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vy Agostic C—H or B agostic Si—C bonds in La{CH(SiMej3),}3?

A DFT study of the role of the ligand
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DFT calculations show that La{CH(SiMe;),}3, whose X-ray structure has previously been determined, should
be considered as having a B agostic Si—C bond and not a y agostic C-H bond. The role of the isolated ligand
CH(SiMe;), ™ in agostic interactions involving an extremely electropositive metal centre is discussed.
Delocalization of the electrons of the lone pair located on the C centre in the neigbouring trimethylsilyl group
(negative hyperconjugation) is suggested as being important. The metal centre has an electrostatic effect which
elongates preferentially the f Si—C bond of the closest methyl group and contracts the La—C-Si angle.

Introduction

Agostic interactions appear in a number of highly diverse
unsaturated transition and lanthanide metal compounds.' It
is normally described as an interaction of a ¢ X-Y bond acting
as an electron-donor toward an unsaturated metal centre act-
ing as an electron-acceptor. The agostic interaction is not only
a structural curiosity but often also a key factor for reactivity.
In particular, agostic C—H interactions are known to control
the tacticity of polymers.”> Consequently, there is considerable
interest in developing an understanding of agostic interactions.
It should be noted that in the original definition by Brookhart
and Green,! the term ‘agostic’ was given to an interaction
between a C—H bond part of a ligand and a metal. It was later
also used for describing the interaction of a C—H bond from a
molecule forming an adduct with a transition metal complex.
For instance an alkane complex with a side-on bound C-H
bond is often described as having an agostic C—H interaction
with the metal. Indeed, there are obvious analogies between
the intramolecular and intermolecular versions of the inter-
action although there are also some fundamental differences
which could confuse some of the issues.® One of the key differ-
ences between these two versions will be brought out in the
present paper, which focuses on an intramolecular agostic
interaction.

Although C-H is the most frequently observed agostic
bond,! it is far from exclusive and other o bonds are known
to be involved in similar interactions. The next most common
case is probably that of Si—H which can be agostic with various
late and early transition metal or lanthanide complexes.* The
B-H agostic bond is also documented, but only a few cases
have been reported.” An M---H-X interaction in which the
H is strongly positively charged as in N-H should not be
regarded as agostic, but more as a hydrogen bond.® Two differ-
ent situations occur for C-X bonds where X # H. When X car-
ries a lone pair such as for NR,, OR or halide, a short distance
between X and M is frequently observed.” While such
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situations are often described as agostic in the literature, this
is not really appropriate since the metal interacts with the lone
pair of X and not with the C-X o bond. Agostic C—X bonds
where X is not H and does not carry a lone pair are rarities.
The reason is that there is a clear preference for a C—H bond
to be agostic compared to a C—C bond when an alkyl group
is in the vicinity of a metal centre. It is currently accepted that
the metal centre accesses the electronic density of C—H consid-
erably more easily than from the C-C bond which is sterically
hindered by the neighbouring C—H bonds. An agostic C-C has
been suggested in heavily strained systems.® Nevertheless, the
geometric argument of C—H bond accessibility does not con-
vincingly explain why Si—C bonds appear to be agostic in some
systems.” One hypothesis is that a Si-C bond, being longer
than a C-C bond, is less efficiently protected by the vicinal
C-H bonds from interacting with the metal centre. Although
this cannot be excluded, other factors may also be responsible
for the occurrence of a Si—C agostic bond.

The energetic weakness (~10 kcal mol™!)!¢ of agostic inter-
actions derives from the fact that C-H is a very poor Lewis
base even if the unsaturated metal is a reasonably strong acid.
Despite the weakness of this interaction, theoretical calcula-
tions have usually been able to reproduce its presence (e.g.,
in olefin polymerization),”” although earlier calculations at
the Hartree—Fock level met with some difficulties.!” As
expected, a weak interaction is sensitive to many factors. Steric
factors have been shown to play a key role by favouring the
agostic interaction.!! Other effects like changes in interligand
angles,'® electron donation from other ligands in the com-
plex,'? or interactions between ligands such as n—m stacking'?
can control the agostic interaction.

