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Abstract

[NMey][Au(PEt;)(C3Ss)],  [NMes][Au(PPhs)(C3Ss)l,  [NMes][Au(PEt;)(CsH4Sg)],  [N-methylpyridinium][Au(PPh;)(CsH4Ss)],
[(PEt3)Au—C;3Ss—Au(PEt;)], and [(PEt;)Au-CgH,;Ss—Au(PEt;3)] [C3s§* =4,5-disulfanyl-1,3-dithiole-2-thionate(2—); CgH4S3™ =2-
{(4,5-ethylenedithio)-1,3-dithiole-2-ylidene}-1,3-dithiole-4,5-dithionate(2—)] were prepared. They exhibited first oxidation potentials
due to the dithiolate ligand-centered oxidation at —0.30 to +0.21 V (vs. Ag/Ag") in dichloromethane. They were reacted with iodine
or 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) to afford one-electron-oxidized species [Au(PEt3)(CgH4Sg)] and [(L)Au—-CgH4Sg—
Au(L)(TCNQ)10.1.1, (L=PEt; and PPh3) and further-electron-oxidized species [Au(PEt3;)(S-S)|I33.57, [Au(PPh3)(S-S)]112 13,
[(PEt3)Au—(S-S)-Au(PEt;)]l53.55 (S-S :CgS%f and C8H4S§*) and [(PPh;)Au-CgH4Sg—Au(PPh;)]l;>. ESR spectra of the oxidized
species suggest the C3Ss and CgHySg ligand-centered oxidation. The oxidized CsH4Sg-complexes showed electrical conductivities of
107#-10~2 Scm~!' measured for compacted pellets at room temperature. X-ray crystal structures of [NMey][Au(PPhs)
(C3S5)|CH,Cl,, [(PEt;)Au—C;3Ss—Au(PEts)] and [(PEt;)Au-CgH4Ss—Au(PEt;)] were revealed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Many metal complexes with sulfur-rich dithiolate li-
gands, C3S2 [4,5-disulfanyl-1,3-dithiole-2-thionate(2-)]
(A) [1-4] and CgH4Si~ [2-{(4,5-ethylenedithio)-1,3-
dithiole-2-ylidene}-1,3-dithiole-4,5-dithionate(2—)] (B)
[4], have been studied extensively as good electrical
conductors including some superconductors. The latter
dithiolate ligand having more sulfur atoms as a further
extended m-electron system forms a stable oxidized state,
and even bulky metal complexes with this ligand
construct good electron-conduction pathways through
many non-bonded S-S contacts in the solid state
[4-7].
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Gold(IIT) complexes with the sulfur-rich dithiolate
ligands having a planar geometry behave as good elec-
trical conductors [8-12]. On the other hand, gold(I)
complexes with dithiolate ligands are known to have
two- and/or three-coordinate geometries, together with
further Au-S and Au-Au interactions [13—15], and some
complexes with the C;Ss ligand were prepared and
structurally studied [16-18]. However, the oxidized
species of the sulfur-rich dithiolate gold(I) complexes
have not been fully studied. Thus, gold(I) complexes
with the CgH4Sg ligand are expected to afford good
electrical conductors having unique molecular interac-
tions and packings in the solid state.

* *Corresponding author. Tel: +81-6-6850-5769; fax: +81-6-6850- This paper reports preparations of anionic complexes
5785. of the [Au(PR3)(CgH4Sg)]” type and neutral dinuclear
E-mail address: matsu@ch.wani.osaka-u.ac.jp (G. Matsubayashi). species [Au(PR3)-CgH4Sg—Au(PR3)] (R =Et and Ph) as
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well as the corresponding C3;Ss-complexes, and their
oxidation and electrical conductivities of the oxidized
species. The crystal structures of [NMe4][Au(PPh3)-
(C3S5)], [(PEt3)Au-C3Ss—Au(PEt;)] and [(PEt;)Au—
CgH4Sg—Au(PEt;)] are also described.

2. Experimental
2.1. Materials

4,5-Bis(cyanoethylthio)-1,3-dithiole-2-thione, C5Ss-
(CH,CH,CN);, [19], and 4,5-bis-(cyanoethylthio)-1,3-
dithiole-2-[(4,5-ethylenedithio)-1,3-dithiole-2-ylidene],
CsH4Sg(CH,CH,CN), [20-22], as pro-ligand com-
pounds of C3S2~ and CsH4SZ™ dithiolates, were pre-
pared according to the literatures. (Triethylphosphine)
chlorogold(I), (triphenylphosphine)chlorogold(I) [AuCl-
(PR3)] (R=Et and Ph), and 7,7,8,8-tetracyano-p-
quinodimethane (TCNQ) were commercially available.

