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Abstract

Co(h5-C5H5)(C8H4S8) (C8H4S8
2− =2-{(4,5-ethylenedithio)-1,3-dithiole-2-ylidene}-1,3-dithiole-4,5-dithiolate(2− )) was prepared

by a reaction of Co(h5C5H5)(CO)I2 with Na2C8H4S8 in ethanol. It was oxidized by iodine in benzene and by the ferrocenium
cation in dichloromethane to afford [Co(h5-C5H5)(C8H4S8)]·I3 and [Co(h5-C5H5)(C8H4S8)][PF6]0.7, respectively, with the ligand-
centered oxidation, which exhibited electrical conductivities of 0.19 and 0.16 S cm−1 for compacted pellets at r.t. Co(h5-
C5H5)(C3S5) and Co(h5-C5Me5)(C3S5) (C3S5

2− =4,5-disulfanyl-1,3-dithiole-2-thionate(2− )) were oxidized by 0.5 molar amounts
of bromine to give one-electron oxidized species, which were disproportionated to the unoxidized and the two-electron oxidized
species in solution. The crystal structure of the one-electron oxidized species, Co(h5-C5Me5)(C3S5)Br, revealed a one-dimensional
array of the molecules through sulfur–sulfur non-bonded contacts. This complex exhibits a strong antiferromagnetic interaction
in the solid state, but behaves essentially as an insulator. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Metal complexes with sulfur-rich dithiolate ligands
often become good electrical conductors. Planar
[M(C3S5)2]-type anion complexes (C3S5

2− =4,5-disul-
fanyl-1,3-dithiole-2-thionate(2− ); M=nickel(II), pal-
ladium(II), platinum(II) and gold(III)) are known to
have high electrical conductivities and some nickel(II)
and palladium (II) complexes behave as a superconduc-
tor [1–3]. Metal complexes with the C8H4S8

2− (2-{(4,5-
ethylenedithio)-1,3-dithiole-2-ylidene}-1,3-dithiole-4,5-
dithiolate(2− )) [4–6] and (RS)2C6S6

2− (2-{4,5-bis(al-
kylthio)-1,3-dithiole-2-ylidene}-1,3-dithiole-4,5-dithio-
late(2− ); R=Me and Et) ligands [7,8] as further p-

electron delocalized system were also reported to ex-
hibit high conductivities. In these metal complexes,
molecular interactions through many sulfur–sulfur
non-bonded contacts construct effective electron-con-
duction pathways in the solid state. Organometallic
complexes containing C3S5

2− and C8H4S8
2− ligands are

expected to become unique electrical conductors as
molecular inorganic–organic composites having colum-
nar and/or layered structures constructed with non-
bonded S–S interactions among the sulfur-rich
dithiolate ligands. Several C3S5–metal complexes con-
taining cyclopentadienyl and pentamethylcyclopentadi-
enyl groups have been studied as electroactive
compounds [9–18]. Although they have non-planar
geometries, the oxidized species are expected to form
new packings in the solid state to become electrical
conductors. Thus, oxidation properties of the com-
plexes are of interest.
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In this work, Co(h5-C5H5)(C8H4S8) has been pre-
pared. Oxidation properties of this complex and of
Co(h5-C5H5)(C3S5) and Co(h5-C5Me5)(C3S5) and elec-
trical conductivities of the oxidized species of Co(h5-
C5H5)(C8H4S8) have been studied. The crystal structure
of Co(h5-C5Me5)(C3S5)Br has been clarified by the X-
ray structural analysis. A part of this work has ap-
peared as a communication [19].

2. Experimental

2.1. Synthetic studies

All the following reactions were performed under an
argon atmosphere. The reagents, 4,5-bis(cya-
noethylthio) - 1,3 - dithiole - 2 - [(4,5 - ethylenedithio) - 1,3-
dithiole-2-ylidene], C8H4S8(CH2CH2CN)2 [6], Co(h5-
C5H5)(CO)I2 [20], Co(h5-C5H5)(C3S5), Co(h5-C5Me5)-
(C3S5) [10] and [Fe(h5-C5H5)2][PF6] [21], were prepared
according to the literature.

