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A series of novel heterocycle-fused TTF-type electron donors, bis(propylenethio)tetrathiafulvalene (BPT-TTF,
5), bis(propyleneseleno)tetrathiafulvalene (BPS-TTF, 6), and their tetraselenafulvalene analogues (BPT-TSF, 7
and BPS-TSF, 8) have been effectively synthesized from a common starting compound, THP-protected pent-4-
yn-1-ol. The solution electrochemistry reveals that all the new donors have good electron donating properties.
Formation of their radical cation salts by electrocrystallization technique has been successfully achieved. All the
radical salts derived from the TTF derivatives (5 and 6) are insulating owing to the complete charge transfer.
On the other hand, the TSF derivatives (7 and 8) afford different types of highly conductive radical cation
salts. Of these, 7-PFg¢, 7-AsF¢ and 7-FeCl, remain metallic down to liquid helium temperature.

Introduction

Most of the organic superconductors so far reported are radical
cation salts of bis(ethylenedithio)tetrathiafulvalene (BEDT-
TTF, 1) and related heterocycle-fused TTF type electron
donors.! The fused outer heterocycles in these donors play a
very important role in intermolecular interactions through
heteroatomic contacts and accordingly in the solid state
properties of the derived radical cation salts. In the search
for new electron donors to produce highly conducting and
superconducting radical cation salts, potential approaches are
to modify the BEDT-TTF framework by (i) changing the
number of heteroatoms or ring size of the outer heterocycles
and (ii) replacing the sulfur atoms of the inner and outer
heterocycles with more polarizable selenium atoms.”> By a
combination of these two guidelines, one may design a wide
variety of heterocycle-fused TTF and tetraselenafulvalene
(TSF) derivatives, some of which have already been investi-
gated and found to behave as superior electron donors.'**
Bis(ethylenethio)tetrathiafulvalene (BET-TTF, 2)° possessing
five-membered sulfur heterocycles, is such a heterocycle-fused
TTF derivative developed early on, and recently Rovira and
coworkers reported that it can produce a wide variety of
metallic radical cation salts.” Our group also synthesized the
selenium analogues of 2, bis(ethyleneseleno)tetrathiafulvalene
(BES-TTF, 3) and bis(ethyleneseleno)tetraselenafulvalene
(BES-TSF, 4) and found that they can form similar conducting
radical cation salts but with increasing metallic stability at low
temperature due to the introduction of the selenium atoms.®
The X-ray structural analyses revealed that the radical cation
salts of 3 and 4 possess a columnar structure of donor stacks
similar to the quasi one-dimensional Bechgaard salts.! This
feature is in sharp contrast to the quasi two-dimensional salts
of BEDT-TTF, which appear in various crystal phases

tElectronic supplementary information (ESI) available: further

experimental  details.  See  http://www.rsc.org/suppdata/jm/b0/
b0097000/
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designated as o-, B-, 6-, k-types, and so on. The planar
molecular structures of 3 and 4 unlike non-planar BEDT-TTF
are considered to favor simple =m-stacking suitable for a
columnar structure. With these results in mind, we have
designed a new family of six-membered heterocycle fused-TTF
type donors, namely bis(propylenethio)tetrathiafulvalene
(BPT-TTF, 5), bis(propyleneseleno)tetrathiafulvalene (BPS-
TTF, 6), and their tetraselenafulvalene analogues (BPT-TSF, 7
and BPS-TSF, 8). These donors might have flexible outer six-
membered rings like BEDT-TTF, and accordingly form radical
cation salts with versatile crystal structures. In addition, it
should be noted that intermolecular interactions among the
donors can be more or less tuned, i.e., decreased by installing
only one chalcogen atom in the six-membered ring, but
increased by introducing selenium in place of sulfur. In this
paper the synthesis and properties of these new TTF-type
donors (5-8) as well as the conductive properties and solid state
structures of their radical cation salts are described.

