ISSN 1070-3284, Russian Journal of Coordination Chemistry, 2015, Vol. 41, No. 6, pp. 376—386. © Pleiades Publishing, Ltd., 2015.
Original Russian Text © A.S. Burlov, S.A. Mashchenko, V.G. Viasenko, K.A. Lysenko, A.S. Antsyshkina, G.G. Sadikov, V.S. Sergienko, Yu.V. Koshchienko, Ya.V. Zubavichus,
A.L Uraev, D.A. Garnovskii, E.V. Korshunova, S.1. Levchenkov, 2015, published in Koordinatsionnaya Khimiya, 2015, Vol. 41, No. 6, pp. 346—356.

Metal Complexes of Azomethine Compounds Bearing an Azo Group
in the Amine Fragment: Syntheses, Structures, and Properties

A. S. Burlov~ *, S. A. Mashchenko?, V. G. Vlasenko?, K. A. Lysenko¢, A. S. Antsyshkina?,
G. G. Sadikov?, V. S. Sergienko“, Yu. V. Koshchienko?, Ya. V. Zubavichus> ¢, A. I. Uraev*,
D. A. Garnovskii#/, E. V. Korshunova“, and S. 1. Levchenkov

¢ Research Institute of Physical and Organic Chemistry, Southern Federal University, Rostov-on-Don, Russia

b Research Institute of Physics, Southern Federal University, Rostov-on-Don, Russia

¢ Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences,
ul. Vavilova 28, Moscow, 119991 Russia

4 Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences,
Leninskii pr. 31, Moscow, 119991 Russia

¢ Kurchatov Institute Russian Research Center, pl. Kurchatova 1, Moscow, 123182 Russia

f Southern Scientific Center, Russian Academy of Sciences, Rostov-on-Don, Russia

*e-mail: anatoly.burlov@yandex.ru
Received December 8, 2014

Abstract—New complexes of Cu(Il), Co(IT), Ni(Il), and Zn(II) with 1-phenyl-3-methyl-4-(4-phenyla-
zophenylaminomethylene)pyrazol-5-one (HL') and 1-phenyl-3-methyl-4-[4-methyl-2-(4-methylpheny-
lazo)phenylaminomethylene]pyrazol-5-one (HL?) are synthesized using chemical and electrochemical
methods and characterized by IR spectroscopy, 'H NMR spectroscopy, X-ray absorption spectroscopy, X-ray
diffraction analysis, and magnetic measurements. All complexes are mononuclear. The structures of HL? and
related cobalt complex are determined by X-ray diffraction analysis (CIF files CCDC nos. 1028957 and

1035847, respectively).
DOI: 10.1134/S1070328415060019

INTRODUCTION

Coordination compounds of azomethine ligands
are important objects of the modern chemistry of
metal complexes and are considered in a series of
monographs and reviews [1-9].

An increased attention to complexes of azomethine
compounds is due to the possibility of a wide variation
of their ligand environment presented by aldehyde and
amine moieties (molecular design) [7, 9] and the pro-
duction of multifunctional materials from these com-
pounds. Among such materials are magnetoactive [8,
10, 11] and Iluminescent [12] complexes and
chemosensors [13—15]. Complexes of azomethine
ligands are also widely presented among biocoordina-
tion systems [16, 17].

An important role in the investigation of molecular
magnetic materials and systems exhibiting the
thermo- and photoinduced crossover effect [18, 19]
belongs to the study of the coordination compounds of

azomethines containing an azobenzene moiety that is
not involved in coordination with the metal [20, 21].
Its ability to undergo photoinduced £/Zisomerization
is significant for the development of coordination
compounds with the properties of molecular switchers
[22]. The E/Z isomerization of the azobenzene frag-
ment is applied for the formation of metastable nano-
particles used in the reversible process of image
recording/clearing [23].

In this work, we present the results of chemical
(CS) and electrochemical (ECS) syntheses, IR spec-
troscopy, '"H NMR spectroscopy, XAFS and X-ray dif-
fraction analyses, and magnetochemical study of the
Cu(II), Co(II), Ni(II), and Zn(II) chelates of azome-
thine compounds of 1-phenyl-3-methyl-4-formyl-5-
pyrazolone with aminoazobenzenes containing an azo
group in the para (HL') and ortho (HL?) positions of
the amine fragment (Ia—Id and ITa—IId, respectively).

