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The mechanism of the enantioselective hydrosilylation of styrene catalyzed by Pd° species
generated in situ from dichloro{1-{(R)-1-[(S)-2(diphenylphosphino-«P)ferrocenyl]ethyl}-3-
trimethylphenyl-5-1H-pyrazole-«N} palladium, 1, has been investigated in detail through
ab initio molecular dynamics and hybrid ab initio molecular dynamics/molecular mechanics
(QM/MM) calculations. Different QM/MM models have been adopted in order to probe the
specific steric and electronic contributions of different substituents. The catalytic cycle is
initiated by the formation of a weakly bound sz-complex (AE ~ —5.4 kcal/mol) under
simultaneous detachment of the pyrazole ligand. In agreement with a Chalk—Harrod
mechanism, this is followed by the migratory insertion of the hydride, which leads to a #°-
coordination mode of the benzylic fragment. The significant stabilization of the allylic
intermediate (AE ~ —11 kcal/mol) is responsible for the high regioselectivity of the reaction
(as well as for its enantioselectivity). The rate-determining step with an activation barrier
of 16 kcal/mol is the migration of the silyl ligand to the a-carbon of the substrate with
concomitant closure of the ligand chelate ring. This step leads to the formation of an
intermediate in which the phenyl moiety of the product remains coordinated in an z2-mode
to the palladium. The addition of trichlorosilane leads to product formation and hence to
the regeneration of the catalyst. A unimolecular reaction pathway on the other hand, in
which the transfer of the silyl ligand to the benzylic fragment is concerted with the addition
of a molecule of HSICl; to the catalyst, is disfavored by an activation barrier of ~30 kcal/

mol.

1. Introduction

Hydrosilylation of alkenes, alkynes, and related com-
pounds is of considerable interest since organosilicon
derivatives constitute useful intermediates in synthetic
organic chemistry.! For this reason, hydrosilylation
reactions have been widely investigated and a consider-
able amount of work has been devoted to the elucidation
of their reaction mechanisms.2=* The Speier catalyst?
is one of the most important catalysts for the platinum-

catalyzed hydrosilylation of alkenes. For this reaction,
Chalk and Harrod proposed a possible reaction mech-
anism? that consists of the oxidative addition of Si—H
to the metal and alkene insertion into the metal—
hydride bond followed by Si—C reductive elimination®3
(Figure 1). An alternative is the modified Chalk—
Harrod®® mechanism (also depicted in Figure 1) that
involves initial olefin insertion into the metal—silyl bond
followed by C—H reductive elimination. Although sev-
eral experimental studies addressing the mechanism of
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Figure 1. Chalk—Harrod and modified Chalk—Harrod
mechanism. In the first case the second step of the catalytic
cycle involves the insertion of the olefin into the Pd—H
bond. This reaction pathway results in a silyl(alkyl)
intermediate. In the modified Chalk—Harrod mechanism

the olefin is inserted into the Pd—Si bond. This results in
the formation of an alkyl(hydrido) intermediate.

hydrosilylation have been performed for ruthenium- 4
rhodium-,*:¢h iridium-,%2f palladium-,%9 and zirconium-
based* catalysts, it is still not clear which one of the
two possible mechanisms is the most favorable one and
also if, depending on the particular catalyst,**ei a
different reaction pathway is preferred. Only few theo-
retical studies®—8 exist so far aiming at a better mecha-
nistic understanding of this reaction. However, these
theoretical studies,®78° performed on small models of a
platinum catalyst confirm the general validity of the
classical Chalk—Harrod mechanism.

Whereas the discovery of hydrosilylation dates back
to the late 1940s, an enantioselective version of this
reaction using chiral phosphine ligands has been de-
veloped only recently.®1° At present, high enantiomeric
excesses (ee) up to 95—99% can be reached. Due to this
tremendous progress, the hydrosilylation reaction has
become an important synthetic route for the preparation
of optically active alcohols, amines, and alkanes,* and
it is also of some commercial importance for the produc-
tion of silicon rubbers.

Catalytic hydrosilylation with trichlorosilanel® offers
a powerful tool for a one-pot conversion of olefins into
chiral alcohols. The alkyltrichlorosilane formed as the
product of the catalytic reaction is subsequently oxidized
following a method developed by Tamao.1? Because of
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Figure 2. (i) Schematic representation of the catalyst
precursor. (ii) Computational model A. The large surround-
ing substituents have been cut out and replaced by
hydrogen atoms. This model is treated at the quantum
mechanical level only. (iii) Hybrid QM/MM model B. The
mesityl substituent, the phosphine phenyls, and the fer-
rocene are treated within the molecular mechanics ap-
proach. The quantum mechanical calculations are instead
performed on a smaller portion of the molecule equivalent
to model A. (iv) Hybrid QM/MM model C. This model is
equivalent to model B, but here the phenyl substituents
are included in the quantum mechanical region. The
quantum mechanical regions for model B and C are
presented within solid lines.

