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tron density theory study of the
mechanism, chemo- and stereoselectivity of the
epoxidation reaction of R-carvone with peracetic
acid†

Abdellah Zeroual, *a Mar Ŕıos-Gutiérrez,b Ouafa Amiri,c Mohammed El Idrissiad

and Luis R. Domingo *b

The epoxidation reaction of R-carvone 8 with peracetic acid 9 has been studied within the molecular

electron density theory at the B3LYP/6-311(d,p) computational level. The chemo- and stereoisomeric

reaction paths involving the two C–C double bonds of R-carvone 8 have been studied. DFT calculations

account for the high chemoselectivity involving the C–C double bond of the isopropenyl group and the

low diastereoselectivity, in complete agreement with the experimental outcomes. The Baeyer–Villiger

reaction involving the carbonyl group of R-carvone 8 has also been analysed. A bonding evolution

theory analysis of the epoxidation reaction shows the complexity of the bonding changes taking place

along this reaction. Formation of the oxirane ring takes place asynchronously at the end of the reaction

by attack of anionic oxygen on the two carbons of the isopropenyl C–C double bond.
1. Introduction

Oxiranes or epoxides are three-membered heterocyclic
compounds having at least one oxygen in their structure, thus
constituting an important motif in organic chemistry due to of
their broad pharmacological and synthetic eld of application.1

The introduction of an oxirane ring into organic compounds
gives the latter an additional conformational restriction,
a strategy widely used in the design of certain products to
improve their pharmaceutical and chemical properties.2–4 These
systems can be easily synthesized by the partial oxidation
reactions of alkenes.5,6 Oxidizing agents, such us oxygen, ozone,
peracids, are used for the oxidation of these chlorine and
nitrogen oxides.7 However, the use of these agents generally
leads to the formation of unwanted and potentially dangerous
side products like acids (see Scheme 1).

Faced with environmental concerns, the interest in the use of
oxidizing agents which are safe for the environment is growing
as the use of peracids leads to the formation of acids.
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Epoxidation of monoterpenes gives valuable fragrances,
monomers, and food additives.8 Carvone is an oxygenated
terpene, being a widely used monoterpene, isolated from more
than 100 plants. It can be used in cosmetics, as fragrance in
perfume and as a avoring to mask the bitter taste of alkaloids.
A variety of biological activities, including antimicrobial,9 anti-
cancer,10 antifungal,11 antigerminative,12 and antimalarial
activities as well as antioxidant activity13 have been ascribed to
this monoterpene. Carvone is also a vastly useful starting
material for numerous organic syntheses.14 In this context,
epoxidation of carvone in heterogeneous and homogeneous
catalysts15–20 provides isomeric mono- and diepoxides.21 Diep-
oxides can be converted into polymeric materials. Peroxides,
hydrogen peroxide, m-chloroperbenzoic acid and peracetic acid
are very convenient reagents to convert alkenes into their
epoxides.22,23

Diverse theoretical models have been developed to explain
the molecular mechanism, reactivity and regio-, chemo- and
stereoselectivities in organic reactions. In this respect, quantum
mechanics calculations havemade it possible to understand the
formation/breakage bonds and the ability to obtain changes in
Scheme 1 Epoxidation reactions of alkenes mediated by peracids.

This journal is © The Royal Society of Chemistry 2019
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Scheme 3 Epoxidation of micheliolide 5 with m-CPBA 6.
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electron density along the reaction paths.24 For this reason, the
conceptual density functional theory (CDFT),25 the electron
localization function (ELF) method,26 and bonding evolution
theory (BET)27 have been widely used to study reaction mecha-
nisms28–30 within a recent model called Molecular Electron
Density Theory (MEDT).31

Many theoretical studies devoted to the epoxidation of
alkenes with peracids have been reported in the literature.32–38

In 2007, Rablen performed a B3LYP/6-31G(d) study of the ster-
eoselective epoxidation of carene 1 with perfomic acid 2 (see
Scheme 2). The transition state structure (TS) for the trans
epoxidation, 9.2 kcal mol�1, was found below that for the cis
one, 10.9 kcal mol�1.37 GIAO calculations were performed at the
products and compared with the experimental spectra, nding
that the proton shieldings calculated for the trans epoxide tted
much better the experimental values obtained for the major
epoxidation product than those calculated for the cis epoxide.37

