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Reactions of copper(

 

Ⅰ

 

) complexes with molecular oxygen have been examined using a series of 

 

N

 

-alkyl-bis[2-(2-
pyridyl)ethyl]amine tridentate ligands (

 

R

 

′

 

Py2

 

R

 

) and 

 

N

 

,

 

N

 

-dialkyl-2-(2-pyridyl)ethylamine didentate ligands (

 

R

 

′

 

Py1

 

R1,R2

 

) at
low temperature.  The tridentate ligands predominantly provide (

 

µ

 

-

 

η

 

2

 

:

 

η

 

2

 

-peroxo)dicopper(

 

Ⅱ

 

) complexes (side-on type
peroxo complex), while the didentate ligands enhance O–O bond homolysis of the peroxo species to produce bis(

 

µ

 

-
oxo)dicopper(

 

Ⅲ

 

) complexes.  With the (

 

µ

 

-

 

η

 

2

 

:

 

η

 

2

 

-peroxo)dicopper(

 

Ⅱ

 

) complexes supported by the tridentate ligand, effi-
cient oxygenation of phenolates to the corresponding catechols has been accomplished to provide a good model reaction
of tyrosinase.  The bis(

 

µ

 

-oxo)dicopper(

 

Ⅲ

 

) complexes, on the other hand, undergo aliphatic ligand hydroxylation as well
as oxygen atom transfer to sulfides to give the corresponding sulfoxides.  In the reaction of bis(

 

µ

 

-oxo)dicopper(

 

Ⅲ

 

) com-
plex with 10-methyl-9,10-dihydroacridine (AcrH

 

2

 

) and 1,4-cyclohexadiene (CHD), a new active oxygen intermediate
such as a (

 

µ

 

-oxo)(

 

µ

 

-oxyl radical)dicopper(

 

Ⅲ

 

) or a tetranuclear copper-oxygen complex has been suggested to be in-
volved as the real active oxygen species for the C–H bond activation of the external substrates.  A mixed valence bis(

 

µ

 

3

 

-
oxo) trinuclear copper(

 

Ⅱ

 

,

 

Ⅱ

 

,

 

Ⅲ

 

) complex has also been assessed using the didentate ligand with the smallest 

 

N

 

-alkyl sub-
stituent (methyl).  Mechanistic details of the above reactions as well as ligand effects on the copper(

 

Ⅰ

 

)-dioxygen reactivi-
ty are discussed systematically.

 

Dioxygen binding and activation are accomplished at sever-
al transition-metal sites in biological systems.  Clarification of
the mechanism and application of such processes have long
been one of the most important and attractive research objec-
tives not only in bioinorganic chemistry but also in a numerous
and diverse array of catalytic oxidation reactions.

 

1,2,3,4,5

 

  Since
the crystal structure of oxy-myoglobin was solved in 1980,

 

6

 

 a
great deal of attention has been paid to the iron-porphyrin sys-
tems (so-called 

 

heme

 

 

 

proteins

 

).

 

1–5,7

 

  The porphyrin ligands are
relatively rigid macrocycles exhibiting very characteristic ab-
sorption bands in the visible region.  This feature of the por-
phyrin ligand provides a convenient means to monitor the reac-
tions by UV-vis spectra, enabling us to obtain valuable infor-
mation about key intermediates of the dioxygen processing
fairly easily.  A huge number of model compounds (porphyrin
derivatives) have also been developed to help our understand-
ing of the chemistry of heme proteins.  Thus, the research
about (reversible) binding and activation of molecular oxygen
by heme proteins has now arrived at a mature stage to unravel
very sophisticated functions of the heme proteins.

During the past two decades, a number of metalloproteins

carrying one or more 

 

non

 

-

 

heme

 

 transition-metal center(s) have
also been identified as dioxygen-carrier and -activating en-
zymes (so-called 

 

non-heme proteins

 

).

 

8,9

 

  The majority of these
proteins (enzymes) consist of mononuclear or dinuclear iron or
copper active sites supported by imidazole and/or carboxylate
groups from the peptide backbones.  Thus, there could exist a
wide variety of active site structures in the non-heme metallo-
proteins.  However, the lack of a common chromophore such
as a porphyrin ligand causes featureless spectra of the proteins,
making it difficult to study mechanisms of the enzymatic reac-
tions in detail.  From these points of view, development of
proper model complexes exhibiting spectroscopic characteris-
tics and reactivity similar to those of the non-heme proteins is
a challenging endeavor.  Success will help not only to uncover
the enzymatic functions but also to invent efficient catalysts
applicable to catalytic oxygenation reactions.  Although model
studies of the non-heme proteins are still at a rudimentary
stage, recent works have provided significantly important in-
sights into dioxygen binding and activation mechanism by sev-
eral transition-metal complexes.

In this account, we would like to summarize our recent stud-
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ies on dioxygen activation mechanism by copper complexes,
aimed at understanding of the copper(

 

Ⅰ

 

)-dioxygen reactivity in
copper monooxygenases and copper oxidases.  In our studies,
we have frequently employed a series of 2-(2-pyridyl)ethyl-
amine derivatives as the supporting ligands (Chart 1).  Dinu-
cleating ligands carrying bis[2-(2-pyridyl)ethyl]amine triden-
tate metal binding units were first reported by Karlin and co-
workers in the early 1980’s, opening a new field of bioinorgan-
ic model chemistry of copper proteins (Charts 2 and 4).

 

10

 

Their great success together with our recent development in
copper/dioxygen chemistry using a series of bis[2-(2-pyr-
idyl)ethyl]amine 

 

tridentate

 

 ligands (

 

R

 

′

 

Py2

 

R

 

: 

 

two

 

 pyridine nitro-
gens plus one tertiary amine nitrogen) have provided profound
insights into the formation and reactivity of the side-on (

 

µ

 

-

 

η

 

2

 

:

 

η

 

2

 

) peroxo dicopper(

 

Ⅱ

 

) complexes [Fig. 1(

 

A

 

)].

 

11

 

  In addi-
tion, we have recently developed a series of 2-(2-pyridyl)eth-
ylamine 

 

didentate

 

 ligands (

 

R

 

′

 

Py1

 

R1,R2

 

: 

 

one

 

 pyridine nitrogen
plus one tertiary amine nitrogen) that allowed us to assess the
chemistry of bis(

 

µ

 

-oxo)dicopper(

 

Ⅲ

 

) complexes as well as a
mixed valence bis(

 

µ

 

3

 

-oxo) trinuclear copper(

 

Ⅱ

 

,

 

Ⅱ

 

,

 

Ⅲ

 

) complex
[Fig. 1(

 

B

 

) and 1(

 

C

 

)].  We hope the readers will find that signif-
icantly rich chemistry does exist in such very simple didentate
and tridentate ligand systems.

 

Formation of (µµµµ

 

-ηηηη

 

2

 

:ηηηη

 

2

 

-Peroxo)dicopper(

 

Ⅱ

 

) Complexes of 
Tridentate Ligands 

 

H

 

Py2

 

R

 

Hemocyanin (Hc), tyrosinase (Tyr) and catechol oxidase
(CO) constitute a family of dinuclear copper proteins; these
play important roles in dioxygen processing (Hc for reversible
O

 

2

 

-binding, Tyr and CO for O

 

2

 

-activation).

 

12

 

  Figure 2 shows
the active site structure of deoxy form of Hc from 

 

P. interrup-
tus

 

, where three histidine imidazole residues hold each cop-
per(

 

Ⅰ

 

) ion.

 

13

 

  Both copper ions have distorted trigonal pyrami-
dal structures and are separated by 3.5–3.6 Å from each oth-
er.

 

14

 

  Reaction of deoxy Hc with O

 

2

 

 affords oxy-hemocyanin
(oxy-Hc), the structure of which has also been solved as shown
in Fig. 3.

