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Introduction

Electron donors (D) and electron acceptors (A) have been
studied in chemistry for many years. A particularly impor-
tant aspect focuses on electronic interactions, either inter- or
intramolecular. To this end, intermolecular interactions be-
tween D and A have resulted in the development of charge-
transfer (CT) complexes and/or salts that exhibit electrically
conducting, superconducting, and magnetic properties.[1] The
mode in which the two electroactive moieties interact in co-
valently connected D–bridge–A systems strongly depends
on the type of connectivity that exists between them.[2] D–
s–A systems, for example, in which the linkage between D
and A is given by a bridge of sigma bonds, have received a
great deal of attention. It was in 1974 that Aviram and
Ratner postulated that a single molecule such as 1 (TTF–s–
TCNQ (TCNQ= tetracyano-p-quinodimethane); Scheme 1)
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Scheme 1. Chemical structure of the proposed Aviram–Ratner rectifier
(1) formed by TTF (tetrathiafulvalene) and TCNQ (tetracyano-p-quino-
dimethane) units covalently connected through sigma bonds.
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could rectify the electrical current.[3] In fact, this seminal
paper has been considered to be a cornerstone of molecular
electronics.[4] D–s–A-type systems have also been studied as
artificial photosynthetic mimics. Here, photoexcitation is the
inception of an electron transfer from the electron donor to
the electron acceptor to afford a charge-separated state. The
lifetime of the latter is essential for photovoltaic applica-
tions.[5] Finally, the implications of D–s–A systems on the
field of organic molecular wires should be mentioned.[6]

Push–pull chromophores, in which p-conjugated bridges
link D and A (D–p–A), constitute an important class of
compounds. It is their properties as second- and third-order
nonlinear optical (NLO) materials that stand out among
many other physicochemical properties.[7] The possibility of
tuning their optical and electrochemical band gaps renders
D–p–A systems as appealing components for future optical-
processing device applications.[8]

Among the different electron-donor units used for the
preparation of D–p–A molecules that show NLO responses,
1,3-dithiole derivatives have been widely used since the pio-
neering work by the groups of Katz and Lehn.[9] More re-
cently, some of us introduced TTF as a donor in novel NLO
materials.[10] Similarly, p-extended TTF (2-[9-(1,3-dithiol-2-
ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole (exTTF)) has
also been used as an electroactive component in materials
that exhibit second-order NLO features.[11]

In the present paper, we report on a new family of D–p–
A systems in which exTTF and tetracyanoanthraquinodime-
thane (TCAQ) are used as D and A, respectively. To the
best of our knowledge, this is the first example in which
exTTF and TCAQ derivatives are covalently connected
through a fully p-conjugated bridge. The preparation of
exTTF–p–TCAQ was a synthetic challenge, because no
complementary exTTF and TCAQ derivatives endowed
with suitable groups for further olefination reactions have
so far been available. Theoretical calculations have been car-
ried out at the density functional theory (DFT) level to
gather information about the geometrical and electronic
properties of the new push–pull exTTF–p–TCAQ system.
As a complement, several physicochemical assays were con-
ducted by means of electrochemistry and photophysics to
confirm the electronic communication between D and A in
the electronic ground state as well as in the electronic excit-
ed state.

Results and Discussion

Synthesis and characterization : The synthesis of the highly
functionalized, fully conjugated target D–p–A 11 was not
straightforward and required the previous preparation of
the respective D and A fragments endowed with the appro-
priate functional groups to carry out the final olefination re-
action under mild reaction conditions, compatible with the
existing sensitive functionalization. For this purpose, we de-
cided to prepare the new type of sulfonylmethyl-exTTF
compounds (5) as potential highly reactive olefination part-

ners in the subsequent Julia–Kocienski reaction with the
formyl-containing TCAQ. However, whereas the formyl-
TCAQ is readily available following the synthetic protocol
previously reported in our group,[12] the preparation of the
sulfones 5 proved to be more challenging and required us to
test different synthetic approaches.

