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ABSTRACT

Photoirradiation of bis(bithienyl)acetylenes in the presence of iodine undergoes sequential electrophilic and photochemical cyclizations to
produce tetrathienonaphthalenes (TTN) in one pot. The TTN framework is readily transformed into cruciform π-extended derivatives, which form
ordered nano/microstructures.

Flat and rigidπ-conjugated organicmolecules have been
extensively studied as promising materials for various
applications including organic light-emitting diodes, or-
ganic field-effect transistors, and organic photovoltaics.1

With the increasing demands for the two-dimensionally (2-D)
extended scaffoldswith intriguing electronic structures aswell
as favorable aggregation properties, a number of synthetic
methodologies have been developed for the preparation
of novel polycyclic π frameworks. The representative

methods are oxidative coupling between adjacent aro-
matic rings such as the Scholl reaction,2 transition-metal-
catalyzed intramolecular C�H arylations,3 and Mallory
photochemical cyclization.4 An alternative approach is
the cyclization of arylacetylenes triggered by oxidants,
acids, or electrophilic reagents including metal complexes.5

In particular, bis(biaryl)acetylenes are useful precursors
for the direct construction of polycyclic scaffolds (Figure 1).
For example, Swager and Yamaguchi reported the oxi-
dative cyclization of bis(biphenyl)acetylenes using SbCl5
as an oxidant, which doubly undergoes an electrophilic(1) For recent reviews of flat and rigid π-conjugated systems, see: (a)
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cyclization in a 6-endo mode to produce a dibenzo[g,
p]chrysene skeleton.6 Liu and co-workers also reported
sequential reactions from bis(biaryl)acetylenes combin-
ing the ICl-induced cyclization and the Pd-catalyzed
coupling reaction to synthesize various polycyclic aro-
matic hydrocarbons, in which the first monocyclized
intermediates need to be isolated.7

During the course of our acetylene cyclization chemistry
for polycyclic π-electron materials,8 we have now found
that the photoirradiation of bis(bithienyl)acetylenes cleanly
produces a tetrathienonaphthalene (TTN) skeleton 1. The
high yields and facile one-pot protocol are the advantages of
this method over the conventional synthesis of the TTN
skeleton.9 The regiocontrolled functionalization can be also
conducted for synthesizing more π-extended derivatives on
demand. It has turned out that the TTN core is a useful 2-D
scaffold as an intersection to extend π-conjugation in a
cruciform fashion. With a series of tetraaryl-substituted
derivatives 2�4 in hand (Figure 1), we have also investi-
gated the electronic impacts of their π-extension modes as
well as their aggregation properties.
A THF solution of bis(silyl)-substituted bis(3,30-bithio-

phen-2-yl)acetylene 5a with an excess amount (10 equiv)
of I2 was irradiated by a high-pressure mercury lamp at
room temperature under an argon atmosphere (Scheme 1).
The mixture smoothly turned into a deep brown solution.
After irradiation for 50h, the reactionmixturewasquenched

with a saturated Na2SO3 aqueous solution. Recrystalliza-
tion from CH2Cl2/hexane gave the TTN product 1a in
86% yield. Using 5b as a precursor, the corresponding
regioisomer 1b was also successfully synthesized in 73%
yield.
The structures of 1a and 1b were verified by NMR

spectroscopy and mass spectrometry and finally by an

X-ray diffraction analysis. The crystal structures showed

acompletelyplanar geometryof theTTNskeleton (Figure 2a).

While the bulky triisopropylsilyl (TIPS) groups in 1a

prevented intermolecular π-stacking, 1b formed a

π-stacked dimer with the TIPS groups oriented outside.

The interfacial distance between the mean planes of the

TTN cores is 3.41 Å (see the Supporting Information).

These different packing structures suggest that the self-

assembling mode of the TTN skeleton is controllable by

incorporating substituents at the appropriate positions.
Togain insight into themechanismof the double cycliza-

tion, the reaction of 5awasmonitored by 1HNMRspectro-

scopy (Figure 3). After UV light irradiation for 11 h, the

signals of 5a completely disappeared and a set of

new signals for an intermediate appeared together with

the small signals of the double-cyclized product 1a.Whena

THF solution of 5a was stirred with I2 even in the dark at

room temperature, 5a was gradually consumed to even-

tually yield the intermediate without the formation of the

Figure 1. Direct construction of polycyclic π-scaffolds from
bis(biaryl)acetylenes and a series of TTN derivatives.

Scheme 1. Double Cyclization of Bis(biphenyl)acetylene

Figure 2. Crystal structures of a) 1a and b) 6a (50% probability
for thermal ellipsoids). Hydrogen atoms are omitted for clarity.
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double cyclized compound 1a. The crystal structure ana-

lysis demonstrated that the intermediate is a monocyclized

product 6a consisting of a tricyclic dithienobenzene skele-

tonwith an iodine atom (Figure 2b). Thus, the initial step is

likely an electrophilic monocyclization mediated by I2 to

give the intermediate 6a.10 The photoirradiation likely

promotes the second electrocyclization, which is followed

byaromatization to construct theTTNskeleton (Scheme2).
The availability of the regiospecifically bis-silylated TTN

derivatives 1a and 1b enabled us to produce a series of
cruciform π-extended derivatives with electron-donating
(D) and electron-accepting (A) aryl groups in specific
positions (Schemes S1 and S2, Supporting Information).
Thus, the Pd-catalyzed direct C�Harylation11 of 1a or 1b
with 3,4-dioctyloxyphenyl iodide followed by desilylation
and the second direct C�H arylation with 3,5-bis(trifluo-
romethyl)phenyl iodide gave the DADA-type 2 and

