Available online at www.sciencedirect.com

ScienceDirect

Tetrahedron 63 (2007) 3115-3121

Tetrahedron

Novel organic dyes containing bis-dimethylfluorenyl amino
benzo[b]thiophene for highly efficient dye-sensitized solar cell

Hyunbong Choi,* Jae Kwan Lee,* Kihyung Song,” Sang Ook Kang™* and Jaejung Ko™*

*Department of Chemistry, Korea University, Jochiwon, Seochang 208, Chungnam 339-700, Republic of Korea
*Department of Chemistry, Korea National University of Education, Chongwon, Chungbuk 363-791, Republic of Korea

Received 11 January 2007; revised 5 February 2007; accepted 6 February 2007
Available online 9 February 2007

Abstract—Novel organic dyes, JK-16 and JK-17 containing bis-dimethylfluorenyl amino benzo[b]thiophene are designed and synthesized.

Under standard global AM 1.5 solar condition, the JK-16 sensitized cell gave a short circuit photocurrent density (J.) of 15.33 mA cm™~,

2

open circuit voltage (V,.) of 0.74 V, and a fill factor of 0.66, corresponding to an overall conversion efficiency n of 7.43%, and the JK-17
sensitized cell gave a Jy, of 12.66 mA cm 2, V,. of 0.67 V, and a fill factor of 0.65, corresponding to an overall conversion efficiency 5 of

5.49%.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted great
attention over the last 15 years owing to their prospect of
high energy conversion efficiency and low production
cost.! Until now, however, only few photosensitizers based
on ruthenium metal complexes have achieved solar-to-elec-
tric power conversion over 11% under AM 1.5.2 Recently,
several groups have developed metal free organic sensitizers
to overcome the prohibitive cost of ruthenium metal com-
plexes, and the impressive photovoltaic performance has
been obtained with some organic coumarin,’ indoline,* oli-
goene,’ merocyanine,® and hemicyanine’ dyes having effi-
ciencies in the range of 5-9%. However, many organic
dyes have often presented the low conversion efficiency
and low operation stability compared to metal complexes.
The major factor for the low conversion efficiency of
many organic dyes in the DSSCs is due to the formation of
dye aggregates on the semiconductor surface. And less sta-
bility of organic dyes is due to the formation of unstable rad-
ical species during redox reaction cycles. Very recently, we
have interested in the structural modification for donor unit
of push—pull organic dyes. And we have designed and syn-
thesized the novel organic dyes containing dimethylfluor-
enyl unit to overcome the low conversion efficiency and
low operational stability. We reported the highly efficient
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and stable organic dyes having bis-dimethylfluorenyl amino
phenyl unit.® The amorphous non-planar dimethylfluorenyl
moiety was introduced to prevent aggregation via molecular
stacking and to ensure greater resistance to degradation
when exposed to light and high-temperature.’

In this paper, we report two new organic dyes containing
[bis(9,9-dimethylfluoren-2-yl)amino]benzo[b]thiophene as
electron donor and cyano acrylic acid as electron acceptor
bridged by a thiophene or vinylene thiophene unit (Fig. 1).
Although many structure frameworks such as coumarin,
aniline, and indoline have been employed as good electron
donor unit, the organic dye containing benzo[b]thiophene
structural motif has never been explored for DSSCs.

2. Results and discussion

The dyes were prepared by the stepwise synthetic protocol.
N-Phenylation of 6-amino benzo[b]thiophene was
performed under Ullman’s condition,'° followed by n-butyl-
lithium and Br, bromination to give 6-(bis(9,9-dimethyl-
fluoren-2-yl)amino)-2-bromobenzo[b]thiophene 2. 6-(Bis-
(9,9-dimethylfluoren-2-yl)amino)benzo[b]thiophene 1 was
converted into 6-(bis(9,9-dimethylfluoren-2-yl)amino)-2-
formylbenzo[b]thiophene 3 by lithiation with n-butyllithium
and subsequent quenching with dimethylformamide. Stille
cross coupling reaction with Pd(PPhy),4 led to 2-(5-(5,5-di-
methyl-1,3-dioxan-2-yl)thiophen-2-yl)-6-(N,N-bis(9,9-di-
methylfluoren-2-yl)aminobenzo[b]thiophene 4.!! Coupling
reaction of aldehyde 3 with phosphonate under Horner—
Emmons-Witting coupling'? condition using potassium
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Figure 1. Structures of JK-16 and JK-17.

