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ABSTRACT

A new protocol for the efficient Diels�Alder reaction of 1,2-benzoquinones with arynes is reported. The aryne generated by the fluoride-induced
1,2-elimination of 2-(trimethylsilyl)aryl triflates undergoes a facile Diels�Alder reactionwith 1,2-benzoquinones, affording the dioxobenzobicyclooctadienes
in moderate to excellent yields. In addition, this methodology has been applied to the one-pot synthesis of benzoquinoxalinobarrelene and naphthalene
derivatives.

1,2-Benzoquinones are a class of compounds endowed
with a broad range of interesting reactivity patterns.1 Since
the first report on the Diels�Alder reaction of 1,2-benzo-
quinones by Smith and Hac in 1936,2 this versatile class
of compounds is known to take part in Diels�Alder reac-
tions in four different modes: as carbodiene, heterodiene,
carbodienophile, and heterodienophile.3 Depending on
the substituents and the reaction conditions, 1,2-benzo-
quinone can act as an excellent carbodiene or heterodiene

with a variety of dienophiles. Although the reactivity of
1,2-benzoquinones as a 4π-component with a variety of
dienophiles is well-documented (Scheme 1, eq 1),3,4 appli-
cation of 1,2-benzoquinones inDiels�Alder reactionswith
the highly electrophilic C�C triple bond of arynes has
received only scant attention.5 The latter will be attractive
because it leads to the direct synthesis of dioxobenzobicy-
clooctadiene derivatives, which are potentially amenable
to a number of synthetic transformations.6 This includes
various photochemical reactions of the bicyclo[2.2.2]-
octadiene moiety as well as the reaction of the 1,2-diketo
group. Herein, we report an efficient and facile Diels�
Alder reaction of 1,2-benzoquinones with arynes generated
by the fluoride-induced 1,2-elimination of 2-(trimethylsilyl)-
aryl triflates (eq 2).7 In addition, the synthetic utility of
this methodology has been demonstrated by the one-pot
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synthesis of benzoquinoxalinobarrelene and naphthalene
derivatives. Interestingly, 1,2-benzoquinonesmanifest car-
bodiene-type reactivity in the Diels�Alder reactions with
arynes.

Arynes are highly reactive intermediates, which holds
potential for numerous applications in organic synthesis
for the construction ofmultisubstituted arenes of structur-
al diversity and intricacy.8 One of the important reactions
of arynes is the Diels�Alder reaction, which is a powerful
tool for constructing various carbocycles and heterocycles
of synthetic importance.9Due to their high electrophilicity,
arynes have been shown to react with a wide variety of

dienes. Recently, many of the traditional aryne reactions
have been revisited using Kobayashi’s method for aryne
generation, that is, by the treatment of 2-(trimethylsilyl)-
aryl triflates with a fluoride source, and this protocol has
led to a general enhancement in yields.7,10 We have recently
developed an efficient and practical Diels�Alder reaction of
pentafulvenes with arynes leading to the formation of benzo-
norbornadiene derivatives in high yields and broad scope.11

In the context of our interest in the chemistry of arynes,
the present study was initiated with the treatment of
3,5-di-tert-butyl 1,2-benzoquinone 1awith the aryne gene-
rated in situ from 2-(trimethylsilyl)aryl triflate 2a using
2.0 equiv each of KF and 18-crown-6. Interestingly, the
reactionafforded the1,3-di-tert-butyl-1,4-dihydro-1,4-ethano
naphthalene-9,10-dione 3a in 94% yield (based on 1HNMR
spectroscopy, Table 1, entry 1). Other fluoride sources, such
as CsF, furnished comparable results (entry 2), but the use of
tetrabutylammonium fluoride (TBAF) was not found to be
helpful (entry 3). Increasing the amount of 1a improved the
yield of 3a (entry 4). Finally, increasing the amount of aryne
precursor 2a to 1.2 equiv and employing 2.4 equiv eachofKF
and 18-crown-6 improved the reactivity, with 3a isolated in
98% yield (entry 5).12,13

