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Figure 6. 'H NMR spectra of ring protons in potassium bis(terr-bu- 
tyl[8]annulenediyl)neptunate(IlI) and its mixture with l,l'-di-terr-bu- 
tylneptunocene. 

that was available for this transuranium work of about 9000 Hz. 
This is almost twige as large as the difference in the previously 
studied ytterbium system. Unfortunately, this spectrometer is only 
equipped to go down to -20 OC, but at that temperature the ring 
peaks do sharpen considerably as can be seen in Figure 6, indi- 

cating that the slow-exchange region has almost been reached. 
These results, although not as quantitative as desired, do 

nevertheless demonstrate that the rates of electron exchange 
between actinide( 111) and actinide(1V) derivatives of cyclo- 
octatetraene are on the same order of magnitude as those for the 
ytterbium system.] The former case may be considered as in- 
volving electron tranfser between an ion pair (the potassium 
bis( [8]annulenediyl)actinide( 111) salt) and a neutral actinide(1V) 
compound, whereas the ytterbium exchange involves an ion pair 
(the potassium bis( [8]annulenediyl)ytterbate(III) salt) and a triple 
ion (the dipotassium bis( [8]annulenediyl)ytterbate(II) salt). In 
both systems, however, electron exchange is accompanied by 
transfer of a potassium cation. This cation probably requires 
partial desolvation in the exchange transition state, a feature in 
ion aggregate electron exchange systems that complicates the 
possible application of Marcus theory.' The fast exchange found 
for the present cases does nevertheless demonstrate a commonality 
of exchange processes for both actinide and lanthanide f-element 
systems. 

Conclusions 

Electron transfers in T H F  between the 111 and IV oxidation 
states of the [8]annulene sandwich compounds of uranium, nep- 
tunium, and plutonium are rapid on the N M R  time scale and 
appear to be qualitatively comparable to the exchange between 
the ytterbium(I1) and -(III) oxidation states studied previously.' 
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The kinetics of the reaction of tetrathiomolybdate, [MoS4I2-, with organic disulfides, RSSR, to produce the Mo(V) dimer 
[ M O ~ S , ( ~ - S ) ~ ! S ~ ) ~ ] ~  have been investigated. The reaction involves an internal redox process and occurs in two stages. The overall 
rate of reaction IS dependent on the electron-withdrawing properties of the disulfide such that diphenyl disulfide < bis(p- 
chlorophenyl) disulfide < bis(p-carboxyphenyl) disulfide. The first stage involves rapid equilibrium formation of an EPR-inactive, 
green intermediate. The reaction of [MoS,12- with diphenyl disulfide or bis(p-chlorophenyl) disulfide is first order in tetrathio- 
molybdate and first order in organic disulfide. However, the reaction of [MoS.#- with bis(p-carboxyphenyl) disulfide is more 
complex. Analysis of the molybdenum X-ray absorption spectrum of the green intermediate indicates the likelihood of a mo- 
nonuclear species with two to three short Mo-S interactions at 2.16 A and three to four longer Mo-S interactions at 2.41 A. The 
rate-determining step of the second stage of the reaction involves first-order rearrangement or dissociation of the green intermediate. 
This is followed by rapid reaction of the resultant complex with another molybdenum species to produce [MO~S,(~-S)~(S~),]~- .  
Mechanisms are proposed that are consistent with these findings and that provide potential insight into the use of oxidants to prepare 
new lower valent transition-metal sulfur-containing complexes from tetrathiometalate starting materials. 

Transition-metal sulfur-containing sites in enzymes and het- 
erogeneous catalysts undergo redox during catalysis.'-3 Although 

many of these redox reactions are metal-centered, some involve 
processes that are localized on the sulfur  ligand^.^,^ Moreover, 
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there are a few examples wherein both the metal and the sulfur 
ligands participate in the redox r eac t i~n .~? '  The mechanistic 
understanding of such redox reactions is complicated, as internal 
electron-transfer processes are often involved and these can be 
difficult to monitor directly. 

