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Introduction - Enzyme-based synthetic chemistry has continued to grow
rapidly in recent years.l-6 Technical problems, which have inhibited the
widespread use of enzymes as catalysts, have been much reduced by the
introduction of new procedures for enzyme immobilization and stabiliza-
tion and for in situ cofactor recycling. A widespread interest in asym-
metric synthesis has focussed attention on the demonstrated utility of
enzymic catalysis in producing chiral fragments. In fact, the major
hindrance to the widespread use of enzymic catalysis is the residual
unfamiliarity of many classically trained synthetic chemists in the
techniques of enzyme isolation, manipulation, and assay. This 1last
barrier is disappearing as biochemistry and enzymology become an ac-
cepted part of the education of an organic chemist.

This review emphasizes procedures which use partially or highly
purified enzymes to catalyze organic reactions potentially useful in
medicinal chemistry. Biochemical procedures using microbiological
transformations or cell culture are not discussed.

General Techniques - More than two thousand enzymes are known,7 and
several hundred can be obtained commercially. Many other enzymic activ-
ities are available through straightforward isolations or small-scale
fermentations. Increasing attention is being paid to large-scale pro-
duction of enzymes; Kula has developed efficient methods based on
liquid-liquid extract:ions.g-11 Given sufficient demand, many enzymes
can be produced in quantity by recombinant DNA techniques.

We note that highly purified enzyme preparations are not always
necessary in synthetic applications since contaminating enzymes may have
no effect on the reactants and products present in the reaction mix-
ture. If an enzyme to be used in synthesis has intrinsically low spe-
cific activity (units of catalytic activity per weight of protein),
crude preparations can cause practical problems by requiring large
volumes of immobilization medium and correspondingly large reactor
volumes. The use of microbial cells in enzyme-catalyzed synthesis
represents a limiting case in purification; since no purification is
involved, their manipulation is straightforward. The activity of these
preparations may be low. In favorable cases, however, they represent
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the simplest basis for enzyme-catalyzed reactions, and several success-—
ful inldustrial processes have been developed using immobilized whole
cells.

Enzyme Immobilization - Enzymes used in synthetic applications are
commonly immobilized in or on insoluble materials because immobilization
enhances their stability and allows their recovery and reuse. While
bench-scale experiments are most conveniently carried out as batch
processes, industrial processes often depend on long-lived immobilized
enzymes in continuous processes.

Many immobilization methods have been developed.lz—u Only a few
of these techniques deserve explicit comment. Glutaraldehyde 1is the
most commonly used bifunctional reagent in immobilization, forming
covalent linkages of still incompletely defined nature between amino
groups. It is used to bind enzymes to solid supports or cross-link
enzymes adsorbed on a support, and to cross-link enzymes with carrier
proteins or with themselves to form insoluble aggregates. Immobiliza-
tion procedures for industrial applications based on functionalized
ceramics cross-linked with enzyme via glutaraldehyde have been devel-
oped.ll”15 Wood et al. have developed an immobilization procedure using
polyurethane-based membranes.16 Whitesides et al. have developed an
immobilization method based on polyacrylamide-_c_:_g—N-acryloxysuccinimide
cross-linked with triethylene tetramine in the presence of enzyme.
This method is particularly useful with the relatively delicate enzymes
useful in organic synthesis. Kula et al. have used membrane reactors
containing soluble enzymes.1 The enzymes are not immobilized, but
reactor performance has‘been good.

Enzyme Stabilization - Enzyme stabilization is a concern before, during,
and after immobilization. Immobilization often greatly increases the
stability of enzymes.lg'2 Reasons for this stabilization are not
clearly understood. Enzyme deactivation during the immobilization pro-
cess is often troublesome. Addition of substrates or inhibitors of the
enzyme during immobilization helps to occupy and protect the active
site, and increases yields on iunnobilization.1 A number of strategies
are useful in maintaining activity in soluble and immobilized enzymes
during use.23"26 Thiol reagents (dithiothreitol, p-mercaptoethanol,
1,3-dithiopropan-2-ol) maintain the reduced state of catalytically
essential thiols in the enzyme, Chelating agents inhibit metal ion
catalyzed oxidations of enzymes.27 The stability of soluble enzymes can
be enhanced by the addition of polyols, salts, and certain polymers, and
by chemical modification.23’28- Thermally inactivated jmmobilized
enzymes have been reactivated by thiol reagents and reversible heat
treatment. .

