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The reactions of different transition metals with the multi-
dentate ligand N,N�-bis(1,3,4-thiadiazol-2-yl)-2,6-pyridinedi-
carboxamide (btapca) afford six new polynuclear complexes:
the hexanuclear complexes [{Zn6(O)2(btapca)4}·3DMF·2H2O]
(1) and [{Zn6(O)2(btapca)4}·DMF·MeOH·H2O] (2); the penta-
nuclear complexes [{Zn5(OH)2(btapca)4}·4DMF·H2O] (3),
[{Co5(OH)2(btapca)4}·4DMF·MeOH·H2O] (4) and [{Ni5(OH)2-
(btapca)4}·4DMF·MeOH] (5); and the trinuclear complex
[{Fe3(OH)(btapca)3}·2DMF·2MeOH] (6). The dominant cha-
racteristic of these polynuclear complexes is that there are
µ3- or µ4-oxygen atoms in the metal polyhedrons. The hexa-
nuclear complexes 1 and 2 show similar octahedral features

Introduction

‘‘Self-assembly’’, defined by Whitesides as ‘‘the spon-
taneous assembly of molecules into structured, stable, non-
covalently joined aggregates’’,[1] was borrowed from biology
and since then has been widely used in modern coordi-
nation chemistry.[2] In traditional studies of supramolecular
self-assembly, hydrogen bonds are most frequently em-
ployed, as they are in all biological systems.[3] In recent ye-
ars, strong metal�ligand interactions in supramolecular
architectures aroused great interest. Consequently, the self-
assembly of organic ligands and inorganic metal ions be-
came one of the most efficient and widely utilized ap-
proaches to the construction of organic/inorganic coordi-
nation superarchitectures,[4] which have intriguing proper-
ties induced by direct or indirect M�M interactions or a
consequence of the positioning and identity of the coordi-
nation pockets within the ligand and the ability of metal
ion to read these sites in terms of its own coordination al-
gorithms.[5] Thus, such architectures exhibit potential appli-
cations in catalysis, electrical conductivity, molecular-based
magnets, and host-guest chemistry,[6] and can be exploitated
for the design of new materials with desirable properties
and the manufacturing of devices and molecular
machinery.[7�9]
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based on zinc centers. The five metal centers in complexes
3, 4 and 5 arrange into two triangles with one common ver-
tex. As for complex 6, three iron(II)/iron(III) atoms form a
plane with a µ3-OH− in the center. We also report the ma-
gnetic properties of complexes 4, 5 and 6. Complex 4 exhibits
intramolecular antiferromagnetic exchange, while the analo-
gous complex 5 is dominated by very strong intramolecular
ferromagnetic coupling. The trinuclear complex
[{Fe3(OH)(btapca)3}·2DMF·2MeOH] (6) shows comparable
weak antiferromagnetic coupling.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Thus far, various sophisticated supramolecules have been
constructed by self-assembly, such as squares, helices, met-
allacoronates, cages, capsules, tubes, cylinders, and many
high-dimensional structures.[3a,10�17] Amongst these diverse
architectures, polynuclear metal clusters have attracted
much attention.[18�20] For the preparation of such architec-
tures, well-designed organic ligands with the appropriate
choice of donors and bridging groups have become the fo-
cus of a great deal of research work. It is well-known that
polypyridyl groups have been very useful as programmed
components in self-assembly processes,[21] and many poly-
pyridyl ligands have been proved to be very useful in the
construction of polynuclear complexes. For example, the
alkoxy-diazine ligands have produced a series of high-
nuclearity complexes;[5] the pendent-arm ligand 1,4,7-tris-
(acetophenoneoxime)-1,4,7-triazacyclononane has resulted
in the formation of CuII, CoII,III, Ni4II, and Mn3

II,III com-
plexes;[22] the bis-chelating ligand 1,2-bis(2,2�-bipyridine-6-
yl)ethane has afforded a number of Mn complexes.[18] In
most cases, combining with the chelating ligands, oxide
bridges are always dominant in these polynuclear species,
and they enhance the superexchange between paramagnetic
metal ions. Chemists have also paid a great deal of attention
to magnetic properties in addition to the versatile struc-
tures,[23] and have found that such complexes exhibit un-
usual supramolecular magnetic properties.[18,22,24�30]

In recent years, our group has been engaged in the
study of functional coordination complexes, including
polymers[31�34] and polynuclear complexes.[35,36] The design
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of ideal multifunctional ligands is one of our main themes.
In this context, we prepared the ligand N,N�-bis(1,3,4-thia-
diazol-2-yl)-2,6-pyridinedicarboxamide (btapca) and ex-
plored its coordination properties. We found that it can pro-
duce different polynuclear complexes when reacted with dif-
ferent metal ions: the hexanuclear complexes
[{Zn6(O)2(btapca)4}·3DMF·2H2O] (1) and [{Zn6(O)2-
(btapca)4}·DMF·MeOH·H2O] (2); the pentanuclear
complexes [{Zn5(OH)2(btapca)4}·4DMF·H2O] (3),
[{Co5(OH)2(btapca)4}·4DMF·MeOH·H2O] (4) and
[{Ni5(OH)2(btapca)4}·4DMF·MeOH] (5); and the tri-
nuclear complex [{Fe3(OH)(btapca)3}·2DMF·2MeOH] (6).
The magnetic properties of complexes 4, 5, and 6 are also
reported here. The occurrence of indirect metal�metal in-
teractions and metal-oxygen-metal bridging functions leads
to dominant magnetic superexchange interactions.

Results and Discussion

Synthesis

Complexes 1�6 were synthesized by the reaction of
N,N�-bis(1,3,4-thiadiazol-2-yl)-2,6-pyridinedicarboxamide
(btapca) with different metal salts MX2 (M � ZnII, CoII,
NiII, FeII; X � NO3, OAc, Cl, I) in methanol and DMF
solution.

The reaction of Zn(NO3)2·6H2O with btapca in methanol
and DMF (1:1) yielded the hexanuclear complex
[{Zn6(O)2(btapca)4}·3DMF·2H2O] (1). Replacement of
Zn(NO3)2·6H2O with Zn(OAc)2·2H2O in the above reaction
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led to the related hexanuclear complex
[{Zn6(O)2(btapca)4}·DMF·MeOH·H2O] (2), which crys-
tallized in a different crystal system and space group to
those of complex 1. In contrast to complexes 1 and 2, we
found that the reaction of ZnI2 with btapca in a mixture of
THF and DMF (1:1) did not afford the hexanuclear com-
plex, but gave the pentanuclear complex [{Zn5(OH)2-
(btapca)4}·4DMF·H2O] (3) instead, which exhibits a ‘‘bow-
tie’’ backbone. Interestingly, we also obtained pentanuclear
complexes [{Co5(OH)2(btapca)4}·4DMF·MeOH·H2O] (4)
and [{Ni5(OH)2(btapca)4}·4DMF·MeOH] (5) in the pres-
ence of CoCl2·6H2O and Ni(NO3)2·6H2O, respectively, their
structures are similar to that of complex 3. The reaction
of FeCl2·4H2O with btapca led to the trinuclear complex
[{Fe3(OH)(btapca)3}·2DMF·2MeOH] (6), which has a
planar unit completely different from the structures of the
other five complexes.

The following chart illustrates the syntheses and struc-
tural relationships based on the above discussions.

