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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 xy levels because of the complex formation between O,*~ and M™,
which are derived from the g,, values of the ESR spectra of the O,*"—M™ complex.

Introduction

charge-transfer irradiation of the electron donacceptor

complexes formed between dienes and dienophiles have also
been well documented® However, the possible contribution

of electron transfer in thermal DietsAlder reactions has so

far been limited to those with powerful dienophiles being strong

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 proce$siowever, there have recently been

increasing interest in the important role of electron-transfer

processes as the activation step for some Bialsgler reactions
of electron-rich dienes with high-lying HOMO and electron-
deficient dienophiles with low-lying LUMG:* The photo-

chemical cycloadditions via photosensitized electron-transfer and
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electron acceptors:# On the other hand, it is well-known that
not only the rates of DietsAlder reactions but also the
regioselectivities and stereoselectivities are profoundly influ-
enced by Lewis acid catalysts!? A variety of metal ions acting
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as Lewis acids are also known to accelerate electron-transferprepared as given in the literatife.The dimeric 1-benzyl-1,4-

reactions of carbonyl compounds significarity®> Metal ions

dihydronicotinamide [(BNAg was prepared according to the litera-

can also accelerate hydride-transfer reactions from NADH ture?9,10-Dihydro-10-methylacridine (Actiiwas prepared from 10-
(dihydronicotinamide adenine dinucleotide) model compounds Methylacridinium iodide (AcrHI™) by reduction with NaBH in

to carbonyl compounds via metal ion-catalyzed electron transfer

as the rate-determining stép!” However, it has yet to be
clarified how the Lewis acid catalysis in electron-transfer
reactions of carbonyl compounds suchpalsenzoquinones is
correlated with the catalysis in Diet#\lder reactions and
hydride-transfer reactions of the sapenzoquinones acting
as dienophiles and hydride acceptors, respectively.

methanol and purified by recrystallization from ethatfoEcandium
triflate [Sc(OTfy] was purchased from Pacific Metals Co., Ltd.
(Taiheiyo Kinzoku). Lanthanum triflate [La(OTl)was obtained from
Aldrich in hexahydrate form. Yttrium triflate [Y(OT$), europium
triflate [Eu(OTf)], ytterbium triflate [Yb(OTf}], and lutetium triflate
[Lu(OTf)3] were prepared as followd.A deionized aqueous solution
was mixed (1:1 v/v) with trifluoromethanesulfonic ac49.5%, 10.6
mL) obtained from Central Glass, Co., Ltd., Japan. The trifluo-

We report, herein, that a variety of metal ions act as effective romethanesulfonic acid solution was slowly added to a flask which

catalysts to accelerate Dielglder reactions of anthracenes with

contained the corresponding metal oxide90.9%, 30 mmol). The

p-benzoquinone derivatives, which have been regarded as inenmixture was refluxed at 108C for 3 days. After centrifugation of the

or weak dienophile&® Scandium triflate (Sc(OT$) is shown
to be by far the most reactive as compared to other metalfons.

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

An extensive comparison of the ‘?ata')/s's of a series of metal Chemical, Co., Ltd., Japan. Lutetium oxide was obtained from Nichia
ions has been performed for the first time among the electron- corporation, Japan. Metal triflates were dried under vacuum evacuation

transfer reactions, the DielAlder reactions, and the hydride-

at 403 K for 40 h prior to use. Magnesium perchlorate [Mg (4P

transfer reactions gf-benzoquinones acting as electron accep- was obtained from Wako Pure Chemical Ind. Ltd., Japan. Calcium
tors, dienophiles, and hydride acceptors, respectively. The directperchlorate [Ca(Clg),] was obtained from Nacalai Tesque, Japan.
spectroscopic detection of complexes formed between theAcetonitrile (MeCN) used as a solvent was purified and dried by the
corresponding semiquinone radical anions and metal ions, standard procedufé.

combined with the detailed kinetic analysis of the catalytic

Reaction Procedure and AnalysisTypically, an PHzlacetonitrile

effects of metal ions, provides a confirmative basis to delineate (CD:CN) solution (0.7 cr#) containing an anthracene derivative (1.0
. . . ) . 2 ; At 2 ;
the common catalytic mechanism of metal ions in each reaction. * 10° M) and p-benzoquinone derivatives (2.0 10°* M) in the

Experimental Section

Materials. Anthracene and its derivatives (9,10-dimethylanthracene

presence (1.0 M) and absence of Mg(@QKIn 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 #y NMR spectroscopy. ThéH

9-methylanthracene, 9-ethylanthracene, 9-benzylanthracene, and g'brONMR measurements were performed using a Japan Electron Optics