The reaction of tetrathiomolybdate, [MoS412-, with elemental 
sulfur to produce [MoS(S4),12-, (eq l),  first reported by Couc- 
ouvanis and co-workers,8 is particularly interesting. Here 

(1) 

[MoS,]", containing hexavalent Mo(VI), is "oxidized" quantitively 
by elemental sulfur to produce via internal redox a reduced 
Mo(1V) species. Similarly, the reaction of the two-electron oxidant 
RSSR with tetrathiomolybdate also results in reduction of the 
Mo(V1) metal center to produce the Mo(V) dimer, [Mo?S2(p 
S)2(S2)2]2-, as shown in (2).9 The kinetics and mechanism of 
reaction 2 are the focus of this paper. 

[MoV'S412- + 78SS - [ M o ' ~ S ( S ~ ) ~ ] ~ -  

2(NH,),MoS, + RSSR -+ 

~ ~ ~ 4 ) 2 [ ~ ~ 2 ~ 2 ( c L - ~ ) ~ ( ~ 2 ) 2 1  + Z(NH4)RS (2) 

Reaction 2 involves internal electron transfer from sulfur to 
molybdenum that is induced by the addition of the external oxidant 
RSSR. Induced internal redox processes have been described 
previously in a few other reactions.lOJ1 One of the most notable 
of these was analyzed by Taube and co-workers12 in the reaction 
of [ C O " ' ( N H ~ ) ~ ( C ~ O ~ ) ] +  with Ce(IV) shown in (3). In this 

[ C O " ' ( N H ~ ) ~ ( C ~ O ~ ) ] +  + Ce(IV) - 
Co(I1) + Ce(II1) + 2 C 0 2  (3) 

reaction, the Ce(1V) acts as an external one-electron oxidant and 
induces an intramolecular one-electron transfer from oxalate to 
Co(II1). The net effect is the reduction of Co(II1) to Co(I1) and 
the oxidation of the oxalate ligand by two electrons to carbon 
dioxide. Kinetic studies were carried out to establish mechanistic 
details.12 Here we use kinetic studies to probe the mechanism 
of an induced redox process involving a transition-metal sulfide 
complex. 
Experimental Section 

All solvents and reagents were used as obtained unless stated other- 
wise. Kinetic studies were done under anaerobic conditions. Ammonium 
tetrathiomolybdate, (NH,),[MoS,], was purchased from SPEX and 
tetraethylammonium tetrathiomolybdate, (EhN),[MoS4], was prepared 
as previously described." Dimethylformamide (DMF) was glass-dis- 
tilled grade and obtained from Burdick and Jackson. The bis@- 
carboxyphenyl) disulfide, PCDD, was purchased from ICN Pharma- 
ceuticals, Inc., and recrystallized from DMF/acetonitrile. 

The slow reactions were monitored on a Perkin-Elmer Model 330 
UV-vis spectrophotometer equipped with a temperature-control unit. 
Fast reactions were monitored with a Dionex Model D-1 IO stopped-flow 
spectrophotometer interfaced by Olis to a Northstar minicomputer. 
Electron paramagnetic rcsonance (EPR) measurements were made by 
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Figure 1. Electronic spectra as a function of time for the first stage of 
the reaction of (NH4)JMoS4] with PhSSPh ( 5  X lo4 M) at 25 OC in 
DMF to form the green intermediate (ca. 15 min to reach completion). 

using a Varian Model E-IO9 spectrometer. 
X-ray absorption data were collected at the Stanford Synchrotron 

Radiation Laboratory on beam line IV-2 using a Si(220) crystal mono- 
chromator with the electron storage ring SPEAR operating in dedicated 
mode (40-70 mA at 3 GeV). X-ray absorption was detected as the 
fluorescence excitation spectrum by using a Stern-Heald-Lytle ion 
chamber detector1, containing krypton gas. During data collection, 
samples were maintained at a temperature close to 4 K in an Oxford 
Instruments CF204 liquid-helium flow cryostat. The energy scale was 
calibrated with reference to the first inflection point of a molybdenum 
foil standard, which was assumed to be 20003.9 eV. 

