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New organic dyes composed of the bertfafran donor, thiophene-conjugated bridge, and cyano acrylic
acid acceptor have been newly synthesized through the one-pot coupling cyclization key step.
Nanocrystalline TiQdye-sensitized solar cell was fabricated using this dye. A solar-to-electric conversion
efficiency of 6.65% and 4.70% is achieved withand 2, respectively.

Introduction coumarind indoline? oligoene? merocyaniné,and hemicyanine

: o I p
Dye-sensitized solar cells (DSSCs) are currently attracting dyed having efficiencies in the range of %. Nevertheless,

widespread interest as low-cost alternatives to conventional
solid-state photovoltaic devicédJntil now only three polypy- (2) (a) Nazeeruddin, M. K.; De Angelis, F.; Fantacci, S.; Selloni, A.;

; ; i ; Viscardi, G.; Liska, P.; Ito, S.; Takeru.B.; Gral, M. J. Am. Chem. Soc
ridyl ruthenium(ll) complexes have achieved power conversion 2005 127, 16835, (b) Nazeeruddin, M. K.:'Bey. P.- Renouard, T.-

efficiencies over 10% in standard air mass 1.5 sunfght. Zakeeruddin, S. M.; Humphry-Baker, R.. Comte, P.: Liska, P.: Cevey. L.;
Although the metal-complexed dyes exibited high effieciency Costa, E.; Shklover, V.; Spiccia, L.; Deacon, G. B.; Bignozzi, C. Atz

and stability, they are quite expensive and hard to purify M.J. Am. Chem. So@001 123 1613. ,
(3) (a) Hara, K.; Sato, T.; Katoh, R.; Furube, A.; Ohga, Y.; Shinpo, A;

compared to the metal-free organic dyeg. Recgntly, IMpressiveg,,oa °s - sayama, K.; Sugihara, H.: ArakawaJHPhys. Chem. B003
photovoltaic performance has been obtained with some organic107, 597. (b) Hara, K.; Kurashige, M.; Dan-oh, Y.; Kasada, C.; Shinpo,
A.; Suga, S.; Sayama, K.; Arakawa, New J. Chem2003 27, 783. (c)
* Corresponding author. Phone: 82-41-860-1337. Fax: 82-41-867-5396. Hara, K.; Sayama, K.; Ohga, Y.; Shinpo, A.; Suga, S.; ArakawaCirem.

T Korea University. Commun 2001, 569.

* Korea National University of Education. (4) (a) Horiuchi, T.; Miura, H.; Uchida, SChem. Commur2003 3036.
(1) (@) O’'Regan, B.; Gitzel, M. Nature 1991, 353 737. (b) Grteel, (b) Horiuchi, T.; Miura, H.; Sumioka, K.; Uchida, S Am. Chem. Soc
M.; Nature2001, 414, 338. (c) Yanagida, M.; Yamaguchi, T.; Kurashige, 2004 126, 12218. (c) Schmidt-Mende, L.; Bach, U.; Humphry-Baker, R.;

M.; Hara, K.; Katoh, R.; Sugihara, H.; Arakawa, khorg. Chem 2003 Horiuchi, T.; Miura, H.; Ito, S.; Uchida, S.; Gizel, M. Adv. Mater. 2005

42, 7921. (d) Wang, P.; Klein, C.; Humphry-Baker, R.; Zakeeruddin, 17, 813. (d) Ito, S.; Zakeeruddin, S. M.; Humphry-Baker, R.; Liska, P.;
S. M.; Grazel, M.J. Am. Chem. So005 127, 808. (e) Jang, S.-R.; Lee, Charvet, R.; Comte, P.; Nazeeruddin, M. K chg, P.; Takada, M.; Miura,
C.; Ko, J.; Lee, J,; Vittal, R.; Kim, K.-JChem. Mater2006 18, 5604. H.; Uchida, S.; Grzel, M. Adv. Mater. 2006 18, 1202.

10.1021/jo0625150 CCC: $37.00 © 2007 American Chemical Society
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many organic dyes have often presented low conversion aldehyde 2,2-dimethylpropane-1,3-diyl ac&adfollowed by

efficiency and low operation stability compared to metal-
complexed dyes. The major factor for the low conversion

reduction of the nitro group i4 using Raney Nf and
N-arylation under Ullmann conditiodd4.Subsequent cleavage

efficiency of many organic dyes in the DSSCs is due to the of the 1,3-dioxalane protecting group in aqueous acid produced
formation of dye aggregates on the semiconductor surface. Thethe free aldehyde&’. The aldehyde, upon reaction with cy-

low stability of organic dyes is due to the formation of unstable
radical species during redox reaction cycles.

anoacetic acid in the presence of a catalytic amount of piperidine
in CH3CN, produced thé dye. Organic dy@ was prepared by

new organic dyes, which are not aggregated and stable. Theby ring closure reaction &5 and coupling reaction of aldehyde

highly efficient organic dyes have an almost puglull structure

10with phosphonate under HorreEmmons-Wittig coupling

such as nonlinear optical molecules, which are composed of aconditions using potassiutert-butoxide in THF® The thiophene

donor, conjugated bridge, and acceptor, and many researcher§erivativellwas converted into thiophene-aldehytzwhich
have attempted to create organic dyes through the structuralProduced the organic dy2 upon treatment with cyanoacetic

modification of each donci®“25aconjugated bridgés4a5o.8or

acceptor unif2 Among these approaches, we are especially

interested in the structural modification of the organic dye’s

acid.

Figure 1 shows the UV/vis spectrum of tHesensitizer
measured in ethanol solution, and the data is collected in Table

donor unit and concerned about their structures and relatedl. The absorption spectrum of the sensitizer shows two

efficiencies for DSSC.

Very recently, we reported highly efficient and stable organic
dyes that have a bis-dimethylfluorenyl amino phenyl donornit.
The bis-dimethylfluorenyl moiety was introduced to prevent
aggregationvia molecular stacking by the bulky nonplanar

structure and to ensure greater resistance to degradation whefl"

exposed to light and high-temperatdfe.
In this article, as part of our efforts to develop more efficient

organic dyes, we report new organic dyes containing [bis(9,9-
dimethylfluoren-2-yl)amino]benzofuran as the electron donor
and cyanoacrylic acid as the electron acceptor bridged by a
thiophene unit. Although many structural frameworks such as
coumarin, aniline, and indoline have been employed as good

electron donor units, an organic dye containing the bdsjzo[
furan structural motif has never been explored for DSSCs.

