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Abstract—The reactions of [(LP™Ni),(u-n%n2-S,)] (I) and [(LP™Ni),(u-n?m>-Se,)] (II) (LFr =
CH[C(Me)N(2,6—iPr2C6H3)]2) with decamethylsamarocene [Sm(Cp*),(Thf),] (Cp* = nS—CSMeS) are stud-
ied. It is assumed that the reactions afford hetero-d/f~-metal complexes. However, these complexes are not
observed but the transfer of chalcogens from Ni to Sm and the formation of [(Sm(Cp*),(Thf)),(u-S)] (III)

and [(Sm(Cp*),(Thf)),(u-Se)] (IV) occur. The second reaction products are [(L[PrNi)z(u—nzznz—Sz)] (V) in

the case of sulfur and [(LiPrNi')z(u-n6:n6-C7H8)2] (VI) in the case of selenium. All reaction products have

been described previously, but compounds III and V are isolated as new crystalline phase, the structures of
which are determined by X-ray diffraction analysis (CIF files CCDC nos. 1559045 (V) and 1559046 (III)).
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INTRODUCTION

Molecular complexes of lanthanides (Ln) bearing
the Ln—Q bond (Q = S, Se, Te) are scarce and poorly
studied. They are often named “unusual” or “nontra-
ditional,” since these complexes combine in one mol-
ecule a hard acid (Ln?*) and a soft base (chalcogenide
ligand), which leads to the manifestation of unusual
physical and chemical properties [1—3]. For example,
the results obtained by studying the luminescence of
the polynuclear chalcogenide complexes of lantha-
nides in the near-IR range showed that the introduc-
tion of the anionic chalcogen-containing ligands into
the coordination sphere of Ln?' substantially stabi-
lized the excited state and considerably increased the
quantum yield [4—7]. In addition, the lanthanide
chalcogenide complexes rich in unpaired electrons are
interesting from the viewpoint of magnetic properties.
For instance, the dysprosium complexes with the
bridging chalcogenolate ligands exhibit the properties
of single-molecule magnets [8, 9].

The experimental material available to the present
time suggests that the most interesting properties can
be expected for the polynuclear complexes among
which polychalcogenide and heteromagnetic com-
plexes containing different Ln or simultaneously Ln
and d-element in one molecule attract special atten-
tion. The development of methods for the synthesis of
these compounds is urgent.

We have previously developed an original approach
to the synthesis of one more class of “nontraditional”
lanthanide compounds, namely, polypnictide hetero-
Ln/d-metallic polynuclear complexes, which are syn-
thesized by the reduction of the polypnictide com-
plexes of d-metals with the Ln(II) compounds [10—
14]. The same approach was successfully used for the
synthesis of [FegLn,(u;-S)(1,n*-C0O),(CO)s(Cp*),]
by the reaction of [Fe,(u-n?1%-S,)(CO)¢] with
[Ln(Cp*),(Thf),] (Ln = Sm, Yb; Thfis tetrahydrofu-
ran) [15]. However, this is the single example of the
accomplishment of the “reduction” approach to chal-
cogenide hetero-Ln/d-metallic complexes so far. This
work is devoted to the further development of this
approach.

The purpose of the work is to study the reactions of
samarocene with the polychalcogenide nickel com-
plexes [(LP'Ni),(u-n*n?>-Sy)] (I) and [(L™Ni),(u-
n?n%-Se,)] (II), where L™ is CH[CMeN(2,6-
Pr,C¢H,)],, and to reveal the possibility of obtaining
chalcogenide Sm/Ni complexes.

EXPERIMENTAL

The reactions were carried out in evacuated sealed
ampules. The substances were loaded into a box filled
with argon. The starting complexes I and II and
[Sm(Cp*),(Thf),] were obtained according to
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described procedures ([16], [17], and [18], respec-
tively). Toluene was distilled over sodium and kept in
an evacuated vessel over a potassium—sodium alloy.
IR spectra were recorded on an FT-801 spectropho-
tometer (Simex) in KBr pellets.

