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Abstract: Rates of Diels-Alder cycloaddition of anthracenes with p-benzoquinone and its derivatives as
well as rates of hydride-transfer reactions from 10-methyl-9,10-dihydroacridine to the same series of
p-benzoquinones are accelerated significantly in the presence of metal ions in acetonitrile. An extensive
comparison of the catalytic effects of metal ions in electron transfer from one-electron reductants (cobalt
tetraphenylporphyrin and decamethylferrocene) to p-benzoquinones with those in the Diels-Alder reactions
of the quinones as well as the hydride-transfer reactions has revealed that the catalysis of metal ions in
each case is ascribed to the 1:1 and 1:2 complexes formed between the corresponding semiquinone radical
anions and metal ions. The transient absorption and ESR spectra of the semiquinone radical anion-metal
ion complexes are detected directly in the electron-transfer reduction of p-benzoquinone derivatives in the
presence of metal ions. The catalytic reactivities of a variety of metal ions in each reaction are well correlated
with the energy splitting values of πg levels because of the complex formation between O2

•- and Mn+,
which are derived from the gzz values of the ESR spectra of the O2

•--Mn+ complex.

Introduction

Diels-Alder reactions are the most widely studied because
of their great importance in the synthetic and theoretical fields,
and they are generally believed to proceed via a thermally
allowed concerted process.1 However, there have recently been
increasing interest in the important role of electron-transfer
processes as the activation step for some Diels-Alder reactions
of electron-rich dienes with high-lying HOMO and electron-
deficient dienophiles with low-lying LUMO.2-4 The photo-
chemical cycloadditions via photosensitized electron-transfer and

charge-transfer irradiation of the electron donor-acceptor
complexes formed between dienes and dienophiles have also
been well documented.5-8 However, the possible contribution
of electron transfer in thermal Diels-Alder reactions has so
far been limited to those with powerful dienophiles being strong
electron acceptors.2-4 On the other hand, it is well-known that
not only the rates of Diels-Alder reactions but also the
regioselectivities and stereoselectivities are profoundly influ-
enced by Lewis acid catalysts.9-12 A variety of metal ions acting
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as Lewis acids are also known to accelerate electron-transfer
reactions of carbonyl compounds significantly.13-15 Metal ions
can also accelerate hydride-transfer reactions from NADH
(dihydronicotinamide adenine dinucleotide) model compounds
to carbonyl compounds via metal ion-catalyzed electron transfer
as the rate-determining step.16,17 However, it has yet to be
clarified how the Lewis acid catalysis in electron-transfer
reactions of carbonyl compounds such asp-benzoquinones is
correlated with the catalysis in Diels-Alder reactions and
hydride-transfer reactions of the samep-benzoquinones acting
as dienophiles and hydride acceptors, respectively.

We report, herein, that a variety of metal ions act as effective
catalysts to accelerate Diels-Alder reactions of anthracenes with
p-benzoquinone derivatives, which have been regarded as inert
or weak dienophiles.18 Scandium triflate (Sc(OTf)3) is shown
to be by far the most reactive as compared to other metal ions.19

An extensive comparison of the catalysis of a series of metal
ions has been performed for the first time among the electron-
transfer reactions, the Diels-Alder reactions, and the hydride-
transfer reactions ofp-benzoquinones acting as electron accep-
tors, dienophiles, and hydride acceptors, respectively. The direct
spectroscopic detection of complexes formed between the
corresponding semiquinone radical anions and metal ions,
combined with the detailed kinetic analysis of the catalytic
effects of metal ions, provides a confirmative basis to delineate
the common catalytic mechanism of metal ions in each reaction.

Experimental Section

Materials. Anthracene and its derivatives (9,10-dimethylanthracene,
9-methylanthracene, 9-ethylanthracene, 9-benzylanthracene, and 9-bro-
moanthracene) were obtained commercially.p-Benzoquinone and its
derivatives (2,5-dimethyl-p-benzoquinone, 2,5-dichloro-p-benzoquinone,
p-fluoranil, and p-chloranil) were also obtained commercially and
purified by the standard methods.20 Decamethylferrocene (Sigma) and
1,1′-dimethylferrocene (Tokyo Kasei Organic Chemicals) were com-
mercially available. Cobalt(II) tetraphenylporphyrin (CoTPP) was

prepared as given in the literature.21 The dimeric 1-benzyl-1,4-
dihydronicotinamide [(BNA)2] was prepared according to the litera-
ture.22 9,10-Dihydro-10-methylacridine (AcrH2) was prepared from 10-
methylacridinium iodide (AcrH+I-) by reduction with NaBH4 in
methanol and purified by recrystallization from ethanol.23 Scandium
triflate [Sc(OTf)3] was purchased from Pacific Metals Co., Ltd.
(Taiheiyo Kinzoku). Lanthanum triflate [La(OTf)3] was obtained from
Aldrich in hexahydrate form. Yttrium triflate [Y(OTf)3], europium
triflate [Eu(OTf)3], ytterbium triflate [Yb(OTf)3], and lutetium triflate
[Lu(OTf)3] were prepared as follows.24 A deionized aqueous solution
was mixed (1:1 v/v) with trifluoromethanesulfonic acid (>99.5%, 10.6
mL) obtained from Central Glass, Co., Ltd., Japan. The trifluo-
romethanesulfonic acid solution was slowly added to a flask which
contained the corresponding metal oxide (>99.9%, 30 mmol). The
mixture was refluxed at 100°C for 3 days. After centrifugation of the
reaction mixture, the solution containing metal triflate was separated
and water was removed by vacuum evaporation. Yttrium oxide,
europium oxide, and ytterbium triflate were purchased from Shin Etsu
Chemical, Co., Ltd., Japan. Lutetium oxide was obtained from Nichia
Corporation, Japan. Metal triflates were dried under vacuum evacuation
at 403 K for 40 h prior to use. Magnesium perchlorate [Mg(ClO4)2]
was obtained from Wako Pure Chemical Ind. Ltd., Japan. Calcium
perchlorate [Ca(ClO4)2] was obtained from Nacalai Tesque, Japan.
Acetonitrile (MeCN) used as a solvent was purified and dried by the
standard procedure.20

