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Application of optically active chiral bis(imidazolium) 
salts as potential receptors of chiral dicarboxylate 
salts of biological relevance 

Laura González-Mendoza,a Jorge Escorihuela,b Belén Altava,*,a M. Isabel Burguete,a and 
Santiago V. Luis*,a 

A family of chiral bis(imidazolium) salts derived from natural amino acids has been synthesized 
by a simple synthetic approach and the corresponding bis(trifluoromethylsulfonyl)imide salts 
have shown to be room temperature chiral ionic liquids (RTCILs). The structures and self-
assembling properties of the resulting salts have been studied by 1HNMR, ATR-FTIR, DSC, 
SEM and theoretical calculations. Moreover, these receptors have been applied to the 
enantiomeric recognition of dicarboxylic amino acids. The supramolecular complexes formed 
have been studied by 1HNMR titration experiments, ATR-FTIR and DSC. 
 

 

 

Introduction 

The study of the self-assembly of organic salts has been 
recently the topic of several papers.1 One of the main reasons 
for this interest lies in the very simple synthetic procedures 
leading to them and their high level of modularity for the wide 
range of cations and anions available. Regarding potential 
applications, self-assembly of organic salts can afford 
conductive materials that can find different applications.2 

 On the other side, chirality plays a critical role in organic 
chemistry, both in terms of self-organization properties and in 
terms of selective recognition. Recognition of chiral carboxylic 
acids by synthetic receptors is one important research topic due 
to their biological importance and its potential applications in 
drug discovery.3 Chiral carboxylic acids are ubiquitous 
architectural units of natural products and drug molecules as 
well as versatile functional synthons.4 In this regard, 
dicarboxylates are particularly important targets as they are 
implicated in different biomolecular processes.5 
 From the different available organic salts, imidazolium 
based species have been extensively investigated in the last 
years and have been studied as sensors,6 receptors and devices 
for halides, or other inorganic anions,7 for organic carboxylates8 
and phosphates9 or even for nucleic acids.10 Imidazolium 
groups provide both a positive charge and relatively acidic C–H 
groups to bind anionic species. In particular the C2-H hydrogen 
bond donor of the imidazolium heterocycle has been exploited 
extensively as a binding site for carboxylates.11 Besides, the 
properties of imidazolium ionic liquids (ILs) are being 
extensively analyzed in different field as they possess low 
vapor pressure and flammability in addition to a high thermal 
stability and conductivity, which can be easily tuned by small 
changes in the cation or anion structure.12 

 In this context, our research group has been recently 
involved in the preparation and study of different imidazolium 
receptors prepared from racemic mixtures,13 or from 
enantiomerically pure materials obtained from the chiral pool.14, 

8e Thus, imidazolium based receptors 1 and 2 have been 
described as chiral shift agents (CSAs) for the 
enantiodiscrimination of racemic mandelate and other chiral 
carboxylic acids.8e In the light of the former results, it seems 
reasonable to assume that bis(imidazolium) receptors could be 
appropriate targets for the development of CSAs for 
dicarboxylic acids.15 

 
Fig. 1 The structures of chiral ionic liquids used as CSAs for chiral carboxylates. 

 Here we report on the preparation of a new family of chiral 
ionic liquids (CILs) with the general structure 3 using natural 
amino acids as the source of chirality. The structures and 
properties of the resulting salts have been studied in the solid 
state and in solution, and they have been investigated as chiral 
receptors for dicarboxylic amino acid derivatives. 
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Results and discussion 

Synthesis and characterization of the bis(imidazolium) 
compounds.  

Different chiral bis(imidazolium) compounds (CILs 3a-c) 
derived from several amino acids and with variable N-amide 
substitution were prepared (Scheme 1). For this purpose, 
enantiopure imidazoles 4a-c, described previously by our 
group,8e, 16 were used as precursors for the synthesis of chiral 
imidazolium salts 3a-c. Thus, a mixture of the corresponding 
imidazole derivative (4a, 4b or 4c) and α,α′-dibromo-m-xylene 
in CH3CN was heated under microwave irradiation (150 °C, 
120 W, 250 psi). After 30 min, the mixture was cooled down to 
room temperature, the solvent was evaporated under reduced 
pressure and the solid was washed with hexane/diethyl ether 
(2:1) to obtain the pure corresponding bis(imidazolium) halide 
salts 5a, 5b and 5c in high yield. Finally, the bis(imidazolium) 
compounds 5 were converted into the corresponding CILs 3 by 
anion exchange using lithium bis(trifluoromethylsulfonyl)imide 
(X = NTf2

-). All the compounds were liquid at room 
temperature with melting points of 28, 15 and –6 °C for CILs 
3a, 3b, and 3c, respectively. The anion exchange was 
confirmed by elemental analysis and was accompanied by a 
significant upfield shift of the signal for the proton of the C2 of 
the imidazolium ring in 1H NMR. Thus, for the 
bis(imidazolium) compound 3a this signal shifted from 9.65 
ppm for 5a to 8.75 ppm for 3a (in CDCl3, 500 MHz, 303 K, 10 
mM). The structures of the new CILs were fully characterized 
by 1H NMR, 13C NMR, IR, MS, DSC, TGA and elemental 
analysis. 
 As has been observed in other systems,13d the strong 
interaction between the bis(imidazolium) cation and the 
corresponding anion through electrostatic forces and hydrogen 
bonding can provide tightly associated ion pairs with well-
defined ion-pair and supramolecular structures in the 
solid/liquid states and in solution. In this regard, initial 
attenuated total reflectance (ATR)-FTIR and 1H NMR data 
obtained for this family of bis(imidazolium) compounds 
strongly supported the presence of strong amide NH-anion 
hydrogen-bonding interactions. However, it is important to note 
that other secondary interactions such as additional H bonding 
involving the hydrogen atoms at C2, C4 or C5, π-stacking or 
C–H–π bonding involving benzyl aromatic rings, can also be 
present. 

