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Imidazolyl amino cuboidal Mos(us-S)(u-S)3 clusters have been investigated as catalysts for the semihydro-
genation of alkynes. For that purpose, three new air-stable cluster salts [MozS4Cls(ImMNH,)z]BF,4 ([11BF,),
[Mo3S4Cls(ImMNH(CH3))3]BF4 (12]BF,4) and [MozS4Cls(ImN(CHz),)z]1BF, (I31BF,4) have been isolated in moder-
ate to high yields and fully characterized. Crystal structures of complexes [1]PFg and [2]Cl confirm the for-
mation of a single isomer in which the nitrogen atoms of the three imidazolyl groups of the ligands are
located trans to the capping sulfur atom which leaves the three bridging sulfur centers on one side of the
trimetallic plane while the amino groups lie on the opposite side. Kinetic studies show that the cluster
bridging sulfurs react with diphenylacetylene (dpa) in a reversible equilibrium to form the corresponding
dithiolene adduct. Formation of this adduct is postulated as the first step in the catalytic semihydrogena-
tion of alkynes mediated by molybdenum sulfides. These complexes catalyze the (Z)-selective semihydro-
genation of diphenylacetylene (dpa) under hydrogen in the absence of any additives. The catalytic activity
lowers sequentially upon replacement of the hydrogen atoms of the N—H, moiety in 1* without reaching
inhibition. Mechanistic experiments support a sulfur centered mechanism without participation of the
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amino groups. Different diphenylacetylene derivatives are selectively hydrogenated using complex 1* to
their corresponding Z-alkenes in excellent yields. Extension of this protocol to 3,7,11,15-tetramethyl-
hexadec-1-yn-3-ol, an essential intermediate for the production of vitamin E, affords the semihydrogena-

rsc.li/frontiers-inorganic tion product in very good yield.
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Introduction

The stereoselective reduction of internal alkynes to di-
substituted alkenes by using hydrogen is a highly valuable
reaction in the bulk and fine chemical industries." In particu-
lar, (2)-alkenes are found in several bioactive compounds,
pharmaceuticals and agrochemicals.> The selective synthesis
of these products has been traditionally achieved by heteroge-
nous catalysis where the Pd-based Lindlar catalyst is still the
most common choice.> However, for several substrates draw-
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backs such as isomerization and overreduction are still
unsolved. Although heterogeneous catalysis is frequently
preferred by industry, homogenous catalysis offers some
advantages such as a more rational tuning of the catalysts as
well as its potential to be used as models capable to emulate
the reactivity of its solid analogues. In this regard, hom-
ogenous systems can also provide valuable mechanistic
information.

Most of the reported homogeneous catalysts for the (Z)-
stereoselective hydrogenation of alkynes to alkenes make use
of alternative hydrogen donors such as boranes, silanes, alco-
hols, formic acid or water, while the number of systems which
operate using molecular hydrogen as the reductant are surpris-
ingly scarce.” Due to economic and environmental reasons,
there is a growing interest to replace noble metals by non-pre-
cious ones and to optimize the atom economy using hydrogen
as reductant. Most examples include mononuclear 3d tran-
sition metal complexes based on Mn,>® Fe,” Co,*° (Fig. 1) or
cubane-type polynuclear Cu'® compounds functionalized with
phosphine ligands. As a very recent example, Milstein and
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Fig. 1 Selected examples of homogeneous non-noble metal (pre)cata-
lysts for an efficient Z-selective semihydrogenation of internal alkynes.

co-workers have evidenced the great potential of Mg pincer
complexes as catalysts for the transformation of diphenylacety-
lene derivatives to the corresponding (Z)-alkenes with good to
very good diastereoselectivities."" Previously, our groups have
also shown that low-valent Mo pincer complexes and cuboidal
Mo;S, clusters are also efficient homogeneous catalysts for
this transformation."" Notably, pincer complexes utilizing
sophisticated phosphine ligands dominate this chemistry and
more importantly, mechanistic investigations on these systems
have revealed unique reaction pathways. Such studies combin-
ing control experiments with DFT calculations revealed that
hydrogenation by PNHP and PNHS Mn and Mo pincer com-
plexes proceeds via an outer sphere reaction mechanism utiliz-
ing the amino moiety in the ligand backbone for metal-ligand
cooperativity.>*'?

In these cases, a strong base seems to be needed to form
the catalytically active species, likely an amido complex, gener-
ated by deprotonation of the amine of the ligand backbone.
This amido complex presumably activates the hydrogen mole-
cule with the corresponding formation of an R,(H)N-M-H
hydrido moiety where the two hydrogen atoms are transferred
to the alkyne to produce the (Z)-alkene without any direct
interaction between the substrate and the metal. On the other
hand, pincer PNP complexes of Fe, Co and Mg operate under
base-free conditions and H, activation generates catalytically
active M-H hydrides, which react with the alkyne to form n’-
olefin species.”® In the case of Mg, a metal-ligand cooperation
mechanism (MLC) involving the aromatization/dearomatiza-
tion of the pincer compound is proposed.**

Interestingly, trinuclear Mo;S, clusters containing in-
expensive diamino ligands also catalyze the semihydrogena-
tion of diphenylacetylene (dpa) with an acceptable (Z)-stereo-
selectivity (Z/E ca. 6/1) in the absence of a base, albeit harsh
conditions were required (12% mol catalyst, 100 bars of H,
and 150 °C) to achieve moderate conversion (ca. 60%). This
complex operates through an unusual cluster catalysis mecha-
nism, depicted in Fig. 2, where only the three bridging sulfur
atoms of the cluster act as the active sites for this
transformation."?

