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bond cleavage of silacyclobutanes†
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Silicon/carbon switching strategy, known as silasubstitution, plays an important role in drug discovery and

material science. However, there is a dearth of efficient and precisely controlled methods for the intro-

duction of a silicon center on complex molecules, which limits advances in the development of silicon-

containing drug-like molecules. Here, we disclose an unprecendented process for the synthesis of six-

membered functional silacycles based on multifunctional phosphine-promoted bimetallic Rh/Cu-cata-

lyzed Si–C bond activation. The corresponding (4 + 2) annulation reaction chemoselectively and

smoothly generates a wide range of monoester-functional silacyclohexenes. And it was found that only

our newly developed Ar-BINMOL-Phos bearing a P-center and two hydroxyl groups exhibited perfect

chemoselectivity with the aid of the cooperation of rhodium and copper co-catalysts, in which the Rh/Cu

co-catalyzed (4 + 2) annulation of silacyclobutanes with arylpropiolate-type internal alkynes led to a facile

synthesis of structurally diverse 1-sila-2-cyclohexenes with moderate to good yields. And with a chiral Ar-

BINMOL-Phos bearing 3,5-tert-butyl substitutions on the aryl ring as a chiral P-ligand, good enantio-

selectivity at the “silicon-center” point chirality of the desired silicon-stereogenic silacycles was achieved

under the cooperative catalysis of rhodium and copper.

Introduction

Silicon is the second most abundant element in the earth’s
crust and as a metal-like resource has become more and more
important in modern science and technology. Unlike carbon,
there is no organosilicon-type natural product in life and thus
it is difficult to form diverse silicon-containing molecules
owing to the high stability of the Si–O bond (368 kJ mol−1) and
limited reactivity of the Si–C bond-formation or cleavage
during “silicon-centered” group transformations.1,2 Due to the
slight difference but greater similarity between silicon and
carbon, a silicon switch in which carbon is substituted with
silicon in bioactive molecules has been explored in agrochem-
icals and odorants in the past decade. For example, the orga-

nosilicon compounds shown in Fig. 1a show that silicon
appears to be the right choice for the bioisosteric replacement
of elemental carbon to offer an unconventional strategy in
drug discovery.3,4 Although there has been growing interest in
the silasubstitution of bioactive molecules (Fig. 1b), the syn-
thesis of chiral organosilanes has been less explored and is
especially difficult in the construction of silicon-stereogenic
centers in comparison to the very rich and unique chemistry
of carbon stereocenters.5–7 Since Kipping realized the first
example of silicon-stereogenic silanes in 1907,8 the develop-
ment of highly efficient and enantioselective synthetic trans-
formations to give silicon-stereogenic organosilicon com-
pounds has become a frontier subject that is of high concern
to synthetic chemists and continues to be a more challenging
topic because of its poor compatibility with functional
groups.9–23 For example, Shintani and Hayashi24 found that
the palladium-catalyzed enantioselective desymmetric ring
expansion of silacyclobutanes could be completed with elec-
tron-deficient alkynes (dimethyl acetylenedicarboxylate and its
analogues) to give silicon-stereogenic silacyclohexenes bearing
symmetric ester substituents with high enantioselectivity (eqn
(A) of Fig. 1c). And Song and co-workers25 found that a
rhodium catalyst provided different and alternative properties
to generate silacyclohexenes with good enantioselectivity at the
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stereogenic silicon center (eqn (B) of Fig. 1c) in the ring expan-
sion reaction of silacyclobutanes with unactivated alkynes
(terminal alkynes). These strategies provided effective
approaches to the construction of silicon-stereogenic silacyclo-
hexenes from a different perspective. However, all previous
efforts at developing catalytic transformations of silacyclobu-
tanes reported to date are still far less than desired, whereas
both the silasubstitution and the introduction of functional
groups on the backbone of silicon-stereogenic silacycles are
highly limited and challenging due to site-selectivity issues,
annoyingly involving the control of chemo-, diastereo-, and
enantioselectivity.26–30 These observations have contributed to
the establishment of new catalyst systems in which a de novo
bimetallic strategy for catalytic desymmetric silacyclobutanes
might provide distinctive new knowledge in both asymmetric
catalysis and “silicon-centered” transformations that can be
generally adopted as a valuable strategy for the modulation of
drug-like properties. Under this premise, we wondered
whether a new bimetallic catalyst system could be designed
based on our multifunctional phosphine ligands,31 thus
setting the stage for a ring expansion-type (4 + 2) annulation of

silacyclobutanes with internal alkynes that has not been
resolved in previous investigations due to its low reactivity and
chemoselectivity.

