
lable at ScienceDirect

Tetrahedron 66 (2010) 9560e9572
Contents lists avai
Tetrahedron

journal homepage: www.elsevier .com/locate/ tet
Synthesis of soluble oligothiophenes bearing cyano groups, their optical
and electrochemical properties

Jean-Yves Balandier a, Florence Quist a, Claire Amato a, Saïd Bouzakraoui b, J�ero

ˇ

me Cornil b,
Sergey Sergeyev a,c, Yves Geerts a,*

aUniversit�e Libre de Bruxelles (ULB), Facult�e des sciences, Laboratoire Chimie des Polym�eres, CP 206/1, Boulevard du triomphe, 1050 Brussels, Belgium
b Laboratory for Chemistry of Novel Materials, University of Mons (UMons), Place du Parc 20, 7000 Mons, Belgium
cUniversity of Antwerp, Department of Chemistry, Groenenborgerlaan 171, 2020 Antwerp, Belgium
a r t i c l e i n f o

Article history:
Received 15 July 2010
Received in revised form 21 September 2010
Accepted 28 September 2010

Keywords:
Oligothiophene synthesis
n-Type semiconductors
Organic electronics
Cyclic voltammetry
* Corresponding author. Tel.: þ32 2 650 5390; fa
address: ygeerts@ulb.ac.be (Y. Geerts).

0040-4020/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.tet.2010.09.086
a b s t r a c t

The synthesis and the characterization of twelve new soluble oligothiophenes, possessing two to four 3,4-
dicyanothiophene units in their backbone, are described. These semiconductors are prepared through
Stille coupling and/or homo-coupling reactions. Cyclic voltammetry studies have been performed to
evaluate their stability as n-type semiconducting materials under ambient conditions. The measured
electrochemical and optical properties are fully supported by quantum-chemical calculations.
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1. Introduction

Over several decades, many studies have been reported in the
literature on uses of organic semiconductors in a variety of devices,
such as field effect transistors (FETs), light-emitting diodes (LED),
and photovoltaic cells (PV).1e6 The unique properties of these or-
ganic semiconducting materials make them more attractive than
their inorganic counterparts for applications requiring large area
coverage, structural flexibility, and/or solution processing. Two
types of charge transport are considered in the field of organic
electronic: p-type (hole-transporting) and n-type (electron-trans-
porting).7 Contrary to p-type semiconductors, which are well-
documented and have shown highly promising electronic proper-
ties,2,8 studies on organic n-type semiconductors are still limited
due to their instability in ambient conditions,9 although recent
improvement have been made.10

Recently, Facchetti and co-workers have demonstrated that
semiconductors possessing their first reduction potential between
�0.6 V and 0.0 V (vs Standard Calomel Electrode, SCE) feature the
ambient conditions stability needed for organic-FETs (OFETs) op-
erating in n-type mode.11 Inspired by their work, we were in-
terested in building a library of soluble semiconducting molecules
x: þ32 2 650 54 10; e-mail
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and in measuring their reduction potentials, as it is currently one of
the most direct ways of assessing the prospective stability of n-type
semiconducting materials.

One main approach for building n-type semiconducting mole-
cules consists in including electron-withdrawing units on an aro-
matic backbone, in order to increase the electron affinity.12 For
example, Facchetti and co-workers have synthesized a series of
oligothiophenes showing high electron affinity through the in-
corporation of perfluoroalkyl groups.13 Similarly to perfluoroalkyl
chains, the cyano group is known as a strong electron-withdrawing
group; however its use for the construction of oligothiophene
based n-type semiconductors remains limited.14e19 In this context,
we were interested in the synthesis of a series of new soluble
electron-deficient conjugated systems based on cyano-substituted
oligothiophenes (Scheme 1). In order to satisfy solubility re-
quirements, the number of cyano groups was limited to a maxi-
mum of 4, since cyano substituents are known to decrease
solubility,20 and alkyl or keto-alkyl side chains were introduced.
Keto-functions should enhance the electron affinity of target oli-
gothiophenes even more due to their electron-withdrawing char-
acter. The optical and electrochemical properties of these newly
synthesized semiconducting molecules were then evaluated and
rationalized by means of quantum-chemical calculations. The goal
pursued here is to elucidate reliable relationships between mo-
lecular structure and electron affinity in order to establish design
rules for n-type organic semiconductors.



Scheme 1. Target oligothiophene derivatives bearing cyano groups.
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2. Results and discussion

2.1. Synthesis

Generally, there are four methods reported in the literature for
the synthesis of oligothiophene derivatives: (i) Kumada cross-
coupling of an aromatic Grignard reagent and an aromatic halide,
(ii) Suzuki coupling between an aromatic boronic ester and an ar-
omatic halide, (iii) Stille coupling between an aromatic stannane
and an aromatic halide, and (iv) homo-coupling of an aromatic
halide.21 Throughout this work, Stille coupling and homo-coupling
were applied for the synthesis of oligothiophenes to avoid possible
synthetic problems. It is indeed known that Grignard reagents,
involved in Kumada coupling, can react with cyano groups at room
temperature to afford anionic imines, which are then transformed
into ketones through hydrolysis.22 Furthermore, Stille coupling is
known to produce better yields compared to Suzuki coupling in
oligothiophene synthesis.21 Homo-coupling was used to prepare
the even-numbered oligothiophenes (3a,b, 4a,b, 5a,b, and 7) as
these can be easily reached in one step starting from the haloge-
nated subunit corresponding to half of the oligothiophene.

2.1.1. Synthesis of terthiophenes 1a,b. The first synthetic steps
toward oligothiophenes 1a,b, involved the preparation of 2,5-
dibromo-3,4-dicyanothiophene (10), 2,5-bis(tributylstannyl)-3,4-
dicyanothiophene (11), and 2-octyl-5-tributylstannylthiophene
(15) intermediates (Scheme 2). Preparation of 10 was achieved
through cyanation of 3,4-dibromothiophene (8) using CuCN in
refluxing DMF, yielding 3,4-dicyanothiophene (9) in 72% yield.23e25
Scheme 2. Synthesis of terthiophenes 1a,b. Reagents and conditions: (i) CuCN/DMF/reflux/4 h
10 min, (2) Bu3SnCl/�80 �C/10 min; (iv) 2-bromothiophene/Pd(PPh3)4/DMF/80 �C/24 h; (v) 2
reflux/10 days; (vii) (1) n-BuLi/THF/�80 �C/15 min, (2) C8H17I/�80 �C to rt/overnight; (viii) (1
The second step consisted of the dibromination of 3,4-dicyano-
thiophene (9) to afford 10. Several attempts to synthesize bromi-
nated derivatives of 3,4-dicyanothiophene (9) using NBS or Br2 in
CHCl3 under reflux, were made. However, these experiments were
found unsatisfactory as starting material was always quantitatively
recovered. The lack of reactivity was attributed to the deactivation
of the thiophene ring due to the presence of highly electron-
withdrawing eCN groups. Hence, an alternate synthetic route was
followed in which, first lithiation of 9 with an excess of LDA was
performed, followed by a reaction with bromine. Dibrominated
derivative 10 was obtained in good yields (62%). At this stage, it is
also important to note that all metalation reactions, involving oli-
gothiophene bearing CN groups, were carried out using LDA instead
of alkyllithium derivatives (n-BuLi, sec-BuLi, tert-BuLi) to prevent
a nucleophilic addition of these strong bases to cyano groups.18

Compound 11 was obtained in 79% yield, by lithiation of 9 with
LDA, followed by reactionwith tributylstannyl chloride. Compound
15 was produced with overall yield of 47%, starting from commer-
cial thiophene and using synthetic procedures previously described
in the literature.26 Stille coupling between 2-octyl-5-tributyl-
stannylthiophene (15) and 2,5-dibromo-3,4-dicyanothiophene (10)
afforded terthiophene 1a in 60% yield. Preparation of terthiophene
1b was achieved in two steps starting from 10. Two routes were
investigated to synthesize the intermediate terthiophene 12. The
first one involved a Stille coupling between product 11 and com-
mercial 2-bromothiophene. In this case, it was impossible to reach
the desired 30,40-dicyano-2,20:50,200-terthiophene (12), since the
degradation of the mediumwas noticed. This observation seems to
indicate that it will be certainly difficult to prepare fully cyanated
oligothiophene. Terthiophene 12 was finally synthesized with
a yield of 93% through a second Stille coupling between commercial
2-(tributylstannyl)thiophene and 2,5-dibromo-3,4-dicyanothio-
phene (10). Compound 12was then converted into terthiophene 1b
in 55% yield through a double FriedeleCrafts acylation (Scheme 2).
During that second step, a significant amount of mono acylated
compound 13 (20%) was isolated even after long reaction times and
use of large excess of reagents (AlCl3 and octanoyl chloride).
Monitoring this reaction showed the complete conversion of the
starting oligothiophene into 13 (product of mono acylation) after
12 h. It was further noticed that the second acylation is very slow
and remains incomplete after ten days at refluxing in CH2Cl2. Such
behavior was ascribed to the deactivation of the terthiophene core
due to the presence of strongly electron-withdrawing groups (two
CN groups and one keto-alkyl chain).

2.1.2. Synthesis of terthiophenes 2a,b. Terthiophenes 2a,b were
synthesized by Stille coupling between 2,5-bis(tributylstannyl)
; (ii) (1) LDA/THF/�80 �C/15 min, (2) Br2/�80 �C to�50 �C/2 h; (iii) (1) LDA/THF/�80 �C/
-tributylstannylthiophene/Pd(PPh3)4/DMF/80 �C/5e24 h; (vi) AlCl3/C7H15COCl/CH2Cl2/
) LDA/THF/�80 �C/5 min, (2) Bu3SnCl/�80 �C/1 h; (ix) 10/Pd(PPh3)4/DMF/80 �C/5 h.



Scheme 5. Synthesis of terthiophene 2a. Reagents and conditions: (i) Pd(PPh3)4/
toluene/105 �C/overnight; Amberlyst� A15/CH2Cl2/rt/overnight.

Scheme 3. Synthesis of 2-bromo-5-substituted-3,4-dicyanothiophene precursors 18 and 22. Reagents and conditions: (i) (1) LDA/THF/�80 �C/10 min, (2) C8H17I/�80 �C to rt/
overnight; (ii) AlCl3/C7H15COCl/CH2Cl2/30 min; (iii) CuCN/DMF/reflux/4 h; (iv) ethylene glycol/PTSA/toluene/DeaneStark/overnight; (v) LDA/THF/�80 �C/10 min, (2) Br2/�80 �C to
�50 �C/30 min.
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thiophene (23)27 and 2-bromo-5-substituted-3,4-dicyanothio-
phene precursors 18 and 22. The synthetic routes for the prepara-
tion of compounds 18 and 22 starting from 3,4-dibromothiophene
(8) are shown in Scheme 3. The alkylated compound 16 was pre-
pared in 62% yield following a procedure described for the syn-
thesis of 2-isopropyl-3,4-dibromothiophene,28 via metalation of 8
using LDA, followed by reaction of the corresponding organo-
lithium intermediate with 1-iodooctane. 2-Octanoyl-3,4-dibromo-
thiophene (19) was obtained by a FriedeleCrafts acylation of 8
using conditions previously described in the literature.29 Com-
pounds 16 and 19 were then converted into 3,4-dicyanothiophene
derivatives 17 and 20, respectively, through cyanation with copper
cyanide in refluxing DMF.23e25 Similar bromination conditions to
those used in the preparation of 10 (LDA then Br2) were used for the
synthesis of 18 and the latter compound was obtained in 96% yield.
In the case of compound 20, the protection of its keto-function was
needed to avoid side reaction which could occur with the use of
LDA. It was executed by reaction of 2-octanoyl-3,4-dicyanothio-
phene (20) with ethylene glycol, in the presence of p-toluene-
sulfonic acid monohydrate. The protected derivative 21 was then
converted into 2-bromo-5-substituted-3,4-dicyanothiophene 22
(40% yield from 20) by successive reactions with LDA and bromine.

Finally, oligothiophenes 2a,bwere synthesized by two-fold Stille
coupling between stannyl derivatives 23 and compounds 18 and 22
(Schemes 4 and 5).
Scheme 4. Synthesis of terthiophene 2a. Reagents and conditions: (i) Pd(PPh3)4/
toluene/105 �C/overnight.

