%) were obtained 
after 48 h, whereas the ee for (S,S)-639 dropped with 
prolonged reaction time (32% after 17 h, 10% after 48 
h).425 As a byproduct due to the action of (a) reduc- 
tase(s) 640 was obtained. Since these compounds are 
valuable starting materials for the synthesis of optically 
active prostaglandins, alternative enzymic approaches 
have been r e p ~ r t e d . ~ ~ ~ ~ ~ ~ ’  BY treatment of (R,S)-637 
afforded in 87% chemical yield (R,S)-641 of 74% ee.- 

Similarly, (f)-trans-3,4-bis(methoxycarbonyl)cyclo- 
pentanone (642) was hydrolyzed to yield (+)-643 and 
(-)-642 although with low chemical yield (25%) and low 
ee (30%); better results could be achieved with Candida 



88 Chemical Reviews, 1991, Vol. 91, No. 1 

SCHEME 140 

rac. 655 

646 647 648 

649 650 40% 

SCHEME 141 
OAc OH OAC 

1 
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a C W % - b h  H 22 91 24 19 72 35 
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humicola CCY29-11-1 (ee > 99%).449 
Although with low rate of hydrolysis (14% with 

Saccharomyces cerevisiae var. ellipsoideus, 41.8% with 
Rhodotorula mucilaginosa, ee = 99.2%), dl-menthyl 
acetate (644) (Scheme 140) was hydrolyzed, it was found 
that l-menthylacetate was preferentially hydrolyzed tb 
form 1-menthol (645).450 The rate of hydrolysis and the 
ee values dropped on increasing of the acyl moiety. No 
hydrolysis occurred with isomenthylacetate by yeasts 
(but by bacteria and other fungi); citronellol isolated 
from microbial hydrolysis of d 1-citronellyl acetate was 
optically inactive.450 

Hydrolysis451 of anti-646 yielded 647 (but no sapo- 
nification of syn-648 occurred); the hydrolysis of 649 
gave 40% of 650.351 

E. Aikynol Acetates 

Chiral propargylic alcohols have gained importance 
in the synthesis of natural products. Both enantiomers 
of optically active l-alkyn-3-01s of high optical purity 
can be obtained by resolution of their corresponding 
racemic acetates by use of lyophilized BY.437 

Previously, enantioselective hydrolyses of such com- 
pounds have been performed with selected microor- 
ganisms that may not be cultivated without sterile 
fermentation equipment, e.g., Bacillus s ~ b t i l i s , ~ ~ ~ - ~ ~ ~  
Brevibacterium ammoniagenes,456 and Rhizopus ni- 
g r i ~ a n s . ~ ~  Thus, rac-65la-h (Scheme 141) afforded on 

is) 658 IR) 655 
9% 88197% 25% e$-43% 
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rac. 662 

OAc 
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52%. ee=18% 16%, W=8% 

rac. 664 

treatment with lyophilized BY437,439 652a-h in high 
optical purity. 

Racemic alkynol acetates 653-655 (Scheme 142), 
which are precursors for the synthesis of leukotrienes, 
were hydrolyzed in an enantioselective manner by 
means of lyophilized BY. Thus, rac-653 afforded (8)- 
656 (93% ee) and (R)-653 (14% ee), 654 gave (S)-657 
(96% ee), and 655 was hydrolyzed to yield (S)-658 (>- 
97% ee).439 

From these results it becomes clear that replacement 
of the acetylenic hydrogen by a methyl group shows a 
dramatic decrease in the speed of hydrolysis, making 
a conversion of 60% inaccomplishable. An unsubsti- 
tuted CH2 unit adjacent to the asymmetric center is 
necessary for a high degree of enant io~elect ion.~~~ 