Interpretations different from the simple ¢ electron donor
bond-metal electron acceptor interaction have been suggested.
The o C-H agostic interaction has been suggested to originate
from a reorganization of the M—C bond associated with the
presence of several empty d orbitals.'* Similarly, a bent M—C
bond was discussed.!” For the P agostic bond, the direct
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La-C(1)-8i(1)-C(2) = 13°

La-C(1) = 2.515(9)
La...C(2) = 3.121(9)
C(1)-S(1) = 1.841(9)
S(1)-C(2) = 1.923(11)
C(1)-La-C(1)' = 109.9(2)
La-C(1)-Si(1) = 102.0(4)
La-C(1)-5i(2) = 121.0(4)
C(1)-Si-C(2)= 109.7(4)

Fig. 1 Structure of 1 drawn from experimental atom coordinates.'’
H atoms have been removed for clarity, carbon atoms are represented
as black and red circles, the red circle represents the carbon of the key
trimethylsilyl group corresponding to the long Si—C bond, La is repre-
sented by a green circle and Si by blue circles. Distances in A and
angles in degrees are from the publication and dihedral angle from
the atom coordinates.'”

electron transfer from C-H to the metal is implicitly accepted.
However, in a set of key papers, the delocalization of the elec-
trons of the Ti—C bond into the ethyl ligand in CI3TiCH,—
CH3;, as well as very recently that of the Li—C bond in lithium
alkyl and silyl alkyl complexes, has been shown to be impor-
tant.!® It has also been suggested by the same groups of
authors that the C terminus of the C-H bond appears to be
the electron-donor to the metal.

As apparent from the references cited above, agostic interac-
tions are especially frequent in early transition metal and
lanthanide complexes. In this work we will discuss the case
of La{CH(SiMe3)};, 1 (Fig. 1).!7 The presence of three v
C H bonds were suggested from the short non-bonded

--C(2) distance (3.121(9) A) seen by X-ray diffraction.'”
Very similar features have been reported for Cr{CH(Si-
Mes),}3'7? and In{CH(SiMes),}5.!7¢ Although rather rare, v
C-H agostic bonds have been reported.'® Low temperature
X-ray and neutron diffraction of [Mg{CH(SiMes),},] was
reported and the polymerization was interpreted as involving
an intermolecular y-methyl-metal interaction, or, more plausi-
bly, a Si-C/Mg interaction.'’® A similar interpretation was
offered for Yb{N(SiMe;),}»—{Me,PCH,~CH,PMe,}.'% The
most frequent position for an agostic bond is B to the metal.
The present DFT calculations suggest the presence of a 3 agos-
tic Si—C interaction and the absence of any y C-H interaction.
An interpretation of this result is offered based on the presence
of a strongly polarized La—C bond and accompanying deloca-
lization of the electron density in the bis(trimethylsilyl)methyl
ligand.

Computational details

The large Relativistic Effective Core Potential (RECP), opti-
mized by the Stuttgart-Bonn group,'® has been shown to be
well adapted to represent the geometries of lanthanide com-
plexes since 4f electrons do not participate in metal-ligand
bonding.?’ Basis sets adapted to the RECPs augmented by a
polarization f function (exp = 1.000) were used. Silicon atoms
were also treated with a large core RECP in combination with
the adapted basis set, augmented by a polarization d function
(exp = 0.284).>' Carbon and hydrogen were treated with an
all-electron 6-31G(d,p) basis set.>? Calculations were carried
out at the DFT level of theory using the hybrid functional
B3PW91.% The ONIOM?* calculations were carried out at the
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B3PW91/UFF? level. Geometry optimizations were carried
out without any symmetry restriction. The nature of extrema
QM (B3PWO91) and ONIOM (B3PW91/UFF) was verified
by analytical calculations of frequency. All calculations were
carried out with the Gaussian 98 suite of programs.?

Results

To obtain a good understanding of complex 1, LaX3 com-
plexes in which X is built step by step from CHj to the real
CH{(SiMe;),} have been calculated and analyzed. The size
of the real system is too large to be calculated in full with a
DFT method. Therefore selected parts of the ligand have been
represented at the MM level. This progressive buildup of the
real ligand securely establishes the validity of the hybrid
QM/MM method and helps us to analyze the bonding. This
approach also permits an analysis of the role of parts of the
ligands in complex 1 to be established.