2.2. Co(h5-C5H5)(C8H4S8) (1)

To a THF (20 cm3) solution of C8H4S8(CH2CH2CN)2

(140 mg, 0.30 mmol), a methanol solution containing
25% NMe4OH (0.4 cm3, 1.0 mmol) was added at r.t.
The orange solids formed were dissolved in ethanol (20
cm3). An ethanol (40 cm3) solution of
Co(h5C5H5)(CO)I2 (120 mg, 0.30 mmol) was added to
the solution and was stirred for 10 min at r.t. The black
solids obtained were washed with water, ethanol and
diethyl ether and dried in vacuo (yield: 140 mg). The

Table 2
Atomic co-ordinates and equivalent isotropic thermal parameters for
4

Atom x Beq
a (Å2)y z

0.79229(7) 2.49(1)Co 0.08852(3)0.25
1.03647(6) 0.25Br 0.12612(3) 3.99(1)
0.8125(1)S(1) 3.17(2)0.01352(4)0.09907(8)

S(2) −0.12458(4) 3.90(2)0.11235(8)0.9588(1)
1.0761(3) 0.25 −0.24503(8) 5.87(4)S(3)
0.8850(3) 0.1843(3)C(1) −0.0520(1) 2.71(6)

C(2) 1.0011(6) 0.25 −0.1694(2) 3.7(1)
2.94(6)0.1813(1)0.3183(3)C(3) 0.6768(4)

0.5757(4) 0.3595(3)C(4) 0.1282(2) 3.25(7)
C(5) 0.5166(6) 0.25 0.0939(3) 3.7(1)

0.4013(5) 0.2309(2)C(6) 4.43(9)0.7596(6)
0.5315(7)C(7) 5.3(1)0.4947(5) 0.1141(3)

C(8) 5.0(2)0.0336(3)0.250.4063(7)

a Beq= (8/3)p2{U11(aa*)2+U22(bb*)2+2U12aa*bb* cos g

+2U13aa*cc* cos b+2U23bb*cc* cos a}.

solids were dissolved in benzene and the solution was
chromatographed on a silica column using the same
solvent as an eluent to give dark purple solids of 1 (10%
yield). Anal. found: C, 31.54; H, 2.29%. C13H9CoS8

requires C, 32.49; H, 1.89%. 1H-NMR (270 MHz,
C6D6, r.t.): d 2.12 (4H, s, CH2), 4.37 (5H, s, C5H5).

2.3. [Co(h5-C5H5)(C8H4S8)]I3 (2)

To a benzene (400 cm3) solution of 1 (110 mg, 0.23
mmol), a benzene (40 cm3) solution of iodine (90 mg,
0.35 mmol) was added with stirring. Black microcrys-
tals of 2 were obtained immediately, which were col-
lected by filtration, washed with benzene, ethanol and
diethyl ether, and dried in vacuo (30% yield). Anal.
found: C, 18.19; H, 1.12%. C13H9CoI3S8 requires C,
18.13; H, 1.05%. The presence of the I3

− ion was
confirmed by the Raman spectrum, as described below.

Table 1
Crystallographic data for Co(h5-C5Me5)(C3S5)Br (4)

Formula C13H15BrCoS5

470.40M
Crystal system Orthorhombic
Space group Pmna (No. 62)
a (Å) 8.320(2)
b (Å) 10.524(2)
c (Å 19.886(2)
V (Å3) 1741.2(4)

4Z
Dcalc. (Mg m−3) 1.794

0.22×0.22××0.07Crystal size (mm3)
940.0F(000)

m(Mo–Ka) (mm−1) 3.87
T (°C) 23
Measured 2u range (°) 5.0–60.0
No. of unique reflections collected 2910
No. of reflections with I\2s(I) 1609

0.029Ra

0.031Rw
b

a R=� ��Fo�−�Fc��/� �Fo�.
b Rw=

�� w(�Fo�−�Fc �)2/� wFo
2n1/2

, w−1=s2(Fo)+0.0001Fo
2.

