
TETRAHEDRON:
ASYMMETRY

Tetrahedron: Asymmetry 14 (2003) 2659–2681Pergamon

TETRAHEDRON: ASYMMETRY REPORT NUMBER 60

Recent developments in asymmetric reduction of ketones with
biocatalysts

Kaoru Nakamura,a,* Rio Yamanaka,a Tomoko Matsudab and Tadao Haradab

aInstitute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
bDepartment of Materials Chemistry, Faculty of Science and Technology, Ryukoku University, Otsu, Shiga 520-2194, Japan

Received 14 April 2003; accepted 31 May 2003
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1. Introduction

The asymmetric reduction of ketones is one of the most
important, fundamental and practical reactions for pro-
ducing non-racemic chiral alcohols, which can be trans-
formed into various functionalities, without
racemization, to synthesize industrially important
chemicals such as pharmaceuticals, agrochemicals and
natural products. The catalysts for the asymmetric
reduction of ketones can be classified into two cate-
gories: chemical and biological methodologies. Both
have their own peculiarities, and development of both
to enable the appropriate selection of the catalysts for
particular purposes is necessary to promote green
chemistry. In this review, methods using biocatalysts1

will be discussed while comparing them with chemical
catalysts.

1.1. Biocatalysts versus chemical catalysts

Biocatalysts have unique characteristics when com-
pared with chemical (homogeneous and heterogeneous)
catalysts. Some features that distinguish biocatalysts
from chemical catalysts are listed below.

Selectivity :

Very high enantio-, regio- and chemoselectivities can be
achieved due to the strict recognition of the substrate

by the enzyme. For example, very high enantioselectivi-
ties can be achieved, even with the reduction of
aliphatic ketones such as ethyl propyl ketone, whereas
chemical catalysts can perform highly enantioselective
reductions usually when the two substituent groups of
the carbonyl carbon of the ketones are significantly
different.

Safety of the reaction :

Biocatalytic reductions are generally safe. The reaction
conditions are mild, the solvent is usually water, and
dangerous reagents are not necessary. For example,
ethanol and glucose etc. are used as hydrogen sources
instead of explosive hydrogen gas.

Natural catalysts :

The biocatalysts, i.e. microorganisms, plants, animals,
or their isolated enzymes, are reproducible and can be
easily decomposed in the environment after use.

Catalyst preparation :

Some of the biocatalysts for reduction, isolated
enzymes and whole cells, are commercially available
and ready to use like chemical catalysts or hydrolytic
enzymes (Fig. 1). Commercially available biocatalysts

Figure 1. Biocatalysts for asymmetric reductions.
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include baker’s yeast and the alcohol dehydrogenases
from baker’s yeast, Thermoanaerobium brockii
(TBADH), horse liver and the hydroxysteroid dehydro-
genase from Pseudomonas testosteroni and Bacillus
spherisus. However, to obtain other biocatalysts, it is
necessary to cultivate cells from seed cultures that may
be commercially available.

Large scale synthesis and space-time yield :

One of the disadvantages of using biocatalysts is the
difficulty encountered in large scale synthesis; (1) workup
procedures may be complicated, (2) large spaces for the
cultivation of the cell may be necessary, or (3) the
space–time yields are not high due to the low substrate
concentrations and long reaction times. However, these
disadvantages have been surmounted by improving the
biocatalysts using genetic methods and by investigating
the reaction conditions.

1.2. Enzyme classification and reaction mechanism

Dehydrogenases and reductase, classified under
E.C.1.1.1., are enzymes that catalyze the reduction of
carbonyl groups.2 The natural substrates of the enzymes
are alcohols such as ethanol, lactate, glycerol, etc. and
the corresponding carbonyl compounds; however,
unnatural ketones can also be reduced enantioselectively.
To exhibit catalytic activities, the enzymes require a
coenzyme such as NADH or NADPH from which a
hydride is transferred to the substrate carbonyl carbon.

