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Abstract

Chirality is a key factor in the safety and efficacy of many drug products and thus the production of single enantiomers of drug intermediates has
become increasingly important in the pharmaceuticals industry. There has been an increasing awareness of the enormous potential of microorganisms
and enzymes derived therefrom for the transformation of synthetic chemicals with high chemo-, regio- and enatio-selectivities. In this article,
biocatalytic processes are described for the synthesis of chiral intermediates for pharmaceuticals.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction advantages over chemical synthesis as enzyme-catalyzed reac-
tions are often highly enantioselective and regioselective. They

The production of single enantiomers of chiral intermedi- can be carried out at ambient temperature and atmospheric pres-
ates has become increasingly important in the pharmaceuticals  gyre, thus avoiding the use of more extreme conditions which
industry [1]. Single enantiomers can be produced by chem-  ¢ould cause problems with isomerization, racemization, epimer-
ical or chemo-enzymatic synthesis. Biocatalysis often offers  jzatjon, and rearrangement. Microbial cells and enzymes derived
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therefrom can be immobilized and reused for many cycles. In
addition, enzymes can be overexpressed to make biocatalytic
processes economically efficient, and enzymes with modified
activity can be tailor-made. The tools of molecular biology
including gene shuffling and directed evolution of biocatalysts
can lead to increased enzyme activity, selectivity and stability
[2-14]. A number of review articles [14-25] have been pub-
lished on the use of enzymes in organic synthesis. The field of
biocatalysis is very wide and there are number of excellent books
have been published on the use of enzymes in organic synthe-
sis and preparation of chiral compounds [26—32]. This review
provides some selected examples on the use of enzymes for the
synthesis of single enantiomers of key intermediates used in
the key pharmaceutical synthesis. This review article excludes
the development in metabolic engineering as many number of
review articles are published recently [33-36].

2. Antianxiety drug
2.1. Enzymatic preparation of 6-hydroxybuspirone

Buspirone (Buspar®1, Fig. 1) is a drug used for treatment
of anxiety and depression that is thought to produce its effects
by binding to the serotonin SHT1A receptor [37,38]. Mainly as
a result of hydroxylation reactions, it is extensively converted
to various metabolites [39] and blood concentrations return to
low levels a few hours after dosing [40]. A major metabolite,
6-hydroxybuspirone (2, Fig. 1), produced by the action of liver
cytochrome P450 CYP3A4, is present at much higher concentra-
tions in human blood than buspirone itself. This metabolite has
anxiolytic effects in an anxiety model using rat pups and binds to

the human 5-HT1A receptor [40]. Although the metabolite has
only about a third of the affinity for the human SHT1A receptor
as buspirone, it is present in human blood at 30—40 times higher
concentration than buspirone following a dose of buspirone, and
therefore may be responsible for much of the effectiveness of the
drug [41]. For development of 6-hydroxybuspirone as a potential
antianxiety drug, preparation and testing of the two enantiomers
as well as the racemate was of interest. Both the (R)- and (S)-
enantiomers, isolated by chiral HPLC, were effective in tests
using a rat model of anxiety [42]. Whereas the (R)-enantiomer
showed somewhat tighter binding and specificity for the SHT1A
receptor, the (S)-enantiomer had the advantage of being cleared
more slowly from the blood. An enzymatic process was devel-
oped for resolution of 6-acetoxybuspirone 3 (Fig. 1).

L-Amino acid acylase from Aspergillus melleus (Amano acy-
lase 30000) was used to hydrolyze racemic 6-acetoxybuspirone
to (8)-6-hydroxybuspirone 2 in 96% e.e. after 46% conversion.
The remaining (R)-6-acetoxybuspirone with 84% e.e. was con-
verted to (R)-6-hydroxybuspirone 2 by acid hydrolysis [43].
The e.e. of both enantiomers could be improved to >99%
by crystallization. Direct hydroxylation of buspirone to (S)-6-
hydroxbuspirone by Streptomyces antibioticus ATCC 14980 has
also been described [43].

In an alternate process, enantioselective microbial reduction
of 6-oxobuspirone (4, Fig. 2) to either (R)-and (S)-6-
hydroxybuspirone was described by Patel et al. [44]. About
150 microorganisms were screened for the enantioselective
reduction of 4. Rhizopus stolonifer SC 13898, R. stolonifer SC
16199, Neurospora crassa SC 13816, Mucor racemosus SC
16198, and Pseudomonas putida SC 13817 gave >50% reaction
yields and >95% e.e.’s of (S)-6-hydroxybuspirone. The yeast
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Fig. 1. (A) Antianxiety drug, Busiprone (B) enzymatic resolution of 6-acetoxybuspirone.
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strains Hansenula polymorpha SC 13845 and Candida maltosa
SC 16112 gave (R)-6-hydroxybuspirone 2 in >60% reac-
tion yield and >97% e.e. The NADP-dependent (R)-reductase
(RHBR) which catalyzes the reduction of 6-oxobuspirone to
(R)-6-hydroxybuspirone was purified to homogeneity from cell
extracts of H. polymorpha SC 13845. (R)-reductase from H.
polymorpha SC 13845 was cloned and expressed in Escharichia
coli. To regenerate the cofactor NADPH required for reduc-
tion we have also cloned and expressed the glucose-6-phosphate
dehydrogenase gene from Saccharomyces cerevisiae in E. coli.

The NAD-dependent (S)-reductase (SHBR) which catalyzes
the reduction of 6-ketobuspirone 4 to (S)-6-hydroxybuspirone
2 was also purified to homogeneity from cell extracts of P,
putida SC 16269. The (S)-reductase from P. putida SC 16269
was cloned and expressed in E. coli. To regenerate the cofac-
tor NADH required for reduction we have also cloned and
expressed the formate dehydrogenase gene from Pichia pastoris
in E. coli. Recombinant E. coli expressing (S)-reductase and
(R)-reductase catalyzed the reduction of 6-ketobuspirone to (5)-
6-hydroxybuspirone and (R)-6-hydroxybuspirone, respectively,
in >98% yield and >99.9% e.e. [45].

3. Antidiabetic drug (DPP-IV inhibitor, Saxagliptin)

3.1. Enzymatic reductive amination of
2-(3-hydroxy-1-adamantyl)-2-oxoethanoic acid

Dipeptidyl peptidase IV (DPP-1V) is a ubiquitous proline-
specific serine protease responsible for the rapid inactivation
of incretins, including glucagon-like peptide 1 (GLP-1) and
glucose-dependent insulinotropic peptide. To alleviate the inac-
tivation of GLP-1, inhibitors of DPP-IV are being evaluated for
their ability to provide improved control of blood glucose for
diabetics [46—48]. Januvia developed by Merck is a marketed
DPP4 Inhibitor [49].

Saxagliptin 5 [48,50] (Fig. 3A), a DPP-IV inhibitor under
development by Bristol-Myers Squibb, requires (S)-N-boc-
3-hydroxyadamantylglycine 7 (Fig. 3B) as an intermediate.

Previously, several unnatural amino acids [51-53] as interme-
diates for synthetic routes to various drugs have been prepared
by reductive amination of the corresponding keto acids by us.
We have developed a process for conversion of the keto acids 6
to the corresponding amino acid 7 using (S)-amino acid dehy-
drogenases. A modified form of a recombinant phenylalanine
dehydrogenase cloned from Thermoactinomyces intermedius
and expressed in P. pastoris or E. coli was used for this process.
NAD produced during the reaction was recycled to NADH using
formate dehydrogenase. The modified phenylalanine dehydro-
genase contains two amino acid changes at the C-terminus and
a 12 amino acid extension of the C-terminus [54,55].

Production of multi-kg batches was originally carried out
with extracts of P. pastoris expressing the modified pheny-
lalanine dehydrogenase from 7. intermedius and endogenous
formate dehydrogenase. The reductive amination process was
further scaled up using a preparation of the two enzymes
expressed in single recombinant E. coli. The amino acid 7 was
directly protected as its boc derivative without isolation to afford
intermediate 8. Yields before isolation were close to 98% with
100% e.e. [54,55].

Reductive amination was also conducted using cell extracts
from E.coli strain SC16496 expressing PDHmod and cloned
FDH from P. pastoris. Cell extracts after polyethyleneamine
treatment, clarification and concentration were used to complete
the reaction in 30 h with >96% yield and >99.9% e.e. of product
7. This process has now been used to prepare several hundred
kg of boc-protected amino acid 8 to support the development of
Saxagliptin [54,55].

3.2. Enzymatic ammonolysis of
(58)-4,5-dihydro-1H-pyrrole-1,5-dicarboxylic acid,
1-(1,1-dimethylethyl)-5-ethyl ester

The synthesis of dipeptidyl peptidase-IV inhibitor,
Saxagliptin 5 also required (55)-5-aminocarbonyl-4,5-dihydro-
1H-pyrrole-1-carboxylic acid, 1-(1,1-dimethylethyl)ester (10,
Fig. 3C). Direct chemical ammonolyses were hindered by the
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Fig. 3. (A) Antidiabetic drug, Saxagliptin (B) enzymatic reductive amination of 2-(3-hydroxy-1-adamantyl)-2-oxoethanoic acid (C) enzymatic ammonolysis of
(55)-4,5-dihydro-1H-pyrrole-1,5-dicarboxylic acid, 1-(1,1-dimethylethyl)-5-ethyl ester.

requirement for aggressive reaction conditions which resulted
in unacceptable levels of amide racemization and side-product
formation, while milder two-step hydrolysis-condensation
protocols using coupling agents such as 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM), [56]
initially suffered with low overall yields. To address this
issue, a biocatalytic procedure was developed, based upon the
Candida antartica lipase B (CALB)-mediated ammonolysis
of (55)-4,5-dihydro-1H-pyrrole-1,5-dicarboxylic acid, 1-(1,1-
dimethylethyl)-5-ethyl ester 9 with ammonium carbamate
to furnish 10 without racemization and with low levels of
side-product formation [56].

Screening experiments utilized process stream ester feed,
which consisted of ca. 22% w/v (0.91 M) of the ester in toluene.
Since the latter precluded the use of free ammonia due to its low
solubility in toluene, solid ammonium carbamate was employed.
Reactions were performed using a mixture of neat process feed,
ammonium carbamate (71 g/L, 2 mol equivalent of ammonia)
and biocatalyst (25 g/L), shaken at 400 rpm, 50 °C. Under these
conditions, CALB and its immobilized forms Novozym 435 and
Chirazyme L2 provided racemization-free amide with yields
of 69, 43 and 40%, together with 21, 18 and 22% of side-
products (by HPLC) respectively, while all other biocatalysts
(lipases) furnished less than 5% of the desired product [57].
The ammonolysis reaction with free CALB was then optimized.

The inclusion of various additives was investigated with the
aim of ameliorating potential inhibitory phenomena, shifting the
equilibrium towards amide synthesis and reducing side-product
formation. Drying agents such as calcium chloride gave signif-
icant improvement (79% amide and 13% side-products). The
calcium chloride is known to complex alcohols as well as act as
a dessicant, and its presumed binding of ethanol released during
the course of amide formation may have served to mitigate any
deleterious effects of this alcohol on CALB catalysis. A dra-
matic increase in amide yield to 84 and 95% was achieved by
including Sodalime and Ascarite, respectively, at 200 g/L in the
reaction headspace, this presumably by way of adsorption of
carbon dioxide liberated from the decomposition of ammonium
carbamate. A further increase in yield to 98% was attained via
the combined use of 100 g/L of calcium chloride and 200 g/L of
Ascarite [57].

A prep-scale reaction with the process ester feed was used.
Ester (220 g/L) was reacted with 90 g/L (1.25 mol equivalents)
of ammonium carbamate, 33 g/LL (15% w/w of ester input)
of CALB, 110g/L calcium chloride and 216 g/LL of Ascarite
(in the headspace), run at 50°C, 3 d. Complete conversion
of ester was achieved, with the formation of 96% (182 g/L)
of amide 10 and 4% of side-products, and after workup 98%
potency amide of >99.9% e.e. was isolated in 81% yield
[57].
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4. Antiviral drug (HIV protease inhibitor, Reyataz)

4.1. Enzymatic preparation of (1S,2R)-[3-chloro-2-
hydroxy-1-(phenylmethyl) propyl]-carbamic acid,
1, 1-dimethyl-ethyl ester

Atazanavir (Reyataz, 11 Fig. 4A) is an acyclic aza-
peptidomimetic, a potent HIV protease inhibitor [58,59]
approved recently by the Food and Drug Administra-
tion for treatment of acquired immuno deficiencies syn-
drome (AIDS). An enzymatic process has been devel-
oped for the preparation of (1S,2R)-[3-chloro-2-hydroxy-1-
(phenylmethyl)propyl]carbamic acid, 1,1-dimethylethyl ester
(13, Fig. 4B), a key chiral intermediate required for the
total synthesis of the HIV protease inhibitor atazanavir.
The diastereoselective reduction of (1S5)-[3-chloro-2-oxo-1-
(phenylmethyl)propyl] carbamic acid, 1,1-dimethylethyl ester
(12) was carried out using Rhodococcus,Brevibacterium, and
Hansenula strains to provide (1S,2R)-13. Three strains of
Rhodococcus gave >90% yield with a diastereomeric purity
of >98% and an e.e. of 99.4% [60]. An efficient single-stage
fermentation—biotransformation process was developed for the
reduction of ketone 12 with cells of Rhodococcus erythropo-
lis SC 13845 to yield 13 in 95% with a diasteromeric purity of
98.2% and an e.e. of 99.4%. Chemical reduction of chloroketone
12 using NaBHy produces primarily the undesired chlorohy-

drin diastereomer [61]. (15,2R)-13 was converted to epoxide 14
(Fig. 5) and used in the synthesis of atazanavir [61].

