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Abstract: The bimetallic cluster Cp'2Mo2Co2S3(CO)4 (1) reacts with organic sulfur compounds, e.g. 1BuSH, Me2-
CHCH2CH2SH, PhSH, 'BuNCS, cw-2,3-dimethylthiirane, and thiophene, to give the cubane cluster Cp'2Mo2Co2S4-
(CO)2 (2) in high yield. With the thiols, the organic products are the parent hydrocarbons. The thiophene desulfurization 
products are saturated and unsaturated Ci-C4 hydrocarbons, and the thiocyanates produce RNC that reacts with 1 
and 2 to form the carbonyl substitution products Cp'2Mo2Co2S3(CO)3(RNC) and Cp'2Mo2Co2S4(CO)(RNC), 
respectively. The cw-2,3-dimethylthiirane produces ri.s-2-butene stereospecifically. The mechanistic implications are 
discussed, and the desulfurization reactions are compared to the hydrodesulfurization (HDS) reactions catalyzed by 
an alumina-supported Mo/Co/S composition. 

Introduction 
The characterization of complex, multicomponent heteroge

neous sulfide catalysts continues to challenge the ingenuity of 
chemists.1 Often, many phases are present and more than one 
active site or reaction channel may be present, and it is not always 
clear which phase catalyzes a given channel. The presence of 
more than one phase certainly complicates spectroscopic studies 
and renders detailed interpretation of classical kinetic studies 
virtually impossible. 

The chemistry of transition metal clusters has helped the study 
of heterogeneous catalysts and catalysis in several ways.2'3 Modes 
of ligand binding to multi-metallic sites are often the same on 
metal surfaces and clusters. Ligand transformations on clusters 
may be used as guides to similar reaction pathways on the 
heterogeneous catalysts. Clusters may be adsorbed on surfaces 
and their surface reactions may then be followed by various 
spectroscopic techniques.4 The surface structures formed in these 
reactions are often catalytically active and comparison of the 
activity of catalysts prepared from organometallic cluster precur
sors with that of conventionally prepared catalysts can give useful 
information on active site structures and reaction mechanisms.3 

A good example of a complex catalyst is the Co/Mo/S 
compositions (and the related Ni/W/S systems) used to catalyze 
the hydrodesulfurization (HDS) of fossil fuel feed stocks.6 The 
catalyst is conventionally prepared by impregnating a high-
surface-area alumina with ammonium molybdate and a cobalt 
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salt in an aqueous medium. The impregnated alumina is then 
dried and calcined at ca. 500 0C. After calcining, the surface 
species consist of molybdenum oxide, cobalt oxide, and cobalt 
molybdate.7 Some of the cobalt ions appear to occupy tetrahedral 
and octahedral holes in the alumina lattice.7a-b This pre-catalyst 
is then treated with hydrogen and a source of sulfur (H2S, organic 
sulfur compounds, or the feedstock) at temperatures near 350 
0 C. This "sulfidation" step converts the molybdenum oxides into 
an "MoS2-like" phase. Small crystallites of MoS2 have been 
imaged with scanning electron microscopy (SEM), but some of 
the molybdenum present is not detected by SEM and is believed 
to be present as a two-dimensional sheet structure, similar to one 
"slab" of the MoS2 layer structure, that lies flat on the support 
surface.8 EXAFS data show that the average coordination 
environment of the molybdenum consists of a shell of six sulfur 
atoms at 2.4 A and a second shell of about three molybdenum 
atoms at 3.2 A.9'10 

The role of the cobalt promoter is less well established. EXAFS 
spectra indicate the average cobalt coordination environment 
contains primarily sulfur atoms at a distance of 2.19 A.9b 

Mdssbauer emission spectroscopy shows at least three phases for 
the cobalt,'c one of which has been assigned to a "CoMoS" phase 
that was proposed to consist of cobalt atoms decorating the edges 
of the basal planes in the MoS2-like structure. Although cobalt 
clearly prefers to bind to the edges of the basal planes in bulk 
MoS2 crystals,'' there is as yet no direct evidence for the proposed 
Co-Mo-S phase in the EXAFS spectra of the supported catalysts. 
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The above-described "CoMoS" model for the HDS catalyst is 
largely due to the extensive work of Topsoe and co-workers and 
is now widely accepted.9a'10a However, the mechanistic role of 
the cobalt promoter is still unresolved,60 as are mechanistic details 
of the hydrodesulfurization reaction itself. 

Recently, the coordination chemistry of thiophene has received 
a great deal of interest,12-13 partly because thiophenic compounds 
are more difficult to desulfurize than thiols or alkyl sulfides. As 
a result of these investigations, much has been learned about the 
coordination modes of thiophene to transition metal centers, and 
several interesting C-S bond cleavage reactions have been 
observed that may have some relevance to the C-S bond activation 
step in the catalyzed HDS of thiophenic compounds.14-16 

Most of the recent investigations of reactions of organic sulfur 
compounds with transition metal complexes have involved 
mononuclear derivatives, but several reports of C-S bond 
activation at dinuclear and polynuclear centers have appeared. 
Rauchfuss et al. showed that a thiaferracyclohexadiene is an 
intermediate in the desulfurization of thiophene with Fe3(CO) i2.

14e 

Boorman et al. studied the cleavage of a C-S bond of sulfides 
coordinated to two metal centers,17 and Rakowski DuBois recently 
reported that a dinuclear molybdenum complex can desulfurize 
thiirane.18 Jones et al. have observed cleavage of the C-S bond 
of thiophene in dinuclear Co and Rh complexes.15e-h Adams and 
co-workers have reported an extensive study of the reactions of 
cyclic sulfides with triosmium clusters in which both C-H and 
C-S bond cleavages may occur.19 

We have been studying the reactions of the Mo/Co/S cluster 
Cp2Mo2Co2S3(CO)4 (1) in the belief that this cluster may most 
closely approximate the metal composition and environment of 
any known mono- or polynuclear metal complex.20'21 In fact, 
under typical heterogeneous conditions, this cluster appears to 
form the same catalytically active phase as the conventionally 
prepared HDS catalyst (as judged by reactor studies),20-22 but 
the environment of the cobalt is quite different in the two catalysts 
(as judged by Co-EXAFS spectra).20,23 In this paper, we report 
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Table 1. Reaction of Cp^Mo2Co2S3(CO)4 with 
cxs-2,3-Dimethylthiirane (Relative Concentrations vs. Time) 

time 
(h) 

0.0 
0.5 
1.0 
2.0 

Cp'2Mo2Co2S3(CO)4" 

1.00 
0.58 
0.21 
0.06 

Cp'2Mo2Co2S4(CO)2
fl 

0.18 
0.13 
0.04 

C4H8S0 

8.45 
7.77 
6.24 
5.19 

C4H8" 

0.64 
1.66 
2.52 

" Relative to the initial amount of Cp'2Mo2Co2S3(CO)4, using/>-xylene-
d$ as the internal standard. 

some desulfurization reactions of organic sulfur compounds in 
homogenous solution mediated by the cluster 1. 

