
アルケンの不斉ヒドロホルミル化 2017年度 
有機金属化学第８回

末端アルケンの2位に官能基を導入すると不斉点が生じる

Sakai, N.; Mano, S.; Nozaki, K.; Takaya, H., J. Am. Chem. Soc. 1993, 115, 7033-7034.

Ph

CO/H2
5/5 MPa

60 °C, 43 h

0.05 mol %
Rh(acac)(CO)2

L/Rh = 2~4

Ph

CHO

Ph
+ CHO

C6H6

i/n = 86/14
92%ee

ligand

P

O
O O
P

Rh(acac)

Ph2

ligand

野崎京子教授 
(東京大学)

P

O
O O
P

Rh(acac)

Ph2 13CO/H2
0.05/0.05 MPa

P

O
O O
P

Rh
Ph2

toluene-d8

H

13CO
13CO

中間体観測：5配位三方両錐構造において二つのリン原子が 
　　　　　　アピカルとエクアトリアルを占めることをNMRにより確認

δH –9.27 (dddd, 2JPH = 161.2, 2JPH = 21.8, 1JRhH = 9.3, 2JCH = 3.3 Hz)

δC 194.9 (ddd, 1JRhC = 69.6, 2JPC = 18.3, 2JCC = 14.6 Hz)

δC 196.6 (dt, 1JRhC = 69.5, 2JPC = 2JCC = 14.6 Hz)
δP 184.7 (dd, 1JRhP = 181.6, 2JPP = 38.2 Hz)

δP 26.9 (ddt, 1JRhP = 119.0, 2JPP = 38.2, 2JPC = 18.3 Hz)

Nozaki, K.; Sakai, N.; Nanno, T.; Higashijima, T.; Mano, S.; Horiuchi, T.; Takaya, H., J. Am. Chem. Soc. 1997, 119, 4413-4423.



ヒドロエステル化とヒドロカルボキシル化
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Reppe反応

2種の反応機構が提唱されている
ヒドリド機構 アルコキシド機構

アルケンとCOが交互に挿入を繰り返せばポリケトンになる

Kiss, G., Chem. Rev. 2001, 101, 3435-3456.

アルケン挿入CO挿入

加メタノール分解

MeOHの代わりに水を使うと 
カルボン酸が生成する
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Catalytic Synthesis of Alkene-Carbon Monoxide Copolymers and Coologomers (Catalysis by Metal Complexes),
Sen, A., Ed. Kluwer Academic Publishers: Dordrecht, 2003.
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ヒドロシアノ化：アジポニトリルとナイロンブタジエンのヒドロシアノ化 
アジポニトリル：ナイロンの合成原料 (DuPont) 

触媒を利用する直接的合成 (DuPont) 
   Ni触媒によるHCNのブタジエンへのダブル反Markovnikov付加 
  3か所で運転され、年間100万トンの生産量 
  均一系触媒のみのプロセス（不均一系触媒の反応はない） 

・嵩高い配位子：配位子の脱離に有利 
・電子求引性が触媒サイクルに有利 
・・・ホスファイト配位子 

問題点 
選択性が低い 
NaClが大量に発生 

アジポニトリル：ナイロンの合成原料(DuPontの古い製法)

問題点： 
選択性が低い 
NaClが大量に発生 

触媒を利用する直接的合成 (DuPontの改良法) 
Ni触媒によるHCNのブタジエンへの反Markovnikov付加を2回 
均一系触媒のみのプロセス(不均一系触媒の反応はない・年間100万トンの生産量) 

・嵩高い配位子：配位子の脱離に有利 
・電子求引性が触媒サイクルに有利 
・ホスファイト配位子を利用

ヒドロシアノ化 

・ Lewis酸の添加により1,4-付加生成物 
(adiponitrile) の選択性が向上。 
・ 内部付加体 (2-methyl-3-butenenitrile) は触
媒存在下で異性化。 

ブタジエン 
ヒドロシアノ化 

・ Lewis酸の添加により1,4-付加生成物 
(adiponitrile) の選択性が向上。 
・ 内部付加体 (2-methyl-3-butenenitrile) は触
媒存在下で異性化。 

ブタジエン 

ルイス酸の添加効果
A = ZnCl2: 83% 
A = BPh3: >90%CN

CN

HNiL3(CN)·A

CN
Ni
CN

L2 CN
NC

分岐体から直鎖体への変換を 
ルイス酸が加速することがわかっている
＝ 
→アジポニトリルが選択的にできる



1,3-ブタジエンのヒドロシアノ化：反応機構

ブタジエンのヒドロシアノ化 
配位子のかさ高さと弱い電子供与性 
＝配位子Lの解離平衡を有利に

律速段階は 
還元的脱離

ジエン挿入

2段階でHCNの酸化的付加

16電子になって 
空き配位座確保

分岐アルケン錯体

直鎖アルケン錯体

還元的脱離段階ではアルキル基が求核種でシアノ基が求電子種 
＝ルイス酸がシアノ基の求電子性を上げて加速 
＆ルイス酸の配位によりシアノ基周りがかさ高い＝直鎖が有利

Ni(0)のプロトン化 
→



アルケンのヒドロシアノ化：分岐選択的＋不斉反応

ヒドロシアノ化 
アルケン 

不斉反応 

プロペンのヒドロシアノ化 
ルイス酸を添加すると末端 
選択性が向上 

Yan, M.; Xu, Q.-Y.; Chan, A. S. C., Tetrahedron Asym. 2000, 11, 845-849.

ビスホスファイトに軸不斉を導入して 
不斉を誘起している

ヒドロシアノ化 
不斉反応 

Naproxenの合成 

分岐選択性は h3-a-arylethyl 錯体の形成 

RajanBabu, T. V.; Casalnuovo, A. L., J. Am. Chem. Soc. 1992, 114, 6265-6266.

