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Use of ionic liquids for biocatalytic synthesis
of sugar derivatives
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Abstract

Sugar-based compounds are widely used in pharmaceuticals, cosmetics, detergents and food. They are mainly produced by
chemical methods, but the use of enzymes as ‘a greener alternative’ to organic synthesis has been investigated for more
than 20 years. Due to the low polar substrate solubility in organic solvents compatible with enzymes, research has focused
on the application of substitutes for biocatalysis, especially ionic liquids (ILs). After introducing the main properties of ILs
and especially their ability to solubilize sugars, this review focuses on one of their applications, the biocatalytic synthesis of
carbohydrate derivatives. In this context, they can be used in pure IL systems, in IL/IL systems or in IL/organic solvent systems.
Finally, this review provides an update on the environmental fate of ILs. Their exploitation in ‘green’ processes is still limited
due to their low degradability but research is currently under way to design new more ‘eco-friendly’ ILs.

(© 2012 Society of Chemical Industry

Keywords: biocatalysis; enzymes; lipases; green chemistry; ionic liquids; carbohydrates
]

NOTATION [Hpyrl:  N-hexylpyridinium

Cations [MeOcPyr]:  3-methyl-1-octylpyridinium
[Mmim]:  1-methyl-3-methylimidazolium [(Ce)3C14P]:  Trihexyl(tetradecyl)phosphonium
[Emim]:  1-ethyl-3-methylimidazolium [CABHEM]: PEG-5-cocomonium methylsulfate
[Pmim]:  1-propyl-3-methylimidazolium Anions
[Bmim]:  1-butyl-3-methylimidazolium [BF4]: Tetrafluoroborate
[Pentmim]: 1-pentyl-3-methylimidazolium [PFsl: Hexafluorophosphate
[Hmim]:  1-hexyl-3-methylimidazolium [TFOL:  Trifluorosulfonylimide
[Omim]:  1-octyl-3-methylimidazolium [TfoN]:  Bis(trifluoromethanesulfonyl)imide
[Bdmim]: 1-butyl-2,3-dimethylimidazolium [MeSO4]: Methylsulfate
[Hepmim]: 1-heptyl-3-methylimidazolium [EtSO4]:  Ethylsulfate
[sBmim]: 1-sec-butyl-3-methylimidazolium [OctSO4]:  Octylsulfate
[MOEmim]: 1-methoxyethyl-3-methylimidazolium [MDEGSO4]: Diethyleneglycolmonomethylethersulfate
[Glycol-Et-Im]:  1-ethyl-3-glycolimidazolium [Brl: Bromide
[Me(OEt)s-Et-Im]:  1-ethyl-3-(2-(2-methoxyethoxy)ethoxy) [CI]: Chloride

ethyl)imidazolium [dcal:  Dicyanamide
[Me(OEt)3-EtsN]:  Triethyl (2-(2-methoxyethoxy) [TOS]:  Tosylate

ethoxy)ethylammonium [lactate]: Lactate
[TMBA]:  N-trimethyl-N-butylammonium [OAcl:  Acetate
[TOMA]:  Trioctylmethylammonium [NOsl:  Nitrate
[TEMA]:  Triethylmethylammonium [EtNOs]:  Ethyl nitrate
[EtN]: Ethylammonium
[EtoN]: N-diethylammonium ]
[PrNI: N-propylammonium * Correspondence to: Nadine Galonde, Department of General and Organic
[Me;N]:  N-dimethylammonium Chemistry, Gembloux Agro-Bio Tech, University of Liége, Passage des Déportés,

[BusNI:  N-tributylammonium 2, B-5030 Gembloux, Belgium. E-mail: nadine.galonde@ulg.ac.be

[BusN]:  N-tetrabutylammonium a Department of General and Organic Chemistry, Gembloux Agro-Bio Tech,

[Bmpyrrl:  1-butyl-3-methylpyrrolidinium University of Liége, Passage des Déportés, 2, B~ 5030 Gembloux, Belgium
[MOEmpyrr]:  1-methoxyethyl-3-methylpyrrolidinium
[Bmpyrl: 1-butyl-3-methylpyridinium b Department of Industrial and Biological Chemistry, Gembloux Agro-Bio Tech,

(Bpyr: 1-butylpyridinium University of Liége, Passage des Déportés, 2, B— 5030 Gembloux, Belgium

[Ppyrl: 1-propylpyridinium o ¢ Center for Education and Research on Macromolecules (CERM), University of
[Ompyr]:  1-octyl-3-methylpyridinium Liége, Allée de la Chimie, 3 (Bat. B6) Sart Tilman, 4000 Liége, Belgium

. _______________________________________________________________________________________________|
J Chem Technol Biotechnol 2012; 87: 451-471 WWW.50Ci.org (© 2012 Society of Chemical Industry




@)
SCli

WWW.S0Ci.org

N Galonde et al.

INTRODUCTION

Many sugar derivatives are useful for a large range of commercial
applications in pharmaceuticals, cosmetics, detergents and food
sectors. These compounds are generally produced by organic
synthesis. Over the last 20 years, numerous studies have shown
the huge potential of enzymes, as ‘greener alternative’ to organic
synthesis, in carbohydrate chemistry.! Hydrophilic solvents such
as dimethylsulfoxide (DMSO), dimethylformamide (DMF) and
tetrahydrofuran (THF) which are able to solubilize saccharides
at high concentrations, generally have a negative impact on
the enzymatic activity. On the other hand, solvents that are
more compatible with enzyme activity are not effective for
the solubilization of sugars and do not allow the obtention
of high vyields. Therefore, the development of alternatives
to organic solvents is required in order to fully develop
enzymatic processes for carbohydrate modification. In this context,
researchers have manifested a rising interest in ionic liquids (ILs)
for biotransformation as attested by the numerous publications
available over the last decade.?~® This review first gives a short
description of ILs and describes their properties, in particular those
related to their advantages and disadvantages for biocatalysis.
The second part focuses on the enzymatic modifications of
carbohydrates and their solubility in ionic liquid systems. Finally,
this review provides an update on the environmental fate of
ILs, their degradability and the possibility of designing more
‘eco-friendly’ ILs.