Crystal Structure of [{Zn6(O)2(btapca)4}·3DMF·2H2O] (1)

The crystal structure of complex 1 is illustrated in Fig-
ure 1. In the structure, there are six ZnII ions bound by four
ligands in the available coordination polyhedron. These six
zinc atoms show two different kinds of coordination en-
vironments. The inner Zn(3) and Zn(4) atoms are coordi-
nated in a roughly tetrahedral fashion, with two N atoms
from different btapca ligands, and O(9) and O(10). The
Zn(3)�N(O) bond lengths lie in a fairly narrow range
[1.979(9)�2.022(14) Å], and the N�Zn(3)�O angles vary
from 109.5° to 117.2°. The corresponding bond lengths and
angles around Zn(4) are identical to those of Zn(3), in the
range 1.964(9)�2.00(2) Å and 107.7(5)�115.8(5)°, respec-
tively. The Zn(3)···Zn(4) distance is 2.802(2) Å, suggesting
that there is a strong interaction between Zn(3) and Zn(4).
Such short Zn···Zn distances are unusual in polynuclear
zinc complexes.[37�43]
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Figure 1. The hexanuclear backbone of [{Zn6(O)2(btapca)4}·
3DMF·2H2O) (1)

The other four zinc atoms Zn(1), Zn(2), Zn(5) and Zn(6)
are connected to Zn(3) and Zn(4) through the O(9) and
O(10) atoms. All these four Zn atoms are five coordinate
and exhibit an approximately tetragonal pyramidal coordi-
nation geometry. In the polyhedron of Zn(5), N(17), N(18),
N(19), O(10) lie in the basal plane, with a best least-squares
deviation of 0.1274 Å, and N(23) occupies the apex. Zn(6)
is identical to Zn(5). The slightly longer Zn(1)···Zn(2)
[3.129(3) Å] and Zn(5)···Zn(6) [3.144(3) Å] distances sug-
gest weaker interactions between the Zn atoms than
Zn(3)···Zn(4), but still show a close Zn···Zn contact com-
pared to those in the literature (falling in the range
3.0�4.4 Å).[37�43]

Considering the six zinc atoms as the symmetry core, the
motif can be described as a rough octahedron. There is a
pseudo-fourfold axis along Zn(3) and Zn(4). The basal
plane is made up of Zn(1), Zn(2), Zn(5) and Zn(6), with a
deviation of 0.0540 Å, and the four edges are 3.129, 3.144,
4.995 and 5.161 Å, respectively. Zn(3) and Zn(4) occupy the
two apical sites.

The skeleton of 1 can also be described as edge-shared
double tetrahedrons. Two isolated oxygen atoms are located
in the center of each tetrahedron, and Zn(3)···Zn(4) is the
common edge. In the outside of the Zn6O2 core, four li-
gands coil in a tetra-helical style.

The asymmetric unit contains two formula units; all the
asymmetric units pack in a three-dimensional fashion based
on hydrogen bonding. Along the crystallographic a direc-
tion, every [Zn6(O)2(btapca)4] unit is linked through
O(2)···S(7) and O(2)···H�C(7). O(3)···H�C(33) hydrogen
bonds form in the b direction, and O(8)···H�C(28) and
O(1)···H�C(17) bonds in the c direction. All these contacts
are weak van der Waals interactions, whose distances are in
the range 2.375�3.140 Å. Although these interactions are
comparatively weak, they may play a role in the stabili-
zation of the crystal structure. The solvent DMF and H2O
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molecules do not influence the structure of [Zn6(O)2-
(btapca)4], and are dispersed in the spaces of the structure.

Crystal Structure of
[{Zn6(O)2(btapca)4}·DMF·MeOH·H2O] (2)

Complex 2 has a different space group from complex 1,
but its crystal structure is similar to that of 1 except for the
solvent molecules. The two Zn�N distances are in the
ranges 2.020(6)�2.284(6) Å and 1.972(6)�1.996(6) Å, and
the Zn�O distances are in the range 1.939(5)�1.989(5) Å,
slightly shorter than the corresponding distances in 1. The
shortest Zn···Zn distance is 2.8103 Å, and the longest
3.1456 Å. The asymmetric units also pack in a three-dimen-
sional fashion through hydrogen bonding [O(4)···H(47),
O(13)···H(11), O(2)···H(7) and S(6)···H(5)]. The lengths of
these hydrogen bonds range from 2.470 to 2.934 Å.

The crystal structures of hexanuclear complexes 1 and 2
are very novel, although various Zn-containing polynuclear
complexes have been reported previously. For example, in
the hexanuclear zinc() cage [Zn6Cl4(3,5-Me2PzH)8-
(PhPO3)4] (Me2PzH � 3,5-dimethylpyrazole), the six zinc
centers are arranged in a chair-like conformation.[38]

The tetranuclear complex [Zn2L(µ1,1-HCO2)(µ1,3-HCO2)]2-
(ClO4)2 {L � 2,6-bis[N-2-(2�-pyridylethyl)formimidoyl]-4-
methylphenol}[37] consists of two identical dinuclear
[Zn2L(µ1,1-HCO2)(µ1,3-HCO2)]� subunits which connect to
each other through an interaction between the dangling
oxygen of the formate and the zinc atom of the other sub-
unit. The structure of the trinuclear compound [Zn3Cl(3,5-
Me2Pz)4(tBuPO3)2][38] contains a planar trizinc assembly
containing two bicapping µ3[tBuPO3]2� ligands and ter-
minal pyrazole and chloride ligands. The trinuclear com-
plex [Zn3L(NH3)3(H2O)3]Cl·H2O[44] [L � tris(2-hydroxy-
benzylidene)triaminoguanidine] adopts a propeller-like
conformation. The six zinc centers in complexes 1 and 2
arrange in a completely different way, with a roughly octa-
hedral conformation.

Crystal Structure of [{Zn5(OH)2(btapca)4}·4DMF·H2O] (3)

The pentanuclear backbone is based on a Zn5(µ3-OH)2

‘‘bow-tie’’ cluster in which two triangles share one vertex
[Zn(2)]. The three edges of each triangle are 3.413, 3.269,
3.269 Å, respectively, making it close to isosceles. The struc-
tural unit is illustrated in Figure 2. There is a 4(1)/n sym-
metry axis running through the central Zn(2) atom, and
each asymmetric unit contains two formula units.

Zn(1) is six-coordinate by N(3), N(4), N(5), O(3), N(2),
N(7) from three ligands. N(3), N(4), N(5) and O(3) com-
prise the equatorial plane, with a deviation of 0.0622 Å,
and N(2) and N(7) occupy the two axial positions. Zn(2) is
also in an octahedral coordination environment, with four
N atoms in the equatorial plane and two O atoms at the
axis. The Zn(2)�O distances fall in the range
1.940(11)�2.041(8) Å. O(3) is located in the mean plane of
Zn(1)�Zn(1A)�Zn(2) with a best least-squares deviation
of 0.1751 Å. The Zn�O�Zn angles fall in a fairly narrow
range [110.4(4)�119.2(6)°]. The Zn�O and Zn�N bond
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Figure 2. The pentanuclear unit of [{Zn5(OH)2(btapca)4}·
4DMF·H2O) (3)

lengths are similar to those reported in the
literature,[9,39,40,45�47] which are in the range 1.92�2.42 Å.

