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The mononuclear transition metal complexes [Cu(CF3SO03),15]
(1a), [Zn(CF3S03).1,] (1b), [Cu(CF3S03),2,]-2CH;CN (2a),
and [Zn(CF3S03),2,]:2CH3;CN (2b) have been prepared
from the newly synthesized doxyl nitroxide ligands 4,4-di-
methyl-2,2-di(2-pyridyl)oxazolidine-N-oxyl (1) and 4,4-di-
methyl-2,2-bis[2-(3-methylpyridyl)]Joxazolidine- N-oxyl (2)
and M(CF3S03), (M = Cu" or Zn"). These metal-nitroxide
complexes have been structurally and magnetically charac-
terized. In all complexes, the four pyridyl groups coordinate
in equatorial coordination sites and the two nitroxide groups
in axial coordination sites, which means that the central
metal ion acquires a distorted N,O, octahedral configuration.
The variable-temperature magnetic susceptibility data show

that complexes 1b and 2b exhibit paramagnetic behavior,
and hence a very weak intraligand magnetic interaction
could be estimated [Jyo_no = —0.64 (1b) and 0.14 cm™ (2b)].
The y,T values of 1la and 2a decrease continuously with
decreasing temperature until they reach a nearly constant
value at around 50 K, thereby indicating an intramolecular
antiferromagnetic interaction between the Cu ion and the
nitroxide ligands for both 1a and 2a [Jcy no = -81.6 (1a) and
-78.1 cm™! (2b)]. These magnetic behaviors are supported by
density functional theory calculations and are discussed in
connection with the specific structural features.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Studies in multi-spin systems consisting of paramagnetic
metal ions and organic radicals are drawing much attention
in the field of molecular magnetism.[ The advantage of
using metal-radical compounds resides not only in the fact
that both building blocks afford spin centers but also that
a higher dimensional molecular architecture can be con-
structed by versatile coordination patterns of paramagnetic
metal ions. Moreover, the radical ligands have the possibil-
ity of mediating a stronger magnetic interaction between
the adjacent paramagnetic metal ion centers even though
the metal-metal distance is large. Therefore, the metal-radi-
cal approach has become one of the most promising strate-
gies for large hetero-spin assemblies of exchange-coupled
species.

On the other hand, as is the case with metal-radical com-
plexes in which the radical centers are directly bound to the
paramagnetic metal ions, intramolecular magnetic interac-
tions are governed by direct overlap between their magnetic

[a] Department of Molecular Engineering, Graduate School of
Engineering, Kyoto University,
Sakyo-ku, Kyoto 606-8501, Japan
E-mail: a51053@sakura.kudpc.kyoto-u.ac.jp

[b] CREST, Japan Science and Technology Agency (JST),
Japan

[c] Rigaku Corporation, X-ray Research Laboratory,
Matsubaracho 3-9-12, Akishima, Tokyo 196-8666, Japan

Eur. J. Inorg. Chem. 2006, 3359-3368

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

orbitals.>31 Hence, the nature of the magnetic interaction
depends strongly on the coordination geometry around the
paramagnetic metal ion. For example, the magnetic interac-
tions in copper(Il)-radical complexes range from strong
antiferromagnetic interactions to weak ferromagnetic
ones.”l Therefore, the development of organic radical li-
gands is important to control the magnetic interaction. Se-
veral kinds of organic radical ligands have been studied in
this context.[* 7! In particular, nitroxide radicals have often
been used as paramagnetic ligand molecules because of
their stability and ease of chemical modification.’] How-
ever, nitroxides are generally considered as weak Lewis
bases and hence they cannot coordinate to metal ions un-
less the Lewis acidity of the metal center is enhanced by
using electron-withdrawing co-ligands such as hexafluo-
roacetylacetonato (hfac). Consequently, their weak ligating
ability to metal ions prevents the formation of metal-ni-
troxide complexes with high-dimensional structures.’] Ac-
tually, the dimensionality is restricted due to the prior occu-
pation of coordination sites by the electron-withdrawing co-
ligands.[®] Two strategies have been developed to overcome
this difficulty. One approach is to use a high-spin poly-
(nitroxide radical) as a polydentate bridging ligand to con-
nect the paramagnetic metal ions.''%!!1 The other approach
is to incorporate nitroxide groups into normal organic li-
gands with powerful ligating ability such as pyridine,['”]
2,2'-bipyridine,!'3] triazole,['* imidazole,!'> and piperazine,['®]
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which allows a facile coordination to metal ions through
the chelate effect.

In the present work, two new organic radical ligands
bearing pyridyl groups, namely 4,4-dimethyl-2,2-di(2-pyr-
idyl)oxazolidine-N-oxyl (1) and 4,4-dimethyl-2,2-bis[2-(3-
methylpyridyl)Joxazolidine- N-oxyl (2), were synthesized to
have a suitable ligating ability to metal ions. The selection
of copper(Il) and zinc(Il) as the metal ion centers stems
from two reasons: (i) Cu'! has a d° configuration with spin-
1/2, which simplifies the magnetic interaction between the
metal ion and the organic radical ligand,"! and (ii) Zn'! has
a closed-shell d'° configuration with no unpaired electrons,
and hence we can extract the direct magnetic interaction
between the paramagnetic ligand molecules. More conve-
niently, the ionic radius for Cu™ (0.87 A) is almost the same
as that for Zn'" (0.88 A).'"! Structural characterization by
X-ray crystallographic studies and measurement of the
magnetic properties with a SQUID magnetometer for the
newly prepared metal-radical complexes were performed.
For the Cu'' and Zn"' complexes with 1, a theoretical analy-
sis was also carried out on the basis of density functional
calculations.

