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1. INTRODUCTION

During the last few decades almost no other aspect of organic synthesis has received as much attention as
the preparation of enantiomerically pure compounds. The synthesis of optically active materials is an important
task and represents a challenge to academic and industrial chemists alike. An increasing interest in
understanding biological processes and the general recognition that chirality plays a crucial role in nature
fostered a tremendous effort in enantioselective synthesis. In the course of synthesizing natural products and
designing new target compounds, chemists had to acknowledge the fact that enantiopurity is related to
biological properties.!-2 Opposite enantiomers interact differently within an organism and can display various
activities. Some differences are enormous, ranging from distinguishable smells and flavors to teratogenic
effects. Between 1958 and 1962, the worldwide use of.the racemic drug thalidomide (1) by pregnant women
resulted in severe birth defects in approximately 10,000 children. The lesser sedating enantiomer had the
teratogenic side effect. Events like this have stimulated drug regulation legislation including highly restrictive
guidelines for the marketing of synthetic chiral drugs. The 1962 amendments required that adequate
information be provided to establish the effectiveness and safety of a new drug. The United States Food and
Drug Administration (FDA) does not prohibit the marketing of racemates. However, the choice of a racemic
synthesis over the development of an enantiopure drug must be justified. The FDA requires investigations on
the bioavailability and pharmacological effect of a chiral drug and its final approval is based on complete
background information on each enantiomer and, possibly, the racemic mixture. There is a strong emphasis on
the development of single stereoisomers for the marketing of new drugs. In contrast, the fate of already
marketed racemic drugs and those under development seems uncertain. What is clear is that there is
considerable interest by the pharmaceutical industry in re-marketing former racemic drugs in enantiopure
forms. With industry adjusting to a changing regulatory climate, the control of stereochemistry and the design
of new methodologies for asymmetric synthesis has become increasingly important.
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Asymmetric synthesis3 has contributed to the determination of relative configurations and reaction
mechanisms, and is widely used in natural product synthesis and in industrial preparations of pharmaceuticals,
flavors, fragrances, pesticides, etc. One can resort to a variety of methods to accomplish the synthesis of
enantiomerically pure compounds, and among those, the application of enzymes has become accepted as a
routine procedure.4-14  Although the concept of enzyme application to asymmetric synthesis has been long
recognized, it is only recently that these catalysts are attracting the attention of the non-specialist.

1.1. Turmeil in the discovery of a new science

Enzymes have valuable industrial* and medical applications. The fermentation of wine, leavening of
bread, curdling of cheese, and the brewing of beer have been known for eons. It was not until the 19th
century that scientists began to investigate the nature of these processes.!5 Payen and Perzon discovered the
first enzyme in 1833, when they observed a precipitation from an aqueous malt extract. Three years later,
Schwann extracted the active component of gastric juice and called it pepsin. The discovery of enzymes
preceeded the idea of catalysis, which was put forward by Berzelius in 1837. The following years were
marked by a scientific dispute that evolved with discussions about the nature of fermentation. Liebig, often
referred to as the founder of biochemistry, explained fermentation on the basis of enzyme action. He did not
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believe that living cells were essential for fermentation and became Pasteur's chief opponent. In 1848, Pasteur
reported his remarkable work on optical activity of tartrates and turned his attention to the resolution of
racemates. Using a microorganism, he performed a kinetic separation for the first time, and his studies in
succeeding years led him to believe in the necessity of vital forces. The term “"enzyme" was coined by Kiihne
(1876), and it was Emil Fischer who carried out the first asymmetric synthesis when he applied the
cyanohydrin reaction to L-arabinose (1894). He also noticed that enzymes have a high degree of substrate
specificity and proposed a lock and key model for enzyme-substrate interaction during catalysis. In 1897,
Buchner extracted a cell-free juice from yeast and demonstrated that fermentation can occur without living cells.
He therefore ended the long controversy about fermentation. Based on symmetry principles, Marckwald
published the first, historically important definition of asymmetric synthesis in 1904; a modern definition was
proposed by Morrison and Mosher almost seventy years later.3 By 1920, about a dozen enzymes were
known, none of which had been isolated. In 1926, Sumner succeeded in first crystallizing an enzyme; with the
improvement in instrumentation, the isolation and purification of new enzymes was accelerated. At present,
more than 3000 enzymes have been catalogued! and several hundred can be obtained commercially. By far,
the best asymmetric syntheses are achieved in nature by enzymes. Organic chemists, however, have put
forward great effort to achieve comparable results by various means. Although many non-enzymatic methods
have emerged for enantioselective synthesis, biotransformations are likely to play an increasingly important
role in aiding organic chemists to meet a wide range of synthetic challenges.

1.2. Enzymes as synthetic tools

Even though enzymes may show a high degree of substrate-specificity in catalyzing transformations of
natural substrates, they often accept a wide range of structurally related compounds. For this reason, enzymes
have become extremely important in the preparation of enantiomerically pure, unnatural compounds. For
almost every type of chemical reaction there exists an enzyme-catalyzed equivalent. A variety of reactions can
be mediated, such as oxidations, reductions, hydrolyses, condensations, and isomerizations. Enzymes can
also be involved in carbon-carbon and carbon-heteroatom bond formation. The Enzyme Commisson has
classified enzymes in six main groups according to the type of reaction they catalyze: 17 (1) Oxidoreductases;
(2) Transferases; (3) Hydrolases; (4) Lyases; (5) Isomerases; (6) Ligases. Enzymes from groups I through 4,
especially hydrolytic enzymes, have found broad application in organic transformations.

Enzymes are chiral host molecules and their ability to discriminate between enantiomers of a racemic
substrate is of well-recognized preparative value. The resolution of racemic mandelate by pig liver esterase
was published by Dakin as early as 1903. 18 o-Chymotrypsin isolated from bovine pancreas, was one of the
earliest enzymes to be investigated preparatively and has been widely used for the resolution of amino acids. !9
Its catalytic activity illustrates some of the advantages of biotransformations. The enzyme chemo- and
enantioselectively hydrolyzes the ester group of 2 to afford the enantiopure N-acetyl L-phenylalanine 3) (eq
1).20 The regioselectivity is exemplified in the hydrolysis of diethyl L-N-acetyl aspartate, in which only one of
the ester groups is processed (eq 2).2!

CO,CH
2 3 a-chymotrypsiﬂ» 002H N - C020H3 (1)
NHCOCH 4 NHCOCH, NHCOCH 5
rac-2 (9)-3 (R)-2
H__CO.Et a-chymotrypsin _ H, CO.H H, COqEt @)

+
AcHN  CH,CO,Et AcHN ™ CH,CO,Et AcHN  CH,CO,Et
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An enzymatic resolution? gives access to both enantiomers, which is desirable if both are required for
pharmacokinetics, drug-receptor interaction studies, or other uses. However, if only one enantiomer is
needed, a 50% conversion constitutes the maximum yield. Enzymes are also capable of differentiating
enantiotopic groups of prochiral and meso-compounds. In contrast to the kinetic resolution of a racemic
material, the theoretical yield of these conversions is 100%. The enzymatic asymmetrization of meso-
compounds has gained popularity in recent years and constitutes an elegant approach for the synthesis of
enantiomerically pure compounds. Based on a three point attachment rule, the enzymatic conversion of meso-
substrates was discussed by Ogston in 1948.22 Pioneering work was accomplished by Cohen who
investigated thoroughly the requirements for stereospecificity in chymotrypsin-mediated hydrolyses and
published his initial work on diethyl acetamidomalonate in 1959.23

Due to low cost, high stability, and substrate tolerance, hydrolases,!%:11 such as pig liver esterase
(PLE),!2 porcine pancreatic lipase (PPL), and a-chymotrypsin, have been frequently used. Lipases are
designed by nature to function at a water-lipid interface involving the enzyme in aqueous solution and the
insoluble lipid substrate. The use of lipases in organic solvents simply "inverts" this interface — the enzyme
and its associated water of hydration is insoluble and the substrate is in solution. It is logical, then, that lipases
are particuliarly useful for transformations in organic solvents.24 Oxidoreductases are not as frequently applied
because of expensive cofactors that are required and the constraints associated with sensitivity and cofactor
regeneration. Despite those drawbacks, there have been numerous reports on the use of horse liver alcohol
dehydrogenase.”" Jones and several other groups have applied this enzyme to the oxidation of meso-diols and
reduction of meso-ketones. Baker's yeast is commonly used as a "cocktail” of dehydrogenases and its
application is fairly simple, lacking all the technical difficulties that are usually associated with handling
oxidoreductases in pure form.8a

Most asymmetrization substrates bear common functionalities such as alcohols, ketones and esters.
However, in order to maximize the use of enzymes as tools in synthetic chemistry, it is important to broaden
the choice of functional classes effective as substrates. Hydrolases for epoxides?’ and nitriles,26 as well as
redox enzymes used in Baeyer-Villiger oxidations27 open up new opportunities in asymmetric synthesis. A
very rare approach to asymmetrization is the application of glycosidases (galactosidase?8 from Escherichia coli
or Aspergillus oryzae), to yield mono-B-D-galactosides with de values up to 96% (Figure 1).

Rellie Cﬁ Ao Lo

89%de 50%de 90%de 63%de 75%de

Figure 1. Asymmetric glycosylation of cyclic meso-diols by B-galactosidase (R=p-D-gal).

