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Sustainability Spotlight Statement

This work analyzes advances in the selective epoxidation of bio-olefins, highlighting the
transition from classical stoichiometric oxidants to catalytic systems that employ greener
oxidants and an improved green process. It discusses mechanistic insights into active oxygen
species formation, and strategies that enhance activity, selectivity, and process efficiency. All
reagents used in the process, including catalysts, are fully recyclable, very inexpensive, much
less hazardous, and driven under ambient conditions while no byproducts or waste are
produced. This process is essential to reduce fossil olefins dependency and environmental
impact in the polymer industry and supporting circular and green chemical manufacturing.
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Abstract

This study examines the catalytic synergy between a nitrile and a ketone for the formation of
dioxirane from hydrogen peroxide (H,O,) for the purpose of epoxidizing a wide variety of
terpenes and other olefins. The influence of factors such as the amount of nitrile, ketone,
reaction time and the pH of the reaction medium on the conversion rate and epoxide yield were
systematically evaluated to determine optimal conditions. Experimental findings reveal that
under ambient conditions and at pH values above 11, nearly complete conversion and epoxide
yields (~100%) are achieved across diverse terpene and other olefin substrates. The reaction
process is simple and efficient, proceeding without any pre-synthesized solid catalyst, whereas
readily available acetonitrile and acetone act as co-catalysts and can be recycled indefinitely,
facilitating large-scale implementation. The combination of complete substrate conversion and
quantitative epoxide yield, together with the use of low-cost raw materials that generate no
waste, ambient reaction conditions and the perpetual recyclability of the reagents, renders this
process more pertinent than other epoxidation techniques and easier to implement on an

industrial scale in response to the current industrial demand for epoxides.
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The epoxidation of olefins is an important primary step in the production of a wide variety of
high-value products in fine chemicals, polymers and pharmaceuticals [ 1-5]. Literature discusses
a variety of epoxidation pathways, some of which being currently under development. The
latter include homogeneous and heterogeneous catalytic ones using molecular oxygen,
hydrogen peroxide or other oxidizing agents [5-10]. From environmental considerations,
molecular oxygen and hydrogen peroxide are considered the most desired oxidants as they
generate no waste or only water. However, most of the catalytic pathways developed to date
fail to meet all the essential criteria for an ideal epoxidation process, including high turnover
numbers, excellent product selectivity, compatibility with environmentally benign solvents and
catalyst stability with effective recovery and reusability [11-13]. For example, cyclic
compounds bearing trisubstituted double bonds, such as limonene, a.-pinene, terpinene and their
epoxides are chemically unstable in typical aerobic epoxidation media, promoting the formation
of undesirable secondary oxidation products [6]. Additionally, some studies have observed a
trade-off between selectivity and conversion, with higher conversion generally corresponding

to lower selectivity [14, 15].

In response to these challenges, our recent research was focused on developing an efficient and
sustainable method for terpene epoxidation. Our findings demonstrated that the dioxirane

pathway represents one of the most promising and industrially viable route for achieving highly

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

selective terpene epoxidation [16-18]. A dioxirane is an oxidant usually formed from a ketone

and oxone as the primary oxidant in an aqueous medium. This reaction medium was proven to
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generate the least secondary reactions with substrates and their corresponding epoxides,
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resulting in high selectivity toward the desired epoxide products. Beyond its outstanding
selectivity, this pathway embodies the principles of green chemistry and offers significant
potential for large scale implementation. This process high selectivity to the target epoxide
eliminates the need for post-epoxidation separation, while employing low-cost and recyclable
reagents [16]. In our previous investigations, we further demonstrated that the reaction can be
carried out entirely in an aqueous medium without the use of organic solvents. This represents
a major advancement in process sustainability and scalability. The only remaining drawback is

the formation of 3KHSO,.K,SO, sulfate waste from oxone by the reaction [16].

To overcome this drawback and further enhance the environmental performance of the process,
a more attractive option for generating dioxirane would be the in situ formation of this type of

oxidant from hydrogen peroxide (H,O;) in the presence of a ketone. Oxone itself is synthesized
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using H,O as oxidant (Scheme 1), potassium hydroxide and sulfuric acid [19, 20], Thereforessc e

the direct generation of a dioxirane from H,O, represents a clean and promising alternative to
the conventional oxone route. Since no persulfate would be generated in the reaction, the new
route would produce no waste, and the liquid reagents involved in the reaction could be

recyclable, further enhancing the process sustainability.

Building on this concept, Shi et al. developed a system for the in situ formation of a dioxirane
from H,O, for the asymmetric epoxidation of a series of olefins [21, 22]. In their approach,
both a ketone and a nitrile are required. A peroxyamine intermediate, which is formed through
the reaction between the nitrile and H,O,, acts as an active oxidant, playing a role analogue to
that of the peroxymonosulfate anion (HSOs") in the conventional synthesis pathway. This
intermediate subsequently reacts with the ketone to produce the oxidizing dioxirane species,
which finally epoxidizes the olefin. Scheme 1 provides a comparative description of these two
pathways for the generation of dioxirane (exemplified here as dimethyldioxirane) to produce

the epoxide.

Oxone
(commercially available) Waste
KOH + H,80, 222, K'HSOs > K'HSOs + || HSO; + N
2554 T acid ° N A %{ 0
R
NH S R(Q/
H,0 e ] — &
oHroN — s Mo 2 g # J— S = X 8
pH =11, & OH Recyclable

Peroxyimidic Acid
(in situ synthesis)
Scheme 1. Comparison between the generation of a dioxirane either from oxone or directly

from H,O,

This study aims at investigating in greater detail the synergistic effect between a nitrile and a
ketone in the epoxidation of a series of olefins, mainly terpenes, using hydrogen peroxide as an
oxidant, with the ultimate goal of developing an efficient process for synthesis of renewable
and sustainable epoxides. Particular attention is given to the aspects of green chemistry,
emphasizing the use of low-cost materials and operational simplicity, seeking even compliance

with the twelve principles of green chemistry.