tert-butoxide in THF led to (E)-2-(2-(5-(5,5-dimethyl-1,3-
dioxan-2-yl)thiophen-2-yl)vinyl)-6-(N,N-bis(9,9-dimethyl-
fluoren-2-yl))amino benzo[b]thiophene 5. Subsequent
cleavage of 1,3-dioxalane protecting group in aqueous acid
produced the aldehyde 2-(5-formylthiophen-2-yl)-6-(N,N-
bis(9,9-dimethylfluoren-2-yl)amino benzo[b]thiophene 6
and (E)-2-(2-formylthiophen-2-yl)vinyl)-6-(N,N-bis(9,9-di-
methylfluoren-2-yl))amino benzo[b]thiophene 7. The alde-
hyde, on reaction with cyanoacetic acid in the presence of
a catalytic amount of piperidine in acetonitrile, produced
the JK-16 and JK-17 dyes (Scheme 1).
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For the preparation of DSSC, the washed FTO (Pilkington,
8 Qsq~!, 2.3 mm thickness) glass plate was immersed in
40 mM TiCl, aqueous solution at 60 °C for 30 min and
washed with water and ethanol as reported by Gratzel’s
group.'® A transparent nanocrystalline layer on the FTO
glass plate was prepared by screen printing TiO, paste
(Solaronix, 13 nm anatase) and was sintered at 450 °C for
30 min. And then, a paste for the scattering layer (CCIC,
HWP-400) was coated on transparent layer and was again
sintered at 450 °C for 30 min. The resulting layer composed
of 13 wm-thick transparent layer and 10 pm-thick scattering
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Scheme 1. Schematic diagram for the synthesis of organic dyes JK-16 and JK-17.
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layer. The TiO, electrode was treated again with NbCls fol-
lowed by oxidation at 500 °C for 30 min. The TiO, elec-
trodes were immersed into the JK-16 and JK-17 solution
(0.3 mM dye in ethanol containing 10 mM 3a,7a-dihy-
droxy-5b-cholic acid (Cheno)) and kept at room temperature
for 18 h. The chenodeoxycholic acid was added to the dye
solution to prevent aggregation of dyes on the TiO, elec-
trode.'* Counter electrodes were prepared by coating with
a drop of H,PtClg solution (2 mg Pt in 1 ml ethanol) on
a FTO plate and heated at 400 °C for 15 min. The dye ad-
sorbed TiO, electrode and Pt-counter electrode were assem-
bled into a sealed sandwich type cell by heating with
a Surlyn film (25 pm thickness, Du-Pont) as a spacer be-
tween the electrodes. The electrolyte was then introduced
into the cell, which was composed of 0.6 M 3-hexyl-1,2-di-
methyl imidazolium iodide, 0.04 M iodine, 0.025 M Lil,
0.05 M guanidium thiocyanate, and 0.28 M fert-butylpyri-
dine in acetonitirle. The photovoltaic measurements were re-
corded under the simulated AM 1.5 irradiation (1000 W
xenon light).

The UV-vis and fluorescence spectra of dyes in ethanol are
shown in Figure 2 and listed in Table 1, together with the
UV-vis spectrum of the corresponding dye absorbed on
TiO, film. The absorption spectra of the JK-16 and JK-17
display visible band at 456 nm and 476 nm, respectively.
The red-shifted band of JK-17 compared to JK-16 is due
to increasing the m-conjugation system. On the other hand,
the absorption spectra of JK-16 and JK-17 on TiO, film
are broadened. Similar broadening has been reported in
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Figure 2. Absorption and emission spectra of JK-16 (solid line) and JK-17

(dotted line) in ethanol and absorption spectra of JK-16 (dashed line) and
JK-17 (dot-dashed line) absorbed on TiO, film.

Table 1. Optical, redox, and DSSC performance parameters of dyes

several organic dyes on TiO, electrodes.'> Absorption

band of JK-16 on TiO, film is similar to that of the corre-
sponding solution spectra but JK-17 on TiO, film has
a slightly blue-shifted band compared to that of the corre-
sponding solution spectra. From these results, we can
know that the amorphous non-planar dimethylfluorenyl
unit of dyes can prevent aggregation vis molecular stacking
but the ability of prevention may be reduced in the larger
conjugated dyes.

