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ABSTRACT

Redox coenzymes and analogs have their own redox reactivities for both thermal and photochemical redox reac-
tions. The redox activities of coenzymes can be tuned by using metal ions that can bind the redox coenzymes and
analogs. Quantitative measure to determine the Lewis acidity of a variety of metal ions is given in relation to the
catalytic reactivities. The mechanistic viability of metal ion catalysis in redox reactions of coenzyme analogs is de-
scribed by showing a number of examples of both thermal and photochemical reactions that are made possible
to proceed by controlling the redox reactivities of coenzymes with metal ions. Antioxid. Redox Signal. 3, 807–824.
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INTRODUCTION

METAL IONS ACTING AS LEWIS ACIDS have
played a pivotal role in promoting vari-

ous reactions of synthetic value because of the
high reactivities and selectivities achieved un-
der the mild reaction conditions (57, 62, 73, 75,
86). Metal ions and the salts acting as Lewis
acids can also promote free radical reactions
(38, 65, 72, 77) and electron transfer reactions
(12, 13, 15, 16). The Lewis acid-promoted reac-
tions are believed to proceed through the co-
ordination of a Lewis acid to a lone pair of het-
eroatoms, such as an oxygen atom of carbonyl
compounds and a nitrogen atom of imines (57,
62, 73, 75, 86). The essential roles of metal ions
have also been well-recognized in a variety of
enzymatic functions (41, 54, 59). Considerable
efforts have so far been made to not only de-
tect, but also chemically and functionally char-

acterize, trace elements or otherwise incon-
spicuous metal ions in various enzymatic sys-
tems. As most redox coenzymes contain a lone
pair of heteroatoms, which can coordinate to
metal ions, the binding of metal ions to redox
coenzymes is expected to result in significant
change in the redox reactivities.

This review is generally intended to focus on
the catalytic control of redox reactivities of
coenzyme analogs by metal ions rather than on
the direct relevance to the specific enzymatic
process. Considering only two-electron reduc-
tion of a coenzyme analog (A), the reduction
and protonation give nine species at different
oxidation and protonation states as shown in
Scheme 1. Each species can have an interaction
with a variety of metal ions (Mn1), and such an
interaction can control each redox and proto-
nation step in Scheme 1.

The catalytic reactivities of metal ions are cer-
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tainly related to the Lewis acidity of metal ions
used to promote the reactions. Charges and ion
radii are important factors to determine the
Lewis acidity of metal ions. In the beginning,
quantitative measure to determine the Lewis
acidity of a variety of metal ions is described
in relation to the catalytic reactivities. Then the
mechanistic viability is described by showing
a number of examples of both thermal and pho-
tochemical reactions of coenzyme analogs that
are promoted by metal ions.

QUANTITATIVE MEASURE OF THE
LEWIS ACIDITY OF METAL IONS

The catalytic reactivity of metal ions in redox
reactions should be related to the binding
strength of metal ions with redox active reac-
tants. Unfortunately, there are only limited
number of formation constants for metal ion
complexes with carbonyl compounds, and thus,
it had been difficult to know the difference in
the Lewis acidity of a variety of metal ions
(Mn1) in a quantitative manner. However, it
has recently been shown that the binding en-
ergies of a variety of metal ions with superox-
ide ion (O2?2) can be readily derived from the
gzz-values of the electron spin resonance (ESR)
spectra of the superoxide–metal ion complexes
(O2?

2-Mn1), providing the quantitative mea-
sure of Lewis acidity of the metal ions (vide in-
fra) (17).

The gzz value of O2?2-Mn1 gives valuable in-
formation concerning the binding strength of
O2?

2-Mn1. The deviation of the gzz value from
the free spin value (ge 5 2.0023) is caused by the
spin-orbit interaction as given by Eq. 1 (55, 87)

gzz 5 ge 1 ! }
l2 1

l2

D§ E2}§ (1)

where l is the spin-orbit coupling constant
(0.014 eV) (56) and DE is the energy splitting of
pg levels due to the complex formation be-
tween O2?2 and Mn1. Under the conditions that
DE . . l, Eq. 1 is rewritten by Eq. 2

DE 5 (gzz 2 ge)/2l (2)

in which the DE value is readily obtained from
the deviation of the gzz value from the free spin
value. The DE value increases generally in 
order: monovalent cations (M1) , divalent
cations (M21) , trivalent cations (M31) (17).
The DE value also increases with decreasing ion
radius when the oxidation state of the metal ion
is the same. The same trend has been reported
for O2?

2 adsorbed on the surface of various
metal oxides (8, 60). Scandium ion which has
the smallest ion radius among the trivalent
metal cations, gives the largest DE value, and
this indicates that the binding energy between
Sc31 and O2?

2 is the strongest (17). In the case
of O2?

2-Sc31, an “end-on” coordination form of
?O-O2-Sc31 is indicated by the hyperfine split-
ting of two different 17O atoms (I 5 5/2) in
which the electron spin is more localized at the
terminal oxygen (60%) (32). This is confirmed
by the density function theory calculation us-
ing the spin-restricted B3LYP functional and
the 6-31111G(3d,3p) basis set for the open
shell O2?2-Sc31, which gives more localized
spin density at the terminal oxygen (65%) (17).
The calculated O-O distance decreases in order:
O2?

2 (1.343 Å) . O2?
2-Li1 (1.309 Å) . O2?

2

-Mg21 (1.297 Å) . O2?
2-Sc31 (1.211 Å) as the

DE value increases (17).
The applicability of DE to predict the pro-

moting effects of Mn1 in electron transfer re-
actions has been nicely shown in Mn1-pro-
moted electron transfer from (TPP)Co (TPP 5
tetraphenylporphyrin dianion) to p-benzo-
quinone (Q) (Eq. 3) as well as O2 in acetonitrile
(MeCN) at 298 K (17).

