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Alloying Engineering of Defective Molybdenum Sulfide
Basal Planes for Enhanced Borrowing Hydrogen Activity in
the Thioetherification of Alcohols
Miriam Rodenes,[a] Darija Oštrić,[a] Santiago Martín,[b, c, d] Patricia Concepción,[a]

Avelino Corma,*[a] and Iván Sorribes*[e]

The borrowing hydrogen thioetherification of alcohols over
heterogeneous catalysts has emerged as an attractive and
practical synthetic strategy to prepare thioethers from the
perspective of green and sustainable chemistry. Developing
efficient catalysts is the key to improve this carbon-sulfur (C� S)
bond formation process. Herein, a novel catalyst, namely
{Mo2.89W0.11S4}n, has been prepared by alloying engineering of its
basal planes through an innovative synthetic methodology that
makes use of isostructural building entities based on molybde-
num and tungsten sulfide molecular complexes with M3S4

(M=Mo, W) cluster cores. Besides excellent activity and reus-

ability, {Mo2.89W0.11S4}n is of broad scope, enabling the con-
version of structurally diverse thiols and primary as well as
secondary alcohols into thioethers. A set of characterizations, in
combination with catalytic results, reveal that the catalytic
activity of {Mo2.89W0.11S4}n for this relevant transformation arises
from the presence of multiple-type active centers in the
defective basal planes of this alloyed catalyst. More specifically,
coordinatively unsaturated sulfurs and metal atoms with Lewis
basic and Lewis acid properties, respectively, are proposed to
be the active sites involved in the borrowing hydrogen
mechanism.

Introduction

The construction of C� S bonds has drawn great interest in
organic synthesis due to sulfur-containing compounds have
important applications in biological and material science fields,
as well as in the pharmaceutical and agrochemical industries.[1–9]

In particular, thioethers constitute the vital component of many
drugs and biologically active compounds.[10–16] In recent years,
the borrowing hydrogen thioetherification of alcohols has

become an attractive and practical strategy of high significance
from the green and sustainable chemistry point of view.[17–19] In
this one-pot domino sequence, the alcohol is dehydrogenated
to an aldehyde or ketone intermediate, which reacts with the
thiol resulting in a transient hemithioacetal that is in-situ
reduced using the previously released hydrogen-derived spe-
cies to yield the desired thioether with minimal waste
generation (Scheme 1a).[20–24]

Traditionally, the synthesis of thioethers[25] is accomplished
through the condensation of metal alkyls or aryl thiolates with
alkyl halides, cross-coupling reactions of organic halides with
thiols,[4,26–39] metal-catalyzed hydrothiolations of unsaturated
carbon–carbon bonds,[32,40–55] or activation of alcohol electro-
philes via Brønsted or Lewis acid catalysis.[14,56–65] Compared to
these synthetic procedures, the borrowing hydrogen method-
ology using thiols and alcohols, which are an important part of
our chemical feedstocks, offers compelling benefits. Among
others, shortcomings associated with the formation of inorganic
waste, low availability of starting materials, regioselectivity
issues, and reactivity limitations ascribed to the poor leaving
character of the hydroxyl functionality, are advantageously
avoided.

The pioneering work on the borrowing hydrogen thioether-
ification of alcohols involves the use of a heterogeneous
catalyst based on palladium nanoparticles supported on high-
surface area magnesium oxide (MgO).[20] Application of this
catalyst allowed the preparation of thioethers along with the
formation of disulfides. In the following years, with the aim of
avoiding the use of precious metals, some of us developed
cobalt-molybdenum sulfide unsupported materials,[66–67] and
established them as excellent catalysts for the construction of
C� S bonds in thioethers via the borrowing hydrogen strategy
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by the reaction of thiols (including hydrogen sulfide) with
primary and secondary alcohols.[68] Recently, we have demon-
strated that non-promoted molybdenum sulfides catalyze more
efficiently this reaction.[69] The key to successful catalysis relies
on the use of a catalyst that presents a high density of active
sites in the basal planes, which are mostly inactive in
molybdenum disulfide (MoS2)-type catalysts (Scheme 1b).[70] In
the meantime, the borrowing hydrogen strategy were also
applied for the S-benzylation/alkylation of dithiocarbamates
with alcohols using hydroxyapatite-supported copper nano-
particles as the catalyst.[19]

For decades, great efforts have been devoted to improve
the activity of MoS2-derived materials for thermal-, electro-, and
photocatalytic processes.[71–79] Traditional strategies to improve
the catalytic activity of MoS2 are based on the use of metal
promoters (commonly Co or Ni). These metals tend to be
adsorbed at the edges of its lamellar structure leading to the
formation of Co(Ni)-Mo� S structures with metal-like electronic
states that are proposed as the potential actives sites where
organic molecules are activated.[80–87] Additionally, these pro-
moters also facilitate the formation of more actives centers at
the edges in the form of coordinatively unsaturated sites
(CUS).[88]

