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Abstract—The reaction of cluster [Re;S4(Dppe);Br;]Br with sodium fert-butyl thiolate affords trinuclear cat-
ionic cluster [Re;S5(Dppe)s]Br (I). The oxidation of cluster I with air gives [Re;S4(SO,)(Dppe);]Cl (II),
which is characterized by X-ray diffraction analysis in the form of solvate II - 3.5CH,Cl, (CIF file CCDC
1401732). The DFT calculations indicate the triplet ground state of the [Re;Ss(Dppe);]* cation and a signif-
icant spin density on the equatorial sulfide ligands, favoring the oxidation of the cluster.
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INTRODUCTION

The chemistry of trinuclear chalcogenide rhenium
clusters is poorly studied as compared to similar
molybdenum and tungsten clusters and rhenium clus-
ters of higher nuclearity [1]. Examples of these com-
pounds are almost restricted by rhenium(V) chalcoha-
lides containing the cluster core [Re;(p;-Q)(p-
Q,):Xcl" (Q =S, Se; Hal = Cl, Br) [2—5] and by prod-
ucts of their reactions with phosphines [6—10]. In
addition, there are several examples of heterometallic
complexes with the cluster core {Re;M'(p3-S),} (M' =
Ni, Co, Cu) [11—13].

We have recently synthesized complex
[Re;S,(Dppe);Br;] Br (IIT) having nine cluster skeletal
electrons and being the first example for the cluster
core {Re;S,}*" coordinated by diphosphine ligands
[14]. The structure of cation [Re;S,(Dppe);Br;]" is
nearly identical to the structure of its six-electron ana-
log [Mo;S,(Dppe);Br;]*. Three additional electrons
are localized on the Re atoms (as shown by the quan-
tum-chemical calculations and EPR data) and exert
no noticeable effect on the geometry of the cluster
core. The synthesis of a complex with this stoichiom-
etry makes it possible to study its reactions on the basis
of the well studied chemistry of the molybdenum and
tungsten analogs and to establish the influence of
additional electrons of the rhenium atom on the
chemical and electronic properties of the reaction
products. We showed that the substitution of bromide
ions in cluster [Re;S,(Dppe);Br;]* by thiocyanate ions
occurred with the retention of the high-spin (S = 3/2)
state of the cluster core [15].

We also determined that the
[Mo;S,(Dppe);Br;]PF,  with excess

reaction of
tert-BuSNa

resulted in the rearrangement of the initial cluster core
{Mo;(p5-S)(p-S);} to more rare {Mos(p3-S),(1-S)s}
with two p;-bridging sulfide ligands and in the forma-

tion of the paramagnetic complex
[Mo;Ss(Dppe);| PF¢ [16].

This work is devoted to the synthesis of the rhe-
nium analog of the discussed compound.

EXPERIMENTAL

The syntheses were carried out in an inert atmo-
sphere using the standard Schlenk apparatus. Solvents
for the syntheses were dehydrated and degassed by
reflux and distillation in an inert gas using the corre-
sponding drying agents [17]. The starting complex
[Re;S,(Dppe);Br;|Br [14] was synthesized according
to a known procedure. The IR spectra of the sub-
stances in KBr pellets were recorded on a SCIMITAR
FTS 2000 instrument.

Synthesis of complex [Re;S;(Dppe);]Br (I). A mix-
ture of [Re;S,(Dppe);Br;|Br (177 mg, 0.080 mmol)
and sodium fert-butyl thiolate (52 mg, 0.463 mmol)
was placed in a Schlenk flask, and THF (25 mL) was
added to the mixture. The obtained suspension was
refluxed for 24 h, cooled, filtered through a glass filter
(G4) with Celite, and evaporated. A dark residue was
extracted with CH,Cl, (~10 mL), and the extract was
filtered through a glass filter (G4). The slow diffusion
of Et,0 into the obtained solution resulted in the for-
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Table 1. Crystallographic data and refinement parameters

for structure II - 3.5CH,Cl,
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Table 2. Main parameters of the coordination nodes and
chelate cycles in cluster I and its analogs