This journal is © the Partner Organisations 2023

View Article Online

Research Article

uonguaﬁo-lpﬂq sia

Fig. 2 Simplified catalytic cycle for the semihydrogenation of dpa in
the presence of MosS, clusters.

In a first step, the alkyne molecule reacts with two of the
bridging sulfides to form a dithiolene adduct. Next, hydrogen
activation takes place through the third bridging sulfur atom
and one of the dithiolene carbon atoms. Finally, the half-
hydrogenated intermediate undergoes a reductive elimination
step to produce the desired (Z)-alkene or to evolve into an iso-
merized analogue which after elimination affords the (E)-
alkene. The relative energy barrier of these two processes, cis-
hydrogenation vs. trans isomerization, determines the stereo-
selectivity of the reaction.

The low cost and low toxicity of molybdenum also makes
this metal an attractive substitute to noble metals as hydro-
genation catalysts although this alternative has received little
attention in comparison to first row transition metals.'®'?
Motivated by our earlier results on alkyne semihydrogenation
using Mo3S, cluster catalysts, we decided to explore the effect of
the outer bidentate ligands. Earlier studies in our group have
shown that diphosphino and aminophosphino molybdenum
complexes are not efficient catalysts for the direct hydrogenation
of organic substrates such as nitroarenes.'® In this work, we
turned our attention to bidentate nitrogen donor ligands con-
taining imidazolyl moieties inspired by the excellent activity in
hydrogenation processes that certain noble and non-noble
metal complexes, i.e. Ru'”'® and Mn"® exhibit when decorated
with such imidazolyl-based ligands.

Herein, we report a novel protocol for the selective (Z)-semi-
hydrogenation of a series of alkynes using a Mo3S, cluster cata-
lyst decorated with imidazolyl amino ligands. Three new
cluster complexes, which differ in the nature of the amino
group: -NH,, -NH(CHj3) and -N(CHj3), have been prepared to
investigate the influence of the Mo-amino functionality.
Mechanistic experiments aimed to understand the reaction
mechanism are also presented. The new [Mo;S,Cl;(ImNH,);]"
(1%) complex has been applied to the catalytic semihydrogena-
tion of several diphenylacetylene derivatives affording the (2)-
alkenes with excellent yields. Complex 1" also catalyses the
semihydrogenation of an industrially relevant terminal alkyne
substrate.
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Experimental
General remarks

Elemental analyses were carried out on a EuroEA3000
Eurovector analyser. Electrospray mass spectra were recorded
with a QuattroLC (quadrupole-hexapole-quadrupole) mass
spectrometer with an orthogonal Z-spray electrospray interface
(Micromass, Manchester, UK). The cone voltage was set at 20 V
unless otherwise stated using CH3;CN as the mobile phase
solvent. Sample solutions were infused using a syringe pump
directly connected to the ESI source at a flow rate of 10 mL
min~" and a capillary voltage of 3.5 kV was used in the positive
scan mode. Nitrogen was employed as drying and nebulizing
gas. Isotope experimental patterns were compared with theore-
tical patterns obtained using the MassLynx 4.1 program.* 'H,
3C NMR and 'H-"*C gradient HSQC spectra were recorded on
a Bruker Avance III HD 400 MHz or 300 MHz spectrometers
using CD;CN as solvent. Gas chromatography analyses were
performed on an Agilent 7820A GC system equipped with a
FID and a capillary column Agilent (HP-5, 30 m x 0.32 mm X
0.25 mm). Mass determination was carried out on a GC-Mass
Agilent 5977E network equipped with a mass-selective detec-
tor. Kinetic experiments on the cycloaddition of diphenylacety-
lene to the clusters were carried out using a Cary 50 spectro-
photometer provided with a thermostatted multicell holder.
All experiments were conducted at 25.0 °C under pseudo-first
order conditions of alkyne excess, and the spectral changes
were fitted satisfactorily in all cases to a model with a single
kinetic step.

Catalyst preparation

All reactions were performed under a nitrogen atmosphere
using standard Schlenk techniques. The trinuclear precursor
Mo0;S,Cl,(PPh;)3(H,0), was prepared according to the litera-
ture procedure.*

