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2,5-Bis(4,5-ethylenedithio-1,3-dithiol-2-ylidene)-2,5-dihydroselenophene (BEDT–BDTS), a selenophenoquinonoid-extended
analogue of bis(ethylenedithio)tetrathiafulvalenes (BEDT–TTF), has been synthesized as a promising candidate for an electron-

donating component of high Tc organic superconductors. BEDT–BDTS is air-stable and has a significantly enhanced electron-
donating ability compared with that of BEDT–TTF. The molecular and crystal structures of BEDT–BDTS have been determined
by single crystal X-ray analysis in which short intermolecular SΩΩΩS contacts have been found in the side-by-side directions of the

donor arrangements. A 151 TCNQ complex and a 351 I3− radical cation salt of BEDT–BDTS have been obtained and proved to
exhibit fairly high room temperature conductivities.

As a result of a great deal of investigation on organic conduc-
tors based on TTF (tetrathiafulvalene) and BEDT–TTF type
donors, numerous criteria for the design of donor molecules
have been proposed to afford organic conductors with high
conducting properties and with two-dimensional character in
the electronic structures of their conduction bands.1 The
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BEDT-BDTT: X = S1

BEDT-BDTS: X = Se2incorporation of sulfur atoms at the periphery of TTF type
molecules has been widely utilized to increase the dimensional-

However, the crystal structures of neither the neutral 1 nor its
ity by taking into account relatively strong intermolecular

complex have been determined to date. Crystal growth and
SΩΩΩS interactions.2 An increase in dimensionality is essential

intermolecular chalcogen–chalcogen contacts would be much
in stabilizing the metallic state by suppressing the metal-to-

enhanced by replacing the sulfur atom(s) with selenium atom(s),
insulator (MI) transition induced by charge- or spin-

since the diffuse p-orbitals of the selenium atom(s) may enhance
density wave localization at lower temperatures.3 Indeed,

the mutual intermolecular contacts.1b Here, we describe the
bisethylenedithio–TTF (BEDT–TTF), with a strong ability to

synthesis of 2,5-bis(4,5-ethylenedithio-1,3-dithiol-2-ylidene)-
produce two-dimensional conducting layers, afforded many

2,5-dihydroselenophene (BEDT–BDTS) 2,11 incorporating a
superconducting cation radical salts with high superconducting

central selenium atom, and the X-ray crystal structure of this
transition temperatures (Tc ).4 On the other hand, elongation

new donor with short SΩΩΩS contacts in the transverse direc-
of donor p-systems has been adopted as a molecular design

tion, along with the conducting properties of its TCNQ
strategy to decrease Coulombic repulsive energy which can

complex and an I3− radical cation salt.
participate in increasing the transfer integrals of electron wave
functions.5 So far, many elongated donors in which an sp2
carbon chain or a benzoquinonoid ring as a p-linking bridge Results and Discussion
is inserted between the two 1,3-dithiole rings of TTF have

