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Introduction

The 1,3-dithiol-2-ylidene unit has been extensively modified
to provide analogues of the famous p-electron donor tetra-
thiafulvalene (TTF). Derivatives with one 1,3-dithiol-2-yli-
dene group attached to aromatic/heteroaromatic frame-
works,[1] are poorer electron donors than TTF. On the other
hand, vinylogous bis(1,3,-dithioles) 1[2–8] have attracted more
attention, because they are stronger electron donors with re-
duced on-site Coulombic repulsion. Consequently they pos-
sess a smaller difference (DE) between the first and second
oxidation potentials, which represent the sequential forma-
tion of cation radical and dication species. For derivatives
with longer conjugated spacers (both olefinic[2,6] and acety-
lenic[9]) the terminal dithiole units reach a separation dis-
tance at which they behave as independent redox centers
under electrochemical conditions and the waves coalesce
into a single, two-electron process. A different set of deriva-

Abstract: Derivatives of 9-[2-(1,3-di-
thiol-2-ylidene)ethylidene]thioxanthene
have been synthesized using Horner–
Wadsworth–Emmons reactions of (1,3-
dithiol-2-yl)phosphonate reagents with
thioxanthen-9-ylidene-acetaldehyde
(5). Further reactions lead to the steri-
cally crowded cross-conjugated “vinyl-
ogous tetrathiafulvalene” derivative 9-
[2,3-bis-(4,5-dimethyl-1,3-dithiol-2-yli-
dene)-propylidene]thioxanthene (10).
X-ray crystallography, solution electro-
chemistry, optical spectroscopy, spec-
troelectrochemistry, and simultaneous
electrochemistry and electron para-
magnetic resonance spectroscopy, com-
bined with theoretical calculations per-
formed at the B3LYP/6-31G(d) level,
elucidate the interplay of the electronic
and structural properties in these mole-

cules. For compound 10, multistage
redox behavior is observed: the overall
electrochemical process can be repre-
sented by 10!10C+!102+!104+ with
good reversibility for the 10!10C+!
102+ transformations. At the tetraca-
tion stage there is the maximum gain
in aromaticity at the dithiolium and
thioxanthenium rings. Theory predicts
that for 10, 10C+ , and 102+ the trans iso-
mers are more stable than the cis iso-
mers (by ca. 2–18 kJmol�1), whereas
for 104+ the cis isomer becomes more
stable than the trans isomer (by ca.
25 kJmol�1) [trans and cis refer to the

arrangement of the two dithiole moiet-
ies with respect to the central =C(R)�
C(H)= fragment]. These data explain
the detection in cyclic voltammograms
of both trans and cis isomers of 10 and
10C+ during the reduction of 104+ at
fast scan rates (>100 mVs�1) when the
cis–trans isomerization is not complet-
ed within the timescale of the experi-
ment. The X-ray structure of the
charge-transfer complex (CTC) of 10
with 2,4,5,7-tetranitrofluorene-9-dicya-
nomethylenefluorene (DTeF) [stoichi-
ometry: 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl] reveals
a twisted conformation of 10C+ (driven
by the bulky thioxanthene moiety) and
provides a very rare example of segre-
gated stacking of a fluorene acceptor in
a CTC.
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tives, which also give a two-electron wave, comprise shorter
length vinylogs, in which bulky substituents (usually aryl
groups, although Me and CO2Et groups were used as well)
are attached to the spacer (2a–j), leading to substantial con-
formational changes upon oxidation.[10–12] This last set of sys-
tems provide very interesting examples of “inverted poten-
tials”,[13] whereas the less distorted structure 2k (R=CN)
undergoes two one-electron oxidation processes.[12]

Another structural modification to the vinylogous scaf-
fold, which leads to intriguing and more complex multielec-
tron oxidation processes, involves the attachment of one or
two redox-active pendant group(s). Very few derivatives of
this type have been synthesized and their properties have
not been explored in depth: examples are the bis(ferrocen-
yl) derivative 2 l[14] and the 1,3-dithiol-2-ylidene[15,16] and 1,3-
diselenol-2-ylidene cross-conjugated dendralene systems
3.[17] The aim of the present work was to develop this topic

by incorporation of the 9-thioxanthene modulus into p-ex-
tended 1,3-dithiol-2-ylidene structures and to elucidate their
structural, redox, and optoelectronic properties in detail.
Herein we describe new conjugated vinylogous systems
(e.g., 8) and the cross-conjugated derivative 10. We also dis-
cuss theoretical DFT studies for different oxidation states of
molecules 8 and 10, which in the latter case strongly support
our interpretation of the remarkable electrochemistry ob-
served for this compound.

Results and Discussion

Synthesis : The reaction sequence shown in Scheme 1 provid-
ed our target compounds. 9-Methylenethioxanthene (4) was
obtained in 80% yield from thioxanthen-9-one by a
Grignard reaction with methyl magnesium bromide, as de-

Scheme 1. Reagents and conditions: i) POCl3, DMF, 0 8C; then add 4, DMF, 0 8C to 60 8C; ii) 6, THF, nBuLi, �78 8C; then add 5, THF, �78 8C to 20 8C;
iii) POCl3, DMF, 0 8C; then add 8, DMF, 0 8C to 60 8C; iv) 6, THF, nBuLi, �78 8C; then add 9, THF, �78 8C to 20 8C; v) 7, THF, nBuLi, �78 8C; then add
5, THF, �78 8C to 20 8C; vi) 11, nBuLi, THF, �78 8C; then add ClCO2Me, 20 8C; vii) 12, LiAlH4, THF, �78 8C to 20 8C.
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scribed in the literature.[18] The reaction of 4 with phospho-
rus oxychloride in N,N-dimethylformamide (DMF) gave
compound 5 in 58% yield. Reaction of 5 with the anion gen-
erated from phosphonate ester reagents 6[19] and 7[20] under
Horner–Wadsworth–Emmons conditions gave the 1,3-di-
thiol-2-ylidene derivatives 8 and 11, respectively, as red
solids in approximately 60% yields. By analogy with the
preparation of 5, compound 9 was obtained from 8 in 95%
yield. It is worth noting that this reaction is regiospecific, oc-
curring at the methylene carbon atom attached to the more
strongly electron-donating dithiole ring. The aldehyde group
of compound 9 then underwent a further olefination reac-
tion with reagent 6 to yield the dendralene product 10 as a
dark red solid in 23% yield.
Access to more highly-functionalized derivatives of 11

was established by deprotonation of the hydrogen attached
to the dithiole ring by using n-butyllithium in tetrahydrofur-
an (THF) at �78 8C, followed by in situ trapping of the lithi-
ated species with methyl chloroformate to give the methyl
ester derivative 12 (80% yield), which was reduced with
lithium aluminium hydride to the hydroxymethyl derivative
13 (70% yield).