Experimental Section 

General Considerations. All manipulations and reactions were carried 
out under a nitrogen atmosphere by use of standard Schlenk line techniques 
or by use of a glovebag. All high-pressure, high-temperature reactions 
were carried out in a stainless steel Parr high-pressure reactor. Reagent 
grade solvents were dried and distilled prior to use: toluene, diethyl ether, 
and tetrahydrofuran from Na/benzophenone; dichloromethane and 
hexane from CaH2. Cp^Mo2Co2S3(CO)4,24 Cp'2Mo2Co2S4(CO)2,25 and 
cw-2,3-dimethylthiirane26 were prepared by published procedures. All 
other reagents were purchased from Aldrich Chemical Co. 1H and 13C 
NMR data were collected on a Bruker AM-300 or Bruker WM-360 
spectrometer. 31P NMR data were collected on a General Electric GN-
500 NB spectrometer. IR spectra were obtained on a Nicolet 5-DXB 
spectrometer. Mass spectra were collected on a Finnegan 4021 quadrupole 
mass spectrometer. GC-MS spectra were obtained on a VG-70-250-S 
high-resolution mass spectrometer. Elemental analyses were done by 
Galbraith Laboratories Inc., Spang Microanalytical Laboratory, or the 
Microanalysis Laboratory, University of Michigan. Thiophenes were 
purchased from Aldrich and purified according to the procedure outlined 
by Angelici.16d 

Reaction of Cp^o 2Co 2S 3(CO) 4 (1) with (CH3)3CSH. Cp'2Mo2-
Co2S3(CO)4 (approximately 10 mg), (CH3)3CSH (0.014 mL, 0.12 mmol), 
and 0.7 mL of p-xylene-rfjo were sealed in a NMR tube and heated in 
an oil bath at 115 0C. The NMR spectrum was taken periodically to 
follow the reaction; the only products were 2 and Me3CH (Table IS). 
The initial ratio of Cp'2Mo2Co2S3(CO)4 to (CH3)3CSH was 1:4.5. No 
other products were observed. Presumably 12% of the (CH3)3CH 
(identified by its NMR spectrum: S 0.89, /HH = 6.6 Hz, methyl protons; 
the decet for the tertiary proton was not observed) is in the vapor phase 
since the normal boiling point is -12 0C. 

Reaction of 1 with (CHa)2CHCH2CH2SH. Cp'2Mo2Co2S3(CO)4 

(0.117 g, 0.17 mmol) and (CH3)2CHCH2CH2SH (1.0 mL, 8.0 mmol) 
were dissolved in 25 mL of toluene and refluxed for 1 h. The volatiles 
were collected in a liquid nitrogen trap and analyzed by GC-MS. (CH3J2-
CHCH2CH3, identified by a library match, was found to be the only 
volatile organic product. 

Reaction of 1 with c/s-2,3-Dimethylthiirane. Cp'2Mo2Co2S3(CO)4 

(approximately 10 mg), ci,s-2,3-dimethylthiirane (0.012 mL, 0.13 mmol), 
and 0.7 mL of p-xylene-rfio were loaded into an NMR tube with a J-Young 
valve and heated in an oil bath at 1200C; the NMR spectrum was taken 
periodically to follow the reaction (Table 1). The initial ratio of Cp'2-
Mo2Co2S3(CO)4 to cw-2,3-dimethylthiirane was 1:8.45. A GC-MS of 
the final solution showed only one isomer of 2-butene; the NMR spectrum 
confirmed it to be the cis isomer: S 5.45 (qq, 2H, tertiary protons), 1.53 
(dd, 6H, methyl protons), V H H = 4.7 Hz, V H H = 0.9 Hz. 

Reaction of 1 with Cyclohexene Sulfide. Cp^Mo2Co2S3(CO)4 (0.168 
g, 0.25 mmol), cyclohexene sulfide (0.20 mL of an approximately 85% 
solution, ~1.5 mmol), and 20 mL of toluene were refluxed overnight 
under a slow stream of nitrogen. A black insoluble powder was obtained 
(0.17 g). IR (KBr): 2923 (m), 2852 (mw), 1443 (m), 1261 (m), 1097 
(m),1027(ms),812(s)cm -1. Anal. Found: C, 30.35; H, 3.40; S, 22.68. 
The composition, Cp'2Mo2Co2S4(C6HioS) (Ci8H24Co2Mo2Sj), requires 
C, 30.43; H, 3.40; S, 22.57. 

Reaction of 1 with Thiophene. In a typical experiment, 100-200 mg 
of 1 were placed in the Parr reactor and 30 mL of thiophene added. The 
reactor was heated to the temperature desired and the contents stirred. 

(24) (a) Curtis, M. D.; Williams, P. D.; Butler, W. M. Inorg. Chem. 1988, 
27, 2853. (b) Li, P.; Curtis, M. D. Inorg. Chem. 1990, 29, 1242. 

(25) Brunner, H.; Wachter, J. J. Organomet. Chem. 1982, 240, C41. 
(26) (a) Snyder, H. R.; Stewart, J. M.; Ziegler, J. B. / . Am. Chem. Soc. 

1947, 69, 2672. (b) Neureiter, N. P.; Bordwell, F. G. / . Am. Chem. Soc. 
1959, 81, 578. 



Desulfurization of Organic Sulfur Compounds J. Am. Chem. Soc, Vol. 116, No. 10, 1994 4359 

10 20 

Time (h) 
30 

Figure 1. Relative concentrations of reactant and products during the 
desulfurization of 1BuNCS by cluster 1. The numbers refer to the 
compounds as numbered in the text. 