The first attempt to obtain 5 a was carried out from the
previously reported compound 2-bromomethyl-exTTF (2 ;
Scheme 2).[13] Reaction of 2 with 1-phenyl-1H-tetrazole-5-

thiol (3) in THF under Mitsunobu-type reaction conditions
(PPh3/diethyl azodicarboxylate (DEAD)) led efficiently to
sulfenylmethyl-exTTF 4. However, the seemingly straight-
forward oxidation of 4 to the desired sulfone 5 a suffered
from extensive decomposition regardless of the oxidant and
reaction conditions. This experimental finding could be as-
cribed to the strong reducing character of the exTTF
moiety, which, in the presence of an oxidant such as meta-
chloroperbenzoic acid (mCPBA), would undergo an initial
electron-transfer process with the formation of ion radical
intermediates that would finally provide the observed com-
plex crude reaction mixture.

The synthesis of sufonylmethyl-exTTFs 5 was successfully
achieved following an alternative synthetic strategy in which
the TTF units were introduced after the thioether/sulfone
oxidation (Scheme 3). Thus, the straightforward alkylation
of thiol 3 with 2-bromomethylanthraquinone (6) gave the
sulfenylmethylanthraquinone derivative 7, which was later
oxidized to sulfone 8 by using mCPBA (64% overall yield).
The further Wadsworth–Emmons olefination reaction of the
anthraquinone (AQ) derivative 8 with phosphonates 9 a,b to
provide the desired sufonylmethyl-exTTFs 5 proved to be
highly dependent on the base and reaction conditions (see
Table S1 in the Supporting Information). The best results
were obtained by employing a great excess amount of phos-
phonate and lithium diisopropylamide (LDA; 6 equiv each)
in THF. Under these conditions, compounds 5 a,b could be
isolated in moderate yields after final silica gel chromato-

Scheme 2. Synthesis of sulfenylmethyl-exTTF 4, and failed attempt to
form sulfonylmethyl-exTTF 5a.
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graphic purification (42 and 32 % yield, respectively). At
least in part, the difficulty of this reaction probably stems
from the high acidity of the benzylic hydrogen atoms in a

position to the sulfone functionality.
All new compounds were fully characterized on the basis

of analytic and spectroscopic methods. The 1H NMR spectra
of sulfonylmethyl-exTTFs 5 a,b show, in addition to the aro-
matic protons, the presence of the exTTF moiety as two sin-
glets around d=6.3 ppm for 5 a and the four SMe groups at
around d=2.40 ppm for 5 b. The methylene group in a to
the sulfone functionality appears as an AB system for 5 a (d

�4.9 ppm, J= 10.5 Hz) and as a singlet at d�5.0 ppm for
5 b. The chemical structure of compounds 5 a,b was ascer-
tained by means of mass spectrometry, which showed the
molecular ions at 602.0 and 786.0, respectively.

1-Phenyl-1H-tetrazol-5-yl sulfones 5 a,b are suitably func-
tionalized for further Julia–Kocienski olefinations by reac-
tion with formyl-containing compounds. This reaction leads
to E olefins with excellent stereoselectivity when benzylic
sulfones and aromatic aldehydes are employed.[14] To check
the performance of compounds 5 a,b in the Julia-Kocienski
reaction, styryl-exTTF 10 was first synthesized by reaction
of 5 a with benzaldehyde by employing sodium hexamethyl-
disilazane (NaHMDS) as base (THF, �78 8C to RT; 71 %
yield).

Next, we tested the Julia–Kocienski reaction in the syn-
thesis of the desired exTTF–p–TCAQ derivative 11
(Scheme 4). Previous attempts in our group to prepare this
type of compound, either by means of Wittig olefination or
Heck coupling reaction between appropriately functional-
ized exTTF and TCAQ derivatives, were unsuccessful, likely
due to the rapid formation of the charge-transfer complex
formed between the two strong electroactive moieties. Grat-
ifyingly, when we carried out the Julia–Kocienski reaction of
5 b with TCAQ-CHO under the mild reaction conditions de-
veloped for the model alkene 10 (NaHMDS, THF, �78 8C),
exTTF–p–TCAQ 11 was obtained as a black solid in almost
quantitative yield (94%).

1H and 13C NMR spectra of compound 11 show the ex-
pected signals that correspond to both exTTF and TCAQ

moieties. In addition, the vinyl protons appear at d=

7.20 ppm (J= 16.2 Hz), thus confirming the E stereochemis-
try (see the Supporting Information).

