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Here, we report a highly efficient rhodium-catalysed enantioselective hydrosilylation of unactivated
alkenes, achieving excellent regioselectivity and high enantioselectivity. The use of a commercially
available chiral ferrocene-based phosphine—oxazoline ligand was crucial in achieving excellent chiral

induction and high reactivity with undirected unactiviated alkenes, delivering Si-stereogenic

monohydrosilanes in high yields and excellent enantioselectivities. This protocol represents a robust,
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Accepted 4th June 2025 scalable method for the enantioselective synthesis of Si-stereogenic monohydrosilanes, featuring a low
catalyst loading, a broad substrate scope and exceptional functional group and heterocycle tolerance.

DOI: 10.1039/d55c02714j Moreover, the late-stage functionalization of complex motifs opens a new avenue for incorporating

rsc.li/chemical-science chiral silicon motifs into pharmaceuticals and bioactive compounds.
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Introduction

Organosilanes are a class of versatile compounds and have
already been utilized as synthetic linchpins, catalysts, adhesion
promoters, sensors, etc. in both fundamental research and
industrial processes." Among those valuable organosilanes, Si-
stereogenic organosilanes are emerging as a particularly
compelling class of architectures due to their unique potential
in synthetic chemistry, advanced materials, and pharmaceutical
design (Scheme 1a).? Their stereochemical complexity opens up
new possibilities in areas such as mechanistic study, chiral
recognition, catalysts, CPL materials, and drug development.
For example, a cyclic monohydrosilane has been applied as the
mechanistic probe by Oestreich and co-workers.*> Furthermore,
recent advances in chiral ligand design,* such as spirosilacycle-
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based chiral ligands, demonstrate the growing role of silicon
stereochemistry in asymmetric catalysis. Despite the growing
demand in fields like medicinal chemistry and materials
science, expanding the repertoire of Si-stereogenic organo-
silanes remains an unmet challenge.> Currently, existing strat-
egies, including  hydrosilylation,***®  dehydrogenative
silylation,® carbene insertion and cross-coupling," etc. have
made strides toward novel Si-stereogenic architectures.
However, the development of robust and scalable methods for
accessing these highly coveted structures remains a critical
objective.

Transition-metal-catalyzed enantioselective hydrosilylation
of alkenes offers one of the most direct and efficient ways for
constructing organosilane frameworks with 100% atom
economy.' While numerous studies have demonstrated for the
access of carbon-stereogenic organosilanes, which serve as key
intermediates for the preparation of diverse chiral molecules,
the preparation of silicon-stereogenic organosilanes via the
transition-metal-catalysed  hydrosilylation of alkenes®™*
remains far less explored. This is probably due to inherent
challenges in controlling stereochemistry around silicon, as the
longer Si-H bond and the large atomic radius of silicon intro-
duce a highly flexible transition state in the transition-metal
catalysed hydrosilylation event. To data, access to Si-
stereogenic organosilanes via transition metal-catalysed
hydrosilylation of alkenes has been limited to intramolecular
reactions®®*" or intermolecular processes involving highly
reactive substrates, such as 1,4-dienes,® enynes¥ and methyl-
enecyclopropanes (MCPs).®¥ The intermolecular hydrosilylation
of unactivated alkenes for the construction of Si-stereogenic
compounds remains a big challenge due to the low reactivity
of unactivated alkenes and the difficulties in controlling the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a. Representative Si-stereogenic organosilanes.
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b. Construction of Si-stereogenic organosilanes via asymmetric hydrosilylation of unactivated alkenes.
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Scheme 1 Synopsis for Rh-catalysed enantioselective hydrosilylation.