IONICLIQUIDS: NEW ALTERNATIVE MEDIA FOR
BIOCATALYSIS

Generalities

The first IL [EtN][NOs3] was developed 90years ago but its
application in research was not realistic due to its explosive
nature.” The use of ILs in chemical synthesis began in the 1990s
only.8?

ILs are a new class of purely ionic, salt-like materials that are
liquid at unusually low temperatures. Their melting point is below
100 °C and some of them even have melting point below 0°C.
Because of this property, they are called ‘room temperature ionic
liquids’ (RTILs). They remain liquid up to their decomposition
temperature (300-400 °C).

ILs are composed of a large asymmetrical organic cation and
a smaller organic or inorganic anion. Compared with typical
inorganic salts, their asymmetry prevents crystallization and
therefore drastically decreases the ILs melting point.°

The strong ionic interactions within this class of solvents result
in negligible vapor pressure, non-flammable, highly thermal, me-
chanically and electrochemically stable products. Spectroscopic
(infrared, NMR) and diffraction (Raman, X-ray) studies, theoretical
calculations and simulations (molecular modeling) of ILs con-
firmed the presence of a hydrogen-bond network and Van der
Waals interactions. They are considered ‘hydrogen bond polymeric
supra-molecules’ with polar areas (similar to water) and non-polar
areas (similar to organic hydrophobic solvents).!'? Consequently,
ILs cannot be considered as homogeneous solvents. The ions na-
ture has a large influence on ILs properties. Typical structures of
the most common anions and cations composing ILs are shown in
Fig. 1.

ILs characteristics can be modulated by a judicious choice
of the ions; which is why ILs are considered to be ‘tunable
solvents’. An IL could be designed for each particular application.

The combination of the available anions and cations gives the
possibility of designing 10'8 ILs in theory. Currently, approximately
300 ILs are commercially available and about 1000 ILs have been
reported in the literature.’3

The physico-chemical properties influencing biocatalysis
Viscosity

As a rule, ILs are much more viscous than conventional organic
solvents. Their viscosity, comparable with those of oils, varies from
10 to more than 1000 cP at room temperature.'* This can be
a disadvantage for biocatalysis, as it may lead to limitation of
the mass transfer. Nevertheless, the viscosity can be minimized
by increasing the temperature. Moreover, the choice of anion
strongly influences the IL's viscosity. For example, small anions
such as dicyanamide (dca~) give less viscous ILs than fluorinated
anions."

Polarity

Solvent polarity has an important impact in biocatalysis. Apolar
solvents are unable to dissolve polar substrates but on the other
hand, polar solvents such as DMSO or DMF tend to deactivate
enzymes. Polarity influences both enzymatic activity and stability.
The polarity of ILs depends on the anion size, on the nature of the
substituent of the cation and its alkyl chain length. Small cations
and anions will lead to highly polar ILs." Solvent polarity can be
easily determined by the ENt Reichardt’s scale.'® According to this
scale, ILs are considered as moderately polar with values close to
those found for short chain alcohols like methanol and ethanol, as
shown in Table 1.1517.18

Hydrophobicity

Anions and cations have an impact on the hy-
drophilic/hydrophobic character of an IL. Indeed, the alkyl chain
length on the cation as well as the nature of the anion (for example,
PFe~ is more hydrophobic than BF, ™) can strongly influence this
property.'? Hydrophobicity is quantified by the logP value, which
is the logarithm of the partition coefficient of a compound be-
tween water and 1-octanol.’? According to the values of their logP,
ILs seem to be very hydrophilic compared with organic solvents
(logP = —2.39 for [Bmim][PFg], —0.33 for acetonitrile and 3.5 for
hexane).'® Depending on the enzymatic reaction, hydrophobic
ionic liquids can enhance the enzymatic activity or not; this will be
discussed in more detail below with the results reported for the
biocatalyzed synthesis of glycosylated compounds in pure ILs.

Stability of ILs

The stability of ILs seems principally dependent on the anion
nature. Despite their well known air, moisture and temperature
stability, the halogenated BF;~,PFs~ and Cl~ anions may generate,
via hydrolysis and thermal decomposition, volatile and toxic
compounds such as hydrofluoric acid (HF), trifluorophosphate
(POF3) and hydrochloric acid (HCl), which deactivate most
enzymes.'*'6 However, [Tf,N] and [TFO] based ILs constitute
an exception and are the most hydrolytically stable.? However, it
is advisable to use ILs based on non-halogenated anions such as
octylsulfates (OctSO,4 ™), which are not prone to hydrolysis.2#1°

Enzyme solubility and stability
The hydrophilic ILs based on CI~, dca™, NO3 ™, EtNO3 ™~ or lactate
anions are suitable for solubilizing enzymes more readily than
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Figure 1. Structure of the major cations and anions used to form ILs.

hydrophobic ILs. Nevertheless, the enzymatic activity can be low
since they may cause deactivation of the enzyme, probably due to
strong hydrogen interactions with these solvents.!%2021

For example, the conversion rate of the CAL-B-catalyzed trans-
esterification of ethyl butanoate with 1-butanol in [Bmim][BF4]
and [Bmim][PFs] (78% and 71%, respectively) is comparable with
what was obtained in tert-butanol (74%). With ILs containing
NO; ™, EtSO4~ or lactate anion, a loss of activity is noticed (26% of
conversion in [TEMA][MeSO4]) because of their high ability to sol-
ubilize the enzyme while the enzyme is dispersed in [Bmim][BFa],
[Bmim][PF¢] and tert-butyl alcohol.?? Infrared spectroscopy stud-

ies showed that the strong interaction by H-bonding of some
hydrophilic ILs lead to a conformational change of the free CAL-B
and therefore a loss of activity.??