 
Scheme 1. Synthesis of chiral bis(imidazolium) salts. 

 The phase transition temperatures (melting points, Tm) of 
the newly synthesized salts were determined by differential 
scanning calorimetry (DSC). As shown in Table 1, all salts (3 
and 5) are ionic liquids, showing Tm values ranging from 90 °C 

for 5a to -6 °C for 3c, and a thermal stability above 250 °C. It is 
remarkable that even bromide salts 5 present an IL behaviour, 
with mps below 100 ºC, in particular taking into account that 
they are ditopic systems.17 As expected, substituting the halide 
anion for the less coordinating NTf2

-
 anion, is accompanied by a 

decrease in the melting point. This change in the anion also 
gives a clear increment in the thermal stability with values of 
Td > 300 °C. Indeed, organic salts containing NTf2

- anion are 
RTILs for all the cases studied with Tm < 28 °C, showing 
phase transition temperatures ranging from 28 °C for 3a to -6 
°C for 3c. 

Table 1. Phase transition temperature (Tm) and decomposition temperature (Td) for 

CILs 3 and 5. 

Entry CIL X - c Tm (°C)a Td (°C)b 
1 5a Br 90 274 
2 5b Br 82 285 
3 5c Br 78 305 
4 3a NTf2 28 350 
5 3b NTf2 15 365 
6 3c NTf2 -6 378 

[a] Data obtained from DSC in the second heating cycle. [b] Data obtained from TGA. [c] 

charges omitted for clarity. 

 To obtain a more clear insight into the relative importance 
of these interactions, preliminary computational calculations 
were carried out for compound 5a using the Monte Carlo 
conformational search available in Spartan’14.18 The resulting 
minimum energy conformer was optimized at a semi empirical 
level (PM6) using the Gaussian 09 software.19 The optimized 
structure obtained for 5a is shown in Fig. 2, revealing the 
presence of a predominant hydrogen bonding interaction 
between the amide NH and the bromide anion (NH - anion 
distance 2.207 and 2.208 Å). Additionally, hydrogen-bonds 
interactions between the imidazolium Ha protons (C2-H) and 
the anion are also present (distances 2.407 and 2.418 Å). The 
anion is also located at a very short distance from the Hd proton 
at the stereogenic carbon (2.541 and 2.598 Å) and the Hg 
proton of the central aromatic ring (2.573 and 2.596 Å) (for the 
labelling of protons, see Fig. 4). Thus, a cleft-like folded 
structure in which the aromatic rings of the N-benzyl groups 
occupy the final section of the cleft seems to be the most stable 
disposition for the ion pair when a strongly coordinating anion 
is involved.20 

 
Fig. 2 Most stable conformer obtained for 5a using Gaussian 09 (semiempiric 

level PM6). Hydrogen bonds are denoted by dotted lines. 

 The supramolecular structure at room temperature of the 
CILs was initially studied by ATR-FTIR spectroscopy, as this 
technique gives separate vibrational bands for distinct species.21 
In the ATR-FTIR spectra of 5a-c and 3a-c, the bands between 

Page 2 of 9Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

3150 and 3000 cm–1 are diagnostic of the C–H stretching modes 
of the aromatic rings (Fig. 3). In this region, for the 
imidazolium aromatic ring, the C4-H (Hb) and C5-H (Hc) 
stretching modes appear at higher wavenumbers, whereas 
vibrational bands corresponding to the C2-H (Ha) stretching 
mode are present at lower wavenumbers.22 In the partial ATR-
FTIR spectra for 5c, shown in Fig. 3, vibrational bands 
observed at 3120 cm–1 for 5c and 3143 cm–1 for 3c can be 
assigned to C-H imidazolium (Hb and Hc) stretching modes, 
whereas the vibrational band corresponding to Ha overlaps with 
the aromatic signals corresponding to the meta-substituted 
spacer appearing at 3065 cm-1 for 5c and 3060 cm–1 for 3c. 
Additional vibrational bands observed at higher wavenumbers 
(over 3200 cm–1) can be assigned to N–H stretching modes 
(3280 and 3224 for 3c and 3217 cm–1 for 5c). For compound 5c 
with a more basic Brønsted anion, the NH and imidazolium C-
H stretching modes are observed at lower frequencies. 
Interestingly, two different NH stretching modes are observed 
for 3c, which suggests the presence of amide groups H-bonded 
at a different extent. Therefore, the amide NH is the hydrogen 
atom more strongly involved in the bonding with the anion, 
according to the experimental ATR-FTIR data. Also in the case 
of the bands for the C-H imidazolium bands the ATR-FTIR 
data indicate a stronger involvement in hydrogen bonding in the 
case of the system containing the more basic anion 5c. 

3500 3400 3300 3200 3100 3000
70

80

90

 

 

T
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%
)
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 5c
 3c

 
Fig. 3 Partial ATR-FTIR spectra for 3c (continuous line) and 5c (dotted line) at 25 

°C. 

