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ABSTRACT: Based on the selectivity of deprotonation of 5,5′-bistrimethylsilyl-2,3′-bithiophene (4) in the presence of n-BuLi,
three new cyclooctatetrathiophenes (COThs), COTh-1, COTh-2, and COTh-3 have been efficiently developed via
intermolecular or intramolecular cyclizations. Their crystal structures clearly show that the different connectivity sequence of the
thiophene rings in the molecules. The CV data and UV−vis absorbance spectra of COThs are also described. In addition, the
time-dependent density functional theory (TDDFT) calculations accurately reproduce experimental observations and afford
band assignment.

■ INTRODUCTION

In recent years, unusual topologies of polycyclic hydrocarbons
have been the subject of considerable attention.1−3 Cyclo-
octatetraene (COT) is one of the classical flexible π-conjugated
skeletons, which has an 8π annulene possessing an inherently
nonplanar saddle-shaped geometry with D2d symmetry. The
planar structures can be obtained according to Hückel’s rule via
oxidation and/or reduction reactions. Because of the angle
strain and antiaromaticity, the planar conformation of COT
structure is unstable and prefers to keep the skeleton in the
nonplanar conformations through the tub-to-tub inversion.
Based on this interesting behavior, many COT-based materials
have been designed and synthesized as cavity-size-controlled
cage molecules,4 electromechanical actuators,5 buckycatchers,6

and molecular tweezers.7 After phenyl-fused COT was reported
by Rapson in 1943,8 various sophisticated COT structures have
been designed and synthesized, such as the thiophene-, furan-,
pyrimidine-, and benzothiophene-fused COTs.9 Recently,
Yamaguchi reported the synthesis and characterization of
thiazole-fused COT,10 whose configuration can be changed
from the tub-shaped skeleton to a planar form via reduction or
oxidation according to the Hückel’s rule.
Among the COT family, an interesting member, thiophene-

fused COT, namely cyclooctatetrathiophene, was first reported
by Kauffmann in 1978.9a In our previous work,9b we reported
the structure of COTh-4 as shown in Figure 1, which is
composed of four thienylene moieties and possesses the general
COT characters. It has been considered as one of the classical
flexible π-conjugated skeletons based on their interesting

dynamic molecular motions.5−7 With four peripheral α-
positions available on the parent COTh-4, a variety of
derivatives with different functional groups can be synthesized,
which could be used as a new class of organic electronic
materials in single-molecular electromechanical actuators
reported by Marsella.5,11 In 2009, our group reported
dithieno[2,3-b:3′,2′-d]thiophene-fused COT-forming double
helicene.12 This sophisticated structure not only possesses the
general COT character but also shows a double-helical
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Figure 1. Molecular structures of COTh-1 to COTh-4.
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configuration, which might be used as a chiral catalyst for
organic synthesis and an organic semiconductor.
Although many interesting works based on COTh-4 have

been reported, it is rare to see a report of the isomers of COTh
with a different connection manner of the four thienylene
moieties according to our knowledge. These isomers may
enrich the members of the COT family and expand the
abundant study in both organic synthesis and organic
electronics. Herein, we describe the efficient synthesis of
three new isomers, COTh-1, COTh-2, and COTh-3 (Figure 1)
via intermolecular or intramolecular cyclizations based on the
selectivity of deprotonation of 4 in the presence of n-BuLi.
Their molecular structures have been confirmed by single-
crystal analyses, and the different connectivity sequences of the
thiophene rings in these molecules are clearly shown. In
addition, the UV−vis absorbance spectra, CV data, and
TDDFT quantum calculations of the title compounds have
been described.

■ RESULTS AND DISCUSSION

Syntheses of COThs. The syntheses of COTh-1, COTh-2,
and COTh-3 are shown in Scheme 1. Two main routes were
utilized. Starting from 2-bromo-5-trimethylsilylthiophene (1),13

n-BuLi was used with 1 for Br/Li exchange at −78 °C, and
subsequent addition of bis(pinacolato)diboron, 2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-5-trimethylsilylthiophene
(2), was obtained in a yield of 82%. 3-Bromo-5-trimethylsi-

lylthiophene (3) was prepared from 1 by a bromine dance
(BD) reaction14 in a high yield of 93%. Compound 4 is a
crucial building block in the synthesis of COThs (Scheme 1),
and it was prepared by palladium-catalyzed Suzuki−Miyaura
cross-coupling of 2 with 3 in 90% yield. During this synthetic
process, the experimental results revealed that the deprotona-
tion of 4 with n-BuLi (2 equiv) showed high selectivity. Only
the protons on the α-position (C2) of the right thiophene ring
and the β-position (C3) of the left thiophene ring can be
removed to form intermediate 4-Li2. After CuCl2 oxidation, two
isomers, COTh-1 and COTh-2, can be obtained by
intermolecular cyclizations in one pot with yields of 40% and
18%, respectively. Although their molecular polarities are very
similar, COTh-1 and COTh-2 still can be separated by column
chromatography on silica gel with petroleum ether (60−90 °C)
as eluent.
In order to avoid the tough separation of the isomers, the

