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de Investigaciones Cient́ıcas, Avenida Lo

E-mail: acorma@itq.upv.es

† Electronic supplementary information
additional tables, schemes, gures, char
isolated products. See DOI: 10.1039/c8sc0

‡ Present address: Departament de Qúımi
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alt–molybdenum sulphides (Co–
Mo–S) catalyse borrowing hydrogen C–S bond
formation reactions of thiols or H2S with alcohols†

Iván Sorribes ‡ and Avelino Corma *

Nanolayered cobalt–molybdenum sulphide (Co–Mo–S) materials have been established as excellent

catalysts for C–S bond construction. These catalysts allow for the preparation of a broad range of

thioethers in good to excellent yields from structurally diverse thiols and readily available primary as well

as secondary alcohols. Chemoselectivity in the presence of sensitive groups such as double bonds,

nitriles, carboxylic esters and halogens has been demonstrated. It is also shown that the reaction takes

place through a hydrogen-autotransfer (borrowing hydrogen) mechanism that involves Co–Mo–S-

mediated dehydrogenation and hydrogenation reactions. A novel catalytic protocol based on the

thioetherification of alcohols with hydrogen sulphide (H2S) to furnish symmetrical thioethers has also

been developed using these earth-abundant metal-based sulphide catalysts.
Introduction

Reactions involving carbon–sulphur bond formation are of
great interest in organic synthesis and in materials science as
well as in the pharmaceutical industry.1 For instance, thioethers
exist in natural products and drugs, and they act as key building
blocks for the synthesis of various heteroatomic functional
groups, such as sulfoxides or sulfones, contained in many bio-
logically and pharmacologically active molecules.2

Traditional synthesis of thioethers involves the condensa-
tion of a metal alkyl or aryl thiolate with an alkyl halide under
strong basic conditions, resulting in the formation of large
amounts of salt and metal waste.1d,3 Consequently, many
catalytic methodologies aimed at the preparation of these
compounds through more sustainable chemical trans-
formations have been reported to date.1e,f,4 Currently, the most
popular routes for their synthesis rely onmetal-mediated cross-
coupling reactions of organic halides with thiols,5 and on
metal-catalysed hydrothiolation of unsaturated carbon–carbon
bonds.5h,6 The latter reaction displays high atom efficiency;
however, it suffers from low availability of the starting alkenes
or alkynes, and presents regioselectivity limitations. The cross-
coupling transformations involve substitution reactions, and
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therefore salts or acids (neutralized with the use of a base) are
still produced as by-products.

An alternative methodology consists in the use of readily
available alcohols as electrophiles where water is formed as the
only stoichiometric residue. However, (primary and secondary)
alcohols are usually unreactive because the hydroxyl group
displays poor leaving character, their reactivity being slightly
increased in the presence of Brønsted or Lewis acid catalysts.7

In this context, the so-called borrowing hydrogen method-
ology, also known as the transition-metal-catalysed hydrogen
autotransfer process, offers compelling benets.8 In this reac-
tion sequence, alcohol is dehydrogenated to a more reactive
aldehyde or ketone intermediate, which is more prone to react
with a nucleophile present in the same reaction medium.
Subsequent hydrogenation of the resulting unsaturated inter-
mediate with the initially generated hydrogen (or metal
hydrides) yields the desired product in a one-pot domino
sequence.

The borrowing hydrogen methodology has been widely
applied for efficient C–N9 and C–C10 bond formation from
alcohols and using amines (including ammonia) or C-
nucleophiles as reagents. In contrast, the use of thiols or
hydrogen sulphide to accomplish the construction of C–S bonds
by means of this catalytic protocol remains largely unexplored.
To date, the only example has been reported by our group using
a bifunctional solid catalyst based on palladium nanoparticles
supported on high-surface area magnesium oxide (MgO). It
allows the synthesis of thioethers along with the formation of
disuldes.11 The reaction was specically applied for benzylic
alcohols that were dehydrogenated to benzaldehydes and in situ
reacted with thiols involving, most probably, the formation of
a hemithioacetal (in equilibrium with a hypothetical thionium
This journal is © The Royal Society of Chemistry 2019
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ion) and its reduction by the previously generated palladium
hydride species (Scheme 1). It should be noted that the direct
reductive suldation of carbonyl compounds with mercaptans
in the presence of a reducing agent, such as lithium aluminum
hydride/aluminum chloride, triethylsilane, or pyridine-borane
in triuoroacetic acid, has also been described.12 However, the
use of more stable and readily available alcohols instead of
sensitive carbonyl compounds, and the absence of any addi-
tional reducing agent make the borrowing hydrogen method-
ology a more benign and practical strategy for the synthesis of
thioethers.

