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Abstract  Several [M(C3S85)3]17° (M = V(IV), Mo(1V), W(IV); n=2 and M =
Nb(V), Re(V); n = 1) anion complexes were prepared. They exhibited low
oxidation potcntials of +0.145 - +0.76 V vs. SCE. They were oxidized by
reactions with iodine, [Fe(CsMes)z}*, [Fe(CsHs)p]t, and the TTF* radical
cation, as well as the electrolysis, in organic solvents to afford oxidized
[M(C3S5)3]™- (0 < m < 1) species having electrical conductivities of 6.0 x10-5 -
1.5x 10-1' S cmr! measured for compacted pellets at room temperature.  X-ray
crystal structures of the [M(C3S5)3]2‘ (M = Mo, W) complexes and the one-
electron-oxidized [M(C3S5)3]- (M = V, W) species as well as ESR and X-ray
photoelectron spectra of the oxidized species are discussed.

Keywords: Dithiolate, C3S 5, metal complex, structure, electrical conductivity

INTRODUCTION

Metal complexes with sulfur-rich ligands have attracted much atiention as clectrically
conducting molccular compounds.  Oxidized planar metal complexes with the 4,5-
disulfanyl-1,3-dithiolc-2-thionate(2-) ligand (C3S52-) are known to become good
electrical conductors. 1-3 High clectrical conductivities of them come from formation of
effcctive clectron-conduction pathways constructed with molccular interactions through
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sulfur-sulfur non-bonded contacts among the ligands in the solid state.

Non-planar bulky molecules may be often considered 10 be ineffective for their
molccular packings in the crystals.  Howcver, C385-metal complexes with bulky
geometrics are expected to afford new types of molecular packing with S-S interactions
leading to two- or three-dimensional clectron-conduction pathways in their oxidized
species. We have prepared several [M(C3S35)310- (M = V(IV), 4 Mo(1V), 56 W(IV)7; n
=2 and M = Nb(V), Re(V)7; n = 1) anion complexes and have observed raised electrical
conductivitics for their oxidized specics.?-8 In this paper, preparations of the oxidized
[M(C385)31™- (0 < m < 1) anion complexes, structures of some species, their ESR and
X-ray photoclectron spectra and electrical conductivities are described.

EXPERIMENTAL

A reaction of VCl3 or ReCls with [NBu4]»{Zn(C3S5)>] in methanol or ethanol gave
[NBuf4]2[V(C3S5)3] or [NBuR4]{Re(C3S5)3], while a reaction of VCl3 or ReCls with
NayC3Ss in mcthanol afforded mainly [VO(C3S5)2]2- or [ReO(C3Ss),]- anion
complexes.#7  [NBu4][Nb(C3S5)3] was obtained by a reaction of NbCls with
NayC3S5 in methanol in the presence of NBuf4Br, while NbCl5 reacted with
[NBuf4]»[Zn(C3S5),] in acetonitrilc to give the dinuclear complex, [NBuf4],-
[Nbx(S2)2(C3S5)4].8 A reaction of WClg with NapC3S5 in cthanol in the presence
of NBu4Br yielded [NBu?4]»[W(C355)3]. A similar reaction of MoClsg with
NayC3S5 in methanol yiclded [NBu4]2[Mo(C3S5)3] in a low yield, together with a
large amount of [NBuf4]>[MoO(C3S5)3].56

Reactions of [NBuR4]»[M(C3S5)3] with [Fe(CsMes),][BF4] in acetonitrile afforded
[Fe(CsMes)21IM(C3S5)3] as dark bluc and black crystals for M = W and Mo,
respectively.  Reactions of [NBu4]>[M(C3S5)3] with iodine, [Fe(CsHs)2][PFg] or
[TTF)3[BF4], (TTF+ = the tetrathiafulvalenium radical cation) afforded black
microcrystals of [NBuny]x[M(C3S5)3] (M =W and Mo; x = 0.05 - 0.4). Controlled-
current electrolysis of a dichloromethanc or an acetonitrile solution containing
[NBu,J2[M(C3S5)3] (M = W or Mo) and [NBu“4][ClO4] as an clectrolyte yielded
black microcrystals of [NBufy]g3[W(C3S5)3] and [NBu4]g g[Mo(C3S5)3],
respectively. 6 The oxidized molybdenum- and tungsten-complexes which were
obtained by reactions with various oxidants and by the clectrolysis are listed in Table 2
for the electrical conductivities (sec below).

