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Abstract: The carbon-to-silicon switch in formation of bioactive sila-
heterocycles with a silicon-stereogenic center has garnered
significant interest in drug discovery. However, metal-catalyzed
synthesis of such scaffolds is still in its infancy. Herein, a rhodium-
catalyzed enantioselective formal [4+1] cyclization of benzyl alcohols
and benzaldimines has been realized by enantioselective
difunctionalization of a secondary silane reagent, affording chiral-at-
silicon cyclic silyl ethers and sila-isoindolines, respectively.
Mechanistic studies reveal a dual role of the rhodium-hydride
catalyst. The coupling system proceeds via rhodium-catalyzed
enantio-determining dehydrogenative OH silylation of the benzyl
alcohol or hydrosilylation of the imine to give an enantioenriched silyl
ether or silazane intermediate, respectively. The same rhodium
catalyst also enables subsequent intramolecular cyclative C-H
silylation directed by the pendent Si-H group. Experimental and DFT
studies have been conducted to explore the mechanism of the OH
bond silylation of benzyl alcohol, where the Si-O reductive
elimination from a Rh(lll) hydride intermediate has been established
as an enantiodetermining step.

Introduction

The silicon element has found ever-increasing applications
in medicinal chemistry.! The strategic incorporation of a silicon
bioisostere into biologically active scaffolds delivers enhanced
pharmacokinetic properties such as better cell penetration,
bioactivity, and lower toxicity due to its larger covalent radius
and lower electronegativity in comparison to the carbon atom.?
Given these advantages, the carbon-silicon switching
constitutes an emerging strategy for the construction of new
pharmaceutical candidates (Figure 1).B! On the other hand,
enantioenriched heterocycles are widely present in a large
number of drug molecules.® However, embedding a

enantioenriched silicon bioisostere into such heterocyclic
skeletons to ameliorate their pharmacokinetic profiles represents
a long-standing challenge, which is ascribed to the extra 3d
orbital of silicon center that can interact with heteroatom or metal
center to form five- or six-coordinated silicon intermediate,
leading to decomposition of silacycles®! Therefore, the

development of novel strategies to assemble reactive
stereogenic silacycles has recently aroused increasing attention.
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Figure 1. Intrinsic activity and efficacy comparison of the
representative silacycles and their all-carbon analogues.

Among the established approaches, metal-catalyzed
enantioselective C-H silylation!® has offered advantageous
avenues to access enantioenriched silacycles. In 2013, Takai
and Kuninobu et al. reported the first enantioselective silylation
of sp? C-H bonds through a rhodium-catalyzed dehydrogenation,
affording enantioenriched spirosilabifluorenes.  In 2015,
Shibata,®! He,l®! and Takai’® groups independently developed
rhodium-catalyzed enantioselective silylations of sp? C-H bonds
to generate planarly chiral ferrocenes. Inspired by these seminal
studies, rhodium-, and iridium-catalyzed C-H silylations to forge
a diverse range of silacycles containing C- and/or Si-centered
chirality has been increasingly explored (Scheme 1 a).*Y Despite
the progress on intramolecular C—-H silylations, access to such
enantioenriched skeletons is hampered by the tedious pre-
installation of silicon groups into functionalized starting materials.
Moreover, the ring elements in current enantioenriched silacyclic
scaffolds are mostly limited to carbon and silicon. Construction
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of chiral sila-O-heterocycles and sila-N-heterocycles is currently
underdeveloped. Hence, it is desirable to develop synthetically
useful approaches to forge chiral silacyclic scaffolds with
heteroatoms such as oxygen or nitrogen via enantioselective
transformations of readily available reagents, which serves to
expand the applications of silicon chemistry. In this context, in
2015, Hartwig group disclosed the synthesis of enantioenriched

a) Access to enantioenriched silacycles via intramoleular C-H silylation
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sila-O-heterocycles via a bimetallic relay catalysis,*? where an
iridium-catalyzed hydrosilylation of readily available

benzophenones occurred first, followed by a rhodium-catalyzed
enantioselective silylation of sp?> C-H bonds directed by the
resulting silyl ether (Scheme 1b, left). In 2018, Zhao et al.
developed an iridium-catalyzed OH silylation of 2-ferrocenyl-
subsequent

substituted  phenol and rhodium-catalyzed

+1,2-oxasilinane with planar chirality

HO, Et,HSi~q
Ir(1) Rh(lyL*
s
Fe Et,SiH, Fe Fe
Me ;  Simple starting materials \/ Single catalyst with a dual role

o) ~ Ml Me X -Ph
Ph”OH + PRT N Me—] N
B Me _ Si—H —_— ey
X $ O < High enantioselectivity  + Chiral-at-Si O, N-heterocycles

