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Coordination Networks Based on Cage Structures
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Introduction

Coordination cages that incorporate small molecules or
anions with the appropriate size and geometry to match the
central cavities have attracted much attention in the past
few decades owing to their aesthetically appealing structures
and their eminently promising properties which make them
suitable for applications as storage,[1] recognition,[2] and de-
livery materials,[3] as well as catalysts for specific chemical
transformations.[4] Moreover, they display rich host–guest
behavior with a range of counter-ions or solvent molecules
in their large central cavities.[5] The mechanisms of the as-

sembly process that leads to their formation are of immense
interest. Therefore, the assembly of high-symmetry poly-
hedral cage complexes built from labile metal centers and
multidentate bridging ligands is becoming one of the most
active areas of research in metallo-supramolecular chemis-
try.

A variety of organic bridging spacers involving carboxyl-
ate or alkoxide,[6] multidentate heterocycles,[7] phosphonate
or phosphinate,[8] pyridazine,[9] pyrimidine,[10,11] tetrazine,[12]

pyrazolate,[13] open-chain diazine (N�N),[14] and other
spacers[15] have been employed in the design of coordination
cages in which tetradentate ligands with two bidentate che-
lating termini are usually used.[16] When they react with
labile six-coordinate metal centers without any help from
other ligands, the isolated complex must have a M/L ratio of
2:3. Simple variation of the aromatic spacer used to connect
the two coordinating arms results in quite dramatic changes
in the structures of higher members of these complexes,
such as tetrahedron M4L6, cube M8L12, truncated tetrahe-
dron M12L18, and tetra-capped truncated tetrahedron
M16L24.

[17] In all cases, each metal ion is located at the meet-
ing point of three edges so that each ion receives three bi-

Abstract: By using tridentate ligand 4-
(3-pyridinyl)-1,2,4-triazole (pytrz),
cage-like complexes of {[Cu ACHTUNGTRENNUNG(m2-pytrz)2]-
ACHTUNGTRENNUNG(ClO4) ACHTUNGTRENNUNG(SO4)0.5·C2H5OH·0.25 H2O}6 (1),
{[Cu3ACHTUNGTRENNUNG(m3-pytrz)4ACHTUNGTRENNUNG(m2-Cl)2 ACHTUNGTRENNUNG(H2O)2]-
ACHTUNGTRENNUNG(ClO4)2Cl2·2 H2O}n (2), and {[Cu3ACHTUNGTRENNUNG(m3-
pytrz)3ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(H2O)3] ACHTUNGTRENNUNG(ClO4)2.5-
ACHTUNGTRENNUNG(BF4)1.5·5.25 H2O}n (3) have been syn-
thesized with different copper(II) salts.
Complex 1 represents the second ex-
ample of a M6L12 metal–organic octa-
hedron with an overall Th symmetry.
Complex 2 is constructed from a 38

cage-building unit (CBU) and each
CBU connects six neighboring cages to
give the first 3D metal–organic frame-
work (MOF) based on octahedral

M6L12. Complex 3 is built from Cu24-
ACHTUNGTRENNUNG(pytrz)12 CBUs with the trinuclear
copper clusters serving as second build-
ing units (SBUs) and decorating each
corner of the M24L12 polyhedron. The
Cu24ACHTUNGTRENNUNG(pytrz)12 building unit is linked by
extra ligands to give an extended 3D
framework that has the formula Cu24-
ACHTUNGTRENNUNG(pytrz)24 and possesses a CaB6 topolo-
gy. The mixed anions ClO4

� and BF4
�

in 3 are both included in the inner
cavity of the cage and can be complete-

ly exchanged by ClO4
� through the

open windows of the cage, as evi-
denced by the crystal structure of the
3D MOF {[Cu3ACHTUNGTRENNUNG(m3-pytrz)3ACHTUNGTRENNUNG(m3-O)-
ACHTUNGTRENNUNG(H2O)3]ACHTUNGTRENNUNG(ClO4)4·4.5 H2O}n (4). Complex
4 can also be synthesized when em-
ploying 1 as a precursor in an extensive
study of the anion-exchange reaction.
This represents the first successful con-
version of a discrete cage into a 3D co-
ordination network based on a cage
structure. Complex 2 remains invaria-
ble during anion-exchange reactions
because uncoordinated Cl� ions are lo-
cated in the comparatively small inner
cavity.
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dentate-coordinating units and a bridging ligand spans each
edge of a tetrahedral array of metal ions. In contrast, when
employing a tris-bidentate ligand which caps one triangular
face of a metal polyhedron and provides six donor atoms,
1:1 cage complexes will be generated in which the metal
ions maintain the octahedral geometry, as exemplified by
the M4L4 tetrahedron.[18] Despite the fact that the link be-
tween the stoichiometry of the complexes and the topologies
of the cages is clear, the structure of the cage that will form
with a given ligand cannot be predicted. We can at most
narrow down the range of possible cage topologies. Support
for this complication is manifested in the dinuclear cage
M2L4,

