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Hydrosilylation is one of the most important reactions in synthetic chemistry and ranks as a fundamental method to access
organosilicon compounds in industrial and academic processes. However, the enantioselective construction of chiral-at-silicon
compounds via catalytic asymmetric hydrosilylation remained limited and difficult. Here we report a highly enantioselective
hydrosilylation of ynones, a type of carbonyl-activated alkynes, using a palladium catalyst with a chiral binaphthyl phosphor-
amidite ligand. The stereospecific hydrosilylation of ynones affords a series of silicon-stereogenic silylenones with up to 94%
yield, >20:1 regioselectivity and 98:2 enantioselectivity. The density functional theory (DFT) calculations were conducted to
elucidate the reaction mechanism and origin of high degree of stereoselectivity, in which the powerful potential of aromatic
interaction in this reaction is highlighted by the multiple C–H-π interaction and aromatic cavity-oriented enantioselectivity-
determining step during desymmetric functionalization of Si–H bond.
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1 Introduction

The silicon-carbon coupling reactions from hydrosilanes to
Si-containing compounds are among the most widely used
processes in the organosilicon chemistry, organic synthesis,
and advanced Si-based materials [1,2]. In this regard, the
well-established methods for Si–C bond-forming organosi-
licon synthesis involve silylation/arylation [3,4],

Si–H insertion [5], and hydrosilylation [2]. In the past dec-
ades, catalytic hydrosilylation has been continuously ex-
plored to be applied in both functional materials and
organosilicon manufacture, and most of previously reported
processes featured precise regioselectivity, high chemos-
electivity, and sufficient robustness [6–9]. Thus the catalytic
hydrosilylation could be recognized as one of the most va-
luable processes for the synthesis of organosilicon com-
pounds and Si-based materials [6,7]. In hydrosilylation
process, the activation of Si−H bonds of stable silane com-
plexes through σ-bond coordination has experienced spec-
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tacular developments and attracted a lot of interest in the past
30 years [10,11]. Although the Si–H bond activation has not
been fully understood, the formation of σ-bond complexes or
as complexes containing a bridging hydride between tran-
sition metal and silane have contributed to the understanding
of some catalytic reactions based on Si–H functionalization,
such as hydrosilylation of alkenes, alkynes, ketones, alde-
hydes, and imines as well as other types of Si–C coupling
reactions [12,13]. In generally accepted Chalk-Harrod or
modified Chalk-Harrod process, the oxidative addition (OA)
of hydrosilanes (R3SiH) to transition metal complexes is
generally recognized as the key mechanistic step in these
transformations [14–16]. These mechanistic studies can
provide useful information for the development of catalytic
hydrosilylation, but not without limitations: it is difficult to
predict which substrate could be applied in the hydrosilyla-
tion and its catalytic asymmetric performance with unknown
ligand or catalyst, and sometimes high enantioselectivities
were only observed in the hydrosilylation reactions of al-
kenes wherein the terminal and unactivated alkenes have
been proved to be suitable synthons for the preparation of
chiral silanes [17,18].
Because of the increasing need for chiral organosilicon

compounds, catalytic asymmetric Si–C coupling hydro-
silylation are increasingly valued to meet the demand for
chiral silane synthesis with good diastereo- and enantio-
selectivity [19–21]. However, methods to date have largely
focused on generation of carbon-stereogenic centers in the
field of catalytic asymmetric hydrosilylation, the straight-
forward construction of silicon-stereogenic centers continues
to present a challenge due to a shortage of efficient methods
with high level of enantioselective induction [22,23]. In the
past years, desymmetric functionalization of dihydrosilanes
with stereoselective Si–H activation has attracted increasing
attention [24,25]. The advantage of using dihydrosilane to
construct a chiral-at-silicon center is that after one silicon-
hydrogen (Si–H) bond is converted to a functional group in
the desymmetric process, another reactive Si–H bond on the
silicon-stereogenic silane is retained, which provides more
options for further functionalization or silicon-to-carbon
chirality transfer in enantioselective synthesis [26]. At pre-
sent, hydrosilanes could be used to form chiral-at-silicon
silanes by stereospecific Si–C bond-forming transforma-
tions, such as hydrosilylation reactions with olefins or al-
kynes [27], Si–H insertion reactions with diazo compounds
[28], and silicon-carbon coupling arylation reactions with
aryl iodides [29]. Although brief explorations of the de-
symmetric functionalization of dihydrosilanes on the con-
struction of silicon-stereogenic centers have been performed
(Figure 1(a)) [24–29], the ability of stereoselective induction
by chiral catalyst has not been fully excavated and remained
wide research space for desymmetrization of prochiral di-
hydrosilanes. In the field of asymmetric catalysis, it is still a