Reaction of complex I with [Sm(Cp*),(Thf),]. A
two-section ampule was used, whose sections (A and
B) were arranged at an angle of 90°. The solid reac-
tants I (0.027 g, 0.025 mmol) and [Sm(Cp*),(Thf),]
(0.057 g, 0.1 mmol) were loaded into section A of the
ampule in the box filled with argon. The ampule was
attached to a vacuum condensation apparatus. Tolu-
ene (~15 mL) was condensed into the same section
cooled with liquid nitrogen. Then the ampule was
sealed off. The reaction mixture was stirred for 3 days
at room temperature. The obtained solution was
decanted to section B, after which section A was
placed in a vessel with cold water, while the solution in
section B was of room temperature. In approximately
one weak, the slow concentration of the solution by
the re-evaporation of the solvent to section A resulted
in the formation of a mixture of yellow crystals of the
[(Sm(Cp*),(Thf)),(u-S)] complex (III) and red crys-
tals of the [(L"Ni),(u-n%n3-S,)] complex (V). The
mother liquor was decanted to section A, and the crys-
tals were washed with a minor amount of toluene using
the backward condensation of a portion of the solvent
to section B and repeated decantation. The obtained
crystalline substance was dried by the cooling of sec-
tion A with liquid nitrogen, after which section B was
sealed off and placed in a box with argon, where sec-
tion B was opened and the crystals of compounds II1
and V were taken out. The overall weight of the crystals
was 0.031 g. The crystalline samples were separated
manually to record IR spectra.

The reaction of compound V with [Sm(Cp¥*),(Thf),]
was carried out similarly to that presented above start-
ing from complex II (0.020 g, 0.018 mmol) and
[Sm(Cp*),(Thf),] (0.040 g, 0.07 mmol). The overall
weight of the yellow crystals of complex
[(Sm(Cp*),(Thf)),(u-Se)] (IV) and the red crystals of

complex [(LP™Ni!),(u-n%n°-C,Hyg),] (VI) was 0.028 g.
The crystalline samples were separated manually to
record IR spectra.

X-ray diffraction analyses of complexes III and V
were conducted using a standard procedure on a
Bruker Apex DUO automated four-circle diffractom-
eter equipped with a two-coordinated CCD detector
(MoK, radiation, A = 0.71073 A, graphite monochro-
mator) at 150 K. Reflection intensities were measured
using the ¢ and ® scan modes for narrow (0.5°)
frames. An absorption correction was applied by the
SADABS program [19]. The structures were solved by
a direct method and refined by full-matrix least
squares in the anisotropic (for non-hydrogen atoms)
approximation using the SHELXTL program package
[20, 21] and the Olex2 program shell [22]. The crystal-
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lographic data and the experimental and refinement
details for compounds III and V are presented in
Table 1. Hydrogen atoms were localized geometrically
and refined in the rigid body approximation.

The cell parameters for the single crystals of
compounds IV (a = 10.864(4), b = 14.958(3), ¢ =
32.816(6) A, B =95.995(3)°, V'=5303.67(6) A%) and
VI (a = 10.738(2), b = 19.709(3), ¢ = 14.082(2) A,
B = 94.7513(10)°, ¥ = 2970.02(9) A3) determined
at 150 K are close to those for the structures of
compounds [(Sm(Cp*),(Thf)),(u-Se)] [23] and
[(L*"Ni"),(u-n°n°-C;Hy),] [24].

The X-ray diffraction data for the structures of
compounds III and V were deposited with the Cam-
bridge Crystallographic Data Centre (CIF files
CCDC nos. 1559045 (V) and 1559046 (III);
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.
uk/data_request/cif) and are available from the
authors.

RESULTS AND DISCUSSION

Compounds I (Scheme 1) and II (Scheme 2)
obtained by the treatment of the toluene Ni(I) com-
plex (VI) with the corresponding chalcogen [17, 18] a
priori look like convenient substrates for the synthesis
of the heterometallic derivatives in the reactions with
the Sm(IT) compounds. First, since they contain the
tetra- and dichalcogenide ligands and nickel in the
oxidation state +2, it is doubtless that compounds I
and II would act as oxidants with respect to Sm(II).
Second, the formation of anionic complexes with nuc-
leophilic centers (chalcogen atoms capable of coordi-
nating to Sm(III) in the absence of other nucleophilic
species in the solution) should be expected, because
the most probable result of reduction would be the
cleavage of the Q—Q bond (Q = S, Se). Third, the
presence of the bulky ligand L*" strongly bound to the
nickel atom should prevent the formation of polymeric
forms and/or the condensed solid phases, for example,
of nickel sulfide. One could expect a priori the result
similar to those observed in the reactions of [Fe,(u-

N*n?-$,)(CO)g] with [Ln(Cp*),(Thf),] (Ln = Sm,
Yb) leading to the formation of [FecLn,(u;-S)s(u,n2-
CO)4(CO)s(Cp*)y] [15].

To check this hypothesis, we studied the reactions
of compounds I and II with [Sm(Cp*),(Thf),] at dif-
ferent ratios of the reactants. It turned out that the sets
of reaction products were independent of the reactant
ratio. In the case of an excess of one of them, this reac-
tant remains unreacted. The ratio I (or II)
[Sm(Cp*),(Thf),] = 1: 4 is optimum from the view-
point of the maximum yield of the products.

