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ABSTRACT: Bis- and tris-fused π-electron donors composed of extended tetrathiafulvalene with anthraquinoid spacers (4 and
5) were successfully synthesized. X-ray structure analysis of tetrakis(methylthio)-5 (5a) revealed that the molecule adopted a
transoid−cisoid conformation. The cyclic voltammogram of 4a is composed of two pairs of two-electron redox waves, while the
cyclic voltammogram of tetrakis(hexylthio) derivative 5b consists of one pair of four-electron redox waves and one pair of two-
electron redox waves, respectively. Spectroelectrochemistry of 4a and 1H NMR spectrum of a 4b salt revealed that two positive
charges in 42+ are distributed mainly on one TTFAQ (9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene) moiety.

Tetrathiafulvalene (TTF) and its related compounds have
been the subject of considerable interest in the develop-

ment of organic functional materials because of their multistage
redox property with low oxidation potentials.1 Various TTF
derivatives, extended TTF analogues, and TTF oligomers have
been continuously synthesized so as to develop molecular
materials with higher functionality. Among them, multifused
TTF systems2 have played an important role as potential
components for organic functional materials because of their
multielectron redox property as well as strong intermolecular
interactions in the solids. For example, a number of radical cation
salts based on bis-fused TTFs, 2,5-bis(1,3-dithiol-2-ylidene)-
1,3,4,6-tetrathiapentalene (BDT-TTP or simply TTP, Figure
1),3 and its derivatives exhibit metallic conducting behavior down
to low temperatures (≤4.2 K).2,4 On the other hand, a tris-fused
TTF, 2,2′-bi[5-(1,3-dithiol-2-ylidene)-1,3,4,6-tetrathiapentany-
lidene] (BDT-TTPY or simply TTPY, Figure 1)5 and its
derivatives have yielded highly conducting iodine complexes.2,5

Recently, we reported that TTP and TTPY could be also utilized
as positive electrode materials for secondary batteries.6

Chemical modification of TTP and TTPY might be a versatile
strategy for the development of molecular materials exhibiting
high functionality.2 Insertion of a π-electron spacer is one of the
most promising modifications. A vinyl analogue of TTP, 2-(1,3-
dithiol-2-ylidene)-5-(2-ethanediylidene-1,3-dithiole)-1,3,4,6-tet-

rathiapentalene (DTEDT, Figure 1), which is designed by
insertion of two sp2 carbon atoms into TTP, has actually afforded
an organic superconductor, (DTEDT)3Au(CN)2, as well as
manymolecular conductors retainingmetallic conductivity down
to ≤4.2 K.7 On the other hand, rechargeable batteries
incorporating tris- and pentakis-fused TTF derivatives inserted
with cyclohexene-1,4-diylidenes (TTM-2-CH-3mer and TTM-
2,4-CH-5mer, respectively, see also Figure 1) as a positive
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Figure 1. Structures of fused TTF donors.
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electrode material exhibit high discharge energy density (600−
700 mWh g−1) and relatively good cycle performance (72−88%
of the first discharge capacity after 20−30 cycles).8 In this
context, development of new multifused π-electron donors
containing extended TTF moieties are of interest to explore
novel organic functional materials.
An extended TTF with an anthraquinoid spacer and its

derivatives (3, Figure 2; herein abbreviated “TTFAQ”)9 have

received significant attention as building blocks for molecular
organic materials such as sensitizers for organic solar cells,10 ion
sensors,11 molecular receptors,12 and so on. TTFAQ is known to
exhibit a single two-electron oxidation process because the
dicationic state is more stable than the radical cationic state.13 In
this connection, fused π-electron donors composed of TTFAQ
units are of particular interest as multistage redox systems as well
as components for functional materials. We report herein the
synthesis, structures, and electrochemical properties of bis- and
tris-fused TTFAQ donors 4a,b and 5a,b.14

New fused donors 4 and 5 were successfully synthesized
according to Scheme 1. The triethyl phosphite mediated cross-

coupling reaction between 6a,b15 and 1,3-dithiole-2-thione with
a phosphonate moiety (7)16 in chlorobenzene at 140 °C afforded
the corresponding TTFAQ derivatives 8a,b in 23 and 26% yields,
respectively. The Horner−Wadsworth−Emmons reaction of 8a
with 6a,b, respectively, in the presence of lithium diisopropyla-
mide (LDA) in THF at−78 °C gave the bis-fused donors 4a,b in
53 and 35% yields, respectively. On the other hand, the tris-fused
donors 5a,b were obtained in 45 and 35% yields, respectively, by
the Horner−Wadsworth−Emmons reaction of anthraquinone
(9) with 2.2 molar equiv of 8a,b in the presence of LDA in THF
at −78 °C. All of the donors were obtained as stable yellow
powders.
Single crystals of 5a were grown by slow evaporation of the

solvents from a mixed solution of carbon disulfide/n-hexane, and
platelike crystals with composition of (5a)(n-hexane)0.5 were
obtained. The crystal belongs to the triclinic system with a space
group of P1 ̅.17,18 Figure 3 shows the molecular structures of 5a in