challenging and attractive task for the enantioselective con-
struction of functionalized silicon-stereogenic silanes [30–
33], which is of particular interest for the catalytic asym-
metric hydrosilylation of alkynes synergized with Si–H ac-
tivation.
So far, a few known approaches on the asymmetric hydro-

silylation of alkynes to access chiral-at-silicon compounds
that the desired vinylhydrosilane contain two functional
groups (vinyl and Si–H moiety) have been reported [34–36],
but no successful example reported on the catalytic asym-
metric hydrosilylation of heteroatom-functional and un-
symmetrical alkynes bearing a carbonyl group [37–40]. The
hydrosilylation of carbon-carbon multiple bonds containing
carbonyl groups lies several challenges (Figure 1(b)): (1)
there are at least three possible reactions with reduction of
alkyne or ketone as well as hydrosilylation, how to control
the transformation or reactivity of two different groups in
which the carbonyl group has also a high reactivity in tran-
sition-metal catalysis; (2) there are two possible pathways to

Figure 1 Si–H bond activation and the desymmetrization of dihy-
drosilanes to access silicon-stereogenic silanes (color online).
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achieve different products arose from α- or β-selectivity, how
to control the unexpected and complicated regioselectivities,
especially for the unsymmetrical or carbonyl functionalized
alkyne; (3) the hydrogen atom is the smallest group in
chemistry, how to control the desymmetric activation of
Si–H bond in which dihydrosilanes (R1R2SiH2) have the
same Si–H bond dissociation free energy, which generally
determine the enantioselectivity for the chiral-at-silicon.
These questions will bring new opportunities for the devel-
opment of new synthetic transformations for the en-
antioselective construction of chiral-at-silicon centers.
Herein, we describe the first enantioselective hydrosilylation
of ynones to produce linear silicon-stereogenic α-silylenones
(Figure 1(c)).

2 Experimental

General procedure for palladium-catalyzed hydrosilylation
of various ynones. Under N2 atmosphere, (S)-L25 (14.3 mg,
8.0 mol%) and Pd2(dba)3 (8.2 mg, 2.0 mol%) were dissolved
in 12 mL dry DCM, and stirred at room temperature for
about 30 min. Then a solution of NaBEt3H (1.0 M in THF,
18 μL, 6.0 mol%) was slowly added at the same temperature.
After about 10 min, ynones 1 (0.3 mmol), silane 2
(0.3 mmol) were added sequentially. The mixture was stirred
at −20 °C for about 36 h (monitored by TLC), then filtered
over a plug of silica gel (washed with 50 mL EtOAc), and the
filtrate was concentrated. The crude was purified by column
chromatography to give the final product 3, and was ana-
lyzed with 1H NMR to determine the corresponding ratio of
regioselectivity of product. More experimental details and
characterizations are available in the Supporting Information
online.