Results and Discussion

absorption maxima of 463 nne & 25 300 dmd mol~t cm™1)
and 358 nm { = 36 700 dni mol~* cm™%) which are due to
thesr—s* transitions of the conjugated molecule. Under similar
conditions, the2 sensitizer exhibits absorption bands at 479 nm
(e = 33300 dnd mol~* cm™1) and 367 nm { = 40 600 dmi
ol cm™) that are red-shifted compared to thesensitizer.
When thel sensitizer was absorbed to Ti®lectrode, a slight
red shift from 463 to 468 nm was found due to the interaction
of the anchoring group with the surface titanium anions. The
absorption spectrum of thHieon the TiQ electrode is broadened.
Similar broadening and red shift have been reported in several
organic dyes on Ti@electrodes$:16 When thel sensitizer is
excited within itsz—s* bands in an air-equilibrated solution
at 298 K, it exhibits strong luminescence maximum at 627 nm.
To thermodynamically evaluate the possibility of electron
transfer from the excited-state of the dye to the conduction band
of the TiQ, electrode, a cyclic voltammogram was carried out
to determine the redox potentials (Table 1). The redox potentials
of two organic dyes on Ti®films were measured in MeCN

Scheme 1 illustrates the synthetic procedures of organic dyesyith 0.1 M tetra-n-butylammonium hexafluorophosphate (TBA-

1 and2 starting from 2-iodo-5-nitrophenol aceté8and 4-[bis-
(9,9-dimethylfluoren-2-yl)amino]-2- hydroxybenzaldehyglé
The key step in the synthesis band2 relies on the cyclization
of 3 and9. Organic dyel was prepared by one-pot coupling
cyclization of3 and 2-trimethylsilylacetyl-5-thiophene-carboxy-

(5) (a) Hara, K.; Kurashige, M.; Ito, S.; Shinpo, A.; Suga, S.; Sayama,

K.; Arakawa, H.;Chem. Commur2003 252. (b) Kitamura, T.; Ikeda, M.;
Shigaki, K.; Inoue, T.; Anderson, N. A.; Ai, X.; Lian, T.; Yanagida, S.;
Chem. Mater2004 16, 1806. (c) Hara, K.; Sato, T.; Katoh, R.; Furube,
A.; Yoshihara, T.; Murai, M.; Kurashige, M.; Ito, S.; Shinpo, A.; Suga, S.;
Arakawa, H.Adv. Funct. Mater 2005 15, 246.

(6) (a) Sayama, K.; Tsukagoshi, S.; Hara, K.; Ohga, Y.; Shinpou, A.;
Abe, Y.; Suga, S.; Arakawa, H. Phys. Chem. B2002 106, 1363. (b)
Sayama, K.; Hara, K.; Mori, N.; Satsuki, M.; Suga, S.; Tsukagoshi, S.;
Abe, Y.; Sugihara, H.; Arakawa, HChem. Commur200Q 1173.

(7) (@) Yao, Q.-H.; Shan, L.; Li, F.-Y.; Yin, D.-D.; Huang, C.-MNew
J. Chem 2003 27, 1277. (b) Wang, Z.-S.; Li, F.-Y.; Huang, C.-i&hem.
Commun 200Q 2063

(8) (a) Li, S. L.; Jiang, K. J.; Shao, K. F.; Yang, L. I@hem. Commun
2006 2792. (b) Koumura, N.; Wang, Z. X. S.; Mori, S.; Miyashita, M.;
Suzuki, E.; Hara, KJ. Am. Chem. SoQ006 128 14256. (c) Hagberg,
D. P.; Edvinsson, T.; Marinado, T.; Boschloo, G.; Hagfeldt, A.; Sun, L.
Chem. Commur2006 2245.

(9) Kim, S.; Lee, J. K.; Kang, S. O.; Ko, J.; Yum, J.-H.; Fantacci, S.;
De Angelis, F.; Di Censo, D.; Nazeeruddin, Md. K.; @el, M. J. Am.
Chem. Soc2006 128 16701.

(10) (a) Shirota, Y.; Kinoshita, M.; Noda, T.; Okumoto, K.; Ohara, T
J. Am. Chem. So®00Q 122, 11021. (b) Kim, S.; Song, K.-H.; Kang, S.
O.; Ko, J.Chem. Commur2004 68.

(11) Dai, W.-M.; Lai, K. W.Tetrahedron Lett2002,43, 9377.

PFs). The reference electrode was a silver wire calibrated with
Fc/Fc as an internal reference. The two organic dyes absorbed
on TiO; films showed quasireversible behaviors. The oxidation
potential of 1 dye was measured to be 0.60 V vs Fc/Fan
oxidation potential energetically favorable for iodide oxidation.
The reduction potential of dye calculated from the oxidation
potential and the &0 determined from the intersection of
absorption and emission spectra is listed in Table 1. The excited-
state oxidation potentialEpx*) of the dyes (. —1.70 V vs
Fc/Fct, —1.07 V vs NHE;2: —1.67 V vs Fc/F¢, —1.04 V vs
NHE) are much more negative than the conduction band level
of TiO, at approximately—0.5 V vs NHE.

In order to obtain the geometrical configuration and charac-
teristic features of the electronic structure, molecular orbital

(12) (a) Osuka, A.; Fujikane, D.; Shinmori, H.; Kobatake, S.; Irie, M.
J. Org. Chem2001, 66, 3913. (b) Shultz, D. A.; Gwaltney, K. P.; Lee, H.
J. Org. Chem1998 63, 4034.

(13) Ple P. A.; Green, T. P.; Hennequin, L. F.; Curwen, J.; Fennell, M;
Allen, J.; Lambert van der Brempt, C.; Costello, &.Med. Chem2004
47, 871.

(14) Bushby, R. J.; McGill, D. R.; Ng, K. M.; Taylor, NI. Mater. Chem
1997, 7, 2343.

(15) Yoshimura, H.; Yoshimura, H.; Kikuchi, K.; Hibi, S.; Tagami, K.;
Satoh, T.; Yamauchi, T.; Ishibahi, A.; Tai, K.; Hida, T.; Tokuhara, N.; Nagai,
M. J. Med. Chem200Q 43, 2929.

