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ABSTRACT. This paper reports the results of comprehensiveharestic investigations
of the hydrogen atom transfer (HAT), radical addisctation (RAF), single electron
transfer — proton transfer (SET-PT), and sequeptiaion loss electron transfer (SPLET)
mechanisms of caffeic aci€f). The goals of the work were achieved by simutattme
reactions ofCA with hydroxyl radical in benzene and water solusiolt was found that
SET-PT is not a favourable antioxidative mecharm$i@A. On the other hand, HAT and
RAF are competitive, because HAT pathways yieldrtteelynamically more stable
radical products, and RAF pathways require smaltdivation barriers. In polar basic
environment SPLET is a probable antioxidative me@ra of CA, with exceptionally
large rate.

Key words: activation energies, reaction energies, rate cotstaM06-2X/6-
311++G(d,p) theoretical model, CPCM solvation model

INTRODUCTION

Phenolic compounds are well-known for their antilative action that can be realized
via several mechanisms KUHLAR et al., 1983; G\LANO et al., 2006; KLEIN et al., 2007,
LITWINIENKO and NGoLD, 2007: GQLANO and ALVAREZ-IDABOY, 2013). The hydrogen atom
transfer [HAT, Eq. (1)], radical adduct formatioRAF, Eq. (2)], single electron transfer —
proton transfer [SET-PT, Eqgs. (3) and (4)], andusetal proton loss electron transfer
[SPLET, Egs. (5) — (7)] mechanisms in caffeic g€id\, Fig. 1) are in the focus of this work:

CA+R - CA*+RH Q)
CA+R - CA-R* 2)
CA+R SCA" +R €))
CA*+R - CA*+RH (4)
CA +B - CA~+BH (5)
CA"+R - CA'+R (6)
CA+R - CA™+RH (7)

In Egs. (1) — (7)CA*, CA-R*, CA**, andCA™ represent the radical, radical adduct, radical
cation, and anion, respectively, of the parent coump CA; while R and R stand for a
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present free radical and corresponding anioninBEq. (5) denotes a base whose presence is
necessary for heterolytic cleavage of the O—H baodscur.

Hydroxycinnamic acids are the most widely distrdzltphenolic acids in plant
kingdom. They are often encountered as glucosegaimdc acid esters. As faCA, its most
abundant conjugate is chlorogenic acdh exhibits various biological and pharmacological
properties, such as anticancerogenic, anti-inflatargaimmunomodulatory, and antiviral
activities (GHALLIS and BARTLETT, 1975; RANK et al., 1989; WAHASHI et al., 1990; HYEUX
et al., 1995). Many such beneficial features of this antlart are related to its ability to
inhibit oxidative stress and associated molecudanae (8DINA et al., 1993; GeBHARDT and
FAUSEL, 1997).

Figure 1.Structural formula of caffeic acid. The atom lalvgjlscheme is remained throughout the
text.

A comparative computational study of the antiokida activities of caffeic and
caffeoylquinic acids has been recently carriedlyufocusing on the thermodynamics of the
HAT, SPLET, and SET-PT mechanisms Afovi¢ and TosSovic, 2016). It has been
revealed that all four acids are characterized wéhy similar values of the corresponding
reaction enthalpies, thus indicating that antiottidaactivity of these acids does not depend
on the esterification position. This finding complents the results of different experimental
assays (X et al., 2012). It has been put forward that HAT may be rttegor mechanism in
nonpolar media, while HAT and SPLET are competitpsghways in polar environment
(MARkovIC and Tosovic, 2016). One can assume, based on the factGAatontains a
conjugated chain attached to the aromatic ringt thisa compound can undergo the RAF
antioxidative pathway with small free radical€@poLDINIet al., 2011).

In spite of the fact that antioxidative activity QA has been the subject of few
theoretical investigations (@zALEzZ MOA et al., 2006; LTWINIENKO and NGoLD, 2007), the
mechanisms of antioxidative action of this impottéwod ingredient have not been fully
clarified. The aim of the present paper is to dbote to the explanation of antioxidative
activity of CA by examining its HAT, RAF, SPLET, and SET-PT reactpathways in the
presence of hydroxyl radical.

