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Abstract—3-Acetyl-5,5-diaryl-2-methyl-4,5-dihydrofurans were heated in concentrated hydrochloric acid to give the 4-aryl-1-
methylnaphthalenes in high yields. The same reaction was carried out in hydrochloric acid diluted with acetonitrile to give the
5,5-diaryl-4-penten-2-ones (87–96%), while treatment of the dihydrofurans with p-toluenesulfonic acid in acetonitrile afforded the
3-(2,2-diarylethenyl)-4-hydroxy-3-penten-2-ones (73–91%) which were transformed in diluted hydrochloric acid into the 5,5-diaryl-
4-penten-2-ones. It was demonstrated that the 3- and 4-penten-2-ones were intermediates of the 4-aryl-1-methylnaphthalenes since
the 3- and 4-penten-2-ones were easily converted into the corresponding naphthalenes in concentrated hydrochloric acid. The UV
irradiation of the dihydrofurans in the presence of hydrochloric acid quantitatively gave the 2-acetyl-4-aryl-1-methylnaphthalenes
(94–97%) via the same 3-penten-2-one intermediates. © 2001 Elsevier Science Ltd. All rights reserved.

In previous studies,1 we reported the convenient 3-ace-
tyl-5,5-diaryl-2-methyl-4,5-dihydrofuran synthesis using
tris(2,4-pentanedionat irradiation of the dihydrofurans
in dichloromethane gave the 2-acetyl-4-aryl-1-methyl-
naphthalenes (Scheme 1 for 1a, Table 1, entry 1).2

Highly-substituted naphthalenes are common features
of numerous biologically significant natural products
and pharmaceuticals,3 and improved methods for their
construction are highly desired.4 Although the benz-
annulation is a worthwhile synthetic method in view of
both the unique reaction mode and the practical
method providing a variety of substituted aromatic
compounds, the mechanism of the photo-induced benz-

annulation was not obvious at that time. In order to
ascertain the mechanism, we scrutinized the acid-cata-
lyzed reaction of the 3-acetyl-5,5-diaryl-2-methyl-4,5-
dihydrofurans since we knew by intuition that the
hydrogen chloride generated in situ by the photoreac-
tion of dichloromethane might promote the photo-
induced benzannulation. As a result, we could show the
optimum benzannulation conditions and the exact reac-
tion pathway by the isolation of the reaction intermedi-
ates. Herein we briefly describe the results.

Many experiments involving the photo-induced benz-
annulation of dihydrofurans 1a–d were carried out, and

Scheme 1.
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Table 1. Reactions of dihydrofurans 1a–d and their products 2a, 3a, and 5aa

Reaction conditionsb Temp (°C) Time (h)Substrate Product (yield/%)cEntry

1a1 UV irrad., CH2Cl2 23 4 5a (95)
UV irrad., 2 M2 23 31a 5a (97)
HCl–MeCN
UV irrad., 2 M 23 31b3 5b (96)
HCl–MeCN

1c4 UV irrad., 2 M 23 3 5c (97)
HCl–MeCN
UV irrad., 2 M1d 23 3 5d (47) 5d� (47)5
HCl–MeCN
Conc. HCl–MeCN 100 126 2a (1)1a 3a (94)
Conc. HCl–MeCN 100 157 1b 3b (96)
Conc. HCl–MeCN 100 121c 3c (87)8 4c (10)
Conc. HCl–MeCN 100 129 1d 3d (94) 4d� (2)
Conc. HCl 100 8 2a (�1)1a 3a (4)10 4a (94)
Conc. HCl 100 811 3b (93)1b
Conc. HCl 100 81c12 4c (98)
Conc. HCl 100 8 4d� (92)13 1d
p-TsOH–MeCN 80 36 2a (73)1a 3a (21)14
p-TsOH–MeCN 80 36 2b (91)15 3b (4)1b
p-TsOH–MeCN 80 36 2c (65)1c 3c (24)16 4c (3)
p-TsOH–MeCN 80 36 2d (88)17 3d (10)1d 4d� (�1)
Conc. HCl–MeCN 100 62a 3a (99)18
Conc. HCl 100 619 2a 4a (92)
Conc. HCl 100 43a20 4a (94)
Conc. HCl 100 821 No reaction5a
UV irrad., MeCN 23 722a22 5a (87)
UV irrad., CH2Cl2 23 223 2a 5a (97)
UV irrad., 2 M 23 1.52a24 5a (98)
HCl–MeCN
UV irrad., 2 M3a25 23 6 Intractable

mixtureHCl–MeCN

a The substrate (0.2 mmol) was stirred in solvent under an argon atmosphere (1 atm).
b Dichloromethane (10 mL), 2 M hydrochloric acid (1 mL)–acetonitrile (9 mL), concentrated hydrochloric acid (1 mL)–acetonitrile (9 mL),

concentrated hydrochloric acid (10 mL), and p-toluenesulfonic acid (2.0 mmol)–acetonitrile (10 mL) were used as the solvent system. The UV
irradiation was carried out in a 12 mL quartz cell using a 100 W high-pressure mercury lamp.

c Isolated yield based on the amount of the substrate used.

we found that the best solvent system was acetonitrile
(9 mL) containing 2 M hydrochloric acid (1 mL). The
corresponding naphthalenes 5a–d,d� were then obtained
in high yields (Scheme 2 and Table 1, entries 2–5). The
photoreaction of dihydrofuran 1d (R1=4-Cl-C6H4,