precursors (7 and 9) bearing two thiophene moieties linking to
bithiophenes are designed as shown in Scheme 1. COTh-1 and
COTh-3 can be obtained by intramolecular cyclizations of 7
and 9, respectively. As for making COTh-1, starting from 3, its
reaction with n-BuLi at −78 °C and subsequent addition of
bis(pinacolato)diboron afforded 3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-5-trimethylsilylthiophene (5) in a yield of
80%. Then the Suzuki−Miyaura cross-coupling of 5 and 2,2′-
dibromo-5,5′-bis(trimethylsilyl)-3,3′-bithiophene (6)9b took
place to afford 7 in a yield of 78%. After deprotonation of 7

Scheme 1. Synthetic Route to COTh-1, COTh-2, and COTh-3

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo500278d | J. Org. Chem. 2014, 79, 2255−22622256



with n-BuLi and subsequent CuCl2 oxidation reaction, COTh-1
was obtained in a yield of 39%. The similar synthetic route was
employed for making COTh-3. With 4 as the raw material,
3,2′-diiodo-5,5′-bis(trimethylsilyl)-2,3′-bithiophene (8) was
obtained in a yield of 94% by quenching intermediate 4-Li2
with iodine. Compound 9 was obtained in a yield of 85% via
Suzuki−Miyaura cross-coupling between 8 and 5. COTh-3 was
obtained in 38% yield via the deprotonation of 9 with n-BuLi
and subsequent intramolecular CuCl2 oxidation reaction. In
order to increase the synthetic yield of COTh-2, both Negishi
and Suzuki cross couplings were atempted on the basis of the
corresponding precursors of 1015 and 11 (Scheme 1),
respectively. However, the crude products were very
complicated with main content of polymization, and trace
title product was observed.
Crystal Structures of COThs. The molecular structures of

COTh-1, COTh-2, COTh-3, and 4 are confirmed by single-
crystal X-ray analyses (Figure 2). They belong to monoclinic
space group P2(1)/n, orthorhombic space group Pna2(1),
triclinic space group P-1, and orthorhombic space group
P2(1)2(1)2(1), respectively. In 4, the two thiophenes are
slightly distorted from a coplanar arrangement. The dihedral
angle between the two thiophene moieties is 6.4°, and the
torsion angle is 6.2° (C3−C4−C5−C6). COTh-1, COTh-2,
and COTh-3 reveal their saddle-shaped structures wherein the
central COT moieties are in the tub conformations.
In the crystal packing structures of COTh-1 and COTh-3,

the disorders with the approximate occupancy ratios of 65:35
and 57:43 are found, respectively, while X-ray crystallographic
data for a single crystal of COTh-2 show unequivocal evidence
of solvent inclusion via interaction between the molecule of
solvent (CHCl3) and substrate with a ratio of 1:1. For the inner
angles (α) of the central eight-membered ring, the average
values in the X-ray structures of COTh-1, COTh-2, and
COTh-3 are 129.0°, 127.5°, and 128.2°, respectively, which are
close to the inner angle of COTh-4 (128.4°).9b

For clarity, certain parameters are defined (Figure 3). The
average bent angle and dihedral angle between the two moieties

of adjacent thiophene are denoted as θ and Φ,5 respectively. In
addition, the distance between carbons Ca···Cc or Cb···Cd is
denoted as D.5b Here, a, b, c, and d are denoted as the four α-
carbons of the four thiophene rings (see Figure 3). The
structural data from X-ray analysis are summarized in Table 1.

The tub structure of the COT moiety in COTh-1 is shallowest
in these COThs. The average bent angles θ (as listed in Table
1) of the COT skeleton in COTh-1, COTh-2, and COTh-3
are 36.1°, 39.9°, and 38.1°, respectively. The dihedral angle (Φ)
in the structure of COTh-1 is 41.5°, which is smaller than that
of the other two COThs, while for the distance (D) in the
structure of COTh-1 it is the largest (7.19 Å) among the
COThs. There is a direct relationship between Φ and D, such

Figure 2. Crystal structures for 4 (a), COTh-1 (b), COTh-2 (c), and COTh-3 (d). Carbon and sulfur atoms are depicted with thermal ellipsoids set
at the 30% probability level, and all hydrogen atoms are omitted for clarity.

Figure 3. Notations used to describe the parent COTh-2 scaffold.

