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Abstract 

Next to the iron ion, the copper ion is the second most abundant in the metal ions contained in 

the redox active metalloenzyme using oxygen molecules. The copper-containing enzymes play 

important roles for various reactions in biological system generally by utilizing Cu(I)/Cu(II) redox 

couple, such as activation and transportation of dioxygen, electron transfer reactions, and so on. On 

the other hand, some copper containing enzymes have been known to be functionalized by 

utilizing not only Cu(I)/Cu(II) redox couple, but also the redox of bio-molecules. Among them, 

galactose oxidase (GO) catalyzes oxidation of a primary alcohol to the corresponding aldehyde, 

and the active form of GO has been characterized to a CuII-phenoxyl radical species. In the course 

of the alcohol oxidation, this CuII-phenoxyl radical is reduced to the CuI-phenol species, which is 

oxidized by O2 molecule to regenerate the CuII-phenoxyl radical. Many metal(II)-phenoxyl radical 

complexes aimed at understanding the detailed their properties and reactivities have been reported, 

while formation of the CuII-phenoxyl radical from CuI-phenol with O2 is still rare. Some 

CuII-phenolate complexes showed catalytic alcohol oxidation with O2 as models of GO, such as 

CuII-phenolate complexes reported by Kitajima et al. The active species of this reaction has been 

proposed to be CuII-phenoxyl radical species formed by the reaction of CuII-phenolate with O2. 

However, direct observation of formation of the CuII-phenoxyl radical in the catalytic reaction with 

O2 is yet to be reported. The oxidation reaction of CuII species with O2 has been observed for 

copper amine oxidase (CAO), which has a TPQ cofactor (TPQ; 2,4,5-trihydroxyphenylalanine 

quinone) derived from of a phenol moiety of the side chain tyrosine residue at the proximal 

position of the CuII ion. The role of the CuII ion is formation and regeneration of the TPQ cofactor 

by O2, though CuII ion is generally unreactive towards O2. The formation of TPQ from the phenol 

moiety of a tyrosine side chain residue in CAO has been proposed to take place through the 

activation of O2 by CuI-phenoxyl radical species formed by the valence tautomerization of 

CuII-phenolate species.  

On the other hand, the TPQ biogenesis was also observed in the reconstitution of an apo-protein 

of CAO with NiII ion. Reaction of NiII ion with the apo-CAO in the presence of O2 can also give 

the TPQ cofactor. This process has been proposed that the NiII-phenolate (or phenol) species was 

oxidized by O2 to form the one-electron oxidized species. However, the detail activation 



 

 

mechanism of NiII-phenolate (or phenol) species by O2 is still unclear, since general NiII species are 

less reactive with O2. One of clews for solving this unclear oxidation mechanism can be seen in the 

nickel containing enzymes, nickel acireductone dioxygenase (Ni-ARD), which catalyzes the 

oxidative cleavage of C-C bonds of the acireductone to form a formic acid, carbon monoxide, and 

3-(methylthio)propionic acid. The reaction mechanism of Ni-ARD is proposed that the dioxygen 

molecule directly reacts with the coordinated acireductone to form the peroxide intermediate, since 

the oxidation number of the Ni ion is maintained to be +II state during the catalytic cycle. The role 

of the Ni ion could be considered as Lewis acid for the substrate activation rather than the direct O2 

activation.  

 With these points in mind, I investigated formation of the CuII- and NiII-phenoxyl radical 

complexes by O2 from the CuII- and NiII-phenolate species of 2N2O tetradentate tripodal ligands 

containing two phenol moieties, and the purpose of this study was clarification of the reaction 

mechanisms of formation of the phenoxyl radical complexes by O2. 

 A CuII-diphenolate complex of the 2N2O tetradentate tripodal ligand containing a 

2,4-di-tert-butylphenol and a 4-(N,N-dimethylamino)phenol moieties has been synthesized under 

inert gas atmosphere. Addition of O2 to the solution of the CuII-diphenolate complex caused color 

change to dark purple to give the CuII-(N,N-dimethylamino)phenoxyl radical complex as crystals. 

Although CuII-diphenolate can be oxidized to CuII-(phenolate)(phenoxyl radical) by a simple 

electron transfer process from the results of CVs of the CuII-diphenolate and 

CuII-(N,N-dimethylamino)phenoxyl radical complexes, the oxidation of CuII-diphenolate by the 

reaction with O2 is proposed to occur through several steps. The first step of the oxidation by O2 is 

distortion from square-pyramidal geometry of CuII-diphenolate by releasing the coordinated water 

molecule. Such a distorted structure enables formation of the CuI-(N,N-dimethylamino 

dimethylamino)phenoxyl radical by the valence tautomerization, which was more effective in 

CH2Cl2. Actually, the temperature-dependent valence tautomerization between the 

CuII-diphenolate and CuI-(N,N-dimethylamino)phenoxyl radical complex has been observed 

directly. The CuI-(N,N-dimethylamino)phenoxyl radical complex formed by the valence 

tautomerization could be oxidized by O2 to form CuII-(N,N-dimethylamino)phenoxyl radical 

species. 



 

 

On the other hand, several mononuclear NiII-(phenol)(phenolate) complexes could be oxidized 

by O2 to form NiII-phenoxyl radical complex. The solid sample of NiII-(phenol)(phenolate) 

complex could be also observed to conversion to the NiII-phenoxyl radical complexes by the 

reaction with O2. In the course of the formation of the NiII-phenoxyl radical complexes, the valence 

state change of the NiII ion could not be detected. The results indicated that possibility of the 

phenoxyl radical formation by redox of Ni ion was rather small.  On the other hand, coordination 

of phenol OH group with the NiII ion and the hydrogen bond of methanol molecules with a proton 

of the phenol OH group are essential. The facts that NiII ion act as Lewis acid for promoting 

elimination of proton of phenol OH group supported by methanol as proton acceptor.  Therefore, 

O2-oxidation from NiII-(phenol)(phenolate) complexes to NiII-phenoxyl radical complexes is 

concluded to undergo via one of the proton coupled electron transfer processes, proton 

transfer-electron transfer type mechanism. 