Nowadays, the replacement of precious metals with earth-
abundant metal-based catalysts is an exciting goal in catal-
ysis,13 and this substitution would still provide greater benets
to this methodology in terms of sustainability. In general, the
activation of alcohols in homogeneous catalysis by the
borrowing hydrogen strategy to form C–C and C–N bonds has
been commonly performed with Ru or Ir complexes;14 however,
recent efforts have led to the design of novel catalysts based on
Fe,15 Co,16 Cu,17 Mn18 or Re.19 Although these transformations
have been comparatively less investigated in heterogeneous
catalysis, they have been accomplished with the use of precious
metal-based catalysts to a higher extent,8f while only a handful
of Ni- or Cu-based heterogeneous catalysts have been applied.20

Hence, the development of new strategies that make use of non-
noble metal-based heterogeneous catalysts for the borrowing
hydrogen C–X (X ¼ C, N, S) bond construction from alcohols is
an active eld of research.

In this context, we herein describe for the rst time,
borrowing hydrogen synthesis of thioethers catalysed by a non-
noble metal-based catalytic system. We show that the use of
nanolayered cobalt–molybdenum-suldes as catalysts allows
for efficient C–S bond formation by the reaction of primary as
well as secondary alcohols with thiols displaying excellent
chemoselectivity even in the presence of sensitive functional
Scheme 1 Catalytic borrowing hydrogen (BH) synthesis of thioethers
from alcohols.

This journal is © The Royal Society of Chemistry 2019
groups. In addition, we have also extended this methodology to
the use of H2S establishing a novel catalytic protocol for the
preparation of symmetrical thioethers by thioetherication of
the corresponding alcohols (Scheme 1) for the rst time.

Results and discussion
Preparation and catalytic activity of nanolayered cobalt–
molybdenum sulphide catalysts

Cobalt–molybdenum sulphide based materials are the most
commonly used catalysts for the hydrodesulfurization (HDS) of
crude feedstocks in petroleum reneries, a process that involves
the C–S bond excision of sulphur-containing molecules.21

Consequently, enormous efforts have been made worldwide to
improve the catalytic activity of these hydroprocessing catalysts. In
this respect, the most signicant breakthrough lay in the devel-
opment of the so-called Nebula catalyst, an unsupported material
with a large population of active sites per unit volume that is
currently in use in several industrial units.22 Since its discovery,
unsupported materials have emerged as a convenient alternative
to the use of conventional supported ones,23 and therefore several
methodologies have been reported for their preparation.24

Very recently, we described the hydrothermal synthesis of
a series of nanolayered cobalt–molybdenum sulphide materials
(Co–Mo–S–X; X ¼ Co/(Mo + Co) mole ratio) and disclosed their
useful applications as catalysts for chemo- and regioselective
hydrogenation of nitroarenes and N-heteroarenes.25 More
specically, we reacted an aqueous solution containing
ammonium molybdate, sulphur and different amounts of
cobalt(II) acetate in an autoclave at 180 �C in the presence of
hydrazine as a reductant. Depending on the amount of cobalt(II)
acetate used in their preparation, it was possible to synthesize
nanolayered materials with different chemical phase composi-
tions, as they are predominantly constituted by MoS2 (along
with the presence of Co–Mo–S-like structures) and cobalt
sulphides with diverse stoichiometries, such as CoS2, Co3S4
and/or Co9S8 (Table S1 in the ESI†). The catalytic activity of
these cobalt–molybdenum sulphide materials was ascribed to
the presence of transient Co–Mo–S-like structures,26 as well as to
the nature of the mixed phase of cobalt sulphides, with superior
activity when the latter is mainly composed of Co3S4 and lower
activity when increasing the relative content of Co9S8, while
CoS2 resulted in an inactive phase.25

Based on this background and with the aim to extend the
toolbox of useful synthetic transformations promoted by these
nanolayered cobalt–molybdenum sulphide materials, we
decided to investigate their application in hydrogen auto-
transfer processes. For that, the alkylation of benzenethiol (1a)
with benzyl alcohol (2a) to afford benzyl phenyl sulphide (3aa)
was selected as a benchmark reaction. Initial catalytic experi-
ments were performed under a nitrogen atmosphere (3.5 bar) at
180 �C and using toluene as a solvent. Reaction proles,
depicted in Fig. 1, reveal diphenyl disulphide (4a) as the primary
product, and its relative amount increased parallel to benze-
nethiol (1a) conversion. Aer reaching a maximum, the
concentration of 4a starts to decrease or is maintained almost
constant, likely depending on the efficiency of the catalyst to
Chem. Sci., 2019, 10, 3130–3142 | 3131
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Fig. 1 Yield–time diagram of benzyl phenyl sulphide (3aa) and diphenyl disulphide (4a) produced during alkylation of benzenethiol (1a) with
benzyl alcohol (2a) in the presence of the catalysts (a) Co–Mo–S-0.39, (b) Co–Mo–S-0.58, (c) Co–Mo–S-0.83 and (d) Co–Mo–S-0.91. Reaction
conditions: 1a (0.25 mmol), 2a (0.5 mmol), catalyst (13.1 mg), toluene (1.6 mL), 3.5 bar N2, 180 �C.

