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Abstract—The heterospin copper(Il) complex,

((pyridin-2-ylmethylene)-4-amino-2,2,6,6-tetrameth-

ylpiperidine-1-oxyl)-3,6-di-tert-butylcatecholatocopper(Il) (I), is synthesized and characterized by IR spec-
troscopy, magnetochemistry, EPR, and X-ray diffraction analysis. The one-electron oxidation of complex I
by AgBF, affords the biradical copper(I) complex: bis[((pyridin-2-ylmethylene)-4-amino-2,2,6,6-
tetramethylpiperidine-1-oxyl)|copper(l) (II). An analysis of the parameters of isotropic EPR spectra of com-
plexes I and II indicates that they are biradicals with the fast (I) and intermediate (II) exchange interaction

between the radical centers.
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INTRODUCTION

The search for new heterospin metal complexes
bearing a paramagnetic ligand along with a magnetic
metallocenter is one of the actively developed trends in
the design of molecular magnets [1, 2]. Nitroxyl (nitro-
nylnitroxyl) radicals [1—4] and o-semiquinone radical
anions [5—11] are most frequently used as such radical
ligands. Many paramagnetic ligands have been synthe-
sized to the present time: functionalized derivatives of
2,2,6,6-tetramethylpiperidine-1-oxyl containing the
nitroxyl magnetic center and the group providing coor-
dination with the metal [3, 4]. One of these ligands,
(pyridin-2-ylmethylene)-4-amino-2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (L!) bearing the chelate iminopyr-
idyl site capable of binding strongly with the metallo-
center, has first been proposed [4] for the EPR study of
metal—nitroxyl exchange interactions in the solution.
The whole series of the manganese, cobalt, nickel, and
copper complexes was studied using this procedure
[12—15]. However, none molecular structure of the
studied complexes was determined. We have recently
synthesized the heterospin bis-o-semiquinone cobalt
complex with this radical ligand and characterized
them by X-ray diffraction analysis and magnetochemis-
try [16].

The molecular structure and magnetic properties of
the copper(Il) catecholate complex with ligand L',
((pyridin-2-ylmethylene)-4-amino-2,2,6,6-tetrameth-

ylpiperidine- 1-oxyl)-3,6-di-zert-butylcatecholatocop-
per(Il) (I), were studied in this work along with the
investigation by the EPR method.

EXPERIMENTAL

All manipulations with the complexes were carried
out in evacuated ampoules using organic solvents
purified according to standard procedures [17]. The
initial ligands [12, 18] and copper bis-o-semiquinolate
[19] were synthesized according to known literature
data.

EPR spectra were recorded om a Bruker EMX
spectrometer equipped with a temperature attach-
ment, an NMR magnetometer, and a precision fre-
quency meter. The parameters of the EPR spectra
were obtained by simulation in the EasySpin program
package [20] using line broadening compensation due
to the fast-motion regime effect [21].

The X-ray diffraction analysis of the crystalline
sample of complex I (0.44 % 0.11 X 0.10 mm) was car-
ried out on a Bruker D8 Quest diffractometer (® scan
mode, MoK, radiation, A = 0.71073 A, T=100 K,
20 = 56.93°). Experimental sets of intensities were
measured and integrated, an absorption correction
was applied, and structure refinement was performed
using the APEX3 [22], SADABS [23], and SHELX
[24] program packages. The crystals of complex I
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(CyH, CuN;0; - 1/2C;Hg) are monoclinic, space
group P2,/n, a = 12.3955(4), b = 12.7099(4), ¢ =
20.2488(6) A, B = 105.2380(10)°, V"= 3077.95(17) A3,
Z =4, Peatea = 1.272 mg/m3, @ = 0.746 mm~'. The
number of measured reflections was 36942, and 7712
independent reflections (R,,, = 0.0269) were used to
refine 463 structure parameters by full-matrix least

squares for Efk, in the anisotropic approximation for
non-hydrogen atoms. Hydrogen atoms were placed in
the geometrically calculated positions and refined iso-
tropically with the fixed thermal parameters U(H);,, =
L2U(C)equiy  (U(H);g 1.5U(C) for methyl
groups).

An analysis of the Fourier electron density synthe-
sis showed that the iminopyridinate ligand and solvate
toluene molecule in complex I were disordered over
two positions each. The SADI, DFIX, ISOR, EADP,
and RIGU instructions were used to restrict the geo-
metric characteristics and anisotropic parameters of
atomic shifts when refining the disordered fragments.
After the final refinement, wR, = 0.0827 and S(F?) =
1.027 for all reflections (R, = 0.0316 for /> 26(1)). The
residual electron density maximum and minimum
were 0.50 and —0.53 e/A3.

The structure of complex I was deposited with the
Cambridge Crystallographic Data Centre (CIF file
CCDC no. 1882883; ccdc.cam.ac.uk/structures).