Thus, formation mechanisms of the phenoxyl radical complexes were different depending on 

the metal ion. These findings may support the reaction mechanism for formation of the phenoxyl 

radical and the oxygen activation process by metal ions. 
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Scheme 1-2.  GO
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(II)
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Table 1-1. (II) x, y

dx2−y2 , α : Cu–O–C , β : x, y

, S : [41]
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2.1  

GO CAO CuII-

CuII-

 

(II) CuII-

[1-28] CuII-

CuII-

GO

[1-28] (I)

[29,30] CuI- CuI-

[22,23]

Storr CuII- GO

[31-33] Storr

CuII- CuII-

CuII-

CuII-

[32] CuII-

CuII-

CAO TPQ

CuII- CuI-

CuI- TPQ

[34-42]  

GO

H2Me2N(Mepy)L (Figure 2-1 (A)) CuII-

CuII-
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2.2   

2.2.1  

N,N- H2Me2N(Mepy)L (Figure 2-1 (A))

(II)

[Cu(Me2N(Mepy)L)(H2O)] (1)

(II)

40°C

[Cu(Me2N(Mepy)L)(CH3OH)]ClO4 (2)  

 1 X  1

CuII- (Figure 2-2)  1

Cu–O C–O

-tert- CuII-

[Cu(tbu(Mepy)L)(H2O)] (3) (Figure 2-4, Table 2-1)[19]

 1 (II)

CuII-  

 2  1

 1

(Figure 2-3) (II) 4-(N,N-

) (Cu–O(1): 1.988(3) Å) -tert-

(Cu–O(2): 1.927(3) Å) 4-(N,N-

) C–O (1.293(4) Å) C–O (1.349(5) Å)

(Table 2-1)

 1, 3

salen -

[1-9] -

Cu–O C–O



27

2 4-(N,N- )

CuII-(N,N- )

Figure 2-1. 

Figure 2-2. [Cu(Me2N(Mepy)L)(H2O)] (1) 

Figure 2-3. [Cu(Me2N(Mepy)L)(CH3OH)]ClO4 (2) 
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Figure 2-4. [Cu(tBu(Mepy)L)(H2O)] (3) [19]

Table 2-1. ( )
1 2 3[19]

Cu(1)–O(1) 1.958(3) 1.988(3) 1.959(5)
Cu(1)–O(2) 1.913(3) 1.927(3) 1.907(6)

C–O(1) 1.347(5) 1.293(4) 1.35(1)
C–O(2) 1.335(6) 1.349(5) 1.33(1)
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2.2.2 

1 / (1:1, v/v) 500 nm (ε

= 2200 M−1cm−1) (Figure 2-5)

(II) (LMCT) [19] 2

/ (1:1, v/v) 515 nm (ε= 7400 M−1cm−1)

(Figure 2-5) 4-(N,N- )

[43] 4-(N,N- )

2

/ (1:1, v/v)

(Figure 2-6) Robin Day Class I

4-(N,N- )

Figure 2-5. 293 K 1 ( ) 2( )
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Figure 2-6. 2 ( ) / (1:1, 

v/v) ( ) 2 UV-vis-NIR
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 1, 

2 X XANES [45,46]  2

XANES  1 8977.5 eV

(Figure 2-7)  1, 2

+  

ESR  1 / (1:1, 

v/v) 77 K dx2−y2 (II) ESR

(g = 2.12, g// = 2.28)(Figure 2-8 (A)) /

(1:1, v/v) CuII-  3

[19]  1, 3 / (1:1, v/v)

X

 2 / (1:1, v/v) 77 K ESR

(Figure 2-8 (B))

[1,27]

4-(N,N- ) (II)

dx2−y2 [28] 

(Table 1-1)  2 Cu–O–C 123.3(2)° 4-(N,N-

) 23.63(2)°

(II) CuII-

[1,26-28]  2

 2 (II) (N,N- )

CuII-(N,N- )

 

 1, 2 CV  1, 2

E1/2 = −0.41 V vs. Fc/Fc+

(Figure 2-9)  1, 2  1

 2

/

 3
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0.23 V vs. Fc/Fc+ CuII-

1, 2 [1-28]

1, 2 N,N- /

2, 3

40 mV (Figure 2-10)

/

Figure 2-7. 1( ), 2( ) K X
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Figure 2-8. 77 K, / (1:1, v/v) 1 ESR (A)

2 ESR (B) 

Figure 2-9. 273 K, 1 (A), 2 (B)
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Figure 2-10. 273 K, (A) / (B)

2
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CV 2 1

[Fe(C5H5)2]PF6 1 ESR 515 nm

2 (Scheme 

2-1, Figure 2-11) 1 2

1 2

Scheme 2-1. ([Fe(C5H5)2]PF6) 1

Figure 2-11. 273 K, 1 ( )

([Fe(C5H5)2]PF6) ( )
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CuII-

[17,19-21] 2

293 K, 2 515 nm

kobs = 

1.0 ×10−5 s−1 (Figure 2-12)

CuII- [17,19]

2

3-tert-5-(N,N- ) N-(6- -2-

)-N-(2’- -3’,5’- -tert- ) 10 %

(Scheme 2-2)