(16) Zhang, C.; Harper, A. W.; Dalton, L. Bynth. Commur2001, 31,
1361.
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SCHEME 1. Schematic Diagram for the Synthesis of Organic Dyes 1 and 2
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calculation of 1 was performed with B3LYP/3-21G*. The
HOMO is delocalized over the-conjugated system via the
amino unit through benzbJfuran moiety. Examination of the
HOMO and LUMO of 1 indicates that HOMGLUMO
excitation moved the electron distribution from the bisdimeth-
ylfluorenyl amino framework to the cyanoacrylic acid group
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screen printing Ti@paste (13 nm anatase) and was sintered at
450°C for 30 min. Then, a paste for the transparent layer was
coated with a scattering layer (HWP-400) and was again sintered
at 450°C for 30 min. The resulting layer was composed of a
13 um thick transparent layer and 14n thick scattering layer.
The TiG; electrodes were treated again by Nbfllowed by

(Figure 2). Therefore, the change in electron distribution induced oxidation at 500°C for 30 min. The TiQ electrode was
by photoexcitation results in an efficient charge separation. The immersed into thd solution (0.3 mM dye in ethanol containing

2 dye showed similar configuration geometry o

For the preparation of DSSC, the washed FTOQ8q ™,
2.3 mm thickness) glass plate was immersed in 40 mM 4TiCl
of aqueous solution at 6@ for 30 min and washed with water
and ethanol as reported by the "&el group!® A transparent

10 mM 3a,7a-dihydroxy-5b-cholic acid (Cheno)) and kept at
room temperature for 18 h. The chenodeoxycholic acid was
added to the dye solution to enhance the cell efficiency of dye
on the TiQ electrode'® A counter electrode was coated with a
drop of HPtCk solution (2 mg Ptin 1 mL ethanol) on a FTO

nanocrystalline layer on the FTO glass plate was prepared byplate and heated at 40C for 15 min. The dye-adsorbed TiO

(17) (a) Niesch, F.; Moser, J. E.; Shklover, V.; @Gal, M.J. Am. Chem.
Soc 1996 118 5420. (b) Li, S.-L.; Jiang, K.-J.; Shao, K.-F.; Yang, L.-M.
Chem. Commur2006 2792.

(18) Nazeeruddin, M. K.; Kay, A.; Rodicio, I.; Humphry-Baker, R.;
Muller, E.; Liska, P.; Vlachopoulos, N.; Gzel, M. J. Am. Chem. Soc
1993 115 6382.

3654 J. Org. Chem.Vol. 72, No. 10, 2007

electrode and Pt counter electrode were assembled into a sealed
sandwich type cell by heating with a Surlyn film (26m
thickness) as a spacer between the electrode. The electrolyte
was then introduced into the cell, which was composed of 0.6

(19) Kay, A. Grazel, M. J. Phys. Cheml1993 97, 6272.
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FIGURE 1. Absorption and emission spectra of théblue line) dye an (red line) in EtOH compared with the absorption spectrum of the dye
anchored to Ti@(dashed line). The emission spectra (dotted line) were obtained by exciting the same solution at 450 nm at 298 K. The concentration
for the solution was 1% M.

TABLE 1. Optical, Redox, and DSSC Performance Parameters of Dyes

dye  Aaps?nm (/dm*M~1cm?) Eox,? (AER)/V Eo-o.ceV ELumodV Jsc(MA cm~2) Voc (V) FF 7e (%)
1 463 (25300) 0.60 (0.36) 2.30 —1.70 14.3% 0.25 0.70+ 0.01 0.66+ 0.01 6.65+ 0.20
2 479 (33300) 0.52 (0.28) 2.19 —1.67 11.43+ 0.22 0.67+0.01 0.62+ 0.02 4.70+ 0.15

a Absorption spectra were measured in ethanol solufi@xidation potential of dyes on TiOvas measured in GEN with 0.1 M (n-GHg)4NPFs with
a scan rate of 50 mVd (vs Fc/F¢). ¢ Eg—o was determined from the intersection of absorption and emission spectra in ethanglo was calculated by
Eox — Eo-o. ¢ Performances of DSSCs were measured with 0.18working area.e: absorption coefficientEox: oxidation potential AEp: Epa — Epg
Eo-o: voltage of intersection point between absorption and emission spégtrahort-circuit photocurrent density,: open-circuit photovoltage; FF: fill
factor; #: total power conversion.
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FIGURE 2. Isodensity surface plots of the HOMO and LUMO bfa) and2 (b).

M 3-hexyl-1,2-dimethylimidazolium iodide, 0.04 M iodine, 2 dyes are presented and compared with N719 dye in Figure 3.
0.025 M Lil, 0.05 M guanidium thiocyanate, and 0.28tbft- Under standard global AM 1.5 solar conditions, thend 2
butylpyridine in acetonitrile. The photovoltaic measurements sensitized cell gave the short circuit photocurrent densgy (
were recorded under the simulated AM 1.5 irradiation (1000 of 14.39 & 0.25 and 11.43+ 0.22 mA cnT?, open circuit

W xenon light). voltage {oc) of 0.70+ 0.01 and 0.6 0.01 V and a fill factor
TheJ-V curve and incident mono-chromatic photon-to-current of 0.66 + 0.01 and 0.62t 0.02, corresponding to an overall
conversion efficiency (IPCE) for the DSSCs based onlthad conversion efficiencyy, derived from the equationy = JscVoc

J. Org. ChemVol. 72, No. 10, 2007 3655
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FIGURE 3. J-V curves of DSSCs prepared with film of N719), 1
(----), and2 (~~). The inset shows IPCE spectra of DSSCs containing
1 and2. Light intensity was 100 mW/cfn

FF/light intensity, of 6.65t 0.20 and 4.7Gt 0.15%, respec-
tively. In the same condition, the N719 sensitized cell gave a
Jsc Of 18.444+ 0.40 mA cn12, Vo of 0.75+ 0.01 V and a fill
factor of 0.67+ 0.01, corresponding tg of 9.16 4+ 0.25%.
The IPCE data ofl and 2 sensitizer plotted as a function of
excitation wavelength exhibits a high plateau at 77% and 66%,
respectively.

From these results, we have observed thaMfieand Js. of
dye 1 were higher than that of dyZzeven though dy& exhibited
a similar LUMO level and greater absorption strength. Phe
had a more enhanced optical data thanXrdye. To explain
these results clearly, we investigated the amount$ and 2
adsorbed on Ti@ film. However, we cannot explain the

Jung et al.

