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i�h� lr 

 
1-1. I 

� ƪ��ǅ'��6¥ũőĐ(ôŋ&ŁƢāÉ)��(Ĥńºǌ��#)&��ÉķĹ

Ħ2ÀŗņĘ¥&%(Ů�ºǌ9è�ƥ��"���řÅƜ¸Á>XkCp,(ƨĉ.

¯*763
'& "y��.��Ŏ$�"¥ũőĐapJ(žŅośĪĭƯ�4ƈ§

#�"�&��Djpn&>XkCpË�#�6ĸż (H2) )�Ɖ£ƦĪŞ9Ê0$�

6È�(śĪ�ƽ'��"�ĳv�(>XkCp<n]i(Ĩã9ú�1($�"ƒ&

�7"�6�œ'ƪâ'��")�őĐǉĻƦ�3+�ÏŜ(őĐǉĻŠǉIJRd(

Þơ¥2�čä'36Ė¬ċĊ&%�×ġ(	ĸż>XkCpŮ�
9÷Ñ���ƌü

ƣ.ĿŠ#�6��(śĪŞo>XkCpĪŞ'��6ĒŊŀ)�	ĸż>XkCpǊ

·
(áǁ�9µ�61(#�6� 

� ����ĸż>XkCpŮ�ÒŖ(�0')�ûƍŢ'Ɣļ�-�ƛǌ.Í¿�6 1-2)�

œ'�ĸƋķČƤ9Ŝ�&�Djpn&ĸżƐƯ(ÒŖ2�ßÙoǏ�&šƾ'�Ě�

6ĸżƻ¥ƕË(ŠĔ$� ��ÃŤûƍ(^lpDJkp.t°Ĳ#�6�.��ĸ

żJRpIhn&%(<n]iĎ�1ƼƑ#�6.�ÃŤûƍ'ƛǌ9þ��ŖŔ#)�

ŴīŢ&üƣƙƊ)Ğì#�&����. "�ǑĔĞ(ĸż>XkCpǊ·9ŬÒ'

ƧƳ'z�6�0')�ûƍǊĒ'´��ŪŵǁŠ9qÜćƱ�6òƑ.�6�ğƝď

#)�ƼƑƛǌ( 1!#�6�	šƾ�Ěĸżƻ¥ƕË(ǁŠ
9xǌ'ą�6� 

 

1-2. [j7C
]N; 

� őĐǉĻ2ĸż¥­ó&%�ĸż�Ì (H2) 9SZ<J2ÝĪ­ó'�Ŝ�6�0'

)�H�Hſ²9ǁƏ�6òƑ.�6 (¼ 1-1) 2)�H�Hſ²(ǁƏēĽ')�cfjR;

QD&ǁƏ (ç 1) �3+`RmjR;QD&ǁƏ (ç 2) .Í¿���7�7.òƑ$

�6>XkCp)ş& "�6 (Ǝ 1-1)�Ǝ 1-1'ŭ��ƭ5��74(ǁƏ­ó)>

XkCpŢ't�#�5�­ó9Ʊƌ�6')ƕË9Ŝ�"Ŀõ¥>XkCp9s�6 

(Ŀõ¥�6) òƑ.�6� 
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B 1-1� ĸż�Ì(Ŀõ¥$óŜēĽ. 

 

p 1-1� ķŦw.�)±ųňËw'��6�H�Hſ²(ǁƏ'òƑ&>XkCp 
 

 

 

 

cfjR;QD&ǁƏ 

H2 � 2H·   (ç 1) 
: DfG°(2H·)  (kJ/mol)   

`RmjR;QD&ǁƏ 

H2 � H+ + H�   (ç 2) 
: DfG°(H+ H�)  (kJ/mol)   

ķŦ 406.6 3a-c) 1642 3c, 3d) 

ĸ 442.0 3a-c) 176 3c, 3d) 

:LTWTjk 433.4 3a, 3b) 318.3 3d) 

 

� Ǝ 1'ŭ��3
'�̀ RmjR;QD&ǁƏ)�cfjR;QD&ǁƏ35>Xk

CpŢ'Ĝ�#�6�šƾ&%(½�ƕË)�H�Hſ²9cfjR;QD'ǁƏ�6�

qēƉŎŞ#)�H2ƻ¥ƺż\UmGVpM (H2ase) .�H�H ſ²9`RmjR;Q

D'ǁƏ�"�6�!.5�ŚŒ)ĸż�ƞ(�0'�Ř'�& � H2Ŀõ¥ēĽ9

ƶý�"�6$Ɩ�6�Òǆ'�:YpUƕË$�" H2ase9�Ŝ��őĐǉĻ.�q

ĕŢ#)�6.�šƾƕË(őĐǉĻ35Ǐ�Šǉ¢ŕ9ŭ�"�6 4)��({Ò)�

H2ase.šƾ9r»6ƕË(ŉ¿õ9ů0"�6�$9ŭ�"�6���. "�H2ase

'!�"(Ũƒ9ł06�$)�šƾ�Ě H2ƻ¥ƕË9ǁŠ�6r#ƼƑ#�6� 

 

1-3. NiFe#!.�"0� 

� \UmGVpM (H2ase) )�ðŚŒ.ĸż�ƞ9ƌ
ƲŲ#ƼƑ&ë�9ÿ "�6 

5)�H2ase )Ŀõwñ(ƾÛ¨Ì'3 "�ƿ\UmGVpM��3+WQFk�ƿ\U

mGVpM ([NiFe]H2ase) '�Ǎ�76�%�4( H2ase1 H2(°ƬŢ&ƻ¥Ʒ�­ó

9ƕË�6.�[NiFe]H2ase#) H2ƻ¥­ó.�¤#�6�ğƝď)�ĸżƻ¥ƕË'

H2

H+

H· ·H+ 2H+ + 2e−

S
H−S + H+ ： 水素化反応

： 燃料電池アノード反応(1)

(2) H−+
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ōŌ9é""�6�0���#) [NiFe]H2ase'!�"(/ƘŽ9ƫ-6� 

� [NiFe]H2ase )�wñƾÛ#�6 Ni $ Fe .�IJR<nĵÃŝġ( 2 !(P?lp

T#ĥİ�7�|ħĭƯ9$ "�6 (¼ 1-2a) 6)�Ni 'Ö��ę' 2 !(P?ipT

.ƹ���Fe'Ö�" 2!( CN �3+ 1!( CO .ƹ��"�6�¼ 1-2a'��6

ƹ�Ì X)�H2O�OH��O2�&%#�6$�7"�6�H29Ŀõ¥�6ǆ)�ƹ�Ì X

(H<T' H2.ƹ��6$ćÑ�76�.��[NiFe]H2ase(Ŀõwñ)Į�&ƻ¥Ŕ

ù9$6 (¼ 1-2b)�ĸż9Ŀõ¥��Ŕù'��")�ƹ�Ì X.\UjU<?n'&

6$ƅ�47"�6 (Ni-R Ŕù)�CO Í¿s#)�Ni (Ŷƹ�æ' CO .ƹ��6

�$'3 "ĸżĿõ.ǄÓ�76 (Ni-COŔù)� 

�

B 1-2� [NiFe]\UmGVpM(Ŀõwñ$ƻ¥Ʒ�Ŕù. (a) Ŀõwñ(ĭƯ. X = H2O�OH��
O2�. (b) ±ųƻ¥Ʒ�Ŕù. 

 

� .��[NiFe]H2ase') O2Í¿s'��"1Ŀõ9Ɓă�6H^DiJ.Í¿��O2

Ɔõ [NiFe]H2ase$¶Ű�7"�6 7)��( O2Ɔõıĭ)��s( 2ųǍ.Ĉ¹�7�

ĩƗ.ƌ87"���1!ť)�O29ŒŘŢ'Ƶđ�"Ŀõwñ9�Ơ�6ıĭ#�6�

�Ì.  [NiFe]H2ase (Ŀõwñ,:DLJ�6ǆ')AJPgXk9žŝ�6 (¼

1-3a)�O2 Ɔõ [NiFe]H2ase (PgXk')�ƭàÁ')Í¿�&�ĶƩŢÉ�&ĵÃ 

(]=Wk:iWn$<Nm<In) .Í¿���(Ƹ�. O29Ƶđ�6ıƇ9ÿ "

�6$�
Äµ.�6 8a)����Ŗ¿)��(ƚ)xŀ#)&�&5!!�6�2!ť

)�O29Ʒ��6�$#Ŀõ9�Ś�6ıĭ#�6�ƪâ�O2Ɔõ [NiFe]H2ase . O2

9Ʒ��" H2O2 H2O29Śú�6$�
Äµ.&�7� 9)���Ţ&­óıĭ)Ĕ4

�$& "�&�.�O2'3 "ƻ¥9®��Ŀõwñ'Ö��ƪ�( Fe-S DiJO

Cys

Ni

S
S Fe

X

S

S
Cys

Cys
Cys

CN
CN

CO

(a)

Ni-C

Ni-SI

Ni-BNi-A

Ni-R

Ni-CO

Ni-L

Ni-SU

不活性状態

活性状態

(b)
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p.ǉÌ9�u�"��(Ŕù9�Ś�6$�
ƚ.Ĝ�#�6 (¼ 1-3)�ƿūǐDi

JOp.ƭàÁ (4Fe4S) $ O2ƆõÁ (4Fe3S) #ş&6�$2�ƻ¥�(Ń¡'36ƿ

ūǐDiJOp(Æê.e@WKd(ĨĀ$�7"�6 (¼ 1-4) 10)�����O2Ʒ�­

ó(wǂ�&%(�­óıĭ(ƟƝ9ƌ
r#ƼƑ&öÄ)Ĕ4�$& "�&�� 

�

B 1-3� [NiFe]\UmGVpM(ſėĭƯ$ O2Ʒ�e@WKd. (a) [NiFe]\UmGVpM(ſė
ĭƯ. AJPgXk9~�"�Ì.Ŀõwñ,$ű£��ƿūǐDiJOp9~�"ǉÌ.ű£
�6. (b) ƻżƆõ\UmGVpM'36 O2Ʒ�e@WKd. 

 

B 1-4� ƭàÁ\UmGVpM$ƻżƆõ\UmGVpM(ƿūǐDiJOp(ĭƯĶƩ. (a) 
ƭàÁ(ƿūǐDiJOp (4Fe4S) (ĭƯ. (b) ƻżƆõ\UmGVpM(ƿūǐDiJOp 
(4Fe3S) (ĭƯ. (c) b(ƻ¥Á(ĭƯ. 

 

 

1-4. NiFe#!.�"0�
)�-eg 

� 1995â' [NiFe]H2ase(ſėĭƯ.Ĕ4�'�7�(9ţ�5'�Ŀõwñ(ĭƯ9

Fe S

Fe
S

S
Fe

FeS

S
S

S
S

Cys
Fe S

Fe
S

S
Fe

FeS

S
S

S
S

Cys
Cys

Cys

CysCys

S Cys

Cys Cys

Cys

Fe S

Fe
S

S
Fe

FeS

S
S

S
S

Cys

Cys

Cys

Cys

S Cys

Cys

NN

(a) (b) (c)

Cys

NiII

S
S FeII

S

S
Cys

Cys
Cys

CN
CN

CO

Cys

NiII

S
S FeII

S

S
Cys

Cys
Cys

CN
CN

CO

H
O

O2

H2O

+3e− + 3H+

e− + H+

H2O Ni−SIa

Ni−B

(a) (b) 
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į���È�(fSkǀ�.Äµ�7"�� 11)������(È�. H22 O29Ŀõ

¥�6ıƇ9ă�&�ǀ�#�5�H2ƻ¥­ó9ƕË�6fSkǀ�. 2007â'�0

"Äµ�76.#'�12â(Ĵě9Ƒ�� (¼ 4-a) 11e)�Øĺ4'3 "ǁŠ�7� NiRu

ǀ�)�ĸwoàņà¾$�
ņ¸&Ġ�# H2Ŀõ¥.°Ƈ#�6��4'³Ekp

_)�2013â' NiFefSkǀ�'36 H2Ŀõ¥­ó9ƴú�"�6 (¼ 1-5b) 11g)��

74( H2Ŀõ¥e@WKd'!�")�Ź 4Ÿ'��"ƘŽ'ƚĔ�6� 

 

 
�

B 1-5� fSkǀ�'36 H2ƻ¥­ó. (a) NiRufSkǀ�'36 H2ƻ¥H<Dk. (b) NiFef
Skǀ�'36 H2ƻ¥H<Dk. 

 

� O2Ŀõ¥­ó9ƌ
fSkǀ�)�2003 â' Rauchfuss 4'3 "Äµ�7� (¼

1-6a) 12a)��(NiRufSkǀ�)�O29Ŀõ¥�"NiRubk?BIUǀ�9êú�6�

Øĺ41 2012â' NiRuǀ�9Ŝ��fSkŪŵ9Äµ�"�5�Rauchfuss4(fS

k$³Į'�NiRubk?BIUǀ�9êú�6�$9Ĕ4�'�"�6 (¼ 1-6b) 12b)�

�4' NiRubk?BIUǀ�)�ÇƸǉÌŇo_mTnŇ(Í¿s'��"�ƹ�ƻ

ż�Ì9Ʒ��" H2O9Śú�6�$.Äµ�7"�6������7.# O2Ʒ�e

@WKd(fSkŪŵ)�NiRu ǀ�9Ŝ�����Äµ�7"�&��ƘŽ�!©Õ

&e@WKd(ƟƝ9ƌ
�0')�Ś�$³Į( NiFe ǀ�9Ŝ��fSkŪŵ.ò

Ƒ#�6� 

H2

MeOH

NiII S
S

N
N FeII

H P(OEt)3
P(OEt)3

P(OEt)3

+

+ MeO–

MeCN

H+ + 2e–

NiII S
S

N
N FeII

N
C

CH3

P(OEt)3
P(OEt)3

P(OEt)3

2+(b)

H2

H2O

NiII S
S

N
N RuII

H
+

H2O

H+ + 2e–

NiII S
S

N
N RuII

H2O
2+

(a)



 
 

 6 

B 1-6  fSkǀ�'36 O2Ʒ�­ó. (a) NiRuǀ�'36 O2(Ŀõ¥­ó. (b) NiRuǀ�'3
6 O2Ʒ�H<Dk. 

 

1-5. TuQ
WO 

� ğƝď#)�[NiFe]H2ase (fSkŪŵ'��"��7.#ƌ87"�&� �Ūŵ

ǋÂ9ƟƝ�6 (Ǝ 1-2)�Ãğĭú)�O2Ɔõ[NiFe]H2ase fSkǀ�'36 O2Ʒ�e

@WKd(ĩƗ (Ź 2-3Ÿ)�O2Ɔõ [NiFe]H2asefSkǀ�'36 H2¬+ O2Ŀõ¥­

ó(ƮåƝƔĢ (Ź 4Ÿ) $& "�6� 

� Ź 2 Ÿ#)�O2Ɔõ[NiFe]H2ase ( O2Ʒ�IJRd'ŧť���1-2 #ƫ-�ƭ5�

O2Ɔõ [NiFe]H2ase (ƕË�6 O2Ʒ�­ó)�ƺż¥ÎŢoƕË¥ÎŢ'ľť9Ǉ0

"�6�fSkǀ�'36­ówǂ�(¦ǈo�Ģ)�­óe@WKd(ƔĔ'ƼƑ#

�6.�NiFeǀ�9Ŝ��fSkŪŵ)��7.#ƌ87"�&��ğŪŵ#)�NiFe

ǀ�'36 O2Ɔõ H2ase (fSkŪŵ9ƌ ��­ówǂ�(ĭƯƔĢ2ƘŽ&��

�Ģ9ƌ
�$'35�[NiFe]H2ase( O2Ʒ�e@WKd9ƟƝ��� 

� Ź 3 Ÿ#)�Ź 2 Ÿ( NiFe ƻżǀ�. O29Ʒ��" H2O 9Śú�6­ó'ŧť�

���(­ó)�O29 H2O,$ƶýŢ'Ʒ��"�5�H2O2.Śú�6�­ó)ƥ� 

+

NiII S
S

N
N RuII

H2O
(b)

O2

H2O

2BH3 + 2H2O

2BH4– + 2H+

+2e– + H2O
+

NiII S
S

N
N RuIV

O O

S

RuII

(a)

NiIIS
S

N

RuII NCMe

NCMeMeCN NiII
S

N

NiII
S

N
N

RuII

S NiII S
S

N
N RuIV

O O

+

2

2

2
O2

N

N
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p 1-2� [NiFe]H2asefSkŪŵ(ŖŔ. ƂĆ�(Ƹ�.ğƝď(�Ô#�6. 

