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Abstract—The Cu, Ni, and Co complexes based on the following new azomethine compounds containing
azobenzene groups in the ortho- or para-positions of the amine fragment are synthesized: 2-allyl-6-[(E)-[4-
(E)-phenylazophenyl]iminomethyl]phenol (HL!), 2-allyl-6-[(E)-[4-methyl-2-[(E)-phenylazo]-p-tolyla-
zoliminomethyl]phenol (HL?), 5-methoxy-2-[(E)-[4-[(E)-phenylazo]phenyl]iminoethyl]phenol (HL3),
and 5-methoxy-2-[(E)-[4-methyl-2-[(E)-p-tolylazo]phenyl]iminomethyl]phenol (HL*). The structures of
the complexes are determined by the data of IR and "H NMR spectroscopy (for the azomethine compounds),
X-ray absorption spectroscopy, and magnetochemistry. The coordination centers of all Cu complexes have a
distorted square structure. A direct dependence of the geometry of the coordination polyhedron on the posi-
tion of azobenzene groups in the amine fragments of the ligands is found for the Ni and Co complexes. The
octahedral environment of the nickel and cobalt ions takes place in the case of the ortho-position of the amine
fragment, whereas the square environment for the Ni complexes or the tetrahedral environment for the Co
complexes is observed at the para-position. The molecular structures of two azomethines HL! and HL* are
determined by X-ray diffraction analysis (CIF files CCDC nos. 1552836 (HL') and 1552837 (HL%)).

Keywords: azomethines, metal complexes, X-ray absorption spectroscopy, X-ray diffraction analysis, magne-
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INTRODUCTION

Azo compounds of the aromatic and heterocyclic
series and their metal complexes attract attention of
researchers due to both fundamental and practical sig-
nificance [1—7]. For example, azylazobenzimidazoles
and their complexes are photostable cationic dyes for
polyacrylonitrile fiber [8, 9]. Azo compounds and
their metal complexes are efficient additives to lubri-
cating oils improving their load, antiwear, and anti-
friction characteristics [10]. On the one hand, the con-
cepts about intrachelate isomerism, viz., a possibility
of metallocycles with different unit contents to exist in
one chelate molecule, were formulated and developed
on the basis of the complexes with azo ligands [5—7,
11—13]. On the other hand, azomethine ligands are
important objects of the modern chemistry of metal

753

complexes, which is considered in a number of mono-
graphs and reviews [1, 3, 4, 13, 14]. The complexes of
azomethine ligands with various functional properties,
such as high catalytic activity in diverse reactions at
high (>100°C) temperatures [15—17], are widely pre-
sented among biocoordination systems [18—21]. The
presence of the azobenzene group, which is not
involved in coordination with the metal, in the mole-
cule of the complex with the azomethine ligand, is sig-
nificant in studies of molecular magnetic materials
and systems exhibiting an effect of thermo- and pho-
toinduced crossover. The ability of the azobenzene
fragment to undergo photoinduced £/Z isomerization
is very important for the production of coordination
compounds with the properties of molecular switches
and photoactive materials [22—26].



BURLOV et al.

754

AT 4, 1)OD
QAT (G DIN
eAl ¢, TND
A 410D
*HO am AN

‘HO
eIl (DD

I
A . N
C \_Z
d 07/ \No oy m:u%WYZHZ N —
O%HY - (OOD*HD)INT/1
=N

AT U 10D
ar < DIN

14 [4 n
Q NN || IIEs e}
oA U, 1oD

| Q a  (DIN
el (DO

=N (6} (3%

O%Hu - (O0D*HD)INT/1

(tHOO =Y ‘H=") ,/TH
(H =% ““HO=HD-HD = ") (TH

YHD

HO N

fHO NH
N
N
o

HO 2|
(tHOO =Y ‘H=") /TH
(H=% ““HO=HO-‘HO = ") | TH

@zz@M%

N

2017

No. 11

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 43



COPPER, COBALT, AND NICKEL COMPLEXES

Azomethine compounds and their metal com-
plexes containing the azobenzene group in the alde-
hyde and amine fragments are of special interest. The
azo group can participate in coordination to the metal
in the complexes containing the phenylazo group in
the ortho-position of the amine fragment, depending
on the metal nature [27—31].