376



METAL COMPLEXES OF AZOMETHINE COMPOUNDS

377

H;C g ]ﬁ‘@*l\l H;C I(_:I NON
3 B “ 3 = N
N>/_§\ N < > 7 \M/ N{ >
\ITI O \ITI O/ 2
Ph (HLY Ph 4]
M(OAc), - H,0
cs
CH; El\éos CH3;
7\
H / H
H;C C—N N=N H;C C=N N=N
/ H N/
N° O ‘NT O
| |
Ph (HL?) CH; Ph (ID) CH;
M = Cu (a), Co (b), Ni (¢), Zn (d)
Scheme 1.
EXPERIMENTAL Compound HL?, 1-phenyl-3-methyl-4-[4-

Commercially available 4-aminoazobenzene, 6-
amino-4,4'-dimethylazobenzene, and 3-methyl-1-
phenylpyrazol-5-one were used.

1-Phenyl-3-methyl-4-formyl-5-pyrazolone
synthesized using a known procedure [24].

Syntheses of HL! and HL2. A solution of 4-ami-
nobenzene (HL') (3.94 g, 0.02 mol) or 6-amino-4,4'-
dimethylazobenzene (HL?) (4.5 g, 0.02 mol) was
added to a solution of 1-phenyl-3-methyl-4-formyl-
5-pyrazolone (4.04 g, 0.02 mol) in benzene (15 mL).
The obtained mixture was refluxed with the Dean—
Stark trap for 4 h until the complete separation of
water. After the end of the reaction, the solvent was
distilled off on a rotary evaporator to 1/4 of the vol-
ume. The precipitates of azomethines were filtered off
and recrystallized from an ethanol—chloroform (2 : 1)
mixture.

was

Compound HL!, 1-phenyl-3-methyl-4-(4-pheny-
lazophenylaminomethylene)pyrazol-5-one, formed
in a yield of 86%, was represented by red crystals with
mp = 198—199°C.

IR (v, cm™): 3041 (NH), 1657 (C=0). 'H NMR
(CDCl,, 8, ppm): 2.32s (3H, CH;), 7.16 t (1H, C,,—
H, J=7.8 Hz), 7.31-7.51 t (TH, C,,—H), 7.88—8.01
t(7H, C,,—H,=CH-NH-), 11.63 br.s (1 H, NH).

For C23H19N50
anal. caled., %:
Found, %:

C, 72.43;
C, 72.67;

H, 5.03;
H, 4.87;

N, 18.36.
N, 18.22.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Vol. 41

methyl-2-(4-methylphenylazo)phenylaminomethyl-
ene|pyrazol-5-one, formed in a yield 0of 99%, was rep-
resented by red crystals with mp = 220—221°C.

IR (v, cm™): 3059 (NH), 1660 (C=0). '"H NMR
(CDCls, 6, ppm): 2.31 s (3H, CH;), 2.38 s. (3H,
CH;), 2.44s. 3H, CH;), 7.14t (1H, C,—H,J=7.4
Hz) 7.26—7.44 m (6H, C,,—H), 7.68 s. (1H, C,,—H),
7.97d (1H, =CH-NH-—, J = 12.8 Hz), 8.06—8.14 m
(4H, C,,—H), 12.90d (1H, =CH—NH—, /= 12.4 Hz).

For C25H23N50
anal. caled., %: C, 77.33; H, 5.66; N, 17.10.
Found, %: C, 77.34; H, 5.47; N, 16.98.

Single crystals of HL? suitable for X-ray diffraction
analysis were grown from a chloroform—methanol
(1:2) mixture.

Chemical synthesis of complexes I and II. A solu-
tion of the corresponding metal acetate hydrate
(0.5 mmol) in methanol (10 mL) was poured to a solu-
tion of HL! or HL? (1 mmol) in a chloroform—meth-
anol (1 : 2) mixture (20 mL). The mixture was refluxed
for 1 h. Brown precipitates of the complexes formed
after cooling were filtered off, washed with methanol,
and recrystallized from a chloroform—methanol (1 : 2)
mixture.

