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Preparation and Acid-Responsive Photophysical Properties of T-Shaped
n-Conjugated Molecules Containing a Benzimidazole Junction
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Abstract: T-shaped m-conjugated mole-
cules with an N-methyl-benzimidazole
junction have been synthesized and
their acid-responsive  photophysical
properties owing to the change in the
m-conjugation system are discussed. T-
shaped m-conjugated molecules consist
of two orthogonal m-conjugated sys-

m-spacers, such as thiophene, ethyne,
and ethane, have an effect on the acid
response of photophysical properties in
terms of changes in conformation, ex-
cited-state energy and charge-transfer
(CT) characteristics. In particular, the
n-conjugated molecule with ethynyl
spacers exhibited a marked redshift in

the fluorescence spectrum with a large
Stokes shift upon the addition of acid,
whereas the other molecules showed
substantial quenching. The redshift in
emission was studied in detail by tem-
perature-dependent fluorescence meas-
urements, which indicated the transi-
tion to a CT state over the finite acti-

tems including a phenyl thiophene ex-
tended from the 2-position and alkyl
phenylenes connected through various
n-spacers from the 4,7-positions of the

o . . photochemistry
N-methyl-benzimidazole junction. The

Introduction

In the past two decades, m-conjugated molecules including
polymers and oligomers have been widely studied for func-
tional and practical applications. Recent advances in explor-
ing m-conjugated molecules involve the development of non-
linear cross-conjugated molecules. Two-dimensional “X-
shaped” conjugated molecules, so called cruciforms, have
been attracting much interest in regard to the spatial separa-
tion of frontier molecular orbitals (FMOs) of the HOMO
and LUMO. There have been a number of cruciforms with
central scaffolds based on tetra-1,2,4,5-vinyl- or -ethynyl-
substituted benzenes!! and bisoxazoles,! demonstrated as
fluorescent ion sensors,*! building units of m-conjugated™
and coordination polymers®! and materials for molecular
electronics on the electrode surface.>® Cross-conjugated
benzodifuran (BDF) derivatives were also synthesized and
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vation energy at the excited state. The
change in the frontier molecular orbi-
tals upon acid addition was further dis-
cussed by means of DFT calculations.

the effect of the m-spacers on the optical and electronic
properties were discussed.”’ Meanwhile, fused-N-aromatic
groups including bisphenazine,® carbazole,”) and benzimida-
zole!'™"? were exploited as a central junction of T-shaped -
conjugated molecules. In particular, benzimidazole has been
considered to be an interesting building unit for m-conjugat-
ed molecular and polymer systems.">'? For example, the
self-assembling properties of T-shaped rod—coil molecules
containing a benzimidazole unit were studied."”’ A metal-
organic framework was synthesized by using a benzimidazo-
lium carbene-metal complex."!! The capability of the imida-
zole ring for the introduction of positive charge upon proto-
nation or N,N'-dialkylation affords the modulation of 7-con-
jugation systems including their expansion and pathway.['213]
Yamamoto et al. reported the change in the optical proper-
ties of m-conjugated polymers derived from a benzimidazole
unit with phenyleneethynylene main chain on the addition
of acid."¥

X- and T-shaped cross-conjugated molecules possess two-
dimensional m-conjugation systems extended from m-cores,
which are connected through various m-spacers, such as aro-
matic rings and double- and triple-bond linkages. The -
spacers play a crucial role in the physicochemical properties
of m-conjugated molecules, such as spectroscopic, electric,
and crystallographic properties, in terms of molecular con-
formation and spread of FMOs and consequently in the ap-
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plications of conjugated materials. In the present study, we
investigated the photophysical properties of T-shaped m-con-
jugated molecules extended from a benzimidazole junction
by three different m-spacers including thiophnene, ethyn,
and ethene. Arylene—ethynylene derivatives are of particular
interest in respect to their structure—property relationships,
for example, the relationship between the rotation about the
triple bond and optical properties. Okuyama et al. reported
the barrier for the torsional motion of tolane was deter-
mined to be 202 cm™! in a supersonic free jet.™™ Oligo- and
poly(phenylene ethynylene)s have been investigated as elec-
tron-transport molecular wires, strong light emitters and
nonlinear optical materials.'®! Haley et al. investigated the
structure—property relationships including ion sensing and
two-photon absorption properties for tetrakis(arylethynyl)-
benzenes (TAEBs) by introducing various donor and accept-
or substituents.'”? Other m-spacers, thiophene and ethene
units, are also of interest with regard to the effect of struc-
tural torsion on the m-conjugation system. "

To create a series of m-conjugated molecules capable of
connecting functional units or molecular devices orthogonal-
ly, we designed T-shaped conjugated molecules with a benzi-
midazole junction, which can modulate the m-conjugation
system by protonation and quaternization (Scheme 1). The
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Scheme 1. Structures of T-shaped m-conjugated molecules and their acid
responsivity.

m-conjugation system partially communicates from Ar(L) to
Ar(R) and Ar(V) to Ar(L), which is expected to fully
expand by the protonation. We describe herein the synthesis
of T-shaped m-conjugated molecules. The synthesized mole-
cules are characterized in terms of electrochemical and pho-
tophysical properties. The acid-responsive optical properties
are evaluated by means of spectroscopy and temperature-
dependent fluorescent measurements. The effect of the pro-
tonation on the FMOs is also discussed by using time-de-
pendent DFT (TD-DFT) calculations.