Model C

the complete retention of configuration during the
oxidation step, this synthetic route allows the stereo-
selective generation of alcohols. Recently, asymmetric
hydrosilylation of olefins!3 has also been achieved using
chiral ferrocenyl ligands,'* previously successfully ap-
plied to a variety of other reactions.'>~17 The catalyst
precursor dichloro{1-{(R)-1-[(S)-2(diphenylphosphino-
kP)ferrocenyl]ethyl}-3-trimethylphenyl-5-1H-pyrazole-
kN}palladium, 1 (Figure 2), has been utilized for the
enantioselective conversion of norbornene,!® producing
after oxidative workup, exo-norborneol with a high
enantiomeric excess of 99.5%. However, the observed
ee is strongly substrate-dependent since, in the case of
styrene, the reaction proceeds with high regioselectivity
(>99% of the branched product), but the observed ee
does not exceed 67%. Moreover, an inversion in the
sense of the chiral induction is observed upon changes
in the electronic properties of the substrate.!? The design
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of an improved catalyst in view of a higher enantioface
discrimination for the hydrosilylation of styrenes is
clearly not an easy task, in particular if detailed
knowledge of the reaction mechanism and the identifi-
cation of the factors determining regio- and stereose-
lectivity is not available.

As it is usually not possible to isolate unstable
reaction intermediates, almost no experimental data are
available about the species involved in the catalytic
cycle. Therefore, a theoretical approach seems particu-
larly suited to obtain direct mechanistic information at
the atomic scale that can help rationalize the experi-
mental observations. However, a theoretical character-
ization of transition metal-catalyzed reactions is far
from trivial since the catalysts involved are usually
rather large organometallic complexes. Furthermore,
these catalysts exhibit conformationally flexible and
floppy structures that can be more easily studied by a
method that takes into account dynamical effects at
finite temperature. Moreover, a theoretical investigation
of enantioselective reactions is an even more difficult
task since the differences in free energies between
stereomorphous pathways are generally small.18

In this work, we investigate the reaction mechanism
of the palladium-catalyzed hydrosilylation of styrene via
ab initio molecular dynamics and mixed quantum
mechanics/molecular mechanics (QM/MM) techniques.
Both methodologies constitute powerful approaches for
the study of the catalytic activity and selectivity of
transition metal compounds.1920

Nowadays, complexes of the size of 1 can be treated
entirely at the first-principles level.2° This serves as a
test of the accuracy of the computational scheme
adopted and provides a reference calculation for the
evaluation of different QM/MM models.2° Once vali-
dated, these computationally more economic models can
also be used for a natural separation of electronic and
steric effects. Here, we have restricted the coupling
between the QM/MM parts of the system to an incor-
poration of steric effects only, whereas electronic effects
are described via a full QM treatment. A detailed study
of the mechanism using different QM/MM models is
presented, while a discussion of the factors that govern
enantioselectivity together with a rational design of the
catalyst will be published in a subsequent paper.?!

2. Computational Scheme
The study of the enantioselective hydrosilylation reaction

was performed with a series of combined quantum mechanics/
molecular mechanics (QM/MM) calculations?? within the com-
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putational scheme of ab initio (AIMD) (Car—Parrinello)?®
molecular dynamics. The AIMD approach has been described
in a number of excellent reviews.?* AIMD as well as hybrid
QM/MM-AIMD calculations were performed with the ab initio
molecular dynamics program CPMD? based on a pseudopo-
tential framework, a plane wave basis set, and periodic
boundary conditions. We have recently developed an interface
to the CPMD package in which the coupling with a molecular
mechanics force field has been implemented.?¢

An analytic local pseudopotential was used for hydrogen and
nonlocal, norm-conserving soft pseudopotentials of the Martins—
Trouiller type?’ for the other elements. Angular momentum
components up to Imax = 1 have been included for carbon and
nitrogen and of Inax = 2 for silicon, phosphorus, and chlorine.
For palladium, we have constructed a semicore pseudopoten-
tial®® where all 18 valence electrons of the 4s24pf4d85s? shells
have been treated explicitly. This pseudopotential also incor-
porates scalar relativistic effects. For all light elements, the
pseudopotentials have been transformed to a fully nonlocal
form using the scheme developed by Kleinman and Bylander,?
whereas for palladium, the nonlocal part of the pseudopotential
has been integrated numerically using a Gauss—Hermite
quadrature. One-electron wave functions have been expanded
up to a kinetic energy cutoff of 70 Ry.

The exchange—correlation functional used in the calcula-
tions is of the gradient-corrected type due to Becke?® and
Perdew? for the exchange and correlation parts, respectively.
A series of theoretical studies have demonstrated®! that this
type of exchange correlation functional provides a good de-
scription of transition metal compounds. All calculations have
been performed in periodically repeated face-centered cubic
super cells. Three different models, illustrated in Figure 2,
have been adopted (see below for a detailed description)
following the same procedure as in our calculations on complex
2.2 For the small QM model system (model A) a cell of edge a
= 20 A has been used, whereas to account also for possible
structural modifications of the catalyst along the reaction
pathway, we used larger cells of edge a = 23 and 24 A for
models B and C, respectively. The geometry optimization runs
have been performed with a preconditioned conjugate gradient
procedure. For the MD runs, the classical equations of motion
were integrated with a velocity Verlet algorithm with a time
step of 0.145 fs and a fictitious mass for the electronic degrees
of freedom of 4 = 800 au.

