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ABSTRACT

The synthesis of hexafluorocyclopenta[ c]thiophene and its based oligothiophenes is described. The effectiveness of a hexafluorocyclopentene
unit to lower the LUMO level without disturbing the effective conjugation could be unambiguously clarified by spectroscopic measurements
and X-ray analysis.

Thiophene-based linearπ-conjugated oligomers and poly-
mers are intensively investigated as organic electronic
materials.1 A large number of substituted oligothiophene
derivatives have been synthesized and investigated as active
materials in organic field-effect transistors (OFETs), light-
emitting didodes (OLEDs), and photovoltaic devices (solar
cells). The vast majority of them exhibits hole-transporting
(p-type) FET activity. On the other hand, electron-transport-
ing (n-type) oligothiophenes have been of great interest for
organic electronics2 because n-type organic semiconductors
are relatively rare and oligothiophenes possess promising
physical properties. It has been known that the introduction
of electron-withdrawing groups intoπ-conjugated systems
stabilizes the LUMO energy, which facilitates electron
injection, leading to an increasing n-type character. In this

context, oligothiophenes introduced cyano,3 nitro,4 fluoro,5

dicyanomethylene,4b,6ester,7 perfluoroalkyl,8,9 perfluoroaryl,10

or perfluoroalkylphenyl11 groups that have been prepared and
some of them revealed n-type FET activity. Among them,
the perfluoroalkyl group has emerged as a leading candidate
because of its stability, large electron-withdrawing nature,
and solubility effect.

In general, the oligothiophenes bearing perfluoroalkyl
groups can be classified into two types depending on the
position: (i) terminalR,ω-positions of the backbone and (ii)

(1) For recent reviews on functional oligothiophenes, see: (a) Roncali,
J. J. Mater. Chem.1999, 9, 1875-1893. (b) Handbook of Oligo- and
Polythiophenes; Fichou, D., Ed.; Wiley-VCH: Weinheim, Germany, 1999.
(c) Katz, H. E.; Bao, Z.; Gilat, S. L. Acc. Chem. Res.2001,34, 359-369.
(d) Otsubo, T.; Aso, Y.; Takimiya, K.Bull. Chem. Soc. Jpn.2001, 74,
1789-1801. (e) Otsubo, T.; Aso, Y.; Takimiya, K.J. Mater. Chem.2002,
12, 2565-2574.

(2) (a) Newman, C. R.; Frisbie, C. D.; da Silva Filho, D. A.; Brédas,
J.-L.; Ewbank, P. C.; Mann, K. R.Chem. Mater.2004,16, 4436-4451.
(b) Facchetti, A.; Yoon, M.-H.; Marks, T. J.AdV. Mater.2005,17, 1705-
1725.

(3) (a) Hapiot, P.; Demanze, F.; Yassar, A.; Garnier, F.J. Phys. Chem.
1996,100, 8397-8401. (b) Barclay, T. M.; Cordes, A. W.; MacKinnon,
C. D.; Oakley, R. T.; Reed, R. W.Chem. Mater.1997,9, 981-990. (c)
Demanze, F.; Cornil, J.; Garnier, F.; Horowitz, G.; Valat, P.; Yassar, A.;
Lazzaroni, R.; Brédas, J.-L.J. Phys. Chem. B1997,101, 4553-4558. (d)
Demanze, F.; Yassar, A.; Fichou, D.Synth. Met.1999,101, 620-621. (e)
Yassar, A.; Demanze, F.; Jaafari, A.; Idrissi, M. E.; Coupry, C.AdV. Funct.
Mater. 2002,12, 699-708. (f) Pappenfus, T. M.; Burand, M. W.; Janzen,
D. E.; Mann, K. R.Org. Lett.2003,5, 1535-1538.

(4) (a) Garcia, P.; Pernaut, J. M.; Hapiot, P.; Wintgens, V.; Valat, P.;
Garnier, F.; Delabouglise, D.J. Phys. Chem.1993, 97, 513-516. (b)
Pappenfus, T. M.; Raff, J. D.; Hukkanen, E. J.; Burney, J. R.; Casado, J.;
Drew, S. M.; Miller, L. L.; Mann, K. R.J. Org. Chem.2002,67, 6015-
6024. (c) Casado, J.; Pappenfus, T. M.; Miller, L. L.; Mann, K. R.; Orti,
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â-positions in the thiophene rings. Marks et al. have recently
reported systematical studies of oligothiophenes bearing
perfluorohexyl groups at the terminalR,ω-positions (A) as
well as at the lateralâ,â′-positions (B) (Figure 1).9 They

concluded that the substitution patterns, in most of the cases,
have little effect on their electronic properties, and lateral
substitution of the thiophene oligomer does not necessarily
inhibit FET performance. Therefore, further introduction of
perfluoroalkyl groups to oligothiopheneâ-positions is ex-
pected to increase the electronegativity of oligothiophene.
However, such chemical modification might cause severe
inhibition of the degree of backbone conjugation because it
was speculated thatâ-perfluoroalkyl groups will have
significantly greater steric constraints than the corresponding
alkyl substituents.9

