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Exploiting the enantioselectivity of biocatalysts
for the resolution of racemic compounds

Exploiting the enantioselectivity of biocatalysts
for the de novo creation of asymmetric centers

Discrimination of enantiotopic groups or atoms in
prochiral substrate

Discrimination of enantiotopic faces of substrate

e Carbonyl reduction

o C=C reduction

o C=N reduction

e HCN qaddition

e Acyloin condensations
e Aldolization reactions

Other useful reactions

Miscelleanous addition, elimination or transfer reac-
tions

Biological macromolecule syntheses

o Oligosaccharide and glycoside synthesis
e Enzymic peptide synthesis

“Bio-ozygenation” reactions

e Dioxygenase-catalyzed reactions
o Monoozygenase-catalyzed reactions

Conclusion and prospects

Introduction

Several general and extensive reviews [1-7], special
issues of periodicals {8-12], or specialized books [13-19]
have been published in the last ten years on the sub-
ject of biocatalysis in organic synthesis. They express
the explosive development and success of this method-
ology in the area of the synthesis of natural products,
pharmaceuticals and agrochemicals. It is certainly out
of the scope of this review to try to cover all the facets
of enzyme-catalyzed reactions. However it will be the
aim of this report to concentrate on the most valu-
able methodological aspects, already in use in hundreds
of chemical laboratories for practical organic synthesis.
Ten years ago, classical organic chemists would proba-
bly have been more reluctant to consider an enzymic so-
lution for one of their synthetic problems [20]. This was
due, in most cases, to the fact that “biological systems”
would have to be handled. Where isolation, growth and
maintenance of whole microorganisms are concerned,
such hesitation is probably still justified. On the other
hand, isolated enzymes, which may be obtained more
easily and increasingly from commercial sources, in ei-
ther a crude or partially purified form, can generally be
utilized like any other shelf chemical catalyst. The fact
that, in some cases, the extensive understanding of cer-
tain enzymic reactions is still missing does not preclude
their empirical utilization, in a pragmatic and some-
what empirical way, provided their usefulness has been
established.

Compared to the chemical catalysts usually em-
ployed, enzymes are exceptional in several respects.

1) They are highly efficient catalysts. The rates of
enzyme-promoted reactions can be faster than those
of the corresponding uncatalyzed reactions by factors
of 108-101% (sometimes attaining diffusion-controlled
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rates) [21], which is far above the usual acceleration
observed in chemical catalysis.

2) Enzymes act in aqueous solvent, under mild con-
ditions : pH range 5-8, temperature around 20-40°C.
This may minimize side reactions, such as decompo-
sition, isomerization, racemization or rearrangements
which often plague chemical methodologies.

3) Enzymes are very versatile reagents. There is an
enzyme-catalyzed equivalent for all types of organic re-
action, except for some rearrangement reactions (such
as the Cope reaction) or the Diels-Alder reaction. Even
in this case, some exceptions have been recently re-
ported in the literature [22], indicating that even un-
known or unnatural reactions can be forced by enzymic
catalysis. In this area. the usual rational approach de-
rived from the biochemist’s knowledge of natural en-
zymic reactions and substrates has been shown to be
surpassed by organic chemist’s imagination.

4) Enzymes acting on their natural substrates are
generally very selective, especially considering all the
types of chemical selectivity possible : i) a single type
of reaction catalyzed (chemoselectivity); ) discrimi-
nation betweeen identical functional groups located in
structurally different positions of the substrate molecule
(regioselectivity and diastereoselectivity); and i) dis-
crimination betweeen enantiomeric substrates. or enan-
tiotopic groups (or faces) of a prochiral substrate (enan-
tioselectivity). Enantioselectivity derives from the fact
that enzymes are highly chiral reagents, exclusively
constituted of L-amino acids, and that any type of
chirality effectively or potentially present in the sub-
strate molecule involves the formation of diastereomeric
enzyme-substrate(product) complexes, thus resulting in
a highly stereoselective reaction.

As early as 1948, there already existed a convincing
rationale to explain, on theoretical grounds, the enan-
tioselectivity of enzyme reactions. Ogston [23] empha-
sized that only a three-point attachment of the sub-
strate, involving three different binding groups at the
active site, considered as a topologically organized sur-
face, was enough to get a high degree of enantioselec-
tion. This concept holds (fig 1) not only for an “asym-
metric” tetrasubstituted atom Xabcd, the enantiomers
of which can be discriminated in a resolution reaction.
but also for a “prochiral” group or molecule (fig 2), the
enantiotopic faces or substituents of which can be dis-
criminated, resulting in the creation of a new asymmet-
ric center. Such a simple model, representing positive or
negative interactions (steric, electrostatic, hydrophobic
interactions and hydrogen bonds) between functional
groups of the substrate and amino-acid residues in-
volved in the active site, and based exclusively on static
affinity parameters, has been universally adopted as the
foundation for enzyme enantioselection (see [24]), and
later adapted to other asymmetric recognition phenom-
ena (such as chiral chromatography).

These enantioselection properties have been proba-
bly a determining factor in the exponential develop-
ment of enzyme use in organic chemistry in the last
15 years, on the one hand because of the increasing de-
mand for the synthesis of asymmetric molecules in the
fields of pharmaceuticals and agrochemicals [25], and
on the other because of the current limitations arising
from the “chiral pool” and the use of chiral chemical
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Fig 1. Schematic representation of enantiomer discrimina-
tion through the three-point attachment rule (adapted from
Jones [312]). Only the left model allows an adequate com-
plementarity of groups a, b and ¢ with the corresponding A,
B and C groups of the binding area, ensuring the optimal
orientation of the reactive group d towards the “chemical
operator” required for a successful transformation. A conve-
nient orientation of the reactive group d, in the enantiomeric
substrate (right), does not allow us to fit more than one in-
teraction of groups a, b and ¢ in any orientation selected due
to their reverse spatial orientation.
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Fig 2. Schematic representation of enantiotopic groups (I)
or enantiotopic faces (II) discrimination through the three-
point attachment rule (adapted from Jones [312]). In both
cases, only the left models ensure optimal interactions and
thus allow us to rationalize the selective formation of a single
stereoisomer.

reagents and catalysts in asymmetric synthesis. This
report will mostly concern enzymic (microbial) enantio-
selective reaction applications either for the resolution
of racemic compounds, exploiting the enantioselectiv-
ity of biocatalysts towards the substrate or for asym-
metric synthesis of a single sterecisomer, exploiting the
enantioselectivity of biocatalysts toward stereohetero-
topic (diastereotopic or enantiotopic) faces or groups of
a prochiral group or molecule, respectively.

In this context, one of the main questions to be ad-
dressed will be how a biocatalyst, designed by nature to
effect a (stereo)specific reaction on a specific substrate
(or a family of substrates) will accept a new, some-
times structurally very different, unnatural substrate
and what will remain of the original stereoselectivity
of this biocatalyst.

Of the more than 2500 enzymes classified [26], and
the vast unrecognized pool of enzyme activities in
nature, only a minor fraction has been investigated
and used for chemical applications (fig 3). Hydrolase-
catalyzed reactions represent more than half of the



whole, followed by oxidoreduction reactions. A signif-
icant amount of the investigations described are con-
cerned with biotransformations effected with whole-cell
systems whose endogenous enzymic activities may or
may not be well defined.

Lyases
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Oxidoreductases

(purified
enzymes)

(Whole
cells)

Other hydrolases

o Esterases
Nitrilases

Proteases

Fig 3. Pie chart showing the frequency of use of biocatalyst
classes in biotransformations (from [325]).

Exploiting the enantioselectivity of biocatalysts
for the resolution of racemic compounds

The ability of enzymes to discriminate between enan-
tiomers of racemic substrates is probably the best docu-
mented chapter in the use of enzymes. In an ideal case,
when a high enantioselectivity is exhibited, the transfor-
mation of the racemic substrate stops at the 50% con-
version stage, and enantiomerically pure residual sub-
strate and transformation product can be obtained.

However, when an enzyme acts on unnatural sub-
strates, sometimes structurally remote from the natu-
ral situations, enantioselectivity often deteriorates and
only a kinetic resolution may be observed. The optical
purity of the product and that of the residual substrate
are thus dependent on the progress of the reaction. In
the case of an irreversible reaction, a simple calcula-
tion, developed by Sih [27, 28] on a model of chemical
kinetic resolutions [29, 30] may help to provide the best
compromise between yield and optical purity, using a
calculated parameter E (enantiomeric ratio), which is
the ratio of enzyme efficiencies for the transformation
of each enantiomer and is independent of reaction time,
substrate and enzyme concentration. Determination of
E may result from a single measurement of enantiomeric
excesses of substrate and/or product, at a given de-
gree of conversion, in the transformation of the racemic
substrate, using equations [1], or (2], and/or [3]. The
knowledge of E value may prove extremely useful, for
example, in simulating resolution experiments (fig 4 and
5) to determine the best compromise between optical
activity and yield, or in comparing the enantioselectiv-
ities of different enzymes toward a single substrate, or,
conversely, single enzyme enantioselectivities toward a
family of substrates derived from a similar structure,
in order to determine the best experimental resolution
conditions.
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Fig 4. Simulated plots of enantiomeric excess in resid-
ual substrate versus conversion degree in kinetic resolution
experiments, for E values varying from 2 to 100, using equa-
tion [1].
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Fig 5. Simulated plots of enantiomeric excess in product
versus conversion degree in kinetic resolution experiments,
for E values varying from 2 to 100, using equation [2].

_ (kear a/Kma) _ In [(1—c)(1 - ees)]
(kcat B/KMB)  In [(1—¢)(1 + ees)]

~ In{1—¢(1+ eep)]
" In [l —c(1 —eep)] 2

where A and B are the fast and slow reacting enan-
tiomers, respectively, of the racemic substrate S, A’ and
B’ the enantiomers of the product P, and eeg and eep
the enantiomeric excesses of S (= [A — B]/[A +B]) and
P (= |A’ — B']/[A’ + B']), measured for a conversion

E 1]
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Table I. Hydrolytic enzymes commonly used in the resolution of racemic compounds.

Enzymes

(Prevailing abbreviation) Origin

and commercial names

Lipases

Candida cylindracea (=rugosa) lipase
Candida antartica B lipase

Pseudomonas sp (=aeruginosa) lipase
Pseudomonas fluorescens (=cepacia) lipase

(CCL) AY, lipase My
SP-435, lipase B Novo

(PSL) lipase AK, SAM-II Amano

(PFL, PCL) lipase P, PS Amano, Fluka

Amano, Meito Sangyo, Sigma

Mucor (Rhizomucor) miehei lipase lipozyme Novo, Gist-Brocades

Humicola lanuginosa lipase lipase CE Novo, Amano

Aspergillus niger lipase lipase AP6 Amano, Fluka

Geotrichum candidum lipase lipase GC Amano, Sigma

Rhizopus delemar lipase lipase D Amano, Sigma, Fluka

Porcine pancreatic lipase (PPL) Boehringer, Gist-Brocades,
Sigma....

Esterases

Pig-liver esterase (PLE) Amano, Sigma, Boehringer...

Horse-liver esterase (HLE) Sigma, Fluka, Amano...

Carboxylesterase NP Gist-Brocades

Acetylesterase (from orange flavedo) Sigma

Proteases

a-Chymotrypsin (a-CT) Sigma, Boehringer...

Papain Sigma,...

Subtilisin A (from Bacillus licheniformis) alcalase Novo, Sigma

Aspergillus oryzae protease protease A Amano

Thermolysin (from B thermoproteolyticus) Sigma

Other hydrolases

Amino acylase (from porcine kidney) Sigma

Amino acylase (from Aspergillus sp) Amano

Penicillin acylase (from E coli) Pen G acylase Recordati

Amino-acid amidases (aminopeptidases) Sigma...

