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ABSTRACT: The cation−π interaction and the hydrophobic effect are
important intermolecular forces in chemistry and play major roles in
controlling recognition in biological systems. We compared their relative
contributions to the binding of molecular “dumbbell” guests in synthetic
container hosts in water. The guests offered direct, intramolecular
competition between trimethylammonium groups, −N+(CH3)3, and
tert-butyl groups, −C(CH3)3, for the internal surfaces (aromatic panels)
of the containers. In contrast with previous studies, the container
molecules consistently preferred binding to the uncharged tert-butyl
groups, regardless of the presence of anionic, cationic, or zwitterionic
groups on the container peripheries. This preference is determined by
solvation of the polar trimethylammonium group in water, which
outcompetes the attraction between the positive charge and the π-surfaces in the container. The synthetic container complexes
provide a direct measure of the relative strengths of cation−π interactions and desolvation in water. Interactions with the uncharged
tert-butyl group are more than 12 kJ mol−1 more favorable than the cation−π interactions with the trimethylammonium group in
these cavitand complexes.

■ INTRODUCTION

The cation−π interaction and the desolvation of hydrophobic
groups are recognized as important forces for complex
formation in water and often control the recognition properties
of biological systems. Cation−π interactions were invoked in
the binding of organic and inorganic cations by synthetic
receptors, in supramolecular catalysis, and in X-ray crystal
structures of small molecules and supramolecular com-
plexes.1−7 Hydrophobic interactions are ubiquitous in biology
and are involved whenever nonpolar residues (i.e., C−H
bonds) appear in small molecules or their macromolecular
targets. In addition, cation−π interactions are implicated in the
mechanism of action of ion channels and in the recognition of
ammonium groups, which are found in a range of important
biological signaling molecules, such as acetyl choline.8−13 One
may well ask which is the stronger driving force, the cation−π
or the (often harder to evaluate) hydrophobic effect, in given
situations, and we offer some comparisons here.
An attractive experiment is to compare the free energy gain

for a complex involving an interaction between an aromatic
ring and a trimethylammonium group with that of an
analogous complex in which the latter group is replaced by a
t-butyl counterpart (Figure 1). The groups are isosteric, so the
difference between the two equilibria shown in Figure 1 should
provide a direct measure of the contribution of the positive
charge to the overall stability of the complex provided by the
cation−π interaction (ΔΔG = ΔG2 − ΔG1).

At first glance, the less polarized CH bonds of the t-butyl
predict that CH−π interactions will be weaker than the
cation−π interaction, and this is borne out in nonpolar
media.14−21 However, the formation of an intermolecular
complex in solution is a competition that also involves the
solvent−solute and solvent−solvent interactions. In a polar
solvent, more favorable solvation of the polar cation predicts
that the cation−π interaction will be weaker than the
interaction with the t-butyl group (Figure 1). In water, the
situation is further complicated by the hydrophobic effect,
which drives the escape of nonpolar surfaces from water. Here
we describe experiments designed to distinguish between the
effects of the positive charge and desolvation for cation−π
interactions in water.
The experiment shown in Figure 1 has been carried out for a

number of biomolecular complexes.22,23 Many of these
experiments suggest that in water the complex involving the
ammonium•aromatic interaction is more stable than that
featuring the t-butyl•aromatic interaction, but this is not true
for all systems. A particularly interesting example was reported
by Diederich, who carried out the comparison for two closely
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related enzymes, thrombin and Factor Xa, where a
trimethylammonium•tryptophan contact was identified by X-
ray crystallography.24 For Factor Xa, ΔΔG was −12 kJ mol−1,
suggesting that the cation−π interaction stabilizes the complex,
but for thrombin, ΔΔG was +10 kJ mol−1, indicating that the
positive charge has a destabilizing effect on binding. A similar
experiment on folding of a peptide hairpin concluded that the
trimethylammonium group binds to an aromatic surface better
than a t-butyl group.25 One potential problem with the
experiments on biomolecules of such complexity is that there
are many charged residues that could play a role in the
observed selectivity. Electrostatic interactions between charged
groups can be significant over long distances, and these effects
could compromise the experimental results, where the overall
charges on the t-butyl and ammonium groups are different.
Synthetic supramolecular systems provide an opportunity to
investigate the fundamental properties of noncovalent
interactions in a stripped-down context that removes all of
the complexity associated with the conformational dynamics
and functional group diversity found in biomolecules. Here we
use the complexation of molecular dumbbells by synthetic
receptors to investigate the nature of the cation−π interaction
in water.

