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Reactions of Ni(O2CMe)2·4H2O or NiCl2·6H2O, 4-amino-3,5-
bis(pyridin-2-yl)-1,2,4-triazole (abpt) and NaN3 or KSCN in
different molar ratios heated under reflux or hydrothermal
conditions generate a mononuclear species with dimorphous
phases, a dinuclear species incorporating an in situ deamin-
ated [bpt-H]– ligand and a tetranuclear rectangle box incor-
porating an unprecedented µ:η1:η2:η1 coordination mode of
the deprotonated [abpt-H]– ligand. Structural analysis re-
veals that a pair of [Ni2(µ1,1-N3)(µ-OAc)] motifs in [Ni4(abpt)2-
(abpt-H)(N3)5(O2CMe)2]·5H2O (1) are bridged by two abpt
and one [abpt-H]– units into a rectangle box. [Ni2(bpt-H)2-
(SCN)2(H2O)2]·2H2O (2) is a neutral centrosymmetric dinu-
clear NiII complex doubly bridged by abpt ligands. The com-

Introduction

Magnetic multimetal-centered complexes or metal clus-
ters have attracted much attention over the past decades.[1,2]

4-Amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole (abpt) is a po-
tential multitopic ligand and its coordination chemistry has
been investigating since the mid 1980s.[3] In particular, the
spin-crossover system [Fe(abpt)2(X)2] (where X = SCN–,
SeCN– or N(CN)2

–, TCNQ–) has been structurally and
magnetically characterized.[4] So far, many coordination
compounds of adpt have been synthesized.[5a,5b] However,
most of them are mononuclear, particularly, only two exam-
ples of dinuclear nickel and copper complexes have been
structurally characterized before our work,[3,5c] which indi-
cate that the majority of these coordination compounds
have relatively poor crystallization behavior in common sol-
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plex [Ni(abpt)2(N3)2] (3) is a neutral centrosymmetric mono-
nuclear NiII complex and crystallizes in polymorphous
phases, showing an interesting example of temperature-in-
duced polymorphism. Variable-temperature magnetic
susceptibility measurements reveal that the ferromagnetic
interaction via the (µ1,1-N3)2(µ-OAc) and (µ1,1-N3)(µ1,1-
NHabpt–H)(µ-OAc) bridges slightly dominates over the anti-
ferromagnetic interaction via the abpt bridges, therefore in-
dicative of an overall ferromagnetic coupling between NiII

centers in 1, and a moderate antiferromagnetic interaction
occurs in 2.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

vents. This urged us to pursue its chemical reactivity under
relatively unconventional conditions. We have recently been
investigating a few in situ metal–organic reactions targeting
a magnetic cluster system and furnished an interesting
sandwich-type high-spin heterometallic Ni12K4 cluster from
the reaction of di-2-pyridyl ketone with nickel acetate and
azide in the presence of potassium tert-butoxide as a cata-
lytic base.[6] Herein we report a tetranuclear rectangle box,
a dinuclear complex and a mononuclear complex in poly-
morphous phases, which are synthesized by reflux and hy-
drothermal methods, respectively. They are [Ni4(abpt)2-
(abpt-H)(N3)5(O2CMe)2]·5H2O (1), [Ni2(bpt-H)2(SCN)2-
(H2O)2]·2H2O (2) (bpt-H = 3,5-di-2-pyridyl-1,2,4-triazol-
ate), α-[Ni(abpt)2(N3)2] (3α), and β-[Ni(abpt)2(N3)2] (3β).
The [abpt-H]– in 1 resulted from the deprotonation of abpt
during the reflux conditions and [bpt-H]– in 2 was formed
from the deamination of abpt under solvothermal condi-
tions.

Results and Discussion

Synthesis and Characterization

In the reported metal complexes of the abpt ligand,[5a]

the azide anion has not been chosen as the counterions, the
azide salt is, therefore, introduced into the reaction system.
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Scheme 1. Synthesis of 1, 2, 3α, and 3β.

The reaction of Ni(O2CMe)2·4H2O, NaN3 and abpt in a
1:1:1 molar ratio heated at reflux generated tetranuclear
complex 1 (Scheme 1). When NaN3 was replaced by KNCS,
the solvothermal reaction of NiCl2·6H2O, KNCS and abpt
in a 1:1:1 molar ratio led to dinuclear complex 2. Remark-
able is the deamination of abpt into bpt during the reaction
probably related to the extreme conditions of the solvother-
mal reaction, which was also observed in the hydrothermal
reaction of [Co(abpt)2(SCN)2][3d] with CoCl2. Furthermore,
reactions of NiCl2·6H2O, NaN3 and abpt in a 1:2:2 molar
ratio heated at reflux or under solvothermal conditions led
to the polymorphous mononuclear complexes of 3α and 3β,
respectively, demonstrating that the factor of reaction tem-
perature notably affects the final products. It should be
noted that 3α and 3β are the first examples of ternary
metal–abpt–azide complexes.

