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product may be formulated as a completely substituted 
Rh4(C0)12 with CH3N(PF2)2 bridges along each of the six 
edges of the Rh4 tetrahedron (Le., [CH3N(PF2)2]6Rh4). 
However, the extreme insolubility of this product, which 
precludes, for example, its molecular weight determination in 
solution, suggests a polymeric structure containing Rh4 tet- 
rahedra bridged by intertetrahedral bidentate CH3N(PF2), 
ligands (Le., ([CH3N(PF2)2]6Rh4),). In any case the facile 
formation of a carbonyl-free complex ( [CH3N(PF2)2]6Rh4)n 
from Rh4(C0)12 and CH3N(PF2)2 under conditions milder 
than those where C O ~ ( C O ) ~ ~  forms products [CH3N- 
(PF2)2]nCo4(CO)12-2n still containing carbonyl groups is a 
further demonstration of the weaker metal-carbon bonds 
formed by 4d transition metals relative to corresponding 
systems involving 3d and 5d transition metals.I3 
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Synthesis and Characterization of a Series of Thiobenzoate Complexes 
of Molybdenum( V) 
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New dimeric molybdenum(V) complexes of formulas Mo204L2(py)2, Na2M0204L4, M 0 ~ 0 3 S L ~ ( p y ) ~ ,  and Na2M0203SL4, 
where L = monothiobenzoate, have been synthesized. The complexes have been characterized by analytical, spectral, 
conductivity, and electrochemical measurements. The five-coordinate neutral dimers, Mo2O3XL2 (where X = 0 or S), 
show a high affinity for electron donors. Strong intermolecular associations occur through terminal oxygen-metal interactions 
unless a good donor ligand is added. The neutral dimers react with excess sodium thiobenzoate to form molybdenum(V) 
dimeric anions. Infrared studies indicate that the Mo203X units of the dimers remain intact in this reaction. The neutral 
complexes can be regenerated by the addition of 2 equiv of acid. The dissociation behavior of the complexes Na2M0203XL4 
in solution is discussed. 

Introduction 
The coordination chemistry of molybdenum(V) is dominated 

by the formation of dimeric species with metal ions bridged 
by one or two oxygen or, in some cases, sulfur atoms. A 
number of such dimeric units are stabilized by bidentate 
ligands with oxygen, nitrogen, or sulfur donors.’ Studies have 
shown that when di-p-oxo-molybdenum(V) dimers are con- 
verted to monooxo-bridged complexes,2 cleaved to form 
molybdenum(V)  monomer^,^ or reduced to form lower valent 
monomeric complexes4 very reactive molybdenum species may 
be produced. Such reactions have led, for example, to the 
formation of catalytically active species for a~e ty lene ,~  ni- 

t r ~ g e n , ~  and nitrate3a reductions. However, relatively few 
studies of reactions of molybdenum(V) dimers have been 
reported in which the di-p-oxo (or p-oxo, y-sulfido, or di- 
p-sulfido) bridge remains intact.’ Electrochemical6 and other 
characterization studies’ of molybdenum(V) compounds 
suggest that the tendency of dimeric complexes to undergo or 
to resist bridge cleavage reactions can be significantly affected 
by the nature of the chelating ligand as well as by reaction 
conditions and the nature of the added reagents. 

In order to extend the understanding of the scope of mo- 
lybdenum coordination chemistry, we are interested in the 
study of dimeric molybdenum(V) complexes which, because 
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of their structural and electronic properties, have a potential 
for reactivity while retaining their dimeric nature. We report 
in this paper the synthesis and characterization of a new series 
of such dimeric molybdenum(V) complexes which are sta- 
bilized by thiobenzoate ligands. Few molybdenum complexes 
with bidentate ligands with both sulfur and oxygen donors have 
been characterized p r e v i o u ~ l y ~ ~ ~  despite their possible relevance 
to coordination spheres of molybdenum in biological systems? 
Studies have indicated that, compared to its dithio analogue, 
a mixed oxygen-sulfur donor ligand can display significantly 
different donor properties for metal ions.'O These differences 
may be significant in molybdenum coordination chemistry. 
For example, despite the ready preparation of dithiocarbamate 
complexes of molybdenum(IV), -(V), and -(VI)," recent 
attempts to isolate the analogous monothiocarbamate com- 
plexes were unsuccessful.I2 

