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Abstract

Possible elementary reaction steps in dehydrogenative polymerization of silanes have been studied by nonlocal density functional
calculations. The reaction steps involve silylation L,M~H + SiH, = L ,M-SiH, + H, (1), and the silicon-silicon bond forming
step, L,M-SiH, + SiH, -» L ,M~H + Si,Hy (2). For the model system L,M = Cl,Sc, step (1) has a calculated enthalpy of 3
kJ/mol and a calculated activation energy of 7 kJ /mol whereas step (2) has an enthalpy of 10 kJ /mol and a negative activation
energy of —11 kJ/mol. It is concluded that the mechanism proposed in the literature for dehydrogenative polymerization of silanes
in terms of the steps (1) and (2) is feasible for L,M = Cp,M with M = Sc, Y, La, Lu and Sm. Studies were also carried out on the
corresponding steps involving carbon rather than silicon. It was found that the carbon—carbon bond forming process analogous to
(2) has an activation energy of 132 kI /mol and it is suggested that the reaction between L,M-CH; and CH, instead leads to the
methyl exchange process L,M-CH, + CH, —» L ,M-CH, + CH, with an activation energy of 33 kJ/mol for L ,M = Cl,Sc.
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1. Introduction

The dehydrogenative polymerisation of silanes
R

|
nRSiH, —— H-(Si-),-H + (n-1)H, (1)
|

H

is a mildly endothermic process (AH ~ 15 kJ/mol)
that can be driven by the removal of H, and catalysed
by electron poor metal centers as first demonstrated by
Harrod [1]. A number of mechanisms have been sug-
gested for catalytic polymerization of silanes [2]. Marks
[3] and Tilley [4] recently proposed a mechanism
(Scheme 1) based on o-bond metathesis involving
four-center bond transpositions, 1a and 1b in Scheme
1.

The transition state 1a in Scheme 1 has a hydrogen
in the position diagonal to the metal center. Such a
transition state is implicated in many analogous reac-
tions involving carbon, notably the well studied hydro-
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genation reaction 5 of eqn. (2) where M =Sc, Y, and
Lu.

Cp,M-CH, +H-H — | CH-—H| —
Cp,M-—H
(2a)
Cp,M-H + H-CH, (2)

It is in general assumed [5a] that the barrier in eqn.
(2) is low since the spherical 1s orbital on the hydrogen
diagonal to M in the transition state 2a can interact
well with orbitals on the adjacent (H and CH ;) groups,
and similar considerations apply to 1a.

The transition state 2b with a Group 14 element in
the diagonal position has not been invoked in analo-
gous carbon chemistry since the o-orbital on the CH,
fragment is considered to be too directional to interact
effectively with both adjacent groups, as opposed to
the spherical 1s hydrogen orbital in 1a. In support of
this view [5a], the reaction between Cp,M~CH, and
H-C'H, does not produce any ethane according to
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Scheme 1.

eqn. (3) with the supposedly unfavourable transition
state 2b.
Cp,M-C'H; + H-CH; — | C'H;-CH;| —

szM """" H

(2b)

Instead, Cp,M-C, and H-C'H, react according to
eqn. (4) in the methyl exchange reaction first discov-
ered by Watson [5b] for M = Lu. This process has the
supposedly more favorable transition state 2¢ with H in
the diagonal position.

Cp,M-C'H; + H-CH; — | C'H;----H | —

Cp,M---CH,

(2¢)
Cp,M-CH, + H-CH, (4)

The question we would like to answer is whether 2b
is in fact of much higher energy than 2¢? If so, does the
replacement of a carbon atom with silicon help to
make the two transition states analogous to 2¢ and 2b
more similar in energy? We shall further study the
transition states 1a and 2a in order to assess how the
replacement of carbon by silicon influences the energy
barrier for the associated hydrogenolysis processes.

