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Reaction between [(η5-Cp′)3Mo3S4]+ and [Ni(1,5-cod)2] (Cp′ )
methylcyclopentadienyl; 1,5-cod ) 1,5-cyclooctadiene) in THF at
ambient temperature yielded a coordinatively unsaturated cubane-
like cluster cation, [(η5-Cp′)3Mo3S4Ni]+. The ligand sphere at the
Ni atom could be saturated by coordinating dimethyl sulfide, diethyl
sulfide, di(tert-butyl) sulfide, tetrahydrothiophene, thiochroman-4-
ol, 1,4-dithiane, pyridine, quinoline, or 4,4′-bipyridine. The products
structurally model a mode of substrate coordination on proposed
binding sites of heterogeneous MoNi sulfide hydrotreating catalysts.
No stable coordination compounds could be isolated for thiophene
derivatives. X-ray crystal structures are reported for the ligand-
bridged dicluster compounds [{(η5-Cp′)3Mo3S4Ni}2(µ-C4H4S2)][pts]2
(C4H8S2 ) 1,4-dithiane) and [{(η5-Cp′)3Mo3S4Ni}2(µ-bipy)][pts]2
(bipy ) 4,4′-bipyridine).

The study of metal complexes1 and clusters2 that are able
to activate and/or break C-S bonds of organosulfur mol-
ecules provides insight into possible mechanisms for hy-
drodesulfurization (HDS),3 a key oil-refinery process by
which sulfur is removed from oil fractions at 300-400 °C
and atp(H2) ) 10-140 bar. We here report a number of
heterobimetallic cubane-like sulfide cluster compounds [(η5-
Cp′)3Mo3S4Ni(L)] + (Cp′ ) methylcyclopentadienyl) in which

an organosulfur or -nitrogen molecule L is coordinated to
the heteroatom site of the cluster. The binding mode may
mimic substrate binding to the catalytically active Co-
Mo-S and Ni-Mo-S phases of industrial heterogeneous
catalysts.4,5

With the exception of the Mo2Co2Sx (x ) 3, 4) cluster
cores studied as HDS models by Curtis and co-workers,6

molecular HDS systems do not, in terms of the elements
involved, resemble the industrial catalyst, which contains Mo
andCo/Ni, all in their sulfidic state. We are here concerned
with the heterobimetallic cubane-like cluster core Mo3S4Ni.
Until recently the chemistry of Mo3S4M′ clusters was almost
completely aqueous,7 but it has now been extended into the
organometallic domain by the discovery of a rational
synthesis method for [(η5-Cp)3Mo3S4]+ (Cp ) cyclopenta-
dienyl) and the demonstration that group 6 and 8-10
transition metals (M′), in the form of low-valent organome-
tallic compounds, may be incorporated into such cluster
cores.8

Incorporation of a nickel atom was achieved by reacting
[(η5-Cp′)3Mo3S4][pts] (pts ) p-toluenesulfonate) with [Ni-
(cod)2] (cod ) 1,5-cyclooctadiene) in tetrahydrofuran and
under inert atmosphere conditions; the advance of the
reaction was reflected in a color change from green to dark
brown within 1 min at room temperature. Subsequent
addition of 3-5 times stoichiometric excess of dimethyl
sulfide, diethyl sulfide, di(tert-butyl) sulfide, tetrahy-* Corresponding author. Tel:+45 45272653. Fax:+45 45272999.
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drothiophene, thiochroman-4-ol, pyridine, or quinoline gave
after 2 h reaction time at room temperature and precipitation
by means of pentane the complexes1a-g as pts salts. The
identity and purity of these compounds were confirmed by
1H NMR, FAB mass spectroscopy, and chemical analyses.
No well-defined compounds could be isolated by a similar
preparative route with diphenyl sulfide, thiophene, ben-
zothiophene, dibenzothiophene and tetramethylthiophene,
most likely due to the lower nucleophilicity of the sulfur
atom in the aromatic heterocycles. Carbazole and benzo[h]-
quinoline did not form complexes either.