■ RESULTS
Cavitands are synthetic container compounds (hosts) that
bind guests in aqueous (D2O) solution. The deep cavitands
have a highly preorganized nonpolar binding pocket, lined with
the π-faces of eight electron-rich aromatic rings. The aromatic
panels create a magnetic anisotropy for guest nuclei held inside
the cavity, which results in upfield shifts of the 1H NMR
resonances of bound guests. The upfield shifts correlate with
the depth in the cavity.26−29 Earlier studies in related cavitands
showed that both t-butyl and trimethylammonium groups are
accommodated in the cavity and occupy the same position, at
the bottom of the binding pocket.30 For example, a t-butyl
group bound inside a cavitand typically gives rise to a 1H NMR

signal at −3.1 ppm (Δδ −4.4 ppm relative to the free guest),
and a trimethylammonium group gives a signal at −1.2 ppm
(Δδ −4.9 ppm). These systems therefore provide an ideal
platform for investigating the cation−π interaction using the
experiment illustrated in Figure 1.
Figure 2 shows the structures of the eight different cavitands

used in this study. These receptors all have the same aromatic

binding pocket but differ in the polarity of the functional
groups that line the entrance to the binding site and the
charges on the peripheral water solubilizing groups. For the
tetraurea cavitand (H1) and the tetramethylbenzimidazole
cavitand (H2), three versions equipped with different
solubilizing groups were prepared: anionic, cationic, or
zwitterionic. These ionic groups are remote from the binding
pocket, on the outside side of the aromatic walls, and provide
an opportunity to study the effects of long-range electrostatic
interactions on guest binding.
We devised a competition experiment using the dumbbell

guests shown in Figure 3, which have a trimethylammonium
group at one end and a t-butyl group at the other. Interaction
of the dumbbell guests with the cavitand hosts allows
measurement of the contribution of the positive charge to
the cation−π interaction in water directly from the equilibrium
constant between the two binding geometries of the complex
shown in Figure 4. The linkers connecting the two head groups
are symmetric in all cases, so any interactions between the
linker and the walls of the cavitand will not affect the position
of equilibrium. The equilibrium constant measured in this
experiment can be used to obtain a free energy difference (ΔG
= −RT ln K) which is equivalent to ΔG2 − ΔG1 in Figure 1.

Figure 1. Comparison of a t-butyl•aromatic interaction with a
trimethylammonium•aromatic interaction quantifies the contribution
of the positive charge to the cation−π interaction in solution (ΔΔG =
ΔG2 − ΔG1). The relative strengths of the solvent interactions
highlighted play an important role in determining which complex is
more stable because compared with the nonpolar t-butyl group, the
polar trimethylammonium makes more favorable interactions with
both the solvent and the aromatic π-electron density.