Continuing earlier works [24, 25, 27—29], we synthe-
sized new compounds containing azobenzene groups in
the ortho- or para-positions of the amine fragment,
namely,  2-allyl-6-[(F)-[4-(E)-phenylazophenyl]imi-
nomethyl]phenol (HL'), 2-allyl-6-[(E)-[4-methyl-2-
[(E)-phenylazo]-p-tolylazo]iminomethyl]phenol (HL?),
5-methoxy-2-[(E)-[4-[(E)-phenylazo]phenyl]imino-
ethyl]phenol (HL?), and 5-methoxy-2-[(E)-[4-methyl-
2-[(E)-p-tolylazo]phenyl]iminomethyl]phenol  (HL?),
and the related Cu (Ia—IVa), Ni (Ib—IVb), and Co (Ic—
I'Vc) complexes. Their structures and magnetic properties
were studied.

EXPERIMENTAL

Commercially available (AlfaAesar, Lancaster)
3-allylsalicylaldehyde, 5-methoxysalicylaldehyde,
4-aminoazobenzene, 6-amino-4,4-dimethylazo-
benzene, Cu(CH;COO), - H,0, Ni(CH;COO), -
4H,0, and Co(CH;COO), - 4H,0 were used.

Synthesis of HL'-HL*. 4-Aminoazobenzene
(1.97 g, 0.01 mol) or 6-amino-4,4'-dimethylazoben-
zene (2.25 g, 0.01 mol) in ethanol (20 mL) was added
to a solution of 3-allylsalicylaldehyde (1.62 g,
0.01 mol) or 5-methoxysalicylaldehyde (1.52 g,
0.01 mol), respectively, in ethanol (20 mL). The mix-
ture was refluxed for 2 h. Precipitates formed on cool-
ing were filtered off and recrystallized from a chloro-
form—methanol (1 : 2) system.

HL'": yield 2.89 g (86%), orange crystals, mp =
101—102°C. IR (v, cm™): 1610 (CH=N), 1282 (Ph—O).
'H NMR (CDCl,), 8, ppm: 3.51 (2H, d, J = 6.64 Hz,
CH,), 5.10-5.17 (2H, m, CH,), 6.08 (1H, q, J =
9.0 Hz, CH), 6.93(1H, t, J = 7.5 Hz, C,—H), 7.26—
7.57 (7TH, m, Cy—H), 7.92-8.03 (4H, m, Cn—H),
8.71 (1H, s, CH=N), 13.45 (1H, s, OH).

For C22H19N3O
Anal. caled., %:
Found, %:

C, 77.40;
C, 77.42;

H, 5.61;
H, 5.68;

N, 12.31.
N, 12.35.

HL?: yield 2.48 g (75%), orange crystals, mp =
174—175°C. IR (v, cm™): 1614 (CH=N), 1270
(Ph—0). 'H NMR (CDCly), o, ppm: 3.83 (3H, s,
CH,;), 6.93-7.03 (3H, m, C,,—H), 7.26—7.56 (5H, m,
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Cu—H), 7.92-8.03 (4H, m, C,—H), 8.67 (1H, s,
CH=N), 12.65 (1H, s, OH).

For C,oH;N;0,
Anal. caled., %:
Found, %:

C, 72.49;
C, 72.52;

H, 5.17;
H, 5.28;

N, 12.68.
N, 12.71.

HL3: yield 2.77 g (75%), red crystals, mp = 89—
90°C. IR (v, cm™"): 1614 (CH=N), 1272 (Ph—0). 'H
NMR (CDCly), o, ppm: 2.44 (6H, d, J = 3.6 Hz,
CH,;), 3.53 (2H, d, /= 6.6 Hz, CH,), 5.09—5.20 (2H,
m, CH,), 6.10 (1H, q, / = 9.0 Hz, CH), 6.88 (1H, t,
J=17.5Hz, C,,—H), 7.26—7.34 (6H, m, C,,—H), 7.60
(1H,s, C,,—H), 7.88 2H, d,/J=8.4 Hz, C,,—H), 8.62
(1H, s, CH=N), 14.15 (1H, s, OH).

For C24H23N30
Anal. caled., %:  C, 78.02; H, 6.27; N, 11.37.
Found, %: C, 78.15; H, 6.12; N, 11.42.

HL* yield 3.1 g (75%), red crystals, mp = 152—
153°C. IR (v, cm™!): 1619 (CH=N), 1270 (Ph—0). 'H
NMR (CDCly), o, ppm: 2.44 (6H, d, J = 5.1 Hz,
CH,), 3.80 (3H, s, CH3), 6.83—7.33 (7H, m, Cy—H),
7.58 (1H, s, Co—H), 7.86 (2H, d, J= 8.4 Hz, C,—H),
8.59 (1H, s, CH=N), 13.29 (1H, s, OH).

For C22H2]N302
Anal. calcd., %:
Found, %:

C, 71.52;
C, 73.48;

H, 5.89;
H, 5.92;

N, 11.64.
N, 11.59.