2.2. Preparations of [NMe,][Au(PR;)(C;Ss)] [R=Et
(1) and Ph (2)]

All the following reactions were performed under an
argon atmosphere. To an ethanol (30 cm?) solution of
C3S5(CH,CH,CN); (280 mg, 0.90 mmol) was added with
vigorous stirring a methanol (3.6 g, 25 wt%) solution
containing NMe4OH (900 mg, 9.8 mmol) and the solu-
tion was stirred for 15 min. To the solution was added
with stirring a methanol (20 cm?) solution of AuCI(PEt3)
(350 mg, 0.98 mmol) and the solution was stirred for 30
min at room temperature. The resulting red solids of 1
were collected by filtration, washed with methanol, and
dried in vacuo (60% yield). Anal. Calc. for
Ci13HoAuNPSs: C, 26.66; H, 4.65; N, 2.39. Found: C,
26.19; H, 4.37; N, 2.58%. '"H NMR (in CDCl;): 6 3.21
(12H, s, NMe}), 1.77 (6H, m, CH»), 1.20 (9H, m, CH3).

Similarly, an ethanol (30 cm?) solution of [NMey],-
[C5Ss] prepared by the reaction of C3S5(CH,;CH,CN),
(280 mg, 0.90 mmol) with NMe4OH (900 mg, 9.8 mmol)
was reacted with a dichloromethane (20 cm?) solution of
AuCl(PPh3) (490 mg, 1.0 mmol) to yield red solids of 2
(60% yield). Anal. Calc. for CysHy;AuNPSs: C, 41.15;
H, 3.73; N, 1.92. Found: C, 40.95; H, 3.73; N, 2.02%. 'H
NMR (in DMSO-dg): 6 3.09 (12H, s, NMe; ), 7.52 (15H,
m, Ph). The complex was recrystallized from dichloro-
methane to afford orange plates of [NMey][Au(PPhj)-
(C585)]CH,Cl,, which were suitable for the X-ray crystal
structure analysis.

2.3. Preparations of [NMe,][Au(PEt;)(CsHySs)] (3)
and [ N-methylpyridinium ][ Au( PPh;)(CsHSs)] (4)

As described for the preparation of 1, an ethanol (30
cm?®) solution of [NMey],[CsH4Ss] prepared by the re-

action of CgH4Sg(CH,CH,CN), (460 mg, 1.0 mmol)
with NMesOH (900 mg, 9.8 mmol) was reacted with a
methanol (20 cm?) solution of AuCI(PEt3) (350 mg, 1.0
mmol) immediately to yield brown solids of 3 (70%
yield). Anal. Calc. for C;gH3; AuNPSs: C, 28.98; H, 4.19;
N, 1.88. Found: C, 28.75; H, 4.07; N, 2.05%. '"H NMR
(in DMSO-dg): 6 1.07 (9H, m, CH3), 1.68 (6H, m, CH»),
3.10 (12H, s, NMej), 3.25 (4H, s, CH»).

CgH4Sg(CH,;CH,CN), (460 mg, 1.0 mmol) was dis-
solved in an ethanol (30 cm?) solution containing Na
metal (73 mg, 3.1 mmol). To the resulting solution of
Na,[CgH4Sg] was added with stirring a dichloromethane
(10 cm?) solution of AuCI(PPhs) (490 mg, 1.0 mmol) and
N-methylpyridinium chloride (155 mg, 1.5 mmol), and
the solution was stirred for 30 min. A brown precipitate
of 4 obtained was collected by filtration, washed with
dichloromethane and methanol, and dried in vacuo (70%
yield). Anal. Calc. for C3Hy; AuNPSs: C, 42.23; H, 2.99;
N, 1.54. Found: C,41.12; H, 3.03; N, 1.64%. '"H NMR (in
DMSO-dg): ¢ 3.37 (3H, s, CH3), 7.50 (15H, m, Ph), 8.12
(2H, t, CH), 8.56 (1H, t, CH), 8.98 (2H, d, CH).

2.4. Preparation of [(PEt;) Au—C;Ss—Au(PEt;)] (5)

C3S5(CH,CH,CN), (300 mg, 1.0 mmol) was dis-
solved in an ethanol (30 cm?) solution containing so-
dium ethanolate (Na, 120 mg, 5.0 mmol). To the
resulting solution of Na,[C;Ss] was added with stirring a
methanol (15 cm?) solution of AuCI(PEt3) (700 mg, 2.0
mmol) and the solution was stirred for 30 min. The
orange precipitate of 5 obtained was collected by fil-
tration, washed with dichloromethane and methanol,
and dried in vacuo (60% yield). Anal. Calc. for
CisH30Au,P,Ss: C, 21.80; H,3.66. Found: C, 21.81; H,
3.47%. '"H NMR (in CDCl3): 6 1.22 (18H, m, CH3), 1.84
(12H, m, CH;). The complex was recrystallized from
dichloromethane to afford brown prisms of 5, which
were suitable for the X-ray analysis.

