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ABSTRACT

We systematically investigated, for the first time, the relationship between regioselectivity and acid/base effects in the cyclization reactions
between carboxylic acids and carbon −carbon triple bonds. We found novel acid- and base-promoted cyclizations to selectively give isocoumarin
or pyran-2(2 H)-one and phthalide or furan-2(5 H)-one skeletons, respectively, and established a catalytic version of regioselective heterocyclic
ring synthesis. Density functional theory calculations and application to a short route to thunberginol A were also described.

The carbon-carbon triple bond is among the most important
functional groups in organic chemistry and has been used
in organic synthesis, mechanistic studies, and in the synthesis
of functionalized materials.1 Recently, significant progress
has been made in heterocyclic ring construction via the
intramolecular annulation of carboxylic acids, amides, al-
cohols, and amines to a variety of carbon-carbon triple
bonds.1

Intramolecular cyclization of enynecarboxylic acid systems
1 can afford both pyran-2(2H)-one (2) and furan-2(5H)-one
(3) derivatives (Figure 1).2 As each of these skeletons
represents an important class of naturally occurring lactones
with a wide range of biological and pharmacological activi-

ties, much attention has been focused on their selective
syntheses.2-4 However, a general procedure for achieving
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Figure 1. Phthalide (5-exo) vs isocoumarin (6-endo) cyclization.
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selective synthesis from an enynecarboxylic acid system1
has not been available.5 Furthermore, Baldwin’s rule predicts
that both 5-exo-dig and 6-endo-dig cyclizations are favorable,
making selective synthesis difficult in practice.6,7 Herein, we
describe a novel, selective cyclization from an enynecar-
boxylic acid system, based on asymmetrical activation of
the carbon-carbon triple bond by either acid or base catalyst
and its application to the synthesis of thunberginol A (4).

In order to achieve regioselective activations of the
carbon-carbon triple bonds of 2-(2-phenylethynyl)benzoic
acids (1a), we systematically examined the relationship
between regioselectivity and solvent acidity or basicity (Table
1). As the simple heating of1a at reflux in toluene (neutral

solvent) did not effect thermal cyclization, we next examined
the reactions of1a in the presence of a variety of acid
catalysts. Cyclization was not observed at all in acids as weak
as acetic acid, while stronger acids such as CF3COOH, 97%
H2SO4, and CF3SO3H (TFSA) catalyzed the 6-endocycliza-
tion selectively to give 3-phenylisocoumarin (2a)8 in good
to excellent yields. In sulfuric acid, the yield of2a was
relatively low, presumably due to sulfonylation. In TFSA,
the yield of2awas almost quantitative. In contrast, nitrogen-
containing, basic catalysts, such as pyridine and triethyl-

amine, induced the opposite regioselectivity, giving (Z)-3-
(1-benzylidene)phthalide (3a) selectively,9 together with a
small amount of2a. More strongly basic catalysts, such as
sodium ethoxide and sodium hydride, proved ineffective
(entries 8-10). Thus, the selective syntheses of isocoumarin
and phthalide skeletons from 2-(2-phenylethynyl)benzoic
acid (1a) were achieved through the use of simple acid and
base catalysts, respectively.

We next focused our attention on the role of the catalyst
in promoting the different cyclization modes of1. It appears
that protonation or deprotonation of the carboxylic acid (1)
is critical in determining the resulting regioselectivity.
Plausible mechanisms for alternative intramolecular cycliza-
tions of1, leading to either phthalide (5-exo) or isocoumarin
(6-endo) skeletons are depicted in Figure 2. In the presence

of strong acid catalysts, the carbonyl group of1 is protonated,
as would be expected from the basicity of the acid carbonyl
oxygen atoms (cf. pKBH+ value of benzoic acid) -7.18 to
-7.38).10 Thus, the electronic bias on both carbons of the
triple bond favors Michael-type (6-endo) cyclization. In the
presence of basic catalysts, the carboxylate anion can be
generated via deprotonation of the carboxylic acid, providing
the initial intermediate for cyclization. These intuitions are
in good agreement with the DFT-calculated value (Figures
2 and 3).

Because of the protonation-deprotonation equilibria, the
acid or base catalysts should be regenerated at the final step.
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Table 1. Phthalide (5-exo) vs Isocoumarin (6-endo)
Cyclization

Figure 2. Possible mechanisms for phthalide (5-exo) vs iso-
coumarin (6-endo) cyclization.
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Indeed, both cyclizations proceeded in refluxing toluene in
the presence of a catalytic amount of strong acid or weak
base, with high selectivities and in high yields (Table 2). In

these selective catalytic cyclizations, CF3SO3H and 4-(N,N-
dimethylamino)pyridine (DMAP) proved the most effective
acid and base catalysts, respectively.

