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lonic liquids (ILs) are composed only of ions. Of special interest to this review are those where at least one ion
(the cation) is organic and whose melting points are below or not far above room temperature. ILs are designated
as “green” solvents because they have extremely low vapor pressure, are noninflammable, and thermally and
chemically stable. Therefore, many of them can be, in principle, recycled into the process indefinitely. The objective
of the present review is to discuss different aspects of the use of ILs in carbohydrate chemistry, in particular,
dissolution and functionalization of simple sugars, cyclodextrins, cellulose, starch, and chitin/chitosan. The molecular
structure and synthesis of ILs most frequently employed in carbohydrate chemistry are discussed with an emphasis
on imidazolium and pyridinium cations with different counterions. The physicochemical properties of ILs that
are relevant to the dissolution and functionalization of carbohydrates, in particular their polarities and hydrogen-
bonding abilities, are discussed. Dissolution of simple saccharides and biopolymers in ILs is presented with an
emphasis on the mechanism of carbohydrdlteinteractions. Finally, the very interesting novel applications of

the solutions obtained are addressed. These include, inter alia, spinning of the dissolved biopolymer into fibers,
extrusion into slabs and rods, formation of matrixes for a myriad of substrates, including biomacromolecules,
formation of nanocomposites, and functionalization to produce important derivatives. The use of ILs in many
branches of science is expanding fast; it is hoped that this review will draw the attention of researchers to the
“window of opportunities” that these green solvents open into carbohydrate chemistry.

1. Introduction free energies of solvation are negative. That is, the liquid state
is thermodynamically favorable due to the large size and
conformational flexibility of the ions, which leads to small lattice
enthalpies and large entropy changes that favor the liquidstate.
The first useful IL, ethylammonium nitrate, described by
Walden, seems to have generated little interest; it was not until
this proviso about the melting point of the IL, the use of the the 19_803 that the phy_sical and chemical propert_ies of this salt
acronym RTIL, for room-temperature ionic liquid, becomes Were investigated. This was followed by the discovery that

redundant. These electrolytes are liquids because their GibbsSeveral tetraalkylammonium salts form air- and moisture-stable
ILs of interesting properties; they were employed as solvents
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WWW.epnoe.eu). principles of “green” chemistry. Briefly, this concept sets

lonic liquids are low-melting-point salts, thus forming liquids
that consist only of cations and anions. The current convention
is that a salt melting below the boiling point of water is known
as an ionic liquid (IL) or by one of several synonyms, including
ionic fluid, molten salt, fused salt, or neoteric solvent. With
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Figure 1. Evolution of the number of publications, including patents R’ = CHs

on ILs, in the period 19902006 Figure 2. Structures of ILs most extensively employed.

guidelines designed to secure sustainable development, whileihesis involves one or two distinct steps: The first is an S
increasing process biocompatibility and economy. The emphasis \entschutkin) reaction between a tertiary halide, for example,
is on an increase in and/or upgrading of: (i) process economy, 1_methylimidazole, and an alkyl halide or alkyl methane-
by preventing waste generation"(this represents a muph superiokifonate (obtained by the reaction of alcohol and methanesul-
approach to waste treatment); (ii) atom economy, by incorporat- fony| chioride) to yield ionic halides or methanesulfonates; these
ing all reagents employed into the final product (this also are termed “first generation” ILs. The second step (Finkelstein
contributes to reduction and/or elimination of waste); (iii) reaction) consists, in most cases, of metathesis (from the Greek
process safety, by using nontoxic, noninflammable solvents andyyords “meta” for change, and “tithemi” for place) of the halide
reagents; (iv) process efficiency, by material recycling into the o1 methanesulfonate counterion, leading to “second generation”
process, use of catalytic pathways, use of catalysts that can bg g containing bulkier anions, for example, BE PR,
rggenerated and/or recycled, rational use of energy, and redUCC6H5COZ—, and (RCSQy),N-, having interesting properties such
tion of the number of intermediate steps; (v) environmental a5 jower melting points, different solubilities in classic organic
compatibility, by employing chemicals from renewable sources, solvents, viscocities, efc9131819]n some cases, the anion-
and producing biodegradable end produicts. exchange step can be avoided. Thus treatment of a 50% aqueous
All of these principles call for a thorough understanding of - ethanolic solution of 1,3-dimethylimidazolium-2-carboxylate (syn-
the roles of all components of the chemical reaction/process thesized by reacting 1-methylimidazole with dimethyl carbon-
including, naturally, the solvent or solvent mixture employed. ate) with aqueous or alcoholic solutions of strong acids (HCI,
The safety factor calls for a careful selection of the reaction HpR; H,S0,, and picric acid, respectively) leads to decarboxy-
medium; the use of aromatic and halogenated solvents hasjation and production of [@Melm][X], where X = CI-, PR,
decreased noticeably in organic synthesis and industrial chemicalsQ,~, and picrate, respectivel) An interesting example is a
processes. The introduction of the so-called “green” solvents, fryctose-based IL, synthesized according to the following

of which supercritical Cg? and ILs~® are promising examples,  reaction scheme where R 1-butyl. Metathesis was then
has increased our need to probe sohgelvent interactions at

the molecular level; this understanding is one of the aims of OH

) OH
this account. CH,0, NH,0H, A

o)

There are several review articles on the synthesis, propertiespo™X ] ! w QN}\ Rwu
and applications of ionic liquid&71%-14 including ILs in o' YoH ) oy (Ethanol)
carbohydrate chemistA?, and a succinct evaluation of the H
potentials and drawbacks of the use of ILs in biopolymer-related ChHy,
industriest®1” To our knowledge, the use of ILs with either N CH.l N |©
chitin/chitosan or starch has not been reviewed. This partial lack Q}\ —_— (\}\
of information on the use of ILs in carbohydrate chemistry and L oH (CHxCl) h@ OH

the explosive growth in published research on ILs, as shown in
Figure 1, justify updating and revisiting the subject. Equally

important, we collect and discuss several pieces of information
that are scattered in the literature but are of prime importance

to the carbohydrate chemist, especially newcomers to the field. example, in physical properties (viscosities and miscibilities with

Exa;mples are fe:‘lf_e?tfh ofhmgpurltles _?n tfhteh pr(iperiles, hfe|r|1-0e water and classic organic solvents) and in performance (as
performance of ILs, the heterogeneity of the structure of 1LS solvents) in the Heck reaction between methyl acrylate and

on the nanoscale, and the relationship between the mOIeCUI"’“iodobenzené‘% In addition to the above-shown anions, other

structure of ILs and their physicochemical properties that are “exotic” ones have been introduced, including saccharinate and

relevant to app||cat|or_13. Finally, we compare, where possible, acesulfamate; the corresponding ionic compounds (with [RMelm],

the properties of ILs with those of other (classic) solvent systems R = Cy to Cq) are liquids at room temperatu#e

employed in carbohydrate chemistry. Although the synthesis of ILs is generally not beset by any

major problem, the cost can be high, and the synthesis is time-

consuming. For example, metathesis with silver salts is expen-
Figure 2 shows the structures of cations (mostly heterocyclic) sive and leads to products that may be contaminated with

and anions of ILs that are most extensively employed. Their syn- colloidal silver2® The synthesis of [(Melm][CI] takes as IongCDV

employed to introduce other anions, including Tos, AcO, TFA,
N(CN),, and N(TFMS}, respectively. The products are liquids
and are similar to their imidazole-based counterparts, for

2. Synthesis and Properties of ILs
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as 72 h; metathesis with a bulkier anion takes an additional CHa
24—48 h, if purification prior to use is includett.?®> The time O N
required for synthesis can be reduced, for example, by the use “® |
of ultrasound or microwave irradiatigf. 3° z N
Due to their extremely low vapor pressure, vide infra, which ) | X

renders their distillation unfeasible, the purification of ILs, for
example, to measure their physicochemical properties is labori-
ous and time-consuming. These difficulties may have led to
some conflicting results, as illustrated by the following examples
for “purified” ILs: mp of [C;Melm][BF4], 5.8 °C23! 11 °C 22
12.0 to 12.5°C 3 14.6 °C.** and 15°C;®> mp of [CsMelm]-
[BF4], —13.9 and—17 °C, respectively; mp of [(Melm][BF],
—81 and—71°C, respectively;*6viscosity of [GMelm][BF4],
37 and 66.5 mPa s, respectivéff,viscosity of [GMelm][PF], solubilization. Residual water in the IL leads to several undesired
691 and 866 mPa%. side reactions. At the outset, the presence of adventitious water
Depending on the method of synthesis, the impurities may renders the carbohydrate, for example, cellulose, insoluble!
include water, excess tertiary amine, excess alkyl halide, sulfate,Whereas 3-10 wt % cellulose solutions in [elm][CI] can
or sulfonate, and, after metathesis, residual halide ion,.RSO  be easily prepared, the biopolymer is not soluble in the presence
or RSQ~. Water can be conveniently determined by Karl of 1% water*® Note that clear cellulose solutions are not
Fischer titration, cyclic voltametr¥, or by near-IR (NIR) necessarily molecularly dispersed; they may contain aggregates
spectroscopy (overtone and combination transitions of the OH of still ordered cellulose molecules. Since water affects the
group at 1910 nm¥® Residual 1-methylimidazole can be aggregation state of dissolved cellulose, it also affects its
determined colorimetrically as a complex with Cpf€lor by reactivity59-53 Additionally, water consumes the functionalizing
1H NMR spectroscopy; the latter method relies on integration agent employed, for example, acyl chloride, acyl anhydride, or
of the 13C satellites of (residual) 1-methylimidazdieSimple sulfonyl chloride. The acid liberated, especially HCI, decreases
ions, for example, Ng Br—, or CI, can be readily determined  the DP of the original cellulose or that of the product or may
by the use of the appropriate ion-selective electidien decrease the DS of the latter due to acid-catalyzed ester
chromatography! or cyclic voltametry*243 Methods of puri- hydrolysis. Some anions, in particular [PF and [BFR ],
fication include extraction of the IL with a (cold) organic hydrolyze (by residual water) at the relatively high temperatures
solvent, for example, acetone or ethyl acetate, extraction of theemployed for carbohydrate dissolution/functionalization (vide
aqueous solution of the IL with an immiscible organic solvent, infra), liberating HF; this affects both DP and DS adversely.
for example, CHCI, or CHCE, or treatment of a solution of  Hydrolysis of these anions at room temperature, for example,
the IL in an organic solvent with activated charcoal, followed during extraction of the aqueous IL solution with an immiscible
by flash column chromatograpt§#4-46 organic solvent has been referre‘and was detected by the
Attention should be paid to the complete metathesis of the solvatochromic polarity indicators RB and MePM, as shown in
counterion; its presence in the IL can lead to one or more of Figure 32° In summary, the importance of the purity of ILs
the following problems: employed to carbohydrate dissolution/functionalization should
«Conflicting physicochemical properties. In the presence of Not be underestimated.
(residual) chloride ion, the viscosities of [RMelm][BFvary
between 66.5 and 92.4 mPa s {RC,, molal [CI"] = 0.01,
1.8, respectively) and 154 and 201 mPa s, molal [CI"] The following question now arises: What are the character-
= 0.01 and 0.5, respectively). The corresponding figures for jstics of ILs that make their use as solvents in carbohydrate
[RMelm][NO;] vary between 67 and 222.7 mPa s {RC,, chemistry both challenging and exciting? In answering this
molal [NO;7] = 0.02 and 1.7, respectively) and 1238 and 8465 gyestion we cite a number of advantages of ILs with reference,
mPa s (R= Cs, molal [NO;"] = 0.01 and 2.2, respectivel§).  where possible, to classic solvent systems for carbohydrates,
eDramatic decrease of the onset of thermal decomposition, for example, LiCI/DMAc.
OCCUI’I‘ing, at |eaSt, 10€C beIOW those Of the same, hahde-fl'ee 3.1. ILs: “Green” Solventsl In one sense, Very IOW Vapor

samples” pressure ILs constitute “liquid solids”. It is important to note
eReduced solvation efficiency. The yield of glycosylation of that the use of solid supports for chemical functionality is of
cyclohexylmethanol in [gMelm][N(TFMS),] is reduced from  enormous technological importance, for example, solid acid
90% to 6% in the presence of 5 mol % of (intentionally added catalysts and scavenging reagents for solution-phase synthesis.
impurity) [CsMelm][ClI]; the reaction ceased to occur when the  Additionally, in many cases the key drivers for using solid
impurity concentration was increased to 10 moF¥! reagents are their lack of vapor pressure or their phase
Finally, water is another problematic impurity in ILs. The heterogeneity, the latter facilitating product isolation. Still, solid
residual water contents (as determined by Karl Fischer titration) reagents are fraught with drawbacks of their own, including

J L

MePM
Figure 3. Solvatochromic polarity indicators.

