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1. Introduction

Asymmetric synthesis is increasingly getting important for vari-
ety of purposes such as drug synthesis as more than half of drug
candidate molecules have more than one chiral centers.! To syn-
thesize them in environmentally friendly methods, catalysts play
an important role, and both chemical and biological catalysts need
to be developed because they are complementary to each other.
Now, about 10% of the total drug synthesis depend on the biocata-
lysts. Biocatalytic processes used in the synthesis of chiral interme-
diates for pharmaceuticals have been reviewed.?

The kind of biocatalytic reaction in majority of reports has been
hydrolysis due to the high stability and easiness in handling of
hydrolases. Oxidation and reduction have accounted for the second
largest portion of the studies of biocatalysis. With recent remark-
able progress, the number of commercially available and easy-to-
handle oxidoreductases is increasing. For example, 38 of various
types of reducing enzymes (ChiralScreen™ OH) are available from
Daicel.® Codexis also prepares a large number of various types of
screening kit for reduction of ketones, diketones, and keto esters
as well as for reduction of olefin.***> With the increased number
of available enzymes, suitable biocatalysts having high enantiose-
lectivities for a variety of substrates are easier to find.

Here, latest advances for asymmetric synthesis through reduc-
tion and oxidation including deracemization by biocatalysts are re-
viewed. Most of the literature reviewed in this report are published
after 2003, and other reviews***® and books®*®" cover the studies
with high originality conducted before.

2. Reaction mechanism
Dehydrogenase, reductase, oxidase, and oxygenase require a

coenzyme such as NADH (nicotinamide adenine dinucleotide),
NADPH (nicotinamide adenine dinucleotide phosphate), and flavin.

Enzyme and coenzyme work together to catalyze reaction. For
example, the reduction with NADH proceeds as follows:

(1) Coenzyme and substrate bind to an enzyme.
(2) The substrate is reduced, while the coenzyme is oxidized.
(3) The coenzyme and product dissociate from the enzyme.

Some coenzymes such as flavin are bound to enzyme and do not
dissociate from enzyme. Recent studies about mechanism includ-
ing stereochemistry and recycling of coenzyme are described in
this section.

2.1. Mechanism and stereochemistry for NAD(P)H dependent
dehydrogenase

The reaction mechanism of NAD(P)H-dependent dehydrogenase
has been studied in detail. There are four stereochemical patterns
for transfer of a hydride from coenzyme, NAD(P)H, to substrate
as shown in Figure 1. The hydride attacks either si-face or re-face
of the carbonyl group depending on the orientation of the binding
of the substrate to the enzyme, which results in the formation of
(R) and (S)-alcohols, respectively. On the other hand, enzyme
transfers either pro-(R)-hydride or pro-(S)-hydride of the coen-
zyme depending on the kind of enzyme.

Crystal structure determined to 1.98 A resolution of an active
site of NADH-dependent enzyme, (R)-2-hydroxyglutarate dehydro-
genase (HGDH), is shown in Figure 2.” HGDH catalyzes the reduc-
tion of 2-oxoglutarate to (R)-2-hydroxyglutarate. Arg235 interacts
with the substrate’s a-carboxylate and carbonyl groups, having a
dual role in both substrate binding and activation, and the y-car-
boxylate group can dock at an arginine cluster composed of
Arg76, Arg52, and Arg9. The proton-relay system built up by
Glu264 and His297 permits His297 to act as acid-base catalyst,
and the pro-(R)-hydrogen from NADH is transferred as hydride to
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Figure 1. Hydride transfer from coenzyme, NAD(P)H, to carbonyl compound.
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Figure 2. Active site of an NADH-dependent dehydrogenase transferring a hydride between the substrate and coenzyme.

the carbonyl group si-face leading to the formation of (R)-2-
hydroxyglutarate.

2.2. Mechanism for flavin-dependent enzyme

Reaction mechanisms of Baeyer-Villiger oxidation of ketones by
phenylacetone monooxygenase from Thermobifida fusca is de-
scribed here as an example for the flavin-dependent enzyme. The
enzyme has flavin as the cofactor and also requires NADPH as
the second cofactor. As shown in Figure 3, first step is the reduc-
tion of flavine fixed to the enzyme with NADPH. Then, the addition
of oxygen to the reduced form of flavin occurs giving hydroperox-
ide anion, which reacts with the ketone substrate to form a Criegee
intermediate. At last, the ester product is formed, and H,O, prod-
uct, and NADP" dissociate from the enzyme, sequentially. Overall,
molecular oxygen and NADPH are necessary. Only one oxygen
atom of an oxygen molecule is used for the oxidation of the sub-
strate, and another is emitted as a water molecule.

2.3. Hydrogen source for regeneration of reduced form of
coenzyme

Enzymes which catalyze reduction of carbonyl groups require a
coenzyme from which a hydride is transferred to the carbonyl car-
bon. Since a coenzyme is too expensive as a throwaway reagent,
the oxidized form of the coenzymes has to be transformed to the
reduced form for the next cycle of the reaction. Hydrogen sources
are necessary to perform this reduction reaction. Alcohols such as
ethanol and 2-propanol, sugars such as glucose, glucose-6-phos-
phate(G6P), and glucose-6-sulfate, formic acid, amino acids such
as glutamic acid and dihydrogen can be used for this purpose.
Power sources such as electric and light power are also possible
to use. Examples are shown in this section.

2.3.1. Alcohols
Alcohols such as ethanol and 2-propanol have been widely
used to recycle a coenzyme for reduction catalyzed by alcohol
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Figure 3. Reaction mechanism of Baeyer-Villiger oxidation of ketones by monooxygenase with flavine and NADPH.
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Figure 4. Recycling of NADH using alcohol for reduction of a ketone.

dehydrogenase since the enzyme catalyzes both reduction and
oxidation. Usually, an excess amount of the hydrogen source is
used to push the equilibrium to the formation of product alcohols.
For example, 2-propanol was used to reduce hexanone to (S)-2-
hexanole in 72% yield with >99% ee by alcohol dehydrogenase of
Geotrichum candidum with NAD" in an ionic liquid as shown in
Figure 4.°

o Candida magnoliae

2.3.2. Sugars

Glucose and glucose-6-phosphate (G6P) have been widely used
to recycle coenzymes. For example, reduction of ketones by reduc-
tase from Candida magnolia with anti-Prelog enantioselectivity
was proceeded with the aid of glucose and glucose dehydrogenase
to regenerate the reduced form of the coenzyme as shown in Figure
5a.1°
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Figure 5. Recycling of NADPH using sugar (a) for reduction of a ketone and (b) for Baeyer-Villiger oxidation.
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Enzymatic Baeyer-Villiger oxidation with molecular oxygen
also needs reduced form of the coenzyme, NADPH (Fig. 3). In the
oxidation of 3-(4-methoxyphenyl)butan-2-one, NADPH was con-
verted to NADP". Thus produced oxidized form of the coenzyme
was recycled to the reduced form by glucose-6-phospate (G6P)
and glucose-6-phosphate dehydrogenase (G6PDH) as shown in
Figure 5b.!!

2.3.3. Amino acid

Glutamate dehydrogenase has been frequently used for recy-
cling of NADH. For example, in the reduction of carbon dioxide to
methanol through formic acid and formaldehyde by multi-enzy-
matic system, the oxidized form of the cofactor (NAD") was recy-
cled to the reduced form (NADH) by glutamate dehydrogenase
and glutamic acid as shown in Figure 6.'2

2.3.4. Hydrogen

Molecular hydrogen has been used for the recycling of coen-
zymes.!? For example, a soluble hydrogenase (EC 1.18.99.1) from
the marine hyperthermophilic strain of the archaeon Pyrococcus
furiosus (PF Hpase 1) has been used for the regeneration of NADPH
with molecular hydrogen. Utilizing the thermophilic NADPH-

dependent alcohol dehydrogenase from Thermoanaerobium sp.
with PF Hjase I, (2S)-hydroxy-1-phenyl-propanone was quantita-
tively reduced to the corresponding (1R,2S)-diol in >98% de with
total turnover numbers (mol product/mol consumed cofactor
NADP") of 160 as shown in Figure 7.!* Similarly, acetophenone
was also reduced by using the same reduction system.

2.3.5. Electrochemical regeneration

Electrochemical regeneration of cofactors is expected to be a
promising, clean, and sustainable technology since the 1980s.
However, most concepts for the coupling of this technology to
enzymatic reaction have suffered from low productivities, insuffi-
cient stabilities, or difficulty to scale up. Here, an efficient method
for electrochemical regeneration of NADH for enzymatic reaction is
reported.’® A rhodium complex was used for regeneration of
NADH, and octane was used as the second organic phase to avoid
product inhibition. Thus, the reduction of 3-methylcyclohexanone
with the thermophilic alcohol dehydrogenase from Thermus sp.
gave (1S5,3S)-3-methylcyclohexanol with diastereomeric excess of
96% from the corresponding racemic ketone with a productivity
of 0.13gL 'h™! and a current efficiency of 85% as shown in
Figure 8.

o)
[Cp(Me)5Rh(bipy)CIJ* NADH \ / é\rac

2e-

[Cp(Me)5Rh(bipy)HI*

Electrode

TADH

NADJ\O\é

(15,38) (R)
96% de

TADH: Thermus sp. alcohol dehydrogenase

Figure 8. Recycling of NADH by electric power.
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Figure 9. Recycling of NAD(P)H by light energy using a photosynthetic
microorganism.

2.3.6. Light-driven regeneration

Photochemical methods have been developed to provide an
environmentally friendly system, that employ light energy to
regenerate NAD(P)H or flavin. In the example shown in Figure 9,
the reduction of acetophenone derivatives using a cyanobacterium,
a photosynthetic microorganism, occurred more effectively under
illumination than in the dark.'>!'® The light energy harvested by
the cyanobacterium was converted into chemical energy in the
form of NADPH through an electron transfer system, and, conse-
quently, the chemical energy (NADPH) was used to reduce the sub-
strate to chiral alcohol (96->99% ee). The light energy, which is
usually utilized to reduce CO, to synthesize organic compounds
in the natural environment, was used to reduce the artificial sub-
strate in this case.

(@ hv
EDTA l FADox

EDTA FADred

decomposition products

hv

EDTA l FADox

EDTA
decomposition products

FADred

Reduced form of flavin can also be regenerated using light
energy. For example, light-driven reduction of ketoisophoron
was reported (Fig. 10a).1” Using old yellow enzyme homologue,
YqiM, from Bacillus subtilis'® to reduce substrate and using FAD
and EDTA to recycle enzyme-bound flavine with light energy,
ketoisophoron was reduced to the corresponding (R)-product
in quantitative yield with 88% ee. As shown in Figure 10b, the
same regeneration system was used for Baeyer-Villiger oxida-
tion.!” Oxidation of 2-phenylcyclohexanone by monooxygenase
PAMO-P3 with the system gave the corresponding chiral
lactone.

2.4. Oxygen source for oxidation

For oxidation, oxidized form of coenzymes is necessary to be
regenerated. Here, examples using molecular oxygen and electric
power are shown.

2.4.1. Molecular oxygen

NADH oxidase from Lactobacillus brevis is a useful enzyme for
oxidation of NADH using molecular oxygen to perform an oxida-
tion of alcohols in mild conditions. The system was used for oxida-
tion of primary alcohols to the corresponding acids using
Brevibacterium alcohol dehydrogenase and aldehyde dehydroge-
nase as shown in Figure 11.1°

(0]
YqjM-FMNH»
(0]
(0]
YqjM-FMN
(0]
(R), 100% yield, 88% ee
(0]
Ph
Monooxygenase
bound FADox
(0]
Monooxygenase o
bound FADred Ph

Figure 10. Recycling of reduced form of flavin by light energy using EDTA for (a) reduction and (b) Baeyer-Villiger oxidation.
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H2O<;4 1/20,
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Figure 11. Recycling of NAD" by molecular oxygen.
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2.4.2. Electric regeneration

Oxidized form of coenzyme can be also regenerated using elec-
tric power. Lactose was oxidized to lactobionic acid by cellobiose
dehydrogenase (CDH), hemoflavoprotein, as shown in Figure
12.2° Mediator, ABTS (2,2’-azinobis-3-ethylbenzothazoline-6-sul-
fonate), was oxidized at the anode, and oxidized mediator was
used to oxidize the enzyme, followed by the oxidation of the
substrate.

3. Preparation of biocatalysts and investigation of reaction
conditions

Methods to find, mutate, and immobilize enzyme as well as to
examine reaction conditions are described. Screening sources from
which to search new biocatalysts became diverse with the recent
progress in molecular biology. The following sources are available.

(1) Enzymes expressed in microorganisms were found in envi-
ronment and cultivated in laboratory.

(2) Enzymes expressed using DNA were extracted from environ-
ment (metagenome).

(3) Enzymes expressed using information from databank.

Regarding mutation of oxidoreductase, rational and random muta-
genesis has been conducted and is explained here. Concerning the
reaction conditions for oxidoreductase, examples for the reaction
in organic solvents as well as in supercritical CO, and ionic liquids
are introduced.

3.1. Screening of microorganism

Screening of enzymes expressed in microorganism, which is
found in environment and cultivated in laboratory, has a merit of
finding a novel enzyme because the method does not use the pro-
tein sequence information of known enzymes. However, enzymes
in the microorganisms unable to be cultivated or enzymes unable
to be expressed in the original microorganisms cannot be found.

A novel screening method using multi-well plates has been re-
ported.?! Microbial cultures of about 300 microbes, demonstrating
utility in reducing model ketones, were arrayed in multi-well
plates, stored until use at —80 °C and used to rapidly identify spe-
cific organisms capable of producing chiral alcohols used as inter-
mediates for several drug candidates as shown in Figure 13.
Approximately 60 cultures were shown to selectively reduce a ser-

Preparation of biocatalysts

—»
flask
seed fermentation
cultures
®
300 microbes
° °® in 20% glycerol
on 24-deep well plate
stored at -80 °C
until use
Assay of microbial reduction
()
Preincubation
° bl at 24-30 °C
for72 h
M
substrate
final 0.5-2 g/L
4
®
Reaction
° ° for 24 h
6 I-ImL
methyl t-butyl ether Extraction
iy
| HPLC analysis |

Figure 13. Screening of microorganisms using multi-well plates.
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Figure 14. Screening of styrene-assimilating bacteria for reduction of
trifluoroacetophenone.

ies of alkyl aryl ketones, providing both the R and S enantiomers of
the corresponding alcohols in 92-99% ee with yields up to 95% at
1-4 g/L.

Another example of the screening is to find biocatalysts to con-
vert trifluoroacetophenone to the corresponding (S)-alcohol in the
presence of 2-propanol as a hydrogen donor.?? By screening of sty-
rene-assimilating bacteria (ca. 900 strains) isolated from soil sam-
ples, Leifsonia sp. strain S749 was found to convert the desired
reaction. The enzyme catalyzing the reaction was isolated and
characterized. The enzyme could reduce trifluoroacetophenone to
(S)-1-phenyltrifluoroethanol and could also reduce acetophenone
to (R)-1-phenylethanol both in >99% and 99% ee, respectively, as
shown in Figure 14.