At the outset of our investigations, however, it was unclear
whether such a bimetallic strategy could be implemented for
the (4 + 2) annulation of silacyclobutanes with other alkynes,
as (1) the catalytic synthesis of multi-substituted silicon-stereo-
genic 1-sila-2-cyclohexenes remains an unknown outcome in
the desymmetrization of silacyclobutanes with arylpropiolates,
and (2) site-selectivity issues of unsymmetrical internal
alkynes might come into operation because of competitive
catalytic nucleophilic addition at alkyne sites 1 and 2 resulting
in different silacycles (eqn (1) and (2) of Fig. 1c). In fact, this
reaction has been surprisingly under-represented to date, and
has even proved to be unsuccessful under Shintani’s condition
A and Song’s condition B, as reported recently.24,25 Thus, from
a structure creation and drug discovery viewpoint, investi-
gations of the silasubstitution of a 2-arylcyclohex-1-enecarboxy-
late moiety (Fig. 1b) are not only of great significance in struc-
tural diversity but are also in great demand for a methodology
to incorporate the silicon element and functional groups into
six-membered rings. We recognized that the exploration of a
new catalyst system, if successful, might be very different from
that of previously reported methods and provide a concep-
tually new reactivity model in the control of silicon–carbon
bond activation for tackling the dual functionalization of
internal alkynes. Herein, we report research into establishing a
bimetallic catalytic system for the successful realization of
“silicon-centered” chemoselectivity and enantioselectivity. Our
protocol is characterized by its wide substrate scope under
mild conditions, high chemoselectivity controlled by our newly
developed multifunctional P-ligand, Ar-BINMOL-Phos,32,33 and
promising enantioselectivity for the facile construction of a
silicon-stereogenic center. This approach would constitute an
unprecedented bimetallic Rh/Cu catalyst for the synthesis of
structurally diverse silicon-stereogenic silacycles.

Results and discussion

Our investigations began by evaluating the effect of various
phosphine ligands on the model reaction of silacyclobutane
(1a) and methyl 3-m-tolylpropiolate (2a). As expected, the con-
ditions with Rh(PPh3)Cl as catalyst previously employed for the
reaction of silacyclobutanes with terminal alkynes failed to
provide any products, and in our preliminary experiments, the
use of an [Rh(CH2vCH2)2Cl]2/PPh3 catalyst system resulted in
traces of products (15%, 3a/4a = 7 : 93, see Table S1 of ESI†)
and mainly resulted in three mixtures of silacycles arising
from Si–C bond activation and insertion at the internal alkyne
moiety (Fig. 2a). Methyl 1-(4-methoxyphenyl)-1-methyl-3-m-
tolyl-1,4,5,6-tetrahydrosiline-2-carboxylate (3a) was achieved as
a minor product by the direct (4 + 2) annulation of 1a and 2a,
and methyl 1-(4-methoxyphenyl)-1-methyl-3-m-tolyl-1,2,5,6-tet-
rahydrosiline-2-carboxylate (4a) was confirmed as the major
product but with two isomers (anti-4a/syn-4a = 32 : 68). One

Fig. 1 Research background of bioactive organosilicon compounds
and the motivation for developing new strategies for silicon-stereogenic
silacycles through the ring expansion of silacyclobutanes.
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might argue that the presence of isomerization of the olefin
moiety might dictate an exploration of such an unprecedented
finding on the new silacycle 4a. However, it is really difficult to
improve the yield of unexpected product 4a. We then focused
on optimization of the reaction conditions to achieve the
desired product 3a by screening the effect of ligands in this
reaction. Strikingly, most P-ligands exhibited no activity in this
reaction (Table S2 of ESI†) and only six commercially available
phosphine ligands (DPEphos and P1–P5) were found to be
effective among more than 21 P-ligands (Fig. 2b; for P6–P12,
see Table S2 of ESI†). Although tris(4-(trifluoromethyl)phenyl)
phosphine could promote this reaction with high conversion,
the chemoselectivity was really low (31 : 69) and the corres-
ponding dr value of 4a was also not good (74 : 26). The surpris-
ing result for trifuran-2-ylphosphine with a promising chemo-
selectivity of 90 : 10 of 3a/4a, albeit with only 30% total yield,
inspired us to optimize the reaction parameters in detail. After
an evaluation of the effect of additives, reaction temperature,
solvents, and other parameters (Tables S3–S6 of ESI†), it was
found that a combination of [Rh(CH2vCH2)2Cl]2 and CuCl,
with the ligand in triethylamine was critical for success, deli-
vering 3a and 4a with the best chemoselectivity (3a/4a = 93 : 7)

but with low diastereoselectivity for 4a (22 : 78 dr). Encouraged
by these findings and inspired by our previous work on the
determination of our Rh/Ar-BINMOL-Phos catalyst system,16,31

we turned our attention to studying the potential of the multi-
functional phosphine ligand, Ar-BINMOL-Phos, in this reac-
tion of silacyclobutane and internal alkyne. Satisfyingly, our
Ar-BINMOL-Phos (P13) exhibited controllable ability and
perfect chemoselectivity on Si–C bond activation and its
precise annulation with unsymmetrical alkyne because there
were no side products (Fig. 2c) and there was a good isolated
yield (71%). And we checked the gram scale for this (4 + 2)
annulation for the synthesis of silacycle 3a. Gratifyingly, a
good yield with perfect chemoselectivity was also confirmed,
which revealed the stability and powerful potential of this Rh/
Cu/Ar-BINMOL-Phos catalyst system in the Si–C bond acti-
vation process.

