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Three Novel End-to-End Single Azido-Bridged Ferromagnetic Copper(II)
Chains: Synthesis, Crystal Structure, and Magnetic Behavior
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Three new single end-to-end azido-bridged copper(Il) chains
[Cu(L1)(N3)|5(ClO4), (1), [Cu(L2)(N3)]o(ClOy), (2), and
[Cu(L3)(N3)]a(ClOy), (3) using three different tridentate
Schiff bases L1, L2, and L3, obtained from condensation of
pyridine-2-carbaldehyde with N,N-dimethylethane-1,2-di-
amine, N,N-diethylethane-1,2-diamine, and 4-(2-amino-
ethyl)morpholine, respectively, have been synthesized, and
their crystal structures have been determined by X-ray dif-
fraction methods. Complex 1, C;oH;5CuNgClO,, crystallizes
in an orthorhombic system, space group P2,2,2;, with a =
7.434(3), b = 12.047(4), c = 17.404(6) A, and Z = 4; complex
2, C1,H19CuNgClOy, crystallizes in an orthorhombic system,
space group Pna2,, with a = 14.723(5), b = 13.829(5), ¢ =
8.002(5) A, and Z =4 and complex 3, C;,H;CuNgClOs, crys-
tallizes in an orthorhombic system, space group Pna2,, with
a = 13.837(15), b = 14.804(2), ¢ = 8.050(4) A, and Z = 4. Each

structure consists of a single end-to-end azido-bridged cop-
per(ll) 1D chain where each copper(Il) center possesses a
square pyramidal geometry. Magnetic susceptibility data,
measured from 4 to 300 K, show weak ferromagnetic interac-
tion through the end-to-end bridging azido pathway in all
the complexes. The magnetic data were fitted to a high tem-
perature series-expansion for a one-dimensional system with
S =1/, local spin based on the Hamiltonian H = -JZS;-S;, ; for
all the complexes, giving the parameters J = +2.15 cm™, g =
2.23 for 1, J = +3.61 cm™, g = 2.16 for 2, and J = +2.06 cm™,
g = 2.17 for 3. This unusual magnetic behavior through the
end-to-end bridging azido pathway has been correlated to
the structural parameters.

(O Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Recently, chemists as well as physicists have concentrated
their efforts on the study of multinuclear molecular-based
magnetic materials from the need to understand the funda-
mental science associated with magnetic interactions be-
tween the paramagnetic metal ions and the bridging ligands
to develop the magneto-structural correlation enabling the
design synthesis of interesting magnetic materials.!~4
These molecular-based magnets can be designed to yield
dimer, tetramer, mono-, bi-, and three-dimensional ex-
tended structures® 8! with the paramagnetic metal ions us-
ing suitable bridging ligands which act as a superexchange
pathway between paramagnetic centers and determine the
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strength of magnetic interactions i.e., the coupling para-
meter (J). The construction of molecular-based magnetic
materials with ferromagnetic ordering is one of the major
challenges in magneto-chemistry. The proper choice of the
bridging ligand, which determines the magnetic behavior
of the molecule, is an important task to the chemist for
synthesizing such type of materials.

