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Abstract: C—H- - “O hydrogen bonding interactions in crystalline organometallic complexes and clusters have been
investigated. The analysis takes the form of retrieval from the Cambridge Structural Database of all intra- and
intermolecular H+++O distances less than 2.80 A, associated with appropriate C—H+++O angular geometry, in
organometallic crystal structures of the first-row transition elements containing terminal and bridging CO ligands.
Individual crystal structures have also been examined to evaluate the role of C—H-* +O hydrogen bonds in determining
the supramolecular arrangement. There is a definite manifestation of C—H++O hydrogen bonding in this group of
crystalline substances. In general, the bridging CO ligands form shorter and more linear hydrogen bonds than do
the terminal CO ligands, reflective of their higher basicity. This effect is especially pronounced for intermolecular
hydrogen bonds, the intramolecular ones being expectedly more dependent on the details of the molecular structure.
C—H:--+O hydrogen bonds formed by both bridging and terminal CO ligands are also directional. In both cases,
there is a tendency for the CO-+<H angle to be around 140°, hinting that there is oxygen lone pair density in these
ketonic directions. Examination of specific structures shows that bifurcated acceptors (several C—H groups pointing
toward a single O atom) are common and that the anisotropic displacement parameters of atoms involved in C—H-++O
bonding are smaller than those of other atoms. It is suggested that the C—H-*+O hydrogen bond is an example of

a soft intermolecular interaction as compared to the hard O—H- - O hydrogen bond.

Introduction

The assembly of mononuclear and polynuclear organometallic
complexes in the solid state? is governed, as is the packing of
organic crystals,> by a balance between nondirectional close-
packing forces® and directional interactions between metal
atoms® or charged groups.® However, the crystallisation
behavior of organic and organometallic molecules is also
contradistinctive. The flexibility of the typical organometallic
molecule means that crystal packing and molecular shape are
interlinked and influence each other in a manner which is much
more intricate than what is observed in the majority of organic
crystals.” Flexible shapes and the availability of different
bonding modes which differ little in energy for the same type
of ligands result in structural non-rigidity for most organome-
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tallic molecules. This, in turn, is responsible for the many
fluxional processes organometallic molecules undergo in solu-
tion and for the existence of polymorphism in the solid state.?

Given these premises, our efforts have this far been directed
to the understanding of intermolecular interactions acting among
organometallic molecules, the effect of these interactions on
the structure and conformation of the individual molecule, and
the control exerted by these interactions on the molecular
packing in the crystal. An appreciation of these aspects is of
importance for the understanding of the solid state properties
of organometallic materials. Both physical (conductivity,
diffusion, magnetic susceptibility, reorientation and second
harmonic generation) and chemical (solid state reactivity,
racemisation, resolution) properties depend on the ways in which
molecules are organized in the crystal and on the forces which
hold them together.?® Along these lines, we have recently
investigated the role played by “strong” or conventional
hydrogen bonds in organometallic crystals and have studied the
molecular organization in crystals of transition metal complexes
and clusters containing hydrogen bond donor and acceptor
groups such as —COOH, —OH, and —COOR as well as CO
ligands.

The ability of carbon atoms to act as proton donors in
hydrogen bonding situations has been a matter of debate and
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N—H---O hydrogen bonds are stronger than the strongest of C—H:*-O
interactions (ca. 5 kcal/mol).
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controversy in the past.'® At present, there seems to be hardly
any dispute about the use of the term “hydrogen bond” to
describe these interactions.!! Their potential as delicate yet
accurate links for systematic supramolecular construction is only
just beginning to be realized'? and a number of recent books
and papers have addressed different aspects of these weak
interactions.'? As far as purely organic structures are concerned,
there is very little doubt that C—H- *O hydrogen bonds (energy
1—5 kcal mol™') are major determinants of crystal packing,
especially when strong O—He « <O and N—H- - *O hydrogen bonds
(energy 5—10 kcal mol™') are absent.!""'*2 Even in the presence
of strong hydrogen bonds, C—H-* ‘O hydrogen bonds may distort
the geometry and topology of the strong hydrogen bond network
in specific instances.'* Conversely, the absence of C—H:+-O
hydrogen bonding which can be caused by molecular features
(for instance a lack of a critical number of H atoms) leads on
occasion to unexpected topologies for the strong hydrogen bond
network.!> Anomalies and puzzles in the strong hydrogen bond
patterns of certain crystal structures are (with belated hindsight)
being explained on the basis of the interplay of strong (O—
H-++0, N—H--+O) and weak (C—H--+0) hydrogen bonds.>1
In general, the strength and effectiveness of a C—H:-+O
hydrogen bond depends on C—H carbon acidity!” and on
O-atom basicity, '8 which is enhanced via cooperative effects.!®

It is remarkable that, inspite of the interest that the C—H:+-O
hydrogen bond has attracted, little has been done in this context
with regard to organometallic solids. This is surprising because
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the number of organometallic species characterized by diffrac-
tion methods, to date, is counted in terms of the tens of
thousands. Most of these structures are deposited in the
Cambridge Structural Database (CSD),? thus providing direct
access to fundamental information on both molecular and crystal
structures. A further reason for interest arises from the presence
in organometallic molecules of an additional and different type
of potential hydrogen bonding acceptor, namely the CO ligand.
The CO ligand can bind to metal centers in a terminal or
bridging fashion, this latter bonding mode being found in
polynuclear complexes. We have already observed the capacity
of the CO ligand to form intermolecular C—H: <O hydrogen
bonds which, though weak, are significant. 348" However, this
ligand takes part in hydrogen bonding networks only when
stronger acceptor groups are absent.

In this paper we report results of an extensive study of
intramolecular and intermolecular C—H+ <O hydrogen bonds
in organometallic crystal structures of the first-row transition
elements containing terminal and bridging CO ligands. In
particular, we will try to address the following questions: (i)
Does CO participate in C—H * ‘O hydrogen bonds wherein the
donor H atom belongs to a metal-coordinated organic ligand,
M-—C-H, or to an organic ligand, R—C—H, and the acceptor
O atom belongs to a metal-coordinated CO molecule? (ii) Do
C—H:+-O hydrogen bonds play a detectable (and if so,
significant) role in the stabilization of crystals formed by neutral
mononuclear or polynuclear organometallic complexes? Are
these interactions important in supramolecular architecture? (iii)
Is there a recognizable difference in hydrogen bonding capability
between the two main bonding modes shown by CO ligands in
organometallic complexes, namely terminal (CO-t hereafter) and
bridging (CO-b hereafter) which could be related to the different
basicity of CO in the two bonding modes?

