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Accelerating and Decelerating Effects of Metal Ions on Electron-Transfer
Reduction of Quinones as a Function of Temperature and Binding Modes of
Metal Ions to Semiquinone Radical Anions

Junpei Yuasa, Shunsuke Yamada, and Shunichi Fukuzumi*[a]

Introduction

Activation and deactivation of electron transfer (ET) plays
a vital role in controlling biological redox reactions such as
photosynthesis and respiration, which are essential for
life.[1,2] Electron-transfer reactions are often regulated and
tuned through noncovalent interactions (e.g., hydrogen
bonds,[3–5] interactions in proteins,[6] electrostatic interactions
with metal ions[7–15]) in many biological and chemical redox
systems. In particular, metal ions acting as Lewis acids are
known to activate ET reactions when they bind to the prod-
uct radical anions.[7–15] Electron-transfer rates are generally

determined by the enthalpies DH� and entropies DS� of ac-
tivation. In adiabatic ET reactions in solution, the DS� value
is normally close to zero, and ET is enthalpy-controlled.[16,17]

When ET from an electron donor (D) to an electron accept-
or (A) is activated by binding of metal ions (Mn+) with the
product radical anion (AC�), the DS� value takes on a large
negative value because of restricted geometry in binding of
metal ions in the transition state, whereas the DH� value be-
comes smaller because metal-ion binding thermodynamical-
ly stabilizes the product radical anion (Scheme 1). If the
binding mode of the metal ion complex changes from a 1:1
complex (AC�–Mn+) to a 1:2 complex (AC�–(Mn+)2) with in-
creasing metal-ion concentration, the DH� and DS� values
would be different for the two binding modes
(Scheme 1).[7–15,18,19] In such a case, the rate of the ET path-
way to afford 1:2 complex AC�–(Mn+)2 with a smaller DH�

value and a more negative DS� value would be faster than
that to afford a 1:1 complex AC�–Mn+ at lower temperature,
whereas this would be reversed at higher temperature. This
indicates that the ET rate increases with increasing concen-
tration of metal ions at lower temperature, but the ET rate
decreases with increasing concentration of metal ions at
higher temperature. However, such acceleration and decel-
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eration effects of metal ions on electron transfer depending
on temperature have yet to be scrutinized.

We report herein for the first time the accelerating and
decelerating effects of metal ions on the ET reduction of p-
and o-quinones, 1-(p-tolylsulfinyl)-2,5-benzoquinone
(TolSQ) and 9,10-phenanthrenequinone (PQ), by electron
donors with different electron-donor abilities ((AcrH)2, [Ir-
ACHTUNGTRENNUNG(ppy)3], CoTPP) as a function of temperature. Quinones are
known to play a crucial role in biological redox systems.[20–22]

TolSQ and PQ were chosen as electron acceptors, because
these quinones have metal-ion binding sites for complexa-
tion of metal ions. Typically, Sc3+ and Y3+ , which act as
strong Lewis acids, can form complexes with TolSQ and PQ,
respectively.[23] Hence, we employed Sc3+ and Y3+ to dem-
onstrate the accelerating and decelerating effects of metal
ions on ET reduction of quinones.

Results and Discussion

Accelerating and decelerating
effects of Sc3+ on ET from
(AcrH)2 to TolSQ : No electron
transfer (ET) from 10,10’-di-
methyl-9,9’-biacridine
((AcrH)2, Eox =0.62 V versus
SCE)[24] to 1-(p-tolylsulfinyl)-
2,5-benzoquinone (TolSQ,
Ered =�0.26 V versus SCE)[25]

occurs in acetonitrile (MeCN)
at 298 K, in agreement with
the highly positive free-energy
change of ET (DGet =0.88 eV).
In the presence of 1.0m scandi-
um triflate [Sc ACHTUNGTRENNUNG(OTf)3] (OTf=

OSO2CF3), however, the re-
duction potential of TolSQ is

shifted to 0.70 V (versus SCE),[25] and efficient ET from
(AcrH)2 to TolSQ then occurs to yield 2 equiv of AcrH+

[Eq. (1)]. Hereby, initial ET from (AcrH)2 to TolSQ is fol-
lowed by facile C�C bond cleavage to give AcrH+ and
AcrHC (Ered =�0.46 V versus SCE),[26] which is a much
stronger electron donor than (AcrH)2.