Klshn and co-workers?® recently studied the interaction
between the anions (NOs3~, BF;~ or PFg~) and the cations
(imidazolium or guanidinium) of eight ILs and CAL-B by molecular
dynamic simulation in combination with an atomistic empirical
force field. The anions coordinate directly with polar and charged
groups of enzymes through strong H-bonding. Two factors
influence the enzyme-anion interaction strength: the anion
size and its hydrophobicity. For example [Bmim][NOs] tends to
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trimethylsilane (ENt = 0) are used as references'7:18

Table 1. EN7 values of various ILs and organic solvents at a given temperature (18). The ENT Reichardt’s scale is a dimensionless scale based on
the position shift of the charge-transfer absorption band of a probe within the visible spectrum in the presence of a solvent. Water (ENt = 1) and

lonic liquid Temperature (°C) ENy lonic liquid Temperature (°C) EN;

Imidazolium [Emim][BF4] RT 0.710 Pyridinium [Ppyrl[BF4] RT 0.661
[Emim][Tf,N] RT 0.690 [Bpyrl[BF4] RT 0.639
[Bmim][BF4] RT 0.680 [Pmpyr][BF4] RT 0.670
[Bmim][PF¢] RT 0.676 [Bmpyr][BF4] RT 0.630
[Bmim][TFO] 25 0.667 [EtN][NOs] RT 0,954
[Bmim][Tf,N] RT 0.645 [PrN][NOs] RT 0,923
[Bmim][Cl] 25 0.614 Ammonium [(Me),N][Cl] 130 0,914
[Bmim][NOs] RT 0.651 [(Et),NI[NOs] RT 1,074
[Hmim][BF4] 25 0.707 [(BU)3N][NOs] RT 0,803
[Hmim][PFe] 25 0.657 [(Bu)4N][Br] 105-130 0,389
[Hmim][Tf,N] RT 0.654 [(Oc)4 MeN][Cl] 125 0414
[Hmim][CI] 25 0.562 Pyrrolidinium [Bmpyrr][Tf,N] 25 0,544
[Omim][BF4] 25 0.670 [MOEmpyrr][NOs] RT 0.840
[Omim][PFg] RT 0.636 [MOEmpyrr][Ac] RT 0,519
[Omim][Tf,N] RT 0.630 [MOEmpyrr][TFO] RT 0.911

Organic solvent Temperature (°C) EN;

THF 25 0.2

Acetone 25 0.35

DMF 25 0.4

DMSO 25 0.45

Ethanol 25 0.65

Methanol 25 0.75

Ethylene glycol 25 0.8

solubilize and denature the enzyme while [Bmim][PFs] stabilizes
the enzyme. Indeed, there are stronger and more interactions
between NO3~ and CAL-B than between PF¢~ and CAL-B because
NO;~ is less hydrophobic and is present in greater numbers
in the neighborhood of the enzyme due to its smaller size.?3
Thus, the anion-CAL-B interactions through Coulomb strengths
dominate the Van der Waals cation-CAL-B interactions. However,
the role of the cation on enzyme-ILs interactions has also to been
highlighted despite their minor impact compared to anions. As
observed with Bmim cations, the charged region of the protein
can interact with the charged ring group of the cation and the
butyl group can diffuse easily to the active site to the enzyme
preventing substrates to enter and leave the active site of CAL-B.?3

Recently, some hydrophilic ILs with ether functions have been
designed with the aim to dissolve CAL-B in its free form and to
improve Novozym’s 435® stability.>?22* The improved stability
of Novozym 435® in [Me(OEt)3-Et-Im][OAc] compared with tert-
BuOH for the transesterification of D-glucose with vinyl laurate
has been confirmed by the increase of the conversion rate of
D-glucose with decreasing tert-BuOH content (68% with 40% of
[Me(OEt)3-Et-Im][OAc] and 60% of tert-BuOH and 85% with 100%
of [Me(OEt)3-Et-Im][0Ac]).%*

Advantages and limitations of ILs used as solvent

in biocatalysis

ILs offer many advantages for use in biocatalysis compared to
conventional organic solvents:'%?° safe handling as they are
non-flammable and non-explosive, low vapor pressure at room
temperature and at the temperatures usually used in enzymatic
reactions (from 35 to 70 °C), high thermal and chemical stability,

solubilization of a large range of compounds.

Their variable water and organic solvent miscibility allows
the development of convenient extraction methods. Their
characteristics can be easily modified and tuned to a targeted
process by adjusting the cation/anion couple. They can be
produced by organic chemistry under mild conditions.

Another advantage of using ILs instead of organic solvent
in biocatalysis is their capacity to enhance the regio-, stereo-,
enantio-selectivity. For example, the regioselective acylation of
methyl-6-O-trityl-glucosides and galactosides by lipase showed
better selectivity in [Bmim][PFs] and [MOEmin][PFs] than in
THF and chloroform. This improvement of selectivity had been
explained by the better structural adaptation of the enzyme in ILs
than in organic solvents due to their higher polarity.?® The same
trend was observed for the lipase transesterification of tertiary
alcohols by vinyl acetate where the enantioselectivity is improved
up to 25 times in ILs compared with organic solvents such as THF
and toluene.?’

Nevertheless, despite their easy synthesis by organic chemistry,
the ILs production route can leave traces of contaminants such as
halides, water, and inorganic species. Thus their physico-chemical
properties can be changed and side reactions can occur.? Also, the
presence of impurities can cause an alteration of the biocatalyst.
For instance, the negative effect of chloride ion impurity in
[Omim][CI] on the activity of lipases had been shown, with a
significant decrease of the enzymatic activity with an increase
of CI~ concentration.?® Their total elimination can be arduous
because of their negligible volatility. The effect of ILs on the
environmentand human health has not yet been fully investigated
and despite their potential to be recycled, ILs remain expensive
compared with organic solvents, which limits their use.
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ENZYMATIC SYNTHESIS OF SUGAR DERIVA-

TIVES IN ILS SYSTEMS

Carbohydrates solubility in ILs

The outcome of the biocatalyzed synthesis of glycosylated
compounds (reaction rate, yield, selectivity) depends to a great
extent on the substrates solubility in the reaction medium.
Saccharides, flavonoids and nucleosides, the most frequently used
substrates to synthesize glycosylated compounds by biocatalysis,
are poorly soluble in common organic solvents compatible with
enzyme activity and stability. ILs can thus be valuable alternatives
for biotransformation of these substrates.

