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Various dinucleating pyrazole ligands with chelating side
arms in the 3- and 5-positions of the heterocycle have been
shown to form NiII/azido complexes, where the metal ions
are spanned by the pyrazolate, and an azido bridge. Four
new complexes have been characterized by X-ray crystallo-
graphy and variable-temperature magnetic susceptibility
studies. The Ni···Ni distance, and hence the intra-dimer coor-
dination mode of the azide (µ-1,1 or µ-1,3), is determined by
the chelate arm length, such that the magnetic properties of
the bimetallic units can be controlled. The intramolecular
coupling between the NiII (S = 1) ions was found to be ferro-
magnetic (J = +4.0 ± 0.5 cm−1) in the case of [L1Ni2(N3)(NO3)2] (1)
with a µ-1,1 azide, but antiferromagnetic (J = −25.7 ± 0.3
cm−1) for [L2Ni2(N3)](ClO4)2 (2) with a µ-1,3 azide. Such bi-
metallic units can serve as building blocks for the construc-

Introduction

Recent years have seen extensive studies of the magnetic
properties of polynuclear metal complexes with exchange
coupled magnetic centers.[1,2] With the objective of ob-
taining nanoscale molecular magnets, current activities fo-
cus on increasing the nuclearity of single-molecule clusters,
that have ground electronic states with a large spin[3] and
enhancing the anisotropy of single-molecule type systems.[4]

In relation to the latter, nickel() is a preferred spin carrier
due to its large single-ion zero-field splitting. Also, the flex-
identate azido ligand is frequently being used as a bridging
ligand, since it provides coordination compounds with great
structural variety and efficiently mediates different kinds of
magnetic exchange depending on its mode of coordi-
nation.[5] The favorable combination of nickel() ions and
azide ligands has indeed provided a variety of molecular
architectures in which the azide normally adopts one of its
common bridging modes.[6] These are the µ-1,1 mode (end-
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tion of high-nuclearity NiII/azide compounds, as demon-
strated for the tetranuclear complexes [L1

2Ni4(µ-1,1-N3)2(µ-
1,3-N3)2](BPh4)2 (3), and [L3Ni2(N3)3]2 (4). Complex 3 was ob-
tained by the replacement of the labile nitrates in 1 by addi-
tional azido ligands, that bridge the two [L1Ni2(N3)]2+ subun-
its in the µ-1,3 mode. Complex 4 incorporates two additional
azides, and two of its azido linkages were found in the rare
µ-1,1,3 binding mode (albeit with relatively long Ni−N bond
lengths). The magnetic properties of the tetranuclear species
were as predicted from the building blocks and the respect-
ive azide binding, with ferromagnetic intra-dimer and anti-
ferromagnetic inter-dimer exchanges, yielded an overall S =
0 ground state.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Figure 1. Azide bridging modes

on, Figure 1), which usually results in ferromagnetic coup-
ling, and the µ-1,3 mode (end-to-end), which in most cases
gives rise to antiferromagnetic behavior. Other triply or
quadruply bridging azide coordination modes such as
µ3-1,1,1, µ3-1,1,3, µ4-1,1,1,1 or µ4-1,1,3,3 have remained rel-
atively scarce,[7�9] although these are of particular interest
with respect to the construction of high-nuclearity com-
plexes or polymeric systems.

A major task in the rational design of nickel/azide-based
coordination compounds with predictable magnetic proper-
ties is the control of the azide bridging mode and, even
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more demanding, the direct assembly of larger complexes
with a desired nuclearity and topology. It is not so long
ago, however, that a review article started it would be im-
possible to synthetically determine which coordination
mode of the azide linkage would be adopted.[6] The aim of
the present work here is twofold. Firstly, it is demonstrated
that the azide binding mode in the bimetallic pocket of a
preorganized dinickel() array, and hence the magnetic
properties of the dinuclear compound, can be selectively
altered by appropriate changes to the dinucleating ligand
scaffold. Secondly, it is shown that such bimetallic units can
serve as building blocks for the targeted construction of
tetranuclear species with significant magnetic coupling.

