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The comparative quantum chemical study of the epoxidation
reaction mechanism of eugenol and isoeugenol with
peracetic and perbenzoic acids

Aim. To study the kinetics of the epoxidation reaction for eugenol and isoeugenol with perbenzoic acid, carry
out the comparative quantum chemical study of the epoxidation reaction mechanism of eugenol and isoeugenol
isomers (2-cis and 2-trans) with peracetic and perbenzoic acids.

Results and discussion. The kinetics of the epoxidation reaction of isomeric terpenoids eugenol and
isoeugenol with perbenzoic acid in the medium of methylene chloride medium at 293 K was studied using the method
of iodometric titration. It was shown that the rate constant of the epoxidation reaction for eugenol was in 5.5 times
higher than for isoeugenol. According to the results of quantum chemical calculations using the UBH&HLYP/6-31G (d)
approximation, the structures of transition states of eugenol and isoeugenol formed during the epoxidation reac-
tions studied were proposed, and the activation energies for the corresponding reactions were calculated. Based
on the results of the studies conducted it was found that the ratio of the activation energies during the interaction
of eugenol and isoeugenol with peracetic and perbenzoic acids showed the higher reactivity of isoeugenol.

Experimental part. To study the kinetics of the epoxidation reaction the method of iodometric titration was
used. The method of the functional density (software Gaussian 09, approximation UBH&HLYP/6-31G (d)) was
applied for calculation.

Conclusions. The results of the quantum chemical study of the epoxidation reaction mechanism of eugenol
and isoeugenol are consistent with the kinetic data experimentally obtained; it confirms the correctness of using
the UBH&HLYP/6-31G (d) approximation for studying the features of epoxidation of isomeric terpenoids with
organic peracids.
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" HaujoHanbHuUl ¢hapmauesmuyHuUl yHisepcumem, YkpaiHa

2 [lHinposcbKuli HaujoHanbHUl yHieepcumem imeHi Onecsi FoHYapa, YkpaiHa

MopiBHANBbHE KBAaHTOBO-XiMiYHE AOCHIMKEHHA MeXaHi3My peakLii enoKkcuayBaHHA

eBreHony Ta i3oeBreHony HagaueTaTHOI Ta HaA6eH30MHOKO KUcnoTamum

MeTa. [Jocniantn KiHETUKY peakuii enokcuayBaHHS €BreHony Ta i30eBreHosy HagbeH30MHOK KUCOTOH,
NPOBECTUN MOPIBHSNbHE KBAHTOBO-XiMiYHE AOCMIMKEHHA MEXaHi3aMy peakLii enokcMayBaHHA eBreHomny Ta ABOX
i3oMepiB i30eBreHony (2-yuc Ta 2-mpaHc) HagaueTaTHOK Ta HaAOeH30MHO KMCNoTaMu.

Pe3ynkraTu Ta 06roBopeHHsi. MeTofoM oA0OMETPUYHOMO TUTPYBaHHS BUBYEHO KIHETUKY peakLiii ernoKcuayBaH-
Hs1 iB0OMEpHUX TEPMNEHOIAIB €BreHony Ta i30eBreHony HagbeH30MHOK KMCNOTO B CepefOoBULL METUNEHXTOPUAY
npu 293 K i noka3aHo, Lo KOHCTaHTa LWBWAKOCTI peakLii enokcuayBaHHSA eBreHony B 5,5 pasiB BuLLe, HiX Ans i30-
eBreHory. 3a pesynsrataMm KBaHTOBO-XIMIYHUX PO3paxyHKIB 3 BUKOPUCTaHHAM HabnmkeHHs UBH&HLYP/6-31G (d)
3anponoOHOBaHO CTPYKTYPU NEPEXiAHNX CTaHIB €BreHony Ta i30€BreHony, Lo YTBOPKIOTLCS B XOAi BUBYEHNX peak-
i enokcuayBaHHS, i po3paxoBaHO 3HAaYEHHS eHeprin akTuBaLii Ans BignoBiAHMX peakuin. Buxogaum 3 pesynb-
TaTiB NpoBeAeHVX AOCHiQKEHb BCTAHOBIEHO, WO CMiBBIAHOLLIEHHSI eHeprii akTuBalii Npu B3aeMopii eBreHomny
Ta i30eBreHony 3 HagaueTaTHO i HaADOEH30MHOK KNCNOTaMM CBiAYNTL NPO BiNnbLuU BUCOKY peakuiiHy 30aTHICTb
i30eBreHony.

