
FULL PAPER
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Complexes Bridged by the Azo-2,2�-bipyridine Ligand
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Two new paramagnetic transition metal complexes that con-
tain the bridging ligand azo-2,2�-bipyridine (abpy) have
been prepared and characterized by X-ray crystallography
and magnetic susceptibility measurements. The compound
[Ni2(µ-abpy)(CH3CN)2(NO3)4]·2CH3CN (1·2CH3CN) crystal-
lizes in the triclinic space group P1̄ with a = 8.290(5) Å, b =
8.343(5) Å, c = 11.180(5) Å, α = 105.36(3)°, β = 94.39(3)°, γ =
107.56(3)°, V = 700.5(7) Å3 and Z = 1. The related salt [Cu2(µ-
abpy)(CH3CN)8][BF4]4 (2) crystallizes in the triclinic space
group P1̄ with a = 10.240(2) Å, b = 10.597(2) Å, c = 10.712(2)
Å, α = 64.23(3)°, β = 78.21(3)°, γ = 78.57(3)°, V = 1026.7(3) Å3

and Z = 1. Solutions of 2 eventually produce the polymeric
CuI compound {[Cu(µ-abpy)][BF4]}� (3) which was also crys-

Introduction

The redox and spin-state properties of transition metal
complexes render them attractive candidates for applica-
tions in many areas including molecular electronics, in-
formation recording, and catalysis.[1�3] One approach for
the preparation of metal compounds with enhanced proper-
ties is to use organic ligands that engage in π-interactions
with metal ions. In our quest for such ligands to use in
assemblies of paramagnetic metal ions, we recently pre-
pared families of transition metal complexes based on the
nitrogen heterocyclic ligands 3,6-bis(2-pyridyl)-1,2,4,5-
tetrazine (bptz)[4,5] and 1,4,5,8,9,11-hexaazatriphenylene
(HAT).[6] By controlling parameters such as the identity of
the anions in reactions of metal cations with bptz, for ex-
ample, we have demonstrated that one can deliberately pre-
pare different cyclic oligomers, such as molecular
squares[4,6] or molecular pentagons.[5] Despite the interest-
ing supramolecular aspects of this work, our main goal,
namely to induce magnetic interactions between the para-
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tallographically characterized: monoclinic space group P21/
n, with a = 9.295(2) Å, b = 9.541(2) Å, c = 13.486(3) Å, β =
91.58(3)°, V = 1195.5(4) Å3 and Z = 4. The magnetic proper-
ties of these dinuclear paramagnetic complexes have been
studied in detail, and have provided an opportunity for prob-
ing the ability of this ligand to mediate magnetic exchange
interactions between paramagnetic metal centers. Com-
pound 1 exhibits antiferromagnetic exchange interactions
(J = −7.5 cm−1) whereas the magnetic interactions in com-
pound 2 were found to be negligible.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

magnetic metal ions in these molecules, was not achieved.
This is primarily due to the fact that the bptz and HAT
bridging ligands position the metal centers at greater dis-
tances than is reasonable for the observation of strong mag-
netic coupling. In considering this problem, we turned to
the azo-2,2�-bypyridine (abpy) ligand (Figure 1) which of-
fers several obvious advantages over the previous ligands,
one of which is the fact that it is possible to prepare the
one-electron reduction species abpy�· to use as a radical
bridging ligand. It is well-known that the use of a paramag-
netic bridge is advantageous for improving magnetic super-
exchange between metal centers,[7�19] but we reasoned that
even the diamagnetic neutral form of abpy may allow for
magnetic interactions due to the short distances between
metal ions afforded by the azo bridging group. Monomeric
and dimeric complexes of this ligand with 3d metals have
been reported,[20] although their magnetic properties have
only been briefly described for several monomeric com-
plexes and for the dimers [(µ-abpy)Co2Cl4] and [(µ-abpy)-
Co2(hfacac)4] [hfacac � bis(hexafluoroacetylaceton-
ate)].[21,22] We postulated that the shorter path could give
rise to stronger magnetic interactions between spin carriers
than the previously mentioned polynitrogen ligands, which
require a four-atom separation between metals. There is, in
fact, evidence that the abpy ligand allows for electronic
communication between metals,[23�25] as illustrated by the
redox behavior of the compound [(bpy)Ru(µ-abpy)Ru-
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(bpy)][PF6]4 which exhibits a comproportionation constant
Kc of more than 108. This value corresponds to a class III
delocalized system on the Robin and Day scale.[26]