Results and Discussion

Synthesis and Characterization of Complexes

A set of compartmental pyrazolate-based ligands HL1,
HL2, and HL3 was chosen as dinucleating scaffolds for this
work (Figure 2). These three ligands differ in the number
of N-donor sites in their chelate side arms (HL1 versus
HL3), as well as by the side arm chain length (HL1 versus
HL2). The latter was previously shown to determine the me-
tal-metal separation in the resultant bimetallic complexes.
Whereas the longer ligand side arms in HL1 allow the metal
ions to approach relatively close to distances of about
3.5 Å, the shorter side arms in HL2 pull the metal ions back
and apart, thereby enforcing metal-metal distances above
4 Å.[10] This has drastic consequences for an azide co-ligand
accommodated within the bimetallic pocket, since the larger
metal-metal separation will necessarily lead to an end-to-
end coordination, whereas the shorter metal-metal separ-
ation should only be suitable for an end-on bound azide.
Dinickel() complexes of the related ligand HL4 have
previously proved valuable as building blocks for the con-
trolled synthesis of structurally alternating 1D chains
(J-alternating chains),[11,12] with the expected µ-1,3 azide
coordination within the bimetallic entities.[12]

These considerations were confirmed by the X-ray crys-
tallographic findings for complexes [L1Ni2(N3)(NO3)2] (1)
and [L2Ni2(N3)](ClO4)2 (2), both of which were obtained in

Figure 2. Ligands used in this work
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a straightforward manner from the respective ligand, one
equivalent of base, one equivalent of NaN3, and two equiv-
alents of a nickel salt such as Ni(NO3)2·6H2O or
Ni(ClO4)2·6H2O. The molecular structures of 1 and of the
cation of 2 are depicted in Figure 3 and 4, respectively,
along with selected bond distances and angles.

Figure 3. View of the molecular structure of 1. In the interests of
clarity all hydrogen atoms have been omitted. Selected bond dis-
tances (Å) and angles (°): Ni1�N1 1.928(1), Ni1�O4 2.070(1),
Ni1�N4 2.102(1), Ni1�N9 2.162(1), Ni1�N3 2.222(1), Ni1�O5
2.298(1), Ni2�N2 1.943(1), Ni2�O1 2.061(1), Ni2�N7 2.094(1),
Ni2�N9 2.151(2), Ni2�N6 2.235(1), Ni2�O2 2.350(2), Ni1···Ni2
3.660(2), N9�N10 1.212(2), N10�N11 1.150(2); Ni1�N9�Ni2
116.12(6), Ni1�N9�N10 118.22(12), Ni2�N9�N10 124.83(12)

Figure 4. View of the molecular structure of the cation of 2. In the
interests of clarity all hydrogen atoms have been omitted. Selected
bond distances (Å) and angles (°): Ni1�N1 2.013(2), Ni1�N9
2.065(2), Ni1�N3 2.087(2), Ni1�N4 2.105(4), Ni1�N5 2.123(2),
Ni2�N2 2.007(2), Ni2�N11 2.059(2), Ni2�N6 2.095(2), Ni2�N7
2.121(2), Ni2�N8 2.155(2), Ni1···Ni2 4.421(2), N9�N10 1.178(2),
N10�N11 1.179(2); Ni1�N9�N10 114.81(13), Ni2�N11�N10
113.75(13)
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In complex 2, both nickel ions are nested within their

respective coordination compartments, and are five-coordi-
nate (intermediate between TBP-5 and SP-5: τ � 0.60/
0.52)[13] with the azide bound in the anticipated end-to-end
fashion within the bimetallic pocket. While certainly too
large to allow for µ-1,1 azide binding, the Ni···Ni distance
of 4.421 Å in 2 is still relatively short for a µ-1,3 azide link-
age and thus causes the linear azide to tilt severely with
respect to the pyrazolate plane. At the same time, the metal
ions are forced out of that plane in order to allow for
reasonable Ni1�N9�N10 and Ni2�N11�N10 bond
angles of 114.8(5)° and 113.8(5)°, respectively. In the ab-
sence of geometric constraints by a dinucleating ligand
framework, much wider Ni�N�Nazide angles are usually
observed (�120°). These particular geometric constraints
of the [L2Ni2] scaffold have previously led to the identifi-
cation of an extremely bent cyanide coordination within its
bimetallic pocket.[14]

In contrast to 2, the longer ligand side arms in 1 give rise
to a much shorter Ni···Ni distance of 3.660 Å. This induces
incorporation of the azide in a µ-1,1 mode and a rather
relaxed binding situation, as judged from the fact that both
nickel ions as well as the azide-N9 centers are located
roughly within the plane of the pyrazolate heterocycle. The
almost linear azide makes an angle of � 7° with that plane.
While the N3 unit is symmetric in 2 [d(N�N) � 1.178(2)/
1.179(2) Å], it is distinctly asymmetric in 1 [d(N9�N10) �
1.212(2) Å, d(N10�N11) � 1.150(2) Å]. Interestingly, the
lower stability of the six-membered chelate rings in 1 allows
the nitrate anions to displace one side arm donor at each
nickel, which is left uncoordinated and dangling. The ni-
trates are found semi-chelating with one short [2.061(1)/
2.070(1) Å], and one much longer [2.350(2)/2.298(1) Å]
N�O bond. Unfortunately, we have not been able to grow
single crystals of a [L1Ni2(N3)]2� complex with weakly co-
ordinating counterions such as ClO4

� or BPh4
�.

