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Abstract: The rhodium(I)-catalyzed re-
gioselective silylation of the ortho
carbon-hydrogen bond in 2-arylpyri-
dines with disilane is described. For ex-
ample, the reaction of 2-(2-methylphe-
nyl)pyridine with 2 equivalents of hex-
amethyldisilane in the presence of
5mol% [RhCl(cod)], (cod=1,5-cyclo-

15h gave 2-[2-methyl-6-(trimethyl-
silyl)phenyl]pyridine in 86% yield. In
contrast to silylation with hydrosilanes,
hydrogen acceptors are not required to

Keywords: C—H activation - disi-
lanes homogeneous catalysis
regioselectivity - silylation

achieve high conversion. A variety of
substituents, including alkoxy, amine,
ester, and fluorinated groups, are com-
patible with this catalysis. When sub-
strates containing two ortho C—H
bonds are used, monosilylated products
are obtained selectively by utilizing the
3-methyl-2-pyridyl group as a directing

octadiene) in o-xylene at 130°C for

Introduction

Over the past few years, catalytic functionalization of C—H
bonds has become one of the most important frontiers in ex-
ploratory research of synthetic organic chemistry, as the
direct transformation of C—H bonds, which are ubiquitous
in organic molecules, does not require the preparation of
the reactive intermediates (e.g., halides or triflates).!!! In this
context, the silylation of aromatic C—H bonds represents a
valuable method for the preparation of arylsilanes, which
are versatile intermediates in organic synthesis.”) Moreover,
demand for this type of silylation reaction has increased in
the field of materials chemistry.”! Most of the C-H silylation
reactions reported to date involved hydrosilanes as the sili-
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group.

con source. These reactions require the addition of alkenes
as hydrogen acceptors to achieve high conversion. Although
one catalytic system that does not require a hydrogen ac-
ceptor has been reported, it is intrinsically nonregioselective
when applied to substituted benzene derivatives.’ Kakiuchi,
Murai, and co-workers reported that vinyl silanes can also
serve as silicon sources for the silylation of C—H bonds, al-
though applicable substrates are limited to heteroarenes.l
On the other hand, the catalytic silylation of C—H bonds
also proceeds with disilanes.” ! In this reaction, the addi-
tion of alkenes to trap the co-produced hydrosilanes is not
required. The difference in reactivity between hydrosilane
and disilane in C-H silylation reactions can be attributed to
the different thermodynanic properties of these reactions
(Scheme 1). On the basis of DFT analysis, the silylation re-
action of benzene with hydrosilane is thermodynamically
unfavorable by 4.7 kcalmol . Thus, to make this process
feasible, integration with a more exothermic process, such as
hydrogenation of alkenes, is required. In contrast, the corre-
sponding reaction with disilane is exothermic by 3.6 kcal
mol ™!, arising, in part, from the smaller bond-dissociation
energy of the silicon-silicon bond relative to the silicon-hy-
drogen bond. In spite of this energetic advantage, the C-H
silylation reactions with disilanes reported so far have many
drawbacks, such as the photochemical conditions required,!”’
the use of strained disilanes™ and excess amounts of arenes
(>5 equiv),”! and the formation of a mixture of mono- and
disilylated products.'”! In this article, we describe a rhodi-
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@H + H-SiMez — QSiMeg + H-H

108.9 90.8 91.3 103.7
AE = + 4.7 kcal mol™'

QH + Me;Si—-SiMe; — QSiMe3 + H—SiMe;
8

108.9 69.6 91.3 90.
AE = 3.6 kcal mol™
Scheme 1. Thermodynamic profiles of carbon-hydrogen bond silylation
reactions based on bond-dissociation energies. The values under each

compound refer to the bond-dissociation energies (kcalmol™') of the in-
dicated bonds.

um-catalyzed silylation of the aromatic C—H bond in 2-aryl-
pyridines with hexamethyldisilane, which affords monosily-
lated products in a regioselective manner (Scheme 2).

4
cat. [RhCl(cod)], \N
+ Me;Si-SiMey ———————
no acceptor SiMe,

Scheme 2. Rhodium-catalyzed silylation of C—H bonds in 2-phenylpyri-
dines with disilane.

Results and Discussion

We recently reported the rhodium(I)-catalyzed silylation of
benzonitrile derivatives with disilanes."!! In this reaction
system, the carbon—-cyano bond is cleaved by rhodium-silyl
species generated in situ by the deinsertion of silyl isocya-
nide. Intrigued by the unique reactivity of this postulated
species toward C-CN bonds, we investigated the silylation
of other unreactive bonds in the presence of a rhodium cata-
lyst and disilanes. To our delight, the reaction of 2-(2-meth-
ylphenyl)pyridine (1) with hexamethyldisilane (2) in the

Abstract in Japanese:
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presence of a catalytic amount of [RhCl(cod)], in toluene
under reflux furnished ortho-silylated product 3 in 86 %
yield (Table 1, entry 1). Notably, the introduction of a trime-

Table 1. Optimization of reaction conditions."!