Synthesis and electrochemical propertiesbeen synthesized.6 In these efforts, we proposed for the first
time the incorporation of a sulfur atom in the p-linking bridge BEDT–BDTS 2 was synthesized according to Scheme 1. The
to stabilize the radical cation state.7 More recently, however, key intermediates 5 and 6 were obtained in 25 and 18% yields,
it has been realized that such conjugation-elongated donors respectively, by the reaction of selenosuccinic anhydride 312
are expected to give high Tc organic superconductors since the with 2 equiv. of 4 in the presence of excess trimethyl phosphite
Tc value of an organic superconductor is roughly proportional in refluxing benzene. Further treatment of 5 with 3 equiv. of 4
to the volume of the most effective space (Vmes ) in which the under the same reaction conditions afforded the bis-capped
carrier can distribute effectively and the Vmes can be increased product 6 in 18% yield. Dehydrogenation of 6 into
with increasing thickness of the effective conducting donor BEDT–BDTS 2 was achieved in 76% by treatment with
layer.8 Consequently, donor molecules with an elongated p- chloranil in xylene at refluxing temperature. BEDT–BDTS 2,
system and with outer chalcogen atoms to increase dimen- dark-red microcrystals, exhibits the longest-wavelength absorp-
sionality have become interesting in obtaining high Tc organic tion maximum at 479 nm in THF (tetrahydrofuran) solution
superconductors. With this motivation, we have recently syn- and is stable not only in the solid state but also in solution in
thesized a thienoquinonoid-extended donor, 2,5-bis(4,5-ethyl- common organic solvents. BEDT–BDTS displays two revers-
enedithio-1,3-dithiol-2-ylidene)-2,5-dihydrothiophene (BEDT– ible, one-electron redox waves. The electrochemical parameters
BDTT) 19 as well as related heterocycle-extended donors10 obtained by cyclic voltammetry are summarized in Table 1
and clarified that the 151 TCNQ complex of BEDT–BDTT 1 along with those of reference compounds measured under
exhibits metallic properties with a metal-to-insulator (MI) the same conditions. The electron-donating ability of
transition temperature of ca. 150 K even on a compressed BEDT–BDTS is much higher than that of BEDT–TTF and
powder sample. rather close to that of TTF, since the first half-wave oxidation

potential E1ox of BEDT–BDTS is lower by 0.22 and 0.07 V
than those of BEDT–TTF and TTF, respectively. According* E-mail: tkazuko@kiki.chem.tokoku.ac.jp
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Table 2 Crystal data for BEDT–BDTS 2

molecular formula [C14H10S8Se]3[C6H6]3
molecular mass 1775.36
crystal color, habit dark red, prism
crystal size/mm 0.20×0.25×0.25
crystal system triclinic
space group P19
a/Å 12.844(6)
b/Å 44.320(14)
c/Å 6.305(1)
a(°) 93.53(2)
b(°) 98.52(3)
c(°) 92.37(3)
Z 2
V /Å3 3538.2(4.4)
Dc/g cm−3 1.67
m (Mo-Ka)/cm−1 22.63
2hmax(°) 43.0
unique data 5977
data observed 5136
R1, wR2 0.084, 0.095

Se
OO

3

5

+

S

S

Se S

S

S

S

Se
O

S

S

S

SS

S

S

 4

2

S

SS

S
6

Drmax, Drmin/eÅ−3 0.62, −0.80
Scheme 1

Table 1 Electrochemical data of BEDT–BDTS and some reference
compounds for comparison. Half-wave potentialsa are given in V
versus standard calomel electrode (SCE)

donor E1ox/V E2ox/V DEox/V log Ksem

BEDT–BDTS +0.30 +0.45 0.15 2.55
BEDT–BDTT +0.26 +0.43 0.17 2.88
BEDT–TTF +0.52 +0.83 0.31 5.25
TTF +0.37 +0.75 0.38 6.44

aDetermined by CV, 1.0 mmol dm−3 solutions in PhCN with 0.1 mol
dm−3 Bun4NClO4 : 50 mV s−1 .

Fig. 1 Crystal structure of BEDT–BDTS viewed along the c-axis.
Short intermolecular SΩΩΩS distances (<3.85 Å) along the stackingto our expectations, the on-site Coulombic repulsion is signifi-
direction (a-axis) are shown in dotted lines. Molecules A, B and C

cantly decreased in the elongated donor, BEDT–BDTS as indicate three crystallographically independent BEDT–BDTS mol-
compared with BEDT–TTF, which is revealed by the much ecules. Symmetry operations are carried out for molecule C.
smaller DEox value of the former than the latter (Table 1). The
electron-donating ability of BEDT–BDTS 2 is a little lower

