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Computational investigations on the asymmetric hydrosilylation of acetophenone over ligated CuH
catalysts were performed with the DFT method. The calculations predict that the catalytic reaction
involves two steps: (1) CuH addition to the carbonyl group via a four-membered transition state (TS)
with the formation of copper-alkoxide intermediates; (2) regeneration of the ligated CuH catalyst by an
external SiH, through a metathesis process to yield the corresponding silyl ether. The calculations in the
chiral diphosphine-ligated CuH systems suggest that the metathesis process is the rate-determining step
(RDS). The CuH addition step is vital for the distribution of the racemic products and therefore
represents the stereo-controlling step (SCT). In this step, the greater steric hindrance between the
aromatic rings of the ligands and the substrate is identified as the major factor for enantioselectivity.
The corresponding TS in the face-to-face mode, suffering less steric hindrance, is more stable than its
analogue in the edge-to-face mode. The enantioselectivities are calculated to be related not only to the
P—Cu-P bite angles in the stereo-controlling TSs, but also to the substituents at the P-aryl rings of the
chiral ligands. In short, a larger P-Cu-P bite angle and suitably modified P-aryl rings together are

necessary to achieve excellent ee values.

1. Introduction

Asymmetric reduction of carbonyl compounds is an important
protocol in organic synthesis, because this reaction is an effective
method to obtain chiral nonracemic secondary alcohols, providing
significant intermediates in the manufacture of pharmaceutical
products and advanced materials.! Transition-metal catalysis has
been successfully applied in the reduction of many carbonyl
compounds via hydrogenation or hydrosilylation.? In recent years,
numerous transition-metal catalysts, such as rhodium,? titanium,*
iron,’ zinc,® copper’ etc., have been developed in asymmetric
hydrogenation/hydrosilylation of carbonyl compounds with high
yields and enantiomeric excess (ee) values. Among these metal
catalysts, copper-based systems have been proven to be the most
attractive candidate for the asymmetric hydrosilylation, since
copper-systems exhibit remarkable merits, i.e. economical and
environmentally benign, practical, cheaper and less toxic. Notably,
the benefits of copper hydride catalysis include advantages for
synthesis, i.e. high levels of enantiomeric excess, high yields, easy
to handle, considerable tolerance to a variety of functional groups.

In asymmetric hydrosilylation reactions, copper-hydride species
combined with diphosphine ligands exhibit good to excellent
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catalytic performances (Scheme 1). In 1984, Brunner and Miehling
published an article on asymmetric hydrosilylation with a
CuH/phosphine system.® They reported that copper catalysts
in a mixture of Cu(l) compounds and optically active chelate
phosphines [(—)Diop, (+)Norphos, (-)BPPFA] could afford op-
tical yields of 10-40% ee for the quantitative hydrosilylation of
acetophenone with diphenylsilane.
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Scheme 1 Typical diphosphine ligands used in CuH-catalyzed hydrosily-
lation reactions.

Since then, a great improvement was accomplished by Lip-
shutz and co-workers. They reported a great many asymmetric
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hydrosilylation reactions catalyzed by chiral phosphine-ligated
copper hydride with competitive yields and ee values.” They
proposed that the coordination of diphosphine ligands to copper
hydride made this species more reactive and efficient. In their work,
diphosphine ligands, such as BINAP, MeO-BIPHEP, SEGPHOS,
have been successfully introduced into CuH-catalyzed asymmetric
hydrosilylation reactions. Lipshutz ez al. reported that MEO-
BIPHEP-CuH complexes or SEGPHOS-CuH complexes can
catalyze enantiomeric hydrosilylation of aromatic ketones at low
temperature (—78 °C) with high ee values up to 96%, and substrate-
to-ligand ratios exceeding 100000:1 can also be obtained.
Sirol et al introduced a base-free and air-accelerated system:
CuF,/(R)-BINAP/PhSiH;, which furnished secondary alcohols
with moderate to good enantiomeric excess values under ambient
conditions. Lee et al."* developed a novel method of generating the
copper hydride catalyst with an easy-to-handle copper source. The
air and moisture stable Cu(i1) salt Cu(OAc),-H,O has been found
to be comparably reactive to the combination of CuCl/NaOtBu
and resulted in increased reaction rates. These efforts contributed
to this field have received remarkable success in terms of improving
the reaction conditions and enhancing the yields and ee values.

