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Table 1 Lipase-catalyzed enantioselective hydrolyses: as Pseudomonas cepacia lipase = PCL
Substrate Lipase Product Ee (%) Reference
Ph PPL Ph 96 50
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&OQEQ Lipase PS % _CoMH 98 51
OAc PCL ot 99 47
PhW PhW
OAc PCL HO 98 47
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OAc Lipase PS (+ crown ether) OH 76 52
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Lipase PS 92.2 53
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OAc OH
o Lipase PS OH 91 54
o (H;C)3
sy >
almost 4-fold over the period covered by this review from 33 in HO OH
1993 to 123 in 1999. Similarly, there were 279 papers in 1999
that contained both of the concepts “organic synthesis” and ~
“enzym-" from 174 in 1993. | R
It is not the intention of this review to comprehensively cata-
logue all biotransformations during this period but to instead _
describe selected highlights. We hope therefore that this review Lipase
will act more as a primer or overview for this period. Many
other good reviews have also covered parts of this period.’™* In
particular the reviews of Stan Roberts have provided a wonder- AcO OH
fully detailed review of 1996,* 1997 and 1998.* More details N
of particular biotransformations can be found in several excel- ~R
lent specialized reviews that have appeared and these have been
highlighted at the start of the relevant sections below. ce>98% OMe

2 Acyl transferases
2.1 Lipases

Among the biocatalysts in organic synthesis, lipases are the
most frequently used.*>** In particular, this class of enzyme is
able to perform enantioselective hydrolytic reactions (Table 1)
and catalyzes the formation of a wide range of ester and amide
bonds (Table 2) and it is in this role that they are most
frequently employed.*

A number of unusual substrates have featured recently;
including resolutions of cyclophanes,® thioesters,®® ferro-
cenes,* phosphonates,®> helicenes,®” and calixarenes.®® Even
lipoic acids in which the chiral centre is 5 carbon atoms from
the acylated centre can be resolved.® Hydrolytic decarboxyl-
ation of a tetraester allows a very interesting resolution to
provide a diester carbocycle as a valuable synthetic precursor.”
In addition, secondary amines can be resolved.” Even fullerene
derivatives have been acylated.”” Amano PS lipase catalyzed
hydrolysis of acyl diacetoxypropionate is nicely chemo-, regio-
and stereo-selective.”® Similarly, chemoselective deacetylation
over the hydrolysis of an ethyl ester present in phenolic
peracetates has been described.™

In this way, lipases have been extensively utilized in the syn-
thesis of many biologically active compounds and natural
products. For example, optically active tertiary carbinols such
as (+)-isostegane were obtained via acylation (Scheme 1).” The
facile asymmetric preparation of (+)-hydroxylactone allowed
its use as a starting material in the synthesis of plant bio-
regulators (+)-strigol and (+)-orobanchol.”® Components
of the pheromone of Microdiprion pallipes were obtained by

(+)-isostegane

Scheme 1

employing lipase-catalysed kinetic resolution as a late step.”
The transesterification of (%)-trans-2-phenylcyclohexan-1-ol
with Candida rugosa lipase (CRL) gave in pure form (1S,2R)-
(+)-trans-2-phenylcyclohexan-1-ol, a useful chiron in the prep-
aration of many optically pure pharmaceutical intermediates.”
Enantiopure carbohydrate mimics such as 1-azafagomine were
prepared through the enantioselective acylation of a primary
hydroxy group.”

Typically kinetic resolutions are limited to a maximum yield
of 50% of desired enantiomer. However, by coupling the
method with epimerization of the starting materials, dynamic
kinetic resolution (DKR) results.®” For example, OH groups at
lactol or hemiacetal centres mutarotate and this can be
exploited for DKR through acylation.?*? The Williams group
has been instrumental in developing several novel strategies in
the area of DKR. Epimerization of the allylic acetate starting
material in Scheme 2 using Pd(mr)-catalysis coupled with PFL-
catalyzed hydrolysis yielded alcohol in 81% yield and 96% ee®
and Rh-catalyzed hydrogen transfer to and from sec-phenethyl
alcohol coupled with PFL-catalyzed acetylation give the
corresponding acetate in 60% yield and 98% ee.®* This method
was later adopted for DKR of sec-phenethyl alcohol that
instead used Ru-catalysis to epimerize the starting material and
halophenol acetates as acyl donors.®> A nice additional adap-
tation is the lipase-catalyzed hydrolysis of an a-bromoester
which is epimerized by a solid supported bromide ion source
more rapidly than its acid hydrolysis product.®
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Table 2 Enantioselective lipase-catalyzed transesterifications: porcine pancreatic lipase = PPL; PFL = Pseudomonas fluorescens lipase (same as
Pseudomonas cepacia lipase = PCL); Candida antarctica lipase = CAL; Candida rugosa lipase = CRL (same as Candida cylindracea lipase = CCL)

Substrate Lipase Co-reactant Product ee (%) Reference
R, R OCH,Ph
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o}
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! Lipase PS BuOH on o 84 56
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(+/~) OH OAc
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5mol% PdCl,(MeCN), HO
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81%, 96% ee
Scheme 2

Desymmetrization of meso or prochiral compounds also
offers routes into single enantiomers with a yield >50%.
Desymmetrization methods have long been exploited in bio-
catalysis and with other enantioselective reagents as a valuable
tactic for asymmetric induction. A review on this topic has
appeared.®” The excellent work of the Johnson group, largely
exploiting acyltransferases, illustrates the power of both bio-
catalysis and desymmetrization in the synthesis of homo-
chiral target molecules and some of this work has also been
reviewed.®® A nice trick which extends ideas of meso desym-
metrization allows the preparation of single enantiomers from
racemic 1,2-diol precursors.®® Essentially, since meso desym-
metrization relies on picking an R centre over an S or vice versa,
it works just as well on rac-diol systems followed by configur-
ational inversion to allow what is termed an “enantiomeric con-
vergence”. In this way the preparation of single enantiomeric
trans-epoxides were prepared form cis-olefin precursors via
Pseudomonas lipase-catalyzed enantioselective hydrolysis of
diacetates and then conversion to mono acylated, mono
mesylated diols prior to inversion.

The alcohol groups in polyhydroxylated natural products
such as steroids or glycosides can be readily differentiated*®
through acylation or deacylation using e.g., Candida antarctica
lipase (CAL) in organic solvents.”™® Typically lipases are selec-
tive for primary hydroxy groups. For example, in complex
glycosylated saponins like ginsenoside Rgl, the secondary
hydroxy groups were totally unaffected.”* Systematic studies
of glycosides have shown that the aglycone and the stereo-
chemistry of the glycosidic bond can have a deep influence on
the regioselectivity of acylation. Such acylations are compatible
even with complex glycosides possessing large aglycones and
with polysaccharides. These acylations are usefully applied in
the synthesis of fatty acid esters of carbohydrates for use in the
food, detergent or cosmetic industries as surfactants and emul-
sifiers (Scheme 3). For example, Vulfson et al. have developed
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Porcine pancreatic lipase (PPL)-catalyzed syntheses.”® Several
aldonolactones were regioselectively esterified on the primary
hydroxy group using 2,2,2-trichloroethyl alkanoates as acyl
donors (Scheme 3).”® Lipases have also been used for the
acylation of nucleosides,” where the 5'-O-acyl derivatives were
isolated as the major products. The lipase-catalyzed acylation
of ceramides also showed complete regioselectivity for the
primary hydroxy group (Scheme 4).' Deacylation selectivity
can also be exploited. A recent survey of the deacylation of
peracylated D-galactals showed that variations in 6-O and 3,6-O
selectivity may be achieved depending upon catalyst and acyl
group.’ Tsobutyryl and CCL proved a particularly effective
and selective combination for 6-O-deacylation.

If the primary hydroxy groups are already protected
or otherwise differentiated in glycosides then interesting
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regioselectivities may arise. For example, in lactosides, the 2’-
OH can be selectively levinuylated when 6’-OH is protected '
and the hydrolysis of acetylated D-galacturonic acid derivatives
displays selectivity for the 2-O-acetyl group.'”® The use of
Pseudomonas cepacia lipase (PCL) for the regioselective acyl-
ation of 6-O-protected glycosides has shown that a-glycosides
were acylated at the O-2 position, whereas the B-glycosides
were acylated on the O-3 position.!™ The same method has
been used to differentiate O-2 and O-3 in various benzylidene-
protected glucosides.'” Interestingly, when peracetylated
erythritol- or glycerol-p-glucosides were hydrolyzed by Pseudo-
monas fluorescens lipase (PFL), the sugar moiety was not
affected and only one product of hydrolysis was obtained %
(Scheme 5).
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20%
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Lipases are powerful catalysts in other regioselective
acylations. For example, CAL catalyzes the transfer of divinyl
carbonate as an acyl donor to primary amines. The remaining
enol group can then be displaced by glycine to create a
carbamate.'”” Lipases also catalyze acyl transfer to other

amines, for example, the amidation of Cbz-glutamic acid
diesters to give the corresponding monoamide derivatives
(Scheme 6).'® More recently, an enantioselective aminolysis
was described for the preparation of pyrrolidine derivatives
containing stereogenic centres.'” Lipase-catalyzed aminolysis
and ammoniolysis, including carbamate formation, have been
thoroughly reviewed.’

