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The application of room-temperature ionic liquids (RTILs) as
(co)solvents and/or reagents is well documented. However, RTILS
also have “nonsolvent” applications in biotransformations and orga-
nocatalysis. Examples are the anchoring of substrates to RTILs; ionic-
liquid-coated enzymes (ILCE) and enzyme—IL colyophilization; the
construction of biocatalytic ternary reaction systems; the combination
of enzymes, RTILs, membranes, and (bio)electrochemistry,; and ionic-
liquid-supported organocatalysts. These strategies provide more

robust, more efficient, and more enantioselective bio- and organo-
catalysts with many practical applications. As shown herein, RTILs
offer a wide range of promising alternatives to conventional chemistry.

1. Background

During the last three years alone, more than 4000
publications on room-temperature ionic liquids (RTILs)
appeared.!!' An overview of this field is also provided by a
number of important articles, including a short history on the
development of RTILs,” as well as several comprehensive
reviews on different aspects of RTILs, such as their use as
general (co)solvents for reactions and catalysis,”! their use as
chiral solvents! and reagents in synthesis (reactivity),” and
their chemical properties.! Although RTILs are usually
regarded as “green solvents”, it is not yet absolutely clear
whether all of these chemicals fall into this category, as many
toxicological studies are still pending or debatable.l"”! This
aspect has also contributed to stimulate the synthesis of
RTILs from biorenewable raw materials.®!

The increasing interest in RTILs is derived from their
special properties. In essence, RTILs are simply a composition
of ions and remain liquid because the anions and cations do
not pack well; thus, crystallization or solidification is pre-
vented. Consequently, RTILs have low melting points and are
liquids at a wide range of temperatures, a property which
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enables their use as solvents for many
different chemical reactions.” Further-
more, they are nonflammable and have
a negligible vapor pressure. Therefore,
they do not evaporate and are easy to
contain. This property facilitates the
workup of products that can be dis-
tilled readily from the RTIL reaction medium. However, it
can also be a drawback, as a simple distillation is sometimes
not feasible in practice. In such cases, the separation of
products from the RTIL is more problematic.

Another advantage of RTILs is their enormous diversity.
They can be fine-tuned by changing the anion or cation to
produce derivatives with different polarities and/or proper-
ties. The variability of the polarity of the RTIL enables the
dissolution of many substrates, as well as certain gases, and
leads to the concept of tailor-made solvents for a certain
synthesis, that is, to the well-known and already widely used
task-specific ionic liquids.”*!

2. RTILs in Biotransformations

The use of enzymes and whole cells for catalysis in the
chemical industry is of great interest, as environmentally
friendly alternative syntheses are able, in many cases, to
compete economically with well-established chemical pro-
cesses.”) Tailor-made enzymes and cells can be produced
efficiently and cost effectively on a large scale for selected
applications as “designer bugs”.”'") The combination of these
recombinant tailor-made biocatalysts with the appropriate
solvents and/or type of reactor is key to the successful
construction of a bioprocess.”” As many enzymes can
catalyze reactions in organic solvents, there is much interest
in the use of RTILs as (co)solvents to create novel reaction
media for such biocatalytic processes.
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The first combination of enzymes and ionic liquids was
developed as early as in 1984/'!! with the investigation of the
enzymatic activity and stability of alkaline phosphatase in
aqueous mixtures of [EtNH;][NO;]. In 2000, several reports
on biotransformations in ionic liquids appeared within a few
months: Erbeldinger et al. reported the first biotransforma-
tion in an ionic liquid with the synthesis of Z-aspartame in the
presence of the protease thermolysin in [BMIM][PF4] (con-
taining 5 vol % water; BMIM = 1-butyl-3-methylimidazoliu-
m).l% Lye and co-workers described the first whole-cell
biotransformation in an ionic liquid,"® and Sheldon and co-
workers disclosed the first biotransformation with a free
enzyme in a water-free ionic-liquid system.'>! Also in 2000, a
patent on enzymatic reactions in ionic liquids was filed by
Kragl et al.,"™ who used RTILs at a concentration of 25 vol %
or higher as reaction media for enzymatic reactions. Since
then, the use of ionic liquids as (co)solvents in biotransfor-
mations in combination with many enzymes, substrates, and
processes has become an important topic of research.
Examples include the use of lipases'>!¥ proteases!>!!
glycosidases,'® epoxide hydrolases,'” oxidoreductases,'*! hy-
droxynitrile lyases,’” peroxidases® and even whole
cells."?2!1 As the polarity of RTILs can also be modulated,
they can be used as (co)solvents that are miscible with either
water or organic solvents, or even in ternary systems (see
Section 2.3). With the enzymes mentioned, RTILs were used
as the only solvent, as a cosolvent, or in a biphasic medium.
Some experiments even led to interesting combinations of
RTILs with supercritical CO, and efficient methods of water
removal (i.e., pervaporation), to enhance conversion in
esterifications.”” Several specific and extensive reviews deal
with applications of RTILs in biotransformations.[F&hk!2]