3. Relevant Properties of ILs: “Green” Solvents

of a series of “dried” [GMelm]-based ILs were found to be
2200, 1870, 4530, and 590 ppm for {QI[I 7], [BF47], and
[PFs7], respectively** Note that the so-called hydrophobic ILs,
for example, [GMelm][BF,], [CsMelm][PFs] are, in fact,

heterogeneous kinetics and susceptibility to deactivafitimese

drawbacks are not relevant to ILs. Very low vapor pressure is
a very convenient feature because cellulose dissolution and
activation are usually carried out at high temperatures, some-

hygroscopic and absorb water at room temperature, for example times at the boiling point of the classic solvent, in particular

1 wt % (0.16 mol fraction of water) ovea 3 hperiod3840

The preceding discussion about impurities bears on the

functionalization of carbohydrates in ILs. Increased IL viscosity

DMAc.5”

An early report that the 1:1 system@elm][CI]/AICI 3~ has
no measurable vapor pressure has led to the belief that ILs, in

hinders the swelling of biopolymers, hence their subsequent general, possess no vapor pressure. However, the same Séff)t?/n



2632 Biomacromolecules, Vol. 8, No. 9, 2007

o)
HiC
’ \N+ANvlJ\ CH
3
\_/ 0/\/

n-OctyloSOg

Figure 4. Typical molecular structure of a biodegradable ester group-
carrying IL.

with an excess of AlIGI(>2:1) has a detectable vapor pressure
of Al,Cls above 191°C 58 More recently, several imidazolium-
based ILs have been slowly distilled under very low pressures.
For example, [@MeIm][N(TFMS),] distills at 155+ 5 °C at
<0.001 mbar, without degradation, probably by volatilization
of the IL as intact ions, either alone or aggrega&edhis

El Seoud et al.

3.2. ILs Are Noninflammable and Thermally Stable. In
addition to being noninflammable, ILs are usually described as
thermally stable. For example, f@elm][N(TFMS),] has been
claimed to be stable up to 45% .44 More recent differential
scanning calorimetry (DSC) results have shown, however, that
the thermal stability threshold is much lower; e.g..N&&Im]-

[X], where X = N(TFMS),~, N(MS),~, and Br, start their
degradation at 307, 199, and 187, respectively?® The relevant
point, however, is that this stability threshold is well above the
temperatures employed for dissolution and functionalization of
carbohydrates:<150 °C 57:88 However, the solubilization and
functionalization of carbohydrates in classic solvent systems may
be adversely affected by their relatively low thermal stability.
For example, amber to brown solutions were obtained by heating

conclusion has been corroborated by mass spectroscopy experieellulose under reflux in LiCI/DMAc; the color change was
ments, carried out under atmospheric pressure, via thermalattributed to oxidative degradation of the polymer at tempera-

desorption ionization (APTDI-MS) or chemical ionization
(APCI-MS). Thus, APTDI-MS of [GMelm][BF4] and [C-
Melm][CH3SOy] has indicated the presence, in the gas phase,
of the corresponding imidazolium ions, and their aggreg&tes;
the same conclusion was arrived at by examining six ILs,
including [GMelm][X], X = methyl sulfonate and N(TFMg)
by APCI-MS. Therefore, when heated, imidazolium-ion-based
ILs vaporize as discrete neutral clusters of the type [RMgim]
[X] r1_61

Heterocyclic-based ILs are not expected to be physiologically
“inert”, since many quaternary nitrogen compounds have
antibacterial properties. Indeed, their cytotoxicities are compa-
rable to those of many classic solvents, as shown by the
following data for the human cell line HeLa (human cervical
carcinoma epithelial cells): Egvalues after 24 h of incubation
are 12.3, 13.9, and 0.6 mM for j®@elm][X], X = CI~, PR~
and BR, respectively. The same figures for gE,, phenol,
xylenes, and ethanol (aft@ h of incubation) are 71.4, 42.7,
52.4, and 1501.4 mM, respectivél/The relationship between
the molecular structure of ILs and their toxicities toward two
aquatic organismg/ibrio fischeriandDaphnia magnahas been
determined for ILs derived from Py, 3-MePy, 3,5-)?g, Melm,
piperidine, 4N,N-dimethylaminopyridine, trialkylamines, tri-
alkylphosphines, and choline. The toxicity results showed the
following trends: an increase as a function of increasing the
chain length of the alkyl group; a slight increase with the number
of nitrogen atoms in the cation; a decrease with ring methyl-
ation®? The toxicity towardD. magnaand Photobacterium
phosphoreunand biodegradability, “closed bottle” and “GO

tures as low as 9€C. This is due to the formation of tHé,N-
dimethylketeniminium ion (Ck=C=N*(Me),), whose precur-

sor is the enol tautomer of DMAc, GHC(OH)N(Me). This
cation is an extremely reactive electrophile, capable of random
chain cleavage, resulting in pronounced and rather fast changes
in the M, distribution of cellulosé?

3.3. ILs Are Reasonably Chemically Inert and Highly
Polar. An important limitation to the use of the solvent system
TBAF/DMSO for cellulose functionalization is that the elec-
trolyte is very hygroscopic; its drying is time- and energy-
consuming, because it cannot be dried by heating due to the
Hofmann elimination reactiof’~72 To our knowledge, there
are no reports on a similar degradation of, for example; [C
Melm][Cl], most certainly because the chloride ion, acting as a
base, is not “naked” but is “solvated” via hydrogen-bonding to
H2 and H4 of the imidazolium cation, as shown in Figuré 5.

However, the polarities of ILs, as measured by using
solvatochromic probes, for example, RB of Figure 3, are
relatively high, being situated between those of dipolar aprotic
solvents and protic ones. Table 1 shows the solvent empirical
polarities,Er(30) in kcal/mol, for some classes of ILs as well
as those of organic solvents.Note that polar solvents are
associated with higlEr(30) values.

Recently, the relative permittivities;, of a series of imida-
zolium-, pyridinium-, pyrrolidinium-, and alkylammonium-based
ILs have been calculated from the frequency-dependent dielec-
tric dispersion curves in the microwave regime, extrapolated to
guasi-static condition®. Interestingly, the values calculated for
e, 10—12, are lower than those of all classic solvents of Table

headspace” tests of several ILs, have been determined. Thel, e.g., 24.55, 20.56, and 37.78 for ethanol, acetone, and DMAc,

compounds studied included [RMelm][X] and [1-(alkyloxycar-
bonyl)methyl-3-methylimidazolium][X], R or RG C;—Cg; X
= Br~, BF4~, PR, "N(TFMS),, “"N(CN),, n-CgH17;SO;~; see
Figure 4. The series [RMelm][X] proved to be more toxic to

both bacteria than classic organic solvents, namely, methanol,

ethanol, 2-propanol, acetone, acetonitrile, chloroform, and
dichloromethane, respectively. ILs carrying the ester side chain
were found to be more biodegradable than those with alkyl
groups; those with ther-octylsulfate anion were the most
biodegradable within the same serfé§>

The relatively high toxicity of ILs (toward bacteria) and the
poor biodegradability of (most extensively employed) 1,3-
dialklyimidazolium-based ILs call for more studies on these two
environmentally important aspects and careful attention to the
disposal of ILs. The fact, however, is that the lack of volatility

respectively’® That is, the high carbohydrate solubilizing power
of ILs and their favorable effect on functionalization of the
biopolymers dissolved (vide infra) is most probably connected
with their polarities rather than their (relatively low) As will

be discussed below (eq 1), “polarity” is the sum of several
solvent properties.

Table SI-1 of the Supporting Information (Table SI-1) shows
some properties of individual ILs relevant to the dissolution
and functionalization of carbohydrates. The properties listed,
where available, includ&y, mp, decomposition temperature,
viscosity, polarity, and the different solvatochromic parameters,
vide infra, eq 1; all are considered as “must know” properties
of ILs.1!

3.4. Structure of ILs Is Deceptively Simple At first glance,
it would appear that ILs are assemblies of cations and anions.

greatly reduces the chances of exposure, other than by directConsequently, their physicochemical properties and the relation-

physical contact, for example, through spills; this is a distinct
advantage over classic, usually volatile, organic solvents.

ship between their molecular structures and macroscopic proper-
ties could be rationalized by considering electrostatic inteasv
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Figure 5. Schematic representation of hydrogen-bonding in a typical [RMelm][CI]. Adapted from ref 73. Copyright 2006 American Chemical

Society.

