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Introduction
Recognition that chirality plays a crucial role in nature
has fostered much effort in enantioselective synthesis.
Although the concept of enzyme applications1-4 to asym-
metric synthesis has been long recognized, it is only
recently that these catalysts are attracting the attention
of the nonspecialist. The ability to discriminate between
enantiomers of a racemic substrate is of well-recognized
preparative value.5 An enzymatic resolution gives access
to both enantiomers, which is desirable if both are
required. 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 desymmetri-
zation of meso compounds has gained popularity in
recent years and constitutes a highly effective approach
for the synthesis of enantiomerically pure compounds.6

I will present here an overview of work from our
laboratory involving the use of enzymes and fermentations
in desymmetrizations and in resolutions for the produc-
tion of enantiopure intermediates and the use of the latter
in the synthesis of a variety of bioactive target molecules.

The molecular machinery of lipases is much like that
of the serine proteases and consists of a catalytic triad of
amino acidssserine, histidine, and aspartic (or glutamic)
acid. This machinery first transfers the acyl group of an
ester (or other acyl derivative) to the hydroxyl group of
the serine residue to form the acylated enzyme. The acyl
group is subsequently transferred to an external nucleo-

phile with return of the enzyme to its pre-acylated state
to start the process over again. A variety of nucleophiles
can participate in this process: water results in hydrolysis,
an alcohol results in esterification or transesterification,
an amine results in amidation, hydrogen peroxide results
in the formation of a peracid (which can epoxidize an
available olefin). The shape nature of the protein creates
hydrophilic or lipophilic pockets7 within the enzyme active
site which result in enantio-, diastereo-, or chemoselec-
tivity. This selectivity can be manifested during formation
of the acyl-enzyme intermediate or in the subsequent
nucleophilic attack or both (Figure 1).

In general, cells produce lipases to hydrolyze extra-
cellular fats. Because the natural substrates are water
insoluble, lipases are especially structured to act at a
water/organic interface. For this reason lipases appear
to be optimum among the enzymes to operate in organic
solvents;8 in this case the interface is between the in-
soluble enzyme with its essential water of hydration and
the organic solvent containing an acylating agent, e.g.,
isopropenyl acetate, and a substrate to be acylated (Figure
2). As a consequence of shape selective binding, enzy-
matic ester hydrolysis can be enantiocomplementary to
the corresponding enzymatic ester formation, e.g., hy-
drolysis of an (RS)-acetate may result in the formation of
the (R)-acetate and (S)-alcohol whereas exposure of the
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FIGURE 1. Mechanism of action of esterases and capture of the
acyl/enzyme complex with various nucleophiles.

FIGURE 2. Lipases at interfaces. (a) Hydrolysis of an insoluble ester.
(b) Transesterification involving an insoluble biocatalyst and the
organic soluble acylating agent and substrate.
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corresponding (RS)-alcohol to the same enzyme under
acetylating conditions may result in the (S)-acetate and
the (R)-alcohol.9 Note that in each case the enzyme
possesses the same enantiogroup selectivity, in the above
examples preferentially hydrolyzing the (S)-acetate and
acetylating the (S)-alcohol.

In contrast to hydrolase enzymes such as the lipases,
oxidoreductase systems are generally much more complex
and require recycling of cofactors. For this reason it is
often more expedient, or even necessary, to carry out
transformations involving these systems with growing
cells, i.e., by fermentation.10 For example, the arene
dioxygenase system chemistry discussed in this Account
requires NADH and consists of a flavoprotein reductase,
a ferredoxin, and a tetrameric iron-sulfur protein.

Enzymatic Desymmetrizations
Our laboratory is engaged in a program of synthesis of
bioactive molecules by routes involving the following
features: Readily available cyclic starting materials are
subjected to stereospecific oxidation reactions which serve
to set relative ring stereochemistry and produce com-
pounds of the stereochemical class meso. These meso
compounds are desymmetrized by use of enzymes to set
absolute stereochemistry about the ring. Further ma-
nipulation then provides useful new enantiopure inter-
mediates which are carried on to target molecules. In
many instances, regioselective ring cleavage reactions are
used to unveil acyclic compounds with fixed absolute
stereochemistry. Our approaches to such enantiopure
intermediates have utilized the following as starting
materials:

