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cage encapsulation as a versatile
tool for the experimental quantification of aromatic
stacking interactions†

Carlo Bravin, a Giulia Licini, a Christopher A. Hunter b and Cristiano Zonta *a

The widespread presence of aromatic stacking interactions in chemical and biological systems, combined

with their relatively small energetic contribution, have led to a plethora of theoretical and experimental

studies for their quantification and rationalization. Typically, p–p aromatic interactions are studied as

a function of substituents to gather information about the interaction mechanism. While experiments

suggest that aromatic interactions are dominated by local electrostatic contacts between p-electron

density and CH groups, theoretical work has raised the possibility that direct electrostatic interactions

between local dipoles of the substituents may play a role. We describe a supramolecular cage that binds

two aromatic carboxylates in a stacked geometry such that the aromatic substituents are remote in

space. Chemical Double Mutant Cycles (DMCs) were used to measure fifteen different aromatic stacking

interactions as a function of substituent (NMe2, OMe, Me, Cl and NO2). When both aromatic rings have

electron-withdrawing nitro substituents, the interaction is attractive (�2.8 kJ mol�1) due to reduced

p-electron repulsion. When both aromatic rings have electron-donating di-methylamino substituents,

the interaction is repulsive (+2.0 kJ mol�1) due to increased p-electron repulsion. The results show that

aromatic stacking interactions are dominated by short range electrostatic contacts rather than

substituent dipole interactions.
Introduction

Quantitative knowledge of the relationship between chemical
structure and non-covalent interaction energies is funda-
mental in order to understand or design both structure and
function in chemical and biological systems.1–15 Many research
groups have focused their attention on the quantication of
aromatic interactions using theoretical and experimental
methods. Using a typical physical organic chemistry approach,
the factors that govern these interactions have been studied by
evaluating the inuence of ring substitution on interaction
energy.16–20 Solution phase experimental measurements
indicate that aromatic interactions are dominated by the
electrostatics of short range local contacts between p-electron
density or CH–p interactions that depend on the geometry of
interaction.21–25 Substituents affect the observed interaction
energies by changing the p-electron density and the polarity of
the peripheral CH groups. In contrast, most theoretical
sity of Padova, Via Marzolo 1, 35131

d.it

mbridge, Lenseld Road, Cambridge CB2

ESI) available: Experimental details on
and characterization of all new
calculations have been carried out in the gas phase, where
dispersion and long range electrostatics play a more important
role.26–28 These computational studies suggest that electrostatic
interactions between dipoles associated with the ring substit-
uents may play a signicant role.29–35 In the experimentally
studied systems, the substituents are usually in close prox-
imity, so it is difficult to dissect these contributions. Here we
describe a new experimental system for quantifying aromatic
interactions that allows this distinction to be made, because
the substituents are not in direct contact.

We have previously used modied tris(pyridylmethyl)amine
(TPMA) metal complexes and imine Dynamic Covalent
Chemistry (DCC),36–38 to obtain a variety of supramolecular
architectures.39–43 The supramolecular cage 1 shown in
Scheme 1 demonstrates particularly interesting molecular
recognition properties with respect to dicarboxylate guests.44,45

Here we report the interaction of this cage with mono-
carboxylate guests and show that these complexes provide
a versatile experimental platform for the quantitative deter-
mination of substituent effects on aromatic stacking interac-
tions. The results show that for a system where there is no
direct contact between the substituents on the aromatic rings,
aromatic stacking interactions are dominated by local elec-
trostatic contacts between the p-systems rather than substit-
uent dipole interactions.
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Molecular recognition of 4-nitrobenzoate 2a by cage 1.
Counterions are perchlorate for the cage and triethyl ammonium for
the guest and they are omitted for clarity.
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Results and discussions

As reported in our previous work, supramolecular cage 1 was
synthesized taking advantage of DCC. The initial aim of this
work was to assess the molecular recognition properties of cage
1 towards aromatic carboxylate guests (Scheme 1).47