Fig. 1. Positive ion ESI mass spectrum of complex 1 in
dichloromethane. In the enlarged spectrum, the calculated intensities
(�) based on the isotope distribution of the [Co(h5-
C5H5)(C8H4S8)2]+ cation species are shown.
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Fig. 2. Cyclic voltammogram of complex 1 (1.0×10−4 mol dm−3) in
N,N-dimethylformamide at r.t. Supporting electrolyte: 0.1 mol dm−3

[NnBu4ClO4]. Sweep rate: 0.1 V s−1.
Fig. 4. Assumed molecular array for the oxidized species, complexes
2 and 3, in the solid state.

2.4. [Co(h5-C5H5)(C8H4S8)][PF6]0.7 (3)

To a dichloromethane (80 cm3) solution of 1 (50 mg,
0.10 mmol), a dichloromethane (60 cm3) solution of
[Fe(h5-C5H5)2][PF6] (33 mg, 0.10 mmol) was added with
stirring. Black microcrystals of 3 precipitated immedi-
ately, which were collected by centrifugation, washed
with dichloromethane and diethyl ether, and dried in
vacuo (5% yield). Anal. found: C, 26.91; H, 1.95%.
C13H9CoF4.2P0.7S8 requires C, 26.82; H, 1.56%.

2.5. Co(h-C5Me5)(C3S5)Br (4)

To a dichloromethane (15 cm3) solution of Co(h5-
C5Me5)(C3S5) (120 mg, 0.30 mmol), a dichloromethane
(5 cm3) solution of bromine (0.38 cm3, 0.15 mmol) was
added with stirring resulting in the dark green solution
turning dark violet. To the solution, hexane (200 cm3)
was added by stirring for 5 min to afford fine, dark
violet needles of 4, which were collected by filtration,
washed with hexane, and dried in vacuo (60% yield).
Anal. found: C, 32.52; H, 3.48%. C13H15BrCoS5 re-
quires C, 33.19; H, 3.21%. To the above
dichloromethane solution saturated with 4, an equi-vol-

ume of hexane was slowly added, and the solvents were
allowed to stand at 5°C overnight to afford dark violet
plates of 4 suitable for the X-ray structural analysis.

2.6. Physical measurements

Electronic absorption, IR, ESR [22] and powder
reflectance spectra [23] were recorded as described pre-
viously. 1H-NMR spectra were recorded at 270 MHz,
using a JEOL EX-270 spectrometer, the chemical shifts
being measured relative to tetramethylsilane as an inter-
nal standard in C6D6. Raman spectra were measured
using a JASCO R-800 spectrophotometer at the Gradu-
ate School of Science, Osaka University. X-ray pho-
toelectron spectra were obtained by irradiating the
complexes with Mg–Ka X-rays (300 W) at 298 K using
an ULVAC-PHI ESCA 5700 photoelectron spectrome-
ter at Osaka Municipal Technical Research Institute,
and were calibrated with the carbon 1s1/2 photoelectron
peak (285 eV). An electrospray ionization (ESI) mass
spectrum was obtained as described previously [24]. A
cyclic voltammogram of complex 1 in N,N-dimethylfor-
mamide was measured using [NnBu4][ClO4] as an elec-
trolyte, as described previously [25]. Electrical
resistivities of the complexes were measured at r.t. for
compacted pellets by the conventional two-probe
method [26].

2.7. MO calculations

The density functional theory (DFT) calculation was
performed with the hybrid functional B3PW91 method
[27,28] using the Gaussian 94 program suite [29] on an
SX-4R/64M2 computer (NEC Co.) at the Computation
Center of Osaka University. The effective core potential
approximation was also incorporated into the DFT
calculation via the use of the built-in LanL2DZ basis
function set [30].