CuII- [17,19]

Figure 2-12. 293 K, 2 (2400 

)

Scheme 2-2. CuII- 2

[Cu(Me2N(Mepy)L)(CH3OH)]ClO4 (2)
decay

kobs = 1.0 x 10-5 s-1

CH2Cl2 / CH3OH (1:1, v/v)

N

t-Bu
OH

CHO

H3C CH3

t-Bu

t-Bu

OH

H
N

N CH3

10 %

10 %- Cu2+

+
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2.2.3  1  

 2  1 /

 1 / (1:1, v/v)

515 nm  2

(Figure 2-13, Scheme 2-3(A))

515 nm  2

 1

CuII-

 2

 2

10 %  

 2

 1  2

508 nm (Figure 2-14)  2

3,5- -tert-

(Scheme 2-3(B))  2
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Figure 2-13. 243 K, / (1:1, v/v) 1

2 (1500 )

Figure 2-14.  293 K, 1

(15000 )
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Scheme 2-3. 1 ((A): / , (B):

)
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2.2.4  

 1 / (1:1, v/v)

 1 508 nm (ε = 2800 M−1 cm−1) , 700 

nm (900 M−1 cm−1) /

(1:1, v/v) 500 nm (2200 M−1 cm−1)

(Figure 2-15)  1

 3  1, 3

ESR  1, 3

dx2−y2 (II) ESR (g = 

2.12, g//=2.28) (Figure 2-8 (A))

(gx = 1.93, gy = 2.07, gz = 2.11) (Figure 2-16)

(II)

[47-51]  1, 3

 

ESR

 1, 3

tert-

 1  2

(Figure 2-14)

 2

 1

 1

ESR

50

ESR (Figure 2-17)

ESR
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1

193 K ESR

(Kc) Kc = 39 M−1 (Kc = 

[Cu(Me2N(Mepy)L)(MeOH)]/[Cu(Me2N(Mepy)L)][MeOH])

1

1

(Scheme 2-4)

Figure 2-15. 293 K ( ) /

( ) 1

Figure 2-16.  77 K, 1 ESR
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Figure 2-17. 193 K 1 ESR

Scheme 2-4. 1
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2.2.5  1  

 1 /

 1  1

 1  3

 1

2.2.4

508 nm

kobs = 4.2 × 10 −6 s−1 (Figure 2-18)

 2

 

2 3-tert- -5-(N,N- )

10 % (Scheme 2-5)  

1
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Figure 2-18. 293 K, 1

(12000 )

Scheme 2-5. 1

[Cu(Me2N(Mepy)L)(H2O)] (1)
decay

kobs = 4.2 x 10-6 s-1

N

t-Bu

OH

CHO

H3C CH3

t-Bu

t-Bu

OH

H
N

N CH3

10 %

10 %- Cu2+

+CH2Cl2
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 3  1 CuII-

ESR g = 2.004 (Figure 2-19)
14N (I = 1)

4-(N,N- )

[52] 15N (I = 1/2)

 1

(Figure 2-21)

4-(N,N- )

ESR (II)

ESR 293 K 13 %

193 K  1

CuII- 4-(N,N-

) ESR CuII-

CuI-(N,N- )

 

/ (1:1, v/v) 4-(N,N-

) (Figure 2-20)

CuI-(N,N- )

CuII-

 [53-55]  

  



46

Figure 2-19. 1 (A), 3 (B) ESR

Figure 2-20. / (1:1, v/v) 1 (A), 3 (B)

ESR



47

Figure 2-21. , 293 K 1  (A), 15N 1 (B)

ESR
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ESR

(Figure 2-22) 3 500 

nm CuII-

1 500 nm

1

500 nm

1, 3 /

(Figure 2-23)

1, 3 CuII-

ESR

Figure 2-22. 1(A), 3 (B)

Figure 2-23. 1(A), 3 (B) /
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1 CuI- (I)

(PPh3) 1

ESR

CuI- CuI-

193 K CuI-

(Figure 2-24) 1

CuII- CuI-

(Scheme 2-6)

Figure 2-24. (PPh3) 1

ESR

Scheme 2-6. 1

(PPh3)
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2.2.6.  1  

 2  1

CuI-

(Scheme 2-7) ESR

 1  1

(I)

4-(N,N- )

(II)  1, 3

/ 40 mV

(II)

CuII- CuI-

(II) CuII-

CuI-

(II) 

tert-

 

tert-  1

 2 tert-

 1 CuII-

(II) CuII-

 2 CuII-

CuI-

CuII-

 

  



51

Scheme 2-7. 1 2
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2. 3  

(II)

CuII- CuII-

4-(N,N- )

CuII-

CuII-

CuII- X

CuII- ESR, X , 

UV-vis-NIR 4-(N,N- )

CuII-(N,N- )

CV CuII-

CuII-

CuII-

CuII- CuI-(N,N-

)

CuI-

CuI-

CuII-  
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3.1  

GO CAO

(II)-

CuII-

CuII-

CuII-

CuI-  

(II)

(II)

[1] (II)

nickel acireductone dioxygenase (Ni-ARD) [1-8]

Ni-ARD acireductone (1,2-dihydroxy-5-methylthiopent-1-en-3-one) -

3-

[2] Ni-ARD +

(II)

(II)

acireductone

[1-12] Ni-ARD

(II)

[1-12] CAO

TPQ (II)

[13] NiII- ( NiII-

) TPQ

NiII-

 

(II) NiII-( )( )

NiII- NiII-
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CuII- CuII-
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3.2  

3.2.1  

H2tbuL (Figure 3-1)

(II)

