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Abstract—A new binuclear copper(I1) complex Cu,(Piv)4(L),, where Piv™ = pivalate, L = 2,6-di-tert-butyl-
4-(3,5-bis(4-pyridyl)pyridyl)phenol, was synthesized, and its molecular and crysral structures were deter-
mined at temperatures of 160, 173, and 296 K (CIF files CCDC no. 2144104, 2144105, and 2144106, respec-
tively). Cyclic voltammetry measurements revealed three irreversible oxidation processes in the potential
range of 0.5—1.2 V versus Fc*/Fc. Analysis of the temperature dependence of the magnetic susceptibility of
Cu,(Piv),4(L), showed that antiferromagnetic interactions of Cu?" ions predominate in the complex. It was
found that the oxidation of Cu,(Piv)4(L), upon grinding with PbO, or treatment of a solid sample with an
aqueous solution of K;[Fe(CN)] affords long-lived phenoxyl radical, which can be detected by ESR spec-

troscopy.
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Transition metal complexes in which minor
changes of the chemical composition due to reactions
with other compounds or external stimuli induce sig-
nificant changes in physical characteristics are consid-
ered as a basis for the design of new molecular magnets
[1-3], multifunctional compounds, and materials
with controlled properties [5—10]. These materials
may be useful for the design of new-generation mag-
netic materials and active parts of sensors whose
response is caused, for example, by a change in the
optical, magnetic, and electric conductivity character-
istics [11—15], displays [16], and heat-sensitive paints
[17]. Compounds in which such changes are reversible
are of particular interest for the above-indicated pur-
poses. One of the approaches to the development of
such systems is to generate stable radicals within tran-
sition metal complexes by oxidation or reduction of
organic groups present in the ligands. The radical gen-
eration in a complex can affect its magnetic properties,
since the unpaired electron of the radical may increase

the magnetic susceptibility of the compound by
increasing the total spin of the molecule [18, 19] or
decrease the magnetic susceptibility due to antiferro-
magnetic coupling with the metal ion [20, 21]. In
addition, the formation of a free radical may change
the optical properties of the coordination compound
due to the own color of the radical [22] or quenching
of luminescence of another part of the molecule [23].
An important task of modern coordination and physi-
cal chemistry is to elucidate the effect of the structure
of coordination compounds on the possibility of free
radical generation in them. A great contribution to the
coordination chemistry of metal—radical systems was
made by Academician of the RAS V.I. Ovcharenko
and co-workers, who elucidated the relationship
between the structure and magnetic properties for
3d metal complexes with nitronyl nitroxide radicals
[24, 25] and discovered the anomalous changes in the
magnetic properties related to structural rearrange-
ments for some of these complexes [26—28].
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Previously, we predicted the possibility of generat-
ing a stable phenoxyl radical in coordination com-
pounds containing a 2,6-di-fert-butylphenol moiety,
that is, complexes with 2,6-di-fert-butyl-4-carboxy-
phenol [29] and 2,6-di-fert-butyl-4-(3,5-bis(4-pyr-
idyl)pyridyl)phenol (L) [30, 31].

The goal of this work is to study the structure and
magnetic properties of the binuclear copper(Il) piva-
late complex with the ligand L and to determine the
conditions of formation of the phenoxyl radical in this
compound.

OH

(L)

The paper describes the synthesis of a new com-
plex, Cu,(Piv)4(L),, where Piv- = pivalate, determina-
tion of its molecular and crystal structures at three
temperatures, analysis of structural changes at differ-
ent temperatures (dependences of ;7 on 7), electro-
chemical and magnetic properties of the complex, and
the possibility of generating a long-lived radical upon
UV radiation and oxidation with various oxidants.

EXPERIMENTAL

The new compounds were synthesized in air using
commercially available reagents (Ukrorgsintez,
Khimlaborreaktiv) and solvents (Ukrorgsintez),
which were used as received. The initial complex I was
obtained by a known procedure [32]. Ligand L was
synthesized as described previously [30].

Synthesis of Cu,(Piv),(L),’5.5H,0-0.75CH;CN. A
hot solution of Cu(Piv),:2H,0 (70 mg, 0.3 mmol) in
CH;CN (20 mL) was mixed with a hot solution of L
(100 mg, 0.3 mmol) in CH;CN (50 mL). Cooling of
the mixture gave green crystals. After 24 h, the crystals
were collected on a filter, washed with cold CH;CN
(5 mL), and dried in air. The yield was 140 mg (70%).