ヒドロシアノ化 
不斉反応 

Naproxenの合成 

分岐選択性は h3-a-arylethyl 錯体の形成 

η3-α-arylethyl錯体の形成が分岐選択性の起源

シアノヒドリン：



ヒドロホウ素化：無触媒での反応と位置選択性

http://www.chem-station.com/odos/2009/06/brown-brown-hydroboration.html

代表的なヒドロホウ素化反応剤

ヒドロホウ素化：反マルコフニコフ型付加
4員環遷移状態で
協奏的に付加
＝位置選択性の起源

反応性低い

不斉ヒドロホウ素化 不斉ヒドロホウ素化
酸化によりB-C結合へ酸素原子挿入：ボラート中間体からの1,2-アルキル転位
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Brown, H. C.; Heydkamp, W. R.; Breuer, E.; Murphy, W. S., J. Am. Chem. Soc. 1964, 86, 3565-3566.



ヒドロホウ素化：触媒の種類と選択性

Wilczynski, R.; Sneddon, L. G., J. Am. Chem. Soc. 1980, 102, 2857-2858.
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Männig, D.; Nöth, H., Angew. Chem. Int. Ed. Engl. 1985, 24, 878-879.

カルボニル存在下でのヒドロホウ素化における官能基選択性と触媒

遷移金属触媒ヒドロホウ素化の最初の例

ヒドロホウ素化 

Sneddon (1980年代) 
 

・ 触媒なしではケトンへの付加 
・ Wilkinson 触媒ではオレフィンへの付加 

遷移金属触媒の最初の例。 



Rh-Catalyzed Addition of Catecholborane to Alkenes 

Scheme I. A Possible Mechanism for Alkene Hydroborations Mediated by RhCl(PPh,), 

J .  Am. Chem. Soc., Vol. 114, NO. 24, 1992 9351 
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Scheme 11. Reaction of RhCl(PPh,), with Catecholborane 
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5 
that (i) the catech~lborane/RhCl(PPh~)~ hydroborating system 
is complex, affording several phosphinorhodium and boron-con- 
taining products arising from rhodium-mediated degradation of 
catecholborane; (ii) hydroborations of sterically demanding (slow 
reacting) alkenes give appreciable amounts of hydrogenation 
and/or BH3-derived products from degradation of catecholborane; 
(iii) the label distributions reported by Evans and Fu4 are re- 
producible when the catalyst system is prepared and manipulated 
under anaerobic conditions, and the deuterium label distributions 
first reported by Burgess and van der Donk2’ are attributed to 
partial oxidation of the catalyst; (iv) a-deuteration in the hy- 
droboration of 2-methyl-3-((tert-butyldimethylsilyl)oxy)but- 1 -ene 
(30) is accompanied by significant amounts of aldehyde formed 
via oxidation of vinylboronate esters, whereas only alcohol product 
(and no a-deuteration) is obtained if oxidized Willdnson’s catalyst 
is used; and (v) in situ addition of D2 (from DB02C6H4) to 

(28) Kono, H.; Ito, K.; Nagai, Y. Chem. Lett. 1975, 1095. 
(29) S a m ,  A.; Ugo, R.; Moles, A. J .  Chem. Soc. ( A )  1966, 1670. 
(30) Straw, S. H.; Diamond, S. E.; Mars, F.; Shriver, D. F. Inorg. Chem. 

(31) Minnig, D.; NMh, H. J .  Chem. SOC., Dalton Trans. 1985, 1685. 
( 3 2 )  Westcott, S. A.; Marder, T. 9.; Baker, R. T. Submitted for publi- 

cation. 
(33) Westcott, S. A.; Blom, H. P.; Marder, T. 9.; Baker, R. T.; Calabrese, 

J. C. Inorg. Chem., submitted for publication. 
(34) Reactions with chelating bisphosphine ligands are more complex (cf. 

Slack, D. A.; Greveling, I.; Baird, M. C. Inorg. Chem. 1979, 28, 3125 and 
references contained therein). 

(35) Garrou, P. Chem. Reu. 1985, 85, 171. 
(36) (a) Baker, R. T.; Westcott, S. A.; Marder, T. 9. Submitted for 

publication. (b) Baker, R. T.; Calabrese, J. C.; Westcott, S. A.; Marder, T. 
B. Unpublished results. 

(37) Burgess, K.; Donk, W. van der; Kook, A. J .  Org. Chem. 1991, 56, 
7360. 

1978, 17, 3064. 
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vinylboronate esters would account for a-deuterium incorporation 
in the product alcohol. 
Results and Discussion 

have reported that catecholborane reacts with 1 to give 
RhHCl(B02C6H4)(PPh3)2 (2).23 We reinvestigated this reaction 
using multinuclear NMR spectroscopy for a variety of solvents 
and catecholborane/Wilkinson’s catalyst ratios and found that 
the system is more complicated than was implied previously. 
Moderate yields of the oxidative addition product RhHCl- 
(B02C6H4)(PPh3)2 (2) were obtained via slow addition of cate- 
cholborane ( 5  equiv) to solutions of Wilkinson’s catalyst in either 
T H F  or CH2C12, but several other compounds were also formed 
(Scheme 11). The major phosphinorhodium complexes present 
were 2, R ~ I H ~ C I ( P P ~ ~ ) ~  (3),29 and a new compound containing 
two Rh-BR2 moieties, RhC1(B02C6H4)2(PPh3)2 (4). Substantial 
quantities of H3B.PPh3, B2(02C6H4)3, and free PPh3 were also 
observed. Reactions of 1 and catecholborane in toluene were even 
more complicated and gave trace amounts of R ~ H ( P P ~ I ~ ) ~  (5), 
presumably via chloride abstraction by BH3. The molecular 
structure of hydride 5, determined by X-ray diffraction, was 
similar to that reported previously for the dimethylamine solvate 
(see supplementary material).,O We were unable to obtain single 
crystals of 2 suitable for X-ray analysis, but the analogous complex 
RhHCl(B02C6H4)(PiPr3)2 has been characterized structurally in 
other work.26 The molecular structure of RhH2Cl(PPh3)3 (3) was 
also determined by X-ray diffraction (Figure 1, Table I); it has 
meridional PPh3 ligands and cis hydrides, as proposed previously 
on the basis of solution NMR studies.29 