= =
- | 5 mol% o |
catalyst N
+ Me;Si-SiMe,
solvent )
2€quV. 110°C,15h Sibes
1 2 3
Entry Catalyst Solvent Yield [%]™
1 [RhCl(cod)], toluene 91 (86)!
2l [RhCl(cod)], toluene trace
3 [RhCl(cod)], dioxane 91
4 [RhCl(cod)], DMF 0
5 [RhCl(cod)], tert-amyl alcohol 0
6 [RhCI(CO)], toluene 0
7t [Rh(cod),]*BF,” toluene 0
8 [Rh(OMe)(cod)], toluene 66
9 [IrCl(cod)], toluene 0
1011 [RhCl(cod)], toluene 0

[a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane
(2.0 mmol), and catalyst (0.05 mmol) in solvent (1 mL) at 110°C, 15 h.
[b] Determined by GC. [c] Yield of isolated 3. [d] The reaction was con-
ducted at 90°C. [e] 0.10 mmol of catalyst was used. [f] PPh; (0.10 mmol)
was added. cod =1,5-cyclooctadiene, DMF = N,N-dimethylformamide.

thylsilyl group has never been demonstrated in C-H silyla-
tion with hydrosilane owing to the gaseous nature of trime-
thylsilane (b.p.=6.7°C). Thus, the advantage of using disi-
lanes is reinforced. As the silylation of toluene, which was
used as the solvent, was not observed, a directing group was
required for the C—H silylation reaction to proceed. The re-
action temperature has a significant impact on the catalysis.
Almost no silylated product was observed even at slightly
lower temperature (90°C; Table 1, entry 2). With regard to
the solvent, the use of dioxane was comparably effective,
whereas DMF and an alcoholic solvent completely prevent-
ed the silylation reaction (Table 1, entries 4 and 5). Other
transition-metal complexes, including [Rh(cod),]BF,, [Rh-
(OMe)(cod)],, and [IrCl(cod)],, exhibited much less or no
catalytic activity for this C-H silylation reaction (Table 1,
entries 6-9). Some metal complexes, such as [Ru;(CO)y,],
[RuCl,(cod)],, and Cu(OAc),, were totally inactive. Addi-
tion of phosphine led to a complete loss of catalytic activity
(Table 1, entry 10).

Chelation assistance by a 2-pyridyl group was crucial in
this Rh-catalyzed C-H silylation to achieve a reasonable re-
action rate and regioselectivity. We also examined other co-
ordinating groups for their ability to promote the silylation
reaction (Scheme 3). Pyridine 4, which contains an electron-
withdrawing group, imidazole 5, oxime 6, and amide 7 did
not serve as directing groups at all. Furthermore, no silyla-
tion occurred with substrates extended by one carbon atom,
as in 8 and 9, thus indicating the importance of the forma-
tion of a five-membered metallacycle intermediate (see
below). Among the substrates we examined, oxazoline 10
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Cl~ \N Table 2. Rh-catalyzed silylation of 2-arylpyridines with disilane 2.1/
o | \_§ OMe Entry 2-Arylpyridine Product Yield [%]"
N N N
= =
S N | 3
4 s 6 1 N 69 (1:1.1)
12 SiMe, 13
NEt, o - Y |
I
o | | S SN
14 SiMe, 15
7 8 9 _ =
Scheme 3. Failed directing groups. N | N |
oy a,
16 SiMe, 17
L . =
was the only directing group that afforded the silylated ~ | - |
product, although the yield was significantly lower than that 4 O N 7204l
of the corresponding pyridine-based substrate (Scheme 4). SiMe; 19

NS NS
Ok 5 mol% Ok 5 0 N O N 86
NS NS
[RhCl(cod)] .
N+ Me,Si-SiMe, ; N 20 SiMe, 21
toluene .
2equv  q190°C, 15 SiMes 7 7
10 2 11 10% =N =N
Scheme 4. Rhodium-catalyzed silylation of 2-phenyloxazoline 10. 6 O O O O SiMes 3
N N
ph 22 Ph z
. .. ... . . 7 a: R=Me 75
With the optl.m1zed (._‘Ondl'[.IOIlS in hand, w.e .next examined 3 = | . f | b:R=OMe 56 (83:1)
the scope of this reaction with respect to disilanes. The use 9 R SN N~ ¢:R=0iPr 69 (6.7:1)1
of other disilanes, such as (PhMe,Si),, (fBuMe,Si),, and 10 . d: R=NMe, 75"
N i - 11 SiMes . R—CO,Et 519
(Et;Si),, did not afford any silylated products under the reac- b 24 25 R CF 2 g
tion conditions used in this study. The unsuccessful result R
with (PhMe,Si), was slightly unexpected, as it furnished a si- {3 _ N, a:R=OMe 700
lylated product in a C-CN bond silylation reaction under 14 R | R N | b:R=CF; &
almost-identical conditions."! This indicates that the postu- N N
lated rhodium-silyl species is generated even in the case of 26 SiMes
(PhMe,Si),, but that subsequent events, such as C—H bond 27
activation or C-Si bond formation, presumably proceed [a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane

(2.0 mmol), and [RhCl(cod)], (0.05 mmol) in o-xylene (0.5mL) at 130°C,
15 h. [b] Yield of isolated monosilylated product unless otherwise noted.
[c] Combined yield of isolated mono- and disilylated products. The ratio in
the parentheses refers to that of mono- to disilylated product, determined by
"H NMR spectroscopy. [d] Carried out with 4.0 mmol of disilane for 45 h.
[e] Carried out in o-xylene (1 mL). [f] Carried out with 0.10 mmol of [RhCl-
(cod)],.

with difficulty with this silyl group.

