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ABSTRACT: Two-directional annulation of dibromoisobenzo-
furan, a formal equivalent to didehydroisobenzofuran, was
developed. Importantly, selective bromine−lithium exchange
allows the tandem generation of benzynes and dual cycloadditions
with two different arynophiles. Also described is the application to
the synthesis of a substituted pentacene.

I sobenzofurans are 10π electron systems with quinoid
structures, which makes them useful intermediates for

various natural/unnatural product syntheses.1 Among various
possibilities, [4 + 2] cycloaddition with dienophiles is a reliable
method for the construction of a polycyclic structure.2

However, isobenzofuran I having no substituent at the C1
and C3 positions is unstable and regarded as a transient
intermediate with a few exceptions, which has limited the
availability of this attractive molecule.3,4

In our ongoing study on developing the synthetic utility of
the reactive molecules,5 we came up with an idea to use a
donor−acceptor molecule, having electron-donating and electron-
withdrawing moieties in one molecule, enabling the rapid
introduction of the fused rings onto the central core ring. In
particular, we are intrigued by the use of a formal equivalent to
didehydroisobenzofuran II, possessing a highly strained 1,2-
didehydroarene structure at the C5−C6 position in I, as it could
serve as a reactive platform for expeditious assembly of
polycycles by two directional annulations (Scheme 1).
Herein, we disclose dual annulations of dibromoisobenzofur-

an V, a formal equivalent of didehydroisobenzofuran II, via
successive [2 + 4] cycloadditions of benzyne6 and isobenzofur-
an (Scheme 2). Importantly, selective bromine−lithium
exchange from two dibromides IV and V enables the tandem
generation of benzynes and dual cycloadditions with two

different arynophiles (step 1 and step 2). The first [4 + 2]
cycloaddition of dibromoisobenzofuran V and benzyne A,
selectively generated from dibromobenzene IV, gives tetracyclic
compound VI, which, in turn, serves as a benzyne donor,
leading to the selective generation of benzyne B. Second [2 +
4] cycloaddition of benzyne B and isobenzofuran I gives
polycyclic compound VII.
The essential point of this integrated synthesis7 is isolability of

dibromoisobenzofuran V, which would provide great oppor-
tunities to use these potentially attractive molecules under
various reaction conditions.
Scheme 3 shows the preparation of dibromoisobenzofuran.

Upon heating of epoxynaphthalene 1a8 with 3,6-di(2-pyridyl)-
1,2,4,5-tetrazine (2) in chloroform at 50 °C,3a the starting
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Scheme 1. Two-Directional Annulations of
Didehydroisobenzofuran II

Scheme 2. Formal Use of Didehydroisobenzofuran by Dual
[2 + 4] Cycloadditions of Benzyne and Isobenzofuran
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material was cleanly consumed. Purification by silica-gel column
chromatography under Ar atmosphere gave 3a in 60% yield as
white solids,9 which can be stored under Ar atmosphere in a
refrigerator for several months. Similarly, 5,6-dibromo-1,3-
diphenylisobenzofuran (3b) was prepared from epoxynaph-
thalene 1b.
Scheme 4 shows the initial model study for the first [4 + 2]

cycloaddition. When dibromobenzene 4 was treated with 1.0

equiv of n-BuLi in the presence of dibromoisobenzofuran 3a
(1.0 equiv, toluene, −15→ 25 °C), cycloadduct 5 was obtained
in 18% yield. A sizable amount of bis-cycloadduct 6 (25%) was
also produced. Although the difference in reactivity is not easily
expected, this result indicates the order of the reactivity among
the three dibromides, 4 ≈ 5 > 3a, which caused the competitive
second benzyne generation from monocycloadduct 5. In this
case, however, excess amounts of the starting material 4 (5.0
equiv) improved the yields of the monocycloadduct 5 (42%).
Further investigation revealed that introduction of the

electron-deficient fluoro group on the aromatic ring achieved
selective benzyne generation (Scheme 5). Upon treatment of

1,2-dibromo-4,5-difluorobenzene (7a) with 1.1 equiv of PhLi in
the presence of 3a (1.2 equiv, toluene, −15 → 25 °C), 4,5-
difluorobenzyne was selectively generated to give monocy-
cloadduct 10 as almost the exclusive product in 66% yield. In
this case, PhLi was effective as a benzyne initiator in
comparison with n-BuLi (8: 49% yield). The cycloadduct 8,
thus obtained, can be used for the second cycloaddition:
treatment of 8 with 1.1 equiv of n-BuLi in the presence of furan
(2.7 equiv, toluene, −15 → 25 °C) gave the bis-cycloadduct 10
in 79% yield as a mixture of stereoisomers.