Figure 1. Scheme of the polynitrogen ligands: (a) 3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine (bptz); (b) 1,4,5,8,9,11-hexaazatriphenylene
(HAT); (c) azo-2,2�-bipyridine (abpy)

With all the aforementioned premises in mind, we em-
barked on a study of the nature of azo-2,2�-bypyridine
(abpy) as a bridge between magnetic ions of the first row
transition metals. Three compounds were isolated and char-
acterized in this work, namely two magnetic dinuclear com-
pounds of NiII and CuII, and a diamagnetic CuI polymer.

Results and Discussion

Syntheses

The reactions between NiII and CuII ions with abpy pro-
ceed instantaneously in acetonitrile to afford the products
[Ni2(abpy)(CH3CN)2(NO3)4] (1) and [Cu2(ab-
py)(CH3CN)8][BF4]4 (2) in good yields. In marked contrast
to previous reports, which concluded that a large activation
barrier exists for the coordination of a second metal center
after the first metal is bound,[17] the formation of the dinuc-
lear species is facile in these cases. Crystals of [Ni2(ab-
py)(CH3CN)2(NO3)4] were obtained by slow vapor-dif-
fusion of diethyl ether into the reaction mixture, whereas
crystals of [Cu2(abpy)(CH3CN)8][BF4]4 (2) were obtained
by saturating the solution with diethyl ether and chilling
it to �10 °C. The CuII compound [Cu2(abpy)-
(CH3CN)8][BF4]4 (2) eventually decomposes to the CuI

polymer {[Cu(abpy)][BF4]2}� (3) over a period of several

Figure 2. Thermal ellipsoid diagram (50% probability) for the
dimer [Ni2(abpy)(CH3CN)2(NO3)4] (1)
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months in toluene/acetonitrile. The identity of the reducing
agent is unknown.

Electrochemical Studies

The cyclic voltammogram of 1 in acetonitrile exhibits two
oxidation features at Ep,a � �0.62V and Ep,a � �0.4V, with
no associated return waves. In addition, there are three re-
versible reductions located at E1/2 � �0.10 V, E1/2 � �0.4
V and at E1/2 � �0.9 V. The dinuclear CuII compound 2
also exhibits a rich electrochemistry with an irreversible ox-
idation located at Ep,a � �1.10 V, a reversible oxidation at
E1/2 � �0.65 V, and two reversible reductions at E1/2 �
�0.40 V and E1/2 � 0.0 V. The fact that these reductions
occur at positive potentials vs. Ag/AgCl explains why the
formation of 3 is so facile.

Figure 3. Projection of the packing diagram for
[Ni2(abpy)(CH3CN)2(NO3)4]·2CH3CN (1·2CH3CN) on the ac
plane (top) and on the bc plane (bottom)
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X-ray Crystallographic Studies

[Ni2(abpy)(CH3CN)2(NO3)4]·2CH3CN (1)