The highest-occupied molecular orbitals (HOMOs) and low-
est-unoccupied molecular orbitals (LUMOs) of JK-16 and
JK-17 were performed with the B3LYP/3-21G* (Fig. 3).
The calculation illustrates that the HOMO is delocalized
over the m-conjugated system via the dimethylfluorenyl
amino group through benzo[b]thiophene and the LUMO is
delocalized over the cyano acrylic unit through thiophene.
From these results, we could induce that the photoinduced
electron transfer from JK-16 and JK-17 dyes to TiO, elec-
trode can efficiently occurr by the HOMO-LUMO transition
as shown in Figure 3. Electrochemical properties of the
JK-16 and JK-17 were scrutinized by cyclovoltametry in
acetonitrile with 0.1 M tetrabutylammonium hexafluoro-
phosphate using TiO, film with adsorbed dyes as working
electrode. The results are listed in Table 1. JK-16 and
JK-17 adsorbed on TiO, film show a quasi-reversible couple
at 1.48 Vand 1.45 V versus NHE with a separation of 0.22 V
and 0.19 V between anodic and cathodic peaks. The E} ymo
of JK-16 and JK-17 calculated from the redox potential
and the energy at the intersection point of absorption and
emission spectra observed in solution are —0.85V and
—0.80 V. These values are more negative than that of the
nanocrystalline TiO, electrode (—0.5 V vs NHE), allowing
the electron injection from the LUMO of dye to the conduc-
tion band of TiO,.

The photovoltaic performances of the JK-16 and JK-17
sensitized cell are summarized in Table 1. Under standard
global AM 1.5 solar condition, the JK-16 sensitized
cell gave a short circuit photocurrent density (Js.) of
15.33 mA cm~2, open circuit voltage (V,.) of 0.74 V, and
a fill factor of 0.66, corresponding to an overall conversion
efficiency 7, derived from the equation: n=J.* V,.-FF/light
intensity, of 7.43%. However, the JK-17 sensitized cell gave
a J of 12.66 mA cm™2, V.. of 0.67 V, and a fill factor of
0.65, corresponding to an overall conversion efficiency 7
of 5.49%. We can explain that the low efficiency of JK-17
compared to JK-16 dye probably stems from the difference
in the oxidation potentials of the dyes. The oxidation poten-
tial of JK-16 is slightly higher than that of JK-17. This will

Dye aps/nm (/M em™") Eredaox "(AERIV Eo oIV Erumo’ IV Jy (mAcm ™) Voe (V) FF 7° (%)
JK-16 456 (16,000) 1.48 (0.22) 2.33 —0.85 15.33 0.74 0.66 7.43
JK-17 476 (30,000) 1.45 (0.19) 2.25 —0.80 12.66 0.67 0.65 5.49
N719 535 (14,700) 0.95 (0.22) 1.60 —0.65 18.44 0.75 0.67 9.16

% Absorption spectra were measured in ethanol solution.

® Oxidation potentials of dyes on TiO, were measured in CH3CN with 0.1 M (n-C4Hg)4NPF¢ with a scan rate of 50 mV s ' (vs NHE).
¢ Ey_o was determined from intersection of absorption and emission spectra in ethanol.
d

E; umo was calculated by Eox—Eg .

¢ Performances of DSSCs were measured with 0.18 cm? working area. e: Absorption coefficient; Ex: oxidation potential; Ey _¢: voltage of intersection point
between absorption and emission spectra; Ji.: short circuit photocurrent density; V,.: open circuit photovoltage; FF: fill factor; #: total power conversion

efficiency.
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Figure 3. The molecular structures and the frontier molecular orbitals of the HOMO and LUMO calculated with B3LYP/3-21G* of JK-16 (a) and JK-17 (b).

increase the driving force for the reduction of the oxidized
dye.'® The incident monochromatic photon-to-current con-
version efficiency (IPCE) of the JK-16 and JK-17 sensitized
cells is shown in Figure 4. The onsets of the IPCE spectra of
the JK-16 and JK-17 sensitized cells are 740 and 750 nm,
and the maximum IPCE values of both JK-16 and JK-17
sensitized cells were observed at 470 and 480 nm and ex-
hibited 76 and 64%.

