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Abstract: The preparation of chiral monohydrosilanes remains a
rarely achieved goal. To this end we developed a Rh catalyzed
desymmetrization of dihydrosilanes by way of intramolecular C(sp?)-
H functionalization under simple and mild conditions. This method
provides easy access to a broad range of chiral monohydrosilanes in
good yields with excellent enantioselectivities (up to >99% ee). The
monohydrosilanes constitute a good platform to access stereogenic
silicons, as well as useful tool compounds to probe silicon
stereochemistry.

Introduction

Stereogenic silicon compounds remain great synthetic
challenges.™* 2 The chiral monohydrosilanes are among the least
accomplished goals in spite of their importance in material and
organic chemistry. The desymmetrization of dihydrosilanes
represents the most straightforward approach towards chiral
monohydrosilanes given the wide availability of dihydrosilanes.
However, the desymmetrization reactions are required to stop at
the monohydrosilanes stage so as to avoid over-reactions leading
to undesired tetrasubstituted silanes. To date, two types of
reagents have been successfully engaged in the
desymmetrization of dihydrosilanes: (1) 1 bonds such as
ketones,®! alkenes™ and alkynes,® as in the well-known
hydrosilylation reactions; (2) activated o bonds such as
carbenes,® alcohols? and aryliodides,® as in the formal
dehydrogenative coupling reactions. Since these two types of
reagents are of high reactivity, under carefully controlled
conditions, the over-reactions (e.g., the second C-O or C-C bond
formations) could be circumvented. As a result, desymmetrization
of dihydrosilanes with these two types of reagents has shown
good chemo- and enantio-selectivities.

The desymmetrization of dihydrosilanes using unactivated C-
H bonds would be more attractive and ideal. The advantages
would include: (1) the reaction utilizes widely available C-H bonds
and is exempted from pre-functionalized reagents (e.g., ™ bonds,
alcohols, carbenes, etc.); (2) the substrate scope could be
significantly improved. We believe that the syntheses of chiral
monohydrosilanes is a more fundamental question than the
syntheses of tetrasubstituted silanes, since the further elaboration
of the monohydrosilanes could provide any tetrasubstituted
silanes products by virtue of the versatile reactivity of the Si-H
bond in a stereospecific manner (vide infra).

The reaction involving unactivated C-H bonds are however
much more demanding, since it requires harsher reaction
conditions®?:?4 due to the inert nature of the C-H bonds. This
means that the monohydrosilanes could suffer a second C-H
silylation, resulting in the undesired tetraorganosilanes as the
thermodynamically favored products. This difficulty is supported
by the only and few known examples reported to date. In 2016,
Takai and his coworkers reported that the monohydrosilanes
were only obtained when the reaction was stopped
prematurely.®! Nonetheless, the enantioselectivities of the two
reported examples were decent (Scheme 1l1a). In 2017, we
reported that the chiral monohydrosilanes were probably
produced in the Rh catalyzed dehydrogenative coupling between
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Scheme 1. Asymmetric syntheses of monohydrosilanes.
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Si-H and C-H bonds. However, these monohydrosilanes were
neither isolated in the premature reaction mixture, nor observed
by NMR studies.' They very likely underwent an in-situ Si-C
bond formation in a stereospecific manner to afford the final
tetraorganosilanes products. Very recently, He group reported
two examples of intercepting the presumptive monohydrosilanes
with alkenes.??1 Again, only one monohydrosilane was reported
in a low yield in the mechanistic study. It is thus clear that the
preparation of chiral monohydrosilanes by way of C-H
functionalization is elusive.

Given our long standing interest!*%in silicon chemistry, herein
we report the Rh catalyzed construction of a wide scope of chiral
monohydrosilanes, with unprecedented chemo- and enantio-
selectivity. We further illustrate that the chiral monohydrosilanes
are indeed a versatile platform to access structurally diverse
tetrasubstituted silanes (Scheme 1b), which are also of
importance implication in terms of silicon stereochemistry.

Results and Discussion

We commenced our investigation by using dihydrosilanes
substrates of type 1 as the substrate, (R)-BINAP as the chiral
ligand and toluene as the solvent (Table 1). In accordance with
Takai's report, when R was phenyl, the substrate decomposed®
(Table 1, entry 5). We thus shifted our attention to alkyl substituted
substrates (Table 1, entries 1-4). These results compiled in Table
1 collectively showed that: (1) the chemo-selectivity to achieve
monohydrosilanes was only possible with alkyl substituted
dihydrosilanes. The bulkier R groups gave higher yields, but they
required higher reaction temperatures (Table 1, entries 1-4); (2)
only a moderate enantioselectivity could be obtained (Table 1,
entry 3), suggesting that (R)-BINAP was not a competent ligand.

