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Abstract—Three new heteronuclear complexes [Ru(NO)(NO,),(OH)M(Py);] (M = Co**, Ni**, Zn>*) were
synthesized and structurally characterized. In all compounds, the [Ru(NO)(NO,),(OH)] fragment is coordi-
nated to the M atom by a bridging OH and two bridging NO, groups. The coordination environment of the metal
also includes three pyridine nitrogen atoms. Thermal decomposition of cobalt and nickel complexes in an inert

atmosphere yields bimetallic solid solutions.
DOI: 10.1134/S1070328409010126

Nano-sized metallic and metal oxide systems are of
considerable interest owing to their potential use for the
design of catalysts, ceramics, powder and film materi-
als. Research along this line resulted in the develop-
ment of numerous synthetic procedures based on the
use of easily decomposing metal complexes or organo-
metallic compounds, i.e., molecular precursors. Precur-
sors containing atoms of two or more metals within the
same molecule are most promising for the design of
mixed bi- and polymetallic phases. The main advantage
of these compounds is their stoichiometricity, which
strictly specifies the composition of the resulting
phases. Moreover, such precursors can be directly pre-
cipitated from solutions onto a substrate, which allows
the production of heterometallic particles supported on
various porous substrates.

Salts containing a complex cation of one metal and
a complex anion of another metal were proposed to pro-
duce highly dispersed powders of solid solutions (Ir—
Pd, Rh—-Pd, Co-Pd, Co-Pt) [1, 2]. An extensive range of
alkoxide [3-5] and carboxylate [6] complexes was used
to prepare mixed oxide phases M;M,0,. Heterometallic
complexes with bis(3-hydroxysalicylidene)ethylenedi-
amine were proposed for the production of supercon-
ducting ceramics based on lanthanide oxides [7].

For obtaining compounds, precursors of metal
alloys, it is desirable to use complexes stable under con-
ditions of syntheses. Nitroso compounds are perhaps
the only class of ruthenium derivatives stable against
redox transformations. The [Ru(NO)(NO,),(OH)]*
anion is one of ruthenium complexes most stable in
aqueous solutions [8] and easily obtained in a nearly
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yield from commercial ruthenium trichloride [9]. Previ-
ously we found that this anion can function as a triden-
tate ligand with respect to cobalt, nickel, and zinc com-
plexes with triphenylphosphine oxide (TPPO) [10].
The distances between the ruthenium and transition
metal atoms in these heteronuclear complexes are rela-
tively short (3.27-3.39 A), which allows considering
these compounds as the most promising precursors for
the preparation of bimetallic solid solutions. However,
the presence of a phosphoryl group in the described
compounds may give rise to undesired products of ther-
molysis, e.g., phosphates and phosphides. The replace-
ment of TPPO by a phosphorus-free neutral organic
ligand would eliminate this problem.

The purpose of this work was to prepare and study
the structures and thermal properties of heteronuclear
pyridine complexes of Co, Ni, and Zn with the
[Ru(NO)(NO,),(OH)]* anion.

EXPERIMENTAL

All the reagents and solvents used in the work were
at least reagent grade. Na,[Ru(NO)(NO,),(OH)] - 2H,0O
was synthesized from ruthenium(IIl) chloride accord-
ing to a reported procedure [9]. The IR spectrum and X-
ray diffraction pattern of the obtained compound were
consistent with published data [11, 12]. The complexes
M(Py)4(NOs), - 2Py (“M(Py)((NOs),") prepared by a
previously described procedure [13] were used imme-
diately after preparation.

The UV/Vis spectra of solutions of the complexes in
acetone were measured on a Shimadzu UV1700 spec-
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trophotometer and the IR spectra were recorded on a
Specord M80 instrument (KBr pellets).

Powder X-ray diffraction analysis of the complexes
was carried on a DRON-SEIFERT-RM4 diffractometer
(CuK, radiation, graphite monochromator on a
reflected beam). The X-ray diffraction patterns were
recorded in a step-by-step mode in the 20 range of 5°—
60° for the complex salts and in the 5°—135° range for
the thermolysis products. The phase compositions of
solid solutions were estimated proceeding from the
additivity of atomic volumes.

Thermal analysis was carried out on a Q-1000 Pau-
lik—Paulik—Erdey derivatograph in a helium atmo-
sphere in open crucibles at a heating rate of 10 K/min.