Next example shows the screening for a catalyst for enantiose-
lective reduction of bicyclo[2.2.2]-octane-2,6-dione.?>?* Yeast
strains (327 strains) from more than 31 different genera were
screened, and reducing activity was found in 80% of the screened
yeasts (262 strains) containing 229 strains which gave (-)-endo
isomer and 83 strains which gave exo isomers. As shown in Figure
15, Candida wickerhamii UOFS Y-0652 afforded mainly (+)-exo-iso-
mer, and Cryptococcus albidus UOFS Y-2127 afforded (1R,4S,6S)-6-
hydroxybicyclo[2.2.2]octane-2-one((—)-endo-isomer) in 79% yield
with >98% ee.?> The reduction by baker's yeast also afforded the
(1R4S,6S)-isomer. Glucose was added as the co-substrate. The
co-substrate yield (ketoalcohol/glucose consumed (1.7-2.5%))
was enhanced by using genetically engineered strains with re-
duced phosphoglucose isomerase activity by 2.3-fold and with de-
leted alcohol dehydrogenase gene by 2.4-fold.?*

3.2. Screening of enzymes using metagenome

Metagenome, collection of DNA extracted directly from envi-
ronmental samples, can be screened to find an enzyme to catalyze
a desired reaction. This screening method enables to find enzymes
in organisms that are not easily cultured in laboratory. In fact, by
using this method, alcohol oxidoreductase for formation of carbon-
yls from short-chain polyols was found.?> As shown in Figure 16,
metagenomic DNA libraries from three different soil samples
(meadow, sugar beet field, cropland) were constructed. The li-
braries, comprising approximately 1,267,000 independent clones
(approximately 4.05 Gbp of DNA), were screened for the produc-

Environmental soil samplesl

ﬂ Extraction

DNA libraries
genome

4.05 Gbp

Expression of enzymes in £. coli
Screening

7 Oxidoreductases )

Substrates for Oxidation:
1,2-Ethanediol, 1,2-Propanediol, 2,3-Butanediol, Glycerol, 1,2,4-Butanetriol

Substrates for Reduction:
Dihydroxyacetone , Hydroxyacetone, Glycolaldehyde , Diacetyl

Figure 16. Screening of metagenomes of complex microbial consortia derived from
soils for oxidation and reduction.

tion of carbonyls from short-chain (C2 to C4) polyols such as 1,2-
ethanediol, 2,3-butanediol, and a mixture of glycerol and 1,2-pro-
panediol on indicator agar. Through initial screening and sequenc-
ing of the positive clone, 26 complete and 14 incomplete predicted
protein-encoding genes were found, and most of these genes were
similar to genes with unknown functions from other microorgan-
isms or unrelated to any other known gene. The further analysis
was focused on the seven plasmids recovered from the positive
clones, which exhibited an NAD(H)-dependent alcohol oxidoreduc-
tase activity with polyols or the correlating carbonyls as substrates
in crude extracts.

3.3. Screening of enzymes of microorganisms of known
genome data

Screening of a library of over-expressed enzymes from microor-
ganisms with known genome data is useful to search a catalyst for
a desired reaction.?® For example, enantio- and diastereoselective
reduction of ethyl 2-chloro-3-oxoalkanoates was investigated
using a reductase library (18 known and putative enzymes) from
baker’s yeast expressed in Escherichia coli. As shown in Figure 17,
in nearly all cases, it was possible to produce at least two of the
four possible 3-chloro-2-hydroxy ester diastereomers with high
optical purities. four enzymes (YJRO96w, YDL124w, YGL185c, and
YNL274c) also reduced 2-chloro-3-phenylpropanoate to the corre-
sponding syn-(3R)-hydroxy ester. 2-Chloro-3-oxopentanoate was
reduced by YGL157w to the anti-(3S)-hydroxy ester selectively,
and 2-chlorobutanoate was reduced by YOR120w to the syn-(3S)-
product. The utility of this approach was further demonstrated
by reducing ethyl 2-chloroacetoacetate to the corresponding syn-
(2R,3S)-alcohol on a multigram scale using whole cells of E. coli
strain overexpressing a single yeast reductase.

Candida wickerhamii

/ Hoj& (1S,4R,6S)-ex0
o)

07 Yo

Baker's yeast

Cryptococcus albidus

(1R,48S,6S)-endo
O/
OH

Figure 15. Screening of microorganisms for reduction of bicyclo[2.2.2]-octane-2,6-dione.
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89% isolated yield
98% ee

Figure 17. Screening of reductase library (18 known and putative enzymes) from baker’s yeast expressed in E. coli for reduction of ethyl 2-chloro-3-oxoalkanoates.

A library of 20 baker’s yeast reductases over-expressed in E. coli
was also screened against reduction of 3-oxo-3-phenylpropanenit-
rile for the synthesis of precursors for both antipodes of fluoxetine,
atomoxetine, and nisoxetine, popular serotonin/norepinephrine
reuptake inhibitors.?” Four enzymes were found to reduce this sub-
strate, and by changing the enzyme both enantiomers of 3-hydro-
xy-3-phenylpropanitrile could be prepared with a high ee as
shown in Figure 18. In addition, the E. coli whole-cell system was
optimized (a nitrogen-deficient media was used) to decrease the
competing alkylating product (2Et-PPN) to 4-6% while the reduc-
tion with baker’s yeast gave 90% yield of 2Et-PPN.

Next example shows the screening of yeast overexpressing
reductases and dehydrogenases for reduction of bicy-

cle[2,2,2]octane-2,6-dione (BCO2,6D).28 From a set of recombinant
yeast cells expressing aldo-keto reductases (six clones), short-
chain alcohol dehydrogenases (SADH 12 clones) and dihydroflavo-
nol reductases (four clones), two strains with aldo-keto reductases,
and one strain with SADH were selected for the next stage, and, at
last, YMR226¢cp was selected to reduce BCO2,6D with the aid of
glucose at the rate of six times faster than the original host yeast
as shown in Figure 19.

3.4. Mutation of enzymes

Improvement of enzyme performance by mutation can be clas-
sified into two categories; (1) rational mutation such as point

Screening of 20 yeast reductases overexpressed in E. co/ i

N4

4 strains have activity

CN reductase

@N

CN

side product 2Et-PPN

S €3 % (BTmLE) Decrease in side product using
nitrogen-deficient media (NDM)

YOL151w 99 (S)

YGLO39w 97 (R) strain(media) alcohol : 2Et-PPN

YGL157w 92 (R)

YNL331c 33 (R) YGL157w(LB) 60 : 40

baker’s yeast 98 (S) YGL157w(NDM) 9%: 4
YGLO39w(LB) 62 : 38

OD -

NHMe

Fluxetine

©/\/\NHM6
Atmoxetine

YGLO39w(NDM) 94: 6
baker’s yeast(LB)  10: 90

=

OCH,

©/\/\NHM9
Nisoxetine

Serotonin/norepinephrine reuptake inhibitors

Figure 18. Screening of reductase library from baker’s yeast expressed in E. coli for reduction of 3-oxo-3-phenylpropanenitrile.
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Screening of yeast strains overexpressing
aldo-keto reductase (6)

short-chain alcohol dehydrogenases (12)
dihydroflavonol reductase (4)

%

Recombinant yeast
YMR226¢

O O -)-endo
glucose o OH ()

BCO2,6D (1R,485,65S)-6-hydroxybicyclo[2,2,2]octane-2-one

overexpress gene in yeast  reduction rate (g/Lh)

no insert
YMR226¢

0.30
1.6-1.8

Figure 19. Screening of reductases and dehydrogenase library expressed in yeast
for reduction of bicycle[2,2,2]octane-2,6-dione.

mutation and site-directed saturation mutagenesis (change of one
amino acid to all 20 naturally occurring amino acids at a specific
site within a protein) and (2) random mutation such as directed
evolution (change of amino acids at random to create a large li-
brary of mutants proteins followed by the selection of the proteins
possessing the desired property. The process is repeated as in the
nature). When the structure of the enzyme is not known or cannot
be predicted, only random mutation can be performed. In some
cases, an enzyme performance has been improved by a random
mutation at unpredictable position from the structural-based
information. Examples for the mutations are as follows.

3.4.1. Rational mutation to widen substrate specificity
Rational design in modification of enzyme by point mutation
has been reported.?° The secondary alcohol dehydrogenase from
Thermoanerobacter ethanolicus 39E (TeSADH) is highly thermosta-
ble and solvent-stable, and it is active on a broad range of sub-

(a

strates. These properties make TeSADH an excellent template.
However, TeSADH has no detectable activity on (S)-1-phenyl-2-
propanol, a precursor to major pharmaceuticals containing second-
ary alcohol group, but it is highly active on 2-butanol. From the
structural model research, tryptophan-110 obstructs the proper
fitting of (S)-1-phenyl-2-propanol while the residue does not inter-
fere the fitting of 2-butanol. Then, tryptophan-110 (W110) was re-
placed with alanine (A). The W110A mutant could use (S)-1-
phenyl-2-propanol, (S)-4-phenyl-2-butanol, and the corresponding
ketones as substrates and produce (S)-4-phenyl-2-butanol from
benzylacetone with >99% ee as shown in Figure 20.

The reduction by W110A-TESADH in Tris buffer was conducted
using 2-propanol (30%, v/v) as co-solvent and co-substrate. This
concentration of 2-propanol was crucial not only to enhance the
solubility of hydrophobic phenyl ring-containing substrates in
the aqueous reaction medium, but also to shift the equilibrium in
the reduction direction. A series of phenyl ring-containing ketones,
such as 4-phenyl-2-butanone and 1-phenyl-1,3-butadione, were
reduced with good to excellent yields and high enantioselectivities
and regioselectivity (for the latter substrate). On the other hand, 1-
phenyl-2-propanone was reduced with lower ee (37% ee) than 2-
butanone derivatives. The reduction of 3-chloro-4-(4-chloro-
phenyl)-2-butanone afforded (2S,3R)-anti-alcohol in 83% conver-
sion and >99% ee with 84% de. Since the recovered ketone is a
racemic mixture, some dynamic kinetic resolution proceeded dur-
ing the reduction.>°

3.4.2. Rational followed by random mutations to widen
substrate specificity

Galactose oxidase (GOase), which oxidizes 6-OH of galactose
(primary alcohol) to the corresponding aldehyde, was subjected
to saturation mutagenesis and directed evolution to widen sub-
strate specificity. The mutation of GOase to introduce 6-OH oxidase
activity of glucose was investigated.>! Combinatorial library by sat-
uration mutagenesis of the Trp290, Arg330, and Glu406 residues
were constructed, and the mutant M-RQW (Trp290Phe, Arg330Lys,

29 TeSADH TeSADH
(29] W110A mutant wild type
(U/mg protein)  (U/mg protein)
2-butanol 3.65 45.27
phenylacetone 37.61 1.02
(S)-1-phenyl-2-propanol 14.62
(R)-1-phenyl-2-propanol 0.51
benzylacetone 34.58 5.94
(S)-1-phenyl-2-butanol 26.83
(R)-1-phenyl-2-butanol 0.26
30 T
[30] )J\R TeSADH W110A mutant L (S), 9% conv., 599% ee
2-PrOH
(recycling NADPH) OH O
- (3S), 98% conv., >99% ee
Ph
OH
/\/Ph (S), 95% conv., 37% ee
OH
A (2S3R)
< Ph 83%conv., >99% ee, 84% de
Cl

W110A: mutant where tryptophan-110 (W110) was replaced with alanine (A)

TeSADH: Thermoanaerobacter ethanolicus secondary alcohol dehydrogenase

Figure 20. Rational mutation of Thermoanerobacter ethanolicus 39E secondary alcohol dehydrogenase to widen substrate specificity (a) comparison of activities of wild type

and mutant, W110A (b) synthesis using W110A mutant.
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Figure 21. Mutation of galactose oxidase to widen substrate specificity (a) saturation mutagenesis to introduce glucose oxidation activity and (b) directed evolution to

introduce enantioselective secondary alcohol oxidation activity.

and GIn406Try) showed activity for oxidation of glucose as shown
in Figure 21a. The mutant M-RQW catalyzed the reaction of glu-
cose (4.8% of the activity with galactose), methyl B-glucopyrano-
side (3% of the activity with galactose), and 2-pyridine methanol
(1,80,000% of the activity with galactose).

Further modification was done by directed evolution of the M-
RQW mutant to gain secondary alcohol oxidative ability.>?
Although M-RQW displays activity scarcely toward secondary
alcohols, M3-5 variant (Lys330Met) exhibit high activity toward

oxidation of secondary alcohols such as 3-fluoro-1-phenylethanol.
As a result, (S)-alcohol was obtained in 99% ee as shown in Figure
21b.

3.4.3. In silico screening of enzyme followed by site-directed
mutation to change coenzyme dependency from NADPH to
NADH

Coenzyme dependency of C. magnoliae carbonyl reductase was
changed from expensive NADPH to cheaper NADH by point muta-

In silico screening of enzyme mutants of
Candida magnoliae carbonyl reductase
to determind the amino acid residues to be mutated

A%

41-43/47/63-66
SSS/YWYNS(wild) —> NADPH dependent

L Mutation
AAR/Y/IDIN(mutant)y — NADH dependent

K for coenzyme

Enzyme  Activity for COBE  (uM) Ky for COBE  Kcat for coenzyme
(U/mg) NADPH  NADH (uM) (sec’)
Wild 27.8 (NADPH) 16.7 - 30 870 (NADPH)
Mutant 9.9 (NADH) o 62 26 120 (NADH)
o Candida magnoliae OH
carbonyl reductase
o M __coEt ol _L_co,Et
COBE (S)

Figure 22. Mutation to change co-enzyme from NADPH to NADH with computer-aided screening of mutant and site-directed mutagenesis.
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Figure 23. Mutation to improve catalytic efficiency in concentrated 2-propanol and substrate.
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Figure 24. Reduction of a diketone by carrot.

tion. The design for the mutation was done by in silico screening of
enzyme mutants.>®> By comparing amino acid residues of both
NADH and NADPH-dependent dehydrogenases with computer-
aided calculation methods, including three-dimensional structure
modeling and in silico screening of enzyme mutants, eight amino
acid residues were selected to be modified. Then, seven or eight
amino acid residues on the adenosine-binding pocket of the en-
zyme were substituted, systematically. The resulting 41-43/47/
63-66 mutants (AAR/Y/IDIN from SSS/Y/WYNS of wild type)
showed NADH dependency and lost their ability to utilize NADPH
as a coenzyme, but retained those catalytic activities. Kinetic
parameter Vi.x and K, values are shown in Figure 22. As a model
system for industrial production of optically active alcohols, the
mutant was applied to an asymmetric reduction of ethyl 4-
chloro-3-oxobutanoate, cooperating with a coenzyme-regenera-
tion system that uses an NAD-dependent formate dehydrogenase
in a water-organic two phase system; 162 g/l of the substrate
was reduced to the corresponding hydroxyl ester (>99% ee) in
163 g/l where the turnover number of NAD* to the product was
calculated to be 1000.

