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BhstracL Scwa l  [M(C3S5)3ln- (M = V(IV), Mo(IV), W(IV); n = 2 and M = 
Nb(V), Rc(V); n = 1) anion complcscs wcrc prepared. They exhibited low 
osidation potentials of +O. 145 - +0.76 V us. SCE. They were oxidized by 
reactions with iodine, [Fe(C5Mcs)?]+, [Fe(C5H5)2]+, and the 'TTF.+ radial 
cation, as well as the electrolysis, in organic solvents to afford oxidized 
[M(C3Sg)3Im- (0 < m c 1) species having electrical conductivities of 6.0 xlO-5 - 
1.5 x 10-1 S cm-1 mcasured for compacted pellets at room tempcrature. X-ray 
crystal structurcs of thc [M(C3Sg)3]?- (M = Mo, W) complexes and the onc- 
electron-oxidized [M(C3Sg)3]- (M = V, W) species as well as ESR and X-ray 
photoelectron spcctra of thc o.tidi;r.cd spccics are discussed. 

Keywords: Dirhwlrte, C3S5 meld complex, structure, electrical conductivity 

Mctal complcvcs with sulfur-rich ligands havc attractcd much attcntion ;I$ clcctrically 
conducting molccular compounds. Ol;idized planar mctal complescs nith thc 4,5- 
disulfanyl-l,3-dithiolc-2-thionatc(2-) ligand (C3S57-) are known to bccomc good 
electrical conductors. 1-3 High clcctrical conductivities of thcm come from formation of 
effcctive clectron-conduction pathways constructcd with molccular interactions through 
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246 G.-E. MATSUBAYASHI et al. 

sulfur-sulfur non-bondcd contacts among the ligands in the solid state. 
Non-planar bulky molecules may bc often considcred to bc incffcctiw for heir 

molccular packings in thc crystals. Howcwr, C3Sg-mctal complcscs with bulky 
geomctrics are cspectcd to afford new types of molecular packing n4h S-S  interactions 
leading to tnm- or thrcc-dimcnsional clcctron-conduction pathwaj's in thcir osidizcd 
spccics. Wc havc prepared scvcral [M(C3S5)3]"- (M = V(IV),I Mo(IV),5.6 W(IV)7; n 
= 2 and M = Nb(V), Rc(V)'; n = 1)  anion complcscs and haw obscnped nised clcctrical 
conducti\.itics for thcir osidi7cd spccics.4-8 In this paper, prcparations of thc osidizcd 
[M(C3Sg)3]m- (0 < m < 1) anion complcscs, structurcs of somc species, thcir ESR and 
X-ray photoelcctron spectra and electrical conductivities are described. 

A reaction of VC13 or RcCIj with [NBu1'~]z[Zn(C3S5)2] in methanol or cthanol gavc 
[ N B U ~ J ] ? [ V ( C ~ S ~ ) ~ ]  or [NBun4][Rc(C3S5)3], whilc a reaction of VC13 or ReC15 with 
Na2C3S5 in mcthanol affordcd mainly [VO(C3S5)2]2- or [ReqC3Sg)2]- anion 
c o m p l e ~ e s . ~ . ~  [NBu"l][Nb(C3S5)3] wils obtained by a reaction of NbCl5 with 
NazC3Sg in methanol in the presence of NBunlBr, while NbC15 reacted with 
[ N B u ~ J ] ~ [ Z ~ ( C ~ S ~ ) ~ ]  in acetonitrilc to give the dinuclear complex, [NBun&- 
[ N ~ ( S ~ ) Z ( C ~ S ~ ) ~ I . *  A reaction of WCIG with N2CjSg in cthanol in the presence 
of NBunjBr yielded [NBunq]2[W(C3S5)3]. A similar reaction of MoCl5 with 
Na2C3S5 in mcthanol yicldcd [NBun~]2[Mo(C3S5)3] in a low yield, togethcr with a 
large amount of "Bun& [ MoO(C3 S S ) ~ ]  .596 

