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Abstract: Flash photolysis of bis[4,5-
di(methylsulfanyl)1,3-dithiol-2-ylidene]-
9,10-dihydroanthracene (1) in chloro-
form leads to formation of the transient
radical cation species 1.� which has a
diagnostic broad absorption band at
lmax� 650 nm. This band decays to half
its original intensity over a period of
about 80 ms. Species 1.� has also been
characterised by resonance Raman spec-
troscopy. In degassed solution 1.� dis-

proportionates to give the dication 12�,
whereas in aerated solutions the photo-
degradation product is the 10-[4,5-di-
(methylsulfanyl)1,3-dithiol-2-ylidene]an-
thracene-9(10 H)one (2). The dication
12� has been characterised by a spec-

troelectrochemical study [lmax

(CH2Cl2)� 377, 392, 419, 479 nm] and
by an X-ray crystal structure of the salt
12�(ClO4

ÿ)2, which was obtained by
electrocrystallisation. The planar an-
thracene and 1,3-dithiolium rings in the
dication form a dihedral angle of 77.28 ;
this conformation is strikingly different
from the saddle-shaped structure of
neutral 1 reported previously.

Keywords: dithioles ´ electrochem-
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Introduction

Tetrathiafulvalene (TTF) is a famous p-electron donor
molecule which undergoes two reversible one-electron waves
to afford the radical cation and dication species,[1] with a gain
in heteroaromaticity upon formation of the 1,3-dithiolium
cation.[2] Considerable attention has been directed to related
bis(1,3-dithiole) systems where p-conjugation is extended
between the dithiole rings by the insertion of vinylogous[3] and
quinonoid[4] spacer units; this leads to reduced intramolecular
Coulombic repulsion in the oxidised states.[5] Derivatives of
the 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene

system are particularly interesting in this context as they
have a single, quasi-reversible, two-electron oxidation wave
that yields a thermodynamically stable dication, for example,
for 1,[6] Eox��0.55 V (in MeCN vs. Ag/AgCl) in the cyclic
voltammogram.[7] The X-ray crystal structure of 1[6] and
several derivatives[8] have shown that a remarkable conforma-
tional change accompanies oxidation to the dication. Whereas
the neutral molecules are saddle-shaped,[6, 8] with the central
ring of the anthracenediylidene moiety in a boat conforma-
tion, the dications have a planar anthracene system with the
1,3-dithiolium cations almost orthogonal to this plane.[7b, 9]

Theoretical calculations support the crystallographic data:
steric hindrance between the sulfur atoms and the peri
hydrogen atoms dictates the conformation of the neutral
species whilst, in the dication, there is aromatisation of both
the dithiolium rings and the anthracene core.[10] Calculations
also suggest that the radical cation largely retains the saddle
conformation of the neutral species, thereby restricting any
potential gain in aromaticity at this redox stage; this is in
accord with the electrochemical data.[10] The strong electron-
donor ability of the title ring system has led to its use as a
component of intermolecular[7b, 9] and intramolecular[11]

charge-transfer systems.
The aim of the present work was to explore the photolytic

generation of the elusive p-radical cation species 1.� . Herein
we report the characterisation of 1.� by UV/Vis and Raman
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spectroscopy, and we identify its decomposition products,
namely, the dication 12� and the ketone 2. The spectroelec-
trochemistry of 1 and the X-ray crystal structure of the
electrocrystallised salt 12�(ClO4

ÿ)2 obtained during the course
of this study are also discussed. While our work was in
progress, Guldi et al. reported that 1.� can be generated by
pulse radiolysis of 1 in oxygenated CH2Cl2 solution. Species
1.� , generated in this way, was characterised by an absorption
at lmax� 675 nm[11d, 12] and was stable over several hundred ms
with no significant decay on the pulse radiolytic timescale
(i.e., 1 ms).[12]

Results and Discussion

Spectroelectrochemistry of compound 1: In order to obtain a
reference spectrum of the dication 12�, a UV/Vis spectroelec-
trochemical study was undertaken. Previous electrochemical
studies[7] have demonstrated that derivatives of 1 undergo a
two-electron oxidation to yield the corresponding dication
12�. Electrolysis of 1 in dichloromethane was performed in an
optically transparent thin-layer electrode (OTTLE) cell.
Complete electrolysis of the sample within the thin-layer
region was achieved, as indicated by the vanishingly small
currents which flowed through the cell and the observation
of identical absorption profiles at applied potentials of 0.65,
0.75 and 0.85 V. Reduction in situ, which led to the recovery
of the initial spectrum, confirmed the full reversibility of
the redox system under these conditions. The compiled
spectra (Figure 1) also contain clean isosbestic points
marking the conversion of the neutral to the dicationic
species.