(5a)(n-hexane)0.5. The anthraquinoid moieties adopt a saddle-
like conformation because of the steric repulsion between the
sulfur atoms in 1,3-dithole rings and the peri-hydrogen atoms as
observed in most TTFAQ derivatives.19 The anthraquinoid
moieties C6−C7−C12−C19−C18−C13, C24−C25−C30−
C37−C36−C31, and C42−C43−C48−C55−C54−C49 adopt
a boat conformation with folding angles of 32.9(2)° for the C7−
C13 axis, 32.7(2)° for the C12−C18 axis, 31.1(2)° for the C25−
C31 axis, 31.7(2)° for the C30−C36 axis, 29.4(2)° for the C43−
C49 axis, and 30.3(2)° for the C48−C54 axis. The dihedral
angles ϕ1, ϕ2, and ϕ3 between the benzene rings are 139.5(1),
142.0(2), and 142.0(1)°, respectively. The dihedral angles θ1, θ2,
and θ3 between the 1,3-dithiole rings are 78.5(2), 77.2(2), and
83.6(2)°, respectively. These angles mentioned above are similar
to the precedent.19

Compounds 4 and 5 possess multiple anthraquinoid moieties;
therefore, there are two and three conformational isomers with
respect to the conformations of the anthraquinoid moieties,
namely, transoid and cisoid isomers for 4 and transoid−transoid,
transoid−cisoid, and cisoid−cisoid combinations for 5. Variable-
temperature (VT) NMR spectra of 4a and 5a were obtained in
Cl2CDCDCl2 over the temperature range from 25 to 100 °C
(Figure 4).

Multiple peaks for the methyl groups of methylsufanyl (SCH3)
substituents of 4a and 5awere observed at room temperature (25
°C), and the coalescence of the isomer peaks is clearly observed
at 100 °C. This result indicates that the isomers of 4a and 5a exist
in solution at room temperature. The crystallization of the
transoid−cisoid isomer of 5a is not attributed to its stability

Figure 2. Structures of TTFAQ derivatives 4 and 5.

Scheme 1. Synthesis of 4a,b and 5a,b

Figure 3. (a) Top view and (b) side view of ORTEP drawings of 5a in
(5a)(n-hexane)0.5. Ellipsoids displayed at 50% probability. The solvent
molecule (n-hexane) is omitted for clarity.

Figure 4. Variable-temperature 1H NMR spectra (Cl2CDCDCl2, 500
MHz) of (a) 4a and (b) 5a.
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compared with those of the other isomers, where the transoid−
transoid isomer is calculated to be more stable than the transoid−
cisoid isomer by 0.25 kcal mol−1 from the density functional
theory (DFT) calculation (Figure S2)20 but is associated with the
lattice energy and the intermolecular interactions (Figure S1).
Electrochemical properties of 4a and 5b were investigated by

cyclic voltammetry. Figure 5 shows deconvoluted cyclic

voltammograms of 4a and 5b measured in a benzonitrile−
carbon disulfide solution (1:1, v/v). Both donors exhibit two
pairs of redox waves. Peak currents of the both anodic waves of 4a
are comparable to each other. Considering that 4a has four
redox-active 1,3-dithiol-2-ylidene (DT) units, both oxidation
waves of 4a might correspond to the two-electron transfer
process. On the other hand, the peak current of the first oxidation
wave of 5b is about twice as large as that of the second oxidation
wave. This result indicates the first oxidation wave of 5b
corresponds to the four-electron transfer process and the other
to the two-electron transfer process because of the presence of six
DT units in 5b.
The redox potentials of 4a and 5b are summarized in Table 1

together with their related compounds. The first redox potentials

of 4a (Em1 = +0.10 V vs Fc/Fc+) and 5b (EM = +0.06 V) are
comparable to the redox potentials of 3a (Em1 = +0.07 V). In
contrast, the potential corresponding to the 5b6+/5b redox
couple (Em3 = +0.68 V) is significantly more positive by 0.43 V
than that of the 4a4+/4a redox (Em2 = +0.25 V). Such a
considerable positive shift of the maximum redox potentials
suggests that 5b6+ is more destabilized than 4a4+ because of large
on-site Coulomb repulsion among six positive charges in 5b6+.
The Em1 of 4a and EM of 5b are comparable to those of the
corresponding fused TTF derivatives 1a21 (E1 = +0.11 V) and
2c22 (E1 = +0.12 V), respectively. On the other hand, the
potentials corresponding to maximum electrons redox of 4a
(Em2) and 5b (Em3) are lower by 0.42 and 0.19 V than those of 1a