moanthracene) were obtained commercigthBenzoquinone and its
derivatives (2,5-dimethyb-benzoquinone, 2,5-dichlofabenzoquinone,
p-fluoranil, and p-chloranil) were also obtained commercially and
purified by the standard methoéksDecamethylferrocene (Sigma) and
1,2-dimethylferrocene (Tokyo Kasei Organic Chemicals) were com-
mercially available. Cobalt(ll) tetraphenylporphyrin (CoTPP) was
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JNM-GSX-400 (400 MHz) NMR spectrometer at 300 KI NMR
(CDsCN in the presence of 1.0 M Mg(CKp). 1a: ¢ 1.98 (s, 6H),
2.85 (s, 2H), 6.12 (s, 2H), 7.2Z.31 (m, 6H), 7.457.49 (m, 2H).
1b: 6 1.91 (s, 3H), 2.01 (s, 3H), 3.29 (s, 1H), 6.50 (s, 1H), %289
(m, 6H), 7.56-7.57 (m, 2H).1c: 6 0.88 (s, 3H), 1.59 (s, 3H), 1.85 (s,
3H), 1.90 (s, 3H), 2.39 (s, 1H), 5.87 (s, 1H), 71832 (m, 6H), 7.42
7.50 (m, 2H).1d: ¢ 1.98 (s, 3H), 2.77 (d, 1H] = 8.8 Hz), 3.24 (dd,
1H,J=2.9, 8.8 Hz), 4.73 (d, 1H] = 2.9 Hz), 6.17, 6.26 (ABq, 2H,
J=10.26 Hz), 7.1#7.27 (m, 6H), 7.43-7.50 (m, 2H).1e ¢ 3.21 (s,
2H), 4.86 (s, 2H), 6.40 (s, 2H), 7.64.24 (m, 6H), 7.437.50 (m,
2H).

Spectral Measurements.Transient absorption spectra of 1:1 and
1:2 complexes of semiquinone radical anions-Q¢~) with Mg?" were
measured by using a Union RA-103 stopped-flow spectrophotometer.
The transient absorption spectra of theaVigomplexes were obtained
by plotting the initial absorbances in the kinetic curves against the
wavelengths in the electron-transfer reduction ppbenzoquinone
derivatives (2.4x 1073 M) by [Fe(M&Cs),] or [Fe(MeGHa)] (2.4 x
107 M) in the presence of various concentrations of?Mip 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 (6.2L074—1.3 x
103 M) with p-benzoquinone derivatives (1:8102—3.8 x 1071 M)
in the presence and absence of metal ion were monitored by measuring
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(23) Fukuzumi, S.; Tokuda, Y.; Kitano, T.; Okamoto, T.; Oteral.Am. Chem.
So0c.1993 115 8960.
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L. J. Org. Chem1987 52, 1017. (b) Kobayashi, S.; Hachiya,J. Org.
Chem.1994 59, 3590.
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the disappearance of absorbance due to 9,10-dimethylanthracene

at Amax = 398 nm ¢ = 7.5 x 10® M~t cm™), 9-methylanthracene at

max = 386 Nm € = 6.6 x 10° M~ cm™?), and anthracene dtyax =
376 nm € = 5.4 x 1 M~ cm™) in MeCN. Measurements of rates
of electron-transfer reactions from CoTPRptbenzoquinone 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 (9.3x 1076 M) to p-benzoquinone derivatives (1.0
104-1.2 x 102 M) were monitored by the rise and decay of the
absorption band at 434 and 412 nm because of Co i CoTPP,
respectively. Rates of hydride transfer from Agr(3.5 x 1073—-1.0

x 1072 M) to p-benzoquinone derivatives (1.8 104 M) were
determined from the appearance of the absorbance due to 10-
methylacridinium ion (AcrH: Amax= 358 NM,emax= 1.80x 10* M~*
cm1). All the kinetic measurements were carried out under pseudo-
first-order conditions, where the concentrations pabenzoquinone
derivatives were maintained atl0-fold excess of the concentrations
of anthracenes, CoTPP, or Acridt 298 or 333 K. Pseudo-first-order

X
X scd H
soolE i
L I -y ()
2

1a; Ry =Me, Ro=Me, X=H
1b; Ry = Me, R2=Me, X =ClI
1¢; Ry = Me, Rz = Me, X = Me
1d; Ry =Me, Rp=H, X=H
1e; Ry =H,Ra=H,X=H

The [4+2] cycloaddition of anthracene and 9-methylanthracene
with otherp-benzoquinone derivatives 0Q; X = 2,5-Ch and
2,5-Mey) also occurs efficiently in the presence ofSto yield
the corresponding adducts quantitatively (see Experimental
Section).

The rates of reactions of 8ccatalyzed Diels-Alder reac-
tions of DMA with Q were determined by monitoring the

rate constants were determined by least-squares curve fits using adisappearance of absorbance due to DMAe¢= 398 nm,emax

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 BICIO4 (TBAP) as the supporting
electrolyte. A conventional three-electrode cell was used with a platinum
working electrode (surface area of 0.3 Airand 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 respe
to the Ag/AgNQ (0.01 M) reference electrode. All potentials (vs Ag/
Ag™) were converted to values versus SCE by adding 0.29 Ml

=7.5x 10® M~ cm™1). The rates obeyed pseudo-first-order
kinetics in the presence of large excesses of Q aft Btative
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

ﬁ(obs) on [S&'] was examined for the St-catalyzed Diels

Alder reaction of DMA with Q at various concentrations ofSc

electrochemical measurements were carried out under an atmospherid N€ Kobs value increases with an increase in{9do exhibit a

pressure of argon.

ESR Measurements.The p-fluoranil radical anion was prepared
from p-fluoranil by reduction with (BNA) in deaerated MeCN at 298
K. Typically, (BNA), (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; 220102 M in 1 mL)
and purged with argon for 10 min. Sc(O7{L.0 mg; 2.0x 103Min
1 mL) was also dissolved in deaerated acetonitrile. PHkioranil
solution (20QuL) and Sc(OTf) solution (20QuL) 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-dichlorop-benzoquinone and 2,5-dimethgdbenzoquinone 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

first-order dependence on [S¢ at low concentrations, changing
to a second-order dependence at high concentrations, as shown
in Figure la.

