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1. Introduction
Ionic liquids1 are substances that are completely composed

of ions and are liquid at or close to room temperature. Interest
in these compounds, often heralded as the green, high-tech
media of the future,2 is still increasing rapidly3 and stems
from their near-zero vapor pressure,4 their thermal stability,5

and their widely tunable properties as regards polarity,
hydrophobicity, and solvent miscibility behavior through
appropriate modification of the cation and the anion. Mainly
on account of their unconventional miscibility behavior, ionic
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liquids show an increasing potential to revolutionize reaction
technology. Their synthesis, physicochemical properties, and
major fields of application have been reviewed,6 and the
number of applications of ionic liquids as reaction media
for organic synthesis and catalysis is growing rapidly. Many

types of ionic liquids are now commercially available in high
purity.7

Biocatalysis in ionic liquids media was first reported in
2000.8-10 The early work involved ionic liquids composed
of a 1,3-dialkylimidazolium orN-alkylpyridinium cation and
a weakly coordinating anion (see Figure 1 and Tables 1-4).
These still play a major role, but the attention is slowly
shifting toward new structural types. A number of brief
overviews of the literature on biocatalysis in ionic liquids
have appeared,11-13 to keep readers abreast of the rapidly
expanding subject. These tend to focus on the recent high-
lights, usually complemented with a tabular overview.11,13

Yang and Pan have published a more extensive review that
covers many aspects of the subject (solvent properties,
including purity issues, enzyme activity, stability and selec-
tivity).14 A review by Moon et al. is focused on biocatalytic
transformations in ionic liquids.15

The background to the interest in biocatalysis in ionic
liquids is a desire to replace volatile organic solvents by
nonvolatile ionic liquids. Organic solvents are widely used
with enzymes, although these function admirably in water,
their natural medium, to improve the solubility of hydro-
phobic reactants and/or products and to shift reaction
equilibria from hydrolysis toward synthesis. Moreover, the
unconventional solvent properties of ionic liquids have
already given rise to new and highly efficient reaction
methodologies.

Here we will review the various issues that surround
biocatalysis in ionic liquids. The effects of ionic liquids on
the structure and activity of enzymes as well as on their
thermal and operational stability will be surveyed. Further-
more, the effects of ionic liquids on the (enantio)selectivity
of biocatalytic transformations in comparison with conven-
tional reaction media and the design of efficient reaction
procedures based on the unconventional solvent character-
istics of ionic liquids will be reviewed.

Figure 1. Ionic liquid types discussed in the review (see Tables
1-4 for more details).

Table 1. 1-Alkyl-3-methylimidazolium Cations

abbreviation R1 R2

[MMIm] CH 3 H
[EMIm] C2H5 H
[HOEMIm] HOCH2CH2 H
[PMIm] CH3CH2CH2 H
[BMIm] n-C4H9 H
[sBMIm] s-C4H9 H
[HMIm] n-C6H13 H
[OMIm] n-C8H17 H
[PhPMIm] C6H5(CH2)3 H
[MOEMIm] CH3OCH2CH2 H
[BMMIm] n-C4H9 CH3

[HMMIm] n-C6H13 CH3

Table 2. 1-Alkylpyridinium Cations

abbreviation R1 R2

[EPy][TFA] C2H5 H
[PPy][BF4] n-C3H7 H
[PMPy][BF4] n-C3H7 CH3

[BPy][BF4] n-C4H9 H
[BMPy][BF4] n-C4H9 CH3

Table 3. Tetraalkylammonium and Phosphonium Cations

abbreviation R1 R2 R3 R4

[EtNH3] C2H5 H H H
[Et3NH] C2H5 C2H5 C2H5 H
[Et3MeN] C2H5 C2H5 C2H5 CH3

[PrNH3] n-C3H7 H H H
[BuMe3N] n-C4H9 CH3 CH3 CH3

[HxMe3N] n-C6H13 CH3 CH3 CH3

[Hx4N] n-C6H13 n-C6H13 n-C6H13 n-C6H13

[HOEtMe3N] HOCH2CH2 CH3 CH3 CH3

[HOPrMe3N] HOCH2CH2CH2 CH3 CH3 CH3

[NCPrMe3N] NtCCH2CH2CH2 CH3 CH3 CH3

[NCPnMe3N] NtC(CH2)5 CH3 CH3 CH3

[Bu3MeP] n-C4H9 n-C4H9 n-C4H9 CH3

abbreviation R1 R2 R3, R4

[CPMA] n-C14H29 CH3 CH2CH2(OCH2CH2)4OH
Ammoeng100 n-C14H29 CH3 CH2CH2(OCH2CH2)n,mOHa

Ammoeng101 n-C14H29 CH3 CH2CH2(OCH2CH2)n,mOHb

Ammoeng102 tallow CH3 CH2CH2(OCH2CH2)n,mOHb

abbreviation R1 R2, R3 R4

Ammoeng111 HOCH2CH2 C2H5 CH2CH2(OCH2CH(CH3))nOHc

Ammoeng112 HOCH2CH2 C2H5 CH2CH2(OCH2CH(CH3))nOHc

abbreviation R1-R2 R3 R4

[PMPrl] CH2CH2CH2CH2 n-C3H7 CH3

[BMPrl] CH2CH2CH2CH2 n-C4H9 CH3

a n + m ) 4-14. b n + m ) 14-25. c n ) 50-60.
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2. Properties of Ionic Liquids

2.1. Purity
Impurities, such as water, halides, unreacted organic salts,

and organics, easily accumulate in ionic liquids.16 Users of
ionic liquids should be aware of impurities that are to be
expected, as these may influence the solvent properties3,17

and/or interfere with the biocatalyst. Thus, it has recently
been shown that small amounts of chloride ion cause a severe
deactivation of two lipases.18 Some early results with
biocatalysis in ionic liquids proved to be difficult to
reproduce, probably due to the presence of such impurities.
The purity issue, as well as the detection and removal of
impurities, has been reviewed recently.16

Water is a common contaminant, as even water immiscible
ionic liquids are hygroscopic and readily absorb a few percent
of water.17 Such adventitious water in ionic liquids that
contain [BF4] or [PF6] ions may cause partial hydrolysis of
these latter anions with formation of HF, which inhibits many
types of enzymes.

Significant results with biocatalysis in ionic liquids require
careful attention to the purity issue. The contaminants in
commercial ionic liquids are usually specified by the supplier.
Ionic liquids for use in anhydrous systems should be kept
free of water by storage over phosphorus pentoxide. Ionic
liquids that contain hydrolyzable groups, such as [BF4] and
[PF6] anions, require testing for acid prior to use. Ionic liquids
prepared in-house via the chloride route should be assayed
for halide, e.g., by a silver chromate test.

2.2. Polarity
Ionic liquids are usually considered to be highly polar, on

account of their ionic nature, but reality is much more

checkered.3 Solvent polarity, which should not be confused
with hydrophilicity, is a complex concept,19 and it is highly
unlikely that a single, universal scale will ever be defined.
The subject of ionic liquid polarity has been addressed by a
variety of methodologies, which will be reviewed briefly.20

The propensity of solvents to stabilize a charge is usually
determined from the absorption maximum of a solvatochro-
mic dye,21 such as Nile Red22 or Reichardt’s dye,19 or by
using a fluorescent probe.23 The method actually probes the
H-bond donating propensitysR in Kamlet-Taft termi-
nology24swhich, in ionic liquids, is a property of the cation.25

By this measure, the polarity of common ionic liquid types,
such as the archetypical [BMIm][BF4] (see Figure 1, Tables
1 and 4), is in the range of the lower alcohols19,25-27 or
formamide.28 A solvatochromic test for the coordination
strength (nucleophilicity) of the anion, in contrast, indicates
that the often used [PF6] and [NTf2] anions are much less
nucleophilic (and, by implication, less “polar”) than the lower
alcohols.25 Other aspects of polarity are dipolarity/polariz-
ability and the H-bond accepting ability of the anion (π*
and â in Kamlet-Taft terms), which have recently been
measured using suitable solvatochromic dyes (see later).29

A completely different approach to solvent polarity is the
measurement of keto-enol equilibria, as these are known
to depend on the polarity of the medium. This latter
methodology, when applied to probe the polarity of ionic
liquids, indicated that [BMIm][BF4], [BMIm][PF6], and
[BMIm][NTf 2] are more polar than methanol or acetonitrile.30

The dielectric constants of a number of ionic liquids have
been calculated on the basis of microwave dielectric spec-
troscopy measurements. By this yardstick, the polarity of
[BMIm][BF 4] and [BMIm][PF6] is in the range of a medium-
chain alcohol, such as 1-hexanol or 1-octanol, with marked
contributions from the anion as well the cation.31,32Attempts
to predict ionic liquid dielectric constants from solvatochro-
mic shifts were often wide off the mark.

Simple chemical reasoning would predict that a polar
medium would dissolve polar compounds, such as, for
example, carbohydrates, quite well. By this measure, the ionic
liquids [BMIm][BF4], which is hydrophilic, and [BMIm]-
[PF6], which is hydrophobic, miserably fail the polarity test,
because these dissolve less than 0.5 g/L of glucose at room
temperature.33,34

The concept of solvent polarity has proven useful with
molecular solvents, because the outcomes based on chemical
intuition and physical organic chemistry match quite well.
With ionic liquids, in contrast, it would seem that the polarity
concept is too elusive to serve as a basis to predict, for
example, solubility behavior or reaction rate. There are,
moreover, indications that solvent-solute interactions of
ionic liquids obey a dual interaction model (i.e., ionic liquids
behave like a nonpolar solvent with nonpolar solutes but
display a polar character with polar solutes), even to the
extent that ionic liquids should be regarded as nanostructured
materials.35-37

2.3. Solvent Properties and Miscibility of Ionic
Liquids

Many compounds are sufficiently soluble in ionic liquids
to perform reactions, and if this is not the case, a more
suitable type of ionic liquid can be selected. With regard to
their general solvent properties, it has been concluded, on
the basis of the Abraham free energy relationship, that ionic

Table 4. Ionic Liquid Anions

abbreviation X-

[BF4] BF4
-

[PF6] PF6
-

[Tf 2N] (CF3SO2)2N-

[TfO] CF3SO3
-

[TFA] CF3COO-

[MeSO3] CH3SO3
-

[HpSO3] n-C7H15SO3
-

[TsO] p-CH3C6H4SO3
-

[MeSO4] CH3OSO3
-

[EtSO4] C2H5OSO3
-

[OctSO4] n-C8H17OSO3
-

[H2PO4] (HO)2PO2
-

[Me2PO4] (CH3O)2PO2
-

[EtOEtSO4] C2H5O(CH2)2OSO3
-

[AcO] CH3COO-

[BzO] C6H5COO-

[glycolate] HOCH2COO-

[NO3] NO3
-

[lactate] CH3CH(OH)COO-

[citrate] HO2CCH2C(CO2H)(OH)CH2COO-

[Cl] Cl -

[Br] Br -

[GlyO] H2NCH2COO-

[AlaO] CH3CH(NH2)COO-

[GluO] -OOCCH2CH2CH(NH3
+)COO-

[5AV] H 2N(CH2)4COO-

[CtPEGSO4] n-C16H33(OCH2CH2)10OSO3
-

Ammoeng100 CH3OSO3
-

Ammoeng101 Cl-

Ammoeng102 C2H5OSO3
-

Ammoeng111 AcO-

Ammoeng112 (HO)2PO2
-
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liquids resemble polar organic solvents such as ACN,
N-methylpyrrolidone, or methanol.38

One potentially very useful application of ionic liquids,
aprotic but polar, would be to use these as a medium for
converting compounds, such as proteins and carbohydrates,
that are sparingly soluble in common organic media. It was
soon discovered, however, that even water-miscible ionic
liquids, such as [BMIm][BF4], do not dissolve simple sugars
to an appreciable degree. [BMIm][Cl], in contrast, dissolves
massive amounts of cellulose,39 and it was demonstrated that
the ability of ionic liquids to dissolve complex compounds,
such as sugars and proteins, mainly depends on the H-bond
accepting properties of the anion.40

The miscibility of ionic liquids and water varies widely
and unpredictably. [BMIm][BF4] and [BMIm][MeSO4] are
water-miscible, but [BMIm][PF6] and [BMIm][Tf2N] are not.
These ionic liquids are of similar polarity on the Reichardt
scale,19 and the coordination strengths of the [BF4] and [PF6]
anions are also comparable.25 Neither is the partitioning of
ionic liquids between water and 1-octanol a predictor of water
miscibility, as the logP values of water immiscible [BMIm]-
[PF6] and water miscible [BMIm][AcO] and [BMIm][NO3]
are-2.4,-2.8, and-2.9, respectively.41 A recent measure-
ment of the H-bond accepting properties of such ionic liquids
revealed, however, that [BF4] and [MeSO4] are better H-bond
acceptors (â ) 0.61 and 0.75, respectively) than [PF6] (â )
0.50),29 which could go a long way in explaining the
difference in water miscibility. It should be noted that
aqueous mixtures of ionic liquids may not be homogeneous
at molecular scale because, even in methanol, water does
not mix at a molecular level but is mainly present as strings
or clusters of molecules.42

Water-immiscible ionic liquids are nevertheless hygro-
scopic, as noted above, and readily absorb a few percent of
water,17 approximately corresponding with a hemihydrate.
IR spectroscopic analysis has confirmed that water interacts
mainly with the anion43 via the formation of double H-
bonds,44 at least when the cation is a weak hydrogen bond
donor, as was the case here.

The miscibility behavior of ionic liquids and organic
solvents is not well documented. A relationship with the
dielectric constant has been proposed, as lower alcohols and
ketones, dichloromethane, and THF (ε ) 7.58) mix with,
for example, [BMIm][Tf2N], whereas alkanes and ethers do
not; ethyl acetate seems to be a borderline case.45 On the
basis of the thermodynamic activity coefficients,46 it would
seem that benzene, toluene, and styrene (but not the higher
alkylbenzenes) dissolve in [BMPy][BF4]. Supercritical carbon
dioxide (scCO2) does not mix with ionic liquids, such as
[BMIm][PF6] and [OMIm][BF4] but is absorbed in the ionic
liquid phase in huge amounts (up to a molar fraction of 0.7).47

No ionic liquid dissolves in the CO2 phase.
Summarizing, a theoretical basis for predicting the solvent

properties of ionic liquids still has to be constructed. It has
become clear, however, that ionic liquids do not fit into any
of the standard heuristics that chemists traditionally use to
assess and predict solvent behavior. What can be predicted,
though, is that the characteristic property of some ionic
liquids to mix neither with water nor with moderately
nonpolar organic solvents will revolutionize process design.

2.4. Stability and Viscosity of Ionic Liquids
Ionic liquids are generally regarded as highly stable. The

commonly used dialkylimidazolium ionic liquids are indeed

thermostable up to 300°C.5 The propensity of the [BF4] and
[PF6] anions to hydrolyze with liberation of HF,48 which
deactivates many enzymes, has already been mentioned. The
[TfO] and [NTf2] anions are hydrolytically stable.

Dialkylimidazolium cations, in particular, have a tendency
to deprotonate at C-2, with ylide (heterocarbene) formation.
Such ylides are strong nucleophiles and have been used as
transesterification catalysts, for example.49 These could cause
enzyme deactivation as well as background transesterification
when formed in small amounts from anhydrous ionic liquids
and basic buffer salts, for example.

The viscosity of ionic liquids is high compared with that
of molecular solvents and increases with the chain length,
among others. Consequently, diffusion is bound to be slow
in ionic liquids. The effects on biocatalytic transformations
seem to be insignificant, however, except in extreme cases,
presumably because the reaction times are measured in hours
rather than minutes.