This successive process can be performed in one pot by
sequential addition of the arynophiles (Table 1). When the

above-mentioned first cycloaddition was conducted under the
same reaction conditions, the formation of the monocycload-
duct 8 was observed by TLC. The second arynophile, furan in
toluene, was added to the reaction mixture at −15 °C, to which
was slowly added n-BuLi and the temperature raised to 25 °C,
giving hexacycle 10 in 44% yield (entry 1). The dual reactions
with isobenzofuran 3b (the first arynophile) and isobenzofuran
3c (the second arynophile) also gave cycloadduct 11 (entry 2).
Similarly, the successive [2 + 4] cycloadditions with
isobenzofurans 3b and 3d gave the highly fluorinated
cycloadduct 12 in 62% yield (entry 3). The successive
processes also proved to be applicable to 1,2-dibromo-4,5-
dichlorobenzene (7b), selectively affording heptacycle 13 in
44% yield (entry 4).
It is worth mentioning that 1,2,4,5-tetrabromobenzene (7c)

nicely worked as a reactive platform,10 allowing the 3-fold
cycloaditions in one pot (Scheme 6). The key of this process is
the selective bromine−lithium exchange of tetrabromobenzene
7c, cleanly generating the dibromobenzyne C, which was

Scheme 3. Preparation of Dibromoisobenzofuran

Scheme 4. Initial Model Study on the Selective Generation
of Benzyne

Scheme 5. Successive [2 + 4] Cycloadditions of Benzyne and
Isobenzofuran

Table 1. One-Pot Dual [4 + 2] Cycloadditions

aIn toluene. bIn chlorobenzene. cn-BuLi was used for the first
cycloaddition. dPhLi was used for the first cycloaddition. en-BuLi was
used for the second cycloaddition. fPhLi was used for the second
cycloaddition.

Scheme 6. Two-Directional 3-Fold [4 + 2] Cycloadditions
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intercepted by 3b to afford the cycloadduct 14.11 The
tetrabromoarene 14, produced by the first cycloaddition, can
be viewed as a bis-aryne equivalent. Indeed, dual [2 + 4]
cycloadditions of bis-aryne D by treatment of 14 with n-BuLi in
the presence of furan gave bis-cycloadduct 15 as a mixture of
diastereomers. The stereochemistry of the bis-cycloadducts was
not determined. More importantly, the successive three ring
constructions could be carried out in one pot, affording the 3-
fold cycloadduct 15 with high synthetic utility.
Scheme 7 shows one of the synthetic transformations of the

cycloadduct 15 into a substituted pentacene. When cycloadduct

15 was heated in chloroform at 60 °C with tetrazine 2 and
dimethyl maleate, the dual [4 + 2] cycloadditions of bis-
isobenzofuran E12 occurred cleanly to give bis-cycloadduct 16
in 58% yield. Bis-isobenzofuran E is synthetically useful in that
the rapid introduction of the fused rings and/or functionaliza-
tion onto the isobenzofuran nucleus would be possible through
the dual cycloadditions. Subsequent acid catalyzed aromatiza-
tion cleanly occurred by treatment of 16 with H2SO4 in toluene
at 25 °C. Purification of the crude products by silica gel column
chromatography gave substituted pentacene 17 in 71% yield as
blue solids.13−15 The structure of 1713m was determined by X-
ray analysis.16

In summary, dual cycloadditions of didehydroisobenzofuran
equivalent with various arynophiles allowed rapid construction
of highly functionalized bis-cycloadducts, which were amenable
to selective transformation en route to substituted pentacene
derivatives. Further synthetic applications are under active
investigation in our laboratories.
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