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Table 1. Optimization for asymmetric hydrosilylation of sty- Table 2. Scope of chiral silanes.”
a
rence. SiH,Ph SiHyPh SiH,Ph SiH,Ph
La:R'=Me, R?=H,R%=iPr
‘ = Lb: R' = jPr, R?= H, R® = iPr
R NG 0, Lc: R'=CHPh,, R? = Me, R® = iPr Me
N‘\C‘o/\N\? Ld: R: = CHPhy, R; = OMe, RE=Pr 3b, 86%, 99.5% ee  3c,87%,99.6% e 3d,88%,99.7% ee  3e, 84%, 99.4% ee
o o1 s Le:R'=CHPhy RZ=ClRP=Pr .
) ) Lf: R'= CHPhy, R?=OMe, R3= Bn SiH,Ph SiH,Ph SiH,Ph SiH,Ph
® : L- CoCl, Lg: R' = CHPhy, R? = OMe, R®= Me
Lh: R" = CHPh,, R? = OMe, R®= tBu VoS .
e
cat. OIP-CoClp ! 3f, 87%, 99.3% ee”®  3g, 83%, 99.0% ee 3h, 86%, 99.8% ee 83%, 99.4% ee
cat. NaO'Bu §HPn
Ph"XX + PhSiH; N so'lvent an Ph + Phgimpn SiH,Ph SiH,Ph SiH,Ph SiH,Ph
2 5 T
1a 2a 3a 4a /@J\ /©/'\ <\
L-CoCl, ield of 3a+4a (%)’ ec of 3a FsC MeO,C
entry solvent (M) b
(mol %) (b/1) (%)° 3j, 83%, 98.9% ee® 3k, 94%,98.9% ee® 31, 86%, 99.5% ee  3m, 94%, 99.0% ee
1 La (5) THF (0.25) 73 (95/5) 72 SiH,Ph Siph SiH,Ph SiH,Ph
2 Lb (5) THF (0.25) 74 (92/8) 88 FiC a 2 e
3 Le (5) THF (0.25) 63 (93/7) 98.6 \©/k
4 Ld (5) THF (0.25) 66 (95/5) 98.7 Me
5 Le (5) THF (0.25) 56 (97/3) 98.8 3n, 84%,98.8% ee®  30,74%,98.6% ee  3p, 76%,99.4% ee  3q, 62%, 99.8% ee>d
6 Lf (5) THF (0.25) 71 (>98/2) 98.5 . _ SiH.Ph
7 Lg (5) THF (0.25) 75 (>98/2) 97.9 SiHph PRSI Sik,Ph 2
8 Lh (5) THF (0.25) 18 (34/66) - MeOD/K 4
97 Lf (1) THF (0.25) 80 (>98/2) 98.6 . N
10 Lf (1) toluene (0.25) 73 (>98/2) 99.3
3r, 87%, 99.4% %, 98.1% %, 98.8% ee , 68%, 99.2% ee?
174 LE(1) dioxane (0.25) 82 (>9872) 99.0 r ee  3s,83%,98.1% ee°  3t,85%,98.8% ee®  3u, 68%, 99.2% ee
124 Lf (1) Et,0 (0.25) 83 (>98/2) 99.2 SiH,Ph wSiH,Ph $iHPh
134 Lf(1) Et,0 (0.5) 89 (>98/2) 99.4 s /(j/k SiH,Ph
14¢ Lf (1) Et,0 (1.0) 88 (>98/2) 99.2 \ / oo ‘ e n_C6H13/'\
15%¢ Lf (1) Et,0 (0.5) 83 (98/2) 99.7 ©
16%¢/ Lf (1) Et,0 (0.5) 84 (>98/2) 993 3v77%, 98.0%ee 3w, 72%,98.5% ee?  3x, 74%, 99.0% ee” 3y, 91%, 84.9% ee®
e/g o)
17 M Lf(0.3) Et,0 (0.5) 90 (>98/2) 99.0 . SHoh SiH,Ph
18 Lf (1) Et,0 (0.5) 84 (>98/2) 99.3 SiH,Ph SiH,Ph N H/y\ \H/\/v\
19¢ : E0 (0.5) 0 . BN%K Megsio . I

“The reaction was conducted using styrene (0.6 mmol), phenylsilane (0.5
mmol), cobalt complex and NaOBu (3 equiv to cobalt precatalyst) in a solution
at room temperature for 1 hour. ® Determined by '"H NMR using TMSPh as an
internal standard. “ Determined by chiral HPLC. 1.5 mmol scale. “1a/2a = 1/1.
/10 min. €3 mmol scale. " With 1 equiv. of water.

alcohols via Tamao oxidation. Additionally, the reaction of
aliphatic alkenes was not described.