3.4.4. Random followed by rational mutations to improve
catalytic efficiency in concentrated 2-propanol and substrate

Phenylacetaldehyde reductase (PAR) from Rhodococcus sp. was
mutated to improve the conversion efficiency in high concentra-
tions of substrate and 2-propanol.>* Here, 2-propanol acts as a sol-
vent and hydrogen donor of coupled cofactor regeneration during
the conversion of substrates. First, the PAR library was generated
by mutagenic PCR. With only a single selection round of a PAR mu-
tant library followed by combination of advantageous mutations,
PAR was successfully adapted with six amino acid replacements
for the conversion of high concentrations of substrate with concen-
trated 2-propanol. m-Chlorophenacylchloride was reduced by the
mutant in 20% (V/V) 2-propanol to the corresponding (R)-alcohol
in >99% conversion with >99% ee as shown in Figure 23.

OH Parthenocissus
" _CO.Me tricitspidata
HeC™ > 2 ————— HC
“NHCOPh
syn-(2R,3S)

100% de, >99% ee

0]

o 0 OH O OH O
Hac)%/u\o'ft 30/\)L0Et H4C OEt
\ \\\ X
(2R,3S) (25,35)
D.carota 85% conv. 25.8 : 74.5
D. carota + microbial inhibitor 4% conv. 40 : 60

( chloramphenicol + cyclohexylimide)

Figure 25. Effect of bacterial inhibitor on reduction of an a-substituted p-keto ester
by carrot.

3.5. Hyperthermophilic enzyme as a biocatalyst

As a source for the biocatalyst, thermophilic organism is impor-
tant because thermo stability of the enzyme is very critical param-
eter to evaluate the biocatalyst. So far, there are many hydrolytic
enzymes with high thermo stability, but there are only a few dehy-
drogenases with such properties. Here is an interesting example
where dehydrogenase shows a high resistance to thermal inactiva-
tion. Asymmetric reduction of simple aromatic ketones and keto
esters has been investigated by an alcohol dehydrogenase from
the hyperthermophilic archaeon P. furiosus (PFADH) obtained by
overexpression in E. coli.>® The half-life at 100 °C was 130 min.
The increase in reaction temperature raised the enzyme activity,
but exerted no effect on the enantioselectivity. This enzyme also
showed a high tolerance to organic solvents such as DMSO, iso-pro-
panol, methyl tert-butyl ether, and hexane, which is a particularly
important and useful feature for the reduction of ketones with a
low solubility in aqueous buffers.

3.6. Plant cell culture as a biocatalyst

Many microorganisms have been screened for the use as bio-
catalysts, but enzymes derived from plant have not yet been fully
explored, so they may have unknown and unique enzymes. Some
examples for the use of the plant cell culture are described in Sec-
tion 2.3. ‘Light-driven regeneration (of coenzyme)’. This section
also shows some examples for the use of plant cell as a biocatalyst.

Vegetables such as carrot root are frequently utilized as biocata-
lysts for asymmetric reduction. Carrot-mediated reduction of pro-
chiral ketones has been reviewed.3® Here, one of the examples for
the reduction of a-diketones such as camphorquinone by carrot is
shown in Figure 24.37

Gossypium
COsR hlf’SL//'f'Um CO,Et
. T
NHCOPh NHCOPh
anti-(2S,3S)

100% de, >99% ee

Figure 26. Diastereo- and enantioselective reduction of a B-ketoester by plant cell cultures.
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A serious problem in the use of vegetable from market for bio-
catalysts is the effect of microbial contaminations.>® Actually, 360
endophytic microorganism strains were isolated from carrot.>®
Four strains of endophytic microorganisms isolated from carrot
root were reported to be able to carry out the reduction of the car-
bonyl group with diverse degree of enantio- and diasteroselectivi-
ty. Furthermore, biotransformation in the presence of bacterial
inhibitor affects the stereochemical outcome of the reduction of
a-substituted B-keto ester; although D. carota gave the (3S)-hydro-
xy ester in 85% conversion with 48.7% de (anti), the addition of
yeast and bacterial inhibitors (cyclohexylimide and chloramphen-
icol) results in a large decrease in the conversion and de (4% con-
version with 20% de (anti)) as shown in Figure 25. These results
indicate that endophytic microorganisms might be involved in
the enantioselective reduction of ketones and keto esters with
fresh carrot root pieces.Figure 26 shows diastereo- and enantiose-
lective reduction of a p-keto ester.*® The reduction of methyl 2-
benzamidomethyl-3-oxobutanoate by Parthenocissus tricitspidata
gave syn-(2R,3S)-hydroxyester in 100% de with >99% ee. The anti-
product, (25,3S)-isomer was obtained by the reduction of the cor-
responding ethyl ester with Gossypium hirsultum in 100% de with
>99% ee.

Figure 27 shows the reduction of a natural bioactive diketone 1-
(5-acetyl-2-hydroxyphenyl)-3-methylbut-2-en-1-one to 6-(1(S)-
hydroxyethyl)-2,2-dimethyl-2,3-dihydro-4H-chromen-4-one  in
>97% ee with >78% yield by Brassica napus hairy roots.#! The dike-
tone was firstly changed to the corresponding chromanone deriva-
tive and then reduced to the product.

Reduction of acetophenone derivatives and oxidation of (R/S)-1-
phenylethanol derivatives have been evaluated using edible plants
as biocatalysts.*? Chiral (R)- and (S)-alcohols were prepared by dif-
ferent plants in up to 98% ee. Ketones can also be prepared from
alcohol by oxidation using this clean protocol. In other examples,
Manihot roots were used for reduction of aldehydes and ketones.*>

3.7. Treatment of cell for improvement in selectivity

This section describes methods to treat cell for improvement in
selectivity. This methodology is effective for reduction by cell con-
taining several competing enzymes with different selectivities. Fig-
ure 28 shows that lyophilization and rehydration improved
enantioselectivity for reduction of a ketone with Debaryomyces
hansenjii.** The enantioselectivity increased up to 95% ee from

Brassica napus Brassica napus
halry root halry root

-(5-acetyl-2-hydroxyphenyl)-
3 methylbut-2 ene-1-one

80% ee for the reduction by untreated cells. The improvement in
ee was explained by selective deactivation of enzyme(s) during
lyophilizaton.

Figure 29 shows that mild detergent treatment of Candida trop-
icalis improved selectivity of reduction of a bicyclic diketone, bicy-
clo[2.2.2]octane-2,6-dione.*> Cytosolic endo-alcohol reductase
could be separated from the membrane-bound exo-alcohol reduc-
tase by treatment with detergent, Y-Per (yeast extraction protein
reagent, non-ionic detergent mainly consists of n-octyl-p-p-thiog-
lucopyranoside). As a result, the reduction gave pure exo-alcohol
with the aid of NADPH, glucose-6-phosphate dehydrogenase, and
glucose-6-phosphate. In this case, cultivation conditions also af-
fects the enzyme activities. When C. tropicalis was grown on p-sor-
bitol, a twofold increase in the exo-reductase activity was observed
as compared to that grown on glucose.

3.8. Immobilization of enzymes

Immobilization of enzyme is one of the most effective methods
to improve stability and easiness in handling and recycling of bio-
catalysts, so various methods have been reported. For example, a
method using calcium alginate was used to immobilize baker’s
yeast.#648 As shown in Figure 30a, cells were immobilized in cal-
cium alginate fibers with double gel layers. The immobilization
procedure prevents cell leakage from alginate fibers into the med-
ium because the alginate fibers cells were restricted to the inner
layer, whereas the outer layer helped to prevent leakage and con-
tact with potential inhibitors.

Figure 30b shows the use of the immobilized cell for asymmet-
ric reduction of 3-oxobutanoate.*® Particle size and cell concentra-
tion in the particle largely affected the reaction rate and
enantioselectivity. At larger particle sizes, the specific reduction
rate decreased while maintaining the enantioselectivity at >98%
ee. However, use of higher cell concentrations reduced the rate
by 22% and ee to 83-90%. Calculation of the concentration profiles
in alginate beads showed that among the reacting species, severe
diffusion limitation is expected only for oxygen. This may have
led to the lower reduction rates of the immobilized cells at larger
particle sizes and at high cell concentrations and in addition, to
the change in enantioselectivity.

Figure 30c and d also shows the utilization of immobilized ba-
ker’s yeast for asymmetric reduction of ketones in a continuous
process.?”*® The reduction of ethyl benzoylformate gave (R)-ethyl

m

), >97% ee

6-(1 (S)-hydroxyethyl)-2,2-
dimtehyl-2,3-dihydro-4H-chromen-4-one

Figure 27. Transformation of a natural bioactive diketone by plant.

Debaryomyces hansenjii

OMe

OMe

Freshly harvested cells 58% yield, 80% ee

Lyophilized and rehydrated cells

63% yield, 95% ee

Figure 28. Lyophilization and rehydration of cell to improve enantioselectivity of reduction.
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NADPH 100 : 0
(recycled by
glucose 6-phosphate dehydrogenase
and glucose-6-phosphate)

Y-Per : non-ionic detergent mainly consists of n-octyl-B-D-thioglucopyranoside

Figure 29. Treatment of cell with detergent to improve selectivity of reduction of diketone.
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Figure 30. Immobilization of baker’s yeast in alginate fibers with double-layer for asymmetric reduction of ketones in a continuous process: (a) immobilized yeast; (b)
reduction of ethyl 3-oxobutanoate; (c) reduction of ethyl benzoylformate; (d) reduction of ethyl 2-oxo-3-bromo-4-phenylbutanoate.
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Figure 31. Encapsulation of W110A mutant of Thermoanerobacter ethanolicus alcohol dehydrogenase in sol-gel for asymmetric reduction of ketones.

mandelate in 82% yield with 92% ee, and the reduction of ethyl 2- genase (TeADH)) for asymmetric reduction of 4-phenyl-2-buta-

0x0-3-bromo-4-phenylbutanoate gave syn-(2S)-isomer in 70% de none to (S)-4-phenyl-2-butanol, a precursor for the synthesis of
with 96% ee. bufeniode and labetalol (antipertensive agents).*® Immobilization
Figure 31 shows that the use of sol-gel-encapsulated alcohol makes it possible to use the biocatalyst in organic media and in-

dehydrogenase (W110A mutant of T. ethanolicus alcohol dehydro- crease the substrate concentrations to 140 mM from 35 mM in
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Immobilized baker's yeast

sucrose QH
_~_COsEt

(S), 99% yield, >99% ee

o)
M _coset

Glycerol

Figure 32. Glycerol as a solvent for reduction of a ketone by baker’s yeast.

o Immobilized baker's yeast OH
on alginate -
COLEt g .COEt
glucose @

erfluorooctane
P (1S,2R), 100% conversion

98% de, 99% ee

Figure 33. Perfluorooctane as a solvent for reduction of diketone by baker’s yeast.

the buffer system. The immobilized biocatalyst could be reused
three times. 1-Phenoxy-2-propanone was also reduced with a very
high yield and enantioselectivity to the corresponding (S)-alcohol.

3.9. Solvent engineering

Non-aqueous solvent has been used for reaction with hydrolytic
enzyme such as lipase frequently because lipase works at the sur-
face of water and oil in nature. Oxidoreductase also works in non-
aqueous solvent, but immobilization is necessary for some cases to
stabilize the enzyme. Examples to use oxidoreductases in non-
aqueous solvents are shown in this section.

3.9.1. Organic solvent

Organic solvents have been used for the oxidoreductase-cata-
lyzed reaction to solubilize hydrophobic substrates, to construct
two-layer system using hydrophobic solvents to reduce concentra-
tion of toxic substrate and product around enzymes in aqueous
layer, and to simplify work-up procedure. Water miscible and
immiscible solvents have been used. For example, sol-gel-encap-
sulated alcohol dehydrogenase (W110A mutant of T. ethanolicus)

H3C

was used for asymmetric reduction of 4-phenyl-2-butanone to

(S)-4-phenyl-2-butanol in hexane as shown in Figure 31.4°

3.9.2. Glycerol

Glycerol is a non-toxic, biodegradable, and recyclable liquid
manufactured as a by-product of transesterification of a triglycer-
ide in the production of natural fatty acid derivatives and bio die-
sel. Use of glycerol allowed easy separation of the product by
simple extraction with diethyl ether. As shown in Figure 32, free
and immobilized baker’s yeast was successfully employed in the
asymmetric reduction of p-keto esters and ketones in glycerol.>®
The activities with immobilized cells were always higher than that
with free cells while the enantioselectivity was very high (99%)
with both catalysts.

3.9.3. Fluorous solvent

The merit of using fluorous media is simple work-up procedure,
which contribute to the development of green chemistry. As shown
in Figure 33, the reduction of ethyl 2-oxocyclopentanecarboxylate
with immobilized baker’s yeast (alginate) in perfluorooctane was
investigated.>! The reaction proceeded smoothly and gave the cor-
responding syn-(1S,2R)-hydroxyester in 98% de with 99% ee.

3.9.4. Supercritical CO,

The concentration of atmospheric CO, has increased by about
35% since the beginning of the age of industrialization due to hu-
man activities such as combustion of fossil fuels and deforesta-
tion.>? Organic synthesis also needs a large amount of organic
solvents, and its use should be minimized. Therefore, supercritical
CO, should be used instead of organic solvents, and enzymatic sys-
tems using supercritical CO, are important to be developed. Here is
an example to use supercritical CO, for the reduction by alcohol
dehydrogenase. Asymmetric reduction in supercritical CO, was
realized by using immobilized G. candidum in 10 MPa supercritical
CO,; high activities and excellent enantioselectivities were ob-
served for the asymmetric reduction of aromatic and cyclic ke-

Geotrichum candidum NBRC 5767 OH F
(immobilized on water-adsorbent polymer)

3C

10MPa scCO,, 2-PrOH

(S), 81% yield, >99% ee

Figure 34. Supercritical CO, as a solvent for reduction of ketone by Geotrichum candidum.

X
) k)j: G (i':F O-CFy- CF F
| | | || CF
-P- n
| J
O H 0
fluorinated polymer attached
OH OH OH OH

Horse liver alcohol dehydrogenase (HLADH)
FNADH(fluorinatedNADH), ethanol

A,

< "0H

CO,(17.9 MPa, 21 °C) or

250 mM

methoxy-nonafluorobutane

Figure 35. Supercritical CO, as a solvent for horse liver alcohol dehydrogenase (HLADH)-catalyzed reaction: (a) fluorinated coenzyme soluble in CO, and fluorous solvent; (b)

reduction of aldehyde.
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o Immobilized &. candidum

)]\ on water-adsorbing polymer
R

., ~Et NAD* 2-PrOH

Me <
NN
O o

OH
: (S), 27-96% yield
A >99% ee
C?)H (S), 49% yield
Z"ph >99% ee
O?H (S), 78% yield
NS >99% ee
OH O
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>99% ee

Figure 36. Ionic liquid as a solvent for reduction of ketone by immobilized Geotrichum candidum.