Table 1
Attempted variation of reaction conditions for the formation of 2a

Entry catalyst Solvent Temperature �C Yield (%)

1 Pd(PPh3)4 Toluene 80 No reaction
2 Cl2Pd(PPh3)2 Toluene 105 15
3 Pd(PPh3)4 DMF 105 Decomposition
In the case of the terthiophene 2b, a last step of deprotection of
the ketone groups was needed, which was performed using acidic
resin Amberlyst� A15 in dichloromethane.30

The low yields observed for both compounds 2a (17%) and 2b
(10%) are ascribed to the formation of side products, bithiophenes
24 and 26 as well as quaterthiophenes 4a and 25, during the Stille
coupling reactions. While the formation of compounds 24 and 26
can be attributed to the degradation of the corresponding tin in-
termediates produced after one Stille coupling of 18/22with 23, the
formation of 4a and 25 most probably results from the homo-
coupling of these same tin intermediates produced after one Stille
coupling. Homo-coupling of tin derivatives has indeed previously
been reported in the literature.31 Optimisation of the reaction
conditions for the formation of 2a by changing the solvent, the
catalyst or by reducing the reaction temperature was attempted
(Table 1) without success. No noticeable change was indeed ob-
served by substituting Pd(PPh3)4 with Cl2Pd(PPh3)2 (entry 2, Table
1). In addition, no reaction occurredwhen the reaction temperature
was decreased from 105 �C to 80 �C (entry 1, Table 1) and only
decomposition of the medium was observed by changing the sol-
vent from toluene to DMF (entry 3, Table 1).
2.1.3. Synthesis of bithiophenes 3a,b. 3,30,4,40-Tetracyano-2,20-
bithiophenes 3a and 3b were prepared by Pd-catalyzed homo-
coupling of compounds 18 and 22, respectively (Scheme 6).32 In
case of bithiophene 3b, deprotection of the ketone groups was



Scheme 6. Synthesis of bithiophenes 3a,b. Reagents and conditions: (i) Pd(OAc)2/i-Pr2EtN/toluene/reflux/2 h; (ii) Amberlyst� A15/CH2Cl2/overnight.

Scheme 8. Bromination of thiophene 9. Reagents and conditions: (i) LDA/THF/�80 �C/
10 min, (2) Br2/�80 �C to rt.
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needed and it was performed using the same conditions as de-
scribed for 2b. Modest yields were observed for both compounds
(56% for 3a and 43% (overall yield) for 3b) and this was ascribed to
the debromination of 18 and 22 during the homo-coupling re-
action. Such a process has already been reported in literature32 and
was confirmed after isolation of derivatives 17 (8%) and 20 (13%) by
column chromatography, during the purification of bithiophenes
3a and 28.

2.1.4. Synthesis of quaterthiophenes 4a,b. Synthesis of quaterthio-
phenes 4a,bwas carried out by Pd-catalyzed homo-coupling of their
corresponding brominated bithiophene units (Scheme 7). Stille cou-
plingbetween2-(tributylstannyl)thiopheneandcompounds18or22,
initially generated bithiophenes 24 and 26 in excellent yields (93%
and 87%, respectively). These were then selectively brominated in
position 50 through an electrophilic substitution reaction with bro-
mine to yield intermediates 29 and 30. Bromination of 26 was per-
formed in the presence of triethylamine, to avoid deprotection of the
ketone function, which could occur due to the formation of HBr
during the reaction. Finally, palladium catalyzed reaction in homo-
coupling conditions of derivatives 29 and 30 gave quaterthiophenes
4a and 25, respectively, in good yields (51% and 49%). Similarly to the
synthesis of oligothiophenes 3a,b, the modest yields observed were
attributed to the formation of bithiophenes 24 (12%) and 26 (8%),
formedby thedebrominationof the startinghalogenatedcompounds
29 and 30. Finally, deprotection of 25 using acidic resin Amberlyst�

A15 in dichloromethane afforded oligothiophene 4b in 81% yield.30
Scheme 7. Synthesis of oligothiophenes 4a,b. Reagents and conditions: (i) 2-(tributylstannyl)thiophene/Pd(PPh3)4/DMF/80 �C/2e3 h; (ii) Br2/CH2Cl2/rt/15 min; (iii) Br2/Et3N/
CH2Cl2/rt/2 h; Pd(OAc)2/diisopropylethylamine/toluene/reflux/2.5 he4.5 h; (iv) Amberlyst� A15/CH2Cl2/rt/overnight.
2.1.5. Synthesis of quaterthiophenes 5a,b. Similarly to quaterthio-
phenes 4a,b, synthesis of quaterthiophenes 5a,b was executed by
homo-coupling reactions of their corresponding brominated
bithiophene units (Scheme 9). Initially, compound 31was prepared
by lithiation of 3,4-dicyanothiophene (9) using 1 equiv of LDA fol-
lowed by the reaction with bromine (Scheme 8). It was however
noticed that such pathway systematically resulted in a mixture of
compounds 31 (35% yield) with 3,4-dicyanothiophene (9) (21%
yield) and 2,5-dibromo-3,4-dicyanothiophene (10) (24% yield),
which were difficult to separate by column chromatography.
Therefore, different strategy was employed. Xie and co-workers
demonstrated the possibility to synthesize, through a catalytic re-
duction, several bromothiophenes starting from tetrabromo-
thiophene.33 Inspired by thiswork, compound 10was converted into
2-bromo-3,4-dicyanothiophene (31) in 71% yield (Scheme 9). In
a second step, Stille coupling of intermediate 31with either 2-octyl-
5-tributylstannylthiophene (15) or 2-tributylstannylthiophene pro-
vided bithiophenes 32 and 34, respectively. Compound 32was then
brominated through lithiation with LDA followed by the reaction



Scheme 9. Synthesis of quaterthiophenes 5a,b. Reagents and conditions: (i) NaBH4/Pd(PPh3)4/CH3CN/70 �C/45 min; (ii) 2-tributylstannylthiophene or 2-octyl-5-tributyl-
stannylthiophene (15)/Pd(PPh3)4/DMF/80 �C/2e4.5 h; (iii) (1) LDA/THF/�80 �C/10 min, (2) Br2/�80 �C/30 min to 2 h; (iv) Pd(OAc)2/i-Pr2EtN/toluene/reflux/1.5 h; (v) AlCl3/
C7H15COCl/CH2Cl2/reflux/3 days; (vi) Br2/CH2Cl2/rt/35 min.
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with bromine to give product 33. Pd-catalyzed homo-coupling of the
latter afforded the desired quaterthiophene 5a in good yield (60%).

Due to different reactivities of positions 5 and 50, bithiophene
34 appears as an interesting building block. The proton in position
5 should be more acidic, due to the proximity of two CN groups
than the one in position 50. This implies that position 5 should be
more sensitive to deprotonation, whereas position 50 should be
prone to electrophilic substitution. These hypotheses were con-
firmed by the synthesis of compound 35 by the reaction of 34with
bromine and by the preparation of compound 36 through suc-
cessive deprotonation in position 5 of 34 with LDA and reaction
with bromine. Intermediate 36 was then acylated through Frie-
deleCrafts reaction with octanoyl chloride to afford bithiophene
37. This step further confirms the specific reactivities of positions 5
and 50 in compound 34.

In a final step, homo-coupling reaction of derivative 37 led to the
desired oligothiophene 5b in good yield (53%). It should be noted
that contrary to the synthesis of oligothiophenes 3a,b and 4a,b via
homo-coupling pathway, no side products originating from the
debromination of starting bithiophene 33 and 37 were detected.

2.1.6. Synthesis of quinquethiophene 6 and sexithiophene 7. Two
additional oligothiophenes, 6 and 7, having more extended p sys-
tems have been synthesized using Stille coupling or homo-coupling
Scheme 10. Synthesis of quinquethiophene 6. Reagents and conditions: (i) Br2/CH2Cl2/
rt/1.5 h; (ii) 2-octyl-5-tributylstannylthiophene (15)/Pd(PPh3)4/DMF/70 �C/4.5 h.
reactions in a few additional steps. Quinquethiophene 6 was
obtained in two steps starting from terthiophene 12 following the
route shown in Scheme 10. In a first step, 12 was quantitatively
brominated in positions 5 and 500 by electrophilic substitution with
Br2. Derivative 38was then used in a double Stille coupling reaction
with 2-octyl-5-tributylstannylthiophene (15) to provide oligothio-
phene 6 in 67% yield.

Sexithiophene 7 was prepared in three steps starting from
bithiophene 29 (Scheme 11). A Stille coupling between bithiophene
29 and 2-tributylstannylthiophene afforded terthiophene 39 in 94%
yield. Compound 39 was then brominated in position 500 using NBS
(NBS instead of Br2 was used in order to avoid the bromination of
the middle thiophene unit). Finally, homo-coupling reaction of
terthiophene 40 afforded sexithiophene 7. The low yield of this last
step (11%) is explained by the formation of derivative 39 (34%
Scheme 11. Synthesis of sexithiophene 7. Reagents and conditions: (i) 2-tributyl-
stannylthiophene/Pd(PPh3)4/toluene/105 �C/2 h; (ii) NBS/CHCl3/rt/16 h; (iii) Pd(OAc)2/
i-Pr2EtN/toluene/reflux/4.5 h.
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yield), which results from debromination of the starting material
40, as was observed in previous homo-coupling reactions.
2.2. Physical properties

All synthesized oligothiophenes 1e7 showed reasonable solu-
bilities (up to 10�2 M) in several common organic solvents, such as
CHCl3, CH2Cl2, toluene, and THF. This fact has allowed their char-
acterization by NMR, UVevisible spectroscopy, and cyclic voltam-
metry. The observed evolution has been fully supported by
quantum-chemical calculations. In practice, we have first optimized
the geometry of the molecules imposed to be planar at the density
functional theory (DFT) level, using the B3LYP functional (B3LYP)34

and the 6-31G(d,p) basis set. Calculations were carried out using
the Gaussian 03 package.35 In all calculations, the alkyl groups were
replaced by methyl groups to reduce the computational costs since
the saturated parts do not affect the electronic and optical prop-
erties. Since the lowest optical transition of such oligomers is
mostly described by a HOMO to LUMO transition, we have com-
pared hereafter the calculated LUMO energy in the gas phase with
the electrochemical properties and the HOMOeLUMO gap to the
experimental gap, see Tables 2 and 3.
Table 2
Spectroscopic properties of cyano-oligothiophenes. Measurements made in di-
chloromethane solutions

Oligothiophene lmax

[nm (eV)]
3

[L mol�1 cm�1]
Egap

a

[eV]
Egap (calcd)
[eV]

3a 339 (3.66) 11,900 3.15 3.71
3b 342 (3.63) 13,600 3.11 3.79
2a 392 (3.16) 16,800 2.53 3.37
2b 413 (3.00) 30,200 2.37 3.14
1a 394 (3.15) 23,900 2.79 3.27
1b 395 (3.14) 27,300 2.76 3.18
4a 421 (2.94) 29,000 2.56 2.82
4b 454 (2.73) 36,300 2.40 2.66
5a 432 (2.87) 21,900 2.45 2.77
5b 421 (2.94) 26,500 2.55 2.84
6 459 (2.70) 40,700 2.37 2.64
7 457 (2.71) 40,300 2.32 2.50

a Optical band gap determined from the onset of the long-wavelength absorption
edge (lend) in the solution UVevis spectra.

