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Polyhedral Interconversion Coupled with Proton
Transfer between an Ammonium Cation and the
[Co(CO)4] Tom**

David Casanova, Pere Alemany, and Santiago Alvarez*

Proton transfer between ammonium cations and
[CoL(CO);]™ ions (L=CO, PR;) has been illustrated by
Brammer etal.'! through a series of crystal structures
according to the structure-correlation principle, which states
that “if a correlation can be found between two or more
independent parameters describing the structure of a given
fragment in a variety of environments, then the correlation
function maps a minimum energy path in the corresponding
parameter space”.”’) The two ends of the proton transfer
reaction correspond to an ionic pair formed by an ammonium
cation and the [CoL(CO);]™ ion (1a) and independent amine
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and hydrido carbonyl complexes 1b. The structures analyzed
by Brammer et al. correspond to compounds with N—H:--Co
hydrogen bonds, a behavior consistent with the acidity of the
hydrido carbonyl complex in water.”! According to the
structure-correlation principle, the variety of H---Co distances
found (between 2.63 A for a N—H--Co hydrogen-bonded
species and 1.43 A for the hydrido complex) should corre-
spond to snapshots along the proton-transfer reaction coor-
dinate. Since the coordination spheres of both the N and Co
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atoms are significantly affected by the progress of the proton-
transfer reaction, these systems provide an excellent oppor-
tunity to test the applicability of the polyhedral-shape
measures as reaction coordinates and to correlate the
potential-energy surface with the structural evolution. There-
fore, the aim of this communication is to show how DFT
calculations provide an energy profile for such a reaction that
accounts for the fine details of the distribution of structures
along the path and how the proton transfer is coupled to
changes in the coordination polyhedra of the N and Co atoms.
An outcome of this study is that the energy and the
stereochemical changes that accompany the proton transfer
can be described as a function of a single parameter, the
generalized polyhedral-interconversion coordinate! for the
transformation of a [CoL(CO);]~ (L=ligand) tetrahedron
into a vacant trigonal bipyramid.

To represent the general case of an ammonium cation, we
took the NH,' ion as the simplest example, whereas the
family of the [CoL(CO);]” ions was represented in our
calculations by the [Co(CO),]™ ion. To explore the potential-
energy surface, we calculated a linear-transit reaction coor-
dinate for the NH,-[CoL(CO);] aggregate keeping the Co---H
distance fixed and optimizing the rest of the geometry.”! The
two minima and one maximum obtained were fully optimized
and could be characterized as stationary points on the
potential-energy surface through frequency analysis (geo-
metries and frequencies for the three stationary points are
provided in the Supporting Information). The two minima
correspond to the two alternative hydrogen-bonding situa-
tions: a) N—H--Co, referred to herein as the ion pair, to avoid
confusion with the second minimum, and b) N---H—Co, which
we term the hydrogen-bonded complex. The maximum
corresponds to a transition state with a delocalized hydrogen
bond of the type N--H--Co. The isolated fragments
[Co(CO),]", NH,*, NH;, and [HCo(CO),] were also opti-
mized. The optimized structures are shown in Figure 1, those
of the cobalt complexes are in good agreement with the
experimentally determined structures for [HCo(CO),]™ and a
variety of salts of the [Co(CO),] ion, as found in a structural
database search.”