To answer these questions, we have systematically explored
the CSD in order to analyze intramolecular and intermolecular
C—H:++O hydrogen bonds in crystal structures of neutral
complexes containing at least one atom among the series Sc to
Zn (with special emphasis on the metals Mn, Cr, Fe, Co, and
Ni) and at least one CO ligand whether bound in a terminal or
in a bridging fashion. From the search outputs, some repre-
sentative examples have been selected and discussed in detail.

Experimental Section

Cambridge Structural Database (CSD) Analysis. Data were
retrieved from the 1993 update of Version 5.05 of the CSD (109816
entries) for all the ordered crystal structures with an exact match
between chemical and crystallographic connectivity and containing at
least one of the first-row transition metal atoms (Sc—Zn). Polymeric
and charged species were excluded. No R-factor restriction was
employed because the structures were found to be of good accuracy
with R factors very rarely in excess of 0.10. Geometrical calculations
were performed on the retrieved data for intramolecular and intermo-
lecular C—H-++O interactions separately for each metal atom using
QUEST3D-GSTAT, an automatic graphics nonbonded search program
of the CSD. Duplicate hits (identified by the same REFCODE) were
removed manually by eliminating all but the structure with the lowest
R value in each case. Unique contacts were considered up to an H:+ O
distance of 2.80 A (van der Waals sum). A bonafide C—H:++O
hydrogen bond was considered to be one where, in addition to this
distance stipulation, the C—H-+-O angle lies in the range 110—180°.
C—H bond lengths were normalized to 1.08 A. The queries were
constructed such that the O atom of the C—H:++O bond belongs to a
CO group attached to a metal atom. Calculations were performed
separately for the CO-t (C—H:--0=C—M) and CO-b (C—H:--0=C<)
cases. Geometrical questions constructed for the Mn case are given in

(20) Allen, F. H.; Davies, J. E.; Galloy, J. J.; Johnson, O.; Kennard, O.;
Macrae, C. F.; Watson, D. G. J. Chem. Inf. Comput. Sci. 1991, 31, 204.
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Scheme 1. CO Bonding Modes
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the supplementary material as representative examples. Key examples
were then selected from the search outputs and were investigated by
computer graphics.?'* The computer program PLATON?" was used
to analyze the geometrical features of the hydrogen bonding patterns.

Carbonyl complexes of transition metal atoms are common and
almost all metals form stable complexes in the low-oxidation states
with CO. Binary carbonyls (e.g. complexes containing CO as the only
ligand) are known and have been structurally characterized for all
transition metals in the series Ti—Ni. Most of these form clusters of
various nuclearities. There are, however, relatively few complexes
containing exclusively CO ligands when compared to the number of
mononuclear and polynuclear complexes containing organic ligands
as well as CO. In order to efficiently handle the problem under
investigation, we have confined our CSD search to first-row metal
complexes but with no limitations on the nuclearity of the metal core.

It is crucial in the following discussion to recall that the CO molecule
can bind to polynuclear metal complexes in terminal and various
bridging fashions. Bridging COs can span a metal—metal bond (u2-
bonding mode) or cap a triangulated metal face of an higher nuclearity
cluster (u3-bonding mode). These principal bonding modes are shown
in Scheme 1. In all these bonding modes, CO provides two electrons
to the valence electrons of the complex. CO is also known to be capable
of interacting with metal centers via the unsaturated C—O bond. End-
on (or isocarbonyl) complexes are also well-established.? The forma-
tion of these complexes requires strong Lewis acids such as alkali metal
cations, other main groups metals, or rare earth acceptors.

The basicity of CO inCreases on going from the terminal to the
bridging bonding geometry so that the involvement of this ligand in
hydrogen bonding also increases.! For this reason, we have preferred
to separately examine these different involvements of CO in C—H:+-O
type interactions. For the purpose of the following discussion we have
designated CO in terminal and bridging bonding geometries as CO-t
and CO-b, respectively. The descriptors inter and intra will be used
to discriminate between intermolecular and intramolecular interactions.
The four categories we will therefore discuss are CO-t(inter), CO-
b(inter), CO-t(intra), and CO-b(intra).

Studies of hydrogen bonding which rely on X-ray derived crystal
structures are handicapped by the fact that the position of the most
important atom in the hydrogen bond, namely H, is the one which is
determined with the least accuracy. Typically, C—H distances are
systematically shortened by 0.05-0.10 A, Two approaches are
commonly used to alleviate this problem. In the first approach, one
considers only neutron diffraction structures wherein the H-atom
positions are determined with great accuracy.?> Because of obvious
experimental difficulties, this technique cannot be used routinely,!3¢14b
In the second approach, the X-ray derived H-atom position is normal-
ized by extending this position along the C—H vector such that the
C—H distance corresponds to the typical neutron-derived value.?* Such
normalization yields hydrogen bond geometries which closely parallel
neutron-derived geometries, and this is the procedure which has been
employed in this study. There are situations, however, where neutron-
derived structures are invaluable and we have discussed a neutron
diffraction structure (HMPCIC10) to show the superiority of this
technique in obtaining accurate experimental information on C—H:+-O
hydrogen bonding.

(@)