regio- and stereo-selectivities. In this context, the Hou group
has reported an elegant example of intermolecular hydro-
silylation of unactivated alkenes employed an air-sensitive and
pre-prepared chiral half-sandwich scandium catalyst at high
temperature (left, Scheme 1b).* More recently, He, Zhang and
co-workers have mentioned a Rh-catalysed intermolecular
hydrosilylation of unactivated alkenes could only be realized
with moderated chiral induction (up to 84% ee) employing
unactivated alkenes bearing heteroatom-coordinating groups
(right, Scheme 1b).* During the submission of this manuscript,
the Xu group reported a Cu-catalysed asymmetric hydro-
silylation of terminal alkenes.'* Herein, we report a rhodium-
catalysed enantioselective hydrosilylation of unactivated
alkenes, enabling the construction of Si-stereogenic mono-
hydrosilanes with remarkable regioselectivity and enantiose-
lectivity. Crucially, this reaction features very mild conditions,
a broad substrate scope, excellent functional group and
heterocycle tolerance. The combination of rhodium catalyst and
the commercially available ferrocene-based phosphine-oxazo-
line ligand (phosferrox) is crucial for the high reactivity with
undirected unactivated alkenes and chiral induction, resulting
in the Si-stereogenic monohydrosilanes in excellent regiose-
lectivities and high enantioselectivities. The catalyst loading
could be lower down to 0.5 mol% without a decrease of effi-
ciency and chiral induction, demonstrating this protocol
a robust, scalable method for the enantioselective synthesis of
Si-stereogenic monohydrosilanes, which could convert to other
functional Si-stereogenic organosilanes in a stereospecific
manner. More importantly, this strategy not only overcomes the
limitations previously associated with silicon stereochemistry
via intermolecular hydrosilylation of alkenes, but also opens
new avenues for the incorporation of chiral silicon motifs into

complex molecules, particularly in the realm of

© 2025 The Author(s). Published by the Royal Society of Chemistry

pharmaceuticals, where late-stage functionalization is of para-
mount importance. Mechanistic and computational studies
indicate the reaction might undergo a Chalk-Harrod mecha-
nism, and the C-Si reductive elimination might be both rate-
and enantio-determining step (Scheme 1c).

Results and discussion

We initiated our investigation by using dihydrosilane 1a and 4-
phenyl-1-butene (2) as the model substrates, and employing
[Rh(cod)Cl], as the catalyst. Although the Rh-catalysed enan-
tioselective intermolecular hydrosilylation of unactivated
alkenes without a coordination group remains challenge in the
literature,* we were glad to find that this hydrosilylation gave
the desired linear selective hydrosilylated product in high yield
(80% yield) and excellent regioselectivity, albeit with an unsat-
isfying enantioselectivity (23% ee) when (R)-BINAP was added as
the ligand under very mild reaction conditions (30 °C in methyl
tert-butyl ether). Recognizing the critical role of the ligand in
transition-metal catalysed asymmetric reactions, we first
examined the influence of various ligands on this hydro-
silylation reaction (Scheme 2a). Since phosphine ligands are
commonly applied in Rh-catalysed asymmetric hydrosilylation,
we evaluated a range of phosphine ligands with axial (L1-L3),
central (L4-L8), or planar (L9) chirality. However, these ligands
yielded the target product 3a with low enantioselectivities
(<26% ee). Interestingly, a chiral phosphine-oxazoline ligand
with a ferrocenyl backbone, (S,Rp)-'Pr-phosferrox (L11), showed
promising chiral induction (46% ee), with an even higher ee
value observed with the (R)-Pr variant (L12, —59% ee).
Following this lead, the steric influence of phosferrox ligands
on this reaction was further evaluated, finding that the optimal
yield and enantioselectivity (52%, 74% ee) were achieved using
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a. Ligand evaluation.
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b. Optimal conditions and related control exepriments.

Ar H [Rh(ethylene),Cl], Ar‘ H
i (2.0 mol%) si Bn
©/SI"H Pl BN 15 (8.0 mol%) @ o WO
m T 2 diglyme (0.1 M) 3a
-20°C,48 h

81% isolated yield, 93% ee

entry deviation from optimal conditions 3a (%) ee (%)
1 [Rh(cod)Cl],, L15 (4.0 mol%), 30°C, 10h 52 87
2 [Rh(ethylene),Cl],, L15 (4.0 mol%), 30°C, 10 h 82 87
3 [Rh(ethylene),Cl],, L15 (6.0 mol%), 30 °C, 10 h 89 87
4 [Rh(ethylene),Cl],, L15 (8.0 mol%), 0 °C, 10 h 75 89
5  [Rh(ethylene),Cl],, L15 (8.0 mol%), 20 °C, 10 h 64 93

Scheme 2 Ligand evaluation for enantioselective Rh-catalyzed hydrosilylation.