Conversion to Cp'2Mo2Co2(CO)2S4 (2) was observed at temperatures 
ranging from 110 to 150 0C. The lower the temperature, the longer the 
time needed for complete reaction. At 150 0C, a reaction time of 2 h 
ensured complete conversion of 1 to 2. After allowing adequate time for 
the reaction to occur, the reactor was cooled to room temperature and 
transferred to a glovebag. The reactor was opened inside the glovebag 
and the reaction mixture transferred to a Schlenk flask. Some insoluble 
black residue remained in the reactor, and the color of the solution had 
changed from green-black to brown. The unreacted thiophene was 
evaporated under vacuum and the presence of 2 confirmed through its 
NMR and IR spectra. An analytically pure sample of 2 was obtained 
by column chromatography on alumina with dichloromethane as the 
eluant. Typically, isolated yields of 85-100% were obtained. For 2: 1H 
NMR (C6D6) 5.08 (m, 4H), 4.86 (m, 4H), 1.54 (s, 6H); IR (KBr) 1960, 
1935 cm-1 (vco); MS (EI) 652 (P+), 624 (P+ - CO), 596 (P+ - 2CO). 
Anal. Calcd for Ci4Hi4Mo2Co2O2S4: C, 25.68; H, 1.93. Found: C, 
25.78; H, 2.16. No reaction was observed when 1 was heated to 150 0C 
with an equimolar amount of thiophene in toluene solvent; cluster 1 was 
recovered unchanged. Apparently, the reaction rate is too slow with the 
lower concentrations of thiophene. 

Thermolysis of 1. Toluene (40 mL) and 100 mg of 1 were placed in 
the reactor which was subsequently heatedto 150°Cfor4h. Thereaction 
mixture was worked up as described above. The NMR of the product 
showed that no 2 had been produced and 1 was recovered unchanged. 

Reaction of 1 with Thiophene and H2. Thiophene (30 mL) and 100 
mg of 1 were placed in the Parr reactor under a nitrogen atmosphere 
(glove bag) and then sealed. The reactor was subsequently charged with 
15 atm of H2 and heated to 150 0C for 2 h. An evacuated gas-collecting 
loop was connected to the cooled reactor, and a sample of the gases was 
collected in the loop placed in an isopentane/liquid N2 slush bath. The 
excess H2 was vented through an oil-bubbler and the condensed gases 
were analyzed by GC after being warmed to room temperature. Ethane, 
ethene, propane, propene, butane, and butene were observed. No 
butadiene was detected. 

Reaction of 2 with CO. Toluene (40 mL) and 100 mg of 2 were placed 
in the reactor, which was subsequently charged with 69 atm of CO as 
above. The reactor was heated to 150 0C for 12 h. After workup as 
above, an NMR spectrum of the product in C6D6 showed a 20% conversion 
to 1. A GC-MS spectrum of the volatile products confirmed the presence 
of OCS. Pressures of CO above about 69 atm could not be used due to 
the high pressure limit of the reactor (ca. 83 atm). 

Attempted Reaction of 1 with CO, H2, and Thiophene. Toluene (40 
mL), thiophene (20 mL), and 100 mg of 1 were placed in the reactor 
which was subsequently charged with 69 atm of CO and 15 atm of H2 
as above. The reactor was heated to 150 0C for 12 h. Following workup 
of the product as above, an NMR spectrum of the product in C6D6 showed 
no conversion of 1 to 2. After workup, cluster 1 was recovered unreacted. 

Conversion of 1 to 2 with Methyl-Substituted Thiophenes. Cluster 1 
(100mg),20mLoftolueneandl5mLofoneofthemethyl-substituted 
thiophenes (2-methyl-, 3-methyl-, or 2,5-dimethylthiophene) were placed 
in the Parr reactor and heated to 150 0C for 3 h. The volatiles were then 

distilled under vacuum into a liquid nitrogen cooled trap, and the remaining 
solid was dissolved in C6D6. The conversion of 1 to 2 was determined 
by the areas of the CH3 signals of 1 and 2 in the 1H NMR spectrum. 
The following conversions were obtained: thiophene, 100%; 2-meth-
ylthiophene, 30%, 3-methylthiophene; 30%; 2,5-dimethylthiophene, 20%. 

Attempted Reaction of 1 with Benzothiophene. A 100-mL, 3-necked 
flask equipped with a reflux condenser and a vacuum inlet was charged 
with 100 mg of 1 and 50 mL of toluene. An excess (~100 mg) of 
benzothiophene was added and the reaction mixture was refluxed for 12 
h. No reaction was observed. The reaction mixture was transferred to 
the pressure reactor and heated to 165 °C for 4 h. No reaction was 
observed. 

Reaction of 1 with Carbonyl Sulfide. Cp^Mo2Co2S3(CO)4 (0.070 g, 
0.104 mmol) was dissolved in 40 mL of toluene and refluxed for 6 h under 
a slow stream of carbonyl sulfide. The solvent was removed and the 
product shown to be 50% Cp'2Mo2Co2S3(CO)4 and 50% Cp'2Mo2Co2S4-
(CO)2 by a comparison of the NMR spectrum with those of authentic 
samples. 

Reaction of 1 with fert-Butyl Isothiocyanate. Cp'2Mo2Co2S3(CO)4 
(approximately 10 mg), rert-butyl isothiocyanate (0.019 mL, 0.15 mmol), 
and 0.7 mL of p-xylene-rfio were loaded into an NMR tube with a J-Young 
valve and heated in an oil bath at 140 0C, the NMR spectrum being taken 
periodically to follow the reaction (Table 2S, Figure 1). The initial ratio 
of Cp'2Mo2Co2S3(CO)4 to rert-butyl isothiocyanate was 1:9.58. The 
reaction was also conducted in an open system with 0.095 g (0.140 mmol) 
of Cp'2Mo2Co2S3(CO)4 and 0.21 mL (1.66 mmol) of rert-butyl isothio
cyanate in 30 mL of toluene heated to reflux under a slow stream of N2. 
An NMR spectrum of the final reaction mixture showed a 3:2 ratio of 
the mono to bis isocyanide-substituted cubanes, 4 and 5. 

Reaction of 1 with Thiophenol. A 3-necked flask equipped with a 
condenser and a vacuum inlet was charged with 250 mg of 1. Toluene 
(100 mL) and 1 mL of thiophenol were added and the reaction mixture 
was refluxed. The solution gradually turns brown and the reaction is 
complete after 7 h as indicated by IR. The volatiles were removed in 
vacuum. An NMR spectrum of the brown residue dissolved in C6D6 
showed only cluster 2 was present. After recrystallization, cluster 2 was 
recovered in 80% yield. A GC-MS of the volatiles indicated the presence 
of benzene. 