2.5.  Preparations of [(PR;)Au—CgH;Ss—Au(PR;)]
(R=Et (6) and Ph (7))

As described for the preparation of 5, an ethanol (30
cm?) solution of Na,[CsH,4Sg] prepared by the reaction of
CgH4Ss(CH,CH,CN), (460 mg, 1.0 mmol) with Na metal
(120 mg, 5.0 mmol) was reacted with a methanol (20 cm?)
solution of AuCI(PEt;) (700 mg, 2.0 mmol) to afford or-
ange solids of 6. They were collected by filtration, washed
with methanol, and dried in vacuo (70% yield). Anal. Calc.
for CyoH34Au,P,Sq: C, 24.34; H, 3.47. Found: C, 24.18;
H, 3.12%. '"H NMR (in CDCl3): § 1.22 (18H, m, CH3),
1.83 (12H, m, CH3), 3.26 (4H, s, CH,). The complex was
recrystallized from dichloromethane to afford orange
blocks of 6, which were suitable for the X-ray analysis.

Similarly, an ethanol (30 cm?®) solution of Nas-
[CsH4Sg] prepared by the reaction of CgHySg
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(CH,CH,CN); (460 mg, 1.0 mmol) with Na metal (120
mg, 5.0 mmol) was reacted with a dichloromethane (10
cm?) solution of AuCI(PPh;) (980 mg, 2.0 mmol) to give
yellow solids of 7. They were collected by filtration,
washed with ethanol, and dried in vacuo (75% yield).
Anal. Calc. for CyuHsAuPrSg: C, 41.44; H, 2.69.
Found: C, 41.18; H, 2.59%. '"H NMR (in DMSO-dg): 6
3.28 (4H, s, CH»), 7.43 (30H, m, Ph).

2.6. Preparations of the oxidized species (8—11) of 14

To a dichloromethane (30 cm?) solution of 1 (60 mg,
0.10 mmol) was added with stirring a dichloromethane
(20 cm?) solution of iodine (130 mg, 0.50 mmol) at room
temperature, immediately affording black microcrystals
of [Au(PEt3)(C3Ss)]I53 (8). They were collected by fil-
tration, washed with dichloromethane, and dried in
vacuo (50% yield). Anal. Calc. for CoH sAuls3Ss: C,
11.62; H, 1.63. Found: C, 11.68; H, 1.90%.

Similarly, to dichloromethane (30 cm?) solutions of 2,
3, and 4 (0.10 mmol) was added with stirring a dichlo-
romethane (20 cm?®) solution of iodine (130 mg, 0.50
mmol) at room temperature, immediately affording black
microcrystals of [Au(PPh3)(C;Ss5)|113 (9), [Au(PEts)-
(CsH4Sg)]Is1 (10), and [Au(PPh;)(CsHaSs)]Lia (11), re-
spectively. They were collected by filtration, washed with
dichloromethane, and dried in vacuo (55%, 50% and 60%
yields). Anal. Calc. for CyHsAul13PSs (9): C, 11.01; H,
0.66. Found: C, 11.06; H, 0.46%. Anal. Calc. for
CisH9Auls  PSg (10): C, 12.75; H, 1.45. Found: C, 12.78;
H, 1.12%. Anal. Calc. for CysHj9Aul;,PSg (11): C, 13.35;
H, 0.82. Found: C, 13.47; H, 0.88%.

2.7. Preparations of the oxidized species (12-14) of 5-7

As described for the oxidized species 8, to dichlo-
romethane (30 cm?) solutions of 5, 6 and 7 (0.10 mmol)
was added with stirring a dichloromethane (20 cm?)
solution of iodine (130 mg, 0.50 mmol) at room tem-
perature, immediately affording black microcrystals of
[(PEt3)Au—C;3Ss—Au(PEt;)]I53 (12), [(PEt;)Au-CgH4Sg—
Au(PEt3)]I5'5 (13), and [(PPh3)Au7C8H4ngAuf
(PPh3)]I;» (14), respectively. They were collected by
filtration, washed with dichloromethane, and dried in
vacuo (50%, 60% and 65% yields). Anal. Calc. for
C]5H30AUQI3A3P285 (12) C, 1447, H, 2.43. Found: C,
1454, H, 2.16%. Anal. Calc. for C20H34AU215A7P238 (13)
C, 14.05; H, 2.00. Found: C, 14.00; H, 1.65%. Anal.
Calc. for C44H34AL12112P258 (14)3 C, 18.89; H, 1.22.
Found: C, 18.70; H, 1.20%.

2.8. Preparations of the one-electron-oxidized species
(15-17) of 3, 6 and 7

To an acetonitrile (30 cm?) solution of 3 (75 mg, 0.10
mmol) was added with stirring an acetonitrile (20 cm?)

solution of TCNQ (20 mg, 0.10 mmol) at room tem-
perature, immediately affording black microcrystals of
[Au(PEt;)(CsHySs)] (15). They were collected by filtra-
tion, washed with acetonitrile, and dried in vacuo (60%
yield). Anal. Calc. for Ci4H9AuPSg: C, 25.03; H, 2.85.
Found: C, 24.58; H, 2.55%.