(0] OH

Lactobacillus kefir

HyC H3C

20% ionic liquid

Cl Cl

600 mM 92.8% yield, 99.7% ee

Figure 37. Water immiscible ionic liquid as a co-solvent for reduction of ketone by
Lactobacillus kefir.

tones. For example, 2-fluoroacetophenone was reduced to the (S)-
alcohol in 81% yield with >99% ee as shown in Figure 34.>3->°

3.9.5. Fluorinated coenzyme for the reaction in supercritical
CO, and fluorous solvent

The drawback of the use of supercritical CO, and fluorous sol-
vent for isolated alcohol dehydrogenase-catalyzed reaction is that
the coenzyme NAD(P)H as well as enzyme does not dissolve in
supercritical CO, and fluorous solvent. This problem was solved
by preparing fluorinated NADH (FNADH) by attaching a perfluoro-
polyether to NADH as shown in Figure 35a. Using FNADH, horse li-
ver alcohol dehydrogenase (HLADH) was active in liquid carbon
dioxide and a fluorous solvent, methoxy-nonafluorobutane
(Fig. 35b). In both solvents, the activity of HLADH using FNADH
was greater than the same molar amount of unmodified (insoluble)
NADH.>®

3.9.6. Ionic liquids

lonic liquids, recyclable green solvent with no vapor pressure,
have been used for oxidoreductase-catalyzed reaction. For exam-
ple, Figure 36 shows the asymmetric reduction by a crude alcohol

Asymmetric reduction

OH
] W110A TeADH :
)J\/\ HSC/\/\Ph
HaC Ph NADPH ©)

2-propanol

Enantioselective oxidation

OH
H.C Ph
OH W110A TeADH 87 (R)
e
H3C Ph NADP* (@]
acetone H3C)J\/\Ph

dehydrogenase, dried cells of G. candidum, in hydrophobic ionic li-
quid ([bmin]PFg).°

When the cell was immobilized on water-absorbing polymer
containing water, the reaction proceeded smoothly with excellent
enantioselectivity, while the reaction without the immobilization
on polymer did not proceed.

In the next example, to decrease substrate toxicity toward mi-
crobes, biphasic ionic liquid-water system was investigated for
the reduction of 4-chloroacetophenone by Lactobacillus kefir
(Fig. 37).>” At 600 mM of the substrate concentrations, the sub-
strate was highly toxic toward the cells, and the reduction did
not proceed in aqueous system. Although no reduction occurred
in the addition of 20% of decane, and only 4.2% yield resulted by
addition of tert-butyl methyl ether, the addition of 20%
BMIM|Tf,N](1-n-butyl-3-methylimidazolium  bis(trifluorometh-
anesulfonyl)imide) enabled the reduction to proceed smoothly giv-
ing the (R)-alcohol in 92.8% yield with 99.7%. The result was
explainable that the ionic liquid does not damage the cell mem-
brane and reduce the substrate concentration in aqueous layer
around the cell.

In the case using T. ethanolicus dehydrogenase mutant, W110A-
TeSADH, water-miscible ionic liquid ([bmim][BF4]) and conven-
tional organic solvents (DMF, acetonitrile, and tert-butanol) were
used as monophasic reaction media, and water-insoluble media
such as ionic liquid ([bmim][NTf,]) and organic solvents (diisopro-
pyl ether, toluene, hexane, etc.) were used as biphasic systems
(Fig. 38).°® The reduction in high substrate concentrations
(100 mM) proceeded in both systems and gave (S)-alcohols in high
ee. The enantioselective oxidation of racemic alcohols in biphasic
media also proceeded smoothly, and (R)-alcohols were obtained
in high ee.

Solvent conv.(%) ee(%)
[bmim][BF,] (monophasic) 86 98
DMF (monophasic) 95 95
acetonitrile (monophasic) 94 97
[bmim][NTf,] (biphasic) 65 97
diisopropyl ether (biphasic) 94 99
toluene (biphasic) 36 97

Solvent conv.(%) ee(%) E-val
[bmim][NT ;] (biphasic) 44 80 >100
tertbutyl methyl ether (biphasic) 31 38 17
toluene (biphasic) 18 22 >100

Figure 38. Water miscible and immiscible ionic liquid as a solvent for reduction and oxidation by Thermoanerobacter ethanolicus dehydrogenase mutant, W110A.
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@ /\E
[59] Yprip Ph CO,Et
/ Isolated enzyme + NADPH (R), 97% ee
/\i E. coli cell over expressing enzyme (R), 46% vyield, 87% ee
Ph CO,Et
\ OH
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resp P " CO,Et

Isolated enzyme + NADPH (S), 90% ee
E. coli cell over expressing enzyme (S),58% vyield, 91% ee
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[60]

OH OH OH /%4 OH
Chong g o0h oAU COEt psco e A~y

Figure 39. Reduction of ketones by enzymes from baker’s yeast: (a) comparison of reaction system with isolated enzyme and coenzyme and system with only E. coli whole
cell over-expressing the enzyme; (b) products by reduction with recombinant enzyme.

4. Examples for asymmetric reductions 4.1. Reduction of ketones

Examples of organisms with efficient enzymes for reduction of
ketones are shown in this section. In particular, reaction using ba-
ker’s yeast, C. magnoliae, and Sporobolomyces salmonicolor are de-

Various examples for asymmetric reduction are described in
this section. Reduction of carbonyl compounds as well as reduction
of olefines and nitro group are described.

Candida magnoliae
carbonyl reductase OH

0}
expressed in E.coli
e)‘\. \ ‘ anti-Prelog reduction ‘l
NADPH NADP*

\

D-gluconolactone

Glucose dehydrogenase

S: smaller substituent

OH OH
R/'\/CogEt X
97->99% ee R
R= CHg, 99 or >99% ee
Catls, X=H,R=H
CH(CHg)z, X—HR=F
CFy X=H,R=Cl
ChpCl, X=H, R=Br
X=H, R=CHg
X=H, R=OCHs
X=H, R=C(CH,),
X =H, R=CFg
X=ClL,R=H
OH
NC [63]
X
A =x
=
X yield, % (ee,%)
H 85 (98)
4-F 90 (99)
24-F,  92(98)
4-Cl 90 (99)
4-Br 88 (99)
4-CN 90 (99)
4-NO, 86 (99)
3NO, 87(99)
3CH,0 8907

D-glucose L: larger substituent
R™ R R” “CO,Et
>99% ee >99% ee

R = CHg, R'= n-CgHy4 R = CH(CHg),,

R= CH3, R'= n-CGH13 C(CH3)3
R= CH3, R'= n'C7H15

R = CH3, R' = 1-adamantyl

R= Csz, R = n'C5H11

Use of isolated enzyme avoided
contamination with alkylating product

(0]
CN

Figure 40. Anti-prelog reduction of ketones by over-expressed enzymes of Candida magnoliae (CMCR).
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— R)\R'
NADPH
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Glucose

dehydrogenase

O
)\(}X O/S\COZEt /\Adamantyl ﬁ/kCOgEt h/kcoza

X=H, 42% ee
X=4'-CHg, 59% ee
X=2'-OCH3, 99% ee

X=H, 99% ee
X=Cl, 63% ee

>99% ee

99% ee 99% ee

Figure 41. Reduction of ketones by over-expressed enzymes of Sporobolomyces salmonicolor.

Designer E. coli cells overexpressing
o) R.erythropolis ADH and OH
B.subtilis GDH H

H3C H3C [66]
(no cofactor addition)
Cl Cl
156 g/L (S), 94% conv., >99.8% ee
0 OH
Designer E. colicells overexpressing
HaC L. kefir ADH and HaC
T.acidophillum GDH
(@) (0] 66]
21291 (no cofactor addition)
(R), >95% conv., >99.4% ee
Designer E. colicells overexpressing
o L kefir ADH and OH
T.acidophillum GDH
HsC HaC [67]
(no cofactor addition) cl
|
70 g/L

ADH: alcohol dehydrogenase

(R), >95% conv., >99% ee

GDH: glucose dehydrogenase for recycling of coenzyme

Figure 42. Large-scale reduction of ketones by designer E. coli expressing both alcohol dehydrogenase for the reduction of substrate and glucose dehydrogenase for the

recycling of coenzyme.

scribed in detail. Then, examples for practical synthesis of valuable
compounds are also described. At last, extraneous and natural sub-
strates of some enzymes are compared.

4.1.1. Baker’s yeast

Baker’s yeast (Saccharomyces cerevisiae) has been widely used as
a catalyst for asymmetric reductions. Now many genes including
putative gene of dehydrogenases have been expressed in E. coli,
and the recombinant E. coli cells or the isolated enzymes have been
used for asymmetric reductions as shown in Section 3.3. ‘Screening
of enzymes of microorganisms of known genome data’. Other
examples for the reactions by enzyme from baker’s yeast are

shown in Figure 39.596°

4.1.2. Candida magnoliae
NADPH-dependent carbonyl reductase from C. magnoliae (CMCR)
was selected by screening for asymmetric reduction of ethyl

4-chloro-3-oxobutanoate and overexpressed in E. coli.’"? The
application of reduction by CMCR to other ketones has been reported
(Fig. 40).'%53 3-Oxoalkanoates, alkyl ketones, and aryl ketones were
reduced enantioselectively to anti-Prelog configurated alcohols in
excellent ee.'® For the reduction of aromatic p-ketonitriles catalyzed
by whole-cell biocatalysts over-expressing CMCR (yeast or E. coli
whole cell), a-Ethylation concomitantly occurred.?” Use of isolated
CMCR with a catalytic amount of NADPH recycled by p-glucose
and glucose dehydrogenase has completely eliminated this compet-
ing reaction, and (R)-B-hydroxy nitriles (97-99% ee) were success-
fully obtained. The products were further converted to (R)-B-
hydroxy carboxylic acids via a nitrilase-catalyzed hydrolysis.®

4.1.3. Sporobolomyces salmonicolor

NADPH-dependent carbonyl reductase from S. salmonicolor was
firstly studied for the reduction of ethyl 4-chloro-3-oxobutanoate
to afford the corresponding (S)-alcohol.’ Substrate specificities
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Figure 43. Chemo-enzymatic synthesis.
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Figure 44. Synthesis of an intermediate for arachidonic acid metabolites by reduction of ketones by enzymes from Thermoanerobacter sp. and Lactobacillus brevis.

and enantioselectivities have been investigated (Fig. 41).5° The
enzyme reduced substituted acetophenones to the (R)-alcohol with
moderate to high ee. The reduction of aliphatic ketones were not
selective with exception of methyl adamantyl ketone (>99% ee
(S)). The reduction of substituted benzoyl formats was relatively
high.

4.1.4. Tailor-made whole-cell biocatalyst

Tailor-made whole-cell biocatalyst ‘designer cells’ was used for
large-scale asymmetric reduction of ketones (Fig. 42). For example,
(S)-p-chlorophenyl-1-ethanol was obtained from the reduction of
the corresponding ketone (156 g/L) by the recombinant E. coli
expressing alcohol dehydrogenase from Rhodococcus erhtyropois
and NADH-dependent glucose dehydrogenase (NAD") from B. sub-
tilis in 94% conversion with >99.8% ee. (R)-p-Phenoxyphenyl-1-eth-
anol (>95% conversion with >99.4% ee) was yielded by the cells
expressing alcohol dehydrogenase from L. kefir and NADPH-depen-
dent glucose dehydrogenase from Thermoplasma acidophillum un-
der the conditions of 212 g/L substrate concentrations.’® (R)-4-
Fluoropheny-1-ethanol (>95% conversion, >99% ee) was also ob-
tained with the same method from 70 g/L of the corresponding
ketone.®’

4.1.5. Chemo-enzymatic synthesis

Dehydrogenase can be used in one-pot with a chemical reagent.
For example, optically active allyl alcohols were prepared by com-
bination of Wittig reaction and asymmetric reduction in one-pot as
shown in Figure 43.%8 4-Nitrobenzaldehyde was reacted with Wit-
tig reagent in phosphate buffer-2-propanol (3:1 v/v) solvent for
2 h. Then, alcohol dehydrogenase (ADH) from Rhodococcus sp.
and NADH were added and asymmetric reduction proceeded. The
(S)-allyl alcohol was obtained in 75% yield with >99% ee. Similarly,
ADH from L. kefir was used for the production of (R)-alcohol.

4.1.6. Synthesis of an intermediate for arachidonic acid
metabolites

Useful intermediates for the synthesis of a variety of arachi-
donic acid metabolites were prepared (Fig. 44). (R)-5-Hydroxyh-
ept-6-enonoate was obtained from the reduction of ethyl 5-oxo-
6-heptenoate with NADPH and 2-propanol catalyzed by Thermo-
anerobacter sp. alcohol dehydrogenase (ADH) expressed in
E. coli.’® When the biocatalyst was changed to L. brevis ADH, the
opposite enantiomer, (S)-5-hydroxyhept-6-enonoate, yielded.
These chiral alcohols are important intermediates for prostaglan-
dins, leukotrienes, isoprostanes, and atractyligenin.

4.1.7. Synthesis of an intermediate for antagonists

Asymmetric reduction of 1-[3,5-bis(trifluoromethyl)phenyl]-
ethanone is investigated using various enzymes because optically
active 1-[3,5-bis(trifluoromethyl)phenyl]ethanols are intermedi-
ates for antagonist. The reduction with L. kefir gave the correspond-
ing (R)-alcohol in >99% ee, an intermediate for tachykinin NK1
receptor (Fig. 45a).”° On the other hand, the reduction by an alco-
hol dehydrogenase from Rhodococccus erythropolis gave the corre-
sponding (S)-alcohol, an intermediate for antagonists currently
under clinical evaluation (Fig. 45b).”! A pilot scale reaction in pH
6.5 phosphate buffer at 45 °C using NADH, glucose, and glucose
dehydrogenase gave the product alcohol in 96% yield with 99%
ee(S). The substrate concentrations could be increased to
580 mM with a space-time yield of 260 g/L d.

4.1.8. Synthesis of an intermediate for a new generation
antibacterial quinolone

For the synthesis of new generation antibacterial quinolone car-
boxylic acids, reduction of azaspiroketones by Phaeocrepsis sp. JCM
1880 was investigated and gave the corresponding (R)-alcohols in

high ee as shown in Figure 46.7>73
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Figure 45. Synthesis of an intermediate for (a) NK-1 receptor antagonists by Lactobacillus kefir and (b) antagonists currently under clinical evaluation by Rhodococccus

erythropolis.