Many investigations are currently underway to find the best ILs
to solubilize high concentrations of mono-, di-and polysaccharides
and other studies aim to better understand the solubilization
mechanism and to highlight the role of the ILs anion and cation.

1-alkyl-3-methylbenzotriazolium based ILs containing nucle-
ophilic anions such as Cl~, Br—, dca”, formate (HCOO~) and
acetate (OAc™) are found to be the best candidates for dissolving
monosaccharides such as glucose, fructose and disaccharides like
sucrose and lactose as well as -cyclodextrin.2%2°-33 For example,
[Bmim][dca] is able to dissolve 8-D-glucose at a much higher con-
centration (145 g L=T, 25°C) than [Bmim][BF4] and [Bmim][PFs]
in which the glucose solubility is less than 0.5 g L='.3° These ob-
servations demonstrate the large influence of the ILs anion on
carbohydrate solubility. The nucleophilic anions are well suited
to dissolve carbohydrates as they have a high ability to form a
strong H-bond with these substrates.'®32 However, the anion nu-
cleophilicity leads to the denaturation of enzymes preventing any
sugar modification in these medium.3? To overcome this problem,
investigations are being carried out to design new ILs able to solu-
bilize high concentrations of polar substrates without denaturing
the enzymes. A suitable strategy must be followed view the large
range of ILs potentially available.34

Zhao and co-workers**3! have designed enzyme-compatible
ether-functionalized and glycol-substituted imidazolium and
tetraalkylammonium cations coupled with high nucleophilic
anions such as acetate and bromide: [Me(OEt)s-EtsN][OAC],
([Glycol-Et-Im][Br], [Gycol-R,-N][Br] or [Me(OEt);-Et-Im][OAc] for
examples. In [Me(OEt);-Et-Im][OAc], the solubility of D-glucose
reached 80% wt at 60 °C in and its transesterification with vinyl
laurate catalyzed by Novozym 435® gave 85% yield. The anion
part of the IL allows high sugar solubility while the cation part
stabilizes the enzyme.

Other research teams have developed methods to increase the
dissolved sugar concentrations in ILs known to be compatible
with enzyme activity. They obtained metastable supersaturated
sugar solutions by either the ‘conventional’ method or the ‘water-
mediated’ method in [Bmim][TFO] and [Bmim][BF4], known to
be the best ILs for enzymatic yields and initial rates.?%21:35:36
These resulting solutions contain more dissolved solutes than the
solubility limit leading to a metastable supersaturated solution of
carbohydrates ready for biotransformation.?’ The ‘conventional’
method is based on the solubilization of carbohydrates in excess
by heating at 60 °Cand then cooling the solution to 25 °C followed
by the removal of the undissolved sugars by centrifugation. The
‘water-mediated’ method has been introduced as an alternative
to the conventional method in order to shorten the solubilization
time. Indeed the carbohydrates solubility is much higher in water
and as showed in a recent study of simulated glucose solubility in
water-mediated [Emim][TFO], water breaks the glucose-glucose
interactions, improving the glucose-TFO~ interactions.3” An
aqueous solution of sugar is mixed with the ILs and the water

is then removed by vacuum evaporation after dissolution.?® For
instance, supersaturation of [Bmim][TFO] and [Bmim][BF,] with
glucose by the ‘water-mediated’ method enables concentrations
12 times (363.3 mmol L~") and 7 times higher (43.4 mmol L™") in
each IL, respectively, compared with classical saturated solutions
of glucose in these ILs.3® This improvement is correlated with
an increase in the initial rate as seen for the lipase-catalyzed
synthesis of 6-O-lauroyl-D-glucose, where the rates are 4.29 and
1.29 umol min~! g~ in [Bmim][TFO] supersaturated solution and
saturated solution, respectively.3

Generally, the interest in ILs for the polysaccharides field
mainly concerns their extraction and their chemical or enzy-
matic breakdown.3%4% Imidazolium based ILs associated with the
highly coordinated CI~, MeSO4~ and CH3COO™ anions, have been
shown to be suitable for dissolving cellulose and lignocellulose
and hence, may be useful for the conversion of lignocellu-
losic biomass into new biomaterials, chemical intermediates
and biofuels.*' =46 The dissolution mechanism of lignocellulosic
biomass investigated by NMR, and computational methods such
as the dispersion-corrected density functional theory (DFT-D),
coupled with experimental studies show the predominant role
of the anions in polysaccharides solubility.*'#* The interactions
between cellulose, lignocellulose and [Bmim][Cl], [Mmim][CI] or
[Mmim][PFs] studied by molecular modeling supported by NMR
are stronger between CI~ and these polysaccharides than with
PFs~ because the hydrogen-bond network in the carbohydrates
is broken in the presence of the former anion.*! The ILs cation has
also a role in the dissolution of lignocellulosic biomass. Indeed the
solubility of cellulose decreases with increasing length of the alkyl
chain on the imidazolium cations.*’ Cations containing oxygen in
their alkyl chain allow additional H-bonds with carbohydrates and
thus increase their solubility.304®

Enzyme denaturation prevents any biotransformation of
polysaccharides in [Bmim][Cl]. However, Gremos and co-workers
successfully esterified cellulose by biocatalysis using [Bmim][Cl] in
a pre-treatment step. The IL allows one to obtain an amorphous
cellulose by breaking down the numerous intra-and inter-H-bonds
between the cellulose chains. This resulting amorphous cellulose is
extracted and esterified in a solvent-free system with immobilized
esterase from hog liver or immobilized cutinase from F. solani.
Despite the low degree of esterification with vinyl propionate,
vinyl laurate and vinyl sterarate (1.9%, 1.3% and 0.9%, respectively,
with cutinase F. solani), these results prove the high capacity
of ILs for opening new opportunities in enzymatic acylation of
polysaccharides for which no suitable organic solvent have been
found until now.*? The interest in esterified polysaccharides for
the production of fibers, plastics, films, cosmetics and drugs has
become more and more important over the past 10 years.4>*’