The reversal stereoselectivity in the epoxidation of michel-
iolide 5 with meta-chloroperbenzoic acid (m-CPBA) 6 was theo-
retically studied by Zhang in 2012 at the B3LYP/6-31G(d)
computational level (see Scheme 3). The inverse stereo-
selectivity was explained in base of the stability of a-epoxide 7
and the lower free energy of the TS for a-epoxidation.38

Herein, an MEDT study of the epoxidation reaction of R-
carvone 8 with peracetic acid 9, experimentally studied by
Murphy,39 is carried out in order to understand the formation of
epoxides 10 and 12 (Scheme 4). The molecular mechanism, as
well as the chemo- and diastereofacial selectivities of these
epoxidation reactions will be analysed. In addition, the Baeyer–
Villiger (BV) reaction of R-carvone 8 with peracetic acid 9 is also
studied.

2. Computational methods

DFT calculations were performed using the B3LYP func-
tional40,41 together with the 6-311G(d,p) basis set.42 This func-
tional has been widely used in previous studied of epoxidations
reactions.32,34,36–38 Optimisations were carried out using the
Berny analytical gradient optimisation method.43,44 The
stationary points were characterised by frequency computations
in order to verify that TSs have one and only one imaginary
frequency. The intrinsic reaction coordinate45 (IRC) paths were
traced in order to check the energy proles connecting each TS
to the two associatedminima of the proposedmechanism using
the second order González–Schlegel integration method.46,47

Solvent effects of dichloromethane (DCM) were taken into
account by full optimization of the gas phase structures using
the polarisable continuum model (PCM) developed by Tomasi's
group48 in the framework of the self-consistent reaction eld
Scheme 2 Epoxidation of carene 1 with perfomic acid 2.

This journal is © The Royal Society of Chemistry 2019
(SCRF).49–51 Values of enthalpies, entropies and Gibbs free
energies in DCM were calculated with standard statistical
thermodynamics at 25 �C and 1 atm.

Conceptual DFT (CDFT) global reactivity indices25,52 and Parr
functions were computed using the equations given in ref. 53.
All computations were carried out with the Gaussian 09 suite of
programs.54

Topological analyses of the ELF26 were performed with the
TopMod55 package using the corresponding mono-
determinantal wave functions. For the BET study,27 the most
favourable reaction path of the monoepoxidation of R-carvone 8
was followed by performing the topological analysis of the ELF
for about 195 and 196 nuclear congurations along the IRC
paths.

3. Results and discussion

The present MEDT study has been divided in three sections: (i)
rst, the CDFT reactivity indices of the reagents are analysed;
(ii) in the second part, the competitive reaction paths associated
with the epoxidation reactions given in Scheme 5, and the BV
reaction of R-carvone 8 with peracetic acid 9 are studied; and
nally, (iii) in the third part, the formation of the two new C–O
single bonds along the most favourable reaction path is char-
acterised through the topological analysis of the ELF.

3.1 Analysis of the CDFT indices of the reagents

Numerous studies devoted to organic reactions have shown that
the examination of the reactivity indices dened within CDFT is
a powerful tool to understand organic chemical reactivity. Thus,
in order to predict the reactivity of R-carvone 8 and peracetic
acid 9 in epoxidation reaction, the global indices gathered in
Table 1, i.e. the electronic chemical potential, m, chemical
hardness, h, electrophilicity, u, and nucleophilicity, N, are
analysed.

The electronic chemical potential m of R-carvone 8,�3.85 eV,
is only slightly higher than that of peracetic acid 9, m ¼
�4.00 eV. Consequently, the reaction of R-carvone 8 with per-
acetic acid 9 is expected to have a low polar character.

The electrophilicity u and the nucleophilicity N indices of R-
carvone 8 are 1.43 and 2.68 eV, respectively. These values allow
classifying R-carvone 8 as a strong electrophile and as
a moderate nucleophile on the electrophilicity and the nucleo-
philicity scales.52 The electrophilicity u and the nucleophilicity
RSC Adv., 2019, 9, 28500–28509 | 28501
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Scheme 4 Reactions of R-carvone 8 with peracetic acid 9 studied by Murphy.
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N indices of peracetic acid 9 are 1.08 and 1.42 eV, respectively.
These values allow classifying peracetic acid 2 as being on the
borderline of a strong electrophile and of a marginal nucleo-
phile. These low electrophilicity u and nucleophilicity N values
indicate that the epoxidation reaction will have a low polar
character, in agreement with low difference between their
electronic chemical potentials m.