[24] Thus, subsequent
ET from AcrHC to TolSQ occurs rapidly to yield two equiva-
lents of AcrH+ [Eq. (1)].

The ET rate was determined by monitoring the increase
in the absorption band due to AcrH+ in deaerated MeCN.
The rates obeyed pseudo-first-order kinetics in the presence
of a large excess of TolSQ and Sc3+ relative to the concen-
tration of (AcrH)2 (see the first-order plots in Figure S1 in
the Supporting Information). The dependence of the ob-
served second-order rate constant ket on [Sc3+] for ET from
(AcrH)2 to TolSQ at 233 and 298 K is shown in Figure 1a
and b, respectively. The ket value increases with increasing
Sc3+ concentration and exhibits saturation behavior at low
concentrations of Sc3+ ([Sc3+]<5.0J10�3

m) at both 233 and
298 K (Figure 1a and b, respectively). The saturation de-
pendence of ket on [Sc3+] is ascribed to 1:1 complex forma-
tion between TolSQ and Sc3+ (TolSQ–Sc3+), which enhances
the electron-acceptor ability of TolSQ.[25] The formation
constants K1 of the TolSQ–Sc3+ complex at 298 and 233 K

Scheme 1. Schematic description of metal-ion-promoted ET.
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were determined from UV/Vis spectral changes of TolSQ in
the presence of various concentrations of Sc3+ in MeCN as
(2.5�0.1)J103

m
�1 and (9.7�0.1)J103

m
�1 at 298 and 233 K,

respectively.[25]

The ket value increases further with increasing [Sc3+] at
high concentrations of Sc3+ ([Sc3+]>5.0J10�3

m) at 233 K as
shown in Figure 1a. In sharp contrast, the ket value decreas-
es with increasing [Sc3+] at high concentrations of Sc3+

([Sc3+]>5.0J10�3
m) at 298 K (Figure 1b). On the other

hand, the ket value is rather constant irrespective of Sc3+

concentration at 263 K (Figure 1c). The decelerating effect
of metal ions Mn+ on the rate of ET normally results from
complex formation between electron donor and metal ion
(D–Mn+), which reduces the electron-donor ability and de-
celerates the ET reaction.[27] However, it was confirmed that
Sc3+ has no effect on the oxidation potential of (AcrH)2.

The accelerating effect of Sc3+ on ket in Figure 1a can be
easily explained by two ET pathways to produce the 1:1
complex TolSQC�–Sc3+ and the 1:2 complex TolSQC�–(Sc3+)2

(pathways A and B, respectively, in Scheme 2). No ET from

(AcrH)2 to TolSQ occurs without Sc3+ (vide supra). In the
presence of Sc3+ , ET becomes possible by 1:1 complex for-
mation between TolSQ and Sc3+ (TolSQ–Sc3+) to afford the
TolSQC�–Sc3+ complex. With increasing concentration of
Sc3+ , the 1:1 complex TolSQC�–Sc3+ is further converted to
the 1:2 complex TolSQC�–(Sc3+)2 (pathway B). In such a
case, the ET rate increases with increasing concentration of
Sc3+ , because additional Sc3+ is involved in the transition
state of ET to afford the 1:2 complex TolSQC�–(Sc3+)2.

The dependence of the formation of the 1:1 complex
TolSQC�–Sc3+ and the 1:2 complex TolSQC�–(Sc3+)2 on Sc3+

concentration was monitored by EPR spectroscopy in ET
from (AcrH)2 to TolSQ in the presence of low and high con-
centrations of Sc3+ (vide infra).[25,28] The EPR spectrum of a
deaerated MeCN solution of (AcrH)2 and TolSQ in the
presence of a low concentration of Sc3+ (4.2J10�3