[19] trigonal bipyramidal M3L2
[20] and M5L6,

[21] macro-
pentacyclic double-walled square M4L8,

[22] truncated octahe-
dral M6L8,

[23] 43 cube-like M12L8,
[24] hexahedral M15L6 and

M18L6,
[25] fullerene-like M21L12,

[26] and octahedral M24L8.
[27]

Inspired by the aforementioned progress in the study of
these novel self-assembled cages and capsules, in this contri-
bution, we employ 4-(3-pyridinyl)-1,2,4-triazole (pytrz) in
which one 1,2,4-triazole ring is directly linked to a pyridine
core through the N4 atom. It is known that 1,2,4-triazole
and its derivatives are very interesting ligands because they
combine the coordination geometry of both pyrazoles and
imidazoles in respect of the arrangement of their three het-
eroatoms. Up to now, a large number of mononuclear, poly-
nuclear, and multi-dimensional coordination compounds
with interesting magnetic properties and novel topologies
have been prepared and characterized.[28] Herein, with the
help of copper(II) ions and mixed anions ClO4

� and X (X=

SO4
2�, Cl�, and BF4

�), pytrz ligands have been connected to
form cage-like complexes 1–3. They have been characterized
by single-crystal X-ray diffraction, mass spectrometry (MS),
elemental analysis, FTIR spectroscopy, and TGA. Anion-ex-
change properties have also been investigated. Experimental
results indicate that under the prevailing reaction condition
of excess ClO4

� ions, 1 and 3 can be transformed into 3D co-
ordination network 4 based on a M24L12 cage during an
anion-exchange process.

f½Cuðm2-pytrzÞ2�ðClO4ÞðSO4Þ0:5 � C2H5OH � 0:25 H2Og6 1

f½Cu3ðm3-pytrzÞ4ðm2-ClÞ2ðH2OÞ2�ðClO4Þ2Cl2 � 2 H2Ogn 2

f½Cu3ðm3-pytrzÞ3ðm3-OÞðH2OÞ3�ðClO4Þ2:5ðBF4Þ1:5 � 5:25 H2Ogn 3

f½Cu3ðm3-pytrzÞ3ðm3-OÞðH2OÞ3�ðClO4Þ4 � 4:5 H2Ogn 4

Results and Discussion

Structural descriptions of a discrete cage and 3D coordina-
tion networks based on cage structures : The structures of 1–
4 were determined by single-crystal X-ray diffraction analy-
sis (Table 1). Selected bond lengths and angles for 1–4 are
listed in Table 2. The self-assembly of pytrz, CuSO4, and
NaClO4 in the molar ratio of 1:1:10 in H2O/CH3CH2OH/
CH3CN gave well-shaped blue crystals of 1. Single-crystal

Table 1. Crystallographic data and details of refinements for complexes 1–4.

1 2 3 4

formula C96H111N48O43.5Cu6Cl6S3 C28H32N16O12Cu3Cl6 C21H31.5N12O17.76Cu3Cl2.49F6B1.5 C21H19.26N12O24.5Cu3Cl4

Mr [gmol�1] 3323.40 1188.02 1145.55 1164.16
T [K] 294(2) 294(2) 293(2) 294(2)
crystal system cubic hexagonal cubic cubic
space group Pā3 R3̄ I4̄3m I4̄3m
a [M] 23.248(2) 24.777(5) 21.146(2) 21.1318(13)
b [M] 23.248(2) 24.777(5) 21.146(2) 21.1318(13)
c [M] 23.248(2) 26.489(9) 21.146(2) 21.1318(13)
a [8] 90 90 90 90
b [8] 90 90 90 90
g [8] 90 120 90 90
V [M3] 12 565.2(19) 14083(6) 9455.5(17) 9436.5(10)
Z 4 9 8 8
1calcd [Mg m�3] 1.757 1.261 1.609 1.639
m [mm�1] 1.282 1.320 1.576 1.656
F ACHTUNGTRENNUNG(000) 6780 5373 4596 4642
2qmax [8] 50.02 55.60 50.06 52.76
Flack parameter 0.06(4) 0.01(5)
limiting indices �27	h	25 �32	h	32 �23	h	25 �26	h	26

