ISSN 2308-8303 (Print) Zurnal organic¢noi ta farmacevti¢noi himii. — 2019. — Vol. 17, Iss. 1 (65) ISSN 2518-1548 (Online)

UDC 544.15/.18:544.43:547.913:665.325.5:54-39 https://doi.org/10.24959/ophcj.19.963

O. M. Agafonov’, S. I. Okovytyy?, M. Ye. Blazheyevskiy'

"National University of Pharmacy, Kharkiv
53, Pushkinska str., Kharkiv, 61002, Ukraine. E-mail: chuh2018@ukr.net
20les Honchar Dnipro National University

The quantum chemical study of the mechanism
of the epoxidation reaction of limonene and geraniol
with peracetic and perbenzoic acids

Aim. To compare the mechanism of the epoxidation reaction of terpenes Geraniol and Limonene with per-
acetic acid and perbenzoic acid based on the quantum chemical study.

Materials and methods. For the calculation the density functional theory (approximation UBH & HLYP/6-
31G (d) Gaussian 09) method was applied. The specified density functional allows to correctly describing biradical
structures; it is rather economic in terms of the computer time cost, which allows its use in the study of sufficiently
complex organic compounds and reactions.

Results and discussion. The quantum chemical study of mechanisms of the epoxidation reaction of such
terpenes as Geraniol and Limonene with peracetic and perbenzonic acids using the density functional theory
(approximation UBH & HLYP/6-31G (d) Gaussian 09 program) has been conducted. It has been shown that
epoxidation of geraniol with both peroxyacids occurs preferably by the double bond C,=C, due to stabilization of
the corresponding transition state as a result of formation of hydrogen bond between the allyl hydroxyl group and
the oxygen atom of the peroxy acid. Epoxidation of Limonene with perbenzoic and peracetic acids occurs via the cyclic
double bond characterized by the lowest activation barrier, and it is consistent with the regioselectivity of the process
generally known and experimentally proven.

Conclusions. The results obtained are consistent with the experimental data, confirming the correctness
of the use of this UBH & HLYP/6-31G (d) approach to study the regiochemical pecularities of the epoxidation
process of alkenes containing several isolated double bonds.
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O. M. ArachoHos, C. |. OkoButumn, M. €. BnaxxeeBcbkumn

KBaHTOBO-XiMi4yHe AOCHiAKEeHHA MexaHi3My peakuii enoKCUAyBaHHA repaHiony Ta IMMOHEHY

HagaueTaTHOK Ta HaA69H30ﬁHOI‘O KUcnotamum

MeTa — 3’AcyBaHHA MexaHi3my peakLuii enokcuayBaHHs TepneHoiais [epariony Ta JIMMOHeHy HadaueTaTHO
(mepokcieTaHOBO) Ta HAAOEH30MHOK KMCIIOTaMK 3a pe3yfibTaTaMy KBaHTOBO-XiIMIYHOTO AOCTIKEHHS.

MaTepianu Ta metogu. [lna po3paxyHKy BUKOPUCTOBYBanu Meton (yHKUiOHany ryctMHu (HabnvkeHHs
UBH&HLYP/6-31G(d)) nporpamu Gaussian 09. BkasaHuin cyHKLiOHan f03BOMsSiE KOPEKTHO onucyBaTu bipaau-
KarnbHi CTPYKTYpW | € 4OCTaTHBO EKOHOMIYHUM 3 TOYKM 30pYy BUTPAT KOMIMKOTEPHOTO Yacy, Lo JO3BOMSE BUKOPUCTO-
BYyBaTW NOro AN OOCNILKEHHS JOCUTb CKNaaHUX OpraHiyHMX CMOMyK Ta peakuin.