Recently, we have reported on the synthesis and properties
of soluble long oligothiophenes (C) up to 96-mer, in which
â-positions of all thiophenes are completely blocked by
annelation with the cyclopentene ring.12 The spectroscopic
measurements of this series of oligomers revealed that the
effective conjugation is maintained by fastening alkyl groups
at everyâ-position as the cyclopentene ring fusions. In line
with this investigation, we anticipated that the ring fusion
of hexafluorocyclopentene to bothâ-sites of the thiophene
ring (D) contributes to not only lowering the LUMO level
but also keeping the conjugation between consecutive
thiophene rings in its based oligomers. In this communica-
tion, we report the synthesis of the hexafluorocyclopenta-
[c]thiophene unit as a novel electronegative thiophene
building block and properties of its based oligothiophenes
for n-type organic semiconductors.

Because the conventional Cu-mediated perfluoroalkylation
of halogenated arenes13 cannot be applied to the synthesis
of hexafluorocyclopenta[c]thiophene (D) due to the difficulty
of obtaining 1,3-dihalohexafluoropropane,14 we have de-
signed a unique route based on a combination of two types
of fluorination reactions as shown in Scheme 1. First,
fluorination of cyclopenta[c]thiophene-4,6-dione (1)15 was
carried out by the treatment withN-fluoro-6-(trifluorometh-
yl)pyridinium-2-sulfonate (MEC-04B)16 in ethyl acetate to
give 5,5-difluorocyclopenta[c]thiophene-4,6-dione (2) in 84%
yield. Then, conversion of the two carbonyl groups to
difluoromethylene groups was accomplished via the forma-
tion of bis-1,3-dithiolane derivative3 followed by desul-
furative fluorination with HF‚pyridine and dibromatin17 in
dichloromethane to afford 1,3-dibromohexafluorocyclopenta-
[c]thiophene (4) in 73% two-step yield.18

The hexafluorocyclopenta[c]thiophene-based terthiophenes
Rf-TFT-Rf, TFT, and5 were synthesized by Stille coupling
reactions (Scheme 1). The treatment of4 with 3 equiv of
2-perfluorohexyl-5-tributylstanylthiophene9a afforded Rf-
TFT-Rf in 81% yield. This double-coupling reaction
proceeds very effectively, and the sole product wasRf-TFT-
Rf even if the reaction was carried out in a 1:1 molar ratio.
On the other hand, a three-component coupling of4 with
1.0 equiv of 2-perfluorohexyl-5-tributylstanylthiophene and
3.0 equiv of 2-tributylstanylthiophene gave a mixtute ofTFT
and5, which was successfully separated by silica-gel column
chromatography to give the pure products in 49 and 41%
yields, respectively. The terthiophenesTFT and5 were then
iodinated by PhI‚(OCOCF3)2-I2 to smoothly give rise to6
(61%) and7 (98%), respectively. Finally, the Pd-promoted
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Figure 1. Perfluoroalkyl-substituted oligothiophenes (A andB),
cyclopenta[c]thiophene oligomer (C), and hexafluorocyclopen-
ta[c]thiophene (D).
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reductive coupling of6 or 7 yielded TFTTFT or Rf-
TFTTFT-R f in moderate yields.

Single crystals ofTFT andTFTTFT were grown from a
CHCl3 or hexane-EtOAc solution by slow evaporation and
were subjected to X-ray analyses.19 Although positional
disorder of the sulfur atoms was observed in the terminal
two thiophene rings, theTFT molecule exhibits mainly a
syn-syn conformation regarding the interring single bonds
as shown in the Supporting Information Figure S01.20 The
dihedral angles between the adjacent thiophene rings are 31.9

and 27.4°. TheTFTTFT molecule is located on a crystal-
lographic inversion center and exhibits a syn-syn-anti
conformation (from terminal thiophene to central) with
dihedral angles 25.6, 22.1, and 180.0°, respectively (Figure
2). These syn conformations might be ascribed to cancel the
dipole interaction between the thiophene and hexafluoro-
cyclopenta[c]thiophene units. The dihedral angles observed
in the syn conformations are much smaller than the corre-
sponding angles reported for theâ-perfluorohexyl-substituted
oligothiophenes.9a This result clearly indicates that the
hexafluorocyclopentene unit contributes to effective conjuga-
tion of the backboneπ-system. Unlike perfluoroalkyl-
containing oligomers, the slipped-stacking structure without
segregation of hexafluorocyclopentene units is observed
(Figure 3). The minimum interplanar distance between the

backbones is found to be 3.55 Å, typical values of oligo-
thiophenes.