All the transition states have been determined performing
constrained molecular dynamics runs with increments of 0.1
A along appropriately chosen reaction coordinates in combina-
tion with local optimization techniques. The transition states
have been localized by a change of sign of the average
constraint force.

The Tripos®? force field was used to perform the molecular
mechanics calculations, augmented with parameters developed

(23) Car, R.; Parrinello, M. Phys. Rev. Lett. 1985, 55, 2471.
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by Doman et al.3® for the ferrocenyl ligand. In the QM/MM
hybrid AIMD simulations, the electronic structure calculation
was performed on a reduced system in which each of the
substituents that have been removed from the QM part was
replaced by a hydrogen atom to saturate the valence of the
QM boundary atoms. As a consequence, the electronic proper-
ties of these ligands are replaced by the electronic properties
of hydrogen atoms, while their steric influence is taken into
account by the empirical force field approach.

To systematically probe the effects of the large substituents,
we constructed three different models of the Pd catalyst. The
first is a minimal model (model A) of the catalyst precursor
purely considered at the quantum mechanical level. In this
model the mesityl substituent of the pyrazole ligand and two
phenyl groups of the phosphine have been cut and replaced
by hydrogens, while the ferrocene has been replaced by an
olefin group. Models B and C are both hybrid QM/MM models.
In model B, the electronic structure calculation is performed
on a model equivalent to model A, while the steric effects of
surrounding substituents are described within the empirical
force field approach. As for model A, the quantum part of the
ferrocenyl moiety has been replaced by an olefin. In addition,
to retain the specific structural properties, the C—C bond has
been constrained to the value (1.465 A) found in the crystal
structure of 1. As previous theoretical studies clearly demon-
strate the large electronic influence of phenyl phosphine
ligands,2%3* we performed some test calculations also with an
extended QM/MM model C, including the phenyl groups in the
guantum mechanical part.

3. Results and Discussion

3.1. Calculations on the Minimal QM Model A.
The Chalk—Harrod Mechanism. For a first qualita-
tive scan of the potential energy surface a series of
calculations were performed with the minimal quantum
mechanical system, model A. This model is clearly a
drastic approximation of the real catalyst. Nevertheless,
due to its low computational cost, it allows an efficient
exploration of a vast number of possible isomeric
structures and reaction pathways. Moreover, a com-
parison of the calculations performed with the minimal
QM model A and the two larger QM/MM models B and
C is useful to rationalize the steric or the electronic
influence of the large substituents.

The Silyl(Hydrido) Complex. The starting point of
our calculation was the crystal structure of 1, a precur-
sor of the active catalyst. In accordance with a generic
Chalk—Harrod mechanism,? several possible structures
for the active form of the catalyst have been investigated
including Pd®-n?-trichlorosilane and Pd''(hydrido)silyl
complexes (Figure 3). For the latter compound, different
structural isomers have been considered: a form with
the hydride cis (3a) and trans (3b) to the phosphine
ligand. Within the minimal model A, the cis isomer is
slightly favored with respect to the trans counterpart
by 2.2 kcal/mol. Moreover, Pd® derivatives (3c) are
unstable, and any attempt to localize them leads to the
formation of silyl(hydrido) complexes, where the silyl
and the hydride ligands are directly bonded to the Pd"
center.

Coordination of Styrene. The first step of the
catalytic cycle involves the coordination of styrene.

(33) Doman, T. N.; Landis, C. R.; Bosnich, B. J. Am. Chem. Soc.
1992, 114, 7264.
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Figure 3. Model A: possible isomers for the generation
of the active catalyst with the hydride ligand in cis (a) or
in trans (b) position with respect to the phosphine. (c) Pd°®
n?-trichlorosilane complex. Relative energies (kcal/mol)
with respect to complex 4a are shown.
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Figure 4. Model A: calculated isomers for the coordina-

tion of styrene. Relative energies (kcal/mol) with respect
to complex 4a are shown.

Thus, a variety of trial structures were investigated in
order to determine the most favorable coordination
geometry for the olefinic substrate.