The EXAFS spectra x(k) were quantitatively analyzed by curve fit- 
ting to the following approximate expression: 

where Nb is the number of b-type atoms at a distance Rob from the 
absorber atom a, k is the photoelectron wave number, uab is the root- 
mean-square deviation of Rnb (the Debye-Waller factor). Ab(k) and 
a,,(k) are the total amplitude and phase-shift functions, respectively. 
Values for these were obtained from model compound EXAFS data." 
Results and Discussion 

The study of the redox process described in eq 1 for the reaction 
of [MoS4I2- with organic disulfides is particularly attractive. The 
overall stoichiometry of the reaction was established as that shown 
in eq 1, and the structures of the reagents and products are known. 
The overall reaction rate is dependent on the organic disulfide 
used, showing that the external oxidant is required to induce the 
internal electron-transfer process. Further, [ M O ~ S ~ ( ~ - S ) ~ ( S ~ ) ~ ] ~ -  
is also produced when diphenyl diselenide, RSeSeR, is used as 
the external oxidant, indicating that all of the sulfur in the product 
originates from the tetrathiomolybdate reactants? The product, 
[ Mo~S,(~-S),(S,),]~-, is two electrons more oxidized than the two 
Mo reactants as shown in eq 4. 

2[MoS4I2- - [MO,S , (P -S)~(S~)~]~-  + 2e- (4) 

(14) Stern, E.; Heald, S. Rev. Sci. Instrum. 1979, 50, 1579. 
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103, 7721. 
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Figure 2. Determination of the equilibrium constant for the formation 
of the green intermediate from (NH4)2[MoS4](104 M) and PhSSPh 
(excess) in DMF at 25 OC. Double reciprocal plot of the observed 
absorption coefficient defined as the absorbance after complex formation 
divided by the initial concentration of [MoS412- versus concentration of 
PhSSPh. 

Kinetics were monitored for the reaction with three organic 
disulfides: diphenyl disulfide, [PhSSPh], bis(p-chlorophenyl) 
disulfide, [(p-C1PhS)2], and bis(p-carboxyphenyl) disulfide, 
PCDD. The overall rate of the reaction of [MoS4I2- with these 
disulfides follows the order 

PCDD > @-CIPhS)2 > PhSSPh 

The rate appears to depend on the electron-withdrawing capacity 
of the substituent on the phenyl ring. 

In all cases, the reaction proceeds in two major stages. The 
first stage involves the rapid disappearance of the red-orange 
solution containing the [MoS412- ion and the formation of a green 
intermediate. The second stage involves the disappearance of this 
green intermediate and the formation of purple [ M O ~ S ~ ( ~ - S ) ~ -  
(S2)J2-. Because of the distinctive colors of the reactant, in- 
termediate, and product, the reaction is readily followed spec- 
trophotometrically. 

First Stage. The first stage of the oxidation of [MoS,]" by 
diphenyl disulfide is presented in Figure 1. The spectra were 
recorded at  3-min intervals. The formation of the green inter- 
mediate (A,,, = 620 nm) was maximal after approximately 15 
min. The isosbestic points indicate that there are only two ab- 
sorbing species present in solution. However, even with an excess 
of disulfide, the spectra indicate that an equilibrium concentration 
of [MoS,12- (A,,, = 470 nm) is present at the completion of this 
stage of the reaction. The equilibrium constant for this process 
was calculated from the double-reciprocal plot of the absorption 
coefficient versus the concentration of oxidant as shown in Figure 
2. The reaction was monitored at  470 and 600 nm. 

