
Cyclophanes
DOI: 10.1002/ange.201301180

Synthesis of Highly Distorted p-Extended [2.2]Metacyclophanes by
Intermolecular Double Oxidative Coupling**
Yutaro Koyama, Satoru Hiroto,* and Hiroshi Shinokubo*

p-Conjugated molecules with a distorted structure have
attracted increasing interest for the understanding of p-
conjugation on a curved surface.[1] Recently, a number of such
distorted p-systems have been constructed.[2, 3] However, the
synthesis of distorted structures often requires forcing reac-
tion conditions to overcome strain energies and high activa-
tion barriers. Such high-temperature reactions often result in
uncontrollable side processes, leading to the formation of
undesired byproducts and decomposition of the desired
products.

Cyclophanes often consist of curved aromatic ring sys-
tems.[4] In particular, cyclophanes have been recognized as
promising candidates for a new class of optoelectronic
materials, such as optical devices,[5] biosensors,[6] and elec-
tron-conducting materials.[7] In particular, [2.2]metacyclo-
phane systems have been useful precursors of polycyclic
aromatic hydrocarbons[8] and dihydropyrenes that exhibit
thermo- and photochromic behavior.[9] However, there has
been few reports on the synthesis of [2.2]metacyclophanes
based on large p-conjugated compounds.[10] Only one exam-
ple of [2.2]anthracenophane was reported in 1984 by Staab
and Sauer through construction of thioether bridges followed
by desulfuration.[10d] However, the desulfuration often
requires heating conditions, which causes decomposition of
the substrates.

Herein we present the radical-mediated synthesis of
highly distorted [2.2]metacyclophanes from anthracene and
pentacene scaffolds under mild conditions at room temper-
ature. Oxidation of phenols and related hydroxyarenes has
been investigated as a useful synthetic method for biaryls
through radical-mediated carbon–carbon bond forma-
tion.[11, 12] In particular, oxidation of 2-naphthol derivatives
provides binaphthols (BINOLs), which serve as one of the
most powerful chiral source for a number of asymmetric
processes.[13] However, further studies on oxidation of higher
oligoacenes with hydroxy groups have been overshadowed by
versatility of BINOL derivatives.[14] We anticipated that
oxidation of a dihydroxylated oligoacene would form a face-

to-face dimer [2.2]metacyclophane through double oxidative
coupling (Scheme 1).[15] This method demonstrates a novel
use of oxidative coupling in the synthesis of distorted p-
systems.

We chose 9,10-dialkynyl-2,7-dihydroxyanthracenes as
starting materials because of their high solubility and stability.
We attempted oxidation of 1a with various oxidants and
eventually found that the use of MnO2 provided a dimeric
product 2a in 15 % yield (Scheme 2). Its parent mass ion

peaks was observed at m/z = 1159.6267 (calcd for
(C72H96O4Si4Na)+ 1159.6278). The 1H NMR spectrum of 2a
displayed one singlet peak at 3.97 ppm and two doublet peaks
in the aromatic region. Furthermore, its 13C NMR spectrum
indicated the presence of six sp2 and four sp carbon atoms as
well as one carbonyl carbon at 196.6 ppm. These spectral
analyses allowed us to assign the product as [2.2]metacyclo-
phane 2a. A high-quality single crystal was obtained by vapor
diffusion of methanol into the chloroform solution. The
structure of 2a was unambiguously elucidated by X-ray
diffraction analysis to be a highly distorted face-to-face dimer
(Figure 1a).[16] Oxidation of 2,7-dihydroxyanthracenes 1b and
1c with tert-butylethynyl and 1-octynyl groups also furnished
[2.2]metacyclophanes 2b and 2c, respectively. The product
yields were improved to 27 % and 37% for 2b and 2c,
respectively. These results imply that the bulkiness of alkynyl

Scheme 1. Synthesis of p-extended [2.2]metacyclophanes by double
oxidative coupling.

Scheme 2. Oxidation of 2,7-dihydroxyanthracenes 1a, 1b, and 1c.

[*] Y. Koyama, Dr. S. Hiroto, Prof. Dr. H. Shinokubo
Department of Applied Chemistry, Graduate School of Engineering
Nagoya University, Aichi, 464-8603 (Japan)
E-mail: hiroto@apchem.nagoya-u.ac.jp

hshino@apchem.nagoya-u.ac.jp

[**] This work was supported by Grants-in-Aid for Scientific Research
(Nos. 22750036 and 24350023) from MEXT (Japan). H.S. also
acknowledges the Toyoaki Scholarship Foundation for financial
support.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201301180.