 

15

 

  Molecular oxygen is bound to the dinuclear copper
site to give a side-on (

 

µ

 

-

 

η

 

2

 

:

 

η

 

2

 

) peroxo complex (O–O: 1.4 Å)

which exhibits a strong absorption band at 

 

~

 

350 nm (

 

ε

 

 

 

~

 

20,000 M

 

−

 

1

 

 cm

 

−

 

1

 

) together with a reasonably intense band at

 

~

 

600 nm (

 

ε

 

 

 

~

 

 1,000 M

 

−

 

1

 

 cm

 

−

 

1

 

).  These absorption bands
have been assigned to O

 

2→

 

Cu

 

Ⅱ

 

 charge transfer transitions.

 

16

 

The side-on peroxo dicopper(

 

Ⅱ

 

) complex affords an unusually
low O–O stretching frequency at 

 

~

 

750 cm

 

−

 

1

 

 in the resonance
Raman spectrum.  Furthermore, this species is ESR silent due
to the strong antiferromagnetic interaction between the two
copper(

 

Ⅱ

 

) ions through the peroxo bridge.

 

16

 

It should be noted that the side-on peroxo complex was pre-
pared and structurally characterized in a model system several
years before the structural determination of oxy-Hc.  In Fig. 4
is shown the (

 

µ

 

-

 

η

 

2 :η2-peroxo)dicopper(Ⅱ) complex of hydrot-

Chart 1.   

Fig. 1.   Structures of (A) (µ-η2:η2-peroxo)dicopper(Ⅱ), (B)
bis(µ-oxo)dicopper(Ⅲ), and (C) mixed valence bis(µ3-oxo)
trinuclear copper(Ⅱ,Ⅱ,Ⅲ) complexes.  Ligands are omitted
for clarity.

Fig. 2.   Active site structure of P. interruptus hemocyanin.13

Fig. 3.   Active site structure of L. polyphemus oxyhemocy-
anin.15

Fig. 4.   Chem 3D view of the (µ-η2:η2-peroxo)dicopper(Ⅱ)
complex of hydrotris(3,5-diisopropyl-1-pyrazolyl)borate
ligand.17
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ris(3,5-diisopropyl-1-pyrazolyl)borate ligand reported by
Kitajima, Fujisawa and Moro-oka in 1989.17  The complex re-
produced most of the spectroscopic features of oxy-Hc [UV-
vis: λmax = 349 nm (ε = 21,000 M−1 cm−1), 551 nm (800 M−1

cm−1); Raman: 741 cm−1 (16O–16O), 698 cm−1 (18O–18O); ESR
silent].  These spectroscopic features strongly indicated the ex-
istence of such a binding mode of peroxo ligand in the enzy-
matic system.  This was confirmed by the crystal structure of
oxy-Hc five years later, as mentioned above (Fig. 2).  The cor-
rect prediction of the presence of µ-η2:η2-peroxo binding
mode in oxy-hemocyanin is one of the greatest successes of
bioinorganic model chemistry.  Reversible dioxygen binding at
dinuclear copper(Ⅰ) sites (functional models of Hc) has also
been accomplished in model systems by using poly-pyridine
derivatives such as Nn (Chart 2) as the supporting ligand.18,19

The tridentate ligand HPy2R (R′ = H in Chart 1) can also
support the (µ-η2:η2-peroxo)dicopper(Ⅱ) complex (A).  Name-
ly, the copper(Ⅰ) complexes of HPy2R reacts with molecular ox-
ygen at a low temperature to give a (µ-η2:η2-peroxo)dicop-
per(Ⅱ) complex which exhibits nearly the same spectroscopic
characteristics as those of oxy-Hc as well as other reported
side-on peroxo model complexes.20,21,22,23  Figure 5 shows a
typical example of the spectral change for the oxygenation re-
action of [CuⅠ(HPy2Bz-d2)]PF6 (Bz-d2 = –CD2Ph) at −94 °C in
acetone, where a strong absorption band at 364 nm (ε =
26,400 M−1 cm−1) together with a small one at 530 nm (1,500

M−1 cm−1) gradually develop.21  The stoichiometry of Cu:O2

= 2:1 together with a resonance Raman band at 737 cm−1 that
shifted to 697 cm−1 upon 18O-substitution and ESR silence of
the oxygenated intermediate unambiguously supported the
quantitative formation of the (µ-η2:η2-peroxo)dicopper(Ⅱ)
complex.20,21,24

The time course for the formation of (µ-η2:η2-peroxo)di-
copper(Ⅱ) complex obeys second-order kinetics, as shown in
the inset of Fig. 5, suggesting that the bimolecular reaction be-
tween the monomeric superoxo copper(Ⅱ) complex
[CuⅡ(HPy2R)(O2

·−)]+ and another CuⅠ complex is rate deter-
mining and that the primary reaction between the CuⅠ complex
and O2 is in a rapid equilibrium, where the superoxo species is
a minor component (Scheme 1).22  Similar second-order kinet-
ics was observed in the oxygenation reactions of other CuⅠ

complexes with a series of HPy2R ligands, although the overall
rate for the oxygenation reactions varied significantly depend-
ing on the type of N-alkyl substituent (R).22

One of the most extreme examples was found in the ligand
system of HPy2Phe-Me (Phe-Me = –CH2CH(Me)Ph, Chart 3),
with which reactivity of the copper(Ⅰ) complex toward O2 was
almost lost.25  This is a sharp contrast to the fact that the cop-
per(Ⅰ) complex of HPy2Phe(H) (Phe(H) = –CH2CH2Ph, Chart 3)
readily reacts with O2 to give the (µ-η2:η2-peroxo)dicopper(Ⅱ)
complex as in the case of HPy2Bz described above.22  Crystal
structure study of the copper(Ⅰ) complex of HPy2Phe-Me has
clearly shown that there is a CuⅠ-π interaction between the cop-
per(Ⅰ) ion and the phenyl group of the ligand sidearm, as
shown in Fig. 6.25  Existence of such a copper(Ⅰ)-arene interac-
tion in the copper(Ⅰ) complex of HPy2Phe(H) (X = H, Chart 3) in
non-coordinative organic solvents has also been indicated by
the 1H-NMR analysis and by a characteristic absorption band
around 290 nm due to the CuⅠ-π interaction.25,26,27  The methyl
group at the benzylic position of HPy2Phe-Me reduces the degree
of freedom of sidearm rotation to make the originally weak

Chart 2.   

Fig. 5.   Spectral change observed upon introduction of O2 gas
into an acetone solution of [CuⅠ(HPy2Bz-d

2)]PF6 (1.5 × 10−4

M) at −94 °C. Inset: Second-order plot based on the ab-
sorption change at 364 nm.

Scheme 1.   

Chart 3.   
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CuⅠ-π interaction stronger in [CuⅠ(HPy2Phe-Me)]+, thus inhibit-
ing the reaction with O2 (kon process in Scheme 1).  The dioxy-
gen-reactivity of the copper(Ⅰ) complexes with a series of
HPy2Phe(X) can be finely tuned (an order of magnitude) by
changing the strength of the CuⅠ-π interaction with different p-
substituents (X = OMe, Me, H, Cl, NO2).28

Introduction of methyl group into the 6-position of the pyri-
dine nuclei to make MePy2Phe (Chart 3) resulted in observation
of another interesting feature in the copper(Ⅰ)-dioxygen reac-
tivity.25  Namely, ligand MePy2Phe gave a copper(Ⅰ) complex
with a distorted tetrahedral geometry, which consists of three
nitrogen atoms of the ligand and one nitrogen atom of the
bound CH3CN (Fig. 7).25  Steric repulsion between the 6-meth-
yl group on the pyridine nucleus of MePy2Phe and the metal ion
of the complex prevents the copper(Ⅰ) complex from adapta-
tion to a three-coordinate geometry which must have a shorter
Cu–N(pyridine) distance (~1.88 Å).  Thus, the four-coordi-
nate copper(Ⅰ) complex [CuⅠ(MePy2Phe)(CH3CN)]+ with a long-
er Cu–N bond (1.98–2.13 Å) becomes favorable, resulting in
rather strong binding of CH3CN to the metal ion.  The strong
binding of CH3CN also inhibits the access of O2 to the metal
center, making the copper(Ⅰ) complex of MePy2Phe less reactive
toward dioxygen as in the case of ligand HPy2Phe-Me.25  Thus,
even the small perturbation induced by the methyl substitution
at the benzylic position of the ligand sidearm in HPy2Phe-Me and
at the 6-position of pyridine nucleus in MePy2Phe led to a drastic
change in the structure and reactivity of the copper(Ⅰ) com-
plexes.