Regardless of the enantiomeric outcome of the enzymatic asymmetrization, it is usually possible to enter
either enantiomeric series by modification of subsequent reaction steps or of the reaction conditions of the
enzymatic transformation. Generally lipases operate at the same prochiral center regardless of media, thus one
can choose between enantiocomplementary hydrolysis or synthesis pathways as illustrated in Scheme 1.29

Scheme 1

1) Ac,0, Eta Enzyme

HO@/OAC AcO OH
)\ OAc

90%y >99%ee Enzyme: Candida antarctica lipase B (SP-435) 48%y >99%ee
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With the increasing availability of biocatalysts, one can take advantage of those that exhibit opposite
enantioselectivity. The prochiral diester 4 was hydrolyzed with different microorganisms; by use of
Acinetobacter lowfii the hydrolysis yielded the (R) acid, whereas Corynebacterium equi sp. gave rise to the
(S) enantiomer (Scheme 2).30

Scheme 2

HO,, CH,COEt Corynebacterium  H, ,CH2CO,E Acinetobacter  HO., ,CH2CO.H

H™ “CH,CO,H equi HO" “CH,CO.Et lowfii H™ “CH,CO,Et
)] 4 (R)

Certain substrate modifications can cause a reversal of enantioselectivity. The nature of the protection of
the amino functionality not only improved the stereoselectivity3! but also determined the configuration of the
product (Scheme 3).32

Scheme 3
CO,CH, CO,CH,4 CO,H
PLE _ PLE
NHX X = Cbz NHX TAC—> NHX
CO,H 93%ee CO,CH,4 93%ee CO,CHj,
(S) meso (R

Enantioselectivity can also be influenced by chain length or ring size of certain meso-substrates. Various
ethyl malonates upon treatment with pig liver esterase gave rise to different product configurations (eq3).33

H(CHz)y COMe plE  H(CHy), , COMe [ —o.4. (S
HsC~ 'CO.Me HsC™ COzH '
meso

In the case of cyclic meso-diesters, pig liver esterase cleaved the ester group at the (S)-stereogenic center
of small ring diesters; when the ring size was increased, the enzyme exhibited a reversed enantiotopic
specificity by processing the ester group at the (R)-center (eq 4).34

002CH3 LE COQCHa COzH
(CH2)n (CHaz)n or  (CHy), (4)
CO,CH, CO.H CO,CH,4
n=12 n=34

The use of simple protective group manipulation was exploited in the synthesis of all possible methyl
2,4-dideoxyhexopyranosides. Asymmetrization of the starting meso-cycloheptanediol gave rise to an
enantiopure monoacetate by use of Pseudomonas cepacia lipase (Amano P-30) in the presence of isopropenyl
acetate. The latter compound was converted to both hexopyranoside enantiomers by similar reaction sequences
(Scheme 4).35 A similar approach is depicted in Scheme 5. After enzymatic transformation of the diester,
both lactone enantiomers can be obtained by choice of different reagents in subsequent steps.36
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Scheme 4
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Scheme 5
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In recent years, enzyme applications especially in the asymmetrization of meso-compounds have become
very common, and their importance is reflected by numerous reports in the literature including their use in drug
syntheses.!3 Many comprehensive reviews have appeared that discuss the use and practicality of
biotransformations in organic synthesis.4-24 Reviews on the asymmetrization of prochiral substrates are not as
common and are often dealt with in connection with general enzyme applications. It should be mentioned, a
recent detailed review by Danieli ef al. has appeared on enzymatic asymmetrization and covers the literature
until the middle of 1991.14 The versatility of 2-methyl-1,3-propanediol derivatives and its equivalents has also
been recognized, and a review entirely dedicated to their preparation and application is available.37 This Report
will emphasize the application of enantiopure intermediates that are obtained via enzymatic asymmetrization of
prochiral substrates with enantiotopic groups and meso-compounds and includes many publications through
Fall 1995. We will focus on those intermediates that can be isolated in high chemical yields and enantiopurities
and on their use in organic synthesis. A discussion based on enzyme classification does not seem useful for
such purposes. Thus, this Report has been organized according to the synthetic equivalent that can be "built
into" the desired target molecule. Based on the substrate framework, chain length, and ring size, we
differentiate between acyclic (2.1) and cyclic (2.2) meso-and prochiral compounds, and discuss them
separately from borderline examples (2.3), namely meso-cycloalkane diesters and dimethanols. A fourth
segment (2.4) describes the use of polycyclic substrates, and the final segment (2.5) deals with
asymmetrization of metalloorganic and miscellaneous compounds that do not fit into any of the other
categories. Table 1 lists common abbreviations for enzymes featured in this review and as denoted by authors.
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Table 1. Commonly Used Enzyme Abbreviations

o-CT
ACE
Amano P-30

Amano PS

ANL
APL
AY

CAL-B
CCL

CE
CEH
CRL

CVL

EEL
GCL
HLADH
lipase AH
lipase AK
lipase AY

lipase MY
lipase OF

lipase B
lipase P

o-Chymotrypsin
Acetyl cholinesterase

Pseudomonas fluorescens
(=cepacia) lipase

Pseudomonas fluorescens
(=cepacia) lipase

Aspergillus niger lipase
Amano lipase AP

Candida cylindracea (=rugosa)
lipase

Candida antarctica lipase B

Candida cylindracea (=rugosa)
lipase

Cholesterol esterase
cytosolic epoxide hydrolase

Candida rugosa (=cylindracea)
lipase

Chromobacterium viscosum lipase

Electric eel cholinesterase

Geotrichum candidum lipase

Horse liver alcohol dehydrogenase

Pseudomonas sp. lipase

Pseudomonas sp. lipase

Candida cylindracea (=rugosa)
lipase

Candida cylindracea (=rugosa)
lipase

Candida cylindracea (=rugosa)
lipase

Candida antarctica lipase B

Pseudomonas fluorescens
(=cepacia) lipase

lipase PS
LPL
LPL-800

LMJ
MEH
Mucor sp.
PAN

PCL
PFL
PGL

PLE

PPL
Protease P6
PS

PSL

RDL
SAMIT
Sp.382
SP435

Seaprose S
Sub.

Pseudomonas fluorescens
(=cepacia) lipase

lipoprotein lipase fr. Pseudomonas
sp.

Pseudomonas cepacia lipase
(purified)

Mucor javanicus lipase
microsomal epoxide hydrolase
Mucor miehei lipase

Pancreatin, pancreatic lipases (also
contains esterases, proteases
or their zymogens, and
amylases)

Pseudomonas cepacia
(=fluorescens) lipase

Pseudomonas fluorescens
(=cepacia) lipase

recombinant cutinase fr. Fusarium
solani pisi

Pig liver esterase
Porcine pancreatic lipase
protease fr. Aspergillus melleus

Pseudomonas fluorescens
(=cepacia) lipase

Pseudomonas cepacia
(=fluorescens) lipase

Rhizopus delemar lipase

Pseudomonas sp. lipase

Candida sp. lipase

recombinant Candida antarctica B
lipase

protease fr. Aspergillus melleus

Subtilisin (bacterial proteinase)

2.1. Acyclic meso-and prochiral substrates

2. ENZYMATIC ASYMMETRIZATION

2.1.a. Vicinal diols

Only a few meso-derivatives of acyclic vicinal diols have been asymmetrized successfully.38 Often a
mixture of all possible stereoisomers was subjected to biocatalysis. The results are generally not synthetically
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useful owing to low chemical or optical yields. The erosion of enantiopurity might be due to facile 1,2-acyl
migration. The asymmetrization of meso-epoxides by enantioselective hydrolysis constitutes another approach
to the preparation of optically active vicinal diols (eq 5).25

A MEH HO; Hpn (5)
Ph"  Ph B oH

2.1.b. 2-Substituted-1,3-propanediols, 1,3-diesters, and 1,3-dichlorides

The enantioselective preparation and synthetic elaboration of 2-methyl-1,3-propanediol and its synthetic
equivalents were recently reviewed.37 In this section we reiterate known asymmetrization methods of this
compound and its synthetic applications. Asymmetrizations of other 2-substituted 1,3-propanediols and
malonates, as well as of 1,3-dichloro-2-propanol, will also be presented.

The first enzymatic synthesis of chiral derivatives of 2-methyl-1,3-propanediol was achieved by
microbiological oxidation of isobutyric acid. Treatment of isobutyric acid with Pseudomonas putida provided
enantiopure (S)-3-hydroxy-2-methylpropanoic acid on a multigram scale,39 allowing for the preparation of
both enantiomers by protective group manipulation.402 It was found later that either enantiomer of the hydroxy
acid could be obtained by choice of the strain of Candida rugosa (Scheme 6).4!

Scheme 6
Pseudomonas putida®®  HO
| JWaslee o
or
COzH Candida rugosa®! (s) CO=H

IFO 1542

98%ee*’ \

HO
Candida rugosa®’ I
IFO 0750 o

97%ee

——==" PO

OH

3

(R)-3-Hydroxy-2-methylpropanoic acid can also be obtained via microbiological oxidation of 2-methyl-
1,3-propanediol (Scheme 7).42 Enzymatic acetylation of the same diol led to the (S)-monoacetate with good
chemical but moderate optical yield.43 Santaniello ef al. substantially improved the enantiopurity of the product
by allowing a subsequent enzymatic resolution to occur.44 When the reaction was stopped before the diacetate
started to form, 40% of the diol and 52% monoacetate of only 60%ee were isolated. However, when the
reaction was continued until the diol was consumed, 60% of the diacetate formed and the monoacetate, which
did not react in the second esterification step, was obtained in 40% yield with high enantiopurity (>98%ee).
These findings were confirmed when racemic monoacetate was subjected to enzymatic acetylation using PFL.
Again, enantiopure (S)-monoacetate and the diacetate were isolated. This indicates that a resolution of the
racemate occured rather than asymmetrization of a meso-substrate. The enantiomeric (R)-monoacetate was
obtained through PFL-mediated hydrolysis of the diacetate44.45 or dibutyrate.#6 Enantiopure Cy4-building
blocks derived from isobutyric acid or 2-methyl-1,3-propanediol have been employed in the synthesis of a-
tocophero!,402 (R)- and (S)-muscone,40b.45 (-)-maysine,40¢.d and calcimycin.40g
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Scheme 7
Gluconobacter \)\
\/k/ P " (R) CogH
HO OH 47%y 83%ee *?
PFL
Vinyl acetate =~ AcO OH
J 70%y 60%ee * S
40%y >98%ee “
ROCO \/k/ocon PFL*4° HO\/l\/OCOR
R=Me 33%y (R)
y = chemical yield R = n-Pr 92%y 96-99%e6

The enzymatic hydrolysis of 2-substituted-1,3-propane diacetates was reported by several groups
(Scheme 8).45-54 In most cases the enzyme of choice was porcine pancreatic lipase; it gave the asymmetrized
monoacetate in good chemical yield and enantiopurity. Empirical models for the interpretation of the results
obtained with this enzyme were proposed.5! An extensive study by Guanti and co-workers on the effect of
unsaturation adjacent to the prochiral center of these diacetates confirmed the suggested beneficial effect of a nt-
system in that position. A dramatic effect of the double bond geometry on the absolute configuration of the
enzymatic reaction products was observed.53

Scheme 8

OAc : OoP : OAc
lipase lipase <
R —C <—-—————'p — R { ——»p R "un
OH OP OH

R = alkyl, allyl, alkynyl, aryl, benzyl,
34-91%y 50-97 %ee

In the course of these studies, Guanti and co-workers investigated the asymmetrization of an interesting
Cay-symmetric triol.52:54 The corresponding triacetate was successfully converted to prochiral diacetates (R!
=R2 = Ac; R3 = various protecting groups) by use of a PPL-mediated hydrolysis for the selective deprotection
of just one hydroxyl group. However, various 1,3-diacetoxy-2-alkoxymethylpropanes were either unreactive
or afforded poor yields and ee's in a subsequent enzymatic monohydrolysis. A different approach was chosen;
the use of (E)-1,3-diacetoxyl-2-alkenylpropanes provided an efficient entry into a series of "asymmetrized
tris(hydroxymethyl)methanes", since the double bond can be cleaved via ozonolysis and represents a synthetic
equivalent to the desired hydroxymethyl group. The authors reported detailed studies on enantiodivergent
transformations of various monoacetates into a number of chiral building blocks.52.54-58 Seebach and Ehrler
applied a similar approach by testing 3-acyloxy-2-(acyloxymethyl)propanoates as substrates.5! Subsequent
transformations gave rise to tris(hydroxymethyl)methane derivatives; the absolute configuration was not
established (Scheme 9).