The spectrum of the neutral species 1 consists of two strong
bands at lmax� 366 and 435 nm. During electrolysis these
collapse giving way to bands ascribed to the species 12� at
lmax� 377, 392 and 419 nm, and a broad band which tails into
the visible portion of the spectrum with lmax� 479 nm.

Figure 1. Spectroelectrochemistry of compound 1 in dichloromethane.
(For conditions see the Experimental Section).

Neither neutral 1 nor the electrolytically generated dication
gives rise to any significant absorption between 650 ± 1000 nm.
The spectrum of 12� obtained by this in situ electrochemical
method was identical to that obtained by the dissolution in
acetonitrile of an authentic sample of 12�(ClO4

ÿ)2 (obtained
by electrocrystallisation, see below).

Steady state photolysis of compound 1: Irradiation of 1 in
aerated chloroform by using the output of a Xe lamp (lex�
320 ± 600 nm) brought about a marked change in the UV/Vis
absorption spectrum of the solution, as illustrated in Figure 2.

Figure 2. UV/Vis spectrum of 1 in aerated chloroform, irradiated by the
filtered output of a Xe lamp (320 ± 650 nm).

The photoproduct from this reaction was isolated and its UV/
Vis and fluorescence spectra are shown in Figure 3. This
product is unambiguously identified as the ketone 2 on the
basis that its melting point, TLC behaviour, mass spectrum
and 1H NMR and UV/Vis spectra were identical with an
authentic sample synthesised from anthrone.[6] Significantly,
the UV/Vis spectrum of 2 is markedly different from that of
the dication 12�. Irradiation of 1 in degassed chloroform
resulted in a change in the UV/Vis spectrum, consistent with
the formation of the dication 12� (Figure 4). There was no
evidence for the formation of ketone 2 under these conditions.
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Figure 3. UV/Vis absorption (left) and corrected fluorescence emission
spectrum (right) of 2 in chloroform solution. An excitation wavelength of
460 nm was used for recording the emission spectrum.

Figure 4. UV/Vis spectrum of 1 in degassed chloroform, irradiated by the
filtered output of a Xe lamp (320 ± 600 nm).

In an attempt to elucidate the mechanism of the formation
of 2, we investigated the role of singlet oxygen. Time-resolved
near-IR luminescence experiments[13] showed no evidence for
the production of singlet oxygen, fD< 0.001, by 1, 2 or
12�(ClO4

ÿ)2 in acetonitrile. However, we did observe that in
toluene solution, 1 rapidly quenches the singlet oxygen
produced by an added photosensitiser (zinc tetraphenylpor-
phyrin) and rapidly degrades to form 2 with a rate constant of
2.9� 0.1� 107 molÿ1 dm3 sÿ1.

Time-resolved studies : Flash photolysis of 1 in degassed
chloroform revealed a transient species with an absorption
band at lmax� 650 nm upon excitation at 355, 308 or 266 nm
(Figure 5). This spectrum is consistent with that obtained by
Guldi et al. for 1.� generated by pulse radiolysis of 1 in
oxygenated dichloromethane.[12] This transient absorption
decays as a nonexponential function (Figure 6); the signal-
to-noise ratio obtained during the course of the experiments
did not allow us to differentiate between a double exponential
and a second-order decay. Under the conditions used, the
transient absorption decayed to half its initial intensity over a
period of about 80 ms and the decay was not significantly
affected by aeration of the solution. This indicates that the
transient species is unlikely to be an excited (triplet)
electronic state of the parent 1. The same species was also

Figure 5. Transient absorption spectrum obtained upon 266 nm irradiation
of 1 in degassed chloroform.