 

B 1-7� ğŪŵ(ĬƑ� 

 

4&� (Ź 2Ÿ«ŏ)�.��Ʋª( NiRuǀ�(ź'��"1Ǎ�(­ó.Äµ�7"

�6.��74(­ó(ƘŽ&e@WKd)ƔĔ�7"�&��ğŪŵ#)�35¦Ż

�!ÐÑ&fSk$�" Ru¦ħǀ�9ƶý��­ówǂ�(¦ǈ'ú ���wǂ�

(ĭƯƔĢ2ƘŽ&���Ģ'3 "�ĜıƾÛƻżǀ�. O29Ʒ��6e@WKd

9ƘŽ'ƔĢ���  

� Ź 4Ÿ#)�NiFeǀ�(ƹ�Ì¢ģ'36 H2¬+ O2Ŀõ¥­ó(�ï$��74(

­ó(ƮåƝŢƔĢ9ƌ
��7.#�NiRufSkǀ�(ƹ�Ì¢ģ9�ï�"�H2 �

3+ O2 (Ŀõ¥9ƶýŢoưƀŢ'�ï9ƌ �Ūŵ)Í¿�6�����wñƾÛ

$�" Fe#)&� Ru9Ŝ�"�6Ō2�H2'Ö�6ǎ¸Ą£. [NiFe]H2ase$ş&6

第4章

第2-3章

H2およびO2活性化反応の速度論的解析

O2の還元 (2章) 、メカニズム解析（3章）

n+

NiII S
S

N
N FeII

+

NiII S
S

N
N FeIV

O

L

O X

O2X

+

NiII S
S

N
N FeII

H

LL

L =

H2

X

P
O
Me

O
Me

O
Me P

O
Et

O
Et

O
Et P

O
nBu

O
nBu

O
nBu

H+ + 2e-

X + H+

4H+ + 4e- 2H2O
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Ō�4�O2Ɔõ[NiFe]H2ase (fSkź$�"¦ŻĶƩ.#�&��ğŪŵ#)�ƉŎ

Ş$³Į( NiFe ǀ�9Ŝ�"�35ƘŽo©Õ'­óıĭ(ĩƗ9ƌ ��ƮåƝŢ

ƔĢ'35�ƿƹ�Ì(ŷ�ŢoǉÌŢ¢ģ$­óƮå(Ŧǃ2�Ŀõ¥­ó(Ő�Î

[iepOp9Ĕ4�'��� 

� Ź 5Ÿ#)�î47�ſģ9ƃĂ��ğƝď(øƄ$}í(Úĝ9ƫ-6�  

  



 
 

 9 

p 1-3� ğƝď#Ŝ��ǀ�(qƓ��

Ni-SIa モデル

NiII S
S

N
N FeII

N
C

Me

P(OMe)3
P(OMe)3

P(OMe)3

2+

NiII S
S

N
N FeII

H P(OMe)3
P(OMe)3

P(OMe)3

+

NiII S
S

N
N FeII

N
C

Me

P(OEt)3
P(OEt)3

P(OEt)3

2+

NiII S
S

N
N FeII

H P(OEt)3
P(OEt)3

P(OEt)3

+

NiII S
S

N
N FeII

N
C

Me

P(OnBu)3
P(OnBu)3

P(OnBu)3

2+

NiII S
S

N
N FeII

H P(OnBu)3
P(OnBu)3

P(OnBu)3

+

1a 2a

1b 2b

1c 2c

Ni-R モデル

Ni-SIa モデル OBS モデル

+

NiII S
S

N
N FeII

+

NiII S
S

N
N FeIV

O ON
C

Et

+

NiII S
S

N
N FeII

+

NiII S
S

N
N FeIV

O ON
C

R

R: Et (1e)
     Me (1eMeCN)

3e

1d 3d

フルベン錯体

+

N

N

RuII
N

C
Me

4 5

+

N

N

RuIV

O O
+

N

N

RuII

Cl

6
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G 2F� NiFe��"��$���!V%�D��UH'0�@7( 

 

<M 

� ĚŤŭ '�O2ǂ�²õ:ƜÐ�6 NiFe ǌ�:Ǐř��ǅŹƅö NiFe ^XpHY

sP&jVnŤŭ:Ə���ǗÑ�xö&Ǡ	dqRiSnKEpdqRL@ZnǄ�

Ñ:Ý���ĎƗ NiFejVnǌ� 1e (,�' 1eMeCN) '�ǅŹ Ñ: 2ǗÑǂ����

ķöǅŹyǐ� 3e:îù�6�Xƀĥƺƛĝ�3)µū � ĝ$35�3e' side-on 

FeIVdnADKXū �6�!:Ē4
$���,��3e$Û�ÎǃǗÑł�3)bp

Wqł:§�6�! �H2O&řœ:�	#�4ǌ� 1e (,�' 1eMeCN) :�œ�6�

!:Ē4
$��� 

 

 

Kishima, T.; Matsumoto, T.; Nakai, H.; Hayami, S.; Ohta, T.; Ogo, S. 

Angew. Chem. Int. Ed. 2016, 55, 724–727. 

  

+

NiII S
S

N
N FeII

O2

RCN

2BH3 + 2H2O

2BH4– + 2H+

+ RCN +

NiII S
S

N
N FeIV

O O

N
C

R

3e

R =
(1eMeCN)
(1e)

Me:
Et:



 13 

2-1. 4 

� Ƹä& [NiFe]H2ase'�O2ÒÆv 'ķö:ſý�6�!� �#	�tď�ƈŽ¶

Ç^XpHYsP'�ǅŹÒÆv ���0ĮŹǅªķö:ŧ� 1)�ƴç�O2 ƅö

[NiFe]H2ase& O2ǂ�²õ�Ó¿śràģś$ĵŜ�7��5��&iBZNh&ƛĒ

�į/47�	6�1-3  Ƶ+�Ƹ5�O2ƅö [NiFe]H2ase '�O2:ǂ��� H2O 1

H2O2:œù�6�!$3���O2ƅö:řő�6!�7�	6
1)��
��²õyǐ

�&¬Ǖ#"$36�ƢŻ#²õĩĥ&ƛĒ'ƿù�7�	#	� 

� Kim4'�NiRuǌ�$36O2ƅö [NiFe]H2ase&jVnŤŭ:Ê»��	6 (Ã 2-1a) 

2)�dqRiSnKEpdqRL@ZnǄ�Ñ:ė�6 NiRu ǌ�'�O2: 2 ǗÑǂ�

��NiRudnADKXǌ�:îù�6��4$�NiRudnADKXǌ�$Û��Îǃ

ǗÑł!bpWqł:Ľ§�6�!$35�H2O&řœ:�	#�4��řǌ�:�œ

�6��&Ťŭ'�O2ƅö [NiFe]H2ase & O2ǂ�iBZNh:ă½��¡&jVnŤ

ŭ �5�ÏÍ÷ƃĻ	Ê» �6��
��œøŸ!·Ħ& NiFe ǌ�:Ŕ	� O2

ǂ�iBZNh&jVnŤŭ'Ê»�7�	#	� 
 

/ 2-1� (a) NiRuǌ�$36 O2ǂ�iBZNh. (b) NiFeǌ�$36 O2ǂ�iBZNh. 

 

� ĚŰ '�O2ǂ�²õ:ƜÐ�6ĎƗ NiFeǌ� 1e (,�' 1eMeCN) $36�O2ƅö 

[NiFe]H2ase&jVnŤŭ:Ê»�6 (Ã 2-1b)�,��O2ǂ�²õ&yǐ� �6 NiFe

+

NiII S
S

N
N FeII

+

NiII S
S

N
N FeIV

O O

N
C

R

3e

R =
(1eMeCN)
(1e)

Me:
Et:

+

NiII S
S

N
N RuII

H2O

(a)

O2

H2O

+ BH4– + H+

+

NiII S
S

N
N RuIV

O O

O2

RCN

2BH3 + 2H2O

2BH4– + 2H+

+ RCN
OH

OH

+ BH3 + H2O

O

O

(b)
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ǅŹǌ� 3e&Žĕĥƺ�3)�ƢŻ# �ÓśVsR:ŧ���4$�3e� O2Ǆ�Ñ

:ǂ��� H2O :œù�6ĩƆ��6�!:ŧ���74&ŽĞ
4�O2 ƅö 

[NiFe]H2ase& O2ǂ�iBZNh:ă½�6 (Ã 2-1b)� 
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2-2. 2W 

2-2-1. OL �
A1>- 

� �+�&×ǟ'�ůŹv,�';nIqv$��ħŃś#KkoqE (Schlenk) úƐ

,�'FpsafTEM:Ŕ	�Ə���;OWZWmn�;OWZWmn-d3�bp_

AZWmn�bp_AZWmn-d3 '�ĮŹªBnK>h ƇĮ�ƎŖï�Ŕ���@

R[sn' Mg/I2 ƇĮ�ƎŖï�Ŕ���O2� (99.9999%) 'ĐĚ@;rmDsXĠë

�Ũ
4Ʃ����18O2 (98 atom%) '�ē�Ƹ¾Ġë�Ũ
4Ʃ����H2
18O (98 

atom%) ' Ï Ǔ Đ ǅ Ġ ë � Ũ 
 4 Ʃ � � � � [NiII(X)] (X = 

N,N'-diethyl-3,7-diazanonane-1,9-dithiolato) 3)�[FeII(MeCN)(CO)2(η5-C5Me5)](BF4) 4)��3)

H2
18O2

 5) '�Čŏ$ñ��¶ù��� 

� @oEWpMbos=Aqªƨǈ ĝĳ (ESI-MS) &VsR' JEOL JMS-T100LC 

AccuTOF$35ò��ª¶Ō 3e±) 18Olcnª 3e (18O-labeled 3e) &��ª¶Ō&ƪ

Î (IR) MdEWn'�ATR TerminatIR (Smiths detection) :Ŕ	��–100 °C  ŁÖ�

��KBr V<MEy&Ä�ª¶Ō&ƪÎ (IR) MdEWn'�Thermo Nicolet NEXUS 

8700 FT-IR instrument :Ŕ	�ŁÖ���üĉ²Ü UV-vis MdEWn'�Otsuka 

Electronics optical fiber attachment:āž�� Otsuka Electronics MCPD-2000 photodiode 

array spectrometer :Ŕ	�ƞǍ�� (�Ưǎ: 1.0 cm)�1H NMR MdEWn'�JEOL 

JNM-AL300 spectrometer :Ŕ	�ƞǍ���1H NMRMdEWnŁÖ$'�UWliS

nKlq (TMS) :�ǃħŃ!���Ŕ���MössbauerMdEWn'�wissel MVT 1000 

Mössbauer spectrometer :Ŕ	�ƞǍ���ŀêƥċ$'�variable temperature cryostat 

(Iwatani Co., Ltd.) :āž�� temperature controller (SI9650, YOYO Co.) :�Ŕ���i

M\>;sMdEWn'�57Coƀł:Ŕ	�ŁÖ���ƹêMGsn!·��K`W�

'�Øŀ &ǋe=n ħŃª���X-bandǗÑM_q�ǡ (ESR) MdEWn'�JEOL 

JES-FA200 spectrometer:Ŕ	�Ə���ŦªŐ'�superconducting quantum interference 

device (SQUID) magnetometer (Quantum Design MPMS-5S) :Ŕ	�ŁÖ���CMEp

gWFl`<sƨǈ ĝĳ (GC-MS) &VsR'�SHIMADZU GCMS-QP 2010:Ŕ	

�ƞǍ����Ź ĝ'�PerkinElmer 2400II series CHNS/O analyzer:Ŕ	�Ə���



 16 

ǗĭªÓśŁÖ'�rotating ring-disk electrode RPDE-3 :āž�� ALS Electrochemical 

Analyzer Model 760DT :Ŕ	�Ə��� 

 

2-2-2. V%�+8? 

[NiII(X)FeII(EtCN)(h5-C5Me5)](BPh4) {[1e](BPh4)}  

� [FeII(MeCN)(CO)2(h5-C5Me5)](BF4) (350 mg, 934 mmol) :;OWZWmn (100 mL) $

ńƛ���ńÐ:ĿÅŖ¯�#�4�ńĺ$Û� USHIO Optical ModuleX (Deep UV 500, 

BAM500) : 4ĔǐňÜ�6�! �źƋŵę:ò��źƋŵę$Û��[NiII(X)] (287 mg, 

934 mmol) &bp_AZWmnńĺ (30 mL) :§��18Ĕǐąû���NaBPh4 (477 mg, 

1.40 mmol) :§��ï�wńŌ�œù�6, ŅƁ���wƕŌ:8¢��ï�8ĺ

$Û�L@Sn@sUn:ð�$üĉ��6�! �ǢƋŽĕ:ò��Žĕ'8ƽ Á

³��L@Sn@sUn ĶĹï�ŠŮ{ŋ�� (³Ő: 34%)� 1H NMR (300 MHz, in 

CD3CD2CN, referenced to TMS, 25 °C): d (ppm) = 1.33–1.37 (t, 6H, NCH2CH3), 1.49 (s, 15H, 

C5(CH3)5), 1.55–1.70, 1.83–1.91, 2.10–2.16, 2.41–2.64, 2.78–2.87 (m, 18H, CH2), 6.80–6.85, 

6.94–6.99, 7.21–7.28 ppm (B(C6H5)4). ESI-MS (in EtCN): m/z 497.1 ([1e – EtCN]+). FT-IR 

(KBr disk): 2220 (CºN), 2850–3050 cm-1 (aliphatic C–H). Mössbauer (Ä�Jqbn�5 K�Î

ǃŦË#�): d = 0.55, DEQ = 2.1. Anal. Calcd [%] for [1e](BPh4) (C48H64BFeN3NiS2): C 66.08, 

H 7.39, N 4.82; found: C 65.86, H 7.42, N 4.83. 

 

[NiII(X)FeII(MeCN)(h5-C5Me5)](BF4) {[1eMeCN](BF4)}  

� [FeII(MeCN)(CO)2(h5-C5Me5)](BF4) (326 mg, 870 mmol) :;OWZWmn (100 mL) $

ńƛ���ńĺ$Û� USHIO Optical ModuleX (Deep UV 500, BAM500) :ňÜ�#�4�

ńĺǈ� 10 mL$#6, ĿÅŅƁ���ò47�źƋńĺ$Û��[NiII(X)] (267 mg, 

869 mmol) &;OWZWmnńĺ (20 mL) :§���18Ĕǐąûï�wńŌ�œù�

6, ŅƁ���wƕŌ:8¢��ï�8ĺ$Û�L@Sn@sUn:ð�$üĉ��

6�! �ǢƋŽĕ:ò��Žĕ'8ƽ Á³��L@Sn@sUn ĶĹï�ŠŮ{

ŋ�� (³Ő: 57%)�1H NMR (300 MHz, in CD3CN, referenced to TMS, 25 °C): d (ppm) = 
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1.36–1.41 (t, 6H, NCH2CH3), 1.50 (s, 15H, C5(CH3)5), 1.58–1.75, 1.87–1.96, 2.13–2.25, 2.48–

2.69, 2.84–2.96 ppm (m, 18H, CH2). ESI-MS (in MeCN): m/z 497.1 ([1eMeCN – MeCN]+). FT-IR 

(KBr disk): 2232 (CºN), 2850–2980 cm-1 (aliphatic C–H). Anal. Calcd [%] for [1eMeCN](BF4) 

(C23H42BF4FeN3NiS2): C 44.12, H 6.76, N 6.71; found: C 43.82, H 6.48, N 6.59. 

 

[NiII(X)FeIV(h2-O2)(h5-C5Me5)](BPh4) {[3e](BPh4)}  

� ůŹǖÂĭv$�	��[1e](BPh4) (50 mg, 57 mmol) &bp_AZWmnńĺ (4.0 

mL) &u$�L@Sn@sUn (100mL) :2��5!Ľ§��|ŞŎø$���–80 °C 

$�­ï�O2ǖÂĭv 24ĔǐǙƂ�6!�ŉś$wÔÖ# [3e](BPh4) &ƔƋŵę�

Ĳī���ò47�ŵę:8ƽ Á³���­��L@Sn@sUn ĶĹ��&��

–80 °C ŠŮ{ŋ�� (³Ő: 31%;  ƛŌ&ǆǈ
4Ų���)�[3e](BPh4) ' –40 °C 

$�	� 90 �–80 °C $�	� 1ƻǐÔÖ �6�1H NMR (300 MHz, in CD3CD2CN, 

referenced to TMS, –80 °C): d (ppm) = 1.02 (t, 6H, NCH2CH3), 1.50 (s, 15H, C5(CH3)5), 1.94–

4.61 (m, 18H, CH2), 8.58–9.04 ppm (B(C6H5)4). ESI-MS (in EtCN): m/z 529.1 ([3e]+). FT-IR 

(Ä�Jqbn�100 °C): 940 cm-1 (O–O). Mössbauer (Ä�Jqbn�30 K�ÎǃŦË#�): 

d = 0.42, DEQ = 0.33.  

 

[NiII(X)FeIV(h2-18O2)(h5-C5Me5)](BPh4) {[
18O-labeled 3e](BPh4)}  

� [18O-labeled 3e](BPh4) ' O2&�95$
18O2:�Ŕ���[3e](BPh4)!·Ħ&ďĳ ƥ

Ɠ���ESI-MS (in EtCN): m/z 533.1 ([18O-labeled 3e]+). FT-IR (Ä�Jqbn�100 °C): 887 

cm-1 (18O–18O). 

 

2-2-3. R5PEA1XV% 1e�
V% 3e�C8*6Y 

� [1e](BPh4) (0.050 mM) &ǅŹª²õ$�
 UV-visMdEWnÍª'�O2Ǟ¼&bp

_AZWmnńĺy�–80 °C$�	�ŁÖ�� (Ã 2-9)�ƹêÖĊ'�410 nm$��6

¹�êÍª
4�ĖÞ|zªĳ$35 6.0 × 10–4 s–1 !Ų���� 
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2-2-4. 3eX��	 18O-labeled 3eY� H2
18O2X��	 H2O2Y�*6 

� –40 °C ƥƓ�� 3e (,�' 18O-labeled 3e) &;OWZWmnńĺ (0.5 mM) $Û��

500űǈ& H2
18O2 (,�' H2O2) :§���30 ï�²õńĺ: ESI-MS ƛĝ�� (Ã

2-13)� 

 

2-2-5. 1eMeCN� 18O2�
� H2
18O�C8 

� [1eMeCN](BF4) (3.1 mg, 5.0 µmol) &;OWZWmnńĺ (500 µL) $ 18O2 (10mL) :º

�Ƴ-�ǗÑł!�� nBu4NBH4 (25.6 mg, 99 µmol) &;OWZWmnńĺ (90 µL) :�

bpWqł!��@R[sn (100 µL) :§���6 Ĕǐï�²õńĺ:KmBHnB

lh (100 mg) $Ƹ��ǌ�:ǒ¯���ò47�ńĺ$¸,76 H2
18O'�GC-MS$

3��Öǈ�� (TON = 1.3)� 

 

2-2-6. 18O-labeled 3e�
� H2
18O�C8 

� [18O-labeled 3e](BPh4) (7.4 mg, 8.7 µmol) :–40 °C$�	�;OWZWmn (500 µL) 

0��'bp_AZWmn (500 µL) $ńƛ��nBu4NBH4 (4.5 mg, 17 µmol) &;OWZ

Wmnńĺ (50 µL) !@R[sn (50 µL) :§���1Ĕǐï�²õńĺ:KmBHn

Blh (100 mg) $Ƹ��ǌ�:ǒ¯���ò47�ńĺ$¸,76 H2
18O'�GC-MS

$3��Ģ���� 

 

2-2-7. Koutecky-Levich�"�� 

� 25 °C 20 ǐ O2:\amqF���&ï–40 °C$�­�6�!$35�O2Ǟ¼&

;OWZWmnńĺ ([O2] = 8.1 mM) :ƥƓ���bpWqł!��@R[sn (50 

mM) :�Ǘƛƨ!�� nBu4NPF6 (100 mM) :¸. 3e&;OWZWmnńĺ (5.0 mM) 

:ƥƓ��ÁƱV<MEǗĤ (RDE) $3�� 3e $36 O2ǂ�²õ:ơ����ŁÖ

ŀê'–40 °C�Āìƹê' 100 mV s-1 �5�è�
&ÁƱƹê ŁÖ:Ə���ÁƱ

ƹê: 500
4 2000 rpm, uđ���!�8�Ǘĸ�&Ì§�ƙŁ�7� (Ã 2-18a)�

FlTKsBsfq (V<MEǚŬ: 0.07065 cm2)�Śǉ (Pt)���� Ag/AgNO3 (10 mM) 
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:��7�7�ŔĤ�ÛĤ�°ňǗĤ!���Ŕ���Ã 2-18b ' –1.5 V vs Ag/AgNO3