Complementary synthetic methods for the asymmetrization of 2-substituted-1,3-propanediols led to
enantiomeric monoacetates#3.44:48.58-62 and provide preferred routes for the preparation of both enantiomers of
3-hydroxymethylquinuclidine (Scheme 10).59
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Scheme 9
CO,Et CO.Et
PPL ref.51
" e OR!
RCOO OCOR RCOO OH
87% ee R%°0
OAc OH .
ref.52 OR?
CH3(CH2)4 CHS(CH2)4
OAc 96% ee OAc
Scheme 10
OAc
HO N\ CszC>—-<: —— /N OH
OH
PPL >98%ee

An interesting asymmetrization protocol has been applied to the synthesis of 5,10-dideaza-5,6,7,8-
tetrahydrofolic acid (DDATHF, Scheme 11). Initially the diol 5 was treated with methyl acetate in the presence
of immobilized PPL to afford the monoacetate 6 in 90% yield but of variable enantiopurity. This step was

improved by the use of PPL and vinyl acetate in THF/hexane.60
\/©/ )
pp[_ R=H S

Br
\/©/ EtO,C X
T =0
HO o)
R=Ac 6 o ll N/\L
H
MeOAc  90%y 80-98%ee %2
CH,=CH(OAC) 86%y 94%ee %

Scheme 11

Z

H DDATHF

An effective use of porcine pancreatic lipase catalysis was reported in the total synthesis of antifungal
compounds SCH 50001 and SCH 50002. The fairly complex substrate, bearing a distal triazole ring and a

chiral carbinol center, was acetylated diastereoselectively in the presence of methy! acetate as transfer reagent.
(Scheme 12).63

Aliphatic nitro compounds are synthetically useful derivatives and can be processed by use of enzymatic
catalysis. Seebach and co-workers have studied the saponification of meso-2-nitro-1,3-propanediols, which
are readily available from nitroalkanes and aldehydes (eq 6).64
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Scheme 12
_/OH _/OTs
OH 2 OAc :
PPL 1\/ Q SCH 50001
MeOAc H —_— : . and
Ar '\OH Ar A SCH 50002
&Y Y
\ \
\Y
N A\N
77%y >96%ee
NO2 NO.
AcO A __OAc PLE HO__A__OAc ®)
CH3 CH3 CH3 CH3

50-70%y 90-95%ee

The synthesis of acetonide 7 links the asymmetrization of 2-substituted 1,3-propanedials to glycerols.
Asymmetric hydrolysis of a geminally disubstituted achiral diacetate with PPL gave rise to enantiopure (R)-2-
acetoxymethylglycidol, which is a versatile tertiary-alcohol building block. The use of lipase OF afforded the
(5)-enantiomer but with substantially lower optical yields (56%, Scheme 13).65.66

Scheme 13

Q= 7Q cH,
PPL . Aco. _J_oH

77%y 92%ee & 7
85%y 96%ee * -

Q=
ACO\){/OAC

The first successful enzymatic asymmetrization of glycerol was described by Leuthardt an co-workers in
a study of HLADH-mediated oxidations of this triol. L-Glyceraldehyde, formed enantioselectively, combined
with phosphodihydroxyacetone mediated by either rabbit muscle or liver aldolase; the single product was
identified as L-sorbose-1-phosphate.67 Alternative syntheses of enantiopure glycerol derivatives utilizing
hydrolytic enzymes have been studied by many research groups. The products were obtained in good chemical
yields and enantiopurities (Scheme 14).68-73

Scheme 14
OH P'=H OP'
PO ‘T—e—_ PO
OAc Ipas OP'

P=CH,Ph 92%y 94%ee’
P = CH,CH;90%y 90%ee
P = CH,Ph 60%y >98%ee "2

P'=Ac

OAc
Po—<:
OH

P = CH,Ph 52%y 71%ee °
P = CH,Ph 75%y 91%ee &
P = CH,Ph 45%y 88%ee °

lipase
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Related compounds such as N-Cbz-serinol served as good substrates in this type of asymmerization.
PPL-catalyzed transesterification of this diol with vinyl pentanoate gave rise to (2R)-2-N-(benzyloxycarbonyl)-
3-O-pentanoylserinol in 77% yield (after 60% conversion) and 97% ee.”3

A practical single-step procedure for the preparation of L-glycerol-3-phosphate, an important intermediate
in the synthesis of phospholipids, was reported by Whitesides and Rios-Mercadillo.”# Enantioselective
enzymatic phosphorylation of glycerol using ATP, immobilized glycerol kinase, and acetate kinase was
achieved in 76% chemical yield (eq 7)

OH OH

Ho._A_ oH 2Ll Ho L _oroz O

Early attempts to asymmetrize monosubstituted malonates under aqueous conditions failed, because the
activated C-H in the half ester undergoes fast exchange accompanied by racemization.”> Gutman and co-
workers reported the use of enzymes in organic solvents, which allowed for the efficient preparation of such
optically labile compounds and their subsequent conversion into the corresponding, configurationally stable,
hydroxy-esters (Scheme 15).76

Scheme 15
co,Me  R=Bn co,R R=Me CO,Bn
MeOH BnOH
MeO oo MeO oo MeO
CO2Bn hexane CO-R hexane CO-Me
90-95%ee 98%ee

The problem of optical instability does not exist for 2,2-disubstituted malonates, which have been studied
by several research groups.76-82 Selected examples are shown.

F:C:CO?-’R' t+-BuO— ..CO,Me Me;SiCH, | _CO,H
R™ " "COxR Me™ ~CO,H Me”  ~CO;Me
CCL77'79 PLEBO PLE81
R=Me R'=Me 74%y 95%ee 90%y 96%ee 95%y 98%ee

R=Et R'=Me 87%y 99%ee

A synthetic application is given in Scheme 16, outlining the synthesis of (S)-a-methyl-3,4-
dihydroxyphenylalanine (L-c-methyl DOPA).33.782 A dramatic effect of the reaction medium on the
enantiomeric excess during PLE-catalysis was observed. When a pure aqueous buffer system was employed
the product displayed only 16%ee. Upon variation of the solvent system (50% DMSO) the selectivity was
drastically increased (93%ee). Stereoselective degradation of the chiral hemiester via Curtius-rearrangement of
an acyl azide intermediate allowed for the introduction of the amino functionality.

Scheme 16

MeO COMe  pLE ', ~COZH . _NH
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A new method for the asymmerization of 1,3-dichloro-2-propanol was recently described by Nakamura
and co-workers (Scheme 17).83 A new enzyme, H-lyase B, was found in the Corynebacterium sp. strain N-
1074,84 and the expression of the cloned enzyme was accomplished in Escherichia coli.85

Scheme 17
OH «0 KCN OH
H-lyase B g :
CI\/,\/CI L O H-lyase B CIN AN
65%y 95%ee

2.1.c.meso-2,3-Disubstituted butane-1,4-diols and succinates

The HLADH-catalyzed conversion of 2,3-dimethyl- and 2,3-diethyl-1,4-butanediol was described by
Jones and co-workers. These substrates are stereoselectively oxidized to hydroxyaldehyde intermediates
which undergo further in situ oxidation affording the corresponding lactones.. For each substrate the enzyme
preferentially operates on the hydroxymethy! group at the (S)-stereogenic center. For 2,3-dimethyl-1,4-
butanediol the stereoselection occurs in the initial oxidation of the meso-diol to hemiacetals with (35) chirality
only. For the corresponding homologue the stereodiscrimination is most profound in the second oxidation.as
indicated by low ee values of the enantiomeric lactone after oxidation with Ag;CO3 (Scheme 18).86

Scheme 18
8 S oS e XS
NAD =
HO OH 0 ™™o HO™ g 0™
100%ee 100%ee
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HO OH 0™, HO™ g 0™
100%ee 66%ee
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Recently Mori and co-workers reported the synthesis of the optically active hemiacetal pheromone of the
spined citrus bug Biprorulus bibax.87 In their first approach,87a the HLADH oxidation of meso-diol 8 was
tested, but the chemical yield was poor, and the crude product was obtained as a 1:1 cis /trans mixture of
acetals. A subsequent oxidation-reduction protocol was needed in order to remove the unwanted rrans-isomer.
The absolute configuration was assigned on an empirical rule basis and proved to be incorrect. In a subsequent
article, a lipase-catalyzed acetylation of the same meso-diol was described.87® The enantiopurity of the final
product, (3R,45)-3,4-bis[(E)-1"-butenyl]tetrahydrofuran-2-ol, was improved to 100% via formation of a
diastereoisomeric salt and crystallization (Scheme 19).

