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Summary: The intermolecular interactions between X-H
donors (X ) C, N, O) and electron-rich π-ligands
(alkynes, arenes, and cyclopentadienyl ligands) in crys-
talline organometallic complexes have been investigated
from data retrieved from the Cambridge Structural
Database. Intermolecular X-H---π interactions are
weak hydrogen bonds following the common order of
acidity HOH > HNH > HCH but become more effective
packing determinants when “charge-assisted” by the
presence of an ionic charge (X-Hδ+---πδ-).

Introduction

The great structural diversity of organometallic sys-
tems, arising from the variability of oxidation states,
ligand-metal bonding, and types of ligands, is reflected
in the types and patterns of hydrogen bonding and other
intermolecular interactions established by organome-
tallic molecules and ions in the solid state.1 With
organometallic species the capacity to form hydrogen
bonds is not confined to the traditional acceptor and
donor groups of organic molecules. We have devoted
part of our recent research efforts to a systematic
investigation of hydrogen bonding in organometallic
crystals, in particular of donors and acceptors which
have no counterpart in the organic chemistry field.2

This note reports a study of hydrogen bonds of the
X-H---π (X ) C, N, O) type. The acceptor groups are
alkynes, cyclopentadienyl groups, and unsaturated rings
belonging either to the ligands in neutral and charged
complexes or to counterions in ionic crystals.
X-H---π interactions have been the subject of several

theoretical,3 spectroscopic,4 and structural studies.5,6
Furthermore, O-H---π and N-H---π interactions have

been shown to take part in the folding of biological
macromolecules,7 competing with the π-π stacking
interactions. The T-shaped arrangement in crystalline
acetylene8a and the well-known herringbone feature in
the packing of aromatic molecules8b,d are a consequence
of the optimization of C-H---π interactions. X-H---π
interactions in organic crystals have been the subject
of database analyses.9,10 The role of ionic charge has also
been discussed.11

We have investigated the distribution and geometry
of intermolecular X-H---π interactions (X ) O, N, C)
by searching the Cambridge Structural Database
(CSD).12a Mean values of X---π and H---π distances and
X-H---π angles with reference to the electron density
centroid of the unsaturated system12b are reported in
Table 1 for X ) O, N, and C, together with the number
of crystal structures (entries) and intermolecular con-
tacts (observations) found in each case.12c Except for
the cases where the number of entries is too small to
yield reliable statistical data (e.g. for X ) O and πCtC),
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estimated standard deviations of the mean values are
also provided. Although the samples differ very much
in population, H---π distances follow roughly the order
O < N < C. This is particularly evident when the
π-acceptor is the phenyl ring (πPh), for which a large
number of structures has been found. The H---πPh
distances increase on the average on passing from X )
O (2.66(3) Å) to X ) N (2.71(1) Å) and to X ) C (2.79(2)
Å). In contrast, for a given donor there is no clear-cut
dependence on the nature of the acceptor. This applies
also to the cyclopentadienyl ring, which is characteristic
of organometallic species and has no counterpart in
organic chemistry.
Figure 1 reports the distributions of intermolecular

X-H---πPh angles versus H---πPh distances for X ) O
and N, while, for the sake of clarity, the scattergram in
Figure 2 shows only the more abundant case of C-H-
--πCtC angles versus H---πCtC. These scattergrams
reproduce all the characteristic features of weak H-
bonds: as the length decreases, the interactions ap-
proach linearity.

In the case of phenyl or cyclopentadienyl rings it is
convenient to study the distribution of the θ angle,
formed by the π-H vector and the plane of the ring as
illustrated in Chart 1 for an X-H---πPh interaction.
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Table 1. Mean Values of X-H---π (X ) O,N,C)
Hydrogen Bonds Based on Database Analysisa

X-H---π
no. of
entries

no. of
observns

X---π
(Å)

H---π
(Å)

X-H---π
(deg)

O-H---πCtC 4 4 3.42 2.85 119.0
O-H---πCp 1 1 3.26 2.36 159.2
O-H---πPh 41 49 3.41(3) 2.66(3) 143(3)

N-H---πCtC 3 3 3.34 2.36 164.3
N-H---πCp 4 6 3.63 2.71 156.2
N-H---πPh 103 176 3.50(1) 2.71(1) 145(1)

C-H---πCtC 229 229 3.795(9) 2.854(7) 148.1(9)
C-H---πCp 12 15 3.71(3) 2.80(3) 144(3)
C-H---πPh 24 77 3.69(2) 2.79(2) 142(2)

a Mean standard errors in parentheses for statistically signifi-
cant samples.

Figure 1. Scattergrams of O-H- - -πPh angles versus
(O)H- - -πPh distances (a, top), and of N-H- - -πPh angles
versus (N)H- - -πPh distances (b, bottom), where πPh indi-
cates the phenyl ring centroid.