Reaction Procedure and Analysis.Typically, an [2H3]acetonitrile
(CD3CN) solution (0.7 cm3) containing an anthracene derivative (1.0
× 10-2 M) and p-benzoquinone derivatives (2.0× 10-2 M) in the
presence (1.0 M) and absence of Mg(ClO4)2 in an NMR tube sealed
with a rubber septum was deaerated by bubbling with argon gas through
a stainless steel needle for 5 min and was mixed. Several hours later,
the reaction solution was analyzed by1H NMR spectroscopy. The1H
NMR measurements were performed using a Japan Electron Optics
JNM-GSX-400 (400 MHz) NMR spectrometer at 300 K.1H NMR
(CD3CN in the presence of 1.0 M Mg(ClO4)2). 1a: δ 1.98 (s, 6H),
2.85 (s, 2H), 6.12 (s, 2H), 7.22-7.31 (m, 6H), 7.45-7.49 (m, 2H).
1b: δ 1.91 (s, 3H), 2.01 (s, 3H), 3.29 (s, 1H), 6.50 (s, 1H), 7.24-7.39
(m, 6H), 7.50-7.57 (m, 2H).1c: δ 0.88 (s, 3H), 1.59 (s, 3H), 1.85 (s,
3H), 1.90 (s, 3H), 2.39 (s, 1H), 5.87 (s, 1H), 7.15-7.32 (m, 6H), 7.42-
7.50 (m, 2H).1d: δ 1.98 (s, 3H), 2.77 (d, 1H,J ) 8.8 Hz), 3.24 (dd,
1H, J ) 2.9, 8.8 Hz), 4.73 (d, 1H,J ) 2.9 Hz), 6.17, 6.26 (ABq, 2H,
J ) 10.26 Hz), 7.17-7.27 (m, 6H), 7.43-7.50 (m, 2H).1e: δ 3.21 (s,
2H), 4.86 (s, 2H), 6.40 (s, 2H), 7.04-7.24 (m, 6H), 7.43-7.50 (m,
2H).

Spectral Measurements.Transient absorption spectra of 1:1 and
1:2 complexes of semiquinone radical anions (X-Q•-) with Mg2+ were
measured by using a Union RA-103 stopped-flow spectrophotometer.
The transient absorption spectra of the Mg2+ complexes were obtained
by plotting the initial absorbances in the kinetic curves against the
wavelengths in the electron-transfer reduction ofp-benzoquinone
derivatives (2.4× 10-3 M) by [Fe(Me5C5)2] or [Fe(MeC5H4)2] (2.4 ×
10-4 M) in the presence of various concentrations of Mg2+ in deaerated
MeCN at 298 K.

Kinetic Measurements.Kinetic measurements were performed on
a Hewlett-Packard 8453 photodiode array spectrophotometer. Rates of
Diels-Alder reactions of anthracene derivatives (6.2× 10-4-1.3 ×
10-3 M) with p-benzoquinone derivatives (1.8× 10-2-3.8× 10-1 M)
in the presence and absence of metal ion were monitored by measuring
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the disappearance of absorbance due to 9,10-dimethylanthracene
at λmax ) 398 nm (ε ) 7.5 × 103 M-1 cm-1), 9-methylanthracene at
λmax ) 386 nm (ε ) 6.6 × 103 M-1 cm-1), and anthracene atλmax )
376 nm (ε ) 5.4 × 103 M-1 cm-1) in MeCN. Measurements of rates
of electron-transfer reactions from CoTPP top-benzoquinone derivatives
in the presence of a metal ion were performed using a Union RA-103
stopped-flow spectrophotometer. Rates of electron-transfer reactions
from CoTPP (9.3× 10-6 M) to p-benzoquinone derivatives (1.0×
10-4-1.2 × 10-3 M) were monitored by the rise and decay of the
absorption band at 434 and 412 nm because of CoTPP+ and CoTPP,
respectively. Rates of hydride transfer from AcrH2 (3.5 × 10-3-1.0
× 10-2 M) to p-benzoquinone derivatives (1.0× 10-4 M) were
determined from the appearance of the absorbance due to 10-
methylacridinium ion (AcrH+: λmax ) 358 nm,εmax ) 1.80× 104 M-1

cm-1). All the kinetic measurements were carried out under pseudo-
first-order conditions, where the concentrations ofp-benzoquinone
derivatives were maintained at>10-fold excess of the concentrations
of anthracenes, CoTPP, or AcrH2 at 298 or 333 K. Pseudo-first-order
rate constants were determined by least-squares curve fits using a
personal computer.

Cyclic Voltammetry. Cyclic voltammetry measurements were
performed at 298 K on a BAS 100-W electrochemical analyzer in
deaerated MeCN containing 0.1 M Bu4NClO4 (TBAP) as the supporting
electrolyte. A conventional three-electrode cell was used with a platinum
working electrode (surface area of 0.3 mm2) and a platinum wire as
the counter electrode. The Pt working electrode (BAS) was routinely
polished with a BAS polishing alumina suspension and rinsed with
acetone before use. The measured potentials were recorded with respect
to the Ag/AgNO3 (0.01 M) reference electrode. All potentials (vs Ag/
Ag+) were converted to values versus SCE by adding 0.29 V.25 All
electrochemical measurements were carried out under an atmospheric
pressure of argon.

ESR Measurements.The p-fluoranil radical anion was prepared
from p-fluoranil by reduction with (BNA)2 in deaerated MeCN at 298
K. Typically, (BNA)2 (2.0 mg) was put inside an Ar-purged ESR cell
with the diameter of 0.8 mm and set in the ESR cavity at 243 K.
p-Fluoranil was dissolved in MeCN (1.8 mg; 2.0× 10-3 M in 1 mL)
and purged with argon for 10 min. Sc(OTf)3 (1.0 mg; 2.0× 10-3 M in
1 mL) was also dissolved in deaerated acetonitrile. Thep-fluoranil
solution (200µL) and Sc(OTf)3 solution (200µL) were introduced into
the ESR cell and mixed by bubbling with Ar gas through a syringe
with a long needle at 243 K. The ESR spectra of the radical anions of
2,5-dichloro-p-benzoquinone and 2,5-dimethyl-p-benzoquinone were
measured at 213 K under the irradiation of light with a high-pressure
mercury lamp (USH-1005D) focusing at the sample cell in the ESR
cavity. The ESR spectra were measured with a JEOL X-band
spectrometer (JES-RE1XE). The ESR spectra were recorded under
nonsaturating microwave power conditions. The magnitude of modula-
tion was chosen to optimize the resolution and the signal-to-noise (S/
N) ratio of the observed spectra. Theg values were calibrated with an
Mn2+ marker. Computer simulation of the ESR spectra was carried
out by using Calleo ESR version 1.2 (Calleo Scientific Publisher) on
a Macintosh personal computer.