There are four stereochemical patterns that enable the
transfer of the hydride from the coenzyme, NAD(P)H,
to the substrate, as shown in Figure 2.3a With E13 and
E24 enzymes, the hydride attacks the si-face of the
carbonyl group, whereas with E35 and E4 enzymes, the
hydride attacks the re-face, which results in the forma-
tion of (R) and (S)-alcohols, respectively. On the other
hand, E1 and E3 enzymes transfer the pro-(R)-hydride
of the coenzyme, and E2 and E4 enzymes use the
pro-(S)-hydride. Examples of the E1-E3 enzymes are as
follows:

E1: Pseudomonas sp. alcohol dehydrogenase3a

Lactobacillus kefir alcohol dehydrogenase3b

E2: Geotrichum candidum glycerol dehydrogenase4a–c

Mucor javanicus dihydroxyacetone reductase4d

E3: Yeast alcohol dehydrogenase5a

Horse liver alcohol dehydrogenase5b–e

Moraxella sp. alcohol dehydrogenase5f

1.3. Hydrogen sources for reduction

Hydrogen sources are necessary to perform the reduction
reaction. For biocatalytic reduction, alcohols such as
ethanol and 2-propanol, glucose, formic acid and dihy-
drogen, among others, can be used.1 An example of using
formic acid as a hydrogen source for the reduction of
ethyl 4-chloro-3 oxobutanoate with Rhodococcus ery-
thropolis is shown in Figure 3.6 Reduction of the

Figure 2. Stereochemistry of the hydride transfer from NAD(P)H to the carbonyl carbon on the substrate (S is a small group and
L is a large group).

Figure 3. NADH recycling using HCO2H as an hydrogen source for the reduction.6
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Figure 4. Utilization of light energy as the driving force of reduction.7a–c

substrate accompanies the oxidation of the coenzyme
from NADH to NAD+. Before the next cycle of the
reduction of the main substrate can occur, the coen-
zyme has to be reduced to NADH, which is driven by
the formate dehydrogenase catalyzed oxidation of
HCO2H to CO2.

Photochemical methods7 have been developed to
provide an environmentally friendly system, that
employs light energy to regenerate NAD(P)H, for
example, by the use of a cyanobacterium, a photosyn-
thetic biocatalyst.7a–c Using the biocatalysts, the reduc-
tion of acetophenone derivatives occurred more
effectively under illumination than in the dark (Fig. 4).
The light energy harvested by the cyanobacterium is
converted into chemical energy in the form of NADPH
through an electron transfer system, and, consequently,
the chemical energy (NADPH) is used to reduce the
substrate to the chiral alcohol (ee 96–>99%). The light
energy, which is usually utilized to reduce CO2 to
synthesize organic compounds in the natural environ-
ment, was used to reduce the substrate in this case.

When a photosynthetic organism is omitted, the addi-
tion of a photosensitizer is necessary.7d The methods
use light energy to promote the transfer of an electron
from a photosensitizer to NAD(P)+ via an electron
transport reagent.

Electrochemical regeneration of NAD(P)H is another
interesting and clean method.8 The system involves
electron transfer from the electrode to an electron
mediator, such as methyl viologen or acetophenone
etc., then to the NAD(P)+, which is catalyzed by an

electrocatalyst such as ferredoxin NADP+ reductase or
alcohol dehydrogenase, etc.

2. Methodologies

Recent developments in methodology to find the most
suitable reactions and to control enantioselectivities of
those reactions are presented in this section, with a
summary given in Figure 5. The methods can be
classified into three categories: (1) search and creation
of the biocatalysts, (2) modification of the substrate,
and (3) optimization of the reaction conditions.

Figure 5. Summary of the methodology in biocatalytic reduc-
tion.
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2.1. Search for the biocatalyst

2.1.1. Screening. Screening for a novel enzyme although
the classical method is still one of the most powerful
tools for finding biocatalytic reduction systems.9 It is
possible to discover a suitable biocatalyst by applying
the latest screening and selection technologies, allowing
rapid identification of enzyme activities from diverse
sources.9a Enzyme sources used for the screening of
asymmetric reductions in organic synthesis can be soil
samples, commercial enzymes, culture sources, or a
clone bank, etc. Their origin can be microorganisms,
animals or plants. From these sources, enzymes that are
regularly expressed and those that are not expressed in
the original host can be tested to determine whether
they are suitable for the transformation of certain
substrates.9a