2-Trimethylsilylethynyl-5-(5,5-dimethyl-1,3-dioxan-2-yl)th-
iophene A mixture of 2-bromo-5-thiophenecarboxyaldehyde 2,2-
dimethylpropane-1,3-diyl acetal (1.40 g, 5.1 mmol), trimethylsily-
lacetylene (0.78 mL, 5.6 mmol), Pd(PHh(5 mol %), and Cul (5
mol %) were dissolved in degassed triethylamine (30 mL). The
solution was refluxed for 8 h. After the solution was cooledDH
(30 mL) and dichloromethane (50 mL) were added to the solution.
The organic layer was separated and dried with Mg3®e organic
layer was removeih vacua The pure product was obtained brown
oil by silica gel chromatography (eluent MC:Hx 1:1, R = 0.4)
to afford acetal (1.38 g) in 92% yieldH NMR (CDCL): 6 7.09
(d,J=3.90 Hz, 1H), 6.95 (dJ = 3.90 Hz, 1H), 5.56 (s, 1H), 3.73
(d, J = 11.10 Hz, 2H), 3.60 (dJ = 11.10 Hz, 2H), 1.25 (s, 3H),
0.79 (s, 3H), 0.24 (s, 9H}3C{H} NMR (CDCls): ¢ 143.1,132.2,
124.8, 123.6, 99.1, 97.9, 97.7, 77.6, 30.3, 23.0, 21.9, 0.0. M3:
294 [M*]. Anal. Calcd. for GsH»,SSIQ: C, 61.18; H, 7.53.
Found: C, 61.02; H, 7.44.

2-(5-(5,5-Dimethyl-1,3-dioxan-2-yl)thiophene-2-yl)-6-nitroben-
zofuran (4). A mixture of 3 (1.00 g, 3.8 mmol), 2-trimethylsilyl-
ethynyl-(5-(5,5-dimethyl-1,3-dioxan-2-yl)thiophene (1.11 g, 3.8
mmol), K,CO; (1.05 g, 7.6 mmol), Pd(PRBJa (5 mol %), and Cul
(5 mol %) were dissolved in degassed diethylamine (10 mL) and
acetonitrile (50 mL). The solution was refluxed for 8 h. After the
solution was cooled, ¥ (30 mL) and dichloromethane (50 mL)
were added to the solution. The organic layer was separated and
dried with MgSQ. The organic layer was removéd vacua The
pure product was obtained by silica gel chromatography (eluent
MC:Hx = 1:1, R = 0.4) to afford4 (0.12 g) in 44% yield. Mp:
142°C.H NMR (CDCly)): 6 8.37 (s, 1H), 8.17 (d) = 8.70 Hz,
1H), 7.60 (d,J = 8.70 Hz, 1H), 7.48 (dJ = 3.90 Hz, 1H), 7.16
(d,J=3.90 Hz, 1H), 6.92 (s, 1H), 5.67 (s, 1H) 3.79 {d+ 11.40
Hz, 2H), 3.67 (dJ = 11.40 Hz, 2H), 1.30 (s, 3H), 0.82 (s, 3H).
13C{1H} NMR (CDCl): ¢ 156.6, 144.3, 143.5, 135.4, 134.3, 131.9,
126.2, 120.4, 119.3, 116.2, 107.6, 101.2, 97.9, 77.7, 30.4, 23.1,
21.9. MS: mVz 359 [M*]. Anal. Calcd. for GgH1/NOsS: C, 60.15;
H, 4.77. Found: C, 59.87; H, 4.68.

differences of their adsorbed amounts because they were very 2-(5-(5,5-Dimethyl-1,3-dioxan-2-yl)thiophene-2-yl)-6-aminoben-

similar. On the other hand, we believed that because the more

conjugated organic dyes with a vinyl bridge unit are more
flexible on TiO, surface than that of short conjugated dye or
rigid conjugated dyes, the flexible conjugated organic dyes can
lie on the neighboring Ti@surface and can affect the electronic
state of the band potential of the Ti@onduction band, and
these effects can reduce the electron injection efficiency from
dye to TiQ. Thus, thelsc andV, of dye 2 may be lower than
that of dyel due to these reasons. Now, we are working on
finding evidence to support these explanations.

Conclusion

This work has demonstrated that the two organic dyes\d
2 containing bis-dimethylfluorenyl amino benbifuran moiety
are very efficient dyes for dye-sensitized solar cells. And that
dye 1 was newly synthesized through the one-pot coupling
cyclization key step. We believe that the development of
alternative highly efficient organic dyes to ruthenium complexes
is possible through more sophisticated structural modifications,
and these works are now in progress.

Experimental Section

Cyclovoltagram. A three-electrode system was used and con-
sisted of a gold disk, working electrode, and a platinum wire
electrode. Redox potential of dyes on Ti@ere measured in GH
CN with 0.1M (n-GHg)4N—PF; a scan rate between 50 mVfgvs
Fc/Fch).