(3)
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Scheme 1.
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In the absence of metal ion, no electron trans-
fer from (TPP)Co to Q or O2 occurs because the
electron transfer is highly endergonic judging
from the one-electron oxidation potential 
of (TPP)Co [E0

ox 5 0.35 V versus standard
calomel electrode (SCE) in MeCN] and the one-
electron reduction potential of Q (E0

red 5 20.51
V versus SCE) (17) or O2 (E0

red 5 20.83 V ver-
sus SCE) (74). The promoting effects of metal
ions in electron transfer reduction of substrates
have been ascribed to the binding of metal ions
to the radical anions produced in the electron
transfer reactions (13–16). There is a striking lin-
ear correlation between the rate constants (log
ket) of Mn1-promoted electron transfer from
(TPP)Co to Q or O2 and DE of O2?2-Mn1 de-
rived from the gzz values as shown in Fig. 1.
The remarkable correlation spans a range of al-
most 107 in the rate constant. The slope of the
linear correlation between log ket for Mn1-pro-
moted electron transfer from (TPP)Co to O2
and DE is obtained as 14.0, which is close to the
value of 1/2.3kT (5 16.9, where k is the Boltz-
mann constant and T 5 298 K) (17). The slope
(13.3) for Q (filled circles) is nearly the same as
the slope (14.0) for O2 (open circles). This
means that the variation of DE is well reflected
in the difference in the activation free energy
for the Mn1-promoted electron transfer from
(TPP)Co to Q as well as O2. The stronger the
binding of Mn1 with O2?

2, the larger will be

the promoting effects of Mn1. Thus, DE is re-
garded as a good measure of the binding en-
ergies in the O2?2-Mn1 complexes, which can
be used as a quantitative measure of Lewis
acidity of the metal ion (17).

NADH ANALOGS

Hydride transfer

Most biological redox reactions are medi-
ated by redox coenzymes such as NAD(P)H
(NAD1 5 nicotinamide adenine dinucleotide;
NADP1 5 nicotinamide adenine dinucleotide
phosphate; NADH, NADPH 5 the reduced
forms of NAD1 and NADP1, respectively).
The NAD(P)H coenzymes act as a source of two
electrons and a proton, thus formally transfer-
ring a hydride ion to a substrate (Eq. 4) (80).

(4)

The effects of metal ions such as Mg21 and
Zn21 ions on hydride transfer reactions from
NADH model compounds to substrates have
attracted considerable interest in relation to the
role of metal ions in the redox reactions of
nicotinamide coenzymes (13, 78).

The effects of Mg21 on hydride transfer 
reactions from a typical NADH model 
compound, 1-benzyl-1,4-dihydronicotinamide
(BNAH), to substrates have been shown to be
rather complex (22, 27). When a relatively
strong oxidant such as 7,7,8,8-tetracyano-p-
quinodimethan (TCNQ) is used as a hydride
acceptor, the addition of Mg21 to the BNAH-
TCNQ system in anhydrous MeCN causes a
significant decrease in the reaction rate (22).
The rate constant of hydride transfer from
BNAH to TCNQ decreases with an increase in
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FIG. 1. Plots of log ket versus DE in Mn1-catalyzed elec-
tron transfer from (TPP)Co to O2 (s ) and p-benzo-
quinone ( d ).
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[Mg21] to reach a constant value that is 23 times
smaller than the value in the absence of Mg21

(22). Such a retarding effect of Mg21 is well in-
terpreted by the 1:1 complex formation be-
tween BNAH and Mg21 (Eq. 5), which reacts
with TCNQ at a much slower rate than BNAH
(Eqs. 6 and 7) (22).

(5)

(6)

BNAH-Mg21 1 TCNQ

BNA1 1 Mg21 1 TCNQH2 (7)

In such a case, the dependence of the observed
second-order rate constant kobs on [Mg21] is
given by Eq. 8

kobs 5 (k1 1 k2K[Mg21])/(1 1 K[Mg21]) (8)

where k1 and k2 are the rate constants of free
BNAH (Eq. 6) and the Mg21 complex (Eq. 7),
respectively. The K value for the complex for-
mation between BNAH and Mg21 is deter-
mined as 1.1 3 104 M21 from the dependence
of kobs on [Mg21] (Eq. 8), agreeing well with the
value determined by the spectroscopic change
of BNAH due to the complex formation with
Mg21 (1.2 3 104 M21) (22). As there is no in-
teraction between TCNQ?2 and Mg21, the re-
duction potential of TCNQ is not affected by
the presence of Mg21 (27). On the other hand,
the one-electron oxidation potential of BNAH
(E0

ox 5 0.57 V versus SCE) in MeCN is signifi-
cantly shifted to the positive direction due to
the complexation with Mg21 (0.80 V versus
SCE) (29).

It is now well established that the hydride
transfer from NADH analogs to strong oxi-
dants such as TCNQ proceeds via sequential
electron–proton–electron transfer in which the

k2¾ ¾ ¾ ®
slow

initial electron transfer to give the radical ion
pair (BNAH?1 TCNQ?2) is in equilibrium with
the charge transfer complex (BNAH TCNQ)
and the proton transfer from BNAH?1 to
TCNQ?2 is the rate-determining step (25, 29,
33). Thus, a positive shift in the E0

ox value of
BNAH due to the complexation with Mg21 re-
sults in a smaller equilibrium constant for the
radical ion pair formation, leading to a decrease
in the overall rate of hydride transfer from
BNAH to TCNQ as observed experimentally.