Since it was postulated that active sites of MoS2 are mainly
located at the edges while basal planes are catalytically
inert,[89–92] other approaches that avoided the use of promoters
were focused on the design of edge-rich nanomaterials to
maximally expose the active edge sites.[93–94] However, the
structural configuration of MoS2 implies a low perimeter-to-
basal plane area ratio,[95] so these materials exhibit limited
inherent catalytic activity compared to those in which the basal
planes are active. Interestingly, disorder engineering offers
compelling advantages to this issue due to disordered
structures of MoS2-derived materials usually possess a high
density of active sites in the basal planes.[73] In essence, the
bottom-up synthetic strategy we previously reported follows
this approach to engineer sulfur-deficient and sulfur-enriched
MoS2-type nanomaterials from molecular complexes with Mo3S4

and Mo3S7 cluster cores, respectively.[70,96] The resulting defec-
tive molybdenum sulfides preserve the specific atomic arrange-
ment of the cluster motif precursor, a fact that leads to the

presence of proliferated structural defects on the naturally
occurring edge position and along the commonly non-active
basal planes. Advantageously, this allows their useful applica-
tion as heterogeneous catalysts for chemical process intensifica-
tion in fine chemical synthesis[69–70] and for electrocatalysis.[96] In
particular, the peculiar structure configuration of the Mo3S4

cluster units provides, upon their self-assembly, a defective
nanomaterial, known as {Mo3S4}n, that displays unsaturated
bridging sulfide ligands and molybdenum atoms with Lewis
basic and Lewis acid character, respectively (Scheme 1b).
Importantly, both unsaturated centers proved to be key active
sites for successful borrowing hydrogen thioetherification of
alcohols.[69]

Nevertheless, the performance of the catalyst {Mo3S4}n for
the target reaction could be further improved, reason that kept
encouraging our search for new synthetic strategies to optimize
their surface structure at the nanoscale. On the basis of a good
knowledge on the reaction kinetics governing the borrowing
hydrogen process in the presence of this catalyst, we
envisioned that its modification by introducing a second metal
with different electronic properties would be advantageous for
improving its catalytic activity. In this context, disorder
engineering by alloy formation is an established methodology
to modulate the electronic and catalytic properties of
materials.[73,97–98] In this contribution, an alloyed bimetallic
material, named {Mo2.89W0.11S4}n, is prepared by combining
isostructural building entities based on molybdenum and
tungsten sulfide molecular complexes with M3S4 (M=Mo, W)
cluster cores. We demonstrate that the catalytic activity of the
alloyed material for the borrowing hydrogen thioetherification
of alcohols can be controlled as a function of the tungsten
content to exhibit higher activity than that of the monometallic
catalyst {Mo3S4}n. According to in situ infrared spectroscopy
studies, this improvement in the catalytic activity can be
attributed to the presence of multiple-type active centers,
which are present in the defective basal planes of the alloyed
catalyst. Furthermore, we also show that application of this
alloyed catalyst allows the synthesis of a broad range of
thioethers from structurally diverse thiols and primary as well as
secondary alcohols.

Scheme 1. a) Borrowing hydrogen mechanism for the thioetherification of alcohols. b) Molecular cluster-derived defective basal plane of {Mo3S4}n.
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Results and Discussion

Kinetic Study for the Catalyst {Mo3S4}n

It is generally accepted that the borrowing hydrogen thioether-
ification of alcohols proceeds via the two elementary steps
shown in Scheme 2a: 1) the alcohol dehydrogenation to the
aldehyde, and 2) the reductive thiolation of the aldehyde to
afford the final thioether via a hemithioacetal intermediate,
which reacts rapidly in route.[20–24] As previously reported,[20] two
kinetic rate expressions can be proposed (Eq. 1 and 2,
Scheme 2b) when it is assumed that either of the two reaction
steps can be the rate-determining step while the other is in
equilibrium, and when the rate of change of the concentration
of the aldehyde intermediate is considered to be constant.
From these kinetic equations, it is possible to deduce that the
study of the effect of the initial concentration of the reactants
on the initial reaction rate should allow obtaining the rate-
determining step because the thiol is involved in the reductive
thiolation but not in the alcohol dehydrogenation step. Notably,
the elucidation of the rate-determining step of the overall
process is crucial to know which step of the reaction needs to
be accelerated and, hence, what modifications could be under-
taken on the catalyst to boost its activity.

To investigate the kinetic behavior of the catalyst {Mo3S4}n

on the borrowing hydrogen thioetherification of alcohols, we
selected the alkylation of benzenethiol (1a) with benzyl alcohol
(2a) to obtain benzyl phenyl sulfide (3aa) as the benchmark
reaction. The experiments were performed under the optimum
conditions for this catalyst (toluene, 180 °C, N2 atmosphere),
which also involve a catalyst pre-activation treatment (180 °C,
2 h, vacuum conditions) carried out before running the catalytic
experiments with the aim to create vacant coordination sites
around the Mo atoms (i. e. Lewis acid sites) at a higher extent.[69]