The dependence of the observed rate constant, ko, on the 
concentration of oxidant for the first stage of the reaction of 
[MOS,]~- with PhSSPh is shown in Figure 3. In these experi- 
ments, the disulfide is in a large (>lo-fold) excess. The straight 
line indicates that the reaction is first order in disulfide. 

Similar experiments were performed with the tetrathio- 
molybdate in a pseudo-first-order excess to confirm that the re- 
action is also first order in [MoS412-. The nonzero intercept is 
consistent with formulation of the first stage of this reaction as 
an equilibrium process as shown in (5). For this stage of the 

[MoS4I2- + PhSSPh I (green intermediate) (5) 
k2 

reaction, where the concentration of PhSSPh or (p-CIPhS), is in 
a pseudo-first-order excess, the observed rate, kobs, can be expressed 
by eq 6. The kinetic data for the formation of the green inter- 

k 

ko = kl[RSSR] + k2 (6) 

mediate are summarized in Table I. The value of the equilibrium 

103 [PhSSPh] (M) 
Figure 3. Dependence of the observed rate constant, ko, on the concen- 
tration of PhSSPh for the first stage of the reaction of (NH4)2[M~S4] 
(IO4 M) with PhSSPh in DMF (A = 470 nm, T = 25 "C) (0). Other 
points: (0) h = 600 nm; (W) [MoS4I2- = 8 X M (excess) and 
[PhSSPh] = lo4 M, h = 600 nm. 
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Figure 4. Variation of the normalized concentration as a function of time 
for the first stage of the reaction of (NH4)*MoS4 (2.5 X M) with 
PCDD (2.0 X lo-' M) in DMF, (A  = 470 nm, T = 25 "C): (X)  data; 
(-) best-fit curve. 

Table I. Summary of Kinetic Data for the Formation of the Green 
Intermediate from the Reaction of (NH4)2[M~S4] and RSSR in 
DMF at 25 OC 

k 
(NH4)2[M~S4] + RSSR green intermediate 

oxidant k , ,  M-l s-I k,, M-' s-I K(kin) K(spec) 

k2 

PhSSPh 1.80 0.0012 1500 2000 
(p-CIPhS)2 26.0 C0.005 >6500 

k 
(NH4)2[M~S4] + RSSR + (NH4)[MoS4(SR)] + (NH4)SR 

(NH4)[MoS4(SR)] + RSSR green intermediate 

oxidant k,. M-I s-I k,. M-' s-I k,. M-l s-l k,. M-I s-I 
kd 

PCCD 0.1 1.8 0.017 0.008 

constant obtained from these kinetic measurements is 1.5 X lo3 
M-' as compared with the value 2.0 X lo3 M-l determined 
spectroscopically for the reaction of [MoS4I2- with PhSSPh. 

The equilibrium is shifted to the right as the substituent on the 
phenyl ring becomes more electron withdrawing. When PCDD 
is used as the organic disulfide, the reaction becomes more com- 
plicated and the data do not fit a simple first-order process, as 
shown in Figure 4. These data have been shown to fit the rate 
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Figure 5. Variation of the observed rate constant, k,, with ionic strength 
for the reaction of (NH1)2[MoS4] (IO-' M) with PhSSPh (3.6 X IW3 M) 
in DMF at 25 O C  and h = 470 nm. The concentration of tetraethyl- 
ammonium bromide is indicated by [(TEA)Br]. 

law described in (7) and plotted in Figure 4. A mechanism that 
is consistent with this rate law is presented in (8). 

