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Synopsis. The electrochemical behavior of the di-pu-
oxo, p-oxo-g-sulfido and di-u-sulfido dinuclear molybdenum-
(V) complexes ligating a series of dithiocarbamates,
[M0204-nSn(Radtc)2] (n=0—2; Rodtc™ = dithiocarba-
mate), was investigated in dichloromethane. Each complex
undergoes a one-electron quasi-reversible reduction, followed
by a homogeneous chemical reaction, except for the di-u-
sulfido complex [Mo202S2(Phadtc)2] which shows a compli-
cated electrochemical process. The chemical stability of the
one-electron reduction products of [Mo204-7nSn(Radtc)z]
increases with increase in the number of bridging sulfides
and in the electron-donating ability of the substituents on
the dithiocarbamate ligands.

Electrochemical properties of the doubly-bridged di-
oxobis(diethyldithiocarbamato)dimolybdenum(V) com-
plexes with the [Moy02X5]2* core (Chart 1) have been
investigated in dimethyl sulfoxide (DMSO),"? N, N-di-
methylformamide (DMF)," and acetonitrile (CH3CN).V
These studies demonstrated that the di-u-oxo com-
plex [Mo2O4(Etadtc)s] undergoes an irreversible two-
electron reduction, and that the p-oxo-u-sulfido
complex [Moy03S(Etodtc)s] and di-u-sulfido complex
[Mo0202S2(Etadtc)s] are reduced by two successive one-
electron steps.

We found that the voltammetric behavior of
[M0204_,,S,(Etedtc)s] in dichloromethane (CH2Cly)
at —16 °C is different from that in DMSO, DMF, and
CH3CN.%? This paper describes the voltammetric be-
havior of a series of dinuclear molybdenum(V)-dithio-
carbamate complexes [Mo204_,S,(Radtc)s] (R=CHj
(Me), CQH5 (Et), i—CgH7 (i—PI’), i—C4H9 (i—Bu), C6H5
(Ph), CgHsCH, (Bz)) in CH5Cly at —16 °C. The ef-
fect of the substituents of the dithiocarbamate ligands
on the voltammetric behavior will be discussed. We
also report here a new method to prepare the u-oxo-u-
sulfido and di-u-sulfido molybdenum(V) dinuclear com-
plexes with various dithiocarbamate ligands.

Experimental

Materials. Sodium salts of the dithiocarbamates
Rodtc™ (R=1i-Pr, +Bu, Ph, Bz) were prepared accord-
ing to literature methods.®>* Sodium salts of dimeth-
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Chart 1.

yldithiocarbamate and diethyldithiocarbamate were pur-
chased from Nacalai Tesque Inc. Nap[Mo203S(Cys)2]-4H20
(Cys®~ = cystinate),” Naz[Mo202S2(Cys)2]-4H20,® and
(pyH)2[MoOCls] (pyH' =pyridinium)” were prepared by
literature methods.

Preparation. A series of [M0204_nSn(Radtc)z]
(R=Me, Et, Pr, +Bu, Ph, Bz) were prepared as the
methods described below and characterized by elemental
analysis and infrared spectroscopy.z) Among them, how-
ever, [Moz04(Phadtc)2], [Mo203S(Phadtc)2], and [Mo204-
(Bzadtc)2], were not obtained in satisfactorily pure forms.

[Mo0204(R2dtc)2] (R=Me, Et, i-Pr, -Bu).  The
di-p-oxo molybdenum(V) complexes [Mo204(Radtc)s] were
prepared by a method similar to that for the preparation
of [Mo2O4(Et2dtc)2]?) and were purified by recrystalliza-
tion from chloroform—petroleum ether. (pyH)2[MoOCls] was
used as the starting material instead of MoCls which was
used in the previous research,? because (pyH)2[MoOCls]
can be handled more easily than MoCls.

[Mo2035S(R.dtc)2] (R=Me, Et, -Pr, Bu, Bz).
To a methanol solution (20 ml) of sodium salt of Radtc™ (6
mmol), was added Naz[Mo203S(Cys)2]-4H,0 (0.74 g; 1.2
mmol) with stirring. A bright yellow solid which deposited
was collected by filtration and washed with water until the
filtrate became colorless. Then, the solid was washed with
methanol and ether, and dried under vacuum. The crude
product of [Moz03S(Rzdtc)2] was recrystallized from chlo-
roform—petroleum ether.