F. Miscellaneous Hydrolyses 

1,3-Di-O-acetyl-2-O-benzylglycerol(659) (Scheme 143) 
gave upon hydrolysis with BY458 29% of 660 and 1% 
of completely deacetylated 661. The ee of 660 was low 
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(32.7%) but could be improved on use of enzymes.- 
Similar low ee values have been obtained for the 

hydrolyses of racemic 662-664 and 665a,b (Scheme 
144).439 

Contrary to bacteria and several yeast s t r a i n ~ , 4 ~ l - ~ ~ ~  
Saccharomyces cereuisiae neither had the ability to 
utilize lactams nor was able to hydrolyze them.462 On 
the other hand, extracts from disintegrated BY cells 
found an application in the hydrolysis of several amino 
acid n a p h t h y l a m i d e ~ . ~ ~ ~  Very recently dl-&acetyl- 
azetidinone derivatives have been reduced by BY 
without affecting the lactam moiety.464 
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V I I  I. Immobilized Baker’s Yeast 

A. General Remarks 

Biotransformations with immobilized yeast cells are 
attractive due to several reasons although the catalytic 
activity of the cells is generally reduced when compared 
to the same amount of cells in solution. This loss of 
activity is caused by an additional permeability barrierB 
introduced by the carrier material and due to some cell 
damage occurring during the immobilization. Four 
major categories for immobilization of microorganisms 
in general and of baker’s yeast in particular can be 
recognized in analogy to the immobilization of en- 
z y m e ~ . ~ ~ ~  

(i) Immobilization by physical or chemical adsorp- 
tion: surface adsorption to a water-insoluble, solid 
support, e.g., a metal oxide, DEAE-cellulose, or an 
ion-exchange resin. 

(ii) Cell aggregation of the  microorganism: physical 
or chemical (e.g., glutaraldehyde) cross-linking. 

(iii) Coualent attachment to a carrier material: e.g., 
carboxymethyl cellulose. 

( iu)  Microorganism entrapment  in a gel or a mem- 
brane or within microcapsules: applicable in industrial 
and laboratory use (urethane, cellulose, agar, alginate, 
collagen, chitosan, K-carrageenan, and polyacrylamide 
have been used as polymerous porous networks for en- 
trapment). 

Beside enhancing the operational stability of yeast 
by immobilization, easier isolation of the products is 
provided. In addition, reuse of the catalyst is often 
possible. Due not only to minimal inhibitory influences 
but also to high cell population, product formation rates 
are usually high.& Continuous operation is performed 
easily since the immobilized cells are easily removed 
from the reaction medium and can repeatedly be used 
although with deceasing activity of the immobilized 
cells. In contrast to enzyme immobilization, a required 
coenzyme is supplied and regenerated within the intact 
cell.14 Comparative studies between “free” yeast and 
immobilized yeast cells have only scarcely been per- 
formed. Some differences in stereoselectivity and yield, 
however, have been observed depending on the kind of 
immobilization. This observation seems reasonable 
since immobilized yeast cells (either gel entrapped or 
adsorbed on various carriers) exhibit altered physio- 
logical, morphological, and metabolic properties.467 
Significant differences in kinetics, growths, and 
DNA/RNA and protein content of Saccharomyces 
cereuisiae adsorbed on gelatin-coated glass beads were 

It seems therefore that immobilization 
affects the cells in several aspects simultaneously and 
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product product product 
ee  /y ee / y  ee /y 
[ % I  / I % l  [ % I / [ % ]  [ % I / [ % ]  
91/41 8 1 / 4 3  94/33 

0 668. (S) -669. (SI -669a (S) -669. 

1 668b (S)  -669b (SI -669b (SI -669b 

2 6 6 8 ~  ( S I  - 6 6 9 ~  (SI -669C (S) - 6 6 9 ~  

3 668d ( S I  -669d (SI -6694 (R) -669d 

4 668. (S)  -669. (5’) -669e ( R )  -669s 

71/42 66/42 36/28 

31/36 39/36 32/21 

5 0 / 2 9  78/20 47/41 

30/23 63/31 54/36 

mean time of 
reaction [hl 5 

a taken from r e f .  413 

6 24-12 

SCHEME 146 

W O M e  + %OM. 