Unlike the optically active (R,R) or (S,S)-tartaric acid, its meso-form is rarely used in organic synthesis.
An early study on the enzymatic hydrolysis of the dimethyl ester led to the monomethy! ester with moderate ee
value (48%);88 substantial improvements have been reported by Bestmann and Philipp.892 The meso-dimethy!
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Scheme 19
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2,4-dimethoxysuccinate was hydrolyzed by pig liver esterase, which processes the ester group at the (S)-
stereogenic center; in contrast, the lipase from Candida cylindracea (Sigma type VII) attacks the ester group at
the (R)-center in the absence of methanol (Scheme 20).89

Scheme 20
MeO__CO,H
e I 2 coL MeOICOZMe PLE MeOICone
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The asymmetrization of 2,3-diprotected erythritols was studied by Bestmann,89 Vandewalle,90 Gais,?!
and Burgess.922 The use of lipase SAM II or PCL gave access to either enantiomeric series in good chemical
yields and enantiopurities (Scheme 21). Biocatalysis was equally successful with ethylidene (lipase PS) and
methoxymethyl (PPL or PAN) protected erythritols as substrates3? but not sufficient for practical applications
when the corresponding 2,3-dibenzyl ether derivative was employed.92a

Scheme 21
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Recently, Uguen and co-workers reported the enzymatic asymmetrization of meso-acetylenic diacetates.
Unfortunately, bisacetate derivatives that bear substituents other than methyl reacted much more slowly and
were not useful as substrates (eq 8).93

AcO OAc HO OAc
\— 7/ PFL \ — 7/ R =Me @)
R/ \R pH 7, 5 days R/ \R 83%y 97%ee

cis-Epoxysuccinic acid is another potentially useful meso C4-building block. The enzymatic
discrimination between the carboxylate groups of the diester was not completely successful, possibly due to a
competitive spontaneous hydrolysis.34%:94.95 The enzymatic asymmetrization of structurally related meso-cis-
2,3-epoxybutane 1,4-diol diesters was reported by several research groups and proved to be most successful in
the hydrolysis pathway (Scheme 22).96-98 PPL was the most efficient enzyme, and lower ee values (51%) of
the isolated mono acetates were improved by addition of cosolvents (88-90%ee).962 Enantioselectivity was
also influenced by temperature and ester chain length; the use of dibutyrates was advantageous. The reaction
was scaled up to 50 g and afforded (25,3R)-4-butanoyloxy-2,3-epoxybutan-1-ol with ee in the range of 90%;
the product was converted to optically pure material after a single recrystallization.97 When the enzymatic
transesterification of the meso-diol with vinyl butyrate was attempted, the (+)-enantiomer was isolated with
low yield and low enantiopurity (50%ee).8 The monobutyrate was also obtained via a PPL-catalyzed
resolution of the racemic 4-hydroxy-2,3-epoxybutyl butyrate with 2,2,2-trifluoroethyl butyrate (93%ee).9

Scheme 22
OAc oP OCOPr
P =Ac P 5 Fg:Lopr
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The meso-diacetate derived alcohol 9 was used by Mori and co-workers as a common precursor in the
total synthesis of a number of pheromones (Scheme 23).96b

Scheme 23
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meso-Dimethy! aziridine-2,3-dicarboxylates, which can be synthesized from the cis-epoxysuccinate, have
been successfully asymmetrized by use of PLE.100 Biocatalytic processing of related meso-aziridines,
prepared from cis-2-butene-1,4-diol, was reported by Fuji and co-workers (Scheme 24).101
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Scheme 24
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A practical synthesis of optically active (R,R)-2,5-dimethylpyrrolidine, reported by Kim et al.,'02 ysed
an enzymatic asymmetrization to afford its precursor. The procedure starts with a mixture of all three
stereoisomers of 2,5-hexanediol, which are converted to a mixture of diacetate, monoacetate, and diol (1:2:1).
Subsequent inversion of all alcohol functionalities in the latter two compounds provided, after hydrolysis,
enantiomerically and diastereomerically enriched (R,R)-2,5-hexanediol (>98%ee, 72%de). Its repeated
enzyme-catalyzed trans-esterification afforded the diacetate 10 in high optical purity (ee and de >98%, Scheme
25). Enantiomeric (S,5)-2,5-hexanediol and (2R,5R)-2,5-dimethylpyrrolidine were prepared from 2,5-
hexanedione via enantioselective reduction with baker's yeast (57%y, >95%ee).!03

Scheme 25
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2.1.d.Glutaric acid derivatives and meso-pentanols

Enzymatic transformations of various substituted glutaric acid derivatives have been studied by many
research groups.104-123 Diethyl B-acetamidoglutarate was the first compound studied; o-chymotrypsin-
catalyzed hydrolysis led to the corresponding enantiopure monoester.23¢ Reports on 3-mono and 3,3-
disubstituted glutarates followed including contributions from the laboratories of Ohno, Sih, Tamm, Jones,
Seebach, and others.!05 Asymmetrization of dimethyl B-aminoglutarate has been extensively studied by
researchers from the Ohno laboratory. The enzyme as well as the protective group were varied in order to
control enantioselectivity during asymmetrization. The synthesis of both enantiomers of 4-substituted-2-
azetidinones nicely illustrates the applicability of this protocol (Scheme 26).100

The same monoester was employed in the synthesis of (+)-negamycin and various carbapenems; all have
the R configuration at the bridgehead carbon (Scheme 27).106
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Scheme 26
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The Ohno laboratory has also achieved the enantioselective synthesis of the right-half segment (C-Cg) of

the macrolide antibiotic rhizoxin.!07 An enzymatic asymmetrization of a 3-substituted glutarate provided the
key transformation (Scheme 28).

Scheme 28
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Optically active dimethyl 3-methylglutarate was employed in the synthesis of a verrucarin segment

Tamm et al. obtained the key intermediate after reduction of the carboxyl group, protection of the primary
alcohol, and a-hydroxylation (Scheme 29).108

3785
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Scheme 29
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Rhodococcus butanica ATCC 21197 operates on nitrogen-containing functional groups such as nitriles

and preferentially hydrolyzes the cyano group at the (S)-stereogenic center of 3-substituted glutaronitriles (eq
9);262 Rhodococcus butanica SP361 was found to display slightly lower enantioselectivity.26b

R
H\ Ahodococcus 1] R=Bn 59 %Y 29 %ee
butanica H\ R = OB o
=0Bn 68 %Y 90 %ee (9)
NC CN ATCC 21197 NC CO,H R=0Bz 71%Y 99 %ee

The influence of various enzymes, alcohols, and solvents on the stereochemical outcome of the
asymmetrization of 3-substituted pentanedioic anhydrides was investigated by Ozegowski and Oda. The

appropriate choice of protective group and enzyme allowed access to either enantiomer of protected 3-hydroxy
pentanedioates (Scheme 30).111

Scheme 30
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Dimethyl B-hydroxyglutarate was studied in enzyme-catalyzed polymerizations. A chiral polymer was
obtained with modest enantioselectivity (30-37 % ee).1152

PFL-catalyzed hydrolysis of a prochiral 1,3,5-pentanetriol derivative gave rise to enantiopure (R)-3-t-

butyldimethylsilyloxy-5-acetoxy-1-pentanol (55%y, >98%ee) which was applied to the synthesis of a
cyanobacterial heterocyst glycolipid.115b

Enzymatic!16 and microbial42b.117 enantioselective oxidations of 3-substituted-1,5-pentanediols have
been observed, for example oxidation of 3-methyl-1,3,5-pentanetriol afforded unnatural (+)-(S)-
mevalonolactone (eq 10),42b.116a which has also been prepared from dimethy] glutarate derivatives.!17
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CH3
Gluconobacter (10)
sceroideus
OH
32%y 79%ee 2°

meso-2,4-Pentanediol served as substrate for oxidoreductases and lipases. Lipase P catalyzed a
transesterification in vinyl acetate to afford (2R,4S5)-1-hydroxy-2,4-dimethylpentyl acetate in high enantiopurity
(82%y, 98%ee).43 Jones and co-workers prepared 2,4-dimethyl-§-valerolactone from the same substrate
using HLADH.86 The initial oxidation of the meso-2,4-dimethyl-1,5-pentanediol was non-selective, while the
enzyme processed only one hemiacetal enantiomer in the second step. Both lactone enantiomers were
prepared from dimethyl 2,4-dimethylglutarate via chemoenzymatic synthesis (Scheme 31).88,119a

Scheme 31
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Enantiopure building blocks derived from substituted glutaric acid derivatives proved to be convenient
starting materials in the synthesis of macrolides.1196.120-123 The synthesis of the putative biosynthetic
precursor of monensin A, reported by Sih and co-workers,119b illustrates the application of enzymatically
prepared glutarates in the design of complex, polyfunctional target molecules. All three important fragments
were prepared via biocatalysis, e.g., both enantiomers of the 2,4-dimethylpentanedioic acid monoester are
available, either through enzymatic hydrolysis of the diester 88,119 or alcoholysis of meso-2,4-dimethylglutaric
anhydride!11.118(Scheme 32). A similar disconnection strategy was followed in Robinson's synthesis of the
same molecule.!20

The 2,4-dimethylglutaric acid, half ester, as obtained by Tamm's chymotrypsin-based procedure,88 was
also used by Schregenberger and Seebach in the total synthesis of (+)-conglobatin, a C,-symmetrical 16-
membered macrolide isolated from a culture of Streptomyces conglobatus (Scheme 33).121

Tamm and co-workers reported a highly enantioselective pig liver esterase-catalyzed asymmetrization of
dimethyl 3-hydroxy-2,4-dimethylglutarate. This enzyme hydrolyzes diesters carrying more substituents with
higher stereoselectivity than their less substituted counterparts.88 The chiral mono-ester was used in the total
synthesis of the C19-C27 segment of rifamycin §. The complex structure of this microbial secondary
metabolite reveals a local symmetry element at C3, and the use of a meso-building block facilitates the
synthetic process (Scheme 34).122
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Scheme 32
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Ley and co-workers enzymatically asymmetrized 2,4-dimethyl-1,5-pentanediol using crude porcine
pancreatic lipase suspended on Celite in the presence of methyl acetate. The monoacetate was employed in the
synthesis of the Cp2-C32 fragment of rapamycin (Scheme 35 ).123

