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ELECTRONIC STRUCTURE OF THE ORGANIC COMPOUNDS
AND THEIR REACTIVITY IN THE REACTIONS OF RADICAL
HYDROGEN ATOM TEAR BY HO," RADICAL

Target. This paper presents the results of investigation the electronic structure of some or-
ganic molecules containing O-H and N-H bonds. The potential energy surfaces were obtained for
the hydrogen abstraction by the peroxyl radical.

Technique. Self-consistent field (SCF) quantum-chemical calculations were performed at
the Hartree-Fock level of theory in the approximation of the semiempirical method PM3.

Results. The points corresponding to the structures of the transition states were located on
the potential energy surface and the activation parameters of the studied reactions were evaluated.
The electronic and geometric characteristics of these reactions and the electronic and thermody-
namic parameters of natural antioxidants, aromatic amines and phenols, were calculated.

Scientific novelty. The relation of the activation parameters of the reaction to the electronic
characteristics of the starting materials was obtained. The antioxidant activity of a substance is de-
termined by its electron-donor properties and the stability of the formed radical.

Practical value. These results allow predicting the antioxidant capacity of various naturally
occurring inhibitors.

Key words: antioxidant effect, oxidation by peroxyl radical, phenolic compounds, heterocyc-
lic molecules, Hartree-Fock method, the rate constant, activation energy, the electronic parameters.

Formulation of the problem. The highly-active free radicals are formed con-
stantly in the living organism during the oxidation of lipids, proteins and nucleic
acids creating conditions for the development of many different diseases. Substances
that neutralize these reactive particles — antioxidants — are produced, to some extent,
by the cell, but most of them are delivered with the food, especially of plant origin.
The forecasting of the antioxidant activity of different substances depending on their
structure is thus an extremely important goal.

Analysis of the latest research and publications showed that the oxidation
inhibitors (InH), contained in the food, are related primarily to different types of phe-
nolic compounds [1]. Primarily, these are flavonoids (formulas I-III), hydroxy acids
and their derivatives (formula 1V, V), polyphenols (formula VI, VII). Heterocyclic
compounds containing nitrogen (mainly B vitamins, formula VIII, IX) and oxygen (E
vitamins, the formula X) also have high antioxidant effect.

All these compounds possessing reducing properties and easily react with per-
oxyl radicals thus breaking the natural oxidation chain:

RO," + InH —%_, ROOH + In". (1)
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I — a general formula of flavonoids, rings
A and B may contain a different number
of OH-groups

(eg., IT — quercetin — an antioxidant of
tea, hops, onion, black currants, blackber-
ries;

Il — catechin — antioxidant strawberry,
peach);

IV — gallic acid derivatives (R — H, alkyl
radical) are part of the plants of tea;

V — caffeic acid derivatives (R — H, alkyl
radical) are contained in the stone fruit;

VI — phloroglucinol — the component of
the citrus fruits;

VII — resorcinol — is a part of citrus fruit
plants;

VIII — riboflavin (vitamin B,) — is a part
of the green leaf vegetables, legumes;

IX — the general formula of vitamins Bg
(RFL—C}H),—C}b}“Jb-—C}bCHJ)—-COHP
ponents of green pepper, wheat, dry
yeast;

X — the total formula of tocopherols — de-
rivatives of the tocol (R=R'=R"=H),
which are found in vegetable oils.
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The rate constant of the reaction (1) is a quantitative measure of the antioxidant
activity of the inhibitor [2].

While the rate constant of hydrogen abstraction by peroxyl radicals can be cal-
culated for the individual chemical compounds, most natural antioxidants present a
complex mixture of substances, which is difficult to separate.

A number of comprehensive studies of the kinetics of the reaction (1) have
been conducted to date. The hydrocarbons of various structures and inhibitors, repre-
senting a variety of aromatic compounds with OH- and NH-groups analogous to
natural antioxidants have been studied in this reaction.

The aim of this study was to investigate the effect of the features of the
chemical structure of antioxidants on the reactivity of X-H bonds (where X is or N)
towards oxidation.