A computational approach, COSMO-RS, has been used to predict
the IL solubility of flavonoids, other interesting substrates for
the biocatalyzed synthesis of glycosylated compounds. This has
allowed the classification of the ILs tested into three groups from
the highest to the lowest solvating power.3* The most nucleophilic
ILs belonging to group |, and group Il possess strongly coordinated
anions like CI~ and TFA™ (group |) or sulfate and sulfonate anions
(group I). They are able to solubilize the highest concentrations
of polyhydroxylated compounds such as esculin, but dramatically
reduced or no biocatalysis takes place in these media due to
increased interactions between the ILs and the enzymes via
H-bonds. In contrast, ILs from group Ill having low coordinated
anions such as BF4~ and PFs~ show the highest bioconversion
yields.
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Type of reaction systems

Pure ILs systems

The first successful use of ILs for the biocatalytic synthesis of
glycosylated compounds was reported by Park and Kazlaukas
in 2001.%° The regioselective acylation of D-glucose with vinyl
acetate was catalyzed by Novozym 435® in pure IL systems
(Table 2). Compared with the results obtained in acetone or THF,
the conversion rate as well as the regioselectivity is improved or
at least equivalent in all ILs tested.*® Indeed, the best conversion
reached in [MOEmim][BF4] is 99%, equal to that obtained in
THF but the proportion of monoacylated compounds in this IL is
improved compared with THF (93% and 53%, respectively). Thefirst
enzymaticacylations of carbohydrates with long alkyl chain donors
were carried out in the most common fluorinated anion based-ILs,
[Bmim][BF4] and [Bmim][PFs].>° For the enzymatic synthesis of
6-O-lauroyl-D-glucose with vinyl laurate by poly(ethylene glycol)-
modified CAL-B (Fig. 2(A)), the hydrophobic [Bmim][PF] leads to
a slightly better yield (35%) than the hydrophilic [Bmim][BF4]
(30%).5%°7 No reaction took place with fatty acids.”® However,
these first observations are not concordant with other results
obtained recently. Indeed, according to the results collected
in Table 2, the lipase synthesis of sugar esters in hydrophilic

ILs showed better yields than in hydrophobic ones.?%?! This is
confirmed by the enzymatic acylation of konjac glucomannan
(KGM), where the best degree of substitution and the bestyields are
reached with the most hydrophilic ILs.>' Furthermore, according
to the lipase synthesis of 6-O-lauroyl-D-glucose with vinyl laurate
or lauric acid, the yield follows the decreasing order: [Bmim][TFO]
> [Bmim][BF4] > [Bmim][Tf,N] > [Bmim][PFs].38 This is explained
by a lower viscosity and a higher sugar solubility in the hydrophilic
ILs leading to better enzymatic activity.>' The yield for the same
glucose ester follows the decreasing ILs order [Bmim][Tf,N] >
[Omim][Tf,N] showing that a shorter alkyl chain on the cation gives
better results.2’ However, in the case of the enzymatic acylation of
the nucleoside 1-8-D-arabinofuranosylcytosine (ara-C, Fig. 2(C)),
conversion rises with increase of the alkyl chain length attached
to the IL’s cation (conversion of 17.8% for [Bmim][BF4] and 60.5%
for [Omim][BF4]). These opposite trends suggest that, depending
upon the glycosylated substrate’s nature, the enzymatic activity
may be influenced by a combination of ILs factors such as
nucleophilicity, hydrophobicity, viscosity and impurity.?

The nature of the acyl donor can also influence the enzymatic
activity inILs. For example, the lipase-acylation of naringin by vinyl
butyrate results in conversion yields of 55.6% in [Bmim][BF,] and

A
Ho i
o . R O
° )J\ Lipase o
OH 1 S
+ R > OH
HO OH R o ILs or ILs/ILs or HO OH
OH ILs/solvent

OH

Lipase
ILs
C NH, NH,
| XN | XN
/g Lipase i N/go

Py

R CyHs, CoHs
= CH=CH,

ey

ILs or ILs/solvent

OH

Figure 2. Examples of enzymatic acylation of sugar derivatives. A: Glucose esters synthesis catalyzed by an immobilized CAL-B in pure IL or in IL/IL
mixtures or in IL/organic solvent mixtures.33°%3 B: Naringin esters synthesis by Novozym 435® in pure IL.>3 C: Arabinofuranosylcytosine esters synthesis

by Novozym 435® in pure IL or in IL/organic solvent mixtures.>®
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57.2% in [Bmim][PF¢] after 72 h of reaction but with lauric acid and
vinyl laurate as acyl donor the conversion rate was only 23% after
96 h (Fig. 2(B)). This was explained by the low solubility of the long
chainacyl substratesinionicliquids leading to a two-phase system,
decreasing the availability of the substrates for the enzyme, and
thus reducing the biocatalyzed acylation of flavonoids.>%>3

Selectivity is a major incentive for choosing ILs instead of
organic solvents as enzymatic reaction media.” Selectivity has
been studied for the enzymatic acylation of unmodified sugar*®>4
and sugar derivatives.?>> For example, the enzymatic acetylation
of glucose by vinyl acetate in ILs leading to the synthesis of
6-O-acyl-D-glucose (major product) and 3,6-O-diacyl-D-glucose
(minor product) showed a better regioselectivity in all ILs tested
(86% in [Bmim][BF4] to 99.9% in [Emim][BF4] of monoacetylation)
except in [Bmim][PF¢] (from 36% to 38.5%) than in THF (53%) or
acetone (76%).4%°* The regioselective enzymatic monoacylation
of methyl-6-O-trityl-8-D-glucose by vinyl acetate in [Bmim][PFg]
and [MOEmim][PFs] showed that when the anomeric hydroxyl
group as well as the primary hydroxyl group on the Cg position are
protected, Novozym 435% selectively catalyzes the esterification
of the secondary hydroxyl groups on the C, (major product) and
the C; of the glucose.?® Yields and regioselectivity in these ILs are
betterthanin THF and chloroform (90% to 98% of regioselectivity in
ionic liquid and 77% to 95% in CHCl3 according to the glycoside’s
nature). The same trend has been observed for the enzymatic
acylation of flavonoids and nucleosides. The acylation of naringin
by vinyl butyrate resulted in the production of 86.8% of monoester
in [Bmim][BF4], 63% in [Bmim][PFs] and 45.5% in acetone.>?
However, ILs based on dca—, Br—, OAc—, NOs~ or lactate anions,
did not allow the acylation of konjac glucomannan,’’ the acylation
of ara-C>% or the deacetylation of 3,4,6-tri-O-acetyl-D-glucal.’” This
confirms that, as mentioned above, ILs constituted of ions able to
interact with proteins via strong hydrogen interactions can cause
deactivation of enzymes.?%>8

IL/organic solvent systems

In order to circumvent issues encountered in pure ILs systems like
mass transfer limitation leading to lower reaction ratesand yields,”
enzymatic media composed of IL/organic solvent mixtures have
been explored.

