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The rhodium-catalyzed asymmetric synthesis of dibenzooxasilines developed by Hayashi and co-workers
provides an efficient method to construct tetraorganosilicon stereocenters. In the present study, density
functional theory (DFT) calculations were performed to investigate the mechanism and enantioselectivity of
this reaction. Theoretical calculations indicate that the mechanism involves the initial formation of an aryl-
oxorhodium complex followed by Rh-Si exchange to afford an arylrhodium complex. The favorable oxida-
tive addition/reductive elimination to cleave one Si-C(phenyl) bond from the arylrhodium complex deter-
mines the enantioselectivity. The enantioselectivity originates from the silyl moiety extruding from the
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Introduction

Organosilicon compounds generally have high thermal and
chemical stabilities and are readily available, relatively inex-
pensive and non-toxic; thus, as organometallic nucleophiles,
they possess many advantages over other organometallic com-
pounds." Compared with other organometallic nucleophiles,
organosilicon compounds are weak nucleophiles because the
carbon-silicon bond is only weakly polarized.> Because of the
above-mentioned special properties, organosilicon com-
pounds are widely used in various transition-metal (e.g.,
nickel,® copper,” iridium,” palladium,® rhodium,” ruthenium,?
iron®)-catalyzed organic reactions. For example, Chatani and
co-workers reported rhodium-catalyzed intermolecular cou-
pling of 2-trimethylsilylphenyl boronic acids with alkynes by
the cleavage of an inactive C(sp*)-Si bond.*® Xi and coworkers
developed an efficient process involving Rh-catalyzed selective
cleavage of a C(sp®)-Si bond and consequent cis-addition to a
C-C unsaturated bond, affording silatricyclic compounds.™
Murakami and coworkers presented a unique palladium-
catalyzed intermolecular c-bond exchange reaction between
C-C and C-Si -bonds."”

Various methods are available for the preparation of
carbon-stereogenic compounds.’® In contrast, there are very
limited reports on the synthesis of organosilicon compounds
containing tetraorganosilicon stereocenters.'* It is well
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phenyl ring on the rhodium atom in the reductive elimination transition state.

known that chiral silicon compounds do not exist in nature.
Therefore, broadening the scope of accessible chiral
organosilicon compounds is highly desirable. The pioneering
work on the asymmetric construction of chiral silicon centers
was reported by the Corriu™ and Kumada groups in the
1970s."® Since then, a number of catalytic systems have been
developed for the synthesis of chiral silicon compounds.’
For example, Nishihara and coworkers reported palladium-
catalyzed enantioselective arylation of secondary silanes.'®
Takai and coworkers reported asymmetric rhodium-catalyzed
Si-H silylation to synthesize spirosilabifluorene derivatives."

Recently, Hayashi and coworkers reported a straightfor-
ward process for the formation of silicon-stereogenic
organosilanes using rhodium-catalyzed enantioselective
transmetallation of prochiral organosilicon compounds
(Scheme 1).° A combination of [Rh(OH)(coe),], and the (8,S)-
Me-Duphos ligand afforded the product in 89% yield and
91% ee. However, the origin of the enantioselectivity was
unclear. From the reaction shown in Scheme 1, formation of
the chiral silicon center involves S-C bond cleavage. As we
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Scheme 1 Rhodium-catalyzed asymmetric synthesis of dibenzooxasilines.
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will see, how the Si-C bond is cleaved and how the cleavage
is related to the formation of the chiral silicon center are es-
pecially interesting. In order to elucidate the key factors in
the formation of the chiral silicon center, we carried out den-
sity functional theory (DFT) calculations to explore the reac-
tion mechanisms and origins of the enantioselectivity of the
reaction shown in Scheme 1.

Computational methods

All the DFT calculations were carried out with the GAUSSIAN
09 program package.>' Density functional theory at the level
of B3LYP?* with the standard 6-31G(d) basis set>® (LanL2DZ
basis set>* for rhodium atom) was used for geometry optimi-
zations. Harmonic frequency calculations were performed at
the same level of theory for all the stationary points to con-
firm them as local minima or transition structures and to de-
rive the thermochemical corrections for the enthalpies and
Gibbs free energies.

The recently developed MN12-L functiona
calculate the single point energies. Solvent (tetrahydrofuran)
effects were also considered in the single point energy calcu-
lations based on the gas-phase optimized stationary points
using the SMD solvation model.*® The larger basis set
6-311+G(d,p) (LANLOSf basis set®” for the rhodium atom) was
used in the single point energy calculations. The energies
given and discussed in this paper are the solvation-corrected
MN12-L calculated Gibbs free energies. The NCIPLOT analy-
ses were conducted with Multiwfn*® and VMD.*® The 3D im-
ages of the calculated structures were prepared using
CYLview.*