Results and Discussion

Catalysis of Metal Ions on Electron Transfer and Diels-
Alder Reactions. Although the reaction of 9,10-dimethylan-
thracene (DMA 1.5× 10-2 M) and p-benzoquinone (Q 2.5×
10-2 M) is sluggish in MeCN at 298 K, the addition of Sc-
(OTf)3 results in the efficient [4+2] cycloaddition to yield the
adduct selectively (eq 1).

The [4+2] cycloaddition of anthracene and 9-methylanthracene
with otherp-benzoquinone derivatives (X-Q; X ) 2,5-Cl2 and
2,5-Me2) also occurs efficiently in the presence of Sc3+ to yield
the corresponding adducts quantitatively (see Experimental
Section).

The rates of reactions of Sc3+-catalyzed Diels-Alder reac-
tions of DMA with Q were determined by monitoring the
disappearance of absorbance due to DMA (λmax ) 398 nm,εmax

) 7.5 × 103 M-1 cm-1). The rates obeyed pseudo-first-order
kinetics in the presence of large excesses of Q and Sc3+ relative
to the concentration of DMA. The pseudo-first-order rate
constant increases proportionally with Q concentration (see
Supporting Information, S1). Thus, the rate exhibits the second-
order kinetics showing a first-order dependence on each reactant
concentration.

The dependence of the observed second-order rate constant
(kobs) on [Sc3+] was examined for the Sc3+-catalyzed Diels-
Alder reaction of DMA with Q at various concentrations of Sc3+.
Thekobs value increases with an increase in [Sc3+] to exhibit a
first-order dependence on [Sc3+] at low concentrations, changing
to a second-order dependence at high concentrations, as shown
in Figure 1a.

Such a mixture of first-order and second-order dependence
on [Sc3+] is also observed in the electron transfer from CoTPP
(TPP2- ) tetraphenylporphyrin dianion) to Q. No electron
transfer from CoTPP to Q has occurred in MeCN at 298 K. In
the presence of Sc(OTf)3, however, an efficient electron transfer
from CoTPP to Q occurs to yield CoTPP+ (eq 2).

The electron transfer rates also obeyed second-order kinetics,
showing a first order dependence on each reactant concentration.
The dependence of the observed electron-transfer rate constant
(ket) on [Sc3+] was also examined for the electron transfer from
CoTPP to Q at various concentrations of Sc3+. The results are
shown in Figure 1b, where theket value increases linearly with
[Sc3+] to show a first-order dependence on [Sc3+] at low
concentrations, changing to a second-order dependence at high
concentrations, as the case of the Sc3+-catalyzed Diels-Alder
reaction of DMA with Q in Figure 1a.

Other metal ions such as Mg2+ also exhibit a mixture of first-
order and second-order dependence on the metal ion concentra-
tion, as shown in Figure 2a for the Mg2+-catalyzed Diels-Alder
reaction of DMA with Q as well as electron transfer from
CoTPP to Q (Figure 2b).

There is no interaction between Q and Sc3+ or Mg2+, as
indicated by the lack of UV-vis spectral change of Q in the

(25) Since the metal ion is bound to the reaction product (eq 2), the reaction is
called "Mn+-promoted" electron transfer. In the case of the Diels-Alder
reactions (eq 1), the metal ion acts as a real catalyst.

Diels−Alder and Hydride Transfer Reactions A R T I C L E S
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presence of the metal ion. The13C NMR signals of Q exhibited
only small upfield shifts in the presence of large concentrations
of Mg(ClO4)2 in CD3CN. The observed chemical shifts (∆δ)
of the CdO and the CdC carbons of Q referenced to those in
the absence of Mg2+ (see Supporting Information, S2). The∆δ
value increases linearly with an increase in [Mg(ClO4)2],
indicating that Q forms only a very weak 1:1 complex with
Mg2+ in MeCN. Such a 1:1 complex with Mg2+, however,
cannot account for the contribution of the second-order depen-
dence of the rate constants on [Mg2+] in the electron transfer
and Diels-Alder reactions, as shown in Figures 2. In such a
case, the acceleration of electron transfer from CoTPP to Q is
ascribed to the complexation of the metal ion (Mn+) with Q•-.
Since there are two carbonyl oxygens which can interact with
Mn+, Q•- may form not only a 1:1 complex (n ) 1 in eq 2) but
also a 1:2 complex (n ) 2 in eq 2) with Mn+. The complex
formation of Q•- and Mn+ should result in the positive shift of
the one-electron reduction potential of Q (Ered), and the Nernst
equation is given by eq 3,

whereE°red is the one-electron reduction potential of Q in the
absence of Mn+; K1 andK2 are the formation constants for the
1:1 and 1:2 complexes between Q•- and Mn+, respectively.27

Since Mn+ has no effect on the oxidation potential of CoTPP,
the free energy change of electron transfer from CoTPP to Q
in the presence of Mn+ (∆Get) can be expressed by eq 4,

where∆G°et is the free energy change of electron transfer in
the absence of Mn+. The∆G°et value is obtained from the one-
electron oxidation potential of CoTPP (E°ox vs SCE) 0.35 V)28

and the one-electron reduction potential of Q (E°red vs SCE)
-0.50 V) by using eq 5.

In the presence of Mn+, E°red in eq 5 is replaced by eq 3. Thus,
electron transfer from CoTPP to Q becomes more favorable
energetically with an increase in the concentration of Mn+. If
such a change in the energetics is directly reflected in the
transition state of electron transfer, the dependence of the
observed rate constant of electron transfer (ket) on [Mn+] is
derived from eq 4, as given by eq 6, wherek0 is the rate constant
in the absence of Mn+.29,30

The validity of eq 6 is confirmed by the linear plot ofket /[Mn+]
versus [Mn+] for the Sc3+- and Mg2+-promoted electron transfer
from CoTPP to Q, as shown in Figure 3a and b, respectively.31

From the slopes and intercepts are obtained theK2 value which
is listed in Table 1 together with thek0K1 value.

