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Abstract: The allylic oxidation of ionone-like dienes catalyzed by
CaCl2 or MgCl2 with TBHP is presented. The method provides a
facile method to synthesize dienones derived from ionone-like
dienes in good to moderate yields. A plausible mechanism for the
oxidation is proposed.
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The allylic oxidation of alkenes to carbonyl compounds is
a useful transformation in organic synthesis. It is under-
going continual refinement with the aim to develop more
environmentally friendly, efficient, and selective process-
es. Some new strategies have been reported for such a
transformation, such as the protocols using tert-butyl
hydroperoxide (TBHP) catalyzed by transition metal ion
centers (Cr, Ru, Cu, Co, Pd),1 iodoxybenzene catalyzed
by fluorous seleninic acid,2 or TBHP catalyzed by dirhod-
ium(II) caprolactamate.3

Ionones and their derivatives are important synthetic
building blocks in the synthesis of many biologically
active compounds.4 The introduction of a carbonyl group
at their allylic C–H bond can result not only in more com-
plex molecules, but also yield more important intermedi-
ates for further transformations.5 However, the direct
synthesis of dienones through the allylic oxidation of ion-
ones and their derivatives required either a stoichiometric
amount of chromium reagents or a catalytic amount of
chromium trioxide with TBHP.5 Although the latter
protocol avoided the use of stoichiometric reagents, the
hazard arising from chromium trioxide remains an
environmental problem. Therefore, it is highly desirable
to develop practical, efficient, and safer reactions for the
allylic oxidation of ionones and their derivatives.

It is well known that the most effective catalysts for oxi-
dation are transition-metal ions that readily undergo one
or more electron redox processes, for example Fe2+/Fe3+,
Cu+/Cu2+, Co2+/Co3+, Mn2+/Mn3+, Cr3+/Cr6+, V4+/V5+,
Rh4+/Rh5+.6 To date only a few reports were presented on
the use of Ca2+ as a catalyst in oxidation reactions, such as
the oxidation of alcohols and the functionalization of
saturated hydrocarbons with CO to carboxylic acids and

esters.7 It is interesting to note that in nature alkali-earth-
metal ions, such as Ca2+ and Mg2+, can act as Lewis acid
catalysts.8 Hence, we reasoned that such metal ions could
catalyze the allylic oxidation through Lewis acid cataly-
sis. As part of our continuing interests in exploring novel
uses of simple metal catalysts,9 herein we reported that
Ca2+ and Mg2+ ions exhibited good catalytic activity in the
allylic oxidation of a-ionone-like dienes. 

Scheme 1 The allylic oxidation of ionone-like dienes

Using a-ionone (1 mmol) as the substrate and TBHP (5
equiv) as the oxidant in acetonitrile at 60 °C, we initially
examined the catalytic effects of several simple calcium
or magnesium salts. Among them, both CaCl2 and
MgCl2·6H2O gave good product yields (66% and 65%,
respectively for 2a). Compound 2a was also obtained in
45% yield with MgSO4. However, only trace amounts
of 2a were found when CaSO4, Ca(OAc)2·H2O,
CaCO3, CaHPO4·2H2O, Mg(OAc)2·4H2O, and
(MgCO3)4·Mg(OH)2·5H2O were employed. In the
presence of Ca(NO3)2·4H2O as well as Mg(ClO4)2·6H2O,
the allylic oxidation did not proceed and 1a could be
recovered. 

We then investigated the effect of the amount of CaCl2 or
MgCl2·6H2O had on the allylic oxidation. As shown in
Table 1, only trace amounts of the desired product were
observed in the absence of CaCl2 or MgCl2·6H2O. The
yields were poor, when less than 20 mol% of CaCl2 or
MgCl2·6H2O were used. However, good yields were
obtained (65–67%) with 20–30 mol% of the catalyst
(Table 1, entries 4, 5, 8, and 9). In addition, the yields of
2a could not increase further when using more than 30
mol% catalyst.
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It was noted that the amount of TBHP used not only af-
fected the outcome of oxidation reactions, but also created
experimental hazards.1d We noted that a large amount of
TBHP (5–30 equiv) had been used in previous reports.1