Then, the reaction profiles were obtained at different concen-
trations of either 1a or 2a while keeping the concentration of
the other one constant (Figures S1–S2). At the beginning, the
desired thioether 3aa and phenyl disulfide (4a) are simulta-
neously formed, but the concentration of the by-product 4a
reaches a maximum and begins to decrease. This observation
indicates that, in the presence of the catalyst {Mo3S4}n, the

disulfide bond in 4a is firstly formed and later reduced to form
the starting thiol 1a again. Importantly, no accumulation of the
aldehyde intermediate was detected along these kinetic experi-
ments, thus confirming that the steady state approximation
considered to propose the kinetic rate expressions (Eqs. 1 and
2) is correctly applied. As shown in Figure 1, the initial reaction
rates for the formation of 3aa, obtained from the measured
reaction profiles (Figures S1–S2), increases linearly with the
concentration of the alcohol 2a while remains practically non-
affected when modifying the concentration of the thiol 1a. This
kinetic behavior reveals that the rate-determining step for the
borrowing hydrogen thioetherification of benzyl alcohol (2a)
with benzenethiol (1a) in the presence of {Mo3S4}n is not the
reductive thiolation step, but the dehydrogenation of the
alcohol, since the reaction rate does not depend on the
concentration of the thiol. The direct conclusion from these
kinetic results is that the modification of {Mo3S4}n to enhance its
activity should be aimed at increasing its alcohol dehydrogen-
ation activity while maintaining its transfer hydrogenation
efficiency. On that basis, we decided to prepare molybdenum-
and tungsten-based bimetallic nanomaterials expecting that
alloyed and defective basal planes of these nanomaterials,
featuring multiple types of active centers, could constitute an
advanced catalytic platform for enhanced borrowing hydrogen
activity in the thioetherification of alcohols.

Designing a Catalyst with Higher Catalytic Activity:
Preparation and Catalytic Activity of Bimetallic {(MoW)xSy}n
Catalysts

In recent years, we have been engaged in the preparation of
defective molybdenum sulfide nanomaterials through a syn-
thetic methodology that makes use of well-defined molecular
complexes as precursors.[70,96] Concretely, the nanomaterial
{Mo3S4}n was engineered from a molecular complex comprising
three metal atoms disposed in an equilateral triangular arrange-
ment, an apical sulfur atom (Mo3-μ3-S), and three bridging sulfur
ligands (Mo2-μ-S). Moreover, labile triphenylphosphine and
halide ligands as well as solvent molecules occupy the outer
coordination sphere of the metal atoms. The intercluster self-

Scheme 2. a) Reaction steps for the borrowing hydrogen thioetherification of alcohols. b) Kinetic rate expressions obtained by considering that either the first
step or the second step is the rate-determining one. Ka and kb are the kinetic constants of steps (1) and (2), respectively; K is the steady-state constant
obtained by applying the steady-state approximation for the aldehyde intermediate.
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assembly of this building entities, by which {Mo3S4}n is formed,
is a process driven by reduction with hydrazine and involves
the nucleophilic attack from the bridging sulfur ligands to the
outer coordination sites of metal atoms. Taking advantage of
the isostructural arrangement of the tungsten sulfide molecular
complex with W3S4 cluster core (Figure 2a), we envisioned the
possibility of preparing bimetallic molybdenum- and tungsten-
based nanomaterials of general formula {(MoW)xSy}n. Thus, we
adapted our previously reported preparation methodology by
combining molecular complexes with Mo3S4 and W3S4 cluster
cores to obtain nanomaterials in which the mole ratios of the
precursors were chosen so that nominally the W/Mo mole ratios
were 0.03, 0.06, 0.14, 0.33, and 1. For comparison, the
monometallic nanomaterial {Mo3S4}n and the one consisting
only of tungsten ({WxSy}n) were also synthetized under the same
preparation conditions.

The nanomaterials prepared with different tungsten content
were structurally characterized by powder X-ray diffraction
(XRD). Because of the isostructural character of both molecular
cluster precursors, the prepared nanomaterials are expected to
exhibit almost the same lattice constants, resulting in the
overlapping of diffraction peaks. In fact, the XRD patterns of all
nanomaterials show the same broad diffraction peaks as those
found in {Mo3S4}n (Figure 2b). Interestingly, the peak associated
with the (002) plane is slightly shifted from 13.1 to 14.5° in
tungsten-containing nanomaterials, which can tentatively as-
cribed to the formation of alloyed structures. Furthermore, the
XRD diffraction patterns also exhibit the presence of peaks at 2θ
values of 40.3, 58.3, 73.2, and 87.0° that can be indexed to the
(110), (200), (211), and (220) planes, respectively, of the cubic
phase of W0 in agreement with the JCPDS database (PDF card
00–004-0806). These diffraction peaks become progressively
noticeable and sharper with the increase of the W3S4 cluster
precursor in the nanomaterial preparation, which means that

part of this precursor is reductively decomposed to W0 by
hydrazine in the preparation step.

With these materials in hand, we evaluated their catalytic
performance for the borrowing hydrogen thioetherification of
alcohols by comparing the initial reaction rates obtained for the
model reaction between the thiol 1a with the alcohol 2a to
obtain the thioether 3aa. By plotting the initial reaction rates
for the formation of 3aa obtained for the catalysts with
increasing molar ratios of W/Mo, a volcano-shaped curve with
the maximum at W/Mo of 0.06 was observed (Figure 2c and
Figure S3). To the best of our knowledge, this is the highest
catalytic activity (measured by the initial reaction rate normal-
ized to the moles of metal) reported to date for the above-
mentioned reaction catalyzed by the state-of-the-art noble
metal-free heterogeneous catalysts (Figure S4). Considering that
the kinetic of the overall reaction in the presence of the
monometallic catalyst {Mo3S4}n is determined by the alcohol
dehydrogenation step, the increase of the catalytic activity
upon tungsten incorporation could be directly associated with
a higher performance of these catalysts in carrying out such a
step. If this is so, it may be that the most active catalyst
catalyzes so fast the alcohol dehydrogenation reaction that this
will be not the slowest reaction step anymore, but the reductive
thiolation between the aldehyde intermediate and the thiol.
Indeed, the series of kinetic experiments, in which the initial
concentration of benzenethiol (1a) was kept constant while
varying the initial concentration of benzyl alcohol (2a) and vice
versa, revealed that the initial reaction rate for the formation of
3aa in the presence of the catalyst {(MoW)xSy}n-0,06 depends on
both the alcohol and the thiol (Figure 3 and Figures S5–S6).

