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The model complex [Cp(CO)2Mn(SiH4)] has been studied by

time-dependent DFT methods: hence, it is shown to be unstable

with respect to a pseudo-Jahn–Teller distortion which brings an

equatorial Si–H moiety into contact with the Mn centre.

Instability in high-symmetry molecular configurations with
non-degenerate ground states has traditionally been treated by
valence bond (VB) methods, employing concepts such as
localized electron pairs and VSEPR theory. More recent
molecular orbital (MO) methods have taken a different ap-
proach, considering this instability to arise from a pseudo-Jahn–
Teller (pJT) interaction, in which a low-lying excited state can
mix in to the ground state by distortion of the system to lower
symmetry.1 Such a pJT approach has been employed success-
fully to predict and rationalise a range of low-symmetry
phenomena in several areas of inorganic chemistry. These span
such diverse topics as structural distortions in the solid state,2

molecular fluxionality3 and electron delocalisation in mixed-
valence compounds.4 A pJT approach is often illuminating in
offering an alternative view of a situation which is inadequately
explained by simple VB considerations. This is particularly true
in the non-classical realm of organometallic chemistry, and the
deficiencies of such an approach have been specifically noted
for hydrosilane complexes,5 as well as for the related phenom-
enon of agostic bonding.6 Thus, while a VB analysis may lead
to the correct structural conclusions, greater insight can be
gained into the electronic processes at work by examining also
why alternative structures are disfavoured. In this paper, we
explore the bonding in a model transition metal (TM) hydro-
silane complex using a pJT approach, which reveals how the
complex is stabilised by distortion which permits an M–H–Si
bridging interaction to develop.

The nature of the interaction between Z2-coordinated
hydrosilanes and TM centres has been the subject of consider-
able debate since [Cp0(CO)2Mn(Z2-HSiHPh2)] (1) [Cp0 ¼
(Z5-C5H4Me)] was isolated over three decades ago.7 These
hydrosilane complexes are typically prepared photochemically:
time-resolved infrared spectroscopic studies by Harris et al.
have shown interaction between the Si–H bonds of silanes and
the unsaturated photofragment [Cp(CO)2Mn] to occur within
a few picoseconds of its generation.8 The Si–H bonds in these
complexes are lengthened by ca. 20% on coordination to

around 1.8 Å, with JSi,H values being reduced to around one-
third of the values in the free silane.9 Both of these parameters
imply a situation where oxidative addition of the Si–H bond
has been arrested at an intermediate stage. An adapted version
of the Dewar–Chatt–Duncanson (DCD) model10 is usually
used to treat the bonding in these species.11 However, although
the DCD approach is adequate for simple types of s-bond
complex such as molecular H2 systems, hydrosilane complexes
present a rather sterner challenge. Here, factors such as the
proclivity of Si to engage in hypervalent interactions also play
an important role.12 Nikonov and co-workers have isolated a
series of hydrosilane complexes displaying ‘interligand hyper-
valent interactions’ (IHIs) between adjacent silyl and hydride
ligands.13 Although oxidative addition of the Si–H moiety is
formally complete in these systems, they display short Si� � �H
contacts and relatively high JSi,H values: electron donation is
presumed to occur from the basic hydride ligand into a s*

orbital on the geminal silyl ligand. Sabo-Etienne et al. have
identified similar secondary Si� � �H interactions in the solid
state, which manifest themselves in sterically unfavourable
ligand dispositions about a TM centre.14

The coordination environment at the Si atom in hydrosilane
complexes is invariably a distorted trigonal bipyramid (TBP).9

For example, [Cp0(CO)2Mn(Z2-HSiFPh2)] (2) displays an H–
Mn–Si–F torsional angle of 174.11,15 revealing the F atom to
lie in the same plane as the Mn–Si–H moiety. Distortion from a
regular TBP involves migration of the H atom towards the Mn
centre (+H–Si–F ¼ 148.8(2)1 in 2). Such a silicon-centered view
of hydrosilane complexes permits us to compare their struc-
tures with conventional hypervalent species like [H2SiPh3]

– (3),16

in which the Si atom displays a regular TBP coordination
environment; as well as with hypothetical complexes of the
form [LnMSiH4] (4) in which a dative s-bond is formed
between Mn and Si, as shown in Chart 1. In fact, a complex
of the type 4 was invoked by Nikonov to describe the extreme
case of negligible ligand-to-metal donation but complete metal-
to-ligand back-donation.17

Chart 1

w Electronic supplementary information (ESI) available: atomic coor-
dinates (B3LYP/6-31þþG** level) for [Cp(CO)2Mn(SiH4)] at the TBP
constrained and fully optimised geometries. See http://www.rsc.org/
suppdata/nj/b4/b412371a/
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In the light of this rich bonding motif displayed by silicon in
its TM complexes, we decided to investigate the bonding in a
model hydrosilane complex without any preconceptions. Ac-
cordingly, we have used DFT calculations to explore the
electronic changes occurring when the model system
[Cp(CO)2Mn(SiH4)] (5) [Cp ¼ (Z5-C5H5)] relaxes to its mini-
mum energy from a enforced regular TBP geometry at Si.