For example, 400 yeasts were screened for the reduction
of ethyl 4-chloro-3-oxobutanoate, and Candida magno-
liae was found to be the best one, as shown in Figure
6a.9b–d To reduce ketopantoyl lactone, various types of
microorganisms were screened, and several microorgan-
isms that produce D-(−)-pantoyl lactone stoichiometri-
cally at the concentration of 45 mg/mL with high
enantioselectivity were found (Fig. 6b).9e,f For the
reduction of ethyl 2-methyl-3-oxobutanoate, Klebsiella
pneumoniae IFO 3319 out of 450 bacterial strains was
found to give the corresponding (2R,3S)-hydroxy ester
with 99% de and >99% ee (Fig. 6c).9g Screening tech-
niques have also been applied to drug synthesis. For
example, a key intermediate in the synthesis of the
anti-asthma drug, Montelukast, was prepared from the
corresponding ketone by microbial transformation as
shown in Figure 6d.9h The biotransforming organism

Figure 6. Screening for biocatalysts.9b,e,g,h
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Figure 7. Recombinant whole-cell catalyzed reduction.10a,11f,12b,13c
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Microbacterium campoquemadoensis (MB5614) was dis-
covered as a result of an extensive screening program.

2.1.2. Overexpression. Microorganisms have been trans-
formed for a variety of purposes:10–13 to improve
enzyme production in a cell, to provide coenzyme-
regenerating enzymes in the same cell, to improve poor
enantioselectivities due to the presence of plural
enzymes in a cell with overlapping substrate specificities
but different enantioselectivities, to solve the problem
of overmetabolism, etc. Examples are as follows.

Example 1: Carbonyl reductase from C. magnoliae and
glucose dehydrogenase from Bacillus megaterium was
expressed in E. coli to reduce ethyl 4-chloro-3-oxobu-
tanoate.10a The reaction using the transformed E. coli
cell resulted in the accumulation of the product at the
concentration of 450 g/L in 89% yield and 100% ee(S)
(Fig. 7a)

Example 2: Phenylacetaldehyde reductase from
Corynebacterium strain ST-10 was expressed in E.
coli.11f N-Boc-3-pyrrolidinone was reduced to the corre-
sponding (S)-alcohol with >86% yield (51 mg/mL) and
>99% ee (Fig. 7b).

Example 3: Secondary alcohol dehydrogenase from
Candida parapsilosis IFO 1396 was expressed in E. coli
to reduce ethyl 4-chloro-3-oxobutanoate with 95% yield
(36.6 g/L) and 99% ee (Fig. 7c).12b

Example 4: Enzymes from baker’s yeast were expressed
in E. coli, and various �-keto esters and alkyl-�-keto
esters were reduced with excellent enantio- (up to >98%
ee) and diastereoselectivities (>98% de Fig. 7d).13c

2.1.3. Directed evolution. The directed evolution of
enzymes has been used to improve the reducing func-
tion of the enzymes. For example, this method was
used to eliminate the co-factor requirement of Bacillus
stearothermophillus lactate dehydrogenase, which is
activated in the presence of fructose 1,6 bisphosphate.14

However, the activator is expensive and representative
of the sort of co-factor complications that are undesir-
able in industrial processes. Three rounds of random
mutagenesis and screening produced a mutant that is
almost fully activated in the absence of fructose 1,6-bis-
phosphate as shown in Figure 8. The Km of the enzyme
without the co-factor was improved from 5 to 0.07 mM
for the pyruvate.

2.1.4. Catalytic antibody. Biocatalysts for reduction
have been tailored by using the catalytic antibody
technique. For example, Schultz et al. have developed
antibodies to carry out the catalytic enantioselective
reduction of ketones using NaBH3CN as the reductant
(Fig. 9).15 Monoclonal antibodies raised against the
keyhole limpet hemocyanin conjugate of the hapten-
catalyzed the reduction of ketones. Reduction with the
antibody gave the corresponding (S)-alcohol with excel-
lent enantioselectivities.

Figure 8. Elimination the co-factor requirement by directed evolution.14
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Figure 9. Reduction of ketones by a catalytic antibody.15

2.2. Modification of the substrates

The enantioselectivity of a biocatalytic reduction can be
controlled by modifying the substrate because the enan-
tioselectivity of the reduction reaction is profoundly
affected by the substrate’s structure.16 For example, in
the reduction of 4-chloro-3-oxobutanoate by bakers’
yeast, the length of the ester moiety controlled the
stereochemical course of the reduction.16a–c When the
ester moiety was smaller than a butyl group, (S)-alco-
hols were obtained, and when it was larger than a
pentyl group, (R)-alcohols were obtained, as shown in
Figure 10a. After reduction, the ester moiety can be
exchanged easily without racemization, so both enan-
tiomers of an equivalent synthetic building block can be
obtained using the same reaction system.