Oxygenation of Phenolates to Catechols by the (µµµµ-ηηηη2:ηηηη2-
Peroxo)dicopper(Ⅱ) Complex (Model Reaction of 

Tyrosinase)

Tyrosinase (Tyr) catalyzes oxygenation of phenols to cate-
chols (phenolase activity) and the subsequent two-electron ox-
idation of catechols to the corresponding o-quinones (catecho-
lase activity).12  Catechol oxidase (CO) exhibits only the cate-
cholase activity.12  Chemical and spectroscopic studies have in-
dicated that Tyr and CO have a similar dinuclear copper active
site, nearly identical to that found in hemocyanin, where a (µ-
η2:η2-peroxo)dicopper(Ⅱ) species is also generated by the re-
action of the reduced dicopper(Ⅰ) form and O2.8,12,29  Karlin and
coworkers reported an aromatic ligand hydroxylation by O2

using a dinuclear copper(Ⅰ) complex supported by ligand XYL
(Chart 4).30,31  The mechanistic studies have indicated that the
aromatic ligand hydroxylation reaction involves an electro-
philic attack on the arene ring by a (µ-η2:η2-peroxo)dicop-
per(Ⅱ) intermediate.32,33,34  After their finding, several exam-
ples of the aromatic ligand hydroxylation have also been re-
ported using a similar type of m-xylyl dinucleating ligands.35,36

With respect to the intermolecular reactions between phenols
and the peroxo intermediate, however, most of the reactions so
far reported afford a C–C coupling dimer as a major prod-
uct.37,38,39,40,41,42  Thus, such reactions do not provide valuable
mechanistic insights into the catechol formation via intermo-
lecular reactions between the peroxo intermediate and phenol
derivatives.

We have recently found that efficient conversion of phenol
derivatives to the corresponding catechols can be achieved by
the intermolecular reactions of the (µ-η2:η2-peroxo)dicop-
per(Ⅱ) complex supported by the tridentate ligand HPy2Bz-d2

with lithium salts of phenols.21  Namely, the reactions of lithi-
um salts of p-substituted phenols (p-X-C6H4OLi; X = t-Bu,
Me, Cl, Br and CO2Me) and the peroxo complex resulted in
formation of the corresponding catechols in good yields (> 99,
69, 90, 79 and 60%, respectively, based on the peroxo com-
plex), but none of the corresponding o-quinone derivatives, the
C–C and C–O coupling dimers, was obtained from the final re-
action mixture.21  Thus, the catechols were formed as a solely
isolable product nearly quantitatively by intermolecular reac-
tions between the peroxo complex and the phenolates.  Isotope
labeling experiment using 18O2 confirmed that the origin of one
of the two oxygen atoms of the catechol product was molecu-
lar oxygen.21  In contrast to such an efficient catechol forma-
tion by the peroxo complex, no catechol was formed when a
bis(µ-oxo)dicopper(Ⅲ) complex generated by using didentate
ligand HPy1Et,Bz-d2 (vide infra) was employed under otherwise

Fig. 6.   Chem 3D view of the crystal structure of
[CuⅠ(HPy2Phe-Me)]ClO4.  The counter anions and hydrogen
atoms are omitted for clarity.25

Fig. 7.   Chem 3D view of the crystal structure of
[CuⅠ(MePy2Phe)(CH3CN)]ClO4.  The counter anions and hy-
drogen atoms are omitted for clarity.25

Chart 4.   
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the same experimental conditions.21

The reactions were followed by low-temperature UV-vis
spectra.  The reaction rates obeyed pseudo-first-order kinetics,
and plot of the pseudo-first-order rate constant kobs against the
substrate concentration afforded a Michaelis–Menten type sat-
uration curve, as shown in Fig. 8.21  This indicates complex
formation between the substrate and the peroxo intermediate in
the course of the reaction.  Such a complex formation prior to
the oxygenation, together with the absence of the C–C cou-
pling product, rules out an electron transfer pathway from the
substrate to the peroxo intermediate to produce a free radical
species.43  From the double reciprocal plot according to the
equation, 1/kobs = 1/kox + (1/Kfkox)(1/[ArOLi]) (Lineweaver–
Burk type plot, inset of Fig. 8), was obtained the formation
constant Kf and the rate constant kox for the oxidation process,
listed in Table 1.

The observed rate constants for p-tert-butyl and p-methyl

phenolate (X = t-Bu and Me) were, however, too fast to be de-
termined accurately.  Thus, the reactivity of the substrate in-
creases drastically with increasing the electron-donating abili-
ty of the p-substituent, whereas the Kf values are rather insensi-
tive to the electronic effects of the p-substituents.  In addition,
no kinetic deuterium isotope effect was observed as in the case
of the enzymatic reaction, when p-Cl-C6D4OLi was used as the
substrate instead of p-Cl-C6H4OLi (kox

H/ kox
D = 1 ± 0.1).21

In the enzymatic mechanism of Tyr, there is ongoing contro-
versy with respect to the timing of the O–O bond cleavage of
the peroxo intermediate: (i) before, (ii) simultaneous with, or
(iii) after the C–O bond formation.12,44  In the case of (i), bis(µ-
oxo)dicopper(Ⅲ) complex might be an active oxygen species.
In our model system, however, no catechol formation was de-
tected in the reaction with the bis(µ-oxo) complex of
HPy1EtBz-d2.21  On the other hand, if the O–O bond cleavage oc-
curred after the C–O bond formation (case iii), an (alkylper-
oxo)copper(Ⅱ) type intermediate (R–O–O–CuⅡ) would be in-
volved.  Such a reactive species has been shown to decompose
leading to direct formation of a quinone product.45  In our sys-
tem, however, only traces of the corresponding quinone prod-
ucts were obtained.21  Thus, all our results are consistent with
the mechanism of case (ii).  Namely, the oxygenation of exog-
enous phenolates to the corresponding catechols by the (µ-
η2:η2-peroxo)dicopper(Ⅱ) complex (A) proceeds via an elec-
trophilic aromatic substitution mechanism, where the oxygen-
ation of the substrate (C–O bond formation) occurs simulta-
neously with the O–O bond cleavage of the peroxo intermedi-
ate (Scheme 2).  Furthermore, it is obvious that deprotonation
of the substrate prior to the reaction is essential, since only the
C–C coupling dimer was obtained when the phenol itself was
used instead of the phenolate as the exogenous substrate.43

This suggests that deprotonation of the phenol substrates may
also occur in the substrate-binding process of the enzymatic
system.

