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ABSTRACT

Ligand-exchange reactions of [Mo03S4(tu)s(H.0)]Cls-4H,O  (tu = thiourea) with
(PhCH,CH,),PCH,CH,SR ligands, where R = Ph (PS1), pentyl (PS2) or Pr (PS3) afford new
complexes isolated as [Mo3;SsCl3(PS1);]PFs ([1]PF¢), [Mo03S4Cl3(PS2);]PFs ([2]PFs) and
[Mo3S4Cl13(PS3)3]PFe ([3]PF¢) salts in 30-50% yields as the major reaction products. The crystal
structures of [1]PFs and [2]PFs were determined by X-ray diffraction (XRD) analysis. Each of
the three phosphine-thioether ligands is coordinated in a bidentate chelating mode to a different
molybdenum atom of the Mo3S, trinuclear cluster, herewith all the phosphorus atoms of the
phosphino-thioether ligand are located trans to the capping sulfur (us-S). A second product that
forms in the reaction of [Mo03S4(tu)s(H.O)]Cls-4H,0O with PS1 corresponds to the neutral
[M03S4CLy(PS1),(PS1*)] complex. Its XRD analysis reveals both bidentate (PS1) and
monodentate (PS1*) coordinating modes of the same ligand. In the latter mode the phosphine-
thioether is coordinated to a Mo atom only via the P atom. All compounds were characterized by
'H, *'P{'H} NMR, electrospray-ionization (ESI) mass spectrometry and cyclic voltammetry
(CV). Reactions of [1]PF, [2]PFs and [3]PF¢ with an excess of BuyNCI in CD,Cl, were followed
by 31P{IH} NMR. The spectra indicate equilibrium between cationic [Mo03S4Cl3(PSn)s]" and

neutral [Mo3S4Cly(PSn),(PSn*)] (n = 1, 2) species. The equilibrium constants were determined



as 2.5+ 0.2:10°, 43 + 2 M and 30 + 2 M"! (at 25°C) for [1]PFs, [2]PFs and [3]PF, indicating
quantitative differences in hemilabile behavior of the phosphino-thioether ligands, depending on
the substituent at sulfur. Clusters [1]PFg¢, [2]PF¢ and [3]PF¢ were tested as catalysts in reduction
of nitrobenzene to aniline with Ph,SiH, under mild conditions. Significant differencies in the
catalytic activity were observed, which can be attributed to different hemilabile behavior of the

PS1 and PS2/PS3 ligands.
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INTRODUCTION

Coordination chemistry of chelating ligands containing mixed functionalities at both
coordinating ends has been actively developing in recent decades. In particular, chemistry of the
so-called hemilabile ligands, which contain both substitutionally inert and substitutionally labile
donor atoms, has received considerable attention.™® The bifunctional character of these
polydentate ligands is profitably employed in homogeneous catalysis, small molecule activation
by metal complexes, chemical sensing, and stabilization of reactive unsaturated transition metal
species.® 3 |mportant criterion for assigning hemilabile character to a ligand is the
reversibility of coordination/decoordination of the labile donor function to/from metal ions.

In contrast to remarkable variety of mononuclear transition metal complexes with
hemilabile ligands, the number of polynuclear compounds, and, particularly, metal clusters
demonstrating hemilability is still limited.”**”) Most of the publications in this field deal with
carbonyl clusters with heterobidentate ligands, such as phosphine ligands functionalized with
sulfur, nitrogen or oxygen atoms, or with a C=C double bond. Different modes of coordination
of these ligands to a metal cluster were found. These can be chelating, bridging or monodentate,
usually through the phosphorus atom. 842

Our current interest in the field of catalysis is focused on trinuclear chalcogenide
molybdenum and tungsten clusters.***! Within the last decade, the groups in Novosibirsk and
Castellon have developed synthetic approaches for the functionalization of trinuclear M3Ss (M =
Mo, W) clusters with homobidentate chelating ligands such as S,S’-donor dithiophosphates,"****!

P,P’-donor diphosphines,[49'52] N,N’-donor diamines®*>*! or diimines®* % The Mo03S,
complexes, functionalized in this way, are excellent chemoselective catalysts for reduction of
nitroarenes with different reducing agents.[*>: 3% 354

Recently, amino-phosphines were coordinated to the MsSs clusters.**®2 These
heterobidentate ligands are potentially hemilabile, taking into account dual o-donor and n-
acceptor character of the phosphorus atom and only c-donor properties of nitrogen. Nevertheless,
there has been no evidence until now for their hemilabile behavior in M3S; complexes.
Furthermore, gas-phase fragmentation of [M03S4X3(edpp)s]” (X = ClI, Br) complexes {edpp = (2-
aminoethyl)diphenylphosphine} with the release of neutral HX molecules and generation of
molybdenum/imine Mo=NH species, identified by ESI-MS and supported by DFT calculations,
contradicts the assumption of the amino-phosphine ligand hemilability in these clusters.®? For
(P,O)-ligands, the hemilability of hydroxyalkyl diphosphines attached to the M3S, cluster has
been demonstrated: depending on the pH of the solution these ligands can act either as bidentate

P,P’-donor or tridentate P,P’,O-donor ligands.[63'64]



Moreover, it has been reported that the dissociation/reassociation of one of the S atom of
the S,S’-donor diethyldithiophosphate ligand most likely plays a key role in the dynamic
processes in solutions of MosS, complexes of this ligand.*” ©! A similar mechanism involving
partial de-coordination of the P,P’-donor diphosphine in [M03S4Cls(dppe)s]” was proposed to
explain interconversion between the P-[Mo3S4Cli(dppe)s]” and M-[Mo3S4Cls(dppe)s]”
enantiomers. Such de-coordination creates a vacant position at the metal, producing a Lewis
acidic site that presumably catalyzes the [(tris(tetrachlorobenzenediolato)phosphate-(V)]
(TRISPHAT) anion epimerization.®” However, this type of homobidentate ligands is not
categorized as hemilabile since the metal-donor interactions are not intrinsically different.