M—C=0
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The geometrical criteria which are selected to characterize a particular
C—H:-+O grouping as a significant intermolecular interaction or as a
hydrogen bond have also been the subject of some discussion.!! There
appear to be two distinct viewpoints: (1) use a conservative C+++O
threshold such as 3.25 or 3.30 A and refer to longer separations as van
der Waals interactions; (2) use a more liberal threshold. Historically,
the Sutor—Donohue controversy in the 1960s arose because of the
tendency to accept the first viewpoint.!%b More recent analysis,
however, has shown that many longer C—H: «*O contacts (C+++O 3.50—
4.00 A) have angular characteristics and effects on crystal structures
which resemble the shorter contacts (3.10—3.50 A).!1314* We emphasize
that the C—H:++O bond is not really a van der Waals contact but is
primarily electrostatic, falling off much more slowly with distance and
hence viable at distances which are equal to or longer than the
conventional van der Waals limit. Therefore the outer cutoff C---O
distance must be liberal. Additionally, it must be noted that the
chemically meaningfu! distance is the H:- <O distance rather than the
C- ++O distance and that this H - <O distance is geometrically determined
by the (experimentally easily observable) C:+-O distance and the
hydrogen bond angle 8 (C—H:++0). In practice, we have employed
an H-++O cutoff of 2.80 A for the H-normalized data. This value is
close to the van der Waals sum and even longer values have been
considered as being justified and necessary.’** More complex and
accurate prescriptions have been suggested by us'é and others'* in
studies of small, homogeneous groups of crystal structures, but in this
extensive study we have preferred generality with the attendant
simplicity. Actually, the question is not whether this or that cutoff is
correct or incorrect but rather that one uses a consistent and high value
throughout. Mean geometries will inevitably depend on the particular
range of H: + “O values chosen, but this is not a problem if comparisons
are being made, say from metal to metal within the overall group of
structures. Needless to say, while evaluating individual C—H:+-O
hydrogen bonds, the greatest weight is given to those contacts wherein
short He++O separations (2.00—2,30 A) are accompanied by large 8
angles (150—180°). It may be noted in this context that while short
C-- -0 separations are often accompanied by small # angles (weak and
bent hydrogen bonds), the chemically unreasonable combination of a
short H- - +O distance and a small 8 angle is observed but seldom.

Results and Discussion

All average structural parameters from the CSD search for
the series Ti—Ni are listed in Table 1. All metals behave very
similarly, that is there is no dependence on the nature of the
metal which also means no dependence on the number of ligands
since the number of electrons (that is, of ligands) required by
the EAN rule decreases on moving from left to right along the
transition row.25 Plots of the C—H: * ‘O angle versus the C+++O
distance have been deposited in the supplementary material, The
following general considerations can be made:

(i) Comparison between CO-t(inter) and CO-b(inter).
Table 1 shows that both C:++O and H-++O mean distances for
CO-t(inter) are generally longer than those of CO-b(inter).
Although V and Cr appear to contradict this trend, the number
of CO-b in these cases is too small to be of statistical relevance.
The differences in mean length between CO-t(inter) and CO-
b(inter) fall within the range 0.02—0.06 A for the C:-+O
separations and 0.04—0.08 A for the H:-+O separations. For
Fe and Co, the trend is clear and the confidence level in such
an observation is high with the differences in mean length being
at least 10o. For Mn and Ni, the differences in mean length
are not significant at the 30 level because of the standard
deviation for the CO-b(inter) values. However, the trend is
toward longer distances for hydrogen bonds involving CO-t,
and this general behavior very likely follows from the higher
basicity of CO-b with respect to CO-t.22

(24) (a) Murray-Rust, P.; Glusker, I. P. J. Am. Chem. Soc. 1984, 106,
1018. (b) Kroon, J.; Kanters, J. A.; van Duijneveldt-van de Rijdt, J. G. C.
M.; Vliegenhardt, I. J. Mol. Struct. 1975, 24, 109.

(25) However, many stable complexes of the early and late transition
metals possess fewer electrons than predicted by the EAN rule.
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Table 1. Mean Geometrical Parameters for C—H:+ O Hydrogen Bonds in First-Row Transition Metal Carbonyls®

no. of unique

C-0(A) H---0 (A) C—H: -0 (deg) C—0r-H (deg) REFCODES no. of hits
CO-t(inter)
Ti 3.53(0.02) 2.63(0.02) 140.3(2.2) 126.5(4.0) 7 29
\Y% 3.49(0.01) 2.65(0.01) 136.5(1.6) 124.9Q2.7) 22 88
Cr 3.51(0.003) 2.64(0.002) 140.1(0.3) 124.9(0.5) 474 2415
Mn 3.51(0.004) 2.64(0.003) 139.4(0.4) 126.8(0.6) 366 1510
Fe 3.51(0.002) 2.62(0.002) 139.8(0.2) 128.3(0.3) 1137 4205
Co 3.52(0.005) 2.64(0.004) 140.3(0.5) 128.3(0.7) 291 916
Ni 3.52(0.02) 2.64(0.02) 141.2(3.0) 125.2(3.4) 12 30
CO-b(inter)
Ti 0 0
\Y% 3.51(0.1) 2.61(0.06) 145.4(11.9) 125.8(6.7) 1 4
Cr 3.56(0.05) 2.56(0.04) 155.3(3.6) 131.7(6.3) 4 9
Mn 3.48(0.02) 2.58(0.02) 144,0(2.4) 132.5Q2.7) 23 51
Fe 3.45(0.009) 2.57(0.008) 142.5(1.1) 132.9(1.2) 129 285
Co 3.47(0.01) 2.59(0.008) 141.4(1.0) 132.2(1.2) 110 257
Ni 3.50(0.02) 2.59(0.02) 145.4(2.5) 128.3(3.4) 20 47
CO-t(intra)
Ti 3.45(0.04) 2.62(0.05) 135.3(7.0) 80.3(1.2) 2 4
\Y% 3.40(0.04) 2.66(0.03) 127.7(3.9) 82.2(2.0) 10 21
Cr 3.52(0.007) 2.64(0.005) 140.1(0.7) 84.6(0.8) 218 456
Mn 3.50(0.007) 2.65(0.006) 137.3(0.7) 79.8(0.7) 212 429
Fe 3.50(0.004) 2.64(0.003) 138.0(0.4) 82.0(0.4) 599 1272
Co 3.50(0.01) 2.67(0.006) 135.8(0.9) 82,7(0.9) 138 261
Ni 3.60(0.04) 2.69(0.02) 143.7(3.8) 80.5(3.2) 8 15
CO-b(intra)
Ti 0 0
\Y% 3.46(0.06) 2.62(0.08) 136.2(12.1) 86.3(2.5) 1 3
Cr 3.46(0.08) 2.70(0.08) 128.1(9.0) 104.4(8.1) 1 2
Mn 3.34(0.03) 2.55(0.03) 132.4(4.0) 98.7(2.6) 10 22
Fe 3.35(0.01) 2.56(0.01) 130.4(1.4) 94.7(1.2) 45 99
Co 3.32(0.01) 2.52(0.01) 131.0(1.2) 96.1(0.9) 51 128
Ni 3.39(0.03) 2.59(0.03) 132.02.7) 96.2(3.1) 13 24

“ Values obtained from the Cambridge Structural Database (standard deviation values are in parentheses).
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Figure 1. Histograms of C:«+O distances for the Fe CO-t(inter) and
CO-b(inter) complexes. The populations are expressed as probabilities
to facilitate comparison. The bars at, say, 3.40 A represent contacts
between 3.30 and 3.40 A. Notice the offset of the CO-t histogram
toward longer C:«+O distances.

