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ABSTRACT: Azobenzene hydrogenation is catalyzed under moderate conditions by a cuboidal Mo;(3-S)(pt-S); diamino complex
via a cluster catalysis mechanism. Dihydrogen activation by the molecular [Mos(t3-S)(1-S);Cly(dmen);]” cluster cation takes place
at the p-S bridging atoms without direct participation of the metals in clear contrast with classical concepts. The reaction occurs with
formation of 1,2-diphenylhydrazine as intermediate with similar appearance and disappearance rate constants. On the basis of DFT
calculations a mechanism is proposed in which formation of 1,2-diphenylhydrazine and aniline occurs through two interconnected
catalytic cycles that share a common reaction step that involves H, addition to two of the bridging sulfur atoms of the catalyst to form
a dithiolate Mos(u3-S)(u-SH), )(u-S) adduct. Both catalytic cycles have similar activation barriers, in agreement with the experimental
observation of close rate constant values. Microkinetic modelling of the process leads to computed concentration-time profiles in
excellent agreement with the experimental ones providing additional support to the calculated reaction mechanism. Slight modifica-
tions on the experimental conditions of the catalytic protocol in combination with theoretical calculations discard a direct participation
of the metal on the reaction mechanism. The effect of the ancillary ligands on the catalytic activity of the cluster fully agrees with the
present mechanistic proposal. The results herein demonstrate the capability of molybdenum sulfide materials to activate hydrogen
through an uncommon sulfur based mechanism opening attractive possibilities towards their applications as catalysts in other hydro-

genation processes.

Catalytic hydrogenation of organic compounds lies at the foun-
dations of modern chemistry due to its great practical signifi-
cance, and transition metal catalysts have been the most effec-
tive in achieving this transformation.' Dihydrogen activation is
a key step of these catalytic processes and its mechanism has
been intensively studied using both experimental and theoreti-
cal methods.’ Molybdenum sulfide based materials have re-
cently emerged as an alternative to noble metals for the hydro-
genation of unsaturated substrates.” However, the mechanism
of hydrogen activation at these compounds is still under debate.
Indeed, a number of studies have shown that H, adsorption
characteristics of MoS, depend on the structure (basal-plane vs.
edge sites), its degree of sulfur saturation, hydrogen coverage
and temperature.4

Given the difficulties associated to obtain mechanistic infor-
mation on heterogeneous MoS, based catalysts, various re-
search groups have tackled the chemistry of homogeneous ca-
talysis mediated by molybdenum sulfide complexes. In partic-
ular, molecular clusters represent simplified structural models
of MoS, that often emulate their catalytic properties. During the
past decade we have exploited this approach by studying the
behavior of trinuclear molybdenum sulfide clusters containing
a cuboidal Mo;(p3-S)(1-S); core. Specifically, we have shown

that these species are able to catalyze the reduction of ni-
troarenes’ and the semi-hydrogenation of alkynes.6 These re-
sults prompted us to extend our studies to other unsaturated sub-
strates, and in particular, we focused on those containing N-N
bonds.

Previous studies by our group, in collaboration with Beller’s
group, have shown that hydrogenation of nitroarenes to afford
aniline derivatives catalyzed by diamino and diimino Mo3(s-
S)(1-S); complexes occurs through the two competing paths
proposed by Haber more than a century ago, i.e. the direct and
the condensation routes.” The latter leads to aniline through
azoxy, azo, and hydrazo derivatives, so azobenzene catalytic
hydrogenation to afford aniline using Mo;S, clusters seems fea-
sible. However, the mechanism of such transformation remains
unclear although experimental evidences give support to the
preservation of the cluster complex integrity during the catalytic
transformation.

Herein, we present an efficient protocol for the azobenzene hy-
drogenation catalyzed by the cuboidal [Mos(ps-S)(p-
S);Cls(dmen)s]” (1) complex (see Scheme 1). In our study, we
combine experimental and DFT methods to unravel the kinetics
of the process as well as its reaction mechanism. Our work pin-



points a homolytic H, activation mechanism at two of the bridg-
ing sulfur atoms followed by two consecutive hydrogen trans-
fers to azobenzene and 1,2-diphenylhydrazine to afford aniline.
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Scheme 1. Structure of the [Mo;S,Cly(dmen)s]” (1) cluster cat-
ion (top) and sequential conversion of azobenzene to 1,2-diphe-
nylhydrazine and aniline (bottom).