The azido ligand is an efficient superexchange pathway
for propagating magnetic interaction between the paramag-
netic centers such as copper(Il), giving dimeric, tetranu-
clear, cubane, 1D, 2D, and 3D complexes.’~ 7 The versatil-
ity of this ligand is due to its diverse binding modes leading
to a variation in the magnetic properties that depend on its
orientation with respect to the magnetic centers.['8! In gen-
eral, the bridging modes observed for the azido group are
end-to-end with anti-ferromagnetic interaction!!®?1 and
end-on with ferromagnetic interaction.”!! However, the
magnetism of the latter is dependent on the M—N-M
angle.’>~27] For copper(Il) systems, ferromagnetic interac-
tion is observed for complexes having Cu—N—Cu angles
less than 108°. For angles above this value, molecules show
antiferromagnetic interaction.?”! Hoffmann et al.?®! and
later Ribas et al.*®! showed the possibility of even ferro-
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magnetic interaction through an end-to-end azido pathway
on the basis of theoretical calculations. This theory has
been successfully tested in a scarce number of complexes.
Only a few structurally solved M systems, showing weak
ferromagnetic interaction through the end-to-end bridging
azido pathway have recently been reported in the
literature.*°=33 One of them is a 1D chain of Ni'! with an
end-to-end azido-bridge using a nonchelating capping co-
ligandP% and the second one is a dimer of Nil using a
chelating co-ligand.[?!1 Recently this laboratory reported the
first observation of a ferromagnetic interaction through
end-to-end azido pathways in a copper(Il) system.[32-33]
This unusual result prompted us to synthesize more and
more such complexes types. In the present paper we report
on the synthesis, X-ray crystal structures of three new 1D
single azido-bridged copper(Il) chains, [Cu(L1)(N3)],-
(Cl04), (1), [Cu(L2)(N3)],(ClO4), (2), and [Cu(L3)(N3)],
(ClOy),, (3) where L1, L2, and L3 are three different Schiff
bases obtained from the condensation of pyridine-2-carb-
aldehyde with N,N-dimethylethane-1,2-diamine, N,N-di-
ethylethane-1,2-diamine, and 4-(2-aminoethyl)morpholine,
respectively, and observation of unusual ferromagnetic in-
teraction through the end-to-end azido pathway.

Results and Discussion

IR Spectroscopy

The presence of strong bands at 2062, 2075, and 2070
cm ™! in the IR spectrum of complexes 1, 2, and 3, respec-
tively, are due to asymmetric stretching of azide. Peaks at
1662, 1659, and 1674 cm ™! in the IR spectrum of 1, 2, and
3, respectively, are due to the stretching of the C=N group
in these complexes.

Description of the Structures

All the structures consist of 1D copper(Il)-azido chain
isolated by a ClO4~ anion. In the chain structures, each
copper(Il) atom is coordinated by one tridentate (NNN
donor) Schiff base ligand and two bridging azido ligands in
a square pyramidal geometry.

[Cu(LD(N3)I.(C104), (1)

A labeled scheme of 1 is shown in Figure 1. The main
bond lengths and angles are listed in Table 1. Other dis-
tances and angles may be found in the deposited informa-
tion (Cambridge database; see reference at the end of the
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Figure 1. View of the [Cu(L1)(N3)],(ClOy), (1) with atom labeling
scheme showing 50% probability thermal ellipsoids for all non-hy-
drogen atoms

Exp. Sect.). The structure of 1 consists of copper
Cu(L1)(N3) units bridged by an end-to-end azido resulting
in a chain system with perchlorate counter anions. The
basal plane of each copper atom consists of one tridentate
L1 ligand, Cu(1)=N(1) 2.051(4), Cu(1)=N(2) 1.953(4),
Cu(1)—N(3) 2.058(3) A, and one nitrogen atom N(11) of
the azido ligand zrans to N(2) with a Cu(1)—N(11) distance
of 1.947(3) A and the apical coordination site occupied by
the N(13)* atom from another azido-bridging ligand,
Cu(1)—N(13)* 2.355(4) A. One oxygen atom from the per-
chlorate counter anion weakly interacts with the copper
atom, Cu(1)—O(1) 2.914(4) A in a trans position to
N(13)*. The L1 ligand is roughly planar, with N(2) and
N(3) displaced 0.120(1) and 0.036(4) A from the mean
plane defined by the aromatic ring. Bond angles between
N(2)—Cu(1)=N(11) and N(1)=—Cu(1)—N(3) are 168.2(2)°
and 163.3(2)° and the bond angles between the apical
equatorial coordination sites are greater than 90°, sug-
gesting a square pyramidal arrangement. Azido ligand acts
as a single end-to-end bridge between the copper atoms,
showing the Cu(l)-N(11)—N(12) and Cu(l)—N(13)*
—N(12)* bond angles of 126.5(3)° and 131.2(4)°. The tor-
sion angle Cu(l)=N(11)—N(12)—N(13)—Cu(1)* has a
value of 97.8(4)° and the CuN, neighboring mean planes
an angle of 34.6(1)°.