With these optimized reaction conditions in hand, we
then examined the substrate scope of this 1,2-benzoquinone
aryne Diels�Alder reaction (Scheme 2).14 The 3,5-di-tert-
butyl 1,2-benzoquinone 1aworked well, and disubstitution

Scheme 1. Diels�Alder Reaction of 1,2-Benzoquinones

Table 1. Optimization of the Reaction Conditionsa

entry variation from the standard conditionsa
yield of

3a (%)b

1 none 94

2 CsF instead of KFand 18-crown-6, CH3CNas

the solvent

91

3 c TBAF instead of KF and 18-crown-6 <5

4 1.2 equiv of 1a instead of 1.0 equiv 97

5 d 1.2 equiv of 2a instead of 1.0 equiv, 2.4 equiv

each of KF and 18-crown-6

>99 (98)

a Standard conditions: 1a (0.25mmol), 2a (0.25mmol),KF (2.0 equiv),
18-crown-6 (2.0 equiv), THF (1.0 mL), 0 �C to rt and 12 h. bYields were
determined by 1H NMR analysis of crude products using CH2Br2 as the
internal standard. Isolated yield at 0.50 mmol scale in parentheses.
cDecomposition of 1a was observed. dReaction mixture stirred at rt
for 2 h.
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at various positions of the 1,2-benzoquinones was well-
tolerated and led to dioxobenzobicyclooctadienes in good
to excellent yield (3a�3d). Interestingly, monosubstituted
1,2-benzoquinone resulted in the smooth formation of
cycloadduct 3e in 65% yield. Moreover, trisubstituted
1,2-benzoquinones also furnished good to excellent yields
of the desired products, further expanding the scope of this
1,2-benzoquinone aryne Diels�Alder reaction. It is note-
worthy, however, that in preliminary experiments com-
mercially available 1,2-benzoquinones such as o-chloranil
failed to undergo this cycloaddition under the optimized
reaction conditions.15

In view of these interesting results, we next examined
the effect of varying the substituents on the aryne precursor
2 (Table 2). Electronically dissimilar 4,5-disubstituted
symmetrical aryne precursors 2b�d readily furnished the
dioxobenzobicyclooctadienes 3i�k in good to excellent
yields (entries 1�3). Moreover, the 3,6-dimethyl-substi-
tuted symmetrical aryne precursor 2eworked well to afford
product 3l in 72%yield (entry 4). Additionally, the reaction
of the unsymmetrical aryne generated from 2f resulted in
the formation of an inseparable mixture of regioisomers
3m/3m0 in a 1:1 ratio (entry 5). Furthermore, the unsymme-
trical naphthalyne derived from 2g underwent efficient
cycloaddition to deliver an inseparable mixture of regio-
isomers 3n and 3n0 in 95% overall yield (entry 6).
The synthetic utility of the aryne Diels�Alder reaction

has been demonstrated by the efficient one-pot synthesis of

benzoquinoxalinobarrelene derivatives.16 Thus treatment
of 1,2-benzoquinones 1 with aryl triflates 2 under the
optimized reaction conditions followed by the addition
of 1,2-phenylenediamine resulted in the one-pot synthesis
of benzoquinoxalinobarrelenes 4 in good to excellent yields
(Scheme 3). The disubstituted 1,2-benzoquinones and even
monosubstituted 1,2-benzoquinones worked well in the
one-pot operation, leading to good to excellent yield of the
product (4a, 4b).17 In addition, a symmetric aryne pre-
cursor 2c derived from sesamol resulted in the smooth
conversion to the bicyclic product in 95% yield (4c),
further expanding the scope of this one-pot reaction.
Evidently, the one-pot reaction has advantages over the
two-step reaction as it allows the rapid construction of
benzoquinoxalinobarrelenes, thus reducing labor, waste,
affording the same/better yield compared to a stepwise

Scheme 2. Diels�Alder Reaction of 1,2-Benzoquinones with
Benzynea

aGeneral conditions: 1 (0.50 mmol), 2a (0.60 mmol), KF (2.4 equiv),
18-crown-6 (2.4 equiv), THF (2.0 mL), 0 �C to rt and 2 h. Yields of the
isolated products are given. b 1H NMR yield of the product is given.
cReaction was carried out using 1.0 equiv of 2a and 1.5 equiv of 1e and
2.0 equiv each of KF and 18-crown-6.

