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Abstract: Rates of electron transfer from a series of one-electron
reductants to a nonheme oxoiron(IV) complex, [(N4Py)FeIV(O)]2+,
are enhanced as much as 108-fold by addition of metal ions such
as Sc3+, Zn2+, Mg2+, and Ca2+; the metal ion effect follows the
Lewis acidity of metal ions. The one-electron reduction potential
of [(N4Py)FeIV(O)]2+ is shifted to a positive direction by 0.84 V in
the presence of Sc3+ ion (0.20 M).

Electron transfer (ET) is one of the most important elementary
steps in biological redox processes, in which high-valent metal-
oxo species are often involved as reactive species, e.g., MnV-oxo
species in water oxidation at the oxygen-evolving center (OEC) in
photosystem II (PSII), FeIV-oxo species in cyctochrome c oxidase
and P450, and nonheme iron enzymes.1-4 In the OEC, Ca2+ acts
as an essential cofactor in the manganese-calcium (Mn4Ca) active
site responsible for water oxidation in PSII, although the exact
functional role of Ca2+ has yet to be clarified.1 ET properties of
various high-valent metal-oxo species have merited increasing
attention.5,6 In this context, we have recently reported the first
example of binding of metal ions, such as Sc3+ and Ca2+, to a
nonheme oxoiron(IV) complex, [(TMC)FeIV(O)]2+ (TMC ) 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane), and the crystal struc-
ture of the Sc3+-bound [(TMC)FeIV(O)]2+ complex was determined
by X-ray crystallography.7 The binding of Sc3+ to [(TMC)FeIV-
(O)]2+ resulted in change in the number of electrons transferred
from ferrocene (Fc) to the oxoiron complex.7 However, the ET
rate from Fc to [(TMC)FeIV(O)]2+ was decelerated by the binding
of Sc3+ to [(TMC)FeIV(O)]2+ because of an increase in the
reorganization energy of ET.7 Although there are many examples
for acceleration of ET rates for reduction of organic electron
acceptors by metal ions,8-10 such acceleration effects of metal ions
on the reduction of high-valent metal-oxo species have never been
reported previously.

We report herein for the first time remarkable acceleration effects
of metal ions on rates of ET reduction of [(N4Py)FeIV(O)]2+ (N4Py
) N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine).11 Such
accelerated ET by metal ions is regarded as metal ion-coupled
electron transfer (MCET),8 in analogy to proton-coupled electron
transfer (PCET),12,13 as shown in Scheme 1. The change in the
one-electron reduction potential depending on metal ion concentra-
tion is determined by the redox titration in the presence of metal
ion. The MCET mechanism is discussed on the basis of the
thermodynamics, kinetics, and products obtained in the reactions
carried out in the presence of a metal ion.

When [FeII(bpy)3]2+ (bpy )2,2′-bipyridine) was employed as an
electron donor, no ET from [FeII(bpy)3]2+ (Eox ) 1.06 V vs SCE)14

to [(N4Py)FeIV(O)]2+ (Ered ) 0.51 V) occurred in acetonitrile
(MeCN), which is in agreement with the highly positive free energy
change of ET (∆Get ) 0.55 eV). In the presence of scandium triflate
(Sc(CF3SO3)3), however, the ET proceeded efficiently, as shown
in Figure 1. As the reaction proceeds, the absorption bands due to

[FeII(bpy)3]2+ (λmax ) 520 nm) and [(N4Py)FeIV(O)]2+ (λmax ) 695
nm) decrease, accompanied by a weak absorption band that remains,
due to [FeIII(bpy)3]3+ (λmax ) 600 nm), and clean isosbestic points
(Figure 1).