Although these distance differences are small, there is
adequate evidence that mean C:+°O and H--+O distances
accurately reflect C—H-++O acidity—basicity properties.'”
C—H- - -0 distance distributions will always be broad. This is
inherent in the very weakness of the interaction.'’® However,
when as in this case the sample sizes run into the several
thousands, the values of the means are less likely to be affected
by outliers and comparison of mean C-++O and H- - +O distances
becomes a reliable exercise,'™ inasmuch that these distances
have been shown to even correlate properly with solution pK;
values.'” In support of such an argument, Figure 1 shows
histograms of C-++O distances for the Fe'CO-t(inter) and CO-
b(inter) complexes with the populations of structures expressed

as probabilities in both cases to facilitate comparison. These
histograms represent 4205 and 285 hits, respectively. Notice
that the entire histogram for CO-t(inter) is offset toward longer
C:++O distances. Such behavior has been observed previously
for acidity series involving chloroform and dichloromethane!’
and involving alkynes and alkenes.'” The less basic the CO
ligand, the longer the C-++O distance. This shows that a
consideration of mean C-+*O and H:+°O values is a valid
approach to monitor O-atom basicity in organometallic com-
plexes.

Similarly, C—H:- - +O angles for CO-t(inter) are smaller than
those of CO-b(inter), 139—140° versus 142—146°. This dif-
ference is small and indeed the trend is again fully satisfactory
only for Fe and to some extent Co, but strengthens the idea
that CO-b(inter) forms, on the average, more linear and stronger
intermolecular bonds than CO-t(inter). This is noteworthy also
because steric factors favor CO-t(inter) over CO-b(inter), the
former type of ligands protruding more from the molecular
surface. Similar arguments and caveats also hold for the
C—0--H angles (see Table 1) although these angles are, on
the whole, smaller, approaching 120°. With regard to metals
other than Fe and Co, it should be recognized that the interaction
being studied is really weak and thus the significance level may
be low for some of the distance and angle differences.
Inasmuch, however, as one would like to make some chemical
interpretations from these geometrical results for Cr, Mn, and
Ni structures, it should be stated that though the trends are not
statistically significant at the 3o level, they appear similar and
more reliability may be placed in these results at a future time
when a larger sampling of data becomes available. Along these
lines, we have calculated mean C—H: ++O angles for all metals
for CO-t(inter) and CO-b(inter) to be 139.8(0.3)° and 142.5-
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(1.2)°, respectively. Similar C—O---H angles are 127.1(0.5)°
and 132.2(1.5)°, respectively.

(ii) Comparison between CO-t(inter) and CO-t(intra).
C-++0 and H- - +O distances for CO-t(intra) and CO-t(inter) have
similar mean values. Both C—H:++O and C—0O---H angles are
larger for CO-t(inter) than CO-t(intra). The average value for
C—H--«O angles is 139 versus 137°. The difference in
C—0---H angles is even more striking being of the order of
40—50°. These differences are probably due to the common
octahedral coordination of ligands around the metal centers with
ligands forming L—Me—L’ angles of ca. 90°.

(iii) Comparison between CO-b(inter) and CO-b(intra).
The relationship observed between CO-t(inter) and CO-t(intra)
is also maintained between CO-b(inter) and CO-b(intra). Again,
the results for Fe and Co are the most reliable while those for
Mn and Ni (though following the same trend) are equivocal.
The C—H:++O angle difference is more appreciable while
CO-+-H angles are larger than for CO-t(intra). This is very
probably due to the fact that CO-b are more embedded in the
ligand shell and can get closer to neighboring ligands.

(iv) CO--‘H Directionality and O-Atom Lone Pair Ori-
entations. Plots of CO--*H angles versus H-++O distances in
the nearly 1500 Fe-atom-containing crystal structures are
presented in Figure 2a. Similar plots for Mn, Co, Ni, and other
metals have been deposited. We will discuss intramolecular
and intermolecular angles separately.

(a) Intramolecular Angles. CO---H angles for both CO-
t(intra) and CO-b(intra) cluster around 70—100° with only a
very few outliers which exceed 100°. It appears that, as the
O--H distance increases, the CO-+ *H angles for CO-t(intra) tend
to span a larger range than at shorter distances. The reason for
this is perhaps to be found in the normal geometry of a complex
or cluster; if ligands have O and H atoms at short contact
distances (less than 2.80 A) they must belong to ligands which
are bound to the same metal atom or, at most, to two adjacent
metal atoms in a dinuclear or higher nuclearity complex, as
shown in Scheme 2, left. Only when the ligand carrying the
CH unit we are considering is very flexible and capable of
folding back toward the CO ligand (Scheme 2, right) can the
CO- «H angle be larger.

This is perhaps why intramolecular six-, seven-, and higher-
membered rings are formed rather than five-membered rings.
In order to have five-membered rings, the C atom carrying the
H atoms of interest must be bound directly to the metal. This
bond could be of the uncommon o-type (M - - CH) or be due
to the presence of a @-ligand (cyclopentadienyl, arenes, etc.)
which is found more frequently. In this latter case, however,
the H atom must be at less than 2.80 A (to fall within our search
cutoff) and intramolecular repulsions between C(xr-ligand) and
C(CO) arise as shown in Scheme 3. As a matter of fact, in all
the examples we have examined where this latter situation is
present, short interactions between, say, Cp or arene H atoms
and COs are never observed.

(b) Intermolecular Angles. Far more interesting is the
situation presented by the CO-+*H angles in the CO-t(inter) case.
These angles provide information on O-atom directionality, a
subject which has not been studied rigorously for C—H:++O
bonding. For strong hydrogen bonds, the directionality of
X—H:+«O (X =N, O), that is the preference of the X—H vector
to point toward the lone pair direction of the O atom, has been
found to depend on whether the O atom is sp® or sp?
hybridized.'%® For carbonyl acceptors, there is a marked
preference for the hydrogen bond to lie in the lone pair direction,
or in other words with an X—H:+ «O=C < angle of around 120°.
For ethereal acceptors, however, the directionality is not so
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pronounced; while there is some preference for hydrogen
bonding in the plane containing the O lone pairs (“rabbit ears”
plane), there is no favored trajectory within the plane.** In
general, C—H-++O directionality has been found to be similar,
that is C—H:++O hydrogen bonds to carbonyl O are more
directional than those to ether O. The extent of CO-+H—C
directionality among the organometallic compounds studied here
is therefore of relevance because it may be used to adduce
evidence for the shapes of lone pairs on the O atoms of terminal
(CO-t) and bridged (CO-b) CO ligands.