Additional structural information was obtained by the use of 
1H-NMR and 1D-NOESY experiments. All the experiments 
were performed in CDCl3 at 10 mM concentrations. As 
expected, the presence of the more basic Br- anion provides a 
much stronger H-bonding interaction with the acidic hydrogen 
atoms, which is reflected in the appearance of the 
corresponding signals at lower fields (see ESI†). This is 
particularly relevant for the amide and Ha signals appearing in 
5c more than 1 ppm shifted relative to those in 3c. Interestingly, 
appreciable shifts are also observed for Hg from the central 
benzene spacer, for Hb from the imidazolium fragment and for 
Hd and He corresponding to the proton of the stereogenic 
carbon and to those of the benzylic position. As shown in Fig. 
4, very different NOE effects were observed for the 
bis(imidazolium) salts 5c and 3c, indicating the prevalence of 
clearly different conformations, in particular involving the 
rotation of the imidazolium ring relative to the benzene moiety. 
Thus, for example, a NOE effect was observed for 5c between 
Hg and Ha protons, while for 3c the NOE effect was observed 
between Hg and Hb protons. In the same way, while in 5c a 
NOE effect is present between Hb and He, in 3c the observed 

NOE with He involves Ha. A very rigid conformation seems to 
be prevalent in 5c, most likely involving a cyclic intramolecular 
H-bonding structure of the anion and the acidic H atoms, as 
evidenced by the strong non-equivalence observed for the 
signals of the He atoms. This should be in good agreement with 
the preliminary structure calculated for the ion pair for 5a. 

 
Fig. 4 Partial structure of the bis(imidazolium) salts 5c (i) and 3c (ii) where NOE 

peaks have been assigned with double-headed arrows (NOESY spectrum 500 

MHz, at 303 K in CDCl3). 

More detailed molecular modelling studies were performed for 
compounds 5c and 3c at the B3LYP/6-31+G*//B3LYP/3-21G* level 
of theory and the optimized structures were found to be different in 
accordance with the results derived from 1D-NOESY experiments. 
For compound 5c, a more compact structure was found, again 
defining a cleft structure formed by the spacer, the imidazolium 
rings and the amide fragments associated to the anion. In this case, 
however, the aliphatic amide N-substituents are folded back leaving 
open access to the cleft. On the contrary, 3c adopts an open 
conformation with the bigger NTf2

- anions located in the outer 
section and interacting only with one of the amide fragments. 

3c 5c
 

Fig. 5 Optimized structures for compounds 5c and 3c at the B3LYP/6-

31+G*//B3LYP/3-21G* level of theory. Hydrogen atoms have been omitted for 

clarity. 

 The potential formation of supramolecular aggregates in 
solution was studied by obtaining the 1H NMR spectra of the 
CILs at various concentrations in CDCl3. Small concentration 
dependence was observed for salts 3a-c in the 1H NMR 
chemical shifts for the aromatic protons and for the amide NH 
proton signals (see ESI†). This suggests that intermolecular 
interactions are also weak when the NTf2

- anion is present. 
However, strong concentration dependence was observed for 
the analogous halide salts 5a-c (see ESI†). Thus, for example, 
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when increasing the concentration of 5c from 2 to 80 mM, the 
corresponding 1H NMR spectra showed significant upfield 
shifts for the signals of the acidic Ha from the imidazolium 
moiety (Δδ = -0.293 ppm), the Hg proton (Δδ = -0.134 ppm), 
whereas a downfield shift is observed for Hb (Δδ = 0.28 ppm). 
Slight variations were observed for the signals of N-H, He and 
the chiral proton (Hd) (Fig. 6). These data are consistent with a 
situation in which the low polarity of the solvent favours, for 
diluted solutions, a very strong intramolecular association of 
the ion pair in which the hydrogen bonding between the 
bromide anion and the Ha and amide hydrogen is prevalent. 
Upon increasing the concentration, intermolecular interactions 
become more important, weakening some of the initially 
observed intramolecular H-bonds. In particular, the 
intramolecular anion-cation H-bonding seems to preferentially 
involve Ha, while the intermolecular association seems to 
involve preferentially Hb. Moreover, this is in agreement with 
the differences observed with the concentration in the splitting 
observed for the He,e´ protons (∆δ = 0.45 and 0.11 ppm at 2 
and 80 mM respectively). 
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Fig. 6 Observed chemical shift changes with concentration for different proton 

signals in the 1H NMR spectra of 5c in CDCl3. 

Although compounds 3a-c are liquid at room temperature, salts 
5a-c can form distinct microstructures in the solid state at room 
temperature. The morphologies of the aggregated formed by the 
halide salts were studied by using SEM techniques. In Fig. 7, the 
SEM images obtained from water/MeOH (5 %) solutions of 5a-c (1 
mM) evidence the presence of different morphologies significantly 
affected by the structure and the nature of the salt (Fig. 7). In this 
regard, compound 5a forms a well-defined fractal structure with 
small spheres organized in rows growing perpendicularly from the 
precursor row. On the other hand 5b and 5c tend to form spherical 
aggregates, although the structures are better defined for 5c. 

a) b) c) 

20 µm 20 µm20 µm  
Fig. 7 SEM images of salts a) 5a; b) 5b and c) 5c 

Molecular recognition studies. 

To explore the potential of the new chiral ionic liquids for 
chiral recognition, the binding between the imidazolium-based 
chiral ionic receptors and the selected carboxylate substrates 
was studied by 1H NMR titration experiments at 303 K. We 
used bis(trifluoromethylsulfonyl)imide (NTf2

-) as the anion for 
the imidazolium compounds and tetraethylammonium (TEA) 
counterions for the carboxylate substrates. As for related 
monotopic systems,8e and according to the former results, these 
two low coordinating counterions were selected for this study 
in order to reduce to maximize the interaction of the selected 
guests with the dicationic receptors. 
 Thus, the prepared CILs 3a-c were tested as chiral receptors 
for aspartate and glutamate TEA salts. Aspartate and glutamate 
participate within the neurotransmitter family of substances. 
Aspartate has been considered to be a neurotransmitter, 
whereas GABA and glycine are thought to be major inhibitory 
transmitters. Excitatory transmitters such as aspartate lead to 
depolarization of the nerves; on the other hand, inhibitory 
transmitters cause hyperpolarization, apparently by increasing 
the permeability within the nerve of potassium and chloride.23 