Figure 2. Eight cavitand hosts which differ only in the polarity of the
functional groups presented on the upper rim of the binding pocket
(red and green) and the charges on the water solubilizing groups that
extend from the base of the cavity (gray).
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However, in this case the difference between the t-butyl and
trimethylammonium complexes is an isomerization, so the
overall charges of the two complexes are identical, and any
effects on the value of ΔG are removed. The three guests were
prepared as the iodide salts, and in principle, ion-pairing
interactions between the trimethylammonium head group and
the iodide counterion could bias the equilibrium in Figure 4
toward the t-butyl-in isomer. However, the association
constant for formation of an ion pair between a trimethy-
lammonium group and iodide in aqueous solution is 2−5
M−1.31 The experiments described below were all carried out at
guest concentrations of 1 mM, so the counterion is fully
dissociated (>99%) in all cases and does not influence the
experiment.
Interaction of the three dumbbell guests (G1, G2, and G3)

with the eight cavitands (H14−, H14+, H1Z, H24−, H24+, H2Z,
H34+, and H44+) was investigated by NMR spectroscopy. All
24 systems formed 1:1 complexes with slow exchange between
the free and bound states on the 1H NMR time scale (see the
Supporting Information for the full spectra). The guest with
the longest linker G1 showed remarkably consistent behavior.
Figure 5 shows the upfield region of the 1H NMR spectra of
the eight G1 complexes, and the spectrum of the free guest is
shown in Figure 5a. The signal due to the trimethylammonium
group in the complex (blue dot) has a very similar chemical
shift to the free guest, whereas the signal due to the bound t-
butyl group (green dot) appears at around −3 ppm, an upfield
shift of 4 ppm relative to the free guest. All of the 1H NMR
spectra of the complexes in Figure 5 have two additional
signals in the upfield region: −0.8 and −1.8 ppm in Figures
5b−5d, −1.5 and −2.5 ppm in Figures 5e−5g, and at slightly
lower chemical shifts in Figures 5h and 5i. These signals are
due to the methylene protons α and β to the t-butyl group and
are not due to the other isomer of the complex which has the
trimethylammonium group inside the binding pocket. The
NMR spectra in Figure 5 indicate that in all eight complexes
regardless of the charge on the host or the polarity of the
functional groups that line the entrance to the binding
pocketthe t-butyl end of the guest is preferentially bound

in the cavitand pocket, and the trimethylammonium group is
exposed to water.
The behavior of the other two dumbbell guests G2 and G3

was more complicated. With cavitands H14−, H14+, H1Z, H34+,
and H44+, a single set of bound guest signals was observed for
all 10 complexes. The 1H NMR spectra of the complexes
resemble those shown for G1 in Figure 5 (see the Supporting
Information). The signal due to the trimethylammonium
group appears at the same chemical shift as the free guest, and
the signal due to the t-butyl group shows an upfield shift of 4
ppm; i.e., the t-butyl end of the guest is preferentially bound in
the cavitand pocket. In contrast, there are two sets of bound
guest signals in slow exchange in the 1H NMR spectra of the
complexes formed with the tetramethylbenzimidazole cav-
itands H24−, H24+, and H2Z. Figure 6 and Figure 7 show the
upfield region of the 1H NMR spectra of these six complexes.
For one set of bound guest signals, the signal due to the
trimethylammonium group (single blue dot) appears at the
same chemical shift as the free guest, and the signal due to the
t-butyl group (single green dot) appears at around −3 ppm, an
upfield shift of 4 ppm relative to the free guest. For the other
set of bound guest signals, the signal due to the t-butyl group
appears at the same chemical shift as the free guest (double
green dot), and the signal due to the trimethylammonium
group (double blue dot) appears at around −1 ppm, an upfield
shift of 4 ppm relative to the free guest.
These results show that both of the isomeric complexes

shown in Figure 4 are populated. Integration of the two sets of
bound guest signals in the 1H NMR spectra in Figures 6 and 7
allowed direction measurement of the equilibrium constant K
defined in Figure 4 and hence determination of the free energy
difference ΔG. The results are summarized in Table 1. For the
positively charged receptor H24+, there is a 3−4 kJ mol−1

driving force in favor of the t-butyl end of the guest binding in
the cavitand pocket. For the negatively charged receptor H24−,
there is a 3−4 kJ mol−1 driving force in favor of the

Figure 3. Three symmetric dumbbell guests which differ in the length
of the spacer separating the charged (blue) and neutral (green) head
groups.