In this work bidentate phosphine-thioethers of (PhCH,CH,),PCH,CH,SR (R = phenyl or
Ph, PS1; pentyl, PS2; propyl or Pr, PS3) type possessing potentially hemilabile propertiest®’ !
have been coordinated to the Mo3S, cluster for the first time. The structures of the ligands are
depicted in Figure 1.°"! Three complexes were synthesized and characterized as
[Mo3S4Cl3(PS1);]PFs, [Mo3S4Cl3(PS2);]PFs and [Mo3S4Cl3(PS3)3]PF¢ salts, in which the
phosphine-thioether  ligands act as bidentate P,S-donors. Interestingly, neutral
[Mo03S4Cl4(PS1),(PS1*)] complex containing both PS-bidentate (PS1) and P-monodentate
(PS1%*) ligands was also isolated. To the best of our knowledge this is the first structurally
characterized trinuclear M3Ss complex where the same ligand has both monodentate and
chelating coordination modes. Equilibrium in solution between cationic [Mo03S4Cl3(PS);]" and
neutral [Mo3S4CLy(PS)>(PS*)] in the presence of additional chloride anions was observed. The
equilibrium constants for the reactions of [1]PFe, [2]PF¢ and [3]PF¢ with CI', determined from
‘'P{'H} NMR data, show different hemilabile behavior of the phosphine-thioether ligand
depending on the nature of the substituent at the sulfur atom. This leads to marked difference in
the catalytic activity of [1]PFe, [2]PF¢ and [3]PF; in the reduction of nitrobenzene to aniline with
Ph,SiH,.
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Figure 1. Phosphine-thioether ligands employed in this work®



RESULTS AND DISCUSSION

Synthesis and crystal structure

In previous works we have shown that the high lability of the thiourea ligands in easily
accessible [Mo3S4(tu)s(H,0)]Cl4-4H,O precursor can be used to prepare tri-substituted MosS4
complexes with 1,10-phenanthroline, 2,2’-bipyridine and its 4,4 -alkyl-substituted derivatives
and N,N’-dimethylethylenediamine ligands."* **°7 In this work we used this precursor for
ligand-exchange reactions with phosphino-thioethers PS1, PS2 and PS3 (Figure 1). The target
complexes were isolated after purification on a silica-gel chromatographic column and elution
with a KPFg solution as air-stable [1]PF, [2]PFs and [3]PFs salts in 30-50% yields. Oxygen-free
conditions during the reaction are required to prevent oxidation of easy oxidizable phosphine-

thioethers. The general synthetic scheme is depicted in Figure 2.
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Figure 2. General scheme for preparation of Mo3S, complexes with phosphino-thioether (PS)

ligands (tu = thiourea)

Single crystals of [1]PFs-CH3CN and [2]PFs-0.6CH3CN were obtained by slow evaporation
of acetonitrile solutions of the respective complexes. The molecular structure of the
[Mo03S4Cl3(PS1)3]" cation is shown in Figure 3. Selected bond distances are given in Table 2. The
structure consists of an incomplete cuboidal arrangement in which the molybdenum and sulfur
atoms occupy adjacent vertices with a missing vertex. Metal-metal and metal-sulfur distances
within the Mos3Ss cluster core follow the tendencies observed in other trinuclear MosSy

[57- 9T Each molybdenum atom presents a distorted octahedral coordination environment,

Species.
surrounded by three sulfur ligands, one chlorine, and one phosphorous and one sulfur atoms of
the phosphine-thioether ligand, where all the phosphorus atoms are located trans to the capping
sulfur (us-S). Such preferential spatial disposition of the bifunctional ligand when coordinated to
the trinuclear cluster unit is not unprecedented, and also observed in M3S, (M = Mo, W) clusters
bearing aminophosphines containing P and N donor atoms.[%" The crystal structures of [1]PFs
and [2]PF¢ feature intermolecular n-n stacking interactions between CgHs rings of PS ligands

(centroid—centroid distance 4.4 A) (Figure S1).



OIIa v m O
@ @ [




Figure 3. View of XRD-determined structures of cluster complexes of respective
compounds [1]PFs, [1a] and [2]PFs: @) [M03S4Cl3(PS1)s]™; b) [M03S4Cls(PS1),(PS1%)]; ¢)
[M03S4Cl3(PS2)s]". Substituents at P atoms are omitted for clarity

It is worth noting that the Mo-S distances (2.60-2.66 A) involving the PS ligand S atoms in
all complexes are significantly elongated, exceeding by 0.06-0.14 A the Mo-P bond lengths
despite the covalent radius of sulfur being less than that of phosphorus. For comparison, average
Mo-S bond length found in labile diethylthiophosphate MosSs complexes is 2.57 A.*®) The
distance between molybdenum and sulfur of the thiourea ligand in [Mo3S4(tu)s(H,0)6]Cls-4H,O
is 2.589(2) A% 7 All this is consistent with weaker donor ability of the sulfur atoms in
phosphine-thioether ligands and their hemilabile behaviour (see below).