Sub-stoichiometric addition of 4-nitrobenzoate 2a to cage 1
in acetonitrile lead to the appearance of new signals in the 1H
NMR spectrum that were in slow exchange with the signals due
to the free cage (Fig. S1 in the ESI†). Integration of the bound
cage and guest signals indicate exclusive formation of the cage–
guest complex 1 : 2 (2a-2a)@1, and interestingly, no signals due
to the 1 : 1 complex were detected.48 From the integrals of the
free and bound 1H NMR signals, the overall equilibrium
constant for formation of the 1 : 2 complex (K1K2) was deter-
mined (42 � 4) � 106 M�2. The addition of more than two
equivalents of 2a led to a complete conversion to the lled cage
(2a-2a)@1 (Fig. S1 in the ESI†). The formation of the 1 : 2
complex (2a-2a)@1 was also conrmed by two-dimensional
NMR spectroscopy (ROESY, DOSY) and ESI-MS experiments
(Fig. S12–S15, ESI,†).

In order to gather structural information on (2a-2a)@1, DFT
calculations were carried out. In the most stable conformation,
the two guest aromatic rings adopt a face-to-face geometry with
the nitro substituents in a pseudo-meta orientation (Fig. 1). The
Fig. 1 Representation of (2a-2a)@1 DFT (WB97XD/6-31G(d)) mini-
mized structure. The aromatic rings of the two guests stack with one
another, and the nitro substituents are directed to opposite sides of the
cage cavity.

This journal is © The Royal Society of Chemistry 2019
structure of the inclusion complex shown in Fig. 1 appears
ideally suited for the determination of the thermodynamic
properties of aromatic stacking interactions between the two
guests. It is worth noting that in this structure the two nitro
substituents are remote in space, so direct interactions between
the substituents cannot affect the measured strength of the
aromatic interaction. In addition, the two substituents are not
parallel, so long range dipole interactions are also minimised
relative to local contacts between the p-systems.46

It is possible to dissect out the thermodynamic contribution
of the aromatic stacking interaction from all of the other
contributions in this system by the chemical Double Mutant
Cycle (DMC) approach, which has been used to quantify non-
covalent interactions in different systems.49,50 We used n-hex-
anoate HexA as a reference guest that cannot make aromatic
interactions. The approach is illustrated for two different guests
with substituents X and Y in Fig. 2 (see Section S3.5). There are
a large number of different intermolecular interactions in
Complex A which contains the aromatic stacking interaction of
interest:

(1) The aromatic stacking interaction between the two
guests.

(2) The coordination interaction between the carboxylate
group of the guest with substituent X and the zinc ion.

(3) The coordination interaction between the carboxylate
group of the guest with substituent Y and the zinc ion.

(4) Interactions of the edges of the aromatic ring with
substituent X with the internal walls of the cage.

(5) Interactions of the edges of the aromatic ring with
substituent Y with the internal walls of the cage.

(6) Interactions of substituent X with the walls of the cage.
(7) Interactions of substituent Y with the walls of the cage.
Fig. 2 Chemical DMC for measuring the aromatic stacking interaction
between two guests. Counterions are perchlorate for the cage and
triethyl ammonium for the guest and they are omitted for clarity.

Chem. Sci., 2019, 10, 1466–1471 | 1467
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Table 1 Free energy contributions (DDG� in kJ mol�1) from aromatic
stacking interactions measured using DMCs

Y

X

NO2 Cl Me OMe NMe2

NO2 �2.8 � 0.1
Cl �2.1 � 0.3 �1.7 � 0.1
Me �1.9 � 0.2 �1.0 � 0.1 �0.9 � 0.1
OMe �1.8 � 0.1 �0.5 � 0.3 �0.5 � 0.1 0.0 � 0.2
NMe2 �1.2 � 0.1 �0.1 � 0.2 +0.8 � 0.2 +1.0 � 0.1 +2.0 � 0.3
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(8) Interactions between the carboxylate group of one guest
and substituent X on the other guest.

(9) Interactions between the carboxylate group of one guest
and substituent Y on the other guest.