D- or L Hydantoinases (dihydropyrimidinases) Recordati

from Agrobacterium radiobacter or B brevis

Nitrilase, nitrile hydratase (from SP361, SP 409 Novo

Brevibacterium or Rhodococcus sp)

factor c. When both eeg and eep are available, ¢ may
also be calculated from equation [3]
¢ = eeg/(ees + eep) 3]

i

It is currently admitted that E values < 10 cannot
lead to useful resolutions, while E values > 100 ap-
proximate ideal resolution conditions (see fig 4 and 5).
However, for moderate E values (E ~ 20) it is possible
to obtain highly pure substrate and product by using
a so-called “two-step” enzymic resolution [31], consist-
ing of terminating the reaction at about 40% conver-
sion, where the optimal chemical and optical yields are
reached for the product. After separation, the residual
substrate is submitted to a second reaction step, until
an overall conversion of about 60% is reached, affording
an optimal chemical/optical yield for the substrate. An-
other method consists of obtaining an enriched product
in a first enzymic reaction, converting it chemically into
substrate, and then repeating the resolution experiment
with this enriched substrate, producing an enhancement
of the final enantiomeric excess in the product fraction.
Such “recycling” experiments can easily be rationalized
and simulated by introducing eeq values (initial enan-
tiomeric excess) in equations 1] and [2] [27, 32]. Note
that the residual substrate is always easier to obtain in
a high enantiomeric purity, by delaying the termination

of the reaction until all the faster reacting enantiomer
has been exhausted.

Reversible reactions introduce more complicated sit-
uations, which usually result in a deterioration of reso-
lution characteristics, particularly those concerning the
residual substrate. This can be rationalized and calcu-
lated by introducing the equilibrium constant K into
the above equations [33].

Most enzymic resolution reactions have been real-
ized through the use of a limited number of hydrolases
(table I). Theoretically, any type of enzymic transforma-
tion that can discriminate enantiomers of the substrate
may be used for resolution. However, there are several
good reasons for using hydrolytic enzymes [34, 35] : no
coenzyme is necessary for their activity and their pro-
duction in bulk quantities for other industrial uses (de-
tergent and food industry) results in a general avail-
ability and moderate prices. Some peculiar features,
such as reaction versatility, tolerance to a large num-
ber of substrate structures, complementary enantiose-
lectivity, simple acyl-enzyme-based mechanisms result-
ing in a possible exchange of any of the acyl moieties
or nucleophile partners of the reaction, compatibility
with organic solvents, etc., are also exhibited by most
of these enzymes. Moreover, in hydrolase reactions, sub-
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Fig 6. Selected examples of chiral alcohols successfully resolved using lipase-catalyzed esterification, or hydrolysis of the
corresponding esters. a Bacillus subtilis var niger [326,327]. b Lyophilized baker’s yeast [328,329], or CCL [330]. ¢ Bacillus
subtilis var niger (331], or Pseudomonas fluorescens lipase {332]. d Pseudomonas sp lipase [333] e a-Chymotrypsin [334]. f
PPL [335]. g Rhizopus nigricans (336]. h Rhizopus nigricans [337]. i CCL [338]. j PPL [339-341]. k Pseudomonas fluorescens
lipase [342]. { CCL [343]. m Baker’s yeast [344]. n Pseudomonas sp lipase [345]. o Pseudomonas sp lipase [346]. p Geotrichum
candidum lipase [347]. ¢ CCL [348]. r Aspergillus sp lipase [349]. s Aspergillus sp lipase [350]. t CCL, or Pseudomonas sp
lipase [351]. u Pseudomonas sp lipase [352]. v Candida tropicalis [535], or Rhodococcus butanica [353]. w Bacillus coagulans
whole cells [354, 355]. z Pseudomonas fluorescens [356], or Humicola lanuginosa lipase [357]. y Lyophilized baker’s yeast, or
Aspergillus sp lipase [358], or CCL {359]. z hydrolase from crude PPL [360, 361]. aa Pseudomonas fluorescens lipase [35, 82].
ab Pseudomonas sp lipase [270, 362], or pig-liver acetone powder [363]. ac CCL [264,364,365]. ad PLE [366]. ae horse-liver
acetone powder [367]. af CCL [368]. ag Absidia glauca whole cells [369], or cholesterol esterase [370]. ah Baker’s yeast [371],
or Pseudomonas cepacia lipase [372]. ai Pseudomonas sp lipase [373,374]. aj CCL [375].
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Fig 7. Reversible reaction pathway for a hydrolytic enzyme involving an acyl-enzyme intermediate operating in hydrolysis,

esterification and transesterification reactions.

strate and product can be easily interconverted by sim-
ple existing chemical methods, allowing the use of most
sophisticated tricks of the enzymic resolution methodol-
ogy (product recycling, for example), and the recovery
of both enantiomers of substrate or product.

A large number of primary, secondary, and even ter-
tiary alcohols (probably several hundreds) have been
successfully resolved (fig 6) using essentially lipase ac-
tivity [36] of purified enzymes [37] or whole microbial
cells. Several of them, such as the propargylic or homo-
propargylic alcohols 1-3, the protected functionalized
alcohols 4-6, the hydroxyesters 7-10, and various other
functionalized secondary alcohols (11-16) are of general
use as chiral building blocks or intermediates in numer-
ous asymmetric syntheses [6]. Others (17, 22, 24) have
been selected as useful new chiral auxiliaries for asym-
metric induction or chiral ligands for the elaboration
of asymmetric catalysts based on transition-metal com-
plexes. A number of organometallic reagents, exhibit-
ing planar chirality, such as 25 or 26, have also been
resolved by enzymic hydrolysis of their esters [38], al-
lowing, sometimes for the first time, their use as asym-
metric reagents. Some examples of enzymic resolution
of chiral organometallic compounds, containing a silicon
atom as an asymmetric center, such as 27, have been
described.

However, in most cases, conventional hyvdrolysis
methods proved to be of limited value when working
with such water-insoluble ester substrates. The addi-
tion of water-miscible cosolvents (acetone, acetonitrile,
DMSO, dioxane, tert-BuOH, etc) in a 10-40% (vol/vol)
range, is in some cases sufficient to bring the substrates
into solution and promote active hydrolysis by esterases,
which are known to operate in true solution. When
working with lipases, which are typically enzymes act-
ing at a water/lipid interface, it is generally preferred to
use biphasic reactions, by dissolving the ester substrate
in water-immiscible solvents (toluene, hexane, diethyl
ether, etc) and achieving the spatial separation of the
water-dissolved biocatalyst from the organic phase and
the bulk of substrate [39, 40].

The preferred methodology is indeed to use the re-
versibility of lipase reactions, through the formation of
a postulated acyl-enzyme intermediate (fig 7), in enan-
tioselective esterification or transesterification reactions
[41, 42], using solid enzyme powders (or immobilized

enzymes) retaining the necessary residual bound water
in order to remain catalytically active, in the presence
of various acyl donors (table II) and in a completely
water-immiscible organic solvent in order to avoid strip-
ping water from the enzyme [39]. The logarithm of the
partition coefficient (log P) of solvents between octanol
and water is now universally accepted as an index for
hydrophobicity, and therefore compatibility of organic
solvents with high enzyme activity [43]. Only solvents
with log P > 3.5 (table III) are considered as water-
immiscible and show minimal effects on enzyme activ-
ity. Polarizability of solvents may also play some role in
equilibrium constants and initial reaction rates of acyl
transfer reactions [44].

Resolution of alcohols by esterification reaction with
medium or long chain carboxylic acids was first used
with several lipases. Such reactions, which suffer from
the stoichiometric formation of water resulting in equi-
librated reaction [33] and poor control of the pH of
the microaqueous phase, are now favorably replaced by
transacylation reactions which avoid the formation of
water. Classical transesterification reactions do not gen-
erate water, but another alcohol nucleophile, which can
compete for the attack of the acyl-enzyme intermediate
with the racemic alcohol to be resolved, thus leading
to a reversible slow reaction. On the contrary, activated
“quasi-irreversible” acyl donors, which generate weakly
nucleophilic alcohol species by transesterification, such
as oxime esters, 2-haloethyl esters, or “irreversible” acyl
donors such as acid anhydrides (see table II), give faster
reactions. Enol esters, such as vinyl or isopropenyl esters
[45, 46], which belong to the later category, liberate the
corresponding enols as reaction products which instan-
taneously isomerize to acetaldehyde or acetone, respec-
tively, and are thus most widely used in lipase-catalyzed
transesterification reactions [46, 47]. In addition, recov-
ery of enzyme for repeated use is generally possible
(48], and may be facilitated through immobilization by
simple adsorption on inert carriers (Celite, glass beads,
ete). Acid anhydrides have occasionally been employed
(see table IT), and the use of succinic anhydride has re-
cently been recommended for kilogram scale resolution
of secondary alcohols, making use of the ease of sepa-
rating the acylated product from the unreacted alcohol
[49].
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ransfer reactions catalyzed by lipases.

Acyl donorsr

Lipase Solvent Compound resolved

“Reversible” I
Carboxylic acids (propionic, CCL Heptane (£)-Menthol |250, 251}
butyric, lauric acid...) PSL Toluene/MeOH (+)-3-Benzylthio-2-methylpropanoic acid [252]
Glycerol triesters (triacetin, CCL Isooctane (£)-Menthol [253]
tributyrin..) CCL Tributyrin (+)-Butan-2-ol [254]
Cyclohexyl palmitate, PPL, Phos- Chloroform (£)-Lysophosphatidylcholine [255]
2,2-biphenyl-dipalmitate pholipase A,
“quasi irreversible”
Trichloroethyl esters (butyrate,...) PPL Diethyl ether  (4)-Hexadecan-2-ol [256)
Trifluoroethyl esters (laurate. PPL ” (£)-6-Methylhept-5-en-2-ol {257, 258]
butyrate...) PPL K (£)-Alkan-2-ols [259]
Cyclohexanone oxime esters CCL Toluene (£)-2-Ethyl hexanol [260-262]
(acetate, acrylate....)
S-Ethyl thicesters (octanoate....) (' antartica (£)-Octan-2-o0l [263]

lipase
“irreversible”
Enol esters (vinyl or isopropenyl PPL Benzene {£)-Octan-2-ol [46]
esters) CL Toluene (+)-2-hydroxy-5,6-epoxynorbornane [264]
Acetic, butyric anhydride PSL Benzene (£)-1-Phenylethanol {111]
Succinic anhydride PFL Diethyl ether  (+)-1-Phenylethanol [265]

PSL tert-BuOMe (£)-1-Phenylethanol {49]

Table III. Log P values for commonly used

Solvent log P
Dimethylsulphoxide -1.3
N,N-Dimethylformamide —1.0
Methanol -0.76
Acetonitrile -0.33
Ethanol -0.24
Acetone ~0.23
Tetrahydrofuran 0.49
Ethyl acetate 0.68
Diethyl! ether 0.85
Butyl acetate 1.7
Chloroform 2.0
Benzene 2.0
Toluene 2.5
Octanol 2.9
Dibutyl ether 2.9
Carbon tetrachloride 3.0
Cyclohexane 3.2
Hexane 3.5
Heptane 4.0
Dodecane

It is somewhat surprising that this reverse methodol-
ogy may involve such dramatic effects on the enantiose-
lectivity ratio value, most generally increasing it, some-
times by a factor of 10 [28, 47]. Although this might
be unexpected for reactions with an identical acyl en-
zyme intermediate and the same microscopic reaction
route, such variations are probably the result of confor-
mational changes or a decrease in the flexibility of the
active site in low-water solvent conditions. This offers

organic solvents.

Comments

Completely water-miscible; may be
used to solubilize substrates in concen-
trations up to 40-50% without affecting
significantly enzyme activity

partially water-miscible; fast enzyme
deactivation

water-immiscible ; suitable for use with
dry enzyme powders

the possibility of modulating and controlling the sub-
strate specificity and enantioselectivity of the enzyme
by variation of the solvent. Even a reversal of enantio-
selectivity has been described in such conditions with
lipases [50, 51] and proteases [52]. However, the predic-
tion of such effects is very difficult, and the relationships
between log P values and enantiomeric ratio variations
is still a controversial subject (53, 54].
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Table IV. Some examples of (trans)-2-substituted cyclohexanols resolved by lipase-
catalysis and used as chiral auxiliaries in asymmetric synthesis [266-268].