H2tbuL

NiII-( )( ) , [Ni(HtbuL)(CH3OH)2]ClO4•2CH3OH (4)

 4 X  4

(II)  4

(Figure 3-2)  4

(II) (Ni–O(1) 2.216(2) Å)

(II)  (Ni–O(2) 1.958(2) Å)

(Table 3-1) CuII-( )(

) [14]  4 NiII-( )(

)

 

p- NiII-( )( ) , 

[Ni(HMeOL)(CH3OH)2]ClO4 (5)  4

H2MeOL (Figure 3-1)

 5 (II)

(Ni–O(1) 2.242(3) Å)  

(Ni–O(2) 1.955(3) Å) (Table 3-1)

 4

NiII-( )( )
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5 4

(Figure 3-3)

OH

5 4-(N,N- )

H2Me2NL (II)

ESI-MS

NiII-( )( ) , [Ni(HMe2NL)]+ (6) Figure 3-4

H2tbuL

NiII- , [Ni(tbuL)2] (7) 7

(II)

(Ni–O(1) 2.048(3) Å) (Ni–O(2) 1.929(3) Å)

(Table 3-1, Figure 3-5)

(II)

CuII- [15]

NiII-

NiII-( )( )

NiII-

Figure 3-1. 
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Figure 3-2. [Ni(HtbuL)(CH3OH)2]ClO4•2CH3OH (4)

Figure 3-3. [Ni(HMeOL)(CH3OH)2]ClO4 (5)
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Figure 3-4. H2Me2NL

ESI-MS

( NiII-( )(

) [Ni(HMe2NL)]+ (6) (57.1 %) [Ni(Me2NL)]+ (42.9 %)

Figure 3-5. [Ni(tbuL)2] (7)
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Table 3-1.  4, 5, 7 (Å) 
 4 5 7 

Ni(1)–O(1) 2.216(2) 2.242(3) 1.929(3) 
Ni(1)–O(2) 1.958(2) 1.955(3) 2.048(3) 

C–O(1) 1.395(4) 1.403(6) 1.329(6) 
C–O(2) 1.324(4) 1.330(5) 1.359(5) 
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3.2.2   NiII-( )( ) NiII-

 

NiII-( )( ) NiII-

NiII-( )(

)  4, 5 E1/2 = 0.07 V  −0.04 V (vs. 

Fc/Fc+) 100 mV/s

ΔEp = 120 mV (Figure 3-6) NiII-  7

E1/2 = 0.03 V

100 mV/s ΔEp = 160 mV  4, 7  5

 4, 7

NiII-( )( )  4

0.3 V

[16-19] 2,4- -tert-

(II) 2,4- -tert-

1.17 V (vs. Ag/AgCl)

0.56 V (vs. Ag/AgCl) [16] 2-(2-

) (E = 0.23 V vs. SCE)

(E = 0.65 V vs. SCE)

[20]  4 /

/

/  7

 4 OH

 5

0.3 V (Figure 3-7)

t- / t-

4-

4- OH
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4 4, 5

(Figure 3-8)

(II)

Figure 3-6. 293 K, 4 (A), 5 (B), 7 (C)

( : 20-1000 mV s−1)

Figure 3-7. 293 K, / 5

( : 100 mV s−1)
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Figure 3-8. 293 K, / 4 (A), 5(B)

( : 20-1000 mV s−1)



 

67 

 

3.2.3 NiII-  

(a) (N,N- )

 

NiII-( )( ) [Ni(HMe2NL)]+ (6) /

273 K [Ni(Me2NL)(CH3OH)2]ClO4 (8)

 8 / (1:1, v/v) 510 nm (6300 M−1cm−1)

(Figure 3-9) CuII-( )

[21,22] λex = 532 nm

1487 cm−1, 1626 cm−1

ν7a, ν8a (Figure 3-10) [23-26] K X

 8 XANES NiII-( )(

)  4 8332.4 eV (Figure 

3-11)  8 +

 8 (II) (S = 1)

(S = 1/2) ST = 1/2

ESR g = 2.2 (Figure 3-12) [27,28]

ST = 1/2 NiII- [27]

 8 NiII-

 8 UV-vis-NIR

(IVCT)

Robin-Day Class I  [23,30-33]

( )

(Figure 3-9)  
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Figure 3-9. 293 K, [Ni(Me2NL)(CH3OH)2]ClO4 (8)

UV-vis-NIR ((A): , (B): )

Figure 3-10. 213 K, , 532 nm 8
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Figure 3-11. 4 ( ), 8 ( ) K X

Figure 3-12. 4 24 (A) 8

(B) , 4 K ESR
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X  8 NiII-( )( )  4, 5

(Figure 3-13)

 4, 5 OH

 8 (II) 4-(N,N- )

(Ni–O(1): 2.1120(19) Å)

(Ni–O(2): 1.9714(19) Å) 4-(N,N- )

C–O (1.276(3) Å) -tert- C–O (1.319(3) Å)

4-(N,N- )

[21-23,34,35]

CuII-(N,N- ) [21,22]

 8 (N,N- )

NiII-(N,N- )

 

 8  8

E1/2 = −0.52 V vs. Fc/Fc+ (Figure 3-14)

CuII-(N,N- ) (−0.41 V vs. 