The full DFT calculations

La(CH3); 2. The metal centre is pyramidal in La(CHj);
(2, Fig. 2) with the C(1)-La-C(1) angle equal to 107°,
very close to the value of 109.9(2)° in 1. 174 The La—C(1) bond
length (2.498 A) is also reasonably close to that in 1
(2.51509) A) Inversion of the pyramld at La requires a small
energy barrier of 4.9 kcal mol~!. The pyramidal geometry at
La in the experimental structure is thus neither due to steric
crowding associated with the presence of three bis(trimethyl-
sily)methyl ligands coordinated to La nor to the agostic
bonds. Probably the bulk of the real ligand in 1 is responsible
for the larger C(1)-La—C(1) angle compared to that in 2.
Remarkably, La(CH3); has no o agostic C-H bond. The
pyramidal geometry at La does not favour such interaction.

La(CH,-SiH3); 3. The coordination at La in La(CH,—
SiH3); is similar to that in LaMes (C(1)-La—-C(1)" = 113°) (3,
Fig. 2). The complex has close to Cs, symmetry. The La-
C(1) bond length of 2.512 A is also only marginally longer
than in La(CH3);. Three B Si-H agostic bonds appear, with
considerable elongation of the Si—-H(3) bond length (1.559 A)
relative to the geminal non-agostic Si—-H(4)(5) bond lengths
(1.496 A) in agreement with numerous  Si-H agostic inter-
actions especially in early transition metal and lanthanide
complexes.* The presence of vacant coordination sites in the
space opposite the La—C bonds strongly favours these interac-
tions in 3. A closer proximity of La and Si—H is obtained by
reducing the La-C(1)-Si angle down to 94° and the C(1)-
Si-H(3) angle to 105°, while the other bond angles are
slightly wider than the tetrahedral value. This brings H(3)
2.640 A from La. It is interesting to note that the angular dis-
tortions of the CH,SiH; ligand are stronger than in 1. In par-
ticular, the experimental La—C(1)-Si angle is reduced to only
102.0(4)°. Complex 3 is a very approximate model of the
experimental system 1. However, difficulties have been noticed
when SiMes has been modelled by SiHs.?” For this reason we
needed to study a more complete model. Before considering a
more elaborate model for 1, we were able to verify that
La(C,H5s); had a p C-H bond elongated by 0.043 A compared
to the C—H bond which points away from the metal. This elon-
gation is much larger than the average elongation of C-H
bond (0.02 A) calculated in most other transition metal alkyl
complexes. These La complexes thus have unusually long 8
agostic Si—-H or C-H bonds. As expected from the larger polar-
izability of Si-H compared to that of C-H, the bond elonga-
tion is larger with Si than with C.

La(CH,SiH,Me); 4. Replacing the H pointing towards La
by Me in the silyl group in 3 leads to one conformation of
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3.302 C(2)-H =1.102, 1.095, 1.098
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C(1)-Si(1)-C(2) = 112°

66
La-C(1)-Si(1) = 104°
1.868

La-C(1)-Si(2) = 118°
C(1)-La-C(1)' = 109°

5

Fig. 2 Optimized B3PW91 geometries for 2-5. For these structures, the colour coding for the heavy atoms is similar to that for 1. The H centres
are represented by small circles in either a light blue or a pink circle. The latter corresponds to the H of SiH; which is elongated. Complexes 2 and 3
have Cs, symmetry and complexes 4 and 5 have C; symmetry. Distances are in A and angles in degrees.

La(CH,SiH;Me); 4 adapted to represent 1 at reasonable
computational cost (Fig. 2). After optimization of geometry,
the Me group is still pointing towards La but avoids steric hin-
drance by a slight twist (dihedral angle La—C(1)-Si-C(2) =
26°) which compares reasonably well to the experimental value
(13°). The complex has C; symmetry. To accommodate the Me
group, La becomes more pyramidal (C(1)-La—C(1) = 109°)
and the La-C(1)-Si angle is identical to that in 3. The distances
within the ligand (La-C(1) = 2.513 A; C(1)-Si = 1.863 A;
Si—C(2) = 1.925 A) are close to those in the experimental
structure 1 (Fig. 1). The angular parameters are also in
remarkable agreement. This gives a non-bonded La- - -C(2) dis-
tance of 3.46 A (3.121(9) A in 1) with the shortest La- - -H dis-
tance of 3.06 A and a non-elongated C(2)-H bond (1.102 A)
compared to the geminal C-H bonds of 1.095 and 1.097 A.
This model also gives two different La—C(1)-H angles (106°
and 116°) in good agreement with the situation in 1. This sim-
plified system already reproduces the experimental system very
well. It should be noted, however, that the conformation
described previously is not the absolute minimum. The most
stable structure has the Me groups turned away from La. This
structure is irrelevant to representing 1 and will not be dis-
cussed further. It illustrates the difficulties in representing
the SiMes group by SiHj in lanthanide chemistry, as noted
previously.?’

