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Abstract—We report the synthesis, crystal structures and redox chemistry of two new TTF derivatives bearing fused triaryl units.
Both compounds show significant planarisation within conjugated regions, assisted by close intramolecular S� � �O contacts. The
extended-TTF analogue displays multi-redox activity and can be oxidised sequentially to the tetracation species.
� 2004 Elsevier Ltd. All rights reserved.
The p-electron donor tetrathiafulvalene (TTF) and its
derivatives have been studied extensively for their use in
a variety of applications such as organic metals and
superconductors,1 Langmuir–Blodgett films,2 molecular
sensors,3 non-linear optics,4 field effect transistors5 and
photovoltaics.4 In many cases, the bulk electronic
properties of TTF derivatives stem from their potential
to self-assemble into well-defined structures featuring
close intermolecular contacts. Such interactions are
particularly beneficial where charge transport is of
concern. From this viewpoint, derivatisation of the TTF
framework affords the possibility of integrating addi-
tional valuable features into the molecule, namely: (i)
enhanced redox behaviour, (ii) stronger and more
widespread intermolecular interactions and (iii) control
of the shape of the molecule itself. In recent work,6 we
have shown that 1-3-dithiole-2-thione species, appended
with fused 2,5-diphenylthiophene and 2,5-diphenylfuran
derivatives, are efficient electron donors capable of
undergoing two reversible oxidation processes to afford
the corresponding radical cation and dication species.
ortho-substitution of the phenyl rings with methoxy
groups induces planarisation of the triaryl units through
intramolecular S� � �O interactions and this situation is
responsible for enhanced stabilisation of the products of
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oxidation. In this paper, we present the first soluble TTF
derivatives bearing fused 4,6-bis(2,4-dimethoxyphe-
nyl)thieno[3,4-d][1,3]dithiole and 4,6-bis(2,4-dimethoxy-
phenyl)furano[3,4-d][1,3]dithiole moieties and discuss
the novel geometrical and electrochemical features that
are attributed to the incorporation of these triaryl units.

Due to the insolubility of symmetrical TTF derivatives
derived from compounds such as 1,6 we attempted to
synthesise the unsymmetrical derivatives 4 and 10,
bearing ethylenedithiodithiole units. Compound 4 was
prepared according to Scheme 1. Thus, 1 was stirred at
80 �C with oxone 27 in the presence of trimethyl phos-
phite to afford the cross-coupled product 3 in 26% yield.
The cyanoethylene protecting groups of 3 were removed
by CsOH in THF and the resulting dithiolate interme-
diate was reacted immediately with 1,2-dibromoethane
to give the product in 57% yield. The reason for pro-
ceeding in two steps from the oxone 2, rather than using
the ethylenedithio analogue, resides in the easy separa-
tion of 3 and tetracyanoethylsulfanyl-TTF.

Scheme 2 depicts the route towards the p-extended TTF
analogue 10. Methylation of compounds 5 and 1 was
achieved using methyl triflate, to give the dithiolium
salts 6a,b in 73% and 81% yield, respectively. Com-
pounds 7a,b were isolated from the reactions of 6a,b
with sodium borohydride (79% and 88% yields). Treat-
ment of 7a,b with triflic acid gave salts 8a,b in 67% and
74% yield, but these materials proved to be unstable and
slowly decomposed upon isolation. The phosphonium
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Scheme 1. Reagents and conditions: (i) P(OMe)3, toluene, 80 �C, 12 h;
(ii) THF, CsOH, then 1,2-dibromoethane.
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salt of 8a was prepared by reaction of the latter with
triphenyl phosphine in THF. After treatment in situ
with n-BuLi at )78 �C, compound 98 was added to give
the product 10 in 71% yield.9 Unfortunately, we were
not able to repeat this procedure for salt 8b to give the
thiophene analogue of 10.

Recrystallisation of compounds 4 (CHCl3–EtOH 10/2
v/v) and 10 (toluene) gave single crystals suitable for
X-ray crystallographic analysis. Compound 410 displays
two intramolecular short S� � �O contacts11 (Fig.1(a)), the
first involving one o-methoxy group and the adjacent
dithiole ring (2.948(7)�A) and the other between the
second o-methoxy substituent and the sulfur of the thio-
phene ring (2.626(7)�A). The latter interaction is associ-
ated with a reasonable degree of planarity between
the corresponding benzene ring and the thiophene unit;
the torsion angle between these two cyclic units is 11.8�.
The second benzene ring is twisted significantly away
from the plane of the thiophene unit, with a torsion
angle of 44.4�. Compound 4 forms dimers in the solid
state through intermolecular S� � �S contacts (3.296(8)�A)
between the S(5) atoms of the ethylenedithio fragment.
There are no further significant intermolecular short
contacts. Compound 1012 crystallises as a 1:1 toluene
solvate and shows a high degree of planarity (Fig.1(b)).
Two S� � �O interactions (2.777(3) and 2.754(2)�A) are
observed exclusively between the o-methoxy substituents
and the corresponding sulfurs of the adjacent dithiole
ring. Hydrogen bonding is also observed between the
marked hydrogens of the two benzene rings (Fig.1(b))
and the oxygen atom of the furan unit (2.313(3) and
2.309(2)�A). This arrangement of short contacts is also
evident in the oxone analogue of compound 56 and is
thought to be responsible for the high degree of pla-
narity within the triaryl fragment, which comprises the
two benzene rings and the thienofurano unit. The tor-
sion angle between benzene A and the furan is 0.03�,
whilst that between ring B and the furan heterocycle is
4.2�. There are no close intermolecular interactions in
the crystal structure of compound 10, apart from weak
H-bonds involving aliphatic C–H groups.

