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Abstract Reported herein is a highly efficient intramolecular silylation
of aromatic C-H bonds catalyzed by a pincer ruthenium complex, giv-
ing benzoxasiloles under relatively mild reaction conditions with broad
substrate scope and low catalyst loadings. The silylation product can be
further converted into a biaryl product by Pd-catalyzed Hiyama-
Denmark cross-coupling reactions.
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Transition-metal-catalyzed C-H bond functionalization
is an efficient, straightforward, and powerful strategy for
the synthesis of functionalized organic molecules.! Among
various C-H functionalizations, silylation of inert C-H bonds
is particularly attractive because hydrosilanes are usually
inexpensive, nontoxic, and stable for storage and han-
dling.?3 In addition, the resulting organosilicon compounds
are valuable synthetic intermediates,* which can undergo a
variety of transformations to obtain useful derivatives and
which have attracted wide interest in material sciences.®

Although the intermolecular silylation of C(sp?)-H
bonds has a long history beginning with the seminal work
by Curtis in 1982,%7 the intramolecular version has been re-
ported much more recently. In 2005, Hartwig and co-work-
ers® reported the first Pt-catalyzed intramolecular silylation
of (2-phenylethyl)dimethylsilane and (3-phenylpropyl)di-
ethylsilane to generate both five- and six-membered orga-
nosilicon products under harsh conditions (Scheme 1, a).
Later, the same group found that a mild and efficient intra-
molecular silylation of C(sp?)-H bonds could be accom-
plished by in situ introduction of a (hydrido)silyl group
starting from ketones, alcohols, and amines.’ By using a
similar strategy of generating the (hydrido)silyl group in si-

Me, iPr, tBu

tu, diverse structures of silacycles have been constructed by
the work of Gevorgyan'® and Jeon.!! The enantioselective
intramolecular silylations of C(sp?)-H bonds directed by a
(hydrido)silyl group could also be achieved.'?> Moreover, Lin
and co-workers'? developed highly active and recyclable
single-site solid catalysts for intramolecular silylation of
C(sp?)-H bonds. Very recently, Xu and co-workers'# devel-
oped an Ir-catalyzed, silanol-directed intramolecular silyla-
tion of C(sp?)-H bonds. In addition, the group of Takai,!®
He,'® Shibata,'” and Oestreich'® have independently applied
intramolecular silylations of C(sp?)-H bonds for the synthe-
sis of silicon-containing m-conjugated molecules, which
show promising potential in material sciences (Scheme 1, b).

a) Hartwig, Gevorgyan, Lin, Jeon, Xu, Shi

X [Pt)/[Ir}/[Rh] O = (hetero)aryl
s'. R* X X= CHg NMe, O

R‘ R‘ = Me, Et, iPr, Ph
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prepared in advance

b) Takai, He, Shibata, Oestreich

H
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¢) This work
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Scheme 1 Transition-metal-catalyzed intramolecular silylation of
C(sp?)-H bonds

Compared with the extensive studies on Pt, Ir, and Rh
catalytic systems, the use of relatively inexpensive rutheni-
um catalysts for the intramolecular silylation of C(sp?)-H
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bonds is much less developed.'® Recently, we reported the
synthesis and characterization of a series of new hydrido
ruthenium complexes bearing isopropyl-substituted pincer
ligands,'® which exhibited excellent activity and selectivity
for the intramolecular silylation of primary C(sp?)-H bonds
and the undirected intermolecular silylation of het-
eroarenes.?’ These results encouraged us to further extend
our work on pincer Ru catalyzed silylation to the intramo-
lecular C(sp?)-H bond. We report herein that a bis(phos-
phine)-based pincer ruthenium complex is highly active for
intramolecular silylations of primary (1°), secondary (2°),
and tertiary (3°) (hydrido)silyl ethers to synthesize benzox-
asilole products (Scheme 1, c).