Five different isomers have been considered (Figure
4). Among them, compounds 4a—c are set up for a
hydride transfer to the -carbon of styrene and thus are
precursors of the (1-phenylethyl)trichlorosilane product
experimentally observed. Complexes 4d and 4e, on the
other hand, result in the incorrect regioproduct (2-
phenylethyl)trichlorosilane. In Table 1, the relative
energies for all the coordination isomers are reported.
Complex 4a is the most stable one, and we will term it
as an endo isomer (vide infra). In fact, assuming the
ferrocene is still present in the molecule and considering
a plane through the P—Pd—Si atoms, the phenyl of the
styrene is oriented in the same direction as the fer-
rocene, with respect to this plane. Moreover, all the
complexes of Figure 4 are within 5 kcal/mol of one
another. Due to the small size of the QM model A, steric
effects are essentially absent, suggesting that there is
no electronic preference for the coordination mode of
styrene. However, the large substituents not considered
in model A are likely to introduce a strong steric
discrimination for different coordination modes of the
substrate. These factors will be discussed later. The
preliminary coordination studies with model A reveal
one important feature. Any attempt to coordinate the
styrene, while the pyrazole nitrogen is attached to the
metal center, leads to immediate ejection of the sub-



3222 Organometallics, Vol. 23, No. 13, 2004

Table 1. Relative Energies for the Isomers of Each
Step of the Catalytic Cycle Calculated within

Model A
relative energies?
complex (kcal/mol)
3a 1.9
3b 4.1
4a 0.0
4b 4.7
4c 3.6
4ad 1.8
de 2.5
5a -0.2
5b 7.0
5c 6.7
5d 10.9
5e -0.4
6a -8.3
6b -8.2
6¢C —6.7
6d —6.7
6e —8.0
8a 5.2
9a 10.0
9b 40.0

a8 The relative energies are calculated with respect to complex
4a.

strate. Instead, the coordination of the styrene when the
pyrazole is detached affords a stable complex as previ-
ously suggested.1® Therefore, throughout the catalytic
cycle the pyrazole plays the role of a hemilabile ligand.36
The energy stabilization for the coordination of the olefin
is only ca. —1.9 kcal/mol in complex 4a, while for all
the other isomers the reaction is slightly endothermic
or thermoneutral. The weak binding energy suggests
that the initial formation of this z-complex is slow and
reversible.

Migratory Insertion. We first explore possible reac-
tion pathways following a Chalk—Harrod mechanism
and shall address later in this section reaction pathways
associated with the modified Chalk—Harrod mecha-
nism,? as well as alternative reaction routes. According
to a classic Chalk—Harrod mechanism, the insertion of
the styrene into the palladium—hydride bond consti-
tutes the second step of the catalytic cycle. Therefore,
we considered possible isomers resulting from the
migration of the hydride ligand to the substrate for four
of the z-complexes depicted in Figure 4. The optimized
alkyl structures and the corresponding relative energies,
calculated with respect to complex 4a, are reported in
Figure 5 and in Table 1, respectively. The migratory
insertion is a slightly endothermic process. Indeed,
complex 5a represents the most favorable alkyl-silyl
isomer, and it is the only one that is stabilized with
respect to the corresponding m-complex, albeit only
marginally (—0.2 kcal/mol).

The activation energy associated with the transition
state, TS1, for the insertion of styrene into the Pd—H
bond of complex 4a is only 5.6 kcal/mol, suggesting that
the migratory insertion might be a reversible step.

Interestingly, complex 5d, the precursor of the (2-
phenylethyl)trichlorosilane product (experimentally not

(35) The NMR spectra demonstrate the presence of a Pd—H
intermediate. Pioda, G. Catalisi Asimmetrica: ldrosililazione Enan-
tioselettiva e Ciclizzazione via Trimetilenmetano. Ph.D. Thesis ETH
No. 13405, Zurich, 1999.

(36) Braunstein, P.; Naud, F. Angew. Chem., Int. Ed. 2001, 40, 680.
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shown.

observed), is destabilized by 10.9 kcal/mol. This indi-
cates clearly that migration of the hydride ligand onto
the o-carbon is disfavored. Moreover, there is almost
no change in energy (—0.2 kcal/mol) upon detachment/
attachment (complexes 5a and 5e, respectively) of the
pyrazole ligand.

Formation of 3-Benzyl Complexes. A rearrange-
ment of the n'-benzyl complex to a n3-isomer results
in a significant stabilization (=8 kcal/mol). The #3-
complexes deriving from the structures 5a—c are shown
in Figure 6.

However, as depicted in Figure 7, the rearrangement
can occur in two ways, depending on which of the two
diastereotopic ortho-carbons of the phenyl group coor-
dinates to the Pd center. This leads to the formation of
two different isomers termed as syn or anti, depending
on the relative position of the methyl group of the
benzylic fragment.3” However, it is important to realize
that the syn—anti pairs, such as 6b,c and 6d,e, are
stereochemically equivalent, as they lead to the same
stereoisomer of the product.

(37) The methyl group of the benzylic fragment is generated upon
migratory insertion of the hydride to the j-carbon.
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The formation of the allyl complex results in a
significant stabilization and the 73-benzyl intermediate
6a deriving from z-complex 4a is the energetically most
favored one (—8.3 kcal/mol). This strongly suggests that
the most likely reaction pathway involves the formation
of complex 4a and the intermediates deriving from it
(Figure 8). Moreover, from the relative energies of the
n-intermediates (6a—e) (Table 1), it is apparent that
in the first syn-anti pair (6b,c) the syn isomer is slightly
favored by —1.5 kcal/mol, while for the second pair
(6d,e) the anti isomer is the most stable (—1.3 kcal/mol).
This indicates that there is no clear electronic preference
for either the syn or the anti isomer and that steric
factors are likely to play the crucial role. However, an
important conclusion can already be drawn from the
study of the minimal QM model system. The formation
of highly stabilized #3-benzyl complexes is only possible
if in the second step of the catalytic cycle a hydride
ligand is transferred to the jS-carbon of styrene. This
explains why the (2-phenylethyl)trichlorosilane product
is never observed experimentally. In fact, due to the
substantial energy stabilization associated with its
formation, the z3-intermediate locks in the correct
regioisomer, resulting in the observed regioselectivity.