Complex 3 has a cage-like skeleton taking into account
the hydrogen bonds. The solvent DMF and H2O molecules
are located in the cages and do not take part in the hydro-
gen bonding. The hydrogen bonds are formed between
O(2)···H(1) and O(1)···H(11) with distances of 2.561 and
2.557 Å, respectively; the O(2)···S(1) distance is 3.180 Å,
which indicates a weak van der Waals interaction.

Crystal Structure of
[Co5(OH)2(btapca)4}·4DMF·MeOH·H2O] (4)

The molecular structure of complex 4 is depicted in Fig-
ure 3. The pentanuclear backbone is similar to 3: a 4(1)/n
symmetry axis runs through the central Co(2) atom and
each asymmetric unit contains two formula units. Each tri-
angle has a µ3-OH at its center and is held together by four
peripheral ligands in a manner similar to the polymer
[{Co5(OH)2{1,2,4,5-(O2C)4C6H2}2(H2O)4]·xH2O}n.[48] Five
cobalt centers share four ligands. Co(1) is coordinated by
three ligands and two oxygens, while Co(2) is bound to four
ligands and two oxygens. The two Co3 triangles, joined
through a Co(2) vertex, are almost isosceles, with edges of
3.346, 3.359, 3.359 Å, respectively. The dihedral angle of
the two triangles is 90.0°. The longer distances
Co(1B)···Co(1A) and Co(1B)···Co(1) are 6.288 Å. Conse-
quently, a virtual S2 axis through Co(2) atom can be postu-
lated from the Co5 core. In the tetranuclear
[Co4O4(O2CR)2(bpy)4]3� (bpy � 2,2�-bipyridine) salts,[49]

the Co···Co distances are in the range 2.874(1)�2.641(1) Å;
such short Co···Co distances are the result of short bridges
formed only by oxygen atoms. On the contrary, the Co···Co
distances in the trinuclear cation [L2Co2

IIICoII]2� [H3L �
1,4,7-tris(acetophenoneoxime)-1,4,7-triazacyclononane][22]

are much longer [3.402(2) and 6.805(4) Å, respectively].
Generally, the reported Co···Co distances range from 2.4 Å
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to 3.5 Å.[50�53] The Co···Co distances in 4 (about 3.3 Å)
are in this range.

Figure 3. The pentanuclear unit of [{Co5(OH)2(btapca)4}·
4DMF·MeOH·H2O) (4) in which two triangles share one common
vertex based on cobalt centers

Complex 4 can also be described as four Co(btapca) frag-
ments joined to the Co(2) atom through oxygen bridges.
The central Co(2) is bonded by N(2), N(2A), N(2B) and
N(2C) from different ligands and two µ3-O(3) atoms. The
four nitrogen atoms from the equatorial plane and the two
oxygen atoms occupy the axial positions. The
O(3)�Co(2)�O(3B) bond angle of 158.0(3)° is far from the
octahedral value of 180°. The Co(2)�O(3) distance
[2.021(7) Å] is significantly shorter than the Co�O distance
[2.082(3) Å] in the cation [L2Co2

IIICoII]2�.[22] This phenom-
enon is expected for an axially compressed Jahn�Teller ion:
‘‘The high-spin CoII (t2g

5eg
2) complexes are susceptible to

Jahn�Teller distortions although the structural effect
would be expected to be considerably less pronounced,
since the degeneracy occurs in the t2g d-orbital set rather
than in the eg set’’.[22] The antiferromagnetic effect of com-
plex 4 further confirms the high-spin d7 electronic configu-
ration of the Co centers.

Each Co(1) atom is also in a distorted octahedral en-
vironment surrounded by N(3), N(4), N(5), N(6), N(1) and
O(3). The Co(1B) atom is located in the mean plane of
N(3B)�N(4B)�N(5B)�O(3B) with a deviation of 0.0912
Å. Along the axial direction, the two apical positions are
occupied by N(1A) and N(6C), which come from another
two ligands. The Co(1)�N(O) distances are in the range
1.998(10)�2.262(5) Å, and are in agreement with the high-
spin description of the CoII centers.

All the structural units are loosely packed in line along
the a axis, and there are only weak O(1)···S(2) (3.228 Å)
interactions between every two units. Solvent molecules oc-
cupy the space between the units.
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Crystal Structure of [{Ni5(OH)2(btapca)4}·4DMF·MeOH]
(5)

As in the cases of 3 and 4, the structure of 5 also consists
of a pentanuclear [Ni5(OH)2(btapca)4], a 4(1)/n symmetry
axis runs through the central Ni(2) atom, and each asym-
metric unit contains two formula units. The structural unit
is illustrated in Figure 4. Five NiII ions are bridged by 24
nitrogen atoms, with four ligands coiling round the
[Ni5(OH)2] core. The distance between two adjacent Ni(1)
atoms is 3.444 Å, and the Ni(1)···Ni(2) distances are 3.287
Å. In this point it is similar to 3, in which the distances
between two adjacent Zn(1) atoms are about 3.4 Å, while
the Zn(1)···Zn(2) distances are much shorter (about 3.2 Å).
The Ni(1)�N(amide) distances fall in the range
2.129(7)�2.151(7) Å, and the Ni(2)�N(thiazole) distances are
slightly longer [2.276(7) Å]; the Ni�N(py) distance [1.966(7)
Å] is much shorter.

Figure 4. The pentanuclear structure of [{Ni5(OH)2(btapca)4}·
4DMF·MeOH) (5), showing similar feature to those of complex 3
and 4; the µ3-OH has been located exactly

The structure of 5 is loosely packed in three dimensions.
O(1)···S(2) (3.236 Å) and S(1)···H(7) (2.941 Å) hydrogen
bonds are found to connect the whole structure. Channels
can be easily seen along the direction perpendicular to the
ac plane, and the solvent molecules are found in these chan-
nels.

Although the skeleton of 5 is similar to those of 3 and 4,
there is a major difference between them. In 3 or 4, the µ3-
OH is disordered in the center of the M3 core whereas in 5,
µ3-OH can be located exactly, with a Ni(1)�O(µ3) distance
of 2.041(6) Å and a Ni(2)�O(µ3) distance of 1.703(10) Å.
The short length of the Ni(1)�O(µ3)�Ni(2) bridge (about
3.74 Å) leads to active superexchange between the metal
ions, as shown by their magnetic-exchange phenomena.
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There are many Ni-based complexes with nuclearities
ranging from two to eight. The octanuclear ring
[Ni8(DPKOH-2H)4(H2O)8](BF4)8·16H2O[54] {DPKOH-
2H � 1,2-bis[di(pyridin-2-yl)methyleneamino]oxalodiimidic
acid}, for example, has a square grouping of six-coordinate
NiII centers arranged in the external ligand pockets. Tetra-
nuclear NiII complexes are also common,[22,28,29,55�57] for
example the [2 � 2] square tetranuclear grid [Ni4(POAP-
H)4(H2O)4](NO3)4·8H2O (POAP � alkoxydiazine li-
gand),[55] the dimer of dimers complex [Ni4(ICIMP)2-
(Ph2Ac)2(urea)(H2O)][ClO4]2 [56] [ICIMP � 2-{N-isopropyl-
N-[(1-methylimidazolyl)methyl]aminomethyl}-6-{N-carb-
oxylmethyl)-N-[(1-methylimidazolyl)methyl]aminomethyl}-
4-methylphenol], the cation [{(L2)Ni2(µ-pydz)(N3)2}2]2�

{L2 � N,N�-bis[(2-thio-3-aminomethyl-5-tert-butylbenzyl)-
propane-1,3-diamine]},[57] which contains a rectangular ar-
ray of four NiII ions, tetrameric [Ni4L3(H2O)][ClO4]2·2H2O
[H2L � bis(3-propionyloxy)-1,5-diazacyclooctane],[29]

which has a planar triangular Ni4 topology, the dicubane-
like tetramer [Ni(dpk·OH)(N3)]4·2H2O [dpk � di(2-pyridyl)
ketone],[28] and the planar trigonal-shaped tetranuclear NiII

species [Ni4(HL)3]2�[22] [HL � 1,4,7-tris(acetophenone-
oxime)1,4,7-triazacyclononane]. There are also several re-
ported dinuclear nickel() complexes,[58�60] while only a
limited number of pentanuclear NiII complexes have
been reported, such as the five-membered ring
[Ni5(bptz)5(CH3CN)10][SbF6]10 [bptz � 3,6-bis(2-pyri-
dyl)1,2,4,5-tetrazine].[61] As for the pentanuclear NiII

species 5, its conformation is completely different. The
pentanuclear backbone is based on a Ni5(µ3-OH)2 ‘‘bow-
tie’’ cluster, in which two triangles have a common vertex.
Comparing complex 5 with these reported NiII complexes,
we found that all of them have O atoms as bridges and
similar Ni···Ni distances and Ni�O�Ni angles.

Crystal Structure of [{Fe3(OH)(btapca)3]·2DMF·2MeOH]
(6)

The molecular structure of complex 6 (Figure 5) is based
on an isosceles triangular Fe3 fragment with a bridging µ3-
OH at the center of the triangle. A C2 symmetry axis
through Fe(2) and the central O(4) atom can be found.
Three ligands join three iron atoms through nitrogen atoms
from the thiadiazole ring; the bridging µ3-OH reinforces the
trianglar framework. The Fe(1)�Fe(1A), Fe(1)�Fe(2) and
Fe(1A)�Fe(2) distances are 3.261, 3.227 and 3.227 Å,
respectively, within the range of 2.93�3.65 Å reported in
the literature.[26,62] A µ3-O(4) atom bridges three iron atoms
[Fe(1), Fe(1A) and Fe(2)] with Fe�O distances of 1.878(3),
1.878(3) and 1.853(7) Å, respectively. The distance of
1.853(7) Å is typical for Fe3��O2� bonds in trinuclear (car-
boxylato)(µ3-oxo) complexes.[63] A comparison of the µ3-
O�Fe distances in complex 6 with corresponding distances
in [Fe3O(O2CC(CH3)3]6(C5H5N)3] (µ3-O�Fe3� 1.85, at
295 K),[64] favors the assumption that the oxidation state of
the Fe(2) atom is �3. The valence of the other two Fe
atoms remains to be �2.
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Figure 5. The triangle plane of [{Fe3(OH)(btapca)3}·
2DMF·2MeOH) (6), consisting of mixed-valence FeII and FeIII ions
connected together through a µ3-OH group

Both the FeII and FeIII ions in 6 have a distorted octa-
hedral geometry with a µ3-oxygen and five nitrogen atoms.
Each Fe center is coordinated simultaneously by three li-
gands. For example, in the coordination environment of
Fe(1), the N(3), N(4) and N(5) donors come from one li-
gand, N(2A) from the other, and N(8) from the third. µ3-
O(4) and N(4)(py) are at the trans positions for all three Fe
centers. The four equatorial coordination sites are occupied
by N(3), N(4), N(5) and O(4), which are essentially co-
planar, with a deviation of 0.0015 Å. Fe(1) is almost in the
center of the coordination plane, which deviates from the
mean plane by only 0.0019 Å. N(2A) and N(8) from the
other two ligands bond to the Fe(1) axial positions to com-
plete the octahedral geometry. The Fe�N distances fall in

Figure 6. Thermal evolution of χpT and χp
�1 of [{Co5(OH)2(btapca)4}·4(DMF·MeOH·H2O) 4. (χp is the paramagnetic susceptibility of 4)
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the range 2.085(9)�2.229(6) Å, which is the typical range
for these systems. Three ligands overlap each other like a
Chinese knot. Three iron atoms support the triangle knot
through a µ3-oxygen atom. Thus, a closer Fe···Fe contact is
found in complex 6, which benefits the magnetic exchange
between the iron centers.

The structure of 6 packs in a large cage-like fashion, in
which all the [Fe3(OH)(btapca)3] units are linked through
hydrogen bonding [O(1)···H(11): 2.468 Å; O(3)···H(1): 2.535
Å]. DMF and MeOH solvent molecules occupy the large
cages, and the DMF molecules form further hydrogen
bonds with [Fe3(OH)(btapca)3] units [O(5)···H(6): 2.526 Å].

Magnetic Study

The magnetic characterization of 4�6 was carried out by
measurement of the thermal variation of the paramagnetic
susceptibilities χp under a magnetic field of 500 G. Because
ZnII has no unpaired electrons, complexes 1�3 are expected
to be diamagnetic.

The magnetic properties of 4 were investigated as de-
scribed in Figure 6. The χpT product exhibits a regular de-
crease from 3.36 cm3·K·mol�1 at 241 K to 0.97
cm3·K·mol�1 at 5 K, indicating a dominant antiferromag-
netic interaction and the spin-orbit coupling of the octa-
hedral CoII centers. Because of this, the µeff value (5.15 µB)
of 4 at room temperature is larger than the spin-only value
of high-spin cobalt() (3.87 µB; µso � [4S(S � 1)]1/2; S �
3/2). From 241 to 261 K, χpT gradually decreases from 3.36
to 3.24 cm3·K·mol�1, which is an anomaly. This may be
due to a transition, possibly associated with the freezing
of solvent molecules in the structure and some structural
modification. From 261 to 299 K, χpT gradually increases
from 3.24 to 3.32 cm3·K·mol�1. The close agreement be-
tween the experimental and expected µeff values when the
spin momentum and orbital momentum exist indepen-
dently [5.20 µB; µ1s � [L(L � 1) � 4S(S � 1)]1/2; L � 3,
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S � 3/2] suggests that there is a contribution of the orbital
angular momentum typical for the 4T1g ground state.

The inverse susceptibility varies linearly with tempera-
tures in the experimental regime (85 K � T � 242 K) and
is well fitted in this region by using the Curie�Weiss law,
giving C � 3.71 cm3·K·mol�1 and θ � �37 K, which
further prove the antiferromagnetic exchange. At lower and
higher temperatures, χp

�1 shows a characteristic curvature.
In complex 4 there are three kinds of magnetic exchange

pathways, namely a CoII-CoII interaction via the µ3-OH
bridge, a magnetic coupling between CoII and CoII through
the N(thiazole)�N(thiazole) pathway (5.89 Å), and a CoII-CoII

interaction via the N(amide)�C�N(thiazole) bridge (7.077 Å).
In consideration of the structural framework, the spin-bear-
ing centers would like to couple antiferromagnetically in tri-
angular or tetrahedral arrays.[65,66] When the unpaired elec-
trons are aligned at 120° and 109° in the triangular and
tetrahedral units, respectively, the overall spin vector is
equal to zero, as is required for antiferromagnetic coup-
ling.[65] In the spin Co3O core the Co�O�Co bond angles
are about 113°, in accordance with antiferromagnetic be-
haviour.

