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Concerted Diels—Alder reaction between anthracene and C,
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Abstract—The Diels—Alder reaction of anthracene with Cy, has been investigated experimentally by using secondary isotope
effects. The inverse a-secondary isotope effect in conjunction with the unity value of the B-secondary isotope effect indicates a
concerted mechanism for the title reaction. © 2001 Elsevier Science Ltd. All rights reserved.

[60]Fullerene is a reactive electrophile and exhibits a
remarkable array of thermal and photochemical reac-
tions. Among the [4+2], [3+2] and [2+2] cycloaddition
reactions,! the Diels-Alder addition has been widely
studied. A large variety of conjugated dienes have been
added to Cg, in a [4+2] fashion, either directly or after
generation in situ. However, most of the work has been
focused on product isolation and characterization and
little is known about the reaction mechanism. Our
recent mechanistic studies of the [2+2] cycloadditions of
aryl alkenes,” dienes® and dienones* to C,, prompted us
to also investigate the mechanism of the [4+2] cycload-
dition of anthracene to C,.

In this communication we report the «- and [-sec-
ondary isotope effects of the thermal [4+2] cyclo-
addition between anthracenes and Cg, and discuss
the mechanism derived from the measured isotope
effects.
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To determine the intermolecular a-secondary isotope
effect, Cqo (20 mg, 0.027 mmol) and a 1.2% excess of an
equimolar mixture of anthracenes 1-d,/1-d,,> were
mixed with naphthalene® and placed in a thick glass
tube equipped with a rotaflo valve and magnetic stirrer.
The reaction mixture was deoxygenated with argon and
heated at 160°C. The reaction was interrupted at vari-
ous conversions and analyzed by HPLC equipped with
a Separon C, reverse phase column. A 40% yield of the
Diels—Alder monoadduct was obtained after 18 h,
based on the recovered Cg,. The reaction mixture was
sonicated with pentane to remove the naphthalene sol-
vent and unreacted anthracenes. The fullerene cycload-
ducts 2-d, and 2-d,, (Scheme 1), which are stable at
room temperature, were purified by flash column chro-
matography (Si0O,, hexane/toluene=9/1) and character-
ized by 'H NMR spectroscopy. In the 'H NMR
spectrum, adduct 2-d, shows a singlet absorption at
5.80 ppm due to the bridgehead hydrogen atoms and

Scheme 1. Thermal [4+2] cycloaddition reaction of anthracenes 1-dy/1-d,, with Cg.
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Figure 1. Capillary column gas chromatographic separation of anthracenes 1-d, and 1-d,,,.

two downfield absorptions at 7.49 and 7.77 ppm, which
correspond to the ortho and meta phenyl hydrogens.
The a-secondary isotope effect kyy/kp is the result of the
intermolecular isotopic competition between 1-d, and
1-d,, with Cy, and is proportional to the product ratio
2-d,/2-d,,. Because cycloadduct 2-d,, is fully deuterated,
the 2-dy/2-d,, ratio cannot be determined by 'H NMR
spectroscopy. In this case the isotope effect was
calculated” from the integration of the gas
chromatographic’ signals of unreacted 1-d, and 1-d,,
on a 60 meter (5% phenyl) methylpolysiloxane capillary
column (Fig. 1). The value of the ao-secondary deu-
terium isotope effect was found to be ky/kp=0.93+0.02
(ky/kp=0.96+0.02 per D).

This result indicates a considerable change in the
hybridization of the carbon atoms C, and C,, (sp? to
sp?) in going from the ground state to the transition
state along the reaction coordinate. Furthermore, the
magnitude of this inverse deuterium isotope effect sup-
ports a one-step mechanism for this Diels—Alder reac-
tion. Had it been a stepwise mechanism the
a-secondary isotope effect should have been unity or
slightly normal.®

To verify further the reaction mechanism between
anthracene and [60]fullerene the B-secondary isotope
effect was determined. In a typical experiment, Cg, (20
mg, 0.027 mmol) and a stoichiometric amount of an
equimolar mixture of 3-dy/3-ds° were dissolved in
deoxygenated toluene and allowed to react at 0°C. A
45% yield of the Diels—Alder monoadduct was obtained
after 1 h, based on the recovered Cg, The solvent was
evaporated under vacuum and the solid residue was
sonicated with pentane to remove the unreacted 9,10-
dimethylanthracenes. The cycloadducts 4-d, and 4-d
(Fig. 2) were purified by flash column chromatography

T A control experiment showed that the deuterated anthracene 1-d,,
has a shorter GC retention time than the anthracene 1-d,.

(Si0,, Cqy: hexane, 4-d,, 4-ds: hexane/toluene=28/1)
and characterized by "H NMR spectroscopy. In the 'H
NMR spectrum, the bridgehead methyl hydrogens of
adduct 4-d, appear at 2.92 ppm, accompanied by two
downfield absorptions (7.56 and 7.81 ppm), which cor-
respond to the phenyl hydrogens of cycloadducts 4-d,
and 4-ds. Furthermore, the hydrogen absorptions of the
9,10-dimethylanthracenes derived from the facile retro
Diels—Alder reaction are clearly shown in the '"H NMR
spectrum (Fig. 2%). Similar decomposition of the C,
(9,10-dimethylanthracene)  cycloadduct has been
reported previously.'® An intermolecular B-secondary
isotope effect ky/kp=0.98+0.04 (average) was mea-
sured by integration of the methyl hydrogen absorption
at 2.92 ppm (6ky;) and the phenyl hydrogen absorption
at 7.81 ppm (4ky+4kp). Moreover, the deuterium iso-
tope effect was calculated’ by the integration of the gas
chromatography signals of the unreacted 9,10-dimethyl-
anthracenes 3-d, and 3-dg on a 60 meter (5% phenyl)
methylpolysiloxane capillary column. The value of the
B-secondary isotope effect was found to be ky/kp=
1.00+0.02, which is in good agreement with that mea-
sured by '"H NMR spectroscopy.

The results are summarized in Table 1. The unity value
of the B-secondary isotope effect in the intermolecular
competition of 3-dy/3-ds with C, is consistent with the
concerted mechanistic pathway. If the cycloaddition
reaction proceeded via a dipolar or diradical intermedi-
ate, the magnitude of the B-secondary deuterium effect
would be expected to be 3-15% per deuterium atom
due to the hyperconjugative effect.!!

In conclusion, the o- and B-secondary isotope effects
measured in the thermal Diels—Alder cycloaddition of
anthracenes to Cg, are consistent with a concerted
mechanism.

# Hydrogen absorptions of 3-dy/3-d¢ derived from the retro Diels—
Alder of adducts 4-d, and 4-dg.
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Figure 2. Determination of the B-secondary isotope effect by 'H NMR spectroscopy.

Table 1. Intermolecular secondary deuterium isotope effects for the Diels—Alder cycloaddition reaction of anthracenes to Cg,

Type of secondary isotope effect Substrate Method of determination ky/kp (average) ku/kp (per D)
a-Secondary 1-d,/1-d,, GC? 0.93+0.02¢ 0.96+0.02
B-Secondary 3-dy/3-dg '"H NMR® 0.98+0.04 0.99+0.04
B-Secondary 3-dy/3-dg GC? 1.00+0.02¢ 1.00+0.02

4 GC analysis was performed on a 60 meter (5% phenyl) methylpolysiloxane capillary column.
® The value of the isotope effect was determined by 'H NMR integration of the appropriate signals. The error was +4%.
¢ The value of the isotope effect is the average of ten consecutive measurements.
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