Fig. 3. Electronic absorption spectra of 1 (2.5×10−4 mol dm−3) in
dichloromethane in the presence of iodine. Concentration of iodine:
(a) 0; (b) 1.2×10−4; (c) 1.8×10−4; (d) 2.4×10−4; (e) 3.0×10−4;
(f) 6.0×10−4; (g) 7.5×10−4 mol dm−3.
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Fig. 5. Time-dependent spectral change of Co(h5-C5Me5)(C3S5) (1.0×10−4 mol dm−3) by addition of an equimolar amount of bromine in
dichloromethane. Time: (a) 0; (b) 100; (c) 400; (d) 760; (e) 3000 s.

2.8. Crystal structure determination of complex 4

Diffraction data were collected on a Rigaku AFC-7R
four-circle diffractometer with a graphite-monochro-
mated Mo–Ka (l=0.71069 Å) radiation at the Gradu-
ate School of Science, Osaka University. Crystallo-
graphic data are summarized in Table 1.

The unit-cell parameters were determined from 25
independent reflections with 2u over the range of
24.0°–24.8°. Three standard reflections were monitored
after every 150 reflections. No significant decays in their
intensities were observed throughout the data collec-
tion. The reflection data were corrected for Lorentz and
polarization effects, together with absorption [31]
(transmission factors, 0.593–1.000).

The structure was solved by the direct method
(SHELXS86) [32] and refined on F by the full-matrix
least-squares technique. All the non-hydrogen atoms
were refined anisotropically and the hydrogen atoms

isotropically. Calculations were performed with the
TEXSAN structure analysis package [33] on an IRIS
INDIGO workstation at the Graduate School of Sci-
ence, Osaka University. Atomic scattering factors were
taken from the usual sources [34]. Final atomic co-ordi-
nates are given in Table 2. Figs. 8 and 9 were drawn
with a local version of ORTEP II [35].

3. Results and discussion

3.1. Properties of complex 1 and its oxidized species 2
and 3

Fig. 1 shows the positive ion ESI mass spectrum of 1
dissolved in dichloromethane. The peak at m/z 479.4
(z= +1) is due to the [Co(h5-C5H5)(C8H4S8)]+ cation.
The calculated mass spectrum on the isotope distribu-
tion of the cation species is in good agreement with the
observed spectrum having the interval of 1.0 (the en-
larged spectrum). Co(h5-C5H5)(C8H4S8) has a rather

Fig. 6. Time-dependency of absorbances at 428 (�), 676 (
) and 534
nm (�) in the reaction of Co(h5-C5Me5)(C3S5) (1.0×10−4 mol
dm−3) with 0.5 molar amounts of bromine in dichloromethane. Lines
are calculated by Eq. (2) for the above reaction.

Fig. 7. Time-dependency of absorbances at 528 (�) and 676 nm (�)
in the reaction of Co(h5-C5H5)(C3S5) (1.0×10−4 mol dm−3) with
0.5 molar amounts of bromine in dichloromethane. Lines are calcu-
lated by Eq. (3) for the above reaction.
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Fig. 8. Molecular geometry of 4 together with the atomic numbering scheme. Thermal ellipsoids are shown at the 50% probability level. Atoms
are related to starred ones by a mirror symmetry.

low oxidation potential, as described below, which
leads to the oxidation of the complex through the
electrolysis at the electrospray inlet.

A cyclic voltammogram of 1 in N,N-dimethylfor-
mamide is shown in Fig. 2. It exhibits reversible redox
potentials at −0.63 and +0.45 V (versus SCE) for
[Co(h5C5H5)(C8H4S8)]−/[Co(h5-C5H5)(C8H4S8)]0 and
[Co(h5-C5H5)(C8H4S8)]0/[Co(h5-C5H5)(C8H4S8)]+ pro-
cesses, respectively. The rather low redox potentials are
in contrast to those of the corresponding C3S5 complex
(−0.544 and +0.638 V versus SCE in acetonitrile)
[10]. Oxidation potentials of other C8H4S8–metal com-
plexes ([NnBu4][Au(C8H4S8)2] [4] and [NnBu4]2[Pt(C8-
H4S8)2] [5,6]) were also observed to be lower than those
of the corresponding C3S5–metal complexes.