=N (i)
H3C—<\:—/)-Br *’ S | S |

Results and Discussion

Synthesis

The novel radical ligands 1 and 2 were synthesized as
illustrated in Scheme 1.

Coupling of the dipyridyl ketone 3 (or 4), with 2-amino-
2-methylpropan-1-ol in toluene gives the oxazolidine 5 (or
6), in high yield. A long reaction time (several days) and
continuous water removal by means of a Dean—Stark trap
were needed for successful preparation of 5 and 6. Dipyridyl
ketone 4 was prepared by reaction of ethyl chloroformate
with lithiated 2-bromo-5-methylpyridine, whereas 3 is com-
mercially available. Oxidation of 5 and 6 with MCPBA in
Et,O finally gave 1 and 2 in relatively high yield. The four
complexes 1a, 1b, 2a, and 2b were obtained by treatment of
an acetonitrile solution of M(CF3SOs), (M = Cu" and
Zn'") with the corresponding radical ligand, 1 and 2; vapor
diffusion of Et,O into the reaction mixtures afforded single
crystals of these complexes. Elemental analyses of com-
plexes 1a and 1b confirmed that the two radical ligands
coordinate to a single metal ion. On the other hand, efflo-
rescence was observed with complexes 2a and 2b, which
suggests that some solvent molecules are included in the
crystals. Consequently, we could not determine the chemi-
cal formulae of 2a and 2b from the elemental analyses; they
were finally determined by the X-ray structure analyses, as
discussed below.

Crystal Structures

The structures of complexes 1a, 1b, 2a, and 2b were de-
termined by X-ray crystallography at 103 or 123 K. All the
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Scheme 1. Synthesis of 1 and 2: (i) nBuLi, THEF, —-80 °C; (ii) CICO,Et, THF, -80 °C; (iii) toluene, H,SOy, reflux (-H,O); (iv) MCPBA,

Et,0, 0 °C.
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Table 1. Selected bond lengths [A], bond angles [°], and dihedral angles [°] for 1a, 1b, 2a, and 2b.

1a 1b 2a 2b
M- N2 2.001(1) 2.101(1) 2.014(2) 2.025(2) 2.101(2) 2.096(2)
M-N3 2.033(1) 2.144(1) 2.028(2) 2.001(2) 2.134(2) 2.119(2)
M-Ol 2.333(1) 2.163(1) 2.333(2) 2.309(2) 2.165(1) 2.155(2)
N2-M-N3 86.52(6) 85.24(5) 86.53(8) 87.66(8) 85.03(7) 86.46(6)
M-O1-N1 110.3 114.2 110.9 109.7 114.7 1133
Pl 90.5 91.4 94.8 83.8 85.5 96.4

ore! 6.0 5.6 5.9 4.7 5.8 5.1

[a] Dihedral angle between the equatorial plane and the nitroxide plane (see text). [b] Tilt angle of the Cu"-Oyq coordination bond from
the line perpendicular to the equatorial plane of the Cu!' ion (see text).

complexes crystallize in the triclinic system with space
group PI; they are isostructural. The nitroxide ligand mole-
cule 1 or 2 in these complexes behaves as a tridentate ligand
through two pyridyl N-atoms (N,,iqy1) and one nitroxide
O-atom (Onop). All the equatorial coordination sites around
the central metal ion are occupied by the Nyy.qy1 atoms,
with the remaining axial coordination sites occupied by
Ono atoms. As a result, the central metal ion has a dis-
torted N4O, octahedral configuration. The triflate anions
are not coordinated. Selected bond lengths, bond angles,
and dihedral angles are given in Table 1, where the dihedral
angle, ¢, is defined as that between the equatorial plane
(defined by the central metal ion and the four Ny
atoms) and the nitroxide plane (defined by the nitroxide N-
and O-atoms and two carbon atoms adjacent to the ni-
troxide N-atom). The tilt angle, 0, is defined as the differ-
ence between the line along the Cu~Oyo coordination
bond and the line perpendicular to the equatorial plane of
the Cu'! ion.

[CM(CF.;SO‘;);;I;] (Ill) and [Zn(CF‘;SO3)212] (Ib)

The molecular structures of 1a and 1b are shown in Fig-
ure 1. The central Cu' and Zn'" ions reside at the inversion
center of a distorted octahedron. In the equatorial plane, a
considerable deviation from the ideal square geometry is
seen in 1a: the two kinds of Cu"-N,,iq,1 bond lengths are
Cu-N2 = 2.001(1) and Cu-N3 = 2.033(1) A, and the N2—
Cu-N3 angle is 86.52(6)°. The axially coordinated Cu''-
Ono bond [Cu-O1 = 2.333(1) A] is longer than the equato-
rially coordinated Cu"-N,,iq,1 bonds. As is well-known for
a d° electron configuration like the Cu'" ion, the octahedral
geometry does not remain perfect at equilibrium and is in-
evitably distorted along one axis (the Jahn—Teller effect).['®]

A similar deviation from the ideal square geometry is
also observed in 1b [Zn-N2 = 2.101(1), Zn-N3 =
2.144(1) A; N2-Zn-N3 = 85.24(5)°]. The elongation along
the axial axis is not conspicuous due to the d'° electron
configuration of the Zn" ion [Zn-O1 = 2.163(1) A]. The
dihedral (p) and tilt (0) angles in 1a (and 1b) are 90.5°
(91.4°) and 6.0° (5.6°), respectively. As the elongation axis
is through O1-Cul-O1*, the magnetic orbital of Cu'! is
considered to be dy e, which is directed toward the nitro-
gen atoms of the pyridyl groups. As shown in part a of
Figure 2, neighboring complex molecules in 1a (and also
1b) are well separated in the crystal [the shortest distances
between the adjacent metal ions for 1a and 1b are 7.5928(5)
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Figure 1. ORTEP view (50% probability ellipsoids) and atom label-
ing scheme of a) [Cu(CF3S0;),1,] (1a) and b) [Zn(CF;SO3),1,]
(1b). The non-coordinated triflate anions have been omitted for
clarity. The atom labeling for compounds 2a and 2b is identical.