The [V(C3S5)3]2- anion complex was oxidized by the N-methylphcnazinium cation
(NMPY) to afford [NMPBL[V(C3S5)3] containing the one-clectron-oxidized [V-
(C3S5)3]- anion and moieties of the NMP- radical / the NMP* cation.4 A reaction of
the [V(C3Ss)3]2' anion complex with [TTF]3[BF4]; in acetonitrile afforded [TTFl»-
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[V(C3S5)3]1 having moieties of ncutral TTF / the TTF-*+ radical cation and the [V-
(C385)3] anion.*  The [V(C3S5)31%- complex was reacted with [Fe(CsH3)2][PFg] in
acctonitrile to give [Fe(CsHs)a][V(C3S5)3] (the one-electron-oxidized species).
Similarly, a rcaction of the complex with [Fe(CsH jMc)21[PFg], [Fe(C sMes)21[PFg] or
[Ni(C5H3)21[PFgl in acctonitrile afforded [Fe(CsHyMe)al-, [Fe(CsMes)s]- and
[Ni(C5H5)2][V(C3S5)3].9 These oxidized complexes contain the one-electron-
oxidized [V(C3S5)3]" anion.

Oxidation of the [Re(C3S5)3]- anion complex by iodine or [Fe(CsHs),][PFg] in
dichloromethane afforded essentially one-electron-oxidized [Re(C3S5)3]%- (n = 0.05
and 0.1) spccies.7 [NBun4][Nb(C3S5)3] was also oxidized by the [Fe(CsHs),]*+
cation in acctonitrilc or the TTF-* radical cation in acetone to afford [NBul4lg o5-
[Nb(C3S5)3] and [TTF][Nb(C3S5)3], which were identified by clemental (C,H and N)
analyses.

Cyclic voltammograms, 10 electronic absorption, ESR and X-ray photoelectron
spectra6 were measured, as described previously. Electrical conductivities of the
complexes were measured for the compacted pellets by the conventional two-probe
method. 11

RESULTS AND DISCUSSION

The [M(G3S5)31%-type anions (n =1, M= Nband Re;n = 2, M=V, Mo and W) are
likely to have distorted octahedral or trigonal prismatic geometry around the metal ion.
Figure 1 illustrates the molecular structure of the anion of [NBut4]5[W(C3S5)3].© The
structure of the anion indicates three C3S3 ligands coordinated to the metal ion. The S3
(coordinated sulfur atoms) triangles arc twisted with respect to each other by an average

FIGURE 1 Molccular gcometry of the
anion of [NBuP4],[W(C3S5)3] together
with the atom-labeling scheme. ©
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FIGURE 2 Cyclic voltammogram of [NBu"jJ[Nb(C3S5)3] (1.0 x 10-3 mol dm3)
in dichloromethanc; 0.1 mol dm-3 [NBun4]{ClO,4}, sweep rate 100 mV sl

of 16°(twist angle, ¢), assuminga distorted trigonal prismatic coordination around
the metal ion. This is very close to that of [NBu?y]»,{Mo(C3S5)3] (average ¢ = 11°).
There arc no significant closc atom-atom contacts among cation/anions for these
complexes.

