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bstract

Cucurbiturils (CB) with seven and eight glycoluril units form inclusion complexes with 1-butyl-3-methylimidazolium tetrafluoroborate
bmimBF4). These complexes have been characterized by the chemical shift changes in the 1H NMR and by the ESI-MS peaks. Due to complex
ormation, solubility of CB[7] and CB[8] in bmimBF4 is remarkably high (up to one order of magnitude higher than in water). In contrast, no
vidence for complex formation was obtained in the case of CB[5] and CB[6]. Molecular modelling has provided a justification of these facts
ased on the relative molecular size of bmim+ and the corresponding dimensions of the CB capsule. Addition of minor quantities of CB[7] and

B[8] to bmimBF4 (in the order of 1–1000 molar ratio) is able to produce a remarkable influence on the viscosity of the ionic liquid. Also, the
resence of low amounts of CB plays a strong influence on the performance of bmimBF4 as reaction medium for the Knoevenagel condensation
f benzaldehyde and diethyl malonate catalyzed by NaOH. The results exemplify the potential of applying supramolecular chemistry to derive a
eneration of advanced ionic liquids specially tuned for a catalytic reaction.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ionic liquids have become an alternative to conventional
olatile organic solvents as medium to perform catalytic organic
eactions [1,2]. Compared to volatile solvents, ionic liquids have
ssentially zero vapour pressure and, for this reason, they are
onsidered as “green” solvents since no adverse vapours are
volved during the reactions [3].

One of the main limitations of ionic liquids, arising from their
igh viscosity, is that diffusion is slow and, in some cases, this is
eflected in low reaction rates. In order to decrease the viscosity
f ionic liquids as a media, one general strategy has been to use
ixtures of ionic liquids and volatile organic solvents, but this
ethodology represents a step down with regard to the green-

ess of the process. Other alternative to reduce viscosity has
een to use bis-triflimidate ((CF3SO3)2N−) and other species
s counteranion. Herein, we present an original supramolecular
pproach to vary the viscosity and other properties of imida-

olium ionic liquids. We will show that the resulting ionic liquid
an also be used as solvent to perform catalytic organic reactions
ith higher rates than the pure bmimBF4.

∗ Corresponding author.
E-mail address: acorma@itq.upv.es (A. Corma).
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Cucurbiturils (CBs) are organic capsules formed by the
yclooligomerisation of several (from 5 to 10) glycoluril units
4–6]. The geometry of this cyclic molecule defines an inte-
ior cavity that is accessible to guest molecules through portals
efined by carbonyl groups. The size and volume of this cavity
epends on the number of glycoluril units. Table 1 summarizes
he most important dimensions of the CBs employed in this
ork.
Recent work has demonstrated that CBs are suitable hosts to

ncorporate heterocyclic cations such as viologens, rhodamine,
tc. [7–10]. Based on these previous reports, we anticipate that
he dialkylimidalozium ionic liquids can also be suitable guests
hat can be incorporated inside some CBs. Since at molecular
evel, viscosity is governed by interaction forces between the
pecies present in the liquid, our hope was that, by addition of
mall quantities of CBs and through complexation with some
midazolium cations, remarkable effects on the viscosity could
e achieved.

. Results and discussion
Initially, we performed a study to show the formation
f host–guest complexes between CBs and 1-butyl-3-
ethylimidazolium (bmim) tetrafluoroborate. For this purpose,

mailto:acorma@itq.upv.es
dx.doi.org/10.1016/j.molcata.2007.08.007
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Table 1
Relevant dimensions of the CB used in this work

CB Entrance diameter (Å) Internal diameter (Å) Cavity volume (Å3)

CB[5] 2.4 4.4 82
CB[6] 3.9 5.8 164
CB[7] 5.4 7.3 279
CB[8] 6.9 8.8 479
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Table 2
ESI-MS peaks observed for the mixtures of CBs and bmimBF4

Sample ESI-MS species (mass, Da)

bmim–CB[6] bmim+ (139), (bmim)2BF4
+ (365), K+-CB[6] (1037)

bmim@CB[7] bmim+ (139), (bmim)2BF4
+ (365), (K-bmim)2+@CB[7]