The FT-IR spectra of [1]PFs, [2]PF¢ and [3]PF¢ display the C—H and aromatic C=C
stretching vibrations at 2858-3060 and 1528-1604 cm ', respectively, from the PS ligand. The
P—C deformation vibrations overlapped with the CH, deformation vibrations at 1404—1496 cm .
The characteristic Mos-u3-S vibration bands are observed in the 444-447 cm™ region."™™ The
strong absorption bands at 557 and 837-840 cm™ belong to the P-F vibrations of the PF anion.

The structural integrity of [1]PFg, [2]PF¢ and [3]PFs in solution was proven by 'H,*'P{'H}
NMR and UV-vis spectroscopies, electrospray-ionization (ESI) mass spectrometry and cyclic
voltammetry (CV). *'P{'"H} NMR spectra registered in CD;CN reveal a single signal at 38.6
ppm for [1]PFs, 40.6 ppm for [2]PF¢ and 40.4 ppm for [3]PFe. This is in agreement with the
presence of three equivalent phosphorus nuclei. Electronic absorption spectra of [1]PFs, [2]PFs
and [3]PF¢ show absorption bands in the visible part at 618-642 nm which are characteristic for
the {Mo3S4} cluster unit.[’>"!

ESI mass spectra of [1]PFg, [2]PF¢ and [3]PFs in CH3CN show one pseudomolecular peak
at 1659, 1639 and 1556 m/z associated with [Mo3S4Cl3(PS1)3]", [Mo03S4Cl3(PS2);]” and
[M03S4C13(PS3)3]+ cations, respectively, on the basis of the m/z value and characteristic isotope
pattern.

Cyclic voltammogram for [1]PFs in CH3CN reveals one reversible reduction at -0.44 V
(AE = 0.08 V, vs. Ag/AgCl) (Figure S2) and one irreversible reduction process at -1.2 V. This
redox behavior is consistent with the literature data and corresponds to the consecutive one-

IV,IV,IV ILIV,IV MLIV,IV IILIILIV . .
" SMos 0 and Moz 0 " —>Mos 0 reductions of the trinuclear cluster

electron Mos
core. Other complexes [2]PFs and [3]PFs demonstrate similar redox behavior (see experimental

part).



Hemilability of phosphine-thioether ligands

Unexpectedly, in an attempt to isolate the [1]Cl salt without treatment with KPFg, diffusion
of hexane into a CH,Cl, solution obtained after removal of thiourea before loading on silica-gel
column led to the formation of a mixture of green and brown crystals. The green product is the
expected [1]Cl salt. The brown product, as revealed by X-ray analysis, is a neutral complex
[Mo03S4Cl4(PS1),(PS1*)]-1.6CH,Cl; ([1a]-1.6CH,Cl,) (Figure 3b) where one of the PS1 ligands
becomes monodentate (PS1*) and coordinates to the Mo atom through only phosphorous donor
atom, demonstrating hemilabile behavior. The coordination left vacant after breaking of the Mo-
S bond is occupied by a chloride ligand. The source of ClI" might be outer-sphere chloride in
[1]Cl1 or HCI, which is common impurity in CH,Cl,. The S'P{'"H} NMR spectrum of the brown
crystals shows two singlets at 37.5 and 37.0 ppm in 2:1 ratio, indicating two types of
phosphorous atoms (two P atoms from PS1 and one from PS1*). To the best of our knowledge,
this is the first structurally characterized trinuclear M3S, (M = Mo, W) complex demonstrating
different dentation modes of the same outer ligand.

During isolation of [2]Cl and [3]Cl, separation into brown and green components on the
chromatographic column was also visible, but the brown product could not be crystallized.

The mixture of [1]Cl and [1a] was further loaded on a silica-gel column and eluted with a
saturated solution of KPFg in acetone to produce a mixture of [1]PF¢ and [1a]. This mixture was
separated by washing with CHCl; due to low solubility of [1]PF¢ in CHClI3, to afford a brown
filtrate and green powder of analytically pure [1]PFs. Unfortunately we were not able to obtain a
neutral complex [1a] as individual compound following this procedure. The *'P{'H} NMR
spectrum of the brown solution after filtration shows signals from [la], [1]PFs and other
unidentified species. Remarkably, ESI-MS of this brown solution shows two pseudomolecular
peaks centered at m/z = 1659.1 ([1]) and 1698.1. The second one is attributed to the
coordination of one CH3CN molecule ([1+CH3CN]+) on the basis of the m/z value and its
characteristic isotope pattern (see Figure S3). This peak cannot be derived from [1]" due to the
absence of vacant coordination sites but its formation can be easily explained in terms of the
substitution of one chloride in [1a] by CH3;CN, indirectly confirming the hemilabile behavior of
PS1.

Prompted by these observations, we followed reaction of [1]PFs with extra Cl” with
S'P{"H} NMR. For this purpose an excess of BusNCI (15 mg, 5.5-10° mole) was added to a
solution of [1]PFs in CD,Cl, (0.7 ml, 7.9-10° M). A color change from green to brown was
immediately observed, indicating generation of [1a]. The *'P{'H} NMR spectrum of [1]PF in
CD,Cl, before adding BusNCl shows single signal at 37.4 ppm (Figure 4a). In three hours after
addition of BuyNCl the spectrum shows three overlapping signals: 8; = 37.4 ppm from [1]", 8, =



36.6 ppm and 03 = 36.4 ppm from [1a] (Figure 4b). The 9,/0,10; integral ratio, 1.0:4.0, remains
constant upon increasing the reaction time up to 24 hours. Thus equilibrium between [1]" and
[1a] in the presence of Cl anions takes place under these conditions (equation 1). The
equilibrium constant was calculated as 2.5 + 0.2-10° M (at 25°C). It should also be noted that
the resonance lines in the second case (Figure 4b) are much broader than those of [1]PF¢ without

BuyNCl (Figure 4a), indicating a rapid exchange.