Table 1 Alkylation of benzenethiol (1a) with benzyl alcohol (2a)a

Entry Catalyst Solvent
Conversionb

[%]

Yieldb [%]

3aa 4a

1 Co–Mo–S-0.83 Toluene >99 96 2
2c Co–Mo–S-0.83 Toluene >99 98 —
3 MoS2 Toluene 76 53 18
4 Mo-free CoxSy Toluene 45 15 25
5d,e Co–Mo–S-0.83 Toluene 94 89 8
6e,f Co–Mo–S-0.83 Toluene 80 50 10
7e Co–Mo–S-0.83 1,4-Dioxane 98 84 5
8e Co–Mo–S-0.83 CH3CN 82 48 15
9e Co–Mo–S-0.83 THF 64 1 —
10e Co–Mo–S-0.83 Ph-CF3 >99 94 —

a Reaction conditions: 1a (0.25 mmol), 2a (0.5 mmol), catalyst (13.1 mg),
solvent (1.6 mL), 3.5 bar N2, 180 �C, 8 h. b Determined by GC with
respect to 1a using n-hexadecane as the internal standard. c 10 h. d 2a
(1.5 equiv.). e 18 h. f 150 �C.
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hydrogenate the disulphide bond. The formation of this
product is not surprising since its metal-catalysed formation
usually involves lower activation energy than the formation of
thioethers.11

In the presence of the catalyst Co–Mo–S-0.83 the starting
thiol 1a is fully converted affording almost a quantitative yield
of the desired product 3aa with traces of the disulphide
compound 4a (2% yield) in 8 h, the latter being totally
consumed aer two additional hours (Fig. 1c and Table 1,
entries 1 and 2). This catalyst, which is constituted by a mixture
of MoS2, transient Co–Mo–S-like structures (determined
through an electrochemical study applying the voltammetry of
immobilized particles (VIMP) methodology),27 CoS2 and Co3S4
phases, also proved to be the most active catalytic system in
previously reported hydrogenation reactions.25b The use of the
catalyst Co–Mo–S-0.91, mainly formed by Co9S8 andMoS2, leads
to lower conversion of 1a affording the thioether product 3aa in
70% yield, which co-exists with the non-fully converted disul-
phide 4a (Fig. 1d). Similar reactivity is achieved in the presence
of the catalyst Co–Mo–S-0.39, a cobalt-promoted MoS2-based
material with cobalt species homogeneously distributed on
MoS2 and containing some separated CoS2 (Fig. 1a).25a It should
be noted that the high dispersion of cobalt species on MoS2
benets the adsorption of cobalt atoms at the edges of the
layered structure of MoS2, thus leading to the formation of Co–
Mo–S-like active structures to a larger extent.26 In fact, the
catalyst Co–Mo–S-0.58, being constituted by the same phases
3132 | Chem. Sci., 2019, 10, 3130–3142
but with more separated and agglomerated non-active CoS2,25b

displays considerably lower activity. As revealed in its reaction
prole, besides a modest yield of 3aa, once diphenyl disulphide
(4a) is formed it remains almost unreactive (Fig. 1b).
This journal is © The Royal Society of Chemistry 2019
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In addition, we have also tested MoS2 and a molybdenum-
free CoxSy catalyst based on a mixture of CoS2, Co3S4 and
Co9S8 (see the ESI† for details of their preparation). MoS2
displays moderate catalytic activity affording 3aa in 53% yield.
In contrast, in the presence of the molybdenum-free material as
the catalyst, 3aa is achieved in only 15% yield while benzyl
alcohol remains largely unreactive (Table 1, entries 3 and 4; see
also Fig. S1 in the ESI†).

It is worth noting that all synthesized Co–Mo–S materials are
active in the borrowing hydrogen synthesis of benzyl phenyl
sulphide (3aa), which means that these catalysts are able to
dehydrogenate benzyl alcohol (2a) to benzaldehyde (2a0) as well
as hydrogenate the intermediate product formed by the reaction
of 2a0 with the initial thiol 1a (see Scheme 2). Typically, in
a borrowing hydrogen sequence the hydrogenation stage is
thermodynamically favoured, thus driving forward the initial
dehydrogenation step. This is in agreement with the catalytic
activity tendency followed by these Co–Mo–S catalysts for the
synthesis of 3aa, being higher with the increase of their hydro-
genation activity (Table S1†). However, the higher efficiency
shown by MoS2 in comparison with the molybdenum-free CoxSy
catalyst is in contrast since, as previously reported,25b the hydro-
genation activity of the latter is higher than that of MoS2. These
results clearly show that in the borrowing hydrogen strategy,
apart from the hydrogenation activity of the catalyst, its dehy-
drogenation ability is also important. In this sense, the presence
ofMoS2 in the investigated Co–Mo–S catalysts seems to be crucial
to efficiently accomplish the dehydrogenation of the alcohol,28

since it remains largely unreactive when the molybdenum-free
CoxSy material is used as the catalyst.
Fig. 2 (a) Catalyst recycling for the alkylation of benzenethiol (1a) with b
Co–Mo–S-0.83 (13.1 mg), toluene (1.6 mL), 3.5 bar N2, 180 �C, 10 h (run

Scheme 2 Reaction steps for the catalytic borrowing hydrogen (BH)
synthesis of benzyl phenyl sulphide (3aa).