00222F
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Materials

All substrates subjected to epoxidation (R-(+)-limonene, (-)-a-pinene, (-)-B-pinene, 3-carene,
a-terpinene, y-terpinene, B-myrcene, carvone, carveol and styrene) were purchased from Sigma
Aldrich with a purity of nearly 100%. The other products were purchased from Alpha Ceaser.
The oxidant used for the reaction is 30 % hydrogen peroxide in aqueous volume. Potassium
carbonate (K,CO3) was used to adjust the pH in order to conduct the reaction in a basic medium.
Diethyl ether is used for liquid-liquid extraction due to its high affinity for epoxides and its low

boiling point (34°C). All products were used as received without any preliminary purification.

Methods

For a typical test, the epoxidation reaction was carried out under ambient conditions in a 250
mL round-bottom flask. The reaction mixture consisted of 15 mL of acetonitrile, 10 mL of
acetone and 12 mL of an aqueous potassium carbonate (K,COs) solution (1M), which were
mixed thoroughly. Subsequently, 1 mL (6.2 mmol) of the substrate to be epoxidized (a-pinene)
was added to the reaction mixture, followed by the addition of 1.8 mL (i.e., 18 mmol) of 30 %

hydrogen peroxide. The mixture was stirred using a magnetic stirrer at 500 rpm for 2 hours.

At the end of the test, the reaction mixture was transferred to a separating funnel for liquid-

liquid extraction. Approximately 50 mL of diethyl ether was added to the separating funnel

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

containing the reaction mixture, resulting in the formation of two distinct phases. The lower

phase, which is the aqueous phase, was discarded, and the upper phase is the diethyl ether phase

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 2:56:12 PM.

containing the epoxidized olefin. The organic phase was then recovered and dried using
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magnesium sulfate (MgSO,) and transferred to a rotary evaporator to isolate the oxidized olefin.
The final product is recovered for analysis to quantify the conversion of a-pinene and the

corresponding epoxide yield.

Characterization

The reaction products were first identified by gas chromatography—mass spectrometry
(GC—MS) to confirm the presence of terpene epoxides. The GC—MS comprised a Hewlett-
Packard GC System HP 5890 series coupled to a Hewlett-Packard MSD Model 5970. The
instrument was equipped with a Zebron ZB- SMS capillary column (30 m x 0.25 mm x 0.25

mm).
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For quantitative analysis, measurements were then conducted using a CPs3800:sagc om0

chromatograph (Varian Inc.) equipped with a flame ionization detector (FID) and coupled to a
5 m long Stabilwax column (30 m x 0.53 mm X% 1 pm). The final products were quantified based
on the calibration curves of the compounds identified by their retention time. Methyl benzoate
was used as an internal standard. The conversion of terpenes, yield and selectivity of terpene
epoxides were calculated on the basis of chromatographic results using Eqs 1, 2 and 3
respectively. The oxygen yield is calculated as the ratio of the number of oxygen atoms in the

epoxidized olefin (N) to the number of moles of H,O, used (Eq. 4).

. n; iny—N i
COTL‘UGT‘SlOTlterpene (%) — lilolefin) T (olefin) 100 (])
Ni(olefin)

. n i i
Yleldterpene epoxide (%) = —leTnepoxlde) 4 100 (2)

Ni(olefin)

.. n i
Selectivityepoxige (%) = cpoxide * 100 (3)

Nj(olefin) —MNf(olefin)
. 0 Noxygen in epoxide
Yieldoxygen (%) = —22Impoxtie 10 “)
NH202

The 'H-NMR spectra were recorded on a Varian Inova at 400 MHz spectrometer using 32 scans
and a relaxation time of 2 s. Approximately, 10 mg of each sample was dissolved in

approximately 1 g of deuterated chloroform (CDCls).

Results and discussion

Traditionally, in order to form a dioxirane, the source used as an oxidant is the stable
commercial form of potassium persulfate, oxone (2KHSO5.K,SO,.KHSO,) [20, 23]. The latter
provides the active oxygen of the peroxymonosulfate anion (HSOs) capable of reacting directly
with a ketone to generate dioxirane. This method yields an effective and clean oxidizing
intermediate. Several epoxidation studies have been carried out using this method of dioxirane

in situ generation [16].

It would, however, be particularly interesting if this dioxirane could be generated directly from
H,0, while maintaining the same reaction efficiency in terms of operational simplicity,

conversion and epoxide yield.

00222F
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According to preliminary tests, H,O, alone was shown not to react directly with acetone: ;-0

u

produce dimethyldioxirane. Based on the results summarized in Table 1, it was found necessary
to use a nitrile that acts synergistically with the ketone to epoxidize the double bond. To
demonstrate and confirm this catalytic synergy between a nitrile and a ketone in performing
epoxidation through dioxirane generation in the presence of H,O,, a series of experiments was

performed, and results are summarized in Table 1.

Table 1. Synergistic effect of a nitrile and a ketone in epoxidation of ¢-pinene with H,O,2.