The redox properties of compounds 4 and 10 have been
studied by cyclic voltammetry.13 Compound 4 under-
goes two reversible oxidation processes at +0.56 and
+0.97V, respectively. A third irreversible peak is also
observed at +1.47V. Compound 1 also undergoes two
reversible oxidation processes at +0.86 and +1.16V.
From these values it can be concluded that the first
oxidation of 4 is attributed to the TTF unit of the
molecule, whilst the second oxidation originates from
the triaryl component. The third redox process is also
assumed to arise from the triaryl fragment and its irre-
versible nature is probably due to the high potential at
which this oxidation takes place.

The cyclic voltammogram of compound 10 is depicted in
Figure 2. In contrast to the electrochemical behaviour of
4, the extended TTF analogue is oxidised to the tetra-
cation through four sequential, reversible oxidation
processes (E1=2

1 ¼ þ0:35V, E1=2
2 ¼ þ0:76V, E1=2

3 ¼
þ1:09V and E1=2

4 ¼ þ1:25V). The first two oxidation
processes are assigned to the extended TTF unit. Com-
paring the electrochemistries of compounds 4 and 10,
the key role of the additional vinylene spacer group
between the two dithiole rings is to minimise couloum-
bic repulsion within the dication of the TTF species. In
comparison with the values reported for the symmetri-
cal bis(ethylenedithio) analogue 11 (E1=2

1 ¼ þ0:48 and
E1=2
2 ¼ þ0:71 vs Ag/AgCl in dichloromethane),14 E1=2

1 for
10 is 130mV lower, whilst E1=2

2 is higher by 50mV. E1 for
compound 10 is therefore assigned to the triaryl fused
dithiole, leaving the 4,5-ethylenedithio1,3-dithiole ring
as the site for E2. The difference between the first two
redox processes for each compound (E2 � E1) is 0.23V
for 11 and 0.41V for 10. This discrepancy is due to the
unsymmetrical nature of compound 10 and the stronger
electron donating effect of the triaryl moiety, compared
to the relatively unchanged donor ability of the 4,5-
ethylenedithio1,3-dithiole unit. It is surprising to see
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Scheme 2. Reagents and conditions: (i) CF3SO3CH3, CH2Cl2; (ii) NaBH4, CH3CN/IPA; (iii) CF3SO3H, CH2Cl2; (iv) PPh3, THF, rt; (v) n-BuLi,

)78 �C, then 9.
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that molecule 10 undergoes two further reversible oxi-
dation processes, despite the inevitability of strong
coulombic repulsion within the triaryl unit. The
extended TTF 12 with two dithiafulvenyl arms is
also known to lead to a tetracation state, but with an
irreversible fourth oxidation step.15 Compared to com-
pound 1, E1=2

3 and E1=2
4 for 10 are 230 and 90mV higher
S

S
S

S

S

S

S

S

11

S

S
S

S

S

S

SS

p-Tolyl

12

S S
than the corresponding redox processes and are slightly
inferior to those observed for 12 (E1=2

3 ¼ 1:15V and
E1=2
4 ¼ 1:40V). Undoubtedly, this increase in redox

potentials is due to coulombic factors, but the overall
reversibility of the oxidation processes, together with the
narrow electrochemical window for attaining a tetraca-
tion state, illustrate the new extended TTF as an out-
standing and promising p-electron donor.

Initial attempts at forming charge-transfer (CT) mate-
rials with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquino-
dimethane (TCNQF4) has resulted in the isolation of an
amorphous powder with a donor–acceptor stoichiome-
try of 1:1.16 The conductivity of this material was found
to be 2.4 · 10�4 Scm�1 by the two-probe compressed
pellet method17 (average of five readings).

In conclusion, we have presented some new TTF
materials featuring fused, electroactive and highly pla-
nar triaryl fragments. Compound 10 is the highlight in
this series, due to its exceptional p-electron donor
properties and its ability to be reversibly oxidised to the
tetracation species.



Figure 2. Cyclic voltammogram of compound 10 vs Ag/AgCl reference

electrode, using a Au working electrode, Pt counter electrode and

Bu4NPF6 as the supporting electrolyte.

Figure 1. X-ray crystal structures of (a) compound 4 and (b) derivative 10 with the solvent of crystallisation (toluene) omitted.
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