The changes in the coordination spheres of the N and Co
atoms can be monitored by using continuous-shape measures
(CShM).B) In short, a shape measure is a dimensionless
continuous function that calibrates the degree of distortion of
a set of atoms from a predetermined shape (typically a
polyhedron), thus yielding zero for those structures that
exactly match the reference shape and increasingly higher
values as the distortions are more pronounced. As a rule of
thumb, small but chemically significant distortions give shape
measures of the order of 0.1 units, whereas values of 1 unit or
more indicate important-to-severe distortions. In Figure 2, we
represent the evolution of different shape measures as a
function of the Co-H distance: 1) that of the NH; group
relative to a vacant tetrahedron and those of the {Co(CO),}
fragment relative to 2) the tetrahedron and 3) the vacant
trigonal bipyramid (a trigonal bipyramid with one axial ligand
missing, termed VIBP herein). The stereochemistry around
the Co atom, which is perfectly tetrahedral at the early stages
of the reaction (Co--H ~2.4 A), is gradually distorted as the
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Figure 1. Structures along the path for proton transfer between the NH,* and [Co(CO),]” moieties: a) Isolated [Co(CO),]” ion, b) ion pair with an
N—H---Co bond, c) transition state, d) hydrogen-bonded species with N---H—Co bond, and e) isolated [HCo(CO),]. The generalized coordinates
along the interconversion path from the tetrahedron to the vIBP, ¢ (T;—VvTBP), are given alongside each optimized structure.
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Figure 2. Evolution of the polyhedral measures of the N and Co
coordination spheres along the proton-transfer reaction, vacant tetra-
hedron (vT) for NH; (squares), tetrahedron (T; triangles), and vacant
trigonal bipyramid (VTBP; circles) for the {Co(CO),} fragment.

ammonium cation approaches, and such a loss of tetrahe-
dricity is seen to correlate with a tendency to adopt a vIBP
geometry. However, the final product of the proton transfer,
[HCo(CO),], is still far from being a perfect trigonal
bipyramid, according to the nonzero value of the CShM of
its {Co(CO),} fragment relative to the vIBP, in good agree-
ment with its experimental structure (calculated and exper-
imental C,,-Co-C,, bond angles of 105 and 99°, respectively).
The stereochemistry around the N atom, in contrast, varies
very little at the early stages of the reaction, remaining nearly
tetrahedral even at Co--H: 2.1 A, the equilibrium geometry
for the N—H:-Co bonded ion pair. At Co--H distances of
1.8 A or shorter, though, that shape measure increases
gradually, thus reflecting the loss of the proton and the
adjustment of the remaining H-N—H bond angles to the
pyramidal geometry of ammonia. The rather small changes in
shape measures of the NH; fragment relative to those
experienced by the {Co(CO),} unit reflects their different
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degree of geometrical change: while bond angles vary from
109.5° in NH,* to 115.5° in NHj, the C,,-Co-C,, bond angles
change from 109.5° in [Co(CO),]” to 99.1° in [CoH(CO),].

Not only are the shape measures correlated to the Co--H
distance along the reaction path, but it is also seen that all the
points in our linear transit pathway have shape measures for
the {Co(CO),} fragment that correspond to the minimal-
distortion interconversion path between the tetrahedron and
the VITBP according to the very small values of the path-
deviation function.'"” For that reason, we can describe the
proton-transfer reaction by means of the generalized reaction
coordinate® that corresponds to the conversion of a
{Co(CO),} tetrahedron into a vIBP (Figure 3). Using such a
coordinate, the independent reactants are represented by 0 %
of the polyhedral path, as the isolated [Co(CO),]” ion is
perfectly tetrahedral. One hundred percent of the reaction
coordinate would correspond to a vIBP shape for the
{Co(CO),} fragment. However, the products of the reaction,
represented by the position of [HCo(CO),] along the reaction
coordinate, appear at 54 % of the polyhedral-interconversion
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Figure 3. Calculated energy (gas phase) for the NH,-[Co(CO),] compo-
site along the proton-transfer path, as a function of the generalized
coordinate for the polyhedral rearrangement of the {Co(CO),} frag-
ment from a tetrahedral to vTBP shape. The continuous line represents
the points along the linear transit pathway, the circles correspond to
stationary points.
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path, as the hydrido carbonyl complex does not reach the
trigonal bipyramidal shape (Figure 1e). In-between, we can
see that the ion pair with N—H:--Co bonding appears at 22 %,
the transition state at 35%, and the N--H-Co hydrogen-
bonded complex at 42% of the polyhedral transformation
around the Co atom. It is worth noting that the isolated
[HCo(CO),] complex is closer (54 % of the path) to the vIBP
than when hydrogen bonded (42 %).