In recent years, the electrophilic Pk
+ and nucleophilic Pk

�

Parr functions have been proposed to examine the local
Scheme 5 Competitive reaction paths associated to the epoxidation rea
enthalpies and Gibbs free energies, in parentheses, at 25 �C in DCM, are

28502 | RSC Adv., 2019, 9, 28500–28509
reactivity involving reactions between a nucleophile/
electrophile pair.53 Therefore, the nucleophilic Pk

� Parr func-
tions for R-carvone 8 and the electrophilic Pk

+ Parr functions for
peracetic acid 9 are analysed (see Fig. 1).

Analysis of the nucleophilic Pk
� Parr functions for R-carvone 8

indicates that the two carbons of the isopropenyl C–C double bond
are more nucleophilically activated, Pk

� ¼ 0.10 and 0.29, than
those of the conjugated C–C double bond, Pk

� ¼ 0.09 and �0.01.
Consequently, as expected, the isopropenyl C–Cdouble bond is the
ction of R-carvone 8 with peracetic acid 9. B3LYP/6-311G(d,p) relative
given in kcal mol�1.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Three-dimensional (3D) representations of the Mulliken atomic
spin densities of the radical cation of R-carvone 8 and the radical anion
of peracetic acid 9 together with the nucleophilic Pk

� Parr functions
for 8, and the electrophilic Pk

+ Parr functions for 9.

Table 1 B3LYP/6-31G(d) electronic chemical potential m, chemical
hardness h, electrophilicity u, nucleophilicity N, in eV, of R-carvone 8
and peracetic acid 9

m h u N

R-Carvone 8 �3.85 5.18 1.43 2.68
Peracetic acid 9 �4.00 7.39 1.08 1.42
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more reactive one of the two C–C double bonds of R-carvone 8. The
asymmetric nucleophilic activation of the exocyclic double bond
accounts for the asynchronicity found in the formation of the two
C–O single bonds in these epoxidation reactions. Therefore, it is
expected that the attack of peracetic acid 9 takes place on the
isopropenyl C–C double bond of R-carvone 8, in excellent agree-
ment with experimental outcomes (see Scheme 5). Note that the
most nucleophilic center of R-carvone 8 is the carbonyl oxygen, Pk

�

¼ 0.47, but it does not participate in epoxidation reactions. Anal-
ysis of the electrophilic Pk

+ Parr functions for peracetic acid 9
indicates that the carboxyl carbon is the most electrophilic center
of this molecule, Pk

+¼ 0.63, followed by the carboxyl oxygen, Pk
+¼

0.20. Thus, the electrophilic Pk
+ Parr functions of peracetic acid 9

do not account for the local reactivity of this species acting as
oxidant.
Scheme 6 BV reaction of R-carvone 8 with peracetic acid 9. B3LYP/6-3
25 �C in DCM, are given in kcal mol�1.

This journal is © The Royal Society of Chemistry 2019
3.2 Study of the reaction of R-carvone 8 with peracetic acid 9

The present section has been divided in four parts: (i) epoxi-
dation reaction of R-carvone 8 with peracetic acid 9; (ii) BV
reaction of R-carvone 8 with peracetic acid 9; (iii) epoxidation
reaction of monoepoxide 10 with peracetic acid 9; and (iv)
comparative analysis of the Gibbs free energies involved in the
chemo- and stereoisomeric reaction paths.

3.2.1 Epoxidation reaction of R-carvone 8 with peracetic
acid 9. First, the epoxidation reaction of R-carvone 8 with per-
acetic acid 9was studied. Due to the presence of two C–C double
bonds in R-carvone 8, and the chiral character of this species,
four competitive reaction paths are feasible for this epoxidation
reaction (see Scheme 6). They are related to the chemoselective
attack of peracetic acid 9 on the C2–C3 or C7–C8 double bonds
of R-carvone 8, and the diastereoselective attack through the
two faces of these C–C double bonds. An exploration for the
stationary points along the four reaction paths enabled the
localisation and characterisation of the reagents 8 and 9, four
TSs, TS1, TS2, TS3 and TS4, as well as the corresponding
epoxides 10, 13, 14, 15, and acetic acid 11. Therefore, this
epoxidation reaction takes place via a one-step mechanism.
Relative enthalpies and Gibbs free energies in DCM of the
stationary points involved in the epoxidation reaction of R-car-
vone 8 with peracetic acid 9 are given in Scheme 5, while the
complete thermodynamic data are given in Table S2 in ESI.†