[Cu(L2)(N3)],(C104), (2) and [Cu(L3)(N3)],(Cl04), (3)

The labeled scheme of complexes 2 and 3 are shown in
Figures 2 and 3, respectively. The main bond lengths and
angles of complexes 2 and 3 are listed in Tables 2 and 3,
respectively. Other distances and angles may be found in
the deposited information (Cambridge database). The
structures of 2 and 3 consist of Cu(L2)(N3) and Cu(L3)(N3)
units, respectively, bridged by end-to-end azido resulting in
a 1D coordination chain and perchlorate counter anions.
Each copper atom in the polymeric chain is in a square
pyramidal geometry. The local environment of the copper
atoms in both the complexes consists of one tridentate
Schiff base ligand and the two azido-bridging ligand. In
both the complexes all three nitrogen atoms of the triden-
tate ligands (L2 and L3) are occupied in the basal plane of
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Table 1. Selected bond lengths [A] and angles [°] for [Cu(L1)(N3)],(ClOy), (1) (symmetry codes: i = x + 1/2, —y + 1/2, —z; ii = x — 1/

2, =y + 102, —2)

Cu(1)=N(11) 1.947(3)
Cu(1)—N(1) 2.051(4)
Cu(1)—N(13)* _i 2.355(4)
N(12)—N(13) 1.158(5)
N(11)—Cu(1)~N(2) 168.2(2)
N(2)—Cu(1)~N(1) 80.4(2)
N(2)—Cu(1)-N(3) 83.0(2)
N(11)—Cu(1)~N(13)*_i 95.7(2)
N(1)—Cu(1)~N(13)*_i 89.3(2)
Cu(1)—-N(11)—N(12) 126.5(3)
Cu(1)*_ii—N(13)—N(12) 131.2(4)

Cu(1)-N(2) 1.953(4)
Cu(1)-N(@3) 2.058(3)
N(11)—N(12) 1.181(5)
N(11)—Cu(1)~N(1) 102.7(2)
N(11)—Cu(1)~N(3) 93.4(2)
N(1)—Cu(1)-N(3) 163.3(2)
N(2)—Cu(1)-N(13)*_i 95.8(2)
N(3)—Cu(1)-N(13)*_i 93.4(2)
N(13)—N(12)-N(11) 176.0(4)

03

cR2

Figure 2. View of the [Cu(L2)(N3)],(ClOy), (2) chain with atom
labeling scheme showing 50% probability thermal ellipsoids for all
non-hydrogen atoms

Figure 3. View of the [Cu(L3)(N3)],(ClOy), (3) chain with atom
labeling scheme showing 50% probability thermal ellipsoids for all
non-hydrogen atoms
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the square pyramid. In the case of complex 2 the bond
lengths in the basal plane are Cu(1)—N(8) 1.961(3),
Cu(1)=N(7) 2.039(3), Cu(1)=—N(10) 2.068(3), and
Cu(1)—N(3) 1.965(3) A. The axial position of Cu(l) is oc-
cupied by N(1)* of the azido of the neighboring
[Cu(L2)(N3)](C104) moiety with a Cu(1)—N(1)* distance of
2.311(3) A for 2. While for complex 3 the basal plane bond
lengths are Cu(1)—N(30) 1.939(7), Cu(1)—N(20) 2.064(6),
Cu(1)—N(10) 2.030(6), and Cu(1)—N(3) 1.951(7) A which
is in a trans position to N(30) and the axial position of
Cu(1) is occupied by N(1) of the azido of the neighboring
[Cu(L3)(N3)](ClO4) moiety with a Cu(1)—N(1) distance of
2.270(5) A. The Cu(1)~N(3)—N(2)—N(1)—Cu(1)* torsion
angle is 50.0(4)° and the normals to the two copper equa-
torial coordination planes are inclined at 15.9(1)° for 2. For
complex 3 the Cu(1)—N(1)—N(2)—N(3)*—Cu(l)* torsion
angle is 40.4(8)° and the normals to the two copper equa-
torial coordination planes are inclined at 14.2(2)°. The in-
trachain copper—copper distance is 5.630(2) and 5.540(2)
A for complexes 2 and 3, respectively, and each copper(II)
in the chain has square pyramidal geometry with the Cu
atom displaced towards the axial azide ligand by 0.1681(15)
and 0.241(3) A out of the equatorial plane. One of the
perchlorate oxygen atoms has an intermolecular contact to
copper approximately trans to N(1)* with a Cu(1)—0(3)
distance of 3.405(5) A in 2 and the similar contact distance
in 3 is 3.398(6) A. Such long Cu—O contact distances are
beyond the bonding region.