OH 0 OH 0 
gn 672 

Course of reduction of 670 in dependance of  prepolymer used 
for immobilization ISaccharomycss delbruecklfi , l i 7 1  

prepolymcr yleld’ 611 672 613 614 ratio 

39/61 none 4 3  90 9 1  _ _  11/59 
51  50150 

PU-6b 
ENT-400OC 64 -- 
a total yield: a immobilization with urethane: immobilization 
with a photon Cr0861inkable prepolymer. 

1 % )  e e l % ]  eel81 e e l % ]  B e [ * ]  SYn/antl 

33 5 6  1 4  _ _  
81 

_ _  _ _  
_ _  

that the combination of these effects imposes stresses 
on the metabolic behavior.470 Among these effects are 
found diffusional limitations (leading to partitioning of 
hydrophobic material, reduced oxygen concentration, 
and oxygen-transfer rates471) as well as the creation of 
microenvironmental effects such as reduced water ac- 
tivity and high cell concentrations. As shown for po- 
lyacrylamide-hydrazide-entrapped cells of Saccharo- 
myces cereuisiae, even the tolerance to ethanol and 
ethylene glycol was increased.472 

B. Examples for the Use of Immoblllzed 
Baker’s Yeast 

Ethyl 2-oxoalkanoates 668a-e (Scheme 145) have 
been reduced by free BY in water and by immobilized 
yeast (using a polyurethane prepolymer) either in water 
or in hexane.473 Some marked differences in the ste- 
reochemical control of these reactions have been ela- 
borated obviously due to the effects of changes in the 
reaction conditions at the surface of the yeast (as evi- 
denced by scanning electron microscopy the yeast cells 
are tightly surrounded by the polymer) or due to a 
change in the concentrations of the respective sub- 
strates. 

In some cases, as for the reduction of 670 (Scheme 
146) with Saccharomyces delbrueckii, the stereochem- 
istry is affected by the used prepolymer. Thus, differing 
amounts of products 671-674 are obtained depending 
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Entrapment dependend reduction of 0-keto-esters. 225 

educt entrapment product ee [%I conc.of educt [mol l  
a free BY 677. 4 2  10 
a free BY 6771 27 20 
a free BY 6771 15 50 
a A L G ~  677a 16 20 
a  CAR^ 6770 11 20 . PRAC 677a 3 10 

PUd 6761 82 10 
1 PU 676. 82 50 
b free BY 677b 31 10 
b free BY 677b 12 20 
b ALG 677b 10 20 
b PU 676b 90 20 
c free BY 676c 5 20 
c ALG 676c 17 20 
c PU 67bc 86 7 0  . .. .. _ _  
d free BY 677d >98 20 
d A L G  6776 92 20 
d PU 6776 60 20 

a entrapment in calcium alginate; b entrapment in carrageenan 4'7; 
entrapment in polyacrylamide entrapment in polyurethane.481 

SCHEME 148 
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on the used p r e p ~ l y m e r . ~ ~ ~ - ~ ~ '  The use of a water- 
miscible organic solvent (DMSO, THF, or 1,Cdioxane) 
or nonpolar organic solvents saturated with water was 
shown to deactivate the immobilized No re- 
action was observed with Saccharomyces cereuisi- 

The use of calcium alginate477 or  carra rage en an^^^ has 
been shown to be unsuitable for the reduction of 668a-e 
since a certain amount of water oozed from such gels 
during the reaction. For the reduction of 675a-d, this 
seems to be insignificant with respect to the optical 

For 676a-d and 677a-d (Scheme 147), the 
ee of each alcohol was unaffected by the substrate 
concentration in the reduction by polyurethane-en- 
trapped BY whereas the ee value was susceptible to the 
concentration in the reduction by free BY. 