$��6ǂ�Ǘĸ&ƷĊ&�ÁƱƹê&æďġ&ƷĊ$Û�6 Koutecky-Levich bpT

W:ŧ��	6�Koutecky-Levich bpTW&��
4�O2ǂ�&ǗÑĊ n ' 4.0 !ı

Ö���;OWZWmnńĺy&ǅŹŅê ([O2] = 8.1 × 10–6 mol mL–1) '�Čŏ�:°

Ƅ$�� 6)�–40 °C &;OWZWmny$��6 O2&üĉ�Ċ (DO2 = 7.30 × 10–5 cm 

s–1) '�ƽ¯&Čŏ&;oZ>MbpTW&VsR
4ĂÖ�� 7)�–40 °C &;OW

ZWmn&©Ŷê (ν = 0.94 mm2 s–1) '�–40 °C &;OWZWmn& ŶêǣÙê 


4ƝŲ���–40 °C &;OWZWmn&Ŷê'�ƽ¯&Čŏ&;oZ>MbpTW&

VsR
4ĂÖ�� 8)�–40 °C &;OWZWmn&Ùê'�dT (g cm–3) = 0.805(5) – 

0.00108(2) × T (T in °C) 
4į/� 6)� 

 

2-2-8. .Q�����!�#�� $X3e��� O2�T&*6Y 

� ÁƱV<MEfnRqiWms$�	��H2O2 ǂ�$ŕĜ�6Ǘĸ'ƙŁ�7#


����&�!'�O2&Õ�# 4 ǗÑǂ��ƫ�5�H2O �œù��	6�!:ŧ�

�	6�ŁÖě�'�uƞ&ǗĭªÓŁÖ!·Ħ �6� 

 

2-2-9. XJ=SN: 

� XƀŽĕĥƺƛĝ$ǀ�� [1e](BPh4) &Žĕ'�[1e](BPh4) &bp_AZWmnńĺ

$L@Sn@sUn:üĉ�6�! ò47��X ƀŽĕĥƺƛĝ$ǀ��

[1eMeCN](BPh4) &Žĕ'�[1eMeCN](BF4) ! NaBPh4&;OWZWmnńĺ$L@Sn@

sUn:üĉ�6�! ò47��X ƀŽĕĥƺƛĝ$ǀ�� [3e](BPh4) &Žĕ'�

[1eMeCN](BF4) ! NaBPh4&;OWZWmnǣL@Sn@sUn (1/19) ńĺ: O2ǖÂĭ

v�–80 °C ǙƂ�6�! ò47��ŁÖ'�¬Ƌ Mo-KaňÜ (l = 0.7107 Å) :Ŕ

	6 Rigaku XtaLAB P200$�Ə���VsR:³ǔ��CrystalClear program$��Œ

���ŷÙª:ǒ���&ƝŲ'�Molecular Structure Corporation & teXsan ,�'

CrystalStructureŽĕÓśQ`W>?;]TGsL:Ŕ	�Ə	�ŷÙª'�SHELXL-97

:Ŕ	�Ə���[1e](BPh4)�[1eMeCN](BPh4) �3) [3e](BPh4) &ŽĕÓśVsR'�
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Cambridge Crystallographic Data Center$ Supplementary Publication No. CCDC-1411049 

(1e)�1411050 (1eMeCN)��3) 1411048 (3e) !���ų�7�	6� 

 

2-3. I;�K3  

2-3-1. V%�+8�,1 

� ,��O2!²õ�6ĎƗ NiFeǌ� 1e (,�' 1eMeCN) :Ǐř���Fe&ĈýǄ�Ñ

!���ǗÑ�xö&Ǡ	dqRiSnKEpdqRL@ZnǄ�Ñ:Ý���Fe &

O2 $Û�6²õö:Ǡ/��[FeII(MeCN)(CO)2(h5-C5Me5)](BF4) &;OWZWmnńĺ

:�ĿÅ{ŋ�#�4 USHIO Optical ModuleX (Deep UV 500, BAM500) :ňÜ�6�!

 �[FeII(MeCN)3(h5-C5Me5)](BF4) &źƋŵę�ò47��œùŌ$Û��NiII(X) & RCN

ń ĺ  {R = Et (1e) , � '  Me (1eMeCN)} : § � 6 � ! $ 3 5 �

[NiII(X)FeII(EtCN)(h5-C5Me5)]+ (1e) ,�' [NiII(X)FeII(MeCN)(h5-C5Me5)]+ (1eMeCN) �œ

ù���ńĺ$�÷&B>qRs;ZAq:§��L@Sn@sUn:üĉ��6�!

$ 3 5 � [NiII(X)FeII(EtCN)(h5-C5Me5)](BPh4) {[1e](BPh4)} , � ' 

[NiII(X)FeII(MeCN)(h5-C5Me5)](BF4) {[1eMeCN](BF4)} &ǢƋŽĕ�ò47��1e �3)

1eMeCN&Žĕĥƺƛĝ$35�Ni! Fe®Ñ�Ǆ�Ñ X&SAosWǃ�$3��ğĨ

�7�\R`l=Çĥƺ:îù��	6�!:Ē4
$�� (Ã 2-2)�1e& Ni! Fe&

®ÑǐƭǕ  [3.2325(6) Å] �3) Ni-S-Fe Ž¶ƚ  [92.93(2)° �3)  93.25(2)°] '�

1eMeCN&�74[Ni	Fe: 3.2407(7); Ni-S-Fe: 93.35(3)°, 93.40(2)°] !·ű ����5 K$

��6 1e&iM\>;s � ĝ (ÎǃŦË#�) $3���Řö�K`W (d) = 0.55 

mm s-1�ÀĤ Ƒ (DEQ) = 2.1 mm s-1 �ò47� (Ã 2-3)��74&�'��M_q d6

Ŏø&`?pOqƤÝ�$�Çś �6 9)�1H NMR MdEWn (Ã 2-4) �3) ESR

J=oqW
4�1e�3) 1eMeCN�²Ŧö �6!ŽƦ����,��1e�3) 1eMeCN

'@oEWpMbos=Aqªƨǈ ĝ (Ã 2-5�2-6) ±) IR  � ĝ (Ã 2-7) $3

��·Ö��� 

 

  



 21 

 

 

/ 2-2� (a) [1e](BPh4) & ORTEPÃ (ellipsoids at 50% probability) . Û;ZAq (BPh4
–) �3)Į

Ź®Ñ'şŗ��	6. ®ÑǐƭǕ (l/Å) �3)ƚê (f/˚)ZNi1···Fe1 = 3.2325(6)�Fe1–N3 = 
1.8967(19)�Fe1–S1 = 2.2867(6)�Fe1–S2 = 2.2839(6)�Ni1–N1 = 2.0287(19)�Ni1–N2 = 2.0269(18)�
Ni1–S1 = 2.1709(6)�Ni1–S2 = 2.1618(6)�Ni1–S1–Fe1 = 92.93(2)�Ni1–S2–Fe1 = 93.25(2).  
(b) [1eMeCN](BF4) & ORTEPÃ (ellipsoids at 50% probability) . Û;ZAq (BF4

–) �3)ĮŹ®Ñ
'şŗ��	6. ®ÑǐƭǕ (l/Å) �3)ƚê (f/˚)ZNi1···Fe1 = 3.2407(7)�Fe1–N3 = 1.913(2)�
Fe1–S1 = 2.2850(6)�Fe1–S2 = 2.2863(6)�Ni1–N1 = 2.030(2)�Ni1–N2 = 2.032(2)�Ni1–S1 = 2.1667(6)�
Ni1–S2 = 2.1673(7)�Ni1–S1–Fe1 = 93.40(2)�Ni1–S2–Fe1 = 93.35(3).  
 
 
 

 
/ 2-3�  [1e](BPh4) &iM\>;sMdEWn (5K�Ä�Ŏø�ÎǃŦËņ�). ·��K`W 
(d) = 0.55. ÀĤ Ƒ (DEQ) = 2.1. �74&�'�`<TU<qF (ƪƀ) $3��į/�. 
 

 

(a) (b) 

N3 

Fe1 

S1 

S2 
N2 

N1 

Ni1 

N3 

Fe1 

S1 

S2 
N2 

N1 

Ni1 
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/ 2-4� (a) [1e](BPh4) & 1H NMR MdEWn (bp_AZWmn-d5 y�25 °C�N2 v). (b) 
[1eMeCN](BF4) & 1H NMRMdEWn (;OWZWmn-d3y�25 °C�N2v). UWliSnKlq 
(TMS) &bpWq�ǡ: 0.00 ppm!��°ň. †: bp_AZWmn. ‡: ;OWZWmn.  

/ 2-5� (a) [1e](BPh4) & ESIgMMdEWn (bp_AZWmny�N2v). (b) m/z 497.1 &KF
Yn' [1e – EtCN]+ $Ûõ�6. (c) [1e – EtCN]+ &·�� â&ƝŲ�.  

(a) 

(b) 

(a) (b) 

(c) 
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/ 2-6� (a) [1eMeCN](BF4) & ESIgMMdEWn (;OWZWmny�N2v). (b) m/z 497.1 &KF
Yn' [1eMeCN – MeCN]+ $Ûõ�6. (c) [1eMeCN – MeCN]+ &·�� â&ƝŲ�.  
 

/ 2-7� KBrĳ$36 (a) [1e](BPh4) �3) (b) [1eMeCN](BF4) & IRMdEWn. 

(a) 

(b) 

(a) (b) 

(c) 
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2-3-2. NiFeV%��� O2�@7( 

� ǌ� 1e�3) 1eMeCN'�H2!'²õ�#	��O2!²õ�� O2~§� 3e:îù�

6 (Ã 2-8)�1e&bp_AZWmnńĺ:–80 °C O2\amqF�0��' 1eMeCN&

;OWZWmnńĺ:–40 °C O2\amqF�6�!$35�ńĺ�źƋ
4ƌƋ$

Íª�6�3e& UV-visMdEWn35�410 nm (ε = 3000 M-1cm-1) �3) 520 nm (ε = 

1500 M-1cm-1) $Ǘƍũ©ǁũ$ŕĜ�6¹³ã�ƙÚ�76 (Ã 2-9)�O2~§� 3e&

œù'w´Ʒś �5�N21H2&\amqF$3��O2�Ƈš�6�!'#	�,��

UV-visMdEWnŁÖ$3���1e! O2&²õ (bp_AZWmny�–80 °C) :ƶ

Ʈ�6�!$35�5«ĿĘ&ǐ�ćtĪƹêƽŪ$ñ
�!:Ē4
$���²õƹ

êÖĊ (kobs) '�6.0 × 10-4 s-1  ���� 
 

/ 2-8� ǌ� 1e�3) 1eMeCN$36 O2&ķöª. 

/ 2-9� –80 °C& O2Ǟ¼bp_AZWmny$��6 [1e](BPh4) (0.050 mM) ! O2!&²õ&

UV-visMdEWnÍª. áƳÃ: 410 nm$��6¹�ê&żĔÍª (ƪ)��3)ćtĪbpTW 
(ǘ). 

+

NiII S
S

N
N FeII

+

NiII S
S

N
N FeIV

O O

N
C

R

3e

R =
1eMeCN
1e

Me:
Et:

O2

H2
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� XƀŽĕĥƺƛĝ$ǀ�� O2~§� 3e&Žĕ'�;OWZWmnǣL@Sn@sU

nļ¶ńĺ
4ò47��ĥƺƛĝ$35�O2' Feyô$Û� side-on Ǆ���	6

�!:Ē4
$�� (Ã 2-10) 10-18)�,��O–O Ž¶ǎ' 1.381(3) Å �5�}&ǉß

dnADKXǌ�!·ű �6 (��( CuIIIū1 NiIIIū) 19-21)�,��œøŸ& side-on 

FeIII dnADKXū!ƴ	� (1.4 Å)  �6 18)�tď�side-onMs]sADKX FeIII

ǌ�& O–O Ž¶ǎ [1.306(7) –1.323(3) Å] 15) 1�œøŸ& side-onMs]sADKX FeII

ū& O–O Ž¶ǎ [��( homoprotocatechuate 2,3-dioxygenase: 1.34 Å(16)�homogentisate 

1,2-dioxygenase: 1.35 Å(17) ] 35ǎ	�,��3e& Ni! Fe&®ÑǐƭǕ'�1e�1eMeCN

!ĬƲ��9�
$ţ	� 
 

/ 2-10� [3e](BPh4) & ORTEPÃ (ellipsoids at 50% probability) . Û;ZAq (BPh4
–) �ńÐ Ñ 

(L@Sn@sUn)� �3)ĮŹ®Ñ'şŗ��	6. ®ÑǐƭǕ (l/Å) �3)ƚê (f/˚)Ǥ
Ni1···Fe1 = 3.0354(7)�Fe1–O1 = 1.904(2)�Fe1–O2 = 1.890(2)�O1–O2 = 1.381(3)�Ni1–S1–Fe1 = 
85.84(3)�Ni1–S2–Fe1 = 85.16(3)�Fe1–O1–O2 = 68.11(14)�Fe1–O2–O1 = 69.22(13)�O1–Fe1–O2 = 
42.67(10). 

 

� 3e &bp_AZWmnńĺ&Ǔ=Aq ESI gMMdEWn'�m/z 529.1 (relative 

intensity = 100 % in the range of m/z 100–2000) $KFYn:ŧ� (Ã 2-11)��&KFYn

&·�� â'�[3e]+ &·�� â&ƝŲ�$Ɗ�tƉ�6�3e &dnADKXǄ�

Ñ&ŕĜ:ƥ+6�/$�18O2:Ŕ	�·��×ǟ:Ə#���[NiII(X)FeIV(h2-18O2)(h5- 

C5Me5)]+ (18O-labeled 3e) 'bp_AZWmny 1e! 18O2:²õ��6�!$35¶

ù���m/z 529.1&KFYn� 533.1$K`W���!
4�dnADKXǄ�Ñ'ǅ 

O2 

O1 

Fe1 

S1 

S2 

N2 

N1 
Ni1 
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/ 2-11� (a) [3e](BPh4) & ESIgMMdEWn (bp_AZWmny�–80 °C) . (b) m/z 529.1 &K
FYn' [3e]+ $Ûõ�6. (c) [3e]+

 &·�� â&ƝŲ�. (d) [18O-labeled 3e](BPh4) & ESIgM
MdEWn (bp_AZWmny�–80 °C) . 533.1 &KFYn' [18O-labeled 3e]+ $Ûõ�6. 

 

Ź ÑŕĜ �6�!�ƠĒ�7�� 

� –100 °C$��6��Ŏø& 3e& IRMdEWn'�940 cm-1 $ O–O�Ɓÿ©$ŕĜ

�6_sE:ŧ� (Ã 2-12)�dnADKXǄ�Ñ: 16O2
4
18O2$ƂĄ (18O-labeled 3e) 

�6�! �_sE� 887 cm -1*!K`W���·��K`W� (53 cm-1) '�Hooke

&ĳ£$36ƝŲ� (54 cm-1) !Ɗ	tƉ:ŧ��ƙŁ�7� O–O�Ɓÿ©&ĴĊ'� 
 

 
/ 2-12�  ATRĳ$36 (a) [3e](BPh4) �3) (b) [18O-labeled 3e](BPh4) & IRMdEWn (Ä�
Ŏø�–100 °C) . 

(a) 

(b) 

(a) (b) 

(c) 

(d) 
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ǉßdnADKXǌ� (��( CuIII 1 NiIII ǌ�) $ōóś#� �6 19-21)�,��

18O-labeled 3e' 3e! 500íǈ& H2
18O2&²õ (ë 1) $3��0¶ù �6 (Ʒ0,�

Ň5 �6) (Ã 2-13)� 

  

/ 2-13� (a) [3e]+
 & ESIgMMdEWn (;OWZWmny�–40 °C). (b) [3e]+

 &·�� â&

ƝŲ�. (c) [3e]+
 ! 500íǈ& H2

18O2: 30 ǐ²õ���ï&ńĺ& ESIgMMdEWn (;O
WZWmny�–40 °C). (d) [18O-labeled 3e]+

 &·�� â&ƝŲ�. (e) [18O-labeled 3e]+
 & ESIg

MMdEWn (;OWZWmny�–40 °C). (f) [18O-labeled 3e]+
 ! 500íǈ& H2O2: 30 ǐ²õ

���ï&ńĺ& ESIgMMdEWn (;OWZWmny�–40 °C). 
 

� 30 K$��6 3e& 57Fe iM\>;sMdEWnŁÖ (ÎǃŦË#�) $3���Ř

ö�K`W (d) = 0.42 mm s-1�ÀĤ Ƒ (DEQ) = 0.33 mm s-1 �ò47� (Ã 2-14)��7

4&�'�[FeIV(O)(H2O)5]2+ (d = 0.38 mm s-1�DEQ = 0.33 mm s-1) 22) $ƴ��3e� FeIVŎ

ø �6�!:Ĉý��	6��u&iM\>;s � ĝ�O–O Ž¶ǎ�IR  � 

ĝ���� H2
18O2:Ŕ	�×ǟ$3���3e$��6 Fe&ǅªŎø� + 4  �6�!

(a) 

(b) 

(e) 

(c) 

(f) 

(d) 

m/z 

m/z 

18O-labeled 3e16O-labeled 3e

H218O2

H216O2

(1)

+

NiII S
S

N
N FeIV

16O 16O
+

NiII S
S

N
N FeIV

18O 18O
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:Ē4
$����&ŽĞ:ƒ~�6�/$�Ƭ�ÝǈÑåľƝ (SQUID) $36 3e

&ŦªŐ&ŁÖ:Ə#���5–200 K &ŴÂ$�	� 3e &��Jqbn:ŁÖ��!

�8�ƙŁ�7�ŦĭjsiqW' S = 0&ÉéŎø:ŧ�0& �����&ŽĞ'�

3e& 1H NMRMdEWn�²ŦöǜÈ$KFYn:ŧ��!!�Ɗ	ŞǑ��6� 

 
 

/ 2-14� [3e](BPh4) &iM\>;sMdEWn (30 K�Ä�Ŏø�ÎǃŦËņ�). ·��K`W 
(d) = 0.42. ÀĤ Ƒ (DEQ) = 0.33. �74&�'�ǘƋ& 2Ě&`<TU<qF:ǆ%¶9���
ƪƋ&`<TU<qF$3��į/�.  
 