Aliphatic Ligand Hydroxylation by Cu2/O2 Species

The ligands with a phenethyl substituent (R = Phe) brought
about another interesting aspect of the copper(Ⅰ)-dioxygen re-
activity.  The copper(Ⅰ) complex supported by HPy2Phe similar-

Fig. 8.   Plot of kobs against the substrate concentration for the
reaction of [CuⅡ

2(HPy2Bz-d2)2(µ-O2)]2+ (7.5 × 10−5 M) in
acetone at −94 °C with lithium 4-chlorophenolate.  Inset:
plot of kobs

−1 vs [p-Cl-C6H4OLi]−1.21

Table 1.   Formation Constants (Kf) and Rate Constants
(kox) for the Reaction between [CuⅡ

2(HPy2Bz-d2)2(µ-
O2)](PF6)2 and p-X-C6H4OLi in Acetone at −94 °Ca)

X Kf/M−1 kox/s−1

t-Bu —b) —b)

Me —b) —b)

Br 465 0.93
Cl 570 0.76
F 948 0.63
COMe 493 0.086
COOMe 940 0.083

a) Kinetic studies on the oxidation of phenolates with
more strongly electron-withdrawing substituents such
as –CN and –NO2 could not be carried out accurately
because of the strong absorption bands due to the
phenolate substrates themselves in the visible region.
b) Too fast to be determined.

Scheme 2.   
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ly reacted with O2 in a 2:1 ratio at −80 °C to give a (µ-η2:η2-
peroxo)dicopper(Ⅱ) intermediate.  The peroxo complex (A) ex-
hibited a characteristic absorption band at 362 nm together
with a small one at 526 nm and a resonance Raman band at
746 cm−1 that shifted to 704 cm−1 upon 18O2 substitution.22  At
a prolonged reaction time, this intermediate gradually decom-
posed, leading to a quantitative aliphatic ligand hydroxylation
at its benzylic position of the N-alkyl substituent (Phe)
(Scheme 3).22,46  The mass spectrum of the modified ligand ob-
tained in the reaction using 18O2 confirmed that the origin of
the oxygen atom of the OH group was molecular oxygen.22

Since much of the interest at that time had been focused on the
Karlin’s aromatic ligand hydroxylation reactions in the dinu-
clear copper complex supported by XYL, our finding of the
quantitative aliphatic ligand hydroxylation reaction using the
simple tridentate ligand46 was a great surprise to researchers in
this field.

Kinetic deuterium isotope effect on the ligand hydroxylation
process was examined using HPy2Phe and HPy2Phe-d4 (Phe =
–CH2CH2Ph and Phe-d4 = –CD2CD2Ph) at various tempera-
tures; the activation parameters were determined as ∆HH

≠ =
6.7 ± 0.2 kcal mol−1, ∆SH

≠ = −37.0 ± 0.7 cal K−1 mol−1,
∆HD

≠ = 9.6 ± 0.2 kcal mol−1, ∆SD
≠ = −25.6 ± 0.7 cal K−1

mol−1 by the Eyring plots shown in Fig. 9 (line H vs line D).22

The kinetic isotope effect (KIE) for the ligand hydroxylation
process was 5.9 at −80 °C in THF, but the KIE value decreases
to 1.8 at −40 °C.22  These KIE values are significantly smaller
than those observed in the oxidative N-dealkylation reaction
(C–H bond cleavage) in the bis(µ-oxo)dicopper(Ⅲ) core sup-
ported by i-Pr3-TACN (kH/kD = 26) and Bz3-TACN (kH/kD =
40) at −40 °C in THF (R3-TACN: 1,4,7-trialkyl-1,4,7-triazacy-
clononane),47 and in the hydrocarbon hydroxylation by a high-
valent bis(µ-oxo)diiron(Ⅲ,Ⅳ) complex [Fe2(µ-O)2(TPA)2]3+

{TPA = tris(2-pyridylmethyl)amine} (kH/kD = 20 at −40
°C).48  More interestingly, extrapolation of the Eyring plots
gave a KIE value of unity at −16 °C as shown in Fig. 9.

Based on the results of the kinetic deuterium isotope effects,
we proposed that the (µ-η2:η2-peroxo)dicopper(Ⅱ) species was
not a real active oxygen intermediate for the aliphatic C–H

bond activation.  We suggested that O–O bond homolysis of
the peroxo intermediate (A) would occur prior to the ligand
hydroxylation reaction (Scheme 4).22  If the O–O bond homol-
ysis is the sole rate-determining step in the ligand hydroxyla-
tion process, the KIE value would be 1.0.  The observed small
KIE values in the present system suggest that the O–O bond
homolysis (kh) is much slower than the back reaction (k−h)
which competes with the facile C–H bond activation (kCH).  In
such a case, the observed rate constant k is given by Eq. 1.

k = khkCH/(k−h + kCH) (1)

The O–O bond homolysis may be largely the rate-determin-
ing step, i.e., kCH >> k−h, but the ligand perdeuteration may
result in a significant decrease in the rate of the C–D cleavage
(kCD), which then becomes partially rate-determining.  Small
p-substituent effects (X = Me, H, Cl, NO2 in HPy2Phe(X), see

Scheme 3.   

Scheme 4.   

Fig. 9.   Eyring plot S for the ligand hydroxylation of (H)
[CuⅠ(HPy2Phe)]PF6 and (D) [CuⅠ(HPy2Phe-d4)]PF6 by O2 in
THF.22
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Chart 3) observed on the hydroxylation process are also con-
sistent with the proposed mechanism where the ligand hydrox-
ylation process is not a rate-determining step.22  The observed
solvent effects on the ligand hydroxylation process, in which
the rate is in the order: THF > acetone > CH3OH > CH2Cl2,
are also consistent with the solvent effects in the i-Pr3TACN
ligand system,49 where the bis(µ-oxo)dicopper(Ⅲ) complex
was predominantly produced in THF while the (µ-η2:η2-per-
oxo)dicopper(Ⅱ) complex was the major component in
CH2Cl2.22  However, we could not detect the putative bis(µ-
oxo)dicopper(Ⅲ) species (B) directly in the tridentate ligand
system (Scheme 4).22

Ligand modification of the tridentate ligand HPy2R by re-
moving one of the pyridine nuclei to make the didentate ligand
HPy1Et,Phe(X) (X = OMe, Me, H, Cl, NO2 in Chart 5) brought
about a breakthrough, enabling us to detect the bis(µ-oxo)di-
copper(Ⅲ) complex (B) directly in the aliphatic ligand hydrox-
ylation reaction.50  Namely, the copper(Ⅰ) complex, [CuⅠ-
(HPy1Et,Phe(H)-d4)(CH3CN)]PF6, reacted with O2 in acetone at
−90 °C to afford an oxygenated intermediate exhibiting an ab-

sorption band at 402 nm (ε = 17,700 M−1 cm−1) and a reso-
nance Raman band (λex = 457.9 nm) at 607 cm−1 that shifted
to 578 cm−1 upon 18O2-substitution (Fig. 10).50  The stoichiom-
etry was determined as Cu:O2 = 2:1 by manometry and the
resulting compound was ESR-silent.50  All these features are
very close to those of the reported bis(µ-oxo)dicopper(Ⅲ)
complexes,49,51,52,53,54,55 demonstrating that the intermediate
generated in the didentate ligand system has a bis(µ-oxo)di-
copper(Ⅲ) core.50  As in the case of the tridentate ligand sys-
tem discussed above, the formation of the bis(µ-oxo)dicop-
per(Ⅲ) complex obeyed second-order kinetics with respect to
concentration of the starting CuⅠ complex.  This indicates that
the bimolecular reaction between an initially formed mono-
meric superoxo copper(Ⅱ) complex, [CuⅡ(HPy1Et,Phe(H)-d4)-
(O2

·−)]+, and another CuⅠ starting compound is rate-determin-
ing and that the resulting (µ-peroxo)dicopper(Ⅱ) intermediate,
[CuⅡ

2(HPy1Et,Phe(H)-d4)2(µ-O2)]2+, is rapidly converted to the
bis(µ-oxo)dicopper(Ⅲ) species probably through the (µ-η2:η2-
peroxo)dicopper(Ⅱ) complex.50