Monitoring reaction of 1 with 3 equiv of catecholborane in THF 
by multinuclear NMR spectroscopy provided additional details 

Reactioos Of  catechdboraw WMI RKl(PF%3)3 (1). TWO ~ O U ~ S  

ヒドロホウ素化：触媒反応機構

B-H結合の
酸化的付加

より小さなM-H結合への
選択的アルケン挿入

配位

C-B結合の
還元的脱離

Burgess, K.; Van der Donk, W. A.; Westcott, S. A.; Marder, T. B.;
Baker, R. T.; Calabrese, J. C., J. Am. Chem. Soc. 1992, 114, 9350-9359.

挿入の向きが 
位置選択性を決める

アルケンのヒドロホウ素化 

Rh触媒・・・分岐選択的。Ti触媒・・・末端選択的。 

アルキルアルケン・・・末端選択的。 

アルケンのヒドロホウ素化 

Rh触媒・・・分岐選択的。Ti触媒・・・末端選択的。 

アルキルアルケン・・・末端選択的。 

触媒サイクル

触媒および基質による位置選択性の違い

アルケンのヒドロホウ素化 

Rh触媒・・・分岐選択的。Ti触媒・・・末端選択的。 

アルキルアルケン・・・末端選択的。 

アルケンのヒドロホウ素化 

Rh触媒・・・分岐選択的。Ti触媒・・・末端選択的。 

アルキルアルケン・・・末端選択的。 

後周期金属はη3ベンジル中間体が安定＝分岐もあり得る 常に直鎖アルキル中間体が安定



ジエン・アルキンのヒドロホウ素化・不斉ヒドロホウ素化ジエンのヒドロホウ素化 

アルキンのヒドロホウ素化 

MeO

1) Rh(cod)(acac), catB-H
Me3SiOTf, (S)-QUINAP
2) H2O2, HO-

O
B

O
H

catB-H
N

PPh2

(S)-QUINAP

MeO

OH

57% yield
94% ee

Brown, J. M.; Hulmes, D. I.; Layzell, T. P.
J. Chem. Soc., Chem. Commun. 1993, 1673-1674.

Ohmura, T.; Yamamoto, Y.; Miyaura, N.
J. Am. Chem. Soc. 2000, 122, 4990-4991.

Satoh, M.; Nomoto, Y.; Miyaura, N.; Suzuki, A.,
Tetrahedron Lett. 1989, 30, 3789-3792.

ヒドリドジエン錯体経由で
π-アリル錯体に

アリルボランは無触媒で
アルデヒドに付加

触媒で直鎖・分岐を制御可能
状況によってはanti付加も

QUINAP配位子はN,Pで
Rhに配位している



ヒドロシリル化：アルキルシラン合成アルケンのヒドロシリル化 
アルケンのヒドロシリル化 

Karstedt's Catalyst

Karstedt, B. D. Platinum Complexes of Unsaturated Siloxanes
and Platinum Containing Organopolysiloxanes. 3775452, 1971.

Speier, J. L.; Webster, J. A.; Barnes, G. H., J. Am. Chem. Soc. 1957, 79, 974-979.

アルケンの触媒的ヒドロシリル化

Comprehensive Handbook on Hydrosilylation 
B. Marciniec ed. Pergamon, 2013



ヒドロシリル化：反応機構
Chalk-Harrod機構 modified Chalk-Harrod機構
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(1) C-Si結合還元的脱離の例が少ない

(3) 計算化学により安定な経路が示唆された

提唱されている理由

酸化的
付加

配位
M-Siへ挿入

還元的
脱離

σ-bond metathesis機構
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H SiR’3 一般にσ bond metathesisは
・酸化還元ができない前周期金属やランタニド
・これ以上酸化されない高酸化数の後周期金属
において含まれる素反応である

σ bond
metathesis

σ bond
metathesis

M-Hへ挿入

(2) ビニルシランの生成が確認される
＝



ヒドロシリル化：様々な基質内部アルケンのヒドロシリル化 

・ 内部アルケンの場合、異性化が進行する。 
・ H2SiCl2 を用いると異性化が観察されない 

内部アルケン

内部アルケンのヒドロシリル化 

・ 内部アルケンの場合、異性化が進行する。 
・ H2SiCl2 を用いると異性化が観察されない 

異性化の後、直鎖アルキル錯体からの反応が速い
＝

H2SiCl2は異性化しない ジエンのヒドロシリル化 

1,4付加と1.2付加が進行。 

ジエン

アリルシラン：
触媒によっては1,4-付加体と1,2-付加体を作り分け可能

ヒドロシリル化 

脱水素シリル化  
(dehydrogenative silylation) 
アルケン(脱水素シリル化)



アルキン

アルケンから分岐アルキルシランで不斉反応

アルキンのヒドロシリル化 

アルキンのヒドロシリル化 

trans 付加 

ルテニウム触媒 
内部選択的 

ヒドロシリル化：様々な基質

不斉ヒドロシリル化 

Uozumi, Y.; Hayashi, T., J. Am. Chem. Soc. 1991, 113, 9887-9888.