Cofactor Regeneration - About 70% of enzymes use nucleoside triphos-
phates, nicotinamide derivatives [NAD(P)(H)], or CoA as cofactors.
These enzymes include many of those of greatest interest in the syn-
thesis of fine chemicals. Since these cofactors are too expensive to be
used stoichiometrically, it has been necessary to develop recycling
systems for them. The problem of recycling the nucleoside triphosphates
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is essentially solved at the level of laboratory-scale synt’.hesis,y‘_38
and that of recycling NAD derivatives is well-advanced toward solu-
tion.:‘]g_l‘6 None of these schemes has been tested on a production scale,
although they work satisfactorily for syntheses of several moles of pro-
ducts. Recycling of ATP from ADP or AMP rests on the development of
practical syntheses of the phosphate donors acetyl phosphate37 and phos-
phoenolpyruvate 3 to be used with the enzymes acetate kinase and pyru-
vate kinase, respectively. Acetate kinase is also applicable to recyc-
ling of GTP, UTP, CTP and the corresponding 2°-deoxy-nucleoside tri-
phosphates.l’ Regeneration of these species from nucleoside mono-
phosphates is not truly practical since adenylate kinase is specific for
AMP, but relatively few reactions generate nucleoside monophosphate.
CoA recycling has not been explored. Recycling of S-adenosyl~L-methi-
onine, a cofactor in enzyme-catalyzed transmethylations, is currently
difficult.%’ The conversion of reduced nicotinamide cofactors [NAD(P)H]
to the oxidized form [NAD(P)], developed by Jones et al., is the most
widely used procedure for this transformation, but suffers from the need
for large amounts of flavin and from slow reaction rates.->2 Oxidative
regeneration based on the conversion of a-ketoglutarate to glutamic acid
works well and does not require the presence of oxygen. 6 The best
system for reductive regeneration of NADH from NAD is based on formate
dehydrogenase.18’46’ 8 This procedure works very well, although the
enzyme does not accept NADP as a substrate and is relatively expen-
sive. The most practical procedure for regeneration of NADPH uses
glucose-6-phosphate dehydrogenase.

Equilibrium Manipulation - Enzymes are catalysts and therefore serve
only to accelerate attainment of equilibrium. In many instances the
equilibrium constant for a given reaction in water does not adequately
favor the desired product or water acts as an undesired reactant. Some-
times product can be favored using excess starting material, or by
reacting the product in an irreversible manner.a Occasionally precipi-
tation of product will drive an unfavorable reaction, but precipitation
can foul immobilized enzymes. Kinetic control of a reaction can some—
times be used to maximize yields.[’9 In cases where less polar materials
are being manipulated, water miscible organic cosolvents have been used,
but this technique can reduce enzyme activity.s’o_53 Careful selection
of cosolvent can, however, maintain enzyme activity and dramatically
shift equilibrium.SA A more general approach for working with less
polar compounds is the use of a two-phase system incorporating a water-
immiscible organic solvent. This approach has been discussed extensive-
ly by Martinek and coworkers.”>™

Enzyme Mediated Processes

Simple Hydrolases and Isomerases - These are enzymes requiring no added
cofactors, and which catalyze hydrolyses, isomerizations, some conden-
sations, and related reactions. Such enzymes are among the simplest to
use and are the most widely used in industry (Table 1). A valuable
introduction to processes using these enzymes has been published.1
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Table 1. Selected Industrial Applications of Enzymes.

ref.

penicillin-G —— 6-aminopenicillanic acid 12,60,61
fumaric acid ~—— L-aspartic acid 12,62
fumaric acid —— L-malic acid 12,63
starch —— glucose 30,64
glucose — fructose 30,65,66
N-acetyl-D,L-amino acids —— L-amino acids 12
L-arginine —— L—citrulline 12

Amidases = Acylase is used in continuous production of L-amino
acids.l? It has been used to resolve D,L-phenylalanine67 and a-formyl-
e—acyl-D,L-lysine.68 Penicillins have been synthesized from 6-amino-
penicillanic acid with penicillinase.69

Esterases - Esterases from several sources have been used in stereose-
lective and regioselective hydrolysis of esters in the preparation of
chiral esters, acids, and alcohols. Sih and coworkers have developed a
valuable theoretical treatment for quantitative analysis of such
biochemical kinetic resolutions relating the extent of conversion (c) of
racemic substrate, the optical purity (ee) of the starting material and
products, and the enantiomeric selectivity of the enzyme.7 Recycling
of enantiomerically enriched substrate can greatly increase ee. Racemic
threo ester 1 was hydrolyzed with pig liver esterase (PLE) to (-)-acid 2
(64% ee). Reesterification and incubation to 80% c resulted in 2 with
>90% ee. Erythro ester 3 was treated with Gliocladium roseum to hydro-
lyze the 2S,3S isomer, At 70% c the remaining ester had 95% ee.

® I, R=CH
COR 2, R:H °  Z Y “cocH,

OH OH

PLE was used in the enantiotopically selective hydrolysis of diethyl-g-
methylglutarate 4 to the half-ester 3. Reduction, derivatization and
resolution raised the ee of 6 from 69% to 91%.7

ST e We-
ROC COEt MeOC 0/r 0

4,R-Ef, 5,R-H 6(69 %ee) 6 (91% ee)

Substituent effects have been studied in PLE-catalyzed hydrolysis of a
range of symmetrical dicarboxylic acids and a model has been developed
to determine absolute configuration in the monoester products.