 Initially, 1H NMR spectroscopy was used to investigate the 
recognition ability of compound 3a. For this purpose, 1:1 
mixtures of the corresponding CIL and the L-aspartate or L-
glutamate TEA salts were examined. All experiments were 
performed using a mixture of CDCl3/DMSO-d6 (5%), as this 
was found to be the more suitable medium for the experiments, 
since it allows a good solubility of the different species. As 
shown in Fig. 8, after the addition of the guest, the amide NH 
and the Ha proton signals from 3a moved downfield, revealing 
the formation of supramolecular complexes between this CIL 
and the TEA salts. Thus, for example, by addition of 1 equiv of 
the L-glutamate TEA salt to a 8 mM solution of 3a in CDCl3, a 
significant downfield shift variation was observed for the amide 
NH, the imidazolium Ha, the chiral Hd proton signals (Δδ = 
1.57, 0.74 and 0.6 ppm, respectively). This indicates the strong 
involvement of the amide and Ha protons in the hydrogen 
bonding interactions between the TEA salt and 3a. On the other 
hand, smaller chemical shift variations were observed for the 
Hg proton signal, moving downfield (Δδ = 0.14 ppm), whereas 
most aromatic signals are shifted upfield, suggesting a specific 
involvement of this hydrogen atom of the aromatic spacer in the 
supramolecular complex. 

5.05.25.45.65.86.06.26.46.66.87.07.27.47.67.88.08.28.48.68.89.09.29.49.69.810.0
ppm

3a

3a : L-Asp

3a : L-Glu

NH

Ha

Hd

Hg

 
Fig. 8 Partial 1H NMR spectra (500 MHz, 303 K, in CDCl3 5% DMSO-d6) of 3a (8 

mM) in the presence of 1eq. of L-AspTEA (8 mM) and L-GluTEA (8 mM). 

 Titration experiments using 3a-c and L- and D-aspartic and L- and 
D-glutamic TEA salts in a mixture of CDCl3/DMSO-d6 (5%) were 
also carried out (see ESI†). The corresponding complexation curves, 
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using the Hd proton signal of 3a-c in the presence of TEA L- and D- 
aspartate, are gathered in Fig. 9. Similar complexation curves are 
observed for the Ha proton signal. Some enantiorecognition can be 
observed for the host 3a, with larger ∆δ /∆δmax values being 
observed for the L-enantiomer. However, no enantioselective 
recognition was observed when 3c or 3d were used as the receptors. 
These data suggest that the selectivity for aspartate follows the order 
3b > 3a ≈ 3c. Finally, none of the assayed receptors (3a-c) showed 
enantiodiscrimination for the glutamate salt (see ESI†). Receptors 3a 
and 3c are selective for glutamate, while receptor 3b displays a 
relatively similar behaviour with both salts. 
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Fig. 9 Complexation curves for the receptors 3a-c (8mM in CDCl3 5% DMSO-d6) in 

the presence of L- or D- AspTEA. (∆δ = δi-δo; ∆δmax = δmax-δo) 

 The stoichiometry of the resulting D- and L-aspartate-3a 
adducts was determined by 1H NMR spectroscopy using Job’s 
plots (also known as the continuous variation method).24 
Keeping the total concentration at 8 mM, the plot of ∆δ versus 
the mole fraction of 3a showed a maximum at X3a = 0.5 for L- 
and D-AspTEA, indicative of a 1:1 stoichiometry for the 
complexes formed in solution by both enantiomers (see ESI†). 
At higher concentrations, the corresponding Job’s plots for the 
different receptors tend to show complex patterns indicative of 
the formation of host-guest aggregates with variable 
stoichiometries. 

Stability constants could not be accurately measured for the 
interaction between the receptors and the dicarboxylates assuming a 
1:1 complexation (host:guest) using the HYPNMR and other fitting 
programs, using the variation of the chemical shifts of the Ha, Hd 
and NH proton signals. Besides, when titrations were carried out 
using CD3CN as the solvent, a precipitate was formed during the 
titration until a stoiquiometric amount of the guest was added, 
observing then a clear solution in the NMR tube. This observation, 
along with the data from Job’s plots at different concentrations and 
the sigmoidal nature of some of titration curves support the 
participation of more complex and nonspecific aggregates 
implicating several molecules of both host and guest. In this regard, 
we attempted to improve the fitting by manually adding additional 
equilibria and we observed (graphically) that the fitting was more 
accurate considering these additional binding modes. However, the 
automatic fitting option failed due to a large number of variables to 
be optimized (see ESI†). Nevertheless, this approach, considering 
the formation of other competing supramolecular species, allowed a 
rough estimation of the binding constants for the 1:1 complexes 
receptor:AspTEA. The corresponding values are given in table 2 (for 
the binding with GluTEA see ESI†).  

Table 1. Binding Constants obtained by 1H NMR Titration at 308 K (500 MHz, CDCl3:5% 

DMSO-d6). 

Entry receptor substrate log β a 
1 3a L-AspTEA ~3.73 

2 3a D-AspTEA ~3.32 

3 3b L-AspTEA ~4.42 

4 3b D-AspTEA ~4.45 

5 3c L-AspTEA ~3.52 
6 3c D-AspTEA ~3,62 

[a] estimated values, taking into consideration the formation of other species with 

complex stoichiometries. 