2.5. Ionic Liquids: Green Aspects
A major driving force behind ionic liquids development

is the desire for greener procedures, for which purpose they
are exquisitely suited, in principle, on account of their
unconventional properties. The evident reservation here is
that the ionic liquids themselves should be harmless, since
any compound that is used on a large scale will find its way
into the environment. The ionic liquids types that are used
in biocatalysis research have not been designed for biocom-
patibility, however, nor for easy biodegradability. It has
recently become clear that the ecotoxicity of alkylmethylimi-
dazolium cations is undesirably high and increases with the
alkyl chain length.50-52 To put the issue into perspective,
the [BMIm] and [BPy] cations were half as toxic toDaphnia
magna(EC50 approximately 20 mg L-1) as toluene but the
1-dodecyl-3-methylimidazolium ion was 2500 times more
toxic (EC50 4 µg‚L-1).51 Moreover, the biodegradability of
ionic liquids such as [BMIm][PF6] and [BMIm][BF4] is
negligible;53 hence, these should be expected to persist in
the environment for long periods.

Consequently, for future industrial application, improved
ionic liquids types will be required, which are now being
developed. Examples are the choline cation, which is food
grade, imidazolium derivatives designed for biodegrad-
ability,54 and ionic liquids based on amino acids.55,56 It is
confidently expected that much improved and truly green
ionic liquids will become available soon.

3. Ionic Liquids and Enzymes

3.1. Enzyme Structure
Every enzyme has a characteristic three-dimensional

structure. This structure, which is a prerequisite for activity,
is maintained by disulfide bridges, hydrogen bonding (in-
cluding water networks), and hydrophobic interaction. This
latter effect is not really an interaction, apart from some slight
Van der Waals contribution, but rather is the entropy-driven
exclusion of hydrophobic groups from contact with water,
which causes these to be buried in the protein structure. Even
under physiological conditions, the stability margin of
dissolved proteins is only a precarious 20-60 kJ mol-1.57

Unfolding requires the dissociation of many hydrogen bonds
at the same time and brings the buried hydrophobic groups
into contact with the solvent. Consequently, proteins are
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destabilized by compounds that interact specifically with the
unfolded protein. It is widely accepted, on the basis of
deactivation kinetics, that unfolding proceeds through two
stages: a reversible first stage, followed by a slower,
irreversible step.

Water, the natural medium of enzyme catalysis, interacts
sufficiently strongly to dissolve enzymes, but not strong
enough to dissociate the structural hydrogen bonds. It should
be noted that enzyme solutions in pure water are often
unstable, which is why they are commonly kept in phosphate
or citrate buffers. This latter stabilizing effect can be ascribed
to “salting out” of hydrophobic groups, which increases the
energy barrier to unfolding and exposure of such groups.

Enzyme dehydration, for example by lyophilization, causes
structural changes that have been confirmed spectroscopi-
cally.58,59 These can be ascribed to Coulombic interactions
between charged groups, which are up to 80 times stronger
in a low dielectric constant medium than in water, as well
as to loss of water networks. The combined effects usually
are a general tightening of the structure. A detailed FT-IR
study ofCandida antarcticalipase B (CaLB), for example,
showed thatâ-sheets increased at the expense ofR-helices.60

Lyoprotectants, such as sucrose or trehalose, stabilize the
native structure while lyophilizing.

3.2. Enzymes in Organic Media

The seminal work by Klibanov in the early 1980s61,62made
it clear that enzymes can be used in hydrophobic organic
solvents, although at the price of a severely reduced reaction
rate.63,64 It subsequently became clear that many lipases, as
well as some proteases and acylases, are so stable that they
maintain their activity even in anhydrous organic solvents.
This latter characteristic is at the basis of the successful
application of such hydrolases in nonhydrolytic reactions,
such as the (enantioselective) acylation of alcohols and
amines, which now are major industrial applications.65

Interference of organic media, including ionic liquids, with
enzyme activity is often discussed in terms of removal of
essential water. Many enzymes indeed require a full hydra-
tion shell to be active, but there are numerous exceptions,
such as CaLB, which maintains its activity upon drying over
phosphorus pentoxide,66 and the protease subtilisin, which
requires only a few tightly bound water molecules per
molecule of enzyme to be active.67 It is now commonly
accepted that water requirements should be discussed in
terms of the thermodynamic water activityaw rather than
water concentration.64 It should be noted that performing
nonhydrolytic reactions with lipases or proteases in the
presence of small amounts of water, to maintain or improve
the activity, will nearly always give rise to hydrolytic side
reactions. The resulting acid may cause the pH to drift and
the enzyme to lose its activity.

The solvents that are tolerated well by these hydrolasess
aliphatic and aromatic hydrocarbons, ethers, and alcohols
(excluding methanol)-interact only weakly, and one would
surmise that these are more or less like a vacuum to the
enzyme. Only alcohols, which are H-bond donors and
acceptors, are known to inhibit lipases. Solvents that do
interact strongly with proteins, such as DMSO and DMF,
even to the extent of dissolving them, also tend to cause
irreversible loss of activity. Thus, our starting hypothesis is
that enzymes do not tolerate strong interactions with any
solvent, except water.

A complicating factor in nonaqueous enzymology is that
the pH is undefined. It has been shown that enzymes tend
to maintain the charge distribution (apparent pH) corre-
sponding with the last aqueous solution, the lyophilization
buffer, for example.61 The optimum apparent pH may shift
under the influence of the solvent type andaw, however.68

Similar effects would be expected in ionic liquid media.
The general desire to improve the low turnover rate of

enzymes in organic media was a major driving force for
extending the method to ionic liquids. These low (compared
with aqueous medium) turnover rates are mainly, but not
exclusively, caused by reactant stabilization.63 This latter
effect, which is equivalent with increased solubility, is
translated kinetically into an increase inKm and can be
remedied by performing reactions at increased concentra-
tions.69 The remaining rate loss, 1 or 2 orders of magnitude,
is ascribed to the combined effects of destabilization of the
transition state,70 conformational changes, and loss of flex-
ibility. 69,70 Transition state destabilization is caused by the
low dielectric constant of common organic media, which
increases the energy of the highly polarized transition state
in comparison with water.70 Thus, the expectation that ionic
liquids, on the basis of their highly polar nature, could
remedy the transition state destabilization, the conformational
change caused by dehydration, and the loss of flexibility
seemed by no means unreasonable.

Many modes of biocatalysis in ionic liquids have been
demonstrated. Mixed aqueous-ionic liquid media have been
usedsto improve the solubility of hydrophobic reactants and
products. Monophasic ionic liquids with little or no water
present have been employed, as well as biphasic ionic
liquid-scCO2 media. In such solvent systems, the biocatalyst
is in direct contact with the ionic liquid. There is little or no
such contact, in contrast, when reactions are conducted in
biphasic aqueous-ionic liquid or ionic liquid-organic media;
hence, enzyme-ionic liquid incompatibilities are not to be
expected. One exception concerns biotransformations with
living cells, since ionic liquids, even when they are in a
separate phase, may be toxic to the cells.

In the following section, the interactions of aqueous
electrolyte solutions and enzymes will be briefly introduced,
followed by reviews of activity and stability studies concern-
ing enzymes and ionic liquid-water mixtures, enzymes in
ionic liquids with little or no water present, and biotrans-
formations with living cells in aqueous ionic liquid media.

3.3. Proteins, Water, and Electrolytes

Water is a nanostructured material that consists of a
mixture of rapidly equilibrating low- and high-density
microdomains, which differ up to 30% in density.71 The
complex interactions between proteins and electrolyte solu-
tions have been studied for more than a century,72,73 and a
brief survey of the field would seem useful, as ionic liquids
are also electrolytes.

Hofmeister arranged cations and anions in series according
to their effects on protein stability.72 These Hofmeister series
loosely correlate with the kosmotropic vs chaotropic character
of the ions, which describes their interactions with water and
their effects on the equilibrium of low- and high-density
water. Both approaches nowadays are often regarded as more
or less identical.73,74 Kosmotropicity and chaotropicity are
quantified by the Jones-Dole viscosityB-coefficients,75,76

as well as a number of other thermodynamic parameters.74
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Kosmotropic ions, such as SO4
2-, AcO-, Mg2+, and Ca2+,

have a high charge density, interact more strongly with water
than water interacts with itself, and partition into high-density
water. Micro-osmotic effects cause a readjustment of the
water equilibrium toward low-density water. With chaotropic
ions, such as ClO4-, PF6

-, NH4
+, and Cs+, the situation is

reversed. These interact weakly with water because their
charge density is low, partition into low-density water, and
shift the water equilibrium toward high-density water.
Enzyme solutions are stabilized by kosmotropic anions and
chaotropic cations, such as, for example, ammonium sulfate,
but are destabilized by chaotropic anions and kosmotropic
cations. It should be emphasized that kosmotropicity and
chaotropicity are not unambiguously defined and may either
refer to their charge density or refer to effects on proteins
or the Jones-Dole viscosity B-constant.

The analysis of Hofmeister effects at the molecular level
is highly complex, and understanding is far from complete;
various aspects have been reviewed recently.77-79 A basic
issue is whether Hofmeister effects on proteins (and other
biomolecules) result from direct interactions with ions or are
indirect, i.e., caused by changes in the water structure. It
has even been argued, on the basis of pressure perturbation
calorimetry measurements, that correlations of solute kos-
motropicity/chaotropicity with protein stabilization/destabi-
lization are fortuitous.80

The best explanation, so far, would seem that kosmotropic
anions stabilize proteins by “salting out” the nonpolar surface
groups, whereas chaotropic, denaturing anions, e.g., I- and
SCN-, and kosmotropic cations, such as Ca2+, “salt in” the
peptide moiety and consequently interact more strongly with
the unfolded form of the protein than with the native one.77

3.4. Enzymes in Aqueous Ionic Liquid Mixtures
Mixed aqueous-organic media are often used in biotrans-

formations to increase the solubility of hydrophic reactant
and products, which stimulates interest in aqueous ionic
liquid mixtures. The stability and activity of enzymes in
aqueous ionic liquids are often discussed in terms of
Hofmeister effects. We emphasize, however, that the cations
in common ionic liquids do not easily fit into the kosmo-
tropicity vs chaotropicity pattern set out above. The tetra-
butylammonium ion, for example, should be a strong chao-
trope, with a predictedB-coefficient of -0.54 on account
of its charge density,74 whereas the experimental value is
+1.27 (between Sr2+ and Ca2+).76 This latter effect is caused
by the clathrate shell of highly ordered water that encloses
hydrophobic solutes and has been likened to an iceberg;81

the resulting increase in low-density water, proportional with
the size of the solute, translates into a kosmotropic effect
on viscosity.82

An early study of the alkaline phosphatase fromE. coli
in aqueous mixtures of [EtNH3][NO3]swhich is also the
oldest ionic liquid on record83srevealed an activating effect
at low concentrations, reaching an optimum at 1.1 M (10%).84

The activity steeply decreased at higher concentrations but
was recovered upon dilution to 1.1 M. At 80% [EtNH3]-
[NO3], however, all activity was irreversibly lost. Such a
profile would not be unexpected for denaturating salts or
organic solvents.

Recent work in the field of biocatalysis in ionic liquid-
water mixtures involves a wide range of enzymes and ionic
liquids. To create some order, the ionic liquids will be loosely
arranged according to the position of the anion in the

Hofmeister series, from stabilizing to destabilizing (kosmo-
tropic to chaotropic).

Strongly kosmotropic anions have not been frequently
applied in ionic liquids, but [HOEtMe3N][citrate], which is
composed of two hydrogen bond forming ions, is an
exception.85 Chloroperoxidase fromCaldariomyces fumago
(CPO) catalyzed a sulfoxidation reaction in aqueous mixtures
that contained up to 70% of this latter ionic liquid. CPO
also tolerated up to 70% of [MMIm][Me2PO4]; there was a
remarkable dip in activity at 30% ionic liquid and a
maximum (210% of the activity in water) at 50%.85 These
results seem to confirm the tolerance of CPO for water-
miscible organic solvents.86

The formate dehydrogenase fromCandida boidinii
(CbFDH) and theâ-galactosidase fromBacillus circulans
have been subjected to a stability study in a wide range of
ionic liquids.87 [Et3NH][MeSO4] deactivated both enzymes,
but the rather similar ionic liquid [Et3MeN][MeSO4] was
tolerated by CbFDH (55% residual activity in 50% aqueous
medium). It is noteworthy that the [Et3NH] cation is a weak
Brønsted acid (pKa 11) that, at the approximately 2 M
concentration used, may exhaust the buffer capacity, shift
the pH toward acid, and deactivate the enzymes.

In 50% aqueous [MMIm][MeSO4], CbFDH as well as the
â-galactosidase fromB. circulansremained active (CbFDH,
73%; â-galactosidase, 14% residual activity). Theâ-galac-
tosidase even had some residual activity when only 0.6% of
water was present,88 which has never been observed with
glycosidases in molecular organic solvents.89 The â-galac-
tosidase from the hyperthermophilic archeonPyrococcus
furiosusalso was fully active in 50% [MMIm][MeSO4] at
80 °C, but (reversible) deactivation resulted from exposure
to 70% ionic liquid.90 In contrast, the activity of the
mandelate racemase fromPseudomonas putidain aqueous
[MMIm][MeSO4] declined in a direct relationship with the
water activityaw; in 50% ionic liquid, which corresponds
with aw ) 0.8, only a few percent of the native activity was
left.91 A dried-cell preparation ofGeotrichum candidum
likewise lost its alcohol dehydrogenase activity in 60%
[EMIm][MeSO4] or [EMIm][EtSO4].92

The [AcO] anion is also a kosmotrope.74 A 30% concen-
tration of [HOEtMe3N][AcO] at pH 6 had little effect on
CPO. Adjustment of the pH to 4.8 by adding AcOH
remarkably caused a severe drop in activity.85 CPO is acid-
tolerant, and perhaps it was the high concentration of
nonionized AcOH, rather than the ionic liquid, that caused
the activity loss. 0.7 M [BPy][AcO] caused protease P to
lose approximately 30% of its original activity in a standard
assay (hydrolysis of Ts-L-Arg-OMe), but [EMIm][AcO]
surprisingly exerted an activating effect of approximately
20%.93 Another protease, papain fromPapaya latex, main-
tained 75% of its original activity in 15% [BMIm][AcO].94

Subtilisin Carlsberg was little affected by 1 M [EMIm][AcO],
but larger concentrations caused a partial activity loss (75%
residual activity at 2 M concentration, 20% at 4 M).95 The
enantioselectivity in the test reaction (hydrolysis ofD,L-Phe-
OMe) was maintained up to 4 M [EMIm][AcO], in contrast
with 2 M ACN, which caused a severe loss of enantiose-
lectivity. The structure of subtilisin Carlsberg was unaffected
by 2 M [EMIm][AcO], as judged by the FT-IR spectrum in
the amide I region, whereas a featureless spectrum resulted
in the presence of 4 M ionic liquid or 2 M ACN.95

The anions ofR-amino acids, which have recently been
applied to ionic liquids,55 are kosmotropes on account of their
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viscosityB-coefficients.96,97Ionic liquids composed ofD- and
L-R-amino acid anions, as well asω-aminocarboxylates, and
the [EMIm] cation had, at 0.5 M concentration, little effect
on the hydrolytic activity of subtilisin Carlsberg. At 1 M
concentration, however, [EMIm][D-GluO] reduced the rate
by >60% and [EMIm][L-GluO] reduced it even by>80%.96

[BMIm][Cl] up to 20% concentration affected horseradish
peroxidase (HRP) only slightly, as measured in a standard
assay, but in 25% ionic liquid a 30% activity loss as well as
an increase of the rate of thermal deactivation became
apparent.98 Papain fromP. latexmaintained approximately
35% of its original activity in 15% [BMIm][Cl], but in 15%
[BMIm][HSO4] the residual activity was only 12%.94 From
FT-IR and fluorescence spectral data it was concluded that
substantial unfolding occurred in these media.

