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Hydrogen Activation

Computational Insights into the Mechanisms of H2 Activation
and H2/D2 Isotope Exchange by Dimolybdenum Tetrasulfide
Complexes
Andrés G. Algarra*[a]

Abstract: The mechanisms for H2 activation by [Cp*Mo]2(μ-
S)2(μ-S2) (1-a, Cp* = pentamethylcyclopentadienyl) and its reac-
tion product [Cp*Mo]2(μ-S)2(μ-SH)2 (2) have been investigated
by DFT methods. The reaction of 1-a involves the homolytic
addition of H2 to its μ-S ligands, followed by the cleavage of
the S–S bond of the μ-S2 ligand in a subsequent step. Complex
2 can adopt five conformations that only differ in the stereo-
chemistry of the μ-SH and μ-S ligands; although an isomer with
adjacent μ-S ligands (2-a) is formed initially, it then isomerises

Introduction

Group 6 transition-metal sulfide complexes are involved in sev-
eral highly important chemical processes. In the solid state,
molybdenum sulfides have been used and studied as catalysts
for the hydrodesulfurisation (HDS) of fossil fuels under H2 pres-
sure,[1] an operation that involves the cleavage of C–S bonds to
generate H2S and sulfur-free hydrocarbons. More recently, MoS2

nanoparticles have also shown great promise as low-cost
alternatives to Pt for the hydrogen evolution reaction (HER).[2]

In solution, metal sulfide complexes also have remark-
able activities; for example, they appear in the active centres of
many metalloenzymes[3] such as nitrogenases, which produce
NH3 from N2 and H2, or hydrogenases, which reversibly catalyse
the conversion of H2 into protons and electrons.[4] In addition,
some of these species present reactivity patterns similar to
those of their heterogeneous counterparts and have therefore
been employed as models for such processes.[5]

In a broad sense, two possible pathways have been identi-
fied for the activation of H2 by transition-metal complexes,
namely, homolytic and heterolytic activation.[6] In general, elec-
tron-rich metal complexes favour homolytic activation
(Scheme 1, a) through an oxidative addition mechanism,
whereas heterolytic activation (Scheme 1, b) often occurs in the
presence of electron-poor metals and formally leads to H– and
H+ ions. For chalcogenide-containing complexes, there are ex-
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into the experimentally observed 2-d. This species promotes H/
D scrambling in H2/D2 mixtures, and the mechanism of the
process has also been studied. Notably, all of the computed
pathways for the addition of D2 to 2-d present prohibitive barri-
ers; instead, only those isomers with adjacent μ-S ligands are
able to react further. The homolytic activation of D2 by these
leads to isomers of [Cp2Mo2(μ-SH)2(μ-SD)2], the interconversion
of which is the rate-determining step.

amples of species in which sulfur and oxygen donor ligands
behave as proton acceptors through mechanisms that imply
the [2+2] addition of H2 across the M–Q (Q = chalcogenide)
bond (also known as σ-bond metathesis,[7] Scheme 1, c),[8–10]

as well as cases in which H2 is activated without the direct
participation of the metal atom through the [3+2] addition to
a cis-MQ2 moiety of the complex (Scheme 1, d).[11]

Scheme 1.

Dimolybdenum tetrasulfide complexes feature the same Mo/
S ratio as nanoparticulate MoS2 and have been studied exten-
sively because of their ability to activate H2 and undergo C–S
bond-formation reactions with alkenes and alkynes.[9,12–16] Spe-
cifically, [Cp*2Mo2S4] (1, Cp* = pentamethylcyclopentadienyl)
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Scheme 2. Experimentally characterised structures of Cp*2Mo2S4: [Cp*Mo]2(μ-S)2(μ-S2) (1-a),[19] anti-[Cp*MoS]2(μ-S)2 (1-b)[13j] and syn-[Cp*MoS]2(μ-S2) (1-c).[25]

can exist as three different isomeric structures (see Scheme 2),
and experimental[17] and computational[18] studies have shown
that the interconversions between them can be thermally[19] or
photochemically[17] promoted. Fortunately, although 1-b is the
most stable isomer,[20] the synthetic method of Wachter et al.
under mild reaction conditions allows the isolation of 1-a,[19,21]