Despite the different binding modes of the azide ligands
in 1 and 2, their νas(N3) stretches are similar (Table 1).
Binding of the azide and the nitrates in 1 is apparently of
comparable strength, since both [L1Ni2(N3)(NO3)]� and
[L1Ni2(NO3)2]� are found as dominant ions in the FAB
mass spectrum of the complex. It was thus tempting to pro-
vide additional potentially bridging azide ions instead of
the nitrates, in order to assemble two (or even more) di-
nuclear units [L1Ni2(µ-1,1-N3)]2� into larger nickel/azido
complexes. A similar strategy has recently been reported to
provide tetranuclear nickel() complexes from coordin-
atively unsaturated thiophenolate-based dinickel() build-
ing blocks or some pyrazolate-based tetranickel() com-

Table 1. Selected IR absorptions of complexes 1�4, in cm�1

Complex νas(N3)

1 2058 (s)
2 2067 (s)
3 2129 (s), 2064 (m)
4 2103 (s), 2055 (s), 2037 (s)
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plexes with novel azide binding.[9,15] This procedure also
proved successful in the present case, since treatment of
[L1]� with two equivalents of Ni2� and two equivalents
NaN3 gave the tetranuclear species 3, which could be crys-
tallized as its BPh4

�-salt. The molecular structure of the
cation is displayed in Figure 5, along with selected metric
parameters.

Figure 5. View of the molecular structure of the cation of 3. In the
interests of clarity all hydrogen atoms and the dangling ligand side
arms attached to N3 and N6 have been omitted. Selected atom
distances (Å) and angles (°): Ni1�N1 1.946(1), Ni1�N12 2.037(2),
Ni1�N4 2.064(2), Ni1�N9 2.119(2), Ni1�N3 2.165(2), Ni2�N2
1.945(2), Ni2�N14 2.026(2), Ni2�N7 2.074(2), Ni2�N9 2.120(2),
Ni2�N6 2.174(2), Ni1···Ni2 3.639(2), Ni1···Ni2a 5.788(2),
Ni1···Ni1a 6.719(2), N9�N10 1.196(2), N10�N11 1.143(2),
N12�N13 1.158(2), N13�N14 1.166(2); Ni1�N9�Ni2 118.31(7),
N12�N13�N14 174.5(2)

In 3, two dinuclear [L1Ni2(µ-1,1-N3)]2� entities are linked
through two µ-1,3 azide ions to give a rectangular tetranu-
clear species with crystallographic Ci symmetry. Complex 3
is formally derived from the aggregation of two complexes
1 via replacement of the semi-chelating nitrates by the µ-1,3
bridging azides. Indeed, each pyrazolate-based bimetallic
subunit of 3 is basically similar to the dinuclear complex 1
and exhibits a similar Ni···Ni distance [3.639(2) Å], al-
though in this case the nickel and µ-1,1 azide ions are some-
what more displaced out of the plane of the pyrazolate het-
erocycle and the two dangling side arms are found on the
same side of the dinuclear component. The separation of
the nickel ions spanned by the µ-1,3-N3 is 5.788(2) Å. While
the µ-1,1 azide is again highly asymmetric [d(N9�N10) �
1.196(2) Å versus d(N10�N11) � 1.143(2) Å], the µ-1,3
azide is almost symmetric [d(N12�N13) � 1.158(2) Å ver-
sus d(N13�N14) � 1.166(2) Å].

Since one side arm of each ligand coordination compart-
ment remains uncoordinated in 3, it seemed appropriate to
also attempt to employ the related bis(tridentate) ligand
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[L3]� for the preparation of similar polynuclear complexes.
To this end, a tetranickel() complex was obtained from the
reaction of [L3]� with Ni(ClO4)2·6H2O and NaN3. How-
ever, in this case the product [L3Ni2(N3)3]2 (4) is neutral due
to the coordination of additional azide ions. The structure
of 4 was elucidated by X-ray crystallography, and is de-
picted in Figure 6 together with selected bond distances and
bond angles.