CbzHN,, COzR CbzHN,, CONHR
H + R'NH, Candida antarctica H
lipase
CO3R CO,R
Cbz-L-glutamate
a-ester
H/,, CO,Et ) ] H’/,, CO,NHR H//, CO,Et
CoaHN=, - Condida anfareics cozin= " Cozmn=
lipase +
co.et  RNH COEt CONHR'
Cbz-D-glutamate " 14% yield 69% yield
R'=nPn
a-ester [S—ester
Scheme 6

Lipases may also be used as tools for the removal of protect-
ing groups from delicate substrates. This utility is well illus-
trated by the removal of the acetyl groups from the side chain
carbohydrates and the C-terminus methoxyethyl ester of a
glycopeptide using wheat germ and Mucor javanicus lipases,
respectively.'®

In 1995, a lipase-catalyzed self-epoxidation of unsaturated
carboxylic acids was described "' (Scheme 7). The epoxy acid
obtained was also used again to perform epoxidations of other
unsaturated compounds. More recently, the same authors
have described lipase-catalyzed conversions of unsaturated tri-
methylsilyl ethers;!'? deprotection, acetylation and epoxidation
reactions took place in one-pot.

— Lipase —
R (CH),COxH R (CH,),CO3zH
H,0,
O
Lipase O
R (CH5),CO3H ~
H20,
R (CH5),CO5H
CHo=CHCgH 3
0 + 0
CeHi3 R (CHy),COLH
Scheme 7

Vinyl esters, and less frequently propenyl esters, are often
used as acyl donors in lipase-catalyzed esterifications due to the
formation of non-nucleophilic and therefore non-competing
aldehyde. It has been suggested that the aldehyde released
increases the rate of enzyme denaturation, perhaps through
browning-type reactions following lysine imine formation. To
avoid this potential problem 1-ethoxyvinyl esters ''*"* or mixed
carbonic anhydrides ' have been suggested. Another nice trick
along similar lines involves the use of enol esters as substrates,
which not only form ketones on hydrolysis that do not compete
in transesterifications but can also be re-used. ''¢ Very elegantly
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lipases

this trick can be used on achiral a-alkyl- '’

bis- enol esters.'"®

A major development in the use of lipases has been the
valuable introduction by Reetz and co-workers of sol-
gel encapsulated lipases.'”® The porous nature of sol-gels
bestows the enzyme with enhanced longevity and mechanical
stability and allows recovery and re-use. These reagents
were named Reagent of the Year in 1997. The use of cross-
linked enzyme crystals (CLECs)' has also been widely
adopted.

Ester hydrolysis may be strongly influenced by co-solvents
and their use may enhance enantioselectivity, it is proposed by
interaction with the active site.”?! The addition of sulfur-
containing crown ethers also has a beneficial effect.'*!** The
use of lipases has also been demonstrated in supercritical
carbon dioxide."*!'* Pretreatment with propan-2-ol can also
increase selectivity.'?

It has been suggested that microwave irradiation can also
enhance rates and selectivities in PPL-catalyzed acylations.'”’
The addition of an aqueous LiCl solution to a diisopropyl ether
transesterification also enhanced enantioselectivity.'”® The
addition of Et;N in certain situations also increases the rates of
lipase-catalyzed transesterifications'® or ensures that reactions
go to completion.'*

The redesign of lipases to increase enantioselectivity has
been powerfully illustrated by Reetz. Forced evolution of a
P, aeruginosa lipase increased enantioselectivity for the selected
ester from 2% to a remarkable 81% ee in just 4 cycles of point
mutation and selection.’®%3? However, in such studies it is
important to recognise the stringent specificity that often
results; summed up by the adage “you get what you screen for™.
Such studies can be aided by rapid screening using thermo-
graphic imaging™®* or mass spectrometric detection'* of e.g,
isotopic “pseudoenantiomers”.’®® An ingenious colorimetric
screening method of high utility has also been described;
“Quick E” provides a rapid assessment of enantioselectivity.'*
Remarkably low temperatures have been described in the
P. cepacia lipase catalyzed resolutions. Interestingly optimal
resolution was observed at —40 °C."*

Active site models are very useful provided that they are used
as a guide rather than a prescription and many papers get
bogged down in the minutiae of proving this or that model
correct. By definition, even when the 3D structure of the
active site is precisely known through e.g crystallography,
additional considerations outside of simply the shape of the
site are also relevant to e.g resolutions that rely on the effect
of diastereomeric differences in transition states. Nonetheless,
certain models have very much proved their worth as valuable
heuristic tools — the archetype being the powerful Jones pig
liver esterase (PLE) model. Several recent models also fit into
the “useful” category.'®® Kaslauskas and co-workers '3
amongst others'! have started the process of unifying models
of both subtilisins and lipases of different types. Examples of
the type of models that result are illustrated in Fig. 1 for
alcohol transesterification.

By using lipases as catalysts for acyl transfer, bifunctional
monomers may be assembled, e¢.g. mixed monomers (diol with
diacyl) or single monomer (hydroxyacyl), into polymers.'** For
example, CAL catalyzed the polymerization of a cyclic
carbonate."

or prochiral
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2.2 [Esterases

As hydrolytic enzymes, esterase applications are numerous; one
of them being the removal of protecting groups such as choline
ester with butyrylcholine esterase,'>'> p-acetyloxybenzyl ester
with acetyl esterase’® or heptyl'*!%? or 2-methoxyethanol '¢*
esters with Aspergillus niger lipase (ANL).

As for lipases, their use in enantioselective hydrolyses is
an important way to obtain chiral building blocks as inter-
mediates in asymmetric syntheses (Table 3): pig liver esterase
(PLE) being most widely used. For example, the synthesis of
(+)-cassiol, an antiulcerogenic agent, is based on the enantio-
selective hydrolysis of a prochiral diester by PLE (Scheme 8).'%*
It was also applied to the preparation of the southern-half
subunit of the fungicidal macrolide soraphen A (Scheme 9).'%
Sledeski and co-workers have described a rapid synthesis
of potent antiviral agent, cyclobut-A, from the inexpensive
starting material maleic anhydride (Scheme 10).'% The
same approach was used to synthesize (—)-pumiliotoxin
C,' the segment of the antibiotic curacin A'® and
B-lactams '® with good enantioselectivities. The plant hormone,
(+)-abscisic acid, was also prepared with an esterase, which
catalysed the enantioselective synthesis of the key phorenol
intermediate (Scheme 11).! PLE was used to obtain
versatile intermediates for the synthesis of alkaloids such
as (—)-Kishi lactam (Scheme 12).'' Some very valuable
PLE-catalysed resolutions of a-substituted B-ketoesters were
published in 1993.'7% These B-ketoesters are building blocks
possessing an asymmetric quaternary carbon centre that is
present in several natural products including (+)-nitramine and
(—)-isonitramine.

0

N(CHa)2
CO,CH,

HsC0,C” “CHs

PLE

(+)-Cassiol

Scheme 8

OAc

mcooc&coocm

PLE
48%

OAc o}
v'\/COOCH3 —_—
o) OH

75% ee

HOOC

75% ee

AL, - A

4

(1"R, 4Ry and (1'S, 4'R)
Scheme 9



Table 3 Esterase-catalyzed stereoselective hydrolyses. PLE: pig liver esterase; PLAP: pig liver acetone powder; BLAP: bovine liver acetone powder

Substrates Enzymes Products Ee (%) References
CO4Et PLE COH 71 144
IR
CO?_Et CO,Et
o> PLE 0 o> 90 145
MeO,C © MeO,C R ©
MeQ,C HO.C
NO, PLE HNgz 80.6 146
HyC CO,CH3 HsC (RO
HC CO,Et PLE HyC COH 94 147
HaC HsC
PH CO,Et Ph CO,Et
H3CO,C, PLE HO,C, 92 148
NH NH
3C0L0 HsCO,C
PLE 71 149
o) o
AcO QAc OAc OH
H3CH,C CO.CH3 PLE H3CHZC, CO,CHs 100 150
He  CoscHs e, Conm
OAc PLAP OH 70 151
W BLAP \A/\‘/\ 77 152
OAc OH
OAc PLAP HsC, 929 153
C[ /@ o { ?
O
o]
wm
OAc PLAP O 75 154
COOR “coor
155

Ph
AcO \/Ifo>_\ OAC

PLE \;H 100

0

0

CO,CH;
CO,CH,

MeOH, H,S0,

GO,H
COCHy

Scheme 10

OHN

OH
Cyclobut-A

Cholesterol esterase (CE) has been used in the kinetic reso-
lution of chiral sulfoxides, which are useful chiral auxili-

aries in carbon-carbon bond formation (Scheme 13).