4.2. Enzymatic synthesis of (S)-tertiary-leucine

Synthesis of Atazanavir (11) also required (S)-tertiary
leucine (15, Fig. 4C). An enzymatic reductive amination of
ketoacid 16 to amino acid 15 by recombinant E. coli expressing
leucine dehydrogenase from Thermoactinimyces intermedius
has been demonstrated [62]. The reaction required ammonia and
NADH as a cofactor. NAD produced during the reaction was
converted back to NADH using recombinant E. coli express-
ing formate dehydrogenase from P. pastoris. A reaction yield of
>95% with an e.e. of >99.5% was obtained for 15 at 100 g/L sub-
strate input. The chiral epoxide 14 prepared from (15,2R)-13 was
coupled to compound 17 to obtain compound 18. N-methoxy
carbonyl-(S)-tert-leucine 19 prepared from (S)-tertiary leucine
15 was coupled to compound 18 (Fig. 5) and after deprotection
afforded Atazanavir 11 in the final step of the synthesis [61].

5. Anitiviral drug (Lobucavir)
5.1. Regioselective enzymatic aminoacylation

Lobucavir 20 (Fig. 6) is a cyclobutyl guanine nucleoside ana-
log potentiallu useful as an antiviral agent for the treatment of
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Fig. 5. Chemo-enzymatic synthesis of Atazanavir.

herpes virus and hepatitis B [63]. A prodrug in which one of the
two hydroxyls is coupled to valine, 21, has also been considered
for development. Regioselective aminoacylation is difficult to
achieve by chemical procedures, but appeared to be suitable for
an enzymatic approach [64]. Synthesis of the lobucavir L-valine

prodrug 21, requires regioselective coupling of one of the two
hydroxyl groups of lobucavir 20 with valine. Enzymatic pro-
cesses were developed for aminoacylation of either hydroxyl
group of lobucavir [64]. The selective hydrolysis of the di-cbz-
valine ester 22 with lipase M gave 24 in 83% yield. When the
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Fig. 6. Anitiviral drug (Lobucavir): regioselective enzymatic aminoacylation.



666 R.N. Patel / Coordination Chemistry Reviews 252 (2008) 659-701

OBn
Lipase PS-30 from OBn
Pseudomonas cepacia or

AcO/,_é AOAc i

Pancreatin HO, \OAc
Biphasic System:

o 27:'tat Toluene: Buffer, 10:90 28
lacetate (+)-Monoacetate
OBn OBn
Lipase PS-30 from
HO, AOH Pseudomonas cepacia AcOy, \OH
Organic Solvent System
29 Heptane:MTBE, 10:1
Diol 30

(-)-Monoacetate

HO NH,

31
Baraclude
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divaline ester of 23 dihydrochloride was hydrolyzed with lipase
from Candida cylindraceae, 25 was obtained in 87% yield. The
final intermediates for lobucavir prodrug, the methyl ester of
26 could be obtained by trans-esterification of lobucavir using
ChiroCLEC™ BL (61% yield) or more selectively by using
lipase from Pseudomonas cepacia (84% yield) [64].

6. Antiviral drug (hepatitis B viral (HBV) inhibitor)
6.1. Enzymatic asymmetric hydrolysis and acetylation

Chiral monoacetate esters 28 and 30 (Fig. 7) are key interme-
diates for total chemical synthesis of 31 Baraclude, a potential

drug for hepatitis B virus infection [65-67]. Baraclude is a
carboxylic analog of 2’-deoxyguanosine in which the furanose
oxygen is replaced with an exocyclic double bond has recently
approved by FDA for treatment of HBV infection.

Enzymatic hydrolysis of (1a,2B,300)]-2-
[(benzyloxy)methyl]-4-cyclopenten-1,3-diol diacetate has been
demonstrated by Griffith and Danishefsky [68] and Danishefsky
et al. [69] to afford the corresponding monoester using acetyl-
choline esterase from electric eel. They have used very expensive
enzyme acetylcholine esterase in asymmetric hydrolytic reac-
tion to obtain 98 mole% (M) yield of product with 95% e.e.
We have described the enantioselective asymmetric hydrolysis
of (la,2B,3a)-2-[(benzyloxy)methyl]-4-cyclopenten-1,3-diol
diacetate 27 (Fig. 7) to the corresponding (+)-monoacetate
28 by cheap enzymes lipase PS-30 from P. cepacia and also
by Pancreatin. A reaction yield of 85M% and an e.e. of 98%
were obtained using lipase PS-30. Using pancreatin, a reaction
yield of 75M% and an e.e. of 98.5% were obtained. We
also demonstrated the enzymatic asymmetric acetylation of
(10,2B,3a)-2-[(benzyloxy) methyl]-4-cyclopenten-1,3-diol 29
to the corresponding (—)-monoacetate 30 in 80 M% yield and
98% e.e. using lipase PS-30 [70].

7. Abacavir (reverse transcriptase inhibitor)

7.1. Enzymatic preparation of y—lactam
2-azabicyclo[2.2.1 ]hept-5-en-3-one

Abacavir (Ziagen™) 32 (Fig. 8), a 2-aminopurine nucleo-
side analogue, is a selective reverse transcriptase inhibitor for
the treatment of human HIV and hepatitis B viruses [71]. The
v-lactam 2-azabicyclo[2.2.1]hept-5-en-3-one (33), is a potential
intermediate useful in the synthesis of Abacavir. A biocatalytic
process was developed for the resolution of racemic y-lactam
34 (Fig. 8) to yield the desired 33 and amino acid 35 using the

E Lactamase NH HOOC, NH,
)
33 35
0 o)
o J J< Savinase 0 L
N0 XA
— N“ o~ , Hoog  NTTO

38 37

g

A
BN
~
P D
HaN"
2
Abacavir (32)

Fig. 8. Reverse transcriptase inhibitor, Abacavir: enzymatic preparation of y-lactam 2-azabicyclo [2.2.1] hept-5-en-3-one.
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v-lactamase containing organisms Pseudomonas solonacearum
NCIMB 40249 and Rhodococcus NCIMB 40213 [72]. However,
due to the lack of a commercially available lactamase, an enzy-
matic process was developed for the enantioselective hydrolysis
(in phosphate buffer, pH 8.0, containing 50% tetrahydrofuran)
of racemic tert-butyl-3-oxo-2-azabicyclo-(2.2.1)hept-5-ene-2-
carboxylate (36, Fig. 8). A number of commercially available
enzymes hydrolyzed the lactam bond of 36 to yield the corre-
sponding N-acyl amino acid 37, leaving unreacted the desired
(1R,45)-38. A reaction yield of 50% and an e.e. of 99% were
obtained when the reaction was carried out at 100 g/L substrate
input using savinase [73].

8. Ribavirin prodrug
8.1. Regioselective enzymatic acylation of ribavirin

Ribavirin 39 (Fig. 9) is an antiviral agent used in combination
of a—2[3 interferon to treat hepatitis C [74,75]. Although this
therapy is effective against hepatitis C virus, it has several side
effects [76,77]. To improve the pharmacokinetics profile and
reduce side effects prodrugs of ribavirin were considered for
development. In a series of preclinical evaluations, the alanine
ester of ribavirin 40 showed improved bioavalibility and reduced
side effects [78]. The synthesis of 40 required the acylation of
unprotected ribavirin. The chemical acylation gave a mixture
of mono-, di-, and triacylated products. An enzymatic process
was developed for the regioselective acylation of ribavirin 39
with the oxime ester of (S)-carbobenzyloxy-alanine 41 to give
the desired 42 using Novozym 435 (Candida antarctica lipase
B). Chemical deprotection of 42 gave 40. On preparative scale,
the coupling of 43 with acetone oxime 44 in the presence of
di-tert-butyl dicarbonate in THF was carried out giving 41 in

>96% yield. At the end of the reaction, the reaction mixture was
diluted three-fold with THF and ribavirin was added and the
acylation was initiated by addition of the lipase. Following 24 h
reaction at 60 °C, the product 42 was isolated in 85% yield [79].

9. Crixivan™ (HIV protease inhibitor)

9.1. Enzymatic preparation of cis-(1S,2R)-indandiol and
trans-(1R,2R)-indandiol

Cis-(1S,2R)-indandiol 45 or trans-(1R,2R)-indandiol 45
(Fig. 10) are both potential precursors to cis-(1S,2R)-1-
aminoindan-2-ol (46), a key chiral synthon for Crixivan™
(Indinavir, 47), an HIV protease inhibitor [80]. Evaluation of
microbial cultures for oxygenation reaction yielded two strains,
Rhodococcus sp. B 264-1 (MB 5655) and 1-24 (MA 7205),
capable of biotransforming indene 48 to cis-(1S,2R)-indandiol
and trans-(1R,2R)- indandiol, respectively [81]. Rhodococcus
sp. MB 5655 was found to have a toluene dioxygenase, while
Rhodococcus sp. MA 7205 was found to harbor both toluene and
naphthalene dioxygenases as well as a naphthalene monooxyge-
nase which catalyzes the above biotransformation. When scaled
up in a 14-L fermentor, MB5655 produced up to 2.0 g/L of cis-
(18,2R)-indandiol 45 with an e.e. of >99%. Rhodococcus sp.
MA 7205 cultivated under similar conditions produced up to
1.4 g/LL of trans-(1R,2R)-indandiol 45 with an e.e. of >98%.
Process development studies yielded titers >4.0 g/l of trans-
(1R,2R)-indandiol [82]. A metabolic engineering approach [83]
and a directed evolution technique [84] were evaluated to avoid
side reactions, block degradative pathways and enhance the key
reaction to convert indene to cis-1-amino-1-indanol 46 or cis-
indandiol 45. The implementation of a single phase indene
fed-batch bioconversion was carried out to get cis-(1S,2R)-
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Fig. 9. Ribavirin prodrug: regioselective enzymatic acylation of ribavirin.
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indandiol 45 production rates up to 200 mg/L/h by a combination
of suitable indene feeding rates in the stationary phase and oper-
ating with a high-biomass concentration [85].

10. Carbovir™ (c-d4G)
10.1. Enzymatic deamination process

The 2',3'-didehydro-2’,3’-dideoxycarbocyclic nucleoside,
(£)-carbovir, is a potent and selective inhibitor of HIV in
vitro [86]. Its hydrolytic stability and ability to inhibit infec-
tion and replication of the virus in human T-cell lines has
made carbovir a potentially useful anti-retroviral agent. Car-
bovir (—)-49 (Fig. 11) is approximately two-fold more active
than the corresponding racemate [87]. One of the routes to
(—)-49 was synthesis from the chiral natural fermentation
product (—)-aristeromycin 50 readily available as a secondary
metabolite of Streptomyces citricolor. Synthesis of (—)-49 from
(—)-50 involved nine steps requiring two challanging trans-
formations; (1) an adenine to guanine base interconversion,
and (2) introduction of the 2’,3’-double bond from the 2’,3’-

diol [88]. One approach for the base conversion involved
the hydrolytic deamination of cis-4-[2,6-diamino-9H-purin-
9-yl]-2-cyclopentenemethanol dihydrochloride (—)-51 using
adenosine deaminase. Using this approach (—)-51 was prepared
from aristeromycin in 8 steps [89]. The chemoenzymic route was
investigated and a process developed to produce Carbovir (—)-
49 on a kilogram scale. Commercial preparations of adenosine
deaminase (calf intestinal mucosa and Aspergillus sp.), directly
adsorbed onto an anion-exchanger provided a rapid method for
its recovery (50-340 units/mg protein) from crude preparation.
The partially purified recovered enzyme after immobilization
on Eupergit-C were used in the bioconversion process (up to
70 L working volume). The immobilized enzyme was reused up
to 10 cycles without any significant loss of activity. This work
demonstrated the potential of adenosine deaminase as a catalyst
for large scale production of optically pure (—)-carbovir 49 [90].