We next explored the scope of the Rh'-catalyzed silylation
by using a diverse collection of 2-arylpyridines with 2
(Table 2). Mono- and disilylated products were obtained in
a 1:1.1 ratio in the reaction of 2-phenylpyridine (12). How-
ever, exclusive formation of the monosilylated product was
achieved by employing the bulkier 3-methyl-2-pyridyl direct-
ing group (Table 2, entry 2). This group impedes the forma-

tion of the metallacycle intermediate required for the = H Rh H\Rh\N X
second ortho silylation owing to steric congestion between | L
the 3-methyl group and the silyl group already added ND—s X

(Scheme 5).1 Benzo[h]quinoline (16), in which the pyridine SiMe, SiMe, SiMe,

moiety is fixed to be coplanar with the benzene ring to be si-
lylated, also serves as a good substrate (Table 2, entry 3), al-
though the rate of the reaction was slower than that with
conformationally flexible substrate 14. Pyridine-directed si-

Scheme 5. Steric repulsion by a 3-methyl-2-pyridyl group in the second si-
lylation.

lylation is also applicable to substrates containing extended
7t systems, such as naphthalene (Table 2, entries4 and 5)
and carbazole (Table 2, entry 6). Functional-group compati-
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bility of this reaction was examined by using 2-phenylpyri-
dines bearing a substituent at the meta position (Table 2, en-
tries 7-14). Ether (Table 2, entries 8, 9, and 13), amine
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(Table 2, entry 10), ester (Table 2, entry 11), and fluoroalkyl
(Table 2, entries 12 and 14) groups were all tolerated under
the reaction conditions. In this series of substrates, silylation
occurred specifically at the less-hindered site, with the ex-
ception of alkoxy-substituted substrates 24b and 24 ¢, which
afforded a small amount of disilylated product (Table 2, en-
tries 8 and 9)." The amount of disilylated product was not
significantly affected by the steric bulk of the substituent on
the oxygen atom of the alkoxy group (Table 2, entry 8 vs. 9).
However, exclusive formation of the monosilylated product
was achieved by introduction of a methyl group on the pyri-
dine ring (Table 2, entry 13), as was the case for the sub-
strate with no meta substituent (Table 2, entry 2). As such,
unlike the Pt-catalyzed system,'” substrates with a wide va-
riety of substituents efficiently furnished the corresponding
monosilylated products.

Our success in the carbon-cyano bond cleavage reac-
tion'! led us to examine 2-(3-cyanophenyl)pyridine (28) to
determine the relative reactivity of carbon-cyano and
carbon-hydrogen bonds in the present catalytic system. As a
result, monosilylated product 29, in which the CN group is
replaced by a trimethylsilyl (TMS) group, was obtained in
50% yield, along with disilylated product 30 (21% yield).
This result indicates that the cyano group has a higher reac-
tivity toward the rhodium-silyl species than the ortho C—H
bond of 2-arylpyridines (Scheme 6).

]
NC > cat. [RhCl(cod)],
N4 Me;Si-SiMey, ——
o-xylene
i 130°C, 15 h
28 2 (2 equiv)
g g
Me,Si \N Me,Si \N
+
SiMe,
29 50% 30 21%

Scheme 6. Silylation of a 2-phenylpyridine containing a CN group.

Although the detailed mechanism remains elusive, a pos-
sible catalytic cycle is depicted in Scheme 7. The catalytical-
ly active rhodium-silyl species A is initially generated by
the reaction of [RhCl(cod)], with hexamethyldisilane (2).
For simplicity, Rh'-SiMe; is shown in Scheme 7, although
Rh'"—(SiMe;); is also a possible competent species.”) The
rhodium-silyl species A then activates the ortho C—H bond
of the 2-arylpyridine with the aid of coordination of the pyr-
idine ring. Although several modes of C—H bond activation
are possible,!'l the exact activation mechanism in our cataly-
sis is currently unclear. Activation through oxidative addi-
tion of the C—H bond (i.e., step 1) is one plausible pathway.
Complex B affords the silylated product through C-Si bond-
forming reductive elimination, along with the formation of
rhodium hydride C (step 2). The catalytic cycle is completed
by the reaction of hydride C with disilane, which generates

1588 www.chemasianj.org
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Me;Si—SiMe;
NS
Rh-Cl %v Rh—SiMe;, N
. Rh_
Me,Si~C| A | “SiMe,
Me;Si—H step 3 step 2
a
Rh—H o |
Me;Si—SiMe; c N
SiMe,

Scheme 7. Possible mechanism for the rhodium-catalyzed silylation of 2-
arylpyridines with disilane.

the active rhodium-silyl species A and HSiMe; (step 3). The
role of co-produced HSiMe; as a silylating agent in this cat-
alysis is likely to be less significant owing to unfavorable en-
ergetics in the absence of a hydrogen acceptor (see
Scheme 1).1)

To probe the mechanism of C—H bond activation in our
system, we next examined the kinetic isotope effect of this
reaction. Thus, the rhodium-catalyzed silylation reactions of
2-phenylpyridine 14 and its deuterium-labeled counterpart
31 were performed in a different batch under identical reac-
tion conditions, and the yield of the product in each reaction
was monitored by GC analysis (Table 3)." The yield of the
deuterated compound 32 was found to be slightly higher
than that of 15 at a conversion of 15-65%. These results
clearly indicate that the cleavage of the C—H bond of 2-aryl-
pyridines is not involved in the rate-limiting step of this rho-

Table 3. Kinetic isotope effect.!

= | cat. [RhCl(cod)], = |
i NS
\N 2 (2 equiv) N
o-xylene SiM
0 ivies
14 130 °C 15
cat. [RhCl(cod)], D |
B NS
2 (2 equiv) D N
o-xylene )
130 °C D SiMe;
D
32
Time [h] 0.5 1.0 2.0 3.0
Yield of 15 [% ™ 15 35 50 51
Yield of 32 [%]™ 22 50 56 65
15/32 0.70 0.70 0.89 0.78

[a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane
(2.0 mmol), and [RhCl(cod)], (0.05 mmol) in o-xylene (0.5 mL) at 130°C,
15 h. [b] Yield determined by GC. The values given are the average of
three runs.

Chem. Asian J. 2008, 3, 1585-1591
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dium-catalyzed silylation reaction. Although the origin of
the inverse kinetic isotope effect in our catalysis is a subject
for future study, a similar isotope effect has been observed
in several organometallic processes that involve the cleavage
of C—H bonds."”

To gain further insight into the reaction mechanism, the
reactivity of an electronically different set of 2-arylpyridines
was examined (Table 4). Under the catalytic conditions used

Table 4. Substituent effect.?!