) 173

Similarly, enantioselective acetate hydrolysis yields enantio-
merically enriched chiral phosphines or phosphine oxides
(Scheme 13).'7* Aliphatic, aromatic or cyclic amino esters
or amino acids have been obtained in enantiomerically
pure form using Humicola amino esterase'” (Scheme 14).

Esterase
—_—

(+)-abscisic acid

Scheme 11

30% yield
98.8% ee

SIS S

Scheme 12

(-)-Kishi lactam

Crude chicken liver esterase (CCLE) is useful for the
preparation of enantiopure anti-homoallyl alcohols (Scheme

15).176
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As for lipases, esterases display regioselectivity towards esters
of polyhydroxylated compounds. In a nice example of the use
of hydrolases in carbohydrate functionalization, the esterase
from Rhodosporidum toruloides has been used to selectively
hydrolyse O-6 esters. Sulfation of the product alcohols and
acid-catalyzed migration followed by sulfation allowed the
regioselective sulfation of 0-6 and O-4, respectively.'”” In other
regioselective hydrolyses of peracylated monosaccharides a
high degree of regioselectivity is observed, which is dependent
on the structure of the acyl-protecting group.'”® The authors
also described products of enzymic hydrolysis obtained by
subsequent intramolecular migrations of acetyl groups.

2.3 Peptidases and amidases

As described in Section 2.1, the regioselective esterification of
polyhydroxylated compounds such as sugars is a very useful
enzyme-catalyzed technique. However, one of the problems is
finding a solvent in which the sugar is soluble and yet in which
the enzyme is still active. Very valuably, pyridine and DMF are
solvents in which several peptidases are comfortable. This has
allowed, for example, the selective subtilisin-BPN'-catalyzed
acetylation of N-acetylneuraminic acid (NeuAc) on its primary
OH to give the natural product 9-O-Ac-(NeuAc).'” To exploit
this type of useful reaction and others relying on organic
environments for success, the Arnold group have created a
subtilisin E variant through forced evolution; an enzyme
that is significantly more stable in DMF than its wild type
parent.'8

Double resolutions in which racemic mixtures of both the
acyl donor and acceptor are resolved are possible. The use
of CLEC-subtilisin and naphthylalanine as acyl donor and
I-naphthylethylamine as acceptor has been described as a
nice example.'® Tertiary alcohols and their esters are rarely
substrates for hydrolases, indeed they can often be used as
solvents. However, the cysteine protease papain has been used
to resolve the tertiary acetate shown in Fig. 2.'%
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Fig. 2

The Wong group has extended the use of carbonate
donors to include commercially available diallyl carbonate.'®®
The use of subtilisin BPN' in phosphate buffer provides condi-
tions which avoid the background non-enzyme mediated
reaction that can occur for primary amines in organic solvents.
In this way several amines were simultaneously resolved and
protected as their Aloc derivatives including an impressive regio
and enantioselective carbamylation of the meso-diamine
2-deoxystreptamine.

Chymotrypsin (CT) has been used in the DKR of a phenyl-
alanine iminoester in which 1,4-diazabicyclo[2.2.2]octane
(DABCO) was used to epimerise the a-centre.’® Similarly, the
use of electron-withdrawing trifluoroethyl thioesters allows
DKR via base-catalyzed epimerization of the thioester a-chiral
centre coupled with subtilisin Carlsberg-catalyzed trans-
esterification to give the corresponding less acidic n-butyl
ester.'®

Thermolysin featured as the key peptidase in the regioselec-
tive enzyme-catalyzed formation of an adipate tether between
paclitaxel and O-6 of glucose.’® The thermolytic/proteolytic
stability and the utility of thermolysin-CLEC has been
described including its use in the ligation of aspartate,'®’
phenylalanine and alanine acyl donors in a variety of solvent
systems."®® In stunning examples of selectivity, subtilisins have
also been used to catalyze the ligation of protein fragments to
give lysozyme ™ and a pure, non-natural glycoform of ribo-
nuclease.’® They are also powerful ligating catalysts for a range
of non-natural amino acids "' and glycopeptides.’* As for most
biocatalytic systems, overly stringent substrate specificity can
limit synthetic utility. A nice strategy for circumventing this
problem, utilizes the concept of substrate mimicry.'** Thus, the
incorporation of a 4-guanidinophenyl leaving group into the
acyl donor reactant allows the use of trypsin, thrombin and
clostripain, all peptidases with a P;-specificity for positively
charged sidechains. Clostripain, a cysteine protease, proved
most efficient in the synthesis of a number of polypeptides and
advantageously this enzyme displays a wide P,’ specificity for
ligation to a number of acyl acceptors. A phthalyl amidase has
been isolated from Xanthiobacter agillis and used in selective
deprotections.'*

The washing of CLEC-subtilisin with organic solvents has
been studied in detail to ensure a reliable reproducible source
of solid-supported enzyme. The washing method and solvent
affects CLEC activity in acetonitrile and it has been suggested
that this importance of hydration history and a hysteresis in
activity is potentially due to “locking” of the enzyme structure
in an active conformation.'”® This work was extended to pro-
teases supported on silica and then washed with n-propanol.’®
In addition, the use of a solid acid and its conjugate base in
organic solvents increases activity by a suggested buffering
effect.”®” Similar effects have been observed in other systems '*
and with dendritic buffers.'” The use of added salts controlled
water activity to allow penicillin amidase-catalyzed peptide
ligations of phenylacetyl acyl donors.® Desolvation effects are
proposed as critical in determining the difference in both level
and sense of enantioselectivity in resolutions in organic
solvents.? In desymmetrization reactions, enhancements of
selectivity observed for CT in certain organic solvents have been
shown to be due to an increase in activity towards a particular
prochiral face rather than as a result of a decrease in activity



for the other.?® For example, CLEC-0-CT preferentially
transesterifies the (R)-acyl donor PhCH(CH,OH)COOMe in
acetone and the (S) in cyclohexane. KCl matrices®® and lyo-
philization from phosphate buffer?* create subtilisin prepar-
ations with higher activities than from non-salt or other
buffer solutions. Rates are also increased by pretreatment
with MeOH.?” Soaking of subtilisin Carlsberg CLECs with
crown ether increases the rates of peptide ligations.?*
The use of surfactants allows the creation of enzyme ion pairs
that are valuably soluble in organic solvents.””” Ton pairing
of substrates may also enhance reaction outcomes, such as
enantioselectivity.?® The effects of pressure on subtilisins
in supercritical solvents is very solvent dependent with
greatest effects being observed in supercritical carbon dioxide
s¢CO,.2?

A combined site-directed mutagenesis and chemical modifi-
cation strategy using the subtilisin from Bacillus lentus allows
the generation of enzymes with better than wild-type kinetic
activity?’® which is matched by enhanced transesterification
yields.?!"!

Various peptidases have been used in a novel method of
encoding tentagel beads for use in the synthesis of peptide
libraries.?** This so-called enzyme “shaving” method cleaves off
peptide caps on a small proportion of surface (and therefore
protein and enzyme accessible) sites. These sites can then have
putative target sequences constructed on them before being
screened against proteins. The remaining interior “unshaved”
sequences, which do not interact with proteins, can be used as a
coding portion through Edman degradation for identification
of the surface exposed sequences.