m), shown
in Figure 2a, is well reproduced by the simulated spectrum
with the hfc values of a ACHTUNGTRENNUNG(2H)=1.85, 0.62 G and superhyper-
fine splitting due to one Sc3+ ion (a ACHTUNGTRENNUNG(Sc3+)=1.63 G; Fig-
ure 2b).[25,29] This indicates that TolSQC� forms a 1:1 complex
with Sc3+ (TolSQC�–Sc3+) in the presence of a low concen-
tration of Sc3+ . In the presence of a high concentration of
Sc ACHTUNGTRENNUNG(OTf)3 (2.1J10�1

m), the hyperfine pattern changes and
exhibits splitting due to the additional Sc3+ ion (Fig-
ure 2c).[25, 28] This indicates that the TolSQC�–Sc3+ complex is
converted to the 1:2 complex with Sc3+ (TolSQC�–(Sc3+)2) in
the presence of high concentrations of Sc3+ .

The activation parameters are expected to differ between
pathway A and pathway B, because pathway B to afford
TolSQC�–(Sc3+)2 may have a smaller activation enthalpy
DH� and a more negative activation entropy DS� due to the
second binding of Sc3+ with more restricted geometry in the
ET transition state as compared to pathway A to afford
TolSQC�–Sc3+ . Thus, we examined the temperature depend-
ence of ket at different Sc3+ concentrations (1.0J10�2 and
5.0J10�2

m). At a low concentration of Sc3+ (1.0J10�2
m)

pathway A is dominant, whereas the contribution of the
pathway B becomes predominant at a high concentration of
Sc3+ (5.0J10�2

m). The resulting Eyring plots are shown in
Figure 3. Nearly all TolSQ molecules form the TolSQ–Sc3+

complex in the presence of 5.0J10�2
m and 1.0J10�2

m of

Figure 1. Dependence of ket on [Sc3+] for ET from (AcrH)2 (1.0J10�5
m)

to TolSQ in the presence of Sc3+ in deaerated MeCN at a) 233 K,
b) 298 K, and c) 263 K.

Scheme 2. ET from electron donors to TolSQ–Sc3+ to produce
a) TolSQC�–Sc3+ and b) TolSQC�–(Sc3+)2.
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Sc3+ at 233–328 K judging from the large K1 values at 298
and 233 K (vide supra). The activation enthalpies DH� and
entropies DS� were determined from the slopes and the in-
tercepts of the Eyring plots for ET as DH� = (11.6�0.4) kcal
mol�1 and DS� = (3.2�1.5) calmol�1K�1 at low Sc3+ concen-
tration (1.0J10�2

m), and DH� = (8.3�0.3) kcalmol�1 and
DS� = (�9.4�1.1) calmol�1K�1 at high Sc3+ concentration
(5.0J10�2

m). The larger DH� value and positive DS� value
at low Sc3+ concentration (1.0J10�2

m) corresponds to path-

way A. At a high concentration of Sc3+ (5.0J10�2
m), the

contribution of pathway B becomes predominant with a
smaller DH� value and a more negative DS� value because
of the second binding of Sc3+ to TolSQC�–Sc3+ to give
TolSQC�–(Sc3+)2 (pathway B), which results in stronger bind-
ing and a higher degree of organization as compared with
pathway A to afford the 1:1 TolSQC�–Sc3+ complex.

The two plots cross at 263 K (Figure 3). In consequence,
the ket value increases with increasing Sc3+ concentration
below 263 K, and decreases with increasing Sc3+ concentra-
tion above 263 K. At the crossing point, the ket values
remain constant with increasing Sc3+ concentration (Fig-
ure 1c).

If pathway A is independent of pathway B, ket is given as
the sum of the rate constants of pathways A (kA) and B [kB-
ACHTUNGTRENNUNG[Sc3+], Eq. (2)].

ket ¼ kA þ kB½Sc3þ� ð2Þ

In such a case, the ket value would always increase with in-
creasing concentration of Sc3+ irrespective of temperature.
Thus, the observed decelerating effect of Sc3+ on the rate of
ET from (AcrH)2 to the TolSQ–Sc3+ complex at 298 K (Fig-
ure 1b) indicates that pathway A is not independent of path-
way B. Pathway A thereby changes to the pathway B with
increasing concentration of Sc3+ when ket is given by Equa-
tion (3), where K2 is the formation constant of the 1:2 com-
plex TolSQC�–(Sc3+)2.