The geometry of [Cp(CO)2Mn(SiH4)] (5) was optimised
using the Gaussian program suite.18 The popular B3LYP
exchange/correlation functional19 was used in conjunction with
a 6-31þþG(d,p) basis set. The structure was optimised in the
full space of nuclear coordinates and in the constrained TBP
space, in which the Si atom was restricted to TBP coordination;
i.e. +Heq–Si–Heq ¼ 1201 and +Heq–Si–Hax ¼ 901. The fully
optimised structure was confirmed as a minimum on the
potential energy surface by computing the analytical Hessian
matrix and by observing that all eigenvalues were positive.
Time-dependent density functional theory (TD-DFT) compu-
tations were performed at both the fully optimised structure
and the TBP constrained structure. In this way, the manifold of
low-lying electronic states was obtained for each geometry. By
examining the dominant single particle-hole states using the
canonical Kohn–Sham orbitals, we were able to correlate the
states along the coordinate connecting the two structures.

The geometries of [Cp(CO)2Mn(SiH4)] (5) resulting from the
DFT calculations are shown in Fig. 1. Fig. 1(a) shows the
structure with the Si centre constrained to TBP coordination,
while Fig. 1(b) displays the minimum energy structure in the
full space of coordinates. The main geometrical change on
going from (a) to (b) is the migration of an equatorial hydrogen
atom along the Si–Mn bond to take up a bridging position.
Indeed, structure optimisation starting from geometry (a)
follows a gradient leading to the minimum (b) which involves
only the motion of this H atom, with concomitant slight
rotation of the Mn ligand sphere. Hence, the results of our
computations can be interpreted in terms of a pJT interaction
at the TBP geometry. The pJT effect is often considered as a
lowering of the energy of the HOMO induced by mixing with
the LUMO. The interaction then depends on the HOMO–
LUMO energy gap and on the symmetry of these orbitals and
the vibrational coordinate which links them.20 However, the
pJT effect is more properly considered as a vibronic interaction
of all close-lying electronic states.3,21,22 (see ref. 21 for a proper
CASSCF based state description of the pJT effect). Unfortu-
nately, large TM complexes necessitate a more approximate
treatment of the excited electronic states.
We have used time-dependent density functional theory

(TD-DFT) to compute and characterise the various low-lying
excited states at both geometries shown in Fig. 1. At the
constrained TBP geometry (a) there are three very low-lying
excited states, at energies of 1.136, 1.247 and 1.505 eV above
the ground state. These three excited states can all interact
vibronically with the ground state, but the next one at 3.034 eV
is too high in energy. The single particle–hole states contribut-
ing to these three excited states involve occupancy of the
LUMO (see the configuration numbers on the left of Fig. 2(b),
where ci

j is the weight of the configuration with orbital j
occupied in place of orbital (i). Thus, the formalism used here
reduces to a HOMO–LUMO interaction when only a subset of
excited states is considered. Indeed, the first excited state at
1.136 eV has the HOMO–LUMO excitation as the configura-
tion with the largest weight (0.449). At the TBP geometry, the
orbitals involved in the ground and excited states are shown
schematically in Fig. 2(a). These orbitals are delocalised over
all six atomic centres in the MnSiH4 moiety. They have the

Fig. 1 Optimised B3LYP/6-31þþG(d,p) geometries of
[Cp(CO)2Mn(SiH4)] (5): (a) all geometrical parameters optimised with
Si constrained to TBP coordination, and (b) in the full space of
coordinates, corresponding to the minimum energy structure.

Fig. 2 (a) Primary orbitals involved in the lowest excited states of [Cp(CO)2Mn(SiH4)] (5) at the TBP geometry, (for simplicity only the Si–H
bonding phase is shown), and (b) state correlation diagram showing the pJT distortion from TBP to fully relaxed structure. Orbital configuration
numbers for the two lowest excited states are given to the left. The coordinate from left to the right in this plot is an antisymmetric Si–Heq bending
vibration which stabilises the LUMO (occupied in the three lowest excited states at the TBP geometry).
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same axial–equatorial nodal structure, but differ in their
bonding character with respect to the Mn–Si s-bond.
HOMO-3 is antibonding between the two equatorial Si–H
bonds and the Mn–Si s-bond, whereas the HOMO is non-
bonding and the LUMO is bonding with respect to the same
centres. The LUMO also contains significant Si–H antibonding
character. Thus, while a bonding interaction between the
Mn–Si s-bond and the closer Si–Hax moieties is precluded in
the LUMO, this is not the case for the distal Si–Heq bonds.23

The two lowest lying excited states involve excitations from the
HOMO-3 and the HOMO to the LUMO. These exited states
thus impart Mn–Heq–Si bonding character to the molecule.
The coordinate which permits the HOMO–LUMO interaction
is the antisymmetric bending vibration of the two Si–Heq

ligands. At the true energetic minimum, the lowest excited
state lies 3.108 eV above the ground state. Thus, a lowering of
the ground state energy by 2.93 eV along the Si–H–Mn
coordinate is accompanied by an increase in the energy of
the lowest excited states. The corresponding Si–Heq antibond-
ing orbital (correlating with the TBP LUMO) is the HOMO-2
at the fully optimised minimum.

In summary, the constrained structure of 5 in Fig. 1(a)
represents a donor–acceptor complex between the Lewis acid
SiH4 and the Lewis base [Cp(CO)2Mn]. We have shown such a
situation to be unstable with respect to a pJT distortion which
brings an equatorial Si–H moiety towards the Mn centre. Such
a situation contrasts with [H2SiPh3]

– 3, for which we have
carried out analogous TD-DFT calculations. These show the
TBP geometry to be the minimum energy structure, with
a HOMO–LUMO gap of 3.81 eV, and an excited state gap
of 3.57 eV.
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