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In view of the exciting advancement on silicon–carbon bond-forming transformations achieved in the past decade, this review
intends to show a unified illustration of the recent findings on enantioselective Si–H bond functionalization aided by asymmetric
catalysis. Accordingly, this review describes the enantioselective silicon–carbon bond-forming Si–H bond functionalization,
focusing on the reactivity and stereoselectivity in catalytic asymmetric hydrosilylation, carbene Si–H insertion, C–H silylation,
and Si–C bond-forming cross-coupling reactions that were achieved with high enantioselectivity in the presence of transition-
metal catalyst systems. This review highlights recent and representative examples of the enantioselective Si–H bond functio-
nalization, discusses the origins of silicon-involving stereoselectivities, and evaluates the substrate scopes and limitations in
these catalytic asymmetric Si–H bond functionalization reactions due to the special reactivity of different hydrosilanes.
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1 Introduction

Organosilicon compounds, including the most common
chlorosilanes and hydrosilanes, were created in chemical
laboratories because they do not exist naturally. These
compounds are versatile synthetic building blocks that are
widely used in organic synthesis, polymer chemistry, and
functional materials. Notably, they possess unique stability
and are abundant in their propensity to prepare structurally
diverse products through a variety of synthetic transforma-
tions [1]. In regard to the molecular level, the chemistry of
silicon differs largely from carbon due to the atom size and
electronegativity (Figure 1a) [2]. In addition, the availability

of the empty 3d orbitals makes it easy for silicon to form 5-
or 6-coordinated complexes that is actually similar to that of
some of the first-row transition metals. One of the featured
properties of silicon also differs from carbon in forming far
few stable multiple bonds but in the formation of stable
molecules with more than four bonds due to the production
of hypervalent silicon derivatives (Figure 1a). It is generally
accepted that the lack of multiple bonds seriously hampers
the development of a wide variety of synthetic strategies in
organosilicon chemistry in comparison to carbon-centered
synthetic chemistry. This is counterbalanced by the fact that
there are some unexpected reaction pathways at tetrahedral
silicon centers because of the relatively low activation en-
ergies in nucleophilic substitutions at silicon compared to
carbon [3]. For example, although both Si–H and C–H bonds
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are thermodynamically stable (367–438 kJ/mol for the C–H
bond and about 377 kJ/mol for the Si–H bond), the chemical
properties of C–H and Si–H bonds are inverse of one another
in the representative model reaction of phenyllithium (PhLi)
on triphenylsilane (Ph3SiH) and triphenylmethane (Ph3CH).
As shown in Figure 1b, the negatively polarized phenyl of
PhLi acts as a nucleophile to abstract the positively polarized
H of Ph3CH (Eq. (1) in Figure 1b) but undergoes nucleo-
philic attack to the silicon center to form Ph4Si (Eq. (2) in
Figure 1b). Besides, the hydrosilanes can be easily hydro-
lyzed to yield silanols but a hydrocarbon is unchanged in the
presence of a catalytic amount of base. Therefore, the Si–H
bond functionalization of hydrosilanes is actually different
from C–H functionalization.
Catalytic transformations of Si–H bonds with main-group

reagents have become one of the most important synthetic
methods due to the diverse applications of functionalized
organosilicon products [4]. In a historic context, the appli-
cation of hydrosilanes and their state-of-the-art transforma-
tions include the reduction of unsaturated carbonyl
compounds or other unsaturated bonds, silylation of alco-
hols, and the preparation of polymeric materials [5]. For
hydrosilanes used in organic synthesis, the reactivity of Si–H
bonds largely depends on the substituents [6]. The begin of
such investigation can look back to 70 years ago, Price and
Eaboran [7] have ever determined the order of reactivity of
various silanes in aqueous-ethanolic alkali liquid (Figure 2),
in which the steric effects and electronic properties of sub-
stituted groups on hydrosilanes contribute largely to the re-
activity of Si–H bond. In addition, the order of different
types of hydrosilanes is probably represented as SiH4

>RSiH3 > R2SiH2 > R3SiH, and the relative reactivities of the

hydrosilanes C6H11SiH3, n-Pr2SiH2, and Et3SiH are calcu-
lated as about 120:22:1. These hydrosilanes with different
reactivities provide an inherently challenging problem in
searching efficient catalysts for its wide-ranging utilities in
the enantioselective synthesis of structurally diverse silanes.
In the past decades, there are numerous examples reported
for the chemoselective utility of certain hydrosilane in the
catalytic synthesis of organic molecules [8]. For example,
with t-BuMe2SiH as a reducing agent for the reaction silane,
the reductive coupling product was obtained with 80% yield
and good enantioselectivity (92% ee). In addition, when the
reaction mediated with bulky (i-Pr)3SiH, it afforded only
trace amounts of the desired product because of the in-
efficiencies of the bulky (i-Pr)3SiH and its low reactivity in
an effective σ-bond metathesis that occurred with the me-
tallacycle intermediate [9]. For other hydrosilanes, the eva-
luation of hydrosilanes in the reductive hydroxymethylation
of styrenes demonstrated that (EtO)3SiH (the desired product
with 94% yield and 96% ee) and Me(MeO)2SiH (with 78%
yield, 98% ee) showed excellent behavior for this transfor-
mation, in comparison to that with MePh2SiH (not detected)
or polymethylhydrosilane (PMHS, 64% yield and 82% ee)
[10]. Besides, some representative examples shown in Table
1 revealed the tip of the iceberg for the state-of-art advances
in the use of hydrosilanes in organic synthesis, in which these
reaction results were generally completed by specific hy-
drosilane related to a certain activity, selectivity, and fidelity
activated by the transition-metal catalyst. In another word,
the relatively narrow substrate scope of the silicon-based
reaction with respect to the hydrosilanes shows the Si–H
bond functionalization is a challenging task due to their
substituent-induced differences in reactivity, especially for
the enantioselective silicon-carbon bond-forming transfor-
mations of hydrosilanes. Each hydrosilane compound has its
own special reactivity, which gives the magic and un-
certainty of silicon-based transformations. At the same time,
this feature of silicon-hydride bond gives it the advantage of
fine-tuning the reactivity in catalytic asymmetric transfor-
mations of hydrosilanes with general organic functional
groups, such as olefins, alkynes, and carbonyl compounds.
The differences between monohydrosilanes (SiH) and

Figure 1 The difference in the chemical properties of silicon and carbon
(color online).

Figure 2 Relative reactivity of various hydrosilanes (color online).
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Table 1 The comparison of different reactivities for previously reported hydrosilanes in transition-metal-catalyzed catalysis

Reaction system Hydrosilane ([Si]–H) Yield (%) Ref.
PhSiH3 24

[11]
Ph2SiH2 98
(EtO)3SiH 91

(EtO)2MeSiH 72
PhSiH3 91/9/0 a)

[12]
Ph2SiH2 57/25/18 a)

(EtO)3SiH 12/36/52 a)

PhMe2SiH 0/0/>99 a)

Et3SiH 0/0/>99 a)

(EtO)2MeSiH >99 (74) b)

[13]
(EtO)3SiH >99 (16) b)

PMHS 0

PhSiH3 >99 (0) b)

Ph3SiH Trace

[14]

Ph2MeSiH Trace
(EtO)3SiH 92 (68) b)

(TMSO)2MeSiH 84 (75) b)

Et3SiH Trace
PhSiH3 89 (71) b)

Ph2SiH2 98 (90) b)

Et3SiH 87

[15]
PhMe2SiH 93

(TMSO)2MeSiH 17
(MeO)3SiH 0
(i-Pr)3SiH 0
(EtO)3SiH 88

[16]

(EtO)2MeSiH 85
(TMSO)2MeSiH 93

Ph3SiH 88
Ph2MeSiH 88
(i-Pr)3SiH Trace
Et3SiH 90

(n-Bu)3SiH 96
PhSiH3 33

[17]

Ph2SiH2 83
PhMeSiH2 67
PhMe2SiH 100
Ph2MeSiH 15
Ph3SiH 0
(i-Pr)3SiH 0
(MeO)3SiH 100
(n-Bu)3SiH 0

[18]

t-BuMe2SiH 0
EtMe2SiH 43

(n-Bu)2PhSiH 0
PhEt2SiH 17
PhMe2SiH 59
Ph2Me2SiH 55
Ph3SiH 52

a) The ratio is branched/linear/allysilane; b) the values in parentheses are enantioselectivity (ee, %) of the corresponding reaction with above [Si]–H.

1656 Li et al. Sci China Chem June (2023) Vol.66 No.6



multihydrosilanes (SiHx, x>1) also demand different chemo-
and enantio-selectivity preferences from the chiral catalyst
systems for each Si–H transformation. Nowadays, catalytic
asymmetric transformations of Si–H bond are among the
hottest topics and most widely studied in organosilicon
chemistry. The importance of these reactions based on en-
antioselective Si–H functionalization stems from the versa-
tility and utility of chiral organosilicon molecules as
potentially useful products in medicinal chemistry, advanced
functional materials, and organic synthesis [19]. Especially
in the past five years, dramatic progress in enantioselective
Si–H transformations that resulted in Si–C bond-forming
functionalization has been made on the basis of broad tran-
sition-metal catalysis as well as the development of chiral
ligands. These new breakthroughs based on asymmetric
hydrosilylation, C–H silylation, carbene insertion and other
cross coupling-type Si–H functionalization promoted us to
present advances in this topic. Thus, in view of the exciting
advancement achieved in the past decade, this review intends
to show a unified illustration of the recent findings on en-
antioselective Si–C bond-forming processes in the Si–H
bond functionalization aided by asymmetric catalysis. Some
synthetic strategies centered on catalytic hydrosilylation,
C–H silylation, and carbene insertion will be presented as
representative examples in this topic. In addition, it will be
discussed the most attractive results of the transition-metal
catalysis with particular emphasis on the stereoselective
control for silicon-carbon bond-forming Si–H functionali-
zation, leading to enantioselective synthesis of chiral orga-
nosilanes. Through the catalytic asymmetric reactions of
these hydrosilanes, we can predict that the synthesis of chiral
organosilanes will greatly promote the rapid development of
silicon-containing functional molecules.

2 Asymmetric hydrosilylation of alkenes

Catalytic hydrosilylation, the addition of Si–H across un-
saturated carbon–carbon or carbon–heteroatom (O, N, etc.)
bonds, is one of the most important reactions in organosili-
con chemistry for forming silicon–carbon bonds [20]. Al-
though there are many types of hydrosilylation,
hydrosilylation of alkenes and alkynes catalyzed by transi-
tion-metal complex [20a], such as platinum, rhodium, pal-
ladium, iron, cobalt and other earth-abundant metal catalysts,
presents a straightforward tactic to access organosilicon
products with high atom economy. Over the past decades, the
scope of catalytic hydrosilylation has been expanded to
structurally specific unsaturated carbon–carbon bonds, such
as allenes and other substrates, to construct silicon-contain-
ing compounds difficultly achieved by other methods [21].
Recently, growing attention has been paid to catalytic
asymmetric hydrosilylation as well as their application in the

synthesis of functionalized silanes. Nevertheless, the devel-
opment of an asymmetric version is challenging since ef-
fective chiral catalyst systems are still limited due to the
difficulty in enantioselective Si–H bond activation and sub-
strate-specific reactivity of hydrosilanes. In this regard, we
will review some representative advances in the catalytic
asymmetric hydrosilylation based on the different types of
transition-metal catalysts, including platinum, rhodium,
palladium, iron, cobalt, scandium, copper, and nickel.

2.1 Pt-catalyzed hydrosilylation of alkenyl boronates

Since the first hydrosilylation reaction was reported in 1947
[22], the platinum-catalyzed hydrosilylation reaction has
gained increasing attention and is successfully employed in
industrial applications because of their high activities and
ease of handling [23]. In this context, many effective plati-
num complexes, such as the Karstedt catalyst, have been
developed to catalyze the hydrosilylation of alkenes to or-
ganosilicon compounds and silicone materials [24]. How-
ever, the development of chiral versions of platinum-
catalyzed hydrosilylation of alkenes is really rare. As the
example of enantioselective Pt-catalyzed hydrosilylation of
alkenes reported in 2018, Morken and co-workers [25] de-
monstrated the ability of TADDOL-derived phosphoramidite
L1 in the asymmetric platinum-catalyzed hydrosilylation of
alkenyl boronates 1 with PhMe2SiH, which gave the corre-
sponding geminal silylboronate products 2 with high regio-
and enantioselectivity (Scheme 1, eighteen examples, up to
92% ee). The mechanistic studies supported the reaction
mechanism that olefin insertion into a platinum hydride led
to a stabilized α-boryl-organoplatinum intermediate, and this
species governed the regiocontrol of the hydrosilylation.