THEORETICAL

Numerous theoretical models have become valuabls in researches related to the
antioxidative activity of numerous classes of compas. In our recent work (Mkkovi¢ and
Tosovi¢, 2016), the M06-2X functional @0 and TRUHLAR, 2008) in combination with the
6-311++G(d,p) basis set and CPCM polarizable cantim solvation model (Gssiet al.,
2003), has demonstrated robustness and very gaardlbperformance in the investigations
of the related problems. Bearing this fact in miegactly the same theoretical model was
used for all calculations within this work. All cgmtations were carried out by means of the
Gaussian 09 software packagei@€Het al., 2013).
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All participants in the investigated reactions wetdly optimized in benzene
(dielectric constant = 2.2706) and watere (= 78.3553). The restricted and unrestricted
calculation schemes were applied for the closedl-ahd open-shell systems. The frequency
calculations were performed, and the results obthimere used to determine the nature of the
revealed stationary points: no imaginary vibratidms equilibrium geometries, and exactly
one imaginary vibration for transition states. Tedative free energy and enthalpy values
were calculated at T = 298.15 K.

Calculating the rate constants

Our study includes both kinetic and thermodynarpigraaches to the investigation of
the HAT, RAF, SET-PT, and SPLET mechanism&€A. The task was realized by simulating
the reactions (1) — (7) c@A with hydroxyl radical (HO) in nonpolar (benzene) and polar
(water) environments. HQvas selected for its biological significance(Bz et al., 2009).

The investigation was divided into two tasks: thee avhere TS exists between the
reactants and products [HAT and RAF, Egs. (1) &) &and the other where there is no TS
between the reactants and products [SET-PT and BPEgs. (3) — (7)]. In all cases, the
starting point for calculating the rate constanéswhe Eyring equation Y&NS and RLANYI,
1935; ErRING, 1935; TRUHLAR et al., 1983). In contemporary solution phase kineticss thi
eqguation turned out to be the most straightforweast to interpret temperature dependence of
rate constants @NTE, 2015):

kgT -AG}

In Eg. (10) h and & denote the Planck and Boltzmann constants, M@ﬁ is the free
activation energy. Dimensional analysis of Eq. (86pws that it yields the first order rate
constant, that is valid for unimolecular reactiolids a common practice to use the Eyring
equation for calculating bimolecular rate constatds. Namely, the two reactants are
assumed to form RC, and the process is considered umimolecular reaction of this RC.
Then, the second order rate constant is given as:

kgT -AGE
Kpim = ﬁexp< /Ry (11)

wherec® = 1M concentration by usual convention. Eq. (11) wasdu® calculate the rate
constants for the HAT and RAF antioxidative pathsvpgactions (1) and (2)].

In the case of the SET-PT and SPLET mechanismdVidweus theory (MRcCuUs,
1993; MLENKOVIC €t al., 2016) was used to estimate the activation barfarshe electron
transfer (ET) reactions (3) and (6):

¢ A DAG

12
7 3 (12)
In Eq. (12)AG: and A denote the reaction free energy and reorganizaimergy.A was
estimated as follows @®LSENet al., 1987; N=LSENet al., 2006; MARTINEZ et al., 2012):

A ~ AE — AG, (13)

where AE is the non-adiabatic difference in total energywaetn the vertical products and
reactants. Some rate constants obtained by ingen (12) into Eqg. (10) were close to the
diffusion limit. For this reason, the apparent ratstants Kapp) were obtained using the

Collins-Kimball theory (©LLINS and KIMBALL , 1949):
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kpk

Kabp = 10+ &

(14)
wherekp stands for the diffusion rate constant. The masumption in the Collins-Kimball
theory is that reaction takes place at a specifitadcea. This distance was calculated as the
sum of the reactants radii: = aca + ano- [EQ. (3)]; @ = aca- + ano- [EQ. (6)]. The Collins-
Kimball theory relies on the assumption of Smoluwebki, implying that molecules are
treated as non-overlapping spheres that diffusBrag/nian particles with diffusion rate.
Then, the steady statevSLucHowskI (1917) rate constant for an irreversible bimolecul
diffusion controlled reaction is defined as:

kp = 4maDNy (15)