 
 Additional information about the nature of the complexes 
was obtained from ATR-FTIR and DSC experiments. While 
host 3a and the guest (TEA salts of L and D-aspartate) are liquid 
at room temperature, the mixtures formed for a 1:1 CIL 3a : 
AspTEA ratio are yellowish solids. 
 The partial ATR-FTIR spectra for 3a, L-AspTEA and the 
1:1 mixture are shown in Fig. 10. As can be observed, the NH 
and C-H imidazolium stretching bands for 3a moved to lower 
wavenumbers in the presence of L-aspartate, indicating the 
participation of these groups in hydrogen bond interactions 
(Fig. 10a). Moreover, big differences were observed in the 
1700-600 cm-1 region; the signals from the guest associated to 
the COO- stretching bands at 1571 and 1458 cm-1 changed 
significantly and the N-H out of the plane bending at 880 cm-1 
is not observed in the complex. Slight differences were 
observed for the signals corresponding to the C=C deformation 
of the imidazolium at ca. 1497 cm-1 that shift to lower 
wavenumbers (Fig. 10b).  
 In accordance with the enantioselective recognition detected 
by 1H NMR, slight differences were observed for the two 1:1 
mixtures formed by the TEA salts of both enantiomers of 
aspartate with 3a, in particular for the C=C bending 
deformation, appearing at slightly lower wavenumbers for the 
L-aspartate complex, and for the C=O stretching bands from the 
carboxylate group. It must be noted that for the system derived 
from L-AspTEA no changes were observed in the spectrum 
when the temperature was increased, while small differences 
were observed for the D-AspTEA complex (Fig. 11). 
Interestingly, the corresponding ATR-FTIR spectra were 
identical after melting. 
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Fig. 10 Partial ATR-FTIR spectra of 3a (dotted grey); L-AspTEA (grey line) and the 

1:1 mixture 3a:L-AspTEA (black line). 
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Fig. 11 Partial ATR-FTIR spectra of the 1:1 mixture 3a:D-AspTEA at 25 oC (black 

line); 3a:D-AspTEA at 94 oC (dotted grey line) and 3a:L-AspTEA at 94 oC (grey line). 

Finally, the corresponding DSC thermograms (from 20 to 120 oC 
and a heating rate of 1 oC/min) for these 1:1 mixtures showed a very 
broad exotermic peak in the second dynamic heating cycle 
associated to the crystallization and a broad endotermic peak at 86 
oC associated to the complexes melting (m.p for L-Aspartate = 50 oC, 
m.p for 3a = 28 oC). Both transitions were also confirmed by optical 
microscopy with cross polarizers using a heating plate. As can be 
seen in the ESI†, the transitions are slightly better defined for the 
system derived from L-Aspartate.  

Conclusions 

In conclusion, we have developed a family of C2-symmetric 
chiral bis(imidazolium) compounds, with CILs properties, that 
are easily synthesized by simple reactions from commercially 
available amino acids. Different studies have been carried out 
in order to establish the influence of the nature of the side chain 
as well as the presence of additional functional groups in the 
final CILs on their intrinsic properties. These new ditopic CILs, 
have been shown to form supramolecular complexes, in 
solution and in the solid state, with different dicarboxylic amino 
acids (as their TEA salts). Significant guest-induced chemical 
shifts can be observed for the NMR signals of receptor upon 
addition of the corresponding dicarboxylate. 1H NMR shifts 
and NOE experiments, along with ATR-FTIR data, provided 
important information on the structural elements associated to 
the formation of the corresponding complexes. H-bonding of 
the carboxylate groups with the amide NH and the acidic 
protons of the imidazolium ring are essential in this regard, 
although other intermolecular interactions seem also to be 
present. Although in dilute solutions 1:1 complexes are 
prevalent, the formation of higher order aggregates is also 
suggested by some data. A selective recognition of the 
glutamate derivative takes place for 3a and 3c, while no 
selectivity is observed for 3b. Some enantioselectivity has been 
detected for the interaction between 3a and the aspartate salts, 
favouring the recognition of the L-derivative. Further studies 
towards the sustainable application of these chiral ionic liquids 
as receptors and transporters for anions are in progress. 
 
General Experimental Methods. All reagents were purchased 
from commercial suppliers and used as received. Chiral 
imidazoles (4a-b) were synthesized as described previously by 
ou group8e starting from N-protected amino acids commercially 
available. The NMR spectroscopic experiments were carried 

out at 500 or 125 MHz for 1H and 13C NMR, respectively. The 
chemical shifts are reported using the residual solvent signal as 
the internal standard. FTIR spectra were acquired with a 
MIRacle single-reflection ATR diamond/ZnSe accessory. 
Melting points were measured by using a differential scanning 
calorimeter (DSC). The instrument was calibrated for 
temperature and heat flow with zinc and indium reference 
samples. Samples were placed in a 40 mL, hermetically sealed 
aluminium pan with a pinhole in the top. An empty aluminium 
pan was used as the reference. Samples were exposed to a 
flowing N2 atmosphere. Before the DSC test, each sample was 
dried at 60 °C in a vacuum oven for 12 h, and was further dried 
in situ in the differential scanning calorimeter by holding the 
sample at 100 °C for 60 min because the presence of volatiles, 
especially water, can affect the melting temperatures. Melting 
transition temperatures of compounds 3a-c were determined by 
using multiple cycles (typically three) involving heating the 
sample from –70 to 125 °C followed by cooling from 125 to –
70 °C, both at a rate of 5 °C/min. Melting transition 
temperatures of compounds 5a-c were determined by using 
multiple cycles (typically three) involving heating the sample 
from 30 to 150 °C followed by cooling from 150 to 30 °C, both 
at a rate of 5 °C/min. The melting temperatures were 
determined at the peak of the transition. Decomposition 
temperatures were measured using a TG-STDA, heating 
samples from 20 to 600 °C at a rate of 10 °C/min. The reactions 
under microwave conditions were carried out using a CEM 
Discover System Microwave, model 908010, using a surface 
infrared sensor for temperature control.  
 