R= Experimental conditions

References

Esterification by lauric acid and CCL, [250]

in hexane or heptane, 40°C (E= 250)

- Et Esterification by lauric acid and CCL, (250]
in hexane or heptane, 40°C (E= 120)

- i-Pr

Esterification by lauric acid and CCL, [250]

in hexane or heptane, 40°C (E= 350)

— tert-Bu

Esterification by lauric acid and CCL, [250]

in hexane or heptane, 40°C (E= 330)

Hydrolysis of (&)-chloroacetyl ester by PLE [269]
(as pig liver acetone powder), in phosphate
buffer-acetone (9:1), 35°C, pH 7.0

- Ph Hydrolysis of (+)-acetyl ester by PLE [55]
(as pig liver acetone powder), in 0.5 M
phosphate buffer-acetone (9:1), 31°C, pH 7.5

Hydrolysis of (+)-acetyl ester by PSL, in 0.1 M (270]
phosphate buffer, 20°C, pH 7.0 (E=140)
-id- from (=)-chloroacetyl ester (E=180) [270]
Transesterification by vinyl acetate [271]
and PSL in tert-BuOMe (E = 100)

— CHz-Ph Hydrolysis of (:)-acetyl ester by PSL, [270]
in 0.1 M phosphate buffer-acetone
(9:1), 20°C, pH 7.0 (E=260)
-id- from (&)-chloroacetyl ester (E > 145) [270])
Transesterification by vinyl acetate [271]
and PSL in tert-BuOMe (E > 100)

— C(CHj3)2-Ph Esterification by lauric acid and CCL in cyclohexane, [272]

40°C; recycling of the lauric ester (E=100)

- C(CH3)2-Naph

Esterification by lauric acid and CCL in cyclohexane, (272}

40°C; recycling of the lauric ester (E=125)

The preparation of new chiral auxiliaries derived
from unnatural molecules may in the future constitute
a choice area for the use of enzymic resolution methods.
For example, sterically hindered cyclohexane-derived
alcohols, the esters of which are currently used for
asymmetric induction in several types of reactions [55],
may be prepared in either enantiomeric form by the use
of esterase activities. Representative examples of such
asymmetric reagents, prepared by enzymic resolution,
are given in table IV. There is no doubt that these
methods will develop rapidly, in conjunction with the
increasing demand of asymmetric organic synthesis.

Hydrolase-catalyzed reactions have also been used
for the regioselective protection of polyhydroxy com-
pounds like sugars [56, 57] or hydroxysteroids [58, 59,
and the regioselective deprotection of hydroxy and
amino groups in carbohydrate and nucleoside esters
[60]. An example of a protease-catalyzed regioselective
acylation of the alkaloid castanospermine is given in
figure 8 [61].

Similar methods (mostly hydrolysis) have been ap-
plied to the resolution of carboxylic acids, as esters,
thioesters or lactones, using lipases, esterases and pro-
teases. Pig-liver esterase has been extensively used for

HO
vinyl benzoate

—_—
subtilisin in pyridine
f
HO (65% yield)

Fig 8. Subtilisin-catalyzed regioselective esterification of
castanospermin [61].

the hydrolytic resolution of a number of methyl or
ethyl esters of carboxylic acids. An active site model
(fig 9) based on accumulated data from very different
substrates has been progressively refined [62], and is
currently used for the prediction of activity and enan-
tioselectivity of this enzyme.

Several examples of successful resolutions of acids
have been applied to the synthesis of important asym-
metric pharmaceuticals. One recent route to Diltiazem
(fig 10), a calcium antagonist used as an antihyperten-
sive agent, involves the early enzymic resolution of an
intermediate phenylglycidate ester [63]. Despite the fact
that the maximum theoretical yield of this key step is
50%, because the hydrolysis product, a phenylglycidic
acid, decomposes in the reaction conditions and thus
cannot be recycled by racemization, this synthetic route
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Fig 9. Active-site model of PLE (adapted from {62, 376]);
dimensions in angstroms. The boundaries of the model
represent the physical constraints placed on the available
substrate binding volume by the aminoacid residues of the
active site of the enzyme. The important binding regions for
specificity determinations are two hydrophobic pockets, Hy,
and Hg, and two pockets of more polar character, Py and
Pgs. The best fit of a potential substrate is determined by
locating the ester group to be hydrolyzed within the serine
sphere and then placing, if possible, the remaining substrate
moieties in the H and P pockets according to a simple set
of rules [376]. For clarity, only the top perspective of the
model (lower scheme) can be used. In this projection, the
restricted “gate” to the Hy, pocket, adjacent to the Pg and
Py regions, is clearly seen. A recent readjustment of the
model [377], based on enantioselective hydrolyses of new
unnatural substrates, has extended the dimensions of the
Hy, pocket to 6.2 A length and 3.9 A height.

is the shortest and has the additional advantage of elim-
inating the transport of an undesired isomer all along
the synthetic steps. Other enzyme-catalyzed hydrolytic
resolutions are currently used in the industrial prepa-
ration of the (S)-enantiomers of a-arylpropionic acids,
which are used as nonsteroidal antiinflammatory drugs
(table V), and a-aryloxypropionic acids [64], which are
common herbicides.

Occasionally, some transesterification reactions have
been described with an enzyme powder suspended
in the liquid mixture of racemic ester and acyl
donor, in the absence of added solvent, exhibiting
very high volumic productivities [65]. The reverse
methodology in organic solvents has also been used in
(macro)lactonization-resolution reactions [66-68] and in
symmetric or asymmetric polyester formation [69-72].
Amino nucleophiles, such as amines or hydrazines can
also lead to the resolution of acids or esters with lipases
in organic solvents, allowing the formation of optically
active amides under mild reaction conditions [73, 74].

Beside the classical structural modifications of
ester substrates [75-77|, various methods for improv-
ing the activity and enantioselectivity of hydrolytic
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H COMe
CHO Darzen's
—_—
+ Cl C02M° condensation

, COMe

lipase CHO
—_—
+602 + MeOH

trans (2R 35)

OMe

: : NH, CO,Me

Fig 10. A synthesis of Diltiazem involving resolution of a
phenylglycidate ester (adapted from [63]).

enzymes have been used. These include extreme tem-
peratures [78, 79], ultrasound treatment [80], amplifi-
cation of enantioselectivity by use of sequential kinetic
resolution [41, 81, 82] or double kinetic resolution [83],
enantioselective inhibition [67], chemical modification
of enzyme [84], genetic engineering of enzyme [85, 86],
solvent variation [53, 87] and control of water activity
[88]; these have been praised and successfully applied
in many cases.

The hydrolytic activity of lipases, esterases and cer-
tain proteases may be exploited for the resolution of
synthetic natural and unnatural racemic amino acids.
The approaches most commonly employed are the hy-
drolysis of esters or amides of N-protected amino acids,
or the cleavage of the amide bond of N-acylated amino
acids. The first approach is illustrated (fig 11) by
the optical resolution of various usual and unusual
N-benzyloxycarbonyl amino acid esters or amides by
lipases or amidases; the second approach is mainly ex-
emplified by the use of aminoacylases (from mammalian
or microbial origin) to effect the enantioselective ami-
dolysis of N-acylated derivatives. The latter method,
used for the preparation of optically pure L-methionine
from its N-acetyl DL-derivative, was the first industrial
application of immobilized enzymes [89)].

Another hydrolytic method, used for unnatural D- or
L-amino acid syntheses, starts from 5-substituted hy-
dantoins [90], which are easily prepared by a Bucherer-
Berg’s condensation of an aldehyde, potassium cyanide
and ammonium carbonate. Hydantoinases (dihydropy-
rimidinases) catalyze the enantioselective hydrolytic
ring-opening of hydantoins to form the correspond-
ing N-carbamoyl-a-amino acids (fig 12). Both D- and
L-hydantoinases are known, depending on the microbial
source of enzyme. The D- or L-carbamoyl derivatives can
easily be converted to the corresponding amino acid
by chemical or enzymic hydrolysis. Interestingly, the
5-substituted hydantoins are easily racemized at pH > 8
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Table V. Enzymic resolution of non-steroidal antiinflammatory pharmaceuticals and apparented a-arylpropionic acids.

Structure of the ester substrate Enzyme Stereochemical E  Ref
preference
2-Phenylpropionic acid CCL S 10 [28, 273
x 0aMe Tetranitromethane modified CCL  § 100  [84]
| P Horse-liver acetone powder R 40 [274]
(crude HLE)
2-(4'-Methoxyphenyl) Horse liver acetone powder R 50  [274]
propionic acid OsMe (crude HLE)
eQ
Ibuprofen Carboxylesterase NP (from S > 100 [275]
Bacillus subtilis)
CCL s 84 [28]
COMe s > 100 [276]
Horse-liver acetone powder
(crude HLE) s 27 [274)
Naproxen Carboxylesterase NP (from S > 100 [275]
Bacillus subtilis)
N Scome CCL S >100 [273]
Me # CCL immobilized on ion- S - [277)
exchange resin (continuous process)
Suprofen CCL S >100  [28]
NHZ ':JHZ - NHZ
- . = .
Coft & com - . 28:0 Bucherer-Berg's I } o . Ji }O
R= CH,COOMe; R'= Me [N + (NH,),CO4 symhesrs = O
R= n-Bu, CH,CH=CHy,..: R'= (CH,),C! Aspergilus niger lipase ® H pH>8
R= CHy, {CH,),CH, PhCH,,... R'= CH; GC lipase or subtilisin ¢
H3C><NH? N NH: . Hs°><”“2 D-hydantoinase L-hydantoinase
A7 CONH, Mycovacterom  F7 “COH BT “conm,
Re GH(GHy, CH G, neoaurum NHCONH, NHCONH,
A
HN-COR' NH, HN-COR R COOH R COOH
. .
R/\CO2 CO, hydrolysis l 1
poraine kidney or
A'= Me, CH,CI. Aspergilius sp. aminoacylase®
NH, NH,
Fig 11. Enzymic resolution of natural and unnatural amino- /E\
acid derivatives. a, Guibé-Jampel et al [65]. b, Miyazawa et al R COOH R COOH

[378]. ¢, Chiou et al [379]; Miyazawa et al [380] d, Kruizinga
et al [381]. e, Fu and Birbaum [382]; Chenault et al [383].

particularly when R is an aromatic group. It follows that
the reaction using an enantioselective hydantoinase can
be achieved in a 100% theoretical yield, contrarily to
an usual resolution process, owing to the fast equilibra-
tion of the substrate enantiomers. This method is in-
dustrially operated by Kanegafuchi for the production
of D-p-hydroxyphenylglycine.

Another example of such a “deracemization”
reaction is the production of L-lysine by the Toray
procedure (fig 13), which combines an enantioselective
hydrolysis of D,L-a-amino e-caprolactam to L-lysine cat-
alyzed by a yeast (Cryptococcus laurentii), with a bac-
terial racemase-catalyzed epimerization of the remain-
ing D--amino caprolactam (Achromobacter obae). The

Fig 12. Resolution and deracemization of 5-substituted
hydantoins using D- or L-hydantoinases.

O i
NH

D.L- a-amino caprohaam

NHy

COOH
. I/VY
NH, NH,

L-lysine

‘ Achromobacter obae ‘

Fig 13. L-Lysine production by enzymic deracemization of
a-amino e-caprolactam.

combined operation of both enzymic activities, in the
form of microorganism whole-cells, results in a nearly
quantitative yield of L-lysine {91, 92].