Fig. 3 shows the spectral change of 1 on adding
various amounts of iodine as an oxidant. Addition of
excess amounts of the oxidant gives the final spectrum
of the [Co(h5-C5H5)(C8H4S8)]+ species. The band at
880 nm due to the intramolecular charge transfer (CT)
transition from the cyclopentadienyl group to the
Co(III) ion/C8H4S8 ligand moiety is shifted to 1040 nm
with isosbestic points upon the oxidation. Similar spec-
tral changes are observed for the one-electron oxidation
of Co(h5-C5H5)(C3S5) and Co(h5-C5Me5)(C3S5), as de-
scribed below.

A reaction of 1 with an excess amount of iodine has
afforded complex 2 as an oxidized species. The Raman
spectrum of 2 has exhibited a scattering band at 111
cm−1, which is assigned to the symmetric stretching of
the I3

− ion [36,37]. This indicates that 2 is a one-elec-
tron oxidized species. In accordance with this, 2 has
exhibited an intense sharp ESR signal at g=2.01
(peak-to-peak linewidth, 2.5 mT). The signal observed
at g=2.01 is ascribed to the radical species of the
C8H4S8 ligand moiety, as observed for the radicals of
sulfur-rich compounds; the tetrathiafulvalenium radical

cation [38,39] and partially oxidized C8H4S8–metal
(Pt(II) [6] and Mo(IV) [40]) and C3S5–metal (Cu(I),
Au(III), Re(IV), Mo(IV) and W(IV)) complexes
[21,23,39,41] with the ligand-centered oxidation. Thus,
in complex 2 the C8H4S8 ligand-centered oxidation is
also likely to occur. Upon the ligand-centered oxida-
tion, the C�C stretching IR bands of the C8H4S8 ligand
have appeared at lower frequencies (1397 and 1218
cm− l) compared with those of the unoxidized species 1
(1446 and 1258 cm− l), as observed for some C3S5–
metal (Fe(II), Ni(II) and Au(III)) complexes [25,39,42].
This is consistent with the fact that the binding energies
of the cobalt 2p1/2 and 2p3/2 electrons for the oxidized
species 2 determined by XPS are 794.9 and 780.0 eV,
respectively, which are essentially the same as those
(795.1 and 779.9 eV) for the unoxidized species 1.
Complex 3 is formally a 0.7-electron oxidized species. It
has shown a broad C�C stretching IR band at 1215
cm−1, which is lower by 43 cm−1 than that of 1. The
ESR signal has appeared at g=2.01 (peak-to-peak
linewidth, 1.1 mT). These findings support the C8H4S8

ligand-centered oxidation for this oxidized species.
The oxidized species 2 and 3 have exhibited electrical

conductivities of 0.19 and 0.16 S cm−1, respectively,
measured for compacted pellets at r.t., although the
unoxidized complex 1 is essentially an insulator (the
electrical conductivity, B10−8 S cm−1). The high con-
ductivities come from an effective molecular packing
favorable for the electron-conduction. At first sight, the
molecules seem to be inadequate for the packing in the
solid state because the h5-C5H5 ring is considered to be
perpendicular to the Co(C8H4S8) moiety. However, the
extended p-system having many sulfur atoms in this
ligand may form a molecular interaction array through
several S–S non-bonded contacts in the solid state, as
depicted in Fig. 4. The powder reflectance spectrum of
2 has shown an appreciable band at 1400 nm besides
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Table 3
Selected bond distances (Å) and angles (°) for 4

Co�C(3) 2.106(3)Co�Br 2.3951(9) Co�S(1) 2.2173(9)
S(1)�C(1) 1.693(3)Co�C(4) 2.093(3) Co�C(5) 2.053(5)