[Mo3S4CLy(PS1)3]" + CI' === [Mo3S4CL(PS1),(PS1%)] (equation 1)

a) c)

T T T : y
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Figure 4. *'P{*H} NMR spectra: a) [1]PF¢ before adding of BusNCI; b) [1]PFs after three hours
of reaction with BusNCl; c) [2]PFs before adding of BusNCI; d) [2]PFs after three hours of
reaction with BusNClI

The equilibrium constant was also determined for the reaction of [2]" (c = 8.0-10~ M) and
[3]" (c = 8.0-10° M) with CI" (equations 2 and 3, respectively) under the same experimental
conditions (see spectra in Figure 4 ¢ and d for [2]PFs and Figure S4 for [3]PFs): K =43 + 2 M
for [2]PFs (the integral ratio [M03S4Cl3(PS2)3]"/[M03S4Cls(PS2),(PS2*)] is 3.7/1.0) and 30 + 2
M for [3]PFs (the integral ratio [M03S4Cl3(PS3)3] /[Mo03S4Cly(PS3),(PS3*)] is 5.8/1.0). This is
58 and 83 times smaller than that for the reaction of [1]" with CI".

[Mo3S4Cly(PS2)5]" + CI' == [Mo3S4CLi(PS2)»(PS2*)] (equation 2)
[Mo3S4Cly(PS3)5]" + CI' == [Mo3S4CLi(PS3)»(PS3*)] (equation 3)



This difference explains significantly lower amounts of [Mo03S4Cly(PS2),(PS2*)] and
[Mo03S4Cl4(PS3),(PS3*)] observed in the reaction mixtures. The difference in the hemilability
between these phosphine-thioether ligands is related to the greater electron-withdrawing
properties of the aromatic phenyl group in PS1 relative to the aliphatic pentyl or propyl group in
PS2 and PS3, resulting in a decrease of the sulfur atom c-donor capacity, weakening the Mo-S
bond. This is consistent with the trend in Mo-S;;, bond distances (see Table 2). The average
values are 2.625 and 2.607 A for [1]PFs and [2]PFg, respectively.

Intrigued by the different hemilabile behavior of PS1 and PS2/PS3 ligands, we checked
how this difference would affect the catalytic activity of [1]PF¢ [2]PFs and [3]PFs in the
benchmark reaction of nitrobenzene reduction to aniline. It was recently shown that Mo;S4
clusters functionalized with diphosphane, diamine or diimine ligands catalyze reductions of

nitroarenes to anilines with high activity and selectivity.®" 54

In particular, the
[Mo03S4Cl3(dmen);](BF4) complex (dmen = N,N'-dimethylethylenediamine) proved effective for
reduction of nitroarenes and azocompounds by silanes under mild conditions, to give aromatic
amines in good to excellent yields.[53] In this work [1]PF¢, [2]PFs and [3]PF¢ were tested as
catalysts in the nitrobenzene reduction by diphenylsilane under similar conditions (Figure 5).
Gas chromatography (GC) and 'H NMR spectroscopy were used to analyze the reaction
products.
NO, NH,
Ph,SiH,

Mo;S,-based
catalyst

Figure 5. Transformation of nitrobenzene to aniline catalyzed by [1]PFg or [2]PF¢

Table 3 summarizes the results obtained by GC. Full conversion of nitrobenzene and a high
yield of aniline (83%) was achieved in CH3CN as solvent at room temperature in the presence of
[1]PF¢ (entry 1). In MeOH (which was the most suitable solvent for the catalytic system with
[M03S4C13(dmen)3]BF4)[53] both the conversion and the yield were significantly lower. Increasing
the reaction temperature to 80°C enhances the yield up to >99% (entries 2 and 3). By contrary,
[2]PF¢ shows less activity under the same conditions (entry 4), and the yield of aniline drops to
33% at room temperature. In all cases except for entry 3, the conversion of nitrobenzene is
bigger than the yield of aniline, indicating the presence of possible intermediates of the
nitrobenzene reduction. In this regard small amounts of nitrosobenzene and
phenylhydroxylamine were detected by '"H NMR at the end of the catalytic reaction for all
[1]PFg, [2]PFs and [3]PF¢ (see below). It should be noted that the catalytic system with



[M03S4Cl3(dmen);|BF4 demonstrates higher selectivity at room temperature under similar
conditions.”’!