General Procedure for the Synthesis of Bis(imidazolium) 
Salts 5a, 5b and 5c: The corresponding imidazole derivative 
(2.2 equiv) and α,α′-dibromo-m-xylene (1 equiv.) in CH3CN 
were stirred under microwave irradiation (power = 120 W; 
pressure = 250 psi; T = 150 °C) during 30 min. After reaction, 
the solvent was evaporated under reduced pressure and the 
resulting product was washed with hexane/diethyl ether (2:1) to 
obtain the corresponding bis(imidazolium) halide salts 5a, 5b 
and 5c. 
 1-[(1R)-1-(benzylcarbamoyl)–2–phenylethyl]-3-{[3-({1-
[(1S)-1-(benzylcarbamoyl)-2-phenylethyl]-1H-imidazol-3-
ium-3-yl}methyl)phenyl]methyl}-1H-imidazol-3-ium 
dibromide (5a). The reaction between 4a and α,α′-dibromo-m-
xylene in CH3CN gave a brown solid (0.49 g, 78 %). mp 90 °C; 
[α]D

25 = -22.6 (c= 0.01, CHCl3); IR (ATR) 3447, 3262, 3136, 
3063, 2969, 2937, 2877, 1679, 1551, 1454, 1357, 1226, 1167, 
1037 cm-1; 1H NMR (500 MHz, CDCl3) δ (ppm): 9.65 (s, 2H), 
9.00 (t, J = 5.8 Hz, 2H), 7.76 (s, 1H), 7.66 (s, 2H), 7.53 (s, 2H), 
7.19 – 7.11 (m, 19H), 7.05 (d, J = 3.3 Hz, 4H), 6.28 (t, J = 8.0 
Hz, 2H), 5.30 (q, J = 14.5 Hz, 4H), 4.45 (δδ, J = 14.9, 6.4 Hz, 
2H), 4.19 (dd, J = 14.9, 5.3 Hz, 2H), 3.44 (dd, J = 13.6, 7.5 Hz, 
2H), 3.27 (dd, J = 13.7, 8.6 Hz, 2H); 13C NMR (126 MHz, 
CDCl3) δ (ppm): 166.8, 137.6, 136.4, 134.4, 134.2, 130.5, 
130.1, 129.7, 129.3, 129.19, 129.0, 128.6, 127.5, 127.3, 122.5, 
121.5, 62.8, 52.9, 43.5, 39.0; HRMS (ESI-TOF) calcd for 
(C46H46N6O2/2) [M]2+ 357.1841, found 357.1836; calcd for 
(C46H46BrN6O2) [M + Br]+ 793.2866, found 793.2866; Anal. 
Calcd. (%) for C46H46Br2N6O2: C, 63.16; H, 5.30; N, 9.61. 
Found: C, 63.34; H, 5.40; N, 9.54. 
 1-[(1R)-1-(benzylcarbamoyl)-2-methylpropyl]-3-{[3-({1-
[(1S)-1-(benzylcarbamoyl)-2-methylpropyl]-1H-imidazol-3-
ium-3-yl}methyl)phenyl]methyl}-1H-imidazol-3-ium 
dibromide (5b). The reaction between 4b and α,α′-dibromo-m-
xylene in CH3CN, gave an orange solid (0.31 g, 96 %). mp 82 
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°C. [α]D
25 =-16.6 (c= 0.01, CHCl3); IR (ATR) 3410, 3213, 

3059, 2967, 2937, 2876, 1674, 1549, 1495, 1453, 1225, 
1153,1028 cm-1; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.06 
(s, 2H), 8.97 (t, J = 5.9 Hz, 2H), 8.07 (s, 1H), 7.61 (s, 4H), 7.42 
(s, 3H), 7.24 (d, J = 7.4 Hz, 4H), 7.23 – 7.17 (m, 6H), 5.68 (d, J 
= 14.4 Hz, 2H), 5.53 (d, J = 10.6 Hz, 2H), 5.36 (d, J = 14.4 Hz, 
2H), 4.52 (dd, J = 14.9, 6.6 Hz, 2H), 4.23 (dd, J = 14.9, 5.4 Hz, 
2H), 2.49 – 2.44 (m, 2H), 1.02 (d, J = 6.5 Hz, 6H), 0.80 (d, J = 
6.6 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ (ppm):167.1, 
137.9, 136.3, 134.3, 130.4, 130.0, 128.6, 127.7, 127.4, 122.8, 
121.0, 68.13, 53.1, 43.6, 31.3, 18.9, 18.6; HRMS (ESI-TOF) 
calcd for (C38H46N6O2/2) [M]2+ 309.1841, found 309.1839; 
calcd for (C38H46BrN6O2) [M + Br]+ 697.2866, found 697.2872; 
Anal. Calcd. (%) for C38H46Br2N6O2 ·  2H2O: C, 56.02; H, 6.19; 
N, 10.32. Found: C, 56.02; H, 6.03; N, 10.07. 
 1-[(1R)-1-(dodecylcarbamoyl)-2-methylpropyl]-3-{[3-
({1-[(1S)-1-(dodecylcarbamoyl)-2-methylpropyl]-1H-
imidazol-3-ium-3-yl}methyl)phenyl]methyl}-1H-imidazol-3-
ium methane dibromide (5c). The reaction between 4c and 
α,α′-dibromo-m-xylene in CH3CN gave an orange solid (0.47 g, 
91 %). mp 68 °C; [α]D