the reactivity of which has proven especially remarkable. In-
deed, if H2 (1 atm) is added to a CH2Cl2 solution of 1-a, the
formation of [Cp*Mo]2(μ-S)2(μ-SH)2 (2) is quantitative within
90 min in a process that involves the cleavage of the S–S bond
of the μ-S2 moiety in 1-a.[14] The existence of such a bond,
which also explains why an isomeric structure of formula
[Cp*Mo]2(μ-S)4 has not been observed, has been justified as a
consequence of the relief of the lone-pair–lone-pair repulsion
between the bridging sulfur ligands.[18b] Clearly, owing to the
formation of two S–H bonds in 2, this is no longer necessary,
and the S–S bond is broken. From a computational point of
view, Fenske–Hall molecular orbital calculations have shown
that the lowest unoccupied molecular orbital (LUMO) of 1-a
features significant sulfur character and the correct symmetry
to act as an acceptor of the π bonds of olefins or the σ bond
of H2.[15,18]

The structure and reactivity of Cp*2Mo2S4H2 (2) has also re-
ceived great attention, and it can adopt five isomeric structures
that only differ in the stereochemistry of the hydrosulfido
groups (see Scheme 3).[16] Although the initial isomer resulting
from the reaction with H2 is likely to be 2-a, the isomer
observed experimentally is 2-d, as first assigned by
Rakowski DuBois et al. on the basis of 1H NMR spectroscopic
data[15] and later predicted by Franz et al.[22] on the basis of
DFT calculations.[23] Interestingly, although the product result-
ing from the addition of a second H2 molecule to 2-d is not
a stable species, this dinuclear compound does catalyse the
formation of HD in the presence of a mixture of H2/D2.[13k] Spe-
cifically, Rakowski DuBois et al. reported that if H2 (0.75 atm)
and D2 (0.25 atm) are added to a degassed solution of 2-d in
benzene, approximately 12 % of HD is observed after the mix-
ture has been stirred at 25 °C for 3 d.

In spite of the wide range of investigations on the structure
and properties of these dimolybdenum tetrasulfide complexes
and some of their structural analogues,[16,22,24] to the best of
our knowledge, no DFT study has been performed to determine
the mechanistic details of H2 activation by 1-a or the role of 2-
d in the H/D scrambling in H2/D2 mixtures. Thus, in this manu-
script, a computational study aimed to provide insights into the
fundamental aspects of the structures and reactivity of these
species with H2 is presented. The results are organised as fol-
lows: first, a mechanistic study on the reaction between 1-a
and H2 is presented; next, the interconversion between the iso-
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Scheme 3. Structural representations of the isomeric structures of
[Cp*Mo]2(μ-S)2(μ-SH)2 viewed down the Mo–Mo axis.[26]

mers of the resulting product [Cp*Mo]2(μ-S)2(μ-SH)2 is analysed;
and, lastly, their role in the formation of HD in H2/D2 mixtures
is shown.

Results and Discussion

The Structure of [Cp*Mo]2(μ-S)2(μ-S2) and Its Reaction with
H2

The computational study was started with the optimisation of
the structure of 1-a and the comparison of the results with
its X-ray[19] structure (see Figure 1). The analysis of the main
geometrical parameters for both geometries shows that they
are in good agreement, although a small overestimation of the
metal–metal and metal–sulfur bond lengths, typically associ-
ated with the use of the B3LYP functional,[27] is observed (see
Figure 1 and Table S1). Nonetheless, the calculations reproduce

