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Abstract—The reaction of [Mo3S4(Tu)8(H2O)]Cl4·4H2O (Tu is thiourea) with (PhCH2CH2)2-
PCH2CH2SeC5H11) (PSe) followed by purification on a chromatographic column packed with silica gel
using a saturated solution of KPF6 in acetone as an eluent results in the formation of [Mo3S4Cl3(PSe)3]PF6
(I) in a yield of 44%. Compound I is characterized by X-ray diffraction analysis, 1H, 31P{1H}, and 77Se NMR
spectroscopy, IR spectroscopy, UV-Vis spectroscopy, cyclic voltammetry, and electrospray ionization mass
spectrometry. Several species differed in the coordination mode of three PSe ligands, which can bind to
molybdenum via one (phosphorus) or two (phosphorus and selenium) donor atoms, are formed in a solution
of compound I at room temperature. This behavior is not observed for the compounds similar in structure
with PS ligands of an analogous type. Complex I demonstrates a higher catalytic activity than its analogue
with the PS ligand in the reduction of nitrobenzene to aniline under the action of diphenylsilane.
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INTRODUCTION

Hemilabile ligands play an important role in coor-
dination chemistry and metal complex catalysis. The
key feature of these polydentate ligands is the presence
of several types of donor atoms with different affinities
to a specific metal center, which favors the formation
of coordinatively unsaturated metal centers via the
reversible cleavage of the metal–ligand bond with a
weaker donor atom during the catalytic cycle [1]. The
controlled coordination–decoordination of the labile
donating function of the hemilabile ligand can also be
used for the activation of small molecules [2–13].

The reactivity of the hemilabile ligands in the
mononuclear compounds was studied in rather detail.
The polynuclear and cluster compounds with hemila-
bile ligands remain fairly poorly studied [14–19].
However, in the last case, the hemilabile ligand can
perform several functions: chelating, bridging, or
monodentate. The existence of the kinetically favor-
able products with the bridging functions and thermo-
dynamically favorable products with the chelating
function of the hemilabile ligands was shown for the

well studied trinuclear carbonyl clusters of osmium
and ruthenium with the thioether ligands [20–24].

The systematic studies in the area of trinuclear
clusters of molybdenum and tungsten with chalo-
genide bridges were carried out at the Nikolaev Insti-
tute of Inorganic Chemistry (Siberian Branch of the
Russian Academy of Sciences) [25–36]. The recent
studies of the {M3S4} derivatives (M = Mo, W) with
the N,N'-chelating ligands, such as 2,2'-bipyridine,
1,10-phenanthroline, and their analogues [37–45],
showed prospects of using these compounds in homo-
geneous catalysis [41, 46–49], for the activation of
acetylenes [50], and in bioinorganic chemistry [45].

The bifunctional phosphine-thioethers (PS) with
different functional groups for coordination to the
clusters {M3S4} (M = Mo, W) were used in our recent
works [51, 52]. As a result, we obtained the cationic
complexes [M3S4Cl3(PS)3]+ in which all the three PS
ligands coordinated to the metal via the bidentate
mode. These cationic complexes are capable of trans-
forming into neutral complexes [M3S4Cl4(PS)2(PS*)]
in which one of the bidentate PS ligands becomes
209
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P-monodentate (PS*) in the presence of chloride
ions. The equilibrium constants of these reactions esti-
mated from the data of NMR spectroscopy can serve
as a quantitative characteristic of the hemilabile
behavior of these ligands, which is more pronounced
in the case of Mo3S4 compared to W3S4. Less donating
substituents (aryl instead of alkyl) at the sulfur atom of
the PS ligands also favors an increase in the hemilabile
properties due to a decrease in the donor ability of sul-
fur. The enhanced lability of the M–S bond should
increase the catalytic activity due to the formation of a
coordination vacancy. Indeed, according to this ten-
dency, the [Mo3S4Cl3(PS1)3]+ complex with the phe-
nyl substituent at the sulfur atom exhibits a high cata-
lytic activity in the reduction of nitrobenzene to ani-
line under the action of Ph2SiH2 [52]. The tungsten
complexes are characterized by a much lower catalytic
activity in this process [51].

