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Reactions of [0-MePyNN"]PFg and [p-MePyNN*|PFq with [n-BusN]2[Cu(ox):] in acetonitrile yielded dark-blue crys-
tals of [0-MePyNN*]:{Cu(ox);]-2CH;0H (1) and [p-MePyNN"];[Cu(ox)2]-2H20 (2), respectively, where [0-MePyNN"]
or [p-MePyNN"] represents the 2-(2 or 4-N-methylpyridinium)-4,4,5,5-tetramethyl-4,5-dihydro- 1 H-imidazo-1-oxyl 3-
oxide radical cation. X-ray structural analyses showed that the crystals of 1 and 2 are isomorphous. The coordination
geometry of the Cu®* ions in 1 and 2 is an elongated octahedron, and the equatorial and apical coordination sites of the
Cu?* ions are occupied by two oxalato groups and two radial cations, respectively. Magnetic susceptibility measurements
for 1 and 2 revealed that the copper and radical centers are ferromagnetically coupled with J = +8.2(1) and +7.8(1) cm ™'

(H = —2J%Scu*Sma), respectively.

There has been increasing interest in molecule based mag-
netic materials. Since the discovery of ferrimagnetic order-
ing in [Mn(hfac);][NITR] (hfac = hexafluoroacetylacetone
and NITR = 2-isoproyl-4,4,5,5-tetramethyl-4,5-dihydro-1H-
imidazo-1-oxyl 3- oxide),' nitronyl niroxyl derivatives have
been widely used as building components of magnetic ma-
terials. It is noted that inter molecular magnetic interactions
are indispensable to bulk magnetism. In ionic compounds,
for example, diamagnetic counter ions might interfere such
intermolecular, interchain, or inter-layer magnetic interac-
tions. This situation is considered to be disadvantageous
for bulk magnetism. The introduction of ionic radicals to
metal complexes gives, therefore, an opportunity to extend
the dimension of magnetic interactions. An anionic radical
ligand of a nitronyl nitroxyl derivative with imidazolate frag-
ment ([NITIm]™) has been reported to act as a bischelating
ligand, and the one-dimensional structure of [Mn(NITIm)-
(NITImH)]ClO4 was obtained (NITIm = 2-(2-imidazolato)-
4,4,5,5-tetramethyl-4,5-dihydro- | H-imidazolyl-3-oxide- 1 -
oxyl and NITImH = 2-(2-imidazolyl)- 4,4,5,5-tetramethyl-
4, 5- dihydro- 1 H- imidazolyl- 3- oxide- 1- oxyl).? Radical
cations of N-methylpyridinium nitronyl nitroxide (MePy-
NN*) were, on the other hand, prepared by K. Awaga.’ In the
crystals of [p-MePyNN](ClO4) and [p-MePyNN]I, the radi-
cal cations have dimeric structures with a short intermolec-
ular NO contact (3.159(8) A), which resulted in relatively
strong intra-dimer antiferromagnetic interactions with sin-
glet-triplet energy gaps of 100cm~'. O. Kahnetal. reported
open-shell supramolecular assemblies of radical cationic
salts with [Fe(CN)¢]*~ and Mn;[Cu(opba)]3>~ (opba = o-
phenylenebis(oxamato)) which showed three dimensional
magnetic interactions.*” Here, we report a new series of
metal complexes with radical cations, [o-MePyNN*],[Cu-
(0x)2]-2CH30H (1) and [p-MePyNN*],[Cu(ox),]-2H,0 (2),

of which structure and magnetic properties are presented.

Experimental

Chemicals were obtained from standard sources and were used
as received. Magnetic susceptibility data were collected in the
temperature range of 2.0 to 300 K and in an applied 10 kG field with
the use of a Quantum Design model MPMS SQUID magnetometer.
Pascal’s constants® were used to determine the constituent atom
diamagnetism.

Preparation of [0-MePyNN"]:[Cu(ox),}-2CH30H (1) and [p-
MePyNN";[Cu(ox);]-2H,O (2).  Acetonitrile solutions (20 ml)
of [0-MePyNNJ}(PFs) (79 mg, 0.20 mmol) and [o-MePyNN](PFs)
(79 mg, 0.20 mmol), were, respectively, added to [n-BusN]:[Cu-
(0x)2]* (73 mg, 1 mmol) in acetonitrile (20 ml). After stirring for 1
h, the insoluble solids were filtered out, and the filtrate was stored
in a refrigerator. After standing overnight the resulting dark green
tablets of 1 and 2 were filtered and washed with methanol. (Found
for1: C, 48.50; H, 5.36; N, 11.09%. Calcd for C30H,,CuNg¢O,;: C,
48.81; H, 5.19; N, 11.38%, and Found for 2: C, 46.32; H, 5.29; N,
11.04%. Caled for C3pH;sCuNsOja: C, 46.54; H, 5.47; N, 10.85%.