Figure 1. Kinetic studies for the borrowing thioetherification of 2a with 1a in the presence of {Mo3S4}n. a) Initial reaction rate at different concentration of 1a.
b) Initial reaction rate at different concentration of 2a. Reaction conditions: 0.25 mmol 1a for b), 0.75 mmol 2a for a), {Mo3S4}n (30 mg), toluene (3 mL), n-
hexadecane as an internal standard (0.1 mmol), 10 bar N2, 180 °C.
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Figure 2. a) Synthesis of nanomaterials {(MoW)xSy}n from molecular complexes with MS4 (M=Mo, W) cluster cores. b) XRD diffraction patterns of nanomaterials
{Mo3S4}n, {(MoW)xSy}n-Z (Z=W/Mo mole ratio), and {WxSy}n. c) Initial reaction rates for the formation of 3aa in the borrowing thioetherification of 2a with 1a in
the presence of {Mo3S4}n, {(MoW)xSy}n-Z (Z=W/Mo mole ratio), and {WxSy}n as catalysts. Reaction conditions: 1a (0.25 mmol), 2a (0.75 mmol), catalyst (30 mg),
toluene (3 mL), n-hexadecane as an internal standard (0.1 mmol), 10 bar N2, 180 °C.

Figure 3. Kinetic studies for the borrowing thioetherification of 2a with 1a in the presence of {(MoW)xSy}n-0.06. a) Initial reaction rate at different concentration
of 1a. b) Initial reaction rate at different concentration of 2a. Reaction conditions: 0.25 mmol 1a for b), 0.75 mmol 2a for a), {(MoW)xSy}n-0.06 (30 mg), toluene
(3 mL), n-hexadecane as an internal standard (0.1 mmol), 10 bar N2, 180 °C.
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Characterization of the Catalyst {(MoW)xSy}n-0,06
({Mo2.89W0.11S4}n)

Next, the most active catalyst ({(MoW)xSy}n-0.06) was further
characterized. Inductively coupled plasma optical emission
spectrometry (ICP-OES) measurements were combined with
combustion elemental analyses in order to determine its metal
and sulfur composition. A lower W/Mo mole ratio was obtained
experimentally in comparison with the theoretical value (0.04
versus 0.06, respectively), which is likely due to the partial
decomposition of the W3S4 molecular precursor to W0 by
hydrazine treatment during the material preparation, as
revealed by XRD spectroscopy. Despite this, a negligible sulfur
loss occurred other than that caused by the W3S4 molecular
cluster decomposition because the molar ratio S/(Mo+W) was
determined to be 1.33. Therefore, this bimetallic molybdenum-
and tungsten-based nanomaterial (i. e. {(MoW)xSy}n-0.06) can be
defined and hereinafter named as {Mo2.89W0.11S4}n. Furthermore,
the combustion elemental analysis also revealed that
{Mo2.89W0.11S4}n displays some nitrogen content (10.2 %), which
most likely originates from hydrazine ligands coordinated to
metal atoms. This nitrogen content was considerably reduced
to 2.8 % under the catalyst pre-activation treatment carried out
before running the catalytic experiments (see the experimental

section for further details), through which the catalyst is
expected to be furnished with sulfhydryl species (S� H) and
coordinatively unsaturated metal atoms with Lewis acid charac-
ter, as previously reported for the monometallic nanomaterial
{Mo3S4}n.[69]

The Raman spectrum of {Mo2.89W0.11S4}n exhibits the Raman
vibration bands characteristic of both trimetallic sulfide units,
including those from metallic bonds (ν(M� M)) at 125–230 cm� 1,
molybdenum and tungsten sulfide bonds (ν(M� S)) at 240–
384 cm� 1, bridging sulfur ligands at 430 and 434 cm� 1 (ν(μ-
S� M); M=Mo and W, respectively), and the apical sulfur atom
(ν(μ3-S� M)) at 444 cm� 1 (Figure 4a).[99–100] Interestingly, com-
pared with the monometallic nanomaterial {Mo3S4}n, a notice-
able broadening of the peak center associated with the
bridging sulfur ligands (ν(μ-S� M)) is observed upon the
introduction of tungsten. This is because in {Mo2.89W0.11S4}n the
broadened Raman peak comprises bridging sulfur ligands of
both molybdenum and tungsten cluster units, which differ to
each other by 4 cm� 1. In addition, broad Raman bands centered
at around 710 and 880 cm� 1, respectively associated to the
presence MIV� OH and MV =O species (M=Mo, W), were also
discerned.[99,101–102] These species result from the partial oxida-
tion of the cluster metal core of the constituent units (see
Figure 2a).