Our group has recently developed a cobalt-catalyzed
asymmetric sequential hydrosilylation/hydrogenation of alkynes
with diphenyl hydrosilane for the preperation of chiral benzylic
silanes containing single carbon(sp®)-silicon bond.** However,
either chiral disubstituted hydrosilanes or nonbenzylic silanes
could not be obtained. As a continuation of our interest in earth-
abundant transition metal-catalyzed asymmetric reactions, herein,
we report a highly enantioselecetive cobalt-catalyzed
Markovnikov hydrosilylation of both aromatic and aliphatic
alkenes with silanes for the synthesis of chiral dihydrosilanes
(Scheme 1c).

In our previous studies, we found that chiral oxazoline
iminopyridine  (OIP)  cobalt complex could catalyze
hydrosilylation of styrene with diphenylsilane, however, to afford
the linear product as a major one. At the beginning of screening,
simple styrene and phenylsilane were chosen as model substrates,
and sodium fert-butoxide’ was used as a mild activator.
Encouragingly, the hydrosilylation of styrene (0.6 mmol) with
phenylsilane (0.5 mmol) using La-CoCl, (5 mol%) as a
precatalyst afforded the desired products in 73% yield with a ratio
of 95/5 b/l (entry 1, table 1). Compared to our previous studies,
the Markovnikov selectivity was significantly improved using
phenylsilane as a silane source. Impressively, when the more

o}
3z, 53%, 84.7% ee®®  3aa, 53%, 87.5% ee”® 3ab, 89%, 80.8% ee”?¢ 3ac, 81%, 82.6% ee®

SiH,Ph OMe Cl SiHPh
HO\H/k i J 7
4 Ph” si Ph” si PR
H, H,

3ad, 77%, 81.3% ee®  3ae, 97%, 99.5% ee  3af, 80%, 99.4% ee (R)-3a, 88%, 99.1% ee’

“The reaction was conducted using styrene (1 mmol), phenylsiliane (1 mmol),
cobalt complex (0.01 mmol) and NaO'Bu (0.03 mmol) in a solution of Et,0
(0.5 M) at room temperature for 1 h. Isolated yield. Without note, b/l >= 98/2.
b/l =97/3. b/l = 96/4. 2 mol% of cobalt complex. €0 °C.” Using (R)-Lf as a
ligand.

sterically hindered imine with 2,6-di(diphenyl)methyl group (Lc)
was introduced, the enantioselectivity was dramatically increased
up to 98.6% (entries 1-3). The regioselectivity varied with change
in different electronic properties on imino group. The reaction
using the electron-withdrawing ligand (Ld) afforded products in a
slightly low yield with a slightly better regioselectivity compared
with the reaction using electron-donating ligands (Le-f) (entries 3-
5). Notably, the regioselectivity was also sensitive to substitutents
on oxazoline in which a better selectivity was observed using less
sterically hindered ozazolines (enties 5-8). The reaction in 1.5
mmol scale could be carried out using 1 mol% of Lf-CoCl,** to
afford 3a in 80% yield with 98.6% ee. Among various screened
solvents, such as toluene, dioxane, and diethyl ether (entries 10-
12), diethyl ether is the best solvent in which 3a was observed in
82% yield with >98/2 b/l and >99% ee (entry 12). A slightly
better yield and enantioselectivity were observed under higher
concentration conditions (entries 13 and 14). Using one equivlent
of phenylsilane, the reaction underwent smoothly to afford 3a in
83% yield with 98/2 b/l and extremely high ee (99.7%) (entry 15).
The reaction could be done in 10 min to afford 3a in 84% yield
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(entry 16). It is worthy to note that the reaction with 0.3 mol%
catalyst loading in 3 mmol scale could complete in 10 min,
delivering to 3a in 90% yield with >98/2 b/l and 99% ee (entry
17). The turnover frequency is upto 1800. To our suprise, the
reaction could undergo smoothly with one additional equivlent of
water which demonstrated that this was not moisture sensitive
protocol (entry 18). The reaction did not occur in the absence of
precatalyst (entry 19).** The standard conditions were chosen as
using olefin (1 mmol), phenylsiliane (1 equiv), Lf-CoCl, (1
mol%) and NaO'Bu (3 mol%) in a solution of Et,0 (0.5 M) at
room temperature for 1 h.