Table 2. Diels�Alder Reaction of 3,5-Di-tert-butyl 1,2-Benzo-
quinone with Arynes

aGeneral conditions: 1 (0.50 mmol), 2a (0.60 mmol), KF (2.4 equiv),
18-crown-6 (2.4 equiv), THF (2.0 mL), 0 �C to rt and 2 h. Yields of the
isolated products are given. bReaction mixture stirred for 3 h at rt.
cReaction was run on 0.25 mmol scale. d 1.5 equiv of 2d was used. eThe
regioisomer ratio was determined by 1H NMR analysis of the crude
reaction mixture.

(15) It may be noted that commercially available 1,2-quinones such
as acenaphthenequinone and phenanthrenequinone did not show any
heterodiene reactivity with arynes under the optimized conditions.

(16) Benzoquinoxalinobarrelenes are potential candidates for
photochemical rearrangement reactions. For details, see refs 6a
and 6c.

(17) Interestingly, the synthesis of 4b from the corresponding 1,2-
benzoquinone resulted in 65% overall yield for the two steps, whereas
the one-pot operation afforded the product in 78% yield.
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process, and utilizing the use of more readily available
starting materials.18

The synthetic potential of the 1,2-benzoquinone aryne
[4þ 2] cycloaddition reaction was further examined by the
one-pot synthesis of naphthalene derivatives. It should be
noted that naphthalene derivatives are ubiquitously pre-
sent in many natural products and pharmaceuticals.19 The
reaction of 1,2-benzoquinones 1 with triflates 2 under the
optimized reaction conditions followed by the irradiation
of the reaction mixture at 254 nm afforded the one-pot
synthesis of naphthalene derivatives (Scheme 4).20 This
one-pot reaction works well with mono-, di-, and even
trisubstituted 1,2-benzoquinones to deliver the function-
alized naphthalenes in moderate to good yields (5a�5c).
Moreover, the symmetric aryne precursor 2cwas alsowell-
tolerated to furnish the tetrasubstituted naphthalene 5d

in 61% yield in a one-pot operation. It may be noted that
the mechanistic details of the decarbonylation of similar
adducts was known as early as 2002.21

In conclusion, we have developed an efficient and
practical Diels�Alder reaction of 1,2-benzoquinones with
arynes, leading to dioxobenzobicyclooctadiene derivatives
in high yields. It is noteworthy that dioxobenzobicyclo-
octadienes are potentially amenable to a number of syn-
thetic transformations. In addition, the application of this
mild cycloaddition reaction has been demonstrated by the
one-pot synthesis ofbenzoquinoxalinobarreleneandnaphtha-
lene derivatives. Efforts to expand the Diels�Alder reac-
tion of arynes with challenging dienes are ongoing in our
laboratory.
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Scheme 3. One-Pot Synthesis of Benzoquinoxalinobarrelenes
from 1,2-Benzoquinones and Triflates 2a

aGeneral conditions: 1 (0.50 mmol), 2a (0.60 mmol), KF (2.4 equiv),
18-crown-6 (2.4 equiv), THF (2.0 mL), 0 �C to rt and 2 h, followed
by addition of o-phenylenediamine (1.5 equiv) in MeOH/AcOH (1:1).
Yieldsof the isolated products are given. bReactionwas runon0.25mmol
scale.

Scheme 4. One-Pot Synthesis of Naphthalenes from
1,2-Benzoquinones and Triflates 2a

aGeneral conditions: 1 (0.50 mmol), 2a (0.60 mmol), KF (2.4 equiv),
18-crown-6 (2.4 equiv), THF (2.0 mL), 0 �C to rt and 2 h, then dilution
(THF, 12.0 mL) and irradiation at 254 nm for 1 h. Yields of the isolated
products are given. bReaction was run on 0.25 mmol scale.
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