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The manganese(III)-based aerobic oxidation of arylacetylenes with 2,4-pentanedione at ambient tem-
perature unexpectedly gave the 1,2-dioxolane derivatives in moderate yields together with a small
amount of the oxiranes. The 1,2-dioxolanes underwent silica gel-assisted contraction to quantitatively
give the oxiranes. The reaction pathway for the formation of the 1,2-dioxolanes and the by-product was
discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A number of cyclic peroxides have been isolated from natural
sources1 and some of them exhibit significant biological activities,1

such as antitumor,1b,2 antimalarial,3 antifungal,4 antibacterial,1b

cytotoxic,1a,5 and antifeedant properties.1a Recently, we developed
the manganese(III)-catalyzed aerobic peroxidation reaction using
1,3-dicarbonyl compounds with alkenes to produce 1,2-dioxanes.6

In connection with our study, we have preliminarily reported the
aerobic oxidation of phenylacetylene (1a) with 2,4-pentanedione
(2) in the presence of manganese(III) acetate at room temperature.7

In the reaction, contrary to our expectation, 1,2-dioxolane 3a,
oxirane 4a, and furan 5a were isolated instead of 3,4-dihydro-1,2-
dioxin-3-ol A (Scheme 1). Although many 1,2-dioxolane syntheses
are known8 and many manganese(III)-based cyclization of un-
saturated compounds containing the carbon–carbon triple bond
have been reported,9 we are interested in the unusual formation of
1,2-dioxolane 3a using the manganese(III)-catalyzed aerobic oxi-
dation system. Therefore, in order to verify the reproducibility of
the formation of 3a, optimize the reaction, and elucidate the
Nishino).
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mechanism for the formation of these products, the reaction was
evaluated under various reaction conditions.
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2. Results and discussion

A mixture of phenylacetylene (1a) (1 mmol), 2,4-pentanedione
(2) (5 mmol), and manganese(III) acetate (2.5 mmol) was stirred in
glacial acetic acid at 23 �C in air for 24 h until 1a was completely
consumed. After work-up, the solidified 1,2-dioxolane 3a (19%) was
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filtered off and the oxirane 4a (5%) was obtained from the filtrate by
silica gel thin-layer chromatographic separation (Table 1, entry 1).
The furan 5a was not detected at all under the reaction conditions.
The structural assignments of 3a and 4a were based on their 1H
NMR, 13C NMR, and IR spectra, as well as their elemental analyses.7

Longer reaction times led to a decrease in the product yield (Table 1,
entries 3, 14, and 25). To promote the reaction, dry air was bubbled
through the reaction mixture, however, the reaction was compli-
cated and the product yield decreased (Table 1, entries 4, 5, and 12).
When the reaction was carried out using an excess amount of re-
agents, the highest yield of dioxolane 3a (45%) was achieved along
with the by-products 4a (5%) and 11 (2%) (Table 1, entry 24). In
order to improve the yield of 3a, the reaction times and the molar
ratio of 2 and the oxidant were further examined. Although all the
attempts failed, it was found that the reaction was quite sensitive to
the reaction temperature. In addition, a small amount of 3-acetyl-4-
hydroxyhex-3-ene-2,5-dione (6) (1–3%),10 which could be formed
by the radical dimerization of two diacetylmethyl radicals followed
by further oxidation,10b was also isolated in all the reactions. The
reaction of 1a with 3-methyl-2,4-pentanedione was also con-
ducted, however, the corresponding 1,2-dioxolan-3-ol was not
detected but only an intractable mixture was obtained. Although
only a catalytic amount of manganese(III) acetate is sufficient for
the aerobic peroxidation of alkenes using 1,3-dicarbonyl com-
pounds,6 the present reaction needed a large amount of 2 and
Table 1
Reaction of phenylacetylene (1a) with 2,4-pentanedione (2) in the presence of
manganese(III) acetatea

Entry 1a/2/Mn(III) Temp/�C Time/h Product (yield/%)b

3a 4a

1 1:5:2.5 23 24 19 5
2c 1:5:2.5 23 24 5 10
3 1:5:2.5 23 36 16 4
4d 1:5:2.5 23 12 4 4
5d 1:5:2.5 23 24 3 3
6e 1:5:2.5 23 24 6 1
7 1:10:2.5 23 24 12 4
8 1:5:5 23 24 20 7
9 1:7.5:5 23 24 20 12
10 1:7.5:5 18 24 11 9
11 1:10:5 23 24 38 6
12d 1:10:5 23 24 8 5
13 1:10:5 30 24 12 12
14 1:10:5 23 48 17 14
15f 1:10:5 23 24 18 11
16 1:10:5:2.5g 23 24 19 12
17 1:10:5:1h 23 24 23 6
18 1:10:5:1i 23 24 10 2
19j 1:10:5 23 24 0 14
20 1:5:7.5 23 24 27 7
21 1:7.5:7.5 23 24 25 7
22 1:10:7.5 23 24 41 4
23 1:5:10 23 24 21 7
24k 1:10:10 23 24 45 5
25 1:10:10 23 36 37 9
26 1:12.5:10 23 24 37 6
27 1:10:12.5 23 24 39 9
28 1:12.5:12.5 23 24 37 4