To dichloromethane (30 cm?) solutions of 6 and 7 (100
and 130 mg, respectively, 0.10 mmol) was added with
stirring a dichloromethane (20 cm?) solution of TCNQ
(20 mg, 0.10 mmol) at room temperature. The solutions
were added to dichloromethane (300 cm?) and the re-
sulting solutions were filtered through a silica gel column,
which were eluted by acetonitrile. Concentration of the
filtrates afforded black microcrystals of [(PEt;)Au—
CgH4Sg—Au(PEt)(TCNQ); 9 (16) and [(PPh3)Au-
CgH4Sg—Au(PPh3)](TCNQ);; (17), respectively, which
were washed with dichloromethane, collected by filtra-
tion, and dried in vacuo (50% and 60% yields, respec-
tively). Anal. Calc. for C3;H3gAuy,NyP,Sg (16): C, 32.28;
H, 3.22; N, 4.92. Found: C, 31.83; H, 3.21; N, 4.94%.
Anal. Calc. for C57_2H3g_4All2N4_4P288 (17) C, 4580, H,
2.58; N, 4.11. Found: C, 46.40; H, 3.00; N, 4.49%.

2.9. Physical measurements

IR, electronic absorption, ESR [23] and powder reflec-
tance spectra [24] were recorded as described previously.
"H NMR and Raman spectra were also measured as
measured previously [25]. Cyclic voltammograms of the
complexes in dichloromethane were measured using
[NBu4][ClO4] as an electrolyte [26]. Electrical resistivities of
the complexes were measured for compacted pellets by the
conventional two-probe method at room temperature [26].

2.10. Crystal structure determination of [NMe,]-
[Au(PPh;)(C;Ss) JCH,ClL, (2), [(PEt;)Au—C;Ss—Au
(PEt;)] (5) and [(PEt;) Au-CsH;Ss—Au( PEt;)] (6)

Intensity data were collected on a Rigaku RAXIS-
RAPID imaging plate diffractometer at the Graduate
School of Science, Osaka University, with graphite-
monochromated Mo Ko radiation (4 =0.71069 A).
Crystal data and details of measurements for complexes 2,
5 and 6 are summarized in Table 1. For the data collection
up to 20 = 55.0°, two sets of exposures (¢ = 0.0°, y =
45.0° and w = 130.0-190.0°; ¢ = 180.0°, y = 45.0° and
o = 0.0-160.0°) were measured by scans of 3° in w for 2
and 2° in o for 5 and 6. The intensity data were processed
using the PROCESS-AUTO program package and cor-
rected for Lorentz and polarization effects as well as ab-
sorption by Higashi method [27] (transmission factors,
0.387-0.594 for 2, 0.170-0.779 for 5 and 0.232-352 for 6).
Cell constants were obtained by least-squares refinement
of 26241 (4.5° < 26 < 55.0°) for 2, 45086 (4.4° < 20 <
55.0°) for 5 and 40267 (3.3° < 20 < 54.9°) reflections
for 6.
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Table 1
Crystallographic data for [NMe4][Au(PPh3)(C3Ss)]CH,Cl, (2), [(PEt;)Au-CsSs—Au(PEt;3)] (5), and [(PEt;)Au-CsH4Ss—Au(PEts)] (6)
2 5 6

Empirical formula CzéHngUClzNPS5 C]5H30AU2P2S5 C20H34AUZP2S3
M 814.69 826.62 986.91
Crystal system monoclinic monoclinic monoclinic
Space group P2, /c P2y /a P2 /n
a (A) 17.8118(9) 13.7778(4) 13.1754(3)
b (A) 8.6513(4) 29.9154(8) 12.5040(3)
c (/C\) 20.6280(9) 13.4518(4) 18.9171(3)
() 93.077(2) 117.471(1) 104.731(1)
vV (A3) 3174.1(2) 4919.2(2) 3014.1(1)
VA 4 8 4
Deyre (gem™) 1.705 2.232 2.175
T (K) 296 223 283
u (mm™) 5.20 12.47 10.40
Reflection collected 14882 16761 13117
Independent reflections 7238 10734 6891
R, wR (all data) 0.048, 0.064 0.066, 0.091 0.032, 0.052

The structure was solved by direct methods using
SHELXS86 [28] or SIR92 [29] and refined on F? by the
full matrix least-squares technique with sHELXL97 [30].
The positions of other hydrogen atoms were geometri-
cally calculated and refined with isotropic thermal pa-
rameters riding on those of the parent atoms. For 6, all
three ethyl moieties of one PEt; ligand are disordered
over two sites for each ethyl group. Calculations were
performed on an SGI-O2 workstation at the Graduate
School of Science, Osaka University. Atomic scattering
factors were taken from the usual sources [31]. Figs. 1-3
were drawn with a local version of ORTEP II [32].