Magnetic Results

The variable temperature magnetic susceptibility data for
complexes 1—3 were recorded between 300 and 4 K. Plots
of y,T versus T for compounds 1—3 are similar (Figure 4),
showing a constant increase of the y,,7 when the temper-
ature decreases, reaching y,,7 values between 0.68 and 0.86
cm?K-mol ™! per copper atom respectively, suggesting fer-
romagnetic interactions. On the basis of structural features
of complexes 1—3 the magnetic data were fitted as chains
using the one-dimensional S = !/, expression based on the
Hamiltonian H = —JXS;S;;;. A high-temperature series-
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Table 2. Selected bond lengths [f\] and angles [°] for [Cu(L2)(N3)],(ClOy), (2) (symmetry codes: i = —x + 1, =y + 2,z + 1/2,ii = —x + 1,
—y+2,z-1/2)

Cu(1)—N(8) 1.961(3) Cu(l)—N()*_i 2.311(3)
Cu(1)—N(10) 2.068(3) Cu(1)—N(7) 2.039(3)
Cu(1)-N(3) 1.965(3) N(2)—N(3) 1.161(4)
N(1)-N(Q2) 1.181(4)

N(8)—Cu(l)—N(1)*_i 91.43(11) N(8)—Cu(1)—N(7) 79.94(11)
N(1)* _i—Cu(1)—N(7) 92.04(11) N(8)—Cu(1)—N(10) 82.90(10)
N(1)* _i—Cu(1)=N(10) 101.62(12) N(7)—Cu(1)—N(10) 160.11(11)
N(8)—Cu(1)—N(3) 170.40(12) N(1)*_i—Cu(1)=N(3) ) 96.24(11)
N(7)—Cu(1)—N(3) 93.99(11) N(10)—Cu(1)—N(3) 101.60(11)
Cu(1)=-N(3)—N(?2) 131.2(3) Cu(1)* _ii—N(1)—N(2) 139.1(3)
N(1)-N(2)—N(3) 175.0(3)

Table 3. Selected bond lengths [A] and angles [°] for

[Cu(L3)(N3)],(ClOy), (3) (symmetry codes: i = —x, —y, z — 1/2,
ii=—x,—yz+1/2)

Cu(1)—N(30) 1.939(7) Cu(1)-N(3) 1.951(7)
Cu(1)—N(10) 2.030(6) Cu(1)—N(1) 2.270(5)
Cu(1)—N(20) 2.064(6) N(1)—N(2) 1.144(9)
N(@2)—-N(@3)*_i 1.193(9)

N(30)—Cu(1)=N(3) 167.52) N(30)—Cu(1)—N(10)  80.4(2)
N(@3)—Cu(1)=N(10) 93.6(3) N(30)—Cu(1)-N(20) 83.6(3)
N(@3)—Cu(1)=N(20) 99.1(3) N(10)—Cu(1)—N(20) 158.4(2)
N(@30)—Cu(1)-N(1) 91.6(3) N(10)—Cu(1)—N(1) 95.3(2)
N(3)—Cu(1)—N(1) 99.9(3) Cu(1)=N(1)—N(2) 139.0(5)
N(20)—Cu(1)=N(1) 99.6(2) Cu(1)=N(3)—NQ2)*_ii 132.2(5)

N(1)-NQ@)-N@)*_i 176.1(7)