Such a mixture of first-order and second-order dependence
on [S&'] is also observed in the electron transfer from CoTPP
(TP~ = tetraphenylporphyrin dianion) to Q. No electron
transfer from CoTPP to Q has occurred in MeCN at 298 K. In
the presence of Sc(O&f)however, an efficient electron transfer
from CoTPP to Q occurs to yield CoTPReq 2).

0 o
SC3+
CoTPP + —— CoTPP* + —nSc® @
o o
@ [Q™-nS6™, (n=12)]

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-n&ise (
N) ratio of the observed spectra. Thevalues 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 lons on Electron Transfer and Diels-
Alder Reactions. Although the reaction of 9,10-dimethylan-
thracene (DMA 1.5x 1072 M) and p-benzoquinone (Q 2.
102 M) is sluggish in MeCN at 298 K, the addition of Sc-
(OTf)3 results in the efficient [42] cycloaddition to yield the
adduct selectively (eq 1).

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

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
(kep) ON [SE*] was also examined for the electron transfer from
CoTPP to Q at various concentrations ofScThe results are
shown in Figure 1b, where the; value increases linearly with
[Sc] to show a first-order dependence on {Scat low
concentrations, changing to a second-order dependence at high
concentrations, as the case of thé*Scatalyzed Diels-Alder
reaction of DMA with Q in Figure la.

Other metal ions such as Migalso exhibit a mixture of first-
order and second-order dependence on the metal ion concentra-
tion, as shown in Figure 2a for the Migcatalyzed 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®Sor Mg?*, as
indicated by the lack of UVvis spectral change of Q in the

J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002 14149
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2.0

5.0

4 4.0
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,I_"’ 4 3.0 T“’
= =
8 N
4 20
< 7
o
-
4 1.0
0
0 0.4 0.8 1.2

10 [Sc(OTH)3], M

Figure 1. (a) Dependence Okops On [Sc(OTf}] for the Diels—Alder
reaction of 9,10-dimethylanthracene (510~ M) with p-benzoquinone
(2.5 x 1072 M) and (b) electron transfer from CoTPP (801076 M) to
p-benzoquinone (2.6« 107* M) in the presence of Sc(OH)n deaerated
MeCN at 298 K.

4.0 8.0
- 1 60
o
! -
s T
'g' 4.0 TE
& Tz
o x
o
1 20
0
0 0.4 0.8 12

[Mg(ClOy4)2], M

Figure 2. Dependence 0Kgps 0n [Mg(ClOs),] for the (a) Diels-Alder
reaction of 9,10-dimethylanthracene (13103 M) with p-benzoquinone
(3.6 x 1071 M) and (b) electron transfer from CoTPP (10105 M) to
p-benzoquinone (3.% 10-3 M) in the presence of Mg(CIg), in deaerated
MeCN at 298 K.

presence of the metal ion. TA#& NMR signals of Q exhibited
only small upfield shifts in the presence of large concentrations
of Mg(CIQy), in CD3sCN. The observed chemical shiftAd)

of the G=0 and the &C carbons of Q referenced to those in
the absence of Mg (see Supporting Information, S2). Theé
value increases linearly with an increase in [Mg(QiD
indicating that Q forms only a very weak 1:1 complex with
Mg?" in MeCN. Such a 1:1 complex with Mg, however,
cannot account for the contribution of the second-order depen-
dence of the rate constants on [Myin 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"(iylwith Q*~.
Since there are two carbonyl oxygens which can interact with
M™ . Q~ may form not only a 1:1 complexx= 1 in eq 2) but
also a 1:2 complexn(= 2 in eq 2) with M". The complex
formation of Q~ and M'* should result in the positive shift of
the one-electron reduction potential of B¢y, and the Nernst
equation is given by eq 3,
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Eed= E°reqt (2.3RTF)Iog{ K, [M™](L + KM™]}  (3)
whereE®q is the one-electron reduction potential of Q in the
absence of MI"; K; andK; are the formation constants for the
1:1 and 1:2 complexes between-Qnd M', respectively?’
Since Mt has no effect on the oxidation potential of CoTPP,
the free energy change of electron transfer from CoTPP to Q

in the presence of M (AGey) can be expressed by eq 4,

(4)

where AG°¢ is the free energy change of electron transfer in
the absence of M. The AG° value is obtained from the one-
electron oxidation potential of CoOTPE%y vs SCE= 0.35 V)8
and the one-electron reduction potential of E),{q vs SCE=
—0.50 V) by using eq 5.

AGy = AG’, — (2.3RMIog(Ky[M™] + K KM ™)

AGoetz F(Eoox - Eored) )

In the presence of M, E°qin eq 5 is replaced by eq 3. Thus,
electron transfer from CoTPP to Q becomes more favorable
energetically with an increase in the concentration &f Mf
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 transtef) on [M"] is
derived from eq 4, as given by eq 6, whé&geés the rate constant

in the absence of Wf.29.30

ke/M™] = koy(1 + K [M™]) (6)

The validity of eq 6 is confirmed by the linear plot kf/[M "]
versus [M] for the Sé"- and Mg "-promoted electron transfer
from CoTPP to Q, as shown in Figure 3a and b, respectitely.
From the slopes and intercepts are obtainedthealue which

is listed in Table 1 together with theK; value.