/ / io
Entry Catalyst #1 Catalyst #2 Conv Yield | Selectivity
(%) | (%) (%)
1 CH3CN CH;COCH; 100 96 96
2 CH3CH2CN CH;COCH; 100 95 96
3 CH3CN - 2 - -
4 CH3CN CH;0H 12 8 66
5 CH3CN Ethyl acetate 5 - -
6 - CH;COCH; 3 - -
7 Triethylamine -
( CH;COCH; 4 -

SN
0 |

N Pyridine | CHCOCH: 3 )
9 - - 0 - -

aCatalyst #1 (15 ml), catalyst #2 (10 ml), a-pinene (1 ml, 6.2 mmol), reaction time (2h), H,O,
(30 %; 1.8 ml, 18 mmol), K,COj; (12 ml of 1M solution), room temperature. Calculated using
bEquation (1) ¢ Equation (2) 4 Equation (3).

According to the results summarized in Table 1, high epoxide conversions and yields are
achieved only when both a nitrile and a ketone are used simultaneously (Entries 1 and 2). The
selectivity for alpha-pinene epoxide is always very high, due to the absence or suppression of acid-
catalyzed epoxide decomposition which poses a challenge in the case of heterogeneous epoxidation

using O, or H,O,. When only a nitrile is used, the conversion of a-pinene drops drastically to
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2% (Entry 3). To determine whether acetone plays a catalytic or solubilizing role in the reactiofi
another solvent with properties similar to acetone (methanol) was tested (Entry 4). In this case,
the conversion of a-pinene was only 12 %. Similarly, when ethyl acetate was used, the

conversion decreased to 5 % (CH;CN/Ethyl acetate, Entry 5).

Furthermore, when the reaction was carried out in the absence of nitrile but in the presence of
acetone, the conversion was limited to 3 % (Entry 6). To verify whether the presence of nitrile
itself or simply a nitrogen- containing compound was required, additional tests were conducted
using triethylamine and pyridine instead of acetonitrile (Entries 7 and 8). In both cases, the
conversion of a-pinene remained very low, confirming that the nitrile functionality plays a
specific and essential role in the reaction mechanism. These observations strongly support the
existence of a catalytic synergy between the nitrile and the ketone during the epoxidation

process, which can be rationalized by the successive reactions illustrated in Scheme 2.

NH % ol
RO )L Peroxyimidic
3 g R Q Acid (1)
OH
NH . o 0-0 @)
— CH,CN +H,0
)‘LCID )J\ X Ml .
OH

7§j+38_’)0k+7§j0 3)

Scheme 2. Proposed successive reactions during epoxidation with H,O, in the presence of the
nitrile/ketone pair.

A test conducted in absence of g-pinene allowed identify acetonitrile as the product of reaction
(2) instead of imidic acid. Reactions (1-3) are accompanied by decomposition reactions
possibly of the three oxidizing agents (4-6) as indicated by gaseous oxygen evolution from the

reaction medium.

2**2(}2 — 2}12(1 25 [)2 {4]

0-0 B
X — 120, (5)

)LO —_— H,O + 1/20, + CH;CN (6)

OH
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To demonstrate that the reaction involves the formation of a dioxirane that reacts with the olefia: 0
to form the epoxide and to support the proposed mechanism (Scheme 2), we conducted new
tests using a chiral ketone that we had previously studied [17] to determine whether a chiral
yield could be achieved. To do this, we used a chiral molecule, R-limonene (Scheme 3), while
replacing acetone (which is not a chiral ketone) with the chiral ketone described in Table 2. The

results are summarized in Table 2

CisS CisR TransS TransR

O 3JJ I
- Ketone/CH CN Ej :

i o 10 0 i.0
A ~ /ky A~

R- limonene

Scheme 3. Epoxidation of R-limonene by a dioxirane to produce its chiral epoxides

Indeed, according to the results in Table 2, when the chiral ketone is used instead of acetone
(which is non-chiral), the yield of trans-limonene dioxide reached up to 92%. Only 5% of cis-
limonene dioxide was formed. Whereas if acetone is used, a mixture of cis and trans is obtained
with a trans yield of only 39%. In the absence of any ketone, the conversion is only 3%. This is
sufficient evidence that the ketone group is indeed involved in the reaction through the

formation of a dioxirane, which in turn acts to epoxidize the double bond.

Table 2. Effect of the chiral ketone on the chiral yield of R-limonene dioxide.

Ketone Catalyst Conv (%) Yield of Trans Yield of cis
Name structure (%) (%)
Catalyst - 3 - -
Free
CI? 100 39 60
Acetone C
HsC™ “CHa
CHa 100 92 5
0 0
Chiral i Q’ *CHs
Ketone : ﬂ\

aAcetonitrile (15 ml), acetone (10 ml) or chiral ketone (2 g) , R-limonene (0.5 ml, 3.1 mmol),
reaction time (2h), H,O, (30 %; 3.6 ml, 36 mmol), K,COj; (12 ml of 1M solution), room
temperature
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Optimization of acetonitrile and ketone concentrations DOI: 10.1039/DESUO0222F

Since it was confirmed that acetonitrile and acetone act synergistically in the formation of
epoxides using H,O; as the oxidant, a study was performed in which the amounts of acetonitrile
and acetone were independently varied to assess their influence on the epoxidation reaction.
The results for a-pinene conversion and epoxide yield are presented in Figure 1. Optimal
conversion (98%) and epoxide partial conversion (96%) were obtained when the volume of
acetonitrile ranged between 15 and 20 mL. In contrast, both conversion and yield decreased
gradually when the acetonitrile volume exceeded 25 mL (Figure 1). This behavior suggests that
an excess of acetonitrile in the reaction medium promotes the catalytic decomposition of H,O,
into oxygen rather than its utilization for dioxirane formation. Consequently, the reduced
availability of the active oxidizing species accounts for the observed decline in conversion and

epoxide yield (Figure 1).