In this work, the hydrogenation of azobenzene is used as a probe
reaction to unveil the hydrogenation mechanism mediated by
cuboidal Mos(u3-S)(p-S); cluster compounds. For that purpose
we selected the diamino [Mo03S,Cl;(dmen);]CI complex salt and
used a protocol similar to that employed for the catalytic direct
hydrogenation of nitroarenes.” In a typical experiment, azoben-
zene (0.1 mmol) and the cluster catalyst (0.005 mmol) were dis-
solved in 2 mL of methanol and the vial introduced in an auto-
clave. Full conversion and up to 94 % yield of aniline was
achieved by using a milder protocol (10 bar of H,, 60 °C for 6
h) than the one needed for the catalytic transformation of nitro-
benzene to aniline (20 bar of H,, 70°C for 18 h).* These condi-
tions are for instance less demanding than those employed by
Suzuki et al. using trinuclear ruthenium pentahydride clusters,
while conversion and selectivity are significantly improved.8
Moreover, these results demonstrate that Mo;S, clusters are ca-
pable of promoting the cleavage of the N-N bond in hydrazine
derivatives, a process of relevance to nitrogen fixation.’

The kinetics of the [Mo;(i3-S)(n-S);Cly(dmen);]Cl catalyzed
hydrogenation of azobenzene in CH;OH was then monitored in
a series of batch experiments. The time course of the reaction
under standard conditions (60°C, 10 atm H,) is illustrated in
Figure 1, which shows the typical profile for a reaction occur-
ring via two consecutive kinetic steps, in which azobenzene is
initially converted into 1,2-diphenylhydrazine, which then un-
dergoes hydrogenation to afford two equivalents of aniline
(Scheme 1). The absence of induction period in Figure 1 sug-
gests that the catalyst maintains its integrity and pinpoints the
[Mos(u3-S)(n-S);Cls(dmen)s]” cluster as the active species,
which was confirmed by the absence of noticeable changes in
the ESI-MS spectra at the end of the reaction (Figure S2). No-
tably, no deuterated aniline was formed by using CD;0D as sol-
vent, thus precluding a solvent mediated transfer hydrogenation
process. Attempts to fit the kinetic profiles in Figure 1 to a
model involving two consecutive kinetic steps (A — B — C)

with rate constants k; and k, were unsuccessful because the val-
ues of both rate constants are close to each other, and this makes
undefined the preexponential terms that include the k, — k; dif-
ference in the denominator.' Nevertheless, the value of k; can
be easily derived from a fit of the data for the disappearance of
the starting compound (A), and yields k= 0.42 + 0.03 h'. The
value of &, can then be estimated by considering that at the time
when the intermediate species (B) reaches its maximum con-
centration d[B]/dt = 0 and so &, [A] = k, [B].11 Inspection of
Figure 1 indicates that the intermediate reaches its maximum
concentration at ca. 2.4 h, and at that time the percentages of A
and B are both close to 35%, and therefore k, = k.
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Figure 1. Time course for the different species observed in the
catalytic hydrogenation of azobenzene: azobenzene (circles),
1,2-diphenylhydrazine (triangles) and aniline (squares). The
line corresponds to the fit to a single exponential of the data for
the disappearance of azobenzene.

To gain further insight into the reaction mechanism, a theoreti-
cal study on the interaction between azobenzene and the cluster
was carried out. Notably, all attempts to obtain stable adducts
resulting from the interaction between the cluster and azoben-
zene failed. Based on this outcome, the existence of cluster-hy-
drogen interactions was explored. However, all studied mecha-
nisms involving H, activation with participation of the metal
centers require a large energy input, unattainable under our ex-
perimental conditions (see below). This is in fact not surprising
given the stability of these clusters, which feature Mo centers
with an octahedral coordination environment. On the contrary,
the H, molecule was found to react with two of the bridging
sulfide ligands of the cluster to form a [Mo;(u3-S)(n-SH),(p-
S)Cls(dmen)s]” (1-H,) adduct with a reasonable energy require-
ment, as shown in the corresponding energy profile (Figure 2).
The process is endergonic by 14.7 kcal/mol and leads to the ho-
molytic cleavage of the H-H bond with formation of two (p-
S)-H bonds with a Gibbs energy barrier of 16.9 kcal/mol. In-
terestingly, this mechanism shares common features with the
[3+2] cycloaddition reaction between Mo;(u;-S)(-S); clusters
and alkynes to form dithiolene adducts, as in both cases a bond
(either a t C-C bond of the alkyne or the c H-H bond of dihy-
drogen) is broken and two new o bonds formed (S-C and S-H,
respectively).12 In addition, there is a shortening of one Mo-Mo
bond from 2.759 A in 1, typical of a single metal-metal bond,



