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Introduction

Tetrathiafulvalene (TTF) derivatives with extended p conju-
gation are an important class of electron-donor systems.
They present remarkable differences in comparison to the
parent TTF in terms of oxidation potential values, geometry,
and charge delocalization, making them versatile building
blocks in supramolecular and materials chemistry.[1] Of par-
ticular interest are the extended TTF derivatives bearing a

p-quinodimethane central spacer (1, 2), which oxidize at
lower potential values owing to charge delocalization and to
the decrease of the intramolecular on-site Coulombic repul-
sion.[2] In contrast to parent TTF, which forms stable radical
cation and dication states, p-quinodimethane analogues of
TTF (exTTF, 2) are characterized by a single, two-electron
oxidation wave in the cyclic voltammogram (CV) to yield
thermodynamically stable dications (Eox=0.40 V, R=H, vs.
Ag/AgCl). exTTFs possess a saddle-shaped structure in the

Abstract: The first p-extended tetra-
thiafulvalene (exTTF) dimer in which
the two exTTF units are covalently
connected by 1,3-dithiole rings has
been obtained in a multistep synthetic
procedure involving the Ullmann cross-
coupling reaction by using copper(i)
thiophene-2-carboxylate (CuTC). The
electronic spectrum reveals a signifi-
cant electronic interaction between the
exTTF units. The electrochemical study
carried out by cyclic voltammetry in so-

lution and in thin-layer conditions, and
the electrochemical simulation and
spectroelectrochemical (SEC) measure-
ments confirm the electronic communi-
cation and show that the oxidation of
dimer 14 occurs as two consecutive 2e�

processes D0–D0!D2+–D0!D2+–D2+ .
Theoretical calculations, performed at
the B3P86/6-31G* level, confirm the
experimental findings and predict that
142+ exists as a delocalized DC+–DC+

species in the gas phase and as a local-
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neutral state, owing to the steric hindrance
caused by benzoannulation of the quinoid
moiety; this structure shape contrasts with
the almost planar structure of the TTF
moiety. A dramatic structural change ac-
companies the oxidation to the dication;
the central anthracene moiety becomes ar-
omatic and planar and the 1,3-dithiolium
cations lie orthogonal to the anthracene
plane.[3]

Quinoid p-extended TTFs have received
special attention as materials with in-
creased dimensionality[2] and nonlinear op-
tical (NLO) properties.[4] We have recently
found that exTTF derivatives covalently
attached to the electron acceptor
[60]fullerene dramatically enhance the sta-
bility of the charge-separated excited state
in the preparation of artificial photosyn-
thetic systems.[5] The importance of these
p-extended bis(1,3-dithiole) compounds
has led to systematic studies of their chem-
ical functionalization at both the anthra-
cene[6] and dithiole units,[7] which has ena-
bled the preparation of more sophisticated
electron-donor TTF derivatives and novel
electroactive donor–acceptor systems.[8]

Compounds 3,[9] 4,[10] 5,[11] and 6[6] are rep-

resentative examples of combined TTF-exTTF systems,
which possess multistage redox behavior.

In contrast to the large number of studies on bis- and
multi-TTF derivatives,[12] there are only a few recent exam-
ples of dimeric exTTF derivatives with quinoid structures,
namely 7,[13] 8,[14] 9,[15] and 10.[16] These molecules have been
studied in the search for new and more sophisticated p-ex-
tended systems as strong donors and as molecules for funda-
mental studies of intramolecular electronic interactions. In
systems 7–9 the linkage involves the anthracene moieties of
both exTTFs and no intramolecular electronic interaction
was observed (electrochemical evidence), indicating that
these dimers behave as two independent exTTF units with
no effective conjugation between them. Compound 10 is the
only example to date of an anthracene–dithiole ring fusion.
The CV of compound 10 shows two, two-electron oxidation
waves corresponding to the sequential formation of 102+

and 104+ (DEox=130 mV). This difference in Eox values

Abstract in Spanish: Se ha sintetizado el
primer d�mero derivado de TTF p-extendi-
do (exTTF) en el que las dos unidades de
exTTF se encuentran unidas mediante un
enlace covalente a trav's de los anillos de
1,3-ditiol. El procedimiento sint'tico consta
de varios pasos e implica una reacci*n de
acoplamiento cruzado de tipo Ullmann em-
pleando 2-tiofencarboxilato de cobre(i)
(CuTC). Los espectros electr*nicos revelan
una interacci*n electr*nica significativa entre las unidades de
exTTF. Se ha realizado el estudio electroqu�mico mediante
voltamperometr�a c�clica en disoluci*n y en condiciones de
capa fina, as� como la simulaci*n electroqu�mica y las medi-
das espectroelectroqu�micas. Los datos obtenidos confirman
la comunicaci*n electr*nica entre ambas unidades, y mues-
tran que la oxidaci*n del d�mero 14 ocurre como dos proce-
sos que involucran dos electrones D0–D0 !D2+–D0!D2+–
D2+ . C0lculos te*ricos B3P86/6-31G* confirman los hechos
experimentales y predicen que 142+ existe como una especie
deslocalizada DC+–DC+ en fase gas y como una especie locali-
zada D2+–sD0 en disoluci*n (CH3CN o CH2Cl2). La oxida-
ci*n de 142+ forma la especie tetracati*nica 144+ , constituida
por dos unidades de antraceno arom0ticas con cuatro catio-
nes 1,3-ditiolio arom0ticos en disposici*n pr0cticamente orto-
gonal a las unidades de antraceno.
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could not be readily explained by the different substitution
pattern of the two exTTF units. It is therefore considered to
be due to a significant intramolecular electronic interaction
through the conjugated system, that is, the dication formed
in the initial process raises the oxidation potential of its
partner exTTF unit.