Reaction OfCp7JMOiCo2S3(CO)4 with PhSH and CO. Cp'2Mo2Co2S3-
(CO)4 (0.109 g, 0.161 mmol), PhSH (2.00 mL, 18 mmol), and 50 mL 
of p-xylene were loaded into a Parr high-pressure reactor and pressurized 
to 69 atm of CO. The reactor was heated, with stirring, at 150 0C for 
48 h. After the reactor was cooled, the volatiles were collected by 
distillation and analyzed by GC-MS (n-heptane as an internal standard). 
PhH (0.01 mmol), PhCHO (0.06 mmol), and two unknowns with 
molecular weights of 135 and 204 (ca. 0.03 and 0.02 mmol, respectively) 
were found. Sublimation of the remaining solid produced PhCOSPh 
(0.04 mmol), identified by GC-MS: m/z (relative intensity); 214 (3) 
[PhSCOPh]+, 109 (6) [PhS]+, 105 (100) [PhCO]+, 77 (46) [Ph]+. 

Results 

Cluster 1 undergoes very clean reactions with the thiols, RSH, 
R = terf-butyl, isopentyl, and phenyl. The only products detected 
(GC-MS, 1H NMR) were the corresponding hydrocarbons, RH, 
and cluster 2 (eq 1). No rearrangement products or alkenes were 
observed. In the reaction with 'BuSH, the rate of disappearance 
of 1 may be fit to a pseudo-first-order expression with k = 0.3 
h"1 under the conditions of the expreiment (115 0C, 'BuSH in 
4.5-fold excess). 

(CO)2Co: S' ICo(CO)2 

(CO)CoI 

c / 
Cp 

(1) 

+ RSH, -RH 

1100C 

:o(co) 
(D 

With cw-2,3-dimethylthiirane, the sulfur abstraction reaction 
was stereospecific; the only organic product was cis-2-butene. A 
black, insoluble solid was formed during the course of the reaction. 
No CO, M = S , or S - S stretching bands were found in the IR 
spectrum of the black powder. 

Cluster 1 is also capable of abstracting sulfur from compounds 
which contain strong C = S double bonds (eq 2). The reaction 
of 1 with tm-butyl isothiocyanate, ' B u N = C = S , was followed 
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by NMR spectroscopy in p-xylene-</io. The initially formed '-
BuNC reacts further by substituting CO on the clusters. 
Formation of CP^MO2CO2S3(CO)3CBUNC) (3) and 2 was 
observed simultaneously (Table 2S, Figure 1). Compound 3 then 
slowly disappeared while the mono-isocyanide-substituted cubane 
cluster, Cp'2Mo2Co2S4(CO) CBuNC) (4), appeared. When the 
reaction was carried out in open system (refluxing toluene under 
a slow stream of nitrogen), both 4 and the bis(isocyanide) cluster, 
Cp'2Mo2Co2S4CBuNC)2 (5) were formed, an observation con
sistent with the dependency of the equilibrium among 2, 4, and 
5 on the concentration of CO. 

1BuNCS 

OCS 
+ 1 2 + 

'BuNC 
OC 

(2) 

Cluster 2 (50%) and, presumably, CO were formed when a 
toluene solution of 1 was heated to reflux under 1 atm of carbonyl 
sulfide, OCS, for 6 h. Under a high pressure of CO (70 atm, 150 
0C) in a closed Parr reactor, a 20% conversion of 2 back to 1 and 
OCS was achieved after 12 h, thus demonstrating the equilibrium 
shown in eq 3. 

(CO)2Co: :o(co) 
(3) 

Cluster 1 reacted with neat thiophene at 150 0C to give a 
quantitative conversion to the cubane cluster, 2, and a small 
amount of some black insoluble material. The quantitative 
conversion of 1 to 2 and the fact that cluster 1 was recovered 
unreacted after heating a toluene solution of 1 to 150 0C 
demonstrate that 2 is not a decomposition product of 1 under 
these conditions. The desulfurization of thiophene was also 
conducted under H2 (15 atm). In this instance, the black solid 
was not observed, and analysis of the head gases revealed the 
presence of ethane, propane, butane, and significant amounts of 
ethene, propene, and butene. (Our reactor design prevented us 
from obtaining a quantitative analysis of the volatile products.) 
No butadiene was observed in the reaction mixture. 

Under CO and H2 pressures of 10-28 atm at 150 0C, 1 reacted 
with thiophene to give 2 as the only isolated product. Increasing 
the temperature to 250 0C led to cluster fragmentation and 
reconstruction, and the new cluster, Cp'3Mo3Co(CO)S4, was the 
only isolated product.27 At higher CO pressures (69 atm), cluster 
1 failed to react with thiophene at 150 0C. 

The conversion of 1 to 2 with methyl-substituted thiophenes 
wasfollowedat 150°Cfora3-hperiod. The observed conversions, 
thiophene (100%) > 2-methylthiophene (30%) s 3-methylth-
iophene (30%) > 2,5-dimethylthiophene (20%), were used to 
obtain the relative rates. Cluster 1 did not react in toluene solution 
with benzothiophene at temperatures up to 165 0C. 

Thiophenol, PhSH, was desulfurized by cluster 1 in refluxing 
toluene and 2 was isolated in 80% yield. A GC-MS of the organic 
fraction indicated that benzene was the sole organic product. 
Under these conditions, organic sulfides, e.g. PhSMe or 
PhSCH=CH2, did not react with 1. 

In an attempt to produce a homogeneous catalytic desulfur
ization, 1 was reacted with thiophenol under 69 atm of CO at 150 
0C in a high-pressure Parr reactor. Benzene (6% yield), 
benzaldehyde (36%), phenyl thiobenzoate (25%) and two un
knowns with mass spectral parent ions at 134 (20%) and 204 
(12%) were found in the reaction mixture. The fate of the cluster 
was not determined due to the instability of the products on the 
chromatography column. 

Discussion 
Desulfurization of Thiols. In the reactions of 1 with the thiols, 

RSH (R = 1Bu, Me2CHCH2CH2, or Ph), cluster 2 is formed in 
(27) Curtis, M. D.; Riaz, U.; Curnow, O. J. To be submitted for publication. 

a stoichiometric reaction and the corresponding hydrocarbon, 
RH, is released. Serious attempts were made to detect inter
mediates in these desulfurization reactions so that the reaction 
pathways might be identified, but these efforts have not been 
successful. However, stronger nucleophiles, e.g. isocyanides and 
phosphines, add to cluster 1 to form the adducts 1-L, in which 
the bond between a Co atom and the /^-bridging sulfide ligand 
is displaced by the added nucleophile, L (eq 4).28'29 A CO ligand 

is displaced when the bond between the Co atom and the bridging 
sulfur atom is restored. It is reasonable to suppose that the 
reactions of 1 with sulfur-based nucleophiles follow the same 
pathway, but the lower nucleophilicity of the sulfur compounds 
translates into a much lower value for the pre-equilibirum constant, 
tf«, in eq 4. Higher temperatures are therefore necessary to affect 
CO substitution at a convenient rate, and the ensuing desulfu
rization reactions are fast compared to the rate of CO displacement 
at the higher temperatures. Thus, detectable concentrations of 
intermediates are not formed during the course of the reaction. 