-d[ MoS,~-] 
dt 

= -kt [MoSd2-] [RSSR]'.' +k2[MoS,(SR)-] (7) 

k 
(NH,),[MoS,] + RSSR (NH4)[MoS4(SR)] + NH4SR 

( 8 4  
k 

(NH,)[MoS,(SR)] + RSSR 
green intermediate + NH$R (8b) 

The rate constants for this reaction are summarized in Table 
I .  The best fit was obtained with the 0.7 order reaction of PCDD 
with [MoS4I2-, suggesting that the initial attack of [MoS4I2- on 
PCDD is not a simple process. The reason for the more com- 
plicated kinetics for the reaction of tetrathiomolybdate with PCDD 
is uncertain; however, the protic nature of the carboxyl substituent 
on the phenyl ring may be responsible for hydrogen bonding to 
various other species in solution. One proposed mechanism would 
involve proton transfer and/or hydrogen bonding between 
[MoS412- and the proton on the carboxyl group of PCDD in step 
8a. This mechanism would also be consistent with the effect of 
ammonium ions described below. 

The rate of the overall reaction of [MoS4I2- with diphenyl 
disulfide to produce [ M O ~ S ~ ( ~ - S ) ~ ( S ~ ) ~ ] ~ -  is dramatically affected 
by the cation associated with the tetrathiomolybdate anion. When 
this reaction is done a t  90 OC on a preparative scale, the order 
of reactivity is 

NH4+, Et,NH+ (-1 h) > Et4N' (-48 h) 

This appears to be a specific effect of the cation associated with 
the molybdenum complex anion, rather than a general proton 
effect, because the rate of the overall reaction is not significantly 
increased in the presence of acid. 

The rate of the first stage of the reaction and the amount of 
green intermediate formed are dependent on the concentration 
of ammonium ions. When the concentration of ammonium ions 
is less than or equal to twice the concentration of [MoS4I2-, 
nonlinear log plots are obtained, indicating that the reaction is 
no longer simply first order in each of the reagents. The optimum 
rate of the reaction at constant ionic strength requires 2 equiv of 
ammonium ions. Further increases in the concentration of am- 
monium have no effect on the rate of the reaction. The effect 
of protons associated with the disulfide may also account for the 
different kinetics observed by using PCDD, because in this reaction 
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k (A- ' )  R + A  (A,  
Figure 6. Molybdenum K-edge EXAFS plus best fit of the green in- 
termediate. The left panel shows the EXAFS spectrum, and the right 
panel, the Fourier transform. The solid lines indicate experimental 
curves, and the broken lines, the best fit (Table 11). 

Table 11. Green Intermediate EXAFS Curve-Fitting Results-Best 
Integer Fits" 

N R, 8, a2, A2 N R,  8, u2, A2 errorb 
0 4 2.430 0.0047 8.175 
2 2.148 0.0012 0 4.030 
1 2.156 -0.0006 4 2.418 0.0057 2.302 
2 2.156 0.0014 3 2.407 0.0036 0.968 
3 2.156 0.0023 3 2.401 0.0031 1.016 
2 2.157 0.0012 4 2.406 0.0053 1.274 
3 2.157 0.0026 4 2.400 0.0046 1.127 

"Values for R are considered accurate to f0.02 A. The k range 
dictates a resolution (the smallest discernible difference in R for two 
similar interactions) of approximately 0.09 8,. bThe fit error function 
is defined as x(x,, - Xc)2k6/n, where n is the number of points in the 
fit and xo is the observed and xc the calculated EXAFS, where the 
summation is over all points. 

there is an additional protic site associated with the oxidant. 
The rate of formation of the green intermediate decreases as 

the ionic strength of the solution increases, which is consistent 
with the reaction of two oppositely charged species. Figure 5 
illustrates this effect for the reaction with PhSSPh. The am- 
monium ion and ionic strength dependences are consistent with 
ion-pair formation with the possibility of specific proton transfer 
in the rate-limiting step of the reaction. 

Attempts to isolate the green intermediate resulted in the 
production of a brown solid. This brown compound does not 
appear to be on the reaction pathway as it does not react further 
to produce [MO,S~(~-S),(S,),]~-. The green intermediate shows 
no EPR signal a t  r c "  temperature, indicating that it is probably 
not a monomeric Mo(V) species. 