In addition to the bands of the abpt and [abpt-H]– li-
gands, the points of interest in the IR spectrum of the four
complexes lie mainly in the bands due to the N3

– or SCN–

groups. For 1, the asymmetrical stretch νas(N3) appears as
strong bands at ca. 2070 and 2041 cm–1, which is in good
agreement with the existence of terminal and EO bridging
azides in 1; bands of weak intensity at about 1301 and
1284 cm–1 can be ascribed to the azide symmetric stretch
νs(N3). Very strong bands corresponding to the characteris-
tic νas of the azido ligands appeared at 2034 cm–1 for 3α
and at 2053 cm–1 for 3β. For 2, the stretching vibration of
the SCN– group appears as a doublet at 2108 and
2058 cm–1.

Crystal Structure

Single-crystal X-ray structure analysis revealed that 1 is
a neutral tetranuclear NiII complex. A perspective view of
the core part of 1 with the atom-labeling scheme is shown
in Figure 1. Selected metric parameters associated with the
nickel(II) center in 1 are given in Table 1. Each asymmetric
unit of 1 contains four NiII atoms, two abpt ligands, one
anionic [abpt-H]– ligand, five N3

– ligands, two acetate li-
gands, and five lattice water molecules. Each NiII atom is
in a distorted octahedral [NiN5O] environment, of which
the coordination sphere for Ni1 or Ni2 is formed by two
pyridyl N atoms, one triazole N atom, one azide N atom,
one amine N atom, and one acetate O atom [Ni–N =
2.001(3)–2.166(3), Ni–O = 2.050(3) and 2.052(2) Å, cis
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N–Ni–N/O = 77.53(12)–103.06(12)°, trans N–Ni–N/O =
166.59(12)–176.55(13)°], while the coordination sphere for
Ni3 or Ni4 is formed by one pyridyl N atom, one triazole
N atom, three azide N atoms, and one acetate O atom [Ni–
N = 2.062(4)–2.179(3), Ni–O = 2.047(3) and 2.053(3) Å, cis
N–Ni–N/O = 76.55(12)–105.20(12)°, trans N–Ni–N/O =
167.27(12)–173.10(13)°]. The Ni1 and Ni2 are triply bridged
by one µ-amino [Ni–Namino–Ni = 97.74(14)°], one µ1,1-azide
[Ni–Nazide–Ni = 88.92(12)°], and one µ-carboxylate-O,O�
with the Ni···Ni distance of 3.0253(8) Å and the Ni3 and
Ni4 are triply bridged by two µ1,1-azides [Ni–Nazide–Ni =
95.74(13) and 98.39(15)°] and one µ-carboxylate-O,O� with
the Ni···Ni distance of 3.138(1) Å. The Ni1 and Ni4/Ni2
and Ni3 are each singly triazole-bridged with the Ni···Ni

Figure 1. ORTEP plots of the molecular structure (a) and the con-
nectivity pattern (b) in 1. The methyl group and some of the carbon
atoms of the pyridyl groups are omitted for clarity. 50% thermal
ellipsoids are shown.
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Table 1. Selected interatomic contacts [Å] and bond angles [°] for 1.

Ni1–N5 2.015(3) Ni3–O3 2.053(3) Ni2–N19 2.154(3) Ni4–N15 2.117(3)
Ni1–O2 2.052(2) Ni3–N12 2.072(3) Ni1···Ni2 3.0253(8) Ni3···Ni4 3.1377(8)
Ni1–N13 2.095(3) Ni3–N22 2.074(3) Ni1···Ni4 4.578(1) Ni2···Ni3 4.6680(9)
Ni1–N14 2.116(3) Ni3–N28 2.079(4) N5···N25 2.871(4) O2w···N30 2.919(5)
Ni1–N1 2.122(3) Ni3–N25 2.123(3) N11···N27[b] 3.055(6) O3w···O2w[d] 2.889(6)
Ni1–N19 2.166(3) Ni3–N9 2.179(3) N11···O4w 2.898(6) O3w···N33[g] 2.892(7)
Ni2–N5 2.001(3) Ni4–O4 2.047(3) N17···O4w[c] 2.895(7) O4w···O6w[a] 2.98(1)
Ni2–O1 2.050(3) Ni4–N31 2.062(4) N17···N30[d] 3.099(6) O4w···O3w 2.733(6)
Ni2–N7 2.089(3) Ni4–N22 2.071(4) O1w···N3[e] 2.989(4) O5w···N33 2.896(6)
Ni2–N6 2.092(3) Ni4–N18 2.086(3) O1w···N2 2.948(5) O6w···O4w 2.91(1)
Ni2–N8 2.100(3) Ni4–N25 2.108(3) O2w···N19[f] 3.075(5)