Results and Discussion. The most complete information about the electronic
structure of chemical compounds can be obtained by quantum-chemical methods.
Here, we performed such studies using SCF approach within the restricted Hartree-
Fock molecular orbitals theory, at PM3 approximation [3], as implemented in
MOPAC 93 [4]. Geometry optimization was carried out in all degrees of freedom of
the molecules (i.e., (3N-6) variables).

The optimization was performed until the the gradient < 0,1 kcal/(mol-A) is
reached and frequency calculations were used to confirm that the optimized structure
in the minimum (by lack of imaginary frequencies).

In order to study the electronic nature of the transition state of the reaction (1),
we have scanned the surface of the potential energy along the reaction coordinate for
the reaction:

C-C6H12 + ROQ. —> C-C6H11. + ROQH, (2)

where RO, — cyclohexyl peroxyl radical.

The localization of the transition state (TS) of the reaction (2) was carried out
in the approximation PM3 Unrestricted Hartree-Fock method. The starting geometry
of the saddle point has been found by the method proposed in [3]. The saddle point
on the potential energy surface corresponding to the TS, has been localized by Bartel
method, realized in MOPAC 93. This saddle point was tested as follow. We per-
formed a numerical harmonic vibrational analysis by calculation of the mass-
weighted Hessian and obtained frequencies and forms of normal vibrations, one of
which is imaginary and corresponds to the mode of the antisymmetric C<—>H—><-0O
vibration of atoms of the reaction center. Besides the reaction coordinate was built in
mass-weighted Cartesian coordinates using the method of the internal reaction coor-
dinate as shown in Figure 1.

Primary disturbance (equal to the quantum of vibrational energy) in the direc-
tion of the normal coordinate and reversible disturbance in the opposite direction to
the normal coordinate has been applied. Thus, the internal reaction’s coordinate was
built from the transition state along the way down the reaction channels in both direc-
tions until the reactants and reaction products.
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Figure 1 — Reaction (2) coordinate

Figure 1 shows that the transition state actually connects the reactants and
products. The reduction of the potential energy of the system is monotonic in both di-
rections on the way from the TS.

The values of the calculated parameters of the transition state of the reaction
(2): the imaginary frequency (v-I), the relative increase of the length of C—H and O—-H
bonds in the transition state (AR), the total square of deformation of the bond lengths
in the reactants and products in relation to the transition state (»*), the total electronic
charge on the fragments of TS are shown in the Table 1.

Table 1 — The values of the calculated parameters of the transition state of the
reaction (2)

_ « %2 Electronic charge on the
VI_’l ARIEH’ AREH’ rt A fragments of TS
M Reactants | Products | c-CgH;; H O,R
1683 | 0,1119 | 0,2433 0.01 20,04 0,022 | 0,110 -0,132

As follows from the results, the transition state of the reaction is very close
geometrically to the structure of the reactants and far away from products. This is
evidenced by the small deformation of the TS structure from the structure of the re-
agents and a large deformation from the structure of the products. Most notable is the
fact that the transition state of the reaction is polarized, i.e. the transfer of the electron
density from the molecule containing the C—H bond to the peroxyl radical is ob-
served. Thus, the reaction proceeds by the donor-acceptor mechanism, where the oxi-
dize molecule is an electron donor, and the peroxyl radical is an acceptor.
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It should be expected that there is a functional dependence between the electron-
donor properties of the molecule (ionization energy, electron-charge distribution on the
atoms of the reaction center) and the ability of the molecule to oxidize. The authors
of [3] obtained a correlation as shown in Figure 2, which connect the activation ener-
gy of the reaction with the parameters of the electronic structure of the following re-
agents: C-C6H12, PhCH3, PhCsz, PhCH(CH3)2, 1,4-(CH3)2C6H4, 1,4-(C2H5)2C6H47
1,4-(H30-C3H7)2C6H4, thCHz, PhCHO:

E,=925,1 + 485,6:Fo — (78,1-Fyy + 1,0:8,,), 3)

where Oy, Qo — electronic charges on the atoms of the reaction center H and O;
Irn, Iroz — 10nization potential of the molecule and peroxyl radical,

Fo=(Q0/Iro2)'"” and Fy= (Qn/Ixn);
O = 0 or 1 (depending on the presence or absence of a saturated cycle).
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Figure 2 — The relationship between the experimental values of the activation
energy and values of the activation energy calculated from equation
(3), for the hydrogen abstraction by peroxyl radical

These results allow us to suggest that similar dependence should be observed

for compounds with a more reactive X-H bond.

