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ABSTRACT

Molecular mechanics calculations with several different force fields and the GB/SA solvation model were carried out for the molecular torsion
balance developed by Wilcox et al. to investigate the intramolecular nonbonded interactions between two aromatic rings. The preference is
found to arise from a balance between intramolecular van der Waals interactions and solvation effects, with the latter favoring the unfolded
conformation.

Nonbonded interactions between aromatic groups have
attracted considerable attention in the past few years.1 There
are two limiting interaction modes, so-called “face-to-face”-
(parallel) and “edge-to-face”(perpendicular), between two
aromatic rings. While the face-to-face interaction is often
thought to lead to “π-stacking” interactions, there is now
much experimental evidence for edge-to-face structures in
solid and gas phases. The edge-to-face aromatic interaction
is proposed to be essential in many biologically important
processes, such as protein folding and ligand-receptor
interactions.2 The intermolecular interactions between aro-
matic systems are interesting from a computational point of

view, as well, mainly because of the difficulty in reproducing
the liquid properties of benzene and other aromatic solutions.3

Wilcox et al. recently developed a unique molecular device
to analyze the nonbonded intramolecular interactions between
two aromatic rings.4 The abstract illustrates the structures
of these molecules in two conformations. There are two
distinct conformational states called “folded” and “unfolded”.
They are rotational isomers around the biphenyl linkage
between the a and d rings. Aromatic-aromatic interactions
between the b and d rings are present in both folded and
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unfolded conformations, but interactions between the b and
c rings only exist in the folded conformation. The relative
population of each conformation can be used as a measure
of the intramolecular interaction between b and c.

The amounts of the two possible conformers in solution
were measured for various substituted systems;4 the corre-
sponding free energies are listed in the third column of Table
1. R refers to the ester substituent. The X-ray crystallography
of the 1e showed the edge-to-face contact of the b and c
rings in the folded conformation. Interestingly, cyclohexyl
andtert-butyl groups show as much preference for the folded
form as substituted aromatic rings. Most aromatic groups
show a preference for the folded conformation except for
mono- and di-m-methyl-substituted phenyl systems1i and
1k.

We carried out force field calculations on these systems
using Macromodel5 with AMBER*,6 MM2* 7 MM3*, 8 and

MMFF.9 Solvation in chloroform was calculated with the
GB/SA model available in the program.10

For various substituted torsion balance molecules, the
relative energies of folded and unfolded conformations were
calculated and are listed in Table 1. In gas-phase calculations,
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Table 1. Relative Energies between Folded and Unfolded Conformational States (AMBER*, MM2*, MM3*, and MMFF with
Macromodel Gas Phase and GB/SA Solvation Model Calculations (Chloroform)). Computed Facing Angle between c and b Rings in
Each Folded Optimized Structure (Defined in Figure 1) Is Located under Each Energy Difference
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all but one case show a preference for the folded conforma-
tion. The preference is always overestimated by 1-3 kcal/
mol compared to experimental observation. This is due to
the favorable intramolecular van der Waals contacts. In the
liquid phase, the relative instability of the unfolded confor-
mation can be compensated by the interaction with solvent
molecules.

Inclusion of solvation effect provides an impressive
improvement of the agreement between experimental and
calculated energies. An overestimation of 0.2-0.5 kcal/mol
for the stability of the folded conformation compared with
experimental results is still observed. Otherwise, the agree-
ment with experimental values is good and reproduces the
trends forpara-substituted aromatic molecules (1a-1f).

The importance of edge-to-face interaction is brought into
question by these results. Table 1 lists the facing angle in
the folded conformation, defined in Figure 1, for each

optimized structure. With the AMBER* force field,1a, 1c,
and1f have nearly 90° facing angles corresponding to the
edge-to-face interaction.1b and1d have nearly face-to-face
orientations. Other force fields also give optimized structures
with face-to-face orientations. Overall, the calculation sug-
gested the small energetic preference of the folded confor-
mation regardless of the relative orientation of two aromatic
rings.

Analysis of the energy components provided further
insights. The difference between folded and unfolded con-
formations in the gas phase mostly comes from the difference
between intramolecular van der Waals terms. With GB/SA
solvation model calculations, the relative intramolecular
interactions are the same as those for gas-phase calculations,
but the solvation term favors the unfolded conformation. The
preference for the unfolded structure in the solvation term

comes from the cavity and solute-solvent van der Waals
term, which is a product of the solvent accessible surface
area (SA) of solute and a parameter. The solute-solvent
polar interaction (GB) term shows no significant differences,
which is consistent with the indifference of the preference
to the solvent variation in the experiment.

Folded conformations are preferred in the gas phase
because of larger intramolecular van der Waals contacts. The
preference decreases in solution, because the unfolded
conformation has a larger surface area and larger stabilizing
interactions with the solvent. The folded conformer has a
smaller surface area, regardless of whether it exists in the
edge-to-face or the face-to-face conformation.

Wilcox observed no preference with1i and the unfolded
preference for1k. He concluded that the shift toward the
unfolded conformation by themeta-substituents is due to the
loss of a rotational degree of freedom.

A simple MMFF calculation has reproduced the slight
preference shift from1b to 1i (0.09kcal/mol) and the
preference reversal from1i to 1k. We consider the effect of
meta-substituents to be steric rather than entropic. We
consider that the source of the shift in preference is as
follows. The first m-methyl group on ring b can have a
moderate vdW interaction with ring d in theunfolded
conformation, and the presence of secondm-methyl group
clearly hinders the stability of the folded conformation
through its bulkiness. The much smaller preference shift by
m-cyano groups supports this hypothesis.

The X-ray crystal structure of1eprovides clear evidence
of the existence of the edge-to-face interaction in the solid
state. However, the edge-to-face orientation between two
aromatic groups may not always be preferred. The interaction
between two groups can be mostly described as a balance
between van der Waals contact between them and solute-
solvent interactions.

The fact that we are able to reproduce the preference for
the folded conformation withtert-butyl and cyclohexyl
groups is in good agreement with Wilcox’s conclusion. It is
more likely that the observed preference for folded confor-
mations is due to the dispersion forces rather than a particular
electrostatic interactions such as “edge-to-face” aromatic
interactions.
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Figure 1. Facing angle definition.
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