The bis(µ-oxo)dicopper(Ⅲ) intermediate supported by
HPy1Et,Phe(H) gradually decomposed, leading to a quantitative
benzylic hydroxylation of the ligand sidearm (phenethyl
group).  In this case as well, the origin of the oxygen atom of
the OH group was confirmed as molecular oxygen by 18O-la-
beling experiment.50  Kinetic studies of the ligand hydroxyl-
ation revealed it to be a first-order process that presumably in-
volves intramolecular decay of the bis(µ-oxo)dicopper(Ⅲ) in-
termediate, and a large kinetic deuterium isotope effect (KIE
= 35.4 at −80 °C) was obtained.50  In addition, Hammett plot
of the first-order rate constant against σ+ gave ρ = −1.48
(HPy1Et,Phe(X); X = OMe, Me, H, Cl, NO2).50  Overall, the acti-
vation parameters (∆HH

≠ = 9.3 ± 0.1 kcal mol−1, ∆SH
≠ =

−17.4 ± 0.5 cal K−1 mol−1, ∆HD
≠ = 12.6 ± 0.1 kcal mol−1,

∆SD
≠ = −7.4 ± 0.5 cal K−1 mol−1), KIE, and ρ value for the

ligand hydroxylation are similar to those measured previously
for the oxidative N-dealkylation reaction of the Tolman’s
bis(µ-oxo)dicopper(Ⅲ), [(i-Pr3TACN)2(Cu)2(µ-O)2](ClO4)2.47

This indicates that a mechanism for the benzylic hydroxylation
is similar to that suggested for the N-dealkylation reaction,
which involves either hydrogen atom abstraction by the bis(µ-
oxo)dicopper(Ⅲ) core followed by hydroxyl rebound or its
concerted variant (Scheme 5).50

Thus, using the didentate ligand HPy1Et,Phe(X), we succeeded
in generating the distinct bis(µ-oxo)dicopper(Ⅲ) complex (B),
which is shown to be the reactive intermediate for the aliphatic
ligand hydroxylation.50  As described above, a similar hydrox-
ylation occurred in the system supported by the tridentate
ligand HPy2Phe(X), but the kinetic data showed that intramolecu-
lar isomerization [peroxo → bis(µ-oxo)] instead of C–H bond
breaking was rate-controlling.22  Thus, a simple change in the
denticity of the supporting ligand results in an important shift
in the relative rates of O–O and C–H bond scission in these di-
copper compounds.  These results suggest the possible impor-
tance of similar ligand effects on related pathways traversed
during aliphatic hydroxylation by copper-containing enzymes
such as paticulate methane monooxygenase (pMMO) and oth-
er synthetic systems.

Chart 5.   

Fig. 10.   Spectral change observed upon introduction of O2

gas into an acetone solution of [CuⅠ(HPy1Et,Phe(H)-d4)-
(CH3CN)]PF6 (2.5 × 10−4 M) at −90 °C.  Inset: resonance
Raman spectra of frozen solutions of [CuⅢ

2(HPy1Et,Phe(H)-d4)2-
(µ-16O)2](PF6)2 (solid line) and [CuⅢ

2(HPy1Et,Phe(H)-d4)2(µ-
18O)2](PF6)2 (dashed line) in acetone-d6; s denotes a sol-
vent band.50
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Oxo-Transfer Reaction by the Bis(µµµµ-oxo)dicopper(Ⅲ) 
Complex

Oxygen atom transfer from metal-oxo species to organic or
inorganic substances is ubiquitous not only in a wide variety of
biological processes but also in numerous catalytic oxygen-
ation reactions.5  Much attention has already been paid to the
oxygen transfer reactions catalyzed by iron porphyrin com-
plexes as well as a series of model compounds of non-heme
iron oxygenases.1–5,7  However, little is known about the oxy-
gen atom transfer reaction of distinct copper-active oxygen
species.21,22,41,50,56,57  Thus, it is highly desired to investigate the
reactivities of dinuclear copper dioxygen complexes toward in-
termolecular oxygen atom transfer reactions not only to un-
cover the dioxygen activation mechanism by copper monooxy-
genases but also to develop an efficient catalyst for selective
oxidation by dioxygen.  In this context, we have recently found
the first example of oxygenation of sulfides to the correspond-
ing sulfoxides by the distinct bis(µ-oxo)dicopper(Ⅲ) complex
(B) supported by the didentate ligand HPy1EtBz-d2 (Scheme 6).58

Addition of thioanisole to an acetone solution of the bis(µ-
oxo)dicopper(Ⅲ) complex at −80 °C under anaerobic condi-
tions resulted in a spectral change that is shown in Fig. 11.58

The characteristic absorption band at 400 nm (ε = 16,500 M−1

cm−1) due to the bis(µ-oxo)dicopper(Ⅲ) complex (spectrum a)
is readily converted to the spectrum (b) (λmax = 398 nm, ε =
8,620 M−1 cm−1), the intensity of which further decreases
slowly, as shown in the inset of Fig. 11.  Thus, the present reac-
tion consists of two distinct steps.  From the final reaction mix-
ture, the oxygenation product, methyl phenyl sulfoxide, was
isolated in 83% yield based on the bis(µ-oxo) complex.58  Iso-

tope labeling experiment using 18O2 demonstrated that oxygen
atom source of the product was indeed dioxygen.58

The time course of the initial rapid process [(a) to (b) in Fig.
11] could be followed when the reaction was carried out at a
lower temperature (−94 °C).58  The initial rapid process fol-
lowed first-order kinetics, and plot of the pseudo-first-order

Scheme 5.   

Scheme 6.   

Fig. 11.   Spectral change (300 s interval) observed upon ad-
dition of thioanisole (1.0 × 10−3 M) into an acetone solu-
tion of [CuⅢ

2(HPy1Et,Bz-d2)2(µ-O)2](PF6)2 (5 × 10−5 M) at
−80 °C.  Inset: Time course of the absorbance change at
400 nm.58

Scheme 7.   
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rate constant (kobs(1)) against the substrate concentration pro-
vided a linear line with an intercept on the y-axis.58  Existence
of such an intercept on the y-axis indicates that the initial rapid
decrease in absorbance at 400 nm is due to a process to reach
an equilibrium between the bis(µ-oxo) complex (B) and an in-
termediate complex X (see Scheme 7).  The slope of such a
line corresponds to the rate constant for the forward reaction
(k1) and the intercept affords the rate constant of the backward
reaction (k−1).  Then, the k1/k−1 ratio corresponds to the forma-
tion constant (K) of the intermediate X.  The equilibrium con-
stant K can also be obtained from the absorbance change (∆A
= A0 − A) in the first rapid process, which increases with in-
creasing substrate concentration to reach a constant value.
Then, the K value for C6H5SMe was also determined by fitting
the titration data to the equation ∆A = ∆A∞K[Sulfide]/(1 +
K[Sulfide]) as (6.2 ± 0.7) × 103 M−1.  The result agreed with-
in experimental errors with the value determined kinetically
from the k1/k−1 ratio, (6.0 ± 0.6) × 103 M−1.58  Such an agree-
ment strongly supports the formation of the intermediate com-
plex X.  Stack and co-workers have suggested that coordina-
tion of exogenous substrates such as alcohols to the metal cen-
ter of the bis(µ-oxo)dicopper(Ⅲ) core is a prerequisite for the
dehydrogenation of the substrates.59  Such an interaction be-
tween the sulfide and the bis(µ-oxo)dicopper(Ⅲ) core also
plays an essential role in the oxo-transfer reaction (Scheme 6),
although the structural details of the intermediate X have yet to
be elucidated.

The second slow process was then followed at the higher
temperature (−80 °C); results demonstrated that it was also a
first-order reaction, but that the first-order rate constant (kobs(2))
of this process was independent of the substrate concentration
(i.e., kobs(2) = k2 in Scheme 7).58  This clearly indicates that the
second slow process is a unimolecular reaction of the interme-
diate X to the products.  A plot of log k2 vs the oxidation poten-
tials of several sulfide derivatives (E0

ox) is shown in Fig. 12,
where the slope of the straight line is significantly small
(−0.94).