Even without the evidence that would be provided by the 
identification of intermediate complexes, some conclusions 
regarding the pathway(s) for desulfurization may be gleaned 
from the available data. The fact that the parent hydrocarbons 
are obtained from the thiols 1BuSH and Me2CHCH2CH2SH and 
from c«-2,3-dimethylthiirane (see below) strongly suggests that 
carbocationic intermediates are not formed during the course of 
the reaction, i.e. the sulfur is not abstracted as SH- or S2-. 
Carbocationic intermediates would be expected to eliminate H+ 

and form some alkene30 or undergo skeletal rearrangement or 
isomerization in the case of c/'*-2,3-dimethylthiirane. Homolytic 
C-S bond cleavage is therefore a possibility for the thiols, as is 
an oxidative addition of a metal center to the C-S bond, followed 
by a reductive elimination or a homolysis of the C-M bond. It 
is interesting to note in this connection that deuterated alkanes 
were not observed when thiols were desulfurized in deuterated 
solvents, e.g. toluene-tfg. 

Desulfurization of ci$-2,3-Dimethylthiirane. The desulfuriza
tion of c/s-2,3-dimethylthiirane was stereospecific; m-2-butene 
was the sole organic product (eq 5). This process could be 
concerted or stepwise, provided the second C-S bond is cleaved 
quickly relative to the rate of cis-trans isomerization of the 
intermediate. Thedesulfurizationofc«-2,3-dimethylthiiraneby 
phosphines has been reported to occur by a stereospecific, 
concerted process known as a linear chelotropic reaction.31 

Although alkene episulfides are often used as sulfur atom donors 
to metal complexes, the commonly used ones, e.g. ethene, propene, 
or cyclohexene episulfides impart no stereochemical information 
via the product alkenes.18c'19'32-33f 

The data in Table 1 show a clean pseudo-first-order behavior 
with k = 1.4 Ir1 at 120 0C for the disappearance of cluster 1, but 

(28) (a) Curtis, M. D.; Curnow, O. J. Organometallics. In Press, (b) 
Curnow, O. J.; Kampf, J. W.; Curtis, M. D.; Mueller, B. L. Organometallics 
1992, / / , 1984. 

(29) (a) Curnow, O. J.; Kampf, J. W.; Curtis, M. D. Organometallics 
1991,10,2546. (b) Curnow, O. J.; Kampf, J. W.; Curtis, M. D.; Shen, J.-K.; 
Basolo, F. J. Am. Chem. Soc. 1994, 116, 224. 

(30) (a) Piers, W. E.; Koch, L.; Ridge, D. S.; MacGillivray, L. R.; 
Zaworotko, M. Organometallics 1992,11(9), 3148-52. (b) Coucouvanis.D.; 
Al-Ahmad, S.; Kim, C. G.; Koo, S.-M. Inorg. Chem. 1992, 31, 2996. 

(31) (a) Denney, D. B.; Boskin, M. J. J. Am. Chem. Soc. 1960,82, 4736. 
(b) Woodward, R. B.; Hoffmann, R. In The Conservationof Orbital Symmetry; 
VCH Publishers, Inc.: Deerfield Beach, FL, 1970. 

(32) (a) Choi, N.; Kahe, Y.; Ando, W. Organometallics 1992,11,607 and 
references therein, (b) Kovacs, J. A.; Bergman, R. G. / . Am. Chem. Soc. 
1989, / / / ,1131. (c) Hall, K. A.; Critchlow, S. C; Mayer, J. M. Inorg. Chem. 
1991, 30, 3595. (d) Rajan, O. A.; McKenna, M.; Ncordik, J.; Haltiwanger, 
R. C; Rakowski DuBois, M. Organometallics 1984, 3, 1831. 
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Scheme 1 

(CO)2Co: \ > J \ ^Co(CO)2 ( c O ) C o ^ 4 ^ v O ( C O ) 

XMJ _J* . /W^ + 
V°-lC RNCS S"SvioY S 

Cp CP (2) 

„t+co 

RNC 

(CO) 2Co^J\ ^Co(COKCNR) 

TVIo1 

it is obvious that only a fraction of the cluster product appeared 
as 2. Furthermore, the amount of «>2-butene produced was 
approximately 2.5 times the amount of cluster 1 reacted, and the 
consumption of the 2,3-dimethylthiirane was nearly 3.5 times 
the initial quantity of cluster 1. The alkene sulfides are much 
more reactive sulfur atom donors than thiols and can react further 
with the initial product, cluster 2, to form a black, insoluble 
product. An analogous black product has been prepared by 
reaction of 1 or 2 with cyclohexene episulfide in refluxing toluene. 
The microanalysis was consistent with the formula Cp'2Mo2-
Co2S4(C6HiOS) (assuming no O atoms to be present and a 1:1 
Mo:Co ratio), i.e., CO was lost upon an apparent oxidative addition 
of the alkene episulfide to cluster 2. Upon further reaction with 
excess alkene episulfide, these insoluble materials release alkene 
and form polysulfide clusters, [Cp2Mo2Co2Sn], (« > 5) (eq 5).34 

Me. Me 

H S H 

(5) 
[Cp12Mo2Co2S4(RS)] ' aUie"> [Cp^Mo2Co2S5Jx —-—»- [Cp.2Mo2Co2Sn]x 

- alkene 

Desulfurization of RNCS and OCS. Even multiply bonded 
sulfur is cleanly removed from alkyl isothiocyanates, RNCS, or 
carbonyl sulfide by reaction with 1 under mild conditions. The 
corresponding alkyl isocyanide, RNC, or CO is formed along 
with the cubane cluster 2. Some information about the reaction 
pathway may be obtained from the concentration profiles shown 
in Figure 1. Early in the reaction, the rates of formation of 
cubane cluster 2 and substituted cluster 3 are nearly identical 
(see Scheme 1). Since the only source of 'BuNC for the formation 
of 3 is the desulfurization step in which 2 is formed, the rate of 
CO substitution on 1 by 'BuNC must be rapid compared to the 
rate of desulfurization of 'BuNCS. Thus, two molecules of 1 are 
converted (to 2 and 3) for each molecule of 'BuNCS reacted, and 
the initial rate of disappearance of 1 is 2k\, where k\ = 0.30 Ir1 