(a)

3. Results and discussion

3.1. Crystal structures of [NMe,][Au(PPh;)(C;Ss)]
CH,Cl, (2), [(PEt;)Au—C;Ss—Au(PEt;)] (5), and
[(PEt;) Au-CsH,Ss—Au( PEt;)] (6)

The molecular structure of the anion of complex 2
and the association of two anion moieties in the crystal
are shown in Fig. 1, together with the atom-labeling
scheme. Selected bond distances and angles of the anion
moiety are listed in Table 2. Au, P, S(1) and S(5) atoms
of the tri-coordinate anion moiety are almost coplanar

Fig. 1. (a)Geometry of the anion of [NMe4][Au(PPh;3)(C;3S5)JCH,Cl; (2) together with the atom-labeling scheme and (b) sulfur—sulfur contacts (<3.7 A)
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Fig. 2. Molecular structure of one molecule of two independent ones of
[(PEt3;)Au-C;3Ss—Au(PEt;3)] (5) with the atom-labeling scheme.

(£0.001 A). Au-S [2.4544(10) and 2.4315(9) A] and Au-
P distances [2.227(9) A], as well as the S(1)-Au-S(5)
angle [89.13(3)°] are very similar to those of the anion
moiety of [NBuj][Au(PPh3)(C3Ss)] [17]. In the present
complex, however, two anion moieties form a dimer
with S-S contacts: $(2)-S(2), 3.520(2) and S(2)-S(3'),
3.698(2) A. This is in contrast to the isolated anion
moiety of [NBuj][Au(PPh;)(CsSs)]. The small cation
moiety for the present complex may assist an effective
packing leading to the anion—anion association.

The crystal structure of 5 consists of two independent
molecules having almost the same geometries, and the
molecular structure of one of them is shown in Fig. 2,
together with the atom-labeling scheme. Since the ethyl
groups bonded to the P(2) atom of 6 are disordered in
two portions for each ethyl group. The molecular
structure of 6 with the ethyl groups in one portion is

(b) &

Fig. 3. (a) Molecular structure of [(PEt;)Au-CgH4Ss—Au(PEt3)] (6) with the atom-labeling scheme and (b) sulfur—sulfur contacts (<3.7 A) The Et
groups at P(2) are disordered over two sites. Only one of the two orientations is shown.



T. Ryowa et al. | Inorganica Chimica Acta 357 (2004) 3532-3540 3537

Table 2 .
Selected bond distances (A) and angles (°) of [NMey][Au
(PPh3)(C5S5)]CH2CL (2)

Table 3 .
Selected bond distances (A) and angles (°) of [(PEt;)Au-C;Ss—
Au(PEt;)] (5)

Au-S(1) 2.4544(10)  Au-S(5) 2.4315(9)
Au-P 2.2427(9)  S(1)-C(1) 1.733(3)
S(2)-C(1) 1.750(3) S(2)-C(2) 1.7233)
S(3)-C(2) 1.652(3) S@)-C(2) 1.727(4)
S(4)-C(3) 1.755(3) S(5)-C(3) 1.737(3)
C(1)-C(3) 1.356(4)

S(1)-Au-S(5) 89.13(3) S(1)-Au-P 134.92(3)
S(5)-Au-P 13575(3)  Au-S(1)-C(1) 98.65(11)
Au-S(5)-C(3) 98.74(11)  C(1)-S(2)-C(2) 99.08(16)
C(2)-S(4)-C(3) 98.92(16)  S(1)-C(1)-C(3) 115.4(2)
S(2)-C(1)-C(3) 115.4(2) S(2)-C(2)-S(4) 111.5(2)
S(2)-C(2)-S(3) 124.0(2) S(5)-C3)-C(1) 115.1(2)
S(5)-C(3)-C(1) 127.12)