Chemistry Based on Cyclopentadiene. In the five-
membered ring series our chemistry has begun with the
addition of singlet oxygen to cyclopentadiene. This cyclo-
addition reaction, which is recurrent in our program, has
the advantage of cleanly setting oxygen functionality cis
at the termini of cyclic dienes. A variety of enzymes have
been found useful in the production of enantiopure
cyclopentenol (+)-2 from 1 (Scheme 1).11 The enantio-
meric (-)-2 has been prepared from the diol 4 by

enzymatic acetylation in organic media with isopropenyl
acetate in the presence of the biocatalyst SP-435 (im-
mobilized, recombinant Candida antarctica lipase B from
Novo Nordisk) (Scheme 2).12

The key chiral intermediate, enone 6, can be prepared
in either enantiomeric series from 3. Direct oxidation of
3 leads to (+)-6 whereas protective group manipulations
and oxidation at the former acetoxy-bearing carbon of 3
leads to the enantiomer (-)-6.13-15 This ability to enter
into either enantiomeric series in a straightforward fashion
regardless of the enantiomeric outcome of the enzymatic
desymmetrization is a consistent advantage of working
with cyclic meso diol derivatives as substrates. Enone 8
has been prepared using related chemistry with an
equilibration of cis-protected diol compound 7 to the
trans isomer at the last stage.16

Figure 3 illustrates examples of target molecules that
we have prepared from the various cyclopentenones. As
noted earlier, ring cleavage reactions are used to unveil
stereochemically secure acyclic materials; it is frequently
the case that subsequently these ring-opened materials
are transformed to heterocyclic targets as exemplified in
Scheme 3.

Chemistry Based on Benzene. cis-Dihydroxylation
appears to be the first step in the degradation of aromatic
compounds by lower organisms; degradation is continued
by subsequent action of a dehydrogenase. About 1970
Gibson23 discovered that the mutant Pseudomonas putida
39/D, a source of the enzyme “toluene dioxygenase”,
lacked the dehydrogenase and allowed for the accumula-
tion of the diols from arenes. It appeared to us that meso-
3,5-cyclohexadiene-1,2-diol (10), available by oxidation of
benzene by P. putida 39/D (or by strains of Escherichia
coli (E. coli JM109 (pDTG601)) containing the genetic code
for toluene dioxygenase)24 would be an ideal starting
material for the development of enantioselective syntheses
of various cyclitols and related materials which are cur-
rently of interest as glycosidase inhibitors. The diol 10
was protected as its acetonide 11 and the latter converted
to the meso-2,3-diprotected conduritol A (12) by addition
of singlet oxygen and thiourea reduction. The meso diol
12 was treated with crude lipase from Pseudomonas
cepacia (Amano PS-30 lipase) (ca. 1:1 substrate to crude
lipase) in isopropenyl acetate at 55 °C for 2 days to yield
monoacetate 13 (90% yield, >98% ee). Variants on
Mitsunobu chemistry were very successful for the inver-

Scheme 1 Scheme 2
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sion of oxygenated centers and the introduction of amino
substituents (Scheme 4).25

The biooxidation of numerous mono-substituted ben-
zenes by P. putida 39/D or E. coli JM109 leads directly to
the enantiopure diols which are versatile intermediates
for exploitation in target molecule synthesis.24,26 Bio-
oxidation of bromobenzene leads to diol 14 (Scheme 5);
protection of the diol and addition of an acylnitroso
dienophile followed by reduction steps led to 16. The
latter served as a key intermediate in the preparation of
(+)-1-deoxy-galacto-nojirimycin (17) and the related in-
dolizidine 18 (Scheme 5).27 In these and subsequent
examples, the carbocyclic ring is converted to a nitrogen

heterocycle by ozonolysis followed by internal reductive
amination.28

An efficient method for the production of variously
linked “aza-C-disaccharides” has been developed utilizing
the enantiopure diol 14 as a source of the protected
aminotriol 19. Details for the production of the model
system D-azaMan-â-(1,6)-D-Man(OMe) are illustrated in
Scheme 6.29,30 Reduction of the intermediate imine gives
rise to ss-linked aza-C-glycosides,31,32 whereas various
R-linked saccharide mimics are available by variants of
the route illustrated in Scheme 7.33 This technology has
been extended to provide a variety of saccharide mimics
wherein internal units are replaced with simplified scaf-
folds (Scheme 8).33,34

Chemistry Based on Cycloheptatriene. Cyclohepta-
triene has been transformed to tropone by a number of
processes. We favor a variant based on the procedure of
Reingold wherein tropylium ion is treated with carbonate
to initiate a disproportionation which provides tropone
and cycloheptatriene. Tropone undergoes a reduction to
3,5-cycloheptadienol (20) with sodium borohydride in
methanol (Scheme 9). The meso diol 21 and its dia-
stereomer 23 were prepared utilizing singlet oxygen
chemistry and Bäckvall Pd(II) chemistry, respectively.
These diols were cleanly desymmetrized using P. cepacia
lipase in isopropenyl acetate to provide optically pure 22
and 24, respectively (Scheme 10).35

The preparation of 22 nicely illustrates that utilization
of enzymes in organic media often provides significant

FIGURE 3. Targets prepared from cyclopentenones.