There is a striking similarity with respect to the dependence
of ket (OF kopd ON [SEH] and [M@?*] between the S¢- and
Mg?*-promoted electron-transfer reactions from CoTPP to Q
(Figure la and Figure 2a) and the®Scand Mg "-catalyzed
Diels—Alder reaction of DMA with Q (Figure 1b and Figure
2b), respectively. Thus, the same plot as in eq 6 for tHeg-Sc
and Mgt-promoted electron transfer from CoTPP to Q can be
applied for the St™- and M¢**-catalyzed Diels-Alder reaction
of DMA with Q, as shown in Figure 4a and b, respectively.
TheK; values for the 1:2 complex formation of Qwith Sc3*
and Mg are obtained from the linear plots, as listed in Table
1. TheseK;, values of S&" (4.0 x 10 M~1) and M¢* (3.9 M%)
derived from the metal ion-catalyzed Dielalder reaction of
DMA with Q agree with those of S¢ (4.0 x 10 M%) and
Mg2" (4.1 M1 derived from the metal ion-promoted electron
transfer from CoTPP to Q in MeCN at 298 K.

(26) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Nonaqueous

SystemsMarcel Dekker: New York, 1990.

The direct determination measurements of the dependerfggyan the

M™* concentration are difficult because of the instablity of the-€M*

complex. In the case of Mg, the E,.q values of Q in the presence of 0.1

M Mg?2*+ has been evaluated from the analysis of the one-electron reduction

peak potential of Q as-0.18 V160 from which theK; value is determined

as 1.8x 10° M~1 using eq 3 (the<; value is 4.1 M1, see Table 1).

(28) Fukuzumi, S.; Mochizuki, S.; Tanaka, horg. Chem.1989 28, 2459.

(29) The dependence d&f; on [M"*] 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 Informatiolf, S3).

(30) Marcus, R. AJ. Phys. Chem1968 72, 891.

(31) Fukuzumi, S.; Ohkubo, K.; Tokuda, Y.; Suenobu, JT Am. Chem. Soc.
200Q 122 4286.
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[Sc(OTf)3], M transfer reactions (Table 1). Such an agreement among three

0 0.04 0.08 0.12 different systems confirms that each reaction has a common
5.0 . T T ' ' 10 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°y) of anthracene derivatives. THgK; and K,
values derived from the dependencekgfs on [SE*] for the
Sc*-catalyzed Diels-Alder reactions of anthracene derivatives
with Q in MeCN at 333 K are listed in Table 2 together with
the E°ox values of anthracene derivatives. TiRgvalues (26-

26 M™1) are essentially the same within the experimental error,

irrespective of the large difference in the reactivities of

anthracene derivatives (s&gK; values in Table 2). Such an

0 ' ' ' : 0 agreement also confirms that the catalytic function o¥"Sn

0 0.4 - 12 the Diels-Alder reactions of anthracene derivatives with Q is
[Mg(C10,)2], M ascribed to the formation of the 1:1 and 1:2 complex between

Figure 3. Plots of (@)kond[SC(OTF)] vs [Sc(OTHy] and (b)kond[Mg(ClO4)2] Q~ and Sé", since the formation of the 1:2 complex of Q

vs [Mg(ClOg);] for electron transfer from CoTPP fwbenzoquinone. and Mg is independent of anthracene derivatives. The constant

K, value (1.9-2.6 M™1), irrespective of the large difference in

the reactivities of anthracene derivatives, is also confirmed for

the M¢?-catalyzed Diels-Alder reactions of anthracene deriva-

tives with Q in MeCN at 333 K (Table 2§

The catalytic reactivity of metal ions varies significantly
depending on the Lewis acidity of metal ions. Tk (koK1)
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 Acrpto Q were determined under the
experimental conditions such that thgsvalue exhibits the first-

» © »
o o o
T

1

-]

ket/[Mg(ClO4),], M~2s™

1075 ket/[Sc(OTH)3], M~2s™"
5

Since the metal ion acts as a Lewis acid in the complex
formation with Q~, the K, 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 ks and ket on [M™] for the
Sc*t- and Mg t-catalyzed Diels-Alder reaction of DMA with
X—Q and also the electron transfer from CoTPP teQX The
K, values determined by eq 6 are also listed in Table 1.Khe
value (2.5x 10 and 1.8 M1) determined in the S¢- and Mg
promoted electron transfer from CoTPP tg-#enzoquinone . . .
derivative with electron-withdrawing substituents (2,5-dichloro- order dependence with respept o the metal ion concentration.

: . The results are summarized in Table 3.
p-benzoquinone) is smaller than the correspondipgalue of o
p-benzoquinone (4.& 10 and 4.1 M%), as expected from the We have recently reported that the binding energies) (of
weaker basicity of the radical anion with the electron-withdraw- Metal ions with @~ can be evaluated from the deviation of

ing substituents as compared to the basicity of unsubstituted € 9zz values from the free spin value and that & values
semiquinone radical anion. In the case mfluoranil and are well correlated with the promoting effects of metal ions in

