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z Catalysis

Metal-Free Epoxidation of Internal and Terminal Alkenes
with tert-Butyl Hydroperoxide/Isobutyraldehyde/Oxygen
System
Mei Hong,* Jie Min, and Shifa Wang[a]

The epoxidation of several alkenes was studied using oxygen
as green oxidant, isobutyraldehyde (IBA) as co-reagent and
tert-butyl hydroperoxide (TBHP) as radical initiator at mild
conditions (60 oC, atmospheric pressure with an oxygen
balloon). TBHP could accelerate the production of carbonyl
radical and its peroxidation, without using a metal catalyst. The
factors influencing the conversion of the substrates and
selectivity of the epoxides have been well investigated. Under
optimized reaction conditions, the epoxidation of linear
terminal, cyclic and aromatic alkenes was evaluated. Most
performed reactions were high selectivity for production of the
corresponding epoxides.

Epoxides are precious precursors in organic synthesis. They are
easily obtained from alkenes using either strong organic
oxidants (e. g. m-CPBA, NaClO),[1] or mild oxidants (e. g. TBHP,
H2O2),[2] with the assistance of metal-based catalysts (Fe, Mn,
Co, Ni, Mo, V, Ti, Cu and W).[3] Taking account of environmental,
safety and economic concerns, the utilization of O2 the oxidant
is one of the attractive developments. However, its direct
utilization needs activation processes owing to the restriction
of Wigner spin conservation rule[4] in its triplet ground state
structure. As a result, some metal-containing catalysts (Ru,[5]

Co,[6] Cu,[7] etc.) have been explored to catalyze molecular
oxygen for the epoxidation. From the standpoint of so-called
green and sustainable chemistry, the development of metal-
free catalytic systems for epoxidation is needed. Burgeoning
metal-free organocatalytic strategies have attracted much
attention in recent years in many oxidation processes with
molecular oxygen,[8] which have outstanding performances and
other undeniable advantages in green chemistry[9] from long-
term considerations, as compared to metallic or organometallic
catalysis. Minisci and co-workers disclosed an organocatalyzed
epoxidation of olefins by aerobic oxidation using N-hydroxyph-
thalimide (NHPI) as catalyst.[10] However this method suffers
from long reaction times (24-48 h). Itoh[11] reported metal-free

oxidation protocol of alkenes under visible light irradiation of
fluorescent lamp. The development of efficient and inexpensive
methods for the epoxidation of alkenes is still a challenge.

Epoxyethylbenzene is an important raw material for the
manufacturing of phenethyl alcohol, tetramisole, levamisole
and phenylacetaldehyde, which have found extensive applica-
tions in the petrochemical industry, fine chemicals, medicines,
perfumery and polymers. Traditionally, epoxyethylbenzene was
obtained by the epoxidation of styrene with oxyhalides (or
alternatively from chlorohydrins and bromohydrins via dehalo-
genation/dehydration under basic conditions);[12] however,
these procedures produce a vast amount of environmentally
undesirable waste. It is highly preferential to develop an
environmentally benign procedure by using green oxidants
such as molecular oxygen. Styrene epoxidation bear low or
non-selectivity (0-47%) due to the uncontrolled over-oxidation
of the initially formed epoxide to phenylacetaldehyde and
benzaldehyde.[13] Yang et al. reported that Yolke-shell nano-
spheres confined with ultra-small Au nanoparticles catalyzed
styrene oxidation with oxygen at ambient pressure affording
styrene oxide with 62.2% of selectivity at 100 oC in 15 h.[14] The
key challenge is to develop efficient protocols for the
epoxidation of styrene with molecular oxygen as oxidant on
metal-free under mild conditions.