The magnetic properties of 5 were studied in the range
5�302 K and the results are given in Figure 7 in the form
of χpT vs. T and χp

�1 vs. T plots. The variation of χp
�1 is

well described by the Curie�Weiss law from 302 to 5 K.
The value Cm � 5.07 cm3·K·mol�1 and Weiss temperature
θ � �2 K are characteristic of a ferromagnetic superex-
change. The magnitude of χpT increases continuously with
decreasing temperature from 5.11 cm3·K·mol�1 (five Ni
atoms) at room temp., with a small peak of 5.46
cm3·K·mol�1 at 50 K. From 50 to 44 K, the value of χpT
decreases slightly from 5.46 to 5.43 cm3·K·mol�1. After
further cooling, the curve rapidly increases to 6.25
cm3·K·mol�1 at 6 K, and then χpT begins to decrease. The
small peak at around 50 K may be due to molecular oxygen.
These results are indicative of the occurrence of ferromag-

Figure 7. Thermal evolution of χpT and χp
�1 of [{Ni5(OH)2(btapca)4}·4DMF·MeOH) (5); χp is the paramagnetic susceptibility of 5
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netic coupling between the metallic centers. The effective
magnetic moment at room temperature is 6.4 µB, which
agrees very well with the spin-only value for five Ni atoms
(6.32 µB).

In spite of their structural similarity, complex 5 exhibits
quite different magnetic behaviour from 4. We attributed
this to the different exchange centers. The metallic centers
have superexchange through different pathways, including
the btapca ligands and a µ3-O. Regularly, if the Ni�O�Ni
angle is 120°, the complex will exhibit an antiferromagnetic
behavior.[67] For face-sharing dioctahedral nickel com-
plexes, Ni�X�Ni bridging angles of (90 � 14°) are an indi-
cation of a ferromagnetic interaction.[29,57,68] The
Ni�O�Ni angles in structure 5 are 115.1(5)° and 122.5(2)°,
but we can still see a ferromagnetic interaction from the
experimental data. Thus, the magnetic exchange through
the btapca ligands could dominate even though the path-
way through the µ3-O is much shorter. The low efficiency of
these exchange pathways explains the weak ferromagnetic
behavior observed for 5, although the magnetic exchange
centers are relatively close to each other. Moreover, the dis-
tortions of octahedral geometry around the Ni ion [Ni�N
distances ranging from 1.966(7) to 2.276(7) Å with Ni�O
lengths of 2.041(6) and 1.704(10) Å] account for the slight
weakening of the observed ferromagnetic coupling. Conse-
quently, differences in the bond lengths around Ni ions are
directly related to the overlap between the dx2�y2 orbital
and thus affect the magnitude of the ferromagnetic coup-
ling.

The magnetic behavior of complex 6 is shown in Figure 8
in the form of a χpT vs. T plot. χpT decreases continuously
from 3.14 cm3·K·mol�1 at 302 K to 0.67 cm3·K·mol�1 at
4 K. This behavior is consistent with an antiferromagnetic
interaction between the exchange centers. The magnetic sus-
ceptibility, plotted as χp

�1 vs. T in Figure 8, follows the
Curie�Weiss expression χp � C/(T � θ) between 110 K and
300 K, with a Curie constant of 3.30 cm3·K·mol�1 and a
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Figure 8. Plots of χpT and χp
�1 vs. T for [{Fe3(OH)(btapca)3}·2DMF·2MeOH) (6); χp is the paramagnetic susceptibility of 6

Curie�Weiss temperature, θ, of �49 K. Below 110 K, the
data do not strictly obey the Curie�Weiss law. The effective
paramagnetic moment, µeff, is 5.0 µB, indicating a high-spin
state for both FeII (S � 2) and FeIII (S � 5/2) centers. The
negative sign for θ suggests an overall antiferromagnetic
coupling between the mixed-valence FeII-FeIII centers.

The magnetic interactions between Fe ions in 6 are
achieved mainly through the µ3-O atom. Although the pres-
ence of N�C�N bridges provides an additional exchange
pathway (Fe-N-C-N-Fe about 7.04 Å), they can be neg-
lected due to the shorter Fe�O�Fe bridges (Fe�O�Fe
about 3.73 Å). The Fe···Fe distances (about 3.2 Å) differ by
only 0.04 Å, and the average Fe�O�Fe angle is 120°. The
restricted Fe�O�Fe angle in the iron-Oµ3 plane structures
allows magneto-structural correlations. The typical obtuse
angle of 120° induces an antiferromagnetic interaction.

The Mössbauer spectrum of complex 6 is similar to that
observed for another trimeric, mixed-valent, oxo-centered
complex,[69] although it is remarkably different from other
trimeric, mixed-valence, oxo-centered complexes.[70,71] The
doublets in the Mössbauer spectrum of 6 at room tempera-
ture are far from the ratio of 2:1, with isomer shifts and
quadrupole splittings of δI � 0.27 mm·s�1, ∆EQI �
1.75 mm·s�1 and δII � 0.72 mm·s�1, ∆EQII � 2.63 mm·s�1

(Figure 9). This denotes some degree of delocalization (val-
ence detrapping) of the extra electron over the three Fe sites.
At room temperature only one doublet is usually found for
trimeric, mixed-valent, oxo-centered transition metal com-
plexes due to full delocalization of the ‘‘excess’’ electron
over the three iron sites (‘‘valence-detrapped state’’).[69,70]

Complex 6 exhibits a partially valence-delocalized (partially
valence-detrapped) state which is similar to the case of a
reported FeII/FeIII complex.[69]
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Figure 9. The Mössbauer spectrum of complex
[{Fe3(OH)(btapca)3}·2DMF·2MeOH) (6) at room temperature

Conclusion

We have succeeded in obtaining a series of polynuclear
complexes constructed from polydentate ligands and differ-
ent transition-metal salts. The number of metal atoms in
these polynuclear complexes ranges from 3 to 6. A µ3-O
atom is a dominant feature in the formation of all these
structures. The magnetic behavior of complex 5 shows a
ferromagnetic interaction between the NiII ions, while com-
plexes 4 and 6 both exhibit typical antiferromagnetic ex-
change between the metal centers.
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Experimental Section

General Techniques: 2-Amino-1,3,4-thiadiazole (TBA) was pre-
pared according to a published method.[72] All the other starting
chemicals and solvent were commercially available with analytical
purity and were used without further purification. A PE 240C El-
emental Analyzer was used to perform the elemental analysis. In-
frared spectra were measured on a Bruker Tensor 27 infrared spec-
trophotometer. Fast atom bombardment (FAB) mass spectra were
obtained on a Bruker Esquire 3000 mass spectrometer. NMR spec-
tra were obtained using a Bruker DPX-400 spectrometer.

Preparation of N,N�-Bis(1,3,4-thiadiazol-2-yl)-2,6-pyridinedicarbox-
amide (btapca): 2,6-Pyridinedicarboxylic acid (1.67 g, 10 mmol) was
dissolved in 20 mL of SOCl2. The mixture was refluxed until the
white powder dissolved completely. The residual SOCl2 was then
removed under reduced pressure. The resulting 2,6-pyridinedicar-
bonyl dichloride was dissolved in 10 mL of anhydrous pyridine.
This pyridine solution of 2-aminodithiazole (2.02 g, 20 mmol) was
added dropwise to the 2,6-pyridinedicarbonyl dichloride whilst stir-
ring in an ice bath. Stirring for 4 h resulted in the formation of a
white precipitate, which was filtered under reduced pressure and
washed with water and methanol. Yield: 2.25 g (70%).
C11H7N7O2S2 (333.01): calcd. C 39.64, H 2.12, N 29.41; found C
39.84, H 2.27, N 28.11. 1H NMR (400 MHz, DMSO): δ � 8.39 (q,
H), 8.50 (d, 2 H), 9.36 (s, 2 H), 13.73 (d, 2 H) ppm. Positive-ion,
ESI-MS: m/z � 333.9 [btapca � H�].