The new neutral thiobenzoate complexes of molybdenum 
are initially of the form Mo204(0SCC6H5)2 and Mo203- 
S(OSCC6H5),. These complexes, which (excepting the 
Mo-Mo bond) are five-coordinate at each metal ion, show a 
particularly strong affinity for electron donors. In terms of 
reactivity characteristics, the five-coordinate dimers may be 
considered to be coordinatively unsaturated. The reactions 
of these dimers with excess ligand produce two examples of 
a new type of molybdenum(V) dimeric complex with po- 
tentially bidentate uninegative ligands: Na2M0204(0SC- 
C6H5)4 and Na2M0203S(OSCC6H5)4. Crystals suitable for 
an X-ray diffraction study have not yet been obtained. 
However, spectral and analytical data indicate that in the new 
dimers the two-atom bridges remain intact while the additional 
ligands coordinate to each metal ion. 
Results and Discussion 

Preparation and Characterization of Di-b-oxo Complexes. 
A 2:l molar ratio of sodium thiobenzoate and dichlorodi- 
oxomolybdenum(V1) reacted in ether to form a di-p-oxo- 
bridged dimer of molybdenum(V) (reaction 1 a). Dibenzoyl 
2Mo02C12 + 4NaOSCC6H5 - M0204(OSCC6H5)2 + 

C6H$(=O)SSC(=O)C6H5 + 4NaC1 ( l a )  

M0204(OSCC6H5)2 .---* ['0204(0SCC6H5)21n (lb) 
disulfide was the oxidized product in this redox-coordination 
reaction. Although the ethereal solution of the product was 
bright orange, concentration of the solution produced a brown 
molybdenum complex which was insoluble in almost all 
common organic solvents (eq lb). The infrared spectrum of 
the compound had a strong broad band at 830 cm-' which was 
attributed to intermolecular metal-oxygen interactions 
(MFO- - .Mo=O. - e ) .  Similar bands have been observed in 
solid-state spectra of molybdenum(V) xanthate dimers.13 The 
polymeric thiobenzoate complex was soluble in the strong 
donor solvent pyridine which filled the sixth coordination site 
at each molybdenum ion. The crystals which formed from 
the pyridine solution (reaction 2) were soluble in chloroform 

(2) 
and other organic solvents and gave no spectral evidence for 
intermolecular associations. The presence of terminal oxo 
ligands in was confirmed by a strong 
characteristic absorption in the infrared spectrum at 980 cm-'. 
Bands at 737 and 476 cm-' were assigned to vibrations of the 
bridging oxo ligands. The uc-s of the thiobenzoate ligand was 
observed at 960 cm-' I 4  and uC4 was tentatively assigned to 
a band at 1470 cm-'. Several absorptions of the phenyl groups 
and pyridine ligands were also observed in the region between 
1450 and 1600 cm-' as well as between 700 and 800 cm-'. 

Other spectral data provided only minimal information on 
the structure of the compound. The NMR spectrum con- 

[Mo204(0SCC6H5)21n + PY - M0204(OSCC6H5)2(PY)2 

M. Rakowski DuBois 

Table I. Infrared Data for Metal Tbiobenzoate Complexesu 

complex vc. ; ;~ ,  cm-' vC--s, cm-' 
Na(OSCC,H,) 1500 960 
Cr(OSCC,H,), 1465 9 82 
Ni(OSCC,H,), 1508 95 8 
Zn(OSCC,H,), 1545 955,928 
HdOSCC,H,), 1640 912 

Data taken from ref 14. 

firmed the presence of two pyridine molecules per dimer, The 
visible spectrum of the complex was characterized by an 
absorption at 490 nm ( t ~  = 340) which occurred as a shoulder 
on a strong ultraviolet absorption. The visible absorption 
obeyed Beer's law through 1 X M concentrations when 
measured in pyridine solutions. The extinction coefficient 
varied with concentration in chloroform solution, and this was 
probably due to some dissociation of the neutral ligand. 