Synthesis of [Ru(NO)(NO,),(OH)M(Py);] (M = Ni
(D, Co (II), or Zn (III)). Exact weighed portions of
M(Py)4(NO3), (0.1 mmol) and Na,[RuNO(NO,),OH] -
2H,0 (0.1 mmol) were dissolved in a minimum volume
of acetone or ethanol (3—5 ml). After stirring for 1 to
2 h, the solution was concentrated to 2 ml and the pre-
cipitated NaNO; was separated. An excess of hexane
(10-15 ml) was added to the filtrate to precipitate het-
erometallic complexes I-III as finely crystalline pow-
ders (red for complex II and light yellow for complexes
I and III). Yield 88-95%.

For C15H16N8010RUNi (I)
C, 28.7,
C,27.8;

H, 2.57;
H, 2.29;

N, 17.8.
N, 16.9.

anal. calcd. %:
Found (%):

IR (v, cm™): 3447 v(OH); 1907 v(NO); 1469, 1448,
1419 v,(NO,); 1336, 1311, 1292 v(NO,); 840, 829
8(NO,). UV/Vis: 623 nm (g = 16).

For C15H16N8010RHC0 (II)
C, 28.7;
C, 277,

H, 2.57;
H, 2.51;

N, 17.8.
N, 17.3.

anal. calcd. %:
Found (%):

IR (v, Cm‘l): 3456 v(OH); 1917 v(NO); 1462, 1444,
1412 v, (NO,); 1334, 1317, 1292 v(NO,); 835, 821
d(NO,). UV/Vis: 519 nm (e = 81.6).

For C15H16N8010Ru2n (III)
C, 28.4;
C, 28.1;

H, 2.54;
H, 2.52;

N, 17.7.
N, 17.3.

anal. calcd. %:
Found (%):

IR (v, cm™): 3481 v(OH); 1909 v(NO); 1462, 1415
v, (NO,); 1329, 1311, 1300 v,(NO,); 833, 819 §(NO,).

X-Ray Diffraction. The single crystals of com-
plexes I-III were prepared by slow diffusion of hexane
into solutions of the complexes in acetone. X-Ray dif-
fraction data (293 K) were collected on a Bruker Non-
ius X8Apex CCD diffractometer (MoK, radiation,
graphite monochromator, @,0-scan mode). The absorp-
tion corrections were applied by the SADABS program
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[14]. The structures of I-III were solved by the direct
method and refined by full-matrix least squares method
(SHELXTL [14]). The position of the hydroxy group
hydrogen atom H(9) was determined from the differ-
ence electron density synthesis and refined isotropi-
cally. The positions of other hydrogen atoms were cal-
culated geometrically. The crystal data and X-ray
experiment details for I-III are summarized in Table 1
and selected bond lengths and angles are in Tables 2
and 3. The powder X-ray diffraction patterns for I-I1I
coincide with theoretical ones calculated for the single
crystals.

The CIF files containing full information about the
structures of I-III are deposited with the Cambridge
Crystallographic Data Collection (no. 656431-
656433).

RESULTS AND DISCUSSION

The structural units of crystals I-III are isostruc-
tural [Ru(NO)(NO,),(OH)M(Py);] molecules (Fig. 1).
The shortest intermolecular distances O(1H)--O(142)
(1-x,1-y,1—z) vary from 3.032 A (IT) to 3.110 A (D).
The M atom in complexes I-1II is coordinated by three
nitrogen atoms of the pyridine molecules (Fig. 1), the p-
bridging OH group, and two bidentate bridging nitro
groups. The sequence of variation of the bond lengths
in the MO;N; polyhedron (M—OH < M-N < M-ONO)
is the same for all three compounds. The M-OH dis-
tances vary insignificantly from 2.024(3) Ain II to
2.063(2) A in IIL. The average M-N bond lengths are
0.06-0.1 A greater than M—OH lengths and i increase in
the sequence 2.090 (I) < 2.120 (IN) < 2.131 A (II). The
average M-ONO bond lengths also increase in the
sequence 2.131 (I) < 2.183 (II) < 2.298 A(III). The
longest M—ONO distance in complex III accounts for
the tetrahedral distortion of the ZnO;N; polyhedron,
which is also accompanied by an increase in the NMN
angles. The Ru-M distances between the metal atoms
vary in the same sequence as the M-OMO bond
lengths: T (Ni) (3.280(1) A) <II(Co) (3.310(3) A) < III
(Zn) (3.376(4) A).