10.2. Enzymatic hydroxylation of 2-cyclopentylbenzoxazole

By employing protein engineering and substrate engineering
the biohydroxylation of 2-cyclopentylbenzoxazole 52 (Fig. 12)

B
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—_ . )N\ E\> Immobilized enzyme J\ [‘)
AQ' HN" N7 "*l HaN" N7 '
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50 51 49
(-)-Aristeromycin (-)-Carbovir

Fig. 11. Carbovir: enzymatic deamination process.
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Fig. 12. Carbovir: enzymatic hydroxylation of 2-cyclopentylbenzoxazole.

to compound 53 has been demonstrated by Muenzer et al.
[91]. Compound 53 after deprotection afford compound 54, a
potential useful precursor for the synthesis of carbovir. Pro-
tecting group removal provided end product 54. In the initial
screen, regardless of the microorganisms and fermentation con-
ditions used, only a single diastereoisomer, (S,5)-53, could
be obtained with synthetically useful diastereoselectivities.
Side products were also formed during this biotransforma-
tion [91]. To circumvent this problem the cytochrome P450
BM-3, a medium chain (Cj,—C;g) fatty acid hydroxylase
from Bacillus megaterium engineered to accept non-natural
substrates with enhanced regioselectivity, enantioselectivity,
catalytic rates and total turnover was evaluated [92,93]. Muta-
tions in the active site, for example, enable the enzyme to
hydroxylate alicyclic, heterocyclic, aromatic and even polyaro-
matic compounds [94]. Biohydroxylation using the wild-type
enzyme expressed in E. coli gave very low enantioselectiv-
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ity (1.5%, S,S) and high diastereoselectivity (87%). Mutant
139-3 also afforded (S,5)-53, but in high e.e. (86%) and
d.e. (96%). In dramatic contrast, mutant 1-12G was found to
produce (R,R)-53 in high selectivities (89% e.e., 94% d.e.)
[91].

11. Zanamavir (Relenza™)

11.1. Enzymatic preparation of N-acetyl-D-neuraminic acid

Relenza™ 55 (2,3-didehydro-2,4-dideoxy-4-guanidinyl-N-
acetylneuraminic acid, Fig. 13) is a potent and selective inhibitor
of influenza virus sialidase (neuraminidase) and has been
approved by the FDA for the treatment of type A and B
influenza; the two types most responsible for flu epidemics.
N-acetyl-D-neuraminic acid 56 (NANA) is the key intermedi-
ate for synthesis of Relenza [95]. The chemical synthesis of
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Aldolase OH
OH  Pyruvate HOl 1 o
—_— H (o]
N OH
Hi¢—~ ' "on
CH3 (o] HB

56 (NANA)

N-Acetyl-D-Neuraminic Acid

Fig. 13. Zanamavir (Relenza): enzymatic preparation of N-acetyl-D-neuraminic acid.
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NANA is lengthy, requiring complex protection and depro-
tection steps [96]. The most promising option was the use
of the NANA aldolase. The synthesis of NANA using the
aldolase either from E. coli or Clostridium perfringens has
been reported [97,98]. These groups developed batch processes
for the production of NANA from N-acetyl-D-mannosamine
(NAM) 57 and pyruvate using free or immobilized NANA
aldolase. In order to drive the equilibrium towards NANA,
the pyruvate was used in large excess making the down-
stream processing rather difficult. A continuous process for
NANA synthesis was developed by introducing the NANA-2-
epimerase for epimerization of N-acetyl-D-glucosamine (NAG)
58 and integrating the epimerization with NANA synthe-
sis in an enzyme-membrane reactor [99]. Subsequently, the
enzyme from E. coli was overexpressed in an inducible sys-
tem (tac-promoter) at very high expression levels [100]. The
homogenized bacterial cells were directly used to immobi-
lize the enzyme from crude extracts onto Eupergit-C beads
without any clarification and the immobilized enzyme was
used.

In the biotransformation process, a selective precipita-
tion of NAG using isopropanol was developed to produce
a NAM-enriched mixture.This was used in the reaction at
a very high NAM concentration (up to 20% w/v) so that
NAM itself drives the reaction and it was not necessary to
add a large molar excess of pyruvate. At the end of the
reaction, NANA (155 g/L) was crystallized directly from the
reaction mixture by the addition of acetic acid. In the man-
ufacturing scale, the same batch of enzymes was reused
>2000 cycles in batch column reactors, without any signifi-
cant loss of activity, to produce multi-tonne quantities of NANA
[101-103].
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12. Epivir (Lamuvidine™)

12.1. Enzymatic deamination process for preparation of
epivir

(2'R-cis)-2'-deoxy-3-thiacytidine (3TC, Epivir, 59 Fig. 14),
has been approved by the FDA, and is marketed for the treat-
ment of HIV (human immunodeficiency virus). Epivir is a potent
and selective inhibitor of the reverse transcriptase enzyme which
catalyzes the conversion of the HIV RNA to a double stranded
DNA. Epivir is also active against HBV (hepatitis B virus) and is
sold as Lamivudine [104]. In contrast to the majority of nucleo-
side analogues that display antiviral activity primarily residing in
the ‘natural’ B-D-isomer, the enantiomers of £59 are equipotent
in vitro against HIV-1 and HIV-2 but the ‘unnatural’ -L-(—)-59
isomer (Epivir), Fig. 14, is substantially less cytotoxic than its
corresponding ‘natural’ B-D-(+)-isomer [105]. One of the ini-
tial routes considered for the preparation of the enantiomers
of 59 was the enzymic resolution using 5’-nucleotidase and
alkaline phosphatase. The chemically synthesized monophos-
phate derivative (£)-60 was resolved using 5’-nucleotidase from
Crotalus atrox venom, and the resulting mixture was separated
by chromatography and purified on silica gel, to give (+)-59
(e.e. >99%, Fig. 14). Hydrolysis of the remaining monophos-
phate (—)-60 with alkaline phosphatase from E. coli afforded
(—)-59 (Epivir) in an optically pure form [106]. To produce
much larger quantities of Epivir, a scaleable end-stage resolu-
tion, via enantioselective deamination of (£)-59 with cytidine
deaminase [107] was developed to yield (—)-59 (Epivir) and
(+)-61.

To use E. coli as a source of large quantities of enzyme,
the cloning and overexpression of enzyme, fermentation and
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Fig. 14. Epivir (Lamuvidine™): enzymatic deamination process for preparation of epivir.
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immobilization of cytidine deaminase for reuse, and devel-
opment of an efficient isolation process was developed for
large scale manufacturing of Epivir. Using this approach, 20 kg
of optically pure Epivir was isolated. This process was used
on a manufactruring scale to prepare tonnes of Epivir, using
immobilized cytidine deaminase from the recombinant strain.
The same batch of enzyme was used for at least 15 cycles
[90,107].

13. Anticancer drugs
13.1. Paclitaxel semi-synthetic process

Among the antimitotic agents, paclitaxel (Taxol®) (62,
Fig. 15), a complex, polycyclic diterpene, exhibits a unique
mode of action on microtubule proteins responsible for the for-
mation of the spindle during cell division. Various types of
cancers have been treated with paclitaxel and it was approved
for use by the FDA for treatment of ovarian cancer and
metastatic breast cancer. Paclitaxel was originally isolated
from the bark of the yew Taxus brevifolia and has also been
found in other Taxus species. Paclitaxel was obtained from
T. brevifolia bark in very low (0.07%) yield, and cumber-
some purification from other related taxanes was required. It
is estimated that about 20,000 pounds of yew bark (equiv-
alent to about 3000 trees) are needed to produce 1kg of
purified paclitaxel [108]. The development of a semi-synthetic
process for the production of paclitaxel from baccatin III
63 or 10-deacetylbaccatin III 64 and C-13 paclitaxel side-
chain (2R,35)-66 or acetate (R)-70 was a very promising
approach. Taxanes, baccatin III and 10-DAB can be derived
from renewable resources such as the needles, shoots and young
Taxus cultivars [109]. Thus, preparation of paclitaxel by a
semi-synthetic process would eliminate the harvesting of yew
trees.

Using selective enrichment techniques, two strains of Nocar-
dioides were isolated from soil samples that contained the novel
enzymes C-13 taxolase and C-10 deacetylase [110-112]. The

extracellular C-13 taxolase derived from the filtrate of the fer-
mentation broth of Nocardioides albus SC 13911 catalyzed the
cleavage of the C-13 side-chain from paclitaxel and related
taxanes such as taxol C, cephalomannine, 7-B-xylosyltaxol, 7-
B-xylosyl-10-deacetyltaxol, and 10-deacetyltaxol (Fig. 16A).
The intracellular C-10 deacetylase derived from fermentation
of Nocardioides luteus SC 13912 catalyzed the cleavage of the
C-10 acetate from paclitaxel, related taxanes and baccatin III
to yield 10-DAB (Fig. 16B) The C-7 xylosidase derived from
fermentation of Moraxella sp. (Fig. 16C) catalyzed the cleavage
of the C-7 xylosyl group [113] from various taxanes.

Fermentation processes were developed for growth of N.
albus SC 13911 and N. luteus SC 13912 to produce C-13 tax-
olase and C-10 deacetylase, respectively, in 5000-L batches.
A bioconversion process was demonstrated for the conversion
of paclitaxel and related taxanes in extracts of Taxus culti-
vars to the single compound 10-DAB using both enzymes.
The concentration of 10-DAB was increased by 5.5 to 24 by
treatment with the two enzymes. The bioconversion process
was also applied to extracts of the bark of T. bravifolia to
give a 12-fold increase in 10-DAB concentration. Enhance-
ment of the 10-DAB concentration in yew extracts was useful in
increasing the amount and ease of purification of this key pre-
cursor for the paclitaxel semi-synthetic process using renewable
resources.

Another key precursor for the paclitaxel semi-synthetic pro-
cess is the chiral C-13 paclitaxel side-chain. Various groups
have prepared C-13 side-chain of paclitaxel by different methods
[114-119].

The enantioselective microbial reduction of 2-keto-3-(N-
benzoylamino)-3-phenyl propionic acid ethyl ester 65 (Fig. 17A)
toyield (2R,3S)-N-benzoyl-3-phenyl isoserine ethyl ester 66 was
demonstrated using two strains of Hansenula [114]. Preparative-
scale bioreduction of ketone 65 was demonstrated using cell
suspensions of H. polymorpha SC 13865 and Hansenula fabi-
anii SC 13894 in independent experiments. In both batches, a
reaction yield of >80% and e.e.’s of >94% were obtained for
(2R,35)-66. In a single-stage bioreduction process, cells of H.
fabianii were grown in a 15-L fermentor for 48 h, then the biore-
duction process was initiated by addition of 30 g of substrate and
250 g of glucose and continued for 72 h. A reaction yield of 88%
with an e.e. of 95% was obtained for (2R,35)-66.

Two enantiocomplementary bakers’ yeast enzymes reduced
an a-chloro-B-keto ester 67 (Fig. 17B) to yield precursors for
both enantiomers of the N-benzoyl phenylisoserine 68 and 69,
paclitaxel side chain synthons [119] was demonstrated on a
small scale. After base-mediated ring closure of the chloro-
hydrin enantiomers, the epoxides were converted directly to
the oxazoline form of the target molecules using a Ritter reac-
tion with benzonitrile. These were hydrolyzed to the ethyl ester
form of the taxol side-chain enantiomers under acidic condi-
tions.

In an alternate process for the preparation of the C-13 pacli-
taxel side-chain, the enantioselective enzymatic hydrolysis of
racemic acetate cis-3-(acetyloxy)-4-phenyl-2-azetidinone (70,
Fig. 18A) to the corresponding (S)-alcohol 71 and the unre-
acted desired (R)-acetate 70 was demonstrated [115] using lipase
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PS-30 from P. cepacia (Amano International Enzyme Com-
pany) and BMS lipase (extracellular lipase derived from the
fermentation of Pseudomonas sp. SC 13856). Reaction yields
of 48% (theoretical maximum yield 50%) with e.e. >99.5%
were obtained for the (R)-70. BMS lipase and lipase PS-30 were
immobilized on Accurel polypropylene (PP), and the immobi-
lized lipases were reused (10 cycles) without loss of enzyme
activity, productivity or the e.e. of the product (R)-70. The enzy-
matic process was scaled up to 250L (2.5 kg substrate input)
using immobilized BMS lipase and lipase PS-30, respectively.
From each reaction batch, R-acetate 70 was isolated in 45 M%
yield (theoretical maximum yield 50%) and 99.5% e.e. The (R)-
acetate was chemically converted to (R)-alcohol 71. The C-13
paclitaxel side-chain synthon, (2R,3S5)-66 or (R)-70) produced
either by the reductive or resolution process could be coupled
to bacattin III 63 after protection and deprotection to prepare
paclitaxel by a semi-synthetic process [112].

Homochiral 3-hydroxy-4-substituted B-lactams 73 serve as
precursors to the corresponding a-hydroxy-@-amino acids—key
components of many therapeutically important compounds
including paclitaxel. A short synthetic sequence for these targets
using a biocatalytic reduction employing 3-oxo-4-phenyl-[3-
lactam 72 as a probe (Fig. 18B), 19 individual yeast reductases
were screened for their efficiency and enantioselectivity. Four
highly selective candidates all belonging to the aldose reductase
(AKR) superfamily were identified. Two are Re-face selective
and two are Si-face selective [118].

13.2. Water soluble taxane derivative

Due to the poor solubility of paclitaxel, various groups are
involved in the development of water soluble taxane analogs
[120,121]. Taxane 74 (Fig. 19A) is a water soluble taxane deriva-
tive which when given orally was as effective as i.v. paclitaxel
in five tumor models (murine M109 lung and C3H mammary
16/C cancer, human A2780 ovarian cancer cells (grown in mice
and rats) and HCT/pk colon cancer) [122].