shown in Fig. 3, with the atom-labeling scheme. Selected
bond distances and angles for them are given in Tables 3
and 4. For these complexes two Au atoms are bridged
by C3Ss and CgH4Sg ligands, respectively, bonded
through the sulfur atoms. Each gold(I) center is coor-
dinated to a PEt; unit. The coordination about one Au
atom is approximately linear; S(5)-Au(2)-P(2),
175.64(7), S(5')-Au(2")-P(2"), 177.08(8)° for 5 and S(1)—
Au(1)-P(1), 178.98(4)° for 6. However, the coordination
about the other Au atom is somewhat bent through an
interaction between Au and S atoms; Au(1)-S(5),
2.8481(19), Au(1))-S(5'), 2.890(2) A and S(2)-Au(l)-
P(2), 168.18(8), S(2')-Au(1)-P(2'), 163.35(8)° for 5, and
Au(2)-S(1), 2.9021(10) A and S(8)-Au(2)-P(2),
164.47(4)° for 6. The Au-S [2.320(10), 2.337(2), 2.305(2),
2.327(2) A for 5 and 2.3389(10), 2.3403(9) A for 6] and
Au-P bonds [2.261(2), 2.265(2), 2.254(2), 2.261(2) A for
5, and 2.2623(10), 2.2702(10) A for 6] are very close to
the corresponding bonds of [(PPh3)Au—-C;Ss—Au(PPh;)]
previously reported [17]. These findings observed for the
molecular structures are similar to those of gold(I)-
dithiolate complexes, [Auy(S,CsHy)(PPh3),] [33],
[Auy(3,4-S,CsH;3;CH;3)(PPhs),] [34] and [Auz{S,Co—
(CN),}(PPh3),] (R =Me, Et, OPh, Ph and cyclohexyl)
[33,35].

For complex 5 there are no significant S-S contacts
among the molecules in the crystal, while 6 has some S—
S contacts between the molecules to form a dimeric unit:
S(1)-S(6°), 3.791 and S(2)-S(6'), 3.733 A (Fig. 3). The
complex, however, does not form any further molecular
interaction through S-S contacts in the solid state,
which was observed for several CsH4Sg-metal complexes
[4,11,12,36].

3.2. Electrochemical properties of complexes 1-7

Fig. 4 shows cyclic voltammograms of 5 and 6 mea-
sured in dichloromethane. The coupled oxidation/re-
duction peak potentials at —0.02/-0.16 V (vs. Ag/Ag™")
observed for 6 seem to correspond to the first oxidation/

Au(1)-S(1) 2.320(2) Au(1)-P(1) 2.261(2)
Au(2)-S(5) 2.337(2) Au(2)-P(2) 2.265(2)
Au(1')-S(1") 2.305(2) Au(2)-P(1) 2.254(2)
Au(2)-S(5') 2.327(2) Au(2)-P(2) 2.261(2)
S(1)-C(1) 1.750(8) S(2)-C(1) 1.754(7)
S(2)-C(2) 1.733(9) S(3)-C(2) 1.662(8)
S(4)-C(2) 1.704(9) S(4)-C(3) 1.745(7)
S(5)-C(3) 1.768(7) S(1)-C(1") 1.742(8)
S(2)-C(1') 1.753(7) S(2)-C(2) 1.701(9)
S(@)-C@3") 1.749(7) S(5)-C(3) 1.754(7)
C(1)-C(3) 1.33(1) C(1')-C(3") 1.34(1)
S(H-Au()-P(1)  168.14(8)  S(5-Au2)-P(2)  175.64(7)
S(IN-Au(l)-P(I)  163.35(8)  S(5)-Au(2)-P(2) 177.08(8)
Au(1)-S(1)-C(1)  104.8(3) C(1)-8(2)-C(2) 97.2(4)

C(2)-S(4)-C(3) 97.9(4)
Au(l)-S(1')-C(1")  105.6(3)
C2)-S@)-C(3)  98.4(4)

Au(2)-S(5)-C(3)  102.32)
C(I')-S@2)-C2) 97.54)
Au(2)-S(5)-C(3) 104.5Q2)

S(1)-C(1)-C(3) 129.0(6) S(2)-C(1)-C(3) 115.7(6)
S(2)-C(2)-S(3) 123.4(5) S(2)-C(2)-S(4) 112.9(4)
S(3)-C(2)-S(4) 123.7(5) S(4)-C3)-C(1) 116.3(6)
S(5)-C3)-C(1) 128.5(6) S(I)-C(I-C(3)  128.8(6)
S(2)-C(1')-C(3)  116.6(6) S(2)-C(2)-S(3)  123.1(5)
S(2)-C2)-S@)  113.2(5) S(3)-C(2)-S@)  123.8(6)
S@)-C3)-C(I')  114.3(5) S(5)-C@3)-C(I')  129.0(6)

Table 4 )
Selected bond distances (A) and angles (°) of [(PEt;)Au-CgH4Ss—
Au(PEt;)] (6)

Au(1)-P(1) 2.2702(10)  Au(2)-P(2) 2.2623(10)
Au(1)-S(1) 2.34039)  Au(2)-S(8) 2.3389(10)
S(1)-C(1) 1.756(3)  S(2)-C(1) 1.773(3)
S(2)-C(2) 1.7513)  S(3)-C(3) 1.757(4)
S(3)-C(4) 1.763(4)  S(4)-C(4) 1.750(4)
S(4)-C(5) 1.795(5)  S(5)-C(6) 1.772(6)
S(5)-C(7) 1.741(4)  S(6)-C(3) 1.769(4)
S(6)-C(7) 1.7634)  S(7)-C(2) 1.767(4)
S(7)-C(8) 1.778(3)  S(8)-C(8) 1.743(4)
C(1)-C(8) 1.342(5)  C(2-CQ3) 1.333(5)
C(4)-C(7) 1.337(5)  C(5-C(6) 1.431(8)
S(-Au(1)-P(1)  178.98(4)  S(8)-Au(2P(2)  164.47(4)
Au(l)-S(-C(1)  100.0(1)  C(1)-S(2)-C(2) 95.5(2)