The geometry of the octahedral fragment
[Ru(NO)(NO,),(OH)] changes little upon coordination
to the metal. The average Ru—OH and Ru-N bond
lengths in I-III are similar to those in the
[Ru(NO)(NO,),(OH)]* salts with various cations [15,
16]. The most pronounced differences were found in
the geometry of terminal (t) and bridging (b) nitro
groups. The (N-O), distances are systematically
greater than (N-O); the N(12)-O(122) and
N(11)-O(112) bonds with metal-coordinated oxygen
atoms are the longest. The coordination of the

Ru(NO)(N02)4(OH)]2 complex anion to the M atom
results in a distortion of the RuNsO octahedron. The
ruthenium atom in complexes I-III deviates from the
[N,] plane formed by the nitrogen atoms of nitro groups
by 0.076-0.083 A toward the nitroso group. The great-
est deviation of the angles at the central atom from the
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Table 1. Crystal data, X-ray experiment details, and structure refinement parameters for I-I1T
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Value
Parameters
I (Ni) II (Co) III (Zn)

M 628.14 628.36 634.8
Space group P2,/c P2,/c P2,/c
a, A 11.4826(4) 11.4581(4) 11.4555(2)
b, A 19.6933(6) 19.8011(6) 19.7651(4)
¢, A 11.4817(3) 11.4785(3) 11.5060(3)
B, deg 119.742(1) 119.476(1) 119.4980(10)
v, A3 2254.34(12) 2267.18(12) 2267.47(8)
Z 4 4 4
F(000) 1256 1252 1264
Uy, Mm™! 1.575 1.467 1.793
Crystal size, mm 0.32%0.26 X 0.16 0.30 X 0.20 x 0.15 0.2 x0.05x0.05
20, deg 25.68 30.89 25.68
Range of reflection indices 9<h<14 -16<h<16 -13<h<13

24<k<24 24 <k<28 24<k<23

-14<1<13 -12<1<16 -9<I<14
The number of reflections 15256 20986 15491
The number of independent reflections 4254, 0.0198 7062, 0.0298 4285, 0.0206
Rin
The number of reflections with I > 26(]) 3765 5155 3690
The number of refined parameters 320 320 320

R (I>20(]))

R (all reflections)

GOOF on F?

Residual electron densit (min/max), e A3

R =0.0286 wR = 0.0741
R =0.0341 wR =0.0767
1.072
—0.592/0.631

R =0.0444 wR = 0.1340
R =0.0682 wR =0.1470
0.973
—-0.762/1.136

R =0.0269 wR = 0.0781
R =0.0362 wR = 0.0890
1.140
—0.726/0.865

Table 2. Geometric parameters (bond length, A, and angle, deg) in the MO3N; polyhedra (M = Ni, Co, Zn) of heterometallic

complexes I-1II

Complex d(M-OH) d(M-N) d(M-ONO) NMN angle Ru-M, A
I 2.027(2) | 2.079(2)-2.102(4) 2.116(3); 2.143(2) 93.9(1)-98.7(1)
average 2.090 2.130 95.6 3.280(1)
I 2.0243) | 2.111(3)-2.142(4) 2.174(3); 2.195(3) | 92.76(13)-98.88(15)
average 2.131 2.185 95.0 3.310(3)
I 2.036(2) | 2.113(4)-2.126(3) 2.279(2); 2.316(2) 95.5(1)-103.8(1)
average 2.120 2.298 98.4 3.376(4)

theoretical value of 90° (6.1°-6.9°) was noted for the
O(IH)RuN(11) angles. The invariable orientation of
the OH group in the heterometallic complexes I-III
results in the formation of an intramolecular hydrogen
bond, O(1H)-H(9)---O(132). The O(1H)---O(132) dis-
tance increases slightly in the sequence I <II <TII and
lies in the range of 2.283(3)-2.837(4) A.

It is of interest that the nature of the organic ligand
(TPPO or pyridine) affects only slightly the basic fea-
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tures of the M/Ru coordination unit. A comparison of
complex I and its triphenylphosphine oxide analog (IV)
[10] (Fig. 2) showed the most pronounced difference
between atom coordinates for the oxygen atoms of ter-
minal nitro groups (0.2-0.7 A). Tt is evident that these
deviations, as well as the large thermal ellipsoids for

these atoms, are mainly due to rotational vibrations

No. 1
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along the Ru-N bond. The differences between the
positions of metal atoms (Ru and M), bridging atoms
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Table 3. Bond lengths (d, ;\) and bond angles (deg) in the [RuNO(NO,),OH] fragments of heterometallic complexes I-III

NOZ(t)* NO2(b)*

Com- | , d(N-O d(N-O

jex |d(Ru-NO)|d(Ru-OH) ( ) ( )
p d(Ru-NO,)|d(N-0)|ONO angle|d(Ru-NO,)| (O(111), | (O(112), | ONO angle

0(121)) 0(122))
I 1.764(3) | 1.9542) | 2.0794) [1215)] 119.009) | 2.09032) | 1.2203) | 1.26403) 118.4(2)
0| 1.7593) | 1.9642) | 2.0773) |[1.21(4)] 118(2) 2.094(5) | 1.2184) | 1.258(1) 118.4(5)
| 1.7592) | 1.956(3) | 2.0795) |1.213)| 118.4(11) | 2.090(5) | 1.224(6) | 1.252(2) 118.8(3)

* For the terminal and bridging NO, groups, the average distances and angles are given. The errors of their determination are represented
as root-mean-square deviations.