Figure 6. View of the molecular structure of 4. In the interests of
clarity all hydrogen atoms have been omitted. Selected atom dis-
tances (Å) and angles (°): Ni1�N1 1.995(3), Ni1�N12a 2.066(3),
Ni1�N4 2.141(3), Ni1�N7 2.147(3), Ni1�N3 2.179(3), Ni1�N10
2.310(3), Ni2�N2 2.004(3), Ni2�N13 2.028(3), Ni2�N6 2.128(3),
Ni2�N7 2.148(3), Ni2�N5 2.178(3), Ni2�N10 2.443(3), Ni1···Ni2
3.350(3), Ni1···Ni1a 5.358(3), Ni1···Ni2a 5.913(3), N7�N8
1.207(4), N8�N9 1.153(4), N10�N11 1.176(4), N11�N12
1.168(4), N13�N14 1.134(4), N14�N15 1.163(5); Ni1�N7�Ni2
102.49(12), Ni1�N10�Ni2 89.57(10)

Again, complex 4 is composed of two pyrazolate-based
dinuclear components [L3Ni2(µ-1,1-N3)]2�, that are linked
by two further azides. Due to the presence of a fifth and
sixth azide, which bind terminally to Ni2, however, the N3

�

group linking the bimetallic subunits is shifted from the µ-
1,3 position in 3 to a µ3-1,1,3 position in 4. All metal cen-
ters are thus six-coordinate in 4 but five-coordinate in 3.
Triply bridging µ3-1,1,3 azide ions are scarce, and in most
cases exhibit two rather long Nazide�M bonds,[9,16] as can
also be observed in 4 [d(Ni1�N10) � 2.310(3) Å and
d(Ni2�N10) � 2.433(3) Å, in contrast to d(Ni1�N12a) �
2.066(3) Å]. Complex 4 enables a comparison to be made
of the metric parameters for three different types of N3

�

ligands in a single compound. N�N bond lengths are
clearly elongated for the µ-1,1 and µ3-1,1,3 bridges com-
pared with the terminal N3

�, and the asymmetry is least
pronounced in the µ3-1,1,3 azide [1.168(4)/1.178(4) Å versus
1.153(4)/1.207(4) Å in the µ-1,1 azide and 1.134(4)/1.163(5)
Å for the terminal azide]. It seems reasonable to assign the
high-energy IR bands for νas(N3) at 2129 (3) and 2103 cm�1

(4) to the µ-1,1 and µ-1,1,3 azido ligands, respectively
(Table 1).
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Magnetic Properties

For all complexes, the magnetic susceptibility measure-
ments were carried out at two different magnetic fields in a
temperature range from 2.0 K to 295 K (300 K). No signifi-
cant field dependence was observed for any of the com-
plexes.

The temperature dependence of the magnetic suscepti-
bility χM, and of the product χMT for the dinuclear com-
plexes 1 and 2 are shown in Figure 7 and 8, respectively. As
would be expected from the different binding modes of the
azide bridge, the magnetic properties of the two compounds
differ fundamentally. In the case of 1, the observed χMT
value of 2.66 cm3·K·mol�1 (4.62 µB) at room temperature
remains nearly constant down to 100 K. Below this tem-
perature χMT gradually increases, reaching a maximum of
3.13 cm3·K·mol�1 (corresponding to a µeff value of 5.01 µB)
at 12 K, indicating ferromagnetic exchange. At even lower
temperatures, χMT drops rapidly, which may be due to the
effects of zero-field splitting or intermolecular antiferro-
magnetic interactions.

Figure 7. Plot of χM (solid circles) and χMT (open circles) vs. T
for 1 at 2000 G. The solid line represents the calculated curve fit
(see text)

Figure 8. Plot of χM (solid circles) and χMT (open circles) vs. T for
2 at 2000 G. The solid line represents the calculated curve fit
(see text)

The experimental data for 1 were modeled in the range
from 300 K to 20 K using Equation (1)[1b] deduced from the
Hamiltonian H � �2JS1S2, with additional terms account-
ing for small amounts of paramagnetic impurities (ρ), and
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for the temperature independent paramagnetism (TIP). A
satisfactory fit was obtained with the parameters g � 2.25
� 0.01 and J � �4.0 � 0.5 cm�1 (ρ � 2%, TIP � 6.0
� 10�4 cm3·mol�1), confirming moderate ferromagnetic
coupling. Owing to the likely occurrence of zero-field split-
ting at low temperatures, however, the magnitude of J
should be interpreted with caution.

(1)

For complex 2 the observed χMT value at 295 K is 2.32
cm3·K·mol�1 (4.31 µB). It drops steadily with decreasing
temperature, and finally tends to zero, indicating an S � 0
ground state. This behavior is typical for dinuclear com-
plexes with intramolecular antiferromagnetic coupling. The
experimental magnetic data for 2 were modeled in the range
from 295 K to 2 K using Equation (1),[1b] which gives the
fit parameters g � 2.28 � 0.02, J � �25.7 � 0.3 cm�1,
ρ � 5.7 � 0.1%, and TIP � 7.9 � 10�4 cm3·mol�1.

