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Abstract

Recently an exciting new mechanism of hydrosilylation had been found in experiments with the ruthenium-silylene complex [Cp*(i-
Pr;P)Ru(H),Si(H)Ph - OEt,[B(C4Fs)4] by Glaser and Tilley. The mechanism of the hydrosilylation and possible alternative pathways
are investigated with quantum chemical methods utilizing the B3LYP method, a double zeta pseudopotential basis set for iron and ruthe-
nium and the 6-31G* basis set for all other elements. Starting from the model complex [Cp(H;P)Ru(H),Si(H)Ph]" the coordination of
ethene at the silicon atom leads preferably to the hydrosilylation of a terminal Si-H-bond. The analysis of the electron density distribution
of the catalytic active complex shows surprising bond features between Ru and Si. The Ru-Si bond is bridged by two hydrogen atoms.

The [2 + 2}-cycloaddition of the alkene to the Ru-Si-bond, which would be a reasonable alternative reaction pathway, was not
observed. It is necessary to make drastic changes in the ligand environment of the transition metal-silicone complex to observe cyclo-
addition reactions. With complexes of the type (OC);M=Si(H)Ph (M = Ru, Fe) the cycloaddition could be a serious alternative to the

hydrosilylation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The hydrosilylation is an important reaction, which is
used in organosilicon chemistry, in organic synthesis, in
dendrimer and polymer synthesis [1,2]. Hydrosilylation is
performed mainly with transition metal catalysts. The
Chalk-Harrod-mechanism — or similar mechanisms — are
mainly accepted for this type of catalytic reaction [3,4].
The coordination of the alkene at the transition metal,
the oxidative addition of the Si-H-bond, the insertion of the
coordinated alkene into the M-H-bond and at last the
reductive elimination of the product are the main steps of
this mechanism (see Scheme 1).

Transition metal silylene complexes are highly reactive
compounds [5], which are postulated as — respectively
proved to be — intermediates in a number of catalytic and
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stoichiometric reactions [6,7]. There is no accepted hydro-
silylation mechanism with a transition metal silylene as
intermediate [8]. Tilley and Glaser reported recently about
a possible new mechanism of hydrosilylation, which prob-
ably proceeds via a direct insertion of the alkene into a Si-
H-bond of a ruthenium-silylene complex [9]. The starting
complex for this catalytic cycle is [Cp*(i-PrsP)Ru(H),Si(H)-
Ph - Et,O]B(CsFs)s] (Cp* = n°-CsMes). The coordinated
diethylether molecule is easily cleaved off in solution, pro-
viding the cation [Cp*(i-PrsP)Ru(H),Si(H)Ph]" as the pre-
sumed catalytic active complex. The authors tested this
new catalyst with different alkenes and obtained alkylsil-
anes in 57-94% yield. The hydrosilylation of PhSiH; with
an excess of C,Dy yields exclusively Ph(H),Si—-CD,—CD,—
H. Catalytic hydrosilylation reactions have previously been
found to afford mixtures of isotopomers with deuterated
substrates via reversible olefin oxidation steps. The impor-
tance of this new type of catalytic reaction and the possible
implication for preparative purposes has been highlighted
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Scheme 1. Chalk-Harrod-mechanism of the hydrosilylation of olefines.

recently [8]. The intermediates proposed in Scheme 2 have
not yet been proved experimentally. Other mechanisms
would also be possible. A quantum chemical study which
supports the mechanism in Scheme 2 has been published
recently [10].

The quantum chemical study presented herein was per-
formed in order to obtain a deeper insight into the mecha-
nism of this new type of hydrosilylation and to understand
why there was not observed any [2 + 2]-cycloaddition of
the alkene to the Ru-Si-bond, which would be a reasonable
alternative reaction pathway. The calculations have been
performed with density functional theory [11,12]. The model
compound [Cp(H;P)Ru(H),Si(H)Ph]" was used in place of
[Cp*(i-PrsP)Ru(H),Si(H)Ph]", which was used for the exper-
imental work. Ethene was used as model alkene. The station-
ary points were localized on the singulet potential energy
surface and characterized as minima or transition states by
calculating the Hessian-Matrices. Further characterization
of the reaction profiles was achieved by following the
intrinsic reaction coordinates (IRC) [13,14]. Mainly energy
differences between the local minima and transition states
on the potential energy surface are discussed throughout this
paper. Only selected geometric parameters of the molecules
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Scheme 2. Proposed hydrosilylation mechanism from Glaser and Tilley.

under investigation will be discussed in order to keep this
paper concise.