Extending the studies in this area, here we report
the synthesis of a new cluster molybdenum complex
with the phosphine-selenoether ligand and the influ-
ence of the nature of the chalcogen donor atom on the
hemilabile and catalytic properties.

EXPERIMENTAL

Experiments on the synthesis of compound
[Mo3S4Cl3(PSe)3]PF6 (I) were carried out using an
argon–vacuum line. The starting compounds
[Mo3S4(Tu)8(H2O)]Cl4·4H2O and phosphine-seleno-
ether (bis(2-phenylethyl)[2-(pentylselenyl)ethyl]-
phosphine, PSе) were synthesized according to pub-
lished procedures [53, 54]. Potassium hexafluoro-
phosphate (KPF6) was received from commercial
sources and used without additional purification.

Elemental C,H,N analyses were carried out on a
EuroEA3000 Eurovector analyzer. IR spectra (4000–
400 cm–1) were recorded on a Perkin-Elmer System
2000 FTIR spectrophotometer for samples in KBr
pellets. 1H, 31P{1H}, and 77Se NMR spectra were mea-
sured at room temperature in CD3CN and CD2Cl2
solutions in 5-mm tubes on a Bruker Avance 500 spec-
trometer with frequencies of 500 (1H), 202.46 (31P),
and 113.63 (77Se) MHz. Chemical shifts were assigned
using TMS (1H), 85% H3PO4 (31P), and 77Se
((CH3)2Se) as standards. UV−Vis spectra were
recorded on a Specord M40, Helios γ spectrophotom-
eter in a range of 200–900 nm in a CH3CN solution.
Electrospray ionization mass spectrometry was carried
out on an Agilent, 6130 Quadrupole MS, 1260 infinity
LC mass spectrometer. The following conditions were
used: voltage on the capillary 2.0 kV, nitrogen as dry-
ing gas, 300 L/h, and 120–150°C. The observed isoto-
pic distribution of each component was well consistent
with the theoretical distribution calculated using the
MassLynx 4.1 program.
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Cyclic voltammograms were detected on a 797 VA
Computrance electrochemical analyzer (Metrohm,
Switzerland). All measurements were carried out in a
three-electrode cell consisting of a working glassy car-
bon electrode, a platinum auxiliary electrode, and a
silver chloride (Ag/AgCl) reference electrode filled
with a solution of KCl (с = 3 mol/L). The solvent
(CH3CN) was degassed by purging argon for 1–2 min
prior to every recording. A solution of Bu4NPF6 (с =
0.1 mol/L) was used as an electrolyte. The concentra-
tion of the studied complex was ~1 × 10–1 mol/L. The
potentials (E1/2) were determined as 1/2(Ea + Ec),
where Ea and Ec were the anodic and cathodic poten-
tials, respectively.

Thermogravimetric analysis (TG) was carried out
on a TG 209 F1 Iris thermobalance (NETZSCH) in
an inert atmosphere (He).

Synthesis of [Mo3S4Cl3(PSe)3]PF6 (I). A mixture
of [Mo3S4(Tu)8(H2O)]Cl4·4H2O (0.40 g, 0.32 mmol),
PSe (0.61 g, 1.1 mmol), and CH3CN (40 mL) was
stirred on reflux for 5 h. After cooling to room tem-
perature, the reaction mixture was evaporated to dry-
ness, and CH2Cl2 was added to the solid residue. An
insoluble precipitate of thiourea was separated by fil-
tration. The filtrate was deposited on a chromato-
graphic column packed with silica gel (Sigma Aldrich,
pore size 60 Å), washed with CH2Cl2, and eluted with
a solution of KPF6 in acetone (10 mg/mL). The result-
ing solution was evaporated to dryness, CH2Cl2 was
added to the solid residue, and an undissolved precip-
itate of inorganic salts was filtered off. n-Hexane
excess was layered on the solution. As a result, a green
crystalline product of I·2.5CH2Cl2 was obtained. The
yield was 0.273 g (44%). TG: the mass loss (3.87%) in
the range from room temperature to 205°C corre-
sponded to the removal of one solvate molecule of
dichloromethane.