Fc/Fc+) (N,N- ) /(N,N- )

 8

NiII-( )( )  4, 5

 8  4, 5
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Figure 3-13. [Ni(Me2NL)(CH3OH)2]ClO4 (8)

Figure 3-14. 293 K, 8

( : 20-1000 mV s−1)
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(b) 2,4- -t-Bu  

 4

NiII-  8 CuII-  

2 [21,22] 24

 4  4

tert- 25000 cm−1 (400 nm)

(Figure 3-15) [14,16]

 4 IVCT

[23,29-35]

Robin-Day Class II

[23, 29-35]  

λex = 405 nm  4

1493 cm−1, 1610 cm−1

ν7a, ν8a (Figure 3-16) [23-26] K

X  4 XANES

(Figure 3-17)  4

+ [36-39]

EXAFS

(Figure  3-18, Table 3-2)

 4

NiII-  
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Figure 3-15. 4 (

4 0 , 0.5, 1, 2, 3, 4, 6, 24 

)

Figure 3-16. 233 K, 405 nm 4 (A) 4

24 (B)
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Figure 3-17. 4 ( ) 4

( ) 24 ( ) K X

(A) k R (B)

Table 3-2. EXAFS

a Coordination Number

b Debye-Waller

a C di ti N b
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Figure 3-18. 4 4 EXAFS

((A): 4, (B): , (C): 24

)

( : Ni–N , : Ni-

, : Ni–O (Ni- ( )

Ni- ) 1.1-2.2 Å R-range
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4 ESR g = 2.2

8 (II)

[27,28]

(Figure 3-19)

4

ESR 4 24

45 % [40]

Figure 3-19. NiII-( )( ) 4 ( ) 4

( ) 24 , 103 K ESR
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4-  5  7

 5  4

pKa (4-tert-butylphenol=19.05, 4-methoxyphenol=19.1 (DMSO ))

[41]  4 5  4 OH

 5

OH

 4

 

 4

OH

[Ni(DtbuL)(CD3OD)2]ClO4 2CD3OD

 4

 4  (Figure 3-20)

OH

 

 4 193 K

tert- 400 nm [14,16] (II)-

ESR [27,28]

3,5- -tert-

10 %

[14,21,22]

 4, 5 /

 4, 5 /
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Figure 3-20. 4

( 4 0 , 0.5, 1, 2, 3, 4, 6, 24 

)
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(c) NiII-  8  

NiII-( )( )  6 / (1:1, v/v)

510 nm

(Figure 3-21)  6

 8 (Figure 

3-9, 3-21)  6

NiII-

 8

CuII-(N,N- )

[21,22]

243 K 2.0 × 10-2 

M−1s−1  6

 6

 6 243 K

 6

(kobs = 2.2 ×10-2 M−1 s−1)

 6 8
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Figure 3-21. 223 K, / (1:1, v/v) 6

(750 )
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3.2.4 NiII-( )( )

 

 4

(II) NiII-

(II)

 4 5 /

193 K, 

 4 pKa, 

NiII-( )( )  5

 4, 5 OH

 

NiII-

NiII-  8

 6  4 NiII-

 4, 6

(ET)

PT-ET [42-46]  
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3.2.5  NiII-( )( )  

NiII-( )( ) NiII-

/ ”proton-coupled electron transfer (PCET, 

)” PCET

”concerted proton-coupled electron transfer (CPET, 

)” (PT) (ET)

proton transfer-electron transfer (PT-ET)

electron transfer-proton transfer (ET-PT) [42] Scheme 3-1

 

PCET [42] Ingold

DPPH (2,2-diphenyl-1-picrylhydrazyl)

[42-46]

DPPH

OH

PT-ET

[42-46]  

 

 

 

 

 

 

 

 

Scheme 3-1. PCET  

  

HX X

HX X

PT

ET ET

PT

BDFE

pKa(HX)

pKa(HX +)

CPET
EE (X-/X )(HX/HX +)
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NiII-( )( )  4 OH

PCET  4 NiII-

tert-

pKa [41] NiII-(

)( )  5

OH

 4 NiII-(

)( )

Ingold OH

PT-ET [42-46]

(II) pKa

NiII-( )(

)  4

 

NiII-( )( )

Scheme 3-2

(II)

(II)

PT-ET (II)

Ni-ARD

[1-12]

CuII- CuII-

[21,22] CuII-
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CuI-

(I) CuII-

NiII-( )( )

PCET

tert-

Scheme 3-2. NiII-( )( ) NiII-
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3.3  

(II) NiII-(

)( ) NiII-

NiII-

NiII-( )( )

NiII- X

NiII-( )( )

NiII- XAFS NiII-(

)( ) NiII-

(II)

(II)

PT-ET

(II)

CuI- CuII-
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(II) (II)
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[1]

[1]  

 

 
3,5- -tert- [2] 

2,4- -tert- 10.3 g (50 mmol), 13.9 g 

(100 mmol) 25 mL

30% (v/v) 24 mL

 :  (2:1, v/v)

 5.4 g (46%) 1H NMR (CDCl3 500 MHz) δ (ppm) = 1.33 (s, 9H), 1.43 (s, 

9H), 7.35 (d, 1H), 7.59 (d, 1H), 9.87 (s, 1H), 11.64 (s, 1H) 

 

3-tert- -5- [2] 

4- -3-tert-  9.0 g (50 mmol), 

13.9 g (100 mmol) 25 mL

30 % (v/v) 24 mL

: (2:1, v/v)

 4.2 g (40%) 1H NMR(CDCl3 500 MHz) δ (ppm) = 1.40 

(s,9H), 3.81 (s, 3H), 6.81 (d, 1H), 7.17 (d, 1H), 9.83 (s, 1H), 11.50 (s, 1H) 
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3-tert- [3] 

2.9 g (30.5 mmol) 2-tert- 4.5 g (30 mmol)

10.4 mL (75 mmol) (150 mL)

5 3.0 g 3

6 mol/L

: (2:1, v/v)