Complex A contains all 9 types of interaction listed above.
Complex B is missing interactions 4, 6 and 8. Thus the differ-
ence between the stabilities of complexes A and B ðDG�

A � DG
�
BÞ

measures the sum of interactions 1, 3, 5, 7 and 9 plus the
difference in the strength of zinc–carboxylate coordination
bond formed with the aromatic guest with substituent X and the
aliphatic guest.

Similarly, Complex C is missing interactions 5, 7 and 9, and
Complex D is missing interactions 4, 5, 6, 7, 8 and 9. Thus the
difference between the stabilities of complexes C and D
ðDG�

C � DG
�
DÞ measures the sum of interactions 4, 6 and 8 plus

the difference in the strength of zinc–carboxylate coordination
bonds formed with the aromatic guest with substituent X and
the aliphatic guest. In other words, the only contribution to the
difference DG

�
A � DG

�
B that is not present in the difference

DG
�
C � DG

�
D is interaction 1, the aromatic stacking interaction.

Thus the DMC in Fig. 2 allows direct determination of the
thermodynamic contribution due to the aromatic stacking
interaction and removes all of the contributions from the many
secondary interactions that are present in this system.
Fig. 3 Partial 500MHz 1HNMR spectra showing the signals due to the ca
2a)@1 and (d) 1H ROESY experiment for the competition experiment betw
are perchlorate for the cage and triethyl ammonium for the guest and t

1468 | Chem. Sci., 2019, 10, 1466–1471
Moreover, the DMC analysis is based on the differences in free
energies between pairs of complexes, so it is not necessary to
measure individual association constants for all 4 complexes
shown in Fig. 2. Relative rather than absolute values are all that
is required.

In order for this experiment to work, two guests must be
bound in the same cage. We therefore chose 4-chlorobenzoate
2b, 4-methylbenzoate 2c, 4-methoxybenzoate 2d and 4-(dime-
thylamino)benzoate 2e (Fig. 2), which have similarly sized
substituents to 4-nitrobenzoate 2a and should not introduce
steric clashes with the cage walls. Fig. 3d illustrates typical
results obtained using two different guests that form a mixed
ge pyridine a protons (301 K, CD3CN) for (a) cage 1 (b) (2e-2e)@1 (c) (2a-
een guest 2a and 2e ([1] ¼ 1.0 mM, [2a] ¼ [2e] ¼ 0.1 mM). Counterions

hey are omitted for clarity.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Aromatic stacking energies (kJ mol�1) measured for the guest with substituent X (y-axis) plotted as a function of the Hammet constant sY
of the guest with substituent Y (x-axis). The slope and the R2 for each substituent are respectively NMe2 (r¼�2.0, R2¼ 0.96); OMe (r¼�1.7, R2¼
0.99); Me (r ¼ �1.6, R2 ¼ 0.91); Cl (r ¼ �1.3, R2 ¼ 0.94); NO2 (r ¼ �1.0, R2 ¼ 0.96).
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cage complex (2a-2e)@1. When 0.1 equivalents of carboxylate 2a
and 0.1 equivalents of carboxylate 2e were added to a solution of
cage 1 in acetonitrile, four new signals due to the cage pyridine
a protons were observed (Fig. 3d). Comparison with the chem-
ical shis of the homo occupied cages allowed assignment of
two of the signals to complexes containing the same guest
(9.375 ppm for (2a-2a)@1 and 9.395 ppm for (2e-2e)@1) (Fig. 3b
and c). In this case no ROESY cross-peaks between these signals
are detected (Section S3.3 in the ESI†). The other two signals
were assigned to the complex containing two different guests
(2a-2e)@1 thanks to ROESY cross peak correlations (Fig. 3 and
ESI† Section S3.3).

Integration of the signals related to the lled cages and the
corresponding signal due to the empty cage 1 (8.015 ppm)
allowed direct determination of the equilibrium constants for
formation of (2a-2a)@1, (2e-2e)@1 and (2a-2e)@1.