@ Me Me Rh(1)/L* H Rh(l)/L*

Scheme 1. Catalytic construction of enantioenriched silacycles.

asymmetric dehydrogenative C-H silylation of the resultant silyl
ether, forming enantioenriched planarly chiral ferrocenes fused
to a six-membered silacycles (Scheme 1b, right).l*3] However, all
these intermolecular enantioselective C-H silylation systems
have been catalyzed by well-tailored sequential bimetallic
catalysis, affording only carbon-based central or planar chirality.
To date, the synthesis of sila-O- and sila-N-heterocycles with
silicon-stereogenic centers remains elusive. With the goal of
potential adoption of silicon-stereogenic N- or O-heterocyclic
molecules, we set out to develop expedient routes from readily
available substrates such as benzyl alcohols and benzaldimines.
Ideally, the two-step coupling sequence is streamlined by a
single catalyst. Inspired by the precedents of metal-catalyzed
dehydrogenative alkoxylation of sterically bulky silanest4 and
dehydrogenative Si-C couplings,™! our conceptual design boils
down to developing a compatible transition metal catalyst with a
dual role that can both induce Si-chirality in silicon-heteroatom
(O and N) coupling and render the subsequent intramolecular
dehydrogenative C-Si coupling (Scheme 1c). This is challenging
due to the over-alkoxylation of secondary silane, unfavorable
intramolecular cyclization of the bulky silicon center as well as
the decomposition of aza-silacycle caused by hydrolysis. We
now report a novel rhodium-catalyzed highly chemo- and
enantioselective  synthesis of Si-chiral heterocycles via
annulative coupling of benzyl alcohols and benzaldimines with
dihydrosilanes.

Results and Discussion

O

Table 1. Optimization studies.®
[Rh(cod)ClI], (2 mol%)
(R)-Binap (4.4 mol%)

©/\OH * Si—H . N Me
©/ < TBE (3, 5 equiv) @ W
1

PhMe, 100 °C, 12 h, N,

OO Josiphos-Cy
1o 2

PPh, PPh, MeO PPn, R'2 , R=PnR =0y
MeO. PPh, Me"V Fe PR 2 Josiphos-Ph

OO PPh, PPh, 2 H : RI2 Gy, R = Ph
Josiphos-Bu

(R)-Binap (R) Segphos )-MeO-Biphep R'=Ph, R?=Bu
Entry  Variations from standard conditions  Yield/%® e.r./%!
1 none 67 23:77
2 (R)-Segphos 58 21:79
3 (R)-OMe-Biphep 62 21:79
4 Josiphos-Cy 72 88:12
5 Josiphos-Ph 35 53:47
6 Josiphos-'Bu 45 65:35
7 Josiphos-Cy, m-xylene 53 90:10
8 Josiphos-Cy, CyH 85 94:6
9 Josiphos-Cy, n-hexane 79 95:5
10 [Rh(coe).Cl],, Josiphos-Cy, n-hexane 81 97:3
11 [Rh(C2H,):Cl],, Josiphos-Cy, n- 83 96:4

hexane
12 Josiphos-Cy, n-hexane, no TBE <5 -

[a] benzyl alcohol (0.1 mmol), silane (0.12 mmol), TBE (0.5 mmol),
Rh catalyst (2 mol%), chiral ligand (4.4 mol%), solvent (1 mL),
nitrogen atmosphere, and 100 °C for 24 h. [b] Isolated yield. [c] e.r.
determined by HPLC on a chiral stationary phase.

We initiated our studies by developing the reaction
conditions of asymmetric OH silylation-cyclization of benzyl
alcohol 1 with tert-butyl(phenyl)silane 2a in the presence of a
Rh(l) catalyst (Table 1). We reasoned that an electron-rich
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diphosphine ligand with a high trans effect would favor Si-H
oxidative addition and extrusion of dihydrogen. Several chiral
diphosphine ligands were then tested in toluene at 100 °C
(entries 1-6) with tert-butylethylene (TBE, 3) as a hydrogen
acceptor. The employment of [Rh(cod)Cl. (2 mol%) as a
catalyst and Josiphos-Cy (4.4 mol%) as a chiral ligand
successfully afforded the desired Si-stereogenic cyclic silyl ether
4 in 72% yield with promising enantiocontrol (88:12 e.r., entry 4).
Investigation of other common solvents in the presence of

[Rh(coe),Cl]; (2 mol%)
Josiphos-Cy (4.4 mol%)

Me
Me. Me

TBE (5 equiv)
n-hexane, 100 °C, 24 h, N,

Si—H
\
e

o
N ;Me %\(;Me Me %\;Me
@ Me Me Me Me Me Me

6,72%,92:8 e.r.