Molecular and electronic structures : The molecular geome-
try of compound 11 was theoretically optimized starting
from different geometrical conformations. The tetra-ACHTUNGTRENNUNGmethylthio-exTTF (TTM-exTTF) and TCAQ molecules of
which 11 is comprised were also calculated as reference
compounds. B3LYP/6-31G** calculations predicted that the
most stable conformation of compound 11 corresponds to
that depicted in Figure 1, in which the exTTF and TCAQ
moieties are folded up and down, respectively. The confor-
mation in which both moieties are folded in the same direc-
tion was found to be basically isoenergetic and differed less
than 0.2 kcal mol�1. Other possible conformations that re-
sulted from the internal rotation around the C�C single
bonds that link the ethylene bridge to the exTTF and
TCAQ units were calculated within 2.0 kcal mol�1.

Scheme 4. Synthesis of reference compound 10 and exTTF–p–TCAQ 11
by Julia–Kocienski olefination reaction.

Figure 1. Minimum-energy conformation calculated for 11 at the B3LYP/
6-31G** level.

Scheme 3. Synthesis of sulfonylmethyl-exTTFs 5 a,b.
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The exTTF unit in compound 11 adopts a butterfly- or
saddlelike structure, similar to that calculated for unsubsti-
tuted exTTF,[15,16] and consistent with the crystal structures
observed for different exTTF derivatives.[17–19] To relieve the
short contacts between the sulfur atoms and the hydrogen
atoms in the peri positions, the central ring of the anthra-
cene unit folds in a boat conformation along the C9�C10
vector by an average angle of 38.48. This value compares
well to the X-ray value experimentally found for the TTM-
exTTF molecule (388),[17] for which an almost identical value
(38.38) is theoretically calculated. The dithiole rings are
tilted by 33.98 with respect to the plane defined by the an-
thracene atoms C11-C12-C13-C14. Furthermore, the dithiole
rings are folded inward by 18.78 along the S�S axes.

The TCAQ moiety in compound 11 also adopts a saddle-
like structure to alleviate the steric contacts between the
cyano groups and the peri hydrogen atoms. The anthracene
unit is folded up along the C9�C10 vector by 35.68, and the
C(CN)2 units are tilted down by an average angle of 30.98
with respect to the C11-C12-C13-C14 plane. These folding
angles are in very good correlation with the X-ray values re-
ported for the TCAQ molecule (33.9 and 30.48, respective-
ly).[20]

The lateral benzene rings of the anthracene unit in both
the exTTF and the TCAQ moieties present an aromatic
structure because all the C�C bonds have a length of
(1.40�0.01) �. It is important to note that the benzene
rings in the central part of the molecule are conjugated
through the ethylene bridge and form an almost planar
trans-stilbene unit (see Figure 1).

Figure 2 shows the atomic orbital (AO) composition of
the highest-occupied (HOMO�2 to HOMO) and lowest-un-
occupied (LUMO to LUMO+2) molecular orbitals of 11.
The HOMO (�5.10 eV) and HOMO�1 (�5.63 eV) are lo-
calized on the electron-donor exTTF unit and are calculated
at slightly lower energies than the HOMO (�4.90 eV) and
HOMO�1 (�5.43 eV) of the TTM-exTTF molecule. In con-
trast, the LUMO (�3.64 eV) and LUMO+1 (�2.71 eV)
spread over the electron-acceptor TCAQ unit and are ob-
tained at slightly higher energies than the LUMO
(�3.75 eV) and LUMO+1 (�2.80 eV) of the TCAQ mole-
cule. Therefore, compound 11 presents a small HOMO–
LUMO energy gap of 1.46 eV, and low-energy charge-trans-
fer absorption bands are to be expected in the electronic
spectrum. The electronic communication between the donor
and acceptor units in 11 is evidenced by the shift to lower
energies of the HOMOs and to higher energies of the
LUMOs and by the charge transfer of 0.10 e that takes
place from the exTTF-ethylene environment to the TCAQ
moiety in the electronic ground state. It is also to be noted
that the HOMO�2 and the LUMO+2 are mainly localized
over the central stilbene unit, and their AO compositions
are indeed similar to those calculated for the HOMO and
LUMO of stilbene.