A number of dinuclear nickel() complexes with only a
single µ-1,3 azido bridge have been characterized magneti-
cally.[17] Two geometric parameters, the angles Ni�N�N
and the dihedral angle ϕ along the azide ligand, are often
considered for magnetostructural correlations.[6] For a
Ni�N3�Ni torsion angle of ϕ � 180°, the antiferromag-
netic coupling can be predicted to have a maximum at
Ni�N�N angles around 108°, and to decrease at larger
angles. On the other hand, for all Ni�N�N angles, the
maximum coupling would be expected for a torsion angle
of 180°. However, the effect of torsion should be less pro-
nounced than the effect of the bond angle. In the absence
of any constraining ligand scaffold, Ni�N�N angles tend
to lie in the range 130°�145° with ϕ � 180°, resulting in J
values in the range of �8 to �22 cm�1.[6,18] In view of the
very acute Ni�N�N angles (114.8° and 113.7°), and the
fact that ϕ � 55.4° for 2, a J value even more negative than
the lower limit of the above range was thus expected, in
good agreement with experimental findings. Although some
contribution from the pyrazolate is certainly present, the
azide appears to provide the dominant pathway for the anti-
ferromagnetic exchange coupling.

Dinuclear nickel() complexes with two end-on azido
bridges and a {Ni(µ�1,1�N3)2Ni} central core generally
feature Ni�N�Ni angles θ in the narrow range 101�105°,
and J values between �13 and �37 cm�1.[6,18] DFT calcu-
lations have suggested a clear correlation between the ex-
change coupling and θ, with the interaction predicted to be
ferromagnetic for all the range of θ angles explored.[19] For
the {Ni(µ-1,1-N3)2Ni} core, a maximum is expected when
θ � 104°. On the other hand, the out-of-plane displacement
of the azide should only have a minor influence. The
Ni1�N9�Ni2 angle induced by the dinucleating ligand
scaffold in 1 is unusually large [116.12(6)°], and a small J
value could thus be expected for the single µ-1,1 azide, in
accordance with experimental results. Despite this, and de-
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spite a likely antiferromagnetic contribution from the pyra-
zolate bridge, however, the exchange in 1 is still clearly fer-
romagnetic.

Complex 3 features a χMT-value of 3.89 cm3·K·mol�1

(5.58 µB) at 295 K, which is close to the spin-only value
expected for four uncoupled S � 1 ions (4.00 cm3·K·mol�1

5.66 µB, respectively). Figure 9 shows the temperature de-
pendence of the magnetic susceptibility χM and the χMT
value at a field of 2000 G. By lowering the temperature χMT
decreases, indicating an overall antiferromagnetic coupling
between the Ni centers. From the molecular structure we
can expect two principal magnetic exchange pathways, one
intra-dimer coupling via the pyrazolate and the µ-1,1 azide
and an inter-dimer coupling between the subunits, which is
mediated by the µ-1,3 azide. The experimental data were
analyzed by means of the program MAGMUN[20] in a
model based on the isotropic exchange Hamiltonian H �
�2J1(S2S3 � S1S4) �2J2(S1S2 � S3S4) (A in Figure 10).
The solid line in Figure 9 represents the best fit with g �
2.01 � 0.01, J1 � �16.2 � 0.2 cm�1, J2 � �2.0 cm�1, ρ �
2.5%, Θ � 3.5 K, and TIP � 2.0 � 10�4 cm3·mol�1.

Figure 9. Plot of χM (solid circles) and χMT (open circles) vs. T
for 3 at 2000 G. The solid line represents the calculated curve fit
(see text)

Figure 10. Coupling schemes for 3 (A) and 4 (B)

In view of the ferromagnetic behavior observed for 1, it is
reasonable to assign J2 to the coupling within the bimetallic
constituents of 3, and J1 to the antiferromagnetic inter-di-
mer exchange mediated by the µ-1,3-N3 linkages. The intra-
dimer coupling is determined by the azide binding mode
within the bimetallic pocket and is ferromagnetic as antici-
pated, its value being of the same order of magnitude as
the coupling constant in 1. Small differences may reflect
subtle geometric differences between 1 and the µ-1,1 azido
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bridged building blocks of 3, in particular the even larger
Ni1�N9�Ni2 angle [θ � 118.31(7)°], which is predicted to
reduce the ferromagnetic contribution, and the more dis-
tinct out-of-plane displacement of the N3

� ligand in the
case of 3. It should also be noted, that coordination num-
bers and coordination geometries are quite different for the
two dinickel() arrays. The inter-dimer antiferromagnetic
exchange is in the range expected for a µ-1,3 azide with
comparatively wide Ni�N�N angles [141.7(2) and
148.1(2)°] and a torsion of ϕ � 36.1°.