25 =-8.6 (c= 0.01, CHCl3); IR (ATR) 
3416, 3218, 3060, 2959, 2923, 2853, 1679, 1550, 1464, 1371, 
1223, 1155 cm-1; 1H NMR (500 MHz, CDCl3) δ (ppm): 10.08 
(s, 2H), 8.41 (s, 2H), 8.15 (s, 1H), 7.67 (s, 2H), 7.59 (s, 2H), 
7.42 (dd, J = 12.7, 6.0 Hz, 3H), 5.77 (d, J = 14.3 Hz, 2H), 5.47 
(d, J = 10.6 Hz, 2H), 5.36 (d, J = 14.3 Hz, 2H), 3.47 – 3.27 (m, 
2H), 3.11 – 2.98 (m, 2H), 2.51 – 2.41 (m, 2H), 1.52 (d, J = 6.5 
Hz, 4H), 1.24 (s, 36H), 1.07 (d, J = 6.5 Hz, 6H), 0.93 – 0.81 (m, 
12H); 13C NMR (126 MHz, CDCl3) δ (ppm): 166.8, 136.5, 
136.4, 134.2, 130.8, 130.0, 122.7, 122.6, 121.0, 120.8, 68.2, 
53.3, 40.0, 32.0, 31.3, 29.8, 29.5, 29.3, 29.13, 27.1, 22.8, 19.0, 
18.6, 14.2; HRMS (ESI-TOF) calcd for (C48H82N6O2/2) [M]2+ 
387.3250, found 387.3249; calcd for (C48H82BrN6O2) [M + Br]+ 

853.5683, found 853.5687; Anal. Calcd. (%) for 
C48H82Br2N6O2 ·  H2O: C, 60.49; H, 8.88; N, 8.82. Found: C, 
60.35; H, 8.61; N, 8.43. 
 
General Procedure for the Synthesis of Bis(imidazolium) 
Salts 3a, 3b and 3c. A solution of LiNTf2 (2.2 equiv.) in 
MeOH was added to a solution of the corresponding halide salt 
(1 equiv) in MeOH, and the resulting mixture stirred for 48 h. 
The solvent was then evaporated at reduced pressure, further 
H2O added, and the mixture extracted with CH2Cl2 (3×20 mL). 
The organic phases were combined, dried with MgSO4, and the 
solvent evaporated under reduced pressure to afford the 
corresponding bis(imidazolium) salt 3a, 3b or 3c. 
 1-[(1R)-1-(benzylcarbamoyl)-2-phenylethyl]-3-{[3-({1-
[(1S)-1-(benzylcarbamoyl)-2-phenylethyl]-1H-imidazol-3-
ium-3-yl}methyl)phenyl]methyl}-1H-imidazol-3-ium;  
bis(trifluoro[(trifluoromethanesulfonylazanidyl)sul fonyl]me
thane) (3a). The reaction between 5a and LiNTf2 gave a brown 
liquid (0.45 g, 93 %). mp 28 °C; [α]D

25 = - 7.8 (c= 0.01, 
CHCl3); IR (ATR) 3434, 3263, 3135, 3063, 2968, 2936, 2877, 
1679, 1554, 1454, 1355, 1166 ,1036, cm-1; 1H NMR (500 MHz, 
CDCl3) δ (ppm) 8.75 (s, 2H), 8.17 (t, J = 5.3 Hz, 2H), 7.57 (s, 
2H), 7.32 (s, 1H), 7.31 (s, 2H), 7.15 (dt, J = 12.3, 7.0 Hz, 16H), 
7.04 – 6.99 (m, 7H), 5.30 (t, J = 7.9 Hz, 2H), 4.36 (dd, J = 14.8, 
6.1 Hz, 2H), 4.13 (dd, J = 14.8, 4.8 Hz, 2H), 3.40 (dd, J = 13.6, 
7.2 Hz, 2H), 3.13 (dd, J = 13.6, 8.7 Hz, 2H); 13C NMR (126 
MHz, CDCl3) δ (ppm): 166.3, 136.8, 135.3, 133.7, 133.5, 
131.0, 129.9, 129.2, 129.0, 128.9, 128.8, 127.9, 127.7, 122.5, 
122.1, 121.0, 118.5, 63.8, 53.2, 44.0, 40.0; 19F NMR (470 MHz, 

CDCl3) δ 78.7; HRMS (ESI-TOF) calcd for (C46H46N6O2/2) 
[M] 2+=357.1841, found 357.1839; calcd for (C48H46F6N7O6S2) 
[M + NTf2]+ 994.2855, found 994.2852; Anal. Calcd. (%) for 
C50H46F12N8O10S4 ·  H2O: C, 46.44; H, 3.74; N, 8.66; S, 9.92. 
Found: C, 46.35; H, 3.53; N, 8.28; S, 10.08. 
 1-[(1R)-1-(benzylcarbamoyl)-2-methylpropyl]-3-{[3-({1-
[(1S)-1-(benzylcarbamoyl)-2-methylpropyl]-1H-imidazol-3-
ium-3-yl}methyl)phenyl]methyl}-1H-imidazol-3-
ium;bis(trifluoro[(trifluoromethanesulfonylazanidyl )sulfony
l]methane) (3b). The reaction between 5b and LiNTf2 gave a 
yellow liquid (0.19 g, 73 %). mp 15 °C; [α]D