N5–Ni1–O2 90.3(1) O3–Ni3–N12 91.1(1) O1–Ni2–N6 87.6(1) N31–Ni4–N18 96.2(1)
N5–Ni1–N13 168.0(1) O3–Ni3–N22 91.8(1) N7–Ni2–N6 97.3(1) N22–Ni4–N18 91.5(1)
O2–Ni1–N13 89.5(1) N12–Ni3–N22 93.6(1) N5–Ni2–N8 96.2(1) O4–Ni4–N25 88.5(1)
N5–Ni1–N14 103.1(1) O3–Ni3–N28 91.0(1) O1–Ni2–N8 169.7(1) N31–Ni4–N25 92.0(1)
O2–Ni1–N14 166.6(1) N12–Ni3–N28 93.3(1) N7–Ni2–N8 78.9(1) N22–Ni4–N25 80.4(1)
N13–Ni1–N14 77.5(1) N22–Ni3–N28 172.5(1) N6–Ni2–N8 87.3(1) N18–Ni4–N25 171.8(1)
N5–Ni1–N1 91.2(1) O3–Ni3–N25 86.8(1) N5–Ni2–N19 82.7(1) O4–Ni4–N15 167.3(1)
O2–Ni1–N1 88.7(1) N12–Ni3–N25 173.1(1) O1–Ni2–N19 92.7(1) N31–Ni4–N15 86.2(1)
N13–Ni1–N1 100.8(1) N22–Ni3–N25 80.0(1) N7–Ni2–N19 86.1(1) N22–Ni4–N15 95.8(1)
N14–Ni1–N1 90.4(1) N28–Ni3–N25 93.3(1) N6–Ni2–N19 176.6(1) N18–Ni4–N15 77.1(1)
N5–Ni1–N19 82.1(1) O3–Ni3–N9 167.4(1) N8–Ni2–N19 93.0(1) N25–Ni4–N15 103.5(1)
O2–Ni1–N19 95.8(1) N12–Ni3–N9 76.6(1) N5–H5N···N25 148(3) O2w–H2wb···N30 175(5)
N13–Ni1–N19 86.0(1) N22–Ni3–N9 86.6(1) N11–H11A···N27[b] 154(4) O3w–H3wa···O2w[d] 156(6)
N14–Ni1–N19 86.8(1) N28–Ni3–N9 92.2(1) N11–H11B···O4w 176(5) O3w–H3wb···N33[g] 160(5)
N1–Ni1–N19 171.9(1) N25–Ni3–N9 105.2(1) N17–H17A···O4w[c] 164(4) O4w–H4wa···O6w[a] 174(5)
N5–Ni2–O1 93.1(1) O4–Ni4–N31 89.2(1) N17–H17B···N30[d] 153(4) O4w–H4wb···O3w 148(5)
N5–Ni2–N7 167.5(1) O4–Ni4–N22 90.4(1) O1w–H1wa···N3[e] 166(4) O5w–H5w···N33 167(5)
O1–Ni2–N7 92.9(1) N31–Ni4–N22 172.4(1) O1w–H1wb···N2 164(4) O6w–H6wa···O4w 118(10)
N5–Ni2–N6 93.9(1) O4–Ni4–N18 91.7(1) O2w–H2wa···N19[f] 168(4)

Symmetry codes: [a] –x + 1, y, –z + 3/2. [b] x, –y + 1, z + 1/2. [c] x, –y + 2, z – 1/2. [d] x, y + 1, z. [e] –x, y, –z + 1/2. [f] x, y – 1, z. [g]
x, –y + 2, z + 1/2.

separations of 4.578(1) and 4.6680(9) Å, respectively. A
rectangle box is formed through these bridges. It is note-
worthy that the dihedral angles between the coordinated
pyridyl groups and the triazolato ring for the abpt and
[abpt-H]– motifs are quite different. They are 24.5 and 25.2°
for the anionic noncoplanar [abpt-H]– ligand, 2.3 and 22.1°
for one half coplanar abpt ligand, and 6.1 and 7.0 ° for
another coplanar abpt ligand, implying that there are dif-
ferent magnetic exchanges via the coplanar abpt, half-co-
planar abpt and noncoplanar [abpt-H]– bridges. A recently
reported example related to 1 was found in a tetranuclear
nickel(II) rectangle box in which the long edges are spanned
by the pyrazolate and each short edge is spanned by an
acetate and a µ1,1 azide. The resulting rectangle was further
capped by a µ1,1,3,3 bridging ligand.[7]