Figure 6. Transient absorption band at 630 nm produced upon irradiation
of a degassed solution of 1 in chloroform. The decay is nonexponential and
has a trend line added as a guide: lprobe� 630 nm.

observed in dichloromethane, but could not be observed when
propionitrile or tetrahydrofuran was used as solvent. Based on
our observations, we propose that the transient absorption
arises from the radical cation 1.� , formed by a monophotonic
photoionisation of the neutral 1. The halogenated solvents
play an important role by acting as a sink for the ejected
photoelectrons according to the mechanism in Equation (1):

CHnCl4ÿn � eÿ!CHnCl3ÿn
. � Clÿ (1)

In aerated solutions, the halomethyl radicals may further
oxidise to form CHnCl3ÿnO2

. . However, the suggestion that
this peroxyhalomethyl radical can oxidise 1 to 1.� , as
suggested by Guldi et al,[12] is in doubt, since we observe no
evidence for the enhancement of the transient bands in
aerated solutions. We suggest that ketone 2 is most likely
formed by reaction of 12� with either a peroxyhalomethyl
radical or molecular oxygen. Attempts to determine the
quantum yield of radical ion formation were prevented due to
the photodecomposition of the samples during the course of
the measurements.

Raman spectroscopy: The Raman spectrum of compound 1
(Figure 7) is dominated by three intense bands at 1500, 1525
and 1575 cmÿ1; this profile has similarities to the nonresonant
Raman spectrum of anthracene.[14] These bands were assigned
to phenyl C�C stretching modes. Photolytic formation of the
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Figure 7. Ground state Raman spectrum of 1 recorded at 630 nm, and time
resolved resonance Raman spectrum of 1.� recorded by using 266 nm pump
and 630 nm probe: time delays are indicated. The spectra of 1.� are
corrected by subtracting ground state and solvent bands (probe only).

radical cation 1.� , changes the spectral profile and yields a
much richer array of bands. The highest resonant Raman band
is observed at 1560 cmÿ1. This wave number value is less than
for a typical aromatic C�C stretch and reflects a lowering of
the aromatic C�C bond order following the loss of an electron
from a bonding MO. Key points of interest are whether the
anthracene moiety of 1.� retains the folded conformation of
the neutral species[6] or is planar, and whether there is a
ªpseudo-quinoidº type structure, with the carbonÿcarbon
bonds exocyclic to C9 and C10 displaying partial double bond
character. In a recent investigation of the radical cation of an
ethylene-bridged thiophene-based oligomer, an intense band
was observed at 1411 cm ÿ1; in the neutral oligomer this is
observed at about 1430 cmÿ1. These values (in the range 1340
to 1430 cmÿ1) are typical for C�C modes in thio ring (e.g.
thiophene) systems and it is likely that the broad feature at
1390 in 1.� resembles such a stretch.[15] In resonance Raman
spectra, however, specific enhancement (Franck ± Condon,
A-term resonance enhancement) occurs for modes associated
with the particular chromophore responsible for the elec-
tronic absorption at the laser wavelength chosen. The richness
of the spectrum, as well as the intensity of the bands, probably
indicates a very delocalised chromophore system that sup-
ports a ªquinoidº-type framework. We note that theoretical
calculations by Ortí et al. also suggest that the radical cation
largely retains the saddle conformation of the neutral
species.[10] Future investigations will be directed towards
establishing this.

Attempts to probe the formation of 12� by using a pump/
probe combination of 266/514 nm, respectively, failed to yield
Raman spectra, due to fluorescence from the samples.
However, it was found that the intensity of the fluorescence
signal increased with the delay time between the pump and
probe pulses. Furthermore, the spectral profile of this
fluorescence (lmax� 680 nm) was clearly characteristic of the
dication 12�, as shown by comparison with an in situ electro-
chemically generated sample. The fluorescence from ketone 2
is much more intense and emits at a shorter wavelength
(lmax� 630 nm). This observation is consistent with the dispro-
portionation of the radical cation according to Equation (2):

1.� � 1.�! 1 � 12� (2)

Thus, the nonfluorescent radical cation, which is formed
immediately upon irradiation by the 266 nm pump pulse,
forms the fluorescent dication 12� in degassed solution, this
process occurring over a period of tens of microseconds. In
contrast, in aerated solution, ketone 2 is the major product,
with only traces of 12� detected.