Bu

5,90%, 97:3 e.r.

Jij\/\o
/
FaC SiquMe  FsCO Si

o

Me Me

=
®
=
o
=
®
=
@

12, 56%, 93:7 e.r.

Cl
e
/
‘SiXMe
o

19,51%, 98:2 eur.

13,80%, 97:3 e.r.

Me
v

18, 53%, 95:5 e.r. 20, 58%, 96:4 e.r.

3

S

Q.

7,78%, 85:15 e.r.

Me F \‘SiXMe cl “SiXMe
Me

\(j\/s\(o MeO\C(S\lo 5
@ M2<Me @ I\EME

21, 65%, 87:13 e.r.
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Josiphos-Cy ligand revealed that hydrocarbon solvents such as
CyH and n-hexane gave good vyields and superior
enantioselectivities (entries 8 and 9). Other Rh(l) olefin catalysts
including [Rh(CzH.).Cl], and [Rh(coe),Cl], delivered the desired
product with a slight improvement of enantioselectivities (entries
10 and 11). Specifically, the reaction failed to deliver the cyclic
silyl ether product when the TBE was omitted (entry 12). Thus,

the reaction conditions outlined in entry 10 (condition A) were
retained for further studies.

PhP, Q PPh
@f\}? \(@l PCy, CysP 2
~‘SiXM Fe

o b F Fe
Me Me

<L "

Josiphos-Cy (ent)-Josiphos-Cy

e,
XMS Ph “SiXMe MeoN
SRS R

2]
5

o]
Me
e O

9,73%, 96:4 e.r.

Me
o0,
\,SiXMe
O

16,73%, 96:4 e.r.

<

8,52%, 94:6 e.r.

Me
jo)
Me’ Si/ Me
Me N
O

15,51%, 96:4 e.r.

F3C.
O >
Me Si M Me

e

10, 55%, 91:9 e.r.

o)
=
©

C ]mQ
5 (0
£ =
75

17,58%, 96:4 e.r.

oy
(o}

gh
Ty
[}
=
g
N
FA O
= =2
) [}

22,78%, 96:4 e.r.

Ph
A

23, 66%, 94:6 e.r. 24, 81%, 84:16 e.r.

<I)j\ el Oy % > 1 ooe ) o
O LCf< @J L b Ol O

25,54%, 95:5e.r. 26, 18%, 94:6 e.r.

27,65%, 95:5 e.r.

O
S\XMe
gk

32,55%,91:9e.r.

@C

Me Me Me Me

o iu,,
= /0%
54

=

o
%7{‘ ~o %
= =
o o

31,65%, 98:2 d.r. (ent)-31, 67%, 3:97 d.r.Pl
©? p
/
X
ol
1y

Bu

,
1,
@

T

Me,N F

36,75%, 937 eur. 37,63%, 87:13 e.r. 38,62%, 94:6 er.

28, 68%, 95:5e.r.

1@
3
&

39,69%, 99:1 e.r.

30, 75%, 1.6:1 d.r.

28, CCDC: 2259271
96:4 e.r., 98:2e.r.

o)
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/ Si
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9 iy S Me N
\ Me Me
o Me Me
k/oMe
Me

33, 48%, >20:1 d.r.%

29, 52%, 92:8 e.r.
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Me
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34, 68%, 95:5 e.r. 35, 85%, 97:3 e.r.

\Me Me

5
a3
m

42, R ='Pr, 54%, 70:30 e.r.

40, 68%, 97:3 e.r. 43,R = Cy, 63%, 58:42 e.r.

41, 54%, 69:31 e.r.[4

Scheme 2. Scope of benzyl alcohols. [a] benzyl alcohol (0.1 mmol), dihydrosilane (0.12 mmol), TBE (0.5 mmol), [Rh(coe).Cl], (2 mol%),
Josiphos-Cy (4.4 mol%), n-hexane (1 mL), nitrogen atmosphere, and 100 °C for 24 h. Isolated yield. [b] (ent)-Josiphos-Cy ligand. [c] The d.r.

was determined by *H NMR analysis. [d] 110 °C.