Nitrilases and nitrile hydratase activities of whole
microorganisms have been used for the stereoselective
hydrolysis of a-amino nitriles {93], which are easily ob-
tained by a Strecker synthesis, in order to afford opti-
cally active natural and unnatural amino acids (fig 14).
In this case, the stereoselectivity of the overall reaction
mainly originates from the associated amidase activity.

NH
NHz Brevibacterium sp. N H )\2
N
R~ CN A NcoH r” T CONH,
S R
@ S) @

Fig 14. Microbial enantioselective hydrolysis of a-amino-
nitriles.

It should be noted that the main application of ni-
trile hydrolyzing enzymes is not related to stereochem-
ical problems; the chemical hydrolysis of nitriles usu-
ally requires drastic (and polluting) conditions, which
are generally not compatible with the presence of other
functional groups. The use of enzymic methods allows
us to escape most of these drawbacks, as was recognized
in the early seventies by Galzy et al [94]. Since 1987,
Nitto Chem Ind has used the quantitative hydrolysis of
acrylonitrile (fig 15) to obtain acrylamide, one of the
most important commodity chemicals for the synthesis
of several polymers. This hydrolysis uses the nitrile hy-
dratase activity of the whole cells of a selected strain of
Pseudomonas chloroaphis (or Rhodococcus rhodochrous)
at concentrations exceeding 400 g L™!, producing an-
nual amounts approximating 10 000 tons of acrylamide
|4, 95].

P. chloroaphis B23
R. rhodochrous
CH2=CH-CN —
2400 gL', 8-10°C

Yield=299%

CH,=CH-CONH,

Fig 15. Microbial hydrolysis of acrylonitrile to acrylamide.

Epoxides, which constitute highly valuable and
versatile synthetic intermediates, have been resolved
using the microsomal or cytosolic hepatic epoxide hy-
drolases which are responsible for the detoxification of
xenobiotics [96-99]. For obvious reasons, these reactions
were considered as difficult to scale up. High epox-
ide hydrolase activities have recently been detected in
some microorganisms and used to perform preparative
resolutions of racemic epoxides {100-102]. Interestingly,
depending on the microorganism, opposite enantiose-
lectivities may be observed, allowing the preparation
of both enantiomers of styrene epoxide (fig 16). How-
ever, in this case, owing to probably different hydrolytic
mechanisms, both types of microorganisms afford the
same R-diol product, allowing a deracemizing hydroly-
sis of the (&)-epoxide through simultaneous incubation
with both microorganisms.

Exploiting the enantioselectivity of biocatalysts
for the de novo creation of asymmetric centers

The enantioselectivity of biocatalysts may also be ap-
plied to a prochiral molecule, for discriminating between

27

H OH
Aspergillus niger OH
10 g/L
(S), 96% ee
o H OH

A. niger + B. sulfurescens

(R), 89%ee

X OH
Bsauveria sulfurescens

25 gl

(R), 98% ee

Fig 16. Hydrolysis of racemic styrene oxide with opposite
enantioselectivities by microbial epoxide hydrolase activities
(adapted from Pedragosa-Moreau et al [101]).

enantiopic groups or atoms in a meso compound, or to
a prochiral group such as a carbonyl group based on a
trigonal carbon atom, thus discriminating enantiotopic
faces, as illustrated in the Ogston rationale (fig 2). In
contrast to the resolution of a racemate, such enantio-
selective reactions may lead to the creation of new chiral
centers, represented by a single enantiomer (homochiral
compound), obtained in a theoretical 100% yield.

Discrimination of enantiotopic groups or atoms in
prochiral substrate

This concept has been realized with a large number
of open chain and cyclic meso cis-diester substrates,
either symmetrical dicarboxylic acids esters or sym-
metrical diol esters, using hydrolysis or transesterifi-
cation with PLE [103, 104], PPL or PFL [35, 105].
Using mostly PLE, high enantiomeric excesses are gen-
erally obtained for the half-esters of dicarboxylic acids,
such as 2-substituted malonates, substituted glutarates
[106, 107] or various carbocyclic or heterocyclic cis-di-
carboxylates (table VI). The hydrolysis reaction usu-
ally stops at the monoester stage. If required, the
interconversion of one enantiomer to the other can be
achieved by a simple protection-deprotection sequence
(the “meso trick”), making both enantiomers of the
product available (fig 17). Depending on the meso di-
ester structure, one or several asymmetric centers can
be created in one operation. Another currently used
method is the selective manipulation of the free or ester-
ified carboxylic acid group through reduction by selec-
tive reagents, resulting in the formation of synthetically
useful homochiral enantiomeric lactones [103, 104, 108].

Several valuable chiral intermediates for elabo-
rated synthetic strategies have been prepared by such
methods, as exemplified in figure 18 for a currently used
synthon, which can be obtained easily and economi-
cally in hundreds of grams scale and high optical purity
by such PLE-mediated hydrolysis of the corresponding
symmetrical diester [109].

An extension of this methodology to meso cyclic acid
anhvdrides has recently been described, using an alcohol
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Table VI. Enantioselective hydrolysis of open-chain and cyclic meso diesters.

Substrate Enzyme Yield ee absolute References
(%) (%)  configuration
R=R;=Me; R,=OH  PLE 3782 646 S (278, 279]
R=R:;=Me; R,=OBu* PLE 90 96 R [279]
R1><002H R=Et; Ri=Me; Ry=Ph PLE - 86 [280]
- Ncosr R=Ri=Me; R;=PhCH; o-CT* > 90% > 98 R (281, 282]
R=Et; Ri=F; R;=Me CCL 87 91 - [283]
R R
/" Ri=Me PLE 94 18 2R3 [278]
R,=OH PLE 92 48 25,3R [278]
MeO2 CO2Me
Ri=H: Rz=Me PLE 95 79-90 R (27, 278, 284]
Ry R Ri=H; R,=OH PLE  80-90 12-22 s (278, 285, 286]
Me020\>(/002Me a-CT® 8090  60-68 R (278, 285, 286)
Cequi® 70 97 S [287]
Ri=H; R;=OCH,0Me o-CT* 95 93 R (288
Ri=Me; Ry=0OH PLE 62  >98 s [289]
Ry=H: Ry=NHAc PLE 81 93 R [290]
Ri=H; R,=NHCO,Bu' PLE 93 90 5 [290]
Ry=Me; R,=H PLE  85-98 60-64 2R A4S (108, 278
MeO2 CoMe ' roseum® 80 >98 2S54R [108]
a-CT? 48 100  2RA4S [278)
R R Ri=Me; Rp;=OH PLE 95 98 2R,35,45 [278)
(CH 2 n=1 PLE 90-92 > 98 1R,28 [278, 291, 292]
n=2 PLE  98-99  86-97 1R28 (278, 291, 292]
n=3 PLE 80 917 1S2R [278, 291, 292]
MeoF  COzMe n=4 PLE 7598 78>97  152R 278, 291, 292]
PLE 96 86 1R25 1293)
MeO2C COpMe
PLE  90-99 85>98  1S2R  [278, 291, 204, 295]
MeO2 CO2Me
X X=0 PLE 5069 20-31 25,3R [296-298]
X=NH PLE - 92 25,3R [299)
X=CH,-CO-CH, PLE 83 82 1S2R (300]
MeOoC  CozMe X=CMez PLE  23-42 4380  1S2R (278, 201]
X=CH, PLE 82 34 1S,3R [301]
CE? 95 90 [302]
MeOg oMe  X=0 PLE 98 42 25,5R [301]
X=8 PLE 83 46 25,5R [301]
X=N-CH;Ph PLE 85  80-100  2S5R 303, 304]
ﬂ&wQMe PLE 86 75 1R2S3R (305)
48
COgMe
zb/cowe PLE 82  >98 1R2S3R, (305)
CO2Me 48
! COoMe PLE 96 80 15,4R,5R [306]
6S
OoMe

2 a-Chymotrypsin. b Corynebacterium equi whole cells. © Gliocladium roseum whole cells. 4 Cholesterol esterase.
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Fig 17. Alternative preparation of enantiomeric building
blocks by interconversion of monoesters of cyclohex-4-ene-
1,2-dicarboxylic acid, using a simple manipulation of the
protective groups : a, t-BuOH esterification of the free
carboxylic group, followed by selective alkaline hydrolysis
of the methyl ester; b, Curtius reaction, converting the
free carboxylic group to a protected amino group, with full
retention of the initial configuration (adapted from [295]).

nucleophile in organic media, resulting in asymmetric
ring opening, and affording the opposite enantiomer of
the hydrolytically obtained hemiester [110-112] (fig 19).

Similar results have been obtained, using mostly PPL
or PFL [35], with the corresponding meso diol diesters,
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but the hydrolysis (or the diol esterification) reaction
does not generally stop at the intermediate monoester
stage. The reaction kinetics and the optical enrichment
of the chiral monoester depend on the relative rate con-
stants of the individual steps. Some combinations of
enantioselective hydrolysis (first step) and kinetic reso-
lution (second step) (k1 > k2 and k4 > k3) can result
in an enhancement of optical purity, as illustrated in
figure 20, but the maximal enantiomeric excess of the
hemiester does not correspond to a maximal hemiester
concentration, necessitating a careful calculation of
ee-conversion dependence and separation of substrate
and products [76, 81, 113, 114]. Some significant exam-
ples of the products of enzyme-catalyzed asymmetric
hydrolysis of diol diesters (or esterification of diols) are
given in figure 21. If necessary, starting from the cor-
responding prochiral diol, both enantiomeric forms of a
hemiester can be obtained by an elegant combination
of enzymic hydrolysis and esterification [115] (fig 19).

In a recent application of enol esters hydrolysis, it
was shown [116] that a dienol diacetate (fig 22) can be
enantiotopically hydrolyzed to give an optically pure
monoenol acetate, which immediately tautomerized to
the corresponding keto enol acetate.

CO,H
_— /o) (Vitamin O
synthon}
CO;Ms
H Q
NH, g
NH  (Carbapenem and
— thienarnycin
9 synthon)
COMo No°
(o]
a CO,Me
(fortamine
—_— synthon)
o NHCO,Me NCO,Me
cop _—~" : 'L
o
¢ o}
COMe \

(FK 506
synthon)

s COMs
0
HO o
0

COMe [e]
(Pentalenolactone and other (Carbacyclin, Brefeidin A
natural lactones synthon) and prostaglandin synthon)

Fig 18. Synthetic strategies derived from the symmetrization-asymmetrization concept (“meso trick”) [295, 384], applied
to the homochiral synthon obtained by enantioposelective hydrolysis of dimethyl cis-cyclohex-4-ene-1,2-dicarboxylate with
PLE. a, Kurihara et al [303]; Kaga et al [385]; b, Kobayashi et al [386, 387]; ¢, Kuhn et al [388]; d, Kocienski et al [389];

e f, Gais and Lukas [294]; Gais et al [384]; Hemmerle and Gais [390]; Shifer and Baringhaus [391]; g, k, Kobayashi et al

[386, 392]; j, Shimada et al [109].
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PFL, pH 7.0 buffer

H\

o H\
MsO,C CO,Me MeO,C COH E
(50%; ee: 74%) in pH 7.0
in MeOAc butfer
R
PFL, MeOH-+Pr,0 ’)\ (H
—_— : R
o?~o"S0 HO,C COMe: HO OAc AcO

(92%; ee: 87%)

R=CH,

(80-90%; 60>95%)
R = CH,-CH,-CH=CH,, or CgHg

| (70-98%; 8€>90%)

Fig 19. Alternative preparation of enantiomeric monomethyl 3-methylglutarates (left), using enantiotopic hydrolysis of the
diester, or alcoholysis of the cyclic 3-methylglutaric anhydride by PFL [110, 393]. Alternative preparation of 2-substituted
propane-1,3-diol monoacetates (right) using enantiotopic hydrolysis versus transesterification by PPL [115].
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Fig 20. Asymmetrization and enantiomeric excess enhancement via sequential hydrolysis of a meso-diester (1,5-diacetoxy-
cis-2,4-dimethylpentane) by PLE or PPL (81, 113]. The kinetics of these “double-step” hydrolyses, determined by the
partition coefficients k;/k2 and the relative values of k3 and k4, can be calculated and plotted to show the ee % versus
monoacetate-concentration dependence and to determine the maximal recovery of asymmetric monoester at a given ee %

value.

