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Abstract—The geometric structures of compounds CuL2 (L = R1N(O)–(O)CR2; R1 = tert-Bu, R2 = Ph (I)
and R1 = Ph, R2 = tert-Bu (II)) are studied by X-ray diffraction analysis (XRD) in the crystalline state and
by stationary EPR spectroscopy in a dichloromethane solution. According to the XRD data (CIF files CCDC
nos. 1875367 and 2022310, respectively), in the crystalline state the copper atoms of both complexes exist in
the planar-square environment of the oxygen atoms with the trans-coordination of the hydroxamate ligands.
According to the EPR data for frozen solutions of the complexes in dichloromethane, the compounds coexist
as two mononuclear forms A and B differed in magnetic resonance parameters. It is shown that compound
IB forms aggregates when freezing the solution. The form B of compound II is an associate of the copper
complex with the solvent molecules. The EPR data indicate that both forms of compounds I and IIA form no
associates with the solvent molecules.
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INTRODUCTION

Hydroxamic acids found wide use in biology, med-
icine, analytical chemistry, and metallurgy. Both
hydroxamic acids themselves and their metal com-
plexes can exist as various isomers and polymolecular
structures [1]. The majority of the known structurally
characterized copper(II) hydroxamates in the crystal-
line state exists as planar-square complexes with the
trans-coordination of the ligands [2–5]. It was con-
vincingly shown by the EPR method that copper
hydroxamates dissolved in organic solvents existed as
two forms [6, 7], which behaved as mononuclear in
the EPR spectra. The differences in the spectral
parameters were attributed [8, 9] to the coexistence of
cis- and trans-isomers of the complexes in the solu-
tion. The both indicated forms of the complexes are
present in the solution and reliably detected by the
EPR method both at room temperature and in low-
temperature glass. When solutions of the copper(II)
hydroxamates are cooled to the temperatures lower
than the freezing point of the solvent, dimeric forms
[CuL2]2 can be detected in the EPR spectra along with
monomeric forms CuL2, depending on the structure
of ligand L [10].

In this work, the structures of two copper(II)
hydroxamates CuL2 (L = R1N(O)–(O)CR2; R1 = tert-
Bu, R2 = Ph (I) and R1 = Ph, R2 = tert-Bu (II)) in the
crystalline state were determined by the XRD method,

and the structures of the compounds in frozen solu-
tions of dichloromethane at 100 K were determined
using EPR spectroscopy.

EXPERIMENTAL

The copper(II) hydroxamate complexes were syn-
thesized according to a described procedure [11]. For
a more precise interpretation of the EPR spectra, the
samples were synthesized using only one copper iso-
tope: 63Cu. Single crystals suitable for XRD were
obtained by crystallization from petroleum ether.

XRD of complexes I and II was carried out on the
Belok beamline at the Kurchatov Synchrotron Radia-
tion Source of the National Research Center “Kurch-
atov Institute” (Moscow, Russia) in the ϕ scan mode
using a Rayonix SX165 CCD detector at 100 K [12].
The primary indexing, parameter refinement, reflec-
tion integration, and a reflection intensity absorption
correction were applied using the XDS program pack-
age [13]. The structures were solved by direct methods
and refined by full-matrix least squares for F 2 with the
anisotropic approximation parameters for all non-
hydrogen atoms. Hydrogen atoms were placed in the
calculated positions and refined by the riding model
with Uiso(H) = 1.5 × Uequiv(C) for the methyl groups
and 1.2 × Uequiv(C) for the hydrogen atoms of the phe-
nyl group. The structure parameters were refined
376
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Table 1. Crystallographic data and structure refinement parameters for complexes I and II

Parameter
Value

I II

Empirical formula C22H28N2O4Cu C22H28N2O4Cu

FW 448.00 448.00
Color, habitus Gray-violet, prism Gray-green, irregular shape
Crystal sizes, mm 0.120 × 0.050 × 0.050 0.070 × 0.050 × 0.050
Temperature, K 100 100
λ, Å 0.80246 0.80241
Crystal system Monoclinic Monoclinic
Space group P21/n P21/n