The magnetic susceptibility () of a polycrystalline
sample was measured on an MPMSXL SQUID mag-
netometer (Quantum Design) in the temperature
range from 2 to 300 K at a magnetic field intensity of
5 kOe. The paramagnetic components of the magnetic
susceptibility were determined taking into account the
diamagnetic contribution estimated from Pascal’s
constants. The effective magnetic moment (U ) was

calculated by the equation [3kxT/(N Ap,é)]‘/ 2, where
N4, Up, and k are Avogadro’s number, the Bohr mag-
neton, and the Boltzmann constant, respectively.

equiv

Synthesis of complex I. A solution of L! (0.0260 g,
10~* mol) in toluene (15 mL) was added to a solution
of bis(3,6-di-fert-butylbenzosemiquinolate-1,2)cop-
per(II) (0.0504 g, 10~*mol) in toluene (30 mL) placed
in an evacuated tube. The reaction mixture was kept at
room temperature for 24 h. The dark blue crystalline
product that formed was filtered off, washed with cold
toluene, and dried in vacuo. The product contained
one toluene molecule per two complex molecules. The
yield was 0.055 g (93%).

IR (v, cm™): 509 w, 533 w, 575 m, 593 m, 651 s,
693s, 715w, 742 s, 762 s, 777 s, 808 m, 887 w, 923 m,
938s, 977 s, 1026 s, 1043 w, 1067 w, 1082 w, 1107 m,
1145 m, 1160 w, 1177 m, 1194 w, 1207 w, 1258 s,
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1279 m, 1292 w, 1305 w, 1314 w, 1347 w, 1353 w,
1362 w, 1378 s, 1402 s, 1447 w, 1462 s, 1482 w, 1493 w,
1553 w, 1568 w, 1596 s, 1633 m, 2854 s, 2924 s, 2950 s.

For C32'5H46N3O3Cu
Anal. caled., % C, 66.13 H, 7.86
Found, % C,67.15 H, 798

N, 712 Cu, 10.77
N, 7.05 Cu, 10.63

Complex I', ((pyridin-2-ylmethylene)-4-aminocy-
clohexyl)-3,6-di-tert-butylcatecholatocopper(Il), was
synthesized according to a procedure similar to that
for complex I but using the ligand with the cyclohexyl
substituent (L") (0.019 g, 10~* mol) instead of L'. Sim-
ilar to complex I, the product contained one toluene
molecule per two complex molecules. The yield was
0.046 g (89%).

IR (v, cm™): 550 w, 621 w, 697 w, 722 w, 760 m,
846 w, 887 w, 922 w, 964 w, 994 w, 1042 s, 1078 w,
1135w, 1247 m, 1342 s, 1376 s, 1459 s, 1465 m, 1561 s,
1640 s, 2852 's, 2923 s, 2944 s.

For C29'5H40N202Cu
Anal. caled., % C,68.383 H,7.78 N,5.41 Cu,12.26
Found, % C,68.75 H,8.09 N,535 Cu,l12.18

Synthesis of complex II (bis[((pyridin-2-ylmethy-
lene)-4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl)]-
copper(l). (a) THF (5 mL) was condensed in vacuo to a
mixture of complex I (0.0295 g, 5 X 10~ mol) and
AgBF, (0.0097 g, 5 x 10~ mol). The reaction mixture
was examined by the EPR method without isolation of
the complex.

(b) THF (15 mL) was condensed in vacuo to a mix-
ture of CuCl(0.0050 g, 5 X 10> mol), KPF, (0.0092 g,
5 x 10~ mol), and L' (0.0260 g, 10~* mol). The grad-
ual transformation of the signal of L! into the signal of
complex II was observed with time in the EPR spec-
trum. The product was not isolated in the individual
form.

RESULTS AND DISCUSSION

The catecholate complexes containing the
TEMPO—iminopyridine ligand L! (I) and its non-
radical analog (cyclohexyliminopyridine ligand L")
(I') were synthesized by the substitution reaction from
copper(II) bis-o-semiquinolate [19].
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HETEROSPIN COPPER(II) CATECHOLATE COMPLEX 491

Fig. 1. Molecular structure of complex I. Thermal ellipsoids are presented with 30% probability. Hydrogen atoms and methyl

groups of the rert-butyl substituents are omitted for clarity.

0 Q7 1,
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Complex I isolated in the individual form rep-
resents a dark blue crystalline substance highly soluble
in THF and dichloromethane and completely insolu-
ble in toluene and saturated hydrocarbons. Its compo-
sition and structure were characterized by the X-ray
diffraction analysis, EPR spectroscopy, IR spectros-
copy, and magnetochemistry methods.