For C;9 5H j125Ng 75015 5Cuy

Anal. caled., % C,62.1
Found, % C, 62.0

H, 7.30
H, 7.05

N, 6.15
N, 6.27

The composition of the bulk sample differed from
the composition of single crystals that were stored
under mother liquor and studied by X-ray diffraction.
The temperature dependence of magnetic susceptibil-
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ity was measured for the bulk sample Cu,(Piv),(L),
5.5H,0-0.75CH;CN.

Single-crystal X-ray diffraction study of
Cu,(Piv)4(L),"5SCH;CN was performed on a Bruker
Apex II diffractometer (CCD array detector, MoK,
A= 0.71073 A, graphite monochromator) [33]. The
structures were solved by direct methods and refined
by full-matrix least-squares method in the anisotropic
approximation for all non-hydrogen atoms. The
hydrogen atoms at the carbon atoms of organic ligands
were generated geometrically and refined in the riding
model. The calculations were carried out by the
SHELX program package [34] using OLEX 2 [35].
The structure of the complex determined at 296 K
contained disordered solvent molecules, the contribu-
tion of which to the reflection intensity was estimated
using the SQUEEZE/PLATON program [36]. Solu-
tion of the structure corresponding to 173 K resulted in
location of two CH;CN molecules with occupancy
factor of 1 and one CH;CN molecule with occupancy
factor of 0.5 in the crystallographically non-equivalent
moiety. The structure solved at 160 K contained one
CH;CN molecule with occupancy factor of 1 and two
molecules with occupancy factor of 0.5. This differ-
ence is not obviously related to the desolvation of the
single crystal on cooling and can be attributed to dis-
ordering of CH;CN molecules, associated with their
non-equilibrium reorientation on cooling of the single
crystal and the quality of the particular crystal. One of
the fert-butyl groups in the crystallographically non-
equivalent moiety of the complex was disordered over
two positions in all experiments. The crystallographic
parameters are summarized in Table 1.

The full set of crystallographic parameters for
Cu,(Piv)4(L),'SCH;CN at different temperatures was
deposited with the Cambridge Crystallographic Data
Centre (nos. 2144104 (160 K), 2144105 (173 K),
2144106 (296 K); deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

Elemental C,H,N analysis was performed using a
Carlo Erba 1106 instrument. The ESR spectra were
measured on a Bruker Elexsys II (X-range) spectrom-
eter at room temperature.

The magnetic properties of the finely crystalline
powder of Cu,(Piv),(L),'5.5H,0:0.75CH;CN were
measured using an PPMS-9 Quantum Design auto-
mated physical property measurement system. The
temperature dependences of magnetization were
determined in the temperature range 7= 9—300 K in
an H = 5 kOe external magnetic field. Corrections for
the magnetic properties of the sample holder and for
compound diamagnetism were applied using the Pas-
cal scheme [37].

Cyclic voltammetry (CV) measurements were car-
ried out using a PI-50 potentiostat with a platinum
working electrode and an Agl/AgNO; reference elec-
trode (0.1 M, CH;CN). The electrode potential was

No.7 2022



424

Table 1. Crystallographic data and X-ray experiment and structure refinement details for Cu,(Piv)4(L),-5SCH;CN

DOROFEEVA et al.

Parameter Value
Temperature, K 160 173 296
Molecular formula CgeH110N19O019Cu, CggH 13N11040Cuy C13HggN¢O(Cu,
M 1570.92 1611.97 1406.70
System Monoclinic
Space group P2,/c
a, A 14.6615(13) 14.5609(17) 14.175(10)
b, A 27.534(3) 27.392(3) 27.59(2)
c, A 11.5852(11) 11.7917(13) 12.676(9)
B, deg 96.295(2) 96.501(2) 93.926(12)
v, A3 4648.7(7) 4672.9(9) 4947(6)
Z 2
p(caled.), g/cm? 1.122 1.146 0.944
u, mm~! 0.514 0.513 0.476
F(000) 1668 1712 1492
Range of 0, deg. 2.26—28.27 1.59-25.03 2.06—24.71
Total number of reflections 38766 30788 31468