 

/ 2-15� [3e](BPh4) & 1H NMRMdEWn (bp_AZWmn-d5�–80 °C). UWliSnKl
q (TMS) &bpWq�ǡ: 0.00 ppm!��°ň. †: bp_AZWmn. 

ppm 
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2-3-3. 3e��� O2�T& 

� ÎǃǗÑł�3)bpWqłÒÆv$�	��ǌ� 3e �dnADKXǄ�Ñ:ǂ�

��Į:œù�6�!:�1eMeCN& 18Olcnª×ǟ$3��Ē4
$���1eMeCN'�

ǗÑł& BH4!bpWqł& EtOH �ÒÆ�6ě�$�	��ƽ¥ǈ& 18O2!²õ��

H2
18O :œù�6�GC-MS$36 ĝ$3���ƜÐÁƱĊ (TON) ' 1.3 �6!Ų

��7� (Ã 2-16)�,��18O-labeled 3e� BH4�3) EtOHÒÆv$�	��H2
18O:

œù�6�!0ťƣ�� (ë 2)��4$�J=EmTEfnRqiWms (CV) �3)

ÁƱV<ME (RDE) ǗĤŁÖ$3���O2 ǂ�²õ:ĢƠ�� (Ã 2-17�2-18)�

Koutecky–Levich bpTW
4�O2 ǂ�$Ŕ	476ǗÑĊ'�4.0 !Ų��7� (Ã

2-18b)� �,5ǌ� 3e'�ƽǅªĮŹ&¤œù:�9�$�O2: 4ǗÑǂ���Į:

œù�6�!�´Ɔ �6�ǌ� 3e '�ǗÑ�xö&Ǡ	dqRiSnKEpdqR

L@ZnǄ�Ñ:ė���5�ǋyô'Ǡ	ǗÑÙê:ė��	6��&�!��ǅŹ 

 

 

 
/ 2-16� ;OWZWmny�nBu4NBH4�3)@R[snÒÆv$�	� 1eMeCN! 18O2&²õ$

3��œù�� H2
18O&Ǔ=Aq GCgMMdEWn. m/z 20.0�3) 19.0&KFYn'��7

�7 [H2
18O]·+�[H2

18O � H]·+ $Ûõ�6.   

18O-labeled 3e

2BH4– + 2H+

+ RCN

(2)

2H218O
+ 2BH3

+

NiII S
S

N
N FeIV

18O 18O

+

NiII S
S

N
N FeII

N
C

R

R =
1eMeCN
1e

Me:
Et:
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/ 2-17� –40 °C$��6;OWZWmny& 1eMeCN (5.0 mM) & CV. (a) N2v �3) (b) O2v 
(50 mM& EtOH:¸.). �ŔĤ: FlTKsBsfqǗĤ�ÛĤ: Pt�°ňǗĤ: Ag/AgNO3 (10 
mM)�Ćìƹê: 100 mV s–1�V<MEǚŬ: 0.07065 cm2�Ǘƛƨ: nBu4NPF6. 

 

 

 

 
/ 2-18� (a) EtOH (50 mM) :¸. 3e&;OWZWmnńĺ (5.0 mM) & –40 °C$��6ÁƱ
V<MEfnRjFlh {�ŔĤ: FlTKsBsfqǗĤ�ÛĤ: Pt�°ňǗĤ: Ag/AgNO3 (10 
mM)�Ćìƹê: 100 mV s–1�V<MEǚŬ: 0.07065 cm2�Ǘƛƨ: nBu4NPF6 }. (b) ÁƱƹê&Ʒ
Ċ&æďġ$Û�6�V<MEǗĸ�&ƷĊ& Koutecky-LevichbpTW (–1.5 V vs Ag/AgNO3

 ŁÖ). `<TU<qFŝƀ
4 n = 4.0�ò47�. Koutecky–Levich&]lisRs: O2&ü

ĉ�Ċ (DO2) = 7.30 × 10–5 cm s–1�O2&Ņê ([O2]) = 8.1 × 10–6 mol mL–1�–40 °C &;OWZW
mn&©Ŷê (ν) = 0.94 mm2 s–1. �74&]lisRs'×ǟǛ$ŧ��ŧ��ďĳ ĂÖ�
�. 

電位 (V vs. Ag/AgNO3) 

電
流
値

 (
μA

) 

(a) 

(b) 

(b) (a) 
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 Ñ&²Ž¶öưƾ*&Ʒ�x:¨ǎ��O�O Ž¶&ǏƑ:�Ƽ��	6!Ƅ�47

6��u&ŽĞ'�O2ƅö^XpHYsP&Ťŭ Ǉ$Û�ŢƖ:x�6&-#4��

¤œù�6ƽǅªĮŹ�¿ǝƘ�7�	6ŊčǗİBQsXƜÐ&Ǐř Ǉ$Û���

Ď�#ƜÐƟƝþǊ:0�4�0&!Ƅ�6� 

 

2-4. IP 

� ĚŤŭ '�O2ķöª NiFeǌ�:Ǐř��O2ƅö^XpHYsP&jVnŤŭ:Ə

���O2&ķöª$35œù�6 NiFeǅŹǌ�'�FeIV (S=0) dnADKXǌ�!�

�¬Ǖ$ù¦��¡/�&� �5�ǌ�ªÓ& Ǉ$Û��Ƨǆ#ŢƖ:0�4���

,��ƽǅªĮŹ&řœ:�9�$ O2:Į*!ǂ��6ōö'�ŊčǗİBQsXƜ

Ð&Ď�#ƟƝþǊ:ă���� 

 

 
/ 2-19� ĚŤŭ ƿù���NiFejVnǌ�$36 O2ǂ�J=En. 

 

 

  

+

NiII S
S

N
N FeII

O2

RCN

2BH3 + 2H2O

2BH4– + 2H+

+ RCN +

NiII S
S

N
N FeIV

O O

N
C

R

3e

R =
(1eMeCN)
(1e)

Me:
Et:



 32 

2-5. )K9B 

1 (a) P. Wulff, C. C. Day, F. Sargent, F. A. Armstrong, Proc. Natl. Acad. Sci. USA 2014, 111, 

6606. (b) J. Fritsch, O. Lenz, B. Friedrich, Nature Rev. Microbiol. 2013, 11, 106. (c) W. 

Lubitz, H. Ogata, O. Rüdiger, E. Reijerse, Chem. Rev. 2014, 114, 4081. 

2 K. Kim, T. Matsumoto, A. Robertson, H. Nakai, S. Ogo, Chem. Asian J. 2012, 7, 1394. 

3 F. Osterloh, W. Saak, S. Pohl, J. Am. Chem. Soc. 1997, 119, 5648.  

4 (a) D. Catheline, D. Astruc, Organometallics 1984, 3, 1094. (b) P. G. Edwards, P. D. 

Newman, K. M. A. Malik, Angew. Chem. Int. Ed. 2000, 39, 2922. 

5 A. J. Sitter, J. Terner, J. Label. Comp. Radiopharm. 1985, 22, 461. 

6 S. V. Kryatov, S. Taktak, I. V. Korendovych, E. V. Rybak-Akimova, J. Kaizer, S. Torelli, X. 

Shan, S. Mandal, V. L. MacMurdo, A. M. i Payeras, L. Que, Jr., Inorg. Chem. 2005, 44, 85. 

7 Q. Li, C. Batchelor-McAuley, N. S. Lawrence, R. S. Hartshorne, R. G. Compton, J. 

Electroanal. Chem. 2013, 688, 328. 

8 H. Shekaari, M. T. Zafarani-Moattar, S. N. Mirheydari, J. Chem. Eng. Data 2015, 60, 1572. 

9 V. N. Nemykin, R. G. Hadt, Inorg. Chem. 2006, 45, 8297. 

10 J. P. Collman, R. R. Gagne, C. A. Reed, W. T. Robinson, G. A. Rodley, Proc. Natl. Acad. 

Sci. USA 1974, 71, 1326. 

11 J. S. Anderson, A. T. Gallagher, J. A. Mason, T. D. Harris, J. Am. Chem. Soc. 2014, 136, 

16489. 

12 S. E. V. Phillips, Nature 1978, 273, 247. 

13 I. Schlichting, J. Berendzen, K. Chu, A. M. Stock, S. A. Maves, D. E. Benson, R. M. Sweet, 

D. Ringe, G. A. Petsko, S. G. Sligar, Science 2000, 287, 1615. 

14 J. Cho, S. Jeon, S. A. Wilson, L. V. Liu, E. A. Kang, J. J. Braymer, M. H. Lim, B. Hedman, 

K. O. Hodgson, J. S. Valentine, E. I. Solomon, W. Nam, Nature 2011, 478, 502. 

15 S. Hong, K. D. Sutherlin, J. Park, E. Kwon, M. A. Siegler, E. I. Solomon, W. Nam, Nat. 

Commun. 2014, 5, 5440/1. 

16 E. G. Kovaleva, J. D. Lipscomb, Science 2007, 316, 453. 



 33 

17 J.–H. Jeoung, M. Bommer, T.–Y. Lin, H. Dobbek, Proc. Natl. Acad. Sci. USA 2013, 110, 

12625. 

18 A. Karlsson, J. V. Parales, R. E. Parales, D. T. Gibson, H. Eklund, S. Ramaswamy, Science 

2003, 299, 1039. 

19 C. J. Cramer, W. B. Tolman, Acc. Chem. Res. 2007, 40, 601. 

20 J. Cho, R. Sarangi, J. Annaraj, S. Y. Kim, M. Kubo, T. Ogura, E. I. Solomon, W. Nam, Nat. 

Chem. 2009, 1, 568. 

21 J. Kim, B. Shin, H. Kim, J. Lee, J. Kang, S. Yanagisawa, T. Ogura, H. Masuda, T. Ozawa, J. 

Cho, Inorg. Chem. 2015, 54, 6176. 

22 O. Pestovsky, S. Stoian, E. L. Bominaar, X. Shan, E. Münck, L. Que, Jr., A. Bakac, Angew. 

Chem. Int. Ed. 2005, 44, 6871. 



 34 

6 35� ).B! RuC����A7���0%�� C–H8�A�

�$.-�=( 

 

,< 

� ùīĲ�"	Fe�ċŪ��¤.ß�!Áó� Ru3Ģ��	ŸĽż��·Ŷ^pSq

ĕ
,#Ɗºĕ�¢Ù�/Ɔ!g<VIf3řò���ùīĲ!Łý�-Ý�"	̂ p

Sq�ÓƊºį� (proton-coupled electron transfer	PCET)  ,/ C–HŁ§!ĐÚ�3�

�	�º�Ÿ�ćĄ3èā�/� 

 

Yatabe, T.; Kishima, T.; Nagano, H.; Matsumoto, T.; Yamasaki, M.; Yoon, Ki-S.; Ogo, S. 

Chem. Lett. 2017, 46, 74–76. 
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3-1. " 

� O2ňÚZTpBUrK!O2ŵ�ćĄ Ɓ�/hRnīĲ"	2013Ê!>f- ,/NiRu

ż�3Ģ��īĲ	
,#Ķ 2ĵ�ŭ%� NiFeż�3Ģ��īĲ! 2��»³�/ 1)�w

īĲ!¢Ùg<VIf�*	&��Ħż�� O2�¢Ù��ŸĽż�3ÒÜ�/�Ĉ 	Ÿ

Ľż��·Ŷ^pSqĕ�Ɗºĕ ,�� O23 H2O$ŵ��	�Ħż�3�ġ�/���

�	ŸĽż��^pSq
,#Ɗº�¢Ù�	H2O !ġÜ3����-�Ħż�3�ġ�

/g<VIf�vò���� (° 3-1a)� 

� ùīĲ�"	½¾�¤.ß�!Áó� RuŸĽż�3ſĦ�	ŸĽż��·Ŷ^pS

qĕ
,#Ɗºĕ�¢Ù�/Ɔ!g<VIf3ĂŜ�� (° 3-1b)��! 2 �!hRn

ż��¨ą 	aqNgOnF?paqNG:Vn (Cp*) ŷ�º3Å����&�	

�º�Ÿ�¢Ù3á��/�)	Ÿ�3¥�+��O;orSŷ�º�"��	2ÌG

5eqŷ�º3Ŵã���ùīĲ!Łý�-	^pSq�ÓƊºį� (proton-coupled 

electron transfer	PCET; ° 3-2) 2-5)  ,/ C–HŁ§!ĐÚ�3��	m<XmrćĄ3è

ā�/� 

  

 
� 3-1�  (a) NiFehRnż� ,/ O2ŵ�g<VIf. (b) ùīĲ!CqJ^S. 
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� 3-2�  PCET  ,/ Cp* !gOnµ! C–HŁ§Ÿ�¢Ù. (a) ZTmTį� (HT). (b) ČĽ�
ºį� (HAT). (c) ^pSqį� (PT). C	F	I: QSlgOn\n`qż�. 

 

3-2. �E 

3-2-1. >; �	1�.� 

� �%�!¿Ə"	ĴĽu&�"5nDqu �	ĆĖħ�Fjoq? (Schlenk) àŒ

&�"@pr]cP?H3Ģ��ő���G:On:rQn" Na/`qM\9Wq�Ŋ

Č�	ŏĤÔ�Ģ���Sm\;pgNqHnbqŸ (TfOH)	p-ZTp>Wq	NaBH4	


,# NaBD4"¬�ļŐÈăþÍ�Į�-Ť����N,N’-GgOn:OoqG5eq

(L) "û{�ÜþÍ�Į�-Ť����H2
18O (98 atom%) "¸ƃñŸþÍ�Į�-Ť�

���18O2 (98 atom%) "	ô�ů­þÍ�Į�-Ť�����0-!ŝŐ"	ĺŔ3

ő2� ¿Ə �Ģ���[RuII(Cp*)(CH3CN)3](NO3) (Cp* = aqNgOnF?paqN

G:Vn) "	ðĞ Õ��§Ü�� 6)� 

� 1H NMRHa?Sn"	JEOL JNM-AL300 spectrometer 3Ģ��śŽ�	QSlgO

RuII
CH3

Ru0

RuIV
CH2

RuII
CH2

RuII
CH2

RuII
CH2

RuII
CH2

RuIII
CH2

CH2

RuII
CH2

RuI
CH2

– H+– H– – H

E HB

F IC

(c)(a) (b)

+ e– + e–

+ e– + e–

+ e– + e–

– e– – e–

– e– – e–

– e– – e–

D GA

(HT) (HAT) (PT)
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nFlq  (TMS) 3�ŶĆĖ����Ģ���UV-vis Ha?Sn"	JASCO V-670 

UV-Visible-NIR Spectrophotometer (�ũžƔ1.0 cm) 3Ģ��śŽ���5 
,#

18O-labeled 5! IRHa?Sn"	ATR accessory3çł�� Perkin-Elmer Spectrum Two IR 

spectrometer3Ģ��śŽ���KBrR6H?x!±��§ě 4
,# 6!ť· (IR) H

a?Sn"	Thermo Nicolet NEXUS 8700 FT-IR instrument 3Ģ��Ĕ¾�� (2 cm–1 

standard resolution in a range of 4000 to 650 cm–1.)�:o?SpH^or7;q�ţź�ü

Ď (ESI-MS) " JEOL JMS-T100LC AccuTOF ,��ő����Ľ�ü"	PerkinElmer 

2400II series CHNS/O analyzer3Ģ��	Ar3>im5=H���ő��� 

 

3-2-2. C���&/ 

[RuII(Cp*)(L)(CH3CN)](NO3) {[4](NO3)} 

� [RuII(Cp*)(CH3CN)3](NO3) (400 mg	0.95 mmol) !5JSVSmnėđ (4.0 mL)  L 

(150 µL	1.42 mmol) 3�	��Àē� 2õƀëä��Ô	G:On:rQn (30 mL) 

3�	��ėđ3Àē� 1 õƀƋŅ�/�	ƒō!Łö�ü����Ö-0�Łö"	

1Ų�®£��ĩĳyĚ�� {[RuII(Cp*)(CH3CN)3](NO3) µĖ� 74% !£ğ}�1H NMR 

(300 MHz, in CD3CN, referenced to TMS, 25 °C): d (ppm) = 1.57 {s, 15H, C5(CH3)5}, 2.46 (d, 

6H, N–CH3), 2.49–2.71 (m, 4H, N–C2H4–N), 4.19 (s, 2H, N–H). ESI-MS (in CH3CN): m/z 

325.1 {[4 – CH3CN]+, relative intensity (I) = 100% in the range of m/z 200–2000}. Anal. Calcd 

for [4](NO3)×0.5H2O (C16H31N4O3.5Ru): C, 44.02; H, 7.16; N, 12.84%. Found: C, 44.24; H, 6.92; 

N, 12.91%. 

 

[RuIV(h2-O2)(Cp*)(L)](NO3) {[5](NO3)} 

� [4](NO3) (60 mg	0.14 mmol) ! CH3CNƓG:On:rQnėđ (1/2	2.0 mL)  Ã�	

O2 (8.0 mL) 3ª
ū4��ėđ3–40 °C� 2ñƋŅ�/�	ŕō!Łö�Ö-0��

ESI-MS (in CH3CN): m/z 357.1 ([5]+, I = 100% in the range of m/z 200–2000). 

 

[RuIV(h2-18O2)(Cp*)(L)](NO3) {[18O-labeled 5](NO3)} 
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� 18O-labeled 5"	18O23Ģ�� 5�¨ą!ÞĎ�§Ü���ESI-MS (in CH3CN): m/z 

361.1 ([18O-labeled 5]+, I = 100% in the range of m/z 200–2000). 

 

[RuII(tetramethylfulvene)(L)(Cl)](OTf) {[6](OTf)} 

� [4](NO3) (30 mg	70 µmol) !5JSVSmnėđ (1.0 mL)  Ã�	O2 (3.0 mL)	p-

ZTp>Wq (23 mg	0.21 mmol)	
,# TfOH (21 mg	0.14 mmol) 3�	��Ö-0

�ėđ3 1õƀëä��Ô	Ph4PCl (26 mg	70 µmol) 3�	��ė¹3Ē²Ĥ ��

Ô	CH2Cl2 3�		vėě3R<qQrFkq�Ƃ ���Ö-0�ėđ Ã�	n-

_>Eq3åî��/�	ƒōŁö�ü����Ö-0�Łö"	1Ų�®£�	ĩĳ

yĚ�� {[4](NO3) µĖ�£ğ 54%}. 1H NMR (300 MHz, in CD3CN, referenced to TMS, 

25 °C): d (ppm) = 1.52 {s, 3H, C5(CH3)4}, 1.69 {s, 3H, C5(CH3)4}, 1.82 {s, 3H, C5(CH3)4}, 1.84 

{s, 3H, C5(CH3)4}, 2.39 (d, 3H, N–CH3), 2.53 (d, 3H, N–CH3), 2.27–2.63 (m, 4H, N–C2H4–N), 

4.38 (d, 1H, C=CH2), 4.53 (d, 1H, C=CH2). ESI-MS (in CH3CN/CH3OH): m/z 355.1 ([6 – Cl + 

CH3O]+, I = 100% in the range of m/z 200–2000). Anal. Calcd for [6](OTf) 

(C15H26ClF3N2O3RuS): C, 35.47; H, 5.16; N, 5.52%. Found: C, 35.12; H, 4.98; N, 5.61%. 