4.1.9. Total synthesis of modiolide A

Modiolide A, a 10-membered ring lactone from a marine-origin
with antibacterial and antifungal activities, was synthesized using
two microbial reductions as shown in Figure 47. An important chi-
ral building block for constructing the chirality at C-4, (S)-6-[(4-
methoxybenzyl)oxy]-1-trimethylsilyl-1-hexyn-3-ol, was obtained
by asymmetric reduction of the corresponding ketone with Pichia
minuta IAM 12215 in 96.1% ee. Another chiral center, C-9, was syn-
thesized from the (R)-acetal alcohol obtained by asymmetric
reduction of the corresponding acetal ketone with Yamadazyma
farinose NBRC 10896 in 76% yield with 92.6% ee.”*

4.1.10. Reduction of sterically hindered ketone

Asymmetric reduction of sterically hindered ketones is one of
the most challenging subjects in biocatalysis. Despite the difficulty,
microbes that can reduce sterically hindered ketones, isopropyl
phenylsulfonylmethyl ketone, were found by screening. As a result,
Trichosporon cutaneum 1AM 12206 and P. minuta IAM 12215 were
found to reduce the ketone to the corresponding (R)-alcohol (60%
yield and 94.0% ee) and (S)-alcohol (92% yield and 96.8% ee),
respectively (Fig. 48).7°

4.1.11. Comparison of extraneous and natural substrates

When an enzyme to catalyze a desired reaction is searched for,
structural-based approach by comparing the natural substrate of
the enzyme and substrate for the desired reaction (extraneous sub-
strate) is not usually taken. Therefore, the structure of natural sub-
strate differs largely from that of extraneous substrate as shown in
Figures 49 and 50. For example, the enzyme that reduces acetyl-
pyridine to the corresponding (S)-alcohols isolated from rat liver
was found to be the rat liver 3a-hydoxysteroid dehydrogenase
(30-HSD) from amino acid sequences.”®”” The natural substrate
of 30-HSD is steroids and is known to catalyze the conversion of
androsterone and naloxone.”®

Moreover, the kinetics of 3o-HSD was fully investigated with
extraneous substrates, which gives the information useful for drug
design to exploit this reduction pathway. Kinetic studies of reduc-
tion of p-substituted acetophenones revealed that a plot of log{(V-
max/Km)x/(Vimax/Km)u} (X = halogens, etc., H = hydrogen) versus the
substituent parameter (1, ¢ para, Es) showed an increasing rate
mainly for electron-withdrawing substituents with a correlation
coefficient (r?) of 0.97. With this in mind, new drugs can be de-
signed that exploit this reduction pathway by introducing an elec-

(CHo)n O Phaeocrepsis sp. (CHp)n OH
JCM 1880

—_—

O~ °N
Bn

HoN

DU-6859a

O~ °N
Bn

n=1, 65% yield, >98% ee [73]

n=2, 63% yield, 96% ee [72]

HoN DV-7751

new generation antibacterial quinolone

Figure 46. Synthesis of intermediates for antibacterial quinolone by Phaeocrepsis sp. JCM 1880.
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Figure 47. Synthesis of modiolide A using Pichia minuta IAM 12215 and Yamadazyma farinose NBRC 10896.
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Figure 48. Reduction of sterically hindered ketone.
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Figure 49. Comparison of extraneous and natural substrates of rat liver 3o-hydoxysteroid dehydrogenase (3a-HSD).

tron-withdrawing group when the reaction is desired, or by intro-
ducing an electron-donating group when the reaction is
undesired.”

Examples in Figure 50 show comparison of extraneous and nat-
ural substrates of enzyme from baker’s yeast. The enzyme that re-
duces bicycle[2,2,2]octane-2,6-dione to the corresponding (—)-
endo-alcohol was isolated from baker’s yeast, and the gene was
found to be YMR226¢?8 (Fig. 50a). The gene is known as t-allothre-
onine dehydrogenase, and the enzyme oxidize - and p-serine,
L-allothreonine,  p-threonine,  1-3-hydroxyisobutyrate, and

p-3-hydroxyisobutyrate in k.,/Ky, of 116, 110, 14600, 7540, 558,
and 151 M~' s7!, respectively.® As shown in Figure 50b, the natu-
ral substrate of an another yeast reductase that converts ketovaline
ethyl ester to the corresponding (R)-hydroxy ester is also known; it
was found to be methylglyoxal reductase 382

4.1.12. Various examples

The list of the reduction of ketones to (R)-alcohols, ketones to
(S)-alcohols, ketoesters to (R)-hydroxy esters, and ketoesters to
(S)-hydroxy esters are summarized in Tables 1-4, respectively.
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Figure 50. Comparison of extraneous and natural substrates of enzyme from baker’s yeast: (a) reduction of bicycle[2,2,2]octane-2,6-dione; (b) reduction of ketovaline ethyl

ester.
Table 1
Reduction of ketones to (R)-alcohols
Product Biocatalyst Ref.
X =4'-F, 87% yield, >99% ee, Lactobacillus kefir (designer cells + GDH in E. coli) 66,67
4'-phenoxy, >99.4% ee
OH X =4'-Cl, 92.8% yield, 99.7% ee Lactobacillus kefir 20% ionic liquid 57
X =3'5'-CF3, >99% ee Lactocacillus kefir 70
N X=H, 42% ee, Sporobolomyces salmonicolor 65
R | X X =4/-CHs, 59% ee,
Z X = 2'-OCH3, 99% ee
X=H, 99% ee Leifsonia alcohol dehydrogenase (LASDH) 22
X =H, 4'-F, Cl, Br, CHsz, OCHj3, CFs, t-Bu >99% ee Candida magnolie 10
OH
= .
82% conv. >99% ee Lactobacillus kefir (R)-ADH 68
R)
(R) NO,
OH
(0]
| 68% yield, 90% ee Lactobacillus kefir ADH NADPH recycled by 2-PrOH 83
(R)
(0]
OH
i R = Br; X = Br, 96% yield, 97% ee Lactobacillus kefir (designer cells + GDH in E. coli) 66
(R R=Cl, X=H 92% yield, >99% ee Candida magnoliae Carbonyl reductase 10
X
OH
)\ >99% ee Leifsonia alcohol dehydrogenase (LASDH) 22
F3C Ph
(R)
o, O
OH \\ /
60% yield, 94.0% ee Trichosporon cutaneum 1AM 12206 75

“Ph

54
w,
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Table 2
Reduction of ketones to (S)-alcohols
Product Biocatalyst Ref.
OH
N X =H, halogen, etc., ee >99% Archaeon Pyrococcus furiosus ADH (hyperthermophilic, half- 35
| -—X life of 130 min at 100 °C) NADH, recycle with glucose
(S) Z X = 0- or m-NO, 98% yield, >98% ee Aspergillus terreus CCT4083 84
X =H, 2'-Cl, 3/-Cl, 4'-Cl, 4’-Br, 4'-CH3, 4'-CF3, 4-CH50 >99% ee  Yeast SADH (YMR226¢, recombinant) 85
X =2'-Cl, >99% ee, X = 2'-Br, 96% ee Aspergillus niger EBK-9 86
X =H, 2'-F, 2’-Cl, 2’-Br, 3'-F, 3'-Cl, 3/-Br >99% ee Alternaria alternata EBK-4 87
X=2'-Cl, >99.4% ee 4'-Cl, >99.8% ee Rodococcus erythropolis (designer cells + GDH in E. coli) 66
X =2'-F, >99% ee Geotrichum candidum MBRC 5767 (immobilized on water- 33
adsorbent polymer) 10 MPa scCO, 2-PrOH
X =H, 2'-F, 2’-OMe, 4'-F >99% ee Geotrichum candidum MBRC 5767 in ionic liquid [emim]PFg 9
X =3'5'-CF3 Rhodococcus erythropolis substrate concd: 580 mM 71
X=H, 2'-F, 3'-F, 4-F, 4-Cl, 4'-Br, 4'-1 Candida tropicalis PBR-2MTCC5158 88
67-99% yield, >97% ee
OH v
X =H, >99% ee W110A TeSADH 30,49
(S) X =4'-OMe Debaryomyces hansenjii 44
X X=H Geotrichum candidum MBRC 5767 in ionic liquid [emim]PFg 9
OH
=
73% conv., >99% ee (S)-ADH Rhodococcus sp. 68
(S)
OH O
PN 98% conv., >99% ee W110A TeSADH 30
) Ph
OH
~_-Ph 95% conv., 37% ee W110A TeSADH 30
(S)
OH
O. >99% conv., >99% ee W110A TeSADH 49
(S)
OH
N~ >99% ee Geotrichum candidum MBRC 5767 in ionic liquid [emim]PFg 9
)
OH O 40% yield, 79% ee Baker’s yeast in ionic liquid ([bmim]PFg) 51
/'\)K 22% yield, 95% ee Baker’s yeast in ionic liquid ([bmim]PFg) 51
(S
OH
. >99% ee Sporobolomyces salmonicolor carbonyl reductase 65
/\Adamantyl L 4 Y
)
.OH
(€ . o ;
l l 97% yield, >99% ee Candida viswanathii MTCC 5158 89
OH o]
>97% ee Brassica napus hairy root 41
(S)
(0]
OH
/\\ 2-:27%yield, 93% ee, 3-: 9% yield, 84% ee, 4-: 66% yield, 94% ee  Rat liver S-9 NADPH 76

(continued on next page)
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Table 2 (continued)

Product Biocatalyst Ref.
OH
R A~ Ph R = C,Hs-C,Hys, 45-75% yield, 37-80% Cyanidium caldarium 90
(S
o, O
OH \// ) L
- S\Ph 92% yield, 96.8% ee Pichia minuta 1AM 12215 75
(S)
MeO
OH
(@) 88% yield 96.1% ee Pichia minuta 1AM 12215 74
\/\/\
o C) ™S
H
OH 97% ee Y Q
Br. - HN
\/\@\ \/\©\ Rhodotorula sp. AS.2241 91
(R) 6 NO,
precursor for (R)-nifenalol
OH
Cl B X =H, 98% ee, X =4'-F, 4'-Cl, 99% ee, X = 3'-Cl, 99% ee Yeast SADH (YMR226c¢, recombinant) 91
(R) | /_X X =3'-Cl, >99% conv., >99% ee Rhodococcus sp. ST-10., Phenylacetaldehyde 34

reductase 20%, 2-propanol

4.2. Reduction of diketones

Regio- and enantioselective reduction of diketones have been
conducted successfully by biocatalysis. For example, methyl (—)-
1,4a-dimethyl-5-oxodecahydronaphthalene-1-carboxylate, a key
intermediate for the synthesis of terpenoids, was synthesized using
a baker’s yeast-catalyzed asymmetric reduction of a -cyclohex-
anedione (Fig. 51). DMSO (10%) was used to solubilize the
substrate.9

For the reduction of (+)-bicyclo[2,2,2]oct-7-ene-2,5-dione, an
genetically engineered yeast TMB4100 overexpressing YMR226c,
reductase gene from baker’s yeast, was shown to be an efficient
catalyst (Fig. 52). The reaction resulted in affording (+)-endo-
hydroxyketone (>99% ee) and (—)-exo-hydroxyketone (84-98%
ee) in 45:55 ratio at the rate of more than 40-fold faster than that
by the original control strain.®* The (+)-substrate was reduced to
the endo compound, and (—)-diketone was reduced to the exo
hydroxyketone. Using the same enzyme, the reduction of the
bicyclooctane compound ((+)-bicyclo[2,2,2]octane-2,5-dione) pro-
duced hydroxyketones with higher ee (>99% ee).

Figure 53 shows regioselective reduction of 1,3-diketone with
an alcohol dehydrogenase from L. brevis (recombinant) to monohy-
droxy compounds in 99.5% ee.> The monoalcohol, which is an ad-
vanced building block in the synthesis of a mevinic acid type HMG-
CoA reductase inhibitor, was reduced chemically to afford the syn-
and anti-diols diastereoselectively.

Microbes which reduced 3,5-dioxo-6-(benzyloxy)hexanoic acid
ethyl ester were screened, and Acinetobacter sp. SC13874 was
found to reduce the diketone to the corresponding syn-(3R,5S)-diol,
potential intermediates for the synthesis of HMG-CoA reductase
inhibitors, in 99.4% ee with 52-74% de depending on substrate con-
centrations (74% de in 2 g/L and 52% de in 10 g/L) (Fig. 54).%° After
the reaction, XAD-16 resin was added to facilitate the recovery
process by adsorbing the product. Three reductases were isolated

from the microbe, and the mechanism of the reduction was dis-
closed; the reductase I catalyzed the reduction to both mono-hy-
droxy products ((5S)-product and (3R)-product), the reductase II
catalyzed the conversion of the two monohydroxy ketones to
syn-(3R,5S)-diol, and the reductase Il catalyzed reduction of the
diketone directory to syn-(3R,5S)-diol.

The list of the reduction of diketones to hydroxyl ketones and
diols is in Table 5.

4.3. Reduction of C=C bonds

Reduction of C=C bonds has been conducted with catalysis by
plant and microbial reductase. For example, the stereoselective
reduction of 2-butenolides by two reductases, p51 and p83, from
cultured plant cells of Glycine max was investigated (Fig. 55). The
reduction of 2,3-dimethyl-2-butenolide by p51 reductase pro-
duced (2R,3R)-2,3-dimethylbutanolide, whereas the reduction by
p83 reductase gave (2S,3R)-product. The p51 reductase-catalyzed
trans addition of hydrogen and p83 reductase gave cis product.”®

Table 6 summarizes the enantioselective reduction of olefins by
plant and microalgae. Reduction of enones to saturated ketones
has been reported using reductases from tobacco®®-°! and cyano-
bacteria.'®>1%% exo and endo Olefins in cyclohexenones were re-
duced to the corresponding (S)-ketones by Synechococcus
PCC7942, which was previously described in Section 2.3. ‘Light-dri-
ven regeneration’.'>161% Tobacco reductase p74'°%1% and p90!%
also reduced the enones to the corresponding (S)-ketones while
the antipode was obtained by the reduction with tobacco p44
reductase.’® When the ring size is reduced to cyclopentenone,
Synechococcus also reduced the C=C bond to S enantiomer. Both
enantiomers of carvone were reduced to the 1-(S)-ketone
((15,4R)- and (15,4S)-dihydrocarvone) by cyanobacteria.'®*1%3 Both
the tobacco reductase p44 and p90 reduced N-phenyl-2-meth-
ylmaleimide to the corresponding (R)-succimide.!
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Table 3
Reduction of keto esters to (R)-alcohols
Product Biocatalyst Ref.
OH
%002& 99% ee Sporobolomyces salmonicolor carbonyl reductase 65
(R)
OH
CO,Et 99% ee
(R)
OH
Ph /\/k CO.Et Yprlp + NADPH 97% ee, Saccharomyces cerevisiae putative dehydrogenase (recombinant) 59
(R) 2 E. coli cell (Yprip),
46% yield, 87% ee
OH
X
A CO,Et X =H, 4’-halogen, etc. >99% ee Archaeon Pyrococcus furiosus ADH (hyperthermophilic, 35
| > X =4'-Cl, 4-Me, 99% ee, X = 4'-F, 94% ee half-life of 130 min at 100 °C), NADH, recycle with glucose
(R) X =H, 82% yield, 92% ee Yeast SADH (YMR226¢, recombinant), NADPH 85
Immobilized Baker’s yeast 47
OH
/K/COzEt R =iso-C3H, 87% ee R = CF; ee, 58% ee Yeast SADH (YMR226¢, recombinant), NADPH 85
R
(S)
OH
Cl\/k/COZEt 85% yield, 100% ee, NADP* turnover >21,000 Candida magnolie carbonyl reductase (recombinant), 92
(9 NADPH recycled by Bacillus megaterium glucose
dehydrogenase aqueous-butyl acetate
OH
\MCOZEt 45% yield, >99% ee Lactobacillus brevis, ADH, NADP* 2-propanol 69
)
OH
CN 99% ee Yeast reductase, YOL151w 27
(S

Enzymes from baker’s yeast also catalyzes reduction of olefin.
As shown in Figure 56, old yellow enzyme from Saccharomyces
carlsbergensis expressed in E. coli reduced 2- and 3-alkyl-substi-
tuted 2-cyclohexenones to the corresponding 3(S)- and 2(R)-
substituted cyclohexanones in 89-96% ee.!%°

4.4. Reduction of CO,

The production of methanol by the reduction of CO, was re-
ported.'? As shown in Figure 57, four enzymes including formate,
formaldehyde, alcohol, and glutamate dehydrogenases were co-
immobilized using the same particles as that used for cofactor
immobilization (enzymes and cofactor were immobilized sepa-
rately). Reactions were performed by bubbling CO, in a suspension
solution of the immobilized enzymes and the immobilized cofac-
tor, NADH, with in situ cofactor regeneration. The immobilized sys-
tem showed fairly good stabilities in reusing.