We commenced our studies by investigating the reac-
tion conditions for silylation of dimethyl[(2-phenylpropan-
2-yl)oxy]silane (2a, Table 1). With tert-butylethylene (TBE,
1 equiv) as the hydrogen acceptor, the reaction of 2a in the
presence of 1 mol% of 1a at 120 °C generated the desired
product 3a in 73% yield (Table 1, entry 1), along with the
side products generated by hydrosilylation of TBE (4%) and
dehydrogenative silylation of TBE (17%). By employing an
internal olefin, cis-cyclooctene (COE), as the hydrogen ac-
ceptor, 3a was formed in 89% yield without any detectable
product of hydrosilylation or dehydrogenative silylation of
COE (Table 1, entry 2). The silylation of 2a catalyzed by the
more electron-rich complex 1b (1 mol%) with COE (1 equiv)
gave 3a in a quantitative yield after 12 h at 120 °C (Table 1,
entry 3). Lowering the temperature to 80 °C generated 3ain
86% yield (Table 1, entry 4), and prolonging the reaction
time to 24 h afforded 3a in 99% yield (Table 1, entry 5). Re-
ducing the catalyst loading to 0.5 mol% was detrimental to
the conversion (Table 1, entry 6). The intramolecular C-H
bond silylation did not proceed in the absence of the Ru cat-
alyst (Table 1, entry 7). In another control experiment, the
desired product 3a was produced in 8% yield without the
hydrogen acceptor (Table 1, entry 8). The reactions with
several common ruthenium complexes were also exam-
ined, however, none of them work (Table 1, entries 9-13).

Having established the optimal reaction conditions, we
next explored the substrate scope of the silylation reaction
(Scheme 2).2! It was found that tertiary, secondary, and pri-
mary (hydrido)silyl ethers 2 bearing electron-donating or
electron-withdrawing groups in para, meta, and ortho posi-
tion were well tolerated to give the corresponding benzox-
asilole products in high isolated yields. It should be noted
that the cyclization of tertiary (hydrido)silyl ethers via
C(sp?)-H functionalization has been rarely reported.® Vari-
ous types of functionalities, including ether (3d,j,j’,]), amine
(3e), fluoro (3f,0,x), trifluoromethyl (3g), and heterocyclic
(3m) groups, were compatible with the reaction conditions.
The substrate 2i possessing a methyl in the meta position of
the phenyl group underwent silylation at the less sterically

Table 1 Evaluation of Ruthenium Catalysts for the Intramolecular Si-
lylation of (Hydrido)silyl Ether 2a?

: X—PiPr
: H|
[Ru] ' ‘Ru—D
o H acceptor H u
P — oo |
HN /S'\ X—PiPr
2a 3a i 1a,X=0
1b, X = CHy

Entry  [Ru] (mol%) H Acceptor Temp (°C) Time  Yield

(h) (%)
1 1a (1) TBE 120 12 73¢
2 1a (1) COE 120 12 89
3 1b (1) COE 120 12 99
4 1b (1) COE 80 12 86
5  1b(1) COE 80 24 99
6 1b (0.5) COE 80 24 43
7 none COE 80 24 0
8 1b (0.5) none 80 24 8
9 Ru3(CO)y2 (1) COE 80 24 0
10 [Cp"RuCl,], (1) COE 80 24 0
11 (cod)Ru(2-methylallyl), (1)  COE 80 24 0
12 Ru(acac); (1) COE 80 24 0
13 [RuCl,(p-cymene)], (1) COE 80 24 0

2 Reaction conditions: 2a (0.5 mmol), [Ru] (0.5-2.5 mol%), TBE (1 equiv) or
COE (1 equiv).

b Determined by 'H NMR analysis of the crude reaction mixture using mesity-

lene as an internal standard.
¢ Hydrosilylation of TBE (4%) and dehydrogenative silylation of TBE (17%)
were also observed by GC-MS and 'H NMR.

hindered aryl C-H bond exclusively. However, cyclization of
the 3-methoxy derivative 2j gave two isomers (3j and 3j’) in
a 1.18:1 ratio, resulting from the silylation of C(sp?)-H
bonds ortho and para to the methoxy group, respectively.
Surprisingly, the reaction of (hydrido)silyl ether 2k with an
ortho-methyl substituent produced benzoxasiline 3k’ as the
major product, which was generated from the silylation of
C(sp?)-H bond of the methyl group. Besides 3K’, a 26% yield
of benzoxasilole 3k was also observed by GC-MS and 'H
NMR analysis. In the case of a (hydrido)silyl ether 21 with a
methoxy group at the ortho position, the corresponding
benzoxasilole 31 was obtained in high yield. This reaction
was also found to be applicable to heteroaromatic (hydri-
do)silyl ether substrate 3m. The benzylic position of the
tertiary (hydrido)silyl ether was not limited to dimethyl
substituents, and substitution of one methyl by n-propyl
(3mn,0), isopropyl (3p), phenyl (3q), benzyl (3r), diethyl (3s),
or diphenyl (3u) was tolerated. The (hydrido)silyl ether 2t
underwent C-H silylation smoothly to generate spirocyclic
benzoxasilole 3t in 94% yield.
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Scheme 2 Substrate scope of the intramolecular arene ortho-silylation
of (hydrido)silyl ether. Reagents and conditions: 2 (0.5 mmol), 1b (1
mol%), and COE (1 equiv) at 80 °C for 24 h. Yields shown are of isolated
products. 2 1b (2.5 mol%). ® 100 °C. € A 26% yield of benzoxasilole 3k
was also observed by GC-MS and "H NMR analysis.d 48 h.¢ 120 °C for 12
h. FTBE (1 equiv).¢ 1b (5 mol%).