Table 1. Screening the proper dihydrosilanes substrates.

R

“SiH, [Rh(cod)Cl], (2 mol%)
_(R)-BINAP (4 mol%) Me
Q O Me toluene, 12 h
1

Entry R Temp.(°C) Conv.® Yiled®! eeld
1 Me 20 55% 50% 3%
2 nPr 20 49% 41% 60%
3 iPr 35 72% 61% 63%
4 tBu 70 80% 69% 11%
5 Ph 20 >95% - -

Reaction conditions: substrate (0.2 mmol) in toluene (0.8 mL), [Rh(cod)Cl]2 (2
mol%), (R)-BINAP (4 mol%), stirred for 12 h. [a] Determined by *H NMR
spectroscopy of the crude reaction mixtures. [b] Isolated yields through silica
chromatography. [c] Determined by HPLC with a chiral OD-H column.

We then set out to examine different diphosphine ligands by
using laa as the model substrate (Table 2), as our earlier work
had demonstrated that ligands play a central role!® in related
transformation. No reaction took place in the absence of a ligand
(Table 2, entry 1), suggesting there was no background reaction.
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The less hindered ligand (R)-BINAP, (R)-MeO-Biphep, (R)-
DTBM-Biphep, (R)-Segphos and (R)-DM-Segphos showed
moderate reactivities and enantioselectivities (Table 2, entries 2-
6). (R)-DTBM-Segphos, which possesses a wider dihedral angle
and more hindered 3,5-di-tBu-4-MeO-phenyl substituent, gave a
93% conversion with the highest 96% ee (Table 2, entry 7).

Table 2. Screening the optimal chiral ligands.

.

[Rh(cod)Cl], (2 mol%)

SiH, ) ) Si.
ligand (4 mol%) Me
O O Me toluene, 35 °C
1aa 2aa
Entry Ligand Time(h) Conv.1 eeld
1 = 12
2 (R)-BINAP 12 2% 63%
3 (R)-MeO-Biphep 12 75% 34%
4 (R)-DTBM-Biphep 12 89% 87%
5 (R)-Segphos 12 75% 51%
6 (R)-DM-Segphos 12 80% 36%
7 (R)-DTEM- 12 93% 96%
Segphos

Reaction conditions: substrate (0.2 mmol) in toluene (0.8 mL), [Rh(cod)Cl]2 (2
mol%), ligand (4 mol%), stirred at 35 °C for 12 h. [a] Determined by *H NMR
spectroscopy of the crude reaction mixtures. [b] Determined by HPLC with a
chiral OD-H column.

We demonstrated that the optimized reaction condition was
applicable to isopropyl-Si substrates bearing different
substituents on either of the A or the B ring (Scheme 2). A variety
of substituents were well tolerated in general, giving good yields
and excellent enantioselectivities. It was found that the
enantioselectivity was insensitive to the steric hindrance of the
alkyl side chain at 4-position of A ring (2aa-2ad). In addition, the
electronic effect at 4-position of A ring (2ae-2ag) had no obvious
impact on enantioselectivity. For substrates that had two possible
reacting sites on A ring, the silylation took place exclusively on
the less steric hindered site with excellent enantioselectivities
(2ah-2ak). On the other hand, substituents of different electronic
demands and on the different positions on B ring were compatible
with the reaction. For example, electron neutral group (CHjs in
2an), electron withdrawing group (Cl in 2ao) and electron
donating group (OCHgs in 2ap) at the same position of B ring all
witnessed the same level of good vyields and excellent
enantioselectivities. Notably, substrates 2am and 2aq, which
were very different in substitution pattern and electronic features,
both gave an impeccable enantioselectivity (>99% ee). The
absolute configuration of 2am was determined to be S based on
single-crystal X-ray analysis (Scheme S1 in SI).04

Isopropyl-Si substrates bearing substituents on both the A
and the B rings were also compatible with optimized reaction
conditions (Scheme 3). In general, having substituents on both
rings decreased the yields and enantioselectivities. Such an
impact was very pronounced in the cases of 2ba, 2bh and 2bk.

This article is protected by copyright. All rights reserved.
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Scheme 2. General conditions: substrate (0.2 mmol) in toluene (0.8 mL),
[Rh(cod)Cl]2 (2.0 mol%), (R)-DTBM-Segphos (4.0 mol%), stirred at 35 °C for 12
h. Yields of isolated product were given. The ee values were determined by
HPLC with chiral columns. [a] Stirred for 24 h. [b] On 4.5 mmol scale.

