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Abstract: A series of thioether-functionalised imidazolium
salts have been prepared and characterized. Subsequent re-
action of the thioether-functionalised imidazolium salts with
iodomethane affords imidazolium–sulfonium salts composed
of doubly charged cations and two different anions. Imid-
azolium–sulfonium salts containing a single anion type are
obtained either by a solvent extraction method or by anion
exchange. The imidazolium–sulfonium salts undergo
a methyl-transfer reaction on exposure to water, giving rise

to a new, singly charged imidazolium salt with iodide intro-
duced at the 2-position of the imidazolium ring. Crystal
structures of some of the imidazolium–sulfonium salts were
determined by X-ray crystallography providing the topology
of the interactions between the dications and the anions.
Electrospray ionization mass spectrometry and quantum-
chemical calculations were used to rationalise the relative
strength of these interactions.

Introduction

Interest in ionic liquids (ILs) has grown rapidly[1, 2] with the in-
troduction of task-specific[3] (now commonly referred to as
functionalised)[4] ionic liquids giving the field a further boost.[5]

Theoretical investigations combined with spectroscopic studies
(such as electronic absorption, vibrational, and NMR) have pro-
vided a deeper understanding of the nature of ionic liquids.[6, 7]

Diffraction techniques such as X-ray crystallography and neu-
tron scattering have provided quantitative information on the
distances between the cations and the anions in ionic liq-
uids,[8, 9] and their dynamic motions, etc.[10]

The vast majority of the studies on ionic liquids are based
on singly charged systems, and although a number of multiply

charged systems have been reported, they have not been in-
vestigated systematically.[11, 12, 13] Shreeve and co-workers[14] re-
ported unsymmetric dicationic salts incorporating imidazolium
and triazolium functionalities connected by alkyl and fluoroalk-
yl chains, and used these salts as reaction media for C�C cou-
pling reactions. The same group also reported some bipyridini-
um[15] and dicationic imidazolium salts.[16] It has also been
found that dicationic imidazolium salts with polyethylene
glycol linkers exhibit high thermal stability and good lubricity
allowing them to be used as high-pressure lubricants.[17] Arm-
strong and co-workers have prepared dicationic pyrrolidinium
salts connected by hydrocarbon chains,[18, 19] also with thermal
stabilities exceeding their monocationic counterparts. Interest-
ingly, the high stability of dicationic ionic liquids has enabled
them to be used as reaction media for reactions that require
forcing conditions.[20] Dicationic ionic liquids have also been
evaluated as stationary phases for gas chromatography,[21, 22]

for extraction purposes[23] and as electrolytes.[24]

Despite the recent growth in reports of dicationic systems,
the emphasis has been on their applications, and little effort
has been directed towards understanding the interactions be-
tween the dications and the anions, although quantum-chemi-
cal calculations on multi-charged models have been report-
ed.[25, 26] Only a few imidazolium salts with thioether moieties
have been reported, and to the best of our knowledge, none
have been converted into imidazolium–sulfonium dicationic
salts.[27] Consequently, in this paper, we describe a fundamental
study centred on the synthesis and characterisation of some
dicationic imidazolium–sulfonium salts with mixed anions. By
combining one dication with two different anions, it has been
possible to assess the relative strength of the interactions of
the dication and the individual anions.
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Results and Discussion

Reaction of 1-methylimidazole with ClCH2SCH3 affords the
imidazolium chloride [C1SC1mim]Cl, 1, in high yield (Scheme 1).
The product was obtained as a waxy solid, which was soluble
in water and polar organic solvents. Similarly, reaction of
ClCH2CH2SCH3 and ClCH2CH2SCH2CH3 with 1-methylimidazole
gave the corresponding compounds [C1SC2mim]Cl, 2, and

[C2SC2mim]Cl, 3, also as wax-like solids. Exchange of the chlo-
ride anion in 1–3 by [NTf2]� (NTf2 = bis(trifluoromethylsulfon-
yl)amide) by metathesis with Li[NTf2] afforded ionic liquids 4–6,
which are liquid at room temperature. Compared to their
oxygen-containing analogues,[28] the viscosities of the thioether
ionic liquids 4–6 are slightly lower (Table 1), presumably owing

to the lower electronegativity of the sulfur atom compared
with that of oxygen leading to weaker intra- and intermolecu-
lar hydrogen-bonding interactions.

The 1H NMR (CD3CN) spectra of 1–6 are as expected with
the signal for the proton in the 2-position of the ring in the
range 8.75–9.70 ppm, with no significant difference observed
compared with their ether analogues.[28] The IR spectra of 1–3
display the expected aromatic C�H absorptions between 3000
and 3150 cm�1 and vibrations in the range 2850–2950 cm�1 at-
tributable to C�H···Cl hydrogen-bonding interactions.[29]

Reaction of 2, 3, 5 or 6 with an excess of iodomethane gave
the dicationic imidazolium–sulfonium salts 7–10, containing
two different anions (Scheme 2). Under similar conditions,
1 and 4 did not react with iodomethane, presumably owing to
the closer proximity of the sulfur atom to the electron-with-
drawing imidazolium moiety, decreasing its nucleophilicity.[4]

The 1H NMR spectrum shows that methylation occurs at the
sulfur centre. The IR spectra of 7–10 contain peaks in the
range 2850–2910 cm�1 that are indicative of C�H···halide hy-
drogen bonds, with the absorptions of 9 and 10 (containing
[NTf2]� and I� anions) being weaker than those of 7 and 8
(containing Cl� and I� anions).

The ESI mass spectra of 7, 8, 9 and 10 display peaks at m/z
[1/2(dication)]+ and [(dication)(anion)]+ . The relative heights of

the peaks are dependent on the anion and the
nature of the solvent used for analysis. ESI-MS has
been previously used to estimate the relative
strength of cation/anion interactions in ionic liq-
uids.[30, 31] In the ESI process, the analyte solution dis-
perses into a fine spray of charged droplets, and the
solvent evaporates from the droplets until a certain
charge density is reached, the droplet then reduces
further in size, either by fission or by ion evaporation

(the release of a solvated ion from the surface of the droplet).
Ions that are most strongly solvated and/or ion-paired tend to
occupy the interior of the droplet, whereas weakly solvated
ions are located at the surface. The ions that are detected are
those that are lost first in the process, rather than those that
are paired up with counterions and removed as neutral species
by the vacuum pump.[32, 33] The effect of hydrophobicity on the
detection limit for different ionic liquids has been previously
studied, with the more hydrophobic (surface-active) systems
having the lowest detection limits and thus highest sensitivi-
ty.[34] Consequently, in a solution of 10 (containing the I� and
[NTf2]� anions) in ethanenitrile, the hydrophobic ions,
[(dication)(NTf2)]+ , reside preferentially on the surface of the
droplet whereas the iodide ions are strongly solvated and con-
fined to the droplet interior. As such, when the charge density
rises sufficiently that ion evaporation occurs, the species to be
lost from the droplet are [(dication)(NTf2)]+ ions (formed by
a dication accompanied by a [NTf2]� anion). For the same rea-
sons, for the sample of 9 in ethanenitrile, the observed main
peak is also the [(dication)(NTf2)]+ ion.