Scheme 35
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Enzymatic asymmetrization of an interesting, "double-meso" tetraol was recently reported by Uguen and
co-workers. Pseudomonas fluorescens lipase (SAM II from Fluka) effectively catalyzed acetylation to afford
an inseparable mixture of acetate 11 and its meso-diastereoisomer. The free hydroxyl groups were
transformed into phenyl sulfides, allowing for the separation of the bis-sulfide mixture. The absolute
configuration and optical purity were established by correlation to the known 2,4-dimethyl-1,5-pentanediol
(Scheme 36).124
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Sakai et al. reported on the Pseudomonas fluorescens lipase-mediated asymmetrization of meso-4,6-
diacetoxymethyl-2,2-dimethyl-1,3-dioxane. The hydrolysis product was subsequently transformed into 2-
hydroxy-4-hydroxymethyl-4-butanolide, which displays hunger modulating activities (Scheme 37).125
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The biocatalytic differentiation of enantiotopic groups in meso-substrates such as ribitol and xylitol was
studied by Burgess and Henderson. The ribo-derivative was successfully asymmetrized with Candida
cylindracea; however, when the xylo-pentitol derivative was employed as substrate, the acyl transfer occurred
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in a stereorandom fashion. The corresponding optically active xylitol was obtained through asymmetric
allylation and carried on in the synthesis of a castanospermine stereoisomer. Monoacetate 12, obtained via
biocatalysis, was converted to 1,6,8-triepicastanospermine (Scheme 38).92a
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Earlier problems associated with the asymmetrization of xylitols were recently solved. Both ribo- and
xylo-triol were converted to their corresponding 2,4-O-benzylidene derivatives; the latter derivatives were
found to be excellent substrates for SAM II lipase-catalyzed transesterifications (Scheme 39).126

Scheme 39
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2.1.e. Adipic acid derivatives

The meso-dimethy! 3,4-epoxyadipate was rapidly hydrolyzed by pig liver esterase with excellent
selectivity. The absolute configuration and optical purity of the half-ester were determined by transformation
into the unsaturated hydroxy diester (Scheme 40).113

Scheme 40
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2.1.f. 1,7-Heptanediols and heptanedioic acids

The enzymatic synthesis of seven-carbon polyhydroxylated chiral building blocks was reported by
Bonini et al.127 Among various hydrolases, Pseudomonas fluorescens lipase (PFL) was found to be the most
selective enzyme leading to monoacetates 13 and ent-13 with excellent enantioselectivity. However, neither
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the enzymatic hydrolysis of a related diacetate nor the transesterification of the corresponding diol displayed
encouraging selectivity (Scheme 41)

Scheme 41
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Porcine pancreatic lipase catalyzed enantioselectively the hydrolyses of prochiral y-hydroxypimelates, the

best result being obtained for the faster reacting ethyl and benzyl esters. The intermediate half-esters were not
isolated because of spontaneous lactonization in the presence of the enzyme (eq 11).128

ROZC\/YVCOZH I—X ~_-CO2R
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R =CH,CH; >98%ee; R =CH(CH 3), 46%ee; R =CH,Ph >95%ee

2.2. Cyclic meso- and prochiral substrates

2.2.a. 3-Substituted-cyclobutanones

Furstoss and co-workers successfully employed a prochiral cyclobutanone in an asymmetric Baeyer-
Villiger oxidation using a strain of Acinetobacter (eq 12).129

OEVQ:O> Acinetobacter m (12)
TD 6
o 3

92%y 95%¢ee
2.2.b. meso-Cyclopentanediols and cyclopentanediones
Meso-cyclopentanediols play an important role in the chemoenzymatic synthesis of prostaglandins,

prostacyclins, and other natural compounds, such as cyclitols, carbohydrates, azasugars, and indolizidine
alkaloids. This list can easily be expanded, and the abundance of papers in the literature is no surprise

3791
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Scheme 42
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Pseudomonas fluorescens lipase was found to be effective in the hydrolysis of the cis-1,2-
diacetoxypentane to afford the corresponding monoacetate with high optical purity (Scheme 42).130 This result
is in contrast to the findings with 4-, 5-, and 6-membered ring cis-1,2-diacetoxycycloalkanes, which were
hydrolyzed to optically inactive monoacetaes with PLE.132 Higher chemical yields but lower optical purity
were observed during PSL-catalyzed transesterification of the same substrate. 31

Several 2,2-disubstituted 1,3-diones have been subjected to microbial reductions.!33:134 In most cases,
the asymmetrization of cyclopentanediones affords the (25,35)-stereoisomer with high enantioselectivity (eq

13).
R_CHs R, CHq HiC, R
Rt i e gl

(2839) (2R,3S)

An early approach to the asymmetric synthesis of steroid precursors was undertaken by Kosmol et al.
using microorganisms such as Bacillus spp. and Saccharomys spp. (Scheme 43).133

O
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Brooks and co-workers studied the series 2-propyl, 2-allyl, and 2-propynyl-2-methyl-1,3-
cyclopentanedione using baker's yeast. In all cases the microbial ketol products were produced in enantiopure
form (>98%ee). The utility of these readily available chiral intermediates was exemplified by the preparation of
(R)-5-methylbicyclo[3.3.0]oct-1-ene-3,6-dione 14, a key intermediate in the total synthesis of coriolin
(Scheme 44).134

Scheme 43

Scheme 44
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The first attempts to asymmetrize cis-3,5-diacetoxycyclopentene employed microbial hydrolysis;!35
however (15,4R)-4-hydroxy-2-cyclopentenyl acetate (15) was formed with modest optical purity The use of
well-defined enzymes for the same reaction led to either enantiomer in high yield (59-94%) and enantiopurity
(86-99%) depending on the choice of enzyme.!36-138 The best results were obtained with relatively expensive
electric eel acetylcholinesterase (94%y, 96%ee).136 Lipase B from Candida antarctica (Novo SP-435) was
found to be an effective alternative.29 Monoacetate ent-15 was also obtained via enzymatic acetylation of the
corresponding diol in organic media.26,138.139a The use of a catalytic antibody for enantioselective hydrolysis
of cis-3,5-diacetoxycyclopentene was reported by Danishefsky et al.,13% and a related substrate, 4,4-di-
methyl-3,5-diacetoxycyclopentene, was subjected to enzymatic catalysis.!40a The preparation of optically
active 4-hydroxy-2-cyclcpentyl acetate and related molecules has been studied by several research groups.
These compounds have attracted enormous attention due to their versatility; they are important precursors to
functionalized cyclopentenones and have been used in prostaglandin synthesis (Scheme 45).141
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Monoacetate 15 was utilized as starting material in the preparation of enantiopure a-iodoenone 16.
Scheme 46 illustrates its application in a two-step, three-component coupling synthesis of prostaglandins.!42
It was also applied in the synthesis of 1,3-dideoxynojirimycin. The enone was reduced and subjected to
Pd(0)-mediated carbon monoxide coupling; subsequent ozonolysis and reductive amination furnished the
desired piperidine derivative.!43

Scheme 46
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The enzymatic asymmetrization protocol was applied to the synthesis of 4-methyl-2,3-(iso-
propylidenedioxy)-1-cyclopentanol, which proved to be a useful starting material in the synthesis of PGE;,
methyl ester via enone 17 (Scheme 47).144
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l SP-435 90%y 99%ee1§3b 2. DMP o
PPL  87%y 92%ee HO OAc
AcO OAc @/ Cro, O
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l 1. 0sO, — EEL
2. DMP 0_0 80%y 98%ee 442

X

Some recent applications of the same enone 17 or its enantiomer in the synthesis of polyhydroxylated
natural products include the preparation of aristeromycin, neplanocin A, the 4-substituted ribonucleoside
analogue S-(4'-methyladenosyl)-L-homocysteine, and various nojrimycins. 145.146

HOCH, Ad A HOL_~_S—\ o Ad OH OH
HOCH, HOW_A
NH2 HQC\

HO OH HO OH HO OH  HO
S-(4'-methyladenosyl)- L-
Aristeromycin "4 Neplanocin A 145 homocysteine '**' Deoxynojirimycin 4%

The introduction of fluorine substituents is of particular interest in the field of medicinal chemistry. Sato
and co-workers accomplished the addition of molecular fluorine to the meso-diol with high stereoselectivity.
Enzymatic asymmetrization, followed by oxidation and elimination of hydrogen fluoride provided (R)-4-
acetoxy-2-fluoro-2-cyclopenten-1-one, an atiractive building block (Scheme 48).147

Scheme 48

0]
HO OH HO OH . AcO OH F
\Q/ ﬁ lipase AY —
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F F AcO

FF 80%y91%ee 3

meso-Diacetate 18 prepared from cyclopentadiene in three steps was hydrolyzed by porcine pancreatic
lipase148 or acetylcholinesterase!49 and afforded 3-hydroxy-2-[(phenylmethoxy)methyl]-4-cyclopentenyl
acetate (19), which was converted to a fluorinated nucleoside analogue (Scheme 49). A misassignment of the
absolute stereochemistry of 19 was corrected by LeGrand and Roberts; both PPL and acetylcholinesterase
gave rise to the same monoester. 150
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Scheme 49
OBn OBn .
AcO., WOAc _PPL pH?7 _ AcO., OH —= HO : Ad
./ 92%y >95% 140 ‘ — —W
= ' 19 HO M

Theil and co-workers have investigated the lipase-catalyzed transesterification of various meso-
cyclopentenediols with vinyl acetate in tetrahydrofuran/triethylamine as standard conditions. In most cases, the
lipase processed the hydroxyl group at the (S)-site. However, in the case of the syn-cyclopropane diol, all
enzymes preferentially acetylated the hydroxyl group at the (R)-center.138 A similar, sterically encumbered
substrate has been examined by Krief et al.140b

OVOH ACO@,QH ACO@,OH HOVOAC HO@,
(e]

NS
Y

.|
s\‘
:, .,

’1:

Sp. 382138 Mucor sp. 1380 Pancreatin '*®  Pancreatin 3% PLEMOb
82%y >99%ee 60%y 82%ee 75%y 86%ee 94%y >99%ee 92%y >98%ee

The bicyclic diol 20, which served as a masked chemical equivalent of cis-2-cyclopentene-1,3-diol, was
asymmetrized by use of Candida cylindracea lipase!512 or lipase PS (Amano)!51¢. Straightforward protective
group manipulation gave access to either enantiomeric series of a tricyclic enone. A retro-Diels-Alder reaction
was used to fragment the adduct to enantiopure 4-(tert-butyldimethylsilyloxy)-2-cyclopenten-1-one (Scheme
50).