X-ray crystal structure of 12�(ClO4
ÿ)2 : To establish the

structure of the electrochemically generated product beyond
doubt, X-ray structural analysis was performed on crystals
that grew on the anode during the electrolysis of 1 in
dichloromethane in the presence of tetrabutylammonium
perchlorate. The X-ray data confirmed that 1 is oxidised to the
dication under these conditions. In the crystal structure of
12�(ClO4

ÿ)2, the anion occupies a general position, while the
dication has crystallographic Ci symmetry (Figure 8). The

Figure 8. Molecular structure of 12�(ClO4
ÿ)2 showing 50 % thermal

ellipsoids. Primed atoms are generated by the inversion centre.

anthracene moiety is planar and has essentially the geometry
of the anthracene molecule,[16] that is, it is fully aromatic. The
1,3-dithiolium rings are also planar and display stronger p-
conjugation than in the neutral molecule 1. The CÿS bonds in
the dication (ªinnerº S1ÿC8 1.695(2) and S2ÿC8 1.672(2) �;
ªouterº S1ÿC9 1.734(2) and S2ÿC10 1.708(2) �) are con-
tracted compared with neutral 1[6] with averages 1.767(4) and
1.759(5) � for the ªinnerº and ªouterº CÿS bonds, respec-
tively, while the C9ÿC10 bond is lengthened from 1.334(7) �
in 1 to 1.375(3) � in 12�(ClO4

ÿ)2. The anthracene and
dithiolium systems form a dihedral angle of 77.28 and are
linked through an essentially single bond: C7ÿC8 1.490(3) �.
The methylsulfanyl substituents have different conforma-
tions: the S3ÿC11 bond is coplanar with the dithiolium ring,
while the S4ÿC12 bond makes an angle of 808 with this plane.
The in-plane group is conjugated with the ring, as shown by
the difference in the bond lengths C9ÿS3 1.732(2) and C10ÿS4
1.760(2) �. The crystal packing of 12�(ClO4

ÿ)2 is shown in
Figure 9. Interactions of the S1 atom with two perchlorate
anions can explain the weakening of the S1ÿC bonds in the
dithiolium ring compared with the S2ÿC bonds. There are no
S ´´ ´ S contacts significantly shorter than twice the van der
Waals radius of S (3.68 �).[17]

Conclusion

The work described above has provided conclusive evidence
for the existence of the elusive, transient radical cation 1.�

formed by photoionisation of the neutral system 1 in
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chlorinated hydrocarbon solutions. This radical cation has
been characterised by transient absorption and resonance
Raman spectroscopy. In degassed solution, this species
appears to disproportionate to give the dication 12�, which
has been characterised by spectroelectrochemical techniques;
its X-ray crystal structure has also been determined. Photol-
ysis of aerated solutions of 1 also lead to formation of the
radical cation, but the photodegradation product observed in
these solutions is ketone 2. The mechanism of the formation
of 2 remains uncertain. Only traces of the dication 12� are
detected in aerated solutions.

Experimental Section

General details : Spectroelectrochemical data were recorded for compound
1 (0.35 mm) in CH2Cl2 with NBu4PF6 (0.1m) as supporting electrolyte, a Pt
gauze working electrode and Pt wire counter and reference electrodes, on a
Varian Cary 5 spectrophotometer between 300 ± 1000 nm at ambient
temperature. Spectra were corrected for background absorption arising
from the cell, the electrolyte and the working electrode. The OTTLE cell
used a Pt gauze working electrode, Pt wire counter electrode and pseudo
reference electrodes. The solutions were analysed in situ. The working
electrode was held at a potential at which no electrochemical work was
being done in the cell and the spectrum of neutral 1 was recorded. The
potential was then increased in 50 ± 100 mV increments and held until
equilibrium had been obtained, as evidenced by a sharp drop in cell
current. The cell was based upon that described elsewhere,[18] and was
driven by a home-built potentiostat. For time-resolved resonance Raman
spectroscopy the pump laser pulse (266 nm, 5 ns pulse width) was produced
from the quadrupled output of a Spectra-Physics GCR-11. The probe pulse
was generated from a Lumonics Pulsemaster PM-800 excimer (XeCl,
308 nm, 15 ns pulse width) pumping a Lambda-Physik FL3002 dye laser by
using Rhodamine 101 dye to produce 630 nm light. Synchronisation of the
two lasers was better than �5 ns. Pulse energies at the sample were about
0.5 to 1 mJ per pulse for both lasers which ran at 10 Hz. Raman spectra
were obtained by using a 908 collection geometry with the liquid sample
passed through a capillary (2 mm internal diameter) held perpendicular to
the spectrograph collection optics and entrance slit. For in situ electro-
chemical generation, a Pt gauze working electrode and Pt wire counter- and
pseudo-reference electrodes were inserted at each end of the capillary. The
spectrograph was an Acton Research Corporation Spectra-Pro 500. Ray-
leigh scattered light was prevented from entering the spectrograph by using
a holographic notch filter (Kaiser). Light was detected by a thinned, back-
illuminated liquid nitrogen charge-coupled device camera (Princeton
Instruments LN/CCD-1024 TKB) which was controlled by a PC and the