These findings prompted us to synthesize and investigate
the electronic interactions of the new dimeric donor system
14, in which the two exTTF units are directly linked through
the 1,3-dithiole rings by means of a single bond. The synthe-
sis of dimer 14 requires a different synthetic approach in-
volving the initial functionalization of the 1,3-dithiole ring in
the exTTF molecule. To determine the electronic interaction
between both exTTF units, thorough chemical oxidation ti-
tration, electrochemical, and spectroelectrochemical (SEC)
studies have been performed. In addition, to gain a better
understanding of the structural and electronic properties of
the novel dimer, theoretical calculations at the B3P86/6-
31G* level have been performed on compound 14.

Results and Discussion

Synthesis : The preparation of the target compound 14 was
accomplished, as depicted in Scheme 1, by self-coupling of
the iodo-exTTF derivative 13. The known starting material,
trimethylsubstituted exTTF 12, was obtained in seven steps
from commercially available anthrone 11.[7a] Lithiation of 12
using lithium diisopropylamide (LDA) in dry tetrahydrofur-
an (THF) at �78 8C followed by iodination with perfluoro-
hexyl iodide (PFHI)[17] afforded 13 as a stable yellow solid
in 83% yield. Conversion of 13 into the exTTF dimer 14
was achieved by means of the Ullmann coupling using cop-
per(i) thiophene-2-carboxylate (CuTC) in 1-methylpyrroli-
din-2-one at 20 8C. CuTC was freshly prepared from 2-thio-

phencarboxylic acid and copper(i) oxide by refluxing in tolu-
ene.[18] Under these conditions, dimer 14 was obtained as a
stable yellow solid in 21% yield. It is interesting to note
that in addition to the presence of unreacted compound 13,
compound 12, resulting from the loss of iodine from 13, was
also formed in the reaction, thus accounting for the moder-
ate yield of 14.

The structure of the dimeric donor 14 was confirmed by
analytical and spectroscopic data. Thus, the 1H NMR spec-
trum shows, in addition to the presence of the aromatic pro-
tons, the methyl groups at d=1.93 (s, 12H) and 1.90 (s, 6H).
The 13C NMR spectrum reveals the presence of the aromatic
carbons at d~110–135 and the methyl carbons at d~15. The
MS of 14 exhibits a low-intensity molecular ion [m/z 842
([M+], 8%)], and the base peak at m/z 421 (100%), which
could correspond to either the monomeric fragment or to
the doubly charged molecular ion ([M2+]).

UV/Vis spectra : The UV/Vis spectrum of 14 is presented to-
gether with those of its precursors 12 and 13 in Figure 1.
The electronic spectra of these compounds show a most sig-
nificant absorption band at lmax~440 nm, which explains
their yellow color in solution. This band was previously as-
signed to an intramolecular electron transfer process from
the 1,3-dithiol-2-ylidene units to the hydrocarbon skeleton
for laterally benzoannulated exTTFs.[3] Interestingly the lmax

value for 14 (442 nm) is slightly red-shifted in comparison
with its precursors 12 (435 nm) and 13 (437 nm), this shift
suggests some electronic interaction between both exTTF
units in the dimer.

Cyclic voltammetry (CV): The CV of compound 12 in aceto-
nitrile (AN) shows typical behavior observed for exTTF
donors.[3,11] A single, two-electron, quasireversible oxidation
D0!D2+ is registered (Figures 2 and S1 and Table S1 in the

Supporting Information). The
difference between the anodic
and the cathodic peaks increases
with scan rate, the values in-
crease from 224 to 348 mV at
scan rates of 20 and 500 mVs�1,
respectively. The large separation
between the anodic and cathodic
peaks is due to the major confor-
mational change that accompa-
nies the electron-transfer process.
It is a typical example of invert-
ed potentials in a two-electron
process; that is, it is easier to
remove the second electron than
the first.[19] In such a process, it is
very difficult to detect the radical
cation DC+ .

For compound 14 with two
exTTF units, two closely spaced
oxidation peaks are observed in
the CV (Figure 3 and Figure S2Scheme 1.
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in the Supporting Information); these peaks can be attribut-
ed to consecutive oxidations of the first and second exTTF
moieties (D0–D0!D2+–D0!D2+–D2+), respectively. Owing
to the low solubility of compound 14 in AN, the oxidation is
complicated by adsorption processes on the electrode sur-
face (Figure S2 in the Supporting Information). Therefore,
we performed further CV studies in a mixture of AN:di-

chloromethane (DCM), 1:1 v/v, in which two overlapping
anodic peaks on oxidation and two cathodic peaks on re-re-
duction were observed at different scan rates (from 100 to
2000 mVs�1) (Figure 4 and Figure S3 in the Supporting In-
formation). The deconvoluted CV for compound 14 at a
scan rate of 100 mVs�1 (Figure 3b) clearly shows two con-

secutive oxidation and two re-reduction processes. Large
differencies in the potential of the anodic and cathodic
peaks on the deconvoluted CV for both processes (Epa=

�0.020 and +0.075 V, Epc=�0.225 and �0.080 V vs. Fc/Fc+)
indicate that they are both substantially electrochemically ir-
reversible.

Thin-layer cyclic voltammetry (TLCV) experiments per-
formed at very low scan rates of 2 and 5 mVs�1 provide a
cleaner separation of the first (D0–D0!D2+–D0; Epa=

�0.09 V vs. Fc/Fc+) and second (D2+–D0!D2+–D2+ ; Epa=

0.00 V) oxidation processes (Figure 5 and Figure S4 in the
Supporting Information). The difference in oxidation poten-
tials for the first and the second exTTF moieties indicates
that they interact electronically. Consequently, the oxidation

Figure 1. UV/Vis spectra of compounds 12 (g), 13 (d), and 14 (c)
in CH2Cl2 at 20 8C.