Several other enzymic reactions that act on
meso substrates such as nitrilase-catalyzed hydroly-
ses, Baeyer-Villiger-like oxidations, and dehydrogenase-
catalyzed oxidations, etc, have also been shown to be
able to discriminate between enantiopic groups or atoms
and generate enantiomerically pure compounds from
symmetrical molecules. For example, horse-liver alcohol
dehydrogenase (HLADH, see later) has frequently been
used to enantiotopically oxidize meso primary diols,
using NAD* regeneration through a flavin mononu-
cleotide (FMN)-oxygen recycling system. The initial
asymmetric oxidation product (a possibly optically ac-
tive hydroxyaldehyde, fig 23) cyclizes spontaneously to
a hemiacetal, which is further oxidized by HLADH to an
(S)-lactone in an efficient complementary kinetic reso-
lution [117].

Discrimination of enantiotopic faces of substrate

Any enzymic reaction on one of the two faces of a
spa2 (prochiral) carbon atom, such as a carbonyl group
or a C=C (C=N) double bond, offers a potential
asymmetrization leading to chiral products. Reduction,

mainly by NAD or NADP-dependent dehydrogenases,
has been widely used for the creation of new asymmet-
ric centers. Other addition reactions of the carbonyl
group, such as aldolization, HCN addition, or acyloin
formation, represent the enzymic counterparts of classi-
cal chemical reactions currently used for the C-C bond
formation, and frequently provide practical routes to
high enantiomeric purity chiral synthons.

The use of purified nicotinamide cofactor-dependent
dehydrogenases in preparative reduction reactions re-
quires an efficient regeneration of the expensive
NAD(P)H cosubstrate. A turnover number of 103 to
10° is generally required for the nicotinamide cofactor
in order to obtain a productive and economically feasi-
ble reaction. Such cofactor recycling is almost invariably
carried out by coupled enzymic reactions (fig 24), by
using either an alternative substrate of the same en-
zyme, which can be converted in the oxidation direction,
or a second independent substrate-enzyme combination,
functioning simultaneously with the same cofactor in
the oxidation direction (table VII). Two of the disad-
vantages thus encountered are the need for an auxiliary



31

l): 0
R,CO0 OH GC \)\)\/
Ry=Me,Bu; Ry=alkyl, aryl #° R

R,=alkyl; R;=CO,Et ¢
R,=alky!; R,=OBn %€
CH
(CHa)n ~NO, one
R<H MOH "
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Fig 21. Some asymmetric diol monoesters successfully prepared in one or both homochiral forms by enantiotopic hydrolysis
of meso diol diesters, or enantiotopic transesterification of the corresponding diols, using various enzymes. a PPL [81, 115,
394-396]. b PFL (395, 397-400]. ¢ PPL [401]. d PPL (402-404]. e PFL [46, 402, 405]. f Electric eel acetyl-cholinesterase [406). g
PFL [407-409]. h PFL {410]. ¢ PPL (411, 412]. j PPL (395, 412]. k PLE (339]. [ PLE [413|. m Candida antartica lipase [414]. n
Acetyl cholinesterase [415]. o PPL [390]. p PFL [397, 416]. ¢ PPL [417, 418]. r PLE [419]. s Electric eel acetyl-cholinesterase
[420). t PLE, CCL [421, 422]. u Mucor javanicus lipase [423]. v Rhizopus delemar lipase [424]. w PLE [425]. z PPL, CCL

[426]. y PFL [427]. z Geotrichum candidum lipase [428)].
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Fig 22. Asymmetric synthesis of an (S)-keto enol acetate
by enzymic hydrolysis of a prochiral dienol diacetate [116].
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X= CH2 CHp"CHz2, O

Fig 23. Primary meso-diols asymmetrization by oxidation
with HLADH (with NAD™ recycling). o Ng et al [117]. b
Jakovac et al [429]. ¢ Bridges et al [430]. d Jones and Francis
[431]; Lok et al [432].

substrate (used in large amounts to drive the reduction
reaction), and the possible problems associated with
the formation of a secondary oxidized product. Some
of these drawbacks have been eliminated, for example
in NADH-recycling, by using the formate/formate de-

HO

?ﬁ % K
NAD(P)H NAD(P)* NADH NAD*
>—<Rcmm >—<

Fig 24. Reduced-nicotinamide cofactor recycling via cou-
pled enzymic reactions, using the same enzyme and an aux-
iliary reduced substrate (left), or using a second auxiliary
enzyme (formate dehydrogenase, right) and its reduced sub-
strate.

hydrogenase system, which combines the use of a cheap
substrate with the formation of a volatile co-product
(CO2). Notwithstanding the apparent simplicity of this
method, a large part of the research effort into dehy-
drogenase applications on an industrial scale has been
concerned with the problem of recycling. More sophisti-
cated methods, using membrane-compartmented mod-
ified high-molecular-weight cofactors have been investi-
gated further and used for large-scale processes [118].

o Carbonyl reduction

One of the features of known carbonyl reductases
(table VIII), with a few valuable exceptions, is that they
generally deliver a hydride from the reduced cofactor
to the left face of the carbonyl group, with the large
(L) and small (S) substituents arranged as shown in
figure 25 (re face). This is agreement with Prelog’s rule,
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Table VII. Recycling enzymic coupled systems for the in
situ regeneration of reduced nicotinamide cofactors.

Enzyme Regeneration reaction References
Glucose " Glucose + NAD(P) 307
dehydrogenase — Gluconate
+ NAD(P)H + HT
Glucose-6-phosphate Glucose-6-Ph + NAD(P) [308]
dehydrogenase — 6-Ph-gluconolactone
+ NAD(P)H + Ht
Alcohol + aldehyde Ethanol + 2 NAD(P) (309
dehydrogenases — CH3CO2;H
+ 2 NAD(P)H + 2 H*
Hydrogenase H, + NAD(P) — (124)
(+ one-electron dye) NAD(P)H + H*
Formate HCO2H + NAD — [310, 311]
dehydrogenase CO; + NADH + H*
H 7~ o} H . OH
% si face
—_—
re face transfer
re face

Fig 25. Stereoselective reduction of a carbonyl group by
the re face, defined by the clockwise arrangement of oxygen,
large (L) and small (s} groups (Prelog’s rule model}.

which was primarily defined for the Curvularia falcata
alcohol dehydrogenase [119].

To avoid the problems associated with reduced-
cofactor regeneration, whole cell-microorganism-medi-
ated reductions have been extensively used. Baker’s
yeast, for example, is a cheap and easily available
reagent which contains a wide range of dehydroge-

nase activities, all the necessary cofactors, and an
integrated regenerating system in the form of the fer-
mentative glucose oxidation pathway (fig 26). It is gen-
erally thought that some dehydrogenase reactions may
use NADH formed in the 3-phosphoglyceraldehyde oxi-
dation, though most of the carbonyl reductases prefer-
entially use NADPH. It is possible that other reduced
coenzyme sources are available in semi-fermenting
yeasts and other microorganisms, such as part of the
pentose phosphate pathway [120] and/or ethanol and
acetate oxidases [121, 122]. Cofactor recycling is thus
automatically carried out by the cell so long as an oxi-
dizable substrate (generally sucrose or glucose}, is pro-
vided.

Baker’s yeast and filamentous fungi are currently
used to reduce a full range of carbonyl compounds
[5, 123-126], from simple aliphatic ketones to complex
functionalized carbonyl compounds (fig 27). Some of
them already contain a racemic asymmetric center and
are resolved (only one enantiomer reacts). In other
cases, both enantiomers can be reduced. Most of these
reductions generally follow Prelog’s rule and are highly
stereoselective, except when several oxidoreductases
with opposite stereoselectivities are involved. This prob-
lem is generally detected by a substrate-concentration
effect on the optical purity of the secondary alcohol pro-
duced (fig 28), depending on the corresponding Ky of
the different dehydrogenases [127]. Some of the more
important carbonyl reductases involved in 3-ketoester
reduction by yeast include L-3-hydroxyacylCoA dehy-
drogenase and the fatty acid synthetase complex [128].
Glycerol dehydrogenase [129, 130], lactate dehydroge-
nase, D-3-hydroxybutyrate dehydrogenase, ketopantoyl
lactone reductase [4] and other yet unidentified enzymes
[131-138] probably play a role in the reduction of 3-keto
esters and other carbonyl substrates.

Table VIII. Purified dehydrogenases (DH) currently used for carbonyl group reduction.

Stereochemical course

of the reduction

Hydride transfer Product Substrate

References

Cofactor
Horse-liver alcohol DH (HLADH) NAD(P)H
Yeast alcohol DH (YADH) NAD
Pseudomonas sp alcohol DH NAD
Candida parapsilosts alcohol DH ~ NAD
Rhodococcus erythropolis NAD
alcohol DH
Mucor javanicus alcohol DH NADP
(MJADH)
Curvularia falcata alcohol DH NADP
(CFADH)
Pig liver alcohol DH (PLADH) NADP
Thermoanaerobium brockii NADP
alcool DH (TBADH)
Lactobacillus kefir alcohol DH NADP
Bacillus stearothermophilus NAD
L-lactate DH
Staphylococcus eprdermidis NAD

D-lactate DH (SELDH)
Geotrichum candidum glycerol DH NAD
Pseudomonas putida carnitine DH NAD

re face S Mostly cyclic ketones  [312]
re face S Aliphatic aldehydes (312]
si face R Acyclic ketones [313]
re face s Broad range [314]
re face S Broad range [314]
si face R See HLADH [312]
re face S See HLADH [312)
re face S See HLADH {315-317]
re face S Acyclic ketones [318, 319]
si face R Broad range [320]
re face L(S) o-Keto acids [321]
st face D(R) o-Keto acids (322]
st face R a-Hydroxyketones [129]
st face R 3-Dehydrocarnitine  [323, 324]
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Fig 26. D-Glucose fermentation pathway in yeast. The sig-
nificant step for oxidized cofactor regeneration, in the ab-
sence of an electron-transport system to oxygen, is the re-
duction of acetaldehyde to ethanol by the classical yeast al-
cool dehydrogenase (YADH). The NADH pool may be addi-
tionally oxidized in the reduction of an exogenous carbonyl
compound, using different alcohol dehydrogenase(s). As the
NAD-NADH system operates in a catalytic mode, D-glucose
constitutes the final reducing equivalent donor.

As a consequence of such enzyme multiplicity, it is
possible to modulate the stereoselectivity of the reduc-
tion by modifying the enzymic equipment of the mi-
croorganism : (i) controlling the carbon source [139]
used for cell growth, the cell-treatment (immobilization
[140, 141], ageing [142], heat treatment [143]) and the
incubation parameters (addition of specific inhibitors
[144, 145], nature of oxidizable cosubstrate, etc); and
(ii) using selected or mutant microorganisms. Another
extensively used method, which does not really account
for the presence of multiple enzymes, is to manipulate
the size of the carbonyl substituents by chemical means
in order to enhance or reverse the stereoselectivity, as
shown in figure 28 with baker’s yeast-mediated reduc-
tion of 4-chloro-3-keto esters [146].

The presence of several oxidoreductase activities may
be beneficial as shown in the one-step deracemization of
pantoyl lactone (fig 29) mediated by ketopantolactone
and ketopantoic acid reductases [147.