The positive-ion ESI-MS of 10, [C9H18N2S][I][NTf2] , in ethaneni-
trile shows the [(C9H18N2S)I]+ ion to have an intensity 95 % that
of the [(C9H18N2)(NTf2)]+ ion (Figure 1). However, in propanone,
the proportion drops to 50 %, in methanol to 9 % and in water
to less than 1 %.

This order is roughly consistent with the ability of the sol-
vent to solvate the iodide ion. A strongly solvated iodide ion is
likely to be present in the interior of the droplets, and hence
be underrepresented in the spectrum. Because methanol and

Scheme 1. Synthesis of imidazolium salts 1–6.

Table 1. Viscosities of 4–6 and their ether analogues for comparison (cP
at 21 8C).

4 44 50

5 39 59

6 40 48

Scheme 2. Imidazolium–sulfonium salts 7–10 with mixed anions.
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ethanenitrile have similar dielectric constants, but very differ-
ent behaviour in this context, hydrogen bonding is clearly
playing a significant role. Overall, the response factor of differ-
ent dication/anion aggregate ions in these ESI-MS experiments
reveals more about the solvation of the ionic liquid ions in
a particular solvent than about the strength of the cation–
anion ion pair in the neat ionic liquid.

To examine the cation–anion interactions in more detail,
quantum-chemical calculations were carried out on the possi-
ble structures and interaction energies of the ion pairs involv-
ing the dication and individual anions, I� , [PF6]� and [NTf2]� . In-
itially, the conformational behaviour of the isolated ions was
studied.

The conformation of the dication is determined by the tor-
sion angles, t1, t2 and t3: t1 = C1-N1-C4-C5 (for the number-
ing system, see Figure 2), and in a stable conformation it has

a value of approximately �908 ; t2 = N1-C4-C5-S1, and can be
approximately 1808 in the anti conformation, approximately
608 in the gauche or approximately �608 in the (�)-gauche
conformation; t3 = C4-C5-S1-C6, and can have approximate
values of �608, 608 or 1808 for the anti, the gauche and the
(�)-gauche conformations, respectively, relative to the lone
electron pair on the sulfur atom. According to literature data,
t1�908 corresponds to a global minimum of the potential
energy surface (PES) of 1-alkyl-3-methylimidazolium cations,
whereas t1�08 corresponds to a local minimum.[35] It was not
possible to localize this latter minimum on the PES of the di-
cation, and the energy difference between the minima with t1
�908 and t1��908 did not exceed 0.4 kJ mol�1, which sug-
gests that these minima are almost equally populated. Thus,

only two torsion angles (t2 and t3) are essential for description
of the conformational behaviour of the dication.

According to B3LYP/6–31G(d) computations, the lowest-
energy conformer is anti,gauche (AG) with t2�1708 and t3
�808. The energy gaps between the AG form and the gauche,
gauche (GG), the anti,(�)-gauche (A,�G) and the anti,anti (AA)
conformers are about 6.3, 7.1 and 10.5 kJ mol�1, respectively. In
crystals of 11, 13, 14 and 16 (see below), only the AG and the
GG conformations of the dication are observed, a fact that sug-
gests that the gauche conformation about the S�CH2 bond is
preferable, not only for the isolated species, but also in the
bulk. According to these B3LYP/6–31G(d) computations, the
gauche conformer of the model cation, ethyldimethylsulfoni-
um, [S112]+(Figure 2), is also more energetically stable than the
anti form, although the energy gap of 2.5 kJ mol�1 is almost
three times smaller than for the dication.

These computations and numerous literature data[35] demon-
strate that the trans conformation of the [NTf2]� anion of C2

symmetry with CF3 groups on the opposite sides with respect
to the S–N–S plane is energetically preferable relative to the
cis conformer, in which the both CF3 groups lie on the same
side of the S–N–S plane. This conformation is also observed in
crystals of 13 and 14, although the cis conformation has also
been reported for a few salts.[36]

Based on the above computations of the isolated counter-
ions, the interaction energies (Eint) of the dication and the
anions were calculated. To avoid a basis-set superposition error
(BSSE), Eint were counter-poise corrected by using a standard
approach by Boys and Bernardi.[37] The final expression for the
Eint,cp was as follows:

E int,cp ¼ EðAC,rcÞAC�EðA,rcÞAC�EðC,rcÞAC þ Edef ð1Þ

with

Edef ¼ ½EðA,rcÞ�EðA,reÞ� þ ½EðC,rcÞ�EðC,reÞ� ð2Þ

Here the deformation energy, Edef, describes deformation of
the anions, A, and cations, C, from their equilibrium structures
to those assumed in the ion pair (re to rc), and is calculated in
the corresponding ion (A or C) basis set only whereas all other
energy terms in Eq. (1) are calculated in the full basis set of the
ion pair (AC).

About twenty different types of ion pairing of singly charged
imidazolium-based cations with I� , [PF6]� and [NTf2]� anions
have been revealed by X-ray crystallography[38] and from quan-
tum-chemical studies.[28, 39] This number should be much larger
in the case of ion pairs of the dication with the same anion,
and an attempt to localize computationally all minima on the
potential energy surfaces of these systems would be extremely
demanding. About thirty different ion pairs of the dication
with I� , [PF6]� and [NTf2]� anions were optimized by using
either (a) the X-ray structures or (b) the optimized geometries
of the individual ions in their lowest-energy conformation as
a starting point. In all cases, the variant (b) resulted in the
more energetically stable forms of the ion pairs with larger
Eint,cp [Eq. (1)] relative to the variant (a). Maximal values of the

Figure 1. Positive-ion ESI-MS of 10 in ethanenitrile. The relative intensities of
the [(C9H18N2S)I]+ ion in various other solvents are indicated on the
spectrum.

Figure 2. The numbering system of the [dication]2 + , [C2mim]+ and [S112]+ .
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interaction energy, found for every type of the ion pairs as de-
scribed above, are shown in Table 2 where they are compared
with the corresponding values computed for the ion pairs of
the same anions with the 1-ethyl-3-methylimidazolium
([C2mim]+) and ethyldimethylsulfonium ([S112]+) cations. The
magnitude of the interaction energy follows the trend: I�>
[NTf2]�> [PF6]� irrespective of the type of cation and a similar
trend for alkylimidazolium cations was found.[39, 40] The compu-
tational analysis indicates that the ion pairing in the
dication-based systems is qualitatively similar to the
case of monocation systems, in agreement with the
ESI-MS experiments, with the solvation effects result-
ing in changes in the relative intensities in the ESI-MS
spectra.