Analysis of the molybdenum X-ray absorption spectrum of the 
green intermediate is also consistent with the formulation of the 
species as a mononuclear Mo species with two different types of 
sulfur ligands. The molybdenum K edge EXAFS spectrum and 
EXAFS Fourier transform of the green intermediate are illustrated 
in Figure 6. The EXAFS Fourier transform shows only a single 
peak, with no long-range Mc-Mo interactions, indicating that the 
green intermediate is likely mononuclear. The EXAFS curve 
fitting analysis indicates the presence of two different first-shell 
Mo-S interactions; two to three at  2.16 A and three to four a t  
2.41 A (see Table I1 and Figure 6). From these results, we 
consider that a reasonable interpretation, with chemically ap- 
propriate Debye-Waller factors, is that the green intermediate 
is mononuclear and possesses two short (Mo-S) and four long 
(Mo-S) ligands. 

Second Stage. The second stage of the reaction involves con- 
version of the green intermediate to the Mo(V) dimer [Mo2S2- 
(p-S)z(S2)2]2-. The formation of [ M O ~ S , ( ~ S ) , ( S ~ ) ~ ] ~ -  is shown 
spectrophotometrically in Figure 7 for the oxidation by PCDD. 
Isosbestic points indicate the presence of [ M o , S ~ ( ~ - S ) , ( S , ) ~ ]  2- 
(A,,, = 572 nm) and the green intermediate (A,,, = 610 nm) 
as the only two absorbing species in solution. This reaction appears 
first order even when a pseudo-first-order excess of disulfide is 
not maintained. The dependence of the observed rate constant, 
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Figure 7. Absorption spectra of (NH,),[MoS,](~O-~ M) and PCDD ( 5  
X M) at 25 O C  in DMF showing conversion of the green interme- 
diate to (NH4),[Mo2S8] (ca. 4 h to reach completion). 

ko, on the concentration of disulfide, shown in Figure 8, reveals 
two distinct regions. In the first region, the concentration of 
disulfide is less than half the concentration of tetrathiomolybdate 
and the rate is independent of the concentration of disulfide. In 
the second region, the concentration of disulfide is greater than 
half the concentration of tetrathiomolybdate and the rate of the 
reaction is inversely proportional to the concentration of disulfide. 
This behavior is consistent with the mechanism shown in (9). If 
stage 1 

(NH,),[MoS,] + PCCD 
ki 

(NH,)[MoS,(SR)] + NH4SR 

(9a) 
k 

(NH4)[MoS4(SR)] + PCCD 

stage 2 
green intermediate + NH4SR (9b) 

k, 
green intermediate I* (9c) 

I *  + (NWz[MoS41 r,t- 
(NH~)~[MOZ~,(~~-~)Z(~Z)Z~ + PCCD (9d) 

there is an excess of tetrathiomolybdate present, the rate of the 
reaction is independent of disulfide and the rate constant ki is 
obtained. As the concentration of disulfide increases, the rate 
of the reaction decreases due to product inhibition by PCDD. 
Further, as the concentration of PCDD increases, the concentration 
of tetrathiomolybdate is decreased by reaction 9a, thereby de- 
creasing the amount of tetrathiomolybdate available for reaction 
with I*  to produce [Mo2S2(p-S)2(S2)2]z-. The rate constant for 
the formation of [ M O ~ S ~ ( ~ - S ) ~ ( S ~ ) ~ ] ~ -  from the green intermediate 
a t  25 O C  is 1.86 X I O 4  s-I for the reaction with PCDD. The 
activation parameters for this reaction have been determined from 
the temperature dependence of the rate. The activation enthalpy 
is + 14.9 kcal/mol and the activation entropy is -26 cal/(mol deg). 