Table 3
Experimental values of reduction potentials Ered1(¼(Epc1þEpa1)/2) in V versus SCE of
cyano-oligothiophenes in CH2Cl2 containing 0.1 M Bu4NPF6, at a scan rate of
100 mV s�1, and their calculated LUMO (eV)

Oligothiophene Ered1 LUMOa LUMO (calcd)

3a �1.27 �3.57 �3.24
3b �0.59 �4.25 �3.87
2a �1.29 �3.55 �2.99
2b �0.81 �4.03 �3.66
1a �1.63 �3.21 �2.44
1b �1.06 �3.78 �3.18
4a �1.43 �3.41 �3.03
4b �0.98 �3.86 �3.57
5a �1.05 �3.79 �3.20
5b �0.81 �4.03 �3.66
6 �1.44 �3.39 �2.63
7 �1.49 �3.34 �2.91

a LUMO (eV)¼�4.84 (eV)�Ered1.42
2.2.1. Linear spectral properties. Absorption spectra were measured
in solution for each synthesized compound 1e7 (Fig. Supplementary
data 1e3, Table 2). The recorded spectra generally featured one broad
absorption band (pep* transition), which position was affected by
the nature and structure of the different compounds. It can first be
noticed that within a similar series (alkyl substituted 1ae5a, 6, and 7
and ketone substituted 1be4b), increase of the conjugated system
length (number of thiophene subunits) leads to a bathochromic shift
of the absorption maximum. For example, a 0.95 eV red-shift is ob-
served between bithiophene 3a and sexithiophene 7 (1.21 eV in
theory). The increment of this red-shift in lmax value however de-
creases within the series. Indeed, from bithiophene 3a to terthio-
phene 2a, a wavelength increment of 0.50 eV (0.34 eV in theory) is
observed, while an increment of 0.24 eV (0.18 eV in theory) is mea-
sured from quaterthiophene 4a to quinquethiophene 6. Such phe-
nomenon is not surprising as it has already been observed in other
conjugated organic systems,36 including oligothiophenes deriva-
tives.27,37e39 In addition, it can be noted that the introduction of
a ketone side chain (at positions a and u) generally leads to a bath-
ochromic shift of the absorption maximum (0.16 eV between 2a and
2b vs 0.23 eV in theory and 0.21 eV between 4a and 4b vs 0.16 eV in
theory) compared to the molecules with cyano-substituted thio-
phenes positioned at the extremities. Such a shift can be attributed to
the effective conjugation of the peripheral carbonyl group to the
oligothiophene core p system.13,27,40 A different behavior is however
observed upon addition of a ketone side chain on quaterthiophene in
which the cyano groups are located in the interior of themolecule. In
fact, a hypsochromic shift is observed between 5a and 5b (�0.07 eV
at both the theoretical and experimental levels) and the effect of the
positioning of cyano groups in the molecule can also be seen from
comparison of absorption maxima of quarterthiophenes 4b and 5b,
which shows an important hypsochromic shift (0.21 eV vs 0.18 eV in
theory). These observations are consistent with what has been
reported previously for cyano-substituted terthiophene systems.16,41

2.2.2. Electrochemical properties. Electrochemical properties of cy-
ano-oligothiophenes were investigated using cyclic voltammetry
(Table 3). One or two reversible reduction waves were observed for
all compounds and reduction potentials were found to be de-
pendent on the oligothiophene structure (Fig. Supplementary data
4e6). First reduction wave can be attributed to the formation of
anion-radical species, as has been observed previously in other
oligothiophene systems.14 In addition, compounds 3a,b, 2a,b, 1b,
5a,b, 6, and 7 featured a second reduction wave. This wave was
ascribed to the successive reduction of the anion-radical into its
corresponding dianion.14 A second reduction wave was not ob-
served for compounds 1a and 4a,b. It is certainly possible that
the position of this second reduction wave is located outside of the
electrochemical window available. Another observation is that the
reduction potentials of oligothiophenes bearing keto-alkyl chains
appear shifted to more positive values than that of compounds
substituted by alkyl chains. For example, Ered1 3b¼�0.59 V (vs SCE)
compared to Ered1 3a¼�1.27 V (vs SCE), thus leading to a shift of
0.68 V at the experimental level versus 0.63 V in theory. Further-
more, an increase of the number of CN groupswithin a similar series
(from 2 in 1a,b till 4 in 2a,b) also results in a shift toward more
positive values of the reduction potentials. Indeed, the reduction
potentials of compoundswith four CN groups (2a,b) are higher than
those of terthiophenes with two CN groups (1a,b) (Ered1 2a>Ered1 1a
and Ered1 2b>Ered1 1b). These behaviors are attributed to the increase
in the electron affinity of oligothiophene due to the presence of
strong electron-withdrawing substituents (CN groups and keto-
functions), thus involving the stabilization of their LUMO energy
levels. Similarly to what was observed for spectroscopic properties,
the electrochemical properties are affected by the position of 3,4-
dicyanothiophene subunits. Indeed, quaterthiophenes with cyano-
substituted thiophene positioned in the middle of the molecule
(5a,b) possess reduction potentials with higher values than qua-
terthiophenes inwhich the cyano groups are located in the border of
the molecule (4a,b) (Ered1 5a>Ered1 4a and Ered1 5b>Ered1 4b). Conse-
quently, the electronic affinity of quaterthiophene is increased
when two cyano thiophenes are next to each other, as for 5a,b. This
effect is less pronounced in the case of keto-alkyl substituted
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compounds D(Ered1 5b�Ered1 4b)¼0.17 V (0.09 V in theory) and D
(Ered1 5a�Ered1 4a)¼0.38 V (0.17 V in theory).

First reduction waves were located between �0.59 V and
�1.63 V (vs SCE). As can be noticed, apart from bithiophene 3b
(Ered1 3b¼�0.59 V vs SCE), all oligothiophenes exhibited high re-
duction potentials (from Ered1 1a¼�1.63 V to Ered1 2b¼Ered1
5b¼�0.81 V vs SCE). These potentials are however quite far from the
electrochemical window determined by Facchetti and co-workers
for semiconductors demonstrating stable behavior in ambient
conditions.11 Consequently, these observations should limit their
use as ambient stable n-type semiconductors in n-type OFET.

3. Conclusion

In conclusion, a new family of soluble oligothiophenes bearing
cyano groups was successfully synthesized through synthetic
routes involving Stille hetero-coupling and/or homo-coupling re-
actions as key synthetic steps. Bithiophene derivative 34 is an in-
teresting building block for the synthesis of dissymmetrical
oligothiophenes due to its demonstrated specific reactivity. Elec-
trochemical and optical measurements demonstrate that the in-
troduction of keto-alkyl chains at the extremities of those cyano-
oligothiophenes reduce their LUMO energy level. In addition, the
number of cyano groups and their positions in the oligothiophene
skeleton affect significantly the properties of those semiconductors.
Close attention was paid to the first reduction potential of all the
oligothiophene derivatives synthesized and bithiophene 3b (Ered1
3b¼�0.59 V vs SCE) is the only derivative featuring a first reduction
potential suitable for ambient conditions stability (O2/H2O),
according to the electrochemical window determined by Facchetti
and co-workers. The evolution of the electrochemical and optical
properties among the various compounds has been fully rational-
ized by quantum-chemical calculations. Study of these compounds
in OFET is currently under investigation and will be reported
a posteriori.

4. Experimental section

4.1. Materials and methods

All chemicals were purchased from Aldrich or Acros and used
without further purification unless stated otherwise. THF was dried
by conventional method (Na/benzophenone distillation procedure
under argon) and collected with glass syringes. LDA (1.8 M solution
in THF/n-heptane/ethylbenzene), anhydrous toluene, and DMF
were purchased from Aldrich. TLC: SiO2 Silica gel 60F254 on alu-
minum sheet (Merck). Column chromatography: Silica gel 60
(particle size 0.063e0.200 mm, Merck). 1H NMR (300 MHz) and 13C
NMR (75 MHz) were recorded on Bruker Avance 300 at room
temperature. Chemical shifts are given in parts per million and
coupling constants J in hertz. The residual signal of the solvent was
taken as internal reference standard. EI-HRMSmeasurements were
made on a Waters AutoSpec 6 and MALDI-ToF experiments on
Waters QToF Premier. Absorption spectra were recorded on an
Agilent 8453 spectrophotometer in a quartz cell (optical path of
1 cm) in dichloromethane (concentration solutions of 10�4 to
10�5 M were used). Cyclic voltammetry experiments were per-
formed with a computer controlled Autolab potentiostat. Mea-
surements were carried out at room temperature in a three-
electrode single-compartment cell (10 mL), at a scan rate of
100 mV s�1. Concentrations of 10�3 M or 5.10�4 M (depending of
the solubility of compounds) in CH2Cl2 solutions containing
Bu4NPF6 (0.1 M) as supporting electrolyte were prepared. Before
each measurement, solutions were deaerated by 10 min nitrogen
bubbling. A glassy carbon, polished by a slurry-suspension of alu-
mina on micro-cloth and washed by Milli-Q water before each
experiment, was used as a working electrode. A spiral platinum
wire was employed as counter electrode and an Ag/AgCl/KCl(sat)
used as reference electrode was connected to the cell solution via
a salt bridge containing a KCl-saturated aqueous solution. The Ag/
AgCl electrode was checked against the ferrocene/ferrocinium (Fc/
Fcþ) couple (EFc/Fcþ¼0.425 V vs Ag/AgCl) before and after each ex-
periment. All potentials are reported versus saturated calomel
electrode (SCE) (EFc/Fcþ¼0.405 V vs SCE). Melting points were ob-
served by microscopy using a Mettler FP 82 hot stage.
4.2. Synthetic procedures

3,4-Dibromothiophene (8),25 3,4-dicyanothiophene (9),23�25

2-octylthiophene (14)26 and 2-octyl-5-tributylstannylthiophene
(15),26 2-octyl-3,4-dibromothiophene (16),28 2-octanoyl-3,4-dibro-
mothiophene (19),29 and 2,5-bis(tributylstannyl)thiophene (23)27

were prepared according to procedures described in the literature.

4.2.1. 5,500-Dioctyl-30,40-dicyano-2,20:50,200-terthiophene (1a). A mix-
ture of 2,5-dibromo-3,4-dicyanothiophene (10) (0.250 g, 0.86 mmol),
Pd(PPh3)4 (0.150 g, 0.13 mmol), and 2-octyl-5-tributylstannylth-
iophene (15) (1.455 g, 3.00 mmol) was heated at 80 �C in dry DMF
(20mL) under argon during 5 h. After cooling, a saturated solution of
NH4Cl (40 mL) was added and the medium was extracted with
CH2Cl2. The organic layer was then washed with H2O. After drying
over MgSO4 the organic layer was concentrated under vacuum and
the crude productwas precipitated by addition ofmethanol. The dark
yellow solid isolated by filtration was then purified by column on
silica gel (CH2Cl2/hexane 1/1 v/v). A yellow solid was obtained
(0.270 g, 0.52 mmol). Yield: 60%.

1H NMR (CDCl3): 7.46 (d, 2H, J¼3.75 Hz, H4, H400), 6.82 (d, 2H,
J¼3.75 Hz, H3, H300), 2.84 (t, 4H, J¼7.54 Hz, eCH2eC7H15), 1.71 (m,
4H, eCH2eCH2eC6H13), 1.34 (m, 20H, e(CH2)5eCH3), 0.89 (t, 6H,
J¼6.92 Hz, eCH3). 13C NMR (CDCl3): 151.1 (C5, C500), 145.0 (C20, C50),
128.8 (C2, C20), 128.6, 125.8 (C3, C300, C4, C400), 113.1 (C60, C70), 105.2
(C30, C40), 31.9, 31.4, 30.3, 29.2, 29.2, 29.1, 22.6 (e(CH2)7eCH3), 14.1
(CH3). Mp: 72e74 �C. Rf (CH2Cl2/hexane 1/1 v/v)¼0.65. UVevis
(nm): labs¼394. C30H38N2S3: EI-HRMS (Mþ�): calcd: 522.2197;
found: 522.2189.

4.2.2. 5,500-Dioctanoyl-30,40-dicyano-2,20:50,200-terthiophene (1b). To
a mixture of 30,40-dicyano-2,20:50,200-terthiophene (12) (101.5 mg,
0.34 mmol) and octanoyl chloride (165.9 mg, 0.175 mL, 1.02 mmol)
in 50 mL of CH2Cl2, was added by portions AlCl3 (266.7 mg,
2.00 mmol) at room temperature. The final mixture was stirred at
reflux. After one night the starting compound was converted into
5-octanoyl-30,40-dicyano-2,20:50,200-terthiophene (13) (shown by
TLC). Octanoyl chloride (1.1 mL) and AlCl3 (1.0 g) were added and
the reaction mixture was refluxed during 9 days. The reaction
mixture was then poured into cold HCl (6 M, 50 mL). After extrac-
tion with CH2Cl2 (3�50 mL), the combined organic layers were
washed with brine (2�50 mL) and water (100 mL). After drying
over anhydrousMgSO4, the desired product was purified by column
on silica gel (CH2Cl2). A yellow solid (103.0 mg, 0.19 mmol) was
obtained in 55% yield.