2.2 Rh-catalyzed hydrosilylation of alkenes

It is well-known that Wilkinson’s catalyst [RhCl(PPh3)3] and
its analogs can effectively catalyze the hydrosilylation of
various ketones and alkenes [26]. In addition, asymmetric
rhodium-catalyzed hydrosilylation of alkenes is an important
strategy for the synthesis of chiral silanes and their deriva-
tives, such as chiral alcohols [27]. Rhodium-catalyzed
asymmetric hydrosilylation of alkenes using chiral ligands
provides an efficient route to chiral silanes, which are of
great significance in fine chemicals as well as biologically
active molecules. Since Bosnich’s pioneering work on the
catalytic asymmetric intramolecular hydrosilation of olefins
[28], asymmetric rhodium-catalyzed intramolecular hydro-
silylation of olefins has become an important strategy to
access silicon-containing chiral heterocycles and its deriva-
tives in the past decades. In this regard, Jeon and co-workers
[29] contributed additional rhodium catalyst systems as an
alternative protocol in intramolecular hydrosilylation. Sub-
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sequently later, the year 2016 brought a report by Chung and
co-workers [30] for a catalytic asymmetric intramolecular
hydrosilylation (Scheme 2). This reaction was able to con-
vert a group of Si–H into the corresponding Si–C bond for
the synthesis of silicon-containing chiral amino acid deri-
vatives. In the enantioselective Rh-catalyzed intramolecular
hydrosilylation reaction of 3, several Joisphos ligands were
found to afford the most reactive Rh catalyst with good se-
lectivity. Interestingly, higher catalyst loadings (5 mol%–
10 mol%) at two different concentrations (0.08 or 0.2 M) led
to a lower yield of the desired product. Interestingly, using
3 mol% Rh catalyst with chiral Joisphos ligand L2, the re-
action was nearly complete in less than 5 min at room tem-
perature to afford good yield (91%) and enantioselectivity
(98.7% ee) along with 6% unreacted starting material.
Despite the potential of intramolecular hydrosilylation,

highly enantioselective synthesis of this chiral spir-
osilabiindanes and cycloisomerization-derived silyl products
is little reported [31]. In 1996, Tamao and co-workers [32]
reported the first example of the asymmetric Rh-catalyzed
intramolecular hydrosilylation for the enantioselective
synthesis of chiral thiophene-containing spirosilane (Scheme
3, Eq. (1)). This work opened a new entry to the en-
antioselective synthesis of silicon-stereogenic organosilicon
compounds by hydrosilylation. However, the development
of conformationally more constrained silicon-centered spir-
osilane is still limited to the enantioselective control of in-
tramolecular hydrosilylation. As described in 2015, inspired
by Tamao’s strategy, Naganawa and Nishiyama et al. [33]
reported an enantioselective rhodium-catalyzed desymme-
trizing intramolecular hydrosilylation of SiH-tethered sym-
metrically disubstituted alkenes (Scheme 3, Eq. (2)). The
axially chiral BINOL-derived phenanthroline ligand L3
(simplified as BinThro) was found to be an effective chiral
catalyst that worked efficiently for this catalytic asymmetric
hydrosilylation (Scheme 3). The silicon-stereogenic center
on cyclic five-membered organosilanes 6 was constructed
with promising enantioselectivity in the present protocol (up
to 91% ee). Although the reaction mechanism is not clear at
present, the experimental result provided direct evidence that
the role of the hydroxy group of (S)-BinThro was crucial to

the enantioselective Si–H activation by the N,N,O-tridentate
Rh complex.
Later in 2020, Wang and Li [34] reported the en-

antioselective synthesis of chiral spirosilabiindane scaffolds
by Rh/P-ligand complex-catalyzed double and in-
tramolecular hydrosilylation of hydrosilane-linked alkenes
(Scheme 4). This reaction could be applied to the synthesis of
a wide range of structurally diverse silicon-stereogenic
spirosilabiindanes 8 with excellent yields and enantioselec-
tivities (84%–99% yield and 90%–99% ee) as well as good
diastereoselectivities (91:9–>96:4 dr). In addition, en-
antiopure derivatives (spirosilabiindane diol, SPSiOL) could
be used as a new building block for the preparation of various
chiral P-ligands for asymmetric Rh-catalyzed hydrogenation
to give methyl acetyl-L-phenylalaninate with 99.8% ee and a
Pd-catalyzed intramolecular carboamination to give tert-
butyl(R)-2-(4-methoxybenzyl)pyrrolidine-1-carboxylate
with 88% ee.
Very recently, Wang and co-workers [35] have further

demonstrated an intramolecular and desymmetric hydro-
silylation of dihydrosilanes 9 to access silicon-stereogenic
monohydrosilanes 10 with the aid of Rh/QuinoxP complex
(Scheme 5). This strategy is suitable for the enantioselective
synthesis of a wide range of five- and six-membered cyclic
monohydrosilanes with excellent diastereo-, regio-, and en-
antioselectivities. Notably, this reaction was completed
within 5 min without the loss of ee value and yield. Further
mechanistic studies and density functional theory (DFT)

Scheme 1 Asymmetric Pt-catalyzed hydrosilylation of alkenyl boronates
(color online).

Scheme 2 Enantioselective Rh-catalyzed intramolecular hydrosilylation
(color online).

Scheme 3 Asymmetric Rh-catalyzed intramolecular hydrosilylation of
alkenes to access silicon-stereogenic centers (color online).
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calculations supported that this asymmetric Rh-catalyzed
intramolecular hydrosilylation reaction might proceed via a
Chalk-Harrod mechanism and the oxidative addition of the
Si–H bond might be the enantio-determining step.
Although catalytic hydrosilylation of general olefins have

been developed to make structurally diverse linear or bran-
ched alkylsilanes with good yields and stereoselectivities, the
limitation of deficiency of enantioselective hydrosilylation

of cyclopropenes motivates Xu group [36] to explore cata-
lytic asymmetric hydrosilylation of cyclopropenes 14 for the
construction of chiral silyl carbocycle compounds. In 2019,
they presented the Rh-catalyzed asymmetric hydrosilylation
reaction of 1,1-disubstituted cyclopropenes 14 in the pre-
sence of chiral DTBM-SEGPHOS (Scheme 6), allowing for
desymmetrization-based enantioselective access to achieve
chiral organosilicon compounds 15 in high yields with ex-
cellent stereoselectivities (up to >99:1 dr and >99% ee). In
addition, the rhodium-catalyzed process featured a broad
scope of enantioselective construction of three-membered
carbocycles bearing a carbon quaternary stereocenter, and
these silyl products could be transferred into a variety of
substituted cyclopropanes and silanols.
The success in Tamao’s intramolecular hydrosilylation by

asymmetric rhodium catalysis inspired further exploration of
the possibility of enantioselective rhodium-catalyzed inter-
molecular hydrosilylation for the synthesis of silicon-ste-
reogenic monohydrosilanes. In 2020, He and Zhang [37]
developed an enantioselective Rh-catalyzed intermolecular
hydrosilylation of alkene with prochiral dihydrosilanes 16 to
access a new hdyrosilanes bearing a Si-stereogenic center
with good yields and enantioselectivities (Scheme 7, up to
84% ee). Compared with known methods for the synthesis of
silicon-stereogenic silacycles, this substrate-sensitive find-
ing further revealed the difficulty in stereoselective con-
struction of linear silicon-stereogenic silanes 18 [38]. For
example, changing the Cl into Me on the aryl ring of dihy-
drosilane resulted in a low yield and ee value for the desired

Scheme 4 Asymmetric Rh-catalyzed intramolecular hydrosilylation of
alkenes to access chiral spirosilabiindanes (color online).

Scheme 5 Asymmetric Rh-catalyzed intramolecular hydrosilylation of
alkenes to access silicon-stereogenic centers (color online).

Scheme 6 Asymmetric Rh-catalyzed hydrosilylation of cyclopropenes
(color online).

Scheme 7 Asymmetric Rh-catalyzed intermolecular hydrosilylation of
alkenes to access silicon-stereogenic monohydrosilanes (color online).
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product. In addition, the steric environment around the sili-
con atom is also essential for both the reactivity of Si–H bond
activation and subsequent stereocontrol.
The above examples on enantioselective Rh-catalyzed

hydrosilylation of alkenes show that the rhodium-based
catalyst systems have good catalytic performance in the in-
tramolecular hydrosilylation reactions, which could suc-
cessfully realize the catalytic asymmetric construction of
carbon- and silicon-stereogenic centers with high level of
enantioselectivities. However, for the intermolecular hydro-
silylation reaction of alkenes, the rhodium catalyst system
still has a limited ability to realize the desymmetrization
reaction of dihydrosilane to construct a silicon-stereogenic
center. Meanwhile, the hydrosilylation reaction of internal
olefins needs to be further strengthened because there was
only one example reported by Xu and co-workers [36], and it
is expected that there will be more examples to be developed
in the future to demonstrate the unique ability of rhodium
catalysts in enantioselective Si–H bond functionalization
reactions.

2.3 Pd-catalyzed intermolecular hydrosilylation of
alkenes

Palladium has a unique historical role in catalytic asym-
metric hydrosilylation reactions. Since the first example of
enantioselective palladium-catalyzed hydrosilylation of
styrene with highly reactive HSiCl3 reported by Kumada in
1972 [39], enantioselective palladium-catalyzed hydro-
silylations of carbon–carbon double bonds with HSiCl3
(trichlorosilane) have been intensively investigated with the
aid of chiral monodentate ligands from the early 1990s to
early 2000s [40]. Although the asymmetric palladium-cata-
lyzed hydrosilylation of alkyl-substituted terminal alkenes,
styrene derivatives, and the other alkenes with trichlorosilane
has been established for 20 years with excellent regioselec-
tivities and enantioselectivities, the development of chiral
ligands for enantioselective hydrosilylation of terminal al-
kenes with tertiary hydrosilanes (but not trichlorosilane)
remains an underexplored and ongoing task, as presented in
Figure 3 which shows the various well-established P-ligands
for asymmetric Pd-catalyzed hydrosilylation of styrene with
trichlorosilane [41].
Notably, during the evolution of chiral ligand for the pal-

ladium-catalyzed hydrosilylation, it was found that the po-
tential secondary donation could be an important factor to be
considered for this reaction as it might have a significant
impact on palladium catalyst activity and stereoselectivity
[42]. Of course, for such P-ligands based on the biaryl ske-
leton, the importance of secondary interactions in the en-
antioselectivity enhancement is less clear. Although the
palladium-catalyzed hydrosilylation of aromatic alkenes
with trichlorosilane has been well-established in the past

decades, the powerful potentials of previously developed P-
ligands continued to be proved in recent work. For instance,
Li and co-workers recently reported an enantioselective hy-
drosilylation of β-silyl styrenes 21 with trichlorosilane by a
chiral palladium catalyst system with the aid of Zhou’s SI-
PHOS, which produced chiral 1,2-bis(silyl) compound 22
with excellent yield and good to excellent enantioselec-
tivities (Scheme 8) [43].
Except for the trichlorosilane-involved silicon–carbon

bond-forming hydrosilylation, the use of general chloride-
free alkyl or aromatic hydrosilanes did not get successful
accumulation in the past decades because of its low reactivity
and selectivity in palladium-catalyzed hydrosilylation. Be-
fore 2020, there are few examples reported for the en-
antioselective palladium-catalyzed Si–H functionalization
by the use of organosilanes other than trichlorosilane. A
notable example was shown in 1998 reported by Wide-
nhoefer and co-workers [44]. They found that an optically
active palladium/bisoxazoline complex was effective for the
cyclization/hydrosilylation of dimethyl diallylmalonate or its
analogs with triethylsilane, which provides a facile route to
form the silylated carbocycle 24 in a good yield and with up
to 91% ee (Scheme 9). Although dimethylphenylsilane was
not particularly efficient, a number of hydrosilanes, such as
HSiMe2Et and HSiMe2t-Bu, were employed to give the
corresponding silylated products with good ee values. No-
tably, based on the investigation of substrate scope (15 ex-
amples), it was found that the enantioselectivity of this
reaction roughly paralleled the steric bulk of the homoallylic
substituents and ranged from 33% ee for hydrosilylation/
cyclization of diallyltrifluoroacetamide to 91% ee for the
reaction of 4,4-bis(trimethylacetoxymethyl)-1,6-heptadiene.
Notably, the reaction was also applicable to various 1,n-
dienes to form a cyclopentane ring as well as a new carbon–

Figure 3 Some representative P-ligands for the evolution of Pd-catalyzed
asymmetric hydrosilylation of styrene with HSiCl3.
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silicon bond at a remote site [45], whereas no en-
antioselective version was achieved in this case.
Encouraged by previous success for the palladium-cata-

lyzed hydrosilylation of alkenes with trichlorosilane
(HSiCl3), Xu and co-workers [46] want to design a novel
one-pot and multicomponent asymmetric allylic alkylation
and cascade hydrosilylation in the presence of different hy-
drosilanes. However, the reaction of benzene-1,2-diol with
but-2-ene-1,4-diol-derived allylic acetate as well as different
hydrosilanes, such as Ph2SiH2, MePhSiH2, and MePh2SiH,
resulted into the reductive product through double allylic
alkylation and cascade reduction of olefin moiety. Therefore,
although transition-metal-catalyzed hydrosilylation has been
successfully developed for the enantioselective synthesis of
chiral silanes, the catalytic asymmetric hydrosilylation of
internal alkenes or its analogues are uncommon and not easy
due to the lack of effective catalyst systems, and the synthetic
capabilities for the enantioselective hydrosilylation of acti-
vated alkenes are also presently limited. For example, the
palladium-catalyzed hydrosilylation of electron-with-
drawing group-activated alkenes, especially for α,β-un-
saturated carbonyl compounds, generally generate mixtures
because of the completive reduction and silylation reactions,
including α- and β-adducts, and silyl ketene acetals, silyl
ethers/amines, and polymeric byproducts [47]. Subsequently
in 2020, Xu and co-workers [48] report the first example for
a highly enantioselective palladium-catalyzed Si–C bond-
forming hydrosilylation of carbonyl-activated alkenes 25
with the aid of a chiral TADDOL-derived phosphoramidite
ligand L15 (Scheme 10), in which the stereospecific Si–C
coupling/hydrosilylation of maleimides 25 afforded a series
of chiral silyl succinimides 26 with excellent yields and
diastereoselectivity as well high enantioselectivity (up to

99%, >99:1 dr, and >99:1 ee). Except for general aryl mal-
eimides with electron-withdrawing or electron-donating
groups on the aromatic ring that reacted efficiently with
hydrosilane to give desired products with excellent stereo-
selectivity, other substrates bearing an additional N- or S-
heterocycle also performed smoothly to give the corre-
sponding products 26 under the optimized reaction condi-
tions. In addition, this reaction could be applied in the
enantioselective construction of C–N axial chirality due to
the remote chiral control in Pd-catalyzed hydrosilylation of
ortho-substituted N-aryl maleimides 27. The one-step for-
mation of both point chirality and axial chirality provided a
facile process to pick up synthetically useful intermediates in
the enantioselective synthesis of complex molecules bene-
fited from the palladium-catalyzed hydrosilylation of mal-
eimides.
For palladium-catalyzed hydrosilylation, the direct use of

silicon-stereogenic hydrosilanes in the silicon–carbon bond-
forming process is quite rare. Early in 2005, Oestreich and
Rendler [49] investigated the stereochemical information at
the chiral-at-silicon in the process of silicon-to-carbon chir-
ality transfer based on the palladium-catalyzed hydrosilyla-
tion (Scheme 11). Notably, the Pd-catalyzed hydrosilylation
of norbornene 33 with acyclic silane proved to be extremely
sluggish and cyclic silanes could be suitable substrates in this
reaction, whereas the hydrosilylation itself was extremely
sensitive to slight steric alternations of silanes and alkenes.
In addition, based on the study of nonlinear effect, asym-
metric amplification was observed in this reagent-controlled

Scheme 8 Asymmetric Pd-catalyzed hydrosilylation of β-silyl styrene
with trichlorosilane (color online).