3656 J. Org. Chem.Vol. 72, No. 10, 2007

zofuran (5). Methanol (30 mL), Raney nickel (0.020 g), and
hydrazine hydrate (0.097 mL, 2 mmol) were warmed to-55
60 °C, and4 (0.18 g, 0.5 mmol) was added portionwise. The
reaction mixture was then heated to reflux for 5 h. The catalyst
was removed by filtration, the solvent evaporated, and the residue
dissolved in water and extracted with dichloromethane. The organic
phase was dried over magnesium sulfate and the solvent evaporated.
The pure produck was obtained by silica gel chromatography
(eluent MC,R: = 0.5) to afford5 (0.064 g) in 39% yield. Mp:
160°C. *H NMR (CDCly)): ¢ 7.28 (d,J = 8.10 Hz, 1H), 7.25 (d,
J=23.60 Hz, 1H), 7.08 (dJ = 3.60 Hz, 1H), 6.79 (s, 1H), 6.72 (s,
1H), 6.59 (d,J = 8.10 Hz, 1H), 5.64 (s, 1H), 3.77 (d,= 11.40
Hz, 2H), 3.65 (dJ = 11.40 Hz, 2H), 1.30 (s, 3H), 0.80 (s, 3H).
3C{1H} NMR (CDCly): ¢ 156.2, 149.3, 144.7, 140.6, 134.1, 125.8,
122.8,121.2,121.0,112.5,101.5, 98.2, 97.3, 77.6, 30.3, 23.0, 21.9.
MS: m/z 329 [M*]. Anal. Calcd. for GgH1gNOsS: C, 65.63; H,
5.81. Found: C, 65.39; H, 5.68.
2-(5-(5,5-Dimethyl-1,3-dioxan-2-yl)thiophene-2-yl)-8N,N-bis-
(9,9-dimethylfluoren-2-yl)aminobenzofuran (6) A stirred mixture
of 5 (0.2 g, 0.6 mmol), 2-iodo-9,9-dimethylfluorene (0.42 g, 1.3
mmol), powdered anhydrous potassium carbonate (0.36 g, 2.7
mmol), copper bronze (0.13 g, 0.2 mmol), 18-crown-6 (0.02 g, 0.07
mmol), and 1,2-dichlorobenzene (40 mL) was refluxed for 48 h.
After cooling, the insoluble inorganic material was filtered off under
suction and the dark brown filtrate collected. The insoluble material
was washed with dichloromethane {330 mL). The combined
filtrate and organic phase was washed with dilute aqueous ammonia
and water and dried with magnesium sulfate. The solvent was
removed under reduced pressure. The pure prddlwets obtained
by silica gel chromatography (eluent MC:Hx 1:1, Ry = 0.5) to
afford 6 (0.22 g) in 51% yield. Mp: 193C. H NMR (CDClL)):
0 7.70 (s, 1H), 7.65 (dJ = 6.90 Hz, 2H), 7.59 (dJ = 7.80 Hz,
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2H), 7.42 (d,J = 8.10 Hz, 1H), 7.39 (dJ = 6.90 Hz, 2H), 7.35 127.1,126.6, 123.4, 122.6, 120.7, 119.5, 118.8, 116.5, 109.6, 108.5,
(d,J=7.80 Hz, 2H), 7.35 (tJ = 7.80 Hz, 2H), 7.32 (tJ = 7.80 55.3, 46.9, 27.2. MSm/z 507 [M*]. Anal. Calcd. for G/H33sNO:
Hz, 2H), 7.31 (dJ = 7.80 Hz, 2H), 7.28 (s, 2H), 7.357.05 (m, C, 87.54; H, 6.55. Found: C, 87.30; H, 6.43.
3H), 6.82 (s, 1H), 5.64 (s, 1H) 3.77 (d,= 11.10 Hz, 2H), 3.65 3-(N,N-Bis(9,9-dimethylfluoren-2-yl)aminophenol 3-(N,N-Bis-
(d, J=11.10 Hz, 2H), 1.42 (s, 12H), 1.39 (s, 3H), 0.81 (s, 3H). (9,9-dimethylfluoren-2-yl)aminoanisole (0.13 g, 0.26 mmol) was
13C{H} NMR (CDCly): ¢ 166.8, 156.4, 155.2, 153.7, 139.3, 134.4, dissolved in CHCI, (50 mL). BBr; (0.05 mL, 0.52 mol) was added
132.2,127.1, 126.5, 126.0, 125.1, 122.6, 120.8, 119.6, 118.4, 117.4 dropwise into the solution af78 °C. The mixture was further stirred
1125, 111.6, 107.3, 105.8, 101.5, 101.0, 98.2, 95.7, 93.0, 72.0,for 8 h atroom temperature. Saturated aqueousCQ® (30 mL)
47.0, 30.3, 27.2, 23.1, 21.9. MSw/z 713 [M*]. Anal. Calcd. for was added to quench the reaction. The organic layer was separated.
CugH43sNOsS: C, 80.75; H, 6.07. Found: C, 80.42; H, 5.97. The aqueous layer was extracted with dichloromethang &0
2-(5-Formylthiophene-2-yl)-6-bis(9,9-dimethylfluoren-2-yl)- mL). The combined extracts were washed with water and dried
aminobenzofuran (7} THF (30 mL) and water (10 mL) were  with MgSQO,. The organic layer was removéad vacua The pure
added to a flask containing (0.1 g, 0.14 mmol). Then, TFA (2 product phenol was obtained by silica gel chromatography (eluent
mL) was added to the solution. The resulting reaction mixture was MC:Hx = 1:1, R = 0.1), 66% yield (0.085 g). Mp: 22iC. H
stirred fa 2 h atroom temperature, quenched with saturated aqueous NMR (CDCl;): 6 7.65 (d,J = 7.80, 2H), 7.60 (d,) = 8.10 Hz,
sodium bicarbonate, and extracted with dichloromethane. The 2H), 7.40 (dJ = 7.80 Hz, 2H), 7.32 (tJ = 8.10 Hz, 2H), 7.29 (t,
combined dichloromethane phases were then washed with aqueousd = 8.10 Hz, 2H), 7.23 (s, 2H), 7.13 d,= 7.80 Hz, 1H), 7.10 (d,
sodium bicarbonate and dried MgsQOrhe organic layer was  J=8.10 Hz, 2H), 6.77 (dJ = 7.80 Hz, 1H), 6.66 (s, 1H), 6.51 (d,
removedin vacua The pure produc? was obtained by silica gel ~ J=7.80 Hz, 1H), 1.41 (s, 12H}3C{*H} NMR (CDCl): ¢ 156.5,
chromatography (eluent EA:Hx 1:2, Ry = 0.5) to afford7 (0.06 155.2,153.7, 149.6, 147.4,139.1, 134.4, 130.2, 127.1, 126.6, 123.5,
g) in 70% yield. Mp: 188C.*H NMR (CDCl): 4 9.90 (s, 1H), 122.6, 120.7, 119.6, 119.0, 116.5, 110.8, 119.6, 47.0, 27.2. MS:

7.71 (d,J = 3.60 Hz, 1H), 7.63 (dJ = 6.90 Hz, 2H), 7.59 (dJ = m/z 493 [M*]. Anal. Calcd. for GgHzNO: C, 87.59; H, 6.33.
7.80 Hz, 2H), 7.46 (s, 1H), 7.45 (d,= 3.60 Hz, 1H), 7.40 (d,  Found: C, 87.36; H, 6.19.