One would assume that the iso-propyl group on ring A had a
negative impact on the enantioselectivity, but it did not hold true
in the case of 2bj that also has an iso-propyl group at the same
position. The chlorine in 2bh was seemingly smaller than iso-
propyl group, yet it gave the lowest ee among all the cases. The
absolute configuration of 2bn was assigned as R by single-crystal
X-ray analysis of the corresponding derivative compound 8
(Scheme S2in SI).1*41

We showed that other alkyl substitutions on the Si atoms
were also well tolerated (Scheme 4). Ethyl-Si substrates (i.e., 2ca,
2ce, 2ci, 2cm, 2cq and 2cu) gave good yields. The
enantioselectivities were comparable to those of isopropyl-Si
substrates, except that 2cu saw a drastic decrease in
enantioselectivity. n-Propyl-Si substrates (i.e., 2cb, 2cf, 2cj, 2cn,
2cr and 2cv) were collectively superior than the ethyl-Si
substrates and were more similar to that of the isopropyl-Si
substrates. This trend again suggested that the steric hindrance
was an important factor. n-Hexyl-Si substrates (i.e., 2cc, 2cg, 2ck,
2co, 2cs and 2cw) reacted smoothly to afford the corresponding
chiral monohydrosilanes in consistently good yields (79-83%) and
enantioselectivities (85-97%). In the cyclohexyl-Si substrates (i.e.,
2cd, 2ch, 2cl, 2cp, 2ct and 2cx), the more congested Si center
did not compromise the yields and enantioselectivities. It was
interesting to see that a 98% ee was obtained in the case of 2cx.
Furthermore, n-butyl-Si, neo-butyl-Si and cyclopentyl-Si (i.e., 2cy,
2cz and 2da) were competent substrates under the optimized
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Scheme 3. General conditions: substrate (0.2 mmol) in toluene (0.8 mL),
[Rh(cod)Cl]z (2.0 mol%), (R)-DTBM-Segphos (4.0 mol%), stirred at 35 °C for 12
h. Yields of isolated product were given. The ee values were determined by
HPLC with chiral columns. [a] Stirred for 24 h.

reaction conditions, giving the corresponding monohydrosilanes
in good yields and enantioselectivities. Overall, the results in
Scheme 4 suggested that all types of alkyl groups on the Si atoms
should be viable and the enantioselectivities were influenced by
the substitution patterns on both the Si atoms and the rings.
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Scheme 4. General conditions: substrate (0.2 mmol) in toluene (0.8 mL),
[Rh(cod)Cl]2 (2.0 mol%), (R)-DTBM-Segphos (4.0 mol%), stirred at 35 °C for 12
h. Yields of isolated product were given. The ee values were determined by
HPLC with chiral columns.

We demonstrated that our method also worked on non-
biphenyl systems (Scheme 5). When A ring were naphthaline
(2da and 2db), the reactions gave good yields (78-80%) while the
enantioselectivities saw a slight decrease (80-81%). Substituted
thiophenel'? (2dc and 2dd) afforded moderate yields (70-72%),
however the enantioselectivities were poor (15-20%). Substrates
bearing ferrocene skeleton on the A ring were shown to be
efficient and highly enantioselective. On the 10 representative
cases (e.g., 2ee-2en), the yields were in the range of 76-82%,
while the enantioselectivities were consistently high (93-99%). In
all these examples, only one single diastereomer was obtained,
featuring a planar chirality and a monohydrosilane functionality in
the final products. Comparison among a panel of substrates
bearing different alkyl groups on the Si atoms (cf., 2ee-2ek), itwas
clear that for this type of substrates, the reaction yields and
enantioselectivities were not sensitive to the steric and electronic
demands of the alkyl groups (e.g., ethyl, n-propyl, isopropyl, n-
butyl, s-butyl, hexyl and cyclohexyl). We also examined the
ferrocene substrates with F-substitutions on the B ring (e.g., 2el,
2em and 2en), which showed that the substitution on B ring were
well tolerated with different alkyl-Si patterns. It was thus clear that
our method should work well on various type of ferrocene
substrates. The absolute configuration of the product 2eg was
determined to be R'SSj, R, ‘according to single-crystal X-ray
analysis (Scheme S3 in SI).1*Y