In this work, we report a facile and efficient method for the
selective epoxidation of alkenes using molecular oxygen as the
oxidant with an oxygen balloon, TBHP as initiator at moderate
temperature (60 oC) in the presence of isobutyraldehyde (IBA)
(Scheme 1). The product formation could be completed in a
few hours, whereas the uncatalyzed reaction with O2/aldehyde
takes a day or more to reach the maximum conversion.[15]

Styrene was selected as a model substrate to optimize the
reaction parameters and conditions directly under oxygen
atmosphere by using an O2 balloon. To study the effectiveness
of TBHP, experiments were carried out on the epoxidation of
styrene under 60 oC for 5 h and these results are presented in
Table 1. In the set of experiments, the TBHP and the aldehyde
could react with oxygen for 30 min at 35 oC before the addition
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of the alkene. After 5 h of reaction time, the conversion of
styrene was 100%. However, the reaction time of the process
was more than 24 h without the initiator. Only 2% of styrene
was oxidized without the addition of TBHP (Table 1, entry 1).
Furthermore, when the reaction was performed for 24 h, only
85% of conversion was achieved with 50% of selectivity for the
epoxyethylbenzene (Table 1, entry 2). Comparing these two
results, we can infer that TBHP accelerates the autoxidation
rate, possibly by contributing to the formation of the
corresponding acyl radical. It is clear that when the molar ratio
of TBHP to styrene is 0.3, the selectivity towards styrene oxide
reaches 63% at full conversion of styrene, which was higher
than that with the ratio of 0.16 (56% selectivity and 47%
conversion) (Table 1, entries 3 and 4). Upon increasing the
amount of TBHP (> 0.3 mmol), the selectivity almost remains
constant (Table 1, entries 5 and 6).

In order to study the effect of the temperature on the
epoxidation process, the reaction was evaluated in a temper-
ature range from 40 to 70 oC. The results are shown in Table 2.
The conversion of styrene decreased up to 55% at lower
temperatures than 50 oC whereas the selectivity of the epoxide
showed no change. As a result, 60 oC was selected for further
studies.

It was found that the aldehyde acted as a sacrificial co-
reductant.[16] Two different aldehydes were chosen based on
the precedent described in the literatures;[7a,17] the effects of

trimethylacetaldehyde and isobutyraldehyde were studied in
the epoxidation of styrene. The isobutyraldehyde was more
suitable because of the better epoxidation effect (Table 3,
entries 2 and 3). The effectiveness of isobutyraldehyde was
studied in epoxidation of styrene under 60 oC using an oxygen
balloon for 5 h. The results are presented in Table 3. It was
pointed out that there was no reaction in the absence of
isobutyraldehyde, which indicated that the aldehyde was an
essential additive for the epoxidation. The conversion increased
with a higher molar ratio of isobutyraldehyde and reached
100% when the molar ratio was 4 (Table 3, entry 5). An
improvement in selectivity to epoxidized styrene was also
obtained by increasing the molar ratio from 2 to 6 (Table 3,
entries 2 and 4–6). However, the selectivity decreased slightly
with 6 equiv. of isobutyraldehyde (Table 3, entries 7–9). This
reduction is observed due to the self-polymerization of the
isobutyraldehyde during the epoxidation process and therefore
lead to a decrease of its peroxidation abilities. The dimer of
isobutyric acid was detected by GC-MS measurements. There-
fore, the optimal molar ratio of isobutyraldehyde towards
styrene in the epoxidation process was 4.

The solvent could offer an ideal autoxidation environment
for the aldehyde in this epoxidation process. However, epoxide
may easily undergo isomerisation in polar solvents.[18] To study
the solvent effect, the epoxidation of styrene was carried out in
aprotic solvents, such as acetonitrile, 1,4-dioxane and 1,2-
dichloroethane. The results are presented in Table 4. Among
the solvents studied, acetonitrile was found to be the most
suitable solvent, followed by 1,2-dichloroethane and 1,4-
dioxane.