The χMT value observed for 4 at 295 K is 5.15
cm3·K·mol�1 (6.42 µB). Figure 11 depicts a plot of the tem-
perature dependence of χM and χMT at 2000 G. With re-
spect to the topology of 4, a three-J coupling scheme
sketched in Figure 10 (B) applies. Considering the very long
Ni2�N10 bond lengths for the central µ-1,1,3 azido link-
ages, however, it is reasonable to approximate J3 as negli-
gible, and that a two-J model is adequate for a qualitative
analysis of the data. Fitting was carried out with the pro-
gram MAGMUN[20] based on the isotropic exchange Ham-
iltonian H � �2J1(S1S3) � 2J2(S1S2 � S3S4) (correspond-
ing to B and J3 � 0, Figure 10) to give g � 2.29 � 0.02,
J1 � �19.7 � 0.8 cm�1, J2 � �6.0 cm�1 ρ � 3.0%, Θ �
1.8 K, and TIP � 3.6 � 10�4 cm3·mol�1 (solid line in Fig-
ure 8).

Figure 11. Plot of χM (solid circles) and χMT (open circles) vs. T
for 4 at 2000 G. The solid line represents the calculated curve fit
(see text)

Similar to the case of 3, it would seem appropriate to
assign J2 to the intra-dimer exchange, which is expected to
be ferromagnetic, while J1 should reflect the antiferromag-
netic interaction between the two pyrazolate-based subun-
its. The J1 value is a little more negative than in the case of
3, in accordance with the somewhat more acute Ni�N�N
angles [Ni1a�N12�N11: 127.4(2)°; Ni1�N10�N11:
133.9(2)°], which are assumed to be the most relevant mag-
netostructural parameters for a µ-1,3 azido bridge.[6] Like-
wise, the larger ferromagnetic intra-dimer exchange in 4
may be traced to the much more acute Ni�N�Ni angle for
the µ-1,1 azide [Ni1�N7�Ni2: 102.5(1) in 4].
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Conclusion

The present study has established well defined pyrazol-
ate-based dinickel() azido complexes as building blocks for
the construction of high nuclearity nickel/azido systems. A
particular advantage of these compounds is the possibility
of tuning the magnetic properties of the bimetallic compo-
nents, since their spin ground state (S � 0 or S � 2) is
determined by the intra-dimer azide bridging mode, which
can be controlled by suitable modifications of the ligand
scaffold. Some tetranuclear complexes that arise from the
assembly of two Ni2 subunits are reported in this work as
examples. The magnetic exchange within the Ni2 subunits
of the new Ni4 species is as anticipated and is basically
governed by the choice of the building blocks (i.e. ferromag-
netic exchange in 1 as well as in 3 and 4). However, the
magnitude of the coupling may differ somewhat, since
subtle geometric changes in the subunits occur upon linking
the Ni2 species to give high-nuclearity {Ni2}n compounds,
which represents a general limitation to the prediction of
magnetic properties of polynuclear complexes from the
magnetic properties of their constituents. Future work will
focus on, inter alia, increasing the rigidity of the bimetallic
entities and strategies to more efficiently control the linking
of the building blocks. In view of the great variety of avail-
able dinucleating pyrazolate ligands, we expect a wide range
of new oligonuclear and 1D-chain nickel() azido systems
to be accessible via this precursor based approach.

Experimental Section

Caution! Although no problems were encountered in this work, tran-
sition metal perchlorate and azide complexes are potentially explos-
ive, and should be handled with proper precautions.

General: Ligands HL1, HL2, and HL3 were prepared as described
previously.[10a,21] HPLC grade methanol (CHROMASOLV) was
obtained from Riedel-de-Haen. Solvents were dried by established
processes. All other chemicals were purchased from commercial
sources and used as received. Microanalyses were performed by
the Analytisches Labor des Anorganisch-Chemischen Instituts der
Universität Göttingen. IR spectra: Digilab Excalibur, recorded as
KBr pellets. Mass spectra: Finnigan MAT 95 (FAB-MS). The sus-
ceptibility measurements were carried out with a Quantum-Design
MPMS-5S SQUID magnetometer equipped with a 5 Tesla magnet
in the range of 2 to 300 K. The powdered samples were contained
in a gel bucket and fixed in a non-magnetic sample holder. Each
raw data file for the measured magnetic moment was corrected for
the diamagnetic contribution of the sample holder and the gel
bucket. The molar susceptibilities were corrected using the Pascal
constant and the increment method according to Haberditzl.[22]