The '"H NMR spectrum recorded in CH3CN/CD3;CN mixtures at the end of the catalytic
experiment (room temperature, 16 h) reveals full nitrobenzene conversion (>99%) and a 70%
yield of aniline for [1]PFs, in agreement with the GC data (entry 1). Complexes [2]PF¢ and
[3]PF¢ show more modest conversions (70 and 50%, respectively) and decreased aniline yields
(30 and 24%, respectively) under the same conditions, again in agreement with the GC data for
[2]PF¢ (entry 4). The difference in the catalytic activity can be attributed to different hemilability
between coordinated PS1 (highly labile) and PS2/PS3 (moderately labile) ligands, which
accounts for the generation of vacant coordination sites and intermediates required for the
catalytic reaction. We assume that highly hemilabile PS1 ligand gives a lower energy span and a
higher activity in accordance the Kozuch/Shaik "energy span model"."*"*! Importantly, Mo3S,
clusters with non-hemilabile P,P’-donor diphosphines exhibit less catalytic activity with silanes
under similar conditions.**

Finally, to check the catalyst integrity throughout the catalytic cycle, >'P{'H} NMR spectra
of the reaction mixture were recorded after the catalytic reaction. The presence of one main
signal at 48.5 ppm was detected in all cases. It is shifted downfield in comparison with those of
[1]PFs (38.6 ppm), [2]PF¢ (40.6 ppm) and [3]PFs (40.4 ppm) in CD3;CN. We believe that this
signal still belongs to the [Mo3S4Cl3(PS)3]” species and the shift can be explained by the
presence of PhSiH, in the reaction mixture, which can interact with [Mo3S4Cl3(PS);]" through
the formation of H...Cl hydrogen bonds. This assumption is consistent with the fact that the ESI
mass spectra recorded after the catalytic reaction do not reveal the generation of any degradation
product (Figure S5). The cluster integrity during catalysis was previously proven for the
reduction of nitrobenzene in the presence of the [Mo03S4Cl;(dmen);]BF, catalyst monitored by
ESI mass spectrometry with a pressurized sample infusion method.®! This prompts us to assume
that the hypothetical Mo-H intermediates generated by silane activation are formed without
cleavage of the Mo-Cl bond as found in the analogous Mo3S, clusters functionalized with

[51, 76]

diphosphane ligands.

Conclusions

Various phosphine-thioether ligands (PS) of “PCH,CH,S” type were coordinated to the
trinuclear MosSy cluster for the first time to afford [M03S4C13(PS)3]+ complexes, in which P,S-
bidentate coordination mode was observed with a strongly bound P and a more weakly bound S
donor atoms. Reversible transformation into neutral [Mo3S4Cly(PS);(PS*)] species with P-

monodentate ligand (PS*) in the presence of Cl anions was observed and quantified for ligands



PS1, PS2 and PS3. This is in a good agreement with a weaker bonding of the phosphine-

(67681 The equilibrium constant

thioether ligands sulfur atom, resulting in hemilabile behavior.
between cationic and neutral complexes is strongly depended on the nature of the S atom
substituent, with a maximum value for the PS1 ligands in which the more electron-withdrawing
phenyl groups decreases the S atom o-donating power. This favorable equilibrium shift allowed
us to obtain single crystals of the neutral [Mo3;S4Cly(PS1)3;(PS1*)] complex and determine its
crystal structure. This is the first structurally characterized trinuclear M3S, (M = Mo, W)
complex showing different dentation modes of the same ligand. Catalytic activity of [1]PFs,
[2]PF¢ and [3]PFg in the nitrobenzene reduction by Ph,SiH, reflects the different hemilabile
behavior of PS1 and PS2/PS3. Even though the [1]PFs complex proved less selective than other

53541 jtg catalytic activity in the nitrobenzene reduction is

catalysts based on Mo;S, clusters,
relatively high and higher than that of [2]PF¢, [3]PF¢ or other Mo3Ss complexes with non-
hemilabile P,P’-donor diphosphines.”* This is consistent with the significant hemilabile
properties of the phosphine-thioether ligand in [1]PFg, since it can be reversibly decoordinated,
generating a coordinating vacancy on the metal atom under mild conditions. Further

functionalization of the trimetallic Mo3S, clusters with additional hemilabile ligands may lead to

new highly efficient catalytic systems in the future.



EXPERIMENTAL SECTION

General Procedures. All the experiments were carried out under an argon atmosphere
using standard Schlenck techniques. The starting complex [MosS4(tu)s(H,O)]Cly-4H,O was
synthesized according to the published procedure.”® ™ Phosphine-thioethers were prepared
following the literature method.® All commercially available reagents (BusNPFs, KPFg) were
used as purchased. Organic solvents (CH3CN, CH,Cl,, CHCIl; and hexane) were dried by
standard methods before use.

Physical Measurements. Elemental C, H, N analyses were performed with a EuroEA3000
Eurovector analyzer. IR spectra were recorded in the 4000400 cm ™' range with a Perkin-Elmer
System 2000 FTIR spectrometer with samples in KBr pellets. 'H and *'P{'H} NMR spectra were
recorded on a Bruker Avance-500 spectrometer with a Smm PABBO-PLUS probe at frequencies
of 500 ('"H) and 202.46 (*'P) MHz at room temperature. The chemical shifts were referenced
through *D-lock relative to TMS (‘H) and 85% H3PO,4 (*'P). A mass spectrometer (Agilent, 6130
Quadrupole MS, 1260 infinity LC) was used. The drying gas was nitrogen at a 300 L h™* flow
rate. The sample solution (approx. 5-10° M) in acetonitrile was infused through a syringe pump
directly into the interface at a flow rate of 0.4 mL min™. The temperature of the source block was
set to 120 °C and the interface to 150 °C. A capillary voltage of 2.0 kV was used in the positive
scan mode, and low values of the cone voltage (Uc = 5-10 V) were used to control the extent of
fragmentation. The observed isotopic pattern of each compound perfectly matched the
theoretical isotope pattern calculated from their elemental composition by using the MassLynx
4.1 program. The cyclic voltammograms (CV) were recorded with a 797 VA Computrace system
(Metrohm, Switzerland). All measurements were performed with a conventional three-electrode
configuration consisting of glassy carbon working and platinum auxiliary electrodes and an
Ag/AgCl/KCI reference electrode. The solvent used in all experiments was CH»Cl, which was
deoxygenated before use. Tetra-n-butylammonium hexafluorophosphate (0.1 M solution) was
used as a supporting electrolyte. The concentration of the complexes was approximately 10> M.
The redox potential values (E,) were determined as (E, + E;)/2, where E, and E, are anodic and
cathodic peak potentials, respectively.