ExkcnepuMeHTanbHa YyacTuHa. [1ns BUBYEHHS KIHETUKM peakLii enoKCUayBaHHS BMKOPUCTOBYBanu MeTOL,
NOAOMETPUYHOTO TUTPYBaHHA. [1Nsg po3paxyHkiB BUKOPUCTOBYBaNW MeTOA, (PyHKLiOHany ryCTHu (HabnvkeHHs
UBH&HLYP/6-31G (d)) nporpamun Gaussian 09.

BucHoBkN. Pe3ynstaty KBaHTOBO-XiMIYHOIO JOCHIAKEHHS MeXaHi3My peakLii enokcuayBaHHS eBreHony 1a
i30€BreHomny y3romKyTbCs 3 eKCNepUMEHTANbHO OTPUMAHNMM KIHETUMHUMW JAHVUMU, L0 NIATBEPIKYE KOPEKTHICTD
BMKOpUCTaHHs1 HabnmxkeHHs UBH&HLYP/6-31G (d) anst BUBYEHHSI 0COBNMBOCTEN eNOoKCMAYyBaHHS i30MEPHUX
TepneHoifiB 3a AONOMOrOK OpraHiYHUX HaKUCIOT.

Knro4oei cnoea: TepneHoign; KBAHTOBO-XiMiYHE AOCNIMKEHHS; MEXaHi3M peakuii; KIHeTUka peakuii;
enoKkcuayBaHHs; HaJaleTaTHa K1cnoTa; HaabeHs3oHa kucnoTa
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CpaBHuTenbLHOe uccriegoBaHMe MeXaHUu3Ma peakuum aNOKCUAMpPOBaHUA 3BreHona

M U303BreHona nepykcycHom u nep6eH30MHON Kucrnoramm

Lenb. N3yuntb KMHETUKY peakumnn 3noKCUAMPOBaHMS 3BreHona 1 U303BreHorna nepOeH30MHON KNCNOTOMN,

NMPOBECTN CPaBHUTENIbHOE KBAHTOBO-XMMMNYECKOE NCCNeaoBaHNe MeXaHnama peakummn anoKCMaMpoBaHns aBre-
Homna v ABYX M30MEepOB U303BreHona (2-yuc n 2-mpaHc) nepykcycHon n nepbeH30MHON KucnoTamu.
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Pesynkratbl n o6cyxaeHune. MeTogom oaoMeTpUYECKOro TUTPOBaHKS U3yYeHa KUHETVIKa peaKLymn 3rnoKCUamnpo-
BaHWUsI U3OMEPHbIX TEPNEHOVA0B 3BreHorna 1 u303BreHorna nepbeH3onHONM KUCIOTON B Cpeae XITOPUCTOro MeTuneHa
npu 298 K 1 nokasaHo, YTO KOHCTaHTa CKOPOCTU peakLmmn anokenanpoBaHus asreHona B 5,5 pas Bbllle, Yem
u3o3BreHona. o pesyrnsrartam KBaHTOBO-XMMUYECKUX PacHETOB C UCTonb3oBaHveM npubnimkerns UBH&HLYP/6-31G (d)
npensfioXeHbl CTPYKTYPbl NEPEXOAHbIX COCTOSIHUIA 3BreHona v u3o3BreHona, obpasyllmnecs B Xoge U3ydeH-
HbIX peakLuii 3NMOKCMONPOBAHKSA, U PacCUYMTaHbl 3HAYEHUSI IHEPTUIA aKTMBALIMK OJ151 COOTBETCTBYIOLLMX PeaKLUMiA.
Vcxoas n3 pesynstaTtoB NpoBeAeHHbIX MCCIe[0BaHNIN YCTaHOBMEHO, YTO COOTHOLLEHWE SHEPTUIA aKTUBaLum npu
B3aMMOAENCTBUM SBreHomna 1 U303BreHosa ¢ NepyKkCycHOM 1 nepbeH30MHON KMCnoTaMu cBnaeTenscTeyeT o 6o-
riee BbICOKOW peakLMOHHON CNOCOBHOCTU U303BreHona.

OkcnepuMeHTanbHas 4acTb. [115 M3yYeHUs KMHETVKM peakummn SNOKCUAMPOBaHUSA MCMOMb30Bann MeToq
NOAOMETPUYECKOrO TUTPOBaHMSA. [Ana pacyeTa ucnonb3oBany MeTof pyHKLUMoHana nnoTHoCTn (Npubnuxexue
UBH&HLYP/6-31G (d)) nporpammbl Gaussian 09.

BbiBoabl. Pe3ynbrathl KBAHTOBO-XMMWYECKOIO MCCNEAOBaHNS MexaHU3Ma peakuuy anoKCuamMpoBaHus 3B-
reHona 1 U303BreHona CornacyHTCst C AKCNEPMMEHTANbLHO NOMYYEHHBIMM KUHETUYECKMUN AAaHHBIMM, YTO NOATBEPXK-
[aeT KOpPEeKTHOCTb mcnonb3oBaHus npubnmxeHns UBH&HLYP/6-31G (d) ans nsydyeHns ocobeHHoCTen anokeu-
OVPOBaHNSA N30MEPHbIX TEPNIEHONAOB C MOMOLLbIO OPraHUYECKMX NEePKUCHOT.