 

3-2-3. 6� NaBH4
�� NaBD4��$ 

� p-ZTp>Wq (38.5 mg	0.35 mmol) 
,# TfOH (11 mg	70 µmol) 3©( [4](NO3) 

(15 mg	35 µmol) ! CH3CNėđ Ã�	O2 (5.0 mL) 3ª
ū'	1õƀëä�/��

� 6 !ėđ3ŠŔ�� (ESI-MS �Ĭş��)�ėđ Ã�	Ų�ź! NaBH4 &�" 

NaBD4 3�	/���	4 &�" D-labeled 4 �ġÜ�� (ESI-MS �Ĭş��)�

D-labeled 4" D-labeled Cp*  ,��ÒÜ�0��/�ņ	-0/� 

 

3-2-4. X9-@=* 

� X ŃŁöĄŰřü ų�� [4](NO3) 
,# [5](NO3) !�Łö"	ż�!5JSV

Smnėđ Ã�	�0�0Àē	–40 °C�G:On:rQn3åî��/�� ,.

Ö-0��XŃŁöĄŰřü ų�� [6](BPh4) !�Łö"	NaBPh43©( [6](OTf) !
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CH2Cl2 ėđ Ã�	n-_>Eq3åî�/���Ö-0��Ĕ¾"	�ō Mo-KaęÄ 

(l = 0.7107 Å) 3Ģ�/ Rigaku/MSC Saturn CCD diffractometer  �ő���RrN3£

Ƈ�	CrystalClear program ��Ġ���ĺÂ�3Ƃ���!Śĸ"	CrystalStructure

Łö¼ħL\S895YPArG3Ģ��ő�	ĺÂ�"	SHELXL-97 3Ģ��ő�

��[4](NO3)	[5](NO3)	
,# [6](BPh4) !Łö¼ħRrN"	Cambridge Crystallographic 

Data Center  Supplementary Publication No. CCDC-1508183 (4)	1508184 (5)	
,#

1508185 (6) ����Ĺ�0��/� 

 

3-3. 8+�:   

3-3-1. C���&��%� �	-@=* 

� [RuII(Cp*)(L)(CH3CN)](NO3) {[4](NO3)} "	[RuII(Cp*)(CH3CN)3]+ � L35JSVSm

nx�ìä�/���§Ü���4!ġÜ" XŃĄŰřü (° 3-3)	ESI-MS (° 3-4)	

1H NMR (° 3-5)	
,# IR (° 3-6)  ,��Ĭş���XŃĄŰřü ų�� 4!�

Łö"	5JSVSmnėđ G:On:rQn3åî�/���Ö-0� 7)�4"ĉ

4� 8 ƌ�´ŷ�ĄŰ3���
.	Ru xØ Ã�	Cp*	L	
,# CH3CN �Ł§

���/ (° 3-3)� 

 
� 3-3� [4](NO3) ! ORTEP° (ellipsoids at 50% probability) . ČĽ�º
,#Ã5V;q (NO3

–) 
"Ĩĥ���/. �ºƀŧƈ (l/Å) 
,#ŘË (f/˚)FRu1–C1 = 2.142(5)	Ru1–C2 = 2.157(4)	Ru1–
C3 = 2.150(5)	Ru1–C4 = 2.127(6)	Ru1–C5 = 2.137(6)	Ru1–N1 = 2.183(4)	Ru1–N2 = 2.202(4)	
Ru1–N3 = 2.082(4)	N1–Ru1–N2 = 79.37(15)	N1–Ru1–N3 = 89.94(16)	N2–Ru1–N3 = 85.58(16). 

C8 
C9 

C3 C5 

C7 C1 C6 

C10 

C11 

C12 

N1 

C13 

N2 
C14 
N3 

C15 

C16 

C4 

C2 Ru1 
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� 3-4� (a) [4](NO3) ! ESIdHHa?Sn (5JSVSmnx	N2u). (b) m/z 325.1 !F@Un

" [4 – CH3CN]+  ÃÙ�/. (c) [4 – CH3CN]+
 !¨���É!Śĸ�. 

 
 
 

 
� 3-5� [4](NO3) ! 1H NMRHa?Sn (5JSVSmn-d3x	25 °C	N2u). QSlgOnF
lq (TMS) !^pSq�Ƒ3 0.00 ppm���¡ę. †: 5JSVSmn. 
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� 3-6�  KBrĎ ,/ [4](NO3) ! IRHa?Sn. 

 

 

3-3-2. 4 � O2��$��� 5�3&��5��%�-@=* 

� [4](NO3)"5JSVSmnx�ŸĽ�¢Ù��	 RuIV an;>FTż�

[RuIV(h2-O2)(Cp*)(L)](NO3) {[5](NO3)} 3ġÜ���4� O2!¢Ù"	XŃĄŰřü (°

3-7)	UV-visHa?SnĔ¾ (° 3-8)	ESI-MS (° 3-9)	
,# IR���ü (° 3-10)  

,��ŮŨ���XŃĄŰřü ų�� 5!�Łö"	5!5JSVSmnƓG:On

:rQnėđ3 –40Ë ���/���Ö-0� 8)�5"ĉ4� 8ƌ�´ĄŰ3���


.	RuxØ Ã�	Cp*	L	
,# O2 (h2ÒÍ) �Ł§���/�O–OŁ§!Ł§

ž"	1.371(10) Å ��.	|! RuCp*ƐĀ3ø�/an;>FTż��¨ķ��/ 9)�

&�	Cp*!gOnµ� O2ŷ�º!ƀ "ČĽŁ§����
. (C–H···O = 2.706	

2.827 Å; ° 3-7b) 10)	CuIII
2(µ-O)2!Ļ�¨ą 	PCET ,/ C–HŁ§!Ÿ��Ŧ�.

Ö/ŧƈ��/ 11)� 

� 5!ƃ7;q ESI-dHHa?Sn"	m/z 357.1 {relative intensity (I) = 100% in the range 

m/z 200–2000}  F@Un3ĭ� (° 3-9)��!F@Un!¨���É"	[5]+ !¨�

��É!Śĸ� Ō�sŋ�/�5 !an;>FTŷ�º!ģú3Š%/�) 	18O2

3Ģ��¨��¿Ə3ő����[RuIV(h2-18O2)(Cp*)(L)]+ (18O-labeled 5) " 4� 18O23¢ 
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� 3-7� (a) [5](NO3) ! ORTEP ° (ellipsoids at 30% probability) . ČĽ�º
,#Ã5V;q 
(NO3

–) "Ĩĥ���/ . (b) Ru(h2-O2) xØ«.!ČĽŁ§ . �ºƀŧƈ  (l/Å) 
,#ŘË 
(f/˚)FO1–O1* = 1.371(10)	Ru1–O1 = 1.994(4)	Ru1–N1 = 2.159(19)	Ru1–N2 = 2.12(2)	Ru1–C1 = 
2.26(2)	Ru1–C2 = 2.23(2)	O1–C6 = 3.02(1)	O1*–C7 = 3.24(1)	O1–H6A = 2.968	O1–H6B = 3.987	
O1–H6C = 2.706	O1*–H7A = 3.349	O1*–H7B = 2.827	O1*–H7C = 4.178	O1–Ru1–O1* = 40.2(3)	
Ru1–O1–O1* = 69.89(14). 

 

� 3-8� 4� O2!¢Ù ,/ UV-visHa?Sn¶� (5JSVSmnx).  
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� 3-9� (a) 4� O2!¢Ù ,.ġÜ�� 5! ESIdHHa?Sn (5JSVSmnx). (b) m/z 
357.1 !F@Un" [5]+

  ÃÙ�/. (c) [5]+
 !¨���É!Śĸ�. (d) 4� 18O2!¢Ù ,.ġ

Ü�� 18O-labeled 5 ! ESI dHHa?Sn  (5JSVSmnx). m/z 361.1 !F@Un" 
[18O-labeled 5]+

  ÃÙ�/. 

 

 

Ù��/�� ,.§Ü���m/z 357.1!F@Un� 361.1 F\S�����-	a

n;>FTŷ�º"ŸĽ�ºģú��/���Ŝò�0�� 

� ±�ĝÛ! 5! IRHa?Sn"	834 cm-1 O–O�ńæ� ģú�/[r?3ĭ� 

(° 3-10)�an;>FTŷ�º3 16O2�-
18O2 Ņé (18O-labeled 5) �/���	[r

?� 798 cm -1$�F\S���ŗĔ�0� O–O�ńæ�!ďï"	|! side-onŻÇa

n;>FTż�!*!�Ŭ����/ 9, 12)�&�	Ų ! Ru(h2-O2) ż��ċ%�÷*

�����/ 9)��&.	÷*Ï� O–O Ł§3ø��
.	O–O Ł§!ſœ��0

 Ůƅ�/ C–HŁ§!ĐÚ�3Áó ���/�ņ	-0/� 
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� 3-10� ATRĎ ,/ (a) 5
,# (b) 18O-labeled 5! IRHa?Sn (±�ĝÛ) . 

 

 

3-3-3. 5����A���� 6�3& 

� RuIVan;>FTż� 5"	Cp* ! C–H Ł§!ĐÚ�3ő����¦ŉ��/��

!¢Ù"	Sm\n;pgNqHnbqŸ�-^pSq3	p-ZTp>Wq�-Ɗº3

¥�¤/���Ŧ�/ O–O Ł§!ſœ }ƅ�/�¢Ùėđ  Ph4PCl 3�	/��

�	QSlgOn\n`qż� [RuII(tetramethylfulvene)(L)(Cl)](OTf) {[6](OTf)} 3ÒÜ

�/�XŃŁöĄŰřü (° 3-11)	UV-visHa?SnĔ¾ (° 3-12)	1H NMR
,# IR

���ü (° 3-13)	ESI-MS (° 3-14)  ,��	6 !ĄŰřü�¾Ú�ü3ő����

XŃŁöĄŰřü ų�� 6!�Łö"	NaBPh43�	� 6! CH2Cl2 ėđ n-_>E

q3åî�/�� ,.Ö� (° 3-11) 13)�C1–C2	C3–C4	
,# C5–C6 !Ł§ž 

{1.408(2), 1.405(2), and 1.408(3) Å} "	C2–C3	C4–C5	
,#  C2–C6 !Ł§ž 

{1.469(3), 1.459(3), and 1.466(3) Å} �ċ%ƎŎ Ī�	�Ň�zŹŁ§ħ	ÔŇ��Ł

§ħ� C–C Ł§��/��3ĭ���/��!,��Ł§!Æ³�"	QSlgOn

\n`qż� Ĝ×ħ��/ 2a, 4a-4d, 14)�6! 1H NMR Ha?Sn"	4.38 
,# 4.53 

ppm QSlgOn\n`qż� Ĝ×ħ�[r?3ĭ� 2a, 4a-4d, 14)�6! IR Ha?S

n"	1640 cm–1   Ru xØ Ł§�� C1–C2 !�ńæ� ģú�/[r?3ĭ� 

1100 1000 900 800 700 600
波数 (cm–1)

798

834

(b)

(a)
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(° 3-13) 4c, 4d)�° 3-14"5JSVSmnƓgNWrnx! 6 !ƃ7;q ESI dHHa

?Sn��/�m/z 355.1 (I = 100% in the range m/z 200–2000) !F@Un!¨���É"	

[6 – Cl + CH3O]+ !¨���É!Śĸ� Ō�sŋ�/� 
 

 
� 3-11� [6](BPh4) ! ORTEP° (ellipsoids at 50% probability) . Ã5V;q (BPh4

–) 
,#ČĽ
�º"Ĩĥ���/ . �ºƀŧƈ  (l/Å) 
,#ŘË  (f/˚)ƔRu1–C1 = 2.2403(18)	Ru1–C2 = 
2.0512(17)	Ru1–C3 = 2.1833(16)	Ru1–C4 = 2.2372(16)	Ru1–C5 = 2.2445(19)	Ru1–C6 = 2.207(2)	
Ru1–Cl1 = 2.4027(5)	Ru1–N1 = 2.1597(14)	Ru1–N2 = 2.1653(19)	C1–C2 = 1.408(2)	C2–C3 = 
1.469(3)	C3–C4 = 1.405(2)�C4–C5 = 1.459(3)	C5–C6 = 1.408(3)	C6–C2 = 1.466(3)	Cl1–Ru1–N1 
= 82.28(5)	Cl1–Ru1–N2 = 84.08(4)	N1–Ru1–N2 = 80.39(7)	C1–Ru1–Cl1 = 172.46(5)	C1–Ru1–N1 
= 91.64(6)	C1–Ru1–N2 = 90.53(7). 

� 3-12� 3Ñź! p-ZTp>Wq
,# 2Ñź! TfOH3©( 5!5JSVSmnėđ Ã�	
1Ñź! Ph4PCl3�	�õ! UV-visHa?Sn¶� (a�b)�Ph4PCl	5	p-ZTp>Wq	
,
# TfOH!÷ĿĘË"	�0�0 5.1	5.1	15.3	10.2 mM��/� 

C8 
C9 

C3 

C5 

C7 
C1 

C6 C10 

C11 

C12 

N1 

C13 

N2 C14 

Cl1 

C4 

C2 

Ru1 

波長 (nm) 

吸
光
度
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� 3-13�  KBrĎ ,/ 6! IRHa?Sn. 

 

 
� 3-14� (a) 6!ƃ7;q ESI dHHa?Sn (5JSVSmnƓgNWrnx). (b) m/z 355.1 
!F@Un" [6 – Cl + CH3O]+  ÃÙ�/. (c) [6 – Cl + CH3O]+ !¨���É!Śĸ�. 

 

 

3-3-4. 6� NaBH4��$��� 4��3 

� \n`qż� 6�	NaBH4�¢Ù�� 43�ġ�/��"	ESI-MS ,��Ĭş�

� (° 3-15)�6� NaBH4!¢Ùėđ! ESIdHHa?Sn"	m/z 325.1 (I = 100% in the 

range m/z 200–2000)  F@Un3ĭ���!F@Un!¨���É"	[4 – CH3CN]+ !
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¨���É!Śĸ� Ō�sŋ�/�NaBH4 !~2.  NaBD4 3Ģ�/���	m/z 

325.1 !F@Un" 326.1 $�F\S����!��"	QSlgOn\n`qŷ�º

�ZTmT7;q!čÿíê3¥�� Cp* 3ġÜ�/��3ĭ���/� 
 

 
� 3-15� (a) 6�NaBH4!¢Ù ,.ġÜ�� 4!ƃ7;q ESI dHHa?Sn (5JSVSm
nx). (b) m/z 325.1 !F@Un" [4 – CH3CN]+  ÃÙ�/. (c) [4 – CH3CN]+ !¨���É!Ś
ĸ�. (d) 6� NaBD4!¢Ù ,.ġÜ�� D-labeled 4!ƃ7;q ESI dHHa?Sn (5JS
VSmnx). m/z 326.1 !F@Un"  [D-labeled 4 – CH3CN]+  ÃÙ�/ . D-labeled 4 " 
D-labeled Cp* �ÒÜ�0��/�ņ	-0/. 

 

 

3-3-5. ��
��#D�4�������A��$ 

� �t!Łý�-	Ru ŸĽż� ,/ C–H Ł§!ĐÚ�"	PCET g<VIf ,�

�űő�/�ņ	-0/ (° 3-16)�RuIIż� 4 " O23 2 Ɗºŵ���	RuIVan;>

FTż� 53ġÜ�/�an;>FTż� 5"	^pSq�Ɗº3¥�¤.	RuIIZT

pan;>FTż� J 3ġÜ�/��!Ô	O–O Ł§�ſœ�� RuIV;>FTż� K

�ġÜ�/��!ĐÚŸĽı"	Cp*�-ZTmT3Î
â��� ,.	A 
,# B

3ŀģ�� RuIIQSlgOn\n`qż� 63ġÜ�/�÷Ŀħ 6"	NaBH4�¢Ù

�� 43�ġ�/� 
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� 3-16� ùīĲ�èā�/	PCET  ,/ Cp*t! C–H Ł§ĐÚ�g<VIf. an;>FT
ż� (5)	QSlgOn\n`qż� (6)	X = p-ZTp>Wq. Y = p-`qM>Wq.  

 

 

3-4. 8? 

� Ru�ÿż� ,/O2!ĐÚ�¢Ù�	�0 Îł��º�Ÿ�Ųİ3	xƀ�3ò

-� �/���Şľ Ţš���O2 ! 2 Ɗºŵ� ,.ġÜ�/ RuIV an;>F

Tż�"	Cp* ŷ�º!C–HŁ§3PCETŲİ�ĐÚ��/�� ,.	QSlgOn

\n`qxƀ�3ÒÜ�/��- Ɗºĕ�^pSqĕ3�	/�� ,.	�Ħż�

3�ġ�/��!¢Ùg<VIf"	2ĵ!NiFeż� ,/O2ŵ�g<VIf3	,.

ĊƄħ ��*!�Ŗ������
/�NiFeż�!Ļ�"¢Ùxƀ��v½¾��.	

¢Ù3ĊƄħ ŗĔ�/���¯Ɖ�����	ùīĲ�"ĄŰħ ƍÐ�Ru�ÿż

�3Ģ�/���	�0�¦ŉ ����ņ	-0/� 

RuII

NCCH3

+

4

RuIV

O

+

5

O

RuII

O

0

O
H

RuIV

O

+

C
H

H
H

RuII
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+

6

CH2
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+

(B)

CH2

CH3CN
O2

H2O

Y + 2H+
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+

(A)

CH2

L = NH HN

L

L

LL

L

L L
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OH–
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(J)
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> 4=� L�$�2��+�	
7?�	�M?�$� 

� K/<8-� 

 

3E 

� O2 ƈÿ NiFe _XtEYwNmVrǊ�"ǉǃ�Ù4Õĝ�0��!-/	H2 	-

$ O2 "Ŀÿ®¸ý4¦ú�0��!Āª���ƹñƨŢƞĥ
.	H2 	-$ O2 "

Ŀÿ®¸ý#	_XtEYwN½ĭ"j><qK–luUuÏ"ǚÃć­4Ū���4

Ė.
!��� 

Matsumoto, T.; Kishima, T.; Yatabe, T.; Yoon, Ki-S.; Ogo, S. 