It is noteworthy that 1 is the first structurally charac-
terized polynuclear cluster of the anionic [abpt-H]– ligand,
in which the deprotonated 4-amino group, rather than N1
of the triazole ring, is coordinated to the NiII ion, and the
deprotonated amino group of the [abpt-H]– acts as a µ-
bridge, and the resulting anionic [abpt-H]– ligand adopts an
unprecedented µ:η1:η2:η1 coordination mode (Scheme 2d).
Although the anionic [abpt-H]– form was previously found
in [RhI(abpt-H)(diolefin)] (diolefin = 1,5-cyclooctadiene,
2,3-(tetrafluorobenzo)bicyclo[2.2.2]octatriene, or bicyclo-
[2.2.1]heptadiene) based mainly on spectroscopic data[8a]

and recently structurally characterized in [Rh(phen)2(abpt-
H)](PF6)2,[8b] it only plays a chelating role via the imine
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nitrogen and a pyridine nitrogen. The deprotonated amino
group is also stabilized by a moderate N–H···Nazide hydro-
gen bond [N···N = 2.871(4) Å, N–H···Nazide = 148(3)°].

Scheme 2. Coordination modes of abpt (a, c), bpt-H (b), and abpt-
H (d) in 1, 2, 3α, and 3β.

Compound 2 is a neutral centrosymmetric dinuclear NiII

complex (Figure 2a). Each asymmetric unit of 2 contains
one NiII atom, one anionic [bpt-H]– ligand, one SCN– li-
gand, one aqua ligand, and one lattice water molecule. The
NiII atom is in a distorted octahedral [NiN5O] environment.
The four basal nitrogen atoms coordinated to the NiII atom
belong to the pyridyl [N1 and N4a] and triazole [N2 and
N3a] groups of two [bpt-H]– ligands. The Ni–Npyridyl

distances are 2.220(2) and 2.193(2) Å (Table 2), respectively,
which is slightly longer than those found in 1; the
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Ni–Ntriazole distances are 2.014(2) and 2.018(2) Å, respec-
tively, which is shorter than those [2.110(3)–2.179(3) Å]
found in 1. The axial positions are occupied by one mono-
dentate coordinating SCN– anion [Ni–N6 = 2.044(3) Å] and
one aqua ligand (Ni–O1w = 2.062(2) Å]. The dihedral
angles between the coordinated pyridyl groups and the tri-
azolato ring are 3.0 and 4.8°, respectively. It is noteworthy
to mention that recently most of the discrete and polymeric
metal complexes of [bpt-H]– have been structurally charac-
terized,[9] which probably contributes to the fact that the
hydro(solvo)thermal method was widely adopted in the
preparations of new metal–organic frameworks in the past
decade.[10] It is also interesting that the aqua ligands and the
lattice water molecules form hydrogen-bonded cyclic water
tetramers [O···O = 2.729(3) and 2.755(3) Å; O–H···O =
158(4) and 169(3)°], (H2O)4 with graph set notation of
R4

2(8). Theoretical studies on the basis of ab initio elec-
tronic structure calculations predicted that the cyclic
(H2O)4 clusters have several configurations, R4

4(8)-types of
D2h, C4, or S4 symmetry and R4

3(8)-type of Cs symmetry
and most of them have widely been found in metal–organic
frameworks and organic hosts.[11a,11b] The rare R4

2(8)-type
cyclic (H2O)4 tetramer was very recently found in an or-
ganic host.[11c] Each (H2O)4 tetramer in 2 is surrounded by
four dinuclear species and each dinuclear species is sur-
rounded accordingly by four (H2O)4 tetramers via the Ni–O

Figure 2. ORTEP plot of the molecule structure (a) and 2D hydro-
gen-bonded layer structure of 2. 50% thermal ellipsoids are shown.
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coordination and O–H···N hydrogen-bonding interactions
(Figure 2b).

Table 2. Selected interatomic contacts [Å] and bond angles [°] for
2.