= | cat. [RhCl(cod)], “ |
. R ~
R \N 2 (2 equiv) N
o-xylene )
130 °C SIMe3
Entry R Yield [%]™
10 hl! 15 hlel
1 CF; 76 82
2 H 55 84
3 OMe 24 43

[a] Reaction conditions: 2-arylpyridine (1.0 mmol), hexamethyldisilane
(2.0 mmol), and [RhCl(cod)], (0.05 mmol) in o-xylene (0.5 mL) at 130°C,
15 h. [b] Yield of isolated product. [c] Reaction time.

in this study, an electron-deficient C—H bond was silylated
slightly faster than a 2-arylpyridine with no substituent at
the meta position (Table 4, entry 1 vs. 2). On the other hand,
the yield decreased significantly when an electron-donating
group was introduced (Table 4, entry 3). Thus, the order of
reactivity in this catalysis is as follows: CF;>H > OMe. This
order of reactivity probably reflects the susceptibility of the
rate-limiting step to the electronic nature of the substrate.
As the oxidative addition of the C—H bond (i.e., step 1 in
Scheme 7) is unlikely to be rate-limiting on the basis of the
kinetic isotope effect observed above, reductive elimination
(i.e., step 2 in Scheme 7) is the only possible step that can
be affected by the substituent of the 2-arylpyridine; thus, re-
ductive elimination is presumed to be the rate-limiting step
of the catalytic cycle. The rate acceleration by an electron-
withdrawing group might be rationalized by a rate-limiting
C-Si bond-forming reductive elimination via Meisenheimer-
type intermediate D, which could be stablized by an elec-
tron-withdrawing group at the meta position (o—x coupling
mechanism; Scheme 8). This o-rt coupling mechanism was
also proposed in ruthenium-catalyzed chelation-assisted C—
H bond alkylation, in which C—C bond-forming reductive
elimination is rate-limiting.*¥!

4 Qg Q
R N R N R N
JN T* ’:\h
‘\th\H R “H

SiMe, SiMe,
SiMe;
B D E
Scheme 8. Possible mechanism for the C-Si bond-forming reductive elim-
ination.
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Conclusions

We have developed a rhodium-based catalytic system for
the regioselective silylation of aromatic C—H bonds of 2-ar-
ylpyridines with hexamethyldisilane. In sharp contrast to C-
H silylation with hydrosilanes, no additive is required to
trap the co-product (i.e., hydrosilane) in the present system.
A variety of functional groups, such as ethers, esters, fluo-
rides and amines, are tolerated under the reaction condi-
tions to furnish monosilylated products. As no primary ki-
netic isotope effect was observed, the cleavage of the ortho
C—H bond is not involved in the rate-limiting step of this
catalysis. On the basis of the substituent and the kinetic iso-
tope effect observed, we currently consider that the C-Si
bond-forming reductive elimination is rate-limiting. Ongoing
work seeks to explore a catalytic system that can effect the
cleavage of other unreactive bonds.

Experimental Section
General

'H and C NMR spectra were recorded on a JEOL JMN-270 or JEOL
JMTC-400/54/ss spectrometer in CDCl; with CHCI; as the internal stan-
dard. Data are reported as follows: chemical shifts in ppm (d), multiplici-
ty (s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet), coupling
constant (Hz), integration. Infrared (IR) spectra were obtained on a
Horiba FT-700 spectrometer. Mass spectra were obtained on a Shimadzu
GCMS-QP 5000 or GCMS-QP 2010 instrument with ionization voltages
of 70 eV. Elemental analysis was performed by the Elemental Analysis
Section of Osaka University. High-resolution mass spectrometry
(HRMS) was performed on a JEOL JMS-DX303 spectrometer. Column
chromatography was performed with SiO, (Merck silica gel 60 (230-
400 mesh)).

Materials

Commercially available materials were used as received unless otherwise
noted. Toluene and o-xylene were distilled from CaH,. [RhCl(cod)], and
16 were purchased from Wako Chemicals. Disilane 2 was purchased from
Tokyo Chemical Industry Ltd. Compounds 10 and 12 were purchased
from Aldrich. Compounds 18, 22, 24e, and 28 were prepared from the
Pd-catalyzed cross-coupling reaction of 2-bromopyridine with the corre-
sponding aryl boronic acid.”®! Compound 24d was obtained according to
a previously published method.” Other substituted 2-arylpyridines were
prepared from the Ni-catalyzed cross-coupling reaction of 2-bromopyri-
dine with the corresponding aryl magnesium bromide.!!

Synthesis and Experimental Data

24¢: Colorless oil. R;=0.19 (hexane/EtOAc=10:1); b.p.: 85°C
(0.5 mmHg); IR (neat): #=3074, 2978, 2931, 1585, 1564, 1493, 1385, 1290,
1213, 1117, 995, 966, 883, 771, 744, 694, 640, 615 cm™'; '"H NMR (CDCl,,
270.05 MHz): 6=1.37 (d, /J=5.9 Hz, 6H), 4.68 (sept, /J=4.68 Hz, 1H),
6.95 (dd, J=7.8, 1.9 Hz, 1H), 7.23-7.26 (m, 1H), 7.37 (t, J=7.8 Hz, 1H),
7.52-7.57 (m, 2H), 7.69-7.78 (m, 2H), 8.68 ppm (d, J=4.9 Hz, 1H);
BCNMR (CDCl;, 67.80 MHz): §=22.2, 70.0, 114.3, 116.7, 119.1, 120.5,
122.1, 129.6, 136.6, 140.7, 149.4, 157.2, 1582 ppm; MS (70 eV, EI): m/z
(%)=213 (28) [M]*, 171 (100); elemental analysis: caled (%) for
C,,H;sNO: C78.84, H7.09, N 6.57; found: C 78.63, H 7.08, N 6.40.
General procedure for the rhodium-catalyzed silylation of 2-arylpyridines
with disilane: [RhCl(cod)], (0.05 mmol), 2-arylpyridine (1.0 mmol), hex-
amethyldisilane (2.0 mmol), and o-xylene (0.5 mL) were added to an
oven-dried 10-mL two-necked flask under a gentle stream of nitrogen.
The mixture was stirred for 15h at 130°C under N, atmosphere. The
product was isolated by silica-gel column chromatography.