In this context, let us examine the CO-t(inter) plot in Figure
2a (top left). The most significant feature here is that data on
as many as 4205 hits from 1137 Fe-atom-containing crystal
structures are included. The distribution of intermolecular
CO--°H angles is unexpected. There is a large angular
distribution (90—180°) at long O-«°H separations (>2.60 A)
which narrows as the O-«-H separation decreases, focussing
around 125—135° for the strongest C—H-+ O hydrogen bonds.
This feature is quantified in Figure 2b which is a plot of the
percentage (probability) of hits in the range 125—135° versus
the H-++O distance. Note that 25% of the hits have CO-+-H
angles in this range when the H:++O distance is around 2.30 A
whereas this percentage falls to around 16% at a distance of
2.80 A. Is this result significant and does Figure 2b really
confirm that the CO-+<H approach is angular? This question
may be studied further by using the approach of Kroon et al.,
who have shown that for purely geometrical reasons, hydrogen
bond angles, 8, which tend to linearity cover smaller solid angles
than do bent angles.’® Actually, Kroon et al. discussed
O—H--+O angles but the argument is just as valid for CO-+-H
angles, ¢. Figure 2c¢ is a histogram of observed CO- - -H angles.
The populations in each 10 deg range of ¢ were then normalized
for the above geometrical bias by division by sin ¢, and the
corrected histogram is shown in Figure 2d. Significantly, the
maximum population for ¢ occurs around 140—160° and not
around 180°, though the preference for such a bent approach is
only just discernible. This is in contrast to the results of Kroon
et al. and also of Taylor and Kennard (who applied a similar
geometrical correction on C—H: - +O angles),'® who found that
the “observed’’ maximum for 8 at around 150° became, in effect,
a true maximum at 180° (showing incidentally the linearity of
the O—H+++O and C—H-++O approaches). All our results and
especially Figure 2d reveal a tendency for a bent CO-+-H
approach. However, the analysis as is the nature of the
interaction we are studying is delicate. This effect is somewhat
less pronounced for CO-b(inter) as is seen in Figure 2a (bottom
left). The situation with the other metals is similar. It is
significant that the CO-t cases display an O-atom directionality
suggestive of a ketonic >C=0 group because in a naive valence
bond picture, this should be true only for the bridging CO group
where there are presumably two lone pairs on the O atom
available to accept H bonds at around 120°. According to such
a depiction there should be a potential for the formation of only
one hydrogen bond in a terminal CO group, that is toward the
single lone pair along the M—C=O vector (CO-+-H angle
~180°). So, while the observed directionality of the CO-b(inter)
bonds may be thus rationalized, that of the CO-t(inter) bonds
(which seems to be more reliably determined in this study than
the CO-b directionality) is unexpected and warrants further
study.

(v) Hard and Soft Hydrogen Bonds. A further issue merits
discussion. This study has shown that CO ligands of both
terminal and bridging varieties form a profusion of C—H:*+O
hydrogen bonds. However, we have noted earlier' that CO
ligands do not seem to act as efficient hydrogen bond acceptors
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Figure 2. (a). Plots of CO-+‘H angle versus H:+ “O distance for intra- and intermolecular C—H:+ -O hydrogen bonds in Fe carbonyl complexes. (b)
Populations of CO-*+H angles (expressed as probabilities) in the 125—135° range as a function of H---O distances for Fe CO-t(inter). Notice that
the probability decreases smoothly from 25% to 15% as the H--+O distance increases. (¢) Histogram of CO--‘H angles, ¢ for Fe CO-t(inter). (d)
Histogram of CO-+*H angles, ¢ for Fe CO-t(inter) with the populations corrected by a factor of sin ¢.
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Scheme 2. Intramolecular C—H:-++O Bonding, Showing
Small and Large C—0O--*H Angles
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in strong hydrogen bonding situations. The reason for this
observation could lie in the hardness and softness of these
interactions. Concepts of hardness and softness can be profit-
ably extended from molecular to supramolecular chemistry and
one might consider O—H-+ “O and N—H-++O as hard hydrogen
bonds and C—H:+«O, O—H:*«C, and C—H-+«C'® as soft
hydrogen bonds with perhaps N—H:+ N being a borderline case.
Accordingly, it might be argued that the soft acceptor CO prefers
to hydrogen bond with the soft donor C—H or alternatively the
hard donor O—H prefers to form bifurcated or solvated hydrogen
bonds with hard acceptors rather than waste itself on the soft
acceptor CO. As in molecular chemistry, hardness and strength
need not always be correlated. A recent study of C—H---Se
hydrogen bonding shows that this interaction can affect mo-
lecular structure and conformation significantly.?® We suggest
that the unexpected formation of such a hydrogen bond may
be understood in terms of the relative softness of both donor
and acceptor species. However, as in molecular chemistry, the
relevance of the HSAB principle (hard versus soft) to intermo-
lecular interactions can be justified not from numerical data
(which would reveal differences between strong versus weak
bonding situations) but from unusual and unexplained observa-
tions, and we believe that the formation of C—H++O bonds by
the CO ligand in preference to O—H-*+O and N—H:-+O bonds
is one such occurrence.

Discussion of Selected Examples

Selected examples will now be described. Useful structural
information is listed in Table 2, including chemical formulae,
REFCODES, and references to the original structural papers.2’~32
Only those C—H-++O hydrogen bonds which appear explicitly

(26) Iwaoka, M.; Tomoda, S. J. Am. Chem. Soc. 1994, 116, 4463.

(27) Bryan, R. F.; Greene, P. T.; Newlands, M. I; Field, D. S. J. Chem.
Soc. A 1970, 3068.

(28) (a) Bryan, R. F.; Greene, P. T. J. Chem. Soc. A. 1970, 3064. (b)
Mitschler, A.; Rees, B.; Lehmann, M. S. J. Am. Chem. Soc. 1978, 100,
3390.