As shown in Table 3, several research teams have studied the
efficiency of different IL-organic solvent mixtures at different ra-
tios for biocatalyzed carbohydrate derivatives synthesis,!%56:°8-63
Depending on the organic solvent nature and the substrates, the
conversion rates vary as a function of the ILs ratio. Polar organic
solvents such as pyridine, DMSO and DMF are often used for the
biocatalyzed acylation of nucleosides as they are good solubilizers
of these compounds. However, the low substrate conversions ob-
served are probably due to stripping off the essential water from
the enzyme, which leads to its deactivation. Therefore, ILs have
been added to the reaction medium to decrease the polar solvent
content. This leads to an improvement of the rate as shown for
the benzoylation of ara-C by Novozym 435® where the conversion
reached 88.5% in [Bmim][PF¢]/pyridine (80/20, v/v, optimal ratio)
while 36.4% only is observed in a mixture of hexane/pyridine
(28/72, v/v).%° THF, which is also used for the acylation of nu-
cleosides, is miscible with many ILs.°56" The conversion of the
B-1-D-arabinofuranosyl cytosine acylation with vinyl propionate
increases with the proportion of IL in THF up to 20% (98.5% in
[Bmim][PFsl/THF (10/90, v/v) and 65.1% in pure [Bmim][PFg]).”®
Above this ratio, the reaction rate and substrate conversion de-
creases significantly. A variety of polar and less polar ILs mixed

with acetone at 25%, 50% and 75% of ILs have been tested for
the synthesis of the flavonoid ester 6-O-palmitoyl-esculin cat-
alyzed by Novozym 435® 58 The best conversion rates are reached
for the minimum ILs concentration tested (25%). The mixture
[TOMA][Tf,N]/acetone (25/75, v/v) is the best medium tested
with a 78% conversion reached after 96 h of reaction at 40°C
(Table 3).This conversion ismuch higherthanin pure [TOMA][Tf,N]
(13.99%, Table 2) and equivalent to the one observed in pure
acetone (78.17%), showing the possibility of decreasing the con-
centration of harmful volatile organic solvents while maintaining
high yields. However, a higher conversion of 98.3%, (Table 3) has
been reached recently in pure [TOMAI][Tf,N], certainly due to an
increased flavonoid solubility at a higher reaction temperature
(60°Cinstead of 40 °C).34

According to Li etal.® the improvement observed at low
concentrations of ILs is due to the interactions between ILs and
charged groups of the enzyme that change the enzyme’s structure
to a more appropriate and more favorable conformation for the
formation of the acyl-enzyme intermediate. With high ratios of
ILs, high ionic strength can deactivate the enzyme and the high
viscosity of the reaction media can increase the mass transfer
limitation as observed for the benzoylation of floxuridine catalyzed
by Pseudomonas cepacia lipase (PSL-C) in THF/[Bmim][PFs] where
98% of conversion is reached within 82 h with 25% of [Bmim][PFg]
while 5% of [Bmim][PF¢] allows more than 99% conversion after
48.5h.5

This explanation does not seem to be appropriate when tert-
butanol is used as co-solvent. According to the results obtained
for the enzymatic catalyzed synthesis of 6-O-lauroyl-D-glucose by
the immobilized PSL-C, the ILs/tert-butanol mixtures showed a
better yield with more than 50% of ILs. Mixtures composed of
60% of ILs give the best yield when vinyl laurate is used as acyl
donor (62% for [Bmim][PFg], 65% for [Bmim][BF4]1).°° The enzymatic
acylation of konjac glucomannan with vinyl acetate confirms this
trend since the best yield (95.2%) is obtained with a mixture of
[Bmim][BF4]/tert-butanol (75/25, v/v).

Another type of enzyme, glycosidase, has been tested with ILs
used as co-solvents in aqueous buffer systems for transglycosyla-
tion reactions with lactose®*®> and glucose.®® When glycosidases
are used in aqueous medium, the equilibrium between transgly-
cosylation and hydrolysis takes place and is responsible for low
yields. Introduction of ILs into the enzymatic medium decreases
the water concentration and thus shifts the equilibrium towards
the transglycosylation reaction. For reaction media consisting of
aqueous solutions of ILs, the chaotropic (water structure-breaking)
and kosmotropic (water structure-forming) properties of ILs have
to be taken into consideration.’” According to Lang etal.% the
optimal structural stability of a protein comes from the appro-
priate combination of a kosmotropic anion and a chaotropic
cation. That is the reason why the B-glycosidase CelB is com-
patible with [Mmim][MeSQO4] since MeSO,4~ anion is kosmotrope
and Mmim™ cation is chaotrope whereas a strong inhibition
of this enzyme is observed in the presence of 10-50% of
[Bmim][BF,4],%> in which BF;~ anion is chaotrope and Bmim*
cation is kosmotrope.%®

The B-galactosidase activity decreases when increasing IL
content with 74% of residual activity for 25% of [Mmim][MeSQ4]
and 14% of residual activity for 50% of [Mmim][MeSQ,] (residual
activity determined as a comparison with the enzymatic activity in
pure buffer solution).5* Therefore, 25% of ILs seemed to be the most
appropriate percentage for the synthesis of N-acetyllactosamine
(LacNAC).

wileyonlinelibrary.com/jctb
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IL/IL systems