J=6.90 Hz, 2H), 7.33 (tJ = 7.80 Hz, 2H), 7.32 (tJ = 7.80 Hz, 4-(Bis(9,9-dimethylfluoren-2-yl)amino)-2-hydroxybenzalde-
2H), 7.28 (dJ = 8.10 Hz, 1H), 7.24 (s, 2H), 7.16 (d= 8.10 Hz, hyde (8). A mixture of POC} (1.05 g, 10.9 mmol) in DMF (10
1H), 7.12 (d,J = 7.80 Hz, 2H), 7.06 (s, 1H), 1.42 (s, 12HyC- mL) was cooled at °C. 3-(N,N-Bis(9,9-dimethylfluoren-2-yl)-

{*H} NMR (CDCl): 6 182.6, 156.8, 155.4, 153.7, 149.7, 147.5, aminophenol (2.7 g, 5.47 mmol) was dissolved in DMF (20 mL).
147.1,142.5,139.1, 137.1, 134.6, 127.2, 126.8, 124.3, 124.0, 123.5,The POC} solution was then added dropwise intol8A{-bis(9,9-
122.7,121.6,121.2,120.8, 119.6, 118.9, 112.3, 106.7, 105.1, 47.0 dimethylfluoren-2-yl)aminophenol at 8C. The reaction mixture
27.2. MS: m/z627 [M*]. Anal. Calcd. for GsH33NO,S: C, 82.27; was reacted fio2 h and then hydrolyzed with water (40 mL) for 6
H, 5.30. Found: C, 82.09; H, 5.22. h. The crude product was extracted with &H (3 x 50 mL).
(E)-3-(5-(6-(Bis(9,9-dimethylfluoren-2-yl)amino)benzofuran- The combined extracts were washed with water and dried with
2-yl)thiophene-2-yl)-2-cyanoacrylic Acid (1) A mixture of 7 MgSQ.. The organic layer was removédvacua The pure product
(0.03 g, 0.05 mmol) and cyanoacetic acid (0.01 g, 0.1 mmol) were 8 was obtained by silica gel chromatography (eluent MC=ix
vacuum-dried and added MeCN (60 mL) and piperidine (0.003 mL). 1:1, R = 0.1) to afford8 (1.97 g) in 69% yield. Mp: 196C. H
The solution was refluxed for 6 h. After the solution was cooled, NMR (CDCl): 6 11.43 (s, 1H), 9.63 (s, 1H), 7.69 (d,= 8.10
the organic layer was removéu vacua The pure product was Hz, 4H), 7.42 (d,J = 8.10 Hz, 2H), 7.35 (tJ = 8.10 Hz, 2H),
obtained by silica gel chromatography (eluent EA:Me©&H.0:1, 7.33 (t,J = 11.10 Hz, 2H), 7.31 (dJ = 8.40 Hz, 1H), 7.25 (s,
R: = 0.1) to afford1 (0.016 g) in 47% vyield. Mp: 229C. H 2H), 7.2 (d,J = 8.10 Hz, 2H), 6.62 (dJ = 8.40 Hz, 1H), 6.50 (s,
NMR (DMSO): 6 8.03 (s, 1H), 7.75 (dJ = 8.10 Hz, 2H), 7.74 1H), 1.43 (s, 12H)!3C{H} NMR (CDCly): ¢ 192.5, 163.8, 155.8,
(d,d=7.50 Hz, 2H), 7.69 (dJ = 3.60 Hz, 1H), 7.63 (dJ = 3.60 155.6, 153.9, 145.1, 138.6, 136.9, 134.8, 127.4, 127,3, 125.7, 122.8,
Hz, 1H), 7.60 (d,J = 8.40 Hz, 1H), 7.50 (dJ = 7.50 Hz, 2H), 121.1,120.3, 114.7, 113.0, 111.6, 105.5, 47.1, 27.2. M&521
7.40 (s, 1H), 7.32 (1) = 8.10 Hz, 2H), 7.36-7.26 (m, 4H), 7.10 [M*]. Anal. Calcd. for G/H3:NO;: C, 85.19; H, 5.99. Found: C,
(s. 1H), 7.05 (dJ = 8.40 Hz, 1H), 7.04 (dJ = 8.10 Hz, 2H), 1.37 84.92; H, 5.78.
(s, 12H).13C{H} NMR (DMSO): ¢ 158.2, 155.2, 154.8, 153.2, 4-(Bis(9,9-dimethylfluoren-2-yl)amino)-2-(2,2-diethoxyethoxy)-
146.9, 145.7, 138.3, 137.4, 136.6, 133.8, 127.9, 127.5, 127.1, 125.0benzaldehyde (9) A solution of 8 (0.47 g, 0.92 mmol), KCOs
124.3,123.1,122.8,121.2,119.6, 118.1, 117.6, 116.9, 114.2, 109.0(0.25 g, 1.84 mmol), and bromoacetaldhyde diethylacetal (0.14 mL,

107.2, 104.6, 104.0, 99.6, 46.5, 26.7. MBvz 694 [M*]. Anal. 0.92 mmol) in DMF (50 mL) was refluxed for 6 h. DMF was

Calcd. for GgH34N205S: C, 79.51; H, 4.93. Found: C, 79.48; H, removed under reduced pressure. The crude mixture was redissolved

4.90. in ethyl acetate (100 mL). The organic layer was washed with water
3-(N,N-Bis(9,9-dimethylfluoren-2-yl)aminoanisole A stirred (100 mL) and collected. The aqueous layer was extracted with ethyl

mixture of m-aminoanisole (1.04 mL, 9.23 mmol), 2-iodo-9,9- acetate (2x 50 mL). The combined extracts were dried with
dimethylfluorene (6.5 g, 20.3 mmol), powdered anhydrous potas- MgSQs. The organic layer was removédvacua The pure product
sium carbonate (5.62 g, 40.6 mmol), copper bronze (1.93 g, 30.5 9 was obtained by silica gel chromatography (eluent EAsH:5,
mmol), 18-crown-6 (0.29 g, 1.11 mmol), and 1,2-dichlorobenzene R: = 0.5) to afford9 (1.08 g) in 72% yield. Mp: 132C.H NMR

(70 mL) was refluxed for 48 h. After cooling, the insoluble (CDCLk): 6 10.41 (s, 1H), 7.80 (d] = 8.40 Hz, 1H), 7.71 (d) =
inorganic material was filtered off and the dark brown filtrate was 7.80 Hz, 4H), 7.44 (d) = 7.80 Hz, 2H), 7.38 (s, 2H), 7.31 d,=
collected. The insoluble material was washed with dichloromethane 7.80 Hz, 4H), 7.23 (dJ = 7.80 Hz, 2H), 6.77 (dJ = 8.40 Hz,