Crystals of [Ni2(abpy)(CH3CN)2(NO3)4]·2CH3CN
(1·2CH3CN) contain NiII ions in a distorted octahedral geo-
metry (Figure 2). Each Ni center is coordinated to two
[NO3]� ligands — one of which acts as a bidentate ligand —
as well as to an acetonitrile molecule and the bridging abpy
ligand. The distortion from perfect octahedral geometry is
most likely a consequence of the small bite angle of the che-
lating nitrate anion, which leads to an acute O�Ni�O angle
of 61.43(8)° and Ni�O distances of 2.125(2) and 2.105(2)
Å. The shortest Ni�L bond is with the monodentate nitrate
ligand [1.990(2) Å]. The Ni�N distance to the acetonitrile
ligand is 2.044(2) Å, which is essentially the same as the
distance in the homoleptic solvated cation [Ni(CH3CN)6]2�.
The Ni�N(azo) interaction is the longest of the three Ni�N
interactions [Ni(1)�N(2) � 2.121 (2) Å]. The angles within
the coordination sphere also provide some helpful insight
into the distortion of the ligand environment of this com-
pound. The angle between the pyridyl and the acetonitrile
ligand is close to the ideal value for an octahedron
[N(5)�Ni(1)�N(1) � 93.80(2)°]. The binding angle of abpy
[N(1)�Ni(1)�N(2) � 76.45(9)°] is very close to the values
observed for bptz in [Ni2(bptz)(CH3CN)8]-
[ClO4]4,[4] which contains a bridging interaction involving N
atoms from a pyridyl nitrogen and the tetrazine ring to give
an N�Ni�N angle of 78.10 (3)°. The two Ni atoms are
4.942 Å apart, which is much shorter than the correspond-
ing distance of 6.904 Å in [Ni2(bptz)(CH3CN)8][ClO4]4. An
important feature to note in the structure of 1 is the elonga-
tion of the N�N bond in the bridging abpy ligand by 0.025
Å [N(2)�N(2#) � 1.271(4) Å) relative to the corresponding
distance in free abpy (1.246 Å).[27] This lengthening is indic-
ative of π back-donation from the NiII centers into the
empty π* (abpy) orbitals. This effect has been noted for a
complex of abpy with CuI as well.[27]

Figure 4. Thermal ellipsoid diagram (50% probability) for the dimer [Cu2(abpy)(CH3CN)8]4� (2)
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In terms of intermolecular interactions, the Ni2 molecules
form pseudo-tetragonal layers in the ab plane, with solvent
molecules occupying the interstices (Figure 3). There are no
short contacts between the molecules, with the Ni···Ni in-
termolecular contacts being greater than 6 Å.

[Cu2(abpy)(CH3CN)8][BF4]4 (2)

The structure of [Cu2(abpy)(CH3CN)8][BF4]4 (2) contains
the tetracationic Cu2 unit, [Cu2(abpy)(CH3CN)8]4�, since
the CuII centers are coordinated only by neutral ligands.
The CuII centers exhibit a typical axial Jahn�Teller distor-
tion, with the elongated axis oriented along the azo and
acetonitrile interactions [azo: Cu(1)�N(1) 2.401(4) Å and
CH3CN: Cu(1)�N(12) 2.313(5) Å] (Figure 4). The other
four coordination sites are filled by three acetonitrile molec-
ules at an average Cu(1)�N distance of 2.01(5) Å, and the
pyridyl ring [Cu(1)�N(2) 2.040(5) Å]. The L�Cu�L angles
are distorted from the ideal octahedral values, with
N(1)�Cu(1)�N(13) and N(1)�Cu(1)�N(2) being
107.0(2)° and 71.5(2)°, respectively. As noted for the Ni
analogue, the longer N�N distance in the azo group [1.277
(1) Å] is indicative of π back-donation. The CuII centers are
separated by a distance of 5.408 Å, which is longer that the
corresponding value in the NiII compound; this situation is
a consequence of the Jahn�Teller distortion.

In the CuII structure, the 3D arrangement is best de-
scribed as consisting of mixed anion-cation layers in the ab
plane separated by [BF4]� anions (Figure 5). In this struc-
ture, the presence of the anions increases the intermolecular
distances, with all Cu···Cu intermolecular distances being
longer than 8 Å.

{[Cu(abpy)][BF4]}� (3)

The CuI species,{[Cu(abpy)][BF4]}� (3) is a 1-D polymer
consisting of CuI ions connected along the a axis (Figure 6).
The CuI centers exhibit a distorted tetrahedral geometry
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Figure 5. Projection of the packing diagram for [Cu2(abpy)-
(CH3CN)8][BF4]4 (2) on the bc plane (top) and of the structure of
one of the layers (bottom)

(Figure 7), with the main distortions being observed due to
the bite angles of the abpy ligand: N(1)�Cu(1)�N(4) �
77.7 (3)°, and N(2)�Cu(1)�N(3) � 79.4 (3)°. These angles
are far from the ideal 109.5° for a tetrahedral geometry. The
N(3)�N(3#) distance of 1.29(2) Å indicates that the azo
group is obviously involved in appreciable π back-donation
from the CuI, as expected for an electron-rich d10 center.
The N�N distance is 0.054 Å longer in this compound than
in free abpy, which is nearly twice the lengthening noted for
the NiII and CuII complexes. The 1-D chains pack in a
pseudo-hexagonal arrangement, with the counterions occu-
pying the interstices afforded by the packing of the chains
(Figure 6).

