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Abstract: Strategies on the construction of enantiomerically pure 
silicon-stereogenic silanes generally relies on desymmetrization of 
prochiral and symmetric substrates. However, dynamic kinetic 
asymmetric transformations of organosilicon compounds have 
remained underdeveloped and unforeseen owing to a lack of an 
effective method for deracemization of the static silicon 
stereocenters. Here we report the first Rh-catalyzed dynamic kinetic 
asymmetric intramolecular hydrosilylation (DyKAH) with “silicon-
centered” racemic hydrosilanes that enables the facile preparation of 
silicon-stereogenic benzosiloles in good yields and excellent 
enantioselectivities. The special rhodium catalyst controlled by non-
diastereopure-type mixed phosphine-phosphoramidite ligand with 
axial chirality and multiple stereocenters can induce 
enantioselectivity efficiently in this novel DyKAH reaction. Density 
functional theory (DFT) calculations suggest that the amide moiety in 
chiral ligand plays important role in facilitating the SN2 substitution of 
chloride ion to realize the chiral inversion of silicon center.  

Hydrosilanes have long been the subject of intense study in 
organosilicon chemistry due to their unusual stability, 
considerable reactivity in functionalization and derivatization, 
physical or chemical properties and theoretical interest.[1] And 
recent developments in hydrosilane chemistry shine a new light 
on the discovery and potential utility of the Si-H bond activation 
and its enantioselective Si-H functionalization.[2] Especially,  
desymmetrization strategy of dihydrosilane has been widely 
applied in the synthesis of silicon-stereogenic silacycles since 
Tamao et al. reported the first Rh-catalyzed intramolecular 
hydrosilylation in 1996 (eq. 1 of Figure 1a)[3]. In this context, the 
first example of platinum-catalyzed asymmetric intermolecular 
hydrosilylation of alkynes was reported by Tomooka and co-
workers in 2012 (eq. 2 of Figure 1a).[4] However, the catalytic 
asymmetric transformation with hydrosilanes and alkynes to 
access silicon-stereogenic center is still not easy and severely 
limited in comparison to that of carbon-stereocenter reactions.[5] 

To the best of our knowledge, although the activation of Si-H 
bond of hydrosilanes by transition metal complexes provides 
fertile ground with a wide range of bonding scenarios,[6] there is 
no reports for the catalytic asymmetric transformations of Si-H 
bonds based on kinetic resolution or dynamic kinetic asymmetric 
transformations (DyKATs) of “silicon-centered” racemic silanes 
to access silicon-stereogenic centers. In general, all the 
downstream transformations of “silicon-centered” chiral 
hydrosilanes resulted into the retention of configuration on the 

silicon-stereogenic center,[7] these chirality-reserved Si-H bond 
activation supported the difficulty of interconversion of 
configuration on the silicon center.[8] Therefore, it is really 
challenging task for the stereoselective transformation of silicon-
centered racemic hydrosilanes to silicon-stereogenic silanes.[9] 

 

 
Figure 1. Inspiration for the development of a dynamic kinetic asymmetric 
hydrosilylation. a) Previous work on desymmetrization strategy for construction 
of Si-stereogenic center by hydrosilylation. b) New reaction design beyond 
desymmetrization in this work: Major challenges for the determination of the 
controllable DyKATs of Si-H bond. 

To enable a dynamic kinetic asymmetric transformation of 
“silicon-centered” racemic organosilanes, we want to explore the 
deracemization of “silicon-centered” racemic hydrosilanes that 
bearing three different substituents through dynamic kinetic 
transformation of Si-H bonds. As presented in Figure 1b, we 
hypothesized that the racemic hydrosilane bearing an alkyne 
moiety could interact with transition metal catalyst via oxidative 
addition to give active intermediate, in which the dynamic kinetic 
interconversion between A and B would beneficial to the 
formation of a silicon-stereogenic center. In this case, one of the 
chiral M-Si*-H species from the racemic hydrosilanes should 
exhibit much higher reactivity than that of another M-Si*-H 
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species, and an inert M-Si*-H species (for example, R-
configuration at silicon center) can be converted into another 
active M-Si*-H species (for example, S-configuration at silicon 
center) with the aid of chiral ligand, so that the dynamic kinetic 
asymmetric hydrosilylation (DyKAH) can be successfully realized. 

Herein, we report our effort to develop an unprecedent 
dynamic kinetic asymmetric hydrosilylation (DyKAH). Upon 
exposure to a novel rhodium catalyst with chiral P-ligand, the 
first example of dynamic kinetic asymmetric hydrosilylation of 
racemic hydrosilanes can be applied in the catalytic construction 
of silicon-stereogenic center, showing good to excellent 
enantioselectivities for a facile entry to silicon-stereogenic 
benzosiloles. 