(3 x 50 mL). The combined filtrate and organic phase was washed 1H), 6.74 (s, 1H), 4.85 (§ = 5.10 Hz, 1H), 3.92 (dJ = 5.10 Hz,

with dilute agueous ammonia and water and dried with magnesium 2H), 3.75 (m, 2H), 3.61 (m, 2H), 1.48 (s, 12H), 1.22Jt 6.60
sulfate. The solvent was removed under reduced pressure. The purélz, 6H),. 13C{*H} NMR (CDCls): ¢ 187.4, 162.2, 155.2, 154.8,
product was obtained by silica gel chromatography (eluent MC: 153.5, 145.4, 138.4, 136.2, 129.4, 127.1, 124.9, 122.5, 120.9, 120.4,
Hx = 1:2,R = 0.4) in 41% yield (1.92 g). Mp: 243C.H NMR 119.7,118.5,113.2,103.2,100.2, 68.9, 62.9, 62.3, 46.8, 26.9, 15.2.
(CDCly): 6 7.66 (d,J = 7.50, 2H), 7.60 (d,J = 8.40 Hz, 2H), MS: m/z 637 [MT]. Anal. Calcd. for GsH43sNO,: C, 80.97; H,
7.40 (d,J = 7.50 Hz, 2H), 7.32 (tJ = 8.40 Hz, 2H), 7.30 (tJ = 6.80. Found: C, 80.68; H, 6.66.

8.40 Hz, 2H), 7.25 (s, 2H), 7.18 3,= 8.10 Hz, 1H), 7.10 (dJ = 6-(Bis(9,9-dimethylfluoren-2-yl)amino)-2-formylbenzofuran

8.40 Hz, 2H), 6.78 (dJ = 8.10 Hz, 2H), 6.76 (s, 1H), 6.61 (d,  (10). A solution of9 (0.13 g, 0.20 mmol) in acetic acid (50 mL)

J = 8.10 Hz, 1H), 3.72 (s, 3H), 1.42 (s, 12HFC{H} NMR was refluxed for 6 h. Saturated aqueous NaHQ&D mL) and
(CDCly): 6 160.6, 155.1, 153.7, 149.4, 147.5, 139.1, 134.3, 129.9, dichloromethane were added to quench the reaction. The organic
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layer was separated. The aqueous layer was extracted with (E)-2-(5-Formylthiopheneyl)vinyl-6-N,N-bis(9,9-dimethylfluo-
dichloromethane (% 50 mL). The combined extracts were dried ren-2-yl)Jaminobenzofuran (12) THF (30 mL) and water (10 mL)
with MgSQ,. The organic layer was removéa vacua The pure were added to a flask containidg (0.1 g, 0.13 mmol). Then, TFA
productl0was obtained by silica gel chromatography (eluent MC: (2 mL) was added to the solution. The resulting reaction mixture
Hx = 1:1, R = 0.3) to afford10 (0.033 g) in 30% yield. Mp: was stirred fo 2 h atroom temperature, quenched with saturated
184°C. 1H NMR (CDCl): 6 9.75 (s, 1H), 7.68 (dJ = 7.50 Hz, aqueous sodium bicarbonate, and extracted with dichloromethane.
2H), 7.65 (d,J = 8.10 Hz, 2H), 7.57 (d) = 8.40 Hz, 1H), 7.49 (s, The combined dichloromethane phases were then washed with
1H), 7.42 (dJ = 7.50 Hz, 2H), 7.35 (tJ = 8.10 Hz, 2H), 7.32 (s, aqueous sodium bicarbonate and dried with MgSIhe organic
1H), 7.28 (s, 2H), 7.27 (§ = 8.10 Hz, 2H), 7.19 (dJ = 8.40 Hz, layer was removeth vacua The pure product2 was obtained by
1H), 7.16 (d,J = 8.10 Hz, 2H), 1.43 (s, 12H}3C{*H} NMR silica gel chromatography (eluent EA:Hx1:2, R = 0.4) to afford
(CDCly): 6 178.8,158.1, 155.5, 153.7, 152.8, 150.3, 146.7, 138.8, 12 (0.06 g) in 72% yield. Mp: 180C. IH NMR (CDCly): 6 9.85
135.5,127.2,127.0, 124.2,123.8, 122.7,121.2, 121.0, 120.7, 120.0(s, 1H), 7.66 (d,) = 6.90 Hz, 2H), 7.65 (dJ = 3.90 Hz, 1H), 7.61
119.7, 118.7, 105.0, 47.0, 27.2. M&Vz 545 [M*]. Anal. Calcd. (d,J = 8.10 Hz, 2H), 7.42 (dJ = 8.10 Hz, 1H), 7.39 (dJ = 6.90
for CaHaiNO,: C, 85.84; H, 5.73. Found: C, 85.68; H, 5.58. Hz, 2H), 7.32 (t,J = 8.10 Hz, 2H), 7.327.26 (m, 4H), 7.25 (s,
Diethyl (5-(5,5-Dimethyl-1,3-dioxan-2-yl)thiophene-2-yl)m- 2H), 7.14 (d,J = 3.90 Hz, 1H), 7.11 (dJ = 8.10 Hz, 2H), 7.10
ethylphosphonate A mixture of 2-methylphosphonate-5-formylth-  (d, J = 8.10 Hz, 1H), 6.99 (dJ = 15.90 Hz, 1H), 6.75 (s, 1H),
iophene (10.5 g, 40.0 mmol), neopentylglycol (5.0 g, 48.0 mmol), 1.42 (s, 12H)13C{*H} NMR (CDCl): 6 174.7, 165.5, 165.1, 163.1,
andp-toluenesulfonic acid (0.76 g) were dissolved in benzene (80 158.4, 156.5, 155.2, 154.5, 153.7, 153.1, 151.0, 150.0, 147.6, 141.7,
mL). The reaction mixture was refluxedrf@ h and then cooled 139.1, 134.4,129.2, 128.5, 128.2, 127.3, 124.0, 122.6, 121.0, 119.6,
and washed with aqueous sodium bicarbonate (100 mL). The 118.8, 117.5, 96.3, 47.0, 25.8. MSw/z 653 [M*]. Anal. Calcd.
combined benzene layers were then dried with MgSiliered, for CasHasNO,S: C, 82.66; H, 5.40. Found: C, 82.35; H, 5.27.