Scheme 9 Enantioselective Rh-catalyzed cyclization/hydrosilylation of
dimethyl diallylmalonate and its analogs (color online).

Scheme 10 Enantioselective palladium-catalyzed hydrosilylation of
maleimides (color online).
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process because the enantiomeric excess of silyl product 34b
(93% ee) was substantially higher than the ee value of
starting silicon-stereogenic silanes. These experimental re-
sults would be beneficial to the application of silicon-ste-
reogenic hydrosilanes in enantioselective synthesis.
Although asymmetric palladium-catalyzed intermolecular

hydrosilylation of alkenes has achieved numerous successful
examples, most of them are limited to hydrosilanes con-
taining electron-withdrawing groups, such as HSiCl3. Given
the strong catalytic ability of palladium in asymmetric cat-
alysis, it is believed that in the near future, palladium-cata-
lyzed hydrosilylation reactions of olefins will be able to
solve the long unresolved problems for hydrosilylation of
activated olefins with simple and general hydrosilanes.

2.4 Fe-catalyzed hydrosilylation of terminal alkenes

The use of iron as a catalyst in hydrosilylation has become an
attractive method during the past year [50]. As an alternative
to the aforementioned Pt, Rh, and Pd catalysis, asymmetric
Fe-catalyzed hydrosilylation provides a new operation to the
enantioselective synthesis of chiral silanes. In sharp contrast
to palladium catalysis, iron-catalyzed hydrosilylation of 1,1-
disubstituted olefins proceed smoothly in the presence di-
phenylsilane (Ph2SiH2) or phenylsilane (PhSiH3).
Catalytic asymmetric hydrosilylation of 1,1-disubstituted

alkenes is a challenging task due to the low enantioselec-
tivies achieved by several groups [51]. In 2015, Lu and co-
workers [52] developed a highly enantioselective hydro-
silylation of 1,1-disubstituted alkenes 35 in the presence of
chiral oxazoline iminopyridine iron complex F1 (Scheme
12). With the optimized reaction conditions in hand (only 1
mol% of chiral iron precatalyst and 3 mol% of additive
(NaHBEt3) are needed for this transformation), the catalytic
asymmetric hydrosilylation of 1,1-disubstituted styrenes 35
with ortho, meta, and para-substitutions on phenyl ring gave
the corresponding monohydrosilanes 36 in good yields and

excellent enantioselectivities (up to 99%). In this case,
NaHBEt3 was used as an additive for in-situ reduction of the
iron precatalyst to form active iron species. In comparison to
previous findings in the field of catalytic asymmetric hy-
drosilylation, this Si–H bond functionalization transforma-
tion provided an improved and practical method alternative
to the synthesis of chiral organosilanes due to the operational
simplicity, low catalyst loading, as well as using a sustain-
able and cheap transition metal as a catalyst precursor.
In 2018, Lu and co-workers [53] further reported a highly

enantioselective iron-catalyzed Markovnikov-type hydro-
silylation of terminal aliphatic alkenes 37 with arylsilanes
(ArSiH3). This process featured good functional group tol-
erance from readily available hydrosilanes and aliphatic al-
kenes, operationally simple protocol by using of earth-
abundant transition metal catalyst, and the chiral organosi-
lane products 38 achieved with better than 99% ee in most
cases (Scheme 13). The control experiment suggested that
the iron silyl species were initially obtained from reducing
OIP·FeCl2 (F2) by hydrosilane (PhSiH3) with the aid of
NaOtBu and then coordinated with an alkene to generate a
key iron species. The alkene was inserted into the Fe–Si bond
and subsequently formed iron alkyl species, which reacted
with PhSiH3 to afford the hydrosilylation product and re-
generate iron-silicon species for the next catalytic cycles.
Recently, with phenylsilane as a silicon source, Lu and co-

workers [54] established an enantioselective iron-catalyzed

Scheme 11 Pd-catalyzed hydrosilylation of silicon-stereogenic silane
with alkene (color online).

Scheme 12 Iron-catalyzed hydrosilylation of 1,1-disubstituted alkenes
with Ph2SiH2 (color online).

Scheme 13 Iron-catalyzed hydrosilylation of alkenes with ArSiH3 (color
online).
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hydrosilylation of vinylcyclopropanes (VCPs) with anti-
Markovnikov-selectivity via stereospecific C–C bond clea-
vage (Scheme 14). The transformation of trihydrosilanes
(RSiH3) with a wide range of VCPs 39 generated the desired
allylic dihydrosilanes 40 in excellent ee and recovered minor
amount of chiral VCPs in moderate to excellent ee through a
kinetic resolution pathway. In this reaction, the addition of 3-
chlorophenol was found to be an effective additive to pro-
mote the formation of proposed iron silyl species from the
chiral iron catalyst and RSiH3 to accelerate the hydrosilyla-
tion reaction.

2.5 Co-catalyzed hydrosilylation of alkenes

Similarly to iron, the inexpensive cobalt is an abundant
element and comprises 0.0029 wt% of the Earth’s crust,
which is much higher than the heavier platinum group me-
tals, such as rhodium and iridium [55]. Since Chalk and
Harrod’s finding [56] of cobalt-catalyzed hydrosilylation of
terminal alkenes in 1965, hydrosilylation of alkenes cata-
lyzed by cobalt has become a promising and particularly
expected approach to synthesize organosilanes [57]. Espe-
cially, significant progress in the enantioselective version of
silicon-hydrogen activation for hydrosilylation has also been
achieved in the past years.
In 2017, Lu and co-workers [58] developed an en-

antioselective cobalt complex (C1)-catalyzed Markovnikov-
type hydrosilylation of olefins with ArSiH3 to give the chiral
benzyl silanes 43 in good yields (53%–97%) and excellent ee
values (up to >99% ee). Beside the aryl alkenes, the aliphatic
alkenes were also found to be suitable substrates under op-
timized reaction conditions to afford the chiral dihy-
drosilanes 43 in 81%–87% ee (Scheme 15). Notably, this
protocol could be easily carried out in a gram-scale without
loss of enantioselectivity using 0.1 mol% of catalyst loading
(86% yield and 98% ee). In this case, the turnover frequency
(TOF) and turnover number (TON) are quite high (up to
1,800 and 860, respectively).
In 2019, Huang and co-workers described an asymmetric

quinoline-oxazoline cobalt complex (C2)-catalyzed 1,2-
Markovnikov hydrosilylation of conjugated dienes 44 with
aromatic primary silanes (Scheme 16) [59]. This protocol
provided efficient access to chiral allyl dihydrosilanes 45
with excellent enantioselectivity (up to 96% ee) and high
regioselectivity. In addition, this cobalt catalyst system fea-
tured with good substrate scope, in which a wide array of
conjugated dienes with aryl and/or alkyl substituents could
be used in this reaction. Furthermore, the dihydrosilane
products are useful starting materials for the synthesis of
polyorganosiloxanes containing side chains of en-
antioenriched allylic functionalities by cobalt-catalyzed step-
growth polymerization with tereph thalaldehyde. The me-
chanistic studies, including the experimental result of a

deuterium-labeling experiment with PhSiD3, revealed that
the hydrosilylation most likely occurred through a modified
Chalk-Harrod mechanism, involving the key step of 1,2-in-
sertion of the terminal double bond of the alkene into the
Co–Si bond.
In the past years, the development of atom-economy ap-

proach to access silylated saturated three-membered rings
became an attractive topic that could constitute a new and
additional tool for the direct and enantioselective functio-
nalization of three-membered carbocyclic skeleton [60].
In 2020, Marek and co-workers [61] reported a highly
diastereo- and enantioselective cobalt-catalyzed hydro-
silylation reaction of achiral 3,3-disubstituted cyclopropenes
46 with arylsilanes (Ar-SiH3). In this protocol (Scheme 17),
various monoaryl silanes could be activated by cobalt cata-
lyst to react with substituted 3,3-disubstituted cyclopropenes
smoothly, which gave the desired silylcyclopropanes 47 with

Scheme 14 Iron-catalyzed hydrosilylation of vinylcyclopropanes with
ArSiH3 (color online).

Scheme 15 Cobalt-catalyzed hydrosilylation of olefins with ArSiH3
(color online).

Scheme 16 Cobalt-catalyzed hydrosilylation of conjugated dienes with
ArSiH3 (color online).
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good to excellent stereoselectivities (20:1 dr and 64%–98%
ee for 13 examples). The deuterium labeling experiments
showed that the in-situ formed cyclopropylcobalt inter-
mediate was protonated by the hydrosilane to give the de-
sired syn-addition product and regenerate the active catalytic
cobalt species.
Very recently, Meng and Chong et al. [62] reported a co-

balt-catalyzed protocol for regio- and stereo-selective hy-
drosilylation of 1,3-dienes 48 to furnish a wide range of
silicon-stereogenic silanes 49 in high efficiency and se-
lectivity (up to 99% ee, Scheme 18). In addition, the si-
multaneous construction of both carbon- and silicon-
stereogenic centers in an acyclic molecule is really inter-
esting. The Si–H functionalization also featured a broad
scope of prochiral silanes without the special requirement for
the installation of steric substituents, enabling access to a
high diversity of silicon-stereogenic molecules. The cobalt
catalyst system was proved to be practical, and the synthetic
utility of corresponding products was demonstrated by some
transformations, such as the reduction of the alkene and
stereospecific functionalization of the “silicon-centered”
Si–H bond, in which a series of useful enantioenriched
building blocks could be achieved that are otherwise difficult
to access. In this work, the authors carried out a series of
control experiments, deuterium-labeling and kinetic experi-
ments, these experiment results revealed that the establish-
ment of the silicon-stereogenic center by addition of the Si-
Co complex is the rate-determining step, and the σ-bond
metathesis at the silicon-stereogenic center occurred rapidly
with complete retention of stereochemistry.

2.6 Sc-catalyzed hydrosilylation of terminal alkenes

Although the first example of highly efficient scandium-
catalyzed hydrosilylation of olefins only appeared in 2017,
the enantioselective version of scandium-catalyzed hydro-
silylation was proved to be an effective strategy to access
silicon-stereogenic silanes [63]. In 2018, Hou and co-

workers [64] have achieved a highly enantioselective hy-
drosilylation of alkenes with dihydrosilanes by using their
newly developed chiral scandium catalyst S1 (Scheme 19).
The half-sandwich Sc catalyst S1 made this intermolecular
hydrosilylation process to constitute an efficient and general
route for the enantioselective construction of silicon-stereo-
genic hydrosilanes. A broad range of prochiral dihy-
drosilanes can be applied in this intramolecular
hydrosilylation of alkenes, efficiently affording a unique
class of silicon-setereogenic hydrosilanes 50 in en-
antioenriched form that are really difficult to be synthesized
by other catalysts. The high enantioselectivity is proved to be
induced through σ-bond metathesis between an Sc–alkyl
bond and a Si–H bond in a prochiral dihydrosilane, in con-
trast to classic late-transition-metal-involving hydrosilyla-
tion reaction mechanisms.

2.7 Cu-catalyzed hydrosilylation of alkenes

The past decade witnessed numerous and significant pro-
gress toward the use of copper catalyst in the hydrosilylation
of carbonyl compounds [65]. However, in the copper-cata-
lyzed hydrosilylation of alkenes, the reduction process gen-
erally occurred and the silicon–carbon bond-forming
hydrosilylation was rare.
In 2017, Buchwald group [66] reported the first example of

asymmetric copper-catalyzed Markovnikov-type selective
hydrosilylation of vinylarenes and vinyl heterocycles with
Ph2SiH2 (Scheme 20). This CuH catalysis exhibited a broad
substrate scope and enabled both the enantioselective
synthesis of isolable monohydrosilanes 52 and the conver-
sion of crude products to chiral alcohols when PhSiH3 was
used as a hydrosilane. DFT calculations supported that the
reaction mechanism proceeded by hydrocupration and then
followed by σ-bond metathesis with the hydrosilane (Figure
4).
Very recently, You and co-workers [67] reported an en-

antioselective Cu(OAc)2-catalyzed hydrosilylation of 1,2-
dihydroquinolines 53 with hydrosilanes (Ph2SiH2 or PhSiH3)

Scheme 17 Cobalt-catalyzed hydrosilylation of cyclopropenes with Ar-
SiH3 (color online).

