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Abstract: A new approach to vinylogous TTF derivatives 5 via an
alkyne-coupling reaction is reported. Their fundamental redox be-
havior has been studied. A proposed reaction mechanism, which ac-
counts for the formation of compounds 5 is discussed.
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Recently, vinylogous TTF derivatives 1 (Figure 1) have
attracted considerable attention due to their highly elec-
tron-donating properties and reduced on-site Coulombic
repulsion.! They have been used as components for organ-
ic conductors and molecular devices (switches, motors,
sensors, etc).? It is noteworthy that their redox behavior is
dependent on the steric hindrance and donating (or with-
drawing) character of R’.!>*
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Figure 1

In general, there are two main strategies for the prepara-
tion of vinylogous TTF derivatives. On one hand, the
most widely used methods are either the Wittig reaction of
a (1,3-thiole-2-yl) phosphonium salt or the Wittig—Horner
reaction of a phosphonium ester with an appropriate alde-
hyde.? On the other hand, a variety of vinylogous TTF de-
rivatives with different substituents such as alkyl and aryl
groups at vinyl positions have been synthesized by in-
tramolecular oxidative dimerization of substituted 1,4-
dithiafulvenes.!*¢** However, these methods show some
drawbacks as tedious separations and multistep proce-
dures. During our work it was discovered that 4,5-dicy-
ano-1,3-thiole-2-one underwent pyrolysis in the presence
of trialkyl phosphite to produce dicyanoacetylene, leading
to the formation of vinylogous TTF derivatives 5 through
[2+2] cycloaddition. Herein, we describe this alternative
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and efficient synthetic route to compounds 5 (Scheme 1)
and also their solution electrochemical properties.

With the initial goal to synthesize 4,5-dimethylthio-4",5’-
dicyanotetrathiafulvalene (Scheme 1), 4,5-dimethylthio-
1,3-thiole-2-thione and 4,5-dicyano-1,3-thiole-2-one
were stirred at 120 °C in the presence of triethyl phos-
phite.® Surprisingly, instead of the expected compound, a
new vinylogous TTF derivative Sb was obtained, the
structure of which was confirmed by its spectroscopic
data such as NMR, MS, IR as well as X-ray structure anal-
ysis.”
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Scheme 1

To further study the versatility of this approach, analo-
gous reactions were conducted with three other 4,5-
dialkylthio-1,3-thiole-2-thiones (Scheme 1). After purifi-
cation, the corresponding vinylogous TTF derivatives
were obtained. All new compounds 5 have been charac-
terized by IR, NMR spectroscopy, EI mass spectrometry
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and also elemental analyses as listed in the experimental
section. The reaction procedure involving separation and
purification is straightforward, but the yields are rather
low. As a consequence, the reaction conditions were mod-
ified by exchanging triethyl phosphite with trimethyl
phosphite or tri(isopropyl) phosphite as well as probing
different reaction temperatures ranging from 80-120 °C.
But in all cases there were no marked improvements on
the yields.

However, the coupling reaction could be readily carried
out under microwave-heated closed-vessel conditions®
without an inert atmosphere. For example, the reaction of
4,5-dimethylthio-1,3-thiole-2-thione with 4,5-dicyano-
1,3-thiole-2-one was performed in three hours at 120 °C
in a sealed microwave vessel on the same scale and gave
5b in a 26% yield, substantially improved compared to the
open-vessel reaction. These results indicate also that the
volatile intermediate dicyanoacetylene (3) is formed dur-
ing the reaction. Therefore, the coupling reaction may
proceed through the mechanistic pathway outlined in
Scheme 1. Obviously, dicyanoacetylene (3) plays a cru-
cial role in the formation of compounds 5. Through [2+2]
cycloaddition of the triple bond of dicyanoacetylene (3)
and the center double bond of TTF derivatives 2, cyclo-
acetylene derivatives 4 are formed as intermediates,
which are stabilized by electrocyclic ring opening to give
compounds 5 (Scheme 1). Similar [2+2] cycloaddition re-
actions of dicyanoalkyne compounds and TTF derivatives
have been reported by several groups.’