Parameter Value
Empirical formula Cs1.5H790,P¢S<ClgRes
Fw 2278.77
Crystal system; space group Triclinic; P1
Temperature, K 150
a, A 13.8639(5)
b, A 13.8914(4)
¢, A 14.1867(5)
a, deg 65.973(1)
B, deg 86.467(1)
v, deg 62.354(1)
v, A3 2183.03(13)
Z 1
F(000) 1115
p, mm~! 4.668
Crystal size, mm 0.46 x 0.14 x 0.06
Trin> Trax 0.223, 0.767
Data collection for 6 range, deg 1.68—28.30
Range of indices 4, k, [ —17< h < 18,

—9<k<17,-17<I< 18

Number of measured/observed 17253/15354/14311
(I > 20(1)) reflections
R 0.0198
Ry, wRy (I >20(1)) 0.0256, 0.0622
R, wR, (all reflections) 0.0292, 0.0637
Goodness-of-fit 0.755
Number of refined parameters 959
Number of restraints 3
AP/ AOmins € A3 1.75/—1.47

mation of a black powder of complex I. The yield was

25 mg (15%).

For C78H72P655BIRC3

anal. calcd., %: C, 46.98; H, 3.64.
Found, %: C, 46.30; H, 3.70.

IR (KBr), cm~': 1585, 1572, 1484, 1434, 1414, 1335,
1311, 1276, 1191, 1159, 1123, 1097, 1027, 998, 906, 833,
741, 691, 617, 557. (+)-ES-MS (THF), m/z: 1913.12
(IRe;Ss(Dppe)s]*, 100%).

X-ray diffraction analysis. Dark red crystals of com-
pound IT - 3.5CH,CI, suitable for X-ray diffraction
analysis were obtained by the slow diffusion of Et,O
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Compound| M—M | M—(p3-S) M—(p-X)
0| 2.68[3] | 2.392[14] | 2.36[3] (u-S)
2.38 [4] (3-SO,)
1v 2.671[13] | 2.416 [16] 2.38 [2] (p-S)
Im 2719[1] | 2.450[6] | 2.428(7]
Im | 274[4] | 2.456[14] | 2.388[13] (u-S)
2.461 [2] (p-SO,)
IVm | 2.725[5] | 2.492[2] | 2.438110]

into a solution of I in CH,Cl, with air getting into the
reaction mixture. The crystallographic and X-ray dif-
fraction data for structure determination were
obtained on a Bruker X8 Apex CCD automatic dif-
fractometer (graphite monochromator, A(MoK,) =
0.71073 A). An absorption correction was applied
semiempirically using the SADABS program [I18].
The structure was solved by the direct methods and
refined by the least-squares method in the anisotropic
approximation using the SHELXTL program package
[18]. Hydrogen atoms were localized geometrically
and refined in the rigid body approximation.

The crystallographic data and refinement parame-
ters for the structure are presented in Table 1. Selected
bond lengths and angles are given in Table 2. The
coordinates of atoms were deposited with the Cam-
bridge Crystallographic Data Centre (CIF file CCDC
1401732;  deposit@ccdc.cam.ac.uk  or  http://
www.ccdc.cam.ac.uk/data_request/cif) and are avail-
able from the authors.

Quantum-chemical calculations using the density
functional theory (DFT) were performed in the
ADF2012 program package [19, 20]. Geometry opti-
mization was carried out with the VWN-+BPS86 density
functional [21—24] and the TZP incomplete-electron
Slater-type basis set [25] in which only electrons
Re.5s5p5d6s, Mo.4d5s, S.3s3p, P.3s3p, 0O.2s2p,
C.252p, and H.ls were varied. The rest electrons were
considered in the frozen core approximation [19].
Scalar relativistic effects were taken into account by
the ZORA method [26]. To simplify the calculations,
the peripheral phenyl groups of the Dppe ligand were
replaced by methyl groups. The optimized structures
have no imaginary frequencies, indicating that the sys-
tem is in the local energy minimum. The energy of for-
mation was calculated relatively to the energy of spher-
ically symmetrical atoms calculated in the spin-
restricted approximation. For the characterization of
the electronic structure, we used calculations at the
point with the coordinates of atoms obtained by the
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geometry optimization procedure using the VWN+
BP86 functional and the TZP all-electron basis set.
The spin density was constructed in the DGrid pro-
gram [27] of the wave functions obtained in the all-
electron basis set. Integration over the atom basin
determined in the framework of the QTAIM
method [28] was used to obtain spin densities for
atoms.