. . 1
p-chloranil, theK, values were too small to be determined the electron transfer from CoTPP to Q as well asOrhe AE
because of the strong electron-withdrawing effects of fluorines V&lues can, thereby, be used as the first quantitative measure

and chlorines (Table 1). In contrast, the values of 2,5- for the Lewis acidity of metal ions in relation with the promoting
dimethylp-benzoquinone, which has e,lectron-donating s,ubstit- effects of metal ions in electron-transfer reactions. Electron-
uents (4.3< 10 and 4.7 M for S&* and Mg, respectively) transfer rates are expected to increase with decredsipg

values of an electron donor and with increasitg values.
Figure 5a shows an excellent linear correlation betweetkdag

of DMA with X —Q agrees with the value determined from the @1dE’ox — AE for the M™"-promoted electron transfer from
corresponding Ni*-promoted electron-transfer reaction (Table CoTPP 10 Q.
1). Such a remarkable agreement in each case strongly indicates Plots of logkeat versusE®ox — AE for the M'*-catalyzed
that the M*-catalyzed Diels-Alder reactions of DMA with Diels—Alder reactions of anthracene derivatives with Q (the
X—Q proceeds via the rate-determining*Mpromoted electron ~ data at 298 and 333 K are shown in Figure 5b and c,
transfer from DMA to %-Q, as shown in Scheme 1. respectively) as well as the Wpromoted hydride transfer from
Such an M*-promoted electron-transfer pathway of-X AcrH; to Q (Figure 5d). There is a striking parallel relationship
has also been reported to occur in thé"\promoted hydride ~ between the NI*-promoted electron transfer and the™M
transfer from 10-methyl-9,10-dihydroacridine (Ag)Ho X—Q catalyzed Diels Alder reactions as well as theWtpromoted
(Scheme 23227|n such a case, the sarke value should be hydride-transfer reactions. The catalytic reactivities of different
derived from the dependence kfys on [M™] for the M- metal ions in each reaction are well correlated with #ie
promoted hydride-transfer reactions from Aetid X—Q. This values. The difference in the reactivities of anthracene deriva-
was also examined (see Supporting Information, S4), and thetives and AcrH is also well correlated with thB®ox values in
results are summarized in Table 1. TKgvalues determined  the linear plot of logk.a versusE®ox — AE. This indicates that
from the M -promoted hydride-transfer reactions from AgrH  the activation process is common between the Biélsier
to X—Q agree with those determined from thé"Mcatalyzed
Diels—Alder reactions of DMA with X-Q as well as those (32) TheK; 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
determined from the corresponding™™promoted electron- complex formation.

are larger than those @Fbenzoquinone. In each case, ke
value determined from the M-catalyzed Diels-Alder reactions

J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002 14151
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Table 1. Rate Constants of Electron Transfer, Diels—Alder, and Hydride Transfer Reactions in the Absence Sc3* (ko) and in the Presence
of Sc3* and Mg?* (koK1) and the Formation Constants of X—Q*~—2Sc¢3* and X—Q*~—2Mg?" (K>) in Deaerated MeCN at 298 K

CoTPP DMA AcrH,

X-Q metal ion koKi2 (M2 57%) K2 (M) koK42 (M2 571) K2 (M) koKs2 (M2 571) K2 (M1
Q Scet 2.7x 1P 4.0x 10 1.3 4.0x 10 7.2x 10* 3.9x 10
Q MgZ* 1.3x 10 4.1 6.9x 1073 3.9 2.0 4.0
2,5-CbQ Sét 9.3x 10 25x%x 10 1.1x 10 2.1x 10 2.4x 10° 2.3x 10
2,5-ChQ Mg+ 1.2 1.8 4.9x 1073 1.6 8.2 1.6
2,5-MeQ Scét 1.1x10° 4.3x 10 1.2x 10 4.4x 10 3.0x 10 4.3x 10
2,5-MeQ Mg?* 8.9x 101! 4.7 1.3x 1073 4.6 1.0x 101 4.0
FsQ Sé* 1.1x 108 0 49x% 1072 0 3.0x 10* 0
FaQ Mg?* 2.8 x 1(? 0 57x 104 0 4.0x 10 0
Cl.Q Scét 1.0x 10° 0 b b 2.9x 10 0
Cl,Q Mg+ 2.2x 1% 0 b b 5.3x 10 0

aDetermined from the dependencelgf or koss 0N the concentration of metal ion based on e§ o reaction.

[Sc(OTf)3], M Scheme 2 o
0 0.04 0.08 0.12 n+

M
5.0 | | +XQ T (ActH,™ X-Q-M™)
| Es

(AcrH,)
2 (ActH,™ X-Q—-2M™) | -M"*

l oM™

g
°

&
=)

102(kobs — ko)[Mg(C10,),], M~2s™"

1
@
o

+.2
W
0.5 Me
110 (AcrH")

107 (Kobs — Ko)[SC(OTH)3], M2s™"
5

Table 2. Rate Constants of Diels—Alder Reactions of Anthracene

0 . ' 0 Derivatives with p-Benzoquinone in the Absence of Metal lon (ko)
0 0.4 0.8 12 and in the Presence of Metal lon (koK1) and the Formation
[Mg(C1O4)], M Constants of the 1:2 Complexes of the Corresponding Radical
Anions with Metal lon (K3) in Deaerated MeCN at 333 K
Figure 4. Plots of (a) kobs — ko)/[Sc(OTf)] vs [Sc(OTf)] and (b) &obs — 5 N N
ko)/[Mg(ClO4)2] vs [Mg(ClOs);] for the Diels—Alder reaction of 9,10- Eo  metal A K
dimethylanthracene witp-benzoquinone. no. donor VvsSCE o M~s7) M)
1 9,10-dimethylanthracene  1.05 3Sc 8.3 2.0x 10
Scheme 1 2 9-methylanthracene 111 Bc 21 2.2x 10
Me 3 9-ethylanthracene 114 Bc 34x 10! 26x 10
X M e 4 anthracene 119 8t 7.1x102 2.0x10
+ <= (DMA™ X-Q"-M"™) 5 9-benzylanthracene 120 B¢ 3.2x101 2.0x10
5 e 6 9-bromoanthracene 130 Bc 33x10° 21x10
Me M 7 9,10-dimethylanthracene  1.05 ftg 3.5x 102 25
(DMA) X-Q) ey monny | 8 9-methylanthracene 111 Mg 6.2x10°% 1.9
(DMA™ X-Q™-2M™) |- 9 9-ethylanthracene 114 Mgy 43x10* 26
10 anthracene 1.19 M§ 14x10* 2.0
_2Mn+
v aDetermined from the dependencekafis on [SE*] based on eq 6.
O . . .
D X electron transfer in Scheme 1 is slightly faster than theCC
X Huve bond formation in the radical ion pair (DMAQ*~—M"") in
o O Scheme 2. Such a difference is much enhanced when Q is
U Ve replaced byp-chloranil (ChQ) because of the steric effects of