J. Am. Chem. Soc. 2017, in preparation. 

L =�
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4-1. ) 

� 2ų�Ƶ&�-�! O2 ƈÿ [NiFe]H2ase #	H2 ǅ®	-$ O2 ǁ�"��ĲƉ4Ū

�Ǆż��0��"-�!°xǄż�Ƙđ"ç¢Ù4Ŀÿ®�0�#Ŭ��/	Ǆż®

ÛŢ!×ÕƌÂł��(�	O2 ƈÿ [NiFe]H2ase �ƟØ�0 H2 ǅ®	-$ O2 ǁ�¸

ý#	ŐēǕĺ"Ǖī¸ý�Ŵ���/	ƟØ®ÛŢvŚĪŢ!+ǆƚ Ũůåƪ��

0��"-�!	O2 ƈÿ [NiFe]H2ase "ğ�0��ĲƉ#	ìï�ǘÐ�ŧţ�1�

	/	ƟØĲĬ"ĩƢ,ĲƉį��Ƒ31��� 1)� 

� çĹ.#	NiRuǊ�"ǃ�ŘÓ4Ų�ŢvǕÙŢ!¦ú�0���	H2 	-$ O2 "

Ŀÿ®4ǀăŢvƻƃŢ!¦ú�0��!Āª���0 (Ê 4-1) 1b)�O2Ŀÿ® NiRuǊ

�#j><qK�luUuÏ"ǚÃć­4Ū��xĔ	H2Ŀÿ® NiRuǊ�#	j><

qK�luUuÏ"ǚÃć­4Ū� ���1# [NiFe]H2ase�#Š 0ć­��/	

NiRuǊ�� H2�"ǊõĀ¸ý�{ºƷŢ��0���ƚÈ��0�Ɓƨ����0�

(�	~ûǈé! Fe�# 
 Ru4ś��	/	-/ƥžv´ã Ʃƨ4Ƒ�!#	

Ƌōŝ�½ĭ" NiFeǊ�4ś��Ũů�üƚ��0� 

# 4-1� NiRumVrǊ�!-0 H2	-$ O2"ǀăŢĿÿ®. 
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� ĢŨů�#	-/[NiFe]H2ase!ƴ�mVr���	NiFeǊ�4ǀă���Feǃ�Ù

"Š 0 5ŮǙ" NiFeǊ�4Ǎš�	Feǃ�Ù"ǕÙ�|ÿvŲ�¬Ħ4Õĝ�0�

�!-/	H2 	-$ O2 "Ŀÿ®¸ý"¦ú4Ƒ���(�	ƥž ƹñƨŢƞĥ4

Ƒ���!-/	H2	-$ O2Ŀÿ®¸ý"l>ZLk4ĩƢ��� 

�

# 4-2� ĢŨů"FuMcW. †: ǅżƁ¼Ů (Oxygen-Bound Species).  

NiII S
S

N
N FeII

N
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n+
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4-2. 'P 

4-2-1. GC�	�9&5" 

� �&�"ÞǛ#	űżz(�#7rGuz!�	ĮŇŢ IosuB (Schlenk) Ăƒ

(�#CtwbhTBK4ś��Ƒ���lQ\wr# Mg/I �Ɗĸ�	fuQu�J

<Sr<wUr# Na/euPa;\u�Ɗĸ�	7MWZWqr	7MWZWqr-d3	

ct`=ZWqr		-$JBttlQu# CaH2�Ɗĸ"y	ƏŞ�� N2z��ś�

��H2 (99.9999%)	H2/N2 Ń¼?K (75/25 and 50/50%)	O2 (99.9999%)	O2/N2 Ń¼?K 

(70/30 and 50/50%)		-$ D2 (99.5%) #�·Ź®
.ƭ����18O2 (98 atom%) #	

ę�ƸÆĨò�ū
.ƭ����P(OMe)3 	-$ NaBPh4#Ĥ�®ĀĨò�ū
.ƭ�

���HBF4·Et2O	P(OnBu)3		-$
nBu4NPF6# Sigma-Aldrich
.ƭ�����1."

ƤƐ#	ŹƗ4Ƒ3�!ÞǛ!�ś��� 28% MeONalQ\wrňŁ#Ã�ŻƐêĪ

Ĩò�ū
.ƭ����[NiII(X)] (X = N,N'-diethyl-3,7-diazanonane-1,9-dithiolato) 2)	

[FeII(MeCN)(CO)2(η5-C5Me5)](BF4) 3) 	 [FeII(MeCN)(CO)2(η5-C5Me4H)](BF4) 3) 	

[NiII(X)FeII(Cl)2] 4) 	 [NiII(X)FeII(MeCN){P(OEt)3}3](BPh4)2 1h) 	 	 - $ 

[NiII(X)FeII(EtCN)(h5-C5Me5)](BPh4) 1i) #	Ēŕ!ø��¼Ā��� 

� <sBWtKcsw9=u®ƬǇ¢ĥĽ (ESI-MS) "VwQ#JEOL JMS-T100LC 

AccuTOF!-/ù��KBr V8KB~"Ë�®¼Œ"ƮÖ (IR) KfBWr#	Thermo 

Nicolet NEXUS 8700 FT-IR instrument4ś��ņÝ���ąĐ¸æ UV-vis KfBWr#	

Otsuka Electronics optical fiber attachment4Ĉƃ��Otsuka Electronics MCPD-2000 

photodiode array spectrometer4ś��ơǋ�� (�Ʋǌ: 1.0 cm)�1H NMRKfBWr#	

JEOL JNM-AL300 spectrometer 4ś��ơǋ���1H NMRKfBWrņÝ!#	UW

plSrIpu  (TMS) 4�ǂĮŇ����ś���Ǖķ®ÛŢƞĥ"VwQ#	

PerkinElmer 2400II series CHNS/O analyzer 4ś��ņÝ����ż¢ĥ#	PerkinElmer 

2400II series CHNS/O analyzer4ś��	Ar4@nq7?K���Ƒ��� 

 

4-2-2. N��!. 

[NiII(X)FeII(MeCN){P(OMe)3}3](BPh4)2 {[1a](BPh4)2} 
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� [NiII(X)FeII(Cl)2] (831 mg, 1.92 mmol) "lQ\wrňŁ (25 mL) !å�	P(OMe)3 

(1.00 mL, 8.43 mmol) 4«��. ňŁ!å� NaBH4 (320 mg, 8.46 mmol) 4«�0�	ň

Ł"ƍ�ǝƍ
.ŉ�ƙƍ!Õ®���ňŁ4ßŅ� 1ĚǎČĄ��÷	NaBPh4 (960 mg, 

2.81 mmol) 4«���ĥ¡��ŉ�ƙƍ"ļĵ#	2ƽ�Ç¹�	ŦŰ�ő���ĥ

¡Œ!JBttlQu (40 mL) 4«�	{ƚŒ42¤���2Ł"ňØ4ńÍŞµ�

�ù.1�ĥ¡Œ!å�	0 °C !	�� HBF4·Et2O (600 µL, 4.41 mmol) "7MWZW

qrňŁ (20 mL) 4«���ňŁ4ßŅ� 30¢ČĄ��÷	ňŁ!å� NaBPh4 (734 mg, 

2.15 mmol) "lQ\wrňŁ (10 mL) 4«�	�.! 15¢ČĄ���ňŁ!lQ\w

r (120 mL) 4«�0�	ıƍ"ļĵ�řĀ���řĀŒ#2ƽ�Ç¹�	lQ\wr

�J<Sr<wUr�ľŀ��÷	ŦŰ�ő�� ([NiII(X)FeII(Cl)2] ÑŇ�¹Ŗ 64%)� 

1H NMR (300 MHz, in acetonitrile-d3, referenced to TMS, 25 °C): d (ppm) = 1.56 (t, 6H, N–

CH2–CH3), 1.82–1.86, 2.18–2.55, 2.82–2.94, 3.13–3.23 (m, 18H, –CH2–), 3.76 (m, 27H, O–

CH3), 6.82–6.87, 6.97–7.02, 7.25–7.29 {B(C6H5)4}. ESI-MS (in acetonitrile): m/z 367.1 {[1a – 

MeCN]2+, relative intensity (I) = 100% in the range of m/z 100–2000}. FT-IR (cm–1, KBr disk): 

2844–3054 (aliphatic C–H); Anal. Calcd for [1a](BPh4)2: C70H94B2FeN3NiO9P3S2: C, 59.43; H, 

6.70; N, 2.97%. Found: C, 59.60; H, 6.78; N, 3.05%. 

 

[NiII(X)FeII(MeCN){P(OnBu)3}3](BPh4)2 {[1c](BPh4)2} 

� [NiII(X)FeII(Cl)2] (817 mg, 1.88 mmol) "lQ\wrňŁ (30 mL) !å�	P(OnBu)3 

(2.00 mL, 7.39 mmol) 4«���ňŁ!å� NaBH4 (320 mg, 8.46 mmol) 4«�0�	ň

Ł"ƍ�Ʈ
.ŉ�ƙƍ!Õ®���1ĚǎČĄ��÷	NaBPh4 (966 mg, 2.82 mmol) 4

«���ňØ4ńÍŞµ��÷	ĴŞŒ!å��JBttlQu (40 mL) 4«�	{

ƚŒ42¤���ŊŁ4�Ë��÷	ù.1�ŉ�ƙƍ"ĴŞŒ!å�� HBF4·Et2O 

(600 µL, 4.41 mmol) "JBttlQuǠ7MWZWqrňŁ (1/1, 20 mL) 4«���̧

ýňŁ!å�	NaBPh4 (724 mg, 2.12 mmol) "lQ\wrňŁ (10 mL) 4«���2Ě

ǎČĄ��÷	ňØ4ńÍŞµ���ĴŞŒ!å�JBttlQu (20 mL) 4«�	

{ƚŒ4ŋ¤���ňØ4ńÍŞµ��÷	ù.1�Ʈƍ"=9rŔŒƬ4fuQu	
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-$J<Sr<wUr�ľŀ���ù.1�Ʈƍ"Ÿġ#Ŋƽ!-��Ç¹�	ŦŰ�

ő��  ([NiII(X)FeII(Cl)2] ÑŇ�¹Ŗ 61%)� 1H NMR (300 MHz, in acetonitrile-d3, 

referenced to TMS, 25 °C): d (ppm) = 0.91–0.96 {t, 27H, O–(CH2)3–CH3}, 1.55 (t, 6H, N–CH2–

CH3), 1.34–3.15 (m, 54H, –CH2–), 3.97–4.13 {m, 18H, O–CH2–(CH2)2–CH3}, 6.81–6.86, 6.96–

7.01, 7.26–7.32 {B(C6H5)4}; ESI-MS (in acetonitrile): m/z 556.4 {[1c – MeCN]2+, relative 

intensity (I) = 100% in the range of m/z 100–2000}. FT-IR (cm–1, KBr disk): 2872–3055 

(aliphatic C–H); Anal. Calcd for [1c](BPh4)2ǤH2O: C97H150B2FeN3NiO10P3S2: C, 64.32; H, 8.35; 

N, 2.32%. Found: C, 64.22; H, 8.62; N, 2.32%. 

 

[NiII(X)FeII(EtCN)(h5-C5Me4H)](BPh4) {[1d](BPh4)} 

� [FeII(MeCN)(CO)2(h5-C5Me4H)](BF4) (347 mg, 961 µmol) "7MWZWqrňŁ (100 

mL) !å�	USHIO Optical ModuleX (Deep UV 500, BA-M500) 4Ŏæ� �.	ňØ4

4Ěǎ
��ńÍŞµ���ù.1�Žƍ"Ÿġ!å�	[NiII(X)] (295 mg, 961 µmol) "

ct`=ZWqrňŁ (30 mL) 4«���18ĚǎČĄ��÷	NaBPh4 (477 mg, 1.40 

mmol) 4«���{ƚŒ�ĥ¡�0(�ňŁ4ŉƅ��÷	{ƚŒ4ŋ¤���ŊŁ

!å�lQ\wr4ąĐ��0���	[1d](BPh4) "ŽƍŸġ�ù.1��řĀŒ#Ŋ

ƽ!-��Ç¹�	lQ\wr�J<Sr<wUr�ľŀ÷	ŦŰ�ő�� 

{[FeII(MeCN)(CO)2(h5-C5Me4H)](BF4) ÑŇ�¹Ŗ 76%}� 1H NMR (300 MHz, in 

acetonitrile-d3, reference to TMS, 25 °C): d (ppm) = 1.37–1.42 (t, 6H, N–CH2–CH3), 1.53, 1.58 

{s, 12H, C5(CH3)4H}, 1.60–2.61, 2.84–2.95 (m, 18H, –CH2–), 3.19 {s, 1H, C5(CH3)4H}, 6.80–

6.85, 6.95–7.00, 7.23–7.27 {B(C6H5)4}}; ESI-MS (in propionitrile): m/z 483.1 ([1d – EtCN]+, I 

= 100% in the range of m/z 100–2000); FT-IR (cm–1, KBr disk): 2222 (CºN), 2857–3035 

(aliphatic C–H); Anal. Calcd for [1d](BPh4)ǤCH3OH: C48H66BFeN3NiOS2: C, 64.74; H, 7.47; N, 

4.72%. Found: C, 64.72; H, 7.21; N, 4.91%. 

 

4-2-3. 1a–1c�	
 H2�8-������N� (2a–2c) �;..  

� [1a](BPh4)2	[1b](BPh4)2		-$ [1c](BPh4)2 (0.15 mM, 2.0 mL) "7MWZWqrǠl
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Q\wr (1:1) ňŁ4 H2]bquC�	MeONa "lQ\wrňŁ (300 mM, 50 µL) 4

« � � � ¸ ý ň Ł " ESI i K K f B W r 
 . 	 NiIIFeII _ X q X Ǌ �

[NiII(X)(µ-H)FeII{P(OMe)3}3](BPh4) {[2a](BPh4)} 	 [NiII(X)(µ-H)FeII{P(OEt)3}3](BPh4) 

{[2b](BPh4)} 1h)		-$ [NiII(X)(µ-H)FeII{P(OnBu)3}3](BPh4) {[2c](BPh4)} ��1�1řĀ

���0��4ũƦ���ESI-MS {in acetonitrile/methanol (1:1)}: m/z 735.1 {[2a]+; relative 

intensity (I) = 100% in the range of m/z 100−2000} for 2a	m/z 861.2 ([2b]+; I = 100% in the 

range of m/z 100−2000) for 2b 1h)	m/z 1113.6 ([2c]+; I = 100% in the range of m/z 100−2000) 

for 2c. 

 

4-2-4. 1a–1c�	
 D2�8-��������N� (D-labeled 2a–2c) �;..  

� [1a](BPh4)2	[1b](BPh4)2		-$ [1c](BPh4)2 (0.15 mM, 2.0 mL) "7MWZWqrǠl

Q\wr (1:1) ňŁ4 D2]bquC�	MeONa "lQ\wrňŁ (300 mM, 50 µL) 4

«���¸ýňŁ" ESI iKKfBWr
.	 NiIIFeII Jo:UqXǊ�

[NiII(X)(µ-D)FeII{P(OMe)3}3](BPh4) {[D-labeled � 2a](BPh4)} 	

[NiII(X)(µ-D)FeII{P(OEt)3}3](BPh4) {[D-labeled 2b](BPh4)} 1h) 	 	 - $ 

[NiII(X)(µ-D)FeII{P(OnBu)3}3](BPh4) {[D-labeled 2c](BPh4)} ��1�1řĀ���0��

4ũƦ���ESI-MS {in acetonitrile/methanol (1:1)}: m/z 736.1 ([D-labeled 2a]+; I = 100% in 

the range of m/z 100−2000) for D-labeled 2a	m/z 862.2 ([D-labeled 2b]+; I = 100% in the range 

of m/z 100−2000) for D-labeled 2b 1h)	m/z 1114.5 ([D-labeled 2c]+; I = 100% in the range of m/z 

100−2000) for D-labeled 2c. 

 

4-2-5. 1d 1e�	
 O2�8-�����
��N� (3d 3e) �;..  

� [1d](BPh4) 	-$ [1e](BPh4) "ct`=ZWqrňŁ (0.15 mM, 2.0 mL) 4 –78 °C

!�²��÷	O24]bquC���¸ýňŁ" ESI iKKfBWr
.	NiIIFeII f

r = @ I X Ǌ � [NiII(X)FeIV(η2-O2)(η5-C5Me4H)](BPh4) {[3d](BPh4)} 	 - $�

[NiII(X)FeIV(η2-O2)(η5-C5Me5)](BPh4) {[3e](BPh4)} 1i) ��1�1řĀ���0��4ũƦ

���ESI-MS (in propionitrile): m/z 515.1 ([3d]+; I = 100% in the range of m/z 100−2000) for 
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3d	m/z 529.1 ([3e]+; I = 100% in the range of m/z 100−2000) for 3e 1i). 

 

4-2-6. 1d 1e�	
 18O2�8-��
18O�������
��N� (18O-labeled 3d 

18O-labeled 3e) �;..  

� [1d](BPh4) 	-$ [1e](BPh4) "ct`=ZWqrňŁ (0.15 mM, 2.0 mL) 4 –78 °C

!�²��÷	18O24]bquC���¸ýňŁ" ESI iKKfBWr
.	18O pe

r® NiIIFeII fr=@IXǊ�  [NiII(X)FeIV(η2-18O2)(η5-C5Me4H)](BPh4) {[18O-labeled 

3d](BPh4)} 	-$�[NiII(X)FeIV(η2-18O2)(η5-C5Me5)](BPh4) {[18O-labeled 3e](BPh4)} 1i) ��

1�1řĀ���0��4ũƦ���ESI-MS (in propionitrile): m/z 519.1 ([18O-labeled 

3d]+; I = 100% in the range of m/z 100−2000) for 18O-labeled 3d	 m/z 533.1 ([18O-labeled 3e]+; 

I = 100% in the range of m/z 100−2000) for 18O-labeled 3e 1i). 

 

4-2-7. I*H<F1.  