Figure 1. Computed free-energy profile [kcal mol–1] for the isomerisation of
1-a into 1-d and 1-e. The distances in the table are given in Å, and the
experimental X-ray values for 1-a are included in parentheses.
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the μ-S2 and (μ-S)2 groups of the X-ray structure, which present
markedly different sulfur–sulfur distances. It is possible to com-
putationally optimise geometries resulting from the formation
of a S–S bond between the two μ-S groups in 1-a, that is,
[Cp*2Mo2(μ-S2)2] (1-d), and from the cleavage of the S–S bond
in 1-a, that is, [Cp*2Mo2(μ-S)4] (1-e). The free-energy profiles for
such transformations are also included in Figure 1, and it can
be seen that 1-d and 1-e are less stable than 1-a by 18.9 and
7.8 kcal mol–1, respectively, and their formations present free-
energy barriers of 26.4 (TS1-a/1d) and 7.7 kcal mol–1 (TS1-a/1e,
see structures in Figure S1). These results are in line with ex-
tended Hückel calculations by Hoffmann et al. on the cyclopen-
tadienyl analogues of 1-a, 1-d and 1-e[18c] and generally agree
with the experimental observation of 1-a.

Several pathways for the activation of H2 in the presence of
1-a have been analysed computationally (Scheme 4). Given that
both hydrogen atoms of H2 form part of the final species, the
possible heterolytic mechanisms are reduced to the addition of
H2 across a Mo(μ-S) moiety of 1-a, and this is labelled as path-
way A. Note that an analogous mechanism could be envisaged
across a Mo centre and one of the sulfur atoms of the (μ-S)2

ligand; however, calculations on the hypothetical product
showed it not to be a stable species on the potential energy
surface (PES). Homolytic mechanisms can proceed through the
interaction of H2 either with one of the molybdenum centres
of 1-a (Pathway B) or with its bridging sulfur ligands. In relation
to the latter possibility, and owing to the geometry of 1-a, dihy-
drogen can approach the cluster at three inequivalent sides of
the square formed by its four sulfur atoms, that is, the dihydro-
gen molecule can interact with the μ-S2 ligand (Pathway C),
with one μ-S ligand and one of the sulfur atoms of the μ-S2

ligand (Pathway D), or with the two μ-S ligands (Pathway E).

Scheme 4. Mechanistic pathways computed for the addition of H2 to 1-a. For
simplicity, in some cases, 1-a has only been represented as the square formed
by its four sulfur atoms, and the two sulfur atoms at the top represent the
μ-S2 ligand.

H2 activation by Pathway A is computed to have an activa-
tion free-energy barrier of 52.5 kcal mol–1 (TS1-a/3). In addition,
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the formation of 3 is endergonic by 21.1 kcal mol–1 (see struc-
tures in Figure 2); therefore, such a mechanism can be ruled
out. This result is in line with the computed barrier of
43 kcal mol–1 for the same process with Cp2Mo2(μ-SH)(μ-S)(μ-
S2CH2), which was explained on the basis of the disruption of
the Mo–S π bonding in the reactant.[10] In the present case, the
activation strain model (ASM) analysis of TS1-a/3 clearly agrees
with such a description, as it shows that almost 90 % of the
activation barrier comes from the deformation of the dinuclear
cluster (see Table 1). The oxidative addition of H2 to one of
the molybdenum centres (Pathway B) can also be discarded, as
calculations show that both dihydrogen and dihydride reaction
products do not represent stationary points on the PES. Simi-
larly, the computation of the structure resulting from the addi-
tion of H2 to the μ-S2 ligand of 1-a by Pathway C inevitably
leads to the cleavage of the S–S bond and, thus, allows us to
rule out this mechanism.

Figure 2. DFT-optimised structures for Pathways A, D and E in Scheme 4. The
distances are in Å, and the numbers in parentheses correspond to the free
energies [kcal mol–1] relative to the separated reactants (i.e., 1-a and H2).

Table 1. Activation strain model (ASM) analysis of the rate-determining transi-
tion states for Pathways A, B and C in Scheme 4. The energies [kcal mol–1]
are relative to 1-a + H2.