Solution electrochemical studies : Cyclic voltammetry (CV)
data for compounds 8 and 11–13, all with only one dithiole
unit, show an irreversible or quasireversible oxidation at
high potentials, which is presumably a two-electron process
(Figure S1 in the Supporting Information). This is typical
electrochemical behavior for extended-TTF systems,[21]

which undergo a drastic change in their geometry during the
oxidation due to the “inverted potentials” for the first and
second single-electron oxidation steps.[13] For extended
TTFs, in which two dithiol-2-ylidene moieties are separated
by a dihydro-9,10-anthracenediylidene bridge, a tremendous
gain in aromaticity during the formation of the dication fa-
cilitates the two-electron transfer process. Similarly, for com-
pounds 8 and 11–13 such a 2e� oxidation process to yield
the dication state produces an aromatic thioxanthenium
cation moiety. Theoretical calculations for compound 8
reveal a large geometry change during the oxidation process
8!82+ and planarization and aromatization of the thioxan-
thene moiety, thus supporting the observed electrochemical
behavior (see Theoretical Calculations section).
Most intriguing electrochemical behavior was expected

for compound 10, which combines the structure of extended
TTFs with an ethylene bridge (which are stronger donors
than compounds 8 and 11–13 with only one dithiole moiety,
and which can be oxidized in either a 2e� process or two
consecutive 1e� processes depending on their structures and
CV conditions) and a thioxanthene-9-ylidene fragment at-
tached to the bridge. To study the electrochemical proper-
ties of compound 10, we performed CV experiments in both
dichloromethane (CH2Cl2) and acetonitrile (MeCN). In
CH2Cl2 two consecutive single-electron oxidation waves
were observed (Figure 1 and Figure S2 in the Supporting In-
formation). Both waves correspond to a reversible single-
electron oxidation process, based on the difference between

the anodic and cathodic peak potentials (DEpa�pc~0.06 V)
and currents (ipa� ipc), thus resulting in the radical cation
(10C+) and the dication (102+) species, respectively. This
electrochemical behavior is similar to that of TTF vinylogs
unsubstituted at the vinyl positions.[2–4,7,8] For TTF vinylogs
that are symmetrically substituted in the =C(R)�C(R)=
fragment (2a–h), for which large conformation changes are
expected upon oxidation, the situation depends on the steric
and electronic effects of the substituents R, as well as on the
solvent used (coalescence of the two single-electron waves
was observed when CH2Cl2 was replaced by more polar
MeCN).[10] In the case of bulky aryl subsituents (R=o-Ph,
1-naphthyl, 1-pyrenyl) the oxidation generally proceeds as
two consecutive single-electron processes, whereas for R=

Me or p-Ph the two redox waves coalesce, resulting in a
one-step two-electron oxidation. (Decoalescence was ob-
served for para-substituted phenyls with strong electron-do-
nating groups like Me2N- or MeO-.

[5,10,11]) It should be
noted that unsymmetrically substituted dendralene-type
TTF vinylogs also showed two single-electron oxidation
waves.[16,17]

On increasing the potential to ~1.3 V (vs. Ag/Ag+ refer-
ence electrode), a third, partly reversible two-electron oxi-
dation wave was observed to form the tetracation 104+ (Fig-
ure 2a). At low scan rate of 30 mVs�1 the overall electro-
chemical process can be described as 10!10C+!102+!104+ ,
which on the reverse scan and on further cycling demon-
strated good reversibility for the 10!10C+!102+ transfor-
mations. However, when the scan rate was increased to
100 mVs�1, after the oxidation of 10 to 104+ , an additional
cathodic peak on the reverse scan was observed with an Epc
that is more negative than Eox1pc (Figure 2b). Further cycling
revealed the appearance of an additional reversible redox
process at more negative potentials than the first oxidation
Eox11=2. This wave is clearly visible in the deconvoluted CV
traces (Figure 2b). This behavior is retained, and even be-
comes more pronounced, when the scan rate was further in-
creased to 300 mVs�1 (Figure 2c), 600, and 2000 mVs�1 (Fig-
ures S3 and S4 in the Supporting Information).
To understand this fascinating electrochemical behavior

we considered the geometrical structure of compound 10.

Figure 1. Cyclic voltammogram of compound 10 in CH2Cl2, 0.2m
Bu4NPF6, scan rate 100 mVs

�1 (first two cycles shown).
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Although TTF vinylogs that are unsubstituted or symmetri-
cally disubstituted (at the central =C(R)�C(R)= fragment)
generally exist with trans arrangements of the dithiole moi-
eties,[10,11] the geometry of the unsymmetrical structure 10
can be substantially dictated by the bulky thioxanthene
moiety. For example, TTF vinylogs of type 2, in which two
dithiole rings are linked through the aliphatic bridge [2, R=

Ph or substituted phenyls; R1=Me; (R2+R2)=�S ACHTUNGTRENNUNG(CH2)nS�,
n=3–14] adopt a cis conformation of the dithiole frag-

ments.[22] Therefore, it is not evident as to whether com-
pound 10 exists as the trans or cis isomer.[23] Unfortunately,
crystals of 10 suitable for single-crystal X-ray diffraction
analysis were not obtained.

We performed density functional theory (DFT) calcula-
tions for both trans and cis isomers of compound 10 in dif-
ferent oxidation states (neutral, radical cation, dication, and
tetracation). The details of these studies for compounds 8
and 10 are given below in the “Theoretical Calculations”
section. At this point we will mention the relevant results
for trans-10 and cis-10 that shed light on the observed CV
data (Figure 2). Calculations of the energies at both B3LYP/
6-31G(d) and B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) levels
of theory gave qualitatively the same results. The theory
predicts that in the neutral (10) and dication (102+) states
the trans isomers are more stable than the cis- isomers, al-
though the difference in energy between the isomers is
small (2.1–5.3 kJmol�1). In the radical cation state, trans-
10C+ is considerably more stable (by 16.4–18.0 kJmol�1) than
the cis isomer (Figure 3). The opposite situation was found
for 104+ , in which the cis isomer is more stable (by 24.7–
25.3 kJmol�1) than the trans isomer (Figure 3).
In the light of these theoretical calculations, the observed

CVs (Figures 1 and 2) can be rationalized as follows. In the
neutral state compound 10 exists as the more stable trans
isomer, and this configuration is retained when 10 is oxi-

Figure 2. Cyclic voltammograms of compound 10 in CH2Cl2, 0.2m
Bu4NPF6; four consecutive scans at scan rates of a) 30, b) 100, and c)
300 mVs�1. Insets show the deconvoluted CVs.

Figure 3. Calculated relative energies of cis versus trans isomers of com-
pound 10 for the neutral, radical cation, dication and tetracation states at
A) B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) and B) B3LYP/6-31G(d)//
B3LYP/6-31G(d) levels of theory. Unrestricted Hartree–Fock formalism
was applied for the radical cations and restricted formalism was used for
the neutral, dication, and tetracation states.
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dized to 10C+ or 102+ (CV in Figure 1). However, oxidation
to the tetracation results in isomerization into the more
stable cis-104+ . Subsequent electrochemical reduction to the
neutral state (10) on the back scan proceeds differently at
low and at high scan rates. At low scan rate of 30 mVs�1,
the reduction of cis-104+ is accompanied by its isomerization
from the cis to the more thermodynamically stable trans
isomer, so the shape of the CV oxidation waves in the h10/
10C+/102+i region at further scans, as presented in Figure 2a,
is similar to that shown in Figure 1.
When the rate of the reverse scan is increased, the cis–

trans isomerization is incomplete within the timescale of the
CV experiment, and, therefore, a certain amount of com-
pound 10 still exists in the cis configuration. This leads to
the additional peaks (Epc and Epa) below the first oxidation
potential Eox11=2 (Figure 2b,c and Figures S3 and S4 in the Sup-
porting Information), which we attribute to the reduction/
oxidation processes for the cis-10C+/10 isomers.
To further support this interpretation, two additional CV

experiments were performed at high scan rate (300 mVs�1)
starting from different potentials. On scanning from +0.7 V
(trans-102+ state) to negative potentials, the first voltammo-
gram was “normal” in the h10/10C+/102+i region, similar to
that in Figure 1. On further scans, after oxidation of the spe-
cies into cis-104+ , the CV became similar to that in Fig-
ACHTUNGTRENNUNGure 2c, showing an additional peak for the cis-10/cis-10C+ iso-
mers below the Eox11=2 wave for the trans-isomer (Figure 4a).
In contrast to these data, when the CV experiment was
started at 1.4 V (cis-104+ state), the first scan already dem-
onstrated two closely-spaced 10/10C+ redox processes from
both trans and cis isomers. Similar CVs were obtained for
the three subsequent cycles (Figure 4b).
In MeCN the CV similarly shows two consecutive reversi-

ble single-electron oxidation waves with Eox11=2=�0.118 V and
Eox21=2=++0.024 V vs. Ag/Ag+ , corresponding to the 10!10C+
!102+ transformations. Thus, changing the solvent from
CH2Cl2 to MeCN results in a decrease in the difference be-
tween the first and the second oxidation potentials DEox2�ox1

from 0.28 V to 0.14 V, that is, in a decrease of the thermody-
namic stability of the 10C+ radical ion (characterized by dis-
proportionation constant Kdispr= [D] ACHTUNGTRENNUNG[D

