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研究成果の概要（和文）：ピリジンを母核とするPNPピンサー型配位子は，遷移金属錯体上で，塩基の作用によ
り脱プロトン化を起こし，脱芳香族化ピリジン骨格を有する配位子に変化することが知られている．この配位子
は強い塩基性を示し, ルイス酸である中心金属との酸-塩基協同作用により種々の結合の不均等開裂を起こす．
本研究では，遷移金属に対して強いπ受容性を示すホスファアルケンを配位子骨格に組み込み，錯体反応性の大
幅な向上を試みた．その結果，アンモニアのN-H結合切断や二酸化炭素の触媒的ヒドロシリル化に高い反応性を
示す錯体を合成単離することができた．

研究成果の概要（英文）：It has been documented that pyridine-based PNP-pincer ligands coordinated 
with transition metals undergo deprotonation at the benzylic position. The resulting ligands having 
a dearomatized pyridine unit act as a strong base, to cause metal-ligand cooperative activation of 
chemical bonds in a heterolytic manner. In this study, we attempted to improve the reactivity by 
introducing a phosphaalkene unit possessing strong π-accepting properties toward transition metals 
into the ligand framework. We succeeded in the synthesis of PNP-pincer type phosphaalkene complexes,
 which exhibit extremely high reactivity toward N-H bond cleavage of ammonia and catalytic 
hydrosilylation of carbon dioxide.

研究分野：有機金属化学

キーワード： ホスファアルケン　ノンイノセント配位子　ピンサー錯体

  １版



 

 
P=C

2 
eV * 

PNP

 
 

 

PNP

2, 6 R2PCH2 PNP

Milstein
.[1] 

, 

 
 

 
2,6-

BPEP
2 6

PPEP
DFT

 

tBu

tBu

H H

Ar
Ar-PPEP

H
N

PPAr

H

Ar
Ar2-BPEP

H

Et
Et Et

Et

Et
EtEt

Et

tBu
tBu

tBu

tBu

tBu

H

Ar

H

N
PP

N
PP

Ar-PPEP* Mes* Eind

Ar groups

 
1.  PNP

Ar  

1 Mes*-PPEP

Ar
2,4,6- - 

tert- Mes*
Mes*2-BPEP

Mes*-P=C C–H
Mes*-PPEP

Mes*- 
PPEP* 

 
Mes*-PPEP

Mes*-PPEP
2  

N
PP Pt

L

tBu

tBu

H H

Mes*

HN
PP Pt

L

tBu

tBu

H

Mes*

H

tBu

N
PP Pt

L

tBu

tBu

H

Mes*

H

H

N
PP Pt

L

tBu

tBu

H

Mes*

H

H

C–H 
oxidative
addition

P–C
reductive
elimination

1,3-H
migration

Mes*2-BPEP Mes*-PPEP

Pt(PCy3)2/PCy3
(20 mol%)

hexane
80 °C, 12 h 65% (NMR)

32% (isolate)

Pt(0)

α β

A

B C

D

L = PCy3

 

2.  Mes*2-BPEP Mes*-PPEP
 

 
NMR (0)-BPEP

A
A tBu C–H

P–C
C

C
PPEP* α 1,3-

D
Mes*-PPEP C

P=C β 1,3-

 
 

2 Eind-PPEP

Eind 1 [2] 

Eind-PPEP 3  
2,6-

Eind Mes* phospha-Wittig



E
Eind-PPEP 2

PPEP
 

Pt(PCy3)2/PCy3
(10 mol%)

toluene
100 °C, 70 h

98% (NMR)
69% (isolate)

N
OO

H H N
PP

tBu

tBu

H

Eind

H

tBu E

N
PP

tBu

tBu

H H

Eind

H

Eind-PPEP

(1) Eind-P=PMe3
(2) Mes*-P=PMe3

overall 72%

 
3.  Eind-PPEP

3 Eind-PPEP* 

Eind-PPEP

4  
Eind-PPEP I FRh

I FIr K[N(SiMe3)2]  

N
PP M

Cl

tBu

tBu

H H

Eind

H

N
PP M

Cl

tBu

tBu

H

Eind

H

– K+

N
PP Ir

NH2

tBu

tBu

H H

Eind

H

IIr

N
PP Rh

NH3

tBu

tBu

H

Eind

H

HRh

FRh, FIr

GRh, GIr

K[N(SiMe3)2]
( 1 equiv) THF, RT

NH3 (1 atm)
THF-d8, RT

 