Synthesis of metal complexes. Copper acetate
monohydrate (0.10 g, 0.5 mmol), or nickel acetate tet-
rahydrate (0.124 g), or cobalt acetate tetrahydrate
(0.125 g) in ethanol (20 mL) was added to a solution of
HL' (0.34 g, 1 mmol), or HL? (0.33 g), or HL?
(0.37 g), or HL* (0.36 g), respectively, in ethanol
(30 mL). The mixture was refluxed for 3 h. Precipi-
tates of the complexes formed on cooling were filtered
off, washed two times with boiling ethanol (5 mL),
and recrystallized from a dichloromethane—ethanol
(2:1) system.

Bis{2-allyl-6-[ (E)-[4-(E)-phenylazophenyl ]imino-
methyl]phenolato}copper(II) (Ia): yield 0.6 g (80%),
brown crystals, mp = 207—208°C, U, = 1.92 up

(293 K). IR (v, cm™!): 1600 (CH=N), 1327 (Ph—O0).

For C44H36CUN602
Anal. calcd., %: C,71.00; H,4.87; N, 11.29; Cu, 8.53.
Found, %: C,71.01; H,4.90; N, 11.32; Cu, 8.60.
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Bis{2-allyl-6-[ (E)-[4-(E)-phenylazophenyl Jimino-
methyl]phenolato}nickel(II) (Ib): yield 0.52 g (70%),
brown powder, mp = 202-203°C, diamagnetic
(293 K). IR (v, cm™1): 1603 (CH=N), 1328 (Ph—0).

For C44H36NiN602
Anal. calcd., %: C, 71.46; H, 4.91;
Found, %:

N, 11.36; Ni, 8.01.
C,71.52; H,4.98; N, 11.45; Ni, 8.01.

Bis{2-allyl-6-[ (E)-[4- (E)-phenylazophenyl]imino-
methyl]phenolato}cobalt(II) (Ic): yield 0.61 g (83%),
red-brown powder, mp = 196—197°C, u.4 = 4.59 ug

(293 K). IR (v, cm™'): 1600 (CH=N), 1292 (Ph—0).

For C44H36CON602
Anal. calcd., %: C,71.44; H,4.90; N, 11.36, Ni, 7.97.
Found, %: C,71.52; H,4.99; N, 11.28, Ni, 7.89.

Bis{5-methoxy-2-[(E)-[4-[ (E)-phenylazophenyl ]imi-
noethyl]phenolato}copper(II) (Ila): yield 0.56 g (85%),
brown powder, mp > 250°C, p= 1.92 ug (293 K). IR

(v, cm~'): 1584 (CH=N), 1318 (Ph—0).

FOr C40H32CUN604
Anal. calcd., %: C, 66.33; H, 4.45; N, 11.60; Cu, 8.77.
Found, %: C,66.45; H,4.52; N, 11.71; Cu, 8.81.

Bis{5-methoxy-2-[(E)-[4-[ (E)-phenylazophenyl ]imi-
noethyl]phenolato}nickel(II) (IIb): yield 0.58 g (81%),
red-brown powder, mp > 260°C, diamagnetic (293 K).
IR (v, cm™!): 1589 (CH=N), 1311 (Ph—0).

For C4yH1,NiNO,
Anal. calcd., %: C, 66.78; H, 4.48;
Found, %: C,66.82; H,4.51;

N, 11.68; Ni, 8.16.
N, 11.75; Ni, 8.26.

Bis{5-methoxy-2-[ (E)-[4-[ (E)-phenylazo]phenyl ]imi-
noethyl]phenolato}cobalt(IT) (IIc): yield 0.58 g (80%),
red-brown powder, mp = 230—231°C, u.4 = 4.36 ug

(273 K). IR (v, cm™): 1572 (CH=N), 1311 (Ph—O).

For C4yH3,CoN¢O,
Anal. caled., %: C, 66.76; H, 4.48; N, 11.68; Co, 8.19.
Found, %: C,66.86; H,4.41; N, 11.72; Co, 8.32.

Bis{2-allyl-6-[ (E)-[4-methyl-2-[ (E)-phenylazo]-p-
tolylazo]iminomethyl]phenolato}copper(II) (IIa):
yield 0.74 g (88%), brown powder, mp > 250°C, =
1.97 ug (293 K). IR (v, cm™!): 1600 (CH=N), 1292
(Ph—0).