www.chemasianj.org 1589
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3: Colorless oil. R;=0.21 (hexane/EtOAc=>5:1); b.p.: 130°C (2.0 mmHg);
IR (neat): 7=3074, 2954, 2897, 1587, 1564, 1473, 1410, 1248, 1194, 1149,
1097, 1053, 1026, 993, 877, 837, 791, 762, 690, 623, 569 cm™'; 'H NMR
(CDCl,, 270.05 MHz): 6=-0.13 (s, 9H), 1.99 (s, 3H), 7.18-7.23 (m, 3H),
7.42 (dd, J=6.9, 2.1 Hz, 1H), 7.65 (td, /=7.6, 2.1 Hz, 1H), 8.61-8.64 ppm
(m, 1H); C NMR (CDCl,, 67.80 MHz): 6=0.2, 20.4, 121.8, 124.9, 127.2,
130.7, 132.0, 135.0, 135.6, 138.4, 146.3, 148.9, 160.9 ppm; MS (70 eV, EI):
mlz (%)=241 (3) [M]*, 226 (100); elemental analysis: calcd (%) for
C;sH;yNSi: C74.63, H7.93, N 5.80; found: C 74.39, H 7.69, N 5.77.

11: Colorless oil. R;=0.31 (hexane/EtOAc=5:1); b.p.: 80°C (2.0 mmHg);
IR (neat): 7=3057, 2968, 2895, 1657, 1462, 1435, 1352, 1309, 1282, 1246,
1213, 1190, 1128, 1095, 1059, 1041, 991, 968, 926, 845, 781, 733, 690,
621 cm™; '"H NMR (CDCl;, 270.05 MHz): 6=0.32 (s, 9H), 1.41 (s, 6H),
4.12 (s, 2H), 7.36-7.45 (m, 2H), 7.63 (dd, J=6.4, 2.6 Hz, 1H), 7.90 ppm
(d, J=6.8 Hz, 1H); "*CNMR (CDCl;, 67.80 MHz) 6=0.6, 28.4, 67.4,
79.4, 128.8, 129.9, 130.1, 135.2, 140.4, 164.4 ppm; MS (70 eV, EI): m/z
(%)=247 (16) [M]*, 232 (100); HRMS: m/z caled for C,H,NOSi:
247.1392; found: 247.1385.

13: Obtained as a mixture of mono- and disilylated products. R;=0.23
(hexane/EtOAc=15:1); IR (neat): #=3049, 2952, 2897, 1587, 1562, 1475,
1427, 1390, 1248, 1147, 1124, 1099, 1051, 1022, 991, 856, 839, 800, 771,
752, 729, 688, 621, 463 cm™'; '"H NMR (CDCl,, 270.05 MHz): 6 =—0.09 (s,
disilylated product), 0.08 (s, monosilylated product), 7.24-7.51 (m), 7.63—
7.77 (m), 8.64-8.68 ppm (m); *C NMR (CDCl;, 67.80 MHz): 6=0.4, 0.9,
121.8, 122.4, 122.9, 125.6, 126.3, 127.3, 128.5, 128.6, 135.1, 135.3, 135.3,
136.2, 138.0, 139.2, 146.8, 1483, 1484, 1529, 161.2, 162.9 ppm; MS
(70 eV, EI): monosilylated product: m/z (%)=226 (4) [M—H]*, 212
(100); disilylated product: m/z (%)=298 (1) [M—H]*, (100); HRMS:
monosilylated product: m/z caled for C;,H;NSi: 227.1130; found:
227.1104; disilylated product: m/z calcd for C,;;H,sNSi,: 299.1526; found:
299.1486.

15: Colorless oil. R;=0.26 (hexane/EtOAc=5:1); bp.: 130°C
(1.5 mmHg); IR (neat): #=3051, 2952, 2897, 1583, 1570, 1458, 1442, 1419,
1250, 1126, 1092, 849, 841, 795, 758, 731cm™'; 'HNMR (CDCl,,
270.05 MHz): 6=—0.05 (s, 9H), 2.15 (s, 3H), 7.18-7.23 (m, 2H), 7.34-
741 (m, 2H), 7.55 (d, J=7.8 Hz, 2H), 7.65-7.68 (m, 1H), 8.47 ppm (d,
J=4.6Hz, 1H); "CNMR (CDCl;, 67.80 MHz): 6=-0.1, 19.7, 122.3,
126.8, 128.3, 128.3, 131.4, 134.9, 137.5, 138.4, 145.8, 146.4, 161.0 ppm; MS
(70 eV, EI): m/z (%)=240 (2) [M—H]*, 226 (100); elemental analysis:
caled (%) for C;sH (NSi: C 74.63, H 7.93, N 5.80; found: C 74.51, H 7.76,
N 5.74.