Formation of [FeIII(bpy)3]3+ was also confirmed by EPR mea-
surement. The solution containing [(N4Py)FeIV(O)]2+ and [FeII-
(bpy)3]2+ exhibited no EPR signal; however, after addition of 5
equiv of Sc3+ the solution showed clear EPR signals due to
[FeIII(bpy)3]3+ (g ) 2.6 and 1.6) (Figure 2a).15 The EPR signal at
g ) 4.2 is assigned to an Fe(III) species with an intermediate spin
(S ) 3/2) by comparison with EPR spectra of Fe(III) complexes
with S ) 3/2.16 Alternatively, a rhombic S ) 5/2 Fe(III) species
may also afford an EPR signal at g ) 4.2. Further addition of 30
equiv of Sc3+ resulted in a decrease in the signal at g ) 4.2,
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Scheme 1. MCET of [(N4Py)FeIV(O)]2+

Figure 1. Visible spectral change observed in ET from [FeII(bpy)3]2+ (1.1
× 10-4 M) to [(N4Py)FeIV(O)]2+ (1.1 × 10-4 M) in the presence of Sc3+

(1.0 × 10-2 M) in MeCN at 298 K.
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accompanied by the appearance of a new signal at g ) 6.3, which
may be assigned to an axial S ) 5/2 Fe(III) species by comparison
with EPR spectra of high-spin Fe(III) complexes (Figure 2b).17 A
similar change in the EPR spectra was observed in ET from
octamethylferrocene (Eox )-0.04 V vs SCE) to [(N4Py)FeIV(O)]2+

(see Supporting Information, Figure S1).6 The identification of the
intermediate and high-spin Fe(III) products depending on concen-
tration of Sc3+ is discussed together with the thermodynamic and
kinetic data (vide infra).

When [FeII(bpy)3]2+ was replaced by [RuII(bpy)3]2+ (Eox ) 1.24
V vs SCE),18 which is a weaker reductant than [FeII(bpy)3]2+ (Eox

) 1.06 V vs SCE),14 the ET oxidation by [(N4Py)FeIV(O)]2+ in
the presence of Sc3+ was in equilibrium; the concentration of the
remaining [RuII(bpy)3]2+ decreased with an increase in Sc3+

concentration, as shown in Figure 3a (see Supporting Information,

Figure S2, for the visible spectral changes in ET from [RuII(bpy)3]2+

to [(N4Py)FeIV(O)]2+ in the presence of Sc3+). The ET equilibrium
constants (Ket) in eq 1 were then determined by global fitting of
plots in Figure 3a. The one-electron reduction potentials of
[(N4Py)FeIV(O)]2+ (Ered) in the presence of different amounts
of Sc3+ were also determined from the Ket values and the Eox value
of [RuII(bpy)3]2+ using the Nernst equation (eq 2). The Ered values
were also determined from the Ket values obtained from the ET
equilibrium between [RuII(Me2-bpy)3]2+ (Me2-bpy ) 4,4′-dimethyl-
2,2′-bipyridine) (Eox ) 1.13 V vs SCE)19 and [(N4Py)FeIV(O)]2+

in the presence of different amounts of Sc3+ in MeCN at 298 K
(see Figure S3 and Table S1 in the Supporting Information for the
visible spectral changes in ET from [RuII(Me2-bpy)3]2+ to

[(N4Py)FeIV(O)]2+ and the Ket and Ered values, respectively).
A plot of Ered vs log [Sc3+] is shown in Figure 3b, which exhibits

a linear correlation with a slope of 118 mV/log [Sc3+]. This indicates
that the one-electron reduction of [(N4Py)FeIV(O)]2+ is accompanied
by binding of two Sc3+ ions to [(N4Py)FeIII(O)]+ (n ) 2 in eq 1),
in accordance with the Nernst equation (eq 3),20 where Eo

red is the
one-electron reduction potential without Sc3+, and K1 and K2 are
the formation constants of 1:1 and 1:2 complexes of
[(N4Py)FeIII(O)]+ with one Sc3+ and two Sc3+ ions, respectively.
When K1[Sc3+] and K2[Sc3+] . 1, the slope of the plot of Ered vs
log [Sc3+] is 2 × (2.3RT/F), which corresponds to 118 mV/
log [Sc3+] at 298 K, in agreement with the result in Figure 3b. The
Ered value in the presence of 0.20 M Sc3+ is shifted to 1.35 V vs
SCE, which is 0.84 V higher than the value in its absence.