The reaction of compound I  with
[Sm(Cp*),(Thf),] (Scheme 1) affords a mixture of
yellow and red crystals. It is established by the sin-
gle-crystal X-ray diffraction analysis method that
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Table 1. Crystallographic data and results of structure refinement for complexes III and V
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Value
Parameter
111 v

Empirical formula C4H760,SSm, CssHgoN,4S,Ni,
W 1017.84 1016.81
Crystal system Pl P2/n
Space group Triclinic Monoclinic
a, A 10.6211(4) 23.297(2)
b, A 15.4734(6) 10.6623(10)
c, A 15.7685(7) 23.715(2)
o, deg 65.7310(10) 90
B, deg 87.0980(10) 107.948(3)
v, deg 81.3380(10) 90
v, A3 2335.32(16) 5604.2(9)
4 2 4
Peale» £ €M 1.447 1.205
W, mm~! 2.569 0.785
F(000) 1040 2184
Crystal size, mm 0.3 x0.2 x0.05 0.45 % 0.2 X 0.08
Range of data collection over 0, deg 1.56—25.74 1.07—25.82
Ranges 4, k, [ —12<h<12, —28<h<28,

—18<k<18, —11 k<1,

—19</<19 —28<17<29
Number of measured/independent reflections 22597/8877 62140/10763
Number of observed reflections with 7> 26(/) 8035 8728
Completeness of data collection, % 99.4 99.6
Transmission max and min 0.7453/0.5840 0.7453/0.6847
Number of refined parameters 498 615
R factor (1 > 26(1)) 0.0187 0.0627
R factor (all data) 0.0222 0.0785
GOOF for F? 1.072 1.111
AP s/ AP mins €/A7 0.645/—0.411 2.371/—0.830
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Fig. 1. Structure of complex [(Sm(Cp*),(Thf)),(u-S)] (III). Ellipsoids are presented with 30% probability. Hydrogen atoms are omitted.

the yellow crystals represent [(Sm(Cp*),(Thf)),(u-
S)] (III) (Fig. 1), whereas the red crystals are com-
pound [(L"Ni),(u-n%n2-S,)] (V) (Fig. 2). Both
compounds have been known previously, but they
were isolated as other crystalline phases: complex
III' was synthesized by the reaction of
[(Sm(Cp*),(Thf)),] with Ph;P=S and isolated in

The results of the reaction of complex I with
[Sm(Cp*),(Thf),] indicate that, in this case, the
reduction of the tetrasulfide ligand occurs in fact, but
does not result in a heterometallic complex. “Exces-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

the form of a solvate with toluene (III - C;Hyg) [23],
whereas complex V was obtained by the treatment of
compound I with triphenylphosphine and isolated
in the form of another polymorph, namely, V' [16].
The structures of the isolated solid phases and their
distinctions from the earlier described structures are
discussed below.

sive” sulfur is detached, and decamethylsamaroce-
nium sulfide III is formed. The nickel complex loses
two of four sulfur atoms, and the remaining sulfur
atoms form a disulfide bridge between the nickel

No.2 2018



REACTIONS OF CHALCOGENIDE B-DIIMINATE NICKEL COMPLEXES 151

Fig. 2. Structure of complex [(L"P rNi)z(u—n2:n2—S2)] (V). Ellipsoids are presented with 30% probability. Crystallographilically
equivalent fragments are shown in the ball-and-stick model. Hydrogen atoms are omitted.

atoms. The oxidation state of nickel remains
unchanged.

Unlike compound I, complex II containing the
diselenide bridging ligand (Scheme 2) reacts with

[(Sm(Cp*),(Thf)),] under the same conditions, lead-
ing to the reduction of the diselenide ligand to the sel-

enide ligand and to the reduction of the Ni(II) ion to
Ni(I).

Scheme 2.

As in the case of sulfur, a mixture of yellow and red
crystals was isolated and identified by the crystal cell
parameters (see Experimental) and the coincidence of
the IR spectra with those of the authentic samples of
compounds IV and VI, respectively. Compound IV
was earlier obtained by the reaction of
[(Sm(Cp*),(Thf)),] with Se [23], whereas complex VI
was synthesized by the reduction of [LP'Ni(u-
Br),Li(Thf)], with a K/Na alloy in toluene [24].

The structures of the crystalline phases of com-
pounds IIT and V were established by X-ray diffraction

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

analysis for single-crystal samples selected from a
mixture of the crystals formed during the slow evapo-
ration of the reaction solution.