Synthesis of [L1Ni2(µ-1,1-N3)(NO3)2] (1): A solution of HL1

(190 mg, 0.41 mmol) in MeOH (70 mL) was treated with one equiv-
alent of KOtBu (45.7 mg, 0.41 mmol), two equivalents of
Ni(NO3)2·6H2O (236.8 mg, 0.81 mmol), and one equivalent of so-
dium azide (26.5 mg, 0.41 mmol), and the reaction mixture was
stirred at room temperature for 12 h. All volatile materials were
then evaporated under reduced pressure and the residue taken up
in acetone (60 mL). After filtration, the solution was layered with
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light petroleum to yield green crystals (194 mg, 63%) of the product
1. MS (FAB�): m/z (rel. intensity) � 705 (25) [L1Ni2(NO3)2]�, 685
(60) [L1Ni2(N3)(NO3)]�, 665 (25) [L1Ni2(N3)2]�, 623 (15)
[L1Ni2(N3)]�. IR (KBr): ν̃ � 2939 (w), 2860 (w), 2819 (w), 2767
(w), 2058 (s), 1479 (m), 1385 (vs), 1284 (m), 1234 (w), 1188(w),
1040 (w), 1021(w), 981 (w), 832 (w) cm�1. C25H53N13Ni2O6 (749.2):
calcd. C 40.08, H 7.13, N 24.31; found C 40.28, H 7.23, N 24.78.

Synthesis of [L2Ni2(µ-1,3-N3)](ClO4)2 (2): A solution of HL2

(149 mg, 0.285 mmol) in MeOH (70 mL) was treated with one
equivalent of KOtBu (32.0 mg, 0.285 mmol), two equivalents of
Ni(ClO4)2·6H2O (208.4 mg, 0.570 mmol), and one equivalent of so-
dium azide (18.5 mg, 0.285 mmol), and the reaction mixture was
stirred at room temperature for 12 h. All volatile materials were
then evaporated under reduced pressure and the residue taken up
in acetone (50 mL). After filtration the solution was layered with
light petroleum to yield green crystals (216 mg, 86%) of the product
2. MS (FAB�): m/z (rel. intensity) � 778 (25) [L2Ni2(N3)(ClO4)]�,
679 (50) [L2Ni2(N3)]�. IR (KBr): ν̃ � 2984 (w), 2946 (w), 2884 (w),
2067 (s), 1459 (w), 1388 (w), 1315 (w), 1263 (w), 1092 (vs), 914 (w),
797 (w), 736 (w), 624 (m) cm�1. C29H61Cl2N11Ni2O8 (880.2): calcd.
C 39.57, H 6.99, N 17.51; found C 39.65, H 7.10, N 17.51.

Synthesis of [L1
2Ni4(µ-1,1-N3)2(µ-1,3-N3)2](BPh4)2·2C3H6O (3·2C3H6O):

A solution of HL1 (180 mg, 0.386 mmol) in MeOH (70 mL) was
treated with one equivalent of KOtBu (43.3 mg, 0.386 mmol), two
equivalents of Ni(ClO4)2·6H2O (282.1 mg, 0.771 mmol) and two
equivalents of sodium azide (50.2 mg, 0.771 mmol) and was stirred
at room temperature for 12 h. All volatile materials were then eva-
porated under reduced pressure, the residue taken up in ethanol
(100 mL), and sodium tetraphenylborate (264 mg, 0.771 mmol) was
added. The resultant precipitate was separated by filtration and

Table 2. Crystal data and refinement details for complexes 1, 2, 3, and 4

[L1Ni2(µ-1,1-N3)(NO3)2] [L2Ni2(µ-1,3-N3)](ClO4)2 [L1
2Ni4(µ-1,1-N3)2(µ-1,3-N3)2](BPh4)2 [L3Ni2(N3)3]2