Until now, reaction media composed of a mixture of hydrophobic
and hydrophilic ILs have been tested only for the lipase catalyzed
synthesis of sugar esters. Higher sugar solubility are obtained in
hydrophilic ILs such as [Bmim][TFO] but the enzyme stability is
higher in hydrophobic ILs such as [Bmim][Tf,N], [Omim][Tf,N]
or [Bmim][PFel2%?" The purpose is thus to associate both
type of ILs to design new reaction media combining their
advantages. The hydrophilic IL [Bmim][TFO] was associated with
[Bmim][Tf,N], [Omim][Tf,N] or [Bmim][PF¢] at different ratios for
the Novozym 435® catalyzed synthesis of 6-O-lauroyl-D-glucose
using a supersaturated glucose solution and lauricacid as reactants
(Table 4). The system [Bmim][TFO]/[Omim][Tf,N] (10/90) gives the
highest initial rate (4.29 umol min~" gg,, ', 50°C, 6 h reaction
time) compared with other ratios and ILs mixtures. This rate is much
higher than in pure [Omim][Tf,N] (0.72 umol min~' g~', 50°C,
6 h reaction time)?' and comparable with that obtained in pure
[Bmim][TFO] (4.21 umol min~" gg,, ', 40 °C, 6 h reaction time).?°
Furthermore, increasing the hydrophobic IL concentration in the
reaction media increases the enzymatic stability. After reusing the
enzyme five times, the residual activity of Novozym 435® was
about 78% for the optimized system [Bmim][TFOl/[Omim][Tf,N]
(1/1, v/v, 50°C, 24h)?' and 85% for the optimized system
[Bmim][TFOI/[Bmim][Tf,N] (1/1,v/v, 40 °C, 11 h), which is 1.3 times
higher than in pure [Bmim][TFO1.2° Therefore, the addition of a
hydrophilic IL into a hydrophobic IL allows the obtention of a high
initial rate, while maintaining a high enzymatic stability.

The effect of the water activity (a,) and water content on the
enzymatic acylation of carbohydrates in ILs
Water is one of the most important impurities in ILs and a major
factor affecting the micro-environment of the enzyme as well as its
structure. Water is also a by-product of esterification and will thus
affect the equilibrium position of the reaction displaced towards
hydrolysis rather than synthesis.®® Therefore, water has a strong
influence on the enzymatic activity in non-aqueous media. In
consequence, enzymes have an optimal water activity (a,,) which
has to be cautiously considered.”®

Several research teams determined the optimal water content
and a,, for lipase catalyzed reactions in ILs. In general, enzymatic
activity decreases with increasing a,, in organic solvent. However,
a minimum value of g, is required. Below the optimum a,,, lipase
is not sufficiently hydrated and shows lower activity. This tendency
is also observed in ILs. For example, the enzymatic acylation of
konjac glucomannan at different a,, (from 0.11 to 0.97), show a
maximum degree of substitution (DS) at 0.75 of a,, in all ILs tested
and in tert-BuOH.202151

In order to maintain a constant a,, in enzymatic acylations,
the reaction medium can be equilibrated by saturated salt
solution.”®”! For example, the optimum a,, (0.07) is maintained
with lithium bromide salt (LiBr) for the acylation of Ara-C in
[Bmim][PF¢] catalyzed by immobilized CAL-B. For the enzymatic
acylation of KGM in [Bmim][BF,4], sodium chloride (NaCl) keeps
the optimum a,, at 0.75 and for the acylation of ascorbic acid in
[Bmim][BF4] the optimum a,, (0.11) is obtained with sodium iodide
salt (Nal).

TOXICITY AND DEGRADABILITY

As seen above, ILs are actually being studied for the biocatalyzed
synthesis of glycosylated derivatives as they can improve the

efficiency and selectivity of the process. Furthermore, the use
of ILs is also developed to reinforce the ‘green’ character of
the synthesis. Thus their water and soil toxicity as well as their
degradability must be considered.

Toxicity

ILs ‘green’ solvent labelis mainly due to their very low volatility and
thus their minimum release into the atmosphere via evaporation.
Nevertheless, this property is not a sufficient reason to consider
them as harmless to the environment. Although no pollution
due to ILs has been recorded until now, ILs are poorly or non-
biodegradable and can easily accumulate in soils and water. For
thelast few years and due to their numerous applications, research
on the effect of ILs on the environment and human health has
been constantly growing.”?

Both cations and anions are involved in the ILs toxicity. Studies
on rat and human cell lines showed that imidazolium cations
are more toxic than pyridinium, pyrrolidinium and morpholinium
cations.”? Furthermore, the toxicity increases with the alkyl chain
length and the number of alkyl chains linked to the cation.'®72-74
The nature of the anion is also involved in ILs toxicity. Aquatic
toxicity studies on the gram™ bacterium Vibrio fisheri led to the
anion toxicity order: [Br]™ < [dcal™ < [Cl]™ < [BF4]™ < [PFs]™ <
[Tf,N]~.72 The fluorinated anions are the most toxic because of
their ability to rapidly generate hydrofluoric acid in an aquatic
medium. The impact of the anion on the toxicity level of ILs is more
important when the alkyl chain length on the cation is shorter.”?

In general, ILs toxicity is lower than the toxicity of organic
solvents.”> However, some ILs such as [Bmim][Br] and [Bmpyr][Br]
are estimated to be two and four orders of magnitude more
toxic for the aquatic environment than organic solvents such as
DMF, 2-propanol and methanol.”® The toxicity mechanisms of ILs
have scarcely been investigated. Up to now, an understanding of
this mechanism is required to apprehend the toxicity issue at a
biological level.”?

Degradability

Because of their high chemical and thermal stability, ILs can accu-
mulate in soils. Therefore, their treatment after use is an important
environmental concern. Currently, two degradation methods are
investigated: chemical degradation and biodegradation.

Chemical degradation

Literature reporting the use of chemical degradation for the
destruction of ILs indicates that many research groups have
focused on thermal and oxidative methods.