Since the Nernst plot in Figure 3b indicates that two Sc3+ ions
bind to [(N4Py)FeIII(O)]+ with large excess of Sc3+, the Fe(III)
species detected by EPR in Figure 2b may be assigned to a 1:2 complex
between [(N4Py)FeIII(O)]+ and Sc3+ ion, [(N4Py)FeIII(O)]+-
(Sc3+)2.

21,22 In such a case, the Fe(III) species in Figure 2a may be
assigned to a 1:1 complex between [(N4Py)FeIII(O)]+ and Sc3+,
[(N4Py)FeIII(O)]+-Sc3+.21

Formation of the 1:2 complex, [(N4Py)FeIII(O)]+-(Sc3+)2, is
supported not only by the thermodynamic measurements in Figure
3b but also by the kinetic measurements (vide infra). The ET rate
constants from [FeII(bpy)3]2+ to [(N4Py)FeIV(O)]2+ were determined
by monitoring a decrease in absorption peaks at 520 and 695 nm
due to [FeII(bpy)3]2+ and [(N4Py)FeIV(O)]2+, respectively. Using
the same concentration of [FeII(bpy)3]2+ and [(N4Py)FeIV(O)]2+ in
the presence of a large excess of Sc3+, the rate obeyed second-
order kinetics, and the second-order rate constants (kobs) in the
presence of various concentrations of Sc3+ were determined from
the second-order plot (see Supporting Information, Figure S5). The
dependence of kobs on [Sc3+] is shown in Figure 4, where the kobs

value increases with a first-order dependence on [Sc3+] at low
concentrations, changing to a second-order dependence at high

Figure 4. Dependence of kobs on [Sc3+] for the ET from [FeII(bpy)3]2+ (85
µM) to [(N4Py)FeIV(O)]2+ (85 µM) in the presence of Sc3+ (2.0-12.5 mM)
in MeCN at 298 K. Inset: Plot of kobs/[Sc3+] vs [Sc3+].

Figure 2. (a) EPR spectrum of an MeCN solution containing [FeII(bpy)3]2+

(1.0 × 10-3 M), [(N4Py)FeIV(O)]2+ (1.0 × 10-3 M), and 5 equiv of Sc3+

(5.0 × 10-3 M), measured at 77 K. (b) EPR spectrum of an MeCN solution
containing [FeII(bpy)3]2+ (1.0 × 10-3 M), [(N4Py)FeIV(O)]2+ (1.0 × 10-3

M), and 30 equiv of Sc3+ (3.0 × 10-2 M), measured at 77 K.

Figure 3. (a) Spectroscopic titration at 450 nm for the disappearance of
[RuII(bpy)3]2+ as a function of equiv of [(N4Py)FeIV(O)]2+ added to a
solution of [RuII(bpy)3]2+ and Sc3+ (red squares, 200 mM; black circles,
100 mM; blue triangles, 50 mM) in MeCN at 298 K. (b) [Sc3+] dependence
of Ered of [(N4Py)FeIV(O)]2+ in MeCN at 298 K. Ered values were derived
from equilibrium constants (Ket) of the ET from electron donor (blue circles,
[RuII(Me2-bpy)3]2+; red squares, [RuII(bpy)3]2+) to [(N4Py)FeIV(O)]2+.