The cyclic vollammogram of [NBuP4][Nb(C3S5)3] in dichloromethane is shown in
Fig. 2. The [NKC3S5)3] anion is irreversibly oxidized at +0.24 V vs. SCE, whereas
the quasi-reversible [NB(C3S5)3]12-/[NB(C3S5)3]- redox wave is observed at -0.80 V
vs. SCE. The [Re(C3S5)3] anion is also irreversibly oxidized at +0.76 V vs. SCEin
dichloromethane.” On the other hand, the [Mo(C3S5)312- and [W-(C3S5)3]2- anions
are stably oxidized at lower potentials; reversible [M(C3S5)31%-/[M(C3S5)3]- redox
waves arc obscrved at +0.145 and +0.185 V vs. SCE and reversible [M(C3S5)3]/
[M(C3S5)310 redox waves at +0.38 and +0.325 V vs. SCE in dimcthylformamide,
respectively. The reversible [V(C3S5)312-/[V(C3Ss)3]- and [V(C3Ss)3)/[V-
(C385)310 redox processes also occur at +0.15 and +0.65 V vs. SCE in acctonitrile.?

Since thesec [M(C3Ss)3]}-type anion complexes have low oxidation potcnials,
reactions of them with some oxidants afford oxidized specics.  Reactions of the
[M(C3S5)3]3‘ (M =V, Mo and W) complexes with the [Fe(CsMes)»]+ cation give one-
electron-oxidized specics [Fe(CsMes)»][M(C3S5)3].  Oxidation of these complexes
with iodine, the [Fe(CsHs)a]* cation or the TTF-+ radical cation lcads to further
oxidized [M(C385)31" (n < 1) species.  Onidation of the {M(C3S5)3]1- (M = Nb and
Re) anions with iodinc or the [Fe(C5Hs)»]* cation yiclds cssentially onc-clectron-
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FIGURE 3  Molecular gcometry of the anion of [Fe(CsMes)21IW(C3S5)3]
and packing diagram of the anion. Dashed lincs show sulfur-sulfur non-bonded
contacts (< 3.7 A).6

oxidized [M(C355)3]" (n ~ 0) specics.
Crystal structurcs for the following one-clectron-oxidized [M(C3S5)3}- (M= W and
V) complexes have been clanfied.  Figure 3 shows the geometry of the anion of
[Fe(CsMes)2][W(C3S5)3] and the packing diagram of the anion moieties.® The anion
with a WS¢ corc assumes a regular trigonal prismatic geometry (the S-W-S twist angle,
0°), which resembles those of [Mo(S2CaH3)3]0 12 and [Mo(S5CgH4)310 species. 13
The S(1)-S(5) and the S(6)-S(10) ligand plancs are almost straight cxtended outside
from the center of the core, whiie the S(11)-S(15) plane is caused appreciably bent on
the S(11) and S(15) atoms. This is causcd by the intermolccular, non-bonded S-S
contacts of this ligand moiety through the S(11) and S(14) atoms forming an interaction
chain of the anion. The packing diagram of the anions exhibits some intermolecular S-S
non-bonded contacts (< 3.7 1(-‘: dashed lincs). One-dimensional molecular interaction
among the anions is deduced in spite of the bulky gecometry of the anion. In the crystal
structure of [NMP]2[V(C3S5)3] containing the one-clectron-oxidized [V(C3Ss)3]
anion, a two-dimensional molecular interaction through S-S non-bonded contacts (< 3.7
K) is obscrved among the oxidized C3Ss-ligands of the anion moicties.# The
[V(C3S5)3]- anion assumes a distorted octahedral gcometry for the VSg core.  These
molccular interactions through the S-S contacts lcad to clectron-conduction pathways for
thesc oxidized complexes.
The presence of onc-electron-oxidized [W(C3S3)3]- species in [Fe(CsMes)a]-
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[Mo(C3S5)3] is shown in an intensc ESR signal (g = 1.988) in solution and a broad
signal (g = 2.0) in the solid statc.® The broad powder ESR signal (the peak-to-peak
linewidth = 90 mT) is likely caused by the above-mentioned molecular interaction of the
paramagnctic anion species through S-S non-bonded contacts. This is also the same for
the powder ESR signal of {Fe(CsMeg)alIMo(C3Ss)3].  [NBufylg os5[NB(C3S5)3]
also gives a broad signal (g = 2.011, the hnewidth = 25 mT), showing some interactions
of the paramagnetic oxidized species. The [Re(C3S5)3]7- (n = 0.05 and 0. 1) complexes
exhibit a rather sharp, approximatcely isotropic powder ESR signals (g = 2.013, the
lincwidth = 7.4 mT).7 The [M(C3S5)3]"- (M = Mo and W; n < 1) complexes also
show sharp powder ESR signals (g = 1.988, the linewidth = 1.5 mT). These
complexes are cssentially two-clectron-oxidized specics, containing a small amount of
the paramagncetic [M(C3S35)3]" anion. The one-clectron-oxidized anion moictics are
surrounded by the diamagnetic [M(C3S35)3]1? specics, which resembles the situation of
the [M(C3S5)3]- anion in solution.®