1H NMR (CDCl3): 7.72 (d, 2H, J¼4.05 Hz, H4, H400), 7.70 (d, 2H,
J¼4.05 Hz, H3, H300), 2.91 (t, 4H, J¼7.39 Hz, eCH2eCOe), 1.76 (m,
4H, eCOeCH2eCH2e), 1.35 (m, 16H, e(CH2)4eCH3), 0.89 (t, 6H,
J¼6.73 Hz, eCH3). 13C NMR (CDCl3): 192.9 (C]O), 147.1 (C5, C500),
144.7 (C20, C50), 136.9 (C2, C200), 132.1, 129.2 (C3, C300, C4, C400), 112.1
(C60, C70), 108.7 (C30, C40), 39.5 (eCOeCH2e), 31.6, 29.2, 29.0, 24.5,
22.6 (e(CH2)5eCH3), 14.1 (eCH3). Mp: 211e212 �C. Rf (CH2Cl2)¼
0.62. UVevis (nm): labs¼395. C30H34N2O2S3: EI-HRMS (Mþ�): calcd:
550.1782; found: 550.1771.
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4.2.3. 5,500-Dioctyl-3,4,300,400-tetracyano-2,20:50,200-terthiophene
(2a). A mixture of 2,5-bis(tributylstannyl)thiophene (23) (0.172 g,
0.26 mmol), Pd(PPh3)4 (0.05 g, 0.04 mmol), and 2-bromo-5-octyl-
3,4-dicyanothioph�ene (18) (0.166 g, 0.5 mmol) was heated over-
night at 105 �C in dry toluene (10 mL) under argon. After cooling,
the reaction mixture was directly purified by column chromatog-
raphy on silica gel (CH2Cl2) to afford a yellow solid (0.025 g,
0.044 mmol). Yield: 17%.

1H NMR (CDCl3): 7.63 (s, 2H, H30, H40), 3.02 (t, 4H, J¼7.56 Hz,
eCH2eC7H15), 1.76 (m, 4H, eCH2eCH2eC6H12), 1.34 (m, 20H,
e(CH2)5eCH3), 0.89 (t, 6H, J¼6.96 Hz, CH3). 13C NMR (CDCl3): 157.8
(C5, C500), 143.4 (C2, C200), 134.2 (C20, C50), 129.0 (C30, C40), 112.6,
111.6, 111.0, 106.5 (C3, C300, C4, C400, C6, C600, C7, C700), 31.7, 31.0, 29.9,
29.1, 29.0, 28.9 22.6 (e(CH2)7eCH3), 14.1 (eCH3). Mp: 194e196 �C.
Rf (CH2Cl2)¼0.70. UVevis (nm): labs¼392. C32H36N4S3: MALDI-
HRMS (MNaþ): calcd: 595.2000; found: 595.1989.

4.2.4. 5,500-Dioctanoyl-3,4,300,400-tetracyano-2,20:50,200-terthiophene
(2b). A mixture of 2,5-bis(tributylstannyl)thiophene (23) (0.219 g,
0.33 mmol), Pd(PPh3)4 (0.110 g, 0.09 mmol), and 2-bromo-5-(2-
heptyl-1,3-dioxolan-2-yl)-3,4-dicyanothiophene (22) (0.253 g,
0.66 mmol) was heated overnight at 105 �C in dry toluene (10 mL)
underargon.After cooling, themixturewasdirectlyfiltratedon silica
gel (CH2Cl2) to afford 45 mg of the corresponding protected ter-
thiophene togetherwith triphenylphospine oxide. Thismixturewas
then solubilized in10 mLofCH2Cl2 and1 gof amberlyst�A15dry ion
exchange resin was added and the mixture was stirred overnight.
The resin was removed by filtration and washed with 30 mL of
CH2Cl2. The filtrate was evaporated to dryness and the solid residue
was dispersed in methanol, filtered, washed with methanol, and
dried to afford an orange solid (16 mg, 0.03 mmol). Yield: 10%.

1H NMR (CDCl3): 7.85 (s, 2H, H30, H40), 3.11 (t, 4H, J¼7.21 Hz,
eCOeCH2e), 1.79 (m, 4H, eCOeCH2eCH2e), 1.32 (m, 16H,
e(CH2)4eCH3), 0.89 (t, 6H, J¼6.85 Hz, eCH3). 13C NMR (CDCl3):
190.1 (C]O), 149.5 (C5, C500), 148.6 (C2, C200), 134.9 (C20, C50), 130.9
(C30, C40), 113.9, 111.7, 111.3, 109.6 (C3, C300, C4, C400, C6, C600, C7, C700),
40.7 (eCOeCH2e), 31.6, 29.0, 28.9, 23.9, 22.6 (e(CH2)5eCH3), 14.1
(eCH3). Mp: 224e226 �C. UVevis (nm): labs¼413. C32H32N4O2S3:
MALDI-HRMS (MNaþ): calcd: 623.1585; found: 623.1609.

4.2.5. 5,50-Dioctyl-3,30,4,40-tetracyano-2,20-bithiophene (3a). A
mixture of 2-bromo-5-octyl-3,4-dicyanothiophene (18) (361.0 mg,
1.11 mmol), Pd(OAc)2 (70 mg, 0.31 mmol), and i-Pr2EtN (143.4 mg,
190 mL, 1.11 mmol) in toluene (15 mL) was refluxed under argon for
2 h. After cooling to room temperature, the mixture was purified by
column chromatography on silica gel (CH2Cl2) to give a white solid
(150 mg, 0.31 mmol). Yield: 56%.

1H NMR (CDCl3): 3.07 (t, 4H, J¼7.59 Hz, eCH2eC7H15), 1.79 (m,
4H, eCH2eCH2eC6H12), 1.29 (m, 20H, e(CH2)5eCH3, 0.89 (t, 6H,
J¼6.95 Hz, CH3). 13C NMR (CDCl3): 160.4 (C5, C50), 138.0 (C2, C20),
111.7, 111.4, 111.1, 110.7 (C3, C30, C4, C40, C6, C60, C7, C70), 31.7, 31.0,
30.0, 29.0, 29.0, 28.9, 22.6 (CH2)7eCH3), 14.0 (CH3). Mp: 74e76 �C. Rf
(CH2Cl2)¼0.82. UVevis (nm): labs¼339. C28H34N4S2: EI-HRMS
(MNaþ): calcd: 513.2123; found: 513.2100.

4.2.6. 5,50-Bis(octanoyl)-3,30,4,40-tetracyano-2,20-bithiophene (3b).
50-Bis(heptyl-1,3-dioxolan-2-yl)-3,30,4,40-t�etracyano-2,20-bithio-
phene (28) (60 mg, 0.099 mmol) was dissolved in 10 mL of CH2Cl2.
Then 1 g of amberlyst� A15 dry ion exchange resin was added and
the mixture was stirred overnight. The resin was removed by fil-
tration and washed with 20 mL of CH2Cl2. The filtrate was con-
centrated and then purified by column chromatography on silica
gel (CH2Cl2) to afford awhite solid (45 mg, 0.077 mmol). Yield: 88%.

1H NMR (CDCl3): 3.13 (t, 4H, J¼7.14 Hz, eCOeCH2e), 1.81 (m, 4H,
eCOeCH2eCH2e),1.35 (m,16H,e(CH2)4eCH3), 0.89 (t, 6H, J¼6.93 Hz,
eCH3). 13C NMR (CDCl3): 189.6 (C]O),153.0 (C5, C50), 142.2 (C2, C20),
115.0, 114.0, 110.7, 110.5 (C3, C30, C4, C40, C6, C60, C7, C70), 40.9
(eCOeCH2e), 31.5, 29.0, 28.8, 23.7, 22.6 (e(CH2)5eCH3),14.0 (eCH3).
Mp: 216e218 �C. Rf (CH2Cl2)¼0.70. UVevis (nm): labs¼342.
C28H30N4O2S2: EI-HRMS (Mþ�): calcd: 518.1810; found: 518.1808.

4.2.7. 5,5000-Dioctyl-3,4,3000,4000-tetracyano-2,20:50,200:500,2000-quaterthio-
phene (4a). Amixture of bithiophene 29 (375.0 mg, 0.92 mmol), Pd
(OAc)2 (94.8 mg, 0.42 mmol), and i-Pr2EtN (119.0, 158 mL,
0.92 mmol) in toluene (20 mL) was refluxed under argon for 4.5 h.
After cooling to room temperature, the solvent was evaporated in
vacuo. The residue was then dissolved in dichloromethane and
purified by chromatography on silica gel (CH2Cl2) to give an orange
solid (153 mg, 0.23 mmol). Yield: 51%.

1H NMR (CDCl3): 7.54 (d, 2H, J¼3.97 Hz, H30, H400), 7.27 (d, 2H,
J¼3.97 Hz, H40, H300), 3.00 (t, 4H, J¼7.54 Hz, eCH2eC7H15), 1.76 (m,
4H, eCH2eCH2eC6H12), 1.30 (m, 20H, e(CH2)5eCH3, 0.90 (t, 6H,
J¼6.97 Hz, CH3). 13C NMR (CDCl3): 156.7 (C5, C5000), 144.6 (C2, C2000),
138.9 (C20, C500), 131.5 (C50, C200), 129.2, 125.9 (C30, C300, C40, C400),
112.9, 111.8, 110.7, 105.1 (C3, C3000, C4, C4000 C6, C6000, C7, C7000), 31.7,
31.0, 29.8, 29.1, 29.1, 28.9, 22.6 (CH2)7eCH3), 14.1 (CH3). Mp: 202 �C.
Rf (CH2Cl2)¼0.71. UVevis (nm): labs¼421. C36H38N4S4: MALDI-
HRMS (Mþ�): calcd: 654.1979; found: 654.1965.

4.2.8. 5,5000-Bis(octanoyl)-3,4,3000,4000-tetracyano-2,20:50,200:500,2000-qua-
terthiophene(4b). Quaterthiophene 25 (30.0 mg, 0.039 mmol) was
dissolved in 10 mL of CH2Cl2. Then 1.0 g of amberlyst� A15 dry ion
exchange resin was added and the mixture was stirred overnight.
The resin was removed by filtration and washed with 30 mL of
CH2Cl2. The filtrate was concentrated and then purified by column
chromatography on silica gel (CH2Cl2) to afford a red solid (22 mg,
0.032 mmol). Yield: 81%.

1H NMR (CDCl3): 7.75 (d, 2H, J¼4.07 Hz, H30, H400), 7.38 (d, 2H,
J¼4.07 Hz, H300, H40), 3.1 (t, 4H, J¼7.13 Hz, COeCH2e), 1.78 (m, 4H,
eCOeCH2eCH2e), 1.35 (m, 16H, e(CH2)4eCH3), 0.90 (t, 6H,
J¼7.01 Hz, eCH3). 13C NMR (CDCl3): solubility is too low for 13C
NMR measurements. Mp: 274e278 �C. Rf (CH2Cl2)¼0.42. UVevis
(nm): labs¼454.

4.2.9. 5,5000-Dioctyl-30,40,300,400-tetracyano-2,20:50,200:500,2000-quater-
thiophene (5a). A mixture of 5-bromo-50-octyl-3,4-dicyano-2,20-
bithiophene (33) (75.0 mg, 0.18 mmol), Pd(OAc)2 (20 mg,
0.09 mmol), and i-Pr2EtN (24.0 mg, 32 mL, 0.18 mmol) in toluene
7 mL under argon was refluxed for 1.5 h. After cooling to room
temperature, the mixture was directly purified by column chro-
matography on silica gel (CH2Cl2) to afford the desired quater-
thiophene 5a as an orange solid (36.0 mg, 0.06 mmol). Yield: 60%.