Results and discussion
Syntheses of novel electron donors

For the synthesis of the title compounds, we examined a
synthetic route similar to that used for BES-TTF 3 and BES-
TSF 4, as shown in Scheme 1.° This synthetic route involves
two important steps: (1) one-pot formation of the 1,3-
dichalcogenole ring’ from tetrahydropyranyl (THP)-protected
pent-4-yn-1-ol® and (2) intramolecular transalkylation on a
sulfur or selenium atom toward the construction of the outer
six-membered heterocycle. The advantage of this method is
that an appropriate combination of the sulfur and selenium
reagents in the initial formation of 1,3-dichalcogenole ring
permits a common access to all the target donors from the same
starting material. Thus, BPT-TTF 5 and BPS-TTF 6 were
obtained as follows; the acetylene 9 was treated successively
with "BuLi, sulfur and carbon disulfide to generate the vinyl
anion intermediate 10, which was then quenched by methyl
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thiocyanate or by a combined reagent of selenium and methyl
iodide to afford THP-protected 4-(hydroxypropyl)-5-methyl-
chalcogeno-1,3-dithiole-2-thiones 11 (X =S, 69% yield; X =Se,
83% yield). After deprotection of the THP group (79-90%
yield) followed by tosylation under general conditions (77-80%
yield), the resulting tosylates 13 were treated with sodium
iodide in DMF to afford 14 (X=S, 92% yield; X=Se, 98%
yield). It is reasonable to consider that this heterocyclization
reaction proceeds via intramolecular transalkylation on the
chalcogen atom. The transalkylation on sulfur required a
higher reaction temperature (120 °C, 3 h), whereas that on the
selenium proceeded under somewhat milder conditions (80 °C,
2 h). The conventional transformation of 14 into the ketones 15
with mercury acetate and subsequent trimethyl phosphite-
promoted coupling reaction gave BPT-TTF (5) and BPS-TTF
(6) in 52% and 30% yields (two steps), respectively.

For the syntheses of TSF derivatives, BPT-TSF (7) and BPS-
TSF (8), we noticed that it is inexpedient to pursue similar
chemical conversions forming the outer six-membered hetero-
cycle on the relatively unstable 1,3-diselenole-2-selone stage,®
and accordingly a slightly modified route was taken as shown
in Scheme 2. Thus the 1,3-diselenole-2-selones 16 were similarly
prepared from 9 using a combination of selenium and carbon
diselenide instead of sulfur and carbon disulfide, and directly
converted into the TSF derivatives 17, which were then
subjected to conversion reactions to give 7 and 8 in moderate
yields.

The present donors are expected to exist as a mixture of cis-
and trams-isomers concerning the central double bond as
observed for 2-4.>% Unlike the cases of BES-TTF (3) and BES-
TSF (4), 'H NMR spectra of 5-8 did not give any helpful
information on the existence of the isomers owing to multiplet
signals for the outer heterocyclic protons. Alternatively, *C
NMR of readily soluble 5 and 6 showed the three pairs of peaks
assignable to the quaternary carbons of the TTF core
supporting the existence of cis- and trans-isomers as expected
(see Experimental section). The approximately similar height of
each peak in the pairs indicates that the ratio of the cis- and
trans-isomers is roughly 1:1.

Electrochemistry

Table 1 summarizes the oxidation potentials of 5-8 determined
by cyclic voltammetry, together with those of the parent
donors, TTF and TSF. All these new donors show two
reversible one-electron redox waves, indicating the sequential
formation of radical cation and dication species. The first
oxidation potentials of 5-8 are positively shifted by 10-40 mV
with respect to their parent compounds, regardless of the
chalcogen type in the outer ring. In addition, the differences
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Scheme 1 Synthesis of BPT-TTF 5 and BPS-TTF 6. Reagents: i, "BuLi,
TMEDA, THF; ii, S, CS,; iii, MeSCN (for 11 (X=S)) or Se then Mel
(for 11 (X =Se)); iv, HCl aq. MeOH-acetone; v, TsCl, pyridine; vi, Nal,
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between the first and second oxidation potentials, AE values, of
5-8 are almost same as those of TTF and TSF.
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Scheme 2 Synthesis of BPT-TSF 7 and BPS-TSF 8. Reagents: i, "BuLi,
TMEDA, THF; ii, Se, CSe,; iii, MeSCN (for 16 X =S) or Se then Mel
(for 16 X=Se); iv, P(OMe);, benzene; v, HCl aq. MeOH-THF; vi,
TsCl, NEt;, CH,Cl,; vii, Nal, DMF.
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Table 1 Half-wave oxidation potentials® of 5-8 and related donors

Donor E\'2Iv E,'"?IV AEIV
5 0.38 0.76 0.38
6 0.37 0.75 0.38
7 0.53 0.83 0.30
8 0.50 0.80 0.30
TTF 0.34 0.71 0.37
TSF 0.49 0.78 0.29

“ys. Ag/AgCl electrode, in PhCN containing 0.1 M "BuyNClO, as
supporting electrolyte. Pt working and counter electrodes, scan rate
100mVs~', 23°C.