Scheme 18 Cobalt-catalyzed hydrosilylation of 1,3-dienes with prochiral
silanes (color online).
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with the aid of both chiral (R,R)-Ph-BPE (L17-R) and (p-
tolyl)3P. The presence of racemic P-ligand could accelerate
the reaction to give a higher yield from 56% to 86% without
the loss of enantioselectivity (Scheme 21). Similarly to
Buchwald’s copper catalysis, the mechanistic studies showed
that the ligated copper hydride (LCuH) might be generated in
situ from the Cu(OAc)2, the P-ligand (L) and diphenylsilane.
The activated species was then inserted into 1,2-dihy-
droquinoline with the formation of a copper intermediate

bearing a stereogenic center with a C–Cu bond. Subsequent
stereoretentive s-metathesis between active copper species
and another diphenylsilane resulted in the desired product
and the regeneration of LCuH for the next catalytic cycles.
Very recently, Xu and co-workers [68a] determined a

copper-catalyzed regiodivergent hydrosilylation of simple
allenes 55 with aryl silanes (ArSiH3) and an unprecedented
asymmetric version, which gave a wide range of linear al-
lylsilanes by CuTC (copper(I) thiophene-2-carboxylate) in
dichloromethane (DCM) and branched allylsilanes by
Cu(OAc)2 in tetrahydrofuran (THF) (Eq. (1) in Scheme 22). In
addition, the corresponding branched allylsilanes 56 could be
obtained with high regio- and enantioselectivity (b/l = 90:10
to >98:2 and ee = 82%–97%) with the aid of chiral bispho-
sphine ligand L18a [(R)-3,5-tBu-MeOBIPHEP]. It should be
noted that substituted aryl allenes exhibited high reactivity to
form the corresponding allylsilanes with high regio- and
enantioselectivities (91%–95% ee), while aliphatic allenes
resulted in the desired products in good yields but with
slightly decreased enantioselectivities (82%–86% ee). Fur-
thermore, except for PhSiH3, other hydrosilanes including n-
C8H17SiH3, diethylsilane (Et2SiH2), and diphenylsilane (Ph2-
SiH2) were found to be an inactive substrate to form the
desired allylsilanes. The specific activation of phenylsilane
by copper catalyst further revealed the distinguished re-
activity of the Si–H bond on different hydrosilanes leading to
an exciting and challenging choice of matching catalysts and
hydrosilanes in synthetic organosilicon chemistry. In 2022,
Xu and co-workers [68b] have further reported an interesting
protocol to synthesize axially chiral (cyclohexylidene)ethyl
silanes (Eq. (2) in Scheme 22) by Cu-catalyzed asymmetric
hydrosilylation of 4-substituted vinylidenecyclohexanes
with arylsilanes (ArSiH3 or Ph2SiH2). Different vinylidene-
cyclohexanes with aryl substituted and alkyl-substituted
groups at para-position of cyclohexane ring were tolerated to
afford the corresponding silanes in moderate to good yields
(56%–90%) and enantioselectivities (34%–88% ee). In this
protocol, the reactive Cu-H species was proposed as a key

Scheme 19 Scandium-catalyzed hydrosilylation of alkenes to access si-
licon-stereogenic centers (color online).

Scheme 20 Copper-catalyzed hydrosilylation of alkenes (color online).

Figure 4 The proposed mechanism for copper-catalyzed hydrosilylation
of alkenes.

Scheme 21 Copper-catalyzed hydrosilylation of 1,2-dihydroquinolines
(color online).
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intermediate to coordinate with allenes and then to form an
active allylcopper species. And the steric interaction between
the R group on the allene and the P–Ar moiety of the ligand
on the structure of Cu-allene species is considered to be key
factor in the control of the regio- and enantioselectivity of
hydrosilylation.
The recent year has witnessed the prosperity of copper

catalyzed hydrosilylation. In this context, Zhang and co-
workers [69] recently expanded the copper-catalyzed hy-
drosilylation to the enantioselective synthesis of chiral ge-
minated disilyl and borylsilyl compounds from silyl and
boryl alkenes. In the presence of CuTC or Cu(OH)2 as cat-
alyst (Scheme 23) and Ph-BPE as chiral ligand, the desired
geminated Si/B or Si/Si products 57 with various valuable
functional groups, such as ester, cyano, amide and hetero-
cyclic groups, could be afforded with good enantioselec-
tivities (87%–99% ee). Importantly, the synthetic application
of the corresponding product from copper-catalyzed hydro-
silylation has been well illustrated by downstream transfor-
mations in this work.

2.8 Ni-catalyzed hydrosilylation of
gem-difluoroalkenes

Although nickel salts and their complexes have long been
considered as the catalyst in alkene hydrosilylation, these
reaction systems suffered from narrow substrate scope, low
yield or harsh reaction conditions [70]. Thus the develop-
ment of effective ligands for nickel-catalyzed hydrosilylation
has become one of the active areas of research [71].
Interestingly, the first example of asymmetric version of

nickel-catalyzed alkene hydrosilylation was not found until

2022. In this case, Bai and Chang et al. [72] developed an
enantioselective nickel(0)-catalyzed hydrosilylation of gem-
difluoroalkenes with dihydrosilanes to afford chiral α-di-
fluoromethylsilanes 58 with moderate to good yields (42%–
99%) in good to excellent enantioselectivity (71%–96% ee).
The nickel-catalyzed hydrosilylation featured with a broad
substrate scope and good regio- and stereoselectivity, de-
monstrating the considerable potential for silyl modifications
of bioactive molecules introduced with a gem-difluoroalkene
moiety. Among these, some special substrates, such as the 6-
chloropyridin-3-yl substituted gem-difluoroalkene, were not
suitable for this reaction because they are found to be un-
reactive but with starting materials recovered. The reaction
of 1,1-difluoro-4-phenyl-1-butene gave complex products
with only 11% yield of the diphenyl(4-phenylbutyl)silane,
presumably due to the competitive and unavoidable β-F
elimination process. Mechanistic studies, including con-
trolled experiments, linear effects and deuterium-labeling
studies, have been performed to support that the Si–C bond-
forming process but not Si–H bond activation might be the
rate-determining step (Scheme 24). Notably, the additives
combined with anisidine and B(C6F5)3 might form a fru-
strated Lewis pair to accelerate the Si–H bond activation and
subsequent oxidative addition of Ni0 to the Si–H bond. In
addition, the selective insertion of Ni–H species into the
gem-difluoroalkene to give the chiral α-difluoromethylated
intermediates, owing to the σ-withdrawing-induced effect by
difluorine group.

3 Asymmetric hydrosilylation of alkynes

Similar to the alkene hydrosilylation, catalytic hydrosilyla-
tion of alkynes is one of the most efficient processes for
preparing vinylsilane derivatives with 100% atomic econo-
my [73]. In the past decades, continuous studies on the
control of selectivity, including regio- and stereoselectivity,
which is one of the critical problems of Hydrosilylation [74],
promoted the development of enantioselective Si–H bond
functionalization.

3.1 Pt-catalyzed hydrosilylation of internal alkynes

Due to their high catalytic performance, platinum complexes
(such as Karstedt catalyst) are still the most important metal
catalysts for the hydrosilylation in industrial processes [75].
However, the development of enantioselective platinum-
catalyzed hydrosilylation of alkynes is a challenging topic in
the past years, some efforts to explore the new ligands for the
enantioselective version of platinum catalysis in Xu groups
[76] revealed the deficient control in enantioselectivity dur-
ing the enantioselective Si–H bond activation.
The first example of platinum-catalyzed asymmetric

Scheme 22 Copper-catalyzed hydrosilylation of allenes (color online).
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hydrosilylation of alkynes 59 was reported in 2012 by To-
mooka and co-workers [77], in which they found a catalytic
asymmetric transformation of dihydrosilanes based on Pt(0)-
catalyzed desymmetric hydrosilylation of alkynes with the
aid of TADDOL-derived phosphonite ligands (Scheme 25).
Although the enantioselectivity of present reaction was not
excellent enough (up to 86% ee), this method afforded a
facile process for catalytic synthesis of silicon-stereogenic
alkenylhydrosilanes 60 that are synthetically valuable sili-
con-containing building blocks.
Although it is difficult to control the platinum-catalyzed

desymmetrization of MePhSiH2 in hydrosilylation, Xu and
co-workers [78,79] screened their multifunctional P-ligands
and found that their Fei-Phos and its analogues L21 ex-
hibited promising ability in enantioselective induction,
leading to the formation of silicon-stereogenic oxasiline 63

with up to 32% ee (Scheme 26). These preliminary ex-
plorations into asymmetric platinum catalysis have opened
up an alternative pathway to enantioselective silicon-hy-
drogen bond functionalization, which has previously had
limited success.

3.2 Rh-catalyzed hydrosilylation of internal alkynes

Similar to the alkene hydrosilylation, a series of rhodium
catalyst systems were proved to be effective with good
chemoselectivity in hydrosilylation of alkynes [80]. How-
ever, it is difficult to construct stereocenter in the hydro-
silylation of general alkynes. Accordingly, the
hydrosilylation-initiated cyclization of enynes might provide a
direct platform to realize enantioselective silicon-hydrogen
functionalization. For example, Widenhoefer group [81] has
presented another example of enantioselective cationic rho-
dium (R)-BIPHEMP complex -promoted enyne cyclization/
hydrosilylation with various hydrosilanes. The silylated al-
kylidene cyclopentanes 65 were achieved with 70%–76%
yields and 77%–89% ee (Scheme 27), which revealed that
oxidative addition of the H–Si bond of the hydrosilane to Rh(I)
species worked well in the presence of tertiary hydrosilanes.
However, there is no additional data for the reaction results
with other hydrosilanes, including dihydrosilanes.
Subsequently, Zhou and co-workers [82] have developed an

efficient rhodium complex based on their spiro diphosphine
SDP L23 for the catalytic asymmetric silylcyclization of 1,6-
enynes 66 (Scheme 28). In this work, a series of hydrosilanes
were used in this silylcyclization reaction of 1,6-enyne under
the optimized reaction conditions. It was found that both
trialkylsilanes (HSiR3) and trialkoxysilanes (HSi-(OR)3)
could serve as suitable hydrosilanes (>93% ee), although
other hydrosilanes with phenyl groups give slightly lower
enantioselectivities (89% ee). In addition, only a trace amount
of silylcyclization product was obtained when hydrosilanes
containing bulky alkyl groups (such as i-Pr3SiH) are used.
The use of excess amount of hydrosilane is necessary to limit
the dimerization of 1,6-enynes and other side reactions.

Scheme 23 Copper-catalyzed hydrosilylation of silyl or boryl alkene
(color online).

Scheme 24 Nickel-catalyzed hydrosilylation of gem-difluoroalkenes to
access difluoromethylsilanes (color online).

Scheme 25 Platinum-catalyzed asymmetric hydrosilylation of symmetric
alkynes (color online).
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Although the catalytic asymmetric hydrosilylation of al-
kenes based on desymmetrization has been achieved suc-
cessfully to construct silicon-stereogenic center, the
desymmetric hydrosilylation of Si-tethered bisalkynes was
not reported until 2020. In this context, enantioselective
control of intermolecular hydrosilylation of alkynes with
prochiral hydrosilanes to provide silicon-stereogenic silanes
is really a challenging task. In 2020, Xu group [83] accom-
plished a highly enantioselective Rh-catalyzed in-
tramolecular hydrosilylation of silicon-tethered bisalkynes
68, which provided a direct and practical approach to the
construction of silicon-stereogenic benzosiloles 69 that are
AIE and CPL-active molecules. It should be noted that only
their newly developed multifunctional ligand, chiral Ar-
BINMOL-Phos L24 with hydrogen-bond donors, could be
efficiently used as a P-ligand in the desymmetrization of
silicon-tethered bisalkynes (Scheme 29). With the Rh/Ar-

BINMOL-Phos catalyst system under the optimal reaction
conditions, the reaction is operationally robust and 100%
atom-economy with good functional group tolerability as
well as high enantioselectivity (up to >99:1 er). More spe-
cially, the use of the KOtBu as the basic additive is crucial to
maintaining excellent enantioselectivity in this reaction be-
cause the catalytic amount KOtBu might be responsible for
the formation of an active Rh complex.

3.3 Pd-catalyzed hydrosilylation of ynones

Most of palladium-catalyzed hydrosilylation to date largely
focused on generation of carbon-stereogenic centers [84],
and the straightforward and enantioselective construction of
silicon-stereogenic centers by palladium-catalyzed hydro-
silylation presented a challenge due to a shortage of effective
chiral ligand with high level of enantioselective induction. In
2021, Xu and co-workers [85] reported an unprecedent ex-
ample of palladium-catalyzed hydrosilylation of ynones 70
that could be applied in the highly efficient construction of
enantioenriched silicon-stereogenic compounds (Scheme
30). In this reaction, the newly developed P-ligand L25made
the stereospecific Si–H activation to afford a series of sili-
con-stereogenic silylenones 71 with up to 94% yield, and
good enantioselectivity (96% ee) as well as high regios-
electivity (>20:1 rr). It is the first example for the en-
antioselective synthesis of silicon-stereogenic silylenones
through hydrosilylation of ynones. In this work, the DFT
calculations were also conducted to elucidate the mechanism
of selective palladium-catalyzed hydrosilylation reaction of
dihydrosilanes as well as the origin of high degree of ste-
reoselectivity. The mechanistic studies showed that both the
regioselectivity and enantioselectivity were determined in
the step of oxidative hydrometallation (Figure 5). In the key
step, the oxidative addition of ArPhSiH2 and hydride transfer
to the triple bond of ynone took place concertedly via a four-

Scheme 26 Platinum-catalyzed intramolecular hydrosilylation to access
silicon-stereogenic center (color online).

Scheme 27 Rhodium-catalyzed asymmetric cyclization/hydrosilylation
of enyne (color online).

Scheme 28 Enantioselective Rh-catalyzed hydrosilylation-initiated cy-
clization of 1,6-enynes (color online).

Scheme 29 Enantioselective Rh-catalyzed hydrosilylation of bisalkynes
(color online).