This journal is © The Royal Society of Chemistry 2019
Interestingly, when the alkylation of benzenethiol (1a) with
benzyl alcohol (2a) was carried out in the presence of the most
active catalyst Co–Mo–S-0.83 with an extra supply of hydrogen
gas pressure (2 bar N2 and 1.5 bar H2), higher reaction rate for
the formation of 3aa was achieved (Fig. S2†), thus suggesting
that the rate-controlling step of this reaction sequence is not the
dehydrogenation of the alcohol but the direct reductive thio-
lation. This result is in line with our previous nding that
correlates the higher efficiency for the synthesis of 3aa with the
increase of the hydrogenation activity of the catalysts when they
display similar dehydrogenation activity.

Next, we explored the recycling of the catalyst Co–Mo–S-0.83
in the investigated model reaction for the formation of the
thioether 3aa. As shown in Fig. 2a, a decrease in the yield of 3aa
is observed in the second run, while it remains almost constant
in the third one. This catalytic behaviour suggests that different
active species are responsible for the catalytic activity and that
the fresh catalyst contains highly active but poorly stable cata-
lytic species, which vanish during the rst catalytic run. As we
previously reported,25b these active structures correspond to Co–
Mo–S-like structures, which is well-established to consist of
MoS2 decorated at the edges with cobalt atoms.26 Due to their
metastable character, they vanish by the desorption of cobalt
atoms from the MoS2 backbone during the rst catalytic run as
revealed ICP-MS analysis of the ltrate (Table S2 in the ESI;† see
also Fig. S3† for hot ltration experiments). Nevertheless,
excellent conversions of 1a towards the formation of the desired
product 3aa were obtained even aer the sixth run by increasing
the reaction time, thus suggesting that in addition to the Co–
Mo–S like structures other active species are also responsible for
the catalytic activity of the catalyst Co–Mo–S-0.83. It is notice-
able that no more leaching occurred to the reaction medium in
the next runs. X-ray diffraction (XRD) characterization (Fig. 2b;
see also Fig. S4–S6† for high-resolution transmission electron
microscopy (HRTEM) studies) of the fresh and recycled catalysts
shows that they are slowly desulfurized during the reaction
cycles producing a subtle change in the composition of the
mixed phase of cobalt sulphides. More specically, CoS2 is
continuously transformed to the active phase of Co3S4, and
enzyl alcohol (2a). Reaction conditions: 1a (0.25 mmol), 2a (0.5 mmol),
s 1–3) or 18 h (runs 4–6). (b) XRD patterns of the recycled catalyst.

Chem. Sci., 2019, 10, 3130–3142 | 3133
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Scheme 3 Proposed reaction pathway for the Co–Mo–S-catalysed
alkylation of benzenethiol (1a) with benzyl alcohol (2a).
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therefore aer losing the Co–Mo–S-like active structures in the
rst run, the catalytic activity is maintained or even slightly
increases along the reaction cycles.

All these results suggest that different active species are
responsible of the catalytic activity of the catalyst Co–Mo–S-0.83.
More specically, it depends on the composition of the mixed
phase of cobalt sulphides, with superior activity when the latter
is mainly composed by Co3S4, and it is also associated with the
presence of transient Co–Mo–S-like structures,26 which vanish
aer the rst catalytic run. In addition, MoS2 plays a key role not
only in the hydrogenation step, but also in the dehydrogenation
of the alcohol.28

Next, the borrowing hydrogen synthesis of 3aa was investi-
gated in more detail. Although benzaldehyde (2a0) appears to be
a detectable reaction intermediate when 2a is used as an alky-
lating reagent, a control experiment was run to rule out
a possible mechanism through a direct nucleophilic substitu-
tion of alcohols with the formation of carbocation intermedi-
ates.7 Under the previously used conditions, benzenethiol (1a)
was reacted with 2-phenyl-2-propanol (2b), a tertiary benzylic
alcohol that easily generates the stabilized carbocation.
Together with the formation of the disulphide product 4a (70%
yield), the corresponding thioether was obtained in negligible
yield (8%) aer 18 h, thus ruling out the direct nucleophilic
substitution mechanism (Scheme S1 and eqn (S1)†).