In conclusion, this work has demonstrated that the organic
dyes containing bis-dimethylfluorenyl amino benzo[b]thio-
phene moiety are very efficient dyes for dye-sensitized solar

20 -
or_ _ _ _ _ _
‘E .............
£ 12r 000 T e
2 90
£ 80
g 70
€ 8 & 6o
g wos0f
(8]
S & 40
© - 30
4 20
10 N
0 4(‘)045‘)05(‘)05{‘30 6(‘)06&‘307(’)‘0 720800 850 *
0 L | Wavelength (nm) L L 1 L
o0 01 02 03 04 05 TE\O.? 0.8
. N

Voltage (V)

Figure 4. J-V curve and IPCE spectra of N719 (solid line), JK-16 (dashed
line) and JK-17 (dotted line).

cells. We believe that the development of alternative highly
efficient organic dyes to ruthenium complexes can be possi-
ble through the more sophisticated structural modifications,
and these works are now in progress.

3. Experimental
3.1. General methods

All reactions were carried out under an argon atmosphere.
Solvents were distilled from appropriate reagents. All
reagents were purchased from Sigma—Aldrich. 6-Amino
benzo[b]thiophene!” and 2-iodo-9,9-dimethylfluorene®®
were synthesized using a modified procedure of previous ref-
erences. 'H and '>C NMR spectra were recorded on a Varian
Mercury 300 spectrometer. Elemental analyses were per-
formed with a Carlo Elba Instruments CHNS-O EA 1108 an-
alyzer. Mass spectra were recorded on a JEOL JIMS-SX102A
instrument. The absorption and photoluminescence spectra
were recorded on a Perkin—Elmer Lambda 2S UV-visible
spectrometer and a Perkin LS fluorescence spectrometer,
respectively.

3.1.1. Cyclovoltamogram. Cyclic voltammetry was carried
out with a BAS 100B (Bioanalytical Systems, Inc.). A three-
electrode system was used and consisted of a gold disk,
working electrode, and a platinum wire electrode. Redox
potential of dyes on TiO, was measured in CH3CN with
0.1M m-C4Ho)4sN-PFs with a scan rate between
50 mV s~ (vs Fc/Fct).
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3.1.2. 6-(Bis(9,9-dimethylfluoren-2-yl)amino)benzo[b]-
thiophene (1). A stirred mixture of 6-amino benzo[b]thio-
phene (1.37 g, 9.23 mmol), 2-iodo-9,9-dimethylfluorene
(6.5 g, 20.3 mmol), powdered anhydrous potassium carbon-
ate (5.62 g, 40.6 mmol), copper bronze (1.93 g, 30.5 mmol),
and 18-crown-6 (0.29 g, 1.11 mmol) in 1,2-dichlorobenzene
(70 ml) was refluxed for 48 h. After cooling, the insoluble
inorganic material was filtered off under suction and the
dark brown filtrate was collected. The insoluble material
was washed with dichloromethane (3x50 ml). The com-
bined filtrate and organic phase was washed with dilute
aqueous ammonia and water and dried with magnesium sul-
fate. The solvent was removed under reduced pressure. The
pure product 1 was obtained by silica gel chromatography
(eluent MC/Hx=1:5, R;=0.4) to afford 1 (3.69 g) in 75%
yield. Mp: 179°C. 'H NMR (CDCl3): ¢ 7.72 (d,
J=9.0 Hz, 1H), 7.66 (t, J=7.2 Hz, 2H), 7.62 (d, /=8.1 Hz,
2H), 7.57 (s, 1H), 7.39 (d, J=7.2Hz, 2H), 7.36 (d,
J=9.0 Hz, 1H), 7.34-7.31 (m, 3H), 7.29-7.27 (m, 3H),
7.25 (s, 2H), 7.08 (d, J=8.1 Hz, 2H), 1.41 (s, 12H).
13C{!H} NMR (CDCls): ¢ 155.2, 153.7, 147.8, 145.2,
141.1, 139.1, 135.6, 134.1, 132.0, 127.1, 126.6, 125.2,
124.1, 123.7, 123.3, 122.6, 120.7, 119.5, 118.4, 118.0,
47.0, 27.2. MS: m/z 533 [M*]. Anal. Calcd for C5gH5;NS:
C,85.51; H,5.85; N, 2.62. Found: C, 85.24; H, 5.84; N, 2.61.