4.  Eind-PPEP
 

C3 C7

P2
C2

P1
Rh

N

Eindphospholanyl

C1

Cl

K
18-crown-6

 
5.  [K(18-crown-6)][RhCl(Eind-PPEP*)] (GRh) 

 (R1 = 0.047)  

GRh, GIr

5 GRh
P1–C1 1.751(3) Å

C1–C3 1.383(4) Å

C1

P2–C2 1.673(3) Å C2–C7
1.437(4) Å P=C

GIr

GRh GIr

HRh

N–H
IIr

DFT

2.4 kcal/mol

2.2 kcal/ 
mol

d s
5d

4 PPEP* 

Mes*-PPEP* Eind- 
PPEP* 

 
1 PPEP* 0.1 mol%

Mes*-PPEP* 

7
entry 3  

1.  PPEP* CO2  

+  HSiMe2Ph
        (neat)

CO2
(1 atm)

catalyst (0.1 mol%)
HCO2SiMe2Ph

RT, 7 h
 

––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
entry catalyst yield (%) 
––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 1 [K(18c6)][RhCl(Eind-PPEP*)] 23 

 2 [K(18c6)][IrCl(Eind-PPEP*)] 89 

 3 [K(18c6)][IrCl(Mes*-PPEP*)] 99 
––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 

Mes*-PPEP* 

one-pot N-
6



N-
7

 
DFT 8

PPEP* A

B ΔG‡ =
20.2 kcal/mol CO2 

HCO2SiMe2Ph

CO2 balloon
catalyst

(0.1 mol%)

RT, 7 h
step a

RT, step b
amine

N

O H
N H

O

N
O H

N
O H

N
O H

N
O H

N
H

H
O

N
H

H
O

94% 100% 100% 78%

100% 98% 82% 100%

HSiMe2Ph
    (neat)

[products]

 

6.  CO2

one-pot N-  

2) PhSiH3
    THF, RT, 
    24 h
    step c

1) amine
    RT, 2 h
    step b

N
Me

N
Me

N
Me

N
Me

78% 99% 99% 93%

74% 81% 52%

O
N
Me

N
Me

O

O
Et N

Me

HCO2SiMe2Ph

CO2 balloon
catalyst

(0.1 mol%)

RT, 7 h
step a

HSiMe2Ph
    (neat)

[products]

 

7.  CO2

one-pot N-  
 

C
O

H
O

N Ir

P

PR2
Cl

　Ar
K(18c6)

N Ir

P

PR2
Cl

Ar
K(18c6)

R3Si H

N Ir

P

PR2
Cl

Ar

Si
H

N Ir

P

PR2
Cl

Ar
K(18c6)

R3Si H

C
O O

(18c6)K

‡

R3SiH

CO2

R3

A

BC

D

HCO2SiR3

 
8.  CO2  

HCO2
– 

ΔG‡ = 8.4 kcal/mol HCO2
– 

D
A ΔG‡ = 

14.6 kcal/mol A HSiR3
 [Ir(H)(SiR3)(PPEP*)] 

 
 

5 N-
[Ir(L)(Mes*-PPEP*)] 

L
tBuNC 9 L PPh3

10
 

[Ir(tBuNC)(Mes*-PPEP*)]
(1 mol%)

toluene, 135 °C, 24 h
closed system

RNH2
+

R’CH2OH

[products]

N
H

Cl

N
H

octyl N
H

N
H

heptyl

N
H

95% (4%)

95% (4%) 90% (9%)

75% (18%)

86% (5%)

N
H

92% (8%)

 

9.  

 

[Ir(PPh3)(Mes*-PPEP*)]
(1 mol%)

toluene, 135 °C, 24 h
N2 flow

RNH2
+

PhCH2OH

[products]

N

C8H17 N

N

N

93% (6%) 93% (6%)

70% (7%)72% (0%)

N

83% (7%)

 

10.  

 
 
<  
[1] J. R. Khusnutdinova, D. Milstein, Angew. 

Chem. Int. Ed. 2015, 54, 12236-12273. 
[2] T. Matsuo, K. Tamao, Bull. Chem. Soc. Jpn. 

2015, 88, 1201-1220. 
 