(E4 = +0.67 V) and 2c (Em3 = +0.87 V), respectively. The
negative shifts of the potentials corresponding to maximum
electrons redox in 4a and 5bmight be attributed to reducing on-
site Coulomb repulsion between positive charges by insertion of
orthogonally arranged anthracene spacers in 4a4+ and 5b6+.
Spectroelectrochemistry of 4a and 5b was investigated to

elucidate the electronic structures of their oxidative species.
Figure 6a shows the UV−vis−NIR spectra of 4a and its oxidative

species generated by applying constant voltages in a benzonitrile
solution. When the voltage at +0.11 V (vs Fc/Fc+) was applied,
new absorption bands presumably attributed to 4a2+ appeared at
360, 382, 427, and 606 nm, respectively. Further application of
constant voltages at +0.41 V gave a spectrum probably ascribed
to 4a4+ at 384, 401, 426, 474, and 585 nm, respectively. The
spectra of 4a2+ and 4a4+ have a resemblance to that of 3a2+ (382,
394, 421, and 486 nm) except for the shoulder band at around
600 nm.12 These results suggest that two positive charges in 4a2+

are distributed mainly over one of the TTFAQ units as shown in
Figure 7. As for 5c, the spectra probably derived from 5c4+ and

5c6+ were obtained by applying voltages of +0.26 and +0.91 V,
respectively (Figure 6b), and both spectra considerably resemble
each other. The shapes of those spectra are also close to those of
4a2+ and 3a2+, suggesting that each two positive charges might be
located mainly on the two TTFAQ units in 5b4+. In addition to
this, observation of a simultaneous four-electron transfer wave in
cyclic voltammetry indicates that two TTFAQ2+ units are located
at the both ends (see also Figure 7). In that case, significant
reduction of on-site Coulomb repulsion in 5b4+ is expected due
to presence of the electron-rich TTFAQ spacer between two
dicationic TTFAQ units.
Isolation of 4b2+ and 5a4+ salts was carried out by chemical

oxidation of 4b or 5a with (p-BrC6H4)3N
•+SbCl6

− in CH2Cl2−
CH3CN at room temperature. The 1H NMR spectrum of the
5a4+ salt in DMSO-d6 exhibited a signal assigned to the SCH3
protons at 3.00 ppm (Figure S20). The chemical shift of the
SCH3 protons was same as that of 3a

2+ (3.00 ppm), indicating
that 54+ has a structure with two (TTFAQ)2+ units at both ends

Figure 5. (a) Deconvoluted cyclic voltammograms of 4a and (b) 5b in a
benzonitrile−carbon disulfide solution (1:1, v/v) containing nBu4N·PF6
(0.1 M) at 25 °C. Experimental conditions: Pt working and counter
electrodes, scan rate 0.005 V s−1. Potentials were measured against Ag/
Ag+ electrode and converted to the value vs Fc/Fc+.

Table 1. Redox Potentialsa of 4a, 5b, and Related Compounds

aV vs Fc/Fc+. bEm1 = (E1 + E2)/2. Em2 = (E3 + E4)/2. Em3 = (E5 + E6)/
2. EM = (E1 + E2 + E3 + E4)/4.

Figure 6. UV−vis−NIR spectra of (a) 4a, (b) 5b, and their oxidative
species generated by applying a constant voltage in a benzonitrile
solution.

Figure 7. Plausible structures of 42+ and 54+.
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as shown in Figure 7. As for the 1H NMR spectrum of the 4b2+

salt in CD3CN, two signals corresponding to SCH2 protons were
observed at 2.87 and 3.42 ppm, where the proton integral ratio of
two parts of SCH2 was almost 1:1 Figure S19). The chemical
shifts of both signals were close to those of the SCH2 protons of
5b (2.81 ppm) and 5b4+ (3.42 ppm) (Figure S21). Those results
strongly support the proposed structure of 42+ as shown in Figure
7.23

In summary, we have developed new bis- and tris-fused π-
electron donors composed of TTAQ units (4 and 5). Both
donors exhibited a simultaneous two- or four-electron oxidation
process because of the presence of the TTFAQ moieties. The
positive charges in 4a2+ and 5b4+ are not delocalized over the
whole molecules but are located on a part of the TTFAQ units.
Large positive shifts of the maximum-electron redox potentials
by fusion of the TTFAQ units suggest that new donors 4 and 5
are applicable to positive electrode materials for rechargeable
batteries with high energy densities. Further investigations
including synthesis of tetrakis- and pentakis-fused analogues as
well as the charge−discharge performance of rechargeable
batteries incorporating 4 and 5 as positive electrode materials
are actively in progress.
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M. Acc. Chem. Res. 2007, 40, 1015. (b) Wenger, S.; Bouit, P.-A.; Chen,
Q.; Teuscher, J.; Censo, D. D.; Humphry-Baker, R.; Moser, J.-E.;
Delgado, J. L.; Martín, N.; Zakeeruddin, S. M.; Graẗzel, M. J. Am. Chem.
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