It is not the aim of this Minireview to review this field
again, but to pinpoint other applications of RTILs in
biotransformations. Such applications are based on the
improvement of enzyme stability or the enhancement of
enantioselectivity and/or activity in organic solvents with
RTILs as additives, as well as the combination of RTILs with
different aspects of biochemical engineering, such as sub-
strate anchoring, membranes, and electro(bio)chemistry.
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2.1. RTILs as Simple Additives in Biotransformations

During the last few decades, considerable effort has been
devoted to the evaluation of possibilities for enzyme-based
catalysis in non-aqueous media. In such environments,
enzymes display lower activities than those observed under
natural conditions. In an attempt to improve enzyme activity,
strategies ranging from the biological modification of the
protein to the tailoring of the reaction medium to a particular
reaction have been applied with varying success. Among these
methods, the addition of cosolvents and the concomitant use
of excipients and salts during lyophilization processes are of
particular interest with respect to RTILs,” as in some cases
the addition of RTILs may have an analogous effect to that
described for salt additives. Indeed, hydrophilic RTILs
dissociate into the individual cations and anions when fully
dissolved in water and thus act as an ion source to the system,
rather than as an ionic-network structure.

The effects of salts on proteins in aqueous media can
usually be correlated well by using the so-called Hofmeister
series of ions.”>?! Normally, the effects of ions on protein
stability are attributed to the ability of the ion to modify the
water structure and thus influence the hydration environment
of the protein. Strongly hydrated ions, which increase the
strength of the water-network structure, are called kosmo-
tropes (from the Greek, “structure makers”), whereas those
weakly hydrated ions that decrease the structure of water are
called chaotropes (“structure breakers”). Other ions with
intermediate properties are defined as borderline. On the
basis of the Hofmeister series, Zhao and co-workers inves-
tigated the influence of RTILs as independent ions on
enzymatic behavior.””! They showed that when hydrophilic
RTILs are used for enzymatic synthesis, a mixture of strong
kosmotropic anions with chaotropic (or borderline) cations
improves the catalytic performance of, for example, proteas-
es. However, the mechanisms of enzyme catalysis and the role
of the RTIL ions in these processes are still not fully
understood. If one takes into account the enormous diversity
of enzymes, substrates, and reactor systems that are com-
monly employed in biotransformations, as well as the number
of (by-)products formed and interactions that occur, the
systematization of the results is a highly attractive, but very
challenging, task. This topic is currently under intense
discussion, 7%

Some RTILs were used successfully as additives (0.1-1 %)
in the desymmetrization of prochiral malonate diesters under
the catalysis of pig liver esterase (PLE; Table 1).*! The
appropriate combination of a cosolvent (isopropanol, 10 %)
with a catalytic amount of certain RTILs (0.1-1%) led to a
significant increase in the rate of the enzymatic reaction and
in the enantioselectivity of PLE for the substrate. The results
illustrate how the addition of small amounts of some ions can
produce changes in enzyme activity and/or enantioselectivity.
As RTILs can be adjusted precisely for desired applications,
their application in these low concentrations (<1%) in
biocatalysis is promising. PLE is a powerful biocatalyst that
was cloned recently by Bornscheuer et al. and overexpressed
efficiently in a bacterial host.’® This study opens up the
possibility of applications of PLE in research fields in which
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Table 1: PLE-catalyzed desymmetrization of 2,2-disubstituted malonic

acid diesters in the presence of catalytic amounts of ionic liquids.?*3%!
o O o O