If we look now at the relative energies of the stationary
points along the reaction path in the gas phase (relative
energies at the B3LYP and CCSD(T) levels are given in the
Supporting Information), we notice that the ion pair 1a is
much more stable than the independent ions (93 kcalmol ™),
the hydrogen-bonded species 1b is nearly isoenergetic with
1a, and the barrier for the proton transfer is about 2 kcal
mol . The dissociation of the hydrogen-bonded species into
the two neutral molecules is calculated to cost some
3 kcalmol ™. The fact that the ionicity of the species involved
changes along the proton-transfer process made us worry
about the effect of solvents of different polarities on the
energy profile. Single-point calculations at the geometries
optimized for the gas phase were carried out at the B3LYP
level with the polarizable continuum model (PCM) approach,
using dielectric constants that correspond to water, CH,Cl,,
and CH;Cl (energy profiles provided in the Supporting
Information). As expected, the ionic forms are increasingly
stabilized as the polarity of the solvent increases to the point
that the independent ions become more stable than the ion
pair 1a for the case of water (by 2.5 kcalmol ™). As a result,
both the hydrogen-bonded species 1b and the independent
neutral molecules become unstable relative to the ion pair in
the three solvents tested by more than 10 kcalmol . Notice
that the PCM model does not take into account possible
bonding interactions between solvent molecules and the
species that participate in the reaction, such as hydrogen
bonding or weak coordination. Therefore, the energy profile
given herein should not be taken as a quantitative represen-
tation of the corresponding proton-transfer reaction in
solution.

Once we have a simple and clear description of the
stereochemistry and the energetics of this proton-transfer
process, we can go back to the structural correlation based on
experimental distances and angles proposed by Brammer
et al.' To that end, our theoretical results and some related
experimental data plotted on shape maps are shown side by
side in Figure 4. There, the lower continuous line represents
the minimal-distortion interconversion path between the
tetrahedron and the vIBP; its two extremes correspond to
these two ideal figures. All calculated points, both the
optimized geometries (Figure 4, left) and the structures of
the linear-transit reaction coordinate, are seen to follow the
minimal distortion path.

The experimental structural data for the ternary ammo-
nium salts of the [Co(CO),]™ ion (Figure 4, right) are found in
the shape map between the position predicted by calculations
for the isolated anion and that of the ion pair, thus reflecting
the shallowness of the potential well around the latter and the
presence of steric hindrance in some cases that keeps the Co
and N atoms at a relatively long distance (e.g., Co---H: 2.73 A
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Figure 4. Calculated (left) and experimental (right) data on shape
maps for tetracoordinate fragments in the tetrahedron—-vTBP space,
thus showing the minimal-distortion interconversion path (continuous
line), and a distortion path with the axial ligand at a longer distance
(d'/d=1.27) than the rest (dashed line in the right-hand-side plot).
The theoretical data plotted are those of the optimized structures (left,
squares). The experimental X-ray structural data shown (right) are
those of the ternary ammonium salts of the [Co(CO),]™ ion (circles),
other salts of the same anion (crosses), [HCo(CO),] and the phos-
phine substituted analogues, [Co(PR;) (CO);]~ and [HCo(PR;) (CO);]
(squares).

for the quinuclidinium salt™). The fact that all structurally
characterized ammonium salts of the cobalt carbonylate
present the ion-pair structure 1a, while no hydrido carbonyl
complex seems to exist in the presence of an amine, is
consistent with our finding that the hydrido carbonyl complex
is stable in the presence of an amine only in the gas phase. The
experimental gas-phase structure of [HCo(CO),] also occu-
pies the position predicted along the minimal polyhedral
distortion path. The absence of experimental structures in the
region that corresponds to the transition state completes a
rather accurate cross-section of the potential-energy surface.
If we include the structures of salts of the same carbon-
ylate anion with other cations in the shape map, we find them
aligned along the expected reaction path as well. As the
countercations in those cases are not proton donors, it is
surprising at first sight to find such significant deviations of
the [Co(CO),]™ ion from the tetrahedron. Let us focus on the
most extreme case to illustrate the usefulness of the shape
map, that of a structure practically at the same position in
which we find the ion pair with the shortest hydrogen bond:
this structure corresponds to a carbonylate of the square
planar [Rh(CNR),]" ion.['"”! Since hydrogen bonding must be
precluded in this case, the shape measures suggest that some
sort of interaction between the two ions may drive the
distortion of the tetrahedral carbonylate toward a trigonal
bipyramid, as confirmed by a relatively short Co--Rh distance
of 3.38 A and a significant distortion of the Rh coordination
sphere from square planar toward a square
pyramid 2. In other words, the rhodium