There is a striking similarity with respect to the dependence
of ket (or kobs) on [Sc3+] and [Mg2+] between the Sc3+- and
Mg2+-promoted electron-transfer reactions from CoTPP to Q
(Figure 1a and Figure 2a) and the Sc3+- and Mg2+-catalyzed
Diels-Alder reaction of DMA with Q (Figure 1b and Figure
2b), respectively. Thus, the same plot as in eq 6 for the Sc3+-
and Mg2+-promoted electron transfer from CoTPP to Q can be
applied for the Sc3+- and Mg2+-catalyzed Diels-Alder reaction
of DMA with Q, as shown in Figure 4a and b, respectively.
TheK2 values for the 1:2 complex formation of Q•- with Sc3+

and Mg2+ are obtained from the linear plots, as listed in Table
1. TheseK2 values of Sc3+ (4.0× 10 M-1) and Mg2+ (3.9 M-1)
derived from the metal ion-catalyzed Diels-Alder reaction of
DMA with Q agree with those of Sc3+ (4.0 × 10 M-1) and
Mg2+ (4.1 M-1) derived from the metal ion-promoted electron
transfer from CoTPP to Q in MeCN at 298 K.

(26) Mann, C. K.; Barnes, K. K.Electrochemical Reactions in Nonaqueous
Systems; Marcel Dekker: New York, 1990.

(27) The direct determination measurements of the dependence ofEred on the
Mn+ concentration are difficult because of the instablity of the Q•--Mn+

complex. In the case of Mg2+, theEred values of Q in the presence of 0.1
M Mg2+ has been evaluated from the analysis of the one-electron reduction
peak potential of Q as-0.18 V,16b from which theK1 value is determined
as 1.8× 106 M-1 using eq 3 (theK2 value is 4.1 M-1, see Table 1).

(28) Fukuzumi, S.; Mochizuki, S.; Tanaka, T.Inorg. Chem.1989, 28, 2459.
(29) The dependence ofket on [Mn+] in eq 6 is derived on the basis of the

Marcus theory of electron transfer which involves a strong interaction
between an electron donor and acceptor (see Supporting Information, S3).30

(30) Marcus, R. A.J. Phys. Chem.1968, 72, 891.
(31) Fukuzumi, S.; Ohkubo, K.; Tokuda, Y.; Suenobu, T.J. Am. Chem. Soc.

2000, 122, 4286.

Figure 1. (a) Dependence ofkobs on [Sc(OTf)3] for the Diels-Alder
reaction of 9,10-dimethylanthracene (2.5× 10-4 M) with p-benzoquinone
(2.5 × 10-2 M) and (b) electron transfer from CoTPP (8.0× 10-6 M) to
p-benzoquinone (2.6× 10-4 M) in the presence of Sc(OTf)3 in deaerated
MeCN at 298 K.

Figure 2. Dependence ofkobs on [Mg(ClO4)2] for the (a) Diels-Alder
reaction of 9,10-dimethylanthracene (1.3× 10-3 M) with p-benzoquinone
(3.6 × 10-1 M) and (b) electron transfer from CoTPP (1.0× 10-5 M) to
p-benzoquinone (3.7× 10-3 M) in the presence of Mg(ClO4)2 in deaerated
MeCN at 298 K.

Ered ) E°red + (2.3RT/F)log{K1[M
n+](1 + K2[M

n+])} (3)

∆Get ) ∆G°et - (2.3RT)log(K1[M
n+] + K1K2[M

n+]2) (4)

∆G°et) F(E°ox - E°red) (5)

ket/[M
n+] ) k0K1(1 + K2[M

n+]) (6)
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Since the metal ion acts as a Lewis acid in the complex
formation with Q•-, the K2 value is expected to increase or
decrease, depending on the electron-donating or electron-
withdrawing substituents X on Q. This was examined by
determining the dependence ofkobs and ket on [Mn+] for the
Sc3+- and Mg2+-catalyzed Diels-Alder reaction of DMA with
X-Q and also the electron transfer from CoTPP to X-Q. The
K2 values determined by eq 6 are also listed in Table 1. TheK2

value (2.5× 10 and 1.8 M-1) determined in the Sc3+- and Mg2+-
promoted electron transfer from CoTPP to ap-benzoquinone
derivative with electron-withdrawing substituents (2,5-dichloro-
p-benzoquinone) is smaller than the correspondingK2 value of
p-benzoquinone (4.0× 10 and 4.1 M-1), as expected from the
weaker basicity of the radical anion with the electron-withdraw-
ing substituents as compared to the basicity of unsubstituted
semiquinone radical anion. In the case ofp-fluoranil and
p-chloranil, theK2 values were too small to be determined
because of the strong electron-withdrawing effects of fluorines
and chlorines (Table 1). In contrast, theK2 values of 2,5-
dimethyl-p-benzoquinone, which has electron-donating substit-
uents (4.3× 10 and 4.7 M-1 for Sc3+ and Mg2+, respectively),
are larger than those ofp-benzoquinone. In each case, theK2

value determined from the Mn+-catalyzed Diels-Alder reactions
of DMA with X -Q agrees with the value determined from the
corresponding Mn+-promoted electron-transfer reaction (Table
1). Such a remarkable agreement in each case strongly indicates
that the Mn+-catalyzed Diels-Alder reactions of DMA with
X-Q proceeds via the rate-determining Mn+-promoted electron
transfer from DMA to X-Q, as shown in Scheme 1.

Such an Mn+-promoted electron-transfer pathway of X-Q
has also been reported to occur in the Mn+-promoted hydride
transfer from 10-methyl-9,10-dihydroacridine (AcrH2) to X-Q
(Scheme 2).16a,27In such a case, the sameK2 value should be
derived from the dependence ofkobs on [Mn+] for the Mn+-
promoted hydride-transfer reactions from AcrH2 to X-Q. This
was also examined (see Supporting Information, S4), and the
results are summarized in Table 1. TheK2 values determined
from the Mn+-promoted hydride-transfer reactions from AcrH2

to X-Q agree with those determined from the Mn+-catalyzed
Diels-Alder reactions of DMA with X-Q as well as those
determined from the corresponding Mn+-promoted electron-

transfer reactions (Table 1). Such an agreement among three
different systems confirms that each reaction has a common
mechanism for the catalysis of metal ions, that is, the metal
ion-promoted electron transfer.