Electrochemistry : The redox properties of exTTF–TCAQ
(11) were examined by cyclic voltammetry (CV) and com-

pared with those of TTM-exTTF and TCAQ (Figure 3 and
Table S2 in the Supporting Information). The measurements
were carried out in dichloromethane as solvent, using a
glassy carbon working electrode, a standard Ag/AgNO3 ref-
erence electrode, and tetrabutylammonium perchlorate
(0.1 m) as supporting electrolyte.

Both exTTF and TCAQ undergo, in contrast to related
TTF and TCNQ, single two-electron redox processes that
lead to the corresponding dication (exTTF2+) and dianion

Figure 2. Electron-density contours (0.03 ebohr�3) and orbital energies
calculated for the HOMOs and LUMOs of 11 at the B3LYP/6-31G**
level. H and L denote HOMO and LUMO, respectively.

Figure 3. Cyclic voltammograms of 11 (c), TTM-exTTF (a), and
TCAQ (d) recorded in CH2Cl2 at 100 mV s�1 containing 0.1m

nBu4NClO4 as supporting electrolyte.
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(TCAQ2�) species. To this end, TTM-exTTF shows a quasi-ACHTUNGTRENNUNGreversible two-electron oxidation around +0.23 V (E1=2
),

whereas the TCAQ reference undergoes a reversible (DE
�41 mV) two-electron reduction around �0.56 V (E1=2

) that
corresponds to the formation of the dianion.

For 11, oxidation is discernable at +0.22 V (E1=2
) together

with a reduction at �0.54 V (E1=2
). Both redox processes are

reversible and involve two electrons. Electrochemically, we
could not detect any appreciable impact on the oxidation
and reduction of exTTF and TCAQ, respectively, despite
the presence of both electroactive moieties that are connect-
ed through a conjugated ethylene bridge. The electrochemi-
cal band gap for 11 is approximately 0.80 V, which resembles
those of related TTF–TCAQ systems.[21]

The nature of the HOMO and LUMO, which are respec-
tively localized on the electron-donor and -acceptor units
(Figure 2), indicates that oxidation of 11 should mainly
affect the exTTF moiety, whereas reduction concerns the
TCAQ moiety. In a first approach, Koopman	s theorem ena-
bled us to relate the HOMO and LUMO energies with the
electrochemical potentials of the first oxidation and reduc-
tion processes, respectively. Using this theorem and in con-
trast to what is experimentally observed, more positive/neg-
ative oxidation/reduction potentials had to be expected for
11 due to the lower energy of the HOMO (�5.10 eV) and
the higher energy of the LUMO (�3.64 eV) than TTM-
exTTF (�4.90 eV) and TCAQ (�3.75 eV), respectively. The
reason for this apparent discrepancy is that Koopman	s the-
orem is a one-electron approach and does not apply to the
oxidation/reduction processes of 11, which involve two elec-
trons.

The dication and dianion species of 11 were computed at
the B3LYP/6-31G** level to provide a deeper understanding
of the oxidation/reduction processes. As depicted in Fig-
ure 4a, the minimum-energy structure calculated for 112+

corresponds to a conformation in which the TCAQ unit re-
mains folded and the exTTF unit adopts an orthogonal con-
formation similar to those previously found for exTTF dicat-
ions both theoretically[15,16,22] and experimentally.[18,19] Upon
oxidation, the exocyclic C=C bonds that connect the dithiole
rings to the anthracene unit elongate from 1.365 � in neu-
tral 11 to 1.482 � in charged 112+ . This lengthening allows
for the rotation of the dithiole rings to minimize the steric
interactions, and, as a consequence, the anthracene unit be-
comes planar. In the resulting conformation, the dithiole
rings are nearly perpendicular to the anthracene plane and
the SMe groups lie in the plane of the dithiole rings. This
disposition of the SMe groups was already reported for the
TTM-TTF dication.[23,24] The net atomic charges calculated
for 112+ by using the natural population analysis (NPA) al-
gorithm indicate that the electrons have been mainly re-
moved from the SMe-dithiole rings, which accumulate a
charge of +0.91 e each, whereas the anthracene unit re-
mains mainly neutral (+ 0.05 e). The exTTF moiety in 112+

is therefore constituted by an aromatic anthracene unit (14
p electrons) substituted by singly charged dithiole rings.
This minimizes the coulombic repulsion between the posi-

tive charges in the dication and explains the fact that almost
identical oxidation potentials are observed for 11 and for
the reference compound TTM-exTTF.