Number of unique reflections 11205 (0.1085)

(Rim)

Number of reflections with 4933
1>26(])

R, (I>26(1))* 0.0495
wR, (I > 20(1))° 0.0983

Residual electron density
(max/min), e/A3

0.644/—0.410

8249 (0.1853) 8370 (0.1892)

4417 2753
0.0586 0.0544
0.1393 0.1117

0.837/—0.554 0.276/—0.261

“ Ry = SIF| ~ IFJ/SIF,
Ry = (I F — FOV/EW{ ) 12

determined with a solution of ferrocene (Fc); all
potentials in the text are referred to the Fct/Fc pair.
The Fc*/Fc potential under experimental conditions
was 35 mV, which is close to the expected value of
37mV [38]. The concentration of a solution of
Cu,(Piv)4(L), in CH;CN was 3 X 10~ M; the poten-
tial sweep rate was 100 mV/s; other parameters and
concentrations are indicated in the text.

The radical generation experiments were carried
out as described previously [30]. The radicals were
generated using two methods: UV irradiation and
chemical oxidation by PbO, and K;[Fe(CN),]. Solid
samples of complex I were irradiated with UV light in
a quartz tube under argon or oxidized with lead diox-
ide upon trituration with a drop of CH,Cl,. A solution
of the complex in CH,Cl, was oxidized with lead diox-
ide under argon (the reaction mixture was filtered, and
the ESR spectrum of the filtrate was measured); and a
suspension of solid Cu,(Piv),(L), was oxidized with an

aqueous solution of K;[Fe(CN)4] under argon (the
reaction mixture was filtered, and the ESR spectrum
of'the solid residue was measured). The UV irradiation
was performed with a Philips TUV-6 gas discharge
lamp (A, = 256 nm; complete absorption of the UV
radiation at A,,, < 185 nm). The concentrations of
solutions and other parameters corresponded to the
data reported in [30].

RESULTS AND DISCUSSION

The complex Cu,(Piv),(L), was prepared by the
reaction of copper(1l) pivalate with the ligand L at the
Cu: Lratio of 1 : 1 in acetonitrile. According to single
crystal X-ray diffraction, this compound crystallizes
with six CH;CN molecules per formula unit (not all
CH;CN molecules were reliably located during the
crystal structure refinement), but during drying in air,
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Fig. 1. Molecular structure of complex Cu,(Piv)4(L),-SCH;CN at 160 K. Hydrogen atoms are omitted.

the greater part of captured acetonitrile is replaced by
water.

The structure of Cu,(Piv),(L),-5CH;CN was
determined by single crystal X-ray diffraction at three
different temperatures: 160, 173, and 296 K. The com-
plex has a molecular structure; the Cu,(Piv),(L), mol-
ecules crystallize as solvates with five acetonitrile mol-
ecules. The Cu,(Piv),(L), molecule is centrosymmet-
ric and can be described as a binuclear copper(II)
pivalate with a Chinese lantern geometry in which the
axial positions at copper atoms are occupied by pyri-
dine group nitrogens of L (Fig. 1). Hence, in each
ligand L, only one terminal pyridine moiety is linked
to the copper(Il) ion. The structure of the complex is
typical of binuclear copper carboxylates containing
ligands with pyridine groups; the Cu—O and Cu—N
bond lengths are in the expected ranges (Table 2) [39,
40]. As the temperature is lowered, the bond lengths,
as expected, decrease, and the Cu...Cu length
decreases from 2.6211(18) (296 K) to 2.5883(7) A
(160 K).

Table 2. Interatomic distances (A) in Cuy(Piv),(L),-SCH;CN

In the Cu,(Piv),(L),4CH;CN crystal lattice, the
hydrogen bonds between the pyridine nitrogen atoms
and the hydroxy groups of the di-fert-butylphenol
moieties of neighboring molecules give rise to nearly
planar honeycomb type 2D layers (Fig. 2) with cavities
of approximately 19 1§) size (determined as the shortest
distance between the hydrogen atoms of fert-butyl
groups located on opposite sides of the cavity center).
The presence of large cavities in the crystal lattice is
consistent with the found differences between the sol-
vate compositions of the bulk sample and the single
crystal stored under the mother liquor.