MOP配位子

触媒制御で
位置選択性が発現



ヒドロシリル化：様々な基質・触媒

In addition to cost and environmental advan-
tages, base-metal compounds also offer the prospect
of mechanistic distinctions that may overcome
some of the deleterious side reactions observed
for existing commercial precious metal–catalyzed
processes (16, 17). Althoughmany successful iron-
catalyzed carbonyl hydrosilylations for the synthesis
of alcohols have been realized (18–23), catalysts that
promote industrially practiced Si-H additions to
alkenes are rare. Early studies focused on iron
carbonyl compounds such as Fe(CO)5 andFe3(CO)12
as pre-catalysts but these required either high
temperatures or ultraviolet light to access the ac-
tive species (24, 25). In addition to the inconve-
nient reaction conditions, measurable quantities
of side products arising from hydrogenation,
alkene isomerization, and dehydrogenative sil-
ane coupling accompany the desired Si-H addi-
tion process, limiting the utility of this class of
catalyst (26).

In 2004, the bis(imino)pyridine iron di-
nitrogen compound, (iPrPDI)Fe(N2)2 [iPrPDI =
2,6-(2,6-iPr2-C6H3N=CMe)2C5H3N] (Fig. 1),
was reported as an effective precatalyst for the
hydrosilylation of unactivated alkenes and alkynes
under mild thermal conditions (27). Exclusive anti-
Markovnikov addition was observed in reactions
of a-olefins such as 1-hexene and styrene, with no
evidence for side reactions such as dehydrogenative
silylation. Despite this favorable selectivity, this
catalyst was unreactive toward the tertiary silane,
Et3SiH (Et, ethyl), and unactivated terminal al-
kenes, representing a barrier to industrial appli-
cability. Tertiary silanes, R3SiH (R = alkyl, aryl,
alkoxide, etc.), are the most commercially relevant
silicon hydrides, as products prepared fromprimary
(RSiH3) or secondary (R2SiH2) silanes contain
residual Si-H bonds, which act as catalyst poisons
and decrease the stability and, hence, the utility of
the final product. One example of an iron-catalyzed
1,4-addition of a tertiary silane, (EtO)3SiH, to di-
enes has been reported by Wu et al. (28), although
the substrate scope and application to commer-
cially relevant alkene substrates have not been
disclosed. Here, we describe iron compounds for
the catalytic hydrosilylation of industrially ap-
plicable alkenes using tertiary silanes. Inspira-
tion for these studies was derived, in part, from
dramatically improved alkene hydrogenation ac-
tivity observed with [(EtPDI)Fe(N2)]2(m2-N2) and
[(MePDI)Fe(N2)]2(m2-N2) (m denotes bridging lig-
and) (29). We were curious if reducing the size of
the 2,6-aryl substituents from isopropyl to ethyl
and methyl would have a similar effect in cat-
alytic alkene hydrosilylation chemistry. In many
examples, the new base-metal catalysts offer ad-
vantages in both activity and selectivity over cur-
rently employed precious compounds.

Our studies commenced with the hydro-
silylation of 1-octene as a representative substrate.
The product of the anti-Markovnikov addition
of (Me3SiO)2MeSiH (MD′M) to 1-octene is 3-
octyl-1,1,1,3,5,5,5-heptamethyltrisiloxane
(Table 1), which is prepared commercially for use
as an agricultural adjuvant and as a sensory and

performance enhancer in cosmetic formula-
tions (3). With 2000 parts per million (ppm) of
(iPrPDI)Fe(N2)2 in the presence of neat 1-octene
and MD′M, we observed more than 98% con-
version to the anti-Markovnikov product (Table 1).
Likewise, we also observed nearly complete con-
version when (EtO)3SiH was used as the silane.
In both cases, there was no evidence for any
other products. Alkene hydrosilylations with
(EtO)3SiH are of interest because the alkylsilane
products find application as filler treatments (7).
Consistent with the observations made previous-

ly in toluene solution with 1-hexene (27), we ob-
served negligible turnover with Et3SiH. We
performed each of these reactions, as well as all
others reported in this study, under a dinitrogen
atmosphere with predried reagents. Although this
may appear to be a limitation, many large-scale,
commercial reactions are performed in an inert
atmosphere for safe practice.

To improve catalytic activity, we evaluated
bis(imino)pyridine iron complexes with smaller
aryl substituents for the catalytic hydrosilylation
of 1-octene. The 2,6-diethyl-substituted compound,

Fig. 1. Bis(imino)pyridine iron dinitrogen complexes used for alkene hydrosilylation. Ar, aryl group.

Table 1. Evaluation of iron precatalysts for the selective hydrosilylation of 1-octene with
various tertiary silanes. MD’M, (Me3SiO)2MeSiH;

EtPDI, 2,6-(2,6-Et2-C6H3N=CMe)2C5H3N;
MePDI,

2,6-(2,6-Me2-C6H3N=CMe)2C5H3N.
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[(EtPDI)Fe(N2)]2(m2-N2), exhibitedminimal activity
for hydrosilylation with Et3SiH, but fast and se-
lective reactions were observed with (EtO)3SiH
and MD′M (Table 1). Motivations for studying
hydrosilylationswith Et3SiH include determining
tertiary silane scope as well as potential industrial
applications. Further reduction in size of the
2,6-aryl substituents to methyl groups produced
the most active hydrosilylation catalysts for
1-octene. Unlike the iPr and Et variants, 2000 ppm
of [(MePDI)Fe(N2)]2(m2-N2) (29) resulted in com-
plete conversion of Et3SiH and the olefin to the
anti-Markovnikov product in 45 min at 23°C
(Table 1). Monitoring the reaction by gas chro-
matography as a function of time under these
conditions established 60% conversion in 15 min
and 88% conversion in 30 min. Successful hy-
drosilylation was also achieved with 500 ppm of
[(MePDI)Fe(N2)]2(m2-N2), plateauing at 71% con-
version in 2 hours. In all cases, exclusive for-
mation of the anti-Markovnikov product of
1-octene hydrosilylation was detected by gas chro-

matography and nuclear magnetic resonance
(NMR) spectroscopy.