In Eq. (15) M denotes the Avogadro number, dhds the mutual diffusion coefficient of the
reactants. According to the Truhlar assumptionniséion of two molecular species is consi-
dered as the motion of free radical (H@ our case) that diffuse with respect to the othe
particle CA or CA”) (TRUHLAR, 1985). ThenD can be calculated using the Stokes-Einstein
approach ($okes, 1901; ENSTEIN, 1905) as the sum of the corresponding diffusion
coefficients:

kgT kgT kgT
Dep = —> Dea- = —= Dyoe = —2 (16)

"~ 6mnaca- "~ emano.

wheren represents the solvent viscosity=[0.6028x16¢ and 0.8905x18 Pa-s for benzene
and water (http://www.trimen.pl/witek/ciecze/ligsititml)].

RESULTS AND DISCUSSION

HAT mechanism

As already mentioned, the HAT mechanism is regarde direct hydrogen atom
transfer from phenolic groups 6fA to HO. CA and HO can build two RCSRC3 andRCA4.
These RCs pass throudl®3 andTS4, and eventually yielC3 andPC4. Each PC consists
of water molecule and correspondi@f\ radical CA3* and CA4*). The so-obtained free
radicals are far less reactive in comparison to’.He structures of RCs, TSs, and PCs
figuring in the HAT pathways oA are depicted in Fig. 2, whereas bond evolution is
presented in Table 1.

Table 1 shows that the O10-H3 and O10-H4 distance®rresponding RCs are
significantly shorter in benzene than in water.uatly, deviation of the HOmoiety from the
RC plane is not pronounced in benzene (Fig. 2),redwit is positioned “above” the ring in
water. This occurrence is, certainly, a consequefadfferent polarity of the two solvents.
As the reaction occurs, the O3-H3 and O4-H4 diswmnicrease (indicating cleavage of
bonds), the C3-03 and C4-04 distances decreaseatind transformation of single into
double bonds), and the O10-H3 and O10-H4 distadeesase (indicating formation of
water molecule).

Variation of enthalpy and free energy along thectiea coordinate in the 3 and 4
positions is depicted in Fig. 3. Behaviour of eadergy follows very similar trends in water
and benzene solutions. When enthalpy is consid&€dijes lower than the reactants because
of the optimal Van der Waals and Coulomb interaxtioOn the other hand, RC lies higher
than the reactants in the free energy curve, duthd@onegative entropy change caused by
increased amount of order. In the further coursthefreaction, both enthalpy and free energy
increase up to TS, and fast decrease down to Péh, Thibbs energy continues to decrease
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(positive entropy change because of reduced amoluotder), whereas enthalpy slightly
increases up to the products (no intermolecul@araation between separat€d® and water
molecule).

Table 1. Crucial interatomic distances along tleetien coordinate in the HAT pathways of caffeic
acid with hydroxyl radical. The oxygen of hydroxybiety is labelled O10.

Distance (pm) Water Benzene
RC TS PC RC TS PC
O3H3 96.4 103.2 200.C| 96.7 103.¢ 196.1
O1C-H3 358.7 154.z 96.€ | 209.: 150.5 96.¢
Pathway 3 O3-C3 135.¢ 134.1 125.(| 136.5 133.6 124.
C3-C4 140.¢ 143.7 146.¢| 140.¢ 143.¢ 146.¢
C3-C2 138.2 139.1 143.¢|138.¢ 139.:. 143.C
O4-H4 96. 103.2 204.t| 96.¢ 104.1 198.i
O1C-H4 354.« 152.& 96.7 | 204.z 148.& 96.7
Pathway 4 04-CA4 135.f 133.¢ 124.:]|136.1 133.. 124..
C4-C3 140.¢ 143.F 147.2| 140.5F 143.F. 147.
C4-CE 138.¢ 140.: 144.¢| 138.¢ 140.: 144.¢

RC4 TS4 PC4

Figure 2. Characteristic stationary points in thETHpathways of caffeic acid with hydroxyl radical.