Table 1. Structural Data from X-ray Analysis for COThs

α (deg) θ (deg)

compd crystal theory crystal theory
Φ

(deg) D (Å)

HOMO−
LUMO
gap (eV)

COTh-1 129.0 128.0 36.1 40.0 41.5 7.19 2.92
COTh-2 127.5 127.4 39.9 40.1 50.5 6.84 3.07
COTh-3 128.2 128.0 38.1 40.4 43.9 7.04 2.97
COTh-4 128.4 127.4 37.7 40.5 43.5 7.10 2.98

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo500278d | J. Org. Chem. 2014, 79, 2255−22622257



that a decrease in Φ mandates an increase in D and vice versa.5b

In their crystal forms, COTh-1, COTh-2, and COTh-3 do not
stack in columnar forms10 (see Figure S31, Supporting
Information). The intermolecular parallel thiophene ring
distances of COTh-1, COTh-2, and COTh-3 are 10.31,
12.88, and 12.83 Å, respectively, while the distance of 13.31 Å is
observed for COTh-4. π-Stacking is absent within the crystal
packing of the four isomers. The weak packing disfavors
crystallization and gives rise to good solubility. These results
indicated that the different connection manner of the four
thienylene moieties can slightly influence the packing style of
these saddle-shaped molecules. The molecular symmetry in
solution on the NMR timescale corresponds to the
approximate molecular symmetry determined by crystallog-
raphy.
Quantum Chemistry Calculation and Absorbance

Spectra of COThs. The inversion barriers of COTh-1,
COTh-2, COTh-3, and COTh-4 are 28.6, 27.0, 28.6, and
30.5 kcal/mol, respectively, based on the quantum chemical
calculations at B3LYP/6-31G* level (see Table 2). Their slight

differences could be attributed to the different connectivity
sequence of the thiophene rings. However, these values are
larger than those of thiazole-fused COT derivatives (6.6−22.4
kcal/mol),10 which means these COThs possess high structural
stability, and it is not easy to proceed to the structural
inversion. The calculated dipole moments for COThs are in
line with expectations (Table 2), in which the dipole moment
for COTh-1 (1.31 D) is higher than those for other isomers
and COT (0.05 D). The nucleus-independent chemical shift
(NICS) calculation was also performed on these molecules, and
all COT rings in these molecules at ground states (GS) exhibit
the antiaromatic paratropicity with the NICS (0) value from 3.6
to 4.7. The NICS values are almost identical to that of parent
COT, suggesting that sulfur atoms of thiophenes do not
substantially affect the NICS values of the central ring. In the
case of the transition state (TS), there was an enhancement of
the antiaromatic paratropicity of the COT rings in the

molecules with the NICS (0) value around 15.0 for all of the
COThs, which are less than that of parent planar COT (41.5).
According to the literature,16 a narrowing of the HOMO−

LUMO gap could be found with decreasing bent angle of the
COT rings. Similar results are also discovered in our molecules,
with the bent angle increasing in the order θCOTh‑1 < θCOTh‑4 ≈
θCOTh‑3 < θCOTh‑2, and the HOMO−LUMO gaps are derived
from the band edge absorption decreased in the order COTh-2
> COTh-3 ≈ COTh-4 > COTh-1. From the notation
structure, it is easy to understand that the structure with
smaller θ and Φ angles should have better conjugation in the
molecule, generate a lower HOMO−LUMO gap, and cause the
absorption curve red-shift, finally. From the discussion above,
we can conclude that the character of the saddle shape for the
COTh molecules can be fine-tuned by the structure design of
the sulfur position in the molecules.
COThs possess homologous cross-conjugated π-systems in

which adjacent thiophene rings are alternatively connected,
analogously to the linkages in tetraphenylenes.17 The out-of-
plane twisting between the adjacent thiophene rings and the
possible cross-conjugation may affect the delocalization in
macrocyclic oligothiophenes.9b,18 From the absorbance spectra
of COThs (Figure 4), we can see that all the four COThs

showed similar absorbance curves, and there were three
absorption bands (bands I−III), which were located in the
regions of 220−260, 260−320, and 330−400 nm, respectively.
Similar maximum absorbance peaks (λmax) are definitely
observed as 284, 282, 287, and 295 nm for COTh-1, COTh-
2, COTh-3, and COTh-4, respectively. Such absorbance
behaviors imply that the connectivity sequence of the
thiophene rings in the COTh molecules can only slightly
change the conjugations of COThs.
To obtain further insight into the effect of molecular

structure and electron distribution on the spectroscopic
properties of the COThs, their electronic structure and
excited-state calculations were performed by the TD-DFT/
PCM approach at the 6-31+G(d,p) level. As shown in Figure
S40 (Supporting Information), it can be seen that TD-B3LYP/
PCM results accurately reproduce the peak position and
relative intensity of the measured whole absorption bands. The
vertical excitation energies, oscillator strengths, and transition
contributions of the most important states are presented in
Table 3.
The lower intensity absorption band I located at 230 nm is

associated with the mixed transitions from the higher energy
excitation (see Tables S1−S4, Supporting Information). The

Table 2. Energetic, Structural, and Magnetic Characteristics
of COT and COTh 1−4 Model Compounds Calculated by
the B3LYP/6-31G* Level of theory

aThe NICS values at the center of the 8-membered ring in the ground
state were calculated at the B3LYP/6-311+G(d,p) level of theory
based on the B3LYP/6-31G(d) optimized structures.. bThe NICS
values at the center of the 8-membered ring in the transition state
(TS) were calculated at the B3LYP/6-311+G(d,p) level of theory
based on the B3LYP/6-31G(d) optimized structures. cData in
parentheses from ref 10.

