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Solvation rules: aromatic interactions outcompete
cation–p interactions in synthetic host–guest
complexes in water†

Gloria Tobajas-Curiel, a Qingqing Sun,bc Jeremy K. M. Sanders, a

Pablo Ballester *bd and Christopher A. Hunter *a

Chemical double mutant cycles were used to measure the interaction of

a N-methyl pyridinium cation with a p-box in a calix[4]pyrrole receptor.

Although the cation–p interaction is attractive (�11 kJ mol�1), it is

7 kJ mol�1 less favourable than the corresponding aromatic interaction

with the isosteric but uncharged tolyl group.

The main driving force for molecular recognition in water is usually
provided by hydrophobic contacts between non-polar surfaces, and
polar interactions between H-bonding groups control the specificity
and geometrical properties of the interaction.1,2 The cation–p inter-
action between a quaternary ammonium ion and an aromatic ring
lies somewhere between these two extremes: both moieties have non-
polar hydrocarbon surfaces, but the positive charge and p-electron
density make attractive electrostatic interactions.3,4 The importance of
the cation–p interaction in biology has been highlighted in a number
of studies of ion channels and protein–ligand interactions,4–6 but the
relative contributions of polar interactions and desolvation to the
cation–p interaction in water are difficult to disentangle.

One experiment that has offered some insight is to measure the
difference between the non-covalent interaction of an aromatic ring
with a quaternary ammonium ion and the corresponding inter-
action with an isosteric hydrocarbon. For the hydrocarbon, electro-
static interactions are minimal, and the interaction free energy is
entirely due to desolvation, whereas for the quaternary ammonium
ion, polar interactions with the positive charge make a significant
contribution. For example, experiments carried out on biomolecules

suggest that interaction with a trimethyl ammonium group is
preferred over a t-butyl group.7,8 However, complexes of dumbbell
guests with synthetic cavitand receptors consistently showed that
the t-butyl group outcompetes the trimethyl ammonium group for
the aromatic binding pocket in water (Fig. 1a).9

Here, we use chemical double mutant cycles (DMC) to
directly measure the free energy contributions due to non-
covalent interactions with the aromatic pocket of a synthetic
calix[4]pyrrole receptor in water. The interaction with an
uncharged aromatic hydrocarbon is 7 kJ mol�1 more favourable

Fig. 1 (a) Dumbbell guests previously used to measure the competition
between solvation and interactions with a p-box at the base of a cavitand
receptor. In water, the receptor binds the uncharged t-butyl group in
preference to the cation–p interaction. (b) Comparison of binding affinities
for closely related complexes allows direct measurement of the free
energy contributions of the functional group interactions highlighted in
red (aromatic interactions on the left versus cation–p interactions on the
right) to the stabilities of calix[4]pyrrole�pyridine N-oxide complexes.
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than the interaction with an isosteric N-methyl pyridinium
cation, which suggests that desolvation of the polar cation
strongly disfavours the cation–p interaction in water (Fig. 1b).

We recently described a supramolecular approach for mea-
suring aromatic interactions using complexes of calix[4]pyrrole
receptors and pyridine N-oxide guests.10 Fig. 2 shows that
H-bonding interactions between N-oxide group of the guest and
the four pyrrole NH protons at the base of the receptor cavity lock
the complex into a well-defined conformation. When the side-walls
of the receptor are extended with aromatic groups (green), a p-box is
formed, which makes geometrically well-defined interactions with
substituents attached to the para-position of the guest (blue). Here,
the free energy contribution of cation–p interactions to the stability
of the host–guest complex formed by a super-aryl-extended
calix[4]pyrrole and a pyridine N-oxide guest equipped with a
pyridinium substituent was measured in aqueous solution using
the DMC approach (Fig. 3). By comparing closely-related com-
plexes, the DMC dissects out the free energy contribution due to
the non-covalent interaction highlighted in red in Fig. 3 from all
other contributions to the stability of complex A, including for
example changes in the strength of the H-bonding interactions
with the N-oxide group.

The chemical structures of the compounds used to construct
DMCs are shown in Fig. 4. The two water-soluble calix[4]pyrrole
receptors were synthesised according to previously reported
procedures.11,12 Guest 5 was synthesised by alkylation of the corres-
ponding pyridine (see ESI†), and the other guests were commercially
available. The pyridinium solubilising groups used on the receptor
have chloride counterions, and pyridinium guest has an iodide
counterion. The extent of ion-pairing of halide anions with N-
methyl pyridinium cations is negligible in aqueous solution, so we
assume that the counterions have no influence on the DMC
measurements.23 Long range electrostatic interactions with the
charged solubilising groups on the receptors could affect the DMC
measurements for cationic guest 5. Receptors 1 and 2 have four

pyridinium solubilising groups in common, so any contribution
from these charges cancels out in the DMC, but electrostatic
contributions associated with the additional four pyridinium solu-
bilising groups on the top of receptor 1 do not. Previous studies
indicate four remote positive charges could destabilise the cation–p
interaction by up to 4 kJ mol�1.9

The thermodynamic properties of complexes B, C and D of
the DMC shown in Fig. 3 were determined using isothermal
titration calorimetry (ITC). The stabilities of complex A, which are