gggj e‘fapﬁlr\jl‘gmcgg“?‘g g'g'g 3°Jet_"’"sagoaHye”1°;’|V Oé' 5359’ (2)-3-(5-((E)-2-(6-(Bis(9,9-dimethylfluoren-2-yl)amino)benzo-
= 30%'0 Hy 1H)(5 57 (?g' 1H).4 0(7 ’(m_4|-'|) 3 724 Qd=)’11. 10 (Hz furan-2-yl)vinyl)thiophene-2-yl)-2-cyanoacrylic Acid (2). A mix-
2H)' 3 62 (,dJ 2 1‘1 10 'HZ 2’H)' 332 de Z 2i 60 I—iz 2|'_|) 1 2§ ture of 12 (0.11 g, 0.17 mmol) and cyanoacetic acid (0.03 g, Q.34
(t J, s > 20,Hz GH) | Zé s '3l—.|) 0.79 (s éI—FFC{l’H} I\]Mh mmol) were vacuum-dried, and MeCN (60 mL) and piperidine
(éDCI ) .6 14021 132' 7' 1286 1264 '124 7’ 979' 765 621 29.9 (0.005 mL) were added. The solut!on was refluxed for 6 h. After
50 7 321 5 161 MSmz 348 [M+j 'Anal. Caled. for q oo the solution was cooled, the organic layer was remaneghcua
SQP C. él 7.1"H 7'23 Found: C 51 4'6_ H 7.16 SHies The pure produc® was obtained by silica gel chromatography
T S e G . (eluent EA:MeOH= 10:1,R; = 0.1) to afford2 (0.061 g) in 51%

(E)-2-(5-(5,5-Dimethyl-1,3-dioxan-2-yl)thiophene-2-yl)vinyl- yield. Mp: 239°C. IH NMR (DMSO): & 8.12 (s, 1H), 7.70 (d
6-N,N-bis(9,9-dimethylfluoren-2-yl)aminobenzofuran (11) A J= 8 10 'Hz 4H).7 62 (dJ = 3.30 Hz 1|_'|) 7 5’0 (dj _ 8 40’
mixture of 10.(0.15 g, 0.28 mmol), diethyl (5-(5,5-dimethyl-1,3- Hz 1H) 7 4’6 (dj _ 8.10 Hz éH) 7 éz (tj _ 8.10 Hz éH)
dioxan-2-yl)thiophene-2-yl)methylphosphonate (0.12 g, 0.33 mmol), 7 3’1 (d J _ 15 6’0 Hz .1H) 7’29 (O'LJ = 3.30 Hz .1H) 7128 (s’
and potassiurntert-butoxide (0.04 g, 0.33 mmol) was vacuum-dried ZH) 7 2'7 (tJ ='8 10 I—‘lz 2|_‘|) '7 22 (d) = 8 40 Hz, 1H)l 7' 17 (s'
and THF (30 mL) was added. The solution was refluxed for 6 h. H)l 7'09 ((’j J= '15 60 ;—|z 1’H). 7.02 (s iH) 7 (‘)1 (d,=l8 10'
THF was removed under reduced pressure. The crude mixture wa: 2 12l—.|) 1 3’2 (s 12H)13C{ '1H} NMR (Dl\)lSO): 6. 163 7 15'9 7
redissolved in dichloromethane, washed with water, and dried with 1Sé 4 1,54l8 15é 9 15'3 1 151.8. 146.9 1465 1456' '143 3' 1‘42 6
MgSQ.. The _organic Ia_y_erwas removedvacua The pure product 138'3, 136.41 136.2' 133'8’ 128'1, 127'1' 126.7' 124'4’ 122'7‘ 121.81
11 was obtained by silica gel chr.omatogr..aphy (eluent MC=Hx 121'1' 120’ 5‘ 119'5' 119')1’ 1léi 11.7‘8 10'9'2 10'7’5 464 26 '7'
1:1,R; = 0.4) to afford11 (0.12 g) in 58% yield. Mp: 202C.H MS-' r'n/z 77‘_0’ [M*]- Anal -C’alcd .fo’r QH ,N OS c %9' 97"I—i e
NMR (CDCL): ¢ 7.66 (d,J = 7.20 Hz, 2H), 7.60 (dJ = 8.10 ; _ - ANal. . ariseiN2s. Ly 19.97, 1,
Hz, 2H), 7.39 (dJ = 7.20 Hz, 2H), 7.38 (s, 1H), 7.33 @,=8.10  °:03. Found: C, 79.72; H, 4.91.
Hz, 2H), 7.31 (dJ = 16.50 Hz, 1H), 7.30 (tJ = 8.10 Hz, 2H),
7.25 (s, 2H), 7.25 (d] = 8.40 Hz, 1H), 7.11 (dJ = 8.10 Hz, 2H), Acknowledgment. We are grateful to the KOSEF through
7.10 (d,J = 8.40 Hz, 1H), 7.02 (dJ = 3.30 Hz, 1H), 6.97 (d) = National Research Laboratory (NRL 2005) program and BK21
3.30 Hz, 1H), 6.77 (dJ = 16.50 Hz, 1H), 6.60 (s, 1H), 5.61 (s, (2006).
1H), 3.77 (d,J = 11.10 Hz, 2H), 3.64 (dJ = 11.10 Hz, 2H), 1.42
(s, 12H), 1.29 (s, 3H), 0.81 (s, 3HBC{H} NMR (CDCly): o
156.1, 155.2, 154.7, 153.7, 147.8, 147.1, 145.9, 144.1, 142.7, 140.7
139.2,134.2,128.9,127.1,126.5, 124.9, 123.1, 122.6, 121.1, 120.7
119.5, 118.5, 117.1, 116.1, 110.3, 105.8, 98.3, 77.4, 47.0, 30.4
27.2,23.1, 22.0. MS1Vz 739 [MT]. Anal. Calcd. for GoH4sSOs:
C, 81.16; H, 6.13. Found: C, 81.09; H, 6.10. JO0625150

Supporting Information Available: General experimental,
cyclovoltamogram, geometrical configuration, drtland'3C NMR
spectra for the new compounds described in this paper. This material
'is available free of charge via the Internet at http:/pubs.acs.org.
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