
The π–π interaction of the tetrathiafulvalenyl groups in
1,8-bis(ethylenedithiotetrathiafulvalenyl)naphthalene was
investigated.  The novel electronic properties of neutral and
cationic tetrathiafulvalenes have been revealed on the basis of
the X-ray analysis, spectral analyses, and DFT calculations.

Tetrathiafulvalene (TTF) has attracted much interest because
of the electron-donating ability that has been used for the synthesis
of new organic metals and superconductors.2,3 In particular, the
most remarkable property of TTF and its derivatives is the great
facility for molecular association both in the neutral state and in
the radical-cation state, and the one-dimensional column of the
radical-cations forms a conduction path in the organic metals.4,5

1,8-Diarylnaphthalenes have been investigated extensive-
ly,6,7 because of the interaction of the close face-to-face arranged
aromatic rings which rotate at ambient temperature.  On the basis
of these results, 1,8-bis(tetrathiafulvalenyl)naphthalenes8 seem to
be a good model system to investigate the interaction and self-
assembly of TTF and its radical-cation as shown in Figure 1.  We
report here the molecular association of the radical-cation species
1•+ and 12+ derived from 1,8-bis(ethylenedithiotetrathiaful-
valenyl)naphthalene 1.

The synthesis of 1 was carried out using the palladium-cat-
alyzed cross-coupling reaction of an organozinc species with 1,8-
diiodonaphthalene 4 as shown in Scheme 1.  Thus, the reaction of
EDT-TTF (2.8 equiv) with BunLi (2.9 equiv), followed by treat-
ment with ZnCl2 (3.3 equiv) formed the zinc species 3.  The reac-
tion of 3 thus prepared with 4 (1 equiv) in THF at –20 °C for 1 h
and then at 45 °C for 12 h produced the coupling product 1 in 77%
yield.9 The cyclic voltammetric analysis indicates that 1 has three
reversible redox waves at 0.28, 0.41, and 0.90 V vs SCE (0.1 M
Bun

4NClO4, PhCN).  The first two waves correspond to two one-
electron processes, whereas the third wave is a two-electron
process.  Since EDT-TTF shows oxidation potentials at 0.45 and
0.74 V under similar conditions, the first and second oxidation
potentials of 1 for the formation of 1•+ and 12+ were lower than the
first potential of EDT-TTF 2.  However, the third potential of 1
corresponding to the formation of the tetracation 14+ is much high-
er than the second potential of 2, presumably due to the effect of

the face-to-face interaction.
Recrystallization of 1 from CH2Cl2–(CH3)2CHOCH(CH3)2

gave single crystals, and the X-ray crystallographic analysis
revealed the molecular structure of 1 (Figure 2).  The molecule
has a crystallographic C2 symmetry with a 2-fold axis passing
through the C(1)–C(2) bond to form an anti-conformation 1b.
The structure of 1b is essentially similar to that of 1,8-diphenyl-
naphthalene, and the molecular strain is released by the deforma-
tion of the naphthalene ring and by the anti-conformation of TTF
rings.10 The dihedral angle between the naphthalene and TTF
rings is 54.6(3)°.  Interestingly, the intramolecular distances
C(6)···C(6*) and C(7)···C(7*) are 2.50 and 2.76 Å, respectively.
Thus, these intramolecular distances are 3% and 8–9% shorter
than those of 1,8-diarylnaphthalene.7

Compound 1 showed temperature-dependent NMR spectra
due to the interconversion between the two isomers 1a and 1b.
The 1H NMR spectrum at 25 °C gave averaged signals because of
the fast isomer interconversion, which decoalesced at ca. –75 °C,
and two sets of signals were observed below –80 °C reflecting the
presence of two isomers in a ratio of 93:7.  Taking into account
the results of the X-ray analysis of 1, the anti-form 1b was
assigned to the major isomer and the syn 1a to the minor.   The
isomer ratio corresponds to the free energy difference of 0.94
kcal/mol between 1a and 1b at –90 °C.  The B3LYP/3-21G* cal-
culations11 show that the energy difference between 1a and 1b is
3.44 kcal/mol, which is in agreement with the experimental value.
Lineshape analysis revealed that the activation free-energy (∆G‡)
from 1b to 1a is 11.0 kcal/mol at –75 °C.
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Although the solid-state properties of the radical-cation TTF •+