2+]/ ACHTUNGTRENNUNG[DC+]2, D=donor,
Table 1). These data agree with the solvent effects reported
previously for other TTF vinylogs substituted at the vinyl
positions.[10] On further oxidation in MeCN, compound 10
showed a third irreversible oxidation peak at +0.84 V
(Table 1, Figure S7 in the Supporting Information).

Spectroelectrochemical studies : Spectroelectrochemical ex-
periments (SEC) in CH2Cl2 and MeCN were performed to
establish the spectroscopic signatures of the radical cation,
dication, and tetracation species generated from compound
10. In CH2Cl2, compound 10 had two absorptions at lmax=
389 and 410 nm with a shoulder at �450 nm. On oxidation,
by applying a positive potential, these bands decreased, with
the concomitant growth of low-energy absorptions of the
10C+ radical ion at lmax=589, 703, and 830 nm (Figure 5a),
with a clear isobestic point at 494 nm. Similar absorption
features for other TTF vinylogs have been reported in the
literature.[10]

An increase in the potential resulted in the disappearance
of the absorption of 10C+ and the appearance of a new peak
at lmax=447 nm with a low intensity broad band centered at
645 nm from 102+ (isobestic point at 523 nm; Figure 5b). A
further increase in the potential resulted in a blue shift in

the absorption, which now
peaked at 330 nm (Figure 5c).
This hypsochromic shift ob-
served in the range from 1.3 V
to 1.6 V is entirely consistent
with the 102+!104+ transfor-
mation, and the clean isobestic
point (392 nm) leaves no room
for the presence of the 10C3+

radical ion in the system. Such
a species should display a bath-

Figure 4. Cyclic voltammograms of compound 10 in CH2Cl2, 0.2m
Bu4NPF6; four consecutive scans at scan rate of 300 mVs

�1: a) starting at
+0.70 V, scan to negative; b) starting at +1.40 V, scan to negative.

Table 1. Redox potentials of compounds 8 and 10.

Solvent Eox11=2 [V]
ACHTUNGTRENNUNG(DEpa�pc [mV])

Eox21=2 [V]
ACHTUNGTRENNUNG(DEpa�pc [mV])

Eox3pa [V] DEox2�ox1 [V] Kdispr [m
�1][c]

8[a] MeCN 0.84[d]

10[b] CH2Cl2 �0.003 (65) +0.278 (62) 1.33 0.281 176Q10�3

10[b] MeCN �0.118 (64) +0.024 (66) 0.84 0.142 5.84Q10�3

[a] Measured against Ag/AgCl reference electrode, scan rate 100 mVs�1. [b] Measured against Ag/Ag+ refer-
ence electrode, scan rate 100 mVs�1. Fc/Fc+ couple as an internal standard showed potentials +0.130 V
(CH2Cl2) and +0.079 V (MeCN) against this electrode in our experiments. [c] Estimated by equation
DEox2�ox1=Eox21=2�Eox11=2=�0.0591 logKdispr. [d] Two electrons.
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ochromic shift compared to 102+ . The spectral evolutions
during the electrochemical oxidation 10!10C+!102+!104+
are represented in Figures 5 and 6.
Similar SEC experiments performed in MeCN demon-

strated analogous spectral changes for the transformations
10!10C+!102+ , with absorption maxima for 10C+and 102+
at similar wavelengths to those in CH2Cl2 (Figures S8 and S9
in Supporting Information).

EPR studies : The electrochemical oxidation of 10 “in situ”
in the EPR spectrometer cavity gave an intense, symmetri-

cal EPR signal with fine structure and is assigned to 10C+ .
The spectrum recorded at E=0.4 V (vs. Ag/AgCl) in a solu-
tion of 0.2m Bu4NPF6 in CH2Cl2 is shown in Figure 7. On in-
creasing the potential to E=0.7 V the signal disappeared
due to the formation of 102+ . This behavior is consistent
with the CV and spectroelectrochemical studies presented
above.

Although it was not possible to simulate the EPR spec-
trum in optimal conditions because the signal did not show
good resolution, the simulation (Figure 7) is good enough to
establish that the spin distribution is delocalized over the
whole molecule; that is, 10C+ should be viewed as a p-ex-
tended system. The hyperfine coupling constants obtained
for the different protons from the best simulation are:
a(1H)=5.8 G, a(1H)=1.75 G, a(4H)=0.32 G, a(4H)=
0.35 G, and a ACHTUNGTRENNUNG(12H)=0.46 G; g factor=2.00695 and line
width=0.35 G. There are two protons with higher coupling

Figure 5. Spectroelectrochemistry of compound 10 in CH2Cl2, 0.2m
Bu4NPF6: a) 10

0!10C+ , b) 10C+!102+ , and c) 102+!104+ (1 mm quartz
cell, transmission mode, potentials are vs. Ag wire).

Figure 6. Three-dimensional representation of the SEC experiment for
compound 10 in CH2Cl2, 0.2m Bu4NPF6, 1 mm quartz cell, transmission
mode; potentials are versus Ag wire.

Figure 7. EPR spectrum of electrochemically generated 10C+ in CH2Cl2/
0.2m Bu4NPF6 solution (top) and its simulation (bottom).
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constants that can be ascribed to the ones on the bridgeRs
double bonds. Most probably the one on the bridge of the
vinylogous TTF skeleton has the highest coupling, approach-
ing 6 G, which is of similar order to the coupling shown by
other vinylogous TTF derivatives.[4] The protons of the four
methyl TTF substituents have the same coupling constant
and those in the aromatic rings are divided in two sets of
four equivalent protons with similar constants.
Radical cations derived from 11, 12, and 13 have been

generated electrochemically following the same process, in a
solution of 0.2m Bu4NPF6 in CH2Cl2. The EPR spectra ob-
tained in some cases were not symmetric, revealing the pres-
ence of more than one radical. In general, the pattern is a
spectrum with two or more lines centered at g=2.0070. Sim-
ilarly to 10, an increase in the potentials above that for gen-
eration of radical cation species resulted in disappearance of
the EPR signals due to further oxidation to the EPR silent
dication. The different shapes of the EPR spectra relative to
that observed for 10C+ could be related to the facile oxida-
tive dimerization of dithiafulvalenes to form TTF vinyl-
ogs.[11,24]

Charge-transfer complexation with 2,4,5,7-tetranitro-9-dicya-
nomethylenefluorene : The strong electron donor 10 inter-
acts with p-electron acceptors to form charge-transfer com-
plexes (CTC) and radical-ion salts. Complexation of 10 with
2,4,5,7-tetranitrofluorene-9-dicyanomethylenefluorene
(DTeF) in polar solvents resulted in the appearance of three
low energy absorption bands [lmax 588, 703, 827 nm (in nitro-
methane, Figure 8a), 585, 701, 824 nm (in acetonitrile, Fig-
ure S10 in the Supporting Information)], characteristic for
the 10C+ radical ion (see Figure 5a and Figures S5, S6, S8,
and S9 in the Supporting Information). In addition to the
absorption from 10C+ in these solutions, broad absorption
bands in the NIR region were also observed: one band is at
about l=1000–1200 nm (overlapping with an absorption of

the 10C+ radical ion) and the second, less intense broad band
is at l=1300–2300 nm (centered at ca. 1590 nm). Similar
low-energy absorptions in the NIR region were previously
observed for radical anions and CTCs of the fluorene ac-
ceptors. Thus, the CTC DTeF–TTF in CH2Cl2 showed a
broad absorption band at 900–2000 nm, centered at about
1200 nm, and similar absorption in the NIR region was ob-
served on electrochemical reduction of D–A (D=donor
A=acceptor) dyad 14 to its radical ion state D–AC� in SEC
experiments (lmax=1220 nm).