Magnetic Properties

Magnetic susceptibility measurements were performed
on [Ni2(abpy)(CH3CN)2(NO3)4] (1) and [Cu2(abpy)-
(CH3CN)8][BF4]4 (2) at 1000 G. Compound 1 shows a χmT
value at room temperature (2.17 emu·K·mol�1) that is close
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Figure 6. Projection of the packing diagram for {[Cu(abpy)][BF4]}�

(3) on the bc plane (top) and of the structure of one of the chains
perpendicular to the bc plane (bottom)

Figure 7. Thermal ellipsoid diagram (50% probability) for the
monomeric building block of the {[Cu(abpy)]}� chain

to the expected spin-only value for two magnetically dilute
Ni centers. The χmT value remains constant down to 200 K
(Figure 8), and then shows a steady decrease which is indic-
ative of the presence of antiferromagnetic interactions be-
tween the S � 1 NiII centers. The χ versus T graph depicted
in Figure 9 shows a broad maximum at 18 K which is an
obvious indication that the azo bridging ligand promotes
antiferromagnetic interactions. This magnetic behavior was
analyzed with an isotropic model for a NiII dimer. From
the Hamiltonian: H � �2J (S1·S2) where S1 � S2 � SNi �
1, a simple expression of χm was derived, to which an addi-
tional paramagnetic contribution was added [Equation (1)].
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The best fit to the experimental data was obtained for g �
2.03 and J � �7.5 cm�1. The paramagnetic term (C �
0.075) accounts for about 4% of monomer impurity in the
sample.

(1)

Figure 8. Plot of the χmT product vs. T for
[Ni2(abpy)(CH3CN)2(NO3)4]·2CH3CN (1, full circles) and [Cu2-
(abpy)(CH3CN)8][BF4]4 (2, empty circles)

Figure 9. Plot of χm vs. T for [Ni2(abpy)(CH3CN)2-
(NO3)4]·2CH3CN (1, full circles) and [Cu2(abpy)(CH3CN)8][BF4]4
(2, empty circles); the corresponding lines represent the best fit
obtained in each case

Compound 2 exhibits a χmT value (Figure 8) of 1.6
emu·K·mol�1 at room temperature, as compared to the ex-
pected spin-only value of 0.75 emu·K·mol�1 (for g � 2).
The χmT plot gradually decreases with temperature and re-
aches a minimum value of 0.81 emu·K·mol�1 at 1.8 K. This
behavior suggests the presence of a TIP (temperature-inde-
pendent paramagnetism). The absence of a maximum in χm
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indicates that the magnetic interaction through the abpy li-
gand is small in this case. Indeed, the χm versus T graph
(Figure 9) shows a typical exponential paramagnetic be-
havior. The data were fitted to a model for a CuII dimer,
analogous to the one used for the Ni case, including a TIP
contribution instead of a paramagnetic impurity contribu-
tion. From the expression derived for the susceptibility
[Equation (2)], the fitting led to values of g � 2.09 and J �
�0.05 cm�1, and a TIP of 4 � 10�3 emu·mol�1. These re-
sults support the conclusion that the interaction is essen-
tially negligible in the CuII compound.

(2)

The fact that the magnetic interaction between CuII cen-
ters through the abpy ligand is much weaker than the cor-
responding interaction between NiII centers can be rational-
ized on the basis of geometrical considerations of the mag-
netic orbitals involved in the interaction, in addition to the
longer distance between metal centers, when compared to
the one observed for the Ni dimer. The X-ray studies reveal
that the CuII centers exhibit a Jahn�Teller distortion of the
axial elongation type along the N atoms of the azo group.
The magnetic orbital therefore is dx2�y2 which is ortho-
gonal to the azo interaction. One would expect that super-
exchange through the pyridine ring and across the azo
group to the adjacent pyridine ring would be very poor.
Conversely, in the case of the Ni2 compound both eg or-
bitals are singly-occupied and there is no Jahn�Teller dis-
tortion. The improved overlap of the magnetic orbitals on
the NiII ions with the N atoms of the bridging abpy ligand
would be expected to lead to improved magnetic superex-
change; this is corroborated by the magnetic measurements.