Figure 4. Schematic representation of the two isomeric complexes
that can be formed between a cavitand host and a dumbbell guest. K
is defined as the equilibrium constant in favor of the t-butyl-in isomer.

Figure 5. Partial 1H NMR spectra of 1 mM solutions of G1 before the
addition of host (a) and in the presence of one equivalent of H14−,
H14+, H1Z, H24−, H24+, H2Z, H34+, or H44+ (b−i, respectively). Blue
dots indicate the signals due to the protons of the trimethylammo-
nium group, and green dots indicate the signals due to the protons of
the t-butyl group.
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trimethylammonium end of the guest binding in the cavitand
pocket. For zwitterionic receptor H2Z, the free energy
difference is close to zero. The location of the charged
solubilizing groups in these cavitands means that they are
closer to the trimethylammonium group when it is bound in
the cavitand pocket than in the other isomer. The results in

Table 1 therefore appear to be the result of long-range
electrostatic interactions through the base of the cavitand
between the charged solubilizing groups and the charge on the
guest: negatively charged cavitands favor the cation−π isomer,
and positively charged cavitands destabilize the cation−π
isomer. It would be interesting to investigate the influence of
counterion and ionic strength on these measurements, but
unfortunately the cavitands have limited solubility in the
presence of salts.
Molecular modeling provides further insight into the

difference in behavior observed for these complexes. Figure 8

shows three-dimensional structures of the H1 and H2
complexes optimized using DFT and a water solvation
model (see the Supporting Information for details). For all
of the complexes with dumbbell guest G1, one of the head
groups is located inside the cavitand binding pocket, and the
other is directed outward into the solvent (Figures 8a and 8d).
In this case, the linker is sufficiently long that the only contacts
the functional groups on the upper rim of the cavitand can
make with the guest are via the methylene groups of the linker
rather than either of the head groups. These structures explain
why G1 gives the same result for all cavitands.
When the length of the linker is shorter (as in G2 shown in

Figures 8b and 8e and G3 shown in Figures 8c and 8f), the
methyl groups of the external head group of the guest make
close contacts with the carbonyl oxygen atoms of the tetraurea
cavitands in the H1 complexes and with the methyl groups of
the tetramethylbenzimidazole cavitands in the H2 complexes.
These additional interactions between the cavitand and the
head groups perturb the equilibrium between the two isomeric
complexes. Figure 9 illustrates the outcome schematically. The
polar trimethylammonium head group can make attractive
interactions with the rim of the tetraurea cavitands H1, which
increases the stability of this isomer. The nonpolar t-butyl head

Figure 6. Partial 1H NMR spectra of 1 mM solutions of G2 before the
addition of host (a) and in the presence of one equivalent of H24−,
H24+, or H2Z (b−d, respectively). Blue dots indicate the signals due
to the protons of the trimethylammonium group, and green dots
indicate the signals due to the protons of the t-butyl group. In each
case, there are two sets of bound guest signals, one indicated by single
dots and the other indicated by double dots.

Figure 7. Partial 1H NMR spectra of 1 mM solutions of G3 before the
addition of host (a) and in the presence of one equivalent of H24−,
H24+, or H2Z (b−d, respectively). Blue dots indicate the signals due
to the protons of the trimethylammonium group, and green dots
indicate the signals due to the protons of the t-butyl group. In each
case, there are two sets of bound guest signals, one indicated by single
dots and the other indicated by double dots.

Table 1. Free Energy Difference (ΔG in kJ mol−1) Measured
in Water for the Equilibrium between the Two Isomeric
Complexes in Figure 4a

guest

cavitand G1 G2 G3

H24− <−8 4.3 2.7
H2Z <−8 −0.2 −1.0
H24+ <−8 −3.4 −4.0

aA negative value of ΔG means that the t-butyl in the isomer is
favored relative to the cation−π isomer.