For C48H44CUN602
Anal. caled., %: C,72.3; H, 5.54; N, 10.50; Cu, 7.94.
Found, %: C,72.15; H,5.35; N, 10.49; Cu, 8.05.
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Bis{2-allyl-6-[ (E)-[4-methyl-2-[ (E)-phenylazo]-p-
tolylazo Jiminomethyl] phenolato }nickel (II) (II1b): yield
0.7 g (88%), dark brown powder, mp > 250°C, U4 =

2.93 g (293 K). IR (v, cm™'): 1612 (CH=N), 1336
(Ph—0).

For C4gH44NiNgO,
Anal. caled., %: C, 72.46; H, 5.57; N, 10.56; Ni, 7.38.
Found, %: C,72.32; H,5.61; N, 10.49; Ni, 7.42.

Bis{2-allyl-6-[ (E)-[4-methyl-2-[ (E)-phenylazo]-p-
tolylazo]iminomethyl]phenolato}cobalt(II) (IIlc): yield
0.69 g (87%), dark brown powder, mp = 246—247°C,
Uer = 4.36 ug (293 K). IR (v, cm™'): 1610 (CH=N),
1332 (Ph—0).

FOI‘ C48H44CON602
Anal. calcd., %: C, 72.44; H, 5.57; N, 10.56; Co, 7.41.
Found, %: C,72.32; H,5.68; N, 10.61; Co, 7.52.

Bis{5-methoxy-2-[ (E)-[4-methyl-2-[ (E)-p-tolyla-
zo]phenylJiminomethyl]phenolato}copper(II)  (IVa):
yield 0.58 g (74%), brown powder, mp > 250°C, p.4=
1.97 ug (293 K). IR (v, cm™'): 1602 (CH=N), 1317
(Ph—0).

For C44H40CUN6O4
Anal. calcd., %: C, 67.72; H,5.17; N, 10.77; Cu, 8.14.
Found, %: C, 67.81; H,5.20; N, 10.88; Cu, 8.34.

Bis{5-methoxy-2-[ (E)-[4-methyl-2-[ (E)-p-tolyla-
zo]phenyl Jiminomethyl]phenolato}nickel (IT) (IVb):
yield 0.69 g (89%), dark brown powder, mp > 250°C,
Uer = 2.95 ug (293 K). IR (v, cm™!): 1606 (CH=N),
1303 (Ph—0).

For C44H4yNiNO,
Anal. caled., %: C, 68.14; H, 5.20; N, 10.84; Ni, 7.57.
Found, %: C,68.30; H,5.28; N, 10.72; Ni, 7.38.

Bis{5-methoxy-2-[ (E)-[4-methyl-2-[ (E)-p-tolyla-
zo ] phenyl Jiminomethyl ] phenolato}cobalt(IT) (IVe):
yield 0.61 g (78%), dark brown powder, mp > 250°C,
Uer = 4.47 ug (293 K). IR (v, cm™): 1611 (CH=N),
1300 (Ph—0).

For C44H40CON604
Anal. calcd., %: C, 68.12; H, 5.20; N, 10.83; Co, 7.60.
Found, %: C,68.28; H,5.31; N, 10.71; Co,7.72.

Elemental analysis (C, H, N) was carried out on a
Carlo Erba Instruments TCM 480 instrument. The IR
spectra of samples in KBr pellets were recorded on a
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Nicolet Impact-400 instrument in a range of 4000—
400 cm~!. Melting points were measured on a Kofler
heating stage. "H NMR spectra were recorded on a
Varian Unity 300 spectrometer with a working fre-
quency of 300 MHz in the internal stabilization mode
of the 2H polar-resonance line in CDCl; at 20°C. The
specific magnetic susceptibility was determined by rel-
ative Faraday’s method at room temperature using
Hg[Co(CNS),] as a standard for calibration.

The X-ray absorption Cu, Co, and Ni K-edges of
compounds I-1IV (a, b, c) were obtained at the Struk-
turnoe Materialovedenie station of the Kurchatov
Synchrotron Radiation Source (Moscow) [32]. The
X-ray absorption spectra were processed by standard
procedures of background subtraction, normalization
to the value of K-edge jump, and isolation of atomic
absorption L, after which the Fourier transform of the
obtained extended X-ray absorption fine structure
(EXAFS) % spectrum was performed in the range of
photoelectron wave vectors k from 2.5 to 12—13 A-!
with the weight function k*. The obtained module
Fourier transformant (MFT) of the EXAFS corre-
sponded to the radial distribution function of the
atoms around the absorbing metal ion with phase shift
accuracy. The exact values of parameters of the nearest
environment of the metal ion in the studied com-
pounds were determined by nonlinear fitting of
parameters of the corresponding coordination spheres
when comparing the calculated EXAFS and that sub-
tracted from the overall absorption spectrum by the
Fourier filtration method. The nonlinear fitting was
performed using the IFFEFIT program package [33].
The phases and amplitudes of photoelectron wave
scattering necessary for the construction of the model
spectrum were calculated using the FEFF7 program
[34]. The X-ray data for single crystals of the com-
plexes with the similar atomic environments of metal
ions were used as the initial atomic coordinates neces-
sary for the calculation of the scattering phases and
amplitudes and further fitting. The search for these
structures was performed in the Cambridge Structural
Database.