When DMA is replaced by other anthracene derivatives, the
reactivity decreases with increasing one-electron oxidation
potentials (E°ox) of anthracene derivatives. Thek0K1 and K2

values derived from the dependence ofkobs on [Sc3+] for the
Sc3+-catalyzed Diels-Alder reactions of anthracene derivatives
with Q in MeCN at 333 K are listed in Table 2 together with
theE°ox values of anthracene derivatives. TheK2 values (20-
26 M-1) are essentially the same within the experimental error,
irrespective of the large difference in the reactivities of
anthracene derivatives (seek0K1 values in Table 2). Such an
agreement also confirms that the catalytic function of Sc3+ in
the Diels-Alder reactions of anthracene derivatives with Q is
ascribed to the formation of the 1:1 and 1:2 complex between
Q•- and Sc3+, since the formation of the 1:2 complex of Q•-

and Mg2+ is independent of anthracene derivatives. The constant
K2 value (1.9-2.6 M-1), irrespective of the large difference in
the reactivities of anthracene derivatives, is also confirmed for
the Mg2+-catalyzed Diels-Alder reactions of anthracene deriva-
tives with Q in MeCN at 333 K (Table 2).32

The catalytic reactivity of metal ions varies significantly
depending on the Lewis acidity of metal ions. Thekcat (k0K1)
values of a series of metal ions for electron transfer from CoTPP
to Q, the Diels-Alder reaction of DMA with Q, and the hydride-
transfer reaction from AcrH2 to Q were determined under the
experimental conditions such that thekobsvalue exhibits the first-
order dependence with respect to the metal ion concentration.
The results are summarized in Table 3.

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

•- can be evaluated from the deviation of
the gzz values from the free spin value and that the∆E values
are well correlated with the promoting effects of metal ions in
the electron transfer from CoTPP to Q as well as O2.15 The∆E
values can, thereby, be used as the first quantitative measure
for the Lewis acidity of metal ions in relation with the promoting
effects of metal ions in electron-transfer reactions. Electron-
transfer rates are expected to increase with decreasingE°ox

values of an electron donor and with increasing∆E values.
Figure 5a shows an excellent linear correlation between logkcat

and E°ox - ∆E for the Mn+-promoted electron transfer from
CoTPP to Q.

Plots of log kcat versusE°ox - ∆E for the Mn+-catalyzed
Diels-Alder reactions of anthracene derivatives with Q (the
data at 298 and 333 K are shown in Figure 5b and c,
respectively) as well as the Mn+-promoted hydride transfer from
AcrH2 to Q (Figure 5d). There is a striking parallel relationship
between the Mn+-promoted electron transfer and the Mn+-
catalyzed Diels-Alder reactions as well as the Mn+-promoted
hydride-transfer reactions. The catalytic reactivities of different
metal ions in each reaction are well correlated with the∆E
values. The difference in the reactivities of anthracene deriva-
tives and AcrH2 is also well correlated with theE°ox values in
the linear plot of logkcat versusE°ox - ∆E. This indicates that
the activation process is common between the Diels-Alder

(32) TheK2 value at 333 K (Table 2) is smaller than the corresponding value
at 298 K (Table 1) because of the negative value of enthalphy of the
complex formation.

Figure 3. Plots of (a)kobs/[Sc(OTf)3] vs [Sc(OTf)3] and (b)kobs/[Mg(ClO4)2]
vs [Mg(ClO4)2] for electron transfer from CoTPP top-benzoquinone.
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reaction (Scheme 1) and the hydride-transfer reaction (Scheme
2), that is, the metal ion-promoted electron transfer.

The rates of Mn+-catalyzed hydride-transfer reactions from
AcrH2 (E°ox vs SCE) 0.81 V)16a to Q (Figure 5d) are slightly
faster than those of the Diels-Alder reactions of DMA (E°ox

) 1.05 V) with Q (Figure 5b) when they are compared at the
sameE°ox - ∆E values.33 This indicates that the proton transfer
from AcrH2

•+ to the Q•--Mn+ complex after the Mn+-promoted

electron transfer in Scheme 1 is slightly faster than the C-C
bond formation in the radical ion pair (DMA•+Q•--Mn+) in
Scheme 2. Such a difference is much enhanced when Q is
replaced byp-chloranil (Cl4Q) because of the steric effects of
chlorines. Since the steric effect is more pronounced in the C-C
bond formation than in the proton transfer, no Diels-Alder
reaction occurs between DMA and Cl4Q, whereas the hydride
transfer from AcrH2 to Cl4Q occurs efficiently (see Table 1).

Detection of Metal Ion Complexes with Semiquinone
Radical Anions. When CoTPP is replaced by a stronger one-
electron reductant, decamethylferrocene [Fe(C5Me5)2], electron
transfer from Fe(C5Me5)2 to Q in the presence of Mg(ClO4)2 is
complete upon mixing the two solutions. The transient electronic
spectra of the semiquinone radical anion in the presence of
different concentrations of Mg(ClO4)2 were obtained by measur-
ing the change in initial absorbance at various wavelengths with

(33) Thekcat values in Figure 5c are larger than those in Figure 5b because of
the higher reaction temperature (333 K in Figure 5c as compared to 298 K
in Figure 5b).