Table 1. Polarities of Different Chemical Classes of lonic and Molecular Liquids?

range of Et(30) E(30) of molecular liquid with corresponding polarity

chemical class of ionic liquids (kcal/mol) (kcal/mol)
primary and secondary alkylammonium salts; RNTH3X~ and RaNTHX~ 57—-66 water, 63; FsCCH,OH, 60
tertiary alkylammonium salts; RsNTHX~ 57 ethylene glycol, 56; formamide, 56
quaternary alkylammonium salts; R4NtX~ 43-51 2-butanol, 47; acetonitrile, 46
quaternary alkylphosphonium salts; R4P*X~ 42—-45 acetone, 42; DMAc, 43
RMelmX 48-55 ethanol, 52; CH;CONH(CHj3), 52
RPyX and 1,4-R,PyX 51-53 ethanol, 52; CH3CONH(CHj3), 52

2 Reprinted with permission from ref 74. Copyright 2005 The Royal Society of Chemistry.

tions. Available evidence has indicated that this (molten-salt- group appears to mark the onset of transition from one type of
based) simplified picture is not adequate to explain several structure to the other. When R is short, the equilibrium distance
experimental results, including the dependence on IL concentra-between the cations is determined by headgroup Coulombic

tion of IH NMR chemical shifts, conductivities, and enthalpies
of dilution in acetonitrile and chloroforrfY, self-diffusion

interactions. These have less influence when R becomes long,
and the structure of the IL is noticeably affected by dispersion

coefficients of neutral and charged electroactive probes in dry interactions between the tails. Therefore, ILs and possibly their

and wet ILs’® and the dependence on the length of R (from C
to Gg) of conductivity, self-diffusion coefficient, viscosity, and

solutions in some classic solvents should be considered as
heterogeneous on the nanoscale, akin to normal and inverse

spatial distribution of the coherent anti-Stokes Raman scatter-micellar aggregates in solution.

ing.”80 The relationship between the viscosity of the IL and

the length of R is instructive; the former property increases as 4. Applications of ILs in Carbohydrate Chemistry: A

a function of increasing the latter. This is surprising because as

Window of Opportunities

the length of R increases one expects a decrease in the overall

contribution of electrostatic interactions and hydrogen-bonding,

The preceding discussion shows that ILs constitute a par-

coupled with an increase in the (weaker) dispersive, or London ticularly useful class of solvents for a variety of applications;
interactions; i.e., the viscosity is expected to decrease; this isthese will be shown by examining the use of ILs in: Dissolution

not the case. Additionally, X-ray diffraction studies have
indicated that solid ILs consist of extended networks of ions,
connected together by hydrogen borid&: such networks
appear to persist in the liquid phase and in solutions of ILs in
(classic) solvent® Al of these results and molecular dynamics
simulations of the structures of several §£$6 support the
following picture: The main difference between ILs and simple

of carbohydrates and their recovery from solutions; incorporation
into nanocomposites; transformation into important derivatives,
in particular esters and ethers. All of these applications are
summarized in Table SI-2 of the Supporting Information.

4.1. IL-Assisted Solubilization of Carbohydrates.There is
considerable current interest in the utilization of carbohydrates
as readily available, relatively inexpensive, and renewable feed

molten salts is the molecular asymmetry built into (at least one stocks, for example, for sugar-based surfact&rasd the fatty
of) the ions, usually the cation. Whereas the polar domain hasesters of sugar®. The derivatization of native carbohydrates is

the structure of a tridimensional network of ionic channels, the

still a challenging task, because of their low solubilities in almost

nonpolar one is arranged as a dispersed microphase for short Rany solvent but water; see Table 2. The organic solvents listed

and as a continuous one for longer chair€s; the 1-butyl

in the latter include Py, which is expected to dissolve careB-V
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Table 2. Solubility of Several Carbohydrates in Organic Solvents

concentration T

carbohydrate solvent (wt %) (°C) reference

glucose 2-methyl-2-propanol 0.03 25 89
sucrose acetone 0.007 30 90

2-methyl-2-propanol, 0.05 60 91

pyridine 6.45 26 92
galactose  pyridine 5.45 26 92
lactose pyridine 2.18 26 92
mannose  pyridine 0.47 26 92

Table 3. Solubility of Different Carbohydrates in lonic Liquids

solubility T
carbohydrate solvent (g/L) (°C) reference
glucose [C,0CH Melm][N(TFMS),] 0.5 25 89
[C1O0CH;Melm][BF,] 4.4 25 89
[C10C,HsMelm][BF,4] 5 55 96
[C10CH;Melm][N(CN),] 66 25 89
[C10C,HsMelm][N(CN),] 91 25 89
[C.0C,HsMelm][N(CN),] 70 25 89
[CsMelm][N(CN),] 145 25 89
[CsMelm][CI] 50 70 97
fructose [CaMelm][CI] 50 70 97
[CsMeIm][CI] 560 110 98
[CsMe,Im][CI] 400 120 98
sucrose [C,0C,HsMelm][TFMS] 2.1 25 89
[C;OCH,Melm][N(CN),]  249/352  25/60 89
[C10C,HsMelm][N(CN),] 220 25 89
[C.O0C,HsMelm][N(CN),] 50/240 25/60 89
[CaMelm][N(CN),] 195/282  25/60 89
[CsMelm][CI] 50 70 97
[CaMelm][CI] 180 110 98
[CsMezIm][CI] 140 120 98
lactose [CaMelm][N(CN),] 51/225 25/75 89
o-CD [C10CH,;Melm][Br] 350 a 99
p-CD [CsMelm][N(CN),] 450 75 89
water 18.5 25 100
agarose [C,0CH,;Melm][Br] 20 a 99
amylose [CaMelm][N(CN)] 4 25 89
[C,OCH,Melm][Br] 30 a 99
water <0.5 25 89
amylopectin  [C;Melm][CI] 50 70 97

2 Not listed.
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on their DP, Ic, and the conditions of preparation, including
the method and time of heating. Additionally, carrying out
derivatization at the solubility limits of biopolymers in ILs is
usually not carried out. The reason is that the solutions obtained
are either extremely viscous (paste formation was also reported);
this renders subsequent functionalization difficult, at best.

A few examples, however, suffice to demonstrate the power
of ILs in dissolving biopolymers. A mixture of [{Melm][CI]/
DMSO, 84:16 wt %, dissolves pine, eucalyptus, and oak wood
shavings after heating at 10Q for several hours. In all cases,
the swelling of wood particles was observed immediately after
they came into contact with the IL-based solvent. After filtration
of the insoluble solids, cellulose samples were readily constituted
(as flocs) from the resulting clear, amber-colored solution by
rapid mixing with solvents that dissolve lignin, for example,
dichloromethane or acetonitrit€! Thus treatment of wood by
ILs constitutes a single-phase “organosolv” delignification
process. The last conclusion is corroborated by the high
solubilization of lignin, 9.7 wt % at 110C, in ILs, e.g.,
[CsMelm][CI].%8

At 25 °C, the breakage length and elongation at breakage
(measures of strength) of paper (90 @/ndecreased after
impregnation by the following ILs: [RMelm][BH, R = Cg,

Ci0, [ROCH:Melm][BF4], R = Cg, Cs, Cs, C7, Cs, respectively;
[ROCHMelm][N(TFMS),], R = C4, Cs, Cs, Cs, Cg, Co,
respectively. This decrease in paper strength was attributed to
the weakening of hydrogen bonding between the biopolymer
chains as a result of the corresponding (competitive) interaction
with the ILs192 The rates of cellulase-catalyzed hydrolysis of
microcrystalline cellulose, dissolved in [&elm][Cl], were
between 52 and 55 times faster than that of the untreated
samplel® All of these results show that cellulose interacts
appreciably with ILs, even at room temperature.

Conventional heating of cellulose (D¥1000) produced clear
solutions containing 3 wt % (70C) or 10 wt % (100°C) in
[C4Melm][CI] or 5 wt % (100°C) in [CsMelm][CI]. A 5 wt %
solution of the same cellulose in [@elm][CI] was obtained
by sonication at 80C; microwave heating produces a 25 wt %
viscous pasté? Note that ILs are heated with exceptional
efficiency by microwave$?* so care must be taken to avoid

hydrates because of hydrogen bonding between the saccharidexcessive localized heating that can induce chain degradation
OH groups and the lone electron pair of the heteroatom; this is of the biopolymer during its dissolution. Indeed, recent results

not the case.

have indicated not only decomposition but also incomplete

Few classic solvents, for example, DMF and DMSO, dissolve dissolution when microcrystalline or filter-paper celluloses were
saccharides. These, however, have some undesirable charadieated by microwave irradiation in §2,3-Melm][CI] (20 min;
teristics; e.g., they can deactivate the enzyme employed in100-120°C; 300 W power}?8

enzyme-mediated esterificatidfsind are not compatible with

The data listed in Table 4 were obtained after cellulose

many intended applications of the derivatized carbohydrate, dissolution for 12 h at 10C higher than the mp of the 1195106

especially in consumer products.

The first report on the dissolution of cellulose in an IL, molten
N-ethylpyridinium chloride in the presence of nitrogen-contain-
ing bases, dates back to 19%4this report was treated as a
novelty of little practical importance, because of the high mp
of the salt, 118120 °C. Later, it has been shown that the mp
can be lowered to 77C by mixing the IL with 50% DMF or
DMSO; the mixtures thus obtained dissolve cellul®s&he
introduction of the principles of green chemistry and the

The efficiency of [GMelm][Cl] as a solvent is demonstrated
by the fact that it dissolves bacterial cellulose, BRB493. As
seen under the microscope, swelling of a single cellulose fiber
appeared after 5 min of contact with the solvent; complete
dissolution was observed after 20 min at ®D%8

As a solvent for cellulose, the IL [AllyIMelm][CI] has
generated interest because its mp {CJ is much lower than
that of the saturated alkyl group counterpart, namely\V€&m]-

[CI], 60 °C. Solutions of 2.9-5 wt % cellulose in [AllyIMelm]-

recognition of the potential of ILs as solvents has revived interest [C|] can be obtained after 15 min of heating without prior
in their use. A comparison of the results listed in Tables 2 and activation of the biopolyme’ Note that this solvent is not

3 clearly shows the power of ILs, relative to classic solvents,

in dissolving low- and a few higiM, carbohydrates.
A similar compilation for other high-Mcarbohydrates, for

“new”, as claimed?7.198Real-time observation of the dissolution
of cellulose fibers (DR= 650) in [AllyIMelm][CI] was carried
out at 80°C by using polarized light microscopy. Solution

example, cellulose and chitosan, will not be attempted. The viscosity depended on the concentration of the dissolved

reason is that the dissolution of these biopolymers is dependentellulose, being 110 and 1480 mPa s, at’8) for 4 and 8 wt

Ccbv
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Table 4. Dissolution of Different Celluloses in ILs

weight; DP?@
cellulose; DP [CoMelm][CI] [CsMelm][CI] [C4-2,3-Me,Im][CI] [CsMePy][CI] BDTACI
microcrystalline; 286 12%; 329 18%; 307 9%; 342 39%; 172 5%,; 327
spruce sulfite pulp; 593 6%; 580 13%; 544 6%; 622 37%; 412 2%; 527
cotton linters; 1198 4%; 1181 10%; 812 4%; 1102 12%; 368 1%; 966
a\Weight percent of cellulose dissolved; DP after regeneration of the biopolymer.
o 2-propanol (0.12 wt %) but is more soluble in ILs, 2.66, 3.36,
CHeN “CH; 1.91, and 1.62 wt % for [@Melm][BF], [CsMelm][BF,], [Cs-
B Melm][BF4], and [GMelm][PFg], respectively:'3 Chitin and
CH chitosan (partially N-deacetylated chitin) dissolve inNA&Im]-
CHeN 0”8 [X] (X = CI~ and BR").114115Viscous solutions of chitin (10
B° wt %, clear) or chitosan (degree of N-deacetylation, 88%,
Figure 6. Structures of some ILs with an ether linkage in the side =3 x 10°to 4 x 105 10 wt %, semiclear) can be obtained by
chain. dissolving the biopolymer at 11C. Results of X-ray diffraction

have shown that the former solution is completely disordered,

% cellulose, respectively. More concentrated solutions (10 wt whereas some order is still present in the solutions of chitd§an.
%) show strong light anisotropy, probably due to the formation The swelling of chitosan hydrogel films by mixtures of water
of a lyotropic liquid-crystalline phas€? A structurally related  plus [GMelm][X] (X = SCN  and TFA), [CsMelm][l],
solvent, [Allyl-2,3-MelIm][Br] also dissolves cellulose, 12, 4,  [CsMelm][X] (X = CI~, BF47), and [GMelm][CI] has been
and 4 wt %, for microcrystalline cellulose, spruce sulfite pulp, studied. Dried chitosan hydrogel films were prepared by
and cotton linters, respectivel{ dissolving chitosan (degree of N-deacetylation, 76 wio=