2.4 Acylases

Acylases are mainly used as catalysts in transesterification
reactions. For example, their use has been described in kinetic
resolutions of racemic piperidine derivatives (Scheme 16).23
The resulting (S)-configuration building blocks were used for
the short syntheses of the alkaloids (S)-pipecolic acid (.5)-6-
coniceine and (R)-coniine. A similar approach was applied to
the preparation of drimane sesquiterpenes (—)-ambrox and
(+)-zonarol;*** thus, the enantioselective hydrolyses by acylase I
from Aspergillus melleus of a phenolic acetal derivative were
used to obtain both of the required enantiomeric intermediates

(Scheme 17).
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The resolution of secondary alcohols was performed using
the acylase from Aspergillus niger with different vinyl esters
as acyl donors (Scheme 18).2"® The enzymatic hydrolysis by
a-chymotrypsin or acylase I was also applied to the resolution
of racemic esters such as methyl 3-chloromethyltetrahydro-
furan-2-carboxylate (Scheme 19).2'° In this case, hydrolysis was
accompanied by spontaneous lactonization.
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Recently acylases have found particular use in the selective
protection and liberation of amino functionalities. For
example, Roche et al resolved racemic B-amino esters using
penicillin G acylase (PGA) (Scheme 20).2"7 Similarly (25,35)-
(+)-hydroxyleucine in 99% ee'® and (2R,3S)-N-benzoylphenyl-
isoserine methyl ester, a Taxol side-chain analogue,*® have also
been prepared. More recently, Cardillo ef al. have published the
preparation of anti-a-alkyl-a-hydroxy-B-amino acids.**® PGA
also allowed the formation of an enantiopure amino acid,
which then gave a useful trans-oxazoline intermediate (Scheme
21). Alkylation of the oxazoline, followed by its hydrolysis,
furnished the corresponding anti-a-alkyl-a-hydroxy-B-amino
acid. Soloshonok et al. have resolved various B-fluoroalkyl-f-
amino acids with PGA (Scheme 22).22'? The resolution of
racemic NHAc-protected amino acids can also be performed
using acylases. For example a ferrocenyl side-chain amino acid
was resolved in this way using Aspergillus melleus acylase *** and
the same method was used to prepare enantiopure neoglyco-
lipid C-glycoside templates (Scheme 23).2%

PGA has also been largely used in enzymatic protecting
group strategies.””**?” Waldmann and coworkers have described
the application of PGA to remove the phenylacetyl '*'*?® or
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p-acetoxybenzyloxycarbonyl***°  protecting groups. Both

deprotections rely on the very useful preference of this enzyme
for a P, phenylacetyl moiety. An extension of this concept
allows the use of an acylase cleavable p-phenylacetoxy-
benzyloxycarbonyl solid-phase linker unit which spontaneously
fragments following cleavage of the acetyl group.?*!
Enantiopure (S)-3-aminoazetidin-2-one, the core sub-
structure of most important B-lactam antibiotics (penicillins,
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cephalosporins»**** and monobactams), was obtained by
deprotection of the amino group with PGA (Scheme 24).%3* The
action of PGA on a-amino-fB-lactams has been studied by
Briggs et al.; the enzyme was able to transfer a variety of differ-
ent acyl donors onto the free amino group (Scheme 25).2%
Pyrroline derivatives have been synthesized by the liberation
of an amino group using immobilized PGA followed by
spontaneous ring closure.?*
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3 Carbohydrate processing enzymes

Enzymatic methods are now widely accepted as being as much a
part of oligosaccharide synthesis as more traditional chemical



methods. Given the often long-winded protection regimes
required for most chemical glycosylations, the use of enzyme-
catalyzed one step systems is clearly attractive. Thus,
sialyltransferases or transialidases typically provide a
superior method for sialylation to any chemical techniques.
However, there will also be occasions when the complexity
of enzyme systems, low yields, stringent specificities or the
lack of an available catalyst will favour chemical systems.
For example, until relatively recently examples of enzyme
catalyzed f-mannosylations have been limited in number and/
or effectiveness. Of course, as their use widens, these potential
limitations of carbohydrate-processing enzymes will diminish
and their utility continues to rapidly expand. Many of the excit-
ing recent developments in this field have been covered in three
excellent reviews,®’? and aspects of the use of glycosyl-
transferases and glycosidases applied to the synthesis of sLe*
have also been discussed.?* In addition, two classic reviews on
the use of biocatalysis in carbohydrate chemistry and biology
have appeared from the Wong group: Part 1?*! describes the
broad uses of aldolases (see section 7.1) and Part 11?*7 the use
of biocatalysis for the construction of the glycosidic linkage.

3.1 Glycosidases

An exemplary screening study using various p-nitrophenyl
(pNP) glycosides as donors and carbohydrates as acceptors,
shows the sort of thoroughness that is required for establishing
the true synthetic utility of glycosidases.** In this excellent
work approximately 60 crude preparations were screened for
7 activity types and once identified, regioselectivities then
defined.

In a highly elegant strategy Withers and co-workers have
obtained very high yields for glycosylations using glycosyl
fluoride donors with glycosidase mutants devoid of the
nucleophilic active-site carboxylate.** These so-called glyco-
synthases allow oligosaccharide synthesis but are unable to
hydrolyse O-glycosidic linkages. Thus, the Glu358Ala mutant
of the glucosidase from Agrobacterium sp., in which the
—~CH,CH,COO™ of glutamate is chopped back to just —-CH,,
was created. This leaves an intact active site shape and general
base catalyst but no natural activity. This mutant was then used
with activated glucosyl fluoride donors and various acceptors
to give high to excellent (66-92%) yields of oligosaccharides
without concomitant hydrolysis (Scheme 26). In fact, the reac-
tion is so efficient that the major problem of this method is
oligomerization to tri-, tetra- and higher saccharides. The
potential of this method was further illustrated by the use of
the 2-deoxy-2-fluoroglucosides as acceptors that would have
irreversibly inhibited a wildtype enzyme.

B-Galactosidases from Bacillus circulans or Bacillus
singularis™¢ allow the synthesis of Galp(1,4) disaccharides.
Bacillus circulans galactosidase also shows this B(1,4) regio-
selectivity in the glycosidation of a wide range of acceptors¥’
including thioglycosides.*** This selectivity increases with the
number of saccharide residues in the acceptor as demon-
strated by the synthesis of the trisaccharide Galf(1,4)Glc-
NACcB(1,6)GalNAc in 48% yield.* Interestingly, enhanced
B(1,3) regioselectivity is seen for this enzyme with (-1-N-
acetamido-D-glucopyranose, a simple model for N-linked
glycopeptides, as an acceptor: a result attributed to enhanced
potential for hydrogen bonding by the acceptor aglycon.?*® This
same study also thoroughly investigated the relative activities of
B. circulans B-galactosidase with various organic cosolvents:
acetonitrile was by far the most detrimental and 30% acetone
v/v was finally chosen as optimal. Non-covalent coating of
B-galactosidases with a polyhydroxy headgroup lipid allowed
the use of these enzymes in non-polar organic solvents such as
diisopropyl ether.?* With simple alcohol acceptors the specifici-
ties of these systems appear to reflect those of the native
unmodified enzymes in aqueous systems and conversions as
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high as 62% were reported, although oligosaccharide synthesis
was not mentioned. The same lipid-coated galactosidase also
showed superior activities in supercritical carbon dioxide
(scCO,) relative to diisopropyl ether and over non-coated
enzyme in scCO,. >

Regioselective  f(1,4)-galactosylation of GIlecNAca(1,2)-
ManoSPh using a galactosidase from Bifidobacterium bifidium
proved a key step in the first synthesis of the serine tetrapeptide
from a-dystroglycan, which contains a rare Man-Ser linkage.*'
Chemical glycosylation of the serine side chain through NIS,
TfOH activation of a protected form of the thioglycoside that is
the product of enzymatic galactosylation followed by sialyl-
transferase mediated sialylation gave the final product in just 9
steps.

Screening of recombinant thermophilic glycosidases from
the Diversa Corporation allowed the identification of high
yielding B(1,4) galactosidases that formed N-acetyllactosamine
from N-acetylglucosamine in 61% in 30 minutes using a pNP
galactoside donor.>* Ion exchange chromatography and the use
of the thermophilic B-galactosidase Gly001-09 (operating tem-
perature 85-90 °C) also allowed the synthesis of the lactos-
amine using lactose and glucosamine as starting materials on a
gram scale with good 1,4 regioselectivity.***** Notably both the
normally good 1,4 selectivity of B. circulans galactosidase,
which gave 10% 1,4 and 6% 1,6, and the activity of bovine
B(1,4)-galactosyltransferase, the latter due to its stringent
substrate specificities, failed in this system.