Another interesting situation is found in the re-
duction of racemic a-monosubstituted J-dicarbonyl
compounds (1,3-diketones, 3-oxoesters), which can be
easily epimerized in the incubation conditions via keto-
enol tautomerization (fig 30). Diastereoselective re-
duction, combining enantiomer selection and stereo-
selective reaction, frequently results in the high-yield
formation of a unique stereoisomer containing two
asymmetric centers [126, 148-150]. This concept, which
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Fig 27. Some examples of keto compounds reduced by
baker’s yeast or by other microorganisms into the corre-
sponding secondary alcohols with a high enantiomeric ex-
cess. a, MacLeod et al [433]; Cervinka et al [434]. b, Crumbie
et al [435]. ¢, Fujisawa et al [436]. d, Yamasaki et al [437].
e, Iruchijma and Kojima [438]. f, Nakamura et al [439]. g,
Tanikaga et al [440]. h, Sato et al [441]. 4, Nakamura et al
[442]. Fantin et al [443]. j, Belan et al [257] k, Le Drian and
Greene [444]. I, Guanti et al [445). m, Bernardi et al [446].
n, Servi [125]; Buisson et al [142]; Santaniello et al [6]. o,
Okano et al [447). p, d’Angelo et al [448]. g, Roberts [449].
1, Takeshita et al [450]. s, Gillois et al [451]. t, Patel et al
(452].

has a chemical counterpart (“dynamic kinetic resolu-
tion”) using chiral hydrogenation catalysts [151-153],
has been illustrated in numerous examples (fig 31),
using baker’s yeast or other microorganisms to ob-
tain valuable new asymmetric building blocks for the
synthesis of natural products. A different situation is
found with symmetrical enolizable or non-enolizable
a-monosubstituted or o,a’-disubstituted 1,3-diketone
substrates (fig 32), which are reduced stereoselec-
tively on one of the enantiotopic carbonyl groups, thus
creating at least two potential asymmetric centers.
The highly stereoselective reduction of the prochiral
a,0/-dimethyl-1,3-cyclohexanedione by baker’s yeast
has been used by Mori [154, 155] as a source of ver-
satile asymmetric starting material for the synthesis of
various natural products (fig 33).

Recently, non-immobilized or immobilized whole-cell
microorganisms have been satisfactorily used for keto
ester reduction in pure organic solvent (hexane or benz-
ene) with some noticeable changes in the stereoselectiv-
ity of the reaction [156-159].

o C=C reduction

The stereospecific biohydrogenation of “activated”
carbon-carbon double bonds has been also exploited
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Fig 28. Variation of enantiomeric excess and reversion of
stereoselectivity observed for the reduction of 4- chloro-3-
keto esters by baker’s yeast when the size of ester group-
ing was increased. Note the different curves obtained for
two substrate concentrations ((J—{J, 0.91 mmol; o—o, 2.7
mmol), indicating the involvement of at least two oxidore-
ductases with opposite stereoselectivities (adapted from Sih

et al [123)).
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Fig 29. Dehydrogenase reactions in Rhodococcus erythro-
polis leading to the conversion of L-pantolactone (L-PL)
into D-pancolactone (D-PL), through stereoselective oxida-
tion to ketopantolactone (KPL), spontaneous hydrolysis to
ketopantoic acid (KPA) and stereospecific reduction of KPA
to D-pantoic acid (D-PA) ( adapted from Shimizu et al [147]).

for synthetic purposes. NADH-dependent enoate re-
ductases have been isolated in many microorganisms
such as Clostridium or Proteus sp. [124]. Baker’s
yeast and related microorganisms can also stereo-
selectively reduce carbonyl-conjugated double bonds
(a,B-unsaturated aldehydes, ketones and esters), and
some di- and trisubstituted double bonds activated by
electron-withdrawing substituents (- or S-substituted
allylic alcohols, nitro olefins, etc), as shown in figure 34.
The reduction rate and the stereochemistry of the re-
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Fig 30. Stereoisomers expected from diastereo- and enan-
tioselective reductions of g-dicarbonyl compounds.

COEt CO:Me
ol ™ y
(CHoY,

n=237
CO,E! o o}
: f ,cozaeﬁ)k g\
CO,Et
{CHz)
n=23.49

E CO,Et
)S/OOM Q)H/ 2 Q/ \)‘\(coza

Ry= alkyt, Ph; R;,-Me Et9
Chp-CH=CH," (;H2 Ph!
1Y, OH" SMe’ NHAC ™.

X=0.8"

Fig 31. Cyclic or acyclic (+)-a-substituted 3-dicarbonyl
compounds diasteroselectively and enantioselectively re-
duced by baker’s yeast or other microorganisms. a, Deol et
al {148]; Frater [149]; Buisson and Azerad [453]; Seebach et
al [454]; Sato et al [455). b, Hoffmann et al [456]. ¢, Seebach
et al [454]; Buisson et al [457]. d, Tsuboi et al [457-459].
e, Kitahara and Mori [460]. f, Brooks et al [461]. g, Frater
[149] ; Nakamura et al [462]; Buisson et al [463]; Azerad and
Buisson [126). h, Nakamura et al [464]. 1, Furuichi et al [131].
7, Cabon et al [465]; Akita et al [466]. k, Sato et al [467]. [,
Fujisawa et al [468]. m, Soukup et al [469]; Kato et al [470].
n, Akita et al [471]; Furuichi et al [472]. o, Buisson et al
[473].

CO Me

[o] [0
e ﬁj
Ry (CH»n
A = Me,Et n=234
Ry= H, CH;-CH=CH, ..  By=Me,Et

Rz= Propyl,CH,-CH=CH,, CH,C =CH”

Fig 32. Some examples of 1,3-diketones enantiotopically
reduced by microorganisms with creation of an asymmetric
tetrasubstituted carbon atom. a, Bolte et al [474]; Fauve
and Veschambre (475, 476]. b, Lee et al [477]; Lu et al [478];
Brooks et al [320, 479-482]. ¢, Bellet et al [483]; Lanzilotta
et al (484, 485]. d, Mori and Nagano [486].

duced products were generally found to be dependent on
the F or Z geometry of the double bond, and sometimes
offered the possibility of obtaining both enantiomers.

o C'=N reduction

Nicotinamide cofactor-dependent L-amino acid dehy-
drogenases, which catalyze the formation of ketoacids
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Fig 33. Natural products synthesized using the versatile asymmetric synthon, ($)-2,2-dimethyl-3-hydroxycyclohexanone,
prepared by microbial reduction of the corresponding prochiral 1,3-diketone (adapted from [155]).
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Fig 34. Some stereoselective double bond biohydrogenation reactions using whole-cell microorganisms. a, Simon et al
(124, 487]. b, Desrut et al [488]; Kergomard et al [489]. ¢, Ferraboschi et al [342, 490]. d, Ohta et al [491]. e, Utaka et al [492].

f, Ferraboschi et al [493]. g, Gramatica et ol [494].

from chiral a-amino acids, have important synthetic ap-
plications when used to obtain the reverse formation of
natural or unnatural L-amino acids, in the presence of a
ketoacid and ammonium salt (fig 35A) via the reduction
of the corresponding imino compound {160]. Microbial
AlaDH, GluDH, LeuDH and PheDH are currently used
for such syntheses and accept a range of 2-oxoacids as

substrates, associated with a cofactor-regenerating sys-
tem. A particularly efficient process for L-amino acid
(and analogues) syntheses combines the use of a reduced
a-hydroxyacid substrate with NADH regeneration, cat-
alyzed by the corresponding a-hydroxyacid and amino
acid dehydrogenases (fig 35B).
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Fig 35. A (left), synthesis of diastereomeric 4-methyl
L-glutamic acids using glutamate dehydrogenase (GDH)
and yeast alcohol dehydrogenase-ethanol as NADH regen-
erating system [495]. B (right), coupled oxidation (by an
a-hydroxyacid dehydrogenase) and imino-reduction (by an
amino-acid dehydrogenase, AADH) for the preparation of an
L-a-amino acid from the corresponding DL-a-hydroxyacid
(496].

o HCN addition

The D-oxynitrilase from bitter almonds (Prunus amyg-
dalus) [161] which normally promotes the decompo-
sition of amygdalin into glucose, benzaldehyde and
cyanide, is capable of catalyzing the asymmetric addi-
tion of HCN to a wide range of aromatic and aliphatic
aldehydes [162-165] to afford the corresponding
R-cyanohydrins (fig 36). Another enzyme, isolated from
sorghum (Sorghum bicolor), has the opposite stereo-
specificity but accepts a narrower range of substrates
and is restricted to aromatic aldehvdes [166. 167] . The
non-enzymic reaction that leads to a racemic product
or to the racemization of the optically active product
can be suppressed by using suitable conditions (acidic
pH, low water activity). Acetone cyanohydrin can be
used as a cyanide donor. which avoids the hazards
associated with hydrogen cyanide [168]. Immobiliza-
tion and use of organic solvents allow us to obtain
high yields and higher enantiomeric excess [163]. Op-
tically pure cyanohydrins [169. 170] are very versatile
synthetic intermediates and the two functional groups
are easily manipulated into homochiral a-hydroxyacids,
a-hydroxyaldehydes. a-amino acids, etc.

R-oxynitrilase

CHO
SRS 8
S-oxynitrilase
R

Fig 36. Enantioselective cyanohydrin synthesis. using al-
mond oxynitrilase (R), or sorghum oxynitrilase (S).

e Acyloin condensations

This reaction uses the thiamine pyrophosphate-
dependent pyruvate decarboxylase of yeasts [171-173]
and produces a reactive acetaldehyde intermediate with
reversed polarity. This is similar to the intermediate

formed chemically in the so-called “umpolung” reac-
tions, and is thus capable of acting as a nucleophile
and adding on the carbonyl group of another aldehyde.
With benzaldehyde as a cosubstrate and using yeast
whole-cells in the presence of glucose or pyruvate, this
constitutes the key step in the industrial process for
the manufacture of L-ephedrine [174] (fig 37). Other
applications to the synthesis of high optical purity
(R)-a-ketols (acyloins), derived from aromatic or
aliphatic aldehydes have been described [175, 176].

CH,-CO-COH
Yeast pyruvate arboxylase H ol
TPP 5
(CH,)5-OPP
+/ = .
R—N. s H' NHCH,
1- CHaNH, L-(-)-ephedrine
-{-)-e
CH,-C-OH 2. H, catal. P

\ " oH
@—cuowcm»w" Ea— X
"Carbofigase”

o]
L-(3R)-phenylacetylcarbinol

Fig 37. Industrial synthesis of L-(—)-ephedrine based on a
microbial mediated acyloin condensation.

o Aldolisation reactions

Carbon-carbon-bond-forming enzymes have been used
extensively in the synthesis of carbohydrates [19, 177,
178]. Aldolase and to a lesser extent transaldolase ac-
tivities have been exploited for the synthesis of a large
number of natural and unnatural sugar and sugar
analogues. Although these enzymes suffer from a rel-
atively narrow substrate specificity, they undergo reac-
tions equivalent to the well-known chemical aldol con-
densation (addition of an activated methylenic group
onto a carbonyl group) and generally have a high stereo-
specificity. They have allowed the stereospecific synthe-
sis of invaluable sugar-like molecules widely used in bio-
chemical studies.