4.5. Reduction of nitro group

Reduction of nitro group to amino group was performed with
biocatalysis. Peptostreptococcus productus U-1 was used for reduc-
tion of (E)-2-nitro-1-phenyl-1-propene and 2-nitro-1-phenyl-1-
propane in a two-liquid phase reaction system, and the aminoalk-
anes were formed in 47% and 45% yield, respectively (Fig. 58).1%

5. Oxidations

Enantioselective oxidation of racemic alcohols, oxidation of C-H
bonds, Baeyer-Villiger oxidation and oxidative polymerization are
described in this section.

5.1. Oxidation of alcohols

Chiral intermediates for pharmaceuticals have been synthesized
through enantioselective oxidation of racemic alcohols. For exam-
ple, Daicel group has reported the synthesis of (R)-1,3-butandiol by
enantioselective oxidation of the racemate (Fig. 59).'% By screen-
ing over 1000 strains, Candida parapsilosis IFO 1369 was selected
as the best strain for the purpose. Although the enzyme required
NAD™" as the coenzyme, E. coli cell overexpressing the dehydroge-
nase catalyzed the oxidation without any co-substrate to regener-
ate NAD" from NADH. As a result, (R)-1,3-butandiol of 95% ee was
obtained in 48.4% yield at the substrate concentration of 15%. The
chiral alcohol was used for synthesis of penem and carbapenem
drugs.

Figure 60 shows the synthesis of both enantiomers of nonactate
using Rhodoccocus erythropolis. Oxidation of the racemic methyl
nonactate in aerobic conditions gave (—)-ketone, remaining (+)-
isomer in 48.5% yield with >98% ee. The resulting ketone was re-
duced with the same microbe under anaerobic conditions affording
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Table 4
Reduction of keto esters to (S)-alcohols
Product Biocatalyst Ref.
OH
2 60% yield, 76% ee Baker’s yeast in ionic liquid [bmin]PFg 51
< CO,Et
(S)
OH
Ph/\/\CO Et Gre2p + NADPH, 90% ee, Saccharomyces cerevisiae putative 59
S 2 E. coli cell (Gre2p) 58% yield, 91% ee dehydrogenase (recombinant)
93% yield, 96% ee Rodococcus erythropolis 66
(designer cells + GDH in E. coli)
OH
X -
AN CO,Et X=H, 99% ee Yeast SADH (YMR226¢, recombinant), NADPH 85
| _— (S X =H, 99% ee, X=Cl, 63% ee Sporobolomyces salmonicolor carbonyl reductase 65
OH
: R = CH3, R = Et, 95% ee Archaeon Pyrococcus furiosus ADH 35
CO5R 9
RT2 (hyperthermophilic,
half-life of 130 min at 100 °C), NADH, recycle with
glucose
R = CH3, R’ = Et, 84% ee, R = Ph, R’ = Et, 85% ee Yeast SADH (YMR226¢, recombinant), NADPH 85
R = CH3, R’ = CH3, >99% ee R = CH3, R’ = Et, >99% ee Baker’s yeast in glycerol 50
R = CH3, R’ = Et 70% yield, 95% ee Baker’s yeast in ionic liquid [bmin]PFg 51
R = CH3, R’ = t-Bu 87% yield, >99% ee Geotrichum candidum MBRC 5767 in 9
ionic liquid [emin]PFg
82% yield, >99% ee
OH
- rostaglandins
MCOZEt ﬁjcotrignes Therm?anerobacter sp., ADH, 69
R \ isoprostanes INIRIDIF” 2 el
atractyligenin
OH
N CN X =H, 4-F, 2,4-F, 2, 4-Cl, 4-Br 4-CN, 4-NO,, 3-NO,, 3-CH30 CMCR 63
X _ 97-99% ee
(R) X =H, 97% ee 92% ee Yeast reductase, YGLO39w, YGL157w 27

(—)-isomer in 57% yield with >98% ee. Both the isomers are the
important units for the synthesis of nonactin, a macrotetrolide nat-

ural product.'%®

0]

Figure 61 shows the use of plant cells, Cucurbita maxia (pump-
kin), for chemoselective oxidation of prenyl alcohol to the corre-

sponding acid. Remote and allylic olefinic moieties were inert to

(0]

X C0:Me  Baker's yeast
_
H,0-DMSO

OH
85% yield major

o 4

co,Me

oSN X COsMe

90% de, >99% ee

Key intermediate for terpene synthesis

Figure 51. Regio- and enantioselective reduction of diketones by baker’s yeast for the synthesis of key intermediate for terpenoids.
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AT AT

S.cerevisiae o
overexpressed )-endo >99% ee

YMR226¢

X&_>o

Figure 52. Regio- and enantioselective reduction of diketones by engineered yeast
TMB4100 overexpressing YMR226c.

OH
(-)-exo 84% ee

the oxidation.!'® The product, geranylgeranoic acid, is a useful in-
ducer for apoptosis of mammalian cells.!!!

A clean and effective alcohol oxidizing system using three en-
zymes and oxygen has been developed as shown in Figure 11.1°
Brevibacterium alcohol dehydrogenase and aldehyde dehydroge-
nase were used for conversion of primary alcohols to the corre-
sponding acids. Regeneration of NAD" to NADH was done by
molecular oxygen and NADH oxidase from L. brevis.!®

Figure 62 shows oxidative decarboxylation of a-methyltropate
by Rhodococcus sp. KU1314. Optically active a-phenylpropionate
was obtained in 53% yield with 65% ee.'!? The reaction proceeded
through non-selective oxidation of tropate, decarboxylation of
semialdehyde, enantioface-differentiating protonation, and oxida-
tion of phenylpropionaldehyde to phenylpropionate.

5.2. Oxidation of C-H bonds
Oxidation of C-H bonds to C-OH (and to C=0) is described in

this section. Figure 63 shows oxidation of C-H to carbonyl group
for the synthesis of Nootkatone, the most important and expensive

Lactobacillus brevis

(recombinant)
o O ADH

o M _N__cotBu

NADPH

(recycling with 2-PrOH)

aromatic of grapefruit. It decreases the somatic fat ratio, and thus
its demand is increasing in the cosmetic and fiber sectors. A sesqui-
terpene hydrocarbon, (+)-valencene, which is cheaply obtained
from Valencia orange, was transformed by microbes such as micro-
algae and fungi. Among them, the green algae, Chlorella species,
afforded nootkatone in high yield.''3114

A series of 2-, 3-, and 4-substituted pyridines were metabo-
lized using the mutant soil bacterium, Pseudomonas putida UV4,
which contains a toluene dioxygenase (Fig. 64).1'° The regioselec-
tivity depended on the position of the substituent. 4-Alkylpyri-
dines were hydroxylated exclusively on the ring to give the
corresponding 4-substituted 3-hydroxypyridines, while 3-alkyl-
pyridines were hydroxylated stereoselectively on C-1 of the alkyl
group (90% ee (R)) with no evidence of ring hydroxylation. 2-
Alkylpyridines gave both ring and side-chain hydroxylation prod-
ucts (83% ee (R)).

5.3. Baeyer-Villiger oxidation

Enzymatic Baeyer-Villiger oxidation is widely used for syn-
thetic organic chemistry.'’® The reaction mechanisms are de-
scribed in Figure 3. As a biocatalyst for Baeyer-Villiger
oxidations, monooxygenase from Acinetobacter has been widely
used since 1990s."'71'8 Now various enzymes used for Baeyer-Vil-
liger oxidation were expressed in E. coli or S. cerevisiae (baker’s
yeast). For example, monooxygenase from Xanthobacter sp. ZL5
was used for Baeyer-Villiger oxidation of cyclohexanones, cyclob-
utanones, and polycyclic ketones as shown in Figure 65.11°

Whole cell of E. coli overexpressing Acinetobacter sp. NCIB 9871
cyclohexanone monooxygenase has been used for the Baeyer-Vil-
liger oxidations of a variety of 4-mono- and 4,4-disubstituted
cyclohexanones as shown in Figure 66.'2° The efficient production
of cyclohexanone monooxygenase in the E. coli expression system
(ca. 30% of total soluble protein) allowed these oxidations to reach

OH 0
o A _M_cozau

(5S), 99.5% ee

Prasad's method

Evans' method

1)B(OMe)Et,
2)NaBH, Me4N[B(OAc);H]
OH OH OH OH

Cl COt-Bu cl - _CO,tBu

syn, 93% de

anti, 90% de

Figure 53. Regio- and enantioselective reduction of 1,3-diketone by Lactobacillus brevis alcohol dehydrogenase.

6 o6 0 Acinetobacter sp. SC13874 OH OH O
tho\)J\/U\/U\O/\ ' Ph O o
Reductase Ill o
Reductase | syn-(3R,5S), >99% ee

Reductase Il

OH O 0 oOoH
20 L _N_ cogt Bzo N _L_cozt

(5S) (3R)

Potential intermediates
for the synthesis of
HMG-CoA reductase inhibitors.

Figure 54. Enantioselective reduction of diketone to diol by Acinetobacter sp. SC13874.
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Table 5
Reduction of diketones to hydroxyl ketone and diol
Substrate Product Biocatalyst Ref.
(0] (0] O OH OH O
Acinetobacter sp. SC13874 96
Ph \/O o N Ph \/O 0 N
syn-(3R,5S), >99% ee
O O
M o M
it\t\/\/coz € » WCOZ € Baker’s yeast, H,0-DMSO 93
(0] OH
(2R,3S), 90% de, >99% ee, 85% yield
(0] OH
\ Trichosporon cutaneum 97,98
(0] 1OH
(1S,2R), 75% yield, >99% ee (from diketone),
90% yield, >99% ee (from recemic monoalcohol)
%& %@ Recombinant yeast, YMR226C glucose 28
(0] (0]
BCO2,6D
(1R,4S,6S) 6 hydloxyblcyclo[2 2,2]octane-2-one
(0]
S. cerevisiae overexpressed YMR226¢ 94
(0]
(+)
)-endo, >99% ee
(0)
S. cerevisiae overexpressed YMR226¢ 94
(0]
)
)-exo, 84/ ee
%O % Carrot 37

(+)-camphorquinone

)-3S- exo hydroxycamphor

completion in approximately half the time required for the engi-
neered baker’s yeast strain. Surprisingly, 4,4-disubstituted cyclo-
hexanones were also accepted by the enzyme,

Glycine max

P51 reductase HS%CHa
[OXNe)

Glycine max

P83 reductase HaC CHs

A3

o)

and the

(2R,3R), 99% ee, 99% de

(25,3R), 96% ee, 98% de

Figure 55. Reduction of C=C bond by enzymes from Glycine max.

enantioselectivities of these oxidations could be rationalized by
considering the conformational energies of bound substrates along
with the enzyme’s intrinsic enantioselectivity. The enzyme ex-
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Table 6
Reduction of C=C bonds by plant and microalgae
Substrate Product Biocatalyst Ref.
(0] (0]
it/( ij/CHS 97% ee Tobacco p74 reductase 100,105
(S)
(0] (0]
71% ee S. elongatus PCC 7942 102,103
@/CHS ij/CHS 99% ee Tobacco p90 reductase 100
(S)
b o 85% ee S. elongatus PCC 7942 103
@/CHS i’j «CHjy >99% ee Tobacco p44 reductase 100
(R)
(0] o
% CHj é/CH3 98% ee S. elongatus PCC 7942 102,103
S
CHj CHj
O, (0]
80% ee S. elongatus PCC 7942 102,103
(R)-carvone (1S,4R)
(0] (0]
(15,4S) 81% ee S. elongatus PCC 7942 102,103
/\ /\
(S)-carvone
HsC. H3C,
n A (R) 100% ee, 89% ee Tobacco p44 reductase, 101
0 ’}1 ©) 0 N 9) Tobacco p90 reductase
Ph Ph
o (0]
R = Me, Et, Pr
(S)  89-94% ee
R Baker's yeast R
old yellow enzyme
o) expressed in £. coli fe)
R R (R) R = Me, Et
- o ee
90-96%
Figure 56. Reduction of C=C bond by enzymes from baker’s yeast.
pressed in E. coli cells also oxidized several 4-substituted cyclo- lectivities. In the case of 4-methylcyclohexanone, the lactone was

hexanones bearing polar substituents, often with high enantiose- obtained in >98% ee.
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FOH FaldDH

CO, — CH,0, —— CH,0O — . CH4OH

Particle-attached
four enzymes

@ @ immobilization

Four Enzymes  Particle

= immobilization

e

.Particle—attached

Particle NAD*
Cofactor P.)+
(NAD*-NADH)

Particle-attached
four enzymes

8
‘&’-‘L‘m:-‘-"‘
XA CII

A

Figure 57. Reduction of CO, to methanol by co-immobilized enzymes and immobilized NADH.

Peptostreptococcus products U-1

O2N%\Ph O,N j/\ Ph
Me

Me

H,N
2 Ph

Me

47 % yield from nitroolefin
45% from racemic nitroalkane

Figure 58. Reduction of nitro group by Peptostreptococcus productus U-1.

Candida parapsilosis

alcohol dehydrogenase
OH expressed in £. coli 0 OH

M )J\/\ /k/\ (R), 48.4% yield, 95% ee
OH OH

15% concentration

CO,H
Carbapenem

Figure 59. Oxidation of 1,3-butandiol by Candida parapsilosis.
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/K/O\rCOZMe Rhodoccocus
er'yfhrapo//s W COpMe /U\I\/C%Me

7 aeroblc
: 7 COZMe +)-methyl nonactate Rhodoccocus
: yield 48.5% er'yf‘hr'opo//SJ anaerobic
>98% ee
OH

:(@\/\ /N\J_\_>< — : Ko ; COMe

(-)-methyl nonactate

o
WO, A~_0O 0 57% yield
. : >98% ee
nonactin o =

Figure 60. Oxidation and reduction for preparation of both enantiomers of nonactate by Rhodoccocus erythropolis.