When TCNQ is replaced by a weaker oxidant
such as 2,6-dichloro-p-benzoquinone, the Mg21

ion shows both retarding and accelerating ef-
fects on the hydride transfer reaction depend-
ing on the Mg21 concentration, as shown in Fig.
2, where the observed second-order rate con-
stant (kobs) decreases sharply from the value in
the absence of Mg21 (7.5 3 10 M21 s21) with 
an increase in [Mg21] at low concentrations
(,,0.10 M), whereas the kobs value increases
at the higher concentrations (.ca. 0.10 M) (27).
The sharp decrease in the rate constant from
the value in the absence of Mg21 to the value
in the presence of Mg21 (0.10 M) is ascribed to
the positive shift of the E0

ox value of BNAH
from the value in the absence of Mg21 as in the
case of TCNQ. In contrast to the case of TCNQ,
however, the reduction potential (E0

red) of 2,6-
dichloro-p-benzoquinone is also shifted to the
positive direction due to the complexation of
Mg21 with the semiquinone radical anion (27).
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FIG. 2. Plot of kobs versus [Mg(ClO4)2] for the hydride
transfer reaction from BNAH to 2,6-dichloro-p-benzo-
quinone in the presence of Mg(ClO4)2 in MeCN at 298
K (27).
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In the presence of a large concentration of Mg21

(e.g., 1.6 M), the positive shift of the E0
red value

of the quinone (0.21 V) becomes larger than the
corresponding positive shift of BNAH (0.18 V)
(27). This is the reason for the recovery of the
reactivity at the high Mg21 concentration as
compared with that in the absence of Mg21

(Fig. 2). Thus, the change of the kobs values de-
pending on [Mg21] is caused by the corre-
sponding change in the free energy change of
electron transfer from BNAH to the substrate
in the presence of Mg21, DG0

et*, which is given
by F(E0

ox* 2 E0
red*), where * denotes the value

in the presence of Mg21. Such a dependence of
kobs on DG0

et* has generally been shown for
various Q derivatives at different Mg21 con-
centrations (27). This indicates that electron
transfer from BNAH to Q in the charge-trans-
fer complex formed between BNAH and Q is
the rate-determining step that determines the
overall reactivity of the hydride transfer reac-
tions in the absence and presence of Mg21, as
shown in Scheme 2 (27). The electron transfer
from BNAH to Q is accelerated by the com-
plexation of Mg21 with Q?2, whereas the com-
plexation of Mg21 with BNAH retards the elec-
tron transfer. With an increase in the Mg21

concentration, not only one Mg21 but also two
Mg21 ions can form the complex with Q?2, re-
sulting in a second-order dependence of kobs
with respect to [Mg21], as shown in Fig. 2 (27).
The electron transfer is followed by the proton
transfer from BNAH?2 to the Mg21 complex of
Q?2, and the subsequent electron transfer from
BNA? to the Mg21 complex of QH? occurs effi-
ciently because of the largely negative oxida-
tion potential of BNA? (21.1 V versus SCE)
(29). The observed primary kinetic isotope ef-
fects, kH/kD have well been analyzed as those
on the proton transfer BNAH?1 to the Mg21

complex of Q?2 (27).

Semiquinone radical anion–metal ion complexes

The transient electronic spectra of semi-
quinone radical anion in the presence of dif-
ferent concentrations of Mg21 are obtained by
measuring the change in initial absorbance at
various wavelengths with use of a stopped-
flow spectrophotometer (18). The transient ab-
sorption spectrum of Q?2 in the presence of

1.0 3 1022 M Mg21 (lmax 5 590 nm) is signifi-
cantly red-shifted as compared with that in the
absence of Mg21 (lmax 5 422 nm) (21). Further
addition of Mg21 results in a blue shift to
lmax 5 415 nm with a clean isosbestic point
(18). Such spectroscopic changes indicate the
formation of complexes between Q?2 and
Mg21, which requires two steps. The first step
is the formation of a 1:1 complex (Q?2-Mg21)
and the second step is an additional addition
of Mg21 to form a 1:2 complex (Q?2-2Mg21), as
shown in Eqs. 9 and 10, respectively (18).

(9)

(10)

Transient electronic spectra of the 1:1 and 1:2
complexes are also observed in the electron
transfer reduction of 2,5-dichloro-p-benzo-
quinone and 2,5-dimethyl-p-benzoquinone (18).
The formation constant K2 for the 1:2 com-
plex determined from the transient electronic
spectra decreases with a decrease in the elec-
tron-donating ability of X-Q?2 (X 3 2,5-Me2 .
H . 2,5-Cl2) (18). The formation of such com-
plexes has also been confirmed by the ESR
spectra observed in the electron-transfer re-
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Scheme 2.
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duction of Q in the presence of Mg21 by ap-
plying a rapid-mixing ESR technique (18).

The complex formation between Q?2 and
Zn21 has also been shown to play an essential
role in the reduction of Q?2 by imidazolate-
bridged CuII-ZnII heterodinuclear and CuII-
CuII homodinuclear complexes, [CuZn(bdpi)
(MeCN)2]31 and [Cu2(bdpi)(MeCN)2]31, where
b dp i 5 4 , 5 - b i s [ d i ( 2 - p y r i d y lm e t h y l )
aminomethyl]imidazole (Fig. 3) (69), which 
can act as a copper-zinc superoxide dismutase
(Cu,Zn-SOD) model (71). This enzyme cat-
alyzes a very rapid two-step dismutation of
toxic superoxide (O2?2) to dioxygen (O2) and
hydrogen peroxide (H2O2) through an alter-
nate reduction and oxidation of the active-site
copper ion (5, 10–12). The complexation of Q?2

with Zn21 in [CuI(Q)ZnII(bdpi)]21 facilitates an
intramolecular electron transfer from the CuI

center, which is produced by an electron trans-
fer from Q?2 to the CuII center of [CuII(Q)ZnII

(bdpi)]31, to Q?2 bound to Zn21 as shown in
Scheme 3 (69). In the case of [Cu2(bdpi)]31,
however, there is no Zn21 available to facilitate
the reduction of Q?2, because both CuII ions are
reduced to CuI by the reaction with Q?2. In 
an aprotic solvent such as propionitrile, the fi-
nal product of the stoichiometric dispropor-
tionation of Q?2 is [CuI(Q)ZnII(Q22)(bdpi)]1

(Scheme 3), which was confirmed by the elec-

tron spray ionization mass spectrum (69). In the
presence of H1, [CuZn(bdpi)]31 can act as a
catalyst for the disproportionation of Q?2 to Q
and QH2 (see broken arrow in Scheme 3). The
Q?2-Zn21 complex has been detected spectro-
scopically by using the mononuclear Zn21

complex of [Zn(MeIm(Py)2)(MeCN)]21, where
MeIm(Py)2 5 (1-methyl-4-imidazolylmethyl)
bis(2-pyridylmethyl)amine (69). The absorp-
tion band at 570 nm of the Zn21-Q?2 complex
which is slightly blue-shifted as compared with
the Mg21 complex in Eq. 9 (lmax 5 590 nm), is
assigned to a p-p* transition of [Zn(Q?2)(MeIm
(Py)2)]1 (69). In Scheme 3, Zn21 facilitates both
the oxidation and reduction of Q?2. Essentially
the same mechanism may be applied to the dis-
proportionation of O2?2 catalyzed by Zn,Cu-
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FIG. 3. Structures of SOD models (71).