La(CH(SiH3)SiMeH,); 5. In 5, an H on C(1) has been
replaced by SiHj; (this Si centre is labelled Si(2) and the other
one Si(1)) (Fig. 2). Not surprisingly, the La—C(1)-Si(2) angle is
118° while La—C(1)-H is 103°. By comparison with 4, the
opening of the La—C(1)-Si(2) angle is thus not due to the bulk
of SiH; since the same large angle was already present with
two Hs on C(1). The other angles adjust gently compared to
that in 4. The La-C(l) bond length is slightly elongated
(2.521 A) with respect to that in 4 (2.513 A), still very close
to the experimental value 2.515(9) A. This leads to a La- - -C(2)
non-bonded distance equal to 3.302 A and a shortest La---H

distance from Me of 2.994 A. As in 4, the three C-H bonds
of this CHj group are almost identical: 1.095, 1.098, 1.102
A. Essentially the major consequence of the additional SiH;
group in 5 is a slight flattening of the pyramidal La.

The ONIOM calculation, 6, of the experimental system 1

System 5 is the largest which could reasonably be calculated
with a pure quantum method. The two additional methyl
groups on the key silyl group (Si(1) in 5) and the three methyl
groups on the spectator silyl ligand (Si(2) in 5) are thus intro-
duced at the MM level. The experimental system 1 was thus
calculated with ONIOM (B3PW91/UFF) calculations and
the result of the calculations is shown in 6. All atoms in 6 in
dark colours Fig. 3 are calculated at the B3PW91 level and

La-C(1) = 2.526
C(1)-Si(1) = 1.872
C(1)-5i (2)=1.872
Si-C(2) = 1.925
La...C(2) = 3.296
C(1)-La-C(1)' =111°
La-C(1)-Si(1) = 105°
La-C(1)-Si(2) = 120°
C(1)-5i(1)-C(2) = 110°
La-C(1)-Si(1)-C(2) = 17°

Fig. 3 Optimized ONIOM (B3PW91/UFF) geometry for 6. Dark
colours similar to those in Figs. 1 and 2 represent atoms calculated
at the B3PWO1 level, atoms calculated at the UFF level are in pastel
colours. Distances are in A and angles in degrees.
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the atoms in pastel colours are calculated at the UFF level.
Species 6 has the quantum part of complex 5. It should be
noted that groups in the MM part only modify the steric envir-
onment without changing the electronic properties of ligands.
In addition, it is not possible to compare the Si—C distances
within the key trimethylsilyl group since only the Si—C(2) bond
length is calculated with the QM method. The focus is thus
now to analyze how these additional ligands influence the
structural parameters of the skeleton calculated at the QM
level.

In 6, the C(1)-La—-C(1)" angle of 111° is wider than in 5 and
very close to the experimental value of 109.9(2)° in 1. The La—
C(1)-Si(1) angle is constrained at 105° but not as significantly
asin 1(102.0(4)°). The C(1)-Si—C(2) angle of 110° is essentially
identical to the experimental value. The calculated distances
La-C(1) = 2.526 A, C(1)-Si = 1.872 A, Si-C(2) =1.925 A
also compare well with the corresponding experimental values.
The non-bonded La- --C(2) distance (3.296 A) is still margin-
ally longer than the experimental value of 3.121(9) A, which,
however, is not surprising in the light of the fact that non-
bonded distances are harder to reproduce. The metrical
parameters of the calculated system essentially reproduce
quantitatively the experimental system 1. A very similar
structure is obtained when representing the entire spectator tri-
methylsilyl ligand at the MM level showing that it has mainly a
steric role. The main difference is a slight increase of the
La---C(2) distance (3.382 A) by small changes in bond angles.
The calculations thus suggest the presence of an agostic f Si—C
interaction and not an agostic y C-H interaction.

