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Abstract—Heterometallic complexes with pyridine-N-oxide (PyO), Ru(NO)(NO,),(OH)Ni(PyO),(H,0)] -
CH;COCH; (I), [{Ru(NO)(NO,),(1-NO,),(n-OH)Co},(n-PyO)] H,O0 CH;COCH (II), and
[Ru(NO)(NO,)4(OH)Cu(PyO), (IIl), are isolated in the reactions of Na,[Ru(NO)(NO,),(OH)] with
nitrates of the corresponding metals in the presence of the organic ligand. The compounds synthesized are
characterized by IR spectra, thermal analysis, and X-ray diffraction analysis. Depending on the M%* cation,
the ruthenium cation is coordinated through the bidentate (III, Cu?*) or tridentate (I, Ni** and II, Co?*)
mode involving the bridging OH group and one or two NO, groups. The thermal decomposition of
complex II results in the formation of a Co, sRu 5 solid solution, which is thermodynamically stable under
the decomposition conditions. The thermolysis of complexes I and III in a hydrogen atmosphere leads to the

formation of metastable solid solutions.
DOI: 10.1134/S1070328413040064

INTRODUCTION

One of promising directions of research in the area
of the chemistry of ruthenium nitroso complexes is
related to the development of catalytic technologies
using supported powders of particles of different dis-
persity [1—3]. In this area, the use of catalysts based on
solid solutions of ruthenium with cheaper metals
makes it possible to decrease their cost and, in some
cases, results in a synergetic increase in the catalytic
activity [4]. The use of precursors already containing
two different metals is rather promising for the synthe-
sis of bimetallic catalysts. Comparatively low thermol-
ysis temperatures for similar precursors in a reductive
atmosphere allow one to obtain phases of individual
metals and solid solutions, including metastable ones.
The most part of studies in this area is devoted to
binary complex salts of nitrosoaminoruthenium cat-
ions [5—7] in which the counterions containing differ-
ent metals are bound by the electrostatic interaction
only. At the same time, the synthesis of heterometallic
complexes in which the nitrosoruthenium group is
linked with the transition metal through the short
bridging ligand (as, e.g., in cyanometallates [8—10])
enlarges the scope of objects that are potentially suit-
able as precursors.

We have earlier shown that the use of heterometal-
lic cobalt complexes as bimetallic precursors [11] gives
a stable Ru—Co solid solution in which the metal ratio
is determined by the stoichiometry of the initial com-
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plex. Since in the Ru—Ni and Ru—Cu systems the
mutual solubility of metals in the solid state is
restricted or absent, it is of interest to synthesize heter-
ometallic complexes of these metals and to study their
thermal properties for the formation of metastable
solid solutions. The studies of the thermolysis of the
[Ru(NO)(NO,),(OH)NiPy;] complex [11] showed
that the thermal decomposition in an inert atmo-
sphere led to the formation of solid solutions, whose
composition was close to the solubility boundaries of
these metals.

In this work, the heterometallic complexes of cop-
per, nickel, and cobalt with [Ru(NO)(NO,),(OH)]*~
and pyridine-N-oxide as ligands were synthesized and
studied by X-ray diffraction analysis. Their thermoly-
sis products in inert and reductive atmospheres were
examined.

EXPERIMENTAL

All reagents and solvents used were at least reagent
grade, and Na,[Ru(NO)(NO,),(OH)] - 2H,0O was
synthesized from ruthenium(III) chloride according
to a described procedure [12].

Synthesis of [Ru(NO)(NO [Ru(NO)(NO,),(pn-
NO,),(n-OH)Ni(PyO),(H,0)] CH;COCH; (D).
Weighed samples of Ni(NO;), - 6H,O (0.1485 g, 5.1 x
10~* mol) and Na,[Ru(NO)(NO,), (OH)] - 2H,0
(0.2111 g, 5.1 x 10~* mol) were dissolved in acetone
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(6 mL), and the mixture was stirred for 1 h. A precipi-
tate of NaNO; was separated, a solution of pyridine-
N-oxide (1.04 mL) in acetone (0.67 mol/L) was added
to a transparent yellow-green solution, and the result-
ing solution was stirred for 30 min. Diethyl ether
(6 mL) was added to the mixture cooled to —5°C, and
complex I was isolated as a solvate with acetone. The
yield of complex I was 87%.