100 |
| ] L
o -
4 - b -
80 B '
o 607 —®&— g—pinene conversion
4 B N .
= 4 ®— g—pinene oxide yield
404 |
{
20/
0 T T T T T T T
0 5 10 15 20 25 30 35

Acetonitrile (mL)

Figure 1. Variation in a-pinene conversion and its epoxide yield as a function of the amount
of acetonitrile?

aAcetone (10 ml, 172 mmol), a-pinene (1 ml, 6.2 mmol), reaction time (2h), H,O, (1.8 ml, 18
mmol), K,CO; (12 ml of 1M solution), room temperature.

To evaluate the effect of acetone, the amount of acetonitrile was kept constant at 15 mL to
observe the variation in a-pinene conversion of and epoxide yield was examined as a function
of the amount of acetone. The results are shown in Figure 2. Borh conversion and yield
increased progressively with increasing the amount of acetone, reaching nearly 100 % at an
acetone volume of 10 mL. Beyond this value, no decrease in conversion or yield was observed,

in contrast to behavior noted of acetonitrile, where a decrease was observed starting at 25 mL.
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100 View Article Online
- — : DOI: 10.1039/D6SU00222F

80

60+ § = g-pinene conversion
—e— g-pinene oxide yield

(%)

20 ;/

0 : T & L & L = & % 0 & 1 & T % T & 1 & T ¥
0 2 4 6 8 10 12 14 16 18 20
Acetone (mL)

Figure 2. Variation in a-pinene conversion and its epoxide yield as a function of the amount
of acetone®

aAcetonitrile (15 ml, 314 mmol), a-pinene (1 ml, 6.2 mmol), reaction time (2h), H,O, (1.8 ml,
18 mmol), K,CO; (12 ml of 1M solution), room temperature.

To minimize the overall reaction volume of the reagents involved in the epoxidation reaction,
a series of experiments was conducted in which the volumes of acetonitrile, acetone and water
were systematically varied. The corresponding results are summarized in Table 3. When the
total reaction volume that previously yielded nearly complete a-pinene conversion and epoxide

formation (entry 1) was reduced by half (entry 2), both conversion and yield decreased by

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

approximately 10 %. Further reduction of the reaction volume to one-third led to a reduction of

approximately 25 % in both conversion and yield, resulting in values of 72 % and 69 %

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 2:56:12 PM.

respectively (entry 3, Table 3). Therefore, the reagent quantities used in entry 1 are considered

(cc)

at optimal values for achieving maximum conversion and epoxide yield.

Table 3. Effect of total reaction volume on a-pinene conversion and epoxide yield?.

Entry | Vacetonitrile Vacetone (ML) K,CO; (mL)® Conv Yield Selectivity
(mL) (%) (%) (%)
1 15 10 12 98 96 98
2 7,5 5 6 87 86 98
3 5 3.3 3 72 69 95

ag-pinene (1 ml, 6.2 mmol), reaction time (2h), H,O, (1.8 ml, 18 mmol), °K,CO; (1M of
aqueous solution), room temperature. °See characterization section.

In terms of mechanism, effectiveness, and scalability, reducing the reaction volume from 15/10

mL (acetonitrile/acetone) to 5/3.3 mL led to a decrease in a-pinene conversion from 98% to

10
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72%, while selectivity remained high (95-98%). it is our experience that the epoxidation;: o

reaction should be considered as in competition with oxidating agents decomposition. A lower
epoxide yield at full H,O, conversion indicates higher rate of this decomposition. It is likely
that reducing the total volume as indicated in Table 3 decreases the relative rate of epoxidation,

for example by decreasing the liquid-liquid interphase area

Optimization of reaction time

After optimizing the amounts of acetonitrile and acetone, the effect of reaction time on a-pinene
conversion and yield was evaluated. The results are presented in Figure 3. Both conversion and
yield gradually increase with reaction time and stabilized after approximately 90 minutes. The
a-pinene epoxide obtained was stable in the reaction medium, no decomposition was observed
even when the reaction was extended to 4 hours. This shows that the reaction medium is
chemically stable with respect to the epoxide formed. As shown in Figure 3, the conversion of

a-pinene to epoxide was very rapid, reaching nearly 80% within the first 30 minutes of reaction.

100

80

60

40i /

20+

—=— g-pinene conversion
®— g-pinene oxide yield

(%)

z T T J T T T T T
0 50 100 150 200 250
t(min)

Figure 3. Effect of reaction time on a-pinene conversion and epoxide yield ?

aAcetonitrile (15 ml), acetone (10 ml), a-pinene (1 ml, 6.2 mmol), reaction time (2h), H,O,
(1.8 ml, 18 mmol), K,CO; (12 ml of 1M solution), room temperature.

H,0; concentration effect

Table 4 shows the effect of hydrogen peroxide concentration on the conversion and yield to
epoxides. According to the results listed, it is observed that for the trisubstituted epoxide (alpha-
pinene), a molar ratio of H,O, to a-pinene of 3 was sufficient to achieve total conversion and

yield, whereas for styrene, a ratio of 4 was required. This higher ratio is due to the greater

11
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nucleophilicity of the trisubstituted double bond in a-pinene compared to styrene [24], Higheis 0
excess concentrations of H,O, (3 for a-pinene and 6 for styrene) had no effect on the epoxides

formed. The epoxides were obtained in a highly pure form, as shown in Figures 4 and 5.

Table 4. Effect of H,O, concentration on olefin conversion and yield?