Figure 2. CVs of compound 12 in AN and 0.1m Bu4NPF6 at different scan
rates; CVs recorded at 20 8C.

Figure 3. CV of compound 14 in AN:DCM (1:1 v/v), 0.25m Bu4NPF6 at 100 mVs�1 (a) and deconvoluted CV (b).

Figure 4. CV of compound 14 in AN:DCM (1:1 v/v), 0.25m Bu4NPF6 at
different scan rates under diffusion conditions.
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of the first moiety shifts the oxidation potential of its part-
ner to more positive potentials (for TLCV, the shift at a
scan rate of 2 mVs�1 is ~100 mV). This is similar to that ob-
served for compound 10, as
discussed above in the Intro-
duction.

Spectroelectrochemistry : Gen-
erally for exTTF systems the
two-electron oxidation process
(D0!D2+) is driven by the
gain in aromatization energy
at the DC+!D2+ step.[3] The
radical-cation species DC+ are
not registered in the CV or
SEC experiments, and solu-
tions are EPR-silent during
the oxidation process.[8b] For
molecule 15, which comprises
the 2e exTTF donor and the 1e nitrofluorene acceptor
moiety , intermolecular donor–acceptor interactions resulted
in an EPR signal from only the acceptor radical anion, and

simultaneous electrochemistry and EPR (SEEPR) experi-
ments for compound 15 did not produce an EPR signal for
DC+ .[8b] Fast radiative techniques, for example, flash photoly-
sis, are required for the detection of the transient radical
cations DC+ of exTTF systems (half-life times are in the
range of tens of microseconds to tens of milliseconds),
which rapidly disproportionate into D0 and D2+ species.[20,5f]

Nonetheless, the two separate oxidation waves in the CVs
of compound 14 (Figures 3–5) could be alternatively inter-
preted as two, consecutive, single-electron processes on each
exTTF moiety (D0–D0!DC+–DC+!D2+–D2+), which do not
interact electronically with each other. Although this seems
a less-probable scenario, we decided to perform SEC studies
to provide additional information about the mechanism of
the electrochemical oxidation process of compound 14.
Electrochemical oxidation of compound 12 (D0!D2+) in an
acetonitrile solution results in a decrease of the absorption
at 431 nm, characteristic of the neutral state, and the appear-
ance of a new, broad band at about 460–520 nm, diagnostic
of the dication species of exTTF donors,[20a,b] with a sharp
isosbestic point at 460 nm (Figure 6a). Very similar evolu-
tion of the spectra is observed upon oxidation of compound
14 in SEC experiments, that is, a decrease of the band at

436 nm and the appearance of new band at about 460–
540 nm with an isosbestic point at 460 nm (Figure 6b). No
low-energy bands in the 600–700 nm region, in which an ab-
sorption of the radical cation is expected,[20] were observed
in either case. Clean isosbestic points in the SEC measure-
ments of compound 14 over the range of potentials from
�0.05 to +0.29 V versus Pt wire (D0–D0!D2+–D0!D2+–
D2+) could indicate that the intermediate species D2+–D0

retains characteristic absorptions of both neutral and oxi-
dized exTTF in the electronic spectrum, from the D0 and
D2+ parts of the molecule, respectively.

The same spectral changes for compounds 12 and 14 were
also observed in SEC experiments in DCM, thus confirming
that in this low-polar solvent the oxidation of 14 also occurs
as two-electron processes to yield D2+–D0 and then D2+–
D2+ species (see Figure S5a,b in the Supporting Informa-
tion).

Figure 5. TLCV of compound 14 in AN:DCM, 1:1 v/v and 0.25m
Bu4NPF6 at a scan rate of 2 mVs�1.

Figure 6. SEC of compounds 12 (a) and 14 (b) in AN, 0.1m Bu4NPF6 (1 mm quartz cell, transmission mode).
Potentials are quoted vs. Pt wire.
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Very similar results were obtained in SEC studies of com-
pound 14 in AN:DCM, 1:1 v/v in a cell with true thin-layer
conditions (125 mm) (Figure 7). Analysis of a 2D map of the
SEC data (Figure 7a) shows that in the potential range of
0.3–0.5 V, in which the D2+–D0 species exists, the bands
characteristic for the neutral state of 14 (367 and 436 nm)
remained observable although their intensities decreased
compared to the initial spectrum of 14 because only one
exTTF moiety remains uncharged. These bands disappear
for the 144+ state.

Thus, all these data indicate that the electrochemical oxi-
dation of compound 14 occurs as two consecutive 2e pro-
cesses D0–D0!D2+–D0!D2+–D2+ .

Chemical oxidation of compounds 12 and 14 : We also per-
formed chemical oxidative titration of compounds 12 and 14
by using NOSbF6 in AN monitored by electron absorption

spectrophotometry. Similar to the SEC experiments, chemi-
cal oxidation leads to a decrease of the characteristic ab-
sorption of the neutral compounds 12 (366 and 430 nm) and
14 (366 and 435 nm) and to the appearance of dication
bands at about 460–530 nm with clean isosbestic points at
327 and 462 nm and at 336 and 463 nm, respectively
(Figure 8). Similar to SEC experiments, no absorption in the
long wavelength/near-IR region, characteristic of the radical
cations, was observed in either case (Figure 8a and b).