and 7.6792(4) A, respectively]. The shortest Ono-Ono dis-
tances between intermolecular nitroxide groups for 1a and
1b are 5.680(2) and 5.953(2) A, respectively. There is a short
C-—C contact [3.337(3) A for 1a and 3.323(3) A for 1b] that
is less than the sum of the van der Waals radii (3.40 A)['
between the adjacent complex molecules along the a-axis.
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As described later, however, the spin density on the C atoms
with the short contact is so small that a strong magnetic
interaction via this molecular contact cannot be expected.
Consequently, the magnetic systems of la and 1b can be
considered to be an assemblage of well-isolated three- and
two-spin systems, respectively. Moreover, 1a and 1b have
similar molecular and crystal structures, and therefore we
can compare the magnetic interactions in the three-spin sys-
tems with those in the two-spin system without the central
spin-1/2 moiety within the same geometrical configuration.
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Figure 2. Views of the crystal packing for 1a (a) and 2a (b).

[CM(CF3SOg)222]'2CHgCN (2(1) and [Zn(CF3SO_;)222]'
2CH;CN (2b)

The crystal structure of 2a is shown in Figure 2 (b). The
crystal of 2a (and also 2b) contains two acetonitrile mole-
cules per molecular unit and is different from 1a (and 1b)
as there are two crystallographically independent molecules
in which the central metal ion resides on the inversion cen-
ter. The molecular structures of 2a and 2b are similar to
those of 1a and 1b. The characteristic geometrical param-
eters of 2a are as follows: Cu-O1 = 2.333(2) [2.309(2)], Cu-—
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N2 = 2.014(2) [2.025(2)], Cu-N3 = 2.028(2) A [2.001(2) A];
the N2-Cu-N3 angle is 86.53(8)° [87.66(8)°]. The corre-
sponding parameters in 2b are also similar to those of 1b:
Zn-0O1 = 2.165(1) [2.155(2)], Zn—N2 = 2.101(2) [2.096(2)],
Zn-N3 = 2.134(2) A [2.1192) A], N2-Zn-N3 = 85.03(7)°
[86.46(6)°]. Moreover, the dihedral (p) and tilt (6) angles in
2a (and 2b) are 94.8° [83.8°] (85.5° [96.4°]) and 5.9° [4.7°]
(5.8° [5.1°)), respectively. The deviation of the dihedral an-
gle between the equatorial plane and the nitroxide plane
from 90° in 2a and 2b is larger than that in 1a and 1b. The
intermolecular distances in 2a and 2b are larger than those
in 1a and 1b due to the steric hindrance of the crystallized
acetonitrile molecules and the methyl group of ligand 2 (the
shortest distances between the adjacent metal ions for 2a
and 2b are 7.97 and 8.16 A, respectively). The shortest
Ono-Ono  distances between intermolecular nitroxide
groups for 2a and 2b are 7.477(3) and 7.465(3) A, respec-
tively. In addition, there is no intermolecular contact less
than the sum of the van der Waals radii (3.40 A for C-C;
3.22 A for C-O)!'! between the adjacent complex mole-
cules. Therefore, the intermolecular magnetic interactions
in 2a and 2b are expected to be weaker than those in la
and 1b.

Magnetic Properties

The temperature-dependent magnetic susceptibility of
complexes 1a, 1b, 2a, and 2b was measured in the tempera-
ture range 2-300 K; y,,T values are plotted as a function of
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Figure 3. Temperature-dependence of the magnetic susceptibilities
of a) 1a (solid circle) and 1b (solid triangle) and b) 2a (solid circle)

and 2b (solid triangle). The solid curves represent the best theoreti-
cal fit to the data (see text).
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the temperature in Figure 3, where y,,, is the molar magnetic
susceptibility per molecular unit.

[Cu(CF;80;),1,] (1a) and [ Zn(CF;S03),1,] (1b)

As shown in Figure 3 (a), the y,,7 value for 1b is nearly
constant at around 0.75 emu K mol™!, which corresponds to
two magnetically uncoupled spins-1/2 per molecular unit.
This result is reasonable for the complex of a diamagnetic
Zn'! ion with two spin-1/2 radical ligands. Moreover, the
crystal structural analysis shows that the shortest Ono—
Ono distance between intermolecular nitroxide groups
(5.95A) is longer than that between intramolecular
nitroxide groups (4.33 A). This indicates that the spin sys-
tem in 1b can be regarded as an assemblage of approxi-
mately isolated two-spin clusters. Taking these results into
account, the magnetic data for 1b were analyzed by using
the Bleaney—Bowers equation®! for a two-spin cluster com-
posed of a pair of nitroxide radical ligands (H = —2Jno-nO
SnoSno, Where Sno is the spin-1/2 operator for the
nitroxide radical ligand and Jyo no 1S the exchange coup-
ling constant between two intramolecular nitroxide spins).
Furthermore, the Curie-Weiss law can be used to describe
inter-cluster magnetic interactions [Equation (1)], where fis
the purity factor of the sample, N4 the Avogadro number,
g the isotropic g-factor (assuming g = 2), 6 the Weiss tem-
perature, kg the Boltzmann constant, and up the Bohr mag-
neton.

2N Uy T 1 (1)
k(T —0) 3+exp<-— 2JNO;NO>

XoT=f
Hnocn

The best fit parameters were found to be f = 1.02,
Jnono = —0.64cm™!, and 0 = 04K (-0.26 cm™!). The
small values of Jyo_no and @ indicate that the intra- and
intermolecular magnetic interaction between the nitroxide
radical spins in 1b can be ignored as compared to the mag-
netic interaction between the d° Cu'! spin and the nitroxide
radical spin in the complex molecule of 1a, as discussed
below.