ΔG# ΔE# ΔE#
strain(1-a) ΔE#

strain(H2) ΔE#
int

TS1-a/3 52.5 48.2 41.9 7.9 –1.6
TS1-a/2-a 29.3 24.5 7.1 10.8 6.6
TS1-a/4 17.4 11.8 3.5 10.7 –2.4

The activation of H2 by Pathway D leads directly to 2-a in a
process that involves the concerted formation of two S–H σ

bonds and the cleavage of the S–S bond of the μ-S2 ligand of
1-a and the H–H bond of H2. As expected, the associated transi-
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tion state TS1-a/2-a features a slightly elongated μ-S2 sulfur–
sulfur bond length (2.309 Å, cf. 2.12 Å in 1-a), and the same
effect is observed in the H–H bond length of H2 (0.94 Å, cf.
0.74 Å in H2). Energetically, the process presents a computed
free-energy barrier of 29.3 kcal mol–1, and the formation of 2-a
is exergonic by 3.1 kcal mol–1 (see Figure 3). In contrast, Path-
way E consists of a stepwise mechanism in which the cleavage
of the S–S bond of the μ-S2 ligand and the H–H σ bond of H2

occur in different steps.

Figure 3. Computed free-energy profiles [kcal mol–1] associated with Path-
ways D and E in Scheme 4.

Thus, the initial approach of H2 parallel to the two sulfido
groups of 1-a generates intermediate 4, which features two S–
H bonds (dS–H = 1.37 Å), and the μ-S2 ligand of the cluster
remains intact, that is, a similar sulfur–sulfur bond length of
2.10 Å is computed for the μ-S2 ligand in 1-a, TS1-a/4 and 4
(see Figure 2). The cleavage of the sulfur–sulfur bond occurs in
a subsequent step via TS4/2-a, which presents a S–S distance
of 2.63 Å that is intermediate between those of 4 (2.10 Å) and
the reaction product 2-a (3.11 Å). Interestingly, the free-energy
profile for the formation of 2-a by Pathway E, included in Fig-
ure 3, shows that both TS1-a/4 and TS4/2-a feature the same
relative free energy of 17.4 kcal mol–1; therefore, it is difficult to
determine computationally which of them is rate-determining.
Nonetheless, these results clearly point towards Pathway E as
the most plausible reaction mechanism for the formation of
2-a.

At this point, it is interesting to compare the transition states
for the H2 activation by Pathways D (TS1-a/2-a) and E (TS1-a/
4) using the activation strain model. The values in Table 1 show
that the cost to deform H2, ΔE#

strain(H2), is very similar in both
cases, and the differences appear mainly in terms of ΔE#

strain(1-
a) and the interaction energy ΔE#

int between the deformed re-
actants. The slightly larger ΔE#

strain(1-a) associated with Path-
way D can be explained by considering that it involves the
cleavage of the S–S bond of the μ-S2 moiety, whereas this hap-
pens in a subsequent step in Pathway E. However, the crucial
difference between the two TS geometries appears in the ΔE#

int

values, which show a stabilising interaction of 2.5 kcal mol–1

for TS1-a/4, whereas for TS1-a/2-a it is destabilising by
6.6 kcal mol–1.[28] This can be ascribed to the degree of orbital
interaction between the reactants at both transition states, and
its origin can be traced by analysing the frontier molecular or-
bitals of the cluster and H2 in such structures. In agreement
with the similar ΔE#

strain(H2) and H–H bond length of H2 in TS1-
a/4 and TS1-a/2-a, negligible differences are found in the com-
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positions of the highest occupied molecular orbital (HOMO, σ)
and LUMO (σ*) of this fragment at both geometries. The HO-
MOs of the cluster fragment at both TS geometries also show
similar features and are mainly centred at the d orbitals of the
molybdenum atoms. This prevents any orbital interaction with
the LUMO of H2; therefore, in both cases, the only mechanism
of orbital stabilisation necessarily involves the other possible
HOMO–LUMO pair, that is, the HOMO of H2 and the LUMO of
1-a. Indeed, clear differences are observed in the composition
of the latter. The LUMO of the cluster in TS1-a/4 is delocalised
over the molybdenum centres and the μ-S groups, the contribu-
tion of which has the correct symmetry to interact with the σ

bond of H2 (see qualitative representation in Scheme 5). This
clearly explains the high degree of orbital interaction and is
also consistent with previous theoretical calculations[15,18] Con-
versely, although the LUMO of 1-a at the TS1-a/2-a geometry
is also delocalised over the two molybdenum centres, the con-
tribution of the sulfur atoms is very different in this case. As
depicted in Scheme 5, now only one sulfur atom is able to
interact with the approaching H2 molecule, but such an interac-
tion is antibonding owing to the opposite wave-function
phases of the two fragments.