For the mechanism of the copper-catalyzed hydrosilylation
reaction, a catalytic cycle involving two steps is available in the
literature (Scheme 2). In the first step, copper hydride interacts
with the ketone to form a copper alkoxide. In the second step,
the copper alkoxide intermediate undergoes a 6-bond metathesis
with silanes to produce the silyl ether with the regeneration of
the CuH catalyst. Lee et al."* suggested that this mechanism was
consistent with their observations. They found that the organosi-
lanes affected the reaction rates but not the enantioselectivity of
products. More recently, Gathy et al.'* performed a computational
investigation on the mechanism of formaldehyde hydrosilylation
over nonchiral copper-based catalysts. The proposed mechanism
was also compatible with the experimental presumption.
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Scheme 2 Proposed catalytic cycle of CuH-catalyzed hydrosilylation of

ketones.

The detailed mechanism of such a copper-catalyzed hydrosi-
lylation of ketones, as well as the origin of the stereochemistry,

however, is much less known. Although it is well known that the
chiral environment is controlled by classical steric and electronic
factors and the rigidity of the ligand framework," the effects of
chiral ligands on such asymmetric reactions are still uncertain.
Therefore, it is hard to precisely evaluate the important parameters
of chiral ligands associated with high ee values, which becomes an
obstacle for designing new effective chiral ligands. The present
investigation focuses on the origin of the stereochemistry of
asymmetric hydrosilylation of prochiral ketones. In an attempt
to gain a better understanding of the underlying steps of the
hydrosilylation reaction at a molecular level and to clarify how
the chiral diphosphine-ligated copper hydride catalysts enhance
the reaction enantioselectivity, we here carry out theoretical
simulations on such reaction systems.

2. Models and computational details

In the present investigation, the simulated reaction is shown in
Scheme 3. The catalyst models used in the present calculations
could be classified into the following two categories. Here, SiH,
was used as the silylating agent and acetophenone as the substrate.
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Scheme 3 Typical diphosphine ligands used in CuH-catalyzed hydrosily-
lation reactions.

2.1 Diatomic CuH model

The diatomic molecule CuH in the ground state of 'Y was used as
a simple catalyst model in the above reaction. Although the real
reactions were performed in the condensed phase, such a simple
model is expected to provide some information about the reaction
mechanism and can be the foundation of the following calculations
in the ligated systems. In this section, the structural optimizations
of all the intermediates (IM) and transition states (TS) were
performed using Becke’s three parameter exchange functional
and the nonlocal correlation functional of Lee, Yang and Parr
(B3LYP)* with the 6-31+G(d,p) basis set'® for all atoms. In order
to evaluate the sensibility of the results to basis sets, the geometries
of thelocated stationary points were re-optimized at the B3LYP/6-
311++G(2d,2p) level. This benchmark indicates that the potential
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energy surfaces at the two levels are quite close to each other.
With the combination of previous computational literature which
demonstrate that the B3LYP method performs well for copper
systems,'® the calculations at the B3LYP/6-31+G(d,p) level might
be suitable for the present CuH-catalyzed reactions.

2.2 Ligated CuH models

In this section, the reaction systems based on chiral diphosphine
ligands were introduced in the present simulation (Scheme 3, L,—
L; were used as the actual ligands in the experiments). Because
the experimental evidence supported that the diphosphine-CuH
complexes should be in the monomeric form,”* the monomeric
ligated CuH species were constructed as the catalysts in this
section. To reduce computational costs, the calculations are
performed with the B3LYP/gen method (3-21G** basis sets being
employed for the moieties of the above ligands except for P atoms;
6-314+G(d,p) basis sets for the rest at the B3LYP level). To take the
entropy effects into account, the following discussion is based on
the Gibbs free energies of reaction. As toluene was often used as
the solvent in experiments,” the latter calculations were carried out
with a dielectricity constant ¢ = 2.379 for the solvent toluene. For
evaluating the solvent effects, single-point self-consistent reaction
field (SCRF) calculations based on the polarized continuum model
(PCM)"" were carried out on the optimized geometries for all
species at the B3LYP/gen level. The solvation free energy was
calculated at the B3LYP/6-31+G(d,p) level and added to the gas-
phase free energy to obtain the Gibbs free energy in toluene (Gi.,)
at 298.15 K, with radii = UAHF. Unless otherwise stated, the G,
is used in the discussion and the energy curves refer to the G,
scale. For the BDPP system, all IMs and TSs along the entire
reaction route were located on the potential energy surface (PES).
For the other chiral ligated systems, only the stereo-controlling
TSs were optimized at the same level.