Compounds1a-g did not crystallize well. Single crystals
suitable for X-ray crystal structure determinations were
obtained with the bis(monodentate) ligands 1,4-dithiane
(C4H8S2) and 4,4′-bipyridine acting as bridges between two
cubane-like clusters. The cluster cations of [{(η5-Cp′)3Mo3S4-
Ni}2(µ-C4H8S2)][pts]2 ([2a][pts]2) and [{(η5-Cp′)3Mo3S4Ni}2-
{µ-(4,4′-bipy)}][pts]2 ([2b][pts]2) are shown in Figures 1 and
2.9

The compounds1a-g and2a,b constitute examples of a
neutral organosulfur or organonitrogen molecule coordinated

to a molecular-based site that resembles the active sites on
an industrial HDS/HDN catalyst. The activity of the (usually
alumina-supported) heterogeneous catalysts is associated with
Co/Ni atoms bound to the MoS2 crystallite edges, but the
exact structure is a pending question. On the basis of XAFS
and 59Co NMR the structures310,11 (X ) S) and 4,12

respectively, have been proposed. In these structure drawings
only the edge sulfur atoms of the MoS2 structure are
displayed.

Recently, scanning tunneling microscopy has indicated the
structure513 (X ) S) for cobalt-promoted MoS2 crystallites
(supported on Au). Some coordinatively unsaturated edge
atoms are formed by increasing the ratio H2/H2S in the gas
that is in contact with the MoS2 crystallites.14 For the
structures3 and5 this corresponds to replacing edge sulfur
atoms by vacancies (i.e., X) * rather than S). The sulfur
vacancies are envisaged to play a role in the catalytic cycle
for HDS by acting as binding sites for S of organosulfur
molecules.15 The coordination site on Ni in the cluster Mo3-
NiS4 is of a type similar to the sulfur vacancy site in the
MoS2-edge structure3, and in this way1a-g and2a,b may
model substrate binding to the catalyst. The Ni coordination
geometry in the cluster Mo3NiS4 is tetrahedral as is the Co
coordination geometry in the edge structure5.

Structural data for2a,b do not indicate any activation of
the C-S or C-N bonds. We therefore examined the HDS/
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Figure 1. Structure of the cluster cation in [{(η5-Cp′)3Mo3S4Ni}2(µ-
C4H8S2)][pts]2 ([2a][pts]2). Carbon thermal factors of the Cp′ rings are set
arbitrarily low for clarity. The remaining thermal ellipsoids are drawn at
the 30% probability level.

Figure 2. Structure of the cluster cation in [{(η5-Cp′)3Mo3S4Ni}2{µ-(4,4′-
bipy)}][pts]2 ([2b][pts]2).
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HDN ability of the cluster at elevated temperatures and in
the presence of H2. Reactions between [(η5-Cp′)3Mo3S4Ni]-
[pts] and benzothiophene/quinoline in ethylene glycol solu-
tion conducted in a stainless steel pressure vessel (30 bar
H2, 16 h, 130 °C) did not reveal any of the expected
desulfurization and denitrogenation products to have formed.
At higher temperature (250°C) and with decaline as solvent/
dispersion medium, some reactivity was observed, most
likely due to partial thermal decomposition of the cluster
that produced catalytically active black solids.

The possibility16 that the cluster Mo3S4Ni may display
catalytic activity originates in the observation17 that CO binds
to the heterometal atom in [(H2O)9Mo3S4M′]4+ for M′ ) Co,
Ni,18 but not for M′ ) Cu, Fe. In this respect the molecular
clusters closely resemble the heterogeneous MoS2-based
catalyst whose HDS activity is promoted by Co and Ni, but
not by Fe and Cu. Furthermore, heterogeneous catalysts
absorb CO in amounts correlated with their activities.19 On
the basis of Fenske-Hall molecular orbital calculations it
was concluded20 that the Mo3S4Ni cluster is unlikely to be
active for HDS catalysis due to low electron density on Ni,

which would prevent insertion of Ni into a C-S bond. The
alternative route of homolytic C-S bond cleavage as, e.g.,
seen21 in the desulfurization of 4-methylbenzenethiol by
[{(η5-Cp′)Mo}2S3{Co(CO)2}2] was, however, not considered.

In conclusion, the molecular cluster compound [(η5-Cp′)3-
Mo3S4Ni(L)] + was prepared as a model for heterogeneous
Ni-Mo-S hydrodesulfurization catalysts. Catalytically rel-
evant organosulfur and -nitrogen molecules were found to
bind to the Ni site of the cluster, but no homogeneous HDS
or HDN activity was detected.
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