Results and Discussion
Synthesis

A series of T-shaped conjugated molecules with an N-meth-
ylbenzimidazole junction were synthesized according to the
reaction scheme depicted in Scheme 2. To evaluate the
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effect of m-spacer on the response to protonation, thienyl-
benzene, ethynylbenzene, and vinylbenzene with an alkyl
chain were extended from 4- and 7-positions of the central
2-phenylthiophenebenzimidazole, for TBIm, EBIm, and
VBIm, respectively. The central 2-aryl-benzimidazole junc-
tion unit (7) was synthesized by the condensation of 5-phe-
nylthiophene-2-carbaldehyde and 3,6-dibromobenzene-1,2-
diamine (5), which is reduced from 3,6-dibromobenzothia-
diazole."™" The central junction unit (7) was connected to
side-chain m-units by palladium-catalyzed conventional
cross-coupling reactions, Suzuki-Miyaura coupling for
TBIm, Sonogashira—-Hagihara coupling for EBIm, and Miz-
oroki-Heck coupling for VBIm. Each T-shaped molecule
has a hexyl side chain at the both ends of Ar(L) and Ar(R)
for improving the solubility in organic solvents. Synthesized
molecules, compound 7, TBIm, EBIm, and VBIm were char-
acterized by 'H and C NMR spectroscopy, 2D 'H NMR
(COSY) spectroscopy, HRMS, and single-crystal X-ray crys-
tallography.

X-ray Crystal Structures

Compound 7, TBIm, EBIm, and VBIm were readily recrys-
tallized from the mixed solvent system of chloroform and n-
hexane, and their crystal structures were determined by X-
ray crystallographic analysis (Figure 1).'¥! Similar conforma-
tions were observed about the common structure, from ben-
zimidazole to Ar(V), for all compounds. That is, the Ar(V)
unit is almost coplanar with the central benzimidazole. The
coplanarity was supposed to be harnessed by an S and N
atomic contact between the thienyl sulfur in Ar(V) and the
imidazolyl nitrogen atoms. The S-N distances in each crystal
were estimated to be substantially shorter than the sum of
van der Waals radii of S (0.185 nm) and N (0.155 nm); 0.303,
0.301, 0.296, and 0.314 nm for 7, TBIm, EBIm, and VBIm,
respectively. In addition, another S-N interaction was found
in TBIm between the central imidazolyl nitrogen and the
thienyl sulfur in Ar(L) (S,~N: 0.295nm). Such S-N

Figure 1. ORTEP drawings of a) TBIm, b) EBIm, and c) VBIm. Hexyl
group and hydrogen atoms are omitted for clarity.*"!

www.chemasianj.org 3021



FULL PAPERS

T. Kawai et al.

RO\ a R b R oJ§<
- S, — S._B.
Br \Q\Q O\@/ o)
1 2
R. : c R R : d R\(j\/
Br ON Br 7
T™S

3 4
Br Br Br Br
=N e NH, f N S Ph g N S | Ph
N NH, H \ N\
Br Br Br Br
5 6 7

TBIm

Ph

g
N EBIm
R

VBIm

Scheme 2. Synthesis of T-shaped conjugated molecules: a) 2-(tributylstannyl)-thiophene, DMF, [Pd(PPh;),]; b) 1, nBuLi, 2,2-isopropoxy-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane; c) Cul, triethylamine, PPh;, [PdCL(PPh;),], trimethylsilylacetylene; d) tributylvinyltin, [Pd(PPh;),]; ¢) NaBH,; f) 5-phenyl-
thiophene-2-carbaldehyde, pTsOH; g) K,CO;, methyliodide; h) 2, Na,CO; aq.(2m), [Pd(PPh;),]; i) 3, Cul, triethylamine, PPh;, [PdCL,(PPh;),], TBAF;

j) 4, triethylamine, Pd(OAc),, P(oTol)s.

heteroatom interactions are also considered to be responsi-
ble for the planarity of conjugated polymers composed of,
for example, co-thiophene-banzo[c]1,2,5-thiadiazole struc-
tures.'”’ Meanwhile, the Ar(R) units for TBIm and VBIm

were twisted from the central
benzimidazole by about 40° due
to the steric repulsion between
the N-methyl group and Ar(R)
unit, whereas the aryl unit at
the other side, Ar(L), lies on
almost the same plane with
benzimidazole. In contrast, the
relative rotations of Ar(L) and
Ar(R) about the central benzi-
midazole unit were not affected
by the substitutent on the imi-
dazolyl ring owing to its linear
and rodlike structural nature
for EBIm (Figure 1b).
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Optical and Electrochemical Properties