3 Results and discussion

3.1 Reaction discovery and optimization

In the past years, the groups of Tomooka et al. [34], Huang et
al. [35], and Lu et al. [36] contributed greatly in the en-
antioselective Pt or Co-catalyzed hydrosilylation of alkynes
with dihydrosilanes to give several types of silicon-
stereogenic vinylsilanes; however, we believed that the cat-
alytic asymmetric hydrosilylation of carbonyl functionalized
alkynes would be more challenging because of the un-
avoidable side-reaction with carbonyl group (Figure 1(b)).
For example, initial evaluation of ketone-substituted ynone
1a with dihydrosilane 2a gave no desired silyl product 3a
under the reported methods with Pt catalyst or Co catalyst
(see Scheme S1, Supporting Information online). These
preliminary results supported the asymmetric hydrosilylation
of ynones bearing a ketone-based functional group is much

more different from general alkynes in term of reactivity.
Considering the powerful potential of palladium catalysis

in the hydrosilylation and enantioselective construction of
quaternary carbon centers that presented in our previous
reports [19,31], we focused on the chiral palladium catalyst
to begin our studies with screening chiral P-ligands in the
catalytic asymmetric hydrosilylation of ynone 1a and pro-
chiral dihydrodiarylsilane 2a. The experimental results of a
series of chiral ligands revealed the ability of en-
antioselective induction of chiral palladium catalysts and
highlighted the enantioselectivity of L15 (Figure 2(a) and
Table S1, Supporting Information online).
Initially, various phosphine ligands were evaluated in the

catalytic asymmetric hydrosilylation of ynone 1a and dihy-
drodiarylsilane 2a with Pd2(dba)3 (dba=1,5-diphenylpenta-
1,4-dien-3-one) at room temperature in toluene. Un-
fortunately, owing to competition of α-addition and β-
addition for the Si–C coupling hydrosilylation, most of
commercially available phosphine and phosphoramidite li-
gands (Figure 2(b, c)), such as L1, L2, and MOP and its
analogues (L3–L4) and Py-BOX (L5) resulted into the si-
lylated products but only with low to moderate enantios-
electivity (49:51–37:63 er). Although TADDOL-derived
phosphoramidites have been proved to be effective P-ligands
in the enantioselective palladium catalysis, it was found that
such TADDOL-derived phosphoramidites bearing different
aromatic bulky groups (L6–L9) gave poor conversions and
low regio- and enantio-selectivities (up to 8:1 rr and 30:70
er). In general, steric repulsion served as an important factor
in the modification of chiral ligands and corresponding metal
catalysts [41]. We then evaluated the BINOL-derived phos-
phoramidites L10–L21 that varied from the substituted
secondary amine moiety or the substituted group on 3,3′-
position. Gratifyingly, most of BINOL-derived phosphor-
amidites gave the silicon-stereogenic silylenone 3a in pro-
mising conversion, and the enantioselectivity (91:9 er) and
good conversion (70%) was achieved in the presence of L15,
while the regioselectivity (rr) was only 3:1 that detected by
NMR. Thus, the palladium catalyst with the aid of L15 that
bearing two phenyl rings on 3,3′-position of binaphthyl
backbone can induce higher enantioselectivity and conver-
sion through a combination of steric repulsion and non-
covalent interactions (NCI) [42,43]. Then the reaction con-
ditions was further optimized by changing palladium pre-
cursors, additives, solvents and temperature (For
representative experimental data, see Tables S1–S5). The
optimized reaction conditions were determined as follows:
Pd2(dba)3 (2 mol%), the newly developed ligand L25
(8 mol%), NaBEt3H as activator [35] (6 mol%) in DCM, at
−20 °C. The corresponding product 3a could be obtained
with 67% yield and 97:3 er. Although the moderate regios-
electivity was achieved in this case (4:1 rr), we found that the
side-product 4a achieved from the β-addition was easily
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decomposed and converted into the reductive product by
Si–C bond cleavage during the separation by silica gel
column chromatography. Additionally, the role of NaBEt3H
was examined as additive to improve the yield from 70% to
80% when L15 was used in this reaction (Table S4). We
checked the role of NaBEt3H in this reaction by a control
experiment that it was added to the solution of catalyst
precursor Pd2(dba)3 and chiral ligand (L15). Interestingly,
the reduction reaction of dba by NaBEt3H occurred to give
the corresponding 1,5-diphenylpent-1-en-3-one and 1,5-di-
phenylpentan-3-one, in which this flexibility illustrates the
power of using NaBEt3H to generate the active Pd species in

situ with ligand exchange of P-ligand and dba.