Scheme 50
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2.2.c. Prochiral and meso- cyclohexanediols, cyclohexanones, and related heterocycles

The asymmetrization of meso-cyclohexanols led to a variety of synthetically interesting chiral building
blocks. Unlike vicinal cyclopentanediols,!30 Pseudomonas fluorescens lipase was less efficient for
asymmetrization. Lower selectivity as well as a reversal in product configuration were attributed to PFL-
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catalyzed acyl-migration. This effect was even more profound for the seven-membered ring vic-diol (2%ee).
However, the enantiocomplementary synthesis route was more successful. Among various cis-1,2-
dihydroxycycloalkanes tested, Nicolosi et al. reported that the six membered ring substrate was the most
efficiently asymmetrized during esterification (Lipozyme® IM, Mucor miehei lipase) giving rise to the
monoacetate with high yield and enantiopurity (Scheme 51).13! They also investigated the asymmetrization of
cis-1,2-dihydroxycyclohexa-3,5-diene employing the same enzyme.!52

Scheme 51
HO  OAc PO  OP AcO  OH
5§ P=H v & P=Ac P
Mucor sp. <:> PFL O
ZN0Ac
94%y >98%ee ' 35%y 70%ee '

(R,R)-cyclohexane-trans-1,2-diol was formed as a product of cyclohexene oxide hydrolysis by rabbit
liver microsomal (MEH) and cytosolic (CEH) epoxide hydrolase. However, this protocol suffers from low
conversion rates and decreasing ee values with increasing incubation time (eq 14).25¢

epoxide OH
O: o hydrolase (14)

MEH 94%ee “OH

CEH 22%ee

A series of enzymatic Baeyer-Villiger oxidations of prochiral cyclohexanones was reported by Taschner
et al27 Various substrate patterns were studied with use of cyclohexanone oxygenase, isolated from

Acinetobacter NCIB 9871; and in most cases R-selectivity prevailed to afford the corresponding lactones in
high yields and ee's.

Scheme 52

CH,OH _CH,OH

O 88%y >98%°
O 80%y >98%ee O
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R =CH(CH3), 60%y >98%ee
A o(/ngszz)%Se:a = (CH,),CH380%y >98%ee

4 absolute configuration unknown
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Seebach ez al. have studied the PLE-catalyzed hydrolysis of six-membered ring meso-nitrodiol diacetates
analoguous to aliphatic meso-2-nitro-1,3-propanediols.54

NOZ ';l r;l u :
OAc HO A OAC HO(_A_,OAC HO A OAc Ho\f’j,
6Et
80-90%y 85-95%y 70-80%y 60-70%y 60-70%y
>95%ee >97%ee >95%ee >95%ee >95%ee

An asymmetric synthesis of enantiopure ketoenol acetate 21 by enzymatic hydrolysis of a prochiral
dienol diacetate was reported (eq 15).153

/ -7
AcO OAc CCL AcO O
80%y >98%ee

s,
’,

(15)

21

(8)-3-Hydroxy-2,2-dimethylcyclohexanone is a versatile intermediate and is readily available in high
enantiopurity via reduction of the corresponding 1,3-dione with Kloeckera magna ATCC 20109154 or baker's
yeast.155 This ketol has been utilized in the synthesis of various terpenes, such as both enantiomers of O-
methy] pisiferic acid (Scheme 53).156

Scheme 53

O-methyl pisiferic acid

Several cis-1,3,5-cyclohexanetriol derivatives were the subject of enzymatic asymmetrization studies in
the laboratories of Vandewalle!57 and Sakai.!38 The early misassignment!572 of the absolute configuration of
monoacetate 22 was corrected later.!57 Interestingly, the opposite asymmetric induction was observed during
enzymatic hydrolysis to monoacetate 23 (Scheme 54).

The enzymatic asymmetrization was also used for highly oxygenated ring systems such as myo-inositol
derivatives.139:160 The use of inexpensive myo-inositol in connection with the asymmetrization protocol gives
easy access to various enantiopure inositol phosphates and phospholipids (Scheme 55).
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Scheme 54
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The asymmetrization procedure was also applied to 1-deoxy-scyllo-inositol derivatives; the meso-
substrate, however, was derived from chiral a-D-glucopyranoside (Scheme 56).161

Scheme 56
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Compared with other meso-2-cycloalken-1,4-diols, the enzymatic asymmetrization of the six membered
ring system was the most challenging.29.162.163 With various lipases the hydrolysis took place with low to
moderate selectivity. An improvement in selectivity was only accomplished with decreased chemical yields.
Presumably the -CH=CH- and -CH,CH3- in this case are too similar in size and cannot be fully distinguished
by the enzyme (Scheme 57).
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Scheme 57
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In order to optimize the selectivity, bromine was added to the alkene, thus increasing the size of the
substituents and improving enzyme catalysis. The bromine was subsequently eliminated with zinc dust, and
the olefinic alcohol was oxidized to the enantiopure enone.!64 An interesting application of the intermediary
allyl alcohol in palladium-catalyzed transformations was reported by Bickvall and co-workers.!165 The
selectivity also increased when the alkene was transformed to the acetonide-protected diol, affording the
monoester in 87% yield after hydrolysis (Scheme 58).163

Scheme 58
OAc OAc OCOPr OH
1) Br, 2) CRL o\ P PGL,
3) Zn 4) CrO, - o
o OAc OCOPr OCOPr
>98% '8 87%y >95% 'S

meso-3,5-Cyclohexadiene-1,2-diol, available via oxidation of benzene by mutants of P. putida,166 was
transformed into a functionalized cyclohexene derivative 24. The diol is a substrate for enzymatic
acetylation, 1682 and its diester is suitable for lipase-catalyzed hydrolysis (Scheme 59).163.1672 Enantiopure
allylic alcohols were converted into a wide spectrum of natural products, e.g., (+)-fortamine
dihydrochloride,168a.c carbasugars,168b.¢ conduritols,163.168b conduramines,!682 (+)- and (-)-methyl
shikimate. 168¢

Scheme 59
OCOPr O
P com >< ><
Amano P 30
E 8 )\ 5
94%y >95%ee 24 OAc 90%y >95%ee168b
OH CO,Me
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MeO™ Y~ “NH, HO HO "0
OH OH

(+)-Fortamines2HCI'67®  5a-Carba-o-D-mannose'87 (-)-Conduritol'®® (4)-Methyl shnknmate"*’"

Efficient asymmetrization of the meso-diol 25 derived from the 1,4-benzoquinone-cyclopentadiene
adduct was developed by Takano et al. Enzymatic acetylation afforded an enantionpure mono-acetate, and its
regio- and diastereoselective functionalization gave rise to valuable intermediates for the synthesis of
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eutypoxide B and conduritol C. The cyclopentadiene moiety was removed via a thermolytic retro-Diels-Alder
cleavage. Other useful intermediates, such as 5-tributylstannyl- and 5-trimethylsilyl-2-cyclohexenones, were
obtained. (Scheme 60). Analogous chemistry was applied to related tricyclohexanoids prepared from 1,3-
cyclohexadiene and benzoquinone. 169

Scheme 60
0 0 OH QAc
lipase PS m
. A OAc y
o o 25 OH 79%y >99%ee OH
OH
SlMea ; SnBu3 f OH
0 0 OH
(-)-Conduritol C Eutypoxide B

2.2.d. meso-Cycloheptanediols and derivatives

cis-1,2-Diacetoxycycloheptane is not a suitable substrate for PFL-catalyzed hydrolysis. In contrast to the
fndings of the corresponding meso-cyclopentane derivative (>99%ee) the product was isolated with opposite
configuration with only 2%ee, 67% of the substrate being recovered.!30 PSL-catalyzed transesterification of
the meso-diol was much more successful (eq 16)!3!

PSL

A OAc
HO OH 85%y 80%ee HO OAc

(16)

Regio- and diastereoselective transformations of 1,3-cycloheptadiene and cycloheptatriene led to a variety
of meso-diols and diacetates.170-174  All of them were successfuly asymmetrized either in the hydrolysis or
synthesis routes, or both. In almost all cases, the meso-diol system was synthesized from related dienes either
via singlet oxygen cycloaddition or Béckvall's palladium-catalyzed diacetoxylation. Selected examples are
illustrated below.

CAL-B SP-435 LPL-80 i1t
92%y >99%ee?® 81%y >99%ee?® 89%y >98%ee gz%y 80%ee‘7"
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Scheme 61 illustrates transformations of a cycloheptatriene derived monoacetate into detoxinine,!723 L-
glucose,!72b and 3-deoxy-D-arabino-heptulosonic acid.!72¢

Scheme 61
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o [Sn
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Other optically pure seven-membered ring intemediates obtained from enzymatic reactions have been
transformed into a variety of synthetically useful building blocks and polyhydroxylated natural compounds.
Some examples are shown below, including the Prelog-Djerassi lactone,!702-¢ a compactin analogue,!712 and
the tropane alkaloid calystegine A3.171f
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o) ~OH HO HO NH
5 Ho\ﬂk(
(+)-Prelog-Djerassi Ph  Compactin Calystegine A 3
lactone analogue

The three variously structured seven membered ring substrates shown below have been subjected to
microsomal epoxide hydrolases, which open the epoxide ring to form trans-1,2-diols.25

Po 6 Lo

2.2.e. 1,4-Cyclooctanediol

In the only reported enzymatic asymmetrization of an eight-membered ring system meso-diol 26 was
treated with lipase from Pseudomonas cepacia (Amano P-30) in isopropenyl acetate at 50°C for four days and
gave the monoacetate in 90% yield and 98% ee. The relative and absolute configurations were confirmed by
chemical correlation to the known 3-deoxy-D-ribo-hexitol pentaacetate (Scheme 62).175

Scheme 62
( O>( O>(O AcO
O
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2.3. meso-Cycloalkanediesters and cycloalkanedimethanols
2.3.a. Cyclopropanedicarboxylates and cyclopropanedimethanols

Enzymatic asymmetrization gives a fast and realiable entry to optically active cyclopropanes and
complements chemical resolutions and enantioselective syntheses.!76 PLE-catalyzed hydrolyses of substituted
cyclopropanedicarboxylates have been studied by the Jones,3* Tamm,8%.177 and Schneider!78 research
groups. Jones and also Schneider reported the highly enantioselective hydrolysis of cis-cyclo-
propanedicarboxylates, but they assigned opposite absolute configurations to the product. This issue was
addressed in subsequent studies.34b.!77
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Various cyclopropanedimethanols and related diesters have been subjected to enzymatic asymmetrization;

Scheme 63 summarizes the results, |78-182
Scheme 63
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The recent total synthesis of enantiopure seaweed pheromones dictyopterenes A and C' exemplifies the
versatility of such cyclopropyl buiiding blocks (Scheme 64).182
Scheme 64
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2.3.b. Cyclobutanedicarboxylates and cyclobutanedimethanols

Various optically active cyclobutane systems have been derived via enzymatic processing of meso-
dicarboxylates or meso-dimethanols. Typical products are listed below.