Another example is the introduction of sulfur function-
alities into the keto esters at the �- or �� positions,
which can be eliminated after the reduction.
Methylthio16d and phenylsulfonyl16e groups were used
to improve the enantioselectivities, as shown in Figure
10b.

The enantioselectivity of aromatic ketones can also be
controlled by the modification of substrates. As shown
in Figure 10c, baker’s yeast reduction of hydroxy
ketone afforded the (R)-alcohol, whereas acetoxy
ketone afforded the (S)-alcohol.16f

2.3. Optimization of reaction conditions

2.3.1. Acetone treatment of the cell. A dried cell mass is
often used as a biocatalyst for a reduction since it can
be stored for a long time and can be used whenever
needed, without cultivation. One convenient method of
drying the cell mass is acetone dehydration.17 For
example, dried cells of G. candidum IFO 4597 can be
obtained easily by mixing the cells with cold acetone
(−20°C) followed by filtering and drying under reduced
pressure.

Cell drying not only aids the preservation of the cell,
but also contributes to the stereochemical control, as
shown in Table 1.18 The reduction of acetophenone
catalyzed by untreated-wet-whole cell of G. candidum
IFO 4597 resulted in poor enantioselectivity [28%
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Figure 10. Modification of the substrate to control the enantioselectivities: (a) effect of the length of the ester moiety;16a–c (b) effect
of introducing sulfur functionalities;16d,e (c) effect of hydroxy and acetoxy groups.16f

Table 1. Acetone treatment of G. candidum for the improvement of enantioselectivity18

ee(R)]. When the form of the catalyst was changed
from wet whole-cell to dried powdered-cell (APG4), no
reduction was observed, which would indicate the loss
of the necessary co-enzyme(s) and/or co-enzyme regen-

eration system(s) during the treatment of the cells with
acetone. The addition of co-enzyme NAD+ did not
have a significant effect on the yield. The addition of
2-propanol resulted in only a small increase in the yield,
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but a significant improvement in the enantioselectivity
was observed. Surprisingly, the addition of both
NAD+ and 2-propanol profoundly enhanced both
chemical yield and enantiomeric excess. Furthermore,
the addition of NADH, NADP+ or NADPH instead
of NAD+ and the addition of cyclopentanol instead
of 2-propanol also gave enantiomerically pure alcohol
in high yield.

The improvement in the enantioselectivity from 28%
(R) to >99% (S) was due to the suppression of every
enzyme that reduces the substrate, followed by the
stimulation of an (S)-directing enzyme by the addi-
tion of the coenzyme and an excess amount of 2-
propanol, agents which push the equilibrium towards
the reduction of the substrate.

It was confirmed, by separating the enzymes in the
powder, that many (S)- and (R)-directing enzymes do
indeed exist in the dried cells. The addition of a coen-
zyme and cyclopentanol stimulates only an (S)-
enzyme because the specific (S)-enzyme can oxidize
cyclopentanol (concomitantly reducing NAD(P)+),
while other (S) or (R)-enzymes can not use cyclopen-
tanol as effectively.18c This presents a very interesting
case, where the experimental conditions of reduction
with a cell having both (S)- and (R)-directing
enzymes was modified and resulted in excellent S
enantioselectivity.

2.3.2. Solvent engineering. Biocatalysts can perform
reduction in various solvents.19–22 Non-aqueous sol-
vents can be used to control the enantioselectivities as
well as to improve the system’s environmental friend-
liness. For example, the alcohol dehydrogenase from
G. candidum was used in supercritical CO2 around
100 atm and 35°C and found to catalyze the reduc-
tion of fluoroacetophenones etc. (Fig. 11a).19a,b The
enantioselectivity obtained was equivalent to the sys-
tem using other solvents.