1H NMR (CDCl3): 7.60 (d, 2H, J¼3.79 Hz, H3, H3000), 6.88 (d, 2H,
J¼3.79 Hz, H4, H4000), 2.88 (t, 4H, J¼7.51 Hz, eCH2eC7H15), 1.73 (m,
4H, eCH2eCH2eC6H13), 1.35 (m, 20H, e(CH2)5eCH3), 0.89 (t, 6H,
J¼6.93 Hz, CH3). 13C NMR (CDCl3): 153.5 (C5, C5000), 149.4 (C2, C2000),
135.9 (C50, C200), 130.3 (C4, C4000), 127.6 (C20, C500), 126.4 (C3, C3000),
112.3, 112.0, 111.8, 105.8 (C30, C40, C60, C70, C300, C400, C600, C700), 31.8,
31.4, 30.4, 29.2, 29.1, 29.0, 22.6 (e(CH2)7e), 14.1 (CH3). Mp:
201e203 �C. Rf (CH2Cl2)¼0.88. UVevis (nm): labs¼432. C36H38N4S4:
MALDI-HRMS (Mþ�): calcd: 654.1979; found: 654.1968.

4.2.10. 5,5000-Dioctanoyl-30,40,300 ,400-tetracyano-2,20:50,200:500,2000-qua-
terthiophene (5b). A mixture of 5-bromo-50-octanoyl-3,4-dicyano-
2,20-bithiophene (37) (83.0 mg, 0.20 mmol), Pd(OAc)2 (20 mg,
0.09 mmol), and i-Pr2EtN (25.9 mg, 34 mL, 0.20 mmol) in toluene
(6 mL) was refluxed under argon for 1.5 h. After cooling to room
temperature, the mixture was directly purified on column chro-
matography on silica gel (CH2Cl2) to afford the desired quater-
thiophene as an orange solid (36.0 mg, 0.05 mmol). Yield: 53%.

1H NMR (CDCl3): 7.78 (d, 2H, J¼4.06 Hz, H4, H4000), 7.73 (d, 2H,
J¼4.06 Hz, H3, H3000), 2.93 (t, 4H, J¼7.31 Hz, eCH2eCOe), 1.77 (m,
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4H, eCOeCH2eCH2e), 1.34 (m, 16H, e(CH2)4eCH3, 0.89 (t, 6H,
J¼6.85 Hz, CH3). 13C NMR (CDCl3): 192.7 (C]O), 148.2 (C5, C5000),
147.9 (C2, C2000), 137.4, 135.7 (C20, C500, C50, C200), 132.0, 130.3 (C3,
C3000, C4, C4000), 113.2, 111.5, 111.2, 109.00 (C30, C300, C40, C400 C60, C600,
C70, C700), 39.6 (eCOeCH2e), 31.6, 29.2, 29.0, 24.4, 22.6 (CH2)5eCH3),
14.1 (CH3). Mp: 214 �C. Rf (CH2Cl2)¼0.45. UVevis (nm):
labs¼421 nm.

4.2.11. 5,500 00-Dioctyl-300,400-dicyano-2,20:50,200:500,2000:5000,200 00-quinque-
thiophene (6). A mixture of 5,500-dibromo-30,40-dicyano-2,20:50,200-
terthiophene (38) (0.128 g, 0.28 mmol), Pd(PPh3)4 (0.060 g,
0.005 mmol), and 2-octyl-5-tributylstannylthiophene (15) (0.477 g,
0.98 mmol) was heated at 80 �C in dry DMF (20 mL) under argon
during 4.5 h. After cooling, a saturated solution of NH4Cl (30 mL)
was added and themediumextractedwith CH2Cl2. The organic layer
was then washed with H2O. After drying over MgSO4 the organic
layer was concentrated under vacuum and the crude product was
precipitated by addition of methanol. The dark red solid isolated by
filtrationwas then purified by column chromatography on silica gel
(CH2Cl2) to give a red solid (0.128 g, 0.19 mmol). Yield: 67%.

1H NMR (CDCl3): 7.55 (d, 2H, J¼3.98 Hz, H40, H3000), 7.10 (d, 2H,
J¼3.52 Hz, H3, H30000), 7.09 (d, 2H, J¼3.98 Hz, H30, H4000), 6.73 (d, 2H,
J¼3.52 Hz, H4, H40000), 2.81 (t, 4H, J¼7.47 Hz, eCH2eC7H15), 1.69 (m,
4H, eCH2eCH2eC6H13), 1.33 (m, 20H, e(CH2)5eCH3), 0.89 (t, 6H,
J¼6.94 Hz,eCH3).13CNMR(CDCl3): 147.8 (C5, C50000),144.1 (C200, C500),
142.2 (C50, C2000), 132.9 (C20, C5000), 129.4 (C40, C3000), 128.7 (C2, C20000),
125.3, 125.2 (C3, C30, C30000, C4000), 123.8 (C4, C40000), 113.0 (C600, C700),
105.5 (C300, C400), 31.8, 31.5, 30.2, 29.3, 29.2, 29.1, 22.3 (e(CH2)7e),14.1
(CH3). Mp: 146e148 �C. Rf (CH2Cl2)¼0.93. UVevis (nm): labs¼459.
C38H42N2S5:MALDI-HRMS (Mþ�): calcd: 686.1952; found: 686.1973.

4.2.12. 5,5000 00-Dioctyl-3,4,3000 00,4000 00-tetracyano-2,20:50,200:500 ,2000:5000,200 00:
500 00 ,2000 00-sexithiophene (7). A mixture of 5-octyl-500-bromo-3,4-
dicyano-2,20:50,200-terthiophene (40) (140.0 mg, 0.29 mmol), Pd
(OAc)2 (45 mg, 0.20 mmol), and i-Pr2EtN (37.5 mg, 50 mL, 0.29 mmol)
in toluene (8 mL)was refluxed under argon for 4.5 h. After cooling to
room temperature, the mixture was directly purified on column
chromatography on silica gel (CH2Cl2) to afford the desired sex-
ithiophene as a red solid (13.0 mg, 0.016 mmol). Yield: 11%.

1H NMR (CDCl3): 7.53 (d, 2H, J¼3.96 Hz, H30, H40000), 7.19 (m, 4H,
H300, H300 00, H40, H4000), 7.14 (d, 2H, J¼3.82 Hz, H3000, H400), 2.99 (t, 4H,
J¼7.54 Hz, eCH2eC7H15), 1.75 (m, 4H, eCH2eCH2eC6H13), 1.34 (m,
20H,e(CH2)5eCH3), 0.89 (t, 6H, J¼6.94 Hz,eCH3). 13C NMR (CDCl3):
solubility is too low for 13C NMR measurements. Mp: 208 �C.
UVevis (nm): labs¼457. C44H42N4S6: MALDI-HRMS (Mþ�): calcd:
818.1734; found: 818.1740.

4.2.13. 2,5-Dibromo-3,4-dicyanothiophene (10). A solution of 3,4-
dicyanothiophene (9) (2.19 g, 7.9 mmol) in dry THF (120 mL) under
argon, was cooled to�80 �C and 27.2 mL (49.0 mmol) of LDA (1.8 M
in solution in THF/n-heptane/ethylbenzene) was added dropwise.
After stirring this mixture for 15 min at �80 �C, bromine (1.88 mL,
36.0 mmol) was slowly added. The mixture was then stirred for 2 h
at �80 �C/�50 �C. The reaction was then quenched by adding
50 mL of a saturated aqueous solution of NH4Cl. The mixture was
extracted with CH2Cl2 and the organic layer was dried over mag-
nesium sulfate and then evaporated to dryness. The crude solid
produced was then purified by chromatography on silica gel
(CH2Cl2) to give 2,5-dibromo-3,4-dicyanothiophene (10) (2.95 g,
10.1 mmol) as a white solid. Yield: 62%.

13C NMR (DMSO-d6): 126.4 (C2, C5), 114.4 (C3, C4), 111.3 (C6, C7).
Mp: 194e195 �C. Rf (CH2Cl2)¼0.72. C6Br(79)2N2S: EI-HRMS (Mþ�):
calcd: 289.8153; found: 289.8149.

4.2.14. 2,5-Bis(tributylstannyl)-3,4-dicyanothiophene (11). A solu-
tion of 3,4-dicyanothiophene (9) (406.0 mg, 3.03 mmol) in dry THF
(50 mL) under argon, was cooled to �80 �C and 5.05 mL
(9.09 mmol) of LDA (1.8 M in solution in THF/n-heptane/ethyl-
benzene) was slowly added (10 min). The mixture was then stirred
for 10 min at �80 �C and 1.81 mL of tributyltin chloride (2.17 g,
6.66 mmol) was added in 10 min. The mediumwas stirred for 1 h at
�80 �C. The reaction was then quenched by adding 40 mL of a sat-
urated aqueous solution of NH4Cl (40 mL). The mixture was
extracted with CH2Cl2. The combined organic layers were dried
over MgSO4 and concentrated. The product was purified by chro-
matography on silica gel (CH2Cl2/hexane 6/4 v/v) to give 1.71 g
(2.40 mmol, 79%.) of colorless oil.

1H NMR (CDCl3): 1.56 (m, 12H, CH2e(CH2)2eCH3), 1.33 (m, 24H,
CH2e(CH2)2eCH3), 0.90 (t, 18H, J¼6.97 Hz, CH3). 13C NMR (CDCl3):
159.5 (C2, C5), 121.0 (C3, C4), 114.9 (C6, C7), 28.8, 27.1, 13.6
(e(CH2)3eCH3), 11.4 (CH3). Rf (CH2Cl2/hexane 6/4 v/v)¼0.95.

4.2.15. 30,40-Dicyano-2,20:50,200-terthiophene (12). A mixture of 2,5-
dibromo-3,4-dicyanothiophene (10) (0.400 g, 1.37 mmol), Pd
(PPh3)4 (0.061 g, 0.053 mmol), and 2-(tributylstannyl)thiophene
(1.023 g, 0.871 mL, 2.74 mmol) was heated at 80 �C in dry DMF
(15 mL) under argon during 24 h. After cooling, a saturated solution
of NH4Cl (40 mL) was added and the mixture was extracted with
CH2Cl2. The organic layer was then washed with H2O. After drying
over MgSO4 the organic layer was concentrated under vacuum.
Purification by column on silica gel eluting by CH2Cl2 afforded
383 mg (1.28 mmol) of 30,40-dicyano-2,20:50,200-terthiophene (12) as
a yellow solid. Yield: 93%.

1H NMR (CDCl3): 7.67 (dd, 2H, J¼1.06 and 3.76 Hz, H5, H500), 7.53
(dd, 2H, J¼1.05 and 5.10 Hz, H3, H300), 7.18 (dd, 2H, J¼3.80 and
5.07 Hz, H4, H400). 13C NMR (CDCl3): 145.0 (C20, C50), 131.2 (C2, C200),
129.4, 128.7 (C3, C300, C4, C400, C5, C500), 112.8 (C60, C70), 106.5 (C30,
C40). Mp¼195e197 �C. Rf (CH2Cl2)¼0.81. UVevis (nm): labs¼375.
C14H6N2S3: EI-HRMS (Mþ�): calcd: 297.9693; found: 297.9697.

4.2 .16 . 5-Octanoyl-3 0, 4 0-d icyano-2 ,2 0:5 0, 2 00- ter th iophene
(13). Prepared similarly to 1b starting from a mixture of 30,40-
dicyano-2,20:50,200-terthiophene (12) (101.5 mg, 0.34 mmol) and
octanoyl chloride (165.9 mg, 0.175 mL, 1.02 mmol) and AlCl3
(266.7 mg, 2.00 mmol). Yield: 20%.

1H NMR (CDCl3): 7.70 (m, 3H, H5, H300, H400), 7.57 (dd, 1H, J¼1.05
and 5.09 Hz, H3), 7.19 (dd, 1H, J¼3.82 and 5.07 Hz, H4), 2.91 (t, 2H,
J¼7.40 Hz,eCH2eCOe), 1.75 (m, 2H,eCOeCH2eCH2e), 1.35 (m, 8H,
e(CH2)4eCH3), 0.89 (t, 3H, J¼6.74 Hz, eCH3). 13C NMR (CDCl3):
192.9 (C]O), 146.6, 146.5 (C20, C50), 143.2 (C200), 137.4 (C500), 132.1
(C5), 130.9 (C2), 130.0, 129.2, 128.9, 128.7 (C3, C300, C4, C400), 112.5,
112.4 (C60, C70), 108.3, 106.7 (C3, C4), 39.4 (eCOeCH2e), 31.6, 29.2,
29.0, 24.5, 22.6 (e(CH2)5eCH3), 14.1 (eCH3). Mp¼132e133 �C. Rf
(CH2Cl2)¼0.73. UVevis (nm): labs¼387. C22H20N2OS3: EI-HRMS
(Mþ�): calcd: 424.0727; found: 424.0738.