[25] This indicates that complex-
ation of donor 10 and acceptor DTeF results in a full elec-
tron transfer to form 10C+ and DTeFC� species in solution
(and is probably the first example of full electron transfer
for fluorene CTCs in solution). In the solid state it is known
that fluorene acceptors and TTF-type donors form CTCs
with different degrees of charge transfer (from neutral or
partial charge transfer[26,27] to full electron transfer in radical
ion salts).[21,28]

Studies of the solvent effect on charge transfer complexa-
tion between 10 and DTeF showed an appearance of three
long-wavelength bands characteristic of the 10C+ radical ion
in tetrahydrofuran, ethyl acetate, chloroform, and dichloro-
methane: see Figure 8a and Figures S10 and S11 in Support-
ing Information. On decreasing the solvent polarity, the in-
tensity of the lowest energy NIR band increased significant-
ly (relative to the bands of 10C+ at ~600–800 nm) with a
blue shift from 1590 nm in nitromethane to 1460 nm in di-
chloromethane (Figure 8a).

Figure 8. UV/Vis/NIR absorption spectra of the CTC between 10 and
DTeF a) in nitromethane (solid line; lmax=588, 703, 827, ~1000 sh,
1590 nm) and dichloromethane (dashed line; lmax=586, 694, 820 sh,
1460 nm) and b) in the solid state (for CTC 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl in KBr
pellet (vs. KBr); lmax=602, 713, 848, ~1000 sh nm).
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The lowest energy absorption at ~1460–1590 nm could
arise from the charge transfer in CTC 10C+ ·DTeFC� or, possi-
bly, from the mixed valence state between the neutral and
radical anion states of the acceptor DTeF0·DTeFC�. We note
for acceptor 15, containing two nitrofluorene moieties con-
nected by a flexible bridge, the electrochemical reduction in
SEC experiments showed formation of a mixed valence
state A�s-AC� (broad absorption at 1400–2500 nm with
lmax=1950 nm, in DMF) proceeding to the diradical dianion
state AC��s-AC� (800–1200 nm with lmax=960 nm).

[29]

In the solid state, CTC of 10 with DTeF grown from chloro-
benzene showed the composition 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl by
single-crystal X-ray analysis (see the next section). The ab-
sorption spectrum of this complex in KBr pellets again
showed three bands characteristic for the 10C+ radical ion to-
gether with an intense broad absorption centered at ~1000–
1100 nm (assigned to the fluorene anion radical) and a low
intensity broad absorption at ~1500–1800 nm (Figure 8b).
The solid-state IR spectrum of 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl (in KBr
pellets) showed nC�N=2182.5 cm

�1 (and a second weak
signal at 2162 cm�1). This value is significantly lower than
that of neutral DTeF (nC�N=2233 cm

�1 and a shoulder at
2226 cm�1) (lit.[21] nC�N=2233 cm

�1) and similar to that of
the radical anion salt Li+ ·DTeFC� (2185 cm�1).[25] These data
point to a radical ion structure 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl.

X-ray crystallographic studies of 8 and 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl :
In the X-ray crystal structure of
8 (Figure 9) the dithiolebuta-
diene moiety is disordered be-
tween two orientations with oc-
cupancies 88.4(1)% and
11.6(1)%, which differ in the
configuration around the C7=
C8 bond and can be (roughly)
described as related by the
mirror plane of the thioxan-
thene moiety. The thioxanthene
unit is folded with the benzene
rings forming an interplanar
angle of 143.08. The butadiene
moiety is slightly distorted from
planarity by twists of 4.4, 3.1,
and 8.08 around the C1=C6,
C6�C7, and C7=C8 bonds, re-
spectively.
We could not grow single

crystals of neutral compound 10
suitable for X-ray analysis. The crystals of the CTC obtained
by co-crystallization of 10 and acceptor DTeF in chloroben-
zene were exceedingly small and twinned. Thus the quality
of X-ray diffraction data was rather poor, but sufficient to
provide clear evidence of the stoichiometry of the complex
as 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl and the general conformation and
packing motif, although not of the accurate bond lengths.
The asymmetric unit comprises one formula unit. Both SEC
experiments and CTC between 10 and DTeF in solutions

(vide supra) establish the radical cation nature for the donor
(10C+) in the crystal and hence the 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl for-
mulation of the complex. The radical cation is nonplanar
due to steric overcrowding (Figure 10a), which indeed is un-
avoidable in any of its oxidation states, 10, 10C+ , or 102+ (see
calculations below). The thioxanthene system (B) is folded
along the S3···C10 vector, its benzene rings form a dihedral
angle of 1438, and the S5 atom is disordered. The angle be-
tween two planar 1,3-dithiol-2-ylidene moieties (A and C) is
648, that between moiety A and the C5-C9-C10-C11-C17
plane is 738 (Figure 10a).

Two symmetrically independent DTeF moieties, E and F,
have a 1� charge and one unpaired electron between them.
The low precision of the data does not establish whether
DTeFC� and DTeF0 occupy specific sites or are randomly dis-
tributed. Both moieties adopt similar, somewhat warped,
conformations, typical for DTeF itself[30] and all its deriva-
tives, due to steric repulsion between the nitro groups in 4-
and 5-positions. However, warping does not prevent the
DTeF units from assembling into an infinite stack, in a ···E-
E-F-F-E-E-F-F··· succession (Figure 10a). The fluorene

Figure 9. X-ray molecular structure of 8 (thermal ellipsoids at the 50%
probability level) and the mode of disorder (insert).

Figure 10. a) Fragment of the crystal structure of 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl, showing one asymmetric unit and inver-
sion equivalents of molecules E and F (primed). Disorder is not shown. b) Overlap of DTeF molecules, viewed
down the a axis.
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mean planes of the two independent units (and hence of all
DTeF units in the triclinic crystal structure) are parallel
within experimental error and normal to the direction of the
stack (crystal axis x). Within a stack, the adjacent units E
and F are related by a local (noncrystallographic) inversion
center (1=4 0

1=2), whereas the pairs EE and FF are related by
crystallographic inversion centers (00 1=2) and (

