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Simulation of the isomerization of an anionic hydroxo complex of rhodium(V)
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The molecular ion Rh(OH)g was simulated, and the occurrence of a great number of isomers with symmetry no higher than C;

was found.

The compounds of rhodium in high oxidation states have long
been of interest, since these compounds are widely used, for
example, as catalysts for the oxidation of organic compounds.!
At the same time, information on rhodium(V) and rhodium(VI)
compounds has hitherto lacked completeness and reliability.

Within the framework of an experimental and theoretical
examination of the oxidation of a hydroxo complex of rhodium,
it was of interest to study the <Rh(OH)¢ > cluster with a closed
electron shell using a wide variety of traditional quantum-
chemical methods.

The potential energy surfaces (PESs), stationary points and
reaction paths were calculated in terms of the second-order
Mgller—Plesset perturbation theory (MP2). A portion of PES
cross-sections was additionally studied taking into account fourth-
order perturbation theory corrections. All the calculations were
performed with the use of the PC GAMESS program pack-
age.23 A pseudopotential approximation with the parameterisa-
tion according to Stevens, Basch and Krauss (SBK)3 with the
(8s8p5d)/[4s4p3d] atomic basis sets on the Rh atom® and the
(454p)/[252p] atomic basis sets on the O atom was used. The
standard two-exponent (4s)/[2s] basis set on the hydrogen atom
was chosen.

The ab initio modelling of systems containing transition metals
is very difficult to perform because of the strongly correlated
d-electron motion. We believed that errors in the energies
calculated at different points of a PES are close and focused our
attention on the general characterization of a potential surface.
Note that a search for reactions with low energy barriers does
not include the modelling of valence bond breaking. Therefore,
the simulations of these processes within the Hartree—Fock
approximation do not lead to qualitative errors. For the systems
with closed electron shells, such as Rh(OH)g, the HOMO-
LUMO gap is rather high because the near-degeneracy effects
are quite small. Thus, the Hartree—Fock approach followed by
second-order perturbation theory corrections seems appropriate
for our modelling. Moreover, the choice of closed shell with
Zero spin possesses to ignore spin-orbit coupling, which is small
for the second-row transition metals.

The number of local minima and transition states, especially
taking into account the high symmetry of PESs, is extremely
high, so that the result of a search for stationary points crucially
depends on the geometry of the initial approximation and on
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Figure 1 Torsion rotation barriers of hydrogen atoms on restricted
optimisation calculated in various approximations.
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Figure 2 Schematic diagram of the isomerization of the complex Rh(OH)g
(reaction A).

the optimisation algorithm. The search for transition states was
performed with the use of restricted and hypersphere optimisa-
tion® and a standard quadratic approximation procedure.” The
reaction path was calculated using the IRC technique.8

It is reasonable to consider the stability of highly sym-
metrical complex isomers by a comparison with data calculated
for the Rh(OH)¢ neutral system. The test vibrational analysis
was performed for all of the found stationary points with non-
trivial symmetry, and a great number of imaginary frequencies
was detected, 6 (Cy,) or 10 (S, and C,,). The energy of these
configurations was higher than the energy of the lower isomer
with symmetry C; by 50-70 kcal mol-!. The closed-shell complex
[Rh(OH)¢ ] is also unstable in high-symmetry configurations, as
follows from the occurrence of 11 (Cy,) and 4 (C;) imaginary
frequencies. The results obtained are not random because struc-
tures with a higher than twofold symmetry axis imply the linear
structure of the Rh—O-H fragment, which is inconsistent with
the molecular structure of water and the majority of other
hydroxides, that is, is contradictory to chemical intuition. It is
easy to see that the non-linear structure of the Rh—O-H fragment
is primarily responsible for the asymmetric arrangement of
hydroxyl groups in both complexes (neutral and negatively
charged). The only highly symmetrical (D;) configuration of
the Rh(OH)g complex, which is responsible for the non-linear
structure of Rh—O-H groups, is also characterised by imaginary
frequencies.

In addition to this factor, the Jahn—Teller distortion of a highly
symmetrical configuration in the Rh(OH), hydroxo complex
should be taken into account. However, this factor is not crucial,
as can be seen from a comparison with a closed-shell system.

On the other hand, the PES of the complex exhibits a high
symmetry, which provides a giant number of 6!6!/2/48 equiva-

Table 1 Reaction paths for reactions A and B.