3.2 Substrate scope

With the optimized reaction conditions shown in Scheme 1,
we then explored the substrate scope with the respect to the
variation of the ynones. Generally, hydrosilylation of ynones
with varied substitution patterns (Me, OMe, F, Cl, Br, or t-
Bu, etc.) could be smoothly converted to their corresponding
silylenones 3 in moderate to good yields (up to 94%) with
high enantioselectivities (up to 98:2 er). These results sup-
ported that the enantioselective Pd-catalyzed hydrosilylation
reaction worked well to realize the desymmetric Si–H bond
activation and functionalization with various types of ynones
with electron-withdrawing, electron-neutral, or electron-
donating groups, having little influence on the chiral-at-
silicon stereochemistry. Of these substrate evaluated in this
reaction, ortho-substituted group on the aromatic ring of
ynones was beneficial to the improvement of regioselec-
tivity, for example, the 3g with ortho-substituted methyl
group on phenyl ring could be achieved with >20:1 rr as well

Figure 2 Asymmetric Pd-catalyzed hydrosilylation of ynone 1a with
aromatic hydrosilane 2a. (a) The optimal reaction conditions with L15; (b)
the representative results based on the screening of chiral ligands L1–L24;
(c) the chemical structure of ligands L1–L25 (color online).

Scheme 1 The substrate scope for synthesis of silicon-stereogenic sily-
lenones through palladium-catalyzed hydrosilylation of ynones (color on-
line).
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as 94:6 er. When terminal methyl-containing ynones (4-ar-
ylbut-3-yn-2-one) were replaced by 1-arylpent-1-yn-3-one
or other ynones (1m–1o), the reaction also worked well
under Pd/L25 catalyst system. For example, the hydro-
silylation of 1m also proved to be highly efficient with good
enantioselective (96:4 er) and yield (67%). The 1,3-diaryl-
prop-2-yn-1-ones 1p or 1q resulted into the corresponding
silicon-stereogenic silylenone 3p or 3q in good yield (87%
for 3p and 69% for 3q, respectively) with high regioselective
ratio (>20:1 rr, Scheme 1) and enantioselectivity (up to 94:6
er). When the methyl group on the aryl substituent on the
dihydrosilane 2a was replaced by hydrogen group or ethyl
group, the desymmetric Si–H bond functionalization reac-
tion was also proven to be good at enantioselectivity with
97:3 er (3r) or 98:2 er (3s), albeit with the slightly loss of
yield in comparison to that of 3a (65% yield, 97:3 er). Im-
portantly, this process is not limited to ynones. It should be
noted that other electron-withdrawing group (EWG)-sub-
stituted alkyne did not block the catalytic asymmetric hy-
drosilylation, as evidenced by the reaction of 1t to the
silicon-stereogenic α,β-unsaturated ester 3t with 60% yield
and 91:9 er.
In this reaction, the absolute configuration of the silicon-

stereogenic silylenones 3 was determined through X-ray
crystallography analysis of 3b (CCDC 1980847, Figure 3) as
well as the experimental electronic circular dichroism (CD)
compared with the density functional theory (DFT) simu-
lated CD of a certain enantiomer (Figures S1, S2), in which
the (R)-configuration of the silicon-stereogenic center is
more reliable for the product 3 than that of (S)-configuration
[44]. In addition, the non-linear effect (NLE) study [45] re-
vealed that a complex structure of active Pd/L25 species with
one P-ligand was suggested as the true catalyst because of its
linear relationship between ligand and product (Figure 4).