The IL series [RMelm][FmQO] and [REtIm][FmO], where R 2 x 10°) in dilute acetic acid, followed by casting, washing of
= Et, 1-propyl, and allyl, respectively, are interesting because the films, and drying. These films were brought into contact
of their low viscosities and the high basicity of the counterion. with water-IL binary mixtures, and the water retention was
Thus, the viscosities are 66, 67, and 2090 mPa s for [AllyIMelm]- measured at different water contents. The results show a clear
[FmO], [AllylEtIm][FmO], and [AllyIMelm][CI], respectively. dependence on the counterion; swelling byNeIm][BF,] is
The very low viscosities of the formates were attributed to the more efficient than that by contact with pure wat&r.
small size and flat shape of the anion. Additionally, the anion  Starch and zein protein are soluble ingi&Im][CI] and
basicity, as measured by the solvatochromic paranfeteide [C4Melm][N(CN),]. After heating at 80°C, extremely viscous
infra, eq 1, is stronger than that of the chloride ign= 0.99 solutions were obtained, containing up to 15 wt % dissolved
and 0.83, respectively. These characteristics should make thismaterial'l” The effects of heating in water or in J@elm][CI]
series of ILs suitable to dissolve biomacromolecules, where low on the morphology, amylopectid,, and thermal properties of
viscosity and high basicity are important. A 10 wt % solution corn, rice, wheat, and potato starches were recently studied.
of a microcrystalline cellulose, DP ca. 250, in [AllyIMelm]-  Dispersions of all starches in water or the IL (15 min at’8)
[FmO] was obtained by heating at 8G versus 100C for the are opaque or translucent. Heating the dispersions of all starches
corresponding [AllyIMeIm][CI]. At 85°C, the solubility of the for 1 h at 100°C produced translucent (water) or clear products
same cellulose in the former IL reached 22 wt %. Amylose (DP (IL). Dissolution in hot ILs resulted in a decrease of #eof
ca. 1000), dextrin (DP ca. 70), inulin (DP ca. 35), pectin (DP all starches, ranging from 59.4% (rice) to 38.6% (potato), with
ca. 1500), and xylan (DP ca. 3000) also dissolve in [AllyIMelm]- concomitant formation of several degradation products, detected
[FmO]. The solubilities of amylose, dextrin, and inulin increased by size exclusion chromatography (SEC). ThusNI&Im][CI]
noticeably as a function of increasing temperature between 20may have limited applications as a solvent for starch. The onset
and 100°C. This was attributed to hydrogen bonding of the and peak temperatures and the enthalpy change of native
anion with the hydroxyl groups of the biomacromolecule. The starches and those dispersed in water or IL were determined by
much smaller temperature effect on the solubilities of pectine DSC. Except for potato starch in the IL, dispersion in either
and xylan agree with this explanation, because of the relatively solvent has transformed the remaining starches into gelatinized
low density of OH groups of these compourids. form 118

At 25 °C, 5-cyclodextrin 3-CD) has comparable solubilities A series of results can be employed to rationalize the
in water and in [GMelm][BF,4], 1.85 and 1.88 wt %, respec- mechanisms of IL-induced solubilization of carbohydrates. Near-
tively.**! Structurally complex carbohydrates, for example, IR spectroscopy has been employed to determine the binding
glycosaminoglycans, including heparid{= 12 500), heparin constants between phenol and -, andy-CD in [C;Melm]-
sulfate M, = 14 800), chondroitin-6-sulfate, and hyaluronic acid [Cl]. The phenotCD binding constants were much lower in
(M; = 10°) dissolve in several ILs (in the range of 0.1 to 1 wt the IL than its counterparts in aqueous solution (phenol/CD/
%), including [GMelm][BF4], [C.Melm][BzO], and [GMelm]- water), because the cation of the IL forms inclusion complexes
[BzO], respectively:!2 As shown in Table 3, ILs that carry the  with the cyclodextrin, thereby preventing phenol from being
ether linkage in one of the side chains attached (Figure 6) areincluded into the cavity of the oligosaccharité120A com-
efficient in dissolving carbohydrates, for example, glucose, bination of techniques has been employed to probe the solubi-
a-CD, amylose, and agarose. Gelation (formation of a physical lization of 3-CD in [C;Melm][BF4]. The results indicated that
gel) was observed when a solution of the latter was cooled to 3-CD enhances the solubility of the IL in water, because of its
room temperaturé mutual interaction with both solvents. The dependence of

Konjac glucomannan is a polysaccharide, consisting of solution conductivity of the (partially soluble) IL in water on
glucose and mannose in the ratio of ca. 1:1.6. A sample of this 8-CD indicated the formation of 1:1 CBIL complex. A fine

carbohydrateNl; = 77 503) is only slightly soluble in 2-methyl-  crystalline powder is formed whef-CD is mixed with IL; CDV
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Figure 7. Structure suggested for the penetration of the cation of IL
into the cavity of -CD. Adapted with permission from ref 111. CeII—O—H--CI@ 'S(CH3)2
Copyright 2005 Wiley-VCH. IEi ® )
o , , 7\ CHs Li=Cl
X-ray diffraction of this powder showed a pattern typical of a AN S
cage structure. Finally, both solid-statéC NMR of these Y CHa Cell—O\
crystals, and liquid-statéH NMR of the CD-IL mixture Hy H
indicated the formation of hydrogen bonds between the cation \O=S(CH3)2

of the IL and C3-OH, C5-OH and C6-OH groups of the glucose

units of B-CD. On the basis of these data, Figure 7 was D E
suggested for the penetration of the IL into the cavity of the Figure 8. Structures suggested for explaining the interactions of
CD.1!1 The dependence of chitosan hydrogel swelling by cellulose with LiCl/iaprotic solvent systems. For simplicity, partial
aqueous ILs on the molecular structure of the IL has also beencharges are not shown. Adapted with permission from ref 53.
explained on the basis of the penetration of the latter into the Copyright 2005 Springer Verlag.

hydrogel network:® ) . ) be 7.8 and 4.9 for cellobiose and glucose, respectively,
Insight into the mechanism of dissolution of carbohydrates corresponding to 1 IL molecule/sugar OH grodp.
in ILs was achieved by applying NMR spectroscof. NMR The above-discussed dissolution mechanism probably applies

signals of cellulose dissolved in j@elm][CI] were recorded  +tg other carbohydrates. Formally, it is similar to the mechanism
at 80°C, and the spectrum obtained was compared with that of of cellulose dissolution in LiCl/dipolar aprotic solvent, where
the same cellulose in a typical nonderivatizing solvent system, possibilities for the biopolymer/solvent system interactions are
DMSO/TBAF. The similarity of the chemical shifts of the  gepicted in Figure 8.

anhydroglucose unit (AGU) carbon atoms indicated thatthe IL  The relative importance of the halide ieRlO—Cel interac-
isa nOﬂderiVaﬂZing solvent for Ce”ulOé@.The same technique tions can be inferred from app”cation of the TFaKamlet—
was applied to solutions of celluloses (BP400-1000), and  Apboud equation to the U¥vis absorbance data of solvato-
the oligomers cellobiose, cellotriose, and cellohexaose; D chromic probes, Figure 3, dissolved in cellulose solutions in
(where the carbohydrate is soluble) and insfeim][Cl] different solvent systems, including LiCI/DMAS In this
containing 15 wt % DMSQ; the latter was added to reduce  treatment, the microscopic polarity measured by the indicator;

solution viscosity. The spectra obtained indicated that cellulose g (indicator) is correlated with the properties of the solvents,
oligomers are disordered in the IL/DMSO solution. This result a5 shown in eq 1

is similar to that observed for aqueous solutions, despite the

considerable differences of the two me#i&To further probe E;(indicator)= constant- s(z*) + ao. + b (1)
carbohydrate IL interactions, the same authors determined the

NMR longitudinal (1) and transverserlg) relaxation times of That is, the polarity is modeled as a linear combination of a
[C4Melm][Cl], both for the cation{3C), and the anion?¢37Cl), dipolarity/polarizability term $§(zz*)], two hydrogen-bonding
respectively. These relaxation times were determined as aterms, in which the solvent is the hydrogen-bond doaay) Er
function of the concentrations of cellobiose (model for cel- the hydrogen-bond acceptdy). The parameters*, o, andg
lulose), glucose, and glucose pentaacetate; the latter lacksare known as solvatochromic parameters, because they are
hydrogen-bond donors. Variations in relaxation times usually determined by the use of solvatochromic indicatér€é The
yield information about molecular dynamics of the compound results obtained have revealed that the most important solva-
investigated?2 These variations are particularly pronounced for tochromic parameters arece (the hydrogen-bond donation
the chloride ion, as botPPCl and3”Cl have a spin number of  ability of cellulose) andSLiciomac (the basicity of the solvent
31,123 The effects of increasing temperature (from 40 t°8) system). Therefore, the most dominant interaction is-<GO—

on T; and T, of both nuclei 3C and3537Cl) of the pure IL Cel. In other words, carbohydrate dissolution in LiCI/DMAc
indicated the expected weakening of ion-pair interactions. or in ILs can be pictured as a chloride-ion-driven exchange of
Investigation of the relaxation times as a function of increasing cellulose for DMAc in the coordination sphere of the lithium
cellobiose concentration has indicated that the interactionsion?” or for the organic cation in case of ILs. Note that the
between the IL cation and sugar are negligible. However, those cations and most anions of ILs (that are employed to dissolve
with the anion were found to be very strong. That these carbohydrates) are large and asymmetric, leading to loosely
interactions are due to hydrogen bonding of @ the OH packed ionic network?® Consequently, the ions of ILs are
groups of the sugar was confirmed by studying the dependenceexpected to be freer to interact with the OH groups of the
of relaxation times on glucose and glucose pentaacetatecarbohydrate than, e.g., the ions of LiCl in DMAc. This leads
concentrations. Whereas the former interacted strongly with the to higher solubilities in ILs than in classic solvent systems.
anion, the latter shows almost no effect on the relaxation rate 4.2. Applications of Carbohydrate Solutions in ILs. We

of 35CI. The stoichiometry of the interaction was calculated to start by showing applications where the biopolymer is 8%\/
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chemically modified (i.e., is not functionalized). Regeneration
of the biopolymer dissolved is the first application that comes

to mind. Indeed, cellulose can be precipitated from its solutions

in ILs as monoliths, fibers, and films by the addition of water,
alcohol or acetoné® 129 In addition to the biopolymer, the
solution in IL may contain other additives, e.g., dyes and metal
complexing agents. The additive-containing cellulose matrix,

obtained by extrusion, can then be employed, e.g., for reme-

diation in aqueous medi&°
Cellulose solution in [@Melm][CI] was extruded into thin

fibers by contact with water. SEC analysis has shown that the

dissolving pulp was regenerated without significant change in
its DP, or polydispersity. Examination by scanning electron
microscopy (SEM) revealed that the morphology of the fibers

obtained has changed significantly, displaying a rough, but

conglomerate texture in which the fibers are fused into a
relatively homogeneous macro-structéitéds shown in Table
4, the same trend, little effect of solubilization on DP of the

bioploymer, has also been reported for other celluloses in several

ILs.195 Note that the negligible effect of solubilization on DP
has been demonstrated for cellulose solutions in LiCl/DM#c.