2. Results and discussion

2.1. Structure and properties of [Cp(H3;P)Ru(H),Si(H)-
Ph* (2)

It was shown experimentally that the ether molecule in
[Cp*(i-PrsP)Ru(H),Si(H)Ph - Et,O]" is weakly bound to
the silicon atom, since it is fast replaced by THF or Ph,CO
in CD,Cl, solution [9]. The calculated free energy difference
for the cleavage of the ether molecule from the model com-
pound [Cp(H5P)Ru(H),Si(H)Ph - Et,0]" (1) is 8.3 kJ mol
(see Scheme 3). The ruthenium cation [Cp(H3;P)Ru(H),-
Si(H)Ph]" (2), which is not stabilized by donor molecules,
has surprising bond features along the Ru-Si-bond
(Fig. 1). This bond axis is bridged by two hydrogen atoms.
The topological analysis of the electron density distribution
[15] of this cation shows, that there are bond critical points
between Ru and Si, as well as between Ru—H and H-Si. The
analysis of the molecule orbitals with the NBO-method [16]
shows furthermore, that there are three centre bonds
between Ru-H-Si. Such bridging Ru-H-Si-bonds have
been proved to exist with X-ray structure analyses in other
ruthenium complexes [17-23]. Non-classical interligand
interactions are discussed also for hydrido-silyl-complexes
of other transition metals, see for instance [24,25]. The pres-
ence of diethylether or other donor molecules in 1 has prob-
ably prevented the observation of such interactions until
today.

Further investigation of the bonds between Ru-H and
Si—H in this square arrangement of atoms was undertaken
by relaxed scans of the potential energy surface (PES). Two
different basis sets have been employed for this purpose.
Basis set 1 (BS1) describes all main group elements with
the 6-31G(d) basis set, as it was done with all other mole-
cules in this paper. Basis set 2 (BS2) uses also 6-31G(d) for
the main group elements plus an additional p-polarization
function for the two bridging hydrogen atoms. This basis
set contains provision for polarization of the s-orbitals at
these two hydrogen atoms and gives them more flexibility
in the bridged bonding mode [26]. The use of BS2 instead
of BS1 changes the total energy of molecule 2 up to 9 kJ/
mol during the PES scans (compare Fig. 3), but the overall
geometrical features of the molecule are the same with both
basis sets. The angle H-Ru-H was widened starting from
the equilibrium geometry (see Fig. 2). This angle is rather
flexible since the energy of the molecule increases only
about 11-12 kJ/mol, when this angle is widened over 25°.
There is a rehybridization of bonds in this complex when
the two hydrogen atoms are no longer in a bridging situa-
tion but are exclusively bound to the ruthenium atom. The
change in the bonding mode of the hydrogen atoms causes
an inflexion point in the graph (angle H-Ru-H in Fig. 2).
This hypothetical process takes place at 111° with BS1 and
at 117° with the more flexible basis set BS2. The widening
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Scheme 3. Energy profile for the cleavage of diethylether from 1, the coordination of ethene at the silicon atom and subsequent insertion steps into the Si—

H-bonds (Gibb’s free energy in kJ mol™!).

of the angle H-Si—H leads to a much bigger rise in total
energy (17-20 kJ/mol higher energy for 13° widening).
These PES scans demonstrate that the ruthenium atom
has much more flexibility and spatial more extended orbi-
tals than the silicon atom to adopt to a change in the ligand
environment.