Figure 4. Normalized absorbance spectra of COThs in chloroform.
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corresponding calculations for band II give rise to broadly
strong peaks in a range of 260−320 nm, which are in agreement
with the experimental results. The largest contributions in this
very intense absorption are attributed to the S0→S3, S4, or S5
transition, which is dominated by a HOMO to LUMO+1
component (in Table 3). It is noteworthy that there is a slight
bathochromic shift (∼10 nm) observed for the λmax value of
COTh-4 compared to other COThs, and this can be ascribed
to the alignment of the LUMO+1 energy (Figure S41,
Supporting Information). For all COThs, the observed lowest
energy absorption bands (band III) are associated to the
predicted S0→S1 transitions, and the extremely weak absorption
can be assigned as a “forbidden” HOMO−LUMO transition

due to small transition dipole moments, especially in COTh-2
(Table 3). The transition orbitals contributing to these bands
were determined using natural transition orbital and charge
difference density analysis. Taking COTh-1, for example,
Figure 5 demonstrates the assignment of the most important
transitions corresponding to the three absorption bands (for
other COThs, see Figures S42−S45 in the Supporting
Information).

Cyclic Voltammetry Data of COThs. The cyclic
voltammetry (CV) were utilized to determine the electro-
chemical properties of the COThs in CH2Cl2 with Ag/AgCl
electrode as the reference electrode. All four isomers showed
one similar oxidation peak, which was proved to be a quasi-
reversible oxidation process (Figure S32, Supporting Informa-
tion). The oxidation peaks were located in the regions of 0.74−
0.78 V (vs Fc/Fc+), and no redox process occurred at negative
potential within the scanning window of 0 to −2.0 V (vs Ag/
AgCl). These values were similar, which revealed that the
connectivity sequences of the thiophene moieties have little
influence on the redox properties and the central COT moiety
endows these skeletons with high redox stability.10,19

Meanwhile, from the cyclic voltammograms results at
different scan speeds (from 25 to 175 mV/s), it is easy to
determine that peak current increased linearly with the scan
rate, which indicated that the electrode process was controlled
by adsorption.20−22 With the Laviron method,20 the number of
electrons (n) occurred in the oxidation process of each COTh
was calculated to be 2 (Figures S33−35, Supporting
Information).

■ CONCLUSION
In summary, three new COThs with different connectivity
sequences of the thiophene rings have been efficiently
synthesized via intermolecular and intramolecular cyclizations
based on the high deprotonation selectivity of 4 in the presence
of n-BuLi. It is interesting to mention that COTh-1 and
COTh-2 can be made in one pot with good yields. The
molecular structures of these COThs were confirmed by single-

Table 3. Selected Computational Absorption Energies (nm,
eV in parentheses), Oscillator Strength ( f), and Transition
Nature in Chloroform Solvent at the TD-B3LYP/6-
31+G(d,p) Level of theory

state λ f
transition

contributions μeg
2

COTh-1 S0→
S1

384.7 (3.22) 0.0338 HOMO→LUMO
(99%)

0.43

S0→
S4

287.5 (4.31) 0.2318 HOMO→L+1
(70%)

2.19

S0→
S5

281.7 (4.40) 0.2194 HOMO→L+2
(55%)

2.03

COTh-2 S0→
S1

382.2 (3.24) 0.0000 HOMO→LUMO
(99%)

0.00

S0→
S5

274.7 (4.51) 0.3692 HOMO→L+1
(82%)

3.34

S0→
S6

274.5 (4.52) 0.3667 HOMO→L+2
(82%)

3.31

COTh-3 S0→
S1

382.9 (2.64) 0.0206 HOMO→LUMO
(99%)

0.26

S0→
S4

287.3 (4.32) 0.3474 HOMO→L+1
(70%)

3.28

COTh-4 S0→
S1

380.1 (3.26) 0.0133 HOMO→LUMO
(99%)

0.17

S0→
S3

292.6 (4.24) 0.4401 HOMO→L+1
(74%)