For C13H19N7014NiRu
calculated (%): C, 23.73;
Found (%): C, 23.24;

H, 2.89;
H, 2.61;

N, 14.91.
N, 15.35.

IR (v, cm™!): 3460 v(OH); 1907 v(NO) of nitroso
group; 1465, 1436 v, (NO,); 1332, 1317 v(NO,);
1207 v(NO) of pyridine oxide molecules; 821, 833
O(NO,).

Synthesis of [{RuNO(NO,),(n-NO,),(n-
OH)Co},(p-PyO)] - H,O - CH;COCH; (II). Weighed
samples of Co(NO;), - 6H,O (0.0582 g, 2.0 x
104 mol) and Na,[Ru(NO)(NO,),(OH)] - 2H,0
(0.0828 g, 2.0 x 10~* mol) were dissolved in acetone
(3 mL), and the mixture was stirred for 1 h. After a
precipitate of sodium nitrate was separated, pyridine-
N-oxide (0.057 g, 6 x 10~ mol) was added to the
obtained solution. The reaction mixture was stirred for
30 min and cooled to —5°C, diethyl ether (4 mL) was
added, and complex II was isolated as dark red crys-
tals. The yield of complex II was 84%.

For C28H35N15027C02RUZ
calculated (%): C, 25.27;
Found (%): C, 25.83;

H, 2.63;
H, 2.51;

N, 15.80.
N, 16.32.

IR (v, cm™"): 3531, 3464 v(OH); 1902 v(NO) of
nitroso group; 1444, 1402 v, (NO,); 1338, 1319
Vvi(NO,); 1205 v(NO) of pyridine oxide molecules;
829 0(NO,).

Synthesis of [RuNO(NO,),(n-NO,),(p-
OH)Cu(PyO),] (III). Weighed samples of Cu(NO,), -
3H,LO (0.12 g, 5 x 10* mol) and
Na,[RuNO(NO,),OH] - 2H,0 (0.207 g, 5 x 10~*mol)
were dissolved in acetone (4 mL), and the mixture was
stirred for 1 h. After a precipitate of sodium nitrate was
separated, a solution of pyridine-N-oxide (1.5 mL) in
acetone (0.67 mol/L) was added to the reaction mix-
ture, which was stirred for 30 min more. The solution
was cooled to —5°C, diethyl ether was added, and
complex III was isolated as dark green crystals. The
yield of complex IIT was 92%.

For C10H11N7012CURU
calculated (%): C, 20.51;
Found (%): C, 19.90;

H, 1.88;
H, 2.04;

N, 16.75.
N, 16.20.

IR (v, cm™1): 3331 v(OH); 1907 v(NO) of nitroso
group; 1467, 1444, 1392 v_(NO,); 1344, 1328, 1313
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v{(NO,); 1207 v(NO) of pyridine oxide molecules;
817, 837 5(NO,).

Thermal analysis was carried out on a Paulic-Erdey
Q-1000 derivatograph in a helium atmosphere in open
crucibles with the heating rate ranging from 1 to
10°C/min. Energy dispersive analysis was performed
on a JEOL JSM 6700F scanning electron microscope
with an EX23000BU(EDS) energy dispersive ana-
lyzer.

X-ray diffraction study was carried out on a
DRON-SEIFERT-RM4 diffractometer (Cuk,, radia-
tion, graphite monochromator, reflected beam). Dif-
fraction patterns were detected in the stepwise regime
in the 20 range from 5° to 60° for the complexes and
from 5° to 135° for the thermolysis products. The
compositions of solid solutions were estimated from
the additivity of atomic volumes.