X p T/em3 K.mol !
=)
°

© ©°
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Figure 4. Plots of y,,T vs. T (K) data for 1 (open circles), 2 (open
rhombus), and 3 (filled circles); the solid lines correspond to the
best fit obtained

expansion, valid for both positive and negative J values, has
been proposed.[*! =421 The results of the best fit, shown as
the solid lines in Figure 4, were J = +2.15cm™!, ¢ = 2.23,
R = 1.5-10"* for complex 1; J = +3.61 cm™ !, g = 2.16,
R = 1.3-107* for complex 2; and J = +2.06 cm !, g =
2.17, R = 1.3:10~* for complex 3. These J values are of the
same order as that of previously reported results for a sim-
ilar compound with a tridentate Schiff base.[?]

From the EPR spectra, the g values for complexes 1—3
are (at 4K): gy = 2,19, 2.22, 2.22 and g, = 2.08, 2.12,
2.07, respectively. The three spectra are very similar as may
be expected from structural data. On cooling from room
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temperature down to 4 K the g values are practically con-
stant, but the line-width becomes larger due to dipolar ef-
fects along the ferromagnetic chain for all of them.

Superexchange Mechanism

Ferromagnetic interactions for azido-bridged metal com-
plexes are generally associated with an end-on coordination
mode whereas end-to-end coordination modes of the azido
bridge generally allows antiferromagnetic coupling for a
large number of Cu", Ni'l, Co'', or Mn'! systems reported
to date.*'*3! For copper systems, the magnitude of the anti-
ferromagnetic component of the superexchange parameter
J is strongly dependent on two main factors, i.e. the atomic
orbitals of the copper atoms involved in the superexchange
pathway and on the M—N-N angle o and on the
M—N;3—M torsion angle 0 in the bridging region.

The coupling may be strongly AF when the end-to-end
azido ligands are bonded to the equatorial coordination
sites of the two copper atoms, in which case the atomic
orbitals involved in the superexchange mechanism are the
two d,2_ 2 orbitals. In contrast, very low coupling interac-
tions should be expected when the interaction is between
axial-equatorial coordination sites and the atomic orbitals
involved are the d,2_,2 and d.2 respectively. The different
magnetic behavior is related to the low unpaired electronic
density found in the d.2 atomic orbital in the square pyram-
idal or octahedrally coordinated copper atoms. Classical at-
tempts to relate the magnitude of the superexchange coup-
ling and the structural data for the axial-equatorial case
conclude a greater anti-ferromagnetic coupling for the tri-
gonal bipyramidal arrangement in agreement with the
greater mixing of the d,2_,2 and d.2 atomic orbitals.[**! In
our case, complexes 1—3 exhibit a square pyramidal geo-
metry of the copper(Il) with one nitrogen of the bridging
azido linked to the equatorial position of one copper(Il)
whereas the other end nitrogen of the same azide is linked
to the axial site of the neighboring copper(Il) center, indi-
cating that the spin unpaired electron is mainly located in
the basal d,2_ 2 orbital whereas the d.2 orbital contains
spin paired electrons. The consequence is that there is a
good delocalization of the electron density of one of the
copper(Il) atoms towards the bridging azido, while the de-
localization from the second copper is poor because azide

Eur. J. Inorg. Chem. 2002, 943—949
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Table 4. Crystal data and structure refinement for [Cu(L1)(N3)],(ClOy), (1), [Cu(L2)(N3)],(ClOy), (2), and [Cu(L3)(N3)],(ClO,), (3)

1
Empirical formula C,oH5CICuN4O,
Formula mass 382.27
Space group P2,2,2,
a[A] 7.434(3)
b [A] 12.047(4)
¢ [A] 17.404(6)
a, B, v [°] 90, 90, 90
VA3 1558.7(10)
V4 4
T[°C] 20(2)
AMMo-K,) [A] 0.71069
Pealed.» & cm™! 1.629
w(Mo-K,) [mm~!] 1.599
R 0.0426
R*ol®! 0.0862

2 3
C12H19C1CUN604 C12H17C1CUN605
410.32 42431
Pna2, Pna2,
14.723(5) 13.837(15)
13.829(5) 14.804(2)
8.002(5) 8.050(4)
90, 90, 90 90, 90, 90
1629.2(13) 1649.0(8)
4 4