Other evidence that conrms the occurrence of the alcohol
dehydrogenation step of the borrowing hydrogen sequence
relies on the detection of molecular H2 in the gas-phase of the
reaction between 1a and 2a. Moreover, to get more clues on the
complete autotransfer mechanism, an additional two step-
control experiment was carried out by rst reacting the cata-
lyst Co–Mo–S-0.83 with benzyl alcohol (2a) under neat condi-
tions, and then using this pre-treated catalyst in the reaction of
1a with benzaldehyde (2a0) in toluene at 180 �C (for more details
see Scheme S1 and eqn (S2a) and (S2b)†). Interestingly, the
desired thioether 3aa was obtained in 17% yield, which reveals
the presence of hydrogen-derived species on the pre-treated
catalyst generated by benzyl alcohol dehydrogenation and
their proper transfer to the hemithioacetal intermediate. All of
the above results conrm that the alkylation of thiols with
alcohols in the presence of the Co–Mo–S-0.83 catalyst is actually
taking place through a borrowing hydrogen sequence.

Since diphenyl disulphide (4a) was detected as a transient
product during the course of the reaction, we attempted to use it
as a reactant in the synthesis of benzyl phenyl sulphide (3aa) by
reaction with benzyl alcohol (2a) (Scheme S1 and eqn (S3)†).
Interestingly, 4a was almost fully converted (89%) aer 18 h at
180 �C affording the thioether 3aa and the thiol 1a in 83 and 4%
yields, respectively, which shows the feasibility of synthesizing
thioethers from dithiols and alcohols in the presence of the
catalyst Co–Mo–S-0.83. In this reaction sequence, longer reac-
tion times are required because the dithiol compound needs to
be reduced to the corresponding thiol rst.

Another detected by-product, although at the trace level, was
the thioacetal a,a-bis(phenylthio)toluene (5a), presumably
formed by the over-thiolation of benzyl alcohol. Taking into
account the extended used of MoS2-based catalysts in HDS
3134 | Chem. Sci., 2019, 10, 3130–3142
processes,21 an alternative reaction pathway through desulfur-
ization of this by-product to form the thioether 3aa should not
be ruled out. Indeed, the reaction of 5a with benzyl alcohol (2a)
afforded 3aa and 4a in 74 and 8% yields, respectively, aer 10 h
under the same reaction conditions used for the previous
catalytic reactions (Scheme S1 and eqn (S4)†).

Based on all the above results a mechanism for the synthesis
of the thioether 3aa by alkylation of 1a with the alcohol 2a in the
presence of the catalyst Co–Mo–S-0.83 is proposed in Scheme 3.
Benzyl alcohol (2a) is initially dehydrogenated to benzaldehyde
(2a0) generating molecular hydrogen and activated hydrogen
species on the Co–Mo–S catalyst. Then, the nucleophile ben-
zenethiol (1a) attacks the carbonyl carbon of 2a0 to give the
hemithioacetal intermediate I,11,12c which is Co–Mo–S-mediated
reduced to afford the thioether product 3aa. An alternative
pathway involving the formation and subsequent catalytic
hydrogenolysis of a,a-bis(phenylthio)toluene (5a) can also take
place. It should be mentioned that the formation of 5a through
a direct dehydration of the hemithioacetal intermediate (I) with
benzenethiol is unlikely as revealed by our unsuccessful
experiment with amore reactive tertiary alcohol (Scheme S2 and
eqn (S1)†). This suggests that the thioacetal 5a is most probably
formed through an additional borrowing hydrogen sequence
following analogous steps to those previously described.

In addition, according to the reaction proles depicted in
Fig. 1, the synthesis of 3aa under the present protocol also
involves the reversible formation of diphenyl disulphide (4a),
which is catalytically reduced to form the starting thiol 1a again.
That means reducing species should be formed in more than
stoichiometric amounts to get a quantitative yield of 3aa,
therefore giving a reasonable explanation for the need of using
an excess of the alcohol (2 equiv.) with respect to 1a (Table 1,
entry 5). Temperature is also a critical parameter since only 50%
yield of the thioether 3aa is obtained when the reaction is
conducted at a lower temperature (150 �C) even aer a longer
reaction time (Table 1, entry 6). The use of other solvents, with
the exception of benzotriuoride, also led to detrimental results
(Table 1, entries 7–10).
Reaction scope of the borrowing hydrogen S-alkylation of
thiols with alcohols in the presence of nanolayered Co–Mo–S
catalysts

To investigate the scope of this catalytic protocol for the general
preparation of thioethers, we rst tested the alkylation of
structurally diverse thiols (1b–1t) with benzyl alcohol (2a) under
This journal is © The Royal Society of Chemistry 2019
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a nitrogen atmosphere (3.5 bar) at 180 �C using toluene as the
solvent. As shown in Table 2, aryl thiols functionalized with
alkyl or methoxy groups as well as naphthalene derivatives were
converted into the desired thioethers 3ba–3ga in good to
excellent yields (Table 2, entries 1–7). Halogen-substituted
benzenethiols 1h–1j also reacted efficiently and no dehaloge-
nation products were detected (Table 2, entries 8–10). Interest-
ingly, other reducible functionalities such as ketones, nitriles
and carboxylic ester groups remained untouched with the cor-
responding thioethers 3ka–3ma isolated in nearly 90% yield
(Table 2, entries 11–13). The heterocyclic thiol 1n containing the
benzothiazole moiety was transformed to the target product
3na, which could be isolated in 82% yield (Table 2, entry 14).

