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Enzyme selectivity in organic solvents can differ from that in water and
can change, or even reverse, from one solvent to another.
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Properties and Synthetic Applications of Enzymes in Organic Solvents

Giacomo Carrea* and Sergio Riva*

Biotransformations already represent
an effective and sometimes preferable
alternative to chemical synthesis for
the production of fine chemicals and
optically active compounds. To further
widen the versatility of the biological
approach, the so-called “nonaqueous
enzymology”, which now represents an
important area of research and bio-
technological development, has
emerged in the last ten years or so.
This new methodology is especially
suitable for the modification of pre-
cursors of pharmaceutical compounds
and fine chemicals, which, in most
cases, are insoluble or poorly soluble
in water. Even though the idea of
carrying out an enzymatic process in
organic solvent was initially considered

ed in numerous academic and indus-
trial laboratories. One of the reasons
that makes enzymatic catalysis in
nonaqueous media so appealing, is
the important new properties that
enzymes exhibit in organic solvents.
For example, they are often more
stable and can catalyze reactions that
are impossible or difficult in water.
Furthermore, enzyme selectivity can
also differ from that in water and can
change, or even reverse, from one
solvent to another. This phenomenon,
which can be called “medium engi-
neering”, can be exploited as a valid
alternative to protein engineering. The
first part of this review examines the
thermodynamic, kinetic, spectroscopic,
and physical approaches that have
been adopted to investigate the factors

and selectivity of enzymes in organic
solvents. These combined studies have
brought the understanding of enzyme
catalysis in organic solvents to a level
almost comparable to that reached for
biocatalysis in aqueous media. The
second part surveys a number of the
synthetic applications of enzymes in
organic media, which span from the
preparation of milligrams of specifical-
ly labeled compounds to the modifica-
tion of fats on multiton scale and from
the preparation of complex key inter-
mediates for the pharmaceutical in-
dustry to the synthesis of polymers.

Keywords: enantiomeric resolution -
enzyme catalysis - solvent effects -
synthetic methods
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1. Introduction

In recent years, the employment of biocatalysts for organic
synthesis has become an increasingly attractive alternative to
conventional chemical methods.[ In fact, enzymes quite often
display high chemo-, regio-, and enantioselectivity, which
makes these catalysts especially attractive for the pharma-
ceutical and agrochemical areas, where the interest for
enantiomerically pure and specifically functionalized com-
pounds is continuously growing. Furthermore, enzyme-cata-
lyzed reactions are normally carried out under mild con-
ditions, such as room temperature and neutral or almost
neutral pH, which minimizes problems of product isomer-
ization, racemization, or epimerization. In addition, enzymes
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can be very efficient catalysts, capable of increasing reaction
rates by up to 102 times. Finally, biocatalytic processes are less
hazardous, polluting, and energy consuming than conven-
tional chemistry-based methodologies, especially those mak-
ing use of heavy-metal catalysts.

All these reasons have made biocatalysis a popular topic for
research in academia and industry and a tremendous number
of enzymes have been described in the literature with a
claimed potential for practical exploitation. For instance, the
database BioCatalysis, based on 8000 articles and patents,
describes 18 500 biotransformations carried out with enzymes,
microorganisms, and catalytic antibodies.”! Clearly, most of
the described conversions are bound to remain mere labo-
ratory curiosities, but an important part of them already has,
or will have, an industrial application.

Unfortunately, there are also some drawbacks, such as the
sometimes unsatisfactory stability of the enzymes and/or their
laborious isolation and poor productivity. However, the
improvement of purification procedures and the use of
immobilized or engineered enzymes are progressively reduc-
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ing the incidence of these limitations. Another disadvantage,
caused by the limited water solubility of many organic
substrates, is that reagent concentrations are generally lower
in biocatalytic than in chemical processes; this, of course,
leads to larger reaction volumes and complicates product
recovery.

2. Organic Solvent Systems

Among the various methods adopted to increase the
solubility of hydrophobic substrates in biocatalyzed reactions,
the most obvious and widely employed is that based on
organic solvents. This includes the use of mixtures of water
and water-miscible organic solvents,®] biphasic systems con-
sisting of water and water-immiscible organic solvents (see the
pioneering work by Sym and some more recent reviews?),
reverse micellar systems,”*° and, finally, organic solvent
systems.> 7!

Some features of the various systems that could help in
understanding their peculiarities are represented in Figure 1.

a) b) ® @ c) .' Lo
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Figure 1. Representations of some organic solvent systems. a) Two-phase
system, b) inverse micellular system, c) organic solvent system. Shaded
areas: organic phase, white areas: water phase, black dots: biocatalyst.

In biphasic systems (a), the enzymes and hydrophilic com-
pounds are contained in the aqueous phase, where the
reaction occurs, while hydrophobic compounds are mostly
partitioned in the organic phase. In reverse micellar systems

(b), enzyme molecules are solubilized in discrete, hydrated,

reverse micelles, formed by surfactants, within a continuous

phase of a hydrophobic organic solvent. Under appropriate
conditions, the reverse micellar solution is homogeneous,
thermodynamically stable, and optically transparent. In
organic solvent systems (c), solid enzyme preparations (for
example, enzymes lyophilized or adsorbed on an inert
support) are suspended in an organic solvent in the presence
of enough aqueous buffer (as a rule of thumb <5 % v/v) to
ensure enzymatic activity. Although the amount of water

added to the solvent may exceed its solubility in that solvent, a

visible discrete aqueous phase is not apparent because part of

the solvent in the system is adsorbed by the biocatalyst.

Visually, the two phases involved in an organic solvent system

are liquid (bulk organic solvent and reagents dissolved in it)

and solid (hydrated enzyme particles).

Even though each of the systems described above has pros
and cons,®! the organic solvent system is the one which has
been most deeply investigated and widely applied and, in this
review, we shall exclusively focus on this system. Several
advantages account for the interest in this kind of enzyme-
catalyzed reaction and for its success, such as:

1) the catalysis of reactions that are unfavorable in water is
possible (for example, the reversal of hydrolysis reactions
in favor of synthesis),

2) water-induced side reactions, such as hydrolysis of acid
anhydrides and halogenate esters, can be suppressed,

3) hydrophobic substrates can be solubilized,
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4) some products can be easily recovered,

5) the insoluble biocatalysts can be easily recovered,

6) biocatalyst thermostability is increased, at least at low
water levels.

Furthermore, enzyme selectivity can be markedly influ-
enced, and even reversed, by the solvent; this sort of solvent
engineering thus provides an alternative to protein engineer-
ing. Organic solvent systems are also useful for fundamental
studies of the effects of water on enzyme dynamics and
catalysis.

In the following sections the properties and synthetic
applications of enzymes in organic solvents will be examined.

3. Enzyme Properties in Organic Solvents

Thermodynamic, kinetic, spectroscopic, and physical ap-
proaches have all contributed to improve the understanding
of the factors affecting activity, stability, structure, and
selectivity of enzymes in organic solvents; this understanding
is now being developed to a level almost comparable to that of
biocatalysis in aqueous media.

3.1. Enzyme Activity

Enzyme activity in organic solvents depends dramatically
on such parameters as water activity, substrate—product
solvation, pH control, enzyme form, and the nature of the
solvent.

3.1.1. Water Activity

It became apparent quite soon that enzyme activity was
higher in hydrophobic solvents than in hydrophilic ones and,
indeed, Laane et al.’! found that there was a direct correlation
between activity and solvent hydrophobicity, expressed as
log P (where P is the partition coefficient of a given solvent
between n-octanol and water). The authors ascribed this
result to differences in the ability of organic solvents to distort
the essential water layer around the biocatalysts.”]

Shortly afterwards, Zaks and Klibanov!!¥! demonstrated,
with the three unrelated enzymes yeast alcohol oxidase,
mushroom polyphenol oxidase, and horse liver alcohol
dehydrogenase, that enzyme activity was more or less
coincident in the various solvents, provided that the amount
of water bound to the enzyme was the same. Figure 2a shows
that the more hydrophilic the solvent is, the higher the water
content of the solvent has to be to reach high activity. This
happens because the water content of the enzyme (W,
Figure 2b) and not that of the solvent (W, Figure 2a) is what
actually matters for activity. Thus, depending on the hydro-
phobicity of the solvent, the same water content results in
entirely different amounts of water on the enzyme. These data
suggest that the effects of organic solvents on an enzyme are
primarily due to interactions with the essential enzyme-bound
layer of water rather than with the enzyme itself. The maximal
enzymatic activity for the three examined enzymes was
attained at about 1000 molecules of water per enzyme
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Figure 2. Dependence of yeast alcohol oxidase activity (A) on: a) the
concentration of water in various organic solvents (W;in % (v/v)), b) on the
water content of the enzyme (W, in % (w/w)). Solvents tested: 1 = Diethyl
ether (0), 2 = butyl acetate (0), 3 =ethyl acetate (m), 4 =n-octanol (e), 5=
tert-amyl alcohol (A), 6 =2-butanol (e).

molecule, that is, roughly a monolayer of water on the surface,
as had already been found for activity recovery, in air, of dry
lysozymel'!! and chymotrypsin.!*?l It should be mentioned that
at optimal water contents, enzymatic activities in organic
solvents of alcohol oxidase, polyphenol oxidase, and alcohol
dehydrogenase were in the range from 20 to 40 % of those in
aqueous solutions.'” Different degrees of water stripping as a
function of solvent polarity were found and quantified by
direct measurement of tritiated water desorption from
enzymes; water stripping occurred nearly immediately when
the enzyme was suspended in organic solvents.[!]

A more rigorous way to correlate enzyme activity with the
water present in the reaction medium was proposed by
Halling!'"! and Goderis et al.,l'”] who expressed the water in
the medium not in terms of content but of thermodynamic
water activity. Water activity (a,,) is correlated to the mole
fraction of water (y,,) and the water activity coefficient (y,,) by
the equation a,, = yx,.- Since, in the first approximation, the
water activity coefficient (y,) increases as a function of
solvent hydrophobicity, it is obvious that a given value of a,
will be obtained at a lower water concentration in a hydro-
phobic medium than in a hydrophilic medium. Therefore, to
attain the same level of enzyme hydration, or of a,, in the
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enzyme, less water is necessary in hydrophobic than hydro-
philic solvents. To clarify the water activity concept, Bell
et al.ll suggested that a,, is like temperature, while water
content is like heat content. Two systems can have the same a,,
or temperature, but at the same time differ in the water
content or heat content. It should be mentioned that, at
equilibrium, a,, will be the same for all the components of the
reaction system, such as, catalyst, matrix (in the case of
immobilized enzymes!'®), reagents, and solvents.

The existence of a direct correlation between enzyme
activity and the a,, of the system, was clearly demonstrated in
the case of Mucor miehei lipase.['’l The lipase showed a similar
optimum of activity at a,, = 0.55 when used in solvents varying
in polarity from hexane to pentanone (Figure3a). The
absolute reaction rates were somewhat solvent dependent,
but the shape of the profile was essentially unchanged. Of
course, the optimum varied widely when activity was plotted
against water concentration in the organic solvents (Fig-
ure 3b). In a study carried out with lipases from five different
sources, it was also found that the dependence of catalytic
activity on a,, varied significantly from enzyme to enzyme,
possibly as a consequence of molecular structure differ-
ences.'®l A recent study has shown that, contrary to what was
observed with nonpolar solvents, with polar solvents such as
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Figure 3. Activity (A) of Lipozyme catalyst: a) as a function of water
activity (a,,), b) as a function of water concentration (c¢) in the organic
phase. Solvents tested: Hexane (2), toluene (x), trichloroethylene (o),
diisopropyl ether (0), 3-pentanone (<), dodecanoic acid:dodecanol 1:1 (+).

2230

dioxane, acetonitrile, tetrahydrofuran, and acetone, a,, fails to
precisely predict the critical hydration level for enzyme
activity; this probably reflects direct solvent effects on the
enzyme.[""]

The increase of a,, or water content can induce an increase
of K, values’! This is especially true for the K, of
nucleophiles in hydrolase-catalyzed esterification and trans-
esterification reactions, where water acts as an inhibitor by
competing with the substrate for the acyl—enzyme interme-
diate.l?®>4 This phenomenon is exemplified in Table 1, where
the effect of water concentration on the K, ,,,, of subtilisin for

Table 1. Effect of water concentration on the kinetic parameters of PEG —
subtilisin-catalyzed transesterification of vinyl butyrate with 1-hexanol in
dioxane.

water [M] 1-hexanol vinyl butyrate
K gy Vmaxapp”” K gy Vmaxapp””
0 0.72 156 0.17 76
1.1 1.99 142 0.16 67
22 3.19 128 0.16 55

[a] Units: molar. [b] Units: umol per h and per mg protein.

the nucleophile 1-hexanol is shown. As expected, the K, ,,,
for the acylating agent vinyl butyrate was not affected.
Similarly, a,, influences the equilibrium of hydrolase-catalyzed
esterifications or transesterifications because water favors the
reverse reaction (hydrolysis of the product) in the case of
esterifications or the hydrolysis of the acylating agent
(activated esters or enol esters and acid anhydrides) and,
again, of the product in the case of transesterifications.['4 21]

Due to the fundamental role played by water, it is clear that
the control of a, in the enzymatic reactions carried out in
organic solvents is of paramount importance and, as a
consequence, different methods have been developed to this
end.l'> 22 Goderis et al.'*l used the knowledge that some salts
have a fixed hydration state which gives a well-defined a,,!
and employed saturated salt solutions to equilibrate, through
the gas phase, organic solvent reactions. The method can be
used to adjust a,, not only initially, but also during a reaction in
which water is produced or consumed.??*" The disadvantage
of the method is that water transfer is influenced by the design
of the equilibration chambers. Another method for a,, control
is based on the use of salt hydrates which can act as a,, buffers
in organic media; however, they have limited capacity and
require additional separation steps if they (and/or the
enzymes) are to be reused.??*dl More promising, especially
for preparative-scale applications, seems to be a recently
described method in which a,, control is exerted by circulating
salt solutions in silicone tubing submerged in the organic
solvent.>! The silicone membranes are permeable to water
vapors and impermeable to ions; therefore, only water is
transferred through them.