Synthesis of [Mo3;S4Cl3(PS1);3]PFs ([1]PFg). A mixture of [Mo3S4(tu)s(H,0O)]Cls-4H,O
(0.40 g, 0.32 mmol), bis(2-phenethyl)[2-(phenylsulfanyl)ethyl]phosphine (PS1) (0.42 g, 1.1
mmol) and CH3CN (40 ml) was refluxed for 5 hours. After cooling to room temperature, the
resulting suspension was evaporated to dryness. The solid was then extracted with CH,Cl,, and
the insoluble thiourea excess was removed by filtration. The filtrate was then loaded onto a silica
gel column. After washing with CH,Cl,, elution with a solution of KPFg¢ in acetone (10 mg/mL)

afforded a concentrated solution. This solution was evaporated to dryness, the residue extracted



with CH,Cl, and filtered in order to eliminate the inorganic salts. Finally an excess of hexane
was layered on the resulting solution. The solid was thoroughly washed with CHCIl; in order to
remove impurities including a [Mo03S4Cls(PS1);(PS1*)] ([1a]) neutral complex to afford a green
solid of the title compound [1](PF¢). The crystals suitable for X-ray analysis were obtained by
slow evaporation of an acetonitrile solution to give [1](PF¢)-CH3CN. Yield: 0.21 g (37 %). Anal.
Calc. for C7,Hg ClsF¢MosP4S7: C, 48.0; H, 4.5%. Found: C, 47.7; H, 4.6%. IR (KBr) cm™: 3060
(w), 3025 (w), 2953 (m), 2927 (s), 2858 (m), 2042 (w), 1604 (m), 1495 (m), 1453 (m), 1407 (m),
1272 (w), 1211 (w), 1157 (w), 1072 (w), 1002 (w), 958 (w), 840 (s), 739 (s), 698 (s), 557 (m),
494 (w), 444 (w). '"H NMR (500 MHz, 298 K, CDsCN): = 6.77-7.48: (m, 45H, Ph); 2.87-3.02:
(m, 6H, CH,S); 2.58-2.68: (m, 12H, CH,Ph); 1.71-1.79: (m, 18 H, CH,P) ppm. *'P{'H} NMR
(202.46 MHz, 298 K, CD;CN): § = 38.6 (s); -144.6 (septet, '™ = 706.6 Hz) ppm. ESI-MS
(CH3CN): m/z: = 1659 ([M03S4Cl3(PS1)3]"). CV (CH3CN, vs. Ag/AgCl): E;, = -0.44 V (AE =
0.08 V), Ec =-1.2 V at a potential sweep rate of 0.1 V/s. UV/Vis (CH3CN): A(¢) = 300 (25070 M
'em™), 362 (11250 M cm™), 642 (570 m™*cm™) nm.

Synthesis of [Mo03S4Cl3(PS2);]PF¢ ([2]PFs). This compound was prepared in a similar
fashion to [1](PF¢), but starting from a mixture of [Mo3;S4(tu)s(H,O)]Cl4-4H,O (0.38 g, 0.31
mmol), bis(2-phenethyl)[2-(pentylsulfanyl)ethyl]phosphine (PS2) (0.40 g, 1.1 mmol) and
CH;CN (40 ml), to give a green solid. The crystals suitable for X-ray analysis were obtained by
slow evaporation of acetonitrile solution to give [2](PF¢)-0.6CH3CN. Yield: 0.25 g (52 %). Anal.
Calc. for CeHgoCl3FsMosP4S7: C, 46.4; H, 5.6%. Found: C, 46.2; H, 5.8%. IR (KBr) cm’: 3058
(m), 3025 (m), 2912 (m), 1956 (w), 1602 (m), 1578 (w), 1496 (m), 1484 (m), 1454 (m), 1440
(m), 1454 (m), 1408 (m), 1254 (w), 1218 (w), 1188 (w), 1157 (w), 1140 (w), 1072 (w), 1026 (W),
1000 (w), 958 (w), 908 (w), 837 (s), 740 (s), 697 (s), 557 (s), 498 (w), 476 (m), 447 (w). 'H
NMR (500 MHz, 298 K, CD;CN): ¢ = 6.80-7.48 (m, Ph, 30H); 2.84-2.91 (m, 12H, CH,Ph);
2.51-2.59: (m, 6H, SCH,CH,P); 2.25: (m, 6H, SCH,Bu); 1.69-1.73: (m, 18H, CH,PCH,); 1.56:
(m, 6H, CH,Pr); 1.36-1.40 (m, 12H, (CH>),Me); 0.95: (m, 9H, CHs) ppm. *'P{'H} NMR (202.46
MHz, 298 K, CD;CN): d = 40.6 (s); -144.6 (septet, J'" = 706.6 Hz) ppm. ESI-MS (CH3CN): m/z:
1639 ([M03S4Cl13(PS2)3]"). CV (CH3CN, vs. Ag/AgCl): E,=-0.50 V (AE =0.08 V), Ec =-1.3V
at a potential sweep rate of 0.1 V/s. UV/Vis (CH;CN): A(¢) = 286 (15180 M™*cm™), 358 (8530 M
lem™), 619 (590 m™*cm™) nm.