The activation enthalpies associated to the four competitive
reaction paths of the epoxidation reaction of R-carvone 8 with
peracetic acid 9 range from 11.7 (TS1) to 14.8 (TS3), the epoxi-
dation reaction being strongly exothermic from �57.9 (14) to
�62.0 (13) kcal mol�1 (see Scheme 5). Some appealing conclu-
sions can be drawn from these relative enthalpies: (i) formation
of the experimental epoxide 10 via TS1 presents an activation
enthalpy of 11.7 kcal mol�1, a closer value to the activation
energy computed by Rablen for the epoxidation of carene 1 with
perfomic acid 2, 9.2 kcal mol�1 (see Scheme 2);37 (ii) this
epoxidation reaction is non-diastereoselective as TS2 is only
0.1 kcal mol�1 higher in energy than TS1; (iii) this epoxidation
reaction is highly chemoselective as TS4 is 2.7 kcal mol�1 higher
11G(d,p) relative enthalpies and Gibbs free energies, in parentheses, at

RSC Adv., 2019, 9, 28500–28509 | 28503

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05309c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
1:

09
:5

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
in energy than TS1; (v) formation of epoxide 10 is strongly
exothermic by 61.9 kcal mol�1. Consequently, this epoxidation
reaction can be considered irreversible.

The optimised geometries in DCM of the TSs involved in the
epoxidation reaction of R-carvone 8 with peracetic acid 9 are
given in Fig. 2. At the two pairs of chemoisomeric TSs, the
distances between the O11 oxygen and the C7 and C8 carbons
are 2.315 and 2.058 Å at TS1 and 2.302 and 2.064 Å at TS2, while
the distances between the O11 oxygen and the C2 and C3
carbons are 2.208 and 2.024 Å at TS3 and 2.143 and 2.060 Å at
TS4. These distances indicate that the formation of the two C–O
single bonds at the four TSs is somewhat asynchronous. At the
diastereoisomeric TS1 and TS2 the formation of the C8–O11
single bond involving the most nucleophilic carbon of R-car-
vone 8 is more advanced than the formation of the C7–O11
single bond, while at the diastereoisomeric TS3 and TS4 the
formation of the C3–O11 single bond is more advanced than the
formation of the C2–O11 single bond. At the four TSs, the
distances of the O10–O11 oxygens of peracetic acid 9 are in the
short range of 1.82 to 1.86 Å. Considering that the formation of
the C–O single bond begins at the distance of 1.8–1.7 Å, and that
the O–O single bond is shorter than the C–O one. These
geometrical parameters indicate that the O–O single bond has
been broken at the four TSs, while the formation of the two C–O
single bonds has not yet begun. At the four TSs, the distance
between the H12 proton of peracetic acid 9 and carboxyl O13
oxygen, ca. 1.7 Å indicates the presence of a strong hydrogen
bond.

3.2.2 Study of the BV reaction of R-carvone 8 with peracetic
acid 9. In presence of peracids, ketones experience the BV
oxidation reaction to yield lactones. Consequently, the BV
Fig. 2 B3LYP/6-311G(d,p) geometries in DCM of the TSs involved in
the epoxidation reaction of R-carvone 8 with peracetic acid 9.
Distances are given in Angstroms.

28504 | RSC Adv., 2019, 9, 28500–28509
reaction of R-carvone 8with peracetic acid 9 yielding lactones 16
and 17 was also studied (see Scheme 6). Due to the non-
symmetry of the carbonyl group of R-carvone 8, two different
lactones 16 and 17 can be obtained. This oxidation reaction is
a stepwise process that begins with the nucleophilic attack of
peracetic acid 9 on the carbonyl C2 carbon of R-carvone 8
resulting in two tetrahedric intermediates IN1 and IN2, which
experience a structural reorganisation yielding the corre-
sponding lactone 16 and 17 plus acetic acid 11. Consequently,
the two competitive reaction paths were studied. Relative
enthalpies and Gibbs free energies in DCM of the stationary
points involved in the BV reaction of R-carvone 8 with peracetic
acid 9 are given in Scheme 6, while the complete thermody-
namic data are given in Table S2 in ESI.†