Radical cation salts

A standard procedure for electrocrystallization was applied to
the present new donors, and the obtained radical cation salts
are very versatile in composition ratio and conductive
behavior, as shown in Table 2. All the salts produced from
TTF derivatives 5 and 6 have conductivities lower than
107> S cm ™! at room temperature. This is rationalized in terms
of their 1:1 composition ratios of donor to anion: since each
donor species is in a monocationic state, they are Mott-type
insulators.

In contrast, the TSF derivatives 7 and 8 afforded conductive
radical cation salts; those of 7 took either 2:1 or 3:2

Table 2 Radical cation salts of BPT-TTF (5), BPS-TTF (6), BPT-TSF
(7) and BPS-TSF (8)

le

Salt Appearance D:AY ¢ /Scm ¢ Remarks

5-PF,  Dark blue needles 1:1° <1074

5-AsF¢ Black prisms 1:12 <1074

6PF;  Dark blue needles 1:1° <107

6-AsFs Dark blue needles 1:1° <1074

6-SbFs Dark blue needles 1:1° <104 —

7-BF,  Black plates 3:2° 50 M down to 200 K
7-PFs  Black prisms 2:1 38 M down to 4.2 K
7-AsF¢  Black prisms 2:1 150 M down to 4.2 K
7-SbFs  Black prisms 3:2 2.0 M down to 200 K
7-FeCl, Black plates 2:1 98 M down to 4.2 K
8-BF,;  Black prisms 3:2 0.5 E,t=0.027eV
8:ClO; Black prisms 3:2 1.0 E,..=0.027eV
8-PF¢ Black prisms 3:2 3.0 E,t=0.030eV
8-AsF¢ Black prisms 3:2 5.0 E.t=0.017eV

“Determined by X-ray crystallographic analysis unless otherwise
stated. “Determined on the basis of elemental analysis. “Measured on
a single crystal with a four-probe method unless otherwise stated.
“Measured on a single crystal with a two-probe method.
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Fig. 1 Temperature dependence of resistivity of radical cation salts
derived from 7 and 8.
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Fig. 2 Crystal structure of 7-AsFg: (a) a-axis projection, (b) stacking
arrangement viewed from the molecular long axis.

stoichiometry, while those of 8 only 3:2 stoichiometry. The
room temperature conductivities of three 2: 1 salts of 7, 7-PFy,
7-AsF and 7-FeCl, are very high (38-150 S cm™ ), and they
are metallic down to liquid helium temperature. The con-
ductivities of 7-PF4 and 7-AsFgs monotonously increase with
lowering temperature, and the maximum values at liquid
helium temperature are about twenty times higher than those at
room temperature. Fig. 1 demonstrates the temperature-
dependent resistivity of 7-PFg as a representative.

The crystal structure of 7-AsFg, elucidated by X-ray
crystallographic analysis, is shown in Fig.2.” The donor
molecules form dimeric pairs, which stack in a columnar
manner, resembling B-type BEDT-TTF (1) salts.! The inter-
planar distance within the pair is 3.71 A, and that between the
pairs is 4.03 A. There are many side-by-side interactions



Fig. 3 Crystal structure of 7-FeCly: viewed along the a-axis (left) and the b-axis without anions (right).

between the adjacent stacks through short Se-Se and S-Se
contacts, which can enhance the conductivity and stabilize the
metallic state down to low temperature.

The temperature dependence of the conductivity of 7-FeCly
is not so large as that of 7-PFs and 7-AsF, and its maximum
conductivity around 20 K is about double that at room
temperature (see also Fig. 1). This different behavior is ascribed
to the different crystal structure of 7-FeCly, which comprises a
so-called k-type arrangement of the donor, as shown in Fig. 3.

The two 3:2 salts of 7 are metallic with a broad maximum of
conductivity at a relatively high temperature around 200 K (see
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Fig. 4 Crystal structure of 8-AsFg¢: (a) projected along the cis-8 stacks,
(b) packing diagram of donor arrays viewed from the molecular long
axis of cis-8.

also Fig. 1 for 7-BF,). The X-ray crystallographic analysis of
7-BF, with a high room temperature conductivity of 50 S cm ™!
indicated that it belongs to a monoclinic system, but failed in
the final refinement of the structure solution because of
insufficient data due to serious decay of the crystal during data
collection.'® On the other hand, it turned out that the crystal
structure of less conductive 7-SbF¢ belongs to a triclinic system,
which was completely analyzed to be isostructural with 3:2
salts of 8 as described below.

