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The importance of the hydrodesulfurization (HDS) process, 
practiced on a global scale for removal of sulfur from fossil 
fuels, has inspired research on the reactivity of organic sulfur 
compounds with organometallic complexes,’ single crystals of 
metals,2 and supported  catalyst^.^ We recently reported that 
the cluster CP’~MO~CO~(L@)~@~-S)(CO)~ (Cp’ = CJ-bMe) (1) 
desulfurizes organic sulfur compounds in solution and is also a 
precursor for a heterogeneous HDS c a t a l y ~ t . ’ ~ , ~ ~  Cluster 1 is 
converted into the cluster C P ’ ~ M O ~ C O ~ ~ ~ ~ - S ) ~ ( C O ) ~  (2) in the 
typical desulfurization reaction (eq 1).lb This communication 
reports on the mode of coordination of organic thiols and 
thiolates to cluster 1, the mobility of thiolates bound to the 
cluster, and the energetics and mechanism of C-S bond 
cleavage. 

Thiolates initially coordinate to cluster 1 through a Co atom. 
When a solution of tetraethylammonium p-toluenethiolate was 
added to a cooled (213 K) solution of cluster 1 and the reaction 
was followed by ‘H-NMR spectroscopy, a deep red adduct (la) 
was observed to form (Scheme 1, step a).4 The Cp’ ligands in 
compound l a  are equivalent: the ‘H-NMR spectrum consists 
of a single ABCD pattern for the Cp‘ ring protons and a single 
peak for the Cp’ methyl protons. This spectrum is analogous 
to the NMR spectrum of the structurally characterized trimeth- 
ylphosphine adduct of cluster le5 The adduct la  was rapidly 
converted to a new, dark green compound lb  (Scheme 1, step 
b) when the temperature of the solution was increased from 
213 to 249 K. Compound lb has inequivalent Cp’ rings as 
evidenced by two ABCD pattems and two methyl signals in 
the ‘H-NMR spectrum.6 The decreased symmetry in compound 
lb  suggests that the thiolate ligand is bridging a Co-Mo bond. 
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Scheme 1 

Compounds containing edge-bridging thiolate ligands are well 
established in organometallic chemistry.’ Elemental analysis, 
reactivity studies, and mass spectroscopy c o n f i i  that compound 
lb is not the CO-substituted product, C ~ ’ ~ M ~ ~ C O ~ S ~ ( C O ) ~ ( S A ) - ,  
that also would exhibit two ABCD pattems for the Cp’ protons.8 

Variable temperature ’H-NMR spectra reveal that compound 
lb  is stereochemically nonrigid. Spectra recorded between 249 
and 295 K show exchange broadening (Figure 1). At 249 K, 
the Cp’ rings are nonequivalent as evidenced by the 2ABCD 
pattern and two methyl signals. At 263 K, the ring protons are 
broadening and the methyl signals are beginning to merge. At 
295 K, the resonances for the Cp’ ring protons are broad and 
coalescing and only a single peak is observed for the methyl 
 proton^.^ 

A movement of the thiolate and sulfide ligands about the 
surface of the cluster can explain the variable temperature NMR 
behavior of compound lb. One can envision two mechanisms 
for the fluxional process: (1) the thiolate crosses the Mo-Mo 
axis or (2) the thiolate crosses the Co-Co axis. If the thiolate 
crossed the Mo-Mo axis, the Cp‘ rings would be inequivalent 
and the ‘H-NMR spectrum in the fast exchange region (T > 
329 K) would consist of two A2B2 signals for the ring protons 
and two singlets for the methyl protons. The reactive nature 
of compound lb  precluded spectra from being recorded in the 
fast exchange region (vide infra); nonetheless, pathway 1 could 
be ruled out. The 295 K spectrum shows only a single peak 
for the Cp’ methyl protons; hence, the Cp’ rings are equivalent. 
Therefore the thiolate is crossing the Co-Co axis in the 
fluxional process, and the barrier to this motion is lO(1) kcaU 
mol as determined by dynamic NMR modeling.I0 

The reaction of thiolates with cluster 1 has provided the first 
insight into the mechanism by which cluster 1 cleaves C-S 
bonds. When a solution. of the bridging thiolate complex, 
[(C&CH2)N(CH3)3][1*SC&CH3] (3) in CD3CN (0.7 mL), was 
heated to reflux, desulfurization of the bound thiolate occurred 
and a new organometallic compound, the radical anion of cluster 
2 (27 ,  was formed, along with the only organic product 
detected, toluene-dl (Scheme 1, step c). The molecular structure 
of the radical anion was confirmed by single-crystal X-ray 
analysis (Figure 2)’’ The increase in the Co-Co distance, from 
2.56 8, in 212 to 2.75 8, in 2-, is consistent with the added 
electron residing in a Co-Co u* orbital. Formation of toluene- 
dl results from homolytic cleavage of the C-S bond, followed 
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Figure 1. Exchange-broadened 'H-NMR spectra for l b  in the Cp' ring 
proton region between 4.9 and 6.0 ppm. Peaks marked with an asterisk 
are due to a second, symmetrical product (bis(thio1ate) adduct?) that 
reversibly forms at low temperature. Experimental spectra are on the 
left; simulated spectra with corresponding rate constants are on the 
right. 
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Figure 2. ORTEP diagram of the anion Cp12M02C02S4(C0)2- (2-). 
Thermal ellipsoids are drawn ,at the 50% probability level. Some 
relevant interatomic distances (A): Mo-Mo, 2.8384(5); Mo-Co (av), 
2.744(3); Co-Co, 2.746(1); Co-S (av), 2.22(4); Mo-S (av), 2.33(1). 

by abstraction of a deuterium atom from the solvent by the 
p-tolyl radical (Scheme 1, step c). The desulfurization of Na- 
'BUS by cluster 1 gave isobutane but no butenes, a result that is 
consistent with a free radical mechanism for C-S bond 
cleavage. 