7MWZWqrǠlQ\wr (1/1, 2.50 mL) ~	10
. 20 °C"ģ�!	�0 NiIIFeII 

Ǌ� 1a−1c (0.15 mM) "H2Ŀÿ®¸ý4	400 nm"À�ñÕ®ņÝ!-��ƶƱ���

H2 +�
#H2/N2Ń¼?K (75/25% (�# 50/50%) 4MeONa"7MWZWqrǠl

Q\wrňŁ (1/1) !	25 °C � 15¢]bquC�0���	» H2ŉñ"7MWZW

qrǠlQ\wrňŁ4ƧƗ���ňŁ#	10	15	+�
# 20 °C� 20¢ǖƆ���

10	15	+�
# 20 °C"»Ņñ"ģ��	[1a](BPh4)2	[1b](BPh4)2	+�
# [1c](BPh4)2

"7MWZWqrňŁ (12.5 mM, 30 µL) 4	H2+�
# H2/N2]bquC�� MeONa

"7MWZWqrǠlQ\wrňŁ (2.47 mL) !«���ĎxĳƹñÝđ (kobs) #	Ğ

ç��ĜƄa8TU8uCĽ!-��ĻÝ���NiIIFeII Ǌ�	-$ MeONa"Ğſŉñ

#	�1�1 0.15 mM	-$ 150–1200 mM��0� 

ct`=ZWqr~	–75
.–55 °C"ģ�!	�0 NiIIFeII Ǌ� 1d	-$ 1e (0.060 

mM) " O2 Ŀÿ®¸ý4	400 nm "À�ñÕ®ņÝ!-��ƶƱ���O2 +�
#

O2/N2Ń¼?K (50/50% (�# 30/70%) 4ct`=ZWqr (4.90 mL) ! 25 °C� 30

¢]bquC�0���	» O2ŉñ"ct`=ZWqrňŁ4ƧƗ���ňŁ#	–75	
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–70	–65	–60	(�# –55 °C� 30¢ǖƆ���–75	–70	–65	–60	(�# –55 °C 

!	��	[1d](BPh4) and [1e](BPh4) "ct`=ZWqrňŁ (3.0 mM, 100 µL) 4	I

osuB~" O2+�
# O2/N2]bquC��ct`=ZWqrňŁ!«���Ďx

ĳƹñÝđ (kobs) #	Ğç��ĜƄa8TU8uCĽ!-��ĻÝ���NiIIFeII Ǌ�

"Ğſŉñ# 0.06 mM��0�H2ǚÃ"7MWZWqrǠlQ\wr (1:1) ~" H2ŉ

ñ (4.4 mM)		-$ O2ǚÃ"ct`=ZWqr~" O2ŉñ (8.8 mM) #	Ēŕ4¶Ƈ

!ĻÝ�� 7, 8)�Ń¼?KňŁ~" H2	-$ O2ŉñ#	duqw"Ľ§!Ñ��	H2/N2

(�# O2/N2"Ķ!-��ŵ¡��� 

 

4-2-8. O6�%<9&.  

Ǖķ®ÛŢ¢ĥ#	nBu4NPF6 (100 mM) 4ǕƞƬ���¿) NiIIFeIIǊ� 1a−1e "7

MWZWqrňŁ (1.0 mM) !å��Ƒ���ņÝ#ßŅ!�	CpTIw>whuǕ

ī4�śī��0 BAS660AǕķ®ÛņÝƖƆ4ś��Ƒ���>:uQw7Z=u�

�0 BPh4
– "ǅ®`wB�H9BqTBhrQmCpk!Ɯņ�1��*	PPh4BF4 4

ś�� BF4
– %>:uQw�ċ���Fc+/Fc (a;tMZ:k/a;tMu) 4ÑŇǕ��

�	čóƹñ 200 mV s−1!�H9BqTBhrQulWqw4Ƒ��� 

 

4-2-9.  XA4JF1.  

� X ƄƁěĬƺƞĥ!ƿ�� [1a](BPh4)2 "Ɓě#	[1a](BPh4)2 "7MWZWqrňŁ

!J<Sr<wUr4ąĐ�0���ù.1��XƄƁěĬƺƞĥ!ƿ�� [1d](BPh4) 

"Ɓě#	[1d](BPh4) "ct`=ZWqrňŁ!J<Sr<wUr4ąĐ�0���ù

.1��X ƄƁěĬƺƞĥ!ƿ�� [2a](BPh4) "Ɓě#	[2b](BPh4) �½ĭ"āĽ�

ù.1� 5)
�ņÝ#	°ƍ Mo-KaŎæ (l = 0.7107 Å) 4ś�0 Rigaku XtaLAB P200!

�Ƒ���VwQ4¹Ǔ�	CrystalClear program!� ŗ���Źã®4ǐ
��"Ơ

ŵ#	Molecular Structure Corporation" teXsan(�# CrystalStructureƁěÛŢOaW:

;7^TDwJ4ś��Ƒ�	Źã®#	SHELXL-97 4ś��Ƒ���[1a](BPh4)2	

[1d](BPh4)		-$  [2a](BPh4)"ƁěÛŢVwQ#	Cambridge Crystallographic Data 
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Center! Supplementary Publication No. CCDC-1507696 (1a), 1507697 (1d), and 1507698 

(2a) ����Ŷ�1��0� 

 

4-3. @2�B( 

4-3-1. N��!. &-�1 �	�4JF1 

� W q 7 r @ r g K a 6 9 W Ǌ �  [NiII(X)FeII(RCN)(L)3](BPh4)2 {X = 

N,N'-diethyl-3,7-diazanonane-1,9-dithiolato	R = Me	L = P(OMe)3: 1a	P(OEt)3: 1b	P(OnBu)3: 

1c} 	-$lSrƆċIBtfuQJ<ZrǊ� [NiII(X)FeII(RCN)(L)](BPh4) (R = Et	L 

= h5-C5Me4H: 1d	h5-C5Me5: 1e) " 2źƂ" NiIIFeII Ǌ�4¼Ā���Wq7r@rgK

a69WǊ�# H24Ŀÿ®�	lSrƆċIBtfuQJ<ZrǊ�# O24Ŀÿ®�

0�����0�1a	-$ 1c# 1b4¶Ƈ!¼Ā�	1d# 1e4¶Ƈ!¼Ā�� 1h, 1i)� 

 

4-3-2. 1a-1c�	
 H2�8-��	� 1d-1e�	
 O2�8-� 

� Wq7r@rgKa69WǊ� 1a–1c#	r9KÒÑ��0 MeONa"ÚÎz!	�

� H24dUtqU8TB!Ǎƕ�	_XqXǊ� 2a–2c 4řĀ�0�xĔ	lSrƆ

ċIBtfuQJ<ZrǊ� 1d	1e#	O24 2ǕÙǁ���fr=@IXǊ� 3d	3e

4řĀ�0��&�" NiFeǊ�"œÿƣ��	�1." H2 (�# O2 Ŀÿ®¸ý#	

X ƄĬƺƞĥ (Ê 4-3	4-6)	<sBWtKcsw9=u®ƬǇ¢ĥ (ESI-MS) (Ê 4-4	

4-5	4-7)	H9BqTBhrQulWqw (Ê 4-15a	4-21a)		-$ UV/vis ¢�Ľ!

-0ƹñƨƞĥ (Ê 4-9–14	4-17–20) !-��¢ĥ��� 

� 1a	1d		-$ 2a"ƁěĬƺƞĥ!-/	Ni� Fe³Ù�ǃ�Ù X"S=swWǂ

�!-��ħİ�1�]Qap9ÏĬƺ4õĀ���0��4Ė.
!�� (Ê 4-3	

4-6)�1a " Ni� Fe"³Ùǎưǔ [3.2800(8) Å]		-$ Ni-S-Fe Ɓ¼Ɲ [93.81(4)° 	

-$ 93.72(4)°]#	1b"��ƴ�]1h)�1a!-0H2"dUtqU8TB Ŀÿ®"ƁĦ	

řĀ�0 2a " Ni-S-Fe Ɓ¼Ɲ#	75.31(5)º 	-$ 75.36(5)º �ńè�0��"�¾#

1b
. 2b�řĀ�0Ǒ+½ĭ!ƛ.10 1h)� 
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# 4-3� (a) [1a](BPh4)2 " ORTEPÊ (ellipsoids at 50% probability) . å7Z=u (BPh4

–) 	-$ĸ
ż³Ù#ťş���0 . ³Ùǎưǔ  (l/Å) 	-$Ɲñ  (f/˚)QNi1···Fe1 3.2800(8)	Ni1–S1 
2.1650(10)	Ni1–S2 2.1609(11)	Ni1–N1 2.032(3)	Ni1–N2 2.021(3)	Fe1–S1 2.3245(11)	Fe1–S2 
2.3315(11)	Fe1–N3 1.959(3)	Fe1–P1 2.1979(11)	Fe1–P2 2.1915(11)	Fe1–P3 2.1795(12)	Ni1–S1–
Fe1 93.81(4)	Ni1–S2–Fe1 93.72(4). (b) [2a](BPh4) " ORTEPÊ (ellipsoids at 50% probability) . å7
Z=u (BPh4

–) 	-$ĸż³Ù#ťş���0. ³Ùǎưǔ (l/Å) 	-$Ɲñ (f/˚)QNi1···Fe1 
2.7796(11)	Ni1···H1 2.28(5)	Fe1–H1 1.67(5)	Ni1–S1 2.1673(16)	Ni1–S2 2.1809(15)	Ni1–N1 1.994(4)	
Ni1–N2 1.990(5)	Fe1–S1 2.3747(17)	Fe1–S2 2.3605(17)	Fe1–P1 2.1223(17)	Fe1–P2 2.1366(17)	
Fe1–P3 2.1867(17)	Ni1–S1–Fe1 75.31(5)	Ni1–S2–Fe1 75.36(5). 
 
 

# 4-4� (a) [1a](BPh4)2 " ESIiKKfBWr (7MWZWqr~	N2z). (b) m/z 367.1 "ICY
r# [1a – MeCN]2+ !åý�0. (c) [1a – MeCN]2+ "½��¢ë"Ơŵ�. (d) MeONaÚÎz�
H2�[1a](BPh4)2"¸ý!-��řĀ�� [2a](BPh4) "ESIiKKfBWr (7MWZWqr~	
N2z). (e) m/z 735.1 "ICYr# [2a]+ !åý�0. (f) [2a]+ "½��¢ë"Ơŵ�. (g) MeONa
ÚÎz� D2�[1a](BPh4)2"¸ý!-��řĀ�� [D-labeled 2a](BPh4) " ESI iKKfBWr 
(7MWZWqr~	N2z). m/z 736.1 "ICYr# [D-labeled 2a]+ !åý�0.  

m/z m/z

m/z m/z
m/z m/z

m/z m/z

370 366 

(a) 

500 1000 1500 2000 
m/z 500 1000 1500 2000 

m/z 

364 368 372 
m/z 730 740 745 735 

m/z 

(b) 

(c) 

(d) (e) 

(f) 

(g) 

367.1 367.1 

735.1 

736.1 

735.1 

N3 

Fe1 

S1 

S2 
N2 

N1 

Ni1 
P2 

P1 

P3 

H1 

Fe1 

S1 

S2 

N2 

N1 
Ni1 

P2 

P1 

P3 

(a) 

(b) 
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# 4-5 (a) [1c](BPh4)2 " ESIiKKfBWr (7MWZWqr~	N2z). (b) m/z 556.4 "ICY
r# [1c – MeCN]2+ !åý�0. (c) [1c – MeCN]2+ "½��¢ë"Ơŵ�. (d) MeONaÚÎz�
H2�[1c](BPh4)2"¸ý!-��řĀ�� [2c](BPh4) " ESIiKKfBWr (7MWZWqr~	
N2z). (e) m/z 1113.6 "ICYr# [2c]+ !åý�0. (f) [2c]+ "½��¢ë"Ơŵ�. (g) MeONa
ÚÎz� D2�[1c](BPh4)2"¸ý!-��řĀ�� [D-labeled 2c](BPh4) " ESI iKKfBWr 
(7MWZWqr~	N2z). m/z 1114.5 "ICYr# [D-labeled 2c]+ !åý�0. 
 
 

 
# 4-6� [1d](BPh4) " ORTEPÊ (ellipsoids at 50% probability) . å7Z=u (BPh4

–) 	-$ĸż
³Ù#ťş���0. ³Ùǎưǔ (l/Å) 	-$Ɲñ (f/˚)ǢNi1···Fe1 3.2199(6)	Ni1–S1 2.1670(4)	
Ni1–S2 2.1722(4)	Ni1–N1 2.0279(13)	Ni1–N2 2.0327(14)	Fe1–S1 2.2835(4)	Fe1–S2 2.2907(4)	
Fe1–N3 1.8943(14)	Ni1–S1–Fe1 92.654(16)	Ni1–S2–Fe1 92.322(16). 
  

N3 

Fe1 

S1 

S2 

N2 

N1 

Ni1 

m/z m/z

m/z m/z m/z m/z

m/z m/z

(a) 

500 1000 1500 2000 
m/z 500 1000 1500 2000 

m/z 
554 556 560 

m/z 1110 11201115 
m/z 

(b) 

(c) 

(d) (e) 

(f) 

(g) 

556.4 556.4 1113.6 

1114.5 

1113.6 

558 
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# 4-7� (a) [1d](BPh4) " ESIiKKfBWr (ct`=ZWqr~	N2z). (b) m/z 483.1 "IC
Yr# [1d – EtCN]+ !åý�0. (c) [1d – EtCN]+ "½��¢ë"Ơŵ�. (d) –78 °C!	�� O2

� [1d](BPh4) "¸ý!-��řĀ�� [3d](BPh4) " ESI iKKfBWr (ct`=ZWqr
~). (e) m/z 515.1 "ICYr# [3d]+ !åý�0. (f) [3d]+ "½��¢ë"Ơŵ�. (g) –78 °C!
	�� 18O2 � [1d](BPh4) "¸ý!-��řĀ�� [18O-labeled 3d](BPh4) " ESI iKKfBW
r (7MWZWqr~). m/z 519.1 "ICYr# [18O-labeled 3d]+ !åý�0.  

 

4-3-3. 1a–1c�	
 H2�8-� ,�I*H<F1 

� 1a–1c !-0 H2Ŀÿ®¸ý"ƹñƨƞĥ#	400 nm!	�0À�ñÔ«"Ɯņ!-

��Ƒ����1."¸ý#	5¯ńĠ"ǎ	Ďxĳƹñƽŭ!ø� (v = kobs[NiFeǊ�])�

MeONa	-$ H2"ŉñ!å�0ĎxĳƹñÝđ (kobs) "ctTW#	�1�1Ķ�Ǐ

� (Ê 4-10d, 4-12d	4-14d)	j><qK�luUuÏǚÃć­ (Ê 4-10a–c	4-12a–c	4-14a–

c) 4Ū��p9u:;w]wǣ]wBctTW {Ê 4-10a–c	4-12a–c	4-14a–c	ò 1

�ò 2} 
.	íƓÝđ K	-$ƹñÝđ k24ù� (Ɣ 4-1)��1."ƁĦ#	dUt

qU8TB H2Ŀÿ®!-0_XqXǊ�"řĀ¸ý�	H2"ǈé~û%"Ɓ¼!ó

�ƃ�	MeONa� NiFeǊ�!-���¢ÙŢ!Ư�0��4Ū���0� 

 

 (1) 

 (2) 

 

���	kobs#Ɯņ�1�ƹñÝđ	K #íƓÝđǞ=k1/k–1ǟ	k1	k–1	k2#	Ê 4-8 ~

�Ū�10ƹñÝđ	[H2]#ĸż"ŉñ	[MeONa]# MeONa"ŉñ4Ū�� 

kobs =
Kk2[H2][MeONa]
1  + K[H2]

kobs Kk2[H2][MeONa]
1

=
k2[MeONa]

+
1 1

m/z m/z

m/z m/z

m/z m/z

m/z m/z

(a) 

500 1000 1500 2000 
m/z 500 1000 1500 2000 

m/z 

480 485 490 
m/z 510 520 525 515 

m/z 

(b) 

(c) 

(d) (e) 

(f) 

(g) 

483.1 483.1 
515.1 

519.1 

515.1 
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� �" H2Ŀÿ®l>ZLk#	[NiRu] mVrǊ��#Š 0� 1b)	[NiFe]H2ase �½

ĭ��0 7)�[NiRu] mVr� [NiFe] mVr" H2Ŀÿ®l>ZLk!#	×�
Š 

0Ō� 2�ÚÎ�0�1�ţ#	H2"Ǎƕ!üƚ r9KÒÑ�	ÖÌÒÑ
�ÌÒÑ

��0
���Ō��0�[NiFe] mVr#	H2"Ǎƕ!ÖÌ"r9KÒÑ��0MeONa

4üƚ��0��"l>ZLk#	ƴîĊÅ�1�7rAZu4ÖÌÒÑ��0 

[NiFe]H2ase" H2Ŀÿ®l>ZLk�Ǚ����0 8)�xĔ	 [NiRu] mVr#	H2"

Ǎƕ! Ru "7B7ǃ�Ù4�ÌÒÑ����ś�0�2 �ţ#	Fe ~û	-$ Ru ~

û!Ɓ¼���0_XqXǃ�Ù"ÿƬ��0� [NiFe]H2ase 	-$ [NiFe] mVr"

_XqXǃ�Ù#_XqXŢ ÿƬ4ğ�0xĔ	[NiRu] mVr"_XqXǃ�Ù#

ctWuŢ ÿƬ4ğ�0��y"ƁĦ
.	j><qK�luUuÏ" H2Ǌ�"õĀ

!ó�ƃ�� H2"dUtqU8TB Ǎƕ�Ư�0l>ZLk#	ÖÌÒÑ�_Xq

Xǃ�Ù"_XqXŢÿƬ!-0+"��0�Ɓƨ��.10� 

 

 
 
# 4-8� NiIIFeIIǊ� 1a–1c!-0 H2Ŀÿ®l>ZLk. 
  
 

� NiFe Ǌ� 1a–1c "ŇºƷhrQmCpk
.	FeIII/FeII"ǅ®`wBǕ� (Epa) 4ù

� (Ê 4-15a)��1." Epa"�#	ǕÙ�|ÿ"ð£� P(OEt)3 > P(OnBu)3 > P(OMe)3

��0��4Ū���0�-/ô� πǅÿǃ�Ù4ğ�0 NiFeǊ�'�	ƹ� H2Ŀÿ

2+

MeCN

MeCN

+ H2

k2

MeONa
k1

k–1

MeOH
+ Na+

NiII S
S

N
N FeII

N
C

Me

L

2+

Ni-SIa モデル
1a–1c 2a–2c

Ni-R モデル

NiII S
S

N
N FeII

H

L

+

NiII S
S

N
N FeII

H2

L
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®ƹñ4Ū� {15 °C!	�0 k2 = 4.7 ´ 10–3 M–1 s−1 (1a) > 2.5 ´ 10–3 M–1 s−1 (1c) > 1.0 ´ 

10–3 M–1 s−1 (1b)}�1aǞK = 517ǟ� 1cǞK = 35ǟ4ĶƳ��Ǒ	K (= k1/k–1) "�� 10�

�yŠ 0!+Ǐ3.�	k2"��'�5�Õ3. �"#	K"¸ý!	ǃ�Ù"Ų

�ŢƚÈ�×�
öǗ���0
.��0�Ƈ�.10�±�	K "¸ý�#	H2 �

FeII~û%Ĉƴ�0üƚ��/	ǃ�Ù"Ų�Ţ öǗ��"¸ý!×�
â|�0�

Ƈ�.10��1!å�	k2"¸ý�#	FeII!_XqX9=u"Ɓ¼�Ư�0�*	

ǃ�Ù"ǕÙŢ¬Ħ�ô
öǗ�0+"�þ310��1.ǡ�"¸ý"ÿƬ"ƾ��	

ǃ�Ù"Ų�ŢvǕÙŢ¬Ħ4¸Ę��	íƓÝđ�ƹñÝđ!öǗ���0+"�ĉ

ņ��0� 

� (�	k2!Ǐ�079quCctTW (Ê 4-15b) 
.	1a–1c !-0 H2Ŀÿ®¸ý

"ŏ©Û^plwQw4ĻÝ�� (Ɣ 4-1)�ǃ�Ù"ǕÙ�|ÿ�ç��'�	Ŀÿ®

<uQr`w (DH‡) Ţ!ğ¥��0��(/	ǕÙãñ"�� FeII~û#ƫǕƎ"_X

qXǃ�Ù�ô
Ɓ¼�0�*	dUtqU8TB H2Ŀÿ®4�Ƽ�0�Ƈ�.1

0�Ŀÿ®ƋŜ<[rAw (DG‡) #	DG‡ = DH‡ – TDS‡ 
.ù.10�DG‡ " Epa!å

�0ctTW#	ƋŜ<[rAwŤƄǏ�4Ū� (Ê 4-15c)��"�¾#	�ÌŢÒÑ

���"7B7ǃ�Ù4ğ�0 [NiRu] mVr"ź�#Ʒ"�¾��0 1b)� 
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#4-9� (a) MeONa (150 mM) "ÚÎz	1a (0.15 mM) � H2 (100%, 4.4 mM) "¸ý!-0UV-vis
KfBWrÕ® {20 °C	7MWZWqrǠlQ\wr (1/1) ~}. (b) 400 nm"À�ñ"ƀĚÕ® 
(�)	ĎxĳƹñctTW (�)		-$Ğç��Ľ!-0a8TU8uC (ĜƄ	ŤƄ).  
 