Olefin Epoxide | H202 /n Conv Yield Selectivity Entry
Olefin ° ° 0
(%) () (%)

0 2 71 70 99 1

3 100 97 97 2

4 100 97 97 3

3 91 88 97 4

=

©/\ ©/‘c? 4 100 | 97 98 5
5 100 97 98 6

aAcetonitrile (15 ml), acetone (10 ml), olefin (1 ml, 6.2 mmol), reaction time (2h), K,CO3 (12
ml of 1M solution), room temperature

&

a-Pinene

1.0
2

a-Pinene epoxide

L_N
{f_

. 2l

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

Figure 4. Proton NMR spectrum of a-pinene and its corresponding epoxide.
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1
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Styrene epoxide

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

Figure 5. Proton NMR spectrum of styrene and its styrene epoxide obtained.

1 (ppm)

Effect of pH on the epoxidation reaction

The influence of pH on the epoxidation reaction was also evaluated based on the conversion to

a-pinene and its epoxide yield. Potassium carbonate (K,CO3) was chosen to adjust the pH of

the reaction medium. For this purpose, a series of 12 mL of aqueous K,COj; solutions with

different concentrations was prepared (column 2, Table 5). Each solution was used in a separate

reaction under identical conditions and the corresponding results are summarized in Table 5.

The overall pH of the reaction mixture (pHynole) Was measured at the end of each experiment.

Table 5. Influence of reaction pH on a-pinene conversion and epoxide yield?

Entry | pH ol K2C03 Conv | Yield | Selectivity | Yieldoxygen
whole (M)b (%)c (OA))C (%)c (%)c
1 11,4 1 96 94 98 32
2 9,8 0,6 90 87 97 30
3 9 0,4 55 50 91 17
4 8 0,1 42 38 90 13
5 7,3 0,05 30 26 86 9
6 6 0 0 0 0 0

aAcetonitrile (15 ml), acetone (10 ml), a-pinene (1 ml, 6.2 mmol), reaction time (2h), H,O, (1.8
ml, 18 mmol), °’K,CO; (12 ml of aqueous solution), room temperature. See characterisation

section
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It can be observed that when the reaction is carried out without adding potassium carbonate, no
epoxide is formed, indicating that a-pinene has not been converted (Entry 6). A sharp increase
in both conversion and epoxide yield was observed as the aqueous concentration of K,COs
increased, nearly 100% conversion and yield are achieved under strongly basic conditions,

corresponding to a pH of 11.4 with a K,CO; concentration of 1M (Entry 1).

The following explanation is based on literature [25-28]. The positive effect of pH on a-pinene
conversion and epoxide selectivity can be explained by the mechanism of peroxyimidic acid
formation in the acetonitrile/H,O, system. Under basic conditions, hydrogen peroxide is
partially converted into the hydroperoxide anion (HOO™), a more nucleophilic species that
reacts readily with acetonitrile to form peroxyimidic acid, the active oxidant in the Payne
epoxidation. As the pH increases, the concentration of this oxidizing intermediate rises, leading
to a higher epoxidation rate and thus greater a-pinene conversion via the dioxirane pathway. In
addition, alkaline conditions suppress acid-catalyzed ring opening and rearrangement of a-
pinene oxide, thereby improving epoxide selectivity. Consequently, both conversion and

selectivity increase markedly as the pH is raised from 6.0 to 11.4.
Comparison of different epoxidation techniques

To demonstrate the efficiency of the present epoxidation method employing dioxirane
generated in situ from H,0,, with acetonitrile and acetone as co-catalysts, a comparative
analysis was conducted against various reported epoxidation techniques, as summarized in
Table 6. The comparison considers several key parameters including the type of catalyst used,
reaction temperature, reaction time, oxidant type and quantity, as well as the resulting

conversion and epoxides selectivity.

Table 6. Comparison of different limonene epoxidation methods

Entry Catalyst T (°C) | t.(h) | _MH202 Conv Sel Ref
Nyimonene (%) (%)?
1 CH;CN-acetone 25 2 3 100 98 This work
2 Al,O4 80 10 5 92,2 80,4 [5]
3 Mo/Hf-Mof 70 24 TBHP 85 91 [29]
4 Mo-TUD-1 70 24 THBP 95 60 [30]
5 Ti-SBA-16 75 24 TBHP 80 79 [31]

14
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aMonoepoxide and diepoxide of limonene

Based on the conditions employed for the epoxidation of limonene and the corresponding
results for conversion and epoxide selectivity, it can be observed that in most cases, achieving
satisfactory performance often requires catalyst development, high temperatures and prolonged
reaction times. In some cases, it is even necessary to use an oxidant such as terbutyl
hydroperoxide (TBHP), which is a relatively expensive (Entries 3, 4 and 5). Under these
conditions, both conversion and yield tend to be lower, and in some cases, catalyst deactivation

results in limited recyclability.

In contrast, the epoxidation technique presented in this work achieved complete substrate
conversion and close to maximum epoxide yield under ambient reaction conditions. The
catalyst is indefinitely recyclable, the reaction time is three to twelve times shorter than the
results reported in the literature and no waste is generated during the reaction. These advantages
clearly demonstrate that this innovative method is more efficient and sustainable than

previously reported ones.

Epoxidation of terpenes and other olefins

After systematically optimizing the reaction parameters for the epoxidation reaction by
evaluating various factors such as the amounts of acetonitrile, acetone, the concentration of
potassium carbonate solution and the reaction time, a broad series of olefins, including terpenes,
was epoxidized under these optimized conditions. The corresponding results are summarized

in Table 7.

15
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Table 7. Epoxidation of terpenes and other olefins under optimized conditions D01 101039/ D6SLIO0A2oE

aAcetonitrile (15 ml), acetone (10 ml), olefin (1 ml, 6.2 mmol), reaction time (2h), "H,O, (1.8

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 2:56:12 PM.