X-ray diffraction analysis. Single crystals of the
complexes were obtained by the slow diffusion of hex-
ane or diethyl ether into solutions of the complexes in
acetone. Diffraction data were obtained on a Bruker
Nonius X8Apex CCD diffractometer at 298 K (MoK,
radiation, graphite monochromator, @, ® scan mode).
Structures I-III were solved by direct methods and
refined by the full-matrix least-squares method
(SHELXTL) [13]. Positions of hydrogen atoms were
calculated geometrically. The main crystallographic
parameters and experimental characteristics are given
in Table 1.

The coordinates of atoms and other parameters of
structures I—III were deposited with the Cambridge
Crystallographic Data Centre (nos. 902905 (I),
902906 (II), and 902907 (III); deposit@ccdc.cam.
ac.uk or http://www.ccdc.cam.ac.uk/data_request/

cif).

RESULTS AND DISCUSSION

As in the earlier synthesized complexes with triph-
enylphosphine oxide (TPPO) and pyridine [11, 14], in
complexes I-III with pyridine oxide the ruthenium
fragment acts as a bi- and tridentate ligand, coordinat-
ing to the M?* cation by the bridging hydroxo and
nitro groups. However, the formation of heterometal-
lic complexes in the presence of pyridine-N-oxide has
several specific features. First, this reaction is more
sensitive to the ratio of the starting reagents. When a
six- and sevenfold molar excess of pyridine-N-oxide is
applied or [M(PyO)¢](NO>), are used as starting com-
pounds, the major products are poorly soluble binary
complex salts [M(PyO)¢][RuNO(NO,),OH], whose
composition was confirmed by elemental analysis
data. The quantitative formation of the heterometallic
complexes with the coordination of the ruthenium
anion to the non-ferrous metal cation is observed only
at a two- and threefold molar excess of pyridine-N-
oxide with respect to Ru—M. Second, in some cases,
the coordination sphere of M?* of the complexes with
pyridine oxide includes water molecules. Third, in the

No. 4 2013



SYNTHESIS, STRUCTURES, AND THERMOLYSIS OF NEW HETEROMETALLIC COBALT 355
Table 1. Crystallographic data and experimental and refinement characteristics for structures I-III
Value
Parameter

I- CH;COCHj; IT- H,O - CH;COCHj; I
Empirical formula C3H9yN;O4NiRu CysH;35N50,7,Co,RuU, C,0H;N;O;,CuRu
Formula weight 657.13 1329.21 585.86
Crystal system Monoclinic Monoclinic Orthorhombic
Space group P2, P2,/n Fdd?2
a, A 12.3896(16) 10.3794(2) 32.8477(19)
b, A 5.7463(5) 25.7258(7) 36.969(2)
c, A 16.146(2) 18.4319(5) 6.3470(3)
o, deg
3, deg 94.287(3) 95.827(1)
Y, deg
v, A3 1146.3(2) 4896.2(2) 7707.4(7)
zZ 2 4 16
Pealed &/cm’ 1.904 1.803 2.016
u, mm™! 1.564 1.373 1.966
Crystal size, mm 0.35 x 0.08 x 0.04 0.33 x 0.22 x 0.07 0.22 x 0.04 x 0.02
F(000) 660 2654 4608
Scan range, 0, deg 1.65—28.28 1.36—26.37 2.20-26.37
Ranges of reflection indices —16<h<16,—4<k<7,|—-12<h<7,-32<k<32,|-40<h<40,—-46<k<46,

—21<17<21 —22<1<23 —4<[<7

Number of measured reflections 9111 31151 13745
Number of independent reflections 4297 (0.0392) 9951 (0.0295) 3205 (0.0403)
(Rim)
Number of reflections with /> 2c(/) 3945 7782 2781
Number of refined parameters 329 709 281
Goodness-of-fit 1.061 1.081 1.048
Ry, wR, (I>25(1)) 0.0498, 0.1202 0.0386, 0.0997 0.0335, 0.0810
R|, wR, (all reflections) 0.0545, 0.1233 0.0549, 0.1071 0.0419, 0.0839
AP/ APrmin> € A7 1.936/—3.484 1.253/—0.844 0.495/—0.373
case of cobalt, a tetranuclear complex is formed, are coordinated to the cobalt atom in each

where one of the pyridine oxide molecules is bridging
between two Ru—Co fragments.