The effects of ionic liquids containing the [TFA], [Cl],
and [Br] anions on Amano protease P have been investigated
by Zhao et al.93,99 The activity loss in the standard assay
with 0.7 M (approximately 20%) [EMIm][TFA], [BPy]-
[TFA], or [BPy][Cl] was 30% after 24 h, an effect compa-
rable with that observed in 0.7 M ethanol, whereas [EMIm]-
[Br] exerted an activating effect of approximately 20%.93

The activity loss increased to>80% in the presence of 2.5
M (>60%) [EMIm][TFA] or [BPy][TFA]. In the presence
of 0.7 M [EPy][TFA] or [BMIm][TFA], in contrast, near-
complete deactivation was observed,93 which defies explana-
tion on the basis of charge density or hydrogen bond
formation, as the [BPy] and [BMIm] cations are very similar
in these respects, which also is true for the [EPy] and [EMIm]
cations. The authors rationalized these observations in terms
of Hofmeister-type effects on the enzyme’s structure and
supported these with FT-IR spectroscopic measurements.99

Other enzymes that have successfully been employed in
aqueous [TFA]-containing ionic liquids are subtilisin A
(Alcalase)100 and porcine pancreas lipase PPL,101 as will be
discussed later.

A more detailed study of the concentration-dependent
effects of 0.2-2.0 M [EMIm][TFA] on protease P revealed
that the activity retention after 40 h varied between 130 and
80%.99 Remarkably,Vmax as well asKm for the test substrate
passed, at 0.2 M [EMIm][TFA], through a minimum of
approximately 50% of the value in water and then rose to
140% in 1.5 M ionic liquid.

The position of the [BzO] and [TsO] anions on the
kosmotropicity scale is ambiguous.74 CbFDH as well as the
â-galactosidase fromB. circulans lost all activity in 25%
[EMIm][BzO].87 It should be noted here that the [BzO] anion
is a base and could cause the pH to shift to basic, with
possible consequences for enzymatic activity. Theâ-galac-
tosidase was not active either, however, in a 25% solution
of the neutral [BMIm][TfO], although this latter ionic liquid
was tolerated by CbFDH.87 Protease P was even more
severely affected by neutral [EMIm][TsO] than by the basic
acetate.93 In contrast, the hydrolytic activity of subtilisin
Carlsberg was comparable between 0.5 M [EMIm][TsO] and
aqueous buffer.102

Nitrate-containing ionic liquids have not been used much,
although they would seem attractive, as the nitrate ion is
innocuous and chemically inert. In 15% [BMIm][NO3], the
papain fromP. latexhad 50% residual activity.94 Dried cells
of G. candidum, in contrast, had no alcohol dehydrogenase
activity left in 60% [EMIm][NO3].92 In the course of the
stability study of CbFDH and theâ-galactosidase fromB.
circulans cited above, it was found that [PrNH3][NO3] at

25% concentration completely deactivated both enzymes,87

which could possibly be ascribed to a pH shift toward acid,
as discussed above.

Ionic liquids containing the [BF4] anion, which is a strong
chaotrope and a much weaker hydrogen bond acceptor than
the previously discussed anions, have been applied rather
more than their tendency to hydrolyze would warrant. The
effects of [BMIm][BF4] on the activity of HRP were
comparable with those of the chloride: up to 20% ionic
liquid, the activity loss was minor, but it increased to
approximately 30% in 25% ionic liquid.98 The very similar
ionic liquid [BMPy][BF4], at 25% concentration, affected
HRP more severely, and the activity was reduced by 50%,
while soybean peroxidase retained only 25% of its initial
activity under these conditions.103

[BMIm][BF 4] also profoundly changed the thermal deac-
tivation kinetics of HRP.98 At 10% concentration, the ionic
liquid retarded the thermal deactivation of HRP, but 25% of
[BMIm][BF 4], in contrast, caused a fairly rapid deactivation
(3 h at 50°C) to a residual activity of 7%, which did not
decay any further.98 It would seem that these conditions cause
HRP to flip into a thermally stable, but 16 times less active
conformation.

CbFDH was completely inactive when incubated in 25%
aqueous [BMIm][BF4], but the â-galactosidase fromB.
circulans retained 31% of its initial activity in this latter
medium.87 In contrast, theâ-galactosidase fromP. furiosus
was reversibly deactivated by only 10% [BMIm][BF4]90 and
the one fromE. coli had 36% activity left in 50% [BMIm]-
[BF4].104 To put this latter observation into perspective, the
residual activities of theE. coli enzyme in 50% aqueous
ethanol and ACN amounted to 7% and 3%, respectively.104

Savinase, a commercial subtilisin-type protease, main-
tained 37% of its activity in 50% [BMIm][BF4].104 In 15%
[EMIm][BF4], the activity of the papain fromP. latexwas
175% of the original activity and decreased with increasing
chain length in the imidazolium ion to 100% in [HMIm]-
[BF4]-water (15:85).94 In these media,â-sheets andâ-turns
increased at the expense ofR-helices, as shown by changes
in the FT-IR spectrum, and the fluorescence emission blue-
shifted, which suggests a tightening of the structure. In the
presence of [HSO4]-, [Cl]-, [AcO]-, and [NO3]-containing
ionic liquids, in contrast, the fluorescence emission was
shifted toward red, which indicates unfolding.94

The oxynitrilase from almonds was somewhat activated
by a few percent of [BMIm][BF4] and similar ionic liquids,
but concentrations>10% caused a loss of activity down to
50% residual activity at 50% concentration.105 The (structur-
ally unrelated) oxynitrilase from manioc (MeHNL), in
contrast, was strongly inhibited even by small amounts of
these ionic liquids. It may be noteworthy that incubation of
these enzymes in [BMIm][BF4], followed by rehydration,
resulted in the recovery of approximately 85% of the initial
activity, whereas the irreversible deactivation by ACN or
THF amounted to 50-70%.105 A very similar ionic liquid,
[BMPy][BF4], caused, at 25% concentration, the nearly
complete deactivation of the laccase fromTrametessp. in
one reaction, but in others the activity retention was very
much dependent on the electron transport mediator used.103

Ionic liquids that contain amphiphilic ions have not yet
seen much use in biocatalysis. The effect of [BMIm][OctSO4]
on theâ-galactosidase fromB. circulanswas very similar
to that of [BMIm][BF4]; 35 and 10% of the initial activity
was retained at 25% and 50% ionic liquid, respectively.87

Biocatalysis in Ionic Liquids Chemical Reviews, 2007, Vol. 107, No. 6 2763



The deactivation of the amphiphilic [TsO] ion on Protease
P has already been mentioned.93 Small amounts of am-
phiphilic ionic liquids exerted a beneficial effect on porcine
liver esterase,106 as will be discussed later.

Summarizing, many enzymes perform well in a wide range
of mixtures of ionic liquids and water. There is, moreover,
hardly an ionic liquid that is not tolerated at all by any
enzyme. Kosmotropicity vs chaotropicity does not seem a
solid basis for predicting the compatibility of enzymes and
aqueous ionic liquids, in spite of lengthy arguments to the
contrary. The chaotropic [Cl] and [BF4] anions, for example,
were tolerated well by many enzymes, and the papain from
P. latexwas stabilized, as judged by fluorescence spectros-
copy, by the chaotropic [BF4] anion whereas partial unfolding
was observed in the presence of kosmotropic [AcO]. It is
worth repeating that kosmotropicity vs chaotropicity are not
unambiguously defined for many types of ions that are
discussed here.

It even seems unlikely that enzyme-ionic liquid compat-
ibility can be rationalized at all in terms of one or a few
parameters, such as polarity, which is ill-defined for ionic
liquids, or log P. The same is true, however, for water-
miscible molecular solvents. A successful theory to predict
the compatibility of enzymes and aqueous ionic liquids could
be based on the notion that proteins lose stability in the
presence of ions or solvents that interact more strongly with
the unfolded enzyme than with the native one.77 Such
destabilizing interactions could result from “salting in” effects
of amphiphilic ions on buried hydrophobic groups or from
strong (hydrogen bonding) interactions with peptide bonds.41,94

Further important issues to consider are possible pH shifts
caused by Brønsted-acidic or basic ions and the thermody-
namic water activity, in particular with sensitive enzymes.

3.5. Activity of Enzymes in Nearly Anhydrous
Ionic Liquids

The first successful biotransformation in an ionic liquid
medium containing 5% water involved a hydrophobic ionic
liquid. Thermolysin, a very stable enzyme, mediated the
synthesis ofZ-aspartame (see Figure 2) in buffer-saturated

[BMIm][PF6] medium at 40% of the turnover rate in ethyl
acetate.9

Lipases, which are noted for their tolerance of or-
ganic solvents, were obvious candidates for biocatalysis in
ionic liquids. Indeed, stable microbial lipases, such as

CaLB10,104,107-109 and Pseudomonas cepacialipase
(PcL),33,108,110are catalytically active in the ionic liquids of
the 1-alkyl-3-methylimidazolium and 1-alkylpyridinium fami-
lies, in combination with anions such as [BF4], [PF6], [TfO],
and [NTf2]. The early results were not always consistent,
which may be caused by impurities that result from the
preparation of the ionic liquid. Lipases mediated transes-
terification (alcoholysis; see Scheme 1) reactions in these

ionic liquids with an efficiency comparable with that intert-
butyl alcohol,10 dioxane,110 or toluene.33 Candida antarctica
lipase A (CaLA), which was ten times more active in
[BMPy][BF4] and [BMIm][Tf2N] than in diisopropyl ether
(DIPE),107 is an exception in this respect.

Ionic liquids outside the dialkylimidazolium and alkylpy-
ridinium families have not been used much in biocatalysis.
Itoh et al. have investigated the possible application of CaLB
and PcL in ionic liquids containing the [BMMIm] cation (see
Table 1).111 A potential advantage of such ionic liquids is
the absence of a (slightly) acidic proton at the 2-position in
the imidazolium ring. PcL (immobilized on a ceramic
Toyonite carrier) was active in [BMMIm][BF4] as well as
[BMMIm][PF6]. CaLB (Novozyme 435), in contrast, was
completely inactive in [BMMIm][PF6], even after extensive
purification of the ionic liquid, but it maintained its activity
in [BMMIm][BF 4].111

The activity of CaLB in a range of alkyltrimethylammo-
nium [NTf2] ionic liquids containing 2% water has been
compared with that in hexane.112 The initial activity in a
transesterification test reaction decreased in the order
[NCPrMe3N] > [NCPnMe3N] > [BuMe3N] > HxMe3N] >
HOPrMe3N] ∼ hexane.

The application of ionic liquids in lipase biocatalysis has
not remained entirely restricted to CaLB and PcL. Other
microbial lipases that have successfully been used in
anhydrous ionic liquids are the one fromAlcaligenessp.
(AsL),107,113 CaLA, Rhizomucor mieheilipase (RmL), and
Thermomyces lanuginosuslipase (TlL).107 These latter two
lipases maintained their activity in [BMIm][NTf2], but not
in [BMIm][BF 4] and [BMIm][PF6], for example.107 The
lipase from pig pancreas (porcine pancreas lipase, PPL), the
only mammalian lipase that has been subjected to ionic
liquids, catalyzed transesterification (Scheme 1b) in [BMIm]-
[NTf2] but not in [BMIm][PF6].107,113 The cutinase from
Fusarium solani pisiimaintained its transesterification activ-

Figure 2. Synthesis ofZ-aspartame.9

Scheme 1. Transesterification Test Reactions
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ity in [BMIm][BF 4], [OMIm][PF6], and [BMIm][PF6] (in
order of increasing activity) ataw ) 0.2.114

Candida rugosalipase (CrL), which is much less tolerant
of anhydrous media in general than other microbial lipases,
has successfully been used in anhydrous as well as water-
saturated ionic liquids. The hydrolysis of naproxen methyl
ester (see later) was performed in a range of ionic liquids
that contained the [BMIm] and [HMIm] cations and the
[PF6], [BF4], and [HpSO4] anions with better results than
those obtained in water-saturated isooctane.115 It is notewor-
thy that small amounts of CrL dissolved in the hydrated ionic
liquids, which could be avoided by adsorbing the lipase on
a phenethyl-modified silica.

Application of CrL in anhydrous media is often problem-
atic, as has already been noted. CrL maintained its activity
in [BMIm][PF6], however, and also in hydrophilic ionic
liquids, such as [BMIm][BF4], as has been demonstrated in
a simple model reaction,41 as well as in the (trans)-
esterification of chiral acids,116,117alcohols,107 and carbohy-
drate derivatives118 (see later). CrL required up to 0.4 M
water for optimum activity in [BMIm][PF6], corresponding
with aw ) 0.5,119 according to some reports,116,117but CrL-
catalyzed esterification in anhydrous [BMIm][PF6], with
better activity than in isooctane, has also been reported.120

A comparison of the various reports on the acylation of
1-phenylethanol (see Scheme 1b) reveals interesting dis-
crepancies and contradictions. Park et al., for example, report
near-quantitative resolution of this latter alcohol by PcL in
a wide range of purified ionic liquids.33 Schöfer et al., in
contrast, found a very similar lipase from an unspecified
Pseudomonas(PsL), as well as CaLA and CaLB, to be
scarcely active in [BMIm][BF4], [BMIm][PF6], and [HMIm]-
[BF4].107 The use of impure ionic liquids is an obvious
explanation, but AsL maintained its activity in these latter
media and even the modestly stable CrL stayed active in
[BMIm][BF 4].107 It would seem that, at least in some of these
examples, the lipases are inhibited by impurities in the media,
such as halide or HF, which may be counteracted by the
buffers, stabilizers, and/or inactive proteins that are com-
monly present in enzyme preparations. It may be relevant

that purified CrL was not active in any ionic liquid tested
and not even in TBME.107

Esterases are much less tolerant of anhydrous media than
lipases. The esterases fromBacillus stearothermophilus
(BstE) andBacillus subtilis(BsE) are exceptional, as these
mediated transesterification (see Scheme 1b) in hexane at
aw ) 0.1.121 Both esterases, if immobilized on Celite 560,
mediated transesterification in [BMIm][BF4], [BMIm][PF6],
and [BMIm][NTf2] at a rate that varied from 20 to 60% of
the rate in hexane or TBME.

Pencillin G acylase fromE. coli is functionally, but not
structurally, related to lipases. The enzyme would find wider
use if it could be rendered tolerant of low-water media, which
is the kind of problem that ionic liquids were expected to
solve. It was found, however, that a covalently immobilized
penicillin acylase, PGA 450, requiredaw ∼ 0.8, which also
was the minimum in toluene, to stay active in the ionic
liquids [BMIm][BF4], [OMIm][BF 4], and [BMIm][PF6].122

In a simple amine acylation test reaction (see Figure 3), PGA
450 was somewhat less active in ionic liquids than in toluene.