�20	k	27 �32	k	19 �24	k	25 �26	k	17
�27	 l	23 �34	 l	33 �25	 l	19 �22	 l	26

Rint 0.1904 0.1632 0.0576 0.0670
observed reflections 1735 2997 1367 1478
reflections collected/unique 59 748/3653 31541/7378 26045/1580 27 001/1819
data/restraints/parameters 3653/49/340 7378/86/357 1580/49/148 1819/58/156
GOF on F2 1.025 1.024 1.175 1.131
R1/wR2 [I>2s(I)] 0.0783/0.1987 0.0709/0.1813 0.0674/0.1829 0.0669/0.1933
R1/wR2 (all data) 0.1630/0.2822 0.1606/0.1965 0.0773/0.1968 0.0876/0.2221
largest diff. peak/hole [eM�3] 0.566/�0.494 0.835/�0.562 0.643/�1.146 0.953/�1.560
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X-ray analysis revealed that each cationic octahedron of 1 is
positioned around the crystallographic center of symmetry.
The crystal structure consists of six CuII ions occupying six
vertices of the octahedron and 12 pytrz ligands forming the
octahedron edges (Figure 1). Each CuII center is coordinated

to four nitrogen atoms from four pytrz ligands resulting in a
tetra-connected CuN4. The discrete cage, Cu6ACHTUNGTRENNUNG(pytrz)12, repre-
sents the second example of a M6L12 metal–organic octahe-
dron with an overall Th symmetry.[29] Interesting structural
features of 1 are its internal cavity and triangular windows.
The radius of the largest ball that can occupy the pore with-
out contacting the surface of the framework is 5.00 M and

the volume of the cavity is about 0.5 nm3. Six ClO4
� and two

SO4
2� anions point towards the eight triangular windows of

the octahedron (Figure 2) and the last sulfate counter-anion

is situated outside the cavity of the M6L12 cage (see the Sup-
porting Information). Six CH3CH2OH molecules, which are
statistically disordered around the symmetric center, are sit-
uated in the cavity of the M6L12 cage. Oxygen atoms from
water and CH3CH2OH molecules weakly coordinate to CuII

ions at separations of 2.40 and 2.58 M, respectively (see the
Supporting Information).

When the same synthetic procedure was employed with
CuCl2 instead of CuSO4, complex 2 was isolated in which
linear trinuclear copper(II) clusters (Figure 3a) act as secon-
dary building units (SBU). The arrangement of six terminal
CuII ions of different trinuclear clusters generates a Cu6-

Table 2. Selected bond lengths [M] and angles [8] for 1–4.[a]

complex 1
Cu(1)-N(4)#1 1.996(5) Cu(1)-N(5) 1.999(5) Cu(1)-N(8)#2 2.011(5)
Cu(1)-N(1) 2.024(5) Cu(1)-O(1) 2.400(5) N(4)#1-Cu(1)-N(1) 88.1(2)
N(4)#1-Cu(1)-N(5) 175.7(2) N(4)#1-Cu(1)-N(8)#2 91.2(2) N(5)-Cu(1)-N(8)#2 90.0(2)
N(5)-Cu(1)-N(1) 90.6(2) N(8)#2-Cu(1)-N(1) 179.3(2) N(4)#1-Cu(1)-O(1) 93.83(19)
N(5)-Cu(1)-O(1) 90.2(2) N(8)#2-Cu(1)-O(1) 93.4(2) N(1)-Cu(1)-O(1) 86.6(2)

complex 2
Cu(1)-N(5)#1 2.017(5) Cu(1)-N(4) 2.023(5) Cu(1)-N(8) 2.051(5)
Cu(1)-N(2)#2 2.059(5) Cu(1)-Cl(1) 2.5868(18) Cu(2)-N(1)#2 2.014(5)
Cu(2)-N(6)#4 2.025(5) Cu(2)-Cl(1) 2.6069(18) N(4)-Cu(1)-N(8) 88.8(2)
N(5)#1-Cu(1)-N(4) 173.8(2) N(5)#1-Cu(1)-N(8) 89.3(2) N(8)-Cu(1)-Cl(1) 94.01(16)
N(5)#1-Cu(1)-N(2)#2 86.4(2) N(4)-Cu(1)-Cl(1) 95.17(16) N(1)#2-Cu(2)-Cl(1) 87.84(16)
N(4)-Cu(1)-N(2)#2 95.1(2) N(8)-Cu(1)-N(2)#2 174.6(2) N(5)#1-Cu(1)-Cl(1) 90.81(15)
N(1)#2-Cu(2)-N(6)#1 88.8(2) N(6)#4-Cu(2)-N(6)#1 180.0(4) N(1)#2-Cu(2)-N(1)#3 180.000(1)
N(1)#3-Cu(2)-Cl(1) 92.16(16) N(1)#2-Cu(2)-N(6)#4 91.2(2) N(2)#2-Cu(1)-Cl(1) 89.42(15)
N(6)#4-Cu(2)-Cl(1) 90.69(15) N(6)#1-Cu(2)-Cl(1) 89.31(15) Cl(1)-Cu(2)-Cl(1)#5 180.00(7)

