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Abstract

The formation of a variety of superoxide–metal complexes and their catalytic functions have been reviewed. The gzz-values of
the EPR spectra of superoxide–metal ion complexes vary significantly depending on the type of metal ions. From the deviation
of the gzz-value from the free spin value are determined the energy splitting values (�E) of �g levels due to complex formation.
The �E values correlate well with the catalytic reactivities of the metal ions in the electron transfer reduction of oxygen. Such a
complex formation between superoxide ion and metal ions has been shown to play an essential role in the enzymatic function of
superoxide dismutase, formation of active oxygen–copper complexes and the novel catalytic effect of O2 in back electron transfer
of zinc porphyrin–fullerene linked molecules. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Redox-active metal ions in particular transition-metal
ions exhibit characteristic coordination environments
depending on their oxidation states and their redox
reactivities are finely controlled by the ligands coordi-
nating to the metals [1–3]. Redox-inactive metal ions

which can act as Lewis acids have also played a pivotal
role in promoting various reactions of synthetic value
because of the high reactivities and selectivities achieved
under mild reaction conditions [4–8]. On the other
hand, the biological catalytic activity of metalloproteins
for redox reactions is usually associated with a particu-
lar coordination environment of the metal active site
[9,10]. There has been particular interest in O2-binding
and -activation by non-heme metalloenzymes [11–16].
A redox-active metal center is often associated with
another metal center which can accelerate the redox
process of O2 in biological systems [9,10]. An important
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example of such systems is the copper, zinc superoxide
dismutase (Cu,Zn-SOD) which contains an imidazolate-
bridged Cu(II)�Zn(II) bimetallic center in its active site
[17–20]. The Cu,Zn-SOD enzyme catalyzes the dispro-
portionation (dismutation) of toxic O2

�− to O2 and
H2O2, [21,22] thus preventing oxidative damage by the
anticancer and antiaging mechanisms [23,24]. The cop-
per ion is coordinated to four imidazole N atoms of
histidine residues in a distorted square-pyramidal ge-
ometry while the zinc ion located at a distance of 6.2 A�
from the copper ion is coordinated to a carboxylato O
atom of an aspartic acid residue and three imidazole N
atoms of histidine residues in a distorted tetrahedral
structure [17,18]. A number of SOD model complexes
have been designed and synthesized to provide valuable
insights into the structure and catalytic function of the
Cu,Zn-SOD active site [25–31]. The most important
question to be answered is how the Cu,Zn-SOD active
site can accelerate both the oxidation and reduction of
O2

�−, required for the rapid disproportionation. Such a
dual role would be made possible by the bimetallic
system, since any monometallic system can only activate
either the oxidation or reduction of O2

�−. One metal site
can act as a redox-active site and the other acts as a
Lewis acid to control the redox reaction.

This review is intended to focus on such a dual role
of metal ions on the catalytic control of redox reactions

of O2. The catalytic reactivities of metal ions are cer-
tainly related to the Lewis acidity of metal ions em-
ployed to promote the redox reactions via binding of
metal ions with O2

�−. Charges and ion radii are impor-
tant factors to determine the Lewis acidity of metal ions.
We begin with a quantitative measure to determine the
Lewis acidity of a variety of metal ions introduced in
relation to the catalytic reactivities of metal ions in the
electron transfer reduction of O2. How both the oxida-
tion and reduction of O2

�− can be accelerated by
bimetallic systems is discussed in relation with the SOD
and oxygen activation mechanisms. Finally a recent
finding that O2 can act as a novel catalyst to accelerate
back electron transfer (BET) reactions of artificial pho-
tosynthetic reaction centers is presented to demonstrate
the importance of binding of metal ions to O2

�− in
controlling electron transfer reactions [32].