25 = -2.9 (c= 0.01, 
CHCl3); IR (ATR) 3376, 3146, 3072, 2973, 2880, 1679, 1548, 
1454, 1347, 1330, 1183, 1132, 1052 cm-11; 1H NMR (500 
MHz, CDCl3) δ (ppm): 8.99 (s, 2H), 8.24 (s, 2H), 7.51 (s, 2H), 
7.46 (s, 1H), 7.37 (s, 2H), 7.34 (d, J = 7.5 Hz, 1H), 7.26 (s, 2H), 
7.15 (dt, J = 18.6, 7.1 Hz, 10H), 5.33 – 5.24 (m, 4H), 4.57 (d, J 
= 9.8 Hz, 2H), 4.34 (dd, J = 14.7, 5.9 Hz, 2H), 4.13 (dd, J = 
14.7, 4.8 Hz, 2H), 2.38 – 2.17 (m, 2H), 0.87 (d, J = 6.5 Hz, 
6H), 0.66 (d, J = 6.5 Hz, 6H): 13C NMR (126 MHz, CDCl3) δ 
(ppm): 166.7, 137.1, 135.2, 133.9, 131.1, 130.1, 129.7, 128.8, 
127.9, 127.8, 122.6, 122.4, 121.0, 118.5, 68.9, 53.4, 44.0, 32.5, 
18.7, 18.2; 19F NMR (470 MHz, CD3CN) δ 80.2; HRMS (ESI-
TOF) calcd for (C38H46N6O2/2) [M]2+ 309.1841, found 
309.1837; found 357.1839; calcd for (C40H46F6N7O6S2) [M + 
NTf2]+ 898.2855, found 898.2852; Anal. Calcd. (%) for 
C42H46F12N8O10S4: C, 42.78; H, 3.93; N, 9.50; S, 10.88. Found: 
C, 42.41; H, 4.22; N, 9.12; S, 10.59. 
 1-[(1R)-1-(dodecylcarbamoyl)-2-methylpropyl]-3-{[3-
({1-[(1S)-1-(dodecylcarbamoyl)-2-methylpropyl]-1H-
imidazol-3-ium-3-yl}methyl)phenyl]methyl}-1H-imidazol-3-
ium;bis(trifluoro[(trifluoromethanesulfonylazanidyl )sulfony
l]methane (3c). The reaction between 5c and LiNTf2 gave a 
brown liquid (0.20 g, 72 %). mp -6 °C; [α]D

25 = -34.3 (c= 0.01, 
CHCl3); IR (ATR) 3384, 3223, 3143, 3065, 2958, 2924, 2854, 
1677, 1549, 1464, 1351, 1193, 1150,1057 cm-1; 1H NMR (500 
MHz, CDCl3) δ (ppm): 8.83 (s, 2H), 7.78 (s, 2H), 7.57 (s, 1H), 
7.51 (t, J = 7.7 Hz, 1H), 7.40 (d, J = 11.7 Hz, 4H), 7.00 (t, J = 
5.3 Hz, 2H), 5.36 (dd, J = 33.3, 14.6 Hz, 4H), 4.60 (d, J = 10.2 
Hz, 2H), 3.32 (dt, J = 13.7, 6.8 Hz, 2H), 3.12 – 3.01 (m, 2H), 
2.42 – 2.25 (m, 2H), 1.63 – 1.41 (m, 4H), 1.27 – 1.23 (m, 36H), 
1.05 (t, J = 8.2 Hz, 6H), 0.87 (t, J = 6.8 Hz, 6H), 0.76 (d, J = 
6.6 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ (ppm): 166.7, 
135.1, 133.9, 131.1, 130.1, 129.8, 122.6, 122.4, 121.1, 118.5, 
69.1, 53.3, 40.2, 32.4, 32.0, 29.7, 29.7, 29.6, 29.5, 29.3, 28.9, 
26.9, 22.8, 18.7, 18.1, 14.2; 19F NMR (470 MHz, CD3CN) δ 
80.2; HRMS (ESI-TOF) calcd for (C48H82N6O2/2) [M]2+ 
387.3250, found 387.3239; ; calcd for (C50H82F6N7O6S2) [M + 
NTf2]+ 1054.5672, found 1054.5673; Anal. Calcd. (%) for 
C52H82F12N8O10S4 ·  H2O: C, 46.14; H, 6.26; N, 8.28. Found: C, 
45.90; H, 5.88; N, 8.01. 
 
NMR titration procedures. The titrations were performed with 
the bis(imidazolium) compounds as their 
bis(trifluoromethylsulfonyl)imide salts (3a-c). Stock solutions 
of the bis(imidazolium) salts were prepared by weighting the 
corresponding amount of the compound (3a-c) and reaching a 
final concentration around 8−12 mM. The solvent used was 
95:5 CDCl3:DMSO-d6 since this mixture allowed a good 
solubility during the whole titration experiment. Additionally, a 
stock solution of the titrant containing 100 mM 
tetraethylammonium salt of each carboxylate was prepared by 
dissolving the salt in the stock solution of the bis(imidazolium), 
maintaining the concentration of the bis(imidazolium) salts 
constant during the titration experiment. The stock solution of 
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the bis(imidazolium) salt was introduced in a NMR tube and 
the 1H NMR spectrum (500 MHz, 303 K) was acquired, then 
successive aliquots of the stock solution of the carboxylate 
were added and the 1H NMR spectrum recorded after each 
addition. 
 
Theoretical studies. The supramolecular complexes between 
3a and the guests were generated manually and submitted to 
conformational analysis by Monte Carlo conformational 
searches as implemented in Spartan’14 software. To this aim, 
10000 structures were stochastically generated and minimized 
with the MMFF molecular force field. Then, the lowest 100 
minima were analysed and ordered attending to their relative 
energies. Different starting geometries and anion-cation 
dispositions were used in order to verify that the systems 
converged to the same final minima. The obtained minima were 
subsequently fully minimized at the B3LYP/6-
31+G*//B3LYP/3-21G* level of theory. 
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