4.2.17. 2-Octyl-3,4-dicyanothiophene (17). Amixture of 2-octyl-3,4-
dibromothiophene (16) (10.55 g, 29.8 mmol) and CuCN (8.00 g,
89.4 mmol) in dry DMF (35 mL) was stirred under reflux for 4 h.
After cooling, to the resulting dark solutionwas added a solution of
FeCl3 (29.20 g) in 2 M HCl (62 mL) and the mixture was stirred at
70 �C for 1 h. After cooling to room temperature, this mixture was
extracted several times with CH2Cl2. The organic layers were com-
bined and washed successively with 6 M HCl (two times), water,
saturated NaHCO3 solution, and again water. The organic layer was
dried over MgSO4, filtrated, and evaporated to dryness. The crude
product was then purified by chromatography on silica gel (CH2Cl2/
hexane 1/1 v/v) to afford 4.32 g of a pale yellow liquid. Yield: 59%.

1H NMR (CDCl3): 7.82 (s, 1H, H5), 3.02 (t, 2H, J¼7.57 Hz,
eCH2eC7H15), 1.74 (m, 2H, eCH2eCH2eC6H12), 1.30 (m, 10H,
e(CH2)5eCH3, 0.88 (t, 3H, J¼6.97 Hz, CH3). 13C NMR (CDCl3): 159.6
(C2), 134.1 (C5), 112.2, 112.0, 111.8, 109.9 (C3, C4, C6, C7), 31.7, 31.1,
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29.7, 29.0 (Int.¼2CH2), 28.8, 22.6 (CH2)7eCH3), 14.0 (CH3). Rf
(CH2Cl2/hexane 1/1 v/v)¼0.25. C14H18N2S: EI-MS: (Mþ�)¼245.

4.2.18. 2-Bromo-5-octyl-3,4-dicyanothiophene (18). A solution of
2-octyl-3,4-dicyanothiophene (17) (3.35 g, 13.6 mmol) in dry THF
(90 mL) was cooled under argon to �80 �C and 15.11 mL
(27.2 mmol) of LDA (1.8 M in solution in THF/n-heptane/ethyl-
benzene) was added dropwise. The mixture was stirred for 10 min,
then 1.7 mL of bromine (5.31 g, 16.32 mmol) was slowly added. The
mixture was then allowed to warm to �50 �C (30 min). After add-
ing a saturated solution of NH4Cl (20 mL), the solution was
extracted with CH2Cl2. The organic layers were dried over MgSO4,
filtrated, and concentrated. The brown liquid residue was dissolved
in CH2Cl2 and purified by chromatography on silica gel (elution
with CH2Cl2/hexane 1/1 v/v) to give a yellow liquid (4.23 g,
13.0 mmol), which crystallized in the fridge. Yield: 96%.

1H NMR (CDCl3): 2.98 (t, 2H, J¼7.57 Hz, eCH2eC7H15), 1.71 (m,
2H, eCH2eCH2eC6H12), 1.27 (m, 10H, e(CH2)5eCH3, 0.88 (t, 3H,
J¼7.03 Hz, CH3). 13C NMR (CDCl3): 160.0 (C5),122.1 (C2),114.5,111.3,
111.0, 109.9 (C3, C4, C6, C7), 31.7, 30.9, 30.1, 29.0 (Int.¼2CH2), 28.8,
22.6 (CH2)7eCH3), 14.0 (CH3). Mp¼30e32 �C. Rf (CH2Cl2/hexane 1/1
v/v)¼0.34. C14H17Br(79)N2S: EI-MS: (Mþ�)¼324.

4.2.19. 2-Octanoyl-3,4-dicyanothiophene (20). A mixture of 2-octa-
noyl-3,4-dibromothithiophene (19) (2.90 g, 7.89 mmol) and CuCN
(2.12 g, 23.67 mmol) in dry DMF (15 mL) was stirred under reflux for
4 h. After cooling, the resulting dark solutionwas added to a solution
of FeCl3 (8.10 g) in 2 M HCl (15 mL) and maintained at 70 �C for
45 min. After cooling to room temperature, this mixture was
extracted three times with CH2Cl2. The organic layers were then
combined andwashed successively with 6 MHCl (two times), water,
saturated NaHCO3 solution, and again with water. The organic layer
was dried over MgSO4, filtrated, and then evaporated to dryness.
The crude solid produced was then purified by chromatography on
silica gel (CH2Cl2/hexane 1/1 v/v) to afford 827 mg (3.17 mmol) of
a pale yellow solid. Yield: 40%.

1H NMR (CD2Cl2): 8.24 (s, 1H, H5), 3.06 (t, 2H, J¼7.34 Hz,
eCOeCH2e), 1.76 (m, 2H, eCOeCH2eCH2e), 1.36 (m, 8H,
e(CH2)4eCH3), 0.89 (t, 3H, J¼6.97 Hz,eCH3).13CNMR (CD2Cl2): 190.8
(C]O), 152.0 (C2), 140.9 (C5), 115. 7, 113.6 (C3, C4), 112.3, 112.0 (C6,
C7), 41.4 (eCOeCH2e), 32.2, 29.5, 29.4, 24.3, 23.1 (e(CH2)5eCH3),
14.4 (eCH3). Mp¼98e100 �C. Rf (CH2Cl2/hexane 1/1 v/v)¼0.09.
C14H16N2OS: EI-HRMS (Mþ�): calcd: 260.0980; found: 260.0983.

4.2.20. 2-(2-Heptyl-1,3-dioxolan-2-yl)-3,4-dicyanothiophene (21). A
mixture of 2-octanoyl-3,4-dicyanothiophene (20) (1.48 g, 5.68
mmol), ethylene glycol (2.22 mL, 2.47 g, 39.76 mmol), and300 mgof
p-toluenesulfonic acid monohydrate in 80 mL of toluene was
refluxed for 36 h with azeotropic removal of water (DeaneStark
apparatus). After cooling, the medium is washed with a saturated
solution of NaHCO3 andwithwater. The organic layerwas then dried
over MgSO4, filtrated, and the solvent evaporated under vacuum.
Compound 21 was used without further purification.

1H NMR (CD2Cl2): 7.94 (s, 1H, H5), 4.03 (m, 4H,eOe(CH2)2eOe),
2.07 (m, 2H, eC((OCH2)2)eCH2e), 1.30 (m,10H, e(CH2)5eCH3), 0.87
(t, 3H, J¼6.97 Hz, CH3). 13C NMR (CD2Cl2): 161.4 (C2), 136.3 (C5),
114.1, 112.7, 112.1, 109.1 (C3, C4, C6, C7), 108.8 (C2eC((OCH2)2)e),
66.4 (eOe(CH2)2eOe), 40.1, 32.3, 29.9, 29.6, 23.9, 23.2
(e(CH2)6eCH3), 14.4 (CH3). Rf (CH2Cl2/hexane 1/1 v/v)¼0.07.
C16H20N2O2S: EIMS (Mþ�C7H15): 205.

4.2.21. 2-Bromo-5-(2-heptyl-1,3-dioxolan-2-yl)-3,4-dicyanothio-
phene (22). A solution of 1.08 g of 2-octanoyl-3,4-dicyanothio-
phene (21) in dry THF (30 mL) was cooled to �80 �C under argon
and 2.97 mL of LDA (1.8 M in solution in THF/n-heptane/ethyl-
benzene) was added dropwise. The mixture was then stirred for
10 min, then 0.450 mL of bromine (1.39 g, 4.3 mmol) was slowly
added. The mediumwas then allowed to warm to �50 �C (30 min).
After adding a saturated solution of NaCl (20 mL), the solution was
extracted with CH2Cl2. The organic layers were dried over MgSO4,
filtrated, and concentrated. The brown liquid residue was dissolved
in CH2Cl2 (5 mL) and purified by column chromatography on silica
gel (CH2Cl2) to give a yellow liquid, which crystallized in the fridge
(863 mg, 2.25 mmol). Yield: 40% (from 20).

1H NMR (CD2Cl2): 4.02 (m, 4H,eOe(CH2)2eOe), 2.04 (m, 2H,eC
((OCH2)2)eCH2e), 1.30 (m, 10H, e(CH2)5eCH3), 0.87 (t, 3H,
J¼6.97 Hz, CH3). 13C NMR (CD2Cl2): 161.9 (C5), 124.6 (C2), 116.8,
111.9, 111.3, 109.0 (C3, C4, C6, C7), 108.8 (C5eC((OCH2)2)e), 66.5
(eOe(CH2)2eOe), 39.8, 32.2, 29.8, 29.6, 23.8, 23.2 (e(CH2)6eCH3),
14.4 (CH3). Mp¼35e37 �C. Rf (CH2Cl2)¼0.68. C16H19Br(79)N2O2S:
EIMS (Mþ�): 382.

4.2.22. 5-Octyl-3,4-dicyano-2,20-bithiophene (24). 2-Bromo-5-octyl-
3,4-dicyanothioph�ene (18) (800.0 mg, 2.46 mmol) and 2-(tributyl-
stannyl)thiophene (1.832 g, 1.56 mL, 4.91 mmol) were dissolved in
dry DMF (28 mL) under argon. To this solutionwas added Pd(PPh3)4
(250 mg) and the mixture was heated at 70e80 �C for 2 h. After
cooling, 50 mL of saturated solution of ammonium chloride was
added and the medium was extracted twice with CH2Cl2. The
combined organic phases were washed twice with water and dried
over MgSO4. After filtration, the solvent was removed under vac-
uum. Purification by column chromatography on silica gel (CH2Cl2)
afforded 750 mg (2.28 mmol) of 5-octyl-3,4-dicyano-2,20-bithio-
phene (24) as a white solid. Yield: 93%.

1H NMR (CDCl3): 7.61 (dd, 1H, J¼1.11 and 3.75 Hz, H30), 7.48 (dd,
1H, J¼1.11 and 5.10 Hz, H50) 7.14 (dd, 1H, J¼3.75 and 5.10 Hz, H40),
2.98 (t, 2H, J¼7.71 Hz,eCH2eC7H15),1.74 (m, 2H,eCH2eCH2eC6H13),
1.29 (m, 10H, e(CH2)5eCH3), 0.88 (t, 3H, J¼7.00 Hz, CH3). 13C NMR
(CDCl3): 156.4 (C5),145.6 (C2),131.6 (C20),128.8,128.5,128.2 (C30, C40,
C50), 113.0, 111.9, 110.4, 104.9 (C3, C4, C6, C7), 31.7, 31.0, 29.7, 29.0
(Int.¼2CH2), 28.8, 22.6 ((CH2)7eCH3), 14.0 (CH3). Mp¼74e75 �C. Rf
(CH2Cl2)¼0.75. C18H20N2S2: EIMS (Mþ�): 328.

4.2.23. 5,5000-Bis(heptyl-1,3-dioxolan-2-yl)-3,4,3000,4000-tetracyano-
2,20:50,200:500,2000-quaterthiophene (25). A mixture of 50-bromo-5-(2-
heptyl-1,3-dioxolan-2-yl)-3,4-dicyano-2,20-bithiophene (30) (321.0
mg, 0.69 mmol), Pd(OAc)2 (110 mg, 0.49 mmol), and i-Pr2EtN
(89.1 mg, 118 mL, 0.69 mmol) in toluene (15 mL) was refluxed under
argon for 4 h. After cooling to room temperature, the solvent was
evaporated in vacuo. The residue was then dissolved in CH2Cl2 and
purification by column chromatography on silica gel (CH2Cl2) gave an
orange solid (131.0 mg, 0.17 mmol). Yield: 49%.