Initially, we investigated the rhodium-catalyzed intramolecular 
hydrosilylation of SiH-tethered monoalkyne 1a in the presence of 
Ar-BINMOL-Phos (L1)[10]. Reactions performed in toluene under 
mild conditions (50 oC) using [Rh(cod)Cl]2 as precatalyst and 
KOtBu as additive proved to be operationally simple and highly 
efficient [95% nuclear magnetic resonance (NMR) yield] and 
with promising enantioselectivity as 55:45 er that impossibly 
obtained in the absence of KOtBu (Entry 1 of Table 1). Thus, the 
exciting finding in the Rh-controlled enantioselective control of 
racemic monohydrosilane promoted us to evaluate the 
possibility of dynamic kinetic asymmetric hydrosilylation by 
applying structurally diverse chiral phosphine ligands. By 
examining a set of chiral phosphine ligands and its analogues 
(See Scheme S1 of Supporting Information), we are pleased to 
find that several P-ligands, including several P-ligands (see the 
Scheme of Table 1) designed by our group,[11] enabled 
enantioselective synthesis of enantiomeric excess of benzosilole 
bearing a silicon-stereogenic center (For representative results, 
see entries 2-9 of Table 1). However, most of P-ligands 
evaluated in this work have no ability in the dynamic kinetic 
control of enantioselective hydrosilylation in term of no ee value. 
It should be noted that the promising results of chiral 
phosphoramidite L6 (60:40 er) and L1 (55:45 er) inspired us to 
design a new ligand L17 for this hydrosilylation reaction (Entry 
8). Incredibly, we found the newly synthesized phosphine-
phosphoramidite ligand exhibited moderate enantioselectivity 
(75:25 er) to give the desired product with excellent yield (Entry 
9), which opens an entry to the structural modification of Ar-
BINMOL-Phos -derived phosphine-phosphoramidite ligands for 
the Rh-catalyzed dynamic kinetic asymmetric hydrosilylation. 
We then investigated the newly designed phosphine-
phosphoramidite ligands (simplified as SiMOS-Phos) for the 
improvement of enantioselectivity in this reaction. 

Following an extensive survey of different SiMOS-Phos 
ligands (Figure S2), the best results were obtained when T14 
was used as a chiral ligand in this reaction, furnishing 2a in 92% 
yield and 85:15 er. Of particular note for this screening, 
replacing T14 with other SiMOS-Phos ligands afforded 2a with 
low to moderate enantioselectivity as varied from 50:50 to 81:19 
er (see Supplementary Information), albeit as most of SiMOS-
Phos ligands resulted into good yields (70-95%). The 
implementation of this chiral ligand-controlled dynamic kinetic 
asymmetric hydrosilylation presents onerous challenges on the 
exploration of an effective P-ligands. In addition, the 
experimental data suggested that both the steric bulky group on 
aromatic ring of chiral Ar-BINMOL-Phos backbone and long-
chain aliphatic substituent of amine moiety were important 
factors in the enhancement of dynamic kinetic asymmetric  

Table 1. Optimization of the dynamic kinetic asymmetric hydrosilylation 
(DyKAH).[a] 

 
Entry Ligand Additive T 

(oC) 
Solvent Yield 

(%) [b] 
er[c] 

1 L1 KOtBu 50 Toluene 95 55:45 

2 L2 - 50 Toluene 64 60:40 

3 L4 - 50 Toluene 81 60:40 

4 L6 - 50 Toluene 94 60:40 

5 L12 - 50 Toluene 87 67:33 

6 L14 - 50 Toluene <10 50:50 

7 L16 - 50 Toluene 95 50:50 

8 L17 - 50 Toluene 99 75:25 

9 T14 - 50 Toluene 92 85:15 

10 T14 - 50 THF 95 77:23 

11 T14 - 50 DMF 99 83:17 

12 T14 - 50 DCE 95 71:29 

13 T14 - 50 MTBE 79 57:43 

14 T14 - 40 Toluene 78 85:15 

15 T14 - 70 Toluene 80 72.5:27.5 

16[d] T14 - 50 Toluene 78 95:5 

17 T14 NaBr 50 Toluene 70 87.5:12.5 

18 T14 CuF2 50 Toluene 70 81:19 

19 T14 KF 50 Toluene 76 66.5:33.5 

20 T14 TMSCl 50 Toluene <10 85:15 

[a] Reaction conditions: 1a (0.2 mmol), [(Rh(cod)2Cl)2 (5 mol%), ligand (12 
mol%) for entries 1-15 or ligand (24 mol%) for entries 16-20, additive (10 
mol%), solvent (1.2 mL), for 12-16 h. [b] NMR yield. [c] The er values were 
determined by HPLC using chiral columns. [d] Isolated yield by flash column 
chromatography.  

hydrosilylation. Encouraged by the above results, we 
subsequently investigated the solvent effect and other reaction 
parameters, such as temperature and additives (Entries10-20 of 
Table 1). Fortunately, when the amount of non-diastereopure 
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SiMOS-Phos (T14) was increased to 24 mol% because of the 
racemic P-center of phosphoramidite moiety, the er value of 2a 
was obtained as 96:4 er. 

