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Pyridinium and imidazolium bis-cations are shown to link calix[4]pyrrole anion complexes both in
solution and in the solid state. This is accomplished by binding of the bis-cations to the electron-rich
bowl shaped cavities formed by two separate calixpyrrole-anion complexes. These resulting

sandwich-type structures provide a new way of organising calix[4]pyrrole anion complexes in space.

Introduction

The development of ditopic ion-pair receptors has attracted
intense interest recently.! Calix[4]pyrroles are tetrapyrrole macro-
cycles first synthesised by Baeyer in 1886* via the acid catalysed
condensation of pyrrole and a ketone. In 1996, we reported that
meso-octamethylcalix[4]pyrrole 1 forms complexes with anionic
species in solution and in the solid state.® Subsequent studies have
shown that members of this class of macrocycles can function
both as anion sensors and anion separation agents.* In 2005,
we discovered that calix[4]pyrroles can bind ion pairs such as
caesium or 1,3-dialkylimidazolium halide salts with the anion
bound to the pyrrole NH groups, locking the macrocycle into a
cone conformation, and the large charge diffuse cation binding to
the electron rich bowl-shaped cavity formed by the calix[4]pyrrole
anion complex.®* Subsequent studies in solution with a variety
of salts have demonstrated a significant dependence of anion
stability constants on both the nature of the solvent and cation
used indicating that complexation cannot be regarded as a simple
1:1 (anion: calix[4]pyrrole) process but rather that the solvent
and cation are intimately involved in the binding processes. This
hypothesis is supported by evidence from a variety of solid-state
structures showing cation inclusion in the calix[4]pyrrole cup.® Tt
has also been shown that calixpyrroles can extract metal salts from
aqueous solution’ and transport caesium chloride salts across lipid
bilayer membranes.?

We decided to investigate whether we could use cation complex-
ation as a means of ordering these species relative to one another
as a first step towards producing ordered arrays of calixpyrrole
ion-pair complexes. We therefore synthesised a series of bis-
cation dibromide salts consisting of either two pyridinium or
imidazolium groups linked via an alkyl chain (i.e. 2-5) and studied
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whether the bis-cation could be used to link calix[4]pyrrole anion
complexes both in solution and the solid state.

n
Me\N/%N/\/\/NQ/N‘Me 2Br
\__/+
= 4

N
Me— XSS N N Me

\__/+ 2Br

5

Results and discussion

meso-Octamethylcalix[4]pyrrole 1,> and the pyridinium and im-
idazolium bis-cation salts 2-5 were synthesised via literature
procedures.’

Solid state studies

Crystals of the 1,1’-(butane-1,4-diyl)bis(pyridin-1-ium) bromide
2 complex of meso-octamethylcalix[4]pyrrole 1 were obtained
by slow evaporation of a 1:1 dichloromethane—ethanol solution
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of the calixpyrrole in the presence of excess bromide salt. The
structure of 1,-2 was elucidated by single crystal X-ray diffraction
and reveals that the calix[4]pyrrole adopts the cone conformation
binding bromide via four NH - - - Br~ hydrogen bonds in the range
3.494(2)-3.540(2) A (Fig. 1). The pyridinium groups of the bis-
cation each reside in the bowl shaped calixpyrrole-anion complex
cavity (which are equivalent by symmetry). The distance between
carbon atoms C30 and C31 on the pyridinium ring and the centroid
of the closest pyrrole ring (C15 C16 C17 C18 N3) are 3.531 and
3.796 A respectively (see ESI for more details).

Fig.1 The X-ray crystal structure of the complex 1,-2. Selected hydrogen
atoms and dichloromethane solvent molecules have been omitted for
clarity. An inversion centre lies at the midpoint of the central bond of
the cation.