According to the X-ray diffraction analysis data,
compound I is the copper(Il) complex in which the
Cu?* cation is bound to two oxygen atoms of the cate-
cholate ligand and two nitrogen atoms of the iminopy-
ridinate ligand (Fig. 1). The symmetrically indepen-
dent part of the crystal cell contains the complex mol-
ecule and also the centrosymmetric solvate toluene
molecule. Thus, compound I crystallizes in the form
of (Cat)Cu(TEMPO-ImPy) - 1/2(C,;Hg). The coordi-
nation polyhedron of the Cu(ll) atom is a distorted
square. The dihedral angle between the O(1)C(1)-
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C(2)0O(2) and N(1)C(19)C(2)N(2) planes of the qui-
none and iminopyridinate fragments is 13.4(2)°. The
Cu(Il) atom does not almost deviate (deviates by
0.02(2) A only) from the O(1)O(2)N(1)N(2) mean
plane, and the sum of bond angles at the copper atom
is 361.1(5)°, which is close to the value for the ideal
planar square structure (360°). The C—O and C-C
bond lengths in the quinone fragments (1.344(2)—
1.345(2) and 1.421(2) ‘g, respectively) make it possible
to unambiguously characterize the structure of the
quinone ligand as a catecholate one. The Cu—O bond
lengths (1.869(2)—1.880(2) A) also correspond to the
values characteristic of the copper(Il) catecholate
complexes [25].

The iminopyridinate ligand in complex I is com-
pletely disordered over two positions in a ratio of ~50 :
50%. Since the geometric characteristics of the disor-
dered fragments are similar, the bond lengths and
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Fig. 2. Temperature dependences of the magnetic moment
of complex I.

angles are presented for one position of the ligand. The
Cu—N(1) and Cu—N(2) bond lengths are comparable
being 2.04(2) and 2.055(9) A, respectively. The N(2)—
C(20) bond (1.274(9) A) is much shorter than C(19)—
C(20) (1.453(5) A), which is characteristic of ligands
of'this type. The TEMPO fragment in complex I exists
in the chair conformation: the dihedral angle between
the C(21)C(22)C(25) and C(22)C(23)C(24)C(25)
planes is 55.4(3)°, and that between C(22)C(23)-
C(24)C(25) and C(23)N(3)C(24) is 32.8(5)°. The
heterocycle is nearly perpendicular to the iminopyrid-
inate fragment: the dihedral angle between the
N(1)C(19)C(20)N(2) and C(21)C(22)C(23)N(3)-
C(24)C(25) planes is 82.5(3)°.

An analysis of the crystal packing in complex I
showed intermolecular O--H interactions between the
oxygen atom of the nitroxyl group and the hydrogen
atom of the CH groups of the iminopyridine fragments
of the adjacent molecules. The O--H;, distance
(1.93(4) A) is significantly shorter than the sum of the
van der Waals radii of O and H (2.7 A). The O-Hp,
distance is longer than O--H;, and is equal to
2.50(4) A. Numerous intermolecular H-+H interac-
tions are also observed in complex I, and the H---H
distances lie in a wide range of 2.16(5)—2.39(5) A.

The IR spectrum of complex I exhibited intense
v(C—0) bands at 1246 and 1258 cm™! corresponding
to two ordinary CO bonds of the catecholate fragment
[25]. The v(C=N) band at 1635 cm~! is also observed
and can be assigned to the CN double bond of the
coordinated iminonitroxyl fragment [14].
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Complex I is paramagnetic. The value of . is
2.47 ug at 300 K, remains almost unchanged with
decreasing temperature to 50 K, and then decreases to
1.77 ug at 2 K (Fig. 2). The high-temperature value of
U is consistent with the theoretical spin-only value
(2.45 up) for two paramagnetic centers with the spins
S§'=2: one Cu?" ion and one nitroxyl. A decrease in U
at temperatures below 50 K indicates antiferromag-
netic exchange interactions between the magnetic
centers, and the value of p s at 2 K agrees with the the-
oretical value for one paramagnetic center. According
to the structural data, these channels of the intermo-
lecular antiferromagnetic exchange in complex I can
be O---H intermolecular interactions between the oxy-
gen atom of the nitroxyl group and the hydrogen atom
of the CH groups of the iminopyridine fragments.
Thus, paramagnetism of the complex at low tempera-
tures is caused by the spins of the Cu?* ions only. An
analysis of the u.{7) dependence was carried out in
terms of the model for the exchange-bonded dimer
(H= -2JS,S, and gg = 2 were fixed taking into
account the contribution of the Cu?* ions to the mag-
netic susceptibility according to the Curie law). The
optimum values of the intermolecular exchange inter-
action parameter (J') and g¢, are 4.1 cm~! and 2.04,
respectively.