(S,Sp)-Bn-phosferrox (L15) which has been employed in Rh-
catalyzed hydrosilylation of carbonyl compounds recently.*
The sterically hindered (R,Rp)-‘Bu-phosferrox (L13) and (R,Rp)-
Ph-phosferrox (L14) afforded comparable reactivity with L12.
After systematically screening the influence of solvents, diglyme
proved to be the optimal one, providing 3a in the highest
enantioselectivity (52% yield, 87% ee). Replacement of [Rh(cod)
Cl], with [Rh(ethylene),Cl], further increased the yield to 82%
(entry 2, Scheme 2b). After systematically evaluation of other
reaction parameters, the efficiency and enantioselectivity of this
reaction were further improved to 81% isolated yield with 93%
ee by conducting this reaction at —20 °C in diglyme in the
presence of [Rh(ethylene),Cl], (2.0 mol%) and (S,Sp)-Bn-
phosferrox L15 (8.0 mol%). The absolution configuration of
the hydrosilylated product was determined by X-ray crystallo-
graphic analysis of 5j,'* revealing an (S)-configuration (Scheme
4).

With the optimized conditions established, we explored the
substrate scope of this reaction with various dihydrosilanes
(Scheme 3). A series of unsymmetric dihydrodiarylsilanes,
bearing both electron-rich and electron-deficient aryl groups,
proceeded smoothly to deliver the desired silicon-stereogenic
monohydrosilanes in high yields and excellent enantiose-
lectivities. A broad spectrum of functionalities, including alkyl
(1b-d), methoxy (1f), trimethylsilyl (TMS, 1e), fluoro (1i, 1m),
chloro (1j, 1n, 1t), trifluoromethyl (1k, 1o0) etc., were well
compatible in this protocol, demonstrating the versatility of this
protocol. The substituents at para- (1b-k) and meta- (11-0)

12596 | Chem. Sci., 2025, 16, 12594-12602

positions normally exhibited similar levels of chiral induction.
Furthermore, dihydrosilanes with 2-naphthyl group (1p) and
piperonyl group (1q) were both well tolerated in this asymmetric
hydrosilylation, offering the corresponding products with an
enantioselectivities of up to 94% ee. It is worth noting that
alkenyl substituted dihydrosilane 1r proved to be a suitable
substrate, providing the corresponding product 3r in 64% yield
and 92% ee. However, the dihydrosilane bearing a styrenyl
group (1s) resulted in lower enantioselectivity, likely due to the
decreased steric hindrance around the silicon center.

Next, the generality of unactivated alkenes for this newly
developed protocol was explored. As shown in Scheme 4, a wide
variety of unactivated alkenes with diverse functional groups
were smoothly converted to the corresponding hydrosilylated
products 5 with moderate to high yields with excellent enan-
tioselectivities. The reaction features excellent functional group
tolerance, accommodating methoxy (4b), trifluoromethyl (4c),
chloro (4e), bromo (4f), ester (4g), silylether (4h), native
secondary amine (4i), and amide groups (4j-k). Those
substrates gave the hydrosilylated products in up to 98% yield
with enantioselectivities ranging from 81-95% ee. The reaction
with alkene containing ferrocene (41) proceeded smoothly to
offer the target product in 81% yield and 92% ee. Notably, the
protocol demonstrated exceptional tolerance for substrates
containing strongly coordinating heterocycles, such as pyridine
(4r) and quinoline (4s), which are traditionally challenging in
transition-metal catalysed reactions due to their strong coordi-
nation to metal centers. Despite these challenges, the reaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Scope of dihydrosilanes®?. Reaction conditions: 1 (0.2 mmol), 2 (31.8 mg, 0.24 mmol), [Rh(ethylene),Cll, (1.6 mg, 2.0 mol%), L15
(8.4 mg, 8.0 mol%), diglyme (2.0 mL), —20 °C, 48 h, N,. “Isolated yield; the ee value was determined by chiral HPLC analysis.

proceeded smoothly, delivering the desired products in high
yields (up to 97%) and with excellent enantioselectivities (up to
95% ee). This robustness underscores the versatility of the
catalytic system and its ability to handle coordination-prone

substrates without compromising reactivity or stereo-
selectivity. Additionally, other heterocycle-containing alkenes,
including benzothiophene (4m), carbazole (4n), phenothiazine
(40), furan (4p), and thiophene (4q), were well tolerated,
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affording the desired products in yields ranging from 70-95%
and up to 94% ee.

