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The concept that C-H‚‚‚O interactions exist as significant
secondary interactions, and occasionally the dominant interac-
tion,1 in molecular solids is now well established.2 It is
acknowledged that the shorter C-H‚‚‚O contacts generally
possess similar properties to N-H‚‚‚O and O-H‚‚‚O hydrogen
bonds, albeit with lower bond energies and longer intermolecular
distances, with the nature of the interaction being heavily
dependent on the structural and chemical characteristics of the
C-H donor group and the oxygen acceptor. Some of the
shortest C-H‚‚‚O intermolecular contacts arise from acidic
C-H protons, such as those in terminal alkynes.3 Triphen-
ylphosphine oxide (TPPO) (1) has been widely exploited4 in
crystal engineering,5 particularly with regard to the design of
hydrogen-bonded cocrystals, because of the presence of a
strongly polarized hydrogen-bond acceptor (PdO) coupled with
the fact that the protons on the phenyl rings are poor hydrogen-
bond donors. Recently, short C-H‚‚‚O contacts (H‚‚‚O dis-
tances 1.99-2.05 Å) have been reported6 in the structure of a
complex of triphenylsilylacetylene (Ph3Si-CtC-H) and1.
In this paper, we report an exceptionally short and linear

C-H‚‚‚O contact between 1,4-diethynylbenzene (2) and a water
molecule in the solid state. The water molecule is also hydrogen
bonded through O-H‚‚‚O interactions to two molecules of
TPPO, and we propose that the polarizing effect on the water
oxygen is responsible for creating an enhanced hydrogen-bond
acceptor.
Crystals of [14‚2‚2H2O] were obtained by slow evaporation

of a 4:1 solution of TPPO (obtained from Aldrich) and2
(prepared by a modified literature procedure7) in benzene. In
the crystal structure,8 (Figure 1) both of the alkyne functionalities
of a molecule of2 participate in short C-H‚‚‚O contacts (H‚‚‚O
and C‚‚‚O distances 1.96 and 3.02 Å, respectively, C-H‚‚‚O
angle 169.3°) with a water molecule which is simultaneously
hydrogen bonded to two TPPO molecules. The O-H‚‚‚O(P)
contacts are almost equivalent with H‚‚‚O distances of 1.85 and
1.77 Å and O-H‚‚‚O angles of 161° and 168°, respectively.
This (TPPO)2-water aggregate9 enhances the hydrogen-bond
acceptor strength of the water oxygen by the polarization of

the O-H bonds of the water molecule, thus creating a more
negative electrostatic potential surface around the oxygen atom
of the water. Ab initio quantum mechanical calculations10 at
the HF/6-31G(d,p) level using trimethylphosphine oxide as a
model system for TPPO show that the minimum electrostatic
surface potential around the oxygen atom for uncomplexed water
(-46.6 kcal mol-1) is made significantly more negative (-66.0
kcal mol-1) by complexation with two molecules of trimeth-
ylphosphine oxide.
The C-H‚‚‚O interaction of a terminal alkyne with water is

a rare motif: we are aware of only two other structures11

containing such a motif with the shorter11aH‚‚‚O distance being
2.09 Å. A comparison, using the Cambridge Structural
Database,12 of our C-H‚‚‚O contact with all other intermo-
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Figure 1. (a) The interaction of one molecule of2with two molecules
of water in the crystal structure of [14‚2‚2H2O]. (b) The detailed
intermolecular contacts between1, 2 and water in the [14‚2‚2H2O]
aggregate. For clarity, the phenyl rings have been omitted. The O-H
and alkyne C-H bond lengths were normalized at 0.98 and 1.07 Å,
respectively, in accordance with standard values derived from neutron
diffraction data.

12679J. Am. Chem. Soc.1997,119,12679-12680

S0002-7863(97)03506-3 CCC: $14.00 © 1997 American Chemical Society



lecular C-H‚‚‚O short contacts13 between organic molecules
shows that only 62 other H‚‚‚O distances are shorter than 1.97
Å from a total of ca. 1100 shorter than 2.20 Å. There is,
however, a need for caution when interpreting14 such data since
stronger intermolecular interactions between a pair of molecules
can force C-H‚‚‚O contacts to be closer than their ideal
equilibrium positions, to the extent that the interactions may
actually be repulsive. This is partly reflected in the poor
distance-angle correlation (i.e., few of these short contacts are
close to linear) of the 62 short C-H‚‚‚O contacts discussed
above, for which only 10 have C-H‚‚‚O angles greater than
160°.
The strength of the CtC-H‚‚‚OH2 interaction reported here

can be assessed by IR spectroscopy (Figure 2). In principle,
the C-H‚‚‚O interaction weakens the C-H bond and thus shifts
the alkyne C-H stretching vibration to a lower frequency. The
difference (denoted∆υtC-H) between the “free” alkyne C-H
stretching frequency15 (3308 cm-1, determined for a solution
of 2 in CCl4) and the hydrogen-bonded alkyne C-H stretching
frequency in the [14‚2‚2H2O] crystal structure (3106 cm-1) gives
a qualitative indication of the strength of C-H‚‚‚O interaction.
In this system, the∆υtC-H of 202 cm-1 is the largest reported16

for a terminal alkyne and represents further evidence that this
C-H‚‚‚O interaction is comparable in many respects to
traditional “strong” hydrogen-bonding interactions such as
N-H‚‚‚O and O-H‚‚‚O.
The C-H‚‚‚O interaction reported here demonstrates that the

polarizing effect of a strong hydrogen-bond acceptor (TPPO)
upon a molecule of water can be exploited to transform the
properties of a motif that is associated with weak hydrogen
bonds to one which is characteristic of stronger conventional

hydrogen bonds. We are currently developing the concepts
discussed in this paper by investigating the design and exploita-
tion of phosphine oxide receptors for water, together with the
development of spectroscopic techniques for the characterization
of C-H‚‚‚O interactions.
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(13) The search criteria (CDS dated 2/28/97) were error and disorder
free organic only structures withR factors less than 10%; 1118 C-H‚‚‚O
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were longer than 2.00 Å.
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phosphine oxide (Lutz, B.; van der Maas, J.; Kanters, J. A.J. Mol. Struct.
1994, 325, 203-214) whereas the largest reported shift for a known crystal
structure is 149 cm-1 for a Ph3Si-CtC-H‚‚‚OdPPh3 interaction (ref 6).

Figure 2. The terminal alkyne C-H stretching region in IR spectra
for (a) dilute solution of2 in CCl4 and (b) [14‚2‚2H2O] in the solid
state (KBr disk). Values of the C-H stretching frequency are given in
the text. The broad peak at> 3300 cm-1 in (b) arises from the water
O-H stretching vibration.
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