The two competitive reaction paths associated to the BV
reaction of R-carvone 8 with peracetic acid 9 begin with the
nucleophilic attack of the O11 oxygen of peracetic acid 9 on the
C1 carbon of R-carvone 8, via TS6 and TS8, yielding a pair of
tetrahedric intermediates, IN1 and IN2. Finally, a structural
rearrangement in these intermediates yields lactones 16 and 17,
respectively, plus acetic acid 11. The activation enthalpies
associated with TS5 and TS7 are very high, 31.8 and
32.3 kcal mol�1; formation of the corresponding tetrahedric
intermediate is endothermic by 6.5 (IN1) and 4.9
(IN2) kcal mol�1. Finally, the formation of lactones 16 and 17
via TS6 and TS8 presents an activation energy of 6.7 and
14.3 kcal mol�1, respectively; the overall BV reaction being
strongly exothermic by 72.9 (16) and 72.0 (17) kcal mol�1. Some
appealing conclusions can be drawn from these relative
enthalpies: (i) the activation enthalpies associated with the
nucleophilic attack of peracetic acid 9 on the C1 carbon of R-
carvone 8 is very high, ca. 32 kcal mol�1; consequently, the BV
reaction of R-carvone 8 is non-competitive with the epoxidation
reactions; (ii) the TS6 and TS9, and INI and IN2 pairs present
very similar relative enthalpies since they are two pairs of dia-
stereomers species with similar structures (see later); (iii) while
the rst step is the rate-determining-step of the BV reaction, the
second step is the regioisomer-determining-step; (iv) this reac-
tion is completely regioselective as TS8 is 5.8 kcal mol�1 higher
in energy than TS6; and nally, (v) the high exothermic char-
acter of the formation of lactone 16 makes the BV reaction
irreversible.

The optimised geometries in DCM of the TSs involved in the
BV reaction of R-carvone 8 with peracetic acid 9 are given in
Fig. 3. At TS5 and TS7 associated to the nucleophilic attack of
the O11 oxygen on the carbonyl C1 carbon, the C1–O11
distances are 2.310 and 2.289 Å, respectively. The O9–H12 and
O11–H12 distances at these TSs, 1.016 and 1.632 Å at TS5 and
1.020 and 1.617 Å at TS5, indicate that at these TSs the H12
proton of the peracetic acid 9 has already been transferred to
the carbonyl O9 oxygen. At TS6 and TS8 associated with the
structural reorganisation of intermediates IN1 and IN2,
respectively, the distance between the O11 oxygen and the C2 or
the C6 carbons is 1.911 and 2.099 Å, while the distance between
the C1 carbon and the C6 or the C2 carbons is 1.595 and 1.812 Å,
respectively. Consequently, the more favourable TS6 is earlier
than TS8.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 B3LYP/6-311G(d,p) geometries in DCM of the TSs involved in
the BV reaction of R-carvone 8 with peracetic acid 9. Distances are
given in Angstroms.
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3.2.3 Epoxidation reaction of a,b-conjugated ketone 10
with peracetic acid 9. In the presence of 2 equivalents of per-
acetic acid 9, R-carvone 8 is converted into diepoxide 12 (see
Scheme 5). Due to the chemoselectivity found in the exposition
of R-carvone 9, only the two diastereoisomeric reaction paths
associated with the epoxidation of the a,b-conjugated ketone 10
were studied (see Scheme 7). Relative enthalpies and Gibbs free
energies in DCM of the stationary points involved in the epox-
idation reaction of a,b-conjugated ketone 10 with peracetic acid
9 are given in Scheme 7, while complete thermodynamic data
are given in Table S2 in ESI.†

The activation enthalpies associated with the two diaster-
eoselective reaction paths of the epoxidation reaction of a,b-
conjugated ketone 10 are 14.9 (TS9) and 15.7 (TS10) kcal mol�1,
Scheme 7 Competitive reaction paths associated with the epoxidation
311G(d,p) relative enthalpies and Gibbs free energies, in parentheses, in

This journal is © The Royal Society of Chemistry 2019
the epoxidation reaction being strongly exothermic by 44.1 (12)
and 43.9 (18) kcal mol�1 (see Scheme 7). Some appealing
conclusions can be drawn from these relative enthalpies: (i) the
activation enthalpy associated with the formation of the diep-
oxide 12 via TS9 is 3.2 kcal mol�1 higher in energy than
formation of the monoepoxide 10 via TS1; consequently, in the
presence of 1 equivalent of peracetic acid 9, only mono-
epoxidation products will be obtained, in clear agreement with
the experimental outcomes (see Scheme 5); (ii) the diaster-
eoselectivity of this reaction is very low as TS10 is only
0.8 kcal mol�1 higher in enthalpy than TS9; (iii) formation of
epoxide 12 is strongly exothermic by 44.1 kcal mol�1. Conse-
quently, this epoxidation reaction can be considered
irreversible.

