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Abstract—The base hydrotalcite, prepared from MgO and Al2O3, acted as a highly efficient catalyst for the epoxidation of
�,�-unsaturated ketones using aqueous hydrogen peroxide as an oxidant. This heterogeneous epoxidation has the advantages of
a high efficiency of H2O2 utilization without organic solvents, a simple workup procedure, and reusability of the hydrotalcite
catalyst. © 2002 Elsevier Science Ltd. All rights reserved.

Epoxidation of electron-deficient carbon�carbon dou-
ble bonds of �,�-unsaturated ketones is of great interest
because epoxyketones can be important building blocks
in organic synthesis.1 Aqueous hydrogen peroxide is an
ideal oxidant because of its high oxygen content and
the production of water as the sole by-product.2 The
homogeneous epoxidation of the enones using H2O2

with bases such as NaOH and KOH remains a com-
mon procedure.3 Use of recyclable solid base catalysts
addresses the environmental issues of the present epoxi-
dation processes.4 We have already reported the hetero-
geneous epoxidation of �,�-unsaturated ketones with
hydrotalcites as solid bases.4c In this paper, a hydrotal-
cite, prepared from metal oxides, was found to be a
highly efficient heterogeneous catalyst for the epoxida-
tion of various �,�-unsaturated ketones, and required
only 1.5 equiv. of H2O2 without organic solvents (Eq.
(1)).

(1)

A hydrotalcite, designated as HT(MO), was easily pre-
pared according to a modified procedure by Rajamathi
et al.5 A heterogeneous mixture of 0.43 g of MgO and
0.14 g of �-Al2O3

6 was vigorously stirred in 50 mL of

0.5 M aqueous Na2CO3 solution at 110°C for 24 h. The
obtained slurry was filtered and washed with water,
followed by drying at 110°C to afford 0.92 g of
HT(MO), Mg9.5Al2.6(OH)24.8CO3·nH2O, as a white
powder. Elemental analysis: Mg, 20.8; Al, 6.4; C, 1.1%.
XRD showed a layered-structure of the hydrotalcite
with an interlayer distance of 2.9 A� . The specific BET
surface area, determined by N2 adsorption at 77 K, was
106 m2 g−1, which is more than two times larger than
that of the Mg10Al2(OH)24CO3 hydrotalcite prepared by
the conventional co-precipitation method using metal
chlorides and nitrates in aqueous NaOH solution.7 A
titration experiment using benzoic acid on the hydrotal-
cite surface showed that the number of surface base
sites was about 2 mmol g−1.

Epoxidations of isophorone using H2O2 with various
base catalysts were examined in the presence of n-dode-
cyltrimethylammonium bromide (DTMAB) in n-hep-
tane solvent as shown in Table 1. It should be noted
that the HT(MO) exhibited higher catalytic activity
than other solid base catalysts such as conventional
hydrotalcites (entries 2 and 3), MgO, Mg(OH)2, Al2O3

and Al(OH)3 (entries 4 and 6–8). The activity of the
HT(MO) was greatly larger than that of a physical
mixture of MgO and Al2O3 (entry 5). Use of NaOH as
a water-soluble base resulted in a low selectivity of the
epoxide as a result of oxidative cleavage of the
epoxyketone (entry 10). To our knowledge, this hydro-
talcite is one of the most effective catalyst for the
epoxidation of �,�-unsaturated ketones using H2O2 as an
oxidant.3,4
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Table 2 shows the epoxidation of various �,�-unsatu-
rated ketones catalyzed by the HT(MO) using 1.5
equiv. of H2O2 at 40°C.8 Cyclic enones such as 2-
cyclopenten-1-one,3-methyl-2-cyclopenten-1-one,2-cyclo-
hexen-1-one and 3-methyl-2-cyclohexen-1-one were
smoothly oxidized to form the corresponding epoxyke-
tones quantitatively without organic solvents (entries 1,
6, 9, and 11).† Although acyclic enones of 4-hexen-3-
one and 3-nonen-2-one showed low reactivity for the
epoxidation,‡ use of a phase-transfer reagent of
DTMAB in n-heptane solvent produced epoxyketones
in high yields (entries 14 and 15).4c Generally, the
epoxidation of isophorone does not easily occur due to
the steric hindrance of �-substituted methyl and gem-
dimethyl groups.4a However, the present phase-transfer
system enhanced the oxidation to give epoxyisophorone
in 95% yield (entry 16). Chemoselective epoxidation
was exemplified with (R)-(−)-carvone to afford 2,3-
epoxy-5-isopropenyl- 2-methylcyclohexanone as a
major diastereomer with a methyl group cis to the
isopropenyl group (entry 18). It is clear that the
HT(MO) showed much higher activity for many �,�-

unsaturated ketones than the conventional hydro-
talcite4c (entries 4, 7, 17 and 19).