Hence, we investigated the amount of TBHP required in
the oxidation reactions (Table 2). As shown in Table 2,
when the amount of TBHP reached three and five equiva-
lents, the desired product could be obtained in good yields
(64–66%; Table 2, entries 3, 4, 7, and 8). Further addition
of TBHP did not improve the product yield. It was thus
established that this catalytic system required a lower
amount of TBHP (3–5 equiv) than those required in
previous reports.1a–h

The effect of reaction temperature on the efficacy of the
oxidation was also examined. When the CaCl2-promoted
allylic oxidation of a-ionone 1a in acetonitrile was con-
ducted at 20 °C, 40 °C, and 50 °C, 3-oxo-a-ionone 2a was
obtained in 20%, 31%, and 45% yields, respectively.
Good yields (66% and 67%) were obtained when the
reaction was run at 60 °C and 70 °C. However, at 80 °C a
slight decrease in the yield of 2a (64%) was observed.
Similar results were obtained when MgCl2·6H2O was
employed. Thus, the optimum reaction temperature was
determined to be 60–70 °C.

We also investigated the effect of other solvents on the
allylic oxidations at 60 °C or under reflux. It was found
that with 20 mol% of CaCl2 or MgCl2·6H2O, good yields
(65% and 63%, respectively) of 2a were obtained in ace-
tone and moderate yields (54% and 58%, respectively) of
2a were afforded in dichloromethane. Using chloroform,
hexane, benzene, toluene, tetrahydrofuran, diethyl ether,
and ethyl acetate as solvent, the allylic oxidation of a-ion-
one 1a could also produce 3-oxo-a-ionone 2a but in poor
yields. Moreover, we also found that under solvent-free
conditions 33% and 24% yields of 2a were afforded,
respectively, when 20 mol% of CaCl2 and MgCl2·6H2O
were employed.

Utilizing optimized conditions, 20–30 mol% of CaCl2 or
MgCl2·6H2O, 3–5 equivalents of 70% aqueous TBHP in
acetonitrile at 60 °C, we examined the oxidation of other
ionone-like dienes including a/b-ionone (1a and 1d), a/b-
ionyl acetates (1b and 1e), and a/b-ionyl ether (1c and 1f)
(Table 3). a-Ionone and its acetate as well as ether deriv-
atives could be oxidized to the corresponding dienones in
better yields than that of b-ionone and its derivatives. This
was probably due to the increased steric hindrance of the
allylic methyl of b-ionone and its derivatives. It is also
noteworthy that the oxidation of b-ionyl acetate and a/b-
ionyl ether had to be conducted in a shorter reaction time
because prolonging the reaction time resulted in the oxi-
dative cleavage of the ester and ether bond to produce the
corresponding 4-oxo-b-ionone 2b or 3-oxo-a-ionone 2a. 

Mechanistically, the evolution of oxygen was confirmed
by passing the evolved gas through aqueous potassium
pyrogallate and is consistent with the formation of tert-bu-
tyl peroxy radical t-BuOO·. Furthermore, the UV-visible
spectrum of the catalyst upon addition of TBHP revealed
a low-energy absorption at 269 nm, probably due to the
coordination of Ca2+ or Mg2+ to the oxygen atom of
TBHP. The resulting mixture was investigated by GCMS
after the reaction proceeded for 1 h, 2 h, and 3 h; in all
cases the existence of a-ionone-tert-butyl peroxyether 7
was confirmed. Based on the above observations, we
speculated a radical mechanism catalyzed by the Lewis
acid accounted for the reaction (Scheme 2). Hence, Ca2+

or Mg2+ was coordinated to the oxygen atom of TBHP and
promoted the homolysis of the O–O bond to produce rad-
icals HO· and t-BuO·. The t-BuO· then reacted with TBHP
to yield tert-butyl peroxy radical t-BuOO· (3), which
could then abstract a hydrogen atom from compound 1a to
yield an allylic radical 6. At the same time, HO· carried by

Table 1 Effect of Catalyst Loadinga

Entry Catalyst Loading 
(mol %)

Conversion 
(%)b

Yield 
(%)c

1 – 0 17 trace

2 CaCl2 5 71 39

3 CaCl2 10 82 50

4 CaCl2 20 95 66

5 CaCl2 30 97 67

6 MgCl2·6H2O 5 40 17

7 MgCl2·6H2O 10 84 50

8 MgCl2·6H2O 20 95 65

9 MgCl2·6H2O 30 95 66 

a Conditions: a-ionone (1 mmol), TBHP (5 equiv), MeCN (6 mL), 
60 °C, 4 h.
b Conversions of 1a.
c Isolated yields of 2a.

