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The construction of polycyclic structures with diverse func-
tionalities is one of the subjects often encountered in the
synthesis of natural and non-natural products. In this context,
we became interested in two-directional annelations, that is,
dual annelation of two rings onto a given core ring [Eq. (1)],

which would allow for the expeditious assembly of poly-
cycles.[1] In particular, we were intrigued by the use of a formal
equivalent to 1,4-benzdiyne (I), as it could serve as a reactive
platform for linearly fused polycyclic compounds.[2,3]

We previously reported an efficient protocol for the
generation of benzyne species from a 2-iodoaryl triflate by the
rapid halogen–lithium exchange with nBuLi at low temper-
ature,[4] and its regioselective trapping by furans,[4] nitrones,[5]

and ketene silyl acetals (KSAs).[6] Herein, we disclose dual
cycloadditions of benzynes successively generated in one pot
from bis(sulfonyloxy)diiodobenzene (III), which can be
viewed as a synthetic equivalent of 3-alkoxy-1,4-benzdiyne
II (Scheme 1).[7] Importantly, selective halogen–lithium
exchange of III enables the tandem generation of benzynes
and dual cycloadditions with two identical or different
arynophiles (steps 1 and 2). The presence of an alkoxy
group on the central benzene ring is key to this strategy, as
it directs the regioselectivity of both cycloaddition steps, thus
allowing access to selectively functionalized polycyclic com-
pounds.

Scheme 2 shows the model reactions for the stepwise
generation of two benzyne species from bis-sulfonate 1,[8]

which was trapped by KSA 2 as an arynophile. Upon
treatment of 1 with nBuLi (0.53m in hexane; 1.05 equiv) in

the presence of KSA 2 (Et2O, �95 8C, 5 min), the [2+2] cyclo-
addition proceeded cleanly to give mono-cycloadduct 3 in
72% yield. Small amounts of mono-cycloadduct 4 without an
iodine atom (4%) and bis-adduct 5 (8%) were also
obtained.[9–11]

Importantly, note that no trace was identified of the
alternative cycloadduct 6, which arises from the benzyne
generation at the iodo-tosylate side of 1. In sharp contrast, a
similar reaction of bis-triflate 7 (Et2O, �95 8C, 5 min) did not
stop at the mono-cycloaddition stage, thus giving a low yield
of mono-cycloadduct 6 (14%) and bis-cycloadduct 5 (13%).

Careful choice of the stoichiometry and the reaction
temperature proved decisive for the controlled generation of
the second benzyne species. When the reaction of bis-
sulfonate 1 was performed with 2.3 equivalents of nBuLi at
�95 8C, bis-cycloadduct 5 was obtained (24%) along with a
considerable amount of mono-cycloadduct 4 which lacks the
iodine atom (34%). This result implies that aryllithium
species B generated by the I–Li exchange of the initial
product 3 has a finite lifetime at �95 8C.

On the other hand, if the same reaction was performed
initially at �95 8C followed by warming to �78 8C, bis-
cycloadduct 5 was obtained as almost the exclusive product
in high yield and as a single regioisomer. Lithiated species B
undergoes 1,2-elimination of lithium p-toluenesulfonate
(LiOTs) at �78 8C to generate the second benzyne species
C. These behaviors provided us with the handle to control bis-
annelations in one pot with different arynophiles (see below).

Scheme 1. Stepwise generation of benzynes and iterative cycloaddi-
tions. Ts=p-toluenesulfonyl; Tf= trifluoromethanesulfonyl.

Scheme 2. Stepwise generation of benzynes from bis-sulfonate 1.
[a] 1.05 equiv nBuLi. [b] 2.3 equiv nBuLi. TBS= tert-butyldimethylsilyl.
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The selective formation of cycloadduct 5 is notable for two
points: 1) this cycloadduct is a highly strained benzene unit
that comprises two four-membered rings,[12] and 2) it is a
sterically encumbered regioisomer, in which the two silyl
acetals are located near the methoxy group. As reported
previously, a methoxy group located ortho to the benzyne
species exerts a significant directing effect to encourage head-
to-head cycloaddition,[6] which in the present case worked
twice in two successive cycloadditions of benzynes A and C
(Scheme 3).