Electrochemical simulation : Oxidation of compound 12 can
be described by inverted potentials following Equations (1)–
(3):

D0 Ð DCþ þ e�ðEox1, kox1, aox1Þ ð1Þ

DCþ Ð D2þ þ e�ðEox2, kox2, aox2Þ and Eox2 < Eox1 ð2Þ

Figure 7. a) TL-CV (top) and 2D map of TL-SEC (bottom) experiment of compound 14 in AN:DCM, 1:1 v/v and 0.25m Bu4NPF6; thin-layer conditions
(125 mm, reflection mode). Potentials are quoted vs. Ag wire. The magenta line is an isosbestic point. b) 3D representation of the SEC data.

Figure 8. UV/Vis absorption spectra of compounds 12 (a) and 14 (b) upon titration with NOSbF6 in AN. Arrows show the evolution of the bands when
NOSbF6 is added.

www.chemeurj.org L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 2709 – 27212714

M. R. Bryce, N. Mart>n, E. Levillain, E. Ort> et al.

www.chemeurj.org


2DCþ Ð D2þ þD0ðK1disp, k1disp, k1copÞ ð3Þ

To validate this hypothesis, a quantitative analysis of the
data over the scan-rate range investigated was carried out
with the software package Digisim 3.05. Good simulation
fits were found for scan rates from 0.1 to 5.0 Vs�1 at +20 8C
(Table 1 and Figure 9). Better fits were obtained at faster
scan rates by the inclusion of the disproportionation reac-
tions with k1disp=106

m
�1 s�1, although this does not provide

an accurate assessment of this parameter (Table 1). Because
the formal potential E0 for the DC+!D2+ transformation

(�0.34 V) is lower than E0 for D0!DC+ (-0.19 V), the oxida-
tion in the CV experiment occurs as a 2e process (Figures 2
and 9 and Table 1).

According to the experimental results (CV, SEC) and the
electrochemical behavior of 12, the oxidation of 14 can be
described by two successive inverted potentials following
Equations (4)–(9):

First process:

D0 �D0 Ð DCþ �D0 þ e�ðEox1, kox1, aox1Þ ð4Þ

DCþ �D0 Ð D2þ �D0 þ e�ðEox2, kox2, aox2Þ and Eox2 < Eox1

ð5Þ

2DCþ �D0 Ð D2þ �D0 þD0 �D0ðK1disp, k1disp, k1copÞ ð6Þ

Second process:

D2þ �D0 Ð D2þ �DCþ þ e�ðEox3, kox3, aox3Þ ð7Þ

D2þ �DCþ Ð D2þ �D2þ þ e�ðEox4, kox4, aox4Þ and Eox4 < Eox3

ð8Þ

2D2þ �DCþ Ð D2þ �D0 þD2þ �D2þðK2disp, k2disp, k2copÞ
ð9Þ

As the two oxidation processes occur at very similar po-
tentials, and the solubility of 14 is low in 0.25m Bu4NPF6/
AN:DCM (1:1 v/v) at +20 8C (low current intensity), the
electron-transfer coefficients (a), the electron-transfer rate
constants (k), and the diffusion coefficients (D) were set the
same for all the redox states. Good simulation fits were
found for scan rates from 0.1 to 2.0 Vs�1 (Table 2 and

Figure 10). Agreement was improved at faster scan rates by
inclusion of the disproportionation reactions with k1disp=

k2disp=106
m

�1 s�1, although this does not provide an accurate
assessment of this parameter (Table 2). With such an elec-
trochemical process [E0(DC+–D0!D2+–D0)<E0(D0–D0!
DC+–D0) and E0(DC+–D2+!D2+–D2+)<E0(D0–D2+!DC+–
D2+); Table 2], the possibility of detecting the radical cat-
ions D0–DC+ or D2+–DC+ is excluded on the timescale of
usual electrochemical experiments. Thus, the oxidation of 14
can be interpreted by two consecutive inverted potentials on
each exTTF moiety which are electronically interacting.

Table 1. Redox potentials and electron transfer parameters[a] for com-
pound 12 estimated by fitting with the software package Digisim 3.05.

D[b] [cm2s�1] D2+/DC+ DC+/D0

4.3P10�6 E0 [V] �0.34 �0.18
a 0.60 0.35
k[b] [cms�1] 5.0P10�3 5.0P10�3

[a] Potentials E0 vs. Fc/Fc+; a is the electron-transfer coefficient; k is the
electron-transfer rate constant. [b] D is the diffusion coefficient and k is
the electron-transfer rate constants; their values were set the same for all
redox states.

Figure 9. Experimental and simulated CVs for 12 (0.1 mm) in AN:DCM
(1:1 v/v) and 0.25m Bu4NPF6 at +20 8C. The first two cycles have been
shown for both experimental and simulated CVs.

Table 2. Redox potentials and electron-transfer parameters[a] for com-
pound 14 estimated by fitting with the software package Digisim 3.05.

D[b]

[cm2s�1]
D2+–D0/
DC+–D0

DC+–D0/
D0–D0

D2+–D2+/
DC+–D2+

DC+–D2+/
D0–D2+

1.2P10�6 E0 [V�1] �0.19 �0.10 �0.05 +0.01
a[b] 0.5 0.5 0.5 0.5
k[b]

[cm1s�1]
2.0P10�3 2.0P10�3 2.0P10�3 2.0P10�3

[a] Potentials E0 vs. Fc/Fc+ ; D is the diffusion coefficient, a is the elec-
tron-transfer coefficient; k is the electron-transfer rate constant. [b] D, a,
and k were set the same for all redox states.
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Theoretical calculations : To gain a deeper understanding of
the experimental data, the molecular structures and the
electronic properties of compounds 12 and 14 were theoreti-
cally investigated in both neutral and oxidized states. Com-
pound 12 was studied as a reference system. Most of the cal-
culations were performed within the density functional
theory (DFT) approach by using the gradient-corrected
B3P86 hybrid functional and the 6-31G* basis set (B3P86/6-
31G*). DFT calculations include electron correlation effects
at relatively low computational cost and are known to pro-
vide accurate equilibrium geometries.[21]