- 1  I 

0 
0 . 0  1 . 0  2.0 3.0 4 . 0  5 .0  

[RSSR] / [MoS,]'. 
Figure 8. Variation of observed rate constant, ko, for conversion of the 
green intermediate to (NH4)2[Mo2S8] as a function of [PCDD] at fixed 
[(NH4)2[M~S4]] = 0.01 M in DMF (A = 700 and 560 nm). 

aa!x.a 

Proposed Green Intermediate 

Staae 2: 

Figure 9. Proposed two-stage mechanism for the reaction of (NH&- 
[MoS,] with organic disulfides, RSSR. 

Mechanism. A suggested mechanism for the reaction that is 
consistent with the kinetic data is presented in Figure 9. The 
proposed mechanism involves initial attack of [MoS,I2- on the 
disulfide, resulting in the formation of a mononuclear molybdenum 
species with two sulfide ligands. There is some precedent for this 
type of structure in the literature. The Mo(V1) monomers, 
[ M ~ O , ( d t c ) , ] ' ~  (l), [ M O O S ( O N R ~ ) ~ ] "  (2), and [MoS2- 
(ONR2)z]1* (3) have two cis oxide ligands, a cis oxide and sulfide 
ligand, and two cis sulfide ligands, respectively. Further, the 
W(V1) monomer [WS(S , ) (~~C) , ] '~  (4) has a terminal sulfide and 
a disulfide ligand. 

The slow step of the second stage of the reaction may involve 
internal reduction of the Mo(V1) intermediate as shown in Figure 
9. This slow step is proposed because the reaction was shown to 
be first order even without a pseudo-first-order excess of disulfide. 
The final fast step is required to account for the dinuclear nature 
of the product. 
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An alternate mechanism for the second stage of the reaction 
involves the anionic green intermediate (eq 10). This mechanism 

R -- 

invokes slow dissociation of thiolate to produce a monomeric 
Mo(V1) species. The final step of the reaction would then involve 
rapid attack on this species by [MoS4I2- or another molybdenum 
complex followed by internal reduction to form [Mo2S2(p-S),- 
(S2)2]2-, The exact molybdenum oxidation states and structures 
of all of the intermediates are not known. An alternate structure 
for the green intermediate that is consistent with the kinetic and 
EXAFS data is 5. This structure, as well as protonated forms [ p5j S 

5 
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of the proposed intermediates, can not be ruled out. Further, there 
are no data regarding the timing of the loss of thiolate during the 
reactidh. The last fast step in the reaction is proposed to involve 
reaction of the second intermediate, I*, with another molybdenum 
complex. This molybdenum species could be tetrathiomolybdate 
or any of the intermediates. 

An understanding of this induced redox process has led to the 
synthesis of new transition-metal sulfur complexes. Since the 
proposed mechanism involves attack of [MoS4I2- on disulfide 
followed by loss of thiolate, the use of disulfides of chelating ligands 
was e~p lo red . '~  The reaction of with tetraalkylthiuram 
disulfides does not proceed to form [ M O ~ S ~ ( ~ - S ) ~ ( S ~ ) ~ ] ~ - .  Rather, 
the product is the monomeric [M~S,(dtc) , ] . '~  Although the 
detailed kinetics of this reaction were not investigated, it is possible 
that the reaction proceeds by a mechanism similar to that of Figure 
9. The isolation of a monomeric complex is consistent with the 
chelating dithiocarbamate ligand preventing the second stage of 
the reaction from proceeding by stabilizing the monomeric in- 
termediate. 

it should no longer be 
considered unusual to react a higher valent molybdenum sulfur 
compound with an oxidant to produce a lower valent molybdenum 
sulfur compound. These reactions involve induced internal 
electron-transfer processes similar to the reaction whose mecha- 
nism is described in this paper. Moreover, such induced internal 
redox reactions have also been shown to occur with tungsten,20 
vanadium,2' and rhenium complexes.22 

On the basis of this and other 
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