1** was used to

Results and discussion

From the reaction shown in Scheme 1, it is convenient to as-
sume that the reaction mechanism involves O-coordination
of a substrate molecule to Rh followed by oxidative addition
(0A) involving Si-C bond cleavage and then reductive elimi-
nation to form an Si-O bond, affording the product molecule.
In order to achieve this, two possible pathways must be con-
sidered.’" Scheme 2 shows the two possible catalytic cycles.
Both cycles start with A, a species generated from trans-
metallation between a monomeric Rh complex and the sub-
strate. In path a (blue line), an Si-C(phenyl) bond is oxida-
tively added to the Rh(1) metal center of A to afford the Rh(m)
intermediate B, which then undergoes Si-O bond-forming re-
ductive elimination, producing the phenylrhodium species C
and the dibenzooxasiline product. In path b, an alternative
OA, which cleaves the Si-C(biphenyl) bond instead, occurs to
afford a different Rh(m) intermediate (D), which undergoes
Si-O bond-forming reductive elimination to provide E. The
transformation of A to E is in fact achieved via a formal me-
tathesis between the relevant Si-C and Rh-O bonds. From E,
oxidative addition of one Si-C(phenyl) bond affords F,
followed by reductive elimination, again yielding the
phenylrhodium species C and the product. The two pathways

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Proposed mechanisms for the Rh-catalyzed synthesis of
dibenzooxasilines.

join at the phenylrhodium species C. From C, insertion of
ethyl acrylate into the Rh-phenyl bond takes place to afford
the square-planar intermediate G, from which subsequent
protonolysis with another substrate molecule regenerates the
active aryloxorhodium species A and completes the catalytic
cycle.

From Scheme 2, the active aryloxorhodium species A is
formed by reacting the precatalyst with the substrate in the
presence of the chiral ligand (S,S)-Me-Duphos. The formation
of A from the precatalyst is indeed very thermodynamically
favorable (see Fig. S1 in the ESIT), supporting the mechanis-
tic hypothesis presented in Scheme 2.

Formation of the dibenzooxasiline from aryloxorhodium
species A

On the basis of the mechanisms shown in Scheme 2, we first
consider the oxidative addition (A — B) and reductive elimi-
nation (B — C) processes, as shown in Fig. 1. Experimentally,
the (S,S)-Me-Duphos ligand affords the product in 89% yield
and 91% ee; therefore, in our calculations, we used (S,S)-Me-
Duphos as the ligand. Starting from active species A, in which
one of the phenyl rings on the silicon atom coordinates with
the Rh(1) center, intramolecular oxidative addition of the Si-
C(phenyl) bond can take place via the transition state TSanr®)
with a 21.2 kcal mol™" barrier. The square pyramidal Rh(m)
intermediate B-R is then formed and is endothermic by 15.3
keal mol™. The subsequent reductive elimination occurs via
the transition state TSp.q) With a free energy barrier of 7.2
kcal mol™ relative to B-R and releases the (R)-configuration
dibenzooxasiline product. Alternatively, the dibenzooxasiline
product can be formed from complex A via a direct

Catal. Sci. Technol., 2019, 9, 646-651 | 647
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Fig. 1 The free energy profiles calculated for the formation of the (R)-
configuration dibenzooxasiline product starting from intermediate A.

transmetallation transition state TSp.cgr) with a 22.4 keal
mol ! barrier.

Rh-Si exchange to form arylrhodium species E followed by
transmetallation

According to previous experimental studies®> and computa-
tional studies,*® Rh-Si exchange may also occur. In the fol-
lowing sections, our main objective is to obtain deep insight
into the cleavage of the Si-C(biphenyl) bond versus the Si-
C(phenyl) bond. The calculated energy profiles to form
arylrhodium complex E are shown in Fig. 2. The calculation
results reveal that Si-C(biphenyl) bond cleavage via TSa.p re-
quires an activation free energy of 16.7 kcal mol* to afford
the Rh(m) intermediate D. The generated intermediate D
adopts a square pyramidal geometry and is endergonic by 3.0
keal mol™. The subsequent reductive elimination process re-
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Fig. 2 The free energy profiles for Rh-Si exchange/transmetallation
from intermediate A.
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quires an overall barrier of 19.2 kcal mol™ (from A to TSp.g).
On the other hand, the transmetallation pathway via transi-
tion state TS,k to afford the arylrhodium E is 5.3 kcal mol !
lower in energy than the oxidative addition/reductive elimina-
tion pathway. The above results suggest that the Rh-Si ex-
change is an energy-downhill process and occurs directly via
a transmetallation transition state.

From the n-coordinated arylrhodium complex E (Fig. 3),
transmetallation of one of the two Si-C(phenyl) bonds via
transition state TSg.cr) occurs to afford the (R)-configuration
product and phenylrhodium complex C with a very high bar-
rier of 34.9 kcal mol™. Clearly, this pathway is very energeti-
cally unfavorable. The energy profiles calculated for the for-
mation of the byproduct from complex E are presented in the
ESI{ (Fig. S2).

Oxidative addition of the Si-C(phenyl) bond of arylrhodium
species E

In addition to the transmetallation pathway, the alternative
oxidative addition/reductive elimination pathway was ex-
plored. As shown in Fig. 4, a facile oxidative addition process
can occur through transition state TSg.pg) to form intermedi-
ate F-R; subsequent reductive elimination affords the
phenylrhodium C and the product. This stepwise pathway re-
quires a 14.5 keal mol™" overall barrier from intermediate E.
Therefore, our calculation results indicate that formation of
the (R)-configuration product is favored via oxidative addi-
tion/reductive elimination of arylrhodium complex E, and re-
ductive elimination of the Si-C(biphenyl) bond is the
enantioselectivity-determining step.