Figure 8. Energy-minimized structures of (a) H1•G1, (b) H1•G2,
(c) H1•G3, (d) H2•G1, (e) H2•G2, and (f) H2•G3. The cavitand
solubilizing groups were replaced by methyl groups, and explicit water
molecules that form H-bonded bridges between the urea and
imidazole nitrogens are not shown for clarity. Structures were
optimized using DFT bp86-def2tzvp with empirical dispersion
correction bj-D3 and COSMO water solvation.
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group can make hydrophobic interactions with the rim of the
tetramethylbenzimidazole cavitands H2, which favors the
cation−π isomer. These interactions between the head groups
and the upper rim of the cavitands are the reason why the
cation−π isomer is only observed for the complexes of H2 with
the shorter dumbbell guests.

■ DISCUSSION
Although experimental measurements show that the cation−π
interaction is attractive in the gas phase and in nonpolar
organic solvents,32−35 the situation in water is more
complicated. Molecular recognition in solution involves
competition with solvent interactions, and the thermody-
namics of desolvation are particularly significant in water.36−40

The role of solvation in the interaction between quaternary
ammonium groups and aromatic rings in biomolecular systems
is not straightforward because although both binding partners
have a hydrocarbon surface, the ammonium group is a cation
that should also interact well with water. The direct
competition experiment staged here using molecular dumbbell
G1 provides a direct measure of the effect of the positive
charge on a quaternary ammonium group on the relative
strengths of the interactions made with the water molecules in
the solvation shell and the interactions made with the π-
electron density of the aromatic rings of a receptor (Figure
10). The only difference between the two complexes shown in
Figure 10 is the location of the positive charge, which can
either reside on the group solvated by water or the group
surrounded by π-electrons. Any bias due to ion pairing
between the cationic head group and the iodide counterion can
be ruled out because the experiments were all carried out at
concentrations where the population of the ion pair is less than
1%.31 Every one of the eight different G1 complexes described
here shows an overwhelming preference for the cation to be
solvated by water in preference to cation−π interactions in the
cavitand pocket.
When the shorter dumbbells G2 and G3 bind to the

cavitands, the external head group of the guest comes into
close proximity with the functional groups that line the
entrance to the binding pocket (Figure 9). Hydrophobic
interactions between methyl groups on the upper rim of the
H2 cavitand and the t-butyl head group of G2 and G3 lead to
sufficient stabilization of the cation−π isomer that it is possible
to quantify the equilibrium constant for the two isomeric

complexes. These experiments reveal the role played by long-
range electrostatic interactions in water. To ensure that the
remote charged groups used to solubilize the cavitands did not
perturb the competition experiments, the behavior of positive,
zwitterionic, and negative solubilizing groups was compared
(H24−, H24+, and H2Z). Even though these charges are on the
outside of the cavitand and a distance from the binding pocket,
electrostatic interactions with the positive charge on the
trimethylammonium end of the dumbbell are sufficient to
switch the preferred guest orientation from the cation−π
isomer in the negatively charged cavitand to the other isomer
in the positively charged cavitand. In the complexes described
here, the peripheral charged groups are well-solvated and likely
to be screened by counterions. In a protein, the effects of long-
range electrostatic interactions could be large if there are
unscreened charged groups buried in a region of low effective
dielectric constant. For example, the electrostatic interaction
between two charged residues that form a salt bridge in the
hydrophobic interior of a protein stabilize the folded state by
about 14 kJ mol−1.41

The overwhelming preference for the t-butyl group of G1 to
occupy the binding pocket for all of cavitands means that it is
not possible to determine the free energy difference between
the two different head group interactions. However, it is
possible to place a lower limit on the magnitude of the effect.
We have been able to measure populations down to 4% with
this experiment, which places an upper limit of −8 kJ mol−1 on
the value of ΔG for each of the G1 complexes (Table 1). Two
of the G1 complexes involve negatively charged cavitands, and
the experiments on G2 and G3 indicate that the cation−π
isomer is favored by long-range electrostatic interactions in
these systems. The zwitterionic complex H2Z•G2 is almost
perfectly balanced between the two isomeric complexes, which
implies that the H24−•G2 complex can be used to estimate the
electrostatic contribution due to attractive interactions
between the cationic head group and the negatively
solubilizing groups in the cation−π isomer as 4 kJ mol−1.
Combining these measurements indicates that hydrophobic