(1342/2), bmim+@CB[7] (1301)
b
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ig. 1. Aromatic and aliphatic regions of the 1H NMR spectra in CB saturated

2O of bmimBF4.

e performed an 1H NMR study in D2O using saturated solu-
ions of CBs to which bmimBF4 was added. Fig. 1 shows the
elevant regions of the 1H NMR spectra recorded for these sam-
les. As it can be seen there, the signals corresponding to the
hree heterocyclic protons and the N-alkyl substituents do not

ndergo any shift in the presence of CB[5]. In sharp contrast, in
he presence of CB[7] (Fig. 1, spectrum D) remarkable changes
n the chemical shifts of the protons were observed.

a
E
b
p

Fig. 2. Molecular models for host–guest c
mim@CB[8] bmim+ (139), (bmim)2BF4
+ (365), (bmim)2

2+@CB[8]
(1607/2), bmim+@CB[8] (1468)

These shifts are taken as spectroscopic evidence for the for-
ation of the bmim+@CB[7] complex. In the case of CB[6]

he situation is less clear since a remarkable broadening of the
ignals was observed (Fig. 1, spectrum C). This remarkable
roadening of the lines is accompanied with the presence of new
eaks (also broad) and indicates an interaction between bmim+

nd CB[6]. The most reasonable explanation is to assume that
here is a distribution of species and during the time scale of
MR observation there is a dynamic change between them. The

bove study allows us to conclude that only in the case of CB[7]
here is sound spectroscopic evidence for the formation of a
ost–guest bmim@CB[7] complex, while CB[5] on the other
xtreme does not interact at all with bmim+.

The above results can be easily rationalized based on the
iameter of the CB cavities (Table 1). Thus, the size of CB[5]
s too small to allow the inclusion of bmim+, while for CB[6]
ertain interaction between the negative carbonyl groups of the
B portal and positive bmim+ is stablished. Only CB[7] is large
nough to accommodate in its interior bmim+ and this inclusion
s responsible for the remarkable shifts in the 1H NMR peaks of
mim+ due to carbonyl anisotropy. Molecular modelling agrees
ith this interpretation, that is also in accordance with previous

iterature data that has shown that CB[5] and CB[6] are too small
o include molecules of similar size as the bmim+ [9,10]. Fig. 2
hows two views of the bmim+ inclusion complex showing in
he case of CB[5] the host–guest atom overlapping.

Formation of the host–guest inclusion complexes was also
certained by ESI-MS. Table 2 lists the mass of the peaks

nd the corresponding species that have been detected by
SI-MS. Thus, for CB[6] only the peaks corresponding to
mim+ and (bmim)2BF4

+ were observed together with a
eak corresponding to CB[6]. In contrast to this, in the case

omplexes between CBs and bmim+.
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viscosity decrease.

The influence of minor amounts of CB[7] and CB[8] is also
reflected in the performance of the bmimBF4 ionic liquid as
medium to carry out catalytic reactions. To illustrate this, we
P. Montes-Navajas et al. / Journal of Molec

f CB[7] in addition to the peak corresponding to bmim+,
bmim)2BF4

+ we observed two additional peaks correspond-
ng to bmim+@CB[7] and (K-bmim)2+@CB[7]. Observation
f the latter two peaks gives strong support to the formation
f the inclusion complex. Also, precedents in the literature
ave reported the observation in ESI-MS of peaks correspond-
ng to clusters of two imidazolium ions associated to one
ounteranion [11]. The intensity of the (imidazolium)2·anion
luster has been related to the nature and charge density of
he counteranion. In any case, observation of the peaks corre-
ponding to adducts of bmim+ and CB[7] together with data
f the 1H NMR and molecular modeling clearly indicates
hat a inclusion complex between imidazolium and CB[7] was
ormed.