Having established the optimality of Ar-BINMOL-Phos as a
chiral ligand under the corresponding reaction conditions, we
focused our efforts on establishing the scope of the Si–C bond
activation-induced (4 + 2) annulation process. As is evident
from the reaction results compiled in Table 1, two substrate
structures containing various substituents could be perfectly
tolerated. More than 49 examples were established for the syn-
thesis of multi-substituted 1-sila-2-cyclohexenes, and this is
the first time that these silacycles bearing an aryl
α,β-unsaturated ester moiety could be synthesized by a (4 + 2)
annulation reaction based on Si–C bond activation. As shown
in Table 1, a series of silacyclobutanes could be used in this (4
+ 2) annulation process. Notably, these silacyclobutanes
bearing electron-withdrawing and electron-donating groups
reacted smoothly to yield corresponding 1-sila-2-cyclohexenes
3 without other side-products. Furthermore, different arylpro-
piolates also underwent the reaction smoothly and only
product 3 was detected with moderate to good yield. Notably,
when bulky 3-aryl propiolates were used in this reaction, the
conversions increased slightly. Additionally, we randomly
studied the reaction of different silacyclobutanes and various
aryl-substituted alkynylesters, all of which can obtain the
corresponding silicon-containing six-membered
α,β-unsaturated ester compounds with ideal chemical selecti-
vity, and its substituents cover methyl, ethyl, phenyl, naphthyl,
tert-butyl, methoxy, ethoxy, n-propyl, halide (F and Cl), 3,5-
dimethyl, phenanthyl, triisopropylsilyl, and trifluoromethyl,
etc. Thus, to our delight, the combined use of rhodium and
copper as a novel bimetallic catalyst system realized the power-
ful generality of Ar-BINMOL-Phos in Si–C bond activation and
its transformations.

Besides Ar-BINMOL-Phos, the composition of the bimetallic
rhodium and copper salts plays a crucial role in the activity of
the resulting catalyst system, as does the manner in which the
new Rh/Ar-BINMOL-Phos complex is formed. Attempts to use
RhCl3, [Rh(OAc)]2, [Rh(cod)2]BF4, [Rh(cod)2Cl]2, Rh(acac)(CO)2,
Rh(CO)4Cl2 and other salts (Table S1†) in the absence of CuCl,
led to a far less reactive catalyst than that derived from [Rh
(C2H4)2Cl]2/CuCl. And with [Rh(C2H4)2Cl]2 as the Rh source,
attempts to use Cu(CH3CN)4PF6 and Cu(OTf)2 resulted in no

Fig. 2 The ligand effect on the chemoselectivity of Rh-catalyzed Si–C
bond activation for (4 + 2) annulation of silacyclobutane 1a with methyl
arylpropiolate 2a.(a) Reaction of silacyclobutane 1a and internal alkyne
2a. (b) The reaction results with six effective P-ligands. (c) The determi-
nation of the best reaction result with racemic Ar-BINMOL-Phos (P13).
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reaction, and other copper salts, such as Cu(acac)2, Cu(OAc)2,
CuCl2, Cu2SO4, CuBr2, CuCl2, CuCN, and CuBr, exhibited
inferior activity in comparison to that of CuCl. And only the
rhodium/Ar-BIBMOL-Phos complex could give a moderate

yield, and the fact that there was no reaction with the presence
of rhodium and copper but without Ar-BINMOL-Phos revealed
the role of copper in the activation of alkynyl ester. Therefore,
successful (4 + 2) annulations require the presence of both Rh
and Cu with the aid of Ar-BINMOL-Phos, as determined by
several control reactions (Fig. 3a). Reactions that were
attempted using BINOL-derived phosphine (L18) or other
phosphines (L19 and L20) without an additional alcohol
moiety or phosphine center, did not lead to Si–C bond acti-
vation and corresponding product formation, supporting the
importance of hydrogen bonding interaction in the process of
Si–C bond activation or (4 + 2) annulation. On the basis of the
above experimental results, we sought to gain preliminary
insights into the bimetallic reaction mechanism of silicon–
carbon bond activation. Related transformation mechanisms
with palladium and rhodium catalysis are believed to proceed
via an energetically favored pathway that starts from an alkyne-
coordinated metal species (Pd0 or RhI),34,35 which can react
with silacyclobutanes through oxidative addition to afford a
silylpaladium(II) or silylrhodium(III) intermediate. Therefore,
we proposed a catalytic cycle (Fig. 3b) that was initiated with
the CuC bond to the Rh center (intermediate A) prior to the
oxidative addition of a silacyclobutane Si–C bond. And then
the migratory insertion of alkyne into the M–Si or M–C bond
led to seven-membered ring intermediate D. Of course, as
shown in Fig. 3b, there are two possible pathways and both
can undergo a migratory insertion to yield a key Rh species
C. And then the reductive elimination yields the desired 1-sila-