2. Quantitative measure of the Lewis acidity of metal
ions

It is difficult to know the difference in the Lewis
acidity of a variety of metal ions (Mn+) in a quantitative
manner. However, it has recently been shown that the
binding energies of a variety of metal ions with superox-
ide ion (O2

�−) can be readily derived from the gzz-values
of the EPR spectra of the superoxide–metal ion com-
plexes (O2

�−�Mn+), providing a quantitative measure
of the Lewis acidity of the metal ions as follows [33].

A variety of metal ions (Mn+) can form complexes
with O2

�− [33,34]. The O2
�−�Mn+ complexes can be

produced by photoinduced electron transfer from the
excited state of dimeric 1-benzyl-1,4-dihydronicoti-
namide [(BNA)2], which can act as a unique two elec-
tron donor [35,36], to O2 in the presence of a metal ion
in acetonitrile (Eq. (1)) [33]. The addition of scandium
triflate (Sc(OTf)3) or lutetium triflate (Lu(OTf)3) to the
(BNA)2–O2 system results in the appearance of the
anisotropic EPR signal after irradiation by light as
shown in Fig. 1 [33]. The eight-line superhyperfine
coupling of O2

�− with the 7/2 nuclear spin of the
scandium or lutetium nucleus is seen around each g
component in the anisotropic signal, demonstrating the
spin delocalization to the scandium or lutetium nucleus
due to the complexation of metal ion with O2

�−. The
isotropic g value (2.0163) is appreciably smaller than the
average value (2.030) [37] of the principal three g
components of O2

�− at 77 K.

(1)
Fig. 1. EPR spectra of O2

�−�Sc3+ and O2
�−�Lu3+ complexes at 143

K [33].
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Fig. 2. Plots of log kcat vs. �E in Mn+-catalyzed electron transfer
from (TPP)Co to O2 (�) and p-benzoquinone (�) in acetonitrile at
298 K [33].

surface of various metal oxides [44]. Scandium ion
which has the smallest ion radius among the trivalent
metal cations gives the largest �E value, and this
indicates that the binding energy between Sc3+ and
O2

�− is the strongest [33]. The calculated O�O distance
decreases in the order: O2

�− (1.343 A� )�O2
�−�Li+

(1.309 A� )�O2
�−�Mg2+ (1.297 A� )�O2

�−�Sc3+ (1.211
A� ) as the �E value increases [33].

The applicability of �E to predict the catalytic reac-
tivities of Mn+ in electron transfer reactions has nicely
been shown in Mn+-catalyzed electron transfer from
(TPP)Co (TPP= tetraphenylporphyrin dianion) to O2

(Eq. (4)) in acetonitrile at 298 K [33,45].

(TPP)Co+O2 �
Mn+

k cat

[(TPP)Co]++O2
�−�Mn+ (4)

In the absence of metal ion, no electron transfer from
(TPP)Co to O2 occurs since the electron transfer is
highly endergonic judging from the one-electron oxida-
tion potential of (TPP)Co (E°ox=0.35 V vs. SCE in
MeCN) [46] and the one-electron reduction potential of
O2 (E°red= −0.87 V vs. SCE) [47]. The catalytic effects
of metal ions in electron transfer reduction of sub-
strates have been ascribed to the binding of metal ions
to the radical anions produced in the electron transfer
reactions [48,49]. There is a striking linear correlation
between the catalytic rate constants (log kcat) of electron
transfer from (TPP)Co to O2 and �E of O2

�−�Mn+

derived from the gzz-values as shown in Fig. 2 (open
circles). The remarkable correlation spans a range of
almost 107 in the rate constant. The slope of the linear
correlation between log kcat for Mn+-catalyzed electron
transfer from (TPP)Co to O2 and �E is obtained as
14.0 eV−1 which is close to the value of 1/2.3kT
(=16.9 eV−1, where k is the Boltzmann constant and
T=298 K). Such a correlation has also been observed
for the Mn+-catalyzed electron transfer from (TPP)Co
to p-benzoquinone (Q) as shown in Fig. 2 (open circles)
[33]. The slope (13.3) for Q is nearly the same as the
slope (14.0) for O2. This means that the variation of �E
is well reflected in the difference in the activation free
energy for the Mn+-promoted electron transfer from
(TPP)Co to Q as well as O2. The stronger the binding
of Mn+ with O2

�−, the larger will be the catalytic
effects of Mn+. Thus, �E is regarded as a good mea-
sure of the binding energies in the O2

�−�Mn+ com-
plexes, which can be used as a quantitative measure of
Lewis acidity of the metal ion.