DDAA-type 3, respectively, in 33 and 44% overall yields
in three steps. In essentially the same manner, the 3,4-
dioctyloxyphenyl-substituted DDDD-type compound 4

was also successfully prepared.
The cruciform compounds 2�4 are a suitable set for

studying the potentials of the TTN core as a π-conjugated
intersection. To investigate the impact of the π-extension
modes on the electronic structures, we first conducted the
DFT calculations at the B3LYP/6-31G* level using the
model compounds 20�40, in which the octyloxy groups of
2�4 are replaced with methoxy groups.12 The HOMOs
and LUMOs of 20 and 30 are mainly delocalized over the
dialkoxyphenyl and bis(trifluoromethyl)phenyl moieties,
respectively, through the TTN core skeletons (Figure 4).
The π-extension modes, namely, the diagonal or chevron-
shaped extension, only have a subtle effect on their energy
levels. For 40 with the four electron-donating groups, both
the HOMO and LUMO are delocalized over the entire
framework, resulting in the increased energy levels com-
pared to those of 20 and 30. These electronic structures
demonstrated that theTTNcore is an effective intersection
that can extend the π-conjugation on demand.
These discussions are supported by cyclic voltammetry,

which were measured in THF for reduction and in
o-dichlorobenzene for oxidation (Figures S4 and S5, Sup-
porting Information). In the reduction process, both 2 and
3 showed two reversible redox waves with E1/2 at around
�2.13 and �2.31 V (vs Fc/Fcþ), while 4 only showed an
irreversible reduction wave with higher cathodic peak
potential (Epc) of �2.60 V. In the oxidation process, 2
showed two reversible redox waves, while 3 and 4 only
showed an irreversible oxidation wave. Their first anodic
peak potentials (Epa) are in the order of 4 (þ0.34 V),

Scheme 2. PlausibleMechanism of the Double Cyclization from
5a to 1a

Figure 3. Monitoring of a reaction of 5a upon photoirradiation
in the presence of I2 by

1H NMR spectroscopy. Figure 4. Pictorial presentations of Kohn�Sham HOMOs and
LUMOs with their energy levels for models 20�40, calculated at
the B3LYP/6-31G* level.
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2 (þ0.49V) and 3 (þ0.60V). These trends are qualitatively
in agreement with their HOMO and LUMO energy levels
in Figure 4.

To further investigate the structure�property relation-
ship, we next evaluated the photophysical properties of
2�4 (Figure 5 and Table 1). In the absorption spectra in
THF, while all the derivatives have the strongest absorp-
tion bands around 380 nm, the longest wavelength bands
of these compounds depend on the modes of the π-exten-
sion. The diagonal extension in 2 produces a distinct
shoulder band at 448 nm, whereas the chevron-shaped or
four-directional π-extension in 3 and 4 only results in
obscure shoulder bands. The TD�DFT calculations
(Supporting Information) suggested that the shoulder
band in 2 is assignable to the electronic transition from
the HOMO to LUMO, which are orthogonally extended
to each other. In the fluorescence spectra inTHF,while the
four-directionally extended 4 showed a structured emis-
sion, 2 and 3 exhibited broad emission bands at the longer
wavelengths. The difference in the emission maxima be-
tween 2 and 4 exceeds 50 nm, demonstrating the impact of
the π-extension modes. As for the solvent effects, while 4
did not show any solvent-dependence, 2 and 3 showed
slight red-shifts of the emissionbands from toluene toTHF
by 13 and 26 nm, respectively.
All of the π-extended TTN derivatives 2�4 exhibited

strong self-assembling properties. Even their diluted solu-
tions in tetrachloroethane with the concentration of

∼10�3 M started to form aggregates upon reducing the
temperature below 60 �C (Supporting Information).Upon
slow evaporation of their THF solutions (5 � 10�5 M) at
room temperature, they gradually formed yellow nano/
microfibers. Their scanning electronic microscopy (SEM)
images showed the formation of smooth fibers of 2 with
widths of 0.5�1 μm and thicknesses of 100�200 nm, while
3 and 4 formed hierarchically assembled fibers with the
fibrous unit diameter of about 200 nm (Figure 6). The
fibers of 3 and 4 emitted a yellow fluorescence with the
peaks centered at 561 and 551 nm, respectively, while the
fibers of 2 emitted a green fluorescence with a broad
emission band around 525�544 nm. The difference in their
emission maxima should be attributed to the different
packing structures in their nanostructures (Supporting
Information).
In summary, we have developed an efficient and facile

one-pot sequential double cyclization for the construction
of a planar tetrathienonaphthalene (TTN) skeleton. The
TTN derivatives showed the effective extension of
π-conjugation on demand and exhibited strong aggregation
properties, indicative of a significant potential as a cruci-
form scaffold for nanostructured π-electron materials.
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Figure 6. SEM images of (a) 2, (b) 3, and (c) 4. The inset figures
are fluorescence microscopy images in which the scale bars
indicate 100 μm. (d) Fluorescence spectra of the fibers of 2�4.

Figure 5. UV�vis absorption and fluorescence spectra for 2

(black), 3 (red), and 4 (blue) in THF.

Table 1. Photophysical Properties of TTN Derivatives 2�4

THF solution fibers

compd

λabs
a

(nm)

εmax

(M�1 cm�1)

λem
b

(nm) ΦF
c

λem
b

(nm) ΦF
c

2 373 89600 497 0.10 535 0.04

448 (sh) 17800

3 378 78900 483 0.15 561 0.05

4 373 104000 444 0.08 551 0.06

aOnly the longest absorptionmaximaare shown. bEmissionmaxima
upon excitation at the absorption maximum wavelengths. cAbsolute
quantum yield determined by a calibrated integrating sphere system
within errors of (3%.
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