Knroyesnie crioga: TepneHonpbl; KBAHTOBO-XUMUYECKOE UCCMNeAO0BaHNe; MeXaHn3M peakumm; KMHeTrKa
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peakunn; anokcnanpoBaHue,; nepykCcycHasa KUCnoTa, nep6eH30|71Ha;| Kncnota

The study of transformation reaction mechanisms
is increasingly important to both among theoretic and
experimental chemists. By the means of quantum che-
mical calculations one may predict the nature, charac-
ter of interaction, energy and geometric parameters of
a transition state and end products of a reaction [1-3].
The specified density functional theory is used to stu-
dy the electronic and geometric structure and relative
stability of different compounds [1-5]. The B3LYP
functional is the most extensively used among all hyb-
rid density functional methods; it allows describing
correctly biradical structures and is quite economic
in terms of cost of computer time, which allows its
use in the study of sufficiently complex organic com-
pounds and reactions [4-5].

Eugenol (1) is a natural compound obtained from
various plants, particularly from black cloves. Although
its consumption in a small amount provides antibac-
terial and antifungal benefits, exceeding the limit may
cause various harmful effects [6-11]. Eugenol-rich
cloves have been used for food preservation and in
various medical areas, owing to its antibacterial, anti-
septic and anti-inflammatory properties [6-14]. Euge-
nol sources, such as clove oil, cinnamon, basil and
nutmeg oil, are some of the basic ingredients in mouth
washes, soaps, tooth pastes, perfumes and in various
veterinary medications [15]. Moreover, eugenol anti-
bacterial and antifungal activities are very helpful in
treating many digestive problems, such as diarrhea,
gas bloating, ulcers and Candida [6-11]. Eugenol-
rich black paper and clove can increase the release
of gastric acid, which helps in digesting food and
kills intestinal bacteria in the stomach. Clove tea can
be used to dilate blood vessels, increase the circula-
tion and the body temperature. As an antioxidant,
eugenol can prevent or decrease harmful oxidations
in the body [16-17].

Although eugenol has been nominated to be safe
to consume in suggested limits by Food and Drug Ad-
ministration, exceeding the limits may cause serious

and fatal results, such as arrhythmia, kidney damage,
digestive problems, increase in heart rate and blood
pressure, dizziness, vomiting and liver failure [18].
Eugenol is quickly absorbed and digested in the liver,
and 95 % of the dose is excreted within one day. Howe-
ver, it is reported that ingesting clove oil as small as
8 mL can cause fatal sickness by damaging the liver
and nervous system [19]. The study of the eugenol
epoxidation reaction mechanism of various isomers
with organic peracids is of interest to scientists [20].

We earlier studied the epoxidation reaction me-
chanism of eugenol and isoeugenol with peracetic
acid [21].

The aim of this article was to study the kinetics
of the epoxidation reaction for eugenol (1) and iso-
mers of isoeugenol - cis-2 (2) and trans-2 (3) - with
perbenzoic acid and carry out the comparative quan-
tum chemical study of the epoxidation reaction mecha-
nisms of eugenol and isoeugenol with peracetic and
perbenzoic acids (PBA) (Fig. 1).

The kinetic study of epoxidation reactions of both
terpenoids with perbenzoic acid (PBA) was carried
out in methylene chloride as a solvent in the second-or-
der conditions under the temperature of 293 K. The reac-
tions were studied by quantification of the unreacted
PBA as a function of time using the method of iodo-
metric titration. Fig. 2 shows the kinetic curves of
the epoxidation reaction of eugenol and isoeugenol
with perbenzoic acid.

By the results of titration the curves of dependence
of In[c/[b-(a-c)]] on time were plotted (a - is the ini-
tial molar concentration of PBA, mole/L; b - is the mo-
lar concentration of terpenes, mole/L; ¢ - is the cur-
rent molar concentration of PBA, mole/L).