ket ¼ ðkA þ kBK2½Sc3þ�2Þ=ð1þK2½Sc3þ�Þ ð3Þ

This is quite different from chemical reactions other than
electron transfer. Because electron transfer occurs according
to the Franck–Condon principle,[7,30] the ET transition state
reflects the binding modes of the products, that is, TolSQC�–
Sc3+ (pathway A) and TolSQC�–(Sc3+)2 (pathway B).[31]

When K2ACHTUNGTRENNUNG[Sc3+]@1, that is, pathway B is predominant over
pathway A, Equation (3) reduces to Equation (4).

ket ¼ kAK�1
2 ½Sc3þ��1 þ kB½Sc3þ� ð4Þ

The contribution of the second term kB ACHTUNGTRENNUNG[Sc3+] as compared
to the first term kAK�1

2 ACHTUNGTRENNUNG[Sc3+]�1 will decrease with increasing
temperature, because of the smaller DH� value and the
more negative DS� value for pathway B (vide supra). In
such a case Equation (4) reduces to Equation (5), which in-
dicates that ket is inversely proportional to concentration of
Sc3+ , as observed in Figure 1b.

ket ¼ kAK�1
2 ½Sc3þ��1 ð5Þ

Accelerating effect of Sc3+ on ET reduction of TolSQ and
decelerating effect of Y3+ on ET reduction of PQ : Acceler-
ating and decelerating effects of metal ions on the ET reduc-
tion of TolSQ may vary depending on the one-electron oxi-
dation potentials of electron donors. Thus, we examined ac-
celerating and decelerating effects of Sc3+ on the ET reduc-

Figure 2. a) EPR spectrum of TolSQC�–Sc3+ produced by ET from
(AcrH)2 (1.6J10�2

m) to TolSQ (4.2J10�2
m) in the presence of Sc3+

(4.2J10�3
m) and H2O (4.6m) in deaerated MeCN at 298 K and b) simu-

lated spectrum. c) EPR spectrum of TolSQC�–(Sc3+)2 produced by ET
from (AcrH)2 (1.6J10�2

m) to TolSQ (4.3J10�2
m) in the presence of Sc3+

(2.1J10�1
m) and H2O (2.4m) in deaerated MeCN at 298 K and d) simu-

lated spectrum. The hfc constants determined by computer simulation
with DHmsl (maximum slope line width) are shown together with the
structures of TolSQC�–Sc3+ and TolSQC�–(Sc3+)2.

Figure 3. Plots of ln ACHTUNGTRENNUNG(ketT
�1) versus T�1 for ET from (AcrH)2 (1.0J10�5

m)
to TolSQ in the presence of Sc ACHTUNGTRENNUNG(OTf)3 (1.0J10�2

m : open circles, 5.0J
10�2

m : filled circles) in deaerated MeCN.
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tion of TolSQ by different electron donors with different
one-electron oxidation potentials (vide infra).

When cobalt(II) tetraphenylporphyrin (CoTPP, Eox =

0.35 V versus SCE)[32] is employed as electron donor instead
of (AcrH)2 (Eox =0.62 V versus SCE),[24] efficient ET from
CoTPP to TolSQ (Ered =�0.26 V versus SCE)[25] also occurs
in the presence of Sc3+ [Eq. (6)], whereas no ET occurs in
the absence of Sc3+ due to a positive free-energy change
(DGet =0.61 eV).[33]

CoTPPþ TolSQ Sc3þ
��!½CoðTPPÞ�þ þ TolSQC� � ðSc3þÞn

ðn ¼ 1, 2Þ
ð6Þ

The ket value exhibits saturation behavior with respect to
the concentration of Sc3+ at low concentrations of Sc3+