.Angewandte
Zuschriften

5852 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 5852 –5855

http://dx.doi.org/10.1002/anie.201301180


groups influences the efficiency of the coupling process. The
structures of 2 b and 2c were also determined by X-ray
diffraction analysis (Supporting Information, Figures S38 and
S39).[17,18]

The structural parameters of 2 a, 2b, 2c, and the parent
[2.2]metacyclophane are summarized in Table 1. In 2a, the
distance b, the closest carbon atoms between two benzene
rings, is 2.71 �, which is much shorter than the sum of van der
Waals radii of two carbon atoms (3.5 �). The bond length a of
C1�C11B is 1.63 � in 2a, which is considerably longer than
standard C(sp3)�C(sp3) single bond (1.53 �). This elongation
is induced by the large coulombic repulsion between two
facing aromatic cores. All compounds exhibit similar values
for a and b. Similarly to reported [2.2]metacyclophanes, each
benzene unit takes distorted boat-like conformation.[19] The

displacements c and d, the distances of C13 and C6 from the
plane A (the plane consisting of C5, C7, C12, and C14), are
good indexes of the benzene distortion, which are 0.187 � and
0.110 � in 2a. These values are the largest among [2.2]meta-
cyclophanes reported in literature. The values c and d
becomes larger in the order 2c< 2b< 2a. The distance
e between the plane A and the adjacent methine carbon
reflects the curvature of the cyclophanes. In contrast to c and
d, the largest value of e is observed for 2c (0.391 �). The
alkynyl groups are also significantly bending: The angles C13-
C15-C16 and C15-C16-Si1 in 2a are 1708 and 1738, respec-
tively (Figure 1a).

We calculated strain energies of 2a, 2b, and 2c by DFT
calculations at the wB97XD/6-31G(d) level.[20] The strain
energies were estimated as a reaction enthalpy on a homo-
desmotic reaction (Supporting Information, Scheme S1). The
values are 30.8 kcal mol�1 for 2 a, 4.56 kcalmol�1 for 2b, and
12.1 kcal mol�1 for 2c. The distortion of the benzene rings is
mitigated for the dimers with less bulky substituents. The
slightly larger value for 2 c over 2b can be explained by the
strain around bridges. The more planar benzene ring in 2
would induce larger coulombic repulsion between two
benzene units, resulting in elongation of a and e.

The large distortion of 2a induced an unusual reactivity.
Treatment of 2a with silica gel for 24 h afforded 1a in 45 % at
room temperature by C�C bond cleavage, while such
reactivity was not observed for 2b and 2c, suggesting
substantial distortion of 2a.[21] The ability to construct
highly distorted molecules at room temperature underscores
the powerfulness of this radical-mediated oxidative coupling
procedure.

The deformation also influences the aromaticity of the
benzene unit, which is evaluated on the basis of the harmonic
oscillator model of aromaticity (HOMA) calculations. The
HOMA values for the central benzene rings are 0.897, 0.649,
and 0.882 for 2a, 2b, and 2c, respectively. These values are
meaningfully smaller than that of regular benzene (HOMA
value = 0.98), indicating attenuated aromaticity of the curved
benzene rings in cyclophanes 2. The bridgehead protons of 2b
appear at 3.86 ppm, which are shifted upfield in comparison
to 2 a (3.97 ppm) and 2c (3.96 ppm). This chemical shift
change is probably due to the weaker aromatic ring current
effect of 2b.