Synthesis of [Mo03S4Cl3(PS3);]PF¢ ([3]PFs). This compound was prepared in a similar
fashion to [1](PFs), but starting from a mixture of [Mo3S4(tu)s(H,0)]Cls-4H,0 (0.52 g, 0.41
mmol), bis(2-phenethyl)[2-(propylsulfanyl)ethyl]phosphine (PS3) (0.50 g, 1.4 mmol) and
CH;CN (40 ml), to give a green solid. Yield: 0.33 g (47 %). Anal. Calc. for C3Hg7Cl3FsMo3P4S7:
C, 44.5; H, 5.2%. Found: C, 44.2; H, 5.5%. "H NMR (500 MHz, 298 K, CD;CN): 0 = 6.78-7.54:



(m, 30H, Ph); 2.87-2.95: (m, 12H, CH,Ph); 2.40-2.44: (m, 6H, SCH,CH,P); 2.20 (m, 6H,
SCH,Et); 1.90-1.93: (m, 12H, CH,PCH,); 1.65-1.74 (m, 6H, CH,Me); 1.07; (m, 9H, CH3) ppm.
3'p{'"H} NMR (202.46 MHz, 298 K, CD;CN): § = 40.4 (s); -144.6 (septet, J*" = 706.6 Hz) ppm.
ESI-MS (CH;CN): m/z: 1556 ([M03S4Cl3(PS3)3]7). IR (KBr) cm™: 3060 (m), 3025 (m), 2961
(m), 2928 (m), 2867 (m), 1602 (w), 1528 (w), 1496 (m), 1454 (m), 1404 (s), 1454 (m), 1410
(m),1340 (w), 1300 (w), 1209 (w), 1058 (w), 1004 (w), 959 (w), 908 (w), 837 (s), 816 (w), 738
(m), 698 (m), 557 (m), 496 (w), 455 (w), 446 (w). CV (CH3CN, vs. Ag/AgCl): E,=-0.51 V (AE
=0.08 V), Ec =-1.3 V at a potential sweep rate of 0.1 V/s. UV/Vis (CH3CN): A(¢) = 288 (14220
M™cm™), 356 (8600 M ecm™), 618 (600 m™*cm™) nm.

Reaction of [1]PF¢ with BusNCI. An excess of BusNCI (15 mg, 5.5-10” mol) was added
to a solution of [1]PFs in CD,Cl, (0.7 ml, 7.9-10” M). A color change from green to brown was
observed. The reaction mixture was stirred at room temperature for up to 24 h and analyzed by
SIP{"H} NMR. *'P{'H} NMR (CD,Cl): = 37.4 (s); 36.6 (s); 36.4 (s); -144.6 (septet, J*" =
706.6 Hz) ppm.

Reaction of [2]PFs with BuyNCI The reaction was carried out under the same conditions
using 15 mg of BuyNCI (5.5-10” mol) and a solution of [2]PFs in CD,Cl,, (0.7 ml, 8.0-107 M).
The reaction mixture was stirred at room temperature for for up to 24 h and analyzed by *'P{'H}
NMR. *'P{'H} NMR (CD,CL): = 39.7 (s); 38.4 (s); 38.2 (s); -144.6 (septet, I** = 706.6 Hz)
ppm.

Reaction of [3]PF¢ with BuysNCI The reaction was carried out under the same conditions
using 15 mg of BusNCI (5.5:10” mol) and solution of [3]PFs in CD,Cl,, (0.7 ml, 8.0-107 M).
The reaction mixture was stirred at room temperature for 24 h and analyzed by *'P{'H} NMR.

SP{'"H} NMR (202.46 MHz, 298 K, CD,Cl): § = 39.5 (s); 34.0 (s); 32.2 (s); -144.6
(septet, J*" = 706.6 Hz) ppm.

General procedure for nitrobenzene reduction. Nitrobenzene (10 pl, 0.097 mmol),
anisole (20 ul) as an internal standard and Ph,SiH, (3.5 equiv.) were added to a solution of
[1]PFs (9.0 mg, 0.0050 mmol), [2]PF¢ (8.9 mg, 0.0050 mmol) or [3]PF¢ (8.5 mg, 0.0050 mmol)
in deoxygenated CH3CN or CH3CN/CD3CN (2 ml) under an inert atmosphere. The reaction
mixture was stirred at room temperature or at 80°C for 16 h. Ethyl acetate (5 ml) was then added,
and an aliquot was taken from the resulting solution to be analyzed by GC or *H NMR.

X-ray data collection and structure refinement. The diffraction data for [1a] (Bruker X8
Apex diffractometer with MoKa radiation), [1]PFs and [2]PFs (Bruker Apex Duo diffractometer
with MoKa radiation) were collected by doing ¢ and ® scans of narrow (0.5°) frames at 150 K.
Absorption correction was done empirically using SADABS.U’” Crystallographic data and

refinement details are given in Table 1. The main bond distances are summarized in Table 2.