([Sc3+]<5.0J10�3
m) because of formation of the 1:1 com-

plex of TolSQ with Sc3+ (TolSQ–Sc3+), as seen in the case
of ET from (AcrH)2 (Figure 1). In contrast to the decelerat-
ing effect of Sc3+ on ET from (AcrH)2 to TolSQ at 298 K
(Figure 1b), the ket value increases with increasing [Sc3+] at
high concentrations of Sc3+ even at 298 K (Figure 4a). This
indicates no changeover from an accelerating effect of Sc3+

to a decelerating effect below 298 K. Such a promoting
effect of Sc3+ on ET has also been previously observed in
ET from tris(2-phenylpyridine)iridium ACHTUNGTRENNUNG(III) [IrACHTUNGTRENNUNG(ppy)3] to
TolSQ,[25] which is shown in Figure 4b for comparison. The

accelerating effect of Sc3+ on the ET reduction of TolSQ by
CoTPP and Ir ACHTUNGTRENNUNG(ppy)3 indicates a predominant contribution of
the kB ACHTUNGTRENNUNG[Sc3+] term in Equation (4) at 298 K.

We also examined the effect of Y3+ on the rate of ET
from CoTPP (Eox =0.35 V versus SCE)[32] to 9,10-phenan-
threnequinone (PQ, Ered =�0.65 V versus SCE),[12b] because
PQ also forms a 1:1 complex with Y3+ (PQ–Y3+), like the
case of TolSQ–Sc3+ .[34] No ET from CoTPP to PQ occurs in
the absence of Y3+ , because the free energy change of ET is
highly positive (DGet =1.00 eV). When PQ forms a 1:1 com-
plex with Y3+ (PQ–Y3+) and thus enhances the electron-ac-
ceptor ability of PQ, ET becomes possible [Eq. (7)].[12b,35]

CoTPPþPQ Y3þ
��!½CoðTPPÞ�þ þ PQC��ðY3þÞn ðn ¼ 1, 2Þ ð7Þ

Formation of the PQ–Y3+ complex was confirmed by UV/
Vis spectral changes of PQ in the presence of various con-
centrations of Y3+ (see Figure S2 in the Supporting Informa-
tion). In such a case, the second-order rate constant of ET
ket increases and exhibits saturation behavior with respect to
[Y3+] at low concentrations of Y3+ ([Y3+]<3.0J10�3

m) at
298 and 233 K (Figure 5a and b, respectively). At high con-
centrations of Y3+ ([Y3+]>5.0J10�3

m) the ket value de-
creases with increasing [Y3+] at both 298 and 233 K (Fig-
ure 5a and b, respectively).[36] Formation of the 1:1 complex
(PQC�–Y3+) and the 1:2 complex (PQC�–(Y3+)2) in depend-
ence on Y3+ concentration was also confirmed by EPR.[12b]

Figure 4. a) Dependence of ket on [Sc3+] for ET from CoTPP (5.0J
10�6

m) to TolSQ in the presence of Sc3+ in deaerated MeCN at 298 K.
b) Dependence of ket on [Sc3+] for ET from IrACHTUNGTRENNUNG(ppy)3 (2.5J10�5

m) to
TolSQ in the presence of Sc3+ in deaerated MeCN at 298 K.[25]

Figure 5. Dependence of ket on [Y3+] for ET from CoTPP (1.0J10�6
m)

to PQ in the presence of Y3+ in deaerated MeCN at a) 298 K and
b) 233 K.
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Thus, ET from CoTPP to PQ in the presence of Y3+ affords
PQC�–Y3+ (pathway A) and PQC�–(Y3+)2 (pathway B) at low
and high concentrations of Y3+ , respectively (Scheme 3).
Since Y3+ also has no effect on the oxidation potential of
CoTPP, the decelerating effect of Y3+ on ET from CoTPP
to PQ–Y3+ in Figure 5 results from the much smaller ET
rate on pathway B than that on pathway A at 298 and
233 K.

The temperature dependences of k0
et (=ketACHTUNGTRENNUNG(1+K ACHTUNGTRENNUNG[Mn+])/K-

ACHTUNGTRENNUNG[Mn+]) for ET from CoTPP and IrACHTUNGTRENNUNG(ppy)3 to TolSQ–Sc3+ and
from CoTPP to PQ–Y3+ were also examined at high and
low concentrations of metal ions (Mn+ =Sc3+ , Y3+). The k0

et

correspond to second-order rate constants for ET from elec-
tron donors to TolSQ–Sc3+ and PQ–Y3+ , and the k0

et value is
virtually the same as the ket value under conditions such
that 1!K ACHTUNGTRENNUNG[Mn+].[37] The resulting Eyring plots at low and
high concentrations of metal ions are shown in Figure 6
(open and filled symbols, respectively). In each case no
crossing point is found in the temperature range between
233 and 333 K.