Electrochemical synthesis of complexes I and I1. A
solution of HL! or HL? (1 mmol) in methanol (20 mL)
and [Et,N]ClO, (0.01 g) as a current-conducting
additive were placed in an electrochemical cell with a
platinum cathode and an anode of a complexing metal
(Co, Ni, Cu, or Zn). Electrosynthesis was carried out
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at a constant current strength of 40 mA and a voltage
of 15 Vfor 1 h. Dark red precipitates of the complexes
were filtered off, washed with methanol, and recrystal-
lized from a chloroform—methanol (1 : 2) mixture.

Complex Ia, copper(Il) bis{1-phenyl-3-methyl-
4[(4-phenylazo)phenylaminomethylene]pyrazol-5-
onate}, formed in a yield of 89%, was a brown powder
with mp > 250°C and p.q = 2.09 pg (294 K). IR (v,
cm™!): 1613(CH=N).

For C4sH34N,0,Cu

anal. caled., %: C, 67.02; H, 4.40; N, 16.99; Cu, 7.71.
Found (CS), %: C,67.09; H,4.42; N, 16.85; Cu, 7.79.
Found (ECS), %: C, 67.11; H, 4.39; N, 16.79; Cu, 7.85.

Complex Ib, cobalt(Il) bis{1-phenyl-3-methyl-
4[(4-phenylazo)phenylaminomethylene]pyrazol-5-
onate}, formed in a yield of 61%, was represented by
red crystals with mp > 250°C and p.g = 4.01 pg
(294 K). IR (v, cm™"): 1607 (CH=N).

For C4sH34 N1jO,Co

anal. caled., %: C, 67.40; H, 4.43; N, 17.08; Co, 7.19.
Found (CS), %: C, 67.38; H, 4.45; N, 17.12; Co, 7.15.
Found (ECS), %: C, 67.26; H, 4.51; N, 17.19; Co, 7.21.

Complex Ic, nickel(IT) bis{1-phenyl-3-methyl-
4[(4-phenylazo)phenylaminomethylene]pyrazol-5-
onate}, formed in a yield of 75%, was represented by
brown crystals with mp > 250°C and p. = 3.09 pg
(294 K). IR (v, cm™'): 1616(CH=N).

For C4cH34N,(,O,Ni

anal. caled., %: C, 67.42; H,4.43; N, 17.09; Ni, 7.16.
Found (CS), %: C, 67.39; H, 4.42; N, 17.06; Ni, 7.19.
Found (ECS), %: C, 67.45;, H, 4.38; N, 17.13; Ni, 7.18.

Complex Id, zinc(IT) bis{1-phenyl-3-methyl-4[(4-
phenylazo)phenylaminomethylene|pyrazol-5-onate},
formed in a yield of 73%, was represented by orange
crystals with mp > 250°C. IR (v, cm™!): 1611
(CH=N). 'H NMR (CDCl,, &, ppm): 2.37 s (3H,
CH,), 713—-7.24 m (4H, C,,—H), 7.37—7.48 m (5H,
C,—H), 7.82—7.87 m (4H, C,—H), 7.95-7.99 m
(2H, C,,—H) 8.30s (1H, CH=N).

For CyH36N00,Zn

anal. caled., %: C, 66.87; H, 4.39; N, 16.95; Zn, 7.91.
Found (CS), %: C, 66.79; H, 4.35; N, 17.01; Zn, 7.89.
Found (ECS), %: C, 66.71; H, 4.39; N, 17.09; Zn, 7.88.

Complex Ila, copper(Il) bis{1-phenyl-3-methyl-
4-[4-methyl-2-(4-methylphenylazo)phenylaminom-
ethylene]pyrazol-5-onate}, formed in a yield of 72%,
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was represented by brown crystals with mp > 250°C
and pgr= 1.89 pg (294 K). IR (v, cm™!): 1614
(CH=N).

For C5yH 4N ,0,Cu

anal. caled., %: C,68.21; H, 5.04; N, 15.91; Cu, 7.22.
Found (CS), %: C, 68.29; H, 5.07; N, 15.96; Cu, 7.19.
Found (ECS), %: C, 68.27; H, 5.11; N, 15.87; Cu, 7.13.