3.1.3. 6-(Bis(9,9-dimethylfluoren-2-yl)amino)-2-bromo-
benzo[b]thiophene (2). n-BuLi (0.64 ml, 1.6 M solution in
hexane) was added into 1 (0.5 g, 0.93 mmol) solution in
dry Et;O (50 ml), under argon. After 3 h bromine (0.16 g,
1.03 mmol) was added dropwise at 0 °C under argon. The
solution was washed with 5% KOH and dried with
MgSO,. The solvent was evaporated. The pure product 2
was obtained by silica gel chromatography (eluent MC/Hx=
1:5, R;=0.6) to afford 2 in 69% yield. Mp: 191 °C. "H NMR
(CDCl3): 6 7.64 (d, J=9.0 Hz, 1H), 7.59 (d, J/=8.1 Hz, 2H),
7.58 (t, J=8.1 Hz, 2H), 7.50 (s, 1H), 7.39 (d, J=8.1 Hz, 2H),
7.36 (d, J/=9.0 Hz, 1H), 7.32-7.28 (m, 4H), 7.22 (s, 2H),
7.19 (s, 1H), 7.08 (d, J=8.1 Hz, 2H), 1.41 (s, 12H).
BC{'H} NMR (CDCl3): 6 1553, 153.7, 147.5, 1454,
142.2, 139.0, 135.2, 134.4, 133.8, 127.1, 126.7, 126.5,
126.3, 123.2, 122.7, 120.8, 119.5, 118.6, 116.7, 113.5,
47.0,27.2. MS: m/z 613 [M*]. Anal. Calcd for C33H;(,BrNS:
C,74.50; H, 4.94; N, 2.29. Found: C, 74.27; H, 4.93; N, 2.28.

3.1.4. 6-(Bis(9,9-dimethylfluoren-2-yl)amino)-2-formyl-
benzo[b]thiophene (3). n-BuLi (0.64 ml, 1.6 M solution in
hexane) was added into 1 (0.5 g, 0.93 mmol) solution in
dry Et;O (50 ml), under argon. After 3 h DMF (0.075 g,
1.03 mmol) was added at 0 °C under argon. The reaction
was continued for 2 h and washed with 5% KOH. The solu-
tion was dried with MgSO,, and the solvent was evaporated.
The pure product 3 was obtained by silica gel chromato-
graphy (eluent MC/Hx=1:1, R,=0.3) to afford 3 in 75%
yield. Mp: 187 °C. 'H NMR (CDCl3): 6 10.02 (s, 1H),
7.92 (s, 1H), 7.76 (d, J/=9.0 Hz, 1H), 7.66 (t, J=7.2 Hz,
2H), 7.65 (d, J=8.1Hz, 2H), 7.55 (s, 1H), 7.40 (d,
J=7.2Hz, 2H), 7.37 (d, J=9.0 Hz, 1H), 7.31 (t, J=8.1 Hz,
2H), 7.29 (d, J=8.0Hz, 2H), 7.24 (s, 2H), 7.16 (d,
J=8.0 Hz, 2H), 1.41 (s, 12H). 3C{'H} NMR (CDCl,):
0 184.1, 155.5, 153.7, 148.9, 146.6, 144.9, 141.5, 138.8,
135.5, 1334, 127.2, 127.0, 126.7, 125.4, 124.1, 122.7,
121.9, 120.9, 119.7, 119.6, 115.1, 47.0, 27.1. MS: m/z 561

[M*]. Anal. Calcd for C5oH5;NOS: C, 83.39; H, 5.56; N,
2.49. Found: C, 83.13; H, 5.55; N, 2.48.