Reductive Elimination. The third step of the cata-
lytic cycle involves the reductive elimination of (1-
phenylethyl)trichlorosilane. For this step, we have
considered only the reaction pathway that starts from
the most stable n3-intermediate 6a. The corresponding
transition state structure is labeled as TS2 in Table 2.
The activation energy, calculated with respect to 6a, for
the transfer of the silyl ligand to the a-carbon of the
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Table 2. Transition State Energies Calculated for
the Three Model Systems A, B, and C?2

TS energy TS energy TS energy
model A model B model C
TS type (kcal/mol) (kcal/mol) (kcal/mol)
TS1 5.6 4.2
TS2 11.6 6.1 7.8
TS3 56.6
TS4 20.0

2 TS1 represents the transition state for the migratory insertion
of the hydride onto the f-carbon of the styrene. TS2 is the
transition state for the transfer of the silyl ligand on the a-carbon
of the substrate. TS3 refers to the modified Chalk—Harrod
mechanism. This transition state represents the transfer of the
silyl ligand to the S-carbon of styrene. TS4 refers to the unimo-
lecular pathway where the reductive elimination of the final
product is concerted with the oxidative addition of a molecule of
trichlorosilane. Activation energies are calculated with respect to
complexes 4a, 11a, and 11a’ with models A, B, and C, respectively.

substrate is ~19.9 kcal/mol. Molecular dynamics simu-
lations have been performed at 500 K on the structure
obtained relaxing the transition state. These MD runs
show that the product remains coordinated with its
phenyl ring in an »2-mode (8a). This product is desta-
bilized by ~5.2 kcal/mol with respect to the correspond-
ing m-complex 4a. Any attempt to generate a Pd°
intermediate containing only the chelating ligand re-
sults in a significant destabilization (28.4 kcal/mol).38

Two possible alternative reaction pathways have been
considered that could lead to the regeneration of the
catalyst: (1) HSIiCl; coordinates to the Pd center when
the product 8a is formed or (2) the transfer of the silyl
ligand to the a-carbon of the benzylic fragment takes
place simultaneously to the addition of a molecule of
trichlorosilane to the catalyst. In both ways the forma-
tion of unstable dicoordinated Pd® intermediates is
avoided. The exact description of this part of the reaction
mechanism will be discussed in section 3.2.

Modified Chalk—Harrod Mechanism. As de-
scribed in the Introduction, despite the large efforts to
characterize the mechanism of hydrosilylation reac-
tions,* it still remains ambiguous if the migratory
insertion step involves the insertion of styrene into the
Pd—H or into the Pd—Si bond.

The second of these two possibilities (Figure 1) is
usually termed modified Chalk—Harrod mechanism.> A
possible migratory insertion of the silyl ligand on the
o-carbon of the styrene is an unlikely event, since this
would prevent the formation of the highly stabilized #5-
benzyl compounds. On the other hand, the transfer of
the silyl ligand to the g-carbon of the substrate still
allows the n3-coordination of the benzylic fragment.
Thus, we determined the energy profile for the migra-
tory insertion of styrene into the Pd—silyl bond for
isomer 9a. In this z-complex the hydride ligand lies in
trans position with respect to the substrate and the silyl
ligand can transfer to the $-carbon of styrene.

Complex 9a is distinctly less stable than the energeti-
cally most favorable z-complex 4a (10 kcal/mol). Fur-
thermore, the activation energy characterizing the
transition state TS3 (Table 2), depicted in Figure 9, is
~46 kcal/mol, resulting in an alkyl-silyl intermediate

(38) Such a Pd° intermediate is likely to be significantly stabilized
in solution, as opposed to the gas phase. However, we did not include
in our simulations the study of further interactions of this species.



3224 Organometallics, Vol. 23, No. 13, 2004

o Y ]

N-N N-N N-N

H M TR H M
\ Y p3q—SiClz \ Y pg----SiCl \_'_Pq SiCl3
P” = P” s P
| i i
H H H

9a TS3 9b

AE=10.0 AE=56.6 AE=40.0
Figure 9. Model A: conceivable structures for a reaction
pathway corresponding to a modified Chalk—Harrod mech-
anism. Relative energies (kcal/mol) with respect to complex
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9b that is destabilized by ~30 kcal/mol with respect to
the corresponding mw-complex 9a. Therefore, the high
activation energy of TS3 explains why the (2-phenyl-
ethyl)trichlorosilane regioproduct is never observed and
excludes that a modified Chalk—Harrod mechanism
becomes operative. This alternative mechanism will not
be considered any further in the following discussion.