Fig. 2 Energy-minimized structure of a truncated version of the 1�5
complex with the receptor solubilising groups replaced by methyl groups:
(a) side view and (b) top view showing the two stacking and two edge-to-
face cation–p interactions. Geometry optimizations were performed in the
gas phase at the RI-BP86-D3BJ-def2-TZVP level of theory as implemen-
ted in TURBOMOLE v7.0 2015, a development of University of Karlsruhe
and Forschungszentrum Karlsruhe GmbH, 1989–2007, TURBOMOLE
GmbH, since 2007; available from https://www.turbomole.com.13–22

Fig. 3 Chemical double mutant cycle for evaluating the free energy
contribution (DDG1) due to cation–p interactions to the overall stability
of complex A. Only one of the four calix[4]pyrrole side-arms is shown for
clarity, but the DMC measures the sum of interactions with four green
aromatic rings on the host (see Fig. 1b).

Fig. 4 Chemical structures of calix[4]pyrroles 1 and 2 and pyridine N-
oxide guests 3–6.
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significantly more strongly bound in water, were measured using
1H NMR competition experiments. The results are reported in
Table 1. The geometries of the aromatic interactions in these
systems were analysed using complexation-induced changes in
1H NMR chemical shift. The results show that structures of the
complexes do not vary significantly from one guest to another,
and that the geometrical arrangement of the aromatic interac-
tions is similar in all cases (see ESI† for details).

The association constants for all of complexes formed with
receptor 2 and with guest 3, i.e. complexes B, C and D of the DMC,
are all in the range 105–106 M�1. The other complexes, i.e. complex A
of the DMC (1–4, 1–5 and 1–6), which have the additional aromatic
interactions highlighted in red in Fig. 1b, are all significantly more
stable with association constants in the range 108–1010 M�1. The
total free energy contribution (DDG1/kJ mol�1) due to these interac-
tions was determined using the data in Table 1 and eqn (1).

DDG� ¼ DG�A � DG�B � DG�C þ DG�D (1)

The results for the uncharged aromatic substituents are almost
identical: DDG1 = �18.2 � 1.1 kJ mol�1 for the tolyl substituent in
4, and DDG1 = �18.2 � 0.8 kJ mol�1 for the pyridine N-oxide
substituent in 6. However, the interaction with the N-methyl
pyridinium cation in 5 is significantly weaker: DDG1 = �11.1 �
1.2 kJ mol�1. All three substituents are similar in size, and the
major difference between the tolyl group in 4 and the N-methyl
pyridinium cation in 5 is the positive charge introduced by switch-
ing a carbon atom for a nitrogen atom. There may be minor
contributions from long range electrostatic interactions with the
charged solubilising groups or from incomplete desolvation of N-
methyl group of 5, and they would slightly reduce or increase the
measured value for the cation–p interaction in this system.10

Nevertheless, the DMC results shows that it is the positive charge
in the cation–p complex that is responsible for the observed
reduction in binding affinity in water compared with neutral
analogues, presumably due to more favourable solvation of the
cationic group in water compared with the interactions made with
the less polar p-faces of the cavity in the receptor.

It is important to note that the cation–p interaction is
favourable in water.4 In this case, the N-methyl pyridinium group
stabilises the complex by �11 kJ mol�1. As pointed out in
seminal contributions by Dougherty,3,4 it is remarkable that the
cation binds to the hydrophobic pocket at all, given the very large

desolvation penalty in water. The fact that there is a net favour-
able contribution to the free energy of binding must reflect a
highly attractive cation–p interaction that overcomes the desolva-
tion penalty. Aromatic groups that lack the positive charge make
weaker interactions with the receptor, but desolvation of these
groups is favourable in water, and as a result the two aromatic
interactions measured here both stabilise the complex by an
additional �7 kJ mol�1 compared with the cation–p interaction.

These double mutant cycle results are consistent with the
previous dumbbell guest experiments on the trimethyl ammonium
cation–p interaction and confirm that the binding of an uncharged
hydrocarbon to a p-box in these synthetic receptors is favoured over
the binding of an isosteric quaternary ammonium cation. Although
the cation–p interaction is favourable in water, interactions between
uncharged hydrocarbons are significantly more favourable, due to
the differences in the free energy contributions associated with the
desolvation of these different types of functional group.
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Table 1 Association constants for formation of 1 : 1 complexes in water at
298 Ka

Guest

Host

1 2

Kb/M�1 DG1b/kJ mol�1 K/M�1c DG1c/kJ mol�1

3d 3.5 � 0.1 � 106 �37.4 � 0.1 3.3 � 0.6 � 105 �31.5 � 0.4
4d 2.3 � 0.9 � 1010 �59.1 � 1.0 1.4 � 0.1 � 106 �35.0 � 0.2
5 7.2 � 3.4 � 107 �44.8 � 1.2 7.6 � 0.2 � 104 �27.9 � 0.1
6 1.8 � 0.5 � 1010 �58.6 � 0.6 1.1 � 0.1 � 106 �34.6 � 0.1

a Errors are quoted as twice the standard deviation of at least three
measurements. b Determined by pairwise 1H NMR competition experiments.
c Determined by ITC experiments. d Values reported previously in ref. 10.
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