Reactions of I N B u ~ ~ ] ~ [ M ( C ~ S ~ ) ~ I  with [Fe(CgMe5)2][BFq] in acetonitrile afforded 
[ F c ( C ~ M C ~ ) ~ ] [ M ( C ~ S _ S ) ~ ]  a~ dark blue and black cr~stals for M = W and Mo, 
respectively. Reactions of [NBun&[M(C3S5)3] with iodine, [Fe(CgHg)2][PFg] or 
[TTF]3 [BF& (?TF.+ = the tetrathiafulvalenium radical cation) afforded black 
microcrystals of [NBu"&[M(C3S5)3] (M = W and Mo; x = 0.05 - 0.4). Controlled- 
current electrolysis of a dichloromcthanc or an acetonitrile solution containing 
[NBun&[M(C3S5)3] (M = W or Mo) and [NBu"j][ClOq] as an clcctrolyte yicldcd 
black microcqstals of [NBun4]0.3[W(C3S&] and [NBunj]o.8[Mo(C3Sj)3], 
respectively. Thc osidized molybdenum- and tungsten-complexes which wcre 
obtained by reactions with various osidants and by the clcctrolysis are listed in Table 2 
for the electrical conductivities (sec bclow). 

The [V(C3S5)3I7'- anion complex was osidizd by the N-methylphcnazinium cation 
(NMP+) to afford [NMP]2[V(C3S5)3] containing the onc-clectron-osidized [V- 
(C3Sg)3]- anion and moieties of thc NMP. radical / the N W  wtion.4 A rcaction or 
the [V(C3Sg)3]?- anion complcs with [TTF]3[BF4]2 in acetonitrile affordcd [TTF]2- 
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BULKY [M(C3S5)3]-TYPE ANION COMPLEXES 247 

[V(C3S5)3] having moieties of ncutral TTF / the ?TF.+ radical cation and the [V- 
(C3S5)3]- an1on.l The [V(C3Sg)312- complcx was react4 with [Fc(CgHg)?][PFg] in 
acctonitrilc to give [ F C ( C ~ H ~ ) ? ] [ V ( C ~ S ~ ) ~ ]  (the onc-electron-oxidid spccics). 
Similarly, a rcaction of thc complcx with [FC(C~H~MC)~][PF~],  [Fc(cgMe5)2][PF~] or 
[ N i(CgH+] [ PF6l in acctoni trilc afforded [ Fc( CgHjMc)2] - , [ Fe( CgMeg)2] - and 
[Ni(CgH+]( V(C3Sj)3]. Thcsc osidizcd compleses contain the one-electron- 
oxidized [V(C3Sg)3]- anion. 

aidation of the [Re(C3Sg)3]- anion complcx by iodine or [Fe(CgHg)2][PFg] in 
dichloromcthane afforded essentially one-electron-oxidized [Re(C3S5)3]"- (n = 0.05 
and 0.1) s p ~ c i c s . ~  [NBunq][Nb(C3S5)3] was also oxidized by the [Fe(CsH5)2]+ 
cation in acctonitrilc or the lTF.+ radical cation in acetone to afford [NBu"4]0,05- 
[Nb(C3Sg)-j] and [TTF][Nb(C3Sg)31, which were identified by clemental (C,H and N) 
analyses . 

Cyclic voltammograms, lo electronic absorption, ESR and X-ray photoelectron 
spectra6 wcrc mmured, as dcscribed previously. Electrical conductivities of the 
complexes wcrc mcasured for the compacted pellets by the conventional two-probe 
method. 1 1 

The [M(C3S5)3]n--type anions (n = 1 ,  M = N b  and Re; n = 2, M = V, Mo and W) are 
likely to have distorted octahedral or trigonal prismatic geometry around thc metal ion. 
Figure 1 illustrates the molecular structure of the anion of [NBLP&[W(C~S~)~] .~ The 
structure of the anion indicates three C3S5 ligands coordinated to the metal ion. The S3 
(coordinated sulfur atoms) trianglcs arc twisted with respect to each othcr by an avcragc 

FIGURE 1 Molccular gcomctry of the 
anion of [NBun.t1?[W(C$3g)j1 togcthcr 
wi th  thc atom-labcling schcmc. 
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248 G.-E. MATSUBAYASHI et al. 

0 
-5.0' ' I ' '  * ' I * I 3 I 

-1 .o -0.5 

V vs. SCE 

FIGURE 2 Cyclic voltiimrnograrn of I N B U I ~ ~ ~ [ N ~ ( C ~ S $ ~ ]  ( 1 . 0  s 10-3 mol dm-3) 
in dichloromcthanc; 0.1 mol dni-3 fNBul1AllC1041, swccp ratc 100 mV s- 1 .  

of 16°(t\~.ist angle, +), assuming a distorlcd trigonal prismatic coordination around 
thc mclal ion. This is \'cry close to that of [NBunj]~[Mo(C3S5)3] (average I+ = 1 lo). 
There arc no significant closc atom-atom contacts among cationlanions for these 
complcses. 