-
-
-

) 3

Esterases have successfully resolved compounds 7-11. Imidazolone
7 was converted to (+)—biotin.72 Dimethyl-2 4—dimethy.glutarates 8 and

9 were resolved with PLE and G. roseum. Dimethyl-ﬂ-aminoglutarate 10
was used as starting material for syntheses of R- and S-4- [(methoxycar—
bonyl)methyl]-2-azetidinones, useful nuclei for carbapenem f-lactam

antibiotic synthesis. R-Esters of 3-hydroxy-3-methylalkanoic acids 11
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were prepared for testing as inhibitors of 3-hydroxy-3-methylglutarylCoA
reductase and in compactin analogue syntheses.75 Schneider and cowork-
ers have used PLE-catalyzed hydrolyses in asymmetric syntheses of (IR,
3R)-chrysanthemic 12, permethrinic 13 and caronic acid_l4 derivatives,
and in syntheses of disubstituted monoalkyl malonates’’ and 1,2-cycloal-
kane dicarboxylate monomethyl esters.

o NH,
Ph/\NJLNAPh Yoy
Web—{=H  MeOC CQMe MeOC COMe MeOC COMe
nPrOzC COznPr 8 9 10
7
Me OH R 12, R=H, R's CH=CMe,
M COoR ‘4£ 13, ReH, R's CH=CCI,
R
T

14, R= Me, R's CO,H

O

O,R

Cambou and Klibanov79 have used transesterifications catalyzed by
PLE and yeast lipase to resolve a variety of alcohols with great effec-
tiveness. Their novel approach employed a biphasic system of aqueous
enzyme solution absorbed in a porous solid phase placed in a mixture of
"matrix ester" (methyl propionate or tributyrin) and racemic alcohol
(Scheme 1I).

0
Scheme 1.
0 \)J\O-(-)-R chiral ester
+
esterase
\/U\OMe + HO-(2)-R ——————® HO-(4)-R chiral alcohot
matrix racemjc +
ester alcohol

MeOH

The low water content of this system simplified subsequent purification
and effectively suppressed ester hydrolysis. Lipases have also been
applied to resolutions of chloroglycerol derivatives,so’81 3-acetylthio-
cycloheptene,82 and 2-chloromethyl-l-propyl propionate.83 Cholinester-
ases have been used to resolve D,L-carnitine.

Proteases =~ Proteases have been applied to several synthetic purposes
the most important of which are peptide bond synthesis and protein
semisynthesis. Recent extensive reviews cover this area.””? Prote-

ases have been used in ester synthesis / and resolution.88 Semisyn-
thesis of human insulin has been achieved by enzymic removal and
replacement of one amino acid in porcine insulin.89,90 All peptide
bonds in the N-terminal octapeptide of dynorphin [H-Tyr-Gly-Gly-Phe-Leu-
Arg-Arg-Ile-OH] have been formed using proteases, A precursor of
aspartame has been made by thermolysin-catalyzed condensation of
benzyloxycarbonyl~L-aspartic acid and L-phenylalanine methyl ester.”?

Aldolases - Aldolases catalyze reversible aldol condensations of su-
gars. A well-studied enzyme is fructose-1,6~diphosphate aldolase from
rabbit muscle, This enzyme exhibits a high specificity for dihydroxy-
acetone phosphate as the nucleophile, but tolerates a range of aldehydes
as electrophiles (Scheme II).94 This broad specificity allows synthesis
of sugars such as 6-deoxyfructose 3 and isotopically labeled glucose
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derivatives.gA Other aldolases exist with different substrate specific-
ities for possible application to preparative sugar synthesis.

Scheme II.
H ° Aldol HO 8
oligse ~-R =
OA\R -+ HO\/U\/OPO; ngl\/opo3
Other - Farnesylpyrophosg%ate synthetase has been used in asymmetric

synthesis of isoprenoids. Potato acid phosphatase has been applied to
mild hydrolysis of polyprenyl pyrophosphates.97 Sulfatase-catalyzed
hydrolysis of f-napthol sulfate has been used to separate a- and
ﬂ-napthols.98 NAD and flavin adenine dinucleotidel©0 have been made
by enzymic coupling reactions.

Cofactor Requiring Enzymes

Phosphorylation = Enzymic phosphorylation with coupled in situ ATP

-f= T0I —oly—
regeneration has been used to prepare glucose-6-phosphate, sn-gly
cerol-3—phosphate,102 creatine—phosphate,103 and 5-phosphoribosyl-l-
pyrophosphate.