Under the optimized conditions, the substrate scope is
explored in Table 2. 1) Without any note, the regioseleectivity is
better than 98/2; 2) The ee values for all benzylic silanes are
better than 98%, in most cases, higher than 99% ee; 3) Various
electron-donating and electron-withdrawing functional groups are
well tolerated, such as phenyl group, ethers, thioethers,
trifluoromethyl group, halides, ketal, ester, amides, amines,
ketone, silyl group, free alcohol; 4) The substituents at ortho-,
meta- and para-position on phenyl group of styrene are also
tolerated; 5) The 1-naphethyl, 2-naphthyl and 5-(N-methyl)indyl
ethylenes could be delivered to 3s-u in 68-85% yield with 98-99%
ee; 6) In particularly, the reaction of sulphur—containing
compounds, such as 2-vinyl thiophene and 3-vinyl
benzothiophene, afforded the corresponding chiral silanes 3v with
98% and 3w with 98.5% ee, respectively, which is much better
than the result using asymmetric Cu-catalyzed reaction (57-66%
ee for 3w);'" This protocol is a good method for suppressing
deactivation by coordination with sulphur compounds, which are
often used in the rubber industry;’® 7) The reaction of pyridine-
containing alkene afforded 3x in 74% yield with 99% ee; 8) The
simple terminal alkyl alkenes or containing functional groups,
such as halide, silyl, amide, ketone, and free alcohol, were also
compatible with this reaction under 0 °C, delivering 3y-ad in 53-
91% yield with 81-87% ee; 9) Notably, various phenylsilanes
with electron-donating or electron-withdrawing groups, such as
methoxy (2b) and chloro (2¢) groups, proved to be suitable for
this catalytic system, giving the corresponding products 3ae-af in
80-97% yields with >99% ee; 10) The opposite enantiomer (R)-3a
could be easily obtained using (R)-Lf as a ligand; 10) The
absolute configuration was confirmed by X-ray diffraction of (S)-
3t;** 11) The reaction of styrene with strically bulky (MeO);SiH
did not occur. The reaction of styrene with Ph,SiH, afforded the
Heck-type linear vinylsilane in 43% yield. This indicated that a
sterically demanding silyl group disfavored Markovnikov
selectivity due to strong steric repulsion between alkene and silyl
group;'! 12) The reactions of 1,1-disubtituted alkenes (such as 2-
(4‘-methoxyphenyl)butene) or 1,2-disubstituted alkenes (such as
trans-anethole) with PhSiH; did not occur.

The gram scale reaction using 0.1 mol% catalyst loading could
be smoothly performed to afford 3a in 86% yield with 98% ece
(eq. 1). The turnover number is upto 860.

Lf CoCl, (0.1 mol %)
NaO'Bu (0.5 mol %) 33,1289

1
Et;O,rt,1h 86% yield, 98% ee M

The chiral silanes could be further derivatized (Scheme 2). The
corresponding chiral alcohol 5d could be easily obtained via

% The silane 3a could also be

Fleming-Tamao oxidation.
controllably oxidized to monohydroxysilane 6a in 70% yield and
dihydroxysilanes 7 in 67-92% yield.*® There is an interesting
sequential strategy for the synthesis of polysubstituted silane 8a
by  emerging
hydrosilylation of styrene with iron-catalyzed anti-Markovnikov

cobalt-catalyzed =~ Markovnikov  selective

selective hydrosilylation of styrene.”” The cobalt-catalyzed
OH

Seg

5d, 81% yield, 99% ee

OH
Me Fh Me._SiHPh
PEN & f) a) :
PR St Ph—= Ph
FiPh = b)
10a, 63% yield, 2.7:1 dr 6a, 70% yield, 1:1 dr
Me
R/;SinPh

e)
Me / d) HO, OH

H M "
e SI‘Ph

P g PR Y
HPh R
9a. 59% vield. 2.7:1 d Me 7a, R = Ph, 92% yield
a, 59% yield, 2.7:1 dr H oA .
Ph/\Si/\/Ph 79, R =4-FCgH,, 670% Y|e|d
HPh 7y, R = n-CgHy3, 69% yield