It is the objective of the present study to assess
whether the two o-bond metathesis steps proposed for
the dehydrogenative polymerization of silanes [2,3] in
Scheme 1 are feasible. We shall, in particular, evaluate
the barriers associated with the two transition states 1a
and 1b. The Cp,M fragment will be modelled by
ScCl,. We have previously carried out studies on o-
bond metathesis steps involving carbon as well as the

Cl,Lu [6] and Cp,Sc [7] metal fragments. The pro-
cesses in eqns. (2) and (4) have been studied previously
as discussed in [7]. Calculations on the process in eqn.
(3) as well as the silicon analogues to the reactions in
egs. (2)-(4) have not been presented previously.

Our calculations are based on approximate density
functional theory (DFT) [8] which over the past decade
has emerged as a tangible and versatile computational
method. The recently acquired popularity of approxi-
mate DFT stems in large measure from its computa-
tional expedience which makes it amenable even to
large size molecules in a fraction of the time required
for HF or post-HF calculations. More importantly,
perhaps, is the fact that expectation values derived
from approximate DFT in most cases are better in line
with experiment than results obtained from HF calcu-
lations. This is in particular the case for systems involv-
ing transition metals. An analysis of why approximate
DFT affords more reliable results than HF has recently
been published by Cook and Karplus [9] as well as
Tschinke and Ziegler [10].

2. Computational details

The reported calculations were all carried out by
utilizing the ADF program system developed by
Baerends et al. [11] and vectorized by Ravenek [11c].
The numerical integration procedure applied is due to
Becke [12]. The geometry optimization procedure was
based on the method proposed by Versluis and Ziegler
[13]. The electronic configurations of the molecular
systems were described by an uncontracted triple-{
STO basis set [14] on scandium for the 3s, 3p, 3d, 4s
and 4p sub-shells, as well as a double-{ STO basis set
[14] on chlorine (3s, 3p), silicon (3s, 3p), carbon (2s, 2p)
and hydrogen (1s). The basis set was augmented with a
single 3d orbital for carbon, chlorine and silicon as well
as a 2p function for hydrogen. The 1s%2s22p® configu-
ration on Sc, the 1s? configuration on carbon and the
1s22s22p® configuration on Cl and Si were assigned to
the core and treated by the frozen-core approximation
[11]. A set of auxiliary [15) s, p, d, f and g STO
functions, centered on the different nuclei, was used in
order to fit the molecular density and present the
Coulomb and exchange potentials accurately in each
SCF cycle.

Energy differences were calculated by augmenting
the local density approximation (LDA) energy expres-
sion by Vosko et al. [16a] with Becke’s [16b] exchange
corrections and Perdew’s [16c] nonlocal correlation
correction. Calculations on metal carbonyls [17], binu-
clear metal complexes [18], alkyl and hydride com-
plexes [18¢,19] as well as complexes containing M-L
bonds for a number of different ligands [20] have
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shown that the approximate DF method employed
here afford metal-ligand and metal-metal bond ener-
gies of nearly chemical accuracy (+5 kcal mol™?).
More than 100 molecular structures optimized by ap-
proximate density functional theory have been com-
pared with experiment [8¢,13,18¢,21). The method has
also been applied to elementary reaction steps in or-
ganic [22] and organometallic [23] chemistry. The
agreement between experiment and theory is in most
cases excellent. The application of approximate density
functional theory to organometallic chemistry has been
reviewed recently [24]. It is not possible with the avail-
able computational resources to calculate frequencies
for all the optimized structures presented in this study
since force constant calculations at the moment are
carried out by numerical differentiation of the analyti-
cal gradients. This will change when analytical second
derivatives become available.

3. Results and discussions

In the following, we discuss the energy profiles for
the hydrogenolysis reaction of eqn. (2) involving both
silicon, 1a, and carbon, 2a, as well as the X-X bond
forming process of eqn. (3) with X = Si, 1b, and X =C,
2b. Profiles are also be presented for the exchange
process of eqn. (4). All the profiles are based on the
calculated bond energies presented in Table 1. It is
clear from this table that the X-X and X-H bond
energies with X = C and Si are within 20 kJ/mol of
experiment [25]. Experimental data are not available
for the Sc~-H and Sc-XH ; bond energies. However, we
expect the relative Sc~H and Sc-XH, bond energies,
which are of importance for the profiles, to be accurate
to within 20 kJ/mol. The Sc-H and Sc-XH,; bond
energies calculated with Cp,Sc as a fragment instead
of Cl,Sc were found [7] in a previous study to be ~ 40

TABLE 1. Calculated and experimental bond energies ?