One case worth to be discussed in more detail is the inter-
ction between bmim+ and CB[8]. Precedents in the literature
ave shown that CB[8] is also able to form complexes for those
olecules already complexed by CB[7] [4,6]. Also molecu-

ar modelling predicts that host–guest bmim@CB[8] complex
hould be possible in the case of CB[8]. Moreover, very fre-
uently it has been observed for CB[8] the formation of a
wo-to-one complex in which two guest molecules have been
ccomodated inside a single CB[8] host [12]. However, as it
an be seen in Fig. 1, no evidence for the formation of such
omplex was inferred by 1H NMR spectroscopy. However, ESI-
S clearly shows in addition to the bmim+ and (bmim)2BF4

+,
wo more peaks corresponding to the one-to-one bmim+@CB[8]
nd two-to-one (bmim)2

2+@CB[8] (see Table 2). Thus, based on
he observation of these two peaks, we propose that host–guest
omplexes both 1:1 and 1:2 are also formed in the case of
B[8], even though this is not reflected on the 1H NMR spec-

rum of bmim+. One possibility to reconcile both 1H NMR and
SI-MS spectra is that, due to its larger dimensions, CB[8]
arbonyls are sufficiently far from the bmim+ protons to not
roduce variations in the chemical shifts. However, a careful
nspection of 1H NMR shows that for the case of bmim+ and
B[8], the protons of the CB[8] capsule (appearing at 5.81 and
.21 ppm as two doublets and at 5.53 ppm as a singlet in D2O)
re considerably shifted when bmim+ is present. Thus, based
n ESI-MS and the signals of CB[8] in 1H NMR we also pro-
ose that the bmim+ is included inside CB[8] as in the case of
B[7] even though this is not apparent from 1H NMR shifts of
mim+.

Having demonstrated the ability of CB[7] and CB[8] to
orm supramolecular complexes with bmimBF4 ionic liquid,
e wanted to determine the influence of the presence of these

omplexes on the viscosity of the ionic liquid and on its per-
ormance as medium in a catalytic reaction. As commented, the
ommon procedure to overcome the problems arising from the
igh viscosity of ionic liquids is to perform the reaction using
osolvents. Thus, very frequently the reactions using ionic liq-
ids are carried out in one-to-one mixtures of bmimBF4 and
ethanol or other miscible organic solvent. This high percent-
ge of cosolvents is different from our methodology that consists
n the addition of small amounts of non-volatile CBs. Therefore
n our case, the lack of vapour emission to the atmosphere that is
ne of the green advantages of ionic liquids, is preserved. Thus,
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ddition of CBs to ionic liquid is advantageous with respect to
olatile organic solvents. In this regard, it is remarkable that
lthough CBs are extremely insoluble in most organic solvents,
B[7] and CB[8] are highly soluble in bmimBF4 probably due

o complexation. Even more, while CBs are commonly used
n diluted acid aqueous solutions (about 1 g/L, approximately
0−3 M), the solubility in bmimBF4 is two orders of magni-
ude higher. We have been able to solubilize in bmimBF4 at
oom temperature 100 and 120 g/L of CB[7] and CB[8], respec-
ively. Given the high cost of CBs, a supramolecular ionic
iquid made exclusively of a one-to-one bmim+@CB complex
s unpractical. Fortunately enough, the viscosity of a liquid is
he result of shear forces between the molecules present in the

edium and thus, viscosity can be significantly modified by
inor amounts of some additives. Therefore, instead of con-

idering the use of pure bmim+@CB complex, our approach
as to investigate the addition of minor percentages of CB with

he hope that by dynamic complexation–decomplexation pro-
esses it would influence largely the macroscopic viscosity of the
mimBF4.

We were pleased to observe dramatic changes in viscosity by
ddition of minor amounts of CB[7] and CB[8]. Fig. 3 presents
he viscosity measured for some of the ionic liquid samples pre-
ared in this work. To put these values into context, it is worth to
emind that the viscosity of the vast majority of conventional sol-
ents is well below 1 cP. For instance, the viscosity of methanol
nd water is 0.544 and 0.89 cP, respectively. Thus, the addition
f CB[7] or CB[8] very minor in amounts modifies the viscosity
f bmimBF4 by a value that is 10 times the viscosity of water.
he fact that even small amounts of CB[7] and CB[8] are able

o effect a strong influence on the viscosity of bmimBF4 rules
ut that moisture of other impurities that could be present in
B in small percentages could be responsible for the observed
ig. 3. Viscosity values (in cP) of bmimBF4 and after addition of minor con-
entrations of CB[7] and CB[8].
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Fig. 4. Time–conversion plots for the reaction of benzaldehyde with diethyl
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alonate catalyzed by NaOH in bmimBF4 with CB[7] (�), bmimBF4 (�) and
mimBF4 in the presence of CB[8] (�). Reaction conditions: benzaldehyde
189 mg), diethyl malonate (311 mg).