It should be noted that the 1,4 selectivities shown by these
B-galactosidases complements the 1,6 selectivity of E. coli
B-galactosidase and the 1,3 selectivity of bovine testes
B-galactosidase. For example, the Galf(1,3)GalNAcaSer TF
determinant has been synthesized using a -galactosidase from
bovine testes.**>*** Due to its broad donor specificity the
B-glycosidase from the thermophilic microorganism Thermus
thermophilus allows GalB(1,3) autocondensation and Glcf(1,3)
transglycosylation.”” Reduced hydrolysis product and
increased rates of conversion have been reported in transglyco-
sylations to simple alcohols catalyzed by other thermophilic
B-galactosidases in microwave irradiated, dry media.>®

The importance of the so-called a-Gal epitopes to immuno-
regulatory therapies has prompted a number of enzymatic syn-
theses of Gala(1,3)Gal containing oligosaccharides. Crout and
co-workers have described a practical (and simpler alternative
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to galactosyltransferases, see below) a-galactosidase approach
which gives yields of a-Gal epitope saccharides of 42-48%
with exclusive a(1,3) selectivity using the readily available
a-galactosidase from Penicillium multicolor.*® This has
improved a previous sequential use of the B-galactosidase
(Bacillus circulans) and an a-galactosidase (Aspergillus oryzae)
to give a linear a-Gal epitope trisaccharide; until the use of
the P multicolor enzyme, lack of regioselectivity in the
a-galactosylation had necessitated separation from the a(1,6)
side product.”® The o-galactosidase from A. niger gave only
a(1,6) products whereas those of Coffea arabica and A. oryzae
gave mixtures of Galo(1,6) and Gala(1,3) products.®*' A second
galactosidase from A. oryzae interestingly gave only a a(1,6)
branched trisaccharide product from lactose. Furthermore
increasing the size of the anomeric substituent in the thio-
glycoside acceptor gave better yields.

The first use of a readily available B-mannosidase using
p-nitrophenyl B-mannoside as a donor provides a vital enzyme-
catalyzed alternative to the variety of chemical methods for this
difficult to form linkage.?®* The enzyme was isolated from the
crude extract of hexosaminidase available from A. oryzae and
gave 26% yield of the B-mannotrisaccharide Manf(1,4)Glc-
NAcB(1,4)GIcNAc.

The B-N-acetylhexosaminidase from Aspergillus oryzae
shows a B(1,4) selectivity for D-gluco substrates but a B(1,6)
selectivity for D-galacto substrates.’ Unusually, the same
hexosaminidase catalyzes the transfer of N-acetylgluco-
samine from pNP-B-GIcNAc to the OH-1 of mannose to
give as the major product a trehalose-type derivative and this
is the first example of a galactosidase catalyzed glycosylation
of an anomeric hydroxy.?®® The properties, e.g sequence
alignments, specificity and catalytic properties of microbial
B-hexosaminidases have been reviewed.®*

The often broad acceptor specificity of glycosidases, whilst
providing an advantage in terms of general utility, may lead to
low regioselectivities. To overcome this problem, protease
catalyzed regioselective acylation of O-6" of lactose allowed
selective a-galactosylation of O-3' using the a-galactosidase
from Talaromyces flavus, by blocking the competing O-6' glyco-
sylation site.?® Simple glycosides may be synthesised by reverse
hydrolysis from the corresponding parent sugars using an
appropriate glycosidase in a reaction solution containing a high
(up to 90%) proportion of the acceptor alcohol.* It was found
that unlike the use of lipases, where almost all water can be
excluded, at least 5% is required for the optimal activity of
glycosidases. By drawing an analogy with acyltransferase
biocatalysis, where the use of, for example vinyl acetate, is
common due to the formation of non-nucleophilic and there-
fore non-competing acetaldehyde, vinyl galactosides have been
suggested as donors for B-galactosidase catalysed glycosyl-
ations.”” Although at room temperature standard NP donors
gave better yields, at —7 °C yields of up to 80% were reported
for vinyl glycosides. This reversal is attributed to a reduction in
hydrolytic activity and a concomitantly lower reduction in
transglycosylation activity. The use of nitropyridyl (3- and 5-)
leaving groups offers the advantages of higher solubility over
concentrated pNP glycoside donors.?® Saturated B-galactosyl,
glucosyl and N-acetylglucosaminyl donor concentrations of
600, 300 and 50 mM as compared with 100, 100, and 5 mM for
pNP glycosides allowed greater yields than pNP controls in the
hands of the authors. Furthermore, increased reactivity allowed
shorter reaction times. Transglycosidation reactions of nucleo-
sides have been performed using Bacillus stearothermophilus
and allow the introduction of non-natural bases.?®®

3.2 Glycosyltransferases

Nine diantennary glycodelin oligosaccharides ranging from
hepta- to undeca-saccharides have been synthesised using
a combination of conventional chemical glycosylation and

628 Nat. Prod. Rep., 2001, 18, 618-640

glycosyltransferase catalyzed elaborations.?”® Fuca(1,3)GIcNAc
and all sialyl links were introduced using fucosyltransferases
and an o(2,3)sialyl transferase. Remaining Fuca(1,2)Gal links
were achieved chemically. This synthesis demonstrates both the
strengths (excellent strategic planning) and weaknesses
(unpredictable steric mismatches and over specificity of glyco-
syltransferases) of current approaches and so illustrates well the
challenges and opportunities for integrating biocatalysis into
oligosaccharide synthesis.

Ingenious modifications of enzymatic systems often circum-
vent problems of inhibition by products. For example, the prob-
lem of inhibition by nucleotide diphosphate leaving group of
glycosyltransferases has been solved by in situ regeneration
of glycosyl nucleotide diphosphates (also an economic benefit
as these are expensive and difficult to prepare). A new three
enzyme system uses sucrose synthase driven in reverse to give
glucosyl UDP followed by epimerization with epimerase to give
galactosyl UDP which is in turn the substrate for the third and
key synthetic enzyme, galactosyltransferase.”’! Another excel-
lent example is that of a combined B-galactosidase—a(2,3)-
sialyltransferase system, which still operates well at pH 7.5
despite the nearly 3 pH unit difference from the galactosidase
optimum.?”? This allowed the synthesis of sialyl T-antigen
Siaa(2,3)Galf(1,3)GalNAc in 36% overall yield.

A thiol spacer arm linked N-acetylglucosamine was loaded
onto a thiopyridyl sepharose matrix and p(1,4)galactosyl-
transferase-mediated galactosylations revealed optimal effi-
ciencies for the longest linker length (78 atoms).?”® Sequential
B(1,4)Gal-T, Sial-T and Fuc-T reactions allowed the synthesis
of SLe* in 57% overall yield after cleavage from the support
with 1,4-dithio-pDL-threitol (DTT). N-Acetylglucosaminyltrans-
ferase and galactosyltransferase have also been extended to the
use of sepharose-acceptor conjugates linked by a squarate
linker.””* Bovine B(1,4)galactosyltransferase has also been used
to galactosylate OH-4 of C-glucosides bearing hydroxymethyl
and protected aminomethyl substituents at the pseudoanomeric
centre.””® Notably, the use of meso-compounds opens up
opportunities for enzymatic desymmetrization.

With the aim of preparing a potential a-Gal epitope
antagonist, the Wang group has used a recombinant bovine
a(1,3)galactosyltransferase to prepare o-Gal epitope con-
taining structures.”’® To ensure solubility of this naturally
membrane-bound protein a truncated domain was designed
and the corresponding gene sequence was cloned into a
readily available pET vector and then expressed in E. coli. This
gave high specific activities well above those from extracting
such enzymes from natural sources and therefore ready access
to a(1,3)Gal bond formation with a range of C-1 and C-2
modified lactose and lactosamine acceptors. A novel galactose
epimerase a(l,3)galactosyltransferase fusion protein has
also been described which utilizes the cheaper substrate
UDP-Glc.**

A truncated yeast B(1,4)-mannosyltransferase has been
expressed in E. coli.*”” Unlike, the membrane bound native
form, this novel form is devoid of a hydrophobic membrane-
anchor region and is therefore soluble. Furthermore, His-
tagging (addition of a multihistidine sequence to a terminus of
the protein) allowed its easy purification with a nickel affinity
column. This also allowed immobilization and thereby stabil-
ization. This enzyme catalyzed the transfer of a Bf-mannosyl
unit to the OH-4’ of natural and mimetic chitobiosyl phospho-
lipid acceptors from donor GDP-mannose. A Rhao(1,3)Galp-
chromophore acceptor has been f(1,4)-mannosylated using a
recombinant mannosyltransferase from Salmonella thereby
expanding the substrate specificity from the native acceptor
which is very specific and difficult to synthesise.”’®

3.3 Other carbohydrate processing enzymes

Galactosides can be oxidised to C-6 aldehydes using galactose



oxidase?”