[M020282(R2dtc)2] (R=Me, Et, -Pr, ©-Bu, Ph,
Bz). To a methanol solution (50 ml), containing
sodium salt of Radtc™ (6 mmol), was added Naz[Mo202S2-
(Cys)2]-4H20 (0.4 g; 0.6 mmol) with stirring. A bright
yellow solid which deposited was treated in the same way
as described for [Mo203S(Radtc)2]. The crude product of
[Mo0202S2(Radtc)z] was recrystallized from DMF-methanol.

Electrochemical Measurement. Cyclic voltam-
metry was performed on a HECS-312B polarographic
analyzer coupled with a HECS-321B function generator
(Huso Co.). A three-electrode cell consisting of a glassy-
carbon-disk working electrode (diameter 0.3 cm), a Pt-
coil auxiliary electrode, and a saturated sodium chloride
calomel reference electrode (SSCE) was used for measure-
ments. The ferrocene/ferrocenium (Fc/Fc*) redox cou-
ple was used as a standard of potential. Dichloromethane
purchased from Wako Pure Chemicals was refluxed over
CaHy for several hours and purified by fractional distil-
lation before use. Tetrabutylammonium tetrafluoroborate
((n-BugN)BF4), obtained from Nacalai Tesque Inc., was
used as a supporting electrolyte without further purifi-
cation. The concentration of the supporting electrolyte
was adjusted to 0.1 M (1 M=1 moldm™3). The tem-
perature of the cell was maintained at —16 °C. Three
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Table 1.
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Cyclic Voltammetric Data for the First Reduction Processes of Mo(V)

Dinuclear Complexes in CH2Cly Containing 0.1 M (n—Bu4N)BF4a)

Complex E°/V (vs. F¢/Fct)?  AE/mV  ipafipe  Ipc/S?  n?
(A) Dioxo-bridged complex
[M0204(R2dt0)2]

R=Me (—1.90) Irrev. Irrev. 450 0.9
=Et (-1.99) Irrev. Irrev. 525 1.0
=i-Bu —-1.97 170 0.41 613 1.2
=i-Pr —1.98 160 0.52 583 1.1

(B) Oxo-sulfido-bridged complex
[Mo0203S(Radtc)2]

R=Bz (—1.89) Irrev. Irrev. 485 1.0
=Et —1.90 150 0.53 555 1.1
=i-Bu —-1.94 160 0.93 534 1.0
=i-Pr -1.97 160 0.99 533 1.0

(C) Disulfido-bridged complex
[M020282(R2dtc)2]

R=Ph® (—1.86) Irrev. Irrev. 908 1.4
=Bz -1.81 180 0.94 528 1.0
=Et —-1.87 190 1.04 580 1.1
=i-Bu —-1.89 170 1.04 540 1.1

a) Sweep rate is 0.5 Vs~ !; temperature is —16 °C. b) E°'=(Epc+ Epa)/2. If no reverse

wayve is observed, a reduction peak potential is given in parentheses. ¢) S=pA sl/2y-1/2
cm~2 mM~1, d) The value n which denotes the number of electrons involved in
the electrode reactions was determined by comparison of the peak parameter with that
for oxidation of ferrocene.8) Based on the assumption that the diffusion coefficients of
[Mo204—nSn(Radtc)2] (Dyo) are equal to that of [Mo203Q4] (Q~ =8-quinolinolate)®)
and that the ratio of diffusion coefficients Dpe/Dyo (Dre: the diffusion coefficient of
ferrocenes)) determined in DMSO holds in CH2Cl; solvent, 2.77 was used as the value

of DFe / DMo~
reduction wave splits into two peaks.

complexes, [Mo203S(Mezdtc)z], [Mo202S2(Mezdtc)z], and
[Mo0202S2(%-Pradtc)2], were found to be sparingly soluble in
CH2Cls, so these were not used for voltammetric measure-
ments.

Results and Discussion

The cyclic voltammograms of [M0204-_,S,(Radtc)q]
in CH5Cl, exhibit well defined reduction peaks around
—1.5 V (vs. SSCE) and broad and complex reduction
waves from —1.6 to —2.1 V (vs. SSCE), as exemplified
in Fig. 1. In this study, only the first reduction step of
each complex was investigated in detail. As shown in
Fig. 1, the first reduction processes of [Mo204(Etadtc)s]
and [MogO3S(Etadtc)s] are irreversible, while that of
[Mo0202S2(Etadtc)s] is reversible. The first reduction
processes of [Mo204(Meadtc)sz], [MoaO4(Etodtc)s], and
[Mo203S(Bzadtc)s] are irreversible over the entire range
of scan rates (0.05—1 Vs™!). Those of [MogOq4(%
Pradtc)s], [Mo204(i-Bugdtc)s], and [Moa03S(Etadtc)s]
become reversible at faster scan rates (>0.5 Vs~!). The
first reduction for the other u-oxo-u-sulfido and di-p-sul-
fido complexes exhibits reversible behavior over the en-
tire range of scan rates, except for [MogO2S2(Phadtc)s]
whose voltammetric behavior is complex, as will be
mentioned later.