EtO OEt PLE / Buffer (pH 7) EtO

10% iPrOH / IL (0.1-1 %)

RTIL (0.1-1%) t[min]  Conversion [%] ee [%)]
only buffer 95 >90 78 (R)
isopropanol (10%) in buffer 200 >90 95 (R)
[quaternary ammonium][CH;SO, "] 55 >90 97 (R)
[quaternary ammonium][CI"] 65 >90 97 (R)
[quaternary ammonium][CH;PO, ] 95 >90 95 (R)
[imidazolium][CI] 105 >90 92 (R)

its use was previously not permitted
because of its animal origin (e.g., in
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coated enzyme could be reused several times.*? Similar
promising results were reported by Itoh et al., who used the
same enzyme (the lipase from Pseudomonas cepacia) with
[BDIM][cetyl-PEG-10-sulfate] as the coating agent (BDIM =
1-butyl-2,3-dimethylimidazolium, PEG = poly(ethylenegly-
col)).' In this case, after the ionic liquid had been mixed
with the enzyme solution, a lyophilization was conducted.
More recently, the same research group extended this strategy
to other lipases (e.g. the lipase from Candida rugosa) and to
other molecules and reactions.’'! Selected examples of this
concept are depicted in Table 2. Interestingly, in some cases,
the use of an ILCE does not lead to improvements in
enantioselectivity, but to the acceleration of the enzymatic

Table 2: Kinetic resolution of chiral alcohols. Selected examples of changes in enzymatic enantiose-
lectivity (E) upon the addition of the free (native) enzyme or the IL-coated enzyme.?

pharmaceuticals).*"! /g‘ Lipase /':"\H
Analogous acceleration effects RT R Vinyl Acetate/ Solvent R R’
and/or improvements in enantiose- b - .
lectivity have been observed for Y strate IL coating agent £ Ret.
other hydrolases. The enz OH
y. . ymes. were (\N native: 265
treated in RTILs prior to their use = coated: 532 [32a]
in hydrolysis, transesterification, or 4 ¢ '
esterification reactions in aqueous OH
or organic media.’y! The results of C'\)VO\Q @N% nat'ved: 25973 " [32a]
these investigations are discussed 7 PFe coated:
extensively in the following section, OH O A
as they are related to the strategy of Mo ,@/N/\/\Q ”at"’ed: 107 [32a]
coating enzymes with ionic liquids. 4 PFe coated: 156
OH
cl @N native: 198 [324]
2.2. RTILs for Coating Enzymes: The 7 PR coated: 176
ILCE Concept OH o)
/N@\N\ _ofgfo/\(\/ojﬁ"'Csta native: 17 [31¢]
Bu .
In parallel to the strategy de- T ¢ coated: 96
scribed in Section 2.1—the use of o
.. . OH A\ i 0 -
RTILS as additives—another inter- NG \)\/ /N®N\Bu*o—§—o Yen-CyeHas native: 39 B3]
esting research field has emerged: T o coated: 40

Tonic liquids with melting points
ranging from 50 to 100°C are used
to coat (and protect) enzymes with
the formation of biocatalysts termed ionic-liquid-coated
enzymes (ILCEs).” In the simpler form of this process, the
ionic liquids are heated and melted; at a later stage, enzymes
are aggregated and dispersed gently through this melted
liquid. The mixture is subsequently cooled and cut into small
pieces, which are the actual ILCE biocatalysts. These
enzymatic derivatives display better catalytic activities, sta-
bilities, and/or enantioselectivities.

Lee and Kim reported the coating of a lipase from
Pseudomonas cepacia with [PPMIM][PF,] ([PPMIM] =1-(3'-
phenylpropyl)-3-methylimidazolium).”? This ionic liquid
melts at 53°C and is therefore extremely useful for such
coating purposes. The coated enzyme catalyzed the transes-
terification of vinyl acetate with different racemic secondary
alcohols in toluene with markedly higher enantioselectivities
than those observed for the free enzyme. Furthermore, the
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[a] For further information and more examples, see references [31,32].

reaction.’' This effect could be very useful for commercial
applications. Some examples are shown in Scheme 1.