In contrast, the y,,7T value for 1a at room temperature
is smaller than the theoretical value (y,T
1.125 emuK mol ") for three spins-1/2 per molecular unit.
Furthermore, on lowering the temperature, the y,,7" value
decreases gradually and reaches a nearly constant value
close to a theoretical value for a single spin-1/2 per molecu-
lar unit (3,7 = 0.375 emuKmol™) at around 50 K. These
results indicate that a relatively strong antiferromagnetic in-
teraction is present in the crystal of la. As indicated by
the crystal structure analysis of 1a, the shortest intra- and
intermolecular Ono—Ono distances between the nitroxide
radical ligands (4.67 and 5.68 A, respectively) and the
shortest intermolecular Cu-Cu! distance (7.59 A) are
longer than the Cu™-Oy, distance (2.333 A). This indicates
that the spin system in 1a can be regarded as an assemblage
of approximately isolated three-spin clusters consisting of a
Cu' ion and two nitroxide radical ligands. Moreover, the
direct intramolecular magnetic interaction between the ni-
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troxide ligand molecules in 1a can be neglected due to the
magnetic behavior of 1b. Therefore, the arrangement of the
three-spin clusters in complex 1a can be regarded as a linear
three-spin model [Snoay-Scu—Sno@)]- The spin Hamilto-
nian can be written as shown in Equation (2) using an ex-
change coupling constant, Je, no. between the Cu'l spin
and the nitroxide radical spin.

H=-2J Cu—NO[SNO(l)'SCu + SCu'SNO(Z)] (2)
for which the eigenvalues are

E(§=112)=2Jouno

Ex(S=1/2)=0

Ey(S=3/2) =~ Jeuno

Hence, the temperature dependence of y,, 7T is given by
Equation (3).

2Jcu— Jou—nNo
3 NAg2#§T1+exp(— ISBTNO)+10exp( kuBT)

XnT=f
4kB(T—9) 1+€xp('—ZJIS;}NO)+2€XP<J(;:B—7NO)

(©)

The parameters in this equation are the same as in Equa-
tion (1). This equation was fitted well to the experimental
data, and the best-fit parameters were f = 0.99, Jcu no =
—81.6cm™!, and 0 = -1.1K (-0.77cm!). The sign of
Jeuno 18 opposite to that found for Cu''-nitroxide com-
plexes where the Ono atoms occupy the axial positions
(+10 to +70 cm™1).2211 However, the magnitude of Jcy no
is smaller than that observed for Cu-nitroxide complexes
where the Oyno atoms occupy the equatorial positions (ca.
—600 cm™").[2211 This discrepancy in the sign of Jey no Sug-
gests that the overlap mode between the n* orbital of the
nitroxide group and the magnetic orbital (d,- ,») of the Cu"
ion differs between the present complex and the previously
reported axially coordinated Cu''-nitroxide complexes.*”
The relatively small Jc, no value arises from the fact that
the Cu-Ono distance is fairly long (ca. 2.3 A) owing to the
Jahn-Teller distortion as compared to that for the
equatorially coordinated Cu''-nitroxide complexes (ca.
2.0 A)'[21,23,24]

[Cu(CF;80;),2,]-2CH;CN (2a) and [ Zn(CF;S03),2,]"
2CH;CN (2b)

The y,, T vs. T plots for 2a and 2b are shown in Figure 3
(b). The temperature dependence of the y,, T value for 2a
and 2b is similar to those for 1a and 1b, respectively. The
X-ray structural analysis shows that the intermolecular dis-
tance and shortest contacts in 2a and 2b are larger than
those in 1a and 1b. However, the temperature dependence
of their magnetic properties remains unchanged. This
means that the main magnetic interaction observed in the
crystals of 1a and 2a can be ascribed to the intramolecular
antiferromagnetic interaction between the Cu'® spin and the
nitroxide radical spin. Hence, the magnetic data were again
fitted to Equations (1) and (3). The best fit, shown in Fig-
ure 3 (b) as a solid line, afforded the following parameters:
3363
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f=1.03, Jeuno =781 cm™!, and 0 = 0.2 K (-0.15cm™)
for 2a and f = 1.01, Jyo.no = 0.14cm™, and 0 = 0.3 K
(0.19 cm™) for 2b. The value of Je, no 1S similar to that
for 1a, which supports the assumption that the spin align-
ment in 1a and 2a is governed by an intramolecular antifer-
romagnetic interaction between the Cu'' ion and the ni-
troxide ligands.

Theoretical Considerations

On the basis of the obtained X-ray structures of la and
1b we performed quantum chemical calculations in order
to examine the electronic structures of the present metal—
radical complexes. First of all, we investigated the spin-den-
sity distribution of complexes 1a and 1b. As density func-
tional theory (DFT) calculations often give good results for
both signs and magnitudes of spin densities of open-shell
molecules, we carried out calculations using the hybrid HF/
DF method (B3LYP/LANL2DZ).!>’! The partially occupied
spin-free natural orbitals from the B3LYP/LANL2DZ cal-
culations for the A4, state of 1a and the selected spin densi-
ties of the low- and high-spin states of 1a and 1b are shown
in Figures 4 and 5, respectively. In both of the doublet and
quadruplet states of 1a, the spin densities are mainly local-
ized on the Cu'" ion and the nitroxide groups. In 1b, the
spin densities for the singlet and triplet states are localized
only on the nitroxide groups of the two ligands. On the
other hand, the spin densities over the peripheral pyridyl
groups of 1a and 1b are quite small. These results are con-
sistent with the experimental result that the intermolecular
magnetic interactions in all four complexes are very weak.