Complex IIb, cobalt(IT) bis{1-phenyl-3-methyl-4-
[4-methyl-2-(4-methylphenylazo)phenylaminome-
thylene|pyrazol-5-onate}, formed in a yield of 74%,
was represented by brown crystals with mp > 250°C
and pgr= 4.12 pug (294 K). IR (v, cm™'): 1622
(CH=N).

For C5oH44N(0O,Co

anal. caled., %: C, 68.56; H, 5.06; N, 15.99; Co, 6.73.
Found (CS), %: C, 68.47; H, 5.01; N, 15.96; Co, 6.81.
Found (ECS), %: C, 68.37; H, 5.01; N, 15.88; Co, 6.89.

Single crystals of complex IIb suitable for X-ray
diffraction analysis were grown from dimethylforma-
mide.

Complex Ilc, nickel(II) bis{1-phenyl-3-methyl-4-
[4-methyl-2-(4-methylphenylazo)phenylaminome-
thylene|pyrazol-5-onate}, formed in a yield of 78%,
was represented by red crystals with mp > 250°C and
Uer= 3.09 1p(294 K). IR (v, cm™"): 1620 (CH=N).

For C5qHy44N (O, Ni

anal. caled., %: C, 68.58; H, 5.06; N, 15.90; Ni, 6.70.
Found (CS), %: C, 68.51; H, 5.09; N, 15.97; Ni, 6.74.
Found (ECS), %: C, 68.43; H, 5.10; N, 15.97; Ni, 6.74.

Elemental analyses to C, H, and N were carried out
on a Carlo Erba Instruments TCM 480 instrument.
The metal content was analyzed by the gravimetric
method. Attenuated total internal reflectance powder
IR spectra were recorded on a Varian Excalibur-3100
FT—IR instrument. '"H NMR spectra were measured
on a Varian Unity-300 instrument (300 MHz) in the
internal stabilization mode of the *H polar resonance
line in CDCl,.

X-ray absorption Cu, Co, and Ni K-edge spectra for
compounds I and II were obtained on the Structural
Materials Science station at the Kurchatov Center of
Synchrotron Radiation and Nanotechnologies (Mos-
cow) [25]. The energy of the electron beam used as an
X-ray synchrotron radiation source was 2.5 GeV at a
current of 60—80 mA. A double crystal monochroma-
tor Si(111) was used for X-ray radiation monochroma-
tization. The X-ray beam intensity before and after the
irradiation of a sample was measured using two ioniza-
tion chambers filled with nitrogen—argon mixtures
giving 20 and 80% absorption for /;and /,, respectively.
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The obtained X-ray absorption spectra were pro-
cessed using standard procedures of background sub-
traction, normalization to the value of the K-edge
jump, and the isolation of atomic absorption p, [26],
after which the Fourier transform of the obtained
extended X-ray absorption fine structure (EXAFS)
% spectra was performed in the range of photoelectron
wave vectors k from 2.6 to 12—13 A~! with the weight
function k3. The obtained module Fourier transfor-
mants (MFT) of the y spectra corresponded to the
radial distribution function of the atoms around the
absorbing metal atom with the phase shift accuracy.
The threshold ionization energy (£,) was chosen by
the value of the maximum of the first derivative of the
K edge and further was varied by fitting.

The exact values for parameters of the nearest envi-
ronment of the metal atoms in the metal complexes
were determined by the nonlinear fitting of the param-
eters of the coordination spheres comparing the calcu-
lated EXAFS signal and the signal isolated from the
full EXAFS spectrum by the Fourier filtration
method. The nonlinear fitting was performed using
the IFFEFIT program package [27]. The phases and
scattering amplitudes of the photoelectron wave nec-
essary for the construction of the model spectrum were
calculated using the FEFF7 program [28]. The X-ray
structural data for single crystals of the complexes with
the similar atomic environment of the metal atoms
were used as the initial atomic coordinates necessary
for the calculation of the phases and scattering ampli-
tudes and subsequent fitting. The search for these
structures was performed in the Cambridge Crystallo-
graphic Data Centre (CCDC).