The alkylation reaction could also be carried out with thio-
benzoic and thioacetic acid (1o and 1p, respectively) as starting
reactants affording benzyl benzothioate (3oa) and benzyl
Table 2 Co–Mo–S-catalysed alkylation of thiols with benzyl alcohol (2a

Entry Product Conv.b [%]

Yield [%]

3c 4b

1d >99 91 —

2 >99 85 —

3 >99 90 4

4 >99 78 6

5 >99 73 6

6 >99 93 —

7 95 76 —

8 >99 96 —

9 >99 93 —

10 >99 94 —

a Reaction by-products:conditions: thiol 1a–1t (0.25 mmol), 2a (0.5 mmo
b Determined by GC with respect to the thiol using n-hexadecane as an
product starting from 10 mmol of thiol 1a. GC-yield of the by-products: e
h Benzyl 3-(benzylthio)propanoate (10%).

This journal is © The Royal Society of Chemistry 2019
thioacetate (3pa) in moderate yields along with the formation of
the corresponding ethers (Table 2, entries 15 and 16). 2-Phe-
nylethanethiol (1q) and cyclic, linear and even ester function-
alized aliphatic thiols (1r–1t) also displayed good reactivity
toward the formation of the desired thioethers 3ra–3ta (Table 2,
entries 17–20).

Aer having demonstrated the excellent activity of the cata-
lyst Co–Mo–S-0.83 in the reaction of different thiols with benzyl
alcohol (2a), we proposed to extend this methodology to other
alcohols (Table 3). Under the same previously used conditions,
reaction of benzenethiol (1a) with 2-naphthalenemethanol (2c)
and 4-biphenylmethanol (2d) afforded the thioethers 3ac and
3ad in 88 and 89% yields, respectively (Table 3, entries 1 and 2).
Different alkyl-substituted benzyl alcohols (2e–2g) and even the
sterically hindered trimethyl-substituted 2h also displayed high
)a

Entry Product Conv.b [%]

Yield [%]

3c 4b

11 >99 92 —

12 >99 90 —

13 >99 89 —

14e >99 82 —

15f >99 65 —

16g >99 45 —

17 >99 89 2

18 97 78 —

19 95 70 10

20h >99 83 —

l), Co–Mo–S-0.83 (13.1 mg), toluene (1.6 mL), 3.5 bar N2, 180 �C, 18 h.
internal standard. c Yield of isolated products. d Yield of the isolated
Benzo[d]thiazole (5%). f Benzyl benzoate (27%). g Benzyl acetate (47%).
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Table 3 Co–Mo–S-catalysed alkylation of benzenethiol (1a) with alcoholsa

Entry Product Conv.b [%]

Yield [%]

Entry Product Conv.b [%]

Yield [%]

3c 4ab 3c 4ab

1 >99 88 3 11 >99 93 2

2 >99 89 — 12 93 76 7

3 >99 96 — 13d >99 73 9

4 >99 95 — 14 >99 79 13

5 >99 91 — 15 97 86 6

6 >99 82 11 16 >99 86 3

7 >99 84 — 17 94 81 3

8 >99 81 — 18 >99 87 9

9 82 51 15 19 92 81 —

10 95 80 8 20 >99 82 13

a Reaction conditions: 1a (0.25 mmol), alcohol 2c–2v (0.5 mmol), Co–Mo–S-0.83 (13.1 mg), toluene (1.6 mL), 3.5 bar N2, 180 �C, 18 h. b Determined
by GC with respect to 1a using n-hexadecane as an internal standard. c Yield of isolated products. GC-yield of by-products: d 3aa (4%).
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reactivity towards the formation of the desired products 3ae–
3ah (Table 3, entries 3–6).

In the presence of other electron-rich groups, such as
methoxy and thiomethyl, the alkylation reaction of benzene-
thiol (1a) proceeds in a similar manner (Table 3, entries 7 and
8), whereas in general the introduction of electron-withdrawing
substituents leads to a slight decrease in the efficiency (Table 3,
entries 9 and 13). A drastic decline was observed with benzyl
alcohol functionalized with two uorine groups at the ortho
position, likely associated with electronic more than steric
effects (Scheme S2 in the ESI†). From the viewpoint of selec-
tivity, the sensitive unsaturated double bond and ester group of
3136 | Chem. Sci., 2019, 10, 3130–3142
benzyl alcohols 2p and 2q remain untouched in the nal thio-
ethers 3ap and 3aq, which were isolated in 79 and 86% yields,
respectively (Table 3, entries 14 and 15). Furthermore, hetero-
aromatic alcohols also underwent the alkylation reaction of 1a
in high yields (Table 3, entries 16 and 17). Interestingly, this
catalytic methodology could also be extended to the allylic
alcohol 2t affording 3at in 87% isolated yield (Table 3, entry 18).
However, the use of aliphatic alcohols failed with this catalytic
system (Scheme S3 in the ESI†).