Scheme 3.
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SOD, because the coordination of O2?2 to Zn21

is also essential for the reduction of O2?
2 by the

CuI center (70, 71).

Hydrogen transfer

Metal ions can also promote hydrogen trans-
fer from an NADH analog to neutral radicals
via metal ion-catalyzed electron transfer (30).
Hydrogen transfer from 10-methyl-9,10-dihy-
droacridine (AcrH2) to a stable radical, 1,1-
diphenyl-2-picrylhydrazyl (DPPH?), proceeds
via electron transfer from AcrH2 to DPPH?,
which is catalyzed by the presence of Mg21, fol-
lowed by proton transfer from AcrH2?1 to
DPPH2 to yield DPPH2 (Scheme 4) (30). The
resulting acridinyl radical (AcrH?) is a much
stronger reductant than AcrH2, judging from
the more negative oxidation potential (20.43 V)
(29) than that of AcrH2 (0.81 V) (31), and
thereby AcrH? can readily transfer an electron
to another DPPH? molecule to yield AcrH1

(Scheme 4). The primary kinetic isotope effect
determined as kH/kD 5 3.0 at 323 K is ascribed
to the proton transfer from AcrH2?1 to DPPH2

(30). The electron-transfer process is favored in
the case of DPPH?, which has the positive one-
electron reduction potentials (0.24 V). The sig-
nificant steric effect of the bulky substituents of
DPPH? also contributes to favor the electron-
transfer pathway, because no significant inter-
action is required for the electron-transfer pro-
cess, as compared with an alternative direct
hydrogen-transfer process, which requires the
close contact of the reactants (30).

On the other hand, phenoxyl radicals de-
rived from tyrosine and its derivatives have
been reported to participate in a variety of en-
zymatic catalysis, such as in class I ribonu-
cleotide reductase, photosystem II, prostaglan-

din H synthase, galactose oxidase, cytochrome
c oxidase, bovine liver catalase, and DNA pho-
tolyase (3, 53, 61, 81). In these cases, the tyro-
sine radical mainly acts as a hydrogen atom ac-
ceptor to induce C¡H bond activation of the
substrate, which is the initial step of the above
enzymatic reactions (81). Metal ions bound to
a tyrosine radical have been shown to enhance
the radical stability as well as control reactiv-
ity of the phenoxyl radical species. One of the
most well documented examples of such sys-
tems is galactose oxidase (44), where tyrosine
radical coordinated to copper(II) acts as an ac-
tive species for the oxidation of primary alco-
hols to the corresponding aldehydes (84). Ex-
tensive efforts have so far been made not only
to mimic the biochemical reactivity of galactose
oxidase, but also to provide valuable insight
into the general aspects of structures, physico-
chemical properties, and functions of phenoxyl
radical complexes with a series of transition-
metal ions (39, 49, 79).

Reactivity of phenoxyl radicals in the hy-
drogen-transfer reactions from AcrH2 and its 9-
substituted derivatives (AcrHR, R 5 Me, Et,
and Ph) has also been shown to be controlled
by metal ions (52). Phenolate complexes of a se-
ries of alkaline earth metal ions, as well as
monovalent cations such as Na1 and K1, have
been prepared by using 2,4-di-tert-butyl-6-
(1,4,7,10-tetraoxa-13-azacyclopentadec-13-yl-
methyl)phenol (L1H) and 2,4-di-tert-butyl-6-
(1,4,7,10,13-pentaoxa-16-azacyclooctadec-16-yl-
methyl)phenol (L2H) (52).
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Scheme 4.

Crystal structures of the Mg21 and Ca21 com-
plexes of L12, as well as the Ca21 and Sr21

complexes of L22, were determined by x-ray
crystallographic analysis, showing that the
crown ether rings in the Ca21 complexes are
significantly distorted from planarity, whereas
those in the Mg21 and Sr21 complexes are fairly
flat (52). Figure 4 shows the x-ray structures of
[Mg(L12)]1 and [Ca(L12)]1 as typical exam-
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ples. The phenoxyl radical complexes are suc-
cessfully generated in situ by the oxidation of
the phenolate complexes with (NH4)2[Ce41

(NO3)6] (ceric ammonium nitrate) (52). The hy-
drogen transfer reactions were performed at
240°C, where the disproportionation of the
phenoxyl radical complexes was negligibly
slow (52). The overall reaction consists of a for-
mal hydrogen atom transfer from AcrHR to
M(Ln?) to afford AcrR? (R 5 H, D, Me, Et, or
Ph) and M(LnH) and a subsequent electron
transfer from the resulting AcrR? to another
M(Ln2) generating AcrR1 and M(Ln?) as
shown in Scheme 5 (52). Relatively large pri-
mary kinetic isotope effects kH/kD 5 4.9–12.5
were obtained when AcrH2 is replaced by
AcrD2, confirming that the initial hydrogen
atom transfer is the rate-determining step (52).
Thus, the kH values can be regarded as mea-
sure of H?-abstraction ability of the phenoxyl
radical–metal complexes.