4.24

Figure 5. Calculated optical absorption spectra of model compounds COTh-1 to COTh-4 in chloroform solution within TD-DFT/PCM
approaches based on B3LYP/6-31+G(d,p) level of theory (left). Natural transition orbitals (NTOs) and charge difference densities (CDDs) for
assigning the transitions corresponding to the main absorption band of COTh-1 (right). Cyan and violet colors represent the decrease and increase
of electron in CDD map, respectively.
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crystal structures and based on which quantum calculations
were also set up. By virtue of the structural differences, the
absorbance spectra, the CV data, and the crystal structural data
of COThs exhibited slight differences. These new structures of
COThs offer more chances to adjust the novel saddle-shaped
COT molecules, such as novel oligomers based on the four
peripheral α-positions available on the parent COThs.23

Besides the high interest in organic synthesis, these new
COThs might provide more and novel opportunities devoted
to a wide field such as supramolecular chemistry and organic
electronics.

■ EXPERIMENTAL SECTION
Synthesis of 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-

yl)-5-trimethylsilylthiophene (2). n-BuLi (2.34 M in hexane, 1.65
mL, 3.86 mmol, 1.0 equiv) was added to 2-bromo-5-trimethylsilylth-
iophene (1) (0.8660 g, 3.68 mmol, 1.0 equiv) in THF (30 mL) at −78
°C. After 2 h at −78 °C, the reaction mixture was treated with
bis(pinacolato)diboron (1.0280 g, 4.05 mmol, 1.1 equiv, dissolved in
15 mL of THF) and then warmed slowly to ambient temperature
overnight. The reaction mixture was quenched with water, extracted
with chloroform (3 × 40 mL), and finally dried over anhydrous
MgSO4. After the solvent was removed in vacuo, the residue was
purified by column chromatography on silica gel via gradient elution
using the solvent mixture (5:1 petroleum ether to chloroform) as
eluent to yield 2 (0.8517 g, 82%) as a white solid. Mp: 89−90 °C
(lit.24 mp 61−62 °C). 1H NMR (CDCl3, 400 MHz): δ 7.69 (d, J = 3.2
Hz, 1H), 7.33 (d, J = 3.2 Hz, 1H), 1.34 (s, 12H), 0.32 (s, 9H). 13C
NMR (100 MHz, CDCl3): δ 148.45, 137.86, 135.00, 84.02, 24.73,
−0.11. IR (KBr): 3054, 2982, 2958, 2897 (C−H) cm−1. HRMS (EI+):
m/z calcd for [C13H23O2SSi

10B] 281.1317, found 281.1314.
Synthesis of 5,5′-Bistrimethylsilyl-2,3′-bithiophene (4).

Compound 2 (1.4842 g, 5.26 mmol 1.2 equiv), 3-bromo-5-
trimethylsilylthiophene (3) (1.0312 g, 4.38 mmol 1.0 equiv), K2CO3
(1.5148 g, 10.96 mmol, 2.5 equiv), and Pd(PPh3)4 (0.1013 g, 87.66
μmol, 0.02 equiv) were added into THF (20 mL) and water (2 mL)
under argon. The mixture was stirred for 15 h at 100 °C. The reaction
mixture was extracted with chloroform (3 × 35 mL) and finally dried
over anhydrous MgSO4. After the solvent was removed in vacuo, the
residue was purified by column chromatography on silica gel with
petroleum ether (60−90 °C) as eluent to yield 4 (1.2255 g, 90%) as a
white solid. Mp: 42−44 °C. 1H NMR (CDCl3, 400 MHz): δ 7.61 (d, J
= 0.8 Hz, 1H), 7.41 (d, J = 0.8 Hz, 1H), 7.26 (d, J = 4 Hz, 1H), 7.17
(d, J = 4 Hz, 1H), 0.35 (s, 9H), 0.34 (s, 9H). 13C NMR (100 MHz,
CDCl3): δ 144.15, 141.47, 138.83, 136.87, 134.64, 132.99, 124.98,
124.44, −0.07, −0.12. IR (KBr): 3095, 3057, 2955, 2895 (C−H) cm−1.
HRMS (EI+): m/z calcd for [C14H22S2Si2] 310.0702, found 310.0698.
Synthesis of COTh-1 and COTh-2 from 4. n-BuLi (2.39 M in