3. Catalytic mechanism of SOD

Cu,Zn-SOD protects cells against oxidative damage
by catalyzing the disproportionation (dismutation) of
toxic O2

�− to O2 and H2O2 [17–20,50]. The important
role of Zn(II) ion in the bimetallic system to activate
both the oxidation and reduction of O2

�− has been

Oxygen enriched in 17O gave the EPR spectrum of
the O2

�−�Sc3+ complex with 17O enriched oxygen, in
which two inequivalent a(17O) values (21 and 14 G)
were obtained [34]. Such inequivalent a(17O) values are
fully consistent with an ‘end-on’ coordination of
�O�O−�Sc3+ in which the electron spin is more local-
ized at the terminal oxygen. The unrestricted Hartree–
Fock (UHF) SCF optimization using the 6-311+
+G** basis set also supports an ‘end-on’ coordination
form of �O�O−�Sc3+ [34]. When O2

�− is adsorbed on
solid surfaces, both side-on and end-on coordinations
have been reported depending on metal oxides [38–41].

A variety of metal ions (Mn+) form O2
�− complexes

and exhibit EPR spectra where the gzz-value varies
depending on the type of metal ion. The gzz-value of
O2

�−�Mn+ provides valuable information concerning
the binding strength of O2

�−�Mn+. The deviation of
the gzz-value from the free spin value (ge=2.0023) is
caused by the spin–orbit interaction as given by Eq. (2)
[42],

gzz=ge+2
� �2

�2+�E2 (2)

where � is the spin–orbit coupling constant (0.014 eV)
[43] and �E is the energy splitting of �g levels due to
complex formation between O2

�− and Mn+. Under the
conditions that �E��, Eq. (2) is rewritten as Eq. (3)

�E=2�/(gzz−ge) (3)

in which the �E value is readily obtained from the
deviation of the gzz-value from the free spin value. The
�E value, commonly in the range 0.3–1.0 eV increases
generally in order: monovalent cations (M+)�divalent
cations (M2+)� trivalent cations (M3+) [33]. The �E
value also increases with decreasing the ion radius when
the oxidation state of the metal ion is the same. The
same trend has been reported for O2

�− adsorbed on the
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implicated by a well-characterized SOD model, that is
an imidazolate-bridged Cu(II)�Zn(II) heterodinuclear
complex containing a dinucleating ligand, Hbdpi (Hb-
dpi=4,5-bis(di(2-pyridylmethyl)aminomethyl)-imi-
dazole) [31]. The crystal structure is shown in Fig. 3
[31]. The Cu(II)�Zn(II) distance of 6.197(2) A� in the
Cu(II)�Zn(II) heterodinuclear complex agrees well with
that of native Cu,Zn-SOD (6.2 A� ), and each metal has
the pentacoordinate geometry with the imidazolate ni-
trogen, two pyridine nitrogens, the tertiary amine nitro-
gen and a solvent (MeCN or H2O) [31]. The ESR
spectrum of complex of the Cu(II)�Zn(II) heterodinu-
clear complex gave the well-defined ESR parameters

(g�=2.10, g�=2.24, �A��=11.7 mT and �A��=12.4
mT), which indicate that the Cu(II) ion in the complex
has a trigonal bipyramidal environment and a dz2
ground state following the criteria given by Bencini et
al. [51], in agreement with the X-ray structure in Fig. 3
[31]. The observation of well-defined ESR spectrum
also confirms that the complex retains its imidazolate-
bridged Cu(II)�Zn(II) heterodinuclear structure and
that it is not a 1:1 mixture of Cu(II)�Cu(II) and
Zn(II)�Zn(II) homodinuclear complexes. The Cu(II)�
Zn(II) SOD model complex which has a coordination
site available for the binding of superoxide as shown in
Fig. 3 exhibits the highest activity among the struc-
turally established SOD models reported so far [30,31].