Rlizi)c;ive First Second  Number

Reaction ;gninimum /° 180 —y/° hydrogen hydrogen of
14 """ bond bond hydrogen

energy/ length/A length/A_bonds.

keal mol-! engt engt onds
Barrier A 1.24 — — — — —
R1 2.69 159.69 20.31 2.07 — 0
P1(C) 198 180.00 O — — 0
TS1 3.92 168.07 11.93 2.00 — 1
Barrier B 2.98 — — — — —
R2 1.28 149.83 30.17 1.96 2.01 2
P2 0 143.23  36.77 1.96 1.96 2
TS2 4.51 146.27 33.73 1.96 — (bond 1

~2.04)
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Figure 3 Dependence of the ORhO angle on the reaction path of reac-
tion A.

lent positions for these systems. The absence of a minimum
at the symmetrical point of a nuclear configuration directly
denotes the occurrence of a great number of equivalent isomers,
which are likely separated by not very high energy barriers. We
believe that the structure of the complex exhibits a high effec-
tive symmetry of the heavy atom skeleton. We interpret the
effective symmetry as the continuous migration of hydrogen
atoms in the system (high-amplitude vibrations), which provides
only small vibrations of oxygen atoms at symmetrical positions
(vertices of an octahedron). Undoubtedly, the effect of an
aqueous solvent makes a considerable additional contribution to
the migration of hydrogens, although we focused our attention
on the modelling of the isomerization of a free complex. The
molecule of Rh(OH);, which is a closed-shell system, was
chosen as the test object.

Taking into account a great number of reaction paths, includ-
ing equivalent paths, between the local minima of PESs, we did
not attempt to find all the transition states. We only attempted
to perform a systematic search for the reactions of hydrogen
migration with low activation energies. The migration processes
were described based on the internal (torsion) rotation of hydro-
gen atoms about Rh—O bonds.

We used two different strategies for choosing an initial
geometry to find the transition state: restricted and hypersphere
optimisations. The search for transition states was finished in
accordance with a standard procedure* supplemented with the
Hessian calculation at the final point to check the type of the
stationary point found.

Restricted optimisation. The potential of internal rotation for
one of the hydrogen atoms (in the Rh—O-H fragment) was cal-
culated for the most stable configuration of the energy system
over the range 0-360°. To take into account the relaxation of
the other geometry parameters, we performed restricted optimi-
sation at each particular torsion angle. Figure 1 illustrates the
energy profile, where a change in the H-O—Rh-O torsion angle
is taken as the coordinate of reaction. On rotation, hydrogen
passes over four oxygens; however, the potential exhibits only
two maxima. Both minima and maxima correspond to the posi-
tions of hydrogens over oxygen atoms (an angle of 85°), although
this seems unusual. A detailed analysis of conformation changes
along the reaction path demonstrated that a portion of hydrogens
follows the rotating hydrogen in accordance with a pinion
mechanism. Thus, passing over oxygen atoms has almost no
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Figure 4 Schematic diagram of the isomerization of the complex
Rh(OH)g (reaction B).
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effect on the potential profile, which completely depends on a
steric factor, gearing with other hydrogens.

Hydrogen atoms that do not change their positions are
hydrogen bonded. Evidently, the strength of a hydrogen bond,
which is usually® of the order of 30 kJ mol-!, limits the height
of these barriers. Geometry configurations corresponding to
potential vertices are a good estimation for the structures of
transition states.

Hypersphere optimisation. The migrations of hydrogens with
a very high activation energy were studied in accordance with
the above procedure. This is associated with inadequate con-
sideration for the collective migration of hydrogen atoms, which
can be corrected by the hypersphere optimisation method. The
above procedure begins at a minimum point and performs the
consecutive minimisation of the energy of the system on the
hypersurfaces of 3N-5-dimensional spheres with increasing radii.
The resulting set of points represents a fragment of the reaction
path and leads to the transition state of the lowest energy. This
algorithm requires an extremely high computer power; because
of this, we restricted ourselves by passing an initial portion of the
reaction path to the point at which the Hessian matrix ceases to
be positively-defined. This point has an energy of 4.06 kcal mol-!
with respect to a global minimum. A further search for the tran-
sition state was performed using a standard quadratic approxi-
mation procedure, and it resulted in a transition state with an
energy of 4.5 kcal mol-! with the only imaginary frequency of
250.6 cm1.

Simulation of the reaction paths of hydrogen atom migration.
We considered reaction paths A and B, which describe the
migration of hydrogen atoms and connect different local minima
in the PES of the hydroxo complex of rhodium.