Based on this assumption, we calculated the electronic structure of a number of
aromatic amines and phenols, for which the experimental values of the reaction rate
constants at 60°C are known [4].

Ph(CH;),COO" + InH ——> Ph(CH;),COOH + In". (4)

Following aromatic phenols and amines have been used as InH:
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The results of the quantum-chemical calculations of these compounds are given
in Table 2.

It should be noted in general, that the hydrogen abstraction from the X-H bond
leads to radicals centered on the atom X. Radicals in which the unpaired electron is
centered on C, O or N atoms are quite different the spin density localized on these
atoms. Therefore, the oxidative capacity of molecules containing X-H bond will be
determined not only by the electron-donating ability of the molecule, but also by the
stability of the forming radical.

Accounting for this fact it was possible to obtain an equation relating the loga-
rithm of the rate constant of reaction (4) with the electronic parameters of the reac-
tants and reaction products:

lgk = (24,3£2,0) — (102,1+10,4)Fy — (19,1£1,7)px + (1,1£0,2)nxy, (5)
where px — the spin density on the atom X forming radical:
nxy — the number of reactive X-H bonds. Multiple correlation coefficient

1s 0,97 and the standard error is 0,4.

169



Table 2 — Values of the enthalpy of formation (AH; »s), ionization potential (1),
the charges on the H atom of the tearing X-H bond (Qp) and the
value of the spin density (px) on the atom X of the formed radical In*
by the reaction of (5)

Number of the substance | AH 593, kcal/mol I eV On o
X1 -79,20 8,74 0,2111 0,2797
XII -115,83 8,46 0,2111 0,2882

X111 -129,90 8,65 0,2070 0,2999
X1V -111,36 8,21 0,2164 0,2853
XV —101,65 8,73 0,2065 0,3009
XVI 67,75 8,33 0,0508 0,6724
XVII 50,50 8,60 0,049 0,6840
XVIII -30,14 9,99 0,2042 0,3608
XIX -3,28 8,54 0,1994 0,2573
XX -66,25 8,75 0,1953 0,3192
XXI 35,91 8,20 0,0482 0,6770
XXII 5,35 9,44 0,0659 0,9098

Conclusions. Our results demonstrate that the ability of molecules to act as an-
tioxidatants is determined first by their electron-donor properties, and, second, by a
stability of the radical formed in the breaking of the X-H bond.
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Ilenw. B oannoii pabome npeocmasneHnsvl pe3yibmamyl UCCIe008AHUL INEKMPOHHO20 CIMPO-
eHusl paoa opeanuyeckux monexyn, cooepacawux O—H u N-H ceazu. Ilonyuenvi nosepxnocmu no-
MEHYUANbHOU IHEep2UU peakyuu ompvliea amoma H om smux monekyn nepoKCuibHblM PAOUKATIOM.

Memoouxa. Keanmogo-xumuueckue pacuenuvl npou3800UIUCL MEMOOOM CAMOCO2NACOBAHHO20
noJist MONeKYIApHbIX opoumaneti Xapmpu-DPoxa 6 npuodaudscenuu NoaIyIMnupuyeckoeo memooa PM3.

Pezynomamul. Ha nosepxnocmu nomeHyuanibHoU dHepeuy 10Kaiu308aHbl MOYKU, COOmMeent-
cmeyrwue cCmpykmypam nepexoOHvlX COCMOAHUL, U OYEeHEeHbl aKMUBAYUOHHbIE NAPaAMempbl U3y-
YEHHBIX peaKkyull, YCMaHOB8IeHbl UX dJIeKMPOHHblE U 2eomempuyeckue xapakmepucmuxu. Paccuu-
MAaHbl 9NeKMPOHHbBLE U MEPMOOUHAMUYECKUE NAPaAMempbl NPUPOOHBIX AHMUOKCUOAHMO8 — APOMA-
MUYECKUX aMUHO8 U PeHOI08.