3.3 Mechanistic studies by DFT calculations

To understand the regioselective and enantioselective palla-
dium-catalyzed hydrosilylation of ynones, the DFT calcula-
tions were conducted to elucidate the possible reaction
pathway. According to the experimental results and theore-
tical studies on the hydrosilylation of alkenes and alkynes,
the Chalk-Harrod mechanism and its modified version are
generally used to explain the key step of migratory insertion
of the hydride complex followed by reductive coupling of the
carbon-based and silyl fragments [46,47], and the enantios-
electivity-determining step is considered to be oxidative
addition of the Si–H bond in hydrosilane to Pd(0) species
with the formation of a chiral silyl-Pd(II) moiety. However,
the impact of catalyst-substrate interaction on the formation
of silyl-Pd(II) moiety is unclear and there is no previous
report on the DFT calculations for the origin of enantios-
electivity in the Pd-catalyzed hydrosilylation of alkynes. On

the basis of the Chalk-Harrold and modified Chalk-Harrold
model, we used DFT calculations to reveal the detailed
mechanism, chemo, regio- and enantio-selectivity of the Pd-
catalyzed Si–H bond activation/hydrosilylation reaction.
Two plausible mechanisms for the Pd-catalyzed hydro-
silylation are given in Figure 5. The catalytic cycle starts
from a ynone (alkyne moiety)-coordinated Pd species Cplx0
but not silane-coordinated Pd species Cplx1 because of the
lower energy (–13.7 kcal/mol versus –11.6 kcal/mol), which
can react with the silane through oxidative addition or alkyne
insertion to afford a silylpalladium(II) intermediate Int1.
From Pd species Cplx0, the activation of Si–H bond could
occur to produce Pd complexes Cplx2 and Cplx3, respec-
tively, which can undergo two different pathways (Chalk-
Harrod process, Path A versus modified Chalk-Harrod pro-

Figure 3 X-ray crystallography analysis of 3b (color online).

Figure 4 Relationship between enantioselectivity of the reaction product
(eeprod) and enantiomeric excess of the chiral catalyst (eecat) for the asym-
metric Pd-catalyzed hydrosilylation of ynone 1a with aromatic hydrosilane
2a (color online).
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cess, Path B) to complete the catalytic cycle. In our theore-
tical study, the π-π aromatic interaction-induced activation of
Si–H bond of hydrosilane by Pd species (Cplx0) leads to
formation of Cplx2 with a decrease in free energy of −3.1
kcal/mol (Figure 5). The oxidative addition of hydrosilane
and hydride transfer to triple bond take place concertedly via
a four-membered cyclic transition state TS1 with an acti-
vation free energy of 17.2 kcal/mol. Then the isomerization
of Int1 into Int3 will be beneficial to the reduction elim-
ination that generates the desired product 3with regeneration
of Pd(0) species for the next catalytic cycle. Another possible
pathway with modified Chalk-Harrod process is also con-
sidered. However, the activation free energy of the Si–H
bond activation and silyl insertion is 26.3 kcal/mol (TS3)
higher than that of TS1 through Chalk-Harrod process.
Therefore, the mechanism of this study deviates from both
the classical and modified Chalk-Harrod mechanisms with
the assistance of aromatic interaction [48–50] and alkyne
coordination. When alkyne-coordinated Pd species is gen-
erated, there are two possible Pd complexes as shown in
Figure S5 (Cplx0 and Cplx5, respectively). Two possible
modes for the next Si–H bond activation and hydride inser-
tion, namely, α-selective and β-selective activation into the
alkyne insertion, were considered. The computations show
that the α-selective alkyne insertion via Si–H bond activation
is more favorable than that of the β-selective alkyne inser-
tion, by the comparison of −16.8 kcal/mol for Cplx2 versus
−14.9 kcal/mol for Cplx6 (Figure S6). This result of DFT
calculations is consistent with the experiment data that the α-
selective addition is a major process to access the desired
product 3.