1=2 0
1=2), re-

spectively, or their equivalents. Thus each contact in the
stack is of a head-to-tail kind, with the exocyclic C=C bond
of one molecule perfectly overlapped by the five-membered
ring of the other molecule (Figure 10b). The mean interpla-
nar separation E–F of 3.05 S is characteristic for “long-
bonded p dimers”, which are often formed by spontaneous
self-association of various organic radicals, and are stable
both in solution and in the solid state.[31] Along a stack, such
separations alternate with longer E–E and F–F separations
of approximately 3.3 S, which are still shorter than
“normal” van der Waals contacts of 3.4–3.5 S.
It is known that nitrosubstituted fluorene acceptors readi-

ly form CTCs with electron donors,[26,32] including numerous
TTF-family donors.[21d,25,27,28] X-ray structures are known for
many of these CTCs of different stoichiometries,[25,27] but in
all cases the fluorene acceptors form alternating stacks with
the donor molecules [DADA (1:1), DAADAA (1:2) or
DADAA (2:3) motifs] typical for semiconductive CTCs. The
only exception is a three-component (1:1:1) CTC of 3,3’-di-
ethylthiazolinocarbocyanine with TCNQ and 9-dicyano-
methylene-2,4,7-trinitrofluorenone (DTF).[33] This structure
contains a mixed stack of two different acceptors, presuma-
bly TCNQC� ions and DTF molecules alternating
[A1A2A1A2] with nearly uniform interplanar separations of
about 3.3 S. To the best of our knowledge, 10·
ACHTUNGTRENNUNG(DTeF)2·2PhCl is the first definitive example of a CTC with
stacks consisting only of a fluorene acceptor.[34] Such ar-
rangement may be facilitated by the awkward conformation
of the 10C+ radical ion, which precludes effective stacking
(p–p overlap) with a planar moiety. Thus 10C+ and two inde-
pendent PhCl molecules (one of them disordered) occupy
channels between the acceptor columns (additional packing
diagrams are shown in Figure S22 in the Supporting Infor-
mation).

Theoretical calculations : We performed quantum chemical
calculations of the geometries and electronic structures of
compounds 8 and 10 in different oxidation states (neutral,
radical cation, dication, and tetracation) by DFT methods.
The geometries of 8, 8C+ , 82+ , 10, 10C+ , 102+ , and 104+ were
optimized at the B3LYP/6-31G(d) level of theory, and the
electronic structures were calculated at the B3LYP/6-311G-
ACHTUNGTRENNUNG(2df,p) level for B3LYP/6-31G(d) optimized geometries
(Figures S12–S21 and Tables S1–S11 in the Supporting Infor-
mation).
The geometry of the thioxanthene fragment provides a

good indication of the charge on this moiety: it has a strong-
ly folded conformation when neutral, whereas it is planar
when positively charged.[35] In the neutral state of molecule
8 the thioxanthene moiety adopts a nonplanar saddle-shape

and the butadiene chain is only slightly twisted around the
central=CH�CH= bond (Figure 11a), which is similar to the
conformation in the X-ray structure (Figure 9). Only minor

conformational changes accompany its oxidation to 8C+ (Fig-
ure 11b; some planarization of the thioxanthene moiety)
and the charge and the spin density are nearly symmetrically
distributed between the dithiole and thioxanthene moieties
(Table 2). On the other hand, in the dication state 82+ the
thioxanthene moiety is fully planarized and both the dithio-
lium ring and the butadiene bridge are twisted with respect
to the thioxanthene plane, with a dihedral angle of ~658
(Figure 11c). Mulliken charge population analysis of the di-
cation state reveals that both the dithiole and thioxanthene
moieties have almost equal positive charges (+0.98 and
+1.02, respectively; Table 2), with negligibly small charge
on the central=CH�CH= bridge (�0.04).
The HOMO in 8 is delocalized between the dithiole

moiety and the butadiene chain forming bonding orbitals on
the double C=C bonds of the butadiene bridge. These orbi-

Figure 11. B3LYP/6-31G(d) optimized geometries of a) 8, b) 8C+ , and c)
82+ .
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tals are antibonding in the LUMO, whereas the LUMO in
total is substantially shifted onto the thioxanthene moiety
(Figure 12).

In the optimized geometries of both trans- and cis-10 iso-
mers, in the neutral states the thioxanthene moiety adopts a
nonplanar saddle-shaped conformation, similar to 8 (Fig-
ACHTUNGTRENNUNGures 13a and 14a). The steric effect of the bulky thioxan-
thene moiety forces the vinylogous TTF fragment in trans-
10 to be nonplanar, with folding along the central C�C
bond of the butadiene bridge by ~408 with additional distor-
tion of the dithiole moieties, the planes of which form a di-
hedral angle of ~308. Nonplanarity of the vinylogous TTF
fragment in cis-10 is evidently due to steric repulsion be-
tween the dithiole moieties.
The thioxanthene moiety retains its saddle-shaped confor-

mation in both the trans and cis isomers of the 10C+ radical
ion, although there is a tendency for planarization, which is
more pronounced for cis-10C+ than trans-10C+ (Figures 13b
and 14b). The difference in positive charge localization on
the thioxanthene moieties in cis- and trans-10C+ (+0.29 and
+0.11, respectively, Table 2) reflects these features. In trans-

10C+ the positive charge and spin density are predominantly
delocalized on the vinylogous TTF moiety (A+C, Table 2).
For trans-102+ the thioxanthene moiety becomes more

planar than in the neutral or radical cation states, although
its folded conformation still remains to a certain extent,
whereas for cis-102+ it is almost planar (Figures 13c and
14c). These geometrical differencies between the isomers
are in good agreement with the differences in their charge
distribution: the positive charge on the thioxanthene moiety
is greater for cis-102+ (+0.81) than for trans-102+ (+0.58)
(B, Table 2).
In 104+ , the thioxanthene moiety is planar for both cis

and trans isomers (Figures 13d and 14d), carrying positive

Table 2. Charge distribution between the dithiole and thioxanthene
moieties[a] in radical cation, dication, and tetracation states of compounds
8 and 10 according to B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) calcula-
tions.

A B C

8C+ +0.50 +0.50 –
82+ +0.98 +1.02 –
trans-10C+ +0.45 +0.11 +0.44
trans-102+ +0.84 +0.58 +0.58
trans-104+ +1.07 +1.71 +1.22
cis-10C+ +0.45 +0.29 +0.26
cis-102+ +0.85 +0.81 +0.34
cis-104+ +0.89 +1.69 +1.42

[a] The sums of Mulliken atom charges on the fragments A, B, and C are
given.

Figure 12. B3LYP/6-311G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31G(d) frontier orbitals for
the neutral state of compound 8.

Figure 13. B3LYP/6-31G(d) optimized geometries of a) trans-10, b) trans-
10C+ , c) trans-102+ , and d) trans-104+ .
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charges of +1.56 and +1.59, respectively (+1.69 and +1.71
for moieties B, Table 2). The central =CH�C(=)�CH= exo-
cyclic bridge between the redox-active dithiole and thioxan-
thene units is only partly charged for both cis- and trans-
104+ ions (+0.19 and +0.11, respectively). For trans-104+ ,
relative to its lower oxidation states, the orientation of the
vinylogous TTF moiety is substantially changed, becoming
nearly orthogonal to the thioxanthene moiety (Figure 13).
There are no such drastic changes in the relative orienta-
tions of these moieties for cis-10 depending on the oxidation
state (Figure 14).
The calculated bond lengths in the central exocyclic frag-

ments of compounds 8 (a, b, c) and 10 (a, b, c, d, e) at differ-
ent oxidation states are collated in Table 3. For neutral mol-
ecule 8 there is good agreement between the calculated
values and the X-ray diffraction experiment: bonds a and c
are essentially double C=C bonds with the length of b
(1.438 S) close to the standard 1.455(11) S for a single
C ACHTUNGTRENNUNG(sp2)�C ACHTUNGTRENNUNG(sp2) bond in a planar (conjugated) butadiene
system[36] (Table 3). On oxidation to 8C+ , all three bonds
almost equalize indicating pronounced p delocalization
along the bridge, whereas further oxidation to 82+ results in

the bridge�CH=CH� unit with an essentially double central
bond (b=1.353 S).
Nonplanarity of the vinylogous TTF moiety in 10 arising

from steric hindrance, as discussed above, diminishes the
conjugation between the dithiole moieties and their conjuga-
tion with the thioxanthene moiety. As a result, the length of
the bond b is increased from 1.438 S in 8 to 1.464–1.470 S
in 10, which is similar to the length of bond d (1.467 S) be-
tween the dithiole units (Table 3). The same steric influence
of the bulky thioxanthene moiety hinders the shortening of
bond b to the normal double C=C bond length, which is
somewhat longer than that in 82+ (b=1.353, 1.431, and
1.378 S for 82+ , trans-102+ , and cis-102+ , respectively). The
precision of the X-ray experiment is unsufficient for mean-
ingful comparison.