The chiral intermediate (3R-cis)-3-acetyloxy-4-(1,1-dimet-
hylethyl)-2-azetidinone 75 (Fig. 19B) was prepared for the
semi-synthesis of the orally active taxane 74. The enantiose-
lective enzymatic hydrolysis of racemic cis-3-acetyloxy-4-(1,1-
dimethylethyl)-2-azetidinone 75 to the corresponding undesired
(S)-alcohol 76 and unreacted desired (R)-acetate 75 was car-
ried out using immobilized lipase PS-30 (Amano International
Enzyme Co.) or BMS lipase (extracellular lipase derived from
the fermentation of Pseudomonas sp. SC 13856). Reaction
yields of 48—-49% (theoretical maximum yield 50%) with e.e.s of
>99% were obtained for the (R)-acetate 75. Acetoxy B-lactam 75
was converted to R-hydroxy [3-lactam 76 for use in the semisyn-
thesis of 74 [123].

The synthesis of oral taxane 74 also required 4,10-dideacetyl
baccatin 77 (Fig. 19C) as starting material for the chemical
synthesis of the C-4 methylcarbonate derivative of 10-deacety
Ibaccatin II1 78. A microbial process was developed for deacety-
lation of 10-deacetylbaccatin III 64 to 4,10-dideacetylbaccatin
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Fig. 19. (A) Water soluble taxane (B) enantioselective enzymatic hydrolysis of cis-3-acetyloxy-4-(1,1-dimethylethyl)-2-azetidinone (C) enzymatic C-4 deacetylation

of 10-deactylbaccatin III.

III 77 using a Rhodococcus sp. SC 162949 isolated from soil
using culture enrichment techniques [124].

14. Epothilones

14.1. Microbial hydroxylation of epothiolone B to
epothilone F

The clinical success of paclitaxel has stimulated research
into compounds with similar modes of activity in an effort to
emulate its antineoplastic efficacy while minimizing its less
desirable aspects, which include poor-water solubility, diffi-
cult synthesis and emerging resistance. The epothilones are a
novel class of natural product cytotoxic compounds derived
from the fermentation of the myxobacterium Sorangium cellu-
losum that are non-taxane microtubule-stabilizing compounds
that trigger apoptosis [125,126]. The natural product epothilone
B 79 (Fig. 20) has demonstrated broad spectrum antitumor
activity in vitro and in vivo, including vs tumors with pacli-
taxel resistance [127]. The role of 79 as a potential paclitaxel

successor has initiated interest in its synthesis, resulting in
several total syntheses of 79 and various derivatives thereof
[128,129]. The epothilone analogs were synthesized in an effort
to optimize the water solubility, in vivo metabolic stability
and antitumor efficacy of this class of antineoplasic agents
[130,131].

A fermentation process was developed for the production of
epothilone B, and the titer of epothilone B was optimized and
increased by a continuous feed of sodium propionate during fer-
mentation. The inclusion of XAD-16 resin during fermentation
to adsorb epothilone B and to carry out volume reduction made
the recovery of product very simple [126]. A microbial hydrox-
ylation process was developed for conversion of epothilone B
79 to epothilone F 80 by Amycolatopsis orientalis SC 15847.
A bioconversion yield of 37-47% was obtained when the pro-
cess was scaled up to 100-250L. Recently, the epothilone B
hydroxylase along with the ferredoxin gene have been cloned
and expressed in Streptomyces rimosus from A. orientalis SC
15847 by our colleagues at Bristol-Myers Squibb. Mutants and
variants thereof of this cloned enzyme was used in the hydrox-
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Fig. 20. Microbial hydroxylation of epothiolone B to epothilone F.

ylation of epothilone B to epothilone F to obtain higher yields
of product [132].

15. IGF-1 receptor inhibitor

15.1. Enzymatic preparation of
(S)-2-chloro-1-(3-chlorophenyl)ethanol

The synthesis of the leading candidate compound 81 [133]
in an anticancer program [134,135] required (S)-2-chloro-1-(3-
chlorophenyl)ethanol (82, Fig. 21) as an intermediate. Other
possible candidate compounds used (S)-alcohol 83. From micro-
bial screen of the reduction of ketone 84 to (S)-alcohol 82,
two cultures namely H. polymorpha SC13824 (73.8% e.e.) and
Rhodococcus globerulus SC SC16305 (71.8% e.e.) were iden-
tified that had the highest enantioselectivity. A ketoreductase
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Fig. 21. Enzymatic preparation of (S)-2-chloro-1-(3-chlorophenyl)ethanol.

from H. polymorpha, after purification to homogeneity, gave
(8)-alcohol 82 with 100% e.e. Amino acid sequences from the
purified enzyme were used to design PCR primers for cloning
the ketoreductase. The ketoreductase was cloned and expressed
in E. coli together with a glucose-6-phosphate dehydrogenase
from S. cerevisiae to allow regeneration of the NADPH required
for the reduction process. An extract of E. coli containing the two
recombinant enzymes was used to reduce 2-chloro-1-(3-chloro-
4-fluorophenyl)-ethanone 84. Intact E. coli cells provided with
glucose were used to prepare (S)-alcohols 82 and 83 from the
reduction of corresponding ketones 84 and 85, respectively, in
>89% yields with >99.8% e.e. [136].

16. Retinoic acid receptor agonist

16.1. Enzymatic preparation of
2-(R)-hydroxy-2-(1',2',3' 4’ -tetrahydro-1',1' 4 4 -
tetramethyl-6'-naphthalenyl)acetate

Retinoic acid and its natural and synthetic analogs (retinoids)
exert a wide variety of biological effects by binding to
or activating a specific receptor or sets of receptors. They
have been shown to effect cellular growth and differentia-
tion and are promising drugs for the treatment of cancers
[137,138]. A few retinoids are already in clinical use for
the treatment of dermatological diseases such as acne and
psoriasis [139]. (R)-3-Fluoro-4-[[hydroxy-(5,6,7,8-tetrahydro-
5,5,8,8-tetramethyl-2-naphthalenyl)-acetyl]Jamino]benzoic acid
86 (Fig. 22) is a retinoic acid receptor gamma-specific agonist
potentially useful as a dermatological and anticancer drug [140].

Ethyl 2-(R)-hydroxy-2-(1',2',3' 4 -tetrahydro-1',1',4' 4’ -
tetramethyl-6'-naphthalenyl)acetate 87 (Fig. 21) and the
corresponding acid 88 were prepared as intermediates in the
synthesis of the retinoic acid receptor gamma-specific agonist
86 [120]. Enantioselective microbial reduction of ethyl 2-oxo-
2-(1,2/,3' 4 -tetrahydro-1",1 4’ 4 -tetramethyl-6-naphthalenyl)
acetate 89 to alcohol 87 was carried out using Aureobasidium
pullulans SC 13849 in 98% yield and with an e.e. of 96%.
At the end of the reaction, hydroxyester 87 was adsorbed
onto XAD-16 resin and, after filtration, recovered in 94%
yield from the resin with acetonitrile extraction. The recovered
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Fig. 22. Enzymatic preparation of 2-(R)-hydroxy-2-(1,2,3’ 4'-tetrahydro-1",1",4’ 4’ -tetramethyl-6'-naphthalenyl)acetate.

(R)-hydroxyester 87 was treated with Chirazyme L-2 or pig liver
esterase to convert it to the corresponding (R)-hydroxyacid 88
in quantitative yield. The enantioselective microbial reduction
of ketoamide 90 to the corresponding (R)-hydroxyamide 86 by
A. pullulans SC 13849 was also demonstrated [141].

17. Antileukemic agent

17.1. Enzymatic preparation of a prodrug of
9-B-D-arabinofuranosyl guanine

Compound 91 (Fig. 23), a prodrug of 9-3-p-arabinofuranosyl
guanine 92, was developed for the potential treatment of
leukemia. Compound 92 is poorly soluble in water and its syn-
thesis by conventional techniques was difficult. Compound 91
was prepared enzymatically from 6-methoxyguanine 93 and ara-
uracil 94 using uridine phosphorylase and purine nucleotide
phosphorylase. Each protein was cloned and overexpressed in
independent E. coli strains. Fermentation conditions were opti-
mized for production of both enzymes and a co-immobilzed
enzyme preparation was used in the biotransformation process

at 200 g/L substrate input. Enzyme was recovered at the end of
the reaction by filtration and reused in several cycles [142,143].
In vivo, compound 91 is rapidly demethoxylated to compound
92 by adenosine deaminase. The more water soluble 5’-acetate
ester 95 was subsequently prepared by the enzymatic acyla-
tion process using Novozym-435 (immobilized C. antarctica
lipase) in 1,4-dioxane (100 g/L substrate) with vinyl acetate as
the acyldonor [144].

18. Farnesyl transferase inhibitor

18.1. Enzymatic resolution of substituted (6, 11-dihydro-
5H-benzo-[5,6]cyclohepta-[1,2-B]pyridin-11-yl)piperidines

The resolution of secondary amines via enzyme-catalyzed
acylation is a relatively rare process. The kinetic resolution
process by enzymatic acylation of the substituted (6,11-dihydro-
5H-benzo-[5,6]cyclohepta[1,2-B]pyridin-11-yl)piperidines 96
(Fig. 24) was developed for the synthesis of compound 97, a
selective farnesyl transferase inhibitor. In the case of 96, the
molecule exists as a pair of enantiomers due to atropisomerism
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Fig. 23. Enzymatic preparation of a prodrug of 9--p-arabinofuranosyl guanine.
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Fig. 24. Farnesyl transferase inhibitors: enzymatic resolution of substituted (6,11-dihydro-5H-benzo-[5,6]cyclohepta-[1,2-B]pyridin-11-yl)piperidines.

about the exocyclic double bond. The enzymatic acylation of
(£)-96 was optimized in terms of acylating agent, solvent,
and moisture content. The use of lipase, Toyobo LIP-300, and
trifluoroethyl isobutyrate as acylating agent resulted in isobu-
tyrylation of the (+)-enantiomer, which is easily separated from
the unwanted (—)-96. A reaction yield of 46% with an e.e. of 97%
was obtained for the isobutyramide 98. Hydrolysis of the isobu-
tyramide 98 yielded the desired (+)-96 in high enantiomeric
excess. (—)-96 may be recovered from the resolution step,
racemized, and resubjected to enzymatic acylation to increase
material throughput [145].

19. Nucleosides and analogues
19.1. Enzymatic transglycosidation

Nucleoside analogues have been used in the treatment of
AIDS, and other viral infections, such as those caused by herpes
viruses, influenza A and B viruses [146,147].

Uridine
phosphorylase /] H

N,

=
O

In addition to the classical antiviral activity of nucleosides,
nucleoside analogues are used in cardio-protection and brain-
protection in ischemic heart disease and stroke, respectively,
and in treatment of certain human leukemias [148,149]. Nucle-
oside analogs are key components of antisense oligonucleotides,
useful for preparing triple ADN helix, as potential and selective
inhibitors of gene expression and antimicrobial drugs, such as
oxetanocine (AXT-A) or oxanosine [150].

Therefore, much effort has been expended on the syn-
thesis of nucleoside analogues. Nucleoside analogues can be
prepared by base interchange using two different kind of
intracellular enzymes, nucleoside phosphorylases (NP) or N-
2/-deoxyribosyltransferases.

Nucleoside phosphorylases catalyze the reversible phospho-
rolysis of nucleosides and the transferase reaction involving
purine or pyrimidine bases. Purine and pyrimidine nucleoside
phosphorylases have been isolated from a large number of bac-
teria [151,152]. These enzymes display a fairly broad substrate
specificity. In contrast, N-2'-deoxyribosyltransferases specifi-
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Fig. 25. Nucleosides and its analogues: enzymatic transglycosidation.
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cally catalyze the exchange of the base from a 2'-deoxyribosyl
nucleoside with a free purine or pyrimidine [153].

Uridine phosphorylase (UP) and purine nucleoside phospho-
rylase (PNP) can be combined for the preparation of nucleosides
and analogues thereof by transglycosidation reactions. The
recombinant enzymes UP and PNP have been expressed in
high-biomass bacterial fermentation processes and enzymes are
coimmobilized to prepare various nucleosides and analogues
thereof [154]. Uridine, 2'-deoxyuridine, 2’-3’-dideoxyuridine or
arabinofuranosyl-uracil can serve as sugar donor and a panel of
natural and modified purines have been utilized as sugar accep-
tors [155]. The conversion of B-D-arabinofuranosyl-uracil 99
(Fig. 25) to 3-p-arabinofuranosyl 2,6-daminopurine 100 by UP
and PNP was demonstrated [156].