Entry | Olefin Epoxide Duzoz b | Conv | Yield | Selectivity | Yieldoxygen
P | @R | (R | (k)| (%)
: 1 3 100 97 97 33
g o 32
§ 2 3 98 91 93
=
% o)
8 3 3 100 98 98 33
2
2 o Lo
z 4 6 100 | 68/38d 98
: 0
8 N AN
2 0
g 5 6 100 | 83/16¢ 83 28
©
g 0
[ o
= 6 6 100 85 85 29
£ o)
g o o
7 i -~ 3 100 97 97 33
©)
E OH ? OH
8 6 100 96 96 33
O
\ o
9 (@]
| 6 100 | 100 100 33
| O (®)
10A 4 99 97 98 25
10B 3 91 88 97 33

mL, 18 mmol for one double bound or 3.6 mL, 36 mmol for two or three double bounds), K,CO3
(12 ml of 1M solution), room temperature. “See characterization section, Ydiepoxide yield, p-
cymene yield. 'H NMR analysis are available in the supporting information.
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It can be observed that for all epoxidized olefins containing a single double bondy dit oo

9/
H,0,/olefin molar ratio of 3 is more than sufficient to achieve nearly complete conversion and

yield (entries 1, 2, 3, and 10). For olefins possessing two double bonds, doubling this molar
ratio is necessary to reach full conversion and obtain higher yields (entries 4, 5, 6, 8, and 9).
For the epoxidation of limonene, both monoepoxide and diepoxide products are formed, with
yields of 60% and 38%, respectively (entry 4). In the case of B-myrcene, a terpene containing
three double bonds (entry 9), only double epoxidation occurs, due to the conjugation of two of
its double bonds. This observation is consistent with previously reported findings [16, 34].
Some of the previously reported catalysts were able to epoxidize only one double bond of [3-
myrcene [11, 12, 35]. The epoxides produced at the end of the epoxidation reaction of all these
olefins are almost pure, in contrast to those typically formed using most heterogeneous
catalysts. In the case of the epoxidation of corvone (entry 7), only the outer double bond was
epoxidized. This is due to the presence of the ketone group, which forms a conjugated
conjugated double bond with the endocyclic double bond, thereby preventing its epoxidation.
A phenomenon observed in a previous study [36, 37]. For other olefins with two double bonds
(entries 4, 5, 6, 8 and 9), double epoxidation is achieved by the epoxidation of the endocyclic
monoepoxide (Scheme 4), which is the first product formed during the reaction; due to the
strong nucleophilicity of the double bond compared to the external one [24]. However,

diepoxides cannot be formed without sufficient use of the oxidizing agent, which is hydrogen

peroxide.
(o) 0]
HZOZ H202
. —_—
CH;CN/acetone CH;CN/acetone
0]
Limonene 1.2 Lmonene oxide  Limonene dioxide

Scheme 4. Successive epoxidation of limonene to mono- and diepoxide

The exception is for y-terpinene (entry 5), which undergoes partial aromatization of its ring,
resulting in the formation of p-cymene with a yield of 15 % (Scheme 5). This side reaction has
also been observed when performing epoxidation with dioxirane generated from oxone and
following other epoxidation pathways [16, 38]. Some studies have not confirmed this, but still
show a relatively low yield of y-terpinene epoxide compared to other epoxides; this could be

related to the aromatization of the ring (yielding p-cymene) [7]. Olefins other than terpenes

17
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such as styrene can also be efficiently epoxidized (entry 10), but a higher molar, ratjo/ a8 7o

required, primarily due to the terminal and monosubstituted double bond.

O op-o 0]
i A
N
/ @]
0-0 1,2 Epoxide Diepoxide

y-Terpinene
p-Cymene

Scheme 5. Products obtained by epoxidation of y-terpinene (entry 5 of Table 7)

Proposed reaction mechanism

As previously illustrated in Scheme 2, the epoxidation reaction proceeds through the formation
of a reactive oxygen transfer species generated in situ from H,O; in the presence of acetonitrile
and acetone. Initially, acetonitrile activated H,O, to form a peroxymidic acid intermediate,
which subsequently oxidizes acetone to generate dioxirane. This dioxirane species is capable
of transferring oxygen atom to the olefinic substrate to yield the corresponding epoxide. During
this process acetone and acetonitrile are both regenerated, allowing the reaction to proceed
catalytically without generating by-products. This synergistic sequence between the nitrile and
ketone accounts for the high selectivity, complete conversion and environmentally benign

nature of the epoxidation method.

Conclusion

This study reports the efficient epoxidation of terpenes and other olefins using dioxirane
generated directly from H,O, as the oxidant, highlighting the synergistic catalytic role of
acetonitrile and acetone. The results demonstrate that the simultaneous presence of a nitrile and
a ketone under strongly basic conditions (pH > 10) is essential for the reaction to proceed
effectively. Acetone and acetonitrile recovery tests from the two phases obtained (both aqueous
and organic) upon solvent extraction indicated that acetonitrile/acetone indeed act as
homogeneous catalyst and are fully recovered after reaction. After optimizing the reaction
conditions, a broad range of olefins was successfully epoxidized with complete conversion and
high yield under ambient conditions. All the reagents used in the reaction are very low cost,
readily available and can in principle be recycled indefinitely, while the process generates no

waste [7].
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A comparative analysis with other reported epoxidation methods confirms that the propgsed;: o
approach appears to be most relevant and effective in meeting the current industrial demand for
epoxides. The sustainability and green aspect of this methodology are evidenced by the absence
of toxic solvents, the use of recyclable acetone and acetonitrile as a pair of catalysts and the
employment of hydrogen peroxide, an inexpensive, stable and environmentally benign oxidant
widely used in industry. Moreover, the resulting epoxides are obtained in high purity and can
be isolated simply by liquid-liquid extraction using diethyl ether, without the need for further

purification.