The optimised geometries in DCM of the two diaster-
eoselective TSs involved in the epoxidation reaction of the a,b-
conjugated ketone 10 with peracetic acid 9 are given in Fig. 4. At
the two TSs, the distances between the O11 oxygen and the C2
and C3 carbons are 2.243 and 1.972 Å at TS9 and 2.158 and
2.037 Å at TS4. At the two TSs, the distance of the O10–O11
oxygens of peracetic acid 9 are ca. 18.5 Å, while the distance
between the H12 proton of peracetic acid 9 and carboxyl O13
oxygen, ca. 1.7 Å, indicates the presence of a strong hydrogen
bond. As expected, the geometries of TS9 and TS10 are very
similar to those of TS2 and TS3 (see Fig. 2).

3.2.4 Comparative analysis of the Gibbs free energy proles
for the competitive reaction paths associated with the reaction
of R-carvone 8 with peracetic acid 9. Finally, a comparative
analysis of the Gibbs free energy proles for the competitive
reaction paths associated with the reaction of R-carvone 8 with
peracetic acid 9 is performed. The Gibbs free energy proles for
(A) the reaction of R-carvone 8 with 1 equivalent of peracetic acid
9, (B) the BV reaction of R-carvone 8 with peracetic acid 9, and (C)
the reaction of the epoxide 10with 1 equivalent of peracetic acid 9
are given in Fig. 5. The values of the relative Gibbs free energies of
all stationary points are given in Schemes 5–7.

The most favourable reaction paths of the reaction of R-
carvone 8 with peracetic acid 9 are those associated with the
reaction of a,b-conjugated ketone 10 with peracetic acid 9. B3LYP/6-
at 25 �C DCM, are given in kcal mol�1.

RSC Adv., 2019, 9, 28500–28509 | 28505
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Fig. 4 B3LYP/6-311G(d,p) geometries in DCM of the TSs involved in
the epoxidation reaction of a,b-conjugated ketone 10 with peracetic
acid 9. Distances are given in Angstroms.
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attack of peracetic acid 9 on the terminal C–C double bond of
the isopropenyl group. The activation Gibbs free energies
associated to TS1 and TS2 are very similar, 20.9 and
21.2 kcal mol�1, respectively; consequently, this epoxidation
reaction has a low diastereoselectivity. The high exergonic
character of this epoxidation reaction, ca. �70 kcal mol�1,
makes it irreversible. TS4 associated with the attack of peracetic
acid 9 on the conjugated C–C double bond of R-carvone 8 is
found 2.9 kcal mol�1 higher in Gibbs free energy than TS2;
consequently, this epoxidation reaction presents a high che-
moselectivity, in agreement with the analysis of the nucleo-
philic Pk

� Parr functions of R-carvone 8. The nucleophilic attack
Fig. 5 Gibbs free energy profiles, DG in kcal mol�1, for the competitive
reaction paths associated with the reaction of R-carvone 8 with per-
acetic acid 9, computed at 25 �C in DCM. (A) Reaction of R-carvone 8
with 1 equivalent of peracetic acid 9 in blue; (B) BV reaction of R-
carvone 8 with peracetic acid 9; and reaction of epoxide 10 with 1
equivalent of peracetic acid 9 in green. The stationary points associ-
ated with the chemo- regio- and stereoisomeric reaction paths are
given in grey.

28506 | RSC Adv., 2019, 9, 28500–28509
of peracetic acid 9 on the carbonyl C1 carbon of R-carvone 8
presents a very high activation Gibbs free energy, ca.
42 kcal mol�1. In spite of the strong exergonic character of the
formation of lactones 16 and 17, ca. �81 kcal mol�1, the cor-
responding BV reaction of R-carvone 8 is non-competitive with
the epoxidation reaction as TS5 is 21.2 kcal mol�1 higher in
Gibbs free energy than TS2.

Finally, the activation Gibbs free energy associated with the
epoxidation of monoepoxide 10 via TS9 is slightly higher than
that associated to TS4, 0.5 kcal mol�1, but it is 3.4 kcal mol�1

higher than TS1. This Gibbs free energy difference accounts for
the formation of monoepoxide 10 in the presence of 1 equiva-
lent of peracetic acid 9, while in the presence of 2 equivalents of
peracetic acid 9, di-epoxide 12 is expected to be the major
product of the epoxidation reaction (see Scheme 4).