Use of the solid hydrotalcite makes the workup proce-
dure strikingly simple. The spent hydrotalcite was easily
separated from the reaction mixture by filtration. The
recovered catalyst was then reused for the epoxidation
of 2-cyclopenten-1-one, as shown in Table 2 (entries 2
and 3).§ The oxidation with the spent catalyst gave the
epoxyketone in greater than 93% yield under the same
conditions as those of the first run. Notably, even in low
concentration of H2O2, this HT(MO) catalyst showed
high catalytic activity for the epoxidation without organic
solvents. Reaction of 2-cyclopenten-1-one using 1.5
equiv. of 5% H2O2 for 2 h gave the corresponding
epoxyketone in 94% yield (Eq. (2)).9 Using 5% H2O2,
other cyclic enones were also smoothly epoxidized in
high yields, as shown in Table 2 (entries 5, 8, 10 and
12). Utilization of the low concentration H2O2

10 will
open new chemical processes, e.g. the epoxidation of
propylene using H2O2 produced in situ from H2 and
O2.11

(2)

A possible reaction mechanism for this epoxidation can
be postulated as follows. H2O2 reacts with a surface
base site, i.e., OH−, of the hydrotalcite to form a HOO−

species.4c The HOO− attacks the electrophilic �-olefinic
carbon atom of an �,�-unsaturated ketone, followed by
a ring enclosure to give a corresponding epoxyketone,
which regenerates an OH− on the hydrotalcite surface.
At present, we think that high activity of the HT(MO)
might be ascribed to its large surface area and high
hydrophilicity.¶

In conclusion, the hydrotalcite, prepared from MgO
and Al2O3, proved to be a highly effective base catalyst
in the epoxidation of �,�-unsaturated ketones using
aqueous hydrogen peroxide. The present heterogeneous
catalyst system provides an ideal epoxidation protocol
with high atom economy because of the efficient utility
of H2O2.

Table 1. Epoxidation of isophorone catalyzed by various
bases using 4 equiv. of H2O2 in the presence of DTMABa

Yield ofEntry Catalyst Convn
epoxyketone(%)b

(%)b

1c 100HT(MO) 95
97Mg10Al2(OH)24CO3 952

Mg6Al2(OH)16CO3 77 733
MgO 68 674d

73745d,e MgO+Al2O3

Mg(OH)2 60 606
Al2O37 28 26

788 Al(OH)3

NaOH9f 81 70g

10f 47Na2CO3 53
Without �111 �1

a Reaction conditions : isophorone (2 mmol), catalyst (0.15 g), n-hep-
tane (5 mL), H2O (4 mL), n-dodecyltrimethylammonium bromide
(0.3 mmol), 30 % aq. H2O2 (0.9 mL, 8 mmol), 40°C, 24 h.

b Determined by GC using an internal standard technique.
c Reaction time; 12 h.
d MgO calcined at 400°C was used.
e A physical mixture of MgO (0.052 g) and Al2O3 (0.018 g) was used

(Mg/Al mol ratio=4).
f 0.2 mmol was used.
g 3,3-Dimethyl-5-oxohexanoic acid was also formed as a by-product.

§ We confirmed that the present epoxidation was catalyzed by the
HT(MO) surface. The solid HT(MO) catalyst was removed by
filtration from the reaction mixture at 70% conversion of 2-
cyclopeneten-1-one. No epoxidation occurred while the colorless
filtrate was further treated at 40°C for 3 h.

¶ The �(O–H) of the HT(MO) in FT-IR measurement appeared at
3437 cm−1, which is significantly lower than that of the conventional
Mg10Al2(OH)24CO3 hydrotalcite (3493 cm−1). The above shift can
be attributed to hydrogen bonding between surface OH functions
and/or adsorbed waters, suggesting a high hydrophilicity of the
HT(MO) surface.

† To optimize Mg/Al ratios in the HT(MO), hydrotalcites with Mg/Al
ratios from 3 to 5 were prepared from metal oxides. We found that
the HT(MO) with the Mg/Al ratio of 4 was the most active catalyst
for the epoxidation of 2-cyclopenten-1-one.