Considering these advantages, the developed methodology represents a clean, economical and
scalable process that aligns strongly with green chemical engineering principles and exhibits

strong potential for industrial implementation.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.
Acknowledgments

The authors would like to acknowledge the Natural Sciences and Engineering Council of
Canada (NSERC) and Consortium de Recherche et Innovation en Biotechnologie Industrielle
du Québec (CRIBIQ) for financial support. We would also like to thank our industrial sponsor,

Cycle Carbone inc.

19


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00222f

Page 21 of 24 RSC Sustainability

View Article Online
Reference DOI: 10.1039/D6SU00222F

[1] F. Orabona, S. Napolitano, V.D. Badazhkova, W. Perez-Sena, K. Erdnen, R. Tesser, M. Di Serio, V.
Russo, T. Salmi, CO2 cycloaddition to limonene diepoxide: Kinetic and mass transfer analysis, Chemical
Engineering Journal, (2025) 168292.

[2] A. Mouren, L. Avérous, Sustainable cycloaliphatic polyurethanes: from synthesis to applications,
Chemical Society Reviews, 52 (2023) 277-317.

[3] M. Bahr, A. Bitto, R. Milhaupt, Cyclic limonene dicarbonate as a new monomer for non-isocyanate
oligo-and polyurethanes (NIPU) based upon terpenes, Green Chem., 14 (2012) 1447-1454.

[4] E. Louisy, V. Khodyrieva, S. Olivero, V. Michelet, A. Mija, Use of limonene epoxides and derivatives
as promising monomers for biobased polymers, ChemPlusChem, 87 (2022) e202200190.

[5] A.J. Bonon, J.0. Bahu, B.C. Klein, D. Mandelli, R. Maciel Filho, Green production of limonene
diepoxide for potential biomedical applications, Catal. Today, 388 (2022) 288-300.

[6] L.A. Gallego-Villada, E.A. Alarcén, A.d.L. Villa, Versatile heterogeneous catalytic system for the
selective synthesis of limonene epoxide and diepoxide, Industrial & Engineering Chemistry Research,
62 (2023) 20152-20169.

[7] C.R. Ramaswamy, |. Kopparapu, A. Raykar, A. Kulkarani, V.S. AV, S. Ayyanar, A. Nagarjuna, R.K.
Cheedarala, A continuous protocol for the epoxidation of olefins, monocyclic terpenes, and Alpha Beta
Unsaturated Carbonyl Synthons using eco-friendly Flow Reactor Conditions, Results in Engineering, 16
(2022) 100652.

[8] J. Liu, H. Tang, P. Jian, B. Liu, Oxygen-vacancy defect engineering to boost the aerobic oxidation of
limonene over Co304 nanocubes, Appl. Catal., B, 334 (2023) 122828.

[9] J. Liu, X. Ji, C. Wang, L. Wang, P. Jian, Beneficial Synergistic Intermetallic Effect in ZnCo204 for
Enhancing the Limonene Oxidation Catalysis, Inorganic Chemistry, 62 (2023) 18750-18757.

[10] S. Salaria, B.N. Ruggiero, A. Deberghes, L.C. Seitz, J.M. Notestein, Biphasic Selective Oxidation of
Cyclohexene with Dilute Aqueous Hydrogen Peroxide Using Phase Transfer Catalysts, Industrial &
Engineering Chemistry Research, 63 (2024) 14074-14082.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[11] W.B. Cunningham, J.D. Tibbetts, M. Hutchby, K.A. Maltby, M.G. Davidson, U. Hintermair, P.
Plucinski, S.D. Bull, Sustainable catalytic protocols for the solvent free epoxidation and anti-
dihydroxylation of the alkene bonds of biorenewable terpene feedstocks using H 2 O 2 as oxidant,
Green Chem., 22 (2020) 513-524.

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 2:56:12 PM.

(cc)

[12]).D. Tibbetts, W.B. Cunningham, M. Vezzoli, P. Plucinski, S.D. Bull, Sustainable catalytic epoxidation
of biorenewable terpene feedstocks using H 2 O 2 as an oxidant in flow microreactors, Green Chem.,
23 (2021) 5449-5455.

[13] W. Cunningham, Catalytic Conversion of Terpene Feedstocks into Value-Added Chemicals and
Commodity Chemicals, University of Bath, 2018.

[14] J. Van den Reijen, S. Kanungo, T. Welling, M. Versluijs-Helder, T. Nijhuis, K. De Jong, P. De Jongh,
Preparation and particle size effects of Ag/a-Al203 catalysts for ethylene epoxidation, Journal of
catalysis, 356 (2017) 65-74.

[15] Y. Meng, F. Taddeo, A.F. Aguilera, X. Cai, V. Russo, P. Tolvanen, S. Leveneur, The Lord of the
chemical rings: Catalytic synthesis of important industrial epoxide compounds, Catalysts, 11 (2021)
765.

20


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00222f

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 2:56:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

Page 22 of 24

[16] Y. Mahamat Ahmat, H.M. Kamkui, S. Kaliaguine, Scaled up epoxidation ofD%el'lr Oelgg?wiﬁdeo”“”e

9/D
microemulsion, Catal. Today, 449 (2025) 115202.

[17] Y. Mahamat Ahmat, S. Kaliaguine, Oxone in microemulsion for diastereoselective epoxidation of
R-limonene to trans-limonene dioxide, Chemical Engineering Journal, 483 (2024) 149178.