oxidase.”®

and nucleosides to C-5 acids using a nucleoside

4  Other hydrolytic enzymes
4.1 Epoxidases

Epoxidases are enzymes that catalyse the hydrolysis of an
epoxide to furnish the corresponding vicinal diol.?®*? The
configuration of the resultant diol can be retained or inverted,
depending upon the regioselectivity of the enzyme and the sub-
stituents on the carbon atom involved (Scheme 27). For
example, epoxidases have been used for the hydrolysis of differ-
ent mono-242_ di-285 or tri-2¢ substituted and styrene-oxide-
type epoxides?® Several reviews of the field of enzyme
catalysed epoxide hydrolysis have been published, highlighting,
in particular, the use of enantiopure epoxides and diols as valu-
able chiral building blocks.?®®%* All of the following examples
are based on kinetic resolutions each leading to an optically
active 1,2-diol and the recovery of an unprocessed epoxide.
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The enantioselective hydrolysis of racemic epoxides has been
investigated for the synthesis of Bower’s compound.”® The
epoxidase from A. niger gave the enantiopure (S)-epoxide and
(S)-diol (Scheme 28). Furstoss et al. have employed the same
approach for the hydrolysis of various stereoisomers of the
exocyclic limonene epoxide.”' More recently the epoxidase
from A. niger was used for the preparative hydrolysis of glycidyl
acetal derivatives, which are difficult to obtain by purely chem-
ical methods (Scheme 29).*2 Faber et al. have also used this
strategy for the preparation of trans-(2R,5R)- or cis-(2R,5S)-
5-(1-hydroxy-1-methylethyl)-2-methyl-2-vinyltetrahydrofuran
(linalool oxide) (Scheme 30).* Similarly, enantioselective
hydrolysis by the epoxidase from R. equi of racemic epoxide
was used to obtain the pheromone (5)-(—)-frontalin (Scheme
31).®* Other pheromone analogues have been synthesised by
hydrolysis of meso-epoxides.*”® In the chemoenzymatic syn-
thesis of (R)-nifenalol, a p-adrenergic blocker (Scheme 32),%°
an A. niger epoxidase-catalysed hydrolysis of racemic p-nitro-
styrene oxide was the key step.

(S)-epoxide

96% ee
36% yield

Scheme 28

4.2 Nitrilases and nitrile hydratases

These enzymes are responsible for the biodegradation of
nitriles, which can proceed via two different enzymatic path-
ways. Nitrilases catalyse the direct hydrolysis of nitriles to the
corresponding acids; whereas nitrile hydratases catalyse the
hydration of nitriles to the corresponding amides.”’ These
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amides can then be converted to acids by e.g, an amidase
in a second step (Scheme 33).*® Several systematic studies
have examined different racemic or prochiral nitriles.?®
Regioselective  hydrolyses of aliphatic dinitriles,*® aro-
matic dinitriles,* and heterocyclic nitriles**” have also been
published. The high functional group flexibility of nitriles as
intermediates in synthesis has driven much of this work as
exemplified by the use of these enzyme-catalyzed hydrolyses for
the preparation of various enantiomerically enriched targets.
For example, a stereoselective meso-desymmetrization fol-
lowed later in the route by a non-specific hydrolysis were
applied to the preparation of the lactone moiety of mevinic
acids, hypocholesterolemic agents (Scheme 34).3 In the prepar-
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ation of a,a-disubstituted o-amino acids from prochiral
dinitriles (Scheme 35),3* the enantioselectivity came solely from
the action of the amidase in the second step. Effenberger and
co-workers have described the synthesis of the non-steroidal
anti-inflammatory (S)-naproxen®® in 99% ee (Scheme 36)
through the hydrolysis of the racemic naproxen nitrile.

4.3 Other hydrolases

In a striking example of the general utility of biocatalysis in
broad applications, an organophosphorus hydrolase has been
incorporated into firefighting foam without dramatic loss of
activity.®®® This provides an effective way of decontaminat-
ing areas that have been affected by nerve agents: the agent is
extracted from the surface into the foam and then hydrolysed.

5 Reduction
5.1 C=0, C=N reduction

Baker’s yeast, because of its availability and cheapness, is
probably still the most popular reducing biocatalyst. In particu-
lar it shows great usefulness in the stereoselective reduction of
B-ketoesters to (S)-alcohols.’3%® More complex substrates
including ketosulfones*” also serve as good substrates. In these
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reductions very good chemoselectivity can be observed, such as
in the stereo- and chemo-selective reduction of a ketone o to an
oxime,*? that would be difficult to achieve by other methods.
1,3-Diones may also be stereoselectively reduced to diols.>"
Models for the reduction of certain substrates, such as cyclic
B-ketoesters,*'? are also being developed. Interestingly, stereo-
selectivities and conversions increase in certain baker’s yeast
reductions when organic solvents are employed.*’* Cofactor
NADH recycling can be achieved using methylviologen and
electrolysis*'* amongst other methods,*® in addition to more
usual enzyme couples. Reductases isolated from baker’s yeast
also give very good results.*'®

Stereoselective microbial reduction by Geotrichium candidum
is also a popular method.*'” For example, use of an acetone
powder with NADP* and propan-2-ol reduces a broad range of
ketones to (S)-alcohols*!® and in the reduction of racemic mix-
tures of a-substituted-B-ketoesters is typically equally specific
for both enantiomers. In certain circumstances, anti selectivity
can be increased by the addition of methyl vinyl ketone or
chloroacetone which inhibit syn-selective reductases.’'® Such
inhibition has been demonstrated by isolation of the reductases
concerned.

For anti-Prelog selectivity to give (R)-alcohols, Pichia
farinosa or Yarrowia lipolytica®® have been recommended as
biocatalysts. Their sometimes low selectivities can be enhanced
by enantioselective biocatalytic oxidation of the unwanted
(8)-alcohol.** Similarly, appropriate choice of organism allows
stereoselective reductions of other substrates, e.g., nitroketones,
in both Prelog and anti-Prelog senses.’?

The lactate dehydrogenase from Bacillus stearothermophilus
(BSLDH) shows a very good L-stereospecificity that makes it a
good model for the study of the origins of stereospecificity.
Some very interesting engineering work has revealed some key
elements of the source of this specificity.*** Thus, double point
mutation to create 1240K/R171Y-BSLDH reverses the posi-
tions of hydrophobic and electrostatic binding points, respec-
tively and is highly effective in causing a partial reversal to
create a 2.3% D-lactate leakage through inverse binding and
opposing facial hydride delivery. To achieve full D-lactate-type
selectivity the lactate dehydrogenase from Staphylococcus
epidermidis (SELDH) can be used, however this enzyme
can show a restricted substrate specificity towards bulky sub-
stituents. This problem was interestingly circumvented by the
use of a H205Q mutant of the dehydrogenase from D-
hydroxyisocaproate.*?*

Willis and co-workers have cleverly exploited a variety of
amino acid dehydrogenase-catalyzed reductive aminations in
some expeditious syntheses of labelled amino acids.’*s In many
cases, this was combined with a CCL-catalyzed racemization-
free ester hydrolysis to give the appropriate keto-acid substrate.
For example, leucine dehydrogenase was used to create
both diastereotopically CD, and '*CHj labelled leucines *** and
labelled L-valines, L-isoleucines and allo-isoleucine®”’ from
Evans oxazolidinone derived keto-acid precursors. The two
epimers of MOM-protected-3-hydroxy-2-oxo-butanoate were
stereoselectively reductively aminated using leucine or phenyl-
alanine dehydrogenase which show different stereospecificities
for the C-3 stereocentre.**® This difference in stereospecificity
was investigated and showed that leucine dehydrogenase
allows the first example of a combined reductive amination
and kinetic resolution of CH;(CH;XCH,Y)C*HC(O)COOH
where X,Y = 0,0 (de = 60%).3* However, use of XY =
CH,,CH, or CH,,0 or phenylalanine dehydrogenase resulted in
1 : 1 epimeric mixtures.