Scheme 5. Orbital interaction between the HOMO of H2 and the LUMO of 1-
a at the TS1-a/2-a (left) and TS1-a/4 (right) geometries. For simplicity, the
orbital contributions of the MoCp* groups have not been drawn (see Fig-
ure S2).

The Isomeric Forms of [Cp*Mo]2(μ-S)2(μ-SH)2

As shown in Scheme 3, [Cp*Mo]2(μ-S)2(μ-SH)2 can adopt five
different conformations that only differ on the stereochemistry
of the sulfido and hydrosulfido ligands. Their structures, as well
as those of the transition states for their interconversions, have
been computed, and the results are summarised in Figure 4. In
agreement with previous DFT calculations on the relative stabil-
ity of these isomers,[22] 2-d is computed to be the global mini-
mum, although the other conformer featuring opposite hydro-
sulfido groups, 2-e, is only 1.6 kcal mol–1 less stable. Conversely,
the isomers with adjacent μ-SH groups, that is, 2-a, 2-b and 2-c,
are ca. 8–13 kcal mol–1 less stable. On the basis of the structural
features and relative free energies, the transition states for the
interconversion between these conformers can be classified in
two groups, those in which the H atoms of the hydro-
sulfido ligands remain bound to the same sulfur atom (TS2-a/
2-b, +17.5 kcal mol–1; TS2-b/2-c, +21.2 kcal mol–1; TS2-d/2-e,
+14.8 kcal mol–1) and those that involve hydrogen migration to
the adjacent sulfido ligand (TS2-b/2-e, +6.6 kcal mol–1; TS2-c/
2-d, +10.9 kcal mol–1). The former group implies the opening
of the cluster core to allow for the change in the orientation of
the hydrogen atom within the same hydrosulfido ligand; there-



Full Paper

Figure 4. Computed free-energy profile for the interconversion between the isomers of 2. The numbers in parentheses correspond to the free energies
[kcal mol–1] relative to 1-a + H2, and selected distances are given in Å.

fore, these TSs do not lead to changes in the overall adjacent
or opposite configuration of the sulfido and hydrosulfido li-
gands. As indicated above, these TSs feature larger activation
barriers than the second group (TS2-b/2-e and TS2-c/2-d), in
which the hydrogen atom migrates to an adjacent sulfido li-
gand in a process that occurs without large cluster distortions.
Notably, these TSs resemble, both structurally and energetically,
those obtained by McGrady et al. during a mechanistic study
of the cleavage of H2 by [CpMo]2(μ-SH)(μ-S)(μ-S2CH2), for which
the low energy barrier for hydrogen migration was explained
as formally resulting from the movement of a proton over a
continuous cloud of nonbonding electron density located at
the metal-based d orbitals and sulfur-based lone pairs.[10] Over-
all, according to the free-energy profile in Figure 4, it is ex-
pected that the formation of 2-a from the reaction between 1-
a and H2 will lead to a Boltzmann distribution of isomers, and
2-d will be the predominant species in solution. These five iso-
meric structures can be reached through the series of isomeri-
sations 2-a → 2-b → 2-e → 2-d → 2-c, for which the rate-de-
termining transition state (TS2-a/2-b, +17.5 kcal mol–1) features
a computed relative free energy analogous to that associated
with the formation of 2-a from 1-a and H2.

In relation to the field of heterogeneous catalysis,[29] it is
worth noting that the present results for the addition of H2 to
1-a and the subsequent isomerisations of 2-a bear similarities
to the H2 activation at the edge sites of the MoS2 crystals em-
ployed for hydrodesulfurisation (HDS).[30,31] Particularly, compu-
tational studies on the homolytic addition of H2 to the S–S
groups at the 100 % sulfur-covered (10–10) Mo edges of MoS2

have shown that the formation of a structure analogous to 2-a
is roughly thermoneutral.[31] This has been ascribed to steric
constraints between the two protons, which were computed to
be separated by only 1.77 Å (cf. 1.95 Å in 2-a). Nonetheless,
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such a solid-state structure was not found to be the most stable
one, and the rotation of the hydrogen atoms to produce a con-
formation in which they are placed further away made the
process clearly exothermic.