17: White solid. R;=0.40 (hexane/EtOAc=25:1); m.p.: 110-111°C; IR
(KBr): 7=3043, 3016, 2951, 2935, 2897, 1502, 1406, 1240, 1107, 933, 829,
773, 746, 721, 663, 619 cm™'; '"H NMR (CDCl;, 270.05 MHz): 6 =0.46 (s,
9H), 7.53 (dd, J=7.8, 4.3 Hz, 1 H), 7.67-7.23 (m, 2H), 7.86 (d, J=8.6 Hz,
1H), 7.95 (d, J=7.6 Hz, 1H), 8.12 (d, J=7.3 Hz, 1 H), 820 (d, J=7.8 Hz,
1H), 8.90 ppm (d, J=4.3 Hz, 1H); *C NMR (CDCL, 67.80 MHz) 6=33,
121.3, 124.6, 126.5, 127.3, 128.7, 129.2, 133.5, 135.2, 135.7, 135.9, 138.6,
145.4, 146.4 ppm; MS (70 eV, EI): m/z (%) =250 (1) [M—H]"*, 236 (100);
elemental analysis: caled (%) for C,,H;NSi: C76.44, H 6.82, N 5.57;
found: C 76.33, H 6.77, N 5.52.

19: Colorless oil. R;=0.34 (hexane/EtOAc=10:1); b.p.: 130°C
(0.5 mmHg); IR (neat): #=3053, 2951, 2897, 1587, 1566, 1477, 1423, 1284,
1243, 1082, 975, 889, 841, 787, 769, 746, 685, 476 cm™'; 'H NMR (CDCl,,
270.05 MHz): 6=0.17 (s, 9H), 7.26-7.32 (m, 1 H), 7.48-7.54 (m, 2H), 7.64
(d, J=7.6, 1H), 7.79-7.94 (m, 4H), 82 (s, 1H), 8.68 ppm (d, J=4.1 Hz,
1H); *CNMR (CDCl,;, 67.80 MHz): 6=1.2, 121.8, 122.9, 126.2, 126.6,
127.4, 127.6, 127.8, 1323, 133.1, 136.3, 136.4, 137.2, 143.5, 1483,
161.1 ppm; MS (70eV, EI): m/z (%)=263 (6) [M—14]*, 262 (100)
[M—Me]*; elemental analysis: caled (%) for CisH;oNSi: C 77.93, H 6.90,
N 5.05; found: C 77.93, H 6.95 N 5.10.

21: Colorless oil. R;=023 (hexane/EtOAc=5:1); b.p.: 150°C
(2.5 mmHg); IR (neat): #=3051, 2952, 2895, 1585, 1562, 1502, 1471, 1427,
1377, 1248, 1149, 1105, 1026, 995, 876, 841, 816, 783, 760, 652 cm™';
'"H NMR (CDCl,, 270.05 MHz): 6 =0.01 (s, 9H), 7.33-7.49 (m, SH), 7.72-
791 (m, 4H), 879ppm (d, J=43Hz, 1H); “CNMR (CDCl,
67.80 MHz): 6=0.2, 122.3, 125.8, 125.9, 126.0, 126.1, 127.1, 127.7, 130.3,
131.8, 133.5, 135.6, 136.2, 145.0, 149.2, 160.1 ppm; MS (70 eV, EI): m/z
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(%)=277 (2) [M]*, 262 (100); elemental analysis: caled (%) for
CigHoNSi: C77.93, H 6.90, N 5.05; found: C 77.80, H 6.85, N 5.09.

23: Yellow solid. R;=0.19 (hexane/EtOAc=5:1); m.p.: 116-117°C; IR
(KBr): 7=3060, 3010, 2949, 2895, 1585, 1545, 1500, 1454, 1425, 1406,
1362, 1329, 1227, 1151, 1082, 837, 791, 762, 744, 698, 663 cm™'; 'H NMR
(CDCl;, 270.05 MHz): 6=0.10 (s, 9H), 7.20-7.34 (m, 2H), 7.39-7.52 (m,
3H), 7.59-7.70 (m, 5H), 7.75-7.77 (m, 2H), 8.15 (d, J=7.6 Hz, 1 H), 8.27
(s, 1H), 8.65 ppm (d, /J=4.3 Hz, 1 H); "C NMR (CDCl,, 67.80 MHz): § =
1.4, 108.3, 109.9, 110.0, 116.8, 119.9, 120.4, 120.6, 121.4, 122.9, 123.2,
126.2, 126.9, 127.3, 129.8, 136.3, 136.3, 137.4, 137.4, 140.1, 141.3, 148.1,
161.6 ppm; MS (70 eV, El): m/z (%)=392 (2) [M]*, 378 (32), 377 (100),
189 (18); HRMS: m/z calcd for C,sH,,N,Si: 392.1709; found: 392.1713.
25a: Colorless oil. R;=0.32 (hexane/EtOAc=5:1); b.p.: 130°C
(2.0 mmHg); IR (neat): #=3051, 3012, 2952, 2897, 1587, 1568, 1475, 1425,
1248, 1149, 1099, 1051, 995, 881, 839, 791, 768, 748, 682, 648, 584,
472 cm™'; 'TH NMR (CDCl,, 270.05 MHz): d=0.06 (s, 9H), 2.40 (s, 3H),
7.21-7.29 (m, 3H), 7.48 (d, J=7.6 Hz, 1H), 7.60 (d, J=7.6 Hz, 1H), 7.73
(td, J7=7.6, 1,6 Hz, 1H), 8.63 ppm (d, /J=4.6 Hz, 1H); *C NMR (CDCl,,
67.80 MHz): 0=0.9, 21.3, 121.8, 122.9, 128.1, 129.4, 135.4, 135.6, 136.1,
138.5, 147.0, 148.3, 1613 ppm; MS (70eV, EI): m/z (%)=240 (3)
[M—H]*, 226 (100); HRMS: m/z caled for CsH (NSi: 241.1287; found:
241.1244.