 

 

Figure 2. The determination of a DyKAH process by monitoring of progress of 
the Rh-catalyzed intramolecular hydrosilylation of racemic 1a. 

Furthermore, to clarify the reality of Rh-catalyzed dynamic 
kinetic asymmetric hydrosilylation in the presence of SiMOS-
Phos (T14), we monitored the progress of this reaction by the 
determination of er value of 2a. As depicted in Figure 2, the er 
values of desired product 2a remained unchanged during the 
reaction process and the residual substrate 1a was still 
determined as an almost racemic molecule. These results 
directly indicated that the Rh-catalyzed hydrosilylation of a 
racemic monohydrosilane is likely to occur as a dynamic kinetic 
asymmetric transformation (DyKATs). 

With the success of the stereoselective dynamic kinetic 
asymmetric hydrosilylation (DyKAH) of the racemic hydrosilane 
based on SiMOS-Phos (T14), we then examined the substrate 
scope for this reaction. We prepared a series of “silicon-centered” 
racemic hydrosilanes bearing electron-withdrawing fluorine- and 
electron-donating methyl- or other alkyl groups for this DyKAH 
reaction. As shown in Scheme 1, the dynamic kinetic 
asymmetric hydrosilylation of various substrates took place 
stereoselectively to give the desired silicon-stereogenic 
benzosiloles with good yields and excellent enantioselectivities 
(up to 96:4 er). The structure and absolute configuration of 2j 
was unambiguously confirmed by single-crystal X-ray 
analysis.[12] The methyl substituents on meta- or para-position of 
phenyl ring were compatible with this catalyst system in this 
reaction, giving the corresponding DyKAH products in 75-89% 
yields and good enantioselectivities varied from 87:13 to 96:4 er. 
Moreover, the racemic hydrosilanes bearing ethyl, butyl, or 
pentyl group were also suitable for this dynamic kinetic 
asymmetric hydrosilylation, affording the desired silicon-
stereogenic benzosiloles, in good yields and excellent 
enantioselectivities, such as 2r with 81% yield and 92:8 er. In 
addition, we also checked the enantioselective synthesis of 2m, 
2q, and 2s in the DMF and the same level of conversion and 
enantioselectivity was achieved in this DyKAH reaction. 

 

 
Scheme 1. Substrate scope for Rh-catalyzed dynamic kinetic asymmetric 
hydrosilylation of racemic hydrosilanes to access silicon-stereogenic 
benzosiloles. 

Largely different from the well-recognized desymmetrization 
strategy for synthesis of silicon-stereogenic silanes,[13] our 
experimental results supported that present dynamic kinetic 
asymmetric hydrosilylation (DyKAH) of racemic hydrosilanes 
provided an unprecedent method for the highly enantioselective 
synthesis of silicon-stereogenic organosilicon compounds.[14] It 
should be noted that, similar to previously reported finding that 
enantioselective hydrogenation or hydroformylation of olefins 
could be completed by self-adaptable tropos catalysts or 
achieved from a mixture of non-diastereopure ligands,[15] it is 
reasonably that only one diastereomer of SiMOS-Phos with 
suitable steric repulsion and molecular recognition (For related 
spectra analysis, see Figure S5 of Supporting Information) can 
assist the Rh-catalyzed DyKAH. In this case, we believe that 
one of the chiral Rh-Si*-H species from a diastereomer of 
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SiMOS-Phos should exhibit much higher reactivity than that of 
another Rh-Si*-H species, and an inert Rh-Si*-H species (for 
example, R-configuration at silicon center) can be converted into 

another active Rh-Si*-H species (for example, S-configuration at 
silicon center) with the aid of chiral SiMOS-Phos ligand. 

 
Figure 3. (a) Computed catalytic cycle with relative energy in parenthesis (Chalk-Harrod channel and the chiral inversion channel) and (b) Gibbs energy profile for 
Rh/(R,S,S)-L17 intramolecular hydrosilylation of (S)-1a and (R)-1a calculated at the SMD(toluene) M06L/def2TZVP//M06L/6-31G(d,p)-SDD(Rh) level of theory. 
The energy values are given in kcal/mol. 
 