The Reaction of [Cp*Mo]2(μ-S)2(μ-SH)2 with H2/D2 Mixtures
and the Formation of HD

As stated above, although [Cp*Mo]2(μ-S)2(μ-SH)2 does not lead
to any other stable adduct in the presence of H2 (or D2), it
catalyses the formation of HD if H2 and D2 are bubbled into a
solution of the dinuclear complex.[13k] Although the process
was described more than 30 years ago, its mechanistic under-
standing is still lacking. Using H2 as a model for D2, the results
of a DFT study to gain insights into the mechanism are pre-
sented in this section.

Notably, [Cp*Mo]2(μ-S)2(μ-SH)2 reacts with alkynes to form
species that feature two dithiolate ligands in a process that im-
plies the elimination of H2 (Scheme 6).[13k] In analogy with this
reactivity and with consideration of the results in the previous
sections, the formation of species with four hydrosulfido ligands
[Cp2Mo2(μ-SH)4] can be hypothesised to occur through the acti-
vation of H2 by 2-a, 2-b and 2-c, that is, the isomers of
[Cp*Mo]2(μ-S)2(μ-SH)2 with adjacent sulfido ligands. The struc-
tures of the resulting isomers of [Cp2Mo2(μ-SH)4], namely, 5-a,
5-b and 5-c, are shown in Figure 5. Again, it is worth noting
that these isomers, as well as the transition states for their for-
mation, only differ in the stereochemistry of the hydrosulfido
ligands. Although the activation barriers for the formation of
these species, of ca. 22–26 kcal mol–1, are typical of reactions
that occur at room temperature, the calculations show that the
formation of these species is endergonic by ca. 5–6 kcal mol–1
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Scheme 6. General reaction of [Cp*Mo]2(μ-S)2(μ-SH)2 with alkynes.[13k]

(note that isomer 2-d plus H2 has to be taken as zero in relative
free energy), in agreement with the absence of the experimen-
tal evidence of species with molecular formula [Cp2Mo2(μ-SH)4].
Structurally, these three TSs resemble TS1-a/4. Their similarities,
both in terms of structure and relative energy, indicate that the
stereochemistry of the spectator hydrosulfido ligands does not
affect the H2 addition significantly, and similar conclusions can
be applied to the resulting isomers of [Cp2Mo2(μ-SH)4]. On the
other hand, given the arrangement of sulfido and hydrosulfido
ligands in 2-d and 2-e, a similar process from these species
would lead to highly unstable compounds of formula
[Cp2Mo2(μ-SH)2(μ-SH2)(μ-S)], and the computations show that
such processes feature activation barriers of ca. 60 kcal mol–1

and reaction free energies larger than 40 kcal mol–1 (see Fig-
ure S3).

Figure 5. Geometries of the possible isomers of [Cp2Mo2(μ-SH)4] (5-a, 5-b
and 5-c) and the transition states for their formation from 2-a, 2-b and 2-c,
respectively. The numbers in parentheses correspond to the free energies
[kcal mol–1] relative to 2-d + H2, and selected distances are given in Å.
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Mechanisms involving the direct participation of the
molybdenum centres, analogously to Pathways A and B in
Scheme 4 for 1-a, have also been computed starting from
2-d. The calculations show that H2 can coordinate to one
of the molybdenum centres of 2-d to form species 7
(+37.3 kcal mol–1); however, to accommodate this ligand, the
core of the dinuclear cluster has to open and, consequently,
there is an energetic penalty. The structures and free-energy
profile associated with the formation of the dihydrogen com-
plex 7 is shown in Figure 6; this process also implies the con-
certed cleavage of a Mo–S bond and, therefore, the formation
of a terminal sulfur ligand at the adjacent molybdenum centre
(TS2-d/7, +43.6 kcal mol–1). Conversely, despite many attempts
to locate a transition state for the addition of H2 across a Mo–
(μ-S) bond of 2-d, no TS for the direct formation of 8 from 2-d
and H2 could be located. Instead, it was found that 7 can isom-
erise into 8 (+29.8 kcal mol–1) via a transition state (TS7/8,
+41.1 kcal mol–1) that features the transfer one of the H atoms
of the dihydrogen ligand to the terminal sulfur atom of the

Figure 6. Computed free-energy profile [kcal mol–1] for the reaction of 2-d
with H2 to generate 7 and 8. Selected distances are given in Å.
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adjacent metal centre. Overall, the relative free energies of 7
and 8, as well as those of the transition states for their forma-
tion, indicate that such species are unlikely to be involved in
the H2/D2 isotope exchange process.