3.1.2. Kinetics

Kinetic studies carried out mostly with hydrolases, have
shown that enzymes in organic solvents follow conventional
models.?Y Thus, various transesterification reactions cata-
lyzed by porcine pancreatic lipase (PPL) in hexane obey

Angew. Chem. Int. Ed. 2000, 39, 22262254
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Michaelis —Menten kinetics?* and those catalyzed by lipases
from Mucor miehei® and Candida antarctica® follow a bi-
bi ping-pong mechanism, with competitive inhibition by
substrates and products. The identity of the mechanism of
subtilisin-catalyzed ester hydrolysis in water and transester-
ification in organic solvents has been demonstrated by
Chatterjee and Russel,?*l who have also determined indi-
vidual rate constants and equilibrium constants of the reaction
in organic solvents.

Considering kinetic parameters in organic solvents, the
values may be very different from solvent to solvent and from
those for the same enzyme and substrate in aqueous media;
similarly, substrate specificity may change dramatically from
solvent to solvent and from water. Table 2, for example, shows
that N-acetyl-L-serine ethyl ester (N-Ac-L-Ser-OEt) is the
preferred substrate of subtilisin in dichloromethane, while in
tert-butylamine the preferred substrate is N-acetyl-L-phenyl-
alanine ethyl ester (N-Ac-L-Phe-OEt).]

Table 2. Substrate specificity (S, (kea/ Ky)ser/(Kea! Kyi)pne) in the transester-
ification of N-Ac-L-Ser-OEt (Ser) and N-Ac-L-Phe-OEt (Phe) with
1-propanol, catalyzed by subtilisin Carlsberg in various anhydrous organic
solvents.

solvent N solvent N
dichloromethane 8.2 tert-butyl methyl ether 2.5
chloroform 5.5 octane 2.5
toluene 48 isopropyl acetate 22
benzene 4.4 acetonitrile 1.7
N,N-dimethylformamide 43 dioxane 1.2
tert-butyl acetate 3.7 acetone 1.1
N-methylacetamide 34 pyridine 0.53
diethyl ether 32 tert-amyl alcohol 0.27
carbontetrachloride 32 tert-butyl alcohol 0.19
ethyl acetate 2.6 tert-butylamine 0.12

However, all these effects can be at least partly explained
by different solvation of the substrates as the reaction medium
changes.”®l Different methods are available to correct for
solvation of substrates (and products). As discussed by
Janssen et al.,?l one of them is based on a transfer of free
energy method, where the activation (or binding) energy is
calculated from experimental data for v,,,/K,, (or K,,).26]
This experimental activation (or binding) energy and the
transfer of free energy of the substrate, are used to calculate
the corrected activation (or binding) energy. Another method
of correction is to express the kinetic constants in terms of
thermodynamic activities instead of concentrations.?®dl A
third method is to correct the Michaelis constant by using
partition coefficients. In this case, the experimental K, which
is based on substrates concentration in the organic phase, is
corrected to a K,, value which is based on the concentrations
in the aqueous phase.[*! These three methods of correction
are essentially equivalent and, once applied, give similar
kinetic parameters in the various medial™ and explain the
differences of substrate specificity.[?*l

3.1.3. pH Value and pH Control

The protonation state of the various groups of an enzyme is
undoubtedly important for enzyme activity, both in aqueous

Angew. Chem. Int. Ed. 2000, 39, 22262254

and organic media. However, while protonation in water is
simply controlled by adjustments of pH values, this is not the
case in organic solvents, where even the concept of pH value
itself is challenged.l'*! A way to control the initial state of
enzyme protonation and, hence, activity was developed by
Zaks and Klibanov,?*l who showed that enzyme activity in
organic solvents was markedly dependent on the pH value of
the solution from which the enzyme was recovered (by
lyophilization or precipitation). This methodology, which is
now widely applied in the field of biocatalysis in organic
solvents, is perfectly suitable when there is no alteration of
acid/base concentration in the course of the reaction. If this is
not the case, as in the synthesis, hydrolysis, or aminolysis of
esters, for instance, the enzyme protonation and activity may
change during reaction.

To overcome this drawback, the use of buffering systems
involving highly hydrophobic acids and their sodium salts, and
highly hydrophobic bases and their hydrochlorides, has been
proposed.’”l Indeed, these systems can efficiently buffer
organic solvent media, as illustrated in Figure 4 where the
dependence of subtilisin activity on the composition of some
acids pairs and their conjugated bases is shown. The main
disadvantage of these buffer systems is that they are
appreciably soluble only in solvents with a relatively high
polarity (such as, 3-pentanone, dioxane, dimethylformamide,
tetrahydrofuran).

40
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Figure 4. Dependence of the enzymatic activity (A) of subtilisin in
3-pentanone on the base mole fraction (B) of various pairs of acids and
their conjugate bases (as sodium salts) added to the enzyme suspension.
1 ="Phenylboronic acid (o), 2 = para-nitrophenol (m), 3 = triphenylacetic
acid (A), 4 =acetic acid (2), 5= para-toluensulfonic acid (o), 6 = diphe-
nylphosphinic acid (e).

3.1.4. Enzyme Form

Proteins are practically insoluble in most organic solvents?®l
and when they do dissolve, as in dimethylsulfoxide and
formamide, they lose their native conformation.*’! Therefore,
in the absence of any special treatment, enzymes are usually
present in organic solvents as a solid —liquid biphasic suspen-
sion. This simplifies catalyst — product separation and enzyme
reutilization.

The simplest way to prepare biocatalysts for use in organic
solvents and, at the same time, to adjust key parameters such
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as pH value and associated ions, is enzyme lyophilization or
precipitation (by, for instance, addition of acetone) from
aqueous solutions. These preparations, however, can undergo
diffusional limitations or prevent enzyme —substrate interac-
tion because of protein—protein stacking. The use of small
enzyme particles obtained by prior sonication and vigorous
shaking or stirring during reaction are recommended to
alleviate these disadvantages. In some cases, ultrasonic treat-
ment has also been done during the reaction and this has
notably increased reaction rates.’) Rate enhancements were
attributed to the increase of catalyst surface area (better
dispersion) or to locally high pressures.’®! That aggregation
can limit enzyme efficiency was also suggested by the finding
that chymotrypsin and subtilisin activities in ethanol were
inversely correlated to enzyme concentration in the medi-
um.BYU Russell and co-workers have calculated the role of
internal and external mass transfer and found that enzyme
particles suspended in organic solvents will be subjected to
increasing diffusion limitations as the enzyme activity and
particle size increase.??

Enzyme lyophilization in the presence of ligands, lyopro-
tectants (various sugars, polyethylene glycol), salts, and
micellar amphiphiles has often yielded preparations that are
markedly more active than those obtained in the absence of
additives.?** 33 Various explanations such as “trapping” of the
enzyme in a more active conformation (ligands and micellar
amphiphiles),[*1 prevention of lyophilization-induced partial
denaturation of the enzyme that becomes irreversible in
organic solvents (lyoprotectants),?* protection against deac-
tivation by direct contact with the solvent (salts),[3d retention
of the water shell around the enzyme (sorbitol),**l or
increased catalyst dispersion in the medium (various addi-
tives) have been invoked to rationalize the results.*!

Adsorption on solid matrices, which improves, at least at
optimal protein/support ratios, enzyme dispersion, reduces
diffusional limitations and favors substrate access to individ-
ual enzyme molecules. Matrices with different particle size,
porosity, and composition (Celite, controlled pore glass,
polyamide, polypropylene, alumina, silica, zirconia) were
employed and the pros and cons evaluated.® A common
feature is that for each enzyme and matrix there is an optimal
enzyme/support ratio for expression of activity. Figure 5
illustrates the behavior of lipase from Pseudomonas sp.
adsorbed onto Celite.?®! When the rate per unit weight of
lipase —support material was considered, maximum activity
was attained at an enzyme loading of 150 mg per g Celite and
then it remained constant (Figure 5a). When the rate per unit
weight of lipase was considered (Figure 5b), the highest value
was still obtained at an enzyme loading of 150 mg per g Celite
and then it decreased. These data suggest that at low loadings
the enzyme undergoes conformational modifications and
inactivation caused by strong interactions with the matrix,B
whereas, at high loading, diffusional limitations or substrate
inaccessibility to the active site reduce enzyme effectiveness.
Inactivation at low enzyme loading can be prevented by
carrying out the immobilization in the presence of extraneous
proteins (albumin, gelatin, casein) or polyethylene glycol.?*

Immobilized lipases with excellent activity and stability
were obtained by entrapping the enzymes in hydrophobic sol-
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Figure 5. Transesterification rate (v) of lipase from Pseudomonas cepacia,
adsorbed onto Celite, as a function of enzyme loading (L; in mg enzyme per
g Celite). The relative rate is given once as mg of whole material (lipase
plus Celite, a) and once as mg of lipase only (b). Transesterification
between (+)-sulcatol and vinyl acetate was investigated.

gel materials.?®) With this methodology it would be possible
to generate tailor-made gels for each lipase by varying a
range of parameters such as the nature of silane monomers
and the water/silane stoichiometry. Cross-linked enzyme
crystals (CLECs) have proved to be very robust, though
rather expensive, catalysts for organic solvent reactions
when cross-linked with glutaraldehyde.’”! Several CLEC
catalysts (for example, thermolysin, subtilisin, penicillin
acylase, and lipases from Candida rugosa and Pseudomonas
cepacia) have already been produced on a multikilogram
scale.7

In order to minimize substrate-diffusion limitations and
maximize enzyme dispersion, various approaches have been
used to solubilize the biocatalysts in organic solvents. The
most widespread method is based on the covalent linking of
the amphiphilic polymer polyethylene glycol (PEG) to
enzyme molecules. In this way, a large number of PEG —en-
zyme complexes have been prepared and they have been
shown to give transparent solutions in several organic
solvents.’d:- 3] Transparent enzyme solutions can also be
obtained with non-covalent PEG —enzyme complexes simply
prepared by lyophilization of the enzyme in the presence of an
excess of PEG.] In both cases, excellent activity in organic
solvents was often obtained.*% 3

Enzyme complexes with anionic or non-ionic surfactants
that dissolve in organic solvents have been described by
several groups.*)l For example, chymotrypsin and subtilisin
complexed with Aerosol OT (10% w/v solution of bis(2-
ethylhexyl)sodium sulfosuccinate in water) and dissolved in
isooctane in the absence of reversed micelles, showed k,
values nearly one-third and two-thirds as high as in aqueous
buffer, respectively.[*l Similarly, the lipid-coated lipase from
Pseudomonas fragi (Lipase B) was found to be twice as active
as PEG-grafted enzyme and one hundred times more active
than the enzyme powder in the esterification of 1-phenyl-
ethanol in isooctane (Figure 6).140

The activities of different forms of lipase from Pseudomo-
nas cepacia have been compared in carbon tetrachloride and
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Figure 6. Ester synthesis from (R)-1-phenylethanol and lauric acid in
anhydrous isooctane at 40°C, catalyzed by: lipid-coated lipase B (1, e),
PEG-grafted lipase B (2, 0), lipase B in water-in-oil emulsion (3, o), direct
dispersion of lipase B powder (4, m). On the ordinate axis the conversion of
(R)-1-phenyl ethanol is indicated.

the data are shown in Table 3.*! The most active form was
the lipase entrapped in the sol-gel matrices, while the
crystallized and cross-linked enzyme was less active. It should
be mentioned that the activity displayed by the sol-gel lipase
in carbon tetrachloride, using n-octanol and vinyl acetate as
the substrates, was even higher than that displayed by the
same amount of lipase protein in the hydrolysis of tributyrin in
water.[]

Table 3. Relative activity of different forms of lipase from Pseudomonas
cepacia in carbon tetrachloride.

enzyme form P activity!! enzyme form [ activity!!
sol-gel-AK-PC 100 CLEC-PC 2

PEG +PC 30 crude PC 9
PEG-PC 37

[a] Lipase was entrapped in sol-gel matrices (sol-gel-AK-PC), lyophilized
in the presence of PEG (PEG + PC), covalently linked to PEG (PEG-PC),
crystallized and cross linked (CLEC-PC), or used as a crude powder (crude
PC). [b] The activities of the various enzyme forms refer to the same
amount of lipase protein.