The cyclic volkunmogram of [NBu"~l[Nb(C3S5)3] in dichloromethane is shown in 
Fig. 2. The [Nb(C3Sg)3]- anion is irreversibly oxidized at +0.24 V vs. SCE, whereas 
the quasi-reversible [Nb(C3Sg)3]2-/[Nb(C3Sg)3]- redos wave is obscwcd at -0.80 V 
vs. SCE The [Re(C3S5)3]- anion is also irreversibly oxidized at +0.76 V vs. SCE in 
dichloromerhane.7 On the other hand. the [Mo(C3S5h]*- and [W-(C3S5)3]?-- anions 
are stably osidized at lowcr potentials; rcversible [M(C3S5)3]2-/[M(C3S5)3]- rcdos 
wavcs arc obscnd at +O. 145 and +O. 185 V vs.  SCE and rcvcrsible [M(C3Sj)3]-/ 
[M(C3Sg)3Io rcdos wavcs at +0.38 and +0.325 V 17s. SCE in dimcthylformamide, 
respectively. 6 Thc rcversi blc [ V( C3 Sj) j ]  ?- I [  V( C3 S5)3 ] - and [ V( C3 S5)3 I-/[ V- 
(C3Sg)3]0 rcdos proccsscs also occur at +O. 15 and +0.65 V vs. SCE in acctonitrilc.4 

Since thcsc [M(C3Sg)3]-typc anion complcses haw low oxidation potcnials, 
reactions of them aeith some osidants afford osidizcd spccics. Reactions of the 
[M(C3S5)3]?- (M = V, Mo and W) complexes with the [Fe(CgMc+]+ cation givc onc- 
e1ectron-osidim.I spccics [Fe(CgMc+][M(C3S5)3]. Chidation of these complcscs 
with iodinc, thc [Fc(CsH5)2]+ cation or the 'ITF.+ radial cation leads to furthcr 
osidi7d [M(C+j)3]"- (n < 1) sp i e s .  midation of thc [M(CgS5)3]- (M = Nb and 
Re) anions \\,ilh iodinc or the [Fc(CsHj)2]+ cation yiclds csscntiall!. onc-clcctron- 
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BULKY IM(C3S5)3]-TYPE ANION COMPLEXES 249 

osidizcd [M(C3Sg)3In- (n - 0) spccics. 
Crysd struclurcs for the following onc-clcctron-oxidized [M(C3S5)3]- (M = W and 

V) complcscs have bccn clarified. Figurc 3 shows the gcometry of he anion of 
[ F ~ ( C + ~ C ~ ) ? ] [ W ( C ~ S ~ ) ~ I  and thc packing diagram of the anion moieties.6 The anion 
with a ws6 corc (Lssumcs a regular trigond prismatic geomelry (the s-w-s twist angle, 
O ” ) ,  which rcscmblcs thosc of [Mo(S~C?H2)3]0 12 and [Mo(S2C6H4)3]0 species. 13 
The S (  1)-S(5) and the S(6)-S( 10) ligand plancs are almost straight cstcnded outside 
from the ccntcr of the core, while the S(l I)-S( 15) plane is causcd appreciably bent on 
thc S(  11) and S (  15) atoms. This is causcd by the intermolccular, non-bonded S-S 
contacts of this ligand moicty through thc S( 1 1) and S( 14) atoms forming an intcnction 
chain of thc anion. Thc packing diagram of thc anions exhibits some intcrrnolecular S-S 
non-bonded contacts (< 3.7 A, dashcd lincs). Onc-dimensional molecular interaction 
among thc anions is dcduccd in spitc of thc bulky gcometry of the anion. In thc crystal 
structure of [NMP]?[ V( C3 S5)3 1 containing the onc-clectron-osidizcd [ V( C3 S5)3 1- 
anion, a two-dimensional molecular intcraction through S-S non-bondcd contacts (< 3.7 
1) is obscncd among the osidizcd C3Sj-ligands of the anion moicties.4 Thc 
[V(C3Sj)3]- anion msumcs a distortcd wtahcdral gcomctry for thc V q  corc. Thcsc 
molecular intcractions through thc S-S contacts lcad to clcctron-conduction pathways for 
thesc osidizcd cornplcscs. 