The goodness-of-fit O, which was minimized when
determining the parameters of the nearest environ-
ment structure, was calculated by the formula

> *exp(K) = (k)T
> e (K]

X-ray diffraction analysis. The experimental mate-
rial for the examination of crystals of HL? was

Q = X 100%
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obtained on an Enraf-Nonius Cad-4 diffractometer
(4 (MoK, radiation, graphite monochromator). The
X-ray diffraction analysis of complex IIb was carried
out on a Bruker SMART APEX II diffractometer
equipped with a CCD detector and a monochromatic
radiation source (MoK, A = 0.71073 A) using a stan-
dard procedure [29]. An absorption correction was
applied semiempirically [30]. The structures
were solved by a direct method and refined in the full-
matrix anisotropic approximation for all non-hydro-
gen atoms. Hydrogen atoms were generated geometri-
cally and refined in the riding model. The
calculations were performed using the SHELXS-97
and SHELXL-97 programs [31]. The PLATON pro-
gram was used for an analysis of the geometry of mol-
ecules [32].

The experimental material for studying HL? was
obtained from the sample containing a minor impurity
of the twin variant. The crystallographic parameters
and X-ray diffraction experimental data for HL? and
IIb are given in Table 1. The coordinates of atoms and
temperature factors were deposited with the Cam-
bridge Crystallographic Data Centre (CCDC 1028957
(HL?) and 1035847 (IIb); deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).

The specific magnetic susceptibility in the solid
phase was determined by the relative Faraday method
in the temperature range 77.4—300 K using
Hg[Co(CNS),] as a standard for calibration [33].

RESULTS AND DISCUSSION

Compounds HL' and HL? and related metal com-
plexes were synthesized to extend the range of com-
pounds with potential photoinduced changes in the
magnetic properties due to the isomerization of the
peripheral azo groups in the combined azo—azome-
thine complexes and to continue our earlier studies
[34—37]. The structures of HL! and HL? were deter-
mined by '"H NMR spectroscopy. It is known [38—40]
that the equilibrium of tautomers (a—d) can take place
in compounds HL! and HL?

.R R .R
Me =N N N,R Me ~N Me H ~N
p TNy s i o §
N, CH =~ N. N/ == HN, == HN,
N~ O N O N O N~ O
| | | |
Ph Ph Ph Ph

(a) (b)

(c) (d)

Scheme 2.

The "H NMR spectrum of HL! contains doublet
signals of the =CH—NH= protons at 8.14 ppm (J =

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

11.4 Hz) and doublet signals of the NH protons at
13.67 ppm (J = 12.1 Hz). Similar signals of protons
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Table 1. Crystallographic data and the experimental and refinement characteristics for compounds HL? and IIb

BURLOV et al.

Value
Parameter
HL? I1b

Empirical formula CysHy3N5O C50H44CoN (0,
W 409.48 875.88
Crystal size, mm 0.04 x 0.03 x0.03 0.25x0.20x0.20
Temperature 293(2) 100(2)
Crystal system Monoclinic Orthorhombic
Space group P2,/n P2,2,2,
a, A 7.9886(10) 12.5550(9)
b, A 10.6963(10) 14.1511(11)
c, A 25.5566(10) 24.0148(18)
3, deg 97.209(10) 90
v, A3 2166.5(3) 4266.6(6)
zZ 4 4
p(calcd), g/cm? 1.255 1.364
u, mm™! 0.080 0.457
F(000) 864 1828
Scan range 0, deg 2.07—29.96 1.67—29.00
Reflection index range —-9<h<9, —17<h<16,

0<k<14, —19<k<19,

—35<1<35 —32<17<32
Number of measured reflections 12131 46562
Number of independent reflections 6072 11291
Number of reflections with 7> 2o (/) 1284 8499
Number of refined parameters 349 574
Goodness-of-fit (all reflections) 0.872 0.891
R, (I>2c(])) 0.0808 0.0373
WR, (all reflections) 0.3060 0.0469
APrmax/ AP rmin» € A3 0.152/—0.136 0.900/—0.625

appear in the spectrum of compound HL?. The IR

H(34)

H(34)---N(4) 2.25,

N(3)--N(4)

spectra of these compounds exhibit stretching vibra-
tion bands of the C=0 (1657—1662 cm~') and NH
(3041—-3058 cm™!) groups. These spectral characteris-
tics indicate that the aminomethylene tautomeric
form (b) takes place in compounds HL'! and HL?
(Scheme 2), which is confirmed by the X-ray diffrac-
tion data for HL? (Fig. 1).