Ionic liquids have also been attracting attention as
environmentally friendly solvents and used for the
biocatalytic reduction. For example, acetylacetone etc.
were reduced by immobilized baker’s yeast in the
ionic liquid [bmim]PF6 (Fig. 11b).20

Organic solvents have been used to control enantiose-
lectivities in some cases.21 When ethyl 2-oxohexanoate
was reduced by baker’s yeast in water, both (R)- and
(S)-alcohols were produced and the (S)-alcohol was
obtained as the major product as a result of the fur-
ther enantioselective decomposition of the (R)-enan-
tiomer (Fig. 11c).21a,b However, when the
biotransformation was conducted in benzene, the (R)-
alcohol was formed selectively at a high yield. This is
because the effective concentration of the substrate in
the aqueous layer around the enzyme decreased since
the substrate dissolves preferably in the benzene layer.
When there are plural enzymes in a cell with overlap-
ping substrate specificities but different enantioselec-

tivities, a change in the substrate concentration can
change the type of enzyme species catalyzing the
reduction because enzymatic reactions follow the
Michaelis–Menten equation. Enzymes having low Km

values catalyze the reduction effectively under the low
substrate concentration; however, other enzymes hav-
ing high Km values and high Vmax values act effec-
tively under high substrate concentration. In this case
for the reduction of ethyl 2-oxohexanoate in benzene,
an (R)-enzyme (Km=0.14 mM, Vmax=41 U/kg yeast)
catalyzed the reduction predominantly rather than the
(S)-enzymes (Km=5–27 mM, Vmax=37–649 U/kg
yeast).21b

Additives such as cyclodextrin and hydrophobic poly-
mers have been also used to control the concentration
of the substrate or product.22 For example, �-
cyclodextrin was added to decrease the substrate con-
centration in order to control the enantioselectivities
(Fig. 11d).22a

Another example of using additives to control the
concentration of the substrate is the reduction of
methyl benzyl ketone by Zygosaccharomyces rouxii
for the synthesis of LY300164, a noncompetitive
antagonist of the AMPA subtype of excitatory amino
acid receptors.22d In this reaction, the hydrophobic
polymer XAD was used to decrease the effective sub-
strate concentration around the enzyme but not in
the bulk. The adsorption properties of the resin on
both the substrate and the product allowed a ketone
loading of 80 g/L, while limiting the effective solution
concentration of both the substrate and the product
to sublethal concentrations of 2 g/L (Fig. 11e).

The enantioselectivities can be also controlled using
the hydrophobic polymer.22f Without changing the
biocatalysts or the substrates, both enantiomers were
obtained by adding XAD and controlling the air sup-
ply, as shown in Figure 11f.

2.3.3. Inhibitors. In the case of observing poor overall
enantioselectivity due to the presence of two compet-
ing enzymes with different enantioselectivities, one of
the most straightforward methods for improving the
enantioselectivity is to use an inhibitor of the unnec-
essary enzyme(s). Ethyl chloroacetate, methyl vinyl
ketone, allyl alcohol, allyl bromide, sulfur com-
pounds, Mg2+, Ca2+, etc. have been reported as
inhibitors of enzymes in baker’s yeast.23 For example,
the low enantioselectivity in the yeast reduction of the
�-keto ester was improved by the addition of methyl
vinyl ketone, Mg2+ or ethyl chloroacetate as described
in Figure 12.23a–c By enzymatic studies using purified
enzymes from baker’s yeast, the enzymes inhibited
were identified and the inhibition mechanism reported
to be non-competitive.23k

2.3.4. Reaction temperature. The reaction temperature
is one of the parameters affecting the enantioselectiv-
ity of a reaction.24 For the oxidation of an alcohol,
the values of kcat/Km were determined for the (R)-
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Figure 11. Reduction by biocatalysts in non-aqueous solvent.19a,b,20,21a,b,22a,d,f

and (S)-stereodefining enantiomers; E is the ratio
between them. From the transition state theory, the free
energy difference at the transition state between the
(R)- and (S)-enantiomers can be calculated from E (Eq.

(2)), and ��G is in turn the function of temperature
(Eq. (3)). The racemic temperature (Tr) can be calcu-
lated as shown in Eq. (4). Using these equations, Tr for
2-butanol and 2-pentanol of the thermoanaerobacter
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Figure 12. Improvement of the enantioselectivity by using an
inhibitor of undesired enzymes.23a,c

When ��G‡=0, Tr=��H‡/��S‡ (4)

Since the transition state for alcohol oxidation and
ketone reduction must be identical, the product distribu-
tion (under kinetic control) for reducing 2-butanone and
2-pentanone is also predictable. Thus, one would expect
to isolate (R)-2-butanol if the temperature of the reaction
was above 26°C. On the contrary, if the temperature is
less than 26°C, (S)-2-butanol should result; in fact, the
reduction of 2-butanone and 2-pentanone at 37°C
resulted in 28% ee (R)- and 44% ee (S)-alcohol, respec-
tively, as expected.24a

3. Applications

There are numerous examples of using biocatalysts for
the asymmetric reductions.1,25 Some of the representative
reactions are shown in this section.