Figure 4. a) Raman spectra of the nanomaterials {Mo3S4}n and {Mo2.89W0.11S4}n, and of the molecular precursors with M3S4 (M=Mo, W) cluster cores. XPS spectra
of S 2p (b), Mo 3d (c), and W 4f (d) core levels of the nanomaterial {Mo2.89W0.11S4}n.
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X-ray photoelectron spectroscopy (XPS) was used to get
more information about the chemical composition of the
catalyst {Mo2.89W0.11S4}n. No peaks of chlorine, bromine or
phosphorus could be found in the XPS survey spectrum
(Figure S7), indicating that halogens and triphenylphosphine
ligands are completely removed with the intercluster self-
assembly by which the catalyst is formed. Conversely, the
nitrogen peak was clearly detected, which supports that some
hydrazine molecules must remain coordinated to metal atoms.
The high-resolution S 2p core-level spectrum displays a broad
signal, which could be fitted into the two sets of doublets
characteristic of the molecular cluster sulfide M3S4 (M=Mo, W)
assembly (Figure 4b).[70] The doublet at binding energies (BEs)
of 161.9 and 163.0 eV, whose components are respectively
associated to the spin–orbit splitting of S 2p3/2 and S 2p1/2

orbitals, corresponds to the unsaturated bridging sulfur ligands
(M2-μ-S; red in Figure 2a). The other doublet at 162.5 and
163.7 eV belongs to the two types of saturated sulfurs, i. e. the
original apical ones and the sulfur ligands linking different
cluster units (M3-μ3-S and M2-μ-S� M, respectively; blue color in
Figure 2a). It is worth mentioning that, due to the intercluster
self-assembly by which the catalyst {Mo2.89W0.11S4}n is formed,
the signal deconvolution into the two doublets resulted in a
lower area ratio of bridging to saturated sulfur ligands (67 : 33)
compared to the theoretical value expected for the molecular
cluster precursors (75 : 25).

The signal deconvolution in the high-resolution Mo 3d
energy-level spectrum denotes the presence of two distinct
chemical Mo species (Figure 4c). More specifically, the doublet
at BEs of 229.9 and 233.0 eV corresponding to the Mo 3d5/2 and
Mo 3d3/2 orbitals, respectively, are associated to Mo(IV) species,
whereas the other two peaks at 230.9 and 234.4 eV are ascribed
to the presence of molybdenum oxysulfides (MovOxSy).

[99]

Determination of W-oxidation states in heterobimetallic
molybdenum sulfides is challenging because the BEs of
tungsten and molybdenum species in the W 4f and Mo 4p
regions, respectively, are similar in both cases (Figure 4d). First,
the area ratio between the two doublets corresponding to
Mo(IV) and MovOxSy species was set according to the values
previously established for the Mo 3d region. Then, the signal
could be further deconvoluted and fitted into three additional
doublet peaks, each of them characteristic of the spin–orbit
splitting of W 4f7/2 and W 4f5/2 orbitals. The doublets at 35.4/

37.6 eV and 38.2/40.4 eV are associated with the presence of
W(IV) and tungsten oxysulfides species (WvOxSy), respectively,
whereas the doublet at BEs of 33.4/35.5 eV is ascribed to W0.
Interestingly, all the peaks of the tungsten species are slightly
shifted to higher BEs compared to the values found for the
W3S4 molecular cluster complex (Figure S8) and in the literature
data for W0.[103] This shift is most likely due to the high electronic
interaction between the tungsten species and the surrounding
Mo3S4-derived extended structure.[104]

Transmission electron microscopy (TEM) images taken at
various magnifications show that {Mo2.89W0.11S4}n consists of
randomly agglomerated nanosheets of amorphous nature
exhibiting irregular and disordered basal planes (Figure 5a–c).
Although the presence of the W0 phase was inferred by XRD
and XPS measurements, however, metal nanoparticles of W0

were not visualized, suggesting that these are sub-nanometer
in size and/or are highly dispersed within the nanomaterial
{Mo2.89W0.11S4}n. The component distribution was determined by
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
studies (Figure 5d), which revealed that this nanomaterial is
mostly constituted by molybdenum, sulfur, and tungsten to a
lesser extent, all of them homogeneously distributed over the
entire sample. Additionally, nitrogen and oxygen elements were
also detected in agreement with XPS, Raman, and elemental
analysis characterizations.

Catalyst Recycling Experiments and Characterization

In order to demonstrate the stability and recyclability of the
catalyst {Mo2.89W0.11S4}n, it was reused several times for the
model reaction between the thiol 1a with the alcohol 2a. No
catalyst deactivation occurred along the reaction runs, as shown
in Figure 6a and Figure S9, which depict the catalyst recycling
experiments at incomplete reaction times (2 h) and the initial
reaction rates for the formation of 3aa obtained from each
reaction run, respectively. The XRD pattern of the catalyst after
the fifth run exhibits more noticeable and sharper peaks
associated with the cubic phase of W0 than the fresh catalyst
(Figure S10). This result confirms the presence of W0 in a larger
particle size. Indeed, an accurate examination of the HRTEM
images obtained for the five-times-used catalyst
({Mo2.89W0.11S4}n-R) allows us visualizing the characteristic lattice

Figure 5. Electron microscopy characterization of {Mo2.89W0.11S4}n. TEM (a) and High-resolution TEM (HRTEM) (b,c) micrographs. d) High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image and EDS elemental mapping of Mo, W, S, N, and O.
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spacing of 0.225 nm associated with the (110) plane of the
cubic phase of W0 (Figure S11). Furthermore, some W agglomer-
ation was also discerned by EDS elemental mapping.

