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Reaction of 5,5′-(1,4-phenylene)bis(1H-tetrazole), which was pre-
pared in two steps, with cadmium nitrate in DMF produced a three-
dimensional framework with one-dimensional channels (35% void
volume), in which unprecedented hydrogen-bond-supported D2h

tetrameric cyclic water clusters ranked.

Coordination frameworks containing channels or pores
have attracted much attention for the past decade because
of their advantageous applications in catalysis,1 separation,2

ion exchange,3 and gas sorption and storage.4 To this end, a
strategy for the assembly into open frameworks of function-
alized organic ligands containing N and/or O donors with
metal or metal clusters is essential.5 In addition, the
frameworks must remain intact upon guest removal or
reversible gas sorption. Although the shapes and properties
of channels and pores are mainly determined by the host
frameworks, guest molecules also play important roles
through their interactions among themselves or with host
frameworks.6 For the purpose of expanding the contemporary
strategy of synthesizing novel coordination frameworks and
elucidating the controlling factors in influencing their shapes,

properties, and stabilities, we have now begun to systemati-
cally synthesize 5-substituted tetrazolate-bridged coordination
frameworks.

The 5-substituted tetrazolate group, isosteric with the
carboxylate group and having good coordination capacities,
however, has scarcely been explored in building coordination
frameworks, because no effective method for synthesizing
5-substituted tetrazoles in high yields was known before
Sharpless and Demko’s work.7 In the past several years, they
have developed a convenient route to synthesize 5-substituted
tetrazoles by addition of azide to organic nitriles catalyzed
by zinc salts in water, and since then, studies on 5-substituted
tetrazolate-bridged coordination frameworks have been slowly
emerging.8 Recently, Metzger and Fu¨rmeier9 reported that
5-substituted tetrazolates can also be synthesized from nitriles
in toluene, and Pizzo and Amantini10 reported the conversion
of nitriles into 5-substituted tetrazolates by using anionic
activation of silicon-nitrogen bond11 in the presence of
tetrabutylammonium fluoride as the catalyst under solventless
conditions. In this communication, we report the syntheses
and characterization of 5,5′-(1,4-phenylene)bis(1H-tetrazole)
(2H-pbtz,1) and the pbtz-bridged coordination framework
[Cd3(pbtz)3(DMF)4(H2O)2]‚(DMF)4(H2O)4 (2).

The reaction of terephthalonitrile with NaN3 and Et3N‚
HCl in toluene under reflux yields a crude powder of1,
which is further heated to 180°C in water for 60 h to give
the crystalline product1‚2H2O. 2 is obtained by treatment
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of 1‚2H2O and Cd(NO3)2‚4H2O in DMF at ambient temper-
ature (Scheme 1).12 The IR spectrum of1‚2H2O shows peaks
consistent with the formation of 2H-pbtz and the absence of
a cyano peak in the 2100 cm-1 region. In the spectrum of2,
strong peaks at 1652 and 1434 cm-1 represent the presence
of deprotonated tetrazolate groups, and the broad band above
3000 cm-1 suggests that coordinated and guest water are
present.

As indicated in Figure 1,13 each molecule of1 affords two
hydrogen-bond donors (N-H) and four hydrogen-bond
acceptors (N), and each water molecule has one hydrogen-
bond acceptor and two hydrogen-bond donors. Thus, each
molecule of1 is involved in six hydrogen-bond rings, which
fall into two types, A and B. The N-H‚‚‚O1W bond distance
[2.67(1) Å] is somewhat shorter than that of O1W-H‚‚‚N
[2.88(1) Å], consistent with the statistical distances for these
two kinds of hydrogen bonds.14 It should be noted that, in
ring A, the R4

4(10)-hydrogen-bond moiety is composed of
four O-H donors and four N acceptors, whereas in the larger
ring B, the four hydrogen bonds are built from two N-H
and two O-H donors and two O and two N acceptors.

The structure of213 is the first tetrazolate-bridged three-
dimensional framework, to our knowledge, whose building
unit is a trinuclear cadmium cluster (Figure 2a). The Cd1
atom is located at an inversion center and in a slightly
distorted octahedral coordination geometry formed by the
coordination of six bridging pbtz ligands. Four nitrogen

atoms (N7, N7A, N10, and N10A) form a planar paral-
lelogram arrangement around the Cd1 center, and the other
two nitrogen atoms (N2 and N2A) occupy the apical
positions. The two symmetry-related cadmium atoms (Cd2
and Cd2A) are bridged through the six pbtz ligands bound
to Cd1, and then a trinuclear cluster is generated with solvent
DMF and water molecules capped on both sides. It is obvious
that the existence of capped solvent molecules restricts the
formation of a tetrazolate-bridged cadmium chain. The
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Scheme 1

Figure 1. Hydrogen-bond 2D network structure of1‚2H2O showing two
kinds of hydrogen-bond rings. Hydrogen atoms on carbons are omitted for
clarity.