Crystals of the 1,1’-(hexane-1,6-diyl)bis(pyridin-1-ium) bro-
mide 3 complex of meso-octamethylcalix[4]pyrrole 1 were obtained
by slow evaporation of a 1 : 1 dichloromethane—ethanol solution of
the calixpyrrole in the presence of excess bromide salt. The struc-
ture of 1,-3 was elucidated by single crystal X-ray diffraction and
reveals again that the calix[4]pyrrole adopts the cone conformation
binding bromide via four NH - - - Br~ hydrogen bonds in the range
3.438(3)-3.503(3) A (Fig. 2). As was observed in the structure of
1,-2, each pyridinium group resides in the bowl shaped cavity of
the calix[4]pyrrole anion complex. The distance between carbon
atoms C31 and C32 on the pyridinium ring and the centroid of
the closest pyrrole ring (C1 C2 C3 C4 N1) are 3.640 and 3.679 A,
respectively (see ESI for more details).

Crystals of the 3,3’-(hexane-1,6-diyl)bis(1-methyl-1 H-imidazol-
3-ium) bromide 5 complex of meso-octamethylcalix[4]pyrrole 1
were obtained by slow evaporation of a solution of the receptor in
1: 1 acetonitrile—ethanol solution in the presence of excess bromide
salt. The structure of 1,-3 was elucidated by single crystal X-ray
diffraction and reveals again that the calix[4]pyrrole adopts the
cone conformation binding bromide via four NH - - - Br~ hydrogen
bonds in the range 3.410(4)-3.500(4) A (Fig. 3). The distance
between carbon atoms C30 in the imidazolium ring and the
centroid of the closest pyrrole ring (C1 C2 C3 C4 N1) is 3.537 A
(see ESI for more details).

Fig.2 The X-ray crystal structure of the complex 1,-3. Selected hydrogen
atoms have been omitted for clarity. An inversion centre lies at the midpoint
of the central bond of the cation.

Fig.3 The X-ray crystal structure of the complex 1,-5. Selected hydrogen
atoms have been omitted for clarity. An inversion centre lies at the midpoint
of the central bond of the cation.

"H NMR spectroscopic analyses

Proton NMR experiments were conducted with bis-imidazolium
bromide 5 and compound 1 in acetonitrile-d;. Compound 1 was
titrated into a solution of the salt and the resulting NMR spectra
are shown in Fig. 4. The results show that in the presence of
increasing quantities of the macrocycle, the imidazolium CH
protons become shielded and move to lower field (e.g., proton
originally resonating at ca. 9.41 ppm). Such a finding is consistent
with, but not proof of, inclusion of the imidazolium cation in
the bromide-induced calix[4]pyrrole cup-shaped cavity. While we
favour such an interpretation, which is accord with the X-ray
structural analyses discussed above, it is important to appreciate
that the observed shielding effect may be due to sequestration of
the bromide anion by the calixpyrrole.

Isothermal titration calorimetry (ITC)

In an attempt to quantify the energetics associated with calix-
pyrrole : bis-cation complex formation, we turned to ITC. Unfor-
tunately the bis-pyridinium salts (2 and 3) were not sufficiently
soluble in acetonitrile or dichloromethane to allow for ITC
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Table 1 ITC titrations of various organic chloride and bromide salts with calix[4]pyrrole 1 carried out in acetonitrile

Salt N n* AT /kcal mol™ AH /kcal mol™! TAS/kcal mol™! K,/M™!

4 6 0.502 + 0.004 -2.44+0.05 —7.74 £ 0.35 -5.30+0.34 1790 + 320
5 5 0.436+0.012 —2.42+£0.03 -7.75+0.61 -5.32+£0.59 2220 + 230
BMIMBr 1.01 -4.83 -7.99 -3.16 3500
BMIMBr? — — — 280
BMIMCI 0.91 —6.67 -10.51 -3.84 75000
BMIMCP® — — — 6000
TBABr — — — 3400
TBACH -7.29 -10.16 -2.91 22000