The former reaction (A) (Figure 2) is characterised by the
lowest energy barrier (1.2 kcal mol-!) between two complex
isomers: reactant R1 and product P1. Their energies are 2.69
and 1.98 kcal mol-1, respectively, with respect to the PES global
minimum. It is appropriate to evaluate the asymmetry of the
oxygen environment and to give changes in the O—Rh—O angles
for three opposite pairs of oxygens (which are equal to 180° in
an undistorted octahedron).

The initial portion of the reaction path is characterised by the
synchronous rotation of H8 and H10 hydrogen atoms with a
weak drift of the other torsion parameters. After passing the point
of a transition state (TS1) and completing the rotation of 8H
and 10H atoms at the reaction path length of ~2 bohrx(a.u.m.)!/2
H9 atom begins to rotate. In other words, the relative positions
of only three hydrogen atoms are considerably changed.

The modification of an oxygen skeleton occurred in accord-
ance with the migration of hydrogen atoms. As can be seen in
Figure 3, reactant R1 is characterised by a strong deviation
(> 20°) of one of the angles of the 50-Rh—60 fragment from a
linear configuration.

In the course of the given reaction, all the O-Rh—-O angles
unbend so that the final state exhibited a centre of symmetry
(C; group). Note that the rotation of hydrogen atoms about
Rh-O bonds seems to provide an opportunity for unbending the
50-Rh-60 fragment. A low barrier in this reaction can be
explained by the stabilisation of the transition state by a hydro-
gen bond (2.0034 A), which is ruptured on going from TS1 to
P1. It seems reasonable that the higher stability of a sym-

Table 2 Comparison of the relative energies of system isomers (MP2
calculation) on extending the atomic basis sets.

Reaction SBKIJC!0 Stuttgart!6-19
Barrier A 1.24 3.51

R1 2.69 2.83

P1(C) 1.98 4.03

TSI 3.92 6.33

Barrier B 2.98 2.84

R2 1.28 2.44

P24 0 0

TS2 4.51 5.29

4Geometry of a global minimum.
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Figure 5 Dependence of the ORhO angle on the reaction path of reac-
tion B.

metrical isomer resulted from a near-octahedral environment of
oxygens (Table 1).

Reaction B (Figure 4) describes the isomerization of reactant
R2 (1.28 kcal mol-!) through a transition state with an energy
of 4.26 kcal mol-! to an isomer with the lowest energy P2,
which corresponds to the global minimum of the PES.

The torsion rotation of hydrogens along the reaction path is
reduced to the synchronous rotation of hydrogens 8, 9 and 10
with a weak drift of the other parameters. Reagent R2 is char-
acterised by a stronger deviation (33°) of one of the O-Rh-O
angles from linearity. This is due to the fact that two hydrogen
atoms form hydrogen bonds with neighbouring oxygens. The
lengths of these bonds are equal to 1.96 and 2.01 A, respec-
tively.

The reaction product is also fixed by hydrogen bonds, so that
the distortion of the initial O-Rh—O angle is as high as 37°
(Figure 5). Because of the gearing of hydrogens in accordance
with a pinion mechanism, one of the O-Rh-O fragments unbends,
whereas the other bends so that both of the functions pass
through extremums in the same region of the reaction path.
Product P2 has two hydrogen bonds with a length of 1.96 A;
this fact can explain the stabilization (this is a global minimum
in the PES). In the transition state, the distortion of the oxygen
skeleton is different from that in the product (Figure 5), and
there is only a single hydrogen bond.

We evaluated the reliability level of the resulting calculations
by taking into account electron correlations with the use of
greater atomic basis sets and higher order perturbation theories.
Thus, we additionally performed test calculations for the total
energy at the previously found stationary points. Estimations were
made in terms of the Mgller—Plesset perturbation theory of second
to fourth orders with an atomic basis set containing polarization

M2 2 M. W. Schmidt,

functions on all the atoms. For rhodium, the (8s7p6d)/[6s5p3d]
atomic basis sets with the Stuttgart RSC ECP parameterisa-
tion!0 was taken, which was supplemented with the contracted
Sf-function (3f)/[1f] according to Rakowitz er al.!l For oxygen,
the (4s,5p)/[2s,3p] set!? supplemented with two d-functions
from the oxygen 6-311++G basis sets!? was chosen. Table 2
summarises the calculated energies (in kcal mol-!) with respect
to the global minimum. A considerable result of the test consists
in a change in the conclusion on the most stable isomer in
favour of P1. On the other hand, quantitative changes in the
energy parameters (barriers and relative energies of isomers) are
insignificant. A careful analysis indicates a high contribution of
triple excitations to a fourth-order correction and, thereby, a
crucial role in a comparison of isomer energies. Nevertheless,
the energy distribution of the structures found previously does
not indicate a change in the flat character of the PES. We can
state that the migration of hydrogen atoms in the test complex
is a low-energy process, and it can be qualitatively reproduced
with the use of the initial calculation procedure.