Conclusions

We have used Horner–Wadsworth–Emmons reactions of
(1,3-dithiol-2-yl)phosphonate reagents to prepare novel vi-
nylogous p-electron donors, notably the sterically crowded
cross-conjugated derivative 9-[2,3-bis-(4,5-dimethyl-1,3-di-
thiol-2-ylidene)-propylidene]thioxanthene (10). Detailed
electrochemical and spectroscopic properties, X-ray analysis,
and DFT calculations are reported. Compound 10 displays
multistage redox behavior in solution with a fascinating and
subtle interplay of electronic and structural properties at the
different redox states. The overall electrochemical process
can be represented by 10!10C+!102+!104+ with good re-
versibility for the 10!10C+!102+ transformations. The tet-
racation stage is characterized by aromaticity of the dithioli-
um and thioxanthenium rings. An unexpected feature is that

Figure 14. B3LYP/6-31G(d) optimized geometries of a) cis-10, b) cis-10C+ ,
c) cis-102+ , and d) cis-104+ .

Table 3. B3LYP/6-31G(d) calculated bond lengths [a–e in S] in the cen-
tral butadiene fragment of compounds 8 and 10 at different oxidation
states.

a b c d e

8 1.360
1.358(2)[a]

1.438
1.439(3)[a]

1.367
1.359(2)[a]

–
–

–
–

8C+ 1.398 1.399 1.406 – –
82+ 1.450 1.353 1.485 – –
trans-10 1.370 1.470 1.363 1.467 1.354
trans-10C+ 1.409 1.478 1.365 1.415 1.391
trans-102+ 1.465 1.431 1.408 1.414 1.401
trans-104+ 1.481 1.448 1.422 1.411 1.419
cis-10 1.376 1.464 1.363 1.467 1.354
cis-10C+ 1.419 1.447 1.382 1.437 1.380
cis-102+ 1.475 1.386 1.464 1.439 1.385
cis-104+ 1.502 1.410 1.461 1.419 1.408

[a] Experimental (X-ray crystal structure, major conformer).
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at fast scan rates both trans and cis isomers of 10 and 10C+

were observed during the reduction of 104+ [trans and cis
refer to the arrangement of the two dithiole moieties with
respect to the central =C(R)�C(H)= fragment] due to in-
complete isomerization of the cis structure within the time-
scale of the experiment. A very twisted structure of 10C+ has
been observed in the X-ray crystal structure of the charge-
transfer complex 10C+ · ACHTUNGTRENNUNG(DTeF)2C�·2PhCl (DTeF=2,4,5,7-tet-
ranitrofluorene-9-dicyanomethylenefluorene). For future
work the synthetic methodology should be adaptable to re-
lated vinylogous and cross-conjugated p systems, which will
be designed to probe further the fundamental structural and
electronic properties of these fascinating compounds.

Experimental Section

Thioxanthen-9-ylideneacetaldehyde (5): Phosphorus oxychloride (5.8 mL,
62.17 mmol) was added slowly to DMF (20 mL) cooled to 0 8C in an ice
bath. A solution of 4[18] (2.176 g, 10.36 mmol) in DMF (30 mL) was
slowly added to this mixture. The mixture was warmed to room tempera-
ture and was maintained at 60 8C overnight, then poured into iced water
and neutralized to pH 7 with 10% sodium hydroxide solution. The solu-
tion was extracted with chloroform, and the organic phase was dried over
MgSO4 and evaporated. The residue was subjected to chromatography
on silica (eluent CH2Cl2/hexane, 4:1 v/v) to afford compound 5 (1.44 g,
58%), a yellow solid. M.p. 108–110 8C; 1H NMR (300 MHz, CDCl3): d=
9.83 (d, J=7.8 Hz, 1H; CHO), 7.68 (m, 1H), 7.56 (dd, J=7.5, 1.2 Hz,
2H), 7.50 (m, 1H), 7.47–7.32 (m, 4H), 6.42 ppm (d, J=7.8 Hz, 1H);
13C NMR (75 MHz, CDCl3): d=193.29, 152.65, 134.12, 134.02, 132.14,
131.64, 129.83, 129.61, 129.35, 127.72, 127.66, 126.68, 126.52, 126.24,
126.21 ppm. MS (CI+ ): m/z (%): 239 (100) [M]+ ; UV/Vis (CHCl3):
lmax=386 nm; elemental analysis calcd (%) for C15H10OS (238.05): C
75.60, H 4.23; found: C 75.46, H 4.30.

9-[2-(4,5-Dimethyl-1,3-dithiol-2-ylidene)ethylidene]thioxanthene (8): n-
Butyllithium (1.6m in hexanes, 6 mL, 9.6 mmol) was added to a stirred
solution of reagent 6 (2.12 g, 8.72 mmol), in dry THF (75 mL) at �78 8C,
and the mixture was stirred for 30 min. Compound 5 (2.07 g, 8.72 mmol)
dissolved in THF (75 mL) was added slowly and the mixture was left to
warm to room temperature overnight. Solvents were removed in vacuo
and the residue was purified by chromatography on silica gel (eluent
CH2Cl2), and then on alumina (eluent CH2Cl2/hexane, 1:1 v/v) to afford
compound 8 (2.0 g, 65%) as red crystals. M.p. 193–195 8C. 1H NMR
(400 MHz, CDCl3): d=7.52 (dd, 1H; J=8.0 MHz, 1.2 MHz), 7.50 (dd,
J=8.0 , 1.2 Hz, 1H), 7.40 (m, 1H), 7.34 (m, 1H), 7.28–7.24 (m, 2H),
7.22–7.15 (m, 2H), 6.52 (d, J=11.8 Hz, 1H), 6.34 (d, J=11.8 Hz, 1H),
1.97 (s, 3H; CH3), 1.93 ppm (s, 3H; CH3);

13C NMR (100 MHz, CDCl3):
d=140.23, 138.64, 134.32, 133.74, 131.96, 130.07, 129.46, 127.24, 127.07,
126.99, 126.93, 126.65, 126.32, 126.09, 125.35 122.21, 121.95, 109.12, 13.92,
13.57 ppm; MS (EI): m/z (%): 352 (100) [M]+ ; UV/Vis (CHCl3): lmax=
423 nm; elemental analysis calcd (%) for C20H16S3 (352.04): C 68.14, H
4.57; found: C 67.86, H 4.57.

