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Cyclic water hexamers containing 1-D metal−water chains have
been observed in the complexes of [M(H2biim)2(OH2)2](ina)2‚4H2O
[M ) Zn (1) and Co (2), H2biim ) 2,2′-biimidazole, ina )
isoniconate]. The water clusters are trapped by the cooperative
association of coordination interactions as well as hydrogen bonds.

The study of water clusters is important to an understand-
ing of the structures and characteristics of liquid water and
ice.1,2 In the past several decades, considerable attention has
been paid to theoretical3,4 and experimental5-7 studies of

small water clusters. Among the clusters, the water hexamer
is markedly interesting as it is the building block of iceIh

8

and appears to be relevant to liquid water as well.9 Theoreti-
cal calculations have found that several different isomers for
the water hexamer, such as ring, book, bag, cage, and prism
topologies, are almost isoenergetic.4 The less-stable ring
hexamers have been isolated and characterized by IR
spectroscopy10 and X-ray crystallographic analysis.11-13 To
date, chair,11 boat,12 and planar13 cyclic hexamers trapped
by hydrogen bonding in host lattices have been reported.
Herein, we report two metal-water chain complexes of
[M(H2biim)2(OH2)2](ina)2‚4H2O [M ) Zn (1) and Co (2),
H2biim ) 2,2′-biimidazole, ina) isoniconate] containing
the cyclic water hexamer, in which the water cluster is
trapped not only by hydrogen bonds but also by coordination
interactions.

Complexes1 and2 were obtained by the reaction of metal
salt, H2biim, and ina in the molar ratio of 1:2:2 at pH) 4.8
in methanol solution,14 and they were revealed by X-ray
diffraction to be isostructural.15 They consist of one [M(H2-
biim)2(OH2)2]2+ cation, two ina anions, and four lattice water
molecules. The MII ion locates on a symmetry center and is
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Int. Ed. 2004, 43, 3041-3044.

(12) Park, K.-M.; Kuroda, R.; Iwamoto, T.Angew. Chem., Int. Ed. Engl.
1993, 32, 884-887.

(13) (a) Moorthy, J. N.; Natarajan, R.; Venugopalan, P.Angew. Chem.,
Int. Ed. 2002, 41, 3417-3420. (b) Ghosh, S. K.; Bharadwaj, P. K.
Angew. Chem., Int. Ed.2004, 43, 3577-3580.

Inorg. Chem. 2004, 43, 6866−6868

6866 Inorganic Chemistry, Vol. 43, No. 22, 2004 10.1021/ic049232f CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/02/2004



coordinated by four nitrogen atoms from two H2biim ligands
[Zn-N(1) ) 2.132(2) Å and Zn-N(2) ) 2.160(3) Å for1;
Co-N(1) ) 2.133(2) Å and Co-N(2) ) 2.151(2) Å for2]
arranged trans to each other on the equatorial plane and two
aqua ligands [Zn-O(1W) ) 2.218(2) Å and Co-O(1W) )
2.157(2) Å] occupying the apical coordination sites to furnish
an octahedral geometry. The two rings of H2biim are almost
coplanar, with dihedral angels of 1.8° for 1 and 1.9° for 2,
and the metal ion locates on the plane. These angles are

comparable to previously reported values.16,17 Each [M(H2-
biim)2(H2O)2]2+ cation is attached to two ina anions via
hydrogen bonds with distances of N(3)‚‚‚O(2) ) 2.715(4)
and 2.711(3) Å and N(4)‚‚‚O(1) ) 2.739(4) and 2.747(3) Å
for 1 and2, respectively. The N-H‚‚‚O hydrogen bonds are
basically linear (Table 1), and the four atoms N(4), O(1),
N(3), and O(2) are almost coplanar, with a mean deviation
of 0.028 Å for1 and 0.03 Å for2. The [M(H2biim)2(OH2)2]-
(ina)2 moieties are further connected to each other via
hydrogen bonds with the water molecules as bridges [O(2w)‚
‚‚O(1w) ) 2.839 and 2.892 Å, O(1w)‚‚‚O(1) ) 2.789 and
2.766 Å, O(2w)‚‚‚N(5) ) 2.847 and 2.849 Å, O(3w)‚‚‚O(2)
) 2.865 and 2.853 Å, and O(1w)‚‚‚O(3w)) 2.813 and 2.751
Å for 1 and2, respectively], resulting in 2-D layers in the
ab plane, as shown in Figure 1.

Interestingly, a cyclic centrosymmetric water hexamer that
adopts a chair conformation (Figure 2) is observed in the
solid state. The hydrogen-bonding parameters are reported
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Table 1. Hydrogen-Bonding Parameters in1 and2

D-H‚‚‚A D-H (Å) H‚‚‚A (Å) D ‚‚‚A (Å) D-H‚‚‚A (deg)

Complex1
O(1w)-H(1wa)‚‚‚(1) 0.82 1.97 2.789 178
O(1w)-H(1wb)‚‚‚O(3w) 0.85 2.01 2.813 157
N(3)-H(3)‚‚‚O(2) 0.86 1.86 2.715 171
N(4)-H(4)‚‚‚O(1) 0.86 1.88 2.739 172
O(2w)-H(2wa)‚‚‚O(1w) 0.85 2.00 2.839 170
O(2w)-H(2wb)‚‚‚N(5) 0.84 2.02 2.847 169
O(3w)-H(3wb)‚‚‚O(2) 0.85 2.02 2.865 174
O(3w)-H(3wb)‚‚‚O(2w) 0.85 1.97 2.806 167