20(2) 20(2)
0.71069 0.71069
1.673 1.709
1.536 1.525
0.0341 0.0469
0.0770 0.1200

W R = [IF)| — IFIVEIE. ) Ry = [E00(F? — FEREO0ED

occupies an apical position with a longer distance and so,
a weak interaction should be expected, which is also ob-
served experimentally.!®]

The nature of this low interaction may be ferro or antifer-
romagnetic, as a function of the bond parameters in the
bridging region. The AF component of the superexchange
may be drastically reduced for large M—N—N bond angles
or large M—N;—M torsion angles.?’! The effect of the
M—N-N bond angle is not determinant in our case be-
cause the Cu—N—N bond angles, in all cases, lie below
140°, but the effect of the 0 torsion angles should be consid-
ered. The maximum antiferromagnetic component is found
for 6 = 180 or 0° and quickly diminishes with an increase
in 6 and becomes zero (accidental orthogonality) for 6 =
90°.1 In compound 1 the Cu—N—N angles are 126.6 and
131.3° and the torsion angle defined by the Cu(l)—
N(I1)—N(12)—N(13) and the N(11)-N(12)—N(13)—
Cu(1)* mean planes is 97.8°. In compound 2 the Cu—N—N
angles are 131.2(3) and 139.1(3)° and the Cu—N3;—Cu tor-
sion angle is 50.4(4)°. In compound 3 the Cu—N—N angles
are 132.2(5) and 139.0(5)° and the Cu—N;—Cu torsion
angle 0 is 40.4(8)°. The large Cu—N;3;—Cu torsion angles,
along with the axial-equatorial bridging mode of the azido
ligand and the square-pyramid geometry in all these com-
plexes orient the magnetic orbitals in almost orthogonal
fashion to nullify the antiferromagnetic component of the
superexchange resulting in a net weak ferromagnetic inter-
action.

Conclusions

We have presented here the synthesis, single crystal struc-
ture and magneto-structural correlation of three novel end-
to-end single azido-bridged 1D copper(Il) chains, using
three different tridentate (NNN-donor) Schiff base ligands
and the observation of unusual ferromagnetic interaction
through end-to-end azido pathways in a copper(Il) system.

Eur. J. Inorg. Chem. 2002, 943—949

Fitting of the y,,T versus T data in the temperature range
between 300 and 4 K using a high temperature series-ex-
pansion for S = !/, local spin lead to the coupling para-
meters, J = +2.15cm ™! for 1, J = +3.61 cm™! for 2, and
J = +2.06 cm™ ! for 3. Positive J values as well as the nature
of T versus T plot clearly indicate the existence of an
intrachain ferromagnetic interaction in all of the complexes
1—3. Such an unusual magnetic behavior through an end-
to-end azido pathway is explained on the basis of the axial-
equatorial bridging mode as well as the bond parameters
like the Cu—N3—Cu torsion angle.

Experimental Section

Caution! Perchlorate and azido complexes of metal ions in the pres-
ence of organic ligands are potentially explosive. Only a small
amount of the materials should be prepared, and it should be
handled with care.

Synthesis

L1, L2, and L3 Ligands: The three Schiff bases were prepared by
reflux of 2 mmol of pyridine-2-carbaldehyde and 2 mmol of N,N-
dimethylethane-1,2-diamine, or N,N-diethylethane-1,2-diamine, or
4-(2-aminoethyl)morpholine, respectively, in 10 mL of methanol,
according to the literature methods.34=33

[Cu(L1)(N3)](ClOy), (1): A methanolic solution (10 mL) of cop-
per(Il) perchlorate hexahydrate (2 mmol) was added to the hot
methanolic solution (10 mL) of the L1 (2 mmol) ligand. To the
resulting deep blue cold solution, an aqueous solution (5 mL) of
sodium azide (2 mmol) was added dropwise with continuous stir-
ring and filtered. Suitable single crystals for structure determina-
tion were obtained by slow evaporation of this solution in air. Yield
ca. 60%. CioH;5CICuN4zOy: caled. C 31.4, H 4.0, N 22.0; found C
32.0, H 4.1, N 22.3%.