Taking into account that the monoepoxidation reaction of R-
carvone 8 with peracetic acid 9 takes place through favourable
kinetic control, the Eyring–Polanyi equation56 was used to esti-
mate the composition of the reaction mixture.

k ¼ kkBT

h
e�

DG‡

RT

From this equation, the relative reaction rate constants krel
can be obtained as:

krel ¼ e�
DDG‡

RT

were DDG‡ is the relative activation Gibbs free energies of two
TSs, R the gas ideal constant, and T the reaction temperature.

Considering the Gibbs free energies associated to TS1, TS2,
TS3 and TS4, given in Scheme 5, and the reaction temperature,
25 �C, the following relationship between the four monoepoxide
isomers can be obtained: 62.2 (10): 37.1 (13): 0.3 (14): 0.5 (15).
This analysis indicates that the stereoisomeric monoepoxides
10 and 13, obtained in a 2 : 1 ratio, are the majority reaction
products, ca. 99%, while formation of the monoepoxides 14 and
15 is experimentally negligible. These results account for the
high chemoselectivity involving the C–C double bond of the
isopropenyl group and the low diastereoselectivity, in complete
agreement with the experimental outcomes.39
3.3 BET analysis of the bonding changes along the most
favourable reaction path associated with the
monoepoxidation of R-carvone 8 with peracetic acid 9

In order to understand the bonding changes taking place along
the epoxidation reaction of R-carvone 8 with peracetic acid 9,
and thus, the formation of the two new C–O single bonds of the
oxirane ring, a BET study27 along the IRC associated with the
most favourable reaction path leading to the formation epoxide
10 was performed. The detailed description of the BET analysis
is given in the ESI,† while the most relevant conclusions arising
from this analysis are summarised below.

Some appealing conclusions can be drawn from this BET
study: (i) the IRC of the epoxidation reaction is divided in
sixteen differentiated phases associated with the rupture and
formation of at least ve single bonds; (ii) the reaction begins
This journal is © The Royal Society of Chemistry 2019
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with the rupture of the O12–O13 single bond of peracetic acid 9
in the early Phase II, at an O12–O13 distance of 1.48 Å, by
sharing 0.64 e of the O–O single bond between the two O12 and
O13 oxygen nuclei in an approximate 20 : 80% relationship,
respectively; (iii) the rupture of the O12–O13 single bond, which
demands a relatively low energy cost of 7 kcal mol�1 and
accounts for the labile character of this O–O single bond,
releases one hydroxyl and one acyloxy pseudoradical framework;
(iv) the high activation energy associated to the epoxidation
reaction of R-carvone 8 with peracetic acid 9, 16.4 kcal mol�1,
can mainly be related to the ruptures of the O12–O14 single
bond of peracetic acid 9, and the depopulation of C7–C8 double
bond of R-carvone 8, as well as to the electronic reorganisation
at both O12 and O13 oxygens; (v) the rupture of the O13–H14
single bond at the hydroxyl framework takes place in Phase XI, at
an O–H distance of 1.08 Å, by sharing its 2.01 e between the O13
oxygen and H14 hydrogen nuclei in an approximate 75 : 25%
relationship, respectively, thus releasing an anionic O13 oxygen
integrating 6.65 e, and a free pseudoradical H14 hydrogen
integrating 0.56 e; (vi) formation of the two new C7–O13 and
C8–O13 single bonds takes place at a C–O distance of 1.52 and
1.55 Å in Phases XII and XVI, respectively, and with an initial
population of 0.82 e and 0.74 e, entirely by donation of non-
bonding electron density of the anionic O13 oxygen to the C7
and C8 carbons (see structures S13 and S16 in Fig. 6); (vii)
formation of both oxiranic O–C single bonds is highly asyn-
chronous. Although formation of both O–C single bonds occurs
at the end of the reaction path, formation of the second C7–O13
single bond takes place when the rst C8–O13 single bond is
completely formed; (viii) formation of the new H14–O6 single
bond present in acetic acid 11 takes place in Phase XIV, aer
Fig. 6 B3LYP/6-311G(d,p) ELF localisation domains of the structures
S12, S13, S15 and S14 involved in the formation of the two oxiranic
C–O single bonds along the most favourable reaction path associated
with the monoepoxidation of R-carvone 8 with peracetic acid 9,
represented at an isosurface value of ELF ¼ 0.75.