3.1.5. Bioreactors

Laboratory-scale transformations catalyzed by enzymes in
organic solvents are most commonly carried out in batch
reactors with use of enzyme powders or adsorbed enzymes,
under continuous stirring or shaking. Water activity and pH
value are initially adjusted, respectively, by equilibration with
saturated salt solutions and by lyophilization or precipitation
of the catalyst from a suitable aqueous solution. However, no
continuous control of a,, and pH value are usually done during
reaction.

Methods for the scale-up and optimization of bioreactions
in organic solvents have been sought for many years, as
demonstrated by the development in the eighties of fixed-bed
and microporous-membrane reactors for the lipase-catalyzed
continuous transesterification*#® or synthesisi*'<l of glycer-
ides. More recently, fixed-bed reactors with immobilized
lipases and proteases were extended to the production of fine
chemicals and optically active compounds such as 2-(4-
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chlorophenoxy)propanoic acid,*? metallorganic intermedia-
tes,l*?®l and various synthons. The enzyme powder of lipase
from Pseudomonas cepacia was also employed in a micro-
filtration membrane reactor for the continuous resolution of
the mucolytic drug (=)-trans-sobrerol.[*]

A twin-core packed-bed reactor, which permits a,, control
by means of salt hydrate pairs, has been developed for the
Candida rugosa catalyzed esterification of decanoic acid and
dodecanol.*? Salt hydrates were confined in the inner core
and the enzyme, immobilized on a macroporous polypropy-
lene support, was in in the outer core of the reactor which was
continuously fed with the substrate mixture. Complete con-
version, albeit at different rates, was obtained with a,,
buffering at 0.48 and 0.80 by using salt hydrates of Na,P,0,
and Na,HPO,, respectively. Continuous a, control, in this
case based on saturated salt solutions, was described for a
packed-bed hollow-fiber reactor employed for enzymatic
esterification in hexane.[**! In another approach, the Candida
antarctica lipase catalyzed synthesis of (Z)-3-hexen-1-yl
acetate, carried out on kilogram scale, was facilitated by
water removal through azeotropic distillation.[**]

3.2. Enzyme Stability and Structure

Several studies have indicated that enzymes as diverse as
porcine pancreatic lipase (PPL),** chymotrypsin,[*>] ter-
pene cyclase,* ATPase and cytochrome oxidase,*¢<l and
ribonuclease and lysozymel* are more thermostable in
organic solvents than in water. For example, PPL remained
active for many hours (halflife longer than 12 hours) when
incubated at 100°C in an almost anhydrous mixture of
heptanol and tributyrin (Figure 7). Lower stability was

A/% 50

0 30 60

t/min —
Figure 7. Activity (A) decay of the dried powder of porcine pancreatic
lipase at 100°C in water or 0.1M phosphate buffer (m) and in a 2M solution
of heptanol in tributyrin containing 0.8 % water (0) or 0.015% water (a).

observed in the presence of 0.8% w/v water, while the
inactivation was almost instantaneous in aqueous buffer or
water (Figure 7). The high thermal stability of enzymes in
organic solvents, especially in hydrophobic ones and at low
water content, was attributed to increased conformational
rigidity and to the absence of nearly all covalent reactions
which cause irreversible thermoinactivation in water.*f Tt
should be mentioned that, as demonstrated by FTIR spectro-
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scopic studies on lysozyme and subtilisin, enzyme structure is
much more similar to the native form in pure organic solvents
such as acetonitrile, tetrahydrofuran, and 1-propanol than in
water—solvent mixtures.[*’] This behavior was found to be
kinetically controlled, that is, to be due to the inherent
restriction on protein conformational mobility in anhydrous
media in contrast to aqueous-organic solvent mixtures.[*5
Improvements of enzyme stability (and activity) in aqueous —
organic media have been obtained by “rational” design
methods**! and directed evolution.>!

A direct picture of enzyme conformation in organic
solvents came from X-ray crystal structures of cross-linked
crystals of subtilisin in acetonitrile*?l and y-chymotrypsin in
hexane.[*®! The subtilisin structure in acetonitrile was essen-
tially identical to the three-dimensional structure of the
enzyme in water; the differences observed were smaller than
those between two independently determined structures in
aqueous solution.*®l Crystalline y-chymotrypsin retained its
native conformation in hexane and could catalyze both
hydrolysis and synthesis reactions in the organic solvent.
However, the mobility was decreased and side-chain con-
formation significantly changed.**! A study on hydrogen
isotope exchange with high resolution NMR spectroscopy has
also shown that the structure of bovine pancreatic trypsin
inhibitor is poorly affected by such solvents as acetonitrile,
tetrahydrofuran, ethyl acetate, and butanol.*”] In addition,
Hammett analysis, a method that provides information on the
transition intermediates of reactions, has revealed that the
transition state of a subtilisin-catalyzed reaction is the same in
water and in organic solvents.[*S]

Besides enzyme powders and crystals, other enzyme forms
have also been investigated for their stability and structure in
organic solvents. Subtilisin covalently linked to PEG was less
stable and more prone to autolysis in acetonitrile and dioxane,
where it was soluble, than the corresponding enzyme pow-
der.?%. 41 PEG - subtilisin possessed the same conformation
in water and dioxane as evidenced by circular dichroism and
intrinsic protein fluorescence measurements.?%#1 Subtilisin
solubilized in organic solvents by ion pairing with low
concentrations of an anionic surfactant (Aerosol OT) was
three orders of magnitude more stable in octane than in water,
while in tetrahydrofuran 99% of the activity was lost in
10 min.B%

The relationship between hydration, catalytic activity, and
protein dynamics was investigated by several groups with
several methods.P! A study on a-lytic protease suspended
in organic solvents showed, by means of deuterium solid-state
NMR spectroscopy, that hydration increased enzyme
flexibility.>'?) However, no direct link between conforma-
tional flexibility and either solvent dielectric properties or
catalytic activity was demonstrated. Later works, carried
out with electron spin resonancel'™ and time-resolved
fluorescence anisotropyP!? techniques, clearly indicated the
existence of a direct correlation between protein hydration
and conformational flexibility and activity. A recent paper
also established, by proton solid-state NMR, that enzyme
flexibility and activity are mostly a function of thermody-
namic water activity and not of solvent dielectric proper-
ties.>1d
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3.3. Enzyme Selectivity

The ability of enzymes to act as selective catalysts for a
broad spectrum of organic reactions has been known and
exploited for several years.!] However, in many cases the
selectivity (enantiomeric, prochiral, and regiomeric) of the
enzymes is unsatisfactory, and so a number of techniques have
been developed to overcome this limitation. Improvements in
selectivity have been obtained by modification of enzymes
(by, for example, in vitro evolutionP?l), substrates, and
reaction conditions (temperature, solvent, and even pressur-
).’ In this review, only the effects of solvents, which are
peculiar to the system examined here, will be taken into
consideration.

3.3.1. Medium Engineering

The term “medium engineering”, which refers to the
possibility of influencing enzyme properties by changing the
nature of the solvent in which the reaction is carried out, was
first coined by Klibanov and co-workers, who indicated it was
an alternative to or an integration with protein engineer-
ing.*! Indeed, a great number of papers have reported that
the enantio-, prochiral, and regioselectivity of enzymes can be
affected, sometimes very remarkably, by the nature of the
organic solvent used as the reaction medium (For recent
reviews, see Ref. [53]). In the following paragraphs, a few
examples of solvent effects on enzyme selectivity will be
considered and the possible rationales discussed.

It should be mentioned that the enantioselective perform-
ance of enzymes is generally expressed as the enantiomeric
ratio E, which is the ratio of the specificity constants k /K,
for the two enantiomers. Equations relating the enantiomeric
ratio to the value of the enantiomeric excess of the reagent or
of the product, have been developed for kinetic resolutions.l’
Of course, the higher the enantiomeric ratio, the higher the
enantiomeric excess of the product and of the residual
substrate.

Table 4 indicates how subtilisin enantioselectivity changes
as a function of solvent nature, in the resolution of (4)-1-
phenylethanol. The enantiomeric ratio £ decreases from 61 in
dioxane to 3 in methyl acetamide and shows an inverse
correlation with the solvent dielectric constant.’*l Solvent
effects on Pseudomonas sp. lipase prochiral selectivity are
illustrated in the monohydrolysis of 2-(1-naphtoylamino)tri-
methylene dibutyrate (Table 5). In this case, it seems that
enzyme selectivity is, roughly, inversely correlated with
solvent hydrophobicity, expressed as log P5*! The resolution
of the mucolytic drug (4)-trans-sobrerol by lipase from

Table 4. Enantioselectivity (E) of subtilisin in the transesterification of
(+)-1-phenylethanol in various organic solvents, and the dielectric
constants (g,) of the solvents.

solvent £ E solvent & E
dioxane 22 61 dimethylformamide 36.7 9
benzene 2.3 54 nitromethane 359 5
triethylamine 2.4 48 acetonitrile 359 3
tetrahydrofuran 7.6 40 methylacetamide 191.3 3
pyridine 12.9 31
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Table 5. Effects of the hydrophobicity (logP) of solvents on the prochiral
selectivity (S) of Pseudomonas sp. lipase in the monohydrolysis of 2-(1-
naphthoylamino)trimethylene dibutyrate.

solvent logP Slal
acetonitrile —0.33 >30
nitrobenzene 1.8 >30
acetone —0.23 18
cyclohexanone 0.96 18
butanone 0.29 16
2-pentanone 0.80 16
chloroform 2.0 9.9
tetrahydrofuran 0.49 9.1
2-hexanone 1.3 8.8
dioxane —-1.1 5.4
t-butyl acetate 1.7 53
t-butyl alcohol 0.80 49
t-amyl alcohol 14 48
triethylamine 1.6 4.7
toluene 2.5 35
benzene 2.0 32
carbon tetrachloride 3.0 2.6

[a] Defined as the ratio of the rate of accumulation of one enantiomer over
the other.

Pseudomonas cepacia in various solvents is depicted in
Table 6; no correlation between enzyme enantioselectivity
and the physico-chemical properties of the solvent related to
its hydrophobicity or polarity was found.*!

A very striking example of solvent influence on enzyme
selectivity and stereochemical preference is that reported by
Hirose et al.’*l In the Pseudomonas sp. lipase catalyzed
desymmetrization of prochiral dihydropyridine dicarboxy-
lates [Eq. (2)], the (§)-monoesters were obtained with ee
values as high as 99 % in water-saturated diisopropyl ether,
whereas the (R)-isomers were formed preferentially (ee=
88-91 %) in water-saturated cyclohexane (Table 7).

An interesting study concerning regioselectivity involved
the Pseudomonas cepacia lipase catalyzed butanolysis of 1,4-
dibutyryloxy-2-octylbenzene in several organic solvents.’ In
cyclohexane, for example, this lipase preferentially deacylated
the 4-O-butanoate whereas, in acetonitrile, the 1-O-butanoate
was preferred. The same enzyme was also sensitive to the
nature of the solvent regarding the ability to discriminate
among the hydroxyls of phenyl 6-O-trityl-3-D-glycopyrano-
sides.B]

Table 6. Resolution of (+)-trans-sobrerol [Eq.(1)]: Optimization of
enantioselectivity (E) by variation of the solvent.

AcO, HO

HO lipase PS U + 1 )
vinyl acetate,

organic solvent

OH OH ou

(¥)-trans-sobrerol (-)-(1S,5R) (+)-(1R,5S)

solvent log P & E
tert-amyl alcohol 1.4 5.8 518
3-pentanone 0.80 17 212
dioxane —1.1 22 178
acetone -0.23 20.6 142
vinyl acetate 0.31 - 89
tetrahydrofuran 0.49 7.6 69
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Table 7. Asymmetric hydrolysis of dihydropyridine carboxylates [Eq. (2)]:
Influence of solvent on stereochemical preference.

NO,
Hooc.__NA) coor
cyclohexane ]
[
NO, H
(2
ROOC COOR If’seudomonas sp.
) lipase NO,
N
H
rooc._ S coon
—_—
diisopropyl ether l N |
H
R solvent configuration ee [%] of hemiester
tBuC(O)OCH, cyclohexane R 88.8
tBuC(O)OCH, diisopropyl ether S >99
EtC(O)OCH,  cyclohexane R 914
EtC(O)OCH, iso-propyl ether S 68.1

3.3.2. Rationale

The data reported to date (see above and the reviews in
Ref. [53]) show that, in order to modify or improve enzyme
selectivity, medium engineering represents a good and con-
venient alternative to protein engineering and to the time-
consuming search for new catalysts. Various hypotheses have
been formulated to rationalize this phenomenon. For in-
stance, the solvent, depending on its polarity, could modify the
enzyme conformation and, thus, influence the selectivity by
altering the molecular recognition process between substrate
and enzyme.P*l According to another theory, selectivity
depends on the energetics of substrate solvation,”*! whereas
a third model envisages that solvent molecules could bind
within the active site and, depending on their structure,
interfere with the association or transformation of one
enantiomer more than with that of the other.[> 3¢

However, both the hypotheses based on the physico-
chemical properties of the solvents and that based on solvent
structure are, at present, unsatisfactory from the point of view
of predictive value. In fact, the models either appear to be
valid only for the specific enzyme and substrate investigated
each timel* or, when formation of solvent-enzyme com-
plexes is proposed, no generalization is possible because of
the large number of possible solvent —enzyme complexes and
because each complex might behave differently depending on
the nature of the substrate.>*!