5.2 Other reductions

Choice of organism can allow the selective reduction of the
C=0 alone or saturative reduction in certain stereoselective
a,B-unsaturated ketone reductions.®*® Similarly, the use of



Table4 The use of enantiopure dienediols in asymmetric syntheses

Starting diol
X
od
oM Products References

X=Cl Deuterated hexoses 349
L-Ascorbic acid 350
Nonulosonic acids 351
Deoxyfluorohexoses 352

X =Br Inositols 353
Aza-C-disaccharides 354

X=CN Shikimic acids 355

X =CH; Taxol AB-ring system 356

X = CH,CH,Br, Me, Ph Morphinoids 357, 358

Pichia farinosa-catalyzed reduction followed by PCC oxid-
ation allows the overall preparation of cyclohexanones from
a,B-unsaturated counterparts with fair to good stereoselectiv-
ity The apparent baker’s yeast-catalyzed stereoselective
reduction of the C=C double bond of an allylic alcohol
probably proceeded via the enal.?*

Aryl azides,**® aromatic N-oxides**, azide over aldehyde
reduction®® and even unusual Ar-C=C bond reductions 3¢’
have been demonstrated using baker’s yeast or enzymes iso-
lated from it. Sulfoxides can be reduced stereoselectively using
Rhodobacter sphaeroides.**® Hilvert’s selenosubtilisin, the
ingenious product of site-selective chemical modification of
subtilisin, is not a peptidase but a peroxidase. Its use in a highly
enantioselective reduction of a hydroperoxide has been
demonstrated.**

6 Oxidations
6.1 Hydroxylation

Phenylcyclohexane has been used as a substrate to investigate
the selectivities of C-H bond oxidation of wild-type (WT)
and mutant monooxygenases.’* Exclusive aliphatic chemo-
selectivity, moderate regioselectivity and low (Y69F mutant
and WT) to zero (Y69A) stereoselectivity were observed in
preparative scale incubations. Dioxygenases can also show
monooxygenase-type activity to allow stereoselective hydroxyl-
ation.**' Benzoxazoles have been ingeniously used as directing
groups in enzymatic hydroxylations.*** Taxol precursors may be
regioselectively hydroxylated.’*® Pea leaf (Pisum sativum) pro-
duces an oxidase that can a-hydroxylate carboxylic acids.3*+34

6.2 Dihydroxylation

Two very popular sources of dihydroxylation are Pseudomonas
putida strains and E. coli IM109 (a strain that expresses toluene
dioxygenase).>* Stereoselectively dihydroxylated arenes give
rise to diols that are valuable synthetic precursors to a
wide variety of products (Table 4).3’ For example, an elegant
chemoenzymatic route, based on the selective hydrogenation of
a dienyl bromide, that is, the product of a dioxygenase, has
allowed access to typically fleeting arene oxide and diol
metabolites of monooxygenases.’*®

FDP aldolase

2’O3PS/vOH N HWAOH
0 o]

1) aqueous HCI

2) Fuc-1-P-aldolase

OEt
2 3) Acid phosphatase
AcSV\OEt B OBPO/}(\OH
OH ©

DHAP

OH

6.3 Baeyer—Villiger oxidations

Various cycloalkanone monooxygenases display parallel
stereoselectivities in Baeyer—Villiger oxidations,*” although
whole cell transformations give more variable results and this
reflects the activity of multiple monooxygenases in such
systems. The broad substrate specificity of such Baeyer—
Villigerases suggests that binding of the carbon framework is
unlikely and hence hydroxy binding is implicated and a
trioxane-like transition state has been proposed.** In an excel-
lent comparative study, parallel selectivities were observed
for microbial Baeyer—Villiger oxidations and those using
enzymes isolated from the same source.*! The expression of
cyclic monooxygenases in baker’s yeast allows more reliable
stereoselective Baeyer—Villiger reactions,*?36* although they
are less efficient at oxidising cyclopentanones than cyclo-
hexanones.*%

6.4 Other oxidations

The broad utility of flavin-dependent cycloalkanone mono-
oxygenases (CMOs) in the enantioselective oxidation of
organic sulfur compounds has been highlighted*® and an
excellent model of sulfoxidation by Helminthosporium based
on nearly one hundred sulfide substrates has been compiled.¢’
Dithianes are also stereoselectively oxidized by the CMO from
Acinetobacter calcoacetius.’® The same enzyme can be used to
resolve sulfites.3®®

The use of peroxidases has been reviewed.*’® Chloroper-
oxidases, which are commercially available, and cyclohexanon-
emonooxygenases make complementary catalysts for the
stereoselective oxidation of sulfides to sulfoxides.’”" Chloro-
peroxidases can also oxidise oximes to o-bromonitro com-
pounds,*”? and can be used to form enantiomerically enriched
epoxides.’”

Galactosides can be oxidised to C-6 aldehydes using galac-

tose oxidase?”™ and nucleosides to C-5 acids using a nucleoside
oxidase.?

7 C-C bond formations
7.1 Aldolases

Aldolases catalyse carbon-carbon bond formation through
aldol condensation with typically good stereocontrol, the sense
of which is a function of the aldolase type used.*”* They have
been widely applied to the synthesis of carbohydrates and
carbohydrate mimetics.’”**"” An excellent review in 1995 by the
Wong group described the use of aldolases in the synthesis of
carbohydrates and in particular the use of fructose diphosphate
aldolase.* For example, the condensation of dihydroxy-
acetonephosphate (DHAP) with a broad range of o-hydroxy
aldehydes allows the construction of aza-sugar and thio-sugar
carbohydrate mimetics via polyhydroxyketones. The same trick
can be played with other aldolases to accordingly give access to
a variety of stereochemistries of the diol unit formed. The use
of trans-ketolases and -aldolases is also highlighted. Deoxy-
sugars have also been prepared via aldolase-catalysed syn-
thesis.’”® For example, Chou et al. have described the synthesis
of deoxythiosugars*”® (Scheme 37).

SPO,%"

HO/

OH 1-deoxy-D-xylulose

- g OH
HO ’ HOWV
- MO on
OH OH

Scheme 37
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In carbohydrate chemistry, C-saccharides are particularly R X R
interesting because they are non-hydrolysable compounds, and o Y.
so potentially valuable inhibitors of glycoprocessing enzymes. X Aldolase 0
Eyrisch and Fessner described the synthesis of C-disaccharides \> ° y R - HO R
by an elegant enzymatic tandem aldol addition.*®® Different R=Ns
disaccharides were obtained depending on the nature of Y ‘RedUCtion
the starting material used (Scheme 38). The synthesis of an a-C-
mannoside from ribose S-phosphate has also been described X
using a ready route that does not require the use of protecting Y. y
groups (Scheme 39).%%! /S‘\
HO R’
Scheme 40

HO

-2
0;P0— o .
1) Aldolase/ OBPOT\OH

OH
OH OH

2) Acid phosphatase

Et,SiH
OH
OH
HO -Q
HO
OH
70% OH

a-C-mannoside
Scheme 39

A summary of strategic routes to azasugars®® using
aldolases is shown in Scheme 40. Examples include the
synthesis of five membered azasugars,®*¥* six-membered
homoazasugars, such as [-1-homonojirimycin and f-1-
homomannojirimycin,*****¢ and homoisofagomines (Scheme
41).*¥" Seven-membered iminocyclitols were also obtained easily
by this process (Scheme 41).3% A ready approach has also been
developed for the preparation of phosphorylated azasugars
(Scheme 41).3%

Aldolases are also useful for the preparation of compounds
that are components of many complex natural products such
as B-hydroxy-o-amino acids,***' a-amino-B-hydroxy-y-butyro-
lactone,*? or heterocyclic B-hydroxy-o-amino acids.*** Sphydro-
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furan has been synthesised via a rabbit muscle aldolase-
promoted aldol condensation between two achiral precursors
(Scheme 42).%* Toone and co-workers have described the
synthetic utility of 2-keto-3-deoxy-6-phospho-gluco-*** and
-galacto-nate ** aldolases in the condensation of a wide range
of aldehydes with pyruvate.

With aldolase catalytic antibodies, the kinetic resolution of
racemic f-hydroxyketone via an enantioselective retro-aldol
reaction was possible.*” Catalytic antibody aldolases were also
applied in the conversion of cyclic ketones through a Robinson
annulation reaction, often used in the synthesis of steroids and
terpenes.’*®

7.2 Oxynitrilases

Oxynitrilases catalyse the addition of hydrogen cyanide to
aldehydes and ketones: an important methodology for the
synthesis of optically active cyanohydrins **° (Table 5).
Cyanohydrins are excellent starting materials for the stereo-
selective synthesis of pharmacologically important compounds
e.g(R)-terbutaline or (R)-salbutamol (Scheme 43).4%* (R)-
Pantolactone, the starting material for (R)-pantothenic acid (a
constituent of coenzyme A), (R)-panthenol (a bactericide) and
(R)-pantotheine (a growth factor) may also be readily prepared
(Scheme 44).*% The Williams glycine template for amino acid
synthesis was prepared from benzaldehyde using an oxynitri-
lase.** The chiral cyanohydrin obtained was then converted in 8
chemical steps to the Williams glycine template (Scheme 45).
The synthesis of a-hydroxy-B-amino acids from chiral cyano-
hydrins has also been described (Scheme 46).*” Mitsunobu



Table 5 Enantioselective oxynitrilase-catalyzed cyanide additions to carbonyl compounds

Ketone or aldehyde Oxynitrilase Cyanohydrin Reference
0 OH (g)
L (R) A 400
R CoHs R CNC2H5
o CN
L (S) S 401,402
R” H R NH
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0
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H

2) Acid phosphatase OH

Sphydrofuran

Scheme 42

reactions on chiral cyanohydrins derived from oxynitrilase-
catalyzed reactions also produce optically active amino acids.**®
Gotor et al. have shown that the (R)-oxynitrilase also effec-
tively catalyses an elegant tandem enantioselective decyanation
of racemic ketone cyanohydrins and subsequent enantio-
selective addition of hydrogen cyanide to m-bromoaldehydes in
one step (Scheme 47).*" The o-bromocyanohydrin products can
be used to readily construct tetrahydrofurans, common struc-
tural components of terpenoids, pheromones, and antibiotics.