IR (ν, cm–1): 3359 m, 3194 m, 3060 m, 3025 m,
2954 m, 2927 m, 2857 m, 2044 w, 1624 m, 1603 m,
1496 m, 1454 s, 1407 m, 1288 m, 1208 m, 1137 m,
1029 w, 998 m, 957 w, 839 s, 739 s, 698 s, 557 s, 495 m,
432 m.

31P{1H} NMR (CD3CN, 25°C), δ, ppm: 42.25 s,
42.08 s, 41.58 s, 41.45 s, 41.26 s, 41.19 s, –144.6 (sept.).
31P{1H} NMR (CD2Cl2, 25°С) δ, ppm: 40.2 s, 40.1 s,
39.9 s, 39.7 s, 39.4 s, 39.2 s, –144.4 (sept.). 1H NMR
(CD3CN), δ, ppm: 6.67–7.44 (m, 30H, Ph); 2.74–
2.87 (m, 12H, CH2Ph); 2.40–2.50 (m, 6H,
SeCH2CH2P); 2.20 (m, 6H, SeCH2Bu); 1.68–1.85
(m, 18H, CH2PCH2); 1.54 (m, 6H, CH2Pr); 1.33–
1.40 (m, 12H, (CH2)2Me); 0.92 (m, 9H, CH3). 77Se

For C69H99F6P4S4Cl3Se3Mo3·2.5CH2Cl2

Anal. calcd., % H, 4.9 C, 40.2
Found, % H, 4.8 С, 40.1
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Table 1. Crystallographic parameters and structure refinement details for compound I

Parameter Value

FW 2137.96
T, K 100(2)
Space group P21/n

a, Å 15.0505(11)
b, Å 24.2362(18)
c, Å 24.6111(16)
β, deg 105.547(3)

V, Å3 8648.8(11)

Z 4

ρcalc, g/cm3 1.642

μ, mm–1 2.161

Crystal size, mm 0.447 × 0.36 × 0.15
Range of 2θ, deg 2.4–51.4
Number of measured/independent reflections 46636/15875
Rint/Rσ 0.0634/0.0910
Number of refined parameters/restraints 702/213
GООF 1.062
R1/wR2 for I ≥ 2σ(I) 0.1484/0.3095
R1/wR2 for all data 0.2179/0.3511

Residual electron density (min/max), e Å–3 –1.56/2.20
NMR (CD3CN), δ, ppm: 309.7 s, 308.8 s, 267.4 s,
266.6 s, 264.2 s, 263.7 s.

ESI-MSI (+, CH3CN, m/z): 1781.9 ([Mo3S4-
Cl3(PSe)3]+).

UV/Vis (CH3CN), λ, nm (ε, L mol–1 cm–1): 251
(14153), 356 (7274), 633 (413).

Catalytic tests. Nitrobenzene (10 μL, 0.097 mmol)
and Ph2SiH2 (3.5 equiv) were added to a preliminarily
deaerated solution of compound I (9.66 mg,
0.0050 mmol) in a CH3CN–CD3CN mixture (  :

 = 3 : 1, 2 mL). The reaction mixture was stirred
at room temperature for 16 h. Aliquots taken from the
final and initial solutions before the addition of
Ph2SiH2 were analyzed by 1H NMR spectroscopy. No
conversion of nitrobenzene was observed before
Ph2SiH2 was added. After the end of the reaction, the
conversion of nitrobenzene was 87%. The yield of
compound I was 48%.