3.2. Calculations Performed on QM/MM Models
B and C. The reaction energy profile calculated for QM
model A is useful only for a first qualitative scan of the
potential energy surface, but this model is clearly too
simplified to account for the observed stereoselectivity
of the catalytic reaction. On the basis of the preliminary
results of model A, we proceeded to study the reaction
energy profile with two more realistic QM/MM models,
B and C. As for model A, also for model B we identified
for each step of the catalytic cycle the most stable
intermediates. On the other hand, with the enlarged
model C we have checked the relative thermodynamic
stabilities for the rate- and regioselectivity-determining
steps of the catalytic cycle only.

Silyl(Hydrido) Complex. Since our calculations on
model A, in agreement with the experimental findings,
show that a silyl(hydrido) complex is involved in the
catalytic cycle, we performed QM/MM calculations with
model B only for the two possible Pd'(hydrido)silyl
isomers for which the hydride ligand is either cis (10a)
or trans (10b) to the phosphine. The relative energies
of the two isomers are reported in Table 3.

Taking into account the steric influence of the mesityl
substituent, we observe an inversion in relative energies
of the two silyl(hydrido) complexes with respect to the
one observed for the minimal model A. In fact, due to
steric interactions between the mesityl and the silyl
ligand (2.7 A), complex 10a is less stable than 10b by
~4.9 kcal/mol. As a consequence of the structural
rearrangements induced by a silyl ligand in trans
position to the phosphine, in 10a the distance between
some of the hydrogens of the mesityl substituent and
the hydrogens of the phenyl-phosphine lies at a mini-
mum of 2.8 A, whereas the corresponding distance is
3.4 A in complex 10b.

Coordination of Styrene. Taking the different
isomeric forms obtained with model A as a starting
point, a number of attempts were made to identify the
most stable coordination intermediate. Due to the
additional steric interactions, model B energetically
discriminates the various isomeric structures much
more than model A. The coordination isomers consid-
ered and their relative energies, calculated with respect
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Table 3. Relative Energies for the Isomers for
Each Step of the Catalytic Cycle Calculated within
Models B and C?2

model B (C) relative energies
complex (kcal/mol)
10a 54
10b 0.5
1lla 0.0
11b 1.6
11c 8.7
11a’ 0.0
11b' 4.9
12a 0.9
12b 5.2
12c 23.9
13a —10.3
13b —-8.1
13c —-11.3
13d —10.6
13e 6.0
13f 4.2
13a’ —-12.9
13c' —14.6
1l4a —-3.5
14b —20.5

2 Relative energies corresponding to complexes optimized with
model C are primed. The relative energies are calculated with
respect to complexes 11a and 11a’' for models B and C, respec-
tively.
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Figure 10. Model B: the two isomers of the silyl(hydrido)
complex. Atoms in green are included in the MM region.
Relative energies (kcal/mol) with respect to complex 11a
are shown.
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Figure 11. Model B: isomeric forms derived from the
coordination of styrene. Relative energies (kcal/mol) with
respect to complex 11a are shown. In parentheses we report
the relative energies calculated with model C.

to complex 11a, are reported in Figure 11 and in Table
3, respectively.

If we exclude the modified Chalk—Harrod mechanism
as a possible reaction pathway, only three isomers, with
the C—C double bond of styrene lying in the plane
defined by the P—Pd—Si atoms, are possible. Consistent
with the terminology introduced in section 3.1, com-
pounds 11a and 11b are termed endo and exo isomers,
respectively (vide supra). The endo isomer turns out to
be 1.6 kcal/mol more stable than the exo form. These
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Figure 12. Model B: silyl(alkyl) complexes. Relative
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two isomers are important since they are precursors of
the two different enantiomeric products. The attempt
to coordinate the styrene trans to the phosphine (11c)
results in a significant destabilization of the intermedi-
ate (8.7 kcal/mol). We were not able to find other
sterically accessible coordination geometries with the
styrene lying in the plane defined by the P—Pd-—Si
atoms. A series of molecular dynamics simulations were
performed in order to determine the energy barrier for
the coordination of styrene (under simultaneous detach-
ment of the pyrazole). In these runs we varied system-
atically the distance between the Pd and a dummy atom
(D), lying between the two sp? carbons atoms of the
substrate. Our MD runs show that no energy barrier
has been found associated with the coordination of
styrene and that detachment of the pyrazole occurs
spontaneously on a subpicosecond time scale at an
average temperature of 500 K when the styrene (Pd—D
bond) is constrained to a distance of 2.7 A.

In summary, the only two competitive w-complexes
are the endo and the exo forms. Thus, to verify the
electronic effects of the phenyl groups on their relative
thermodynamic stability, we performed calculations on
complexes analogous to 1la and 11b, including the
phenyls in the quantum mechanical region (model C).
These two isomers will be termed 11a’ and 11b', and
their relative energies are also reported in Table 3. In
agreement with the calculations performed for model
B, the endo isomer is energetically favored. However,
the energy difference between the isomers is found to
be greater, with the exo form being 4.9 kcal/mol higher
in energy than the endo form. This clearly indicates that
the electronic effects of the phenyls play a significant
role for a quantitative determination of the relative
stability of the two isomers.