It appears, however, that dissolution of some carbohydrates in

ILs may result in degradation. As shown in Table 4, dissolution
of cellulose in [GMePy][Cl] has decreased the DP of the
biopolymers to 44.4, 71.0, and 30.7% of their starting values,
for microcrystalline cellulose, spruce sulfite pulp, and cotton
linters, respectively. Also, dissolution of cellulose from sugar-
cane bagasse in a mixture of J@elm][Cl] and DMSO (4:1)
and in pure [AllyIMelm][CI] (100°C, 12 h) has resulted in DP
decrease of 42.7 and 28.7%, respectivédyStirring native
barley starch in [@Melm][ClI], at 100°C gave depolymerized
amylose products, but amylopectin remained intétt.
Electrospinning is a widely used technique to obtain micron-
to nanometer-sized fibers of various polym&¥dn this method,
the polymer solution is held by its surface tension at the tip of
a capillary. Application of high voltage (320 kV) causes the
solution at the tip to elongate, until a fine jet is ejected from
the apex of the cone. Cellulose solution, 10 wt %, igNIéIm]-
[CI] and cellulose-heparin solution (10 and 7 wt %, respectively)
in [Co,Melm][BzO] were subjected to electrospinning; the fibers

and composite fibers formed were washed with ethanol and

dried. SEM characterization showed the formation of highly

branched, nanometer-to-micron-sized fibers. It is noteworthy that
the heparin present in the composite fiber maintained its

bioactivity (as anti-clotting agent) even after exposure to the
high voltage required for electrospinnitp.
A very important application is to use the carbohydrdte
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Figure 9. Schematic representation of methods employed to attach
substrates to carbohydrate matrices. Parts A, B, and C correspond
to inclusion into the carbohydrate matrix, physical adsorption, and
covalent attachment, respectively.

In any of these approaches, carbohydrdte composite
substitutes for the simple carbohydrate matrix; this entrapment
of the highly polar IL solves the problem of poor conductivity
of the carbohydrate film, an important requirement for applica-
tion in biosensors.

Several examples of approach i will be listed; first we
consider encapsulation of simple substrates, then that of
biomacromolecules. Complexing agents for metal ions were
prepared as follows: Solutions of microcrystalline cellulose or
filter-paper celluloses were dissolved ingMelm][Cl] or [C-
MezIlm][CI] ILs. Metal-complexing agents, e.g., PAN, were then
added, the composite was casted into film, and the latter was
washed with water and dried. The resulting films removed metal
ions, e.g., MA™, Ni2™, and Zri#+ from aqueous solutions. They
were also employed for the quantitative determination of these
ions, with detection limits of 1.6, 1.6, and 2:2 10°¢ mol/L,
respectively?’® “Magnetic” cellulose was obtained as follows:
A 5 wt % solution of microcrystalline cellulose was prepared
in [C4Melm][CI] by conventional (110C) or microwave heating

(3—5 s pulses at 700 W). The solution was cooled to°@0Q

cpmposite as a matrix for a myriad of substrates, including and magnetite, 0.5 to 2.5 wt %, was added. under vigorous
biopolymers. The general approac_hes Fhat are employed to attzm%tirring. X-ray diffraction of the gray or black flocs or beads of
substrates to supports, e.g., matrices in forms of films or beads’magnetic cellulose showed the presence of crystalline and

are. shown. in Figure 9 a.nd arg d'SC_USS_Ed blow: ) . amorphous cellulose and magnetite. The negligible shifting of
(i) The first approach is by inclusion into the matrix during  the magnetite X-ray peaks as a function of its concentration in
preparation of the latter, Figure 9A. In encapsulation of ihe composite indicated little interaction with cellulose and that
biopolymers, this strategy may result in loss of bioactivity by i js incorporated without undergoing chemical change during
several mechanisms: heat-induced denaturing during drying ofhe formation of the composite. All samples examined exhibited
the composite; IL-induced denaturing, as shown for cellulase ferromagnetism3” TiO, nanostructures of controlled properties
in the presence of [(Melm][CI] and [C,Melm][BF]; con- are important because of their potential applications in photo-
strained local environment, imposed by the support matrix and/ catalysis, dye-sensitized solar cells, B&13*Mesoporous Ti@
or decreased diffusion of the substrate into the composite#im.  ims have been obtained by the following procedure: Cellulose
(i) Simple physical adsorption onto the film surface is shown was first dissolved in [AllylMelm][CI] to give 1, 5, and 10 wt
in Figure 9B; this process is reversible and is associated with 94 solutions. Titanium tetrabutyloxide was then added, followed
substrate leaching. by calcinations of the resulting solutions. The samples produced
(iii) Chemical attachment of the substrate to the film surface showed similar X-ray diffraction patterns. The following results
via a covalent bond, is depicted in Figure 9C. were observed as a function of increasing the cellulose coggr{}
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of the solution: an increase in the specific surface area (from employed to attach lipase to Cel beads. The activity of the
30 to 44 ni/g); an increase in the pore volume (from 0.10 to surface-immobilized enzyme as a catalyst for transesterification
0.13 cn¥/g); a decrease in the average pore size (from 16.0 to of ethyl butyrate with 1-butanol compared favorably, 87%
5.5 nm). That is, the composition of the original Cel/IL solution conversion, to that of a commercial lipase saniffe.

can be employed to control the properties of mesoporous TiO  |n principle, similar immobilization schemes for biomacro-
nanofilms4? molecules can be employed for composites of chitin and/or
The encapsulation of biomacromolecules into solid support chitosan with ILs. Thus an aqueous solution of hemoglobin was
materials has been studied extensively as a simple mean ofdissolved into a solution of chitosan in f&elm][BF,]; the
protein stabilization, as well as catalyst separation and recoveryresulting solution was casted as a thin film on the surface of a
from reaction systems. Cellulose- and chitin-supported enzymeglassy carbon electrode. The position and intensity of the Soret
membranes are attractive because the matrices are hydrophilicabsorption band of heme (Fe) indicated no denaturing as a result

inert under physiological conditions and biocompatible. Imi-
dazolium salt of heparin was dissolved in,(eIm][BzO]; the
resulting solution added to another of cellulose inNI€Im]-

[CI]. After homogenization, the resulting heparin/Cel/IlL was
fabricated into biomaterials of different shapes, including
membranes (by casting), micro- or nanospheres (by atomization)
or micro- or nanofibers (electrospinning). Once solidified, the
resulting bio-composites were washed with ethanol and dried.
SEM micrographs of cellulose and hepari@el films showed
material with smooth surfaces and uniformly distributed nan-
opores (26-40 nm); heparin is strongly attached to the Cel
matrix. Activated partial thromboplastin time and thromboelas-
tography demonstrate that the hepai@el composite is superior

to other existing heparinized biomaterials in preventing clot
formation in human blood plasma and whole blood. Membranes

of its entrapment in the chitosailL composite and negligible
heme diffusion through the film. A pair of well-defined, quasi-
reversible redox peaks of hemoglobin was observed, indicating
efficient electron transfer between the protein and the electrode.
The composite film electrode is stable and has dramatically

.enhanced the biocatalytic activity of heme in reduction of

oxygen and trichloroacetic acid® A horseradish peroxidase
biosensor was constructed by entrapping the enzyme into
chitosan/[GMelm][BF4] composite film, followed by deposition

of the latter on the surface of a glassy electrode. A pair of stable,
well defined, quasi-reversible redox peaks of the enzyme was
observed. The biosensor exhibited good sensitivity, reproduc-
ibility, and linear response to 4@, concentration, from 0.75 to
135uM, and was found to be free from interference by organic
solutes, ethanol, glucose, sucrose, uric acid, or ascorbic acid,

made of these bio-composites allow the passage of urea, whilerespectively:t

retaining albumin, representing a promising blood-compatible
biomaterial for hemodialysi¥'* Another example is the encap-
sulation into cellulose-IL composite of the enzyme laccase from
Rhusvernifecera(a redox enzyme, responsible for the degrada-
tion of phenolic compounds, e.g., ligniH% Microcrystalline
cellulose was dissolved in [®elm][CI] to give a 4.75 wt %
solution. This was cooled to room temperature to form a
supercooled solution (the mp of the IL is 6€). Aqueous

Heck olefination reaction has been carried out in the presence
of Pd/chitosan/IL nanocomposites. The ILs employed were
TBABTr, tetrabutylphosphonium bromide, J&@elm][BF],
[CsMelm][Br], or [C4Py][BF4]; all reactions were carried out
in the presence of TBAA as a base. The metallic catalyst, Pd(0)
and Pd(Il) was generated by chemical or electrochemical
reduction of Pd(AcQ)in the presence of chitosan/IL. Examina-
tion of the catalyst by TEM showed that it is of the cortex type,

laccase solution was then added, the solution homogenized,Pd(0) being surrounded by a shell of chitosan. Bromobenzene

casted as a film, washed with water to dissolve the IL, and air-
dried (enzyme activity was lost on drying the film at 190).
Alternatively, the enzyme was precoated with another IL, e.g.,
[CaMelm][N(TFMS),] before being added to the supercooled
solution of cellulose in the IL. Native laccase retained 18% of
its original activity (syringaldazine oxidation in bulk water)

and butyl acrylate react rapidly (15 min) at 13C in the

presence of the above-mentioned catalyst; a high yield (99%)
of trans-butyl cinnamate was obtained. The reaction products
were extracted with cyclohexane, and the catalyst/IL was
recycled. Due to the high reaction temperature, however, the
catalytic efficiency decreased after each cycle, due to Hofmann

when encapsulated in the cellulose matrix, compared with 29% decomposition of TBABT, which destabilizes the nanocomposite

when precoated with a “protective film” of IL, before being

(Pd/chitosan). The more reactive iodobenzene reactawiitltyl

added to the Cel/IL solution. There was no observable leaching acrylate at a lower temperature, 105, and the catalyst was

of the enzyme from its cellulose matfAxd

The above-mentioned loss of enzyme activity, relative to that
of laccase in bulk water, can be traced to either loss of
conformational flexibility or decreased diffusion of the substrate,
as a result of encapsulation in the cellulosic matrix. Conse-
quently, surface immobilization of the protein alleviates this
problem, either by physical adsorption (approach ii) or covalent

recycled 11 times, with an overall conversion of 94%s.