[Cu(L2)(N3)],(ClOy), (2): A methanolic solution (10 mL) of cop-
per(Il) perchlorate hexahydrate (2 mmol) was added to the hot
methanolic solution (10 mL) of the L2 ligand (2 mmol). To the
resulting bluish-green cold solution, an aqueous solution (5 mL) of
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sodium azide (2 mmol) was added dropwise with continuous stir-
ring. Suitable green single crystals for structure determination were
obtained after a few days by slow evaporation of this dark green
solution in air. Yield ca. 80%. C;>,H;9CICuN¢Oy: calcd. C 35.0, H
4.7, N 20.5; found C 35.2, H 4.6, N 20.2%.

[Cu(L3)(N3)],(ClOy), (3): This complex was synthesized following
the strategy adopted for complexes (1) and (2) using the ligand L3.
Suitable single crystals for X-ray diffraction were obtained by slow
evaporation of the final solution in a refrigerator. Yield ca. 75%.
C,H;CICuN4Os: caled. C 33.9, H 4.0, N 19.8; found C 34.2, H
4.2, N 19.5%.

Crystallographic Data Collection and Refinement: The X-ray single-
crystal data for compound 1 was collected on a modified STOE
four-circle diffractometer. While the crystals of 2 and 3 were co-
vered in nujol and mounted with vacuum grease on a glass fiber
and transferred to a Bruker AXS P4 diffractometer®*® and data
were measured at 293 K. The crystallographic data, the conditions
for the intensity data collection and some features of the structure
refinements are listed in Table 4. Graphite-monochromatized Mo-
K, radiation (A = 0.71069 A) and the o-scan technique for 1 and
y- scan technique for 2 and 3 were used to collect the data sets.
The accurate unit-cell parameters were determined from automatic
centering of 54 reflections (9.4° < 6 < 13.7°) for 1, 37 reflections
(2.76° < 6 < 20.82°) for 2 and 30 reflections (4.75° < 6 < 12.49°)
for 3 and refined by least-squares method. A total of 2755
reflections (2709 independent reflections, R;,; = 0.0238) for 1; 3244
reflections (2740 independent reflections, R;,, = 0.0323) for 2; and
1960 reflections (1707 independent reflections, R;,; = 0.0221) for
3,were collected in the range 2.89° < 6 < 30.00°, 2.02° < 6 <
25.00°, and 2.75° < 6 < 25.00° for 1, 2, and 3 respectively. The
structures were solved by direct methods using the SHELXS-86[37)
computer program, and refined by full-matrix least-squares
methods on F?, using the SHELXL-938! program incorporated
in the SHELXTL/PC V 5.0313°1 program library and the graphics
program PLATON.% All non-hydrogen atoms were refined aniso-
tropically. The hydrogen atoms were located on calculated positions
by use of the HFIX utility of the SHELXL-93 program. For com-
plexes 1, 2, and 3, respectively, the final R indices for all observed
reflections are 0.0426, 0.0341, and 0.0469. Maximum and minimum
peaks in the final difference Fourier syntheses were 0.29 and —0.44
e A3 for 1,0.31 and —0.30 e-:A 3 for 2, and 0.53 and —0.84 e-:A 3
for 3. Significant bond parameters are given in Tables 1—3.

Physical Measurements: IR spectra (4000—400 cm™!) were re-
corded from KBr pellets on a Nicolet 520 FT-IR spectrometer.
Magnetic measurements were carried out with a DSM8 pendulum
susceptometer equipped with a helium continuous-flow cryostat,
working in the temperature range 300—4 K. The applied external
magnetic field was 1.5 T. Diamagnetic corrections were estimated
from Pascal constants. Electronic Spin Resonance spectra of the
polycrystalline samples have been recorded at X-band frequency
by using a Bruker ESP 300 E automatic spectrometer from room
temperature to 4 K.

CCDC-168803, -168804, and -168805 for complexes 1, 2, and 3,
respectively, contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK, fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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