Matural ortital - 5
Side view |

{Cecupation numbar)

78 a,

(0.848)

75a,

{1.000)

77 2
(1.152)

Figure 4. Three partially occupied natural orbitals for the 24, state
of 1a at the UB3LYP/LANL2DZ level of theory.
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Moreover, the sign of the spin density on the Cu' ion in
the doublet state of 1a is opposite to that in the quadruplet
state, while the magnitudes of the spin densities on the Cu!
and nitroxyl groups remain unchanged. This indicates that
an antiferromagnetic spin alignment occurs in the doublet
state of 1a, while a ferromagnetic spin alignment occurs in
the quadruplet state of 1a. In addition, the natural orbital
occupation number indicates that the 24, state of 1a has a
doublet triradical character.

Energetically, the doublet state (>4,) in 1a was estimated
to be more stable than the quadruplet state (*4,) by
223 cm~'. In addition, the exchange coupling constant, J,
can be estimated to be 110 cm™' by using the approximate
spin projection method%2%1 given by Equation (4),

= ECA)—E(‘A) “)
(S2(CAN—(SH (AL

where E(’4,) and E(*4,) are the total energies for the 24,
and “4, states and <S?>>(%4,) and <S?>>(*4,) the expecta-
tion values for the total spin angular momentums of 24,
and “A4, states. The estimated J value gives a good agree-
ment with the Jo, no Vvalue determined from the magnetic

C0.03) (©.01)

0.48 0.04
(0.48) \ (0.04)
0.03 0.47
©oon,_ O N—O (a7
\ + 0.03
=010 | 5y | -0.10 (001
(010N _0.01N ©-10)
0.01 ,'/ 0.01
(0.00) (Cy (-0.00)
-0.61
(0.61)
'(b) 0.01
-0.03
(0.03) (0-01) Lo
0.52 .
(0.52) \ (0.04)
0.02 0.43
002, O "N—0O (043
\ 0.02
(0.02)

000 ./ 000
000 7Zp (0.00)
0.00
(-0.01)

Figure 5. Mulliken spin density for a) the doublet and quadruplet
states (in parentheses) of 1a and b) the singlet and triplet states (in
parentheses) of 1b at the UB3LYP/LANL2DZ level of theory. The
centrosymmetric atoms have the same spin density (having the op-
posite sign only for the singlet state of 1b), hence one of the two
ligands has been omitted for clarity.
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measurements. On the other hand, the singlet ('4,) and
triplet (34,,) states of 1b were found to be virtually degener-
ate. This indicates that effective magnetic interactions be-
tween the two nitroxide ligands via the diamagnetic Zn!!
ion do not occur.

The present axially coordinated Cu''-nitroxide com-
plexes 1a and 2a show antiferromagnetic coupling between
the metal center and the nitroxide ligand molecule, al-
though the Cu'l-nitroxide magnetic interaction in the axi-
ally coordinated Cu'"-nitroxide complexes is usually ferro-
magnetic.[>?? Schweizer and co-workers have clearly shown
the spin-density distribution of an axially coordinated Cu''—
nitroxide complex on the basis of a neutron diffraction
analysis; their results strongly suggest that the ferromag-
netic interaction between the Cu'f ion and the nitroxide li-
gand is derived from orthogonality between the corre-
sponding magnetic orbitals (the 3d,. . atomic orbital for
Cu'! and the n* orbital for the nitroxide).*®! In general, the
exchange parameter is approximately expressed as Equa-
tion (5),

Jdir = pxzf),z.](:?'dxzf),z, TE*) (5)

J(3d2,2, 1) ~ < 3de 2 % | 1% 3dege >+ 28 < 7% | B | 3deye >
—S eyt Ept+<3de,23d22| * 7t >]

where p.. . is the density of the unpaired electron
on the 3d)~627y2 atomic orbital, S = <3dxz,yz|1r*> is the
overlap integral between the magnetic orbitals, ¢,, and
e+ are the orbital energies, <3d,. .m*n*3d,. »> and
<3d,> ,23d . on*n*> are the two-electron integrals of the
exchange and Coulomb types, respectively, and / is the one-
electron Hamiltonian. According to Musin and co-
workers,*!l the strong antiferromagnetic coupling (J =
—500 cm™HB! in equatorially coordinated Cu''-nitroxide
complexes can be explained by the above-mentioned direct
exchange interaction Jg. The third term of J(3d > 2, 1) in
Equation (5) becomes dominant due to the large overlap
integral S = 107! (Jg;, = -500 cm ™).

On the other hand, in axially coordinated Cu''-nitroxide
complexes, slight delocalization of the unpaired electron
from the n* orbital of the nitroxide group to the 3d.. atomic
orbital of the Cu' ion takes place. Hence, the delocalized
n* orbital is approximately expressed as n* + ¢..3d... As a
result, the exchange parameter contains two main contri-
butions, J = Jg, + Jgo. The exchange parameter due to
the delocalization mechanism Jy takes the form shown in
Equation (6),

Jair = Pr22p2 <3dxzfyz 3d:z|3dzz 3dxzfyz> (6)

where p.. = c.», the spin density due to delocalization from
the nitroxide group to Cu'™. In the axially coordinated Cu'-
nitroxide complexes, the values of S are estimated to be very
small because of orthogonality between the 3d,. » atomic
orbital for the Cul! ion and the n* orbital of nitroxide
group. Hence, the direct exchange term Jg;, only gives a
very small positive value. On the other hand, in spite of the
smallness of the delocalization p.., the large intra-atomic
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exchange integral [Equation (6)] leads to a major contri-
bution from the delocalized exchange term Jy (ca. 10—
65 cm ).l