4.3 g (80 %) 1H-NMR (CDCl3, 500 MHz) δ (ppm) = 1.42 (s, 

9H), 6.95 (t, 1H), 7.40 (dd, 1H), 7.53 (dd, 1H), 9.88 (s, 1H), 11.78 (br s, 1H) 

 

3-tert- -5-  

3-tert- 3.6 g (20 mmol) 5 mL

6.5 mL (200 mL)

: (1:1, v/v)

3.6 g (81%) 
1H-NMR(CDCl3, 500 MHz) δ (ppm) = 1.46 (s, 9H), 8.42 (s, 2H), 9.98 (s, 1H), 12.45 (br s, 1H) 

 

3-tert- -5-(N,N- )  

3- tert - -5- 3.0 g (13.4 mmol)

100 mL 9.0 mL /  (Pd/C) 

(10%) 0.3 g 12 Pd/C

2.5 g (84 %) 1H-NMR(CDCl3, 

500 MHz) δ (ppm) = 1.43(s, 9H), 2.90(s, 6H), 6.72(d, 1H), 7.15(d, 1H) 9.85(s, 1H), 11.28(br s, 

1H) 
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6- -2- [4] 

6- -2- 6.11 g (50 mmol)

3.48 g (50 mmol) 100 mL 30 Pd/C (10 %)

0.5 g 12 Pd/C

pH ~10

 (bp 

68~72 , 5 Torr)  4.2 g (69 %) 
1H-NMR (CDCl3, 500 MHz) δ (ppm) = 1.63 (br, 2H), 2.55 (s, 3H), 3.94 (s, 2H), 7.02(d, 1H) 

7.08(d, 1H), 7.53(t, 1H) 

 

N-(2- )-N-(2’- -3’,5’-tert- ) [5] 

3,5- -tert- 2.34 g (10 mmol) 2-

1.08 g (10 mmol) 100 mL 0.38 g (10 

mmol)

2.4 g (74 %) 
1H-NMR(CDCl3, 500 MHz) δ (ppm) = 1.31 (s, 9H), 1.46 (s, 9H), 3.96 (s, 2H), 4.01 (s, 2H), 6.86 (d, 

1H), 7.21 (d, 1H), 7.23 (d, 1H), 7.26 (m, 1H), 7.67 (td, 1H), 8.69 (d, 1H), 11.14 (br s, 1H) 

 

N-(6- -2- )-N-(2’- -3’,5’-tert- ) [5] 

3,5- -tert- 2.34 g (10 mmol) 6- -2-

1.22 g (10 mmol) 100 mL

0.38 g (10 mmol)

2.6 g (76 %) 1H-NMR (CDCl3, 500 MHz) δ (ppm) = 1.28 (s, 9H), 1.43 (s, 9H), 

2.55 (s, 3H), 3.89 (s, 2H), 3.97 (s, 2H), 7.02 (d, 1H), 7.05 (d, 1H), 7.23 (d, 1H), 7.23 (d, 1H), 7.54 (t, 

1H),, 11.22 (br s, 1H) 
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H2tbuL[5] 

N-(2- )-N-(2’- -3’,5’-tert- ) 1.63 g (5.0 

mmol) 3,5- -tert- - 1.17 g (5.0 mmol) 100 mL

4 0.31 g (5.00 mmol)

1.6 g (59 %) 1H NMR (CDCl3, 

500 MHz) δ = 1.30 (s, 18H), 1.40 (s, 18H), 3.80 (s, 4H), 3.84 (s, 2H), 6.93 (d, 2H), 7.12 (d, 1H), 

7.28 (td, 2H), 7.69 (td, 1H), 8.70 (d, 1H), 10.53(br s, 2H) 

 

H2MeOL[5] 

N-(2- )-N-(2’- -3’,5’-tert- ) 1.63 g (5.0 

mmol) 3-tert- -5- 1.04 g (5.0 mmol) 100 

mL 4 0.31 g (5.00 mmol)

1.5 g (62 %) 1H NMR 

(CDCl3, 500 MHz) δ (ppm) =1.28 (s, 9H), 1.39 (s, 9H), 1.41 (s, 9H), 3.75 (s, 3H), 3.79 (s, 4H), 

3.81 (s, 2H), 6.54 (d, 1H), 6.82 (d, 1H), 6.90 (d, 1H), 7.12 (d, 1H), 7.23 (d, 1H), 7.29 (td, 1H), 7.70 

(td, 1H), 10.54(br s, 1H) 

 

H2Me2NL[5] 

N-(2- )-N-(2’- -3’,5’-tert- ) 1.63 g (5.0 

mmol) 3-tert- -5-(N,N- ) 1.11 g (5.0 mmol)

100 mL 20 10

0.31 g (5.00 mmol)

1.7 g (64 %) 1H NMR (CDCl3, 500 MHz) δ 

(ppm) =1.28 (s, 9H), 1.40 (s, 9H), 1.41 (s, 9H), 2.84 (s, 6H), 3.79 (s, 2H), 3.80 (s, 2H), 3.81 (s, 2H), 

6.47 (d, 1H), 6.78 (d, 1H), 6.90 (d, 2H), 7.12 (d, 1H), 7.22 (d, 1H), 7.28 (td, 1H), 7.69 (td, 1H), 8.69 

(dd, 1H), 10.54 (br s, 1H), 10.56 (br s, 1H) 
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H2Me2N(Mepy)L[5] 

N-(6- -2 )-N-(2’- -3’,5’-tert- )

1.70 g (5.0 mmol) 3-tert- -5-(N,N- ) 1.11 g (5.0 

mmol) 100 mL 20

10 0.31 g (5.00 mmol)