The single-anion-containing salts 11–14 can be iso-
lated in pure anionic form by simply washing 9 and
10 with propanone. This process results in the pre-
cipitation of the iodide-containing salts 11 and 12,
leaving the [NTf2]� salts 13 and 14 in solution. Alter-
natively, water may be used in place of propanone to
separate the salt mixtures, with 13 and 14 precipitat-
ing and 11 and 12 remaining in the aqueous phase.
Salts 13 and 14 and the hexafluorophosphate-con-
taining salts 15 and 16 may also be obtained from 7
and 8 by metathesis with two equivalents of Li[NTf2]
or K[PF6] , respectively (Scheme 3).

Salts 11–16 are solids at room temperature; 13 and 14 have
melting points of 85 8C and 75 8C, respectively, and can be con-
sidered as ionic liquids according to the commonly accepted
definition (�100 8C).[41] Salts 11–16 are stable when stored
under an inert atmosphere, but decompose over a prolonged
time when exposed to air. In an attempt to crystallize 12, the
2-iodoimidazolium derivative 17 was obtained in low yield as
colourless crystals, presumably with the concomitant release of
methane (Scheme 4). Similar decomposition reactions of sulfo-
nium salts have been reported previously.[42]

Crystals of 11, 13, 14, 16 and 17 suitable for X-ray analysis
were obtained at room temperature by slow diffusion of dieth-
yl ether into ethanenitrile solutions of the salts. With the ex-
ception of the diiodide salt, 11, all structures show some disor-
der. In 13, only one [NTf2]� anion is disordered, whereas there
is significant disorder in 14 and 16 in the positions of both the
sulfonium moiety and the anions. In 14, two independent cat-
ions are present, both of which are disordered.

The structures of 11, 13, 14 and 16 are illustrated in Figure 3
and selected bond parameters are summarized in Table 3. The

bond angles and lengths around the imidazolium moiety in
11, 13, 14 and 16 are as expected.[43] The presence of the sul-
fonium moiety relatively close to the imidazolium ring does
not appear to exert any marked influence on the bond param-
eters within the imidazolium ring, whereas the bond lengths
and angles around the sulfur atoms are slightly different to
those of monocationic alkyl sulfonium centres.[44] For example,
the S�C bond lengths in 11 are 1.794(5), 1.801(5) and
1.809(6) �, with the C-S-C angles of 100.6(3), 101.6(3) and
102.6(3)8, defining a distorted pyramidal geometry about the
sulfonium centre.

Bond parameters within the imidazolium moieties in 13 and
14 are comparable with those observed in 11. Notably, in the
imidazolium ring of 13, the N�C bonds N1�C4 (1.458(10) �)
and N2�C8 (1.473(13) �) are almost the same length, whereas
in the diiodide salt 11, the N1�C4 (1.487(7) �) bond length is
longer than the N2�C8 (1.462(7) �) one. In 13, the C-S-C
angles are 100.4(4), 101.1(5) and 102.3(4)8, and the S�C bond
lengths are 1.791(9), 1.793(10) and 1.808(7) �: these values are
similar to those found in 11. The extensive disorder in 14 and
16 precludes an analysis of their bond parameters.

Table 2. Interaction energies, Eint,cp [kJ mol�1] [Eq. (1)] , computed for vari-
ous ion pairs.

[PF6]� [NTf2]� I�

[dication]2 + 626.3 626.8 652.3
[C2mim]+ 320.3 325.3 332.9
[S112]+ 296.8 315.7 348.3

Scheme 3. Alternative routes to 13–16.

Scheme 4. Spontaneous reaction to form 17.

Table 3. Selected bond lengths [�] and angles [8] for 11, 13, 14 and 16.

11 13 14 16

C1�N1 1.327(7) 1.317(11) 1.324(6) 1.320(6)
C1�N2 1.348(7) 1.340(11) 1.376(5) 1.311(6)
N1�C4 1.487(7) 1.458(10) 1.490(5) 1.471(6)
C4�C5 1.535(8) 1.549(11) 1.443(7), 1.574(8) 1.528(7)
N2�C8 (for 11, 13) 1.462(7) 1.473(13)
N2�C9 (for 14, 16) 1.471(6) 1.464(6)
S1�C5 1.809(6) 1.808(7) 1.792(5), 1.820(7) 1.857(5), 1.738(7)
S1�C6 1.801(5) 1.791(9) 1.794(6), 1.799(8) 1.785(6), 1.808(9)
S1�C7 1.794(5) 1.793(10) 1.823(7), 1.810(8) 1.840(9), 1.789(10)
C1-N1-C2 108.1(5) 106.8(8) 108.6(4) 108.1(4)
C5-S1-C6 101.6(3) 100.4(4) 100.5(3), 98.1(5) 101.8(3), 96.3(8)
C5-S1-C7 100.6(3) 102.3(4) 100.5(3), 103.6(5) 103.4(4), 100.0(8)
C6-S1-C7 102.6(3) 101.1(5) 103.6(3), 101.5(6) 113.9(5),107.1(10)
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Although numerous structures of salts composed of transi-
tion-metal cations with the [NTf2]� anion have been reported,
only a few salts containing the imidazolium cation have been
characterized crystallographically. In the handful of examples
of imidazolium salts with [NTf2]� anions, the C�S bonds in the
anion usually adopt a transoid conformation[45] and only a few
examples with a cisoid conformation are known.[36, 38] Interest-
ingly, all the cisoid conformations contain either transition
metals or acidic hydrogen atoms able to adopt O,O-chelating
interactions, through which the cisoid conformations are stabi-
lized. The [NTf2]� anions in 13 and 14 adopt a transoid confor-
mation, an observation that is in agreement with the computa-
tional study (see above).

As expected, extensive hydrogen-bond interactions are
found in 11, 13, 14 and 16 in the solid state (Figure 4 and
Tables 4–7). The hydrogen atoms from the imidazolium ring

form the strongest hydrogen
bonds with the anion and, in ad-
dition, the hydrogen atoms from
the alkyl substituents surround-
ing the positively charged sulfur
atom are also involved in hydro-
gen bonding.