The UV/Vis absorption and fluorescence spectra of T-
shaped conjugated molecules and compound 7 were mea-
sured in dichloromethane (Figure 2), and results are sum-
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Figure 2. Absorption (left) and fluorescence (right) spectra and those after the addition of TFA (0.01 mL;
----- ): a) Compound 7, b) TBIm, ¢) EBIm, d) VBIm in CH,Cl, (1.0x107°m, 3 mL).
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Table 1. Photophysical properties of compounds in CH,Cl, solution in
the presence and absence of TFA.

Aabs Aonset Aem Vst Py
Compd [nm] [nm] [nm] [em™]
7 339 390 422 5845 0.05
7+H* 357 413 441 5375 0.14
TBIm 353 443 509 8722 0.22
TBIm+H™* 359 445 600 11188 >0.03
EBIm 365 411 449 5163 0.86
EBIm+H* 373 427 517 7503 0.33
VBIm 369 440 504 7296 0.56
VBIm+H* 357 447 452, 543 9595 0.05

marized in Table 1. The absorption maxima of the m—m*
transition, 4,,, were found at 339, 353, 365, and 369 nm and
the emission peaks, 4., were observed at 422, 509, 449, and
504 nm for 7, TBIm, EBIm, and VBIm, respectively. T-
shaped conjugated molecules exhibited a substantial redshift
both in absorption and emission bands in comparison with
compound 7, which clearly suggests the expansion of the -
system by the extension of m-conjugation from Ar(L) to
Ar(R). The fluorescence quantum yields, @;, were measured
to be 0.05, 0.22, 0.86, and 0.56 for 7, TBIm, EBIm, and
VBIm, respectively. EBIm thus showed the highest value of
@, and the smallest Stokes shift, vs;=5163 cm™, reflecting
the photophysical nature of the aryleneethynylene spacer.
Electrochemical properties of 7, TBIm, EBIm, and VBIm
were determined by the cyclic voltammetry (CV) measure-
ments in THF. The reduction potentials, E,, of 7 and T-
shaped compounds were found at —2.02, —2.09, —2.01, and
—2.10V versus Ag/Agt (Table2). The LUMO energy

Table 2. Electrochemical properties and band gap energies of compounds
in THF.

E - LUMO HOMO E,
Compd. [V] [nm] [eV]© [eV]9 [eV]
7 —-2.02 390 —2.58 -5.76 3.18
TBIm —2.09 447 -2.51 -5.29 2.78
EBIm —2.01 419 -2.59 —5.55 2.96
VBIm -2.10 444 —2.50 -5.29 2.80

[a] Onset of reduction curve. [b]In THF (1.0x10°m). [c] LUMO=
[ (Eonsetrea—0.20)—4.8] eV, in which 0.20 V is the value for the half-wave
potential of ferrocene/ferrocenium versus Ag/Ag* in THF and 4.8 eV is
the energy level of ferrocene below the vacuum. [d] Estimated from opti-
cal energy gap.

levels, which are the degree of electron affinity, were esti-
mated from the reference energy level of half-wave poten-
tial of the ferrocene/ferrocenium redox couple (4.8eV
below the vacuum level). Since those compounds possess a
similar value of LUMO level including compound 7, the
central benzimidazole unit is dominant for the electron af-
finity nature. The HOMO levels were also calculated rela-
tive to the corresponding LUMO levels by using optical
band gaps approximated by A, in absorption spectra.

Chem. Asian J. 2011, 6, 3020-3027
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Optical Properties after the Addition of TFA

To study changes in the m-conjugation system in response to
protonation, an excess amount of trifluoroacetic acid (TFA,
0.5 mL) was added to the dichloromethane solutions (1.0 x
107°m, 3 mL). As shown in Figure 2 and Table 1, slight red-
shifts in A, were observed by the addition of TFA, which
indicated the extension of the m-conjugation system. More
obviously, marked quenching in fluorescence accompanied
by the increase of vgr were found for T-shaped conjugated
molecules. The increases in Stokes shift, Avgy, upon protona-
tion were 2466, 2340, and 2299 cm™' for TBIm, EBIm, and
VBIm, respectively, in which the effect of m-spacer was not
as prominent as vgr of neutral compounds (8722, 5163, and
7296 cm™! for TBIm, EBIm, and VBIm, respectively,
Table 1). These results indicate a change in the emission
mechanism upon the protonation of the imidazole junction
unit. Since only EBIm was still emissive at room tempera-
ture even after the protonation and showed a significant flu-
orescent color change from green to blue upon protonation,
emission lifetime and low-temperature fluorescence were
measured for EBIm.