a The reaction was carried out in glacial acetic acid (30 mL) in air.
b The yield was based on the amount of 1a used.
c After the reaction, acetic acid was removed under reduced pressure at 50 �C

prior to the work-up.
d The reaction was carried out at 23 �C in glacial acetic acid (30 mL) under a dry air

stream.
e Water (1 mL) was added.
f Ac2O (1 mL) was added.
g Ratio 1a/2/Mn(OAc)3/Mn(OAc)2.
h Ratio 1a/2/Mn(OAc)3/KMnO4.
i Ratio 1a/2/Mn(OAc)2/KMnO4.
j Sodium acetate (10 mmol) was added.
k 3-Acetyl-2-hydroxy-1-phenylpent-2-ene-1,4-dione (11) (2%) was also isolated.
manganese(III) acetate to increase the yield of 3a. This would be
probably attributed to the lower reactivity of the alkynes toward
the manganese(III)–enolate complex than that of the alkenes11

since the ionization potential of the carbon–carbon triple bond is
much higher than that of the carbon–carbon double bond,12,13a

which could be considered as one of the reasons why the yield of
the manganese(III)-based reactions involving the oxidative addi-
tion of alkynes to 1,3-dicarbonyl compounds remains moderate in
many cases.9e,13b–d

We next explored the reaction of other acetylenes 1b–l with
2,4-pentanedione (2) under the same conditions (Scheme 2 and
Table 2). The use of 1-arylacetylenes 1b–h resulted in the cor-
responding 1,2-dioxolanes 3b–h in comparable yields together
with the oxiranes 4b–h (Table 2, entries 2–8), while the reaction
of 2,4,6-trimethoxyphenylacetylene (1i) did not afford the de-
sired 1,2-dioxolane, but the pent-2-ene-1,4-diones 7i and 8i were
obtained (Table 2, entry 9). The pent-2-ene-1,4-diones 7c and 7h
were also isolated in low yields from the reaction of the
methoxyphenyl-substituted acetylenes 1c and 1h (Table 2, en-
tries 3 and 8). The reaction of diphenylacetylene (1j) and 1-
hexyne (1k) did not give any products (Table 2, entries 10 and
11). Furthermore, the reaction of (E)-2-phenylvinylacetylene (1l)
gave an intractable mixture (Table 2, entry 12).
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Table 2
Reaction of acetylenes 1a–l with 2,4-pentanedione (2) in the presence of man-
ganese(III) acetatea

Entry Acetylene Product (yield/%)b

1 1a 3a (45) 4a (5)
2 1b 3b (52) 4b (7)
3 1c 3c (64) 4c (2) 7c (4)
4 1d 3d (38) 4d (2)
5 1e 3e (41) 4e (6)
6 1f 3f (54) 4f (6)
7 1g 3g (52) 4g (8)
8 1h 3h (34) 4h (11) 7h (9)
9 1i 7i (27) 8i (6)
10 1j No reaction
11 1k No reaction
12 1l Intractable mixture

a The reaction was carried out at 23 �C for 24 h in glacial acetic acid (30 mL) in air
at the molar ratio of 1/2/Mn(OAc)3¼1:10:10.

b The yield was based on the amount of 1.
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The formation of 1,2-dioxolane 3 could be accounted for by
a plausible reaction pathway outlined in Scheme 3. In the case of
the manganese(III) oxidation, the ligand-exchange reaction of
acetate ligands on manganese(III) acetate with 2,4-pentanedione
must occur during the first stage to form the manganese(III)–
enolate complex B.10b,14 The arylacetylene 1 attacks the enolate
complex B to give the sp-hybridized linear vinyl radical C.15 The
vinyl radical C would prefer to be trapped by the dissolved mo-
lecular oxygen on the side opposite to the introduced diac-
etylmethyl group, that is, the molecular oxygen trapping
preferentially occurs on the less-hindered face of the vinyl radical
C.16 In general, the rate of trapping vinyl radicals by molecular
oxygen is very fast as well as other carbon-centered radicals.17 The
potential energy of the resulting vinylperoxy adduct D should be
considerably lower than that of the vinyl radical C, thus the re-
verse reaction back to C possesses a high energy barrier (ca.
40 kcal mol�1 in the unsubstituted vinyl radical).18 Accordingly,
the reverse reaction of the vinylperoxy radical D back to the vinyl
radical C would be suppressed. The resulting vinylperoxy radical D
would be reduced by manganese(II) species followed by pro-
tonation to give the hydroperoxide E. Because of the geometrical
restriction, the hydroperoxide E could not cyclize and would be
obliged to undergo a redox decomposition19 and/or Russell-type
termination,8q,20 affording the vinyloxy radical F. It should be
delocalized (G) and finally attacked again by the dissolved mo-
lecular oxygen at the a-benzoyl position, producing the corre-
sponding dioxolane 3. It could not be ruled out the formation of
the dihydrodioxinol A via the vinylperoxy radical H since the total
isolated yield of the products was moderate (Table 2), and the
formed dihydrodioxinol A might be unstable and decompose to
afford unidentified products under the reaction conditions.
However, any direct evidence for the formation of the dihy-
drodioxinol A could not be obtained from the present work.21