1.7g (62 %) 1H NMR (CDCl3, 400 MHz) δ 

= 1.28 (s, 9H), 1.41 (s, 9H), 1.42 (s, 9H), 2.72 (s, 3H), 2.84 (s, 6H), 3.76 (s, 2H), 3.77 (s, 2H), 3.79 

(s, 2H), 6.47 (d, 1H), 6.78 (d, 1H), 6.91 (dd, 2H), 7.11 (d, 1H), 7.22 (d, 1H), 7.56 (t, 1H),10.54(br s, 

1H), 10.56(br s, 1H) 

 

3-tert- -5- -15N 

3-tert- 1.8 g (10 mmol) 5 mL 15N

(H15NO3)  0.72 mL

(100 mL)

: (1:1, v/v)

1.2 g (54 %) 

 

3-tert- -5-(N,N- ) -15N 

3-tert- -5- -15N 1.2 g (5.4 mmol)

100 mL 8 mL /  (Pd/C) 

(10%) 0.2 g 12 Pd/C

: (1:1, v/v)

0.85 g (71 %)   
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H2Me2N15(Mepy)L 

N-(6- -2 )-N-(2’- -3’,5’-tert- )

1.29 g (3.8 mmol) 3-tert- -5-(N,N- ) -15N 0.85 g 

(3.8 mmol) 100 mL 20

10 0.24 g (3.8 mmol)

1.3 g (65 %)  

MALDI-TOFMS MALDI-TOF MS: calcd for 

C35H52O214N215N1 [M + H]+ 548.8 found for 548.4 

 

D2tbuL 

H2tbuL 2.67 g (5.0 mmol) 10 mL

223 K n- (ca. 15 % in hexane, ca. 1.6 mol/L) 7 mL

20 (20 %, in D2O) 0.11 mL

1.51 g (57 %) 1H NMR δ = 10.53 ppm

OH  

 

D2Me2NL[5] 

H2Me2NL 2.60 g (5.0 mmol) 10 mL

223 K n- (ca. 15 % in hexane, ca. 1.6 mol/L) 7.0 mL

20 (20 %, in D2O) 0.11 mL

1.1 g (42 %) 1H NMR δ = 10.56 ppm

OH  

 

[6] 

0.56 g (3 mmol) 5 mL 2

10  mL HPF6 (60 %) 1 mL
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10  0.82 g 

(83 %) 
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[Cu(Me2N(Mepy)L)(H2O)] (1) 

H2Me2N(Mepy)L 0.136 g (0.25 mmol)  (4 mL)

 69 μL (0.50 mmol)  0.094 g (0.25 

mmol)  (4 mL) 273 K

 1 Elemental analysis (%) calcd 

for (C35H51CuN3O3 0.5CH2Cl2) C: 63.85, H: 7.85, N: 6.29; Found: C: 63.13, H: 7.61, N: 6.31. 

 

[Cu(Me2N(Mepy)L)(CH3OH)]ClO4 (2) 

H2Me2N(Mepy)L 0.068 g (0.25 mmol)  (1 mL)

 69 μL (0.50 mmol) 0.094 g (0.25 

mmol)  (2 mL)

233 K n-  2

Elemental analysis (%) calcd for (C36H53ClCuN3O7 0.75CH2Cl2) C: 55.00, H: 6.85, N: 5.24; 

Found: C: 54.93, H: 6.63, N: 5.55. 

 

[Ni(HtbuL)(CH3OH)2]ClO4 (4) 

0.091 g (0.25 mmol) 5 mL

H2tbuL 0.133 g (0.25 mmol) 5 mL 35 μL 

(0.25 mmol)

 4 Elemental analysis (%) calcd for (C38H59ClNiN2O8 0.5CH2Cl2) C: 57.19, H: 7.48, 

N: 3.46; Found: C: 56.87, H: 7.39, N: 3.48. 

 

[Ni(HMeOL)(CH3OH)2]ClO4 (5) 

0.091 g (0.25 mmol) 5 mL

H2MeOL 0.130 g (0.25 mmol) 5 mL 35 μL 

(0.25 mmol)

 5 Elemental analysis (%) calcd for 

(C35H53ClNiN2O9 0.2CH2Cl2) C: 55.85, H: 7.11, N: 3.70; Found: C: 55.59, H: 7.11, N: 3.84. 
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[Ni2(tbuL)2] (7) 

0.091 g (0.25 mmol) 10 mL

H2tbuL 0.133 g (0.25 mmol) 5 mL

35 μL (0.25 mmol)

 7 Elemental analysis (%) calcd for (C72H100Ni2N4O4 0.5CH3CN) 

C: 71.66, H: 8.36, N: 5.15; Found: C: 71.08, H: 8.39, N: 5.15. 

 

[Ni(Me2NL)(CH3OH)2]ClO4 (8) 

0.091 g (0.25 mmol) 4 mL

H2Me2NL 0.133 g (0.25 mmol) 7 mL 35 

μL (0.25 mmol) 24

 8  36 

mg (31 %) Elemental analysis (%) calcd for (C36H53ClCuN3O7 0.75CH2Cl2) C: 55.18, H: 7.10, N: 

5.29; Found: C: 55.07, H: 7.13, N: 5.51. 