Neutral compounds : The minimum-energy conformation of
12 corresponds to the butterfly-shaped structure depicted in
Figure 11a. To relieve the short contacts between the sulfur

atoms and the hydrogen atoms in the peri positions, the cen-
tral ring of the anthracene unit folds in a boat conformation
and the molecule adopts a butterfly- or saddle-like structure,
in which the benzene rings point upwards and the dithiole
rings point downwards. The conformation calculated for 12
is similar to that obtained for unsubstituted exTTF[3,22] and
is consistent with the crystal structures observed for differ-
ent derivatives.[2b,8d,20a,23]

Each exTTF unit in compound 14 adopts a butterfly struc-
ture similar to that predicted for 12. The minimum-energy
conformation corresponds to the C2 structure depicted in
Figure 11b. To alleviate the steric interactions between the
exTTF units, the molecule is twisted by 1058 around the cen-
tral single bond linking the 1,3-dithiole rings. The distortions
from planarity of each exTTF fragment are described in
terms of three angles. The anthracene systems are folded
along the C9···C10 vectors (see Figure 12a for atom number-

ing) by an angle of 388. This value is identical to that calcu-
lated for monomer 12 and compares well with those experi-
mentally found for exTTF derivatives (35–458).[2b,8d,20a,23]

The dithiole rings are tilted by 348 with respect to the plane
defined by the anthracene atoms C11-C12-C13-C14. Fur-
thermore, the dithiole rings are folded by 10–128 along the
S···S axes.

Figure 12a summarizes the optimized values for selected
bond lengths of 14. The shortest bond lengths correspond to
the carbon�carbon (CC) bonds of the dithiole rings (1.34–
1.35 R) and to the exocyclic CC bonds linking the dithiole
rings to the anthracene units (1.36 R). The outer benzene
rings of these units present an aromatic structure since all
the CC bonds have a length of (1.40�0.01 R).

To investigate the nature of the electronic transitions that
give rise to the absorption bands observed in the experimen-

Figure 10. Experimental and simulated CVs for 14 (0.1 mm) in AN:DCM
(1:1 v/v), 0.25m Bu4NPF6 at +20 8C. Note that the CVs were normalized
to V1/2, in which V is the scan rate.

Figure 11. Minimum-energy B3P86/6-31G*-optimized conformations cal-
culated for a) 12 and b) 14 (C2 symmetry).

Figure 12. B3P86/6-31G*-optimized bond lengths (in R) calculated for
a) neutral molecule 14 (C2 symmetry, atom numbering is given for the
central ring), b) 142+ (no symmetry, in CH3CN), c) 144+ (C2 symmetry, in
CH3CN), and d) anthracene (D2h symmetry). Only a half of the molecule
is depicted for 14 and 144+ . The lengths of chemically equivalent bonds
that are identical (to the thousandth) are not given.
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tal UV/Vis spectrum, the electronic excited states of 12 and
14 were calculated using the time-dependent DFT
(TDDFT) approach and the B3P86/6-31G*-optimized geo-
metries. TDDFT calculations were performed in acetonitrile
solution at the B3P86/6-31G** level. Solvent effects were
taken into account by using the polarized continuum model
(PCM).

Calculations predict that the lowest energy absorption
band, observed at 431 nm for 12 and at 436 nm for 14, is as
a result of the electronic transition to the first excited state
calculated at 2.89 eV (429 nm) and 2.82 eV (439 nm), re-
spectively. Calculations thus reproduce the small bathochro-
mic shift measured in passing to the dimer. The electronic
transition corresponds in both cases to the promotion of one
electron from the HOMO to the LUMO and is computed to
be more intense for the dimer (oscillator strength f=0.46
for 12 and 1.08 for 14). As shown in Figure 13 for 12, the

HOMO!LUMO excitation implies some electron-density
transfer from the dithiole rings, on which the HOMO is
mainly located, to the anthracene units, on which the
LUMO mainly spreads. Calculations therefore suggest that
the first absorption band implies some intramolecular
charge transfer.

TDDFT calculations indicate that the absorption band ob-
served at 367 nm for 12 is due to the electronic transition
calculated at 361 nm (f=0.17). The transition results from
mixing of the HOMO-1!LUMO and HOMO!LUMO+1
one-electron excitations and also implies some electron-den-
sity transfer from the dithiole fragments to the anthracene
units. The absorption band is also measured at 367 nm for
14, but now it is associated with two transitions calculated at
365 nm (f=0.25) and 357 nm (f=0.10) due to the splitting
of the molecular orbitals (MOs) in the dimer. The highest
energy band, recorded at 238 nm for both 12 and 14, is due
to intense transitions that mainly involve the anthracene
moiety [12 : 235.4 nm (f=0.57); 14 : 236.2 nm (f=0.40), and
236.6 nm (f=0.33)]. The calculated vertical excitation ener-
gies are thus in good agreement with the experimental data
and allow for a comprehensive assignment of the spectrum.

Oxidized compounds : The equilibrium geometries of the di-
cation and tetracation of 14 were calculated under different
symmetry restrictions to investigate how the oxidation pro-
cess affects the molecular structure and the electronic prop-

erties of the molecule. The molecular geometries of 12C+

and 122+ were also optimized at the B3P86/6-31G* level for
comparison purposes. Similarly to that previously found for
unsubstituted exTTF,[3,22] 12C+ preserves the butterfly-shaped
structure of the neutral molecule, while 122+ adopts an or-
thogonal conformation in which the dithiole rings lie per-
pendicular to the central anthracene unit, which is fully
planar.