The cyclic voltammetric data of the complexes are
summarized in Table 1. The values of peak current pa-
rameter (I,.) for the first reduction processes of the

e) Sweep rate is 0.1 Vs—!; At faster scan rates (>0.5 Vs~1), the first

complexes are substantially constant over the entire
range of scan rates, except for [MogO2S2(Phodtc)s].
From the comparison of the values of I,. with that
for oxidation of ferrocene,® the number of the elec-
trons concerned with the first reduction step of
each complex was determined to be one, except for
[Mo202S2(Phadtc)s]. The values of the peak current
ratio ipa/%. decreased with the decrease in scan rate.
This indicates that the initial one-electron reduction
product, which is apparently a Mo(V)-Mo(IV) mixed
valence species,® is unstable and undergoes a homoge-
neous chemical reaction extensively at low scan rates.
For [Mo202S2(Phadtc)z], an irreversible peak with a
large current parameter is observed at —1.41 V (vs.
SSCE), when a scan rate is 0.1 Vs~!. At faster scan
rate, the first reduction wave splits into two peaks.
These results suggest that the electrochemical reduc-
tion process of [Mo202S2(Phadtc)s] is complex.

This study indicates that the first reduction peaks
of the di-u-oxo complexes [Mo2O4(Rodtc)s] are at-
tributable to one-electron reduction. This is quite dif-
ferent behavior from that observed in DMSO, DMF,
and CH3CN, where [Mo20O4(Etodtc)s] undergoes an ir-
reversible two-electron reduction to produce Mo(IV)
species in the first step."'? Two reasons were consid-
ered for this two-electron nature:? First, the one-elec-
tron reduction product of [MopO4(Et2dtc)s] is rapidly
transformed into a species which undergoes further one-



3124

c)
*4]:'0}1‘«
B R v
| —>
g —

b)
‘% | Ito},A
-08 -12 -16V
lL——b
a)
M%A
| | 1
-08 -2 -16V
| a——
IZO}‘A
] | ]
0 -1.0 -2.0
E/V vs SSCE

Fig. 1. Cyclic voltammograms for 1 mM [Mo2O4—n,
Sn(Etzdtc)2] at a glassy carbon electrode in CH3Cl,
containing 0.1 M (n-BusN)BF4. (a) [Mo2O4(Eta-
dtc)z], (b) [Mo20sS(Etzdtc)z], (c) [Mo202S2(Ete-
dtc)2] (scan rate; 0.1 Vs™!, temperature; —16 °C).
Cyclic voltammograms reversed at potentials just af-
ter first reduction peaks are given in insets.

electron reduction. Another reason is that a direct irre-
versible two-electron reduction occurs. The results ob-
tained in this study support the conclusion that the two-
electron nature of [Mo204(Etadtc)s] in DMSO, DMF,
and CH3CN is due to the former reason.

The values of the peak current ratio #,,/%,c (Table 1)
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depend on the kind of the substituents of the dithio-
carbamate ligands in the order R=Ph<Bz<Et<i-Bu<
i-Pr. This order corresponds to that of increasing chem-
ical stability of the one-electron reduction products and
agrees with the increasing order of electron-donating
ability of the substituents (Ph<Bz<Me<Et<i-Bu<
i-Pr).'® The values of ipa/%c also indicates that the
chemical stability of the one-electron reduction prod-
ucts of [M0204-,S,(Radtc)s] increases with increase
of the number of the bridging sulfide ligand.

The values of the formal potentials (F°') given in
Table 1 shift to more negative side in the order R=
Bz >Et>i-Bu>i-Pr. This indicates that, with in-
crease in the electron-donating ability of the sub-
stituents, the initial complexes [M0204_,S, (Radtc)s)
are more stabilized than the one-electron reduction
products. A trend similar to this was observed for the
reduction processes of cis-dioxomolybdenum(VI) com-
plexes [MoOz(Radtc)2].'? These results suggest that
the increase of the electron-donating ability of the sub-
stituents on the dithiocarbamate ligands makes molyb-
denum complexes with higher oxidation states more sta-
ble.
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