25b: White solid. R;=0.30 (hexane/EtOAc=5:1); m.p.: 53-54°C; IR
(KBr): #=3051, 3005, 2960, 2947, 2897, 2835, 1589, 1554, 1473, 1423,
1404, 1304, 1277, 1252, 1215, 1180, 1151, 1103, 1053, 1030, 879, 841, 831,
793, 762, 762, 754, 727, 681 cm™'; 'H NMR (CDCl;, 270.05 MHz): 6 =0.05
(s, 9H), 3.85 (s, 3H), 6.95 (dd, J=8.1, 2.4 Hz, 1H), 7.02 (d, J=2.4 Hz,
1H), 7.24-7.26 (m, 1H), 7.48 (d, J=7.6 Hz, 1H), 7.62 (d, /=8.1 Hz, 1H),
7.75 (td, J=7.6, 1.6 Hz, 1H), 8.65ppm (d, /=43 Hz, 1H); "C NMR
(CDCl;, 67.80 MHz): 6=1.0, 55.2, 112.9, 114.6, 122.0, 122.9, 130.2, 136.2,
136.8, 148.3, 148.5, 159.8, 161.0 ppm; MS (70 eV, EI): m/z (%) =256 (1)
[M—H]*, 242 (100); elemental analysis: caled (%) for C;sH;,NOSi:
C69.99, H7.44, N 5.44; found: C 69.98, H7.28, N 5.42.

25¢: Colorless oil. R;=0.30 (hexane/EtOAc=10:1); b.p.: 130°C
(1.5 mmHg); IR (neat): 7=23060, 2978, 2951, 2897, 1591, 1552, 1471, 1425,
1383, 1302, 1248, 1209, 1107, 1051, 1032, 995, 968, 839, 793, 768, 748, 685,
615cm™; '"HNMR (CDCl;, 270.05 MHz): 6=0.04 (s, 9H), 1.35 (d, J=
5.9 Hz, 6H), 4.62 (sept, /=59 Hz, 1H), 6.92 (dd, J=8.1, 2.4 Hz, 1H),
7.00 (d, J=2.4 Hz, 1H), 7.24-7.29 (m, 1H), 7.47 (d, J=7.6 Hz, 1H), 7.59
(d, J=8.1Hz, 1H), 7.74 (td, J=7.6, 1.6 Hz, 1H), 8.64 ppm (d, /=4.1 Hz,
1H); "CNMR (CDCl;, 67.80 MHz): 6=1.1, 222, 69.7, 114.5, 116.4,
121.9, 122.8, 129.9, 136.2, 136.8, 1482, 148.4, 1582, 161.0 ppm; MS
(70 eV, EI): m/z (%)=270 (89) [M—Me]*, 228 (100); HRMS: m/z calcd
for Cj;H,;NOSI: 285.1549; found: 286.1636.

25d: White solid. R;=0.20 (hexane/EtOAc=5:1); m.p.: 109-110°C; IR
(KBr): 7=3078, 3047, 2954, 2893, 1603, 1585, 1537, 1427, 1363, 1250,
1227, 1107, 854, 835, 795, 758 cm™"; '"H NMR (CDCl;, 270.05 MHz): 6 =
0.04 (s, 9H), 3.00 (s, 6H), 6.77-6.81 (m, 2H), 7.24-7.28 (m, 1H), 7.49 (d,
J=78Hz, 1H), 7.56 (d, J=7.8 Hz, 1H), 7.73 (td, J=7.6, 1.6 Hz, 1H),
8.65ppm (d, J=4.6 Hz, 1H); "CNMR (CDCl,, 67.80 MHz): 6=1.0,
404, 111.4, 113.0, 121.7, 123.1, 124.5, 136.0, 136.3, 148.1, 148.3, 150.5,
162.1 ppm; MS (70 eV, EI): m/z (%)=270 (1) [M]*, 255 (100); elemental
analysis: caled (%) for C;¢H,,N,Si: C71.06, H8.20, N 10.36; found:
C71.01, H 8.09, N 10.34.

25e: Colorless oil. R;=0.24 (hexane/EtOAc=10:1); b.p.: 175°C
(1.5 mmHg); IR (neat): 7=3059, 2981, 2954, 2898, 1720, 1587, 1568, 1477,
1427, 1398, 1367, 1309, 1246, 1124, 1095, 1084, 843, 795, 756 cm™;
'HNMR (CDCl,, 270.05 MHz): 6=0.10 (s, 9H), 1.39 (t, J=7.0 Hz, 3H),
439 (q, J=7.0 Hz, 2H), 7.28 (dd, J=6.5, 4.6 Hz 1H), 7.55 (d, J=8.1 Hz,
1H), 7.73-7.81 (m, 2H), 8.04 (dd, /=76, 1.4 Hz, 1H), 8.13 (s, 1H),
8.64 ppm (d, J=4.6 Hz, 1H); "CNMR (CDCL, 67.80 MHz): 6=0.8,
144, 61.0, 122.2, 122.8, 127.8, 128.9, 130.5, 135.5, 136.4, 145.5, 146.9,
1483, 160.2, 166.3 ppm; MS (70 eV, EI): m/z (%)=298 (3) [M—H]*, 284
(100); elemental analysis: caled (%) for C;H,NO,Si: C68.19, H 7.07,
N 4.68; found: C 68.16, H 6.91, N 4.70.

25f: Colorless oil. R;=0.34 (hexane/EtOAc=20:1); b.p.: 115°C
(2.0 mmHg); IR (neat): #=23066, 3020, 2954, 2898, 1589, 1570, 1477, 1400,
1338, 1281, 1252, 1171, 1128, 1066, 993, 904, 854, 837, 793, 771, 748, 690,
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658, 621, 484 cm™'; '"H NMR (CDCl;, 270.05 MHz): 6=0.11 (s, 9H), 7.32
(dd, J=7.3, 5.1 Hz, 1H), 7.53 (d, J=8.1 Hz, 1H), 7.63 (d, J=7.8 Hz, H),
7.70 (s, 1H), 7.76-7.85 (m, 2H), 8.67 ppm (d, /=4.9 Hz, 1H); "C NMR
(CDCl;, 67.80 MHz): 6=0.7, 122.5, 122.8, 123.6 (q, /=3.9 Hz), 124.0 (q,
J=271.1Hz), 124.8 (q, J=3.9 Hz), 130.7 (q, /J=32.3 Hz), 135.8, 136.5,
1443, 1474, 148.5, 159.8 ppm; MS (70eV, EI): miz (%)=294 (4)
[M—H]*, 280 (100); elemental analysis: caled (%) for C;sH;FsNSi:
C60.99, H 5.46, N 4.74; found: C 60.83, H 5.57, N 4.72.