Table 1. Rate Constants of Electron Transfer, Diels-Alder, and Hydride Transfer Reactions in the Absence Sc3+ (k0) and in the Presence
of Sc3+ and Mg2+ (k0K1) and the Formation Constants of X-Q•--2Sc3+ and X-Q•--2Mg2+ (K2) in Deaerated MeCN at 298 K

CoTPP DMA AcrH2

X−Q metal ion k0K1
a (M-2 s-1) K2

a (M-1) k0K1
a (M-2 s-1) K2

a (M-1) k0K1
a (M-2 s-1) K2

a (M-1)

Q Sc3+ 2.7× 105 4.0× 10 1.3 4.0× 10 7.2× 104 3.9× 10
Q Mg2+ 1.3× 10 4.1 6.9× 10-3 3.9 2.0 4.0
2,5-Cl2Q Sc3+ 9.3× 105 2.5× 10 1.1× 10 2.1× 10 2.4× 105 2.3× 10
2,5-Cl2Q Mg2+ 1.2 1.8 4.9× 10-3 1.6 8.2 1.6
2,5-Me2Q Sc3+ 1.1× 105 4.3× 10 1.2× 10 4.4× 10 3.0× 104 4.3× 10
2,5-Me2Q Mg2+ 8.9× 10-1 4.7 1.3× 10-3 4.6 1.0× 10-1 4.0
F4Q Sc3+ 1.1× 106 0 4.9× 10-2 0 3.0× 104 0
F4Q Mg2+ 2.8× 102 0 5.7× 10-4 0 4.0× 10 0
Cl4Q Sc3+ 1.0× 106 0 b b 2.9× 104 0
Cl4Q Mg2+ 2.2× 102 0 b b 5.3× 10 0

a Determined from the dependence ofket or kobs on the concentration of metal ion based on eq 6.b No reaction.

Figure 4. Plots of (a) (kobs - k0)/[Sc(OTf)3] vs [Sc(OTf)3] and (b) (kobs -
k0)/[Mg(ClO4)2] vs [Mg(ClO4)2] for the Diels-Alder reaction of 9,10-
dimethylanthracene withp-benzoquinone.

Scheme 1

Scheme 2

Table 2. Rate Constants of Diels-Alder Reactions of Anthracene
Derivatives with p-Benzoquinone in the Absence of Metal Ion (k0)
and in the Presence of Metal Ion (k0K1) and the Formation
Constants of the 1:2 Complexes of the Corresponding Radical
Anions with Metal Ion (K2) in Deaerated MeCN at 333 K

no. donor
E0

ox

V vs SCE
metal
ion

k0K1
a

(M-2 s-1)
K2

a

(M-1)

1 9,10-dimethylanthracene 1.05 Sc3+ 8.3 2.0× 10
2 9-methylanthracene 1.11 Sc3+ 2.1 2.2× 10
3 9-ethylanthracene 1.14 Sc3+ 3.4× 10-1 2.6× 10
4 anthracene 1.19 Sc3+ 7.1× 10-2 2.0× 10
5 9-benzylanthracene 1.20 Sc3+ 3.2× 10-1 2.0× 10
6 9-bromoanthracene 1.30 Sc3+ 3.3× 10-3 2.1× 10
7 9,10-dimethylanthracene 1.05 Mg2+ 3.5× 10-2 2.5
8 9-methylanthracene 1.11 Mg2+ 6.2× 10-3 1.9
9 9-ethylanthracene 1.14 Mg2+ 4.3× 10-4 2.6

10 anthracene 1.19 Mg2+ 1.4× 10-4 2.0

a Determined from the dependence ofkobs on [Sc3+] based on eq 6.
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the use of a stopped-flow spectrophotometer, as shown in Figure
6.34 The absorption spectrum of Q•- in the presence of 1.0×
10-2 M Mg2+ (λmax ) 590 nm) is significantly red-shifted as
compared to that in the absence of Mg2+ (λmax ) 422 nm). The
further addition of Mg2+ results in a blue shift toλmax ) 415
nm with a clean isosbestic point. Such spectroscopic changes
indicate the formation of complexes between Q•- and Mg2+,
which requires two steps: the first step is the formation of a
1:1 complex (Q•--Mg2+), and the second step is an additional
addition of Mg2+ to form a 1:2 complex (Q•--2Mg2+).
Transient electronic spectra of the 1:1 and 1:2 complexes are
also observed in the electron-transfer reduction of 2,5-dichloro-
p-benzoquinone (Figure 7) and 2,5-dimethyl-p-benzoquinone.
Although the formation constantK1 for the 1:1 complex is too
large to be determined, the formation constantK2 for the 1:2
complex can be determined from the spectral change in the
presence of Mg2+ using eq 7,

whereA is the absorbance due to the 1:1 complex andA0 is the
initial absorbance at the small concentration of Mg2+. From the
linear plots ofA-1 versus [Mg(ClO4)2] (see Supporting Informa-
tion S5), theK2 values for the 1:2 complexes formed between
X-Q•- and Mg2+ are obtained, as listed in Table 4, together
with the absorption maxima of X-Q•- and the 1:1 and 1:2
complexes with Mg2+. TheK2 values thus determined directly
from the spectral change due to the complex formation between
X-Q•- and Mg2+ (Table 4) agree with those determined from
the dependence ofkobs on [Mg2+] for the Mg2+-promoted
electron transfer from CoTPP to X-Q, the Mg2+-catalyzed
Diels-Alder reaction of DMA with Q, and the Mg2+-catalyzed
hydride transfer from AcrH2 to Q (Table 1). Thus, the catalysis
of Mg2+ in the electron-transfer reduction ofp-benzoquinone

(34) For the absorption spectrum of Q•- in the absence of Mg2+ in MeCN, see:
Fukuzumi, S.; Yorisue, T.J. Am. Chem. Soc.1991, 113, 7764.

Table 3. Catalytic Rate Constants (kcat ) k0K1) for the Electron
Transfer from CoTPP to p-Benzoquinone, Diels-Alder Reaction of
DMA with p-Benzoquinone, and Hydride Transfer from AcrH2 to
p-Benzoquinone in Deaerated MeCN at 298 K

kcat (M-2 s-1)

Mn+ ∆Ea (eV) CoTPPa DMA AcrH2

Sc3+ 1.00 2.7× 105 1.3 7.2× 104

Y3+ 0.85 2.7× 103 3.7× 10-2 2.1× 103

La3+ 0.82 1.9× 103 1.4× 10-2

Eu3+ 0.82 1.1× 103 1.9× 10-2

Yb3+ 0.83 1.2× 103 4.5× 10-2

Lu3+ 0.83 8.2× 102 4.1× 10-2 1.8× 103

Mg2+ 0.65 1.3 6.9× 10-3 2.0
Ca2+ 0.58 7.0× 10-1 2.9× 10-1

Sr2+ 0.52 1.6× 10-1

Ba2+ 0.49 3.0× 10-2

Li+ 0.53 1.6× 10-1

a Taken from ref 15.