BEDT–TTF.14 Mean values of the bond angles in A, B and C
than that of BEDT–BDTT 1,9 because the E1ox of 2 is higher

are also not significantly different from the corresponding
by 0.04 V than that of 1. The second half-wave oxidation

values of BEDT–TTF. For the molecules A and B, fairly good
potential, E2ox of 2 is also higher than that of 1, but the

planar geometries are formed in the portion of the central
difference is not large. The DEox value is a little smaller in 2

selenophenoquinonoid ring with the 1,3-dithiole rings, and the
than in 1. The small DEox value for 2 can be ascribed to the

two sulfur atoms attached to one dithiole ring, while both of
degree of the conjugative interaction between the terminal

the terminal ethylene carbon atoms and the second six-mem-
dithiole rings which may be relatively weak in 2 with a

bered ring sulfur atoms are displaced from the plane. The
CMSeMC bond as compared with 1 with a CMSMC bond

deviation of the second dithiole ring is small. The conformation
on consideration of sulfur bonding orbital interactions13 and/or

of C is less planar than those of A and B, with both of the
the reduced aromatic stabilization energy of the selenophene

1,3-dithiole rings and both of the six-membered rings having
ring relative to the thiophene ring in the radical cation state.

non-planar conformations. However, drastic deviations from
the molecular plane for the carbon and sulfur atoms of the

X-Ray crystallographic analysis
conjugated portions were not observed in these three donor
molecules.Single crystals of BEDT–BDTS 2 were obtained by recrystalliz-

ation from benzene. The crystal belongs to the triclinic system The overlapping modes for the donor molecules A, B and
C are very similar to the so-called ring-over-bond-type; how-and the space group is P19 . The crystal data are listed in

Table 2. The unit cell contains six donor molecules stacking ever, the donors overlap only three of their five rings as shown
in Fig. 1. The intermolecular SΩΩΩS distances along the stackingalong the a-axis in a face-to-face manner but with displacement

in a direction parallel to the donor long axis, namely along a-axis which are shorter than 3.85 Å are given in Table 4 and
shown in dotted lines in Fig. 1. The short SΩΩΩS distances arethe b-axis (Fig. 1). The six donors are constructed with a pair

of trimers which consist of three crystallographically indepen- observed mainly between the sulfur atoms of the 1,3-dithiole
rings. Most of these SΩΩΩS distances are almost equal to thedent donor molecules designated as A, B and C. There is a

centre of symmetry between the trimers. Consequently, the sum of the van der Waals radii of the sulfur atom as given by
Pauling (3.70 Å).15 The reason why there is no intrastackstacking arrangement of the donors along the a-axis is

CABBAC. The molecular structures of A, B and C are given intermolecular SΩΩΩS contact shorter than the sum of the
van der Waals radii of the sulfur atom may be ascribed to thein Fig. 2. The bond distances in the molecule A are listed in

Table 3. The mean values of CNC (1.337 Å) and CMS (1.757 Å) thermal motion of the ethylenic carbon atoms resulting from
the non-planar conformations of the six-membered rings. Thebond lengths in the 4,5-ethylenedithio-1,3-dithiole units of A,

B and C are not significantly different from the mean values conjugated portions of the donor molecules may become more
planar with an increase in charge on formation of charge-of the CNC (1.327 Å) and CMS (1.751 Å) distances in
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Fig. 2 Molecular structures (overviews and side views) of three crystal-
lographically independent molecules A, B and C in the single crystal

Fig. 3 Side-by-side molecular arrangements of A, B and C, viewedof BEDT–BDTS
along the a-axis. Short intermolecular SΩΩΩS distances (<3.9 Å) along
the side-by-side directions are shown in dotted lines.