1.737(3) S(3)�C(2)S(2)�C(1) 1.741(3) S(2)�C(2) 1.628(5)
1.438(6) 1.419(4)C(3)�C(4)C(3)�C(3*)C(1)�C(1*) 1.384(6)

C(4)�C(5) 1.427(4) C(4)�C(7) 1.495(6)C(3)�C(6) 1.487(5)
C(5)�C(8) 1.509(8)

Br�Co�S(1) 91.92(3) Br�Co�C(3) 92.86(9)
Br�Co�C(4) 126.1(1) Br�Co�C(5) 158.8(2)

153.77(9)S(1)�Co�S(1*) 91.50(5) S(1)�Co�C(3)
141.8(1)S(1)�Co�C(4)S(1)�Co�C(3*) 114.08(9)

S(1)�Co�C(4*) 89.84(9) S(1)�Co�C(5) 102.7(1)

the bands of the complex molecule itself. This band is
likely ascribed to the molecular interaction. Even com-
plex 4, having the C3S5 ligand, has a one-dimensional
interaction by some S–S contacts in the solid state, as
described below. Oxidized, non-planar oxomolybdenum
complexes, [Mo(O)(C8H4S8)2]n− (nB1) species, also
have recently been found to exhibit high electrical
conductivities [40]. Thus, these findings suggest that the
C8H4S8 ligand is very effective for the construction of
the electron-conduction pathway of the metal com-
plexes in the solid state.

3.2. Oxidation of Co(h5-C5H5)(C3S5) and
Co(h5-C5Me5)(C3S5)

Since the first oxidation potentials of these complexes
(E1/2=0.388 and 0.211 V, respectively, versus Ag/Ag+

in acetonitrile [10]) are somewhat high, they have not
been oxidized by iodine. However, bromine has oxi-
dized these complexes to afford the one-electron oxi-
dized species in solution.

Co(h5-C5Me5)(C3S5)Br (4) has been isolated as crys-
tals and the structure has been determined by X-ray
crystallography, as described below. This oxidized
Co(III) species has the Co�Br bond in the solid state. It
has exhibited the isotropic ESR spectrum (g=2.016) in
dichloromethane, which consists of an octet (59Co, I=
7/2) of quartets (79Br(50.54%) and 81Br(49.46%), I=3/
2); 59Co and 79/81Br hyperfine couplings are 1.9 and
2.8×10−3 cm−1, respectively [19]. This finding also
confirms the Co�Br bond in solution. These small
values indicate insubstantial spin densities on Co and
Br atoms and most of them on the C3S5 ligand. Mul-
liken spin densities for 4 evaluated by a DFT calcula-
tion [27–29] have shown the presence of 90% spins on
the C3S5 ligand (75% spins on the sulfur atoms); Co,
0.005; Br, 0.058; S(1), S(1*), 0.322; S(2), S(2*); −0.01;
S(3), 0.121; C(1), C(1*), 0.084; C(2), −0.016; C(3)–
C(8) (the C5Me5 ring), −0.011– +0.045 (atomic num-
bering scheme, see Fig. 8) [19]. In the solid ESR
spectrum of 4 a broad signal has been observed at
g=2.01 (peak-to-peak linewidth, 10.7 mT). These find-

ings suggest the C3S5 ligand-centered oxidation, which
was observed for some C3S5–metal complexes [21–
24,39,41]. In accordance with these findings, the Co�S
distances of 4 are somewhat longer than those of
Co(h5-C5Me5)(C3S5), as described below, and the C�C
stretching IR frequency (1350 cm−1) of 4 is somewhat
lower than that (1394 cm−1) of Co(h5-C5Me5)(C3S5).
Furthermore, the binding energies (794.9 and 779.9 eV)
of Co 2p1/2 and 2p3/2 electrons of 4 determined by XPS
are very close to those (795.4 and 780.3 eV) of Co(h5-
C5Me5)(C3S5) [19].