All calculations were performed with the Gaussian 03
programs.’® Frequencies were calculated at the same level to con-
firm each stationary point to be either a minimum (no imaginary
frequency) or a saddle point (unique imaginary frequency), and
to obtain the zero-point correction.

3. Results and discussion
3.1 Hydrosilylation catalyzed by diatomic CuH molecule

The corresponding optimized structures and the energy diagrams
along the predicted reaction path are depicted in Fig. 1 and 2.

As shown in Fig. 1, the calculations feature a two-step catalytic
cycle in the CuH/acetophenone/SiH, system: (1) CuH addition
step: a diatomic CuH molecule coordinates to acetophenone
with the formation of the precursor complex COMI. Then, the
hydrogen atom of CuH migrates to the carbon atom of the
carbonyl moiety via a four center transitional state TS1, generating
a copper-alkoxide intermediate IM1, (2) regeneration of CuH
catalyst: IM1 interacts with an external SiH,, followed by the
metathesis process to yield the corresponding silyl ether with
concomitant regeneration of the CuH catalyst. The above results
are generally compatible with the mechanism of formaldehyde
hydrosilylation proposed by Gathy et al.?

TS2 M2

Fig. 1 Optimized structures of all intermediates and transition states in
the simple CuH/acetophenone/SiH, system.
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Fig. 2 Energy diagram along the reaction route in the simple
CuH/acetophenone/SiH, system. Relative energies (in kJ mol™) for
various species are calculated at the B3LYP/6-31+G(d,p) level. (AGg:
Gibbs free energies in the gas-phase; AG,,,: Gibbs free energies in toluene;
AEpe: ZPE-corrected electronic energies).

As shown in Fig. 2, regardless of the AG,,,, AGgr or AE g,
the first reaction step possesses the largest energy barrier, which
indicates that the CuH addition step via TS1 might be the rate-
determining step (RDS) for the overall reaction. The inclusion of
the solvent effect induced by toluene exerts a little influence on
the energy barriers, suggested by the smaller discrepancy (<6.2 kJ
mol™) between AG,,, and AGgr on the PES. On the other hand,
the calculations give a AE,p; much different from AGgr and AG,,,,
which might be caused by the exclusion of entropic or solvent
effects.

It should be noted that there are no experiments directed
to such a simple diatomic CuH system in the literature, which
makes the precise comparison with experimental observations
less meaningful. For the ligated CuH catalysts actually used in
solution experimentally, the simulations on ‘actual’ systems in the
condensed phase is necessary and therefore performed in the next
section.

3.2 Hydrosilylation catalyzed by BDPP-CuH complexes

The optimized structures along the predicted reaction paths and
the energy diagrams in the BDPP-CuH system are depicted in Fig.
3 and Fig. 4, respectively. As shown in Fig. 3, in the L,-CuH cata-
lyst, the BDPP(L,) bonds with the copper center by its P-ends with
P-Cu lengths of 2.311 A and 2.347 A, respectively, and the CuH

This journal is © The Royal Society of Chemistry 2012
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Fig.3 Optimized intermediates and transition states in the L,-CuH/acetophenone/SiH, system. Bond lengths are in A, and bond angles are in degrees.

bond is slightly out of the P-Cu-P plane with a distorted angle
6 of 23.6°. Next, the coordination of L,—CuH to acetophenone
can alternatively occur from the re or si face of the substrate
with the formation of catalyst-acetophenone complexes. Since
L, possesses C,-symmetry, two L,;-CuH-acetophenone complexes
(L,-CuH-COM-re, L,-CuH-COM-si) different in the orientation
of acetophenone to the L,-CuH catalyst result from the above
coordination process.

In L,-CuH-COM-re, the L,-CuH moiety is located on the re-
side of acetophenone with a Cu—O distance of 2.984 A. The Cu—
H moiety is further distorted out of the P-Cu-P plane with an
angle of 28.0°, and the Cu-H bond length is slightly elongated to
1.559 A. In contrast, for L,-CuH-COM-si, the L,-CuH moiety
is on the si-side of acetophenone with a Cu-O distance of
2.325 A. The Cu-H moiety is drastically distorted out of the P—
Cu-P plane with a larger angle of 45.2°, and the corresponding
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Fig. 4 Energy diagrams along the reaction routes in the

L,-CuH/acetophenone/SiH, system. The relative Gibbs free energies
in the solvent (AG,,,) at the B3LYP(PCM)/6-31+G(d,p) level are in kJ
mol™.