Synthesis of [M03S,Cl;(ImNH,);]BF, [1]BF,. To a green solu-
tion of the trinuclear precursor Mo3S,Cly(PPh3);(H,0),
(250 mg, 0.181 mmol) in dry CH;CN (25 mL) was added a
three-fold excess of the ligand (1-methyl-1H-imidazol-2-yl)
methanamine (71 mg, 0.609 mmol) under inert atmosphere.
The reaction occurred with an immediate colour change to
brown which gradually turns into a green suspension in
1-2 hours. After stirring the reaction mixture for 4 hours at
room temperature, a freshly prepared solution of HBF,-ether
(1.08 mL, 0.540 mmol) 0.5 M in CH3;CN was added and the
suspension turned into a dark green solution. The solution
was filtrated, taken to dryness, and redissolved in H,O. Then,
the non-soluble PPh; was eliminated by filtration. The result-
ing solution was taken to dryness and dried overnight at the
vacuum pump. Finally, the product was washed with a cold
mixture of hexane/toluene (1:1, 50 mlL), boiling hexane
(50 mL) and diethyl ether to afford the green solid that was
characterized as [Mo0;S,Cl;(ImNH,);]BF, (112 mg, 67% yield).
Elemental analysis (%) caled for Mo3S,Cl3Ci5sH,;NoBF,: C
19.11, H 2.89, N 13.37; found: C 19.80, H 3.00, N 13.50; 'H
NMR (CD;CN, 400 MHz): 6 = 3.46 (br, 3H, NH, H,), 3.81 (s, 9H,
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N-CH;, Hg), 3.95 (ddd, J = 16.3, 6.0 and 1.6 Hz, 3H, CH, Hp),
4.00 (br, 3H, NH, H,), 4.44 (ddd, J = 16.3, 7.7 and 3.4 Hz, 3H,
CH, Hpg), 7.48 (d, J = 1.6 Hz, 3H, CH, Hp), 8.13 (d, J = 1.6 Hz,
3H, CH, Hg); "°C {"H} NMR (CDsCN, 101 MHz): § = 35.28 (s,
CH,, C¢), 42.50 (s, CH;, Cg), 125.78 (s, CH, Cp), 132.54 (s, CH,
Cg), 151.54 (s, C, Cg); ESIMS (MeOH, 20 V): m/z: 856.0 [M'].

Deuteration of [Mo;3S,Cl;(ImNH,);]BF, [1]BF,. A solution of
20 mg of 1" in 5 mL CD;OD was kept at 50 °C overnight under
continuous stirring. The solution was allowed to cool down
and taken to dryness. '"H NMR evidence the complete deutera-
tion of the amino moiety to afford [Mo3S,Cl;(ImND,);|BF, [1-
dg]BF,. "H NMR (CD;3CN, 300 MHz): § 3.81 (s, 9H, N-CHj3, Hc),
3.91 (d, J = 16.3 Hz, 3H, CH, Hjg), 4.41 (d, J = 16.3 Hz, 3H, CH,
Hy), 7.48 (d, J = 1.6 Hz, 3H, CH, Hp), 8.13 (d, J = 1.6 Hz, 3H,
CH, Hg).

Synthesis of [M0,S,Cl;(ImNHMe);]BF, [2]BF,. A mixture of
Mo;S,Cl,y(PPh3)3(H,0), (210 mg, 0.152 mmol), methyl[(1-
methyl-1H-imidazol-2-yl)methylJamine (65 mg, 0.494 mmol)
and CH;CN (20 mL) was stirred for 4 hours. Then, a 0.5 M
solution of HBF,-ether (1.20 mL, 0.608 mmol) in CH3CN was
added and the mixture was stirred for 30 min. The suspension
was taken to dryness, redissolved in H,O and the non-soluble
PPh; was eliminated by filtration. The solution was concen-
trated under reduced pressure and the desired product was
precipitated by adding THF. Finally, the resulting solid was
dried at 40 °C in a vacuum oven to eliminate the water traces
to give (90.8 mg, 64%) of the desired complex. Elemental ana-
lysis (%) caled for Mo3S,Cl;C1gH33NoBF,: C 21.95, H 3.38, N
12.80; found: C 20.9, H 3.65, N 12.1; 'H NMR (CD;CN,
400 MHz): 6§ = 2.97 (d, 9H, CHj;, Hg), 3.07 (br, 3H, NH, H,),
3.80 (s, 9H, CHj, Hc), 3.96 (dd, J = 15.7 and 8.8 Hz, 3H, CH,
Hy), 4.33 (dd, J = 15.7 and 6.6 Hz, 3H, CH, Hy), 7.45 (d,J = 1.5
Hz, 3H, CH, Hp), 7.98 (d, J = 1.6 Hz, 3H, CH, Hg); *C {'H}
NMR (CD;CN, 101 MHz): § = 35.22 (s, CH,, Cc), 44.76 (s, CHj3,
Cy), 51.59 (s, CH,, Cy), 125.37 (s, CH, Cp), 132.73 (s, CH, Cy),
150.04 (s, C, Cg); ESIMS (CH;CN, 20 V): m/z: 898.0 [M'].

