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ABSTRACT

Regioselective cyclization of o-alkynoylphenols forming γ-benzopyranones has been demonstrated. Trifluoromethanesulfonic acid (TfOH)
induced 6-endo cyclization of o-alkynoylphenols without forming 5-exo cyclized benzofuranone derivatives to provide the corresponding
γ-benzopyranones in high yields.

γ-Benzopyranone-containing natural products such as
nobiletin (1) and pluramycin A (2) exhibit a wide range of
biological activities, especially, anti-inflammatory, antimi-
crobial, antitumoric, and cytotoxic (Figure 1).1 Several
approaches to the synthesis of aγ-benzopyranone skeleton
have been reported, for example, acid-catalyzed cyclization
of 1,3-dione derivatives prepared from 2-hydroxyaceto-
phenones2 and oxidative cyclization of 2-hydroxychalcones.3

The γ-benzopyranone system with substituents at the
C2 position can also be synthesized by 6-endo-digonal
cyclization of o-alkynoylphenols 3.4 In general, cycli-
zation of o-alkynoylphenols predominantly provides

γ-benzopyranones4via 6-endo-digonal cyclization (path a),
while a substantial amount of benzofuranone 5, formedvia
5-exo-digonal cyclization (path b), is also observed.5 Sev-
eral studies on cyclization of o-alkynoylphenols revealed
that amixture of γ-benzopyranones 4 and benzofuranones

Figure 1. γ-Benzopyranone-containing natural products and
possible mode of the cyclization of o-alkynoylphenol.
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5 is obtained and their ratio is highly dependent on the
reaction conditions as well as the substituents on the
substrate.6

Therefore, we are interested in developing a versatile
method for the synthesis of γ-benzopyranones from
o-alkynoylphenols.Weherein report thatTfOH-promoted
cyclization of o-alkynoylphenols exclusively produced
γ-benzopyranones.
To achieve the regioselective cyclization of o-alkynoyl-

phenol 6, we postulated the production ofR,β-unsaturated
ketone 7 by 1,4-addition of triflic acid (TfOH) to
o-alkynoylphenol 6 (Scheme 1). Vasilyev et al. reported
that ynoates underwent 1,4-addition of TfOH to yield
corresponding vinyl triflates 7.7 Vinyl triflate 7 should be
a good Michael acceptor such that intramolecular 1,
4-addition of the phenolic hydroxy group, followed by
the elimination of TfOH, would exclusively afford benzo-
pyranone 9. This integrated synthesis of a γ-benzopyra-
none skeleton would be useful because the above two
reactions can be performed in a single one-pot operation.8

We initially examined the regioselectivity of the cycliza-
tion of o-alkynoylphenol 10a. Treatment of 10a with 1
equiv of TfOH at 40 �C in 1,2-dichloroethane provided the
6-membered ring product flavone (11a) in 80% yield.

The 5-membered ring product aurone (12a) was not ob-
served under these reaction conditions (Table 1, entry 1,
11a:12a = >99:1).9 On the other hand, no reaction
proceeded in the presence of other Brønsted acids. In
addition, weaker acids such as trifluoroacetic acid, p-
toluenesulfonic acid, camphor sulfonic acid, acetic acid,
and formic acid gave no reaction (entries 3�7). Inter-
estingly, bis(trifluoromethanesulfonyl)imide (Tf2NH),10

which is a stronger acid than TfOH, gave a trace amount
of the product (entry 2).
When the reaction was conducted at rt, vinyl triflate 13

was isolated in 41% yield accompanied by 11a (23%)
(Scheme 2). Then, 13 was quantitatively converted to 11a

with heating at 40 �Cwithout formation of 12a. According
to the above investigation, note that the TfOH-promoted
cyclization of alkynoylphenol 10a proceeded via an inter-
mediate 13; therefore the desired 6-endo cyclized product
11a was regioselectively afforded.

Scheme 1. TfOH-Promoted Regioselective Cyclization of
o-Alkynoylphenols

Table 1. Investigation of the Cyclization of o-Alkynoylphenol
10a under Acidic Conditions

entry reagenta solvent

temp

(�C)
time

(h)

ratio of

11a:12ab

yield of

6-endo 11a (%)c

1 TfOH (CH2Cl)2 40 10 >99:1 80

2 Tf2NH (CH2Cl)2 40 24 >99:1 5

3 TFA (CH2Cl)2 40 24 � 0

4 p-TsOH (CH2Cl)2 40 24 � 0

5 CSA (CH2Cl)2 40 24 � 0

6 AcOH (CH2Cl)2 40 24 � 0

7 HCOOH (CH2Cl)2 40 24 � 0

a 100mol%ofBrønsted acidwas used. bThe ratio of 11a and 12awas
determined by crude 1H NMR. c Isolated yield.