With the optimized reaction conditions in hand, we next
examined the scope and generality of this intermolecular [4+1]
cyclization system (Scheme 2). A broad scope of benzyl
alcohols bearing various electron-donating (Me, OMe, 'Bu, NMeg,
and carbazole), electron-withdrawing (Ph, CF; and OCF3), and
halogen (F and Cl) substituents underwent the smooth couplings
with tert-butyl(phenyl)-silane in generally good to excellent yields
(4-14, 52-90%) with generally high enantioselectivities
(85:15-97:3 e.r.). Benzyl alcohols bearing ortho-Me, -OMe, -F,
and -Cl substituents were also compatible (15-19), indicating

tolerance of steric hindrance. In the case of meta-substituted
(Me, OMe, Cl, and CF3) benzyl alcohols, the less hindered C-H
site was functionalized (20-24). When 3,4-
(methylenedioxy)benzyl alcohol was used, the reaction gave a
mixed product in a 3:1 regioisomeric ratio (25 and 26). Aside
from the C-H silylation of benzene rings, naphthalene and
pyrene rings were also viable (27-29). The absolute
configuration of product 28 was determined by X-ray
crystallography (CCDC 2259271),1 and the rest products were
assigned by analogy. Monoaryl and alkyl substituents at the a-

This article is protected by copyright. All rights reserved.
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position of the benzyl alcohols were also tolerated. For example,
diphenylmethanol reacted to afford the cyclic silyl ether 30 in a
good yield with excellent silicon-chirality (96:4 e.r. and 98:2 e.r.),
albeit with a low d.r. (1.6:1). The employment of optically pure
(S)-1-phenylethanol afforded the product 31 with an excellent
diastereoselectivity (98:2 d.r) under the standard reaction
conditions, while only a moderate diastereoselectivity (20:80
d.r.) was obtained when using the mirror image ligand (ent)-
Josiphos-Cy. Accordingly, the (R)-1-phenylethanol was better
matched with the (ent)-Josiphos-Cy ligand, giving (ent)-31 with a
3:97 d.r. ratio. Complex substrates derived from adapalene (32)
and estrone (33) also reacted to give the corresponding
products in 55% vyield with 91:9 e.r. and 48% yield with an
excellent  diastereoselectivity, respectively.  Furthermore,
secondary silanes bearing different functional groups in the

10.1002/anie.202315230
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benzene ring, including electron-donating (Me, OMe, and 'Bu,
34-36), phenyl (37), amino group (38), halogen (39), and
naphthyl groups (40), all reacted smoothly with benzyl alcohol in
moderate to high yields (62-85%) with good to excellent
enantioselectivies (87:13-99:1 e.r.). It should be noted that tert-
butyl(naphthalen-1-yl)silane only coupled to give the uncyclized
silyl ether at 100 °C. While increasing the reaction temperature
to 110 °C did improve the cyclization reactivity, the
enantioselectivity was low (41, 68:32 e.r.). Switching the '‘Bu
group to less bulky groups including Pr and Cy on the
dihydrosilane afforded the corresponding products in good yields
(54% and 63%), but dramatically reduced enantioselectivities
were obtained (42 and 43).

Me [Rh(cod)Cl]; (2 mol%) NaOH (aq.) Me>| OH N PPhy PPh,
N, _Ph Me-Me Phox-Ph (4.4 mol%) "BuyNBr . S\ @ @\(_z ©\(_z
N -
©/\ * ©/S‘\HH Cyclohexene (2 equiv) DME, rt, 3 h
CyH, 100 °C, 24 h, N, Phox Ph Phox ,Bu

Me sé@ Meﬂ IOH E\© MEZS.OH N\©

Me OMe
45,62%, 97:3 e.r. 46, 65%, 94:6 e.r.

e OH N\©
'i

44,73%,97:3 e.r.

Sl f \©
NMe,
49, 66%, 94:6 e.r.

Me>] E

56, 43%, 91:9 er.

8© E2 ;’5@ e ;{j
.

63, 65%, 92:8 e.r.

Me Me M
HEQHER %%@

72,62%, 74:26 e.r.

50, 57%, 97:3 e.r.

2

57,49%, 937 er.

51, 63%, 94:6 e.r.’)

58, 53%, 96:4 e.r.

64,52%,94:6 er. 65, 68%, 96:4 e.r.

70, 62%, 96:4 e.r.

Me>ll s:‘é \© N|\|/|ee ;5\1 Me>j (iTé \©

MezN

71, 58%, 98:2 e.r.

77,54%, 97:3 er. 78, 63%, 96:4 e.r. 79, 52%, 99:1 e.r.

H
H
Me Me \ 0
>L J, P N oH N "
\ 10, " Me
Me™ “sj ‘Si X -Ph Me\|/Me
0 @IS s > QP
e & 0 \
H

84, 45%, 946 e.r. 85, 34%, 61:39 e.r. 86, 43%, 58:42 e.r.

oree @j@ AL

46, CCDC: 2259269
Me OH N oH N M OH N
o] 7@ fra @ 5.
@ O‘ @I
cl

52, 62% yield, 95:5 e.r.l’]

HEONZEP % &@

59, 38%, 94:6 e.r.