Pe3ynbraTy Ta ix 06roBopeHHs. 34iiCHEHE KBAaHTOBO-XiMiYHE OOCHILXXEHHS MEXaHi3My peakLuii enokcu-
[yBaHHs TepreHoifis Mepaxiony Ta JIMMoHeHy HafaueTaTHO Ta HaAOEH30MHOK KUCNOTaMy 3 BUKOPUCTaHHSM
meTomy doyHKUioHany ryctuHn (HabnwkeHHs UBH&HLYP/6-31G(d) nporpamu Gaussian 09. NokasaHo, Lo ernokcu-
nyBaHHA MepaHiony oboma nepokcukMcnotTamu BigbyBaeTbCcs WBMALLE 3a NOABINHUM 3B’a3kom C,=C, 3aBas-
kv cTabinisauii BianoBigHOro nepexigHoro cTaHy 3a paxyHOK BOAHEBOro 3B’si3Ky MiX [igporeHoMm rigpoKCunbHoT
rpynu anineHoi cuctemun 1a atomom OKcureHy nepokcukucnoTu. EnokcmayBaHHs JIMMOHEHY HagaueTaTHOW Ta
HafbeH30MHOK KMCroTamMu BigbyBaeTbCs 3a LMKMIYHUM NOABIMHUM 3B’A3KOM i XapaKTepu3yeTbCA HaMEHLINM
aKTMBaUiiHUM Gap’epoM, L0 Y3roAXKY€eTbCSA i3 3aranbHOBIAOMOK eKCnepMMeEHTaNbHO BCTAHOBIEHOK perioce-
NEKTUBHICTIO MpoLiecy.

BucHoBKku. OTpyMaHi pe3ynsraTy Y3romKyrThCs 3 eKCrepUMEHTANbHUMM SaHUMWU, LLO NiATBEPOKYE KOPEKTHICTb
BMKOpUCTaHHs HabnmkeHHs UBH&HLYP/6-31G(d) onst BUB4YEHHS perio-XiMi4HMX 0cobnmnBoCTen enokcuayBaHHs
ankeHiB 3 AekinbkoMa i30rboBaHMMK NOABIMHUMYK 3B’ A3KaMU.

Krro4oei crioea: TepneHoian; lepanion; JIMMOHEH; KBaHTOBO-XiMiYHE JOCNIIKEHHS; MEXaHi3M; eNOoKCUAYyBaHHS;
nepokcukncnoTa

A. M. ArachoHoB, C. . OkoButhbIn, H. E. BnaxeeBckumn

KBaHTOBO-XMMM4YeCKOe UccregoBaHMe MexaHUu3Ma peakumum anoKCuanpoBaHUA TeprneHouaoB

repaHvorna v IMMOHeHa NepyKCyCHOM U NepobeH30MHON KUCIoTaMu

Lienb — ycTaHOBMNEHWE MEXaHM3Ma peakLmmn aMoKCuamMpoBaHms TepneHonaos FepaHunona v JlumoHeHa nepyk-
CYCHOW 1 NepbEH30MHON KUCIOTaMN Ha OCHOBaHWMW Pe3ynbTaToB KBAHTOBO-XMMUYECKOIO MCCre0BaHus.

MaTtepuanbl n metoabl. [111a pacyeTa Mcnosb3oBanu MeTod pyHKUMOHana nnoTHocTh (npubnmkeHne UBH
& HLYP/6-31G (d)) nporpammbl Gaussian 09. YkasaHHbIi yHKLMOHanN No3BONseT KOPPEKTHO onuncbiBaTb bupa-
OVKanbHble CTPYKTYPbI U ABMSIETCS AOCTATOMHO SKOHOMUYHBIM C TOYKU 3pEHUS 3aTpaT KOMMbIOTEPHOIO BPEMEHWN,
YTO MO3BOISIET UCMONB30BaTh €r0 AN UCCNeA0BaHNS OCTAaTOMHO CMOXHBIX OPraHUHECKUX COEAMHEHUI U peakLIMi.
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Pe3ynbraTbl U ux obcyxaeHue. [IpoBegeHO KBaHTOBO-XMMUYECKOE UCCIEf0BaHMEe MexaHu3ma peakuum
3MNOKCUAMPOBaHUA TeprneHonaoB Mepanunona v JIMMOHeHa NepyKCyCHOM 1 NepOeH30MHOM KUCNOTamMmn C UCMOoSb-
30BaHMeM MmeToAa pyHKUMoHana nnotHocTu (npubnmkenne UBH & HLYP/6-31G (d) nporpammbl Gaussian 09.
MokasaHo, 4YTo anokcuavpoBaHue lepaHmnona ob6erMm NepoKCHMKNCIOTaMmn NPoMcxXoauT BeicTpee No ABOWHON
cBa3u C,=C, bnarogapsi ctabvnumaaumm CoOOTBETCTBYHOLLETO NEPEXOAHONO COCTOAHUA 3a CYET BOAOPOLHOW CBSA-
31 Mexay BOAOPOOOM MMOPOKCUIbHOW rpynnbl anfuibHOW CUCTEMbI U aTOMOM KMCNopoda NepPOKCUKUCIIOThI.
OnokcnampoBaHue JInMoHeHa nepyKcycHom 1 nepbeH30MHON KMCNoTaMuy NMPOUCXOANT MO LIMKIIMYECKON BONHON
CBSI3M U XapaKTepu3yeTcsl HaMMEHbLUMM aKTUBALMOHHLIM 6apbepoM, YTO COorfacyeTcs C OOLEen3BECTHON IKC-
nepvMeHTanbHO AOKa3aHHOW permocenekTMBHOCTLIO NpoLiecca.