Watanabe, Fukuzumi and co-workers have demonstrated
that oxygenation of sulfides by compound I of horseradish per-
oxidase involves the electron transfer process as the key step;
the slope of the same type of plot is quite negative (−10.5).60

In contrast to this, the oxygenation of the same series of sul-
fides by (P+·)Fe(Ⅳ)wO (P+·: π-cation radical of porphyrin) in
a model system proceeds via direct oxygen atom transfer, in
which the slope becomes less negative (−2.3).  This indicates
that the rate of direct oxygen atom transfer is rather insensitive
to the E0

ox value, showing a sharp contrast with the oxygen-
ation via electron transfer.  Thus, the observed small slope in
Fig. 12 also indicates that the oxygenation of sulfides by the
bis(µ-oxo)dicopper(Ⅲ) complex proceeds via a direct oxygen
atom transfer mechanism rather than by one involving an elec-
tron transfer process.58  Oxygen atom transfer from the bis(µ-
oxo)dicopper(Ⅲ) complex of HPy1EtBz-d2 to phosphines also
proceeds to give the corresponding phosphine oxides.61

C–H Bond Activation of External Substrates with the 
Bis(µµµµ-oxo)dicopper(Ⅲ) Complex

We have so far overviewed the intermolecular oxygenation
of phenolates to catechols by the (µ-η2:η2-peroxo)dicopper(Ⅱ)
complex (A) and the intramolecular aliphatic hydroxylation
and intermolecular oxygenation of sulfides to sulfoxides by the
bis(µ-oxo)dicopper(Ⅲ) complex (B).  However, neither olefin
epoxidation nor hydroxylation of externally added hydrocar-
bons occur with the peroxo and bis(µ-oxo) dicopper complex-
es.61  Nonetheless, examination of the intermolecular reaction
between the bis(µ-oxo)dicopper(Ⅲ) complex and an activated
C–H bond such as in 10-methyl-9,10-dihydroacridine (AcrH2)
and 1,4-cyclohexadiene (CHD) has provided a new aspect in
the chemistry of dinuclear copper dioxygen complexes (vide
infra).62

Treatment of AcrH2 with the bis(µ-oxo)dicopper(Ⅲ) com-
plex supported by HPy1Et,Bz-d2 in acetone at −94 °C under Ar

Fig. 12.   Plot of log (k2) against the oxidation potential (E0
OX)

of sulfides for the oxo-transfer reaction (the second pro-
cess) in acetone at −80 °C.58

Fig. 13.   Time course for the reaction of 10-methyl-9,10-di-
hydroacridine (5.0 × 10−4 M) and the bis(µ-oxo)dicop-
per(Ⅲ) complex (5.0 × 10−5 M) in acetone at −94 °C un-
der Ar.  Inset: Second-order plot based on the decrease of
the absorption at 400 nm.62
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atmosphere resulted in quantitative formation of AcrH+ (N-
methylacridinium ion).62  Oxidation of CHD also proceeded
smoothly to produce the corresponding oxidation products,
i.e., benzene.62  To our surprise, the reaction was found to obey
second-order kinetics even in the presence of a large excess
substrate, as shown in Fig. 13.62  The second-order dependence
on the bis(µ-oxo)dicopper(Ⅲ) intermediate has also been con-
firmed by the result that the second-order rate constants kobs

obtained at various initial concentrations of the bis(µ-oxo)
complex were inversely proportional to the initial concentra-
tion of bis(µ-oxo), as would be expected from the equation of
the second-order plot: (A0 − A)/{(A − A∞)[bis(µ-oxo)]0} =
kobst.62  The second-order rate constant kobs was then plotted
against the substrate concentration to demonstrate the first-or-
der dependence of kobs on [substrate], from which the third-or-
der rate constant k3 was determined as 1.2 × 106 M−2 s−1 from
the slope.62  The same kinetic behavior (the second-order de-
pendence on bis(µ-oxo) and the first-order dependence on
[substrate]) was observed in the reaction with CHD, and the k3

value at −94 °C was determined as 1.5 × 104 M−2 s−1.62  In
addition, a large primary kinetic deuterium isotope effect (k3

H/
k3

D = 22.7) was obtained at −94 °C when AcrD2 (AcrD2 = the
9,9-dideuterated analog of AcrH2) was used in place of
AcrH2.62  The k3

H/k3
D value is significantly larger than the pri-

mary kinetic deuterium isotope effect (3.0) reported for the hy-
drogen abstraction from AcrH2 by hydroperoxyl radical
(HO2

·).63  Such a large primary kinetic deuterium isotope ef-
fect indicates that a tunneling hydrogen transfer process is in-
volved in the rate-determining step of the C–H bond activation
with the bis(µ-oxo) complex.  However, the direct reaction be-
tween bis(µ-oxo) complex and AcrH2 would afford a first-or-
der dependence of the rate with respect to the concentration of
each reactant, contrary to the present experimental observa-
tion.

One of the possible explanations for such an unusual kinetic
behavior {the second-order dependence on bis(µ-oxo)} is the
following.  Disproportionation of two molecules of the bis(µ-
oxo)dicopper(Ⅲ) complexes may afford one molecule of (µ-
oxo)(µ-oxyl radical)dicopper(Ⅲ) (D) and one molecule of

bis(µ-oxo)Cu(Ⅱ)Cu(Ⅲ) (E), the former of which is a real ac-
tive species for the C–H bond activation (hydrogen atom ab-
straction) of the substrates (Scheme 8).62  In such a case, the
reaction is second-order with respect to bis(µ-oxo), as experi-
mentally observed.  Unfortunately, however, we could not ob-
tain any direct evidence for such an intermediate, since the
equilibrium of the disproportionation reaction may lie far to
the left, i.e., to the starting material [bis(µ-oxo)dicopper(Ⅲ)
complex (B)].  Alternatively two molecules of the bis(µ-
oxo)dicopper(Ⅲ) intermediate may function in unison (e.g.,
via a  tetranuclear copper-oxo complex) to oxidize the sub-
strate.  At present, however, it is extremely difficult to distin-
guish between the disproportionation complex in Scheme 8
and a tetranuclear copper-oxo complex, since such a complex
could not be detected because of the facile dissociation of the
complex (k−1 >> k1 in Scheme 8).62

The present reaction is the first example of the C–H bond
activation of external non-coordinative substrates such as
AcrH2 and CHD with a bis(µ-oxo)dicopper(Ⅲ) complex (B),
where participation of a new copper-active oxygen species like
a (µ-oxo)(µ-oxyl radical)dicopper(Ⅲ) (D) or a tetranuclear
copper-oxo complex is suggested by the kinetic data.  As dem-
onstrated previously, the aliphatic ligand hydroxylation pro-
ceeds intramolecularly in the bis(µ-oxo)dicopper(Ⅲ) core.
This is illustrated in Scheme 5, where the reaction proceeds via
a stepwise mechanism involving hydrogen atom abstraction,
followed by hydroxyl radical rebound or its concerted variant.
The bond dissociation energies of AcrH2 and CHD have been
reported as ca. 72 and 75 kcal/mol, respectively, and that of the
benzylic C–H bond is about 85 kcal/mol.64  As demonstrated
here, the intermolecular C–H bond activation of the external
substrate such as AcrH2 and CHD having the lower bond disso-
ciation energy, requires a more reactive species such as (µ-
oxo)(µ-oxyl radical)dicopper(Ⅲ) (D in Scheme 8), while the
intramolecular C–H bond activation of the ligand sidearm,
which may has a higher bond dissociation energy, is accom-
plished in the less reactive bis(µ-oxo)dicopper(Ⅲ) core (B).
Thus, it is apparent that close contact between the substrate
and the active oxo species is required for the efficient oxygen-

Scheme 8.   
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ation reactions.  In the cases of oxygenation of phenolates by
the (µ-η2:η2-peroxo)dicopper(Ⅱ) complex (A) and sulfoxida-
tion by the bis(µ-oxo)dicopper(Ⅲ) complex (B), such a close
contact between the substrate and the active oxygen species is
achieved by the coordination of the substrate to the metal cen-
ter (vide ante).  In the case of non-coordinative substrates such
as AcrH2 and CHD, however, such a close contact between the
substrate and the metal-oxo species could not be attained.  In
such a case, a more reactive oxidant such as (µ-oxo)(µ-oxyl
radical)dicopper(Ⅲ) complex (D) is required.  In the enzymatic
system, on the other hand, substrate binding into the active site
pocket usually occurs to accomplish the close contact between
the substrate and the catalytic center (so-called proximity ef-
fects).