66, 65%, 97:3 e.r.

Me>| Cié

73 65%, 97:3 e.r.

M;%?S\@ Me>| ié@ Me>1, fé

80,44%,91:9 e.r.

)<

MeMe ot N\©
"l

Bu

47,48%, 93:7 e.r. 47, CCDC: 2259272 48, 65%, 96:4 e.r.

. fég ép

OCF,4
54,61%, 96:4 e.r.)

P S

61, 58%, 98:2 e.r.

53, 55%, 94:6 e.r.) 55, 52%, 90:10 e.r.

60, 45%, 92:8 e.r. 62,70%, 88:12 e.r.

Me>l ;{D \©\OCF3

68, 51%, 99:1 er“‘] 69, 53%, 96:4 e.r.)

Meﬂ s.% \© Me>j (ié \@

’Bu
75,69%, 98:2 e.r.

67,63%, 93:7 e.r

H
Me N
Meﬂ"' /OH \©
Me” “'si f

e0
74, 63%, 97:3 e.r. 76 57%,98:2 e.r.

Me %\@

83, 58%, 88:12 e.r.

i
" L0
\/o\é
Bu

87,64%, 73:27 e.r.

H

o

81,35%, 98:2 e.r. 82,49%, 97:3 e.r.

standard conditions
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Scheme 3. Scope of the dehydrogenative C-H silylation-hydrolysis of benzaldimines. [a] benzaldimine (0.1 mmol), silane (0.12 mmol),
cyclohexene (0.2 mmol), [Rh(cod)Cl], (2 mol%), Phox-Ph (4.4 mol%), CyH (1 mL), nitrogen atmosphere, and 100 °C for 24 h, followed by
treatment with NaOH (aq.)/TBAB in DME. Isolated yield over two steps. [b] Phox-Bu as a chiral ligand.

To broaden the application of this novel catalytic strategy,
diverse N-substituted benzyl amines have been extensively
attempted under various reaction conditions, but all failed to give
any desired coupling product, possibly due to the challenges in
the formation of an unstable Si-N bond.'"] Fortunately,
switching to N-phenyl benzaldimine as a substrate afforded the
[4+1] annulative product. Screening of a large set of chiral
ligands revealed the superiority of Phox ligand. 59% Yield of
desired product 44 with 97:3 e.r. and 59% vyield of desired
product 44 with 96:4 e.r. were realized respectively when Phox-
Ph or Phox-'Bu ligand was used in the presence of cyclohexene
as a hydrogen acceptor in cyclohexane (condition B, details in
the Supporting Information). Of note, the [4+1] annulated
product was prone to hydrolysis, and was silica gel-unstable.
Consequently, it was converted to the silanol upon treatment
with NaOH/TBAB or TBAOH,8 where complete inversion of
stereochemistry was observed (Scheme 3). We next explored
the substrate scope of the coupling of N-aryl benzaldimines
(Scheme 3). Benzaldimines bearing diverse substituents in the
arene rings, such as electron-donating (Me, OMe, 'Bu, and
NMe;), -withdrawing (ester, CF3, and OCF3), and halogen (F and
Cl) groups, were all viable, affording the corresponding products
in moderate to good yields with excellent enantioselectivities
(45-61, 93:7-97:3 e.r.). Besides, naphthylimines were also

(a) Synthetic transformations

applicable, albeit with attenuated enantioselectivities (62, 88:12
e.r. and 63, 92:8 e.r). The absolute configuration of sila-
isoindoline intermediate 47 (CCDC 2259272) and the ring-
opened silanol product 46 (CCDC 2259269) were both
confirmed by X-ray crystallographic analysis, which
demonstrated the inversion of stereochemistry. Besides, diverse
substituents in the N-arene rings were also well tolerated (64-71,
94:6-99:1 e.r.). The silane substrates were then examined.
While  mesityl(phenyl)silane only gave a moderate
enantioselectivity (72, 74:26 e.r.) due to the less pronounced
steric bias, other dihydrosilanes bearing different functional
groups, including electron-donating groups (Me, OMe, and 'Bu)
(73-75), phenyl (76), amino group (77), halogen (78), or a
relatively bulky aryl groups (79-84), all reacted smoothly with N-
phenyl-benzaldimine to afford the silanol products in moderate
to good two-step yields (35-69%) with high enantioselectivies
(88:12-99:1 e.r.). In line with the steric effect in the coupling of
dihydrosilanes and benzyl alcohols, the employment of less
bulky groups including Pr and Cy in the dihydrosilane only
afforded the desired products in moderate yields and low
enantioselectivies (85 and 86). To our surprise, N-phenyl-
benzaldimine bearing an ortho-OMe group underwent silylation

at the methyl position rather than the ortho position (87, 73:27
e.r.).td

(b) Si-H silyl ether intermediate with TBE

Me
Me

68% 130% recovery

5', 86%

[Rh(cod)Cl], (2 mol%) P
Xantphos (4.4 mol%) \cs' Me

TBE (5 equiv) @ Me Me
n-hexane, 100 °C, N,

5,68%, 95:5 e.r.