Taken together, the reaction scope studies have
demonstrated that our method can produce a wide variety of chiral
monohydrosilanes. The reaction worked well on bi-phenyl
skeletons, tolerating many types of substitution patterns on either
phenyl ring or on the bi-phenyls (Scheme 2 and 3). The
substitutions the Si could be selected from at least 7 different alkyl
groups (Scheme 4). The method could be extended to non-bi-
phenyl skeletons and was especially successful on the ferrocene
substrates (Scheme 5). With a few exceptions, our reactions were
usually efficient and highly enantioselective. This work represents
the first viable and general syntheses of the highly desired chiral
monohydrosilanes.
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Scheme 5. General conditions: substrate (0.2 mmol) in toluene (0.8 mL),
[Rh(cod)Cl]2 (2.0 mol%), (R)-DTBM-Segphos (4.0 mol%), stirred at 35 °C for 12
h. Yields of isolated product were given. The ee values were determined by
HPLC with chiral columns. [a] Stirred for 24 h. [b] Stirred at 50 °C for 24 h.

We believed that the reaction mechanism should involve a
dehydrogenative pathway, as first proposed by Kuninobu and
Takail®® and then by Mitsudo and Suga.l'? We used laa as the
example (Figure 1) to illustrate such a pathway based on the main
ideas of the earlier reports.®212 First, [Rh(cod)CI] coordinated
with (R)-DTBM-Segphos, and the active catalytic species Rh'-H
was generated. Oxidative addition of Rh-H with Si-H 1aa gave a
Rh'" species 1, followed by reductive elimination to afford Rh'
species Il. A second sequence of oxidative addition/reductive
elimination would produce the product 2aa and regenerated the
active catalytic species Rh-H. It was very likely the first oxidative
addition was the enantioselective step. The difference between
our reaction and that of Kuninobu and Takai was that one
hydrogen was preserved, probably due to choose of an alkyl
group instead of an aryl group and the relative mild reaction
condition. The difference between our reaction and that of
Mitsudo and Suga was that a hydrogen atom but not a R group
was a spectator. In the latter case, there was chemo- and enantio-
selectivity concerns.

We illustrated that our method could serve as a platform to
access various stereogenic silicon compounds (Scheme 6). To
showcase the general reactivity, we chose different chiral
monohydrosilanes as the starting points. First, alcoholysis” of
2aa with isopropanol afforded the corresponding siloxane 3a
under the ambient condition [Eq. (a)]. The hydrosilylation with 1
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bond compounds such as ketone,B! alkene and alkynel™ were
also successful [Eg. (b), (c) and (d)], affording different
stereogenic tetraorganosilanes containing Si-O, Si-C(sp?) and Si-
C(sp®) bonds. In all cases, the corresponding tetraorganosilanes
products were prepared in high yields without erosion of the
enantioselectivities. Notably, we showed that the Si-H bond
formation-hydrosilylation could be carried out in a tandem fashion
with high yields and enantioselectivity [Eq. () and (f)], of which of
the full accounts were reported separately. Intermolecular C-H
functionalization of 2cb with 2-methylthiophenel'® provided the
tetraorganosilanes product 6 with high yield and enantioselectivity
[Eq. (9)]. Moreover, oxa-benzosilole 3c was converted to
tetraorganosilole 7 by nucleophilic substitution® of n-BulLi, of
which the enantiomerically-pure reaction has not been reported
before [Eq. (h)]. These examples, together with the versatile
reactivity of Si-H bonds, illustrated the ample potential of the chiral
monohydrosilanes. This method of chiral monohydrosilane
syntheses will serve as a platform technology to access other
stereogenic silicons, either in a step-wise manner or in a tandem
fashion.

LN
ﬂ

88%, 94% ee

[Rh(cod)Cl], (2 mol%)
DTBM-. Segphos (4 mol%)

toluene rt, 12 h

gy
-0

2aa, 0.2 mmol, 96% ee

L
GO

2aa, 0.2 mmol, 96% ee

i
[Rh(cod)Cl], (2 mol%)
DTBM- Segphus (4 mol%)
toluene, 50 °C 14 h

3b, 85%, 94% ee

[Rh(cod)Cl], (2 mol%)
DTBM-! Segphos (4 mol%)

toluene, 40 °C 14 h

ve + | C
“

4, 93%, 92% ee

el
O’I

2cz, 0.1 mmol, 92% ee

10.1002/anie.202013041

WILEY-VCH

nBi U, OPh
\j H [Rh(cod)Cl], (2 mol%) J

Si _DTBM-Segphos (4 mol%) Me

toluene, 40 °C 14 h
2cc, 0.1 mmol, 94% ee 5,92%, 94% ee

M
“ "