In 13, strong hydrogen bonds
are observed that involve the
oxygen atom in the anion and
the C�H bonds in the imidazoli-
um ring and the CH2 moieties in
the side chain with the C�H···O
distances ranging from 2.27 to
2.60 � (Table 5). However, owing
to the disorder, a more exact ex-
amination of the distances is not
possible. Both the O and F
atoms in the anions in 14 are in-
volved in hydrogen bonding
(2.23 to 2.54 �) with the dication
(Table 6), whereas in 16 only the
F atoms in the anion are in-
volved in the hydrogen bonding
with distances of 2.41 to 2.55 �
(Table 7). In some imidazolium
salts, head-to-tail interactions are
observed in which electronega-
tive elements interact with the
positively charged imidazolium
ring. For example, in a nitrile

imidazolium chloride, the nitrile nitrogen atom points to the
centre of the imidazolium ring.[46] In 11, however, despite the
presence of two positively charged centres, no significant in-
teractions between the iodide anions and the positively
charged sulfur atom (S···I) or the imidazolium ring (I···p) are ob-

Figure 3. Structures of 11 (top left), 13 (top right), 14 (bottom left) and 16 (bottom right). Hydrogen atoms are
omitted for clarity.

Table 4. Principle hydrogen bond parameters in 11.

D�H···A d(D�H)
[�]

d(H···A)
[�]

d(D···A)
[�]

aD�H···A
[8]

C1�H1···I1[a] 0.9500 2.9200 3.801(6) 155.00
C3�H3···I2[b] 0.9500 3.0400 3.882(6) 149.00
C5�H5A···I1[c] 0.9900 3.0400 3.964(6) 156.00

Symmetry codes: [a] 1/2�x, y, 1/2 + z ; [b] x, y�1, z ; [c] 1/2 + x, 1�y, z.

Table 5. Principle hydrogen bond parameters in 13.

D�H···A d(D�H)
[�]

d(H···A)
[�]

d(D···A)
[�]

aD�H···A
[8]

C1�H1···O11A[a] 0.9500 2.5500 3.280(16) 133.00
C2�H2···N3[b] 0.9500 2.6000 3.488(12) 156.00
C3�H3···O8 A[c] 0.9500 2.3400 3.26(2) 162.00
C3�H3···O8B[c] 0.9500 2.5900 3.447(18) 150.00
C4�H4B···O3[d] 0.9900 2.5700 3.405(11) 142.00
C5�H5 A···O2[e] 0.9900 2.5400 3.162(11) 121.00
C5�H5 A···O11A[a] 0.9900 2.4900 3.172(14) 126.00
C5�H5B···O1[c] 0.9900 2.5700 3.235(11) 124.00
C5�H5B···O4[c] 0.9900 2.3800 3.313(10) 157.00
C6�H6 A···O9B[f] 0.9800 2.2700 3.020(16) 133.00
C7�H7 A···O1[c] 0.9800 2.5000 3.120(11) 121.00
C7�H7C···O9 A[g] 0.9800 2.5200 3.256(16) 132.00
C8�H8C···O11B[h] 0.9800 2.6000 3.378(16) 137.00
F12B···p (N1,N2) 3.158

Symmetry codes: [a] 1�x, �y, 2�z ; [b] �x, �y, 1�z ; [c] 1�x, 1�y, 1�z ;
[d] �x, 1�y, 1�z ; [e] 1�x, �y, 1�z ; [f] 2�x, 1�y, 1�z ; [g] x, y�1, z ; [h] �x,
�y, 2�z.
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served (S···I distances >4 �). In contrast, in salts 13, 14 and 16,
interactions between the F atom from the anion with the
imidazolium ring are observed with the F···p (N1,N2) distances
ranging from 3.16 to 3.31 � (Figure 4).

The crystal structure of 17, containing two molecules in the
asymmetric unit, is shown in Figure 4. Replacement of the hy-
drogen atom in the 2-position of the imidazolium ring by an
iodine atom results in slight changes to the geometry of the

rings. In addition, the C-S-C bond angle in 17 is increased to
103.78 (cf. 101–1028 in 11, 13, 14 and 16, see Table 3). The hy-
drogen-bonding interactions are significantly weakened com-
pared to those in the crystal of 11, with the shortest C�H···I
bond being 2.97 � (Table 8). The I···I distances between the
iodine atom bonded to the imidazolium ring and the free
iodide anion range from 3.36 to 3.37 �. These values are rather
short, but still within the range found in structurally similar
compounds.[47, 48] There are also interactions between the C�I
bond and the imidazolium ring with the C�I···p distances lying
between 3.75 and 3.91 � (Figure 5). No hydrogen bonds in-
volving the S centre are observed, an observation that con-
trasts with ether-functionalised systems in which the oxygen
atoms are involved in intermolecular interactions with the hy-

Figure 4. Hydrogen bonds in 11, 13, 14 and 16 (from the top).

Table 6. Principle hydrogen bond parameters in 14.

D�H···A d(D�H)
[�]

d(H···A)
[�]

d(D···A)
[�]

aDH···A
[8]

C1�H1···O15A[a] 0.9500 2.2600 3.086(7) 144.00
C1�H1···O15B[a] 0.9500 2.2500 3.197(7) 173.00
C5 A�H5 A1···O3 0.9900 2.3800 3.083(6) 127.00
C2�H2···O7[b] 0.9500 2.4400 3.313(6) 154.00
C6 A�H6 A2···F12 0.9800 2.5200 3.054(6) 114.00
C6 A�H6 A2···O8[b] 0.9800 2.5400 3.319(8) 137.00
C4�H4 A···O15A[a] 0.9600 2.5100 3.333(7) 143.00
C4�H4B···O9 0.9600 2.3300 3.182(5) 148.00
C4�H4B···O11 0.9600 2.4500 3.172(5) 132.00
C6 A�H6 A3···O10[c] 0.9800 2.4300 3.374(7) 161.00
C11�H11···O13A[d] 0.9500 2.2300 3.066(7) 146.00
C11�H11···O13B[d] 0.9500 2.2600 3.212(7) 176.00
C12�H12···O5 0.9500 2.4200 3.337(5) 161.00
C14�H14 A···O1[e] 0.9600 2.4000 3.231(5) 145.00
C14�H14 A···O4[e] 0.9600 2.4900 3.248(5) 136.00
C14�H14B···O13A[d] 0.9600 2.5200 3.341(7) 144.00
C15 A�H15B···O12 0.9900 2.4600 3.150(6) 127.00
C16 A�H16 A···O2[f] 0.9800 2.4100 3.375(8) 167.00
C16 A�H16B···F7 0.9800 2.3900 3.315(8) 158.00
O3···p (N1,N2) 3.192
F20 A···p (N1,N2) 3.296
F20B···p (N1,N2) 3.305

Symmetry codes: [a] 1�x, 1�y, 1�z ; [b] 1�x, 1�y, �z ; [c] x�1, y, z ;
[d] 1�x, �y, 1�z ; [e] x, y�1, z ; [f] 1 + x, y�1, z.