The arbitrary elongation of the Ru-Si-bond starting
from the equilibrium geometry of 2 yields further insight
into the bond properties between Ru and Si. The distortion
of the molecule geometry can be described with the sche-
matic representation in Fig. 3. The elongation of the Ru-
Si distance to more than 2.4 A gives rise to a rapid increase
of the total energy of the molecular system. At 2.8 A the
Ru-H bonds are broken and only weak interactions
between Ru and Si are left. Beginning at 3.0 A the SiH;-
group rotates around the phenyl-Si axis. This brings one
of the hydrogen atoms in a suitable position to form a
hydrogen bridge to the ruthenium atom and allows mini-
mal stabilization of the system. This hypothetical process
is reflected by an inflexion point in the graph with
B3LYP/BS1. With B3LYP/BS2 the same process proceeds
without an inflexion point in the graph. The energy neces-
sary to decompose 2 into the fragments [CpRu(PH3)]" and
H;SiPh is 82.6 kJ/mol (with B3LYP/BSI1). Of course the
highly reactive [CpRu(PH3)]" would be stabilized in solu-
tion by other potential reaction partners or donor mole-
cules. But this calculated process gives us further

evidence that the bridging hydrogen atoms are not mainly
bound to the ruthenium atom, but at least bound to the sil-
icon atom with the same strength.

How compound 2 does react with alkenes? Different pos-
sible coordination modes of ethene at this cation have been
investigated in order to answer this question. These are: (a)
cycloaddition at the Ru-Si-bond, (b) coordination at the sil-
icon atom, (¢) coordination at the ruthenium atom. All
efforts failed to find the hypothetic product of the cycload-
dition of 2 with ethene via geometry optimization (path a).
These optimizations gave structures which could be classi-
fied as local minima in the reaction pathways b or c. Obvi-
ously the Ru-Si-bond in 2 is shielded by surrounding
ligands and substituents in that way, that the formation
of a ruthenium-silacyclobutane becomes impossible.

2.2. Mechanism of hydrosilylation

The coordination of the ethene molecule at the silicon
atom (path b) leads primary to the formation of the adduct
AD,. The distance from the silicon atom to the carbon
atoms of ethene is 3.6 A. The bridging Si-H-bond opposite
to the ethene molecule is slightly elongated (1.732 A in
AD,, 1.708 A in 2). All other geometrical parameters of
the [Cp(HsP)Ru(H),Si(H)PhJ-unit are very similar to 2.
The small changes of the geometry of the Ru-Si-cation
and the long distance between ethene and the silicon atom
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Fig. 1. Optimized geometry (top, bond lengths in A, angles in °) and representation of bond critical points (bottom) of [Cp(HsP)Ru(H),Si(H)PhT" (2).
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Fig. 2. Energy profiles of relaxed potential energy surface scans (PES)
starting from 2.

explain the small energy necessary to form the adduct
(24.1 kJ/mol). This adduct allows access to two possible
reaction pathways: the insertion of the ethene molecule
into the terminal Si-H-bond or the insertion into one of
the bridging Si-H-bonds. It was possible to localize transi-
tion states and reaction products for both reaction path-
ways. An activation energy of 63.3 kJ mol~! is necessary
to reach the transition state TS, 3 from AD,. The geometry
of this transition state is shown in Fig. 4. The distance Ru-
Si is elongated to 2.348 A in TS; 3 compared to the same
bond in 2 with 2.306 A. The hydrogen atoms are no longer

in a bridging position between Ru and Si; they are exclu-
sively bound to the ruthenium atom. The terminal Si-H-
bond is elongated to 1.565 A, the C-C-double bond of
the ethene molecule is gradually elongated and the carbon
atoms of ethene are slightly pyramidalized. The distance
between Si and C2 is 2.030 A and the carbon atom C1 is
with 1.734 A still rather far away from the terminal hydro-
gen atom. Therefore we can designate TS, 3 in accordance
with the Hammond postulate as an early transition state.

The mechanism described here is very similar to that
proposed in [10]. The formation of the adduct AD, from
2 requires 24.1 kJ/mol (15.9 kJ/mol in [10]), from AD, to
TS, 3 63.3 kJ/mol (41.9 kJ/mol), and from TS, 3 to 3
—161.9 kJ/mol (—148.2 kJ/mol). There have been described
three stationary points around AD, in the calculated mech-
anism of Beddie and Hall [10]. This might be possible due
to the presence of a flat potential energy surface around
this ethylene complex.