The crystalline lattice of complex I is formed by molec-
ular fragments [Ru(NO)(NO,),(OH)Ni(PyO),(H,0)]
(Fig. 1) joined by hydrogen bonds O(20)—H---O(2) (x,
y—1, 7 and O(20)—H---0Q2) (1 —x,y—1/2,1 — 2).
The nickel cation is in the distorted octahedral envi-
ronment of six oxygen atoms: two pyridine oxide mol-
ecules, one coordinated water molecule, and three
bridging groups (OH, NO,). The Ni—O distances were
2.011(4)—2.077(4) A (Table 2). The central angles at
the nickel atom range from 85.5(2)° to 95.8(2)°.

The crystalline lattice of complex II is formed
by tetranuclear molecular particles
[[Ru(NO)(NO,),(OH)Co(PyO),],-uPyO]. Three
oxygen atoms of the OH and NO, bridging groups and
three oxygen atoms of molecules of the organic ligands
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[Ru(NO)(NO,),(OH)Co(PyO),] fragment. As in the
case of the heterometallic cobalt complexes with pyri-
dine and TPPO, the Co—ONO bonds are by 0.15—
0.2 A longer than the Co—OH and Co—OPy distances.
The tetramer is additionally stabilized by hydrogen
bonds between the OH group of one
[Ru(NO)(NO,),(OH)Co(PyO),] fragment and the
oxygen atom of the nearest pyridine oxide molecule of
the second fragment (Fig. 2).

The structure of the Ru—Cu coordination node in
complex III (Fig. 3) is similar to that of the earlier syn-
thesized [Ru(NO)(NO,),(OH)Cu(Py),] complex
with the coordination mode 4 + 2 [15]. The shortest
bonds are formed by the copper cation with the oxygen
atoms of the pyridine oxide molecules (1.910(4) and
1.930(5) A), the bridging hydroxo group (1.963(4) A),
and the bridging nitro group (2.025(4) A). The dis-
2013
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Fig. 1. Structure of complex I. Intermolecular hydrogen
bonds are shown by dashed lines.

torted square environment (the bond angles at the
copper atom vary in the range from 83.5° to 95.4°) is
supplemented along the axial coordinate by the oxy-
gen atoms of the nitro groups O(41) and O(42) (x, y,
z7— 1) (Cu—0 2.466(5) and 2.491(5) A).

The structure of the ruthenium fragment changes
weakly upon coordination. As for the earlier studied
heterometallic complexes with this anion, some elon-
gation of the N—O bonds in the bridging nitro groups
is observed (Table 3).

The thermal decomposition curves for
complexes I-III in a helium atmosphere are pre-
sented in Fig. 4. Four to five stages of decomposition
can be distinguished from the curves of differential
mass loss for all the three complexes. The tempera-
tures of decomposition onset for complexes II (154°C)
and III (136°C) are similar to those for the pyridine
analogs [11]. Complex I is less stable because of the
solvate acetone molecules and begins to lose its mass at
50—60°C, and the experimental mass loss at the first

Table 2. Characteristic distances in the coordination envi-
ronment of the non-ferrous metal for complexes I—III

d, A
Bond
I I III

M—-OH 2.014(5) |[2.007(3), 2.006(3) 1.963(4)
M-L 2.011(4) [1.995(4)—2.143(3)| 1.910(4)
2.079(4) 1.930(5)
M—ONO | 2.063(5) |2.133(4)—2.196(4)| 2.025(4)
2.077(4) 2.466(5)
2.491(5)

M-OH, 2.054(5)
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Fig. 2. Structure of complex II. Intramolecular hydrogen
bonds are shown by dashed lines.