An alternative reaction pathway would be presumed as shown
in Scheme 4. The 1,2-dioxetanyl radical I might be generated by the
intramolecular addition of the vinylperoxy radical D. The 1,2-
dioxetanyl radical I might then be oxidized by manganese(III) ac-
etate followed by attacking with water to give 1,2-dioxetan-3-ol K.
The 1,2-dioxetan-3-ol K might undergo ring-opening to afford
hydroperoxyketone L, which should readily cyclize to give the
dioxolane 3. However, the 4-endo-trig cyclization of the vinylperoxy
radical D is unlikely because of the high energy barrier.18 Therefore,
the former reaction pathway in Scheme 3 is preferred as the most
likely explanation for the formation of the dioxolane 3. In addition,
the pent-2-ene-1,4-diones 7 could be formed by further oxidation
of the delocalized alkoxy radicals G followed by deprotonation. The



Table 3
Conversion of dioxolanes 3 into oxiranes 4

Entry 3 Additive Solvent Temp/�C Time/h Rec 3/% Oxiranea 4/%

1 3a None AcOH 23 24 74 4a (18)
2 3a None AcOH 23 48 57 4a (32)
3b 3a Mn(OAc)2 AcOH 23 48 48 4a (39)
4b 3a Mn(OAc)2 AcOH 30 24 32 4a (59)
5c 3a HClO4 MeCN 23 1 60 4a (34)
6c 3a HClO4 MeCN Reflux 0.25 0 4a (trace)
7d 3a Silica gel MeCN 23 24 55 4a (45)
8d 3a Silica gel Me2CO 23 24 67 4a (33)
9d 3a Silica gel CHCl3 23 24 34 4a (66)
10d 3a Silica gel AcOH 23 12 85 4a (10)
11d 3a Silica gel MeOH 23 12 0 4a (quant)
12d 3b Silica gel MeOH 23 12 0 4b (quant)
13d 3c Silica gel MeOH 23 12 0 4c (quant)
14d 3d Silica gel MeOH 23 12 0 4d (quant)

d
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electoronic effect from the methoxy-substituted aromatic ring
probably caused the formation of the pent-2-ene-1,4-diones 7.

In a preliminary study,7 adding a small amount of water to the
reaction mixture caused an increase in the yield. It was suggested
that the intermediate 9 formed by the reaction of the vinyl cation
intermediate M with water might be involved during the reaction
and further oxidized to afford 3a (Scheme 5). However, the re-
producibility of increasing the product yield was not observed un-
der the same conditions (Table 1, entry 6). Hence, in order to verify
the formation of the plausible intermediate 9 derived from the vinyl
cation M, the 1,4-pentanedione 9 was alternatively prepared and
allowed to react under the same aerobic oxidation conditions.
However, the desired 3a and 4a were not formed, but 3-hydroxy-1-
phenylpent-2-ene-1,4-dione (10) was isolated in a low yield
(Scheme 6). This indicates that the 1,4-pentanedione 9 was not the
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15 3e Silica gel MeOH 23 12 0 4e (quant)
16d 3f Silica gel MeOH 23 12 0 4f (quant)
17d 3g Silica gel MeOH 23 12 0 4g (quant)
18d 3h Silica gel MeOH 23 12 0 4h (quant)

a The yield was based on the 1H NMR integration.
b The reaction was conducted at the molar ratio of 3 (0.2 mmol)/Mn(OAc)2¼1:5.
c The reaction of 3 (0.2 mmol) was carried out in MeCN (10 mL) containing a 60%

HClO4 (0.5 mL).
d The reaction of 3 (0.1 mmol) was carried out in the solvent (10 mL) in the

presence of silica gel (0.5 g).
real intermediate during the aerobic oxidation and, therefore, the
possible formation of the vinyl cation M could be ruled out.9d,11

The formation of the oxiranes 4 deserves comment. Since the
dioxolanes 3 seemed to be decomposed to produce the correspond-
ing oxiranes 4, the dioxolane 3a was stirred in glacial acetic acid at
23 �C for 24 h (Scheme 7). As a result, 4a was obtained in an 18% yield
along with a 74% recovery of 3a (Table 3, entry 1). The reaction of 3a in
glacial acetic acid at 23 �C for 48 h in the presence of manganese(II)
acetate gave 4a in a 39% yield together with a 48% recovery of 3a
(Table 3, entry 3). It was suggested that 4a must be formed by the
O
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decomposition of 3a during the aerobic oxidation. In order to directly
convert 3a into 4a during the aerobic oxidation, several attempts
have been carried out under various conditions. However, the pro-
duced 4a was also decomposed in situ and the efficient trans-
formation of 3a into 4a under the aerobic conditions failed.
Interestingly, when the crude product of 3a was purified by thin-layer
chromatography (silica gel), no 3a was obtained at all, but only 4a was
isolated. It clearly showed that 3a must be converted into 4a on the
silica gel. In fact, it was confirmed by the treatment of 3a with silica
gel (Table 3, entries 7–10). Incidentally, it was found that methanol
was the most appropriate solvent for the silica gel-mediated de-
composition reaction (Table 3, entry 11). A similar treatment of other
dioxolanes 3b–h with silica gel in methanol quantitatively gave the
corresponding oxiranes 4b–h (Scheme 7, Table 3, entries 12–18).
Nevertheless, the dioxolanes 3a–h were thermally stable at ambient
temperature even after a long-term storage in air. Although there
were several reports describing the conversion of 1,2-dioxolan-3-ols
into oxiranes under alkaline conditions,8u,22 to the best of our
knowledge, the conversion of the dioxolanes 3 into the oxiranes 4
mediated by silica gel has never been reported. A plausible pathway
for the formation of 4 is depicted in Scheme 8.
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3. Conclusion