20. Tryptase inhibitors

20.1. Enzymatic preparation of (S)-N
(tert-butoxycarbonyl)-3-hydroxymethyl piperidine

(S)-N(tert-butoxycarbonyl)-3-hydroxymethylpiperidine 101
(Fig. 26) is a key intermediate in the synthesis of a potent
tryptase inhibitor [157]. (S)-101 was made by lipase PS-30
(Pseudomonas cepacia) catalyzed resolution of (R,S)-N-(tert-
butoxy carbonyl)-3-hydroxymethylpiperidine 101. (S)-101 was
obtained in 16% yield and > 95% e.e. Lipase PS also catalyzed
esterification of the (R,S)-N-(tert-butoxycarbonyl)-3-hydroxy
methylpiperidine 101 with succinic anhydride to yield (R)-N-
(tert-butoxycarbonyl)-3-hydroxy methylpiperidine 101 and the
(S)-hemisuccinate ester 102 which could be easily separated
and hydrolyzed by base to afford (5)-101 (yield 47.8 and e.e.
85.7%). The yield and e.e. could be improved greatly by subject-
ing isolated (S)-101 to secong succinylation. Using the repeated
esterification procedure, (S)-101 was obtained in 32% yield and
98.9% e.e [158].

21. Anticholesterol drugs: hydroxymethyl glutaryl CoA
(HMG CoA) reductase inhibitors

21.1. Preparation of (S)-4-chloro-3-hydroxybutanoic acid
methyl ester

(S)-4-chloro-3-hydroxybutanoic acid methyl ester 103
(Fig. 27A) is a key chiral intermediate in the total chemical syn-
thesis of 104, a inhobitor of HMG CoA reductase [159,160].
The reduction of 4-chloro-3-oxobutanoic acid methyl ester
105 to (S)-103 was demonstrasted using cell suspensions of
Geotrichum candidum SC 5469. In the biotransformation pro-
cess, a reaction yield of 95% and e.e. of 96% were obtained
for (§)-103 at 10 g/L. substrate input. The e.e. of (5)-103 was
increased to 98% by heat-treatment of cell-suspensions (55 °C
for 30 min) prior to conducting the bioreduction of 105 [160].

21.2. Preparation of (S)-4-chloro-3-hydroxybutonoate

In an alternate approach, the asymmetric reduction of ethyl 4-
chloroacetoacetate 106 to (S)-4-chloro-3-hydroxybutonoate 107
(Fig. 27B) was demonstrated by a secondary alcohol dehydro-
genase (PfODH) from Pichia finlandica. The gene encoding
PfODH was cloned from P. finlandica and overexpressed in E.
coli. Formate dehydrogenase was used to regenerate the cofac-
tor NADH required for this reaction. Using recombinant E. coli
coexpressing both PFODH and formate dehydrogenase from
Mpycobacetrium sp., produced (S)-107 in 98.5% yield and 99%
e.e. at 32 g/L substrate input [161].

21.3. Preparation of (R)-4-cyano-3-hydroxybutyrate

An enzymatic process was developed for the preparation
of ethyl (R)-4-cyano-3-hydroxybutyrate 108 (Fig. 28A) from
ethyl 4-chloroacetoacetate 109. The genes encoding ketoreduc-
tase from Candida magnoliae, glucose dehydrogenase from
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Bacillus subtilis and formate dehydrogenase from Candida
boidinii and halohydrin dehydrogenase from Agrobacterium
tumefaciens, were separately cloned into E. coli BL21. Each
enzyme was then produced by fermentation. Ethyl (R)-4-cyano-
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3-hydroxybutyrate was prepared by the following procedure.
Ethyl 4-chloroacetoacetate 109 was incubated at pH 7.0 with
ketoreductase, glucose dehydrogenase and NADP for 40h
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Fig. 28. Anticholesterol drugs: (A) preparation of (R)-4-cyano-3-hydroxybutyrate ethyl ester (B) enzymatic preparation of (R)-and (S)-ethyl-3-hydroxybutyrate (C)

enzymatic synthesis of chiral carboxylic acids by nitrilase.
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(8)-110 was extracted with ethyl acetate, dried, filtered and con-
centrated to yield a ~97% pure ester. The dried ethyl (5)-110
was dissolved in phosphate buffer and mixed with halohy-
drin dehalogenase and sodium cyanide at pH 8.0. After 57h
reaction, essentially pure (R)-4-cyano-3-hydroxybutyrate 108
was recovered. (R)-4-cyano-3-hydroxybutyrate is potentially
useful in synthesis of many HMG CoA reductase inhibitors
[162,163].

21.4. Preparation of (R)- and (S)-ethyl-3-hydroxybutyrate

An efficient two-step enzymatic process for production of
(R)-and (S)-ethyl-3-hydroxybutyrate (HEB) 111 (Fig. 28B) was
developed and scaled up to a multikilogram scale. Both enan-
tiomers were obtained at 99% chemical purity and over 96%e.e.,
with an overall process yield of 73%. The first reaction involved
an acetylation of racemic HEB 111 with vinyl acetate for the pro-
duction of (S)-HEB via the selective acetylation of (R)-HEB.
In the second reaction, (R)-enriched ethyl-3-acetoxybutyrate
(AEB) 112 was subjected to alcoholysis with ethanol to derive
optically pure (R)-HEB. Immobilized CALB was employed in
both stages, with high productivity and selectivity. The immo-
bilized enzyme was packed in a column and the reactants were
circulated through the enzyme bed sequentially until each of the
targeted conversions was reached. The desired products were
separated from the reaction mixture after each of the two stages
by fractional distillation. The main features of the process are
the exclusion of solvent (thus ensuring high process throughput),
and the use of the same enzyme for both the acetylation and the
alcoholysis steps to prepare kilogram quantities of (§)-HEB and
(R)-HEB [164].

21.5. Enzymatic synthesis of chiral carboxylic acids by
nitrilase

Synthesis of a broad diversity of chiral carboxylic acid by
nitrilases has been demonstrated [165,166]. Enzymatic desym-
metrization of prochiral 3-hydroxyglutaronitrile 113 using a
nitrilase [167,168] was demonstrated (Fig. 28C). Following
esterification of the resulting (R)-3-hydroxy-4-cyanobutyric
acid 114 an intermediate useful for the manufacture of the
cholesterol-lowering drug Lipitor (atorvastatin calcium) was
produced. Nitrilases were identified in genomic libraries cre-
ated by extraction of DNA directly from environmental samples
and were expressed in E. coli. The resulting library was screened
for highly enantioselective (R)-specific nitrilases [168]. (R)-3-
Hydroxy-4-cyanobutyric acid was produced using a 100-mM
initial nitrile concentration in 98% yield and 94.5% e.e. The
enantioselectivity of this wild-type nitrilase decreased with
increasing nitrile concentration, where only 87.8% e.e. was
obtained at 2.25 M substrate concentration. Mutagenesis of the
nitrilase using a technique that combinatorially saturated each
amino acid in the protein to each of the other 19 amino acids
resulted in an improved variant (Alal90His) that was expressed
in E. coli. This variant nitrilase gave an enantiomeric excess of
98.5% at 3 M substrate concentration. Nitrilases from this library
have been used to produce a range of (R)-mandelic acid deriva-

tives and analogs, and (S)-phenyllactic acid, with high yields
and enantioselectivities [169].

21.6. Enzymatic reduction of 3,5-dioxo-6-(benzyloxy)
hexanoic acid, ethyl ester

The enantioselective reduction of a diketone 3,5-dioxo-
6-(benzyloxy) hexanoic acid, ethyl ester 115 to (35,5R)-
dihydroxy-6-(benzyloxy) hexanoic acid, ethyl ester 116
[Fig. 29A] has been demonstrated by cell suspensions of Acine-
tobacter calcoaceticus SC 13876 [170]. Compound 116 is a key
chiral intermediate required for the chemical synthesis of [4-[4 a,
6B(E)]]-6-[4,4-bis [4-fluorophenyl)-3-(1-methyl-1H-tetrazol-5-
yl)-1,3-butadienyl]-tetrahydro-4-hydroxy-2H-pyren-2-one 117,
an anticholesterol drug which acts by inhibition of HMG CoA
reductase [171]. A reaction yield of 85% and an e.e. of 97%
were obtained. Cell extracts of A. calcoaceticus SC 13876 in
the presence of NAD*, glucose, and glucose dehydrogenase
reduced 115 to the corresponding monohydroxy compounds
[3-hydroxy-5-0x0-6-(benzyloxy) hexanoic acid ethyl ester 118
and 5-hydroxy-3-ox0-6-(benzyloxy) hexanoic acid ethyl ester
119]. Both 118 and 119 were further reduced to the (35,4R)-
dihydroxy compound 116 in 92% yield and 99% e.e. by cell
extracts. (3S5,5R)-116 was converted to 120, a key chiral inter-
mediate for the synthesis of 117. Three different ketoreductases
were purified to homogeneity from cell extracts, and their bio-
chemical properties were compared. Reductase I only catalyzes
the reduction of ethyl diketoester 115 to its monohydroxy prod-
ucts whereas reductase II catalyzes the formation of dihydroxy
products from monohydroxy substrates. A third reductase (III)
was identified which catalyzes the reduction of diketoester 115
to syn-(3R,5S)-dihydroxy ester 116 [172], which now has been
cloned and expressed in E. coli.

Whole baker’s yeast cells catalyzed regioselective reduction
of t-butyl 6-chloro-3,5-dioxohexanoate 121 (Fig. 29B) regiose-
lectively to the +-Butyl (R)-6-chloro-5-hydroxy-3-oxohexanoate
122 was demonstrated [173]. The enantioselectivity was low
(41% e.e.). A variety of process conditions were evaluated in
order to improve both the enantioselectivity and yield of this
reduction. Including a nonpolar resin in the reaction mixture
afforded the (R)-alcohol in 94% e.e. and 50% isolated yield.
The enantioselectivity was further improved to >99% e.e. by
substituting purified YGL157w in place of whole yeast cells.
This reductase was identified by screening a collection of yeast
enzymes uncovered by genome sequence analysis [173]. (S)-
122 was prepared by reduction of 121 with Lactobacillus brevis
ketoreductase in >99.5% e.e. [174].

21.7. Enzymatic preparation of a 2,4-dideoxyhexose
derivative

The chiral 2,4-didoexyhexose derivative required as a poten-
tial key intermediate for the HMG CoA reductase inhibitors has
also been prepared using 2-deoxyribose-5-phosphate aldolase
(DERA). A one-pot tandem aldol reactions catalyzed by a
DERA, in which two equivalent of acetaldehyde 123 were
added in sequence to 2-carbon aldehyde acceptors to afford
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six-membered lactol derivatives (Fig. 30). Because the DERA-
catalyzed reaction is an equilibrium process, the intermediate
4-carbon adduct 124 is reversibly formed under the reaction
conditions. The second condensation between this intermediate
124 and a second equivalent of acetaldehyde drives the equi-
librium favorably because of the stability of the cyclized lactol

o DERA
M, = o1 0
: =4 R\/'\)I\
123 o}

R\)\H 124

R=H, Cl, OMe, N3

form 125 of the product [175]. The structural similarity of the
enzymatic products to the lactone moiety (and its interchange-
able 3,5-dihydroxy acid form) of the cholesterol-lowering HMG
CoA reductase inhibitors mevastatin and lovastatin was reported
[175]. Today, HMG CoA reductase inhibitors (known as statins)
have worldwide sales of approximately $20 billion, led by
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OH OH ¢

2y '

Fig. 30. Anticholesterol drugs: enzymatic preparation of a 2,4-dideoxyhexose derivative.
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Pfizer’s Lipitor (atorvastatin). Atorvastatin and AstraZeneca’s
newly approved Crestor (rosuvastatin) are completely synthetic
molecules, unlike the earlier generation of statins that were
fungal metabolites or semi-synthetic derivatives thereof. The
synthetic statins share the chiral 3,5-dihydroxy acid side-chain
also found in the natural products.

The above process has been improved and optimized for
production of key intermediates for the common chiral side-
chain of cholesterol-lowering drugs. An improvement of almost
400-fold in volumetric productivity relative to the published
enzymic reaction conditions has been achieved, resulting in an
efficient process that has been run at a rate of 30 g/L/h. These
improvements were achieved by a combination of discovery
from environmental DNA of DERA with improved activity and
reaction optimization to overcome substrate inhibition. The two
stereogenic centers are set by DERA with enantiomeric excess
at >99.9% and diastereomeric excess at 96.6%. In addition,
down-stream chemical process have been developed to con-
vert the enzymic product efficiently to intermediates applicable
to preparation of atorvastatin and rosuvastatin [176]. DERA
was improved by directed evolution for the synthesis of a
key intermediate (3R,5S-6-chloro-2,4-trideoxyhexapyranoside
[177].