have been widely studied upto now, the spectroscopic behavior of
TTF •+ and its derivatives in solution seems to remain equivocal
due to the equilibrium between the monomer and the dimer.  Since
1, 1•+, and 12+ impart information on the dimeric state of TTFs,
reflecting their structures, the chemical oxidation of 1 was investi-
gated using Fe(ClO4)3.  Thus, 1 was oxidized with 1–7.5 equiv of
Fe(ClO4)3 in CH2Cl2/CH3CN (1:1).  The concentrations of 1 used
for the measurements were very low, and hence a further aggrega-
tion of 1•+ or 12+ can be ruled out.  The oxidation of 1 with 1.2
equiv of Fe(ClO4)3 gave 1•+, and the electronic spectrum reveals
three absorption maximums at 312 (log ε = 4.42), 816 (3.87), and
1800 nm (ca. 3.5).  The very broad absorption at around 1800 nm
is assigned to the mixed-valence absorption of 1•+ between the
neutral and radical-cation moieties.  The absorption at 1800 nm
disappeared when 1 was oxidized with 2.4 equiv of Fe(ClO4)3, and
new absorption maxima of 12+ were observed at 296 (4.36), 402
(4.39), 732 (4.26), and 858 nm (4.12).  The face-to-face interaction
between the two TTF •+ was observed as a separation of the longest
absorption of TTF •+.  Thus, the absorption at 732 nm can be
assigned to that of the π-dimer with Davydov blue shift, and that of
858 nm is a charge-transfer absorption.5a,12 Although the oxidation
of 1 with 4–5 equiv of Fe(ClO4)3 revealed no clear change, 14+,
which may adopt an anti-form 1b4+, was formed when oxidized
with excess amounts (7.5 equiv) of Fe(ClO4)3.  The tetracation 14+

showed the maximum at 652 nm (4.47), which is similar to the
dicationic absorption of other TTF derivatives.13

In order to determine the structure of 1•+, electrochemical oxi-
dation was attempted to prepare single crystals of 1•+.  Thus, the
cationic species was prepared in chlorobenzene in the presence of
Bun

4NI3 by controlled electrolysis at a constant potential and was
characterized by X-ray analysis.14 The crystal lattice contains the
two different types of radical-cations, together with I3

– anion, I2, I
–,

and chlorobenzene (Figure 3).  Taking into account that the ratio of
the molecules of 1 and the anionic charges based on I3

– and I– is
4:3, the radical cation possesses the average +0.75 charges per one
molecule of 1.  The two types of radical-cations (12)

1.5(•+) adopt a
syn-conformation, reflecting the stability of the face-to-face stack-
ing structure.  Interestingly, these dimeric TTFs are aligned in an
edge-to-face mode to form a two-dimensional sheet structure.  The
dihedral angles between the naphthalene and TTF rings are
52–56°.  Although one TTF ring adopts a planar structure with the
maximun derivations of 0.1 Å from the least squares plane, the

other three TTF rings have bent 1,3-dithiole rings. In spite of only
one short S···I contact (3.53 Å), there are a number of intermolecu-
lar S···S short contacts, and these S···S contacts result in the forma-
tion of a unique sheet structure.  The room temperature conductivi-
ty of the radical salt (1)2·C6H5Cl·I3.5 was found to be 5.0 × 10–5 S
cm–1, in spite of its κ-like structure.

On the basis of the B3LYP/3-21G* calculations of 1•+ and
12+, the syn-forms 1a•+ and 1a2+ are the more favorable conforma-
tion as compared to the anti-forms 1b•+ and 1b2+.  The energy dif-
ferences between syn- and anti-forms in 1•+ and 12+ are 0.22 and
1.10 kcal/mol, respectively.  Therefore, the preferential structures
in the ground state are 1a•+ and 1a2+ for the radical-cation and
bis(radical-cation) species.  The electronic spectra of 1•+ and 12+

reflect the strong interactions of the mixed valence state in 1a•+ and
of the π-dimer in 1a2+.  Our results reported here have disclosed
novel electronic properties of the mixed-valence dimer (TTF)2

•+

and the π-dimer (TTF)2
2+ in the solid state and in solution.
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