Synthesis of [{Zn6(O)2(btapca)4}·3DMF·2H2O] (1): A DMF solu-
tion (5 mL) of btapca (0.1 mmol, 0.0333 g) was added to a meth-

Table 1. Crystal data and structure refinement for complexes 1�6

1 2 3 4 5 6

Empirical formula C53H45N31O15S8Zn6 C48H33N29O13S8Zn6 C56H52N32O15S8Zn5 C57H52Co5N32O17S8 C57H54N32Ni5O15S8 C41H38Fe3N23O11S6

Molecular mass 2004.90 1872.73 1996.63 2008.44 1977.35 1388.85
Temperature 291(2) K 291(2) K 291(2) K 291(2) K 293(2) K 291(2) K
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å
Crystal system triclinic monoclinic tetragonal tetragonal tetragonal monoclinic
Space group P1̄ P21/n P42/n P42/n P42/n C2/c
Unit cell dimensions a � 14.634(3) Å a � 13.112(3) Å a � 14.821(2) Å a � 14.805(2) Å a � 14.792(2) Å a � 15.981(3) Å

b � 20.794(4) Å b � 37.227(7) Å b � 14.821(2) Å b � 14.805(2) Å b � 14.792(2) Å b � 20.199(4) Å
c � 12.904(3) Å c � 14.510(3) Å c � 18.462(4) Å c � 18.421(4) Å c � 18.108(4) Å c � 19.513(4) Å
α � 99.14(3)° α � 90° α � 90° α � 90° α � 90° α � 90°
β � 96.24(3)° β � 108.56(3)° β � 90° β � 90° β � 90° β � 102.47(3)°
γ � 71.48(3)° γ � 90° γ � 90° γ � 90° γ � 90° γ � 90°

Volume 3668.8(13) Å3 6714(2) Å3 4055.5(11) Å3 4037.7(11) Å3 3962.0(11) Å3 6150(2) Å3

Z 2 4 2 2 2 4
Calculated density 1.815 Mg/m3 1.853 Mg/m3 1.635 Mg/m3 1.652 Mg/m3 1.657 Mg/m3 1.501 Mg/m3

Absorption coefficient 2.243 mm�1 2.441 mm�1 1.743 mm�1 1.296 mm�1 1.459 mm�1 0.973 mm�1

F(000) 2016 3744 2020 2034 2016 2832
Index ranges 0 � h � 17 �15 � h � 14 �17 � h � 17 0 � h � 17 �17 � h � 17 �18 � h � 14

�21 � k � 24 �44 � k � 43 0 � k � 17 �17 � k � 17 0 � k � 17 14 � k � 24
�15 � l � 15 0 � l � 17 �21 � l � 21 �21 � l � 21 �21 � l � 20 �22 � l � 22

Reflections 8194/8194 15422/9468 9960/3331 10257/3115 10847/3304 7745/4499
collected/unique [R(int) � 0.0000] [R(int) � 0.0631] [R(int) � 0.0478] [R(int) � 0.0463] [R(int) � 0.0442] [R(int) � 0.0436]
Refinement method full-matrix full-matrix full-matrix full-matrix full-matrix full-matrix

least-squares on F2 least-squares on F2 least-squares on F2 least-squares on F2 least-squares on F2 least-squares on F2

Data/restraints/ 8194/6/934 9468/0/938 3331/5/241 3115/2/272 3304/4/241 4499/0/347
parameters
Final R(int) R1 � 0.0773 R1 � 0.0556 R1 � 0.0768 R1 � 0.0580 R1 � 0.0832 R1 � 0.0737
[I � 2σ(I)]

wR2 � 0.1739 wR2 � 0.1003 wR2 � 0.1947 wR2 � 0.1594 wR2 � 0.2615 wR2 � 0.2000
Largest diff. peak 1.306 and 1.158 and 0.979 and 0.698 and 1.470 and 0.810 and
and hole �0.684 e·Å�3 �0.811 e·Å�3 �0.438 e·Å�3 �0.926 e·Å�3 �3.822 e·Å�3 �0.570 e·Å�3
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anol solution (5 mL) of Zn(NO3)2·6H2O (0.2 mmol, 0.0595 g). The
mixture solution was then evaporated to 30% of the original vol-
ume at room temperature. Colorless crystals were collected after
two weeks with a yield of 30%. IR (KBr pellets): ν̃ � 3082, 1625,
1667, 1293 cm�1. C53H45N31O15S8Zn6 (2004.9): calcd. C 31.72, H
2.24, N 21.65; found C 31.51, H 2.31, N 21.22.

Synthesis of [{Zn6(O)2(btapca)4}·DMF·MeOH·H2O] (2): A DMF
solution (5 mL) of btapca (0.1 mmol, 0.0333 g) was added to a
methanol solution (5 mL) of Zn(OAc)2·2H2O (0.2 mmol, 0.0439 g).
The mixture was allowed to stand in air at room temperature for a
week resulting in colorless crystals suitable for X-ray diffraction.
Yield: 46%. IR (KBr pellets): ν̃ � 3450, 1626, 1467, 1427, 1376,
1070, 959, 885, 529 cm�1. C48H33N29O13S8Zn6 (1872.7): calcd. C
30.76, H 1.76, N 21.68; found C 30.95, H 1.58, N 22.01.

Synthesis of [{Zn5(OH)2(btapca)4}·4DMF·H2O] (3): A DMF solu-
tion (5 mL) of btapca (0.1 mmol, 0.0333 g) was added to a THF
solution (5 mL) of ZnI2 (0.2 mmol, 0.0638 g). A light-yellow solu-
tion was obtained after filtration, and this was placed under air.
Colorless polyhedral crystals appeared after two weeks. Yield: 25%.
IR (KBr pellets): ν̃ � 3445, 3095, 1639, 1538, 1466, 1444, 1377,
1075, 959, 889 cm�1. C56H52N32O15S8Zn5 (1996.6): calcd. C 33.66,
H 2.60, N 22.44; found C 33.36, H 2.83, N 22.37.

Synthesis of [{Co5(OH)2(btapca)4}·4DMF·MeOH·H2O] (4): A
DMF solution (5 mL) of btapca (0.1 mmol, 0.0333 g) was added
dropwise to a methanol solution (5 mL) of CoCl2·6H2O (0.2 mmol,
0.0476 g). The resulting red solution produced dark-red crystals
suitable for X-ray analysis after four days. Yield: 52%. IR (KBr
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pellets): ν̃ � 3435, 3069, 1709, 1667, 1612, 1437, 1366, 1077, 954,
888 cm�1. C57H52Co5N32O17S8 (2008.4): calcd. C 34.06, H 2.59, N
22.31; found C 35.22, H 2.27, N 22.65.