In an attempt to explain these unprecedented effects, Itoh
et al. focused on MALDI-TOF mass spectrometric analysis of
the ILCE derivatives.’"® From these experiments, it became
clear that the ionic-liquid coating agent binds to the enzyme
and thus supplies the enzyme with a (more or less) flexible
microenvironment for the reaction. Moreover, the substrate
must also play a role, as, depending on the substrate,
remarkable changes or no effects at all were observed. The
ILCE strategy was applied recently to protect lipase B from
Candida antarctica in reactions at high temperatures (95°C),
either in hexane or under solvent-free conditions. These
coated derivatives were more stable that the free enzyme
under these harsh reaction conditions:® therefore, better
enzymatic activity was observed, as well as an improved
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Scheme 1. Selected examples of the improvement of enzymatic rates
when enzymes are coated with RTILs.?"

reusability of the biocatalyst. This stabilization was also
observed when lipases were co-immobilized with ionic liquids
in sol-gel derivatives,*¥ and the strategy was used successfully
with laccases as biocatalysts.[*”!

The use of RTILs as stabilizing agents in biotransforma-
tions formed the starting point for studies on the colyophi-
lization of enzymes with a combination of RTILs and
poly(ethylene glycol) (PEG). In this way, better, more robust
biocatalysts are generally produced.® This use of PEG as an
additive in biotransformations is interesting, as PEG is well
known for its enzyme-stabilizing properties, for example, the

COOH
+

(R,S)-lbuprofen

~oH

Esterification
with CRL

(S)-lbuprofen-Et

Angewandii,fe ,

stabilization of PLE,”! in organic media.?* However, much
more research is needed to gain a full understanding of the
causes of this stabilization, and for the development of
innovative applications.

2.3. Combination of RTILs with Membranes and
Biotransformations

For practical applications, such as hydrolytic reactions,
enzymes dispersed in and/or coated with RTILs according to
the strategies described in Section 2.2 were adsorbed sub-
sequently onto ceramic membranes. However, the results
have only been moderately successful so far, presumably
because of transfer limitations of substrates/products of this
specific system, as a result of the polarity of the RTILs
employed.’” The idea is interesting from a practical point of
view; therefore, there will probably be more examples in this
field in future with different types of RTILs.

Another approach is based on two other analogous
concepts: supported-ionic-liquid phases (SILPs) and support-
ed-ionic-liquid membranes (SLMs).’®! In these systems,
RTILs act as a separative phase of two additional phases.
The RTIL phase can separate two aqueous phases, two non-
aqueous phases, or an aqueous phase from a non-aqueous
phase. In some cases, these RTILs are confined between two
membranes. This strategy, which was used for the combina-
tion of two enzymes, namely two lipases, and three different
phases, is very interesting from a biocatalytic viewpoint. The
resulting compartmentalization of the reaction media avoids
the formation of by-products and/or facilitates the recovery of
the products in the workup. For example, the process was used
successfully for kinetic resolutions with hydrolases to furnish
(S)-ibuprofen (Scheme 2).””! In aqueous phase I, the lipase
from Candida rugosa catalyzes the enantioselective esterifi-
cation of racemic (R,S)-ibuprofen, a reaction that has been
reported widely in the literature.l'” The ester diffuses
selectively over the IL membrane system and is further

wcoou

(S)-Ibuprofen

Hydrolysis
with PPL

)\/©Acooa

/k/©/L ooor )\/@A o
+

(R)-Ibuprofen (S)-lbuprofen-Et

Aqueous Phase |

-—

IL Membrane (SLM)

(S)-Ibuprofen-Et

IL

Aqueous Phase Il

Scheme 2. Supported-ionic-liquid membrane for the enzyme-catalyzed resolution of (R,S)-ibuprofen. Aqueous phase | is composed of 65% (v/v)

ethanol in a buffer (pH 6.3) and the substrate (10 mm). Aqueous phase Il is composed entirely of the buffer (pH 6.3).
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hydrolyzed in aqueous phase II by porcine pancreas lipase
(PPL; Scheme 2). This strategy is extremely useful, as
membranes and RTILs can be tuned for many practical
applications.