BbiBoabl. [onyyeHHble pe3ynsraThbl COrnacyTcs ¢ 3KCNepuUMeHTanbHbIMW AaHHbIMW, NOATBEPXKAAIT KOp-
PEKTHOCTb 1cnonb3oBaHus npubnmkerns UBH & HLYP/6-31G (d) onsa nsyyeHus permo-xmMmyecknx 0CobeHHo-
CTen 3NOKCUANPOBAHUSA ankeHOB C HECKOMbKMMU U30MMPOBaHHbIMU ABOVHbLIMU CBA3AMU.

Knroyeenie cnoea: TepneHonapl; lepannon; JIMMOHEH; KBAHTOBO-XMMUYECKOE NCCEeA0BaHNE; MEXAHU3M;

anokcmamnpoBaHmne; NepOKCUKNCNOTbI

Monoterpenes as objects of the chemical research
have attracted great interest from the outset of orga-
nic pharmaceutical chemistry. These compounds were
obtained from natural sources (e.g turpentine from
conifers) by classic methods -fractional and steam
distillation. The study of monoterpenes contributed
to development of the experimental methodology of
both organic synthesis and analysis, and made a sig-
nificant contribution to its theoretical arsenal.

The study of transformation reaction mechanisms
is becoming increasingly important to both theoretic
and experimental chemists. By the means of quan-
tum chemical calculations one may predict the na-
ture, character of interaction, energy and geometric
parameters of a transition state and end products of
a reaction. Of particular interest are epoxidation re-
actions of monoterpenoids having allyl alcohol func-
tional groups with organic peroxy acids.

Thus, Geraniol (Fig. 1), which contains two tri-
substituted C=C bonds, is epoxidated with meta-chlo-
roperoxybenzoic acid (MCPBA) in the organic solvent
(methylene chloride, chloroform) medium preferably
at 6,7-double bond (3) (57 % vs. 30 % for 2,3-mono-
epoxide Geraniol (4)) (Scheme 1). Similarly, the inter-
action between MCPBA and Geraniol in an aqueous
solution of NaHCO, (pH 8.3) (44 % versus 27 % for
2,3-monoepoxide), while in the presence of an emul-
sifier Geraniol is epoxidated exclusively selective with

the allyl system which is apparently caused by diffe-
rent mechanisms of interaction (see Scheme 1) [1, 2].

It is not excluded that in the case of aprotic sol-
vents the orientational effect of the hydroxyl group
of the allyl system appears. As is known, Geraniol (1)
(Fig. 1) is a trans-isomer (1-methyl-4 (1-methylethe-
nyl)-cyclohexene); it is contained in palmarosa and
citronella essential oils. It is used as a fragrant sub-
stance for perfume compositions, aromatization of
soap and detergents [3].