A large positive shift (about 0.2 V) in the E1/2 value
of the Cu(II)�Zn(II) complex is observed as compared
to the corresponding Cu(II) mononuclear complexes
[31]. This indicates that an important role of Zn(II) ion
in the imidazolate-bridged Cu(II)�Zn(II) complex is to
accelerate an outer-sphere electron transfer from O2

�−
to produce the Cu(I)�Zn(II) complex, when the free
energy change of electron transfer becomes thermody-
namically more favorable as compared to that without
Zn(II) ion. The presence of Zn(II) which can act as a
Lewis acid is also able to accelerate an electron transfer
from the Cu(I)�Zn(II) complex to O2

�−, since O2
�− can

form a complex with metal ions acting as a Lewis acid
to accelerate the electron transfer reduction of O2

�−
(vide supra) [33]. Such an acceleration for the reduction
of O2

�− can also be attained by a Brønsted acid instead
of a Lewis acid since Valentine and coworkers reported
that the reduction of O2

�− for the zinc-deficient SOD
form is acid-catalyzed [52]. The formation of O2

�−
�Zn(II) complex is confirmed using Zn(II) complexes,
[ZnII(MeIm(Py)2)(CH3CN)](ClO4)2 and [ZnII(MeIm-
(Me)2)(CH3CN)](ClO4)2 (MeIm(Me)2= (1-methyl-4-im-
idazolylmethyl)bis(6-methyl-2-pyridylmethyl)amine), as
shown in Scheme 1 [53]. The ESR spectra of the
Zn(II)�O2

�− complexes measured at 133 K gave the
gzz-values which are significantly smaller than the value
of free O2

�− due to the complexation of Zn(II) ion with
O2

�− [53]. The �E values of the Zn(II)�O2
�− complexes

have been evaluated from a deviation of the gzz-values
from the free spin value. The �E values of the O2

�−
complex with [ZnII(MeIm(Me)2Py]2+ (0.87 eV) and
[ZnII(MeIm(Py)2)]2+ (0.85 eV) are significantly larger
than those of O2

�− complexes with other divalent metal
ions (Mg(II) ion: 0.65 eV, Ca(II) ion: 0.58 eV, Sr(II)
ion: 0.52 eV and Ba(II) ion: 0.49 eV) [33], reflecting the
strong Lewis acidity of Zn(II) ion as compared to other
divalent metal ions [53]. The larger �E value of the
O2

�− complex with [ZnII(MeIm(Me)2Py]2+ as com-
pared to [ZnII(MeIm(Py)2)]2+ (0.85 eV) may be as-
cribed to the increased Lewis acidity of the Zn(II) ion
in [ZnII(MeIm(Me)2Py]2+ due to the steric effect of
the o-methyl group of pyridine moiety of

Fig. 3. ORTEP view of [CuIIZnII(bdpi)(CH3CN)2](ClO4)3·2CH3CN
[42]. The hydrogen atoms are omitted for clarity.

Scheme 1.
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Scheme 2.

semiquinone radical anion by the imidazolate-bridged
Cu(II)�Zn(II) complex [54]. The Zn(II) ion also plays
the essential role in facilitating the reduction of
semiquinone radical anion by coordination of the radi-
cal anion to the Zn(II) ion [54].