Migratory Insertion. In this section, only the silyl-
alkyl complexes of Figure 12 are considered and their
relative energies, calculated with respect to complex
11a, are reported in Table 3. Among these isomers,
complex 12a turns out to be the thermodynamically
most stable. Complexes 12a and 12b differ by 4.3 kcal/
mol, while the energy difference increases 23.0 kcal/mol
for 12c. A possible rationale of the high thermodynamic
instability of 12c is the occurrence of close steric
contacts of 2.1 A between a hydrogen of the substrate
and a hydrogen of the chelating ligand.

The calculated activation energy (TS1) for migratory
insertion of the substrate into the palladium—hydride
bond (that leads from 11a to 12a) is 4.2 kcal/mol. This
is due to the steric influence of the large substituents
considered in this model. Moreover, 12a is 0.9 kcal/mol
less stable than the corresponding m-complex 11la,
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Figure 13. Model B: #3-benzyl isomers. 13a,b, 13c,d, and
13e,f represent syn—anti pairs. For clarity, some Pd—C
bonds are elongated. Relative energies (kcal/mol) with
respect to complex 11a are shown. In parentheses we report
the relative energies calculated with model C.

suggesting that the migratory insertion (within model
B) is a slightly endothermic process.

Silyl(#3-Benzyl) Complexes. In analogy to our
findings for model A, among all the 73-benzyl compounds
presented in Figure 13 a significant stabilization is
observed, with complex 13c (—11.3 kcal/mol) being the
thermodynamically most stable form. However, struc-
tures 13e and 13f are higher in energy by ~4—6 kcal/
mol with respect to 11a. This destabilization is simply
due to steric contacts (2.3 A) between the benzylic ligand
and the ferrocenyl moiety. From Table 3, reporting the
relative energies of 13a—f, it is apparent that the syn
isomer is more stable for the first two syn—anti pairs,
while the relative stability is inverted for the third pair.
The difference between the corresponding syn—anti
isomers always lies in the range 1—2 kcal/mol. No
attempt has been made to localize the transition state
between the - and r3-intermediates. The transforma-
tion of an alkyl intermediate to the corresponding allylic
one would require the simultaneous occurrence of a shift
of the substrate in order to have a n3-coordination and
a simultaneous change of the C(5)—C(a)—Cipso-Cortho
torsional angle. This step involves only a rearrangement
of the substrate without any bond breaking; thus we
believe that only a small activation energy is involved
in the formation of the #3-allylic complexes.

Since all the intermediates derived from 11a are the
most stable ones, we conclude that the most favorable
reaction pathway (Figure 14) involves these complexes.
This implies that the coordination of the styrene leading
to the product takes place in complex 10a, even if it is
less stable than complex 10b by 4.9 kcal/mol. Due to
the crucial importance of the 73-benzylic forms for the
regioselectivity of the reaction, as a last check we have
performed QM/MM calculations with model C for the
endo- and exo-syn-n3-benzylic isomers. In fact, the
calculation performed with model B shows that the syn-
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Figure 14. Most favorable reaction pathway calculated for the hybrid model B. The MM part of the ground states and
the transition states are depicted in green and red, respectively.

configured isomers are thermodynamically favored with
respect to the anti ones. Thus, only the syn-configurated
isomers (termed 13a' and 13c’, equivalent to 13a and
13c with the phenyls included in the quantum mechan-
ical region) are considered. Their relative energies,
calculated with respect to 11a’, are also reported in
Table 3. It is evident that the presence of the phenyl
substituents enhances the stabilization due to the #3-
coordination of the benzylic fragment. In fact, the endo-
syn form turns out to be ~13 kcal/mol more stable than
the corresponding z-olefin complex, while the exo-syn
diastereoisomer is stabilized by ~15 kcal/mol. An in-
teresting inversion in the relative stability of the exo
and endo isomers (with respect to the previous reaction
intermediates) is observed for both models B and C upon
formation of the r3-benzylic intermediate. This inversion
has crucial implications in view of explaining the
stereoselectivity of the catalyst.1321

Reductive Elimination. Assuming the reaction
scheme depicted in Figure 14 as the most favorable one,
we considered only 14a as a possible intermediate for
the reductive elimination step. The calculated activation
energy for the transition state TS2 is ~16.4 kcal/mol,
suggesting that the transfer of the silyl ligand to the
a-carbon of the substrate is likely to be the rate-
determining step of the whole catalytic cycle. By com-
paring the activation energies calculated with different
models (Table 2), it is apparent that this transition state
is stabilized by the introduction of steric effects of the
large ligands. In a series of molecular dynamics runs of
~0.5 ps performed at a temperature of 800 K with a
constraint on the Si—Ca distance, it is possible to
observe the detachment of the silyl ligand from the Pd
center and its transfer to the o-carbon of the benzylic
fragment. Moreover, in these runs we observe that after
the migration of the silyl ligand the (1-phenylethyl)-
trichlorosilane coordinates with its phenyl in a 72-mode.