hexane, 0.33 mL, 0.79 mmol, 2.2 equiv) was added to 4 (0.1130 g, 0.36
mmol, 1.0 equiv) in dry ethyl ether (30 mL) at −78 °C. After 1 h at
−78 °C, the reaction mixture was heated to 60 °C for 2 h and then
cooled to −78 °C for 0.5 h. After that, dry CuCl2 (0.1500 g, 1.12
mmol, 3.1 equiv) was added. The reaction mixture was kept at −78 °C
for 1 h and then warmed slowly to ambient temperature overnight.
The reaction mixture was quenched with CH3OH, extracted with ethyl
ether (3 × 25 mL), and finally dried over anhydrous MgSO4. After the
solvent was removed in vacuo, the residue was purified by long column
chromatography on silica gel with petroleum ether (60−90 °C) as
eluent to yield COTh-1 (0.0448 g, 40%) as a light yellow solid and
COTh-2 (0.0204 g, 18%) as a pale white solid. COTh-1. Mp > 300
°C. 1H NMR (CDCl3, 400 MHz): δ 7.08 (s, 2H), 7.01 (s, 2H), 0.32
(s, 18H), 0.31 (s, 18H); 13C NMR (100 MHz, CDCl3): δ 142.68,
140.72, 140.19, 137.73, 137.64, 137.16, 136.85, 134. 89, −0.12, −0.23.
IR (KBr): 2956, 2925, 2853 (C−H) cm−1. HRMS (MALDI/DHB):
m/z calcd for [C28H40Si4S4] 616.1090, found 616.1084. COTh-2: Mp
> 300 °C. 1H NMR (CDCl3, 400 MHz): δ 7.05 (s, 4H), 0.32 (s, 36H).
13C NMR (100 MHz, CDCl3): δ 141.52, 140.77, 137.55, 134.06,

−0.17. IR (KBr): 2954, 2895 (C−H) cm−1. HRMS (MALDI/DHB):
m/z calcd for [C28H40Si4S4] 616.1090, found 616.1084.

Synthesis of 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-
yl)-5-trimethylsilylthiophene (5). n-BuLi (2.41 M in hexane, 1.03
mL, 2.49 mmol, 1.0 equiv) was added to 3 (0.5850 g, 2.49 mmol, 1.0
equiv) in dry ethyl ether (40 mL) at −78 °C. After 2 h at −78 °C, the
homogeneous reaction mixture was treated with bis(pinacolato)-
diboron (0.6316 g, 2.49 mmol, 1.0 equiv, dissolved in 10 mL dry ethyl
ether) and then warmed slowly to ambient temperature overnight. The
reaction mixture was quenched with water, extracted with ethyl ether
(3 × 35 mL), and finally dried over anhydrous MgSO4. After the
solvent was removed in vacuo, the residue was purified by column
chromatography on silica gel with petroleum ether (60−90 °C) as
eluent to yield 5 (0.5616 g, 80%) as a white solid. Mp: 98−99 °C. 1H
NMR (CDCl3, 400 MHz): δ 8.15 (d, J = 0.8 Hz, 1H), 7.56 (d, J = 0.8
Hz, 1H), 1.34 (s, 12H), 0.32 (s, 9H). 13C NMR (100 MHz, CDCl3): δ
141.66, 140.53, 139.27, 83.60, 24.81, −0.04. IR (KBr): 2981, 2958
(C−H) cm−1. HRMS (EI+): m/z calcd for [C13H23O2SiS

10B]
281.1317, found 281.1320.

Synthesis of 7. Compound 5 (0.4024 g, 1.43 mmol, 2.51 equiv),
compound 6 (0.2670 g, 0.57 mmol, 1.0 equiv), K2CO3 (0.3940 g, 2.85
mmol, 5.0 equiv), and Pd(PPh3)4 (0.0527 g, 45.60 μmol, 0.08 equiv)
were added into THF (16 mL) and water (2 mL) under argon. The
mixture was stirred for 30 h at 110 °C. After being quenched with
water, the reaction mixture was extracted with chloroform (3 × 30
mL) and finally dried over anhydrous MgSO4. After the solvent was
removed in vacuo, the residue was purified by column chromatography
on silica gel with petroleum ether (60−90 °C) as eluent to yield 7
(0.2750 g, 78%) as a white solid. Mp: 89−90 °C. 1H NMR (CDCl3,
400 MHz): δ 7.15 (d, J = 0.8 Hz, 2H), 7.05 (s, 2H), 6.91 (d, J = 0.8
Hz, 2H), 0.32 (s, 18H), 0.22 (s, 18H). 13C NMR (100 MHz, CDCl3):
δ 140.26, 139.81, 137.67, 137.27, 135.95, 134.16, 133.99, 126.52,
−0.09, −0.19. IR (KBr): 3115, 2955, 2895 (C−H) cm−1. HRMS
(TOF MS EI+): m/z calcd for [C28H42Si4S4] 618.1247, found
618.1254.

Synthesis of COTh-1 from 7. n-BuLi (2.29 M in hexane, 0.19 mL,
0.44 mmol, 2.2 equiv) was added to 7 (0.1213 g, 0.20 mmol, 1.0
equiv) in dry ethyl ether (30 mL) at −50 °C, and then the mixture was
warmed slowly to ambient temperature. After 2 h, the reaction mixture
was cooled to −78 °C for 0.5 h. After that, dry CuCl2 (0.0791 g, 0.60
mmol, 3.0 equiv) was added. The reaction mixture was kept at −78 °C
for 1 h and then warmed slowly to ambient temperature overnight.
The reaction mixture was quenched with CH3OH, extracted with ethyl
ether (3 × 25 mL), and finally dried over anhydrous MgSO4. After the
solvent was removed in vacuo, the residue was purified by column
chromatography on silica gel with petroleum ether (60−90 °C) as
eluent to yield COTh-1 (0.0474 g, 39%) as a light yellow solid.