Papain mediated the enantioselective hydrolysis of a
number of amino acid esters in an 80:20 mixture of [BMIm]-
[BF4] and water.123 The reaction rate was approximately 50%
of that in aqueous buffer and equal to that in aqueous
mixtures containing 70-80% of solvents such as ACN or
tert-butyl alcohol.123

R-Chymotrypsin mediated the transesterification (alco-
holysis) of N-acetyl-L-amino acid esters (see Figure 4) in
ionic liquids of the 1-alkyl-3-methylimidazolium type,109,124-127

provided that the medium contained a small amount (∼0.5%)
of water. This latter requirement was lifted when the ionic
liquids were combined with scCO2.124 The transesterification
rates in [BMIm][PF6] and [OMIm][PF6] medium were of
the same magnitude as those in isooctane or acetonitrile,124

but in [EMIm][Tf2N] (under slightly different reaction
conditions) the rate was nearly an order of magnitude
higher.126

Epoxide hydrolases (EHase) add water to epoxides with
formation of a diol. The practical background to using an
epoxide hydrolase in an ionic liquid is the wish to improve
the solubility of hydrophobic reactants. The hydrolysis of
trans-â-methylstyrene oxide (see Figure 5) in [BMIm][BF4],

[BMIm][PF6], and [BMIm][NTf2] containing 1-10% water
(depending on the enzyme preparation) was only slightly
slower than the same reaction in aqueous buffer.128

Ionic liquids are highly polar and oxidation-resistant, which
makes them attractive for use with redox biocatalysis. Hence,
the potential of alkylmethylimidazolium-type ionic liquids
containing [PF6] and [NTf2] anions as media in the oxidation
of 2-methoxyphenol in the presence of hemin, microperoxi-
dase-11 (MP-11), and cytochromec (cyt c) has been
investigated.129 Hemin and MP-11 were markedly more
active in the ionic liquids than in molecular solvents of the
same polarity, while cytc activity was comparable between
both types of solvents.129 HRP is applied in amperometric
biosensing devices, and the extension of the technique to
entrapment in a [BMIm][BF4] sol-gel matrix has recently
been demonstrated.130

Figure 3. Acylation of (S)-phenylglycine methyl ester in the
presence of penicillin G acylase.122

Figure 4. Transesterification catalyzed byR-chymotrypsin.

Figure 5. Enantioselective epoxide hydrolysis.128
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The lyophilization of enzymes from solutions containing
salts or amphiphilic compounds is known to increase the
activity in organic media by up to several orders of
magnitude. Thus, the transesterification activity ofR-chy-
motrypsin was increased 82-fold by colyophilization with
pentaglyme.131Similar effects were noted forR-chymotrypsin
in [OMIm][PF6] medium, although the effect of poly-
(ethylene glycol) was less than that in nonpolar media.124

The colyophilization of PsL and poly(ethylene glycol) (PEG)
increased the transesterification activity in [HMIm][PF6]
medium by a factor of 5, but the effect of the treatment on
other lipases was very much less.132 An optimization study,
encompassing PEG colyophilizates of PsL and the lipase
from Pseudomonas fluorescens(PfL) with the ionic liquids
[BMIm][PF6], [BMIm][NTf 2], [HMIm][PF6], and [OMIm]-
[PF6], showed the colyophilizates to be more active in
[BMIm][PF6] than in hexane.133 It is not clear whether these
colyophilizates dissolved in ionic liquids, as has been
demonstrated with conventional organic media.134

Relatively little attention has been paid to enzyme im-
mobilization in connection with ionic liquids, and only one
systematic study of this latter subject has appeared.135 Itoh
et al. have studied the effects of the carrier material on PcL
in [BMIm][PF6].136 The activity of PsL on ceramic Toyonite
carriers varied by a factor of 1000 between Toyonite 200M
and Toyonite 200A. PsL adsorbed on a methacryloxypropyl-
modified mesoporous silica also had a relatively high
activity.136

The completely different application of ionic liquids, as a
coating for lipases, should not pass unmentioned. PcL was
coated with [PhPMIm][PF6], which melts at 53°C, and the
resulting preparation was applied to the kinetic resolution
of chiral alcohols at temperatures below the melting point.137

The coated lipase was easy to reuse and retained its full
activity after being reused for several times. A very similar
technique has been demonstrated with PsL and the ionic
liquids [BMIm][CtPEGSO4] and [BMMIm][CtPEGSO4].138

The tolerance of lipases for anhydrous ionic liquid media
discussed above was not universal. CaLB was not active in
[MOEMIm][MeSO3],41 but CrL mediated reactions in water-
saturated [HMIM][[HpSO3]115 and anhydrous [Bu3MeP]-
[TsO].120 CaLB41,107,139and CrL41 were inactive in a range
of ionic liquids that contained [MeSO4],107 [NO3],41 [AcO],
or [lactate]139 anions; all of these ionic liquids are water-
miscible. It may be significant that the lipases dissolved in
such media,139 because dissolving a protein requires the
breaking of the protein-protein interactions and replacing
these by stronger ones. Water has this effect, but the organic
solvents, such asN,N-dimethylformamide and dimethylsul-
foxide, which dissolve enzymes and, by implication, coor-
dinate groups at the protein surface, also are strong dena-
turants. It was subsequently shown, in a more extensive
investigation, that CaLB mediated transesterification in ionic
liquids composed of the [BMIm] cation and short-chain
alkylsulfate or alkoxyethylsulfate anions.140 The reactions
were quite sluggish, compared with the case of [BMIm][PF6],
and the rate increased somewhat with increasing alkyl chain
length. It is noteworthy that CrL was catalytically active in
[BMIm][MeSO4], in contrast with CaLB, and [BMIm]-
[OctSO4] at a higher rate than in [BMIm][PF6].120

To support the notion that hydrophilic ionic liquids induce
conformational changes that result in the deactivation of
CaLB, we measured FT-IR spectra in the amide I region
and found a loss of detail that was consistent with our

conjecture.141 Furthermore, the denaturation of lysozyme
upon its dissolution in [EtNH3][NO3] has actually been
observed using fluorescence spectroscopy.142

It has already been noted that the [MeSO4] anion is not
compatible with many lipases. This is not a general phe-
nomenon, as theâ-galactosidase fromB. circulans, which
maintained 14% residual activity in 50% aqueous [MMIm]-
[MeSO4],87 also had some useful activity left in the presence
of only 0.6% of water.88 These same authors found that the
peptide amidase fromStenotrophomonas maltophiliastill
fuctioned in [BMIm][MeSO4] containing only trace amounts
of water.88

When considering the preceding examples, the possibilities
for the application of halide ionic liquids as biocatalysis
media do not look bright, which is unfortunate, as [BMIm]-
[Cl] is a strong solvent that dissolves recalcitrant cellulose
in massive amounts.39 It was indeed found that the cellulase
from Trichoderma reeseiwas not active in [BMIm][Cl] and
the protein was observed to denature by fluorescence
spectroscopy.143 A colyophilizate of the cellulase and poly-
(ethylene glycol) was more stable and maintained ap-
proximately 50% of its native activity. It would seem that
attempts to conduct biotransformations in ionic liquids that
contained adventituous chloride may have caused erratic
results in the past.144 It was shown, quite recently, that CaLB
in [OMIm][NTf 2] lost 5% transesterification activity with
every percent of [OMIm][Cl].18 RmL was even nearly
completely deactivated by 2% [OMIm][Cl].

The obvious conclusion so far is that enzyme activity and
solubility in ionic liquids are anion dependent41 and mutually
exclusive. The behavior of CaLB in [Et3MeN][MeSO4] did
not correspond with the simple pattern set out above,
however, as a modest transesterification activity was main-
tained, even with small amounts of enzyme which were
observed to dissolve. To confirm this latter observation, a
reaction was performed with a presaturated solution of CaLB
in [Et3MeN][MeSO4], which was estimated to contain, on
the basis of the conversion, approximately 3 mg mL-1 of
CaLB.141 The FT-IR spectrum confirmed that the native
conformation of CaLB had survived.

Apparently, ionic liquids can be designed to dissolve
enzymes without denaturation. Accordingly, morphine de-
hydrogenase (MDH), when dissolved in the strongly hydro-
gen bonding ionic liquid [HOPMIm][glycolate], mediated
the oxidation of codeine into codeinone (see Figure 6) under
nearly anhydrous conditions.145,146The activity was less than
that in water but better than that shown by suspensions in
molecular solvents or [BMIm][PF6].146 As additional advan-
tages, the reactant and the NADP cofactor dissolved in
[HOPMIm][glycolate] and the ionic liquid proved suitable
for the subsequent chemical transformation of codeinone into
oxycodone as well.145 The ionic liquid was also compatible
with an enzymatic recycle system for the NADP cofactor
(see Figure 6).146

The redox protein cytc dissolved in the ionic liquids
[MPPrl][H2PO4] and [HOEtMe3N][H2PO4];147 it is interesting
to note that here a hydrogen bonding capability of the cation
is not required, in contrast with the previous example. FT-
IR measurements showed that cytc maintained its native
secondary structure upon dissolution in these ionic liquids.

An alternative to engineering the ionic liquid is to modify
the enzyme for solubility. This approach was demonstrated
with cyt c, which, when covalently modified with poly-
(ethylene oxide), dissolved in its active form in [EMIm]-
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[NTf2]. The best results were obtained when the molecular
weight of the polymer chains was>2000.148 A copolymer
of PEG and maleic anhydride solubilized subtilisin in
[EMIm][NTf 2] and a range of similar ionic liquids.149,150The
resulting conjugate was approximately 3 times as active as
a PEG-subtilisin one and many times more than a suspen-
sion of native subtilisin in the same medium.

The structural changes, discussed above, that have been
observed when an enzyme is dissolved in an ionic liquid
are often reversible. Thus, when a solution of lysozyme in
[EtNH3][NO3] was diluted with water, the denatured enzyme
recovered its full activity.142 The ionic liquid is actively
involved as a renaturation enhancer, because it was shown
in separate experiments that 5% aqueous [EtNH3][NO3] acts
as a renaturant on lysozyme. Indeed, 1-alkyl-3-methylimi-
dazolium and 1-ω-hydroxylalkyl-3-methylimidazolium chlo-
rides have potential as renaturation enhancers.151

In a likewise manner, a substantial fraction of the original
activity was recovered fromsinactivessolutions of CaLB
in [BMIm][NO 3], [BMIm][lactate], [BMIm][EtSO4], or
[EtNH3][NO3]. After standing for 24 h and 50 times dilution
with buffer, the residual activity ranged from 33% in [EtNH3]-
[NO3] to 73% in [BMIm][NO3].139 Theâ-galactosidase from
B. circulans, which was hardly active in pure [MMIm]-
[MeSO4], completely recovered its activity upon dilution with
water.87

In summary, anhydrous ionic liquids seem to affect
enzymes in much the same way that conventional organic
solvents do: some are tolerated well but others much less,
also depending on the nature of the enzyme. It is noteworthy
that ionic liquids containing anions such as [AcO] or [NO3],
which were tolerated very well in aqueous mixtures, caused
the deactivation of the very stable CaLB when anhydrous.
On the basis of the present knowledge, ionic liquids
composed of [BF4], [PF6], and the, hydrolytically stable,
[NTf2] and medium-chain alkyl sulfate anions seem safe
choices, in combination with dialkylimidazolium and alkyl-
pyridium cations.

A theoretical basis for predicting the compatibility of
enzymes and anhydrous ionic liquids has not yet been
developed although a number of possibly contributing factors
have been discussed, such as the cation H-bond donating

capability,33 log P,41 formation of hydrogen-bonded nano-
structures, and solvent viscosity.152 None of these seems
generally applicable, however. It would rather seem, on the
basis of the available evidence, that the anion nucleophilic-
ity41 or H-bond accepting capability139 is a controlling factor,
at least when the propensity of the cation for hydrogen bond
formation is low. One exception is the [H2PO4] anion, which
actually dissolved cytc without causing denaturation.147 The
other exception, [HOPMIm][glycolate], which dissolved
redox enzymes in active form, is in a class of its own by
combining a strongly hydrogen bonding cation and anion.146

3.6. Stability of Enzymes in Nearly Anhydrous
Ionic Liquids

The (thermal) stability (activity over time) of enzymes is
often better in organic media, in particular at low water
activity, than in aqueous medium.153 Ionic liquids can also
have this effect. We note that enzyme stability is not
unambiguously defined and procedures to measure stability
vary. Storage stability is measured by incubation in, for
example, an ionic liquid, at a certain temperature, by
monitoring the residual activity in samples after dilution with
water. A high activity recovery in such a procedure only
proves that any changes of the enzyme in the storage medium
are reversible. Alternatively, the preincubation time before
performing a reaction in the same medium can be varied or
the enzyme’s structure in the medium of choice can be
monitored spectroscopically. Thus, it was shown, using
fluorescence spectrometry, that the unfolding temperature of
the sweet-tasting protein monellin increased from 40°C in
water to 105 °C in [BMPrl][NTf 2].154 Finally, there is
operational stability: activity over time under the reaction
conditions.

The storage stability of cytc in aqueous buffer is modest,
but solutions in [HOEtMe3N][H2PO4] or [BMPrl][H 2PO4]
maintained their activity for at least 6 months. There was
little change in the protein’s structure over this period, in
contrast with solutions in aqueous buffer, as judged from
ATR-FTIR and UV-vis spectroscopic measurements.155

The thermal (storage) stability of CaLB at 50°C over 4
days in water, hexane, [EMIM][NTf2], and [BuMe3N][NTf 2]
has been compared by measurement of the residual hydrolytic
activity after rehydration. The deactivation proceeded 3-4
times slower in the ionic liquids than in water or hexane.156,157

The storage stability of free (Novozym SP525) as well as
carrier-adsorbed (Novozym 435) CaLB in anhydrous [BMIm]-
[PF6] at 80 °C has been monitored in a similar manner.139

The activity of the free enzyme was found to increase in 20
h to 120% of an untreated sample, which was maintained
for at least 100 h. In contrast, a linear deactivation versus
time was observed intert-butyl alcohol. The activity of
Novozym 435 even increased to 350% in 40 h, which, on
continued incubation, slowly decreased to 210% after 120
h. In contrast, the incubation of a CLEC or CLEA158 of CaLB
in [BMIm][PF6] at 80 °C resulted in a progressive loss of
activity, comparable with that observed intert-butyl alcohol.
The authors have suggested that the ionic liquid induces a
more active conformation of the enzyme, which evidently
would not be possible with the cross-linked preparations.139

Alternatively, it has been put forward that swelling of the
carrier could occur in the ionic liquid, rendering more
enzyme accessible to the solvent.41

Lozano et al.159 compared the stability of CaLB, in the
presence of 2% water, in a range of ionic liquids with that

Figure 6. Chemoenzymatic synthesis of oxycodone and NADP
recycle.146
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in 1-butanol or hexane by preincubation and found that it
was similar or better.160 It is noteworthy that the lifetime of
CaLB increased by 3 orders of magnitude when substrate
was present.159 The conformational stability of CaLB, as
monitored by fluorescence and CD spectroscopy, was much
greater in [EMIM][NTf2] and [BuMe3N][NTf 2] at 50°C than
in water or hexane.152,156,157The stability of CrL in [BMIm]-
[PF6], [OMIm][PF6], and organic solvents was measured by
preincubation.119 The enzyme’s half-life at 50°C andaw )
0.36 was>10 h in the ionic liquids, which compares well
with 5 h in hexane and 4 h in benzene or dibutyl ether.

The operational stability of CaLB at elevated temperatures
in the absence of water is high. We had found that Novozym
435 retained its full transesterification activity in refluxing
tert-butyl alcohol for 7 days.161 The operational half-life of
CaLB in a series of alkyltrimethylammonium [NTf2] ionic
liquids was up to 2000 times greater than that in hexane;
[HOPrMe3N][NTf 2], which improved the half-life only 25
times, was an exception.112 CaLB was exceptionally stable
in (biphasic) [BMIm][Tf2N]-scCO2 systems, with an op-
erational half-life of CaLB ranging from 400 h at 50°C to
up to 60 h at 100°C.162

Proteases have received less attention than lipases, but in
one of the earliest papers on biocatalysis in ionic liquids, it
was already noted that the activity loss of thermolysin during
preincubation proceeded much slower in [BMIm][PF6] than
in ethyl acetate.9 The storage stability ofR-chymotrypsin in
the ionic liquid [EMIm][NTf2] was compared with that in
water, 3 M sorbitol, and 1-propanol. The residual hydrolytic
activity (after dilution with aqueous buffer) was measured
vs time, and structural changes were monitored by fluores-
cence and CD spectroscopy as well as DSC.152,163 The
enzyme’s lifetime in [EMIm][NTf2] at 30°C was more than
two and six times as long as those in 3 M sorbitol and water,
respectively, and 96 times longer than that in 1-propanol.

