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研究成果の概要（和文）：　３年の研究期間を通して、以下の研究成果を挙げることができた。なお、項目１）と３）
については、国際学術雑誌に速報論文が掲載済みである。１）亜鉛ルイス酸触媒による N-未置換インドールの脱水素 
N-シリル化反応，２）亜鉛ルイス酸触媒による N-置換インドールの脱水素 C3-シリル化反応，３）亜鉛ルイス酸触媒
による末端アルキンの脱水素シリル化反応，４）亜鉛ルイス酸触媒によるインデン誘導体の脱水素シリル化反応。

研究成果の概要（英文）： During the research period of three years, I developed the following four types 
of deydrogenetive couplings for synthesizing useful organosilicon compounds: 1) zinc Lewis acid-catalyzed 
dehydrogenative N-silylation of N-unsubstituted indoles; 2) zinc Lewis acid-catalyzed dehydrogenative 
C3-silylation of N-substituted indoles; 3) zinc Lewis acid-catalyzed dehydrogenative silylation of 
terminal alkynes; 4) zinc Lewis acid-catalyzed dehydrogenative silylation of indenes.

研究分野：有機合成化学

キーワード： 触媒設計・反応　ルイス酸　脱水素シリル化　インドール　アルキン　アルケン
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様	
 式	
 Ｃ－１９、Ｆ－１９、Ｚ－１９（共通）	
 

１．研究開始当初の背景 
	
 ケイ素官能基は，容易に着脱可能な使い勝
手の良さから，生理活性天然物等の多段階合
成プロセスにおける反応性官能基の保護基
として合成化学上重要な役割を担っている。
この合成中間体としての有用性に加えて，有
機ケイ素化合物は，檜山カップリング・細見
–櫻井反応等に代表される，数多くの有機変
換反応の反応剤として重要な位置付けにあ
るほか，ケイ素原子特有の σ–π共役効果の発
現により，光電子材料としても注目されてい
る肝要な化合物である。本申請課題では，脱
水素シリル化による N-シリルインドール，
C3-シリルインドール，アルキニルシランお
よびアリルシランの合成法の確立を目指し
たが，これらの化合物をターゲットとしたの
は，合成中間体・反応剤・光電子材料として
の需要が多い一方で，既存の合成法は特に，
原子効率・官能基許容性・反応操作性の面で
問題を抱えていたからである。例えば，前出
の有機ケイ素化合物は，化学量論量の金属塩
基 (base–met) を用いたメタル化と，これに続
くハロシラン (X–Si) との反応による 2 段
階で合成されるのが最も一般的である。ここ
では，良好な反応効率を利点とする反面，実
は，以下の三つの根本的問題点を抱えてい
る： (1) プロトンを捕捉した塩基部位 
(H–base) と金属ハロゲン化物 (met–X) が何
れも量論量副生するため，原子効率が悪い。
(2) 求電子的で耐塩基性の低い官能基は金属
塩基と反応してしまうため，官能基許容性の
観点で制限がある。(3) 金属塩基・ハロシラ
ン共に容易に加水分解を受けるため，厳密な
無水条件が必要であり，反応剤の取り扱いに
起因する反応操作性の点で難がある。これに
対し，上記の問題点を克服した合成法が提供
できれば，これまでは対応不可能であった状
況下での有機ケイ素化合物の合成が可能と
なり，入手可能な骨格の拡大に伴って，有機
ケイ素化合物の適用・応用範囲は飛躍的に拡
大できる。このための方法論の開発を目指し
て取り組んだのが本申請課題である。 
 
２．研究の目的 
	
 本研究の研究開始当初の目的は，原子効
率・反応効率・官能基許容性・基質一般性・
反応操作性の全ての面で優れた，有機ケイ素
化合物の新しい実用的な合成反応を開発する
ことであった。この目的を達成するために，
ルイス酸触媒存在下での，ヒドロシラン 
(H–Si) による前出の有機化合物の脱水素シリ
ル化反応の実現を目指した。 
 
３．研究の方法 
	
 以下に，研究開始当初に計画した，各年次
の研究計画・方法を示す。	
 

【平成２４年度】 式 (1) と (3) の反応に関
しての，基質適用範囲の検討および速報論文

としての研究成果の取りまとめ。 

【平成２５年度】 式 (2) と (4) の反応に関
しての，反応条件・基質適用範囲の検討。 
【平成２６年度】 式 (2) と (4) の反応への
継続的な取り組みと，式 (4) の反応に関して
の研究成果の取りまとめ。さらに，式 (1)–(3) 
の反応の σ–π 共役効果を有する化合物合成
へと応用と，式 (1) と (2) の反応の結果と，
式 (3) の反応の結果のフルペーパーとして
の研究成果の取りまとめ。 
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４．研究成果	
 
(1) N-未置換インドールの脱水素	
 N-シリル化
反応	
 
	
 当初の研究計画に基づき，N-未置換インド
ールの脱水素シリル化反応から検討した。ま
ず，インドールとメチルジフェニルシランの
反応を利用して，優れた反応条件の探索をお
こなった。結果を Table 1 にまとめたが，
種々検討した結果，ルイス酸に亜鉛トリフラ
ート，溶媒にプロピオニトリル，添加剤とし
ての有機塩基にピリジンを用いた 80 °C, 15 
時間の反応条件において (entry 21)，目的生
成物の 3a が定量的に得られることがわか
った。 
	
 上記で定めた反応条件を基本とし，引き続
いて基質の適用範囲について調べた (Table 
2)。本反応には，インドール以外に、メチル
基やイソプロピル基といったアルキル基の 
 
Table 1. Lewis Acid-Catalyzed Dehydrogenative 
N-Silylation of Indole with Methyldiphenylsilanea 
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Zinc-Catalyzed Dehydrogenative N-Silylation of Indoles with Hy-
drosilanes 
Teruhisa Tsuchimoto,* and Yoshihiko Iketani  
Department of Applied Chemistry, School of Science and Technology, Meiji University, Higashimita, Tama-ku, Kawasaki 214-8571, Ja-
pan  
tsuchimo@isc.meiji.ac.jp 

ABSTRACT: Zinc triflate in a nitrile medium was found to 
behave as an effective catalyst for dehydrogenative N-
silylation with a flexible combination of indoles and hy-
drosilanes. Addition of pyridine greatly contributes to acceler-
ate the N-silylation, thereby producing N-silylindoles exclu-
sively in high to excellent yields. 