3.1. Reduction of aliphatic ketones

Although efficient chemical catalysts for the functional-
ized ketones have been developed, asymmetric reduction
of small aliphatic ketones still remains a major challenge
in organic chemistry. Highly enantioselective reduction
can be achieved when biocatalysts are used in many
cases. Herein, reductions using G. candidum, T. brockii
and baker’s yeast are shown.

Reductions using dried cells of G. candidum (APG4),
NAD+ and 2-propanol exhibit one of the widest substrate
specificities together with very high enantioselectivities.18

Simple aliphatic ketones from 2-butanone to 2-unde-
canone, in addition to 3-hexanone, 6-methyl-5-hepten-2-
one and 5-chloro 2-pentanone, are also reduced by the
APG4 system to the corresponding (S)-alkanols giving
high yields and ee as shown in Table 2.18a,b,e

ethanolicus alcohol dehydrogenase were determined to
be 26°C and 77°C, respectively.

E=(kcat/Km)R/(kcat/Km)S (1)

from transition state theory −RT ln(E)=��G‡ (2)

��G‡=��H‡−T��S‡ (3)

Table 2. Asymmetric reduction of aliphatic ketones to the corresponding (S)-alcohols with dried cells of G. candidum18a,b,e
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The alcohol dehydrogenase from T. brockii (TBADH)
is also highly suitable for reducing aliphatic ketones.26

Even very simple aliphatic ketones were reduced enan-
tioselectively, as shown in Table 3. An interesting sub-
strate size-induced reversal of enantioselectivity was
observed: the smaller substrates (methyl ethyl, methyl
isopropyl or methyl cyclopropyl ketones) were reduced
to the (R)-enantiomers, whereas higher ketones pro-
duced the (S)-enantiomers.

TBADH is also used in the synthesis of bioactive
compounds.26c In this case, 2,8-nonandione was
reduced by TBADH to furnish the corresponding diol,
from which all four isomers of 8-methyldec-2-yl
propanoate, the western corn rootworm sex
pheromone, were prepared (Fig. 13).

Baker’s yeast also has a broad range of substrate
specificities, and many synthetically valuable reactions

Table 3. Asymmetric reduction of aliphatic ketones with the alcohol dehydrogenase from T. brockii26a

Figure 13. Synthesis of all four isomers of the western corn rootworm sex pheromone.26c
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involving reductions of fluoroketones have been
reported, as shown in Figure 14.27 The difference
between hydrogen and fluorine in the �-position was
recognized by the enzyme.

3.2. Reduction of halogenated aromatic ketones

Aromatic ketones can be reduced by a number of
biocatalysts such as baker’s yeast,1e Pseudomonas sp.
strain PED3a and L. kefir3b etc. The substrate specific-
ities of these biocatalysts are reported elsewhere.1

Herein, reduction of halogenated aromatic ketones is
introduced since it is important to understand the inter-
action between halogenated compounds and proteins.

The abilities of trifluoromethyl moiety to direct the
enantioselectivity have been examined using various
microorganisms including baker’s yeast.28 One of the
most prominent effects of fluorination of the substrate
is seen in the reduction of acetophenone derivatives by
dried G. candidum cells (APG4).18f–h Reduction of
methyl ketones afforded (S)-alcohols with excellent ees,
whereas the reduction of trifluoromethyl ketones gave
the corresponding alcohols of the opposite configura-
tion, also with excellent ees (Fig. 15). Monofluoroace-
tophenone and difluoroacetophenone were also reduced
under the same conditions. The reduction proceeded
quantitatively for both substrates, and as expected, the
stereoselectivity shifted from the acetophenone type to

Figure 14. Reduction of fluorinated ketones by baker’s yeast.27

Figure 15. Effect of fluorine at the �-position of acetophenone on the stereoselectivity in the reduction by dried cells of G.
candidum, NADP+ and cyclopentanol.18f–h
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the trifluoroacetophenone type according to the num-
ber of fluorine substituents at the �-position.