Synthesis of [Mo;S,Cl;(ImNMe;,);]BF, [3]BF,. A solution of
Mo05S,Cl,(PPh3);(H,0), (100 mg, 0.073 mmol) was reacted with
dimethyl[(1-methyl-1H-imidazol-2-yl)methylJamine (35 mg,
0.240 mmol) in CH3CN (15 mL). The colour of the solution
turned out to brown and stirring continued for 5 hours. Next,
a 0.5 M solution of HBF,ether complex (0.58 mlL,
0.2916 mmol) in CH;CN was added dropwise and the solution
turned green. After 30 minutes, the solution was filtrated,
taken to dryness, and redissolved in MeOH. The desired
product was precipitated by adding diethyl ether (50 mL).
Finally, the green solid was separated by filtration and washed
with a cold mixture of hexane/toluene (1:1, 50 mL), boiling
hexane (50 mL) and diethyl ether to yield an air-stable product
characterized as [Mo;S,Cl;(ImNMe,);]BF, (70.3 mg, 94%).
Elemental analysis (%) caled for Mo3S,Cl3C;5H,,NoBF,: C
24.56, H 3.83, N 12.28; found: C 25.38, H 3.78, N 11.90; 'H
NMR (CD;CN, 400 MHz): § = 2.96 (s, 18H, CH;, H,), 3.91 (s,
9H, CHj, Hc), 4.61 (s, 6H, CH,, Hyg), 7.53 (d, J = 2.0 Hz, 3H,
CH, Hp), 7.56 (d, J = 2.0 Hz, 3H, CH, Hg); “*C {'"H} NMR
(CD4CN, 101 MHz): 6 = 36.59 (s, CH;, Cc), 44.85 (s, CHs, Cp),
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49.28 (s, CH,, Cg), 122.45 (s, CH, Cp), 127.02 (s, CH, Cg),
136.33 (s, C, Cg); ESIMS (CH;CN, 20 V): m/z: 940.0 [M'].

X-ray data collection and structure refinement

Suitable crystals for X-ray studies of complex 1* were obtained
by slow evaporation of a sample of [1]BF, in CH;CN the pres-
ence of an excess of NH,PF,_Crystals of 2" were grown by slow
evaporation of a sample solution of 2" in CH;0H acidified
with HCI. Diffraction data collection was performed at 200 K
on an Agilent Supernova diffractometer equipped with an Atlas
CCD detector using Cug, radiation (1 = 1.54184 A). No instru-
ment or crystal instabilities were observed during data collec-
tion. Absorption corrections based on the multiscan method
were applied.”>** The structure was solved by direct methods
and refined by the full-matrix methods based on F* with the
program SHELXI-13 using the Olex2 software package.’*>>
Graphics were performed with the Diamond visual crystal
structure information system software.>®

Crystal data for [1]PFs-CH;CN. C;7H30Cl3FgM0O3N;oPS,, M =
1041.89, triclinic; space group P1, a = 10.2357(3), b = 12.7929
(3), ¢ = 13.9167(4) A; a = 68.076(3)°, ff = 84.513(2)°, y = 81.883
(2)°; V = 1671.76(8) A% T = 200.00(14); Z = 2; u(MoK,) =
14.717 mm™%; reflections collected/unique = 34 375/6824 (Rin
=0.0664). The final refinement converged with R; = 0.0400 and
WR, = 0.0881 for all reflections, GOF = 1.0340 a dmax/min
residual electron density 0.96/—0.84 e A=,

Crystal data for [2]CI-CH30H. C;9H;,Cl;M03;N¢OS,, M =
965.43, triclinic; space group P1, a = 9.67045(18), b = 12.8501
(2), ¢ = 13.6166(3) A; a = 79.6676(15)°, # = 86.3570(15)°, y =
88.6075(14)°; V = 1661.14 A% T = 200.00(14); Z = 2; u(CuK,) =
1.710 mm™"; reflections collected/unique = 30 528/6409 (Rine =
0.00272). The final refinement converged with R; = 0.0302 and
WR, = 0.0684.

The structures of the complex salts [1]PFs-CH;CN and [2]
Cl-CH;0H were refined in the triclinic P1 space group. The
non-hydrogen atoms of the clusters and the counterions were
refined anisotropically, whereas the positions of all hydrogen
atoms in the ligands were generated geometrically, assigned
isotropic thermal parameters, and allowed to ride on their
respective parent carbon atoms. In both cases the solvent
molecules in the crystal were refined anisotropically and their
hydrogen atoms were included at their idealized positions.

CCDC 2210047 and 2210042t contains the supplementary
crystallographic data for this paper.

Catalytic activity tests

General procedure for hydrogenation experiments. A 4 mL
glass vial containing a stirring bar was sequentially charged with
the corresponding molybdenum catalyst, alkyne (0.1 mmol),
n-hexadecane (15 pL; added as an internal standard) and 2 mL of
dry CH;CN. Afterwards, the reaction vial was capped with a screw
cap containing a septum with a needle and set in the alloy plate,
which was then placed into a 300 mL autoclave. The sealed auto-
clave was purged three times with 30 bar of hydrogen before the
desired pressure was set. Then, it was placed into an aluminium
block which was preheated with the desired temperature. After
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18 h, the autoclave was cooled to room temperature and the
hydrogen was released. Ethyl acetate (2 mL) was then added, and
a sample was analyzed by GC. To determine the isolated yield of
alkenes, the reaction was scaled up by the factor of three, and no
internal standard was added. After completion of the reaction,
the mixture was taken to dryness, solved in pentane, and filtered
through silica. The solvent was removed via rotary evaporation
and dried under vacuum.