In the solid state, the oxidized species 4 has molecu-
lar interaction through S–S non-bonded contacts, as
shown below, and it exhibits a strong antiferromagnetic
interaction [19]. However, it has very low electrical
conductivity; 7.9×10−8 S cm−1 measured for a com-
pacted pellet at r.t. Although the complex is in the
oxidized state to enhance the S–S contacts, the molecu-
lar interaction seems to be insufficient for the electron-
conduction.

A dichloromethane solution containing Co(h5-
C5H5)(C3S5) and 0.5 molar amount of bromine has also
exhibited an isotropic ESR signal consisting of an octet
of quartets at g=2.008, which is very close to that of 4
in dichloromethane. This finding indicates the forma-
tion of Co(h5-C5H5)(C3S5)Br. However, the signal has
quickly decreased in its intensity within 30 min. This
indicates that the paramagnetic species is unstable,
followed by the fast disproportionation to Co(h5-
C5H5)(C3S5) and the two-electron oxidized species, as
described below.

The time-dependent spectral change of Co(h5-
C5Me5)(C3S5) in dichloromethane by addition of an
equimolar amount of bromine at r.t. is shown in Fig. 5.
Co(h5-C5Me5)(C3S5) exhibits intense bands at 428 and
676 nm, which are ascribed to the p–p* transition of
the C3S5 ligand and an intramolecular CT transition
from the C5Me5 group to the Co(III) ion/C3S5 ligand,
respectively. The addition of bromine to Co(h5-
C5Me5)(C3S5) has immediately afforded new bands at
534 and 868 nm due to the Co(h5-C5Me5)(C3S5)Br,
accompanied with the decrease of the band at 676 nm
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Fig. 9. Packing diagram of 4. Fine lines represent S···S non-bonded contacts less than 3.8 Å.

due to the unoxidized species, Co(h5-C5Me5)(C3S5). Af-
ter the formation of this one-electron oxidized species,
the intensities of the bands at 534 and 868 nm have
decreased with time, concomitantly accompanied with
the increase of the band intensity at 676 nm. Thus,
assuming the disproportionation reaction of the one-
electron oxidized complex to the unoxidized species and
the further oxidized one (Eq. (1)), the reaction process
has been analyzed. Absorbances at three absorption
maxima are plotted against time (Fig. 6). They can be
fitted by the calculated curves according to Eq. (2).

2[Co(h5-C5Me5)(C3S5)Br] X
kdis

k con
[Co(h5-C5Me5)(C3S5)]

+ [Co(h5-C5Me5)(C3S5)Br2] (1)

A=A0(A�−A0)
(ckdis+k) sinh(kt)

ckdis sinh(kt)+k cosh(kt)
(2)

A is an observed absorbance, A0 the initial absorbance
of Co(h5-C5Me5)(C3S5)Br, A� the final absorbance, and
t a time after the addition of bromine. A=ckdis/2,
B=ckcon/2 and k= (c/2)(kdiskcon)1/2, where c is a con-
centration of Co(h5-C5Me5)(C3S5) before the addition
of bromine. The fitting curves are in agreement with the
observed absorbances, indicating the reasonable dispro-
portionation reaction. The reaction rates are deter-
mined: kdis=17 and kcon=5.0 mol dm−3 min−1. In the
final equilibrium, the amounts of the species are esti-
mated: Co(h5-C5Me5)(C3S5)Br (20%), Co(h5-
C5Me5)(C3S5) (40%), and Co(h5-C5Me5)(C3S5)Br2

(40%). From the spectrum in the final state, the two-
electron oxidized species is deduced to have absorption
bands at 380 and 620 nm.

The absorption spectrum of Co(h5-C5H5)(C3S5) in
dichloromethane has exhibited bands at 430 and 676
nm, which are similar to those of Co(h5-C5Me5)(C3S5).