Lifetime and Temperature-Dependent Fluorescence
Measurements

The emission decay profile of EBIm was numerically fitted
by single exponential kinetics with a time constant of =
2.89 ns. From the values of emission lifetime and quantum
yield, the apparent radiative and nonradiative rate constants
were calculated to be k,=2.8x10® and k,, =6.8x10"s7!, re-
spectively. When TFA, as a proton source, was added the
emission lifetime was extended to 3.74 ns, which gave the
values k,=8.8x107 and k,=1.8x10%s™'. The extension of
emission lifetime despite the decrease in emission quantum
yield upon protonation implies that the emission process
might involve the excited-state relaxation from a locally ex-
cited (LE) state to another state, that is, an intramolecular
charge-transfer (ICT) state.

We then investigated the temperature-dependent emission
profile of EBIm in 2-methyltetrahydrofuran (2-MeTHF) as
a glass matrix in the presence of TFA. The protonation of
EBIm under the same conditions was confirmed by the up-
field shift of the chemical shift of N-methyl protons by
'"H NMR spectroscopic measurements.””) As shown in
Figure 3, the emission peak exhibited a continuous redshift
with a rise in temperature from 77 to 180 K, whereas no ob-
vious change was found in the emission profile in the ab-
sence of TFA.” The emission peak position at 77 K was at
446 nm for EBIm with TFA, which is almost corresponding
to that of EBIm without TFA. The blueshift of the emission
peak at low temperature indicated the presence of a poten-
tial barrier from the Franck—Condon state to the ICT state.
Figure 4 depicted the simplified energy diagram of the pho-
tophysical pathway of EBIm+H™. The activation energy to
the ICT state was sufficiently larger than the thermal energy
at low temperature (below 120 K) and consequently the
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Figure 3. Fluorescence spectral change of EBIm+H™ in 2-MeTHF/TFA
(3.0/0.5 mL, 1.0x 10°m) at low temperature.
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Figure 4. Schematic energy diagram of EBIm+H™.

emission took place from the LE state. Since the thermal
energy between 130 and 160 K was almost comparable with
the activation energy E,, the emission from the ICT state
was also observable and superimposed with the LE state
emission to some extent depending on the temperature. Fi-
nally, the emission peak appeared at around 510 nm above
170 K, in which the thermal energy was sufficiently larger
than E, and the ICT emission became dominant. Thus the
protonation of the benzimidazole junction switches the
emission state from LE to ICT and the extension of mt-conju-
gation through 4- to 7-positions increases the shift in emis-
sion peak relative to compound 7 without an orthogonal -
conjugation system, which indicates the ICT between or-
thogonally oriented m-conjugation systems. Furthermore, the
emission spectrum of EBIm+H?' in a polymer matrix
(PMMA) gave the emission peak at 450 nm,®” which is
almost identical to that in a solution without TFA. These re-
sults indicate that the ICT state would involve molecular
twisting (TICT).

Theoretical Study

The FMOs of T-shaped m-conjugated molecules were then
calculated by using the DFT method,?"! based on the Becke
3LYP basis set.?? For the calculation, the Gaussian 037
suite of programs was used. The most stable geometries
were optimized at the RB3LYP/6-31G* level and then the
one-electron transition energies were estimated by the TD-

3024 www.chemasianj.org
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DFT?! method at the RB3LYP/6-3114+G** level. Both
FMOs of HOMO and LUMO for 7 spread almost thorough
the molecule, which clearly indicates the m-conjugation con-
nection between benzimidazole and Ar(V) due to the copla-
narity between the benzimidazole and the phenyl thiophene.
TD-DFT calculations indicated the m—s* transition corre-
sponding to the S-S, transition involves the electronic tran-
sition mainly from HOMO-1 and HOMO to LUMO and
LUMO +1. Figure 5 shows these FMOs for EBIm before
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Figure 5. FMOs of EBIm and EBIm+H* (HOMO-1 to LUMO+1) to-
gether with their relative energies.

and after the protonation. The electronic transition with the
lowest energy (HOMO-LUMO) was calculated to be at
425.2 nm with the oscillator strength f=0.73, which corre-
sponds to the electronic transition from the orbital expand-
ed through Ar(L) to Ar(R) with slight infiltration to the
Ar(V) direction to the FMO spread thorough the molecule
including Ar(V). The most intense transition with f=1.02
corresponding to the HOMO to LUMO+1 transition ap-
peared at 364.9nm in accordance with the experimental
result (Figure 2). The electron distribution around Ar(L)
was weakened relative to that around Ar(R) in the FMO of
LUMO +1. Upon protonation, a marked redshift in HOMO
to LUMO transition (522.7 nm, f=0.25) was observed. The
calculation indicated that this transition is partly forbidden
probably due to the perpendicular configuration of HOMO