Ligand Effects on Copper(Ⅰ)-Dioxygen Reactivity in the 
Didentate Ligand System

As described earlier, a subtle change in the tridentate ligand
system of R′Py2R results in a drastic change in the structure and
reactivity of the copper(Ⅰ) complexes.22,25  Such effects in-
duced by the subtle differences in the ligand structure have
also been seen in the didentate ligand system (HPy1Et,Bz vs
MePy1Et,Bz, vide infra).

Treatment of a copper(Ⅰ) complex supported by a modified
didentate ligand MePy1Et,Bz (R = Me, R1 = Et, R2 = –CH2Ph in
Chart 1) with dioxygen at −94 °C in acetone gave an oxygen-
ated intermediate exhibiting an absorption band at 365 nm (ε
= 17,900 M−1 cm−1) together with a weak band at 518 nm
(860 M−1 cm−1).65  The resonance Raman spectrum of the oxy-
genated solution provided Raman enhanced peaks at 737 and
284 cm−1 (with 16O2), the former of which shifted to 696 cm−1

upon 18O2-substitution.65  The Raman band around 280–290
cm−1 has recently been assigned to an Ag “accordion” mode of
the Cu2O2 peroxo core involving predominantly Cu–Cu mo-
tion.66  The stoichiometry of the reaction was Cu:O2 = 2:1 (±
0.05) and the solution was ESR silent.65  These results unam-
biguously demonstrate that the Cu2/O2 intermediate has a µ-
η2:η2-peroxo bridge.67  This result is a sharp contrast to the
fact that the ligand HPy1Et,Bz predominantly affords the bis(µ-
oxo)dicopper(Ⅲ) complex under otherwise the same experi-
mental conditions (Scheme 9).58,62

The (µ-η2:η2-peroxo)dicopper(Ⅱ) complex (A) and the
bis(µ-oxo)dicopper(Ⅲ) complex (B) are known to have similar
thermodynamic stability such that changes in ligand substitu-

ents as well as solvent and/or counter anion are sufficient to re-
sult in formation of one or the other form.41,49,68  Steric repul-
sion between the bulky substituents of the capping ligands as
well as the interaction between the Cu2O2 core and solvent
and/or counter anion have been invoked as the major factors
that control the equilibrium position between the two species,
although the mechanistic details of their functions have yet to
be clearly understood.41,49,68

The selective formation of the (µ-η2:η2-peroxo)dicopper(Ⅱ)
complex (A) using a didentate ligand (MePy1Et,Bz) can be easily
explained by steric repulsion between the 6-methyl group and
the metal center, which inhibits close approach of Cu to the ni-
trogen.  The donor ability of the nitrogen is also reduced by the
steric effect of the 6-methyl group.69  In contrast, a short Cu–
Npy distance (~1.9 Å) required for formation of the high valent
bis(µ-oxo)dicopper species (B) can be readily achieved using
HPy1Et,Bz without the 6-methyl group.70  Such steric and/or
electronic effects of the 6-methyl group has also been found in
the tridentate ligand system MePy2Phe as described above.25

The (µ-η2:η2-peroxo)dicopper(Ⅱ) complex (A) generated
using the methylated didentate MePy1EtBz decomposed gradual-
ly to afford the oxidative N-dealkylation products (benzalde-
hyde and N-ethyl-2-(2-pyridyl)-ethylamine).  Eyring plots for
the decomposition process with MePy1Et,Bz and its didueterated
ligand MePy1Et,Bz-d2 are very close to those obtained for the ali-
phatic ligand hydroxylation reaction in the (µ-η2:η2-per-
oxo)dicopper(Ⅱ) core supported by the tridentate ligand
HPy2Phe (Fig. 9) in which O–O bond homolysis is rate-deter-
mining.22  The KIE value was relatively small (3.5 at −80 °C)
and the value was extrapolated to become unity at −16 °C.65

Furthermore, the activation parameters (∆HH
≠ = 7.5 ± 0.1

kcal mol−1, ∆SH
≠ = −28.9 ± 0.5 cal K−1 mol−1, ∆HD

≠ = 9.8
± 0.6 kcal mol−1, ∆SD

≠ = −20.1 ± 3.4 cal K−1 mol−1) were
fairly close to those reported for the aliphatic ligand hydroxyl-
ation in the (µ-η2:η2-peroxo)dicopper(Ⅱ) complex supported
by a tridentate ligand HPy2Phe.22 Thus, in this case as well, the
O–O bond homolysis of the peroxo species may be involved in
the rate-determining step and the bis(µ-oxo)dicopper(Ⅲ) spe-
cies thus generated may be the actual active species for the ox-
idative N-dealkylation reaction as suggested for the aliphatic
ligand hydroxylation reaction in the HPy2Phe system.

Decomposition of the bis(µ-oxo)dicopper(Ⅲ) complex (B)
supported by HPy1Et,Bz also led to the oxidative N-dealkylation
reaction of the benzyl group.65  In this case, however, a very
large kinetic deuterium isotope effect (KIE) of 32.9 (at −55
°C) was obtained.  In addition, the activation parameters (∆HH

≠

= 13.1 ± 0.2 kcal mol−1, ∆SH
≠ = −7.3 ± 1.1 cal K−1 mol−1,

∆HD
≠ = 15.9 ± 0.6 kcal mol−1, ∆SD

≠ = −1.3 ± 2.7 cal K−1

mol−1)65 are similar to those reported for the aliphatic ligand
hydroxylation in the bis(µ-oxo)dicopper(Ⅲ) core supported by
HPy1Et,Phe.50  These results clearly indicate that the oxidative N-
dealkylation reaction proceeds via a similar mechanism: hy-
drogen atom abstraction and oxygen rebound or its concerted
variant (cf. Scheme 5).