The activation parameters DH� and DS� of a series of ET
reactions are listed in Table 1 together with the DGet

values.[38] Smaller DH� and more negative DS� values are

obtained in the presence of higher concentrations of metal
ions than in the presence of lower concentrations of metal
ions in each case (Table 1). This results from stronger bind-

ing of metal ions and more re-
stricted geometries in the ET
transition states to afford the
1:2 complexes TolSQC�–(Sc3+)2

and PQC�–(Y3+)2 between radi-
cal anions and metal ions as
compared with those to afford
the 1:1 complexes TolSQC�–
Sc3+ and PQC�–Y3+ .

The DH� values of the ET
reduction of TolSQ at low and
high concentrations of Sc3+

are plotted against the ET
driving force �DGet in Fig-

ure 7a. In both cases, the DH� value decreases linearly with
increasing �DGet, whereby the DH� value in the presence
of a high concentration of Sc3+ (filled circles) is smaller

Scheme 3. ET from CoTPP to PQ–Y3+ to produce a) PQC�–Y3+ and b) PQC�–(Y3+)2.

Figure 6. Plots of ln(k0
etT
�1) versus T�1 for a) ET from Ir(ppy)3 (2.5J

10�5
m) to TolSQ in the presence of Sc3+ [1.0J10�2

m (open circles) and
1.0J10�1

m (filled circles)] , b) ET from CoTPP (5.0J10�6
m) to TolSQ in

the presence of Sc3+ [1.0J10�2
m (open triangles) and 5.0J10�2

m (filled
triangles)], and c) ET from CoTPP (1.0J10�6

m) to PQ in the presence of
Y3+ [2.0J10�2

m (open squares) and 1.0J10�1
m (filled squares)] in deaer-

ated MeCN.

Table 1. One-electron oxidation potentials Eox of electron donors, one-electron reduction potentials Ered of electron acceptors in the presence of low and
high concentrations of Mn+ , free energy change DGet, activation enthalpies DH�, and activation entropies DS� of ET in the presence of low and high
concentrations of Mn+ in deaerated MeCN at 298 K.

No. Electron
donor

Electron
acceptor

Mn+ Eox

[V vs. SCE]
Ered [V vs. SCE] DGet [eV] DH� [kcalmol�1] DS� [calmol�1K�1]

low
conc[a]

high
conc[b]

low
conc[a]

high
conc[b]

low
conc[a]

high
conc[b]

low
conc[a]

high
conc[b]

1 Ir(ppy)3 TolSQ Sc3+ 0.71 0.61[c,d] 0.65[d,e] 0.10[c] 0.06[e] 12.4�0.8[c] 9.6�0.3[e] �1.4�2.8[c] �7.8�0.8[e]

2 (AcrH)2 TolSQ Sc3+ 0.62 0.61[c,d] 0.63[d, f] 0.01[c] �0.01[f] 11.6�0.4[c] 8.3�0.3[f] 3.2�1.5[c] �9.4�1.1[f]

3 CoTPP TolSQ Sc3+ 0.35 0.61[c,d] 0.63[d, f] �0.26[c] �0.28[f] 6.0�0.4[c] 3.5�0.2[f] �14.6�1.2[c] �21.6�1.2[f]

4 CoTPP PQ Y3+ 0.35 0.40[g,h] –[i] �0.05[h] –[i] 8.0�0.3[h] 7.7�0.4[j] �11.0�1.1[h] �13.8�1.4[j]

[a] Low concentrations of Mn+ . [b] High concentrations of Mn+ . [c] Value in the presence of 1.0J10�2
m of Sc3+ . [d] Determined from the equation Ered =

�0.26+0.059 log {Ka(1+K2[Sc3+])/K1}, where Ka is the formation constant of TolSQC�–Sc3+ , and K1 and K2 are formation constants of TolSQ–Sc3+ and
TolSQC�–(Sc3+)2, respectively; the Ka and K2 values were taken as 1.3J1018 and 38m