Ni1–N2 2.014(2) Ni1–O1w 2.062(2)
Ni1–N3[a] 2.018(2) Ni1–N4[a] 2.193(2)
Ni1–N6 2.044(3) Ni1–N1 2.220(2)
O1w···O2w[b] 2.755(3) O2w···N5[c] 2.785(3)
O1w···O2w 2.729(3) O2w···S1[a] 3.310(3)

N2–Ni1–N3[a] 92.12(9) N6–Ni1–N4[a] 92.07(9)
N2–Ni1–N6 95.2(1) O1w–Ni1–N4[a] 83.33(9)
N3[a]–Ni1–N6 94.94(9) N2–Ni1–N1 75.94(9)
N2–Ni1–O1w 90.48(9) N3[a]–Ni1–N1 167.99(8)
N3[a]–Ni1–O1w 90.1(1) N6–Ni1–N1 87.60(9)
N6–Ni1–O1w 172.2(1) O1w–Ni1–N1 88.7(1)
N2–Ni1–N4[a] 167.00(9) N4[a]–Ni1–N1 115.18(8)
N3[a]–Ni1–N4[a] 76.52(8) O2w–H2wb···N5[c] 173(4)
O1w–H1wa···O2w 158(4) O2w–H2wa···S1[a] 178(4)
O1w–H1wb···O2w 169(3)

Symmetry codes: [a] –x, –y, –z. [b] –x, –y + 1, –z. [c] –x + 1, –y, –z.

Both 3α and 3β are neutral centrosymmetric mononu-
clear NiII complexes. Their coordination geometries are
quite similar. Each asymmetric unit of 3α and 3β contains
one-half of a NiII atom, which lies on an inversion center,
one abpt ligand, and one N3

– ligand. The NiII atom is coor-
dinated in a distorted octahedral [NiN6] environment. The
four equatorial nitrogen atoms coordinated to the NiII atom
belong to the pyridyl [N1 and N1a] and triazole [N2 and
N2a] groups of two abpt ligands. The Ni–Npyridyl distance
is 2.101(2) and 2.101(3) Å for 3α and 3β, respectively
(Tables 3 and 4), which is slightly longer than those found
in 1; the Ni–Ntriazole distances are 2.039(2) and 2.053(3) Å
for 3α and 3β, respectively, which is shorter than those
[2.110(3)–2.179(3) Å] found in 1. The remaining two trans

Table 3. Selected interatomic contacts [Å] and bond angles [°] for
3α.

Ni1–N2 2.039(2) Ni1–N7 2.126(2)
Ni1–N1 2.101(2) N6···N9[b] 2.967(2)
N6···N4 2.848(2)

N2–Ni1–N1[a] 101.32(6) N1–Ni1–N7[a] 87.41(6)
N2–Ni1–N1 78.68(6) N2–Ni1–N7 91.37(6)
N2–Ni1–N7[a] 88.63(6) N1–Ni1–N7 92.59(6)
N6–H6a···N4 141(2) N6–H6b···N9[b] 170(2)

Symmetry codes: [a] –x, –y, –z. [b] x, y – 1, z.

Table 4. Selected interatomic contacts [Å] and bond angles [°] for
3β.

Ni1–N2 2.053(3) Ni1–N7 2.126(3)
Ni1–N1 2.101(3) N6···N9[b] 3.095(7)
N6···N4 2.863(5)

N2–Ni1–N1 78.5(1) N1–Ni1–N7[a] 89.8(1)
N2–Ni1–N1[a] 101.5(1) N2–Ni1–N7 88.9(1)
N2–Ni1–N7[a] 91.1(1) N1–Ni1–N7 90.2(1)
N6–H6a···N4 122(7) N6–H6b···N9[b] 153(6)

Symmetry codes: [a] –x, –y, –z. [b] x, y, z – 1.
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positions are occupied by symmetry-related monodentate
N3

– anions [Ni–N7 2.126(2) and 2.126(3) Å for 3α and 3β,
respectively]. The dihedral angles between the coordinated
pyridyl groups and the triazolato rings are 5.2(4) and
6.7(5)° for 3α and 3β, respectively, while those between the
noncoordinating pyridyl groups and the triazolate rings are
7.1(4) and 10.2(5) ° for 3α and 3β, respectively. There exists
intramolecular moderate N–H···N hydrogen bonding inter-
actions between the amine groups and the noncoordinating
pyridyl groups [for 3α: N6···N4 = 2.848(2) Å; N6–H6a···N4
= 141(2)°; for 3β: N6···N4 = 2.863(5) Å; N6–H4a···N4 =
122(7)°]. What interested us was that the orientations of the

Figure 3. ORTEP plot of the coordination geometry of 3α (a), the
1D hydrogen-bonded chain (b), and the extension of the 1D chains
into 2D molecular layer by interchain π–π and C–H···N interac-
tions in 3α. 50% thermal ellipsoids are shown.
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linear azide motifs in 3α and 3β are quite different, as
shown in Figures 3a and 4a. In 3α, the linear azide motifs
run approximately parallel to the long sides of the abpt li-
gands, while in 3β the linear azide motifs are approximately
perpendicular to the long side of the abpt ligands. Although
adjacent monoclinic [Ni(abpt)2(N3)2] motifs are extended
via the N–H···Nazide [N6···N9i = 2.966(3) Å, N6–H6b···N9i