A theoretical model based on the thermodynamics of
substrate solvation was also developed.’’*"! However, the
model, which implies the determination of the desolvated
portion of the substrate transition state by molecular model-
ing and the calculation of the activity coefficient by UNIFAC,
gave contradictory results. In fact, it was successful in
predicting solvent effects on the prochiral and enantioselec-
tivity of y-chymotrypsin with 2-substituted 1,3-propane-
diolsP’  and racemic 3-hydroxy-2-phenylpropionate,>”
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whereas it failed in the case of subtilisin with racemic sec-
phenetyl alcohol and trans-sobrerol.’7

At present, no link among the various hypotheses appears
to exist, even though it is likely that the solvent influences
enzymatic selectivity through more than a single mecha-
nism.

4. Synthetic Applications

The beginning of detailed investigations into the perform-
ances of enzymes in organic solvents can be temporally
located approximately fifteen years ago. Since this time, the
enthusiastic statements of the pioneers of biocatalysis in
nonnatural media have been experimentally verified in
several research groups. Specifically, it has been proved true
that many enzymes can work in organic solvents, even though
it has also been observed that enzymes belonging to different
classes need different hydration levels to maintain their
catalytic activity, or at least a percentage of it. Additionally,
although some enzymes can give really astonishing results,
only few classes of these biocatalysts (such as lipases,
proteases, oxynitrilases, and a few other enzymes) have
proved to be synthetically useful from a practical point of
view. These enzymes will be presented in the following
paragraphs.

Other enzymes, such as dehydrogenases and glycosidases,
despite their synthetic importance, have found limited or no
practical applications so far. This is mainly because they either
act on polar substrates or coenzymes that are poorly soluble in
organic solvents, or because they are inhibited or inactivated
by organic solvents. Another more general limitation arises
from the fact that numerous biocatalysts are still too
expensive or not commercially available at all.

4.1. Hydrolases

Reactions catalyzed by hydrolases are predominant among
the reported biotransformations in organic solvents. Several
groups of hydrolases exist in nature, but only two of these
have been widely used in nonnatural media: lipases—recently
redefined as “fat-splitting” esterasesi®®)—and proteases. These
enzymes have been used in the labs all over the world and are
now considered normal chemical bench reagents. The reasons
for this success arise from the availability of these proteins
from different commercial suppliers at reasonably cheap
prices, their ease of handling (they do not need sensitive and/
or expensive cofactors), and from their stability and versatility
of action. From a chemical point of view, lipases and proteases
in organic solvents can be seen as mild and selective reagents
that are able to activate a generic carboxylate and transfer it
to a huge number of nucleophiles. Several reviews and book
chapters have already been published on specific synthetic
applications of these enzymes. The most recent of them will be
indicated in the headlines of the following sections.
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4.1.1. Enantioselectivity of Hydrolases

The increasing demand for enantiomerically pure com-
pounds by pharmaceutical and agrochemical companies has
surely been one of the driving forces of the exploitation of
hydrolases in synthesis, the most recurrent application being
the kinetic resolution of racemates.

As has pointed out in Section 3.3.1, enzymatic enantiose-
lectivity can be evaluated by the so-called “enantiomeric
ratio”, E. Besides being equal to the ratio of the specificity
constants for the two competing enantiomers, some seminal
papers have shown that E can be more conveniently
calculated from the degree of conversion (¢) and from the
enantiomeric excesses of the products (eep) and the residual
substrate (eeg), both for irreversible and reversiblel®!
reactions.

4.1.1.1. Kinetic Resolution of Alcohols!’ 7 611

Kinetic resolution of alcohols can be obtained by enzyme
catalyzed esterification [Eq. (3)] or, more commonly, by
transesterification [Eq. (4)].

R*OH + RCOOH — R'COOR* + H,0 + R*OH, g ©)

R*OH + R'COOR” — R'COOR* + R"OH + R*OH,ayal 4)

As the achiral alcohol component (R"OH) of the acyl
transfer reagent (R'"COOR") can be used by the enzyme to
catalyze the reverse reaction, which would decrease the
optical purity of the products, acyl transfer reagents have to be
chosen to make the transformations irreversible.[®?! This goal
can be achieved when the leaving R"OH is a poor nucleo-
phile, and, accordingly, halogenated alcohols such as tri-
chloro- and trifluoroethanol were used initially.®! Later on,
the use of oximes[® and anhydrides/®! was suggested, but the
reagents of choice for the kinetic resolution of alcohols in
organic solvents are now enol esters, such as vinyl and
isopropenyl acetate.[!

The rich literature data can support the neophyte who is
approaching an enzyme-catalyzed kinetic resolution for the
first time. However, in the absence of generally valid
predictive models, the initial experimental approach still
requires a screening of several commercially available hydro-
lases. As exemplified in Table 8, the lipase from Mucor miehei
was the best catalyst for the kinetic resolution of the cyclic
allylic alcohol 1.7 Enzymatic OH

behavior can be different with 1:X=Br;Y=H
2: X=H;Y=Br
Y

structurally related substrates
and, accordingly, the lipase

Table 8. Enantioselectivity (E) of different lipases in the acetylation of 1
and 2 in vinyl acetate.

lipase E values for 1 E values for 2
Pseudomonas cepacia 6 44
porcine pancreatic 34 24
Chromobacterium viscosum 6 26
Mucor miehei 78 15
Humicola lanuginosa 40 18
Penicillium camemberti 7 2
Candida rugosa 16 6
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from Pseudomonas cepacia became the best catalyst among
the lipases reported in Table 8 in the kinetic resolution of
the allylic alcohol 2. Both optically enriched alcohols 1 and 2,
as well as other related cyclic allylic alcohols, were then
used as chiral synthons for the preparation of alkaloids by a
1,3-Claisen rearrangement with retention of chirality."”!
Hundreds of published papers are similarly concerned with
the chemoenzymatic synthesis of complex compounds from
chiral synthons obtained by the kinetic resolutions of race-
mates.

Once the best enzyme available has been identified, there is
usually room for improving the enantioselectivity by exploit-
ing some of the different techniques described in Section 3.3.
Usually the most sensitive and most easily manipulatable
parameter is the organic solvent. For instance, as already
reported in Table 6, when the lipase from Pseudomonas
cepacia is used, the E value for the resolution of trans-sobrerol
changed from 69 in THF to more than 500 in tert-amyl
alcohol.P* In such a solvent the “ideal” kinetic resolution of
the racemic substrate was obtained, as the enzymatic reaction
stopped spontaneously at 50% conversion when the (—)-
(18,5R) enantiomer was completely acylated.

As it is almost impossible to enumerate all the reported
examples of kinetic resolutions of racemic primary and
secondary alcohols, only some specific applications will be
discussed in the following sections (Section 4.1.4.). However,
by increasing the number of substrates investigated, active site
models for different lipases have been suggested to rationalize
the data collected so far and to predict the selectivity with new
substrates.

Concerning secondary alcohols, a model based on the
extension of Prelog’s rule has been suggested for the lipases
from Pseudomonas cepacia (now reclassified as the lipase
from Burkholderia cepacia, BCL) and from Candida rugosa
(CRL, Figure 8a).1 This empirical rule predicts which

a)

HO H

B

Figure 8. Empirical rules that summarize the enantiopreference of BCL
and CRL toward secondary alcohols (a) and the enantiopreference of BCL
toward primary alcohols (b, no oxygen linked at the stereocenter).

enantiomer reacts faster based on the relative sizes of the
substituents at the stereocenter and has been proposed for
other commercially available lipases (from Mucor miehei,[*),
Arthrobacter,"™ and Aspergillus niger "'1) and for proteases.l’?)
The so-called “Kazlauskas rule” for BCL has also been
extended to primary alcohols,”! though it proved to be not
always reliable for primary alcohols that have an oxygen atom
attached to the stereocenter (Figure 8b). A more sophisti-
cated three-dimensional active site model has recently been
suggested for the same lipase,’¥ while a definite conclusion
about the chiral preference of CRL has been drawn from the
X-ray crystal structures of covalent complexes of this enzyme

Angew. Chem. Int. Ed. 2000, 39, 22262254

with transition-state analogues for the hydrolysis of menthyl
esters.[””! As all the lipases and esterases tested so far catalyze
the hydrolysis of the same enantiomer of menthol (the 1R
enantiomer), it is likely that features common to all these
enzymes must be responsible for the observed enantioprefer-
ence. A combination of empirical rules derived from substrate
data bases and high resolution enzymatic X-ray data is likely
to support synthetic applications of this methodology very
effectively.

Finally, it has to be mentioned that, for steric reasons,
hydrolases do not usually catalyse the transformation of
tertiary alcohols, either in organic solvents or in aqueous
solutions. An exception is given by the chloroacetate 3, whose
propanolysis was effective when catalyzed by Mucor miehei
lipase in isopropyl ether (E values ranging from 13 to 38) and

c|/TO
R
3: R = H, Me, Et, Bu, CH,,

gave the optically active alcohol with the (15,6S) absolute
configuration.’") The other (few) reports are related to the
hydrolysis of esters in aqueous solutions containing different
amounts of organic cosolvents and therefore are beyond
the object of this review. However, the approach suggested by
Brackenridge et al. for the resolution of the alcohol 4 deserves
to be mentioned, that is, the introduction of a spatial
separation between the chiral quaternary carbon and the
ester which has to be split during the reaction. In this specific
example, the formation of an oxalate ester, 4a, reduced
the steric hindrance of the molecule and made it acceptable
for different lipases.’? In a similar approach, the stereo-
selective alcoholysis of the butanoyloxymetyl derivative 5a of
linalool (5) has been achieved by action of Candida rugosa
lipase.[7"!

4 O 4a

” 'S
OPr
M 5: R=H
OR 5a: R=CH,0COCH,CH,CH,

4.1.1.2. Kinetic Resolution of Amines and Thiols!'*-¢ 1]

Compared to the hydrolase-catalyzed resolutions of alco-
hols, the corresponding acylations of racemic amines and
thiols are rare. In the first report on this subject,l the kinetic
resolution of various amines (for example, a-methylbenzyl-
amine, 6) catalyzed by the protease subtilisin was achieved by
modulating the organic medium. Later on, the NH
specificity of three lipases were exploited;
lipase B from Candida antarctica (CALB) is

2
the most popular for this transforma- :

tion,™ although the lipases from Pseudomonas 6
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cepacia®™ and Pseudomonas aeruginosa’®! have also been
used. By comparing the literature experimental data, it is
evident that the lipase-catalyzed aminolysis of esters needs a
greater amount of enzyme and longer reaction times than the
corresponding alcoholysis of esters, even though higher ee
values are generally obtained. A likely explanation for this
phenomenon has been suggested, as shown in Scheme 1.1
The rate of proton transfer from the acyl acceptor (RNH, or

acyl-enzyme - free enzyme
intermediate
o] 0 Ser
RY

P
)LO/\Ser HO™ “Ser
H
N \N 9
RXH
)[ y _RXH )I y — LY ¢ Mr
His” N His”~ NH His
! .f H
_0,"' O/I-I —o o
(o] \fo \f
Asp Asp Asp

RXH =ROH : fast
RXH = RNH, : slow

Scheme 1. Decomposition of the acyl—enzyme intermediate by action of
alcohols or amines.

ROH) to the His residue of the catalytic triad during the
nucleophilic attack on the acyl—enzyme complex is likely to
be lower for a neutral amine, which has a significantly higher
acid dissociation constant than the corresponding alcohol. On
the other hand, the higher enantioselectivity can be explained
by taking into account the low reactivity of the formed amides
as substrates for lipases (these enzymes do not hydrolyse the
peptidic bond in water). Despite the fact that more severe
experimental conditions are necessary, the lipase-catalyzed
resolution of racemic amines is presently the most successful
application of enzymatic catalysis in organic solvents (see
Section 4.1.4.).

It has been pointed out!’” that proteases and lipases have
opposite enantioselectivity. Accordingly, the protease subtili-
sin has been used for the production of the pharmaceutically
important intermediate (R)-1-aminoindan (7) and the chiral
resolving agent (R)-1-(1-naphthyl)ethylamine (8).] By using
a continuous-flow reactor containing the enzyme adsorbed on

porous glass beads for the

NH, kinetic resolution of these

compounds, up to 330g of
racemic 7 and 1.6 kg of race-
mic 8 have been resolved to
give 132 g of 7 (40% yield
from the racemate, 98 % ee)
and 560 g of 8 (after crystalli-
zation of the corresponding hydrochloride, 35% yield,
>99% ee; 95% ee prior to crystallization), respectively.
Finally, some papers deserve to be mentioned which describe
the enzymatic resolution of amines using as acyl donors
acrylic esters (such as 9),1% vinyl carbonates (such as 10),18%!
homocarbonates (such as 11),[*l and cyanomethyl pent-4-

2238

enoate (12).5% These examples begin to show the versatility
of hydrolases towards different acyl donors, a property that
will be further detailed in the Section 4.1.2.