1668 Li et al. Sci China Chem June (2023) Vol.66 No.6



membered square planar Pd(II) complex, in which the chiral
ligand played a crucial role in the stereocontrol addition due
to the powerful potential of aromatic interaction in this re-
action that is highlighted by the multiple C–H-π interaction
and aromatic cavity-oriented desymmetric functionalization
of Si–H bond in the enantioselectivity-determining step. The
Pd complex with chiral binaphthyl-phosphoramidite has the
ability to differentiate between unsymmetrical substituent
groups on hydrosilanes due to the chiral microenvironment
constructed by the interaction between the palladium catalyst
and the substrates through aromatic interactions. This guar-
antees the asymmetric activation of Si–H bond on hydro-
silanes during the hydrosilylation of ynones.

3.4 Co-catalyzed hydrosilylation of alkynes

Cobalt-catalyzed alkyne hydrosilylation is a powerful pro-

cess to construct vinylsilanes and chiral silanes [86]. As one
of the earth-abundant transition metal catalysts, the devel-
opment of asymmetric cobalt-catalyzed hydrosilylation of
alkynes is a very important task with potential applications in
organosilicon chemistry. In this regard, asymmetric cobalt-
catalyzed hydrosilylation reaction of alkynes has no pro-
mising breakthrough until 2017. While developing asym-
metric cobalt-catalyzed alkene hydrosilylation, Lu and co-
workers [87] developed a novel regio- and enantioselective
cobalt-catalyzed one-pot hydrosilylation/hydrogenation of
alkynes to give structurally diverse chiral silanes and silicon-
containing chiral compounds (Scheme 31). In this reaction,
various aryl alkynes bearing electron-donating or -with-
drawing substituents on the phenyl ring were tolerated, in
which the corresponding products 72 were achieved with
good to excellent ee values (up to >99% ee). The mechanistic
studies demonstrated that the regioselectivity might be
controlled by the alkyne hydrosilylation step and the en-
antioselective induction occurred in the step of asymmetric
hydrogenation of the corresponding vinyl silanes (Figure 6)
[88].
Huang and co-workers [89] have developed an efficient

and stereoselective method for the catalytic asymmetric
construction of silicon-stereogenic vinylhydrosilanes 73
with high ee (up to 91% ee) that is based on a new cobalt/
PyBox complex (C5)-catalyzed hydrosilylations of prochiral
dihydrosilanes with alkyne (Scheme 32). In addition, the
reactions proceeded as Markovnikov mode with high re-
gioselectivities for terminal arylalkynes. Notably, this is an
elegant example for alkyne hydrosilylation reaction with
dihydrosilanes that occurs with high chemo-, regio- and

Scheme 30 Pd-catalyzed hydrosilylation of ynones for the en-
antioselective construction of silicon-stereogenic center (color online).

Figure 5 Reaction mechanism for Pd-catalyzed hydrosilylation of ynone (color online).
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enantioselectivity.
Lu and co-workers [90] recently developed a highly en-

antioselective cobalt complex (C6)-catalyzed sequential
double hydrosilylation of aliphatic alkynes to synthesize
enantioenriched gem-bis(silyl)alkanes 74 from two different
hydrosilanes (Scheme 33). This protocol featured with high
chemo-, regio-, and enantioselectivity to construct valuable
chiral gem-bis(silyl)alkanes 74 through three-component

tandem hydrosilylation of simple aliphatic alkynes, trihy-
drosilanes (PhSiH3) and dihydrosilanes (Ar2SiH2). In addi-
tion, the mechanistic studies, including control experiments,
kinetic studies, isotopic labeling experiments, and DFT cal-
culations revealed that the CoBr2·Xantphos catalyzed hy-
drosilylation of alkynes with Ph2SiH2 is quite fast to give
vinylsilane intermediates that could further react with
PhSiH3. The rate-determining step (RDS) is the vinylsilane-
based coordination and insertion process. Notably, the syn-
thetic versatility of gem-bis(silyl)alkanes bearing two dif-
ferent Si–H moieties was demonstrated by hydrolysis and
new Si–C bond-forming process, which could be not only
used in the clarification of the different reactivity of dihy-
drosilanes and monohydrosilanes, but also useful for the
synthesis of chiral organosilanols 75 and 76, α-hydro-
xysilanes, and chiral gem-bis(silyl)alkanes 78 containing
adjacent C-stereocenter and Si-stereocenter.
Very recently, Song and co-workers [91] found that the

product of hydrosilylation of alkyne with dihydrosilane was
a reactive intermediate for the hydroboration, in which this
protocol could be used in the enantioselective construction of
chiral 1,1-silylboryl alkanes 79 in the presence of (R,S)-
Joisphos L26 (Scheme 34). Notably, reaction enantioselec-
tivity for the alkynes with aliphatic chains was relatively
insensitive to structural variation, and such a type of alkynes
could be smoothly converted to enantioenriched 1,1-si-

Scheme 31 Enantioselective Co-catalyzed hydrosilylation/hydrogenation
of alkynes (color online).

Scheme 32 Desymmetrization of prochiral silanes by Co-catalyzed hy-
drosilylation (color online).

Figure 6 Reaction mechanism for the cobalt-catalyzed hydrosilylation.

1670 Li et al. Sci China Chem June (2023) Vol.66 No.6



lylboryl alkanes with good yields and excellent enantios-
electivity. However, the substituent on the aromatic ring of
aryl alkynes exhibited obvious effect on the enantioselec-
tivity. For example, the aryl alkynes with para- or meta-
substituted OMe on the aromatic ring led to excellent ee
value (96%–99% ee), but only 32% ee of the corresponding
product was achieved when i-Pr or t-Bu was on the para-
position of aryl alkynes.
Almost at the same time, Ge and co-workers [92] reported

a highly enantioselective cobalt-catalyzed one-pot hydro-
silylation/hydroboration of terminal alkynes through a chiral
cobalt catalyst generated from Co(acac)2 and (R,R)-Me-
Ferrocelane L27 (Scheme 35). In this reaction, a variety of
terminal alkynes could undergo one-pot hydrosilyaltion and
enantioselective hydroboration, affording the corresponding
gem-(borylsilyl)alkane products 79 with good yields and
excellent enantioselectivity (up to 98% ee). This protocol
further represented the most straightforward approach de-
veloped independently by Song’s and Ge’s groups who

provided a well-defined cobalt catalyst to access versatile
chiral gem-(borylsilyl)alkanes from readily available alkynes
and commercially available diphenylsilane.
Ge and co-workers [93] have recently developed an en-

antioselective CoH-initiated cyclization protocol for the
synthesis of silyl-functionalized chiral heterocycle com-
pounds, in which a variety of carbon-, oxygen-, and nitrogen-
tethered 1,6-enynes 80 reacted smoothly with secondary or
tertiary hydrosilanes by cobalt-catalyzed hydrosilylation/
cyclization (Scheme 36). The chiral cobalt complex gener-
ated in situ from Co(acac)2 and (R,S)-Josiphos was found to
be highly effective for the synthesis of corresponding al-
kylsilane products in good yields and excellent enantios-
electivity. Interestingly, the Co-catalyzed hydrosilylation/
cyclization of alkyl-substituted 1,6-enynes 80 resulted into
chiral vinylsilane products 81 with high enantioselectivity, in
which the product was different from Co-catalyzed hydro-
silylation/cyclization of aryl-substituted 1,6-enynes 82.
Mechanistic studies suggest that the chelation of 1,6-enyne
to the Co complex and the subsequent hydrocobaltation
controlled the regioselectivity of this catalytic asymmetric
hydrosilylation/cyclization reaction to give different pro-
ducts. Notably and very recently, Lu and co-workers [94]
reported a similar strategy for sequential hydrosilylation/
hydrohydrazidation of terminal alkynes with hydrosilanes
and diazo compounds to afford 1,2-N, Si compounds by
cobalt/Xantphos/tridentate anionic N-ligand catalyst system.
Specifically, it was found that Ph2SiH2 was proved to be an
effective hydride donor in the palladium-catalyzed bicycli-
zation of enynes, whereas PhSiH3 and Et2SiH2 were less
effective in this reaction because of their different reactivities
[95].
Cascade hydrosilylation reactions, in which two Si–H

bonds on hydrosilanes are sequentially added to a single
alkyne, olefin, enynes, or other unsaturated molecules with
high chemo- and stereo-selectivity, remain rare [96]. Very
recently, Meng and co-workers [97] developed a new pro-
tocol for catalytic chemo- and enantio-selective hydro-
silylation of 1,3- and 1,4-enynes promoted by chiral
phosphine (L28)–Co complexes (Scheme 37). Under the
optimized reaction conditions, diverse and unique reaction
pathways could be accurately tuned by a chiral bisphosphine
ligand L28 bearing electron-deficient CF3 group on para-
position of the phenyl ring. In this reaction, a wide range of

Scheme 33 Cobalt-catalyzed sequential double hydrosilylation of al-
kynes with two different hydrosilanes (color online).

Scheme 34 Enantioselective cobalt-catalyzed cascade hydrosilylation
and hydroboration of alkynes (color online).

Scheme 35 Enantioselective cobalt-catalyzed cascade hydrosilylation
and hydroboration of alkynes (color online).

1671Li et al. Sci China Chem June (2023) Vol.66 No.6



Si-stereogenic alkenylsilanes 85 and its further functionali-
zation of the stereogenic Si–H bond were achieved in high
efficiency and stereoselectivity.

4 Asymmetric carbene Si–H bond insertion

The catalytic carbene Si–H insertion reaction of diazo
compounds is a very powerful organic transformation due to
the environmentally benign and highly synthetic potential of
the generated Si-based building blocks [98]. In the past few
decades, various synthetic methods using diverse metal
catalysts have been developed sharing the common aim to
explore new reaction processes and enhance the enantios-
electivity of these Si–H bond insertion reactions [99]. This
review focuses on the recent advancements made in the past
decade in catalytic asymmetric carbene Si–H bond insertion
reactions.

4.1 Cu-catalyzed carbene insertion of Si–H bond of
monohydrosilanes

Among various copper catalyst systems, Zhou’s method
[100,101] could be ranked as an important progress in this
reaction, in which they have developed chiral spirodiimine
ligands for the determination of a highly enantioselective
copper-catalyzed carbenoid insertion into Si–H bonds
(Scheme 38). By using this copper/Schiff base (L29) catalyst
system, a wide range of α-aryl silylesters were produced in
excellent yields (85%–97%) and enantioselectivities (90%–
99% ee). Notably, the α-aryl group in the diazoester substrate
was vital for obtaining good reaction results. For example,

the reactions of methyl α-diazopropionate with PhMe2SiH or
(o-Tol)-Me2SiH resulted into very low yields and ee values
(<60% yield and <35% ee). Similarly, the Si–H insertion of
α-allyldiazoacetate with PhMe2SiH afforded a complicated
mixture of products. In addition, similarly to the classic
method reported by Panek and Stavropoulos et al. [102], 2,6-
dichlorophenyl moiety on the Schiff base ligand played an
obvious enhancement of enantioselectivity in comparison to
that with other aryl backbones.
Later, Panek and co-workers [103] have extended the use

of Jacobsen’s chiral copper(I) diimine complexes derived
from ligand L30 to carbene insertions of hydrosilanes with
diazovinylacetates, resulting in the formation of en-
antiomeric excess crotylsilanes 89 bearing carbon-centered
chirality with 70%–73% ee. In addition, the authors also
carried out additional experiments to allow a comparison of
chiral Cu(I) (Eq. (1) in Scheme 39) vs. Rh(II) catalysis (Eq.
(2) in Scheme 39). For example, when Rh2(S-DOSP)4 (R1)
was used as a chiral catalyst, comparable selectivity was
achieved with n-Bu3SiH compared with Me2PhSiH, while
the use of Ph3SiH and TMS3SiH resulted into low yield and
poor enantioselectivity. Therefore, the different chemical
structures or physical properties of hydrosilanes is an im-
portant parameter in this reaction.
Inspired by previous reports on the copper catalysis, Ol-

levier and co-workers [104] developed a catalytic asym-
metric Si–H insertion reaction of 1-aryl-2,2,2-trifluoro-1-
diazoethanes 90 (Scheme 40). Similarly to previous work
[105], it was found that the bis((2,6-dichlorobenzylidene)
diimino)cyclohexane exhibited good activity and en-
antiocontrol in the Si–H insertion reaction to give up to 98%
yields and up to 96% ee.
Different from previously used diazo compounds for the

Si–H bond insertion reaction, Ye and co-workers [106] re-
ported an efficient Cu-catalyzed synthesis of 4-silyl-sub-
stitued pyrroles 93 from N-propargyl ynamides 92 via Si–H
bond insertion reaction of hydrosilanes (Scheme 41). In
particular, the asymmetric copper-catalyzed Si–H bond in-
sertion reaction of N-propargyl ynamides 92 was also in-
vestigated by screening of various chiral ligands, including
bis(oxazoline) ligands and biphosphine ligands, which dis-
closed that the chiral copper/Box (L31) complex-catalyzed
Si–H bond insertion reaction of N-propargyl ynamide with

Scheme 36 Enantioselective Co-catalyzed hydrosilylation of 1,6-enynes
(color online).

Scheme 37 Enantioselective Co-catalyzed hydrosilylation of enynes
(color online).

Scheme 38 Copper-catalyzed carbene insertion of Si–H bond (color on-
line).

1672 Li et al. Sci China Chem June (2023) Vol.66 No.6



PhMe2SiH resulted into the desired silylpyrrole product 93 in
52% yield and promising enantioselectivity (48% ee).
Very recently, Zhou and Wu et al. [107] demonstrated the

application of asymmetric Cu-catalyzed Si–H insertion of
diazocarbonyl compounds 95with hydrosilanes in polymeric
condensation to synthesize a series of optically active sili-
con-linked polyesters 96 (up to 99% yield, 14.6 kg/mol). The
resulting chiral polymers with good thermal stability could
be transferred into chiral diols 97 by the reduction with
employing DIBAL-H as a reductant, which indirectly re-
vealed its highly enantioselective control in the Si–C bond-
forming polycondensation (Scheme 42).
Judging from the previous progress of copper-catalyzed

carbene insertion reaction of Si–H bond in recent years,
copper catalysts have wide applicability and can be applied

to carbene insertion reactions of various types of diazo
compounds and N-propargyl ynamides, and can also be used
in the synthesis of chiral polycarbosilanes. In particular, the
copper-based catalyst system is quite suitable for the carbene
insertion reaction of monohydrosilanes. At present, there is
no report on the carbene insertion reaction-based de-
symmetriation of dihydrosilanes that can be used for the
enantioselective construction of silicon-stereogenic silanes.