(assuming a pseudo-first-order rate law, Scheme 1). 
As the concentration of 3 builds up, the rate of conversion, 3 

—- 4 becomes important and provides additional isocyanide to 

(33) (a) Lee, G. R.; Cooper, N. J. Organometallics 1989, 8, 1538. (b) 
Cullen, E. P.; Fortune, J.; Manning, A. R.; McArdle, P.; Cunningham, D.; 
Stephens, F. S. Organometallics 1990, 9,1443. (c) Adams, R. D.; Babin, J. 
E.; Tasi, M. Organometallics 1987,6,1717. (d) Adams, R. D.; Dawoodi, Z.; 
Forest, D. F.; Segmuller, B. E. Organometallics 1982, 3, 315. (e) Buhro, W. 
E.; Patton, A. T.; Strause, C. E.; Gladysz, J. E. J. Am. Chem. Soc. 1983,105, 
1056. (O Su, F.-M.; Bryan, J. C; Jang, S.; Mayer, J. M. Polyhedron 1989, 
8, 1261. 

(34) Mansour, M. A.; Curtis, M. D. To be submitted for publication. 

convert 1 into 3. Once started, nearly all the desulfurization is 
channeled through the substituted cluster 3, and the concentration 
of 2 levels off since it is not being produced at a competitive rate 
from 1. Nearly all the substituted cubane cluster 4 is formed by 
the autocatalytic reaction of 3 desulfurizing 'BuNCS, i.e. fc4['-
BuNC] « fc3['BuNCS] < Jt2[1BuNC] (Scheme 1). The reaction 
pathways shown in Scheme 1 strongly suggest that the isothio-
cyanate is coordinated to the cluster only through the terminal 
sulfur atom since the isocyanide apparently is released to the 
solution immediately upon desulfurization. An jj'-bound RNCS 
ligand is also consistent with the general substitution scheme 
shown in eq 4. 

The data plotted in Figure 1 were obtained from a reaction 
conducted in a sealed N M R tube, in which the concentration of 
CO increased with time and affected the final distribution of 
products. In an open system that allowed CO to escape, the final 
products were the mono- and disubstituted cubanes Cp'2Mo2-
Co2S4CBuNC)(CO) (4) and Cp'2Mo2Co2S4('BuNC)2 (5). The 
effects of these equilibria, coupled with the unknown concentra
tions of 'BuNC and CO in solution, thwarted any quantitative 
fitting of the curves in Figure 1 to obtain values for the various 
rate constants. Compounds 4 and 5 have been prepared 
independently by reaction of 2 with 1 and 2 equiv of 'BuNC, 
respectively, while 3 was prepared by reaction of 1 with 1 equiv 
of 'BuNC.28 

Desulfurization of isothiocyanates have been observed be
fore.33,35 Puddephatt et al. have studied a trimetallic system 
which behaves in a fashion similar to that of 1: a weak adduct 
with the isothiocyanate is initially formed, followed by desulfu
rization with loss of isocyanide and then replacement of a carbonyl 
ligand by an isocyanide ligand.35 

Reactions of 1 with Thiophenes. The reaction pathways involved 
in the desulfurization of thiophene have not been determined to 
date, and the reaction may proceed through quite different 
mechanisms depending on whether or not hydrogen is present, 
since hydrogen is required in this case for the formation of volatile 
hydrocarbons. In the absence of H2, a trace of dark solid is 
produced that presumably contains the carbonaceous residue 
resulting from the desulfurization. In the presence of hydrogen, 
the desulfurization pathway must involve the hydrogenation of 
an intermediate complex since starting cluster 1 did not react 
with H2 (100 psi, 150 0 C) even in the presence of Me3NO to 
facilitate the removal of CO. (A separate experiment showed 
that 1 did not react with Me3NO.) 

The cluster-mediated desulfurization has some elements in 
common with the HDS of thiophene over conventional C o / M o / S 
catalysts. At low conversions, the primary organic products from 
the heterogeneous HDS of thiophene at 350 0 C are 1-butene and 
its isomerization products, cis- and frans-2-butene.36 "Cracking" 
occurs, so that some C 2-C 3 alkenes and alkanes are always 
produced. In the desulfurization mediated by cluster 1, the 
proportion of cracking products appeared to be greater even though 
the reaction was conducted at a much lower temperature. 

The cracking reaction may be rationalized if MC4 metallacycles 
are formed during the desulfurization. There is ample precedent 
in the organometallic literature for the fragmentation of MC4 

rings into Ci, C2, and C3 hydrocarbons,37 and metallacycles are 
formed in the reactions of thiophenes with metal surfaces and 

(35) Bradford, A. M.; Jennings, M. C; Puddephatt, R. J. Organometallics 
1989, 8, 2367. 

(36) Moravek, M.; Kraus, M. Collect Czech. Chem. Commun. 1985, SO, 
2159. 

(37) (a) Grubbs, R. H.; Miyashita, A. J. Am. Chem. Soc. 1978,100,1300, 
7418. (b) Grubbs, R. H.; Miyashita, A.; Liu, M.; Burk, P. / . Am. Chem. Soc. 
1978,100,2418. (c) McDermott, J.X.;Whitesides,G.M./.Am. Chem.Soc. 
1974,96,947. (d) Hill, J. E.; Fanwick, P. E.; Rothwell, I. P. Organometallics 
1990, 9, 2211. (e) Stockis, A.; Hoffmann, R. J. Am. Chem. Soc. 1980,102, 
2952. (!) McLain, S. J.; Sancho, J.; Schrock, R. R. J. Am. Chem. Soc. 1980, 
102, 5610. (g) Chappell, S. D.; Cole-Hamilton, D. J. Polyhedron 1982, 1, 
739. 
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Table 2. Relative Binding Constants for Methyl Thiophenes on 
Metal Centers and Relative Rates of Desulfurization of 
Methyl-Substituted Thiophenes 

bonding 
compd type 2-MeT 3-MeT 2,5-Me2T ref 

A. Relative Binding Constants (1 for Thiophene) 
CpRu(T)+ »,5- 6 7 35(36)» 42 
CpRe(CO)2(T) S- 33 2.5 230 (1090)* a 
CpRu(CO)(PPh3)(T)+ S- 4.1 6.3 2.8 (17)* 43a 
CoMoS/Al 2 0 3 cat. i)5-(?) 1.6 1.7 2.5(2.6)» 41 

B. Relative Desulfurization Rates (1 for Thiophene) 
C0M0S/AI2O3 cat. 1.5 1.9 2.0 41 
1/Al2O3 cat. 2.2 2.1 1.7 22b 
1 (homogeneous) 0.3 0.3 0.2 c 

a Calculated from the data in ref 43b. * Calculated as [ ^ ( 2 - M e T ) ] 2 . 
c This work. 

organometallic reagents.14*38'39 Cluster 1 reacts with alkynes to 
form an interesting cluster that contains a molybdenacyclopen-
tadiene coordinated to the two cobalt atoms,40 thus showing that 
cluster 1 can support metallacycle formation, although this type 
of complex was not detected in the course of the thiophene 
desulfurization reactions. 