The other possible reaction pathway is the insertion of
ethene into the bridging Si—H bond. The activation barrier
to reach the transition state TS, 4 for this insertion is
96.7 kJ mol~". Similar as in TS, 3 the hydrogen atoms in
TS, 4 are bound only to the ruthenium atom (Fig. 4). The
distance between the silicon atom and C2 is 2.054 A,
the distance between CI and the reacting hydrogen atom
is 1.701 A. Due to these rather long distances one should
designate TS, 4 also as an early transition state. The
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further reaction from 3 or 4 to the product of hydrosilyla-
tion H,Si(Ph)Et was calculated with another substrate mol-
ecule H5SiPh. The transition states TS, , and TS; , are
accessible via rather small activation energies of 6.2 and
60.5 kJ mol ™!, respectively.

The coordination of ethene at the ruthenium atom of 2
would open another possible reaction pathway. This coor-
dination leads to a substantial change of the coordination
environment at the ruthenium atom. The transition state
TS, s is reached with an activation energy of 85.2 kJ mol .
One of the ruthenium-hydrogen bonds is broken in the
transition state (Fig. 5). The distance Ru-Si is clearly longer
than in 2 (2.720 A). The ethene molecule is still far away
from the ruthenium atom (Ru---Cl=23.522 and
Ru---C2=3474 A). The cyclopentadienyl ligand, the
phosphane, ethene and H;SiPh are coordinated at the
ruthenium atom in 5 (Fig. 5). Phenylsilane is bound via
one hydrogen atom at the ruthenium atom. The distance
Ru-Si is 2.995 A and the AIM analysis shows that there is
no bond critical point between the ruthenium and the sili-
con atom. The cation 5 is a minimum on the potential
energy surface. The insertion of the ethene molecule into
the Ru-H-bond gives the complex 6 which has an n-coor-
dinated ethyl group and an n'-coordinated SiH,Ph. The
reaction of 6 with one molecule H5SiPh has an activation
barrier of 94.9 kI mol™! to the transition state TS 2.
(Please notice that TSg_5 is not a true transition state since
it has two imaginary frequencies. This puts the last step into
question.) The ruthenium atom gains a lot of coordinative
flexibility if the double hydrogen bridged silane ligand is

moved out of the n*-bonded mode. One possible rearrange-
ment of ligands around the ruthenium atom is described in
Scheme 4. Other subsequent rearrangements are imagin-
able. Two further pathways have been described in [10]
and were assigned there as Chalk—Harrod and modified
Chalk-Harrod mechanisms.

To compare both mechanisms from Schemes 3 and 4
one can say that on one hand we have the coordination
of the alkene at the ruthenium atom which has a reason-
able activation energy (Scheme 4). But the further reaction
from the molecules 5 and 6 to the product of hydrosilyla-
tion has a second activation barrier via TSg, of
94.9 kJ mol~". The presence of two such activation barriers
makes this reaction pathway rather improbable. On the
other hand there is a similar activation energy when we
assume a coordination of the alkene at the silicon atom.
This pathway leads via n*-coordinated silane complex 3
to the product of hydrosilylation and regenerates the key
complex 2. This pathway (Scheme 3) seems to be the
favourable one. Since we have a reasonable activation
energy in the first step via AD, and TS, 3, leading to an
low energy intermediate (3). From there it is only a small
step to the final product of the catalytic cycle. The activa-
tion energy (AG) for the non catalyzed hydrosilylation of
ethene with H;3SiPh is 304 kJ mol~!. The activation ener-
gies necessary to perform the hydrosilylation with the cat-
alyst-substrate complex 2 are much smaller. The highest
barrier from 2 via AD,, TS, 3 to 3 has an activation energy
of 87.4 kJ mol~'. The results of the quantum chemical cal-
culations up to this point are summarized in Scheme 5. The
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Fig. 4. Optimized geometry of the TS, 3 (top, atoms of the phenyl ring are omitted for claritiy) and TS, 4 (bottom; bond lengths in A, angles in °).

key intermediate of the catalytic hydrosilylation is the n°-
bound silane complex. The coordination of alkene and
the insertion into the terminal Si—-H-bond are fundamental
steps of this catalytic process.