X-ray diffraction analysis (XRD). A single crystal of
compound I was taken from the mother liquor and
rapidly cooled to 100 K in a jet of an N2 cryostat. The
XRD data were obtained on a Bruker APEX Duo
automated four-circle diffractometer with a two-coor-
dinate CCD detector (MoKα, λ = 0.71073 Å, graphite
monochromator) in the ω scan mode with an exposure
of 240 s/deg. Integration was performed and an

3CH CNV

3CD CNV
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absorption correction was applied by equivalent
reflection intensities using the APEX2 program pack-
age [55]. The structure was solved using the SHELXT
program [56] and refined using Olex2 [57] imple-
mented in SHELXL [56]. The main crystallographic
data and structure refinement details are presented in
Table 1. The positions of the non-hydrogen atoms of
the cluster cation and  anion were obtained by
searching for the primary model or from the difference
synthesis and refined in the anisotropic approxima-
tion. Hydrocarbon fragments with carbon atoms with
high anisotropy of atomic displacements or having sig-
nificant residual electron density peaks were refined as
those split into two conformations with restraints
imposed on the bond and angular distances. The
atomic displacement parameters for closely arranged
carbon atoms from alternative conformations were
accepted to be equal or were fixed. Hydrogen atoms
were specified geometrically and refined by the riding
model. Six highest peaks of the residual electron den-
sity (2.2–1.2 e/Å3) were localized near the Mo and Se
atoms (see Discussion). The nonlocalized electron
density in the cavities between the ions was taken into
account using the Solvent Mask procedure of the
Olex2 program.

The coordinates of atoms and thermal parameters
were deposited with the Cambridge Crystallographic

6PF−
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Data Centre (CIF file ССDС no. 2016802; https://
www.ccdc.cam.ac.uk/structures/).

RESULTS AND DISCUSSION
The [M3S4(Tu)8(H2O)]4+ complexes (M = Mo, W)

containing coordinated thiourea (Tu) molecules were
shown to be very labile and readily react in ligand

exchange reactions with the formation of diverse
derivatives {M3S4} [40, 50–52]. For example, the reac-
tions of [M3S4(Tu)8(H2O)]4+ with phosphine-thio-
ethers PS1 and PS2, whose structures are shown in
Scheme 1, afford complexes [M3S4Cl3(PS)3]+ in
which each metal atom is bonded to the PS ligand via
the bidentate mode.

Scheme 1.

One of important tasks of this work was to reveal
distinctions in the properties of the cluster compounds
upon the substitution of sulfur by selenium in the
ligand structure. Phosphine-selenoether (PSe) pre-
sented in Scheme 1 was used for this purpose. It was
assumed that the presence of a weaker donor center
(selenium instead of sulfur) can result in more pro-
nounced hemilabile properties.

Appling the above described synthetic approach, we
synthesized the new complex [Mo3S4Cl3(PSe)3]PF6 (I)
in a yield of 44% after purification on a chromatographic
column packed with silica gel and recrystallization from
a dichloromethane–hexane mixture (Vdichloromethane :
Vhexane ≈ 1 : 5, Scheme 2). A moderate yield of the prod-
uct can be explained by the sensitivity of the initial phos-
phine to oxidation and inevitable losses during chro-
matographic purification and recrystallization.

Scheme 2.

Note that complex I is a rare example of coordina-
tion compounds containing the phosphine-seleno-
ether ligand. A series of works on the complexes of d8

metals (Ni, Pd, and Pt) containing the phosphine-
selenoether ligands was published [58–61].

Single crystals of compound I were obtained due to
the slow diffusion of hexane to a dichloromethane
solution. The structure of the cluster cation [Mo3S4Cl3-
(PSe)3]+ is presented in Fig. 1.

Selected bond lengths are presented in Table 2. The
molybdenum and sulfur atoms are arranged in such a
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Fig. 1. (a) Simplified structural formula of the cluster cation [Mo3S4Cl3(PSe)3]+ and (b) the spatial structure of [Mo3S4-
Cl3(PSe)3]+ in compound I. The substituents at the phosphorus atoms and hydrogen atoms are omitted. 