Figure 9. For dumbbell guests with short linkers, the external head
group comes into contact with the upper rim of the cavitand hosts.
(a) The polar urea groups in H1 (red) make attractive interactions
with the cationic head group. (b) The hydrophobic methyl groups in
H2 (green) make attractive interactions with the t-butyl head group.

Figure 10. Dumbbell guest G1 measures the difference between
interactions made with the solvation shell and interactions made with
the π-faces of the cavitand. The presence of the positive charge on the
trimethylammonium group increases the polarity compared with the
isosteric t-butyl group, which increases the strength of both types of
interaction. In water, the equilibrium lies overwhelmingly in favor of
cation solvation over cation−π interactions. The locations of the
charged solubilizing groups on the cavitands are indicated by R.
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interactions with the t-butyl group are at least 12 kJ mol−1

more favorable than cation−π interactions in this system.

■ CONCLUSIONS

The conclusion from previous studies was that the presence of
the positive charge stabilizes the cation−π interaction in water
through attractive electrostatic interactions with the π-electron
density. However, the H-bond donor parameter measured for
tetraalkyl ammonium cations is the almost the same as the
value for water (α = 2.7−2.8), so the presence of the positive
charge should also stabilize the interaction between the
trimethylammonium cation and the solvent. Given that the
lone pair of a water molecule is significantly more polar than
the π-electron density of an aromatic ring, it seems likely that
the presence of the positive charge would stabilize the solvated
state to a greater extent. In other words, the expectation based
on an electrostatic argument is that the positive charge should
destabilize the cation−π in water. The usual suspects, entropy,
dispersion, and polarization, have been invoked to deal with
this inconvenient truth. However, the experiments described
here show that the hydrophobic effect makes the inclusion of a
nonpolar t-butyl group in an aromatic cavity much more
favorable than the inclusion of a trimethylammonium group,
which makes multiple cation−π interactions. We also show
that the relative binding affinities of aromatic rings for
positively charged and neutral groups are modulated by long-
range electrostatic interactions with remote charges. These
long-range electrostatic interactions represent a major
complication for analysis of the cation−π interaction in
biomolecular systems, where there are multiple charged
residues in relatively close proximity. Inspection of the original
Dougherty receptor, which stimulated much of the excitement
about the importance of cation−π interactions in water, reveals
that this receptor is a tetra-anion.42

There are important implications for biomolecular recog-
nition processes. The experiments reported here show that the
optimum substrate for binding into a cavity lined with π-faces
of aromatic rings, sometimes called a π-box, is a neutral
hydrocarbon rather than a quaternary ammonium cation. The
more favorable aqueous solvation associated with the presence
of the positive charge in the cation outcompetes any gain from
cation−π interactions made in the complex because water is
more polar than the π-system. Although quaternary ammo-
nium ions will form complexes with simple π-boxes, such as the
cavitands described here, additional interactions would be
required to achieve selectivity with respect to the binding of
isosteric hydrophobic groups in water. The experiments
reported here suggest that in biomolecular systems those
additional interactions could be provided by electrostatic
interactions with negatively charged functional groups remote
from the binding pocket, especially if the interactions can be
amplified by transmission through a low dielectric medium
such as the interior of a protein. Although it is tempting to
interpret binding in terms of the cation−π interaction when a
cation and an aromatic ring are observed to make a close
contact in a complex, in water the major driving force is not
the interaction between the positive charge and the π-electron
density. Instead, desolvation and ionic interactions with remote
charges are dominant.
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