Table 1 The Rh/Cu-catalyzed (4 + 2) annulation reaction of diverse
silacyclobutanes with various arylpropiolatesa

Entry R1 Ar R2 Yield of 3b (%)

1 Me 3-Me-Ph 4-OMe 3a: 71
2 Et 3-Me-Ph 4-OMe 3b: 65
3 Bn 3-Me-Ph 4-OMe 3c: 81
4 nPr 3-Me-Ph 4-OMe 3d: 67
5 Ph 3-Me-Ph 4-OMe 3e: 77
6 iPr 3-Me-Ph 4-OMe 3f: 75
7 tBu 3-Me-Ph 4-OMe 3g: 78
8 tBu 4-Me-Ph 4-OMe 3h: 85
9 tBu 4-tBu-Ph 4-OMe 3i: 93
10 tBu 4-Et-Ph 4-OMe 3j: 93
11 tBu 4-OMe-Ph 4-OMe 3k: 88
12 tBu 4-OEt-Ph 4-OMe 3l: 95
13 tBu 4-Ph-Ph 4-OMe 3m: 92
14 tBu 4-nPr-Ph 4-OMe 3n: 83
15 tBu 4-Cl-Ph 4-OMe 3o: 81
16 tBu 3-OMe-Ph 4-OMe 3p: 79
17 tBu 3-Ph-Ph 4-OMe 3q: 86
18 tBu 3-Cl-Ph 4-OMe 3r: 53
19 tBu 3-F-Ph 4-OMe 3s: 57
20 tBu 3,5-Dimethyl-Ph 4-OMe 3t: 84
21 tBu 3-Me-Ph 3-OMe 3u: 55
22 tBu 3-Me-Ph 4-Ph 3v: 73
23 tBu 3-Me-Ph 4-Me 3w: 59
24 tBu 3-Me-Ph 3-Ph 3x: 52
25 tBu 3-Me-Ph 3,5-Dimethyl 3y: 47
26 tBu 3-Me-Ph 4-F 3z: 68
27 tBu 3-Me-Ph 4-CF3 3aa: 31
28 tBu 3-Me-Ph 4-TMS 3ab: 42
29 tBu 2-Naphthyl 4-OMe 3ac: 92
30 tBu 9-Phenanthyl 4-OMe 3ad: 37
31 TIPS 3-Me-Ph 4-OMe 3ae: 45
32 Me 4-Me-Ph 4-OMe 3af: 72
33 Me 4-Et-Ph 4-OMe 3ag: 67
34 Me 4-tBu-Ph 4-OMe 3ah: 62
35 Me 4-Ph-Ph 4-OMe 3ai: 47
36 Me 4-nPr-Ph 4-OMe 3aj: 64
37 Me 4-Cl-Ph 4-OMe 3ak: 40
38 Me 4-F-Ph 4-OMe 3al: 38
39 Me 4-OEt-Ph 4-OMe 3am: 36
40 Me 3-OMe-Ph 4-OMe 3an: 65
41 Me 3-F-Ph 4-OMe 3ao: 32
42 Me 2-Me-Ph 4-OMe 3ap: 45
43 Me 3-Me-Ph 2-OMe 3aq: 30
44 Me 3-Me-Ph 3-OMe 3ar: 56
45 Me 3-Me-Ph 3-Ph 3as: 38
46 Me 3-Me-Ph 4-Me 3at: 52
47 Me 3-Me-Ph 4-Ph 3au: 52
48 Me 3-Me-Ph 4-F 3av: 59
49 Me 3-Me-Ph 3,5-Dimethyl 3aw: 40

a Reaction conditions: 1 (0.20 mmol), 2 (0.50 mmol), [Rh(C2H4)2Cl]2
(4 mol%), CuCl (10 mol%), P13 (12.5 mol%), 2.0 mL of TEA, 70 °C.
b Isolated yields. TMS is trimethylsilyl, TIPS is triisopropylsilyl group.