The dimeric complex reacted with 2 equiv of sodium 
thiobenzoate (reaction 3). The displacement of pyridine 

THF 
M O ~ O ~ ( O S C C ~ H S ) ~ ( ~ ~ ) ~  f 2NaOSCC6H5-- 

Na2[M0204(OSCC6H5)41 + 2py (3) 
molecules by the thiobenzoate ligands to form an anionic 
molybdenum dimer was confirmed by analytical and spectral 
data. There was no evidence for the reaction path observed 
for the analogous molybdenum complex with dithiocarbamate 
ligands in which an oxygen bridge was cleaved (reaction 4).'Ia 
M o ~ O ~ ( S ~ C N R ~ ) ~  + 2NaS2CNRz - 
The Mo204 unit in the product of reaction 3 did not appear 
to be significantly altered. Infrared stretches assigned to the 
terminal and bridging oxo ligands were observed at 980, 970, 
730 and 463 cm-', respectively. 

Infrared studies of thiobenzoate complexes with other metal 
ions have been r e p ~ r t e d . ' ~ J ~  A trend of C=O and C=S 
stretching frequencies was observed for different metal 
complexes as the nature of bonding interactions with the 
thiobenzoate ligand changed. Infrared data for several of the 
complexes are listed in Table I. The ligand in the Cr(II1) 
complex was assigned a bidentate bridging mode with the 
stronger interaction between the oxygen donor and the 
chromium ion. The ligands in the nickel complex had spectral 
characteristics similar to those of sodium thiobenzoate, and 
this type of metal ligand interaction was termed a symmetrical 
chelating bonding mode. For the zinc complex the IR stretches 
indicated an increased strength in the metal-sulfur bond, while 
the mercuric complex was proposed to have a monodentate 
S-bonded ligand. Crystallographic studies of two of the 
complexes have subsequently confirmed the correlations 
between IR shifts and types of bonding interactions between 
metal ions and the thiobenzoate ligand.I6 

When the infrared spectrum of Na2M0204(OSCC6H5)4 was 
compared to that of M O ~ ~ ~ ( ~ S C C ~ H ~ ) ~ ( P ~ ) ~ ,  three new bands 
of roughly equal intensity appeared between 1550 and 1600 
cm-'. These were attributed to the C=O and phenyl ring 
vibrations of the added ligands. Absorptions at 935 and 920 
cm-' were assigned to uc-s. The relatively high energy region 
for the carbon-oxygen stretch(es) and the low energy car- 
bon-sulfur stretches indicated that the added ligands in 
Na2M0204(OSCC6H5)4 were asymmetrically bonded with 
strong metal-sulfur interactions. The spectral data did not 
establish whether the two added ligands each bonded to a 
single metal ion or acted as bridging ligands between two 
metals. Molybdenum(V) complexes in which the two metal 
ions of an intact Mo204 unit were bridged by a single car- 
boxylate anion have been r e p ~ r t e d . * ~ , ~  The visible spectrum 
of Na2M0204(OSCC6H5)4 had the same poorly resolved 

M0203(S2CNR2)4 (4) 
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Table 11. Visible Electronic Absorption Data' 

compound A,,,, nm E ,  L/(m cm) 
Moa 0, (OSCC6H, (PY), -480 sh -300 
Na,Mo,O,(OSCC,H, 1, -480 sh -300 

-490 shb -400b 
Mo,O, S(OSCC, H,), (PY), 480 5 20 
Na,Mo,O, S(OSCC, H, l4 480 460 

490b 760b 
a Pyridine solutions, 1 x 10-4-4 X M. Acetonitrile solu- 

tions, 4 X 10-5-4 X lo-' M. 

absorption features as that of the neutral pyridine adduct. 
Variations of the spectra in different solvents or in the presence 
of excess ligand were not detected. The data are summarized 
in Table 11. 

Na2M0204(0SCC6H5)4 could be recrystallized from pyr- 
idine without change. However, the anionic dimer was 
converted to the neutral derivative by the addition of 2 equiv 
of acid (reaction 5 ) .  The complex Na2M0204(0SCC6Hs)4 

Na,Mo,O,(OSCC,H,), + 2HC1 -f 
2NaCl t 2C6H,COSH + Mo,04(OSCC6H,), 

(5 1 i.. 
Mo, 0, (OSCC,H,), (PY), 

reacted rapidly with 2 equiv of sodium dialkyldithiocarbamate 
in T H F  solution to form the neutral dithiocarbamate dimer 
(reaction 6). The infrared spectrum of the product confirmed 
Na2M0204(OSCC6Hs)4 + 2NaS2CN(Et)2 - 

M O ~ O ~ ( S ~ C N E ~ ~ ) ~  + 4NaOSCC6H5 (6) 

that complete displacement of the thiobenzoate ligands had 
occurred. 