PETROV et al.

RESULTS AND DISCUSSION

The reaction of sodium fert-butyl thiolate and
nido-cubane cluster III leads, as in the case of the
molybdenum analog, to the transformation of the
starting cluster core {Re;(p3-S)(p-S),} into the earlier
unknown {Re;(j13-S),(p-S);} cluster and to the forma-
tion of complex I.

_ — _ _ _ _ _
R,P. PR,
N R S R, R R S R, R
Br—Ré—S VAN AL AN
S \ ‘ B 'BuSNa \ /.S % , / 0, \ /.S % , /
11§2 S——R& TB T S/l}?\—R_/_Be\ ~g ' chyan /I}?TR_/_BQ ~50 cl
N PN € = € < 2
( Re//S | "PR, / \‘ \/ \ / \' \/ \
p/ \BI‘ R,P_ P / P E P / E
R, 2 S R, ™2 2 S R, ™2
III (R = Ph) I(R = Ph) II (R = Ph)
Im (R = Me) IIm (R = Me)
Evidently, tert-BuSNa is the reducing agentanda a shape of somewhat distorted trigonal

source of the additional S atom. The main distinction
from the molybdenum analog is the tendency of clus-
ter I to oxidation, which did not allow its isolation as
single crystals suitable for X-ray diffraction analysis.
In spite of this, mass spectrometry showed that a solu-
tion of complex I contains the single set of signals in
the range m/z 1000—2500 corresponding to cation
[Re;Ss(Dppe);]* (m/z 1913.12).

An attempt to crystallize complex I by diethyl ether
diffusion into a solution in CH,Cl, gave several red
crystals. According to the X-ray diffraction data, the
isolated complex has the composition
[Re;S;0,(Dppe);]Cl1-3.5CH,CI, (Il - 3.5CH,Cl,) and
represents the product of the addition of dioxygen to
one of the equatorial sulfide ligands due to a minor
amount of air that got into the reaction mixture (Fig.
1). This behavior is typical of the triangular rhenium
sulfide complexes and is not typical of their molybde-
num and tungsten analogs. Rhenium clusters, viz., the
addition products of dioxygen with the composition
[Re;S5(S0O,)Cly(Phos)s]~ (Phos = PEt; [8], PMe,Ph
[9]), were isolated earlier and characterized by X-ray
diffraction analysis. As in the case of compound I, it is
the p,-bridged sulfide which is oxidized. An impurity
of [Re;S,0,(Dppe);Br;]* was observed by mass spec-
trometry in a solution of [Re;S,(Dppe);Br;]*. Mixed-
halide clusters [Re;S,(Dppe);Br,Cl;_,]" are oxidized
to [Re;S,0,(Dppe);Br,Cl;_,]* [14]. Tetranuclear
cluster [Re,(p3-S),(1-SO,)4(CN),o1% [29] is also the
oxidation product of all p,-bridged sulfides, whereas
the p;-sulfide ligands do not undergo oxidation.