To underscore the synthetic utility of this newly developed
protocol, a gram-scale reaction was first conducted. Notably, the
catalyst loading could be reduced to 0.5 mol% without any
diminish in enantioselectivity (93% ee, Scheme 5a). This result
showcases the efficiency and scalability of the method, making
it highly practical for larger-scale applications. Next, this
protocol was applied to the late-stage functionalization of
complex molecules (Scheme 5b). The drug derivative of
probenecid (6a), containing a sulfonamide functional group,
was tolerated, delivering the corresponding hydrosilylated
product in a synthetically useful yield with excellent enantio-
selectivity (56% yield, 94% ee). Moreover, the versatility of this
method was further demonstrated by the installation of silicon-
stereogenic center on other drug derivatives, including indo-
methacin (7b), desloratadine (7c), isoxepac (7d) and atom-
oxetine (7e). In all cases, the insertion of the Si-stereogenic
fragment proceeded smoothly, affording the target compounds
with high efficiency and excellent chiral induction. The robust
tolerance for heteroatoms and heterocycles underscores the
potential of this protocol in pharmaceutical synthesis, particu-
larly for late-stage functionalization and for the preparation of
silicon-containing compounds. Additionally, the resulted
silicon-stereogenic monohydrosilane could serve as versatile

a. Gram-scale reaction.

H Ph Me [Rh(ethylene),Cl],

o
0, 2 (0.5 mol %)
NN H,st L15 (2.0 mol %)
+ —_—
o Me diglyme, -20 °C, 4 d
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b. Late-stage functionalization.
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synthetic precursor for the construction of other silicon-
stereogenic organosilanes via stereospecific transformations.
Using optical 5j as the model substrate, the derivatizations of
optical 5j were also performed (Scheme 5c). The chiral silanol 8
could be obtained with no loss in enantioselectivity using Pd/C
as catalyst and water as hydroxyl source. Stereospecific forma-
tion of tetraorganosilane 9 via carbene insertion further high-
lighted the method's capacity for constructing complex silicon-
stereogenic architectures. Moreover, 5j could be converted to
silyl ether 10 via the copper-catalyzed etherification, with only
a slight decrease in enantioselectivity (91% ee vs. 93% ee).

The preliminary mechanistic studies were carried out to gain
insight into this Rh-catalysed asymmetric hydrosilylation of
unactivated alkenes (Scheme 6). Based on our previous work,*"
where we demonstrated that Rh-catalysed hydrosilylation of
alkenes with dihydrosilanes proceeds via a Chalk-Harrod mech-
anism involving Rh-H insertion, we hypothesized that this reac-
tion might follow a similar pathway. To probe this, a deuterium-
labeling experiment was performed using deuterated substrate
1a-D and 4-phenyl-1-butene 2 under standard conditions
(Scheme 6a). The deuterated hydrosilylated product 3a-D was
obtained in 72% yield, with the deuterium exclusively located at
the B-position relative to the silicon atom. This observation might
be elucidated by the rapid insertion of alkene in to Rh-H inter-
mediate, followed by the reductive elimination. However, 12% of
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Scheme 5 Gram-scale reaction and synthetic applications.
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deuterium at silicon atom was replaced by hydrogen even using
freshly distilled diglyme (for more details, see ESIt). To investi-
gate this further, the reaction between 1a and 2 was carried out
under the same conditions in the presence of 5.0 equivalent of
D,0. The resulting product showed a similar distribution of
deuterium despite of the use of undeuterated dihydrosilane 2,
clearly suggesting that the observed deuterium loss in the
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deuterium labeling experiment might account for trace amount
of water in the diglyme. Next, a crossover study was conducted by
mixing 1a-D with 1h under standard conditions (Scheme 6b),
resulting in 48% deuterium remained in 1a and 50% deuterium
transferred to 1h. The hydrogen-deuterium exchange in cross-
over experiments indicated reversible Si-H bond activation in the
presence of Rh catalyst. In addition, the parallel KIE experiments
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Fig. 1 Energy profile of the asymmetric hydrosilylation of unactivated alkenes.
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were then performed under extremely dried conditions, the KIE
value (ky/Kp = 1.07) revealed that the oxidative addition of Si-H
bond is not involved in the rate-determining step of this reaction
(Scheme 6c), which is consistent with our mechanistic
hypothesis.