All the radical cation salts of 8 have 3:2 stoichiometry and
are moderately conductive (0.5-5.0 S cm ™ ') at room tempera-
ture with semiconductive behavior as represented by 8-PFj
shown in Fig. 1. The crystal structures of 8-PF¢ and 8-AsFg are
isostructural with the above 7-SbFg.!! As a representative of
this type, the structure of 8-AsFg is shown in Fig. 4. It contains
two crystallographically independent donor molecules, one of
which takes the cis form and the other the zrans form. The cis
isomers make face-to-face stacked dimers, which are piled up to
construct a columnar structure. In the dimer unit, there are
short Se-Se contacts (3.60-3.64 A), but the shortest Se-Se
distance between the neighboring dimers is 4.12 A, thus
indicating alternate interplanar interactions along the
column. The frans isomer, in contrast, orthogonally exists
between the stacking columns of the cis isomer. The
neighboring trans donors interact with each other in an edge-
to-edge manner through short Se-Se contacts (3.80-3.89 A),
consequently forming a ribbon-like array. In addition there are
many face-to-edge Se-Se interactions (3.70-3.90 A) between
the cis isomer and the trans isomer, forming a two-dimensional
Se-Se contact network.'> On comparison of the molecular
structures, the central double bond of the cis isomer (1.38 A) is
longer than that of the frans isomer (1.31 A), suggesting a
higher oxidation state of the cis isomer than of the trans isomer.
Taking account of this, the 3:2 stoichiometry is elucidated by
possibly assigning a monocationic state for the cis isomer and a
neutral state for the frans isomer. This means that the main
conduction path occurs through a two-dimensional Se-Se
contact network interaction between the cis isomer and the
trans isomer. Such electric conduction over donors with
different valence states must suffer a high barrier, being
responsible for the semiconductive or weakly metallic behavior
of this type of salts.'?

Conclusion

Bis(propylenethio)- and bis(propyleneseleno)-substituted TTF
and TSF (5-8) have been effectively synthesized from readily
available common THP-protected pent-4-yn-1-ol. Electroche-
mical study showed that they all have moderate electron
donating abilities. However, contrary to our initial expectation,
no conductive radical cation salts were obtained from the TTF
derivatives 5 and 6. In contrast, the TSF derivatives 7 and 8
gave conductive radical cation salts that were versatile in
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composition ratio and conductive behavior. In particular, all
the salts of 7 were metallic at room temperature but
demonstrate different temperature dependence of the con-
ductivities depending on their crystal structures and stoichio-
metry.

Experimental
General

Melting points are uncorrected. Nuclear magnetic resonance
spectra were obtained in the indicated deuterated solvent with a
JEOL Lambda 400 spectrometer operating at 400 MHz for 'H
and 100 MHz for '*C with TMS as internal reference; chemical
shifts () are reported in parts per million. Mass spectral data
were obtained on a Shimadzu QP-2000 spectrometer using an
electron impact ionization procedure (70 eV). The molecular
ion peaks of the selenium-containing compounds showed a
typical selenium isotopic pattern, and all the selenium-
containing mass peaks are reported for 8°Se. Infrared spectra
were obtained on a Shimadzu FTIR-8100A spectrometer.
Cyclic voltammetry was carried out on a Hokuto Denko HA-
301 potentiostat equipped with a Hokuto Denko HB-104
function generator. Elemental analyses were performed by Mr
Hideaki Iwatani, Microanalytical Laboratory in Department
of Applied Chemistry, Faculty of Engineering, Hiroshima
University. All chemicals and solvents are of reagent grade. All
reactions were carried out under a nitrogen atmosphere with
dry solvents. Column chromatography was carried out with
Daisogel IR-60 (63-210 um). Preparative gel permeation
chromatography (GPC) was performed on Japan Analytical
Industry Co., Ltd. LC-908 equipped with a JAI-GEL 1H, 2H
column assembly. Selenium powder (red)'* and carbon
diselenide'®> were synthesized according to the literature
procedures. All the new compounds were fully characterized
by the spectroscopic and elemental analyses, and most of the
characterization data are available as Electronic Supplemen-
tary Information.t

4-Methylthio-5-[3-(tetrahydropyran-2-yloxy)propyl]-1,3-
dithiole-2-thione (11 (X=S))