In conclusion, enzymes in ionic liquids maintain their
activity and, where measured, also their structure, over a
much longer period than in molecular organic solvents and
often at a much higher temperature. We suggest that the
underlying cause of this stabilizing effect is the high viscosity
of ionic liquids, which slows the migration of protein
domains from the active conformation into the inactive one.

3.7. Enzymes, Ionic Liquids, Hydrogen Bonds,
and Activity

Hydrogen bonds cement the structure of hydrated as well
as dehydrated enzymes. Any structural change requires a
considerable number of hydrogen bonds to dissociate at the
same time, which may contribute significantly to enzyme
stability and could also explain hydration-memory and
hysteresis effects.69

It is commonly observed that enzymes, when suspended
in an organic solvent, maintain their activity over a longer
period than when dissolved in aqueous buffer.64 The obvious
reason is that breaking and remaking hydrogen bonds is
bound to be slower in a non-hydrogen bond forming medium.
It should be kept in mind, however, that the hydrophobic
effect, which significantly contributes to protein stabilization,
does not exist in organic solvents. Summarizing, organic
media reduce the thermodynamic stability of enzymes but
enhance the kinetic stability and this latter effect predomi-
nates. This overall stabilizing effect is still more pronounced
in ionic liquids.

It is worth noting here the common experience that
solvents that are tolerated when nearly anhydrous or in dilute
aqueous solution, such as ACN ortert-butyl alcohol, cause
deactivation at an intermediate concentration.164 A similar
conclusion can be distilled from experiments with enzymes
in ionic liquids. The obvious explanation is that the hydro-
phobic effect decreases in the presence of a solvent.
Consequently, the stability margin of the enzyme is eroded
until, at a certain concentration, deactivation results.

With regard to the compatibility of enzymes and anhydrous
ionic liquids, hydrogen bonding could be the key to
understanding. Ionic liquids, in particular their anions, that
form strong hydrogen bonds may dissociate the hydrogen
bonds that maintain the structural integrity of theR-helices
and â-sheets, causing the protein to unfold wholly or
partially. The lactate ion, for example, could easily form
stable hydrogen bonds with the polypeptide backbone. Ion
size could matter because sterically demanding ions would
require many hydrogen bonds to be broken to create a few
new ones, which could contribute to maintaining stability.

We have already noted that the deactivation of CaLB by
[BMIm][NO 3], for example, is partially reversible. This
finding is in agreement with the generally adopted kinetic
model of enzyme deactivation, which involves a reversible
first step and an irreversible second one. CaLB deactivation
by [BMIm][dca], in contrast, was irreversible and a small
angle neutron scattering experiment indicated the formation
of aggregates,165 as is often observed upon unfolding.
Presumably, hydrogen bonds also maintain the conformation
of reversibly deactivated enzymes. Reconstitution requires
these hydrogen bonds to be dissociated and remade into the
native ones. Dilute denaturants often facilitate reconstitution,
which includes denaturing ionic liquids, as discussed above.
Presumably, such strongly hydrogen bonding compounds
facilitate the reconstitution by forming transient hydrogen
bonds.

3.8. Whole Cell Biotransformations in Ionic
Liquids

Most studies of biocatalysis in ionic liquids have been
concerned with the use of isolated enzymes. It should not
be overlooked, however, that the first report on biocatalysis
and ionic liquids involved a whole cell preparations
RhodococcusR312sin a biphasic [BMIm][PF6]-water
system.8 It was shown, using a nitrile hydrolysis test reaction,
that the microorganism maintained its activity better in an
ionic liquid than in a biphasic toluene-water system.

It was later shown that baker’s yeast166 as well as
RhodococcusR312 andE. coli167 maintain their activity in
ionic liquids containing no or a very small separate aqueous
phase. The background to the application of biphasic
aqueous-organic reaction systems with whole cells is that
many hydrophobic reactants and products are sparingly
soluble in aqueous buffer and are, moreover, often toxic to
the cell membrane, hence the desire to store reactants and
products in an innocuous second phase.

The suggestion that some ionic liquids are much less toxic
to the cell membranes than a conventional organic solvent,
such as toluene,8 has now been confirmed experimentally.
The cell membrane integrity ofLactobacillus kefirin a range
of aqueous organic, e.g., decane, octanol, and TBME, and
aqueous ionic liquid systems was compared. The ionic
liquidss[MeOct3N][NTf 2], [BMIm][PF6], and, in particular,
[BMIm][NTf 2]spreserved the membrane integrity much
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better than the molecular solvents.168These same ionic liquids
were shown to be harmless to the cell viability ofE. coli
andS. cereVisiae.169

The effects of [BMIm][BF4] and [BMIm][PF6] on the
growth of three microbes that are commonly used in whole
cell biotransformationssE. coli, Pichia pastoris, andBacillus
cereusshave recently been assessed. [BMIm][BF4] was, at
1% concentration, toxic to all three organisms.170 [BMIm]-
[PF6] was toxic toE. coli, in contrast to an earlier report,167

but was tolerated byP. pastorisand significantly retarded
the growth ofB. cereus. Baker’s yeast, in contrast, tolerated
10% [BMIm][BF4], besides [BMIm][PF6].171

In conclusion, it would seem that hydrophobic ionic liquids
are promising and attractive replacements for molecular
solvents in whole-cell biotransformations.

4. Biotransformations in Ionic Liquid Media

4.1. Lipases and Esterases

The application of lipases in synthetic biotransformations
encompasses a wide range of solvolytic reactions of the
carboxyl group, such as esterification, transesterification
(alcoholysis), perhydrolysis, and aminolysis (amide synthe-
sis).172 Transesterification and amide synthesis are preferably
performed in anhydrous medium, often in the presence of
activated zeolite, to suppress unwanted hydrolytic side
reactions. CaLB, which readily tolerates such condi-
tions,173,174 as well as PsL and PcL, are often used as the
biocatalyst.175

The natural fragrance component geranyl acetate is
produced by esterification of the more common geraniol (3,7-
dimethyl-2,6-octadien-1-ol (1), Figure 7). Performing the

reaction in the presence of a lipase would afford “natural”
geranyl acetate, hence the interest in this latter transformation.
The effects ofaw on the performance of immobilized CaLB
(Novozym 435) in [BMIm][PF6] and hexane have been
compared.176 The reasoning behind this, not uncommon,
approach is that a partially hydrated biocatalyst is more active
than an anhydrous one, although any water will reduce the
equilibrium conversion. It was found that in the ionic liquid
medium the rate as well as the equilibrium conversion were
significantly lower at the sameaw.

Lipase-catalyzed triglyceride modification is practiced at
a large scale in the food industry.172,177 In a study of the
CaLB-catalyzed glycerolysis of commercial oils and fats into
the di- and monoglycerides, the solventless procedure was
compared with reactions intert-butyl alcohol and in the
amphiphilic tetraalkylammonium ionic liquid [CPMA]-
[MeSO4] (see Table 3).178,179 It was found that the glycer-
olysis of sunflower oil was intrinsically faster in the ionic
liquid, as judged byVmax, but a highKm of approximately
0.8 M actually caused the reaction to be slower than that in
tert-butyl alcohol.179

The glycerolysis of triolein, catalyzed by CaLB (Novozym
435) in a number of ionic liquids from the Ammoeng series
was recently investigated.180 The mono-diglyceride ratio at
equilibrium depended strongly on the medium; the highest
ratios were obtained in Ammoeng 100 and 102 (see Tables
3 and 4), whereas in Ammoeng 111 and 112 much more
diglyceride remained present.180 The results were explained
in terms of solvent interactions and were supported by
quantum-chemical modeling.

Lipase-catalyzed transesterification to prepare polyesters
(replacing the traditional chemical polymerization at>200
°C) has received considerable attention in recent years. CaLB
has been found to mediate polyester synthesis in the ionic
liquids [BMIm][BF4], [BMIm][PF6], and [BMIm][NTf2] at
60 °C,181-183 but the molecular weight of the product was
rather low compared with a solventless system,184 perhaps
owing to the high viscosity of ionic liquid media.

Fatty acids of sugars are potentially useful and fully green
nonionic surfactants, but the lipase-mediated esterification
of carbohydrates is hampered by the low solubility of
carbohydrates in reaction media that support lipase catalysis
in general. Because the monoacylated product (2, see Figure
8) is more soluble in traditional solvents than the starting

compound, the former tends to undergo further acylation into
a diester (3). In contrast, the CaLB-catalyzed esterification
of glucose with vinyl acetate in the ionic liquid [EMIm][BF4]
was completely selective. The reaction became much faster,
and somewhat less selective, when conducted in [MOEMIm]-
[BF4], in which 5 g‚L-1 of glucose dissolves at 55°C (100
times more than in acetone).33 The disaccharide maltose also
was acylated in the presence of CaLB in [MOEMIm][BF4].33

The synthesis of long chain fatty acid esters of carbohy-
drates is inherently more demanding. It was found that
glucose did not react with vinyl laurate in pure ionic liquid
medium, but in biphasictert-butyl alcohol-[BMIm][PF6],
in contrast, glucose could be acylated by the vinyl esters of
C12-C16 fatty acids. The best results were obtained with
CaLB, which was twice as active as TlL, and the selectivity

Figure 7. Esterification of geraniol.

Figure 8. Transesterification of glucose33 andL-ascorbic acid.188
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for acylation at C-6 was high.185 The esterification of glucose
with palmitic acid, which is, in an industrial context, to be
preferred over transesterification, has recently been demon-
strated intert-butyl alcohol-[BMIm][PF6] medium.186

L-Ascorbic acid (4, see Figure 8) proved to be less
recalcitrant than glucose and could be esterified with palmitic
acid, in the presence of CaLB, in [BMIm][BF4] and similar
ionic liquids.187,188The equilibrium was shifted toward the
product by applying a vacuum to remove the water; the
undesirable precipitation of the reaction product on the
biocatalyst was obviated by the addition of a hydrophobic
phase, such as hexane or polypropylene beads.188

The enzymatic esterification of polysaccharides has not
received much attention, possibly because early experiments
indicated that oligosaccharides became less reactive with
increasing chain length.189,190Glucomannan (5, Figure 9), a
â(1-4) copolymer of glucose and mannose, however, was
extensively acylated at the primary (C-6) positions upon
reaction with vinyl acetate in the presence of Novozym
435.191 The degrees of substitution obtained upon acylation
in a range of imidazolium [BF4] and [PF6] ionic liquids were
higher than those observed intert-butyl alcohol; the maxi-
mum value (0.75) was obtained in [BMIm][BF4].

Carbohydrate derivatives, such as the methyl 6-O-tri-
phenylmethylglucosides and -galactosides6a-d (see Figure
10), are much more soluble in organic media than the parent

carbohydrates. These derivatives, in which the primary
hydroxyl group at C-6 is blocked, tend to react at positions
2 and 3, depending on the geometry of the reactant.192 In
the presence of CrL,6a-d were mainly acylated at the
2-position.118 A comparison of the molecular solvents THF
and CHCl3 with the ionic liquids [BMIm][PF6] and
[MOEMIm][PF6] showed that reaction in the ionic liquids
proceeded faster;118 the regioselectivity for the 2-position

increased in the order THF< CHCl3 < [BMIm][PF6],
[MOEMIm][PF6]. Compound6a, for example, was acylated
with 77% selectivity in CHCl3, which increased to 90% in
the ionic liquids.

The flavonoid glycosides naringin and rutin are strongly
hydrophilic antioxidants; esterification could possibly make
these compounds useful for application in hydrophobic
media. Hence, their acylation with vinyl butyrate in ionic
liquid medium, in the presence of a number of lipases, has
been investigated. Besides CaLB (Novozym 435), im-
mobilized TlL and RmL were employed. In [BMIm][BF4],
the activity of the biocatalysts increased in the order CaLB
< TlL < RmL, changing into TlL∼ RmL < CaLB in
[BMIm][PF6]; CrL was not active.193 Naringin, which
contains a glucose moiety with a free primary alcohol group
(at C-6′′), was acylated selectively at this latter position.
Rutin, which lacks a primary alcohol group, reacted much
slower and was acylated at the C-4′′′ position in the terminal
mannose moiety.

Glycal acetates are synthetic intermediates that are easy
to prepare from the parent carbohydrates. PcL on Celite
(PS-C) mediated the regioselective hydrolysis and alcoholysis
of 3,4,6-tri-O-acetyl-D-glucal (7, Figure 11).194 The medium,

[BMIm][BF 4], [BMIm][PF6], or THF, had a major effect on
the selectivity as well as the rate. Hydrolysis was much faster
and more selective in 50% [BMIm][PF6] than in THF.
Alcoholysis with decanol was somewhat faster in THF, and
the selectivity was high in both media.194 In [BMIm][BF 4],
in contrast, hydrolysis as well as alcoholysis were slow and
took place with low selectivity and final conversion.

Lipases are known to mediate a variety of non-natural
reactions, but such examples in ionic liquid medium are still
scarce and restricted to perhydrolysis and aminolysis. The
reaction of ethyl octanoate or octanoic acid with ammonia,
to give octanamide, was catalyzed by CaLB in [BMIm][BF4];
the ester was converted at 40-70% of the rate intert-butyl
alcohol, depending on the formulation of the biocatalyst.10

Perhydrolysis has been demonstrated, among others, in the

Figure 9. Structure of glucomannan; possible acylation sites are in bold.

Figure 10. Acylation of the methyl glucosides and galactosides
6a-d.118

Figure 11. Selective hydrolysis and alcoholysis of 3,4,6-tri-O-
acetyl-D-glucal.194
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epoxidation of cyclohexene by peroxyoctanoic acid that had
been generatedin situ from octanoic acid and hydrogen
peroxide in the presence of CaLB.195 In [BMIm][BF 4], the
reaction rate was slightly lower than that in acetonitrile,10

which is the optimum molecular solvent for this reaction.
A major application of lipases is the resolution of chiral

acids, alcohols, and amines. These will mainly be discussed,
within the context of this review, in terms of the enantiomeric
ratio (E),196 a dimensionless and conversion-independent
parameter that is a measure of the quality of the enantio-
discrimination. The resolution of chiral acids is mainly
accomplished via hydrolysis or esterification; both method-
ologies have been combined with application of ionic liquids.

In the first example, the hydrolysis of prochiral malonates
(8, see Figure 12) in the presence of pig liver esterase (PLE),

ionic liquids were merely used as trace additives. The
enantiorecognition of PLE, which is modest in aqueous
buffer, is known to be improved by the addition of 10% of
a cosolvent, such as isopropyl alcohol, at the cost of a 50%
reduced reaction rate. The rate loss could be remedied by
adding 1% of an amphiphilic ionic liquid.106 The enhance-
ment of the enzyme’s activity depended on the number of
free hydroxyl groups in the ionic liquid; the ionic liquids
Ammoeng100 and 101 (see Tables 3 and 4), with two
hydroxyl groups, increased the rate four times, even at a
concentration of only 0.1%.

The enantioselectivity of PPL in the kinetic resolution of
a number ofN-acetyl-R-amino acid esters (9a-g, see Figure
13) was improved by an ionic liquid cosolvent. The enan-
tiomeric purity of theN-acetylamino acid formed, which was
modest when the reaction was performed in ACN-buffer
(15:85), improved when ACN was replaced by [EPy]-
[TFA].101 It should be noted that PPL is a complex mixture
of enzymes with possibly conflicting enantiorecognition and
the improved enantioselectivity could merely result from
selective inhibition.197

Lipase-mediated enantioselective hydrolysis of anN-
unprotected amino acid ester has been demonstrated with
methyl phenylglycinate (10a, see Figure 14). In the presence
of CaLB, theE ratio was a rather modest 12, which improved
when ACN ortert-butyl alcohol was added to the medium
and further improved to 34 with 20% [BMIm][BF4].123,198

The addition of more strongly hydrogen bonding ionic
liquids, such as [BMIm][Cl] or [BMIm][Br], in contrast,
reduced theE ratio.

