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Aromatic–aromatic interactions are ubiquitous and play an
important role in a variety of chemical and biological
processes.[1] Interactions within benzene dimers are well
documented[2–4] for a series of aromatic clusters, and their
significance in biomolecular structures is widely recognized.[5]

In contrast, because of the difficulty in isolation of artificial
model systems, investigations on higher-order aromatic
clusters are largely limited to theoretical studies despite the
abundance of natural systems, and only a few experimental
studies in the gas phase have been reported so far.[4,6, 7] Among
such clusters, a cyclic trimer with a C3 axis was deduced to be
the most stable benzene cluster from theoretical calculations
as well as measurements of the dissociation energy of the
clusters in the gas phase.[4, 7] According to recent high-
accuracy quantum mechanical calculations, the stabilization
energy of theC3h-symmetric benzene trimer is estimated to be
approximately �20 kJmol�1, that is, roughly �7 kJ per mole
of benzene.[2,6a] Whereas the estimated energy value is

relatively large and seems to be utilized as a modulating
interaction in supramolecular architectures, to our knowl-
edge, there is no report of the details of such trimer
interactions and structures in solution or even in the solid
state. Herein, we report some examples of benzene ring
trimers in the solid state and show that the interactions in the
trimer can modulate a supramolecular structure in solution.

A cyclic trimeric structure of the benzene derivative
chlorobenzene was found in the void space of the crystal
packing of a tripyrrolic macrocycle.[8] In this trimer, three
chlorobenzene molecules face one another with dihedral
angles of 67.7(3), 32.7(3), and 59.2(3)8 and center-to-center
distances of the three benzene rings of 4.973(4), 4.623(4), and
5.004(4) 1, respectively (see the Supporting Information).
Reflecting the packing forces from the surroundings, the ring–
ring angles and distances are inequivalent but the latter are
comparable to the calculated distance of 4.8 1 for the
optimized geometry of the C3h-symmetric cyclic benzene
trimer.[6a]

In solution, it is difficult to isolate the pure benzene trimer
and evaluate the strength of the interactions owing to the
involvement of many interactions from other benzene
molecules and the intervention of other clusters. Thus, we
developed a dynamic trimerization system involving metal
coordination. More specifically, a benzene ring trimer was
constructed on a C3-symmetric supramolecular platform
composed of three mutually metal-coordinated C1-symmetric
molecules, each of which bears one phenyl (benzene)
substituent. In principle, when the three C1-symmetric
component molecules assemble, two types of trimers with
different conformations, namely C3- and C1-symmetric, are
formed (Figure 1). If distinct attractive interactions are
present among the three closely located phenyl groups, one
of the conformers, the C3-symmetric trimer, could be more
stabilized. By comparing the two systems with and without
phenyl groups, it is possible to extract only the interaction of
the benzene ring trimer moiety and evaluate its magnitude.

Previously, we reported the self-assembly of a ZnII

complex of an N-confused porphyrin[9] that bears two
phenyl groups around the confused pyrrole ring.[10] The C2-
symmetric dimer complex, in which the peripheral nitrogen
atom mutually coordinates to the ZnII center of the opposite
monomer part, was formed by self-assembly. In a successive
study of ZnII coordination of N-confused porphyrins with
various substituents, we noticed the facile formation of a
trimer by the C1-symmetric N-confused porphine 1.[11] The
trimer displays a similar coordination mode to the N-confused
porphyrin dimer complex, and so we decided to utilize this
trimer as a target supramolecular platform.[12]
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When a mixture of 1 and zinc acetate in CH2Cl2 was
stirred for 2 h at room temperature, metal coordination to the
inner and outer nitrogen atoms of 1 and subsequent
trimerization took place to afford trimers of the Zn complex
(1-Zn). The formation of C3-symmetric (2a) and C1-symmet-
ric (2b) trimer complexes (Figure 2 A) was confirmed by
1H NMR spectroscopic analyses. In particular, the signals for
the inner-core CH protons, which are sensitive to the
symmetry of the trimers, were well-enough resolved to utilize
as reporter signals for the respective trimers (Figure 2B).