2.3. [2 + 2]-Cycloaddition vs. hydrosilylation

As already mentioned in Section 2.1 the double hydro-
gen bridged ruthenium-silane complex 2 is not accessible
to a cycloaddition reaction. That arises the question what
happens if we remove the bridging hydrogen atoms in the
complex 2? Formally this could be described with the Eq.
(1). The free energy (AG) which is necessary to obtain 7
from 2 is 77.1 kJ mol~'. Practical similar compounds have
already been synthesized. For instance the Ru-silylene
complex 9 in Eq. (2) was synthesized by treating the silyltri-
flate 8 with 1 equiv. of Li(Et,0),B(C¢Fs)4 in CH,Cl, [27].
Translated into the world of our model complexes this
would mean that we take complex 10, which has the same
basic structural features like the experimental prepared

complex 9. Now one of the phosphane ligands is to be
removed (Eq. (3)). This reaction requires 103.5 kJ mol !
of free energy.

+ +
c Pk ¢ Ph
Py, N / ,
Ru——Si e Ru Si +H,
VAR \ N / \ (1)
HyP H HyP H
2 7
Cp* Cp*, . +
SPh L LiB(CeFe), AN SPh ]
Ru—si(0ThH) 04> Ru==si B(CgFs)s
Meyp™ Nepp O Mezp\\\/ SPh (2)
Me;P Me;P
8 9
+ +
Cp Ph Cp Ph
AN / AN /
Ru Si —_— /Ru Si\ + PH; (3)
" AN
HyP H H,P H
H,P
10 7

Removal of the two bridging hydrogen atoms from 2 gives
the silylene complex 7. The reactivity of this complex with
ethene was also investigated with quantum chemical meth-
ods. One possible reaction is the direct insertion of the
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alkene into the Si—hydrogen bond. This reaction requires
49.7 kJ mol~! activation energy. Far less activation energy
leads to a product which has one ethene molecule coordi-
nated at the Ru atom (12). The bonding properties of this
reaction product are not quite clear. An analysis of bond
critical points was performed. This reveals that there are
only bonds between the Ru-atom and the alkene. There
is no bond critical point between the alkene and the silicon
atom. That means 12 is no cycloaddition product but
should be rather considered as ruthenium complex with
ethene as neutral donor ligand (see Scheme 6).

The ruthenium complex 10 with two phosphane ligands
at the ruthenium atom has a different reactivity compared
to 7 (see Scheme 7). The bonding in cationic ruthenium sil-
ylenes of this type has been investigated in detail by Arnold
with DFT calculations [28]. The free energy to reach the
transition state TSy 13 is 77.2 kJ mol~'. It was also possi-
ble to find a cycloaddition product (14) and to localize the

transition state TS;¢_14 which connects 10 with 14. The
activation energy for that reaction is 102.7 kJ mol~'. The
product of this cycloaddition reaction is the highest local
minimum on the potential energy surface in Scheme 7. In
all probability the reverse reaction from 14 to 10 will occur,
since the activation energy from 10 to TSy¢_14 is only
27.5 kJ mol™~!. This high energy character of 14 will prevent
the experimental access to this cycloaddition product. The
hydrosilylation starting from 10 should be possible, but
this compound has a reduced reactivity compared to 7
due to the presence of the second phosphane ligand.

The Ru-Si-complexes 2, 7, and 10 bearing around the
ruthenium atom a cyclopentadienyl and one or two phos-
phine ligand are not accessible to cycloaddition reactions.
There must be made rigorous changes in the ligand envi-
ronment around the ruthenium atom in order to facilitate
cycloaddition. There are known some base stabilized
metal-silylene complexes which bear only carbonyl ligands
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around the transition metal atom (Fig. 6). These complexes
have been synthesized by Zybill and coworkers [29-32].
The iron complex is the one which is best investigated. It
is possible to remove the stabilizing hexamethylphosphoric
acid triamide (HMPA) by heating the complex.