Due to their importance as one of nitrogen-protected indoles, N-
silylindoles are now recognized as indispensable synthetic plat-
forms to construct valuable indole-based organic molecules.i N-
Silylation of indoles is performed in general by a two-step se-
quence, consisting of N-metalation of indoles with strong metallic 
bases (met–base) such as BuLi, KN(SiMe3)2 and NaH, and then 
treatment of the resulting N-metal indoles with halosilanes (X–
Si).1, ii  This strategy thus imposes handling of the moisture-
sensitive reagents, met–base and X–Si, use of which consequently 
co-produces stoichiometric wastes, H–base and X–met. Moreover, 
indoles with base- or nucleophile-sensitive functional groups are 
incompatible. We envisaged that exploitation of catalytic one-step 
N-silylation independent of both met–base and X–Si would drasti-
cally improve the aforementioned negative issues, thus establish-
ing further widespread applicability of N-silylindoles in organic 
synthesis. As a simple and practical system, we disclose the first 
example of Lewis acid-catalyzed dehydrogenative N-silylation of 
indoles with hydrosilanes, iii , iv  where Zn(OTf)2 (Tf = SO2CF3) 
exhibits outstanding catalytic performance.v 

    Initially, we examined the effect of Lewis acid catalysts in the 
reaction of indole (1a) with methyldiphenylsilane (2a) (Table 1). 
Thus, treating 1a and 2a with In(OTf)3 (10 mol%) in propionitrile 
at 80 °C for 15 h gave N-(methyldiphenylsilyl)- indole (3a) albeit 
in a low yield, along with a significant amount of indoline (4a) 
(entry 1).vi None of triflate salts consisting of a Bi, Cu, Ag or Sc 
metal provided improvements (entries 2–5). In sharp contrast to 
these, Zn(OTf)2 showed a critical catalytic activity to give 3a in 
99% yield, whereas a small amount of 4a was again formed (entry 
6). Noteworthy is that no C-silylation was observed at all.4 On the 
basis of this result, we tested other zinc catalysts. The nonaflate 
salt also catalyzed the N-silylation but in more sluggish (entry 7). 
Zinc halides, however, were totally inactive (entries 8 and 9). 
With Zn(OTf)2 as a catalyst, the continuous survey of a series of 
solvents clearly showed that the use of nitriles is essential for 
having 3a in hand (entries 6, 10–15). We next concentrated on 
screening organic bases for reducing the loading of Zn(OTf)2 as 
well as for inhibiting the formation of 4a. Without a base, the 
simple lowering of Zn(OTf)2 to 5 mol % made the N-silylation 
much slower (entry 16). Although adding Et3N, DMAP or 2,6-
lutidine had detrimental effects, we eventually found that the ex-
clusive and quantitative synthesis of 3a can be achieved with the 
Zn(OTf)2 (5 mol %)–pyridine couple (entries 17–21). As Table 1 
shows, there seems to be an interesting correlation between the 
basicity of the organic base and the reaction rate, which tends to 
increase with decreasing the pKa value of the organic base.vii Thus, 
an organic base with a pKa value of approximately 5.3 is likely to 

be comfortable for this reaction, and stronger ones might impair 
the ability of the zinc Lewis acid, possibly by its strong coordina-
tion to the zinc center. 

Table 1. Lewis Acid-Catalyzed Dehydrogenative N-Silylation of 
Indole with Methyldiphenylsilanea 

N
H

+ HSiMePh2

Lewis acid
(10 or 5 mol %)

solvent, 80 °C
15 h1a 2a

N
SiMePh2

+
N
H3a 4a

1:1.2

 
 
entry 

Lewis 
acid 

 
solvent 

organic base   
(pKa value)  

 yield (%)b 
   3a       4a 

  1 In(OTf)3  EtCN none     4 13 
  2 Bi(OTf)3 EtCN none   <1 14 
  3 Cu(OTf)2 EtCN none   <1   1 
  4 AgOTf EtCN none     5   2 
  5 Sc(OTf)3 EtCN none   <1   3 
  6 Zn(OTf)2 EtCN none   99   1 
  7 Zn(ONf)2 EtCN none   84 <1 
  8 ZnCl2 EtCN none   <1 <1 
  9 ZnBr2 EtCN none   <1 <1 
10 Zn(OTf)2 MeCN none   70 <1 
11 Zn(OTf)2 DMFc none   <1 <1 
12 Zn(OTf)2 MeNO2 none   <1 <1 
13 Zn(OTf)2 (CH2Cl)2 none   <1 <1 
14 Zn(OTf)2 toluene none   <1 <1 
15 Zn(OTf)2 Bu2O none   <1 <1 
16 Zn(OTf)2 EtCN none   52   3 
17 Zn(OTf)2 EtCN Et3N (10.8)   <1 <1 
18 Zn(OTf)2 EtCN DMAPd (9.7)   23 <1 
19 Zn(OTf)2 EtCN 2,6-lutidine (6.7)   46 <1 
20 Zn(OTf)2 EtCN 4-tBupyridine (6.0)   81 <1 
21 Zn(OTf)2 EtCN pyridine (5.3) >99 <1 

a Reagents: 1a (0.40 mmol), 2a (0.48 mmol), Lewis acid (40 µmol for 
entries 1–15 or 20 µmol for entries 16–21), organic base (0.40 mmol), 
solvent (0.40 mL). b Determined by GC. c DMF = N,N-
dimethylformamide. d DMAP = 4-(dimethylamino)pyridine. 