Synthesis of 8. n-BuLi (2.39 M in hexane, 0.63 mL, 1.50 mmol,
2.2 equiv) was added to 4 (0.2120 g, 0.68 mmol, 1.0 equiv) in dry
ethyl ether (15 mL) at −78 °C. After 1 h at −78 °C, the reaction
mixture was heated to 60 °C for 2 h and then cooled to −78 °C. After
that, dry I2 (0.5190 g, 2.04 mmol, 3.0 equiv) was added, and then the
reaction mixture was warmed slowly to ambient temperature
overnight. The reaction mixture was quenched with CH3OH and
extracted with ethyl ether (3 × 25 mL), and the organic phase was
washed with saturated Na2S2O3 solution and H2O and dried over
anhydrous MgSO4. After the solvent was removed in vacuo, the
residue was purified by column chromatography on silica gel with
petroleum ether (60−90 °C) as eluent to yield 8 (0.3620 g, 94%) as a
light yellow solid. Mp: 76−78 °C. 1H NMR (CDCl3, 400 MHz): δ
7.23 (s, 1H), 7.06 (s, 1H), 0.34 (s, 9H), 0.32 (s, 9H). 13C NMR (100
MHz, CDCl3): δ 146.88, 143. 22, 142.27, 141.67, 141.52, 136.18,
83.24, 83.19, −0.21, −0.23. HRMS (EI+): m/z calcd for
[C14H20Si2S2I2] 561.8635, found 561.8636.

Synthesis of 9. Compound 8 (0.2000 g, 0.36 mmol 1.0 equiv),
compound 5 (0.3010 g, 1.07 mmol, 3.0 equiv), K2CO3 (0.2100 g, 1.52
mmol, 4.2 equiv), and Pd(PPh3)4 (0.0328 g, 28.38 μmol, 0.08 equiv)
were added in THF (10 mL) and water (2 mL) under argon. The
mixture was stirred at 100 °C for 15 h. After being quenched with
water, the reaction mixture was extracted with chloroform (3 × 25
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mL) and finally dried over anhydrous MgSO4. After the solvent was
removed in vacuo, the residue was purified by column chromatography
on silica gel with petroleum ether (60−90 °C) as eluent to yield 9
(0.1870 g, 85%) as a white solid. Mp: 66−68 °C. 1H NMR (CDCl3,
400 MHz): δ 7.32 (s, 1H), 7.13 (d, J = 0.8 Hz, 1H), 7.12 (d, J = 0.8
Hz, 1H), 7.11 (s, 1H), 6.88 (d, J = 0.8 Hz, 1H), 6.86 (d, J = 0.8 Hz,
1H), 0.34 (s, 9H), 0.32 (s, 9H), 0.21 (s, 9H), 0.20 (s, 9H). 13C NMR
(100 MHz, CDCl3): δ 141.70, 139.93, 139.67, 139.27, 137.98, 137.81,
137.74, 137.57, 136.19, 135.56, 135.05, 134.24, 134.10, 131.31, 127.00,
126.44, −0.05, −0.12, −0.14, −0.19. IR (KBr): 2956, 2926, 2898,
2855(C−H) cm−1. HRMS (MALDI/DHB): m/z calcd for
[C28H42Si4S4] 618.1247, found 618.1241.
Synthesis of COTh-3. n-BuLi (2.50 M in hexane, 0.21 mL, 0.53

mmol, 2.2 equiv) was added to 9 (0.1500 g, 0.24 mmol, 1.0 equiv) in
dry ethyl ether (25 mL) at −50 °C. After that, the reaction mixture
was warmed slowly to ambient temperature, kept for 2 h, and then
cooled to −78 °C for 0.5 h. Then dry CuCl2 (0.1000 g, 0.74 mmol, 3.1
equiv) was added. The reaction mixture was kept at −78 °C for 1 h
and then warmed slowly to ambient temperature overnight. The
reaction mixture was quenched with CH3OH, extracted with ethyl
ether (3 × 20 mL), and finally dried over anhydrous MgSO4. After the
solvent was removed in vacuo, the residue was purified by column
chromatography on silica gel with petroleum ether (60−90 °C) as
eluent to yield COTh-3 (0.0568 g, 38%) as a yellow solid. Mp > 300
°C. 1H NMR (CDCl3, 400 MHz): δ 7.09 (s, 1H), 7.05 (s, 1H), 7.05
(s, 1H), 7.02 (s, 1H), 0.33 (s, 18H), 0.32 (s, 18H). 13C NMR (100
MHz, CDCl3): δ 142.51, 140.95, 140.85, 140.83, 140.60, 138.28,
137.68, 137.67, 137.54, 137.06, 136.89, 136.77, 136.68, 134.57, 134.42,
−0.11, −0.17, −0.23. IR (KBr): 2956, 2896 (C−H) cm−1. HRMS
(MALDI/DHB): m/z calcd for [C28H40Si4S4] 616.1090, found
616.1084.
Synthesis of 11. n-BuLi (2.50 M in hexane, 0.15 mL, 0.38 mmol,