Hayunaa noeusna. Ilonyueno ypagnenue, cesazvlearoujee akmusayuoHHvle napamempul peax-
Yuu ¢ NeKMPOHHbIMU XAPAKMEPUCTUKAMU UCXOOHbIX PeazeHmos. Ycmanoeneno, ymo aHmuoKcu-
O0anmMHAs AKMUBHOCb EUeCmB8a ONpeoeisiemcsl JNeKMpPOHHO-OOHOPHLIMU CBOUCMBAMU B8euiecmsd
U cmabubHOCMbI0 00PA3YIOWE20Cs PAOUKAIA.

Ilpakmuueckasa 3nayumocme. Ilonyuennvle pe3ynomamol 0arOm 03MOHNCHOCb NPOSHO3U-
Ppo6amev AHMUOKCUOAHMHYIO CNOCOOHOCTb PA3TUYHBIX UHSUOUMOPO8 NPUPOOHO20 NPOUCXOHCOCHUS.

Knrouesvie cnosa: anmuoxcudanmuoe oOelicmsue, OKUCIEHUE NEPOKCUTbHBIM DPAOUKATIOM,
¢gheHonvHble coedunenus, cemepoyukIuyecKue Monexyvl, memoo Xapmpu-Doka, KOHCMAHMA CKO-
pocmu, dHepausi AaKMusayuu, 2J1eKmpoHHvle Napamempol.

Mema. Y pobomi npedcmagneno pe3yiomamu 00CAIOHCEHb eleKMPOHHOI 6Y008u psody op-
eaniynux monexyn, wo micmamo O—H ma N-H 38'a3ku. Ompumano nogepxni nomeHyitiHoi enepeii
peaxyii 8iopusy amoma l'iopozeny 8i0 yux mMonexys NepoKCUIbHUM PAOUKATIOM.

Memoouka. Keanmogo-Ximiuni po3paxyHku 6UKOHAHO 3a OONOMO20I0 MEMOOY CAMOY3200xHCe-
HO20 NOJIsL MOAEKYAaApHUX opoimanei Xapmpi-DPoka y HabaudicenHi Hanisemnipuunozo memooy PM3.

Pesynomamu. Ha nosepxui nomenyitinoi enepeii 6y10 10Ka1i3086aH0 MOYKU, 8i0NOBIOHI 00
CMPYKmMyp nepexioHux cmauis, ma oyiHeHo aKmu8ayilini napamempu 6USYeHUX peaxkyill, 6CIMAHO8-
JIEHO IXHI eleKMpPOoHHI ma 2eomempudni xapakxmepucmuku. Pospaxoeano enexkmponni ma mepmo-
OUHAMIYHI napamempu NPUPOOHUX AHMUOKCUOAHMIB — APOMAMUUHUX AMIHIB | (heHONis.

Haykoea nosuszna. Odepwcano pisHAHHA, WO NOB'A3YE aKmMueayiuni napamempu peaxyii 3
eIeKMPOHHUMU XAPAKMEPUCMUKAMU BUXIOHUX peazeHmie. Bcmanoeneno, wo anmuoKcuOaHmua
AKMUBHICMb DEYOBUHU BUSHAUAEMbCS eleKMPOHHO-OOHOPHUMYU  8IACMUBOCHAMU PEYOBUHU MA
cmaobinbHicmIo paouKkana, wo ymeopioEmbes.

Ilpakmuuna 3nauywiicms. Ompumani pesyniomamu O0aOMb MONCIUBICMb NPOSHO3YEAMU
AHMUOKCUOAHMHY 30AMHICMb PI3HUX IH2I0IMOPI8 NPUPOOHO20 NOXOOHCEHHSL.

Knrwowuoei cnosa: anmuoxcuoanmua 0isi, OKUCIEHHS NEPOKCUNbHUM PAOUKAIOM, (DEeHONbHI
CNONYKU, 2emepoYuKIiyHi MoaeKyau, memoo Xapmpi-Doka, KOHCMauma weuoKocmi, eHepeis ax-
mueayii, e1eKmpoHHi napamempu.

Pexomendosano oo nyonixayii 0-pom Xim. Hayx,

npogh. Bucoyvxum FO.b.
Jlama naoxoooicenns pykonucy 20.02.2013 p.
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