Table 7. Principle hydrogen bond parameters in 16.

D�H···A d(D�H)
[�]

d(H···A)
[�]

d(D···A)
[�]

aD�H···A
[8]

C1�H1···F10A[a] 0.9500 2.4900 3.208(7) 132.00
C2�H2···F2[b] 0.9500 2.4100 3.325(6) 162.00
C4�H4 A···F7 A[a] 0.9900 2.5000 3.371(12) 146.00
C4�H4B···F3[c] 0.9900 2.4500 3.324(6) 146.00
C5�H5 A···F1[c] 0.9900 2.4300 3.322(7) 150.00
C5�H5B···F3 0.9900 2.5300 3.444(7) 154.00
C5�H5B···F10A[a] 0.9900 2.5400 3.260(8) 130.00
C8 A�H8 A2···F1[d] 0.9800 2.5100 3.416(13) 153.00
C9�H9B···F4[e] 0.9800 2.5500 3.299(6) 133.00
F2···p (N1,N2) 3.310

Symmetry codes: [a] x, y, 1 + z ; [b] 1�x, 2�y, 1�z ; [c] 1 + x, y, z ; [d] �x,
1�y, 1�z ; [e] �x, 2�y, 1�z.
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drogen atoms from the imidazolium ring and the side-
chains.[28]

In conclusion, we have prepared a series of imidazolium–sul-
fonium salts that can be separated and purified in a simple
manner according to the relative hydrophilicity/hydrophobicity
of the anions and the strength of their interactions with the di-
cations. Whereas other dicationic and multicationic salts are

room-temperature liquids,[11–16] all the salts described herein
are solid at room temperature although two may be classified
as ionic liquids as they melt below 100 8C. However, as this def-
inition is arbitrary,[49] dating back to 1914 (before the term
ionic liquids was introduced),[50] we would consider all the ma-
terials described here to be ionic liquids, as there is no philo-
sophical, empirical or theological reason to distinguish be-
tween the classification of a salt melting at 90 8C and one melt-
ing at 190 8C. The main reason for the elevated melting points
of these salts appears to be the higher electrostatic interaction
owing to the presence of the dication.[51] ESI-MS of the salts
showed the greatest affinity to the cation with anions that are
less well solvated by the solvent used for analysis, rather than
to the strongest ion pair. Consequently, the mass spectra are
highly dependent on the solvent used for analysis. The crystal
structures of some of the compounds reported represent the
first structures of this class of salt. In most of the crystals,
extensive disorder is observed, which is believed to be partially
responsible for the low-melting nature of certain ionic
liquids.[52]

Experimental Section

General

All starting materials were obtained from commercial sources and
used as received. The synthesis of the imidazolium salts was per-
formed under an inert atmosphere of dry dinitrogen by using stan-
dard Schlenk techniques in solvents dried by using a solvent-purifi-
cation system manufactured by Innovative Technology, Inc. IR spec-
tra were recorded on a Perkin–Elmer FT-IR 2000 system. NMR spec-
tra were measured on a Bruker DMX 400 spectrometer, using
SiMe4 as an external standard at 20 8C. Electrospray ionization mass
spectra (ESI-MS) were recorded on a ThermoFinnigan LCQ� Deca
XP Plus quadrupole ion trap instrument for samples diluted in
methanol by using a literature method.[28] The ESI-MS experiments
conducted in different solvents were performed on a Micromass
QTOF micro. Elemental analysis was carried out at the EPFL. Viscosi-
ties were measured with a Brookfield DV-II + viscometer using
0.5 mL of sample at 21 8C.

Synthesis of 1

Chloromethyl methyl sulfide (10.6 g, 0.11 mol) was added dropwise
to a stirred solution of 1-methylimidazole (8.2 g, 0.1 mol) in diethyl
ether (30 mL) at 0 8C. The reaction mixture was stirred at room
temperature (20 8C) for a further 8 h, then the excess chloromethyl
methyl sulfide and diethyl ether were removed under vacuum. The
remaining waxy solid was washed with diethyl ether (3 � 5 mL) and
dried under vacuum. Yield: 97 %. 1H NMR (400 Hz, CD3CN): d= 9.75
(s, 1 H), 7.69 (s, 1 H), 7.50 (s, 1 H), 5.50 (s, 2 H), 3.92 (s, 3 H), 2.00 ppm
(s, 3 H); IR (neat) n̄= 3115, 3091, 3065, 2981, 2954, 2900, 2850,
2845 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion 143
[cation]+ ; elemental analysis calcd (%) for C6H11ClN2S (178.69): C
40.33, H 6.20, N 15.68; found: C 40.89, H 6.28, N 15.52.

Synthesis of 2

Chloroethyl methyl sulfide (12.1 g, 0.11 mol) was added to 1-meth-
ylimidazole (8.2 g, 0.1 mol) at 0 8C in diethyl ether (30 mL) with stir-
ring. The reaction mixture was stirred at room temperature for

Table 8. Principle hydrogen bond parameters in 17.

D�H···A d(D�H)
[�]

d(H···A)
[�]

d(D···A)
[�]

aD�H···A
[8]

C4�H4 A···I2 0.9900 3.0300 3.504(9) 111.00
C9�H9 A···I4[a] 0.9800 2.9700 3.925(10) 164.00
C13�H13B···I3 0.9900 3.0500 3.574(9) 114.00
I1···p[b] (N1, N2) 3.875
I1···p[c] (N3, N4) 3.911
I4···p[c] (N1, N2) 3.751
I1···I2[d] 3.358
I3···I4[e] 3.373

Symmetry codes: [a] x, 1 + y, z ; [b] 3�x, 1�y, 1�z ; [c] 1.5�x, y�0.5, z ;
[d] 3.5�x, y�0.5, z ; [e] 0.5�x, 0.5 + y, z.

Figure 5. Molecular structure of 17 (top) and hydrogen-bonding patterns in
17 (bottom). Selected bond lengths [�] and angles [8]: I2�C4, 2.093(8) ; I3�
C12, 2.105(8) ; N1-C1-N2, 107.0(7) ; C6-S1-C7, 103.7(5).
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a further 8 h. The excess of chloroethyl methyl sulfide and diethyl
ether were removed under vacuum. Yield: 95 %. 1H NMR (400 Hz,
CD3CN): d= 9.50 (s, 1 H), 7.68 (s, 1 H), 7.48 (s, 1 H), 4.40 (t, 2 H, J =
6.50 Hz), 3.90 (s, 3 H), 3.02 (t, 2 H, J = 6.50 Hz), 2.20 ppm (s, 3 H); IR
(neat): n̄= 3120, 3070, 3051, 2978, 2900, 2850, 2840 cm�1 (C�H);
ESI-MS (CH3CN): m/z (%): positive ion 157 [cation]+ ; elemental anal-
ysis calcd (%) for C7H13ClN2S (192.71): C 43.63, H 6.80, N 14.54;
found: C 43.71, H 6.86, N 14.52.