Various 1,2-dioxolanes 3a–h were obtained by the man-
ganese(III)-mediated aerobic oxidation of arylacetylenes 1a–h only
in moderate yields, although many efforts to improve the yield have
been done. The reaction pathway for the formation of the dioxo-
lanes 3 was explained on the basis of the molecular oxygen trap-
ping of the vinyl radical C and the decomposition of the
hydroperoxide intermediate E. Furthermore, it was found that the
dioxolanes 3 were quantitatively transformed into the corre-
sponding oxiranes 4 in the presence of silica gel in methanol.

4. Experimental

4.1. General

The NMR spectra were recorded using a JNM EX300 FT NMR
spectrometer at 300 MHz for 1H and at 75 MHz for 13C, with tetra-
methylsilane as the internal standard. The chemical shifts are
reported in d values (ppm). The IR spectra were measured by
a Shimazu 8400 FT IR spectrophotometer, and expressed in cm�1.
The EIMS spectra were recorded by a Shimazu QP-5050A gas
chromatograph–mass spectrometer at the ionizing voltage of
70 eV. The high resolution mass spectra were measured at the In-
stitute for Materials Chemistry and Engineering, Kyushu University,
Fukuoka, Japan. The elemental analyses were performed at the
Analytical Center of Kumamoto University, Kumamoto, Japan.
Manganese(II) acetate tetrahydrate and 2,4-pentanedione were
purchased from Wako Pure Chemical Ind., Ltd. Manganese(III) ac-
etate dihydrate, Mn(OAc)3$2H2O, was prepared according to the
method described in the literature.10,14 The acetylenes 1 were
synthesized according to the literature,23 except for 1a, 1j, and 1k,
which were purchased from Wako Pure Chemical Ind., Ltd: 1b–d,23a

1e,23b 1f–h,23a 1i, which were synthesized from 2,4,6-trimethoxy-
benzaldehyde in a manner similar to that described for the syn-
thesis of 2,6-dibenzyloxy-4-methoxyphenylacetylene,23c and 1l.23d

3-Acetyl-1-phenylpentane-1,4-dione (9) was prepared by the re-
action of 2,4-pentanedione with 2-bromoacetophenone.14e

4.2. Manganese(III)-based reaction of arylacetylenes 1a–l
with 2,4-pentanedione

An arylacetylene 1 (1 mmol), 2,4-pentanedione (5–12.5 mmol),
and glacial acetic acid (30 mL) were placed in a 100 mL round-
bottomed flask, and manganese(III) acetate dihydrate (2.5–
12.5 mmol) was added. The mixture was stirred at 23 �C in air for
24 h until the arylacetylene 1 was completely consumed, and then
the reaction was quenched by adding water (30 mL) to the mixture.
The aqueous reaction mixture was extracted with dichloromethane
(20 mL�3) and the combined extract was washed with water and
then a saturated aqueous solution of sodium hydrogencarbonate.
The organic layer was dried over anhydrous magnesium sulfate,
filtered, and concentrated in vacuo. The solidified product was fil-
tered to give 1,2-dioxolane 3. The filtrate was concentrated and the
residue was separated by TLC on silica gel (Wakogel B-10) while
eluting with diethyl ether/hexane (7:3 v/v) to afford the oxirane 4.
The analytical samples were further purified by recrystallization
from the solvent specified in parentheses except for the liquid
products. The molar ratios and product yields are summarized in
Tables 1 and 2. The specific details are given below.

4.2.1. 4-Acetyl-5-benzoyl-3-methyl-1,2-dioxolan-3-ol (3a)
Colorless microcrystals (from CHCl3); mp 112–113 �C (lit.7 mp

145–146 �C); IR (KBr) n 3650–3200 (OH), 1711, 1695 (C]O); 1H NMR
(CDCl3) d 1.78 (3H, s), 2.39 (3H, s), 3.52 (1H, br), 4.63 (1H, d,
J¼3.3 Hz), 6.01 (1H, d, J¼3.3 Hz), 7.46–8.01 (5H, m); 13C NMR
(CDCl3) d 21.9, 29.9, 69.0, 82.0, 104.8, 128.7, 129.5, 134.0 (2C), 194.7,
201.3. Anal. Calcd for C13H14O5: C, 62.39; H, 5.64. Found: C, 62.18; H,
5.81.