4. Formation of active oxygen–metal complexes

The binding of O2
�− to Cu(II) ion can facilitate the

further reduction of O2
�− by Cu(I) ion to O2

2− to give
a (�-�2:�2-peroxo)dicopper(II) complex [11,55], which
has been confirmed to exist in the enzyme active site of
oxyhemocyanin [56,57]. The reaction of [CuIL](PF6)
(L=N,N - bis[2 - (2 - pyridyl)ethyl] - 2 - phenylethylamine)
with O2 in THF at −80 °C was reported to give the
(�-�2:�2-peroxo)dicopper(II) complex, [CuII

2 (O2
2)L2]�

(PF6)2, the formation of which was confirmed by the
spectroscopic analyses [58,59]. The kinetic study on
formation of the peroxo complex indicates that the
reaction of the Cu(I) complex and the monomeric
superoxocopper(II) complex is rate-determining as
shown in Scheme 3 [59]. A superoxocopper(II) complex
with a sterically hindered ligand which can prevent the
formation of the (�-�2:�2-peroxo)dicopper(II) complex
was isolated and the X-ray structure was determined to
show a side-on binding of O2

�− and the Cu(II) ion [60].

[ZnII(MeIm(Me)2Py]2+ [52]. Thus, the essential role of
Zn(II) ion in SODs is to accelerate both the oxidation
and reduction of superoxide by controlling the redox
potentials of Cu(II) ion and superoxide in the catalytic
cycle of SOD as shown in Scheme 2 [31]. A similar
effect is also expected for another copper ion in the
Cu(II)�Cu(II) homodinuclear complex containing the
same Hbdpi ligand [31]. The same mechanism as
Scheme 2 can be applied to the disproportionation of

Scheme 3.
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Fig. 4. Structures of zinc porphyrin–fullerene linked compounds.

Scheme 3 [59]. Interconversion between the (�-�2:�2-
peroxo)dicopper(II) complex and the bis(�-oxo)di-
copper(III) complex was observed using the i-Pr3TACN
ligand (i-Pr3 TACN=1,4,7-triisopropyl-1,4,7-triazacy-
clononane) just by changing the solvent between
CH2Cl2 and THF, where the oxidative N-dealkylation
occurs efficiently from the bis(�-oxo)dicopper(III) com-
plex [61,62]. Thus, these two forms of the active oxygen
dicopper complex may be similar in their energies.

5. Catalysis of O2 in electron transfer via coordination
to Zn(II) ion

Coordination of O2
�− to Zn(II) ion plays an impor-

tant role not only in the catalytic function of Cu,Zn-
SOD (Scheme 2) but also in the novel catalytic effect of
O2 in BET from a fullerene radical anion to a zinc
porphyrin moiety within photolytically generated radi-
cal ion pairs of zinc porphyrin–fullerene linked
molecules shown in Fig. 4 [32]. This is the first example
in which O2, the most important biological oxidant,
acts as a catalyst rather than an oxidant in BET
reactions.

These zinc porphyrin–fullerene linked dyad and tri-
ads have been developed as artificial photosynthetic
systems which, upon photoexcitation, give rise to long-
lived charge-separated states in high quantum yields
[63]. The energy levels in benzonitrile are shown in
Scheme 4 to illustrate the different relaxation pathways
of photoexcited ZnP–C60 [63]. The charge-separated
state is obtained from the photoinduced electron trans-
fer involving the singlet and triplet excited states of ZnP
and C60 and decays via the back electron transfer from
C60

�− to ZnP�+. Each step in Scheme 4 can be moni-
tored by time-resolved techniques, including fluores-
cence lifetime and transient absorption measurements,
disclosing the crucial formation of ZnP�+-spacer-C60

�−
and Fc+-spacer-C60

�− pairs in a variety of solvents [63].

The strong interaction between O2
�− and the Cu(II) ion

makes it possible to further reduce O2
�− to O2

2− by
another [CuIL]+, leading to the formation of the (�-
�2:�2-peroxo)dicopper(II) complex (Scheme 3). How-
ever, the change in the one-electron reduction potential
of O2

�− by the binding to the Cu(II) ion has yet to be
determined.