Table 3 Bond distances in the molecule A of BEDT–BDTS
transfer salts. Therefore, much shorter SΩΩΩS contacts along

d/Å d/Å the stacking a-axis will be observed on complexation.
In contrast to the stacking direction, there are short SΩΩΩS

Se11MC11 1.907(19) S17MC17 1.738 (22)
contacts along the molecular short axis in A, B and C, formingSe11MC14 1.925(20) S17MC111 1.803 (25)
three kinds of molecular arrays along the c-axis (Fig. 3),S11MC15 1.768 (21) S18MC18 1.739 (20)
although each array is separated by solvent molecules alongS11MC17 1.741 (21) S18MC112 1.816 (28)

S12MC15 1.755 (21) C11MC12 1.428 (28) the b-axis as shown in Fig. 1. The ladder-like arrangements of
S12MC18 1.729 (20) C11MC15 1.344 (27) the sulfur atoms of the 4,5-ethylenedithio-1,3-dithiole units
S13MC16 1.766 (20) C12MC13 1.355 (29) play a central role for the formation of the characteristic side-
S13MC19 1.745 (21) C13MC14 1.440 (29)

by-side SΩΩΩS interactions between the neighbouring mol-S14MC16 1.730 (20) C14MC16 1.339 (28)
ecules, since all of the A, B and C molecules are arranged soS14MC110 1.742 (20) C17MC18 1.362 (28)
as to direct the central selenium atom to the same side of theS15MC110 1.769 (20) C19MC110 1.314 (27)

S15MC114 1.822 (28) C111MC112 1.493 (36) molecule along the c-axis (Fig. 3). Interestingly, there are many
S16MC19 1.754 (21) C113MC114 1.470 (37) side-by-side SΩΩΩS contacts which are shorter than the sum of
S16MC113 1.816 (26) the van der Waals radii of the sulfur atom and shorter than

the SΩΩΩS distances along the stacking a-axis. The magnified
crystal structure of BEDT–BDTS viewed along the c-axis is
shown in Fig. 4. Indeed, side-by-side SΩΩΩS contacts found in

Table 4 Short intermolecular SΩΩΩS distances to 3.85 Å
the insulating neutral BEDT–TTF crystal are also found in
the conducting charge-transfer BEDT–TTF salts as their basicalong the a-axis d/Å along the c-axis d/Å
crystal structural features inducing characteristic two-dimen-

S13MS32 3.77 S17MS18 3.56 sional band structures.1,2 Therefore, it is suggested that
S14MS31 3.77 S21MS22 3.79 BEDT–BDTS may have a strong tendency to form conducting
S11MS21 3.70 S23MS24 3.82 donor layers with two-dimensional character and a large VmesS12MS22 3.73 S24MS26 3.61

in its radical cation salts.
S23MS24 3.82 S25MS26 3.48

S27MS28 3.62
along c-axis d/Å TCNQ complex and I3− saltS31MS32 3.85

S31MS33 3.57
S11MS12 3.79 BEDT–BDTS 2 formed a 151 CT complex with tetracyano-S33MS34 3.57
S13MS15 3.75 quinodimethane (TCNQ), [BEDT–BDTS][TCNQ], and aS36MS38 3.85
S13MS14 3.85

S37MS38 3.64 radical cation salt, [BEDT–BDTS]3[I3−], on conventional
S15MS16 3.55

electrochemical oxidation in chlorobenzene containing 50%
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complex and a 351 I3− salt of BEDT–BDTS exhibiting fairly
high conductivities. Although we cannot observe any intermol-
ecular short SeΩΩΩS or SeΩΩΩSe contacts in the crystal structure
of BEDT–BDTS, the central selenium atom appears to play
an important role for the growth of single crystals, since we
have not yet succeeded in obtaining single crystals of
BEDT–BDTT, 1.