The methyl-substituted compound also
exhibited high activity and selectivity for the
hydrosilylation of 1-octene with (EtO)3SiH
and MD′M (Table 1). To put the results with the
bis(imino)pyridine iron dinitrogen complexes
in context, the hydrosilylation of 1-octene with
MD′M in the presence of 30 ppm of Karstedt’s
catalyst proceeds to 80% conversion at 72°C
with a detectable quantity (up to 20%) of by-
products arising from alkene hydrogenation,
isomerization, and dehydrogenation (10). Sup-
pression of these unwanted side reactions has
been achieved by using N-heterocyclic carbene–
supported platinum catalysts (10).

The absence of competing olefin isomeriza-
tion during the hydrosilylation of 1-alkenes and
preference for anti-Markovnikov products with
the bis(imino)pyridine iron dinitrogen com-
pounds inspired additional study. Hydrosilylation
of styrene is often plagued by competing iso-

merization and sometimes favors silicon addition
to the carbon closest to the aryl ring (30). Hy-
drosilylation of this alkene with MD′M in the
presence of 200 ppm [(MePDI)Fe(N2)]2(m2-N2)
exclusively furnished the anti-Markovnikov pro-
duct in >98% conversion after 30 min (Fig. 2A),
highlighting the preference for the iron catalyst to
functionalize the terminal position of the alkene.
In contrast, (iPrPDI)Fe(N2)2 produced no turn-
over at 2000 ppm or higher loadings. Instead,
transfer hydrogenation from one of the ligand
isopropyl substituents to the substrate to yield
ethylbenzene was observed (31).

To further probe the regioselectivity, we con-
ducted a deuterium-labeling experiment for the
hydrosilylation of 1-octene. If chain-running pro-
cesses were competitive, deuterium would be
found throughout the alkyl chain of the product.
Hydrosilylation with (Me3SiO)2MeSiD with
[(MePDI)Fe(N2)]2(m2-N2) yielded the anti-
Markovnikov product with deuterium incor-
porated only in the 2 position of the alkyl chain,
demonstrating that chain running is not com-
petitive during catalytic turnover (Fig. 2B).

To screen the compatibility of the iron cata-
lysts with functional groups, we studied the hydro-
silylation of amino-substituted olefins, as these
substrates often poison platinum catalysts. In the
presence of 2000 ppm [0.03mole percent (mol%);
200 ppm Fe metal] of [(MePDI)Fe(N2)]2(m2-N2),
the hydrosilylation of N,N-dimethylallylamine
with MD′M reached completion in 15 min, dem-
onstrating the potential compatibility of the
bis(imino)pyridine iron catalysts with func-
tionalized alkenes. The more sterically congested
(iPrPDI)Fe(N2)2 (2000 ppm, 0.05mol%, 200 ppm
[Fe] metal) was also active for this reaction,
leading to 90% conversion in 15 min at 23°C.

Products arising from the hydrosilylation of
methyl- and tert-butyl–capped allyl polyethers
find application as sensory and performance
enhancers in personal-care products, silicone
surfactants for the stabilization of polyurethane
foams, and agricultural adjuvants (5, 6, 8, 32).
With industrial platinum catalysts, the reactions are
conducted at 85° to 100°C and require a 10 to
30 mol % excess of polyether substrate to compen-
sate for competing isomerization to the propenyl
ether that, once formed, is unreactive toward hydro-
silylation. In contrast, we observed complete hydro-
silylation with a methyl-capped polyether and an
equimolar quantity of MD′M in the presence of
7000 ppmof [(MePDI)Fe(N2)]2(m2-N2) (0.26mol%;
700 ppm Fe metal), as judged by 1H NMR spec-
troscopy (Fig. 2C). No evidence was obtained for
competing olefin isomerization. Themore sterically
hindered iron compound, (iPrPDI)Fe(N2)2, produced
no turnover.

The platinum-catalyzed hydrosilylation of
hydrido- and vinyl-functionalized silicone fluids
is widely practiced due to the application of the
resulting cross-linked silicone polymers as re-
lease coatings. Replacing platinum in this spe-
cific context is particularly attractive because the
viscosity and morphology of the final product

Fig. 2. (A) Styrene hydrosilylation catalyzed by [(MePDI)Fe(N2)]2(m2-N2). (B) Deuterium labeling of
1-octene hydrosilylation. (C) Hydrosilylation of an allyl polyether. The 8.9 designation refers to the
average number of repeat units.

Fig. 3. Cross-linked silicone fluids prepared using the commercial Pt catalyst (left) and the bis(imino)
pyridine iron dinitrogen compound [(MePDI)Fe(N2)]2(m2-N2) (right).
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鉄錯体触媒を用いたポリヒドロシロキサンとジビニルポリシロキサンの
ヒドロシリル化によるクロスリンクポリマーの合成

Tondreau, A. M.; Atienza, C. C. H.; Weller, K. J.; Nye, S. A.; Lewis, K. M.; Delis, J. G. P.; Chirik, P. J., Science 2012, 335, 567-570.

RhまたはPt触媒を用いたポリヒドロシロキサンとフッ素化アルケンの
ヒドロシリル化による撥水性シリコーンポリマーの合成

触媒：[{Rh(OSiMe3)(cod)}2]またはKarstedt complex

Maciejewski, H.; Karasiewicz, J.; Dutkiewicz, A.; Dutkiewicz, M.; Dopierała, K.; Prochaska, K., React. Funct. Polym. 2014, 83, 144-154.