4.2.2. 4-Acetyl-5-(4-methylbenzoyl)-3-methyl-1,2-dioxolan-
3-ol (3b)

Colorless needles (from CHCl3); mp 135 �C; IR (KBr) n 3650–3200
(OH), 1709, 1693 (C]O); 1H NMR (CDCl3) d 1.77 (3H, s), 2.39 (3H, s),
2.43 (3H, s), 3.43 (1H, br), 4.62 (1H, d, J¼3.3 Hz), 5.97 (1H, d, J¼3.3 Hz),
7.25–7.31 (2H, m), 7.86–7.91 (2H, m); 13C NMR (CDCl3) d 21.8, 21.9,
29.9, 69.1, 82.0, 104.7, 129.4, 129.6, 131.6, 145.1, 194.2, 201.4. Anal.
Calcd for C14H16O5: C, 63.63; H, 6.10. Found: C, 63.47; H, 6.21.

4.2.3. 4-Acetyl-5-(4-methoxybenzoyl)-3-methyl-1,2-dioxolan-
3-ol (3c)

Colorless needles (from CHCl3); mp 142 �C; IR (KBr) n 3650–3200
(OH), 1707, 1686 (C]O); 1H NMR (CDCl3) d 1.77 (3H, s), 2.39 (3H, s),
3.43 (1H, br), 3.89 (3H, s), 4.65 (1H, d, J¼3.3 Hz), 5.95 (1H, d, J¼3.3 Hz),
6.93–6.99 (2H, m), 7.95–8.02 (2H, m); 13C NMR (CDCl3) d 21.9, 30.0,
55.6, 69.0, 82.0, 104.8, 113.9, 127.1, 132.0, 164.2, 192.9, 201.5. Anal.
Calcd for C14H16O6: C, 59.99; H, 5.75. Found: C, 59.91; H, 5.82.

4.2.4. 4-Acetyl-5-(4-chlorobenzoyl)-3-methyl-1,2-dioxolan-
3-ol (3d)

Colorless needles (from CHCl3); mp 124–125 �C; IR (KBr) n 3650–
3200 (OH), 1711, 1697 (C]O); 1H NMR (CDCl3) d 1.77 (3H, s), 2.40
(3H, s), 3.39 (1H, br), 4.63 (1H, d, J¼3.1 Hz), 5.95 (1H, d, J¼3.1 Hz),
7.44–7.49 (2H, m), 7.92–7.97 (2H, m); 13C NMR (CDCl3) d 22.0, 29.8,
69.0, 82.2,104.8,129.1,131.0,132.4,140.6,193.8, 201.1. Anal. Calcd for
C13H13ClO5: C, 54.84; H, 4.60. Found: C, 54.75; H, 4.68.

4.2.5. 4-Acetyl-5-(4-fluorobenzoyl)-3-methyl-1,2-dioxolan-
3-ol (3e)

Colorless needles (from CHCl3); mp 138 �C; IR (KBr) n 3650–
3200 (OH), 1711, 1697 (C]O); 1H NMR (CDCl3) d 1.77 (3H, s), 2.40
(3H, s), 3.39 (1H, br), 4.64 (1H, d, J¼2.9 Hz), 5.95 (1H, d, J¼2.9 Hz),
7.13–7.20 (2H, m), 8.01–8.08 (2H, m); 13C NMR (CDCl3) d 22.0, 29.8,
69.0, 82.1, 104.8, 115.9 (d, J¼22.4 Hz), 130.5 (d, J¼2.5 Hz), 132.4 (d,
J¼9.9 Hz), 166.2 (d, J¼256.6 Hz), 193.4, 201.2. Anal. Calcd for
C13H13FO5: C, 58.21; H, 4.88. Found: C, 58.13; H, 4.94.

4.2.6. 4-Acetyl-3-methyl-5-(1-naphthoyl)-1,2-dioxolan-3-ol (3f)
Colorless prisms (from CHCl3); mp 129–130 �C; IR (KBr) n 3650–

3200 (OH), 1699, 1678 (C]O); 1H NMR (CDCl3) d 1.77 (3H, s), 2.38
(3H, s), 3.67 (1H, br), 4.60 (1H, d, J¼2.6 Hz), 6.10 (1H, d, J¼2.6 Hz),
7.44–8.58 (7H, m); 13C NMR (CDCl3) d 22.1, 29.8, 69.9, 83.2, 104.8,
124.2, 125.3, 126.6, 128.3, 128.6, 129.5, 130.8, 132.0, 133.7, 133.9,
199.0, 201.2. Anal. Calcd for C17H16O5: C, 67.99; H, 5.37. Found: C,
67.81; H, 5.28.