chlorines. Since the steric effect is more pronounced in th€ C
reaction (Scheme 1) and the hydride-transfer reaction (Schemebond formation than in the proton transfer, no Diefdder

2), that is, the metal ion-promoted electron transfer. reaction occurs between DMA and.Ql, whereas the hydride
The rates of M™-catalyzed hydride-transfer reactions from transfer from AcrH to Cl,Q occurs efficiently (see Table 1).

AcrH; (E°x vs SCE= 0.81 V)!%ato Q (Figure 5d) are slightly Detection of Metal lon Complexes with Semiquinone

faster than those of the DietlsAlder reactions of DMA E°ox Radical Anions. When CoTPP is replaced by a stronger one-

= 1.05 V) with Q (Figure 5b) when they are compared at the electron reductant, decamethylferrocene [E¥€z)2], electron

sameE’yx — AE values® This indicates that the proton transfer transfer from Fe(6Mes), to Q in the presence of Mg(Clp is

from AcrHy't to the Q~—M"" complex after the NI"-promoted complete upon mixing the two solutions. The transient electronic
spectra of the semiquinone radical anion in the presence of

(33) Theke values in Figure 5c are larger than those in Figure 5b because of

the higher reaction temperature (333 K in Figure 5¢ as compared to 298 K _dlfferent concerytrgn_o_ns of Mg(Clfy were o_btamed by measur-_
in Figure 5b). ing the change in initial absorbance at various wavelengths with
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Table 3. Catalytic Rate Constants (kcat = koK31) for the Electron
Transfer from CoTPP to p-Benzoquinone, Diels—Alder Reaction of
DMA with p-Benzoquinone, and Hydride Transfer from AcrH, to
p-Benzoquinone in Deaerated MeCN at 298 K
- 2+
kca& (M7Z 571) émg
M AE? (eV) CoTPP? DMA AcrH,
3 /L
St 1.00 2.7x 10° 1.3 7.2x 10¢ £
\u 0.85 2.7x 108 3.7x 102 2.1x 10° £
Lad3+ 0.82 1.9x 10° 1.4x 1072 2
Ew* 0.82 1.1x 10° 1.9x 1072 <
Yb3+ 0.83 1.2x 10° 45x 102
Lust 0.83 8.2x 1(? 41x 102 1.8x 1C° \
Mg* 065 13 6.9<103 2.0 f\
Car 0.58 7.0x 107t 29x 101
St 0.52 1.6x 101 N
Ba2* 0.49 3.0x 1072 +
Lit 0.53 1.6x 10t 400 500 600 700

Wavelength, nm

# Taken from ref 15. Figure 6. Transient absorption spectra of the semiquinone radical anion

formed in the electron-transfer reduction @benzoquinone (2.4 103
M) by [Fe(M&sCs),] (2.4 x 1074 M) in the presence of Mg(CIg), [1.0 x

6 I 102M (0), 2.0x 1071 M (®)] and by [Fe(MeGH4)7] (2.4 x 1074 M) in
the presence of Mg(Clg; [1.6 M (®)] in deaerated MeCN at 298 K. The
s | solid line spectrum shows the absorption spectrum of the semiquinone

radical anion in the absence of Mg(G)@ prepared by the reaction of
YbS*//kf p-benzoquinone (2.4« 1073 M) with MesNTOH™ (2.4 x 1074 M) in

-

(7]

‘T'E 2 - deaerated MeCN at 298 K.

]

¥ o | -

g Cl

-2 | 15 |- c
O
/ —Mg2*
Cl
_4 -
8 c/é
£ 1.0 o
-0.8 3 /
Eox — AE, eV 5 /°p\‘\q

Figure 5. Plots of logkeat Vs (AEox — AE) for the (a) electron-transfer ﬁ °\0
reaction from CoTPP tp-benzoquinone at 298 KO, (b) Diels—Alder 0.5
reaction of 9,10-dimethylanthracene wipkbenzoquinone at 298 K@), \0\7
(c) Diels—Alder reaction of anthracene derivatives witbenzoquinone at
333 K (a), and (d) hydride-transfer reaction from Acrtd p-benzoquinone %
at 298 K (), in the presence of metal ions in deaerated MeCN. Numbers 0 L | ]
refer to anthracence derivatives in Table 2. 400 500 600 700 800

. . Wavelength, nm
the use of a stopped-flow spectrophotometer, as shown in Figure