The crystalline phase of complex III isolated by us
is established to contain molecules of the complex,
whose geometry is almost identical to that of com-
pound III - C;Hg [23] (Table 2). This indicates its rel-
ative spatial rigidity, although a certain mobility of the
coordination sphere could be expected for the lantha-
nide complexes. Both crystallographically nonequiva-
lent Sm atoms in compound III exist in the same envi-
ronments of the carbon atoms of two Cp* ligands, the
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Fig. 3. Packing fragments for compounds (a) [(Sm(Cp*),(Thf)),(u-S)] (IIT) and (b) III - C;Hg (C—H---% contacts are shown by

solid lines).

oxygen atom of tetrahydrofuran, and the S atom.
According to the CCDC data, the corresponding bond
lengths lie in the expected range. The SmSSm angles
somewhat deviate from 180°, which is mainly observed
in a yet few examples of similar complexes with the
{Ln—S—Ln} fragment [25—27]. The distinctions in the

crystal packings of compounds III and III - C;Hg are
observed because of the absence of solvate molecules
in III and the presence of those in III - C;Hg. In the
case of complex III, the molecules of the complex are
mutually parallel, since crystallographically they are
linked only by the inversion center and translation. In

Table 2. Selected interatomic distances and bond angles in complexes IIT and V and in the crystalline phases of compounds

III - C;Hg [13] and V' [14]

Value
Parameter
111 III * C7H8 V V‘

M-S, A 2.6650(6), 2.6647(13), 2.2083(12), 2.2085(13), |2.1934(10),2.2203(10),

2.6821(6) 2.6626(12) 2.2067(13), 2.2286(14) |2.1989(11), 2.2054(10)
MSM, deg 169.18(2) 169.95(5) 110.40(5), 111.67(6) 108.48(4), 109.70(4)
X—M-M-X (X=0, N), deg 73.67(6) 72.54(11) 29.1(2), 35.2(2)* 34.7(1), 39.8(2)*
MM, A 5.3235(5) 5.3069(13) 3.6268(7), 3.6701(8) 3.5913(6)
Centroid C5—Sm—centroid C5, deg | 131.877(11), 132.54(2),

130.773(11) 132.36(2)

* The smallest angle.
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Fig. 4. Packing fragments for compounds (a) [(L"P "Ni)5( u—nzznz—sz)] (V) and (b) V'. The phenyl rings of the ligands are omitted.

the case of compound III - C;Hg, the adjacent mole-
cules are arranged at an angle of 38.2° to each other
(the angle between the lines connecting the Sm atoms
in the molecule) due to the 2, axis and the ¢ plane. The
relative arrangements of the Cp* ligands in the adja-
cent molecules also differ. In the phase of compound
II1, the nearest Cp* ligands are parallel. The distance
between the C atom of the methyl group and the center
of the adjacent ring (Fig. 3) is 3.582(6) A, indicating
the presence of pair intermolecular contacts C—H--x
[28]. Similar ordinary contacts are also observed in the
phase of III - C;Hy (the corresponding distance is

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

3.536(6) A). However, the planes of the rings of the
Cp* ligands are not mutually parallel but lie at an angle
of 76.2° to each other. This is related, most likely, to
the solvate toluene molecules also interacting similarly
due to the (C¢H;5)CH;-m(Cp*) contacts (C--C
3.464(8) A).

The phase of compound V contains two crystallo-
graphically independent molecules with the C, sym-
metry (Fig. 2). In these molecules, the coordination
mode is a distorted square. The molecules in the phase
of V' have the C, symmetry due to minor quantitative
differences in the bond lengths and angles (Table 2). In
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the case of compound V, the {Ni,S,} fragments are
somewhat more planar than those in compound V',
which appears as smaller NiSNi angles (by 4.5°) and
shorter Ni--Ni distances (by 0.03 and 0.08 A) in V.
The packings of the complex are different (Fig. 4). The
molecules in V' are oriented along one direction (the
angle between the lines connecting the Ni atoms in the
molecule is 0° and 9.6°). The layers inside which the
molecules are oriented along one direction can be dis-
tinguished in the phase of compound V, whereas in the
adjacent layers the molecules are arranged nearly at
the right angle (85.6°) to each other. It can be assumed
that different phases are formed because of different
crystallization conditions: slow evaporation in the case
of V and cooling of the solution in the case of V'.

Thus, we found that no heterometallic complexes
were formed in the studied reactions of complexes I and
II with decamethylsamarocene [Sm(Cp*),(Thf),]. The
result of the reactions is the reduction of the polychalco-
genide ligand. In the case of selenium, the reduction is
also accompanied by the reduction of Ni(II) to Ni(I). In
the cases of both sulfur and selenium, the binuclear
homometallic samarium complexes [(Sm(Cp*),-
(Thf)),(u-Q)] (Q =S, Se) are formed.
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