4.2.7. 4-Acetyl-3-methyl-5-(2-naphthoyl)-1,2-dioxolan-3-ol (3g)
Colorless microcrystals (from CHCl3); mp 124–125 �C; IR (KBr)

n 3650–3200 (OH), 1711, 1692 (C]O); 1H NMR (CDCl3) d 1.79 (3H, s),
2.40 (3H, s), 3.88 (1H, br), 4.69 (1H, d, J¼3.3 Hz), 6.18 (1H, d,
J¼3.3 Hz), 7.48–8.56 (7H, m); 13C NMR (CDCl3) d 22.0, 29.9, 69.2,
82.1, 104.9, 124.5, 126.9, 127.7, 128.6, 129.0, 129.9, 131.4, 132.1, 132.3,
135.9, 194.7, 201.5. Anal. Calcd for C17H16O5: C, 67.99; H, 5.37. Found:
C, 68.14; H, 5.36.

4.2.8. 4-Acetyl-5-(3,4-dimethoxybenzoyl)-3-methyl-1,2-dioxolan-
3-ol (3h)

Colorless microcrystals (from CHCl3); mp 133 �C; IR (KBr)
n 3650–3200 (OH), 1713, 1692 (C]O); 1H NMR (CDCl3) d 1.78 (3H, s),
2.39 (3H, s), 3.44 (1H, br), 3.94 (3H, s), 3.96 (3H, s), 4.62 (1H, d,
J¼2.6 Hz), 5.98 (1H, d, J¼2.6 Hz), 6.88–6.96 (1H, m), 7.51–7.55 (1H,
m), 7.61–7.69 (1H, m); 13C NMR (CDCl3) d 22.0, 29.9, 56.0, 56.1, 69.3,
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81.9, 104.7, 110.1, 111.2, 124.7, 127.1, 149.0, 154.0, 192.9, 201.4. Anal.
Calcd for C15H18O7$1/5H2O: C, 57.39; H, 5.91. Found: C, 57.46; H,
5.78. FAB HRMS (acetone/NBA) calcd for C15H18O7 310.1053 (M).
Found 310.0965.

4.2.9. 2-Acetyl-3-benzoyloxirane (4a)
Colorless microcrystals (from CHCl3/hexane); mp 45–46 �C

(lit.24a mp 48–49 �C); IR (KBr) n 1722, 1692 (C]O); 1H NMR (CDCl3)
d 2.23 (3H, s), 3.66 (1H, d, J¼1.8 Hz), 4.38 (1H, d, J¼1.8 Hz), 7.47–8.03
(5H, m); 13C NMR (CDCl3) d 25.0, 55.0, 58.7, 128.4, 128.9, 134.4, 134.7,
191.6, 202.9. Anal. Calcd for C11H10O3: C, 69.46; H, 5.30. Found: C,
69.55; H, 5.33.

4.2.10. 2-Acetyl-3-(4-methylbenzoyl)oxirane (4b)
Colorless microcrystals (from CHCl3/hexane); mp 83 �C; IR (KBr)

n 1711, 1682 (C]O); 1H NMR (CDCl3) d 2.23 (3H, s), 2.44 (3H, s), 3.66
(1H, d, J¼1.8 Hz), 4.34 (1H, d, J¼1.8 Hz), 7.28–7.34 (2H, m), 7.87–7.92
(2H, m); 13C NMR (CDCl3) d 21.8, 25.0, 55.1, 58.8, 128.6, 129.7, 132.4,
145.7, 191.1, 203.0. Anal. Calcd for C12H12O3: C, 70.57; H, 5.92.
Found: C, 70.34; H, 5.74.

4.2.11. 2-Acetyl-3-(4-methoxybenzoyl)oxirane (4c)
Colorless microcrystals (from CHCl3/hexane); mp 91 �C; IR (KBr)

n 1711, 1680 (C]O); 1H NMR (CDCl3) d 2.23 (3H, s), 3.66 (1H, d,
J¼1.8 Hz), 3.90 (3H, s), 4.31 (1H, d, J¼1.8 Hz), 6.95–7.01 (2H, m),
7.96–8.03 (2H, m); 13C NMR (CDCl3) d 25.0, 55.1, 55.6, 58.7, 114.3,
128.0, 131.0, 164.6, 189.8, 203.1. Anal. Calcd for C12H12O4: C, 65.45;
H, 5.49. Found: C, 65.47; H, 5.42.

4.2.12. 2-Acetyl-3-(4-chlorobenzoyl)oxirane (4d)
Colorless microcrystals (from CHCl3/hexane); mp 65–66 �C; IR

(KBr) n 1713, 1690 (C]O); 1H NMR (CDCl3) d 2.23 (3H, s), 3.66 (1H, d,
J¼1.8 Hz), 4.29 (1H, d, J¼1.8 Hz), 7.47–7.53 (2H, m), 7.92–7.98 (2H,
m); 13C NMR (CDCl3) d 25.0, 55.3, 58.6, 129.4, 129.9, 133.0, 141.2,
190.7, 202.6. Anal. Calcd for C11H9ClO3: C, 58.81; H, 4.04. Found: C,
58.74; H, 3.86.