4.3. Synthesis of Functionalized Carbohydrates in ILsA
clear understanding of the roles of carbohydrates in biology is
the focus of the newly constituted field of glycobiology, the
study of biological activities mediated by carbohydrates. Thus
carbohydrates play an important role in biology, e.g., as
reservoirs for the storage of excess cellular energy and for

attachment to the surface (approach iii). This latter was used Maintaining the structural integrity of most living organisitfs!4®
by the same research group to attach laccase to a celluloséAdditionally, carbohydrates are ideal binding partners for

matrix. First, films and beads of surface-functionalized cellulose

proteins involved in intracellular communication. Glycosylation

were prepared by addmg po]yamine po|yme|’3, e.g., branchedOf carrier molecules, such as proteins and ||p|C|S, afford

or linear poly(ethyleneimine) to a supercooled Cel solution in
[C4sMelm][CI]. The solution was casted into films or dispersed

into beads; the products were washed with water. The Cel
composite materials were “activated” by glutaraldehyde, the

resultant imine bonds were reduced, and the enzyme was

glycoproteins, proteoglycans and glycolipids that serve to display
carbohydrate in their extracellular environment. These glyco-
sylation modifications can result in very important biological
activities150.151

Investigation of the above-mentioned activities is often

attached. Depending on the polyamine employed, the specificdependent upon the synthesis of complex carbohydrates, and

activities of the Cel-composite films ranged from 15% to 63%
of that of the enzyme in bulk water. The same technique was

these synthons frequently rely on selective functionalization of

one or more of the hydroxyl groups presétOn the basis OEDV
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Table 5. Acetylation of Carbohydrates with Acetic Anhydride in lonic Liquids

carbohydrate solvent time T yield ratio of
(h) (°C) (%) o/B-anomers
room
OH [C4Melm][N(CN),] 0.2 temperature 89 1.1711
HM [C4Melm][N(CN),] 24 50 98 1/1.10
H OH room
OH [CsMelm][N(TFMS),] 24 temperature 0

OH

H O room
OH?)gA,OCm [CaMelmIIN(CN):] 02 temperature 92

room

[CaMelm][N(CN);] 24 temperature

93

room

[C4Melm][N(CN),] 24 temperature

90

w
tﬁ
e

the unique properties of ILs, it is only natural that their use as by using A¢O in [RMelm][BzO], R = ethyl, 1-butyl, and
solvents for functionalization of low- and higlr carbohydrates 1-hexyl, respectively as solvents. The yields obtained were high
has been recognized and exploited, as shown below. but decreased as a function of increasing the length of R, being
The finding that ILs with the' N(CN), counterion appear to  100% and 68% fgf-D-glucose in [GMelm][BzO] and [GMelm]-
be unique, thus far, among families of ILs in their efficiency as [BzO], respectively. An indication that the benzoate counterion
solvents for mono-, di- and polysaccharitfdsas led to work plays a catalytic role is the fact that no product was obtained
on the use of these ILs for O-acylation of alcohols and for the O-peracetylation g8-p-glucose in [GMelm][BF4] and
carbohydrates. This reaction is widely employed not only for [CsMelm][PFg], respectively. O-Perbenzoylation of glucose and
the protection of the hydroxyl groups but also for the purification mannose was also carried out in,MeIm][BzO]; the yields
and structural elucidation of natural products. Per-O-acetylation were 53 to 55%, respectivefy.
is most frequently achieved by use of acetic anhydride along Cyclic 1,2-orthoesters of carbohydrates are important synthons
with, inter alia, a tertiary base, e.qg., pyridité or a Lewis acid, that are employed, e.g., as protecting groups for C1-OH and
e.g., ZnC}.154 Alternatively, this reaction can be carried outin  C2-OH groups, as glycosyl donors, and in oligosaccharide
an IL with or without a base catalyst. As shown in Table 5, synthesis. When treated with a Lewis acid, thpentenyl
several saccharides were successfully O-acetylated by reactiororthoesters are converted into highly stabilized ambident di-
of acetic anhydride with the sugar in JX@elm][N(CN);].155 oxolenium ions. Depending on the hardness of the nucleophile
Although the preceding reactions were carried out in the that reacts with these intermediates, the product may be a
presence of an IL/saccharide molar ratio between 2 and 6, (kinetically controlled) glycoside or a (thermodynamically
acetylation ofr-D-glucose has been successfully carried out with controlled) orthoester; the latter is used in the glycosidation
a IL/saccharide ratio of only 0.5. The presence of a base catalyst,reaction. The classical methods of preparing 1,2-orthoesters are
sodium acetate or pyridine, has no effect on the yield of penta- by reacting peracteylated or perbenzoylated glycosyl bromides
O-acetylp-glucopyranose, indicating that the solvent anion is with quaternary ammonium salts or silver triflate. Under these
acting as a base cataly§b.A reaction of similar importance is  conditions, the reactions are slow, requiring reflux in CH
O-acylation of sulfated sugars because the products have proverior one or more days. Alternatively, perbenzoylated glucopy-
useful in the synthesis of glycosaminoglycas. ranosyl bromide was reacted with alcohols and 2,6-lutidine in
Ultrasound-mediated acetylation of primary and secondary [CsMelm][PFs] for 8 h, Figure 10. The yield of the 1,2-
alcohols and peracetylation afp-glucose and-mannitol were orthoesters obtained varies from 52% (2-propanol) to 80% (4-
successfully carried out in [Bulm][X], where X~ = Br—, Cl, penten-1-ol). Satisfactory yields were obtained for the reactions
ClO4~, BF4—, and Pk, respectively. Except for 1-hexanol and of galactose and mannose, -68% and 59-70%, respec-
1-octanol, all acteylations preceded at room temperature in shorttively.156
times, 5-30 min, to give excellent yields, 805%. The role Although strategies for the synthesis of oligosaccharides are
of ultrasound in promoting O-acetylation is evident from the well established, many are laborious and require purification
fact that lower yields, 5691%, were obtained when the reaction of the reaction product after each st€pl>8¢Recent advances
was carried out under nonsonicated (silent) conditf§n®- include solid-phase synthedf the use of polymer-supported
Peracetylation of various saccharides, glucose, mannose, gasynthesis (polyethylene glycol, fluorinated suppott8):6land
lactose, and phenyl @-sulfo3-p-glucopyranoside was achieved IL-supported synthesis. In the last technique, the substraé(b'\s/
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R= a better yield in [GMelm][TFMS], 91%, than in organic
0Bz 0Bz Hch\OH solvents, diethyl ether, toluene, acetonitrile, or dichloro-
" %’A Bzé’zﬁ_o; N0 methane, 84%, 84%, 85%, and 89%, respectively. The reason
B o\/i :s:::::'ml for using an IL with a long-chain alkyl group §LCis to decrease
i OR Isooctanol its water miscibility, hence making product separation and IL
Benzyl aloohol recovery easier. The products were extracted with hexane/ethyl
R—OH acetate, and the IL was recycled five times without loss of
X i 48
820 OBz | _ Bz OBz HaCx e~ yield.
Bzom e W S Bzo% M Other compounds, e.g., O-perbenzylated glycosyl fluorides
o8 [C4Melm][PFe] /0 Isopmpanle were also investigated as glycosyl donors. The ILs employed
o/ JOR Isooctanol were [GMelm][X], X = BF;~, N(TFMS),”, TFMS", and
ClO4, respectively, associated with Brgnsted acid catalyst with
the same anion (as the IL). The reaction was found to be
ol 60 i/oa HIS e~ stereoselective; its outcome depended on the IL/protic acid
Bzé)zat& 80 E o_o o NG o employed. For example, at 2&, the yields of glycosylation
Br Bz0 lsompanfl” of cycohexylmethanol with glucopyranosy! fluoride/g =
Bz: Benzoyl 1/20) were found to be 86% and 89%, with thés anomer
Figure 10. Scheme for the synthesis of cyclic 1,2-orthoesters. ratios of 2.13/1 and 1/3.17 for the reactions carried out ig [C
Adapted with permission from ref 157. Copyright 2005 Georg Thieme Melm][N(TFMS),)/(CF3SO,).NH) and [GMelm][TFMS]/(CFs-
Verlag KG. SGsH), respectively. The corresponding figures for the reaction

of the above-mentioned glycosyl donor with methyl 2,3,4-tri-

covalently attached to the IL; the resultant product undergoes O-benzyl-6-deoxye-b-glucopyranoside (in a mixture of two
the reaction desired; the product is detached from the IL and |Ls, 0 °C, 24 h) and methyl 2,3,4,6-tet@-benzyla-p-
separated, as shown in the following reaction scheme in which glucopyranoside ([Melm][TFMS]/(CR:SQO:H), 25 °C, 1 h)
phenx(/jl 2,3,4,ﬁ-tetr@benﬁyl-l]tgi%ﬁ-D{glécopyrﬁosic:e iscon-  were 99% and 54% and 13/87 and 42/58, respectively.
verted into the trimer phenyl-2,3,4-@-benzyl8-o-glucopy- Subsequent studies on the glycosylation of the same alcohol
rzagc;rsyl_-(ol—ge)-z,|3,f-tk:!o-benlzylﬁ-D-quco%yr.aEp syI-(EE;)- in the presence of IL/protic acid with different anions, e.ge[C

,3,4-tr-0-benzyl-1-thiog-p-glucopyranoside; Figure TF: Melm][TFMS]/(CF:SO,),NH) indicated that the IL not the

Alkyl glycosides are important intermediates and products gygnsted acid is responsible for the predominance of the
in the synthesis of biologically active natural compounds and g_anomer in the product. Effects of other experimental variables
surfactant$®¥1% A variety of reagents have been employed g, the stereoselectivity of glycosylation of cyclohexylmethanol
in the formation of the glycoside bond, including glycosyl \yere investigated, namely, reaction temperature and the structure
halides, thioglycosides, and pentenyl glyc05|des. In a recent of the alkyl group of the IL. Because §@elm][TFMS] is solid
study, methyl 2,3,4,6-tetr@-acetylu-D-th|omannopyranos_|de at 0°C, its mixtures with [gMelm][N(TFMS),] were employed.
and methyl 2,3,4,6-tetr@-acetylf}-p-thiogalactopyranoside  a¢ this temperature, the produal anomer ratio were 1.08/1,
were employed as glycosyl donors to a series of acceptors, 15 33 and 1/3 for pure [(Melm][N(TFMS),] and for [Gs-
including 2-propanol, cyclohexanol, benzyl alcphol, and PEr- Melm][N(TFMS),J/[CeMelm][TFMS] ratios of 5/5 and 2/8,
benzoylated methylglucopyranoses. The reaction was carriedggpactively. With regard to the molecular structure of the alkyl
out in [CMelm][X], X = BF,", Pk, and CHSQy", plus group, use of [QOC,HsMelm][TFMS] offered no stereoselec-
methyl trifluoromethane sulfonate as the donor activator, Figure tivity (a/f = 1.08/1), whereas [CNgEMelm][TFMS] gave

12. Only the first IL gave satisfactory results, with yields from 1/3.35. Thus the stereochemical outcome of carboh
. . .35. ydrate
55% to 819% for alcohols and 39% to 76% for the OIIS‘S‘CCh""”deS'functionalization reactions can be controlled by a judicious