2-(4,5-Dimethyl-1,3-dithiol-2-ylidene)-3-thioxanthen-9-ylidenepropional-
dehyde (9): Phosphorus oxychloride (1.74 mL, 18.75 mmol) was added
slowly to DMF (10 mL) cooled in an ice bath at 0 8C. A solution of com-
pound 8 (1.1 g, 3.12 mmol) in DMF (15 mL) was slowly added to this
mixture. The mixture was warmed to room temperature and was main-
tained at 60 8C overnight. The reaction mixture was poured into iced
water and neutralized to pH 7 with 10% sodium hydroxide solution. The
solution was extracted with chloroform, and the organic phase was dried
over MgSO4 and evaporated. The residue was subjected to chromatogra-
phy on silica (eluent, dichloromethane/hexane 1:1 v/v). After evapora-
tion, acetone was added and the resulting crude solid was filtered and
washed with acetone to give compound 9 (1.13 g, 95%) as yellow crystals.
M.p. 242–244 8C; 1H NMR (500 MHz, CDCl3): d=8.88 (s, 1H; CHO),

7.73 (d, J=8.0 H, 1Hz), 7.44 (d, J=8.0 Hz, 2H), 7.37 (d, J=8.0 Hz, 1H),
7.34 (dd, J=7.5, 7.5 Hz, 1H), 7.27 (dd, J=7.5, 7.5 Hz, 1H), 7.19 (dd, J=
7.5, 7.5 Hz, 1H), 7.13 (dd, J=7.5, 7.5 Hz, 1H) 6.53 (s, 1H; CH), 2.26 (s,
3H; CH3), 2.21 ppm (s, 3H; CH3);

13C NMR (125 MHz, CDCl3): d=
183.78, 137.25, 136.07, 135.35, 134.28, 133.72, 132.70, 130.07, 128.78,
127.94, 127.42, 127.30, 127.23, 126.96, 126.45, 125.47, 124.34, 123.37,
116.86, 13.74, 13.41 ppm; IR (KBr): ñ=2900, 1684, 1653, 1627, 1458,
1419, 1380, 1259, 858, 762, 739, 621, 543 cm�1; MS (EI): m/z (%): 380
(89) [M]+ , 155 (100) [M�225]+ ; UV/Vis (CHCl3): lmax=429 nm; elemen-
tal analysis calcd (%) for C21H16OS3 (380.04): C 66.28, H 4.24; found: C
66.25, H 4.14.

9-[2,3-Bis-(4,5-dimethyl-1,3-dithiol-2-ylidene)propylidene]thioxanthene
(10): Following the procedure described for 8, compound 6 (0.319 g,
1.31 mmol), nBuLi (0.9 mL, 1.44 mmol), and compound 9 (0.50 g,
1.31 mmol) were reacted. After evaporation and chromatography on
silica (eluent, dichloromethane), recrystallization from hexane gave com-
pound 10 (0.15 g, 23%) as a red powder. M.p. 201–203 8C; 1H NMR
(300 MHz, C6D6): d=7.95–7.87 (m, 2H), 7.33–7.26 (m, 2H), 7.07–6.93
(m, 2H), 6.93–6.83 (m, 2H), 6.70 (s, 1H; ACHTUNGTRENNUNG-CH=), 6.24 (s, 1H; ACHTUNGTRENNUNG-CH=), 1.37
(s, 3H; CH3), 1.333 (s, 3H; CH3), 1.324 (s, 3H; CH3), 1.30 ppm (s, 3H;
CH3);

13C NMR (75 MHz, C6D6): d=137.96, 137.40, 134.26, 133.70,
133.25, 132.87, 129.29, 128.21, 127.89, 127.59, 127.13, 127.11, 126.88,
126.44, 126.04, 125.79, 124.82, 123.53, 122.54, 120.40, 118.58, 110.54, 13.21,
13.02, 12.99, 12.59 ppm. MS (EI): m/z (%): 494 (100) [M]+ ; MS (CI+ ):
m/z (%): 495 (100) [M+H]+ ; UV/Vis (CHCl3): lmax=389, 410 nm; ele-
mental analysis calcd (%) for C26H22S5 (494.03): C 63.11, H 4.48; found C
63.07, H 4.60.

Complex 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl was obtained by mixing hot solutions of
donor 10 and acceptor DTeF in chlorobenzene and storing the resulting
solution of the CTC at room temperature.

9-[2-(4-Methyl-1,3-dithiol-2-ylidene)ethylidene]thioxanthene (11): By
analogy with the preparation of 8, compound 7 (0.80 g, 3.48 mmol),
nBuLi (2.4 mL, 3.83 mmol), and compound 5 (0.83 g, 3.48 mmol) were
stirred overnight. After evaporation and chromatography on silica
(eluent, dichloromethane), and then on alumina (eluent CH2Cl2/hexane,
1:1 v/v), compound 11 was obtained (0.657 g, 56%) as yellow powder.
M.p. 163–165 8C; 1H NMR (200 MHz, CDCl3): d=7.53 (m, 2H), 7.41 (m,
2H), 7.35–7.13 (m, 4H), 6.62 (2d, J=11.8 Hz, 1H; CH=CH, two iso-
mers), 6.35 (d, J=11.8 Hz, 1H; CH=CH), 5.85 (s, 1H; H-dithiole), 2.08
2.05 ppm (2s; CH3, two isomers);

13C NMR (100 MHz, CDCl3): d=

140.23, 138.64, 134.32, 133.74, 131.96, 130.08, 129.46, 127.24, 127.07,
126.99, 126.92, 126.65, 126.32, 126.09, 125.35, 122.21, 121.95, 109.12,
(13.91, 13.96 ppm; CH3, two isomers); MS (EI+ ): m/z (%): 338 (100)
[M]+ ; UV/Vis (CHCl3): lmax=391 nm; elemental analysis calcd (%) for
C19H14S3 (338.03): C 67.41, H 4.17; found: C 67.26, H 4.45.

5-Methyl-2-(2-thioxanthen-9-ylideneethylidene)-1,3-dithiole-4-carboxylic
acid methyl ester (12): n-Butyllithium (1.6m in hexane, 3.77 mL,
6.03 mmol) was added to a stirred solution of compound 11 (1.85 g,
5.48 mmol) in dry THF (1000 mL) under N2 at �78 8C. The reaction mix-
ture was stirred for 2 h. Methyl chloroformate (0.43 mL, 5.48 mmol) was
added and the mixture was stirred and left to warm to room temperature
overnight. The solvents were removed in vacuo and the residue was puri-
fied by chromatography on silica (eluent, dichloromethane/hexane; ini-
tially 3:1 v/v, then 1:1 v/v) to afford compound 12 (1.74 g, 80%) as yellow
crystals. M.p. 97–99 8C; 1H NMR (300 MHz, CDCl3): d= (7.52 (2dd, J=
7.8, 7.8 Hz, 1H; two isomers), 7.47 (2d, J=7.5 Hz, 1H; two isomers),
7.42 (m, 1H), 7.35 (m, 1H), 7.31–7.17 (m, 4H), 6.54, 6.48 (2d, J=
11.7 Hz, 1H; CH=CH, two isomers), 6.31, 6.25 (2d, J=11.7 Hz, 1H;
CH=CH, two isomers), 3.81, 3.78 (2s, 3H; CH3, two isomers), 2.42,
2.38 ppm (2s, 3H; CH3, two isomers);

13C NMR (125 MHz, CDCl3): d=
138.12, 136.22, 133.86, 133.84, 131.99, 131.95, 129.49, 129.46, 127.39,
127.37, 127.33, 127.30, 126.99, 126.96, 126.40, 126.35, 126.16, 126.11,
126.07, 126.01, 125.50, 125.37, 125.33, 110.85, 110.76, (52.73, 52.61;
CO2CH3, two isomers), (16.32, 15.99 ppm; CH3 two isomers);

[37] MS (EI):
m/z (%): 396 (100) [M]+ ; UV/Vis (CHCl3): lmax=406 nm; C21H16O2S3
(396.03): C 63.61, H 4.07; found: C 63.38, H 4.03.