Results and discussion
Synthesis and characterization

Three new trinuclear cluster salts of formula
[M03S,Cl;(ImNH,);|BF, ([1]BF,), [M03S;Cl3(ImNH(CH;));]BF,
([2]BF,) and [M03S,Cl;(ImN(CH3),);BF, ([3]BF,4) have been pre-
pared by extending the procedure developed in our group and
represented in Scheme 1.>” In this method the outer ligands of
the Mo03S,Cl4(PPh;);(H,0), precursor are partially replaced by
imidazolylamino ligands. Acidification of the reaction media
avoids formation of hydroxo species which result from the
partial replacement of the outer chlorine ligands. As found for
the aminophosphine M;S, (Mo or W) derivatives, only one
among all possible isomers is formed in moderate to high
yields, 67% for [1]BF,, 64% for [2]BF, and 94% for [3]BF,.>® All
clusters salts were fully characterized by NMR, elemental ana-
lysis, and mass spectrometry.

The crystal structures of [1]PFs and [2]Cl have been deter-
mined by single crystal X-ray diffraction and they share structural
features. Fig. 3 and 4 show ORTEP representations of the 1" and
2" cations together with relevant bond distances. Both cations
contain an incomplete Mo3S, cubane-type structure in which the
molybdenum and sulfur atoms occupy adjacent vertices with a
missing metal atom. In general, the metal-metal and metal-
sulfur bond distances follow the same tendencies observed for
other trinuclear MoS, species.””*° The three outer positions on
each metal center are occupied by one chlorine atom and two
nitrogen atoms from the imidazolyl amino ligand.

As previously mentioned, only one isomer is formed,
wherein all three nitrogen atoms from the imidazolyl group
are located trans to the capping sulfur while the ones from the
amino group are placed trans to the bridging sulfur. Therefore,
the capping sulfur, the chlorine atoms, and the amino groups
of the ligand lie on the same side of the trimetallic plane.

The short Cl---H(-N) distances in 1* (2.458 to 2.802 A) and
2*(2.359 to 2.951 A) between the chlorine atom and the hydro-

\N\ 9 BF,
PPh,
H,0 RioN
2 \Mlo/ 1)3.3 eqIMNR R, R, \Mlo/
- ,\\ 2)4eq. HBF, 0.5 M //li RiRe
_dfea RS T
\|/ \Ml _-OH, CHyCN \,v‘| — lo/N)\
/“’i°\_/ °\ t,4h /N/|\/\\ T
| “peh, I N Ne
PPh N~Nog,
/ Ra

1" Ry=Ry= H, 2 Ry= H; R;= CHy, 3* Ry= Ry= CHy

Scheme 1 Synthesis of Mo3S, cluster complexes decorated with imida-
zolylamino ligands.
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Fig. 3 ORTEP representation (50% probability ellipsoids) of the cationic
cluster [Mo3zS4Clz(ImMNH,)3] + (1*). Hydrogen atoms have been omitted
for clarity. Standard deviations of average distances are given in brackets.
Average bond distances: Mo—-Mo = 2.7378 [7], Mo-(p3-S) = 2.328 [2],
Mo-(u-S)irans-c1 = 2.28 [1], MO'(H'S)trans-NHZ =2291] A

/lél S(3)

S4) s i a

SR ﬁ,
IMO(3)

city
(3)

S(1

Fig. 4 ORTEP representation (50% probability ellipsoids) of the cationic
cluster [MozS4Cls(ImNHCHz)3]* (2%). Standard deviations of average dis-
tances are given in brackets. Hydrogen atoms have been omitted for
clarity. Average bond distances: Mo—Mo = 2.759 [3], Mo-(u3-S) = 2.338
(4], Mo'(u's)trans—cl =2.288[6], Mo'(u's)trans—NHMe = 2.289[6] A

gen atom of the amino groups of the adjacent metal center evi-
dence the presence of hydrogen bonding interactions.
Moreover, in the case of complex 1 the above-mentioned
values are comparable to the Cl---H(-N) distances of the chlor-
ine atom and the amino group on the same metal center, with
values ranging from 2.747 to 2.938 A.

The solid-state structures of both cations, 1" and 2", are pre-
served in solution as evidenced by *C NMR and '"H NMR spec-
troscopy. All attempts to obtain single crystals of 3" were
unfruitful but the product was fully characterized by spectro-
metric and spectroscopic techniques. The C; symmetry of the
three complexes has been confirmed in solution (Fig. SI1-
SI67). The *C NMR spectra show five characteristic singlets,
common for all three compounds, four signals of the imid-
azole ring and one to the methylene linker group.
Nevertheless, the '"H NMR spectrum of 3" reveals a slightly
different solution behaviour compared to that of the other two
clusters. In clusters 1" and 2*, the signals for the methylene
hydrogen atoms are clearly diastereotopic with resolved multi-
plets showing both the germinal coupling and the coupling to
the amino hydrogen/s in agreement with their crystal struc-
tures. In contrast, this multiplet signal appears as a singlet in
compound 3*, which suggests the existence of a weak Mo-
NMe, bond that allows for rapid dissociation-coordination
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and results in a time-averaged signal for the two methylene
protons.