90%, 92% ee

@

[Rh(cod)Cl], (2 mol%)
(R)-DTBM-Segphos (4 mol%)

toluene, 40 °C, 14 h

Seass J

1cz, 0.1 mmol

nBu

OPh
SlH; [Rh(cod)Cll, (2 mol%) M~—
Me, (R)-DTBM-Segphos (4 mol%) Si
- = - 5 Me ()
o toluene, 40 °C, 14 h
X
1cc, 0.1 mmol 5,91%, 94% ee

Me

\/‘Si\H [Rh(cod)Cll, (2 mol%) \/\ S
Me + [ D=Me DTBM-Segphos (4 mol%)
_DTBM-Segphos (4 mol%)
S toluene, 50 °C, 14 h “
2cb, 0.1 mmol, 94% ee 86%, 94% ee

NSON | {
E' +  nBuLi

3c, 0.1 mmol, 92% ee

THF, -78°C~0°C

7,86%, 92% ee

Scheme 6. Derivatization of monohydrosilanes.

Our method also provided chiral monohydrosilanes as
probing compounds to investigate the stereochemistry
concerning Si centers. For example, we studied stereochemistry
concerning the hydrosilylation of the chiral monohydrosilane 2bn
with acetone (Scheme 7). A pair of reactions with either the (R)-
DTBM-Segphos [Eqg. (1)] or the (S)-DTBM-Segphos [Eg. (2)]
afforded the identical siloxane product 8, according to NMR
spectra and HPLC chromatograms. The absolute configuration of
the siloxane 8 was determined to be S according to single-crystal
X-ray analysis (Scheme S2 in Sl). DIBAL-H reduction of the
siloxane 8 produced the initial chiral monohydrosilane 2bn, which
was confirmed by comparing the NMR spectra and HPLC
chromatograms. This interesting sequences of reactions
indicated that: (1) the stereochemistry of hydrosilylation reactions
between the chiral Si-H and the acetone was substrate controlled
but not ligand controlled, which was in accordance with our earlier
report of the intermolecular C-H/Si-H dehydrogenative
coupling;®*°d (2) the DIBAL-H reduction of the siloxane was
stereospecific, which was consistent with the report of
Oestreich.*¥ As Oestreich’s work proposed that during the
DIBAL-H reduction, the Si center had >99% retention, it was clear
that in the first hydrosilylation step [Eq. (1) and (2)], the Si center
also had >99% retention. This observation was very different than
the B(CsFs)s catalyzed hydrosilylation reaction.* This example
showed that the chiral monohydrosilanes were useful tools to
probe stereochemistry questions that might seem intuitive but
remain vague [e.g., Scheme 6, Eq. (c) and (d)].
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i [Rh(cod)Cl], (2 mol%) 4Si\oj\
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'Q .’ 7y Me (1)
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2bn, 0.1 mmol, 96% ee

Si o [Rh(cod)Cl], (2 mol%)
M " N
e . )K (S)-DTBM-Segphos (4 mol%)
toluene, 50 °C, 14 h

2bn, 0.1 mmol, 96% ee

] Me

2bn, 91%, 96% ee

Cl
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DIBAL-H (3)
THF, 0°C

Scheme 7. Determination of the chirality.

Conclusion

In conclusion, we have developed the first viable and general
method for the construction of chiral monohydrosilanes, via Rh
catalyzed dehydrogenative coupling between dihydrosilane Si-H
bond and C(sp?)-H bonds. This method provided a wide scope of
chiral monohydrosilanes, with broad choices of substituents on
the Si centers, especially alkyl-substituted stereogenic silicons
that could not be made otherwise. The chiral monohydrosilanes
were a powerful platform to access chiral tetraorganosilanes by
virtue of the versatile reactivity of the remaining Si-H bonds, in
either a step-wise manner or a tandem fashion. It also can be
used as a valuable tool in probing the silicon stereochemistry.
Mechanistic studies as well as intermolecular variants of this
method are under investigation in our laboratory and will be
reported in due case.
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Rh-Catalyzed Syntheses of Chiral Monohydrosilanes via Intramolecular C—H Functionalization
of Dihydrosilanes

Alkyl\ H Alkyl\ H AIkyI\ FG
Si—, [Rh(cod)Cl], Si’ Si_
e, (R)-DTBM-Segphos \,7"’\\:) stereospecific Y,
71 examples up to >99% ee

Chiral Silanes! A Rh-chiral diphosphine complex catalyzed desymmetrization of dihydrosilanes were achieved via formal
intramolecular Si-H/C-H dehydrogenative coupling reactions. This simple, mild and practical method enjoys a unprecedently high
enantioselectivity and a unprecedently wide substrate scope. These chiral monohydrosilanes could be further elaborated into various
stereogenic silicons in a stereospecific manner.
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