    Having the promising reaction conditions in hand, the substrate 
scope was explored (Table 2). Indoles 1 with an alkyl, alkoxy or 
functionalized alkyl group at all six possible positions (R1–R6) 
coupled with 2a or HSiMe2Ph in a dehydrogenative manner, in-
variably in yields over 90% (3a–3j and 3r–3t). Aryl and het-
eroaryl substituted indoles 1 also participated well in this strategy 
(3k and 3l). The N-silylation can be readily extended to 1 with an 
electron-withdrawing functionality (3m–3q). Some indoles 1 
successfully accepted a range of trialkylsilyl groups with different 
steric natures (3u–3x). As shown so far, the compatibility of the 
functional groups, OMe, CH2CN, Cl, phthalimidoyl, Br, I, CO2Me 
and B(pinacolate), is noteworthy. This zinc catalysis can be 
equally well applied to  

Table 2. Zinc-Catalyzed Dehydrogenative N-Silylation of Indoles 
with Hydrosilanesa 

 



ほか，様々な置換基を持つ多様なインドール
の利用が可能であり，何れの場合も対応する 
N-シリルインドールが高収率で得られた。ジ
フェニルメチルシラン以外のヒドロシラン
もインドール誘導体の窒素原子上に導入す
ることができる。具体的には、ジメチルフェ
ニルシランに加えて、トリエチルシランやベ
ンジルジメチルシランのようなトリアルキ
ルシランが利用可能であり，いずれの場合も，
高収率で対応する N-シリル体を与えた。 
	
 
Table 2. Zinc-Catalyzed Dehydrogenative N-Silylation 
of Indoles with Hydrosilanesa 
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Table 2. Zinc-Catalyzed Dehydrogenative N-Silylation of Indoles 

with Hydrosilanes
a
 

N
H

+ H–Si

cat. Zn(OTf)2

pyridine

EtCN, 80–115 °C
15–65 h

1 2

N

Si3

1:1.2–2

R1

R2R3

R4

R5

R6

R1

R2R3

R4

R5

R6
 

N

SiMePh2

3a: 97% yield
80 °C, 15 h

N

SiMePh2

3b: 95% yield
80 °C, 15 h

N

SiMePh2

3c: 97% yield
80 °C, 15 h

N

SiMePh2

3d: 95% yield
90 °C, 24 h

N

SiMePh2

3f: 95% yield
80 °C, 15 h

N

SiMePh2

3g: 94% yield
80 °C, 15 h

O

O

N

SiMePh2

3e: 95% yield
80 °C, 15 h

N

SiMePh2

3h: 96% yield
90 °C, 48 h

CN

N

SiMePh2

3i: 98% yield
80 °C, 20 h

N

SiMePh2

3j: 92% yield
80 °C, 20 h

N

SiMePh2

3k: 91% yield
90 °C, 24 h

Cl

N

O

O

N

SiMePh2

3l: 93% yield
110 °C, 65 hb

N

SiMePh2

3m: 90% yield
80 °C, 36 h

Br

N

SiMePh2

3n: 97% yield
80 °C, 36 h

I

Ph

S

N

SiMePh2

3o: 92% yield
90 °C, 48 h

N

SiMePh2

3p: 89% yield
90 °C, 48 hc

NC

N

SiMePh2

3q: 97% yield
90 °C, 15 h

B
O

O O

O

indole scope

hydrosilane scope

N

SiMe2Ph

3r: 97% yield
80 °C, 15 h

N

SiMe2Ph

3s: 93% yield
90 °C, 24 h

N

SiMe2Ph

3t: 92% yield
100 °C, 40 h

N

SiEt3
3u: 94% yield
110 °C, 30 hb

N

SiMe2Bn

3v: 94% yield
80 °C, 42 h

N

SiMe2tBu

3w: 90% yield
115 °C, 48 hb

N

Si(iPr)3

3x: 88% yield
110 °C, 24 hb,d

O

 
a
 Reagents (unless otherwise specified): 1 (0.40 mmol), 2 (0.48–0.80 

mmol), Zn(OTf)2 (20–60 µmol), pyridine (0.20–0.40 mmol), EtCN 

(0.40 mL). Yields of isolated 3 based on 1 are shown here. See Sup-

porting Information for further details. 
b
 PrCN instead of EtCN was 

used as a solvent. 
c
 Performed with a 2 M solution of the indole (0.80 

mmol) in EtCN (0.40 mL), containing 2a (1.2 mmol), Zn(OTf)2 (40 

µmol) and pyridine (0.80 mmol). 
d
 Performed with a 2 M solution of 

the indole (0.80 mmol) in PrCN (0.40 mL), containing HSi(iPr)3 (1.6 

mmol), Zn(OTf)2 (0.12 mmol) and pyridine (0.40 mmol). 

other situations, which are the use of pyrrole (5) and carbazole 
(6) instead of indoles,8 and also H2SiMePh as a silane (Scheme 

1). Using H2SiMePh led to double dehydrogenative coupling, 
giving 9 and 10 in high yields.9 In all cases, the achievements 

of no partial reduction of the nitrogen-containing heteroarenes 
and of yields over 88% represent high validity and reliability  

Scheme 1. Zinc-Catalyzed Dehydrogenative N-Silylation of Ni-

trogen-Containing Heteroarenes with (Di)hydrosilanes 

2a (1.2 equiv)
Zn(OTf)2 (5 mol %)
pyridine (1 equiv)