34 i i
6.%* The absorption spectrum Qf'Q!n t.h.e presence OT 1.6 formed in the electron-transfer reduction of 2,5-dichlprbenzoquinone
1072 M Mg?* (Amax = 590 nm) is significantly red-shifted as (2.4 x 10-3 M) by [Fe(MesCs)z] (2.4 x 10-4 M) in the presence of Mg-

compared to that in the absence of M@Amax= 422 nm). The (ClO4)2[5.0 x 103 M (O), 4.0x 10 * M (@)] and by [Fe(MeGHa)2] (2.4

e 1 ; ; — x 1074 M) in the presence of Mg(CIg, [1.0 M (®)] in deaerated MeCN
furthe_r addition O.f Mg re_sults_ in a blue shift tdmax . 415 at 298 K. The solid line spectrum shows the absorption spectrum of the
nm with a clean isosbestic point. Such spectroscopic changessemiguinone radical anion in the absence of Mg(iOprepared by the

indicate the formation of complexes betweerr @Qnd Mg, reaction of 2,5-dichlorg-benzoquinone (2.4 1074 M) with Me,N+*OH~
which requires two steps: the first step is the formation of a (24 x 10* M) in deaerated MeCN at 298 K.

1:1 complex (@ -Mg?"), and the second step is an additional
addition of Mg to form a 1:2 complex (@ —2Mg?").
Transient electronic spectra of the 1:1 and 1:2 complexes ar
also observed in the electron-transfer reduction of 2,5-dichloro
p-benzoquinone (Figure 7) and 2,5-dimetlpybenzoquinone.
Although the formation constaig; for the 1:1 complex is too
large to be determined, the formation constiptfor the 1:2
complex can be determined from the spectral change in the
presence of Mg using eq 7,

Figure 7. Transient absorption spectra of the semiquinone radical anion

whereA is the absorbance due to the 1:1 complex Ands the

initial absorbance at the small concentration of?¥Md-rom the
Clinear plots ofA~1 versus [Mg(CIQ)] (see Supporting Informa-
" tion S5), theK; values for the 1:2 complexes formed between
X—Q~ and Mg are obtained, as listed in Table 4, together
with the absorption maxima of XQ*~ and the 1:1 and 1:2
complexes with M&". TheK; values thus determined directly
from the spectral change due to the complex formation between
X—Q~ and Mg* (Table 4) agree with those determined from
. . the dependence df,ns on [Mg?'] for the Mg -promoted
A=A, (1+KJIMg(CIO,),]) () electron transfer from CoTPP to->Q, the Mg'-catalyzed
Diels—Alder reaction of DMA with Q, and the Mg -catalyzed

(34) For the absorption spectrum of Qn the absence of Mg in MeCN, see: hydnde tranSfer from Acrkito Q (Table 1) Thus, the Ca}talySIS
Fukuzumi, S.; Yorisue, TJ. Am. Chem. S0d.991, 113 7764. of Mg?* in the electron-transfer reduction pfbenzoquinone
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(@) © ©
/g = 2.0057 g =2.0050 ’
: / — iy NM

Figure 8. (a) ESR spectrum of thg-fluoranil radical anion formed in the electron-transfer reductiop-fifioranil (2.0 x 10-5 M) by (BNA)2 (1.0 x 107
M) in deaerated MeCN at 298 K. (b) Computer simulation spectrum with2.0057 witha(4 F) = 3.9 G andAHns = 0.20 G. (c) ESR spectrum of the
p-fluoranil radical anior-Mg(ClO4)2 complex generated in the photoirradiation of a deaerated MeCN solutipriladranil (1.0 x 10-3 M) with (BNA)
(1.0 x 10-8 M) in the presence of Mg(CIg, (1.0 M) at 298 K. Asterisks denote Mhmarkers. (d) Computer simulation spectrum wgth= 2.0050 with
a(2 F)=5.0 G,a(**Mg) = 4.1 G, andAHng = 2.0 G. (e) ESR spectrum of thpefluoranil radical anion-Sc(OTfi complex generated in the photoirradiation
of a deaerated MeCN solution of fluoranil (5:010-3 M) with (BNA)2 (1.0 x 1073 M) in the presence of Sc(OEf(1.0 x 1073 M) at 243 K. (f) Computer
simulation spectrum witly = 2.0048 witha(2F) = 10.0 G, 0.7 Ga(Sc)= 0.8 G, andAHs = 0.4 G.

Table 4. Absorption Maxima (Amax) of Semiquinone Radical
Anions (X—Q*") and the X—Q*~—Mg?* and X—Q*~—2Mg?*
Complexes Formed by the Electron Transfer Reduction of
p-Benzoquinone and Its Derivatives in the Presence of Mg(ClOa);
and the Formation Constants of Q°~—2Mg2" (K>) in Deaerated
MeCN at 298 K

8b) 3% Wheeler et af’ 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 valued(4F) = 1.95 G¥’ than the experimental value