The kH value increases in order: Sr21 ,
Ca21 , Mg21 with increasing Lewis acidity of
metal ions, when the binding of metal ions to
the phenoxyl radical becomes stronger (52).
The E1/2 values of the cation complexes of L12

or L22 also increase in order: Bu4N1 , K1

Na1 , Ba21 , Sr21 , Ca21 , Mg21 (52). This
order agrees with the Lewis acidity of cationic
species derived from the superoxide ion com-
plexes with cationic species (Fig. 1) (17). Thus,
the stronger the Lewis acidity of metal ions, the

more positive the E1/2 value, i.e., the stronger
the oxidation ability of the complexes. In addi-
tion, the kH/kD value increases with increasing
binding strength of metal ions to the phenoxyl
radical in order: Na1 , Sr21 , Ca21 , Mg21.
This is completely opposite from what is ex-
pected for a one-step hydrogen-transfer reac-
tion in which the primary kinetic deuterium
isotope effects (kH/kD) should decrease with in-
creasing binding strength of metal ions to the
phenoxyl radical when the driving force of hy-
drogen transfer decreases (43). The large pri-
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FIG. 4. ORTEP drawing of the cationic part of (a) [Mg(L12)-(CH3OH)]BPh4 and (b) [Ca(L12)(CH3OH)]
BPh4 (52). The counter anions and hydrogen atoms are omitted for clarity.

Scheme 5.
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mary kinetic isotope effects (7.1–12.5) observed
for alkaline earth metal2L1? complexes are
consistent with those reported for proton trans-
fer from AcrH2?1 to semiquinone radical an-
ions (7.2–10.4) (43). Furthermore, the reactivity
of AcrH2 toward the hydrogen-transfer reac-
tion with the Ca212L1? complex is diminished
when AcrH2 is replaced by AcrHR (R 5 Me, Et,
and Ph). Such diminished reactivity of AcrH2
is also observed for a hydride transfer reaction
from AcrHR to tetracyanoethylene (TCNE),
which has been shown to proceed via electron
transfer from AcrHR to TCNE followed by pro-
ton transfer from AcrHR?1 to TCNE?2 (33). A
parallel relationship between kH values of hy-
drogen-transfer reactions from AcrHR to the
Ca212L1? complex and the kH values (kh: the
rate constant of hydride transfer from AcrHR
to TCNE) (33) is shown in Fig. 5. This indicates
that the hydrogen transfer in Scheme 5 pro-
ceeds via sequential electron and proton trans-
fer. The reactivity of electron and proton 
transfer processes are controlled by the 
complexation of metal ions with phenoxyl rad-
icals.

Not only neutral radicals but also radical an-
ions can abstract a hydrogen atom from an
NADH analog BNAH (20). As is the case of the
hydrogen transfer from BNAH to DPPH?, the
hydrogen transfer from BNAH to 2,3-dicyano-
5,6-dichloro-p-benzosemiquinone radical an-
ion (DDQ?2) is followed by fast electron trans-

fer from BNA? (E0
ox 5 -1.1 V) to DDQ?2

(E0
red 5 20.31 V) to yield BNA1, DDQ22, and

DDQH2 (20). The BNAH can also reduce p-
chloranil radical anion (Cl4Q?2), although the
reactivity of Cl4Q?2 (kobs 5 1.1 3 1021 M21 s21)
is much smaller than that of DDQ?2 (1.1 3 10
M21 s21). The addition of NaClO4 to the
BNAH-Cl4Q?2 system results in an increase in
the rate of the hydrogen transfer. The kobs value
increases linearly with an increase in [NaClO4],
whereas no acceleration of the rates is observed
in the presence of Bu4NClO4 (20). The signifi-
cant accelerating effect of NaClO4 on the hy-
drogen transfer from BNAH to Cl4Q?2 is con-
firmed by the voltammetric study (20). The
reduction peak potential of Cl4Q?2 is signifi-
cantly shifted to the positive direction in the
presence of 0.10 M NaClO4 as compared with
the position in the presence of 0.10 M
Bu4NClO4 (20). Such a positive shift in the pres-
ence of NaClO4 indicates that the one-electron
reduction of Cl4Q?2 is accompanied by the
complex formation of the one-electron reduced
product (Cl4Q22) with Na1, because no effect
of Na1 was observed on the electronic spec-
trum of Cl4Q?2. In fact, the redox couple of
Cl4Q/Cl4Q?2 is unaffected by the presence of
0.10 M NaClO4 as compared with that in the
presence of 0.10 M Bu4NClO4 (20).

On the basis of the accelerating effect of Na1

on the one-electron reduction of radical anions,
combined with the observation of the large pri-
mary kinetic isotope effect (kH/kD 5 22), the re-
action mechanism of the Na1-promoted hy-
drogen transfer from BNAH to Cl4Q?2 is given
by Scheme 6 (20). The initial electron transfer
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FIG. 5. Comparison of the rate constant (log kH) of hy-
drogen transfer from AcrHR (R 5 H, Me, Et, and Ph) to
Ca21(L1?) and the rate constant (log kh) of hydride trans-
fer from AcrHR to TCNE (52).

Scheme 6.
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from BNAH to Cl4Q?2 is accelerated by the
presence of Na1 due to the complexation with
Cl4Q22, followed by proton transfer from
BNAH?1 to Cl4Q22-Na1 to yield BNA? and
Cl4QH2. The subsequent electron transfer from
BNA? to Cl4Q?2 is fast to yield BNA1 and
Cl4Q22 (Scheme 6). According to Scheme 6, the
observed rate constant (kobs) may be given by
kHKet, where Ket is the equilibrium constant for
the endergonic electron transfer and kH is the
rate constant of proton transfer from the radi-
cal cation to the dianion in the solvent cage. In
such a case, the rate constant of overall hydro-
gen transfer from NADH analogs to radical an-
ions is determined by the energetics of electron
transfer and the rate constant of proton trans-
fer. This is essentially the same as the case of
hydride transfer from BNAH to Q, in which the
rate constant of overall hydride transfer is de-
termined by the energetics of electron transfer
from BNAH to Q and the rate constant of pro-
ton transfer from BNAH?1 to Q?2, because the
second electron transfer from BNA? to QH? is
highly exergonic (Scheme 2).