In the present complexes 1a and 1b the nitroxide groups
are axially coordinated to the Cu'' ion. However, the deter-
mined exchange parameter is antiferromagnetic (Jo,, =~
80 cm '), which is contrary to the expected ferromagnetic
interaction in axially coordinated Cu-nitroxide complexes.
This can be explained by the difference of overlap mode
between the magnetic orbitals of the Cu" ion and the ni-
troxide groups. As shown in Figure 6 (a), when the sym-
metry plane containing the ©* orbital of the nitroxide group
is orthogonal to the equatorial plane of the Cu" ion, the
tilting of the Cu™-Oyg coordination bond from the line

A

ey ey

Figure 6. Schematic views of possible orbital interactions between
the magnetic orbitals (3d,2,2) of the Cu'" ion (3d,»2) and the
nitroxide radical (n*). 0 is the tilt angle of the Cu""-Oyo coordina-
tion bond from the line perpendicular to the equatorial plane of

the Cu'! ion.

0.0025 T T T T

0.0020 |
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0.0000 L L L L
0.0 0.5 1.0 1.5 2.0 25

AR (A)

Figure 7. Dependence of the overlap integral between the Slater 2p
atomic orbital of the oxygen atom and the Slater 3d,> > atomic
orbital of the Cu atom on the distance AR (in A) defined in the
inset (Rcosd) was fixed to 2.3202 A, which corresponds to complex
1a). AR can be related to the tilt angle # in Table 1 and Figure 6
by the formula sinf = AR/R. We adopted 2.275 and 2.95 for the
values of { of the oxygen 2p orbital and the copper 3d orbital,
respectively [see: J. A. Pople, D. L. Beveridge, Approximate Molecu-
lar Orbital Theory, McGraw-Hill, New York, 1970.]. In the case of
complex 1la, the corresponding overlap integral was estimated to
be 0.001 [AR = 0.2438].
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perpendicular to the equatorial plane causes an effective
overlap between the n* orbital of the nitroxide group and
the 3d.. atomic orbital of the Cu'" ion. Therefore, the delo-
calization mechanism [Equation (6)] leads to a relatively
large ferromagnetic interaction. On the other hand, as
shown in Figure 6 (b), in the present Cu"-nitroxide com-
plexes the symmetry plane containing the n* orbital of the
nitroxide group is nearly parallel to the equatorial plane of
the Cu'" ion. Hence, the overlap integral between the m*
orbital of the nitroxide group and the 3d.. atomic orbital
of the Cu'! ion is virtually negligible. Thus, we can ignore
the above-mentioned delocalization mechanism in com-
plexes 1a and 1b. More importantly, the Cu™-Oyg coordi-
nation bond tilts from the line perpendicular to the equato-
rial plane (0 = 5°) in the present coordination mode [Fig-
ure 6 (b)]. Therefore, the finite overlap integral between the
n* orbital of the nitroxide group and 3d,- ,» atomic orbital
of the Cu' ion is expected. However, the overlap integral is
expected to be small compared to the equatorially coordi-
nated Cu''-nitroxide complexes, as shown in Figure 7 (S =~
0.001). Such a specific overlap mode leads to a relatively
weak antiferromagnetic interaction (J = 80 cm™') in com-
plexes 1a and 1b due to the direct exchange mechanism.

Concluding Remarks

The synthesis, magnetic properties, and theoretical analy-
sis of Cu!! complexes 1a and 2a and Zn! complexes 1b and
2b containing radical ligands 1 and 2 have been described.
It has been shown that the combination of the metal ion
and these radical ligands results in formation of iso-
structural mononuclear complexes. The magnetic properties
of the Zn'" complex indicate that there is a weak intramo-
lecular magnetic interaction between two nitroxide ligands.
On the other hand, the exchange coupling constant Jc, no
between the Cu'' and the nitroxide ligands for 1a and 2a
was determined to be —81.6 and —78.1 cm™!, respectively,
thereby indicating an antiferromagnetic interaction. The
DFT calculations show that the ground 24, state of 1a has
a doublet triradical character and give a reasonable ex-
change coupling constant Jo, no (—110 cm™!). Although
the present axially coordinated Cu''-nitroxide complexes
show an antiferromagnetic interaction, this interaction can
be attributed to the specific structural features of the coor-
dination pattern of the nitroxide ligand molecules. Unfortu-
nately, the present nitroxide ligand molecules 1 and 2 are
contained in mononuclear transition metal complexes.
However, it may be possible to build highly dimensional
magnetic materials by using radical ligands containing 3-
or 4-pyridyl groups to avoid coordination of all the pyridyl
groups to a single metal ion.

Experimental Section

General Procedures and Materials: 'H and '*C NMR spectra were
recorded with a JEOL AL-300 spectrometer, and chemical shifts
are given in ppm relative to internal tetramethylsilane (TMS; 6 =
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0.0 ppm) for 'H and to CDCl; for '*C NMR spectroscopy. Elemen-
tal analyses were performed by the Center for Organic Elemental
Microanalysis of Kyoto University. Toluene was distilled from over
calcium hydride. 2-Amino-2-methylpropan-1-ol was distilled from
over calcium hydride under reduced pressure. THF was distilled
from over potassium/benzophenone under argon. m-Chloroperben-
zoic acid (MCPBA) was obtained commercially (70-75% purity)
and used without further purification. All the other purchased rea-
gents and solvents were used without further purification.