4.2 Ir-catalyzed carbene insertion of Si–H bond of
dihydrosilanes

Iridium is one of the rarest elements in the earth’s crust, with
an average mass ratio of only 0.001 parts per million (about
one-tenth that of platinum). In addition, this element is
chemically stable, but still has the promising ability to form
coordination compounds, which makes iridium can be used
as an effective catalyst in the synthesis of fine chemicals and
natural products. For example, iridium complexes can be
used to catalyze asymmetric hydrogenation reactions, which
is capable of hydrogenating otherwise difficult-to-hydro-
genate substrates, such as non-functionalized olefins, to one
of their enantiomers. Therefore, the asymmetric catalytic
synthesis reaction promoted by iridium has the character-
istics that other metals do not have.
In 2010, Katsuki et al. [108] have ever examined the Si–H

insertion reaction of dimethylphenylsilane and ethyl α-dia-
zopropionate in the presence of Ir(salen) complex bearing
axial and central chirality. The desired Si–H insertion pro-
cess could occur at −78 °C to give promising enantioselec-
tivities. The chirality matching is an important factor, as the
enantioselectivity was moderately by using (P,R)-Ir(salen) 1
but significant improvement to 97% ee was achieved by
using (P,S)-Ir(salen) complex.
As shown in Scheme 43, the Ir(salen) complex-catalyzed

Si–H insertion reactions proceeded with good yields and
excellent enantioselectivities; however, the central chirality
was induced only on the carbon atom during the Si–C bond-

Scheme 39 The difference in copper and rhodium-catalyzed carbene in-
sertion reaction of Si–H bond (color online).

Scheme 40 Copper-catalyzed carbene insertion reaction of Si–H bond
(color online).

Scheme 41 Copper-catalyzed synthesis of 4-silyl-substituted pyrroles
from N-propargyl ynamides via Si–H bond insertion reaction of hydro-
silanes (color online).

Scheme 42 Catalytic synthesis of silicon-containing macromolecule via
Cu-catalyzed Si–H insertion of diazocarbonyl compounds with hydro-
silanes (color online).
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forming process. If the hydrosilane compound is prochiral,
additional silicon-stereogenic chirality should also be formed
to provide a pair of diastereomers. To explore this possibility,
Katsuki et al. [108] further examined the Si–H insertion
reaction between prochiral (1-naphthy)phenylsilane with
tert-butyl α-diazopropionate (Scheme 44). It is the first ex-
ample of highly enantioselective Si–H insertion reaction that
can give the silicon-stereogenic products 99 with good dia-
stereo- and enantioselectivies. In addition, the study on ki-
netic isotope effect (KIE) supported the notion that the step
of Si–H bond activation is key to the carbenoid Si–H in-
sertion. Subsequently in 2012, Che and co-workers [109]
also reported another important example for the Ir-catalyzed
Si–H bond insertion reactions featuring high enantio- and
diastereo-selectivity as well as high product turnovers with
chiral iridium porphyrin as catalyst.

4.3 Rh-catalyzed carbene insertion of Si–H bond

Rhodium plays an important role in the asymmetric cata-
lyzed carbene insertion reaction of silicon–hydrogen bond,
and it is one of the most successful metal catalyst systems to
realize the enantioselective control in this reaction. For ex-
ample, inspired by their previous findings on the side-chain
carboxylates of a peptide as bidentate ligand for dirhodium
catalysis [110], Ball and co-workers [111] examined the
metallopetide complex from Rh2(OAc)2 and a chelating bis-
carboxylate peptide ligand for the asymmetric insertion of
diazoacetates into Si–H bond of PhMe2SiH (Scheme 45). In
this work, the authors determined that the generation of a
small peptide library (>22 examples) allowed structural op-
timization of peptide sequence and produced an efficient
dirhodium catalyst R2 for enantioselective carbenoid inser-
tion into Si–H bonds (99% ee and 90% yield).
In 2016, Xu and co-workers [112] reported a highly effi-

cient rhodium(I)-catalyzed asymmetric Si–H insertion reac-
tion with the aid of a C1-symmetric chiral diene ligand L32
(Scheme 46). The reaction enabled the asymmetric synthesis
of valuable chiral α-silyl esters and phosphonates 101 from a
broad range of substrates, with excellent enantioselectivities
under exceptionally mild conditions. Various tertiary hy-
drosilanes, such as substituted aryl silanes, triethylsilane, and

tripropylsilane were found to be suitable silicon reagents
successfully applied in this trans-formation, affording the
desired α-silylesters and its analogues 101 with good to ex-
cellent enantioselectivities (up to 99% ee). The deuterium-
labeling kinetic isotopic studies and DFT calculations
showed that the reaction proceeds via a concerted, stereo-
specific Rh(I)-carbene mediated transition state, in which the
addition of Si–H bond onto the aromatic interaction-stabi-
lized electrophilic Rh(I) carbenoid intermediate took place
preferentially from the unlocked Re-face at the site adjacent
to electron-withdrawing group and Cl anion to give the R-
product.
Although the chiral catalyst is able to achieve en-

antioselective control by discriminating the reactive center of
the substrate between two prochiral faces with largely dif-

Scheme 43 Iridium-catalyzed Si–H insertion reaction (color online).
Scheme 44 Iridium-catalyzed Si–H insertion reaction to give silicon-
stereogenic silanes (color online).

Scheme 45 Rhodium-catalyzed Si–H insertion reaction (color online).

Scheme 46 Rhodium-catalyzed Si–H insertion reaction (color online).
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ferent steric interactions, it is quite difficult to identify pro-
chiral faces of the reactive center when it is attached to two
structurally or sterically similar substituents. In 2020, Shaw
and Franz et al. [113] reported an interesting example of
intermolecular and enantioselective diarylcarbene insertion
into Si–H bonds of dihydrosilanes for the direct synthesis of
silicon-stereogenic hydrosilanes 102 (Scheme 47). It was
found that dirhodium(II) carboxylates R3 could smoothly
promote the Si–H insertion to the facile construction of an
enantioenriched silicon center with moderate to good ee
values (42%–90% ee) in most cases. The mechanistic studies
supported that the Si–H insertion was probably determined
as the rate-determining step.
Almost at the same time, Zhou and Zhu et al. [114] also

independently discovered a carbene Si–H insertion reaction
in which the enantioselective control depended primarily on
the electronic characteristics of the carbene compound, and it
was found that the log(er) values were linearly related to
Hammett parameters. It showed excellent conversion and
enantioselectivity for the diarylcarbene insertion reaction of
hydrosilanes by a newly developed chiral tetraphosphate
dirhodium catalysts R4 (Scheme 48). Computational and
mechanistic studies showed that the chiral environment of
the Rh catalyst could fix the conformations of the transition
state for the Si–H bond insertion reaction. And accordingly,
the energy difference of the transition states, which is di-
rectly related to the enantioselective control of the Si–H in-
sertion reaction, is primarily due to the electronic difference
between two aryls of carbene substrate.
Very recently, Zhou and Zhu et al. [115] further found the

chiral spiro dirhodium phosphate catalyst [Rh2(SPA)2] was
highly effective for catalytic asymmetric insertion of carbene
intermediates into Si–H bonds (Scheme 49 and Figure 7).
Notably, this Rh catalyst R5 exhibited a good functional
group tolerance, in which this process provided a variety of
new chiral organosilanes 105 or 106 with high enantios-
electivity from readily available hydrosilanes and alkynyl N-
trisylhydrazones 104 or α-aryldiazoacetates 86. Interestingly,
the structure of hydrosilanes also played important effect in
this reaction. For example, the use of iPr3SiH, Ph2SiH2, and
(EtO)3SiH resulted into complex mixtures and no desired
product in Si–H insertion of methyl α-diazophenylacetate.
Catalytic asymmetric carbene insertion into Si–H bonds is

an important reaction. For preparing chiral organosilicons.
However, most of the carbene precursors used in this
reaction have always been diazo compounds or its analogues
[116]. In 2019, Zhu and co-workers [117] reported a highly
efficient rhodium-catalyzed Si–H bond insertion reactions
with functionalized alkynes 107 as carbene precursors. With
chiral Rh(II) tetracarboxylates as catalysts (Scheme 50), the
insertion reactions of carbonyl-ene-ynes and various hydro-
silanes smoothly resulted into chiral organosilanes 108 in
high yields (up to 98%) with a good excellent enantios-

electivity (76%–98% ee). It is the first example of highly
enantioselective Rh(II)-catalyzed Si–H bond insertion reac-
tion with functionalized alkynes as carbene precursors,
which presented a new approach to the preparation of chiral
organosilicons with widely structural diversity from readily
available hydrosilanes and alkynes. Kinetic studies and other
mechanistic studies suggested that insertion of the in situ-
generated Rh(II) carbenes into the Si–H bonds of the tertiary
hydrosilanes was probably the rate-determining step.

4.4 Ru-catalyzed carbene insertion of Si–H bond of
monohydrosilanes

Among the transition-metal-catalyzed Si–H insertion reac-

Scheme 48 Dirhodium-catalyzed Si–H insertion reactions (color online).

Scheme 47 Rhodium-catalyzed Si–H insertion reaction for the con-
struction of silicon-stereogenic centers (color online).

Scheme 49 Catalytic asymmetric insertion of carbene intermediates into
Si–H bonds by rhodium catalysis (color online).
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tions, there are a few examples related to the studies on
ruthenium-catalyzed Si–H insertion reaction. In the first
example reported in 2017, that Iwasa and Chanthamath et
al. [118] established a highly efficient Ru-catalyzed Si–H
insertion reaction with different hydrosilanes to α-methyl-

substituted α-diazoesters (Scheme 51), which provide an
enantioselective protocol to construct carbon or silicon-ste-
reogenic silanes 109 in high yields (up to 99%) and with
moderate excellent enantioselectivities (up to 99% ee). It
should be noted that the enantioselectivity depended largely
on the steric hindrance of hydrosilane and α-diazoester. Al-
though the Si–H insertion reactions of dihydrosilanes
(PhRSiH2) using Ru(II)-pheox suffered from low to moder-
ate diastereoselectivity (58:42 to 79:21 dr), the experimental
results indicated that chiral Ru(II) catalyst can be possibly
applied for the development of highly enantioselective Si–H
insertion reactions to construct enantioenriched silicon-ste-
reogenic centers 109d using a prochiral hydrosilanes.
Subsequently in 2020, Che and co-workers [119] also in-

vestigated the catalytic activity of chiral cis-β-[RuII(salen)
(CO)2] complexes in the enantioselective carbene Si–H in-
sertion of α-diazoester under light irradiation, and for-
tunately, this Ru catalyst exhibited good performance to give
the desired product with up to 96% yields and up to 84% ee.

4.5 Fe-catalyzed carbene insertion of Si–H bond of
monohydrosilanes

Although an iron(II)-catalyzed Si–H insertion reaction of α-
diazo carbonyl compounds was developed in 2017 [120], the
first enantioselective version was reported by Lin and co-
workers [121], in which they reported a highly en-
antioselective iron-catalyzed Si–H insertion reaction with
their hexamethyl-1,1′-spirobiindane-based bisoxazoline li-
gands (HMSI-BOX, L33). This protocol provided rapid and
facile access to structurally diverse chiral α-silyl esters 110 in
high yields and good ee values (Scheme 52). Similarly to
previous work, α-diazoarylacetates were suitable for this
reaction with various tertiary hydrosilanes (such as Et3SiH
and PhMe2SiH); however, the use of α-diazoalkyl com-
pounds in the asymmetric Si–H insertion reaction resulted
into no reaction with the same chiral iron catalyst system.
The deuterium-labeling KIE experiments and DFT calcula-
tions suggested that the reaction proceeded via a concerted
quintet transition state, in which the phenyl group on α-

Figure 7 The reaction mechanism for the rhodium-catalyzed insertion of
alkynyl carbenes into Si−H bonds.

Scheme 50 Rhodium-catalyzed Si–H insertion reaction with functiona-
lized alkynes as carbene precursors (color online).

Scheme 51 Ruthenium-catalyzed Si–H insertion reaction (color online).
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diazoarylacetate has obvious steric repulsions with the ester
group in the key quintet transition state that is responsible for
the exceptional enantioselectivity.

4.6 Enzyme-catalyzed carbene insertion of Si–H bond
of monohydrosilanes

Although enzyme catalysis has been well-known in en-
antioselective synthesis, enzymes-catalyzed carbon–silicon
bond formation is quite rare in nature. The first example was
reported by Arnold group in 2016 [122]. They discovered
that heme proteins could catalyze the formation of chiral
organosilicon compounds 111 under physiological condi-
tions via carbene Si–H insertion reaction of hydrosilane with
diazo esters (Scheme 53). Using directed evolution, Arnold
and co-workers [122] enhanced the catalytic function of
cytochrome c from Rhodothermus marinus to achieve better
reaction results with more than 15-fold higher turnover than
synthetic catalysts. Notably, the biocatalytic reaction pro-
ceeded both in vitro and in vivo, accommodating a broad
range of aryl and alkyl diazo esters as well as mono-
hydrosilanes with high chemo- and enantioselectivity.

5 Asymmetric C–H silylation

In the past decade, the C–H bond functionalization, includ-
ing C–H silylation [123], has become a useful and efficient
strategy for the synthesis of organosilicon compounds [124].
Herein, we will summarize recent and exciting findings for
the enantioselective Si–H bond functionalization through
C–H silylation catalyzed by rhodium or iridium complexes.