Discussion

Some of the features of the geometry of this lanthanide com-
plex appear correctly at a very primitive level of modelling.
The lanthanide centre is pyramidal for 2 with an angle between
the ligands that seems to depend only marginally on the substi-
tuent on the alkyl ligand. The low energy barrier of 4.9 kcal
mol~! for inversion at La for LaMej is suggestive of high non-
rigidity. The inversion barrier most probably considerably
increases with the size of the ligands and our calculated value
gives thus only a lower limit. The preferred pyramidal struc-
ture at La results from a second order Jahn-Teller distortion
associated with the presence of low lying empty d.. and d,.
orbitals. These two orbitals can also participate in the La—C
bond only in a pyramidal structure (Fig. 4), whereas only
dy_,2, dy, and d.. are symmetry adapted to participate (in
addition to the La s and p orbitals) in the La—C bonds of
the trigonal planar structure. This interpretation accounts for
the pyramidalization of many LaX; species.”® This effect is
similar to that discussed in accounting for the unexpected tri-
gonal prismatic structure of WHg, where low lying empty d
orbitals create a better W—H interaction than in the octahedral
geometry of this and closely related species.”®” The non-linear
MgC, core in species like Mg(CH(SiMe3)2),17‘/ or the non-
planar InC; core in species like In{CH(SiMes),}5,!”¢ have
been interpreted similarly; the participation of the empty d
orbitals in the M—C bonds is larger in the non-linear or non-
planar geometry.”’ The geometry of a large number of species

z ]4
Y
e A

X

Fig. 4 Schematic representation of the bonding between the d.. and
d,. orbitals of La and the ligands. These d orbitals would be non-bond-
ing in a trigonal planar geometry.
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having organic ligands bonded to a d° metal has been dis-
cussed and is understood similarly.?®® A full discussion for
the pyramidalization of LnXj5 species will be published separ-
ately,”® since the focus of this paper is different.

Whereas an o agostic interaction does not occur in the cal-
culated structures, the  agostic interaction is clearly prevalent.
It appears in La(CH,SiH3)3, 3, where Si-H is strongly elon-
gated (1.559 A vs. 1.496 A for the geminal Si-H bonds) and
H is at a short distance from La (2.640 A). The angular distor-
tions traditionally associated with the agostic interaction are
present in the acute La—C(1)-Si angle (94°) and the tilt of
the SiH; group towards La (C(1)-Si-H(3) = 105° vs. C(1)—
Si-H(4)(5) = 117°). A related angular pattern (La—-C(1)—
Si = 104°) and bond elongation, concerning Si-C(2) (1.923
A) compared to C(1)-Si of 1.863 A, is found in 4. However,
all angles around Si and C(2) are close to the tetrahedral values
and none of the C(2)-H bonds are significantly elongated. The
non-bonded La---C(2) distance is equal to 3.302 A. There is
thus no sign of a y C-H agostic interaction but there is geome-
trical evidence for a B agostic Si—-C(2) interaction. This situa-
tion is thus similar to that obtained in closely related systems
where a similar proposal was made.’

Whereas the structural parameters of 3 may be interpreted
as arising from an agostic interaction viewed in a traditional
sense (electron donation from the ¢ bond to the metal centre),
the geometrical parameters of 4 are more difficult to rationa-
lize. It is traditionally considered that a “donation” of the
electronic density of the o bond to the electron deficient metal
centre is the main component of the agostic interaction. This
requires that the metal accesses the space where the electron
density of the o bond is located. This is easy for a C-H or
Si-H bond, because of the spherical nature of H. As to the
mechanism whereby the metal accesses the electron density
of the Si—C bond without implicating the density of the C-H
bonds of the terminal Me group and thus establishing C-H
agostic interactions, alternative interpretations have been
offered.'® As this work was being completed, a detailed study
of the agostic interaction from the analysis of the electron den-
sity from neutron diffraction and theoretical calculations of an
alkyl lithium complex has suggested that there was no covalent
bond between Li and the terminal end of the organic chain.'®
The size and nature of the metal centre in our system do not
permit such a detailed analysis. We have, however, arrived
independently at similar conclusions. The geometrical changes
in the alkyl chain, and in particular the significant elongation
of the B bonds, are, in this system also, the result of a deloca-
lisation of the electron density at C(1) through negative hyper-
conjugation. Our analysis, which takes a slightly different
perspective from that of Scherer, McGrady et al.,'® comple-
ments their work.