1.0 equiv) was added to 2′,3-dibromo-5,5′-bistrimethylsilyl-2,3′-
bithiophene (10) (0.1751 g, 0.38 mmol, 1.0 equiv) in THF (25
mL) at −78 °C. After 2 h at −78 °C, the reaction mixture was treated
with isopropoxyboronic acid pinacol ester (0.0912 g, 0.49 mmol, 1.3
equiv) and then warmed slowly to ambient temperature overnight.
The reaction mixture was quenched with water, extracted with
dichloromethane (3 × 25 mL), and finally dried over anhydrous
MgSO4. After the solvent was removed in vacuo, the residue was
purified by column chromatography on silica gel via gradient elution
using the solvent mixture (4:1 petroleum ether/dichloromethane) as
eluent to yield 11 (0.1002 g, 52%) as a liquid. 1H NMR (CDCl3, 400
MHz): δ 7.39 (s, 1H), 7.10 (s, 1H), 1.27 (s, 12H), 0.33 (s, 18H). 13C
NMR (100 MHz, CDCl3): δ 146.94, 141.94, 139.91, 139.10, 110.30,
83.93, 24.73, −0.18, −0.31. IR: 3063, 2977, 2957, 2928, 2852 (C−H)
cm−1. HRMS (EI+): m/z calcd for [C20H32O2S2Si2BrB] 514.0659,
found 514.0641.
Computational Details. The geometry optimization of model

compounds COTh-1 to COTh-4 were performed using B3LYP/6-
31G(d)25,26 level of theory. The transition-state structures were
optimized using a TS keyword. All optimized geometries are
characterized as stationary points or transition state on the potential
energy surface (PES) confirmed by with vibrational frequency
calculations with no imaginary or only an imaginary frequency,
respectively. Time dependent density funcitonal theory (TD-DFT)
calculations were performed on the equilibrium ground state
geometries of COTh-1 at 6-31+g(d,p) levels with the local
generalized-gradient approximations (GGA) mPWPW91,27,28 the
nonlocal hybrid GGA B3LYP,25,26 and the hybrid Coulomb-
attenuating CAM-B3LYP29 functional. Absorption spectra were
simulated considering the 30 vertical excitations from the ground
state by using the polarizable continuum model (PCM)30−32 in
chloroform solution. According to experimental UV−vis results, the
combined TD-B3LYP/PCM calculations exhibit evidently better
performance compared to the ones based on mPWPW91 and CAM-
B3LYP. Thus, the natural transition orbitals (NTO)33 and charge
difference density (CDD)34 analyses of the excited states based on
TD-B3LYP/PCM were used to assign the transition nature. Nucleus-
independent chemical shifts (NICS)35 values of molecules and

transition states were obtained at the B3LYP/6-311+G(d,p) level
through the gauge-including atomic orbital method (GIAO).36,37

Initially, probes (Bq’s) were placed at the nonweighted means of the
carbon atoms on the cyclooctatetraene (NICS(0)), and later, 1 Å
above the NICS(0), denoted as NICS(1) (see Figures S36−S39,
Supporting Information). All calculations were carried out with
Gaussian 0338 except for TDDFT/CAM-B3LYP calculations, which
employed the Gaussian 09 suite of programs.39

■ ASSOCIATED CONTENT
*S Supporting Information
Characterization of all compounds and crystallographic CIF
files of COTh-1 to COTh-3. Cartesian coordinates, frontier
molecular orbitals, electronic transitions, and NICS in the
ground state and in the transition state. This material is
available free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: songjs@henu.edu.cn. Phone: (0086)-371-23897112
(o). Fax: 23881358.
*E-mail: kyh@hytc.edu.cn. Phone: (0086)-517-83525663 (o).
Fax: 83525663.
*E-mail: hwang@henu.edu.cn. Phone: (0086)-371-23897112
(o). Fax: 23881358.

Author Contributions
∥Y. Wang and J. Song contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This research was supported by the NSFC (21270255,
U1204212), the Program for SRFDP (20124103110004), and
the CPSF (2011M500787). We also thank Prof. Z. M. Su,
Institute of Functional Material Chemistry, NENU, for use of
the CAM-B3LYP functional in the Gaussian 09 program suite.

■ REFERENCES
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