This journal is © The Royal Society of Chemistry 2019
formation of the rst C8–O13 single bonds and before forma-
tion of the C7–O13 one, at an H14–O11 distance of 1.14 Å, and
with an initial population of 1.73 e, by sharing the electron
density of the H14 pseudoradical center and some non-bonding
electron density of the O11 oxygen in an approximate 25 : 75%
relationship, respectively; and, nally, (ix) the present BET
analysis clearly shows that the molecular mechanism of this
epoxidation reaction involving at least the rupture and forma-
tion of ve single bonds is non-concerted; any formation of
a new single bond demands the previous rupture of old single
bonds.

4. Conclusions

The epoxidation reaction of R-carvone 8 with peracetic acid 9
has been studied within the MEDT through DFT calculations at
the B3LYP/6-311G(d,p) computational level. The chemo- and
stereoisomeric reaction paths associated with the mono- and
diepoxidation of R-carvone 8, and the regioisomeric reaction
paths associated with the BV reaction have been explored and
characterized.

Analysis of the CDFT indices accounts for the reactivity of R-
carvone 8, but they fail when predicting the reactivity of per-
acetic acid 9 acting as oxidant. R-carvone 8 is classied as
a strong electrophile and a moderate nucleophile. Analysis of
the nucleophilic Pk

� Parr functions indicates that the non-
substituted carbon of the isopropenyl C–C double bond is the
most nucleophilic carbon of R-carvone 8. This feature accounts
for the chemoselectivity and asynchronicity found in the C–O
bond formation at the most favourable TSs associated with the
epoxidation reaction.

The epoxidation reaction takes place through a one-step
mechanism, in which the formation of the two new C–O
single bonds is somewhat asynchronous. Analysis of the Gibbs
free energy proles associated with the epoxidation reaction
indicates that this reaction presents a poor diastereoselectivity
and a high chemoselectivity. The most favourable reaction
paths are those associated with the attack of peracetic acid 9 on
the isopropenyl C–C double bond of R-carvone 8.

Although the attack to the conjugated C–C double bond of R-
carvone 8 is only 2.8 kcal mol�1 higher in Gibbs free energy than
the attack to the isopropenyl C–C double bond, this attack on
the monoepoxide obtained along the rst epoxidation reaction
is 5.4 kcal mol�1 higher in Gibbs free energy than the attack on
R-carvone 8. These energy results allow explaining the complete
monoepoxidation of R-carvone 8 at �20 �C by using only one
equivalent of peracetic acid 9.

Analysis of the energetic results associated with the BV
reaction indicates that it is completely regioselective, but it is
not competitive with the epoxidation reaction.

Finally, the BET analysis of the bonding changes along the
most favourable reaction path associated with the mono-
epoxidation of R-carvone 8 shows the complexity of the mech-
anism of this epoxidation reaction involving a non-symmetric
ethylene. The epoxidation reaction begins with the rupture of
the labile O12–O13 single bond of peracetic acid 9 and with the
depopulation of the isopropenyl C7–C8 double bond of R-
RSC Adv., 2019, 9, 28500–28509 | 28507
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carvone 8. The subsequent rupture of the O13–H14 single bond
at the released hydroxyl framework generates anionic O13
oxygen which attacks asynchronously the C7 and C8 carbons of
the double bond of R-carvone 8, yielding the formation of the
oxirane ring at the end of the reaction path.
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16 L.-M. Yang, V. Bačić, I. A. Popov, A. I. Boldyrev, T. Heine,
T. Frauenheim and E. Ganz, J. Am. Chem. Soc., 2015, 137,
2757–2762.

17 J.-H. Liu, L.-M. Yang and E. Ganz, ACS Sustainable Chem.
Eng., 2018, 6, 15494–15502.
28508 | RSC Adv., 2019, 9, 28500–28509
18 J.-H. Liu, L.-M. Yang and E. Ganz, J. Mater. Chem. A, 2019, 7,
3805–3814.

19 J.-H. Liu, L.-M. Yang and E. Ganz, J. Mater. Chem. A, 2019, 7,
11944–11952.

20 L. Xu, L.-M. Yang and E. Ganz, Theor. Chem. Acc., 2018, 137,
98.

21 I. Garcia-Bosch, X. Ribas and M. Costas, Adv. Synth. Catal.,
2009, 351, 348–352.

22 D. Sureshkumar, S. Maity and S. Chandrasekaran, J. Org.
Chem., 2006, 71, 1653–1657.

23 G. Majetich, R. Hicks, G. Sun and P. McGill, J. Org. Chem.,
1998, 63, 2564–2573.
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