Another attractive field of research is the combination of
enzymes and RTILs with electrochemistry, as RTILs show a
relatively wide potential window of electrochemical stability
and ionic conductivity. Interesting examples with horseradish
peroxidase (HRP) have been described.”™*!! For example,
the ILCE concept (see Section2.2) has been combined
successfully with the co-immobilization of RTILs and HRP
in sol-gel materials.*!> As stated previously, analogous co-
immobilization methods have also been employed for other
enzymes, such as lipases.*! Furthermore, an ionic liquid
supported on a nafion membrane was used to entrap HRP
effectively.1?

2.4. Substrate-RTIL Anchoring in Biotransformations

The anchoring of supporting molecules to RTILs is known
in organic synthesis as ionic-liquid-phase organic synthesis
(IoLiPOS; see also Section 3).! The anchoring of RTILs to
substrates may be an attractive alternative for synthetic
purposes, as it may facilitate the workup and purification of
products, as well as the recovery of nontransformed sub-
strates. Recently, the kinetic resolution of (R,S)-ibuprofen
catalyzed by the lipase from Candida antarctica was carried
out by first anchoring this substrate to the ionic liquid
[BMIM][PF,s] to form IL ibuprofen esters. Even under
nonoptimized conditions, high yields and enantioselectivities
were observed (Scheme 3).1

3. RTILs in Organocatalysis

Asymmetric organocatalysis enables many chemical
transformations to be carried out, usually under mild reaction

Lipase (C. antarctica)

AN o
N T{ﬁ Organic Solvent /0.1 M Buffer (pH 7)

—N
G

IL-(R,S)-Ibuprofen

HO + ‘N@N/\/\/o
=

\g H PF, (o]

(S)-Ibuprofen
Yield ca. 41 %; 86 % ee

IL-(R)-Ibuprofen

Scheme 3. Reaction with RTIL-anchored substrates: Lipase-catalyzed
chiral resolution of an IL derivative of (R,S)-ibuprofen to yield the
enantiomerically pure drug.1*’!
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conditions. A broad range of practical applications have
already been developed. For example, the use of proline and
derivatives as (organo)catalysts for aldol condensations
results in a very elegant and effective route to a plethora of
important chiral building blocks.*! The use of RTILs as
(co)solvents for organocatalytic reactions is also well known,
and some interesting reactions have been developed (al-
though the solubility of organocatalysts and/or substrates in
RTILs is not always satisfactory). Such reactions include
useful organocatalytic aldol condensations, Mannich reac-
tions, and o aminoxylation reactions.’**! The versatility of
RTILs and the huge number of synthetic alternatives offered
by organocatalysis should lead to the development of new
innovative strategies in the near future.

Gruttadauria et al. described a ternary combination of
silica gel, an anchored monolayer of an ionic liquid, and
proline for aldol condensations under heterogeneous organo-
catalytic conditions. Under these conditions, the catalyst
could be reused for several cycles without significant loss of
activity or enantioselectivity.*) Another interesting strategy
is attachment of the organocatalyst to the RTIL to form an
IL-supported organocatalyst. This approach is connected with
the concept of task-specific ionic liquids (TSILs),”! which
are also known as “functional ionic liquids” (FILs). In this
case, attractive properties of RTILs can be combined with
asymmetric organocatalysis to provide powerful systems for
synthetic applications. For example, Miao and Chan described
the use of IL esters of (25,4R)-4-hydroxyproline to catalyze
direct asymmetric aldol condensations. These reactions were
comparable in terms of yields and enantioselectivities to those
carried out without the implementation of the IL anchoring
system (Scheme 4), but had the advantage that the IL
organocatalyst could be recovered readily and reused.l*”!

) o) IL Organocatalyst OH O
J\ + )J\/Rz (30 %) /:\)K/Rz
1
R "H DMSO or Acetone R
RZ% H, CH, 9 examples
60-90 % ee
~ 9
N O
BF,” |
COOH

IL Organocatalyst ”

Scheme 4. Combination of an FIL with a proline derivative, as reported
by Miao and Chan. DMSO = dimethy! sulfoxide.*”!