Desulfurization of lithium cyclopropylmethylthiolate, Li- 
[SCH~(C-C~H~)], provided additional support for homolytic C-S 
bond cleavage. The cyclopropylmethyl radical,'CH2(c-C3H~), 
is known to rapidly rearrange to the butenyl radi~a1.I~ De- 
sulfurization of Li[SCH2(c-C3H5)] by cluster l in CD3CN gave 
cluster 2- and l-butene-dl.ISa No other products were detected. 

(1 1) A GCMS analysis of the NMR solution gave an mle = 93 value 
for the organic product. The structure of (PhCHzNMe3).2- was determined 
from the analysis of 3417 unique reflections. R I  = 0.033, wR2 = 0.092, a 
= 9.868(3) A, b = 12.590(3) A, c = 13.105(4) A, a = 84.19(2)", p = 
69.89(2)", y = 88.99(2)', Q(calc) = 1.83 g/cm3. Details of the structure 
will be reported in due course. 

1989. 
(12) Riaz, U. Ph.D. Thesis, University of Michigan, Ann Arbor, MI, 

(13) A resealable tube was charged with cluster 1 (20 mg, 0.30 mmol), 
NalBuS (4.0 mg, 0.30 mmol), and CHjCN (10 mL). The solution was 
heated to 80 ' C  for 2.5 h. GCMS analysis of head gas: mle 58 (isobutane). 

(14) Newcomb, M.; Curran, D. P. Acc. Chem. Res. 1988, 21,  206. 
(15) (a) A resealable NMR tube was charged with (c-C3Hj)CHzSLi (10 

mg, 0.1 1 mmol), cluster 1 (20 mg, 0.07 mmol), and CD3CN (0.7 mL). The 
solution was heated to reflux, and the progress of the reaction was monitored 
periodically by 'H-NMR spectroscopy. GCMS analysis of head gas 
revealed 1-butene-dj (mle 57). All volatile compounds in the NMR solution 
was transferred under vacuum and analyzed by GCMS. No products other 
than 1-butene-dl were detected. (b) IH-NMR (CsDjCD3): 1-butene: 6 0.85 
(t, 3H), 1.91 (m, 2H), 4.96 (m, lH), 5.01 (m, lH), 5.77 (m, 1H). GCMS 
of NMR solution: mle 56. 

Cluster 1 also cleaves the C-S bond in thiols via an apparent 
free radical mechanism. Desulfurization of the thiol (c-C3H5)- 
CH2SH in toluene-dl yielded the cluster 2 and 1 - b ~ t e n e . I ~ ~  The 
lack of deuterium incorporation in the butene product implies 
that the butenyl radical abstracts a hydrogen atom from the 
cluster-thiol complex before the radical has a chance to abstract 
a deuterium atom from the solvent. 

The discovery that nucleophiles react with cluster 1 to yield 
an adduct led us to investigate the kinetics of the desulfurization 
of several aryl and alkyl thiols. The rates of thiol desulfurization 
were first-order in cluster and first-order in thiol concentrations. 
Added CO did not affect the rate of the desulfurization 
reaction.I6 Therefore, the rate law for the formation of cluster 
2 is d[2]/dt = k[l][thiol]. This rate law and the calculated 
negative values for the activation parameter A$ (-5 to -22 
cal/(mol K)) suggest a mechanism for desulfurization in which 
the rate-determining step is initial coordination of the thiol to 
the cluster. Such a mechanism also explains why aryl and alkyl 
thiols are desulfurized with almost equal facility even though 
the aryl sulfur bond is stronger than the alkyl sulfur bond. 

The activation enthalpy fl provides a value for the upper 
limit of the homolytic bond dissociation energy (BDE) for a 
thiol coordinated to cluster 1. The value for the homolytic BDE 
of the C-S bond in CsHsSH is approximately 83 kcaUm01.I~ 
The value of fl for the cleavage of the C-S bond in C&- 
SH mediated by cluster 1 is 27 kcaUmo1. Cluster 1 effectively 
lowers the strength of the C-S bond by nearly 75% by 
stabilizing the sulfur-containing fragment by p3-coordination of 
the S atom and by delocalization of the unpaired electron (cf. 
eqs 2 and 3). 

AH=C-SBDE 
M;T)-;M A M:&M 2, + Ar* (2) 

M 

AH = C-S BDE 
ArSH - HS* + A r e  (3) 

The reaction of cluster 1 with thiols and thiolates has provided 
a deeper understanding of the mechanism (Scheme 1) by which 
C-S bonds are activated by coordination to metal centers. The 
results of these reactivity studies provide valuable insight into 
processes, e.g., substrate coordination and mobility, C-S bond 
cleavage, and C-H formation, that may occur on heterogeneous 
HDS catalysts. 
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(16) The rate constant for the desulfurization of C6HjSH conducted under 
CO was identical within experimental error to the rate constant for the 
desulfurization under N2 (0.86(6) x M-' 

(17) The homolytic bond dissociation energy was calculated using 
thermochemical data listed in the following reference: Griller, D.; Kanabud- 
Kaminsks, J. M.; Maccoll, A. J .  Mol. Struct. (THEOCHEM) 1988, 163, 
125. 

M-' s-' vs 0.92 x 
S-1). 