Figure 2. (a) Tetrazolate-bridged trinuclear unit of2 showing the local
coordination geometry around the Cd centers (50% displacement ellipsoid
probability). Guest DMF and water molecules are omitted and phenylene
groups are simplified for clarity by linking tetrazolates directly. (b) Three-
dimensional structure of2 showing rhombic channels viewed downa axis.
Guest DMF and water molecules as well as hydrogen atoms are omitted
for clarity.
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equatorial plane of the octahedrally coordinated Cd2 atom
is filled by two nitrogen atoms from two different pbtz
ligands (N3 and N6), one oxygen atom (O1) from a DMF
molecule, and one water (O1W) molecule, and the coordina-
tion sphere is completed by one nitrogen atom (N11A) from
a pbtz ligand and one oxygen atom (O2) from the terminal
DMF molecule in the axial positions.

Each pbtz ligand in2 is coordinated to four cadmium
atoms in aµ4-bridging mode, which is similar to the bridging
bis-bidentate coordination mode of terephthalate anion.15 The
six pbtz ligands in the trinuclear building unit are oriented
in six different directions and link six adjacent trinuclear units
to form a three-dimensional framework with one-dimensional
channels (Figure 2b).

Although each trinuclear unit is capped by four DMF
molecules and two water molecules, which occupy part of
the space of the one-dimensional channels, there exists a
largish void (35% per unit cell as calculated by Platon16

software) that encapsulates solvent DMF and water mol-
ecules. It is noteworthy that, in each grid, four guest water
molecules form aD2h-symmetric cyclic (H2O)4 cluster (Figure
3). Three kinds of cyclic (H2O)4 clusters, namely,C4, S4,
andCs tetramers, have been studied both theoretically and
experimentally,17 but noD2h-symmetric cyclic (H2O)4 cluster
has ever been reported.

Within theD2h-symmetric cyclic (H2O)4 cluster, each water
monomer acts as both a single hydrogen-bond donor and a
single hydrogen-bond acceptor and has another hydrogen
atom oriented above or below the ring. The four water
molecules are completely coplanar without regard to con-
nectivity of the hydrogen atoms, and the hydrogen-
bond distances are O2W-H‚‚‚O3W ) 2.807(5) Å and
O3W-H‚‚‚O2W ) 2.812(4) Å, which are slightly longer
than the average hydrogen-bond distance of liquid water
tetramer (2.78 Å).18 At the same time, the water tetramer
also forms hydrogen bonds with guest DMF molecules and

framework tetrazolate rings. Because of the rigidity of the
framework, the water tetramer can be regarded as being
stabilized by the framework through the hydrogen bond
between O2W and N5 [3.033(4) Å], and consequently, the
water tetramer stabilizes the guest DMF molecules [O3W-
H‚‚‚O3) 2.848(4) Å], with other guest DMF molecules (O4)
being stabilized by coordinated water [O1W-H‚‚‚O4 )
2.844(3) Å]. In the solid state,2 exhibits a strong emission
peak at 326 nm, whereas a broad emission peak at 473 nm
is observed for the free ligand1, which means that the
emission peak of2 corresponds not to ligand donation but
to the formation of tetrazolate-bridged trinuclear cadmium
clusters and/or the occurrence of ligand-to-metal charge
transfer (LMCT).19

The TG curve of2 indicates that the release of guest water
and DMF molecules occurs up to 150°C and the framework
begins to decompose above 150°C along with the release
of the coordinated water and DMF molecules.

In conclusion, we have synthesized a new tetrazolate-
bridged framework that encapsulates unprecedentedD2h-
symmetric cyclic water tetramers. This host framework
contains a large void volume (35%) and might exhibit
interesting gas sorption and guest inclusion properties. The
investigation of these properties and synthesis of other
metal-pbtz frameworks are in progress.
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Figure 3. ORTEP plot showing that the water tetramer is supported by
the framework tetrazolate rings (N5) and guest DMF molecules (O3) via
hydrogen bonds. Covalent bonds are shown as solid lines, and hydrogen
bonds are shown as dashed lines. The four water oxygen atoms are
completely coplanar and (H2O)4 cluster isD2h-symmetric.

Figure 4. Solid-state photoluminescent spectra of1 and 2 at room
temperature.
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