Compound Bond

Bond energies

Calculated Experiment

Dc DO DB DO
H, H-H 465 444  463°  432°
CH, C-H 449 415 468 © 4314
C,H, c-C 400 363 367 °
SiH, Si-H 396 381 384 ¢
Si,H, Si-Si 314 299 308 &
Cl,ScH Sc-H 291
Cl,ScCH, Sc-CH, 267
Cl,ScSiH 4 Sc-SiH, 219

® Energies in kJ /mol. D, is the electronic bond dissociation energy.

D

, includes zero point vibrational energy corrections. P Ref. 25a.
° Ref. 25b. ¢ Ref. 25c. ® Ref. 25d. © Ref. 25¢. & Ref. 25f.

E(kJ/mol)
Transition
State
\ B
Reactants C12ScSiH,y
+ SiHy 1 32
0.0 kJ/mol —_—— — — - -i l -——

s kJ/mol CI3SeSiH y—-H,

Adduct

C1 Scll --Sifh, ‘. 3a-
Adduct —>».Z
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veaction coordinate (H-H) distance (A)

Fig. 1. Reaction profile for the silylation process, C1,S8¢c~-H+SiH, —
Cl,S¢c-SiH, +H,.

kJ /mol higher in energies. However, the relative ener-
gies are quite similar.

3.1. The methylation and silylation reactions
The profile for the silylation reaction

Cl,Sc~H + SiH, —— H, + Cl,Sc-SiH, (5)

is displayed in Fig. 1. The profile was obtained by
changing the distance between the hydrogens of the
Sc-H and Si-H bonds involved in the metathesis reac-
tion, while optimizing all other degrees of freedom.

An adduct, 3a, between Cl,ScH and SiH , is formed
early on in the reaction with a complexation energy of
32 kI/mol. The process proceeds to the transition
state, 3b, with a total barrier of 39 kJ /mol from 3a or 7
kJ /mol from the reactants, Cl,ScH + SiH,. The four
center transition state, 3b, exhibits a Si-H bond
stretched by 0.16 A compared to the equilibrium Si-H
distance in 3a. The weakened Si-H interaction is offset
by the formation of a Sc-Si bond as well as a H-H
interaction.

1.476

3a 3b

On the product side, a weak adduct, 3¢, is formed

between H, and Cl,ScSiH ;. Only 5 kJ /mol is required

to dissociate 3c into H, and C1,ScSiH ;. The process of
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eqn. (5) has an endothermicity of 3 kJ /mol (Fig. 1). It
follows from Table 1 that the loss of a Sc—H bond in
place of the weaker Sc-SiH; link is balanced by the
formation of a strong H-H link at the expense of the
weaker Si—H bond.

A schematic representation of the profile for the
corresponding methylation process is given in Fig. 2.
Again a strong adduct, 4a, is formed in the initial
stages of the reaction, now between Cl,ScH and CH,.
The complexation energy is 42 kI /mol. The reaction

Transition State
»~

4b CIZSc-CH3 + H2

' 8

H o - adduct

CH 4 -adduct

Fig. 2. Reaction profile for the methylation process, Cl,Sc-H+CH,
— Cl,S¢c-CH; +H,.

goes over a barrier of 54 kJ /mol from 4a or 12 kJ /mol
from the reactants (Fig. 2). The C-H bond involved in
the o-metathesis is completely broken at the transition
state 4b, and replaced by a nearly fnull Sc-C bond as
well as a H-H bond stretch to 0.90 A

The final step of the reaction produces a weak
adduct between H, and Cl,ScCH ; (4¢) before dissoci-
ation of H,. The process is modestly endothermic by 8
kJ/mol (Fig. 2). It follows from Table 1 that energy
required to replace a Sc-H bond by the weaker Sc—CH ;
link is counterbalanced by the gain of a H-H bond in
place of the weaker C-H link.