The prcscnce of onc-clectron-osidi7.Cd [W(C3Sg)3]- spccics in [Fc(CgMeg)?]- 
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250 G.-E. MATSUBAYASHI er (11. 

[Mo(C3Ss)3] is shown in an intcnsc ESR signal (g = 1.988) in solution and a broad 
signal ( g  = 2.0) in thc solid s tz~tc .~  Thc broad pwdcr  ESR signal (thc pcak-to-peak 
lincwidth = 90 mT) is likcly causcd by thc above-mcntioncd molccular intcraction of the 
pararnagnctic anion spccics through S-S non-bondcd contacts. This is also thc samc for 
the p n d c r  Es R signal of [Fe(Cg Mcg )? 1 I M C 3  Sg )3 1. [ N Bu n ~ l ~ . ~ s  [ N b( C3 Sg 13 1 
also giiw a broad signal ( g  = 2.01 I ,  thc linctvidth = 25 mT), shon.ing somc interactions 
of thc pararnagnctic ouidi7cd spccics. Thc [Rc(CgSj)3]"- (n = 0.05 and 0.1) complcrcs 
cshibit a rathcr sharp, approsimatcly isotropic powdcr ESR signals (g = 2.013, thc 
lincwidth = 7.4 mT).7 The [M(C3Sg)3]n- (M = Mo and W; n < 1) complexes also 
show sharp pan-dcr ESR signals (g = I.!%& thc lincwidth = 1.5 mT). Thcsc 
complcxcs arc csscntially ~o-clcctron-ouidi7.cd spccics, containing a small amount of 
thc pararnagnctic [M(C3Sg)3]- anion. Thc onc-clcctron-osidizcd anion moictics arc 
surrounded by thc diamagnetic [M(C3Sg)3]O spccics, which rcscmblcs thc situation of 
thc [M(C3Sg)j]- anion in solution.6 

Thc valcncc statcs of thc mctal atoms of thc osidizcd CjS5-mctal complcscs can bc 
deduced from binding cncrgies of clcctrons of thc m c d  atom dctcrmincd by X-ray 
photoclcctron spcctra. Thc binding cncrgy of V 2p3n clcctrons of [NBu*I&- 
[V(C3Sg)3] is 523.3 cV, whilc some onc-clcctron-osidizcd [V(C3Sg)3]- complescs 
eshibit binding cncrgics of 523.2 - 523.7 cV.49 Thcsc findings indicatc that thc V(IV) 
stab remains upon thc oxidation of thcsc complcxcs bccausc of the ligand-ccntcrcd 
oxidation. For thc osidi7nl [Rc(C3Sg)3]n- (n = 0.05 and 0.1) complcscs thc binding 
energies of Rc 4f clcctrons are also closc to thosc of the [Re(C3Sg)3]- complcr.7 This 
is also thc same for thc binding cncrgics of Nb 36 clectrons of the [Nb(C3Sg)3]0.05- 
and [Nb(C3Sj)3]- complcscs. Thus, thc o d i z e d  specics is considcrcd to have thc 
Re(V) and Nb(V) states togcthcr with thc osidizcd C3Sj-ligands. Thc ligand-ccntcrcd 
oxidation ~vas also deduced bascd on X-ray photoclcctron spcctra for thc partially 
osidizcd [M(C3S+]m- (M = Ni, Pd and Pt; m < 2), 14 [Fe(C3Sg)2]n- 10 and 
[Au(C3S+]n- (n < 1) complcses. 15 

Electrical conductivitics of thc [M(C3Sg)3]n- (M = V, Nb; n s 1) complcxcs 
measured for compacted pellets at 25 OC, togcthcr with thosc of [NBunl]2[V(C3Sj)3] 
and [NBun~][Nb(C3Ss)3]. arc listcd in Tablc 1. Although thc [NBun4]z[V(C3Sg)3] 
and [NBu"4][Nb(C3Sj)3] me csscntially an insulator, their osidizcd cornplcxcs cshibit 
appreciablc incrcasc in the conductivitics and thc osidizcd vanadium complcses behaw 
as semiconductors in thc tcmpcraturc nngc of -30 to 25 'C. The clcctron conduction of 
thcsc osidi7.cd specics is likely to occur through conduction pathways constructed with 
sulfur-sulfur non-bonded contacts among thc C3Sg-ligands, as obscrvcd for thc crystal 
structure of [NMP]z[V(C3S.$31.4 Thc lTF.+ radical cation complex bchavcs as a 
good clcctrical condiictor. This sccms to comc from electron-conduction pathways 
constructed with S-S contacts among the TTFmF.+ and thc oxidijrcd [V(C3Sg)3]- 
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BULKY [M(C3S5)3]-TYPE ANION COMPLEXES 25 1 

TABLE I 
(M = V and Nb) anion complexes mcasurcd for compacted 
pellets at 25°C. 