22. Anticholesterol drugs: squalene synthase inhibitor

22.1. Enzymatic synthesis of
S-[1-(acetoxyl)-4-(3-phenyl)butyl [phosphonic acid, diethyl
ester

Squalene synthase is the first pathway-specific enzyme in the
biosynthesis of cholesterol and catalyzes the head-to-head con-
densation of two molecules of farnesyl pyrophosphate (FPP)
to form squalene. It has been implicated in the transformation
of FPP into presqualene pyrophosphate (PPP). FPP analogs
are a major class of inhibitors of squalene synthase [178].
However, this class of compounds lacks specificity and are
potential inhibitors of other FPP consuming transferases such
as geranyl pyrophosphate synthase. To increase enzyme speci-
ficity, analogs of PPP and other mechanism-based enzyme
inhibitors, such as 126 (Fig. 31), have been synthesized [179]. S-
[1-(Acetoxyl)-4-(3-phenyl)butyl]phosphonic acid, diethyl ester
127 is a key chiral intermediate required for the total chemical

Lipase from
i°
o N
OO g
OH

(R,S)-128

synthesis of 126. The enantioselective acetylation of racemic [1-
(hydroxy)-4-(3-phenyl)butyl] phosphonic acid, diethyl 128 has
been demonstrated with G. candidum lipase in toluene using
isopropenyl acetate as the acyl donor [180]. A reaction yield of
38% (theoritical max. 50%) and an e.e. of 95% was obtained for
127.

23. Anti-Alzheimer’s drugs

23.1. Enantioselective enzymatic reduction of
5-oxohexanoate and 5-oxohexanenitrile

Ethyl-(S)-5-hydroxyhexanoate 129 and (S)-5-hydroxyhe-
xanenitrile 130 (Fig. 32) are key chiral intermediates in the
synthesis of anti-Alzheimer’s drug 131 [181]. Both chiral com-
pounds have been prepared by enantioselective reduction of
ethyl-5-oxohexanoate 132 and 5-oxohexanenitrile 133 by Pichia
methanolica SC 16116. Reaction yields of 80-90% and >95%
e.e.’s were obtained for each chiral compound. In an alternate
approach, the enzymatic resolution of racemic 5-hydroxyhexane
nitrile 134 by enzymatic succinylation was demonstrated using
immobilized lipase PS-30 to obtain (5)-5-hydroxyhexanenitrile
130 in 35% yield (maximum yield is 50%). (S)-5-Acetoxy-
hexanenitrile 135 was prepared by enantioselective enzymatic
hydrolysis of racemic 5-acetoxyhexanenitrile 136 by C. antarc-
tica lipase. A reaction yield of 42% and an e.e. of >99% were
obtained [182].

23.2. Enantioselective microbial reduction of substituted
acetophenone

The chiral intermediates (S)-1-(2’-bromo-4’-fluorophenyl)
ethanol 137 and (S)-methyl 4-(2'-acetyl-5'-fluorophenyl)-
butanol 138 (Fig. 33) are potential intermediates for the synthesis
of potential anti-Alzheimer’s drug 139 [183,184]. The chi-
ral intermediate (S)-1-(2’-bromo-4’-fluoro phenyl)ethanol 137
(Fig. 33A) was prepared by the enantioselective microbial reduc-
tion of 2-bromo-4-fluoro acetophenone 140 [185]. Organisms
from genus Candida, Hansenula, Pichia, Rhodotorula, Saccha-
romyces, Sphingomonas and Baker’s yeast reduced 140 to 137
in >90% yield and 99% enantiomeric excess (e.e.).

In an alternate approach, the enantioselective microbial
reduction of methyl-4-(2'-acetyl-5'-fluorophenyl) butanoates
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Geotrichum candidum @ \@/\/\, \O/V\[
OAc @

(S)-Acetate 127 (R)-128
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~P—g ™

O U~
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Fig. 31. Anticholesterol drugs: enzymatic synthesis of S-[1-(acetoxyl)-4-(3-phenyl)butyl]phosphonic acid, diethyl ester.
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141 (Fig. 33B) was demonstrated using strains of
Candida and  Pichia. Reaction yields of 40-53%
and e.e.s of 90-99% were obtained for the corresponding
(S)-hydroxy esters 138. The reductase which catalyzed the
enantioselective reduction of ketoesters was purified to homo-
geneity from cell extracts of P. methanolica SC 13825. It was
cloned and expessed in E. coli and recombinant cultures were
used for the enantioselective reduction of the keto-methyl ester
141 to the corresponding (S)-hydroxy methyl ester 138. On
preparative scale, a reaction yield of 98% with an e.e. of 99%
was obtained [185].

24. Oxime-based NK1/NK2 dual antagonists

24.1. Enzymatic desymmetrization of diethyl
3-[3',4'-dichlorophenylglutarate

Tachykinins are a group of biologically active neuropeptide
hormones that are widely distributed throughout the nervous sys-
tem. They are implicated in a variety of biological processes such
as pain transmission, inflammation, vasodialation and secretion
[186].

The effect of tachykinins is modulated via the specific G-
protein coupled receptors NK1 and NK2. Thus non-peptide

NK-receptors antagonists are potentially useful in the treatment
of variety of chorinic diseases including asthma, bronchospasm,
arthritis, and migraine [187]. The structure—activity relation-
ship of several non-peptide NK1/NK2 antagonists has led to
the discovery of a new class of oxime-based NK1/NK2 dual
antagonists [188], for example compound 142 (Fig. 34). The bio-
logical activity of 142 resides mainly in the R,R-diastereomer.
An enzymatic process for desymmetrization of the prochiral
diethyl 3-[3’,4’-dichlorophenyl]glutarate 143 to the correspond-
ing (S)-monoester 144 has been developed using lipase B from
C. antarctica with either the free or the immobilized enzyme.
At 100 g/L substrate input, a reaction yield of 97% and an
e.e. of >99% were obtained for the desired (S)-monoester. The
process was scaled up to produce 200kg of product in 80%
overall isolated yield [189]. DNA family shuffling was used
to create a chimeric lipase B protein with improved activity
towards diethyl 3-[3’,4’-dichlorophenyl]glutarate. Three homol-
ogous lipases from C. antarctica ATCC 32657, Hyphozyma sp.
CBS 648.91 and Cryptococcus tsukubaensis ATCC 24555 were
cloned and shuffled to generate a diverse gene library, and using
a high-throughput screening assay, a chimeric lipase B protein
having 20-fold higher activity towards the substrate was identi-
fied [190]. The thermostability of the lipase was also improved
by directed evolution [191].
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25. Antiinfective drugs
25.1. Microbial hydroxylation of pleuromutilin or mutilin

Pleuromutilin 145 (Fig. 35) is an antibiotic from Pleurotus
or Clitopilus basidiomycetes strains which kills mainly gram-
positive bacteria and mycoplasms. A more active semi-synthetic
analogue, tiamulin, has been developed for the treatment of ani-
mals including poultry infection and has been shown to bind
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Fig. 34. NK1/NK2 dual antagonists: enzymatic desymmetrization of diethyl
3-[3',4’-dichlorophenyl]glutarate.

to prokaryotic ribosomes and inhibit protein synthesis [192].
Metabolism of pleuromutilin derivatives results in hydroxyla-
tion by microsomal cytochrome P-450 at the 2- or 8-position
and inactivates the antibiotics [193]. Modification of the 8-
position of pleuromutilin and analogues is of interest as a means
of preventing the metabolic hydroxylation. Microbial hydrox-
ylation of pleuromutilin 145 or mutilin 146 would provide a
functional group at this position to allow further modification.
The target analogues would maintain the biological activity
of the parent compounds but not be susceptible to metabolic
inactivation.

Biotransformation of mutilin and pleuromutilin by microbial
cultures has been investigated to provide a source of 8§-
hydroxymutilin or 8-hydroxypleuromutilin [194]. Streptomyces
griseus strains SC 1754 and SC 13971 (ATCC 13273) hydroxy-
lated mutilin to (S)-8-hydroxymutilin 147, (S)-7-hydroxymutilin
148, and (S)-2-hydroxymutilin 149. Cunninghamella echin-
ulata SC 16162 (NRRL 3655) gave (S)-2-hydroxymutilin
or (R)-2-hydroxypleuromutilin 150 from biotransformation of
mutilin or pleuromutilin, respectively. The biotransformation
of mutilin by the S. griseus strain SC 1754 was scaled
up in 15-, 60-, and 100-L fermentations to produce a total
of 49 g of (S)-8-hydroxymutilin, 17 g of (7S5)-hydroxymutilin
and 13g of (S)-2-hydroxymutilin from 162g of mutilin
[194].

A C-8 ketopleuromutilin 151 derivative has been synthe-
sized from the biotransformation product 8-hydroxymutilin
[195]. A key step in the process was the selective oxidation
at C-8 of 8-hydroxymutilin using tetrapropylammonium per-
ruthenate. The presence of the C-8 keto group precipitated
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interesting intramolecular chemistry to afford 152 with a novel
pleuromutilin-derived ring system by acid catalyzed conversion
of C-8 ketopleuromutilin.

25.2. Enzymatic synthesis of (S)-B-hydroxyvaline

The asymmetric synthesis of -hydroxy-a-amino acids by
various methods has been demonstrated [196] because of their
utility as starting materials for the total synthesis of monobactam
antiobiotics.

(8)-B-hydroxyvaline 153 (Fig. 36), is a key chiral intermedi-
ate required for the total synthesis of orally active monobactam
[197], Tigemonam 154 (Fig. 36). The synthesis of (S)-3-
hydroxyvaline 153 from a-keto--hydroxyisovalerate 155 by
reductive amination using leucine dehydrogenase from Bacil-
lus sphaericus ATCC 4525 has been demonstrated [198]. The
NADH required for this reaction was regenerated by either
formate dehydrogenase from C. boidinii or glucose dehydro-
genase from B. megaterium. In this process, an overall reaction
yield of 98% and an e.e. of 99.8% were obtained for the (S)-3-
hydroxyvaline 153.

Dehydrogenase

Gluconate or CO, ‘7_T

NADH NAD*
o OH N i
Leucine Dehydrogenase H,N

"
CO;Na NH,4 CO,Na

Glucose or Formate

155 153
o-Keto-B-hydroxyisovalerate (S)-B-hydroxyvaline

] o]
HZN_Q\l\T/LNH
N I o
N
o)
L o

NOSOy
€O, [(CH3)3N"CH,CH,0H],

154
Tigomonam

Fig. 36. Antiinfective drugs: enzymatic synthesis of L-B-hydroxyvaline.
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26. a1-Adrenoreceptor antagonist
26.1. Enzymatic esterification and ammonolysis

Afuzosin 156 (Fig. 37), a quinozoline derivative, acts as a
potent and selective antagonist of a1-adrenoreceptor mediated
contaction of the prostate and the prostatic capsule, thereby
reducing the symptoms associated with benign prostatic hyper-
trophy [199]. Several routes have been reported for the chemical
synthesis of Afuzosin, with tetrahydro-N-[3-(methylamino)-
propyl]-2-furancarboxamide 157 as a key intermediate [200].
The reported synthesis from 2-tetrahydrofuroic acid involves
toxic reagents and harsh reaction conditions [201]. Lipase-
catalyzed ammonolysis reactions using ammonia as the
nucleophile have been demonstrated with esters [202]. A lipase-
catalyzed process has been described for the one-pot conversion
of carboxylic acids into substituted amides via in situ for-
mation of the ethyl ester and subsequent ammonolysis [203].
The procedure was optimized for the preparation of 157 and
involved the treatment of the corresponding carboxylic acid
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158 with ethyl alcohol to prepare ester 159 in the presence of
immobilized C. antarctica lipase followed by addition of N-
methyl-1,3-propanediamine. The amide 157 was obtained in
72% yields. Immobilized enzyme was reused over eight cycles
in this process. This process was proven to be general and can be
applied to open-chain, cyclic, hydroxy-, amino-, dicarboxylic,
and unsaturated acids [203]. The enzyme shows regioselec-
tive behavior in relation to primary and secondary amino
groups.

27. Melatonin receptor agonist

27.1. Enantioselective enzymatic hydrolysis of racemic
1-{2',3'-dihydro benzo[b Jfuran-4'-yl}-1,2-oxirane

Epoxide hydrolase catalyzes the enantioselective hydrol-
ysis of an epoxide to the corresponding enantiomerically
enriched diol and unreacted epoxide [204,205]. The (S)-epoxide
160 (Fig. 38A) is a key intermediate in the synthesis of a
melatonin receptor agonist 161 [206,207]. The enantiospecific
hydrolysis of the racemic 1-{2’,3’-dihydro benzo[b]furan-4'-
yl}-1,2-oxirane 160 to the corresponding (R)-diol 162 and
unreacted S-epoxide 160 has been demonstrated [208]. Two A.
niger strains (SC 16310, SC 16311) and Rhodotorula glutinis SC
16293 selectively hydrolyzed the (R)-epoxide, leaving behind
the (S)-epoxide 160 in >95% e.e. and 45% yield (theoretical
maximum yield is 50%). Several solvents at 10% vol/vol were
evaluated in an attempt to improve the e.e. and yield and were
found to have significant effects on both the extent of hydrolysis
and the e.e. of unreacted (S)-epoxide 160. Most solvents gave a
lower e.e. product and slower reaction rate than that of reactions
without any solvent supplement, although MTBE gave a reac-

tion yield of 45% and an e.e. of 99.9% for unreacted (S)-epoxide
160. MTBE increased the E value of enzyme from 14 to 67.