Se(1)
P(1)

(а) (b)

P(2)
P(3)

Cl(1)

Cl(2)

Cl(3)
S(3)

S(2)

S(1)
Mo(1)

Mo(2)

Mo(3)

Se(3)

Se(2)

S(4)

P

Mo
ClSe

S

Mo

Se

Cl

P S

S

Mo

Cl

Se

P

S

+

Table 2. Selected bond lengths (Å) in the structure of com-
pound I

Bond d, Å

Mo–Mo 2.755(3), 2.762(2), 2.759(2)
Mo–μ2S 2.304(5), 2.296(4), 2.326(5),

2.308(5), 2.303(8), 2.279(5)
Mo–μ3S 2.338(6), 2.321(7), 2.344(6)
Mo–Cl 2.453(4), 2.442(6), 2.437(8)
Mo–P 2.544(5), 2.542(7), 2.546(5)
Mo–Se 2.738(3), 2.722(2), 2.738(3)
way that the structure of a cube without one vertex,
which is typical of compounds of this class, would be
formed. The Mo–Mo and Mo–S distances and other
geometric parameters are consistent with the pub-
lished data for the {Mo3S4} complexes [62–64]. Each
molybdenum atom has a distorted octahedral environ-
ment consisting of three bridging sulfur atoms, chlo-
rine atom, and phosphorus and selenium atoms of the
PSe ligand. All phosphorus atoms are arranged in the
trans position toward the μ3-S atom. This spatial
arrangement of the heterobidentate ligand is also
observed in the {M3S4} complexes with phosphine-
thioethers [52] and aminophosphines [65, 66]. A fairly
long distance Mo–Se (2.72–2.74 Å) compared to the
usual length of the Mo–Se bond (2.40–2.50 Å)
between the metal and chalcogenide ligand of the
cluster core of the {Mo3Se4} [34, 67] and {Mo3Se7}
[33, 44, 68–70] complexes is noteworthy. This
explains an easier cleavage of the Mo–Se bond and the
possibility of several species to exist in the solution (see
below). The presence of the residual electron density
near the heavy atoms (Mo, Se) indicates in favor of
additional (~5%) modes of arrangement of cations
(possibly, isomeric) in the crystal structure of com-
pound I. The anomalously high (for 100 K) atomic
displacement parameters of all atoms and high anisot-
ropy of the ellipsoids or explicit splittings of the carbon
atom positions are related, most likely, to the high
conformational mobility of the organic ligands and to
the strong disordering of the solvate molecules.

In the crystal structure, the cluster cations and
anions  form layers perpendicular to the (1 0 –1)
direction (diagonally to the vectors a and c of the lat-
tice, Fig. 2). The layer has cavities of a small volume
(~30 Å3) insufficient for the arrangement of the solvate
molecules CH2Cl2 or C6H14. However, the cavities of

–
6PF
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524 Å3 (two cavities per unit cell, 1/2 cavity per for-
mula unit) are observed between the layers,
and this volume is sufficient for the incorporation of
3–6 CH2Cl2 molecules. The estimation of the electron
density as 228 e per cavity obtained using the Olex2
Solvent Mask procedure gives a content of solvate
molecules of 2.7 CH2Cl2 per formula unit.

The IR spectrum of compound I exhibits stretching
vibration bands of the C–H bonds at 2857–3060 cm–1

and stretching vibration bands of the aromatic rings in
a range of 1603–1624 cm–1. The bending vibrations of
CH2 and CH2P are observed in a range of 1407–1496
cm–1. The characteristic band of vibrations of the
Mo3–μ3-S fragment is observed at 432 cm–1. The
strong absorption bands at 557 and 839 cm–1 are
assigned to the P–F vibrations of the anion 

The electrospray ionization mass spectrum (ESI-
MS) of compound I in CH3CN shows a peak at m/z =
1781.9 with the characteristic isotopic distribution for
[Mo3S4Cl3(PSe)3]+. The UV-Vis spectrum exhibits a

–
6PF .
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Fig. 2. (a) Projection of the crystal structure of compound I along the b axis. The cavities accessible for the incorporation of sol-
vate molecules are shown by orange. (b) Projection of the layer perpendicular to the (1 0 –1) direction along the a axis. The non-
carbon atoms are shown in the van der Waals spheres, and hydrogen atoms are omitted. 
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c

weak band at 633 nm (ε = 413 L mol–1 cm–1) charac-
teristic of the cluster core {Mo3S4} [71].