Once the conditions for the selective cyclization of
2-phenylethynylbenzoic acid had been optimized, we sought
to apply this strategy to the selective synthesis of pyran-
2(2H)-one and furan-2(5H)-one skeletons (Table 3).11,12 In
the case of (Z)-5-phenyl-2-penten-4-ynoic acid (1b), the
5-exo cyclization proceeded preferentially under reflux in
toluene. The same cyclization was also found to proceed
selectively in the weakly basic solvent pyridine, without any
additive or catalyst. Next, in hopes of obtaining the pyran-
2(2H)-one skeleton preferentially,1b was stirred in a strongly
acidic solvent, such as CF3COOH or CF3SO3H; under these
conditions, the desired 6-endocyclization proceeded selec-
tively to give2b. Moreover, it was found that the 5-exoand
6-endocyclizations of1b can also be controlled through the

appropriate choice of catalyst. A catalytic amount of acid
also favors 6-endocyclization, albeit less selectively. Al-
though the reason for this reduction in selectivity is not clear
at present, the possibility the competition between acid
catalyzed (1b f 2b) and uncatalyzed reaction (1b f 3b) as
entry 4 in Table 3 cannot be ruled out.

Under basic conditions, a catalytic amount of base
promotes high selectivity for 5-exocyclization.

With the reaction conditions thus optimized, we next
focused our efforts on applying the new methodology to the
synthesis of the natural product. Thunberginols were isolated
from Hydrangea bacrophyllaSERINGE var. thunbergii
MAKINO by Yoshikawa in 1992 and known for having
unique biological activities, e.g., antiallergic and antimicro-
bial activities.13 Among several syntheses14 of thunberginol
A (4), Rossi reported the construction of the pyran-2(2H)-
one system via two successive reactions, namely, cyclization
of the acetylenic ester mediated by iodine, followed by
reductive removal of the iodine atom catalyzed by palladium
complex.14d We speculated that the cyclization and depro-
tection steps could be carried out simultaneously under our
optimized acidic conditions. Thus, we undertook the syn-
thesis of thunberginol A, using commercially available5 and
8 as starting materials (Scheme 1).

The bis-phenolic hydroxyl group of 3,4-dihydroxybenz-
aldehyde (5) was protected as the bis-tert-butyldimethylsilyl
ether under standard conditions, and aldehyde6 was con-
verted to7 by the Corey-Fuchs method.15 In a separate
reaction, the phenolic hydroxyl group and the carboxylate
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Figure 3. Natural population analysis (B3LYP/6-31+G*).

Table 2. Acid- or Base-Catalyzed Phthalide vs Isocoumarin
Cyclization

entry conditions
yield (%)
2a + 3a

ratio
2a:3a

1 CF3SO3H (1 mol %), toluene, reflux, 12 h 100 97:3
2 TsOH·H2O (10 mol %), toluene, reflux, 24 h 100 92:8
3 Et3N (100 mol %), toluene, reflux, 12 h 99 4:96
4 DMAP (0.5 mol %), toluene, reflux, 24 h 98 2:98

Table 3. Acid- or Base-Promoted Furan-2(5H)-one vs
Pyran-2(2H)-one Cyclization

entry solvent (reagent)
T

(°C)
time
(h)

yield (%)
2b + 3b

ratio
2b:3b

1 CF3SO3H rt 13 62 99:<1
2 CF3COOH rt 71 65 99:<1
3 toluene 65 12 0
4 toluene reflux 72 89 1>:99
5 pyridine reflux 13 89 1>:99
6 toluene

(50 mol % CF3SO3H)
65 6.5 88 68:32

7 toluene
(10 mol % DMAP)

65 3.5 93 1>:9
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of 2,6-dihydroxybenzoic acid (8) were protected as the acetal,
and the resulting hydroxyl group was converted to the triflate

9 in good overall yield. The Sonogashira coupling reaction
between 7 and 9 was conducted in the presence of
PdCl2(PPh3)2 (5 mol %), CuI (10 mol %), and Et2NH (1.5
equiv) in MeCN to afford10 in 60% yield. Finally, the
cyclization and deprotection steps were accomplished in the
same reaction with TfOH (1.0 equiv) in refluxing THF to
furnish thunberginol A (4) (99%).

In conclusion, we report dramatic acid/base effects on the
mode of cyclization between carboxylic acids and carbon-
carbon triple bonds. Specifically, the selective syntheses of
phthalide/isocoumarin and furan-2(5H)-one/pyran-2(2H)-one
skeletons were achieved, with the selectivity depending upon
whether a strong acid or weak base was employed as the
catalyst. Further studies to delineate the scope and limitations
of the present methodology are underway, together with
investigations into the application of this methodology in
the synthesis of natural products and functional materials.
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Scheme 1. Synthesis of Thunberginol A
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