To a solution of 2-(pent-4-yn-1-yloxy)tetrahydro-2 H-pyran 9
(2.52 g, 15mmol) and TMEDA (4.5 mL, 30 mmol) in THF
(120 mL) was added a solution of "BuLi in hexane (1.60 M,
10.5 mL) at —70°C, and the solution was stirred at the same
temperature for 30 min. After addition of sulfur (480 mg,
15 mmol), the mixture was warmed to 0 °C over a period of 1 h
and stirred for 2 h at that temperature. The solution was again
cooled to —90 °C, and then carbon disulfide (1.8 mL, 30 mmol)
and methyl thiocyanate (3.1 mL, 37.5 mmol) were added. The
resulting mixture was allowed to warm to 0 °C over a period of
1 h, then diluted with water (50 mL), and extracted with
dichloromethane (30 mL x 3). The extract was washed with
water and saturated NaCl aqueous solution, dried (MgSQOy),
and concentrated. The residue was purified with column
chromatography on silica gel eluted with dichloromethane to
afford practically pure 11 (X=S) as a yellow oil (R; 0.5, 3.32 g,
69%). An analytical sample was obtained by further purifica-
tion by preparative GPC.

4-Methylseleno-5-[3-(tetrahydropyran-2-yloxy)propyl]-1,3-
dithiole-2-thione (11 (X=Se))

11 (X =Se) was synthesized in the same manner as 11 (X=Y)
using a combined reagent of selenium powder and methyl

iodide instead of methyl thiocyanate as the final quenching
reagent. Yellow oil (83% yield).
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4-(3-Hydroxypropyl)-5-methylthio-1,3-dithiole-2-thione (12
(X=9))

A mixture of 11 (X=S8) (1.61 g, 5.0 mmol), hydrochloric acid
(1M, 3mL), methanol (50 mL), and acetone (50 mL) was
stirred at rt for 12 h. The mixture was diluted with water
(100 mL) and then extracted with dichloromethane (30 mL).
The extract was washed with brine, dried (MgSQ,), and then
concentrated. The residue was purified by column chromato-
graphy (silica gel, eluent: dichloromethane-AcOEt, 9:1 v/v) to
give 4 as a yellow oil (1.07 g, 90%). Further purification with
preparative GPC gave an analytical sample.

4-(3-Hydroxypropyl)-5-methylseleno-1,3-dithiole-2-thione (12
(X=Se))

12 (X=Se) was synthesized from 11 (X=Se) in the same
manner as 12 (X=S). Yellow oil (79% yield).

4-Methylthio-5-(3-tosyloxypropyl)-1,3-dithiole-2-thione (13
(X=5))

To a solution of 12 (X=S) (1.99 g, 7.0 mmol) in pyridine
(17.5mL) was added tosyl chloride (26.7 g, 14.0 mmol) at
0°C. After being stirred for 6 h, the mixture was poured into
ice-containing 1 M hydrochloric acid (50 mL). The mixture was
extracted with dichloromethane (50 mL x 3), and the extract
was washed successively with 1M hydrochloric acid
(100 mL x2) and brine (100 mL) and dried (MgSO,). The
concentrated extract was purified by column chromatography
on silica gel eluting with dichloromethane followed by
recrystallization from hexane—chloroform and gave 13
(X=S) as yellow fine needles (2.53 g, 77%).

4-Methylseleno-5-(3-tosyloxypropyl)-1,3-dithiole-2-thione (13
(X =Se))

13 (X=Se) was synthesized from 12 (X=Se) in the same
manner as 13 (X=S). Yellow oil (80% yield).

6,7-Dihydro-5H-thiino[2,3-d]-1,3-dithiole-2-thione (14 (X =S))

A mixture of 13 (X=S) (1.46 g, 3.72 mmol) and sodium iodide
(1.12 g, 7.44 mmol) in DMF (16 mL) was heated at 120 °C for
3 h. The mixture was then diluted with water (16 mL) and
extracted with carbon disulfide (50 mL x 3), and the extract was
successively washed with water (50 mL) and brine (50 mL) and
finally dried (MgSO,4). Column chromatography of the
concentrated extract on silica gel eluted with carbon disulfide
gave 14 (X=YS) as yellow micro crystals (710 mg, 92%). An
analytical sample was obtained by recrystallization from
hexane—carbon disulfide as yellow needles.

6,7-Dihydro-5 H-selenino|2,3-d]-1,3-dithiole-2-thione (14
(X=Se))

14 (X=Se) was synthesized from 13 (X=Se) in the same
manner as 14 (X=S). Yellow needles from chloroform—hexane
(98% yield).

6,7-Dihydro-5H-thiino[2,3-d]-1,3-dithiol-2-one (15 (X=S))

A mixture of 14 (X=S) (160 mg, 0.79 mmol) and mercury
acetate (630 mg, 1.98 mmol) in chloroform (8 mL) was stirred
for 8 h at room temperature. The resulting white solid was
filtered off and washed with chloroform (10 mL x 3), and the
combined filtrate was washed with saturated sodium bicarbo-
nate solution (10 mL x 3) and dried (MgSO,). The concen-
trated organic layer was subjected to column chromatography
on silica gel eluted with dichloromethane to give practically
pure 15 (X=S) (150 mg, 99%). Recrystallization from carbon
disulfide-hexane gave analytically pure 15 (X=S) as colorless
needles.