complex 3
Cu(1)-N(3) 1.993(6) Cu(1)-O(1) 2.002(2) Cu(1)-N(1) 2.005(8)
O(1)-Cu(1)-N(1) 179.4(4) Cu(1)-O(2) 2.362(12) N(3)-Cu(1)-O(2) 91.83(18)
O(1)-Cu(1)-O(2) 82.1(4) N(3)#1-Cu(1)-O(2) 91.83(18) N(3)-Cu(1)-N(1) 89.98(17)
N(3)#1-Cu(1)-N(3) 176.3(4) N(1)-Cu(1)-O(2) 97.3(4) N(3)-Cu(1)-O(1) 90.04(17)

complex 4
Cu(1)-N(3)#1 1.998(6) Cu(1)-O(1) 2.010(2) N(3)#1-Cu(1)-N(3)#2 172.4(4)
Cu(1)-N(1) 2.026(7) Cu(1)-O(2) 2.294(10) N(3)#1-Cu(1)-N(1) 90.21(18)
N(3)#1-Cu(1)-O(1) 89.70(18) O(1)-Cu(1)-N(1) 178.7(4) N(3)#1-Cu(1)-O(2) 93.8(2)
N(3)#2-Cu(1)-O(2) 93.8(2) O(1)-Cu(1)-O(2) 84.0(4) N(1)-Cu(1)-O(2) 97.3(4)

[a] Symmetry transformations used to generate equivalent atoms. For 1: #1: �y+ 1=2, �z, x�1=2 ; #2: �z+ 1=2, x�1=2, y. For 2 : #1: �y+1, x�y+1, z ; #2:
x�y+ 2=3, x+ 1=3, �z+ 1=3; #3: �x+y�2=3, �x+ 2=3, z�1=3 ; #4: y�1, �x+y, �z ; #5: �x, �y+1, �z. For 3 : #1: z, y, x. For 4 : #1: �x+ 3=2, �z+ 3=2, y+ 1=2; #2:
z�1=2, x�1=2, y+ 1=2.

Figure 1. a) Schematic representation of discrete cage 1 with CH3CH2OH
molecules encapsulated in the cavity and b) view of the metal–organic
octahedron M6L12 without guests. Cu: cyan; pytrz: purple; C: gray; N:
blue; O: red; yellow ball: the largest sphere that can occupy the pore
without contacting the surface of the framework.

Figure 2. View of the triangular window showing a) SO4
2� and b) ClO4

�

ions pointing towards the cavity of the discrete cage 1. S: yellow; O: red;
N: blue; C: gray; Cu: cyan; Cl: green.
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ACHTUNGTRENNUNG(pytrz)12 cage. The radius of the largest ball that can occupy
the pore without contacting the surface of the Cu6ACHTUNGTRENNUNG(pytrz)12

cage is 5.25 M and the volume of the cavity is about 0.6 nm3

(Figure 3b). If pytrz is considered as a linker, the Cu6-
ACHTUNGTRENNUNG(pytrz)12 cage can be represented as a 38 cage building unit
(CBU) which traps six water molecules and six Cl� anions
(Figure 3c). Each face of the octahedron can be regarded as
a regular triangle in which CuII ions occupy three vertices
and a pytrz ligand forms each side of the triangle with a
length of 8.21 M. The diameter of the inscribed circle of
such a regular triangle is 4.74 M. Each CBU is connected by
six neighboring cages through the central CuII ions leading
to a unique 3D MOF (Figure 3d). The Cu2 atom is coordi-
nated to two chloride anions and four nitrogen atoms from
four triazole rings. Single-crystal X-ray diffraction analysis
indicated that Cu2 is located at the symmetric center of the
linear trinuclear copper cluster and adopts a slightly distort-
ed octahedral geometry. The oxygen atoms from water mol-
ecules weakly coordinate to CuII ions with an interaction
distance of 2.61 M. As is depicted in Figure 4, the 3D net-
work of 2 displays the same 1D channels along the a or b di-
rection along which the ClO4

