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Water is the basis of life. It plays a crucial role in many biological
and chemical processésBecause its chemical and physical
properties are primarily determined by the strong hydrogen bonds
formed by oxygen and hydrogen, it is of enormous importance to
understand the nature of the hydrogen bridges of bulky Watet,
only to explain numerous anomalies of water but also to gain a
better insight into the world of many biomolecules which achieve
their effect by interaction with structured wafefhe key here is
to understand the bonding relationships in small water clusters.
The importance of these unusual compounds as model molecules
for water has been emphasized in numerous theorétaad
experimental studies.® Here the cyclic water tetramer plays a
significant role as a simple two-structure model for understanding
liguid water and icé® On the basis of theoretical ab initio
calculations, it has been possible to calculate different configurations
of the water tetramét (which were also subsequently detected
crystallographically) for the most part embedded in different
matrixest? The maximum tetrahedral coordination of the water
molecule in the tetramers has, however, not yet been detected.

This study describes for the first time a virtually planar water
tetramer in which the water molecules are virtually tetrahedrally
coordinated in a three-dimensional network through hydrogen
bonds. The network could be produced by the cocrystallization of
[Tc(CO)-(uz-OH)]4 (1) and water. & =

As shown in Figure 1 the complementary components, the water :
tetramer (016-O10A—010B—010C) and the cubic clustet, oy |
independently of one another, form two interpenetrating tetragonal o, . ol
lattice networks held together exclusively by hydrogen bonds. The K /Q
amphiphilic behavior of clustet and water results in a highly o %‘
ordered three-dimensional network;4(H,0)]..13 To our knowl- ~ 91 hos !

o10¢
edge this constitutes the first example of a network structure formed B d ‘1?“’

Figure 1. Network [1:4(H,O)]». View along thec-axis.

as a result of the cocrystallization of an amphiphilic metaiganic
complex and water through multiple hydrogen bridge donor and / , e

acceptor functions. As shown in Figures 1 and 2, it is also unusual 4 b

that, in the water tetramers, on one hand the water molecules are : = "

linked together via hydrogen bonds in the same way as tetramers S o P

!n the Qas phas,and on other hand the tetramer itself is embed(}ied Figure 2. \Water tetramer in its immediate environment. Each oxygen atom
in a virtually tetrahedral network such as that known from ice within the virtually planar water tetramer is tetrahedrally coordinated through
structures> hydrogen bonds as in ice structures.

Within the network 1-4(H,0)], the water tetramers (D), are
orientated in planes perpendicular to the main axis, C. This also
applies to the midpoints of the moleculeslofWhen forming the
system, the rigigis-OH groups ofl act as hydrogen bridge donors
in the sense of a Lewis acid toward the free electron pairs of the
oxygen in the water tetramers. At the same time, the oxygen atoms

of the axial carbonyl groups behave as hydrogen bond acceptors
in the sense of a Lewis base toward the free protons of the water
tetramers. Thus, eight cubes are interlinked via eagh tdtramer.

The oxygen atoms within the @@), ring are in the corners of
a square that is folded by 18long the diagonals (Figure 2). While
the O-H—0O bonds, with angles of 17G.9only deviate slightly
PP T K Seeem e frgm linearity within.the (HO)4 ring, the other two hydrogen bonds
s Ar']’(‘)'rgat:ﬂ’scﬁ_cfgg‘iesc'ﬁg; sty dgf‘ﬁ'give.?si;'ig'elberg_ with 1 form for.sterlc reasons aqgles of 1624nd 162.6 (Table
§ Synthra GmbH. 1). The O-0 distance of approximately 294 pm for the hydrogen
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Supporting Information Available: Crystallographic data of-

4H,0 in CIF format and experimental details.This material is available
free of charge via the Internet at http://pubs.acs.org.

Table 1. Summary of the Distances and Angles in the (H20)a
Ring
bond distance [pm] angle [deg]
010-0O10A 294.0 010A-010-010C 89.54
010-03 302.5 03-010-010A 118.62
010-01 292.8 01+010-010A 124.78
010-H10A 87.0 016-H10B—010C 170.9
Ol1-H1 96.7 0+010-03 84.11
010-H10B 101.2 O1+H1-010 162.6
03—-H10A-010 162.1

Table 2. Experimentally Determined O—O Distances and IR
Absorptions of the Bound OH Stretching Vibrations in Small Cyclic
Water Clusters

cluster distance [pm] IR absorption®® cm~1]
(H20)4 in this study 294 3598
trimerée 201 3533
tetramet® 281 3416
pentamet® 272 3360
watef 285 3280
ice Int 276 3220

bonds within the (HO), ring is considerably greater than the-O
distances measured in the solid phase for the water tettaarat

for the water trimei©17 of 281 and 291 pm, respectively (Table 2).
As is known, the G-O distance in small cyclic water clustens (

= 3—6) decreases almost exponentially with increasing cluste? size.
In this respect our measured distance of 294 pm is unusual. Also,
the infrared absorptions of small water clusters@i (n = 3—10)

show a dependence on the number of water molecules in the cluster (
in the gas phase. As the size increases, the wavenumber of the OH

stretching vibrations continuously decreases in the range from 3720
to 2935 cm1.1® The broad IR band oflf4(H,0)], at 3598 cm?

for the bound OH stretching vibrations also fits in this scheme over
the IR absorptions of the water tetramer at 3416 £and the water
trimer at 3533 cm?. Unlike water and ice, cyclic clusters in the
gas phase show a sharp single contribution of the vibrational bands.
Because of cooperative effects in the tetrahedrally coordinated

cluster the wavenumber may be higher than in the gas-phase cluster.

In addition, with an G-O distance of 303 pm, the hydrogen bonds
in the water tetramer are critically weakened by the hydrogen bonds
between the tetramer and the CO groups.

In diamagneticl the us-OH group can be formally considered a
5-electron donor, as in the homologous compounds [M&GE)
OH)]s (M = Mn, Re)?! The structure ofl is based on a distorted

heterocubane system, the corners of which are occupied alternately

by Tc and O atoms. Because Inthere is only one independent

Tc(CO)XOH fragment crystallographically, all four Tc(C&@H

units are equivalent in terms of the bond angles and bond order.
The angles between pairs of adjacent carbonyl groups are

identical within the limit of error (average value 86.8 + 0.3).

Very comparable values were measured for the-Cadistances,

the G-0 bond lengths of the carbonyl groups and the-Tcbond

distances to the hydroxyl groups. On average these are:196

pm for the Te-C bonds, 114.4t 0.8 for the C-O bond lengths,

and 219.3+ 0.4 pm for the Te-O distances.
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