That is, only one singlet signal
was observed for the inner
CH protons in 2a, whereas
three different singlet signals
could be detected with 2b
owing to the three inequiva-
lent monomer parts. ESI
mass spectrometry revealed
intense fragmented monomer
peaks along with small peaks
corresponding to oligomers

up to the tetramer, which is probably a result of the lability
of the trimer complexes under the measuring conditions (in
which methanol was required to observe the spectra). The C3-
symmetric trimer 2a was more stable than the C1-symmetric
trimer 2b, and the molecular distribution was approximately
6:4 at 25 8C in [D8]toluene (i.e. DG=+ 0.5 kJmol�1). The
enthalpy and entropy changes on going from 2a to 2b were
estimated as DH= (+ 3.9� 0.2) kJmol�1 and DS= (+ 11.5�
0.7) JK�1mol�1, respectively. The entropy value is almost
similar to the statistical value of 9.1 JK�1mol�1 (=R ln3),
which in general is related to the change from a C3-symmetric
to a C1-symmetric species.

Next, the supramolecular trimer 4 with phenyl substitu-
ents was prepared from the phenyl-substituted porphyrin ZnII

complex 3-Zn by the same procedure as used for preparing
platform 2 (Figure 2C). The trimeric structure of 4 was
explicitly confirmed by X-ray single-crystal analysis
(Figure 3).[13] The platform is constructed by the mutual
coordination of the peripheral nitrogen atom and the ZnII

center of the adjacent monomer, and the three phenyl groups
are arranged on the same side of the platform. Focusing on
the benzene trimer moiety, the benzene rings (a, b, and c in
Figure 3) are closely located with center-to-center distances
(rab, rbc, rca) of 5.04(1), 4.93(1), and 5.33(1) 1, respectively. The
dihedral angles between the three phenyl groups (a-b, b-c,
c-a) are 82.0(7), 75.3(7), and 55.8(7)8, respectively. Similar to
the case of the chlorobenzene trimer, these values are
inequivalent and the ring-to-ring distances are close to the
calculated distance for the cyclic benzene trimer. The close
contact of the three phenyl groups in 4 thus strongly suggests
interactions in the benzene ring trimer moiety.

The introduction of phenyl substituent groups dramati-
cally changed the distribution of the trimer in solution. In
contrast to the presence of two species in trimer 2 from 1-Zn,
the phenyl-substituted species 3-Zn afforded only one type of
trimer 4 at 25 8C in chloroform (Figure 2D). The simplified
1H NMR spectra of 4 are consistent with the observation of a
C3-symmetric trimer in the solid state. Even at 100 8C in
toluene, the 1H NMR signals of a trimer with C1 symmetry
were not detected. The preferential formation of the C3-
symmetric trimer could be attributed to the stabilization by an
additional interaction between the three phenyl groups in 4.
In fact, the close contact of the three phenyl groups in solution
was clearly shown in the chemical shifts of the phenyl protons,
whereby the five proton signals split and were highly shifted
upfield (d= 6.28, 6.63, 7.54, 7.82, and 7.91 ppm), compared to
the two overlap signals of the monomer 3 (d= 8.31 and
7.87 ppm). At 50 8C in CDCl3, the two sets of split signals for

Figure 1. Supramolecular trimer formation: from a C1-symmetric monomer to C1-symmetric and C3-
symmetric trimers.

Figure 2. A) Formation of C3-symmetric trimer 2a and C1-symmetric
trimer 2b from 1-Zn. B) Partial 1H NMR spectra showing the 1H NMR
signals of the inner CH proton in 2. C) Formation of the C3-symmetric
trimer 4 from 3-Zn. D) Partial 1H NMR spectra showing the signal of
the inner CH proton in 4. (Green ball: peripheral N atom; blue cone:
Zn metal; small pink ball: H atom; large pink ball: Ph; red cube:
porphyrin framework. See the Supporting Information for the sche-
matic trimer structures.)
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the ortho and meta protons coalesced to afford broad singlet
signals at d= 6.52 and 7.68 ppm, respectively, which infers the
rotation of the phenyl substituents in the trimer structure.[14]