5.1 Rh-catalyzed intramolecular C–H silylation

Among the transition metal catalysts, rhodium catalysis was
proved to be a superior strategy for the C–H silylation. In this
regard, Hartwig et al. [125] contributed greatly to the rho-
dium-catalyzed C–H silylation reaction. Interestingly, al-
though there are numerous exciting examples reported in the
past years [126], the enantioselective version of C–H sily-
lation was revealed until 2015. In this year, Shibata and co-
workers [127] reported their effort in the asymmetric
synthesis of ferrocene-fused benzo-siloles 113 and benzo-
germole by intramolecular cross dehydrogenative coupling

through C–H bond activation of ferrocene with a Si–H or
Ge–H bond on aromatic ring (Scheme 54). In this work, they
found Carreira’s dienes drastically improved the enantios-
electivity (60% ee) in comparison to that of chiral BINAP
(31% ee) [128]. Then the determination of chiral diene li-
gand L34 as the best ligand in this reaction makes the se-
lective synthesis of silicon-containing planar-chiral
molecules possible (up to 86% ee).
Kuninobu and Takai et al. [129] developed a double de-

hydrogenative cyclization of bis(biphenyl)silane by the
rhodium catalyst ([RhCl(PPh3)3] or a mixture of [Rh(cod)-
Cl]2 and rac-BINAP) for the synthesis of a spirosilabi-
fluorene derivatives. And this reaction could be applied to
the enantioselective synthesis of chiral spirosilabifluorene
derivatives (70%–81% ee) in the presence of chiral phos-
phine ligands ((R)-BINAP, Scheme 55). Subsequently, the
authors further optimized the reaction conditions to improve
the enantioselectivity for this Rh-catalyzed double dehy-
drogenative cyclization with the same BINAP as the ligand
but under lower temperature and long reaction time, which
resulted into the chiral spiro-9-silabifluorenes 115 with
higher stereoselectivity (up to 95% ee) [130]. The mechan-

Scheme 52 Iron-catalyzed Si–H insertion reaction (color online).

Scheme 53 Enzyme-catalyzed Si–H insertion reaction (color online).

Scheme 54 Rhodium-catalyzed intramolecular C(sp2)–H silylation (color
online).

Scheme 55 Rhodium-catalyzed intramolecular C(sp2)–H silylation (color
online).
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istic studies revealed that the rhodium catalyst promoted
dehydrogenative silylation for the formation of spiro-9-si-
labifluorenes 115 through both Si–H and Csp2–H activation,
and interconversion of two Rh/monohydrosilane inter-
mediates occurred through cleavage of Csp2–Si bonds.
Subsequently in 2015, He and co-workers [131] reported a

rhodium-catalyzed enantioselective intramolecular silylation
of cyclopentadiene rings in metallocenes (Fe or Ru) through
systemic investigation of chiral diphosphine ligands
(Scheme 56). It was found that the (S)-TMS-Segphos L35
could control the enantioselective rhodium-catalyzed C–H
bond silylation reaction of Fe or Ru-based metallocenes
under mild reaction conditions. In this intramolecular sily-
lation, various planar-chiral ferrocene and ruthenocene si-
loles 117 were achieved with moderate to high
enantioselectivity as well as good yields.
Almost at the same time in 2015, Murai and Takai et al.

[132] developed an enantioselective rhodium-catalyzed in-
tramolecular C–H silylation for the synthesis of several
benzosilole-fused ferrocenes and ruthenocene 119 (Scheme
57). This protocol offered a practical and environmentally
friendly strategy to the enantioselective construction of
functionalized planar chiral metallocenes with good yields
and enantioselectivities (up to 93% ee).
Different from the intramolecular C(sp2)–H silylation, the

intramolecular dehydrogenative silylation of C(sp3)–H
bonds is a more challenging reaction process. In 2015, Murai
and Takai et al. [133] described the acceleration effect of
phosphine ligands for the intramolecular dehydrogenative
silylation of C(sp3)–H bonds (Scheme 58). Besides the di-
phosphine ligands, the role of hydrogen acceptors is also
highly important. On the basis of screening experiments, P-
ligand L37 was found to be the most effective ligand to
facilitate the intramolecular dehydrogenative silylation of C–
H bonds, in which it could suppress the competitive hydro-
silylation of a hydrogen acceptor, 3,3-dimethyl-1-butene. In
addition, by employing bulky and electron-rich chiral di-
phosphine ligands, desymmetrizations of 2-(isopropyl)si-
lylbenzene 120 or dihydrosilane 122 via the intramolecular
silylative cyclization were achieved to give the enantiomeric
rich products 121 or 123 with carbon or silicon-centered
chirality respectively. Although the ee was quite low, this is a
rare example of the catalytic asymmetric dehydrogenative
functionalization of C(sp3)–H bonds with Si–H bond acti-
vation.
The combinational use of iridium-catalyzed Si–O bond-

forming silylation and rhodium-catalyzed C–H silylation of
diaryl ketones 124 provides a powerful strategy for the
synthesis of silacycles 125. Hartwig and co-workers [134]
have shown that the direct silylation of aryl C–H bonds could
create a new class of silacycles 125 (Scheme 59). In addition,
such reaction process could be expanded to enantioselective
silylation of C(sp2)–H bonds directed by a (hydrido)silyl

group and catalyzed by the combination of [Rh(cod)Cl]2 and
chiral bisphosphine ligands, which was recognized as a site-
selective silylation of enantioenriched chiral diarylmethanols
in high yield with excellent enantioselectivity [135].

Scheme 56 Enantioselective rhodium-catalyzed intramolecular C(sp2)–H
silylation of metallocenes (color online).

Scheme 57 Enantioselective rhodium-catalyzed intramolecular C(sp2)–H
silylation of metallocenes (color online).

Scheme 58 Enantioselective rhodium-catalyzed intramolecular C(sp3)–H
silylation (color online).

Scheme 59 Enantioselective rhodium-catalyzed intramolecular C(sp2)–H
silylation (color online).
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Subsequently in 2016, Hartwig and Lee [136] developed
an enantioselective intramolecular silylation of cyclopro-
panes 126 based on in-situ formed silyl ether-linked hydro-
silanes, which constitutes a highly enantioselective Si–C
bond-forming silylation of an alkyl C–H bond and functio-
nalization of the C(sp3)–H bond in a cyclopropane to form
chiral silacycles 127 (Scheme 60). The enantioselective si-
lylation process tolerates a wide range of functional groups
with the aid of chiral bisphosphine L39 and Rh complex. In
addition, the observed KIE data (about 2.1) suggests that the
C–H bond activation is turnover-limiting and enantioselec-
tivity-determining process for this silylation reaction.
To modify the structure of drug-like molecule, Hartwig

and co-workers [137] developed a rhodium-catalyzed in-
tramolecular silylation of alkyl C–H bonds that occurs with
unusual selectivity for the C(sp3)–H bonds locating δ-posi-
tion to the silicon-tethered oxygen atom of an in-situ formed
alcohol-derived silyl ether from dehydrogenative coupling of
tertiary alcohols 128 with diethylsilane (Scheme 61). Al-
though this silylation is not an enantioselective fashion, this
regioselective process provides a facile method to synthesize
drug-like 1,4-diols 129 by a hydroxyl-directed C(sp3)–H
bond functionalization and is distinct from the iridium-cat-
alyzed silylation for the synthesis of 1,3-diols from alcohols.
Thus the highly regioselective [(Xantphos)Rh(Cl)]-catalyzed
silylation occurred at a primary C–H bond of δ-position to
the silicon-tethered hydroxyl group over typically more re-
active C(sp3)–H bonds more proximal to the same functional
group. Similar to previous reports, recent and exciting pro-
gress on the intramolecular silylation of chiral substrates
further revealed the importance of silicon-tethered strategy
in the enantioselective construction of a new additional
central chirality [138].
Similarly, Zhao and co-workers [139] have successfully

developed a rhodium-catalyzed dehydrogenative Si–C cou-
pling-type silylation with Et2SiH2, which provided a highly
efficient method to access structurally diverse silacycles,
including dibenzooxasilines and ferrocene oxasilolanes with
a broad substituent scope. Notably, the asymmetric dehy-
drogenative silylation of 2-ferrocenyl-substituted phenolic
silyl ethers resulted into enantioenriched planar-chiral fer-
rocenes bearing a six-membered oxasilines 131 with good
yields (51%–82%) and enantioselectivities (90%–95% ee)
(Scheme 62).
Although asymmetric intramolecular dehydrogenative si-

lylation between Si–H and C–H bonds has been determined
before 2017 [127–136], the combined intermolecular dehy-
drogenative C–H silylation with tandem desymmetrization
of silacyclobutanes was a really novel reaction process at that
time. In this context, He and co-workers [140] reported an
interesting method to construct silicon-stereogenic di-
benzosiloles 133 through rhodium-catalyzed tandem de-
symmetrization of silacyclobutanes and intermolecular

dehydrogenative silylation hinged on the C–H silylation
(Scheme 63). In this reaction, mechanistic studies showed
that silacyclobutanes 132 initially underwent desymmetric
C–H silylation with the aid of a reactive Si–H bond, pro-
ducing a chiral hydrosilane intermediate that ultimately
furnished the intermolecular Si–C coupling reaction to ac-
cess silicon-stereogenic dibenzosilole product. Subsequently
in 2021, He and Yu et al. [141] reported that a combined
computational and experimental study to clarify the Rh-
catalyzed C–H silylation with silacyclobutanes. The key
findings in this reaction mechanism include: (1) the active
catalytic species is a [Rh]–H but not the previously proposed
[Rh]–Cl species; (2) the [Rh]–H is generated via a reductive
elimination and b-hydride (b-H) elimination sequence;
(3) the oxidative addition of SCBs is identified as the regio-
and enantio-determining steps; (4) based on the reaction
mechanism, the discretely in-situ formed [Rh]–H is shown to
be a more efficient catalyst in C–H silylation with SCBs.
Through this combined computational and experimental
study, He and co-workers [142] further improved this reac-
tion in this work in comparison to that of the previous
method.

Scheme 60 Enantioselective rhodium-catalyzed intramolecular C(sp3)–H
silylation (color online).

Scheme 61 Enantioselective rhodium-catalyzed intramolecular C(sp3)–H
silylation (color online).

Scheme 62 Enantioselective rhodium-catalyzed C(sp2)–H silylation
(color online).
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On the basis of their previous findings [140–142], He and
co-workers [143] developed a modified protocol that enabled
enantioselective intermolecular C–H silylation reactions,
which made a wide scope of acyclic silicon-stereogenic
hydrosilanes 135 in high yields and excellent enantioselec-
tivities (Scheme 64). In this work, the employment of [Rh]–
H catalyst that in-situ formed from the reaction system was
proposed to be a more reactive catalyst as opposed to the
commonly used [Rh]–Cl catalyst. In addition, the placement
of a steric blocking group next to the Si center might be
another important factor to guarantee the high level of en-
antioselective control in this reaction.
To construct silicon-stereogenic silacycles by C–H silyla-

tion, He and co-workers [144] developed a highly en-
antioselective tandem C–H silylation/alkene hydrosilylation
reaction with readily available dihydrosilanes and alkenes to
construct structurally diverse silicon-stereogenic silanes in a
single step with good to excellent yields and enantioselec-
tivities (Scheme 65). The desired products 137 or 139 fea-
tured with architecturally complex and functionally
tetrasubstituted structures. This work further revealed the
powerful potentials of Joisphos L43 in the asymmetric Rh-
controlled desymmetrization of dihydrosilanes.
In 2020, He and co-workers [145] developed an efficient

intramolecular C(sp3)–H silylation and tandem alkene hy-
drosilylation for the enantioselective synthesis of silicon-
stereogenic dihydrobenzosiloles 141 (Scheme 66). This
process involves double Si–C bond-forming reaction, as
claimed asymmetric C(sp3)–H silylation of dihydrosilanes
and followed by a stereospecific hydrosilylation with another
molecule of alkene. In this work, a wide range of dihy-
drosilanes and alkenes displaying good functional group-
tolerance with good to excellent yields and enantioselec-
tivities. Very recently, the same group described an en-
antioselective synthesis of chiral 6-member-bridged
dihydrodibenzosilines featuring axial and central chiarlity in
excellent enantioselectivities (Scheme 67) [146]. A wide
range of silicon-stereogenic dihydrodibenzosilines 143

containing both silicon-central and axial chiralities are con-
veniently constructed through intramolecular dehy-
drogenative C–H silylation with the aid of chiral Rh/Joisphos
(L43) catalyst system and with a modified NBE-OMe (5-
(methoxymethyl)bicyclo- [2.2.1]hept-2-ene) as the hydrogen
acceptor. It should be noted that reaction time is very im-
portant because the yield of the desired product increased
while the ee value decreased over time, in which the loss of
ee might suffer from the side reaction between Rh catalysts
with the newly formed monohydrosilane. Later, He and co-
workers [147] further demonstrated an enantioselective
rhodium-catalyzed intramolecular dehydrogenative C–H si-
lylation process of aryl dihydrosilanes 144 (Scheme 68),
which enables the facile synthesis of a variety of silicon-

Scheme 63 Enantioselective rhodium-catalyzed C(sp2)–H silylation of
silacyclobutanes (color online).

Scheme 64 Enantioselective rhodium-catalyzed C(sp2)–H silylation of
silacyclobutanes (color online).

Scheme 65 Enantioselective rhodium-catalyzed tandem C–H silylation/
alkene hydrosilylation (color online).