Preparation and Characterization of N-Oxo, cl-Sulfido 
Complexes. Excess thiobenzoic acid reacted with sodium 
molybdate in ethanol to form an anionic molybdenum(V) 
complex formulated as Na2M0203S(OSCC6H5)4 (reaction 7). 

Na2Mo04 + C6HSCOSH - EtOH 

Na2M0203S(OSCC6H5)4 + 
C~HSC(=O)SSC(=O)C,~H~ + C ~ H ~ C O ~ C ~ H S  + 

H2S + H20 (7) 

The acid served as both a protonating and a reducing agent 
for the molybdate ion. Dibenzoyl disulfide was also isolated 
as a product from reaction 7 and identified by its mass 
spectrum and melting point. The thiol acid also served as the 
ultimate source of a bridging sulfido ligand in the product. 
Esterification of thiobenzoic acid is known to form the sul- 
fur-free ester and hydrogen sulfide.'* The esterification of 
thiobenzoic acid appeared to be catalyzed in the reaction with 
molybdate since the reaction of thiol acids with primary al- 
cohols is normally slow relative to the time required for re- 
action 7.19 Ethyl benzoate was distilled from the reaction and 
identified by its mass spectrum. The hydrogen sulfide which 

Table 111. Infrared Data 
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Scheme I 

2NaC1 t 2C6H,COSH + Mo,O,S(OSCC,H,), 

Mo~O,S(OSCC,H,)~(PY)~ 

was produced in the esterification process was the probable 
source of the bridging sulfido ligand in the dimeric molyb- 
denum product. Sulfur substitution of bridging oxo ligands 
has been effected in several molybdenum(V) dimers by hy- 

The addition of 2 equiv of 1 M HCl to a T H F  solution of 
Na2M0203S(OSCC6Hs)4 produced the neutral dimeric 
complex with bridging oxygen and sulfur ligands. Inter- 
molecular associations could be prevented by recrystallization 
from pyridine. The addition of sodium thiobenzoate to the 
bis(pyridine) adducts produced the original anionic dimer 
(Scheme I). 

The infrared spectra of the new complexes provided evidence 
for the p-oxo p-sulfido bridging unit.6c In the infrared 
spectrum of M o ~ ~ ~ S ( O S C C ~ H ~ ) ~ ( ~ ~ ) ,  vibrations of the 
bridging oxo ligand occurred at 720 and 500 cm-', shifts to 
respectively lower and higher frequencies than those observed 
for the analogous di-p-oxo complex. A new band at 460 cm-' 
was assigned to a Mo-Sb vibration. The other bands in the 
spectrum were assentially identical with those observed for 
M O ~ O ~ ( ~ S C C ~ H ~ ) ~ ( P Y ) ~ .  The spectrum of the anionic 
molybdenum dimer with a sulfido bridge showed similar shifts 
in the low-energy region of the spectrum. The I R  data for 
all of the complexes are summarized in Table 111. 

The visible spectrum of Na2MO203S(OSCC6H5)4 varied in 
pyridine and acetonitrile solvents (Table 11)- The pyridine 
spectrum was very similar to that of M O ~ O ~ S ( O S C C ~ H ~ ) ~ -  
( p ~ ) ~ ,  and this suggested that the dissociation of the sodium 
molybdenum salt occurred in pyridine according to eq 8. 
Na2M0203S(OSCC6H5)4 - 
However, it has been proposed that the electronic absorptions 
of molybdenum(V) dimers represent transitions between 
molecular orbitals with contributions primarily from metal and 
ligand orbitals of the Mo204 or M O ~ O & ~  unit."-6c In this 
case similar spectral features might be expected for the neutral 
and anionic dimers even in the absence of the dissociation 
process. It was not possible to carry out further spectral studies 
of the possible equilibrium of eq 8 since no change was ob- 
served in the spectrum of Na2M0203S(OSCC6Hs)4 upon the 
addition of excess ligand (2 equiv). Additional data supporting 
the occurrence of eq 8 in pyridine were obtained in electro- 
chemical studies (vide infra). 

