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The synthesis of hexafluorocyclopenta[
unit to lower the LUMO level without disturbing the effective conjugation could
and X-ray analysis.
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cJthiophene and its based oligothiophenes is described. The effectiveness of a hexafluorocyclopentene

be unambiguously clarified by spectroscopic measurements

Thiophene-based linear-conjugated oligomers and poly-
mers are intensively investigated as organic electronic
materialst A large number of substituted oligothiophene

context, oligothiophenes introduced cyanaitro,* fluoro,
dicyanomethylené®ester’ perfluoroalkyl®® perfluoroaryl°
or perfluoroalkylphenyt groups that have been prepared and

derivatives have been synthesized and investigated as activsome of them revealed n-type FET activity. Among them,

materials in organic field-effect transistors (OFETS), light-
emitting didodes (OLEDSs), 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 electroniésbecause n-type organic semiconductors

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) terminal,w-positions of the backbone and (ii)

are relatively rare and oligothiophenes possess promising
physical properties. It has been known that the introduction
of electron-withdrawing groups inta-conjugated systems
stabilizes the LUMO energy, which facilitates electron
injection, leading to an increasing n-type character. In this
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[B-positions in the thiophene rings. Marks et al. have recently
reported systematical studies of oligothiophenes bearing
perfluorohexyl groups at the terminalw-positions (A) as
well as at the lateraB,'-positions (B) (Figure 1).They
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Figure 1. Perfluoroalkyl-substituted oligothiophene& éndB),

cyclopentalc]thiophene oligomer (C), and hexafluorocyclopen-
ta[c]thiophene (D).

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 oligothiophengpositions 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 thag-perfluoroalkyl groups will have
significantly greater steric constraints than the corresponding
alkyl substituents.
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Recently, we have reported on the synthesis and properties
of soluble long oligothiophene<£] up to 96-mer, in which
p-positions of all thiophenes are completely blocked by
annelation with the cyclopentene rilyThe spectroscopic
measurements of this series of oligomers revealed that the
effective conjugation is maintained by fastening alkyl groups
at everypg-position as the cyclopentene ring fusions. In line
with this investigation, we anticipated that the ring fusion
of hexafluorocyclopentene to bofhsites 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 aren€scannot be applied to the synthesis
of hexafluorocyclopenta]thiophene (D due to the difficulty
of obtaining 1,3-dihalohexafluoropropatfewe 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 ljvas
carried out by the treatment witi-fluoro-6-(trifluorometh-
yl)pyridinium-2-sulfonate (MEC-04B§¥ in ethyl acetate to
give 5,5-difluorocyclopenta]thiophene-4,6-dione?j in 84%
yield. Then, conversion of the two carbonyl groups to
difluoromethylene groups was accomplished via the forma-
tion of bis-1,3-dithiolane derivativ8 followed by desul-
furative fluorination with HFpyridine and dibromatif in
dichloromethane to afford 1,3-dibromohexafluorocyclopenta-
[c]thiophene (4) in 73% two-step yield.

The hexafluorocyclopentefhiophene-based terthiophenes
Ri-TFT-Ry, TFT, and 5 were synthesized by Stille coupling
reactions (Scheme 1). The treatmentdofvith 3 equiv of
2-perfluorohexyl-5-tributylstanylthiopheffe afforded R;-
TFT—R¢ in 81% vyield. This double-coupling reaction
proceeds very effectively, and the sole product Ra3FT-

Rt even if the reaction was carried out in a 1:1 molar ratio.
On the other hand, a three-component coupling} afith

1.0 equiv of 2-perfluorohexyl-5-tributylstanylthiophene and
3.0 equiv of 2-tributylstanylthiophene gave a mixtuter&fT
and>5, which was successfully separated by silica-gel column
chromatography to give the pure products in 49 and 41%
yields, respectively. The terthiophenBEST and5 were then
iodinated by Ph(OCOCRF),—I, to smoothly give rise t®
(61%) and7 (98%), respectively. Finally, the Pd-promoted

(12) Izumi, T.; Kobashi, S.; Takimiya, K.; Aso, Y.; Otsubo, J. Am.
Chem. Soc2003,125, 5286—5287.