The reaction of Co(h5-C5H5)(C3S5) with bromine in
dichloromethane has given Co(h5-C5H5)(C3S5)Br,
showing the bands at 360, 528 and 800 nm. This
oxidized species also has been rapidly disproportion-
ated to the unoxidized complex and the two-electron
oxidized one, of which the latter species has further
decomposed finally to give insoluble yellow solids of
C6S8 [10]. Considering only the forward process (kdis) of
the disproportionation reaction of the one-electron oxi-
dized complex, Eq. (3) is derived,

A�−A0

A�−A
−1=ckdist (3)

where c is a concentration of Co(h5-C5H5)(C3S5)Br and
A, A0, and A� are absorbances at an arbitrary time,
initial and final stages, respectively. Plots of [(A�−A0)/
(A�−A)]−1 versus time (t) for these bands at 528
and 676 nm show a linear relationship (Fig. 7). This
finding indicates a second-order reaction for the dispro-
portionation of the Co(h5-C5H5)(C3S5)Br in solution.
kdis is calculated to be 5.71×103 mol dm−3 min−1,
which is very large compared with that of Co(h5-
C5Me5)(C3S5)Br.

3.3. Crystal structure of complex 4

Fig. 8 shows the molecular structure of 4, together
with atomic numbering scheme. Bond distances and
angles are listed in Table 3. The molecule has a mirror
containing Co, Br, C(2), C(5), C(8) and S(3) atoms. The
Co(C3S5) unit is almost planar (90.05 Å) and makes
an angle of 58.7° with the C5Me5 ring plane. This is in
contrast to that (87.8°) of Co(h5-C5Me5)(C3S5) [18],
which is caused by the ligation of the Br atom in 4. The
Co�Br bond (2.3951(9) Å) agrees well with those
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(2.338–2.49 Å) found in octahedral Co(III) complexes
[43–46]. The Co�S(1) distance (2.2173(9) Å) is longer
than the Co�S distances (2.135(2) and 2.138(2) Å) of
Co(h5-C5Me5)(C3S5) [18]. This is due to the somewhat
decreased co-ordination ability of the C3S5 ligand
upon the C3S5 ligand-centered oxidation.

In the C3S5 moiety, the S(1)�C(1) bond (1.693(3)
Å) is appreciably short compared with S(2)�C(1)
(1.741(3) Å) and S(2)�C(2) bonds (1.737(1) Å). This
feature in the C3S5 ligand was also observed for
Co(h5-C5H5)(C3S5), Co(h5C5Me5)(C3S5) [18], and the
oxidized C3S5–nickel complexes, Ni(h5-C5H5)(C3S5)
[17], Ni(C3S5)2 [47], [guanidium][Ni(C3S5)2]2 [48] and
[PPh4][Ni(C3S5)2]3 [49], which is in contrast to the
cases of [NnBu4]2[Ni(C3S5)2] [50], [NnBu4][Au(C3S5)2]
[39], and [Et-NC5H5]2[Cu(C3S5)2] [51] without appre-
ciable differences among the C�S bond distances. The
Co�C distances (2.053(5)–2.106(3) Å) are comparable
with those (average, 2.057(7) Å) of Co(h5-
C5Me5)(C3S5) [18] and those (2.03–2.08 Å) found for
several cobaltocenium salts [52–56].

The crystal structure reveals a one-dimensional
array of the molecules through two short non-bonded
S–S contacts (S(1)�S(2)(2−x, −y, −z), 3.667(1)
and S(1)�S(1)(2−x, −y, −z), 3.791(2) Å) along
the b-axis, as illustrated in Fig. 9. Such S–S in-
teractions were not observed for Co(h5-C5Me5)(C3S5)
(the nearest S–S contact, 3.869(5) Å) [18]. The
C3S5 ligand-centered oxidation in 4 seems to enhance
intermolecular S–S non-bonded contacts in the solid
state.

4. Supplementary material

Tables of all hydrogen atomic co-ordinates, tables
of anisotropic thermal parameters, lists of bond
lengths and angles, and structure factors are available
from the authors on request.
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