Cell parameters:
a, Å 10.564(2) 11.2470(6)
b, Å 5.7240(11) 5.6161(5)
c, Å 17.733(4) 16.9480(19)
β, deg 96.11(3) 94.52(2)

V, Å3 1066.2(4) 1067.18(17)

Z 2 2

ρcalc, g/cm3 1.395 1.394

μ, mm–1 1.460 1.458

F(000) 470 470
θmin–θmax, deg 2.608–31.025 2.549–30.504

Ranges of reflection indices –13 ≤ h ≤ 13,
–7 ≤ k ≤ 7,

–22 ≤ l ≤ 22

–14 ≤ h ≤ 14,
–7 ≤ k ≤ 7,
–27 ≤ l ≤ 27

Measured reflections 8211 7740
Independent reflections (Rint) 2324 (0.0880) 2230 (0.0571)

Reflections with I > 2σ(I) 1672 2068
Reflections/restraints/parameters 2324/0/136 2230/0/137
R factors for I > 2σ(I) R1 = 0.0599,

wR2 = 0.1523
R1 = 0.0482,
wR2 = 0.1233

R factors for all reflections R1 = 0.0867,
wR2 = 0.1706

R1 = 0.0519,
wR2 = 0.1278

GOOF 1.046 0.978
Tmax/Tmin 0.001/1.000 0.002/1.000

Residual electron density (max/min), e A–3 0.629/–1.337 0.748/–0.839
without additional restraints imposed on the model.
Calculations were performed using the SHELXTL
program package [14] in the OLEX2 medium of struc-
tural data visualization and processing [15]. The crys-
tallographic data and structure refinement parameters
for compounds I and II are presented in Table 1.
Selected bond lengths and bond angles are given in
Table 2.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
The crystallographic data for complexes I and II
were deposited with the Cambridge Crystallographic
Data Centre (CIF files CCDC nos. 1875367 and
2022310, respectively; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

EPR spectra were recorded on an Elexsys-E680X
radiospectrometer (BRUKER) at the Center for Col-
lective Use of the Kurnakov Institute of General and
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Table 2. Selected interatomic distances (Å) and bond angles (deg) in the structures of compounds I and II

* Symmetry procedures: 1 –x + 1, –y + 2, –z + 1 (I), –x + 1, –y, –z + 1 (II).

Bond
I II

d, Å

Cu(1)–O(1)(N) 1.888(3) 1.8764(18)
Cu(1)–O(2)(C) 1.909(3) 1.9276(17)
O(1)–N(1) 1.385(4) 1.392(3)
O(2)–C(1) 1.274(5) 1.279(3)

Angle ω, deg

O(1)CuO(2) 84.06(11) 84.34(7)

O(1)1CuO(2)* 95.94(11) 95.66(7)

O(1)1CuO(1)* 180.00 180.00(8)
Cu(1)O(1)N(1) 109.8(2) 109.04(13)
Cu(1)O(2)C(1) 111.4(2) 111.65(16)
Inorganic Chemistry of the Russian Academy of Sci-
ences (Moscow, Russia). The working frequency of
the spectrometer was ~9.8 GHz (X range). Solutions
of the complexes were cooled to Т = 100 K using an
Oxford Instruments thermal block.

Spin-Hamiltonian (SH) parameters of the com-
plexes were determined using the best fit between the
experimental and theoretical spectra by the minimiza-
tion of the error function [16] as follows:

where  is the set of experimental intensities of the
EPR signal with a constant increment over the mag-
netic field strength Н,  is the theoretical values at
the same field strengths Н, and N is the number of
points. The sum of the Lorentzian and Gaussian func-
tions was used as a lineshape function [17]. According
to the relaxation theory [18], the lineshape was speci-
fied by the equation

where mI is the nuclear spin projection on the mag-
netic field direction; and α, β, and γ are the parame-
ters determined by various relaxation mechanisms.
Relative concentrations of the complexes, g factors,
hyperfine structure (HFS) constants, and linewidth
and lineshape parameters were varied during minimi-
zation.