The bond between La and a ligand has a strong ionic com-
ponent. Species 3 can thus be viewed as La*" interacting with
three CH,-SiH; ™ ligands. The structural parameters of an iso-
lated anion CH,-SiH;~ and the neutral molecule H;C-SiH;
are of interest by way of comparison. In CH,-SiH;", the Si-
H bonds are long (1.573 A for the Si-H trans to the carbon
lone pair and 1.530 A for the two other Si-H bonds) compared
to those in H3C-SiHj3 (1.496 A) as expected from the electron
delocalization of the C lone pair into the low lying m*gip,
group which illustrates the negative hyperconjugation ability
of the SiH; group. Likewise, the delocalization of the C lone
pair is responsible for the elongation of the Si-C bonds in
CH,-SiMe;™ (1.964 A and 1.934 A) compared to 1.898 A in
SiMe, . No elongation of the C-H bond of the Me groups of
SiMe; is found in CH,-SiMe; ™~ showing that hyperconjugation
concerns only bonds that are § to the lone pair. If the lone pair
on C is at lower energy, the electron delocalization in the B
bonds is decreased and the bonds B to the carbanionic centre
are shorter. This has been tested by calculating CF,—SiH3™.
The electronegative F atoms lower the energies of all occupied
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orbitals and especially those with a strong contribution on the
geminal carbanionic centre. The Si-H bond lengths of 1.564 A
and 1.513 A may be compared to those in CH,-SiH;™, of
1.573 A and 1.530 A.

Elongation of bonds B to C(1) is therefore present in the iso-
lated anion. The metal centre has, however, a role. In the free
anionic ligands, the three bonds of SiH; or of SiMe; are
elongated because the carbon lone pair is delocalized in the
symmetry adapted linear combination of the o*g; g bonds.
In contrast, in 3, only the bond closer to the metal centre is
elongated and the other bonds are shorter compared to those
in the free anion. Thus the Si-H(3) and SiH(4)(5) bond lengths
of 1.559 A and 1.496 A respectively may be compared with the
values of 1.573 A and 1.530 A in CH,-SiH;3 ™. The strong elec-
trostatic field of the metal polarizes the electron density in the
ligands, the o*s; g of the bonds closer to the metal receive
more density which in turn further elongates these bonds. If
the C lone pair is at lower energy, the negative hyperconjuga-
tion is negligible and the agostic interaction does not occur.
For instance there is no [ Si-H agostic interaction in
La(CF,-SiH3),; it is replaced by the stronger La- - -F interac-
tion. This should be kept in mind for the structure of amido
complexes.

An analysis of the electron density*® in 4 shows no deforma-
tion of the density between La and Si—C(2) and no bonding cri-
tical point between these three atoms. There is thus no need for
direct contact between La and the agostic single bond which
removes all concerns about accessibility of the bond by the
metal. An NBO charge analysis was carried out on 2 and on
La{CH(SiH3),}3, where CH(SiH3), is a better model to evalu-
ate the atomic charges associated with CH(SiMes),. The
charge on La is 2.3 for 2 and 2.5 for La{CH(SiH3),} due to
the partial occupation of the 5d orbitals as also shown earlier
for amido complexes; the higher charge in the latter results
from the negative hyperconjugation of the SiH; groups.”’
The electrostatic field from La is sufficient to polarize the elec-
tron density within the ligand skeleton towards one of the
three bonds which hyperconjugates with the C(1) sp’ lone pair.
This lengthens the B bond closest to La and as a consequence
shortens the two B bonds that are pointing away from the
metal. The calculations show that the distances of these two
Si-H B bonds in 4 are essentially that in the neutral molecule
like CH3-SiH;. The delocalization is less marked with bonds
that are less polarizable (C-C vs. Si-C) and with metals that
are less electropositive (Ti vs. La) so that the effect is less
marked in Cl;Ti—-C,Hj5 although already noticed.'® A similar
magnitude of lengthening of an Si—C bond has been obtained
from calculations for LiCH,-SiH; and LiCH,~CHj;, when Li
is exclusively bonded to one alkyl chain.'® As shown by the
experimental data, the coordination of Li to additional mole-
cules gives a smaller lengthening of Si-C.!% In other systems
in which a highly electropositive metal is bonded to the same
CH(SiMe;), group such as Mg{CH(SiMe3)2},17h the geometri-
cal features are similar to those in 1. The same interpretation is
likely to be applicable.