The further intramolecular electron transfer from the
two Cu(II) ions to O2

2− in the (�-�2:�2-peroxo)di-
copper(II) complex may result in the O�O bond cleav-
age to give the bis(�-oxo)dicopper(III) complex which
is suggested to be the actual reactive intermediate for
the efficient benzylic ligand hydroxylation as shown in

Scheme 4.
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Fig. 5. (a) Transient absorption spectra for ZnP�C60 0.10 and 1.0 �s after laser excitation in the absence and presence of O2 in PhCN [32]. (b)
Time profiles of the absorbance at 1000 nm due to C60

�− in ZnP�+�C60
�− [32].

Table 1
Rate constants kBET for back electron transfer and the free energy
change (−�G°BET) a in fullerene-based dyad and triads in the absence
and presence of O2 in PhCN [32]

Compound kBET (s−1)

−�G°BET [O2]=0 M 1.7×103 M 8.6×103 M
(eV)

1.3×106ZnP�+�C60
�− 3.8×1061.38 1.5×107

3.7×104 1.1×105 3.2×105ZnP�+�H2P�C60
�− 1.34

(1.2×105) b

1.2×105 1.3×105 1.3×105Fc+�ZnP�C60
�− 1.03

a The −�GBET values are obtained from difference between the
one-electron oxidation and reduction potentials which are determined
by differential pulse voltammetry in PhCN containing 0.1 M
Bu4NPF6.

b [O2]=2.6×10−3 M.

ima at 650 and at 1000 nm (Fig. 5a) [32]. While the
former maximum (i.e. 650 nm) is a clear attribute of the
ZnP�+ [64], the latter maximum (i.e. 1000 nm) corre-
sponds to the diagnostic marker of the fullerene radical
anion [65]. The decay of both absorption bands obeys
clear first-order kinetics. This indicates an intramolecu-
lar BET from C60

�− to ZnP�+ governs the fate of the
ZnP�+�C60

�− radical ion pair. In the presence of O2,
the decay rate of both C60

�− and ZnP�+ absorption is
markedly accelerated as compared to that found in the
absence of O2 (Fig. 5b). The decay rate of C60

�−
coincides with that of ZnP�+ and, in addition, increases
linearly with increasing O2 concentration. The rate con-
stants (kBET) in the absence and presence of O2 for a
series of ZnP�C60 linked systems in PhCN are summa-
rized in Table 1.

In contrast to the ZnP�C60 dyad, the kBET from
C60

�− to ferrocenium ion (Fc+) in Fc+�ZnP�C60
�−

under O2-saturated conditions matches surprisingly the
value determined in the absence of O2 (Table 1). The
smaller kBET value of the triad (Fc�ZnP�C60: 1.3×105

s−1) as compared to that of the dyad (ZnP�C60: 1.3×

For example, a deoxygenated benzonitrile (PhCN) solu-
tion containing ZnP�C60 gives rise upon a 532 nm laser
pulse to a characteristic absorption spectrum with max-
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106 s−1) stems from the larger edge-to-edge distance of
the former (Ree=30.3 A� ) [66] relative to the latter
(Ree=11.9 A� ) [67,68]. Although an even smaller kBET

value (4.8×104 s−1) was noted for the BET dynamics
from C60

�− to ZnP�+ in the ZnP�+�H2P�C60
�− triad,

the kBET value is, nevertheless, expedited with increas-
ing O2 concentration as shown in Table 1. Thus, the
presence of ZnP�+ appears, without any doubt, essen-
tial for the accelerating effect of O2 on the decay of the
radical ion pair. The energy transfer pathway from
ZnP�+�C60

�− via ZnP�3C60* has been ruled out as a
major contributor to the decay of the radical ion pair,
since much smaller intensity of 1�g O2 phosphorescence
of the ZnP�C60 system is observed as compared to C60

[32].
The electron transfer from C60

�− to O2 is endergonic
[�G°et�0 (0.28 eV)], judging from the one-electron
reduction potentials of both species: E°red of O2 (−1.33
V vs. Fc/Fc+) is significantly lower than that of C60