(29) Orpen, A. G. J. Chem. Soc., Dalton Trans. 1983, 1427.

(30) Adams, R. D,; Collins, D. M.; Cotton, F. A. J. Am. Chem. Soc.
1974, 96, 749. .

(31) Marchino, M. L. N.; Sappa, E.; Lanfredi, A. M. M.; Tiripicchio, A.
J. Chem. Soc., Dalton Trans. 1984, 1541.

(32) Teller, R. G.; Wilson, R. D.; McMullan, R. K.; Koetzle, T. F.; Bau,
R. J. Am. Chem. Soc. 1978, 100, 3073.
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in Figures 3a—7b are mentioned in Table 2. The selection of
crystal structures was based on simplicity and typicality. The
examples chosen do not therefore necessarily correspond to the
average geometrical situations discussed in the statistical analysis
above. »

cis- and trans-(5°-CsHs);Fex(CO),(u-CO);, CPFECO10
and CYPFECO01. We begin with the cis-and trans isomers of
the above dinuclear complex (CPFECO10 and CYPFECOI,
respectively). These two complexes are of interest because they
carry two terminal and two symmetrically bridging CO ligands
each, The C—H--+O hydrogen bonding patterns are shown in
Figures 3a and 3b for the crystals of cis and trans complexes,
respectively. The results of a neutron diffraction study at 74 K
are also available for the trans isomer (CYPFECO03). A
comparison of the room and low temperature structures (with
the X-ray determined H-atom positions being normalized) allows
one to see the effect of temperature on the hydrogen bonding
interactions.

Figure 3a clearly shows that both CO-t and CO-b are involved
in the C—H-++O network. The strongest interaction involves
selectively O1 and H8 bound to the Cp atom C10 (H:+-O 2.34
A; C—H:+0 157.9°) between two molecules related by the
inversion center. These two molecules form dimers which show
some resemblance to O—H- + *O dimers in carboxylic acids and
C—H-++O dimers in o,f-unsaturated carbonyl compounds. A
secondary CO-t interaction is established by O4 with H3 of the
second Cp ring on the molecule (H++O 2.36 A) whereas the
second CO-b is involved in a somewhat looser interaction with
the same Cp ring. This is an important difference between the
packing environments around the two Cp rings and accounts
clearly for the different librational and reorientational motion
shown by the two ligands in the solid state. This dynamic
process has been studied by *C CPMAS NMR, 'H spin—lattice
relaxation time measurements, packing potential energy barrier
calculations, and thermal motion analysis.®

The situation is different in the crystal of the trans isomer,
the hydrogen pattern of which is given in Figure 3b. At both
room temperature and 74 K only the CO-b ligands are involved
in somewhat loose interactions (O--*H 2.53 2.42 A and
C—H---O 131.5° and 124.8° at room temperature at 74 K,
respectively). Because of the site symmetry (the molecule is
located on a crystallographic center of inversion placed midway
along the Fe—Fe bond) both Cp ligands have crystallographi-
cally identical surroundings and experience the same type of
interactions. Each molecule interacts with four other surround-
ing molecules via identical CO-b++H(Cp) interactions. The
shortest H-++O interaction involving the terminal CO is above
our threshold of interest (2.81 A) at room temperature but
shortens significantly on going down to 74 K (2.65 A).

(7°-CsHs);Fey(CO),(u-CO)(u-CHCH3), CMCPFE10. Fig-
ure 4 shows the bifurcated-acceptor interaction established by
the bridging CO in crystalline CMCPFE10. Because of the
crystallographic and molecular symmetry, the unique bridging
CO is at equal interaction distance from both Cp ligands of a
neighbouring molecule along the c-axis (He**0 2.48 A, C—Hr++O
123.6°) and in such a way the crystal can be pictorially described
as being formed by chains of molecules linked via C—H---O
interactions. This is a common motif in crystals of “pure”
organics and is found with both strong and weak hydrogen
bonds. For example, very similar bifurcated-acceptor C—He+-O
hydrogen bonds may be observed in the crystal structure of 2,5-
dibenzylidenecyclopentenone while the N—H- - +O topological
equivalent may, of course, be identified in the crystal structure

(33) Desiraju, G. R.; Bernstein, J.; Kishan, K. V. R,; Sarma, J. A.R. P.
Tetrahedron Lett. 1989, 30, 3029.
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Table 2, Some Features of C—H-+-OC Hydrogen Bonds in Selected Organometallic Crystals

REFCODE ref space group, Z type D—H:--A D--:A H:-A D—He--A

CPFECO10 27 P2y/c, 4 CO-t C(4)—H@3) - -04) 324 2.36 137.7
CO-b C(6)—H(5)++0(2) 3.48 2.53 145.7

CO-b C(10)—H(8) - -0(1) 3.36 2.34 157.9

CYPFECO0! 28a P2y/c,2 CO-b C(5)—H(5)++(02b) 3.34 2.53 1315
CYPFECO (74 K) 28b P2y/c,2 CO-b C(6)—H@4) - (02) 3.16 242 124.8
CMCPFEL0 29 Pnma, 4 CO-b C(5)—H(5)+-0(3) 3.21 2.48 123.6
CPCOCR 30 P2y/c, 2 CO-t C(2)—H(1y+-0(3) 3.55 2.50 164.0
- CO-t C(6)—H(5)++0(2) 3.40 2.49 141.7

COBGEF 31 P12 CO-t C(12)—H(7y+-04) 3.60 2.55 162.0
CO-b C(15)—H(10)--0() 3.49 2.46 158.9

CO-b C(20)—H(15) --0(1) 347 241 166.6

HMPCICO! neutron 32 P2y/c4 INTRACO-b C(10)—H@) - -0(6) 3.45 2.52 150.1
INTRACO-b C(13)—H(13)+-0(5) 3.26 2.51 1262

CO-b C(18)—H(28)+-0(5) 3.57 2.56 1583

CO-t C(10)—H@3) - -0(9) 3.40 2.54 140.1

CO-t C(11)—H(7)-+0(8) 3.32 248 1358

CO-t C(13)—H(11y+-0(2) 3.12 2.59 109.2

Figure 3. Hydrogen bonding networks in the cis (a) and trans isomer
(b) of the dinuclear complex (7°-CsHs),Fex(CO)x(u-CO),, CPFECO10
and CYPFECO03, showing that both CO-t and CO-b are involved in
the C—H- - -O network. Note how the two Cp rings in (a) are involved
in a different number of interactions. The letter labels indicate
symmetry-related atoms as obtained from the CSD files.

of urea.3* As in the case of CYPFEC, the shortest distance
involving the terminal CO is much longer (2.88 A) than it is
for CO-b, even though the latter forms a bifurcated interaction.

