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Cyclophanes Containing Bowl-Shaped Aromatic Chromophores:
Three Isomers of anti-[2.2](1,4)Subphthalocyaninophane**
Quan Liu, Soji Shimizu, and Nagao Kobayashi*

Abstract: The connection of bowl-shaped aromatic boron
subphthalocyanines with anti-[2.2]paracyclophane resulted in
the first observation of electronic communication between
convex and concave surfaces. Three isomers of anti-[2.2]-
(1,4)subphthalocyaninophane, described as concave–concave
(CC), convex–concave (CV), and convex–convex (VV)
according to the orientation of the subphthalocyanine units,
were synthesized and characterized by various spectroscopic
techniques, including 1H NMR, electronic absorption, fluores-
cence, and magnetic circular dichroism spectroscopy and X-
ray crystallography, together with molecular-orbital calcula-
tions. On going from the CC system to CV and further to VV,
the Q band broadened and finally split as a result of through-
space expansion of the conjugated systems, which were also
reproduced theoretically.

When two or more aromatic chromophores come within
close proximity, they show electronic communication that can
be readily detected by electronic absorption and/or fluores-
cence spectroscopy. In particular, cofacially arranged aro-
matic molecules exhibit absorption spectra that differ signifi-
cantly from those of the constituent monomeric molecules. In
this respect, [2.2]paracyclophane, in which the para positions
of the two benzene molecules are linked by two ethylene
bridges, is well-known and has attracted the interest of many
researchers for more than 60 years since its discovery around
1950.[1] Subsequently, similar cyclophanes consisting of naph-
thalene,[2] pyrene, anthracene, purine, and even porphyrins of
various spacing and orientations have been synthesized in
attempts to elucidate or understand the transannular inter-
action, that is, the electronic communication required, for
example, for the design of organic materials for applications
in optoelectronic technologies and catalysis.[3] Owing to the

small distance between the two constituent benzene units,
paracyclophane is generally considered to be one of the most
suitable cyclophanes for investigating the transannular inter-
action. To our knowledge, all previously reported cyclophane
derivatives containing aromatic chromophores consist of flat
p-conjugated molecules, and no species consisting of curved
aromatic molecules has been described. However, as demon-
strated by intensive studies on fullerenes,[4] carbon nano-
tubes,[5] and their fragment molecules, such as corannulene[6]

and sumanenes,[7] curved molecules are also important for the
elucidation of the inherent properties of p-conjugated
systems.

Herein, we report the synthesis and characterization of
[2.2]paracyclophane derivatives containing two bowl-shaped
aromatic boron subphthalocyanines (SubPcs), which are
contracted analogues of phthalocyanines that contain three
isoindole rings.[8, 9] The combination of two SubPc units with
[2.2]paracyclophane produces three isomers, which differ in
the orientation of the convex and concave surfaces of the
SubPc units with respect to the paracyclophane moiety. The
difference in the electronic communication between the
curved conjugated systems through the cyclophane moiety
can be detected as changes in spectroscopic properties. These
differences in the structure and properties of [2.2]paracyclo-
phane derivatives with curved chromophores are described
herein.

anti-[2.2](1,4)Subphthalocyaninophane and its monomer
species, anti-[2.2](3,6)phthalonitrilosubphthalocyaninophane,
were synthesized by simply treating 4,5,12,13-tetracyano-
[2.2]paracyclophane[10] with an excess of tetrafluorophthalo-
nitrile in the presence of boron trichloride in p-xylene at
reflux (Scheme 1). The crude product was treated with an
excess of phenol to prevent adsorption and axial-ligand
substitution during purification by silica-gel column chroma-
tography. As expected, as a result of the bowl shape of SubPc,
three isomers of anti-[2.2](1,4)subphthalocyaninophane (con-
cave–concave (CC), convex–concave (CV), and convex–
convex (VV) isomers) and two isomers of its monomer
species (endo (endo) and exo (exo) isomers) were obtained,
along with perfluorinated SubPc as the major product. The
yields of the dimer species were 2.2% for CC, 4.8 % for CV,
and 15.7% for VV, and those of the monomer species were
1.5% for endo and 5.1% for exo. The higher yields of VV and
exo as compared to those of CC and endo are indicative of
preferential formation of the sterically less hindered com-
pounds with the adjacent moiety residing on the exo side of
the SubPc unit.