EtCNN
H

N

SiMePh2

N

SiMePh2

7: 93% yield
80 °C, 15 h

8: 91% yield
90 °C, 24 h

5 (pyrrole)
6 (carbazole)

or

H2SiMePh (0.45 equiv)
Zn(OTf)2 (10 mol %)
pyridine (0.45 equiv)

EtCNN
H

N

SiMePh

N

SiMePh

9: 96% yield
100 °C, 36 h

10: 95% yield
100 °C, 24 h

1a (indole)
5 (pyrrole)

or

N N

 

of this strategy. Importantly, a practical advantage can be de-
monstrated by synthesis on a preparative-scale. For example, 
3a and 7 were prepared in 10 and 5 mmol scale, respectively, 
thereby producing 2.98 g (95% yield) of 3a and 1.21 g (92% 
yield) of 7. 

    So far as we know, synthesis of N-(SiMePh2)indoles, which 
have been handled mainly herein, has no precedent.10 Therefore, 

on purpose to evaluate their utility in organic synthesis, car-
bon–carbon bond elongation and subsequent desilylation of, 
for instance, 3n were made as a preliminary inquiry (Scheme 2). 
Thus, the Negishi cross-coupling of 3n with 2-thienylzinc 
bromide proceeded smoothly at room temperature to give 11 in 

88% yield.11 The removal of the SiMePh2 group from 11 was 
then readily achieved with Bu4NF in THF, providing 12 in 
91% yield.

10
 This is thus the first case to demonstrate that N-

(SiMePh2)indoles serve as useful synthetic intermediates for 
further transformation. 

Scheme 2. Transformation and Subsequent Desilylation of N-

Silylindoles 

N

SiMePh2

I

3n

S ZnBr
+

Pd2(dba)3 (2.5 mol %)
PPh3 (20 mol %)

1.5:1
THF, rt, 5 h

N

SiMePh2

S

11: 88% yield

Bu4NF (1 equiv)

THF, 0 °C, 15 min N
H

S

12: 91% yield  

    NMR studies gave us significant insight into the mechanis-
tic aspects. Thus, on 

1
H NMR monitoring of a 1:1 mixture of 

Zn(OTf)2 (Zn) and HSiMePh2 (2a, H–Si) in CD3CN at room 
temperature for 30 min, the new broad singlet appeared at δ 

4.64 (0.35 H) as a part of the hydrogen atom of H–Si [(b) in 
Figure 1]. This implies a Lewis acid–base interaction between 

Zn and H–Si, as previously reported.12 The loss of the 
3
J(SiH–

CH3) coupling in the signal may be due to a weakened or 
cleaved H–Si bond in compensation for formation of a Zn–H 
bond. Interestingly, treating HSiEt3 with Zn(OTf)2 also result-
ed in the appearance of the same signal (0.54 H) [(d) in Figure 
1], despite that the original H–Si signal of 2a (δ 4.88) or 

HSiEt3 (δ 3.60) was observed at the different position far from 

each other [(a) and (c) in Figure 1]. These results suggest exis-
tence of the same active species in both the cases of (b) and (d). 
Accordingly, considering generation of Zn

–
–H apart from the 

Si moiety, rather than partly activated Znδ
–
···H···Siδ

+
, the results 

in Figure 1 should be rationally understood.   

   The alternative substrate, indole 1 as an apparent Lewis base  

	
 

	
 
(2) N-置換インドールの脱水素	
 C3-シリル化
反応	
 
	
 上記反応については，反応機構の考察につ
いてもおこなったが，推定反応機構に基づけ

ば，窒素原子上に置換基を持つインドールを
利用することで，インドールの C3-位もシリ
ル化できるだろう，と考えた 。幾つかの実
験を行い，C3-シリル化に適した反応条件の
探索を行ったところ，Table 3 に示した最下
段の反応条件において，目的とする C3-シリ
ルインドールを，収率 85% で得ることに成
功した。	
 
	
 
Table 3. Lewis Acid-Catalyzed Dehydrogenative 
N-Silylation of Indole with Methyldiphenylsilane 

N

catalyst (5 mol%)
organic base (1 equiv.)

N
HSiMePh2 solvent

1 2 3

catalyst
Zn(OTf)2 

Zn(OTf)2

Zn(OTf)2

Zn(OTf)2

Zn(NTf2)2

Zn(NTf2)2

1
15
45
63
67
85

 a Determined by 1H NMR.

organic base
pyridine 
pyridine 
pyridine 
pyridine
pyridine
4-Me–pyridine

SiMePh2

80
100
130
130
130
130

15
15
15
24
24
24

1 : 1.2
1 : 1.2
1 : 1.2
1 : 1.5
1 : 1.5
1 : 1.5

  1 : 2
temp.
(ºC)

time
(h)

yield (%)
of 3a

+

solvent
EtCN
EtCN
PrCN
PrCN
PrCN
PrCN

	
 

	
 
	
 上記で見つけた反応条件を基本とし，基質
の適用範囲について調べた (Table 4)。現在の
ところ，Table 4 に示したインドール基質と
ヒドロシランが利用できることがわかって
おり，対応する C3-シリルインドールが中程
度から高収率で得られた。 
	
 
Table 4. Zinc-Catalyzed Dehydrogenative C3-Silylation 
of Indoles with Hydrosilanes	
 

Ph2
Si

N N

+

Zn(NTf2)2 (5 mol%)
4-methylpyridine (1–2 equiv)