X-ray diffraction analyses of HL' and HL*were car-
ried out on a Bruker APEX-II diffractometer equip-
ped with a CCD detector and a monochromatic radi-
ation source (MoK, A = 0.71073 A, graphite mono-
chromator) using the standard CrysAlisPro procedure
[35]. The structures were solved by a direct method
and refined in the full-matrix anisotropic approxima-
tion for all non-hydrogen atoms. Hydrogen atoms
were localized from difference electron density syn-
theses and refined in the isotropic approximation. The
main crystallographic data and refinement parameters
are presented in Table 1. All calculations were per-
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formed using the SHELXS-97 program package [36].
The full array of X-ray diffraction data was deposited
with the Cambridge Crystallographic Data Centre
(CIF files CCDC no. 1552836 (HL') and 1552837
(HL%;  deposit@ccdc.cam.ac.uk  or  http://
www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

Azomethine compounds HL'-HL* were synthe-
sized by the condensation in ethanol of 3-allylsalicylic
or 5-methoxysalicylic aldehyde with 4-aminobenzene
and 6-amino-4,4'-dimethylazobenzene at a molar
ratio of 1 : 1 and recrystallized from a chloroform—
ethanol (1 : 2) system.

Compounds HL!—HL* are highly soluble in chlo-
roform, dichloromethane, dimethyl sulfoxide, and
dimethylformamide and are poorly soluble in ethanol
and methanol.

The structures of compounds HL'-HL* were
established by elemental analyses and IR and 'H
NMR spectroscopy. The IR spectra of HL!'—HIL* con-
tain absorption bands at 1610—1619 cm~! v(CH=N)
and 1270—1282 cm~! v(Ph—0). The signals of all pro-
tons according to the empirical formula were found in
the '"H NMR spectra. The signals of the CH=N pro-
tons at 8.71 (HL'"), 8.62 (HL?), 8.67 (HL?), and 8.59
(HL*) ppm and the signals of the protons of the OH
groups at 13.45 (HLY), 14.15 (HL?), 12.65 (HL?), and
13.29 (HL*) ppm, respectively, were detected.

The molecular structures of compounds HL! and
HL* were determined by X-ray diffraction analysis
(Fig. 1). Selected bond lengths and bond angles are
given in Table 2. The lengths of the C—C bonds in the
aromatic cycles and N(1)—N(2), N(3)—C(10), and
C(21)—C(22) double bonds in a molecule of HL! are
close to standard values [37].

On the whole, a molecule of HL' is nearly planar.
The cycles bound by the azo group are almost copla-
nar (the dihedral angle between the mean planes is
1.83°). The phenol ring C(14)C(15)C(16)C(17)-
C(18)C(19) is insignificantly turned relative to the
C(7)C(8)C(9)C(10)C(11)C(12) cycle, so that the
dihedral angle between the mean planes is 5.87°.

The very strong intramolecular hydrogen bond
O(1)—H(1)-*N(3) with the following parameters is
observed in a molecule of compound HL!: O(1)—H(1)
0.84, H(1)-~N(3) 1.85, O(1)--N(3) 2.596(2) A, and
angle O(1)H(1)N(3) 147°.

Centrosymmetric pairs bound by the shifted stack-
ing interaction are formed by molecules of compound
HL! in single crystal. The dihedral angle between the
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mean planes of the C(14)C(15)C(16)-=C(17)C(18)-
C(19) and C(1)'C(2)IC(3)IC(4)'C(5)IC(6)" cycles
(symmetry procedure: 3/2 — x, 1/2— y, —z) is 7.68°,
and the intercentroid distance is 4.468 A. The distance
between the centroids of the C(7)C(8)C(9)C(10)-
C(1C(12) and C(7)'C(8)IC(9)-C(10)IC(11)IC(12)!
cycles is 4.389 A.

The bond lengths in a molecule of compound HL*
are close to standard values (Table 2). As a whole, a
molecule of HL* is not planar. The cycles bound by
the azo group are not coplanar because of the turn rel-
ative to the N(2)—C(13) bond, and the dihedral angle
between their mean planes is 23.29°. The phenol cycle
C(1)CR)CB)CHA)C(5)C(6) and C(7)C(R)CO)-
C(10)C(11)C(12) cycle, in turn, are turned relative to
the N(1)—C(8) bond, and the dihedral angle between
the mean planes is 10.13°.