What is the reactivity of such transition metal silylene
complexes? According to the calculated energy profiles in

Scheme 8§ it should be possible to observe hydrosilylation
and cycloaddition with the ruthenium and the iron complex.
The hydrosilylation reaction requires activation energy of
81.2 for the ruthenium and 83.7 kJ mol ™' for the iron com-
plex. The cycloaddition reaction requires activation energy
of 79.1 for the ruthenium and 86.2 kJ mol~' for the iron
complex. The activation energies for both reactions are very
similar. The hydrosilylation product is thermodynamic more
stabile. The tetracarbonyl-metal fragment provides a flexible
ligand framework which is able to adopt to different substit-
uents and which provides suitable orbitals for a cycloaddi-
tion reaction [33].

3. Summary

The quantum chemical investigation of the possible reac-
tion pathways starting from the cation 2 and ethene shows,
that (a) a classical [2 + 2]-cycloaddition at the Ru-Si-bond
can be excluded; (b) the coordination of ethene at the silicon
atom leads preferably to the hydrosilylation of a terminal
Si-H-bond; and (c) the coordination of ethene at the ruthe-
nium atom leads to a ruthenium-ethene complex.

The favoured reaction pathway on the singulet poten-
tial energy surface is the reaction from 1 via 2 to 3. This
is due to the low activation barrier and the highly
exothermic reaction. The quantum chemical calculations
presented herein do confirm the hydrosilylation mecha-
nism which was proposed by Glaser and Tilley on the
basis of experimental work. The catalytic active complex
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has a nonclassical n’-bonded silane ligand. This unusual
dihydrogen bridged geometry is necessary to ease the
insertion of the alkene into the terminal Si-H-bond. The
ruthenium atom in 2 is able to bind these hydrogen atoms
if necessary, compare transition state TS, 3. On the other
hand this molecular system has enough flexibility to
release the product of the hydrosilylation — including
those two hydrogen atoms — in presence of other potential
reaction partners. The unexpected hydrogen bridged
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structure of the ruthenium-silylene complex 2 deserves
further experimental investigation. It would be a challeng-
ing task for the future to construct more ruthenium com-
plexes with nonclassical bonded substrates which could
perform other catalytic reactions.

A cycloaddition reaction might only occur with transi-
tion metal carbonyl silylene complexes (OC),M=SiR,
(R =H, alkyl, aryl). But even then the cycloaddition has
to compete with the hydrosilylation if there are hydrogen
atoms at the silicon atom! The situation is changed com-
pletely for heteroatom substituted silylene complexes. Such
silylene complexes might undergo in the presence of alk-
enes cycloaddition, dimerize, or act as silylene transfer
reagents under formation of silacycles or polymerization
of the silylene [31,33-35].

4. Computational details

The DFT calculations have been performed with the pro-
gramme suite GAUSSIAN 03 [36]. All molecular geometries
have been fully optimized. Beckes three parameter hybrid
exchange functional in combination with the correlation
functionals of Lee, Yang and Parr (B3LYP) was the used
DFT method [11,12]. Geometry optimizations and fre-
quency calculations have been performed with an effective
core potential and a valence double zeta basis set for ruthe-
nium and iron [LANL2DZ, 37] and the basis set 6-31G(d)
for all main group elements [38,39]. An additional polariza-
tion function of f-type has been used for the elements ruthe-
nium and iron [40]. This basis set is denoted as BS1.

All optimized geometries were characterized as minima
with 0 or as transition states with one imaginary frequency
by calculating the Hessian matrices. TS¢_» (Scheme 4) has
two imaginary frequencies. Up to now it was not possible

to localize a true transition state in that case. The reaction
pathways for all other transition states have been investi-
gated more closely by following the intrinsic reaction coor-
dinate (IRC) starting from the transition states [13,14].

Additional polarization functions of p-type have been
employed for the bridging hydrogen atoms in 2 for the
PES calculations in Section 2.1. This basis set is denoted
as BS2 (LANL2DZ plus f-polarization function for the
Ru-atom, 6-31G(d) for all main group elements, 6-
31G(d,p) [38] for the two bridging H-atoms).

The energy values in the energy profiles are the Gibb’s
free energy of the molecules in kJ mol~'. The analysis of
the electron density distribution [15] and the NBO-analysis
[16] have been performed with the programme codes imple-
mented in GAaussiaN 03.
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