In the crystalline state, HL? exists in the aminome-
thylene tautomeric form, which is indicated by the
short interatomic distance C(9)—O(1) 1.237(2) A in
the pyrazolone fragment corresponding to the double
bond [41]. This form is stabilized by a fairly strong
intramolecular hydrogen bond N(3)—H(34)---O(1)
(N(3)—H(34) 0.86, H(34)---O(1) 2.13, N(3)---O(1)
2.808(6) A, N(3)H(34)O(1) 136°). In addition, there
is the hydrogen bond N(3)—H(3A4)---N(4) (N(3)—

2.625(7) A, N(3)H(34)N(4) 106°).

A molecule of HL? is not planar. The C(11)—C(16)
cycle is turned relatively to the pyrazole cycle
N(1)NR)C(7)C(9) along the N(3)—C(11) bond by
17.33°. The phenyl cycle C(1)—C(6) is nearly copla-
nar to the pyrazole cycle (the dihedral angle between
the mean planes is 3.82°).

The structure can be presented as two significantly
planar fragments C(1)—C(11) and C(11)—C(22)
linked by the common C(11) atom (Fig. 1). The dihe-
dral angle between these planes is 27.6°. The C(1)—
C(11) group is planar within 3.5°. In the C(11)—C(22)
fragment, two planar cycles C(11)—C(16) and C(17)—
C(22) linked by the N(4)—N(5) bridge are unfolded
relatively to each other by 10.3°. The torsion angle
C(16)N(4)N(5)C(17) is 177.3°.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 41 No. 6 2015
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Fig. 1. Structure of molecule HL, in the representation of atoms by 50% probability atomic displacement ellipsoids.

Molecule HL? enters the composition of octahe-
dral complex IIb as a ligand, where HL? participates in
the formation of the frans-meridional isomer.

On going from the ligand systems to complexes I
and II, the changes characteristic of chelate structures
occur in the IR spectra: the v(NH) absorption band
frequencies of the ligand (3041—3058 cm™!) disappear
and the v(C=N) absorption bands appear at 1607—
1616 cm™".

In the '"H NMR spectra of zinc complexes Id
obtained by the CS ad ECS, the signals from the NH
protons of the ligand disappear and a signal of protons
appears at 8.30 ppm. This spectral behavior indicates
the formation of metal chelates in which the chelating
ligands exist in the azomethine form (a) (Scheme 2).

The copper, cobalt, and nickel complexes are para-
magnetic. The values of p are 2.09 (Ia) and 1.89 pg
(IIa) for the copper complexes, 4.01 (Ib) and 4.12 g
(IIb) for the cobalt complexes, and 3.09 pg (Ic and Ilc)
for the nickel complexes at room temperature and
remain unchanged with the temperature decrease,
indicating their mononuclear structure.

The local atomic environment of the metal ions in
complexes I and II (M = Co, Ni, Cu) was studied by
XAFS analysis.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

The normalized K-edge XANES (X-ray Absorp-
tion Near Edge Structure) for the copper, nickel, and
cobalt complexes (Ia—I¢, IIa—Ilc) are shown in Fig. 2.

As can be seen from Fig. 2, the XANES of com-
plexes Ib and Ic substantially differ from the XANES
of complexes Ilb and Ilc, which is manifested in the
structure of the first derivatives of these edges and
especially in intensities of the pre-edge peak A. The
first derivative of the Co K edge of complex IIb has a
narrow intense maximum, unlike the first derivative
for complex Ib, where the latter is split into several
maxima. The same tendency is observed for the first
derivatives of the Ni K edges of complexes Ic and Ilc,
although is less pronounced. On going from com-
plexes Ib and Ic to complexes IIb and Ilc, the XANES
exhibits a significant decrease in the intensity of the
pre-edge peak A reflecting the degree of mixing of the
p—d atomic orbitals of the metal. These changes in the
XANES characteristics are usually assigned to a
change in the coordination number and symmetry of
the environment of the absorbing atom [42]. Thus, it
can be assumed that the transition from I to II results
in the following changes in the nickel and cobalt com-
plexes: the coordination number of the first coordina-
tion sphere increases due to the interaction with the
nitrogen atoms of the additional azo groups in the
Vol. 41
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Fig. 2. Normalized K-edge XANES for the (1) copper, (2) cobalt, and (3) nickel complexes: (dot) Ia—Ic and (solid) ITa—IIc.
Insets: the regions with the pre-edge peaks 4 and the first derivatives of the edges.

ortho positions in the ligands, and the symmetry of the
environment of the metal ions increases.