 

[Ni(DtbuL)(CD3OD)2]ClO4  

0.091 g (0.25 mmol) (CD3OD) 5 mL

D2tbuL 0.134 g (0.25 mmol) 5 mL

35 μL (0.25 mmol)
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X  

X Rigaku R-AXIS rapid

X Mo Kα (λ = 0.7103 Å) −150 

3°

ω 2θ = 55°

full−matrix

[7]

[Ni(HtbuL)(CH3OH)2]ClO4 t-

CryrstalStructure

[8] Table 1, 2  
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Table 1. [Cu(Me2N(Mepy)L)(H2O)] (1) [Cu(Me2N(Mepy)L)(MeOH)]ClO4 (2)

 

 1 2 

Formula C35 H51CuN3O3 C38.5 H53Cl2CuN3O9 

Formula weight 625.35 836.31 

Color Brown brown 

Crystal size /mm 0.34 x 0.05 x 0.02 0.15 x 0.08 x 0.02 

Crystal system orthorhombic orthorhombic 

Space group Pbcn Pbcn 

a (Å) 19.8576(4) 22.7551(7) 

b (Å) 14.6938(3) 15.4208(6) 

c (Å) 25.3356(5) 26.4628(8) 

V (Å3) 7392.5(3) 9285.9(5) 

Z 8 8 

μ (cm-1) 10.911 6.341 

F(000) 2680.00 3520.00 

Dcalc (g/cm3) 1.124 1.196 

2θmax (°) 136.5 55.0 

No. reflections obsd. 6714 10614 

No. reflections used. 4903 7391 

No. variables 353 498 

R1a (1>2σ(I)) 0.0848 0.0722 

Rwb 0.2461 0.2197 
aR1 = Σ||Fo|-|Fc|| / Σ|Fo| for I > 2σ(I) data. bRw = {Σω(|Fo|-|Fc|)2 / ΣωFo2}1/2; ω =1/ σ2(Fo) = {σ2c(Fo) + 

p2/4 Fo2}-1 
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Table 2. [Ni(HtbuL)(CH3OH)2]ClO4•2CH3OH (4), [Ni(HMeOL)(CH3OH)2]ClO4 (5), 

[Ni2(tbuL)2] (7), [Ni(Me2NL)(CH3OH)2]ClO4 (8)  

 4 5 7 

Formula C40H58ClN2NiO10 C35H53ClN2NiO9 C36H50N2NiO2 

Formula weight 821.06 739.96 601.50 

Color Green Green Yellow 

Crystal size /mm 0.15 x 0.12 x 0.05 0.06 x 0.06 x 0.01 0.09 x 0.09 x 0.02 

Crystal system Triclinic Triclinic Monoclinic 

Space group P -1 P -1 C2/c 

a (Å) 11.4551(7) 11.1065(9) 29.0820(17) 

b (Å) 14.5863(9) 14.0921(11) 9.6176(5) 

c (Å) 15.9271(11) 14.4840(13) 23.3195(12) 

α (º) 63.7131(18) 106.612(8) - 

β (º) 71.4309(18) 110.723(8) 96.960(7) 

γ (º) 68.271615) 106.927(8) - 

V (Å3) 2178.0(2) 1826.8(4) 6474.4(6) 

Z 2 2 8 

μ (cm-1) 5.61 6.58 6.33 

F(000) 874.00 788.00 2592.00 

Dcalc (g/cm3) 1.252 1.345 1.234 

2θmax (°) 55.0 55.0 55.0 

No. reflections 

obsd. 
9718 8295 7425 

No. reflections 

used. 
7106 8295 7425 

No. variables 532 445 370 

R1a (1>2σ(I)) 0.0623 0.0869 0.0757 

Rwb 0.1806 0.2390 0.2404 
aR1 = Σ||Fo|-|Fc|| / Σ|Fo| for I > 2σ(I) data. bRw = {Σω(|Fo|-|Fc|)2 / ΣωFo2}1/2; ω =1/ σ2(Fo) = {σ2c(Fo) + 

p2/4 Fo2}-1 
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Table 3. (continued) 

 8 

Formula C36H55ClN3NiO8 

Formula weight 752.00 

Color Brown 

Crystal size /mm 0.10 x 0.10 x 0.10 

Crystal system Triclinic 

Space group P -1 

a (Å) 11.2054(14) 

b (Å) 14.0233(16) 

c (Å) 14.5332(15) 

α (º) 105.820(7) 

b (Å) 110.390(8) 

γ (º) 107.239(7) 

V (Å3) 1885.5(4) 

Z 2 

μ (cm-1) 6.48 

F(000) 802.00 

Dcalc (g/cm3) 1.346 

2θmax (°) 55.0 

No. reflections 

obsd. 

8428 

No. reflections 

used. 

8428 

No. variables 450 

R1a (1>2σ(I)) 0.0550 

Rwb 0.1616 
aR1 = Σ||Fo|-|Fc|| / Σ|Fo| for I > 2σ(I) data. bRw = {Σω(|Fo|-|Fc|)2 / ΣωFo2}1/2; ω =1/ σ2(Fo) = {σ2c(Fo) + 

p2/4 Fo2}-1 
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(CV) HOKUTO DENKO HZ-5000

Ag/Ag+ 0.01 M 0.1 M

-n-

/ (Fc+/Fc)

0 V  7 0.1 M TBAP 1.0 

mM  7 0.05 M TBAP 0.5 mM

 

 

 

JASCO V-670 spectrophotometer

UNISOKU CoolSpeK UV USP-203-A

 

 

 

1 m ( )

HORIBA symphony CCD-1024x256-OPEN-1LS

200 μm LP02-407RU-25

405 nm ONDAX 

SURELOCK Model LM-405-PLR-40-2 532 nm

 Verdi V-5 10 mW

1 mM

10  
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ESR  

ESR JES-RE2X JES-X320 JES-FA200 Bruker EMX Plus

 mm

1 mM (II)  

 

X  

K X

(KEK) (PF) BL-9A

PF 2.5 GeV / 450 mA BL-9A X Si(111)

Athena, Artemis [9] PF-PAC

2019T002  
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