R2=4-Me-C6H4) at 23°C for 3 h gave 2-acetyl-7-
chloro-4-(4-methylphenyl)-1-mehylnaphthalene (5d)5

and 2-acetyl-4-(4-chlorophenyl)-1,7-dimethylnaphthal-
ene (5d�)6 in the same yields. The structures of 5d and
5d� were established by spectroscopic methods and

Scheme 2.
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Figure 1. ORTEP view of 4d� and 5d.

elemental analyses, and the structure of 5d was finally
determined by an X-ray crystallographic method (Fig.
1).5

Stirring dihydrofuran 1a (R1=R2=Ph) under similar
reaction conditions without UV irradiation did not give
any products. A mixture of 1a (0.2 mmol) and concen-
trated hydrochloric acid–acetonitrile (1:9 v/v) was
heated at 100°C for 12 h, and water (30 mL) was then
added to the reaction mixture, followed by extraction
with dichloromethane (20×3 mL), giving 5,5-diphenyl-
4-penten-2-one (3a: R1=R2=Ph)7 in 94% yield along
with a small amount of 4-hydroxy-3-(2,2-diphenyl-
ethenyl)-3-penten-2-one (2a: R1=R2=Ph)8 (entry 6). A
similar reaction of 1b (R1=R2=4-Cl-C6H4) gave the
corresponding 4-penten-2-one 3b as the sole product
(entry 7). The reactions of 1c (R1=R2=4-Me-C6H4)
and 1d led to the ring-opening reaction, and the 4-
penten-2-ones 3c and 3d were produced in 87 and 94%
yield, respectively, together with small amounts of the
deacetylated naphthalenes 4c (10%) and 4d� (2%)
(entries 8 and 9). Since it was anticipated that these
reactions clearly depended on the strength of the acid,
the reaction of the dihydrofurans 1a–d was carried out
in concentrated hydrochloric acid at 100°C for 8h. As a
result, it was found that the corresponding deacetylated
naphthalenes 4a,c,d� were produced in high yields
except for the reaction of 1b which gave 3b (entries
10–13). The reaction of 1d did not give 7-chloro-4-(4-
methylphenyl)-1-methylnaphthalene (4d: Ar=4-Me-
C6H4, R=Cl), but 4-(4-chlorophenyl)-1,7-dimethyl-
naphthalene (4d�) as the sole product (entry 13). The
structure of 4d� was established by spectroscopic meth-
ods, elemental analysis, and finally by X-ray crystallog-
raphy (Fig. 1).9 On the other hand, the treatment of the
dihydrofurans 1a–d with p-toluenesulfonic acid in ace-
tonitrile afforded the 3-(2,2-diarylethenyl)-4-hydroxy-3-
penten-2-ones 2a–d in moderate to good yields (entries
14–17).

In order to clarify the relationship of the products 2, 3,
4, and 5, the acid-catalyzed reaction of each product
was examined. The 3-penten-2-one 2a was quantita-
tively transformed into 3a in concentrated hydrochloric
acid–acetonitrile (1:9 v/v) (entry 18). The treatment of
both 2a and 3a with concentrated hydrochloric acid
resulted in the production of the deacetylated naphtha-
lene 4a (entries 19, 20). However, 2-acetylnaphthalene
5a could not be converted into 4a in hot concentrated
hydrochloric acid (entry 21). It was interesting that the
UV irradiation of 2a in 2 M hydrochloric acid–acetoni-
trile (1:9 v/v) quantitatively gave 2-acetylnaphthalene
5a and no deacetylated naphthalene 4a was detected
(entry 24). A similar UV irradiation of 3a gave only
intractable oily materials and no products were isolated
(entry 25). It was suggested that the 3-penten-2-one 2a
should be an intermediate in the photo-induced benzan-
nulation of 1a. Therefore, it was proved that the gener-
ation of hydrogen chloride was essential for the
photo-induced benzannulation of the dihydrofurans 1
in dichloromethane.2,10 In fact, stirring of 1a at 23°C
for 24 h in dichloromethane which was beforehand UV
irradiated for 4 h gave 2a (2%).

On the basis of the transformation mentioned above, it
was concluded that the UV irradiation or the presence
of acid caused the ring-opening of the 4,5-dihydro-
furans 1 to generate the 3-penten-2-one intermediates 2.
The photocyclization of the intermediates 2 accelerated
by the presence of a catalytic amount of acid produced
the 2-acetylnaphthalenes 5 (entries 22–24), whilst the
presence of a strong acid without UV irradiation pro-
moted the deacetylation of 2 to form the 4-pente-2-one
intermediates 3 which were intramolecularly cyclized to
finally give the naphthalenes 4 (Scheme 2).

The present photo-induced and/or acid-catalyzed benz-
annulation of the 4,5-dihydrofurans are very simple and
convenient, and the substituted naphthalenes as well as



S. Kajikawa et al. / Tetrahedron Letters 42 (2001) 3351–33543354

their intermediates can be selectively obtained in high
yields by controlling of the reaction conditions. We are
still investigating the acid-catalyzed reaction in order to
control the substituent on the naphthalene ring, and
apply it to the synthesis of ring-assembling aromatic
compounds and polycyclic aromatic hydrocarbons.
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