Cu-H bond is elongated to 1.577 A. The following reaction can
take place from L,-CuH-COM-re or L,-CuH-COM-si, and the
corresponding reaction routes are marked as path-re or path-si,
respectively.

Reaction path-re. From L,-CuH-COM-re, the addition of
CuH into the carbonyl from the re face with the cleavage of
the Cu-H bond takes place via L,-CuH-TS1-re, leading to an S-
configuration copper-alkoxide intermediate L,-CuH-IM1-re. L,-
CuH-TSl1-re is a four-membered cyclic transition state with an
elongated C—=0 bond of 1.284 A and a shortened C-H bond of
1.865 A. Notably, the phenyl ring of acetophenone in L,-CuH-
TS1-re is nearly parallel with the equatorial P-aryl ring (aryl
ring at the phosphorus atom), which features L,-CuH-TS1-re in
the face-to-face mode. After L,-CuH-TS1-re, the C-H distance
shortens to 1.110 A in L,-CuH-IM1-re, indicating the completion
of the addition of the CuH moiety to the carbonyl group. PCM
calculations predict the Gibbs energy barrier (AG*,,) of this step
to be 37.5 kJ mol™.

The second step is the recovery of the L,-CuH catalyst by an
external SiH, via L,-CuH-TS2-re. In this step, the hydrogen of
SiH, migrates to the copper center via a four-membered transition
state L,-CuH-TS2-re, followed by the release of the final product.
L,-CuH-TS2-re features the factors: the Cu—H bond has already
been formed, while the O-Si bond formation is on the way and
the Cu-O bond begins to elongate.

Finally, the S-configuration product is yielded with the recovery
of the L,-CuH catalyst. PCM calculations predict the energy
barrier (AG*,.,) for the second step to be 76.3 kJ mol™ in Gibbs
free energies.

Reaction path-si. There exists another reaction route path-
si similar to the path-re in mechanism. Along this reaction
route, the chiral L,-CuH catalyst gets close to acetophenone
from the si face to generate an R-configuration copper-alkoxide
intermediate L,-CuH-IM1-si via L,-CuH-TS1-si. In L,-CuH-
TS1-si, the equatorial P-aryl ring at the phosphorus atom and
the phenyl ring of acetophenone are in the edge-to-face mode.
After L,-CuH-TS1-si, the C-H bond shortens to 1.112 A in
L,-CuH-IM1-si. Next, the recovery of L,-CuH by the external
SiH, occurs, leading to the formation of the final product in
the R-configuration. The properties of PES along the path-si are
comparable with that along the path-re. The CuH addition TS (L,-

CuH-TSI1-si) along path-si possesses an energy barrier of 42.0 kJ
mol™.

Compared with the simple diatomic CuH system, the Gibbs
energy barrier at TS1 is dramatically dropped to ca. 40 kJ mol™ in
the L,-CuH catalytic system. These results suggest that the ligated
CuH complexes decrease the energy barrier and exhibit a better
catalytic performance for the hydrosilylation of ketones. NBO"
analysis predicts that the charge accumulated at the Cu atom in
the BDPP-ligated CuH system changes more moderately than
that in the simple diatomic CuH system (Fig. 5). Especially, the
charge at the Cu atom is ca. 0.7 e in L,-CuH-TSls, significantly
more negative than that in the simple CuH-TS1 species (0.843 e).
This might be caused by the chelation effect in which the two
phosphorus atoms make the CuH catalyst accept more negative
charge. With such electronic properties, the electrophilic carbonyl
group prefers to interact with the diphosphine-ligated CuH
catalyst, and therefore the energy barrier of the CuH addition
process decreases in the ligated CuH system.

0.9
0.8
0.7 1
0.6 [
0.5
0.4

natural charge

0.3
0.2

a

CuH +

com TS1 M1 TS2 product

Fig. 5 Charge at the Cu atom changes in the hydrosilylation reaction.
(A: CuH gas-phase system; [J: path-si in BDPP-CuH system; ¢: path-re
in BDPP-CuH system).