MeN;e R AOH o} MeM; R OH
Me ,J'Si/ RMgBr S|/ Me RLi (2 equiv) Me” s Ph, H
- & 2a Me— Sy Me
THE, t @ Me Me THF, 0°C - rt ©/\OH condition A Meme o Me TBE
TBE (2 equiv), 100 °C
3 min
90 (R = vinyl), 73%, 95:5 e.r. 88 (R = n-Bu), 75%, 96:4 e.r.
4,964 e.r.
91 (R = p-Tol), 78%, 95:5 e.r. (with Cul) 89 (R = Me), 83%, 95:5 e.r.
Me \ c) Isolation and transformation of Si-H silyl ether intermediate
0 A ugsr Me > © Y
st _— s Ph,lS/H
Me’ SiMe 2a Me N
PR Dye THF, 0°C - rt @ /©/\OH condition A el
Me Me’ w/o TBE, 50 °C, 12 h
5,955eur. 92, 88% vyield, 96:4 e.r.
5', 85%, 96:4 e.r.Me
(d) Deuterium-labelling reaction
Br
/C(_) _ Grubbs 2" (5 mol%) P e ey )
PR X-e toluene, 80 °C, 12 h NaH, THF, 0°C -t ©A°H + dp —condtonh
Me Me £ o ' ©/ L,  worwio TBE, 50°C, 3h

93, 48%, 95:5 e.r. (over 2 steps)

(e) Kinetic isotope effects
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Si—H
\ TBE (5 equiv), n-hexane @ Me 100 °C. 30 min
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Scheme 4. Synthetic transformations and mechanistic studies.

The synthetic transformations of a chiral silyl ether (R)-4
have been demonstrated in C-C coupling with a series of
organometallic reagents (Scheme 4a). The employment of
different organolithium reagents afforded the corresponding

TBE (5 equiv), n-hexane
100 °C, 30 min

tetrasubstituted silanes bearing a pendent benzyl alcohol moiety
in high yields (88 and 89, Scheme 4a). A vinyl Grignard reagent
was also compatible (90). In all these cases, essentially no
erosion of the enantiopurity was detected. In contrast, an aryl
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Grignard reagent only reacted with poor efficiency. Fortunately,
introduction of Cul additive improved the reactivity (91).
Analyses of the absolute configuration of the vinyl silane product
(90) confirmed retention of the silicon chirality. In stark contrast,
treatment of the aza-silacycle with NaOH/TBAB results in full
inversion of the stereochemistry (Schemes 3 and 4). This
discrepancy is rationalized by different mechanisms during the
formation of a five-coordinated Si-intermediate. In the case of
Me-Li addition, chelation effect of the ethereal oxygen directs
the attack of the lithium reagent from the same side, which
eventually leads to retention of the stereocenter. In contrast, the
low Lewis acidity of the cation in NaOH/TBAB results in
backside addition of the hydroxide, leading to eventual inversion
of the Si configuration (see the Supporting Information). By
taking advantage of the substitution by a Grignard reagent, a
further transformation of compound 92 via sequential allylation
and ring-closure metathesis gave an interesting 8-membered
silacycle 93 in high enantioselectivity.

A series of experimental studies have been conducted to
gain insight into the mechanism of the coupling of benzylic
alcohol (Scheme 4). Performing the reaction in the presence of
TBE (2 equiv) for 3 min resulted in the formation of silyl ether
intermediate 5’ in 86% vyield as well as 2,2-dimethylbutane in
68% yield (Scheme 4b),?? which demonstrates both the
hydrogen acceptance by TBE and extrusion of dihydrogen are
competitive pathways in the uncyclized silyl ether formation
stage. Indeed, the coupling of p-tolylmethanol and silane 2a
occurred in a high yield under mild conditions?!! even in the
absence of the hydrogen acceptor to afford an O-silylated
compound 5’ in a good yield with an excellent enantioselectivity
(Scheme 4c, 96:4 e.r.), where essentially the same yield and
enantioselectivity were observed whether the hydrogen acceptor
was used or not. The absolute configuration of compound 5’ has
been determined on the basis of He's report.l' Subjection of 5
to the standard conditions or even to catalytic conditions using

