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A two-dimensional clathrate hydrate sandwiched by planar arrays of a
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The first structurally characterised example of a 2-D clathrate
hydrate spontaneously assembles when [CuF(tptm)] (1)
(tptm = tris(2-pyridylthio)methyl) crystallises from toluene/
water solutions to produce a material in which planar arrays of
[CuF(tptm)] sandwich and hydrogen bond to continuous 2-D
sheets of water that incorporate toluene molecules at regular
intervals.

Studies of the water—water and water—solute interactions in water
confined to extremely small spaces are relevant to the under-
standing of bulk water' as well as important processes in biology,”
materials science® and geology.* One experimental approach that
provides insight into these extreme water environments involves
structural investigations of crystalline hosts containing small water
clusters,” 1-D water chains or tapes6 or 2-D sheets of water
molecules.” Here we report the crystal structures of two closely
related materials that both contain planar arrays of the
amphiphilic copper complex [CuF(tptm)] (1), as well as planar
2-D sheets of water. In crystalline 4/CuF(tptm)]-12(H,O) (2), each
continuous water sheet is sandwiched between two planar arrays
of [CuF(tptm)] molecules. The [CuF(tptm)] molecules are oriented
with all the fluoride groups directed towards, and hydrogen
bonded with, the sandwiched water sheet. Remarkably, the
same composite arrangement is retained in crystalline
6[CuF(tptm)]-14.5(H,0)-0.5(toluene) (3), but in this case toluene
molecules are incorporated at regular intervals within each of the
water sheets. To our knowledge, this latter material is the first
structurally characterised example of a 2-D clathrate hydrate.
We have recently engaged in an extensive research programme
aimed at studying the chemistry of metal complexes with ligands
based on the heterocyclic group, pyridine-2-thiolate, as well as
the supramolecular architectures these materials form in the
solid state® While investigating the chemistry of [Cu(tptm)-
(CH;CN)JPF,, which contains a novel Cu"-C(sp®) bond, we
found that treatment with fluoride ion produces the neutral
complex 1. This complex is amphiphilic in character and is soluble
in both toluene and water. On crystallisation of 1 from
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dichloromethane/cyclohexane solutions that contain traces of
water, crystals of 2 are formed (Scheme 1).

The X-ray crystal structure] of 2 reveals that there are four
independent complex molecules and 12 independent water
molecules in the asymmetric unit. On viewing the extended
structure, it is immediately apparent that the molecules of 1 are
arranged in two dimensional, planar arrays (see Fig. la). Within
each array all the Cu—F bonds are oriented nearly perpendicular to
the plane of the array and all the fluorides point in the same
direction. The maximum deviation of the copper atoms from
the mean plane through all the copper atoms in an array is
0.0238(3) A. The orientation of the three pyridyl groups of each
molecule of 1 is almost perpendicular to the plane of the array and
the molecules of 1 mesh together as shown in Fig. 2. In every
molecule of 1, two of the pyridine rings are each involved in one
offset-face-to-face (OFF) and one edge-to-face (EF) intermolecular
interaction, while the third pyridine ring is involved in two edge-to-
face intermolecular interactions. Thus, the planar arrays of 1 can
be viewed as continuous networks of the (OFF)(EF), embrace
motifs.” The intermolecular distances between the pairs of
pyridine rings involved in the OFF interactions range from
3.6(3) to 4.2(5) A.

The arrays of molecules of 1 are arranged in pairs, with all the
fluoride ligands directed inwards towards each other. Sandwiched
between each of these 2-D double-layers is a relatively flat,
continuous, 2-D layer, or sheet, of water molecules. The extended
crystal lattice can be viewed as being built up of stacks of these
composite sheets. The closest contacts between atoms in adjacent
composite sheets are large (2.64(5) A for the shortest S to
H(pyridine) distance) and van der Waals interactions are expected
to be an important factor in holding the composite sheets together,
as is the case in some metal sulfides.
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Fig. 1 (a) Side-on view of the layered structure of 2 along the a axis and
(b) of 3 along the ¢ axis showing how each 2-D water sheet is sandwiched
by two planar arrays of complex 1. Water molecules are coloured red and
both sulfur and fluorine atoms are coloured yellow.

As might be expected, the fluorides form hydrogen bonds to the
water sheet and half of the water molecules are involved in these
interactions. Two different types of hydrogen bonding arrange-
ments between fluoride and water are observed. There are equal
numbers of each type of arrangement and for each arrangement
there are two distinct sites that differ slightly in bond distances and
geometries. In one arrangement two closely approaching fluorides
(average separation, 4.10(2) A) are bridged by a pair of water
molecules to form a tilted, 4-membered ring with OH---F distances
averaging 2.692(9) A. In the other arrangement a pair of fluorides
that have a larger separation (average distance, 4.30(3) A) bridge
three water molecules with considerably longer OH:--F distances
(average, 2.78(3) A). In combination, these hydrogen bonds are
expected to play a key role in directing the formation of the
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Fig. 2 Schematic representation showing the relative position of each
copper atom (with its three coordinated pyridyl groups) within the two
planar arrays of 1 that sandwich each water layer in (a) 2 and (b) 3 when
viewed from above (ie. perpendicular to the ab plane for 2 and
perpendicular to the bc plane for 3).

/\

composite sheets and also in determining the observed 3.92(4) A
separation between the two “slipped” arrays.