Conductivity Studies. Equivalent conductivities of aceto- 
nitrile solutions of NazMo203S(OSCC,H5)4 and NazMo2- 

drogen 

2Na' ~ C ~ H S C O S -  -k M ~ ~ ~ ~ S ( O S C C ~ H S ) ~ ( ~ O ~ V ) ~  (8) 

compound VMO=O, cm-' VM~-O,. ,  cm-' uMO-sb, cm-' vCEs, cm-' V C ~ O ,  cm-' 
M~,O,(OSCC,H,),(PY), 980 737 960 1470 

Na,Mo,O,(OSCC,H,), 980 730 935 1470 

M~,O,S(OSCC~H,),(PY)Z 980 720 460 960 1460 
500 940 

Na,Mo,O, S(OSCC,H,), 985 720 448 95 5 1470 
508 925 1475 

476 94 0 

970 463 910 -1590' 

-1590' 
NaOSCC,H, 960 1500 

' Both phenyl and C z O  vibrations appear in the region 1550-1600 cm-'. The strongest band was tentatively assigned to VcE0 and is listed 
in this table. 
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Table IV. Cyclic Voltammetric Reductionsa 
compound Epc, V, vs. SCE 

Mo, O,(OSCC,H,), (PY), -1 .52 
Na,Mo,O,(OSCC, Hs)4 -1 .53 

-2.04 
Moz 0, S(OSCC6 H, 1 2  (PY), -1.31 
Na,Mo,O,S(OSCC,H,), -1.31 

-1.88 
a -1 mM complexes in pyridine, 0.1 M n-Bu4NC10,. 

M. Rakowski DuBois 

0 . 0 1  0 03 0.05 0 07 0,09 0 11 
JT 

Figure 1. Onsager plot for Na2M0203S(OSCC6H5)4 for concentrations 
>2.5 X N. The slope of the plot is 100. The calculated slope 
for 1:l electrolytes in acetonitrile is in the range 306-376; for 2:l 
electrolytes the calculated slope is in the range 892-1038.22 

04(0SCC6H5)4 were plotted as a function of concentration 
over a range of -1 X 10-2-1 X N. The equivalent 
conductivity A, (which equals l/zhmola, for a 2:l electrolyte) 
approached the value expected for a 2:l electrolyte*l only in 
the region of very dilute solutions. The plot indicated that a 
single process involving complete dissociation of the sodium 
ion according to eq 9 did not occur a t  concentrations > 
Na2M0203X(OSCC6H5)4 -+ 

2Na' -k [M0203X(OSCC6H,)4]2- (9) 

N. In the second possible equilibrium involving the dissociation 
of sodium thiobenzoate (eq 8), the equivalent conductivity of 
sodium and thiobenzoate ions would equal the conductivity 
based on the molar concentration of sodium thiobenzoate. 
Observed values approached those expected for a 1:l 
electrolyte21 only a t  very low concentrations. In addition, an 
Onsager plot for Na2M0203S(OSCC6H5)4 in the concentration 
region of linear dependence had a slope much lower than that 
expected for either a 2:l or 1:l electrolyte in acetonitrilez2 
(Figure 1).  Conductivity data for solutions of sodium 
thiobenzoate in acetonitrile were recorded over the same 
concentration range for comparison. The extent of ion pairing 
for the free ligand salt was very similar to that observed for 
the solutions of NazMo203X(OSCC6H5)4. On the basis of 
these data, the extensive ion pairing which occurs in acetonitrile 
solutions of Na2M0203X(OSCC6H5)4 may involve sodium and 
thiobenzoate ions produced according to eq 8 and/or sodium 
and dimeric molybdenum ions produced according to eq 9. 

