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One of the most characteristic features of water molecules is The —180 °C X-ray diffraction study of the crystal showed a
their ability to make themselves rather “hydrophobic” by neutral- large unit cell (volume: ca. 27 0003fincluding four crystallo-
izing their intrinsic high polarity by forming hydrogen-bonded graphically independent (yet almost identicHb)cages, which were
networkst? In particular, when they are in contact with a hidden among a very complicated network composed of 48 nitrate
hydrophobic solute, hydrogen-bonded water networks (or clustersions and ca. 200 oxygen atoms derived from water moledéules.
if the number of water molecules is limited) spontaneously grow A T4-symmetric adamantanoid §8),o cluster, a molecular ice,
at the surface of the solute, often giving rise to stable hydrate is revealed within the cage (Figure la) when the outside water
complexes such as methane hydfatle growth of such hydrogen-  molecules are removeéflin the literature, only one example of an
bonded water clusters/networks may occur not only at the surfaceadamantanoid cluster has been reported by Atwood et al.; the cluster
of hydrophobic molecules but also within hydrophobic pockets of exists in the void space of a Cu(ll) complex and seems considerably

large hollow compoundsHere we report that, within the hydro-
phobic cavity of a self-assembled coordination cadg® (an
adamantanoid (}D),o cluster is formed, which is termed “molecular

stabilized by the coordination of bridgeheagHone pairs to Cu-
(I1) centers along with hydrogen bonding of bridgegHwith NO;
anions and the framewofkin contrast, the molecular ice in cage

ice” because this structure is the smallest unit of naturally occurring 1b is not sustained by any metal or anion coordination. It is

I-type icel2 The X-ray structural analysis, coupled with neutron noncovalently accommodated by the hydrophobic pocket with close
diffraction study, reveals that the molecular ice is not simply formed contacts of 3.06 and 3.09 A, providing a reminiscent endohedral
by filling the void space but is a result of specific,®t--x cluster of hypothetical reversed hydrate complexes. Surprisingly,
interaction within the cage. Whereas there are numerous exampleghe molecular ice does not “melt” even at room temperature; the

of the crystallographic observation of water clusters in crystals,

adamantanoid framework of 10 water molecules can be located

relatively few have been reported on the endohedral clusterizationroughly even in a room-temperature diffraction study.

of water molecules within hollow discrete compounds, except for
those in small host compounés.
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In expectation of endohedral clusterization of water within the
large hollow framework ofl, we examined the crystallographic
analysis of the cage after crystallization from water. The diffraction
study of 1a suffered from many technical and crystallographical

problems such as brittle crystals and severe disorder of solvent

molecules and anions, allowing the rough display of only the
framework of cagela. However, the replacement of ethylenedi-
amine by 2,2bipyridineé® and crystallization under slightly acidic
conditions (HNQ) afforded, after 3 days at room temperature, high-
quality single crystals olb.
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The structural parameters of the molecular ice are quite similar
to those of I-type ice (Figure 1b)211The adjacent @-O distances
are 2.72-2.93 A (2.84 A on average) in the molecular ice and are
close to 2.74 A in {type ice. The @-0O---O angles at the
bridgeheads are 108:822.3, whereas those at the other corners
are 96.7104.7; the former is slightly larger than the ideal 10947
whereas the latter is slightly smaller than ideal. These observations
indicate that the molecular ice is slightly compressed by the four
planar ligands.

Since the thermal parameter of the bridgehead oxygen is small
and the distance between the oxygen and the ligand is very short
(3.06 and 3.09 A), we assume that the molecular ice is formed not
by a simple void-filling effect but by efficient molecular recognition.
The recognition of the molecular ice by the cage at the bridgehead
oxygen atoms can be explained by two possible binding modes:
OH:---7 hydrogen bonding vs #D:---x interaction. These two
possibilities cannot be distinguished by X-ray crystallography
because no hydrogen atoms can be located.
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Therefore, we carried out a single-crystal neutron diffraction
study on deuterated molecular ice to specify the position of
hydrogen (deuterium) atomsCrystals with dimensions of 3.5 mm

x 3.5 mmx 2.0 mm were prepared from a0 solution of1b
and, after being sealed in a quartz tube, subjected to neutron

10.1021/ja043953w CCC: $30.25 © 2005 American Chemical Society
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Figure 1. (@) X-ray crystal structure dfb along with oxygen atoms (water
molecules) around the cage. (b) ORTEP drawing (50% probability ellipsoids)
of 10 oxygen atoms (molecular ice) withirb. Interatomic distances (A):
0,—03=2.87,03-05=2.78, 3—0,=2.93, -0 = 2.72, Q—0Os =

2.85, 3—0 = 2.92.

Figure 2. (@) The electron density map @b by X-ray superimposed on

the nuclear density map. (b) The corresponding structural drawing by space-
filling model (red= oxygen atom). A partial structure around a bridgehead
D,O molecule: (c) the electron density map by X-ray diffraction, (d) its
superimposition on the nuclear density map by neutron diffraction, and (e)
the corresponding structural drawing.

diffraction at room temperature for 13 days. Due to the large crystal

size and long exposure at room temperature, the quality of the data

was inferior. However, refinement with the atomic coordinates
determined by the X-ray diffraction provided a reasonable nuclear
density map. Figure 2a shows the electron density map superim-
posed on the nuclear density map (X-r&yneutron) around the
cage®® Partial structures of a bridgehead water molecule and the
nearest triazine core of the ligand are shown in Figures 2c (X-ray)
and 2d (X-ray+ neutron).

In Figure 2d, no nuclear density is observed between bridgehead
D,0O and the ligand. Two deuterium atoms of theCDmolecule
are clearly shown to be involved in the adamantanoid cluster
framework. Therefore, we conclude that the bridgehead water
molecules interact with the ligand via,O:+-z (lone pairx
electron) interaction. This result strikingly contrasts with the general
understanding that aromaticsystems donate electron density to
electron-deficient or cationic species, as suggested by many
examples of cationx interactionst*

From the results of X-ray and neutron diffraction studies, we
propose that the molecular ice donates electrons from the lone pair

of the bridgehead water to the ligand 1, which is considerably
electron-deficient due to metal coordination of the three pyridyl
groups. Deuterium atoms of nonbridgehead water could not be
located because the thermal disorder of thege Biolecules was
relatively large. The nonbridgehead water molecules are weakly
hydrogen-bonded with outside water molecules through the window
of the cage to balance the insufficient number of hydrogen bonds.
These hydrogen bonds are more dynamic because the thermal
parameters of the outside waters are considerably larger.

The presence of highly ordered water clusters inside the binding
pockets of proteins has been prediétathd considered to be crucial
in entropy-driven substrate bindiAgWe suggest that the molecular
recognition by cagd is entropy-driven, in which the binding of
guests is compensated by the “melting” of the molecular ice into
free water molecules. The endohedral water cluster therefore plays
an important role in the molecular recognition of the cage, as in
protein binding pockets.

Supporting Information Available: Experimental details and
crystallographic data (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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