Scheme 2. Reaction Pathway from 10a to 11a by TfOH-Pro-
moted Cyclization
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When the regioselective cyclization of o-alkynoylphenol
10a using 0.5 equiv of TfOH was performed, 11a was
produced in 41% yield with recovery of 10a (47%). As it
was speculated that the cyclization proceeded stoichiome-
trically, the time course of the cyclization of 10awasmoni-
tored by 1HNMR spectroscopy in CD2Cl2 (Figure 2). The
substrate 10a and the mixture of 10awith 1 equiv of TfOH
were initially measured. It was found that the 1H NMR
spectrumof the abovemixture was completely distinguish-
able from that of substrate 10a (Figure 2A and B). There-
fore, we expected that 10a was easily converted to the
complex using TfOH by coordination with the carbonyl
group. Substrate 10a was consumed in 5 h; considerable
amounts of intermediates A, B (see Scheme 3) and a cyc-
lized product were observed (Figure 2C). After 10 h, the
reaction was completed and a single product was detected
by 1H NMR (Figure 2D). The spectrum of the product in
the reaction mixture was not identical to that of isolated
11a (Figure 2D and E). Notably, when the product was
generated, the color of the reaction mixture gradually
turned from yellow to dark red.11 It is suggested that
flavylium salt 14 would be generated under the reaction
conditions by coordination of TfOH (Scheme 3). Accord-
ing to the above observations, it should be noted that 14
was immediately formed by elimination of the TfO� ion

from the intermediate B. Therefore, addition of 1 equiv of
TfOH is necessary to complete the reaction.
With the optimal reaction conditions for 6-endo cycliza-

tion of o-alkynoylphenol in hand,we evaluated the various
substrates in TfOH-promoted regioselective cyclizaton.
Cyclization of the substrates 10b�d possessing methoxy
groups on the right benzene ring (Table 2, entries 1�3) was
easily completed within 4 h and yielded the corresponding
6-endo cyclized products 11b�d in excellent yields; this was
presumably because of the electron-donating effect of the
methoxy group at the para-position on the right benzene
ring. Except for 10e, substrates 10f�h bearing methoxy
groups on the left benzene ringwere also cyclized under the
same reaction conditions to provide the corresponding
products 11f�h (entries 5�7). In the cyclization of 10e,
which has no methoxy group on the right benzene ring, a
higher temperature (80 �C) was necessary because the
electron-donating effect of the methoxy group strongly
decreased the electrophilicityof the carbonyl group (entry4).
The cyclization of substrates 10i�l, which contain a meth-
oxy group at one of themeta-positions, was also selectively
performed to yield 11i�l inmoderate yields (entries 8�11).
AlthoughTfOHalso induced 6-endo cyclization in the case
of substrates 10m and 10n, demethylation of the methoxy
group was observed to provide 5-hydroxy derivatives 11m
(71%, entry 12) and 11n (73%, entry 13), respectively.12 In
the cyclization of the substrates 10o�q possessing alkyl
groups instead of the aromatic ring, the reaction was not
completed even at 80 �C.After extensive investigations, the
reaction smoothly proceeded at 150 �C under microwave
irradiation leading to the corresponding 6-endo cyclized
γ-benzopyranones 11o�q in moderate yields (67�75%,
entries 14�16).

In summary, we have demonstrated the regioselective
cyclization of o-alkynoylphenols in acidic media. It was
found that the 6-endo cyclization was induced by TfOH to
afford γ-benzopyranone derivatives in moderate to excel-
lent yields without forming 5-exo cyclized benzofuranone

Figure 2. Selected 1H NMR spectra (6.7�8.5 ppm) of the
reaction of 10a under the TfOH�CD2Cl2 conditions. (A) Sub-
strate 10a; (B) 0 h (10a with TfOH); (C) after 5 h, with blue
arrows indicating the signal of intermediateA (vinyl triflate 13);
(D) after 10 h; (E) isolated 11a.

Scheme 3. PlausibleMechanism of TfOH-Mediated Cyclization
of o-Alkynoylphenol 10a
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derivatives. Using this methodology, the library synthesis
of γ-benzopyranone-based natural product derivatives is
currently underway in our laboratory.
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Table 2. TfOH-Promoted Regioselective Cyclization: Substrate Scope

aThe reactionwas conductedat 80 �C. bDemethylation of themethoxy groupwas observed. cThe reactionwas conductedat 150 �Cundermicrowave
irradiation.