The structural modifications of the recycled catalyst were
also investigated by XPS (Figure 6b–d). The W 4f core-level XPS
spectrum revealed an increase in the components associated
with W(IV) at the expense of those of tungsten oxysulfide
species (WvOxSy), while the W0-associated components remain
practically unchanged. This means that trinuclear tungsten
units, which were partially oxidized in the preparation of the
nanomaterial {Mo2.89W0.11S4}n, are reduced to W(IV) again, thus
decreasing the degree of oxysulfide species. Moreover, this XPS
result also confirms that the W3S4 cluster unit within the
nanomaterial {Mo2.89W0.11S4}n remains stable under the catalytic
reaction conditions, and, therefore, that the increase in the
particle size of W0 (detected by XRD) is due to agglomeration
rather than to a further reductive decomposition of the W3S4

constituent units.
Thus, since the W0 content of the fresh and the recycled

catalyst is the same, it is obvious that the recycled catalyst
containing larger W0 nanoparticles should display W0 atoms on
the surface to a lesser extent. At this point, it is worth
mentioning that the de(hydrogenation) activity of metal nano-
particles is usually directly correlated with the accessible metal

sites located at the particle surface. Consequently, the fact that
no catalyst deactivation occurred along the reaction runs, in
which agglomeration of W0 takes place, suggests that the W0

particles act as merely spectators in the catalytic process.
The signal deconvolution in the high-resolution S 2p

energy-level spectrum unveiled other relevant structural mod-
ification. Concretely, a small decrease in the area ratio of
unsaturated bridging to saturated sulfur species (red and blue
color in Figure 2a, respectively) was detected. The variation in
the sulfur content was also confirmed by ICP-OES measure-
ments combined with elemental analysis, which resulted in a
slightly lower S/(Mo+W) molar ratio in the recycled catalyst
compared to that of the fresh one (1.23 versus 1.33, respec-
tively). Interestingly, the subtle vanishing of the unsaturated
bridging sulfurs suggests that these species could be directly
involved in the borrowing hydrogen process, most likely as
basic Lewis sites where sulfhydryl species (S� H) are formed by
alcohol dehydrogenation, as proposed for the monometallic
catalyst {Mo3S4}n in our previous work.[69]

Figure 6. a) Recycling experiments of the catalyst {Mo2.89W0.11S4}n for the thioetherification of 2a with 1a. Reaction conditions: 0.25 mmol 1a, 0.75 mmol 2a,
{Mo2.89W0.11S4}n (34 mg), toluene (3 mL), n-hexadecane as an internal standard (0.1 mmol), 10 bar N2, 180 °C, 2 h. XPS spectra of S 2p (b), Mo 3d (c), and W 4f (d)
core levels of the recycled catalyst {Mo2.89W0.11S4}n-R.
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Catalyst-Centered Borrowing Hydrogen Process: Probing into
the Active Sites

It is well established that, in a borrowing hydrogen process
involving alcohols, the catalyst should be able to dehydrogen-
ate the alcohol to aldehyde, to promote the formation of the
transient unsaturated intermediate, and to carry out the
reduction of this intermediate by transfer hydrogenation (see
Scheme 1a). In order to demonstrate that {Mo2.89W0.11S4}n acts as
a catalyst in which hydrogen species derived from alcohols are
formed on its surface and transferred, a two-step experiment
for the model reaction was conducted. First, after the pre-
activation treatment, the catalyst {Mo2.89W0.11S4}n was reacted
with benzyl alcohol (2a) under neat conditions, thoroughly
washed, and dried. Then, the recovered catalyst was used for
the direct thiolation of benzaldehyde (2a’) with benzenethiol
(1a), which is the reaction that corresponds to the second step
of the overall borrowing hydrogen thioetherification of alcohols
shown in Scheme 2 (for more details see Scheme S1). Gratify-
ingly, the desired thioether 3aa was obtained in 18 % yield,
whereas only 6 % was yielded when the reaction was run in the
presence of the catalyst {Mo2.89W0.11S4}n without having been
previously used for the alcohol dehydrogenation reaction step.
The residual catalytic performance (6 % yield of 3aa) of the non-
alcohol-treated catalyst is likely to originate from the presence
of sulfhydryl (S� H) species derived from the decomposition of
hydrazine ligands remaining in the catalyst structure after its
preparation.

To obtain further insights on the nature of the active species
involved in the borrowing hydrogen process, in situ IR spectro-
scopy studies were undertaken (Figure 7a and Figure S12). After
dosing benzyl alcohol (2a) on the catalyst {Mo2.89W0.11S4}n, which
had been previously pre-treated at 80 °C under vacuum for 2 h,
the temperature was increased up to 180 °C. A broad band
centered at 2173 cm� 1 emerged together with the appearance
of a broad shoulder centered approximately at 1652 cm� 1.
These IR bands are respectively associated with the vibrational
frequencies of sulfhydryl (S� H) and metal hydride (M� H; M=Mo,
W) species,[69,100] whose formation could arise from the alcohol
to aldehyde dehydrogenation. Interestingly, by cooling down to
room temperature, this latter IR band became broader and
more intense, and its deconvolution and fitting revealed the
presence of two additional bands, one centered at 1678 cm� 1