Cyclic Voltammetry. Electrochemical studies of the 
complexes were carried out in pyridine to eliminate compli- 
cations from pyridine ligand dissociation. In the available 
cathodic potential range (up to --2.0 V vs. SCE) the 
complexes M O ~ ~ ~ S ( O S C C ~ H ~ ) , ( ~ ~ ) ,  and Mo2O4- 
(OSCC6H5)2(py)2 each displayed one reduction curve which 
was irreversible a t  scan rates of 100-500 ~ V / S . ~ ~  Peak 
potentials were observed a t  -1.31 and -1.52 V, respectively. 
It has been noted previously that the substitution of sulfur for 
a bridging oxygen ligand in molybdenum(V) dimers results 
in less cathodic reduction 

It has also been observed that the nature of the chelating 
ligand did not greatly alter the reduction potentials of neutral 

X = O o r S  

___t +- ~ -i-_--I--~-- -_ 
O C  -0 5 -1 0 -i,5 -2 .0  

E, Y VI 3CE 

Figure 2. Cyclic voltammetric reductions in pyridine/O.l M n- 
Bu4NC104, scan rate 0.1 V/s: (A) M0203S(OSCC6Hs)z(PY)z (- 
M); (B) Na2M0203S(OSCC6H5)4 (- M). 

---- -. . -l,c ~ ~.~ 0,. -:,5 -1 5 - 2  3 
E, V '.s SCC 

Figure 3. (-) Cyclic voltammetric reduction of Na2M0204(OS- 
CC6H5)4 in pyridine/O.l M n-Bu4NC104; (- - -) cyclic voltammogram 
of same solution to which NaOSCC6H5 has been added. The small 
peak at -1.0 V may be due to an impurity. 

oxo- and sulfido-bridged molybdenum(V) dimers.6c However, 
in this system the reduction potential of an anionic dimer in 
pyridine solution might be expected to show some cathodic 
shift relative to that of a corresponding neutral dimer. Two 
irreversible processes were observed for each anionic mo- 
lybdenum complex. However, the peak potential for the first 
curve in each case was identical with that of the corresponding 
neutral dimer (Figure 2). The second curve in each system 
may be associated, a t  least in part, with the reduction of 
sodium thiobenzoate. These latter curves increased in current 
amplitude (and shifted to slightly more cathodic potentials) 
as additional ligand salt was added to the solutions24 (Figure 
3). These data suggested that in pyridine solution, some 
dissociation of the complexes NazMo203S(OSCC6H5)4 and 
Na2M0204(OSCC6H5)4 occurred to form neutral dimers and 
sodium thiobenzoate according to eq 8. 
Experimental Section 

Materials. Thiobenzoic acid (95%) from Aldrich and dichloro- 
dioxomolybdenum(V1) from Alfa were used without further puri- 
fication. Reagent grade solvents used in synthetic procedures with 
Mo02C12 and in physical measurements were dried: tetrahydrofuran 
was distilled from lithium aluminum hydride, diethyl ether was distilled 
from sodium, and toluene was distilled from calcium hydride. Pyridine 
was stored over potassium hydroxide and then distilled from barium 
oxide before use. Acetonitrile was refluxed over P205 for 24 h, distilled 
onto calcium hydride, refluxed and distilled a second time. Only the 
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middle fractions of the distillates were used. 
Preparation of Compounds. Sodium thiobenzoate was prepared 

by the stoichiometric addition of an aqueous sodium hydroxide solution 
to an ethanolic solution of thiobenzoic acid or by the reported 
neutralization procedure with sodium  arbo on ate.'^ The product was 
dried in a vacuum desiccator over P2OS. 

Unless otherwise noted, the syntheses of the molybdenum complexes 
were carried out in a Vacuum Atmospheres Model HE-94-2 glovebox 
containing a nitrogen atmosphere. 

M O ~ O ~ ( O S C C J I , ) , ( ~ ~ ) ~  (1). Dichlorodioxomolybdenum(V1) (0.64 
g, 3.2 mmol) and sodium thiobenzoate (1.02 g, 6.4 mmol) were 
dissolved in diethyl ether/tetrahydrofuran (40 mL/10 mL), and the 
reaction was stirred for 12-16 h. The orange solution was filtered 
to remove NaCl and evaporated to dryness. The resulting brown solid 
was washed with several 10-mL portions of ether to remove dibenzoyl 
disulfide and then dissolved in - 15 mL of pyridine to which ap- 
proximately 5 mL of ether was added. The red-orange crystals which 
formed after several hours were filtered, washed with ether, and dried 
in vacuo; mp -200 OC dec. Anal. Calcd for C24H20O6S2N2Mo2: 
C, 41.86; H, 2.91; S, 9.30. Found: C, 41.71; H, 2.89; S, 9.27. Yield 

