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Silver(1)-promoted carbene insertion into X—H (X = Si, Sn, and Ge)
bonds has been realized by using unstable diazo compounds, which
are generated in situ from N-nosylhydrazones as carbene precursors.
The reaction tolerates a wide range of functional groups and delivers
a number of valuable silicon-containing compounds in very high
yields (up to 96%). Moreover, organostannanes and organogermanes
were as well effectively obtained in very good yields under optimal
conditions.

Organosilicon compounds are well known to be highly attractive
scaffolds and valuable compounds, which have broad applications
in organic synthesis," materials chemistry,” and pharmaceuticals.®
Transition-metal-catalyzed carbenoid insertion into Si-H bonds
with diazo compounds represents a particularly important con-
tribution to synthesize such compounds.* In 1962, Kramer and
Wright first reported the carbene insertion into Si-H bonds from
diazoalkanes with organosilicon.” Since then, great efforts
based on transition metal catalysts, such as rhodium,® copper,”
iron,? iridium,® and silver salts,'® have been made in inducing
Si-H insertion from diazo compounds. Among them, electron-
withdrawing-group (EWG)- or trimethylsilyl (TMS)-group-stabilized
diazo compounds were successfully implemented as carbene pre-
cursors in Si-H insertion reactions (Fig. 1a). However, the utiliza-
tion of donor diazo compounds in such transformations was not
well documented, which significantly limits their further applica-
tion in organic synthesis. For this reason, the exploration of new
strategies and reagents for the rapid assembly of silicon-containing
compounds via transition-metal-catalyzed Si-H insertion from
unstable diazoalkanes would be highly desirable.

On the other hand, sulfonylhydrazones as reliable diazo
sources have been widely used in transition-metal catalyzed
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Fig. 1 Transition-metal-catalyzed insertion into the Si-H bond.

transformations,"* particularly in heteroatom-hydrogen insertion
reactions such as N-H,'* O-H,** P-H'* and S-H"" insertions. To
the best of our knowledge, there is no report that demonstrates
the direct use of such diazo precursors in Si-H insertions.
Promoted by these facts and given the continuous interest in
silver catalysis,'® we envisaged that silver salts could be employed
in catalyzing Si-H insertion reactions with N-tosylhydrazones as
diazo sources. Herein, we report the first example of donor and
donor/donor carbenoid insertion into Si/Sn/Ge-H bonds to access
a wide range of tetraorganosilanes/stannanes/germanes, which
are difficult to access using other methods (Fig. 1b)."”

An exploratory experiment was conducted with N-tosylhydrazone
1a’ and triethylsilane 2a in the presence of 30 mol% of AgOTf in
CH,Cl, at 40 °C under a N, atmosphere. The desired insertion
product 3aa was obtained, although the yield was only 15% (Table 1,
entry 1). To improve the yield of the desired product, a nitro
group was introduced into the aromatic ring, which stemmed
from our previous observation of the rapid decomposition of
o-nosylhydrazide at room temperature.'® Notably, the yield was
significantly improved to 57% when N-nosylhydrazone 1a was
used to generate the diazo intermediate. Inspired by these results,
further optimization of the reaction conditions was performed.
The reaction temperature was found to be a crucial parameter
for this transformation. When the reaction was carried out at
80 °C, the yield was increased to 84% (Table 1, entry 3). Notably,
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Table 1 Optimization of the reaction conditions?
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Table 2 Reaction scopes with respect to N-nosylhydrazones®?

NaH (1.5 equiv)
cat., solv. SiEt
PA"SNNHR + EtzSiH ——MM 8
temp., N5, 24 h Ph” "H
1a',R=Ts

1a,R = Ns 2a -N, 3aa
Entry R Cat. (30 mol%) Solvent Temp. (°C) Yield 3aa” (%)
1 Ts AgOTf CH,Cl, 40 15
2 Ns AgOTf CH,Cl, 40 57
3 Ns AgOTf CH,Cl, 80 84 (81)%
4 Ns AgOAc CH,Cl, 80 55
5 Ns AgOTAF CH,Cl, 80 60
6 Ns AgF CH,Cl, 80 28
7 Ns Ag,CO; CH,Cl, 80 34
8 Ns AgOTf 1,4-Dioxane 80 20
9 Ns AgOTf PhCl 80 6
10 Ns AgOTf MeCN 80 <5
11 Ns AgOTf CICH,CH,Cl 80 32
12 Ns Cu(OTf), CH,Cl, 80 7
13 Ns Cu(MeCN);PFs CH,Cl, 80 10
14° Ns Rh,(OAc), CH,Cl, 80 25