� anions exist. Calculations
from the X-ray structure parameters determined by
PLATON[30] show that the volume of the void space occu-
pied by the solvent and anions in the cavity of the cage is
approximately 4134.5 M3. When the guest molecules are re-

moved, the free volume increas-
es up to 8268.8 M3, which
amounts to 58.7 % void space
per unit volume (14083.0 M3).
To the best of our knowledge, 2
represents the first example of
a 3D MOF based on a M6L12

CBU.
Note that the building block

in 1 and 2 is the Cu6ACHTUNGTRENNUNG(pytrz)12

cage. Owing to their large size,
the anions ClO4

� and SO4
2�

cannot be hosted in the small
cavity of the 38 cage, whereas
the relatively small Cl� ions act
as both terminal and bridging
groups to link 38 CBUs to form
the 3D MOF of 2. An anoma-
lous feature is the apparent ab-
sence of a second counter-anion
of ClO4

� to be included within
the cage itself owing to insuffi-
cient space. To further explore
the influence of mixed anions
on the resultant network, the
reaction of Cu ACHTUNGTRENNUNG(BF4)2 instead of
CuSO4 with pytrz and NaClO4

by a method similar to that
used for the synthesis of 1

yielded blue block crystals of 3. The remarkable change in
the framework has been best realized by the slight differen-
ces in the CuII salt.

Structural analysis of 3 shows that a m3-oxo-centered trian-
gular trinuclear core Cu3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(pytrz)6 with three-fold sym-

Figure 3. Structure of 2 showing a) the linear trinuclear copper(II) SBU, b) the inner cavity volume of the 38

cage, c) Cl� ions and water molecules located in the M6L12 CBU, and d) the 3D network viewed along the c
axis. Cu: cyan; N: blue; C: gray; Cl: green; O: red; pytrz: purple; black line: coordinated bond; yellow ball:
the largest sphere that can occupy the pore without contacting the surface of the framework.

Figure 4. Uncoordinated ClO4
� ions of 2 exist in 1D channels along the a

or b direction. Cu: cyan; Cl: green; O: red; N: blue; purple line: Cu–Cu
connection; black line: coordinated bond.
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metry serves as the SBU (Fig-
ure 5a). Each triangular build-
ing block links six adjacent
SBUs and an arrangement of
eight SBUs generates a nano-
sized Cu24 ACHTUNGTRENNUNG(pytrz)12 CBU. The
triangular trinuclear copper
cluster decorates each corner of
the CBU and the radius of the
largest ball that can occupy the
pore without contacting the sur-
face of the framework is
7.30 M. The volume of the
cavity is about 1.6 nm3 (Fig-
ure 5b). Four ClO4

� and 12
BF4

� ions are hosted in the
cavity of the nano-sized M24L12

cage (Figure 5c) and the re-
maining uncoordinated ClO4

�

ions exist among the cage-to-
cage interstices. To date, a
M24L12 cage has never been re-
ported. The M24L12 CBUs are
linked by extra ligands to give
an extended 3D framework
(Figure 5d) which has the for-
mula Cu24 ACHTUNGTRENNUNG(pytrz)24 and possess-
es a CaB6 topology (see the
Supporting Information). Each
CuII center in a square-planar
geometry environment is four-
coordinated to one m3-O

2� and
three nitrogen atoms from
three pytrz ligands. Oxygen
atoms from water molecules
and ClO4

� ions weakly coordi-
nate to the CuII ions with interaction distances of 2.36 and
2.49 M, respectively. The dihedral angle formed between the
pyridine and triazole rings is 908, indicating an extremely
strong spatial distortion effect. The potential free volume of
the cationic MOF after removing the guest molecules is
5006.6 M3 per unit cell volume (9455.5 M3), which represents
52.9 % of void space in the unit cell.[30] Furthermore, it was
observed that the triangular trinuclear Cu3ACHTUNGTRENNUNG(m3-O) cores
joined by pytrz ligands propagate in a zigzag conformation
and eight such 1D chains are entwined around the surface
of the M24L12 cage, as illustrated in Figure 6.