Little attention has been paid up to now to the enzymatic
resolutions of thiols. The lipases from the porcine pancreas
and Pseudomonas cepacia catalyzed the regio- and chemo-
selective alcoholysis of the thioesters 13 to the corresponding
thiol with the (R) absolute configuration.®™! Similarly, the

S @AW

thiooctanoate 14 was used as an acyl donor in a reaction
catalyzed by CALB to give the corresponding (R)-thiol with
>95% ee.’ The direct enzymatic acylation of the racemic
thiols was unsuccessful, for reasons that are still obviously
related to the enzymatic mechanism. In fact, regarding
the decomposition of the tetrahedral intermediate (see
Scheme 1), the best leaving group is, in this case, the
thiol, which is less basic than the active site serine hydroxyl

group.

4.1.13. Kinetic Resolution of Carboxylic Acids!'e 6

In principle, carboxylic acids in organic media can be
enzymatically resolved in two ways, that is, either by hydro-
lase-catalysed esterification between an acid and an alcohol
[Eq. (5)] or by transesterification between an ester and an
alcohol [Eq. (6)]. More recently, aminolysis reactions with
suitable amines have also been suggested [Eq. (7)].

R*COOH + R'OH — R*COOR’ + H,0 + R*COOH, g 5)
R*COOR’ + R"OH — R*COOR” + R'OH + R*COOR ;oo (6)

R*COOR’ + R"NH, — R*CONHR” + R'OH + R*COOR',qqua  (7)

Most of the work has been devoted to the resolution of a-
aryl-propionates (15) and a-aryloxy-propionates (16); the
former are nonsteroidal anti-inflammatory drugs (such as
naproxen and ibuprofen) and the latter are an important class
of herbicides. The (S)-enantiomers of 15 are those which show
therapeutic activity, while the (R)-enantiomers of 16 (which,

O.__COO(H, R)
l@/Lcoom, R) )@/ ?
15 16
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by the way, are structurally similar to (§5)-15) are active as
herbicides.

One of the very first reports deals with the enantioselective
esterification of a-halogen-substituted carboxylic acids 17
(R =alkyl, aryl; X =Cl, Br, p-CIC,H,O) catalyzed by Candi-
da rugosa lipase in hexane.’] This transformation has been

scaled up to a pilot plant.® In a previous paper
R.__COOH

\{ by Cambou and Klibanov,®! different strategies
% were compared for the kinetic resolution of
17 2-(4-chlorophenoxy)propionic acid (16a, X = p-

Cl). The best approach proved to be the trans-
esterification reaction ([Eq. (6)], R”=Me, R” = Bu). Another
example of this methodology is the kinetic resolution of the
trans-glycidic methyl ester 18, whose (2R,3S)-enantiomer 18a
is a precursor of the calcium channel blocker drug diltiazem
(19, Scheme 2). The enzymatic resolution has been achieved
by a-chymotrypsin suspended in hexane/BuOH 9/1,°"! or by
action of Candida rugosa lipase suspended in fert-amyl
alcohol containing n-octanol (37% yield, 88% ee for the
residual 18a)."" Similarly, the racemic frans-glycidic methyl
ester 20 was resolved by action of Mucor miehei lipase in
hexane in the presence of iBuOH (E =33, 42 % yield, 95 % ee
for (—)-20; 43% yield, 95ee for the (+)-20).'”7 Both
enantiomers were then elaborated to obtain the taxol C-13
side chain.

o]

/@ SCOOR
X

o (2R,35)-18a;(2R,35)-20a
/@Acoom ROH
X enzyme [0}
/gu “COOMe
X

(2S,3R)-18;(2S,3R)-20

OMe
S
. e C[ OAc
N
/J °

/N\ 19

18: X = OMe
20: X=H

Scheme 2. Enzymatic kinetic resolution of trans-phenylglycidic methyl
esters.

A disadvantage of the transesterification approach is the
similar nature of the substrates and products, which leads to
reaction mixtures containing compounds with similar phys-
icochemical properties. As a consequence, serious problems
can be encountered in scaling the reactions up if a chromato-
graphic purification has to be avoided. An elegant technique
for the separation of the resolved enantiomers was achieved
by using poly(ethyleneglycol) as a nucleophile for the alcohol-
ysis of the epoxybutanoate 21, a precursor of (R)-carnitine.[!
o Another approach is described in a
[>""coocH,cel, patent, dealing again with the resolution
21 of racemic 18; 4-hydroxybutanoic acid

Angew. Chem. Int. Ed. 2000, 39, 22262254

was used as a nucleophile using a lipase from Alcaligenes
species.’¥  The  corresponding ester 18a (R=
CH,CH,CH,COOH) could be separated from the unreacted

18 by washing the reaction mixture with a mild alkaline

solution.
Candida antarctica lipase B catalyzed amminolysis of the

2-chloroethyl ester of ibuprofen (22) is a good example of the

process described in Equation (7).] The use of NH; as a

nucleophile greatly increased

the enantioselectivity of the

reaction (E =28, solvent fert-

butylalcohol) compared to the /K/Q/L COOCHCRC

enzymatic alcoholysis (E =3, 22

same solvent). Lipases from

Candida antarctica (SP435) and Humicola species (SP398)

seem to be particularly effective for this reaction, as they are

able to tolerate high concentration of NH; (up to 2.5M).

Additionally, many amides are sparingly soluble in organic

solvents and precipitate during the ammoniolysis reaction,

thus facilitating their isolation.

4.1.1.4. Kinetic Resolution of Hydroperoxides and Lipase-
Mediated Formation of Peroxycarboxylic Acids

Hydroperoxides can be accepted as nucleophiles by hydro-
lases suspended in organic solvents. The kinetic resolution of
racemic hydroperoxides (such as 23) catalyzed by Pseudomo-
nas fluorescens lipase has been reported,® a procedure which
also exploits the spontaneous degradation of acylated hydro-
peroxides to carboxylic acid and ketone. For example, using
cyclohexane as a solvent, (§)-1-phenylethyl hydroperoxide
was prepared enantiopure at 60 % conversion.

OOMe
OOH

= 23

In an interesting approach, immobilized lipases have been
used for generating peroxycarboxylic acids in a suitable
organic solvent directly from the parent carboxylic acid and
hydrogen peroxide. Furthermore, the peroxy acids formed
under these very mild reaction conditions can be applied
concomitantly for the nonstereoselective epoxidation of
alkenes (Scheme 3).07]

— R /R
2 4 \ R R4
i X
RJJ\OOH R™ "OH
H.0 lipase H.0,

Scheme 3. Chemoenzymatic epoxidation of alkenes by enzymatically
generated peroxycarboxylic acids.
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4.1.1.5. Kinetic Resolution of Compounds Carrying a
“Distant” Stereocenter

In all the examples described so far, enzyme selectivity was
acting on stereocenters located adjacent to the site of
catalysis. However an enzyme has the potential to discrim-
inate any substrate stereocenter, no matter how remotely it is
located from the catalytic site, since the whole active site of
the enzyme is chiral. This property is synthetically very
appealing, because the control of configurations of stereo-
centers remote from the chiral auxiliaries or catalysts applied
in nonenzymatic methodology remains an unsolved problem.
Despite that, the effects of distal chiral centers on the
stereoselectivity of hydrolases has not been broadly studied
and, consequently, not many examples have appeared in the
literature.[!

Concerning transformations in organic solvents, the kinetic
resolution of compound 24, a precursor of the a-tocopherol
analogue MDL-73404, has been reported. Enzymatic acyla-
tion of 24 catalyzed by a lipase from Pseudomonas sp.
(lipase B, Sapporo) allowed the isolation of the pure (§)-
enantiomer of 24 in 36% yields.” In another example,
enzymatic stereoselective esterification of racemic a-lipoic
acid (25), a compound in which the carboxylic acid and the
stereogenic center are four carbon atoms away, was achieved
by exploiting the properties of Candida rugosa lipase.l*)
Different alcohols were tested and the best results were
obtained with n-hexanol.

HO

g_z/\/\/COOH

24 25

4.1.1.6. Dynamic Kinetic Resolution!""

The main drawback of the kinetic resolutions described so
far is that the maximum yield of one stereoisomer which can
be obtained under ideal conditions is limited to 50%. A
possible approach to overcome this limitation is chemical
elaboration of the crude mixture by enzymatic acylation. For
instance, the stereochemical inversion of the residual alcohol
with the Mitsunobu protocoll'®! has proved to be quite
successful, as exemplified in Scheme 4. Following reduction of

™S oH Z0Ac
\é lipase PS
26
™S "
—
=<
. 1) AIBN; PPh,; AcOH \Q
2) LiAlH,; THF
oAc (R)-26

TMS. z
\@ (R)-26a

Scheme 4. Chemoenzymatic kinetic resolution of racemic 26. AIBN =
azobisisobutyronitrile.

2240

acetate (+)-(R)-26a with LiAlH,, the corresponding alcohol
(+)-(R)-26 was obtained with an optical purity of 87.5% ee,
which was increased to >99% ee by a single crystallization
(73 % overall yield from the starting racemic alcohol 26).1°1
A complementary approach is the so-called “dynamic
kinetic resolution” (DKR).I""I This process is a type of second
order asymmetric transformation,!'*
and ind.icau?s any pr9ce§ure which (5)- A —2nZyme
allows in situ racemization of the (fast)
substrate prior to the enantioselective
reaction, so that, in principle, a quan-
titative conversion of the starting
material into a single stereoisomer of
the product can be obtained. For
DKR to be effective, the reactant
isomers must be in rapid equilibrium,
to make removal of one isomer the
rate determining step (Scheme 5). As
the enzyme always faces a racemic
substrate during the reaction, the
optical purity of the product becomes independent from the
extent of conversion and depends only on the enantiomeric
ratio E [Eq. (8)].

(R)-A enzyme Q

(slow)

Scheme 5. Dynamic ki-
netic resolution of a ge-
neric racemate. The en-
zyme generates the
products from starting
enantiomers which are
in fast equilibrium.

E—1 ©
o B
“TE+1

The kinetics of DKR have recently been described,!'®® and
some examples dealing with the subject of this review have
been reported. Of course, in situ racemization occurs by
breaking and forming bonds, and this has been achieved either
by exploiting the acidity of a proton linked to a specific
stereocenter or by formation of a stereocenter from achiral
precursors. The latter was the case in the DKR of cyanohy-
drins™ (described in detail in Section 4.1.2) and hemithio-
acetals.l'%]

As shown in Scheme 6, different thiols and aldehydes were
mixed together to form racemic hemithioacetals, of which
essentially a single enantiomer was acylated by Pseudomonas
fluorescens lipase under the reaction conditions. Racemiza-
tion of the unrecognized hemithioacetals was obtained by a

(o] OH OAc
J_ + R'SH — /O\H + ).
R™ "H R” “SR' R SR!? lipase R~ N8R!
TBME, 30 °C
r silica gel

Scheme 6. Enzyme-mediated dynamic kinetic resolution of an epimerising
hemithioacetal.

dissociation —recombination process catalyzed by silica gel.
The best substituents (R = AcOCH,, R, =n-octyl) allowed
the isolation of the corresponding acetylated (S)-hemithio-
acetal with >95% ee in 85 % yield.

Compounds 27-30 are some of the molecules containing a
labile stereogenic center that have been successfully subjected
to DKR. Alcoholysis of the oxazolin-5(4H)-one (27) cata-
lyzed by lipozyme has been scaled up to 200 gL' and the

Angew. Chem. Int. Ed. 2000, 39, 22262254
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(9)-31

j%o H|\j\/COOBu
Ph>_ Ph/&o
27

(R)-32
0 (o]
O MNwoH o N
X ~(one
29 (9)-33

Cl o Cl (o)
/@/oﬁscmca /@/oj)\oeu
Cl (o]

product (S)-31 has been obtained with 97% ee at 96%
conversion after 24 h.['l By choosing the appropriate lipase,
acetate (R)-32 could be obtained enantiomerically pure (ee >
99%) at 90% conversion,['” and so could acetate (S)-33
(>99% ee at 99 % conversion after 18 h).'74 Alcoholysis of
the thioester 30 catalyzed by lipase PS gave the corresponding
butyl ester (R)-34 with 75 % ee at 99 % conversion.['®]

More recently, DKRs have been obtained by a suitable
combination of enzymes and transition metals.!% 191 Of
course, to utilize these reactions an additional condition must
be met, that is, the organometallic catalyst should not
influence the enzyme in terms of selectivity or reactivity. In
a first report,"' the model secondary alcohol 35 was
acetylated in the presence of Pseudomonas sp. lipase and a
suitable ruthenium catalyst to give the (R)-acetate 35a with
98% ee at 60% conversion after 72h. Mechanistically,
racemization of the unreacted alcohol is achieved by its
temporary oxidation, catalyzed by the transition metal in the
presence of a base at the expense of a corresponding ketone
(such as acetophenone, Scheme 7). Optimization of the

gAc

@j\ ZOAc, lipase ©/\

acetophenone (1 equiv)
tBuOH 35a

Scheme 7. Dynamic kinetic resolution using a combination of enzyme and
transition metals.

Ru-catalyst,

reaction conditions (a different ruthenium catalyst and the
use of p-chlorophenylacetate as acyl donor) allowed the
isolation of 35a with 92% yield and >99.5 ee.[''!]