The enantioselective hydrolysis of naproxen methyl ester
(11, see Figure 15) has attracted considerable attention

because (S)-naproxen ((S)-12) is the pharmaceutically active
enantiomer. The reaction was performed in the presence of
CrL, which has the desired enantiopreference, in a range of
ionic liquids that contained the [MBIm] and [HMIm] cations
and the [PF6], [BF4], and [HpSO4] anions.115 The ionic liquids
were saturated with water except [BMIm][BF4], which
contained 2.8 M (approximately 5%) of water. The conver-
sion and enantioselectivity in the ionic liquids were better
than those obtained in water-saturated isooctane.115

The kinetic resolution of13 (Figure 16) into (S)-14 is a
key step in the synthesis of the platelet aggregation inhibitor
Lotrafiban. A disclosed process involves CaLB intert-butyl
alcohol-water (88:12) at 50°C; the starting concentration
was only 5 g‚L-1 because13 is sparingly soluble in this latter
medium.199 Simply replacingtert-butyl alcohol by an ionic
liquid reduced the rate. By exploiting the higher solubility
of 13 in 88% [BMIm][PF6] and the better thermal stability
of the biocatalyst in this latter medium, the overall rate could
be improved by a factor of 4. In the optimum procedure,
the starting concentration was 40 g‚L-1 at 75 °C and the
biocatalyst (Novozym 435) could be recycled 10 times.

The resolution of ibuprofen (15, see Figure 17) has
developed into a standard test-bed for the resolution of chiral

Figure 12. Enantioselective hydrolysis of a prochiral malonic
ester.106 The structures of the ionic liquids are given in Tables 3
and 4.

Figure 13. Kinetic resolution ofN-acetyl-R-amino acid esters
mediated by PPL.101

Figure 14. Enantioselective hydrolysis of methyl phenylglyci-
nate.123
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acids. The esterification of ibuprofen into (S)-16 in the
presence of CrL took place with modest enantioselectivity
(E ) 13) when the reaction was carried out in isooctane,

but E improved to 24 in [BMIm][PF6].120 TheE ratios were
generally lower in a study that compared the esterification
of 15 in isooctane and biphasic isooctane-[BMIm][PF6], but
the trends were similar.200

CrL has also been employed in the resolution of a range
of 2-substituted propionic acid derivatives (17, see Figure
18) in ionic liquids and conventional media. [BMIm][PF6],

which gave a much better result than [BMIm][BF4] or
[OMIm][PF6], and hexane were selected for further study.117

The rates were up to 20% lower in [BMIm][PF6]; the
enantiomeric ratios improved 1.5-2 times117 but stayed
mediocre.

An attempt to resolve the 2-(4-chlorophenoxy)propionic
ester18 by enantioselective hydrolysis, also in the presence
of CrL, was more spectacularly successful. The reaction was
fast but unselective in aqueous buffer (see Figure 19);

addition of 25% ionic liquid slowed the reaction down with
little improvement as regards the enantioselectivity.201 The
resolution became quantitative in 50% ionic liquid, at the
cost of a 10-30 times reduced rate. CrL performed rather
faster in (biphasic) aqueous [BMIm][PF6] than in [BMIm]-
[BF4] or [HMIm][BF 4].201

Aminolysis with butylamine, rather than hydrolysis or
(trans)esterification, has been employed in the kinetic resolu-
tion of methyl mandelate (19, see Figure 20).202 The
background to this approach is that enantioselectivities in
the kinetic resolution of mandelic acid via (trans)esterification
are low. Aminolysis (or ammoniolysis) may improve the
resolution, as has been shown in some cases,203,204presum-
ably due to a shift of the rate-determining step. CaLB
resolved19 in conventional media with quite modestE ratios,

Figure 15. Enantioselective hydrolysis of naproxen methyl ester.115

Figure 16. Enantioselective hydrolysis of a Lotrafiban precursor.199

Figure 17. Enantioselective esterification of ibuprofen.120

Figure 18. Enantioselective esterification of 2-substituted pro-
panoic acids.117

Figure 19. Enantioselective hydrolysis of18 in the presence of
CrL.201
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which became near-quantitative when 10% [BMIm][BF4]
was added to the medium.202 Interestingly, changing the
medium fromtert-butyl alcohol to chloroform switched the
enantiomeric preference of CaLB from (R) into (S).

The resolution of chiral alcohols through lipase-mediated
enantioselective acylation (transesterification) is one of the
major industrial applications of lipases.65 Hence, the effects
of ionic liquid reaction media on the resolution of the
arylalkanols20-31 (see Scheme 2) in the presence of,
mainly, CaLB and PcL have been investigated.33,107,108,113,205,206

Vinyl acetate was almost universally adopted as the acyl
donor.

The alcohols discussed were, in general, resolved in
traditional media with already good-to-excellent enantiose-
lectivity; hence, there was not much margin for improvement.
Nevertheless, the enantiomeric ratio of some of these
resolutions improved considerably when the reaction was
performed in an ionic liquid (see Table 5). Thus, the
enantiorecognition of21 by PsL, which was only modest in
tert-butyl methyl ether (TBME), became near-quantitative
in [BMIm][TfO] or [BMIm][Tf 2N].107 Even the already
excellent resolutions of23 and26-28 were improved in an
ionic liquid medium.108

The enantiorecognition of methyl mandelate (24, see
Scheme 2) in enantioselective acylation with vinyl acetate
is often modest. Itoh et al. studied this latter reaction with
immobilized PcL in [BMIm][PF6] and found that theE ratio
varied from 10 to>250, depending on the carrier.136 The
best result as regards rate and enantioselectivity was obtained

with PcL immobilized on a methacryloxypropyl-modified
macroporous SBA-15 silica (see Table 5). A highly enan-
tioselective but somewhat slower resolution could be ac-
complished with PcL immobilized on the ceramic Toyonite
200M carrier.111 Acylation of 24 in ionic liquids containing
the [BMMIm] cation, in which the acidic 2-position is
blocked, was hardly enantioselective (E ) 5-7).111

The resolution of the adrenaline-type aminoethanol31a
in the presence of a covalently immobilized preparation of
PcL (PS-C II) was already very efficient in toluene-THF
and became approximately four times slower in a range of
ionic liquids, but on the other hand, the reactant concentration
could be increased to 0.5 M in mixed ionic liquid-TBME
media without sacrificing enantioselectivity.207 The phenolic
alcohol31bwas acylated at both positions in similar solvent
systems, yielding a complex mixture of mono- and diesters.207

Amines that do not form amides, such as triethylamine,
are known to improve the rate and/or enantioselectivity of
lipases in alcohol resolutions.208,209 The acylation of the
secondary alcohols21-23, 25, and29 with succinic anhy-
dride in the presence of immobilized PcL (PS-C) in [BMIm]-
[PF6] became faster when NEt3 was added to the medium
but also somewhat less enantioselective (see Table 5).210

The primary alcohol glycidol (32, Figure 21), which is
not readily resolved due to the distance between the hydroxyl
group and the chiral center,211 was investigated using three
lipases.212 The enantiomers of32 were separately acylated
with vinyl acetate or butyrate in [EMIm][NTf2] or toluene.
CaLA and RmL slightly favored (S)-32 (which, confusingly,
is converted into the (R)-ester), whereas CaLB showed some
preference for (R)-32, but the effects of the medium on the
enantiorecognition were negligible.212

Esterases have seen little use in (trans)esterification, as
these enzymes have little or no activity in water-restricted
organic media. The bacterial esterases BstE and BsE were
exceptions to this rule and catalyzed the transesterification
of 21 with vinyl acetate in conventional and ionic liquid
media (see Table 5), but theE ratios were quite modest.121

The high thermostability of lipases in ionic liquids has
stimulated research into kinetic resolutions at elevated
temperatures.213 The PsL-mediated acylation of21 by vinyl

Figure 20. Enantioselective aminolysis of methyl mandelate.202

Scheme 2. Resolution of Chiral Alcohols
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Table 5. Lipase and Esterase-Mediated Resolution of the Chiral Alcohols 20-31 in Ionic Liquids and Molecular Solvents

alcohol donor enzyme medium temp (°C) time (h) conv (%) ee(%) E ref

20 vinyl propionate CaLB [BMIm][NTf2] 60 1.5 40 >99 >300 206
CaLB hexane 60 >99 206

21 vinyl acetate AsL [BMIm][BF4] 24 72 60 81 107
AsL [BMIm][PF6] 24 72 44 47 4 107
AsL [BMIm][TfO] 24 72 70 82 107
AsL [BMIm][NTf 2] 24 72 89 15 107
AsL [HMIm][BF 4] 24 72 26 >98 >140 107
AsL [OMIm][BF4] 24 72 50 >98 >500 107
AsL [NMIm][PF6] 24 72 68 14 2 107
AsL MTBE 24 72 98 0 1 107

21 vinyl acetate BstE [BMIm][BF4]a 40 3.5 121
BstE [BMIm][NTf2]a 40 2.9 121
BstE TBMEa 40 2.8 121

21 vinyl acetate BsE [BMIm][BF4] 40 7.5 121
BsE [BMIm][PF6]a 40 7.5 121
BsE [BMIm][NTf2]a 40 7.2 121
BsE TBMEa 40 7.2 121

21 vinyl acetate CaLAb [BMIm][PF6] 24 72 10 37 2 107
CaLA [BMIm][Tf] 24 72 44 45 14 107
CaLA [BMIm][NTf 2] 24 72 >98 0 107
CaLA [HMIm][BF4] 24 72 27 34 2 107
CaLA [OMIm][BF4] 24 72 59 13 1.5 107
CaLA [NMIm][PF6] 24 72 41 71 10 107
CaLA [BMPy][PF6] 24 72 98 3 1 107
CaLA MTBE 24 72 11 22 2 107

21 vinyl acetate CaLBc [BMIm][TfO] 24 72 50 >98 >200 107
CaLB [BMIm][NTf 2] 24 72 50 >98 >200 107
CaLB [HMIm][BF4] 24 72 10 >98 >100 107
CaLB [OMIm][BF4] 24 72 41 >98 >200 107
CaLB [NMIm][PF6] 24 72 10 >98 >100 107
CaLB [BMPy][PF6] 24 72 46 >98 >260 107
CaLB MTBE 24 72 43 >98 >200 107

21 vinyl acetate CrLd [BMIm][BF 4] 24 72 41 >98 >200 107
CrL [BMIm][NTf 2] 24 72 10 69 6 107
CrL [NMIm][PF6] 24 72 7 70 6 107
CrL MTBE 24 72 13 47 3 107

21 vinyl acetate PcL [EMIm][BF4] rt 24 46 99 >200 33
PcL [PMIm][BF4] rt 24 38 99 >200 33
PcL [BMIm][BF4] rt 24 36 99 >200 33
PcL [BMIm][PF6] rt 24 29 99 >200 33
PcL [sBMIm][BF4] rt 24 35 99 >200 33
PcL [MOEMIm][BF4] rt 24 43 99 >200 33
PcL [PPy][BF4] rt 24 37 99 >200 33
PcL [PMPy][BF4] rt 24 33 99 >200 33
PcL [BPy][BF4] rt 24 38 99 >200 33
PcL [BMPy][BF4] rt 24 25 99 >200 33
PcL THF rt 24 32 99 >200 33
PcL toluene rt 24 49 99 >200 33

21 vinyl acetate PcL-PEG [BMIm][PF6] 45 48 43 80 17 133
PcL-PEG [BMIm][NTf2] 45 48 15 98 120 133
PcL-PEG [OMIm][PF6] 45 48 29 80 12 133
PcL-PEG hexane 45 48 17 80 11 133

21 succinic anhydride PcL [BMIm][PF6] rt 33 49 96 175 210
PPcL [BMIm][PF6] + NEt3 rt 20 50 92 82 210

21 vinyl acetate PfL-PEG [BMIm][PF6] 45 48 42 80 16 133
PfL-PEG [BMIm][NTf2] 45 48 47 98 >200 133
PfL-PEG [OMIm][PF6] 45 48 25 77 10 133
PfL-PEG hexane 45 48 53 83 37 133

21 vinyl acetate PsLe [BMIm][BF 4] 24 72 7 53 3 107
PsL [BMIm][TfO] 24 72 50 >98 >500 107
PsL [BMIm][NTf2] 24 72 47 >98 >300 107
PsL [NMIm][PF6] 24 72 17 >98 >120 107
PsL [BMPy][BF4] 24 72 9 >98 >110 107
PsL TBME 24 72 53 84 >40 107

21 vinyl acetate PPLf [BMIm][NTf 2] 24 72 8 >98 >100 107
PPL TBME 24 72 45 >98 >250 107

21 vinyl acetate RmLg [BMIm][NTf 2] 24 72 40 >98 >200 107
RmL [NMIm][PF6] 24 72 33 >98 >160 107
RmL TBME 24 72 29 >98 >150 107

21 vinyl acetate TlLh [BMIm][TfO] 24 72 9 >98 >100 107
TlL [BMIm][NTf 2] 24 72 12 >98 >110 107
TlL [NMIm][PF 6] 24 72 11 >98 >110 107
TlL TBME 24 72 10 >98 >110 107

22 succinic anhydride PcL [BMIm][PF6] rt 31 49 95 133 210
PcL [BMIm][PF6] + NEt3 rt 21 50 91 79 210
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Table 5 (Continued)

alcohol donor enzyme medium temp (°C) time (h) conv (%) ee(%) E ref

23 vinyl acetate PcL [EMIm][BF4] 25 48 29 98 183 108
PcL [BMIm][PF6] 25 48 11 >99 >450 108
PcL THF 25 48 16 96 56 108
PcL toluene 25 48 30 98 158 108

23 succinic anhydride PcL [BMIm][PF6] rt 31 50 92 76 210
PcL [BMIm][PF6] + NEt3 rt 20 50 91 65 210

24 vinyl acetate PcLi [BMIm][PF6] 72 9 >99 >220 136
PcLij [BMIm][PF6] 5 13 97 80 136
PcLjk [BMIm][PF6] 48 20 >99 >250 136
PcLl [BMIm][PF6] 24 7 80 10 136
PcLm [BMIm][PF6] 168 0.4 >99 >200 136
PcLn [BMIm][PF6] 48 22 >99 >260 136
PcLo [BMIm][PF6] 168 20 >99 >250 136
PcLj [BMMIm][BF 4] 35 24 66 6 111
PcLk [BMMIm][BF 4] 35 5 71 5 111
PcLj [BMMIm][PF6] 35 24 73 7 111
PcLk [BMMIm][PF6] 35 48 71 7 111
PcL [BMIm][EtOEtSO4] 35 24 13 95 45 140
PcLi DIPE 35 48 >99 >200 111

25 succinic anhydride PS-C [BMIm][PF6] rt 26 49 96 175 210
PS-C [BMIm][PF6] + NEt3 rt 15 50 94 110 210

26 vinyl acetate CaLB [EMIm][BF4] 25 48 48 99 648 108
CaLB [BMIm][PF6] 25 48 44 >99 967 108
CaLB THF 25 48 49 96 141 108
CaLB toluene 25 48 51 96 207 108

27 vinyl acetate CaLB [EMIm][BF4] 25 48 48 99 651 108
CaLB [BMIm][PF6] 25 48 42 94 67 108
CaLB THF 25 48 49 83 26 108
CaLB toluene 25 48 50 95 187 108