Synthesis of 3

2-Chloroethyl ethyl sulfide (13.1 g, 0.105 mol) was added to 1-
methylimidazole (8.2 g, 0.1 mol, 10 mL) at 0 8C in diethyl ether
(30 mL) with stirring. The reaction mixture was heated under reflux
for 24 h, then the excess of 2-chloroethyl ethyl sulfide and diethyl
ether were removed under vacuum. The remaining waxy solid was
washed with diethyl ether (3 � 5 mL) and dried under vacuum.
Yield: 97 %. 1H NMR (400 Hz, CD3CN): d= 9.70 (s, 1 H), 7.70 (s, 1 H),
7.60 (s, 1 H), 4.44 (t, 2 H, J = 6.40 Hz), 3.90 (s, 3 H), 3.02 (t, 2 H, J =
6.40 Hz), 2.62 (q, 2 H, J = 7.00 Hz), 1.20 ppm (t, 3 H, J = 7.00 Hz); IR
(neat): n̄= 3100, 3070, 3041, 2968, 2905, 2845, 2830 cm�1 (C�H);
ESI-MS (CH3CN): m/z (%): positive ion 171 [cation]+ ; elemental anal-
ysis calcd (%) for C8H15ClN2S (206.7395): C 46.48, H 7.31, N 13.55;
found: C 46.51, H 7.34, N 13.52.

Synthesis of 4

A mixture of 1 (9.0 g, 0.05 mol) and Li[NTf2] (14.35 g, 0.05 mol) in
water (20 mL) was stirred at room temperature for 2 h. The lower
IL phase was separated, washed with water (2 � 5 mL) and dried
under vacuum at 100 8C for 24 h to afford the product. Yield: 72 %.
1H NMR (400 Hz, CD3CN): d= 8.73 (s, 1 H), 7.55 (s, 1 H), 7.50 (s, 1 H),
5.10 (s, 2 H), 3.85 (s, 3 H), 2.12 ppm (s, 3 H); IR (neat): n̄= 3110, 3091,
3055, 2980 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion 143
[cation]+ , negative ion 280 [Ntf2]� ; elemental analysis calcd (%) for
C8H11F6N3O4S3 (423.38): C 22.70, H 2.62, N 9.92; found: C 22.80, H
2.63, N 9.91.

Synthesis and characterisation of 5 and 6

Compounds 5 and 6 are prepared in a similar manner to that de-
scribed for 4.

5 : Yield: 86 %. 1H NMR (400 Hz, CD3CN): d= 8.62 (s, 1 H), 7.46 (s,
1 H), 7.38 (s, 1 H), 4.42 (t, 2 H, J = 6.50 Hz), 3.88 (s, 3 H), 2.96 (t, 2 H,
J = 6.50 Hz), 2.16 ppm (s, 3 H); IR (neat): n̄= 3111, 3070, 3030, 2970,
2901 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion 157
[cation]+ , negative ion 280 [Ntf2]� ; elemental analysis calcd (%) for
C9H13F6N3O4S3 (437.41): C 24.77, H 3.00, N 9.61; found: C 24.80, H
3.03, N 9.60.

6 : Yield: 84 %. 1H NMR (400 Hz, CD3CN): d= 8.65 (s, 1 H), 7.55 (s,
1 H), 7.45 (s, 1 H), 4.45 (t, 2 H, J = 6.40 Hz), 3.88 (s, 3 H), 3.05 (t, 2 H,
J = 6.40 Hz), 2.54 (q, 2 H, J = 7.00 Hz), 1.20 ppm (t, 3 H, J = 7.00 Hz);
IR (neat): n̄= 3120, 3070, 3040, 2948, 2905 cm�1 (C�H); ESI-MS
(CH3CN): m/z (%): positive ion 171 [cation]+ , negative ion 280
[Ntf2]� ; elemental analysis calcd (%) for C10H15F6N3O4S3 (451.4352):
C 26.61, H 3.35, N 9.31; found: C 26.80, H 3.38, N 9.29.

General procedure for the synthesis of 7–10

Iodomethane (14.1 g, 0.1 mol) was added to a solution containing
2, 3, 5 or 6 (1.92 g, 0.01 mol) in dichloromethane (20 mL) at 0 8C
under stirring. The reaction mixture was heated under reflux for
24 h. After cooling to room temperature, diethyl ether (20 mL) was

added, forming a suspension. After filtration, the solid product was
washed with diethyl ether (2 � 5 mL) and dried in vacuo.

7: Yield: 96 %. 1H NMR (400 Hz, CD3CN): d= 8.60 (s, 1 H), 7.5 (s, 1 H),
7.48 (s, 1 H), 4.60 (t, 2 H, J = 6.80 Hz), 3.90 (s, 3 H), 3.60 (q, 2 H, J =
6.80 Hz), 2.90 ppm (s, 6 H); IR (neat cm�1): n̄= 3115, 3075, 3050,
2975, 2848 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion 86 [1/
2(dication)]+ ; elemental analysis calcd (%) for C8H16ClIN2S (334.65):
C 28.71, H 4.82, N 8.37; found: C 28.69, H 4.96, N 8.62.

8 : Yield: 95 %. 1H NMR (400 Hz, CD3CN): d= 8.60 (s, 1 H), 7.50 (s,
1 H), 7.48 (s, 1 H), 4.60 (t, 2 H, J = 6.50 Hz), 3.90 (s, 3 H), 3.60 (m, 2 H),
3.45 (m, 2 H), 2.90 (s, 3 H), 1.50 ppm (t, 3 H, J = 6.50 Hz); IR (neat):
n̄= 3120, 3070, 3051, 2970, 2838 cm�1 (C�H); ESI-MS (CH3CN): m/z
(%): positive ion 93 [1/2(dication)]+ ; elemental analysis calcd (%)
for C9H18ClIN2S (348.67): C 31.00, H 5.20, N 8.03; found: C 31.09, H
5.26, N 8.02.

9 : Yield: 98 %. 1H NMR (400 Hz, CD3CN): d= 8.60 (s, 1 H), 7.50 (s,
1 H), 7.48 (s, 1 H), 4.60 (t, 2 H, J = 6.80 Hz), 3.90 (s, 3 H), 3.60 (q, 2 H,
J = 6.80 Hz), 2.90 ppm (s, 6 H); IR (neat): n̄= 3118, 3071, 3038,
2969 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion 452
[(dication)(NTf2)]+ ; elemental analysis calcd (%) for C10H16F6IN3O4S3

(579.34): C 20.73, H 2.78, N 7.25; found: C 20.69, H 2.76, N 7.32.