Synthesis of [{Ni5(OH)2(btapca)4}·4DMF·MeOH] (5):
Ni(NO3)2·6H2O (0.1 mmol, 0.0291 g) was dissolved in 5 mL meth-
anol, and a DMF solution (5 mL) of btapca (0.1 mmol, 0.0333 g)
was added dropwise to the above solution. The resulting solution
was kept at room temperature. Brown crystals suitable for X-ray

Table 2. Selected bond lengths (Å) and angles (°) for complexes
1�3

Complex 1

Zn(1)�O(9) 1.947(9) Zn(3)�Zn(4) 2.802(2)
Zn(2)�O(9) 1.940(9) Zn(5)�Zn(6) 3.145(3)
Zn(3)�O(10) 1.979(9) O(10)�Zn(3)�O(9) 89.5(4)
Zn(3)�O(9) 1.982(9) O(9)�Zn(4)�O(10) 89.9(4)
Zn(4)�O(9) 1.965(9) Zn(2)�O(9)�Zn(1) 107.2(4)
Zn(4)�O(10) 1.981(9) Zn(2)�O(9)�Zn(4) 114.6(5)
Zn(5)�O(10) 1.925(9) Zn(1)�O(9)�Zn(4) 114.1(4)
Zn(6)�O(10) 1.955(10) Zn(2)�O(9)�Zn(3) 116.5(4)
Zn(1)�N(9) 2.014(12) Zn(1)�O(9)�Zn(3) 113.6(5)
Zn(1)�N(3) 2.337(12) Zn(4)�O(9)�Zn(3) 90.5(4)
Zn(2)�N(6) 2.020(12) Zn(5)�O(10)�Zn(6) 108.3(4)
Zn(2)�N(12) 2.277(13) Zn(5)�O(10)�Zn(3) 116.8(5)
Zn(3)�N(27) 1.992(12) Zn(6)�O(10)�Zn(3) 111.7(4)
Zn(4)�N(13) 1.995(15) Zn(5)�O(10)�Zn(4) 113.5(4)
Zn(5)�N(19) 2.218(13) Zn(6)�O(10)�Zn(4) 115.9(5)
Zn(6)�N(24) 2.255(11) Zn(3)�O(10)�Zn(4) 90.1(4)
Zn(1)�Zn(2) 3.130(3)

Complex 2

Zn(1)�O(10) 1.939(5) Zn(1)�Zn(2) 3.1457(14)
Zn(1)�N(2) 2.021(7) Zn(3)�Zn(4) 2.8103(13)
Zn(2)�O(10) 1.943(5) Zn(5)�Zn(6) 3.0927(14)
Zn(2)�N(5) 2.234(6) Zn(5)�O(9)�Zn(6) 105.7(2)
Zn(3)�O(9) 1.968(5) Zn(5)�O(9)�Zn(3) 115.0(2)
Zn(3)�N(27) 1.971(6) Zn(6)�O(9)�Zn(3) 114.9(2)
Zn(3)�O(10) 1.974(5) Zn(5)�O(9)�Zn(4) 114.7(2)
Zn(3)�N(13) 1.988(6) Zn(6)�O(9)�Zn(4) 115.8(2)
Zn(4)�O(9) 1.980(5) Zn(3)�O(9)�Zn(4) 90.8(2)
Zn(4)�O(10) 1.989(5) Zn(1)�O(10)�Zn(2) 108.2(2)
Zn(4)�N(6) 1.987(6) Zn(1)�O(10)�Zn(3) 113.6(2)
Zn(4)�N(16) 1.996(6) Zn(2)�O(10)�Zn(3) 116.2(2)
Zn(5)�O(9) 1.940(5) Zn(1)�O(10)�Zn(4) 114.2(2)
Zn(5)�N(26) 2.260(6) Zn(2)�O(10)�Zn(4) 113.7(2)
Zn(6)�O(9) 1.941(5) Zn(3)�O(10)�Zn(4) 90.3(2)
Zn(6)�N(17) 2.284(6)

Complex 3[a]

Zn(1)�O(3) 1.940(11) O(3)�Zn(1)�N(4) 154.7(4)
Zn(1)�N(4) 2.029(6) O(3)�Zn(1)�O(3)#1 27.2(5)
Zn(1)�O(3)#1 2.041(12) N(4)�Zn(1)�O(3)#1 174.2(3)
Zn(1)�N(2)#1 2.128(7) O(3)�Zn(1)�N(2)#1 107.0(4)
Zn(1)�N(5) 2.167(6) N(4)�Zn(1)�N(2)#1 96.5(3)
Zn(1)�N(3) 2.215(6) O(3)#1�Zn(1)�N(2)#1 84.2(3)
Zn(1)�N(7)#2 2.451(9) O(3)�Zn(1)�N(5) 109.8(3)
Zn(2)�O(3)#3 2.018(8) N(4)�Zn(1)�N(5) 76.8(3)
Zn(2)�O(3)#1 2.018(8) O(3)#3�Zn(2)�O(3)#1 161.0(4)
Zn(2)�O(3)#2 2.018(8) O(3)#3�Zn(2)�O(3)#2 27.0(5)
Zn(2)�O(3) 2.018(8) O(3)#1�Zn(2)�O(3)#2 161.0(4)
Zn(2)�N(6) 2.293(8) O(3)#3�Zn(2)�O(3) 161.0(4)
Zn(2)�N(6)#3 2.293(8) O(3)#1�Zn(2)�O(3) 27.0(5)
Zn(2)�N(6)#2 2.293(8) O(3)#3�Zn(2)�N(6) 74.5(4)
Zn(2)�N(6)#1 2.293(8) O(3)#1�Zn(2)�N(6) 86.9(4)
Zn(1)�O(3)�Zn(2) 119.2(6) Zn(1)�O(3)�Zn(1)#1 110.4(4)
Zn(2)�O(3)�Zn(1)#1 114.5(5)

[a] Symmetry transformations used to generate equivalent atoms:
#1 �x � 3/2, �y � 3/2, z; #2 y, �x � 3/2, �z � 1/2; #3 �y �
3/2, x, �z � 1/2.
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diffraction were obtained. Yield: 33%. IR (KBr pellets): ν̃ � 3442,
3075, 1637, 1598, 1465, 1360, 1074, 959, 889 cm�1.
C57H54N32Ni5O15S8 (1977.4): calcd. C 34.59, H 2.73, N 22.66;
found C 34.89, H 2.57, N 22.74.

Synthesis of [{Fe3(OH)(btapca)3]·2DMF·2MeOH] (6). Solutions of
btapca (0.1 mmol, 0.0333 g) in DMF and FeCl2·4H2O (0.2 mmol,
0.0398 g) in methanol were mixed. Dark-red microcrystals were ob-
tained at room temperature. Yield: 62%. IR (KBr pellets): ν̃ �

3452, 3079, 1636, 1422, 1358, 1283, 1158, 1043, 959, 888 cm�1.