The cyclic voltammogram of compound I in
CH3CN demonstrates several consecutive reduction
processes characteristic of the {Mo3S4} cluster core.
The first process at –0.49 V (versus Ag/AgCl) is
reversible (ΔE ≈ 80 mV), which agrees with the data for
[Mo3S4Cl3(PS1)3]PF6 (Е1/2 = 0.44 V, ΔE = 80 mV)
[52]. Other reduction processes at –1.27 and –1.52 V
are completely irreversible.

An unusual pattern is observed in the 31P{1H}
NMR spectrum. Three pairs of signals with close
chemical shifts inside each pair are observed instead of
one signal as in the spectra of [M3S4Cl3(PS)3]+ with
phosphine-thioethers. At room temperature in
CD3CN, the chemical shifts are 42.25 and 42.08, 41.58
and 41.55, and 41.26 and 41.19 ppm. This correlates
with the data of the 77Se NMR spectrum, which also
contains three groups of signals: 309.7 and 308.8,
267.4 and 266.6, and 264.2 and 263.7 ppm. This
behavior can be explained by the presence in a solution
of several species with different coordination modes of
the PSe ligand. In the initial compound, all the three
PSe ligands are chelating and bonded to molybdenum
via both phosphorus and selenium donor atoms. This
form exists in the crystal. We assume that one of the
ends of the chelate cycle (namely, the end linked with
molybdenum via selenium, which is a weaker donor
center) is detached in a solution. In this case, the PSe
ligand becomes monodentate and bonded to the metal
only via the phosphorus atom. Since the complex con-
tains three PSe ligands, the following species can be
formed in the solution: with one, two, or three
monodentate PSe. The liberated coordination site can
be occupied by the solvent molecule L (Fig. 3).

This situation is unique, since the earlier synthe-
sized molybdenum and tungsten complexes [M3S4Cl3-
(PS)3]+ with the PS ligands are stable in the solution
RUSSIAN JOURNAL OF C
and the NMR spectra always exhibit only one signal in
the characteristic range [51, 52]. The hemilabile prop-
erties begin to manifest themselves only upon the
reaction of [M3S4Cl3(PS)3]+ with Cl–. As a result, one
of the Mo–SL bonds is cleaved, the chloride ion is
coordinated, and the neutral complex [Mo3S4Cl4-
(PS)2(PS*)] is formed. The equilibrium constants of
these processes were estimated by the 31P{1H} NMR
method. Interestingly, in the case of tungsten, the for-
mation of a neutral species almost cannot be detected
by NMR; i.e., the concentrations of [W3S4Cl4-
(PS)2(PS*)] are very low.

(1)

The 31P{1H} NMR spectra of compound I in
CD3CN were recorded at various temperatures: –25,
–15, 0, 25, 40, and 55°C (Fig. 4). The corresponding
chemical shifts (δP) of the observed signals are pre-
sented in Table 3. Three pairs of the signals can be dis-
tinguished at room temperature: with δP = 42.25 and
42.08 (I group), 41.58 and 41.45 (II group), and 41.26
and 41.19 ppm (III group). All signals undergo a
downfield shift with the temperature increase, and the
difference between the chemical shifts of signals in
each group decreases. At –25°C, the signals in I and II
groups f low together and appear as broadened singlets
(42.38 and 41.64 ppm, respectively). The difference
between the chemical shifts of the signals of II group
was only 0.04 ppm (0.13 ppm at 25°C). An opposite
effect is observed with the temperature increase: all
signals undergo upfield shifts and become broader,
and the difference between the chemical shifts of the
signals in each group increases. At 55°C, the signals of
III group flow together to form one broad line
(41.00 ppm). The pattern observed in the NMR spec-
tra is very complicated, and we cannot interpret it
unambiguously at the moment. It can be assumed that
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Fig. 3. Schematic representation of different cluster species in the solution. 
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several parallel processes can occur in a solution of
compound I. First, as mentioned above, the dissocia-
tion of one or several phosphine-selenoether ligands
with the Mo–Se bond cleavage to form the structures
shown in Fig. 3 is most probable. Second, exchange
processes are possible during which selenium and
chlorine and/or solvent and chlorine would
change their positions, which is favored by chelate ring
opening.