FLAVINS

Flavins (Fl) are yellowish tricyclic isoallox-
azines that are versatile redox coenzymes in 
a variety of enzymatic systems (7, 83). Metal
ions such as Mg21 and Zn21 ion are known 
to form complexes with Fl [1a, 1b, and 2a–c (5-
deazaflavins)] with a 1:1 stoichiometry in dry
MeCN at 298 K (Eq. 11) (23, 26), as is the case
of an NADH analog (Eq. 5). The removal of 

(11)

H2O from solvent is essential to obtain large
formation constants. As such, the addition of

small concentrations of H2O to the Fl-Mg21 sys-
tem causes a significant decrease in the K value;
the K values (1.5 3 102 and 6.5 3 10 M21 in the
presence of 2.8 3 1022 and 8.3 3 1022 M H2O,
respectively) become much smaller than that
(1.7 3 102 M21) in dry MeCN where the H2O
concentration is ,1 3 1023 M (23, 26). In fact,
no complex formation of 1a with Mg21 is ob-
served in H2O (23, 26). The metal ion interacts
with the C2-carbonyl group of Fl, as is evident
from the significant red shift of only the CDO
stretching bands due to the C2-carbonyl group
of 1a and 2a–c in the Mg21 complexes (26).

Significant enhancement of the oxidizing
ability of the singlet excited states of Fl analogs
is observed by the complex formation with
metal ions (26). The rate constants of photoin-
duced electron transfer from electron donors to
the Fl–metal ion complexes are much larger
than those of free Fl (26). The increase of the ox-
idizing ability of the singlet excited states of Fl
by the complex formation with Mg21 or Zn21

has been evaluated quantitatively as 0.33 6 0.01
eV for different Fl–metal ion complexes (26).

The complex formation with metal ions not
only increases the oxidizing ability of the
ground and excited states of Fl, but also stabi-
lizes Fl against irradiation of the visible light 
to prevent the photodegradation. Taken to-
gether, irradiation of the absorption band of a
1a-Mg21 complex makes it possible to oxidize
p-methylbenzyl alcohol to p-methylbenzalde-
hyde, whereas irradiation of that of a free Fl 1a
results in no dehydrogenation of p-methylben-
zyl alcohol. Instead, only the predominant pho-
todegradation occurs (24, 26). The reduced Fl-
Mg21 complex, FlH2-Mg21 produced in the
photooxidation of p-methylbenzyl alcohol by
Fl-Mg21 is readily oxidized by O2 to regener-
ate the oxidized form Fl-Mg21 (26). The oxida-
tion of FlH2-Mg21 by O2 is also accelerated by
Mg21 (19). Thus, Fl-metal ion complexes act as
efficient photocatalysts for the dehydrogena-
tion of p-methylbenzyl alcohol, as shown in
Scheme 7 (26). The photocatalytic dehydro-
genation of p-methylbenzyl alcohol may be 
initiated by electron transfer from p-methyl-
benzyl alcohol to the singlet excited state 
1Fl*-Mg21, because the rate constant obtained
from the f dependence on the concentration of
p-methylbenzyl alcohol agrees well with that
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obtained independently from the fluorescence
quenching of 1Fl*-Mg21 (26).

Fl-Mg21 complexes can also catalyze pho-
toinduced oxygenation of R4Sn via photoin-
duced electron transfer from R4Sn to 1Fl*-Mg21

in MeCN at 298 K (28). For example, irradia-
tion of an oxygen-saturated MeCN solution
containing a Fl analog 1a-Mg21 complex and
Me4Sn with visible light results in the forma-
tion of MeO2SnMe3 (Eq. 12) (28). Yields of
MeO2SnMe3 based on the initial amount of 1a
reach 1,000% in 15 h, indicating that the 1a-
Mg21 complex acts as a photocatalyst in the
photoinduced oxygenation of Me4Sn (28). Nei-
ther thermal nor photoinduced oxygenation of
Me4Sn occurs in the absence of the 1a-Mg21

complex (28).

Me4Sn 1 O2 MeO2SnMe3 (12)

PYRROLOQUINOLINE QUINONE (PQQ)

Quinoprotein alcohol dehydrogenases (EC
1.1.99.8) comprise a new class of enzymes that
involve a heterocyclic o-quinone coenzyme
PQQ as a redox catalyst for the enzymatic al-

hn
¾ ¾ ¾ ®
Fl-Mg21

cohol-oxidation reactions (1,63). Among them,
bacterial methanol dehydrogenase (MDH) is
the most well characterized and attractive en-
zyme that catalyzes the oxidation of methanol
to formaldehyde, a key step of the biological
C1-metabolism (1, 2). According to the x-ray
structure, there is one calcium ion strongly
bound to PQQ through its C-5 quinone car-
bonyl oxygen, N-6 pyridine nitrogen, and C-7
carboxylate group in the enzyme active site (35,
85). Existence of Ca21 in the enzyme active site
has also been suggested for other PQQ-depen-
dent enzymes such as ethanol dehydrogenase
from Pseudomonas aeruginosa and glucose de-
hydrogenase from Acinetobacter calcoaceticus (4,
34). It has been suggested that Ca21 plays an
important role for the structural stabilization of
the enzyme (40). The more important role of
Ca21 has been shown by the first functional
model for MDH, where the calcium complex of
a PQQ derivative efficiently oxidizes methanol
to formaldehyde (46, 48). So far, binding of
Na1, K1, Cd21, Cu21, and Fe31 to PQQ or its
analogs has been examined to demonstrate that
the molecular cleft surrounded by the quinone
carbonyl group at C-5 (O-5), the pyridine ni-
trogen (N-6), and the carboxylate group at the
7 position (O-79) is the most suitable place for
the metal ion coordination (42, 68, 76, 82). The
1:1 complex formation of the quinone with
Ca21 at C-5 quinone carbonyl oxygen, N-6 pyri-
dine nitrogen, and C-7 methyl ester group has
also been confirmed by spectroscopic studies
using UV-vis, 1H-NMR, and 13C-NMR (46, 48).