The next issue that must be addressed is the origin of
enantioselectivity. The free energy profile leading to the (S)-
configuration product via the oxidative addition/reductive
elimination pathway from arylrhodium complex E is illus-
trated in Fig. 4. The formation of the Rh(m) intermediate F-
S via transition state TSg.p(s) is slightly more favorable than
that by TSgpgr). However, the reductive elimination transi-
tion state TSg.c(s) is 2.6 kcal mol ! less stable than TSr.c(r)-
The above results suggest that oxidative addition/reductive

TSe-cr)

Fig. 3 Optimized structures of selected intermediates and transition
states; distances are given in angstroms and angles in degrees.

This journal is © The Royal Society of Chemistry 2019
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elimination leading to the observed (R)-configuration prod-
uct is more favourable, and the value of ee (96%) predicted
based on the energy difference between TSg.cr) and TSg.q(s)
is in good agreement with the experimental result (91%).
From phenylrhodium C, the calculated energy profile to re-
generate the active species complex A is given in the ESIf
(Fig. $3).

In order to obtain details of the origins of the enantio-
selectivity of this reaction, all possible transition states that
result in different chiral products were computed. The chiral
environment created by the (S,S)-Me-Duphos ligand can be
described according to the quadrant analysis (Fig. 5a).>* The
NE and SW quadrants are both occupied by methyl groups
on the ligand; thus, these two quadrants are sterically more
encumbered than the NW and SE quadrants (where the two
hydrogen atoms are oriented toward the Rh center). These
chiral pockets created by the ligand are expected to affect the
orientations of the substrates. As shown in Fig. 5b, both F-R
and F-S adopt square pyramidal geometries, and the silyl
group occupies the vertex position. However, in the transition
state TSg.c(r), the Si-C(biphenyl) bond forms in the SE quad-
rant (less steric repulsion quadrant). In contrast, in TSp.cg),
the Si-C(biphenyl) bond forms in the methyl group-blocked
SW quadrant. Moreover, in the process of Si-C(biphenyl)
bond formation, the silicon atom will approach the carbon
atom of the Rh-C(biphenyl) bond accompanied by the silyl
moiety, which tends to squeeze the phenyl ring (green phenyl
group on the rhodium atom). In the structure of TSg.cg), the
dihedral angle of C1-Rh-P-C2 is 170.7°, which indicates that
the phenyl ring on the rhodium is tilted slightly toward the
NW quadrant. However, in the transition state TSpc(s), the
silyl group will extrude the phenyl group on the rhodium
atom and tilt it toward the NE quadrant (methyl group-
blocked quadrant). Consequently, the phenyl group is consid-
erably distorted from the square-planar geometry to mini-
mize steric interaction (the dihedral angle of C1-Rh-P-C2 in
TSr.(s) is 109.6°).

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Quadrant analysis of the chiral environment created by the
(S,S)-Me-Duphos ligand. (b) Optimized structures of F-R, F-S, TSg.c)
and TSg.c(s). Distances are given in angstroms and angles in degrees.

To obtain a clearer view of the steric repulsion induced
by the spatial environment, NCIPLOT analysis was
performed to describe the steric repulsion. As shown in
Fig. 6, the higher activation energy barrier of transition
state TSpc(s) can be rationalized by the labelled steric

Catal. Sci. Technol., 2019, 9, 646-651 | 649
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Fig. 6 NCIPLOTs of TSg.c(r) and TSg.c(s). The s = 0.6 au isosurface is
colored according to a BGR scheme over the range of -0.02 <
sign(lz)p < 0.02 au. Blue indicates strong attractions, green indicates
very weak interactions, and red indicates strong repulsion.

repulsion between the phenyl groups on the silicon atom
and the phosphine ligand.

Conclusions

In summary, the detailed mechanism of the rhodium-
catalyzed asymmetric synthesis of dibenzooxasilines has been
investigated with DFT calculations. The calculation results re-
vealed that the mechanism consists of the following steps: (i)
the hydroxorhodium complex initially undergoes deproton-
ation with the substrate to generate the aryloxorhodium
intermediate; (ii) Rh-Si exchange occurs to afford the
arylrhodium complex; (iii) oxidative addition/reductive elimi-
nation generates the dibenzooxasiline product; (iv) the active
aryloxorhodium species A is regenerated with the aid of ethyl
acrylate.

The related enantioselectivity of this reaction has also
been investigated. The results indicate that the enantio-
selectivity is determined during the step of oxidative addi-
tion/reductive elimination from the arylrhodium complex.
The origin of the enantioselectivity has been elucidated by
quadrant analysis and NCIPLOT analysis. It was found that
in the reductive elimination transition state TSg.c(s), the silyl
group will squeeze the phenyl ring on the rhodium atom to
tilt toward the methyl group-blocked quadrant, which causes
significant steric repulsion and eventually leads to formation
of the (R)-configuration product.
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