4.2.13. 2-Acetyl-3-(4-fluorobenzoyl)oxirane (4e)
Colorless microcrystals (from CHCl3/hexane); mp 47 �C; IR (KBr)

n 1734, 1682 (C]O); 1H NMR (CDCl3) d 2.24 (3H, s), 3.66 (1H, d,
J¼1.8 Hz), 4.32 (1H, d, J¼1.8 Hz), 7.15–7.24 (2H, m), 8.01–8.10 (2H,
m); 13C NMR (CDCl3) d 25.0, 55.2, 58.6, 116.3 (d, J¼22.4 Hz), 131.2 (d,
J¼3.1 Hz), 131.3 (d, J¼9.3 Hz), 166.4 (d, J¼257.8 Hz), 190.2, 202.7.
Anal. Calcd for C11H9FO3: C, 63.46; H, 4.36. Found: C, 63.52; H, 4.24.

4.2.14. 2-Acetyl-3-(1-naphthoyl)oxirane (4f)
Colorless microcrystals (from CHCl3/hexane); mp 70–71 �C; IR

(KBr) n 1705, 1695 (C]O); 1H NMR (CDCl3) d 2.20 (3H, s), 3.70 (1H,
d, J¼1.8 Hz), 4.32 (1H, d, J¼1.8 Hz), 7.49–8.60 (7H, m); 13C NMR
(CDCl3) d 24.8, 56.5, 59.0, 124.2, 125.2, 126.9, 128.6 (2C), 129.2, 130.1,
132.0, 133.7, 134.3, 194.5, 203.0. Anal. Calcd for C15H12O3: C, 74.99;
H, 5.03. Found: C, 74.88; H, 4.98.

4.2.15. 2-Acetyl-3-(2-naphthoyl)oxirane (4g)
Colorless microcrystals (from CHCl3/hexane); mp 74 �C; IR (KBr)

n 1715, 1686 (C]O); 1H NMR (CDCl3) d 2.26 (3H, s), 3.74 (1H, d,
J¼1.8 Hz), 4.50 (1H, d, J¼1.8 Hz), 7.54–8.54 (7H, m); 13C NMR
(CDCl3) d 25.1, 55.1, 58.8, 123.3, 127.1, 127.8, 128.9, 129.3, 129.7, 130.7,
132.1 (2C), 135.9, 191.4, 203.0. Anal. Calcd for C15H12O3: C, 74.99; H,
5.03. Found: C, 75.13; H, 5.02.

4.2.16. 2-Acetyl-3-(3,4-dimethoxybenzoyl)oxirane (4h)
Colorless prisms (from CHCl3/hexane); mp 109–110 �C; IR (KBr)

n 1711, 1684 (C]O); 1H NMR (CDCl3) d 2.24 (3H, s), 3.68 (1H, d,
J¼1.8 Hz), 3.94 (3H, s), 3.98 (3H, s), 4.34 (1H, d, J¼1.8 Hz), 6.90–6.95
(1H, m), 7.51–7.55 (1H, m), 7.65–7.70 (1H, m); 13C NMR (CDCl3)
d 25.1, 55.0, 56.1, 56.2, 58.8, 110.2 (2C), 123.6, 128.1, 149.5, 154.6,
189.8, 203.1. Anal. Calcd for C13H14O5: C, 62.39; H, 5.64. Found: C,
62.24; H, 5.60.

4.2.17. 3-Acetyl-4-hydroxyhex-3-ene-2,5-dione (6)
Colorless prisms (from CHCl3/hexane); mp 115 �C (lit.10a mp

115–116 �C); IR (KBr) n 3400–3000 (OH), 1720, 1654 (C]O); 1H
NMR (CDCl3) d 1.61 (3H, s), 2.40 (3H, s), 2.61 (3H, s), 5.83 (1H, br);
13C NMR (CDCl3) d 18.8, 21.8, 29.7, 106.1, 113.0, 194.7, 196.9, 197.5.
Anal. Calcd for C8H10O4: C, 56.47; H, 5.92. Found: C, 56.421; H, 6.03.

4.2.18. 3-Acetyl-2-hydroxy-1-phenylpent-2-ene-1,4-dione (11)
Colorless needles (from CHCl3/hexane); mp 160 �C (lit.24b mp

160 �C); IR (KBr) n 3400–3000 (OH), 1719, 1653 (C]O); 1H NMR
(CDCl3) d 2.39 (3H, s), 2.75 (3H, s), 5.11 (1H, br), 7.39–7.57 (5H, m);
13C NMR (CDCl3) d 18.6, 29.9, 104.8, 113.1, 125.4, 128.9, 130.2, 134.3,
194.3, 195.6, 197.4. FAB HRMS (acetone/NBA) calcd for C13H13O4

233.0814 (Mþ1). Found 233.0802.

4.2.19. 3-Acetyl-1-(4-methoxyphenyl)pent-2-ene-1,4-dione (7c)24b

Yellow oil; IR (CHCl3) n 1713, 1672, 1600 (C]O); 1H NMR (CDCl3)
d 2.45 (3H, s), 2.46 (3H, s), 3.91 (3H, s), 6.95–7.02 (2H, m), 7.58 (1H,
s), 7.94–8.01 (2H, m); 13C NMR (CDCl3) d 27.4, 30.8, 55.6, 114.3,
129.3, 130.0, 131.2, 151.6, 164.6, 187.8, 196.0, 203.3. FAB HRMS (ac-
etone/NBA) calcd for C14H15O4 247.0970 (Mþ1). Found 247.0967.