“ Reaction conditions: 1a (0.3 mmol), 2a (1.5 mmol), NaH (0.45 mmol), and
the catalyst (30 mol%) in solvent (6.0 mL) for 24 h under a N,-atmosphere.
% Yield calculated by *"H-NMR spectroscopy with CH,Br, as the internal
standard. ° Rh,(OAc), (5 mol%) was used. ? Isolated yield in brackets.

side products like H, and NaNs were probably produced from
the decomposition of N-nosylhydrazones. Compared to AgOTf,
other silver catalysts (AgOAc, AgOTAF, AgF and Ag,COs; Table 1,
entries 4-7) are less effective in this transformation, although
the desired products were obtained. The screening of solvents
(Table 1, entries 8-11) identified CH,Cl, as the most suitable
solvent. Other commonly used transition-metal catalysts in catalytic
Si-H insertion reaction with diazo compounds, such as Cu(OTf),,””
Cu(MeCN),PF,,” and Rh,(OAc),,® were also tested but did not
produce better results (Table 1, entries 12-14).

Once the optimal reaction conditions were established, efforts
were then focused on the scope of this method. As shown in
Table 2, a series of N-nosylhydrazones 1b-s worked well with
triethylsilane 2a, furnishing the corresponding insertion products
3ba-sa efficiently. For N-nosylhydrazones derived from benzalde-
hyde derivatives, a variety of electron-donating (Ph or MeO) or
electron-withdrawing groups (Cl, CN, CO,Me, I, Br, or F;C) located
at the para-, meta- or ortho-position of the aromatic ring were all
compatible, thus affording the corresponding insertion products
(3ba—ja) in good to high yields. Among these cases, the tolerance
of iodo (3ga) and bromo (3ja) groups on the aromatic rings, which
provide a basis for subsequent derivatization of the product
into more-complex molecules, is especially noteworthy. More
importantly, this reaction is compatible with N-nosylhydrazones
bearing a heteroaryl group such as furan (3ka), thiophene (3la)
and indole (3ma). This feature makes the reaction particularly
useful for the synthesis of silicon-based materials.> Furthermore,
N-nosylhydrazones derived from aromatic ketones can be employed
without loss in efficiency (3na-qa, 45-84% yields). Finally, the
reaction was also efficient with N-nosylhydrazones derived
from unsaturated aldehydes and gave allylic and propargylic
silane products (3ra and 3sa), which are hard to access using
conventional methods. Unfortunately, N-nosylhydrazones generated
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NaH (1.5 equiv)
NNHNs AgOTf (30 mol %) SiEt,
A, + EtsSiH > L,
R R CH,Cl,, Ny, 80°C, 24 h R"R
1b-u 2a -N, 3ba-ua
/©/\SiEt3 /©/\SiEt3 /@\SiEts /©/\SiEt3
Cl NC MeO,C Ph
3ba, 96% 3ca, 68% 3da, 82% 3ea, 76%
@f\SiEt;, @:‘SiEt3 Meo\©/\SiEt3 F3C\(>/‘Sia3
Cl I
3fa, 75% 3ga, 69% 3ha, 51% 3ia, 72%
SiEt
MeO. . 3
\(:(\SlEts (/]/\snzt3 a SiEt, (j\/\é_
B
r o} S NoTq
3ja, 55% 3ka, 46% 3la, 58% 3ma, 37%
SiEt, SiEt, SiEt, SiEt,
3na, 54% 30a,84% 3pa, 80% 3qa, 45%
PRNsiEl TS gy, PN siEg (rsie
3ra, 50% 3sa, 82% 3ta, 0% 3ua, 0%

¢ Reaction conditions: 1b-1u (0.3 mmol), 2a (1.5 mmol), NaH (0.45 mmol),
and AgOTf (30 mol%) in CH,Cl, (6.0 mL) for 24 h under a N,-atmosphere.
b Isolated yield.

from aliphatic aldehydes or ketones, such as 3ta and 3ua, were not
compatible under the current conditions (Table 2).