Chem. Asian J. 2011, 6, 3020 -3027
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and LUMO. Likewise, the FMOs of HOMO and LUMO
were orthogonally situated to each other for TBIm-+H*
and VBIm +H™, resulting in the forbidden nature of transi-
tions.™™ Meanwhile, the HOMO to LUMO+1 (373.7 nm,
f=1.47) was simulated to be the most intense band for
EBIm+H* and other T-shaped molecules, which also ex-
hibited a redshift from 364.9 to 373.7 nm after the protona-
tion. The FMO of HOMO for EBIm+H™* was rather local-
lized in the Ar(L)-Ar(R) m-conjugation unit, whereas that
of LUMO+1 was delocalized in the whole molecule. It
might be also noted that the most prominent change in the
FMOs was observed in the HOMO-1 level after the proto-
nation. The HOMO-1 state, which also contributed to the
S-S, transition, was delocalized in the “L”-shape between
Ar(V) and Ar(R) for EBIm, whereas the delocalization ex-
panded to the whole molecule after the protonation. The
protonation thus perturbed the FMOs of T-shaped conjugat-
ed molecules and the resulting separated and orthogonally
oriented FMOs of HOMO and LUMO might be responsible
for the ITC characteristic of EBIm+H™.

Conclusions

We have synthesized T-shaped m-conjugated molecules with
a benzimidazole junction that connects the orthogonally-ori-
ented m-systems, and their photosysical properties and acid
responsivity were studied. Thienyl-, ethynyl-, and vinyl-ben-
zenes were introduced as a m-expander to lateral direction,
which effectively extended the m-conjugation system to
show a redshift both in absorption and emission spectra in
comparison with the linear conjugated molecule 7. The ab-
sorption and emission peaks further shifted to longer wave-
lengths upon protonation for T-shaped m-conjugated mole-
cules. The time-resolved and low-temperature emission
measurements of EBIm indicated the excited state relaxa-
tion from the LE state to ICT state through a potential bar-
rier with an activation energy smaller than the thermal
energy at room temperature. The TD-DFT calculation re-
veals the proton-responsive FMOs, which may be responsi-
ble for the change in the emission mechanism from LE state
emission to ICT emission. The T-shaped m-conjugated mole-
cules should play an important role as a responsive junction
unit that orthogonally connects functional units in molecular
devices. Moreover, a bis(benzimidazole) unit would serve as
a junction for unprecedented cruciforms.

Experimental Section

General

'H (300 MHz) and “CNMR (75 MHz) spectra were recorded on a
JEOL JNM-AL300 spectrometer. "H NMR (500 MHz) spectra were re-
corded on a JEOL JNM-ECP500 spectrometer. Recycling preparative
GPC and normal-phase HPLC were performed on a LC-9110NEXT
(Japan Analytical Industry) and a Hitachi LaChrom Elite HPLC system,
respectively. HRMS were measured by a JEOL JMS-700 MStation spec-
trometer. X-ray crystal structures were obtained with a Rigaku R-AXIS

Chem. Asian J. 2011, 6, 3020-3027
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RAPID/S. UV/Vis absorption and fluorescence spectra were obtained on
a JASCO V-670 spectrophotometer and a JASCO FP-6500 fluorescence
spectrophotometer, respectively. For the temperature-dependent fluores-
cence study, the temperature of samples was controlled by an Oxford In-
struments variable-temperature liquid nitrogen cryostat OptistatDN in
the range from 77 K to room temperature. Absolute fluorescence quan-
tum yields of compounds were measured by using a Hamamatsu C9920-
02. Cyclic voltammetry was performed on a p-AUTOLAB III potentio-
stat/galvanostat equipped with an Electrochemical Analysis System soft-
ware in an argon-filled glove box. A platinum wire was used as a counter
electrode, an Ag/Ag™ electrode was used as a reference electrode, and a
platinum disk electrode was used as a working electrode. The measure-
ments were conducted in a solution of 0.1 M tetrabuthylammonium hexa-
fluorophosphate (TBAPF;) in THF at a scan rate of 100 mVs™' at room
temperature in an argon-filled glove box. Fluorescence lifetime measure-
ments were performed by using a picosecond fluorescence measurement
system (Hamamatsu C4780) with a streak scope (Hamamatsu C4334).
The excitation source was generated by Nd:YVO4 laser (Coherent,
Verdi) pumped Ti:Sapphire laser system (Coherent, Mira-900) equipped
with a cavity dumper (Coherent, PulseSwitch).