The first derivatives of the Cu K edges for com-
pounds Ia and IIa have nearly the same splitting, and
the characteristics of the pre-edge peak A (position
and intensities) remain unchanged (Fig. 2). This
absorption near-edge structure is characteristic of the

RUSSIAN JOURNAL O

copper complexes in which the metal atom has an
environment close to tetrahedral, where the degree of
distortion is manifested in the value of splitting of the
first derivative and the intensity of the pre-edge
peak A. Thus, the qualitative consideration of the
structure of the Cu K edges shows no additional inter-
action of the copper atoms with the atoms of the azo
groups of the ligands on going from Ia to Ila.
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Fig. 3. MFT of the K-edge EXAFS for the copper, cobalt, and nickel complexes: la—Ic and Ila—IIc (solid line is experiment, and

theory is shown by empty circles).

The quantitative characteristics of the nearest
atomic environment of the metal ions in compounds
Ia—Ic and ITa—Ilc were obtained from the analysis of
the EXAFS of these compounds. The MFT of Cu, Co,
and Ni K-edge EXAFS of the studied metal chelates
are presented in Fig. 3. All MFT contain the main
peak at r = 1.51-1.60 A corresponding to the first
nearest coordination sphere consisting of two nitrogen
atoms and two oxygen atoms of the ligands and a series
of peaks with a small amplitude at long distances r cor-
responding to the next coordination spheres. The
quantitative characteristics for the first coordination
sphere obtained by the multisphere nonlinear fitting
are given in Table 2.

An analysis of the obtained results (Table 2) shows
that the first coordination sphere for the cobalt and
nickel ions in compounds Ib and Ic¢ contains two
nitrogen atoms and two oxygen atoms, whereas the
total coordination number of the first coordination
sphere in complexes IIb and Ilc is six, and the average
radius of this coordination sphere increases. These
data are well consistent with the qualitative conclu-
sions made by the analysis of the XANES of these
compounds. In compounds Ia and I1a, the parameters
of the local atomic environment are close and corre-
spond (to different extents) to the distorted pseudo-
tetrahedral environment of the copper atoms in these
compounds.

Thus, the analysis of the K-edge XANES and
EXAFS showed the octahedral coordination due to
additional bonds of the nitrogen atom of this azo group
to the metal ion in compounds Ilb and Ilc bearing the
azo group in the ortho position of the amine fragment.
For complexes Ib and Ic in which the azo group is
localized in the para position, this interaction is steri-
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cally hindered and the coordination is close to tetrahe-
dral. In compounds Ia and IlIa, the tetrahedral envi-
ronment of the copper ion takes place regardless of the
type of the ligand.

The results on the local atomic structure of
complex IIb obtained by XANES are confirmed by the
X-ray diffraction data for this complex. The main
structural characteristics of complex IIb are given in
Table 3.

In mononuclear complex IIb (Fig. 4), two HL?
molecules are coordinated to the central metal atom
through the tridentate-chelating mode and act as
O,N,N-donor ligands. The Co(II) atom is in the dis-
torted octahedral environment of four nitrogen atoms
and two oxygen atoms. Each structure includes two
five- and two six-membered nonplanar metallocycles.

The groups of atoms O(1)C(1)C(3)C(11) and
0O(2)C(26)C(28)C(36) in the six-membered metallo-
cycles are planar. The shifts of the N(3) and N(8)
atoms from these planes are 0.25(1) and 0.20(2) A, and
the central Co atom shifts from these planes by 0.92(3)
and 0.90(3) A, respectively. The shift of the central
metal atom from the mean (+0.2 A) planes
O(1)C(1)C3)C(11)N(3) and
0O(2)C(26)C(28)C(36)N(8) in the six-membered
metallocycles is 0.70(3) and 0.73(3) A, respectively. In
the case of the five-membered metallocycles, the shift
of the central atom from the N(8)C(37)C(38)N(9)
plane is 0.56(3) A, and that from the mean plane
N(3)C(12)C(13)N(4) is 0.69(3) A.