manufacturer�s supplied software. Typical accumulation times were 200 s.
Raman spectra were accurate to 5 cmÿ1 and were calibrated by using
literature values for toluene.[14]

Preparation of 12�(ClO4
ÿ)2 : Dry tetrabutylammonium perchlorate (50 mg)

was added to each chamber of a glass electrocrystallisation cell, in which
the two chambers were separated by a glass frit, and the cell was flushed
with argon. A solution of compound 1[6] (5 mg) in dry degassed dichloro-
methane (7 mL) was placed in the anodic chamber. Dry degassed
dichloromethane (7 mL) was placed in the cathodic chamber. The platinum
electrodes were mounted, sealing the solutions from the atmosphere. A
potential of 1.0 V was applied, which provided an initial current of 2.0 mA.
The cell was stored in the dark for 2 days at 20 8C, during which time the
current dropped to 0.5 mA and red blade-shaped crystals of 12�(ClO4

ÿ)2 up
to 5 mm in length grew on the anode. The crystals were harvested and
washed with dry dichloromethane. 1H NMR ((CD3)2SO): d� 8.12 (m, 4H),
7.81 (m, 4 H), 3.00 (s, 12H).

Photolysis of 1. A solution of 1 in degassed chloroform sparged with
nitrogen was irradiated for 1 h by the output of a Xe lamp, which had been
filtered through aqueous copper sulfate solution (lex� 320 ± 600 nm). The
solution was then stored at 0 8C for 7 days. Red needles of the salt
12�(X2ÿ/n)n (probably X�Cl) were collected by filtration and washed with
chloroform. The UV/Vis and 1H NMR spectra of this product were
identical with those of electrocrystallised 12�(ClO4

ÿ)2.
A solution of 1, irradiated in aerated chloroform under the same conditions
as those described above, was evaporated in vacuo and chromatographed
on a silica gel column by eluting with chloroform. The first yellow fraction
consisted of unreacted compound 1; this was followed by a red fraction
which yielded compound 2 on evaporation. The TLC, m.p., MS, UV/Vis
and 1H NMR spectra were identical with those of authentic 2.[6]

X-ray crystallography : The X-ray diffraction experiment was carried out on
a SMART 3-circle diffractometer with a 1 K CCD area detector by using
graphite-monochromated MoKa

radiation (lÅ� 0.71073 �) and a Cryo-
stream (Oxford Cryosystems) open-flow N2 gas cryostat. The full sphere of
the reciprocal space was covered by a combination of five sets of w scans;
each set at different f and/or 2q angles. Reflection intensities were
integrated by using the SAINT program[19] and corrected for absorption by
a semi-empirical method (comparison of Laue equivalents), with the
SADABS program.[20] The structures were solved by direct methods and
refined by full-matrix least squares against F 2 of all data by using
SHELXTL software.[21]

Crystal data : C24H20S8
2�(ClO4

ÿ)2, MR� 763.78, T� 103 K, monoclinic,
space group P21/c (No. 14), a� 16.206(1), b� 7.798(1), c� 12.819(1) �,
b� 112.09(1)8, U� 1501.1(2) �3, Z� 2, m� 0.82 mmÿ1, 15578 reflections
(2q� 558) of which 3450 unique, Rint� 0.039, 196 refined parameters, R�
0.031 [2888 data with F 2�s(F 2)], wR(F 2)� 0.076. Crystallographic data
(excluding structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
148475. Copies of the data can be obtained free of charge on application to

Figure 9. Crystal packing of 12�(ClO4
ÿ)2. Shortest intermolecular contacts (in �): S ´´ ´ O i� 3.335(2), ii� 3.205(2), iii� 3.277(2), iv� 3.157(2); S ´´ ´ S

v� 3.655(1); S ´´ ´ C vi� 3.450(2).
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