to 2.687 A in 1-H,, characteristic of a double metal-metal bond
(Table S1). The same tendency is observed upon alkyne inser-
tion into the Mo;S, unit both in the experimental and in the op-
timized structures.'” The geometry of the TS, depicted in Figure
2, shows similar (u-S)-H bond distances as expected for a ho-
molytic dihydrogen activation process.
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Figure 2. Gibbs energy profile, in kcal/mol, relative to reactants
(1) for the addition of hydrogen to the cluster. For simplicity,
dmen and Cl ligands at the Mo centres are not drawn. Blue, yel-
low and white spheres represent the Mo, S and H atoms, respec-
tively.

It is worth highlighting at this point the similarities in the reac-
tivity of [Mos(us-S)(u-S);Cli(dmen);]” and the dinuclear
[Cp*Molx(1-S)x(u-S,) cluster.” The latter also reacts with H,
through its bridging sulfide ligands to form the species contain-
ing two hydrosulfido ligands [Cp*Mo],(u-S),(n-SH),, although
in this case the process is slightly exergonic.14 Moreover,
[Cp*Mo],(u-S),(n-SH), reacts at room temperature with azo-
benzene by transferring those two H atoms, which generates
1,2-diphenylhydrazine and regenerates the [Cp*Mo],(u-S),(p-
S,) cluster. Interestingly, at least under the milder experimental
conditions employed by Dubois et al, this process does not re-
sult in the formation of aniline and only one equivalent of H; is
incorporated into the azobenzene molecule. In spite of such dif-
ference, the data on [Cp*Mo],(n-S),(1-SH), is in line with the
reaction mechanism suggested by our DFT calculations for the
azobenzene hydrogenation in the presence of 1. These results
indicate that the sequential formation of 1,2-diphenylhydrazine
and aniline takes place through two interconnected catalytic cy-
cles which share the formation of 1-H, as a common step. This
species, resulting from the homolytic activation of a dihydrogen
molecule, is able to transfer its two hydrogen atoms to either
azobenzene or 1,2-diphenylhydrazine. This can be viewed as
two independent catalytic cycles in which each dihydrogen
transfer regenerates the [Mos(us-S)(u-S)(u-S),Cly(dmen);]”
cluster (Figure 3).

The calculated DFT profile for both cycles is shown in Figure
4. In the first cycle, the reaction between 1-H, and azobenzene
through transition state TS-1 directly transforms the latter spe-
cies into 1,2-diphenylhydrazine. Interestingly, the two H atoms
transferred in TS-1 feature distinct S—H (1.549 and 1.400 A)
and H-N (1.495 and 2.166 A) distances, which is indicative of
an asynchronous process (Figure S8). Hydrogen transfer in the

second cycle occurs in a stepwise manner through the I-2 inter-
mediate connected with 1,2-phenylhydrazine and aniline via
transition states TS-2A and TS-2B, respectively. Note that the
dispersion and standard state corrections required to obtain rel-
ative free energies within this cycle results in an unrealistic free
energy value for TS-2A, as it is computed to be lower than those
of 1-H, and I-2. This is an artifact that appears when neighbor-
ing stationary points have similar energies and it is no present
in the potential energy profile. (Figure S7). In any case, inter-
mediate I-2 is not relevant from a thermodynamic viewpoint nor
it is expected to be experimentally observed.
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Figure 3. Mechanism proposed for the catalytic conversion of
azobenzene into aniline. The figure illustrates the operation of
two interconnected catalytic cycles, one for the hydrogenation
of diazobenzene (cycle I) and another for the hydrogenation of
1,2 diphenylhydrazine (cycle II).