4.2.20. 3-Acetyl-1-(3,4-dimethoxyphenyl)pent-2-ene-1,4-
dione (7h)

Yellow oil; IR (CHCl3) n 1705, 1668, 1590 (C]O); 1H NMR (CDCl3)
d 2.45 (3H, s), 2.46 (3H, s), 3.94 (3H, s), 3.98 (3H, s), 6.91–6.95 (1H,
m), 7.29 (1H, s), 7.51–7.54 (1H, m), 7.60–7.65 (1H, m); 13C NMR
(CDCl3) d 27.4, 30.8, 56.0, 56.3, 110.1, 110.2, 124.2, 129.6, 129.8, 149.7,
151.6, 154.6, 187.8, 196.0, 203.2. FAB HRMS (acetone/NBA) calcd for
C15H17O5 277.1076 (Mþ1). Found 277.1045.

4.2.21. 3-Acetyl-1-(2,4,6-trimethoxyphenyl)pent-2-ene-1,4-
dione (7i)

Yellow oil; IR (CHCl3) n 1705, 1670, 1607 (C]O); 1H NMR (CDCl3)
d 2.38 (6H, s), 3.83 (6H, s), 3.86 (3H, s), 6.12 (2H, s), 7.14 (1H, s); 13C
NMR (CDCl3) d 27.1, 30.8, 55.6, 56.1, 90.7, 110.9, 136.0, 148.1, 160.8,
164.5, 189.6, 197.2, 203.4. FAB HRMS (acetone/NBA) calcd for
C16H19O6 307.1182 (Mþ1). Found 307.1181.

4.2.22. (E)-1-(2,4,6-Trimethoxyphenyl)pent-2-ene-1,4-dione (8i)
Yellow needles (from CHCl3/hexane); mp 74–75 �C; IR (CHCl3)

n 1668, 1605 (C]O); 1H NMR (CDCl3) d 2.37 (3H, s), 3.78 (6H, s), 3.85
(3H, s), 6.12 (2H, s), 6.71 (1H, d, J¼16.1 Hz), 7.10 (1H, d, J¼16.1 Hz);
13C NMR (CDCl3) d 28.1, 55.5, 55.9, 90.7, 110.7, 137.0, 140.2, 159.6,
163.5, 193.0, 199.3. FAB HRMS (acetone/NBA) calcd for C14H17O5

265.1076 (Mþ1). Found 265.1061.

4.3. Manganese(III)-mediated aerobic oxidation of 1,4-
pentanedione 9

A solution of the 1,4-pentanedione 9 (1 mmol) and man-
ganese(III) acetate dihydrate (0.1 mmol) in glacial acetic acid
(15 mL) was stirred at 23 �C in air for 12 h until the 1,4-pentane-
dione 9 was completely consumed, and then the reaction was
quenched by adding water (15 mL) to the mixture. The aqueous
reaction mixture was extracted with dichloromethane (10 mL�3)
and the combined extract was first washed with water and then
a saturated aqueous solution of sodium hydrogencarbonate. The
organic layer was dried over anhydrous magnesium sulfate, fil-
tered, and then concentrated to dryness. The products were sepa-
rated by flash column chromatography on silica gel (Silica Gel 60N,
40–50 mm, Kanto Chemical Co., Inc.), while eluting with diethyl
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ether/hexane (7:3 v/v) to afford 3-hydroxy-1-phenylpent-2-ene-
1,4-dione (10). The product 10 was further purified by re-
crystallization from chloroform/hexane.

4.3.1. 3-Hydroxy-1-phenylpent-2-ene-1,4-dione (10)
Colorless microcrystals (from CHCl3/hexane); mp 95–96 �C; IR

(KBr) n 3400–3000 (OH), 1674, 1590 (C]O); 1H NMR (CDCl3) d 2.50
(3H, s), 6.94 (1H, s), 7.44–8.03 (5H, m), 15.37 (1H, br); 13C NMR
(CDCl3) d 25.1, 93.8, 127.8, 128.9, 133.7, 135.2, 173.6, 190.8, 197.6. FAB
HRMS (acetone/NBA) calcd for C11H11O3 191.0708 (Mþ1). Found
191.0749.

4.4. Silica gel-mediated decomposition reaction of 1,2-
dioxolanes 3a–h

To a solution of a 1,2-dioxolane 3 (0.1 mmol) in methanol
(10 mL) was added silica gel (Wakogel B-10, 0.5 g), and the mixture
was stirred at room temperature for 12 h. Dichloromethane (10 mL)
was added to the resulting suspension, which was filtered under
reduced pressure. The reaction flask and the silica gel were washed
well with dichloromethane/methanol (9:1 v/v), and the combined
filtrates were concentrated in vacuo. The residue was suspended
again with dichloromethane (5 mL), and filtered through a cotton
plug. The filtrate was concentrated in vacuo to give the oxirane 4.
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