The relative rates of desulfurization of methyl-substituted 
thiophenes by cluster 1 do not parallel either the rates of HDS 
of methyl thiophenes over conventional catalysts or the relative 
binding constants of methyl thiophenes to transition metal centers. 
Methyl substitution increases the rate of thiophene HDS over 
conventional heterogeneous catalysts or from catalysts made from 
cluster 1 as a precursor (Table 2).22b'41 Angelici has shown that 
this trend in rates follows the increase in equilibrium constants 
(Kn, eq 6,Table 2) for displacement of 7)5-thiophene (T) from 

CpRu(V-T)+ + MexT =3=*: CpRu(V-MexT)+ + T (6) 

CpRu(ij5-T)+ by methyl-substituted thiophenes, Me1T,42 and 
Zdrazil has shown that the adsorption coefficients on the 
conventional Co/Mo/S catalyst also increase with methyl 
substitution (Table 2) .41 For 7j5-bound thiophenes in well-defined 
complexes, the effect of the methyl substituents on Kn is additive 
(^[2.5-Me2T] « ^[2-MeT]) and nearly independent of 
substituent position on the ring. Since the adsorption coefficients 
on the heterogeneous catalysts follow the same pattern, T;5 bonding 
of the thiophenes to the catalyst surface is indicated. 

Table 2 also gives the Kn values for the analogous displacement 
series for S-bound thiophene on CpRu(CO)(PPh3)(T)+.43" We 
also include in Table 2 a set of calculated "pseudo" equilibrium 
constants for the reaction shown in eq 7. Angelici has shown that 
the displacement of methyl-substituted thiophenes, Me1T, by PPh3 
from CpRe(CO)2(MexT) proceeds by a pathway in which the 
rate-determining step is the dissociation of the thiophene (eq 
8).43b Hence, the Kn for reaction 7 should equal the ratio of the 
first-order dissociation rate constants determined for the dis
placement reaction in eq 8, Kn = fc1(T-dissociation)/fc1(MeIT-
dissociation). 

CpRe(CO)2(V-T) + Me1T ^ = i : CpRe(CO)2(V- MexT) + T (7) 

CpRe(CO)2(Ti1- MexT) =̂ =*= CpRe(CO)2 •&£+• CpRe(CO)2(PPh3) (8) 
- MexT PPh3 

(38) Stohr, J.; Gland, J. L.; Kollin, E. B.; Koestner, R. J.; Johnson, A. L.; 
Muetterties, E. L.; Sette, F. Phys. Rev. Lett. 1984, 53, 2161. 

(39) (a) Kaesz, H. D.; King, R. B.; Manuel, T. A.; Nichols, L. D.; Stone, 
F. G. A. J. Am. Chem. Soc. 1960, 82, 4749. (b) Ogilvy, A. E.; Skaugset, A. 
E.; Rauchfuss, T. B. Organometallics 1989, 8, 2739. 

(40) Riaz, U.; Curtis, M. D. Organometallics 1990, 9, 2647. 
(41) Zdrazil, M. Appl. Catal. 1982, 4, 107. Zdrazil, M. Collect Czech. 

Chem. Commun. 1975, 40, 3491; 1977, 42, 1484. 
(42) Hachgenei, J.; Angelici, R. J. Organometallics 1989, 8, 14. 
(43) (a)Benson,J.W.;Angelici,R. J.Organometallics1992, /i,922. (b) 

Choi, M.-G.; Angelici, R. J. Inorg. Chem. 1991,30,1417. (c) Benson, J. W.; 
Angelici, R. J. Organometallics 1993, 12, 680. 

Scheme 2 

2CO + RH - ^ ^* - 2 S ^ - 3CO 

NET: RSH + CO — RH + COS 

In contrast to the behavior of the ^-complexes, the effect of 
methyl substitution in the S-bound complexes is not at all additive, 
A:«,[2,5-Me2T] «tfeq

2[2-MeT]. The electronic effect (increased 
basicity) of methyl substitution depends greatly on the substituent 
position and is highest at the 2-position. This beneficial effect 
is damped in the more bulky phosphine-substituted complex, 
CpRu(CO)(PPh3)(Me1T)+, because the increased steric demand 
of the phosphine ligand cancels the increased basicity caused by 
methyl substitution. This cancellation effect is not observed in 
reactions of the less sterically congested complex CpRu(CO)2-
(MexT).43 Therefore, we argue that a coordination site with 
sufficiently demanding steric repulsion could completely negate 
the positive effect of methyl substitution and could lower the 
binding constants and rates of desulfurization of the methyl 
thiophenes. 

The data in Table 2 show that the rates of desulfurization of 
methyl-substituted thiophenes by cluster 1 do not follow the trends 
in Kn exhibited by the S-bound or »j5-bound thiophene ligands 
in the model complexes. If the relative rates indeed reflect the 
"Afads" of the thiophenes on the cluster, then (according to the 
above argument) steric effects are much more important on the 
cluster surface than on the mononuclear model compounds or 
even the surface of the heterogeneous catalysts. An alternate 
explanation is that the rate-determining step in the desulfurization 
by the cluster is later in the reaction pathway and is not related 
to the relative binding constants. 

Toward a Homogeneous H D S Cycle: Desulfurization Reactions 
in the Presence of CO. In conventional HDS catalysis, sulfur is 
abstracted from the substrate and the surface of the catalyst is 
thereby sulfided. Removal of the surface-bound sulfur as H2S 
replenishes the vacancies necessary for the next turnover cycle. 
Since cluster 1 cleanly abstracts sulfur from various organic sulfur 
compounds, it should be possible to construct a homogeneous 
catalytic cycle provided there were some means of converting the 
product cluster 2 back to the starting cluster 1. Simple sulfur 
extraction with H2 is not feasible in this case because cluster 1 
contains two more carbonyl groups than cluster 2. We therefore 
investigated the reactions of cluster 1 with mixtures of H2 and 
CO. Cluster 2 did not react with a mixture of H2 (8 atm) and 
CO (32 atm) at 150 0C. Increasing the pressure of CO to 69 
atm gave a 20% conversion to cluster 1 and OCS (eq 3). The 
hydrogen was unnecessary and the same result was obtained in 
its absence. To our knowledge, this represents the first example 
of the use of carbon monoxide as a desulfurization agent for an 
organometallic sulfide. 