while the other one appears centered at lower vibrational
frequencies (1632 cm� 1). These two new IR bands can be
ascribed to the vibration of the carbonyl bond (C=O), and,
therefore, their appearing suggests that the dehydrogenation
product, i. e. benzaldehyde (2a’), is re-adsorbed on two type of
acid sites of the catalyst surface that display different acidic
properties. The higher the acidity of the metal, the lower the
strength of the carbonyl bond (C=O). Thus, the IR band at
higher vibrational frequencies (1678 cm� 1) is associated with
the re-adsorption of 2a’ on Mo(IV) centers, whereas the band at
1632 cm� 1 is likely due to the interaction of 2a’ with more acidic
W(IV) species. Finally, before finishing the in situ IR experiment,
the sample was subjected to high vacuum conditions, whereby
the C=O vibrational bands disappeared while the M� H band

was maintained, thus inferring that the metal hydride species
are relatively stable.

Based on all catalytic and characterization results, including
the recycling experiments and the in situ IR spectroscopy study,
it can be concluded that the alcohol to aldehyde dehydrogen-
ation presumably occurs on coordinatively unsaturated sulfides,
i. e. bridging sulfides, and metal centers, forming sulfhydryl
(S� H) and metal hydride (M� H; M=Mo, W) species. In addition,
it is also revealed that vacant coordination sites around both
Mo(IV) and W(IV) metal centers play a key role as Lewis acid
sites adsorbing/activating the aldehyde intermediate by inter-
action through the carbonyl group, thus promoting the
nucleophilic attack of the thiol. Subsequently, the transfer
hydrogenation of the alcohol-derived hydrogen species (S� H
and M� H) from the catalyst to the presumably formed transient
hemithioacetal affords the expected thioether product (Fig-
ure 7b).

Figure 7. a) IR spectra of {Mo2.89W0.11S4}n showing the evolution of the bands
after dossing benzyl alcohol (2a) and sequentially heating to 180 °C (blue),
cooling down to room temperature (red), followed by vacuum (green).
b) Plausible mechanism for the borrowing hydrogen thioetherification of
alcohols in the presence of the activated catalyst {Mo2.89W0.11S4}n.
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Substrate Scope

The substrate scope for the borrowing hydrogen thioetherifica-
tion of alcohols in the presence of the catalyst {Mo2.89W0.11S4}n

was investigated by reaction of structurally diverse thiols (1a–
1p) with different alcohols (2a–2p) under standard conditions
(Table 1). Thioethers 3ba-3fa were obtained in high yields (82-
99 %) by reaction of benzyl alcohol (2a) with aryl thiols
functionalized with alkyl, methoxy, or a benzene-fused aromatic
ring (1b–1f). Similarly, halogen-substituted thiols also displayed
good reactivity towards the formation of the desired halogen-
ated thioethers (3ga–3ia). No dehalogenation-side reactions
were detected by using the fluorine- and chlorine- substituted

thiols, and 3ga and 3ha were isolated in around 90 % yield. In
the case of the bromine-containing thiol (1i), the dehalogen-
ated-side product of this reaction, i. e. 3aa, was only formed in a
negligible yield (<1 %), and the corresponding thioether 3ia
could be isolated in 81 % yield. Interestingly, nitrile, ester, and
thioester groups were also well tolerated under reaction
conditions, so that the thioethers 3ja–3la containing these
reducible functionalities were achieved in satisfactory yields.
Aliphatic thiols showed slightly lower reactivity, which could be
overcome by increasing the catalyst loading. Indeed, excellent
yields were obtained for thioethers formed by reaction between
the alcohol 2a and linear aliphatic thiols, even with those
containing phenyl and easily reducible ester groups (3ma–3oa).

Table 1. Borrowing hydrogen synthesis of thioethers catalyzed by {Mo2.89W0.11S4}n.[a]

[a] Catalyst activation: 180 °C, 2 h, vacuum; Reaction conditions: 1a–o (0.25 mmol), 2a–p (0.75 mmol), {Mo2.89W0.11S4}n (34 mg), toluene (3 mL), 10 bar N2,
180 °C, 16 h. [b] Conversion determined by GC using n-hexadecane as an internal standard. [c] Yield of isolated products is given with full conversion of
thioethers unless otherwise stated. [d] Yield determined by GC using n-hexadecane as an internal standard. [e] 88 % conv. [f] 86 % conv. [g] {Mo2.89W0.11S4}n

(40 mg). [h] {Mo2.89W0.11S4}n (50 mg). [i]<1 % yield 3aa. [j] {Mo2.89W0.11S4}n (68 mg). [k] 2-(benzylthio)benzoic acid detected as a side-product. [l] phenyl-
lmethanethiol detected as a by-product. [m] 45 % conv. [n] 3 % yield 4a. [o] 2 % yield 4a. [p] 94 % conv.; 1 % yield 4a. [q] 91 % conv.; 1 % yield 4a. [r] 2 % yield
4a; 5 % yield 3aa. [s] 81 % conv. 2 % yield 4a. [t] 3 % yield 4a. [u] 98 % conv.; [v] 16 % yield 4a.
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However, moderate efficiency was observed for the thioether-
ification of 2a with cyclohexanethiol to obtain the correspond-
ing aliphatic thioether 3pa.