The metal center migrates along the ring, resulting in
a progressive removal of the product, while the pyrazole
nitrogen is reattached. However, the formation of a Pd°
complex, after removal of the product, results in con-
sistently high energies (12 kcal/mol with respect to 11a).
As for the minimal model A, these calculations suggest
that the formation of this intermediate is not likely to
occur.3® Therefore, we performed calculations for two
alternative reaction pathways.

In the first reaction path we have varied the Pd—Si
and Pd—H distances of the incoming HSiCl3, while the
(1-phenylethyl)trichlorosilane product is still coordi-
nated (14a). Molecular dynamics runs at 500 K show
that the addition of the trichlorosilane molecule leads
to immediate elimination of the product. Almost no
barrier has been found for the coordination of trichlo-
rosilane.

The reaction pathway is more complicated when a
concerted step (in which a silyl transfer occurs simul-
taneously to the addition of HSICl3) (TS4) is assumed.
Here, the transition state has been localized by con-
straining the distance between the silicon of the SiCls
ligand and the a-carbon of the substrate and simulta-
neously the Pd—H and the Pd-—Si distances of the
incoming trichlorosilane. The localization of the transi-
tion state has been verified by relaxing a configuration
immediately after the point with maximum energy. This
transition state turns out to be less stable than the syn-
endo complex 13a by ~30.3 kcal/mol. Therefore, we
conclude that this unimolecular reaction pathway is
extremely unlikely with respect to the one depicted in
Figure 14.

The transition state TS2 (relative to the migration of
the silyl ligand to the a-carbon of the substrate) has
been localized also within the enlarged model C. The
activation energy, reported in Table 2, is 7.8 kcal/mol
higher with respect to the corresponding s-olefin com-
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plex. This energy barrier, calculated with respect to
complex 13a’, is ~20.7 kcal/mol, as compared to ~16.4
kcal/mol found in model B. Therefore, the energy
required for the silyl transfer increases by ~4 kcal/mol
as a consequence of the introduction of the phenyls in
the quantum mechanical part. These calculations show
a strong influence of phenyl groups on the structural
features and consequently also on the catalytic behavior
of the Pd complex. So far, the electronic influence of the
phenyl groups in the hydrosilylation reactions has never
been considered due to the large computational efforts
of performing ab initio studies on molecules of this size.
Oxidative Addition of Trichlorosilane. The ad-
dition of a molecule of trichlorosilane to complex 14a
leads to the regeneration of the catalyst and to the
liberation of the (1-phenylethyl)trichlorosilane product.
Experimentally this product is successively converted
into the corresponding alcohol by oxidation. Calculations
within model B show that the (1-phenylethyl)trichlo-
rosilane product is stabilized with respect to the free
styrene and trichlorosilane by —20.5 kcal/mol.

4. Conclusions

A detailed study of the mechanism of the enantiose-
lective palladium-catalyzed hydrosilylation of styrene
with trichlorosilane was carried out.

The main features of the catalytic cycle have been
investigated using three different models (A, B, and C),
representing gradually more realistic descriptions of the
actual system. Each model has been useful in identify-
ing particular mechanistic aspects. According to all
models considered, the coordination of styrene appears
to be a slow and reversible process. Moreover, our
calculations show that the styrene coordinates in cis
position to the phosphine and that the endo-z-complex
11a is the most favorable one. The coordination of the
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substrate implies the detachment of the pyrazole ligand,
and no barrier has been found for this step. The most
likely subsequent step is the migratory insertion of the
hydride onto the g-carbon of the styrene. This slightly
endothermic process is associated with a small activa-
tion energy (4.2 kcal/mol), suggesting that the migratory
insertion is also a reversible step. The modified Chalk—
Harrod mechanism appears unlikely because of the high
activation energy (~47 kcal/mol) involved in the migra-
tion of SiCl3 to the a-carbon of styrene, in agreement
with past theoretical studies. Furthermore, the observed
regioselectivity of >99% can be explained by the pro-
nounced stabilization of the 53-coordination mode of the
1-phenylethyl fragment (=15 kcal/mol). In agreement
with experimental observations,!? this allylic intermedi-
ate is a definitive lock for the Markovnikov regioisomer.
In addition, the formation of the 73-benzylic intermedi-
ate has important implications also to explain the
stereoselectivity of the reaction.?!

The high activation energy calculated for the transfer
of the silyl ligand onto the -carbon of styrene points to
the reductive elimination as the rate-determining step.
Moreover, molecular dynamics runs on a structure
obtained by relaxing the transition state show that the
product coordinates with its phenyl in an >-mode (14a).
The addition of trichlorosilane to 14a has been found
to display almost no activation barrier and is thus
responsible for the liberation of the product with
concomitant regeneration of the catalyst.

Supporting Information Available: Optimized coordi-
nates of equilibrium geometries and transition states. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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