Chiral Redox Chemistry -~ Nicotinamide cofactor dependent oxidoreductases
have been applied in chiral synthesis. Enantioselectivity is often only
moderate, but in certain cases excellent results have been obtained.
Horse liver alcohol dehydrogenase (HLADH) is the most widely explored
enzyme for these purposes with most of the work in this area having been
done by Jones and cowork"ers.lo5 HLADH has been studied sufficiently
thoroughly to allow modeling of the active site.lo6 Cis=3-(2~-hydroxy-
ethyl)cyclopentanol 15 was oxidized by HLADH to (+)35-(2-hydroxyethyl)
cyclopentanone 16 with 97% ee; the remaining diol had 70% ee.

OH @) 15 O 16 H (+#)15
HLADH_

+
OH “S0H OH

2-Substituted tetrahydropyran-4-ones were reduced to (-)trans alcohols
with 100% ee.108 Remaining (+)ketones had 51-86% ee. HLADH-catalyzed
oxidation of monocyclic mesodiols 17 proceeds to bicyclic lactones 18 in

OH HLADH
17 q:OH —_ - 18 (100% ee)
(o)

high yield with complete stereotopic selectivity.lo9 Essentially no
selectivity is seen in oxidation of the trans diols. (Cis-decalin-2,7-
dione 19 is reduced specifically to (-)(7S,9S,10R)-7-hydroxy-cis-dec-
alin-2-one 29}10’111 which can be converted to (;Ség-twistanone 21 in
51% yield from the dione. D- and L-lactic dehydrogenases reduce
chloropyruvic acid 22 to D- and L-chlorolactic acids 23; these can be
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H H )
0 0o 0 OH
H 19 H 20 2|
0 OH
Cl
\)Lcozn —'—C'\/Lcozn — %COZH (>97% ee)
22 23 24

converted to epoxyacrylic acids gﬁfllz Progesterone has been reduced to
20- 8-hydroxy-pregn-4—ene-3-one with 20-8-hydroxysteroid dehydrogenase
using reversed micelles in organic solvent and H2 as ultimate reduc-

tant. Microbial reductions have been used in intermediate steps in
syntheses of natural brefeldin-A,114 (+)compactin115 and L-carni-
tine.116 L-leucine dehydrogenase has been used in the reductive

amination of a-ketoisocaproate to L-leucine!® in a membrane reactor.
NAD was covalently modified by attachment of polyethylene glycol to make
it unable to cross the membrane.

Multi-Enzyme Cofactor Requiring Processes - A more complex level of
applied enzymology is reached in the use of multi-enzyme schemes to
synthesize complex molecules. Examples of such syntheses include ribu-
lose—l,S--diphosphate,36 imfortant in the study of ribulose-diphosphate
carboxylase; lactosamine,1 7 from the first use of the Leloir pathway
enzymes in synthesis; and S-adenosyl-L-methionine.

Oxidations - Enzymes which functionalize inactivated carbon are often
difficult to obtain and handle. Many examples exist of oxidations using
microbial fermentations,118 e.g. for steroids, and recently in olefin
oxidation.119 Such preparative transformations have not been achieved
with purified enzymes and are unlikely to be amenable to large-scale in
vitro approaches because of instability and complexity of the enzyme
systems. Klibanov and coworkers, however, have developed systems with
horseradish petoxidaselzo’121 and xanthine oxidase for oxidation of
aromatic alcochols and amines, for use in syntheses and waste water
treatment. Hydroxyphenyl compounds can be oxidized to dihydroxy deriva-
tives. L-DOPA has been made from L-tyrosine in this manner.12 C{Clo-
hexanone was oxidized to e~caprolactone with a bacterial oxygenase. 24

The Future - Enzymic synthetic methods will see increased use in re-
search and industry. Numerous examples exist of preparations of useful
quantities of chiral compounds for use in synthesis, and the use of
hydrolytic enzymes for simple synthesis. More importantly, enzymes will
allow the facile synthesis of complex molecules important in biological
research. Immunology, neurobiology, endocrinology, molecular genetics,
membrane biology, and plant and insect biology are areas becoming more
molecular in scope. Research in such fields will increasingly depend on
biologically active compounds not readily accessible by more convention-
al chemistry. Molecules that are water soluble, or highly functional-
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ized such as carbohydrates, nucleic acids, lipids, and proteins may
prove available by enzymic synthetic methods. Enzymology will be useful
in modifications of poly- and oligosaccharides and proteins. Enzymes
will also see growth in applications in medical diagnostics and treat-
ment, and in food chemistry.125

Recombinant DNA and RNA methods rely on enzymes, and as these
methods are developed, the opfortunity for enzyme engineering of synthe-
tic catalysts will grow Enzyme-based synthetic methods will be
an important part of future organic synthesis, especially in synthesis
of new pharmaceutical products.
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