Another interesting result was obtained with a didentate
ligand carrying the smallest N-alkyl substituents HPy1Me,Me (R1

= R2 = Me in Chart 1).65  Treatment of a 5.0 mM acetone so-
lution of [CuⅠ(HPy1Me,Me)(CF3SO3)] with dioxygen at −94 °C
resulted in color change of the solution from pale yellow to

Scheme 9.   
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dark brown.  A typical example of the spectral change for the
oxygenation reaction of copper(Ⅰ) complex is shown in Fig. 14
(measured by using a 1 mm path length UV cell), where a
strong absorption band at 342 nm (ε = 12,000 M−1 cm−1) rap-
idly appears together with two small bands at 515 (1,000) and
685 nm (800 M−1 cm−1).65  The final spectrum of the reaction
is significantly different from that of the bis(µ-oxo)dicop-
per(Ⅲ) complex generated in the reaction of [CuⅠ-
(HPy1Et,Bz)(CH3CN)]PF6 with O2 in acetone,58,62 but is fairly
close to that of the bis(µ3-oxo)tricopper(Ⅱ,Ⅱ,Ⅲ) complex (C in
Scheme 9) reported by Stack et al [λmax = 355 (15,000), 480
(1,400) and 620 nm (800 M−1 cm−1)].71  Stoichiometry of
Cu:O2 in this reaction was determined by manometry as 3:1
(± 0.1).  The acetone solution of the oxygenated intermediate
was ESR silent.  These features of the oxygenated intermediate
are quite similar to those of the reported trinuclear mixed va-
lence copper(Ⅱ,Ⅱ,Ⅲ) bis(µ3-oxo) complex (C).  This strongly
indicates formation of the same type of intermediate in the
present HPy1Me,Me system.  Mechanistic studies on the forma-
tion process have suggested that a bis(µ-oxo)dicopper(Ⅲ)
complex is involved as the precursor of the bis(µ3-oxo) trinu-
clear copper(Ⅱ,Ⅱ,Ⅲ) product.65

Four-electron reduction of dioxygen to water is accom-
plished at a trinuclear copper active center in multi-copper en-
zymes such as ascorbate oxidase, laccase and ceruloplasmin.12

A trinuclear copper site has also been invoked as the reaction
center of particulate methane monooxygenase (pMMO),
which catalyzes hydroxylation of methane to methanol.72  In
spite of such important roles of the trinuclear copper active
sites in biological dioxygen processing, only a limited number
of model compounds of trinuclear copper/dioxygen complexes
have been reported so far.71,73  The present reaction models the
four-electron reduction of dioxygen at the trinuclear copper ac-
tive site in the enzymes, providing another possible reaction
pattern in copper(Ⅰ)-dioxygen chemistry in model systems.

Concluding Remarks

By using a series of simple tridentate and didentate 2-(2-
pyridyl)ethylamine ligands, we have successfully generated
(µ-η2:η2-peroxo)dicopper(Ⅱ) (A), bis(µ-oxo)dicopper(Ⅲ) (B),
and bis(µ3-oxo)tricopper(Ⅱ,Ⅱ,Ⅲ) (C) complexes at low tem-
perature.  The tridentate ligands HPy2R predominantly provide
the (µ-η2:η2-peroxo)dicopper(Ⅱ) complex, with which we
have developed an efficient model reaction of tyrosinase, that
is intermolecular oxygenation of phenolates to the correspond-
ing catechols.21  In this reaction, electrophilic aromatic substi-
tution mechanism by the peroxo species has been proposed,
based on the results of product analysis and kinetics.21  The tri-
dentate ligand with N-phenethyl substituent HPy2Phe provided
another interesting reactivity in copper(Ⅰ)/dioxygen chemistry,
that is intramolecular aliphatic ligand hydroxylation.46  De-
tailed kinetic analysis on this reaction has suggested that the
(µ-η2:η2-peroxo)dicopper(Ⅱ) complex is not a real active oxy-
gen intermediate but that O–O bond cleavage does occur prior
to the C–H bond activation.22  Ligand modification by remov-
ing one of the pyridine nuclei of the tridentate ligand to make
the didentate ligand allowed direct detection of the real active
oxygen intermediate, bis(µ-oxo)dicopper(Ⅲ) complex, in the
aliphatic ligand hydroxylation.50

Replacement of the phenethyl group by deuterated benzyl
group in the didentate ligand led to stabilization of the bis(µ-
oxo)dicopper(Ⅲ) complex, allowing us to investigate the reac-
tivity of the bis(µ-oxo)dicopper(Ⅲ) complex toward external
substrates.  Oxygenation of sulfides to the corresponding sul-
foxide by the bis(µ-oxo)dicopper(Ⅲ) complex is shown to pro-
ceed through formation of a binary complex between the sub-
strate and metal-oxo species.58  A direct oxygen atom transfer
mechanism rather than an electron-transfer mechanism has
been suggested by the observed small dependence of the reac-
tion rate on the oxidation potential of the substrates.58  The ki-
netic studies on the reaction between the bis(µ-oxo)dicop-
per(Ⅲ) complex and 10-methyl-9,10-dihydroacridine (AcrH2)
and 1,4-cyclohexadiene (CHD) have suggested formation of a
new active oxygen intermediate such as (µ-oxo)(µ-oxyl radi-
cal)dicopper(Ⅲ) complexes (D) or a tetranuclear copper-oxy-
gen species.62

Further modification of the tridentate and didentate ligands
have expanded the scope of  copper(Ⅰ) dioxygen chemistry.  In-
troduction of a methyl group either at the benzylic position of
the N-phenethyl substituent or at the 6-position of the pyridine
nucleus of the tridentate ligands resulted in a loss of reactivity
of their copper(Ⅰ) complexes toward molecular oxygen.25

Crystal structures of the copper(Ⅰ) complexes suggested that
the existence of a d–π interaction between the copper(Ⅰ) ion
and the phenyl group of the ligand sidearm and the stronger
binding of acetonitrile to the metal center induced by the meth-
yl group are the major factors for such a drastic change in the
reactivity of the copper(Ⅰ) complexes.25  Introduction of the 6-
methyl group into the didentate ligand also led to a drastic
change in the structure of the oxygenated products of the cop-
per(Ⅰ) complexes.65  Namely, MePy1Et,Bz predominantly afford-
ed a (µ-η2:η2-peroxo)dicopper(Ⅱ) complex, while HPy1Et,Bz

gave a bis(µ-oxo)dicopper(Ⅲ) complex under the same experi-
mental conditions.65  Such a steric effect and an electronic ef-

Fig. 14.   Spectral change observed upon introduction of O2

gas into an acetone solution of [CuⅠ(HPy1MeMe)(CF3SO3)]
(5.0 × 10−3 M) at −94 °C.
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fect by the 6-methyl group have also been found in dicopper(Ⅰ)
complexes including a disulfide bond in the supporting
ligands.74  On the other hand, the didentate ligand with the
smallest N-substituent (HPy1Me,Me) made it possible to generate
a mixed valence bis(µ3-oxo) trinuclear copper(Ⅱ,Ⅱ,Ⅲ) complex
at a relatively high concentration (~5 mM).65  Reduction of
the steric bulkiness may allowed the bis(µ-oxo)dicopper(Ⅲ)
complex to react with another copper(Ⅰ) starting material, gen-
erating the trinuclear complex.

In addition to the ligand effects on the copper(Ⅰ) dioxygen
reactivity, we have also investigated metal ion effects on the di-
oxygen activation mechanism using nickel complex with the
tridentate ligands.  Bis(µ-oxo)dinickel(Ⅲ) complexes exhibit-
ing similar spectroscopic features to those of the bis(µ-oxo)di-
copper(Ⅲ) complexes were always formed in the reaction of
the bis(µ-hydroxo)dinickel(Ⅱ) or bis(µ-methoxo)dinickel(Ⅱ)
complexes with H2O2, regardless the type of tridentate ligand
used (HPy2R, Nn and XYL, see Charts 1–4).75,76  Thus, it is ap-
parent that the higher oxidation state is more easily assessed in
the nickel case to enhance the O–O bond homolysis of the per-
oxo species.  The bis(µ-oxo)dinickel(Ⅲ) species exhibits a
similar reactivity to that of the bis(µ-oxo)dicopper(Ⅲ) com-
plexes but has no ability to promote the aromatic hydroxyla-
tion reaction.  This result is also consistent with our proposed
mechanism of the phenolate oxygenation by the (µ-η2:η2-per-
oxo)dicopper(Ⅱ) complex, where O–O bond homolysis does
not occur prior to the C–O bond formation (Scheme 2).  Al-
though further study remains to disclose the mechanistic de-
tails for the ligand control of the copper(Ⅰ)-dioxygen reactivity,
we hope the results presented in this account will help the un-
derstanding and the application of the dioxygen activation
mechanism by the non-heme transition metal complexes.
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