6,7-Dihydro-5 H-selenino|2,3-d]-1,3-dithiol-2-one (15 (X ==Se))

Colorless needles from carbon disulfide-hexane (87% yield).

Bis(propylenethio)tetrathiafulvalene (BPT-TTF, 6,6',7,7'-
tetrahydro-5H,5 H-A>?-bi(thiino[2,3-d]-1,3-dithiole), 5)

A solution of 15 (X=S) (700 mg, 3.69 mmol) in trimethyl
phosphite (15 mL) was heated under reflux for 20 h. After
concentration, the residue was purified by column chromato-
graphy on silica gel eluted with carbon disulfide followed by
recrystallization from benzene-hexane to give 5 as red needles
(340 mg, 53%): mp 204-206°C; '"H NMR (CDCl3) § 2.13-2.19
(m, 4H, CH,), 2.37 (t, J=6.3 Hz, 4H, CH,), 2.97-3.00 (m, 2H,
CH,); '3C NMR (CDCl;) 6 23.38, 24.96, 28.36, 108.65 and
108.73, 116.36 and 116.44, 118.04 and 118.12; MS m/z 348
(M™). Anal. Calcd for C;»H ;5S¢ C, 41.35; H, 3.47%. Found:
C, 41.36; H, 3.43%.

Bis(propyleneseleno)tetl/'athiafulvalene (BPS-TTF, 6,6',7,7'-
tetrahydro-5H,5' H-A%?* -bi(selenino[2,3-d]-1,3-dithiole), 6)

Red needles from benzene—hexane (34% yield): mp 190-191 °C;
"H NMR (CDCls) § 2.22-2.28 (m, 2H, CH5), 2.37-2.40 (m, 2H,
CH.), 3.07-3.10 (m, 2H, CH,); '*C NMR 0 21.42, 24.12, 26.26,
105.49 and 105.56, 109.65 and 109.69, 119.84 and 119.91; MS
mlz 444 (M™T). Anal. Caled for C;,H;,S4Se,: C, 32.58; H,
2.73%. Found: C, 32.45; H, 2.69%.

4-Methylthio-5-[3-(tetrahydropyran-2-yloxy)propyl]-1,3-
diselenole-2-selone (16 (X=-S))

To a mixture of 9 (2.52 g, 15 mmol) and TMEDA (4.5 mL,
30 mmol) in THF (120 mL) cooled to —70°C was added a
hexane solution of "BuLi (1.61 M, 10.2 mL, 16.4 mmol), and
the solution was stirred for 30 min to form the lithium acetylide
species. Red selenium powder (987 mg, 12.5 mmol) was added
in one portion, and the reaction mixture was warmed to 0°C
over a period of 1h and stirred for an additional 1h. The
mixture was cooled again to —90°C, and then carbon
diselenide (0.8 mL, 12.5mmol) and methyl thiocyanate
(3.09 mL, 37.5 mmol) were added. The resulting mixture was
allowed to warm to 0 °C over a period of 1 h and then diluted
with water (50mL), extracted with dichloromethane
(30 mL x 3). The extract was washed with water (50 mL) and
saturated NaCl aqueous solution (50 mL), dried (MgSO,), and
concentrated. The residue was purified with column chroma-
tography on silica gel with dichloromethane to afford 16
(X=S) as a red oil (R 0.5, 4.89 g, 70%).

4-Methylseleno-5-[3-(tetrahydropyran-2-yloxy)propyl]-1,3-
diselenole-2-selone (16 (X ==Se))

16 (X =Se) was synthesized in the same manner as 16 (X=Y)
using a combined reagent of selenium powder and methyl
iodide instead of methyl thiocyanate as the final quenching
reagent. Red oil (76% yield).

4,4'(5')-Bis(methylthio)-5,5'(4')-bis[3-(tetrahydropyran-2-
yloxy)propyl]tetraselenafulvalene (17 (X=-S))

Trimethyl phosphite (2.6 mL, 16.6 mmol) was added to a
solution of 16 (X=S) (2.57 g, 5.5 mmol) in benzene (30 mL),
and the mixture was refluxed for 2 h. Evaporation of the
solvent and the excess phosphite gave an oily residue, which
was purified by column chromatography on silica gel with
dichloromethane as an eluent to give 17 (X =S) as a red oil (R¢
0.4, 1.92 g, 90%).