Experimental

Preparation of 2-(4,5-ethylenedithio-1,3-dithiol-2-
ylidene)tetrahydroselenophen-5-one (5) and 2,5-bis(4,5-
ethylenedithio-1,3-dithiol-2-ylidene)-2,3,4,5-

Fig. 4 Magnified crystal structure of BEDT–BDTS viewed along the tetrahydroselenophene (6)
c-axis

Selenosuccinic anhydride (3)12 (500 mg, 3.07 mmol) and 4,5-
(ethylenedithio)-1,3-dithiole-2-thione (4) (1.38 g, 6.14 mmol)

Table 5 Conductivities and related physical properties of TCNQ and
were dissolved in dry benzene (17 ml) under an argon atmos-I3 salts of BEDT–BDTS
phere at room temp. To this was added trimethyl phosphite
(7.24 ml, 61.4 mmol) and the resulting mixture was heated atacceptor D5Aa sb/S cm−1 nCTc/cm−1 Ead/eV
reflux for 6 h. After completion of the reaction, the solvent was

TCNQ 151 13 3000 (br) — evaporated in vacuo and the residue was chromatographed on
I3− 153 5.6 2500 (br) 0.030 silica gel with carbon disulfide as eluent to give a yellow

powder of crude 6; elution with benzene–hexane 251 gave lightaDetermined by elemental analysis. bFour-probe method on a com-
brown crystals of crude 5. Recrystallization of the crude 5paction pellet measured at room temp. cMeasured with FTIR using
from benzene afforded pure 5 (260 mg, 0.767 mmol, 25%) asKBr disk. dTemperature range of 250–130 K

yellowish green flakes, mp 184–185 °C (decomp.) (Calc. for
C9H8OS4Se: C, 31.85; H, 2.38; S, 37.79. Found: C, 31.59; H,(v/v) of ethanol in the presence of tetra-n-butylammonium
2.30; S, 37.68%); m/z (EI, 70 eV) 342 (M++2, 20%), 341triiodide under a constant current of 1 mA. The conductivities
(M++1, 16%), 340 (M+ , 100%) dH(CDCl3 , 200 MHz) 2.73measured on compressed samples as well as nCN and nCT bands
(4H, AA∞BB∞ type, multiplet centre, H-3∞, 4∞), 3.31 (4H, s,of the complexes are summarized in Table 5. Both [BEDT–
SCH2CH2S); nmax/cm−1 (KBr) 2968, 2924, 2895, 1701, 1429,BDTS][TCNQ] and [BEDT–BDTS]3[I3−] showed an
1414, 1396, 1290, 1267, 1043, 1001, 985, 924, 910, 883, 771.extremely broad and characteristic intrastack nCT absorption
Recrystallization of the crude 6 from benzene afforded pure 6band16 at a very low energy region, revealing that both of
(285 mg, 0.553 mmol, 18%) as a yellow powder, mp 212–213 °Cthese complexes have a segregated stacking mode in a partial
(decomp.) (Calc. for C14H12S8Se: C, 32.61; H, 2.35; S, 49.74.CT state. The nCN band of [BEDT–BDTS][TCNQ] appeared
Found: C, 32.44; H, 2.37; S, 49.58%); m/z (EI, 70 eV) 516 (M+ ,at 2195 cm−1 which is lower by 25 cm−1 than that of neutral
5%), 468 (12%), 436 (38%), 150 (100%) (HRMS: Calc. forTCNQ. According to the 351 stoichiometry, the I3− salt may
C14H12S8Se, 515.7869. Found, 515.7827); dH (CDCl3 , 200 MHz)have a 5/6 filled band assuming a uniform stack. Unfortunately,
2.64 (4H, s, H-3∞, 4∞), 3.29 (8H, s, SCH2CH2S); nmax/cm−1we could not obtain a single crystal of the TCNQ complex at
(KBr) 3060, 3030, 3012, 2972, 2951, 2914, 2900, 2819, 1581,this time. The single crystals of the I3− salt obtained by the
1508, 1400, 1286, 1255, 1213, 1145, 1126, 1084, 1007, 989, 931,electrochemical oxidation are too small to attach silver or
899, 847, 768, 744, 708, 677.carbon wires for a standard four-probe conductivity measure-