Fig. 3 Mechanistic considerations. (a) The role of multifunctional
groups on the Ar-BINMOL-Phos. (b) Proposed mechanism.
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2-cyclohexene 3a with regeneration of chlororhodium(I)
species for the next cycle. Notably, by-product 4a that appar-
ently comes from the isomerization of the carbon–carbon
double bond might be derived from C–H migration on inter-
mediate E coordinated chlororhodium(I)/P4 and subsequent
reductive elimination. In this case, our Ar-BINMOL-Phos can
completely suppress this side reaction due to the steric repul-
sion of the Rh–O bond and the effect of copper on the catalytic
activity of the rhodium complex, in which copper might be
beneficial not only to the activation of alkynyl ester36–38 but
also to an enhancement of the transformation of intermediate
E. We suggest that cooperation between copper species and
the hydroxyl group on the Ar-BINMOL-Phos accelerates the

reductive elimination to achieve the desired product, thereby
completely inhibiting olefin isomerization and the formation
of by-products. Therefore, the multifunctional groups on Ar-
BINMOL-Phos meant that the orderly assembly of bimetallic
Rh/Cu could be realized without affecting the activity of the
core metal-based catalytic species, and it could even play a role
in the dual activation of two substrates to promote the simpli-
fication of the catalytic cycle and thus to solve the problem of
chemoselectivity.

Having demonstrated the reaction mechanism and its work
mode for Si–C bond activation and its (4 + 2) annulation, we
next sought to investigate the asymmetric version with chiral
ligands. A judicious evaluation was undertaken of various
chiral P-ligands, including our newly developed P-ligands, Ar-
BINMOL-Phos, and other commercially available phosphine
ligands, as shown in Fig. 4.

As expected, except for our Ar-BINMOL-Phos, the general
phosphine ligands in Fig. 4c exhibited no activity in this reac-
tion. And the substituents on the chiral Ar-BINMOL-Phos had
an inevitable and significant impact on the yields and enantio-
selectivities (Fig. 4b). Among those P-ligands evaluated in this
work, only L1 and L9 gave satisfactory yield and enantio-
selectivity (80 : 20 er). Although we aimed at an improvement
in the enantioselectivity in Rh/Cu-catalyzed Si–C bond acti-
vation and its (4 + 2) annulation of silacyclobutane 1a with
methyl arylpropiolate 2a, our research verified that the con-
struction of silicon-stereogenic centers in this reaction is really
a very difficult task.

Importantly, we tested alkyl or aryl arylpropiolates, posses-
sing a bulky substituent at the ester moiety (Fig. 5). From the
methyl group to ethyl, benzyl, n-propyl, phenyl, isopropyl, and
tert-butyl groups, the er values of the corresponding products
increased slightly to 91 : 9 er. Ultimately, we identified the tert-
butyl substituted alkynyl ester (tert-butyl arylpropiolate) as a

Fig. 4 (a) Rh/Cu-Catalyzed Si–C bond activation for the enantio-
selective construction of silicon-stereogenic 1-sila-2-cyclohexenes. (b)
Representative reaction results for the effect of chiral Ar-BINMOL-Phos
on the enantioselective construction of silicon-stereogenic 1-sila-2-
cyclohexenes. (c) Other P-ligands evaluated in this work: no ability for
enantioselective induction.

Fig. 5 The impact of bulky ester of arylpropiolates on the Rh/Cu-cata-
lyzed (4 + 2) annulation of silacyclobutane with internal alkyne.
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suitable substrate, giving the best enantioselectivity and prom-
ising yield at a reaction temperature of 40 °C.

To further demonstrate the synthetic utility of the asym-
metric Rh/Cu-catalyzed (4 + 2) annulation of silacyclobutanes
with internal alkynes, we checked the substrate scope in the
presence of our Ar-BINMOL-Phos. As expected, the desired
silicon-stereogenic silacycles could be obtained with moderate
to good enantioselectivites in this reaction. As shown in Fig. 6,
a broad range of silacyclobutanes and tert-butyl arylpropiolates
were proved to be suitable for the (4 + 2) annulation, smoothly
affording the corresponding products with good enantio-
selectivity (up to 94 : 6 er) on the “silicon-centered” chirality.
And we checked the gram-scale synthesis of silacycle 3 and
found the same level of yield and enantioselectivity.
Interestingly, we found that the silicon-stereogenic silacycle 3
was quite stable under basic conditions (NaOtBu) or in protic
solvents, such as MeOH, even at high temperature (>100 °C).
In other words, no racemization was observed for the recycling
of silicon-stereogenic silacycle.