The UV-vis absorption, fluorescence, and cyclic voltam-
metry (CV) data of the hexafluorocyclopenta[c]thiophene-
based oligothiophenes were summarized in Table 1 together
with the corresponding data for3T and 3T(â-Rf) for
comparison. Compared with those of3T(â-Rf), the absorp-
tion and emission maxima ofTFT andRf-TFT-Rf are largely
red shifted and much closer to those observed for3T. On

(19) Crystal Data forTFT: C15H6F6S3, M ) 396.38, monoclinic, space
group P21/a (No. 14), a ) 15.461(1),b ) 5.7223(3),c ) 17.076(1) Å,
â ) 96.684(2)°,V ) 1500.5(2) Å3, Z ) 4, Dcalcd ) 1.755 g cm-3, F(000) )
792.00, µ ) 5.55 cm-1 (Mo KR; λ ) 0.71069 Å), 13 591 reflections
measured, 3410 unique,R ) 0.047 forI >2σ(I), wR) 0.1170 for all data.
Crystal Data forTFTTFT: C 30H10F12S6, M ) 790.8, monoclinic, space
groupC2/c (No. 15),a ) 34.977(2),b ) 5.7994(3),c ) 15.474(1) Å,â )
110.238(2)°,V ) 2944.9(3) Å3, Z ) 4, Dcalcd ) 1.519 g cm-3, F(000) )
813.74, µ ) 5.55 cm-1 (Mo KR; λ ) 0.71069 Å), 12 751 reflections
measured, 3368 unique,R ) 0.083 forI >2σ(I), wR) 0.2449 for all data.

(20) The contributions of anti conformations owing to disorder of the
terminal thiophenes are 20 and 30%.

Scheme 1. Synthetic Routes ofTFTTFT andRf-TFTTFT-R f

Figure 2. Molecular structure ofTFTTFT.

Figure 3. Crystal packing ofTFTTFT.
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CV measurements,TFT showed both irreversible oxidation
and reduction peaks, the potentials of which are much higher
than those of3T. It is important to note that the reduction
potential ofTFT is also positively shifted compared with
that of 3T(â-Rf), indicating that the hexafluorocyclopenta-
[c]thiophene unit effectively enhances the electronegativity
of oligothiophenes. These results indicate that, as we
expected, the introduction of the hexafluorocyclopentene unit
does not break the conjugation between thiophene units,
which is consistent with the above-mentioned X-ray molec-
ular structure but does influence both the HOMO and LUMO
levels. The introduction of the electron-withdrawing per-
fluorohexyl groups to the terminalR,ω-positions ofTFT
causes further positive shifts of both the reduction and
oxidation potentials. The extension of theπ-conjugation on
going fromTFT to TFTTFT shifts the absorption band to
lower energy by 77 nm as well as the reduction potential to
a more positive value by 0.17 V. Notably, the reduction
potential ofTFTTFT is the same as that ofRf-TFTTFT-
Rf indicating that the terminal perfluoroalkyl groups have
little influence on the LUMO level unlikeTFT. The
HOMO-LUMO gaps obtained from the redox peak poten-
tials are 2.43 eV forTFTTFT and 2.55 eV forRf-TFTTFT-
Rf. DFT calculations are in agreement with the experimental
results; the HOMO-LUMO gaps calculated at the B3LYP/
6-31G(d,p) level are 2.64 eV forTFTTFT. 21 These are a

little smaller than those of most organic semiconductors used
in n-type OFETs.9a

In conclusion, we clearly demonstrated a novel synthetic
route to hexafluorocyclopentene-fused thiophene and its
based oligomers. The effectiveness of introducing the
hexafluorocyclopentene unit into oligomers could be unam-
biguously elucidated by spectroscopic measurements and
X-ray analysis. This molecular design enabled us to open a
clue for the development of new materials for n-type OFETs.
Further modification of the structure to allow a better
understanding of the structure-property relationship and
studies of charge-carrier mobilities of these oligomers will
be forthcoming.
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Table 1. Spectroscopic Data for the Oligomers

compound absmax/nma flumax/nma Ep.a./Vb Ep.c./Vb

TFT 373 436, 452 +1.63c -1.72c

Rf-TFT-Rf 364 428, 449 nd (>2.00) -1.57c

TFTTFT 450 534, 570 +0.88 -1.55c

Rf-TFT-Rf 452 538, 575 +1.00 -1.55c

3T 354 406, 430 +1.15c nd (<-2.00)
3T(â-Rf)d 304 429, 446 +2.01 -2.23

a In CH2Cl2. b In C6H5F, 0.1 M TBAPF6, V vs Fc/Fc+. c Irreversible.
d In THF; see ref 9a.
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