ment or to perform X-ray crystal structure analysis. The
Preparation of compound 6 starting with compound 5conductivities of both the TCNQ complex and the I3− salt are

very high considering the measurement was carried out on a To a solution of ketone 5 (100 mg, 0.29 mmol) in benzene
compressed powder sample. The temperature dependence of (9 ml ) were added 4 (132 mg, 0.59 mmol) and trimethyl phos-
the resistivity on a compressed pellet of the I3− salt revealed phite (1.1 ml, 8.8 mmol) under an argon atmosphere and the
that this pellet is a semiconductor in the temperature region resulting suspension was heated at reflux. To this were added
333–100 K. However, the activation energy in the tempera- the second portion of 4 (33 mg, 0.15 mmol) after refluxing for
ture region of 250–130 K, Ea=0.030 eV, is very small. Thus, 5 h and the third portion of 4 (33 mg, 0.15 mmol) after refluxing
if we could measure the conductivity of a single crystal, the for 10 h. The reaction mixture was refluxed for 18 h in total,
I3− salt would undoubtedly show metallic behaviour. whereupon the reaction mixture was a dark red solution. The
Electrocrystallization for obtaining single crystals of the I3− solution was allowed to cool to room temperature and then
salt and other cation radical salts suitable for X-ray crystal cooled in an ice bath. A powdery product which separated on
analysis is now in progress. cooling was collected by filtration, washed sequentially with

methanol and hexane, and chromatographed on silica gel
(carbon disulfide) to afford 6 (27.1 mg, 18%) as a yellowConclusions
powder.

The first synthesis of a selenophenoquinonoid-extended ana-
logue of BEDT–TTF, namely BEDT–BDTS 2, has been per-

Preparation of 2,5-bis(4,5-ethylenedithio-1,3-dithiol-2-ylidene)-
formed. The new donor, BEDT–BDTS, has a higher electron-

2,5-dihydroselenophene (2: BEDT–BDTS)
donating ability and a decreased on-site Coulombic repulsion
compared with BEDT–TTF. There are many short intermol- A suspension of 6 (77.0 mg, 0.150 mmol) in dry xylene (20 ml)

was heated at reflux at 160 °C under an argon atmosphere,ecular SΩΩΩS contacts in the side-by-side directions which are
shorter than those of the stacking axis in the X-ray crystal whereupon the suspension became a clear solution. To this

refluxing solution was added dropwise a solution of chloranilstructure. From this evidence it is suggested that the heterocy-
cle-extended BEDT–TTF type donors may have a strong (55.3 mg, 0.225 mmol) in dry xylene (3 ml) over a period of

2 h. After the addition, the reflux was continued for furthertendency to afford organic conductors with two-dimensional
character. We have also succeeded in obtaining a 151 TCNQ 2 h. The solvent was evaporated in vacuo. The residue was
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triturated with hot carbon disulfide and the insoluble matter This work was supported by a Grant-in-Aid for Scientific
Research on the Priority Area of Molecular Conductorswas filtered off. The filtrate was evaporated in vacuo and the

residual brown powder was washed with hot anhydrous meth- (No. 06243105) from the Ministry of Education, Science and
Culture, Japan. We thank Dr Chizuko Kabuto of Tohokuanol affording 2 (58.9 mg, 0.115 mmol, 76%) as a reddish

brown powder, mp 209–209.5 °C (decomp.) (Calc. for University, Instrumental Analysis Center for Chemistry for
facilitating the X-ray crystal analysis.C14H10S8Se: C, 32.73; H, 1.96; S, 49.94. Found: C, 32.94; H,

2.02; S, 49.69%); m/z (EI, 70 eV) 516 (M++2, 19%), 514 (M+ ,
12%), 486 (21%), 148 (100%) (HRMS: Calc. for C14H10S8Se,
513.7713. Found, 513.7697); dH(CS2–CDCl3 , 200 MHz) 3.32 References
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