Reactivity versus alkynes and reaction kinetics

As mentioned in the Introduction, formation of dithiolene
adducts upon interaction of alkynes with the bridging sulfur
atoms of the cuboidal MosS, unit is the first step of the mecha-
nism for the semihydrogenation of alkynes catalyzed by these
cluster complexes.'® 1t is well stablished that the [3 + 2] cyclo-
addition reaction between the alkynes and these clusters,
depends on the alkyne substituents as well as on the nature of
the cluster ligands.’®*" Formation of very stable Mo;S, dithio-
lene adducts is detrimental for the catalytic semihydrogena-
tion of alkynes. For example, the [M0;S,Cl;(dmen);]" (dmen =
N,N'-dimethylethylenediamine) cluster reacts with dimethyl
acetylcarboxylate (dmad) to form a stable adduct and as a con-
sequence it is not an active catalyst for alkyne semihydrogena-
tion. On the other hand, the [M0;S,Cl3(dmen);]" cluster does
not react appreciably with diphenylacetylene (dpa), and thus it
catalyzes its semihydrogenation although under harsh con-
ditions. In our case, cluster complexes [1]BF,, [2]BF, and [3]
BF, react with dpa to form the corresponding dithiolene
adduct as evidenced by the appearance of a band in the
UV-VIS spectra around 900 nm, characteristic of the formation
of the [3 + 2] cycloaddition product (Fig. SI7%).>*> Adduct for-
mation is also evidenced by "H NMR spectroscopy where new
signals appear due to the loss of symmetry upon adduct for-
mation (Fig. SI81).>" However, these new signals coexist with
those of 1*, 2* and 3" which indicates that formation of the
addition dithiolene products occur under conditions of revers-
ible equilibrium. This assumption is further confirmed by the
electrospray ionization mass spectrometry (ESI-MS) of the reac-
tion mixture (Fig. SI9t). The ESI-MS spectrum of 1" in CH;CN
shows a prominent peak centered at m/z = 856 associated to
the 1* cation according to its m/z value and calculated isotopic
pattern. Upon reaction with an excess of dpa (20 eq., room
temperature, CH;CN), the peak at m/z = 856 remains and a
new peak of similar intensity emerges at m/z = 1034 identified
as the [1 + dpa]" cycloaddition product. Incidentally, no evi-
dence exists regarding the addition of a second dithiolene
molecule. A similar situation is observed when monitoring the
reaction between [2]BF, and [3]BF, with dpa in CH3;CN. That
is, the cluster cations coexist with the cycloaddition dithiolene
adduct even in the presence of a 20 molar excess of dpa.

To obtain additional information on the process, the kine-
tics of reaction of [1]BF,, [2]BF, and [3]BF, with dpa were
studied in acetonitrile solutions at 25 °C. The reaction was
found to occur in a timescale suitable for monitoring the
process with a conventional UV-VIS spectrophotometer. The
spectral changes observed under pseudo-first order conditions
of dpa excess (Fig. SI7t) clearly show the formation of the
cycloaddition product with the previously commented band at
900 nm. These changes can be satisfactorily fitted using a
kinetic model with a single kinetic step, and the values
derived for the observed rate constant (k.,s) show a linear
dependence with the alkyne concentration that was fitted
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using eqn (1) (Fig. 5). The values so derived for the slope and
the intercept are listed in Table 1.

kobs = kO + kl [dPa] (1)

In agreement with the NMR and ESI-MS results, the exist-
ence of a non-zero intercept in Fig. 5 suggests the possibility
that the reaction occurs under conditions of reversible equili-
brium, which is confirmed by an increase of the spectral
change magnitude with the dpa concentration, so that k;
corresponds to the formation of the cycloaddition product,
and k, to the reverse process. While the rate of formation (k)
decreases gradually with the number of the amino methyl
groups of the ligand, the rate of the reverse reaction (k,) shows
smaller changes. Therefore, the equilibrium constant
decreases upon methylation of the amino groups of the
ligand. These results differ from those previously reported for
the related diamino cluster, for which we were unable to
observe formation of significant amounts of the cycloaddition
product.”?

0.0004 —
0.0003

0.0002

kobs (1)

0.0001 |-

0.0000 ! - - |
000 001 002 003 004

[dpa] (M)

Fig. 5 Plot of the dependence with the dpa concentration of the
observed rate constants for the reaction of clusters [1]BF, (circles), [2]
BF, (triangles), and [3]BF, (squares), with an excess of dpa in CHzCN
solutions at 25 °C.

Table 1 Kinetic data for the reaction of [1]BF,4, [2]BF; and[2]BF,; with an
excess of dpa’

fL’> -
2 / \S

"‘—%

// °~ /Mo\\

R«\

\\/'\l/ O=) ——

1* Ry= Rp=H, 2*R;=H; Ry= CH3, 3* Ry= Ry= CHj
Entry Cluster iy (M s™ ko (s7) K. (M™)
1 1 7.3(3) x 107° 8.2(7) x107° (8)
2 2t 4.3(2)x 1073 6.4(6) x 107° 67(7)
3 3* 1.14(4) x 1073 8.0(1) x 107° 14.0(5)