4,4-Dimethyl-2,2-di(2-pyridyl)oxazolidine (5): This compound was
prepared by a modified literature procedure.’>33 A mixture of
bis(2-pyridyl) ketone (9.71 g, 51.7 mmol), freshly distilled 2-amino-
2-methylpropan-1-ol (110 mL, 1130 mmol), and concentrated
H,SO, (25 drops) in toluene (200 mL) was refluxed for 4 d. The
water generated was removed by means of a Dean-Stark trap con-
taining 4-A molecular sieves. The reaction mixture was then cooled
to room temperature and concentrated under reduced pressure.
Water (200 mL) and Et,O (100 mL) were added to the resulting
residue and then the organic layer was separated. The aqueous
layer was extracted with CH,Cl, (2% 100 mL). The combined or-
ganic layers were dried with MgSO, and the solvents evaporated
in vacuo. The residue was recrystallized from cyclohexane to afford
5 (4.39 g, 33%) as a white solid. The mother liquor was evaporated
and chromatographed on aluminum oxide (ethyl acetate/n-hexane
= 1:1 as eluent) to afford additional 5 (8.54 g, 65%). The total yield
was 98%. 'H NMR (300 MHz, CDCls): 6 = 8.55 (d, J = 4.0 Hz, 2
H), 7.75 (d, J =79 Hz, 2 H), 7.63 (td, J = 7.7, 1.6 Hz, 2 H), 7.11-
7.16 (m, 2 H), 4.26 (br., 1 H), 3.68 (s, 2 H), 1.21 (s, 6 H) ppm. 13C
NMR (75.5 MHz, CDCls): 6 = 162.3, 148.5, 136.3, 122.3, 121.2,
98.9, 77.9, 59.6, 26.6 ppm. C;sH;N;0: caled. C 70.56, H 6.71, N
16.46, O 6.27; found C70.28, H 6.71, N 16.55, O 6.30.

4,4-Dimethyl-2,2-di(2-pyridyl)oxazolidine-V-oxyl (1): This com-
pound was also prepared by a modified literature procedure.l’!
Thus, a solution of MCPBA (4.34 g, ca. 17.6 mmol) in Et,O
(40 mL) was added dropwise to an ice-cooled solution of 5 (3.01 g,
11.8 mmol) in Et,O (40 mL). The resulting solution was allowed to
stand for 4 h. Cold 5% Na,CO; aqueous solution (40 mL) was then
added to the reaction mixture and the aqueous layer was separated.
The organic layer was extracted with cold 5% Na,CO; aqueous
solution (4 x40 mL) and the aqueous phases were combined. The
aqueous phase was extracted with CH,Cl, (5%40 mL). The com-
bined organic phase was washed with cold 5% Na,COj; solution
(2%40 mL), dried with MgSO,, and the solvents evaporated in
vacuo. The resulting orange solid was chromatographed on silica
gel (acetone as eluent). A fraction (Ry = 0.61) afforded 1 as an
orange solid (1.99 g, 62%). ESR (X-band, toluene): g = 2.0094 and
an = 13.7G. CysHgN;O,: caled. C 66.65, H 5.97, N 15.55, O
11.84; found C66.74, H 5.92, N 15.48, O 11.84.

Bis|2-(3-methylpyridyl)] Ketone (4): Compound 4 was prepared by
a modified literature procedure.® nBuLi (10.5 mmol, 1.5 M in hex-
ane) was added dropwise to a solution of 2-bromo-5-methylpyri-
dine (1.93 g, 11.0 mmol) in THF (15mL) at -90 °C (petroleum
ether/liquid nitrogen) under argon. The resulting solution was
stirred at —90 °C for 1 h, and then a solution of ethyl chloroformate
(0.58 g, 5.18 mmol) in THF (2 mL) was added rapidly. After stir-
ring overnight, the reaction mixture was concentrated and CH,Cl,
(100 mL) and water (100 mL) were added. The organic layer was
separated and the aqueous layer was extracted with CH,Cl,
(4% 50 mL). The combined organic layer was washed with 10%
aqueous NaHCOs;, dried with MgSO,, and the solvents evaporated
in vacuo. The crude product was chromatographed on silica gel
(ethyl acetate as eluent). A fraction (R = 0.38) afforded 4 as a pale-
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yellow solid (yield 0.40 g, 36%). '"H NMR (300 MHz, CDCls): 6 =
8.57(dd, J=1.5,0.7 Hz, 2 H), 8.01 (d, J = 7.9 Hz, 2 H), 7.67 (ddd,
J=19,22,0.7Hz, 2 H), 2.43 (s, 6 H) ppm. '3*C NMR (75.5 MHz,
CDCI3): 6 = 192.8, 152.1, 149.7, 137.0, 136.7, 125.0, 18.7 ppm.
C;3H,N,0: caled. C 73.56, H 5.70, N 13.20, O 7.54; found C73.28,
H 5.85, N 13.06, O 7.48.

4,4-Dimethyl-2,2-bis|2-(3-methylpyridyl)joxazolidine ~ (6): Com-
pound 6 was obtained from 4 by the same procedure as 5. The
reaction mixture was chromatographed on aluminum oxide (ethyl
acetate as eluent) to afford 6 as a pale-yellow solid (R = 0.83, yield
97%). "H NMR (300 MHz, CDCl3): § = 8.37 (s, 2 H), 7.60 (d, J =
7.9 Hz, 2 H), 743 (d, J = 8.1 Hz, 2 H), 4.21 (br., 1 H), 3.67 (s, 2
H), 2.27 (s, 6 H), 1.20 (s, 6 H) ppm. '*C NMR (75.5 MHz, CDCls):
o0 = 159.7, 1489, 136.9, 131.6, 120.7, 98.9, 77.9, 59.7, 26.7,
18.0 ppm. C;7H,;N30: caled. C 72.06, H 7.47, N 14.83, O 5.65;
found C 72.15, H 7.68, N 14.58, O 5.52.