Figure 5. Plots of logkcat vs (∆Eox - ∆E) for the (a) electron-transfer
reaction from CoTPP top-benzoquinone at 298 K (O), (b) Diels-Alder
reaction of 9,10-dimethylanthracene withp-benzoquinone at 298 K (b),
(c) Diels-Alder reaction of anthracene derivatives withp-benzoquinone at
333 K (2), and (d) hydride-transfer reaction from AcrH2 to p-benzoquinone
at 298 K (0), in the presence of metal ions in deaerated MeCN. Numbers
refer to anthracence derivatives in Table 2.

A-1 ) A0
-1(1 + K2[Mg(ClO4)2]) (7)

Figure 6. Transient absorption spectra of the semiquinone radical anion
formed in the electron-transfer reduction ofp-benzoquinone (2.4× 10-3

M) by [Fe(Me5C5)2] (2.4 × 10-4 M) in the presence of Mg(ClO4)2 [1.0 ×
10-2 M (O), 2.0× 10-1 M (y)] and by [Fe(MeC5H4)2] (2.4 × 10-4 M) in
the presence of Mg(ClO4)2 [1.6 M (b)] in deaerated MeCN at 298 K. The
solid line spectrum shows the absorption spectrum of the semiquinone
radical anion in the absence of Mg(ClO4)2, prepared by the reaction of
p-benzoquinone (2.4× 10-3 M) with Me4N+OH- (2.4 × 10-4 M) in
deaerated MeCN at 298 K.

Figure 7. Transient absorption spectra of the semiquinone radical anion
formed in the electron-transfer reduction of 2,5-dichloro-p-benzoquinone
(2.4 × 10-3 M) by [Fe(Me5C5)2] (2.4 × 10-4 M) in the presence of Mg-
(ClO4)2 [5.0 × 10-3 M (O), 4.0× 10-1 M (y)] and by [Fe(MeC5H4)2] (2.4
× 10-4 M) in the presence of Mg(ClO4)2 [1.0 M (b)] in deaerated MeCN
at 298 K. The solid line spectrum shows the absorption spectrum of the
semiquinone radical anion in the absence of Mg(ClO4)2, prepared by the
reaction of 2,5-dichloro-p-benzoquinone (2.4× 10-4 M) with Me4N+OH-

(2.4 × 10-4 M) in deaerated MeCN at 298 K.
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derivatives is indeed ascribed to the formation of 1:1 and 1:2
complexes formed between X-Q•- and Mg2+, which results
in an increase in the rate constants of electron transfer from
CoTPP to X-Q, the Diels-Alder reactions of anthracenes with
X-Q, and hydride-transfer reactions from AcrH2 to X-Q with
an increase in [Mg2+], exhibiting first-order and second-order
dependence on [Mg2+].

The K2 value decreases with the decreasing electron-donor
ability of X-Q•- (X ) 2,5-Me2 > H > 2,5-Cl2). In the case of
p-fluoranil (F4Q), only the 1:1 complex is formed between F4Q•-

and Mg2+ because of the strong electron-withdrawing effect of
fluorines. The formation of the 1:1 F4Q•--Mg2+ complex is
confirmed by the ESR spectrum. First, F4Q•- is formed by
electron transfer from dimeric 1-benzyl-1,4-dihydronicotinamide
[(BNA)2]22b to Q in MeCN at 298 K. The (BNA)2 is known to
act as a unique electron donor to produce the radical anions of
electron acceptors.35 The ESR spectrum of F4Q•- is shown in
Figure 8a, together with the computer simulation spectrum with
the hyperfine coupling constant [hfc;a(4F) ) 3.9 G] (Figure

8b).36 Wheeler et al.37 calculated the hfc values of semiquinone
anion radicals using various density functional (DF) and hybrid
Hartree-Fock/density functional (HF/DF) methods. The best
method to predict the hfc value of Q•-, however, affords a much
smaller hfc value (a(4F)) 1.95 G)37 than the experimental value
(a(4F) ) 3.9 G).

The addition of Mg(ClO4)2 (1.0 M) to an MeCN solution of
F4Q•- affords the ESR spectrum in Figure 8c. The observed
ESR spectrum is well reproduced by the computer simulation
spectrum with the hfc values including a superhyperfine
coupling due to one25Mg nucleus (a(Mg) ) 4.1 G) which has
10.13% natural abundance, as shown in Figure 8d. The
observation of such a superhyperfine coupling due to one
magnesium nucleus strongly indicates the formation of the 1:1
complex between F4Q•- and Mg2+.38,39 Because of the com-
plexation with one Mg2+, the spin is more localized on two
carbons, as shown in Scheme 3. The hyperconjugation to the
fluorine atom (Scheme 3) of the F4Q•--Mg2+ complex results
in an increase in thea(2F) value (5.0 G) as compared to the
value of F4Q•- (3.9 G).40

The 1:1 complex between F4Q•- and Sc3+ is also formed as
the case of F4Q•--Mg2+ complex (Figure 8c), and the ESR
spectrum is shown in Figure 8e. The computer simulation
spectrum in Figure 8f affords the hfc values, including a
superhyperfine coupling due to one scandium nucleus (a(Sc)

(35) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S.; Fujitsuka, M.;
Ito, O. J. Am. Chem. Soc. 1998, 120, 8060.

(36) A slightly largera(4F) value (4.14 G) was reported for F4Q•- in ethanolic
KOH solution. See: Anderson, D. H.; Frank, P. J.; Cutowsky, H. S.J.
Chem. Phys.1960, 32, 196.

(37) Boesch, S. E.; Wheeler, R. A.J. Phys. Chem. A1997, 101, 8351.
(38) Although X-ray diffraction structures are available for crystals containing

p-chloranil radical anion-alkai metal ion complexes,39 analogous structures
for the p-fluoranil radical anion-metal ion complex are unavailable.

(39) Konno, M.; Kobayashi, H.; Marumo, F.; Saito, Y.Bull. Chem. Soc. Jpn.
1973, 46, 1987.

(40) The spin density on the fluorine atom is determined mainly by the direct
spin delocalization due to the hyperconjugation which induces a positive
spin density in contrast with the spin polarization which induces a negative
spin density.