The lipase-catalyzed DKR of amines using palladium
catalysts has also been reported.l''” For instance, N-acylated
phenylmethylamine was obtained with 99% ee at 75-77 %
conversion.
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4.1.1.7. Enzymatic Desymmetrization of Prochiral and Meso
Substrates!!’3

Enzymatic DKR is clearly a very attractive process, but
racemization and resolution usually require reaction condi-
tions which are mutually incompatible. Only by finding the
required fine balance between the two, could such a process
be achieved as described in the previous section.

A more versatile approach to the synthetic goal of
enantiomerically pure products in quantitative yields is given
by the exploitation of another property of hydrolases, that is,
their ability to differentiate enantiotopic groups of prochiral
and meso compounds. Additionally, the ability to enter into
either enantiomeric series in a straightforward fashion,
regardless of the enantiomeric outcome of the enzymatic
desymmmetrization, is a substantial advantage of working
with these molecules. These desymmetrization processes have
been discussed in detailed reviews very recently!'™3l and,
therefore, only few cases will be presented as examples in the
following paragraphs.

Considering prochiral substrates first, the synthetic versa-
tility of 2-methyl-1,3-propanediol (36) and of its equivalents
(X =alkyl, benzyl, aryl, alkenyl) has been recognized, and a
review entirely dedicated to
their preparation, enzymatic
desymmetrization, and syn-
thetic applications is also
available.[' For instance,
the desymmetrization of diol
37 catalyzed by porcine pan-
creas lipase has been per-
formed on a 40g scale.l'”]
The monobutanoate 38, ob-
tained with 97.6 ee in 74.4%
yield, was a key intermediate for the synthesis of both
monocarbamate enantiomers of 39, metabolites of the anti-
epileptic drug felbamate (40).

Malonates monosubstituted at the C-2 atom are com-
pounds related to 36. Attempted enzymatic desymmetrization
of 41 under aqueous conditions failed, because the activated
C—H in the half ester product undergoes fast exchange
accompanied by racemization. On the other hand, the use of
enzymes in organic solvents allowed the efficient preparation
of both optically labile enantiomers 42a and 42b, and their
conversion into configurationally stable compounds.[''°]

X

Ro_J_or

36: X'Me;R"R2=H

37: X=Ph;R'=R2=

38: X=Ph;R'=H; R2=COPr
39a: X = Ph; R'=H ; R = CONH,
39b: X =Ph; R'=CONH, ; R2=H
40: X =Ph; R'=R2=CONH,

41: R'=R2=Me
42a: R'=Me ; R2=Bn
42b: R'=Bn ; R2 = Me

OMe
R’ooc)\coorz‘

The aminolysis or ammonolysis of the homologous dimeth-
yl 3-hydroxyglutarate (43) catalyzed by Candida antarctica
lipase in dioxane was also highly enantioselective and the
corresponding enantiopure amides (R)-44 were obtained in
almost quantitative yields."'”l To show the synthetic utility of
the optically active compounds (R)-44, one of them ((R)-44d)
was elaborated into the biologically active (R)-4-amino-3-
hydroxybutanoic acid ((R)-GABOB, 45).
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OH OH
meooc__L_coome meooc. L __conHr
43 44a: R=Bn; 44b:R=Bu
44c: R=Allyl; 44d: R=H
OH
Hooc. L _NH,
45

Moving to cyclic compounds, the desymmetrization of the
prochiral ketone 46 by enzymatic enantioselective hydrolysis
of its enol esters in water-saturated organic solvent has been
reported (Scheme 8).1118]

OCOR

Ph" CN

enzyme
R'OH

(o} OCOR

Ph” “CN Ph" “CN
Scheme 8. Desymmetrization of the prochiral ketone 46.

Finally, concerning the desymmetrization of prochiral
compounds, the brilliant elaboration of prochiral 1,4-dihy-
dropyridines (47) deserves to be mentioned.l''"”] As previously
discussed,* the two enantiomers (S5)-48 and (R)-48 could be
obtained either by using the same lipase (lipase AH) and
modulating the reaction media (iPr,0 to get (S)-48 and
cyclohexane to get (R)-48) or
by using the same solvent
(iPr,0) and two different li-
pases (lipase AH to get (S5)-48
and lipase PS to get (R)-48).
Interestingly, by changing just
three aminoacids of lipase PS
by side-directed mutagenesis,
the performance of the mu-
tant enzyme became similar
to that of the wild type lipase
AH.[HQ]

Scheme 9 exemplifies the desymmetrization of some cyclic
meso diols (products 49 —52),[113a. 1130 while Scheme 10 shows
some of the compounds that have been obtained from the
synthon 50. The literature concerning the enzymatic desym-
metrization of acyclic meso polyols is also very rich.[''**l Two
arbitrarily chosen examples!!?® 2!l are shown in Scheme 11.

47: R' = R? = CH,0CO1Bu
(R)-48: R = H; R2 = CH,0COtBu
(S)-48: R* = CH,0CO1Bu; R? = H

4.1.1.8. Kinetic Resolution of Organometallic Compounds

Organometallic compounds are widely used in modern
organic chemistry and hydrolase selectivity can be exploited
with these unnatural substrates too. In a very few reports the
non-carbon atom was also the stereogenic center. This was the
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\Q/ " ©:o>< HO OH  HO OH
OH
la) b) b) lb)

OH oTBS Q
OH
A0\ AcO OH AcO OH

49 50 51 52
Scheme 9. Desymmetrization of cyclic meso diols with isopropenylacetate
as the acylating agent. Enzymes utilized: a) Novozym 435; b) Pseudomo-
nas cepacia lipase.

OH
(X
OAc 50
NH,
OH ©:0H MeOOC OH
OH ~~OH \©:°H
OH OH

Scheme 10. Chemical elaboration of the enzymatically-produced mono-
acetate 50.

OBn OBn
Z>0Ac

= H OWO Ac
porcine pancreatic

lipase
87 % yield, 95 % ee

0o o Q

H OH A OH
HO™ 7% > 0Ac AcO” 7
(o} . o

Pseud i
";:'s'e 0monas cepacia  g¢ o, yield, 98 % ee

HO OH

Ne)

Scheme 11. Lipase-catalyzed desymmetrization of acyclic meso-polyols.

case, for instance, with the silyl methanol derivatives 53, which
were resolved by the protease papain catalyzed acylation with

Me\s/\OH R = Ph, p-Me-CgHj, p-F-CeH,
1
R \R2 R? = Et, Pr

53
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5-phenylpentanoic acid in water-saturated 2,2,4-trimethylpen-
tane.'”?l More frequently, like in the case of the organotin and
organosilyl compounds 54-57, the metallic atom was just an
additional functional group which makes it possible to design
a wide variety of synthetic elaboration. Lipase-catalyzed
kinetic resolutions of these compounds!'?*-2%] are just a further
exemplification of the procedures described in the Sec-
tion 4.1.1.1.

QH OH ﬂA OH
R” > SnMe, Rj\/\smaua R snBu, j\/\sma
54 55 56 57

The compatibility of metallic atoms with enzymatic activity
and selectivity is even more important when using planar
chiral organometallic compounds (belonging, for instance, to
the (arene)Cr(CO); series) as a substrate. Thus, the esterifi-
cation of the chromium complexes 58 with vinyl esters in the
presence of Pseudomonas sp. lipases gave the corresponding
(8)-esters and the residual (R)-alcohols; the optical purities of
the products depended on the nature of the acyl donor.['””]
Similarly, the lipase PS catalyzed deacylation of the oxime
acetates 59 with nBuOH allowed the resolution of the racemic
mixture.'? The E value was not very high, but modulation of
the reaction medium allowed the inversion of the enzymatic

enantioselectivity.
0.
. oy
X X
rco), 58 nCO), &g
X = Me, OMe, CI, F

X = Me, OMe, SiMe,

Efficient enzymatic preparations of optically active ferro-
cenyl alcohols starting from racemic or meso precursors, such
as 60 and 61, have also been described by different
authors.[12%: 66]

.~ _/—OH
(Fe} “oH (Fe}__OH

60 61

4.1.1.9. Kinetic Resolution of Racemates Without a Chiral
Carbon Center

The last examples of the previous paragraph show that,
besides being able to selectively recognize molecules con-
taining one or more stereogenic center, hydrolases are also
able to catalyze the kinetic resolution of other chiral
compounds. Similarly, the resolution of axially chiral primary
allenic alcohols of type 62, as well as of the alkenes 63 and 64,
have also been reported, although with moderate selectiv-
ity.[3% 31 On the other hand, resolution of the spiro diol 65
and of the axially chiral [1,1’-binaphthyl]-2,2’-diol 66 were
more efficient.[3 133

Very interesting results have also been reported on the
resolution of racemic bis(hydroxymethyl)[7]thiaheteroheli-
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OH
R' ):K\/ /O/\/OH
2 (CHZ)/\OH R R
63 64

62

I I OH
H OH

\ ¢
65 66

cenes 671 and on the desymmetrization of the calix[4]arene
derivative 68.013]

OH
Hos \ /(;H OJ/ OH
2 (5
67 68

4.1.2. Regioselectivity of Hydrolases

According to ITUPAC definition “a regioselective reaction is
one in which one direction of bond making or breaking occurs
preferentially over all the other possible directions”.l'’¢l Tn
1985, the regioselective acylation of the primary hydroxyl
groups of simple aliphatic glycols by the action of porcine
pancreatic lipase was reported.l'*”] Since then , the ability of
hydrolases to perform this kind of transformation in organic
solvents has been extensively exploited in the modification of
other diols and of polyfunctionalized compounds, such as
carbohydrates, steroids, alkaloids.

Considering carbohydrates first, we have to initially ac-
knowledge Klibanov’s pioneering studies on the use of lipases
for the regioselective esterification of primary!*! or secon-
dary!™®! hydroxyl groups of monosaccharides, and on the use
of the protease subtilisin for the modification of primary
hydroxyl groups of di- and oligosaccharides, as well as of
natural glycosides.'*) The substrates described in these
papers (some of which are depicted in Figure 9) offer a good
exemplification of the versatility of the methodology and, in a
way, they can be considered the “natural ancestors” of the
numerous applications that have been reported in the
literature since then. As this subject has already been covered
in recent reviews and book chapters,'*!l only few representa-
tive examples will be described and commented on here.
Specifically, lipases and proteases have been exploited:

a) To catalyze a protective step in a chemoenzymatic syn-
thesis of sugar derivatives. For instance, subtilisin-cata-
lyzed esterification of lactosides has been used for a
chemoenzymatic approach to 6’-deoxy-6'-fluoro- and 6-de-
oxy-6-fluoro-lactosides.l'?] In another example, the acyla-
tion of sugar benzylidene derivatives, useful intermediates
in the synthesis of oligosaccharides, has been described.
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[0}
HO

OH -
H o Ho Ho
HO OH H

sucrose lactose

/ o OHo
Oy Ho HO H
A o OH H 0
HO ~ HO H HOL OH

cellobiose maltose
/
OHo
"Ro
H |'|O
HO . OH
OH
. HO
maltotriose H
CH,OH
HO AN Nf
HO L
HO o Ho " oJ "
H N_N_O
VNG XXy
- N? NH OH OH
(o}
salicin riboflavin adenosine

Figure 9. Acylation of sugars and natural glycosides, catalyzed by subtilisin
in DMF, occurs at the indicated sites.

For instance, esterification of the 4,6-O-benzylidene-a-D-
glucopyranoside (69) with vinyl acetate by action of
Pseudomonas cepacia lipase gave the 2-O-acetate 69a
quantitatively. Results obtained with similar sugar deriv-
atives were obtained independently by two research
groups ;14 1441

Ph/VoO o

HO

69: R=H

RO 69a:R=Ac
Me

b) To synthesize specific esters of natural glycosides. For
instance, a chemoenzymatic approach to malonyl esters of
the flavonoid glycosides isoquercitrin, rutin, and narin-
gin,*1 as well as of the ginsenoside Rg; has been
described;1%]

c¢) To increase the basic knowledge of hydrolase selectivity.
For instance, the rational control of enzyme-catalyzed
regioselectivity has been studied using sucrose acylation
with vinyl esters in organic media as a model;['*’]

d) For the large-scale production of sugar acrylates, suitable
monomers for the preparation of new polymeric hydro-
gels;[148]

e) For the large-scale production of new biosurfactants.['*]
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The first paper published on the selective acylation of
polyhydroxylated steroids described the complementary re-
gioselectivity of two hydrolases, namely the lipase from
Chromobacterium viscosum (CvL) and the protease subtilisin,
towards different substitution of the tetracyclic skeleton.!'>]
As shown in Figure 10, the model dihydroxylated steroid Sa-
androstane-3,17-diol (70) was selectively monoacylated at

/— subtilisin

OH
Chromobacterium
viscosum lipase
HO ) 70

Figure 10. Sites of attack in the acylation of Sa-androstran-343,174-diol
catalyzed by different hydrolases.

one of its two hydroxyl groups by changing the enzyme used.
(This phenomenon is quite common and it has been reported
with other polyhydroxy compounds.['* 1311) The reactivities of
numerous hydroxysteroids with these two enzymes were
examined and the results showed that CvL lipase was very
sensitive to the immediate environment of the C-3 hydroxyl
group, accepting only the steroids with an A/B ring fusion in
the trans configuration and the hydroxyl group in the
equatorial (f)-position, but was quite insensitive to variations
of the side chain. Conversely, changes in the A or B ring did
not dramatically affect the acylation of steroids by subtilisin,
confirming the preference of this protease for C-17 or side-
chain hydroxyl groups. The performances of two other lipases,
from Candida rugosa™? and from Candida antarctica,'>
were subsequently investigated with different steroids, these
enzymes proving to have less strict stereochemical require-
ments. The latter enzyme was also used for the regioselective
esterification of the C-2 hydroxyl group of several ecdyste-
roids (such as 71, to give 71a).[>4

“, N

RO OH

71: R=H

HO™ >4 71a: R=Ac

An interesting exploitation of enzymatic regioselectivity
was reported by Margolin and co-workers.'5) As exemplified
in Scheme 12, the sequential use of different hydrolases

HO | OH HO , ocor
HO ~~ocor O Z>OCOR
——— -
subtilisin C.v. lipase

HO™ HO""

subtilisin

Scheme 12. Synthesis of various acyl derivatives of the alkaloid castano-
spermine 72 by sequential use of different hydrolases.
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allowed the isolation of several O-acyl derivatives of the
alkaloid castanospermine (72), that proved to be as much as
20 times more active that castanospermine itself in inhibiting
HIV replication.