It is noteworthy that 4,5-dicyano-1,3-thiole-2-one can not
be pyrolyzed below a temperature of 500 °C to give dicy-
anoacetylene.'” In our case, the pyrolysis can proceed
through a mechanistic pathway as illustrated in Scheme 2.
Obviously, trialkyl phosphite plays an important role and
promotes the formation of dicyanoacetylene (3). Further-
more, based on the above-mentioned experimental obser-
vation, it is essential to use sealed-vessel microwave
heating technology. This can be explained by considering
that dicyanoacetylene'® has high vapor pressure and there-
fore can be simply distilled off under the open-vessel con-
ditions, giving rise to low yields of compounds 5.
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The molecular structure of compound Sb is depicted in
Figure 2. It has a non-planar structure with C, symmetry
as observed in the substituted TTF vinylogues.'®>*¢ The di-
hedral angle between the two 1,3-dithiolemethylene moi-
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eties is 91.7°. The molecular structure is also consistent
with the spectroscopic and analytical data.

The electrochemical properties of compounds S in CH,Cl,
were investigated by cyclic voltammetry. As expected
from the X-ray structure analysis, they all show reversible
one-stage two-electron redox waves (Figure 3). This fact
suggests that their cation radical states are thermodynam-
ically unstable because of their non-planar structures,
which is in good agreement with previously published re-
sults.'® It has been, however, pointed out that the TTF vi-
nylogue skeletons can be planar and undergo two
reversible one-electron oxidation when the substituents at
the vinyl positions are twisted away from the m-conjugat-
ed framework."? In the case of compounds 5, each cyano
group is nearly coplanar with the adjacent 1,3-dithole
ring, forming two planes almost orthogonal to each other.
Moreover, due to the very strong electron-withdrawing ef-
fect of cyano groups, the values of the oxidation potentials
of compounds 5 are much higher than those of the ana-
logues,'®?® indicating that they are weaker electron do-
nors. For comparison, the oxidation potentials of
bis(ethylenedithio)tetrathiafulvalene (ET) was also mea-
sured under the same conditions (Table 1).

Figure 2 Crystal structure of compound 5b. Hydrogen atoms have
been omitted for clarity. Selected distances [A] and angles [°]: S1-C1
1.723(5),S2-C1 1.719 (5), C1-C6 1.386 (8), C6—C6A 1.497 (9), C2—
C3 1.325 (8), C6-C7 1.422 (8), N1-C7 1.138 (8), S2-C1-S1 115.9
(3), C6-C1-S2122.9 (4), C6-C1-S1 121.2 (4), C1-C6-C7 117.3 (4),
C1-C6-C6A 121.9 (4), C7T-C6—C6A 120.8 (5), N1-C7-C6 176.1 (6).
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Figure 3 Cyclic voltammogram of 5b in CH,Cl,.



PAPER

Vinylogous TTF Derivatives 2159

Table 1 Oxidation Potentials of Compounds 5§ and ET in CH,Cl,
(Ei»in V vs Ag/AgCl, Pt Working Electrode with 0.1 M Bu,NPF,,
100 mV s

Compound E»

5a 0.95 (2e)
5b 1.05 (2e)
5c 1.11 (2e)
5d 1.07 (2e)
ET 0.55,0.93

In summary, the outlined procedure provides a useful and
straightforward pathway to the preparation of vinylogous
TTF derivatives. Since the cyano group can offer a range
of modifiable functionalities,!' this kind of vinylogous
TTF derivatives might constitute promising building
blocks for obtaining further novel n-electron donors. Fi-
nally, a possible mechanism for this new approach is dis-
cussed. Preventing removal of dicyanoacetylene from the
reaction mixture by the use of a sealed-vessel microwave
system leads to significantly enhanced yields.