希少金属触媒ではなく鉄触媒を用いているところがポイント
ジビニル体を用いると



分子内ヒドロアミノ化 

大きな金属イオンを含む方が反応が㏿い 
SiMe2によって2つのCpを縛ることによって、
反応が加㏿。 
より大きな反応場を有するため 

ヒドロアミノ化：前周期金属触媒

4108 J .  Am.  Chem. SOC. 1989, 1 1 1 ,  4108-4109 

Through correlation with hydrogen desorption measurements and 
comparison with IR spectra of organometallic complexes, this 
species is usually attributed to surface methylidyne or to an 
acetylide species in the case where a Y(CC) mode at approximately 
1300 cm-I is detected. For the system Ru(001), for example, C H  
is characterized by a stretching mode at 3010-3030 cm-l and a 
bending mode at 800-840 cm-I.la The corresponding modes for 
(C0)4C03--(w3-CH)2a appear at  3041 and 850 cm-', respectively. 
The u(CC) mode for acetylide on Ru(001) appears at  1290 cm-'.Ia 
On the basis of the above fingerprinting considerations we assign 
the observed losses at  780, 1230, and 3050 cm-' to a mixture of 
adsorbed C H  and C2H.  Adsorbed acetylide is a common de- 
composition product of C, molecules, such as ethylene or acetylene, 
on metal surfaces. However, if acetylide is indeed present on the 
W( 100) surface, following CH2N2 adsorption, then it most likely 
results from the coupling of C1 species. Another possible route 
to CCH is the interaction of an adsorbed C1 unit with a molecule 
of CH2N2. The remaining two losses at  2950 and 1440 cm-l are 
typical for a C H 2  species. The 6 (CH,) and the us (CH,) modes 
for CH, on Fe( 110) appear at 1420 and 2970 cm-', respectively.8 
The corresponding modes for Fe2(CO),(p-C02)(p-CH2) appear 
at  1379 and 2910 cm-l, respectively.21 The interpretation of the 
interaction of diazirine with W(100) at  100 K, as given above, 
leads to the following simple decomposition scheme: 
CH2N2(g) + W(100) - CH2ads + C,Hads + Hads + N2(g) 

We anticipate that on less reactive metals than tungsten we may 
be able to use diazirine to vary the surface concentration of selected 
C I  units. With this in mind, we are in the process of studying 
the interaction of diazirine-d2 and diazirine with the P d ( l l 0 )  
surface as a function of temperature. 
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The remarkable facility with which early lanthanidealkyl bonds 
undergo olefin insertion within bis(pentamethylcyc1o- 
pentadieny1)metal coordination spheres' (e.g., eq 1; Nt (1 atm 
ethylene; 25 "C) 5 1800 s-' when X = primary alkyl or hydride 
and Ln = Lala) suggests that, in this environment, thermody- 

Cp',Ln-X + H2C=CH2 - Cp',Ln-CH2CH2X (1) 

namically feasible but normally unobserved insertion processes 
involving other metal-X bonds may also be rapid. Coupling to 
proton-transfer processes (e.g., eq 2) would then constitute a 
Cp',Ln-CH2CH2X + H X  - Cp',Ln-X + CH3CH2X (2) 

catalytic cycle for HX addition to olefins. For lanthanide amides 

(1 )  (a) Mauermann, H.; Marks, T. J .  Organometallics 1985, 4 ,  200-202. 
(b) Jeske, G.; Lauke, H.; Mauermann, H.; Swepston, P. N.; Schumann, H.; 
Marks, T. J. J .  Am. Chem. SOC. 1985,107,8091-8103. (c) Jeske, C.; Schock, 
L. E.; Mauermann, H.; Swepston, P. N.; Schumann, H.; Marks, T. J.  J .  Am. 
Chem. SOC. 1985, 107, 8103-81 10. (d) Jeske, G.; Lauke, H.; Mauermann, 
H.;Schumann, H.; Marks,T. J . J . A m .  Chem.Soc .  1985, 107, 8111-8118. 
(e) Watson, P. L.; Parshall, G. W. Acc. Chem. Res. 1985, 18, 51-55. 

Table I 
entrv substrate ( r e n  Droduct (ref) N ,  (h-', OC) catalyst 

1 ? 13 (25) l a  
HzN- 19 3 Z9 140 (60) l a  

2 H 125 (25) l a  
H~N& k 9  75 (80) l b  

< I  (80) IC 

3 n 84 (25) l a  
49 e ,,.I3 

4 5 (60) l a  
H~~- s9 5 u9,13 

13  (80) l a  614 Ll" 
5 

H 

Scheme I 
l/Z(CP'*LaH)z 

la 
\ G H2N- 

(X = NR2), we estimate eq 1 to be approximately therm~neutral ,~,~ 
while eq 2 should be both rapid4a and ex other mi^.^^^^^^^^ As the 
first embodiment of such a strategy, we report here the facile and 
regiospecific organolanthanide-catalyzed hydroamination/cycl- 
ization of N-unprotected amino  olefin^,^ heretofore difficult ho- 
mogeneous transformations proceeding (e.g., with Pd2+ catalysts) 
via distinctly different mechanistic 

(2) AH,,, = -5 to 0 kcal/mol using existing Th,2" Zr,2b and Sm2csd data. 
(a) Bruno, J .  W.; Marks, T. J.; Morss, L. R. J .  Am. Chem. SOC. 1983, 105, 
6824-6832. (b) Schock, L. E.; Marks, T. J .  J .  Am.  Chem. SOC. 1988, 110, 
7701-7715. (c) Nolan, S. P.; Stern, D.; Marks, T. J. Abstracts of Papers, 
196th National Meeting of the American Chemical Society, Los Angeles, CA; 
American Chemical Society: Washington, DC, Sept 25-30, 1988; INOR 378. 
(d) Nolan, S. P.; Stern, D.; Marks, T. J. J .  Am.  Chem. Soc., in press. 