= 170(2)° for 3α; N6···N9j = 3.095(7) Å, N6–H6b···N9j =
153(6)° for 3β; symmetry codes: i = x, y – 1, z; j = x, y, z – 1]
into 1D supramolecular double-stranded chains (Figures 3b
and 4b), the dimensions of the cavities in 1D hydrogen-
bonded chains of 3α and 3β are different. Particularly, the
1D chains are further extended by the nonclassical C–H···N
hydrogen bonding (for 3α: C···N = 3.442 Å and C–H···N =
150.3°; for 3β: C···N = 3.508 Å and C–H···N = 142.5°) and
offset π–π interactions (3.426–3.467 Å) into different 2D
molecular layers in 3α and 3β (Figure 3c and 4c), and finally
resulting in different 3D molecular packings in two poly-
morphous species. It should be noted that 3α and 3β repre-
sent a new interesting example showing temperature-in-
duced polymorphism, which was observed in the case of
molecular crystals of organic compounds, hydrogen bonded
frameworks, and metal complexes such as -glutamic acid,
terpyridine, and [Cu(Ph2SNH)4][PF6]2.[12]

Figure 4. ORTEP plot of the coordination geometry of 3β (a), the
1D hydrogen-bonded chain (b), and the extension of the 1D chains
into 2D molecular layer by interchain π–π and C–H···N interac-
tions in 3β. 50% thermal ellipsoids are shown.
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Magnetic Properties

Magnetic susceptibility data were measured with poly-
crystalline samples of 1 and 2 in 1.0 KG field over the tem-
perature range of 2–300 K.

For 1, from room temperature down to 35 K, the χmT
product increases continuously and reaches a maximum
with 6.56 emuKmol–1 (Figure 5). This behavior is indica-
tive of an overall ferromagnetic coupling between the NiII

centers and the low temperature decrease is due to a strong
zero-field splitting (ZFS) and/or the presence of a single
antiferromagnetic interaction between two of the four NiII

centers. The magnetic data were analyzed with the spin
Hamiltonian in Equation (1).

(1)

Figure 5. Plot of χMT vs. T for 1. Solid lines represent the best fit
with the parameters given in the text.

Calculations were performed with the magnetism pack-
age MAGPACK.[13] The first best fit that was obtained
from a least-squares analysis of the χmT implies a very big
D value (D = 23.8 cm–1) and unrealistic exchange param-
eters are J1 = 2.37 cm–1, J2 = 4.84 cm–1, J3 = 15.7 cm–1, J4

= –3.95 cm–1, and g = 2.31 (R = 7.5�10–4). This solution
was discarded. In order to reduce the number of param-
eters, we assumed that the two exchange parameters associ-
ated to the azide bridge were equal (J1 = J3) and the other
two exchange parameters associated to the abpt bridge were
also equal (J3 = J4). The best fit implies a zero ZFS and
the parameters are J1 = J3 = 15.3 cm–1, J2 = J4 = –2.2 cm–1,
and g = 2.32. According to this calculation it is found that
the ground state is S = 0. Compared with those reported in
our recently reported hexanuclear Ni6 circle and other re-
lated species,[6] the ferromagnetic interactions (J1 and J3)
can be assigned to the exchange pathway through the (µ1,1-
N3)2(µ-OAc) and (µ1,1-N3)(µ1,1-Nabpt–H)(µ-OAc) bridges.
The other two antiferromagnetic interactions can be as-
signed to the remaining exchange pathways indifferently,
which is consistent with the results of X-ray structural
analysis. In the future, more compounds of closely related,
but significantly different, structures will be needed together
with detailed magnetic studies and independent infor-
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mation (ab initio calculations) for a better understanding of
magnetic superexchange in this type of compound.

For 2, the magnetic data (Figure 6) were analyzed with
the following spin Hamiltonian: H = –2JS1S2 (S1 = S2 =
1). From this Hamiltonian, the equation of magnetic
susceptibility can be derived as χ = (Ng2β2/kT)[(5 + e4x)/(5
+ 3e4x + e6x)],[3a] in which N, β, and k are fundamental
constants, g and J are adjustable parameter, and x = –J/kT.
The obtained parameters were fitted to be J = –17.62 cm–1

and g = 2.19 (R = 5.1�10–4). The sign of J in 2 is consis-
tent with the antiferromagnetic J2 and J4 coupling via the
abpt bridge in 1.