The crystal structures of CC and VV were elucidated by
X-ray crystallographic analysis of single crystals obtained by
the slow diffusion of hexane into solutions of these dimer
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species in CHCl3.
[11] It was found that the SubPc units each

reside on the endo and exo surface of the other SubPc unit in
CC and VV, respectively (Figure 1). A boron atom lies above
the plane defined by the three coordinating nitrogen atoms by
0.64 � in CC and 0.63 � in VV; these distances are within the
range observed for regular SubPcs (0.59–0.66 �).[9b,c] The
distance between the bridge-head carbon atoms is 2.75 � for
CC and 2.76 � for VV. Owing to the short distance of the
ethylene bridge, the two bridged benzene rings are deformed,
and have shallow V-shaped structures. The distance between
the mean planes of the cyclophane benzene rings is 2.98 � for
CC and 2.91 � for VV. The dihedral angle between these
mean planes and the mean plane of the four ethylene carbon
atoms is 788 for CC and 738 for VV (Figure 1). These angles

indicate that the cyclophane unit adopts
a slip-stacked conformation, which is in
clear contrast to the perpendicular orien-
tation of the two planes in the parent
[2.2]paracyclophane.[12] Although we
could not obtain a suitable single crystal
for structural analysis, the remaining
dimer species was assigned as the
convex–concave isomer (CV). Its struc-
ture was supported by 1H NMR spectros-
copy.

In the 1H NMR spectra, the chemical
shifts of the cyclophane hydrogen atoms
unambiguously reflect the structural fea-
tures of these cyclophane-containing
SubPcs (Figure 2). With respect to the
benzene hydrogen atoms of unsubstituted
[2.2]paracyclophane at 6.48 ppm,[1, 3] those
of CC exhibited a significant upfield shift
by 3.92 ppm to 2.54 ppm, whereas the
upfield shift observed for VV was mar-
ginal, at only 0.03 ppm. Owing to their
presence on both the endo and exo sides,
the signals of the cyclophane hydrogen

atoms appeared at 6.48 and 2.38 ppm in the case of CV. On
the basis of this assignment, the monomer species endo and
exo, which exhibited a proton signal at 2.32 and 6.09 ppm,
respectively, could be assigned as the endo and exo isomers.
These experimental chemical shifts were reproduced well by
DFT calculations (see Figure S1 in the Supporting Informa-
tion). The cyclophane bridging also affected the chemical
shifts of the axial phenoxy ligand. The downfield shifts
observed for the axial ligand on the SubPc unit with exo
bridging can be explained by the deshielding effect of the
diatropic ring current of the benzene ring or the subphtha-
locyanine moiety on the exo side.

Despite the difference in the distance from the center of
the SubPc unit, the clear upfield shift of the endo cyclophane

Scheme 1. Synthesis of anti-[2.2](1,4)subphthalocyaninophane and anti-[2.2](3,6)phthalonitrilosubphthalocyaninophane. Reaction conditions:
i) BCl3, p-xylene, reflux; ii) phenol, 125 8C.

Figure 1. X-ray crystal structures of a) CC and b) VV (top: top view, bottom: side view). The
thermal ellipsoids were scaled to the 50% probability level. Hydrogen atoms were omitted for
clarity.
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hydrogen atoms indicated a more significant shielding effect
of the diatropic ring current on the endo side than on the exo
side. Such an effect was also suggested by Torres and co-
workers and by us upon comparison of the chemical shifts of
hydrogen atoms residing on the endo and exo sides of the
SubPc units in the pentamethylcyclopentadienylruthenium
complex of SubPcs[13] and a core-modified SubPc analogue.[14]

However, dynamic molecular motions of the probing moieties
are inherent to these systems, such as rotation of the Cp*
ligand. The current cyclophane-containing SubPc systems are

the first structurally rigid probes for the diatropic ring-current
effect arising from the bowl-shaped aromatic molecules.

UV/Vis absorption and magnetic circular dichroism
(MCD) spectroscopic measurements revealed the extent of
the perturbation by annulation of the cyclophane unit and the
through-space interaction based on the transannular effect.[15]