N
H–Si

PrCN, 130 ºC, 24–36 h

1:1.5

N

N

SiMePh2

90% yield

Br

N
Bn

SiMePh2

85% yield

N

SiMePh2

77% yield

MeO

N

SiMe2Ph

60% yield

R1 R1

Si
R3 R3

N

SiPh3

85% yield 73% yield

N

SiMePh2

40% yield   
catalyst = Zn(OTf)2

N

SiMePh2

85% yield

R2 R2

	
 

	
 
(3) 末端アルキンの脱水素シリル化反応	
 
	
 インドール基質の替わりに，末端アルキン
を用いての脱水素シリル化反応についても
検討をおこなった。まず，1-オクチンとメチ
ルジフェニルシランの反応を利用して，優れ
た反応条件の探索をおこなった。結果を 
Table 5 にまとめたが，種々検討した結果，
ルイス酸に亜鉛トリフラート，溶媒にプロピ
オニトリル，添加剤としての有機塩基にピリ
ジンを用いた 100 °C, 30 時間の反応条件に
おいて (entry 2)，目的生成物の 3a が定量的
に得られることがわかった。この条件は，実
は，反応温度と反応時間が異なるだけで，N-	
 	
 



Table 5. Lewis Acid-Catalyzed Dehydrogenative 
Silylation of 1-Octyne with Methyldiphenylsilanea 
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ABSTRACT: A combination of zinc triflate and pyridine in 
a nitrile medium was found to act as an effective catalytic 
system for dehydrogenative silylation with flexible pieces 
of terminal alkynes and hydrosilanes, thereby producing 
diverse alkynylsilanes in high to excellent yields. 

Alkynylsilanes are prominent structural motifs, due to their 
significance not only as Si-masked synthetic intermediates,1 
but also as reagents for carbon–carbon2 and –heteroatom3 bond 
formations. In view of the unique σ–π conjugation properties, 
C≡C–Si units have also received much attention for optoelec-
tronic applications.4 The most customary way to construct a 
C(sp)–Si bond includes deprotonation of terminal alkynes 
with strong metallic bases (met–base: e.g. MeMgBr, BuLi), 
followed by trapping of the resulting alkynylmetals with 
(pseudo)halosilanes (X–Si).5,6 The strategy thus imposes han-
dling of the moisture-sensitive reagents, met–base and X–Si, 
use of which co-produces stoichiometric wastes, H–base and 
met–X. Moreover, alkynes with base- or nucleophile-sensitive 
functional groups are incompatible. Other approaches with X–
Si,7 Me2N–Si8 or CH2=CH–Si9 as silylating agents also have 
emerged, but catalytic dehydrogenative silylation (D.S.) with 
hydrosilanes (H–Si) appears to be ideal for improving all of 
the negative issues: reagent usability, atom-economy, waste 
and functional group compatibility. In fact, terminal alkynes 
have reportedly coupled with H–Si. However, it is rather sur-
prising that simple alkynes with no functional group have 
been the focus of their studies.10,11 This aspect would thus de-
tract from the intrinsic benefits of the D.S. Furthermore, hy-
drosilylation of the alkyne frequently occurs as a side-
reaction.10a,b,d,g,h,k As a reliable and sustainable process, we 
disclose zinc–pyridine-catalyzed D.S. of terminal alkynes with 
H–Si. In contrast to recent explosive growth of dehydrogena-
tive coupling under transition metal catalysis,12 this is the first 
report of the coupling between C(sp)–H and H–Si catalyzed 
by a Lewis acid.13 

    We first examined suitable reaction conditions for the D.S. of 
1-octyne (1a) with methyldiphenylsilane (2a) (Table 1). Thus, 
treating 1a and 2a with Zn(OTf)2 (5 mol %, Tf = SO2CF3) in 
propionitrile (EtCN) at 100 °C for 30 h gave methyl(1-
octynyl)diphenylsilane (3a) in 48% yield, along with 3% 
yield of isomeric hydrosilylation products 4a–6a (entry 1). To 
our great delight, adding a catalytic amount of pyridine con-
tributed to complete the D.S. and to suppress the hydrosilyla-
tion completely (entry 2);14 the achievement of the exclusive 
D.S. is worthy of notice because the hydrosilylation has been 
known to occur under Lewis acid catalysis.15 In sharp contrast, 
other metal triflates and zinc salts were totally inactive (entries 
3–9). As other organic bases, Et3N also assisted the D.S. but 
less effectively; on the contrary using DMAP or DBU had a 
detrimental effect (entries 10–12). The continuous survey of 
the solvent effect showed that EtCN is the best solvent of 
choice (entries 2 and 13–18). 

Table 1. Lewis Acid-Catalyzed Dehydrogenative Silylation of 1-

Octyne with Methyldiphenylsilane
a 

Hex + HSiMePh2

Lewis acid (5 mol %)
organic base (20 mol %)

solvent, 100 °C, 30 h

1a 2a

Hex

3a

SiMePh2

Hex

Ph2MeSi

+

Hex

SiMePh2

4a 5a and 6a

+

 

 
entry 

         
Lewis acid  

            
solvent 

organic  
base 

yield (%) of     
3a

b
          4a–6a

c
 

  1 Zn(OTf)2 EtCN none   48   3 
  2 Zn(OTf)2 EtCN pyridine >99 <1 
  3 Cu(OTf)2 EtCN pyridine   <1 <1 
  4 AgOTf  EtCN pyridine   <1 <1 
  5 In(OTf)3 EtCN pyridine   <1 <1 
  6 Bi(OTf)3 EtCN pyridine   <1 <1 
  7 Sc(OTf)3 EtCN pyridine   <1 <1 
  8 ZnF2 EtCN pyridine   <1 <1 
  9 ZnCl2 EtCN pyridine   <1 <1 
10 Zn(OTf)2 EtCN DMAPd   36   2 
11 Zn(OTf)2 EtCN Et3N   91   5 
12 Zn(OTf)2 EtCN DBUe   <1 <1 
13 Zn(OTf)2 MeCN pyridine   73 <1 
14 Zn(OTf)2 DMFf pyridine   <1 <1 
15 Zn(OTf)2 1,4-dioxane pyridine   41 <1 
16 Zn(OTf)2 Bu2O pyridine   <1 <1 
17 Zn(OTf)2 MeNO2 pyridine   <1 <1 
18 Zn(OTf)2 PhMe pyridine   18   1 

a Reagents: 1a (0.40 mmol), 2a (0.60 mmol), Lewis acid (20 µmol), 
organic base (80 µmol), solvent (0.40 mL). b Determined by 1H 
NMR. c Determined by GC. d DMAP = 4-(dimethylamino)pyridine.  
e DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene. f DMF = N,N-
dimethylformamide. 