(O(1H), N(11), O(112), N(12), O(122)), and rigidly
coordinated nitroso group in structures I and IV do not
exceed 0.1 A. A comparison of the geometry of RuNSO
polyhedra shows that on passing from TPPO to pyri-
dine complexes, the Ru-NO and Ru-OH distances
increase by 0.005-0.026 A for all metals (Co, Ni, Zn)
The most pronounced change in these bond lengths is
noted for Ni complexes (0.012 A for Ru-OH and
0.026 A for Ru-NO). The variation of the Ru—-NO bond
lengths is antiparallel to the variation of d(N=0O): this
bond in the nitroso group is on average 0.01 A shorter
for complexes I-III than for the phosphine oxide ana-
logs. The Ru-NO, bond is less dependent on the ligand
nature: the difference between the pyridine and phos-

0(121)

phine oxide complexes does not exceed 0.007 A (Ru-
NO,,) and 0.004 A (Ru-NO,)).

The IR spectra of pyridine complexes I-III are
qualitatively the same as the spectra of TPPO analogs
[10]. The stretching region of nitro groups exhibits
three bands v{(NO,) and v_,(NO,). For complex III, the
bands for bridging NO, groups (v,,— 1462, v, 1300 cm~
1) are manifested only as shoulders on stronger bands
(1448 and 1311 cm™). On passing to I and II, the inten-
sity of vibration bands at 1460 and 1300 cm™' increases,
which is in line with shortening of M—ONO, bands and,
hence, with enhancement of the M—ONO, interaction in
the sequence Zn < Co < Ni. The presence of two types
of NO, groups (NO,, and NO,,)) in complexes I-111 is

Fig. 1. Structure of molecule I (the thermal ellipsoids are given with 50% probability; the hydrogen atoms except for H(9) are omitted).

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 35
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Fig. 2. Comparison of the coordination environments of Ni and Ru atoms in [RuNO(NO,),OHNi(Ph;PO);] (continuous lines) and

[Ru(NO)(NO,),(OH)Ni(Py),] (I) (dashed lines).

also confirmed by the presence of two absorption bands
in the &(NO,) bending region. As for TPPO complexes,
the absorption maximum of the broad v(OH) band
(3447-3481 cm™) is shifted to lower frequencies with
respect to the spectrum of the [Ru(NO)(NO,),(OH)]*
complex anion. As noted above, transition from TPPO
complexes to pyridine complexes I-III results in a
decrease in d(N=0) by on average 0.01 A, which is accom-
panied by a short-wavelength shift (A = 10-20 cm™) of the
V(NO) absorption band in the IR spectra.

In the UV/Vis spectra of solutions of I and II, the
d—d transition band for M?* shifts to shorter wave-
lengths with respect to that of phosphine oxide com-
plexes. This shift is expectable, as field splitting param-
eters are greater for N-donor ligands than for O-donor
ligands [17]. The molar extinction coefficients (g) for
pyridine and phosphine oxide complexes are similar
and the increase in € on going from I to II is related to
a pronounced distortion of the CoN;O; polyhedron in
solution.

Table 4. Results of thermal decomposition of heterometallic complexes I-III and similar complexes with TPPO (An =

[Ru(NO)(NO,)4(OH)])
Complex Atmosphere Tgart Ttin Final mass, % Decomposition products

I He 143 480 36.8 Nij»sRug 75 + Nig 95Rug o5
I He 151 515 30.8 Cop sRug 5
11 He 115 410 35 ZnO + Ru
[Ni(TPPO);An] He 209 560 41.5 *

Air 261 540 48.8 *
[Co(TPPO);AN] He 195 585 394 *

Air 265 540 46.1 Ru + Co,P,O,
[Zn(TPPO);An] He 192 590 42.8 *

Air 274 560 46.1 *

* The decomposition products are amorphous to X-rays.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 35
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Fig. 3. Thermograms of complexes I-VI.