In comparison with regular SubPcs, the dimer species showed
dramatic spectral changes on going from CC to CVand to VV
(Figure 3a–c). The Q-band spectral shape of CC was similar
to those of regular SubPcs with only a redshift by approx-
imately 20 nm. Without any change in the Q-band position,
CV and VV exhibited broadening and a decrease in intensity
of the Q band, and in the case of VV, the Q-band absorption
split into two peaks at 617 and 593 nm. Because the molecular
symmetries of these SubPcs are lower than C3, all of the MCD
spectra in the Q-band region consist of a superimposition of
Faraday B terms with a minus-to-plus sequence on ascending
energy, which resulted in pseudo Faraday A terms, except for
VV.[16, 17] Owing to the splitting of the Q band, VV exhibited
clear B terms at 608 and 585 nm. In contrast to the depend-
ence of the absorption spectral morphologies on the manner
of bridging of the two SubPc units in the case of the dimers,
both of the monomer species, exo and endo, exhibited similar
absorption and MCD spectra with respect to those of regular
SubPcs, although the Q band was slightly shifted to the red by
approximately 15 nm (Figure 3d,e). All compounds retained
the fluorescence properties of SubPc analogues[9] and exhib-
ited intense emission with fluorescence quantum yields of 0.15
for CC and 0.16 for both CV and VV. The redshift in
fluorescence was of the order observed for the absorption

Figure 2. 1H NMR spectra of a) exo, b) endo, c) VV, d) CV, and e) CC
in CDCl3. The assignment follows the numbering scheme in Scheme 1.
Ho, Hm, and Hp denote hydrogen atoms at the ortho, meta, and para
positions of the axial phenyl substituents.

Figure 3. UV/Vis absorption (bottom, solid line), MCD (top), and fluorescence spectra (bottom, dashed line) of a) CC, b) CV, c) VV, d) endo, and
e) exo in CHCl3.
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spectra (endo : 596 nm, exo : 600 nm, CC : 607 nm, CV:
626 nm, VV: 641 nm).

To enhance our understanding of the perturbation caused
by the annulation of the cyclophane unit for the monomer
species and the cyclophane bridging for the dimer species,
DFT and time-dependent (TD) DFT calculations were
carried out at the CAM-B3LYP/6-31G(d)[18] level by using
model structures, in which the axial phenoxy ligands were
replaced with chlorine atoms for simplicity. For comparison,
a half structure of the dimer species (M1; see Figure S2), in
which two methylene substituents are replaced with two
methyl substituents, was also calculated. The TDDFT calcu-
lations estimated that the Q bands mainly consist of transi-
tions between the six frontier molecular orbitals (MOs), the
HOMO-1 and HOMO, and the LUMO–LUMO + 3, which
are ascribed to products of linear combinations of the HOMO
and the LUMO and LUMO + 1 of M1 (Figure 4; see also
Table S1 in the Supporting Information). In the case of the
homo- and heterodimer systems of Pc, SubPc, and related
analogues sharing p-conjugated aromatic rings, such as
benzene, naphthalene, and anthracene,[19–24] the frontier
MOs are known to be similarly developed by linear combi-
nation of the frontier MOs of the corresponding monomer
species. In this respect, the through-space expansion of the
conjugated systems through the cyclophane bridge in the case
of the current SubPc dimer species was supported in theory.
In fact, a certain amount of the MO coefficient was observed
between the benzene rings of the cyclophane unit for the
LUMO + 1 of CC and the LUMO of CV and VV (see
Figures S3–S5).

The TDDFT calculations reproduced well the observed
redshift and broadening/splitting of the Q band on going from
CC to CV and further to VV (see Table S1). Considering that
the transition dipole moment of the lower-energy theoretical

Q band lies along the long axis of the molecule, it can be
concluded that changes in the molecular size and hence the
size of the conjugated system along this axis in the order from
CC to CV and to VV are related to the observed redshift of
this band (see Figure S6). This kind of conclusion could be
reached in this study for the first time by the preparation of
cyclophane derivatives containing curved conjugated systems.
Although the change in the Q-band position of the monomer
species was very small (endo : 586 nm, exo : 588 nm), it can
similarly be explained by a slight elongation of the conjugated
system along the long molecular axis from endo to exo.

In summary, we have succeeded in designing, synthesizing,
and separating three isomers of anti-[2.2]-
(1,4)subphthalocyaninophane and two isomers of anti-[2.2]-
(3,6)phthalonitrilosubphthalocyaninophane, in which the
transannular interaction between the two bowl-shaped p-
conjugated systems was investigated. The 1H NMR spectra of
these compounds unambiguously unveiled completely differ-
ent environments on the endo and exo sides of the SubPc
units. The broadening, redshift, and splitting observed in the
Q band region of the absorption spectra of these compounds
were reproduced well and explained by theoretical calcula-
tions. This study provides a new approach for understanding
through-space electronic communication between chromo-
phores.

Keywords: cyclophanes · ring-current effects ·
subphthalocyanines · transannular interactions · p conjugation
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