The steric circumstance around the silicon atom and
ether group has a pronounced influence on the reactivity of
the (hydrido)silyl ethers. The tertiary (hydrido)silyl ethers
containing dimethyl groups at the Si atom underwent an-
nulation efficiently, while the cyclization of secondary and
primary (hydrido)silyl ethers bearing dimethyl groups at
the Si atom gave a complex mixture. For example, second-
ary (hydrido)silyl ether 2v reacted rather sluggish under
standard conditions, producing 1-phenylethanol and some
other unidentified side products. When the methyl groups
on the silicon atom were replaced by two isopropyl substit-

uents, excellent reactivities and high yields were obtained
with relatively higher catalyst loadings (2.5-5 mol%) at
120 °C for both secondary (3w-z) and primary (hydrido)si-
lyl ethers (3aa). The silylation reaction also proceeded
smoothly for a primary (hydrido)silyl ether with one meth-
yl and one tert-butyl group on the Si atom (3ab). Thus, high
activity could be achieved for sterically hindered tertiary
(hydrido)silyl ethers with small substituents on the Si atom,
or less sterically crowded secondary and primary (hydri-
do)silyl ethers with large substituents on the Si atom.??

The presence of a Si-O bond in benzoxasilole products
render them suitable for further transformations, such as
Hiyama-Denmark cross-coupling (Scheme 3).922324 After
screening a variety of reaction conditions, we found that by
using Pd(OAc),/PPh; (5 mol%) as the catalyst and CH;0Na (5
equiv) as the base, the coupling between benzoxasilole 3a
with iodobenzene in p-xylene occurred smoothly at 80 °C
to generate biaryl product 4a in 78% yield after a basic
workup. The reaction conditions were also effective for the
coupling of 3a with bromobenzene, giving 73% yield of 4a.

Pd(OACc), (5 mol%)
o PPh3 (11 mol%) OH~ OH
/ + Ph-X
Si CH30Na (5 equiv) 50 °C Ph

I~ 2 equiv p-xylene (0.5 mL) 48 h 4a
n,1h — 80°C,12h X= 1,78%
Br, 73%

3a, 0.3 mmol

Scheme 3 Pd-catalyzed Hiyama-Denmark coupling 3a with aryl halides

A plausible reaction mechanism is proposed based on
our previous work on Ru-catalyzed intramolecular silyla-
tion of primary C(sp?)-H bonds (Scheme 4).2%? Initially, the
active catalytic species A reacts with the hydrogen acceptor,
COE, to produce the cyclooctyl-Ru(Il) species B, which un-
dergoes 6-bond metathesis with Si-H bond in the substrate
via intermediate C affording intermediate D. Subsequently,
intramolecular 6-bond metathesis between Ru-Si bond and
C-H bond takes place to produce the desired product 3a
and regenerate the active catalytic species A. The steric hin-
drance on either the C or Si atom in the substrates may fa-
cilitate the interaction between the Ru-Si bond and the in-
tramolecular C-H bond, probably due to the Thorpe-Ingold
effect.

In summary, we have developed a highly efficient ru-
thenium catalyst for the intramolecular silylation of C(sp?)-
H bonds of 1°, 2°, and 3° (hydrido)silyl ethers. Featuring
broad substrate scope, relatively mild reaction conditions,
and low catalyst loadings, this transformation provides a
highly attractive route for the synthesis of benzoxasiloles.
Moreover, the synthetic utility of the benzoxasilole product
was demonstrated by Pd-catalyzed Hiyama-Denmark
cross-coupling with aryl halides.
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Scheme 4 Proposed reaction mechanism for the intramolecular
C(sp?)-H silylation
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