The combination of the sulfur abstraction reaction (e.g. eq 1) 
and the conversion of cluster 2 back to cluster 1 (eq 3) constitutes 
a cycle for the catalytic "carbonyl desulfurization" (CDS) of 
organic sulfides (Scheme 2). However, starting materials were 
recovered after thiophene was heated with cluster 1 to 150 0C 
under 69 atm of CO and 15 atm of H2 for 12 h. Apparently, the 
high CO concentration inhibits coordination of the thiophene to 
the cluster. In fact, under these conditions, CO adds to cluster 
1 and forms an adduct, Cp'2Mo2Co2S3(CO)5.

28b 

The reaction was repeated with thiophenol in the hope that the 
more nucleophilic thiol could compete with CO for a coordination 
site. Excess thiophenol did react with 1 at 150 0C in the presence 
of 69 atm of CO. The fate of the cluster was not established due 
to the decomposition of the organometallic products on the 
chromatography column, but cluster 2 was not formed in a 
significant quantity. The organic products were benzene (6%), 
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benzaldehyde (36%), the phenyl thiobenzoate, PhC(O)SPh (25%), 
in addition to diphenyl disulfide, PhSSPh (288%, all yields based 
on cluster 1). These carbonyl-containing products strongly suggest 
the formation of benzoyl intermediates by insertion of CO into 
metal-phenyl bonds during the course of the reaction (eq 9, Mn 
represents the cluster). Cleavage of aryl-sulfur bonds on metal 
clusters has been observed previously;44 the significance here is 
the implication for the addition of a metal center to the C-S 
bond. 

M0(SR) —»• Mn ,(S)M-Ph-^S-Mn ,(S)M-CO-Ph 
(9) 

PJl5E Mn(S) + PhCHO + PhC(O)SPh 

Comparison with Other HDS Model Systems. Several metal-
based systems have evolved for desulfurizing organic compounds, 
and several basic mechanistic pathways are now evident. One 
type of mechanism, common with low valent transition metal 
compounds, involves the oxidative addition of the metal into the 
C-S bond of allyl or aryl sulfides. The resulting metal-thiolate 
bond is then displaced by an anionic reagent, e.g. hydride or 
carbanion, and reductive elimination then gives a desulfurized 
product (eq 10).4S 

V -RSMlsX V 

A second general mechanism is the nucleophilic displacement 
of a sulfur atom of an organic sulfide bonded to two or more 
metals (eq 11). In effect, the multi-hapto coordination mode of 
the sulfur increases its positive charge and makes the sulfur a 
better leaving groups.17'46 

" X -*-*- / S - R +R-X (11) 
M ^ R U^ 

X = H, Cl, R, etc. 

Desulfurization of thiophene has special characteristics because 
the complexing ability of the ir-bonds rivals or exceeds that of 
the sulfur atom in this heteroaromatic structure. Initially formed 
j)2,7)*, or r;5 complexes may undergo oxidative insertion of the 
metal in C-H or C-S bonds,12-16 but these reactions typically do 
not lead to desulfurization of the carbon skeleton. At higher 
temperatures, decomposition to metal sulfides and sulfur free 
fragments or complexes may occur; multi-hapto coordination of 
the sulfur atom may be required to promote the desulfurization 
process.47 Sulfur is an excellent bridging ligand, and dimerization 
of mononuclear complexes through sulfur bridges is known to 
occur. Hence, the nuclearity of a complicated desulfurization 
process is not immediately apparent from the nuclearity of the 
starting complexes.15e>h Another special aspect of thiophene 
coordination is that rj* or r;5 bonding renders the thiophene ring 
susceptible to attack by nucleophiles12'14f'16f or by proton sources.48 

Thus, valuable insights on the effects of thiophene coordination 
on its reactivity have been gained, but the mechanisms for the 
complete desulfurization of thiophenes remains an open question. 
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Finally, coordination of thiolates to metal centers can activate 
the C-S bond to homolytic scission (eq 12).49 The C-S bond 

R 

M — | — M * • M — | — M + R . (12) 

M M 

energy is the difference between the energies of final and initial 
states, and stabilization of the sulfur fragment by coordination 
lowers the apparent C-S bond dissociation energy. In this 
connection, clusters that offer multi-nuclear coordination sites 
that promote the !^-coordination mode for the thiolate sulfur are 
especially effective in activating homolytic cleavage of C-S 
bonds.50 

The efficacy of cluster 1 for desulfurization reactions can be 
traced to two factors: (1) relative ease of substitution reactions 
on 1 (i.e. getting the substrate onto the cluster),29b and (2) the 
generation of multi-nuclear coordination sites by changing the 
coordination modes of the sulfide ligands (TJ4 to >?3, etc.). 
Substitution reactions are facile because cluster 1 is electronically 
unsaturated (60 electrons vs. the 62 required for a butterfly 
cluster).24 The abstracted sulfur ends up as an r;3 sulfide ligand 
in the product cluster 2, and it is probable that multi-point 
attachment of the thiolate sulfur facilitates the C-S bond breaking. 
Although desulfurization reactions with 1 are considerably more 
facile than those mediated by a dinuclear CP2M02S4 derivative,180 

and although the Co atom in 1 is most likely the site of initial 
nucleophilic attack of the sulfur-containing substrate, it is 
premature to ascribe any special role to cobalt per se in the 
desulfurization process. The overall structural and electronic 
features of the cluster are probably more important than the 
elemental identity. 

Conclusions 
A Mo/Co/S cluster is capable of cleaving strong carbon-

sulfur bonds at temperatures several hundred degrees below that 
used in the conventional HDS of petroleum feed stocks. The 
C-S bond activation does not appear to be heterolytic, and the 
desulfurization of PhSH under CO suggests the intermediate 
formation of metal-phenyl bonds. The results furthermore 
suggest that C-S bond activation is not likely to be rate 
determining over a heterogeneous catalyst at 350 0C, and efforts 
to upgrade the activity of HDS catalysts should be focused on 
increasing the rate of sulfide removal from the catalyst surface. 
The sulfur abstraction reactions mediated by cluster 1 are 
exceptionally clean and may have synthetic value. Work directed 
toward elucidating the mechanism(s) of the reactions reported 
here is in progress. 
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