To evaluate the stabilization energy of a cyclic benzene
ring trimer interaction, we planned to compare the relative
amounts of the C3- and C1-symmetric trimers from 3-Zn in
solution. However, as described above, the large difference in
stability energy prevented such an estimation. Consequently,
we examined the dissociation reactions of 2a and 4 instead
(Figure 4). In principle, the difference in the dissociation

energies of 2a and 4 should correspond to the stabilization
energy of the benzene-ring trimer moiety. For the dissociation
study, we used a mixed solvent of [D8]toluene and
[D5]pyridine and estimated the corresponding energies from
the molecular ratios of the trimer and the dissociated
monomer, which could be determined from the signals in
the 1H NMR spectra at variable temperatures. Accordingly,
the changes in enthalpy and entropy for the dissociation of 2a
and 4 were estimated as DH= (+ 24.5� 0.8) kJmol�1 and
DS= (�57� 3) JK�1mol�1, and DH= (+ 40.3� 0.9) kJmol�1

andDS= (�41� 3) JK�1mol�1, respectively. The stabilization
enthalpy and the Gibbs free energy of our benzene ring trimer
were thus calculated as DHT=�16 kJmol�1 and DGT=

�11 kJmol�1 at 25 8C. The large energy terms could explain
the exclusive formation of the C3-symmetric trimer 4. More-
over, the smaller entropy change of 4 compared to that of 2,
with the difference being 16 JK�1mol�1, might reflect the
ordered structure of 4 owing to the formation of the benzene
ring trimer.

Interestingly, the enthalpy per inter-
action site of the trimer (ca.
�5.3 kJmol�1) is almost the same mag-
nitude as those of benzene ring dimers
estimated in artificial model systems
(�5.0 to �6.3 kJmol�1).[1c] This obser-
vation is compatible with the recent
claim from theoretical studies that the
interaction energies in larger benzene
clusters can be estimated by the simple
sum of the interaction energies of the
isolated benzene dimers,[6a] though
model systems usually afford lower
values than those obtained by calcula-
tion probably as a result of a modifica-

tion of the benzene rings in the former.
The Gibbs free energy of trimerization, DGT=

�11 kJmol�1 at 25 8C, that is, approximately �4 kJmol�1 per
benzene–benzene interaction, is much higher than those for
artificial aromatic ring dimer systems reported previously
(�1.4 kJmol�1 at 22 8C for a phenyl–phenyl pair by Hunter
and co-workers,[3a] �1.0 kJmol�1 at 22 8C for a phenyl–tolyl
pair by Wilcox and co-workers,[3d] and �2.0 kJmol�1 at 25 8C
for a phenyl–naphthyl pair by Jennings et al.[1c]). This result
simply shows that the large entropy loss associated with
trimer formation is well overcome by the enthalpy gain in the
cyclic trimer with three interaction sites.

In conclusion, from evaluation of the stabilization energy
of a C3-symmetric supramolecule bearing three phenyl
groups, it was shown that there is an attractive interaction
between the three benzene moieties in solution and that its
magnitude is of a similar order to that obtained from ab initio
calculations.[2,6a] The negative free energy change associated
with benzene ring trimerization is large enough to stabilize
certain supramolecular systems as shown here. Thus, the
presence of such multiple-site interactions in higher-order
aromatic clusters in biopolymers may contribute to stabiliza-
tion of their tertiary structures to some extent, as one of
several noncovalent hydrophobic interaction.[5c,15] Although
the benzene core in our system has a large substituent, the
role of the porphyrin group is merely to provide a platform
and the unique triangular interaction in the cyclic trimer
should be ubiquitous. Thus, we believe that the benzene ring
trimer interaction could serve as a kind of modulator for
elaborated supramolecular systems, such as catalysts,[16] C3-
symmetric (supra)molecules,[17] and foldamers.[18]
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trimer complexes 2a (A) and 4 (B) in the presence of [D5]pyridine
(orange ball).
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