The minimum-energy structure calculated for 142+ corre-
sponds to a C2 form, similar to that depicted in Figure 11b
for the neutral molecule, in which both exTTF moieties ex-
hibit a butterfly conformation. In this structure, the charge
is equally shared by the two exTTF units and the geometry
of these units is almost identical to that calculated for 12C+ .
The structure therefore corresponds to a delocalized DC+–
DC+ dication species in which both donor units have been
oxidized to the cation state. To simulate the localized D2+–
D0 species proposed experimentally, the structure of 142+

was built up by connecting the optimized geometries of 122+

(orthogonal conformation) and neutral 12 (butterfly confor-
mation). Upon geometry relaxation, the exTTF moieties
preserve different conformations but the positive charge be-
comes redistributed over the two moieties. A partially local-
ized structure is therefore obtained, in which the orthogonal
exTTF fragment supports a charge of +1.27e and shows
bond lengths intermediate between those of 12C+ and 122+ ,
while the butterfly exTTF fragment has a charge of +0.73e
and its bond lengths are similar to those of 12C+ . The opti-
mized structure was calculated to be 9.16 kcalmol�1 higher
in energy than the fully-delocalized, butterfly-shaped C2

structure.[24]

Theoretical calculations therefore predict that the most
stable structure of compound 142+ corresponds to a delocal-
ized DC+–DC+ species. This apparently contradicts the exper-
imental results discussed above. Experiments indicate that
oxidation to the dication undoubtedly leads to a localized
D2+–D0 species, in which only one of the donor fragments
has been oxidized. However, it should be taken into account
that theoretical results are obtained for the isolated mole-
cule while experimental data are recorded in solution.

To make the comparison between theory and experiment
more reliable, the molecular structures of 142+ were re-opti-
mized in the presence of the solvent (CH3CN, dielectric con-
stant e=36.7) using the PCM approach. The solvent does
not significantly affect the structure of the delocalized DC+–
DC+ species; the maximum differences found for the bond
lengths are only 0.002 R. In contrast, the solvent drastically
influences the structure of the D2+–D0 form, which now ac-
tually corresponds to a localized species. As shown in Fig-
ure 14a, one of the exTTF units presents an orthogonal con-
formation, in which both the dithiole rings and the anthra-
cene unit are fully planar, while the other exTTF unit exhib-
its a butterfly conformation. The structural differences be-
tween the two units are shown in Figure 12b, in which the
lengths of selected bonds are given. The orthogonal unit
supports a charge of +1.90e and the bond lengths are
almost identical to those calculated for 122+ . The butterfly

Figure 13. Electron density contours (0.03 ebohr�3) calculated for the
HOMO and the LUMO of 12. Similar topologies are found for 14.

Chem. Eur. J. 2006, 12, 2709 – 2721 L 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 2717

FULL PAPERElectronic Structure

www.chemeurj.org


unit has a charge of +0.10e and the bond lengths corre-
spond to those found for neutral compounds 12 and 14. This
charge-localized D2+–D0 structure is calculated to be
5.09 kcalmol�1 more stable than the fully delocalized DC+–
DC+ structure, in agreement with experimental observations.

Theoretical calculations therefore suggest that 142+ exists
as a delocalized DC+–DC+ species in the gas phase and as a
localized D2+–D0 species in solution. The interactions with
the solvent favor the localization of the charge on one
exTTF unit and stabilize the polarized D2+–D0 structure
(dipole moment m=46.1 D). The influence of solvent polari-
ty was studied by re-optimizing the structures of 142+ in a
less-polar solvent like CH2Cl2 (e=8.93). The localized D2+–
D0 structure continues to be more stable in CH2Cl2 by
2.32 kcalmol�1, but it is slightly less polarized (m=45.2 D)
owing to the lower polarity of the solvent.

The minimum-energy conformation calculated for the tet-
racation 144+ in CH3CN solution corresponds to the C2

structure (D2+–D2+) depicted in Figure 14b. In this struc-

ture, both exTTF units show a conformation typical of
exTTF dications; the anthracene moieties are almost planar
and the outer dithiole rings lie perpendicular to the anthra-
cene planes. The inner dithiole rings are rotated by 1068
around the central single bond to minimize the steric inter-
actions and form an angle of 768 with the anthracene units.
The C2h conformation, in which the four dithiole rings lie in
the same plane and are perpendicular to the two planar an-
thracenes, was also optimized at the B3P86/6-31G* level
and it was found to be 2.70 kcalmol�1 less stable than the
twisted C2 structure.

The bond lengths calculated for the anthracene units of
144+ (Figure 12c) are almost identical to those obtained for

the anthracene molecule in its neutral state (Figure 12d).
This suggests that in 144+ the electrons have been mainly re-
moved from the dithiole rings, while the anthracene units
remain essentially neutral. The net atomic charges calculat-
ed using the natural population analysis (NPA) algorithm
confirm this assumption. The dithiole rings accumulate
charges of +0.93e (outer rings) and +0.88e (inner rings),
while the anthracene units have a charge of +0.19e. The
slightly smaller charges supported by the inner dithiole rings
are due to the vicinity of these rings to each other, this in-
creasing the Coulombic repulsion. The tetracation 144+ can,
therefore, be visualized as two aromatic anthracene units
(14 p electrons) substituted by singly charged dithiole rings
(6 p electrons). Thus, the 144+ species consists of six aromat-
ic, nearly orthogonally oriented p-subsystems (see Fig-
ure 14b).