    With the promising reaction conditions in hand, we next 
explored substrate scope of this reaction (Table 2). Besides 1a, 
alkynes 1 with a range of alkyl groups including branched and 
functionalized ones were silylated successfully in a dehydro-
genative manner (3a–3i). An unsymmetrical disilylacetylene 
such as 3j can be adopted as a target structure. Importantly, the 
C=C unit also remained untouched without suffering hy-
drosilylation (3k).16 A series of aryl- and heteroarylacetylenes 
with different electronic and steric nature participated well in 
this strategy (3l–3p). Metallosilylacetylene 3q, which is po-
tentially useful as a key component for optoelectronic materi-
als,17 was synthesized in an excellent yield. As shown thus far, 
the outstanding tolerance of the functional groups, Cl, 
OCOMe, phthalimidoyl, HexOCH2C≡C, CN, tBuMe2SiO, C=C, 
CF3 and ferrocenyl, is noteworthy. The D.S. can be equally 
well applied to hydrosilanes other than 2a. Thus, as monohy-
drosilanes, HSiMe2Ph as well as trialkyl analogs coupled well 

	
 
	
 
未置換インドールの脱水素シリル化反応の
条件と同じである。このことは，我々が見つ
けた方法論が，幅広い基質に適用可能な一般
性を備えていることを示しており，今後も，
他の有機基質への展開が大いに期待できる。	
 
	
 上記で定めた反応条件を基本とし，基質の
適用範囲について調べた (Table 6)。本反応に
は，1-オクチンのような単純な脂肪族末端ア
ルキン以外に，枝分かれ構造をもつシクロヘ
キシルアセチレンや，アルキル鎖末端にフェ
ニル基・クロロ基・アセトキシ基・フタルイ
ミドイル基などを持つ脂肪族末端アルキン
の利用が可能であり，いずれの場合も対応す
るアルキニルシランが収率よく得られた。脂
肪族末端アルキンだけでなく，芳香族末端ア
ルキンも利用できる。具体的には，芳香環の
電子的環境に左右されることなく反応が首
尾よく進行したほか，エチニルフェロセンや
共役エンイン構造のシクロヘキセニルアセ
チレンも本反応に利用することができる。ジ
フェニルメチルシラン以外のヒドロシラン
の反応も収率よく進行することがわかって
いる。 
	
 
(4) インデン誘導体の脱水素シリル化反応	
 
	
 当初の研究計画に従って，アルケン基質に
おいてのアリル位脱水素シリル化反応につ
いても検討をおこなった。基質の選択に至っ
ては，研究の開始に先立って，以下のような
作業仮説を立てた (Scheme 1)。注目したのは，
求核剤となる有機基質の酸性度，すなわち酸
解離定数 pKa である。既に実現済みの反応
で活性化対象となってきた末端アルキンや 

Table 6. Zinc-Catalyzed Dehydrogenative Silylation of 
Terminal Alkynes with Hydrosilanesa	
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Table 2. Zinc–Pyridine-Catalyzed Dehydrogenative Silylation of 

Terminal Alkynes with Hydrosilanes
a
 

R
1 + H–Si

cat. Zn(OTf)2–pyridine

EtCN, 100 °C, 12–48 h
1 2

R
1

3

Si

 

Hex

3a: 98% yield (30 h)

SiMePh2

3b: 91% yield (30 h)

SiMePh2

3c: 95% yield (30 h)

SiMePh2

3d: 93% yield (30 h)

SiMePh2

Ph

3e: 88% yield (30 h)

SiMePh2

3f: 92% yield (30 h)

SiMePh2NO

O

O

O

3g: 90% yield (30 h)

SiMePh2

3h: 93% yield (48 h)

SiMePh2NC

HexO

3i: 94% yield (30 h)

SiMePh2 Et3Si

3j: 92% yield (48 h)

SiMePh2

tBuMe2SiO

3k: 91% yield (30 h)

SiMePh2

3l (X = 4-MeO): 96% yield (12 h)
3m (X = H): 96% yield (20 h)
3n (X = 4-CF3): 93% yield (30 h)
3o (X = 2-Me): 95% yield (20 h)

SiMePh2

3p: 98% yield (48 h)

SiMePh2

3q: 96% yield (48 h)

SiMePh2S Fe

Hex

3r: 90% yield (30 h)

SiMe2Ph Hex

3s: 82% yield (30 h)

SiMe2Bn
b

3t: 90% yield (48 h)

SiEt3 Ph

3u: 84% yield (30 h)

SiMe2(c-Hex)
c

Ph

X

Cl

 
a Reagents: 1 (0.40 mmol), 2 (0.60–1.6 mmol), Zn(OTf)2 (20–40 
µmol), pyridine (0.080–0.20 mmol), EtCN (0.40 mL). Yields of iso-
lated 3 based on 1 are shown here. See Supporting Information for 
further details. b

 Bn = benzyl. c c-Hex = cyclohexyl. 