COgMe OgMe
{ EQO
CO,H CO,H
PLE 92%y 86%ee PLE 98%y 86%ee ' HLADH .
PLE 96%y 86%ee '® PLE 87%y >97%ee > 90%y 100%ee
OAc OAc HO OTBDPS
OH OH
OAc
Amano P PPL  78%y 96%ee lipase MY
75%y 97%ee & SAM Il 87%y >95%ee 96%y 95%ee '®

An application of one of those compounds in the synthesis of the potent antiviral agent cyclobut-A (Scheme 65)
was reported by Jung and Sledeski.!84

Scheme 65
CO,Me CO,Me L0 Me HO Ad
immob. ) —
~hiE Ly, —
CO2Me 92%y 86%ee CO,H COxH

HO Cyclobut-A

2.3.c. 1,2- and 1,3-Cyclopentanedicarboxylates, 1,3-cyclopentanedimethanols, and
related heterocycles

Products of enzymatic asymmetrization of branched meso-cyclopentane systems are depicted below,
along with heterocyclic analogues.47,186-197

(CHR)eCH=CH,  HO OAc HO OAc
e o
Aco/v\OH v v
RDL CCL PLE
69%y >99%ee 68%y 97%ee '*° 65%y 51%ee 19
Ox-O
HO/\Q/\ Ac Hozcﬁ,cozm HochCOZMe W
O_: - : & i "b
> o S
PFL PLE PLE HLADH

69%y >99%ee '58° 43-81%y >95%ee 'S 86%y 72%ee '°*  25%y 100%ee '%7
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Norin, Hult, and co-workers investigated an enantioselective route to (R)-proline derivatives via
enzymatic hydrolysis of cis-N-benzyl-2,5-bis(methoxycarbonyl)pyrrolidine. Initial attempts afforded the half
ester with only 17%ee; addition of 25% DMSO as cosolvent dramatically increased enantioselectivity to 100%
(eq 17).187

Bn : Bn

MeOzCﬁ/COQMe PLE HO,C ﬂrcone (17)

Enzymatic hydrolysis of meso-1,2-cyclopentanedicarboxylates and derivatives thereof proved to be the
most troublesome. This problem received much attention from the Jones, 3486 Tamm,!9! and Gais!92 research
groups and to some extent was succesfully solved.

o OH
MeO.C CO,H MeO,C CO,H MeO.C CO,H r 1
HOzC COsMe
PLE PLE PLE vo26 HLADH
92%y 17%ee > 30%y 72%ee '%°  76%y 80%ee 94%y 37%ee 1920 219y 100%ee ®

Various meso-1,3-dibenzylimidazolidin-2-one derivatives have been subjected to PLE-catalysis.

Enantioselectivity of the cis-acetates was higher than for the corresponding cis-diesters; the value was

improved by a switch from a methyl (71%y, 38%ee) to a propyl (85%y, 75%ee) ester. Both systems can be
transformed into a bicyclic lactone, which is a known precursor to (+)-biotin (Scheme 66).47

Scheme 66
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Enantiopure compounds, prepared from a meso-1,3-bis(acetoxymethyl)cyclopentane derivative, were
used in the total syntheses of carbocyclic nucleosides, carbacyclins, prostaglandins, and polyether antibiotics.
Scheme 67 presents a recent preparation of Ohno's lactone intermediate for (-)-aristeromycin and (-)-
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neplanocin A.188 This approach to the lactone, together with the classic Ohno method,20% nicely illustrates
the diversity of possible routes in an enzymatic asymmetrization protocol.

Scheme 67
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2.3.d. Cyclohexanedicarboxylates, cyclohexanedimethanols, and related heterocycles

Selected cyclohexane building blocks and related heterocyclic systems obtained via enzymatic
asymmetrizations are illustrated below, 198-208
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OH OAc OH OAc
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Considerable attention has been given to the asymmetric hydrolysis and transesterification of various
prochiral 4-aryl-1,4-dihydro-2,6-dimethyl-3,5-pyridine dicarboxylates.207 These materials belong to an
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important class of calcium antagonists and have been widely used for the treatment of cardiovascular diseases.
Selected proteases (Protease P, Seaprose S) and lipases (AH, PS) provided the corresponding monoesters with
high enantioselectivity. Protease-catalyzed hydrolysis afforded (4R)-3-[2-(nicotinoylamino)-ethoxycarbonyl]-
2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-5-carboxylic acid, which was converted to the desired
product (see box in Scheme 68) by esterification with 3-nitrooxypropyl bromide. The same product was
obtained through enzymatic transesterification with 3-nitrooxypropanol (77%y, >99%ee).2072 Proteases also
hydrolyzed activated esters such as the corresponding bis(cyanoethyl) and bis[2-(methylsulfonyl)ethyl]-
dicarboxylates that were not processed by PLE or lipase AK.207b

Scheme 68
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Initial studies revealed that lipases and esterases were not effective in hydrolyzing simple ester derivatives
(R = Me, Et, Ph) due to steric hindrance or inactivity.207¢ This problem was solved by introducing
acyloxymethyl moieties as activating groups.297d  Numerous 1,4-dihydropyridinedicarboxylates were
investigated by Achiwa et al. Lipase AH and lipase PS displayed opposite enantioselectivity; the latter enzyme
showed best results when the ester group was changed from rert.-butyl to methyl or ethyl. The same
laboratory reported a drastic solvent effect on enantioselectivity when lipase AH was employed. Opposite
enantiomers were isolated by simple change of solvent from diisopropyl ether to cyclohexane (Scheme 69).207¢

Scheme 69
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Homologues of cyclohexenedicarboxylates were asymmetrized by use of PLE, PPL, or a-chymotrypsin.
The monoesters can be isolated in good chemical yields and enantiopurities and serve as interesting building
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blocks. Hamilton et al. reported the synthesis of a potent and selective NMDA antagonist starting with
(1R,25)-methyl hydrogen cis-cyclohex-4-ene-1,2-diacetate.205

PO3H;
COoMe CO.H NH,
CO2H CO.Me

PLE 84%y 68%ee '%2° PPL 97%y 97%ee '° CO-H
PLE 91%y 76%ee '®  a-CT 90%y 86%ee '**  NMDA antagonist

Many enzymatic syntheses have been published to date,!98-208 but it was Ohno and co-workers, who
first established the full potential and usefulness of the asymmetrization concept in many synthetic
applications.!98 Monoester 27 was transformed into numerous target molecules such as carbapenem
antibiotics and fortamine, as well as into the A-ring building block for vitamin D3 metabolites. Extensive
studies towards the synthesis of cyclopentanoid natural products have been performed by Gais and co-
workers.Z01 The preparation of a bicyclic lactone allowed facile access to brefeldin A (Scheme 70).

Scheme 70
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Access to cyclohex-4-ene-1,2-dimethanol monoacetate can be achieved by either enzyme-mediated
hydrolysis of the meso-diacetate or acetylation of the corresponding 1,2-dimethanol.203 Enantiopure
monoacetate 28 was used as a key intermediate in the synthesis of several indole alkaloids, namely (-)-
antirhine2062 and (-)-alloyohimbane.202b Danieli and co-workers employed the same substrate in the first
enantioselective total synthesis of (-)-akagerine. However, the enzyme-mediated key step was modified from
the initial protocol2022 in order to find a reproducible methodology on a multigram scale. The best results were
obtained with porcine pancreatic lipase in anhydrous ethyl acetate.206b The enantiomer 29 was also used by
the same laboratory in the preparation of (+)-meroquinene,206¢ a key intermediate in the synthesis of Cinchona
alkaloids (Scheme 71).

The PLE-catalyzed asymmetrization of dimethyl 4,5-epoxy-1,2-cis-cyclohexanedicarboxylate was
reported by Tamm et al. and gave rise to an interesting lactone.!9%2 The proposed mechanism is depicted in
Scheme 72, the first step being the hydrolysis of the equatorial ester to afford the monocarboxylic acid 30. An
intramolecular epoxide ring opening provided hydroxy-8-lactone 31 and was followed by PLE-mediated
hydrolysis of the second ester group.



Enzymatic asymmetrization 3809

Scheme 71

_P=Ac CC P=Ac PLE H,0/t-BuOH
78%y 96%ee 2022
ppL 1780203 P=H PPL EtOAc (anhydr.)
88%y >99%ee 2050

95%y >99%ee 208¢

I-z

202b

(-)-Alloyohimbane (-)-Antirhine 2062 (-)-Akagerine 2% (+)-Meroquinene 2%

Scheme 72
o O
CO,Me COzH PLE
o [ me (:[ e
CO,Me COo,Me HO™ CO,Me  HoO™ CO,H

2.4. Polycyclic meso-substratesi74.209-221

A tandem [4+2] cycloaddition-enzymatic asymmetrization, providing an enantioselective Diels-Alder
reaction equivalent, has been studied in many variations. In almost all cases the catalysis products were

obtained with good chemical yields and enantiopurities. Pig liver esterase was employed to hydrolyze various
meso-dicarboxylates.209:214

LE}EO Me 2Me o H % COZH % 2
COzMé COgMe COgMe
86%y 75%ee *'*  82%y 98%ee 2'*  87%y 64%ee 2™ 96%y 77%ee 2% 100%y 77%ee 20%

Ohno et al. subjected various monoesters to decarboxylative ozonolysis to unveil the ribose skeletons.
The mechanism is illustrated in Scheme 73.209
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Scheme 73
?OzMe
/’/ 0=C . COMe
OMe
Y COzMe Y COzH
COzMe .