2-(4-Hexylphenyl)thiophene (1)

A mixture of 1-bromo-4-hexylbenzene (3.0 g, 12 mmol), 2-(tributylstan-
nyl)thiophene (4.8 g, 13 mmol), and anhydrous DMF (72 mL) was de-
gassed by bubbling with N, for 30 min and then [Pd(PPh;),] (0.76 g,
0.66 mmol) was added to the mixture. The resulting mixture was stirred
overnight at 90°C, and then quenched by the addition of NH,Cl solution.
The crude product was extracted with n-hexane and the combined organ-
ic layer was dried over MgSO, and filtered. Potassium fluoride was
added to the filtrate and the mixture was stirred for 5 h. After the solvent
had been removed, the residue was purified by silica gel column chroma-
tography by using n-hexane as the eluent to yield 1 as a clear oil. Com-
pound 1 was used in the next reaction without further purification. R;=
0.4 (n-hexane); 'HNMR (300 MHz, CD,Cl,, TMS): 6=7.52-7.49 (m,
2H), 7.30-7.15 (m, 4H), 7.05-7.02 (m, 1H), 2.59 (t, 2H), 1.60 (m, 2H),
1.30 (m, 6H), 0.88 ppm (m, 3H).

2-[5-(4-Hexylphenyl)thiophen-2-yl]-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (2)

Compound 1 (2.5 g, 10 mmol) and anhydrous THF (60 mL) were added
to a dried four-neck flask and the resulting mixture was stirred at —78°C
under a N, atmosphere. nBuLi (6.6 mL, 1.6 ™ in n-hexane, 11 mmol) was
added dropwise to a well-stirred solution and further stirred at —78°C
for 1h. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2- dioxaborolane (2.5 mL,
12 mmol) was then added and the mixture was allowed to warm up to
room temperature over 7 h. Water was added to the reaction mixture,
which was extracted with chloroform. The combined organic fraction was
washed with saturated brine, dried over MgSO,, filtered, and concentrat-
ed. The crude product was purified by alumina column chromatography
by using chloroform as the eluent to yield 2 (1.1 g,29 %) as a yellow crys-
tal. '"HNMR (300 MHz, CD,Cl,, TMS): 0=7.57-7.53 (m, 3H), 7.35 (d,
1H), 7.21-7.19(m, 2H), 2.61 (t, 2H), 1.58 (m, 2H), 1.33 (m, 18H),
0.88 ppm (m, 3H).

[(4-Hexylphenyl)ethynyl]trimethylsilane (3)

A mixture of 1-bromo-4-hexylbenzene (3.3 g, 14 mmol), Cul (0.14 g,
0.71 mmol), PPh; (0.38 g, 1.5 mmol), triethylamine (60 mL), and anhy-
drous THF (20 mL) were degassed with N, for 30 min. Then, [Pd-
(PPh;),Cl,] (0.48 g, 0.68 mmol) and trimethylsilylacetylene (3.8 g,
38 mmol) were added to the mixture. The resulting mixture was stirred
overnight at 70°C and then quenched by the addition of water. The reac-
tion mixture was extracted with ethyl acetate, and the combined organic
layer was dried over MgSO,, filtered, and concentrated. The crude prod-
uct was purified with alumina column chromatography by using n-hexane
as the eluent to yield 3 as a yellow oil. It was used in the next reaction
without further purification. R;=0.5 (n-hexane); 'HNMR (300 MHz,
CD,Cl,, TMS): 6=7.41-7.35 (m, 2H), 7.15-7.06 (m, 2H), 2.57 (t, 2H),
1.59 (m, 2H), 1.31 (m, 6H), 0.88 (m, 3H), 0.26-0.22 ppm (m, 9H).
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1-Hexyl-4-vinylbenzene (4)

A mixture of 1-bromo-4-hexylbenzene (1.3 g, 5.3 mmol), tributylvinyltin
(1.7 g, 5.5 mmol), and anhydrous DMF (60 mL) was degassed with N, for
30 min. Then, [Pd(PPh;),] (0.32 g, 0.27 mmol) was added to the reaction
mixture and it was stirred for 3.5 h at 90°C. After the mixture had been
quenched by the addition of NH,CI solution, it was extracted with n-
hexane and the combined organic layer was dried over MgSO, and fil-
tered. Potassium fluoride was added to the filtrate and the mixture
stirred for 5 h. After the solvent had been removed, the crude product
was purified by silica gel column chromatography by using n-hexane as
the eluent to yield 4 (0.56 g, 56%) as a clear oil. R;=0.5 (n-hexane);
"H NMR (300 MHz, CD,Cl,, TMS): 6=7.33-7.31 (m, 2H), 7.15-7.13 (m,
2H), 6.68 (t, 1H), 5.70 (d, 1H), 5.18 (d, 1H), 2.59 (t, 2H), 1.54 (m, 2H),
1.30 (m, 6H), 0.88 ppm (m, 3H).

3,6-Dibromobenzene-1,2-diamine (5)

NaBH, (3.4 g, 90 mmol) was added portionwise to a dried four-neck
round-bottomed flask charged with 4,7-dibromobenzo[c][1,2,5]thiadiazole
(3.0 g, 10 mmol) in anhydrous ethanol (100 mL) under a N, atmosphere
at 0°C. The mixture was stirred at room temperature for 13 h. After the
consumption of reactant was confirmed by TLC analysis, the solvent was
removed. Water was added to the residue, which was extracted with ethyl
acetate. The combined organic layer was dried over MgSO, to yield §
(25g, 93%) as a white solid. R,=0.5 (ethyl acetate/n-hexane 1:3);
"H NMR (300 MHz, CD,Cl,, TMS): §=6.83 (s, 2H), 3.89 ppm (brs, 4H).