Complex2
O(1w)-H(1wa)‚‚‚O(1) 0.82 1.95 2.766 180
O(1w)-H(1wb)‚‚‚O(3w) 0.87 1.88 2.751 170
N(3)-H(3)‚‚‚O(2) 0.86 1.86 2.711 172
N(4)-H(4)‚‚‚O(1) 0.86 1.89 2.747 173
O(2w)-H(2wb)‚‚‚O(2) 0.85 2.01 2.853 174
O(2w)-H(2wa)‚‚‚O(1w) 0.83 2.09 2.892 162
O(3w)-H(3wa)‚‚‚O(2w) 0.71 2.16 2.840 178
O(3w)-H(3wb)‚‚‚N(5) 0.91 1.96 2.849 166

Figure 1. View of the coordination environment of metal ion and the
2-D hydrogen-bonded net concerned onab plane. All hydrogen atoms are
omitted for clarity.

Figure 2. ORTEP plot showing the cyclic water hexamer and its
coordination environment.
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in Table 1. The average O‚‚‚O distances are 2.82 and 2.83
Å for 1 and 2, respectively. These distances are slightly
longer than the corresponding values in iceIh (2.759 Å)8

and in water trapped in organic compound of DMNY‚2.5H2O
(2.776 Å, DMNY ) 2,4-bimethyl-5-aminobenzo[b]-1,8-
naphthyridine)11c and metal-organic framework of [Pr(pdc)-
(Hpdc)(H2O)2]‚4H2O (2.783 Å, pdc) pyridine-2,6-dicar-
boxylic acid),11g as well as the calculated value of 2.718 Å
for cyclic water hexamer.5 However, they are shorter than
those observed in liquid water (2.854 Å)9 and the ring water
hexamer with a planar geometry (2.905 Å)13aand comparable
to those in the ice II phase (2.77-2.84 Å).1a The average
O‚‚‚O‚‚‚O angles are 109.7° for 1 and 110.0° for 2, which
are comparable to the value of 109.3° in the hexagonal ice,
but smaller than that observed in DMNY‚2.5H2O (116.5°)11c

and larger than that in [Pr(pdc)(Hpdc)(H2O)2]‚4H2O (98.36°).11g

The coordinated water molecule is in a tetrahedral geometry
with two water-water hydrogen bonds, one from the water-
carboxylate hydrogen bond and one from the water-metal
coordination bond. Meanwhile, each of the other water
molecules involves three hydrogen bonds with two water-
water interactions and one water-carboxylate oxygen or
water-pyridyl nitrogen atom of the ina ligand. Therefore,
each water molecule acts as both donor and a hydrogen
acceptor to form a cyclic water hexamer. This is very
different from the unique example of a metal-coordinated
hexameric cluster in which the coordinate water molecules
behave only as hydrogen donors, resulting in a tricoordina-
tion, and the other water molecules show tetracoordination.11g

Finally, the average O‚‚‚O distances (2.82 Å for1 and 2.83
Å for 2) and O‚‚‚O‚‚‚O angles (109.7° for 1 and 110.0° for
2) of the hexamer are larger than those observed in [Pr(pdc)-
(Hpdc)(H2O)2]‚4H2O (2.783 Å, 98.36°).11g Two of the water
molecules in the cyclic hexamers of1 and2 bind to the metal
ions, resulting in an infinite metal-water chain (Figure 3).
To the best of our knowledge, such cyclic water clusters
containing metal-water chains are very rare.11g,17,18 This
observation indicates that the water hexamer is stabilized
not only by hydrogen bonding but also by coordination
interactions. Another remarkable feature is that the 2-D layers
are assembled into a 3-D structure uniquely by the water
hexamers through hydrogen bonding between symmetry-
related O(2w) and O(3w) [O(2w)‚‚‚O(3w) ) 2.806 Å for1
and 2.840 Å for2], indicating that the cyclic water hexamer
plays a crucial role in the formation of the 3-D structure.
Indeed, when the lattice water molecules were removed under
reduced pressure, the crystals broke down. However, a single
crystal of [Zn(H2biim)2(H2O)2](MeCO2)2 suitable for X-ray
crystallographic analysis was obtained by the similar reaction
in an ethylene glycol solution,16a in which the geometries of
the coordinate cation [Zn(H2biim)2(H2O)2]2+ are almost the
same as those of1 except that the distance of Zn-O(w) )
2.150(3) Å is significantly shorter than that in1 [2.218(2)
Å]. These observations strongly indicate that the water cluster
elongates the metal-water bond via formation of hydrogen
bonds.

In summary, we have observed two cyclic water hexamers
containing metal-water chains in which the water clusters
are trapped not only by an organic molecule via hydrogen
bonds but also by the metal ion via coordination interactions.
The cooperative association among the metal ion, the water
molecule, and the organic molecule plays a crucial role in
the formation of the water cluster and its multidimensional
architecture. Moreover, the formation of the water cluster
has a significant influence on the water molecule binding to
the metal ion. This observation can help us understand the
formation of water clusters in nature and biological system.
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Figure 3. 3-D hydrogen-bonded network of the complexes (left). View
of a cyclic water hexamer containing a metal-water chain containing
running along thec axis, with H2biim ligands are omitted for clarity (right).
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