Reduction of 11 to the dianion produces structural
changes on the molecular geometry similar to those predict-
ed upon oxidation, but they are now localized on the elec-
tron-acceptor TCAQ unit (see Figure 4b). For 112�, the
exTTF unit preserves the saddlelike structure of the neutral
molecule and the TCAQ unit becomes planar with the
C(CN)2 groups twisted out of the anthracene plane by an
average angle of 458. As for the exTTF unit, this geometri-
cal reorganization is made possible by the elongation of the
C=C exocyclic bonds that link the C(CN)2 groups to the an-
thracene unit that lengthen from approximately 1.380 � in
11 to approximately 1.475 � in 112� and allow rotation of
the C(CN)2 groups. The NPA charges calculated for 112� in-
dicate that the extra electrons are mainly supported by the
C(CN)2 groups (�1.80 e).

Photophysics : The electronic absorption spectra of exTTF–
TCAQ (11) reflect the well-known absorptions of exTTF,
with absorption maxima at 376 and 445 nm, redshifted
about 10 nm in comparison to the reference,[19] and TCAQ,
with maxima in the UV region of the spectrum at 345, 302,
and 280 nm,[17] marginally redshifted.[25] Additionally, new
absorption features evolve in the red part of the spectrum,
that is, between 500 and 800 nm, in which neither exTTF
nor TCAQ absorbs. When varying the solvent polarity from
nonpolar toluene to polar acetonitrile, the maximum of this
new band shifts from about 590 nm to 620 nm. In light of
the aforementioned results and in analogy with previous re-
sults,[26] we assigned this new band to a charge-transfer fea-
ture, namely, a redistribution of charge density from the

Figure 4. Minimum-energy conformations calculated for a) 112+ and
b) 112� at the B3LYP/6-31G** level.
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electron-donating exTTF to the electron-accepting TCAQ
(Figure 5).

Vertical transitions to the lowest-energy electronic states
were calculated for 11 in the presence of the solvent using
the time-dependent DFT (TD-DFT) approach and the
B3LYP/6-31G**-optimized ground-state geometry. TD-DFT
calculations predict four CT states above 500 nm that result
from electron excitations from the HOMO and HOMO�1,
localized on the exTTF moiety, to the LUMO and
LUMO+1, localized on the TCAQ unit. The first excited
state corresponds to the HOMO!LUMO excitation and is
calculated too low in energy (around 950–1000 nm) with an
oscillator strength (f) of 0.08. The second excited state re-
sults from the HOMO�1!LUMO transition and occurs
around 700 nm (f=0.07). The third and fourth excited states
are very close in energy and result from a mixing of the
HOMO�2!LUMO and HOMO!LUMO+1 excitations.
The participation of the HOMO�2, which spreads over the
central stilbene unit (Figure 2), enhances the intensity of the
electronic transitions. The fourth state, which bears most of
the intensity (f=0.27), shifts from 568 nm in toluene to
559 nm in acetonitrile.

The confirmation for the CT hypothesis came from fluo-
rescence studies. Although the emissions of exTTF and
TCAQ are almost completely quenched, a new emission in
the 600 to 700 nm range—depending on the solvent—is dis-
cernable. In Figure 6, a 3D fluorescence plot of 11 is shown.
Here, the strongly quenched exTTF emission around 500 nm
is followed by the much stronger CT emission, with its maxi-
mum at 650 nm, as it evokes from the correlating CT ab-
sorption, respectively in THF.

Next, ultrafast laser flash photolysis experiments were car-
ried out by employing either the 387 nm excitation wave-
length (to photoactivate the singlet excited states of 11) or
the 660 nm excitation wavelength (to excite exclusively the
CT transition).