The computational results indicate that the most plausible
mechanism for the generation of HD in the presence of H2 and
D2 implies the isomerisation of 2-d into either 2-a, 2-b or 2-c,
followed by their reaction with H2 to form one of the corre-
sponding isomers of [Cp2Mo2(μ-SH)4], that is, 5-a, 5-b or 5-c.
The interconversion between these represents the last step re-
quired to account for the cluster-catalysed formation of HD,
and two transition states TS5-a/5-b and TS5-b/5-c (Figure 7)
that only differ in the orientation of one of the hydro-
sulfido ligands have been found to account for this process. In
contrast to the TSs for the analogous step for [Cp*Mo]2(μ-S)2(μ-
SH)2 (i.e., TS2-a/2-b, TS2-b/2-c and TS2-d/2-e), which required
the opening of the cluster core, no significant cluster distortions
are observed in this case. Both structures show the hydrogen
atom to be transferred in the plane formed by the sulfur atom
to which it is bound and the molybdenum centres (equatorial
plane of the structures in Figure 7). Energetically, TS5-a/5-b and
TS5-b/5-c lead to very similar free-energy barriers (+32.6 and
+32.4 kcal mol–1, quoted relative to 2-d + H2), and this repre-
sents the rate-determining step for the whole HD formation

Figure 7. Geometries of the transition states for the interconversion between
the isomers of [Cp2Mo2(μ-SH)4]. The numbers in parentheses correspond to
free energies [kcal mol–1] relative to 2-d + H2, and selected distances are
given in Å.

Figure 8. Computed free-energy profile [kcal mol–1] for the most plausible mechanism for the formation of HD in the presence of [Cp*Mo]2(μ-S)2(μ-SH)2. For
clarity, the structures have been represented as the square formed by their four sulfur atoms.
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process. Taken together, these results allows to propose the
mechanism depicted in Figure 8 for the formation of HD in the
presence of [Cp*Mo]2(μ-S)2(μ-SH)2. Initially, isomerisation of 2-d
leads to 2-c, which can then react with D2 to generate 5-c. The
intramolecular rearrangement of 5-c via TS5-b/5-c in the rate-
determining step leads to 5-b, which can then eliminate a HD
molecule to form a monodeuterated isomer of 2-b. This species
can further rearrange into the more stable 2-e and finally 2-d
to close the catalytic cycle.

Conclusions

A thorough computational study on the structure and reactivity
of 1-a and the isomers of 2 with H2 is presented in this article.
The analysis of the possible mechanistic pathways for the reac-
tion between 1-a and H2 shows that the molybdenum centres
are not directly involved in the product formation. Instead, 2-a
is likely to result from a stepwise mechanism that implies the
initial homolytic addition of H2 to the sulfido ligands of 1-a,
followed by a second step in which the S–S bond of the μ-S2

ligand is cleaved. Both steps present similar computed activa-
tion free-energy barriers of 17.4 kcal mol–1, and overall the for-
mation of 2-a is exergonic by 3.1 kcal mol–1. Notably, these re-
sults are in sharp contrast with those for the reactivity of the
analogous species CpMo(μ-SH)(μ-S)(μ-S2CH2)MoCp, which adds
H2 across a single Mo–S bond,[10] and it could be hypothesised
that the different behaviour is related to the lack of adjacent
sulfido ligands in the latter compound.