Next, we were interested in the use of more challenging
secondary alcohols (Table 3, entries 19 and 20). Gratifyingly, the
alkylation of 1a with alcohols 2u and 2v proceeded efficiently,
This journal is © The Royal Society of Chemistry 2019
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allowing the preparation of thioethers 3au and 3av in high
yields. It is worth noting that the formation of the dehydro-
genated ketones was detected during the reaction and, in
accordance with our previous unsuccessful experiment with the
tertiary alcohol 2b (see Scheme S1, eqn. (S1)†), this suggests that
a borrowing hydrogen mechanism instead of a direct nucleo-
philic substitution of the alcohol functionality takes place.7
Thioetherication of alcohols with H2S

Hydrogen sulphide (H2S) is a major by-product produced in
petroleum reneries during hydrotreating processes carried out
for upgrading heavy crude feed-stocks. Due to its toxicity, the
release of H2S to the atmosphere is environmentally restricted.
Nowadays, the emission of the H2S produced in most of the
reneries is commonly mitigated through the conventional
Claus process, which converts this harmful gas into elemental
sulphur.29 However, the consumption of sulphur relative to its
current production is too high, and therefore the development
Fig. 4 (a) Catalyst recycling for the thioetherification of benzyl alcohol (2
mg), toluene (1.6 mL), 4 bar N2/H2S (10% v/v in H2S), 180 �C, 10 h (runs

Fig. 3 Yield–time diagram for the thioetherification of benzyl alcohol
(2a) with H2S. Reaction conditions: 2a (0.25 mmol), Co–Mo–S-0.83
(13.1 mg), toluene (1.6 mL), 4 bar N2/H2S (10% v/v in H2S), 180 �C.
Traces of dibenzyl ether (<5%) were also detected.

This journal is © The Royal Society of Chemistry 2019
of new methodologies to transform H2S into valuable and more
in-demand products is highly desirable.30

In this regard, aer the general development of the alkyl-
ation of structurally diverse thiols with a wide range of alcohols,
we proposed to extend this methodology to the reaction of
alcohols with H2S. We therefore reacted benzyl alcohol (2a) at
180 �C in the presence of the catalyst Co–Mo–S-0.83 under a N2/
H2S (10% v/v in H2S) atmosphere (4 bar) using toluene as the
solvent. Initially, as shown in Fig. 3, benzyl mercaptan (6a) and
dibenzyl sulphide (7a) are formed as reaction products, but the
concentration of 6a reaches a maximum and then starts to
decrease concomitant with the progressive formation of 7a,
which is afforded in 70% yield within 10 h. Benzaldehyde (2a0)
and dibenzyl disulphide (8a) are also formed during the reac-
tion. These results suggest that the formation of the symmet-
rical thioether 7a in this thioetherication reaction takes place
through two consecutive borrowing hydrogen sequences with
6a as the reaction intermediate (see Scheme 1; R3 ¼ H).

Notably, as shown in Fig. 4a the catalyst was conveniently
recycled affording the symmetrical thioether 7a in moderate
yields even aer the sixth run. As in the prior use of benzene-
thiol (vide supra), a signicant decrease of the catalytic activity is
achieved in the second run likely as result of the consumption
of the Co–Mo–S-like active structures. In contrast, in the present
case the catalyst continues to be slightly deactivated with
subsequent reaction cycles affording 7a in similar to lower
yields even aer longer reaction times. As revealed by the XRD
patterns of the recycled catalyst aer different catalytic runs
(Fig. 4b; see also Fig. S4, S7 and S8† for HRTEM characteriza-
tion), the catalyst is progressively sulfurized with H2S trans-
forming the active phase Co3S4 to CoS2, thus resulting in the
progressive decrease of the catalytic activity.

We next explored the synthesis of other symmetrical thio-
ethers from the corresponding functionalized alcohols
(Table 4). In addition to 2-naphthalenemethanol (2c) other
benzyl alcohols substituted with electron-donating groups, like
alkyl, methoxy and thiomethyl moieties, reacted efficiently
a) with H2S. Reaction conditions: 2a (0.25 mmol), Co–Mo–S-0.83 (13.1
1–3) or 18 h (runs 4–6). (b) XRD patterns of the recycled catalyst.
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Table 4 Co–Mo–S-catalysed thioetherification of alcohols with H2S
a

Entry Substrate Conv.b [%]

Yield [%]

Entry Substrate Conv.b [%]

Yield [%]

