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The hydrodesulfurization (HDS) of petroleum is an industri-
ally important catalytic process whose mechanism still remains
elusive.1 Organometallic reactions2 and reactions on single-
crystal surfaces3 have been used to model HDS catalysts and
possible mechanisms. Recent work of Bianchiniet al. has
demonstrated the first HDS catalyst by a homogeneous system.4

However, few parallels between model systems and the actual
Co/Mo/S catalysts have been made.2,5 We wish to report the
first direct comparison of an organometallic desulfurization
reaction with the reactivity of a heterogeneous HDS catalyst.
Previously, we reported that1′, Cp′2Mo2Co2S3(CO)4 (Cp′ )

η5-C5H4Me), desulfurized organic thiols and sulfides in solution
to form the cluster Cp′2Mo2Co2S4(CO)2 (2′) and the correspond-
ing hydrocarbon.6 A kinetic study revealed that binding of the
thiol to cluster1′ was the rate-determining step in the desulfu-
rization reaction and that the C-S bond was cleaved homolyti-
cally.7 Proof of a radical intermediate was furnished by the
reaction of cyclopropylmethylthiol (CPMT) with the cluster1′.
The organic product was 1-butene, arising from the rearrange-
ment of the cyclopropylmethyl radical to the butenyl radical
which then abstracted an H atom (eq 1). This rearrangement

occurs at a known rate (k1 ) 1.3 × 108/s at 25°C) and is
characteristic of a free radical clock reaction.8 We now report
that the reaction of cluster1 (Cp ) η5-C5H5) with a slower
radical clock, 5-hexene-1-thiol (k2 ) 1.0 × 105/s at 25°C),
also produced the characteristic free radical rearrangement
product, methylcyclopentane (eq 2).9

Having demonstrated C-S bond homolysis as the desulfu-
rization mechanism in this model system, we desired to explore
whether or not this mechanism applied to the actual HDS

catalyst. A Co-promoted MoS2 HDS catalyst supported on
γ-alumina was loaded into a differential flow reactor and

activated in the usual manner.10 A solution of CPMT11 was
injected into a stream of hydrogen gas at 1 atm pressure and
passed over the heated catalyst. At 300°C, almost complete
conversion of the thiol was observed, and the hydrocarbon
products were a mixture of butene isomers in their thermo-
dynamic ratios and a small amount of propene (Figure 1; Table
1, Supporting Information).12 The conversion was varied by
lowering the temperature. The change in product distribution
to 100% 1-butene at 140°C (Figure 1, Table 1) indicates that
the initial product of the HDS reaction is 1-butene, which is
then isomerized to the other thermodynamically favored butene
isomers. No methylcyclopropane (MCP) was detected.
In a control experiment, MCP in a hydrogen stream at 1 atm

pressure was passed over the catalyst bed. In addition to
unreacted MCP, the products at 140°C were 33% 1-butene,
44%cis-2-butene, and 23%trans-2-butene. The 1-butene was
present in large excess of its thermodynamic ratio: 1.0:1.3:0.7
(obsd) vs 1.0:5.0:10.0 (equilibrium) for 1-butene/cis-2-butene/
trans-2-butene (Table 1). It has been shown that MCP thermally
rearranges by C-C bond homolysis, followed by H-atom shift,13

and the ratio of thecis- to trans-2-butene products was
approximately 2,14 as seen here. These results clearly show
that the product slate observed in the HDS of CPMT does not
come from the isomerization of initially formed MCP but is
consistent with the formation and rearrangement of the cyclo-
propylmethyl radical in the HDS process.
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Figure 1. Normalized 1-butene (b), cis-2-butene (9) and trans-2-
butene (2) products from the HDS of CPMT (arrows indicate the
equilibrium concentrations of the respective butenes at 600 K).
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The hydrodesulfurization of 5-hexenethiol by the heteroge-
neous catalyst was also performed,15 and in this case the product
was not that expected from free radical rearrangement (Table
2, Supporting Information). At 200°C, the conversion was low,
and the products were internal hexenes (62 mol %) and 1-hexene
(27 mol %), the latter in excess of its thermodynamic ratio
(equilibrium: 94% internal/6% terminal). Some hydrogenation
product (hexane) was observed but no methylcyclopentane was
detected. As the reaction temperature was raised, the product
slate approached the equilibrium ratios (Figure 2).16 In control
experiments, 1-hexene was quickly isomerized to internal
hexenes, while methylcyclopentane showed no rearrangement.
The product distribution is consistent with the initial formation
of 1-hexene, followed by isomerization to the thermodynami-
cally favored internal hexenes.
A mechanism for the heterogeneous HDS of the free radical

clocks is presented in Scheme 1. This mechanism parallels that
proposed for the homogeneous desulfurization of thiols by
cluster1′. The steps include adsorption of the thiol on the
surface, homolytic C-S bond cleavage, and rearrangement of
the resulting radical. For cyclopropylmethyl radical, this occurs
faster than hydrogenation of the radical, presumably by a
hydrogen atom on the surface of the catalyst. The results of
the HDS of 5-hexenethiol can also be explained by Scheme 1
if the rate of hydrogenation is greater than the rate of cyclization
of the 5-hexenyl radical (k2 ) 1.5× 107/s at 300°C).17 We
recognize that other mechanisms are possible (e.g., initial
hydrogenation of the olefin, E2 elimination of the thiol to
produce 1-hexene, followed by isomerization to internal hexenes)
and experiments are underway in our lab to address these issues.
The difference in reactivity between the cluster model and

the heterogeneous catalyst may stem from the drastic differences
in conditions. The concentration and reaction rate of hydrogen
atom sources (metal hydrides or thiols) should be very different
from solution state to heterogeneous systems, resulting in

different rates of hydrogen abstraction. For example, if metal
hydrides are the hydrogen donors on the surface of the
heterogeneous catalyst (as presumed in Scheme 1), we would
expect the reaction rate with formed radical to be greater than
the rate of hydrogen abstraction from thiols in solution, based
on organometallic models.18

The formation of free radicals in the vicinity of surfaces has
been explored under UHV (ultrahigh vacuum) conditions with
alkyl halides and metal crystals.19 Recently, a study of the
desulfurization of cyclopropylmethylthiol on a Mo(110) crystal
was performed under UHV conditions.20 Homolytic cleavage
was proposed as the mechanism for the C-S bond cleavage on
the surface, but no rearrangement products typical of the
cyclopropylmethyl radical were observed. The lack of rear-
rangement products was rationalized by assuming that C-S
bond breaking and C-H bond forming were nearly simultaneous
(at least the hydrogenation occurred at a much faster rate than
the radical rearrangement). We have demonstrated here that
this is not the case for the HDS of CPMT over a conventional
catalyst operating at the usual temperatures and atmospheric
pressure. It appears that in this particular case, at least, an
organometallic cluster in solution models the heterogeneous
catalyst better than a clean metal surface under UHV conditions.
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Figure 2. Normalized 1-hexene (b) and internal hexenes (2) yields
from the HDS of 5-hexene-1-thiol (dashed lines indicate the equilibrium
concentrations of the respective hexenes).

Scheme 1
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