 

# 4-10� (a-c) »Ņñ	-$ NaOMeŉñģ�!���"	H2ŉñ (2.2 mM	3.3 mM		-$ 4.4 
mM) !å�0 kobs  "p9u:;w]wǣ]wBctTW {7MWZWqrǠlQ\wr (1/1) 
~}. (d) MeONa"ŉñ!å�0 kobs"ctTW {15 °C	7MWZWqrǠlQ\wr (1/1) ~	
H2z (100%	4.4 mM)}. kobs: 1a!-0 H2Ŀÿ®¸ý"ĎxĳƹñÝđ. 

[NaOMe] (mM) 

[H2]–1 (M–1) [H2]–1 (M–1) 

[H2]–1 (M–1) 

10 °C  
MeONa (600 mM) 

15 °C  
MeONa (450 mM) 

20 °C  
MeONa (150 mM) 

k o
bs

 –
1  (s

) 
k o

bs
 –

1  (s
) 

k o
bs

 –
1  (s

) 

k o
bs

 (1
0–3

 s
–1

) 

(a) (b) 

(c) 

(d) 

時間 (秒) 

波長 (nm) 

吸
光
度

 

ln
(A
∞–

A t
) 

(a) (b) 

吸
光
度

 (
40

0 
nm

) 
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#4-11� (a) MeONa (1200 mM) "ÚÎz	1b (0.15 mM) � H2 (100%, 4.4 mM) "¸ý!-0

UV-visKfBWrÕ® {15 °C	7MWZWqrǠlQ\wr (1/1) ~}. (b) 400 nm"À�ñ"ƀ
ĚÕ® (�)	ĎxĳƹñctTW (�)		-$Ğç��Ľ!-0a8TU8uC (ĜƄ	ŤƄ). 
 

# 4-12� (a-c) »Ņñ	-$ NaOMeŉñģ�!���"	H2ŉñ (2.2 mM	3.3 mM		-$ 4.4 
mM) !å�0 kobs  "p9u:;w]wǣ]wBctTW {7MWZWqrǠlQ\wr (1/1) 
~}. (d) MeONa"ŉñ!å�0 kobs"ctTW {15 °C	7MWZWqrǠlQ\wr (1/1) ~	
H2z (100%	4.4 mM)}. kobs: 1b!-0 H2Ŀÿ®¸ý"ĎxĳƹñÝđ.  
�

[NaOMe] (mM) 

[H2]–1 (M–1) [H2]–1 (M–1) 

[H2]–1 (M–1) 

10 °C  
MeONa (900 mM) 

15 °C  
MeONa (1200 mM) 

20 °C  
MeONa (900 mM) 

k o
bs

 –
1  (s

) 
k o

bs
 –

1  (s
) 

k o
bs

 –
1  (s

) 

k o
bs

 (1
0–3

 s
–1

) 

(a) (b) 

(c) 

(d) 

時間 (秒) 

波長 (nm) 

吸
光
度

 

ln
(A
∞–

A t
) 

(a) (b) 

吸
光
度

 (
40

0 
nm

) 
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�

#4-13� (a) MeONa (300 mM) "ÚÎz	1c (0.15 mM) � H2 (100%, 4.4 mM) "¸ý!-0
UV-visKfBWrÕ® {20 °C	7MWZWqrǠlQ\wr (1/1) ~}. (b) 400 nm"À�ñ"ƀ
ĚÕ® (�)	ĎxĳƹñctTW (�)		-$Ğç��Ľ!-0a8TU8uC (ĜƄ	ŤƄ). 
 

# 4-14� (a-c) »Ņñ	-$ NaOMeŉñģ�!���"	H2ŉñ (2.2 mM	3.3 mM		-$ 4.4 
mM) !å�0 kobs  "p9u:;w]wǣ]wBctTW {7MWZWqrǠlQ\wr (1/1) 
~}. (d) MeONa"ŉñ!å�0 kobs"ctTW {20 °C	7MWZWqrǠlQ\wr (1/1) ~	
H2z (100%	4.4 mM)}. kobs: 1c!-0 H2Ŀÿ®¸ý"ĎxĳƹñÝđ. 
  

[NaOMe] (mM) 

[H2]–1 (M–1) [H2]–1 (M–1) 

[H2]–1 (M–1) 

10 °C  
MeONa (450 mM) 

15 °C  
MeONa (450 mM) 

20 °C  
MeONa (300 mM) 

k o
bs

 –
1  (s

) 
k o

bs
 –

1  (s
) 

k o
bs

 –
1  (s

) 

k o
bs

 (1
0–3

 s
–1

) 

(a) (b) 

(c) 

(d) 

時間 (秒) 

波長 (nm) 

吸
光
度

 

ln
(A
∞–

A t
) 

(a) (b) 

吸
光
度

 (
40

0 
nm

) 
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# 4-15� (a) 1a	1b		-$ 1c"H9BqTBhrQmCpk (7MWZWqr~	N2z). Fc+ = 
a;tMZ:k9=u. Fc = a;tMu. (b) 1a (�)	1b (�)		-$ 1c (�) !-0 H2Ŀÿ®¸

ý"ƹñÝđ (k2) !Ñ�
79quCctTW. (c) 15 °C!	�0 1a–1c" Epa (FeIII/FeII) !å
�0 DG‡ "ctTW. Fc+ = a;tMZ:k9=u	Fc = a;tMu. 

 

  

1a 

1c 

1b 

T–1 (10–3 K–1) 

ln
(k

2 
/ T

) 

Epa (V vs. Fc+/Fc) 

D
G

‡  (k
J 

/ m
ol

) 

(b) 

(c) 

E (V vs. Fc+/Fc)電位 (V vs Fc+/Fc) 

(a) 

1a 

1b 

1c 

1.0 0.8 0.6 0.4 0.2 0.0 -0.2 
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4-3-4. 1d�	� 1e�	
 O2�8-� ,�I*H<F1. 

� Ǌ� 1d	-$ 1e !-0 O2Ŀÿ®¸ý"ƹñƨƞĥ (Ê 4-17–20) #	–75 °C
. –

55 °C "ŅñŷÉ�	ct`=ZWqr4ňØ���Ƒ����1."¸ý#	5 ¯ń

Ġ"ǎ	Ďxĳƹñƽŭ!ø� (v = kobs[NiFeǊ�]) (Ê 4-17a	4-19a)�O2"ŉñ!å�

0ĎxĳƹñÝđ (kobs) "ctTW#	j><qK�luUuÏǚÃć­ (Ê 4-18a–c	

4-20a–c) 4Ū���"��#	fr=@IXǊ�"řĀ"¨!	O2 Ǌ�"ǊõĀƽŭ

�ÚÎ�0��4Ū���0 (Ê 4-16)��"¸ýl>ZLk#	[NiRu] mVr"ź�

½ĭ��0�p9u:;w]wǣ]wBctTW (ò 3�ò 4) (Ê 4-18a–c	4-20a–c) 


.	íƓÝđ K	-$ƹñÝđ k24ù� (Ɣ 4-1)� 

 

 (3) 

 (4) 

 

���	kobs#Ɯņ�1�ƹñÝđ	K#íƓÝđǞ=k1/k–1ǟ	k1	k–1	k2#	Ê 4-16~

�Ū�10ƹñÝđ	[O2]#ǅż"ŉñ4Ū�� 

� (�	k2!Ǐ�079quCctTW
.	1d	-$ 1e!-0 O2Ŀÿ®¸ý"ŏ©

Û^plwQw4ĻÝ�� (Ɣ 4-1)�1d	-$ 1e"H9BqTBhrQmCpk
.	

h5-C5Me5 (1e) #	lSrÑ� 1�è � h5-C5Me4H (1d) -/ǜ�ǕÙ�|ÿ4Ū��

��Ė.
� �� (Ê 4-21a)�O2ǁ�¸ý"DG‡ � Fe ~û"ǅ®ǁ�Ǖ� (E1/2) "

Ǐ�#	ǕÙ�|ÿ"lSrÑ�è �'� O2�"¸ýƹñ�ĕ���4Ū���0

(Ê 4-21b)��"ƁĦ#	ǅż®¸ý"ƹñ�ǃ�Ù"Ų�¬Ħ!�Ú���0��4

Ū��	/	K , k2 "� {K = 4141 (1d) > 289 (1e)	−65 °C!	�0 k2 = 1.8 ´ 10–1 s−1 

(1d) > 8.8 ´ 10–3 s−1 (1e)} +�"�¾4ďĆ���0�1d"}Ýđ� 1e"�1.-/×

����#	-/Ų�ǒà"ç��ǃ�Ù� Fe!å�0 O2"Ĉƴ4áė!�0��4

Ū���0��"Ƈä#	-/ç��ǃ�Ù�ğ¥� 0Ŀÿ®<uWt`w (DS‡) "

��	1e-/ 1d"Ĕ�×����
.+ďĆ�10� 

kobs =
Kk2[O2]
1  + K[O2]

kobs Kk2[O2]
1

=
k2

+
1 1
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�

�

# 4-16� NiIIFeIIǊ� 1d	1e!-0 O2Ŀÿ®l>ZLk. †: ǅżƁ¼Ů (Oxygen-Bound Species). 

 

  

+

EtCN

EtCN

1d, 1e

+ O2

k2

k1

k–1

NiII S
S

N
N FeII

N
C

Et

L

+

Ni-SIa モデル
3d, 3e

OBS モデル†

NiII S
S

N
N FeIV

O

L

+
O

NiII S
S

N
N FeII

O2

L
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# 4-17� (a) 1d (0.060 mM) � O2 (100%, 8.8 mM) "¸ý!-0UV-visKfBWrÕ® (–65 °C	
ct`=ZWqr~). (b) 414 nm"À�ñ"ƀĚÕ® (�)	ĎxĳƹñctTW (�)		-$Ğ
ç��Ľ!-0a8TU8uC (ĜƄ	ŤƄ). 
 
 
 

 
# 4-18� (a-c) »Ņñģ�!���"	O2ŉñ (2.64 mM	4.4 mM		-$ 8.8 mM) !å�0 kobs  

"p9u:;w]wǣ]wBctTW (ct`=ZWqr~). kobs: 1d!-0 O2Ŀÿ®¸ý"Ď

xĳƹñÝđ. 
 

時間 (秒) 

波長 (nm) 

吸
光
度

 

ln
(A
∞–

A t
) 

(a) (b) 

吸
光
度

 (
41

4 
nm

) 

[O2]–1 (M–1) [O2]–1 (M–1) 

[O2]–1 (M–1) 

k o
bs

 –
1  (s

) 

k o
bs

 –
1  (s

) 

k o
bs

 –
1  (s

) 

(a) (b) 

(c) 

–75 °C  –70 °C  

–65 °C  
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# 4-19� (a) 1e (0.060 mM) � O2 (100%, 8.8 mM) "¸ý!-0 UV-visKfBWrÕ® (–65 °C	
ct`=ZWqr~). (b) 412 nm"À�ñ"ƀĚÕ® (�)	ĎxĳƹñctTW (�)		-$Ğ
ç��Ľ!-0a8TU8uC (ĜƄ	ŤƄ). 
 
 
 

 
# 4-20� (a-c) »Ņñģ�!���"	O2ŉñ (2.64 mM	4.4 mM		-$ 8.8 mM) !å�0 kobs  

"p9u:;w]wǣ]wBctTW (ct`=ZWqr~). kobs: 1e!-0 O2Ŀÿ®¸ý"Ď

xĳƹñÝđ. (d) 1d (�) 	-$ 1e (�) !-0 O2Ŀÿ®¸ý"79quCctTW. 

時間 (秒) 

波長 (nm) 

吸
光
度

 

ln
(A
∞–

A t
) 

(a) (b) 

吸
光
度

 (
41

2 
nm

) 

[O2]–1 (M–1) [O2]–1 (M–1) 

[O2]–1 (M–1) 

k o
bs

 –
1  (s

) 
k o

bs
 –

1  (s
) 

k o
bs

 –
1  (s

) 

(a) (b) 

(c) 

–65 °C  –60 °C  

–55 °C  

T–1 (10–3 K–1) 

ln
(k

2 
/ T

) 

(d) 

1d 

1e 
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# 4-21� (a) 1d		-$ 1e"H9BqTBhrQmCpk (7MWZWqr~	N2z). Fc+ = a
;tMZ:k9=u. Fc = a;tMu. (b) –65 °C!	�0 1d	-$ 1e" E1/2 (FeIII/FeII) !å�
0DG‡"ctTW. 

 

D 4-1.  1a–1c!-0 H2Ŀÿ®¸ý� 1d	-$ 1e!-0 O2Ŀÿ®¸ý"ŏ©Û^plwQw.  

          a at 15 °C. b at –65 °C. 

 

4-4. @H 

� ĢŨů#	NiFeǊ�" H2	-$ O2Ŀÿ®¸ý"ƹñƨŢƞĥ4Ƒ���(�ǃ�Ù

"ǕÙŢ	-$Ų�Ţ¬Ħ"¦ú!-��	NiIIFeII Ǌ�" H2ǠO2Ŀÿ®¸ý4¦ú�

(b) 

E1/2 (V vs. Fc+/Fc) 
D
G

‡  (k
J 

/ m
ol

) 

E (V vs. Fc+/Fc)電位 (V vs Fc+/Fc) 

(a) 

1d 

1e 

-0.3 -0.4 -0.5 -0.6 -0.7 -0.8 

NiFe�� DH‡

/ kJ mol−1
DS ‡

/ J mol−1 K−1
K
(k1/k−1) k2

1a 33.8 −171 517 a 4.7 × 10−3 M−1 s−1  a

1b 73.5 −47.1 305 a 1.0 × 10−3 M−1 s−1  a

1c 60.7 −83.0 35 a 2.5 × 10−3 M−1 s−1  a

1d 61.5 30.4 4141 b 6.4 × 10−2 s−1  b

1e 51.1 −43.7 289 b 3.2 × 10−3 s−1  b
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�0��4Ū�� (Ê 4-22)�H2Ŀÿ®!	��#	FeII~û"ǕÙãñ���'�	ř

Ā�0_XqXǊ��ÜÝ��/	ǜ�¸ýƹñ4Ū��O2Ŀÿ®!	��#	FeII~

ûÁ/"Ų�ǒà�ç��'� O2"Ĉƴ�áė� /	ǜ�¸ýƹñ4Ū��ĢŨů

"ƁĦ
.	O2 ƈÿ [NiFe]H2ase �	Ŀÿ~û"ǃ�ŘÓ4¦ú�0���	H2ǠO2

!å�0¸ýÿ4¦ú���0���ŪÄ�10��"¦úĲĬ�	[NiFe]H2ase �_

XtEYwN���ĲƉ�0
	(�#=@IRwN���ĲƉ�0
Ǟ+�
#�"

}Ĕ
ǟ4ĻÝ���0�Ƈ�.10� 

�

# 4-22� Feǃ�Ù"¦ú!-0	H2	-$ O2"ǀăŢĿÿ®. †: ǅżƁ¼Ů (Oxygen-Bound 
Species). 

L =�

E / V vs Fc+/Fc�

H2 activation� O2 activation�

2a–2c 
Ni-R model�

n+

NiII FeII

N

S
S

N
N L

C

R

O2H2
+

NiII FeII
H

S
S

N
N L

+

NiII FeIV
O

S
S

N
N

O

L

1a–1e 
Ni-SIa model�

3d, 3e 
OBS model�

P OO

O
Et

Et

Et

P OO

O
Me

Me

Me
– –

a� c� b�
d� e�

–0.4�0.6� 0.2� 0� –0.2�1.0� –0.6�0.4�0.8�

P OO

O
nBu

nBu

nBu

2a–2c
Ni-R モデル

NiII S
S

N
N FeII

H

L

+

3d, 3e
OBS モデル†

NiII S
S

N
N FeIV

O

L

+
O

O2H2

H2活性化 O2活性化

NiII S
S

N
N FeII

N
C

R

L

n+

Ni-SIa モデル

1a–1c (R = Me)
1d, 1e (R = Et)

E (V vs. Fc+ /Fc)

a b c d e

1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6
E (V vs.Fc+/Fc)
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第4章

第2-3章

H2およびO2活性化反応の速度論的解析

O2の還元 (2章) 、メカニズム解析（3章）
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