The valence states of the metal atoms of the oxidized C3S 5-metal complexes can be
deduced from binding cnergies of clectrons of the metal atom determined by X-ray
photoclectron spectra. The binding energy of V 2p3p  clectrons of  [NBuly)s-
[V(C3S5)31 is 523.3 ¢V, while some onc-clectron-oxidized [V(C3S5)3]- complexcs
exhibit binding energies of 523.2 - 523.7cV.#2  These findings indicate that the V(IV)
statc remains upon the oxidation of these complexes because of the ligand-centered
oxidation.  For the oxidized [Re(C3S5)3]"- (n = 0.05 and 0.1) complexes the binding
encrgies of Re 4 clectrons are also closc to thosc of the [Re(C3S5)3]- complex.”  This
is also the same for the binding cnergics of Nb 3d clectrons of the [Nb(C3S5)3]0-05-
and [NB(C3S85)3] complexes.  Thus, the oxidized specics is considered to have the
Re(V) and Nb(V) states together with the oxidized C3S5-ligands.  The ligand-cenicred
oxidation was also deduced based on X-ray photoclectron spectra for the partially
oxidized [M(C3Ss5)]™- (M = Ni, Pd and Pt; m < 2), 14 [Fe(C3S5),]"- 10 and
[Au(C3S5)5]"- (n < 1) complexes. |5

Electrical conductivitics of the [M(C3S5)317- (M = V, Nb; n < 1) complexes
measured for compacted pellets at 25 °C, together with those of [NBu4]2[V(C3S5)3]
and [NBu"J[Nb(C3S5)3], arelisted in Table 1. Although the [NBu4]»[V(C3S3)3]
and [NBu"}][Nb(C3S 5)3] are esscntially an insulator, their oxidized complexes exhibit
appreciable increcasc in the conductivities and the oxidized vanadium complexes behave
as semiconductors in the temperature range of -30 to 25°C. The clectron conduction of
these oxidized specics is likely to occur through conduction pathways constructed with
sulfur-sullur non-bonded contacts among the C3S5-ligands, as obscrved for the crystal
structure of [NMP]g[V(C385)3].4 The TTF-+ radical cation complex behaves as a
good clectrical conductor.  This scems to come from electron-conduction  pathways
constructed with S-S contacts among the TTF/TTF+ and the oxidized [V(C3S5)3]1
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TABLE I Elcctrical conductivitics (¢0) of the [M(C3S5)3]
(M = V and Nb) anion complexes measurcd for compacted

pellets at 25°C.

Compiex o/Scm-! Lit
[NBuf4]»[V(C3S5)3] 4.5x10-10 3
[Fe(C5Hs)21[V(C3S5)3] 1.2x10-5 8
[Fe(MeCsHg)al[V(C3Ss5)3]  2.5x 106 8
[Ni(CsHs)21[V(C385)3] 4.7x 10+ 8
[NMP]5[V(C3S5)3] 2.8x105 3
[TTF5[V(C3S5)3] 1.0x 102 3
[NBun4}[Nb(C385)3] 7.5x10-8  This work
[NBun]g 05[NB(C3S5)3] 2.4x 105 This work
[TTFJ[Nb(C3S5)3] 6.1x10:6  This work

moictics. The crystal structure of [BEDT-TTF3[V(C3Ss)3l» (BEDT-TTF =
bis(ethylencdithio)tetrathiafulvalene) prepared by the clectrolysis was reported to reveal
more cffective molecular interaction networks for the electron-conduction constructed
with short S-S contacts within the BEDT-TTF stacks and among the C3Ss-ligands and
C3Ss-ligand-BEDT-TTF. This results in a high conductivity (ogr = 3 S cm'1) of this
complex. 16