28 vinyl acetate CaLB [EMIm][BF4] 25 48 34 98 172 108
CaLB [BMIm][PF6] 25 48 46 >99 1100 108
CaLB THF 25 48 30 98 150 108
CaLB toluene 25 48 30 97 85 108

29 succinic anhydride PcL [BMIm][PF6] rt 29 49 95 129 210
PcL [BMIm][PF6] + NEt3 rt 18 50 92 76 210

30p vinyl acetate AsL [BMIm][PF6] 25 25 41 94 65 113
30 vinyl acetate CaLBq [BMIm][BF 4] 25 3.5 48 >99 >640 113

CaLB [BMIm][PF6] 25 5 47 >99 >580 113
CaLB [BMIm][TFA] 25 48 12 91 277 113
CaLB [BMIm][[TfO] 25 24 43 >99 >450 113
CaLB [BMIm][SbF6] 25 48 37 >99 >360 113
CaLB [BMIm][MeSO4] 35 24 10 >99 >200 140
CaLB [BMIm][EtSO4] 35 24 11 >99 >200 140
CaLB [BMIm][BuSO4] 35 24 15 >99 >200 140
CaLB [BMIm][MeOEtSO4] 35 24 12 >99 >200 140
CaLB [BMIm][EtOEtSO4] 35 24 23 >99 >200 140
CaLB [BMIm][PhOEtSO4] 35 24 29 >99 >200 140
CaLB [BMMIm][BF4] 35 2 33 >99 >200 111
CaLB DIPE 25 3 50 >99 >1000 113

30 methyl pentanoate CaLB [BMIm][PF6] 27 48 6 >99 >200 205
methyl nonanoate CaLB [BMIm][PF6] 32 8.5 42 >99 >420 205
PhOCH2CO2Me CaLB [BMIm][PF6] 40 9 42 >99 >430 205
PhSCH2CO2Me CaLB [BMIm][PF6] 40 13 46 >99 >530 205

30 vinyl acetate PcL [BMIm][PF6] 25 168 19 >99 >250 113
31a vinyl butanoate CaLB [EMIm][NTf2] 47 6 21 >200 207
31a vinyl butanoate PcL [EMIm][BF4] 47 6 31 160 207

PcL [EMIm][NTf2] 47 6 45 200 207
PcL [EMIm][TfO] 47 6 26 190 207
PcL [BMIm][BF4] 47 6 23 80 207
PcL [BMIm][PF6] 47 6 41 120 207
PcL [BMIm][NTf 2] 47 6 39 160 207
PcL [HMIm][BF4] 47 6 19 100 207
PcL [BMPy][BF4] 47 6 29 140 207
PcL [BMPy][PF6] 47 6 19 70 207
PcL toluene-THF (75:25) 47 2 50 200 207
PcL TBME 47 2 53 110 207

a aw ) 0.11. b Conversion<5% in [BMIm][BF4]. c Conversion<5% in [BMIm][BF4] or [BMIm][PF6]. d Conversion<5% in [BMIm][PF6],
[BMIm][TfO], [HMIm][BF 4], [OMIm][BF 4], or [BMPy][BF4]. e Conversion<5% in [BMIm][PF6], [HMIm][BF 4], or [OMIm][BF4]. f Conversion
<5% in [BMIm][BF4], [BMIm][PF6], [BMIm][TfO], [BMIm][NTf 2], [OMIm][BF 4], [NMIm][BF 4], or [BMPy][BF4]. g Conversion<5% in
[BMIm][BF 4], [BMIm][PF6], [HMIm][BF 4], [OMIm][BF 4], or [BMPy][BF4]. h Conversion<5% in [BMIm][BF4], [BMIm][PF6], [BMIm][TfO],
[HMIm][BF 4], [OMIm][BF 4], or [BMPy][BF4]. i Immobilized on Celite.j Immobilized on Toyonite 200M.k Immobilized on Toyonite 200P.
l Immobilized on Toyonite 200.m Immobilized on Toyonite 200A.n Immobilized on methacroyloxypropyl SBA-15.o Immobilized on Aminopropyl
SBA-15. p No conversion in the presence of CrL or PPL.q Conversion<5% in [BMMIm][PF6].
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acetate in [BMIm][Tf2N] remained highly enantioselective,
with E decreasing from 200 to 150, when the temperature
was raised from 25 to 90°C. In contrast, the enantioselec-
tivity in TBME medium dropped dramatically (fromE )
200 toE ) 4) at 55°C, which corresponds with the boiling
point of TBME. In both solvents, a decrease inE was
observed at the boiling point of either the solvent (TBME)
or vinyl acetate.213 Experiments with microwave heating have
also been performed but did not reveal any special effect.207

The resolution of phosphorus-substituted primary alcohols,
such as33, in the presence of aPseudomonas fluorescens
lipase preparation (lipase AK214) showed a remarkable
dependence on the nature of the reaction medium.215 The
enantioselectivity in [BMIm][PF6] was as good as or better
than that in DIPE (see Figure 22) but was negligible in
[BMIm][BF 4].216

The resolution of chiral amines via lipase-catalyzed
enantioselective acylation is now a major industrial process,
but interest in adopting ionic liquid reaction media has been
surprisingly scant. The chiral amines34 and35 (Figure 23)
have been acylated with acids, rather than the usual activated
ester, in a range of ionic liquids. CaLB was employed as
the biocatalyst and water was removed to shift the equilib-
rium toward the product.217,218Amine 34 was quantitatively
resolved in a wide range of ionic liquids at a rate that
depended on the medium. The highest rates were found in
[BMMIm][TfO], [EMIm][TfO], and [EMIm][BF 4]; the reac-
tions in [HMMIm][BF4] and [BMPy][BF4] were eight and
four times slower, respectively, without any obvious trend.
It could be surmised, for example, that blocking the mildly
acidic position at C-2 in the imidazolium ring with a methyl
group would obviate undesirable interactions with the amine
reactant, but no such systematic effect became apparent, as

such ionic liquids were involved in both the fastest and the
slowest reactions. Amine35 was resolved with a quite
modest enantiomeric ratio of 2-3, which is not surprising,
as the nitrogen atom is separated from the chiral center by
a methylene group. Here, the rate also was strongly medium
dependent, but without any obvious similarity with34.218

Summarizing, it has become clear that the medium, either
ionic liquid or traditional, has to be fine-tuned to the reactant
and biocatalyst for optimum enantiorecognition. In other
words, there is no “best” ionic liquid for performing a kinetic
resolution, just as there is no “best” organic solvent in general
and the theoretical basis for selecting one is still embry-
onic.219 With the advent of ionic liquids, the choice of
solvents and thus the chance to find one that is satisfactory
has increased enormously.

4.2. Proteases
The thermolysin-catalyzed amide coupling of benzoxy-

carbonyl-L-aspartate andL-phenylalanine methyl ester into
Z-aspartame (Figure 2) in [BMIm][PF6] has already been
described.9

Subtilisin is an endoprotease that has been used in the
enantioselective hydrolysis ofN-acylamino acid esters
(9a-g, Figure 24) into the corresponding (S)-amino acid
derivatives. An organic solvent is often added to improve
the solubility of the amino acid derivative. Except with the
homophenylalanine derivative9e, the reaction became more
enantioselective when it was carried out in [EPy][TFA]-
water (15:85) instead of acetonitrile-water (15:85),197,220but
to a much lesser extent than observed with PPL.101 A later,
more detailed study of the hydrolysis of9erevealed that the
productee was very high in the absence of additives and
was reduced, sometimes to a significant degree, by adding
organic solvents, [Epy][TFA] or [EMIm][BF4].100

The above resolutions were performed withN-acetylamino
acid esters, which mimic the natural reactant by virtue of

Figure 21. Enantioselective acylation of glycidol.212

Figure 22. Enantioselective acylation of phosphate-substituted
primary alcohols.215

Figure 23. Enantioselective acylation of chiral amines mediated
by CaLB.218 The preferentially reacting enantiomer has been
depicted.
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theN-acetyl group. The hydrolysis ofN-unprotected amino
acid esters in the presence of proteases is rather difficult to
predict as regards rate and enantiomeric preference. The
enantioselectivity of papain in the hydrolysis of10a-c was
generally low when the reactions were performed in phos-
phate buffer, but it improved when the medium was changed
into 80% [BMIm][BF4] or ACN (see Figure 25).123

Subtilisin behaved quite differently in the same reaction;
its E ratio in the hydrolysis of10a (see Figure 25) was a
low 2-6 and could not be improved by adding [BMIm]-
[BF4].123 The subtilisin-mediated hydrolysis of phenylalanine
methyl ester (10d, Figure 26) has been subjected to a more
extensive study.221 The enantiomeric ratio decreased from
approximately 60 at pH 7 to<10 at pH 9. It should be noted
thatE was, according to the authors, strongly dependent on

the conversion, which was not further explained but seems
quite difficult to comprehend.222 The effects of the anion in
[EMIm] type ionic liquids and ionic liquid concentrations
on the product yield and the enantioselectivity were explored.
The authors conclude that the enantioselectivity increased
with the kosmotropicity of the anion.221

The â-amino acid ester36 (Figure 26) is even further
removed from the natural substrate of papain, and upon
hydrolysis in aqueous buffer, theE ratio was only 4 but
increased to approximately 50 in 70% ACN or [BMIm]-
[BF4].123

The effects of ionic liquids containing amino acid anions
on the subtilisin-catalyzed hydrolysis of10d have recently
been investigated. With few exceptions, the enantioselectivity
stayed high when 0.5 M of, for example, [EMIm][GlyO] or
[EMIm][GluO] was added to the medium.102 With 1 M
[EMIm][GluO], the rate and enantioselectivity suffered;
remarkably, the [L-Glu] anion affected the reaction more than
the [D-Glu] anion. [EMIm][5AV], in contrast, had only a
minor effect on the enantioselectivity up to 2 M concentra-
tion.102

Peptide amidases also act on peptides but, in contrast with
proteases, by reversibly hydrolyzing a C-terminal amide
without affecting internal peptide bonds.223,224The amidation
of the dipeptide H-Ala-Phe-OH (37, Figure 27) was carried

out in [BMIm][MeSO4] containing a trace of water as well
as in ACN-DMF-water (71:25:4); the biocatalyst was the
peptide amidase fromS. maltophilia.88 A product yield of
15% after 12 h was obtained in both media.

4.3. Dynamic Kinetic Resolution of Chiral
Alcohols

Kinetic resolutions, such as the ones discussed above, are
limited to a 50% yield. Consequently, the undesired enan-
tiomer needs to be recovered, racemized, and recycled, which
makes the process more complex and leads to an increased
solvent use. The obvious solution is to racemize the slow-
reacting enantiomerin situ. With chiral alcohols, the race-
mization catalysts of choice are based on ruthenium (see
Figure 28); acid-catalyzed racemization has also been
employed (see section 5.3).

The racemization of (S)-21 in the presence of thep-cymene
binuclear complex38 was much faster in [BMIm][BF4] or
[BMIm][PF6] than in toluene.225 Triethylamine is required
to activate the racemization catalyst. A range of chiral
alcohols,25 and26 (see Scheme 2) and39-42 (Scheme 3),
have been resolved in the presence of38 and immobilized
PsL. The reactions were performed in [BMIm][PF6], and the
acyl donor was the activated ester 2,2,2-trifluoroethyl acetate
(Figure 28); a hydrogen donor was required for41 and42
to prevent the formation of partially oxidized byproducts.
Enantiomerically pure acetates were isolated in high yield
(>85%, see Table 6).

Figure 24. Effects of the medium on the enantioselective hydroly-
sis of N-acetylamino acid esters.220

Figure 25. Effects of the medium on the resolution of amino acid
esters in the presence of papain.123

Figure 26. Amino acid esters10d and 36 (the preferentially
reacting enantiomers are depicted).

Figure 27. Peptide amidation in the presence of the peptide
amidase fromS. maltophilia.88
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The enantiopreference of the protease subtilisin in the
acylation of chiral alcohols is known to be opposite to that
observed with lipases.226-228 Acylation of 22, 26, and
39-42, using 2,2,2-trifuoroethyl butyrate as an activated acyl
donor, could also be combined within-situ racemization,
affording the corresponding esters in high yield andee225

(Table 6). It is worth noting that, because of the opposite
stereopreference in alcohol DKR mediated by subtilisin or
lipases, an elementary problem of DKR is solved: i.e., that
only one enantiomer is obtained, whereas kinetic resolution
gives access to both enantiomers.

4.4. Glycosidases
In their natural role, glycosidases hydrolyze glycosidic

bonds, but they are also widely used as biocatalysts for

carbohydrate synthesisin Vitro. Two methodologies are
applied: condensation (reversed hydrolysis) and transgly-
cosylation. Such reactions are commonly carried out in
aqueous-organic mixtures.

The condensation of two monosaccharides, such as galac-
tose and glucose (Figure 29), is thermodynamically con-

trolled. Hence, the product yield cannot exeed equilibium,
which depends on the reactant and product concentrations,
in particular that of water. Theâ-galactosidase fromB.
circulansstill was active in [MMIm][MeSO4] containing only
0.6% water, and lactose (43) was obtained in 18% yield.88

It should be noted that the reaction was not monitored over
time and the equilibrium conversion may be higher.

Tranglycosylation, in contrast, is kinetically controlled and
may overshoot the equilibrium. Thus,43, was transglyco-
sylated withN-acetylglucosamine (44) in the presence of the
â-galactosidase fromB. circulans(Figure 30).87 The compet-

ing secondary hydrolysis of the product,N-acetyllactosamine
(LacNAc, 45), limits the yield. This secondary hydrolysis
could be suppressed by performing the reaction in [MMIm]-
[MeSO4]-water (25:75, v/v), with an increase in product
yield from 30% in aqueous buffer to 58% in aqueous ionic
liquid.87

The effects of 45% [MMIm][MeSO4] on the kinetically
controlled galactosylation of a range of alcohols in the
presence of theâ-galactosidase fromP. furiosushave been

Figure 28. Dynamic kinetic resolution of chiral alcohols.

Scheme 3. Alcohols That Have Been Resolved within-Situ
Racemization225 a

a The enantiomer that is preferentially acylated in the presence of PsL
is depicted.

Table 6. Dynamic Kinetic Resolution of Chiral Alcohols225

PsL (on Toyonite 200M)
CH3COOCH2CF3

Subtilisin (CLEC)
CH3(CH2)2COOCH2CF3

compd
time
(h)

conv
(%)

eep

(R, %)
time
(h)

conv
(%)

eep

(S, %)

25 2 91 99 6 >97 86
26 2 90 99 6 95 97
39a 3 97 98 6 97 97
39b 3 94 99 6 97 85
39c 2 98 99 6 >97 99
39d 2 91 99 6 >97 87
39e 3 95 99 6 96 91
40 2 88 99 6 89 97
41 4 87a 99b 6 78a 86c

42 4 86a 99d 6 83a 96e

a Isolated yield.b de 99%. c de 52%. d de 97%. e de 63%.

Figure 29. Condensation of galactose (Gal) and glucose (Glc) into
lactose.88

Figure 30. â-Galactosidase-mediated synthesis and parasitic
hydrolysis of LacNAc.87
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investigated.90 The kinetic selectivity shifted considerably
toward synthesis with some alcohols, but the effect on the
product yield was rather more modest.

4.5. Redox Enzyme Systems
Biocatalytic redox reactions are often carried out using

whole-cell biocatalysts, owing to the necessity of recycling
the redox cofactor. It was shown that the organic phase,
which is often used to store the sparingly soluble reactants
and products, can be replaced by an ionic liquid, which seems
less harmful to the cell membranes.167,168 Thus, a range of
ketones was enantioselectively reduced into the correspond-
ing (S)-alcohols (46, 48, 49a, 50, and51) by an immobilized
yeast in [BMIm][PF6]-water (91:9) biphasic medium (see
Table 7 and Scheme 4).166 The performance of the system
was, on average, comparable with that in a conventional
aqueous-organic medium.