Distribution of final products. As shown in Fig. 4, the second
step via TS2 possesses the largest energy barrier along each
reaction path, implying that the metathesis process might be
the rate-determining step (RDS) for the BDPP-CuH-catalyzed
reaction.

However, according to the Curtin-Hammett principle,® the
evolution of the most stable intermediate IM1 is vital for the
distribution of final products. As shown in Fig. 4, the reverse
energy barrier from IM1 to COM via TS1 is much larger than
the forward one via TS2, which means that the first reaction
step should be irreversible. The above result indicates that the
first reaction step is responsible for the enantioselectivity and the
second step is related to the reaction rates. This could interpret
the experimental observations of Lipshutz’s group® and Lee’s
group'! that the organosilanes affected the reaction rates but not
the enantioselectivity of product.

L,-CuH-TS1-re along the reaction path-re is 3.8 kJ mol™ lower
than its analogue L,-CuH-TS1-si along path-si in Gibbs free
energies, which means that the major product should be in the
S-configuration. According to the Boltzmann distribution, the
theoretically predicted ee for the corresponding S-product is 64%
in the present calculations. Although this theoretical prediction
overestimates the 40-56% ee of the S-product in experiments,*
the present calculations successfully reproduce the correct major
product.

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Optimized intermediates and transition states in the L,—L;* systems. Bond lengths are in A, and bond angles are in degrees.

3.3 Simulation on the other chiral systems

To evaluate the computational accuracy in the tested reaction,
two actually used ligands (L, and L;, see computational details)
were also introduced in the following calculations. As mentioned
above, the distribution of the final products is determined in
the first reaction step (CuH addition step). Therefore, to reduce
computational costs, the following investigations on the stereo-
chemistry of these ligated systems will focus on the structures of
CuH addition transition states L-CuH-TS1s. The optimized L-
CuH-TS1s are provided in Fig. 6. Similar to the L,-CuH system,
these ligated-CuH catalysts also possess a gross structure of a
P—Cu-P network. For these ligands of C,-symmetry, two attack
modes for the CuH catalyst to the substrate result: the catalyst
could attack acetophenone from the re face to give the product in
an S-configuration; while the catalyst could attack acetophenone
from the si face to generate the product in the R-configuration.

For the L, and L; ligand systems, the competing TSs can be
distinguished from each other by the location of the phenyl ring of
acetophenone with respect to the ligand. In L,- and L;-CuH-TS1-
si, the phenyl ring of acetophenone is in the face-to-face mode to
the equatorial P-aryl ring with the formation of a parallel displaced
configuration.

In contrast, the phenyl ring of acetophenone and the equatorial
P-aryl ring are located in the edge-to-face mode in L,- and

L;-CuH-TS1-re, which might generate a considerable repulsion
between the substrate and the ligand. Therefore, the larger
steric hindrance between the P-aryl ring of the ligands and the
phenyl ring of the substrate might be the original reason for the
stereochemistry of the reaction. The TSs in the face-to-face mode
are thermodynamically more stable than those in the edge-to-face
mode.

PCM calculations indicate that L,- and L;-CuH-TS1-si in the
face-to-face modeis ca. 4-10 kJ mol™ more stable than its analogue
L,- and L;-CuH-TS1-re. Table 1 summaries the PCM energy gaps
(AG”, ) of these TSs at the BALYP(PCM)/6-31+G(d,p) level and
the experimental results. Although the calculated AG”,,, for L,—
L; are slightly overestimated compared to experimental values,
the predictions are correct for the major product. These results
indicate that the present calculations are reasonable.

3.4 Effect of the ligand structure on the stereochemistry

As shown in Table 2, for the actually used L,~L; systems, the
ee value has a positive relationship with the P-Cu-P bite angle
in either the favoured TS1 or the disfavoured one. The higher
ee values are observed in the systems with the larger bite angle
in general. For example, in the favoured TS1s, the bite angles
are 99.0° in L;, 103.3° in L,, 105.3° in L;. Correspondingly,
the calculated and experimental ee values exhibit the same trend
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Table1 Relative Gibbs free energy gaps (AG*, .., in kJ mol™) at the
B3LYP(PCM)/6-31+G(d,p) level for the L,—L;* systems

Ligand Cal. AG”, o Exp. AG*, Exp. ee (%)
L, -3.8 -3.1 56(S)*

L, 6.1 4.7 T4(R)™

L, 10.3 8.6 94(R)*™
L;* 3.5 — —

*AG g0 = G oty (TS1-re) — G*,y (TS1-si). Occupied probability based on
the Boltzmann distribution, N»/N = [g,exp(—G,/kT)]/[Eg.exp(-G,/kT)]
(T=298.15K).ee=[(R-S)|/(R+S).