Figure 6. Plot of χMT vs. T for 2. Solid lines represent the best fit
with the parameters given in the text.

Conclusions

In this study, we present new reactivity of 4-amino-3,5-
bis(pyridin-2-yl)-1,2,4-triazole to generate a novel tetranu-
clear nickel(II) rectangle box, a neutral dinuclear species,
and a mononuclear species with two polymorphous phases.
The µ:η1:η2:η1 coordination mode of the deprotonated
[abpt-H]– ligand in the tetranuclear nickel(II) rectangle box
is for the first time observed; the anionic ligand (bpt-H) in
the dinuclear nickel(II) complex was generated in situ and
resulted from NiII-assisted deamination. The mononuclear
complex represents a new interesting example showing tem-
perature-induced polymorphism. Temperature-dependent
magnetic studies revealed the presence of moderate antifer-
romagnetic coupling via the double µ-abpt bridges in dinu-
clear complex and the presence of both weak antiferromag-
netic coupling via the single µ-abpt bridges and ferromag-
netic coupling through the (µ1,1-N3)2(µ-OAc) and (µ1,1-
N3)(µ1,1-Nabpt–H)(µ-OAc) bridges, all of which gives an
overall ferromagnetic coupling in the tetranuclear complex.

Experimental Section
General Remarks: All reagents were obtained from commercial
sources and used as received, unless stated otherwise. 4-Amino-3,5-
bis(pyridin-2-yl)-1,2,4-triazole (abpt) was synthesized according to
the literature procedure.[14] All preparations and manipulations
were performed under aerobic conditions. The C and H micro-
analyses were carried out with a Various EL elemental analyzer.
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Table 5. Crystal data and structure refinement for 1, 2, 3α, and 3β.

Compound 1 2 3α 3β

Formula C40H45N33Ni4O9 C26H24N12Ni2O4S2 C24H20N18Ni C24H20N18Ni
Fw 1366.93 750.11 619.29 619.29
Temperature [K] 123(2) 293(2) 123(2) 293(2)
Crystal system monoclinic triclinic triclinic triclinic
Space group P2/c P1̄ P1̄ P1̄
a [Å] 21.485(4) 8.389(3) 6.7214(8) 8.497(2)
b [Å] 12.072(2) 8.905(3) 8.321(1) 8.610(2)
c [Å] 21.036(4) 11.710(4) 11.552(1) 10.486(2)
α [°] 90 88.155(5) 95.961(2) 108.930(4)
β [°] 99.399(4) 72.679(5) 95.340(2) 99.064(4)
γ [°] 90 66.709(4) 98.061(2) 104.803(4)
V [Å3] 5382.8(17) 763.4(4) 632.44(13) 676.9(3)
Z 4 1 1 2
Dcalcd. [g cm–3] 1.687 1.632 1.626 1.519
µ(Mo-Kα) [mm–1] 1.464 1.426 0.824 0.770
F(000) 2800 384 318 318
No. unique data 26200 6202 3439 5267
No. data with I�2σ(I) 10435 (Rint = 0.0673) 3276 (Rint = 0.0260) 2322 (Rint = 0.0114) 2580 (Rint = 0.0221)
R1, wR2

[a] [I�2σ(I)] 0.0482, 0.0913 0.0374, 0.0903 0.0303, 0.0747 0.0510, 0.1405
R1, wR2

[a] (all data) 0.0788, 0.0989 0.0546, 0.0989 0.0326, 0.0762 0.0664, 0.1529

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|, wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]1/2, w = [σ2(Fo)2 + (0.1(max(0,Fo

2) + 2Fc
2)/3)2]–1.

The FTIR spectra were recorded from KBr pellets in the range
4000–400 cm–1 with a Bruker-EQUINOX 55 FTIR spectrometer.
Variable-temperature magnetic susceptibility data were obtained
from a Quantum Design SQUID MPMS XL-7 magnetometer. The
diamagnetism of the sample and sample holder were taken into
account and its contributions to the susceptibility were corrected
using Pascal’s constants. The effective molar magnetic moments
were calculated with the equation µeff = 2.828(χMT)1/2.