To rationalize the new chemistry of rhodium-catalyzed 
dynamic kinetic asymmetric alkyne hydrosilylation of “silicon-
centered” racemic hydrosilanes, density functional theory (DFT) 
calculations have been carried out for Rh/(R,S,S)-L17 -catalyzed 
intramolecular hydrosilylation of (S)-1a and (R)-1a to elucidate 
the reaction mechanism and stereo-control mode. Two reaction 
channels including the traditional Chalk-Harrod mechanism (CH 
channel) and an unprecedented ligand-assisted chiral inversion 
channel (IV channel) have been identified and the catalytic cycle 
together with the free energy profile is shown in Figure 3. The 
reaction begins with the pre-activation of [Rh(cod)Cl]2 with ligand 
to generate the active catalyst species Cat0-P that can 
recognize the substrate 1a through ligand exchange. 

In the CH channel, both the Si-H bond and C≡C triple bond of 
1a coordinate to the Rh center of Cat0-P from the radial 
direction, forming Cplx2R and Cplx2S respectively. 1a within 
this precursor complex directly undergoes Si-H oxidative 
addition reaction with no energy barrier to generate Int3 and 
Int9 (See Figure S7 of ESI), which is followed by the migratory 
insertion of C≡C triple bond via TS1-S and TS1-R, leading to 

Int4 and Int10. Then the Si-C reductive elimination proceeds via 
TS2-S and TS2-R to generate the coordinated Int5 and Int11. 
Finally, the resulting product (S)-2a and (R)-2a are released 
from the Rh center, regenerating the catalytic active species. In 
this reaction channel, the configuration of the silicon atom is 
preserved and the precursor complex is the highest free energy 
point, indicating substrate recognition is the rate-determining 
step. Cplx2R is slightly lower in free energy than Cplx2S by 0.4 
kcal/mol.  

In the IV channel (Figure 3), the Si-H bond coordinates to the 
Rh center from the axial direction, forming Cplx1R and Cplx1S 
instead of the radial direction as that in Cplx2R and Cplx2S. 
Similarly, the Si-H oxidative addition follows with no energy 
barrier to form Rh(III)(H)(sily)(Cl) complex (Int0 and Int4) (See 
Figure S7 of ESI). Then an interesting configuration inversion on 
the silicon center occurs. With the assistance of adjacent amine 
moiety in the ligand, HCl is released from the Rh center and 
generates the Rh(I) silyl complex (Int1 and Int7), in which the 
released HCl is coordinated to the amine nitrogen atom. It’s 
noteworthy that this process will be unavailable with the chiral P 
in (R)-configuration (Figure S10 of ESI). In this case, Int1 and 
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Int7 act as a springboard for the complete dissociation of Cl- 
from the Rh center. Then SN2-type substitution of Cl- toward the 
silicon center of Int1 or Int7 follows, leading to Rh(I) hydride 
complex (Int2 and Int8). In the next step, Int2 and Int8 undergo 
a Si-Cl oxidative addition reaction via TS-Cl-R and TS-Cl-S to 
generate much more stable Int3 and Int9. Under this reaction 
channel, the Rh(III) silyl hydride complex Int0 and Int6 
generated in the first Si-H oxidative addition step are nicely 
transformed to its’ enantiomers Int3 and Int9 respectively. The 
Si-Cl oxidative addition is the rate-determining step in this 
pathway.  

Just as expected, we were delighted to found that the 
Rh/SiMOS-Phos catalyst can selectively lower the inter-
conversion free energy barrier for (S)-1a (TS-Cl-S) by 4.1 
kcal/mol with respective to that for (R)-1a (TS-Cl-R). Compared 
with the CH channel, the TS-Cl-S is lower in free energy than 
Cplx2S by 1.5 kcal/mol, while the TS-Cl-R is higher in free 
energy than Cplx2R by 3.0 kcal/mol. These results clearly 
indicate that (S)-1a tends to follow the IV channel, whereas (R)-
1a tends to follow the traditional CH channel, which accord well 
with our experimental findings.  

In summary, we have achieved a novel dynamic kinetic 
asymmetric hydrosilylation of “silicon-centered” racemic 
hydrosilanes by using a newly developed SiMOS-Phos as a 
chiral ligand. A wide range of “silicon-centered” racemic alkyne-
containing hydrosilanes are applicable for this reaction, giving 
the silicon-stereogenic benzosiloles with good 
enantioselectivities (up to 96:4 er). This protocol offers an 
unprecedented access to silicon-stereogenic organosilicon 
compounds from racemic substrates and will inspire synthetic 
chemists to explore new multiple stereogenic and tropos ligands 
for asymmetric catalysis. The DFT studies showed that the 
dynamic kinetic asymmetric hydrosilylation is realized by a chiral 
inversion process with the silyl Rh(III) hydride complex as a 
conversion platform, in which the Rh/SIMOS-Phos catalyst can 
selectively lower the transition state energy of (R)-1a in the 
Chalk-Harrod channel and that of (S)-1a in the inversion channel.  
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