The replacement of the methyl moiety with a trifl-
uoromethyl group alters the bulkiness and electronic
properties, so their effects on the enantioselectivities
were examined. No inversion in stereochemistry was
observed for the reduction of hindered ketones such as
isopropyl ketone while the stereoselectivity was inverted
for the reduction of ketones with electron-withdrawing
atoms such as chlorine. This observation was explained
by the presence of several enzymes with different enan-
tioselectivities isolated from the dried cells; one of them
catalyzed the reduction of methyl ketones, and another,
with the opposite enantioselectivity, catalyzed the
reduction of trifluoromethyl ketones.

Various enantiomerically pure fluorinated alcohols are
produced by employing G. candidum reductions as
shown in Table 4.18f–h Monofluoroacetophenone and
difluoroacetophenone are reduced to the (R)-alcohols
by the dried cells, NAD+ and 2-propanol, and to the
(S)-alcohols by a constituent enzyme previously sepa-
rated by anion-exchange chromatography and using
glucose-6-phosphate/glucose-6-phosphate dehydroge-
nase as the co-factor recycling system. Both enan-
tiomers of monofluorophenylethanol can be obtained
with excellent ees using only one microorganism.

Chiral trifluoromethyl benzyl alcohols are useful syn-
thons for ferroelectric liquid crystals, and for this rea-
son, Fujisawa et al. investigated the asymmetric
reduction of the corresponding ketones using bakers’
yeast.29a,b The enantioselectivity of the bakers’ yeast
reduction of trifluoroacetylbenzene derivatives was
improved by the introduction of some functional
groups at the para-position to give the corresponding
(R)-trifluoromethyl substituted benzylic alcohols in
high chemical and optical yields, as shown in Figure

16a. The functional group at the para-position was then
used in further transformations. In the reduction of
various trifluoromethyl biphenyl ketones, baker’s yeast
and G. candidum dried cells (APG4) are complementary
to each other; yeast reduction affords (R)-alcohol,
whereas G. candidum reduction affords (S)-alcohol
(Fig. 16b).29c

Table 5 presents many other examples of the reduction
of �-halomethyl ketones.11f,18d,30 Various microorgan-
isms are able to reduce fluoro-, chloro- and bromoke-
tones. However, the reduction of iodoacetophenone
usually results in a poor yield, mainly producing ace-
tophenone or phenylethanol.

3.3. Reduction of ethyl 4-chloro-3-oxobutanoate

Several different biocatalysts have been used in the
reduction of a variety of keto esters.31 Among them,
one of the most studied substrates is ethyl 4-chloro-3-
oxobutanoate.6,10a,d,11f,12b,d,16a,c,23d,31 The (R)- and (S)-
enantiomers of the corresponding alcohol were
produced by various microorganisms, as shown in
Table 6. The (R)-enantiomer is a promising chiral
building block for the synthesis of L-carnitine, an essen-
tial factor for the �-oxidation of fatty acids in mito-
chondria. The (S)-enantiomer is useful as an
intermediate for chiral drugs.

3.4. Reduction of diketones

Regio- and enantioselective reduction of diketones can
be achieved readily by using a biocatalyst.32 As a result,
optically active hydroxyketones and diols have been
successfully synthesized.

To reduce �-diketones, the selectivity of the reduction
to diol and to hydroxyketone was controlled using a
diacetyl reductase from Bacillus stearothermophilus

Table 4. Synthesis of chiral fluorinated alcohols by the reduction with dried cells and isolated enzymes of G. candidum using
NAD+ or NADP+ and 2-propanol or cyclopentanol18f–h
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Figure 16. Reduction of trifluoroacetylbenzene derivatives and trifluoromethyl biphenyl ketones.29

Table 5. Reduction of �-halogenated acetophenone derivatives11f,18d,30
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Table 6. Comparison of various microorganisms for the
reduction of ethyl 4-chloro-3-oxobutanoate

(Fig. 17).32f When the same enzyme was used for the
substrate reduction and co-enzyme recycling using
endo-bicyclo[3.2.0]hept-2-en-6-ol as a hydrogen source,
both carbonyl groups were reduced selectively to pro-
duce a diol. On the other hand, �-hydroxyketones were
obtained using glucose-6-phosphate/glucose-6-phos-
phate dehydrogenase for co-enzyme recycling. The syn-
thetic potential of both systems has been illustrated by
the synthesis of the male sex pheromone of the grape
borer Xylotrechus pyrrhoderus, identified as a two-com-
ponent mixture of the reduction products, (S,S)-2,3-
octanediol and (S)-2-hydroxyloctan-3-one.