Scheme 3

Scheme 4

Scheme 5
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advantages in a synthetic sequence. In the aqueous-based
sequence the diacetate 25 was formed from compound
21, the tert-butyldimethylsilyl protecting group was re-
moved to increase water solubility, and the meso diacetate
25 was desymmetrized using acetylcholine esterase in
aqueous phosphate buffer to provide diol (+)-26. The
manipulation of (+)-26 to the important compactin
analogue intermediate 27 required the differentiation of
the allylic and non-allylic free hydroxyl groups as well as
the reinstallation of the silyl protecting group (Scheme
11).36 By switching to enzyme chemistry in organic media
three steps (the conversion to the diacetate and the
removal and replacement of the tert-butyldimethylsilyl)
were eliminated in the overall conversion of 21 to 27.

Building blocks for skipped polyols have been prepared
from 24 and its TIPS analog utilizing tin-directed frag-

mentations (Scheme 12).37 We have found these cyclo-
heptatriene-derived enantiopure intermediates to be use-
ful in the synthesis of a variety of carbohydrate derivatives.
All eight enantiopure methyl glycosides of the 2,4-

Scheme 6

Scheme 7

Scheme 8

Scheme 9

Scheme 10

Scheme 11

Synthesis of Enantiopure Bioactive Molecules Johnson

336 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 31, NO. 6, 1998



dideoxyhexoses have been prepared from 22 and 24, four
of which are illustrated in Scheme 13.38

Stereoselective oxidation of 21 to 28 allowed us to
complete the transformation of cycloheptatriene to L-
glucose (Scheme 14).39 Compound 22 has also served as
a precursor for the synthesis of the 3-deoxy-D-arabino-
heptulosonic acid derivative 29.40 The related triisopro-
pylsilyl derivative has been transformed to the zaragozic
acid core structure 30 utilizing tandem Rubottom reac-
tions and BnOCH2SnBu3 to introduce the additional
oxygenated centers prior to ring cleavage by ozonolysis
(Scheme 15).41

Scheme 16 illustrate the enantiocomplementary out-
come of enzymatic reactions in aqueous and organic
media. In chemistry related to that shown in Scheme 16,

intermediate 31 has been processed to both enantiomers
of the tropane alkaloid calystegine A3 (32).42

Chemistry Based on Cyclooctadiene. The enantiopure
tetraol derivative 34 has been prepared from 1,5-cyclo-
octadiene. The key step in the sequence was the enzy-
matic desymmetrization of meso diol 33 using P. cepacia
lipase and isopropenyl acetate (Scheme 17).43

Resolutions
Our program has emphasized enzymatic desymmetriza-
tions but has not ignored enzymatic resolutions. The
latter can be applied in cases where the former is not
suitable or is less direct. Select examples of enzymatic
resolutions carried out in our laboratory in pursuit of
bioactive molecules are outlined below.

Simple cycloalkenols (or esters thereof) do not respond
well to enzymatic resolutions; this is perhaps a reflection
of the small steric difference in the CH2 and CH groups
flanking the carbinol center. We have recently developed
a method for the R-iodination of cycloalkenones to
provide 2-iodo-2-cycloalken-1-ones.44 Reductions of the
latter with NaBH4/CeCl3 gave 2-iodo-2-cycloalken-1-ols
which were nicely resolved using Candida antarctica
lipase B (SP-435) and isopropenyl acetate (Scheme 18).45

Cyclopentadiene was readily monoepoxidized with
peracetic acid. Direct ring opening of the epoxide with
ammonia led to a racemic amino alcohol, shown as its
BOC derivative 35. The latter was cleanly resolved using
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C. antarctica lipase B (SP-435) and isopropenyl acetate to
provide a basis for the synthesis of (2S,3R)-3-hydroxy-
proline (36) (Scheme 19).46