The EPR spectrum of complex I (Fig. 3a) is a quar-
tet (1 :1:1: 1) caused by the hyperfine coupling
(HFC) with the ®Cu and *Cu magnetic isotopes of

the copper(II) atom (g, = 2.0552, ac,' = 4.8 mT, where
ac, is the HFC constant). The spectrum also contains
the impurity 1 : 1 : 1 triplet signal from the initial imi-
nopyridine ligand (g, = 2.0057, ay = 1.55 mT), whose
integral intensity is lower than 1%.

The observed values g, = 2.0552 and ac, = 4.8 mT
for complex I differ substantially from the correspond-
ing values characteristic of similar catecholate cop-
per(1) complexes with the diaza ligands [25]. The iso-
tropic EPR spectrum of the similar catecholate com-
plex with diamagnetic iminopyridine ligand L! (I')
(Fig. 3b) has the EPR spectral parameters (g, =
2.0927, ac, = 9.5 mT) characteristic of the copper(II)

derivatives. The hyperfine splitting on the N nitrogen
nuclei of the iminopyridine fragment is additionally
observed (ayy = 1.14 mT, ay,) = 1.02 mT).

The EPR spectral parameters of complex I are
characteristic of the biradical compounds, whose
electron—electron coupling constant (J) considerably
exceeds the HFC constant (J > a) [26]. The fast
exchange between the radical centers in these systems
leads to averaging their parameters. The observed
experimental values for complex I satisfy this rule: the
value g; = 2.0552 is ~1/2 of the sum of g, = 2.0927 and
2.0057. The HFC constant equal to 4.8 mT with the

= 1.07.

! Here in after, ac, implies ae; Cu

and
Cu aes
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(@)

(b)

Fig. 3. EPR spectra of the complexes (exp.) and their computer simulation (sim.): (a) I, (b) I', and (c) II+BF4_ ((a, ¢c) THF and

(b) toluene, room temperature).

magnetic isotopes is halved over the corresponding
ac, = 9.5 mT in complex I'. The absence of a pro-
nounced hyperfine structure on the “N nitrogen
nuclei of the nitroxyl group (the expected value is ay =
0.77 mT) and iminopyridine fragment (the expected
value is ay = 0.55 mT) in the EPR spectrum of com-
plex I is related, most likely, to the fact that the value
of hyperfine splitting is substantially lower than the
linewidth (~2.0 mT).
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Thus, complex I is biradical with the localization of
the paramagnetic centers on the copper(ll) ion and
nitroxyl group of the TEMPO fragment.

Since the dioxolene complexes are characterized by
redox activity [27], we made an attempt of the one-
electron oxidation of the catecholate ligand in com-
plex I to obtain the o-semiquinone derivative contain-
ing already three radical centers (o-semiquinone,
nitroxyl, and Cu(1l)).
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However, the oxidation of complex I does not give
the desired result. The treatment of a solution of com-

CHERKASOVA et al.

plex I in THF with AgBF, leads to the appearance of
the EPR spectrum (Fig. 3c) typical of bis(nitroxyl)
biradicals with J = a [26]. No hyperfine interaction
with the $3Cu and Cu magnetic isotopes is observed.
The EPR spectrum observed corresponds to the Cu(I)

bis(iminopyridine) complex II*BF, containing two
radical ligands L! coordinated with the Cu* ion. Its
formation is possible due to the ligand exchange
between the primary oxidation product and initial
complex I.

@? @9%559 OEREO

Similar bis(ligand) complex II*PF; containing the
identical cation is formed directly by the reaction of L!
with CuPF,. The parameters of its isotropic EPR
spectrum coincide completely with the corresponding

values for complex II*BF,.
CuCl + 2 ? il é ?
P4

L1 11+PF6

/+\

The temperature dependences of the EPR spectra

of complexes II*BF, and II*PF; completely corre-
spond to the behavior of the nitroxyl biradical systems
characterized by the temperature dependence of the J
parameter [26]. An analysis of the temperature depen-
dence of the parameters of the EPR spectra of IT*
shows that the J constant decreases monotonically
from J = 26 Oe at 300 K to J = 7 Oe at 220 K and lower.

Thus, two new heterospin complexes were synthe-
sized on the basis of radical TEMPO—iminopyridine
ligand L!: ((pyridin-2-ylmethylene)-4-amino-2,2,-
6,6-tetramethylpiperidine-1-oxyl)-3,6-di-fert-butyl-
catecholatocopper(Il) (I) and bis[((pyridin-2-
ylmethylene)-4-amino-2,2,6,6-tetramethylpiperidi-

ne-1-oxyl)]copper(I) (IT*BF,). An analysis of the
parameters of the isotropic EPR spectra of complexes
I and II shows that they are biradicals with the fast
(/> a, I) orintermediate (J = a, IT) exchange interac-
tion between the radical centers.
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