To further understand the enantioselectivity during the
desymmetric activation of dihydrosilanes, chiral binaphthyl-
phosphoramidite L14 that similarly to the optimized ligand
L25 was used to study the origin of stereoselectivity in the
Pd-catalyzed hydrosilylation of ynones. As shown in Figure
6, from the palladium complex TS-L14, two chiral com-
plexes (transition states), TS5-R and TS5-S, were formed
from Cplx7 via alkyne insertion. In other words, DFT cal-
culations show that the enantioselectivty is determined by
the hydrometalation via transition state TS5-R or TS5-S,
which indicates that the chirality is largely controlled by
C–H-π interaction between the C–H bond of ligand and
aromatic ring of hydrosilane as well as Si–H-π interaction
between the Si–H bond of hydrosilane and naphthyl ring of
ligand. Beside these interactions, the phenyl group on the
chiral binaphthyl-phosphoramidite ligand is likely to con-
struct a cavity, and the C–H-π interaction between aromatic
C–H bond of ynone substrate and aromatic ring of hydro-
silane is also important to the formation of stable catalyst-
substrate transition state TS5-R. Therefore, these compre-
hensive interactions provide an ideal micro-environment to
direct the enantioselective induction during the desymmetric
activation of Si–H bond of dihydrosilane, which give the
desired silicon-stereogenic silylenone 3 in good enantios-
electivity. On the basis of these observations, we also cal-
culated the TS5-S, with π-π aromatic interaction between
hydrosilane and ligand was relatively unfavorable due to the
repulsion in comparison to that of transition state TS5-R
(Figure 7). Thus according to the geometry of TS-L14
complex, the complex Int7-R with R-configuration is gen-
erated, which is consistent with the experimental results.

Figure 5 The determination of reaction mechanism and the origin of enantioselectivity for Pd-catalyzed hydrosilylation of ynone by DFT calculations
(color online).
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To support the importance of the aromatic interaction in
the palladium-catalyzed hydrosilylation of ynones, we have
also evaluated the reactivity of different ynones and dihy-
drosilanes in this reaction. It was found that the hydro-
silylation of alkyl ynone 1s with diarylsilane 2a also resulted
into poor yield of the corresponding product (Eq. (1) of
Scheme 2). In addition, the experimental results revealed that

phenylsilane, phenylmethylsilane, mesityl(methyl)silane,
triisopropylsilane, tert-butyldimethylsilane, and triethox-
ysilane were not suitable for this hydrosilylation (Scheme 2),
and no desired product but several reductive products were
detected as non-separable mixtures in these cases. Thus the
correlations of these negative experimental results with DFT
study of reaction mechanism supported the powerful po-

Figure 6 Computed energy profiles of for the enantioselectivity calculation results for palladium-catalyzed[PdL14] hydrosilylation of ynone at SMD
(toluene)-M06L-D3/6-311g(d,p)/SDD//SMD(toluene)-M06L-D3/Def2-TZVP (color online).

Figure 7 The origin of enantioselectivity for the construction of silicon-stereogenic center (color online).
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tential of aromatic interaction in the asymmetric Pd-cata-
lyzed Si–C coupling hydrosilylation for the construction of
silicon-stereogenic center.

4 Conclusions

In summary, a palladium-catalyzed hydrosilylation of
ynones was developed to construct highly enantioenriched
silicon-stereogenic compounds. The stereospecific Si–H
activation through hydrosilylation of ynones affords a series
of silicon-stereogenic silylenones with up to 94% yield,
>20:1 regioselectivity and 98:2 enantioselectivity. To the
best of our knowledge, this is the first time to achieve the
silicon-stereogenic silylenones with such high enantios-
electivity. The DFT calculations were conducted to elucidate
the reaction mechanism and origin of high degree of ste-
reoselectivity. The mechanistic studies show that the re-
gioselectivity and enantioselectivity is controlled by
oxidative hydrometalation step that the oxidative addition of
hydrosilane and hydride transfer to triple bond take place
concertedly via a four-membered square planar Pd(II) com-
plex, in which the powerful potential of aromatic interaction
in this reaction is highlighted by the multiple C–H-π inter-
action and aromatic cavity-oriented enantioselectivity-de-
termining step during desymmetric functionalization of Si–H
bond. The Pd complex with binaphthyl-phosphoramidite
could discriminate the asymmetric substituent groups on the
ynones (unsymmetrical alkyne) and hydrosilanes with the
aid of aromatic interaction-induced chiral microenvironment
with catalyst and substrates. We believed that this finding on
the catalytic construction of silicon-stereogenic center and its
mechanistic studies supported the powerful potentials of
aromatic interactions in the development of novel synthetic
methods by asymmetric catalysis.
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