The polarity of acetonitrile is higher than 1,2-dichloroethane
and 1,4-dioxane. Probably, the polarity and aprotic nature of
acetonitrile plays a key role in improving the conversion and
selectivity of epoxidation of styrene. The effect of the
concentration of styrene on the epoxidation of styrene was
also studied and the results are also presented in Table 4.
Results shown, under relatively mild conditions, the most
significant solvent effect is that the product distribution is

Table 1. Variation of the amount of TBHP.[a]

Entry Equiv. of TBHP Conv.[b] (%)
Sel.[b] (%)
2 a 3 a 4 a

1 0 2 9 68 23
2[c] 0 85 50 33 17
3 0.16 47 56 21 23
4 0.30 100 63 15 23
5 0.50 100 63 16 21
6 1.00 100 58 24 18

[a] Reaction conditions: Styrene 1 mmol, IBA 4 mmol, Acetonitrile 3 mL,
Temperature 60 oC, Reaction time 5 h, O2 balloon. [b] Determined by GC-
MS. [c] Reaction time 24 h.

Table 2. Variation of temperature.[a]

Entry Temp. [oC] Conv.[b] [%]
Sel.[b] (%)
2 a 3 a 4 a

1 40 55 60 16 24
2 50 55 53 31 16
3 60 100 63 16 21
4 70 100 63 13 24

[a] Reaction conditions: Styrene 1 mmol, TBHP 0.3 mmol, IBA 4 mmol,
Acetonitrile 3 mL, Reaction time 5 h, O2 balloon. [b] Determined by GC-MS.

Table 3. Variation of the number of equivalents of isobutyraldehyde.[a]

Entry Equiv. of IBA Conv.[b] (%)
Sel.[b] (%)
2 a 3 a 4 a

1 0 - - - -
2 2 74 51 31 18
3[c] 2 52 44 37 19
4 3 80 56 26 18
5 4 100 63 16 21
6 5 100 62 15 23
7 6 100 68 8 24
8 7 100 61 23 16
9 8 100 60 23 16

[a] Reaction conditions: Styrene 1 mmol, TBHP 0.3 mmol, Acetonitrile 3 mL,
Temperature 60 oC, Reaction time 5 h, O2 balloon. [b] Determined by GC-
MS. [c] Trimethylacetaldehyde instead of IBA.
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dependent on the concentration of reactant. The selectivity
towards styrene oxide is increased with the dilution of the
reaction, from 1 M to 0.3 M. A further increase of the dilution to
0.2 M doesn’t significantly influence the catalytic reaction.

To explore the role of the oxygen concentration, the
epoxidation of styrene was carried out in an open vessel, and it
still showed good results (Table 5, entry 2). The conversion of
styrene was lower in comparison to when the O2 balloon was
used, which is due to the low concentration of molecular
oxygen in the air. However, the selectivity towards the epoxide

remained completely the same (63%). The oxidation reaction in
the air makes the developed method much more convenient
and economical. Encouraged by the obtained results, the scope
of this catalytic system was further investigated in the
epoxidation of other alkenes such as trans-b-methylstyrene, a-
methylstyrene, cyclohexene, cyclooctene, 1-octene and 1-
decene under the optimized epoxidation conditions. As seen in
Table 5, endocyclic alkenes such as cyclooctene and cyclo-
hexene participated well in this epoxidation reaction. Full
conversion of cyclooctene was achieved in 10 h without any
byproduct (Table 5, entry 6). Cyclohexene shows 89% conver-
sion to form cyclohexene oxide as the major product with 92%
selectivity. In addition, 2-cyclohexen-1-ol was generated, owing
to allylic C�H oxidation.

Furthermore, terminal linear alkenes are generally consid-
ered as inert olefins towards epoxidation.[19] Interestingly, they
were also oxidized in good yields and with excellent selectiv-
ities (Table 5, entries 7 and 8). In case of terminal olefin a-
methylstyrene (1 b) the selectivity was not encouraging. Both
steric and electronic factors affect the conversion and the time
of the epoxidation. For instance, the electron-rich substrates
such as a-methylstyrene (1 b), trans-b-methylstyrene (1 c) and
styrene (1 a) are more reactive than cyclohexene (1 d) and
cyclooctene (1 e) for the epoxidation by the system. Moreover,
1-octene (1 f) and 1-decene (1 g) as linear terminal, mono-
substituted alkenes with low p-electron density displays lower
activity in this alkene series.