Conclusion

Two new paramagnetic dinuclear molecules were pre-
pared by the reaction of NiII and CuII ions with the azo-
2,2�-bypyridine (abpy) ligand. The compounds [Ni2-
(abpy)(CH3CN)2(NO3)4] and [Cu2(abpy)(CH3CN)8][BF4]4
were fully characterized by X-ray crystallography, electro-
chemistry, electronic spectroscopy and magnetic susceptibil-
ity. The abpy ligand acts as a bridge between paramagnetic
NiII and CuII centers in both cases and promotes antiferro-
magnetic interactions between the S � 1 NiII centers but
does not provide a good pathway for superexchange in the
S � 1/2 CuII dinuclear molecule. The different magnetic
behavior can be explained by the fact that the CuII com-
pound exhibits a Jahn�Teller distortion that leads to poor
overlap of the magnetic orbitals through the bridging li-
gand.

The magnetic results allow for consideration of whether
superexchange will be efficient through the abpy ligand.
The antiferromagnetic exchange observed in the NiII com-
pound is of the same order of magnitude found for ligands
such as oxalate[28,29] and 2,2�-bipyrimidine.[30,31] On the ba-
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Table 1. Crystallographic data and refinement parameters

1·2CH3CN 2 3

Formula C18H20N12Ni2O12 C26H32B4Cu2F16N12 C10H8BCuF4N4

Molecular weight 713.88 986.96 334.56
Space group P1̄ P1̄ P21/n
Temperature (K) 110(2) 110(2) 110(2)
a (Å) 8.290(5) 10.240(2) 9.295(2)
b (Å) 8.343(5) 10.597(2) 9.541(2)
c (Å) 11.180(5) 10.712(2) 13.486(3)
α (deg) 105.357(5) 64.23(3) 90
β (deg) 94.387(5) 78.21(3) 91.58(3)
γ (deg) 107.564(5) 78.57(3) 90
V (Å3) 700.5(7) 1026.7(3) 1195.5(4)
Z 1 1 4
ρcalc (g/cm3) 1.692 1.596 1.859
µ (Mo-Kα) (cm�1) 14.25 11.46 18.71
Reflections total/unique 8160/3252 7358/3484 11151/2040
I � nσ 2 4 4
Reflections/parameters 2815/199 2887/309 1096/133
R1 0.0416 0.0662 0.0833
wR2 0.1054 0.1688 0.2028
Goodness-of-fit 1.087 1.021 0.973

sis of this study, we conclude that the abpy ligand will be
useful for the design of a range of magnetically interesting
molecules and materials.

Experimental Section

General Remarks: All operations were performed under a nitrogen
atmosphere using standard Schlenk-line techniques, unless other-
wise indicated. Solvents were distilled prior to use from the appro-
priate drying agents. Acetonitrile was distilled from over 3 Å mo-
lecular sieves, whereas toluene and diethyl ether were distilled from
over a Na/K amalgam. The reagent Ni(NO3)2·6H2O was purchased
from Aldrich and used without further purification. The com-
pound [Cu(CH3CN)4][BF4]2 was synthesized according to pub-
lished methods.[32] IR spectra were measured as Nujol mulls be-
tween KBr plates on a Nicolet 740 FT-IR spectrometer. Magnetic
susceptibility measurements were performed in the range of
2�300 K with a Quantum Design SQUID magnetometer MPMS-
XL. All measurements were performed on polycrystalline samples.
Data were corrected for diamagnetic contributions calculated from
Pascal constants.[33] The cyclic voltammetric studies were per-
formed on a CH Instruments Electrochemical Analyzer in aceton-
itrile containing 0.1  tetra-n-butylammonium hexafluorophos-
phate ([TBA][PF6]) as the supporting electrolyte. The working elec-
trode was a BAS Pt disk electrode, the reference electrode was Ag/
AgCl and the counter electrode was a Pt wire. The Cp2Fe/Cp2Fe�

couple occurs at �0.52 V vs. Ag/AgCl under the same experi-
mental conditions.