ave selected the Knoevenagel condensation of benzaldehyde
ith diethyl malonate catalyzed by NaOH, a reaction that we
ave already conducted in bmimBF4 [13,14]. As expected, the
nly product observed in all cases was the corrresponding adduct
Eq. (1)). However, the formation reaction rate was remarkably
ifferent depending on the presence of CB[7] and CB[8] as
mimBF4 additives.

(1)

Fig. 4 shows the time–conversion plots for the formation of
he condensation product. From this plot the initial reaction rates
ere estimated as the slope of the conversion curve at zero time.
he data (see Fig. 4) shows that CB[8] is able to accelerate signif-

cantly the condensation by a factor of 5 compared to CB[7]. We
nterpret these results as reflecting the ability of CBs to simulta-
eously bind bmim+ (solvent) and Na+ (catalyst), thus reducing
iscosity and increasing at the same time the basicity of NaOH
y complexing the sodium. In support of this interpretation, we
ave been able to detect by ESI-MS the peaks corresponding to
he K-bmim@CBs.

. Conclusions

In the present work we have shown that starting from imi-
azolium ionic liquids, a new generation of ionic liquids can
e derived by applying principles of supramolecular chemistry.

hus, we have taken advantage of the ability of CB[7] and CB[8]

o form host–guest complexes with organic cations to reduce the
iscosity and improve the performance of this imidazolium as
olvent for catalytic reactions. The major point of our work is
atalysis A: Chemical 279 (2008) 165–169

hat we can achieve this remarkable effects adding only very
inor amounts of CBs, thus bringing our methodology close to

racticality.

. Experimental

BmimBF4 was a commercial sample (Green solutions S.A.)
nd it was submitted to the dehydration prior its use by out-
assing the liquid at 50 ◦C under vacuum. CBs were commercial
amples (Aldrich) and used as received.

1H NMR were recorded on a Bruker AV-300 spectrometer
t 300 MHz in D2O. The chemical shifts were measured in δ

cale (ppm) with respect to TMS as standard. To record the
pectra, bmimBF4 (5 mg) were dissolved in 5 mL of D2O. This
tock solution was split into five NMR tubes, each of which was
aturated with the corresponding CB except one that was taken
s a blank. Spectra were recorded at room temperature.

ESI-MS of host–guest bmim-CBs complexes were measured
n a 1100 Series LC/MSD Agilent instrument by injecting the
ample dissolved in H2O, operating at 70 eV in the positive ion
ode. Pure nitrogen (>99%) was used to operate the electro-

pray.
Viscosity values were measured at room temperature for sam-

les exposed to the ambient using a Thermo Haake Rotovisco 1
heometer based on a rotating disk procedure.

Knoevenagel condensation of benzaldehyde (189 mg,
.783 mmol) with diethyl malonate (311 mg, 1.945 mmol) was
arried out by dissolving the reagents in 2 ml of bmimBF4 that
lready contained the corresponding CB[7] (10.6 mg) or CB[8]
12.3 mg, 0.009 mmol) and NaOH (1 mol% with respect to ben-
aldehyde). The solution was magnetically stirred at 90 ◦C.
eriodically aliquots (25 �L) of the reaction mixture were taken,
issolved in D2O containing acetonitrile as internal standard and
he product distribution determined by 1H NMR based on the
ntegrals of the peaks of benzaldehyde (H at 9.8 ppm), diethyl

alonate (2H at 3.5 ppm). At the same time, formation of the
roduct was observed in the region between 6.7 and 8.0 ppm.
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