4,7-Dibromo-2-(5-phenylthiophen-2-yl)-1 H-benzo[d]imidazole (6)

A mixture of 5 (2.5g, 9.2 mmol), 5-phenylthiophene-2-carbaldehyde
(2.0 g, 11 mmol), p-toluenesulfonic acid monohydrate (0.17 g, 0.99 mmol)
and anhydrous ethanol (50 mL) was refluxed for 24 h under a N, atmos-
phere. The reaction was quenched by the addition of water and ethyl ace-
tate. The organic layer was separated and dried over MgSO,. After re-
moval of the solvent, the product was washed with diethyl ether several
times to yield 6 (1.8 g, 46 %) as a brown powder. R;=0.5 (ethylacetate/n-
hexane 1:3); 'TH NMR (300 MHz, [Dg]DMSO, TMS): §=13.48 (brs, 1H),
8.15 (d, /=42 Hz, 1H), 7.79-7.76 (m, 2H), 7.65 (d, J=3.9 Hz, 1H), 7.46
(t, 1H), 7.39-7.32 ppm (m, 4H).

4,7-Dibromo-1-methyl-2-(5-phenylthiophen-2-yl)-1 H-benzo[d]imidazole
M

Compound 6 (1.8 g, 4.0 mmol), K,CO; (1.7 g, 12 mmol), methyliodide
(0.50 mL, 8.0 mmol), and anhydrous ethanol (30 mL) were added to a
dried four-neck round-bottomed flask. After the reaction mixture had
been stirred for 1 h, the solvent was evaporated and the resulting residue
was washed with water, n-hexane, and diethyl ether several times to yield
7 (1.6g, 89%) as a brown powder. R;=0.8 (chloroform); 'HNMR
(300 MHz, [Dg]DMSO, TMS): 6=7.83 (m, 3H), 7.74 (m, 1H), 7.49 (m,
2H), 7.42 (m, 3H), 429 ppm (s, 3H); *CNMR (75 MHz, [Ds]DMSO,
TMS): 0=149.8, 147.2, 142.6, 133.6, 132.8, 131.4, 129.9, 129.4, 128.7,
128.4, 126.4, 125.8, 124.9, 111.8, 102.3, 34.72 ppm; HRMS (ESI): m/z:
caled for CgH,,Br,N,S: 448.9146 [M+H]™*; found: 448.9131.

4,7-Bis[5-(4-hexylphenyl)thiophen-2-yl]-1-methyl-2-(5-phenylthiophen-2-
yl)-1H-benzo[d]imidazole (TBIm)

A mixture of 7 (0.29 g, 0.64 mmol), 2 (1.0 g, 2.7 mmol), 2m Na,COj; solu-
tion (30 mL), and THF (40 mL) was degassed with N, for 30 min. Then,
[Pd(PPhs),] (0.080 g, 0.069 mmol) was added to the mixture. The resulting
mixture was stirred overnight at 90°C. The reaction mixture was extract-
ed with ethyl acetate and the combined organic layer was dried over
MgSO,, filtered, and concentrated. The crude product was purified with
alumina column chromatography by using ethyl acetate/n-hexane (1:5) as
the eluent. The separated product was further purified by preparative
GPC (chloroform) and normal-phase HPLC (chloroform/n-hexane) to
yield TBIm (0.22 g, 44%) as a yellow powder. 'HNMR (500 MHz,
CD,Cl,, TMS): 6=8.22 (d, 1H), 7.75-7.74 (m, 2H), 7.66-7.64 (m, 2H),
7.63 (m, 1H), 7.61-7.59 (m, 2H), 7.58 (m, 1H), 7.47 (m, 2H), 7.45 (m,
2H), 7.41 (d, 1H), 7.34 (m, 1H), 7.32-7.31 (m, 1H), 7.26-7.24(m, 4H),
7.14 (m, 1H), 3.82 (s, 3H), 2.64-2.63 (m, 4H), 1.64 (m, 4H), 1.33 (m,
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12H), 0.90 ppm (m, 6H); *C NMR (75 MHz, CD,Cl,, TMS): 6=149.7,
147.9, 1455, 144.8, 143.4, 143.1, 140.5, 139.7, 138.3, 135.8, 134.0, 132.3,
132.2, 131.8, 129.8, 129.5, 129.4, 128.7, 128.5, 128.4, 127.1, 126.3, 125.9,
125.6, 124.3, 124.3, 123.8, 123.7, 122.9, 119.3, 118.0, 36.0, 36.0, 35.3, 35.3,
32.2, 31.9, 29.4, 23.1, 14.3 ppm; HRMS (ESI): m/z: calcd for CsyHsoN,S;:
7753214 [M+H]*; found: 775.3231.