RESULTS AND DISCUSSION
According to the XRD data, complexes I and II

crystallize in the monoclinic space group P21/n with-
out incorporation of the solvent into the crystal struc-
ture. In both compounds, the Cu(1) copper atom lies
on the inversion center and exists in the planar-square
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environment of the oxygen atoms of the ligands with
minor changes in the interatomic distances between
the central metal atom and atoms of the coordination
environment, Cu(1)–O(1) 1.888(3), Cu(1)–O(2)
1.909(3) Å (for I) and Cu(1)–O(1) 1.8764(18),
Cu(1)–O(2) 1.9276(17) Å (for II), which are arranged
in the trans-positions. The structures of compounds I
and II are presented in Figs. 1 and 2, respectively. The
five-membered metallocycle Cu(1)–O(1)–N(1)–
C(1)–O(2) in compound I is close to an ideally planar
one, whereas a slight deviation of the Cu(1) copper
atom from the O(1)–N(1)–C(1)–O(2) (0.020(4) Å)
plane is observed in compound II.

The EPR spectra of frozen solutions of compounds
I and II in dichloromethane represent a superposition
of the spectra of two forms (A and B) of the mononu-
clear copper(II) compounds in a magnetically dilute
solid matrix (Figs. 3, 4). Three HFS lines are observed
in weak magnetic fields from the copper nucleus par-
allel to the g tensor component, and the fourth line is
overlapped with an intense signal of the perpendicular
component. An additional absorption peak is observed
in the range of strong magnetic fields (~3300 G) [16].

The spectra of the complexes are described by the
orthorhombic symmetry SH of the following form:

where β is Bohr’s magneton; i = 1, 2; giz, gix, and giy are
the z, x, and y components of the g tensor; Ai, Bi, and
Ci are the z, x, and y components of the HFS tensor;
Siz, Six, and Siy are the projections of the electron spin
operator on the coordinate axes; S = 1/2; and Iiz, Iix,
and Iiy are the projections of the nuclear spin operator
of the central atom of the complex on the coordinate
axes (I = 3/2). The SH parameters of the EPR spectra
of the copper compounds in the frozen solutions

,
i iz z iz ix x ix

iy y iy i iz iz i ix ix i iy iy

H g H S g H S
g H S A I S B I S C I S

= β + β
+ β + + +
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Fig. 1. Molecular structure of complex I (thermal ellipsoids are given with 45% probability). Hereinafter superscript 1 designates
atoms of the symmetrically independent part of the molecule.
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Fig. 2. Molecular structure of complex II (thermal ellipsoids are given with 45% probability).
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obtained by the best approximation of the experimen-
tal data are presented in Table 3.

The compounds, whose EPR spectra are described
by the SH with higher HFS constants and lower g fac-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Table 3. SH parameters of the EPR spectra of Cu(II) hydrox

Compound gz gx gy A × 10

IA 2.235 2.055 2.053 20
IB 2.243 2.077 2.044 18
IIA 2.241 2.071 2.071 20
IIB 2.273 2.056 2.059 18
tors, hereinafter will be designated as compounds in
form A. The complexes, whose EPR spectra are
described by the SH with higher g factors and lower
HFS constants, are named compounds in form B. The
  Vol. 47  No. 6  2021

amates in low-temperature glass at 100 K
–4 сm–1 B × 10–4 cm–1 C × 10–4 cm–1 Concentration, %