Electrical conductivitics ((7) of thc [M(C3Sg)3] 

Complex a/ s cm-1 Lat 

moictics. Thc crystal structurc of IBEDT-TTF]~[V(C~SS)~]~  (BEDT-lTF = 
bis(cth~lcncdirhio)tctrathiaful\.alcnc) prcparcd by thc clcctrolysis was rcportcd to rcvcal 
more cffccti\.c molccular intcnction nctworks fur the electron-conduction constructcd 
with short S - S  contacts within thc BEDT-TTF stacks and among the C3Sg-hgands and 
C3Sj-ligand-BEDT-TF. This rcsults in a high conductivity   IT = 3 S cm-1) of this 
complcs. 16 

Tablc 2 summari;rcs clcctrid conductivitics of the oxidized [M(C3S5)3]"- (M = MO, 
W, Re; n c 1) complcxes measurcd for compacted pellets at room temperature, togcthcr 
with those of [M(C3S5)3]*- (M = Mo and W) and [Rc(C3Sg)3]- complexes. One- 
elcctron-osidizcd [M(C3Sg)3]- (M = Mo and W) cornplcscs eshibit raised 
conductivitics (10-4 - 105 S cm-I). Thc clcctron-conduction pathways comc from 
molccular intcnctions through somc S - S  contact.., as obsemd for thc crystal structure 
of [Fc(CjMcj)l][W(CgSj)3]. Somc furrthcr osidizcd complcses and the [Rc- 
(C3Sg)3]"- (n = 0.05 and 0.1) complcws bchavc as good clcctrical conductors with 
high conductivitics ( I .  1 s 10-1 - 3.3 s lo3 S cm-1). Although crystal structurcs of 
thcm have not yet clarified, morc cffcctive molccular packings affording highcr 
conductividcs arc eTpcctcd in spitc of the bulky anion geometrics. Thc [M(C3S_i)3]2- 
(M = Mo and W) anion complcxes can bc further oxidized bcyond the onc-clcctron 
oxidizcd statc to bccomc good clcctriwl conductors with morc cffcctive intcrligmd S - S  
contacts for thc clcctrical conduction. 
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252 G.-E. MATSUBAYASHI ('I a/. 

TABLE 2 Elcctrical conductivilics (0) of [M(C3Sg)3] (M = Mo, W, and Rc) 
anion complcws mcasurcd for compactcd pcllcis at room tcmpcnturc. 

Cornplcx < T I  S cm-1 a i d a n t  Lit. 

3.0Y 10-8 
6 . O Y  10-8 

1 . 8 Y  10-8 
I .  1 \ 10-4 

6.0Y 10-5 
1.s.i 10-1 

1.3 Y 10-3 

6. I Y 10-3 

3 .3  Y 10-3 
4.2 Y 10-3- 
1 . 1  110-3 

1.6 10-7 
1 . 1  Y 10-7 
2.2 Y 10-3 
4.61 10-3 

5 
5 
6 
5 
5 
4 
5 
5 
5 
5 
5 
5 
5 
6 
6 

Bulky [M(C3Sg)3]n--typc (M = Nb and Rc, n = 1; M =  V, Mo and W, n = 2) anion 
complcscs having non-planar distortcd octahcdral or trigonal piismatic geomctrics 
around thc metal ions arc osidi7d at low pokntials. Thc osidizcd C3Sg-mctal 
complcses cshibit morc cffcctivc molcciilar intcractions due to thc S-S non-bondcd 
contacts, which act as clcctron-conduction ncltvorks. Thus, lhcy cxhibit raiscd electrical 
conductivities and somc of lhcm bcha\.e as p o d  clcctrical conductors with high 
conducti\.iIics bccausc of morc cffccli\.c clcctron-conduction pathways constructcd with 
S-S contacts of thc ligands even if  thcy ha\.c bulky gcomctrics around thc mckl ions. 
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