10 : Yield: 96 %. 1H NMR (CD3CN): d= 8.50 (s, 1 H), 7.51 (s, 1 H), 7.49
(s, 1 H), 4.60 (t, 2 H, J = 6.50 Hz), 3.90 (s, 3 H), 3.60 (m, 2 H), 3.45 (m,
2 H), 2.85 (s, 3 H), 1.49 ppm (t, 3 H, J = 6.50 Hz); IR (neat): n̄= 3100,
3060, 3051, 2978 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion
466 [(dication)(NTf2)]+ ; elemental analysis calcd (%) for
C11H18F6IN3O4S3 (593.37): C 22.27, H 3.06, N 7.08; found: C 22.69, H
3.16, N 7.12.

General procedure for the synthesis of 11 and 13

Compound 9 (5.80 g, 0.01 mol) was suspended in propanone
(10 mL). It was filtered and the solid was washed with propanone
(2 � 5 mL). The solid was then dried under vacuum for 24 h at 40 8C
to give compound 11 as a white powder. The combined filtrates
were evaporated and the resulting solid washed with water (2 �
5 mL) and dried under vacuum for 24 h at 40 8C to afford 13 as
a white powder.

11: Yield: 59 %. M.p. : 161 8C; 1H NMR (400 Hz, CD3CN): d= 8.70 (s,
1 H), 7.55 (s, 1 H), 7.58 (s, 1 H), 4.61 (t, 2 H, J = 6.80 Hz), 3.90 (s, 3 H),
3.60 (q, 2 H, J = 6.80 Hz), 2.95 ppm (s, 6 H); IR (neat): n̄= 3105, 3065,
3050, 2978, 2880 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion
86 [1/2(dication)]+ ; elemental analysis calcd (%) for C8H16I2N2S
(426.09): C 22.55, H 3.78, N 6.57; found: C 22.69, H 3.86, N 6.62.

13 : Yield: 61 %. M.p. : 85 8C; 1H NMR (400 Hz, CD3CN): d= 8.70 (s,
1 H), 7.55 (s, 1 H), 7.58 (s, 1 H), 4.61 (t, 2 H, J = 6.80 Hz), 3.90 (s, 3 H),
3.60 (q, 2 H, J = 6.80 Hz), 2.95 ppm (s, 6 H); IR (neat): n̄= 3115, 3065,
3050, 2978 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion 452
[(dication)(NTf2)]+ ; elemental analysis calcd (%) for C12H16F12N4O8S5

(732.59): C 19.67, H 2.20, N 7.65; found: C 19.73, H 2.26, N 7.62.

Synthesis and characterisation of 12 and 14

Compounds 12 and 14 were obtained from compound 10 by
using the procedure described for 11 and 13.

12 : Yield: 54 %. M.p. : 135 8C; 1H NMR (400 Hz, CD3CN): d= 8.50 (s,
1 H), 7.51 (s, 1 H), 7.49 (s, 1 H), 4.60 (t, 2 H, J = 6.50 Hz), 3.90 (s, 3 H),
3.60 (m, 2 H), 3.45 (m, 2 H), 2.85 ppm (s, 3 H), 1.49 (t, 3 H, J =
6.50 Hz); IR (neat): n̄= 3120, 3070, 3051, 2978, 2850 cm�1 (C�H);
ESI-MS (CH3CN): m/z (%): positive ion 93 [1/2(dication)]+ ; elemental
analysis calcd (%) for C9H18I2N2S (440.12): C 24.56, H 4.12, N 6.36;
found: C 24.69, H 4.16, N 6.42.
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14 : Yield: 59 %. M.p. : 75 8C; 1H NMR (400 Hz, CD3CN): d = 8.50 (s,
1 H), 7.51 (s, 1 H), 7.49 (s, 1 H), 4.60 (t, 2 H, J = 6.50 Hz), 3.90 (s, 3 H),
3.60 (m, 2 H), 3.45 (m, 2 H), 2.85 (s, 3 H), 1.49 ppm (t, 3 H, J =
6.50 Hz); IR (neat): n̄= 3100, 3050, 3000, 2970 cm�1 (C�H); ESI-MS
(CH3CN): m/z (%): positive ion 466 [(dication)(NTf2)]+ ; elemental
analysis calcd (%) for C13H18F12N4O8S5 (746.6188): C 20.91, H 2.43, N
7.50; found: C 20.99, H 2.46, N 7.52.

General procedure for the synthesis of 15 and 16

Compound 7 (3.34 g, 0.01 mol) and K[PF6] (3.68 g, 0.02 mol) were
mixed in water (10 mL) and the resulting suspension was stirred at
room temperature for 30 min. The suspension was filtered and the
solid was washed with water (2 � 5 mL). The solid was then dried
under vacuum for 24 h at 40 8C to give 15 as white powder. Com-
pound 16 was obtained from reaction of compound 8 and K[PF6]
by using the same procedure.

Compounds 13 and 14 can also be prepared by using a similar
procedure by reacting 7 and 8 with Li[NTf2] in water.

15 : Yield: 69 %. M.p. : 123 8C; 1H NMR (400 Hz, CD3CN): d= 8.70 (s,
1 H), 7.55 (s, 1 H), 7.58 (s, 1 H), 4.61 (t, 2 H, J = 6.80 Hz), 3.90 (s, 3 H),
3.60 (q, 2 H, J = 6.80 Hz), 2.95 ppm (s, 6 H); IR (neat): n̄= 3120, 3070,
3051, 2978 cm�1 (C�H); ESI-MS (CH3CN): m/z (%): positive ion 315
[(dication)(PF6)]+ ; elemental analysis calcd (%) for C8H16F12N2P2S
(462.22): C 20.79, H 3.49, N 6.06; found: C 20.69, H 3.55, N 6.12.

16 : Yield: 65 %. M.p. : 115 8C; 1H NMR (400 Hz, CD3CN): d= 8.50 (s,
1 H), 7.51 (s, 1 H), 7.49 (s, 1 H), 4.60 (t, 2 H, J = 6.50 Hz), 3.90 (s, 3 H),
3.60 (m, 2 H), 3.45 (m, 2 H), 2.85 (s, 3 H), 1.49 ppm (t, 3 H, J =
6.50 Hz); IR (neat): n̄= 3110, 3090, 3055, 2975 cm�1 (C�H); ESI-MS
(CH3CN): m/z (%): positive ion 329 [(dication)(PF6)]+ ; elemental
analysis calcd (%) for C9H18F12N2P2S (476.25): C 22.70, H 3.81, N
5.88; found: C 22.69, H 3.86, N
5.92.