[Ni2(abpy)(CH3CN)2(NO3)4] (1): A sample of Ni(NO3)2·6H2O
(100 mg, 0.34 mmol) was dissolved in 30 mL of acetonitrile to give
a pale green solution which was stirred until the entire solid had
dissolved, after which time abpy (32 mg, 0.17 mmol) was added.
The resulting intensely green solution was stirred for 4 additional
hours and then concentrated to 10 mL. Slow vapor diffusion of
diethyl ether into the reaction solution afforded dark green crystals
within 6 days. Yield � 80 mg (75%). IR (KBr): ν̃ � 2724 cm�1 (w),
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1620 (w), 1147 (w), 1039 (w), 1022 (w), 801 (w), 722 (w). UV/Vis
(acetonitrile, c � 9.8 � 10�6 ): λ � 344 nm [ε � 1.8 � 104

L(mol·cm)�1].

[Cu2(abpy)(CH3CN)8][BF4]4 (2): A sample of [Cu(CH3CN)4][BF4]2
(100 mg, 0.249 mmol) was dissolved in 20 mL of acetonitrile and
treated with abpy (22 mg, 0.124 mmol). A color change from blue
to pale green quickly ensued. The reaction mixture was stirred over-
night, concentrated and treated with diethyl ether to the point of
saturation. Light green platelet crystals of 2 were obtained by pla-
cing the solution in the freezer at �4 °C for a week. Yield � 82 mg
(80%). IR (KBr): ν̃ � 2724 cm�1 (w), 2296 (w), 2323 (w), 1589 (w),
1261 (w), 1229 (w), 1027 (br,s), 805 (w), 722 (w). UV/Vis (acetonitr-
ile, c � 8.0 � 10�6 ): λ � 351 nm [ε � 2.7 � 104 L(mol·cm)�1],
230 [ε � 1.98 � 104 L(mol·cm)�1].

{[Cu(abpy)][BF4]}� (3): A solution of 2 in acetonitrile layered with
toluene produced dark green needle-like crystals of 3 after a period
of one month.

X-ray Crystallographic Study: The X-ray data sets were collected on
a SMART 1 K area detector diffractometer equipped with graphite
monochromated Mo-Kα radiation (λ � 0.71073 Å). The frames
were integrated with the Siemens SAINT[34] software package and
the data were corrected for absorption using the SADABS pro-
gram.[35] The structures were solved using the direct-methods pro-
grams SHELXS-97 (1 and 3),[36] and SIR97 (2). Crystal parameters
and basic information pertaining to data collection and refinement
are summarized in Table 1.

A dark green prismatic crystal of 1 was secured on the tip of a
glass fiber with Dow Corning silicone grease and placed in a cold
N2(g) stream at 110 (2) K. A total of 8160 reflections were collected
of which 3252 were unique. The final refinement cycle was based
on 2815 reflections with F0 � 2σ(F0) (R1 � 0.0416 and wR2 �

0.1054).

A light green platelet of 2 was secured on the tip of a glass fiber
with Dow Corning silicone grease and placed in a N2(g) stream at
110 (2)K. The data collection involved a total of 7358 reflections
of which 3484 were unique. The final refinement cycle was based
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on 2887 reflections with F0 � 4σ(F0) that were used to fit 309
parameters which led to R1 � 0.0662 and wR2 � 0.1688. The
goodness-of-fit index is 1.021, and the highest peak in the final
difference map is 1.195 e�·Å3.

A green needle-like crystal of 3 was covered with Paratone oil, se-
cured on the tip of a glass fiber with Dow Corning silicone grease,
and placed under a N2(g) stream at 110 (2)K. A total of 11151
reflections were collected of which 2040 were unique. The final re-
finement cycle was based on 1096 reflections with F0 � 4σ(F0) that
were used to fit 181 parameters which led to R1 � 0.0833 and
wR2 � 0.2028. The goodness-of-fit index is 0.973, and the highest
peak in the final difference map is 1.765 e�·Å3.

CCDC 183947 (1), -183948 (2) and -183949 (3) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.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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