Aver (1) (a(4F) = 3.9 G).
*Q *Q XQ Mg X-Q-2vg™ K The addition of Mg(CIQ), (1.0 M) to an MeCN solution of
Q 422 590 410 4.5 F4,Q*~ affords the ESR spectrum in Figure 8c. The observed
2,5-C1Q 425 645 440 2.1 ESR wrum s well duced bv th er simulati
2'5-Me0 436 615 495 a8 spectrum is well reproduced by the computer simulation

spectrum with the hfc values including a superhyperfine
coupling due to onéMg nucleus &Mg) = 4.1 G) which has
10.13% natural abundance, as shown in Figure 8d. The

derivatives is indeed ascribed to the formation of 1:1 and 1:2 OPservation of such a superhyperfine coupling due to one
complexes formed between-Q~ and Mg, which results magnesium nucleus strongly indicates the formation of the 1:1
in an increase in the rate constants of electron transfer from COMplex between &~ and Mg .33 Because of the com-
CoTPP to X-Q, the Diels-Alder reactions of anthracenes with ~ Plexation with one Mg, the spin is more localized on two
X—Q, and hydride-transfer reactions from Aerté X—Q with carbons, as shown in Scheme 3. The hyperconjugation to the

an increase in [Mg], exhibiting first-order and second-order ~fluorine atom (Scheme 3) of the®@~—Mg?" complex results
dependence on [Md]. in an increase in tha(2F) value (5.0 G) as compared to the

value of RQ™ (3.9 G)*°

The 1:1 complex betweeny®&~ and Sé* is also formed as
the case of fF*"—Mg?" 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 nucle(Sd)

aDetermined from the spectral change in the presence ¢f Mg

The K; value decreases with the decreasing electron-donor
ability of Xx—Q*~ (X = 2,5-Me& > H > 2,5-Cb). In the case of
p-fluoranil (FQ), only the 1:1 complex is formed betweesQ=
and Mg because of the strong electron-withdrawing effect of
fluorines. The formation of the 1:1,8°~—Mg2" complex is
confirmed by the ESR spectrum. FirstyQ® is formed by
electron transfer from dimeric 1-benzyl-1,4-dihydronicotinamide
[(BNA);]??*to Q in MeCN at 298 K. The (BNA)is known to
act as a unique electron donor to produce the radical anions of
electron acceptor®®. The ESR spectrum of R~ is shown in
Figure 8a, together with the computer simulation spectrum with
the hyperfine coupling constant [hfa(4F) = 3.9 G] (Figure

(36) A slightly largera(4F) value (4.14 G) was reported fof@ - in ethanolic
KOH solution. See: Anderson, D. H.; Frank, P. J.; Cutowsky, HJ.S.
Chem. Phys196Q 32, 196.

(37) Boesch, S. E.; Wheeler, R. A. Phys. Chem. A997 101, 8351.

(38) Although X-ray diffraction structures are available for crystals containing
p-chloranil radical aniorralkai metal ion complexe®,analogous structures
for the p-fluoranil radical anior-metal ion complex are unavailable.

(39) Konno, M.; Kobayashi, H.; Marumo, F.; Saito, 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.

(35) Fukuzumi, S.; Suenobu, T.; Patz, M.; Hirasaka, T.; Itoh, S.; Fujitsuka, M.;
Ito, O.J. Am. Chem. S0d 998 120, 8060.
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Figure 9. (a) ESR spectrum of propionitrile solution containing (BNA)
(3.4 x 1073 M), 2,5-dimethylp-benzoquinone (1. 1072 M), and Sc-
(OTf)3 (3.4 x 1073 M), irradiated with a high-pressure mercury lamp at
203 K. (b) Computer simulation spectrum wigh= 2.0033 witha(6 H) =

2.8 G,a(2H) = 1.8 G,a(2Sc)= 1.5 G, andAHns = 0.40 G. (c) ESR
spectrum of propionitrile solution containing (BNA(B.5 x 1073 M), 2,5-
dichlorop-benzoquinone (9.% 1073 M), and Sc(OTf} (2.5 x 1071 M),
irradiated with a high-pressure mercury lamp at 203 K. (d) Computer
simulation spectrum witly = 2.0043 witha(®*Cl) = 0.5 G,a(2 H) = 0.2

G, a(2 Sc)= 0.5 G, andAHs = 0.30 G.

= 0.8 G)* This is consistent with the first-order dependence
of kops ON [SE*] for the SET-promoted electron transfer from
CoTPP to EQ, the Diels-Alder reaction of DMA with RQ,
and the hydride transfer from AcgHo F4Q.

The 1:2 complex formation betweertQand Sé* has also
been confirmed by observation of the ESR spectrum of the-Q

formation between the radical anion of 2,5-dimetpytbenzo-
quinone (2,5-MgQ ") and Sé" is confirmed by the ESR spectra
of the 2,5-MeQ~—2Scé" complex and the corresponding
computer simulation spectra, as shown in Figure 9a and b,
respectively. The superhyperfine structure due to two equivalent
Sc nuclei f(2Sc)= 1.5 G] confirms the formation of the 1:2
complex between 2,5-M&'~ and Sé*. The ESR spectrum of
the radical anion of 2,5-dichlorp-benzoquinone (2,5-g0°")

in the presence of Sc(OEf2.5 x 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 smallea(2Sc) value of the 2,5-@*~—2Scé*+ complex

(0.5 G) compared with the value of the 2,5-)ps —2S¢é&"
complex (1.5 G) is consistent with the smaller value of the
former compared with that of the latter (Table 1).

Summary and Conclusions

Extensive comparisons of the metal ion catalysis among the
M"*-promoted electron transfer, hydride transfer, and Biels
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 M'* 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) as well as the
hydride-transfer reactions from AcgHo X—Q, in which the
rate-determining step is ™M-promoted electron transfer, exhibit-
ing first-order and second-order dependence ofif[Mespec-
tively. The formation of 1:1 and 1:2 complexes formed between
X—Q~ and Mt 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 valuesmflevels due to
the complex formation between,©O and Mt from the g,
values of the ESR spectra.
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