Formation of the C-5 hemiacetal with meth-
anol is significantly enhanced when the qui-
none is treated with the alcohol in the presence
of Ca21. Addition of a base such as 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) into a
MeCN solution of the PQQTME-Ca21 complex
(PQQTME 5 trimethyl ester of coenzyme
PQQ) and methanol leads to the redox reaction
to afford reduced PQQTME-Ca21 complex and
formaldehyde. Kinetic studies on the redox re-
action provided an unequivocal evidence for
the addition–elimination mechanism (Scheme
8) (46, 48). The PQQTME-Ca21 complex is
shown to act as an efficient catalyst for the ox-
idation of ethanol to acetaldehyde under aero-
bic conditions (46, 48).

It has been shown that the binding of Ca21
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Scheme 7.
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to the quinone is much stronger than that of
Sr21 and Ba21 (48). This is probably due to the
fitting of the metal ions to the molecular cleft
of PQQ, because the size of Ca21 fits best to
that of the binding pocket of PQQ. The calcu-
lated distances using a semiempirical molecu-
lar orbital method [Ca21-O(59), 2.43 Å, Ca21-
N(6), 2.46 Å, and Ca21-O(79); 2.36 Å] of the
Ca21-model complex are all within the range
of the reported values for Ca21¡ODC and
Ca21¡Npy distances in crystals ( , 2.4 Å)
(46,48). Coordination of the larger metal ions,
Sr21 and Ba21, may cause a distortion of the
PQQ molecule, making the binding constant K
of these metal ions smaller than that of Ca21

(48). Furthermore, addition of an excess
amount of a harder Lewis acid such as Mg21

to PQQ resulted in the hydration of the o-qui-
none moiety, causing a deactivation of PQQ for
the redox reactions as mentioned above. These
facts may be some of the reasons why quino-
protein alcohol dehydrogenases selected Ca21

as a co-catalyst among the alkaline earth metal
ions (48).

The enhancement of the oxidizing ability of
a PQQ analog by the complexation with Ca21

has been demonstrated by the electrochemical
study on PQQTME in aprotic organic solvents
(47). The cyclic voltammogram of PQQTME ex-
hibits irreversible redox waves (9). When the
pyrrole proton of PQQTME is replaced by a
methyl group to give MePQQTME, the cyclic

voltammogram of MePQQTME in CH2Cl2 ex-
hibits a clearly reversible redox couple at E1/2 5
20.90 V versus Fc/Fc1 (Fc 5 ferrocene), which
corresponds to the one-electron redox couple
of MePQQTME/MePQQTME?2 (47). It should
be noted that the electrochemical behavior of
coenzyme PQQ in aprotic organic media is
quite similar to that of Fl coenzyme, but PQQ
possesses , 0.4 V higher oxidizing ability than
Fl cofactor (flavin/flavin semiquinone radical
anion couple: 21.3 V versus Fc/Fc1) (67).

Addition of Ca21 into the solution of
MePQQTME causes , 0.57 V positive shift of
the one-electron reduction potential of
MePQQTME as shown in Fig. 6, which dem-
onstrates the enhancement of the oxidation
power of MePQQTME by a strong interaction
between Ca21 and MePQQTME?2 (47). This in-
dicates that the oxidation power of PQQ in
MDH is also enhanced significantly by the
Ca21 coordination as compared with free PQQ.

The well resolved solution ESR spectra of
MePQQTME?2 and MePQQTME?2-Ca21 in
MeCN can be obtained successfully by using
the electrolysis cell with the helical gold wire
with large surface area as shown in Fig. 7 (47).
Each ESR spectrum can be reproduced per-
fectly by the computer simulation using hy-
perfine splitting (hfs) values in which the aN(6)
value becomes larger by the complexation with
Ca21 and while the other hfs values are not per-
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FIG. 6. Cyclic voltammograms of MePQQTME (1.1
mM) (trace A) in the absence of Ca(ClO4)2 and (trace B)
in the presence of Ca(ClO4)2 (1.1 mM) in deaerated
MeCN at 298 K (47).

Scheme 8.
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turbed significantly. This indicates that Ca21

binds to the pyridine nitrogen as in the case of
MePQQTME?2-Ca21.

Reoxidation of reduced PQQ to the quinone
form by O2 has also been shown to be enhanced
drastically by Ca21 (45). Thus, the oxidation of
ethanol to acetaldehyde proceeded catalyti-
cally (1,450% based on PQQTME after 65 h),
when the reaction was carried out under aero-
bic conditions (48). In this system, O2 acts as an
electron acceptor to regenerate the quinone
from the reduced PQQ.

TRYPTOPHAN TRYPTOPHYLQUINONE
(TTQ)

Bacterial methylamine dehydrogenase and
aromatic amine dehydrogenase are new mem-
bers of quinoprotein (quinone-containing en-
zymes), which involve a heterocyclic o-quinone
cofactor TTQ at their active sites of the light
subunits (64). This cofactor is derived post-
translationally from two tryptophan residues
in the enzyme active site, acting as the redox
catalyst for the enzymatic oxidation of primary
amines to the corresponding aldehydes (Eq. 13)
(64).

(13)

Monovalent cations such as ammonium ion
and alkaline metal ions have recently been
shown to influence not only the UV/visible
spectrum of the cofactor, but also the reactiv-
ity of TTQ in the amine-oxidation reaction and
in the electron transfer from the reduced TTQ
to amicyanin (6,36,37,58,66). It has been dem-
onstrated that the enzymes have two different
cation binding sites, one of which is located
near the quinone carbonyl oxygen O(6) of the
cofactor. The cationic species incorporated into
this binding region have been suggested to in-
teract directly with the quinone, affecting the
electronic structure of the cofactor as well as
the reactivity in both the amine-oxidation re-
action and the subsequent electron-transfer
process. It has also been reported that the semi-
quinone radical of TTQ in the enzyme active
site is largely stabilized by the interaction with
the cationic species (37).