center of the cationic complex is a Lewis L\Rh»fﬂ:—L
acid that plays the role of the proton in the T
ammonium salts. Precedents of d® square- oc .co
planar metals that act as Lewis acids are \Cc:,:;—CO
known, ¥ and the existence of bonding that

is as weak as the Co--Rh interaction found L
herein and the corresponding pyramidali- 2
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zation of the metal coordination sphere have been explained
with molecular-orbital arguments.

To show how the use of shape maps can provide further
insight into the details of reaction pathways through struc-
tural correlations, we have separately analyzed the families of
[Co(PR;)(CO);]~ and [Co(PR;),]” ions. The former were
included by Brammer et al. in the structural correlation of the
cobalt carbonylate discussed above. The position of the mixed
ligand complexes in the shape map (Figure 4, right, squares)
shows that they follow a pathway parallel to the minimal
distortion path as a result of the differences between Co-C
and Co-P bond lengths with a product of the proton-transfer
reaction, [CoH(PR;)(CO);], thus also presenting a geometry
that is about halfway in the direction of the trigonal
bipyramid. These similarities confirm the validity of the
proposal of a common structural correlation for the two
families of molecules at the qualitative level. Full substitution
of carbonyls by phosphines in the [Co(PR;),]” ions (not
shown in Figure 4 for simplicity; see the Supporting Informa-
tion) should bring us back to the minimal-distortion path, as
all the bonds of the analyzed {CoP,} polyhedral fragment are
practically identical. Even if no such anions have been
structurally characterized, there is one hydrido derivative
[CoH(PR;),]™ that appears right along the minimal distor-
tion pathway. Analogous hydrido complexes with tripod
tetradentate ligands present geometries much closer to the
trigonal bipyramid,"™ as the tripod ligand enforces P,;,-Co-
Pequatoria bOnd angles much closer to 90°. The fact that the
homoleptic phosphine complexes go back to the same path of
the homoleptic carbonyl ones confirms that the changes in the
reaction path upon substitution in the heteroleptic complexes
are because of an asymmetric substitution pattern.

In summary, the present study of the proton transfer
reaction between an ammonium cation and a cobalt carbon-
ylate shows that the evolution of the polyhedral shape
measure of the {Co(CO),} fragment along the reaction path
can be used as a reaction coordinate. Changes in bond
distances and angles and the potential energy of the system
can be adequately described by this reaction coordinate. The
geometries of experimental structures of families of com-
pounds with the general formulae [Co(CO),]”, [Co-
(PR3)(CO)5]~, [CoH(CO),], [CoH(PR;)(CO);], and [CoH-
(PRj),] offer snapshots of the low-energy regions of the
potential-energy surface for the proton-transfer reaction in
the gas phase. Furthermore, there is a good correspondence
between the optimized structures of the species that partic-
ipate in this reaction and those found experimentally, thus
providing an excellent illustration of the structure-correlation
principle. Paradoxally, the proton-transfer reaction seems to
be disfavored in solution and only the ion pair or the
dissociated ions are expected to exist depending on the
polarity of the solvent used.!"!
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calculated B3LYP and CCSD(T) energies of the stationary
points of the B3LYP potential energy surface; shape measures
and CSD reference codes for the experimental structures of
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energy profile in different solvents and at the CCSD(T) level in
the gas phase.

[16

[}

Angew. Chem. 2006, 118, 1485-1488


http://www.angewandte.de