Regio- and enantioselective reduction of �-diketones
may be conducted using biocatalysts. For example, a
diketo ester, tert-butyl 2,5-dioxohexanonate, was
reduced by the alcohol dehydrogenase from Lactobacil-
lus brevis to provide the corresponding hydroxyketo
ester with 99.4% ee in 78% yield; this was used as an
intermediate for the synthesis of dimeric metabolite
vioxanthin of Penicillium citreo-viride in order to
develop an assay system for monitoring phenol oxida-
tive coupling in lignan formation (Fig. 18a).32a Baker’s
yeast reduction also proceeds regio- and enantioselec-
tively with aliphatic diketones, 2,2-disubstituted
cycloalkanediones, and spiro dione producing hydrox-
yketones with excellent enantio- and diastereoselectivi-
ties, as shown in Figure 18b–e.32b–e,j Starting from the
chiral hydroxyketone, many terpenes have been enan-
tioselectively synthesized by Mori et al. as shown in
Figure 18d.32b,c

3.5. Reduction of hydroxy ketones

Generally, microbial reduction of �-hydroxyketones
affords (R)-diols in high enantioselecvitities.33 Thus,
chiral diols of various functionalities have been
obtained by reduction with baker’s yeast (Table 7a)33a–e

Figure 17. Reduction of �-diketones by diacetyl reductase from B. stearothermophilus.32f
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Figure 18. Regio- and enantioselective reduction of diketones.32a–e

and Geotrichum sp. (Table 7b).33f However, ortho-sub-
stituted aryl hydroxyketones afforded (S)-diol by the
reduction with Geotrichum sp. (Table 7b).33f

3.6. Reduction of ketones containing sulfur functionalities

Ketones containing sulfur functionalities have been
known to afford high enantioselectivities on enzymatic
reduction compared to the original (unsubstituted)
ketones. Furthermore, the attachment of a sulfonyl

group to a ketone often changes the stereochemical
course of yeast reduction as shown in Section 2.2.
Reduction of ketones containing sulfide,34a,b thioac-
etal,34c dithioester34d or sulfone34a,e,f moieties by yeast
or Corynebacterium afforded (S)-alcohols in high enan-
tioselectivities as shown in Figure 19a. On the contrary,
Pichia farinosa,34g and G. candidum34e afforded (R)-
alcohols also in high enantioselectivities on reduction
(Fig. 19b). Since a sulfoxide has chirality at the sulfur
atom, reduction of a sulfonylketone proceeded with
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Table 7. Reduction of hydroxy ketones33a–f

Figure 19. Reduction of ketones containing sulfur functionalities.34a–h
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kinetic resolution. Yeast reduction of racemic phenyl-
sulfinylacetone afforded the (Rs,Sc)-alcohol and small
amount of the (Ss,Sc)-alcohol both in >95% ee
remaining (S)-sulfoxide in >98% ee.34a The reduction
of the same sulfonylketone by Corynebacterium
afforded the (Rs,Sc) alcohol and (S)-phenylsulfenyl-2-
propanol34h (Fig. 19c).

3.7. Large-scale synthesis

Large-scale synthesis of the chiral alcohol by biocata-
lytic reduction is possible, although many works only
report the small-scale or analytical-scale synthesis.
The examples are shown in Figure 20. Both recombi-
nant and native microorganisms can accumulate large
concentrations of the products.9g,10a,18g,32b,33a,b

4. Conclusion

Herein we have reviewed methodologies to control
the enantioselectivities of biocatalytic asymmetric

reduction and selected examples are shown. In the
last decade, significant progress has been made, so
that it is now possible to reduce various ketones to
both (S)- and (R)-alcohols with excellent ees. In the
next decade, many useful reactions in the laboratory
will be developed to be industrially important when
the space–time yield, which is still usually lower than
metal-catalyzed processes, will be improved by the
screening of the organisms, overexpression and
directed evolution of the enzymes, and the modifica-
tion of the reaction conditions.

In the future, the biocatalysts will be even more
important with the shift of the raw materials from
oil to biomass. Since the biomass is a mixture
of various multi functional compounds, chemo-,
regio- and enantioselective catalysts will be in-
dispensable, and biocatalysts will play an im-
portant role. Then, biocatalysts will perform better
since the substrate will be natural rather than man-
made.

Figure 20. Large-scale synthesis.9g,10a,18g,32b,33
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