In addition to its role as a solvent, the IL also acted as a drying choice of the molecular structure of the 167

agent, or “molecular sieve”. Thus the yield was not affected by ) o
the presence of intentionally added water until the water/ ~O-Perbenzoylated mannopyranosyl trichloroacetimidate, O-

trifluoromethane sulfonate molar ratio exceeded 1:1. That the Peracetylated glucopyranosy! trichloroacetimidate, and O-per-
IL inhibits the hydrolysis of the activator has been demonstrated &cetylated galactopyranoside trichloroacetimidate iMem]-
by comparing the reaction in the IL with that in CRCind [PRgJ/trimethylsilyl trifluoromethane sulfonate catalyst were also
DMSO. After 2 h of stirring at room temperature, in the presence €mployed as glycosyl donors to allyl alcohol, benzyl alcohol,
of equivalent concentrations of water and catalyst, the extent and methyl-6-hydroxyhexanoate (Table'®).
of hydrolysis of the latter was found to be 55%, 9.9%, and 1.2%, Under the same experimental conditions, a disaccharide was
for DMSO, CDCh, and [GMelm][BF,], respectively:®® obtained by the reaction of O-peracetylated glucopyranosyl
The glycosylation of several alcohols including cyclohexanol, trichloroacetimidate with methyl ribofuranoside. Recovery of
cyclohexylmethanol, 2-propanol, and 1-octanol by perbenzylated the IL included extraction of the products, washing the IL with
glycosyl phosphite was investigated in classic organic solvents water and toluene, filtration in Celite, and drying under reduced
and in ILs containing Bragnsted acids, Figure 13. Each Ilg; [C ~ pressure. The IL recovered was used once in the preparation of
Melm][X], X = BF4~, N(TFMS)~, and TFMS, respectively, allyl mannoside, with some loss of yield, from 93% to 82%,
and the corresponding protic acid catalyst employed had arespectively:®® Similar results were obtained for the reaction
common anion, e.g., [{Melm][BF4]/(HBF,), etc. The depen-  of 2-propanol with O-peracetylated and O-perbenzylated trichlo-
dence of the yield of glycosylation of cyclohexylmethanol on roacetimidates in [@Melm][PFs] or [CoMelm][TFMS], by using
the catalyst concentration was investigated; 1 mol % catalyst trimethylsilyl trifluoromethane sulfonate as a promoter. Interest-
to IL gave the best result. Other alcohols gave similar good ingly, the ILs were recycled by extracting the product with
yields, ranging from 63% to 99%. Under comparable experi- toluene or chloroform; a new reaction was carried out in the
mental conditions, glycosylation of cyclohexylmethanol gave recycled IL, up to four times, without the addition of fresh aCigiE)V
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Figure 11. Representative IL-supported synthesis of oligosaccharides. Adapted with permission from ref 162. Copyright 2006 Georg Thieme
Verlag KG.
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Figure 12. Glycosylation of mono-saccharide derivatives in ILs. Adapted with permission from ref 167. Copyright 2006 BioMed Central.

promoter or loss of yield. This result shows the capability of cosylenzyme intermediate; this reacts with water (hydrolysis)

the IL to retain the catalytic properties of Lewis acl@s. or another nucleophile (Nu) to yield a glycosidic product. As
Glycosides may be also obtained by enzyme-catalyzed expected, the ratio of transglycosylation/hydrolysis depended

transglycosylation, involving the formation of a covalent gly- on rate constants, and concentrations of the recepkp{ate) CDV
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Figure 13. Brgnsted acid-catalyzed glycosylation of cyclohexylmethanol by perbenzylated glycosyl phosphate in ILs. Adapted with permission

from ref 48. Copyright 2003 Elsevier.

Table 6. Yields of Glycosides, Obtained by the Reaction in
[CaMelm][PFe], in the Presence of Trimethylsilyl Trifluoromethane
Sulfonate Catalyst?

glycosyl acceptor?
(trichloroacetimidate of)

methyl-6-hydroxy

glycosyl donor  allylalcohol benzylalcohol hexanoate

mannopyranose  93% 70% 7%
glucopyranose 62%; 1/6 50%; 1/8 52%; 1/3.2
galactopyranose 67%; 1/7.6 60%; 1/6.4 66%; 1/10.6

aReprinted from with permission from ref 169. Copyright 2003 Georg
Thieme Verlag KG. ? In each column, the first and second figure refer to
product yield (%) and product o/ anomer ratio, respectively.

and ([Nu]/[water]), respectively. Aqueous ILs can be used as a
media for this reaction because they reduced the activity of
water, provided that they do not deactivate the enzyme. The
almost 2-fold increase in the yield df-acetyllactosamine,
induced byp-glycosidases fron. coli andBacillus cirulans

in 25% [CMelm][MeSQy] in water was attributed to the
efficient suppression of the hydrolysis side reactityA similar
reaction (synthesis ¢f-p-galactosides), catalyzed by the hyper-
thermostable enzymg-glycosidase from the archaedtyro-
coccus furiosuswas studied at 80C in the absence and

of carbohydrates. Several methyl glucopyranosides were found
to be soluble (at 96C) in the IL [HOCHCH,N(Me)s][Zn,Cls],
prepared from a 1:2 molar ratio mixture of choline chloride and
ZnCl. Interestingly, the sugars were O-acetylated by acetic
anhydrides in high vyields, 7831%, although, in principle,
acetylation of choline (present in ca. 20:1 molar excess with
respect to the substrate) is a potential side reaction; see Figure
14. The yield was not appreciably decreased, 66%, when the
reaction was carried out in the acetylcholine analogue of the
above-mentioned IL, i.e., [MeGQH,CH,N(Me)s][ZnCls)].
Similar high yields, 88% and 68%, were also observed for
acylation by propionic and 2-methylpropionic anhydrides,
respectively. Other interesting results include: specific acteyl-
ation of the sugar at the C4-OH group, 96%, when the acetic
anhydride/sugar molar ratio was reduced from 5:1 to 1:1; very
small yields, 5%, when a structurally similar IL, albeit with no
Lewis acidity, [HOCHCH,N(Me)s][ureal, was employed. IL
recovery was possible by extraction of reaction products by ethyl
acetate, followed by removal of volatiles under reduced pressure.
The IL recovered was employed four times in the acetylation
of methyl a-b-glucopyranoside without loss in product yield.

Acetylation of microcrystalline cellulose (DP ca. 200) in the
same IL has also been studied, with an emphasis on obtaining
products of low DS. Dissolution of the biopolymer (to obtain 3

presence of ILs. Because the activity of the enzyme was muchWt %) has been achieved either by microwave heating or by

more inhibited by [GMelm][BF,] than by [GMelm][MeSQy],

the latter IL was employed, along with lactose as the galactosyl
donor and lactose-xylose, glycerol, 1,2-ethanediol, 1-propanol,
1-phenylethanol, benzyl alcohol, and 2-propyb-thio-galac-

heating fo 3 h at 90°C. A SEM micrograph of the cellulose
regenerated (by precipitation in water) showed noticeable loss
of structure, an important polymer morphology modification
required for its efficient functionalization. The product DS (after

topyranoside as acceptors. Except for one compound, benzy|removal of some triacetate) yvas betwegn 0.42 and 1 for 1:1
alcohol, the transgalactosy! efficiency increased in the presenceand 20:1 AgO/AGU molar ratios, respectively?

of 45% or 50% (by volume) of the IL. The effect of the IL was

One commonly employed strategy for the synthesis of

found to be strongly dependent on the molecular structure of saccharides specifically functionalized at positions 2 and 3 of
the acceptor, suggesting that interactions of the Iattgr V\{Ith the the hexapyranose ring is their transformation into the corre-
solvent molecules, water, or IL, make a major contribution to sponding 4,6-O-bezylidenated derivative. Glucose, several

the observed transgalactosylation efficiency of the enzifhe.
Some ILs have polynuclear anions that are particularly air-

and moisture-sensitive, e.g., A8ll;- and AkCliyo~; other

complex anions are water-insensitive, e.g., 4n@nhd ZnCls—,

but are Lewis acids of sufficient strength to catalyze the Fisher

indole synthesis and cationic polymerizatid®s.They are

expected to be sufficiently acidic to catalyze the esterification

methyl glycosides, and maltose were reacted with benzaldehyde
dimetyl acetal, in the presence of toluene sulfonic acid catalyst
in ILs, namely, [GMelm][BF4], [CsMelm][X], X = BF4,
MeSQ,~, and phosphate, respectively. The yields were highest
(61% to 99%) for [GMelm][BF,] and lowest £5%) for [Cs-
Melm][MeSQy], showing the important effect of the anion of
IL. Recycling of the IL was examined; the products W%’BV
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Figure 14. Per-O-acetylation of sugars in acidic IL. Adapted with permission from ref 174. Copyright 2005 The Royal Society of Chemistry.

extracted with toluene, the IL was washed with water and passed Because the temperatures required to dissolve and function-
through a pad of Celite, and the volatiles removed under reducedalize cellulose are relatively high, vide supra, ionic compounds
pressure. The benzylidenation reaction was repeated five timeswhose mp’s are higher than room temperature can also be
without loss in efficiency.’* employed, e.g., [(Melm][CI], [C4sMePy][CI] and the surfactant

Using acid catalysis, ion-exchange resin, or 4-toluene sulfonic BDTACI, mp’s 73, 95, and 52C, respectively. The celluloses

acid, it was possible to obtain 5-hydroxyfurfural and 2,5-
disusbtituted furanic derivatives by dehydration of fructose. This
reaction was studied in DMSO, ILs j®lelm][BF4], [CsMelm]-
[PFe], and [GMelm][BF,4] plus DMSO (to increase solubility
of fructose in the IL), respectively. In the absence of catalyst,
only traces of 5-hydroxyfurfural were obtaind in DMSO,
whereas 36% was obtained in a mixture ofijfeIm][BF4] plus
DMSO after 32 h, demonstrating the catalytic effect of the IL.

employed were microcrystalline cellulose, spruce sulfite pulp,
and cotton linters, DPs, 307, 544, and 814, respectively.
Cellulose dissolution was carried out at XD above the mp of
the IL. The derivatization reactions included acetylation by
acetyl chloride or AgO/pyridine at 80°C for 2 h and
carboxymethylation by NaOH powder/CIGEO;Na; the latter
reaction was carried out in a 1:1.1 mixture (by weight) of IL
and DMSO. In [GMelm][CI], depending on the molar ratio

This yield increased to 52% and 75% in the presence of acid AC20/AGU/pyridine, 3/1/0 to 10/1/2.5, cellulose acetates with

catalyst in pure [@Melm][BF,], and in its mixture with DMSO,
respectively. Higher yield, 80%, was obtained for the reaction
in more hydrophobic IL [GMelm][PFg].17°

The fact that ILs solubilize hig; carbohydrates to produce
clear solutions, akin to those in obtained in LiClI/DMAc and
TBAF/DMSO, has led to intensive research on biopolymer
functionalization, in particular, acylation in these media. As

discussed above, hydrogen bonding between the anion of the

IL and the OH groups of the AGU is crucial to solubilization,

this being the reason that most ILs employed have a chloride

counterion. Thus 2.9 and 4 wt % solutions of cellulose (P
650) were acetylated by acetic anhydride in [AllyIMelm][Cl],
at 80°C and a 5:1 AgO/AGU molar ratio. The DS of the