4,4'(5')-Bis(methylseleno)-5,5'(4')-bis|3-(tetrahydropyran-2-
yloxy)propyl]tetraselenafulvalene (17 (X =Se))

17 (X=Se) was synthesized from 16 (X=Se) in the same
manner as 17 (X=S). Red oil (98% yield).

4,4'(5')-Bis(3-hydroxypropyl)-5,5'(4)-
bis(methylthio)tetraselenafulvalene (18 (X=S))

A mixture of 17 (X=S) (2.14 g, 2.78 mmol), hydrochloric acid
(1.0 M, 1.4 mL), methanol (42 mL), THF (35 mL) and water
(50 mL) was stirred at rt for 12 h. The mixture was extracted
with dichloromethane (20 mL x 3), and the extract was washed
with brine and dried (MgSQ,). Evaporation of the solvent gave
practically pure 18 (X=S) as a red oil (1.44 g, 86%), which was
used for the next reaction without further purification. The
analytically pure sample was obtained by further purification
with preparative GPC.

4,4'(5')-Bis(3-hydroxypropyl)-5,5'(4')-
bis(methylseleno)tetraselenafulvalene (18 (X==Se))

18 (X=Se) was synthesized from 17 (X=Se) in the same
manner as 18 (X=S). Red powder (95% yield).

4,4'(5')-Bis(methylthio)-5,5'(4')-bis|[3-
(tosyloxy)propyl]tetraselenafulvalene (19 (X=S))

To a solution of 18 (X=S) (360 mg, 0.6 mmol) and triethyl-
amine (0.24 mL, 1.8 mmol) in dichloromethane (6 mL) was
added tosyl chloride (336 mg, 1.8 mmol) at 0 °C. The mixture
was stirred for 12h, then quenched by addition of water
(3.0 mL) and extracted with dichloromethane (10 mL x 3). The
extract was washed with saturated NaCl aqueous solution and
dried (MgSQOy). Evaporation of the solvent gave 19 (X=S) as a
red solid (323 mg, 59%). An analytically pure sample was
obtained by the reprecipitation technique: the crude 19 (X=S)
was dissolved in dichloromethane (5 mL), and the solution was
filtered through filter paper, whereupon hexane (15 mL) was
added to the solution to precipitate a microcrystalline solid of
pure 19 (X=Y).

4,4'(5')-Bis(methylseleno)-5,5'(4')-bis|3-
(tosyloxy)propyl]tetraselenafulvalene (19 (X =Se))

19 (X=Se) was synthesized from 18 (X=Se) in the same
manner as 19 (X=S). Red microcrystalline solid (64% yield).

Bis(propylenethio)tetraselenafulvalene (BPT-TSF, 6,6,7,7'-
tetrahydro-5H,5' H-A>?-bi(thiino[2,3-d]-1,3-selenole), 7)

A mixture of 19 (X=S) (1.23 g, 1.35 mmol) and sodium iodide
(605 mg, 4.05 mmol) in DMF (13 mL) was stirred at 80 °C for
12 h. The reaction mixture was poured into water (50 mL), and
the resulting precipitate was collected by filtration and dried in
vacuo. Column chromatography on silica gel eluting with
carbon disulfide gave 7 as a green powder. Recrystallization
from hexane—carbon disulfide afforded analytically pure 7 as
red plates (430 mg, 60%). mp 181-182°C (melt with decom-
position); 'H NMR (CDCls) 6 2.14-2.20 (m, 4H, CH,) 2.46 (t,
J= 6.0 Hz, 4H, CH,) 3.02-3.05 (m, 4H, CH,); MS m/z 540
(M™). Anal. Caled for C,H»S,Ses: C, 26.88; H, 2.26%.
Found: C, 26.82; H, 2.26%.

Bis(propyleneseleno)tetl/‘aselenafulvalene (BPS-TSF, 6,6',7,7'-
tetrahydro-SH,S’H-Az’2 -bi(selenino[2,3-d]-1,3-selenole), 8)

8 was synthesized from 19 (X =Se) in a similar manner as 7: the
reaction was complete within 1 h at 80°C. Red plates from
hexane—carbon disulfide (30% yield): mp 191-192 °C (melt with
decomposition); 'TH NMR (CDCls) § 2.22-2.28 (m, 4H, CH,)
2.43-2.46 (m, 4H, CH,) 3.09-3.12 (m, 4H, CH,); MS m/z 636
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Fig. 5 Numbering scheme of 5-8 for structure analyses.