As reported previously, the mechanism of oxidation by
molecular oxygen in the presence of aldehyde was usually
considered as a free radical reaction.[20] In order to assess
whether the mechanism of this oxidation by molecular oxygen
in the presence of TBHP takes place via a free radical pathway,
some control experiments were performed. A free radical
inhibitor 2,6-di-tert-butyl-4-methylphenol, was added to the
TBHP/IBA/oxygen oxidation systems. After 5 h no reaction was
detected according to the GC-MS analysis. These observations
demonstrated the epoxidation in the presence of aldehyde
takes place via a concerted radical mechanism. With styrene for
example, a plausible mechanism is proposed (Scheme 2) based

Table 4. Variation of solvents.[a]

Solvent Styrene Conc. [M] Conv.[b] [%]
Sel.[b] [%]
2 a 3 a 4 a

Acetonitrile 1 94 48 36 16
Acetonitrile 0.3 100 63 16 21
Acetonitrile 0.2 100 61 18 21
1,4-dioxane 0.3 70 54 31 14
1,2-dichloroethane 0.3 92 59 18 22

[a] Reaction conditions: Styrene 1 mmol, TBHP 0.3 mmol, IBA 4 mmol,
Reaction time 5 h, Temperature 60 oC, O2 balloon. [b] Determined by GC-
MS.

Table 5. Scope of the epoxidation reaction.[a]

Entry Sub. t
[h]

Conv.[b]

[%]
Epoxide
Sel.[b] [%]

Epoxide
Yield[b] [%]

1 5 100 63 63

2[c] 5 51 63 32

3 5 88 37 33

4 7 92 80 74

5 8 89 92 82

6 10 100 100 100

7 8 73 100 73

8 8 64 100 64

[a] Reaction conditions: Substrate 1 mmol, TBHP 0.3 mmol, IBA 4 mmol,
Acetonitrile 3 mL, Temperature 60 oC, O2 balloon. [b] Determined by GC-MS.
[c] In an open vessel without balloon. Scheme 2. The mechanism of styrene epoxidation with TBHP/IBA/O2.
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on the precedent described in the literature[21] and the above
discussions. The t-butoxyl (t-BuO) and OH radicals formed from
the homolytic cleavage of TBHP, which acts as radical initiator,
preferentially abstract hydrogens to give the acyl radical
(Scheme 2, eqs 1 and 2).[22] As shown in eq 3, the corresponding
acyl radical could react to molecular oxygen, affording the
acylperoxyl radical which is responsible for the transfer of
oxygen from its molecular form in the gas phase to the
products of olefin oxidation. The acylperoxyl radical might
directly react to the olefin double bond, which subsequently
decomposes to produce the epoxide and carbon dioxide and
the alkyl radical. The acylperoxyl radical reacts with styrene
followed by epoxide formation (Scheme 2, eq 5). The acylper-
oxyl radical can either abstract a hydrogen atom from aldehyde
to produce peracid and eventually epoxide (Scheme 2, eqs 4
and 6).

It can be concluded that the TBHP/isobutylaldehyde/oxy-
gen system is very efficient for epoxidation of alkenes and the
operation conditions are mild. The optimum reaction condi-
tions were found to be 0.3 equivalent of TBHP, 4 equivalent of
IBA and a reaction temperature of 60 oC, with acetonitrile as
the solvent. TBHP could accelerate the production of carbonyl
radical and its peroxidation.

This epoxidation process has three advantages compared
with other reported epoxidation processes. The first one is that
the reaction can be carried out at lower temperature, within a
short reaction time and with high selectivity. The second is that
molecular oxygen can be used as efficient oxidant. And the
third advantage is that this oxidative system could work very
well in the absence of metal catalyst, which could reduce
economy cost and metallic pollution.

Supporting Information Summary

The Supporting Information for this article contains the
Experimental Section explaining all the experimental details
along with the isolation and spectral data of syrene oxide and
cyclooctene oxide.
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