6b 7c 8b 6b 7c 8b

1d,e >99 2 66 2 6b,j 97 — 67 3

2b,f >99 — 72 6 7b,k 95 9 63 5

3g >99 3 75 1 8l 99 — 54 —

4h 98 3 70 — 9m 93 — 56 5

5i >99 — 64 4 10n >99 — 70 4

a Reaction conditions: alcohol 2 (0.25 mmol), Co–Mo–S-0.83 (13.1 mg), toluene (1.6 mL), 4 bar N2/H2S (10% v/v in H2S), 180 �C, 18 h. b Determined
by GC with respect to the alcohol using n-hexadecane as an internal standard. c Yield of isolated products. d Yield of the isolated product on
a 10 mmol scale. GC-yield of by-products: e 2a0 (3%). f 2c0 (3%) and 2-methylnaphthalene (11%). g 2e0 (4%). h 2i0 (3%) and 4-methylanisole (5%).
i 4-(Methylthio)toluene (5%). j 4-Chlorotoluene (4%). k 3-Bromotoluene (10%). l 2o0 (1%) and 2-iodotoluene (9%). m 2q0 (6%) and methyl p-
toluate (15%). n 3,4-(Methylenedioxy)toluene (3%). Variable amounts (3–5%) of the corresponding symmetrical ethers were also detected in all
tested reactions.
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producing the desired derivatives in good yields (Table 4,
entries 2–5). A slight decrease in efficiency is observed in the
presence of electron-withdrawing substituents, such as halogen
groups, which were well-retained in the nal symmetrical thi-
oethers (Table 4, entries 6–8). Gratifyingly, the carboxylic ester
functionality of alcohol 2q remained untouched and the
product 7q could be isolated in 56% yield (Table 4, entry 9). In
addition, the heterocyclic alcohol 2r also successfully accom-
plished this thioetherication reaction affording the corre-
sponding symmetrical product 7r in 70% isolated yield (Table 4,
entry 10).
Conclusions

In summary, we have disclosed for the rst time that, apart from
its well established use as hydrotreating catalysts, cobalt–
molybdenum sulphide (Co–Mo–S) unsupported materials are
also excellent catalysts for the inverse reaction, that is, carbon–
sulfur bond formation. Indeed, different Co–Mo–S catalysts
have been shown to be active in the reaction of benzenethiol
(1a) with benzyl alcohol (2a) to form benzyl phenyl sulphide
(3a). The reaction proceeds through a borrowing hydrogen
sequence involving Co–Mo–S-mediated dehydrogenation and
hydrogenation reactions. The catalytic activity of themost active
catalyst (Co–Mo–S-0.83) for the aforementioned reaction is in
line with its previously reported hydrogenation activity, which
was associated with highly active but unstable Co–Mo–S-like
3138 | Chem. Sci., 2019, 10, 3130–3142
structures and with the composition of the mixed phase of
cobalt sulphides, the activity being increased in the presence of
Co3S4 to a higher extent. In addition, the presence of MoS2 in
the investigated Co–Mo–S catalysts seems to be crucial to effi-
ciently accomplish the dehydrogenation step of this borrowing
hydrogen sequence.

Application of the catalyst Co–Mo–S-0.83 allowed us the
preparation of a broad range of thioethers in good to excellent
yields from structurally diverse thiols and primary as well as
secondary alcohols. In general, this catalyst displays excellent
chemoselectivity towards carbon–sulfur bond formation even in
the presence of sensitive functionalities, such as halogens,
double bonds, ketones, nitriles and carboxylic esters, which
were well-retained in the nal thioethers. Furthermore, we have
also developed a novel methodology for the synthesis of
symmetrical thioethers by reaction of alcohols with H2S in the
presence of the catalyst Co–Mo–S-0.83.
Experimental details
General procedure for the alkylation of thiols with alcohols

Reactions were performed in a 7 mL reinforced glass reactor
equipped with a pressure controller. The glass pressure tube
containing a stirring bar was sequentially charged with Co–Mo–
S catalyst (13.1 mg), thiol (0.25 mmol), alcohol (0.5 mmol), n-
hexadecane (30 mL) and toluene (1.6 mL). The pressure tube was
then closed and the reactor was repeatedly purged with 5 bar of
This journal is © The Royal Society of Chemistry 2019
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N2, pressurized to 3.5 bar and stirred and heated at 180 �C in an
aluminium block previously preheated to this temperature.
Aer the desired reaction time, the reactor was cooled down to
room temperature and carefully depressurized. The reaction
mixture was diluted with ethyl acetate and an aliquot was taken
to be analysed by gas chromatography. To determine the iso-
lated yields, the diluted reaction mixture was ltered over Celite
to separate off the catalyst, and then puried by silica gel
chromatography affording the corresponding thioethers in the
reported yields.
General procedure for the synthesis of symmetrical thioethers
from H2S and alcohols

The general procedure described above for the alkylation of
thiols with alcohols was applied with minor modications. The
glass pressure tube containing a stirring bar was sequentially
charged with Co–Mo–S catalyst (13.1 mg), alcohol (0.25 mmol),
n-hexadecane (30 mL) and toluene (1.6 mL). Aer the reactor was
sealed and purged with N2, it was pressurized to 4 bar with N2/
H2S (10% v/v in H2S).
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