27.2. Biocatalytic dynamic kinetic resolution of
(R,S)-1-{2',3'-dihydrobenzo[b Jfuran-4'-yl}-ethane-1,2-diol

‘While commonly used biocatalytic kinetic resolution of race-
mates often provide compounds with high e.e., the maximum
theoretical yield of product is only 50%. The reaction mix-
ture contains a ca. 50:50 mixture of reactant and product which
possess only slight differences in physical properties (e.g., a
hydrophobic alcohol and its acetate), and thus separation may
be very difficult. These issues with kinetic resolutions can be
addressed by employing a “Dynamic Kinetic Resolution” pro-
cess involving a biocatalyst or biocatalyst with metal-catalyzed
in situ racemization [209-212].

S-1-(2/,3’-Dihydrobenzo[b]furan-4'-yl)ethane-1,2-diol (162,
Fig. 38B) is a potential precursor of S-epoxide 160 [206]. The
dynamic kinetic resolution of the racemic diol 162 to the (S)-
enantiomer 162 has been demonstrated [213]. Seven cultures
[C. boidinii SC 13821, SC 13822, SC 16115, P. methanolica
SC 13825, SC 13860 and H. polymorpha SC 13895, SC 13896]
were found to be promising, providing (S)-diol 162 in 87-100%
e.e.s and 60-75% yields. A new compound was formed dur-
ing these biotransformations and was identified as the hydroxy
ketone 163 by an LC-MS. The area of the HPLC peak for
hydroxy ketone 163 first increased with time, reached a maxi-
mum, and then decreased, as expected for the proposed dynamic
kinetic resolution pathway. C. boidinii SC 13822, C. boidinii
SC 16115, and P. methanolica SC 13860 transformed the
racemic diol 162 in 3—4 days to (S)-diol 162 in >70% yield and
90-100% e.e.
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28. Antihypertensive drugs

28.1. Enzymatic preparation of (S)-3-acetylthio-2-methyl
propanoic acid

Captopril is designated chemically as 1-[(2S)-3-mercapto-
2-methylpropionyl]-L-proline 164 (Fig. 39A), it prevents the
conversion of angiotensin I to angiotensin II by inhibition of
angiotensin converting enzyme (ACE). The potency of captopril
as an inhibitor of ACE depends critically on the configu-
ration of the mercaptoalkanoyl moiety; the compound with
the S-configuration is about 100 times more active than its
corresponding R-isomer [214,215]. The synthesis of the (S)-
sidechain of captopril by the lipase-catalyzed enantioselective
hydrolysis of racemic 3-acetylthio-2-methyl propanoic acid
(165, Fig. 38B) to yield desired (S5)-165, (R)-3-mercapto-2-
methylpropanoic acid 166 and acetic acid has been demonstrated
[216]. Lipase from Rhizopus oryzae ATCC 24563 (heat-dried
cells) and lipase PS-30 from P. cepacia in toluene catalyzed the
hydrolysis of the thioester bond of the undesired enantiomer
to yield the desired (S)-165 in >28% yield (theoretical max is
50%) and e.e.’s of >95% using each enzyme. In an alternate
process, desired 3-mercapto-(25)-methylpropionic acid (S)-165
was prepared by enantioselective hydrolysis of racemic 3-
mercapto-2-methylpropionic acid, methyl ester 167 (Fig. 39C)
by esterase from Pseudomonas sp. MRC strain. A reaction yield
of 49% (max yield is 50%) and e.e. of 99.9% was obtained for
(S)-165 [217].

28.2. Asymmetric enzymatic hydrolysis of diacetate to
(S)-monoacetate

(S)-monoacetates (168, 169, Fig. 40) are key chiral interme-
diates for the chemo-enzymatic synthesis of Monopril 170, an
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Fig. 40. Antihypertensive drug, Monopril: enzymatic preparation of (§)-2-
cyclohexyl- and (S)-2-phenyl 1,3-propanediol monoacetates.

antihypertensive drug which acts as an ACE inhibitor [218]. The
asymmetric hydrolysis of 2-cyclohexyl-1,3-propanediol diac-
etate 171 and 2-phenyl-1,3-propanediol diacetate 172 to the
corresponding (S)-monoacetate 168 and (S)-monoacetate 169
by porcine pancreatic lipase (PPL) and Chromobacterium vis-
cosum lipase was demonstrated [219]. In a biphasic system using
10% toluene, reaction yields of >65% with e.e.s of 99% were
obtained for (S)-168 using each enzyme. (S)-169 was obtained
in 90% reaction yield with 99.8% e.e. using C. viscosum lipase
under similar conditions.
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Fig. 41. Antihypertensive drug, Ompatrilat: enzymatic synthesis of allysine ethylene acetal.
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28.3. Enzymatic synthesis of allysine ethylene acetal

Omapatrilat (173, Fig. 41) is an antihypertensive drug
which acts by inhibiting angiotensin-converting enzyme (ACE)
and neutral endopeptidase (NEP) [220]. (S)-2-Amino-5-(1,3-
dioxolan-2-yl)-pentanoic acid [(S)-allysine ethylene acetal] 174
is one of three building blocks used in an alternative synthesis
of Omapatrilat. Synthesis of 174 was demonstrated by reductive
amination of ketoacid acetal 175 using phenylalanine dehydro-
genase (PDH) from T. intermedius [221]. The reaction required
ammonia and NADH; NAD produced during the reaction was
recyled to NADH by the oxidation of formate to CO, using
formate dehydrogenase (FDH). T. intermedius PDH was cloned
and expressed in E. coli and recombinant culture was used as
a source of PDH. P. pastoris [222] grown on methanol are also
useful sources of FDH. Expression of T. intermedius PDH in
P. pastoris, inducible by methanol, allowed generation of both
enzymes in a single fermentation. A total of 197 kg of 174 was
produced in three 1600-L batches using a 5% concentration of

CN
)\i/ CN Nitrilase
—_—
(R,S)-181

Isobutylsuccinonitrile

//L\V/A\V/COOH

179 R-181
(3S5)-3-cyano-5-methyl

substrate 175 with an average yield of 91 M % and e.e. >98%
[221]. (S)-allysine ethylene acetal was converted to Omapatrilat
173 [222]

28.4. Enzymatic synthesis of thiazepine

[45-(4a,7a,10ab)]-1-Octahydro-5-oxo-4-[[(phenylmethoxy)
carbonyl]amino]-7H-pyrido-[2,1-b] [1,3]thiazepine-7-
carboxylic acid (176, Fig. 42) is a key intermediate in
the synthesis of Omapatrilat 173 [220]. An enzymatic process
was developed for the preparation of compound 176 from
compound 177. L-lysine-e-aminotransferase from S. pauci-
mobilis SC 16113, was used for process development. Due to
the low activity of the enzyme, L-lysine e-aminotransferase
(LAT) was overexpressed in E. coli strain GI724(pAL781-LAT)
and a biotransformation process was developed [223]. The
aminotransferase reaction required a-ketoglutarate as the amine
acceptor. Glutamate formed during this reaction was recycled
back to a-ketoglutarate by glutamate oxidase (GOX) from
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Fig. 43. GABA analogs: enzymatic synthesis of (35)-3-cyano-5-methyl hexanoic acid.
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Streptomyces noursei SC 6007. The extracellular GOX was
cloned and expressed in Streptomyces lividans [223].

In biotransformation process, the thiol substrate 178 was
generated in situ from the disulfide N2-[N[[(phenylmethoxy)
carbonyl] L-homocysteinyl] L-lysine)-1,1-disulphide 177 by
treatment with DTT or tributylphosphine. The conversion
of compound 178 to compound 176 was carried out using
LAT from E. coli GI724[pal781-LAT] in the presence of o-
ketoglutarate and dithiothreitol (DTT or tributylphosphine) and
glutamate oxidase. Reaction yields of 65-67 M% were obtained
[223].

29. GABA analog

29.1. Enzymatic synthesis of (3S)-3-cyano-5-methyl
hexanoic acid

(35)-3-cyano-5-methyl hexanoic acid (179, Fig. 43) is
a key chiral intermediate for the preparation of Pre-
gabalin (Lyrica® API) 180, a marketed GABA ana-
log for the treatment of neuropathic pain and partial
seizures [224]. (35)-3-cyano-5-methyl hexanoic acid 179
was prepared by a regio- and stereo-specific hydrolysis of
racemic isobutylsuccinonitrile 181. Several plant and bacterial
nitrilases were cloned from the gene bank and their substrate
specificity and enantioselectivity were studied using a fluores-
cent assay by capturing the NH3 byproduct. The desired nitrilase
AtNitl from Arabidopsis thaliana with high enantioselectivity
(E>150) was then optimized to increase expression and engi-
neered to improve activity [225]. At 20 g/L substrate input, the
reaction yield of 95% and e.e. of 98.5% was obtained for desired
product 179 [226].

30. Rhinovirus protease inhibitor

30.1. Enzymatic preparation of
(2S)-2-[3-{[(5-methylisoxazol-3-yl)
carbonyl Jamino}-2-oxopyridin-1(2H)-yl Jpent-4-ynoic acid

Currently, no effective therapy exists to directly treat the
common cold. Since the condition is mainly caused by rhi-
novirus infections, the use of inhibitors that target the 3C
protease, a protein required for viral replication, has been
reported. The design and development of substrate-derived
tripeptidyl protease inhibitors have been investigated [227]. A
series of promising compounds including Rupintrivir™ 182
and 183 (Fig. 44) have emerged as lead candidates for this ail-
ment with Rupintrivir being entered into human clinical trials
[228]. (25)-2-[3-{[(5-methylisoxazol-3-yl)carbonyl]amino}-2-
oxopyridin-1(2H)-yl]pent-4-ynoic acid 184 is a key intermediate
in the synthesis of a human rhinovirus (HRV) protease inhibitor.
An efficient enzymatic process has been developed for the
kinetic resolution of racemic ester 185 to afford (§)-acid
184 in 49% chemical yield/per cycle with 98% e.e. The
enzymatic process was carried out in the presence of 40%
acetonitrile using the alkaline protease from Bacillus lentus
[229].

31. Enzymatic Baeyer-Villiger reactions

Enzyme-mediated Baeyer—Villiger oxidation offers a “green
chemistry” approach for the production of chiral lactones [230].
An increasing number of flavin-dependent Baeyer—Villiger
monooxygenases (BVMOs) with a remarkably broad profile
of non-natural substrates has been identified during recent
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years [231-248]. Enantiodivergent whole-cell Baeyer—Villiger
oxidation of rac-bicyclo[3.2.0]hept-2en-60ne 186 (Fig. 45A)
by cyclohexanone monooxygenase has been demonstrated on
a kilogram scale. A high productivity was obtained com-
bining a resin-based in situ substrate feeding and product
removal methodol. (in situ SFPR), a glycerol feed control,
and an improved oxygenation device (using a sintered-metal
sparger). As expected both regioisomeric lactones [(—)-(1S5,5R)-
187 and (—)-(1R,55)-188] were obtained in nearly enantiopure
form (e.e. >98%) and good yield [235]. Also regioselec-
tive Baeyer—Villiger oxidation of rac-3-methylcyclohexanone
189 (Fig. 45B) by cyclopentanone monoxygenase yield-
ing only proximal lactone 190 has been demonstrated
[237].

A set of racemic cyclic and linear ketones 191 (Fig. 45C),
as well as 2-phenylpropionaldehyde, were tested as substrates
in the enzymatic Baeyer—Villiger oxidation catalyzed by two
monooxygenases: phenylacetone monooxygenase (PAMO) and
4-hydroxyacetophenone monooxygenase (HAPMO) to yield
(R)-191 and (S)-lactones 192. Excellent enantioselectivites
(E>200) was obtained in the kinetic resolution processes
depending on the substrate structure and the reaction condi-
tions. The parameters affecting the biocatalytic properties of
these enzymes were also studied, in order to establish a deeper
understanding of these novel biocatalysts [241].

Use of recombinant whole-cell expression systems for
Baeyer—Villiger monooxygenases of various bacterial origin
were utilized in the regiodivergent biooxidation of cyclic ter-

penones enabling access to enantio- and regioisomeric lactones
on a preparative scale [242].

Recombinant E. coli B834 (DE3) pDBS5 expressing the
Rv3049c gene encoding a Baeyer—Villiger monooxygenase
from Mycobacterium tuberculosis H37Rv was used for regios-
elective oxidations of fused bicyclic ketones. This whole-cell
system represents the first recombinant Baeyer—Villiger oxida-
tion biocatalyst that effectively resolves the racemic starting
materials in this series. Within biotransformations using this
organism one substrate enantiomer remains in high optical
purity, while the second enantiomer is oxidized to one type of
regioisomeric lactone [243].

A heterobicyclic lactone was obtained via stereoselective
Baeyer—Villiger biooxidation with recombinant whole-cells
expressing cyclopentanone monooxygenase from Comamonas
sp. NCIMB 9872 was used for the total syntheses of various nat-
ural products, such as (+)-showdomycin, (+)-frans-kumausyne,
goniofufurone analogs [244].

