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A new approach to anion recognition utilizing electrostatic
and hydrogen bonding interactions has been demonstrated
by placement of the whole ion-pair in a molecular capsule.

Non-covalent interactions have played a dominant role in the
development of molecular capsules.1 Dimers,2 trimers,3 tetra-
mers,4 hexamers,5 or larger supramolecular assemblies6 have
proved useful in confining cationic,6 neutral,7 and anionic
guests.8 For the construction of effective anion receptors many
kinds of non-covalent interactions have been applied.9 Among
them, the most commonly used are ion–ion, ion–dipole
(hydrogen bonding), and Lewis acid–base interactions (coor-
dination). All of these have advantages and disadvantages for
anion complexation. Electrostatic interactions are strong, but
not directional; hydrogen bonding is directional, but usually not
strong enough to compete with multiple solvation effects in
polar protic media. The straightforward solution for anion
complexation seems to be a combination of these two
interactions. Some examples of such a combination have been
reported. For example, Beer and coworkers constructed many
transition metal complex–amide based receptors.10 Steed and
coworkers synthesized receptors containing positively charged
pyridinium groups and hydrogen bonding amino groups.11 Both
of these approaches may be viewed as in Fig. 1a.

In our approach, we also combine electrostatic interactions
and hydrogen bonding. However, the positively charged site,
which is responsible for the electrostatic driving of an anion into
the binding site, is not covalently bound to the receptor shell, but
resides inside the pocket (Fig. 1b,c). This makes it easier to
separate the charged site from the environment and thus restrict
possible pathways of anion approach, i.e. “directionalize” the
electrostatic interaction. This method of anion binding may also
be considered in terms of ion-pair recognition.12,13 A recent
example13 of such ion-pair recognition utilized a metallocrown
rim capable of selective binding of Li+ (inside) and F2. The
selectivity gate was considered to operate on the basis of steric
hindrance. In this contribution, we present a new system, based
on more fragile interactions (cation…p and hydrogen bonding),
which is effective and selective for ion complexation.

Previously, we reported that 1 forms very stable complexes
with tetramethylammonium salts (TMAX).14 The Me4N+ cation
resides deeply inside the cavity, held by multiple C–H…p
interactions with eight surrounding aromatic rings. The cavity
appears to be completely selective for Me4N+, since we were
not able to obtain complexes with any other ammonium or metal
cations. The position of the anion is solvent-dependent for 1: in
chloroform Cl2 resides at the top and is hydrogen bonded; in the

presence of methanol, the anion is no longer bound. The crystal
structure, 1·TMACl, provides an explanation of these solution
observations, since it is clear that the Cl2 is exposed to
interaction with the solvent (Fig. 2).

Based on the information provided by the 1·TMACl
structure, we have now designed and synthesized compound 2,
as a second-generation anion receptor. In order to restrict
solvent access to the anion, in 2 we have introduced bulky
groups at the upper rim of the macrocycle.

Compound 2 can be synthesized in high yield using the
Mannich reaction in a 1+1 mixture of methanol and chloroform.
When powdered 2 is stirred overnight in methanol in the
presence of Me4NX salts (X = Cl, Br, I), the solid 1+1
complexes are formed (2·TMAX). The spectral characteristics
of the complexes in chloroform are similar to those reported
earlier for 1·TMAX, i.e., the spectra indicate binding of the ion
pair by the receptor. However, in this case, contrary to that for
1, the addition of methanol (10–50% v/v) does not remove the
anion from its binding site. Further verification that the anion
remains bound was obtained from a comparison experiment.
Two complexes, 2·TMACl and 2·TMABr, were used and the
spectrum of the mixture was recorded. In pure chloroform two
sets of signals corresponding to two different complexes are
visible (Fig. 3a). This means that the complexes are thermody-
namically and kinetically stable on the NMR time scale
(kexchange < < 60 s21 at 300 K). After addition of methanol
(10% v/v, Fig. 3b) only one set of signals can be observed. This
means that either the anions were released and now all
complexed species are identical (2·TMA+) or that there is a fast
anion exchange between complexes. Subsequent experiments
(Fig. 3c) showed that signals could be separated at lower
temperatures. The more methanol added, the lower the
temperature required for separation of the peaks. Thus,
methanol accelerates exchange of anions, but does not destroy
the anion complex.

† Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b3/b301511d/

Fig. 1 Receptors based on electrostatic (yellow) and hydrogen bonding
interactions (pink): 1a shows possible positions for anions.

Fig. 2 X-Ray structure of 1·TMACl. Chloride anion (green) interacts with
Me4N+ cation, amide hydrogen atoms and with a CHCl3 molecule.14
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In order to gain insight into the anion selectivity of 2·TMA+

we have measured the relative association constants in chloro-
form against 2·TMAI as the reference complex. We expected
this complex to have a moderate anion association constant and
reasonable solubility (ClO4

2 and PF6
2 containing complexes

displayed poor solubility). The results show the remarkable
preference for spherical halide anions. After addition of one
equiv. of (n-Bu)4NCl to the reference complex, it is quantita-
tively transformed into 2·TMACl, which means that the
selectivity factor must be higher than 103. For bromide the
selectivity factor was calculated as 25. No change was detected
after addition of 5 equiv. of (n-Bu)4NClO4.

To estimate the extraction potential of the system, we have
checked the ability of 2·TMA+ to extract various anions from
water to an organic phase (chloroform). A 20 mM solution of 2
in CDCl3 was stirred together with a water solution containing
a mixture of salts (NaCl, NaBr, TMAI, NaAcO, NaH2PO4,
NaNO3, NaClO4 — 0.1 M each, at least one salt is used as
TMAX in order to supply the appropriate cation). Since in
chloroform different complexes are easily recognizable (slow
exchange) the competition extraction can be followed by NMR
spectroscopy. After 24 h of equilibration no free 2 can be
detected. Instead, integration of the spectra indicates quantita-
tive formation of 2·TMAX, X = Cl2 (5% mol/mol), Br2 (30%)
and I2 (65%). Thus the extraction experiment confirms the
selectivity of 2·TMA+ towards halides. However, the amounts
of extracted halides do not follow the selectivity trend in
chloroform. Instead, the order agrees with the Hofmeister
series15 — larger and more charge-diffuse anions are extracted
better to the organic phase.

Anion confinement by the receptor has been verified by an X-
ray structural analysis.‡ In the structure of 3·TMACl the anion
remains in proximity to the Me4N+ cation, and is symmetrically
bound by all four NHamide hydrogen bonds (Fig. 4, N–H…Cl
distances are 2.5–2.6 Å). Additionally, from the top, four
aromatic hydrogens (from ortho- positions) are in close
proximity to the chloride (C–H…Cl distances are 2.7–3.1 Å).
This weak interaction also adds to the overall binding efficiency
and selectivity. Indeed, it is seen that the anion effectively seals
the molecular capsule. The view from the top (Fig. 4b) also
reveals the depth to which the anion is embedded and isolated
from the environment by the bulky phenyl groups.

In conclusion, we have proved that ion pair recognition can
be achieved based on the sum of weak interactions. Further, the
cationic site inside the cavity, even though not covalently
bound, remains remarkably stable over a variety of conditions.
Of the solvents studied, cation release is found only in DMSO.

We are grateful to the National Science Foundation for
support of this research.
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4.5PhNO2), M = 2199.30, monoclinic, P21/c (No. 14), a = 18.891(7), b =
15.913(6), c = 37.075(14) Å, b = 99.032(7)°, V = 11007(7) Å3, Z = 4, Dc

= 1.327 g cm23, µ = 0.115 mm21, F000 = 4628, SMART CCD, l =
0.71073 Å, T = 173(2) K, 2qmax = 45.2°, 28678 reflections collected,
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See http://www.rsc.org/suppdata/cc/b3/b301511d/ for crystallographic data
in .cif or other electronic format.
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Fig. 3 NMR spectra of the mixture of 2·TMACl(2) and 2·TMABr(*) (300
MHz, ◊ TMA+). a) in CDCl3, 300 K; b) CDCl3–MeOH 9+1, 300 K; c)
CDCl3–MeOH 9+1, 253 K.

Fig. 4 Crystal structure of 3·TMACl (obtained from the mixture of CHCl3–
nitrobenzene as 3·TMACl·4.5PhNO2). a) Side view with receptor molecule
in stick representation, guest as van der Waals spheres; b) top view — space
filling (Cl2 green).
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