Table 2 summarizes electrical conductivities of the oxidized [M(C3S5)3]" (M = Mo,
W, Re;n < 1) complexes measured for compacted pellets at room temperature, together
with those of [M(C3SS)3]2' (M = Mo and W) and [Re(C3S5)3]- complexes. One-
electron-oxidized [M(G3Ss5)3] (M = Mo and W) complexes exhibit raised
conductivitics (10-+ - 105 S ecm-!).  The clectron-conduction pathways come from
molecular interactions through some S-S contacts, as observed for the crystal structure
of [Fe(CsMces)2lIW(C3S5)3]. Some further oxidized complexes and the [Re-
(C3S5)31% (n = 0.05 and 0.1) complexes behave as good clectrical conductors with
high conductivities (1.1 x 10-1 - 3.3 x 103 S cm-!). Although crystal structures of
them have not yet clarificd, morc cffective molecular packings affording higher
conductivitics are expected in spitc of the bulky anion geometrics. The [M(C3S5)3]3-
(M = Mo and W) anion complecxes can be (urther oxidized beyond the onc-clectron
oxidized state to become good clectrical conductors with more cffective interligand S-S
contacts for the electrical conduction.
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TABLE 2 Electrical conductivitics (o) of [M(C3S3)3] (M = Mo, W, and Rc)
anion complexes measured for compacted pellets at room temperature.

Complex alSceml Oxidant Lit.
[NBuny]5[Mo(C3S5)3] 3.0x 108 5
[NBuP ]2[W(C3S5)3] 6.0x 108 5
[NBun4}[Re(C3S35)3] 1.8x 108 6
[Fe(CsMe3)a lIMo(C3S5)3] x4 [Fe(C5Me3)-1[BFy] 5
[Fe(CsMes)a lIW(C3Ss)3] 6.0x 105 [Fe(CsMes)»lIBFy] 5
[NBuy]g 3/MK(C3S5)3] 1.5x 10! I 4
[INBu",lg 15IW(C3S5)3] 1.3x103 I» 5
[NBu"4lo 4IM(C3S5)3] 6.1x10%  [Fe(CsHs)21IPFgl 5
[NBum4}o 3[W(C3S35)3] 3.3x103 [Fe(CsHs)»)[PFg] 5
[NBu",]p 05[M(C3S5)3] 4.2x10-2 [TTFI3{BF4l> 5
[NBun,]g »[W(C3S5)3] 1.1x 1073 [TTFI3(BF4l, 5
[NBun4]g gIM(C3S 5] 1.6 x 10-7 Electrolysis 5
[NBuy]q 3] W(C385)3] 1.1x102 Electrolysis 5
[NBun,] 5/Rc(C3S5)3] 2.2x 102 I» 6
[NBuM,]g 1[Re(C3S5)3] 4.6x 103 [Fe(CsHs)»11PFgl 6
CONCLUSION

Bulky [M(C3S35)3]*-type (M= Nband Re, n = 1; M=V, Mo and W, n = 2) anion
complexes having non-planar distorted octahedral or trigonal prismatic geometrics
around thc metal ions arc oxidized at low potentials.  The oxidized C3S5-metal
complexes exhibit more cffective molecular interactions due to  the S-S non-bonded
contacts, which act as clectron-conduction nctworks. Thus, they exhibit raised clectrical
conductivitics and some of them behave as good electrical conductors with high
conductivitics because of morc effective clectron-conduction pathways constructed with
S-S contacts of the ligands even if they have bulky geometries around the metal ions.
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