(M™); Anal. Calcd for C;,H;,Seq: C, 22.88; H, 1.92%. Found:
C, 22.87; H, 1.94%.

Typical electrocrystallization procedure

Into a 20 mL H-shaped glass cell with a fine frit dividing the
anolyte and catholyte compartments equipped with platinum
wire electrodes were placed 15 mL of chlorobenzene or THF
and 3 mL of ethanol containing the appropriate tetrabutyl-
ammonium salt ("BuN*TX", X =BF,”, ClO,~, PFs,
AsF¢ and SbF¢™) or tetracthylammonium salt (Et;N*X",
X~ =FeCly ) (50-150 mg). The donor (ca. 5 mg) was added
into the anode compartment. The solution was degassed by
passing a dry nitrogen stream and electrolyzed under a
constant current of 1-4 pA at 23 °C. Black crystals of radical
cation salts gradually grew on the anode electrode within
several days. The crystals were collected by filtration, washed
with cold dichloromethane, and dried in vacuo. The obtained
crystals were utilized for the conductivity measurements and X-
ray crystallographic analyses. The ratios of donor to anion
were determined by the results of crystallographic analyses,
except for the following radical cation salts, of which ratios
were determined on the basis of combustion microanalysis.

X-Ray crystallographic analyses

X-ray diffraction experiments were performed at room
temperature on a Rigaku AFC6S diffractometer with gra-
phite-monochromated Cu Ko radiation (2 =1.5418 A) or a
Rigaku AFC7R diffractometer with Mo Ko radiation
(4=0.7107 A). The intensity data were measured using the
w-20 scan technique. The structures were solved by direct
methods or Patterson methods. Hydrogen atoms were located
by calculation and not refined. All non-hydrogen atoms were
refined by full-matrix least-squares techniques with anisotropic
temperature factors. All the radical cation salt crystals
potentially contain the cis and trans isomers of donors or
disordering at S(Se)6—-C9, S(Se)15-C18 and S(Se)24-C27 in the
outer six-membered rings (see numbering scheme, Fig. 5). The
initial positions of the carbon and sulfur (selenium) atoms were
determined as usual, and the occupancy of each atom was
refined by full-matrix least-squares techniques with population

Table 3 Crystal data for radical cation salts of 7 and 8

72'ASF6 72'FCC14 83'(ASF6)2
Chemical formula C24H24S4- C24H24- C3(,H3(,S€13-

SCSASF6 S4SCgFCC14 AS2F12
Formula weight 1261.29 1270.03 2267.79
Crystal system Triclinic Orthorhombic Triclinic
alA 7.891(6) 11.733(5) 10.793(4)
blA 16.406(5)  35.43(1) 15.769(5)
c/A 6.629(3) 8.606(5) 8.312(3)
7 96.09(3) — 93.85(3)
pl° 100.43(5) — 109.43(2)
v° 87.10(5) — 88.04(3)
VIA3 838.8(8)  3577(2) 1331.0(8)
TIK 296(1) 296(1) 296(1)
Space group P1 (no.2) Puma (no.62) PI (no.2)
V4 1 4 1
plem™! 99.95 91.17 136.38

(Mo Ka) (Mo Ka) (Mo Ka)
Number of data (/>3.00(1)) 2892 2463 3928
R R} 0.028, 0.024 0.064, 0.050  0.040, 0.041

“R=(|Fol = |F)/EIFo|. "Ryy={Ew(|Fo| = |F*IZw|Fof*}1.
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Table 4 Refined probability for atoms in outer six-membered rings

Atom 7,-AsFg 7,-FeCly 8- (AsFe)»
S(Se)6/C9 0.82 0.63 0.89
S(Se)15/C18 0.63 0.81 0.87
S(Se)24/C24 — — 0.94

analysis followed by additional cycles of least-squares calcula-
tion under the constraints of eqn. (1):

3.667—2.667-Ocs)
6.667 — 5.667'00(53)

OC(C) =
OC(C) =

where Oc(x,=occupancy of the given atom in parenthesis.
Then the probability of atoms are calculated according to
eqn. (2):

P(C)=(16—6'0C(C))/10
P(s) =(16'OC(S) —6)/10
P(Se) = (34'06‘(55) — 6)/10

where Px),=probability of the given atom in parenthesis.
The results for each structural analysis are summarized in
Tables 3 and 4.
CCDC 154224-154226. See http://www.rsc.org/suppdata/jm/
b0/b0097000/ for crystallographic files in .cif format.
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