We finally discuss the evolution of the optical properties
upon oxidation. As shown in Figure 6b, the intense absorp-
tion band observed for 14 at 436 nm disappears as oxidation
proceeds and a less-intense, broad band emerges in the 460–
540 nm region. The new band is assigned to an electronic
transition computed at 2.86 eV (l=434 nm, oscillator
strength f=0.47) for 144+ . Calculations correctly predict the
lower intensity of the band compared with the neutral mole-
cule (f=1.08), but slightly underestimate its wavelength.
The MOs involved in the transition (HOMO!LUMO+5,
HOMO-1!LUMO+4) reside on the anthracene moieties
and their atomic orbital (AO) composition reveals that it ac-
tually corresponds to the HOMO!LUMO transition of
neutral anthracene. The nature of the lowest energy band of
the electronic spectrum therefore changes upon oxidation.
For neutral compound 14 it implies some charge transfer
from the dithiole rings to the anthracene moieties, while for
144+ it only concerns the anthracene units. 144+ actually
presents a series of low-energy transitions in the 1.6–2.8 eV
range that involve electron promotions from the HOMO
and HOMO-1, located on the anthracene units, to the lower
unoccupied MOs (LUMO to LUMO+3), associated with
the dithiole rings. All these transitions imply intramolecular
charge transfers but they have very small or negligible inten-
sities. Only those transitions involving the inner dithiole
rings, that are not exactly perpendicular to the anthracene
moieties, present an appreciable intensity (f=0.01–0.02) and
could contribute to the lower energy side of the broad band
observed experimentally.

Calculations show that the increase in the band at
258.5 nm upon oxidation (Figure 6b) is also related to the
anthracene moieties. It is attributed to a very intense elec-
tronic transition (f=1.43) calculated at 4.96 eV (250 nm) for
144+ . The transition actually corresponds to the HOMO!
LUMO+1 excitation of neutral anthracene, which is experi-
mentally observed at 4.92 eV.[25] The electronic spectrum of
the oxidized species 144+ is therefore dominated by the
spectroscopic features of the anthracene moieties. Only the
experimental band observed at 311 nm is assigned by calcu-
lations to electronic transitions associated with the inner
(303 nm, f=0.39) and outer (293 nm, f=0.43) dithiole rings.

Figure 14. Minimum-energy B3P86/6-31G*-optimized conformations cal-
culated for a) 142+ (no symmetry, in CH3CN) and b) 144+ (C2 symmetry,
in CH3CN).
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Conclusion

In summary, we have carried out the synthesis of a new
exTTF dimer (14), in which, for the first time, the two
exTTF units are covalently connected by the 1,3-dithiole
rings. The close proximity between the 1,3-dithiole rings of
both exTTF units results in a significant electronic interac-
tion between them with a strong impact on the electrochem-
ical properties and the electronic spectra. CV experiments in
solution and under thin-layer conditions supported by elec-
trochemical simulation and SEC measurements clearly show
that the electrochemical oxidation of compound 14 occurs
as two consecutive 2e processes D0–D0!D2+–D0!D2+–D2+

. Theoretical calculations carried out by using the DFT ap-
proach (B3P86/6-31G*) give support to the experimental
findings and confirm that oxidation of 14 leads to 142+

which exists as a delocalized DC+–DC+ species in the gas
phase and as a localized D2+–D0 species in solution (either
in CH3CN or in the less-polar solution CH2Cl2). The tetra-
cation 144+ can be visualized as two aromatic anthracene
units substituted by 1,3-dithiolium cations forming the D2+–
D2+ species.

Experimental Section

9-(4-Iodo-5-methyl-1,3-dithiol-2-ylidene)-10-(4,5-dimethyl-1,3-dithiol-2-yl-
idene)-9,10-dihydroanthracene (13): Into a stirred solution of 12[7]

(422 mg, 1.00 mmol) in dry tetrahydrofuran (100 mL) at �78 8C under
argon, lithium diisopropylamide (LDA) (1.18 mL, 1.50 mmol) was added
dropwise over a period of 5 min. The reaction was stirred for 1 h at
�78 8C to give a thick yellow precipitate containing the anion. Into this
suspension was syringed perfluorohexyl iodide (PFHI) (0.38 mL,
1.50 mmol) and stirring was continued at �78 8C for a further 1 h, and
then the mixture was allowed to reach 20 8C overnight. After evaporation
of the solvent, the residue was diluted with water (50 mL) and extracted
with dichloromethane (3P50 mL). The organic extracts were combined
and washed sequentially with water (2P50 mL) and brine (1P50 mL),
and then dried (MgSO4). After removing the solvent in vacuo, the resi-
due was purified by column chromatography on silica gel (eluent:
hexane) to afford the product 13 as a yellow solid (455 mg, 83%); m.p.
210–212 8C. Elemental analysis calcd (%) for C23H17S4: C 50.36, H, 3.12;
found: C, 50.16, H, 3.12. MS (EI): m/z (%) 548 ([M+], 68), 421 ([M+�I],
10); 1H NMR (300 MHz, CDCl3): d=7.68–7.63 (m, 2H; ArH), 7.57–7.48
(m, 2H; ArH), 7.31–7.26 (m, 4H; ArH), 2.04 (s, 3H; Me), 1.93 ppm (s,
6H; 2me); 13C NMR (50 MHz, CDCl3): d=135.3, 135.2, 134.7, 134.6,
130.2, 126.1, 125.8, 125.6, 125.4, 125.1, 124.7, 123.3, 120.8, 18.9 (CH3),
13.1 ppm (2CH3); FTIR (KBr): n=2906, 1512, 1444, 1283, 756, 675, 644,
497 cm�1; UV (CH2Cl2): l=238, 368, 437 nm.