We then applied the present dimerization procedure to
pentacene derivatives (Scheme 3). A mixture of 2,9- and 2,10-
dihydroxypentacenes 4a and 4b was prepared from 6,13-
pentacenequinone through iridium-catalyzed direct boryla-
tion.[22] As we could not isolate the 2,10-dihydroxy isomer 4a
from the mixture, we subjected the isomeric mixture to
oxidation. Oxidation of 4a and 4b with MnO2 afforded the
corresponding face-to-face pentacene dimer 5 in 6 % yield. In
this reaction, no other dimeric compounds were obtained.
The cyclophane structure of 5 was determined by X-ray
diffraction analysis; in this structure the alkynyl groups are
also bent (Figure 1d and e).[23] While the anthracene units in 5
take a domed conformation, the individual benzene units are
almost planar. The mean plane deviations are calculated to be
0.039 and 0.027 �, and the distance between two central
benzene units is 3.39 �. These results indicate that the strain

Figure 1. X-ray crystal structures of 2a and 5. a) Side view, b) top view,
and c) front view of 2a. d) Top view and e) side view of 5. Thermal
ellipsoids are set to 50% probability. Isopropyl groups in (a)–(e) and
alkynyl groups in (b) and (c) were omitted for clarity.

Table 1: Summary of structural parameters [�] for 2a, 2b, and 2c.

Compound a b c d e[a]

2a 1.63 2.71 0.187 0.110 0.369
2b 1.63 2.71 0.178 0.103 0.359
2c 1.63 2.75 0.163 0.080 0.391
[2.2]MCP 1.57 2.69 0.143 0.042 0.368

[a] Averaged values.
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suppressed in 5 because of dispersion of the distortion over
the entire anthracene units.

Figure 2a shows UV/Vis absorption spectra of 2a, 2b, and
2c measured in CH2Cl2. For comparison, we required the
absorption spectrum of the corresponding monomer unit of
cyclophane 2a. Consequently, we prepared bissilylethynyl-
benzene 6 with a,b-enone moieties as the monomer model,
the absorption spectrum of which is also shown in Figure 2a.
Each dimer exhibits two large and broad absorption bands
around 300 and 350 nm and one weak band around 475 nm.
Compared to the monomer 6, the lowest-energy absorption
bands of the dimers 2 are bathochromically shifted, suggesting
narrowing of the HOMO–LUMO gap owing to through-
space interaction.[24] Interestingly, the red-shifts in the dimers
2c, 2 b, and 2a becomes smaller in this order, indicating that

the distortion weakens the through-space interaction between
two p-systems. The similar feature is also observed for p-
extended derivative 5. As shown in Figure 2 b, the lowest-
energy absorption band is red-shifted (495 nm) in comparison
to the corresponding monomer 7 (463 nm). Fluorescence was
observed for 6 (555 nm in dichloromethane solution) with
moderate quantum yield (F = 0.188), while no emission was
detected for 2 (Supporting Information, Figure S42).

We further investigated the electrochemical properties of
the dimer 5 and the corresponding monomer 7 by cyclic
voltammetry (CV). The CV experiments were performed in
dichloromethane solution with Bu4NPF6 as an electrolyte. In
comparison to 7, the gap between oxidation and reduction
potentials (DE) of 5 decreased from 2.55 V to 2.35 V,
indicating a narrowing of the HOMO–LUMO gap. In
particular, the reduction potential of 5 was significantly
lowered. This result suggested that the dimerization of
anthracene units influenced mainly on the LUMO level. To
confirm this situation, we performed DFT calculations at the
B3LYP/6-31G(d) level of theory.[25] Figure 3 depicts the
frontier orbitals of 5, which clearly indicate substantial
intramolecular overlap between two anthracene moieties in
the LUMO but not in the HOMO.[26] This interaction would
contribute to the larger stabilization of the LUMO.

In conclusion, we have succeeded in the intermolecular
oxidative dimerization of dihydroxyacenes to create face-to-
face dimers with [2.2]metacyclophane skeletons. The dimers
take on highly strained structures owing to steric and
electronic repulsion between benzene unit and alkynyl
groups. Dimerization induces bathochromic shifts of the
lowest-energy absorption bands, indicating the existence of
effective electronic interaction between two aromatic units.
Electrochemical measurements and DFT calculations indi-
cate that the decrease of the HOMO–LUMO gap is mainly
resulted from stabilization of the LUMO. These observations
would be applicable for investigations of intermolecular
interaction of p-systems in a face-to-face stacking manner.
Application of the present method to other p-conjugated
molecules is now under investigation.
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Scheme 3. Synthesis of a face-to-face pentacene dimer 5.

Figure 2. UV/Vis absorption spectra of a) 2a (c), 2b (d), 2c
(a), and monomer 6 (g), and b) 5 (c) and monomer 7 (g)
in CH2Cl2.

Figure 3. The HOMO and LUMO of 5.
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