Over 20 aldolases have been identified so far. These
enzymes catalyze the stereospecific condensation of a
ketone donor with an aldehyde (fig 38). One group of
enzymes, represented by D-fructose-1,6-diphosphate al-
dolase (FDP aldolase) from rabbit muscle [179, 180],
uses dihydroxyacetone phosphate (DHAP) as the sin-
gle nucleophilic ketone substrate and forms a keto-
1-phosphate sugar upon reaction with an aldehyde. A
second group contains N-acetyl neuraminic acid al-
dolase (NacNA aldolase) and uses pyruvic acid (or phos-
phoenol pyruvate) as the nucleophile to form 3-deoxy-
2-keto acids. The third type of aldolase is represented by
a unique example, 2-deoxyribose-5-phosphate aldolase,
which uses acetaldehyde as the nucleophilic substrate
to form 2-deoxyaldoses. A common feature of the al-
dolase reactions is that the stereochemistry of the newly
formed C—C bond is completely controlled by the en-
zyme, irrespective of the structure and stereochemistry
of the substrates. FDP aldolase generates exclusively
35,4R-diols (D-threo stereochemistry), while fuculose-
1 phosphate aldolase and rhamnulose 1-phosphate al-
dolase generate 3 R-vicinal diols (with major D-erythro
and L-threo configurations respectively). Despite the
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Fig 38. Some aldol addition reactions catalyzed by fructose diphosphate aldolase (FDP aldolase) [181, 497], N-acetyl
neuraminic acid aldolase (NAcNA aldolase) [498] and 2-deoxyribose-5-phosphate aldolase (DERP aldolase) [499].

fact that the DHAP-utilizing aldolases are quite spe-
cific for this substrate, more than 75 aldehydes have
been found to replace the natural aldehyde cosub-
strate. These range from formaldehyde to C6-aldose
sugars with the exception of aromatic aldehydes and
allow the synthesis of a variety of deoxy-, methoxy-,
fluoro-, C-alkylated or nitrogen-containing sugars ana-
logues [177, 181]. In most cases, the enantioselectivity
of the enzyme causes a kinetic resolution of a racemic
aldehyde substrate, affording a major (or homochiral)
stereoisomeric product containing more than two asym-
metric centers. Some attempts to replace DHAP by di-
hydroxyacetone and added inorganic arsenate or vana-
date have been claimed to be successful via the spon-
taneous reversible formation of dihydroxyacetone esters
[182].

Pyruvate-utilizing aldolases, such as N-acetylneur-
aminic acid aldolase (NAcNA aldolase) and 3-deoxy-

D-manno-2-octulosonate aldolase (KDO aldolase),
or phosphoenolpyruvate-utilizing aldolases, such
as D-manno-2-octulosonate-8-phosphate synthetase

(KDPO synthetase) and 3-deoxy-D-arabino-2-heptul-

osonate 7-phosphate synthetase (DAHP ‘synthetase),
catalyze the condensation of pyruvate (or phospho-
enolpyruvate) with various natural and unnatural alde-
hydic sugars or sugar phosphates (fig 38). NAcNA al-
dolase from animal or microbial origin has allowed the
stereospecific syntheses of a number of sialic acid ana-
logues, which have been used for biological and bio-
chemical studies [183].

2-Deoxyribose-5-phosphate aldolase (DERP aldolase)
from bacteria can use acetaldehyde (and to a lesser
extent propionaldehyde, for example) as a nucleophile
and accepts a wide range of unnatural aldehydic cosub-
strates to form 3S-alcohols (fig 38).

Another enzyme involved in sugar phosphate
metabolism, transketolase, is found in spinach leaves
and yeast. This is a thiamine pyrophosphate-dependent
aldolase which removes one of the limitations of al-
dolases in ketose synthesis : it does not need a phos-
phorylated substrate and accepts hydroxypyruvate as a
nucleophile donor. This leads to the transfer of a hy-
droxyacetyl group on a variety of aldehydic acceptors
in a highly enantio- and stereospecific reaction, limited
to the formation of 35,4 R (D-threo) products [184, 185].
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Other useful reactions

Miscelleanous addition, elimination or transfer reac-
tions

Elimination reactions catalyzed by water or ammonia
lyases (fig 39) have been exploited for synthetic pro-
cesses. L-Malate is obtained by the fumarase-catalyzed
addition of water to fumarate, using a microbial
whole cell process [186, 187], while the pig-heart en-
zyme can use chloro- and difluorofumarate as sub-
strates, converting them to L-threo-chloromalic acid and
2,3-diflucromalate, respectively [188]. Aspartate-ammo-
nia lyase (aspartase) catalyzes the addition of ammonia
to the si face of fumarate to form L-aspartate [189)].
Other L-amino acid ammonia lyases (L-phenylalanine,
L-histidine, L-tyrosine ammonia lyases) have been simi-
larly used to form the corresponding L-amino acids and
some analogues from the appropriate unsaturated sub-
strates [190].

H X
COOH ~.
X /7 fumarase COOH
=CH + HO HOOC” ™
HooC E.coli P
X=H,Cl { ) H OH
COOH S
x 7 aspartase p COCH
—CH + NH, F=————= HOOC
HOOC {E.coli) =
X=H, Me,Cl, Br H o NH
COOH )
cH=CH phenylalanine

ammonia-lyase
+ NHy T

{Rhodotorula sp.)

Fig 39. Lyase reactions used for asymmetric synthesis.

Enzymes dependent on pyridoxal phosphate (PLP)
have also found some applications in the preparation
of natural L-amino acids or analogue molecules [4]. A
glutamate-oxaloacetate aminotransferase has been used
for the preparation of 4-alkylated L-glutamic acid ana-
logues, using aspartic acid or cysteine sulfinate for the
irreversible regeneration of the pyridoxamine form of
the coenzyme [191]. Other lyase reactions involving
PLP as a coenzyme are also capable of operating in
the reverse direction. Some are of industrial interest
for the synthesis of L-tryptophan, L-tyrosine and mod-
ified analogues. These are catalyzed by tryptophanase
or tyrosine phenol lyase (in whole-cell processes), using
pyruvate, ammonia and indol or phenol as acceptors
(fig 40) [4, 192, 193]. A B-decarboxylase (from Pseu-
domonas dacunhae) has also been successfully used to
obtain L-alanine from L-aspartic acid [189)].

Other group-transfer reactions have very limited ap-
plications because of both the need of expensive coen-
zymes (CoA-SH or cobamide coenzymes, for example)
and the fact that the enzymic reaction products are not
extremely called for (compare later to the synthesis of
oligosaccharides wvia glycosyl transferase reaction).

CO,H
NH;
S ‘H 2
NH NH
NH,» s
CH3.CO-COzH ~PH
H 'NH,
HO Tyrosine HO
R phenol-lyase
R=H,OH,.

Fig 40. Enzymic syntheses of L-tryptophane or L-tyrosine
(and analogues) using the reversal reaction of trypto-
phanase from Escherichia coli [192], or tyrosine-phenol lyase
(B-tyrosinase) from Erwinia herbicola [4].

Biological macromolecule syntheses

e Oligosaccharide and glycoside synthesis
Several enzymic methods are available for the synthesis
of glycosides in which glycosidases and glycosyl trans-
ferases are used the most frequently [177, 178, 194, 195].
The sugar-nucleotide-dependent glycosyl transferases
seem to be more suitable for the selective synthesis
of complex oligosaccharides because of their enantio-
and regioselectivity for acceptor structures, but the ma-
jor problems are the poor availability of enzymes and
the high price of sugar nucleotides. Furthermore, the
nucleotide phosphates released are often inhibitors of
the transferase reaction. Cloning and expression of spe-
cific glycosyl transferases and regeneration of sugar nu-
cleotides from the released nucleotide phosphate have
been developed to solve such problems, and multi-
enzyme systems, sometimes in the immobilized form,
have been used successfully in one-pot reactions for the
large-scale synthesis of many oligosaccharides (fig 41),
which may contain natural or unnatural sugar ana-
logues [196-198].

One alternative is to use the reversal of the hy-
drolytic action of glycosidases (glycohydrolases) at high
concentrations of mono- or oligosaccharide substrates.
An equilibrated thermodynamically controlled reaction
[199, 200] or, better, a kinetically controlled process
using a glycoside as glycosyl donor [201-203] can be
used (fig 42). Such reactions, using a- or 3-glucosidases,
galactosidases, mannosidases, etc, are simple synthetic
procedures which have the same advantages as trans-
ferase reactions : elimination of the need for sugar pro-
tection, and complete control of the stereochemistry
at the newly formed anomeric center. However, regio-
control with respect to the nucleophile acceptor remains
a major problem, with the production of varying ratios
of isomeric oligosaccharides and the resulting separation
problems.

e Enzymic peptide synthesis
An important goal for enzyme utilization is to de-
velop practical catalysts for the condensation of amino
acids, either for the recurrent step-by-step synthe-
sis of oligopeptides, avoiding the tedious protection-
deprotection methods and allowing the incorporation of
unnatural or D-amino acids, or for the coupling of large
peptidic unprotected fragments, prone to racemization
by chemical methods. Native enzymes for such biosyn-
thetic reactions are not suitable for technical use, even
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Fig 41. Enzymic sialylation of N-acetyl lactosamine with in situ regeneration of N-acetyl neuraminic acid-cytidine
monophosphate (CMP-NAcNa) using five enzymes [198] : a, a-2,6-sialyl transferase; b, adenylate kinase; c, pyruvate kinase;

d, CMP-NAcNa synthetase; e. pyrophosphatase.

HO
glycos:dase

ROH

ROH = alcohol, sugar nucleophile
Equilibrated glycosylation: X=OH
Transglycosylation: X= F, Glycosyl, Ph, p-NO2-Ph
Fig 42. Synthesis of oligosaccharides and glycosides using

the equilibrium reaction of glycosidases, in thermodynami-
cally or kinetically controlled reactions.

in the case of specific bacterial peptide multienzyme
complexes. Proteases remain possible catalysts, despite
the problem of preventing the amidasic degradation of
the final products, and the unfavorable equilibrium con-
stants. Nevertheless, the reversal of hydrolysis has been
used in the direction of ligation, adjusting the physico-
chemical parameters of the protease activity. However,
in the growing field of peptide pharmaceuticals, in all
but a few cases enzymic techniques can only be inte-
grated as complementary procedures. This compares
poorly with the potent chemical or biological recom-
binant techniques [204-206].

In the studies on step-by-step syntheses of pep-
tides, two different procedures have been used : i) sim-
ply reversing the equilibrium towards synthesis (ther-
modynamic control) by using water-miscible solvents,
which increase the pK value of the carboxy compo-
nent, or water-immiscible solvents (biphasic systems)
and then extracting the peptide; or ii) using an aminol-
ysis of N-protected amino acid or peptide esters (ki-
netic control), which is limited to proteases which
yield acyl-enzyme complexes (serine or cysteine pro-
teases). One successful example of the first approach is
the thermolysin-catalyzed aspartame synthesis (fig 43),
where the primary product forms an insoluble salt of

COH COMe ) o COMe
HOLC /\r Thermolysin i on
Ph 0,C NN
NH-Z + HN in Water or EtOAC P
ZL-Asp DL-Phe-OMe  ("90% Ony  NHZ
7\
2= Ph-CHy-0-CO HO,C Ph

Fig 43. Enzymic synthesis of Z-L-Phe-L-Asp-OMe, a pre-
cursor of the sweetener peptide aspartame, using Z-L-Asp
and DL-Phe-OMe as substrates [500-502].

D-phenylalanine, shifting the equilibrium towards the
quantitative formation of the product [207]. Other pep-
tides with biological or pharmacological properties have
been synthesized using a-chymotrypsin, subtilisin, pa-
pain, or carboxypeptidase Y [206]. The second approach
is characterized by a shorter reaction time and provides
the opportunity to suppress the competitive hydrolysis
reaction (at least a 1000:1 ratio is considered as use-
ful for preparative purposes). The most popular leaving
groups for the acyl donor amino acid are ethyl or methyl
esters, and in some cases (in organic solvents), even
D-amino acid derivatives can be incorporated [208, 209].
In addition, chemically or genetically modified immobi-
lized enzymes (highly active in organic solvents) have
been specifically prepared and used as effective cata-
lysts [210-212]. Recently, lipases and esterases have also
been used as peptide synthesis catalysts in organic sol-
vents [213, 214].

The kinetically controlled coupling of large peptide
fragments and the semi-synthesis of proteins is partic-
ularly sensitive to aminolysis reactions, and has been
limited to a few examples [215]. The most well-known
is the Novo large-scale trypsin catalyzed semi-synthesis
of human insulin from porcine insulin [216].