Table 1 shows the results of this one-pot bis-cycloaddition
with various arynophiles. A typical experimental procedure is
represented by double furan cycloadditions (Table 1, entry 1):
nBuLi (2.4 equiv in hexane) was slowly added at �78 8C to a
mixture of bis-sulfonate 1 and furan (8, 3.0 equiv) in THF. The
reaction was stopped after 5 minutes by adding water.
Extractive workup followed by purification by column
chromatography on silica gel gave bis-cycloadduct 11 in
81% yield.[13] Similarly, isobenzofuran 9 proved to be
applicable for dual [2+4] cycloadditions, thus affording
heptacycle 12 in 69% yield (Table 1, entry 2). The corre-
sponding reaction with nitrone 10 (Table 1, entry 3) pro-
ceeded regioselectively to give the single regioisomeric bis-
[2+3] cycloadduct 13, in which the oxygen atom of the nitrone
is located away from the methoxy group, in 41% yield.

Moreover, two different rings could be
fused to the central benzene unit in one pot
by using two different arynophiles at differ-
ent temperatures (Table 2). Upon treatment
of bis-sulfonate 1 with nBuLi (1.1 equiv) in
hexane in the presence of KSA 2 (1.2 equiv)
in Et2O at �95 8C, the starting material was
quickly consumed and the formation of the
mono-cycloadduct 3 was observed by TLC.
The second arynophile, nitrone 10
(3.0 equiv), in THF[14] was added to the
reaction mixture at �95 8C, and the temper-
ature was raised to �78 8C. nBuLi
(1.1 equiv) was slowly added to the reaction
mixture to give the unsymmetrical bis-
cycloadduct 14 in 68% yield as a single
regioisomer (Table 2, entry 1). In a similar
manner, the successive [2+4] and
[2+2] cycloadditions with furan (8) and
KSA 2 gave the corresponding cycloadduct
15 in 68% yield with perfect regioselectivity

(Table 2, entry 2). The dual reactions with 8 (arynophile 1)
and nitrone 10 (arynophile 2) also gave cycloadduct 16
exclusively (Table 2, entry 3). In these reactions, each cyclo-
addition should be performed with consideration of the
relative reactivity of the arynophiles, because the remaining
highly reactive arynophile after the first cycloaddition can
compete with the second arynophile with lower reactivity in
the second cycloaddition to give a significant amount of the
symmetrical bis-cycloadduct.[15] The successive processes also
proved to be applicable to KSA 2 and 2-methoxyfuran (18),
thus giving the highly oxygenated tricycle 17, which could
serve as a synthetic intermediate for further elaboration to
polyaromatic systems (Table 2, entry 4).

In summary, dual cycloadditions of 1,4-benzdiyne equiv-
alents with various arynophiles allowed the rapid construction
of various highly functionalized bis-cycloadducts, which are
amenable to selective transformation en route to polycyclic
compounds. Synthetic applications are under active inves-
tigation.

Scheme 3. Head-to-head mode in two iterative [2+2] cycloadditions.

Table 1: Symmetrical dual cycloaddition of the 1,4-benzdiyne equivalent
1 with various arynophiles.

Entry Arynophile Bis-cycloadduct Yield [%][a]

1 8 11 81

2 9 12 69

3 10 13 41

[a] Syn/anti mixture (see Ref. [8]).

Table 2: Unsymmetrical dual cycloaddition of the 1,4-benzdiyne equivalent with various arynophiles.

Entry Arynophile 1 Arynophile 2 Bis-cycloadduct Yield [%]

1[a] 2 10 14 68[b]

2[c] 8 2 15 68[b]

3[a] 8 10 16 61[b]

4[c] 2 18 17 58

[a] Et2O was used as the solvent for the first cycloaddition; the second arynophile was added as a
solution in THF. [b] Syn/anti mixture (see Ref. [8]). [c] In Et2O.
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Experimental Section
Synthesis of bis-adduct 14 : nBuLi (0.53m in hexane, 0.50 mL,
0.27 mmol) was added to a mixture of bis-sulfonate 1 (170 mg,
0.25 mmol) and KSA 2 (58.4 mg, 0.29 mmol) in Et2O (2.5 mL) at
�95 8C. After 5 min, nitrone 10 (135 mg, 0.76 mmol) in THF (1.0 mL)
was added to the reaction mixture at �95 8C, to which nBuLi (0.53m
in hexane, 0.50 mL, 0.27 mmol) was then slowly added at �78 8C.
After 5 min, the reaction was quenched by adding water. The
products were extracted with EtOAc (3? 10 mL), and the combined
organic extracts were washed with brine, dried (Na2SO4), and
concentrated in vacuo. The residue was purified by flash column
chromatography on silica gel (98:2 hexane/EtOAc) to afford the less
polar adduct 14 (39.9 mg, 32.9%) and more polar adduct 14 (42.5 mg,
35.0%).
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