(34) Mak, C. W. M.; Zhou, G.-D. Crystallography in Modern Chemistry;
Wiley: New York, 1992; pp 175—181.

Figure 4. The bifurcated interaction established by the bridging CO
in (7]5-C5H5)2F62(C0)2(/4-CO)(,M—CHCH;;), CMCPFEI!0.

(7°-CsHs);Cr2(CO)s, CPCOCR. This complex possesses
only terminal CO ligands. Intermolecular C—H: - “O interactions
are clearly detectable and are shown in Figure 5. The network
is based on centrosymmetric dimers linked by pairs of C—H-*+O
interactions. A second type of interaction is also present linking
dimers in an extended network. Such extended dimer structures
are known in strong hydrogen bond networks, and a general
conclusion of this study is that the basic packing motifs (rings
and chains) adopted by strong hydrogen bonds are also
established by these weaker interactions.

(7°-CsHs)Ni,Fe;(u3-CO)(CO)s(us-n°-Methylbutenyl-1-1'-
ylidine), COBGEF. The triply bridging CO ligand in crystal-
line COBGEF participates in a bifurcated hydrogen bonding
interaction with H atoms belonging to the Cp ligands of a
neighboring molecule related by a crystallographic center of
inversion (see Figure 6). Both interactions are quite short
(H++O 2.46 and 2.41 A) and linear (158.9 and 166.6°).
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Figure 5. Intermolecular C—H:--O interactions in crystalline (7°-
CsHs)Cry(CO)s, CPCOCR. The network is based on centrosymmetric
“dimers” linked by pairs of C—H-++O interactions.

Figure 6. The triply bridging CO ligand in crystalline (77°-CsHs),Ni,-
Fe,(u3-COXCO)s(us~1*-methylbutenyl-1-1’-ylidine), COBGEF, links the
Cp ligands of neighboring molecules related by a crystallographic center
of inversion.

Although the terminal ligands are also involved in C—H:++O
interactions (Table 2), the triply bridging CO is sufficiently
effective to form the strongest interactions despite their bifur-
cated nature.

(u3-H)FeCo3(CO)o(P(OMe)3)3, HMPCIC01. We discuss
now the crystal structure of HMPCICO1 which has been
determined by neutron diffraction at 90 K.32 The C—H-++O
bond network in this crystal is of interest because it contains
all four of the bond types we have been discussing in this paper
so far, namely CO-t(inter), CO-b(inter), CO-t(intra), and CO-
b(intra), and also because all the C—H-++O hydrogen bonds
involve only methoxyl H atoms. Of the nine CO ligands in
the molecule, only one is not C—H-+*O hydrogen bonded. The
individual molecule ORTEP is given in Figure 7a and the
packing diagram in.Figure 7b, which essentially shows only
the intermolecular contacts. All three terminal CO ligands on
Fe are intermolecularly C—H-++O bonded. The ligands on Co
are weakly hydrogen bonded; one of them forms an intramo-
lecular bond (H: - +O 2.69 A), another is intermolecularly bonded
(2.71 A), while the third is the free C—H group. As for the
bridging CO ligands, while all three form intramolecular
hydrogen bonds, two of them are additionally involved in
intermolecular bonds (Table 2). Because neutron data are
available for the C—H: +*O hydrogen bonds in this structure and
in particular because we know the anisotropic displacement
parameters (ADP) accurately (see the ORTEP diagram), ad-
ditional information on the bonding nature of C—He++O interac-
tions can be extracted. This was done with a modification of
the method of Steiner, who showed in a recent study of
C—H-++O bonded alkyne C=C—H groups that while the ADPs
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of the terminal alkyne C atom are generally larger than those
of the internal alkyne C-atom, the ratio of these parameters
decreases with decreasing C-++O distance.'* This is presumably
the case because the terminal atom is more constrained by the
hydrogen bonding. In any event, we assumed that the stronger
the C—H- - O bonding, the less would be the thermal vibration
of atoms in the vicinity of the bond. In particular, we
concentrated on the Ugq values for the C and O atoms of the
ligand (unlike Steiner, who examined the U, values in the donor
moiety). Our results, however, are equally satisfying and are
given in Table 3 and Figure 8.

Table 3 gives the values of the Ueg(0)/Ugg(C) ratio (U ratio)
for the nine CO ligands in the molecule while Figure 8 is a
plot of these ratios versus the 14 H-«+O distances formed by 8
of these ligands. The plot and the table show that there is a
separation between CO-t and CO-b. The CO-b ratios are lower,
in the range 1.42—1.53, while the CO-t ratios are higher, in the
range 1.59—1.78. This means that there is lower relative motion
of O with respect to C for CO-b as compared to CO-t as might
be expected since CO-t protrude more from the surface and have
a larger soft bending motion. More interestingly, for the non-
bifurcated-acceptor CO-t bonds, there is a very good correlation
between the U ratio and the H-+O distance with the non-
hydrogen bonded ligand (U ratio 1.81) also following the same
trend. This demonstrates clearly that as the C—H-++O bond gets
stronger, the O atom is able to vibrate less. The bifurcated-
acceptor CO-t bonds are shifted to longer H--+O distances as
would be expected, and yet convincingly, the O atoms are still
relatively immobile. All the CO-b bonds are of the bifurcated-
acceptor variety (intra- and intermolecular), and they follow a
trend similar to the bifurcated CO-t case. This exercise, which
becomes highly reliable with neutron data, shows that an
analysis of ADPs is effective in assessing the bonding character
of a C—H-++0 interaction.’> In this respect, subtle differences
between CO-t and CO-b bonds and between bifurcated and non-
bifurcated bonds are revealed. Significantly, these shades of
difference are apparent even for C—H-++O hydrogen bonds
formed by C(sp®) H atoms. It is tempting to think that one
need not be restricted to highly acidic H atoms as in the study
of Steiner.