The modest activation barrier of 7 kJ /mol as well as
the negligible endothermicity of 3 kJ /mol for the model
reaction of eqn. (5) clearly indicate that the silylation
process of Scheme 1 is a viable reaction step. We find
further, in agreement with experiment [5] and previous
calculations [6a,7], that the corresponding methylation
process is quite facile.

3.2. The carbon—carbon and silicon—silicon bond form-
ing metathesis processes

We have also modelled the Si—Si bond forming step,
1b, in Scheme 1 by considering the metathesis reaction

Cl,Sc-SiH, + SiH, —— Cl,Sc-H +Si,H,  (6)
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The energy profile for the process in egn. (6) is shown
in Fig. 3. The profile in Fig. 3 was constructed by
changing the Si-Si distance in steps while optimizing
all other degrees of freedom.

The two reactants Cl,Sc-SiH, and SiH, are seen to
form a weak adduct Sa at the start of the process in
eqn. (6) with a complexation energy of 20 kJ/mol. The
stability of Sa is primarily due to an agostic interaction
between the metal center and one of the Si—-H bonds
on the approaching SiH,. The process proceeds to-
wards the transition state 5b with a modest barrier of 9
kJ /mol relative to the adduct 5a.

At the transition state, the silyl group has rotated its
C, axis by an angle «, 5b. The rotation takes place
from a direction pointing towards the metal center at
a = 0° to an orientation at a = 49° where the C, axis
and the SiH, o-orbital directed along this axis are
pointing towards the silicon center of the incoming
SiH, molecule in anticipation of a Si-Si bond forma-
tion. At the transrtlon state, the Si—Si distance of
R(Si-Si) = 3.15 A is still much longer than the Si-Si
distance in 812H6 of R(Si-Si) =2.28 A. The rotation
of the C, axis by a =49 will weaken the Sc-SiH;,
interaction and thus give rise to an energy barrier.
However, the loss in Sc-SiH; interaction at Sb is

CIZScH
+ Si 2H6

F--s 10k]J
1
1
Cl 1,'ScSiH_., :
+ SiH4 1
oEST
I I
) 1
! Transition :
, State i
1
. Sb
l |
20 !
1 1
' 3
1 ]
1 1
1 1
5a :

y
SH Sc
Adduct /!
Si,He

Adduct

Fig. 3. Reaction profile for the silicon—silicon bond forming process,
Cl,Sc-SiH, + SiH, — Cl,Sc-H +Si, Hy.

compensated for by the formation of an agostic inter-
action between scandium and one of the silyl hydro-
ens, H,, with a R(Sc—H,) interaction distance of 2.02
, which is only 0.2 A longer than a regular Sc-H
bond 5a. At the incoming SiH, one of the hydrogens,
, forms a strong agostic interaction with scandlum
resultrng in a Sc-H, distance of R(Sc-H,) = 1.94 A,
which is only 0.12 A longer than a full Sc- H bond. At
the same time, the Si-H, dlstance has increased from
1.48 A in free SiH, to 1.54 A in 5b. The agostic
interaction between scandium and H, is also instru-
mental in keeping the activation barrier low (Fig. 3).

The reaction proceeds smoothly from 5b to the
Cl,ScH + Si,H addut 5S¢ by a shortening of R(Si-Si)
accompanied by a further increase of a to 66° and a
gradual rupture of the Si-H, bond while the Sc-H,
interaction is strengthed. The agostic Sc—H, interac-
tion is maintained throughout the 5b to 5¢ transit, and
largely responsible for the stability of S¢ compared to
the C1,ScH + Si,H, products. The transition state 5b
as well as the two intermediates Sa and Sc are all of
lower energy than the reactants Cl,Sc—CH, + SiH,.
Thus, the process in eqn. (6) has formally a negative
activation energy.

The process in egn. (6) is nearly thermoneutral with
an endothermicity of 10 kJ /mol. It is clear from Table
1 that the formation of a weak Si-Si bond at the
expense of a stronger Si-H link is offset by the forma-
tion of the strong Sc-H bond in place of the weaker
Sc-Si link. Thus, the Si-Si bond forming step is quite
feasible from a thermodynamic point of view. We have
further seen from Fig. 3 that the process is kinetically
viable.