The neighboring 2D layers in the crystal lattice of
Cu,(Piv),4(L),"4CH;CN are connected by mt-stacking
interactions between the aromatic rings of the ligands
(Fig. 3). These layers are located in the planes parallel
to vectors b and (a — ¢) and perpendicular to vector
(a + ¢). As the temperature decreases from 296 to
160 K, the unit cell parameter b virtually does not
change, whereas the parameter a increases by 3%, and
¢ decreases by 9%. These changes are associated with

Temperature, K
Distance
160 173 296
Cu(1)-0(2) 1.959(2) 1.966(3) 1.976(4)
Cu(1)-0(4) 1.959(2) 1.972(3) 1.969(4)
Cu(1)—0(1) 1.965(2) 1.976(3) 1.966(4
Cu(1)-0(3) 1.966(2) 1.979(3) 1.972(4)
Cu(1)—N(1) 2.140(2) 2.150(3) 2.166(4)
Cu(1)...Cu(1) 2.5883(7) 2.5944(10) 2.6211(18)
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.48 No.7 2022
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Fig. 2. Fragment of 2D layer in the crystal lattice of Cu,(Piv)4(L),"5CH;CN formed by hydrogen bonds (shown by dashed lines).
The drawing is based on X-ray diffraction data at 160 K. The CH;CN molecules are omitted.

reorientation of molecules in the 2D layers, which is
manifested most clearly as the crystal compression
along vector (a + ¢). The shortest contacts between
atoms in the aromatic rings involved in m-stacking
decrease from 3.44 A (at 296 K) to 3.31 A (at 160 K):
this decrease is reflected in crystal compression along
the (a + ¢) direction. The N...O distances characteriz-
ing intermolecular hydrogen bonds within a 2D layer
virtually do not change (they increase from 2.70
to 2.74 A), which implies virtually invariable parame-
ter b.

The T value () is the molar magnetic suscepti-
bility per Cu, formula unit) of Cu,(Piv),(L),5.5H,0-
0.75CH,CN at room temperature is 0.59 cm® K mol™!,
which is significantly lower than the value expected of
a system consisting of two non-interacting copper(IIl)
ions with S = 1/2 (0.75 cm?® K mol~! for g = 2.0). The
significantly lower value than the expected one may be
attributable to strong antiferromagnetic coupling in
the binuclear Cu,(Piv), moiety, which is typical of
copper(Il) carboxylate dimer of this type [41]. At 2 K,
xm T is 0.006 cm? K mol~'; the low ) T value can be
indicative of the absence of a metal-containing para-
magnetic impurity. The unusual temperature depen-
dence of (; 7 in the range from 2 to 300 K (Fig. 4), in
particular, higher ;7 compared to that expected of a
binuclear copper(Il) complex, can be interpreted as a
superposition of ;7 values of the binuclear moiety
(Cu,) and oxygen adsorbed in the pores of the crystal
lattice of the complex [42].

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 48

The exchange interaction parameters in the
Cu,(Piv)4(L), dimer were calculated using a model
based on Hamiltonian (1); it was suggested that the
exchange interactions between neighboring blocks are
negligibly low [43]:

H = -2JS,S,. (1)
This approach made it possible to describe experi-
mental data in the temperature range of 300—85 K
with the parameters J = —182(5) cm™!, g = 2.0 (fixed),
tip=28.2(5) X 107 (R?=2.0 X 107*, R> = Z(Ym Tvatea —
A Toxp)?/Z(m Texp)?)- Consideration of intermolecu-
lar interactions by the molecular field model did not
result in a decrease in R%.
According to CV data, no redox peaks were present
in solutions of ligand L in the potential range from —1
to 2.3 V (in CH;CN), in the potential range from —2
to 1.9 V (in DMF), and in the potential range from 0
to 3V (in CH,Cl,) (in all cases, ¢(L) =9 X 10~ mol/L;
0.1 M NEt,BF, supporting electrolyte; platinum elec-
trode; the potentials are referred to Fc*/Fc). No elec-
trochemical activity of L was also detected in similar
experiments for a solution of L in CH;CN with the
NaClO, supporting electrolyte (¢ = 0.1 mol/L) in the
potential range from 0 to 2.5 V or in experiments with
a platinum electrode with deposited L (a 0.1 M solu-
tion of NEt,BF, in CH;CN as the electrolyte) in the
potential range from —1 to 2.3 V.