Table 3. Selected bond lengths (Å) and angles (°) for complexes
4�6

Complex 4[a]

Co(1)�O(3)#1 1.998(10) O(3)#1�Co(1)�O(3) 31.5(4)
Co(1)�O(3) 2.016(9) O(3)#1�Co(1)�N(4) 169.0(2)
Co(1)�N(4) 2.020(4) O(3)�Co(1)�N(4) 159.3(3)
Co(1)�N(3) 2.160(4) O(3)#1�Co(1)�N(3) 94.8(2)
Co(1)�N(5) 2.168(4) O(3)�Co(1)�N(3) 113.2(2)
Co(1)�N(6)#1 2.197(5) O(3)�Co(2)�O(3)#3 158.0(3)
Co(1)�N(1)#2 2.262(5) O(3)�Co(2)�O(3)#2 158.0(3)
Co(2)�O(3) 2.021(7) O(3)#3�Co(2)�O(3)#2 31.2(4)
Co(2)�O(3)#3 2.021(7) O(3)�Co(2)�O(3)#1 31.2(4)
Co(2)�O(3)#2 2.021(7) O(3)#3�Co(2)�O(3)#1 158.0(3)
Co(2)�O(3)#1 2.021(7) O(3)#2�Co(2)�O(3)#1 158.0(3)
Co(2)�N(2) 2.238(4) O(3)�Co(2)�N(2) 105.9(2)
Co(2)�N(2)#1 2.238(4) O(3)#3�Co(2)�N(2) 73.3(3)
Co(2)�N(2)#3 2.238(4) O(3)#2�Co(2)�N(2) 96.0(3)
Co(2)�N(2)#2 2.238(4) O(3)#1�Co(2)�N(2) 84.7(2)

Complex 5'[b]

Ni(1)�N(4) 1.966(7) Ni(2)�N(2)#3 2.276(7)
Ni(1)�O(3) 2.041(6) Ni(2)�N(2)#1 2.276(7)
Ni(1)�N(5) 2.129(7) Ni(2)�N(2) 2.276(7)
Ni(1)�N(3) 2.131(7) O(3)#2�Ni(2)�O(3) 180.000(1)
Ni(1)�N(6)#1 2.140(7) O(3)#2�Ni(2)�N(2)#2 97.23(17)
Ni(1)�N(1)#2 2.151(7) O(3)�Ni(2)�N(2)#2 82.77(17)
Ni(2)�O(3)#2 1.704(10) O(3)#2�Ni(2)�N(2)#3 97.23(17)
Ni(2)�O(3) 1.704(10) O(3)�Ni(2)�N(2)#3 82.77(17)
Ni(2)�N(2)#2 2.276(7) N(2)#2�Ni(2)�N(2)#3 165.5(3)
N(4)�Ni(1)�O(3) 175.0(2) N(4)�Ni(1)�N(6)#1 93.3(3)
N(4)�Ni(1)�N(5) 78.5(3) O(3)�Ni(1)�N(6)#1 91.7(2)
O(3)�Ni(1)�N(5) 100.8(3) N(5)�Ni(1)�N(6)#1 93.6(3)
N(4)�Ni(1)�N(1)#2 92.5(3) N(5)�Ni(1)�N(1)#2 91.1(3)
O(3)�Ni(1)�N(1)#2 82.5(2) N(3)�Ni(1)�N(1)#2 86.6(3)

Complex 6[c]

Fe(1)�O(4) 1.878(3) Fe(2)�O(4)�Fe(1)#1 119.76(18)
Fe(1)�N(4) 2.085(6) Fe(2)�O(4)�Fe(1) 119.76(18)
Fe(1)�N(5) 2.132(6) Fe(1)#1�O(4)�Fe(1) 120.5(4)
Fe(1)�N(3) 2.141(6) O(4)�Fe(1)�N(4) 179.6(2)
Fe(1)�N(8) 2.226(6) O(4)�Fe(1)�N(5) 104.1(2)
Fe(1)�N(2)#1 2.229(6) N(4)�Fe(1)�N(5) 76.0(2)
Fe(2)�O(4) 1.853(7) O(4)�Fe(1)�N(2)#1 91.8(2)
Fe(2)�N(11) 2.085(9) N(4)�Fe(1)�N(2)#1 88.5(2)
Fe(2)�N(10) 2.131(6) N(5)�Fe(1)�N(2)#1 90.3(2)
Fe(2)�N(10)#1 2.131(6) N(3)�Fe(1)�N(2)#1 89.0(3)
Fe(2)�N(6) 2.209(5) O(4)�Fe(2)�N(10) 104.31(18)
Fe(2)�N(6)#1 2.209(5) N(11)�Fe(2)�N(10) 75.69(18)
O(4)�Fe(1)#1 1.878(3) O(4)�Fe(2)�N(10)#1 104.31(18)
O(4)�Fe(2)�N(11) 180.000(1)

[a] Symmetry transformations used to generate equivalent atoms:
#1 �x � 5/2, �y � 5/2, z; #2 y, �x � 5/2, �z � 1/2; #3 �y �
5/2, x, �z � 1/2; #4 y, �x � 5/2, �z � 1/2. [b] Symmetry trans-
formations used to generate equivalent atoms: #1 �x � 3/2, �y �
3/2, z; #2 y, �x � 3/2, �z � 1/2; #3 �y � 3/2, x, �z � 1/2; #4
�y � 3/2, x, �z � 3/2; #5 y, �x � 3/2, �z � 3/2. [c] Symmetry
transformations used to generate equivalent atoms: #1 �x, y, �z
� 1/2; #2 �x � 1/2, �y � 3/2, �z.
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C41H38Fe3N23O11S6 (1388.9): calcd. C 35.42, H 2.74, N 23.18;
found C 35.12, H 2.80, N 23.52.

Magnetic Studies: Temperature-dependent magnetic-susceptibility
measurements on powdered solid samples were carried out on a
SQUID magnetometer (MPMS Quantum Design) over the tem-
perature range 5�300 K. The magnetic field applied was 500 G.
The observed susceptibility data were corrected for underlying di-
amagnetism by using Pascal’s constants.[73]

Mössbauer Measurement: Mössbauer spectra were obtained in
transmission mode using a 57Co source in a Rh matrix. 64.8 mg of
the samples was used and the spectra were measured on an Austin
S-600 Mössbauer spectrometer. The spectra were recorded at room
temperature at a speed of 6 mm/s. The source was kept at room
temperature. The hyperfine field parameters were obtained by fit-
ting the raw data with Lorentz-shaped lines using the program
‘‘Mössbauer spectra for Fitting’’ by Prof. Z. X. Xu (Material Phys-
ics and Chemistry Department, University of Science and Technol-
ogy Beijing). The hyperfine field data are referenced against α-Fe.

X-ray Crystallographic Study: The diffraction intensities of pris-
matic crystals of complexes 1, 2, 3, 4, 5 and 6 were collected with
graphite-monochromated Mo-Kα radiation (λ � 0.71073 Å) using
a Rigaku R-AXIS-IV diffractometer at 291(2) K to a maximum 2θ
value of 50°. The unit-cell parameters were determined from the
reflections collected on oscillation frames and were then refined.
The data were corrected for Lorentz and polarization effects. The
structures were solved by direct methods with SHELXS-97[74] and
subsequent Fourier-difference synthesis and refined by the full-ma-
trix least-squares method on F2 with SHELXL-97.[75] All non-hy-
drogen atoms, except atoms in disordered parts, were refined aniso-
tropically; hydrogen atoms were placed at calculated positions and
refined as riding atoms with isotropic displacement parameters.
Crystal data and structure refinement details for the seven com-
pounds are given in Table 1. Selected bond lengths and angles of
complexes 1�6 are listed in Table 2 and 3.
CCDC-212348 (for 1), -212349 (for 2), -212351 (for 3), -212350 (for
4), -212352 (for 5) and -212354 (for 6) 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 Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; Fax: �44-1223-336033; E-mail:
deposit@ccdc.cam.ac.uk].
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