3.1.5. 2-(5-(5,5-Dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)-
6-(V,N-bis(9,9-dimethylfluoren-2-yl)amino benzo[b]thio-
phene (4). A stirred mixture of 2 (0.4 g, 0.65 mmol), tribu-
tyl(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophen-2-yl)stannane
(0.47 g, 0.97 mmol), and Pd(PPh3), (0.075 g, 0.065 mmol)
in toluene (50 ml) was refluxed for 12 h. After cooling the
solution, H,O (10 ml) and brine were added to the solution.
The organic layer was separated and dried in MgSO,. The
solvent was removed in vacuo. The pure product 4 was
obtained by chromatographic work-up (eluent MC/Hx=1:1,
R;=0.3) as a yellow solid in 70% yield. Mp: 198 °C. 'H
NMR (CDCl3): 6 7.66 (d, J=9.0Hz, 1H), 7.63 (t,
J=17.2 Hz, 2H), 7.62 (d, J=9.0 Hz, 2H), 7.59 (s, 1H), 7.40
(d, J=7.2 Hz, 2H), 7.37 (d, J=9.0 Hz, 1H), 7.35-7.27 (m,
4H), 7.25 (s, 2H), 7.22 (s, 1H), 7.13 (d, J=3.3 Hz, 1H),
7.12 (d, J=9.0 Hz, 2H), 7.07 (d, J/=3.3 Hz, 1H), 5.64 (s,
1H), 3.76 (d, J=11.1 Hz, 2H), 3.66 (d, J=11.1 Hz, 2H),
1.43 (s, 12H), 1.32 (s, 3H), 0.82 (s, 3H). 3C{'H} NMR
(CDCly): 6 155.2, 153.6, 147.6, 145.4, 141.1, 140.6, 139.1,
137.9, 136.1, 134.2, 127.1, 126.6, 125.9, 125.7, 125.1,
124.1, 123.1, 122.6, 121.4, 120.7, 120.3, 119.6, 118.5,
117.3, 98.2, 77.6, 46.9, 30.3, 27.1, 23.1, 21.9. MS: m/z 729
[M™*]. Anal. Calcd for C45H43NO,S,: C, 78.98; H, 5.94; N,
1.92. Found: C, 78.74; H, 5.93; N, 1.91.

3.1.6. (E)-2-(2-(5-(5,5-Dimethyl-1,3-dioxan-2-yl)thio-
phen-2-yl)vinyl)-6-(N,N-bis(9,9-dimethylfluoren-2-yl))-
amino benzo[b]thiophene (5). A mixture of 3 (0.3 g,
0.53 mmol), 2-methylphophonate-5-thiophenecarboxyalde-
hyde 2,2-dimethylpropan-1,3-diyl acetal (0.28 g, 0.80
mmol), and potassium fert-butoxide (0.09 g, 0.80 mmol)
was vacuum-dried and THF (30 ml) was added. The solution
was refluxed for 6 h. THF was removed under reduced pres-
sure. The crude mixture was redissolved in dichloro-
methane, washed with water, and dried with MgSQO,. The
organic layer was removed in vacuo. The pure product S
was obtained by silica gel chromatography (eluent MC/
Hx=1:1, R;=0.6) to afford 5 in 82% yield. Mp: 195 °C.
'H NMR (CDCly): § 7.67 (t, J=7.0Hz, 2H), 7.63 (d,
J=9.0Hz, 1H), 7.59 (s, 1H), 7.58 (d, J=8.2 Hz, 2H),
7.42 (d, J=7.2 Hz, 2H), 7.39 (d, /=9.0 Hz, 1H), 7.35-7.27
(m, 4H), 7.23 (d, J=8.2 Hz, 2H), 7.16 (s, 2H), 7.14 (d,
J=16.5Hz, 1H), 7.13 (s, 1H), 7.12 (d, J=3.6 Hz, 1H),
7.00 (d, J=16.5 Hz, 1H), 6.95 (d, /=3.6 Hz, 1H), 5.62 (s,
1H), 3.76 (d, J=11.4 Hz, 2H), 3.65 (d, J=11.4 Hz, 2H),
1.45 (s, 12H), 1.33 (s, 3H), 0.83 (s, 3H). >*C{'H} NMR
(CDCl3): 6 155.2, 153.6, 151.8, 147.5, 145.6, 142.6, 141.2,
140.5, 140.3, 139.0, 135.9, 135.4, 134.3, 127.1, 126.7,
126.0, 123.9, 123.4, 123.2, 122.4, 122.3, 121.1, 120.7,
119.5, 118.6, 117.2, 98.2, 77.5, 46.9, 30.3, 27.1, 23.0,
21.9. MS: m/z 755 [M*]. Anal. Calcd for CsoH4sNO,S,: C,
79.43; H, 6.00; N, 2.18. Found: C, 79.19; H, 5.99; N, 2.17.