We have modelled the corresponding carbon-carbon
bond forming step by the analogous process

Cl,Sc-CH, + CH, —— Cl,Sc-H + C,H, (7

for which we present the reaction profile in Fig. 4.
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The carbon-carbon bond forming process has a
substantial activation barrier of 132 kJ /mol. The tran-
sition state structure 6b exhibits many features that are
similar to the corresponding transition state for the
analogous silicon-silicon bond forming process of egn.
(6), 5b. Thus, the C, axis on the methyl group is

Transition
State
4
6b
T
1
1
1
1
: - ol
C1,ScCH, : 25kJ
+ CH 4 1
0KJ -

4
cH,

Adduct

Gt

Adduct

Fig. 4. Reaction profile for the carbon—carbon bond forming process,
C1,Sc-CH, +CH, - Cl,Sc-H+C,Hq.

rotated by 30° in order to direct the o-orbital towards
the carbon center of the incoming CH, molecule. The
rotation will cause a reduction in the methyl-scandium
interaction. This destabilization is to some degree
countered by an agostic interaction between H, and
scandium resulting in a stretch of the C-H, distance to
1.21 A. The incomming CH, molecule is interacting
with scandium through one of the hydrogens, H,. The
Sc-H, distance is already quite short with R(Sc-H,)
=1.94 A. The Sc-H, interaction will eventually evolve
into a full Sc—H bond. The carbon-carbon distance is
still large with R(C-C) = 2.15 A.

6a 6b

The major difference between 6b and 5b is in the
steric interactions between the hydrogens on one XH,
group and X on the other XH, group. These interac-
tions are negligible in 5b with X = Si but quite substan-
tial in 6b with X = C. The destabilizing steric interac-
tion between carbon and hydrogen atoms on adjacent
methyl groups is responsible for the high barrier associ-
ated with the carbon-carbon forming process in eqn.
(7). The steric interactions could be reduced by direct-
ing the C; axis of the two CH, groups towards each
other. However, this would result in a reduction of the
Sc-C and H-C bond strengths while producigg only a
weak carbon—carbon bond at R(C-C) = 2.15 A. At the
last stages of the reaction in eqn. (7), a weak adduct 6¢

6¢
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Transition
C1,ScSiH, State C1,ScSiH,
+SiH, 7b +SiH,
¥

0 kJ

I ey

Ta Ta

s A Y
SiH 4 SiH "
Adduct Adduct

Fig. 5. Reaction profile for the silyl exchange process, Cl,Sc-SiH ; +
SiH, — Cl,Sc-SiH; + SiH 4.

is formed. It is calculated to be 28 kJ /mol more stable
than the products, Cl,ScH and C,Hg.

The carbon—carbon forming reaction of eqn. (7) is
feasible from a thermochemical point of view with a
reaction enthalpy of 25 kJ/mol (Fig. 4). However, we
must conclude that it is kinetically unfavorable due to
the high energy of transition state 6b.

3.3. The methyl and silyl exchange reactions
We have included studies on the silyl exchange
reaction

Cl,Sc-SiH; + SiH, —— Cl,Sc-SiH; + SiH, (8)
as well as the corresponding methyl exchange process
Cl1,Sc-CH; + CH, —— Cl,ScCH; + CH, )]

in order to assess how they compare to the correspond-
ing silicon—silicon, eqn. (6), and carbon-carbon, eqn.
(7), bond forming steps in terms of activation energy.
The profile for the silyl exchange reaction of eqn.
(8) is displayed in Fig. 5. The initially formed adduct 7a
between Cl,Sc-SiH, and SiH, has a stability of 31
kJ/mol. The adduct 7a has two hydrogens on SiH,
directed towards scandium as opposed to one for the
similar adduct 5a between Cl,Sc-SiH, and SiH, in
the silicon—silicon bond forming process of eqn. (6).
The transition state 7b has a kite-shape involving
the four centers Sc, Si,, Si, and H,. One Si-H dis-
tance, Si,—H,, has been stretched from R(Si-H) = 1.48

A in free SiH, to R(Si-H)=1.96 A in 7b. Also the
C,-axis of the silyl group has been rotated towards the
H, atom on SiH, in anticipation of the Si,—H, bond
formation. The rotation has reduced the Sc-Si, bond-
ing interaction. The transition state 7b is stabilized by
the formation of a nearly full Sc-H, bond with R(Sc-
H) = 1.96 A. There is in addition a partial formation of
the Sc-Si,, and Si,—H bonds.