[Ni4(abpt)2(abpt-H)(N3)5(O2CMe)2]·5H2O (1): To a methanolic
solution (20 mL) of Ni(O2CMe)2·4H2O (0.120 g, 0.5 mmol) was
added a solution of abpt (0.119 g, 0.5 mmol) in the same solvent
(20 mL) with magnetic stirring. Once the materials were dissolved,
NaN3 (0.036 mg, 0.5 mmol) was slowly added. The resultant mix-
ture was heated at reflux for 5 h and then filtered. The resulting
green solution was then maintained undisturbed at ambient tem-
perature. After 7 d, deep green crystals were collected (yield ca.
52% based on abpt). IR (KBr): ν̃ = 3449 (s), (br), 3070 (m), 2070
(s), 2041 (vs), 1562 (s), 1493 (s), 1463 (s), 1430 (s), 1342 (w), 1301
(w), 1284 (w), 1258 (m), 1159 (w), 1102 (w), 1056 (w), 1015 (m),
799 (s), 751 (m), 695 (m), 641 (m), 607 (w), 467 (w) cm–1.
C40H45N33Ni4O9 (1366.85): calcd. C 35.25, H 3.32, N 33.82; found
C 35.02, H 3.25, N 33.69.

[Ni2(bpt-H)2(SCN)2(H2O)2]·2H2O (2): A mixture of abpt (0.056 g,
0.25 mmol) and KNCS (0.186 g, 1.0 mmol) were added to a water/
ethanol solution (1:1, 15.0 mL) of NiCl2·6H2O (0.082 g,
0.33 mmol) and stirred. The resultant mixture was heated in a
stainless steel reactor with a Teflon liner at 150 °C for 72 h. After
a period of approximately 14 h cooling to room temp., green block-
like crystals were obtained, isolated simultaneously by filtration,
and washed with water (yield: 29%). IR (KBr): ν̃ = 3745 (m), 3343
(w), 3071 (m), 2934 (m), 2358 (m), 2108 (m), 2058 (s), 1608 (s), 147
(m), 1415 (m), 1267 (m), 1152 (s), 1050 (m), 777 (s), 731 (m), 633 (s)
cm–1. C26H24N12Ni2O4S2: calcd. C 41.64, H 3.23, N 22.41; found C
41.25, H 3.10, N 22.32.

α-[Ni(abpt)2(N3)2] (3α): The synthetic method was similar to that
of 1 by using 1:2:2 molar ratio of Ni2+/abpt/N3

– (yield 65%). IR
(KBr): ν̃ = 3331 (m), 3204 (s), 3116 (m), 2034 (s), 1639 (s), 1605
(s), 1590 (s), 1569 (s), 1491 (s), 1456 (s), 1426 (s), 1302 (s), 1254 (s),
1167 (s), 1047 (m), 1015 (s), 976 (s), 785 (s), 745 (s), 697 (s) cm–1.
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C24H20N18Ni: calcd. C 46.55, H 3.26, N 40.71; found C 46.42, H
3.20, N 40.53.

β-[Ni(abpt)2(N3)2] (3β): A mixture of abpt (0.120 g, 0.5 mmol) and
NaN3 (0.036 g, 0.5 mmol) were added to an aqueous solution
(15.0 mL) of Ni(O2CMe)2·4H2O (0.060 g, 0.25 mmol) and stirred.
The resultant mixture was heated in a stainless steel reactor with a
Teflon liner at 130 °C for 72 h. After a period of approximately
14 h cooling to room temp., green block-like crystals were obtained
(yield: 21%). IR (KBr): ν̃ = 3337 (m), 3223 (s), 3128 (m), 2053 (s),
1638 (s), 1613 (s), 1578 (s), 1557 (s), 1487 (s), 1498 (s), 1426 (s),
1302 (s), 1258 (s), 1188 (s), 1060 (m), 1025 (s), 998 (s), 774 (s), 765
(s), 666 (s), 601 (s), 426 (s) cm–1. C24H20N18Ni: calcd. C 46.55, H
3.26, N 40.71; found C 46.47, H 3.22, N 40.36.

Safety Note: Azide salts of metal complexes with organic ligands
are potentially explosive. Only small amounts of material should be
prepared and these should be handled with great caution.

X-ray Crystallographic Study: Diffraction intensities of 1, 2, 3α, and
3β were collected with a Bruker Apex CCD area-detector dif-
fractometer (Mo-Kα, λ = 0.71073 Å). For data reduction the
“Bruker Saint Plus” program was used.[15] Data were corrected for
Lorentz and polarization effects; empirical absorption correction
was applied by using multiscan program SADABS.[16] The struc-
tures were solved with direct methods and refined with a full-matrix
least-squares technique with the SHELXTL programs.[17] Non-hy-
drogen atoms were refined anisotropically. The positions of the hy-
drogen atoms for the carbon atoms were calculated assuming ideal
geometries, while those for the amino, imino groups, and water
molecules are located from the difference Fourier map and refined
with isotropic temperature factors. A summary of the data collec-
tion and structure refinement information is provided in Table 5.
Drawings were produced with SHELXTL.[18]

CCDC-285539 (for 1), -285540 (for 2), -294286 (for 3α), and
-294287 (for 3β) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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