X-Ray Crystallography. A single crystal was mounted on the
tips of glass fiber with epoxy resin. Diffraction data were collected
at —70 C on a Bruker SMART 1000 diffractometer fitted with a
CCD-type area detector, and a full sphere of data was collected
by using graphite-monochromated Mo K« radiation (1 = 0.71073
A). At the end of the data collection, the first 50 frames of data
were recollected to establish that crystal decay had not taken place
during the data collection. The data frames were integrated using
SAINT, and were merged to give a unique data set for the struc-
ture determination. Empirical absorption corrections by SADABS
were carried out and minimum-maximum transmissions for 1 and
2 were 0.830—1.000 and 0.876—0.998, respectively. The crys-
tallographic data are listed in Table 1. The structures were solved
by the direct method and refined by the full-matrix least-squares
method on all F* data using the SHELXTL 5.1 package (Bruker
Analytical X-ray Systems). Non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms were included in
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Table 1.
and [p-MePyNN*][Cu(0x),:]-2H20 (2)

Cu(ll) Complexes with Nitronyl Nitroxides

Crystal Data and Structure Refinements for [o-MePyNN*],[Cu(ox),]-2CH;0H (1)

Compounds 1 2
Formula C32 H46CHN(,O14 C30H42CUN6O|4
M 802.30 774.25
Temperature/°C -70 —70

Crystal system Triclinic Triclinic
Space group P1 P1

alA 8.0738(3) 7.1493(6)
bIA 10.8087(4) 10.3889(9)
clA 10.9839(5) 11.7450(10)
al® 102.7840(10) 104.443(2)
BIr° 103.1840(10) 97.822(2)
y/° 96.4420(10) 97.558(2)
N 896.68(6) 824.37(12)

z 1 1
Dc/gem™ 1.427 1.524
u/mm™! 0.607 0.606
Crystal size/mm’ 0.2x0.3x0.3 0.2x0.3x0.3
Reflections collected 4377 4324

Independent reflections
Final R indices [/ > 2sigma(/)]
R indices (all data)

3437 [R(int) =0.0275]
R1=0.0482, wR2=0.1342
R1=0.0580, wR2=0.1406

3628 [R(int) = 0.0348]
R1=0.0526, wR2=0.1512
R1=0.0669, wR2=0.1692

R1=32||Fo| = |Fell/ Z|Fol.
wR2 =[S [w(Fs — F2)*1/ SIwF) 11",

cale w=1/[0*(F3)+(0.0992P)* +0.1763P] for (1),
and w = 1/[0%(F2)+(0.1154P)* +0.000P] for (2), where P=(F2+2F2)/3.

the calculated positions and refined with isotropic thermal param-
eters riding on those of the parent atoms. The X-ray analyses data
have been deposited as Document No.73033 at the Office of the Ed-
itor of Bull. Chem. Soc. Jpn. Crystallographic data have been also
deposited at the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
and copies can be obtained on request, free of charge, by quoting
the publication citation and the deposition CCDC 141929-141930.

Results and Discussion

Structures. Complexes of [0- MePyNN*];[Cu-
(0x)2]-2CH;0H (1) and [p-MePyNN*],[Cu(ox);]-2H,0 (2)
crystallize in the triclinic space group of PI. Figure 1
shows ORTEP diagrams of 1 and 2, and Table 2 lists the
selected bond lengths and angles. The crystals of 1 and
2 are isomorphous and the complex molecules locate on
the crystallographic center of symmetry. The coordina-
tion geometry about the Cu®* ions can be described by
the elongated octahedron, which is due to the Jahn—Teller
distortion of the Cu?* ions. The equatorial coordination
sites of the Cu”* ion were occupied by four oxygen atoms
from two oxalato ligands, while two oxygen atoms of the
radical cations (0-MePyNN* or p-MePyNN*) coordinated
to the Cu?* ions from the apical positions. In 1 and 2,
the bond lengths of the Cu?* ions with oxalato oxygen
atoms are in the range of 1.929(2)—1.938(2) A, where
the other oxalato oxygen atoms do not have close con-
tacts with atoms in the next molecule. The Cu?*—Q(nitrox-
ide) bond distances for 1 and 2 are 2.607(2) and 2.801(2) A,
respectively, and the axial bonds of Cu?>*-O(nitroxide) are
titled by 6.48(7)" for 1 and 14.67(7)" for 2 with respect to

(a) (b)

Fig. 1. Ortep diagrams of (a) [o-MePyNN*],[Cu(ox),] (1)
and (b) [p-MePyNN*1],[Cu(ox)>] (2).

the right angle of the equatorial plane.