Structures were solved by direct method and refined by full-matrix least-squares treatment
against |[F|* in anisotropic approximation with SHELX 2017/1 in ShelXle program.!”®"
Hydrogen atoms were refined in geometrically calculated positions. The crystallographic data
have been deposed in the Cambridge Crystallographic Data Centre under the deposition codes

CCDC 1816782, 1816783, and 1816784.
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GRAPHICAL ABSTRACT

Phosphine-thioether ligands PS1, PS2 and PS3 were coordinated to the trinuclear Mo3S, cluster
for the first time to afford [Mo3S4Cl3(PS);]” complexes. Reversible transformation into neutral
[Mo3S4Cl4(PS);(PS*)] species in the presence of Cl™ anions was observed resulting in hemilabile
behaviour. The equilibrium constant between cationic and neutral complexes is strongly
depended on the nature of the S atom substituent. The catalytic activity of cationic complexes in

the nitrobenzene reduction reflects the different hemilabile behavior of PS1, PS2 and PS3.
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Table 1. Summary of the crystal data for compounds [1]PFs-CH;CN, [1a]-1.6CH,Cl, and

[2]PF¢-0.6CH;CN

Parameter [1]PFsCH3CN [1a] 1.6CH,Cl, [2]PF4-0.6CH;CN
Chemical formula C74H84C13F6M03NP4S7 C73‘6H84'2C17'2M03P3S7 C70'2H100'8C13F6M03N0'6P4S7
M, 1843.89 1824.95 1809.58

Crystal system, space
group

Triclinic, P 1

Monoclinic, C2/c

Triclinic, P 1

a, b, c(A) 12.2513 (8), 12.3807 (9), |43.9893 (15), 16.6109 (4), [14.068 (2), 17.495 (3), 17.618 (3)
27.167 (2) 24.8560 (9)

a, B,y (°) 82.994 (3), 89.774 (2), 90, 115.229 (2), 90 90.424 (3), 105.595 (3), 99.817
77.908 (3) 4

V(A% 3998.1 (5) 16429.8 (9) 4108.9 (10)

VA 2 8 2

u (mm™) 0.88 0.96 0.86

Crystal size (mm) 0.20 x 0.14 x 0.08 0.22 x 0.20 x 0.10 0.22 x 0.12 x 0.08

Diffractometer Bruker Apex Duo Bruker X8Apex Bruker Apex Duo

Thnins Trmax 0.543, 0.743 0.545,0.742 0.565, 0.746

No. of measured,
independent and

60053, 16593, 12779

45845, 18801, 11618

34957, 18768, 13909

observed [/ > 20(/)]

reflections

Ring 0.045 0.079 0.036

0 values (°) Omax = 26.6, 0, = 0.8 Omax = 27.5, Oin = 1.0 Omax = 28.2, 0in = 1.6
(sin /) max (A 0.630 0.665

Range of 4, k, [

-15<h<14,-15<k<15,
-34<0<34

42 <h<57,-21<k<2l,
-32<1<29

-18<h<18,-22<k<23,-23<]
<23

R[F* > 26(F*)], wR(F?),
S

0.052, 0.139, 1.06

0.075, 0.222, 1.03

0.093, 0.255, 1.03

No. of reflections,
parameters, restraints

16593, 851, 12

18801, 822, 85

18768, 841, 30

Weighting scheme w=1/[c*(F,%) + w=1/[c*(F)) + w = 1/[6*(F,%) + (0.0875P)* +
(0.0622P)* + 10.9909P]  [(0.1078P)* + 127.820P]  |81.7326P]
where P = (F, + 2F.)/3 |where P=(F,”+2F.2)/3 |where P=(F,>+2F}>)/3
APrnaxs Apmin (€ A7) 1.87,-0.87 2.20,-1.63 432,-1.82

Computer programs: APEX2 (Bruker-AXS, 2004), SAINT (Bruker-AXS, 2004),
SHELXS2014 (Sheldrick, 2014), SHELXL2014 (Sheldrick, 2014), ShelXle (Hiibschle, 2011),
CIFTAB-2014 (Sheldrick, 2014).




Table 2. Selected bond distances (A)* for compounds [1]PFgs-CH3CN, [1a]-1.6CH,CI, and

[2]PF5:0.6CH3CN
Distance [1]PFsCH;CN [1a]-1.6CH,Cl, [2]PF40.6CH;CN
Mo-Mo 2.7670(6) — 2.7718(5) | 2.7540(10) —2.8145(9) | 2.7614(9)— 2.7850(9)

Mo-(115-S) | 2.3554(11)—2.3604(11) | 2.356(2)—2.3810(18) 2.361(2) - 2.367(2)
Mo-(1>-S) | 2.2916(12)—23000(12) | 2.2702) —2.3139(19) 2.296(2) — 2.320(2)
Mo-P 2.5529(13) — 2.5599(13) 2.528(2) — 2.603(2) 2.546(2) — 2.567(2)
Mo-Sie | 2.6030(13) —2.6529(12) 2.644(2) — 2.657(2) 2.595(2) — 2.619(2)

*Standard deviations are given in brackets

Table 3. GC data for nitrobenzene reduction to aniline catalyzed by [1]PFs and [2]PF¢®

Entry Catalyst Solvent T (°C) | Time (h) Conver: ton Yiel;l
(%) (%)
1 [1]PF¢ CH;CN 25 16 >99 83
2 [1]PF¢ CH;CN 80 2 94 89
3 [1]PFs CH;CN 80 16 >99 >99
4 [2]PF¢ CH;CN 25 16 79 33

* Reaction conditions: nitrobenzene (0.1 mmol); Ph,SiH, (3.5 equiv.); catalyst (5 mol %); solvent

(2 ml). ® Determined by GC with anisole as an internal standard.