�1, respectively, from ref. [25]. [e] Value in the presence of 1.0J
10�1

m of Sc3+ . [f] Value in the presence of 5.0J10�2
m of Sc3+ . [g] Taken from ref. [12b]. [h] Value in the presence of 2.0J10�2

m of Y3+ . [i] Not deter-
mined. [j] Value in the presence of 1.0J10�1

m of Y3+ .
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than that in the presence of a lower concentration of Sc3+

(open circles) irrespective of the �DGet value. In contrast,
the relation between DS� and �DGet (Figure 7b) is not so
simple as the linear correlation between DH� and �DGet

(Figure 7a), because the transition-state geometry may be
different depending on the type of electron donors. The dif-
ference in the DS� values between pathways A and B is the
largest for the case of (AcrH)2 (no. 2 in Figure 7b). This is
the reason why a crossing point occurs at 263 K in Eyring
plots (Figure 3). In the other cases, the extrapolated crossing
temperature is too high or too low to be observed in the
limited range of temperature (233–333 K) in Figure 6.

In the case of ET from CoTPP to PQ in the presence of
Y3+ , the DH� value of pathway B (7.7�0.4 kcalmol�1) is
only slightly smaller than that of pathway A (8.0�
0.3 kcalmol�1; Table 1). Such a slight difference in the DH�

value between pathways A and B may result from the bind-
ing modes of PQC�–Y3+ and PQC�–(Y3+)2 (vide infra). The
second binding of Y3+ to PQC�–Y3+ dissociates a chelate
ring of PQC�–Y3+ to allow PQC�–(Y3+)2 to form (Scheme 3),
which results in weaker second binding than that of Sc3+ to
TolSQC�–Sc3+ to afford TolSQC�–(Sc3+)2. Such a weak
second binding of Y3+ reflects a subtle difference in the
binding enthalpy between PQC�–Y3+ and PQC�–(Y3+)2 in re-
lation to the difference in DH� values between pathways A
and B (Scheme 3).

Conclusions

We have demonstrated the accelerating and decelerating ef-
fects of metal ions on the ET reduction of quinones as a
function of temperature in relation to binding modes of
metal ions to semiquinone radical anions. The quinone de-
rivatives TolSQ and PQ employed as electron acceptors
form 1:1 complexes with Sc3+ and Y3+ (TolSQ–Sc3+ and
PQ–Y3+ , respectively). Formation of TolSQ–Sc3+ and PQ–
Y3+ complexes enables efficient ET reduction of TolSQ and
PQ by electron donors such as CoTPP. The resulting ET
products TolSQC�–Sc3+ and PQC�–Y3+ are converted to the
1:2 complexes TolSQC�–(Sc3+)2 and PQC�–(Y3+)2 at higher
concentrations of metal ions. The conversion of TolSQC�–
Sc3+ to TolSQC�–(Sc3+)2 with increasing Sc3+ concentration
has been successfully observed by EPR. The ET pathway B
to afford the 1:2 complexes has smaller activation enthalpies
DH� and more negative activation entropies DS� because of
stronger binding of metal ions and more restricted geome-
tries of the ET transition states as compared to ET path-
way A to afford the 1:1 complexes. Such differences in the
DH� and DS� values generally result in crossing of the
Eyring plots of ET pathways A and B. In the case of ET
from (AcrH)2 to the TolSQ–Sc3+ complex, crossing of the
two Eyring plots is experimentally observed at 263 K. At
the lower temperature, the ET rate increases with increasing
concentration of Sc3+ , whereas at the higher temperature
this is reversed, that is, the ET rate decreases with increasing
concentration of Sc3+ . At 263 K, the ET rate remains con-
stant with increasing concentration of Sc3+ . Thus, it has
been shown for the first time that metal ions exhibit both
accelerating and decelerating effects on ET, depending on
the difference in temperature in relation to the binding
modes of metal ions to the ET products (radical anions).