Scheme 66 Enantioselective rhodium-catalyzed intramolecular C(sp3)–H
silylation and tandem alkene hydrosilylation (color online).
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stereogenic 1H-benzosiloles 145 (15 examples) and struc-
turally similar 1H-benzosilolometallocenes (10 examples) in
good yields with good to excellent chemo-, regio-, and ste-
reocontrol (up to 99% ee).
Very recently, He and co-workers [148] developed a gen-

eral method for the construction of silicon-stereogenic
monohydrosilanes 147 through enantioselective Rh-cata-
lyzed intramolecular dehydrogenative coupling between Si–
H bond of dihydrosilane and aryl C(sp2)–H bonds (Scheme
69). This Si–H functionalization provided a wide scope of
silicon-stereogenic monohydrosilanes with different sub-
stituents on the aryl rings and Si centers. In addition, the
remaining Si–H bond on the chiral monohydrosilanes could
be further transformed to access chiral tetraorganosilanes
148 by hydrosilylation with alkene or alkyne, silylation of
alcohol, hydrosilylation of ketone, and Si–H/C–H dehy-
drogenative coupling reaction. It also found that the silicon
stereochemistry had a >99% retention under the above re-
action conditions.
In 2021, He and co-workers [149] expanded the general

aryl substrates to indole-derived heterocyles 149 or 151 in
the intramolecular C–H silylation, in which they reported an
enantioselective rhodium-catalyzed intramolecular silylation
to the construction of six- and seven-membered silicon-ste-
reogenic silacycles 150 or 152 with excellent enantioselec-
tivities (Scheme 70). These silacycle products, silicon-
bridged heterocycles, exhibited bright blue fluorescence and

potential functions for their application in the field of organic
optoelectronic materials. In terms of the enantioselective
Si–H bond activation, this process underwent a direct de-
hydrogenative C–H silylation through intramolecular Si–C
cross-coupling cyclization that occurred with both C–H ac-
tivation and Si–H bond functionalization. In addition, the
elaboration of the chiral monohydrosilane product delivered
structurally diverse tetraorgano-substituted silicon-stereo-
genic silacycles without the loss of enantiopurity.

5.2 Rh-catalyzed intermolecular C–H silylation

Intermolecular C–H silylation is a challenging research to-
pic, and no C–H silylation with high stereoselectivity has
been reported for a long time. Very recently, He and co-
workers [150] reported an interesting intermolecular rho-
dium-catalyzed C–H silylation of heteroarenes for the en-
antioselective synthesis of acyclic silicon-stereogenic
heteroarylsilanes (Scheme 71). This process featuring de-
hydrogenative Si–H/C–H cross-coupling provided a new
strategy for the preparation of a variety of bis-Si-stereogenic
silanes 153 or acyclic heteroarylated silicon-stereogenic
monohydrosilanes 154 in good chemo-, regio-, and stereo-
control fashion. Similarly, Huang and Chen et al. [151] also
reported a desymmetrization of dihydrosilanes with S-het-
erocycles, such as thianaphthene and thiophene derivatives,
via intermolecular C–H silylation. The protocol provided a
series of silicon-stereogenic monohydrosilanes with high

Scheme 67 Enantioselective rhodium-catalyzed intramolecular C(sp3)–H
silylation (color online).

Scheme 68 Enantioselective rhodium-catalyzed intramolecular C(sp2)–H
silylation (color online).

Scheme 69 Enantioselective rhodium-catalyzed intramolecular C(sp2)–H
silylation (color online).

Scheme 70 Enantioselective rhodium-catalyzed intramolecular C(sp2)–H
silylation (color online).
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yields (up to 90%), moderate to excellent enantioselectivity
(63%–99% ee) and good regioselectivity.

5.3 Rh-catalyzed intermolecular C–H silylation

Similar to the rhodium catalysis, iridium complexes were
also found to be effective catalysts and have been widely
used in the intermolecular C–H silylation of arene and het-
eroarenes [152]. However, there are a few examples related
to the enantioselective control of iridium-catalyzed C–H si-
lylation. In 2017, Hartwig and Shi et al. [153] reported an Ir-
catalyzed intramolecular silylation of various symmetrical
diarylmethanol derivatives to form Si-containing silacycles,
chiral cyclic silyl ethers 156, in good excellent yields with
high enantioselectivity (up to 97% ee). The pyridinyl-ox-
azoline ligand L47 was proved to be a crucial factor that
enabled the enantioselective silylations of C–H bonds oc-
curred in the presence of chiral Ir complex. In addition, this
excellent stereoselectivity also translated to the kinetic re-
solution of unsymmetrical and racemic diarylmethox-
ylsilanes to give the enantioenriched cyclic silyl ether 156
with good enantioselectivity (Scheme 72).
The same group also reported a highly enantioselective

intramolecular C(sp3)–H silylations of primary C(sp3)–H
bonds promoted by the iridium complex generated from
[Ir(COD)OMe]2 and chiral oxazoline-containing dinitrogen
ligands [154]. The reactions provided a facile process to the
synthesis of chiral dihydrobenzosiloles 158 in high yields
with excellent enantioselectivities (up to 96% ee) by de-
symmetric functionalization of methyl groups under mild
conditions (Scheme 73). The synthetic potential of this re-
action was also illustrated by sequential C(sp3)–H and
C(sp2)–H silylations as well as diastereoselective C–H sily-
lations/functionalizations of a natural-product derivative
containing point chirality and multiple types of C–H bonds.
In 2019, the density functional theory calculations were
performed by Huang and co-workers [155] to reveal the ir-
idium-catalyzed intramolecular silylation of methyl C(sp3)–
H bonds. The experimental results showed that the in-situ
generated iridium(III) silyl dihydride species was the true

active catalyst, in which the iridium(III) disilyl hydride
species would generate from the migratory insertion and the
transmetalation. In addition, the C–H silylation reaction was
found to take place through an Ir(III)/Ir(V) catalytic cycle,
and the C(sp3)–H bond oxidative addition was proved to be
the rate- and enantioselectivity-determining step. Notably,
the steric repulsion and C–H···π interaction between chiral
ligand and substrate were found to account for the high en-
antioselectivity.
Despite a hot and growing attention on the catalytic

asymmetric synthesis of silacycle compounds by C–H sily-
lation, the enantioselective construction of silicon-stereo-
genic centers through desymmetrization strategy remains a
challenging topic in organosilicon chemistry [156]. Inspired
by previous iridium-catalyzed intramolecular C–H silylation
of siloxane-tethered arene and hydrosilane that reported by
Xu’s group [157], Zhao and co-workers [158] recently rea-
lized an enantioselective strategy for the construction of si-
licon-stereogenic diarylsilanol-derived silacycles 160 that
could be converted to chiral diol catalyst cores (PSiOLs) and
its derivatives as a P-ligand possessing both Si and P-ste-
reocenters (Scheme 74). Notably, in this reaction, it was
observed that the tert-butyl group linked with silicon atom on
the silanol moiety largely affected the yield and en-
antioselective control. When the tert-butyl group was chan-
ged to methyl, n-butyl, isopropyl, cyclohexyl, or benzyl
groups, the enantioselectivities of the products were de-
creased to some extent under slightly modified reaction
conditions.

Scheme 71 Enantioselective rhodium-catalyzed intermolecular C(sp2)–H
silylation (color online).

Scheme 72 Enantioselective iridium-catalyzed intermolecular C(sp2)–H
silylation (color online).

Scheme 73 Iridium-catalyzed intramolecular silylation of methyl C–H
bonds (color online).
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6 Cross-coupling of hydrosilanes with aryl
halides

Although the potential of transition-metal-catalyzed silicon-
carbon bond-forming cross-coupling reaction has attracted
much attention in the past decades [159], limited progress
has been reported in catalytic asymmetric Si–C bond-form-
ing silylation of aryl halides with hydrosilanes. In addition,
the synthesis of silicon-stereogenic organosilicon com-
pounds through catalytic asymmetric silicon-carbon bond-
forming silylation with aryl halides and hydrosilanes is really
a challenging task. In 2012, Yamanoi and Nishihara [160]
have described the first enantioselective arylation of dihy-
drosilanes with aryl iodides with the aid of chiral palladium
catalyst systems with TADDOL-based phosphoramidite L49
as chiral ligand (Scheme 75), and it was found to be effective
for selective arylation of secondary silanes with promising
enantioselectivity (up to 77% ee). The experimental results
indicated that the substitution pattern of the substituent on
hydrosilanes or the phenyl ring of both aryl iodides has a
nonignored effect on the enantioselectivity. For example,
quite low yields and enantioselectivities were achieved with
meta- and para-substituted aryl iodides. Notably, the authors
further investigated this asymmetric arylation of dihy-
drosilanes for the synthesis of low-molecular-weight circu-
larly polarized luminescence (CPL) materials [161].
At present, the improvement of enantioselective control of

transition-metal-catalyzed arylation of dihydrosilanes is still
a challenging topic. In 2016, Xu and co-workers [162] also
reported an enantioselective Pd-catalyzed silicon-carbon
bond-forming arylation of hydrosilanes with aryl iodides for
the direct synthesis of silicon-stereogenic silanes on the basis
of a systematic optimization of a TADDOL-derived mono-
dentate phosphoramidite ligand (Scheme 76). The identifi-
cation of a new TADDOL-derived phosphoramidite ligand
L50 provided a new catalyst system to access chiral silanes
164with moderate to good yield and enantioselectivity (up to
86% ee) under mild conditions. Furthermore, Xu and co-
workers [163] have also performed a DFT study to gain
mechanistic insights into the asymmetric palladium-cata-
lyzed arylation of dihydrosilanes with aryl iodides. Ac-

cording to the calculation, the transmetalation step between
LPdII(Ar)(I) Pd–Ar bond and dihydrosilane Si–H bond was
found to be the rate-determining or the enantioselective de-
termining step. And the chiral P-ligand played with a long-
distance chirality transfer manner for the discriminating Si–
H bond activation of dihydrosilane, in which the aryl-aryl
interactions between the steric bulky aryl group in P-ligand
(Ar1) and aryl group in substrate 2 was responsible for the
conformational adjustment during the rate-determining
transmetalation step.
Very recently, Xu and co-workers [164] developed the first

example of palladium-catalyzed C(sp)–Si cross coupling
reaction of alkynyl bromides and hydrosilanes for the cata-
lytic synthesis of alkynylsilanes with moderate to good
yields and excellent chemoselectivity. Furthermore, this
method aided by Xantphos-like chiral phosphine ligand
(L51) allowed to make silicon-stereogenic alkynylsilane 166
with moderate enantioselectivity (58% ee) based on this
catalytic asymmetric hydrosilylation (Scheme 77).

7 Conclusion and outlook

In the past decades, the enantioselective functionalization
process of silicon-hydrogen bonds of hydrosilane com-
pounds has been continuously developed with the aid of
chiral catalyst systems, providing a series of new synthetic
methods or strategies for the synthesis of chiral silicon-

Scheme 74 Iridium-catalyzed intramolecular C–H silylation (color on-
line). Scheme 75 Enantioselective palladium-catalyzed Si–C bond-forming si-

lylation of aryl iodides (color online).

Scheme 76 Enantioselective palladium-catalyzed Si–C bond-forming si-
lylation of aryl iodides (color online).
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containing compounds with high efficiency and stereo-
selectivity. Especially, catalytic hydrosilylation reactions,
Si–H insertion reactions, C–H silylation reactions and sili-
con-carbon bond-forming cross-coupling reactions, have
been determined as major processes for the enantioselective
version of Si–H bond functionalization. During the studies
on stereoselective control of silicon-hydrogen bond func-
tionalizations in the above transformations, a large number
of chiral ligands were used to optimize the reaction condi-
tions, and various transition metal catalytic systems with
excellent performance were successfully constructed. No-
tably, platinum, rhodium, copper, nickel, iron, cobalt and
other metal-based chiral catalyst systems exhibited perso-
nalized ability in catalytic asymmetric hydrosilylation reac-
tion of alkenes or alkynes under the promotion of
corresponding chiral phosphine ligands or nitrogen ligands,
thereby completing the highly stereoselective silicon–hy-
drogen bond functionalization reaction process. As described
in this review, transition metal catalyst systems such as
rhodium, iridium, copper or palladium can exhibit excellent
catalytic performance in silicon-hydrogen insertion reac-
tions, C–H silylation reactions, or other functionalization
reactions of silicon–hydrogen bonds. These experiment re-
sults further enrich the chiral organosilicon chemistry of
hydrosilanes. Although the great achievements of the Si–H
bond functionalization reaction process are comprehensively
demonstrated in this review, the successful Si–H bond con-
version reaction process is still very limited compared with
the carbon-hydrogen bond functionalization reaction. It is
well-known that the functionalization reaction process of
silicon-hydrogen bonds is still a challenging topic in com-
parison to C–H bond functionalization. We believe that the
asymmetric silicon-hydrogen bond functionalization reac-
tion will not only be limited to these types of reactions
presented in this review, but also new reactions that will be
developed with continuous efforts in the future. To solve the
problem of enantioselective control of Si–H bond functio-
nalization, the development of new chiral ligands and their
corresponding metal catalysis systems will not only further
enhance the enantioselectivity of challenging reaction, such
as the palladium-catalyzed silicon–carbon bond-forming

cross-coupling reaction, but also are expected to realize new
types of enantioselective silicon-hydrogen bond functiona-
lization reactions such as multicomponent reaction systems
involving the activation of silicon-hydrogen bonds. Given
the readily available sources and abundant structures of hy-
drosilane compounds, further investigation on the functio-
nalization of silicon–hydrogen bonds will be beneficial to the
development of organosilicon chemistry. We expect more
chemists to be engaged in related fields of Si–H bond
functionalization and jointly promote the rapid development
of chiral silicon chemistry. Finally, we would like to con-
clude with a passage from Prof. Robert Corriu who is one of
the founders of organosilicon chemistry in France: “In this
area the only limitation for the chemist is mainly his own
creativity” from the topic of “Where organosilicon chemistry
is going?” [165]. We believe that the creation of more and
more new strategies for the catalytic asymmetric silicon-
hydrogen bond-forming transformations will appear in the
near future [166].
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