The cyclic voltammogram of a solution of
Cu,(Piv),4(L), in CH;CN showed three successive fee-

No. 7 2022



GENERATION OF LONG-LIVED PHENOXYL RADICAL

427

Fig. 3. Relative positions of neighboring 2D layers in the crystal lattice of Cu,(Piv)4(L),"4CH;CN (the drawing is based on X-ray

diffraction data at 160 K. The CH;CN molecules are omitted).

bly pronounced anodic processes at potentials of 0.5,
0.9, and 1.2 V (versus Fc*/Fc). On the basis of com-
parison with similar systems, the first peak can be
assigned to irreversible oxidation of L to phenoxyl rad-
ical [29]. The assignment of the two subsequent pro-
cesses is ambiguous: by analogy with the results of
studies of the redox properties of copper(1l) carboxyl-
ate dimers, these processes can refer to successive oxi-
dations of two Cu?* ions to Cu?** ions within Cu,(Piv),
[44]; however, it cannot be ruled out that they are due
to irreversible oxidation of phenoxyl to quinone and
oxidation of Cu?" to Cu?*, respectively.

0.6 -
0.5+
0.4
0.3

0.2

m T, cm® K mol™!

100 150
T, K

200 250 300

Fig. 4. Temperature dependence of xyu7 for
Cuy(Piv)4(L),5.5H,0-0.75CH;3CN (dots) and curve cal-
culated using the parameters given in the text.
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The generation of long-lived phenoxyl radicals
upon irradiation of a solution of L or oxidation of L in
solution with a suspension of PbO, was described in
our previous study [30]. In order to investigate the pos-
sibility of generation of phenoxyl radicals upon the
oxidation of Cu,(Piv),(L),, we measured the ESR
spectra of samples after irradiation in air or in vacuum
and the spectra of reaction mixtures obtained by
grinding this complex with PbO,. It was found that
these methods do not result in the formation of phe-
noxyl (at least, the amount of phenoxyl is too low for
ESR detection). Meanwhile, the ESR signals with g =
2.00, which can be assigned to phenoxyl radicals, were
found for a solution obtained after treatment of a
CH,CI, solution of Cu,(Piv),(L), with a PbO, suspen-
sion (Fig. 5) and also for the solid sample obtained by
vigorous stirring of a suspension of Cu,(Piv),(L), with
an aqueous solution of K;[Fe(CN)4]. Note that solu-
tions of binuclear copper(Il) pivalates, unlike those of
mononuclear complexes, exhibit no ESR signals for
Cu?* ions due to fast relaxation of the complex, result-
ing in a considerable broadening of the ESR signal
[45].

The ESR signal of the sample obtained by treat-
ment of the complex with a solution of K;[Fe(CN)g]
was detected repeatedly for at least one month. These
results are consistent with the reported data on the
oxidation of cobalt(Il) complexes with L: treatment of
solid samples of [Co(L)Cl,],, [Cos(L),(OH)(Piv)s],,
and Co;(H,0),(L),Clg with a solution of K;[Fe(CN),]
gave rise to a stable ESR signal, which could be
assigned to the phenoxyl radical [30]. As in the case of
previously described cobalt complexes, binding of L
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Fig. 5. ESR spectrum of a solution of Cu,(Piv)4(L), after
treatment with PbO, and filtration.

into the copper(1l) complex markedly increases the
radical stability (compared to that of the radical
obtained from L in solution); this can be attributed to
a lower rate of radical quenching reactions in the solid
sample. However, oxidation of the solid sample is
likely to give phenoxyl radicals only on the crystal sur-
face.

Thus, the reaction of copper pivalate with L gave
the complex Cu,(Piv),(L), (I) with a molecular struc-
ture. Due to specific packing, cavities are formed in
the crystal lattice of I, which is manifested as both the
ability of this complex to capture solvent molecules
and appearance of a contribution of the captured oxy-
gen in the dependence of ;7 on 7. The ligand L in
Cu,(Piv),4(L), can be oxidized both electrochemically
and chemically, with the electrochemical oxidation
being irreversible. The chemical oxidation of L gives a
phenoxyl radical, which is markedly more stable when
generated in a solid sample than when generated in a
solution of L.
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