8 Other enzyme systems

Various unnatural diols have been resolved using the glycerol

chlorinated with an halogenase.*'’ Wong and co-workers have
described a wuseful multienzyme system that provides
sulfotransferase-mediated regioselective sulfation of oligo-
saccharides as well as coenzyme regeneration.*’> The use of
sulfatases in a combined chemical regioselective sulfation and
enzymatic regioselective desulfation strategy has also been
described for the synthesis of sulfated galacto- and lacto-
sides.*!3

9 Novel biocatalysts

9.1 Engineered enzymes

The engineering of enzymes for use in synthesis should be
viewed quite rightly in the context of the corresponding wild-
type native enzymes and accordingly in this review have been
discussed in the appropriate sections above. However certain
selected examples stand out as of general interest to those con-
cerned with the redesign of protein systems. An excellent review
on the strategy of enzyme redesign has been published by Craik
et al. which provides a balanced analysis of strategies and their
complementarity;** this valuably highlights that to select just
one method at the expense of others is clearly short-sighted. A
review of the work of one of the pioneers in the field of
redesign of synthetically useful enzymes, Bryan Jones, has also
been published.*'®

The first example of lipase redesign has been published.
Using two logical point mutations to block the acyl chain bind-
ing pocket, the substrate specificity for short chains of a lipase

Nat. Prod. Rep., 2001, 18, 618-640 633



OH OH
HO il HO 'H (R)-terbutaline
CN - NHC(CH3)s

] —_—

R CHO
HCN OH OH

, OH

R (R)-oxynitrilase o
R3 J'H
| CN . <'H

R'e H or OH " o NHC(CHa)z (R)-salbutamol
R®= H or OH HO

3_
R*= OH or CH,OH HO

HO
Scheme 43
OH

HCN %w
X H
CN
(R)-oxynitrilase

CHO
X

X = OH, OMe, OEt, OCH,CH=CHj, OBn, CI, Br, OAc ‘ H'/ HyO
H
“=OH
ﬁo
[0}
(R)-Pantolactone
Scheme 44
Ph 0 (6]
(0] HCN OH 8 steps I f
ph)J\H oxynitrilase Ph)\CN Ph N
|
Cbz
Scheme 45
but-2-enal
HCN
(R)-oxynitrilase
OH R
6 steps
OR /—p. 0 N Pn
H
/vk OH
= CN OMe Ph (0]
~__
7 steps o) N7 Ph
OH H
Scheme 46
H
Br/\/Y
0
+
Ho, H HO, CN

HO_ CN (R)-oxynitrilase BFMCN + /\)\

2.

/\/‘\

81% yield 78% yield
92% ee 51% ee
(0]
A~ A AgCIO,
CH,Cl,
@\CN
o H
Scheme 47

from Rhizopus delemar was enhanced.*® A single point Leu
— Phe mutation, predicted by modelling, in another Rhizopus
lipase allowed enhancement of stereoselectivity.*’” Modelling
allowed the successful identification of a single residue in PCL
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hapten
Fig. 3

as being critical to enantioselectivity; a finding that was
confirmed by chemical modification.*'®

Combined site-directed mutagenesis and chemical modifi-
cation gives rapid access to altered enzyme active sites beyond
the limitations of the 20 most common natural amino acids.
Such approaches successfully generate enhanced synthetically
useful enzymes.?!! In an excellent paper describing the power of
enzyme modification for greatly enhanced utility, a subtilisin-
photoresponsive polymethacrylate conjugate can be used in
toluene and then precipitated or resolubilized simply by UV or
visible irradiation, respectively.*®

9.2 Evolved enzymes

Two very good reviews on the directed evolution of enzymes
from two of the main protagonists in this field have
appeared.*?**! Again, not all results will be selected here but a
few shine out as good examples of what might be achieved in
the pursuit of synthetic utility. Reetz’s remarkable use of error-
prone PCR to increase stereoselectivity from negligible to very
good in just 4 cycles **2 and Arnold’s creation of an otherwise
non-existent deprotecting esterase activity**> highlight the
power. Clear increases in the stability of synthetically useful
enzymes can be achieved too, as demonstrated by the conver-
sion of a subtilisin into a themitase-like, more thermostable
counterpart.*?

9.3 Catalytic antibodies

By raising antibodies to the appropriate hapten (Table 6) then a
variety of catalytic activities may be generated.***#%

For example, the compound in Fig. 3 has been synthesized
to mimic a proposed combined NADH-NAD™" cofactor-
product transition state of hydride transfer in dehydrogenase
enzymes.*** Its intended use is to act as a hapten for the
generation of catalytic antibodies with the potential to act as
dehydrogenase mimics.

Labile haptens have been used in a “reactive immunization”
approach.*54% Reactive leaving groups can be used to trap only
reactive antibodies that are able to catalyze desired reactions.
Such a chemical selection strategy has been applied to the
elucidation of a glycosidase activity.**’

Although catalytic antibodies typically have turnovers
several orders of magnitude (10*-10°%) lower than enzymes, one
of their major advantages is their catholicism with respect to



Table 6 The generation of novel activities using haptens to catalytic antibodies
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substrate as exemplified by the very broad range of substrates
processed by two aldolase-like examples.*®

9.4 Enzyme models and mimetics

Cyclodextrins are often very useful scaffolds around which
to design active site mimics in that they provide a water
soluble, hydrophobic binding cavity that is rich in potential
points of functionalization. For example, introduction of
a zinc binding motif and an imidazole creates a phosphatase
mimic.**® Similarly, small peptide motifs may display remark-
able catalytic properties given their size. For example, under
correct conditions coaggregates of Z-Phe-His-Leu display
absolute enantioselectivity in the hydrolysis of dodecanoyl-
Phe-pNP.*?

Polyleucines can be used as asymmetric epoxidation
catalysts.**! It should not be forgotten also that polynucleic
acids also display interesting catalytic properties and a review
on ribozymes has appeared.*?

Fatty-acid binding proteins provide a scaffold, in which
cofactors can be introduced or repositioned, and serve as inter-
esting enzyme mimetics.***** A bicomponent lipid bilayer
system consisting of a quaternized lysine-containing lipid
and a quaternized pyridoxal-containing lipid as an artificial
transaminase-like system can be coupled with a lactate

dehydrogenase to give a-hydroxyacids from corresponding
amino acids.**

10 Conclusions

The use of enzymes in organic synthesis is now widely accepted
and as more and more synthetic research embraces the realis-
ation that enzymes are simply an alternative source of catalysis
that may be as robust as others, sometimes more so, then their
use will continue to flourish. Their incorporation into current
synthetic strategy will continue to require careful consideration.
For example, Khmelnitsky and co-workers have discussed
some of the advantages (e.g, selectivity) and incompatibilities
(e.g, overly stringent specificity) of enzymatic combinatorial
synthesis which will require both rethinking the way in which
parallel synthesis can be achieved but also will allow rapid
enhancement of existing library techniques.”**7 It is clear that
different strategies will be required and in this discussion
paper a handful of examples are given. For example, specific
iterative biocatalytic derivatizations that fail may succeed if
the order of derivatizations is altered. Regioselective acylation
appears a particularly powerful tool in library synthesis
e.g, exploiting different selectivities allows the ready prepar-
ation of varying diacylated products of polyhydroxylated
compounds.*®
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Other technologies will also need to be considered care-
fully. A comprehensive review of supercritical biocatalysis
has appeared,* which highlights that the advantage of being
able to subtly control the physical properties of such
systems may be outweighed by the need for specialist equip-
ment. In addition, the strong relevance of biocatalysis to
industrially and pharmaceutically relevant processes, some-
thing that is often forgotten, will be of continuing relevance.
This is clear from an excellent review that highlights some
choice examples.*

Finally, the redesign of enzyme active sites and the alteration
of activities should over the next few years become as common
place as e.g., the modification of ligand structures in transition-
metal complex catalysts. A primary goal of such work should
be the tailoring of specificity,*”® often a challenge neglected
in favour of work aimed at enhancing activity. In this regard,
subtle yet important strategic aspects need to considered. For
example, in many cases the ideal catalyst would maintain one
aspect of specificity eg, stereospecificity, while having a
breadth in e.g, substrate specificity. Recombinant protein tech-
nology now means that access to synthetically useful quantities
of enzyme is far less of a problem then previously and the
advantages and possibilities for the creation of novel
chemistries are clear.
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