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ABSTRACT: A bicyclo-type cage-shaped compound consisting of three sexithiophenes was successfully synthesized and
characterized by NMR, HRMS, and X-ray crystallographic analysis. The strained cage architecture was reflected in the blue-
shifted absorption spectrum relative to its linear analogue. Intramolecular interaction between three-dimensionally fixed
sexithiophenes was suggested by electrochemical analysis.

The design and synthesis of novel functionalized π-
conjugated systems have always been among the central

issues in the field of organic molecular electronics. One strategy
to create such π-conjugated compounds is an expansion of
molecular dimensionality.1 In particular, π-conjugated three-
dimensional (3D) compounds are of great interest due to their
potential isoelectronic properties and thus facile processabili-
ty.1a Among them, oligothiophenes have been used as key
components because of their outstanding chemical and physical
properties in addition to their synthetic availability. Various
molecular architectures, such as tetrahedral, dendritic, cruci-
form, or star-shaped structures, have been employed as 3D
oligothiophene platforms.1a,b

We previously reported on the syntheses of bicyclo-type
cage-shaped compounds in which two tris(2-thienyl)methanes
are bridged by three π-conjugated components such as ethylene
or stilbene.2 One of the notable features of these compounds is
their 3-fold symmetric structure. By utilizing this thiophene-
based cage framework, we designed a novel 3D oligothiophene-
bridged cage-shaped compound by replacement of the π-
bridges only with thiophenes. Although this structural
modification could be considered as a 3D expansion of
cyclophane-based oligothiophenes, or oligothiophenes fixed
by appropriate linkers,3 our newly designed cage will possess
sufficient intramolecular interactions because the fixation of
three π-bridges attached to a single atom will lead to efficient
orbital overlap. The cage will provide a novel class of 3D
molecular platforms.

Synthesis of cage-shaped oligothiophenes is challenging
because three oligothiophenes must be fixed in the rigid cage
scaffold. Itami et al. reported cage-shaped oligo-p-phenylenes
by applying their cyclo-p-phenylene synthesis strategy to a
trisubstituted benzene core.4 Following this work, Yamago et al.
reported octahedral-shaped phenylenes.5 However, the syn-
thesis of strained oligothiophene π-systems is still rare, and
their structure−property relationships have not been fully
explored.6 Construction of such a strained oligothiophene was
achieved by Baüerle et al. by involving a Pt(II)−thiophene
complex as a precursor for cyclic oligothiophenes.6b However,
the use of an equimolar amount of expensive platinum complex
is required. Herein, we report the synthesis of a bicyclo-type,
cage-shaped compound composed of three sexithiophenes by a
new methodology for the construction of a strained macrocyclic
oligothiophene. We also present the optical and redox
properties of the sexithiophene-bridged cages.
Our synthetic strategy started from tris(terthienyl)methane

1, in which the terminal thiophene rings bear vinyl groups at
the β-positions (Scheme 1). Compound 1 was prepared from
1,1,1-tris(5-bromo-2-thienyl)ethane2c in three steps (see the
Supporting Information). By Grubbs olefin metathesis reaction
under high dilution conditions (0.5 mM), 1 was transformed
into the corresponding vinylene-bridged dimer 2. After GPC
separation, dimer 2 was isolated as the main product. The
signal of vinylene protons of 2 is observed at δ 6.90 ppm, whose
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value is similar to that of (E)-1,2-bis(2-thienyl)ethene (7.06
ppm)7 rather than those of (Z)-1,2-bis(2-thienyl)ethene (6.59
ppm)8 or (Z)-etheno-bridged tris(2-thienyl)methane cages
(6.45−6.54 ppm).2 Therefore, the configurations of the three
double bonds of compound 2 are indicated to be all (E)-form,
probably because the thermodynamically favorable conforma-
tion was produced as a result of reversible bond formation/
dissociation. An attempt to reduce the three ethylene linkers in
2 with H2 and Pd/C resulted in recovery of 2. The ruthenium
complex, RuH2(CO)(PPh3)3, was found to be a more powerful
reduction catalyst for 2 to afford 3 in good yield.9 Subsequent
Fe(III)-mediated 3-fold intramolecular bond formation failed,
which led to the production of an unidentifiable mixture. The
key to clean bond formation was to use Li2CuCl4 as a THF-
soluble stoichiometric oxidant.10 After lithiation of 3 with an
excess amount of n-BuLi, the Li2CuCl4-mediated oxidative
coupling reaction at −78 °C proceeded smoothly to afford the
desired three sexithiophene-bridged cage compound 4 as
orange crystals.
The characterization of 4 was carried out by high-resolution

mass spectrometry and 1H and 13C NMR spectroscopy. In the
1H NMR spectrum, two sets of doublets and one singlet were
observed in the aromatic region, which strongly support the
highly symmetric structure of 4 in solution (Figure 1). The
formation of 4 was unambiguously confirmed by X-ray
crystallographic analysis11 (Figure 2a−c). Although the hexyl
chains are disordered, the cage skeleton itself could be clearly
seen. In contrast to the solution state, the crystal structure of 4
was deformed since two sexithiophene chains were arranged
nearly planar (Figure 2b). Interestingly, only two of the six
thiophenes were attached to carbon atoms at the bridgehead