9  
 F. Ozawa, Y. Nakajima, PNP-Pincer Type 

Phosphaalkene Complexes of Late Transition 
Metals, Chem. Rec. 2016, 16, 2314-2323, 

. 
 DOI: 10.1002/tcr.201600054 

 H. Taguchi, D. Sasaki, K. Takeuchi, S. 
Tsujimoto, T. Matsuo, H. Tanaka, K. 



Yoshizawa, F. Ozawa, Unsymmetrical PNP- 
Pincer Type Phosphaalkene Ligands Protect- 
ed by a Fused-Ring Bulky Eind Group: 
Synthesis and Applications to Rh(I) and Ir(I) 
Complexes, Organometallics 2016, 35, 1526- 
1533, . 

 DOI: 10.1021/acs.organomet. 6b00113 
 Y. Nakajima, T. Tsuchimoto, Y. Chang, K. 

Takeuchi, F. Ozawa, Reactions of [Cu(X)- 
(BPEP-Ph)] (X = PF6, SbF6) with Silyl 
Compounds. Cooperative Bond Activation 
Involving Non-coordinating Anions, Dalton 
Trans. 2016, 45, 2079-2084, . 

 DOI: 10.1039/c5dt03166d 
 Y. Chang, I. Tanigawa, H. Taguchi, K. 

Takeuchi, F. Ozawa, Iridium(I) Complexes 
Bearing a Noninnocent PNP-Pincer Type 
Phosphaalkene Ligand: Catalytic Application 
to Base-Free N-Alkylation of Amines with 
Alcohols, Eur. J. Inorg. Chem. 2016, 754- 
760, . 

 DOI: 10.1002/ejic.201500900 
 Y. Chang, K. Takeuchi, M. Wakioka, F. 

Ozawa, C–H Bond Cleavage of Acetonitrile 
by Iridium Complexes Bearing PNP-Pincer 
Type Phosphaalkene Ligands, Organo- 
metallics 2015, 34, 1957-1962, . 

 DOI: 10.1021/acs.organomet.5b00207 
 H. Taguchi, Y. Chang, K. Takeuchi, F. 

Ozawa, Catalytic Synthesis of an Unsymmet- 
rical PNP-Pincer Type Phosphaalkene 
Ligand, Organometallics 2015, 34, 1589- 
1596, .  

 DOI: 10.1021/acs.organomet.5b00195 
 Y. Lin, N. Ichihara, Y. Nakajima, F. Ozawa, 

Disproportionation of Bis(phospha- 
ethenyl)pyridine Iron(I) Bromide Induced by 
tBuNC, Organometallics 2014, 33, 6700- 
6703, . 

 DOI: 10.1021/om500901a 
 K. Takeuchi, A. Minami, Y. Nakajima, F. 

Ozawa, Synthesis and Structures of Nickel 
Complexes with a PN-Chelate Phospha- 
alkene Ligand, Organometallics 2014, 33, 
5365-5370, . 

 DOI: 10.1021/om500685x 
 Y. Lin, Y. Nakajima, F. Ozawa, Reduction of 

an Fe(I) Mesityl Complex Induced by π-Acid 
Ligands, Dalton Trans. 2014, 43, 9032-9037, 

. 
 DOI: 10.1039/c4dt00170b 
 

21  
 H. Taguchi, K. Takeuchi, D. Sasaki, S. 

Tsujimoto, T. Matsuo, F. Ozawa, Synthesis 
of Ir(I) and Rh(I) Complexes Bearing a 
Noninnocent PNP-Pincer Type Phospha- 
alkene Ligand (Eind-PPEP) and Their 
Application for Catalytic Hydrosilylation of 
CO2, 20th International Symposium on 

Homogeneous Catalysis (ISHC20), 2016/7/ 
10-16, Kyoto. (Poster Prize ISHC20) 

 , , , 
, , PNP

I
CO2

, 5 JACI/GSC , 
2016/6/2-3, ANA , 

. ( ) 
 , , , 

, ,  , , 
96 , 2016/3/24-27, 

, . 
 F. Ozawa, Non-innocent PNP-Pincer Type 

Phosphaalkene Ligands: A Powerful Tool for 
Metal–Ligand Cooperative Activation of 
Inert Molecules, Pacifichem2015, 2015/12/ 
15-20, Honolulu, Hawaii, USA. (Invited 
Lecture) 

 Y. Nakajima, Y. Lin, N. Ichihara, F. Ozawa, 
Reduction Behavior of Fe(I) Complexes 
Bearing a PNP-Pincer Type Phosphaalkene 
Ligand, Pacifichem2015, 2015/12/15-20, 
Honolulu, Hawaii, USA. (Invited Lecture) 

 Y. Chang, K. Takeuchi, F. Ozawa, Catalytic 
Hydrosilylation of CO2 Using an Iridium(I) 
Complex Bearing Unsymmetrical PNP- 
Pincer Type Phosphaalkene Ligands, 
Pacifichem2015, 2015/12/15-20, Honolulu, 
Hawaii, USA. 