The structural units at the azomethine
(C(11)—N(3), C(36)—N(8)) and azo (N(4)—N(5),
N(9)—N(10)) groups exist in the frans configuration.
The torsion angles C(3)C(11)N(3)C(12) and
2015
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Table 2. Structural data (obtained from EXAFS*) for the local atomic environment of Cu, Co, and Ni in compounds I and II

2 22 Atoms of coordination
Compound N R A o2, A sphere 0, %
2 1.93 0.0038 O/N
Ia 2.0
2 1.98 0.0038 O/N
2 1.94 0.0030 O/N
IIa 3.0
2 2.00 0.0030 O/N
2 1.96 0.0030 O/N
Ib 0.5
2 1.99 0.0030 O/N
2 2.03 0.0030 O/N
1Ib 2 2.09 0.0030 O/N 4.0
2 2.26 0.0030 O/N
2 1.94 0.0034 O/N
Ic 8.6
2 1.98 0.0034 O/N
2 1.97 0.0038 O/N
IIc 2 2.03 0.0038 O/N 2.4
2 2.10 0.0038 O/N

* R are the interatomic distances, N is the coordination number, o2 is the Debye—Waller factor, and Q is the decoupling function.

Table 3. Selected interatomic distances (d) and bond angles (®) in the structure of complex Ilb and interatomic distances

in molecule HL2

IIb HL?

Bond d, A Bond d,A Bond d, A
N(1)=N(2) 1.401(2) N(6)—N(7) 1.403(2) N(1)—N(2) 1.409(6)
C(1)-0(1) 1.267(2) C(26)—0(2) 1.269(2) C(9)—0(1) 1.228(6)
C(11)=N(3) 1.312(2) C(36)—N(8) 1.323(2) C(10)—N(3) 1.335(7)
N(4)—N(5) 1.2668(19) N(9)—N(10) 1.2695(19) N(4)—N(5) 1.260(5)
Co(1)—0(1) 2.0921(12) Co(1)—0(2) 2.0990(12)

Co(1)—N(3) 2.0337(14) Co(1)—N(8) 2.0290(15)
Co(1)—N(4) 2.2510(14) Co(1)—N(9) 2.2889(15)

Angle o, deg Angle o, deg

O(1)Co(1)N(4) 167.09(6) 0(2)Co(1)N(9) 167.53(5)

N(3)Co(1)N(8) 175.41(6) 0(2)Co(1)N(8) 91.00(5)

O(1)Co(1)N(3) 90.87(5) O(1)Co(1)N(8) 91.88(5)

O(1)Co(1)0(2) 83.89(5) O(1)Co(1)N(9) 98.12(5)

N(4)Co(1)N(3) 76.94(6) N(4)Co(1)N(8) 100.02(6)

N(4)Co(1)N(9) 79.97(5) N(4)Co(1)0(2) 100.75(5)

N(3)Co(1)0(2) 92.95(6) N(3)Co(1)N(9) 99.31(6)

N(5)Co(1)N(9) 76.66(6)

C(28)C(36)N(8)C(37), C(13)N(4)N(5)C(19) and unlike the isostructural azo complex described previ-

C(38)N(9)N(10)C(44) are characterized by values of
170.55(7)° and 175.33(7)°, 172.89(7)° and
171.51(5)°, respectively. The bond lengths and angles
in two ligand fragments are close but not equal,

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 41

ously [34].

Thus, the complexes with different structures are
formed depending on the metal nature and ligand
structure. In the case of the Co(II) and Ni(II) com-
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Fig. 4. Structure of complex IIb in the representation of atoms by 50% probability atomic displacement ellipsoids (hydrogen

atoms are omitted).

plexes, the presence of the azo group in the ortho posi-
tion of the amine fragment of the azomethine ligand
results in the formation of two five- and two six-mem-
bered nonplanar metallocycles in the distorted octa-
hedral environment of the metal atom and the partic-
ipation of the nitrogen atom of the azo group in coor-
dination. If the azo group is in the para position of the
amine fragment, its coordination to the metal does not
occur and structures with two six-membered metallo-
cycles are formed.

For the copper complexes, the azo groups are not
involved in coordination, regardless of their position,
and the structures with two six-membered metallocy-
cles are formed.
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