Next, we investigated the thioetherification of different
alcohols with benzenethiol (1a). The use of 2-naphthaleneme-
thanol (2b) afforded the corresponding thioether 3ab in 87 %
yield. Benzyl alcohols containing alkyl substituents resulted to
be excellent reactants towards the formation of the desired
thioethers 3ac–3af, which were achieved in up to 92 % isolated
yield. Likewise, the electron-rich benzyl alcohols 2g and 2h also
displayed excellent reactivity, resulting in the corresponding
thioethers 3ag and 3ah in 99 and 88 % yields, respectively. In
the case of using benzyl alcohols that have electron-with-
drawing substituents, such as trifluromethyl (2i) and halogens
(2j–2l), a slight decrease in the reaction efficiency was observed.
Since it has been established that in the presence of the catalyst
{Mo2.89W0.11S4}n the reductive thiolation between the aldehyde
intermediate and the thiol is the rate determining-step, the
decrease in activity is likely due to these electron-withdrawing
groups limit the ability of the aldehyde intermediate to be
adsorbed/activated on vacant coordination metal sites with
Lewis acid character. Nonetheless, the halogenated thioethers
could be isolated in 84–88 % yield (3aj–3al), thus showing that
the halogen groups were well tolerated. Moderate reactivity
was reached when an ester-functionalized benzyl alcohol was
used, but, gratifyingly, this reducible group was completely
retained, yielding the desired thioether 3am in 80 % yield. The
non-benzylic-type heterocyclic alcohol 2n also underwent the
thioetherification reaction in 92 % yield under isolation. How-
ever, in case of using non-activated aliphatic alcohols, such as
1-decanol, low reactivity toward the desired thioether was
achieved (Scheme S2). Furthermore, this catalytic methodology
could be also extended to the use of more challenging
secondary alcohols allowing the preparation of the thioethers
3ao and 3ap. On the contrary, when benzenethiol (1a) was
reacted with 2-phenyl-2-propanol, which is a tertiary benzylic
alcohol that easily generates the corresponding carbocation,
the desired thioether was only obtained in 12 % yield
(Scheme S3). Importantly, this result further supports that the
thioetherification of alcohols in the presence of {Mo2.89W0.11S4}n

proceeds through a borrowing hydrogen mechanism, ruling out
the possibility that it occurs by a direct nucleophiolic
substitution in which carbocation intermediates are formed.

Conclusions

In summary, we have prepared a series of molybdenum and
tungsten sulfides bimetallic nanomaterials by reacting isostruc-
tural molecular complexes with M3S4 (M=Mo, W) cluster cores in
a reducing aqueous media. Their catalytic performance has
been investigated for the thioetherification of benzyl alcohol
(2a) with benzenethiol (1a) to afford benzyl phenyl sulfide (3aa)
through a borrowing hydrogen synthetic strategy. The compa-
rative catalytic study has found that the yield of the target
thioether product 3aa presents a volcano dependence with the
W/Mo mole ratio. Kinetic studies have shown that the presence

of tungsten accelerates the alcohol dehydrogenation step. The
characterization results have revealed that the most active
catalyst, namely {Mo2.89W0.11S4}n, is constituted by randomly
agglomerated nanosheets of amorphous nature exhibiting
irregular and disordered alloyed basal planes, which are formed
by assembled molecular M3S4 (M=Mo, W) cluster units. In
addition, W0 species derived from the partial reductive decom-
position of the W3S4 molecular precursor are also present to a
lesser extent. However, based on all catalytic and character-
ization results, including the in situ IR spectroscopy study, the
borrowing hydrogen activity of {Mo2.89W0.11S4}n has been
ascribed to the presence of coordinatively unsaturated bridging
sulfide ligands and vacant coordination sites around both
Mo(IV) and W(IV) metal centers, whereas W0 species act as
merely spectators. In particular, both types of actives centers,
respectively displaying Lewis basic and Lewis acid properties,
participate in the alcohol-to-aldehyde dehydrogenation step
forming sulfhydryl (S� H) and metal hydride (M� H; M=Mo, W)
species. Furthermore, the Lewis acid molybdenum and tungsten
metal centers are also crucial for promoting the reductive
thiolation step.

It has been demonstrated that {Mo2.89W0.11S4}n presents
good recyclability and is of broad scope. Indeed, its applications
has allowed the synthesis of a wide variety of thioethers, even
bearing halogen, nitrile, esters, and thioamide sensitive func-
tional groups, from structurally diverse thiols and primary as
well as secondary alcohols. Importantly, this work may pay the
way for the activation of the basal planes of MoS2-derived
materials by allowing engineering to be applied as catalysts in
the design of atom-economical, practical, and, in general, more
sustainable synthetic strategies for other value-added fine
chemicals.

Supporting Information

The Supporting Information includes: General information on
techniques used for characterization, experimental procedures
employed for the preparation of catalysts and catalytic experi-
ments, extended catalytic data of the kinetic studies for the
borrowing hydrogen thioetherification of alcohols, additional
XPS characterization data, kinetic data and characterization of
the recycled catalyst {Mo2.89W0.11S4}n-R, extended catalytic data
for the {Mo2.89W0.11S4}n-catalyzed borrowing hydrogen thioether-
ification of alcohols, complementary IR spectra, extension of
scope, and characterization data and NMR spectra of the
isolated thioethers. The authors have cited additional references
within the Supporting Information.[70,105] Raw research data from
this work are published in an open-access repository.[106]
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