The design and evolution of cyclopentanone monooxygenase
(CPMO) was described by a relatively inexpensive and rapid
way to obtain mutant enzymes with the desired characteristics.
Several successful mutants with enhanced enantioselectivities
were identified. For example, mutant-catalyzed oxidation of
4-methoxycyclohexanone gave the corresponding lactone with
92% entantiometric excess compared to the 46% e.e. achieved
with wild-type cyclohexanone monoxygenase [245].

E. coli expressing cyclohexanone monooxygenase catalyzed
a highly enantioselective Baeyer—Villiger oxidation of a-
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substituted cyanocyclohexanones, leading to the corresponding
enantiopure caprolactones (e.e.’s >97%). Classical kinetic res-
olution and regiodivergent parallel kinetic resolution patterns
were observed depending on the length of the linear chain at the
alpha position [246].

Among available Baeyer—Villiger monooxygenases, pheny-
lacetone monooxygenase is an attractive biocatalyst because
of its thermostability, however, it is only active with a lim-
ited number of substrates. By means of a comparison of the
PAMO structure and a modeled structure of the sequence-related
cyclopentanone monooxygenase, several active-site residues
were selected for a mutagenesis study in order to alter the sub-
strate specificity. The M446G PAMO mutant was found to be
active with a number of aromatic ketones, amines and sulfides
for which wild-type PAMO shows no activity. In addition to an
altered substrate specificity, the enantioselectivity towards sev-
eral sulfides was dramatically improved. This newly designed
Baeyer—Villiger monooxygenase extends the scope of oxidation
reactions [247,248].

32. Enzymatic acyloin and aldol condensations

Stereoselective carbon—carbon bond forming reactions are
useful synthetic methods in the creation of up to two adja-

cent stereocenters [249]. Several classes of enzymes are able
to catalyze stereoselective C—C bond formation reactions such
as aldolases, oxynitrilases and thiamin diphosphate-dependent
deacardoxylases [250-262].

Pyruvate decarboxylase was used for the production of
(R)-phenylacetylcarbinol 193 (Fig. 46A), a precursor to (—)-
ephedrine, is still used on an industrial scale [253]. The
optimization of a continuous enzymatic reaction yielding (R)-
phenylacetylcarbinol 193, was evaluated using three different
three pyruvate decarboxylases (PDC), PDC from S. cerevisiae,
PDC from Zymomonas mobilis, and a potent mutant of the
latter, PDCW392M, using acetaldehyde and benzaldehyde as
substrates. Among these, the mutant enzyme was the most active
and most stable. The reaction conditions were optimized and the
carboligation was performed using a continuous reaction system
and feeding both aldehydes in equimolar concentration. Initial
studies using a continuously operated enzyme-membrane reac-
tor gave (R)-PAC with a space-time yieldof 81 gL~ d~! using a
substrate concentration of 50 mM of both aldehydes. The yield
was increased by cascadation of enzyme-membrane reactors.
The new strategy allows the synthesis of (R)-PAC from cheap
substrates [254].

Bacterial and yeast decarboxylases have been evaluated
for production of hydroxyl ketones, a-arylacetate, R-amino
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acids, dopamine and organic acids [253-258]. Benzoylformate
decarboxylase dependent formation of acyloin compound (S)-2-
hydroxypropiophenone 194 (Fig. 46B) has been demonstrated
[255]. A review article describing various benzylformate cat-
alyzed acyloin condensation reactions have been published
[255,256,260,262].

Phenyl pyruvate (PPD)-dependent asymmetric acyloin con-
densation of phenylpyruvate with various aldehydes to produce
optically active acyloins PhCH,COCH(OH)R 195 (Fig. 46C)
has been demonstrated [261].

Today, many useful synthetic applications have been demon-
strated for different classes of aldolases, and for related C—C
bond forming enzymes [263-271]. The synthesis of rare and
novel “aza sugars”, which represent powerful glycosidase
inhibitors or show potent antiviral activity has been devel-
oped using D-fructose 1,6-bisphosphate aldolase [268-270].
Prominent examples concern the FruA catalyzed synthe-
sis of deoxynojirimycin 196 and deoxymannojirimycin 197
(Fig. 47A) from 3-azido-2-hydroxypropanal [270].

Similarly, a D-fructose 1,6-bisphosphate aldolase-mediated
enenatioselective dihydroxy acetone phosphate addition to inter-
mediate served as the key step in the chemo-enzymatic synthesis
of 3-epiaustraline 198 and australine 199 (Fig. 47B) [271]. Aus-
traline and 3-epiaustraline are naturally occurring pyrrolizidine

alkaloids, having potent glycosidase inhibitory and antiviral
activities.

Lyases have extensively used in the formation of C—N bond
[272-275]. Tyrosinphenol lyase-catalyzed synthesis of L-DOPA
200 (Fig. 48A) using Erwinia herbicola was developed to yield
110 g/L of product. More then 125 tons of L-DOPA is produced
per year using biotransformation process [276,277].

A two-step chemoenzymatic synthesis of (R)-2-amino-1-
(2-furyl)ethanol 201 (Fig. 48B) was developed by a highly
enantioselective cyanohydrin reaction of furan-2-carbaldehyde
202 with hydrocyanic acid catalyzed by the hydroxynitrile lyase
from Hevea brasiliensis. Subsequent sodium borohydride reduc-
tion furnished the desired product with an e.e. of >99.5%. This
procedure can be considered a convenient general route for the
stereoselective synthesis of ethanol amine derivatives underlin-
ing the role of biocatalysis for the generation of stereogenic
centres in the synthesis of chiral intermediates [278].

33. Dynamic Kinetic resolution (DKR)

The deracemization of a number of pharmaceutically valu-
able building blocks including epoxides, alcohols, amines and
acids have been carried out by biocatalysis [11,18,279-302].
DKR involves the combination of an enantioselective trans-
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202

formation with an in sifu racemisation process such that, in
principle, both enantiomers of the starting material can be con-
verted to the product in high yield and e.e. The racemization
step can be catalyzed either enzymatically by racemases or non-
enzymatically by transition metals.

Propanolol (203, Fig. 49) belongs to the group of pB-
adrenergic blocking agents and activity mainly resides in the
(S)-enantiomers. Synthesis of (S5)-203 was achieved by dynamic
kinetic resolution (DKR) of (3)-204 using Novozyme-435 in
toluene at 80 °C and p-chlorophenyl acetate as acyl donor in the
presence of ruthenium complex 205. The (R)-acetate 206 was
produced in ee >99 and 86% isolated yield [290]. The enzyme

0\)01/"3
9

204

was recycled and used again for another cycle without any loss of
activity. Using the same procedure, racemic 207 was subjected
to DKR to produce the (R)-acetate 208 (e.e. >99, 92% conver-
sion and 84% isolated yield), a precursor of (R)-denopamine
209, a potent orally active 31 receptor agonist for the treatment
of hypertension [290].

The preparation of optically active chiral amines by deracem-
ization of racemic mixtures employs the simultaneous use of a
highly selective oxidase biocatalyst and a chemical reducing
agent or catalyst, and can be used for the preparation of a wide
range of optically pure amines in yields often approaching 100%
[11,18,281,282,291]. An example is the conversion of racemic
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Fig. 49. Dynamic resolution for preparation of propanolol by enzyme metal complex.
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a-methyl benzylamine 210 (Fig. 50) to (R)-a-methyl benzy-
lamine 210 by amine oxidase from Aspergillus niger [291].

The combination of in situ racemization mediated with thiyl
radicals and lipase-catalyzed enzymic resolution enables the
dynamic kinetic resolution of nonbenzylic amines. It was applied
either to the conversion of racemic mixtures or to the inversion
of (S)-enantiomers of nonbenzylic amines. Five racemic amines
and two (S)-amines were transformed into the corresponding
(R)-amides (in isolated yields ranging from 47% to 81%, with
e.e.’s varying from 86% to >99%) in the presence of either ethyl
laurate or lauric acid [284].

A practical procedure for the dynamic kinetic resolution of
primary amines has been developed employing a palladium
nanocatalyst as the racemization catalyst, a Novozym-435 as the
resolution catalyst, and ethyl acetate or ethyl methoxyacetate as
the acyl donor. Eleven primary amines and one amino acid amide
have been efficiently resolved with good yields (85-99%) and
high enantiomeric excesses (97-99%) [285].

OH Ru-Catalyst

- X
-
N Ph

Ph Me

(R)-211

The dynamic kinetic resolution of secondary amines using
a iridium based catalyst coupled with an Candia rugosa lipase-
catalyzed step was achieved on a large scale with high yields and
e.e. The 1-Methyl-1,2,3,4-tetrahydroisoquinoline was under-
went iridium-lipase-catalyzed dynamic kinetic resolution to
provide the optically pure product with high enantiomeric excess
[286].

The DKR of secondary alcohols (Fig. 51) has been
demonstrated by combining enantioselective lipases with
transition-metal-based racemisation catalysts by various groups
[291-297]. Kim has recently shown that (S)- as well as
(R)-configured alcohols 211 can be prepared by the use of a
commercially available (S)-selective subtilisin from Bacillus
licheniformis as the enantioselective acylating catalyst [293].

Dynamic kinetic resolution of a series of secondary alco-
hols was developed with a novel dinuclear ruthenium complex,
bearing tetrafluorosuccinate and rac-BINAP ligands as the
racemization catalyst. Novozym 435 has been used as the
enzyme, and iso-propyl butyrate as the acyl donor. Typically
the reaction reached complete conversion within 1 day with
0.1 mol% of racemization catalyst relative to the substrate. The
addition of the ketone corresponding to the substrate stabilizes
the active Ru complex and, therefore, increases the rate of the
reaction [300].

A novel dynamic kinetic resolution process was developed
for racemic allyl alcohol using a combination of lipases
and [VO(OSiPh3)3] [i.e., tris[(triphenylsilyl)oxy]vanadium
oxide]. The 1,3-transposition of allyl alcohols catalyzed by
tris[(triphenylsilyl)oxy]vanadium oxide gave thermodynamic.
Mixtures of two regioisomers, which underwent highly stereose-
lective and chemoselective esterification with lipases. Optically
enriched allyl acetates were isolated in high yields [301].

(8)-Selective kinetic resolution was achieved through the use
of acommercially available protease after activation with a com-
bination of two different surfactants. The kinetic resolurtion pro-
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Fig. 51. DKR of secondary alcohols by (S)-selective subtilisin and transition metal complex.
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cess was optimized with respect to activation of the protease and
to the acyl donor. The kinetic resolution process was compatible
with a range of functionalized seconday alcohols giving good
to high enantiomeric ratio values (up to >200). The enzymic
resolution process was combined with a ruthenium-catalyzed
racemization to give an (S)-selective dynamic kinetic resolution
(DKR) of seconday alcohols The DKR process works under very
mild reaction conditions to give the corresponding esters in high
yields and with excellent enantioselectivities [302].

Using recombinant A. niger epoxide hydrolase under
optimized conditions, the hydrolytic kinetic resolution of 1-
chloro-2-(2,4-difluorophenyl)-2,3-epoxypropane 212 (Fig. 52)
was demonstrated at a substrate concentration as high as 500 g/L
(i.e., 2.5M) and afforded the (unreacted) (S)-epoxide 212 and
the corresponding vicinal diol 213, both in nearly enantiopure
form and quantitative yield [239].

34. Conclusion

The production of single enantiomers of drug intermediates
has become increasingly important in the pharmaceutical indus-
try. Organic synthesis is one approach to the synthesis of single
enantiomers, and biocatalysis provides an alternate opportunity
to prepare pharmaceutically useful chiral compounds. In many
cases biocatalysis offers advantages over chemical catalysis due
to the diverse stereoselective and regioselective transformations
that can be catalyzed by enzymes under mild conditions such
as ambient temperature and atmospheric pressure. In this arti-
cle, the utility of a wide array of different classes of enzymes
for the catalysis of different types of chemical reactions has
been demonstrated to provide a key single enantiomer interme-
diates for pharmaceutical drug candidates. This includes the use
of hydrolytic enzymes (lipases, esterases, proteases, dehaloge-
nases, acylases, amidases, nitrilases, lyases, epoxide hydrolases)
in the resolution of variety of racemic compounds and in
the asymmetric synthesis of enantiomerically enriched chiral
compounds. Oxido-reductases and aminotransferases have been
used in the synthesis of chiral alcohols, aminoalcohols, amino
acids and amines. Aldolases and decarboxylases have been
effectively used in asymmetric synthesis by aldol condensation
and acyloin condensation reactions. Monoxygenases have been
used in enantioselective and regioselective hydroxylation, epox-
idation, and Baeyer—Villiger reactions. Dioxygenases have been
used in the chemo-enzymatic synthesis of chiral diols. Enzymes
and enzymes with metal complexes were used in dynamic kinetic
resolution to prepare chiral amines, aminoacids, alcohols and
epoxides. In the course of the last decade, progress in bio-
chemistry, protein chemistry, molecular cloning, random and
site-directed mutagenesis, directed evolution of biocatalysts and
fermentation technology has opened up unlimited access to a
variety of enzymes and microbial cultures as tools in organic
synthesis.
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