The slope values for such curves were used
for calculations of the second order rate constants
k, L/(mole-min), for epoxidation reactions of eugen-
ol and isoeugenol with perbenzoic acid in methyle-
ne chloride. The values of the rate constants were
0.44 L/(mole-min) for isoeugenol and 0.016 L/(mole-min)
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CH,— CH==CH,

CH

O—CH

Fig. 1. The structure of terpenoids — eugenol (1) and isoeugenol isomers (2-3)

Table 1

The values of activation parameters of epoxidation
of eugenol (4) and isoeugenol (5, 6) epoxidation
with peracetic acid designed to approximate
UBH&HLYP/6-31G (d)

CH,

Table 2

The values of the activation parameters

of epoxidation of eugenol (7) and isoeugenol (8, 9)
with perbenzoic acid designed to approximate

UBH&HLYP/6-31G (d)

Transition state AH,,, ki/mole AG,,, ki/mole Transition state | AH,,,, ki/mol | AG,,, kJ/mol
4 122.39 137.37 excluding the spin correction
5 101.43 117.18 7 118.69 129.29
6 101.29 112.40 8 105.23 116.73
9 100.06 112.87
) S including the spin correction
for eugeno], i. e. the rate constant of epoxidation of
. . . o 8 81.24 92.74
isoeugenol was in 5.5 times more than for its isomer 5 2723 90.04
(eugenol). : :

The method of the functional density (approxi-
mation UBH&HLYP/6-31G (d)) [22] was used for
the quantum chemical calculation of activation para-
meters of the epoxidation reaction (Tab. 1-2) and mo-
deling the transition states of molecules (Fig. 3-4).

As seen from Tab. 1, the values of activation bar-
riers for epoxidation of cis- and trans-forms of iso-
eugenol were approximately 20 k] /mole lower than that
for eugenol coinciding with the experimental data.

The transition state of the eugenol epoxidation
is in line with the synchronous process, in which
the C-0-moeity of epoxide cycle has quite a close value.
[t is important to note that the structure has a closed
electronic shell, i. e. in contrast to the reactions of
epoxidation of other olefins the biradical transition
state is not observed. According to the calculations,
the activation parameters for epoxidation of cis- and
trans-forms of isoeugenol have quite similar values,
and it confirms the insignificant effect of stereoiso-
meric forms of molecules on their reactivity. The geo-
metric parameters and spin density values on the cor-
responding atoms are also similar. As can be seen in
Fig. 3, transition states 4 and 5 are close to planar
character (see angles C,C;,0H), they are asymmetric
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Fig. 2. Kinetic curves for the epoxidation reaction of eugenol
and isoeugenol with perbenzoic acids (c(PBA) = 0.1350 mole/L;
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with a significant advantage in the bond formation
of C,-0 above with C;-O0.

The analysis of the wave function transition states
5 and 6 show their biradicality. The highest spin
density is localized on atoms C, and O,,. By coupling
of the aromatic olefinic fragment there is a partial
delocalization of the spin density at the ortho- and
para-Carbon atoms.

The transition state 7 of eugenol epoxidation with
perbenzoic acid is in line with the synchronous pro-
cess, in which the C-0 moeity of the epoxide cycle
has quite similar value and a closed electronic shell.
The analysis of the wave function transition states 8
and 9 shows their biradicality.

According to the calculation, the lowest activation
barrier value is characterized by a reaction occurred
through the transition state 9. This trend persists even
after consideration of the spin correction.

Experimental part

The following compounds were used in the work:
eugenol (99 %, Sigma-Aldrich, isoeugenol (mixture
of cis- and trans-isomers, 99 %, Sigma-Aldrich), ben-
zoyl peroxide (= 98 %, Sigma-Aldrich), perbenzoic acid
(98 % - determined by the iodometric titration), ob-
tained by the method [23], acetic acid (atleast 98 %),
methylene chloride (p.a., LAB-SCAN).

To determine the active oxygen content for per-
benzoic acid transfer 10.00 mL of its chloroform so-
lution in a 100 mL Erlenmeyer flask, add 5 mL of 5 %
KI solution and 5 mL of 30 % (w/w) acetic acid. Shake
and allow to stand in a dark place for 30 minutes.
Then titrate the liberated iodine with 0.1000 mole/L
Na,S,0; solution using a 10 mL microburette (gradu-
ation is 0.02 mL). 1.00 mL of 0.1000 mole/L Na,S,0,
solution corresponds to 0.0069 g of perbenzoic acid.

Diluted acetic acid: mix 31.3 wt. p. of acetic acid
and 68.7 wt. p. of distilled water to obtain the acetic
acid content of 29.5-30.5 % (w/w).

Potassium iodide solution, 5 %: dissolve 5.0 g of
potassium iodide in 50 mL of freshly boiled and coo-
led water, and then dilute the solution obtained with
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The study of epoxidation reaction mechanism of
isomeric terpenoids eugenol and isoeugenol by den-
sity functional theory using the UBH&HLYP/6-31G (d)
approach for the software Gaussian 09 has shown that
the ratio of the activation energy for interaction of
eugenol and isoeugenol with both acids (peracetic
and perbenzonic) indicate higher reactivity of iso-
eugenol. These results are consistent with the kine-
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