Among menthene terpenes Limonene can be con-
sidered the most studied; it, obviously, is due to its
prevalence in natural sources. Limonen (2) (Fig. 1)
is a substance that is in relatively large amount in both
lemon (where the name comes from) and in many
other citrus fruits.

The natural Limonene occurs as a d-form isolated
from orange oil. Like other terpenes, it is biologically ac-
tive, possesses anticancerogenic properties, norma-
lizes hepatic functions. It is used in perfumery, food
industry and in the production of detergents.

Special attention is drawn to the relative reactivity
of its endo- and exocyclic olefinic fragments. In most
cases, electrophilic addition occurs easily at both t-bonds;
hence, bis-products are isolated most often. In the si-
tuations when it is possible to stop the process at
the stage of 1 : 1 adduct formation, usually there is a
product of addition at the exocyclic bond, and some-

X ~CH 2OH
RCOaH O
> 3
CH,CI,, NaHCO,
NN CHZOH
NN NN CHZOH (0]
4
Geraniol
RCOsH
> NN CHZOH
in Emulsion
(@)

Scheme 1. Reactions of regioselective epoxidation of Geraniol
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Fig. 1. The structural formulas of Geraniol (1) and Limonene (2)

times other products of further transformation are
easily formed (Scheme 2) [4].

The aim of this work was to compare the mecha-
nism of the epoxidation reaction of terpenes Geraniol
and Limonene with peracetic acid and perbenzoic acid
based on the quantum chemical study.

For the calculation the density functional theory
(approximation UBH & HLYP/6-31G (d) Gaussian 09)
method was applied. The specified density functio-
nal allows to correctly describing biradical structu-
res; it is rather economic in terms of the computer
time cost, which allows its use in the study of suf-
ficiently complex organic compounds and reactions.

Comparison of the activation barrier values for
Geraniol epoxidation at bonds C,=C, and C,=C, de-
monstrates the preference of the former bond to the lat-
ter (Tab. 1), which is consistent with the experimen-
tal data. In our opinion, one of the main causes for
this regiochemistry of the process is formation of
the hydrogen bond between the hydrogen atom of
the alcohol group and the oxygen atom of peracetic
acid in transition state (7), leading to its stabilization
(Fig. 2).

[t should be noted that transition states (7) and
(8) differ in the character of their wave functions.
In the first case, the structure has a closed electron
shell, while transition state (8) has a biradical charac-
ter with the mostlocalized spin density on the atoms
C,and O,,.

As shown in Fig. 2, transition states (7) and (8)
are similar in their bond length between the oxygen
atoms of the peroxide bond, but differ by the degree
of the C-0 bond formation; transition state (7) has a

CH,

Scheme 2. Limonene epoxidation with peracids
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Table 1

The values of activation parameters of Geraniol
epoxidation (1) with peracetic acid calculated
to approximate UBH & HLYP/6-31G (d)

The transition state | AH,_, kJ/mol AG,, kJ/mol
7 102.36 115.11
8 121.61 139.66

symmetrical structure, while in structure (8) there
is preferential formation at one of the bonds. These
activation parameter values of Geraniol epoxidation
with peracetic acid are presented in Tab. 1, also con-
firming the preference of transition state (7).

In transition state (10) the formation of the hydro-
gen bond between the hydrogen atom of the alcohol
group and the oxygen atom of perbenzonic acid is ob-
served, it leads to stabilization of the corresponding
transition state (Fig. 3). It should be noted that tran-
sition states (9, 10) differ in the character of wave
functions. In the first case the structure has a biradi-
cal character with the most localized spin density on
the atoms C, and O,,. And in the second case, the struc-
ture has a closed electron shell.

Fig. 3 shows that transition state (10) has a sym-
metrical structure since the bond lengths have simi-
lar values, while in structure (9) there is the prefe-
rential formation at one of the bonds. Comparison of
activation barriers values of Geraniol epoxidation (Tab. 2)
indicates that transition state (10) has a lesser proba-
bility for formation than transition state (9); thus,
the reaction is faster in the latter as in the case with
peracetic acid.