3.1.7. 2-(5-Formylthiophen-2-yl)-6-(N,N-bis(9,9-di-
methylfluoren-2-yl)amino benzo[b]thiophene (6). THF
(30 ml) and water (10 ml) were added to a flask containing
4 (0.3 g, 0.41 mmol). Then, TFA (3 ml) was added to the
solution. The resulting reaction mixture was stirred for 2 h
at room temperature. The solution was quenched with satu-
rated aqueous sodium bicarbonate and extracted with
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dichloromethane. The combined dichloromethane phases
were then washed with aqueous sodium bicarbonate and
dried with MgSO,. The organic layer was removed in vacuo.
The pure product 6 was obtained by silica gel chromato-
graphy (eluent MC/Hx=1:1, R,=0.3) to afford 6 in 95%
yield. Mp: 189 °C. 'H NMR (CDCls): 6 9.87 (s, 1H), 7.68
(d, J/=7.2Hz, 1H), 7.64 (t, J=7.2 Hz, 2H), 7.59 (d, J=
8.4 Hz, 2H), 7.57 (d, J=3.9 Hz, 1H), 7.54 (s, 1H), 7.41 (d,
J=17.2 Hz, 2H), 7.37 (d, J/=7.2 Hz, 1H), 7.32 (d, /=3.9 Hz,
1H), 7.30-7.26 (m, 4H), 7.25 (s, 2H), 7.13 (s, 1H), 7.12 (d,
J=8.4 Hz, 2H), 1.41 (s, 12H). '*C{'H} NMR (CDCls):
0 183.1, 155.3, 153.6, 147.2, 146.5, 142.2, 141.5, 138.9,
137.4,136.4,135.4,134.7,134.1,129.3, 128.4, 127.1, 126.7,
125.6, 125.1, 124.2, 122.6, 120.8, 119.6, 118.9, 116.3, 46.9,
27.1. MS: m/z 643 [M™*]. Anal. Calcd for C43H33NOS,: C,
80.21; H, 5.17; N, 2.18. Found: C, 79.96; H, 5.16; N, 2.17.

3.1.8. (E)-2-(2-Formylthiophen-2-yl)vinyl-6-(N,N-
bis(9,9-dimethylfluoren-2-yl))amino benzo[b]thiophene
(7). THF (30 ml) and water (10 ml) were added to a flask con-
taining 5 (0.27 g, 0.41 mmol). Then, TFA (3 ml) was added
to the solution. The resulting reaction mixture was stirred
for 2 h at room temperature. The solution was quenched
with saturated aqueous sodium bicarbonate, and extracted
with dichloromethane. The combined dichloromethane
phases were then washed with aqueous sodium bicarbonate
and dried with MgSO,. The organic layer was removed
in vacuo. The pure product 7 was obtained by silica gel
chromatography (eluent MC/Hx=1:1, R;=0.3) to afford 7
in 95% yield. Mp: 195 °C. '"H NMR (CDCl3): 6 9.85 (s,
1H), 7.66 (d, J=7.2 Hz, 1H), 7.65 (t, J=7.3 Hz, 2H), 7.60
(s, 1H), 7.59 (d, J=9.0 Hz, 2H), 7.54 (d, J=3.9 Hz, 1H),
7.39 (d, J=7.2 Hz, 2H), 7.37 (d, J=15.6 Hz, 1H), 7.36 (d,
J=7.2 Hz, 1H), 7.32 (d, J=3.9 Hz, 1H), 7.29 (d, J=7.2 Hz,
2H), 7.27 (t, J=9.0 Hz, 2H), 7.25 (s, 2H), 7.13 (s, 1H), 7.12
(d, J/=8.1 Hz, 2H), 6.97 (d, J=15.6 Hz, 1H), 1.41 (s, 12H).
13C{!H} NMR (CDCls): 6 184.7, 156.9, 155.7, 154.1,
148.8, 147.7, 142.2, 141.4, 140.5, 140.3, 139.4, 135.8,
135.0, 131.3, 127.6, 127.1, 126.0, 123.9, 123.1, 122.8,
122.5, 121.9, 121.2, 120.9, 119.3, 117.0, 116.8, 46.9, 27.1.
MS: m/z 669 [M*]. Anal. Calcd for C45sH35sNOS,: C, 80.68;
H, 5.27; N, 2.09. Found: C, 80.43; H, 5.26; N, 2.08.