The strong intramolecular bond O(1)—H(1)--N(1)
is also observed in a molecule of compound HL*
(O(1)—H(1) 0.89, H(1)-N(1) 1.77, O(1)--N(1)
2.593(2) A, angle O(1)H(1)N(1) 152°).

According to the elemental analysis data, metal
complexes I-IV based on HL'—HL* (a, b, ¢) have the
composition ML,. The changes characteristic of che-
late structures are observed in the IR spectra of all
complexes [38—40]. The v(CH=N) stretching vibra-
tion bands of the ligands in a range of 1610—1619 cm™!
decrease by 2—10 cm~! upon complex formation,
whereas the v(Ph—O) stretching vibration bands at
1272—1282 cm™! increase by 30—60 cm~! depending
on the type of ligand.

ComplexesI (a,c),II(a,c), III(a,b,c),and IV (a,
b, c) are paramagnetic. The values of u.4 at 293 K of
the copper complexes are 1.92 (Ia), 1.92 (Ila), 1.97
(IIa), and 1.97 (IVa) pg; those of the cobalt com-
plexes are 4.59 (I¢), 4.36 (IIc), 4.36 (Illc), and 4.47
(IVe) ug; and p.4 of the nickel complexes are 2.93
(ITIb) and 2.95 (IVb) ug, which corresponds to the
purely spin values of the magnetic moment taking into
account the contribution of the orbital component.
The values of u. do not change with a decrease in
temperature, indicating the mononuclear structure of
these complexes. Nickel complexes Ib and IIb con-
taining the azo group in the para position of the amine
fragment of the ligand are diamagnetic at room tem-
perature, which indicates their square structure.

As has previously been shown for the nickel com-
plexes with similar ligands containing azo groups in
the ortho position of the amine fragment, cyclometal-
lated square structures of the coordination mode of
type V take place [41].
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However, according to the elemental analysis data,
nickel complexes IIIb and IVb have the composition
NiL,, and their magnetic moments are 2.93—2.95 u,,
which are characteristic of the octahedral structure of
the coordination mode.

The structure of the nearest atomic environment of
metal ions in the coordination sites of complexes I-IV
(a, b, ¢) was determined by the data of X-ray absorption
spectroscopy from analysis of the X-ray absorption near
edge structure (XANES) and EXAFS K-edges of these
compounds. The normalized XANES Cu, Ni, and Co
K-edges and the corresponding MFT EXAFS for
complexes I-1IV (a, b, c¢) are presented in Fig. 2. The
pre-edge XANES structure and the first derivatives
du/dE, where p is the mass absorption coefficient of
X-ray radiation, are also shown in Fig. 2 (insets).

A comparison of the K-edge XANES for the stud-
ied samples shows that for the Ni and Co complexes
they differ substantially in fine structure depending on
the ortho- or para-position of the azobenzene group of
the amine fragment in the ligand, whereas the Cu K-edge
XANES are close in structure for all copper com-
plexes. The XANES of the Ni complexes in which the
azobenzene group is localized in the para position (Ib,
IIb) are characterized by a low-intensity pre-edge
peak A caused by the manifestation of the p—d mixing
of the AO of the metal in the complex. The intensity of
the pre-edge peak A in the XANES of the Ni com-
plexes in which the azobenzene group is localized in
the ortho position (IIlb, IVb) is also low. Such a low
intensity of peak A is usually characteristic of the octa-
hedral or square environment of the absorbing atom
when its intensity is caused by very weak forbidden
quadrupole electron transitions 3d — 1s. The determin-
ing distinction in the XANES of these two pairs of com-
plexes is the presence of the intense peak B directly at the
Ni K-edge of complexes Ib and IIb and its absence in
the XANES of complexes IIIb and I'Vb. The presence
of the intense well resolved peak B in the XANES is
characteristic of the square coordination site in the
complexes and is due to the manifestation of the
vacant p,-AO of the metal (axis z L plane N,0,). The
manifestation of this component B, along with a very
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Table 1. Crystallographic data and experimental and refinement characteristics for compounds HL' and HL*