The water layer is comprised of a continuous sheet of fused
5- and 6-membered rings of water molecules, with the continuity of
each ring disrupted at one point by bridging fluoride. From X-ray
crystallography it was possible to identify the location of all the
hydrogen atoms, and hence define the hydrogen-bonding network
formed within the sheet. Each hydrogen atom participates in a
hydrogen bonding interaction with either oxygen or fluorine, and a
view of the water sheet illustrating the hydrogen-bonding network
is provided in Fig. 3a. The water layer is quite planar with the
maximum oxygen atom deviation from the mean plane through all
the oxygen atoms being 0.428(3) A. This arrangement contrasts
with other recently reported 2-D water layers where the structural
motifs are dominated by puckered water rings.” The OH:--O
hydrogen bond distances within the water sheets of 2 range from
2.750(4) to 2.926(4) with the average value at 2.75(5) A. This can
be compared with the OH---O distance in ice I, (2.759 A at
200 K)'® and liquid water (2.85 A)."! Average OH---O distances
reported for other 2-D water layers include 2.748,” 2.847¢ and
285 Al

When 1 is crystallised from toluene/cyclohexane containing
trace amounts of water (mole fraction ca. 1.5 x 107%), crystals of
composition 6[CuF(tptm)]-14.5(H,0)-0.5(toluene) (3) are formed.
The same crystalline phase can be obtained if 1 is crystallised from
dichloromethane/cyclohexane solutions that contain traces of
water and toluene. The single crystal X-ray structure determina-
tionf of 3 reveals that there are six independent complex
molecules, 14.5 independent water molecules and 0.5 toluene
molecules in the asymmetric unit.

Remarkably, the overall structure of 3 is very similar to that
found for 2. The molecules of 1 stack together as before in pairs of
flat sheets (maximum deviation of the copper atoms from the
mean plane through all the copper atoms in any one plane is less

Fig. 3 (a) A section of one of the 2-D water sheets in 2 and (b) a section
of one of the 2-D clathrate hydrate layers in 3. The fluoride ligands from
the sandwiching arrays of 1 are coloured yellow.

4048 | Chem. Commun., 2005, 4047-4049

This journal is © The Royal Society of Chemistry 2005



than 0.0523(3) A) with the fluoride ligands all directed inwards
towards a sandwiched, 2-D mono-layer comprised of both water
and toluene. As in the structure of 2, the three dimensional crystal
lattice can be viewed as being built up of stacks of these composite
sheets, and this is clearly illustrated in Fig. 1b.

The major difference between these two structures involves the
2-D mono-layer of water and toluene, and the way in which the
two sandwiching layers interact with it. Unlike the situation in 2,
where the molecules of 1 in the two sandwiching arrays are out of
register, in 3 the molecules of 1 in the corresponding pairs of arrays
are almost perfectly eclipsed (see diagrammatic representation in
Fig. 2). Each pair of fluoride ligands is bridged by two water
molecules from the water layer with OH---F distances of 2.594(5)
and 3.080(7) A. In this eclipsed arrangement the inter-layer
separation is expanded to 4.04(1) A from the corresponding value
of 3.92(4) A that is found in 2.

The other water molecules within the water sheets of 3 form
hydrogen bonds to these bridging water molecules and also with
each other to form a relatively open hydrogen bonded network
that consists of 4-, 5-, 8-, 10-, 14- and 16-membered rings, each of
which contains one or more fluoride bridges (see Fig. 3b). The
water sheets are even more planar than in 2 (maximum deviation
of oxygen atoms from the mean plane through all the oxygen
atoms is 0.301(4) A), even though the inter-layer separation is
larger in this case (4.04(1) vs. 3.92(4) A for 2). The O---O hydrogen
bond distances within the water sheets range from 2.58(2) to
2.99(2) with the average value being 2.78(9) A. This is very close to
the average value found for the corresponding distances in 2.

The toluene molecules lie at regular intervals within the water
sheets with the planes of the aromatic rings parallel to the sheets.
Each toluene molecule occupies a cavity that is bounded by a ring
of 16 water molecules, 8 of which are involved in forming bridges
to fluorides. The size and shape of the cavity are such that the
enclosed toluene is found with the methyl group oriented in one of
two equivalent positions due to the crystallographic inversion
centre. A superposition of these two possible arrangements for the
toluene molecules is shown in Fig. 3b. The closest approaches to
toluene made by the atoms of the encapsulating molecules fall
outside van der Waals contact distances. The hydrogen atoms of
the surrounding water molecules are all involved in hydrogen
bonds that are directed either parallel to, or away from the outer
surface of the toluene molecule, consistent with currently accepted
hydrophobic hydration models.>*“ In addition to toluene, it is
possible to incorporate other aromatic molecules such as benzene,
o-, m- and p-xylene, but not naphthalene.

In conclusion, the amphiphilic molecule 1 has a number of
special properties that facilitates its assembly into supramolecular
bilayers that encapsulate a 2-D water sheet during crystallisation.
These include its ability to form both strong OH---F hydrogen
bonds to water and efficient intermolecular n—m stacking
interactions between mercaptopyridyl groups. Remarkably, the
same overall composite structure that is observed for 2 is retained

when toluene is incorporated in the water sheets. Through
appropriate adjustment of the register between the two sandwich-
ing metal complex layers, strong hydrogen bonds between pairs of
fluorides and water molecules are maintained while the inter-layer
separation is increased and cavities of the appropriate size to
encapsulate toluene are opened up within the water layer. These
structural studies provide information relevant to the behaviour of
water in closely confined 2-D environments, and provide the first
example of a crystalline 2-D clathrate hydrate.
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