Cyclopentadiene monoepoxide in the presence of a
phenol and a Pd catalyst provided racemic 37. Kinetic
resolution of (()-37 using P. cepacia lipase (Amano PS-
30) and isopropenyl acetate provided (-)-38 (45% yield,
>98% ee) and (+)-37 (49% yield, >95%ee) (Scheme 19).16

The latter compounds are readily transformed to enones
(+)- and (-)-6. A similar resolution has been achieved
in the hydrolysis direction by Siddiqui and Schneller.47

As noted previously the biocatalyst SP-435 has been
used in the synthesis of enone 6 (Scheme 2). The same
biocatalyst has been found effective for the resolution of
39, a lower side-chain intermediate for prostaglandins.
Our very short synthesis of PGE1 illustrated below relies
on this biocatalyst for introduction of absolute stereo-
chemistry in both the ring and side chain (Scheme 20).12

The key coupling was achieved by the Suzuki process

involving an R-iodoenone. R-Iodoenones which are nec-
essary for the success of this procedure are prepared by
the general method noted above involving elemental
iodine and pyridine.44 This coupling methodology pro-
vides a general solution to many problems encounted in
alternative procedures for R-substitution of ketones.

The C2-symmetric diol (()-40, prepared via bromina-
tion/reduction of p-benzoquinone, was converted into the
known diacetate (()-41. The hydrolysis of (()-41 with
crude P. cepacia lipase (Amano PS-30) in pH 8 phosphate
buffer at 50 °C was effective; the diacetate (+)-41 (26%,
>98% ee) and the diol (+)-40 (47%, 90% ee) were obtained
(Scheme 21).48 Note that in this case each enantiomer of
the diacetate contains two carbinol centers of the same
absolute configuration and that double hydrolysis occurs
in the case of the R,R-enantiomer. These enantiopure
intermediates (after recrystallization) have been used in
the preparation of the natural (+) and unnatural enantio-
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mers of the epoxyquinol natural product, bromoxone.48

R-Iodocycloalkenones readily participate in Sonagashira
coupling as illustrated in the benzoquinone-based syn-
thesis of tricholomenyn A in Scheme 22.49

We have been interested in compounds that exhibit 12-
lipoxygenase inhibitory activity.50 One group of com-
pounds that has been a focus of our studies are arylpro-
panoic acids of the general structure 42. In connection
with structure-activity studies we have prepared a series
of methylated analogues including all possible absolute
stereochemical isomers of 43. The intermediates for the
preparation of the various 43 isomers were prepared by
enzymatic kinetic resolutions of 44 (aqueous media) and
45 (organic media) using P. cepacia lipase (Amano PS-
30).51

In the Nicolaou total synthesis of taxol,52 relative
stereochemistry of the core tetracycle was relayed from
ring C intermediate 46. This intermediate was expedi-
tiously constructed starting with a Diels-Alder reaction
facilitated by a boronic ester tether (Scheme 23).52 Treat-
ment of (()-46 with isopropenyl acetate/hexane (1:2.5)
in the presence of SP-435 at 50 °C for 24 h gave the results
outlined in Scheme 23. Monoacetate 47 (ee 90%), readily
separated from unreacted diol 46 by flash chromatogra-
phy, was quantitatively deacetylated with Hunig's base in
methanol. The resulting alcohol, (+)-46, was resubjected

to enzymatic transesterification to provide (+)-47 in 93%
yield and >99% ee. The overall production of enantiopure
(+)-47 from (()-46 was 47% (out of a theoretical 50%).53

These results nicely illustrate the opportunity of enan-
tiopurity enhancement which can be achieved by ap-
propriate sequential kinetic resolutions or by coupling any
enantioselective reaction with a subsequent kinetic reso-
lution.54

Concluding Remarks
It is hoped that this Account will persuade the reader of
the remarkable advantages that can accrue by the incor-
poration of enzymatic steps into a synthetic design. The
advantages of enantioselectivity of enzymatic reactions
can often be enhanced by use of meso compounds, and
the range of useful substrates can be extended by use of
enzymes in organic media.

Nature’s catalystssthe enzymessshould 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
environmental friendliness. Although enzymes are de-
signed by nature to carry out a specific molecular trans-
formation on a specific substrate, when encouraged to do
so, lipases in particular can be remarkably promiscuous
in regard to substrates and conditions and, yet, remain
exquisitely chemo-, regio-, and enantioselective.
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