stage (below 95°C) equal to 4.8% is close to the theo-
retical value (4.3%) corresponding to the solvate ace-
tone molecule. The study of the thermal decomposi-
tion of different [Ru(NO)(NO,),(OH)] salts [16, 17]
shows that the first decomposition stage is associated
with the detachment of the hydroxo group and the
mass loss corresponding to this stage (40—50 au) cor-
responds to the removal of at least one nitro group. For
complexes II and III, the first endothermic stage is
finished at 180—190°C and the mass loss (based on
one ruthenium atom) is 45—55 au, which is qualita-
tively consistent with the character of ruthenium
anion decomposition. The nitrosoruthenium group
decomposes in the temperature range from 200 to
400°C, which is accompanied in these complexes by
the elimination of organic ligands and their oxidation
by the nitroso and nitro groups.

The character of decomposition of the nickel and
copper complexes in inert and reductive atmospheres
(Fig. 4) is almost the same below 200—210°C, indi-
rectly indicating the absence of redox processes at the
first stages of decomposition. The further reduction of
the nitrosoruthenium group in a hydrogen atmosphere
is faster and forms metallic phases (including solid
solutions) at 300—400°C.

The thermolysis products were identified by the
powder diffraction method. Bimetallic mixtures are
the only decomposition products observed in the dif-
fraction patterns (Table 4). For the decomposition in a
reductive atmosphere, the experimental mass loss cor-
responds well to the theoretical value for the metallic
products. For the decomposition in an inert atmo-
sphere, the theoretical mass loss corresponding to the
“M—Ru” products is lower than the experimental
value because of the presence of amorphous carbon,
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which is formed due to the partial oxidation of the
ligands, in the final products.

The Co—Ru system forms a continuous series of
solid solutions. The diffraction pattern of the metallic
powder obtained by the thermolysis of complex II
exhibits peaks related to a RujsCo, s solid solution
corresponding to the stoichiometry of the starting
complex, and the positions of the peaks coincide with
the standard values for the Ruy 5,Coy 5, solid solution
(standard data file PDF, 65-8976 [18]). The average
size of the crystallites determined by peak broadening
is 30—40 nm. The Ni—Ru phase diagram is peritectic.
At temperatures lower than the peritectic point
(1550°C), only two types of solid solutions [19] are
thermodynamically stable: those based on the face
centered cubic (fcc) crystalline lattice of nickel and
the crystalline lattice of ruthenium with the hexagonal
close packing (hcp), respectively. The mutual solubil-
ity of these metals is 5—10% in the temperature range
from 500 to 700°C. Solid residues obtained after the
thermal decomposition of complex I in an inert atmo-
sphere or in hydrogen are a mixture of two solid solu-
tions based on nickel and ruthenium. A decrease in the
final thermolysis temperature on going to the reduc-
tive atmosphere results in the enrichment of the ruthe-
nium-based solid solution in nickel. Only one prod-
uct, viz., a solid solution based on the hcp of ruthe-
nium, can be identified by powder diffraction at
temperatures below 450°C. Since the energy disper-
sive analysis data and the experimental mass loss under
these conditions are well consistent with the formation
of the 1 : 1 metallic mixture, it can be assumed that an
X-ray amorphous nickel-based solid solution is the
second product at the final temperature equal to 300—
400°C as well.

No regions of mutual solubility of these metals in
the solid state are observed in the phase diagram of the
Ru—Cu system. Metallic copper and ruthenium are
the only products of the thermolysis of complex III in
an inert atmosphere at a final temperature of 850°C. A
decrease in the decomposition temperature to 430°C
on going to the reductive atmosphere results in the for-
mation of two solid solutions based on copper and
ruthenium. At a lower heating rate (1°C/min), the
thermal decomposition of complex III ceases at 300—
320°C, and the final mass loss corresponds well to the
formation of a metallic mixture. As in the case of
nickel complex I, a decrease in the decomposition
temperature results in a decrease in the crystallite size
and mutual enrichment of the solid solutions formed.