1 2 3 4

Empirical formula C25H53N13Ni2O6 C29H61Cl2N11Ni2O8·0.5H2O C98H146B2N28Ni4·2C3H6O C34H70N30Ni4·2CH2Cl2
Molecular mass (g/mol) 749.22 888.21 2089.04 1303.89
Crystal size (mm) 0.50 � 0.45 � 0.15 0.37 � 0.25 � 0.25 0.40 � 0.23 � 0.20 0.22 � 0.13 � 0.03
Crystal system monoclinic monoclinic triclinic monoclinic
Space group P21/n P21/n P1̄ P21/n
a (Å) 10.3639(5) 11.3834(5) 14.0149(7) 9.8084(5)
b (Å) 33.708(2) 27.6474(2) 14.4822(7) 23.4284(2)
c (Å) 10.6517(6) 12.8429(6) 14.8493(7) 12.3392(7)
α (°) 90 90 97.759(1) 90
β (°) 110.851(1) 99.731(1) 106.411(1) 103.965(1)
γ (°) 90 90 102.041(1) 90
Volume (Å3) 3477.4(3) 3983.8(3) 2766.4(2) 2751.7(3)
ρcalcd. (g/cm3) 1.431 1.481 1.254 1.574
Z 4 4 1 2
F(000) 1592 1880 1116 1360
Temperature (K) 103(2) 103(2) 297(2) 103(2)
hkl Range �15 to 14, 0 to 50, 0 to 15 �16 to 16, 0 to 41, 0 to 18 �20 to 18, �20 to 20, 0 to 21 �14 to 14, 0 to 34, 0 to 18
2θ Range (deg) 4.26 to 64.04 4.36 to 64.02 3.14 to 61.02 3.48 to 64.06
Measured reflections 58577 47464 45514 26628
Unique reflections 11942 [R(int) � 0.0302] 13577 [R(int) � 0.0374] 16829 [R(int) � 0.0384] 9476 [R(int) � 0.0560]
Obsd. reflections 10821 10666 11612 6267
[I � 2σ(I)]
Refinined params 627 771 925 482
Residual electron density 0.580 and �0.994 1.083 and �0.606 0.516 and �0.339 0.964 and �1.933
(e Å�3)
R1 [I � 2σ(I)] 0.0397 0.0426 0.0420 0.0531
wR2 (all data) 0.0909 0.1074 0.1099 0.1439
Goodness-of-fit 1.222 1.046 1.015 1.065

Eur. J. Inorg. Chem. 2004, 2413�2420 www.eurjic.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2419

taken up in acetone (60 mL). The solution was again filtered, and
then layered with light petroleum to gradually yield some green
crystals (76 mg, 20%) of the product 3. MS (FAB�): m/z (rel. inten-
sity) � 1649 (5) [L1

2Ni4(N3)4(BPh4)]�, 665 (100) [L1Ni2(N3)2]�, 623
(35) [L1Ni2(N3)]�. IR (KBr): ν̃ � 2964 (m), 2923 (m), 2859 (w),
2129 (s), 2064 (m), 1460 (m), 1384 (s), 1261 (s), 1097 (s), 1032 (s),
803 (s), 732 (w), 703 (w), 612 (w) cm�1. C104H158B2N28Ni4O2

(2089.0): calcd. C 59.80, H 7.62, N 18.77; found C 56.42, H 7.18,
N 17.68.

Synthesis of [L3Ni2(N3)3]2·2CH2Cl2 (4·2CH2Cl2): A solution of HL3

(255 mg, 0.786 mmol) in MeOH (20 mL) was treated with one
equivalent of KOtBu (92.7 mg, 0.786 mmol) and two equivalents
of Ni(ClO4)2·6H2O (580.7 mg, 1.572 mmol). After stirring the mix-
ture for 30 min at room temperature the solution was evaporated
to dryness and the residue was taken up in acetone (25 mL). NaN3

(154.8 mg, 2.358 mmol) was added, and the reaction mixture was
stirred for a further 24 h. The green precipitate was separated by
filtration then dissolved in dichloromethane (25 mL). Layering the
solution with light petroleum (boiling range 40�60 °C, 75 mL) af-
forded green crystals of the product 4 (148 mg, 29%). MS (FAB�):
m/z (rel. intensity) � 1088 (16) [L3

2Ni4(N3)5]�, 523 (100)
[L3Ni2(N3)2]�, 423 (12) [L3Ni(N3)]�. IR (KBr): ν̃ � 3011 (w), 2967
(w), 2909 (w), 2864 (w), 2103 (vs), 2055 (vs), 2037 (vs), 1650 (w),
1472 (m), 1458 (m), 1030 (m), 1009 (w), 826 (w), 669 (w) cm�1.
C36H74Cl4N30Ni4 (1303.8): calcd. C 33.17, H 5.72, N 32.23; found
C 33.59, H 5.78, N 32.50.

X-ray Crystallographic Studies: Data collection was carried out
with a Bruker AXS CCD diffractometer using graphite-monochro-
mated Mo-Kα radiation (λ � 0.71073 Å). Structures were solved
by direct methods (SHELXS-97) and refined by full-matrix least-
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squares techniques based on F2 (SHELXL-97).[23] Atomic coordi-
nates and thermal parameters of the non-hydrogen atoms were re-
fined in fully anisotropic models. Hydrogen atoms were either lo-
cated in the difference Fourier map or included using the riding
model with Uiso tied to Uiso of the parent atoms. Crystal data and
refinement details are listed in Table 2. CCDC-223071 (for 1),
-223072 (for 2), -223073 (for 3), and -223074 (for 4) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html or from the Cambridge Crystallographic Data
Center, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.)
�44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk].
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