K-Carrageenan-immobilized BY was taken for the 
reductive lactonization of 678 and 679 (Scheme 148) 
used for the synthesis482 of (R)-5-hexadecanolide 
((R)-680), the pheromone component isolated from the 
heads of the queens of the oriental hornet, Vespa or- 
i e n t a l i ~ , 4 ~ ~  and of (R)-4-dodecanolide ((R)-681), the 
defensive secretion from pygidial glands of rove beetles, 
Bledus mandibularis and Bledus spectabilis, respec- 
tivelyS4@ These reductions employing immobilized BY 
gave lower yields as compared with the analogous re- 
duction with "free" BY485 (Scheme 148). 

It is of interest to note that in the synthesis486 of 
phorancolide I (682) (Scheme 149) the reduction of 683 
by ecarrageenan-immobilized BY with the first use of 
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R YWI ratio688:689 e e p ]  of 688 eel%] of 689 
a C 2 y  61 53147 98 98 
b mC3H7 64 4 2 : s  98 72 
C +C4H9 56 33:67 98 67 
d mC&, 72 36:64 96 69 

the catalyst gave a lower yield of (S)-684 (12%), whereas 
a maximum yield of 43% was obtained after the fifth 
use (Scheme 150). In addition, the immobilized BY 
could be stored in an aqueous solution of KCl for 6 
months at  0-5 "C. The optical purity of 684 was con- 
stant within experimental error throughout the use of 
the catalyst but only slightly superior than that ob- 
tained by the use of free BY. 

Sodium alginate/CaC12 immobilized BY477 has been 
applied for the highly stereocontrolled synthesis of D- 
and ~-armentomycin.~~'  L-Armentomycin, (S)-2- 
amino-4,4-dichlorobutanoic acid, is known as a naturally 
occurring antibiotic from the culture broth of Strep- 
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yield of the reduction products for some @keto esters. 
Thus, 690 (Scheme 152) gave on treatment with BY or 
immobilized BY syn-configured 691 and the anti-con- 
figured compounds 692 and 693; the ee of each of the 
products was higher than 95% .&l From the data pro- 
vided in Scheme 152 it can be seen that only the 
anti-configured product 692 is hydrolyzed by BY to 
yield 693.451 

The reductions of 694 and 696 (Scheme 153) were 
achieved to yield the corresponding (3S)-hydroxy com- 
pounds 695 and 697, r e ~ p e c t i v e l y . ~ ~  While in the case 
of substrate 694a no reduction occurred using dry or 
fresh BY, alginate-immobilized BY afforded 9% con- 
version and 695a was shown to possess an ee of 90-95%. 
As for 694b, Saccharomyces cerevisiae (H-194) gave a 
yield of 48% of 695b showing an ee of >90%, treatment 
with fresh BY afforded only 11 % of the product, but 
alginate-immobilized BY again gave 21-36% yield (ee 

Recently, the reduction of @keto esters with BY im- 
mobilized by magnesium alginate has been introduced 
as exemplified for the reduction of methyl %oxo- 
pentanoates to yield predominantly (S)-hydroxy esters 
(Le,, L-configured), whereas under "normal" reaction 
conditions the (R)-hydroxy ester is obtained.4wb 

95-98 % ) .1863490a 

I 
O y R  

1 

O y R  O y R  

690 691 692 

6%: RI CH3; 6Wb R- CeHS 

yRaR t [h] Yl%] 6I11 692: mph] 

a hWBY 48 45 26.16.54 
a imm.BY 12 37 195423 
a imm.BY 43 49 10ms 
B ,".BY 53 58 181963 
b W B Y  23 61 14.860 
b immBY 21 70 6940 
b mmBY 21 62 51 490 

(@I PH-7) 

SCHEME 153 

694a,b (S) 695a,b 

X condition * Y ["/.I 
a NHEt BY (dry/fresh) 0 

dry BY (alginate) 9 
b NHPh BY (fresh) 11 

SC Hi94 48 
dry BY (alginate) 36 
fresh -"- 21 
dry BY (polyurethane) 28 

* 76, 30' 

?H 

+/YC4EI OH 

693 

ee[a] 

90-95 
n.r. 
>90 

>95 
>98 
84 

6% 

tomyces armentosus var. a r m e n t o s u ~ . ~ ~  The remark- 
able feature of this reduction is the highly effective 
stereochemical control for each geometrical isomer ((2)- 
or (E)-685) to produce precursors of L-armentomycin 
((S)-686) or its D enantiomer ((R)-686) (Scheme 151). 