The data in Figure 4 indicates that overcoming transition states
TS-1 and TS-2B represent the rate-determining steps of each
cycle. This results in Gibbs energy barriers of 18.2 and 17.7
kcal/mol, respectively, when those of the cluster, H, and nitro-
gen-containing substrate are taken as relative zero. This is in-
deed in very good agreement with the experimental observation
of close rate constants for the formation of 1,2-diphenylhydra-
zine and its conversion to aniline. It is worth highlighting that
each of these barriers results from the combination of two dif-
ferent processes: (a) the formation of intermediate 1-H,, which
in both cases requires 16.9 kcal/mol to overcome TS-H, and
reach 1-H,, which lies 14.7 kcal/mol above the starting point of
each cycle; (b) the subsequent transfer of the H atoms to the
substrates, which requires 3.5 and 3.0 kcal/mol in cycles I and
I1, respectively, to climb from 1-H, to each limiting TS. Based
on this Gibbs energy profile, the formation of 1-H, is relatively
difficult, hence the required high H, pressure and temperature.
Nevertheless, once it is formed, it will react with azobenzene or
1,2-diphenylhydrazine with quite similar energy barriers. This
suggests that 1-H, will have an almost negligible discrimination
capability, with the experimental observation of sequential for-
mation of 1,2-diphenylhydrazine and aniline being just a con-
sequence of the relative concentrations throughout the experi-
ment. Specifically, the absence of 1,2-diphenylhydrazine at the
early stages of reaction will favor the reaction with azobenzene
(cycle I), but as the reaction goes on and the ratio between the
concentrations of 1,2-diphenylhydrazine and azobenzene in-
creases, cycle II will be favoured against cycle 1.
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Figure 4. Gibbs energy profile (kcal/mol) for the two-cycle catalytic conversion of azobenzene to aniline. Cl and dmen ligands are

omitted for simplicity. N-N distances at the TSs are given in A.

The complexity of the proposed mechanism is, evidently, asso-
ciated with the presence of at least five different species in the
reaction mixture (cluster, H,, azobenzene, 1,2-diphenylhydra-
zine and aniline). In order to evaluate how the Gibbs energy
profile in Figure 4 is affected by the varying concentrations of
these species, the system has been studied via microkinetic
modeling.15 For that purpose, the rate constants for the different
steps were estimated from their Gibbs energies of activation in
Figure 4 using the Eyring equation, which allowed the concen-
tration-time profiles for each species to be computed. The ex-
perimental kinetic data in Figure 1 were found to be well repro-
duced (Figure 5) by simply introducing minor changes in the
rate constant for the initial H, addition to the cluster. Actually,
a rate constant of 1.31 + 0.06 M™' s was obtained by fitting the
experimental data to the computed mechanism, which corre-
sponds to a Gibbs energy of activation of 19.4 kcal mol™. This
value differs from that in Figure 4 (16.9 kcal mol‘l) only by 2.5
kecal mol™, which is surely within the experimental and compu-
tational errors.

The key feature of the proposed mechanism is the activation of
H, at the bridging sulfur atoms of the cluster to form intermedi-
ate 1-H,. Unfortunately, the energy profiles show that this spe-
cies is expected to be formed under steady-state conditions, and
actually its concentration under the experimental conditions
used is estimated to be lower than 10™"* M both in the presence
and in the absence of azobenzene (Figure S10), which makes it
undetectable. In agreement with these expectations, the NMR
spectra of the cluster under H, pressure (Figure SS5), failed to
observe the formation of significant amounts of any other spe-
cies.
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Figure 5. Concentration-time profiles for azobenzene (circles),
1,2-diphenylhydrazine (triangles) and aniline (squares) during
the cluster-catalyzed hydrogenation process. The symbols cor-
respond to the experimental data (Figure 1 with the percentages
converted to concentrations and times in seconds), and the lines
to the concentrations calculated from the computed mechanism
in Figure 4 using the refined value of the rate constant for H,
addition to the cluster (1.31 M's™).

Given the impossibility of detecting the 1-H, intermediate, we
directed our efforts to find indirect experimental evidences
which could provide support to the above sulfur centered mech-
anism and simultaneously discard any metal participation in the
process. A clear evidence supporting H, activation by the bridg-



ing sulfur atoms in 1 was obtained by blocking the three bridg-
ing sulfur atoms of the cluster. For that purpose, CuCl was
added to the reaction mixture during the catalytic protocol (Ta-
ble 1, entry 2), which resulted in the inhibition of the hydro-
genation process. It is well known that cuboidal Mo;(p3-S)(p-
S); clusters interact with a variety of metals (M’) to form
MosM’S, clusters with cubane type structures.' In this case,
copper addition results in the in situ formation of the heterobi-
metallic [Mos(CuCl1)S,Cly(dmen);]” cation, which was isolated
as the CuCl,  salt whose crystal structure (Figure S6) shows the
formation of three new (p3-S)—Cu bonds.