X=00rCH2

The same laboratory applied this methodology to the synthesis of several nucleosides as shown in
Scheme 74.209 In connection with this study, a new regio- and stereoselective asymmetric rearrangement of
meso-dicarboxylate 32 was discovered during enzymatic hydrolysis The monoester 33, generated in situ in
this reaction, undergoes an extremely facile Meinwald-type rearrangement to afford the bicyclo product in

quantitative yield but only 47% ee (Scheme 75).209d-f

Scheme 74
H2N \Zb-coan JB%*COgH
\ ._ COMe CO.Me
HO e
/ OH
X Showdomycin 209
MeO 0 OH
e YV b’ vl
Hd OH 6 o R 6.0
(-)-Neplanocin A 2°% (-)-Aristeromycin 2% ()-Cordycepin 2*  B-L-Ribofuranoside 2%
Scheme 75
QOHC H
Q PLE HOY -H
CoMe ==+ |] CO,Na* |— COpNa*| —
32 COM pH 8.0 2 2 Na CO,Me
2vie 33 COzMe COzMe COzH

HLADH-catalyzed oxidations (Scheme 76) of meso-bicyclic diols have also been used as
asymmetrization procedures.210.211
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Scheme 76
o o) HLADH 92%y 98%ee 2!’
Enzyme HLADH 83%y 98%ee 2'%
OH ————™ 0 Nocardia globesxla ATCC 21505
OH 70%y 96%ee
o) Rhodococcus SP ATCC 15592

46%y 98%ee 2

o o o e i o

HLADH 64-87%y >97%ge 2

Related compounds are also accessible by lipase processing of meso-diols, diacetates, or diesters.212-214

M

OAc
PPL - PPL ccL OH
92%y 99%ee 93%y 79%ee 2'° 72%y 87%ee 2'*
L&\ OAc a
OH OH
PPL 213 CCL o3 GCL72%y 95%ee
44%y 21%ee 62%y 52%ee PPL 33%y 18%ee °

The meso-azabicyclo[3.2.1]diacetate shown in Scheme 77 has been subjected to enzymatic hydrolysis.
It was found that esterases and lipases exert opposite enantioselectivities and allow for the isolation of either
enantiomer with excellent yields and very good ee values.!74a.b

Scheme 77

OMe

OMe

AcO,, LOAc OAc

APL

100%y >99%ee 100%y >97%ee
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Kim et al. reported a new [4+3] cycloaddition approach to cis-2,8-disubstituted oxocanes. The key
intermediate in the synthesis of (+)-cis-lauthisan was prepared by treatment of the meso-diol with crude Amano
PS-30 lipase in isopropenyl acetate (Scheme 78).215

Scheme 78

H 0
~ (¥ =0
NN
O'H O

Amano PS-30 PO
76%y 85%ee (+)-cis-lauthisan

",

Fukumoto and co-workers reported the total synthesis of atisine, the predominant alkaloid of Aconitum
heterophyllum. The key intermediate 34 was obtained via enzymatic asymmetrization of meso-diol 35 (P =
H) or the corresponding diacetate (P = Ac). Both enantiomeric monoacetates were transformed into the natural
enantiomer of atisine (Scheme 79).216

Scheme 79

H Atisine

P/
™ “OH
P = Ac, CCL 100%ee
/ 83%ee P = Ac, PLE or PPL
64-80%ee

OAc

Horse liver alcohol dehydrogenase-catalyzed asymmetrizations of meso-decalindiones were studied by
the Jones2!7 and the Nakazaki?!8 research groups. Baker's yeast catalyzed reductions of prochiral bicyclic
diketones, e.g., bicyclo[2.2.1]heptane-2,5-dione, bicyclo[2.2.2]octane-2,6-dione, and bicyclo[3.3.0]octane-
2,8-dione, were also reported.21® Regio- and stereoselective reactions afforded the enantiopure keto-alcohols

shown:
mw H OH OWOH o) H OH
0] 0% : : CC
H H
34%y >98%ee 27 64%y >98%ee 2'7 18%y >98%ee 2'7 79%y >98%ee 2'7
H H
H -y CH,
H
89%y >98%ee 27 OH

42%y >99%ee 2'® 6%y >98%ee 2!’ 40%y >98%ee > 45%y 99%ee *'%
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The lipase-catalyzed asymmetrization of a meso-decahydronaphthalenediol has served as an alternative
route in the preparation of hydroxy-ketone 36, a pivotal intermediate in the synthesis of (-)-polygodial, (-)-
warburganal, and (-)-drimenin (Scheme 80).220

Scheme 80
H
HO., ~OH AcO., B ~OH
lipase AK (I)
B /\ A
: OAc :
CO,Et CO,Et
96%y >99%ee

Taschner and Peddada reported the enzymatic Baeyer-Villager oxidation of a series of
bicyclo[2.2.1]hept-2-en-7-ones utilizing cyclohexanone oxygenase, an enzyme isolated from the bacterium
Actinebacter NCIB 9871. Most lactone products were obtained in high enantiopurity as determined by
conversion of the lactones into the corresponding Mosher esters.27¢

o N X=0 74%y >98%ee
X=(CH,) 80%y 97%ee

7 R=H 62%y 80%ee 7 X=(CH,), 78%y >98%ee
R R=Me 70%y >98%ee X=(CH,) 57%y >98%ee

R R=Et 83%y 93%ee X X=(CHp); 55%y 87%ee

Horse liver alcohol dehydrogenase was used in the enantioselective reduction of a caged-shaped meso-
diketone. The keto-alcohol was efficiently transformed into optically active (+)-D3-trishomocuban-4-ol
(Scheme 81).221

Scheme 81

«H
HLADH _ l 1)Reduct|on HO.., \
O “NADT 2) Rearr. H
pH7

74%y 7._%ee D,-trishomocuban-4-ol

I
o)
I

2.5.a. Organometallic meso-substrates

Enzymatic asymmetrization of organometallic meso-compounds has been recognized as a convenient
method for the synthesis of enantiopure transition metal complexes. Yamazaki and Hosono reported the
HLADH- catalyzed asymmetrization of 1,2-bis(hydroxymethyl)- and 1,2-diformylferrocene. The absolute
configuration and enantiopurity were established by chemical correlation to the known aldehyde, 1-formyl-2-
methylferrocene. The reported biocatalysis constitutes the first example for the enzymatic generation of planar
chirality in organometallic compounds (Scheme 82).222
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Scheme 82
HOCH, CH,OH HOCH, CHO M OHC CH,OH OHC CHO
J HLADH ] HLADH
Fe NAD" F,e Fe NADH IJe

> =

81%y 86%ee P 80%y 94%ee

>

The asymmetrization of meso-diol 37 was also achieved with Pseudomonas cepacea lipase, which
showed best results in an immobilized form. The antipode of the monoacetate was obtained with
Chromobacterium viscosum (Scheme 83).2232 Subsequently, Nicolosi and co-workers reported on the
enzymatic acetylation of a meso, di-mixture of 1,1'-bis(c-hydroxyethyl)ferrocene.223b

Scheme 83
AcOCH» CH,OH HOCH CH,OH HOCH CH>0Ac

37 PCL 27%y 94%ee
CVL (immob.) 57%y 100%ee PCL (immob.) 80%y 100%ee

The methodology of enzymatic asymmetrization of transition metal complexes was recently broadened by
transformations of diene-Fe(CO)3 complexes (Scheme 84).224.225

Scheme 84
A
HOCHamCHZOHM HOCHz—//r\\—CHgoAc
Fe(CO)3 Fe(CO)s
74%y 91%ee 252 ret.225
orc—7 | \_cho —Eke%» HocH, -/ I \_cho OHC——//_l—\\—CHQOH
Fe(CO), yeas Fe(CO), Fe(CO),

90%ee®**
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N

2.5.b. Miscellaneous

Aryl and alkyl dithioacetals of mercaptopropionic acid derivatives are known to be potent receptor
antagonists of leukotriene D4. Various prochiral substrates have been studied by researchers at Merck

Laboratories (Scheme 85).226

Scheme 85
g ~COR Enzvme ; §/\/002R
Ar A g~ -COzR g;zhé% o, A g~ -COH
RN 90%y >98%ee
cl L~ NT NP =

Despite the remoteness of the prochiral, center enzymatic hydrolyses of the diesters proceeded with high
enantioselectivity in the presence of purified Pseudomonas lipase from Sigma, giving the (§) enantiomer in
each case. Both enantiomers of the LTD4 antagonist MK-0571 were prepared from the same monoester.

3. CLOSING REMARKS

Nature's catalysts — the enzymes -— should be considered by synthetic chemists in the same context as
man-made catalysts; their use in a synthetic sequence may provide unique advantages of efficiency,
stereoselectivity, and enviromental friendliness. Although enzymes are designed by nature to carry out a
specific molecular transformation on a specific substrate, when encouraged to do so they can be remarkably
promiscuous in regard to substrates and, yet, remain exquisitely chemo-, regio-, and enantioselective.

Biotransformations of interest in organic synthesis can be brought about under a variety of conditions.
The most appealing to synthetic chemists are those than can be carried out with readily available, isolated
enzymes requiring no added cofactors. Foremost among these are the various esterases which catalyze the
hydrolysis or formation of esters. Among this group, the microbially-produced lipases are especially attractive
in that they are readily available and can be easily enticed to work in the hydrolytic direction in the presence of
water or in the synthetic direction in organic solvents. The latter can often offer the great advantage of wide-
rangeing substrate solubility.

Those enzyme systems that require cofactors, especially the oxidoreductases can be handled by coupling
enzymatic or non-enzymatic cofactor recycling. The organic chemist may prefer to use naturally coupled
enzyme systems and tackle such transformations using whole cell techniques. Other than the simplest baker's
yeast reductions, the novice may wish to seek counsel of a microbiologist in such instances.

Although enzymes can and are often called upon for their chemo- and regioselectivity, their most frequent
use is in resolutions and asymmetric syntheses. This review has focused on the asymmetrization of prochiral
molecules bearing enantiotopic groups and meso~compounds. Enzymes reach their maximum advantage with
such substrates which can be processed entirely to a single enantiomer. (Another class of substrates that share
this advantage — those with enantiotopic faces, e.g., unsymmetrical ketones — is beyond the scope of the
present review).

A number of the examples of useful, enantiopure intermediates derived from meso-substrates and
included in this review have come from our laboratory. Given the past research activities of our laboratory, the
success of this chemistry in itself should provide adequate encouragement to those chemists who have been
reluctant to cross the unnatural barrier between organic synthesis and the biological sciences.
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