+

|
DGeol Ph {G -
keal/mol H. Y .Bu L'P H
e

~Si

(F’ “H
0
20 oSy 6.0 (RIM2
15 GP'..Rh,-Hz
R)-IM1 .
(R) PT s Ph
b " b H “Bu
GP/ h‘ H ’Rh\ )
O EEE—
G = Josiphos-Cy
L P J
Si-H oxidative .
addition H, extrusion O-H oxidative addition
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an achiral Xantphos ligand all afforded the cyclized product 5 in
good yields with only slight erosion of enantiopurity (Scheme 4c),
where the TBE proved necessary to ensure reactivity. These
observations suggest the intermediacy of the silyl ether 5’, and
such an OH silylation event is enantio-determining. In addition,
the employment of the corresponding SiD, reagent (2a-d,, 95%
D) in the coupling with phenylmethanol afforded product 4’-d
with significant H/D exchange (68% D), and analysis of the
recovered silane also revealed noticeable Si-H/D exchange
(Scheme 4d, 76% D). Next, a series of parallel KIE experiments
have been conducted using BnOH-ds and/or the SiD; silane
(Scheme 4e). It was found that the employment of the SiD, or
the BnOH-ds reagent each led to a comparable small kinetic
isotope effect (KIE < 1.5). In addition, measuring the initial rates
of the silylation of BhOH with 2a and silylation of BhnOH-ds with
2a-d; in separate vessels afforded 4 and 4-d, in a 1.3:1 ratio.
These outcomes indicated that the cleavage of neither the C-H
nor the Si-H bond is rate-determining.

Density functional theory (DFT) calculations have been
conducted to unravel the origins of enantioselectivity during the
formation of the silyl ether intermediate (Figure 2). The
computations were performed at the wB97XD(SMD)/SDD&6-
311+G(d,p)//B3LYP-D3(BJ)/SDD&6-31G(d) level of theory (see
the computational details in the Supporting Information), with the
experimentally employed benzyl alcohol 1 and tert-
butyl(phenyl)silane 2a as the model substrates. Considering that
essentially the same enantioselectivity of the silyl ether was
experimentally observed regardless of the hydrogen acceptor,
both possible pathways were thus considered. The
computations showed that the enantioselectivity is determined
by the same elementary step (vide infra). For clarity, in the main
text we will focus on the pathway for the absence of the
hydrogen acceptor, while the results in the presence of the
hydrogen acceptor are provided in the Supporting Information.

enantioselectivity-determining

Ph + Ph +
H. J«tBu tBu., ). _H
P.. 70 P Sis,
G ‘Rh. BN GG"R"H‘O\B“
P” MH S
(R)-TS3 (5)-TS3

h £ (S)TS3
tBu... 1 _H
P, o -
(* RS VBN

(R)-5'

1/2 Cat

Si-O reductive elimination

Figure 2. Calculated energy profile for the formation of silyl ether 5' in the absence of the hydrogen acceptor.
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It has been well established that the rhodium(l) chloride pre-
catalyst participates in the form of rhodium hydride in
dehydrogenative C-H bond silylation based on closely related
studies by Hartwig and by He.?2 Thus, Rh(l) hydride species
was computationally evaluated in this study.?®! As shown in
Figure 2, the reaction begins with the Si-H oxidative addition to a
Rh(I)-H (1/2 cat.) to give a Rh(lll)-dihydride intermediate (R)-IM1,
which was found to occur with essentially no barrier. Then, (R)-
IM1 undergoes the H-H reductive elimination via transition state
(R)-TS1 to give Hj-coordinated intermediate (R)-IM2, with an
energy barrier of 4.5 kcal/mol relative to (R)-IM1. The H;
extrusion from (R)-IM2 was found to be endergonic by 7.9
kcal/mol, leading to Rh(l)-silyl complex (R)-IM3. The ensuing O-
H oxidative addition with the incoming benzyl alcohol 1 takes
place through transition state (R)-TS2, giving rise to Rh(lll)-
hydride species (R)-IM4. It should be emphasized that the
irreversibility of the H, extrusion divides the entire energy profile
into two distinct regimes, namely the pre- and post-H, extrusion
stages. As a result, the energy barrier of the O-H oxidative
addition should be computed relative to (R)-IM3, which is 19.5
kcal/mol.

(S)-Ts3
AAG = 3.1

10.1002/anie.202315230
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Figure 3. Optimized geometric structures of (R)-TS3 and (S)-
TS3. Energies and bond distances are given in kcal/mol and A,
respectively.