Ered ) Eox + (RT/F) ln Ket (2)

Ered ) Ered
° + (2.3RT/F) log(1 + K1[Sc3+] + K1K2[Sc3+]2)

(3)
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concentrations, as given by eq 4.23 The k1 and k2 values were
determined from the intercept and the slope of the linear plot of
kobs/[Sc3+] vs [Sc3+] (inset of Figure 4), respectively. The kobs value
in the presence of 12 mM of Sc3+ is 2.5 × 102 M-1 s-1, which is
ca. 108-fold larger than the predicted value without Sc3+.24

When we employed Fc as an electron donor (Eox ) 0.37 V), ET
was accelerated by the addition of not only Sc3+ but also other
metal ions, such as Y3+, Lu3+, Zn2+, Mg2+, and Ca2+, which are
weaker Lewis acids than Sc3+. The k1 and k2 values for various
metal ions were also determined from the dependence of kobs on
concentrations of metal ions in Figure 5a using eq 5, where k0 is

the ET rate constant without metal ion (Supporting Information,
Figures S6 and S7).

We have previously reported that the binding energies (∆E) of
metal ions with O2

•- can be evaluated from the gzz values of the
O2

•--Mn+ complexes and that the ∆E values are well correlated
with logarithm of rate constants of MCET reduction of p-
benzoquinone as well as O2.

9 Plots of log k1 and log k2 vs ∆E are
shown in Figure 5b, where log k1 and log k2 are linearly correlated
with ∆E.25 Thus, the stronger the Lewis acidity of metal ions, the
larger become the rate constants (k1 and k2) of MCET from Fc to
[(N4Py)FeIV(O)]2+.

In summary, we have demonstrated that metal ions promote ET
reduction of [(N4Py)FeIV(O)]2+ markedly. The MCET reactivity
increases with increasing the Lewis acidity of metal ions. Among
metal ions, Sc3+ is the most effective, exhibiting 108-fold accelera-
tion of the MCET rate.
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(19) Vögtle, F.; Plevoets, M.; Nieger, M.; Azzellini, G. C.; Credi, A.; Cola,
L. D.; Marchis, V. D.; Venturi, M.; Balzani, V. J. Am. Chem. Soc. 1999,
121, 6290.

(20) For similar Nernst analyses, see: (a) Yuasa, J.; Suenobu, T.; Fukuzumi, S.
J. Am. Chem. Soc. 2003, 125, 12090. (b) Okamoto, K.; Imahori, H.;
Fukuzumi, S. J. Am. Chem. Soc. 2003, 125, 7014.

(21) The detection of complexes between [(N4Py)FeIII(O)]+ and Sc3+ with ESI-
MS has yet to be successful.

(22) The optimized structure of [(N4Py)FeIII(O)]+-(Sc3+)2 by the DFT calcula-
tion is shown in Figure S4 in the Supporting Information.

(23) Judging from the dependence of kobs on [Sc3+] in Figure 4, there should be
a weak pre-equilibrium binding of Sc3+ to [(N4Py)FeIV(O)]2+ prior to
electron transfer.

(24) Although no ET from [FeII(bpy)3]2+ to [(N4Py)FeIV(O)]2+ occurs without
Sc3+ due to the highly positive free energy change of ET (∆Get), the rate
constant of ET is predicted on the basis of the Marcus theory of ET using
the λ value of 2.74 eV and ∆Get value of 0.55 eV; see ref 6a.

(25) The k2 value for Ca2+ was too small to be determined accurately.

JA109056X

kobs ) [Sc3+](k1 + k2[Sc3+]) (4)

Figure 5. (a) Dependence of kobs of ET from Fc (2.0 × 10-3 M) to
[(N4Py)FeIV(O)]2+ (1.0 × 10-4 M) on metal ion concentrations (closed
triangles, Sc3+; open squares, Y3+; closed squares, Lu3+; open circles, Zn2+;
closed circles, Mg2+; open triangles, Ca2+) in MeCN at 298 K. (b) Plots of
log k1 (red circles) and log k2 (blue squares) vs ∆E (quantitative measure
of Lewis acidity of metal ions).

kobs ) k0 + k1[M
n+] + k2[M

n+]2 (5)
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