direct S atoms outside of the central cavity. As a result, one of
the three sexithiophenes adopts an all-syn-conformation,
whereas the other two thiophene chains are arranged in a
syn-syn-syn-syn-anti manner. A similar thiophene inversion
could be observed in the crystal structure of cyclic analogue
5 (see Figure 3 and the Supporting Information for details).
This fact suggests that the inversion of only two thiophenes
observed in 4 is due to not only packing forces but also the
molecular structure in which sexithiophenes are bridged
between sp3 carbons. The torsion angles of adjacent thiophene
units vary over a large range from 5.6° to 58.4°. These values
differ greatly from those of linear sexithiophene derivatives as
observed in the crystal structure of cyclo[10]thiophene
(C10T).6d,12 The large difference in torsion angles of 4 is
likely caused by the nearly coplanar conformation of the central
bithiophene moieties, which demand that the other thiophene−
thiophene bonds compensate for the molecular strain. S−S
distances are distributed widely (3.13−3.57 Å) except for the
inverted thiophenes. These values are smaller than the sum of
van der Waals radii (3.6 Å).13 Some of the hexyl chains
interpenetrate into the central cavities of the adjacent molecules
to form a one-dimensional molecular alignment (see Figure 2c
and Supporting Information for details). CH−π interactions are
observed between the neighboring columns (red dotted lines in
Figure 2c).
To reveal the electronic structure of cage 4, UV−vis

absorption measurements were carried out in CH2Cl2 (Figure
4a). For comparison, we also synthesized cyclic and linear
analogues 5 and 6 by a similar synthetic method (see Figure 3
and the Supporting Information for synthetic details). A
notable feature in the UV spectra is the hypsochromic shift of
λmax of cage 4 compared to that of linear analogue 6 (418 and
437 nm, respectively). This shift could be ascribed to the
fixation of both edges of the sexithiophenes in 6, which
plausibly prohibits the thiophene chains from adopting a
coplanar conformation. A similar trend was observed in cyclic
analogue 5 (418 nm). It should also be noted that a new
absorption band appeared in the short-wavelength region for 4
and 5. In contrast to the absorption spectra, emission spectra of
these three sexithiophene derivatives 4−6 were quite similar. As
a result, Stokes shifts of 4 and 5 are larger than 6 (Figure 4b).
A unique electronic interaction in cage 4 was observed in

cyclic voltammetry and differential pulse voltammetry measure-
ments (Figure 5). All the sexithiophene derivatives 4−6 exhibit
two reversible redox waves, which correspond to monocation
and dication formation for each sexithiophene moiety.
However, as can be seen in Figure 4a, the first oxidation

Scheme 1. Synthesis of Cage 4

Figure 1. 1H NMR spectrum of 4 (500 MHz, 30 °C, in CDCl3).
(Inset) Thiophene signals in the aromatic region.
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peak of 4 is broadened and a new peak appears as a shoulder.
This peak broadening could be ascribed to stepwise oxidation
of one electron (4•+) followed by two-electron transfer (43(•+)).
This redox behavior suggests an intramolecular interaction
between three oligothiophenes in the mono(radical cation)
species 4•+. Appearance of the electronic interaction at the
mono(radical cation) state is different from that observed in
alkylene-bridged cyclophane-type oligothiophenes3b but is
similar to those linked by other spacers.3c,e The higher
potential of the second oxidation wave of 43(·+) compared to
6·+ is due to increased Coulomb repulsion in the formation of
the hexacation species. The first oxidation wave of 5 is also
broadened, but the extent of the peak broadening is smaller
than that observed in 4. This indicates that tight fixation and/or
incorporation of a larger number of oligothiophene units
enhances the electronic communication between the bridged
thiophene chains.

In summary, we successfully synthesized the three
sexithiophene-bridged cage-shaped compound 4 by a new
synthetic method in which β-alkylene-linked 3 is employed as a
key synthetic intermediate. The high efficiency for the specific
three-bond formation would make this methodology a
promising synthetic tool for not only cage molecular synthesis
but also strained oligothiophene construction. The X-ray
structure of 4 shows the three sexithiophenes arranged in an
unsymmetrical fashion, in which two sexithiophene chains
adopt a nearly coplanar conformation. The rigidity of the cage
architecture of 4 is reflected in the hypsochromically shifted
absorption spectrum compared to linear 6. Significant intra-
molecular interactions between bridged thiophene chains in 4
could be confirmed by electrochemical analysis of the one-
electron oxidation state 4•+. Further investigation on electronic
communication between bridged thiophenes will be required
for a more detailed understanding of the electronic properties
of thiophene-based cage architectures, which will provide
insight into the design and creation of novel 3D π-conjugated
compounds.
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Experimental procedures for 1−6, high-resolution mass
spectrum of cage 4, 1H and 13C NMR spectra of all new
compounds, X-ray crystallographic analysis of 5, and crystallo-
graphic information (CIF) for 4 and 5. This material is available
free of charge via the Internet at http://pubs.acs.org.

Figure 2. ORTEP drawings of 4 at the 50% probability level [(a) and (b)] and (c) packing structure of 4. Intermolecular contacts smaller than the
sum of van der Waals radii are represented as red dotted lines. Hydrogen atoms and hexyl chains are omitted for clarity.

Figure 3. Structure of cyclic analogue 5 and linear analogue 6.

Figure 4. (a) UV−vis and (b) fluorescence spectra of 4−6 (in
CH2Cl2).

Figure 5. Cyclic voltammograms (left) and differential pulse
voltammograms (right) of (a) 4, (b) 5 and (c) 6 in CH2Cl2 solution
containing 0.1 M n-Bu4NPF6.
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