Bis[9-(4,5-dimethyl-1,3-dithiol-2-ylidene)-10-(4-methyl-1,3-dithiol-2-yli-
dene)-9,10-dihydroanthracene] (14): Compound 13 (252 mg, 0.460 mmol)
was dissolved in 1-methylpyrrolidin-2-one (NMP) (5.0 mL) under argon.
Copper(i) thiophene-2-carboxylate (263 mg, 1.30 mmol) was added and
the mixture was stirred for 2 days at room temperature, then diluted with
ethyl acetate (100 mL). A solution of 15% aqueous ammonia was added
until a clear blue aqueous layer had formed. This layer was extracted
with ethyl acetate (3P50 mL). The organic extracts were combined and
washed sequentially with water (2P100 mL) and brine (100 mL). The or-
ganic phase was dried (MgSO4) and the solvent evaporated. The residue
was chromatographed eluting with hexane/dichloromethane (9/1) afford-
ing compound 14 as a yellow solid (41 mg, 21%); mp 243–244 8C. Ele-
mental analysis calcd (%) for C46H34S8: C, 65.52, H, 4.06; found: C, 65.72,
H, 4.36. MS (EI): m/z (%): 842 ([M+], 8), 421 ([M2+], 100); 1H NMR

(300 MHz, CDCl3): d=7.63–7.57 (m, 8H; ArH), 7.28–7.25 (m, 8H;
ArH), 1.93 (s, 12H; 4me), 1.90 ppm (s, 6H; 2me); 13C NMR (50 MHz,
CDCl3): d=135.3, 134.9, 125.9, 125.8, 125.7, 125.4, 125.2, 124.9, 15.8
(2CH3), 13.1 ppm (4CH3); FTIR (KBr): n=2916, 2850, 1585, 1522, 1458,
1444, 1280, 1261, 1093, 808, 754, 675, 644 cm�1; UV (CH2Cl2): l=238,
370, 442 nm.

Electrochemistry and spectroelectrochemistry : CV was performed in a
three-electrode cell equipped with a platinum millielectrode (1 1.6 or
1.0 mm) and a platinum-wire counter electrode. For CV experiments in
AN and DCM a nonaqueous Ag/Ag+ electrode (0.01 N AgNO3 in dry
AN) was used as the reference electrode. For CV experiments in
AN:DCM a silver wire served as the quasireference electrode and its po-
tential was checked against the ferrocene/ferricinium couple (Fc/Fc+)
before and after each experiment. In both cases the potentials were then
recalculated against Fc/Fc+ , which showed the following potentials
against the reference electrodes used: +0.078 V (vs. Ag/Ag+ in AN),
+0.130 V (vs. Ag/Ag+ in DCM), +0.465 V (vs. Ag wire in AN:DCM,
1:1 v/v). CVs were recorded in AN, DCM, or a mixture of both (1:1 v/v)
with tetrabutylammonium hexafluorophosphate (Bu4NPF6) as the sup-
porting electrolyte. Experiments in AN and DCM were performed in dry
HPLC-grade solvents, deoxygenated by bubbling Ar through the solu-
tion. All experiments in the AN:DCM mixture were performed in a
glove box containing dry, oxygen-free (<1 ppm) argon, at room tempera-
ture. Electrochemical experiments were carried out with an EGG PAR
273A potentiostat or a BAS-CV50W electrochemical workstation with
positive feedback compensation. Based on repetitive measurements, ab-
solute errors on potentials were found to be approximately �5 mV.

SEC measurements in AN and DCM were performed on a Varian Cary
5E spectrophotometer in a 1 mm quartz cell using a Pt grid as the work-
ing electrode and Pt wires as the counter and reference electrodes, with
0.1m Bu4NPF6 as the supporting electrolyte. The setup for thin-layer SEC
experiments (TL-SEC) in a reflection mode has been described previous-
ly.[26] TL-SEC experiments in AN:DCM, 1:1 v/v were performed for thin-
layer solutions (~125 mm) with UV/Vis-NIR spectra recorded in a reflec-
tion mode (reflection from a 1 5 mm finely polished Pt disk) on a
Lambda 19 NIR Perkin–Elmer spectrophotometer.

UV/Vis spectra of 12 and 14 oxidized with NOSbF6 : Chemical oxidation
of compounds 12 and 14 with NOSbF6 was performed in a spectrophoto-
metric 1 mm quartz cell. Fixed aliquots of NOSbF6 solution in AN were
added repetitively to the solution of either 12 or 14 in AN by a syringe
and the spectra were recorded on a Lambda 19 NIR Perkin–Elmer spec-
trophotometer. All solutions were prepared in a glove box containing
dry, oxygen-free (<1 ppm) argon at room temperature.

Computational details : All theoretical calculations were carried out
within the DFT approach using the Gaussian 03 program package[27] and
the BeckeHs three-parameter B3P86 exchange correlation functional.[28]

The B3P86 functional has been recognized as providing equilibrium geo-
metries for sulfur-containing compounds in better accord with experi-
mental data and ab initio post Hartree–Fock (HF) calculations than the
more widely used B3LYP functional.[29] Geometry optimizations were
performed by using the 6-31G* basis set.[30] Vertical electronic excitation
energies were determined by means of the TDDFT approach.[31] Numer-
ous hitherto reported applications indicate that TDDFT employing cur-
rent exchange-correlation functionals performs significantly better than
HF-based single-excitation theories for the low-lying valence excited
states. TDDFT calculations were carried out using the 6-31G** basis
set.[32] Solvent effects were considered within the SCRF (self-consistent
reaction field) theory using the PCM approach to model the interaction
with the solvent.[33] The PCM model considers the solvent as a continuous
medium with a dielectric constant e, and represents the solute by means
of a cavity built with a number of interlaced spheres.[34] Net atomic charg-
es were calculated using the NPA analysis[35] included in the natural-
bond-orbital (NBO) algorithm proposed by Weinhold and co-workers.[36]
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