Complex 2 can exist in five different conformations that only
differ in the stereochemistry of the μ-SH and μ-S ligands. Al-
though 2-a is initially formed during the reaction, it subse-
quently isomerises into the remaining isomers via transition
states with relative free energies that roughly coincide with that
for the formation of 2-a. Of those, 2-d is computed to be the
most stable isomer, and its formation is calculated to be exer-
gonic by 11.3 kcal mol–1. In agreement with experimental data
showing that 2-d does not further add H2, the computation of
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several mechanistic possibilities for such process shows that
they all feature prohibitive activation free-energy barriers and
positive reaction energies. Nonetheless, the analysis of the reac-
tion of H2 with the isomers of [Cp*Mo]2(μ-S)2(μ-SH)2 that feature
adjacent sulfido ligands (i.e., 2-a, 2-b and 2-c) shows that these
species can activate H2 homolytically with moderate activation
barriers. The isomerisation of the resulting tetra(hydrosulfido)-
complexes of formula [Cp2Mo2(μ-SH)4], which serve as models for
[Cp2Mo2(μ-SH)2(μ-SD)2], is the rate-determining step (ΔG# =
32.4 kcal mol–1) of a catalytic cycle that explains the experimen-
tal observation of HD when a mixture of H2 and D2 is bubbled
into a solution of [Cp*Mo]2(μ-S)2(μ-SH)2. The proposed mecha-
nism consists of the initial interconversion of 2-d into one of its
isomers with two adjacent sulfido ligands, the homolytic activa-
tion of D2 by one of these species to form [Cp2Mo2(μ-SH)2(μ-
SD)2] and the rate-determining interconversion between the
isomers of such a tetra(hydrosulfido) complex.

Finally, it is worth noting that H2 activation and H2/D2 iso-
tope exchange processes are also catalysed by the MoS2 nano-
particles typically employed for hydrotreating, and certain simi-
larities with them have been pointed out. Therefore, the results
presented herein could be of use for a better understanding of
the processes that occur at such solid phases.

Computational Details
All calculations were performed with Gaussian 09 (rev. D.01)[32] and
the B3LYP functional.[33] Geometry optimisations were performed
with a basis-set system (BS1) that employs the SDD relativistic ef-
fective core potential (ECP), an associated basis set for Mo and S
atoms[34] with added polarisation functions for the latter (� =
0.503)[35] and the 6-31G** basis set for C, O and H atoms.[36] The
ultrafine integration grid option of Gaussian 09 was employed in
all geometry optimisations. The effect of the functional on the com-
puted geometry of 1-a, for which an X-ray structure is available,[19]

was tested, and the results can be found in the Supporting Informa-
tion (Table S1). Frequency calculations were performed at the same
level of theory to obtain free-energy corrections at 298.15 K and
1 atm pressure and to confirm the nature of each stationary point.
Intrinsic reaction coordinate (IRC) calculations and subsequent ge-
ometry optimisations were employed to confirm the minima linked
by each transition state. Dispersion corrections as well as those for
the effects of the solvent were computed as single-point calcula-
tions on the optimised structures. The former employed the
Grimme D3BJ parameter set,[37] whereas the latter made use of the
polarisable continuum model (PCM) at the B3LYP/BS1 level of the-
ory (chloroform, ε = 4.7113).[38]

To obtain improved energetic values, the gas-phase electronic ener-
gies were recomputed through single-point calculations with a
larger basis-set system (BS2), which differs from BS1 in the employ-
ment of 6-311+G(2d,2p) for C, O and H atoms. The energies in the
text refer to Gibbs free energies in solution and are based on the
gas-phase-optimised geometries, subsequently corrected for sol-
vent, dispersion and basis-set effects. Details of the different contri-
butions for each species are given in the Supporting Information
(Table S2). Structures were generated with CYLview [colour code:
Mo (turquoise), S (yellow), C (grey), H (white)].[39]

The activation strain model (ASM),[40] also known as the distortion/
interaction model,[41] was employed to decompose the barriers of
some of the H2 activation processes into the strain ΔE#

strain of the
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reactants (i.e., the energy required to deform them into their geom-
etries at the transition-state structures) plus the interaction ΔE#

int

between these deformed reactants. Basis-set-corrected (BS2) gas-
phase electronic energies were employed for this purpose.
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