Na2M0204(OSCC&Is)4 (2). Compound 1 (0.24 g, 0.36 mmol) was 
slurried in 30 mL of tetrahydrofuran and sodium thiobenzoate (0.1 1 
g, 0.7 mmol) was added. After stirring for an hour, all solids had 
dissolved. Approximately 20 mL of toluene was added, and the solution 
was evaporated to -25 mL. Bright orange crystals precipitated after 
-2 h. The product was filtered, washed with ether, and dried in vacuo; 
mp 181)-184 OC dec. Anal. Calcd for CBHm08S4M02Na2: C, 39.53; 
H,  2.35; S, 15.06. Found: C, 39.38; H, 2.49; S, 15.12. Yield -80%. 

Na2M0203S(OSCC6Hs)4 (3). Thiobenzoic acid (8.7 g, 63 mmol) 
was dissolved in 75 mL of absolute ethanol in air and sodium 
molybdate dihydrate (5.25 g, 21 mmol) was added with stirring. The 
reaction mixture changed to a deep red and after -30 min an orange 
solid precipitated. This contained both the product compound and 
dibenzoyl disulfide. The molybdenum complex was dissolved in -40 
mL of acetone and filtered to remove the disulfide (mp 132 “C). The 
filtrate was reduced in volume to - 10 mL and filtered again. Addition 
of 20 mL of absolute ethanol and reduction in volume produced an 
orange solid. This was recrystallized from 30 mL of tetrahydrofuran 
to which 15 mL of toluene had been added. The product can also 
be prepared by the addition of sodium thiobenzoate (2 equiv) to 
M O ~ O ~ S ( O S C C ~ H ~ ) ~ ( ~ ~ ) ~  (vide infra) in a procedure analogous to 
that described for the preparation of compound 2; mp 207-209 OC 
dec. Anal. Calcd for CBHm0,S,Mo2Na2: C, 38.80; H, 2.31; S, 18.47. 
Found: C, 38.87; H,  2.44; S, 18.35. Yield 35-4096. 

M o ~ ~ ~ S ( O S C C ~ H , ) ~ ( ~ ~ ) ~  (4). Compound 3 (0.3 1 g, 0.36 mmol) 
was dissolved in 20 mL of tetrahydrofuran in air and 1 .O M HCl (0.72 
mL, 0.72 mmol) was added dropwise with stirring. Sodium chloride 
(identified by its powder pattern) precipitated immediately and was 
filtered. The filtrate was evaporated to form an oil and then crys- 
tallized from - 15 mL of dichloromethane. This crude orange product 
was dried in vacuo and then recrystallized under nitrogen from 15 
m L  of pyridine/5 m L  of ether. Deep red crystals formed after - 1 
h; mp -200 O C  dec. Anal. Calcd for Cz4Hzo05N2S3M02: C, 40.91; 
H ,  2.84; S, 13.64. Found: C, 40.86; H,  2.88; S, 13.53. Yield 70%. 

Physical Measurements. Infrared spectra of Nujol and hexa- 
chlorobutadiene mulls were recorded on a Perkin-Elmer 337 grating 
spectrophotometer. Visible spectra were recorded on a Cary Model 
17 recording spectrophotometer. N M R  spectra were obtained at  90 
MHz using a Varian 390 spectrometer. Conductivities were measured 
using a Serfass bridge from Industrial Instruments. Elemental analyses 
were performed by Spang Laboratories. Electrochemical studies were 
carried out under a nitrogen atmosphere at  ambient temperatures. 
A Princeton Applied Research Model 174 A polarographic analyzer 
was used to obtain the cyclic voltammograms. Working and counter 
platinum wire electrodes were treated prior to electrochemical 
measurements by oxidation with concentrated H2S04/K2Cr207 and 
subsequent reduction with ferrous ammonium sulfate. The saturated 
calomel reference electrode was separated from the test solution by 

60-70%. 
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a bridge tube (from PAR) equipped with a Vycor disk at  the tip. 
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