1H NMR (CDCl3): 7.58 (d, 2H, J¼3.98 Hz, H30, H400), 7.28 (d, 2H,
J¼3.98 Hz, H300, H40), 4.08 (m, 8H,eOe(CH2)2eOe), 2.09 (m, 4H,eC
((OCH2)2)eCH2e), 1.33 (m, 20H, e(CH2)5eCH3), 0.88 (t, 3H,
J¼6.97 Hz, CH3). 13C NMR (CDCl3): 157.6 (C5, C5000), 145.6 (C2, C2000),
139.2 (C50, C200), 131.4 (C20, C500), 129.5, 126.1 (C30, C40, C300, C400),
112.7, 111.3 (C6, C60, C7, C70), 109.4 (C4, C4000), 108.2 (C5eC
((OCH2)2)e), 106.9 (C3, C3000), 65.8 (eOe(CH2)2eOe), 39.5, 31.7,
29.3, 29.1, 23.3, 22.6 (e(CH2)6eCH3), 14.0 (CH3). Mp¼198e200 �C.
C40H42N4O4S4: MALDI-MS (Mþ�): 770.2.

4.2.24. 5-(2-Heptyl-1,3-dioxolan-2-yl)-3,4-dicyano-2,20-bithiophene
(26). 2-Bromo-5-(2-heptyl-1,3-dioxolan-2-yl)-3,4-dicyanothiophene
(22) (0.608 g,1.59 mmol) and 2-(tributylstannyl)thioph�ene (1.184 g,
1.00 mL, 3.17 mmol)weredissolved indryDMF(15 mL)underargon.
To this solutionwas added Pd(PPh3)4 (150 mg) and themixturewas
heated at 70e80 �C for 3 h. After cooling, 40 mLof saturated solution
of NH4Cl was added and the mixture was extracted twice with
CH2Cl2. The combined organic phases were thenwashed twicewith
water and dried over MgSO4. After filtration, the solvent was re-
moved under vacuum. Purification by column chromatography on
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silica gel (CH2Cl2þ2% Et3N) afforded 536.9 mg (1.39 mmol) of de-
sired bithiophene 26 as a pale yellow waxy solid. Yield: 87%.

1H NMR (CDCl3): 7.63 (dd, 1H, J¼1.09 Hz and 3.76 Hz, H30), 7.51
(dd, 1H, J¼1.09 Hz and 5.10 Hz, H50), 7.15 (dd, 1H, J¼3.76 Hz and
5.09 Hz, H40), 4.07 (m, 4H, eOe(CH2)2eOe), 2.09 (m, 2H, eC
((OCH2)2)eCH2e), 1.31 (m, 10H, e(CH2)5eCH3), 0.87 (t, 3H,
J¼6.92 Hz, CH3). 13C NMR (CDCl3): 157.2 (C5), 146.7 (C2), 131.4 (C20),
129.2, 128.6, 128.5 (C30, C40, C50), 112.8, 111.4, (C6, C7), 109.1 (C4),
108.2 (C5eC((OCH2)2)e), 106.7 (C3), 65.7 (eOe(CH2)2eOe), 39.5,
31.7, 29.3, 29.1, 23.3, 22.6 (e(CH2)6eCH3), 14.0 (CH3).
Mp¼57e59 �C. Rf (CH2Cl2)¼0.66. C20H22N2O2S2: EIMS (Mþ�): 386.

4.2.25. 5,50-Bis(heptyl-1,3-dioxolan-2-yl)-3,30,4,40-tetracyano-2,20-
bithiophene (28). A mixture of 2-bromo-5-(2-heptyl-1,3-dioxolan-
2-yl)-3,4-dicyanothiophene (22) (230.0 mg, 0.60 mmol), Pd(OAc)2
(60 mg, 0.27 mmol), and i-Pr2EtN (77.5 mg, 103 mL, 0.60 mmol) in
toluene (10 mL) was refluxed under argon for 2 h. After cooling to
room temperature, the mixture was purified by column chroma-
tography on silica gel (CH2Cl2) to give a white solid (90 mg,
0.15 mmol). Yield: 49%.

1H NMR (CDCl3): 4.07 (m, 4H, eOe(CH2)2eOe), 2.11 (m, 2H, eC
((OCH2)2)eCH2e), 1.33 (m, 10H, e(CH2)5eCH3), 0.88 (t, 3H,
J¼6.95 Hz, CH3). 13C NMR (CDCl3): 162.2 (C5, C50), 138.8 (C2, C20),
112.8, 111.4, 110.6, 110.0 (C3, C30, C4, C4, C6, C60, C7, C70), 108.2 (C5/
50-C((OCH2)2)e), 66.0 (eOe(CH2)2eOe), 39.4, 31.7, 29.2, 29.1, 23.2,
22.6 (e(CH2)6eCH3), 14.0 (CH3). Mp¼174e175 �C. Rf (CH2Cl2)¼0.59.
C32H36N4O4S2: EIMS (Mþ�): 606.

4.2.26. 50-Bromo-5-octyl-3,4-dicyano-2,20-bithiophene (29). 5-
Octyl-3,4-dicyano-2,20-bithiophene (24) (106.5 mg, 0.32 mmol)
was dissolved in chloroform (10 mL) and bromine (51 mL, 159.0 mg,
0.49 mmol) was added dropwise. After stirring for 15 min at room
temperature the mixture was washed with a solution of Na2S203
and with water. The organic layer was dried over MgSO4. After
filtration, the solvent was removed under vacuum to afford pure
product as a pale yellow solid (101 mg, 0.25 mmol). Yield: 78%.

1H NMR (CDCl3): 7.34 (d, 1H, J¼4.00 Hz, H30), 7.11 (d, 1H,
J¼4.00 Hz, H40), 2.98 (t, 2H, J¼7.53 Hz, eCH2eC7H15), 1.74 (m, 2H,
eCH2eCH2eC6H12), 1.29 (m, 10H, e(CH2)5eCH3, 0.89 (t, 3H,
J¼6.98 Hz, CH3). 13C NMR (CDCl3): 156.7 (C5),144.3 (C2),132.9 (C20),
131.3, 128.5 (C30, C40), 116.6 (C50), 112.8, 111.7, 110.5, 105.3 (C3, C4,
C6, C7), 31.7, 31.0, 29.8, 29.0 (Int.¼2CH2), 28.9, 22.6, (CH2)7eCH3),
14.1 (CH3). Mp¼92e94 �C. Rf (CH2Cl2)¼0.79. C20H22Br(79)N2S2:
EIMS (Mþ�): 406.

4.2.27. 50-Bromo-5-(2-heptyl-1,3-dioxolan-2-yl)-3,4-dicyano-2,20-
bithiophene (30). To a solution of 5-(2-heptyl-1,3-dioxolan-2-yl)-
3,4-dicyano-2,20-bithiophene (26) (600.0 mg, 1.55 mmol) in CH2Cl2
(30 mL) was added Et3N (250 mL, 182.1 mg, 1.80 mmol). Bromine
(191 mL, 595.0 mg, 3.72 mmol) was added in one portion. The me-
diumwas stirred at room temperature for 2 h. The reactionmedium
was diluted with CH2Cl2 (60 mL) and successively washed twice
with Na2S2O3 solution and once with water. The organic layer was
dried over MgSO4, filtrated, and concentrated under vacuum. Fil-
tration through a silica gel pad (CH2Cl2) afforded the desired bro-
minated bithiophene 30 as a pale yellow solid (464.0 mg,
1.00 mmol). Yield: 64%.

1H NMR (CDCl3): 7.35 (d, 1H, J¼4.00 Hz, H30), 7.11 (d, 1H,
J¼4.00 Hz, H40), 4.06 (m, 4H, eOe(CH2)2eOe), 2.06 (m, 2H, eC
((OCH2)2)eCH2e), 1.33 (m, 10H, e(CH2)5eCH3), 0.88 (t, 3H,
J¼7.00 Hz, CH3). 13C NMR (CDCl3): 157.6 (C5), 145.4 (C2), 132.7 (C20),
131.4, 128.8 (C30, C40), 117.0 (C50) 112.5, 111.3, (C6, C7), 109.2 (C4),
108.2 (C5eC((OCH2)2)e), 107.07 (C3), 65.8 (eOe(CH2)2eOe), 39.5,
31.7, 29.3, 29.1, 23.3, 22.6 (e(CH2)6eCH3),14.0 (CH3). Mp¼69e71 �C.
Rf (CH2Cl2)¼0.72. C20H21Br(79)N2O2S2: EIMS (Mþ�): 464.
4.2.28. 2-Bromo-3,4-dicyanothiophene (31). 2,5-Dibromo-3,4-dicya-
nothiophene (10) (500.0 mg, 1.71 mmol) and Pd(PPh3)4 (200 mg,
0.17 mmol) were heated at 70 �C in CH3CN (40mL) under argon for
10 min. Then NaBH4 (65.0 mg, 1.71 mmol) was added in portions.
After 45 min, the reaction was stopped by adding 30mL of water.
This mixture was extracted with CH2Cl2 and the organic layer was
dried overMgSO4, filtrated, and then evaporated to dryness. The solid
residue was purified by column chromatography on silica gel
(CH2Cl2) to give 259 mg (1.21 mmol) of a pale yellow solid. Yield: 71%.

1H NMR (CDCl3): 7.97 (s, 1H, H5). 13C NMR (CDCl3): 137.4 (C5),
125.9 (C2), 115.6, 113.2 (C3, C4), 111.0, 110.9 (C6, C7).
Mp¼132e135 �C. Rf (CH2Cl2)¼0.62. C6HBr(79)N2S: EIMS (Mþ�): 212.

4.2.29. 50-Octyl-3,4-dicyano-2,20-bithiophene (32). A mixture of 2-
bromo-3,4-dicyanothiophene (31) (0.418 g, 1.96 mmol), Pd(PPh3)4
(0.220 g, 0.19 mmol), and 2-octyl-5-tributylstannylthiophene (15)
(1.940 g, 4.00 mmol) was heated at 80 �C in dry DMF (20 mL) under
argon during 4.5 h. After cooling, a saturated solution of NH4Cl
(40 mL) was added and the mixture extracted with CH2Cl2. The
organic layer was then washed with H2O, dried over MgSO4, fil-
trated and concentrated under vacuum. The residuewas purified by
column on silica gel (CH2Cl2/hexane 7/3 v/v) to afford the desired
bithiophene 32 (520 mg, 1.58 mmol) as a white solid. Yield: 81%.

1H NMR (CDCl3): 7.76 (s, 1H, H5), 7.49 (d, 1H, J¼3.75 Hz, H40),
6.83 (d, 1H, J¼3.75 Hz, H30), 2.84 (t, 2H, J¼7.56 Hz, eCH2eC7H15),
1.70 (m, 2H, eCH2eCH2eC6H13), 1.32 (m, 10H, e(CH2)5eCH3), 0.88
(t, 3H, J¼6.94 Hz, CH3). 13C NMR (CDCl3): 151.4 (C50), 149.3 (C2),
133.0 (C5), 128.9 (C40), 128.5 (C20), 125.8 (C30), 113.4, 112.9, 112.0,
109.5 (C3, C4, C6, C7), 31.8, 31.4, 30.2, 29.2, 29.1, 29.0, 22.6
(e(CH2)7eCH3), 14.1 (CH3). Mp¼56e58 �C. Rf (CH2Cl2/hexane 7/3
v/v)¼0.56. C18H20N2S2: EIMS (Mþ�): 328.

4.2.30. 5-Bromo-50-octyl-3,4-dicyano-2,20-bithiophene (33). A solu-
tion of 50-octyl-3,4-dicyano-2,20-bithiophene (32) (335.0 mg,
1.02 mmol) in dry THF (30 mL) was cooled at �80 �C under argon
and LDA (1.13 mL, 2.04 mmol) (1.8 M in solution in THF/n-heptane/
ethylbenzene) was added dropwise. The mixture was stirred for
10 min, then bromine (78 mL, 245.0 mg, 1.53 mmol) was slowly
added. The mixture was stirred for 2 h at �80 �C. After adding
a saturated solution of NH4Cl (40 mL), the solution was extracted
with CH2Cl2. The organic layers were dried over MgSO4, filtrated,
and concentrated. The residue was purified by column chroma-
tography on silica gel (CH2Cl2/hexane 7/3 v/v) to give a pale yellow
solid (160.0 mg, 0.38 mmol). Yield: 38%.