“ N = number of independent titrations, n = stoichiometry at equivalence point (salt : calix[4]pyrrole). * Data from NMR titration in dichloromethane-d,.%
¢ Data obtained at 303 K.® “ Data from reference.” Adjusted table to include n-value from the ITC titrations. Also multiplied the values for the one site
data by the n value so they can be compared directly to the interactions with the mono-imidazole salts.
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Fig. 4 Proton NMR spectra of bis-imidazolium bromide 5 (a) in the
absence of calix[4]pyrrole, (b) 8: 1 molar ratio (salt : calixpyrrole), (c) 4: 1
molar ratio (salt : calixpyrrole), and (d) 1 : 3 molar ratio (salt : calixpyrrole)
in acetonitrile-d;. The NMR spectra in question reveal increased shielding
of the imidazolium CH groups in the presence of calixpyrrole.

analyses in these solvents. When titrations were attempted in
DMSO a very weak interaction was observed (K, < 10> M), as
would be expected from the previous reports on chloride binding
in DMSO and bromide binding in dichloromethane.*¢

The bis-imidazolium salts 4 and 5 were sufficiently soluble in
acetonitrile to permit ITC titrations. Representative titrations are
shown below in Fig. 5. From the position of the inflection point (ca.
0.5 molar ratio; see Fig. 5) we infer that the binding stoichiometry
of the interaction is 1 : 2 (bisimidazolium salt : calixpyrrole). When
fit to a sequential binding site model (i.e., defining the salt as having
two independent binding sites) a good fit is obtained (see Table S1
in the ESI for complete thermodynamic data).

For comparison, the data obtained for bis-imidazolium salts 4
and 5 was also fitted to a one site binding equation. This model can
give an accurate representation of multiple binding sites provided
the sites are identical to one another. Again a good fit is obtained
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Fig. 5 Left: one-site binding fit of 1,4-bis-(3-methylimidazolium)butane
dibromide salt: 4 [30.9 mM effective] titrated into 1 [3.3 mM] and right:
one-site binding fit of 1,4-bis-(3-methylimidazolium)hexane dibromide salt
5 [45.3 mM effective] titrated into calix[4]pyrrole 1 [2.9 mM].

using this method, and the data is summarized in Table 1 (see ESI
for complete thermodynamic data). This data reveals that within
experimental error there are no differences in the energetics of
binding for studies involving the linked species 4 and 5.

As a control study, designed to probe the effect that teth-
ering two imidazolium salts has on the binding energetics,
the mono-imidazolium salts, 1-butyl-3-methyl imidazolium chlo-
ride (BMIMCI) and 1-butyl-3-methyl imidazolium bromide
(BMIMBYr), were investigated by ITC in acetonitrile at similar
concentrations as used above. In these cases the inflection point
occurs near a molar ratio of 1.0, a finding that is consistent with
a 1:1 (1:BMIM salt) binding interaction. This behavior is also
in accord with previous data® obtained in dichloromethane (see
Table 1 and Fig. 6).

Conclusions

Equations predicated on first a sequential binding interaction
and then a single set of binding sites were both used to fit
these data for the complexation of bisimidazolium salts 4 and 5
with calix[4]pyrrole. The results obtained allowed some limited
conclusions about the complexation process in solution to be
drawn. For example, the position of the inflection point can be
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Fig. 6 ITC heat signatures and associated binding curves obtained when

BMIMCI [31.0 mM] is titrated into 1 [3.3 mM] (left) and BMIMBr
[37.8 mM] titrated into 1 [3.5 mM] (right).

indicative of the binding stoichiometry, which in the case of the
bisimidazolium salts was found to occur around a molar ratio of
0.5. Such a molar ratio is expected for a 2: 1 (calixpyrrole : guest)
binding interaction. In contrast, the mono-imidazolium salts
BMIMCIland BMIMBr were found to interact with calix[4]pyrrole
in a 1:1 binding stoichiometry.®* Although the nature of the
interaction is not fully defined, the solution data are consistent
with the notion that binding of the bisimidazolium salts occurs
such that a 1:2 salt:calixpyrrole complex forms wherein the
cationic portions of the two-component substrate are bound
within the calixpyrrole cup. Such an inference is fully supported
by the single crystal X-ray diffraction analyses, which reveal the
inclusion of the cation into the calixpyrrole cup and the formation
of a 5-membered anion-calixpyrrole-biscation-calixpyrrole-anion
supramolecular ensemble in the solid state.
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