The energy stabilization associated with the agostic interac-
tions has been estimated for La(CH,-SiH3); and La(CH»—
CHs3); by rotating the agostic bond away from the metal.
The transition states for rotation around the C(1)-Si or
C(1)-C(2) bonds have been located. They correspond to a
staggered orientation in one of the three ligands, the other
two maintaining an eclipsed conformation. These transition
states are 1.5 and 0.8 kcal mol™' above their corresponding
ground states. The rotation has two effects: it annihilates the
agostic interaction but it also changes the conformation of
the chain from eclipsed in the agostic geometry to staggered
in the transition state. The annihilation of the agostic interac-
tion for the rotated group induces a widening of the La—C-Si
angle from 94° to 112°. The narrow La—C-Si angle of 94° is a
consequence of the electrostatic attraction between La and the

View Online

B bond. The energy stabilization of the agostic interaction
needs thus to take into account the conformational change
which was calculated in the neutral systems CHs-SiH; (1.5
kcal mol_l), CH3-CHs; (2.8 kcal mol™!). This leads to an esti-
mate of around 3.6 kcal mol~! for agostic C-H, 4 kcal mol !
for agostic Si—-H. The stabilization associated with the Si-C
agostic interaction cannot be determined by this method, since
the optimized structure is a secondary minimum on the poten-
tial energy surface and the most stable structure has an Si-H
group pointing towards La. There is no reason to believe that
a Si—C agostic bond will be stronger than Si-H. On average in
these lanthanide complexes, the energy of the B agostic interac-
tion barely overcomes the staggered-eclipsed energy loss. It is
notably weaker than that suggested for C-H (~10 kcal mol™")
in the case of W(CO);L, (L = PCy;).k

The progressive buildup of the experimental system and the
use of QM/MM calculations has allowed us to establish the
role of all parts of the ligands. The trimethylsilyl non-agostic
group exerts mainly a steric influence on the molecule. In con-
trast, the two methyl groups pointing away from La cannot be
replaced by H since the absolute minimum for 4 has an agostic
Si-H bond in place of an agostic Si—-C bond. However, the
structure of the secondary minimum with the agostic Si-C
bond has a geometry in good agreement with the observed
parameters in complex 1. This illustrates some of the validity
and limitation in modelling of ligands.

Conclusions

The DFT calculation on several models of the title molecule
reveals the presence of an agostic Si-C B bond in preference
to an agostic Y C-H bond. The analysis suggests that the
lengthening of the B Si—C bond is due to the delocalization
of the electronic density within the anionic ligand in the field
of the electropositive La*" ion. The delocalization accumulates
electron density in the bond closest to the metal and vicinal to
the atom bonded to the metal. One signature of the attraction
between the electropositive centre and the f Si—C bond is the
narrow La—C-Si angle. The maximum effect is thus expected
for electropositive metal centres and anionic centres that do
not efficiently stabilize electron density (for instance alkyl vs.
amido). This effect shows that the concept of the agostic inter-
action covers a wide variety of effects and interactions. It is
probably unwise to generalize the present results obtained
for a metal centre with no electron density to the case of the
less electropositive late transition metals which are also able
to back-donate into C-H empty orbitals. It also shows that
intramolecular and intermolecular agostic interactions may
have very little in common. In the latter, the only interaction
is truly that of a C—H with the metal. Paradoxically, this could
be the purest example of the agostic interaction following the
definition of Brookhart and Green, except of course that they
specifically invoke intramolecularity.

Note added during revision

After submission of this manuscript, we were informed of a
closely related DFT study®' of the same La complex and its
Sm analog which had earlier been studied experimentally.'”
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