Pumpkin cells

N N N N _—

OH
O

AN AN AN AN OH

geranylgeranoic acid,
an inducer for apoptosis of mamalian cells

Figure 61. Oxidation of prenyl alcohol by Cucurbita maxia (pumpkin).'®

- i Me
CO,H nogXis(;a;?igtrl]ve Me, COH decarboxylation .
———— > Ph °c _— 5 N %Y
OH Ph
Ph
H H
ﬂRhodococcus

enantioface-differentiating
protonation

Me Me

Ph/'\COZH Ph/kc HO

(R), 53% yield, 65% ee

Figure 62. Oxidative decarboxylation of a-methyltropate by Rhodococcus sp. KU1314.!'2
(0]
Chlorella vulgaris
- - 7
100% yield
Valencene Nootokatone
Figure 63. Oxidation of CH bonds by Chlorella."'*
N Pseud tida wa Xy
| seudomonas putida | yleld 15%
— ~
N N
OH
N . =
| Pseudomonas putida UV4 A (R), yield 30%, ee 90%
~ ’ y
N | ~
N
: OH N
| X Pseudomonas putida UV4 @/ | B
— _ N
N
N OH
11% (R), yield 29%, ee 83%

Figure 64. Oxidation of alkylpyridines by Pseudomonas putida UV4 toluene dioxygenase.'!®
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Ri,Ra,  ee(%)

Me, H, >99

OH, H, racemi

Cl, H, 97

Br,H, 99

I, H, >99

COzEt H, 98

tBu, H, 99

Ph, H, 98

Me, Et, 66

Me, OH, >99

Ph,Me, 95

R.X, ee(%)
0 O

0 Me, O, >99
— ) CH= CH2,O, >99

R X7 R )
H NMe 2
C|—<I/¥—o—>C|ACCT4 ~99
(I~ — CCf o8
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o Ry,Ro, ee(%)
H,H, 97
=CH,, >99

S, ", cyclopropyl,H, >99

“ R cis-OH, >95

Ry Re Ri ™2 {rans-OH, >95
R, ee(%)

0 Ph, 83

\\EL e 4-CIPh, 81
Bn, 88

R 3-MeO-Bn, 97
iBu, 76
%)
/ - w >99
(0]

(@)

\

- = 97

Figure 65. Baeyer-Villiger oxidations by Xanthobacter sp. ZL5 monooxygenase.''®

o Engineered E. coli cells 0}
overexpressing Acinetobacter sp. NCIB 9871
cyclohexanone monooxygenase

R Ro Ri ;3(2
Ry R,  Yield (%) Ee (%)
Me H 61 >98
Me Me 61
Et H 91 97
Et Me 91 75
Et Et 60
cyclopropyl 74
OH H 61 9.1
Et OH 54 94
OMe H 84 78
Br H 63 97
| H 60 97

Figure 66. Baeyer-Villiger oxidations by whole cell of E. coli overexpressing
Acinetobacter sp. NCIB 9871 cyclohexanone monooxygenase.'?°

The enantioselective kinetic resolution of a set of racemic-
substituted 3-phenylbutan-2-ones employing phenylacetone
monooxygenase (PAMO) in non-conventional media was per-
formed. The (S)-ketones were oxidized, but the (R)-isomers re-
mained unreacted. The selectivity factor, E value increased by the
use of miscible organic solvents such as methanol. For oxidation
of 3-(4-methoxyphenyl)-butan-2-one, E values were 32 and 49 in
aqueous system and 30% methanol system, respectively, as shown
in Figure 5b.!!

Effect of substituent length of 2-cyanoalkylcyclohexanone on
the selectivity of Baeyer-Villiger oxidation by cyclohexanone

monooxygenase was examined as shown in Figure 67.2! In the
reaction of the cyanoethyl derivative, only the (R)-substrate was
oxidized to the proximal (R)-lactone (50% yield with 97% ee) and
the (S)-isomer could not be oxidized (recovered: 46% yield with
95% ee). In the reaction of the cyanomethyl derivative, both enan-
tiomers of the substrate were oxidized and the (R)-substrate was
oxidized to the proximal lactone in >99% ee and the (S)-substrate
was converted to the distal lactone in >99% ee. The 2-cyano sub-
strate was inert to the oxidation.

Other examples of Baeyer-Villiger oxidations are summarized

in Figure 68.122-125

5.4. Oxidative polymerization

Oxidative polymerization was catalyzed by peroxidases and lac-
cases. For example, (+)-catechin was oxidatively polymerized by
Myceliophthora laccase in a mixture of a polar organic solvent and
buffer to give a new class of flavonoid polymers.'?® The polymers
showed greatly amplified superoxide scavenging activity and xan-
thine oxidase inhibitory activity compared with monomeric
catechin.

In another example shown in Figure 69, nanoscale surface pat-
terning and polymerization of caffeic acid on 4-aminothiophenol-
functionalized gold surfaces have been demonstrated with dip
pen nanolithography (DPN).'?” The diphenolic moiety of caffeic
acid can be polymerized by laccase or horseradish peroxidase.

6. Dynamic Kinetic resolution

Dynamic kinetic resolution of racemic substrate proceeds
through asymmetric reduction or oxidation when the substrate
does racemize and the product does not under the applied exper-
imental conditions. Recent development in dynamic kinetic resolu-
tion has been reviewed.!?®
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Oxidation of 2-cyanoalkylcyclohexanone
by cyclohexanone monooxygenase (CHMO)

CN __CHMO _

0}
“~_CN

(R), 50% yield, 97% ee

), 46% yield, 95% ee

__CHMO _

(R), 32% yield, >99% ee

CN CHMO

), 36% vyield, >99% ee

no reaction

Figure 67. Effect of substituent length of 2-cyanoalkylcyclohexanone on selectivity of Baeyer-Villiger oxidation by cyclohexanone monooxygenase.'?'

0 Acinetobacter
fjj Cyclohexanone monooxygenase
R 07 R

Mycobacterium tuberculosis
o) Monooxygenase
(recombinant £.coli)

(o) 50% conversion
E= > 200

o Acinetobactor calcoaceticus
MCIMB 9871

Cbz

(1R,5R),

R vyield (%) ee (%)

o)
o Me 80 >995
Et 90 >995
) CH=CH, 40  >99 (122]
R 07 R Pr 19 98
iPr 0
Bu 0
oot .
(1R6S), >99% ee  (15,6R), >99% ee
0 y /O
o (j !/ [124]
N -
Cbz Cbz

36% vyield, 96% ee (1S5,4S), 41% yield, 86% ee

R0
Precursor for 9 o PRl

necine base pyrrolizine alkaloid 3/\!{\>
N

Acinetobacter

O
B/:f Cyclohexanone monooxygenase

[125]

K00

(15,5R), 88% yield, 12% ee

Figure 68. Examples for Baeyer-Villiger oxidations.'?2-12

6.1. Dynamic kinetic resolution through reduction

Dynamic kinetic resolution of o-alkyl B-keto ester has been per-
formed through enzymatic reduction. One isomer, out of the four
possible products for the unselective reduction (Fig. 70), can be
selectively synthesized using biocatalyst.

Figure 71 shows dynamic kinetic resolution of cyclic p-keto es-
ters by enzymes from baker’s yeast.!?® Twenty purified dehydro-
genases from baker’s yeast expressed as fusion proteins with
glutathione S-transferase were tested for their ability to reduce
three homologous cyclic B-keto esters. The majority of dehydro-
genases reduced ethyl 2-oxo-cyclopentanecarboxylate, yielding a

545
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A“J'll /]

Ti (25 nm) + Au (300 nm)

f?

oH

O
HRP + H,0,
ﬂ pH=6.0-7.0
Rm. Temp. O OH O

/
:

Figure 69. Oxidative polymerization of caffeic acid on 4-aminothiophenol-functionalized gold surfaces by horseradish peroxidase (HRP).'?’

O O OH O OH O
MOEt - MOEt /\:)J\OEI

anti (2R, 3R) syn (2R, 35)

fast
in aqueous buffer

syn (2S, 3R) anti (25, 39)

Figure 70. Possible products of dynamic kinetic resolution of a-methyl p-keto ester
through reduction.

pair of diastereomeric alcohols with consistent (1R)-stereochemis-
try. Ethyl 2-oxo-cyclohexanecarboxylate reductions afforded only
cis-alcohol enantiomers. Ethyl 2-oxo-cycloheptanecarboxylate
was accepted by two enzymes in the collection, and both yielded
mainly the cis-(1R,2S)-alcohol. E. coli cells overexpressing the
YDL124w gene were used in a dynamic kinetic resolution of ethyl
2-oxo-cyclohexanecarboxylate to produce the key intermediate in
a chemo-enzymatic synthesis of (1R,2S)-2-methyl-1-cyclohexanol,
an important chiral building block.

Figure 72 shows the dynamic kinetic resolution of a-acetyl-y-
butyrolactone. The reaction with Kluyvermyces marxianus gave
(+)-(3R,1'S)-a-1'-hydroxyethyl-y-butyrolactone in 100% ee and
100% de. The corresponding (—)-(3S,1’R)-enantiomer was produced
with Hansenula sp. in 100% ee and 90% de. The products are as po-
tential CNS (central nervous system) ligands or as attractive inter-
mediates to new bioactive compounds.'3°

Commercially available ketoreductases (KRED-101-120, Codex-
is, Inc. Pasadena, CA, USA) were used for dynamic kinetic resolu-
tion of diketones and keto esters.*>!3! 3-Alkyl-2,4-pentandione
was reduced to the corresponding (syn-3R,4S)-monoketone and
(anti-35,4S)-isomer by KRED 102 and KRED 118, respectively.
KERD A1B reduced 3-allyl substrate to the (syn-3S,4R)-product
(Fig. 73).

Dynamic Kinetic resolution of 3-hydroxy-4-chromanone pro-
ceeded with T. cutaneum CCT 1903 through oxidation of (S)-
hydroxychromanone and reduction of (R)-hydroxychromanone
(Fig. 74). (3R,4S)-3,4-chromanediol was obtained in 40-58% yield
with up to 99% ee.'3? The product is the precursor for HIV protease
inhibitors.

Dynamic kinetic resolution of substituted o,B-unsaturated ke-
tone was catalyzed by commercially available KRED 108 and
NADPH with a coenzyme recycling system by 2-propanol and
KRED 104 (Fig. 75). The corresponding cis-(S)-alcohol was obtained
in 89% isolated yield with 99% de and 95% ee. The chemical meth-
ods were also attempted, and several catalysts could reduce the
substrate with high ee. However none showed high
diastereoselectivity.'>?

Figure 76 shows the dynamic kinetic resolution of 3-oxo-4-phe-
nyl-p-lactam by recombinant E. coli overexpressing yeast reduc-
tase, Aralp. As a result, cis-(3S,4R)-3-hydroxy-4-phenyl-p-lactam
was obtained as a single enantiopure product.'34

Figure 77 shows dynamic kinetic resolution of 2-substituted
esters having an aldehyde group at 3 position to optically active
3-hydroxyesters.®*13>-138 The enantioselectivity can be con-
trolled by changing the ester group for the baker’s yeast
reduction.

Other examples of biocatalytic kinetic resolution through
reduction are summarized in Table 7.
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o C
é/COQEt é CO,Et \COQEt
]

trans-(1R,2R) c:s—(1 R2S)

H
? CO,Et ! CO,Et CO,Et
cis-(1R,2S)
? CO,Et :
cis-(
OH

Engineered E. coli OH
: CO,Et YDL124W CO,Et CHj
—_—

—_—
NADPH NADP*

_CO,Et

cis-(15,2R) (1R29)
>98% de, 80% ee important chiral building block

Figure 71. Dynamic kinetic resolution of cyclic B-keto esters by baker’s yeast enzymes.'?°

ile)

H O
Kluyveromyces marxianus | (+)-(3R,1'S)
o O HsC O 100% de, 100% ee

Hansenulla sp. OH ()-3S1'R)

HsC O 90% de, 100% ee

&

Figure 72. Dynamic kinetic resolution of a-acetyl-y-butyrolactone with Kluyvermyces marxianus or Hansenula sp.'3°

OH ©
O R= Me, Et, allyl
KRED 102 A)J\ >99% de, >99% ee
o o R (3R49)

A on o
R KRED 118 : R = Et, allyl
>98% de, >99% ee
NADPH

(recycled by glucose and R (3545)
glucose dehydrogenase)
OH O o
KRED A1B R =Et, 90% de
/k#k R = allyl 98% de,
(35,4R) >99% ee
Figure 73. Dynamic kinetic resolution of diketones by commercially available ketoreductases, KRED-101-120.4>13!
(0] OH
“OH , ~_OH
Trichosporon cutaneum ©(j
Y o]
reductior:\ 0 (3R,4S), 40-58% vyield, 92-99% ee
| OH precursor for HIV protease inhibitors
(6]
oxidation //
(0]
OH
()
(6]

Figure 74. Dynamic kinetic resolution of 3-hydroxy-4-chromanone by Trichosporon cutaneum CCT 1903.'3?
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o)
KRED 108
—_———
COEt .~ N\
Co,Et  NADPH  NADP*

X

KRED 104

(S), cis
89% yield, 99% de, 95% ee

CO,Et

CO,Et
OH

N

Figure 75. Dynamic kinetic resolution of o,3-unsaturated ketone by commercially available reductase, KRED 108.'3?

Yeast reductase Aralp

0 Ph !
expressed in E. coli
N,
ol PMP

PMP = p-methoxyphenyl

‘PMP

(35,4R), >98% ee trace

Figure 76. Dynamic kinetic resolution of 3-oxo-4-phenyl-B-lactam by yeast reductase, Aralp.’>*

0
H)K/COZR o~ COR

(R)-aldehyde

L

0}

H)krcozR

(S)-aldehyde

(R)-alcohol

Biocatalyst: Baker's yeast [135, 136];
Thermoanerobium brockii [137];
Candida humicola [138]

yield: up to 84%, ee: up to 98%

Figure 77. Dynamic kinetic resolution of aldehydes.53135-138

6.2. Dynamic kinetic resolution through Baeyer-Villiger
oxidation

Dynamic kinetic resolution via Baeyer-Villiger oxidation has
been reported.'""'>! Racemization of a ketone having an a-alkyl
substituent is possible if the reaction was conducted at basic pH
or an anion exchange resin was added. Thus, oxidation of 2-benzyl-
oxymethylcyclopentanone by recombinant cyclohexanone mono-
oxygenase in E. coli in the presence of Lewatit MP62 (tertiary
amine type anion exchange resin) gave the (R)-lactone in 84% yield
with 97% ee (Fig. 78a).1>!

Racemization of B-keto nitrile through Baeyer-Villiger oxida-
tion is also possible since a-hydrogen is very acidic. For the reac-
tion, phenylacetone monooxygenase was used as shown in Figure
78b."! The use of ethyl acetate (10%) as a co-solvent increases
the yield of oxidation product, and enantiopure (R)-2-acetoxyphe-
nylacetonitrile was obtained with 58% yield in >98% ee.

7. Deracemization

Deracemization reaction, transformation of racemic compounds
into chiral forms in one pot without changing their chemical struc-
tures, has been performed using microorganism containing several
enzymes with different stereochemistries. Instead, use of two iso-
lated enzymes or use of one enzyme for enantioselective conver-
sion and a chemical reagent is also possible to perform
deracemization. This section shows some examples for
deracemization.

7.1. Deracemization of alcohols

Deracemization of alcohols has been widely investigated
since it is common that single kind of microorganism expresses
several alcohol dehydrogenases with different enantioselectivi-
ties for a given substrate. One of the examples is deracemiza-
tion of phenylethanol derivatives using G. candidum under
aerobic conditions, in which the (R)-alcohols were obtained
from the racemates.'”?>!>> The mechanism of deracemization is
explained with the idea of oxidation-reduction process with
two enzymes having different stereospecificities. In this case,
the (S)-specific enzyme catalyzed reversible transformation of
alcohol to ketones and ketones to alcohol, and the reaction cat-
alyzed by (R)-enzyme was irreversible, so (R)-alcohol accumu-
lated when the cell and racemic alcohols were mixed as
shown in Figure 79a. The experiment using a deuterium labeled
alcohol, racemic 1-d-phenylethanol, in microbial deracemization
showed that the deuterium on the chiral center from the react-
ing enantiomer being inverted was exchanged by hydrogen
from ‘outside’, while the deuterium in the mirror-image re-
mained unaffected.