3.1.9. (E)-3-(5-(6-(Bis(9,9-dimethylfluoren-2-yl)amino)-
benzothiophen-2-yl)thiophen-2-yl)-2-cyanoacrylic acid
(JK-16). A mixture of 6 (0.26 g, 0.40 mmol) and cyanoace-
tic acid (0.07 g, 0.80 mmol) was vacuum-dried and MeCN
(60 ml) and piperidine (0.039 ml, 0.40 mmol) were added.
The solution was refluxed for 6 h. After cooling the solution,
the organic layer was removed in vacuo. The pure product
JK-16 was obtained by silica gel chromatography (eluent
MC/MeOH=2:1, Rs=0.6) to afford JK-16 in 51% yield.
Mp: 231 °C. '"H NMR (DMSO-dy): 6 8.14 (s, 1H), 7.73 (d,
J=9.0 Hz, 1H), 7.72 (t, J=7.2 Hz, 2H), 7.71 (d, J/=8.1 Hz,
2H), 7.64 (s, 1H), 7.48 (d, J=3.8 Hz, 1H), 7.47 (s, 1H),
7.33-7.23 (m, 7H), 7.23 (d, J=3.8 Hz, 1H), 7.22 (s, 2H),
7.02 (d, J=8.1 Hz, 2H), 1.34 (s, 12H). *C{'H} NMR
(DMSO-dg): 6 164.0, 157.8, 154.8, 153.2, 148.6, 146.8,
145.4, 141.6, 140.4, 138.3, 137.0, 136.3, 135.7, 133.9,
128.1, 127.1, 126.7, 125.4, 1229, 122.7, 121.7, 121.2,
119.6, 119.0, 118.3, 116.7, 109.0, 46.5, 26.7. MS: m/z 710
[M+] Anal. Calcd for C46H34N20282: C, 7772, H, 482,
N, 3.94. Found: C, 77.48; H, 4.81; N, 3.93.

3.1.10. (Z)-3-(5-((E)-2-(6-(Bis(9,9-dimethylfluoren-
2-yl)amino)benzothiophen-2-yl)vinyl)thiophen-2-yl)-2-
cyanoacrylic acid (JK-17). A mixture of 7 (0.28 g,
0.41 mmol) and cyanoacetic acid (0.07 g, 0.83 mmol) was
vacuum-dried and MeCN (60 ml) and piperidine (0.041 ml,
0.41 mmol) were added. The solution was refluxed for 6 h.
After cooling the solution, the organic layer was removed
in vacuo. The pure product JK-17 was obtained by silica
gel chromatography (eluent MC/MeOH=2:1, R,=0.5) to
afford JK-17 in 51% yield. Mp: 243 °C. 'H NMR (DMSO-
de): 0 8.07 (s, 1H), 7.73 (d, J=7.1Hz, 1H), 7.72 (t,
J=7.3 Hz, 2H), 7.71 (d, J=8.1 Hz, 2H), 7.61 (d, J=3.9 Hz,
1H), 7.58 (s, 1H), 7.51 (d, J=8.1 Hz, 2H), 7.48 (d, J=
7.1 Hz, 1H), 7.41 (d, J=15.6 Hz, 1H), 7.34 (d, J=3.9 Hz,
1H), 7.29 (d, J=7.3 Hz, 2H), 7.27 (t, J=9.0 Hz, 2H), 7.25
(s, 2H), 7.14 (d, J=15.6 Hz, 1H), 7.09 (s, 1H), 7.01 (d,
J=9.0 Hz, 2H), 1.34 (s, 12H). 3C{'H} NMR (DMSO-dy):
0 163.6, 154.8, 153.2, 151.7, 148.8, 146.8, 146.7, 145.3,
140.4, 140.1, 138.3, 136.1, 135.6, 133.9, 127.8, 127.1,
126.7, 125.2, 124.6, 124.4, 1229, 122.8, 122.7, 122.2,
121.2, 119.6, 118.2, 116.7, 109.1, 46.4, 26.2. MS: m/z 732
[M+] Anal. Calcd for C48H36N202521 C, 7823, H, 492, N,
2.09. Found: C, 77.99; H, 4.90; N, 2.08.
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