Next, a combined experimental and theoretical approach was
undertaken aimed to analyze any potential mechanisms which
involve the formation of vacant sites at the metal center such as
dissociation of the outer halide, partial decoordination of the di-
amino bidentate ligand or HCI elimination with the concomitant
formation of Mo=NCHj; bonds induced by a base. Performance
of the catalytic protocol in the presence of added chloride (Ta-
ble 1, entries 3 and 4) has no significant effect in the reaction
outcome, discarding a mechanism involving a reversible disso-
ciation-coordination of the chloride ancillary ligands that would
allow for the heterolytic activation of H, at a Mo-u-S bond to
form a MoH/SH intermediate. In addition, no loss of the cluster
C; symmetry is observed by proton NMR when the cluster cat-
alyst is heated under hydrogen pressure (Figure S5) as expected
for a cluster containing partially decoordinated ligands. These
experimental results are further supported by theoretical calcu-
lations (Figure S11a). The alternative possibility of creating a
vacant coordination site at the metal through dissociation of one
of the nitrogen atoms of the diamine can also be discarded on
the basis of the aforementioned cluster C3 symmetry preserva-
tion and it is also corroborated by theoretical calculations. (Fig-
ure S11b). On the other hand, HCI elimination to furnish
Mo=NCHj species that could yield MoH/NH species upon hy-
drogenation can also be ruled out, as calculations indicate that
HCI elimination to form Mo=NCHj species present a barrier of
39.5 kcal/mol, again much higher than that evaluated for the
proposed mechanism (Figure S11c¢). In addition, the effect of
added basis (Table 1, entries 5-7) do not support any mechanism
involving HCI elimination.

With regard to the effect of added basis, pyridine addition has
no significant effect in conversion and product distribution (Ta-
ble 1, entry 5, see also Figure S3). However, a striking effect is
found upon addition of the stronger NEt; base, which com-
pletely inhibits the catalytic process (Table 1, entries 6-7) Under
these conditions, partial substitution of one or two of the outer
chlorides by methoxo and hydroxo groups is observed by ESI-
MS mass spectrometry (Figure S4). The calculated AG of 15.7
kcal mol™ for the hydrogenation of the most abundant substitu-
tion product, [M0;S,CI(OH),(dmen);]", only shows a modest
increase with respect to that of 1 to form 1-H,. Even though
these substitution compounds could have a lower catalytic ac-
tivity, this would not explain the complete inhibition of the cat-
alytic process because most of the starting cluster remains un-
reacted under these conditions. Indeed, a plausible explanation
can be given on the basis of the proposed mechanism, as the S-
H groups of the 1-H, intermediate are expected to have acidic
character (calculated pKa of 4.1), and therefore the base would
capture these H atoms thereby introducing an efficient addi-
tional reaction pathway for this intermediate that would lead to
inhibition of the whole hydrogenation process.

Table 1. Evaluation of conditions for azobenzene (AZ) hydro-

genation.”

60 °C, 4 h, CH30H

H NH,
[M03S4Cla(dmen)sICl (5 %) No
N +
10 bar H, H

AZ DPH AN
entry  variation from “initial conditions” conversion yield (%) AG°
(%)’
DPH AN
1 None 83 25 54 14.7
2 addition of CuCl (2 equiv) 0 0 0
3 addition of (n-BusN)CI (3 equiv) 82 24 55
4 addition of (n-BusN)CI (30 equiv) 80 19 45
5 addition of pyridine (2-12 equiv) 78 19 51
6 addition of Et;N (1 equiv) 10 4 6
7 addition of Et;N (2-3 equiv) 0 0 0
8 [Mo3S,Brs(dmen)s]"° 78 34 36 14.1
9 [M03S,Cls(dnbpy)s]" 14 3 11 16.2
10 [MosSa(tacn)s]** ® + HBF, (1.5 equiv) 32 12 20 13.8
11 [Mo3S,Cls(edpp)s]” ¢ 0 0 0 217
12 [Mo3S,Cls(dmpe)s]" ¢ 0 0 0 18.3
13 [Mo3S4Hs(dmpe)s]"* 0 0 0 235

 Reaction conditions: AZ (0.1 mmol), CH;OH (2 mL). ® Determined by
GC analysis using n-hexadecane as an internal standard. © Computed free
energy of the corresponding Mo;S,-H, adduct (kcal mol™) quoted relative

to the Mo;S, catalyst + H, (entries 1 and 8-13). 4QOuter ligands:

H H3C(H,C)7H,C CH,(CH,);CHj
/N\/\N/ _ _
H
/ \
dmen \ N N /
dnbpy
HN NH F"h ‘
P. ~
NS
&N) Ph” > NH, F"
H
edpp dmpe
tacn

At that point, we decided to explore the effect of the ancillary
ligands on the catalytic activity of a series of MosS, clusters
decorated with diamino, diimino, triamino, aminophosphino
and diphosphino ligands, aimed to gather additional arguments
to this uncommon hydrogen activation mechanism at the sulfur
centers. A summary of the results is listed in Table 1 (entries 8-
13) together with the calculated free energy needed for the for-
mation of the corresponding Mo;S,-H, intermediates, the first
and key step in the azobenzene hydrogenation reaction. To our



delight, we found a good correlation between the evaluated cat-
alytic activity and the free energy needed to reach the Mo;S,-
H, intermediate in all complexes containing bidentate ligands,
which provides strong support to the proposed mechanism. In
particular, all clusters containing phosphorous atoms bound to
the metal (Table 1, entries 11-13) are inactive. Diamino clusters
show higher activities than their diimino counterparts (Table 1,
entries 8-10) and substitution of chlorine by bromine in
[Mo3S,Cly(dmen);]" (Table 1, entries 1 and 8) decreases by ca.
10 % the azobenzene conversion. The catalytic protocol for the
triazacyclononane MosS, derivative (Table 1, entry 10) was
performed in the presence of acid to avoid deprotonation of the
coordinated tacn ligands, as it has been shown that cluster salts
of the [M03S4(tacn)3]4+ cation can only be crystallized from
acidic solutions (pH<2).'” Under these conditions, conversions
lye between those obtained for the diamino and the diimino
cluster catalysts.

A definite proof in favor of our sulfur centered mechanistic pro-
posal comes from the observed catalytic activity when capping
the molybdenum atoms with tacn ligands. In the structure of
[Mo3S4(tacn)3]4+, the three outer positions on each metal are
completed by facially coordinating tridentate macroclyclic tacn
amine ligands. This circumstance indicates that formation of a
Mo-based reaction site is highly unlikely. In contrast, as de-
tailed before, blocking of the sulfur atoms (Tablel, entry 2) re-
sults in the inhibition of the catalytic hydrogenation of azoben-
zene.

In conclusion, the [M03S4C13(dmen)3]+ cuboidal cluster effi-
ciently catalyzes the reduction of azobenzene to aniline with
high yields under relatively mild conditions. The reaction oc-
curs with formation of 1,2-diphenylhydrazine as a detectable
intermediate, which is formed and disappears with close rate
constants. Experimental outcomes, computational studies and
microkinetic modelling support a reaction mechanism in which
H, is homolytically activated at two of the three bridging sulfur
atoms of the cluster to form a dithiol [Mos(ps-S)(p-S)(p-
SH),Cly(dmen);]” intermediate under steady-state conditions.
This intermediate is able to transfer both hydrogen atoms to az-
obenzene and to 1,2-diphenylhydrazine through two intercon-
nected catalytic cycles. Although all processes take place with-
out direct participation of the Mo centers or their ancillary lig-
ands, the latter are found to significantly modulate the ability of
the cluster to activate the H, molecule and ultimately catalyze
the hydrogenation of azobenzene. The proposed mechanism
represents a new example of activation of small molecules at
the bridging sulfur atoms triangle present in cuboidal Mo;S,
clusters. Interestingly, whereas the previously reported semihy-
drogenation of alkynes involves the activation of the substrate
at the bridging sulfide ligands,’ in the present case those ligands
are employed to initially cleave the 0 H-H bond of H,. All in
all, the results herein highlight the capability of these clusters to
catalyze the hydrogenation of substrates with initial activation
of either H, or the substrate. In light of these new findings, we
are currently investigating the hydrogenation of other unsatu-
rated substrates and the results obtained will be reported in due
form. Finally, it is worth noting that based on the structural sim-
ilarity between Mo;S, clusters and the basal plane of MoS,,
which also display sulfur atoms triangles linked through Mo at-
oms, the catalytic potential of MoS,-based materials in hydro-
genation processes deserves further studies.
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ABBREVIATIONS

dmen, N,N"-dimethylethylenediamine; Cp*, pentamethylcyclopen-
tadienyl.
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