Conclusions

In summary, in order to solve the long-standing problem of
the precise control of chemoselectivity and stereoselectivity for
the synthesis of six-membered functional silacycles, we carried
out an investigation to develop the first example of multifunc-
tional phosphine-promoted bimetallic Rh/Cu-catalyzed Si–C
bond activation and its (4 + 2) annulation of silacyclobutanes
with unsymmetrical alkynyl esters. Based on exhaustive investi-
gations of the choice of phosphine ligands, it was found that
only our newly developed Ar-BINMOL-Phos bearing a P-center
and two hydroxyl groups exhibited perfect chemoselectivity
because there were no side-products in this (4 + 2) annulation
process. With the aid of Ar-BINMOL-Phos and copper salt, the
rhodium-catalyzed (4 + 2) annulation of silacyclobutanes with
arylpropiolate-type internal alkynes led to a facile synthesis of
structurally diverse 1-sila-2-cyclohexenes with moderate to
excellent yields. This method constitutes the best chemo-
selectivity and should be recognized as one of the most
efficient and general routes for preparing functional six-mem-
bered silacycles. And we further investigated the ability of
chiral Ar-BINMOL-Phos in the enantioselective control of
desymmetrization of silacyclobutanes to get silicon-stereogenic
silacycles. Under the cooperative catalysis of rhodium and
copper as well as a chiral Ar-BINMOL-Phos bearing 3,5-tert-
butyl substitutions on the aryl ring, good enantioselectivity at
the “silicon-centered” point chirality was achieved. This proto-
col could trigger the development of a silasubstitution strategy
for the discovery of new drug-like candidates or backbones due
to the importance and structural diversity of six-membered
silacycles in medical chemistry and natural products. We are
currently exploring this strategy to access more complex and
functionalized Si-containing molecules for the development of
more practical and effective catalyst systems to promote Si–C
bond activation and its enantioselective transformations.

Fig. 6 Catalytic asymmetric (4 + 2) annulation of silacyclobutanes with
tert-butyl arylpropiolate-type internal alkynes with the aid of a chiral Ar-
BINMOL-Phos-controlled bimetallic Rh/Cu catalyst system. (a) The
optimal reaction conditions with chiral Ar-BINMOL-Phos (L1). (b) The
substrate scope. (c) The gram-scale synthesis and its transformation of
silacycle-based ester to acid 5.

Research Article Organic Chemistry Frontiers

Org. Chem. Front. This journal is © the Partner Organisations 2021

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/3
/2

02
1 

3:
14

:5
4 

A
M

. 
View Article Online

https://doi.org/10.1039/d1qo01386f


Conflicts of interest

The authors declare no competing interests.

Acknowledgements

This work was supported by the grants of National Natural
Science Foundation of China (NSFC No. 21773051, 22072035,
21801056, and 21901056), and Zhejiang Provincial Natural
Science Foundation of China (LZ18B020001 and LQ
19B040001). The authors thank Z. J. Zheng, K. Z. Jiang and
X. Q. Xiao for their assistance in this work.

Notes and references

1 B. Shao, A. L. Bagdasarian, S. Popov and H. M. Nelson,
Arylation of hydrocarbons enabled by organosilicon
reagents and weakly coordinating anions, Science, 2017,
355, 1403–1407.

2 S. B. J. Kan, R. D. Lewis, K. Chen and F. H. Arnold,
Directed evolution of cytochrome c for carbon–silicon bond
formation: Bringing silicon to life, Science, 2016, 354,
1048–1051.

3 R. Ramesh and D. S. Reddy, Quest for novel chemical enti-
ties through incorporation of silicon in drug scaffolds,
J. Med. Chem., 2018, 61, 3779–3798.

4 A. K. Franz and S. O. Wilson, Organosilicon molecules with
medicinal applications, J. Med. Chem., 2013, 56, 388–
405.

5 M. Oestreich, Silicon-Stereogenic Silanes in Asymmetric
Catalysis, Synlett, 2007, 18, 1629–1643.

6 L. W. Xu, L. Li, G. Q. Lai and J. X. Jiang, The recent syn-
thesis and application of silicon-stereogenic silanes: A
renewed and significant challenge in asymmetric synthesis,
Chem. Soc. Rev., 2011, 40, 1777–1790.

7 R. Shintani, Recent Progress in Catalytic Enantioselective
Desymmetrization of Prochiral Organosilanes for the
Synthesis of Silicon-Stereogenic Compounds, Synlett, 2018,
29, 388–396.

8 F. S. Kipping, XXII.—Organic derivatives of silicon. Part II.
The synthesis of benzylethylpropylsilicol, its sulphonation,
and the resolution of the dl-sulphonic derivative into its
optically active components, J. Chem. Soc., Trans., 1907, 91,
209–240.

9 K. Tamao, K. Nakamura, H. Ishii, S. Yamaguchi and
M. Shiro, Axially Chiral Spirosilanes via Catalytic
Asymmetric Intramolecular Hydrosilation, J. Am. Chem.
Soc., 1996, 118, 12469–12470.

10 S. Rendler, O. Plefka, B. Karatas, G. Auer, R. Frohlich,
C. Muck-Lichtenfeld, S. Grimme and M. Oestreich,
Stereoselective alcohol silylation by dehydrogenative Si-O
coupling: scope, limitations, and mechanism of the Cu-H
-catalyzed non-enzymatic kinetic resolution with silicon-
stereogenic silanes, Chem. – Eur. J., 2008, 14, 11512–11528.

11 Y. Naganawa, T. Namba, M. Kawagishi and H. Nishiyama,
Construction of a Chiral Silicon Center by Rhodium-
Catalyzed Enantioselective Intramolecular Hydrosilylation,
Chem. – Eur. J., 2015, 21, 9319–9322.