The lower stereoselectivity for the reduction of the 
E isomer ((lQ-685) to R-configured 686 as compared 
to the reduction of (22-685 to (S)-686 reflects the en- 
antioselectivity of the involved yeast reductase(s), since 
both (E)-  and (2)-685 were found to be stable under 
reaction conditions.487 Although immobilization of BY 
in calcium alginate gels represents an extremely eco- 
nomical method, the half-lifetime of such a preparation 
seems to be limited to several weeks.477 

Examples for the reduction of a-methylene-branched 
carbonyl compounds by alginate-immobilized BY have 
been provided. Thus, 687a4 afforded syn-(3R)-688a-d 
and anti-(3R)-689a-d. The methylene group was re- 
duced in all cases whereas no reduction of the carbonyl 
group took place.489 

The use of calcium alginate gel immobilized BY was 
shown to improve the anti selectivity as well as the total 

I X .  Miscellaneous Reactions 

Of importance in environmental chemistry are at- 
tempts to probe the yeast-mediated abilities of degra- 
dation of pesticides as exemplified in the transformation 
of DDT (698) (Scheme 154) into (l,l-dichloro-2,2-bis- 
(pchloropheny1)ethane) (DDD, 699) by reductive de- 
chlorination of the former. DDE (700) gave upon 
treatment with BY no 699.491 

Contrary, reduction of (Z)-3-chloro-3-alken-2-ones 
701a-c (Scheme 155) with fermenting BY proceeded 
well and afforded optically active a-chloro ketones 
702a-c, which were reduced on further treatment with 
BY to optically pure chlorohydrins 703a-c and 704a-c. 
It was shown that the reduction of the double bond was 
fast-independent of the length of the carbon chain- 
while the reduction of the C=O bond is retarded as the 
carbon chain length increases.492 

 phosphorylation^^^^^^^^^^ by means of BY have been 
reported very early. Thus, nucleoside 5'-phos- 

galactose l - p h ~ s p h a t e , ~ ~ ~  glucose and 
fructose 1 ,6-diphosphate502 as well as 2-deoxyglucose 
1 ,6 -d ipho~pha te~~~  and 2- or 3 - p h o s p h o g l y ~ e r a t e s ~ - ~  
have been prepared. 

The reduction of galactose to dulcitolm as well as the 
cleavage of glycoside aesculin (705) (Scheme 156) to 
yield the phenolic aglycon aesculetin (706)" have been 
reported; on treatment of amygdalin (707) with BY, 
both glycosidic bonds were cleaved.54 

SCHEME 154 

DDT 
698 

DDD 
699 

DDE 
700 
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7018-0 (S) 702a-C 703a-c ee,98% 7wec 

a) 33’. pH-7, ref.492 

SCHEME 156 
HO? 
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SCHEME 157 

I 
OH 

7-f 

3868 

7098-1 

R3 ad] y l ” / P -  
H 2  2 8 0  
H 2  2565 
H 2  M 70 
H 2  3 0 5 5  
cH3 3 2 0 5 5  
cH$ 5.5 3 5 5 0  
CH3 ~ I O E ~ O ~  

observable effect on the growth of the yeast cells could 
be detectedS5O8 
Abbreviations Used 

ee, enantiomeric excess; de, diastereomeric excess. 
BY, baker’s yeast; IBY, immobilized baker’s yeast; 
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