Value
Parameter
HL! HL*

Fw 341.40 359.42
Crystal size, mm 0.33 x 0.22 x 0.09 0.43 x 0.23 x 0.11
Temperature, K 173(2) 150(2)
Crystal system Monoclinic Monoclinic
Space group C2/c P2,/n
a, A 43.1032(18) 12.5558(14)
b, A 7.2874(3) 11.9430(13)
c, A 11.5190(4) 13.3440(15)
B, deg 102.054(7) 113.114(2)
v, A3 3538.46 1840.4(4)
Z 8 4
Peatcas &/cm’ 1.282 1.297
u, mm-~! 0.081 0.085
F(000) 1440 760
Scan range over 0, deg 1.94-55.12 4.76—55.7
Number of measured reflections 7677 10316
Number of independent reflections 3998 4422
Number of reflections with 7> 26(/) 2792 2957
Ranges of reflection indices —56 <h <56, —14<h< 16,

—6<k<9, —12<k<15,

—14</<14 —17<I<17
Number of refined parameters 235 251
R, (I>20(])) 0.0436 0.0483
WwR, (all reflections) 0.1542 0.1346
GOQOF (all reflections) 1.000 0.999
AP rmax/APin: € A~ 0.355/—0.246 0.361/-0.202

low intensity of the pre-edge peaks A4, suggests that the
metal ion has a square atomic environment in nickel
complexes Ib and IIb. The main absorption maximum
C also demonstrates substantial differences in the
XANES of complexes Ib and IIb compared to the
XANES of complexes ITIb and IVb.

The changes in the shape of the XANES are espe-
cially pronounced for the Ni complexes when consid-
ering their first derivatives du/d E of the absorption Ni
K-edges. For the XANES of complexes Ib and IIb,
du/dE has several strongly split maxima, whereas

du/dE of the absorption Ni K-edges of complexes I11b
and I'Vb have one broad maximum. These specific fea-
tures of the first derivatives are also characteristic of
the square or distorted octahedral environment of
nickel ions.

Similar changes are observed for the XANES of Co
complexes I-IV on changing the position of the azo-
benzene group of the amine fragment in the ligand.
However, unlike the XANES of Ni complexes Ib and
IIb, in the XANES of cobalt complexes I¢ and Il¢
the intensity of the pre-edge peaks A4 is high and shoul-
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(b)

Fig. 1. Molecular structures of compounds (a) HL' and (b) HL* in the representation of atoms by thermal shift ellipsoids with

30% probability.

der B is nearly absent, being characteristic of the com-
plexes in which metal ions have a tetrahedral distorted
environment. All arguments for the XANES and their
first derivatives dy/dE of nickel complexes IIIb and
IVb can be assigned to the interpretation of the
XANES for complexes IIlc and I'Vc. The latter allows
one to suggest that the octahedral environment of the
cobalt ion takes place in these compounds.

The XANES shape and intensities of pre-edge
peaks A for Cu complexes I-IVa remain almost
unchanged depending on the ortho- or para-position
of the azobenzene group of the amine fragment in the
ligand, which is especially well seen from similar
du/dE of the Cu K-edges of these complexes. These

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 43

XANES characteristics of I—IVa are typical of a dis-
torted square environment of the copper ions in the
complexes.

This qualitative description of the local structure in
complexes I-IV (a, b, ¢) on the basis of the consider-
ation of the XANES was confirmed by an analysis of
the EXAFS absorption K-edges of these compounds,
which gave the quantitative characteristics of the
structure of the nearest atomic environment of the
absorbing metal ions. The MFT ofthe K-edge EXAFS
are shown in Figs. 2d—2f, and the quantitative data on
the parameters of the nearest coordination spheres in
complexes I-1IV (a, b, ¢) are presented in Table 3. All
MFT have the main peak at »= 1.46—1.54 A caused by
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Table 2. Selected interatomic distances and bond angles in molecules based on HL' and HL*

Bond d,A Bond d,A
HL!
O(1)—C(15) 1.3470(17) N(2)-C(7) 1.4246(18)
N(1)-N(2) 1.2536(17) N(3)—C(13) 1.2832(19)
N(1)-C(6) 1.4281(18) N(3)—C(10) 1.4166(18)
HL*
O(1)—C(1) 1.3544(19) N(1)—C(8) 1.4120(19)
0(2)—C(4) 1.3690(19) N(2)-N(3) 1.2505(18)
0(2)—C(20) 1.419(2) N(2)—C(13) 1.4309(17)
N(1)—C(7) 1.278(2) N(3)—C(14) 1.4346(17)
Angle ®, deg Angle ®, deg
HL!
C(15)0(1)H(1) 109.5 N(1)N(2)C(7) 114.56(12)
N(2)N(1)C(6) 113.91(12) C(13)N(3)C(10) 122.40(13)
HL*
C(1)O(1)H(1) 104.9(15) N(2)N(3)C(14) 113.63(12)
C(4)0(2)C(20) 116.43(12) N(1)C(7)C(6) 121.28(13)
C(7)N(1)C(8) 122.65(12) O(1)C(1)C(2) 119.50(13)
N(3)N(2)C(13) 114.77(12) O(1)C(1)C(6) 121.78(13)