Synthesis of 17

A solution of 12 (4.46 g, 0.01 mol)
in water (10 mL) was maintained
at room temperature in the air.
After slow evaporation of the sol-
vent over six days, colourless crys-
tals formed. The solid crystals were
washed with propanone and col-
lected by filtration.

17: Yield: 15 %. M.p. : 135 8C;
1H NMR (400 Hz, CD3CN): d= 7.65
(s, 1 H), 7.60 (s, 1 H), 4.44 (t, 2 H, J =
6.50 Hz), 3.90 (s, 3 H), 3.02 (t, 2 H,
J = 6.50 Hz), 2.62 (q, 2 H, J =
7.00 Hz), 1.20 ppm (t, 3 H, J =
7.00 Hz); IR (neat): n̄= 3100, 3070,
3041, 2968, 2905 cm�1 (C�H); ESI-
MS (CH3CN): m/z (%): positive ion
296 [cation]+ ; elemental analysis
calcd (%) for C8H14I2N2S (424.08): C
22.66, H 3.33, N 6.61; found: C
22.69, H 3.36, N 6.72.

Crystallography

Crystals suitable for X-ray diffrac-
tion studies of 11, 13, 14, 16 and
17 were obtained by slow diffu-

sion of diethyl ether into ethanenitrile solutions at room tempera-
ture. Data collection for the X-ray structure determinations was
performed on a KUMA CCD (11, 13, 16 and 17) and a Bruker Apex
(14), using graphite-monochromated MoKa (l= 0.71070 �) radiation
and a low-temperature device [T = 140(2) K] . Data reduction was
performed by CrysAlis RED (11, 13, 16 and 17)[53] and EVALCCD
(14).[54] The structures of 11, 13, 14, 16 and 17 were solved with
SHELX97,[55] refinement was performed by using the SHELX97 soft-
ware package, and graphical representations of the structures
were made with Diamond.[56] All structures were solved by direct
methods and successive interpretation of the difference Fourier
maps, followed by full-matrix least-squares refinement (against F2),
except for 11, which was solved by using Patterson methods. An
empirical absorption correction was applied to 11 and 13
(DELABS).[57] All non-hydrogen atoms were refined anisotropically.
The contribution of the hydrogen atoms, in their calculated posi-
tions, was included in the refinement using a riding model. In 13
and 14, there is disorder in the [NTf2]� anion and some fluorine,
oxygen and nitrogen atoms were split over two positions and the
DELU instructions applied to all oxygen atoms, and the SIMU in-
struction applied to all fluorine atoms. In 14 and 16, there is disor-
der in the sulfonium moiety, which was split over two positions
and the bond lengths were restrained using the DFIX instruction.
Relevant details for the structure refinements of 11, 13, 14, 16 and
17 are listed in Table 9.

CCDC-948992 (11), 948993 (13), 948994 (14), 948995 (16) and
948996 (17) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Table 9. Crystallographic data for 11, 13, 14, 16 and 17.

Compound 11 13 14 16 17

formula C8H16I2N2S C12H16F12N4O8S5 C13H18F12N4O8S5 C9H18F12N2P2S C8H14I2N2S
Mr 426.09 732.59 746.61 476.25 424.07
crystal system orthorhombic triclinic triclinic triclinic orthorhombic
space group Pca2(1) P1̄ P1̄ P1̄ Pbca
a [�] 15.2071(10) 7.9541(8) 8.6757(8) 6.5452(14) 10.5454(8)
b [�] 9.8744(11) 8.7238(10) 17.528(2) 11.4307(19) 15.0752(15)
c [�] 9.4091(6) 19.608(2) 19.271(2) 11.9928(18) 32.705(3)
a [8] 90 79.435(9) 75.061(10) 96.285(13) 90
b [8] 90 85.271(8) 77.637(9) 93.649(15) 90
g [8] 90 85.182(9) 88.937(9) 93.281(15) 90
V [�]3 1412.9(2) 1329.7(2) 2763.6(5) 888.2(3) 5199.3(8)
Z 4 2 4 2 16
1c [g cm�3] 2.003 1.830 1.794 1.781 2.167
m [mm�1] 4.57 0.57 0.55 0.48 4.96
F(000) 800 736 1504 480 3168
crystal size [mm3] 0.30 � 0.20 � 0.18 0.40 � 0.24 � 0.22 0.46 � 0.36 � 0.34 0.23 � 0.22 � 0.13 0.22 � 0.14 � 0.10
q range 3.3–25.0 3.2–25.0 3.3–25.0 3.4–25.0 3.4–26.0
reflns collected 7806 7626 52974 5058 65736
independent reflns
[Rint]

2355 [0.047] 4015 [0.062] 9679 [0.045] 2669 [0.042] 5093 [0.060]

reflns obs. [I>2s(I)] 2160 2736 7573 1836 4682
data/restraints/
parameters

2355/1/122 4015/54/463 9679/130/948 2669/18/332 5093/78/240

GoF on F2 [b] 0.0935 1.139 1.109 1.128 1.251
R/wR [I>2s(I)][a] 0.0220/0.0429 0.0845/0.2189 0.0729/0.1920 0.0655/0.1924 0.0482/0.1341
R/wR (all data) 0.0250/0.0435 0.1126/0.2290 0.0948/0.2027 0.0860/0.2603 0.0551/0.1375
Max., Min. D1 (e��3) 0.57, �0.43 0.62, �0.56 1.83, �1.00 0.86, �0.43 1.76, �0.99

[a] R =S j jF0 j� jFc j j /S jF0 j , wR2 = {S[w(F0
2�Fc

2)2]/S[w(F0
2)2]}

1=2 ; [b] GoF = {S[w(F0
2�Fc

2)2]/n�p}
1=2 where n is the

number of data and p is the number of parameters refined.
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Computations

All quantum-chemical calculations were carried out by using the
Gaussian 03 suites of programs.[58] Structure optimisations were
performed at the B3LYP/6–31G(d) level of theory. All stationary
points were characterised as minima by analysis of the Hessian ma-
trices. MP2/6–311G(d)//B3LYP/6–31G(d) single-point calculations
were used for estimation of ion-pair binding energies (Eint). MP2/6–
311 + G(3df,2p) level of theory recommended for this purpose in
literature[59] was beyond our technical capability, and we used the
smaller basis set 6–311G(d) because Tsuzuki et al.[35] have demon-
strated that MP2/6–311G(d) produced interaction energies within
4 kJ mol�1 accuracy as compared to those of the benchmark
method, CCSD(T)/6–311G(d).
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