Acetyltrimethylsilane has likewise been reduced into (S)-
52 by S. cereVisiae.171 The reactant concentration could be

increased when the reaction was performed in a biphasic
buffer-hexane system, but at the cost of a much reduced
rate. In monophasic and biphasic buffer-ionic liquid media,
in contrast, the rate increased up to 15 times compared with
the case in aqueous medium and the producteeimproved to
>99.9%.171

The conversion of 4-chloroacetophenone into (R)-47e(see
Scheme 4) upon reduction in aL. kefir culture stayed limited
to 46%, because the reactant and/or the product are toxic to
the cell membrane.168 Applying TBME (20%, v/v) made the
situation worse, due to the membrane toxicity of the solvent,
and the product yield dropped to 4%. With ionic liquids, in
particular [BMIm][NTf2], as the organic phase, the conver-
sion inceased and the productee, which was always high,
even improved to>99% (see Table 7).168 The procedure was
eventually demonstrated at 0.2 L scale with 0.6 M 4-chlo-
roacetophenone.

The reductions discussed above were carried out with
whole-cell biocatalysts which ultimately derive their reducing

Table 7. Enantioselective Reduction of Ketones

alcohol biocatalyst medium yield (%) ee(%) ref

(S)-46 S. cereVisiae [BMIm][PF6]-H2O (91:9) 22 95 166
G. candiduma [EMIm][BF4]-H2O (67:33) 78 >99 92

(S)-47a G. candiduma [EMIm][BF4]-H2O (67:33) 81 >99 92
(S)-47b G. candiduma [EMIm][BF4]-H2O (67:33) 50 >99 92
(S)-47c G. candiduma [EMIm][BF4]-H2O (67:33) 96 >99 92
(S)-47d G. candiduma [EMIm][BF4]-H2O (67:33) 27 >99 92
(R)-47e L. kefir [BMIm][PF6]-H2O (20:80) 88 99.8 168

L. kefir [BMIm][NTf 2]-H2O (20:80) 93 99.7 168
L. kefir [Oct3MeN][NTf2]-H2O (20:80) 88 99.4 168
L. kefir TBME-H2O (20:80) 4 96.3 168
L. kefir aqueous 46 98.1 168

(S)-48 S. cereVisiae [BMIm][PF6]-H2O (91:9) 22 95 166
(S)-49a S. cereVisiae [BMIm][PF6]-H2O (91:9) 70 95 166
(S)-49b G. candidum [EMIm][BF4]-H2O (67:33) 87 >99 92
(1S,2R)-50 S. cereVisiae [BMIm][PF6]-H2O (91:9) 75 84 166
(S)-51 S. cereVisiae [BMIm][PF6]-H2O (91:9) 60 76 166
(S)-52 S. cereVisiae [BMIm][BF 4]-H2O (10:90) >99 >99.9 171

S. cereVisiae [BMIm][PF6]-H2O (14:86) >99 >99.9 171
S. cereVisiae n-hexane-H2O (67:33) 97 95.4 171
S. cereVisiae aqueous buffer 84 82.7 171

(S)-53 G. candiduma [EMIm][BF4]-H2O (67:33) 49 >99 92
54b G. candiduma [EMIm][BF4]-H2O (67:33) 23

23
>99
>99

92

a Dried cells; cofactor recycling driven by ispropyl alcohol.b The product is a mixture of two diasteoisomers with unknown configuration.

Scheme 4. Chiral Alcohols from Enantioselective Ketone Reduction in Ionic Liquid Mediaa

a The (S)-enantiomers have been depicted
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equivalents from glucose. With nonviable preparations or
isolated alcohol dehydrogenases, recycling of the NAD(P)H
cofactor must be taken care off otherwise, and methodologies
to that end, such as the one employed in combination with
morphine dehydrogenase (Figure 6),146 are well-developed.229

The method that has been employed in ionic liquid media is
to use one alcohol dehydrogenase for enantioselective ketone
reduction as well as regeneration of NAD(P)H by oxidizing
isopropyl alcohol as a sacrificial electron donor (see Figure
31).

This latter methodology was employed in the reduction
of a range of ketones in the presence of driedG. candidum
cells.92 Ketone reduction occurred in biphasic [BMIm][PF6]-
water medium and also in monophasic [EMIm][BF4]
(67:33), provided that the cells were protected by a water-
absorbing polymer and the enantiomerically pure (S)-alcohols
(46, 47a-d, 49b, 52, and53) were obtained (see Table 7
and Scheme 4).92

A large excess of the sacrificial reductant is usually
required to push the reduction toward complete conversion.
A cosolvent in which the acetone coproduct selectively
partitions would further tilt the system toward reduction of
the reactant. [BMIm][NTf2] was found to meet this latter
requirement, and accordingly, the reduction rate of 2-octa-
none into (S)-55, catalyzed byLactobacillus breVis alcohol
dehydrogenase, was much higher in a biphasic buffer-
[BMIm][NTf 2] system than in buffer-TBME or pure buffer.230

Rather less attention has been paid to enzymatic oxidations
in ionic liquids. CPO catalyzed the chemo- and enantiose-
lective sulfoxidation of thioanisole (56a, Figure 32) in

aqueous mixtures that contained up to 50% [HOEtMe3N],
[citrate], or [MMIm][Me2PO4].85

In-situ generation of the hydrogen peroxide could be an
attractive proposition that is well suited to the unconventional
behavior of ionic liquids. Hydrogen peroxide was generated
from the autoxidation of glucose in the presence of glucose
oxidase (Figure 33). Subsequently, the peroxidase from
Coprinus cinereus(CiPx) converted the sulfides56aand56b
into their respective sulfoxides (Figure 30).231 The reaction
was carried out in [BMIm][PF6]-buffer (90:10, optimum).

The conversions were rather modest (<32%) and57a was
only <70% enantiomerically pure, but the naphthyl analogue
(57b) was obtained with>90% ee.

Oxidations catalyzed by monooxygenases are preferably
carried out with whole-cell biocatalysts, because of the
complex cofactor recycling in such enzyme systems. An
E. coli that recombinantly expressed a Baeyer-Villiger
monooxygenase, cyclohexane monooxygenase (CHMO),
catalyzed the regioselective oxidation of bicyclo[3.2.0]hept-
2-en-6-one (58) into the lactones (1S,5R)-59 and (1R,5S)-
60 (Figure 34). The reaction occurred in [BMIm][PF6] at a
similar rate as in aqueous medium.167

4.6. Lyases: Oxynitrilase
The (R)- and (S)-selective oxynitrilases (hydroxynitrile

lyases, HnL), which catalyze the addition of HCN to
aldehydes, are undergoing a rapid transition from laboratory
curiosities into industrial biocatalysts. The reaction (Figure
35) suffers from competition with nonselective chemical
hydrocyanation, which tends to reduce the enantiomeric
purity of the product. The nonenzymatic hydrocyanation is
commonly suppressed by maintaining an acidic environment
and by the use of a biphasic, aqueous-organic reaction
medium. In such systems, the nonenzymatic hydrocyanation
is retarded because the aldehyde concentration in the aqueous
phase is reduced, which affects the rate of the chemical
reaction much more than the rate of the enzymatic reaction.
Chemical hydrocyanation, moreover, requires a polar me-
dium and does not occur readily in solvents such as TBME
or toluene.

Hydrocyanation of benzaldehyde (61a) in the presence of
the (R)-selective HnL from almonds (PaHnL) or the (S)-

Figure 31. Single-enzyme ketone reduction with regeneration of
NAD(P)H.

Figure 32. Enantioselective sulfoxidation catalyzed by CPO in
aqueous-ionic liquid mixtures.85

Figure 33. Sulfoxidation using a catalytic cascade.231

Figure 34. Microbial Baeyer-Villiger oxidation of bicyclo[3.2.0]-
hept-2-en-6-one.167
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selective one fromHeVa brasiliensis(HbHnL), when carried
out in the ionic liquids [EMIm][BF4], [PMIm][BF4], and
[BMIm][BF 4], was fast, but only racemic product was
formed.232 Evidently, the contribution of the enzymatic
reaction is negligible under these conditions.

Better results were obtained in 50% aqueous mixtures of
these ionic liquids; the reactions were much faster than those
in biphasic aqueous-TBME medium, but hydrocyanations
in the presence of HbHnL continued to be plagued by
nonenzymatic hydrocyanation and theee’s were low. With
PaHnL, in contrast, efficient hydrocyanation of the less
reactive aldehydes (61b-d) was accomplished with a
satisfactoryee.232

5. Reaction Systems and Downstream Processing
Until now we have discussed only the straightforward use

of ionic liquids as reaction medium, either as such or as a
monophasic aqueous mixture. Even then, the unique proper-
ties of ionic liquids allow the use of unconventional reaction
techniques.

5.1. Catalyst Recycling
As previously mentioned, ionic liquids, such as [BMIm]-

[PF6], do not mix with ethers. This unconventional behavior
was advantageously used by extracting the products and the
unconverted reactant from the transesterification mixture of
25 (see Scheme 2) with diethyl ether. The lipase biocatalyst
remained suspended in the ionic liquid phase and could be
recycled.113 A loss of activity was observed, which was
ascribed to the accumulation of inhibiting acetaldehyde
oligomers in the ionic liquid phase.205 In [BMMIm][BF4],
polymer formation did not take place, presumably because
the slightly acidic position at C-2 in the imidazolium ring is
blocked.111 The ionic liquid phase containing the biocatalyst
could now be recycled five times without significant activity
loss.

PcL has been entrapped in an ionic solid through disper-
sion in the relatively high-melting ionic liquid [PhPMIm]-
[PF6], which was allowed to solidify and was broken into
small particles.137 The resulting biocatalyst could be reused
at least five times in transesterification.

5.2. Product Evaporation
Because ionic liquids lack a vapor pressure, products can

be removed by evaporation, as was demonstrated in the
reduction of prochiral ketones by baker’s yeast in [BMIm]-
[PF6].166 Evaporation188,218 and pervaporation116 of water
have been used to shift esterification and amide formation
equilibria toward higher conversion.

Evaporation of the alcohol side-product in lipase-catalyzed
transesterification reactions can be used to drive the equi-
librium toward complete conversion. Thus, in the transes-
terification of30, the usual vinyl ester can be replaced by a
methyl one (Figure 36). Because the latter procedure does

not liberate inhibiting acetaldehyde, the biocatalyst could be
recycled without deactivation.205

5.3. Two-Phase Systems with Supercritical CO 2

The above-mentioned approach of retaining the biocatalyst
in the ionic liquid reaction medium has been further
developed into a biphasic reaction system. The enzyme is
retained in an ionic liquid working phase, and the reactants
and products largely reside in a scCO2 extractive phase.162,233,234

Such methodologies, which do not depend at all on volatile
organic solvents, should be regarded as the first examples
of the clean and green reaction technology of the future.

The principle has been demonstrated with CaLB in simple
model transesterifications as well as in the enantioselective
acylation of21 (see Scheme 2) in batchwise and continuous
procedures; vinyl esters were used as the acyl donor. The
high operational stability of CaLB, which contrasts with the
generally rapid deactivation in pure scCO2, is one of the
attractive aspects of this approach. The reaction rate was
approximately eight times better than that in pure scCO2

under otherwise identical conditions.162

The continuous reaction system could be combined with
in-situ racemization, catalyzed by a solid acid, of the slow-
reacting enantiomer of21.235 The racemization catalyst and
the lipase (Novozym 435) were coated with ionic liquid and
kept physically separate in the reaction vessel. The (R)-
propionate was obtained in approximately 80% yield. The
enantiomeric purity depended somewhat on the ionic liquid;
>97% eewas obtained with [BMIm][PF6].235

An emerging technology that is complemetary with
supercritical extraction is the use of sc-CO2 as an antisolvent
in a pressure-dependent miscibility switch.236 The methodol-
ogy has not yet been demonstrated in combination with

Figure 35. Oxynitrilase-catalyzed hydrocyanation of aldehydes.

Figure 36. Lipase-mediated transesterification with removal of the
methanol byproduct.205
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biocatalysis but may be expected to expand the application
area of ionic liquids even further.

5.4. Two-Phase Aqueous Systems
Two-phase aqueous reaction systems, consisting of an

aqueous working phase and an organic extractive phase, are
widely used in biotransformations of hydrophobic com-
pounds. They are useful with biocatalysts that require an
aqueous phase for activity, in particular when water does
not interfere with the desired reaction, as is the case, for
example, with non-hydrolase biocatalysts. The replacement
of organic solvents as the extractive phase by the hydro-
phobic ionic liquid [BMIm][PF6] has, until now, only been
demonstrated with whole-cell nitrile hydratase-amidase8 and
redox biocatalysts,166-168,171,230as well as in the recovery of
butanol from acetone-butanol-ethanol fermentations.237The
technique could also prove to be useful with isolated
enzymes, provided that the deactivation at aqueous-organic
interfaces, to which many enzymes are prone, can be
obviated by proper design of the ionic liquid.

5.5. Ionic Liquid Membranes in Biocatalysis
Lipase-facilitated transport through a supported ionic liquid

membrane is, strictly speaking, outside the subject of this
review but deserves to be mentioned as an emerging
technique. As demonstrated, lipase-facilitated membrane
transport involves two liquid phases that both contain an
enzyme and are separated by the membrane. Esterification
takes place in the feed phase, and the ester diffuses through
the membrane and is hydrolyzed in the receiving phase.238,239

The methodology has been applied to the resolution of
ibuprofen239 (Figure 37) and in the transport of various

arylalkylcarboxylic acids. The permeate fluxes through ionic
liquid membranes, in particular [BMIm][NTf2], were higher
than that of dodecane but lower than that of octane.238

6. Conclusions
A large variety of enzymes tolerate aqueous-ionic liquid

mixtures as the reaction medium. There is hardly an ionic
liquid that is not tolerated by any enzyme, and the impression
is that ionic liquids are generally tolerated to higher
concentrations than water-miscible molecular solvents.

Many hydrolases, particularly those that tolerate conven-
tional organic solvents, are eminently capable of performing
nonhydrolytic reactions in ionic liquids. Activities are
generally comparable with or higher than those observed in
conventional organic solvents. Furthermore, enhanced ther-
mal and operational stabilities and regio- or enantioselec-
tivities have been observed in many cases. Enzyme-

compatible ionic liquids generally do not interact strongly
with the enzyme or cause the latter to dissolve. A notable
exception to this latter rule is an ionic liquid that passed the
ultimate enzyme compatibility test by dissolving enzymes
while their activity is maintained. There is, as yet, no
theoretical basis for predicting the compatibility of ionic
liquids, aqueous or anhydrous, and enzymes, but we expect
that the intensity of the interest in the subject will cause one
to be developed soon.

Ionic liquids have obvious potential as reaction media for
biotransformations of highly polar substrates, such as (poly)-
saccharides, which cannot be performed in water, owing to
equilibrium limitations. Such replacement of volatile media
by nonvolatile ionic liquids will doubtlessly continue, will
gradually be adopted by the chemical industry, and will
contribute to the efficiency of the latter. The development
of less expensive ionic liquids will also further stimulate their
use in industrial biotransformations.

A much more fundamental contribution to the greening
of industrial biocatalysis is to be expected from innovative
reaction methodologies, downstream processing, and bio-
catalyst recycling, based on the unique solvent properties of
ionic liquids and combinations of ionic liquids and super-
critial carbon dioxide. Furthermore, it is to be expected that
ionic liquid-based solvent systems will have enormous
potential in multicatalyst transformations. Work toward these
ends has only just started.

We confidently expect that green and biocompatible ionic
liquids will become available soon, as is absolutely required
for ionic liquids to contribute to a greener chemical industry.
In short, we believe that biotransformations in ionic liquids
hold much promise for the future.
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