The extensive data for the visible/near in-
frared spectra and the binding constants for a
series of metal ion complexes of a TTQ model
compound [IIQ,1,3-dimethyl-4-(39-methylin-
dol-29-yl)indole-6,7-dione] have provided use-
ful clues to identify the cationic species in-
volved in TTQ-dependent enzymes (50,51). The
intramolecular charge-transfer bands from the
indole ring to the quinone moiety of metal ion-
IIQ complexes are highly sensitive to the type
of metal ions, and the charge-transfer energies
are well correlated with the binding strength of
the metal ions to IIQ. For example, the absorp-
tion band at 408 nm due to the quinone of IIQ
is shifted to 430 nm in the Li1 complex, and a
broad absorption band appears at 626 nm (51).
Essentially the same spectral change was ob-
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FIG. 7. ESR spectra of (a) MePQQTME?2 electro-
chemically generated at 20.8 V versus Ag/Ag1 in CH2Cl2
and (b) MePQQTME?2-Ca21 electrochemically gener-
ated at 20.8 V versus Ag/Ag1 in the presence of
Ca(ClO4)2 (1 equiv. 1.0 mM) in MeCN at 25ºC (47).
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served in the titration with NaClO4. The IIQ
complexes with divalent metal cations, Mg21

and Ca21, gave the more red-shifted absorp-
tion bands as compared with the monovalent
cations (51). The spectral change becomes more
prominent for trivalent metal cations, and in
particular the Sc31 complex gives the two ab-
sorption maxima at 489 and 802 nm, which are
the most red-shifted (51). In the presence of an
amine substrate, deprotonation of the pyrrole
proton takes place to enhance the binding with
monovalent and divalent metal ions, whereas
the binding strength of trivalent metal ions is
reduced by the complexation with the base (51).

The enhancement of the oxidizing ability of
TTQ model compounds has been shown by
large positive shifts in the one-electron reduc-
tion potentials of metal ion–TTQ model com-
plexes as compared with those in the absence
of the metal ion (51). For example, addition of
Mg21 results in a remarkably large positive
shift of E0

red by 1.17 V. In the presence of Sc31,
IIQ also exhibited a reversible redox couple at
0.35 V versus Ag/AgNO3, causing a similar
large positive shift of E0

red (DE0
red 5 1.16 V).

This indicates the much stronger binding of IIQ
radical anion with metal ions as compared with
the neutral compound. The interaction be-
tween the radical anion with Mg21 ion is di-
rectly detected by the ESR spectrum in com-
parison with that of the radical anion without
metal ion (51). The smaller g value of IIQ?2-
Mg21 than that of IIQ?2(2.0038) indicates that
the spin density on oxygen nuclei in IIQ?2-
Mg21 is decreased by the complexation with

Mg21. The hyperfine structure can be well re-
produced by the computer simulation with the
hfs values of eight protons, two sets of methyl
protons, and two nitrogen atoms (51). It has
been shown that the spin densities in IIQ?2-
Mg21 are significantly decreased by the coor-
dination to Mg21 (51).

Metal ion–TTQ model complexes can oxidize
not only benzylamine, but also aliphatic amines
in anhydrous organic media, whereas no reac-
tion takes place in the absence of the metal ion
under otherwise the same experimental condi-
tions (51). Metal ions are shown to accelerate
each step in three distinct steps: the addition of
the amine to the quinone, the spontaneous and
the amine-catalyzed rearrangement from the
substrate imine to the product imine, and the
imine exchange reaction to generate the
aminophenol and RCH2NDCHR (Scheme 9)
(51). Thus, cationic species involved in the en-
zyme may also act as a catalyst to promote the
overall amine oxidation.

SUMMARY AND CONCLUSIONS

As demonstrated in this review, both ther-
mal and photoinduced redox reactions of var-
ious coenzyme analogs are accelerated by com-
plexation with metal ions. Such effects of metal
ions to enhance the redox reactivities of coen-
zymes certainly play essential roles in a vari-
ety of enzymatic reaction systems involving
coenzymes. Quantitative measure to determine
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Scheme 9.
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the Lewis acidity of a variety of metal ions de-
scribed in the beginning of this review, com-
bined with subsequent examples of metal ion-
promoted redox reactions of coenzyme
analogs, will provide a useful guide to expand
the scope of catalytic control of redox reactivi-
ties of coenzyme analogs by metal ions.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the con-
tributions of their collaborators and co-work-
ers mentioned in the references (in particular,
Dr. T. Suenobu, Dr. K. Ohkubo, and Dr. H.
Ohtsu). The authors acknowledge continuous
support of their study by a Grant-in-Aid from
the Ministry of Education, Culture, Sports, Sci-
ence and Technology, Japan.

ABBREVIATIONS

AcrH2, 10-methyl-9,10-dihydroacridine; Bdpi,
4,5-bis[di(2-pyridylmethyl)aminomethyl]imida-
zole; BNAH, 1-benzyl-1,4-dihydronicotinamide;
Bu, butyl; DBU, 1,8-diazabicyclo[5.4.0]undec-7-
ene; DDQ, 2,3-dicyano-5,6-dichloro-p-benzo-
quinone; DPPH?, 1,1-diphenyl-2-picrylhydrazyl;
ESR, electron spin resonance; Et, ethyl; Fl, flavin;
hfs, hyperfine splitting; IIQ, 1,3-dimethyl-4-(39-
methylindol-29-yl)indole-6,7-dione; MDH, meth-
anol dehydrogenase; Me, methyl; MeCN, ace-
tonitrile; MeIM(Py)2, (1-methyl-4-imidazolyl-
methyl)bis(2-pyridylmethyl)amine; Mn1, metal
ion; NAD1, nicotinamide adenine dinucleotide;
NADP1, nicotinamide adenine dinucleotide
phosphate; O2?

2, superoxide ion; Ph, phenyl;
PQQ, pyrroloquinoline quinone; PQQTME,
PQQ trimethyl ester; Q, p-benzoquinone; SCE,
standard calomel electrode; SOD, superoxide
dismutase; TCNE, tetracyanoethylene; TCNQ,
7,7,8,8-tetracyano-p-quinodimethan; TPP, tetra-
phenylporphyrin; TTQ, tryptophan tryptophyl-
quinone.
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