It has previously been found that the {Mo3S4} clus-
ters in various coordination environments are highly
active in the catalytic transformation of nitroarenes
into the corresponding anilines [47, 48]. Similar tung-
sten clusters are substantially less active [51]. In this
work, complex I was tested in the model reaction of
nitrobenzene reduction using Ph2SiH2 in acetonitrile
under mild conditions (room temperature, atmo-
spheric pressure). This reaction was monitored by 1Н
NMR spectroscopy using the elaborated procedure
[52]. In this case, the conversion of nitrobenzene was
87%, and the yield of aniline was 48%. The obtained
values are appreciably higher than those for the
[Mo3S4Cl3(PS2)3]PF6 complex with the same hydro-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Table 3. 31P{1H} NMR spectra of compound I in CD3CN at

* The signals with close chemical shifts (pairs) are assigned to differ

Temperature, °C

–25 42.38 (I gr.); 41.79

–15 42.34, 42.29 (I gr.)

0 42.26, 42.15 (I gr.)

25 42.25, 42.08 (I gr.)

40 42.17, 41.97 (I gr.);

55 42.08, 41.87 (I gr.)
carbon substituent at the sulfur atom (the conversion
is 79%, and the yield of the product is 33%) but are
lower than those for [Mo3S4Cl3(PS1)3]PF6 with the
phenyl substituent (conversion 99%, yield 83%).
Thus, the replacement of sulfur by selenium in the
starting phosphine-chalcoether results in an increase
in the catalytic activity of the complex, which can be
attributed to more pronounced hemilabile properties
of the phosphine-chalcoether ligands in [Mo3S4Cl3-
(PSе)3]PF6 compared to [Mo3S4Cl3(PS2)3]PF6. It can
be expected that the replacement of the electron-
donating pentyl substituent by the electron-withdraw-
ing phenyl substituent at the selenium atom would lead
to a significant increase in the activity, which possibly
even exceeds that for [Mo3S4Cl3(PS1)3]PF6.

Thus, the new trinuclear sulfide cluster complex
[Mo3S4Cl3(PSe)3]PF6 with the phosphine-seleno-
ether ligand was synthesized. The synthesized com-
pound was characterized by the complex of physico-
chemical methods, including structure determination
by single-crystal XRD. Several species differed in the
coordination modes of the phosphine-selenoether
ligands are formed in the solution of this compound at
  Vol. 47  No. 3  2021

 various temperatures

ent groups.

Chemical shifts, ppm*

, 41.75 (II gr.); 41.64 (III gr.)

; 41.71, 41.66 (II gr.); 41.53, 41.51 (III gr.)

; 41.60, 41.52 (II gr.); 41.37, 41.32 (III gr.)

; 41.58, 41.45 (II gr.); 41.26, 41.19 (III gr.)

 41.49, 41.34 (II gr.); 41.14, 41.06 (III gr.)

; 41.40, 41.25 (II gr.); 41.00 (III gr.)
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Fig. 4. 31P{1H} NMR spectra of compound I in CD3CN at various temperatures. 

43.5 43.0 42.5 42.0 41.5

55°С

41.0 40.5 40.0 39.5 39.0
δ, ppm

43.5 43.0 42.5 42.0 41.5

40°С

41.0 40.5 40.0 39.5 39.0

43.5 43.0 42.5 42.0 41.5

25°С

41.0 40.5 40.0 39.5 39.0 43.5 43.0 42.5 42.0 41.5

0°С

41.0 40.5 40.0 39.5 39.0

43.5 43.0 42.5 42.0 41.5

–25°С

41.0 40.5 40.0 39.5 39.0 43.5 43.0 42.5 42.0 41.5

–15°С

41.0 40.5 40.0 39.5 39.0

δ, ppm
room temperature. The synthesized complex exhibited
a higher catalytic activity in the reduction of nitroben-
zene to aniline compared to the similar compound
containing the phosphine-thioether ligand.
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