C(3)-S(3)-C(4) 94.6(2)
C(6)-S(5)-C(7) 100.1(2)

C(4)-S(4)-C(5) 102.4(2)
C(3)-8(6)-C(7) 93.9(2)

C(2)-S(7)-C(8) 95.4(2) Au(2)-S(8)-C(8)  104.3(1)
S(1)-C(1)-C(8) 1274(3)  S(2)-C(1)-C(8) 117.12)
S(2)-C(2)-S(7) 1134(2)  S(2)-C(2)-C(3) 123.4(3)
S(3)-C(3)-S(6) 113.82)  S(3)-C3)-C(2) 123.13)
S(3)-C(4)-C(7) 116.73)  S(4)-C(4)-C(7) 128.8(3)
S(4)-C(5)-C(6) 118.6(4)  S(5)-C(6)-C(5) 117.5(4)
S(5)-C(7)-C(4) 127.53)  S(6)-C(7)-C(4) 117.93)
S(7)-C(8)-C(1) 1164(2)  S(8)-C®)-C(1) 130.2(3)

reduction of the CgH4Sg moiety, as described below.
This complex exhibits also an oxidation peak potential
at +0.21 V due to the second CgH4Sg-centered oxida-
tion. Furthermore, the oxidation peak at +0.64 V is
likely ascribed to the oxidation of the gold(I) ion.
Complex 7 has exhibited similar oxidation potentials:
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Complex 5
Complex 6
I 10 pA
1 1 1 1 -
-1.0 -0.5 0 +0.5 +1.0

E/V vs. Ag/Ag*

Fig. 4. Cyclic voltammograms of 5 and 6 (1.0 x 107> moldm™?) in
dichloromethane. Supporting electrolyte: 0.1 moldm— [NBu4][ClO4].
Sweep rate: 500 mVs~!.

—0.04, +0.23, and +0.65 V (vs. Ag/Ag®). As shown in
Fig. 4, complex 5 having the C3;Ss moiety exhibits a
rather higher, first oxidation potential at +0.22 V (vs.
Ag/Ag") ascribed to the C3Ss moiety-centered oxida-
tion, and the second oxidation occurs at +0.63 V.

The anionic complexes 1-4 exhibit further lower po-
tentials for the C;3Ss- and CgHySg-centered oxidation
than neutral species 5-7. Oxidation potentials of the
CgH4Ss-complexes [3: —0.29, —0.06 V, 4: —0.30, —0.03 V
(vs. Ag/Ag"h)] are lower than those of the C;Ss-com-
plexes [1: —=0.16, +0.50 V, 2: —0.05, +0.47 V]. The finding
that the CgH4Sg-complexes show appreciably lower
oxidation potentials than the corresponding C;Ss-com-
plexes was also observed for many C;Ss- and CgHySg-
metal complexes [4-7,22-26].

Thus, all these complexes having low oxidation po-
tentials due to the ligand-centered oxidation can be
oxidized by iodine and TCNQ.

3.3. Oxidation of complexes 1-5 and properties of the
oxidized species 6-12

Electronic absorption spectra of complex 7 in di-
chloromethane in the presence of varying amounts of
iodine as an oxidizing agent are shown in Fig. 5. The
increase of amounts of iodine affords at first a band at
1200 nm, which is ascribed to the one-electron-oxidized
species. Large deviation of base lines in the spectra with

1.0

Absorbance
=)
W

300 500 700 900 1100 1300 1500

Wavelength / nm

Fig. 5. Electronic absorption spectra of 7 (2.0 x 10~* moldm~3) in
dichloromethane in the presence of varying amounts of iodine: (a) 0,
(b) 040 x 1074, (c) 0.80 x 107%, (d) 1.2x107*, (e) 1.6x 1074, (f)
2.0 x 10~* moldm—3.

increasing amounts of iodine is due to the partial de-
position of the oxidized species in solids because of the
extreme low solubility. Further addition of iodine af-
fords the band around 900 nm, which is assigned to the
two-electron-oxidized species. The similar higher energy
shift of ligand-metal charge transfer bands for the two-
electron-oxidation of the CgH4Sg-ligand was observed
for some CgH4Sg and related sulfur-rich dithiolate-metal
complexes [5,24,37].