Magnetic Properties. The temperature dependences of
the magnetic susceptibility for 1 and 2 were measured down
to 2.0 K, and plots of y;,7 vs. temperature are depicted to-
gether in Fig. 2. In 1 and 2, the Cu?* ions are coordinated by
two of the racial cations; therefore, each complex molecule
has three of § = 1/2 spins. The room temperature ¥, 7T val-
ues for 1 and 2 are about 1.18 emu~' Kmol~', which cor-
responds to the value for the uncorrelated three spin system.
The y, T values for 1 monotonously increased as the temper-
ature was lowered to 2.0 K, while the y, T value for 2 showed
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Table 2. Bond Lengths [A] and Angles [°] for [o-MePy-
NN*]»[Cu(ox);]-2CH30H (1) and [p-MePyNN*],{Cu-
(0x)2]-2H,0 (2)

1 2

Cu-0(1) 1.934(2) 1.938(2)
Cu-0(2) 1.932(2) 1.929(2)
Cu-0O(5) 2.607(2) 2.801(2)
O(H-C(1) 1.278(4) 1.291(4)
0(2)-C(2) 1.286(3) 1.284(4)
03)-C() 1.229(4) 1.223(4)
O(4)-C(2) 1.226(4) 1.218(4)
O(5)-N(2) 1.277(3) 1.283(3)
O(6)-N(3) 1.272(3) 1.275(3)
02)-Cu—0O(1) 85.67(8) 85.36(8)
02y Cu—0O(5) 86.33(7) 77.70(8)
O(1)-Cu—O(5) 84.40(7) 98.84(8)
22F T T T T ) =
2.0H
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Fig. 2. yaT vs. T plot for 1 (O) and 2 (A). Solid lines

correspond to the theoretical curves, of which parameters
are given in the text.

a gradual increase as the temperature was lowered, reaching
the maximum value (1.60 emu~' K mol~")at 6.0 K, and then
decreased. The observed magnetic behaviour suggests that
intramolecular ferromagnetic interactions are operative for 1
and 2, and that relatively weak inter-molecular antiferromag-
netic interaction exists in 2. The magnetic data for 1 and 2
were analyzed by the linear three spin system of S = 1/2 with
an isotropic spin hamiltonian of H = — 2J% 8¢y *Sraq, where
J represents the magnetic interaction between the Cu?* ion
and the radical cations. Intermolecular interactions are in-
cluded as a mean field correction. The expression for yi, is
as follows:

N B 1+exp(—2J/kT) +5exp (J/AT)
M= A(T — ) 1+exp (—2J/KT) + 2exp (J/KT)”

Least squares calculations yielded the best fit parameters of
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the g, J, and @ values, being 2.020(1), +8.2(1) cm™', and
—0.01(1) K for 1 and the corresponding values of 2.000(1),
7.8(1) em~!, and —0.6(1) K were obtained for 2. The mag-
netic interaction between the Cu* ions with the coordinated
nitoxides depends on which coordination sites nitroxides
take. The equatorial coordination of the nitroxides often
results in a strong antiferromagnetic interaction due to the
substantial overlap of the nitroxide SOMO with the d,._ 2
orbital.” On the other hand, a relatively strong ferromag-
netic interaction (J = —25.7 cm™! with H = .J;;S;+5;) be-
tween the Cu* ion and nitroxides was observed in catena-
[Cu(hfac),(NIT-Me)] (NIT-Me = 2,4,4,5,5-pentamethyl-1-
oximidazoline-3-oxide), where the nitroxides coordinate to
the Cu?* ion from the axial position.'® The weaker ferromag-
netic interaction observed in 1 and 2 can be understood by the
more elongated Jahn—Teller distortion in 1 and 2; that is, the
Cu*—O(nitroxide) bond distances for 1 and 2 are 2.607(2)
and 2.801(2) A, while the corresponding bond distances in
catena-[Cu(hfac);(NIT-Me)] were reported to be 2.346(8)
and 2.433(7) A.

X-ray structure analyses for 1 and 2 revealed that the
equatorial coordination bond lengths are much shorter than
the axial coordination bond lengths; this means that the un-
paired electron (o-spin) of the Cu®* ion resides on the dp_y
orbital. Because the two radical cations (5-spin) coordinate
from the axial position of the Cu®* ions, the overlap of the
d,>_,» orbital of the Cu®* ion with the SOMO (singly occu-
pied molecular orbital) of the radical cations is considered to
be very small, which results in intramolecular ferromagnetic
interactions in 1 and 2. The observed weak inter-molecu-
lar antiferromagnetic interactions can be understood by the
close contact of the nitroxyl (N-0O) with the pyridinum group
in the adjacent molecule. In nitronyl nitroxyl derivatives, the
radical m-spin delocalizes mainly onto the nitroxide groups,
and a small portion of spin also delocalizes onto an aro-
matic group bonded to the sp? carbon atom bridging the two
N-O groups and positive and negative spins are alternately
aligned in the pyridinium group (Fig. 3)."" In the crystal of
2, the N-O group has the closest contact (3.108(3) A) with
the pyridinium C3 atom of the next molecule, of which the
contact mode stabilises the anti-parallel spin alignment in
the stacked molecules due to the McConnell mechanism.'?
On the other hand, the corresponding inter atomic contact
(3.597(3) A)in 11is longer than 2, which results in the negli-

(a) (b)
Fig. 3. Radical stacking diagrams in (a) 1 and (b) 2.
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gibly weak inter-molecular antiferromagnetic interactions in
1.
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