‡ The low reactivity of these enones could be explained by their low
electrophilicities evaluated from LUMO orbital energy, calculated
by the PM3 semiempirical method.4c
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a Reaction conditions: method (A) HT(MO) (0.15 g), substrate (2 mmol), 30 % aq. H2O2 (0.34 mL, 3 mmol), 40 °C; method (B) HT(MO) 

(0.15 g), substrate (2 mmol), methanol (5 mL), 30 % aq. H2O2 (0.34 mL, 3 mmol), 40 °C; method (C) HT(MO) (0.15 g), substrate (10 mmol), 

5 % aq. H2O2 (9 mL, 15mmol), 40 °C; method (D) HT(MO) (0.15 g), substrate (2 mmol), n-heptane (5 mL), DTMAB (0.3 mmol), H2O (5 

mL), 30 % aq. H2O2 (0.34 mL, 3 mmol), 40 °C. b Determined by GC or HPLC using an internal standard technique. Values in parentheses are 

isolated yields using 20 mmol of substrate and 30 mmol of  30 % aq. H2O2. c Reuse-1. d Reuse-2.e The conventional Mg10Al2(OH)24CO3 

(0.15 g) was used as a catalyst. f 4 equiv. of H2O2 was used.
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Table 2. Epoxidation of various �,�-unsaturated ketones catalyzed by hydrotalcites using H2O2
a

Acknowledgements

This work was supported by the Grant-in-Aid for
Scientific Research from Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan. We are
grateful to the Department of Chemical Science and
Engineering, Graduate School of Engineering Science,
Osaka University, for scientific supports through the
‘Gas-Hydrate Analyzing System (GHAS)’.

References

1. (a) Parker, R. E.; Isaacs, N. S. Chem. Rev. 1959, 59, 737;
(b) Sutherland, J. K. Chem. Soc. Rev. 1980, 9, 265; (c)
Toromanoff, E. Tetrahedron 1980, 36, 2809; (d) Bartlett,
P. A. Tetrahedron 1980, 36, 2; (e) Rao, A. S.; Paknikar,
S. K.; Kirtane, J. G. Tetrahedron 1983, 39, 2323; (f)
Smith, G. J. Synthesis 1984, 629.

2. Green Chemistry: Theory and Practice ; Anastas, P. T.;
Warner, J. C., Eds.; Oxford University Press: New York,
1998.



T. Honma et al. / Tetrahedron Letters 43 (2002) 6229–62326232

3. Recent examples of homogeneous epoxidation of �,�-
unsaturated ketones using H2O2, see: Bu4NF: (a)
Miyashita, M.; Suzuki, T.; Yoshikoshi, A. Chem. Lett.
1987, 285; Pt: (b) Baccin, C.; Gusso, A.; Pinna, F.;
Strukul, G. Organometallics 1995, 14, 1161; K2CO3: (c)
Boyer, B.; Hambardzoumian, A.; Lamaty, G.; Leydet,
A.; Roque, J.-P.; Bouchet, G. New J. Chem. 1996, 20,
985; NaOH–tetrabutylammonium peroxydisulfate: (d)
Kim, Y. H.; Hwang, J. P.; Yang, S. G. Tetrahedron Lett.
1997, 38, 3009; LiOH: (e) Arai, T.; Tsuge, H.; Shioiri, T.
Tetrahedron Lett. 1998, 39, 7563; Na2CO3: (f) Boyer, B.;
Hambardzoumian, A.; Roque, J.-P.; Beylerian, N. Tetra-
hedron 1999, 55, 6147.

4. Heterogeneous epoxidation of �,�-unsaturated ketones
using H2O2, see: Mg–Al mixed oxide: (a) Cativiela, C.;
Figueras, F.; Fraile, J. M.: Garcı́a, J. I.; Mayoral, J. A.
Tetrahedron Lett. 1995, 36, 4125; Mg–Al–O–t-Bu hydro-
talcite: (b) Choudary, B. M.; Kantam, M. L.; Bharathi,
B.; Reddy, Ch. V. Synlett. 1998, 1203; Mg–Al–CO3

hydrotalcite: (c) Yamaguchi, K; Mori, K.; Mizugaki, T.;
Ebitani, K.; Kaneda, K. J. Org. Chem. 2000, 65, 6897; Ca
phosphate: (d) Fraile, J. M.; Garcı́a, J. I.; Mayoral, J. A.;
Sebti, S.; Tahir, R. Green Chem. 2001, 3, 271.

5. (a) Rajamathi, M.; Nataraja, G. D.; Ananthamurthy, S.;
Kamath, P. V. J. Mater. Chem. 2000, 10, 2754; (b)
Newman, S. P.; Jones, W.; O’Conner, P.; Stamires, P. N.
J. Mater. Chem. 2002, 12, 153.

6. MgO was purchased from Wako Pure Chemicals Co.
Ltd. (0.01 �m, 99.9%). �-Al2O3 was supplied from the
Catalysis Society of Japan as a reference catalyst of
JRC-ALO-3. The pore volume and specific surface area
were 0.51 cm3 g−1 and 123 m2 g−1, respectively.
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