Figure 79b shows deracemization of 1,2-hexandiol by C. par-
apsilosis NBRC 0708. In this reaction, the (R)-isomer was oxi-
dized to the hydroxyketone by NADH-dependent
dehydrogenase and the hydroxyketone was reduced to the (S)-
diol by NADPH-dependent enzyme. The (S)-isomer could not
be oxidized.'>*

Figure 80 shows deracemization of various alcohols with
multiple enzymes system. (S)-enantiomers were obtained by
the (R)-selective oxidation with Alcaligenes faecalis and (S)-
selective reduction using Rhodococcus rubber or Rhodococcus
erythropolis. (R)-enantiomers were also accessible with a similar
system using R. erythropolis DSM 43066 as the (S)-oxidation
enzyme and L. kefir alcohol dehydrogenase as the (R)-reduction
enzyme.'>>

Figure 81 shows reduction of 1,2-indandione accompanying
deracemization of alcohol group with the yeast T. cutaneum.
By the reduction, (1S,2R)-1,2-indandiol was obtained in 75%
yield with >99% ee. The precise research on reaction mechanism
revealed that the reduction of diketone afforded racemic 2-
hydroxyketone, and the deracemization of the monoalcohol fol-
lowed by the enantioselective reduction gave (1S,2R)-1,2-indan-
diol. In fact, the reaction of the same microbe with the racemic
2-hydroxyindan-1-one afforded (1S,2R)-diol in 90% yield with
>99% ee. 9798
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Dynamic kinetic resolution. The below references are cited in [139-150,4b,38,51,130,40,26,131,30]

Substrate Product Biocatalyst  Ref.

92% de .
Methyl vinyl ketone [139]
>99% ee was used as an additive
>99% de Yeast ADH [140]
0,
R!: R% R? = >8;5{,°/0d:e Glycine max [141]
Ha; CHa; CoH
CHa; CHg; Cols >99% de Yeast (YOR120w) [142]
OH O >99% ee ADH
T 99% de Klebsiella pneumoniae
R1\)J\0R3 >99% ee 2 Kg scale [143]
R?
100% yield
(syn-2R,3S) 599% do. J50% e KRED 102 [4b]
0,
R': R2 R3= ggé},/sze Baker's yeast [144]
CHg, CHg3, neopentyl
>99% de Yeast ADH [140]
0,
RY: RZ: RO = Sgg/g/:é% Mucor Javanicus [145]
CHa; allyl; CoHs 9994 ge Yeast (YOR120w) (142]
>99% ee ADH
8322 gg Marchantia polymorpha  [141]
R'; R% R3 = 0
CHy CHy CoHs  aop oo Riccia fluitans [146]
OH O 84% de . o
H >99% ee Candida tropicalis [145]
R! OR3
R': R2: R3 =
R? A 88% de Baker's yeast [144]
anti-(2S,3S) e
R, R% R3 = 94% de Yeast (YDR541c) (142]
CHg; allyl; CyHs >99% ee
OH O OH O
H3C/\)kOEt H,C OEt
N X [38]
(2R,39) (28,3S)
85% conv. 258 : 74.5 D. carota
4% conv. 40 : 60 D. carota + microbial inhibitor
( chloramphenicol + cyclohexylimide)
OH
EtO,C._~_CO,Et
90% de, 100% ee KRED 101

o

(3S4R) -
Etochk{cozEt i \<

R

Baker's yeast

OAc
EtO,C._~_ NHBoc
- 147
& [147)
Useful intermediate
OH
Eto?cd\(COZEt 99% de, 100% ee  KRED 108
(BRA4R) <
“Ph
Baker's yeast
100% conv. (Immobilized withalginate)
98% de, 99% ee glucose
OH
~_ . CO,Et perfluorooctane
O
Baker's yeast
(1S,2R) 75% yield (Immobilized with alginate)
84% ee

[bmim]PFg: H,O: MeOH = 100:10:2
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Substrate Product Biocatalyst  Ref.
oH 0
S 100% yield ;
Hsc\_‘/o 100% de Kluyveromyces marxianus
o O (+)-BR,1'S)
[130]
Hsc%o oH O
0,
H3CJ\&/O 1%%é2deee Hansenulla sp.
(-)-BS.T'R)
i CO,E QH R =Me
R)Ké/ HEt R/\/002Et 33% yield Baker's yeast
o o 92% de, >99% ee [148]
R=Ph Kluyvromyces marxianus
73% yield
Cl (2R,3S) Cl >99% de, 97% ee
,,,,,,,,,,,,,,,,,,,,,,,,,,,,6l:| ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
HeC ~_CO,Me
0 8 100% de, >99% ee Gossypium hirsultum
COzMe NHCOPh
HsC)S/ anti-(2S,3S) co [40]
“NHCOPh OH
~_-COMe . .
H3C Y 100% de, >99% ee Parthenocissus tricitspidata
syn-(2R,3S) “NHCOPh
OH s .
. cerevisiae
Ph COoEt YJRO%GW
o C syn-(3R) expressed in E. coli
CO,Et OH
R : S. cerevisiae
cl Et COEt YGL157W 26]
Cl anti-(38) expressed in E. coli
OH s .
: o i - . cerevisiae
Hae - COE 89% omated vield YOR120w
él syn-(3S) expressed in E. coli
100% yield
: KRED102
R R (3R4S) >99% de
R = Me, Et, -CH,CHMey,, allyl,
-(CH,),CH=CH,, -CH,CH=CMe,
OH O 100% yield [131]
: R=Et, >98% de,
R=Pr, 90% de KRED118
R (35,4S) R=allyl, 98% de
OH O 100% yield
R=Et, 90% de KRED A1B
4 R=allyl, 98% de
R (3S,
P % t o 9 recombinant
CO,B 66% yield ! .
)%/U\/ 2BU )W)JVCOZBU‘ 04% de’“gééz% e Lactoba/_c\:ll:l)lﬁs brevis [149]
(4S,5R)
OH
: 83%conv.
HaC Ph 84% de. >99% ee W110A TeSADH [30]
Cl (2S8,3R)
0, iel ,
i%é’o}élzg Baker's yeast [150]

et
oGl

e OMe
S
@ OH
N (25,39)
H O

intermediate for Diltiazem
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Recombinant
(@) E. coli TOP10[pQR239] o

o}
[151] cyclohexanone monooxygenase o
OBn
R 0OBn

Lewatit MP62
temary amine type
anion exchange resin)

&

(b)
[11] Ph Phenylacetone monooxygenase )OJ\ CN
P
CN 10% AcOEt 0" "Ph
NADPH

R % yield %o
Glucose-6-phosphate (R, 58% yield, >98% ee

Glucose-6-phosphate dehydrogenase

Figure 78. Dynamic kinetic resolution of (a) a-benzyloxymethyl ketone'>! and (b) p-keto nitrile!" via Baeyer-Villiger oxidation.

(without any reaction)

(a) OH\D OH\H OH D
A [152,153]
Geotrichum candidum 50% deuterium
after deracemization
Enzyme-2
-
S Enzyme-1
(b)
/\/?i/ o i 2
OH NAD*  NADH OH NADPH NADP* _~_-~_OH
A ~ . /\)J\/ N ’ A [154]

Figure 79. Deracemization of alcohol by (a) Geotrichum candidum'>*'>* and (b) Candida parapsilosis.'>*

OH OH
(8) __~._, FRrselective oxidation ~_, | S-selective reduction OH
R™ R Alcaligenes faecalis/O, R™ R ADH PG
P o) VR R R
NADH  NAD*
N .
cofactor-recycling system
Substrate ADH Cofactor-recycling system Yield(%) ee(%)
2-octanol Rhodococcus ruber GDH-glucose 99 >99
2-octanol Rhodococcus ruber 2-propanol 96 93
OH
Rhodococcus erythropolis GDH-glucose 99 96
CO,Et

ADH: alcohol dehydrogenase, GDH: glucose dehydrogenase

Figure 80. Deracemization of alcohol by multiple enzymes system.!>>
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(6]
/ OH
0 / ()
o Trichosporon 0 Trichosporon OH
cutaneum cutaneum :
_— >
(A (1S,2R)
75% yield, >99% ee
(from diketone)
90% yield, >99% ee
(from recemic hydroxy ketone)
Figure 81. Reduction of 1,2-indandione by Trichosporon cutaneum accompanying deracemization of alcohol group.®”
Table 8
Deracemization of alcohols to (R)-alcohols
Product Biocatalyst Ref.
OH
/k R= —@—x >95% yield, 95-100% ee Geotrichum candidum 153
i X
(R) —CH,Ph, —CH,SPh,
~(CHz),Ph, 2-pyridyl,
—~CH,OPh, 3-pyridyl,
-CH,CO,Me 4-pyridyl
OH
\)\ R = Ph, CH,CO,Me
R
(R)
OH
HO
\/'\ Ph
Q)
— ) A
OH (0]
/k R= N 79-100% yield, >89% ee Sphingomonas paucimobilis 156
. FaRps
(R) S S
OH
)\ R = Me, Et, CH,CH,Cl
R Ph
(R)
OH
A X = m-F, p-Br, p-NO,, p-OMe 88-100% yield, 99% ee Aspergillus terreus 84,157,158
| X CCT3320, CCT4083
=
(R)
OH
AN 100% yield, 87% ee Catharanthus roseus 159,160
| _N

(continued on next page)
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Table 8 (continued)
Product Biocatalyst Ref.
OH
Ph”™* SN (=) 93% yield, 100% ee Catharanthus roseus 159,160
‘ =
OH
Ph Ph 73-76% yield, 95-97%, Rhizopus oryzae ATCC 9363 161
ee pH 7.5-8
o) P
(R)
OH
)\ 92% yield, 97% ee Candida rugosa 162
CeHi3
(R)
OH
)\/\ 68-79% yield, 76-99% ee Candida parappsilosis 163
Ar ATCC7330
(R)
OH
83% yield, 100% ee Nocardia fusca AKU2131 “at 2%(v/v) 164,165
% 70% yield, 98.7% ee’ substate concentrations
NADPH, glucose, and GDH
(R)
OH
HO\/k 65.5% yield, >99% ee Candida albicans 166
CgH13 CCT 0776
(S
OH
92% yield, 98% ee Candida parapsilosis 167-169
HO
Vk Ph CCTCC M203011
(S)
OH
HOVL R = alkyl, Ph, Ph(CH;),~ 93-100% yield, 97-100% ee Candida parapsilosis 154
R NBRC 0708
(S)
OH
HO o 67% yield, 100% ee Pichia methanolica 170
S
OH
X\ AN CO5Et X =p-NO,, 68% yield, 99% ee, Candida parappsilosis 171
| P X = p-Me, 75% yield, 99% ee ATCC7330
(S)
Other examples for deracemization of alcohols to (R)-alco- 7.2. Chemoenzymatic deracemization of alcohols

hols and (S)-alcohols are shown in Tables 8 and 9,
respectively.

Chemoenzymatic method for deracemization consists of two

reactions, (1) enzymatic oxidation of one enantiomer and (2)
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Table 9
Deracemization of alcohols to (S)-alcohols
Product Biocatalyst Ref.
OH
: B X =m-NO, 96% yield, >98% ee Aspergillus terreus URM 4602 84
| -—X X =p-Cl 95% yield, 91% ee Cyanidioschyzon 172
= X = m-F, p-OMe 84-99% yield, 97->99% ee Aspergillus terreus CCT 4083, 157,158
(S) X=H 100% yield, 98% ee Aspergillus orizae CCT 4964 42
Ginger root
OH
Ph/\n/ Ph 85% yield, 71%, ee pH 4-5 Rhizopus oryzae ATCC 9363 161
(0]
S
OH
: 92% yield, 98% ee Cunninghamella echinulata 173
PhOCHN
~"Pnh
(R)
OH
70% yield, 98% ee Nocardia psudosporangifera AKU NOC 060 164
(RN
OH
: —57% yield, —>99% ee Candida parapsilosis ATCC 7330 174
CO,Et
Ar” T2
S
OH
5 R=Ph 95% yield, 99% ee Candida parapsilosis ATCC 7330 175
PO :
R CO,Et R = CH,CH,Ar 66-70% yield, 91-95% ee
(S) R = CH=CHAr 55-85% yield, 50-99% ee
OH
52-79% yield, 90->99% ee Candida parapsilosis ATCC 7330 176

N CO,R X=S5,0,NH
\ X

chemical reduction to produce racemic alcohols, was developed.
For example, the reaction of racemic lactate with L-lactate oxidase
from Aerococcus viridans in the presence of sodium borohydride in
a phosphate buffer gave p-lactate in 99% yield with >99% ee!”” as
shown in Figure 82a. The similar reaction in an ionic liquid was re-
ported for deracemization of aryl ethanol derivatives. Using Geotr-
icum candidum as the biocatalyst and sodium borohydride as the
chemical reducing agent in an ionic liquid, deracemization of race-
mic 1-(2-thienyl)ethanol gave the corresponding (R)-alcohol in
72% yield with >99% ee (Fig. 82b).178

7.3. Deracemization of amines

Amines can be deracemized by aminotransferase and dehydro-
genase. As shown in Figure 83, E. coli cells expressing branched-

chain amino acid aminotransferase utilizing the gene from Sinorhi-
zobium meliloti ATCC 51124 were used for deracemization of 4-
chlorophenylalanine. The p(R)-substrate was firstly oxidized to
the corresponding keto acid by p-amino acid dehydrogenase
(DadA) in E. coli, and the product was transformed to 1(S)-amino
acid catalyzed by amino acid aminotransferase. L(S)-substrate re-
mained in the system without any reaction. Thus, 1(S)-4-chlor-
ophenylalanine was obtained in 94% ee.!”®

A combination of a selective enzymatic oxidation with an
unselective electrochemical reduction was used for deracemiza-
tion of racemic leucine to L-leucine. p-Amino acid oxidase from
Trigonopsis variabilis was used as enzyme, and the reaction was
conducted at —1.5V versus Ag/AgCl in (NH4),SO4/NH; pH10 buf-
fer. As a result, L-leucine was obtained in 80% yield with 91% ee
(Fig. 84).180
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Figure 82. Chemoenzymatic deracemization of alcohols by (a) Aerococcus viri-
dans'”” and (b) Geotrichum candidum.'”®

8. Conclusions
Asymmetric reduction and oxidations are covered in this re-

view. Asymmetric reductions have been reported continuously
for decades, and an increased number of reports about oxidation

(without any reaction)

COLH

D-amino acid

Cl NH,
(S) ;
/ COH
a

have been published recently. Now, enzyme source becomes di-
verse; enzymes expressed and unexpressed in natural environ-
ment can be used as long as the gene for the enzymes can be
obtained and the enzymes can be expressed in laboratory. An in-
crease in available gene in data bank has also promoted the devel-
opment of biocatalysis. Collaboration between organic chemists
and molecular biologist enabled the use of enzyme overexpressed
in easy-to-use microorganisms such as E. coli or baker’s yeast. An
increase in the number of commercially available oxidoreductase
also promoted the use of enzymes in organic synthesis. Further-
more, to improve the catalysts performance, various reaction con-
ditions were applied to reactions including the use of innovative
media such as supercritical CO, and ionic liquids. With these pro-
gresses in biocatalysis, industrial applications using oxidoreduc-
tase will increase in the future.
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