Figure 8. (a) ESR spectrum of thep-fluoranil radical anion formed in the electron-transfer reduction ofp-fluoranil (2.0× 10-5 M) by (BNA)2 (1.0× 10-5

M) in deaerated MeCN at 298 K. (b) Computer simulation spectrum withg ) 2.0057 witha(4 F) ) 3.9 G and∆Hmsl ) 0.20 G. (c) ESR spectrum of the
p-fluoranil radical anion-Mg(ClO4)2 complex generated in the photoirradiation of a deaerated MeCN solution ofp-fluoranil (1.0× 10-3 M) with (BNA)2

(1.0 × 10-3 M) in the presence of Mg(ClO4)2 (1.0 M) at 298 K. Asterisks denote Mn2+ markers. (d) Computer simulation spectrum withg ) 2.0050 with
a(2 F) ) 5.0 G,a(25Mg) ) 4.1 G, and∆Hmsl ) 2.0 G. (e) ESR spectrum of thep-fluoranil radical anion-Sc(OTf)3 complex generated in the photoirradiation
of a deaerated MeCN solution of fluoranil (5.0× 10-3 M) with (BNA)2 (1.0× 10-3 M) in the presence of Sc(OTf)3 (1.0× 10-3 M) at 243 K. (f) Computer
simulation spectrum withg ) 2.0048 witha(2F) ) 10.0 G, 0.7 G,a(Sc) ) 0.8 G, and∆Hmsl ) 0.4 G.

Table 4. Absorption Maxima (λmax) of Semiquinone Radical
Anions (X-Q•-) and the X-Q•--Mg2+ and X-Q•--2Mg2+

Complexes Formed by the Electron Transfer Reduction of
p-Benzoquinone and Its Derivatives in the Presence of Mg(ClO4)2
and the Formation Constants of Q•--2Mg2+ (K2) in Deaerated
MeCN at 298 K

λmax (nm)

X−Q X−Q•- X−Q•-−Mg2+ X−Q•-−2Mg2+ K2
a

Q 422 590 410 4.5
2,5-C12Q 425 645 440 2.1
2,5-Me2Q 436 615 425 4.8

a Determined from the spectral change in the presence of Mg2+.
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) 0.8 G).41 This is consistent with the first-order dependence
of kobs on [Sc3+] for the Sc3+-promoted electron transfer from
CoTPP to F4Q, the Diels-Alder reaction of DMA with F4Q,
and the hydride transfer from AcrH2 to F4Q.

The 1:2 complex formation between Q•- and Sc3+ has also
been confirmed by observation of the ESR spectrum of the Q•--
2Sc3+ complex which shows the superhyperfine structure due
to the interaction of Q•- with two equivalent Sc nuclei, as
reported previously.17 Since the Q•--2Sc3+ complex is unstable
because of the facile disproportionation reaction, the complex
was generated in photoinduced electron transfer from dimeric
1-benzyl-1,4-dihydronicotinamide [(BNA)2] to Q at low tem-
peratures. Propionitrile was used instead of MeCN to avoid
freezing the solvent at 203 K. Similarly, the 1:2 complex

formation between the radical anion of 2,5-dimethyl-p-benzo-
quinone (2,5-Me2Q•-) and Sc3+ is confirmed by the ESR spectra
of the 2,5-Me2Q•--2Sc3+ complex and the corresponding
computer simulation spectra, as shown in Figure 9a and b,
respectively. The superhyperfine structure due to two equivalent
Sc nuclei [a(2Sc)) 1.5 G] confirms the formation of the 1:2
complex between 2,5-Me2Q•- and Sc3+. The ESR spectrum of
the radical anion of 2,5-dichloro-p-benzoquinone (2,5-Cl2Q•-)
in the presence of Sc(OTf)3 (2.5 × 10-1 M) (Figure 9c) also
exhibits the superhyperfine structure due to two equivalent Sc
nuclei, as shown in the computer simulation spectrum (Figure
9d). The smallera(2Sc) value of the 2,5-Cl2Q•--2Sc3+ complex
(0.5 G) compared with the value of the 2,5-Me2Q•--2Sc3+

complex (1.5 G) is consistent with the smallerK2 value of the
former compared with that of the latter (Table 1).

Summary and Conclusions

Extensive comparisons of the metal ion catalysis among the
Mn+-promoted electron transfer, hydride transfer, and Diels-
Alder reactions ofp-benzoquinone derivatives have revealed
that the origin of the metal ion catalysis is all in common.
Namely, the formation of 1:1 and 1:2 complexes formed
between X-Q•- and Mn+ results in an increase in not only the
rates of electron transfer from CoTPP but also in the rates of
Diels-Alder reactions of anthracenes with X-Q as well as the
hydride-transfer reactions from AcrH2 to X-Q, in which the
rate-determining step is Mn+-promoted electron transfer, exhibit-
ing first-order and second-order dependence on [Mn+], respec-
tively. The formation of 1:1 and 1:2 complexes formed between
X-Q•- and Mn+ has been confirmed by the direct spectroscopic
detection of the transient absorption spectra and the ESR spectra.
The catalytic reactivities of a variety of metal ions are well
correlated with the Lewis acidities of metal ions, derived
quantitatively as the energy splitting values ofπg levels due to
the complex formation between O2

•- and Mn+ from the gzz

values of the ESR spectra.
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(41) The stronger the binding between F4Q•- and the metal ion, the larger the
a(2F) value (10 G) for the Sc3+ complex as compared with 5.0 G for the
Mg2+ complex (Scheme 3).

Scheme 3

Figure 9. (a) ESR spectrum of propionitrile solution containing (BNA)2

(3.4 × 10-3 M), 2,5-dimethyl-p-benzoquinone (1.1× 10-2 M), and Sc-
(OTf)3 (3.4 × 10-3 M), irradiated with a high-pressure mercury lamp at
203 K. (b) Computer simulation spectrum withg ) 2.0033 witha(6 H) )
2.8 G, a(2H) ) 1.8 G, a(2Sc) ) 1.5 G, and∆Hmsl ) 0.40 G. (c) ESR
spectrum of propionitrile solution containing (BNA)2 (3.5× 10-3 M), 2,5-
dichloro-p-benzoquinone (9.7× 10-3 M), and Sc(OTf)3 (2.5 × 10-1 M),
irradiated with a high-pressure mercury lamp at 203 K. (d) Computer
simulation spectrum withg ) 2.0043 witha(35Cl) ) 0.5 G,a(2 H) ) 0.2
G, a(2 Sc)) 0.5 G, and∆Hmsl ) 0.30 G.
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