8a, 78% yield, 2.7:1 dr

Scheme 2. Further Derivatizations. a) i) HBF4-Et,0 (5 equiv), DCM
(0.02 M), rt, 3 h; ii) KF/KHCOs/H,0,, MeOH/THF (1/1), rt, 15 h; b) BCI; (1
equiv), DCM (0.25 M), 6 h, then H,O, overnight; ¢) Pd/C (0.1 equiv), Et;O (0.3
M), H,O, tt, overnight; d) styrene (1 equiv), Lb-FeCl, (5 mol%), NaBHEt; (15
mol%), neat, rt, 12h; e) phenylacetylene (2 equiv), Xantphos-CoBr; (10 mol%),
NaBHEt; (30 mol%), THF (0.5 M), 1t, 5 h; ) phenylacetylene (1.2 equiv), **
PMBrG[P-CoBr, (5 mol%), NaBHEt; (15 mol%), THF (1 M), rt, 3 h. The detail
could be found in supporting information.

regioselectivity-controllable hydrosilylation of alkynes could be
achieved using Xantphos and OIP ligands®® to afford anti-
Markovnikov and Markovnikov selective products 9a and 10a in
59% and 63% yield, respectively.

To demonstrate the possible mechanism of the asymmetric
hydrosilylation of olefins, the reaction of Dg-styrene with 4-
methoxyphenylsilane was performed under standard conditions to
afford D-3ae in 97% yield and 98% ee within a clean
regiochemistry transfer of hydrogen on silane into the methyl
group on the hydrosilylation product (eq. 2). Based on the
mechanisms  of the pyridine diimine-coblat-catalyzed
hydrosilylation,”® the alkene insertion to cobalt-hydride bond
pathway exists an equilibrium between the alkene insertion to
cobalt-hydride bond and B-hydride elimination. Additionally, the
low-valent cobalt hydride species is used to be sensitive to
moisture. Under this catalytic conditions, water could be tolerated.
Based on this, we proposed that the long existence of cobalt
hydride species is less possible. Although the alkene insertion to
cobalt-hydride bond could not be exclusively ruled out, it should
suggest that carbon-carbon double bond insertion into cobalt-
silicon intermediate might be a prior step in the reaction.”> Ac-
cording the previously reported mechanisms of hydrosilylation of
alkenes,”® the proposed mechanism for asymmetric hydrosilyla-
tion of olefin was shown in Scheme 3. The cobalt silicon species
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(A) obtained from reducing OIP-CoCl, by NaO'Bu and PhSiH;
could undergo alkene insertion to generate cobalt alkyl species
(B) which reacted with PhSiH; to regenerate cobalt-silicon spe-
cies and afford the hydrosilylation product. More experimental
and computational studies should be further performed to gain an
accurate understanding of the origin of the high regio- and

enantioselectivity.
D not detetected
D Standard L~
D ! Conditions SiHoAr
Ds-Ph + ArSiH ———— oty
B Ds-Ph D >99% D 2
Dy-1a 2 “HD2 66% D

D-3ae, 97% yield

Ar = 4-MeOCefs >98:2 bll, 98.3% ee

NaO'B )
OIP- CoCly —a2 Mo [ *Co-SiH,Ph N
PhSiH; A
PhSiHs
SiH,Ph
SiHoPh A oLt
R B

Scheme 3. Proposed Mechanism

In summary, we develop a cobalt-catalyzed highly
enantioselective Markovnikov-type hydrosilylation of olefins with
silanes to construct more valuable chiral dihydrosilanes. The
reaction is operationally simple and atom-economy with excellent
functional group tolerability. For the vinylarenes, the chiral
benzyl silanes are obtained with 82% average yields and better
than 98% ee. The aliphatic alkenes are also suitable under
optimized conditions to afford the chiral aliphatic dihydrosilanes
in 81-87% ee. The opposite enantiomer of silanes could be easily
obtained using the opposite enantiomer ligand. The reaction could
be easily carried out in a gram-scale using 0.1 mol% of catalyst
loading. The TOF and TON is upto 1800 and 860, respectively.
Further studies on the utility of chiral dihydrosilanes will be
explored in our laboratory.
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