Thermal degradation studies of alkylimidazolium and alkylam-
monium cations show that the imidazolium cation is thermally
more stable than the ammonium cation.”” The nature of the an-
ion also has an effect on the thermal stability and the isomeric
structure of the alkyl side group affects the imidazolium thermal
stability.”” The imidazolium salts associated with fluorinated an-
ions show higher thermal stability than with halides and follow the
order PFg~ > Tf,N > BF,~ > Cl—, Br=.7® Since the imidazolium
quaternary salts undergo pyrolysis via a Sy2 mechanism, this re-
action takes place more easily with the most nucleophilic anions
according to the order Br~ > CI~ > F~.7®

Different oxidative degradation processes such as H,0, or TiO,
mediated oxidation, UV irradiation and ultrasound, separately
or combined in pairs were also investigated.”® For imidazolium
based ILs, it was found that the degradation rate by UV irradiation is

wileyonlinelibrary.com/jctb
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Figure 3. Examples of modified imidazolium cation for the development of more readily biodegradable ILs. A: Imidazolium cation including an ester
group associated to an octylsulfate anion.8" B: Imidazolium cation including a carboxylic group with a Br~ anion as counter ion.2* C: Imidazolium cation

including a phenyl ring with a CI~ anion as counter ion.8*

inversely correlated with the length of the alkyl chain substituted
on the N; position. The Bmim (alkyl chain with four carbon
atoms) cation gives the highest degradability rate (55% degraded
in 360 min) whereas low rates were found for the Hmim (alkyl
chain with 6 carbon atoms) and Omim (alkyl chain with 8 carbon
atoms) cations. The same trend has been observed with oxidative
processes using H,0O, and TiO,. The degradation rate is improved
by combining UV with either of these two reactants, the best
one being H,0,78 Ultrasound associated with H,0,/acetic acid
gives the best degree of degradation leading to nearly complete
degradation of imidazolium based ILs.”® Changing the alkyl chain
length and the nature of the anion does not affect the ultrasound
assisted degradation process.

In order to remove ILs from water, a Fenton and a Fenton-like
reaction (Fe(lll) + H,0,) were used for particular alkylimidazolium
and pyridinium ILs which are known to be resistant to bio- or
thermal degradation.®® The pyridinium cation is more resistant
than imidazolium. The importance of the alkyl chain length on the
cation is again verified. For imidazolium based ILs, the most stable
is [Omim][Cl] (68% degradation in 90 min) and the less stable is
[Bmim][Cl] (>97% degradation in 90 min).

Biodegradation
Until now, no imidazolium-based ILs could be classified as
‘readily biodegradable’ according to the Organization for Eco-
nomic Cooperation and Development (OECD) standards (US
EPA, 1998) for which 60-70% or greater biodegradation by
activated sludge microbial inoculate is required in a 28 days
period.”>®" According to Garcia etal.?? no compounds based
on 1-butyl-3-methyl imidazolium cations associated with Br—,
BF,~, PFs~, dca” and Tf,N~ anions show any significant de-
gree of biodegradation after 28 days (<5%) except the OctSO4 ™~
anion (25%). However, some ILs can be readily biodegradable,
as is the case of the pyridinium based ILs as shown by the
high biodegradation rate obtained by the test using the ac-
tivated sludge microbial community for [Ompyr][Br] (96% in
28 days).83

The alkyl chain length on the cation also has an influence
on the biodegradation rate. In opposition to the chemical
degradation methods, the increase of the alkyl chain length
on the imidazolium or pyridinium ring leads to an increase
of the biodegradation rate.8384 Longer chains with four or
more carbon atoms can be more easily accessible to bacteria
as they have more potential sites for oxygenases.®3 However,
the hydrophobic character of the cation tends to increase
the ecotoxicity of ILs.”>88* Therefore a compromise between
toxicity and speed of biodegradability must be considered.®*
Investigations for the development of more readily biodegradable
and non-toxic ILs are currently under way.?274818485 Tg be
readily biodegradable, ILs should include potential sites for an
enzymatic hydrolysis and for an oxygenase attack. For the former,
groups such as ester or amides must be incorporated.8’8* For
the latter, ILs should include an oxygen atom in functional

groups (hydroxyl, aldehyde, carboxylic acid), unsubstituted linear
alkyl chains or phenyl rings.”>#* Examples of some modified ILs
according to the biodegradability requirements are presented in
Fig. 3.

The addition of an ester group in the alkyl side chain
of a dialkylimidazolium based IL improves its biodegradation
properties (23-33% biodegradation in 28 days) compared with
the negligible 0-1% (28 days) found for the conventional ILs
[Bmim][Br] and [Bmim][BF4].7>8" However, incorporation of these
biodegradable sites is sometimes not favorable for the physico-
chemical properties required by the ILs”3.

CONCLUSION AND OUTLOOK

ILs, also called ‘tunable solvents’, are a class of materials with a wide
range of applications. The enzymatic catalyzed synthesis of sugar
derivatives in ILs has recently received much attention because
most ILs can solubilize higher concentrations of substrates than
conventional organic solvents compatible with enzyme activity.
In some cases, ILs lead to higher selectivities (regio-, stereo-,
enantio-).363856 |Ls are exploited pure as well as in mixtures of
hydrophobic/hydrophilicILs. ILs are also used in combination with
organic solvents in order to minimize the impact of their high
viscosity which lowers the mass transfer in the reaction medium.

Considered as ‘green’ solvents, toxicological studies and inves-
tigation of the environmental fate of ILs are currently in progress.
Recent research focuses on the synthesis of biodegradable ILs
because until now very few ILs could be classified as readily
biodegradable.”>#

Finally, the promising results obtained with reaction systems
containing ILs open up possibilities for the development of a
‘greener’ sugar derivatives biocatalyzed synthesis. In the near
future, new and ‘greener’ ILs than the more classical imida-
zolium cations and fluorinated anions based ILs must be tested.
To date, research has focused mainly on lipases and further
work must be undertaken with other enzymes such as glycosi-
dases, proteases or oxydases. For the development of ‘greener’
biocatalyzed synthesis other promising non-conventional meth-
ods such as microwave, ultrasound and supercritical CO, have
also been investigated. These strategies may be combined
with ILs to improve the enzymatic activity and stability but
also to build a unique process for coupling synthesis and
extraction 86-8°
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