(3) Cp',LaNMe2 catalyzes ethylene polymerization (Hedden, D.; Marks, 
T. J., unpublished results). 

(4) (a) Fagan, P. J.; Manriquez, J. M.; Vollmer, C. H.; Day, C. S.; Day, 
V. W.; Marks, T. J .  J .  Am. Chem. SOC. 1981, 103, 2206-2220. (b) For the 
addition of NH3 to H2C=CH2, AGO ii: -4 kcal/mol.4c (c) Pedley, J .  B.; 
Naylor, R .  D.; Kirby, S .  P. Thermochemical Data of Organic Compounds, 
2nd ed.; Chapman and Hall: London, 1986; Appendix Table 1.2. 

(5) Communicated in part at  the Sixth International Symposium on Ho- 
mogeneous Catalysis, Vancouver, British Columbia, Canada, August 21-26 
1988. 

(6) (a) Tamaru, Y.; Hojo, M.; Higashima, H.; Yoshida, 2. J .  Am.  Chem. 
SOC. 1988, 110, 3994-4002, and references therein. These authors summarize 
the strengths and weaknesses of platinum metal-catalyzed transformations. 
(b) Collman, J.  P.; Hegedus, L. G.; Norton, J. R.; Finke, R. G. Principles and 
Applications of Organotransition Metal Chemistry; University Science Books: 
Mill Valley, CA, 1987, Chapters 7.4, 1 7 . 1 .  (c) Hegedus, L. S.; Akermark, 
B.; Zetterburg, K.; Olsson, L. F. J .  Am.  Chem. SOC. 1984, 106, 7122-7126. 
(d) Hegedus, L. S.; McKearin, J. M. J .  Am. Chem. SOC. 1982, 104, 
2444-2451. (e) Pugin, B.; Venanzi, L. M. J .  Organometal. Chem. 1981, 214, 
125-133, and references therein. (0 Hegedus, L. S.; Allen, G. F.; Bozell, J .  
J.; Waterman, E. L. J .  Am. Chem. SOC. 1978, 109, 5800-5807. 

(7) (a) Casalnuovo, A. L.; Calabrese, J .  C.; Milstein. D. J .  Am. Chem. SOC. 
1988, 110, 6738-6744. (b) Cowan, R. L.; Trogler, W. Organometallics 1987, 
6, 2451-2453. (c) Pez, G.; Galle, J .  E. Pure Appl. Chem. 1985, 57,  
1917-1926. (d) Gasc, M .  B.; Lattes, A,; Perie, J .  J. Tetrahedron 1983, 39, 
703-73 1. 
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分子内反応

Gagne, M. R.; Marks, T. J., J. Am. Chem. Soc. 1989, 111, 4108-4109.

Li, Y.; Marks, T. J., Organometallics 1996, 15, 3770-3772.

分子間ヒドロアミノ化 
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Ryu, J.-S.; Marks, T. J.; McDonald, F. E., J. Org. Chem. 2004, 69, 1038-1052.
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大きな金属イオンを含む方が反応が㏿い 
SiMe2によって2つのCpを縛ることによって、
反応が加㏿。 
より大きな反応場を有するため 
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SiMe2によって2つのCpを縛ることによって、
反応が加㏿。 
より大きな反応場を有するため 

分子内ヒドロアミノ化 

大きな金属イオンを含む方が反応が㏿い 
SiMe2によって2つのCpを縛ることによって、
反応が加㏿。 
より大きな反応場を有するため 

分子間反応

金属イオンが大きいほど反応加速
SiMe2で縛ると反応加速
＝

M-N結合へのアルケン挿入
M-C結合の加プロトン分解で進行
※



ビニルアレンのヒドロアミノ化 

Pd触媒では分岐型の生成物が得られる。TｆOHの添加効
果あり。OTf錯体を用いてもOK。BINAPを用いると不斉反
応も進行。 
アミンとしてはアリールアミンとともにアルキルアミンを利
用できる。Xantphosを用いると官能基許容性があがる。 

ヒドロアミノ化：後周期金属触媒
分子内反応

Bender, C. F.; Widenhoefer, R. A., J. Am. Chem. Soc. 2005, 127, 1070-1071.
π酸性の強いPtやAuが有効

N
Ph
Ph

BnNHBn

Ph
Ph

[PtCl2(CH2=CH2)]2
2.5 mol%

PPh3 (5 mol%)
dioxane

120 °C, 18 h1 2

反応機構

PtCl2(PPh3)2

N
H Bn

PtCl2LPh
Ph

N
H Bn

PtCl2LPh
Ph

N
Ph
Ph

H
Bn

PtCl2L

R3N
R3NH·Cl

N
Ph
Ph

Bn
PtCl2L

N
Ph
Ph

Bn
PtCl2L
H

N
Ph
Ph

Bn
PtCl2L

1

2

R3NH·Cl
R3N

π配位したアルケンの
外側からアミンが攻撃
＝

挿入＆環化

脱プロトン
＆環化

金属上をプロトン化

M-C結合の
加プロトン分解

配位子交換
配位子交換

Kawatsura, M.; Hartwig, J. F., J. Am. Chem. Soc. 2000, 122, 9546-9547.