All reactions were carried out under a dry N, atmosphere in an
oven-dried round-bottomed flask. Chemicals were purchased from
commercial sources and were used as received. TLC was carried out
using aluminum sheets precoated with silica gel 60 F254. The plates
were inspected under UV light (254 nm) and, if required, developed
in I, vapor. Column chromatography was carried out using silica gel
60F (Merck 9385, 0.040-0.063 mm). All melting points were deter-
mined on a Biichi 510 apparatus and are uncorrected. IR spectra
were recorded on a Perkin Elmer One FT-IR spectrometer. Mass
spectra were measured on an AutoSpec Q MS spectrometer. 'H
NMR (300 MHz) and '*C NMR (75 MHz) spectra were recorded on
a Bruker AC-300 NMR spectrometer using TMS as an internal stan-
dard. All cyclic voltammetry measurements were conducted on a
Metrohm VA-Stand 633 instrument. Elemental analyses were per-
formed at the ‘Ecole d’Ingénieurs de Fribourg’. X-ray single crystal
structure analysis was performed on a Stoe Imaging Plate Diffrac-
tometer System (Stoe & Cie, 1995) equipped with a one-circle ¢ go-
niometer and a graphite monochromator.

Vinylogous TTF Derivatives; General Procedure

A solution of 4,5-dicyano-1,3-dithiole-2-one (0.6 mmol) and 4,5-
bis(alkylthio)-1,3-dithiole-2-thione (1.8 mmol) in trialkyl phosphite
(10 mL) and toluene (5 mL) was stirred at 120 °C under N, for 3 h.
Evaporation of the solvent under reduced pressure and chromatog-
raphy of the residue on silica gel using CH,Cl,—hexane (3:1) as elu-
ent afforded the products. The following compounds were thus
obtained. The yields are given in the case triethyl phosphite was
used.

Sa
Yellow powder; yield: 12%; mp 281-282 °C.

IR (KBr): 2924, 2184 (CN), 1440 cm™.
'HNMR: § = 6.70-6.80 (m, 4 H).

BC NMR: § =81.7, 115.7, 122.9, 123.6, 168.0.
MS (EI): m/z (%) = 280 (100).

Anal. Caled for C,(H,N,S,: C, 42.83; H, 1.44; N, 9.99. Found: C,
42.90; H, 1.38; N, 9.92.

5b
Yellow powder; yield: 13%; mp 214-215 °C.

IR (KBr): 2922, 2185 (CN), 1470, 1449 cm™.

"HNMR: § = 2.46 (s, 6 H), 2.49 (s, 6 H).

BCNMR: §=19.1,19.3,84.5, 114.4,129.6, 131.1, 163.1.
MS (EI): m/z (%) = 464 (100).

Anal. Caled for C,H,N,Sq: C, 36.18; H, 2.60; N, 6.03. Found: C,
35.78; H, 2.52; N, 5.72.

Sc
Yellow powder; yield: 15%; mp 270-271 °C.

IR (KBr): 2924, 2191 (CN), 1727, 1446 cm™.
'HNMR: § = 3.35-3.36 (m, 8 H).
MS (EI): m/z (%) = 460 (30).

Anal. Caled for C,HgN,S;: C, 36.49; H, 1.75; N, 6.08. Found: C,
36.80; H, 1.94; N, 5.81.

5d
Yellow powder; yield: 28%; mp 90-91 °C.

IR (KBr): 2965, 2184 (CN), 1474, 1459 cm™.

'H NMR: § = 0.99-1.06 (m, 12 H), 1.63-1.73 (m, 8 H), 2.81-2.88
(m, 8 H).

3BC NMR: § = 13.1, 23.1, 38.5, 38.6, 84.2, 114.5, 130.1, 131.2,
163.0.

MS (ED): m/z (%) = 576 (75).

Anal. Calcd for C,,HsN,Sq: C, 45.80; H, 4.89; N, 4.86. Found: C,
45.90; H, 4.90; N, 4.70.
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