4,7-Bis[(4-hexylphenyl)ethynyl]-1-methyl-2-(5-phenylthiophen-2-yl)-1 H-
benzo[d]imidazole (EBIm)

A mixture of 7 (0.45g, 1.0 mmol), Cul (0.012 g, 0.063 mmol), PPh;
(0.031 g, 0.12 mmol), triethylamine (9 mL), and anhydrous THF (3 mL)
was degassed with N, for 30min. Then, [PdCL(PPhs),] (0.059g,
0.084 mmol), 3 (0.67 g, 2.6 mmol) and tetrabutylammonium fluoride
(TBAF) (in THF 1wm, 2 mL) were added to the mixture. The resulting
mixture was stirred overnight at 70°C and then quenched by the addition
of water. The reaction mixture was extracted with dichloromethane and
the combined organic solution was washed with saturated brine, dried
over MgSO,, filtered, and concentrated. The crude product was purified
with alumina column chromatography by using ethyl acetate/n-hexane
(1:5) as the eluent. The separated product was further purified by recy-
cling preparative GPC (chloroform) and normal-phase HPLC (chloro-
form/n-hexane) to yield EBIm (0.41g, 61%) as a yellow powder.
"H NMR (500 MHz, CD,Cl,, TMS): §=7.74-7.73 (m, 2H), 7.63 (d, 1H),
7.58-7.56 (m, 2H), 7.51-7.50 (m, 2H), 7.47-7.46 (m, 1H), 7.45-7.43 (m,
2H), 7.42 (s, 2H), 7.38-7.35 (m, 1H), 7.25-7.23 (m, 4H), 4.48 (s, 3H),
2.67-2.64 (m, 4H), 1.64 (m, 4H), 1.33 (m, 12H), 0.90 ppm (m, 6H);
BCNMR (75 MHz, CD,Cl,, TMS): 0=149.6, 148.1, 144.8, 144.4, 144.3,
135.8, 133.9, 132.0, 131.6, 131.5, 130.0, 129.5, 129.1, 129.0, 128.8, 128.1,
126.6, 126.4, 124.3, 120.7, 120.3, 115.1, 107.4, 96.0, 95.7, 86.5, 85.6, 36.3,
34.0, 32.1, 31.7, 31.7, 29.4, 29.4, 23.0, 14. 3 ppm; HRMS (ESI): m/z: caled
for CyHN,S: 659.3460 [M+H]*; found: 659.3427.

4,7-Bis(4-hexylstyryl)-1-methyl-2-(5-phenylthiophen-2-yl)-1 H-
benzo[d]imidazole (VBIm)

A mixture of 7 (0.56¢, 1.2 mmol), 4 (0.53 g, 2.8 mmol), triethylamine
(0.5 mL), and anhydrous DMF (10 mL) was degassed with N, for 30 min.
Then, Pd(OAc), (0.11 g, 0.49 mmol) and P(oTol); (0.20 g, 0.66 mmol)
were added to the solution. The resulting mixture was stirred overnight
at 120°C and then quenched by the addition of water. The reaction mix-
ture was extracted with chloroform and the combined organic layer was
washed with saturated brine, dried over MgSQO,, filtered, and concentrat-
ed. The crude product was purified with alumina column chromatography
by using ethyl acetate/n-hexane (1:5) as an eluent. The separated product
was further purified by recycling preparative GPC (chloroform) and
normal-phase HPLC (chloroform/n-hexane) to yield VBIm (0.13 g, 16 %)
as a yellow powder. 'H NMR (500 MHz, CD,Cl,, TMS): 6 =7.88-7.84 (d,
1H), 7.77-1.75 (m, 1H), 7.74-7.73 (m, 2H), 7.71-7.68 (m, 1H), 7.59-7.57
(d, 2H), 7.55-7.54 (m, 1H), 7.50-7.49 (d, 2H), 7.47 (m, 2H), 7.46 (s, 2H),
7.44 (m, 1H), 7.38-7.35 (m, 1H), 7.24-7.21 (m, 4H), 7.10-7.07(d, 1H),
4.24 (s, 3H), 2.65-2.62 (m, 4H), 1.63 (m, 4H), 1.33 (m, 12H), 0.90 ppm
(m, 6H); "CNMR (75 MHz, CD,Cl,, TMS): 0=149.0, 147.6, 143.5,
143.1, 142.0, 135.9, 1352, 135.1, 134.0, 132.2, 131.5, 131.1, 129.7, 129.5,
129.2, 129.1, 128.6, 128.3, 127.0, 126.8, 126.3, 124.2, 124.2, 123.3, 123.1,
122.1, 120.7, 36.1, 36.1, 35.7, 32.2, 31.9, 30.1, 29.5, 29.4, 23.1, 14.3 ppm;
HRMS (ESI): m/z: caled for C,HsN,S: 6633773 [M+H]*; found:
663.3765.
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