To further understand the mechanism and disclose the
stereocontrol origin of this Rh-catalysed asymmetric hydro-
silylation, density functional theory (DFT) calculations using
Gaussian 09 software were carried out based on the wB97XD/6-
31G(d,p)/Lanl2TZ(Rh)/def2-SVP(Fe) level of theory. As shown in
Fig. 1, it is an exothermic process (8.1 kcal mol ') to form the
catalytic species Cat. by the ligand exchange between the
[Rh(ethylene),Cl], and chiral ligand (S,Sp)-Bn-phosferrox. The
following reaction pathway initiated by Cat. were involved Si-H
oxidative addition, alkene insertion, and reductive elimination
to release 5a. The overall energy profile tends to be relatively low
activation barrier for each step and regenerate the Cat. for the
next catalytic cycle, suggesting this hydrosilylation would be
rather reactive consistent with the low reaction temperature.
The oxidative addition of Si-H bond with Rh(1) metal via its d,
orbital have to dissociate alkene coordination to enhance its
oxidation ability (the unfavorable TS1-S', see ESI Table S77 for
details), displaying a reversible barrier via TS1-S/TS1-R, which
are consistent with the crossover study and parallel KIE exper-
iments in Scheme 6b and c. The high regio-selective step of
alkene insertion to Rh-H bond (Chalk-Harrod mechanism) is
the low barrier and reversible, although the quite similar energy
of transition states cannot differentiate well for enantio-control
(Fig. S131). Both the enantio-determining and rate-limiting step
was predicted to be the reductive elimination step for the
formation of C-Si bond via TS3-S or TS3-R of INT3-S. More
inspections of the C-Si bond reductive elimination, different
coordinated scenarios had been proposed to evaluate the final
stereo-control, involving the forming C-Si bond trans-position
to N or P coordination of chiral ligand (see ESI Fig. S15+ for
details). The S-isomer control seems to undergo a favorable
trans effect, and the Rh-C bond at the trans-position of P
coordination is activated, supporting by the corresponding
intermediate in Fig. S14.7 Compared with TS3-R, TS3-S has
shorter Rh-Si/Rh-C bonds and longer C-Si bond, the character
of early transition state facilitated this enantio-determined
reductive elimination for S-isomer. In considering the more
possible conformations of transition states in ESLf{ the S-
isomer on silicane center dominated the calculated structures,
which stabilize by the C-H-m interaction between the oxazoline
and arene substituent of silicane group, leading to S-configu-
ration for 5a product. And the predicted enantioselectivity
would be 81% ee based on the Boltzmann distribution, which
are in agreement with the experimental 87% ee in Scheme 4.
These findings further reinforce the hypothesis that desym-
metrization of the dihydrosilane is crucial in determining the
stereochemical outcome.

Conclusions

In summary, we have demonstrated a rhodium-catalysed
enantioselective hydrosilylation of unactivated alkenes,
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enabling the efficient construction of Si-stereogenic silanes with
excellent regioselectivity and high enantioselectivity. This
reaction features a broad substrate scope, and excellent func-
tional group and heterocycle compatibility including tradi-
tionally challenging strong coordinating groups. The successful
application of this method in late-stage functionalization of
bioactive compounds and the synthesis of a bioactive analogue
underscore its potential utility in medicinal chemistry, partic-
ularly for the development of silicon-containing pharmaceuti-
cals. Ongoing studies in our laboratory focus on further
expanding the scope of Si-stereogenic derivatives via catalytic
asymmetric hydrosilylation.
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