Since 7 exhibits a low first oxidation potential, it may
be oxidized even by TCNQ as a weak oxidizing agent.
Fig. 6 shows the electronic absorption spectra of 7 in the
presence of various amounts of TCNQ. Addition of
TCNQ gives the intense band due to the TCNQ'~ rad-
ical anion around the 600-850 nm region [38] and a
broad band around 1200 nm corresponds to the band
shown in Fig. 5, which is ascribed to the one-electron-
oxidized species. The observed band intensity of the
TCNQ'~ radical anion is maximized by the addition of
equivalent molar amount of TCNQ to 7, indicating also
the formation of one-electron-oxidized species of 7.

Reactions of 3, 6 and 7 with TCNQ have afforded
essentially one-electron-oxidized species 15-17 contain-
ing the TCNQ'~ radical anion, which has been con-
firmed by IR v(C=N) absorption bands of 2192-2194
cm~!. Powders of 15 have shown a sharp ESR signal at
g = 2.004 (peak-to-peak linewidth, 1.4 mT). This indi-
cates the CgH4Sg ligand-centered oxidation, as observed
for other oxidized CgH4Sg-metal complexes [4—6,22-26].
Complex 16 also has exhibited a sharp signal at
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Fig. 6. Electronic absorption spectra of 7 (2.0 x 10~* moldm™3) in
dichloromethane in the presence of varying amounts of TCNQ: (a) 0,
(b) 0.40 x 107, (c) 0.80x 1074, (d) 1.2x 1074, (e) 1.6 x 1074, (f)
2.0 x 107* moldm~3.

g = 2.002 (peak-to-peak linewidth, 1.1 mT), indicating
both the CgHy4Sg ligand moiety-centered oxidation and
the TCNQ-~ radical anion. The binding energy of Au
4fy /> electrons of 16 determined by XPS is 85.4 eV,
which is similar to 84.9 eV for 6. These findings confirm
the Au(l) state and the CgH4Sg ligand-centered oxida-
tion for 16.

Reactions of 1-4 with excess amounts of iodine in
dichloromethane have afforded oxidized species 8-11.
They contain both I3 and I3 ions, which have been
confirmed by two Raman bands observed at 112 and 164
cm™!, assigned to stretching modes of I3 and I5 ions,
respectively [39,40], for 11. Thus, these oxidized species
are in an over one-electron-oxidized state. Complex 11
has exhibited almost an isotropic ESR signal at g =
2.006 (peak-to-peak linewidth, 3.3 mT). And it has
shown an IR absorption band at 1271 cm~! ascribed to
one of the C=C bonds of the CgH4Sg moiety, which is
lower than that (1286 cm™') of the unoxidized species 4.
These findings indicate the CgH4Sg-centered oxidation
for 11. Complexes 8-10 also have similar ESR spectra.
Furthermore, the binding energy of Au 4f) /, electrons of
11 has been determined to be 86.1 eV, which is larger by
1.6 eV than that of the unoxidized species 4. These
findings suggest the Au(III) state for 11.

For the dinuclear neutral complexes 5-7, the reac-
tions with excess amounts of iodine in dichloromethane
have yielded oxidized species 12-14. They have also

Table 5
Electrical conductivities (¢)* of the oxidized complexes

Complex orr (Sem™!)
8 3.0x 1074
9 5.1x1077

10 2.1x1072

11 3.2x 1072

12 5.1x1078

13 1.4x10*

14 3.5x1073

15 1.8x1073

16 1.9x10°*

17 5.7%x 1073

#Measured for compacted pellets at room temperature.

both I3 and I5 ions as the counter anion, which have
been confirmed by two Raman bands observed at 111
and 163 cm™! for 13. This complex has also shown an
almost isotropic ESR signal at g = 2.004 (peak-to-peak
linewidth, 5.0 mT), and the binding energy of Au 4f;
electrons (86.4 eV) is larger than that (84.9 eV) of the
unoxidized species 6. Thus, these oxidized complexes are
likely to have the CgHySg-centered oxidation and the
Au(III) state, as deduced for 8-11.

Complexes 1-7 are essentially insulators with elec-
trical conductivities of <107 Scm~™! measured for
compacted pellets at room temperature. The oxidized
complexes 8-17 behave as electrical conductors and
their electrical conductivities are listed in Table 5. The
oxidized C;Ss-complexes 9 and 12 exhibit low electrical
conductivities as reported for other oxidized C3Ss-metal
complexes [36,41], except for 8 showing the conductivity
of 3.0x 107* Scm~!. On the other hand, the oxidized
CgHySg-complexes 10, 11, 13-17 exhibit considerably
high conductivities (1.4 x 1074-3.2x 1072 Scm™!). Es-
pecially, 10 and 11 behave as good electrical conductors.
Even in the bulky CgH,4Sg-metal complexes having PEt;
and PPh;, effective S-S non-bonded contacts among the
oxidized dithiolate ligand moieties are likely to occur in
the solid state, as observed for other oxidized CgHySg-
metal complexes having bulky groups [5,6,37,42].
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