Experimental Section

Materials : 1-(p-Tolylsulfinyl)-2,5-benzoquinone (TolSQ),[39] cobalt(II) tet-
raphenylporphyrin (CoTPP),[40] and tris(2-phenylpyridine)iridium [Ir-
ACHTUNGTRENNUNG(ppy)3]

[41] were prepared according to the literature. 10,10’-Dimethyl-9,9’-
biacridine ((AcrH)2) was prepared by one-electron reduction of 10-meth-
ylacridinium perchlorate with hexamethylditin.[42] 9,10-Phenanthrenequi-
none (PQ) was obtained commercially and purified by the standard
methods.[43] Scandium triflate [Sc ACHTUNGTRENNUNG(OTf)3] (99%) was purchased from Pa-
cific Metals Co., Ltd. (Taiheiyo Kinzoku). Yttrium triflate [Y ACHTUNGTRENNUNG(OTf)3] was
obtained from Acros. Acetonitrile (MeCN) used as solvent was purified
and dried by the standard procedure.[43]

Spectral measurements : Formation of the Y3+ complex with PQ (PQ–
Y3+) was monitored by means of the change in the UV/Vis spectra of
PQ in the presence of various concentrations of Y3+ at 233–333 K on a
Hewlett Packard 8453 diode array spectrophotometer.

Kinetic measurements : Kinetic measurements were performed by using a
Unisoku RSP-601 stopped-flow spectrophotometer with an MOS-type
high-sensitivity photodiode array. Rates of ET from CoTPP (5.0J10�6

m)
to TolSQ (5.0J10�5

m) in the presence of Sc3+ (0–5.0J10�2
m) and ET

from CoTPP (1.0J10�6
m) to PQ (4.0J10�5

m) in the presence of Y3+ (0–
1.5J10�1

m) were monitored by the rise of the absorption band at 434 nm
due to CoTPP+ in deaerated MeCN at 233–333 K. Rates of ET from
(AcrH)2 (1.0J10�5

m) to TolSQ (2.0J10�4
m) in the presence of Sc3+ (0–

Figure 7. Plots of a) DH� and b) DS� versus �DGet for ET from electron
donors (Ir(ppy)3, (AcrH)2, and CoTPP) to TolSQ in the presence of low
(1.0J10�2

m, open circles) and high (5.0J10�2
m or 1.0J10�1

m, filled cir-
cles) concentrations of Sc3+ . Numbers correspond to those given in
Table 1.
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1.0J10�1
m) were monitored by the increase in the absorption band due

to 10-methylacridinium ion (AcrH+ : lmax =358 nm, emax =1.80J104
m

�1 cm�1)[24] in deaerated MeCN at 233–328 K in the dark. Rates of elec-
tron transfer from Ir ACHTUNGTRENNUNG(ppy)3 (2.5J10�5

m) to TolSQ (5.0J10�4
m) in the

presence of Sc3+ (0–5.0J10�2
m) were monitored by the rise and decay of

the absorption bands at 580 and 380 nm due to [Ir ACHTUNGTRENNUNG(ppy)3]
+ and Ir ACHTUNGTRENNUNG(ppy)3,

respectively, in deaerated MeCN at 253–328 K.

EPR measurements : EPR spectra of Sc3+ complexes of TolSQC� were re-
corded on a JEOL JES-RE1XE spectrometer in a sample cell in the
EPR cavity at 298 K. Typically, TolSQ (8.4J10�2

m) was dissolved in dea-
erated MeCN and purged with argon for 10 min. Sc ACHTUNGTRENNUNG(OTf)3 (8.4J10�3

m in
1.0 mL) was dissolved in deaerated MeCN. The TolSQ (200 mL) and
Sc3+ (200 mL) solutions in MeCN were introduced into an EPR cell
(1.8 mm i.d.) containing (AcrH)2 (1.6J10�2

m) and mixed by bubbling
with Ar gas through a syringe with a long needle. The magnitude of mod-
ulation was chosen to optimize the resolution and signal-to-noise ratio of
observed spectra under conditions of nonsaturating microwave power.
The g values and hyperfine coupling constants were calibrated with a
Mn2+ marker. Computer simulation of the ESR spectra was carried out
by using Calleo ESR version 1.2 (Calleo Scientific Publisher) on a per-
sonal computer.
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