Photoexcitation of exTTF at 387 nm generates an exTTF-
centered excited state. Spectral characteristics of this very

shortlived excited state (1.2 ps) are transient maxima around
465, 605, and 990 nm, as well as transient bleaching at
around 450 nm (not shown). The short lifetimes (i.e., after
5 ps, no transient absorption remains) are rationalized by
the presence of the sulfur atoms, with a strong second-order
vibronic spin–orbit coupling. Going beyond our femtosec-
ond experiments (i.e. , 3 ns) we tested exTTF in nanosecond
experiments following 355 nm excitation. However, outside
of the 10 ns time window of the instrumental time resolu-
tion, no notable transients were detected.

When investigating 11 (Figure 7), instantaneously upon
photoexcitation at 387 nm the singlet excited state features
of exTTF are discernable (vide supra). These features of the
localized exTTF excited state transform within the next
0.2 ps into a new transient with a minimum at 450 nm,
maxima at 480/620 nm, and a shoulder at 680 nm. The tran-
sient—including the 450 nm minima and 680 nm shoulder—
is in perfect agreement with the pulse-radiolysis-generated
exTTFC+ radical cation (Figure S1 in the Supporting Infor-
mation),[27] whereas the transition at 620 nm is assigned to
the TCAQC� radical anion (Figure S2).[25] Notably, the addi-
tional spectral features of TCAQC� in the visible region with
a minimum around 480 nm are buried beneath the much
stronger exTTFC+ fingerprint. The correspondingly formed
exTTFC+–TCAQC� radical ion-pair state is shortlived and
decays through recovery of the ground state. Times of 0.2 ps
and (1.0�0.2) ps have been determined for the charge-sepa-
ration and charge-recombination processes, respectively, in
THF. Likewise, excitation at 660 nm, which generates the
excited state of the CT state, causes these to convert into
those of the exTTFC+-TCAQC� radical ion-pair state (Fig-
ure S3).

The ultrafast charge-separation and charge-recombination
dynamics are a result of the very short vinyl linkage. This
provides not only strong electronic coupling, as it is discern-
able in form of CT absorption and emission, but also planar-
ity of the molecule. As discussed above, an almost planar
trans-stilbene unit is formed between the exTTF and TCAQ
units through the ethylene bridge (Figure 1). Electronic de-

Figure 5. Absorption and emission (lexc =600 nm) spectra of 11 recorded
in toluene.

Figure 6. Three-dimensional fluorescence plot of 11 recorded in THF
under argon (this figure is reproduced in color in the Supporting Infor-
mation).
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localization across this p-conjugated unit therefore enables
strong interactions between the donor and acceptor parts of
the molecule.

Conclusion

In summary, we have carried out the synthesis of a new
building block for exTTFs, namely, sulfonylmethyl-exTTFs
(5), suitably functionalized for Julia–Kocienski olefination
reactions with different aldehydes. The reaction proceeds
with an excellent stereoselectivity of the resulting trans
olefin. As a proof-of-principle, the reaction of 5 b with the
formyl-containing TCAQ afforded for the first time a fully
conjugated TTF–p–TCAQ-type system (11). Theoretical cal-
culations at the B3LYP/6-31G** level show a highly distort-
ed molecule 11 at the exTTF and TCAQ moieties with an
almost planar central stilbene unit. Importantly, the central
vinyl spacer guarantees efficient connection of the electroac-
tive donor and acceptor in the electronic ground state, and
in turn gives rise to the formation of charge-transfer (CT)
bands—both in absorption and emission—in the visible
region of the spectrum. These experimental findings were
nicely supported by TD-DFT calculations, which predict
four CT states above 500 nm that result from electronic ex-
citations from the HOMO and HOMO�1, localized on the
exTTF moiety, to the LUMO and LUMO+1, localized on

the TCAQ unit. As a complement, the electronic excited
state was probed by means of femtosecond transient-absorp-
tion spectroscopy. To this end, 11 reveals in the excited state
ultrafast charge separation (0.2 ps)—that is, the formation of
the radical cation of exTTF and the radical anion of
TCAQ—and fast charge-recombination ((1.0�0.2) ps) pro-
cesses. The exTTFC+–TCAQC� radical ion-pair state is
formed either through a localized exTTF excited state or ex-
cited CT state.
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