12 Q. W. Zhang, K. An, L. C. Liu, Q. Zhang, H. Guo and W. He,
Construction of Chiral Tetraorganosilicons by Tandem
Desymmetrization of Silacyclobutanes/Intermolecular
Dehydrogenative Silylation, Angew. Chem., Int. Ed., 2017,
56, 1125–1129.

13 G. Zhan, H. L. Teng, Y. Luo, S. J. Lou, M. Nishiura and
Z. Hou, Enantioselective Construction of Silicon-
Stereogenic Silanes by Scandium-Catalyzed Intermolecular
Alkene Hydrosilylation, Angew. Chem., Int. Ed., 2018, 57,
12342–12346.

14 H. Wen, X. Wan and Z. Huang, Asymmetric Synthesis of
Silicon-Stereogenic Vinylhydrosilanes by Cobalt-Catalyzed
Regio- and Enantioselective Alkyne Hydrosilylation with
Dihydrosilanes, Angew. Chem., Int. Ed., 2018, 57, 6319–
6323.

15 J. Guo, H. Wang, S. Xing, X. Hong and Z. Lu, Cobalt-
Catalyzed Asymmetric Synthesis of gem-Bis(silyl)alkanes by
Double Hydrosilylation of Aliphatic Terminal Alkynes,
Chem, 2019, 5, 881–895.

16 R. H. Tang, Z. Xu, Y. X. Nie, X. Q. Xiao, K. F. Yang, J. L. Xie,
B. Guo, G. W. Yin, X. M. Yang and L. W. Xu, Catalytic
Asymmetric trans-Selective Hydrosilylation of Bisalkynes to
Access AIE and CPL-Active Silicon-Stereogenic Benzosiloles,
iScience, 2020, 23, 101268.

17 J. R. Jagannathan, J. C. Fettinger, J. T. Shaw and
A. K. Franz, Enantioselective Si-H Insertion Reactions of
Diarylcarbenes for the Synthesis of Silicon-Stereogenic
Silanes, J. Am. Chem. Soc., 2020, 142, 11674–11679.

18 G. Zhang, Y. Li, Y. Wang, Q. Zhang, T. Xiong and Q. Zhang,
Asymmetric Synthesis of Silicon-Stereogenic Silanes by
Copper-Catalyzed Desymmetrizing Protoboration of
Vinylsilanes, Angew. Chem., Int. Ed., 2020, 59, 11927–
11931.

19 B. Yang, W. Yang, Y. H. Guo, L. J. You and C. He,
Enantioselective Silylation of Aliphatic C-H Bonds for the
Synthesis of Silicon-Stereogenic Dihydrobenzosiloles,
Angew. Chem., Int. Ed., 2020, 59, 22217–22222.

20 D. L. Mu, W. Yuan, S. Y. Chen, N. Wang, B. Yang, L. J. You,
B. Zu, P. Y. Yu and C. He, Streamlined Construction of
Silicon-Stereogenic Silanes by Tandem Enantioselective
C-H Silylation/Alkene Hydrosilylation, J. Am. Chem. Soc.,
2020, 142, 13459–13468.

21 X. B. Wang, Z. J. Zheng, J. L. Xie, X. W. Gu, Q. C. Mu,
G. W. Yin, F. Ye, Z. Xu and L. W. Xu, Controllable Si-C
Bond Activation Enables Stereocontrol in the Palladum-
Catalyzed [4+2] Annulation of Cyclopropenes with
Benzosilacyclobutanes, Angew. Chem., Int. Ed., 2020, 59,
790–797.

22 J. Zhu, S. Chen and C. He, Catalytic Enantioselective
Dehydrogenative Si-O Coupling to Access Chiroptical
Silicon-Stereogenic Siloxanes and Alkoxysilanes, J. Am.
Chem. Soc., 2021, 143, 5301–5307.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2021 Org. Chem. Front.

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/3
/2

02
1 

3:
14

:5
4 

A
M

. 
View Article Online

https://doi.org/10.1039/d1qo01386f


23 J.-L. Xie, Z. Xu, H.-Q. Zhou, Y.-X. Nie, J. Cao, G.-W. Yin,
J.-P. Bouillon and L.-W. Xu, Palladium-Catalyzed
Hydrosilylation of Ynones to Access Silicon-Stereogenic
Silylenones by Stereospecific Aromatic Interaction-assisted
Si-H Activation, Sci. China: Chem., 2021, 64, 761–769.

24 R. Shintani, K. Moriya and T. Hayashi, Palladium-Catalyzed
Desymmetrization of Silacyclobutanes with Alkynes:
Enantioselective Synthesis of Silicon-Stereogenic 1-Sila-2-
cyclohexenes and Mechanistic Considerations, Org. Lett.,
2012, 14, 2902–2905.