dehydrogenatively with alkynes to give 3r–3u in high yields. 
With H2SiMePh, double dehydrogenative coupling proceeded 
to afford 7 with the Si-tethered diyne skeleton, which is a use-
ful precursor to fabricate Si-containing π-systems18 and also 
nitrogen-containing heteroarenes 19  (Scheme 1). The present 
method can be also utilized to construct an extended σ–π 
conjugation system like 8 in a single operation (Scheme 1). In 
all the cases, the achievements of the chemical yield over 80% 
and of no alkyne-hydrosilylation represent high validity and 
reliability of this strategy. Furthermore, a practical advantage 
can be demonstrated by carrying out synthesis on a prepara-
tive-scale. For example, D.S. of 1a or phenylacetylene with 2a 
in a 10 mmol scale provided us with 2.94 g (95% yield) of 3a 
or 2.81 g (94% yield) of 3m, respectively. 

    The Ph2MeSi-installed alkynylsilane that has mainly been 
prepared here seems to be rare in the literature.1–10 Accordingly, 
in order to demonstrate its utility in organic synthesis, we 
preliminarily performed carbon–carbon bond forming transfor-
mation of 3m as a representative (Scheme 2). Thus, the sequen-
tial one-pot treatment of 3m with the “Cp2Zr” species derived  

Scheme 1. Zinc–Pyridine-Catalyzed Dehydrogenative Silylation 

of Terminal Alkynes with H2SiMePh or p-(HMe2Si)2C6H4 

Zn(OTf)2 (5 mol %)
pyridine (20 mol %)

EtCN, 100 °C, 30 h

7: 81% yield

1a

Hex

Hex Si

Ph

Hex

Zn(OTf)2 (5 mol %)
pyridine (20 mol %)

EtCN, 100 °C, 30 h

8: 90% yield

+

H2SiMePh

Ph
+

p-(HMe2Si)2C6H4

1a:H2SiMePh = 2.2:1

PhC!CH:p-(HMe2Si)2C6H4 

= 2.2:1

Si

Si
Ph

Ph

 

Scheme 2. Zirconocene-Mediated Transformation of 3m 

Ph SiMePh2

1) "Cp2Zr" (1.2 equiv)/THF
    50 °C, 1 h

2) ClC(O)OEt (2.0 equiv)
    50 °C, 1 h
3) 1 M HCl aq.

3m
H

SiMePh2Ph

EtO

O
9: 79% yield  

from Cp2ZrCl2/2 EtMgBr in THF,20 followed by the addition of 
ethyl chloroformate and the final quenching with the aqueous 
HCl gave 9 in 79% yield in a regio- and stereospecific fash-
ion.21 The use of 3m with the SiMePh2 group has an advantage 
that the transformation proceeds in a higher yield, compared to 
the original carried out with PhC≡CSiMe2Bn (53% yield). 

    Some experimental results are available to get insight into 
the mechanistic aspects. First, on 1H NMR monitoring of a 
solution obtained after mixing of Zn(OTf)2 (Zn) and HSiMePh2 
(2a, H–Si) in a 1:1 ratio at room temperature for 30 min in 
CD3CN, the new broad singlet appeared at δ 4.64 (0.35 H) as a 
part of the hydrogen atom of H–Si [(b) in Figure 1]. This impli-
es a Lewis acid–base interaction between Zn and H–Si, as 
previously reported.22 The loss of the 3J(SiH–CH3) coupling in 
the signal may be attributed to a weakened or cleaved H–Si 
bond in compensation for Zn–H bond formation. Interestingly, 
treating HSiEt3 with Zn(OTf)2 also led to the appearance of the 
same signal (0.54 H) [(d) in Figure 1], despite that the original 
H–Si signal of 2a (δ 4.88) or HSiEt3 (δ 3.60) was observed at 
the different position far from each other [(a) and (c) in Figure 
1]. These results suggest existence of the same active species in 
both the cases of (b) and (d). Therefore, considering generation 
of Zn

––H species apart from the Si moiety, rather than partially 
activated Znδ–···H···Siδ

+ species, the results in Figure 1 should 
be rationally understood.  

 

Figure 1. 500 MHz 1H NMR spectra in CD3CN of (a) HSiMePh2, 
(b) a 1:1 mixture of Zn(OTf)2 and HSiMePh2 after 30 min of mixing 
at room temperature, (c) HSiEt3, and (d) a 1:1 mixture of Zn(OTf)2 
and HSiEt3 after 30 min of mixing at room temperature. 

    Alkyne 1 other than H–Si 2 is also a potential candidate to 
undergo activation by Zn. One possibility is its base-assisted 
deprotozincation to form an alkynylzinc species, which has 
been known to react with aldehydes.23 We therefore attempted 
trapp ing of 10 wi th PhCHO under the s tandard D.S. 

	
 

	
 
インドールは，以下に示した pKa 値を持つ
が，これらの化合物と同程度以下の pKa 値
を持つ化合物を活性化対象の基質として選
択すれば，我々のシステムによって脱水素シ
リル化が可能になるのではなかと期待した。
その候補になったのが，20.1 の	
 pKa 値を持
つ，末端アルキンやインドールよりも酸性度
の高いアリル位水素を持つインデンである。 
	
 まず，反応条件の検討から始めた。ここで
は，これまでの，プロピオニトリル溶媒中で
有機塩基としてのピリジンを用いる条件は
無効であったが，試行錯誤の末に，トリエチ	
 
	
 

cat. Zn
pyridine
– H–H

+

R Si

N
Si

H Si

R H

N
H

Nu H Nu Si

20.1 (sp3)C Si

cat. Zn
pyridine
– H–H

+

Si

H Si

H

28.8

21.0

pKa

(sp2)N Si

hybridized orbital

(sp)C Si

	
 
Scheme 1. A Working Hypothesis for Dehydrogenative 
Silylation of Indenes	
 



ルアミンを有機塩基兼溶媒として用いる条
件が，対応するシリル体を二重結合の位置異
性体混合物として与えることがわかった 
(Table 7)。現在は，基質の適用範囲について
調べるとともに，アリルシランタイプの生成
物を炭素–炭素結合形成反応に応用する検討
をおこなっている。 
 
Table 7. Zinc-Catalyzed Dehydrogenative Silylation of 
Indene with Methyldiphenylsilane 

N

N

Me2N
NMe2

N
N

solvent yield (%)a

4-methylpyridine
2,6-dimethylpyridine

pyridine <1 (n.d.)b

  6 (78:22)

77 (80:20)

<1 (n.d.)

a Determined by 1H NMR. b n.d. = not determined.