The organocatalytic asymmetric Michael addition of
ketones and different nitroalkenes on the basis of an
analogous concept has also been described in detail.** In
this particular case, fine-tuning of the ionic liquid by careful
selection of the cation and anion led to higher enantioselec-
tivity. The effects of such changes need to be investigated in
more detail. Selected examples are depicted in Scheme 5.

In a variant of these asymmetric organocatalytic Michael
addition reactions, IL organocatalysts have been used with
large aliphatic anions (such as sodium dodecyl sulfate (SDS))
as the counterion for the organocatalyst. This interesting
strategy enables organocatalysis under aqueous conditions,
whereby the IL organocatalyst plays a double role: as the
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ii/\; 99%
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R* X°
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&N X~ Br; BF,; PF
Y+ “R® R"H;CH,
R? Bu; C,H,OH

R? &/:\/No2

Yield: 87%
syn/anti: 63:37
80 % ee

Yield:100%
syn/anti: 90:10

O

S

72 % ee H
HJ§<'\/N02 86 % ee

O e
o Yield: 83%

)J\/?\/No2 43 % ee

Yield: 70%

Scheme 5. Selected recent examples of the asymmetric Michael addition of ketones to nitroalkenes in the presence of an IL organocatalyst. More
examples and further synthetic details can be found in reference [48]. TFA=trifluoroacetic acid.

catalyst and as a dissolving agent for substrates and products
in water.[*’)

The combination of RTILs with organocatalysis also led
to interesting results for aldol condensations. For example,
significant amounts of the bisaldol product were formed when
p-nitrobenzaldehyde was treated with acetone in the presence
of certain IL organocatalysts in a mixture of water and acetic
acid (Scheme 6)."!

The careful tuning of synthetic conditions and the
selection of the right IL organocatalyst enabled efficient
Claisen—Schmidt reactions to be conducted under solvent-
free conditions.’'! The reaction affords in high yields a huge
number of useful a,B-unsaturated ketones, which are valuable

IL Organocatalyst (30 %)

HOAc (5 mol%), H,0 (20 %)

Weait
Q)\)k

OH O OH
’M)\‘ONOZ
81 % Yield 18 % Yield
IL Organocatalyst
Br- H
/) N
N o~~~ AN

(O G

Scheme 6. Bisaldol condensation between p-nitrobenzaldehyde and
acetone in the presence of a tailor-made IL organocatalyst. More
examples and further information can be found in reference [50].
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synthetic building blocks. Once again, the proper combination
of organocatalyst and RTIL enables the recovery and reuse of
the IL organocatalyst. Selected examples are depicted in
Table 3.

This IL-organocatalyst concept has also been employed in
Baylis—Hillman and Morita-Baylis—Hillman reactions with
quinuclidine derivatives conveniently anchored to RTILs as
organocatalysts (Scheme 7). The reactions proceeded effi-
ciently under solvent-free conditions, and the organocatalyst
could be recovered and reused. In this case, the RTIL acts as a
cocatalyst by providing the right protic environment for good
conversion.[

4. Outlook

RTILs are useful not only—as often described in the
literature—as (co)solvents for bio- and organocatalysis.
RTILs can be used in combination with enzymatic and
organocatalytic systems in a range of further applications. The
use of RTILs can lead to a better understanding of many
chemical and enzymatic processes. However, it is impossible
to know whether, in the future, RTILs will be a “good
solution” or remain a “good solution waiting for a problem”.
An increase in fundamental research in this field can be
expected in the coming years, and the increased use of RTILs
will probably lead to a decrease in their price. Of course, from
an industrial point of view, the most cost-effective and most
competitive variant of a certain application will always
become established.
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Table 3: Examples of the IL organocatalytic Claisen—Schmidt reaction

under solvent-free conditions.P"
(o]

o] (o} N BF,

7~
[_V‘H/\/N@N\ (15-30 %)

H
R‘J\ * R3J\H

R? no solvent, RT

o]

R‘JK%\RG

R2
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novel organocatalysts immobilized on silica for aldol con-
densations (see Section 3).5Y Fukaya et al. described novel
bioionic liquids (see Section 1).
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