25 H. Chen, Y. Chen, X. Tang, S. Liu, R. Wang, T. Hu, L. Gao
and Z. L. Song, Rhodium-Catalyzed Reaction of
Silacyclobutanes with Unactivated Alkynes to Afford
Silacyclohexenes, Angew. Chem., Int. Ed., 2019, 58, 4695–
4699.

26 R. Shintani, K. Moriya and T. Hayashi, Palladium-catalyzed
enantioselective desymmetrization of silacyclobutanes:
construction of silacycles possessing a tetraorganosilicon
stereocenter, J. Am. Chem. Soc., 2011, 133, 16440–16443.

27 W. T. Zhao, F. Gao and D. Zhao, Intermolecular σ-bond
cross-exchange reaction between cyclopropenones and
(benzo)silacyclobutanes: straightforward access towards
sila(benzo)cycloheptenones, Angew. Chem., Int. Ed., 2018,
57, 6329–6332.

28 Y. Qin, J. L. Han, C. W. Ju and D. Zhao, Ring expansion to
6-, 7-, and 8-membered benzosilacycles through strain-
release silicon-based cross-coupling, Angew. Chem., Int. Ed.,
2020, 59, 8481–8485.

29 L. Zhang, K. An, Y. Wang, Y. D. Wu, X. Zhang, Z. X. Yu and
W. He, A combined computational and experimental study
of Rh-catalyzed C–H silylation with silacyclobutanes:
insights leading to a more efficient catalyst system, J. Am.
Chem. Soc., 2021, 143, 3571–3582.

30 Q. C. Mu, J. Chen, C. G. Xia and L. W. Xu, Synthesis of sila-
cyclobutanes and their catalytic transformations enabled
by transition-metal complexes, Coord. Chem. Rev., 2018,
374, 93–113.

31 F. Ye, Z. Xu and L. W. Xu, The Discovery of Multifunctional
Chiral P Ligands for the Catalytic Construction of
Quaternary Carbon/Silicon and Multiple Stereogenic
Centers, Acc. Chem. Res., 2021, 54, 452–470.

32 S. Tao, L.-S. Zheng, F. Ye, W.-H. Deng, Y.-L. Wei, K.-Z. Jiang
and L.-W. Xu, Modular Synthesis of Ar-BINMOL-Phos for
Catalytic Asymmetric Alkynylation of Aromatic Aldehydes
with Unexpected Reversal of Enantioselectivity, Adv. Synth.
Catal., 2014, 356, 1708–1718.

33 Z. Xu and L. W. Xu, Development of Ar-BINMOL-derived
Atropisomeric Ligands with Matched Axial and sp3-Central
Chirality for Catalytic Asymmetric Transformations, Chem.
Rec., 2015, 15, 925–948.

34 J. Zhang, J. Z. Xu, Z. J. Zheng, Z. Xu, Y. M. Cui, J. Cao and
L. W. Xu, Palladium-Catalyzed Desymmetrization of
Silacyclobutanes with Alkynes to Silicon-Stereogenic
Silanes: A Density Functional Theory Study, Chem. – Asian
J., 2016, 11, 2867–2875.

35 S. Liu, T. Zhang, L. Zhu, F. Liu, R. Bai and Y. Lan, Layered
Chirality Relay Model in Rh(I)-Mediated Enantioselective
C−Si Bond Activation: A Theoretical Study, Org. Lett., 2020,
22, 2124–2128.

36 T. Song, L. Li, W. Zhou, Z. J. Zheng, Y. Deng, Z. Xu and
L. W. Xu, Enantioselective Copper-Catalyzed Azide-
Alkyne Click Cycloaddition to Desymmetrization of
Maleimide-based Bis-alkynes, Chem. – Eur. J., 2015, 21,
554–558.

37 M. Y. Chen, T. Song, Z. J. Zheng, Z. Xu, Y. M. Cui and
L. W. Xu, Tao-Phos -Controlled Desymmetrization of
Succinimide-based Bisalkynes via Asymmetric Copper-
Catalyzed Huisgen Alkyne-Azide Click Cycloaddition:
Substrate Scope and Mechanism, RSC Adv., 2016, 6, 58698–
58708.

38 M. Y. Chen, L. Chen, Z. Xu, T. Song, Z. J. Zheng, J. Cao,
Y. M. Cui and L. W. Xu, Catalytic Asymmetric Huisgen
Cycloaddition of Bis-Alkynes by Copper(I) Nanoparticles,
ChemCatChem, 2018, 10, 280–286.

Research Article Organic Chemistry Frontiers

Org. Chem. Front. This journal is © the Partner Organisations 2021

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
by

 T
H

E
 L

IB
R

A
R

Y
 O

F 
H

A
N

G
Z

H
O

U
 N

O
R

M
A

L
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/3
/2

02
1 

3:
14

:5
4 

A
M

. 
View Article Online

https://doi.org/10.1039/d1qo01386f

	Button 1: 