Conclusions

Hydrogen bonding interactions in organometallic systems are
now beginning to be investigated in a systematic manner. In
comparison to the thoroughly explored organic solids, organo-
metallic solids appear to offer an even greater variability of
intermolecular interactions. This is essentially attributable to
the supramolecular nature of most (even the simplest) organo-
metallic molecules. After all, an organometallic complex is
describable as a supermolecule formed by organic or inorganic
molecules in an extraordinary variety of combinations around
one or more metal centers. The resulting structural and chemical
variability is well-known.

In this paper we have explored the effect of intramolecular
and intermolecular C—H-++O hydrogen bonds on the crystal
structures of compounds containing metal-coordinated CO
ligands. To this end, we have used the large amount of
structural information available in the Cambridge Structural
Database. The results of our survey can be summarized as
follows:

(i) Metal-coordinated CO ligands take part in the formation

(35) This exercise was repeated with ADP values fom the X-ray structure
(134 K) published in: Huie, B. T.; Knobler, C. B.; Kaesz, H. D. J. Am.
Chem. Soc. 1978, 100, 3059. However, the correlation failed and this could
indicate that neutron data are a prerequisite for this sort of subtle analysis.
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Figure 7. (a) ORTEP drawing of the neutron determined crystal structure of (u3-H)FeCo3(CO)o(P(OMe)3);, HMPCICO1. The P(OMe); ligands are
unlabeled and the H atoms are not shown. (b) The intermolecular hydrogen bonding network in crystalline (u3-H)FeCo3(CO)o(P(OMe)s);, HMPCICO!.

Table 3. U.q(0)/Ue(C) and H: - O Distances for C-H:+ O
Hydrogen Bonds in the Crystal Structure of
‘u3-HFCCO3(CO)9(P(OMC)3)3, HMPCICO1

H-+-0 (A) Ueg{OYUe(C)
CO-t (INTER)
C(3)—0O(3)+-H(14) 2.71 1.78
C(H—0(7)y-H(14) 2.69 1.59
C(7)—0(7) -*H(16) 2.72 1.59
C(H—0O(7)+H23) 2.66 1.59
C(8)—0(8) -*H(7) 2.48 1.59
C(9)—0@O) --H(@3) 2.54 1.63
CO-b (INTER)
C(5)—0O(5)+-H(14) 2.66 144
C(5)—0(5) -*H(28) 2.56 1.44
C(6)—0(6) - -H(2) 2.70 1.42
C(6)—0(6) * *H(6) 2.64 1.42
CO-t (INTRA)
C(1)—0(1)--H(2) 2.69 1.62
CO-b (INTRA)
C(4)—0O(4) +H(6) 2.68 1.53
C(5)—0(5)-+*H(13) 2.51 1.44
C(6)—0(6) +*H4) 2.52 1.42
2.000
+.900 J-
free CO
G 1 800 .L a A
g +.700 J-
2
g »
> 5500+
1.400 + .. ¢ b ¢ b
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Figure 8. Plot of Ueg(0)/Ueg(C), or U ratio, versus He O distance for
the C—H:-+O hydrogen bonds in crystalline (u3-H)FeCo3(CO)o-
(P(OMe)3);, HMPCICO!: (a) CO-t (inter) non-bifurcated, (a) CO-
t(intra), (O) CO-t single acceptor trifurcated to three CH groups, (H)
CO-b(intra), (®) CO-b(inter and intra) bifurcated.

of clearly recognizable hydrogen bonding interactions with H
atoms bound to the carbon atoms of the ligands.

(ii) Bridging COs establish preferential interactions with
respect to the terminal bonding mode and these H bonds are
shorter and more linear. Both bridging and terminal COs seem

to favor C—H-+ +O bond formation with CO- - -H angles around
140° suggesting similar lone pair directionality in the two cases.

(iii) Bifurcated aceptors are quite common as would be
expected in such donor-rich systems, but rather unexpectedly
this phenomenon is found for both terminal and bridging
bonding modes.

(iv) Triply bridging COs also form C—H: *+*O hydrogen bonds.

(v) The effects of different metal atoms or of the nuclearity
of the complex on C—H-++O hydrogen bonding is not detectable.

(vi) The effectiveness of these C—H- - “O hydrogen bonds in
the crystal structure is also reflected in a reduction of the thermal
motion of the atoms involved in the bond.

(vii) The C—H-*+O hydrogen bond is an example of a soft
intermolecular interaction.

It has been clearly demonstrated in the case of organic
molecules that the presence of a large number of C—H---O
contacts in crystals containing suitable atomic groupings can
only be explained via attractive interactions between the donor
and acceptor atoms exactly as in the case of conventional or
strong hydrogen bonds. This holds also for complexes contain-
ing CO ligands. C—H:-+OC interactions afford an additional
stabilization to the crystal cohesion of organometallic molecules.
The H atoms bound to C atoms preferentially establish short
contacts, that is intermolecular links, with the O atoms rather
than with other C atoms or H atoms in the structure.

The Lewis basicity of CO is not well understood although
there are a number of examples of compounds in which the
CO ligand can act as a base toward a Lewis acid or a proton
acid. The CO basicity will determine the effectiveness and
directionality of hydrogen bonding (electrophilic attack) and
depends on the degree of electron delocalization onto the CO
ligand and follows the order face-bridging > edge-bridging >
terminal. It should also be recalled that, end-on or isocarbonyl
complexes contain CO ligands bound simultaneously through
the C and O atoms. The formation of these complexes depends
on the acceptor strength and on the steric bulk of the Lewis
acid.

A second large category of complexes in which metal-bound
CO ligands act as Lewis bases is that of the transition metal
carbonylates in which the interaction is between a mononuclear
or polynuclear carbonyl anion and a strong Lewis acid such as
solvated or complexed alkali metal ions or main groups I, II,
and IM1.3¢ Most of these complexes show that the M—CO- « :M"*

(36) Darensbourg, M. Y. Prog. Inorg. Chem. 1985, 33, 221.



3166 J. Am. Chem. Soc., Vol. 117, No. 11, 1995

interaction is not linear but angular, with angles at about 140°.
Such an angularity has been taken as indicative of the presence
of a directional electrostatic potential dependant on the relative
contributions of the two extreme valence bond structures
depicted below:

The angularity of C—H-++OC hydrogen bonding interactions
discussed in the present study is in keeping with this general
behavior. This is suggestive of a dominance of the double bond
form (sp? hybridization at the O atom) over the triple bond (sp
hybridization).
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