“Reaction conditions: 25 °C in CH;CN, pseudo-first order excess of
dpa (0.008-0.042 M).
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Evaluation of the catalytic activity of [1|BF,, [2]BF, and [3]BF,
was performed on the semihydrogenation of diphenylacetylene
as model reaction. Reaction conditions for the [1]BF, cluster salt
catalyst were optimized by varying the temperature and H,
pressure (Table SI1f). Full conversion and quantitative yield
towards the formation of the (Z)-isomer was achieved under
much milder conditions (70 °C and 20 bar) compared to pre-
viously known related molybdenum catalysts. For example, a
conversion of 21% (18% of the (Z)-isomer and 3% of the (E)-
isomer) was obtained using the diamino [Mo3S,Cls(dmen);]"
cluster catalyst (18 h at 150 °C, 100 bar H, pressure and 5 mol%
of the catalyst) in acetonitrile.'®> Further attempts to lower the
pressure and/or temperature led to a dramatic decrease of the
catalytic activity. Incidentally, our optimized conditions are the
typical conditions employed for the hydrogenation of nitro-
arenes mediated by the diamino [Mo3S,Cl;(dmen);]" catalyst.'®
Then, the solvent influence was investigated. Similar activities
are found for CH;CN and CH3;OH (Table SI21) while THF
reduced the dpa conversion to 90%. No reaction is observed in
2-fluoroethanol or hexafluoroisopropanol. Hence at this point,
we decided to continue the study in CH;CN.

Cluster evolution during the catalytic semihydrogenation of
dpa using [1]BF, was monitored from batch experiments at
different reaction times (Fig. SI107). The molecular peak due
to 1% (m/z = 856) coexists with the [1 + dpa]’ (m/z = 1034) cyclo-
addition product. As expected, the intensity of the [1 + dpa]”
peak decreases with time. At the end of our catalytic protocol,
the only peak registered, that of 1%, remains intact; therefore,
catalysis occurs without degradation of 1" which is indicative
of a cluster catalysis process.

Next, we investigated the influence of the structure of the
ligand on the catalytic activity for the semihydrogenation of
diphenylacetylene at 70 °C and 20 bars of H, (Table 2, entries
2-4). Substitution of one hydrogen of the N-H moiety in 1%,
leads to a significant decrease in the catalytic activity (Table 2,
entry 2). The total alkylation of the N-H moiety (Table 2,
entries 3 and 4) with methyl substituents does not inhibit the
catalytic conversion but drastically lowers the yield. The activity
of 3" is comparable with that of the diamino
[Mo03S,Cl3(dmen),|BF, catalysts (Table 2, entry 5)."3

An extra evidence of the passive role of the N-H moiety is
that no deuterated (Z)-stilbene (Fig. SI11t) was formed by
using the 1-dg" cluster catalyst (Fig. SI12) deuterated at the
amino positions (Table 2, entry 6). These experiments rule out
the involvement of the N-H moiety of the ligand backbone in
the reaction. In contrast, there are strong evidences on metal-
ligand cooperativity when low-valent molybdenum PN"P
pincer complexes are employed as catalysts for this transform-
ation which give support in this last case to an outer sphere
reaction mechanism."?

Then, mechanistic evidence for a sulfur-based reaction
mechanism were investigated. For that purpose, CuCl was
added to the catalytic reaction mixture in order to block the
three bridging sulfur atoms of the cluster. According to ESI-MS
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Table 2 Evaluation of conditions for

hydrogenation®

diphenylacetylene (dpa)

_ [IBF, H o H H o Ph
@ o <:/> 20 bar H, Ph>_< Ph ’ Ph>_< H
CH4CN, 70°C, 18 h z E
Yield” [%]

Entry  Deviation Conversion® [%]  Z E
1 None >99 >99 —
2 [2]BF, 40 0 @ —
3 [3]BF, 7 7 —
4 [3]BF,© 23 23
5 [Mo;S,Cl;(dmen),]BF, ¢ 13 10 3
6 [Mo0,S,Cl;(ImND,);]BF, ¢ >99 >99
7 Addition of CuCl 0 — —
8 Addition of Et;N (1 equiv.) 30 29 —
9 Addition of Et;N (2 equiv.) 7 7 —
10 Addition of Et;N (3 equiv.) 7 7 .

“Standard conditions: diphenylacetylene (0.1 mmol) H, pressure (20
bar), 70 °C, catalyst (5 mol%), CH;CN, 18 h. ” Determined by GC ana-
lysis using n—hexadecane as an internal standard. ¢ Catalyst (12 mol%).

Catalyst (12 mol%) H, pressure (50 bar), 150 °C. ¢ Stoichiometric reac-
tion, 0.01 mmol diphenylacetylene, 0.01 mmol cluster [1-dg|BF,,
CD;CN.

formation of the heterometallic [Moz(CuCl)S,Cl;(ImNH,);]"
(m/z = 956) and [Mos(Cu(dpa))S,Cl3(ImNH,);]" (m/z = 1099)
cluster cations took place on the basis of their m/z ratios and
isotopic pattern (Fig. SI13t). Under these conditions, the cata-
lytic process is inhibited (Table 2, entry 7) as previously
observed for the semihydrogenation of alkynes and hydrogen-
ation of diazobenzene mediated by the diamino
[Mo03S,Cl3(dmen);]" catalysts, which was also attributed to the
formation of Mo;S,Cu species.">**

In the case of the catalytic diazobenzene hydrogenation,
hydrogen activation occurs at the bridging sulfur atoms and
results in the formation of a dithiol [Mo;S,(SH),Cl;(dmen);]"
adduct from which hydrogen is transferred to form first diphenyl-
hydrazyne and next aniline through two interconnected cycles
sharing a common reaction step which involves the above Mo;S,
dithiol adduct.*®> Due to the acidic character of this proton S-H
groups, addition of a base such as Et;N inhibits the hydrogen-
ation process by providing an additional reaction pathway which
capture these dithiol H atoms. In our case, the same tendency
has been observed and addition of Et;N amine inhibits catalysis
(Table 2, entries 8-10) suggesting a mechanism for hydrogen acti-
vation in which acidic protons are being generated.