Reaction energetics and corresponding rate comsstaet collected in Table 2. The
reactions in both 3 and 4 positions are noticeakbthermic and exergonic. As expected, the
activation energies and corresponding rate corsgightly depend on the solvent polarity.
The koim values for pathway 3 are slightly larger than ¢héx pathway 4 in both solvents.
However,CA4® is more stable tha@A3* (Table 2). In accord with this finding are therspi
density surfaces of the two free radicals (Fig. ®)ese surfaces reveal that the unpaired
electron inCA3’ is delocalized over the benzene ring, whered3Ad" it is delocalized over
the ring and conjugated chain.

One can conclude, on the basis of the kinetic hathtodynamic analysis of the two
HAT pathways, that both reaction paths are favderabnonpolar and polar solvents. Small
differences in activation energies (rate constaantsl) stabilities of the yieldedA*® radicals
make these two reaction paths competitive.
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Figure 3. Energy profiles for the HAT pathways affeic acid with hydroxyl radical
in water solution.

Table 2. Enthalpyitalic) and free energy (regular) values along the reaatoordinate in the HAT
pathways of caffeic acid with hydroxyl radical. Téwrergies were calculated relative to those of
separated reactantsin stands for the corresponding rate constants.

Position . RC TS PC  products AG* Kbim
kJ molt kJ motl* kJmot* kIJmol* kJmo! M?tst
Water

3 -13.4 5.8 -173.0 -147.3
16.¢ 48.2 -136.7 -149.4 31.2  2.06x1("

4 -12.9 8.4 -181.4 -156.5
16.€ 50.C -146.5 -158.¢ 33.4 0.88x1(’

Benzene

3 -19.8 0.4 -179.1 -146.3
15.¢€ 43.2 -141.F -147.¢ 27.5 9.46x1(’

4 -17.9 3.6 -187.4 -155.9

15.4 45.¢ -151.( -157.1 29.¢  3.54x1(

%fs .. .iiﬁ-

Figure 4.Spin density surfaces f@A3" (left) andCA4* (right).
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RAF mechanism

In a RAF pathway HObinds to a carbon oA, thus forming a new free radical,
called radical adduct. Very similar situation waserved in water and benzene. The reaction
also starts with the formation of RCs (Fig. 5). Were only able to reve&®C4, RC6, and
RC8. An inspection of the spin density surfaces irséhBCs shows that the unpaired electron
is delocalized over the hydroxyl moiety and entiedgfeic moiety. INnRC4, RC6, andRC8
spin delocalization includes C3, C4, and C5; C1, & C6; and C7, C8, and C9,
respectively, indicating that all these carbons lparattacked by HOA vicinity of C2 to the
hydroxyl moiety inRC6 (348.0 and 358.1 pm in water and benzene, TabteeSpnates this
RC as a stationary point in pathway 2. In the frrtbourse of the reaction these RCs pass
through TSs where C-O distances become significahibrter, and in the products the C-O
bonds are completely formed (Fig. 5 and Table 8)s lapparent from Fig. 5 that, as the
reaction in position 1 progresses, the reactioneaysbecomes non-planar, and therefore,
conjugation between the acyclic chain and aronrai is lost. Also, addition of HOto the
double C7—C8 bond causes notable deviation oftiaencskeleton from the ring plane.
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Figure 5. Characteristic stationary points in t&Rpathways of caffeic acid with hydroxyl radichi.
RC4, RC6, andRC8 spin density surfaces are depicted.

Table 3. Crucial interatomic distances along ttaetien coordinate in the RAF pathways of caffeic
acid with hydroxyl radical. The oxygen of hydroxgbiety is labelled O10.