Complex II crystallizes in the form of solvate (1 :
3.5) with CH,Cl, molecules. The {Re;S;s} skeleton has
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bipyramid. Each face of the triangle Re; is coordi-
nated by two p-S and one p-SO, ligand. The Re(2)—
Re(3) distance is 2.6427(5) A, which corresponds to
the bond at p-SO, and is somewhat shorter than two
other rhenium—rhenium bonds (2.6950(3) and
2.7008(3) A). The S(3) and S(4) atoms lie almost in
the Re(1)Re(2)Re(3) plane, whereas S(5) deviates sig-

Fig. 1. Structure of the cation in complex II. Hydrogen
atoms are omitted. Selected bond lengths (A): Re(1)—
Re(2) 2.7008(3), Re(1)—Re(3) 2.6950(3), Re(2)—Re(3)
2.6432(3), S(5)—0(1) 1.481(5), and S(5)—0(2) 1.494(4).
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(@)
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(b)

Fig. 2. Structures and spin density isosurfaces of clusters (a) Im and (b) IVm (the spin density isosurface is equal to —0.01 au).

nificantly (by 0.38 A) from this plane. The S—O dis-
tances (1.481(5) and 1.494(4) A) are somewhat longer
than those in [Re;S,0,Cl4(PEt;);]~ and [Re;S,0,.
Clg(PMe,Ph);]-, and the O(1)S(5)O(2) angle is
110.1(3)°. The chloride ion formed, most likely, in situ
from CH,Cl, acts as a counterion, which is an addi-
tional factor decreasing the yield of complex II.

The average Re—Re bond length in cluster 1I
(2.68 [3] A) is close to that in the ten-electron complex
[Re;S,(PEt;),Brs] (2.67 [2] A) [6]. The Mo—Mo dis-
tances in the seven-electron cluster [Mo;Ss(Dppe);]*
(IV), having the same average oxidation state of the
metal (+3.67), are also similar. However, it should be
mentioned that the transformation of the cluster core
{Re;S,} into {Re;S;(SO,)} results in the elongation of
the Re—Re bonds by ~0.08 A [8, 9].

In order to explain reasons for the fast oxidation of
cluster Re;Ss, we performed the quantum-chemical
calculations of model clusters [Re;Ss(Dmpe);]* (Im)
and [Re;S;0,(Dmpe);]* (IIm), which differ from I
and II by the replacement of all phenyl groups by
methyl groups. The interatomic distances calculated
for cluster IIm are consistent with the experimental
bond lengths in complex II (Table 2). The energies of
formation of the clusters are presented in Table 3. It is
seen that the triplet state is more favorable for the clus-
ter with the Re;S; core (the cluster with § = 0 is by
6.4 kcal/mol less stable than the cluster with S = 1).
On the contrary, the closed shell is preferential for the
cluster with the oxidized core Re;S;0, (the cluster
with § = 0 is by 12.9 kcal/mol more stable than the
cluster with § = 1). The calculations also showed a sig-
nificant spin density on the equatorial sulfur atoms of
complex Im (Fig. 2a, Table 4), which seems to favor
the interaction of the complex with air oxygen. The
spin density distribution in a similar molybdenum
cluster [Mo;Ss(Dmpe);]* (IVm) with one unpaired
electron was calculated for comparison. It was found
that the spin density on the sulfur atoms in complex
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IVm is almost absent. Possibly, the spin density on the
bridging sulfide ligands facilitates the interaction with
oxygen. In this case, the diamagnetic cluster with the
Re;S50, core (S = 0) should not add extra oxygen
molecules, which is experimentally observed.

Table 3. Energies of formation (kcal/mol) for the cluster
cations in different spin states

Compound S=0 S=1
[Re;Ss(Dmpe)s] " (Im) —9621.12 —9627.51
[Re;S50,(Dmpe)s]* (ITm) —9917.28 —9904.35

Table 4. Calculated spin density (minimum/maximum) on
the atoms of the cluster core {M;Ss}

Atom | [Re;Ss(Dmpe)s]* (Im) | [Mo;Ss(Dmpe);]™ (IVm)
M 0.34/0.35 0.38/0.40

us-S 0.00 —0.01

u-S 0.31/0.28 —0.07/—0.05

Thus, the first example of the cluster with the
{Re;Ss} core was obtained. The product of dioxygen
addition to this cluster was characterized by X-ray dif-
fraction analysis and quantum-chemical calculations.
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