After the formation of Rh(lll)-hydride species (R)-IM4, two
possible reaction pathways can be envisioned. The first pathway
involves the direct Si-O reductive elimination, occurring through
transition state (R)-TS3, resulting in formation of the
experimentally observed silyl ether (R)-5'. Alternatively, (R)-IM4
can undergo consecutive Si-H reductive elimination (via (R)-
TS4) and reversible Si-H oxidative addition (via (S)-TS4),
leading to the formation of a Rh(lll)-hydride (S)-IM4.24 From (S)-
IM4, the Si-O reductive elimination proceeds via transition state
(S)-TS3, yielding the minor enantiomer (S)-5'. The computations
showed that the energies associated with the Si-H reductive
elimination/oxidative addition are lower than those of the Si-O
reductive elimination, in accordance with our deuterium-labelling
experiment (Scheme 4d).

It follows that the Si-O reductive elimination serves as the
enantio-determining step of the overall reaction. The computed
energy difference of 3.1 kcal/mol between (R)-TS3 and (S)-TS3
(26.5 versus 29.6 kcal/mol) corresponds to a predicted d.r. ratio
of 98:2 at the specified reaction temperature, which aligns well
with  experimentally observed enantioselectivity. Detailed
analysis of the optimized geometries reveals that the
enantioselectivity primarily arises from steric repulsion between
the silyl moiety and the Cy group of the ligand Josiphos-Cy
(Figure 3). Notably, a more significant steric repulsion was
observed in (S)-TS3 (2.07 and 2.09 A), while in (R)-TS3 the
steric repulsion is reduced (2.16 A), resulting in higher energy of
(S)-TS3 when compared to (R)-TS3.

H\S./O—Bn
Si
Bu A Mg
P\ H
pRI—L
(vim) Bu
P
Rh” —|
P\Rh/L P \S"O Bn
AR _H L ISR
Si r
(my Ar (1X)
H
Et-'Bu
Et-B
u (P\| _H
h H
I Na
P S_‘l\R
1 H
Bu Ar 2a Parir" 0-Bn
Rh_ /
() PALNY
H P S_I‘R
SR TBE Ar
p7l Ssi” X
21 P. H (X)
2 'R N\,
Ar “Rh N
) Pl > R
L’Bu (V1) P II.Si—O
2 e s’
a - I\Ar AP \R (XI)

Scheme 5. Proposed mechanism of the reaction of benzyl alcohol.

On the basis of our experimental and DFT studies, a
plausible mechanism comprising of two consecutive catalytic
cycles is proposed in Scheme 5. In the reaction of benzyl
alcohol, facile oxidative addition of the Si-H bond to a Rh(l)-
hydride catalyst occurs to give a Rh(lll)-dihydride, followed by

dihydrogen release via reductive elimination, giving silyl Rh(l)
species lll (Scheme 4c). Alternatively, the initial active Rh(l)-
hydride species migratory insertion into TBE generates alkyl
rhodium species VI (Scheme 5, left). Then, the oxidative addition
of Si-H bond and successive reductive elimination of C-H bond
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also form silyl Rh(l) species lll (Scheme 4b). In the catalytic
system, both pathways coexist. Coordination and O-H oxidative
addition of benzyl alcohol generates a Rh(lll)-hydride that may
undergo off loop reversible Si-H reductive elimination,
accounting for the observed H/D exchange in the silyl ether
intermediate and the recovered silane reagent when 2a-d, was
used (Scheme 4d). The constructive Si-O reductive elimination
produces the silyl ether intermediate with regeneration of the
active Rh-H catalyst. In the 2" catalytic cycle (Scheme 5, right),

Conclusion

In conclusion, we have realized a rhodium-catalyzed
asymmetric and intermolecular formal [4+1] sila-cyclization of
readily available benzyl alcohols and benzaldimines with
secondary silanes, affording chiral-at-silicon cyclic silyl ethers
and sila-isoindolines, respectively. A broad scope of simple
arene substrates have been defined. Mechanistic studies
revealed a dual role of the Rh catalyst that first renders the initial
oxygenation or amination of the secondary silane, a process that
irreversibly installs a silicon-based directing group, followed by in
situ catalytic C-H silylation. Both experimental and DFT studies
have been conducted to explore the mechanism of the OH
silylation process, and the O-Si reductive elimination has been
identified as the enantio-determining step. This work unveils a
new protocol for the modular synthesis of silicon-stereogenic
sila-heterocycles which will possibly find useful applications in
medicinal chemistry.
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A rhodium-catalyzed enantioselective formal [4+1] annulation of benzyl alcohols and benzaldimines with secondary silanes has been
achieved in excellent enantioselectivity to afford a range of sila-O- and sila-N-heterocycles with silicon-stereogenic centers, where the
rhodium catalyst plays a dual role in the O/N-Si and C-Si coupling.
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