4.9 24.2 23.8 60
7.5 6.5 36.3 40
0.0 24.6 26.3 65
3.5 10.1 11.4 35
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Fig. 3. Experimental and theoretical EPR spectra of the
frozen solution of compound I (ratio of concentrations of
the forms of the complex cIA/cIB = 1.50); theoretical spec-
tra of compounds IA, IB, and IIIB. 
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Fig. 4. Experimental and theoretical EPR spectra of the
frozen solution of compound II (ratio of concentrations of
the forms of the complex cIIA/cIIB = 1.86); theoretical
spectra of compounds IIA and IIB. 
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SH parameters for the spectra of compounds IA and
IIA are close and characterized by a slight difference in
the planar components gx, gy and B, C. In the bis(che-
late) square cis-complex, the diagonals of the square
formed by the oxygen atoms of the ligands are equiva-
lent to Cu–O(N) + Cu–O(С), whereas they are not
equivalent to Cu–O(N) + Cu–O(N) and Cu–O(С) +
Cu–O(С) in the trans-complex. The equivalence of
the planar components of the SH parameters indicates
that the diagonals of the square are equivalent, which,
in turn, corresponds to the cis-coordination of the
ligands. The theoretical spectra of form A obtained
when using the SH parameters in Table 3 are visually
perceived as the spectra described by the axial symme-
try SH (Figs. 3, 4). According to the published
results [19], copper hydroxamates with the cis-coordi-
nation of the ligands are characterized by the following
SH parameters: gz = 2.23, gx,y = 2.03, and А = 219 ×
10–4 cm–1. Thus, forms A of complexes I and II can be
ascribed to cis-isomers of the corresponding com-
pounds on the basis of a comparison of the values
obtained for the SH parameters.

The EPR spectrum of compound IB is described
by the SH with a substantial difference in the planar
parameters gx, gy, B, and C. Since the diagonals of the
coordination environment of the central metal atom
are nonequivalent, this difference corresponds to the
spectrum of the complex with the trans-coordination
of the ligands. The SH parameters of this compound
are close to the EPR spectral parameters of complex
CuL2 (L = R1N(O)–(O)CR2; R1 = tert-Bu, R2 = Ме
(IIIB)) with the trans-coordination of the ligands [5].
The difference in the spectra of compounds IB and
RUSSIAN JOURNAL OF C
IIIB is a substantial broadening of the spectrum of
complex IB in the range of low magnetic field
strengths (Fig. 3). Similar broadening can be related
only to the interaction of the mononuclear CuL2 com-
plexes in a frozen solution, which indicates their
aggregation.

The EPR spectra for complexes IB and IIB
(Figs. 3, 4) differ substantially in the SH parameters,
which can be due to different effects of the solvent
molecules on the trans-isomers of compounds I and
II. The solvent molecules can form stable solvates with
the copper(II) bis(chelates). According to the NMR
and EPR data, these solvates exist in a solution at
room temperature and in low-temperature glass at
77 K [20]. Similar solvates of copper hydroxamates
have previously been isolated in the crystalline state
[2]. According to the XRD data, the solvent molecules
form hydrogen bonds only with the О(N) atoms of the
hydroxamate groups. This interaction leads to a
decrease in the differences in the Cu–O(N) and Cu–
O(C) metal–ligand distances. In compound IIB, a
similar influence of the solvent molecules results in a
decrease in the orthorhombic distortion of the coordi-
nation polyhedron, which, in turn, affects the EPR
spectra for which the planar SH parameters (gx, gy and
B, C) become close in value. Three-axial anisotropy of
the SH parameters (see Table 3) of the EPR spectrum
of compound IB indicates no such an interaction of
the solvent and complex. In this case, the bulky sub-
stituent (R1 = tert-Bu) probably prevents the forma-
tion of a hydrogen bond of the dichloromethane mol-
ecule with the О(N) atom.
OORDINATION CHEMISTRY  Vol. 47  No. 6  2021
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Thus, it was found from the XRD data that com-
pounds I and II in the crystalline state were the mono-
nuclear complexes with the trans-coordination of the
ligands. At the same time, the EPR data indicate that
in the frozen solutions the complexes coexist as two
forms, presumably, as cis- and trans-isomers. The
trans-form of copper(II) N-phenylpivaloyl hydroxam-
ate forms a solvate with the solvent molecules.
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