 H. Taguchi, D. Sasaki, Y. Chang, K. 
Takeuchi, S. Tsujimoto, T. Matsuo, F. 
Ozawa, Unsymmetrical PNP-Pincer Type 
Phosphaalkene Ligands with Rind Groups: 
Synthesis and Application to Rhodium(I) and 
Iridium(I) complexes, Pacifichem2015, 2015/ 
12/15-20, Honolulu, Hawaii, USA. 

 , , , 
,  , ,  

PNP 
 Rind-PPEP , 
116 , 2015/9/16-18, 

, . 
 , , , 

,  , ,  
PNP 

 Rind-PPEP 
, 62

, 2015/9/7-9, 
, . 

 , ,  , 
, ,  , , Rind

PNP

, 
95 , 2015/3/26-29, 

, . 
 F. Ozawa, Synthesis and Reactions of 

PNP-Pincer Type Phosphaalkene Complexes 
of Iridium(I): A Remarkable Enhancement of 



Reactivity by a P=C Double Bond, The 16th 
Korea-Japan Joint Symposium on Organo- 
metallic and Coordination Chemistry, 2014/ 
10/23-24, Sendai. (Invited Lecture) 

  , , , PNP

, 18
, 2014/10/17-18, , 

. 
  , , , 

, 61 , 2014/ 
9/23-25, , . 

 ,  , , , 
PNP

, 64 , 2014/9/18-20, 
, . 

 ,  , , , 
PNP

N-
, 64 , 

2014/9/18-20, , 
. 

 F. Ozawa, Y. Chang, Y. Nakajima, H. 
Tanaka, K. Yoshizawa, PNP-Pincer Type 
Phosphaalkene Complexes of Iridium: A 
Remarkable Enhancement of Reactivity by a 
P=C Double Bond, The 26th International 
Conference on Organometallic Chemistry 
(ICOMC2014), 2014/7/13-18, Sapporo. 

 K. Takeuchi, A. Minami, Y. Nakajima, F. 
Ozawa, Synthesis, Structures, and Reactions 
of Nickel Complexes with a PN-Chelate 
Phosphaalkene Ligand, The 26th Internation- 
al Conference on Organometallic Chemistry 
(ICOMC2014), 2014/7/13-18, Sapporo. 

 Y. Chang, F. Ozawa, C–H Bond Cleavage of 
Acetonitrile by Iridium Complexes Bearing a 
Noninnocent PNP-Pincer Type Phospha- 
alkene Ligand, The 26th International 
Conference on Organometallic Chemistry 
(ICOMC2014), 2014/7/13-18, Sapporo. 

 H. Taguchi, K. Takeuchi, F. Ozawa, 
Catalytic Synthesis of an Unsymmetrical 
PNP-Pincer Type Phosphaalkene Ligand, 
The 26th International Conference on 
Organometallic Chemistry (ICOMC2014), 
2014/7/13-18, Sapporo. 

 F. Ozawa, PNP-Pincer Type Phosphaalkene 
Complexes of Ir(I): A Remarkable 
Enhancement of Reactivity by a P=C Bond, 
The 20th International Congress on 
Phosphorus Chemistry (ICPC2014), 2014/6/ 
28-7/2, Dublin, Ireland. (Invited Lecture) 

 K. Takeuchi, A. Minami, Y. Nakajima, F. 
Ozawa, Synthesis, Structures and Reactions 
of Nickel Complexes with a PN-Chelate 

Phosphaalkene Ligand, The 20th Interna- 
tional Congress on Phosphorus Chemistry 
(ICPC2014), 2014/6/28-7/2, Dublin, Ireland. 

 
 

http://om.kuicr.kyoto-u.ac.jp 

 
1  

OZAWA, Fumiyuki  
 

40134837 
 

3  
TAKEUCHI, Katsuhiko  

 
90724097 