分子間反応

反応機構

配位アルケンへのアミンの攻撃
＋加プロトン分解を提唱



anti-Markovnikov付加 
Rh触媒 

Ru触媒 

PPh3を用いるとエナミンの副生成物を
多く与える。 

ビニルアレンのヒドロアミノ化 

Pd触媒では分岐型の生成物が得られる。TｆOHの添加効
果あり。OTf錯体を用いてもOK。BINAPを用いると不斉反
応も進行。 
アミンとしてはアリールアミンとともにアルキルアミンを利
用できる。Xantphosを用いると官能基許容性があがる。 

ヒドロアミノ化：不斉反応・反マルコフニコフ型付加

Kawatsura, M.; Hartwig, J. F., J. Am. Chem. Soc. 2000, 122, 9546-9547.

不斉反応

不斉分子内ヒドロアミノ化 

シクロペンタジエニル配位子では選択性が中程度。 
チオレート配位子、ビナフトール、BINAMビスアミドなどで良い結果が得られている。 

不斉分子内ヒドロアミノ化 

シクロペンタジエニル配位子では選択性が中程度。 
チオレート配位子、ビナフトール、BINAMビスアミドなどで良い結果が得られている。 

87％ ee (R = Me)

不斉分子内ヒドロアミノ化 

シクロペンタジエニル配位子では選択性が中程度。 
チオレート配位子、ビナフトール、BINAMビスアミドなどで良い結果が得られている。 

98% yield
93％ ee (R = Me)

Kim, J. Y.; Livinghouse, T., Org. Lett. 2005, 7, 1737-1739.
Wood, M. C.; Leitch, D. C.; Yeung, C. S.; Kozak, J. A.; Schafer, L. L., Angew. Chem. Int. Ed. 2007, 46, 354-358.

反マルコフニコフ型付加

HN

O
Ph +

[Rh(cod)(DPEphos)]BF4
5 mol% Ph N

O
+

Ph N
O

O
PPh2Ph2P

DPEphos =
yield 71%

(75:25)

Utsunomiya, M.; Kuwano, R.; Kawatsura, M.; Hartwig, J. F.
J. Am. Chem. Soc. 2003, 125, 5608-5609.

moderate yields, but with high selectivity for amine over enamine
(entries 11 and 12). Dimethylamine was the most reactive acyclic
amine. Reactions of this substrate gave high yields of hydroami-
nation products with electron-rich or -neutral styrenes and, in
contrast to previous results with other catalysts, gave good yields
of amine from reaction with 2-vinylpyridine.17 Primary aliphatic
and aromatic amines did not react, and pyrrolidine gave poor
selectivity for the amine product.
Electron-rich and electron-poor vinylarenes both gave amine as

the dominant product under the appropriate reaction conditions.
Reactions of electron-rich vinylarenes generally gave higher
selectivities than the reactions of electron-poor vinylarenes under
the same conditions. However, reactions at lower concentrations
of vinylarene gave higher selectivities. Therefore, reactions of
electron-poor vinylarenes, which were more reactive, were con-
ducted at lower concentrations of olefin and gave acceptable
selectivities for formation of amine versus enamine (entries 5 and
6).
Two results show that amine and enamine are formed in parallel,

not sequential, steps. First, the two products were formed in a
constant ratio over the course of the reaction.18 Second, the reaction
of p-methylstyrene with morpholine was conducted in the presence
of an added enamine with a different aryl group, and only trace
amounts of amine were formed from the added enamine (Scheme
1). This parallel formation of amine and enamine is consistent with
Beller’s results on the formation of the amine as side product during
his studies of oxidative amination.19
The lower amine:enamine ratios at higher concentrations of

vinylarene suggest that two vinylarenes are present in the transition
state that controls selectivity. If the vinylarene is both a reactive
and an ancillary ligand, then one vinylarene should affect the
product ratio formed from another. To test this prediction, the
reaction of morpholine with a mixture of styrene and m-trifluo-
romethyl styrene was conducted. Compared to ratios from reactions
of the two vinylarenes alone, the ratio of amine to enamine formed
from styrene was lower and the ratio of amine to enamine formed
from m-trifluoromethyl styrene was higher (Scheme 2).20 This result
supports the presence of two vinylarenes in the complex that
controls selectivity. A second amine does not participate in a similar
way. The ratios of amine:enamine from reaction of morpholine and
piperidine together were indistinguishable from the ratios produced
from reactions of the two amines conducted separately.
Although further mechanistic studies are needed to define clearly

the catalytic pathway, Scheme 3 provides one mechanism that

rationalizes the effect of the second styrene. A metallacyclic
!-amino, R-arylalkyl complex could form by either attack on
coordinated olefin or insertion into a species formed by N-H
activation. This metallacycle would favor formation of amine
because the !-hydrogen would be inaccessible to the metal, but
the alkyl and hydride could be mutually cis. Coordination of a
second vinylarene21 could then open the metallacycle to allow
!-hydrogen elimination, or insertion of the vinylarene could
generate a dialkyl complex that must undergo !-hydrogen elimina-
tion. Coordination of the electron-poor vinylarene is likely to be
favored.21 Reaction solutions containing electron-poor vinylarene
would, therefore, create more enamine from !-hydrogen elimination
than those with only electron-rich vinylarene. We cannot explain
at this time the low selectivity from reactions of pyrrolidine, but
further investigation of the reaction mechanism, studies toward
synthesis of aminoalkyl intermediates, and an understanding of the
role of DPEphos on selectivity are in progress.
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experimental report

DFT study

過剰のスチレンで
選択性低下

DFTはアルケン錯体からの反応を支持

Rh触媒 Ru触媒

DPPPent配位子のみ特異的に効果あり

DPPPent =
PPh2Ph2P

Takaya, J.; Hartwig, J. F., J. Am. Chem. Soc. 2005, 127, 5756-5757.

Utsunomiya, M.; Hartwig, J. F., J. Am. Chem. Soc. 2004, 126, 2702-2703.

DPPPent配位子はPCPピンサー型配位子として作用
→

最初の論文で同時に報告 Cpがあると
選択性低下