[tis important to confirm regiochemistry of the Limo-
nene epoxidation process studied back in 1961. Accor-
ding to the theory epoxidation should occur first (or pre-
ferably) at the cyclic double bond, therefore, this re-
gularity will be confirmed.

In the case of Limonene epoxidation with perben-
zonic acid we observe that transition states (16, 17)
have also a biradical character; unlike structures (15, 18),
and have a closed elecronic shell. Comparison of tran-

GH, CH,
0
RCOH
[ —
CH, Ho | Cen
5 6
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2CoCpOH =-99,4

7

Fig. 2. The structure, geometric parameters (A, deg.) and spin density values for some atoms of transition states of Geraniol epoxidation

with peracetic acid

£ C.CyOH = -48.5

9

£ C.C;OH =-106,2

10

Fig. 3. The structure, geometric parameters (A, deg.) and spin density values for some atoms of transition states of Geraniol epoxidation

with perbenzoic acid
sition state (14) and (18) shows that these structu-

res are symmetrical, i.e. are close to the length of
bonds between atoms of the oxygen peroxide bond.
Based on the results of the calculation it can be con-
cluded that Limonene epoxidation with peracetic and
perbenzoic acids occurs via the cyclic double bond
(transition states 13 and 17, respectively), and thus
characterized by the lowest activation barrier, which
is consistent with the regioselectivity of the process
generally known and experimentally proven. These

Table 2

The values of activation parameters of Geraniol (1)
epoxidation with perbenzoic acid using
approximate UBH & HLYP/6-31G (d)

The transition state | AH,., kJ/mol AG,,, kJ/mol
9 106.4561 119.2948
10 98.06767 111.9067
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Fig. 4. The structure, geometric parameters (A, deg.) and spin density values for some atoms of transition states of Limonene
epoxidation with peracetic acid
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Fig. 5. The structure, geometric parameters (A, deg.) and spin density values for some atoms of transition states of Limonene
epoxidation with perbenzonic acid
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Table 3

The values of activation parameters of Limonene
epoxidation (2) with peracetic acid using
approximate UBH & HLYP/6-31G (d)

Table 4

The values of activation parameters of Limonene
epoxidation (2) with perbenzoic acid calculated
to approximate UBH & HLYP/6-31G (d)

values of activation parameters for limonene epoxi-
dation with peracetic and perbenzoic acids are pre-
sented in Tab. 3 and 4, respectively.

The analysis of the wave function at the transition
states of Limonene epoxidation with peracetic acid
(Fig. 4, 5) indicates their biradical character (11-13),
except for transition state (14), which has a closed
electronic shell.

Conclusions

As aresult of the comparative quantum chemical
study of mechanisms of the epoxidation reaction of
terpenes, such as Geraniol and Limonene, with per-
acetic and perbenzonic acids using the density func-

References

The transition state | AH, . kJ/mol | AG, kJ/mol The transition state | AH,. KJ/mol AG,, KJ/mol
Excluding spin correction 15 109.93 121.27
11 11212 115.42 16 111.18 116.29
12 115.41 115.41 17 104.03 117.30
13 106.15 118.02 18 106.51 122.29
14 110.33 124.35
Including spin correction tional theory (approximation UBH & HLYP/6-31G (d)
1 74.78 78.08 Gaussian 09 program), the following regularities have
12 7484 78.13 been determin-ed: . . .
3 739 8995 1. Epoxidation of Geraniol with both peroxyacids
occurs preferably by the double bond C,=C, due to

stabilization of the corresponding transition state as
a result of formation of hydrogen bond between the al-
lyl hydroxyl group and the oxygen atom of the peroxy
acid and have a closed elecronic shell.

2. Epoxidation of Limonene with perbenzoic and
peracetic acids occurs via the cyclic double bond cha-
racterized by the lowest activation barrier, and it is
consistent with the regioselectivity of the process ge-
nerally known and experimentally proven.

3. The results obtained are consistent with the ex-
perimental data, confirming the correctness of the use
of this UBH & HLYP/6-31G (d) approach to study the
regiochemical pecularities of the epoxidation process
of alkenes containing several isolated double bonds.
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