[18] Y. Mahamat Ahmat, S. Kaliaguine, Epoxidation of limonene and pinenes by dimethyldioxirane in
microemulsions, Catal. Today, 407 (2023) 146-155.

[19] B.R. Travis, B.P. Ciaramitaro, B. Borhan, Preparation of purified KHSO5- H20 and nBu4NHSOS5 from
oxone by simple and efficient methods, Eur. J. Org. Chem., 2002 (2002) 3429-3434.

[20] H. Hussain, I.R. Green, |I. Ahmed, Journey describing applications of oxone in synthetic chemistry,
Chem. Rev., 113 (2013) 3329-3371.

[21] L. Shu, Y. Shi, Asymmetric epoxidation using hydrogen peroxide (H202) as primary oxidant,
etrahedron Lett., 40 (1999) 8721-8724.

[22] M. Frohn, Y. Shi, Chiral ketone-catalyzed asymmetric epoxidation of olefins, Synthesis, 2000 (2000)
1979-2000.

[23] R.W. Murray, Chemistry of dioxiranes. 12. Dioxiranes, Chem. Rev., 89 (1989) 1187-1201.

[24] G. Strukul, Transition metal catalysis in the Baeyer-Villiger oxidation of ketones, Angewandte
Chemie International Edition, 37 (1998) 1198-1209.

[25] Y. Sawaki, Y. Ogata, Mechanism of the reaction of nitriles with alkaline hydrogen peroxide.
Reactivity of peroxycarboximidic acid and application to superoxide ion reaction, Bulletin of the
Chemical Society of Japan, 54 (1981) 793-799.

[26] G. Grigoropoulou, J. Clark, J. Elings, Recent developments on the epoxidation of alkenes using
hydrogen peroxide as an oxidant, Green Chem., 5 (2003) 1-7.

[27] G.B. Payne, P.H. Deming, P.H. Williams, Reactions of hydrogen peroxide. VII. Alkali-catalyzed
epoxidation and oxidation using a nitrile as co-reactant, J. Org. Chem., 26 (1961) 659-663.

[28] G. Laus, Kinetics of acetonitrile-assisted oxidation of tertiary amines by hydrogen peroxide, Journal
of the Chemical Society, Perkin Transactions 2, (2001) 864-868.

[29] D.P. Gomes, A.F. Silva, A.C. Gomes, P. Neves, A.A. Valente, I.S. Gongalves, M. Pillinger, Epoxidation
catalysts prepared by encapsulation of molybdenum hexacarbonyl in UiO-66 (Zr/Hf)-type metal-
organic frameworks, Microporous and Mesoporous Materials, 330 (2022) 111603.

[30] D.M. Gomes, P. Neves, M.M. Antunes, A.J. Fernandes, M. Pillinger, A.A. Valente, Post-Synthesis
Strategies to Prepare Mesostructured and Hierarchical Silicates for Liquid Phase Catalytic Epoxidation,
Catalysts, 12 (2022) 1513.

[31] L. Charbonneau, X. Foster, D. Zhao, S. Kaliaguine, Catalyst-free epoxidation of limonene to
limonene dioxide, ACS Sustainable Chem. Eng., 6 (2018) 5115-5121.

[32] H. Taghiyar, B. Yadollahi, New perspective to catalytic epoxidation of olefins by Keplerate
containing Keggin polyoxometalates, Polyhedron, 156 (2018) 98-104.

[33] C. Bisio, A. Gallo, R. Psaro, C. Tiozzo, M. Guidotti, F. Carniato, Tungstenocene-grafted silica
catalysts for the selective epoxidation of alkenes, Appl. Catal., A, 581 (2019) 133-142.

[34] A. Brandolese, D.H. Lamparelli, M.A. Pericas, A.W. Kleij, Synthesis of Biorenewable Terpene
Monomers Using Enzymatic Epoxidation under Heterogeneous Batch and Continuous Flow Conditions,
ACS Sustainable Chem. Eng., 11 (2023) 4885-4893.

21

SU00222F


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00222f

Page 23 of 24 RSC Sustainability

Srcle Online

[35] A.A.H. Haidar, P. Guillo, D. Agustin, Polyoxometalates Surrounded by Organigog%il%%s/%gUoozzzF
Immobilized on Functionalized Merrifield Resin as Catalysts for Oxidation of B-Myrcene and PB-
Caryophyllene, Applied Sciences, 15 (2025) 7981.

[36] L. Charbormeau, X. Foster, S. Kaliaguine, Ultrasonic and Catalyst-Free Epoxidation of Limonene
and Other Terpenes Using Dimethyl Dioxirane in Semibatch Conditions, ACS Sustainable Chem. Eng., 6
(2018) 12224-12231.

[37] A. Zeroual, M. Rios-Gutiérrez, O. Amiri, M. El Idrissi, L.R. Domingo, A molecular electron density
theory study of the mechanism, chemo-and stereoselectivity of the epoxidation reaction of R-carvone
with peracetic acid, RSC advances, 9 (2019) 28500-28509.

[38] T. Szuppa, A. Stolle, B. Ondruschka, W. Hopfe, Solvent-free dehydrogenation of y-terpinene in a
ball mill: investigation of reaction parameters, Green Chem., 12 (2010) 1288-1294.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 2:56:12 PM.

(cc)

22


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00222f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 June 2026. Downloaded on 6/3/2026 2:56:12 PM.

(cc)

RSC Sustainability Page 24 of 24

View Article Online
DOI: 10.1039/D6SU00222F

Data Availability Statement

We declare that all data presented in the journal article are available upon
request.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00222f