Table 2 Effect of the Amount of Oxidanta

Entry Catalyst TBHP 
(equiv)

Conversion 
(%)b

Yield 
(%)c

1 CaCl2 1 53 36

2 CaCl2 2 75 50

3 CaCl2 3 94 64

4 CaCl2 5 95 66

5 MgCl2·6H2O 1 62 34

6 MgCl2·6H2O 2 78 50

7 MgCl2·6H2O 3 91 65

8 MgCl2·6H2O 5 95 65

a Conditions: a-ionone (1 mmol), CaCl2 or MgCl2·6H2O (20 mol%), 
MeCN (6 mL), 60 °C, 4 h.
b Conversions of 1a.
c Isolated yields of 2a.
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complex 4 reacted with TBHP to produce water and com-
plex 5. The complex transferred t-BuOO· to the allylic
radical 6 to form tert-butyl peroxyether 7 and regenerate
the catalyst (Ca2+ or Mg2+). Finally, rapid decomposition
of 7 yielded oxidation product enone 2a. 

In summary, we have developed a novel catalytic allylic
oxidation of ionone-like dienes based on CaCl2 or MgCl2,
which offers an efficient and facile way to synthesize
dienones in moderate to good yields. The use of the alkali-
earth-metal catalyst, which is inexpensive and non-toxic,
could open a new area in allylic oxidation reactions.
Efforts are currently underway in our laboratories to
elucidate the details of the reaction mechanism.
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Scheme 2 Mechanistic proposal for the allylic oxidation catalyzed by Lewis acid CaCl2 or MgCl2·6H2O
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particularly when the reaction was performed on >5 mmol 
scale. Analytical data for compounds 2a, 2b, 2d, and 2e is 
consistent with those previously reported.5a,c,f

Compound 2c: 1H NMR (400 MHz, CDCl3): d = 5.92 (br s, 
1 H), 5.46–5.49 (m, 1 H), 5.46–5.49 (m, 1 H), 3.81–3.85 (m, 
1 H), 3.29–3.50 (m, 2 H), 2.50–2.53 (m, 1 H), 2.31 (d, 
J = 16.8 Hz, 1 H), 2.06 (d, J = 16.8 Hz, 1 H), 1.88 (d, J = 1.2 
Hz, 3 H), 1.22 (d, J = 4 Hz, 3 H), 1.16 (t, J = 5.4 Hz, 3 H), 
1.01 (s, 3 H), 0.98 (s, 3 H). 13C NMR (400 MHz): d = 198.75, 
161.49, 137.07, 127.98, 125.69, 63.44, 55.46, 47.44, 35.88, 
29.48, 27.27, 26.94, 23.45, 21.68, 15.22. HRMS (ESI): m/z 
calcd for C15H24O2 [M + Na]+: 259.1674; found: 259.1669.
Compound 2f: 1H NMR (400 MHz, CDCl3): d = 6.16 (d, 
J = 16.0 Hz, 1 H), 5.55 (q, J = 16.4 Hz, 1 H), 3.93–3.99 (m, 
1 H), 3.40–3.60 (m, 2 H), 2.50 (t, J = 7.0 Hz, 2 H), 1.85 (t, 
J = 6.8 Hz, 2 H), 1.81 (s, 3 H), 1.31 (d, J = 6.8 Hz, 3 H), 1.23 
(t, J = 7.2 Hz, 3 H), 1.16 (s, 3 H), 1.15 (s, 3 H). 13C NMR 
(200 MHz): d = 199.26, 160.45, 139.02, 129.92, 126.77, 
63.68, 37.17, 35.33, 34.22, 27.27, 27.27, 26.50, 21.77, 
15.36, 13.31. HRMS (ESI): m/z calcd for C15H24O2 [M + 
Na]+: 259.1674; found: 259.1674.
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