TMEDA

37 (78:22)

<1 (n.d.)

  6 (73:27)

Et3N
Et2NBu

N-methylpiperidine

N-methylpyrrolidine

<1 (n.d.)

<1 (n.d.)

<1 (n.d.)DBU

EtNiPr2

+
HSi

+

Si

Zn(OTf)2 
(5 mol%)
solvent
100 ºC, 30 h

Si

Si = SiMe2Ph

 
	
 
	
 以上のように，ルイス酸触媒を用いること
による，幾つかの有機基質に対する脱水素シ
リル化反応の開発に成功したが，これらは，
ルイス酸触媒を用いることで有機基質を脱
水素シリル化することに成功した世界で初
めての例である。この種の反応がこれまで，
高価でかつ，合成に手間を要する後周期遷移
金属触媒に依存していたことから判断する
と，我々の反応は極めて画期的であり，実用
的であるといえる。各反応に対する反応条件
の共通性から判断しても，極めて一般性に優
れていると言える。今後，他の有機基質への
展開も十分に期待できる。	
 
	
 
５．主な発表論文等	
 
 
〔雑誌論文〕（計	
 2 件） 
(1) “Zinc-catalyzed dehydrogenative 

N-silylation of indoles with hydrosilanes” 
Tsuchimoto, T.; Iketani, Y.; Sekine, M. 
Chem. Eur. J. 2012, 18, 9500–9504 (DOI: 
10.1002/chem.201200651). (査読有) 

(2) “Dehydrogenative silylation of terminal 
alkynes with hydrosilanes under 
zinc–pyridine catalysis” Tsuchimoto, T.; 
Fujii, M.; Iketani, Y.; Sekine, M. Adv. Synth. 
Catal. 2012, 354, 2959–2964 (DOI: 
10.1002/adsc.201200310). (査読有) 

	
 

〔学会発表〕（計	
 7 件） 
(1) “亜鉛触媒によるヒドロシランを用いた
インドール類の脱水素シリル化反応” 関
根大・池谷慶彦・土本晃久, 第 102 回有
機合成シンポジウム講演予稿集, P-3, pp. 
124–125 [早稲田大学 (東京), 2012 年 11 
月 8 日〜11 月 9 日] 

(2) “Zinc-Catalyzed Dehydrogenative Silylation 
of Indoles with Hydrosilanes” Masaru 
Sekine, Yoshihiko Iketani and Teruhisa 
Tsuchimoto, 第 7 回創造機能化学国際フ
ォーラム  (IFOC-7) [東京大学  (東京 ), 
2012 年 11 月 18 日〜11 月 19 日] 

(3) “亜鉛触媒によるインドール類とヒドロ
シランの脱水素 N-シリル化反応に対す
る機構的考察と脱水素 C-シリル化反応
への応用” 関根大・池谷慶彦・土本晃久, 
日本化学会第 93 春季年会 [立命館大学 
(滋賀), 2013 年  3 月  22 日〜3 月  25 
日] 

(4) “亜鉛触媒によるヒドロシランを用いた
インドール類の脱水素シリル化反応” 鎌
倉大貴・関根大・池谷慶彦・土本晃久，
第 3 回 CSJ 化学フェスタ 2013 [タワ
ーホール船堀 (東京), 2013 年 10 月 21 
日〜10 月 23 日] 

(5) “亜鉛触媒によるヒドロシランを用いた
インドール類の脱水素シリル化反応” 鎌
倉大貴・池谷慶彦・関根大・土本晃久，
第 3 回 JACI/GSC シンポジウム [東京
国際フォーラム  (東京), 2014 年  5 月 
22 日〜5 月 23 日] 

(6) “Zinc-Catalyzed Dehydrogenative Silylation 
of Indoles with Hydrosilanes” Daiki 
KAMAKURA, Yoshihiko IKETANI, Masaru 
SEKINE, and Teruhisa TSUCHIMOTO, 
XXVI International Conference on 
Organometallic Chemistry (ICOMC 2014), 
[ロイトン札幌 (札幌), 2014 年 7 月 13 
日〜7 月 18 日] 

(7) “亜鉛触媒によるヒドロシランを用いた
インデン類の脱水素シリル化反応” 柴田
大輔・土本晃久，日本化学会第 95 春季
年会 [日本大学 (千葉), 2015 年 3 月 26 
日〜3 月 29 日] 

 
〔図書〕（計	
 0 件）	
 
	
 
〔産業財産権〕	
 
○出願状況（計	
 0 件）	
 
	
 
○取得状況（計	
 0 件） 
	
 
〔その他〕	
 
ホームページ等	
 
http://www.isc.meiji.ac.jp/~tsuchi/ 



６．研究組織	
 
(1)研究代表者	
 

	
  土本	
 晃久（TSUCHIMOTO, Teruhisa） 
 明治大学・理工学部・准教授 

	
  研究者番号： 80313716 
	
 

 