Transition
State
8b
¥
Cl ZScC H,
+ CH 4

Fig. 6. Reaction profile for the methyl exchange process, Cl,Sc-CH,
+CH,4 — Cl,Sc-CH; +CH,.
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It follows from Fig. 5 that the reaction of eqn. (8)
s a modest activation energy of 32 kj /mol from 7a
1 kJ /mol from the reactants Cl,Sc-SiH; and SiH,.

hne the cilvl avchanos reaction ic kinetically viahle
us Ui Sky: Lalilaligh ivalliiVil v allivualduy viaduoil,

However, the transition state 7b for the silyl exchange
reaction is seen to be 12 kJ /mol higher in energy than
5b corresponding to the transition state for the
silicon-silicon bond forming process of eqn. (6).

We present finally in Fig. 6 the profile for the
methyl exchange process of eqn. (9). The transition
state 8b has the same kite-shape as 7b. The C,-H_ and
C,—H_ bonds are stretched to R(C-H) =14 A, and
the C;-axis of the methyl groups are directed towards
the central H_ atom, thus reducing the Sc—C interac-
tions. The transition state 8b is stabilized by the forma-
tion of a Sc-~H_ bond as well as the pronounced Sc-H,
and Sc-H, agostic interactions. The agostic interac-
tions are accompained by a stretch of the C-H, and
C-H, bonds to 1.21 A.

The activation energy for the methyl exchange pro-
cess is 78 kJ/mol from the intermediate 8a and 33
kJ /mol from the reactants Cl,Sc-CH ; + CH, (Fig. 6).
It is clear from our investigation that the reaction
between Cl,Sc-CH, and CH, will result in methyl
exchange according to eqn. (9) with the transition state
8b rather than carbon—carbon bond formation accord-
ing to eqn. (7) with the transition state 6b which is 99
kJ /mol above 8b in energy.

=

a
or

-

4. Concluding remarks

We have investigated a proposed mechanism [3,4]
for dehydrogenative polymerization of silanes based on
two four-center bond transpositions, 1a and 1b of
Scheme 1. The first transposition was modelled by the
silylation reaction of eqn. (5). It was found that the
silylation process is quite feasible with an activation

energy of 7 kJ /mol and a reaction enthalpy of only 3
KJ /mol. The second transposition was modeiied by ihe
silicon—silicon bond forming step of eqn. (8). The pro-

coce in aan {2Y hac a raactinn asnthalny af 10 LT /manl
LUGs I C{IL. WO/ 1lds a foaliiin Ciitnadipy Ol iv Ko /101

and proceeds from the adduct 5a between Cl,Sc-SIH ,
and SiH, with an activation energy of 9 kJ /mol.

We have used Cl,ScH as a catalyst for the dehydro-
genative polymerization of silanes through the se-
quence of two four-center bond transpositions repre-
sented by the o-metathesis reactions of eqns. (5) and
(8). Our catalyst has served as a model for d° hydrides
of the type Cp,MH where M = Sc, Y, Lu and Sm. We
conclude that hydrides of the type Cp,MH could act as
catalysts for dehydrogenative polymerization of silanes
according to Scheme 1 as suggesied by Marks [3] and
Tilley [4]. Harrod [1] and Tilley [4] have pointed to
Cp,M(CDH with M = Ti, Zr and Hf as an other effi-
cient series of catalysts for dehydrogenative polymer-
ization of silanes. For Cp,M(CDH, the sequence of
bond transpositions given in Scheme 1 might be steri-
cally more demanding, in particular for M = Ti. We
are in the process of investigating dehydrogenative
polymerization of silanes by Cp, M(CDH.
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