Figure 2. Scattergram of C-H- - -πCtC angles versus
(C)H- - -πCtC distances.
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The use of the polar angle θ allows us to see how the
H---π vector is oriented with respect to the ring plane.
As an example, the distribution of θ (absolute) values
for the O-H---πPh interactions after conical correction12d
is shown in Figure 3. Similar distributions are obtained
for X ) N, C and π ) cyclopentadienyl, phenyl. In all
cases there is a strong preference for θ angle values
around 80°.
This type of analysis, however, does not allow us to

discriminate between an approach of the X-H donor
toward the center of the ring system (in the cases of
πCp and πPh) and an approach directed toward C-C
bonds on the ligand rim. This latter type of interaction
has been discussed on several occasions9 and is also
observed in our samples.
The hydrogen bond acceptor behavior of the cyclo-

pentadienyl ligand, so typical of organometallic mol-
ecules, is similar to that of phenyl rings.
X-H---π Interactions in Ionic Crystals and Effect

of Charge Assistance. Hydrogen bonds are interac-
tions of chiefly electrostatic nature. In the case of X-H-
--π interactions, as in all other weak hydrogen bonds,
we expect X-Hδ+---πδ- bonds to be shorter than neutral
X-H---π or X-Hδ----πδ+ cases. To examine this aspect,
separate CSD searches of X-H---πPh interactions on
ionic and neutral complexes have been carried out for
X ) O, N, C. The results are grouped in Table 2
according to the neutral or positively or negatively
charged nature of donors and/or acceptors.
In the case of X ) O, 23 out of 42 structures with H--

-πPh distances below 3.0 Å are of hydrates, while in 7
cases the O-H group belongs to a metal-coordinated
aquo ligand. As expected, water can approach πPh
clouds more easily than any other O-H donor.
Figure 4 shows the distribution of (X-)H---πPh dis-

tances for charged and neutral organometallic systems

(empty and filled bars, respectively). Table 2 and Figure
4 show that charged fragments are present in ca. 50%
of the complexes for X ) O, and N, leading to slightly
shorter hydrogen bonds with respect to neutral systems
both when the acceptor is negatively charged (mainly
for X ) O) and the donor is positively charged (X-Hδ+-
--πδ- type common for X ) N). Negatively charged
acceptors are most commonly found in crystals of the
BPh4- anion (7 cases for X ) O, 39 for X ) N). The
X-Hδ+---πδ+ situation is found in very few compounds.
In the case of carbon donors, charged C-Hδ+---πPh

δ-

hydrogen bonds are less common. Furthermore, the
charge effect seems to be less appreciable than in the

Figure 3. Histogram of θ angles (see Chart 1 for defini-
tions) taken with their absolute values and corrected for
the solid-state angle, relative to O-H- - -πPh interactions.

Chart 1

Figure 4. Distribution of (X)H- - -πPh distances for charged
and neutral organometallic compounds (empty and solid
bars, respectively): (a, top), X ) O; (b, middle) X ) N; (c,
bottom) X ) C.

Table 2. Number of Structures Containing
Neutral and Charged X-H---πPh (X ) O,N,C)

Hydrogen Bonds

O-H 22 2 12
N-H 45
C-H 16

O-Hδ+ 1 5
N-Hδ+ 9 48
C-Hδ+ 4 4

O-Hδ-

N-Hδ- 1
C-Hδ-
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cases of O-H and N-H donors, as shown by the
comparison of (C-)H---πPh distances for ion pairs or
neutral species in Figure 4c. We have found that the
BPh4- counterion commonly acts as an X-H---πPh
hydrogen bond acceptor (mainly when X ) N) and
appears to play a “noninnocent” role in determining the
ion arrangement in crystals. As an example, Figure 5
shows the pattern of O-H---πPh interactions in crystal-
line [(tetraphenylporphyrin)Mn(H2O)2][BPh4],13 where
the BPh4- anions “bridge” (H---πPh ) 2.341 Å) cations
via coordinated water molecules along the c axis.

Conclusions

We have shown on the basis of a CSD analysis that
X-H---π hydrogen bonds in organometallic crystals are
common. These interactions conform to the order of
acidity observed in typical hydrogen bonds (HOH > HNH
> HCH) and show a tendency toward linearity at shorter

(X-)H---π distances. C-H---π hydrogen bonds, though
weaker than N-H---π and O-H---π, behave in very
much the same way whenever sufficiently acidic C-H
donors are present.
The presence in the subset of organometallic struc-

tures retrieved from CSD of ca. 50% of ionic compounds
has allowed an evaluation of the “charge effect” affecting
the X-H---π hydrogen bond. Either donors or acceptors
can carry a positive charge, while seldom are negatively
charged X-Hmoieties observed. In most cases charge-
assisted (X-Hδ+---πδ-) interactions present shorter
distances than neutral X-H---π bonds. This represents
a clear-cut manifestation of the essentially electrostatic
nature of X-H---π hydrogen bonds. Because of the
abundance of ionic complexes, “charge assistance” to
weak hydrogen bonds is a relevant phenomenon in
organometallic solids.14
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Figure 5. Bridging of BPh4- anions, via O-H- - -πPh
hydrogen bonds, of [(tetraphenylporphyrin)Mn(H2O)2]+
cations in crystalline [(tetraphenylporphyrin)Mn(H2O)2]-
[BPh4] (drawn after ref 13 from coordinates available in
the CSD).
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