(13) (a) McLoughlin, V. C. R.; Thrower, Jetrahedrorl969 25, 5921
5940. (b) Leroy, J.; Rubinstein, M.; Wakselman JCFluorine Chem1985
27, 291—298.

(14) McLoughlin, V. C. R.Tetrahedron Lett1968,9, 4761—4762.

(15) Khanh, L. P.; Dallemagne, P.; Rault, Synlett1999, 9, 1450—
1452,

(16) Adachi, K.; Ohira, Y.; Tomizawa, G.; Ishihara, S.; Oishi, 5.
Fluorine Chem2003,120, 173—183.

(17) (a) Sondej, S. C.; Katzenellenbogen, JJAOrg. Chem1986,51,
3508—3513. (b) Kuroboshi, M.; Hiyama, 1. Fluorine Chem1994,69,
127-128.

(18) All new compounds were fully characterized by spectroscopic
measurements and elemental analyses; see Supporting Information.

Org. Lett, Vol. 8, No. 23, 2006



Scheme 1. Synthetic Routes ofTFTTFT andR+-TFTTFT-R¢
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Figure 2. Molecular structure of FTTFT.

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

4 /@\ toluene, in the syn conformations are much smaller than the corre-
BusSn™ g7 CeF g Teflux sponding angles reported for tAeperfluorohexyl-substituted
(1.0 equiv) TF:ﬁE:gF i oligothiophened? This result clearly indicates that the
o e hexafluorocyclopentene unit contributes to effective conjuga-
tion of the backboner-system. Unlike perfluoroalkyl-
TFT PA(OCOCF ) I containin.g oligomers, the slipped-stacking st_rucFure without
¥ r segregation of hexafluorocyclopentene units is observed

(Figure 3). The minimum interplanar distance between the

6:R1=H 61%
7 :R'=CgF13 98%

Pd(OAc),, (i-Pr)oNH,
toluene, reflux;

TETTFT  :R'=H 31%
R—TFTTFT-R; : R'=Cg¢F 13 21% F*°F

reductive coupling of6 or 7 yielded TFTTFT or Ry
TFTTFT-R ¢ in moderate yields.

Single crystals of FT andTFTTFT were grown from a c
CHCl; or hexane—EtOAc solution by slow evaporation and
were subjected to X-ray analys¥sAlthough positional
disorder of the sulfur atoms was observed in the terminal
two thiophene rings, th& FT molecule exhibits mainly a , ) ,
syn—syn conformation regarding the interring single bonds ba_lckbones is found to be 3.55 A, typical values of oligo-
as shown in the Supporting Information Figure $0The thiophenes.

dihedral angles between the adjacent thiophene rings are 31.9 1 ne UV—vis absorption, fluorescence, and cyclic voltam-
metry (CV) data of the hexafluorocyclopentfihiophene-

based oligothiophenes were summarized in Table 1 together
with the corresponding data foBT and 3T(5-Rf) for
comparison. Compared with those 3F(5-Ry), the absorp-

tion and emission maxima dFT andR-TFT-R; are largely

red shifted and much closer to those observed3fbr On

Figure 3. Crystal packing offFTTFT.

(19) Crystal Data fof FT: C1sHeFsSs, M = 396.38, monoclinic, space
group P2/a (No. 14),a = 15.461(1),b = 5.7223(3),c = 17.076(1) A,
B =96.684(2)°V = 1500.5(2) B, Z = 4, Dcaica= 1.755 g cm3, Fooo) =
792.00,u = 5.55 cnt! (Mo Ka; 4 = 0.71069 A), 13591 reflections
measured, 3410 uniquB,= 0.047 forl >20(l), wR= 0.1170 for all data.
Crystal Data forTFTTFT: C 30H10F12Ss, M = 790.8, monoclinic, space
groupC2/c(No. 15),a = 34.977(2)b = 5.7994(3) ¢ = 15.474(1) Af =
110.238(2)°,V = 2944.9(3) B, Z = 4, Dcaca = 1.519 g cn3, Fooo) =
813.74,u = 5.55 cnr! (Mo Ko; 4 = 0.71069 A), 12 751 reflections
measured, 3368 uniquB,= 0.083 forl >20(l), wR= 0.2449 for all data.