(−1.05 V vs. Fc/Fc+) [32]. Thus, a direct electron
transfer from C60

�− in ZnP�+�C60
�− to O2 is highly

unlikely to occur in benzonitrile. In addition, the con-
comitant decay of ZnP�+ and C60

�− in Fig. 5a is
inconsistent with a direct electron transfer from C60

�−
to O2, which would yield stable ZnP�+�C60 and O2

�−
on the present time scale. The catalytic participation of
O2 in an intramolecular BET between C60

�− and ZnP�+
in ZnP-linked C60 is depicted in Schemes 5 and 6. The
intermolecular ET from C60

�− to O2 may be initiated by
the coordination of O2 to ZnP�+, followed by electron
transfer from C60

�− to O2 coordinated to ZnP�+ to
yield O2

�− bound to ZnP�+. Due to the strong binding

of O2
�− to ZnP�+, the one-electron reduction potential

of O2 is shifted towards positive values, namely, in
favor of the ET event. The complexation is then fol-
lowed by a rapid intramolecular ET from O2

�− to
ZnP�+ in the O2

�−�ZnP�+ complex to regenerate O2

(Scheme 5). In the presence of metal ions, O2
�− is

known to coordinate to the metal ion, yielding the
corresponding O2

�−–metal ion complex as described
above [33]. The binding energy of O2

�− with Zn(II) ion
(ca. 0.9 eV) [53] is sufficient to make an electron
transfer from C60

�− to O2 energetically feasible. In
contrast to the ZnP containing donor–acceptor sys-
tems, ferrocene is a fully coordinated complex, omitting
the coordination of another ligand, such as O2

�−. As a
matter of fact, this seems the likely rationale for the
lack of accelerating effects in the Fc+�ZnP�C60

�−
system.

The second-order rate constant of ZnP�+�C60
�−

(1.6×109 M−1 s−1) obtained from the linear depen-
dence of kBET on [O2] in PhCN is only slightly lower
than the diffusion-controlled limit in PhCN (5.6×109

M−1 s−1). On the other hand, the corresponding value
of ZnP�+�H2P�C60

�− (3.3×107 M−1 s−1) is 48 times
smaller as compared to the value of ZnP�+�C60

�−. Such
a decreased rate for ZnP�+�H2P�C60

�− as compared to
ZnP�+�C60

�− is also inconsistent with the energy trans-
fer pathway, since the triplet energy of 3C60* is essen-
tially the same between ZnP�3C60* and ZnP�H2P�3C60* .
Remarkably, this kET-ratio (48) is consistent with the
kBET-ratio (27) (i.e. from C60

�− to ZnP�+) between the
triad and the dyad, however, in the absence of O2.
Thus, ET from ZnP�+�H2P�C60

�− to O2 occurs even at
the longer distance as compared to ET from ZnP�+
�C60

�− dyad, since O2 is placed at a longer distance
from C60

�− in the precursor complex for the electron
transfer from C60

�− to O2 in ZnP�+�H2P�C60
�− (see

Scheme 6 as compared to Scheme 5). In this way, O2

acts as a novel catalyst to expedite intramolecular BET
in ZnP-linked C60 systems where ZnP�+ accelerates the
reaction of C60

�− with O2 and, in turn, activates the
catalysis of O2 in the overall BET from C60

�− to ZnP�+
(Schemes 5 and 6).

6. Summary

In this minireview article, we have demonstrated that
coordination of O2

�− to metal ions plays an important
role in controlling the redox reactivity of O2 not only in
the electron transfer reduction of O2 and O2

�− but also
in the novel catalytic effect of O2 in back electron
transfer reaction involving the Zn(II) ion which can act
as a Lewis acid. The binding energies of O2

�− with
metal ions derived from the gzz-values of the EPR
spectra of O2

�−–metal ion complexes provide a quanti-
tative measure of the Lewis acidity of the metal ions in

Scheme 5.

Scheme 6.
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predicting the catalytic reactivities of metal ions in
electron transfer reactions of O2 and other substrates.
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