Note that the trinuclear copper SBU in 3 as a six-connect-
ed node substitutes a single metal ion to decorate each
corner of the M24L12 polyhedron, providing more tunable
and larger cavities. Their optimal porosity and rigidity
allows relatively large anions, such as BF4

� and ClO4
�, to

reside within the cavity. It is suggested that the overall struc-
ture of the network is strongly influenced by the geometry
and the size of the anion, together with its ability to interact
with the metal center.[31] The flexible dihedral angles be-
tween the pyridine and triazole rings also provide the curva-

Figure 5. Structure of 3 showing a) the triangular trinuclear copper(II) SBU, b) the inner cavity volume in the
CBU, c) guest molecules encapsulated in the M24L12 cage, and d) the 3D network viewed along the a axis. Cu:
cyan; pytrz: purple; C: gray; N: blue; O: red; Cl: green; F: yellow; B: brown; yellow ball: the largest sphere
that can occupy the pore without contacting the surface of the framework.

Figure 6. a) View of a 1D zigzag chain (Cu: cyan; O: red; N: blue; C:
gray). b) Eight 1D chains entwined around the surface of the M24L12 cage
in the 3D coordination network of 3 along the a axis.
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ture required for cage formation and dictate the direction of
polymer extension. Such subtle factors are essential in deter-
mining the final structures of the assemblies.

Anion-exchange properties and the transformation from dis-
crete cage to 3D coordination network : We explored the
anion-exchange reactions of these cage-like architectures.
After gently stirring 1 (0.5 mmol) in a 2:1 H2O/CH3CN solu-
tion containing 5 mmol NaClO4 for about 6 h the resultant
mixture was evaporated at room temperature for two weeks.
A remarkable reassembly process was observed and the
original templated 38 discrete octahedron cage was found to
have been converted into 3D coordination network 4 based
on the M24L12 CBU. Complex 4 could also be directly pre-
pared when using 3 as a precursor in the aforementioned
anion-exchange experiments (Scheme 1). During the preser-

vation of the MOF topology and the anion-exchange pro-
cess, ClO4

� ions occupy the same positions in the crystal lat-
tice as the displaced BF4

� anions at similar distances and
with similar geometries (see the Supporting Information).
This means that the windows in 3 are large enough to facili-
tate movement of the ClO4

� ions in and out of the cage. In
contrast, complex 2 remained unchanged when subjected to
the anion-exchange process. Because some Cl� ions are co-
ordinated to CuII ions and others sit in the small inner
cavity, it seems reasonable that it would be difficult to break
up the framework and exchange Cl� for ClO4

�. These find-
ings could also be predicted on the basis that the anion-ex-
change process will occur when the structure of the resulting
MOF is stable. Under the prevailing reaction conditions of
excess ClO4

� ions, the M24L12 cage with a CaB6 topology is
the most thermodynamically stable structure. Overall, subtle

changes in the anions used for crystallization have been
seen to lead to significant changes not only in the overall co-
ordination polymer architecture but also in maintaining the
structural stability of the resultant framework.

Other structural characterizations : The IR spectral peaks of
complex 1 are located at 613 cm�1 and in the range of 1022–
1140 cm�1 which arise from the coexistence of SO4

2� and
ClO4

� ions. In complex 2, infrared peaks appear at 957–
1146 cm�1 due to the occurrence of uncoordinated ClO4

�

ions. In complex 3, peaks emerge in the region of 1035–
1146 cm�1 confirming the presence of ClO4

� and BF4
� ions.

Peaks indicative of the triazole rings were also present in
the IR spectra of 1–3.

In the mass spectrum (MS) of 1, the peaks observed in
the positive MS are at m/z 386.03 and 599.94. Experimental

results indicate that in DMF
the discrete cage M6L12 decom-
poses into mononuclear motif
[Cu ACHTUNGTRENNUNG(pytrz) ACHTUNGTRENNUNG(Hpytrz)]+ and dinu-
clear motif [Cu2ACHTUNGTRENNUNG(DMF) ACHTUNGTRENNUNG(pytrz)4-
ACHTUNGTRENNUNG(pytrz-H)2]

2+ . The electrospray
MS of 2 in DMF clearly dem-
onstrates the formation of the
[Cu2ACHTUNGTRENNUNG(pytrz)2ACHTUNGTRENNUNG(Hpytrz)2ACHTUNGTRENNUNG(H2O)Cl]+

species by the location of a
peak at m/z 825.19. The electro-
spray mass spectrometric meas-
urements demonstrate that the
trinuclear copper(II) cluster in
3 retains its integrity and that
this coordination polymer de-
composes into trinuclear SBUs
in DMF. The peak observed in
the positive MS appears at m/z
1227.31, corresponding to [Cu3-
ACHTUNGTRENNUNG(pytrz)3ACHTUNGTRENNUNG(Hpytrz)3ACHTUNGTRENNUNG(m3-O)-
ACHTUNGTRENNUNG(H2O)3]

+ . All the peaks have
an isotopic distribution in
accord with the simulated
spectra (see the Supporting
Information).