27a: Colorless oil. R;=0.17 (hexane/EtOAc=5:1); b.p.: 155°C
(3.5 mmHg); IR (KBr): 7=3066, 2958, 2898, 1597, 1581, 1556, 1462, 1427,
1302, 1248, 1213, 1174, 1117, 1097, 1059, 1034, 883, 837, 808, 761, 748,
731, 700, 683, 594cm™'; 'HNMR (CDCl;, 270.05 MHz): 6=-0.08 (s,
9H), 2.16 (s, 3H), 3.81 (s, 3H), 6.74 (d, J=2.4 Hz, 1H), 6.92 (dd, J=38.1,
2.4 Hz, 1H), 7.21 (dd, J=17.6, 4.9 Hz, 1H), 7.54-7.59 (m, 2H), 8.47 ppm
(d, J=3.8Hz, 1H); "CNMR (CDCl;, 67.80 MHz): 6=0.0, 19.7, 55.2,
112.7, 1142, 122.5, 129.5, 131.5, 136.4, 137.7, 1457, 147.8, 159.6,
160.6 ppm; MS (70 eV, EI): m/z (%)=257 (21) [M—-14]*, 256 (100)
[M—Me]*; elemental analysis: caled (%) for C;sH,NOSi: C 70.80,
H 7.80, N 5.16; found: C 70.90, H 7.74, N 5.17.

27b: Colorless oil. R;=0.36 (hexane/EtOAc=5:1); b.p.: 130°C
(2.0 mmHg); IR (neat): #=3053, 2954, 2898, 1585, 1572, 1446, 1392, 1336,
1281, 1252, 1169, 1068, 1057, 860, 843, 800, 791, 771, 758, 737, 721, 683,
633 cm™'; '"H NMR (CDCl;, 270.05 MHz): 6=0.02 (s, 9H), 2.15 (s, 3H),
7.22-7.27 (m, 1H), 7.46 (s, 1H), 7.58-7.63 (m, 2H), 7.80 (d, /=7.8 Hz,
1H), 8.49 ppm (d, /=43 Hz, 1H); "CNMR (CDCl;, 67.80 MHz): 6=
—-0.3, 16.6, 122.9, 123.3 (q, /=3.9 Hz), 124.0 (q, /=271.1 Hz), 1249 (q,
J=3.9 Hz), 130.4 (q, /=323 Hz), 131.4, 135.5, 137.9, 143.8, 146.1, 147.0,
159.6 ppm; MS (70 eV, EI): m/z (%)=308 (2) [M—H]*, 294 (100); ele-
mental analysis: caled (%) for C;H;sFsNSi: C62.11, H5.86, N 4.53;
found: C 61.88, H 5.90, N 4.58.

29: Colorless oil. R;=037 (hexane/EtOAc=5:1); b.p.: 110°C
(2.0 mmHg); IR (neat): #=23084, 3051, 3006, 2954, 2897, 1587, 1564, 1460,
1431, 1389, 1282, 1250, 1174, 1153, 1120, 1095, 1041, 991, 858, 838, 771,
754, 694, 638, 620 cm™'; 'H NMR (CDCl,, 270.05 MHz): 6=0.32 (s, 9H),
7.22-7.26 (m, 2H), 7.47 (t, J=7.6 Hz, 1H), 7.59 (d, J=7.6 Hz, 1H), 7.72—
7.80 (m, 2H), 7.95 (d, J=8.1 Hz, 1H), 8.12 (s, 1H), 8.71 ppm (d, J=
4.6 Hz, 1H); "CNMR (67.80 MHz): 6=—0.9, 120.7, 121.9, 127.4, 128.0,
131.7, 133.9, 136.6, 138.5, 140.9, 157.8 ppm; MS (70 eV, EI): m/z (%)=
227 (27) [M]*, 212 (100); elemental analysis: calcd (%) for C,;H;;NSi:
C73.95, H7.54, N 6.16; found: C 74.06, H 7.32, N 6.36.

30: Colorless oil. R;=0.14 (hexane/EtOAc=20:1); b.p.: 120°C
(2.0 mmHg); IR (neat): #=3051, 3010, 2954, 2897, 1587, 1566, 1475, 1425,
1367, 1250, 1157, 1130, 1038, 993, 841, 793, 752, 694, 636, 586, 480,
445 cm™'; '"HNMR (CDCl,, 270.05 MHz): 6=0.07 (s, 9H), 0.29 (s, 9H),
7.26-7.30 (m, 1H), 7.48-7.57 (m, 3H), 7.68-7.79 (m, 2H), 8.65 ppm (d,
J=43Hz, 1H); "CNMR (CDCl,;, 67.80 MHz): 6=-1.1, 0.8, 121.8,
123.1, 132.2, 133.3, 133.6, 134.5, 136.2, 139.7, 141.0, 148.4, 161.6 ppm; MS
(70 eV, EI): m/z (%)=298 (2) [M—H]*, 284 (100); elemental analysis:
caled (%) for C;;H,sNSi,: C 68.16, H 8.41, N 4.68; found: C 68.43, H 8.19,
N 4.90.
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