Table 2 Calculated P-Cu-P bite
enantioselectivities

angles versus experimental

Ligand 6 in favoured TS1 0 in disfavoured TS1 Exp. |AG*,| (kJ mol™)

L, 99.0 99.4 3.1
L, 103.3 103.9 .

L, 105.3 104.8 8.6
L;* 105.4 105.1 —

for the L, to L; systems. In other asymmetric catalytic reactions
catalyzed by metal-complexes of C,-symmetry, bite angles roughly
related to the stereochemistry have been documented,? but the full
reason for this apparent phenomenon is still uncertain.

It should be emphasized that L; is associated with the largest
P-Cu-P bite angle, but it possesses dimethyl residues at the P-aryl
rings, which is much different from L, and L,. To understand the
role of the substituents on the P-aryl rings, L;* was constructed
and used in the simulation (see Scheme 3). The calculated energy
gap AG*,,, for the L;* system is rather low (3.5 kJ mol™) when
compared to that of the L; system (10.3 kJ mol™), which means
that the ligand with the substituents on the P-aryl rings has a more
remarkable chiral induction in such hydrosilylation reactions.

As shown in Fig. 6, the bite angles in the L; and L;* systems
are almost the same (105.3° versus 105.4° in the favoured TS1),
suggesting that the bite angle is sensitive to the framework of the
ligand rather than the substituents on the P-aryl rings.

Apart from the bite angles, the impact of the substituents on the
P-aryl rings on the enantioselectivity was also observed in other
ligated metal-catalyzed reactions.”® Pregosin et al. explained the
diaryl meta effect for MeO-BIPHEP complexes related to Heck,
allylic alkylation and hydrogenation reactions.?®»** They supposed
that one of the two 3,5-dimethyl P-aryl rings interacts selectively
with the remaining ligand, and then, the entire chiral pocket
becomes slightly more rigid and the correlation with substrate
improves. On the basis of related experimental results with other
metal-catalyzed systems reported by other groups and copper
complexes calculated by our group, it could be deduced that the
dialkyl meta effect on enantioselectivity has some generality in
enantioselective catalysis.

In the present investigation, the apparent relationship between
the structural parameters and enantioselectivities is rationalized
for the titled reaction. The high ee values are not only associated
with larger bite angles, but are also dependent on the structure of
the P-aryl ring moieties. These two structural parameters together
control the enantioselectivity of the reactions. The advantageous
parameters for good enantioselectivities include: (1) larger bite
angles in the biaryl diphosphine-complexed copper hydride; (2) a

diphosphine ligand with substituted P-aryl rings is more preferable
than a ligand with P-phenyl rings.

4. Conclusions

The calculations indicate that the mechanism of ketone hydrosily-
lation is composed of two steps: (1) CuH addition to the carbonyl
group: ligated copper hydride coordinates to acetophenone, fol-
lowed by the addition of the hydrogen atom to the double bond
of carbonyl moiety via a four-membered transition state with the
formation of copper-alkoxide intermediates, (2) regeneration of
ligated CuH catalysts by an external SiH,: the copper-alkoxide
interacts with SiH, through a metathesis process to yield the
corresponding silyl ether. In the diphosphine ligand systems, the
distribution of the final products should be closely dependent
on the CuH addition step via TS1, and therefore this step is
stereo-controlling. The introduction of the ligand, such as BDPP,
dramatically decreases the energy barrier in the CuH addition
step, suggesting that the ligated CuH-catalyzed reaction might be
ligand-accelerated. The larger steric hindrance between the P-aryl
rings of the ligands and the phenyl ring of the substrate might be
the original reason for the stereochemistry of the reaction. The
TS1 in the face-to-face mode, suffering less steric hindrance, is
much more stable than its competing TS in the edge-to-face mode.
Furthermore, the P-Cu-P bite angle and the substituents on the
P-aryl rings are both key structural parameters controlling the
enantioselectivity of the copper-catalyzed hydrosilylation.
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