This work was supported by the Programme ‘Universities of
Russia’ and the Russian Foundation for Basic Research (grant
no. 02-03-33010).

References

1 V.E. Shubin, V. A. Shvets and V. B. Kazanskii, Kinet. Katal., 1978,
19, 1270 [Kinet. Catal. (Engl. Transl.), 1978, 19, 1026].

K. K. Baldridge, J. A. Boatz, S.T.Elbert, M.S.

Gordon, J.J. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su,

T. L. Windus, M. Dupuis and J. A. Montgomery, J. Comput. Chem.,

1993, 14, 1347.

&3 A. A. Granovsky, http://classic.chem.msu.su/gran/gamess/index.html

4 W. . Stevens, H. Basch, M. Krauss and P. Jasien, Can. J. Chem., 1993,
70, 612.

S M. Krauss and W. J. Stevens, Ann. Rev. Phys. Chem., 1985, 35, 357.
[IM@6 Y. Abashkin and N. Russo, J. Chem. Phys., 1994, 100, 4477.

[M&7 J. Baker, J. Comput. Chem., 1986, 7, 385.

@ 8 C. Gonzales and H. B. Schlegel, J. Phys. Chem., 1990, 94, 5523.

9 N. F Stepanov, Sorosovskii Obrazovatel’nyi Zhurnal, 2001, 7 (2), 28
(in Russian).

10 M. Dolg, H. Stoll, H. Preuss and R. M. Pitzer, J. Phys. Chem., 1993,
97, 5852.

(I8 11 F Rakowitz, C. M. Marian, L. Seijo and U. Wahlgren, J. Chem. Phys.,

1999, 110, 3678.
12 A. Bergner, M. Dolg, W. Kuechle, H. Stoll and H. Preuss, Mol. Phys.,
1993, 80, 1431.

[MB13 R. Krishnan, J. S. Binkley, R. Seeger and J. A. Pople, J. Chem. Phys.,

1980, 72, 650.

Received: 28th September 2004; Com. 04/2377

Mendeleev Commun. 2005 83


http://classic.chem.msu.su/gran/gamess/index.html
gaidar
A. A. Granovsky, http://classic.chem.msu.su/gran/gamess/index.html

gaidar
M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M.

gaidar
Gordon, J. J. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su,

gaidar
S.

gaidar
T. L. Windus, M. Dupuis and J. A. Montgomery, J. Comput. Chem.,

gaidar
1993, 14, 1347.

gaidar
Y. Abashkin and N. Russo, J. Chem. Phys., 1994, 100, 4477.

gaidar
J. Baker, J. Comput. Chem., 1986, 7, 385.

gaidar
C. Gonzales and H. B. Schlegel, J. Phys. Chem., 1990, 94, 5523.

gaidar
M. Dolg, H. Stoll, H. Preuss and R. M. Pitzer, J. Phys. Chem., 1993,

gaidar
97, 5852.

gaidar
F. Rakowitz, C. M. Marian, L. Seijo and U. Wahlgren, J. Chem. Phys.,

gaidar
1999, 110, 3678.

gaidar
R. Krishnan, J. S. Binkley, R. Seeger and J. A. Pople, J. Chem. Phys.,

gaidar
1980, 72, 650.

http://dx.doi.org/10.1063/1.438955
http://dx.doi.org/10.1063/1.478257
http://dx.doi.org/10.1021/j100124a012
http://dx.doi.org/10.1021/j100377a021
http://dx.doi.org/10.1002/jcc.540070402
http://dx.doi.org/10.1063/1.466278
gaidar
M. Krauss and W. J. Stevens, Ann. Rev. Phys. Chem., 1985, 35, 357.

http://dx.doi.org/10.1146/annurev.pc.35.100184.002041
http://dx.doi.org/10.1002/jcc.540141112