The above control experiments indicate a sulfur-centered
cluster catalysis mechanism without metal-ligand cooperativ-
ity. However, details on H, activation by the bridging sulfur
atoms of the cluster and their subsequent transfer to the
alkyne molecule to selectively afford the (Z)-alkene remain
unclear.

Substrate scope

Having in hand the optimal conditions for dpa semihydro-
genation mediated by [1]BF,, dpa derivatives featuring
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different substituents were tested to analyze the tolerance of
the system (Table 3).

Compounds containing a methyl group in the para (2¢) and
meta (2b) positions were successfully reduced with excellent
selectivity. However, in the case of the ortho derivative (2b)
there was a drop of the conversion likely due to steric
hindrance."** Alkynes bearing halides as fluorine, chlorine,
bromine or trifluoromethyl groups are smoothly transformed
to the respective (Z)-alkenes. Remarkably, no dehalogenation
products have been detected for any of the halogenated dpa
derivatives. Also, substrates containing both trifluoromethyl
and methoxy groups (2i) afforded good yields and stereo-
selectivity. Additionally, thioethers (2j) or ester groups (2k) on
the alkynes are well tolerated.

Taking into consideration that [1]BF, is an efficient catalyst
for the semihydrogenation of internal alkynes, we decided to
extend our study to terminal alkynes. The industrially relevant
substrate chosen was 3,7,11,15-tetramethylhexadec-1-yn-3-ol,
represented in Fig. 6, which is an essential intermediate for
the production of vitamin E.**> Application of the optimized
catalytic protocol developed for dpa semihydrogenation results
in no conversion of the terminal alkyne substrate.

Table 3 (2)-selective semihydrogenation of alkynes catalyzed by [1]
BF,?
_ 1* (5 mol%) H . H
B 20 bar H, R>|_<R2
CH,CN, T, 18 h

OD O8O OO OO

C
12% @ >00%(46%)

I r

of 2h
>99%(86%)<! >99%(70% e >00%(78%)™!

>99%, !
H H
!F
e
>99%(65% )l

2k O
>00%(81 %)lﬂ

>99%(90%)

>99%(55%)m >99%(89%)lcl
%Reaction conditions: 0.1 mmol alkyne, 5 mol% catalyst, 20 bar H,,
CH;CN (2 mL), 18 h. Yield determined by GC analysis using n-hexade-
cane as an 1nternal standard (average of two runs). Isolated yields are
given in brackets. ” T'= 60 °C. “ T=70 °C. “ T = 80 °C.

Y\W P

1* (5 mol%) >99%(90%)P!
20 bar H,

CHiCN, 120C, 181 A~~~ A~~~ . NPD

Y\/W/
OH

Fig. 6 Semihydrogenation of DIP. Reaction conditions: 0.1 mmol
alkyne, 5 mol% catalyst, 20 bar H,, 120 °C, CH3zCN (2 mL), 18 h.
Conversions and yields determined by GC analysis using n-hexadecane
as an internal standard.
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Temperature and pressure were then optimized (Table SI3T)
and quantitative conversions were achieved at 120 °C and 20
bar H,. In terms of chemoselectivity, the major product is the
desired isophytol (IP). Notably, no over hydrogenation product
was observed during the reaction and the only detected side
product corresponds to the dehydration species, neophyta-
diene (NPD). Then, the influence of the reaction time was
investigated to hamper this side-reaction (see Fig. SI327).
While the reaction time can be reduced from 18 h to 8 h main-
taining conversion and yield, this has no effect on the final
NPD concentration. Unfortunately, all attempts to avoid this
side reaction were unfruitful. To the best of our knowledge, it
is the first time that a homogenous molybdenum cluster per-
forms this reaction. Further experiments are under investi-
gation to achieve softer conditions.

Conclusions

In summary, we have synthesized and characterized three new
Mo;S, complexes featuring imidazolyl amino ligands with
different degrees of methylation in the amino moiety. The
bridging sulfur atoms of these Moj(p3-S)(p-S) clusters interact
with the alkyne, e.g. dpa to form a dithiolene Mos(j3-S)(p-S)
(us-SC(Ph)=C(Ph)S) adduct under conditions of reversible
equilibrium. The [Mo3S,Cl;(ImNH,)|BF, cluster salt is an
efficient catalyst for the (Z)-selective semihydrogenation of dpa
under much milder reaction conditions than those previously
optimized for related diamino MosS, cluster analogues.
Mechanistic control experiments support a sulfur-based
mechanism and rule out the operation of an outer sphere reac-
tion mechanism with participation of the ligand NH group.
Extension of our catalytic protocol to other internal alkynes
revealed an excellent (Z)-selectivity. In addition, the catalytic
protocol can also be adapted for the semihydrogenation of
alkynols; in particular, to an essential vitamin E precursor. To
the best of our knowledge, it is the first time that a hom-
ogenous molybdenum cluster performs this type of reaction.
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