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Recently we reported the crystal structure of a supramolecular
copper coordination complex that is stabilized by anQM,
cluster with an iced-like arrangement of the water molecufes.
Subsequently, we were able to show that the introduction of subtle
changes to the system (i.e. substitution of Co for Jareller
distorted Cu, as well as changes in ligand orientation) does not
disrupt the overall geometry of the water clustén.these reports
we addressed the importance of the study of water clusters in
“small-molecule” solid-state supramolecular complexes. In sum-
mary, such model systems afford precise structural information
and may thus yield a better understanding of the anomalous
properties of water as well as its exact role in the stabilization of
biopolymers. These topics continue to generate considerable
interest among both theoretical and experimental chetrasis
a recent repoft by Blanton et al. describes the first crystal-
lographic characterization of an octameric water cluster within

the lattice of a cobalt coordination complex. The cluster adopts occypancy acetone molecules, all situated on positionsrwh 2
an approximately cubic cage-like conformation wittsymmetry, site symmetry. Furthermore, there are two water molecules, each
where all eight water molecules are positioned at the corners of sjyated on a 2-fold rotation axis, as well as one water molecule
the cube. In that report, the authors note that predictions of the 5, 53 mirror plane. The bowl-shap€amethylcalix[4]resorcinarene
structure of (HO)g in the gas phase suggest the most favorable ojecules assume @, conformation and pack in two-dimen-
sional bilayers as shown in Figure 1.
Within each bilayer, the calix[4]resorcinarene molecules are
oriented in an alternating wgdown fashion and adjacent mac-
HO © @ OH rocycles are held together by an intric_ate array of bridging
hydrogen bonds to water molecules. Facing bowls are translated
1= laterally relative to one another such that they do not form dimeric
Ho. oH supramoleculgr capsules as observed in a calix[4]resorcinarene
© @ structure previously reported by Bi§he van der Waals surface
of the bilayer is severely undulated and adjacent layers are rotated
OH HO by 9 relative to one another with their macrocycles eclipsed.
The cavities of the eclipsed molecules are oriented in the same

conformation also to be cubic and cage-like, but @iflsymmetry. direction and linear columns of calix[4]resorcinarene molecules
Although higher in energy, the experimentally observed cube- that span the layers are thus apparent. Each cavity is occupied
like octamer is stabilized by the formation of four hydrogen bonds PY & molecule of acetone with its carbonyl group directed outward.
to the surrounding lattice. In this context, we now report the Although the layers interpenetrate to form a snug van der Waals
observation of an ice-likegyclic (H,0)g cluster in the solid-state  fit, two deep crystallographically unique indentations are formed
structure of an organic supramolecular complex. between the calix[4]resorcinarenes within each bilayer. These
Single crystals suitable for X-ray diffraction analysisere voids are occupied by intriguing arrangements of both acetone
grown by slow evaporation of a solution dfin acetone. No ~ and water molecules. _ _
precautions were taken to exclude adventitious water. The crystal  One of the voids contains two acetone molecules with their
structure possesses a high degree of symmetry: the asymmetri©=0 axes aligned and their GHC—CHs; moieties mutually

unit consists of a quarter of a molecule bfand two-quarter- perpendicular. Interestingly, the closest contact between these two
molecules is that of 2.804(7) A between the oxygen atoms.

Figure 1. View down the crystallographic axis and perpendicular to

the calix[4]resorcinarene bilayers. The watepChk cluster is shown in

the center and hydrogen bonds are represented as dotted lines. (Colors:
carbon, gray; oxygen, red, hydrogen, white; acetone, green; water oxygen
atoms, blue.)
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Figure 2. The water octamer oxygen atoms (red) overlaid on a subset
of the lattice of Ice ¢ (green). Hydrogen atoms (white) are shown for
the water octamer, but not for the ice lattice where they are disordered.
Hydrogen bonds are indicated as fragmented cylinders.

Although it was initially thought that this arrangement was the
result of symmetry-imposed disorder, solution and refinement of
the structure in the space groBf showed that this was not the

case. A Cambridge Structural Database search yielded severa

previously reported structures with intermolecular carbonyl
O-++O contacts in the range 222.9 A, but none exhibit a linear

C=0---0O=C arrangement as observed in the present structure.

Nevertheless, the main focus of this contribution is concentrated
on the fascinating arrangement of eight water molecules in the
second void to form a hydrogen-bonded cluster.

The crystallographically unique part of the JB)s cluster
consists of two-half-occupancy water molecules, one on a mirror
plane and one on a 2-fold rotation axis. The entire cluster is
generated from these units by4m2 symmetry and the overall
conformation is cyclic. Figure 2 shows that the puckered
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0O:--0-+-0, 109.5(2) and 116.4(2). Within the ring, four water
molecules serve as double hydrogen bond donors and the
remaining four as double acceptors. The donor and acceptor water
molecules are arranged in an alternating fashion.ifitnacluster
hydrogen bond accepting water molecules donate hydrogen bonds
to phenolic oxygen atoms belonging to four surrounding calix-
[4]resorcinarene molecules (2.703 A, 159.@nd every water
hydrogen atom is thus involved in a hydrogen-bonded interaction.
The van der Waals volume available to the water octamer is ca.
228 A3, yielding an effective density of 1.05 g/étor the cluster.
This value is significantly higher than that of 0.934 gfabtained
for ice Ic at —130°C and implies that the water octamer is highly
stabilized by its environment in the supramolecular lattice.
Furthermore, we believe that the water molecules in the structure
impart a high degree of rigidity to the lattice by forming a strong
hydrogen-bonded network and that this accounts for the unusually
close proximity of the two acetone oxygen atoms to one another.
Theoretical predictions of low-energy structures of water
octamers suggest that cage-like conformations are the most stable.
Most likely, this is because cage structures maximize the
formation of hydrogen bonds within the cluster while interactions
with the surrounding environment are ignored. Clearly gas-phase
predictions of water cluster geometry have little bearing on the
solid or liquid state where there is a subtle interplay between the
formation of a stable configuration and its interaction with its
surroundings. Indeed, water clusters in solution as well as in the
olid state cannot be considered to be discrete and this is
ndoubtedly true for clusters that reside in the clefts of biological
macromolecules which can be regarded as existing in a hybrid
solid—liquid state. Possibly the most important constraints on the
geometry of the cluster are (1) that the oxygen atoms should be
separated by distances of about 2.7 A, (2) that they should be
distributed approximately tetrahedrally with respect to one another,
and (3) that the cluster should occupy the space available to it
optimally while forming favorable interactions with surrounding
functionalities.
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arrangement of the water cluster can be superimposed remarkably

well on a subset of the continuous lattice of icdthis particular
motif is not present in any of the other ice polymorphs). The
cluster is held together by eight symmetry-equivalent inter-
nal hydrogen bonds (©0, 2.745(6) A;JO—H---0, 170.0(2),
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