The TGA curves for I-III and for analogous heter-
onuclear complexes with TPPO prepared by a reported
procedure [10] are shown in Fig. 3. The compounds
decompose in two or three stages, the temperature of
the onset of decomposition for pyridine complexes
I-III being 90-100°C lower than for TPPO analogs
(Table 4). Previously [18, 19], it was shown that the first
stage of thermal decomposition of different
[Ru(NO)(NO,),(OH)]* salts is associated with elimi-
nation of the OH group. The weight loss of mass corre-
sponding to this stage (40-50 a.m.u) implies the
removal of at least one nitro group with the hydroxy
group. In the TPPO heterometallic complexes, the first
endothermic stage occurs at 200-220°C with loss of
~50-60 a.m.u., which coincides with the pattern of
decomposition of the ruthenium anion. In pyridine
complexes I-III, the first decomposition stage (starting
at 120-150°C) overlaps with the subsequent stages. In
the 250-600°C range, the differential curves of weight
loss show two overlapping stages related apparently to
the elimination of organic ligands and their oxidation
by NO and NO, groups.

The products of thermolysis of I-III after 600°C
were identified by powder X-ray diffraction. The only
decomposition products noted in the X-ray diffraction
patterns are bimetallic mixtures or metal oxides. Since
the theoretical loss of mass corresponding to the M—Ru
products is lower than the experimental one, we suggest
that the final products contain also amorphous carbon
formed upon partial oxidation of the ligands.

The Co—Ru system forms a continuous series of
solid solutions. The X-ray diffraction pattern of a metal

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 35

powder obtained by thermolysis of II exhibits peaks for
the solid solution Ru,5Co, 5 corresponding to the sto-
ichiometry of the starting complex and the positions of
peaks correspond to the reference peaks for the solid
solution Ru, 5¢Coy 5o ([20], Fig. 4a). It is notable that the
obtained sample is highly dispersed, the average crys-
tallite size determined from peak broadening being 40
to 60 A. The Ni-Ru phase diagram is peritectic. At tem-
peratures below the peritectic point (1550°C), two types
of solid solutions are stable [21]: those based on fcc and
hep crystal lattices of nickel and ruthenium, respec-
tively. In the range of 500-700°C, the mutual solubility
of these metals is 5-10%. The solid residue obtained
after thermal decomposition of I is a mixture of two
solid solutions based on nickel and ruthenium (Fig. 4b).
The composition of these solid solutions was deter-
mined using the experimental dependence of the atomic
volume (Val V/z) on the composition: NijgsRuy s (a =
3.540 A V= 11.09 A3); Niy,sRugs (@ = 2.661, ¢ =
4245 A, V, = 12.99 A3) (Table 4). The only products of
thermolysis of IIT are ZnO and Ru, despite the fact that
qualitative studies demonstrated stability of zinc alloys
with platinum metals against oxidation [22, 23]. Most
likely, decomposition of III results in the formation of
separate metal (ruthenium and zinc) phases, which is
consistent with the lack of mutual solubility in the Zn—
Ru system, the appearance of zinc oxide among the
products being due to fast oxidation of finely dispersed
zinc in air.

The products obtained upon thermolysis of TPPO
complexes are mainly amorphous to X-rays. In all three
cases (M = Ni, Co, Zn), the weights of the final prod-
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Fig. 4. Experimental X-ray diffraction patterns of the thermolysis products of (a) I and (b) II and theoretical X-ray diffraction pat-

terns of (a) Ni, Ru powders and (b) the solid solution Co, sRu 5.

ucts formed from [Ru(NO)(NO,),(OH)M(Ph;PO);] are
higher upon decomposition in air than in an inert (He)
atmosphere. This may be due to the fact that phospho-
rus remains in the thermolysis products as phosphides
(in a He atmosphere) or as phosphates (in an oxygen-
containing atmosphere). The identified products of
[Ru(NO)(NO,),(OH)Co(Ph;PO);] decomposition in
air (Co,P,0O;, [20] and ruthenium) indirectly confirm
this hypothesis.

Thus, new heterometallic complexes of the nitroso
ruthenium anion with transition metals (Co, Ni, Zn) and
pyridine were prepared. It was shown that the nature of
the organic ligand affects little the structural features of
the Ru/M coordination unit; in both TPPO and pyridine
complexes, the Ru(NO)(NO,),(OH) fragment is coordi-
nated to the transition metal through bridging hydroxy
group and two nitro groups. Thermolysis of pyridine
complexes I-1III in an inert atmosphere yields bimetal-
lic solid solutions in the case of cobalt and nickel, while
in the case of zinc, two separate metal phases are
formed, which is consistent with published data. The
samples of solid solutions CojsRu,s obtained upon
annealing of II are highly dispersed; the crystallite size
is about 40-60 A.
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