(20) The contributions of anti conformations owing to disorder of the
terminal thiophenes are 20 and 30%.
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s little smaller than those of most organic semiconductors used

Table 1. Spectroscopic Data for the Oligomers in n-type OEETé’:’i )
In conclusion, we clearly demonstrated a novel synthetic

compound _absmax/im® fluma/nm®  Epa/V® A route to hexafluorocyclopentene-fused thiophene and its
TFT 373 436,452 +1.63¢ —1.72¢ based oligomers. The effectiveness of introducing the

Ri-TFT-Re 364 428,449 nd(>2.00) -1.57 hexafluorocyclopentene unit into oligomers could be unam-

TFTITFT 450 534,570  +0.88 —1.55¢ biguously elucidated by spectroscopic measurements and
ReTFT-R; 452 538,575 +1.00 ~L1.55¢ X-ray analysis. This molecular design enabled us to open a
3T 354 406,430 +1.15¢ nd (<—2.00)

clue for the development of new materials for n-type OFETS.
) _ Further modification of the structure to allow a better
4 2In CHCl. ®In CeHsF, 0.1 M TBAPF;, V vs Fe/Fc. “Imeversible.  nderstanding of the structure—property relationship and
In THF; see ref 9a. , . e . .
studies of charge-carrier mobilities of these oligomers will

3T(3-Rp)? 304 429,446  +2.01 -2.23

C6F13F13C6 -
be forthcoming.
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CV measurement3,FT showed both irreversible oxidation
and reduction peaks, the potentials of which are much higher
than those of8T. It is important to note that the reduction
potential of TFT is also positively shifted compared with
that of 3T(5-R¢), 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  Supporting Information Available: Synthesis and char-
does not break the conjugation between thiophene units,acterization of all compounds as well as crystallographic CIF
which is consistent with the above-mentioned X-ray molec- files of TFT and TFTTFT. This material is available free
ular structure but does influence both the HOMO and LUMO of charge via the Internet at http://pubs.acs.org.

levels. The introduction of the electron-withdrawing per-
fluorohexyl groups to the terminat,w-positions of TFT
causes further positive shifts of both the reduction and (21) The geometries were optimized with the restricted Becke hybrid
oxidation potentials. The extension of thezonjugation on  E567F) SLe-31 006, p)eve. Friseh . 1, T, @, W Schiegel
going fromTFT to TFTTFT shifts the absorption band to  Jr.; vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;
lower energy by 77 nm as well as the reduction potential to Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;

" . Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
a more positive value by 0.17 V. Notably, the reduction R Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,

0L062238J

potential of TFTTFT is the same as that & -TFTTFT- g Klene, |ll\/l.; Li,é.; Knox, J. E.;SHratchian, H. P.; Cross, J.OB.; Adamo,
[E : ; .; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.
R indicating that the terminal perfluoroalkyl groups have 3+ Cammi, R.: Pomelli, C.. Ochterski, J. W.: Ayala, P. ¥.: Morokuma, K..

little influence on the LUMO level unlikeTFT. The Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
— i _ S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
HOMO LUMO gaps obtained from the redox peak poten D.; Raghavachari, K.; Foresman, J. B.; Oritz, J. V.; Cui, Q.; Baboul, A.
tials are 2.43 eV fol FTTFT and 2.55 eV foR¢-TFTTFT- G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
R¢. DFT calculations are in agreement with the experimental r/;sl;orzlsP.; Kgmg(ro?\lﬂl, I Mslitln, RA L';cﬁoﬁ' D. J.t;) Ke“l;h,(T;:I;I Allj-LahaVr\r/\,
. . A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
results; the HOMG-LUMO gaps calculated at the B3LYP/ Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, JGayssian

6-31G(d,p) level are 2.64 eV fofFTTFT.%! These are a 03, Revision B.04; Gaussian, Inc., P.
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