The powder X-ray diffraction (PXRD) patterns measured
for the crystal products of complexes 1, 2, and 4 are shown
in Figure S10a in the Supporting Information. They are in
good agreement with the PXRD patterns simulated from
the corresponding single-crystal X-ray data (see Figure S10b
in the Supporting Information), not only in respect of the
positions of the peaks but also the sharpness of the lines.
This confirms that the single-crystal structures are represen-
tative of the bulk of the corresponding samples.

The thermogravimetric profiles exhibit a 10.0 % weight
loss for 1 (theoretical 9.1 %), a 6.9 % weight loss for 2 (theo-
retical 6.0 %), and a 13.8 % weight loss for 3 (theoretical
13.0 %) in the temperature range 25–200 8C. These results
are consistent with the loss of solvent molecules. The three
complexes do not completely decompose until 280 8C (see

Scheme 1. Synthesis of complexes 1–4.
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the Supporting Information). Above 280 8C, the frameworks
collapse because the organic ligands have been removed.
DTA data for 1–3 show a phase change upon dehydration,
in accord with the TGA plots. These experimental results
confirm that complexes 1–3 are of high stability compared
with other cage-like complexes.

Conclusion

In summary, we used tridentate ligand 4-(3-pyridinyl)-1,2,4-
triazole (pytrz) to obtain different cage-like complexes.
Complex 1 is a discrete Cu6ACHTUNGTRENNUNG(pytrz)12 cage which represents
the second example of a M6L12 metal–organic octahedron
with an overall Th symmetry. Complexes 2 and 3 are the
first examples of 3D coordination networks based on M6L12

and M24L12 CBUs, respectively. An extensive study of the
anion-exchange reactions of these complexes indicates that
the mixed anions ClO4

� and BF4
� located in the cavity of 3

can be completely exchanged by ClO4
�, as evidenced by the

crystal structure of 4. Complex 4 can also be prepared by
employing 1 as a precursor under the prevailing reaction
conditions of excess ClO4

� anions. The first successful con-
version of a discrete cage into a 3D coordination network
based on a cage structure has been reported herein. Mass
spectral studies have demonstrated that 1 decomposes into
mono- and dinuclear motifs in DMF and that 2 is broken
down into dinuclear species, whereas the trinuclear copper-
(II) cluster in 3 retains its integrity in DMF.

Experimental Section

General remarks : The triazole ligand was synthesized according to the
literature method.[32] All other reagents were commercially available and
used without further purification. The carbon, hydrogen, and nitrogen
microanalyses were carried out with a Perkin-Elmer 240 elemental ana-
lyzer. The FTIR spectra were recorded as KBr pellets in the range 4000–
400 cm�1 with a Bio-Rad FTS 135 spectrometer. Thermal analyses, TGA
and DTA (under an oxygenated atmosphere at a heating rate of
5 8C min�1) were carried out in a Labsys NETZSCH TG 209 Setaram ap-
paratus. Electrospray ionization mass spectrometry (ESI-MS) spectra
were obtained with a Sciex Qstar Pulsar spectrometer and an ESI source.

Synthesis of {[Cu ACHTUNGTRENNUNG(m2-pytrz)2] ACHTUNGTRENNUNG(ClO4) ACHTUNGTRENNUNG(SO4)0.5·C2H5OH·0.25H2O}6 (1): A
mixture of CuSO4·5H2O (74.9 mg, 0.3 mmol), pytrz (43.8 mg, 0.3 mmol),
and NaClO4·H2O (421.4 mg, 3 mmol) was stirred for 5 h in H2O (10 mL),
CH3CH2OH (5 mL), and CH3CN (5 mL). Upon slow evaporation of the
filtrate at room temperature for two weeks, well-shaped blue crystals
suitable for X-ray diffraction were obtained. Yield: 78% based on the
CuII salt. IR (KBr): ñ=3520, 3321, 1652, 1522, 1399, 1280, 1170, 1106,
1081, 1022, 886, 938, 813, 695, 615, 460 cm�1; elemental analysis calcd
(%) for C96H111N48O43.5Cu6Cl6S3: C 34.69, H 3.37, N 20.23; found: C
34.85, H 3.12, N 20.47.