In other words, if two different guests are present in sub-
stoichiometric amounts, due to the slow exchange on the 1H
NMR timescale it is possible to measure all three equilibrium
constants for formation of the hetero- and the two homo-
complexes with a single NMR acquisition (Section S3.4 in the
ESI†). Using this approach, equilibrium constants were
measured for all pairwise combinations of carboxylate guests
Fig. 5 Aromatic stacking energies (kJ mol�1) (z-axis) measured as
function of the Hammet constant sY and sY of the encapsulated
guests.

This journal is © The Royal Society of Chemistry 2019
(2a–2e andHexA). With these values, it was possible to construct
een different DMCs to measure the free energy contributions
of een different aromatic stacking interactions to the overall
stabilities of the complexes (DDG�), (Table S1–S5 and Fig. S5
and S6 in the ESI†) (Table 1).

The least favorable interaction occurs when both aromatic
rings carry electron-donating dimethylamino groups (+2.0 �
0.4 kJ mol�1), and the most attractive interaction occurs when
both aromatic rings carry electron-withdrawing nitro groups
(�2.8 � 0.1 kJ mol�1). The measured aromatic interaction
energies are in line with the previously reported experimental
measurements and correlate well with the corresponding
Hammett substituent parameters (Fig. 4) and the electrostatic
potential of the substituted aromatic rings (Section S3.6).16,17

DDG� (kJ mol�1) ¼ 0.7 sxsy � 1.5sx � 1.5sy � 0.9 (1)

When X ¼ NMe2, a linear Hammett correlation is observed for
all ve Y substituents with a slope of �2.0 kJ mol�1. As X
becomes less electron-donating, the correlation remains linear,
but the slope decreases, down to a value of �0.9 kJ mol�1 for X
¼ NO2. The slopes and intercepts of the linear correlations
shown in Fig. 5 also correlate with the Hammett substituents
parameters for X (Fig S9 and S10 in the ESI†), so it is possible to
describe the entire dataset by eqn (1). Eqn (1) is plotted as a 3D
graph in Fig. 5 demonstrating the excellent correlation with the
experimental values.
Conclusions

In conclusion, both the trends in interaction energy with
substituent and the absolute values of the free energies of
interaction are very similar to previously reported experimental
measurements of aromatic interactions in different systems.16,17

However, the orientation of the substituents in the system re-
ported here (approximately orthogonal) is quite different from
Chem. Sci., 2019, 10, 1466–1471 | 1469
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the orientation of the aromatic substituents in previous studies
(approximately parallel). This observation indicates that
aromatic stacking interactions are dominated by short range
local electrostatic interactions between the p-faces rather than
by substituent dipole interactions.32 In particular, the cage xes
the orientation of the guests in such a way that the polarizing
aromatic substituents are not in contact, which means that
there are no contributions from direct interactions between the
substituents. Moreover the substituents are not parallel, so long
range dipole interactions are minimised. The nding that
local electrostatic interactions dominate is in line with
previous solution phase experimental studies and contradicts
ideas based on gas phase theoretical calculations.31,32 The 1 : 2
cage–guest complexes represent a powerful system for the
quantication of non-covalent interactions using the DMC
approach and provide a versatile platform for controlling
assembly and molecular recognition within the supramolecular
superstructure.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors would like to thank Prof. J. K. Sanders and C.
Berton for useful discussions. Financial support from the
University of Padova (PRAT-CPDA153122, Progetto Attrezzature
Scientiche nalizzate alla Ricerca) is gratefully acknowledged.

Notes and references

1 C. A. Hunter and J. K. M. Sanders, J. Am. Chem. Soc., 1990,
112, 5525–5534.

2 A. E. Meyer, K. R. Castellano and F. Diederich, Angew. Chem.,
Int. Ed., 2003, 42, 1210–1250.

3 M. L. Salonen, M. Ellermann and F. Diederich, Angew. Chem.,
Int. Ed., 2011, 50, 4808–4842.

4 S. L. Cockro and C. A. Hunter, Chem. Commun., 2006, 3806–
3808.
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