In a way, this paper can be considered a precursor of the so-
called “combinatorial biocatalysis”, a recent approach to drug
discovery.['*! For instance, the same enzymatic strategy was
applied to produce a solution-phase combinatorial library of
167 distinct, selectively acylated derivatives of the polyhy-
droxylated flavonoid bergenin (73) on a robotic workstation
in a 96-well plate format. Additionally, by exploiting enzymes

73

74: R=H
ocg(CHz)‘CO—

HO
74a: R= HB%OH

OH

74b: R = CO(CH,),COOH

belonging to different classes, up to 600 bergenin derivatives
were automatically produced.['”] Other lead compounds that
have been similarly derivatized are, for instance, the antibiotic
erythromycin and the antitumoral paclitaxel (74). The latter
compound has a very low water solubility, a problem that
could be overcome by selective enzymatic modification of its
side-chain C-2" hydroxyl group, followed by further enzymatic
modifications. For example, the glucosylated derivatives 74a
is 60 times more soluble than 74, while the acid derivative 74b
is more than three orders of magnitude more soluble.['>]

Of course this approach is not limited to complex mole-
cules, but can be used to derivatize any kind of organic
compounds carrying a functional group, for instance, poly-
benzyl esters that were used to produce amide libraries.!'>")

The combinatorial biocatalytic approach shows the versa-
tility of hydrolases towards acylating agents, which are not
limited to simple aliphatic acids like acetate and butanoate.
However, generally speaking, it is not true that it is possible to
acylate any substrate with any kind of ester. As pointed out in
some reports, L] it is likely that a reciprocal steric
hindrance occurs between large acyl groups and large
nucleophiles, the latter being excluded by the catalytic site
and, thus, prevented from attacking the acyl—enzyme inter-
mediate.

4.1.3. Chemoselectivity of Hydrolases

Chemoselectivity is “the preferential reaction of a chemical
reagent with one of two or more different functional
groups”.[3 Exploitation of this property has been reported
for the selective monoacylation of aminoalcohols and sulfa-
nylalcohols. In 1989, Klibanov and co-workers described
unexpected selectivity of Aspergillus niger lipase towards the
acylation of 6-amino-1-hexanol, opposite to that of the

Angew. Chem. Int. Ed. 2000, 39, 22262254

chemical reaction.'®) The overwhelming preference for the
esterification of the hydroxyl group allowed the authors to
prepare several O-acylated amino alcohols in good yield
without requiring protecting groups. This study was then
extended and it was reported that the ratio of O- to N-
acylation was markedly dependent on the solvent.l'*] For
example, this ratio varied from 1.1 in tert-butyl alcohol to 21 in
1,2-dichloroethane for the acylation of N-a-benzoyl-L-lynisol
(75) with trifluoroethyl butyrate catalyzed by Pseudomonas
cepacia lipase. Other authors have reported that porcine
pancreatic lipase is able to direct its action to the selective O-
acylation of 2- mercaptoethanol with ethylcarboxylates.['*
On the other hand, the same lipase, as well as Pseudomonas
cepacia lipase, exclusively catalyzed the thiotransesterifica-
tion of the thioester 76 with propanol in hexane.®!

HzN\/\/Y\OH (o] (o]
o ENH /U\S/\RLO/
75 76

The acylation of the sugar moiety of the nucleotide
adenosine (77)[41 described above (Figure 9), as well as of
the hydroxyl group(s) of the alkaloid castanospermine (72,
Scheme 12), are other examples of chemoselective trans-
formations. Preferential O-acylation was also obtained with
another bioactive alkaloid, 1-deoxynojirimicin (78), which,
similarly to castanospermine, was selectively acylated at the
C-6 and/or C-2 hydroxyl group by the protease subtilisin,
despite the presence of a potentially more reactive amino
functional group.['3]

NH,
OH
N SN
HO § | N/) HO,, wOH
o OH
N
H OH H
77 78

Surprisingly, the OH versus NH, chemoselectivity of this
enzyme is reversed in peptide synthesis. Thus the derivatives
of amino acids that contain a hydroxyl group at the side chain
(such as serine, threonine, or tyrosine) could be used without
protection of the OH group, as was exemplified in the
synthesis of dipeptide fragments of the “so-called” octapep-
tide T.010

4.14. Large-Scale Applications!'%%

Several companies are currently using enzyme-catalyzed
reactions in organic solvents for the large-scale production of
useful intermediates. However, due to confidentially reasons,
it is often quite difficult to get information about the processes
or even the substrates and enzymes used. In the following
paragraphs we will discuss some examples that can be
extrapolated from the patent and scientific literature.
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Compound SCH51048 (83) from Schering—Plough is an
antifungal azole derivative that is now in Phase II clinical
trials. The synthetic route to the final drug proceeds
through a key intermediate, the (2R,4S)-phenylsulfonate 82
(Scheme 13). The required stereochemistry at the C-2 and C-4
positions in the tetrahydrofuran ring of 82 is achieved by an

OH E/OAc
F OH . L _OH /\
N
Z “OAc I, K/N
—_—
F Novozym 435 F £
79 80
o] o SO,H-NH,
F~OAc F~OTos o BOEt ©/ \©/\/\/
\ | Y 'OEt ~A-Paa~
O U oo
%/go o
(S)-87

Scheme 13. Synthesis of SCH 51048 (83).

iodocyclization reaction performed on the chiral monoester
80, followed by displacement of the iodide in 81 with sodium
triazolide. In turn, 80 is synthesized by enzymatic acylation of
the symmetric diol 79 under nonaqueous conditions. Using
Candida antarctica lipase B (Novozym 435) and vinyl acetate
in acetonitrile, highly enantioselective acetylation of diol 79
occurs to give the monoacetate 80. Acetonitrile was selected
as the reaction solvent since the subsequent iodocyclization
step was carried out in the same solvent at 0°C, simply by
removing the enzyme beads by filtration and carrying out the
cyclization on the crude enzymatic reaction mixture. This
enzymatic process is continuously running in a pilot plant to
supply material for the clinical trial.1%]

In another example from the Bristol-Myers Squibb
Pharmaceutical Research Group, the resolution of racemic
84 by an acetylation reaction catalyzed by lipase PS-30 was
scaled up to 640-L batches. The reaction contained 4 gL~! of
racemic 84, 2% (v/v) isopropenyl acetate, 0.05% distilled
water (v/v), and 1% (w/v) crude lipase PS-30 powder in
toluene. The batch reactor was shaken at 37°C and 150 rpm
for 20 h and gave the unreacted (R)-(+)-84 with an ee value of
99.5% in 48 % yield.'! Other pharmaceutical intermediates
have been prepared by the same research group on a
multigram scale. For instance, racemic a-(3-chloropropyl)-4-
fluorobenzenemethanol (85), a possible intermediate for the
synthesis of the potential antipsychotic agent BMS 181100
(86), was resolved using isopropenyl acetate and lipase PS-30
in heptane. The S alcohol was obtained in 42 % with >99 %
optical purity, while R acetate was obtained with 92.6 %
optical purity by stopping the reaction at 46 % conversion.['?’!
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The chiral intermediate (S)-87 was prepared for the total
synthesis of a squalene synthase inhibitor effective as an
anticholesterol drug, BMS-188494 (88). The kinetic resolution
of racemic [1-(hydroxy)-4-(3-phenyl)butyl] phosphonic acid,
diethyl ester was carried out in toluene using the lipase from
Geotrichum candidum with isopropenyl acetate as the acylat-
ing agent. A reaction yield of 38% and an optical purity of
95 % were obtained for the acetate (S)-87.1% At variance, the
stereoselective acetylation of racemic 89 (Z =benzyloxycar-
bonyl), a precursor of the antitumor antibiotic and immuno-
suppressive agent (—)-15-deoxyspergualin, was carried out in
methyl ethyl ketone using a lipase from Pseudomonas sp.
(lipase AK) and vinyl acetate. A reaction yield of 48 % and an
optical purity of 98% were obtained for the corresponding
(8)-acetate, while the unreacted alcohol was obtained in 41 %
yield and 98.5 % ee.l'*]

The research group of Chiroscience Ltd. has developed an
efficient lipase-catalyzed transesterification of racemic/meso-
hexane-2,5-diol (90) combined with a mesylation/displace-
ment reaction sequence to give both hexane-(2R,5R)-diol (91)
and hexane-(25,55)-diol (92) in 99 % ee and 99 % de, without
the need for chromatography (Scheme 14)."% These com-
pounds are important intermediates in the synthesis of 2,5-
disubstituted pyrrolidines and phospine ligands of interest for
asymmetric hydrogenation. This volume-efficient process has
been performed on a multikilogram scale and can be extended
to alternative diols.

Probably the process that is actually performed on the
largest scale is the enzymatic resolution of racemic amines
developed by the BASF research group,!'’!in which a racemic
amine or aminoalcohol is enantioselectively acylated in the
presence of an hydrolase with an ester whose acid component
bears a fluorine, nitrogen, oxygen, or sulfur atom in the
proximity of the carbonyl atom. As shown in Scheme 15, the
acylating agent can be ethyl methoxyacetate while, following
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Scheme 14. Preparation of enantiomerically pure C,-symmetric diols.

racemic amine + methoxyacetate ester -—
lipase
(S)-amine + methoxyacetamide of (R)-amine recycle
isolated by
distillation or hydrolysi
extraction ydrolysis

(R)-amine + methoxyacetic acid —

isolated by
distillation or
extraction

Scheme 15. BASF process for the kinetic resolution of amines.

the separation of the unreacted (§)-amine by extraction or
distillation, the methoxyacetamide of the (R)-amine can be
chemically hydrolyzed and the resulting amine can be either
isolated or racemized for recycling.

4.1.5. Miscellaneous Applications of Hydrolases

Enzyme-catalyzed transesterification using 1,3-regiospecif-
ic lipases can be used to produce valuable confectionery fats.
At present, Unichema in Europe and Fuji Oil in Japan
produce several hundred tons of cocoa butter equivalents
(cocoa butter is the fat that confers chocolate with its required
crystallization and melting characteristics) by transesterifica-
tion of cheap sunflower oil, particularly rich in oleic acid, with
stearic acid.l'l This process is catalyzed on a solvent-free
packed-bed reactor by the lipases from Rhizomucor miehei
(Unichema)'™ or Rhizopus (Fuji Oil).['™

The use of lipases has proven to be particularly advanta-
geous for the synthesis of partial glycerides containing labile
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substituents such as 8'-apo-f-carotinoic acid, which would not
withstand chemical procedures.'*]

Fatty acid esters of carbohydrates have potentially impor-
tant applications in detergents, food and feed, cosmetics and
pharmaceuticals because of their surface-active properties. A
promising enzymatic approach to this class of compounds has
been developed at Novo Nordisk. Monoesters of alkyl
glycopyranosides have been prepared on a large scale in a
more than 90 % yield by direct enzyme-catalyzed esterifica-
tion of glucopyranosides with long chain fatty acids in a
solvent free process.'*! Specifically, the procedure was tested
in a pilot-plant on a 20 kg scale using a mixture of a- and (-
ethyl p-glucopyranoside, prepared by direct glucosylation of
glucose in ethanol in the presence of an ion-exchange resin,
and 5% of immobilised lipase (w/w) from Candida antarctica
as the catalyst. The corresponding 6-O-monoesters were
obtained in 85-90% yield within 24 hours, and the enzyme
could be recycled several times with no noticeable loss of
activity. In other reports, the low solubility of the sugars in the
melted fatty acids has been overcome by the use of butyl
glycosides [l or sugar acetals,'® as well as by the addition of
small amounts of organic solvents serving as adjuvant to
maintain a small liquid phase.!'””}

Lipases and proteases have also been used for the large
scale production of sugar acrylates, which are suitable
monomers for the preparation of new polymeric hydrogels.!'7¢]
A two step chemoenzymatic synthetic strategy has been
developed to prepare polysugar acrylates.'*s] In the first step,
an enzyme is used to catalyze the regioselective acryloylation
of a sugar, then the derivatized sugar is chemically polymer-
ized (typically by a free radical mechanism) to give a long-
chain, linear polysugar acrylate.