4,4-Dimethyl-2,2-bis[2-(3-methylpyridyl)]oxazolidine-/V-oxyl (2):
Compound 2 was obtained from 6 by the same procedure as 1.
The reaction mixture was chromatographed on a silica gel column
(acetone as eluent) to afford 2 as an orange solid (Ry = 0.72, yield
73%). C17HoN30,: caled. C 68.43, H 6.76, N 14.08, O 10.72;
found C 68.25, H 6.84, N 13.91, O 10.54.

General Procedure for the Synthesis of Complexes 1a, 1b, 2a, and
2b: A solution of the radical ligand (2.0 mmol) in acetonitrile
(10 mL) was added to a solution of the appropriate triflate salt
(1.0 mmol) in acetonitrile (15 mL). The color of the solution
changed to dark green (for the Cu'! complexes) or pale yellow (for
the Zn"' complexes). The resulting solution was filtered and Et,O
vapor was slowly diffused into the solution. The single crystals ob-
tained were suitable for X-ray studies.

[Cu(CF3S03),1,] (1a): Dark green blocks. Cs;,H3>CuF¢N¢O(S,:
calcd. C 42.60, H 3.57, N 9.31; found C 42.68, H 3.57, N 9.34.
[Cu(CF5S03),2,]'2CH3CN (2a): Efflorescent dark-green needles.

C40H46CUF6N801082: caled. C 4617, H 446, N 1077, found C
44.19, H 4.31, N 8.39.

[Zn(CF5S05),15] (1b): Yellow blocks. C3,H3,FsNgO¢S,Zn: calcd.
C 42.51, H 3.57, N 9.30; found C 42.57, H 3.59, N 9.19.

[Zn(CF3S03),2,]-2CH3CN  (2b):  Efflorescent yellow needles.
C40H46F6NgOmSzZn: caled. C 4609, H 445, N 1075, found C
44.55, H 4.26, N 9.15.

Table 2. Crystallographic data for 1a, 1b, 2a, and 2b.

X-ray Crystallographic Studies: The measurements were performed
on a Rigaku/MSC Mercury CCD diffractometer (for 1a) or a Ri-
gaku RAXIS imaging plate area detector (for 1b, 2a, and 2b) with
graphite-monochromated Mo-K,, radiation. The data were col-
lected at a temperature of 103 K (for 1a) or 123 K (for 1b, 2a, and
2b) to a maximum 26 value of 54.9° (for 1a and 2a) or 60.1° (for
1b and 2b). After correction of the raw data for Lorentz and polar-
ization effects, the structure was solved by direct methods
(SIR973%)), The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included but not refined. For 2a, hydrogen
atoms were refined isotropically. However, for 1a, 1b, and 2b hydro-
gen atoms were included but not refined. Crystallographic data for
these complexes are listed in Table 2.

CCDC-267140 (for 1a), -267141 (for 2a), -267142 (for 1b), and
-267143 (for 2b) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

Magnetic Susceptibility Measurements: The magnetic susceptibility
was measured on polycrystalline samples of 1a and 1b or powder
samples of 2a and 2b in the 2-300 K temperature range under a
field of 500 G with a SQUID magnetometer (Quantum Design
MPMS-5S). The data were corrected for magnetization of the sam-
ple holder and the magnetic susceptibility was corrected for dia-
magnetism of the constituent atoms using the Pacault method.[*¢!

Calculational Methods: Density functional theory (DFT) calcula-
tions were carried out by using a hybrid method (B3LYP) that com-
bines Becke’s three-parameter non-local exchange functional®!l
with the non-local correlation functional of Parr and co-workers.7]
All of the computations were performed with the Gaussian 98
packagel®®! using the LANL2DZ basis set where the pseudopoten-
tial proposed by Hay and WadtP** is applied to the Cu atom, and
the Dunning/Huzinaga valence double-{ basis seti*® to the H, C,
O, and N atoms. We employed the geometrical parameters of the
isolated complex molecules of 1a and 1b determined by the X-ray
crystallography as the geometry for the quantum chemical calcula-
tions, without geometry optimizations. DFT doublet, triplet, and
quadruplet energies were calculated in straightforward unrestricted
fashion (UB3LYP). The open-shell singlet energy for 1b was esti-
mated by the sum method.®! Generally speaking, the UB3LYP
calculations for the open-shell singlet state give the so-called

la 1b 2a 2b
Empirical formula C32H32CUF(,N601082 C32H32F6N(,010S2Zn C40H46CuF6N8010S2 C40H46F6N8010S22n
Formula mass 902.30 904.13 1040.51 1042.34
Crystal system triclinic triclinic triclinic triclinic
Space group Pl Pl Pl P1
a[A] 7.5928(5) 7.6792(4) 13.1699(8) 12.2718(9)
b[A] 11.050(1) 11.1243(9) 15.9376(8) 12.9988(2)
¢ [A] 12.656(2) 12.3578(6) 12.3034(6) 16.309(1)
a[°] 62.580(2) 114.878(1) 97.677(3) 95.983(6)
L1° 79.239(1) 99.148(2) 115.045(1) 98.322(4)
y [1 86.508(1) 93.366(3) 95.896(1) 114.940(4)
V [A3)] 925.6(2) 936.2(1) 2281.9(2) 2294.2(2)
VA 1 1 2 2
T [K] 103 123 123 123
Dearea. [gem 3] 1.619 1.604 1.514 1.509
Goodness of fit 1.21 1.04 0.19 1.09
R 0.051 0.047 0.038 0.074
Ry 0.075 0.104 0.042 0.096
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broken-symmetry state.[*”! In the weak bonding regime, the follow-
ing relationship is deduced between the energies of the broken-sym-
metry state (Egg) and those of the pure (open-shell) singlet (Es)
and triplet states (Et) from which we can estimate the pure singlet
energy for complex 1b [see Equation (7)].

Egs = (Es + E1)/2 @)
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