[5-Methyl-2-(2-thioxanthen-9-ylideneethylidene)-1,3-dithiol-4-yl]metha-
nol (13): Lithium aluminium hydride (0.688 g, 18.14 mmol) was added to
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a stirred solution of compound 12 (1.80 g, 4.53 mmol) in dry THF
(100 mL) under N2 at �78 8C, and the resultant mixture was stirred for
2 h at 20 8C. After the addition of dropwise sodium sulphate decahydrate
(in excess; to destroy unreacted LiAlH4), the mixture was stirred for
30 min, then filtered through Celite while washing with methanol. Evapo-
ration of the filtrate gave compound 13 (1.17 g, 70%) as yellow crystals.
M.p. 88–90 8C; 1H NMR (200 MHz, CDCl3): d=7.58–7.49 (m, 2H), 7.47–
7.41 (m, 1H), 7.40–7.15 (m, 5H), 6.58, 6.57 (2d, J=11.6 Hz, 1H; CH=

CH, two isomers), 6.37, 6.33 (2d, J=11.6 Hz, 1H; CH=CH, two isomers),
4.40, 4.37 (2s, 2H; CH2, two isomers), 2.07, 2.03 ppm (2s, 3H; CH3, two
isomers); 13C NMR (100 MHz, [D6]DMSO): d= (141.81, 141.75), 138.24,
133.74, 133.03, (131.33, 131.30), 130.74, 130.15, 129.75, (129.54, 129.37),
(128.28, 128.27), 128.07, 127.62, (127.45, 127.36), (127.08, 127.04), 126.51,
(125.77, 125.73), 124.17, 123.46, (108.77, 108.70), (57.10, 56.93; CH2 two
isomers), (14.04, 13.72 ppm; CH3, two isomers);

[37] MS (EI): m/z (%): 368
(100) [M]+ ; MS (CI+ ): m/z (%): 369 (100) [M+H]+ ; UV/Vis (CHCl3):
lmax=417 nm; elemental analysis calcd (%) for C20H16OS3 (368.04): C
65.18, H 4.38; found: C 65.11, H 4.42.

Electrochemistry and spectroelectrochemistry : Electrochemical experi-
ments were carried out with a BAS-CV50W electrochemical workstation
with positive feedback compensation. Cyclic voltammetry was performed
in a three-electrode cell equipped with a platinum disk (Ø 1.6 or 1.0 mm)
as working electrode, platinum wire as a counter electrode, and a nona-
queous Ag/Ag+ reference electrode (0.01m AgNO3 in dry MeCN). The
potential of the reference electrode was checked against the ferrocene/
ferrocenium couple (Fc/Fc+) before and after the experiments, which
showed the following average potentials against the reference electrode:
+0.079 V (vs. Ag/Ag+ in MeCN), +0.130 V (vs. Ag/Ag+ in CH2Cl2).
CVs were recorded in CH2Cl2 or MeCN with tetrabutylammonium hexa-
fluorophosphate (Bu4NPF6) as a supporting electrolyte. Experiments in
MeCN and CH2Cl2 were performed in dry HPLC-grade solvents, deoxy-
genated by Ar bubbling. The CV for compound 8 was measured versus
Ag/AgCl reference electrode (Figure S1 in the Supporting Information).

Spectroelectrochemical measurements in CH2Cl2 and MeCN were per-
formed on a Genesys 10 spectrophotometer in a 1 mm quartz cell using a
Pt grid as the working electrode, Pt wire as the counter electrode, and
Ag wire as the reference electrode, with 0.2m (in CH2Cl2) or 0.1m (in
MeCN) Bu4NPF6 as supporting electrolyte. BAS-CV50W electrochemical
workstation was used as a potentiostat in SEC experiments.

UV/Vis/NIR and IR spectra : Electron absorption spectra were recorded
on Perkin–Elmer Lambda 900 UV/VIS/NIR spectrophotometer in either
10 mm or 1 mm quartz cells. Solid-state UV/Vis/NIR spectra for CTC
were recorded in KBr pellets versus KBr pellet. Infrared spectra of DTeF
and its CTC with 10 were recorded on Perkin–Elmer 1600 Series FTIR
spectrophotometer in KBr pellets.

Electron paramagnetic resonance : EPR spectra were obtained in an X-
band spectrometer (Bruker ESP 300 E) equipped with a field-frequency
(F/F) lock accessory and built-in NMR Gaussmeter. A rectangular
TE102 cavity was used for the measurements. The signal-to-noise ratio of
the spectra was increased by accumulation of scans by using the F/F lock
accessory to guarantee large field reproducibility. Precautions to avoid
undesirable spectral distortions and line broadenings, such as those aris-
ing from microwave power saturation and magnetic field over modula-
tion, were also taken into account. To avoid dipolar line broadening from
dissolved oxygen, solutions were always carefully degassed with argon.
Electrochemical oxidation was performed “in situ” in the spectrometer
cavity using a specially designed quartz cell connected to an EG&G
Model 263 A Potentiostat/Galvanostat.

X-ray crystallography : X-ray diffraction experiments were carried out on
a Bruker three-circle diffractometer with a SMART 6000 CCD area de-
tector, by using graphite-monochromated MoKa radiation (l=0.71073 S)
and a Cryostream (Oxford Cryosystems) open-flow N2 cryostat. The
structure was solved by direct methods and refined by full-matrix least-
squares against F2 of all reflections, by using SHELXTL v. 6.12 software
(Bruker AXS, Madison WI, USA, 2001).

Crystal data for 8 : C20H16S3, Mr=352.51, T=120 K, monoclinic, space
group P21/n (No. 14, nonstandard setting), a=9.590(1), b=7.659(1), c=
23.140(3) S, b=101.06(1)8, V=1668.1(4) S3, Z=4, 1cald=1.404 gcm

�3,

m=0.44 mm�1, 22899 reflections with 2q�608, 4785 unique, Rint=0.041,
R(F)=0.041 [3833 data with F2�2s(F2)], wR(F2)=0.140 (all data).
Crystal data for 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl : Crystals of 10· ACHTUNGTRENNUNG(DTeF)2·2PhCl grew as
thin plates, non-merohedrally twinned by about 1808 rotation around the
c* axis (=major face normal), and were poor diffractors, giving the mean
I/s(I) ratio of only 2.1, hence the low precision of the structure. Mr=

1536.34, T=120 K, triclinic, space group P1̄ (No. 2), a=12.678(4), b=
15.627(5), c=17.274(5) S, a=75.80(1), b=87.18(1), g=83.03(1)8, V=

3293(2) S3, Z=2, 1cald=1.550 gcm
�3, m=0.34 mm�1, 17397 reflections

with 2q�508, 11076 unique, Rint=0.29, R(F)=0.180 [2725 data with F2�
2s(F2)], wR(F2)=0.446 (all data).

CCDC-298158 (8) and CCDC-298159 (10· ACHTUNGTRENNUNG(DTeF)2·2PhCl) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Computational procedures : The ab initio computations of molecules 8
and 10 were carried out with the Gaussian 03[38] package of programs at
density-functional theory (DFT) level using PopleRs 6–31G or 6–311G
split valence basis sets supplemented by one or two d-polarization func-
tions on heavy atoms and p-polarization functions on hydrogen atoms (or
without them). DFT calculations were carried out using BeckeRs three-
parameter hybrid exchange functional[39] with Lee–Yang–Parr gradient-
corrected correlation functional (B3LYP).[40] Thus, the geometries were
optimized with B3LYP/6–31G(d) and the energies and electronic struc-
tures were then calculated for single point at the B3LYP/6–311G ACHTUNGTRENNUNG(2d,p)
level. Restricted Hartree–Fock formalism was applied for geometry opti-
mization and electronic structures calculations for neutral, dication, and
tetracation states and spin unrestricted formalism was used in the case of
radical cations. Contours of HOMO and LUMO orbitals were visualized
using Molekel v.4.3 program.[41] No constraints of bonds/angles/dihedral
angles were applied in the calculations and all the atoms were free to op-
timize.
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