A comparison of the data on the thermal decompo-
sition of complexes I—III in an atmosphere of helium
and hydrogen and on the products obtained suggests
that the decomposition stage in an inert atmosphere at
400—500°C observed for all complexes corresponds to
the reduction of ruthenium oxide according to the
equation

RuO, + 2C = Ru + 2CO,

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
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Fig. 3. Structures of two adjacent molecules of
complex III. Additional copper—oxygen interactions are
shown by dashed lines.

where carbon-containing thermolysis products of the
organic ligands participate as reducing agents. Indeed,
the mass loss at this stage (~10% of the initial mass for
all compounds studied) coincides satisfactorily with

Table 3. Characteristic distances and bond angles in the co-
ordination environment of ruthenium for complexes I—III

d, A
Bond
I 11 I
Ru—NO 1.754(5) 1.754(4) 1.767(6)
1.758(5)
Ru—OH 1.964(4) 1.952(3) 1.960(4)
1.952(3)
Ru—NOj (ojm™ 2.067 2.073 2.087
N—-O(NO; (¢rm)* 1.238 1.209 1.225
Ru—p-NO,* 2.090 2.091 2.087
N-—O(u-NO,)* 1.214 1.223 1.235
N—-O(pu-NO,) ** 1.294 1.263 1.256
o, deg
Angle
I 11 111
ONO(NOy (erm)* 120.1 118.3 120.9
ONO(p-NO,)* 117.8 118.7 118.8

Notes: * Average bond lengths and angles for the corresponding
fragments.
** Distances to the oxygen atoms involved in coordination
to M2+,
Vol. 39
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Fig. 4. Thermograms for complexes (/) I, (2) II, and (3) IIl in an inert (He) atmosphere and for complexes (4) I and (5) IIlin a
reductive (H,) atmosphere.

the theoretical value (10.0% for complex III and 8.9%
for complexes I and II). Metallic copper is the single
product of the decomposition of complex III in a
helium atmosphere below 400°C. The subsequent
keeping of the sample for 240 min at this temperature

results in a mass loss of 10.5% of the initial value
(Table 4). The final products contain metallic copper
and ruthenium forming no solid solutions in this case,
unlike the thermolysis products of complex III in
hydrogen at the same temperature.

Table 4. Phase composition of the thermolysis products of complexes I-III upon calcination with a rate of 10°C/min

Complex |Atmosphere| Final temperature, °C | Final mass, % | Ratio M : Ru Phases Crystallite size, nm
I He 860 27.2 NijpgRug 35—-40
Nig 15Rug g5
H, 600 25.8 Nij 94Ruy 6 14-21
Nig 26Ru 74
H, 450 24.6 1,1:1 Nig 3Rug 5 6—8
H,* 400 24.4 1,2:1 Nig 3Rug 5 3-5
H,* 300 24.7 1,2:1 Nig 33Ruq 67 3-5
I He 860 28.4 Cog sRuy 5 32—-36
III He 860 29.5 Cu + Ru 42—49
He 400 50.5 Cu
He 400 (240 min annealing) 39.9 Cu+ Ru
H, 450 29.1 1,1:1 Cug 75Ruy 55 6—7
Cuyg sRug 95
H,* 350 29.0 1,2:1 Cug g4Ruy 16 4—6
Cug ;gRug g
H,* 300 28.9 1,2:1 Cuy g4Ruy 46 4—6
Cug3Ruq 7
* The heating rate is 1°C/min.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 39 No. 4 2013
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Based on the above data, we assume that the
decomposition of the complexes in a hydrogen atmo-
sphere leads to the simultaneous reduction of a non-
ferrous metal (Co, Ni, Cu) and ruthenium favoring
the formation of solid solutions, whereas the decom-
position in a helium atmosphere results in the forma-
tion of metallic ruthenium at 400—500°C due to the
reduction of RuQ, by the products of organic ligand
decomposition, and the non-ferrous metal (Cu, Ni,
Co) is reduced at lower temperatures.
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