DS ranging from 2.56 to 3.0 were obtained. Biopolymer reaction
with acetyl chloride gave products with DS of ca. 3, for an
acetylating agent/AGU ratio of 3 to 10/1. All products were
soluble in DMSO; the ones with DS 2.85 were soluble in
chloroform. Acetylation in the other two ILs was unsuccessful.
Carboxymethyl cellulose (CMC) with DS 0.49 was obtained

by using a chloroacetate/AGU molar ratio of 1:1; the DS was
not altered when the latter ratio was increased to'% The
preparation of several cellulose ethers in ILs was claimed; only
one example, CMC, was givé

The success in dissolving bacterial cellulose of very high DP
(6493) in [GMelm][CI] prompted work on its acetylation by
Ac,O and carbanilation by phenyl isocyanate; both reactions

product increased as a function of increasing reaction time 0.94,were carried out fo2 h (after cellulose dissolution) at 8C.
2.49, and 2.74 for 0.25, 8, and 23 h, respectively. For 2.9 wt % The acetates were found to be soluble in DMSO; the order of
cellulose solution in the same solvent, the DS increased from reactivity of the AGU OH groups is C6-O# C3-OH > C2-

1.99 to 2.30 for AgO/AGU ratios of 3:1 to 5:1, respectively.
With regard to the properties of the products, the following was
reported: All samples (DS 0.94 to 2.74) were soluble in DMSO;
samples with DS> 1.86 were soluble in acetone, those with
DS = 2.30 were soluble in chloroform; the order of reactivity
is C6-OH > C3-OH > C2-OH, similar to that observed in
acteylation in LiCI/DMAc®®! The reaction in recycled IL

OH. All carbanilates, except that with DS 0.29, were found

to be soluble in DMSO; some were soluble in DMF and THF.
The effect of the molecular structure of IL on acylation and
carbanilation of cellulose was studied. The ILs employed
included [GMelm][Cl], [C sMelm][ClI], [Cs-2,3-MeIm][CI], and
[Allyl-2,3-Me2Im][Br]. Acetylation gave products whose DS
depended on the molar ratio of acetylating agent/AGU. For

(obtained by removal of volatiles under reduced pressure) gaveexample, acetylation with A© in [C4Melm][CI] gave DS of

products of similar DS’

1.87-3.0 for 3:1 to 10:1 ratios, respectively. Under comparable

The reaction of Cel from sugarcane bagasse with succinic experimental conditions, the following dependence of DS, hence

anhydride in a mixture of [(Melm][CI] and DMSO (4:1) was
studied at different temperatures,-8800 °C, reaction times,
5—120 min, and [succinic anhydride]/AGU of 1:1 to 12: 1,
respectively; the DS obtained were from 0.037 to 33353 he
reason for this inefficient esterification (3$0.26), even under
favorable reaction conditions, [succinic anhydride]/AGU}:1,
reaction temperature 100°C, reaction time= 2 h is, however,
unclear.

reactivity, on the IL was observed: [&elm][Cl] > [Allyl-
2,3-Melm][Br] > [C4-2,3-Melm][CI] > [CMelm][CI].58

The reaction with lauroyl chloride in [f¥elm][Cl] gave DS
of 0.34, 1.54, and 1.44 for acyl chloride/AGU molar ratios of
1:1, 3:1, and 5:1, respectively. Fully functionalized samples,
DS = 3, were unattainable, probably because the system turns
heterogeneous. The effect of the structure of the IL on this
reaction, at an acyl chloride/AGU ratio of 3:1, showed @BV
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OH OR
. o) NaOH » 0
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CH,

Figure 15. Cationic derivatization of cellulose in choline—urea eutectic mixture. Adapted with permission from ref 177. Copyright 2006 The
Royal Society of Chemistry.

following order: [CMelm][CIl] > [C.Melm][CI] >[Cs-2,3- of the cation (e.g., aliphatic or heterocyclic), the length and
MezIlm][CI] > [Allyl-2,3-dimethylim][Br]. nature of the alkyl chains attached (saturated or unsaturated),
The carbanilation reaction occurred smoothly in@Im]- and the anion (simple or complex). Their power to dissolve large

[CI], without base catalyst (e.g., pyridine); the product DS concentrations of saccharides and carbohydrate biopolymers has

ranged from 0.6 to 3.0, for phenyl isocyanate/AGU of 1:1 to resulted in an explosive growth in research where they are

10:1, respectively; most samples were soluble in DMSO, DMF, employed as solvents, sometimes with a catalytic effect.

and THF. The presence of adventitious water in the carbanilation Examples of these studies include the synthesis of functionalized

reaction mixture led to the formation of aniline (detected by mono- and disaccharides and of esters, carbanilates, and ethers

13C NMR); the latter may be removed from the product by of cellulose and starch. Our hope is that this account serves as

washing, and the IL can be recoveréfl. a “road map” for further research in the field of applications of
Cationic functionalization of cellulose, Figure 15, is important ILs in carbohydrates and biopolymers in general.

because the products can be employed, e.g., as filters for the o

removal of anionic dyes present in textile industry effluents. Abbreviations and Acronyms

The IL employed to dissolve cellulose was a eutectic mixture

of chollne. chloride anq urea, molar rgtlo of 1:2, respectlvely. difficulties to the carbohydrate chemist and to readers in general
The reaction was carried out by treating cellulose with NaOH \q are not familiar with the subject. Therefore, we have opted
in this medium; the latter is acting as both a solvent and a o employing longer, but self-explaining acronyms. We use
reactant. The best conditions involved the reaction of the ¢, ¢, c, C, etc. to refer to the number of carbon atoms of
biopolymer for 15 h at 90C. One-half of the nitrogen present 5 saturated alkyl group attached to the heterocyclic ring. Thus
in the product is chemically bound as a quaternary ammonium C;0CH,-, C,OCH,-, C;OC,H,-, and GOC,H,- refer to the
group. The product formed was found to be efficient in removing methoxymethyl, ethoxymethyl, methoxyethyl, and ethoxyethyl
a typical water-soluble dye, orangellt. group, respectively. Unless specified otherwise, the alkyl groups
Successful acylation (by A© and propionic anhydride) of  aren-alkyl. For clarity, the cation and anion are placed inside
starch and benzoylation (by benzoyl chloride) of zein protein brackets, even when the latter is a simple ion, e.g-. Cl
were carried out in [(Melm][Cl]. In the former reaction, 10 ~ Therefore, [GMelm][Cl], [CsMelm][BF,4], [C;OCHMelm]-
wt % starch in the IL was obtained by heating for 40 min at 95 [N(CN)_], [C4-2,3-MeIm][Cl], and [C,Py][PF] refer to 1,3-
°C. Treatment of the solution resulted with different 8¢ dimethylimidazolium chloride, 1-(1-butyl)-3-methylimidazolium
pyridine molar ratios gave products whose DS ranged from 0.38 tetrafluoroborate, 1-methoxymethyl-3-methylimidazolium  di-
to 2.66. Zein solution in the same solvent reacted with benzoyl cyanamide, 1-(1-butyl)-2,3-dimethylimidazolium chloride, and
chloride to give the benzoylated product. Other ILs were also N-(1-butyl)pyridinium hexaflourophosphate, respectively.
investigated as low-cost alternative solvents for starch. These pcQ, acetate

The many structural possibilities for ILs may cause some

included the acidic IL [Melm][BE], eutectic mixtures of urea Ac,0, acetic anhydride
with CaCh and with choline chloride, and choline chloride with AGU, anhydroglucose unit
citric acid, with ZnC}, or with oxalic acid, respectively. Starch BDTACI, benzyldimethyltetradecylammonium chloride

gelation was observed for the first solvent system, viscous pgym, n-butylimidazolium
solutions were obtained for the next three solvent systems, and bp, boiling point

a dark solution was obtained for the oxalic acid system, Bn, benzyl

indicating biopolymer degradation. Zein was not soluble in any Bz, benzoyl

of these solventst’ BzO, benzoate

CD, cyclodextrin
Cel, cellulose
The favorable characteristics of ILs make them a promising CMC, carboxymethyl cellulose
substitutes for classic solvents for carrying out reactions, accord- DCC, dicylohexylcarbodiimide
ing the principles of green chemistry, in several fields, including  DMAc, N,N-dimethylacetamide
carbohydrate chemistry. From the application point of view, the  DMAP, 4-(N,N-dimethylamino)pyridine
extremely low vapor pressure, high polarity, and high chemical DMF, N,N-dimethylformamide
and thermal stabilities of ILs are very important properties DMSO, dimethylsulfoxide
because the reactions can be safely carried out at high temper- DP, degree of polymerization of the native biopolymer
atures. Additionally, all volatile substances present (water, resid- DS, degree of substitution of the fuctionalized biopolymer
ual reagents, and, where applicable, products) can be removed DSC, differential scanning calorimetry.
by extraction with an appropriate solvent or distillation under  Etlm, ethylimidazolium
reduced pressure; this renders recovery and recycling of the IL  E1(30), empirical solvent polarity parameter; corresponds to
feasible. The most important single factor is, perhaps, molecularthe transition energy of the charge-transfer within the probe, in
structure versatility. The molecular structures, hence propertieskcal/mol
of ILs, can be “tailored” according to need by a judicious choice ~ FmO, formate

5. Conclusions

Ccbv
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HN(TFMS),, bis(trifluoromethanesulfonyl)imide (§ESG),-
NH

HTFEMS, trifluoromethane sulfonic acid;z;ESGH

Ic, index of crystallinity of the biopolymer

IL, ionic liquid; In this review, IL refers to ionic compounds

that are liquid at room temperature (referred to, sometimes, as

RTILs) and those that melt below 10C.
MCPBA, 3-chloroperbenzoic acid
Me, methyl.
Melm, 1-methylimidazolium.
MePM, (4-[2-(1-methylpyridinium-4-yl)ethenyl] phenolate

M;, relative molecular mass of a simple compound or average

molecular mass for a biopolymer

mp, melting point

N(CN),, dicyanamide anion

NIR, near-infrared spectroscopy

N(MS),, bis(methanesulfonyl)imide anion, §8SQ),N~

N(TFMS),,  bis(trifluoromethanesulfonyl)imide  anion,
(FCSQ)N"~

Nu, nucleophile, other than water, e.g., alcohol and sugar

PAN, 1-(2-pyridylazo)-2-naphthol

Py, pyridinium.

SEC, size exclusion chromatography

SEM, scanning electron microscopy

RB, (2,6 dichloro-4-(2,4,6-triphenylpyridinium-1-yl)phemo-
late

RTIL, room-temperature ionic liquids

TBAA, tetran-butylammonium acetate

TBABI, tetran-butylammonium bromide

TBAF, tetran-butylammonium fluoridexH,0, x = 3

TEM, transmission electron microscopy

TFA, trifluoroacetate.

TFMS, trifluoromethane sulfonatezESQG;™

TFEMSA, trifluoromethylsulfonic acid anhydride

THF, tetrahydrofuran.

Tos, tosylate.
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