photoelectron wave scattering on the nearest coordi-
nation sphere of the nitrogen and oxygen atoms of the
ligands. The next peaks in the MFT at high r are
related to the coordination spheres containing differ-
ent atoms (mainly carbon atoms) of the ligands. The
calculations of the model EXAFS showed that the
nearest environment of the metal ions in complexes I—
IV (a) and I, II (b, c¢) consisted of two nitrogen atoms
and two oxygen atoms, the average distance to which
are presented in Table 3. For Ni complexes III, IV (b)
and Co complexes III, IV (c), the best model of the
nearest atomic environment corresponded to the first
coordination sphere of six oxygen and nitrogen atoms,
indicating an additional coordination of two nitrogen
atoms in the compounds in which the azobenzene
group of the amine fragment in the ligand is localized
in the ortho position. The average distances from the
complexing metal to these nitrogen atoms are longer
by 0.1—0.2 A. The obtained values of Debye—Waller
factors are typical of coordination spheres of these

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 43

radii and compositions. The results are well consistent
with the magnetochemical data for these complexes.

To conclude, the following new azomethine com-
pounds containing azobenzene groups in the ortho-
or para-position of the amine fragment were syn-
thesized: 2-allyl-6-[(F)-[4-(E)-phenylazophenyl-
iminomethyl]phenol, 2-allyl-6-[(E)-[4-(E)-phenyl-
azo]-p-tolylazo]iminomethyl]phenol, 5-methoxy-
2-[(E)-[4-](E)-phenylazo]phenyl]iminoethyl|phe-
nol, and 5-methoxy-2-[(£)-[4-methyl-2-[(E)-p-
tolylazo]phenyl]iminomethyl]phenol. Their struc-
tures were determined by the data of IR spectros-
copy, 'H NMR spectroscopy, and X-ray diffraction
analysis. The Cu, Ni, and Co complexes were syn-
thesized on the basis of the above compounds. The
structures of the complexes were established by X-
ray absorption spectroscopy, and their magnetic
properties were studied. The coordination sites of all
Cu complexes were found to have a distorted square
structure. A direct dependence of the coordination
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Table 3. Parameters of the local atomic environment of metal ions in I-IV (a, b, c) complexes obtained by the multisphere
fitting of the EXAFS K-edges (R is interatomic distance, 62 is the Debye—Waller factor, and ) is the fitting goodness-of-fit)

Compound N R A o2, A2 CO(;;(ngeﬁon N, %

Ia 2 1.89 0.0044 O/N 3.2
2 2.01 0.0044 O/N
6 2.90-2.97 0.0044 C

IIa 2 1.85 0.0044 O/N 2.2
2 2.01 0.0044 O/N
6 2.86—3.01 0.0044 C

IIIa 2 1.89 0.0035 O/N 1.7
2 1.99 0.0035 O/N
6 2.91-3.02 0.0035 C

IVa 2 1.89 0.0037 O/N 1.3
2 1.95 0.0037 O/N
6 2.90-3.05 0.0037 C

b 2 1.84 0.0042 O/N 9.9
2 1.96 0.0042 O/N
6 2.82—-2.91 0.0042 C

IIh 2 1.84 0.0038 O/N 43
2 1.91 0.0038 O/N
6 2.81-2.90 0.0038 C

IIIb 2 1.97 0.0050 O/N 2.3
2 2.03 0.0050 O/N
2 2.05 0.0050 O/N

Vb 2 2.00 0.0044 o/N 1.6
2 2.06 0.0044 O/N
2 2.19 0.0044 O/N

Ic 2 1.91 0.0044 O/N 7.1
2 1.95 0.0044 O/N
6 2.83—-2.96 0.0044 C

e 2 1.92 0.0046 O/N 3.1
2 1.97 0.0046 O/N
6 2.84—-2.97 0.0046 C

IIIc 4 2.00 0.0050 O/N 4.4
2 2.12 0.0050 O/N
6 2.91-3.04 0.0050 C

IVe 4 2.01 0.0050 O/N 6.6
2 2.12 0.0050 O/N
6 2.92-3.05 0.0050 C
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polyhedron geometry on the position of the azoben-
zene groups in the amine fragment of the ligands was
observed for the Ni and Co complexes. The octahedral
environment of the nickel and cobalt ions is observed
in the case of the ortho-position of the amine frag-
ment, whereas the square environment for the Ni
complexes or tetrahedral one for the Co complexes
takes place in the case of the para-position.
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