Next, the scope of silanes was evaluated. A broad range of
silanes reacted smoothly with N-nosylhydrazone 1b. As illustrated
in Table 3, the reaction between trialkyl-substituted silanes and
N-nosylhydrazone 1b proceeded efficiently to afford the insertion
products 3bb-be in very high yields. For aryl-substituted silanes,
there is a significant drop in yields with the increasing number of
aryl substituents on the silicon atom (3bg, 3bh), presumably due
to steric hindrance. It is worth mentioning that strong electron-
withdrawing groups, i.e.—-CFj3, have a negative impact on the yield
of the desired insertion product (3bf). Silane bearing flexible
tri-TMS groups was amenable to this transformation, affording
desired compounds in 68% yield (3bi).

Encouraged by the successful carbenoid Si-H bond insertion,
we proceeded to explore the same strategy for other similar types
of o bonds, including Sn-H and Ge-H bonds, which have
received little attention to date.*>’®'° As shown in Table 3, a
variety of N-nosylhydrazones, both derived from aldehydes and
ketones, were excellent substrates for Sn-H bond (3bj-br) and
Ge-H bond (3bs) insertions, thus affording the desired products
in moderate-to-good yields, which further expanded the scope of
this protocol in X-H bond insertion.

To establish practical laboratory-scale utility, scale-up experi-
ments were carried out for N-nosylhydrazones l1a and 1b
(Scheme 1). The reaction proceeded efficiently, and the corres-
ponding silanes could be isolated on a gram scale. Further-
more, the silane 3aa can be further transformed into diversely

This journal is © The Royal Society of Chemistry 2017
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Table 3 Reaction scopes with respect to organic Si/Sn/Ge—H??

NaH (1.5 equiv)

NNHNs AgOTf (30 mol %) XR'R2R3
gl g2 + R'RZR3XH L
CH,Cl, N, 80°C,24h R R
1 2b-m -N; 3bb-bs
) » s
/©/‘s|(n-su)3 /©/‘s|(/-Pr)3 /@”?u\a
cl cl cl
3bb, 93% 3bc, 86% 3bd, 82%
CF,
s ; 4
e oG O
cl al \ cl
CF,
3be, 96% 3bf, 66% 3bg, 95%
/©/‘3iph3 /©/‘3i(TMS)3 /©/‘3n(n-su)3
cl cl cl
3bh, 45% 3bi, 68% 3bj, 91%
/©/\Snph3 @/‘sn(n-su>3 /@” Sn(n-Bu);
cl Me Ph
3bk, 50% 3bl, 70% 3bm, 84%
MeO. Sn(n-Bu)z
Sn(n-Bu
@(\Sn("-Bu)s \©/\ (8u)s ©)\CH3
cl
3bn, 56% 3bo, 78% 3bp, 76%
Sn(n-Bu Sn(n-Bu
(n-Buls (n-Bus /@AGe(n-Bu)s
CH,
o9 0 o«
3bq, 82% 3br, 52% 3bs, 88%

4 Reaction conditions: 1 (0.3 mmol), 2b-2m (1.5 mmol), NaH (0.45 mmol),
and AgOTf (30 mol%) in CH,Cl, (6.0 mL) for 24 h under a N,-atmosphere.
b Isolated yield.

NaH (1.5 equiv) SiEt;
AgOTf (30 mol %)

N
gNNHNS + EtgSiH
R

CH,Cl,, 80°C,24h R

2a
1aR=H 3aa,1.09 g, 76%
1bR=CI 3ba,1.53 g, 92%
1) NBS, benzoyl peroxide fo)
0
CCl,, 66 °C, 18 h Ph)LSiEtS
2) AgOAc, 11,16 h
C,Hs0H, acetone, H,O 4,85%
3aa
) TMS
1) n-BuLi/KOtBu/ HTMP PN
Ph™ "SiEt;
2) TMSCI (3.0 equiv.) 5 92%

-78 °C, 30 min

Scheme 1 Gram-scale experiment and synthetic application.

functionalized silanes. For example, phenyl-(triethylsilyl)-
methanone 4 and geminal bis(silane) product 5 can be readily
prepared from 3aa via multi-step procedures, respectively.

This journal is © The Royal Society of Chemistry 2017
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Obviously, these functionalized organosilicon compounds are
potentially powerful synthetic intermediates.>

In summary, we have developed the first practical and efficient
silver(1)-promoted carbenoid insertion into X-H (X = Si, Sn, and Ge)
bonds with donor diazo compounds generated i situ from N-nosyl-
hydrazones. Moreover, the wide substrate scope and high efficiency
of the current transformations make them attractive methods to
access organosilanes, organostannanes and organogermanes.
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