Synthesis of {[Cu3 ACHTUNGTRENNUNG(m3-pytrz)4 ACHTUNGTRENNUNG(m2-Cl)2 ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(ClO4)2Cl2·2H2O}n (2): A
mixture of CuCl2·2H2O (51.3 mg, 0.3 mmol), pytrz (43.8 mg, 0.3 mmol),
and NaClO4·H2O (421.4 mg, 3 mmol) was stirred for 5 h in H2O (10 mL),
CH3CH2OH (5 mL), and CH3CN (5 mL). Upon slow evaporation of the
filtrate at room temperature for 2 weeks, well-shaped dark-green crystals
suitable for X-ray diffraction were obtained. Yield: 41% based on the
CuII salt. IR (KBr): ñ=3442, 3312, 1638, 1559, 1432, 1260, 1146, 1123,
1085, 957, 862, 809, 784, 761, 736, 722, 702, 677, 625, 564, 464, 429 cm�1;

elemental analysis calcd (%) for C28H32Cl6Cu3N16O12: C 28.31, H 2.72, N,
18.86; found: C 28.59, H 2.57, N 18.66.

Synthesis of {[Cu3 ACHTUNGTRENNUNG(m3-pytrz)3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(H2O)3] ACHTUNGTRENNUNG(ClO4)2.5ACHTUNGTRENNUNG(BF4)1.5·5.25H2O}n (3):
A mixture of Cu ACHTUNGTRENNUNG(BF4)2·6H2O (103.8 mg, 0.3 mmol), pytrz (43.8 mg,
0.3 mmol), and NaClO4·H2O (421.4 mg, 3 mmol) was stirred for 5 h in
H2O (10 mL), CH3CH2OH (5 mL), and CH3CN (5 mL). Upon slow evap-
oration of the filtrate at room temperature for two weeks, well-shaped
blue block crystals suitable for X-ray diffraction were obtained. Yield:
65% based on the CuII salt. IR (KBr): ñ=3485, 3351, 1641, 1562, 1520,
1481, 1252, 1146, 1083, 1035, 990, 884, 825, 778, 780, 697, 685, 532,
470 cm�1; elemental analysis calcd (%) for C21H31.5N12O17.76Cu3Cl2.49F6B1.5 :
C 22.02, H 2.77, N 14.68; found: C 21.85, H 2.95, N 14.39.

Synthesis of {[Cu3ACHTUNGTRENNUNG(m3-pytrz)3 ACHTUNGTRENNUNG(m3-O) ACHTUNGTRENNUNG(H2O)3]ACHTUNGTRENNUNG(ClO4)4·4.5H2O}n (4): Method
A: A mixture of 1 (1.662 g, 0.5 mmol) and NaClO4 (702.3 mg, 5 mmol) in
H2O (10 mL) and CH3CH2OH (5 mL) was stirred for about 6 h. The re-
sultant mixture was evaporated at room temperature for two weeks and
well-shaped blue block crystals suitable for X-ray diffraction were ob-
tained. Yield: 35 %. Method B: A mixture of 3 (572.8 mg, 0.5 mmol) and
NaClO4 (702.3 mg, 5 mmol) in H2O (10 mL) and CH3CH2OH (5 mL) was
stirred for about 6 h. The resultant mixture was evaporated at room tem-
perature for two weeks and well-shaped blue block crystals suitable for
X-ray diffraction were obtained. Yield: 52%. IR (KBr): ñ=3489, 3345,
1638, 1559, 1517, 1485, 1256, 1143, 1086, 1032, 991, 885, 823, 775, 784,
695, 682, 535, 472 cm�1; elemental analysis calcd (%) for
C21H19.26N12O24.5Cu3Cl4: C 21.67, H 1.67, N, 14.44; found: C 21.47, H 1.42,
N 14.59.

Crystallographic studies : Single-crystal X-ray diffraction measurements
of the complexes 1–4 were carried out with a Bruker Smart CCD diffrac-
tometer and an APEX II CCD area detector equipped with a graphite
crystal monochromator situated in the incident beam for data collection
at 293(2) and 294(2) K. The structures were solved by direct methods
and refined by full-matrix least-squares techniques using the SHELXS-97
and SHELXL-97 programs.[33, 34] Anisotropic thermal parameters were as-
signed to all non-hydrogen atoms. The hydrogen atoms were placed in
idealized positions and located in the difference Fourier map. The crys-
tallographic data and selected bond lengths and angles for 1–4 are listed
in Table 1 and Table 2, respectively.

CCDC-629126 (1), CCDC-610486 (2), CCDC-610485 (3), and CCDC-
630658 (4) 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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