Following a first report by Klibanov and co-workers,”]
hydrolase-catalyzed processes have been used to prepare
various oligomers and polymers through A-B type poly-
condensation,'™ AA-BB type polycondensation,!'! and
ring-opening polymerization.['8?]

Another interesting application of hydrolases in organic
media is the synthesis of peptides.'"l In one of the first paper
published on this subject it was found that the enantioselec-
tivity of serine protease is dramatically relaxed in organic
solvents.'™ This finding opened the possibility for the
formation of b—L or b-D type peptide bonds by using a
protease,l'®] a transformation that is not possible in water due
to the enzyme’s strict selectivity for L-aminoacids. Addition-
ally, this system was found to exhibit unique regio- and
chemoselectivity. For instance, when lysine was used as an
amino donor without protection of its side chain, subtilisin
catalyzed peptide bond formation selectively on the e-amino
group in fert-amyl alcohol.*) Hydrolases that do not have a
proteolytic activity in water, like lipases, are instead able to
catalyze the acyl transfer to an amino nucleophile. Accord-
ingly, different lipases have been used to catalyze peptidic
bond formation.87)

Finally, the use of lipases in the flavor and fragrances field
deserves to be mentioned.'! In these cases the enzymatic
transformation is usually quite trivial, such as the esterifica-
tion of citronellol with acetic acid in the presence of molecular
sieves to remove the water formed,['* but the products can
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have the added value associated with the “natural” label. In
fact, legislation of most countries requires that, in order to
qualify a product such as a food additive as “natural”, its
preparation should not involve any ’chemical’ steps. Enzy-
matic transformations are considered by the same legislation
to be 'natural’.

4.2. Exploiting Other Enzymes in Organic Solvents

All the examples discussed in the previous sections
involved the use of hydrolases. However there are other
classes of enzymes that have found useful application in
nonaqueous media, as will be discussed in the following
paragraphs.

4.2.1. Hydroxynitrile Lyases

Hydroxynitrile lyases (HNLs, also called oxynitrilases) are
proteins that catalyze the cleavage of cyanohydrins to
aldehydes and hydrogen cyanide, thus supporting the cata-
bolic degradation of cyanogenic glycosides in nature. Under
appropriate conditions, these enzymes can catalyze the
stereoselective addition of HCN to carbonyl compounds,
producing either (R)- or (S)-cyanohydrins.'”®! Eleven differ-
ent HNLs from six different plant families have been isolated
to date,l'?] but only four of these enzymes have found
interesting synthetic applications.'”?l Specifically, these pro-
teins are the (R)-HNL from almonds (Prunus amygdalus),
and the (S)-HNLs from Sorgum bicolor, Hevea brasiliensis,
and Manihot esculenta (Figure 11). The latter two enzymes
have recently been cloned and overexpressed,'” while the
(R)-HNL from almond can be easily isolated in sufficient
quantities from its natural source and, due to its stability and
natural abundance, it has been the first investigated enzyme of
this class.

The suppression of the spontaneous chemical addition of
HCN to the carbonyl compounds is a prerequisite to obtaining
the chiral cyanohydrins in good enantiomeric purity. The
extent of this nonenzymatic reaction strongly depends on the
reaction conditions; for instance, it was found that an aqueous

| Re-face I
2

HO CN

(S)-oxynitrilase (R)-oxynitrilase

Sorghum bicolor Prunus amygdalus
Hevea brasiliensis
Manihot esculenta

Figure 11. Oxynitrilase-catalyzed enantioselective synthesis of cyanohy-
drins.
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reaction medium is only suitable if pH values below 4.0 and
low temperatures are employed. A decisive breakthrough
came when it was discovered that the undesirable chemical
addition is more or less suppressed in organic solvents which
are not miscible with water, like ethyl acetate or diisopropyl
ether.'” Since then, several papers have been published on
this subject by different groups, but most of these reports are
beyond the purpose of this review as the reactions were run in
“pure” biphasic systems. However, in some of these protocols
the water phase was limited to the amount of liquid adsorbed
on the solid material upon which the enzyme was supported.
Using this methodology, cyanohydrins used as precursors of
(R)-pantolactone (93),°"! thienyl and furyl analogus of
ephedrin (94),[ and the adrenergic bronchodilatators (R)-
terbutaline (95)*l—just to give a few examples—have been
prepared on a multigram scale (Scheme 16).

RO CHO
OR X R

X=§,0
HCN HCN B HCN
(R)-oxynitrilase (R)-oxynitrilase (R)-oxynitrilase
OH

ﬁ(ﬁm /X\ o RO cN
} ?T :

OH OH | on
H H
\
d ) e
93 94 95
H
(R)-pantolactone ephedrine analogues

(R)-terbutalin

Scheme 16. Chemoenzymatic synthesis of compounds 93-95.

4.2.2. A Case Study: The Chemoenzymatic Synthesis of (S)-
a-Cyano-3-Phenoxybenzyl Alcohol (96)

Pyretrine I, a compound extracted from Chrisanthemum
cinerariefolium, has a strong insecticidal activity. The rapid
knock-down of insects, high level of activity, and considerable
degree of safety to mammals, accompanied by its relatively
low stability, has led to intense interest in the synthesis of
chemical analogues of this compound. Many of the present
commercially important pyretrine analogues are esters of (5)-
a-cyano-3-phenoxybenzyl alcohol (96) and include Delta-
metrhin (97, Hoechst) and Esfenvalerate (98, Sumitomo

Chemicals).
cl
OR o 0 Q
"“CN o o
96: R=H Ph r Ph
96a: R=Ac 97 98
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Several enzymatic approaches to 96 have been published
and most of them are related to the use of enzymes in organic
solvents. A Sorghum bicolor (S)-oxynitrilase catalyzed reac-
tion allowed the isolation of 96 in 93 % yield and 96 % ee.['®]
The main drawback of this approach is the difficulty in
isolating this enzyme. The recent availability of two other (S5)-
HNLs (from Hevea brasiliensis and Manihot esculenta),
cloned and overexpressed, might allow this biocatalytic
transformation to become competitive soon.!*!

An alternative approach is the kinetic resolution of the
chemically-produced racemic 96 by lipase-catalyzed trans-
esterification. The enantioselective acetylation of racemic 96
has been achieved by action of a lipoprotein lipase from
Pseudomonas sp. suspended in tert-butyl methyl ether con-
taining vinyl acetate. The (S)-acetate 96a was obtained in
90 % ee at 41 % conversion.’™ The same enzyme was used to
hydrolyze (S)-96a back to 96 (96 % ee at 82% conversion),
which was then coupled with the suitable acyl chloride to give
the insecticide 98.

A significative improvement to this approach was obtained
by coupling the lipase-catalyzed kinetic resolution with the in
situ formation and racemization of cyanohydrins (a further
example of dynamic kinetic resolution). Racemic 96, gener-
ated from m-phenoxybenzaldehyde and acetone cyanohydrin
in diisopropyl ether under the catalysis of a basic anion-
exchange resin, was acetylated by Pseudomonas cepacia
lipase using isopropenyl acetate as the acylating agent.['04
The racemization of the optically active residual cyanohydrin
by Amberlite IRA-904 (OH~ form) was found to be much
faster than the enzymatic acetylation, confirming the effective
second order asymmetric transformation. In this way, the
acetate (S5)-96a was obtained in 84% yield and 89 % ee.
Ethanolysis of (5)-96a, catalyzed by the same lipase in iPr,0,
and coupling of the resulting cyanohydrin with the appro-
priate acyl chloride afforded the pyretroid 97 in 90 % yield
and 94 % de.

Finally, another approach was recently suggested involving
the lipase-catalyzed alcoholysis of the racemic cyanohydrin
acetate 96a. The resulting 96 was separated from the
unreacted (R,S)-96a by chromatographic techniques, as well
as by extraction with hexane, and the residual ester (partially
enantiomerically enriched) was then racemized using triethyl-
amine in diisopropyl ether or toluene.?’l Alternatively, the
crude enzymatic reaction mixture was directly treated with
the appropriate chloride, and the pyretroid product separated
from the unreacted (R,S)-96 a by bulb-to-bulb distillation. The
residual unreacted 96 a was racemized with triethylamine and
returned to the process.?%

4.3. Miscellanea

Other classes of enzymes have been used in organic
solvents, but, despite the high synthetic potential of some of
these transformations, the reports are limited to few examples
up to now.

Kazandjian and Klibanov showed that it is possible to use a
mushroom polyphenol oxidase (also called tyrosinase) adsor-
bed on porous glass to catalyze the oxidation of a number of
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phenols to o-quinones in chloroform.?%! The authors reported
that, while in water the enzymatic oxidation resulted in
negligible yields due to rapid inactivation of the enzyme and
spontaneous polymerization of the quinones, a quantitative
conversion was achieved in chloroform. The quinones pro-
duced were then nonenzymatically reduced to cathecols,
affording a net regioselective hydroxylation of phenols
(Scheme 17). Very recently, Waldmann and co-workers ex-

polyphenol
?/ OH __oxidase

reductant
(e.g., ascorbic acid)

polyphenol
omdase

R = H, CH,, CH;0, Cl, Br, |

Scheme 17. Chemoenzymatic synthesis of cathecols.

ploited this biotransformation by coupling it with nonenzy-
matic transformations in a domino reaction sequence.”* As
shown in Scheme 18, the ortho-quinones, obtained by action
of a mushroom tyrosinase, subsequently underwent a Diels—
Alder reaction in the presence of different dienophiles. This
three-step reaction cascade allowed the preparation of
functionalized bicyclo[2,2,2]octene-diones in a rapid and
efficient manner.

OH OH
0,, CHCI, OH | o, cHel, o
—_—— —_—
tyrosinase tyrosinase
R1 R1 R1

0 o}
0% o; /:f
R1 R? R‘l Rz
o 0
o o
R? R?
R1 R1

Scheme 18. Enzyme-initiated hydroxylation, oxidation, and carbo-Diels —
Alder domino reaction.

N

The enzyme horseradish peroxidase catalyses the free
radical polymerization of phenols in the presence of H,O,.
The poor solubility of the growing polymer chains in water
leads to the incorporation of organic solvents into the reaction
medium; for example, polymers of para-phenylphenol were
produced in aqueous dioxane and the molecular weight of the
macromolecules increased with decreasing water content.2%%],
This methodology might offer a valid alternative for the
preparation of phenolic resins avoiding the use of the toxic
formaldehyde; the technology is under development, as
shown by patent applications.

Horse liver alcohol dehydrogenase (HLADH) was also
used in organic solvents (such as isopropyl ether). Both the
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enzyme and the nicotinamide cofactor were deposited onto
the surface of glass beads, which were then suspended in a
water-immiscible organic solvent containing the substrate.[2%!
Due to the insolubility of the NAD(H) molecule in the
organic media, the cofactor could only be regenerated in situ
by using the “one enzyme —two substrates” approach. Using
HLADH, the cofactor NADH could be regenerated by the
oxidation of EtOH to acetaldehyde, while the oxidized NAD
could be produced by the reduction of isobutyraldehyde.

A partially purified preparation of (+)-a-pinene cyclase
from sage (Salvia officinalis) was shown to convert geranyl
pyrophosphate to the monoterpene olefins a-pinene, cam-
phene, limonene, and myrcene in hexane. The cyclase was
shown to be stabilized with respect to temperature and time
by the use of a hydrocarbon solvent, and, in all other
characteristics, to exhibit properties closely resembling those
observed in aqueous media.[*

S. Summary and Outlook

The enzymatic catalysis in organic solvents, described as an
unusual phenomenon in some pioneering papers published at
the beginning of this century, has turned into an important
instrument for organic synthesis in the last decade. As has
been pointed out in the previous sections, hydrolases—and
particularly lipases—are already a well-exploited tool for
transformations performed up to a production-plant scale.
Oxynitrilases, a class of enzymes which catalyses one of the
most important reactions of organic chemistry, the formation
of the carbon —carbon bond, are also on the way to becoming
an industrial success. Applications of these biocatalysts ranges
from the preparation of milligrams of specifically labeled
compounds to the modification of fats on a multiton scale and
from the preparation of complex key intermediates for the
pharmaceutical industry to the synthesis of polymers. Other
enzymes, especially oxidoreductases, have found more limited
applications. Additional research is needed to overcome such
drawbacks as limited substrate and/or coenzyme solubility
and enzyme instability or inhibition in organic solvents.

Besides the overwhelming reports on synthetic applica-
tions, enzymatic catalysis in organic solvents has stimulated
basic research to address questions related to the performance
of enzymes in nonnatural environments, as well as to their
catalytic mechanism in such media. In the last few years
particular attention has been paid to understanding why the
catalytic activity of enzymes in anhydrous organic solvents is,
in most cases, drastically diminished relative to that in water.
As a result of this effort, different causes of this phenomenon
have been elucidated, and the research is now focused on the
design of strategies that might restore full enzymatic activity.

Finally, it has been pointed out that optimization of
enzymatic performances can be obtained by manipulating
the protein structure through genetic engineering, either by
site-specific or by random mutagenesis. Enzyme engineering
and “medium” engineering are supporting the exploitation of
this methodology in a decisive way and expanding the
synthetic potentiality even further.
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