1HNMR(CDCl3): 7.44 (d,1H, J¼3.77 Hz,H40), 6.83 (d,1H, J¼3.77 Hz,
H30), 2.82 (t, 2H, J¼7.54 Hz, eCH2eC7H15), 1.70 (m, 2H,
eCH2eCH2eC6H13),1.31 (m,10H,e(CH2)5eCH3),0.89 (t,3H, J¼6.96 Hz,
CH3). 13C NMR (CDCl3): 152.1 (C50), 149.6 (C2), 129.1 (C40), 127.9 (C20),
125.9 (C30),121.2 (C5),115.9,112.2,111.2,104.5 (C3,C4,C6,C7), 31.8, 31.4,
30.2, 29.2, 29.1, 29.0, 22.6 (e(CH2)7eCH3),14.1 (CH3).Mp¼102e104 �C.
Rf (CH2Cl2/hexane 7/3 v/v)¼0.71. C18H20N2S2: EIMS (Mþ�): 406.

4.2.31. 3,4-Dicyano-2,20-bithiophene (34). 2-Bromo-3,4-dicyano-
thiophene (31) (500.9 mg, 2.35 mmol) and 2-(tributylstannyl)thi-
oph�ene (1.754 g, 1.50 mL, 4.70 mmol) were dissolved in dry DMF
(20 mL) under argon. To this solution was added Pd(PPh3)4
(250 mg) and the mixture was heated at 70e80 �C for 2 h. After
cooling, 50 mL of saturated solution of NH4Cl was added and the
mixture was extracted twice with CH2Cl2. The combined organic
phases were washed twice with water and dried over magnesium
sulfate. After filtration, the solvent was removed under vacuum.
Purification of the residue by column chromatography on silica gel
(CH2Cl2) afforded 394 mg (1.82 mmol) of 3,4-dicyano-2,20-bithio-
phene (34) as a white solid. Yield: 77%.

1H NMR (CDCl3): 7.83 (s, 1H, H5), 7.68 (dd, 1H, J¼1.14 and
3.76 Hz, H30), 7.54 (dd, 1H, J¼1.14 and 5.10 Hz, H50) 7.18 (dd, 1H,
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J¼3.76 and 5.10 Hz, H40). 13C NMR (CDCl3): 148.7 (C2), 133.8 (C5),
131.1 (C20), 129.5, 128.9, 128.7 (C30, C40, C50), 113.7, 112.6, 111.9, 106.1
(C3, C4, C6, C7). Mp¼164e166 �C. Rf (CH2Cl2)¼0.64. C10H4N2S2:
EIMS (Mþ�): 216.

4.2.32. 50-Bromo-3,4-dicyano-2,20-bithiophene (35). 3,4-Dicyano-
2,20-bithiophene (34) (152.3 mg, 0.70 mmol) was dissolved in
CH2Cl2 (10 mL). Bromine (78 mL, 244.0 mg, 0.75 mmol) was added
dropwise. After stirring for 35 min, the mixture was washed with
a solution of Na2S2O3 and with water. The organic layer was dried
over MgSO4. After filtration, the solvent was removed under vac-
uum and purification by column chromatography on silica gel
(CH2Cl2) afforded 50-bromo-3,4-dicyano-2,20-bithiophene as a pale
yellow solid (162 mg, 0.55 mmol). Yield: 79%.

1H NMR (CDCl3): 7.85 (s,1H, H5), 7.41 (d,1H, J¼4.01 Hz, H30), 7.14
(d, 1H, 4.01 Hz, H40). 13C NMR (CDCl3): 147.4 (C2), 133.9 (C5), 132.4
(C20), 131.5, 129.1 (C30, C40), 117.4 (C50), 113.8, 112.4, 111.7, 106.4 (C3,
C4, C6, C7). Mp¼188e192 �C. Rf (CH2Cl2)¼0.73. C10H3Br(79)N2S2:
EIMS (Mþ�): 294.

4.2.33. 5-Bromo-3,4-dicyano-2,20-bithiophene (36). 3,4-Dicyano-
2,20-bithiophene (34) (121.0 mg, 0.56 mmol) was dissolved in dry
THF (30 mL) under argon. The solution was cooled to �80 �C and
stirred during 10 min, then LDA (0.34 mL, 0.62 mmol) (1.8 M in
solution in THF/n-heptane/ethylbenzene) was added dropwise. The
mixture was then stirred for 10 min and bromine (58 mL, 182.3 mg,
0.56 mmol) was slowly added. The mixture was stirred for 30 more
min. After adding a saturated solution of NH4Cl (20 mL), the solu-
tion was extracted with CH2Cl2. The organic layers were washed
with a solution of Na2S2O3 and dried over MgSO4. After filtration,
the solvent was removed under vacuum. The residue was dissolved
in CH2Cl2 and purified by column chromatography on silica gel
(CH2Cl2/hexane 1/1 v/v) to give a pale yellow solid (110.0 mg,
0.37 mmol). Yield: 67%.

1H NMR (CDCl3): 7.62 (dd, 1H, J¼1.10 and 3.77 Hz, H30), 7.55 (dd,
1H, J¼1.10 and5.09 Hz,H50) 7.18 (dd,1H, J¼3.77 and5.09 Hz,H40). 13C
NMR (CDCl3): 149.0 (C2),130.5 (C20),129.9,129.1,128.8 (C30, C40, C50),
122.1 (C5), 116.1, 111.9, 111.1, 105.9 (C3, C4, C6, C7). Mp¼196e198 �C.
Rf (CH2Cl2)¼0.74. C10H3Br(79)N2S2: EIMS (Mþ�): 294.

4.2.34. 5-Bromo-50octyl-3,4-dicyano-2,20-bithiophene (37). 5-Bromo-
3,4-dicyano-2,20-bithiophene (36) (82.0 mg, 0.28 mmol) and octa-
noyl chloride (400 mL, 380.0 mg, 2.34 mmol) were dissolved in dry
CH2Cl2 (15 mL). After adding in portions AlCl3 (750 mg, 5.62 mmol),
the mixture was refluxed for 3 days. After cooling, the reaction
mixture was poured into cold HCl (2 M, 100 mL). After extraction
with CH2Cl2 (3�50 mlL), the combined organic layers were washed
with brine (2�50 mL) and water (100 mL). After drying over an-
hydrous MgSO4, the residue was purified by column chromatog-
raphy on silica gel (CH2Cl2). A yellow solid (102.0 mg, 0.24 mmol)
was obtained in 86% yield.

1H NMR (CDCl3): 7.69 (d, 1H, J¼4.06 Hz, H40), 7.64 (d, 1H,
J¼4.06 Hz, H30), 2.90 (t, 2H, J¼7.31 Hz, eCOeCH2e), 1.75 (m, 2H,
eCOeCH2eCH2e), 1.34 (m, 8H, e(CH2)4eCH3), 0.88 (t, 3H,
J¼6.91 Hz, eCH3). 13C NMR (CDCl3): 192.8 (C]O), 147.4, 147.2 (C2,
C50), 136.5 (C20), 132.0, 129.1 (C30, C40), 123.8 (C5), 116.7, 111.5, 110.8,
107.6 (C3, C4, C6, C7), 39.4 (eCOeCH2e), 31.6, 29.2, 29.0, 24.5, 22.6
(e(CH2)5eCH3), 14.1 (eCH3). Mp¼130e132 �C. Rf (CH2Cl2)¼0.64.
C16H17Br(79)N2OS2: EIMS (Mþ�): 420.

4.2.35. 5,500-Dibromo-30,40-dicyano-2,20:50,200-terthiophene (38). To
a solution of 30,40-dicyano-2,20:50,200-terthiophene (12) (180.0 mg,
0.60 mmol) in CH2Cl2 (15 mL), bromine (100 mL, 300 mg,
1.88 mmol) was added dropwise at room temperature. The mixture
was then stirred for 1.5 h. The precipitate formed was isolated by
filtration and washed with methanol and hexane. After drying,
a yellow solid (265 mg, 0.58 mmol) was obtained in quantitative
yield.

1H NMR (DMSO-d6): 7.53 (d, 2H, J¼4.02 Hz, H4, H400), 7.29 (d, 2H,
J¼4.04 Hz, H3, H300). 13C NMR (DMSO-d6): the solubility is too low
for 13C NMR measurements. Mp¼254e256 �C. C14H4Br(79)2N2S3:
EI-HRMS (Mþ�): calcd: 453.7903; found: 453.7914.

4.2.36. 5-Octyl-3,4-dicyano-2,20:50,200-terthiophene (39). 50-Bromo-
5-octyl-3,4-dicyano-2,20-bithiophene (29) (163.0 mg, 0.40 mmol),
Pd(PPh3)4 (60.0 mg, 0.05 mmol) and 2-(tributylstannyl)thiophene
(224.0 g, 191 mL, 0.6 mmol) were dissolved in dry toluene (10 mL)
under argon. This mixture was then stirred at 105 �C for 2 h. After
cooling, the mixture was directly purified by column chromatog-
raphy on silica gel (CH2Cl2) to afford the desired terthiophene 39
(155.0 mg, 0.38 mmol) as a yellow solid. Yield: 94%.

1H NMR (CDCl3): 7.50 (d, 1H, J¼3.95 Hz, H30), 7.10 (d, 1H, J¼3.95,
H400), 7.02 (m, 2H, H300, H40), 2.99 (t, 2H, J¼7.50 Hz, eCH2eC7H15),
1.75 (m, 2H,eCH2eCH2eC6H12), 1.34 (m,10H,e(CH2)5eCH3, 0.89 (t,
3H, J¼6.94 Hz, CH3). 13C NMR (CDCl3): 156.1 (C5), 145.3 (C2), 141.0
(C20), 135.7 (C50), 129.9 (C200), 129.0, 128.2, 126.1, 125.2, 124.5 (C30,
C40, C300, C400, C500), 113.1, 111.9 (C6, C7), 110.5 (C4), 104.4 (C3), 31.7,
31.0, 29.7, 29.1, 29.0, 28.9, 22.6 (CH2)7eCH3), 14.1 (CH3).
Mp¼71e73 �C. Rf (CH2Cl2)¼0.79. C22H22N2S3: EIMS (Mþ�): 410.

4.2.37. 5-Octyl-5 00-bromo-3,4-dicyano-2,2 0:5 0,2 00-terthiophene
(40). 5-Octyl-3,4-dicyano-2,20:50,200-terthiophene (39) (155.0 mg,
0.38 mmol) was dissolved in chloroform (20 mL) and N-bromo-
succinimide (NBS) (101.5 mg, 0.57 mmol) was added in portions at
room temperature. After stirring for16 h in dark, the mixture was
washed twice with water. The organic layer was dried over MgSO4,
filtrated, and then concentrated under vacuum. Purification by
column chromatography on silica gel (CH2Cl2/petrolum ether 6/4
v/v) afforded the desired brominated terthiophene 40 (156.0 mg,
0.32 mmol) as a yellow solid. Yield: 84%.

1H NMR (CDCl3): 7.52 (d,1H, J¼3.95 Hz, H30), 7.31 (dd,1H, J¼1.09
and 5.07 Hz, H300), 7.27 (dd,1H, J¼1.09 and 3.68 Hz, H500), 7.17 (d,1H,
J¼3.95 Hz, H40), 7.06 (dd, 1H, J¼3.68 and 5.07 Hz, H400), 2.98 (t, 2H,
J¼7.62 Hz, eCH2eC7H15), 1.75 (m, 2H, eCH2eCH2eC6H12), 1.34 (m,
10H, e(CH2)5eCH3, 0.89 (t, 3H, J¼6.69 Hz, CH3). 13C NMR (CDCl3):
156.4 (C5),145.0 (C2),139.8 (C20),137.1 (C50),131.0 (C400),130.2 (C200),
129.0, 125.3, 124.8 (C30, C40, C300), 113.0, 112.9, 111.8, 110.5, 104.7 (C3,
C4, C500, C6, C7), 31.7, 31.0, 29.8, 29.0, 28.9, 22.6 (CH2)7eCH3), 14.1
(CH3). Mp¼111e112 �C. Rf (CH2Cl2/petrolum ether 6/4 v/v)¼0.74.
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