“Bio-ozygenation” reactions

A number of enzymic activities involved in the incor-
poration of oxygen into organic molecules have been
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occasionally used for preparative purposes [217, 218].
Dioxygenases catalyze the introduction of dioxygen into
an organic substrate, generating a hydroperoxy or an
endoperoxy derivative. Monooxygenases introduce or
activate molecular oxygen, but only one oxygen atom
is introduced in the product. The reaction requires
reducing equivalents, which are generally supplied by
NADPH through a complex electron-transport system.

o Diozygenase-catalyzed reactions
Lipoxygenase, a non-heme iron-containing dioxygenase,
has been used for the enantio- and regioselective prepa-
ration of unsaturated fatty-acid hydroperoxides [219-
221]. Reduction of the hydroperoxides may then lead to
the corresponding asymmetric alcohols (fig 44).

Soybean Hoo S
Lipoxygenase-1
CHa _ 4
— cop  Ozdem H

(80%)
(95% oe)

Fig 44. Regio- and enantioselective preparation of
(9Z,11E, 13S) - 13 - hydroperoxyoctadeca - 9,11 - dienoicacid
from linoleic acid using a commercial soybean lipoxygenase
[220].

Arene dioxygenase activity was first discussed by
Gibson [222] and has recently been exploited using
whole-cells microorganisms, for the regio- and enan-
tioselective preparation of cis-dihydrodiols. The sim-
plest, cyclohexadienediol, has been proposed as a
source of polyphenylene, which is difficult to obtain by
other methods {223, 224]. Substituted arenes (methyl-,
chloro-, fluoro-, etc) have been shown to give the cor-
responding asymmetric cis-diols in high optical purity.
These have proved to constitute invaluable precursors
for the synthesis of natural and unnatural carbocyclitols
[225-227] (fig 45). Similar techniques have been applied
to the preparation of cis-diols deriving from polycyclic
or heteroaromatic compounds [228, 229)].

QCOPh

N N
b Pssmonas &(C}I 9 steps Ph OAc
—_ ——
2 CH
o

Fig 45. Asymmetric synthesis of a natural product deriva-
tive, (—)-zeylena acetate, from styrene via a dioxygenase-
mediated reaction (from Hudlicky et al [503]).

e Monoozygenase-catalyzed reactions

The Baeyer-Villiger reaction, a well-established syn-
thetic reaction, is typically effected by the reaction
of a peracid reagent on a keto compound, producing
an ester group. The enzymic counterpart of this reac-
tion [230] uses a flavoprotein monooxygenase, in the
presence of oxygen and NAD(P)H. The “cyclooxyge-
nase” from Acinetobacter sp {231] can oxidize a num-
ber of cyclic and acyclic ketones to the corresponding
lactones with a regio- and a stereoselectivity similar

to that of the chemical reaction (retention of config-
uration). With substituted cyclohexanones containing
enantiotopic substituents, the oxygen introduction is
highly stereoselective, producing useful asymmetric lac-
tonic compounds (fig 46). With racemic keto-substrates,
the enzymic Baeyer-Villiger reaction, which is also
catalyzed by whole-cell microorganisms, is often enan-
tioselective, either causing a kinetic resolution of the
substrate or, most interestingly compared with the
chemical reaction, a regiodivergent oxidation on each
enantiomer [232].

Most other monooxygenase-mediated reactions in-
volve a membrane-bound cytochrome P450 enzyme,
associated with a complex redox system for electron
transport from NADPH, and thus whole-cell microor-
ganisms have been used preferentially for the wide range
of reactions catalyzed by these enzymes. For pharma-
cological and toxicological reasons, these reactions have
been extensively investigated in the mammalian mi-
crosomal hepatic detoxification systems for xenobiotics.
They can be easily mimicked by using simple microor-
ganisms like actinomycetes or filamentous fungi [233].
These microorganisms possess adequate enzymic equip-
ment and may provide an economical alternative for
the large-scale production of certain metabolites, which
would otherwise be difficult to synthesize chemically.
This is the concept of “microbial models of mammalian
metabolism”, first proposed by Smith and Rosazza
[234], and now recognized by a number of comparative
studies [235] to be a valid proposal. This is illustrated
in figure 47 for alkaloids and alkaloid-like drugs.

Beyond this concept, biohydroxylation reactions
may represent a powerful method for the introduc-
tion of hydroxyl groups (as an intermediate step for
any other specific functionalization) into previously
elaborated molecules, with the additional benefit of
the usual regio- and stereolectivity of enzymic reac-
tions [218, 236]. Starting from easily accessible natural
materials (alkaloids [237, 238], steroids [238], or
terpenes [239, 240]), it is possible to obtain new com-
plex molecules which can be tested for biological ac-
tivity or used as asymmetric synthons or synthetic in-
termediates. Some of these preparatively useful reac-
tions, sometimes with a high commercial significance,
such as the 11a-hydroxylation of progesterone, are illus-
trated in figure 48. Typically, monooxygenase-catalyzed
reactions (table IX) have been used to hydroxylate aro-
matic rings, “activated” (allylic or benzylic) methylenic
carbon atoms, and most interestingly, “unactivated”
methyl or methylenic groups.

The field of application of these reactions has been
extended to useful transformations of several purely
synthetic organic materials of chemical interest. For ex-
ample, isobutyric acid is hydroxylated by a variety of
microorganisms in an enantiogenic manner, producing
high yields of either the (R)- or the (S)-enantiomer
of SB-hydroxyisobutyric acid [241-243], a versatile chi-
ral synthon already used for the asymmetric syntheses
of the side chain of a-tocopherol, carbapenem antibi-
otics, muscone, etc. Some other regio- and enantioselec-
tive hydroxylation reactions used for a complementary
functionalization of synthetic materials are shown in
figure 49.
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Fig 46. Enantiospecific enzyme-catalyzed Baeyer-Villiger type oxidations illustrated i) by the resolution of racemic
4-hydroxycyclohexanones : a, Ouazzani-Chahdi et al[504], b, Azerad et al [505]; substituted racemic bicyclo{2.2.1]heptanones :
¢, Levitt et al [506]; 2-alkyl cyclopentanones : d, Alphand et al[507, 508]. ii) by the enantioselective regiodivergent oxidation of
a bicyclo[3.2.0]heptenone : e, Alphand et al [509, 510]. i) by the enantiotopic oxidation of substituted meso cyclohexanones.

f, Taschner [511, 512].

However, in each case, an empirical specific ap-
proach was employed and much remains to be done
in order to make the regio- and stereochemical out-
come of the hydroxylation reactions general and pre-
dictable. For a full utilization of the high potential
of such reactions, it will be necessary to further re-
fine existing models [1, 244, 245], taking into account
the generally observed flexibility and lack of specificity
of detoxification-dedicated P450-monoxygenases [246].
Moreover, the general use of whole bacterial cells in-
stead of pure enzymes introduces intrinsic limitations :
the number and specificity of enzymes involved, induc-
tive or constitutive enzymes, toxicity of substrate and
product(s), and permeability and sequestration prob-
lems.

Other oxidation reactions mediated by cytochrome
P450 of whole-cell microorganisms have been occasion-
ally exploited. Terminal olefin oxidation in gas/solid

reactors has been developed for the economical produc-
tion of chiral epoxides [247-249]. Organic sulfide oxida-
tion by microorganisms has been used for the produc-
tion of optically active sulfoxides, which are widely used
in organic asymmetric syntheses. However this biotrans-
formation rarely gives enantiomerically pure products,
and the reaction is often plagued by the formation of
significant amounts of sulfones {16, 218].

Peroxidases, and especially a chloroperoxidase from
Caldariomyces fumago, are available as a commercial
preparation, and have been employed for a variety of
oxidation reactions, such as aromatic hydroxylation,
addition of hypohalous acid to olefinic bonds, and ni-
trogen, phosphorus or sulfur oxidation, using hydrogen
peroxide(or an organic peroxide) as an oxygen donor
[218].
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Fig 47. Comparison of the sites of major oxidation reactions (hydroxylation, O- or N-dealkylation, N-oxidation, etc) observed

in the biotransformation of natural alkaloids or related drugs in mammals () or in microorganisms (=) :

a, Betts et al

[513], Brannon et al [514], Rosazza [515]; b, Chien and Rosazza [516], Sariaslani and Rosazza [1]; ¢, Rosazza et al [517]; d,
Patterson et al [518]; e, Eckenrode [519], Azerad [236]; f, Hufford et al [520].

Table IX. Main oxidation reactions catalyzed by cvto-
chrome P450-monooxygenases.

1 — Aromatic hydroxylatio;i:r
Ar — arene oxide (— trans-dihydrodiol — phenol)

2 — Hydroxylation of activated carbon atoms :
-CH=CH-CH; — -CH=CH -CHOH-

3 - Hydroxylation of non-activated carbon atoms :
R-CHs — R-CH20H (— R-H + HCHO)
R-CH2-R'— R-CHOH-R’

R-CH(R')-R” — R-C(R'.R")-OH
4 — O- and N-dealkylation :
R-O-CH3z — R-O-CH;OH — HCHO + R-OH
R-N-CH; — R-N-CH>OH — HCHO + R-NH
5 — Epoxidation of Olefins :
O,
~CH=CH- — ~CH-CH-
6 — Oxidation of heteroatoms :

R-NH-R’' — R(R’)NO (N-oxide)
R-S-R’ — R(R")SO (sulfoxide) — R(R')SO2 (sulfone)

Conclusion and prospects

Some of the main bioconversion reactions with enzymes
or whole microbial cells have been examined. In view
of the impressive amount of published work which has
been displayed in the past 15 years in this field and
the corresponding high expectations, it is surprising to
observe that there are in practice only a few commer-
cial applications of biocatalysts in the fine and special-
ity chemical industries. Major obstacles appear to be :
i) the existence of a well-developed traditional chem-
ical technology and the resulting opposition to a new
technology based on biological systems; ii) the inherent
disadvantages of biocatalysis techniques; and iii) regu-
latory constraints.

However, the high potentialities of biocatalysis in or-
ganic chemistry, and especially in the developing field
of “chirotechnology”, together with the expected ad-
vances in research, will probably increase in the future
the number of applications of biocatalysts in organic
transformations. The most promising developments will
probably arise from the following.
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Fig 48. Some preparatively useful monooxygenase-
catalyzed hydroxylation reactions, using whole-cell microor-
ganisms : a, Peterson and Murray [521]; b, Lamare and
Furstoss [240]; ¢, Abraham et al [522]; d. Aranda et al
[524, 525]; e, Kouzi and McChesney, {523]: f, Kulla [526]; g,
Nagasawa et al [527].

1) The increased availability of purified enzymes from
new sources, avoiding the whole cell utilization with its
inherent problems, and allowing the organic chemist to
use them as ordinary “shelf reagents”. This is already
the case for most lipasic enzymes.

2) The improvement of biocatalyst properties by the use
of chemical modifications or modern genetic techniques
(site-directed mutagenesis or biosynthetic incorporation
of unnatural amino acids) in order to increase activity,
enantioselectivity and resistance to solvents and high
temperature.

3) The increased understanding of reaction mecha-
nisms and reactive-site topologies, allowing, through
computer-aided modelization, the prediction of enan-
tioselective enzyme-substrate interactions and the sub-
stitution of the presently used rather primitive opera-
tional models which are based on substrate screening.

4) The discovery of new unexpected enzymic activities
in microorganisms from “exotic” environments. At the
present, only a fraction of the available microorganisms
from nature and collections has been screened for known
reactions. Much remains to be done in the direction
of non-classical microbial metabolisms to find new en-
zymic activities. In this regard, the emergence of cat-
alytic antibodies as practical tools, complementary to
natural enzymic activities, will have to be considered
and will possibly upset the forecast of biocatalytic ap-
plications.
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Fig 49. Some preparatively useful monooxygenase-

catalyzed hydroxylation reactions on synthetic materials,
using whole-cell microorganisms, for use as chiral interme-
diates for steroid or terpenoid syntheses : a, Hammoumi et
al [528, 529], Azerad, [236]; b, Ouazzani et al [530, 531]
Arséniyadis et al [532] ¢, Arséniyadis et al [532, 533];
Hebda et al [534].
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