Distance Water Benzene

(pm) RC TS P RC TS P
pathway 1 C1-01C 284.« 203.2 144.c|291.. 200.¢ 144.(
pathway 2 C2-O1C 348.C 143.F 147..|358.1 208.6 143.
pathway 3 C3-01C 294.¢ 211.z 143.2| 311.c 206.z 143.]
pathway 4 C4-O1C 272.¢ 220.C 142.¢|271.t 219.€ 142.
pathway 5 C5-01C 300.f 205.2 143.7|286.5 203.1 143.7
pathway 6 C6-0O1C 275.2 133.€ 124.2|270.z 209.t 143.
pathway 7 C7-01C 297.¢ 212.& 142.1|296.7 210.¢ 141.¢
pathway 8 C8O01C 248.¢ 226.z 141.€¢|249.t 220.6 141.C
pathway 9 C9-01C 287.] 180.« 138.¢|294.. 180.: 140.:

Variation of enthalpy and free energy along the Rysfthways in water and benzene
solutions (Fig. 6) is very similar to that of theAH pathways. These enthalpy and Gibbs
energy changes are quantitatively presented ineTé4bThe corresponding rate constants are
also collected in Table 4. A comparison of Tablemn® 4 reveals that, as in the case of the
HAT mechanism, RAF pathways are somewhat fastevater than in benzene. In general,
RAF pathways are faster in comparison to HAT patfsyaut less exothermic and exergonic,
and even endothermic and endergonic. In additioAF Bathways are mutually quite
different. As expected, the most favourable steSA for HO binding are the carbons of the
double bond: C8 and C7. These pathways requirsrtialest activation energies (show the
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largest rate constants, Table 4), and yield thetmt@ble radical adducts. At first glance,
some positions in the benzene ring are suitabladidition of HO. Pathway 4 requires the

smallest activation barrier because TS4 is staulliby the O3-H3---010 hydrogen bond
(Fig. 5). However, this pathway leads to the diséumce of aromaticity, and consequently, to
less stable radical adducts (Table 4).

Table 4 Enthalpy (talic) and free energy (regular) values along the reactoordinate in the RAF
pathways of caffeic acid with hydroxyl radical. Témergies were calculated relative to those of
separated reactantgim stands for the corresponding rate constants.

. RC TS  Products AGH Kbim
oElineir kJ mott kJ mott kI mott  kJ mécl)'l Mtst
Water

1 -11.7 7.4 -59.1 19.1

17.¢ 50.C -17.¢ 32.1 1.48%x1(
5 -12.6 -3.3 -94.1 9.3

18.€ 37.C -49.€ 18.4 3.65x1(
3 -12.9 -3.2 -82.4 9.7

18.2 38.2 -38.7 20.C 1.91x1(¢
4 -12.9 -11.0 -115.2 19

16.€ 31.k -71.€ 14.¢  1.54x1¢¢
5 -13.0 -1.2 -71.1 14.2

16.¢€ 41.C -27.€ 24.4 3.31x1¢@
6 -11.9 -3.3 -94.1 8.6

17.2 34.¢ -50.1 17.2 5.45x1@
7 -12.3 -11 -122.8 11.2

20.c 41.2 -80.¢ 20.¢€ 1.33x1(C
8 -12.3 -13.1 -1335 -0.8

20.c 27.C -90.1 7.C 3.63x1(!
9 -12.3 60.4 13.2 72.7

20.c 105.7 58.2 85.4  6.8x1C3

Benzene

1 -13.5 10.3 -60.4 23.8

161 52.2 -16.5 36.1 2.91x1C°
5 -13.5 -4.5 -95.2 9.0

16.1 37.1 -51.7 21.C 1.28x1(
3 -15.3 -1.7 -82.7 13.6

10.5 40.1 -38.€ 29.6  3.98x1(
4 -15.6 -12.6 -119.9 3.0

10.5 29.€ -74.1 19.1 2.82x1(
5 -15.3 -3.7 -77.4 11.6

10.t 39.C -33.2 28.t 6.26x1(’
6 -135 -2.9 -95.9 10.6

16.1 37.7 -51.€ 21.€ 1.03x1(
7 -13.1 -3.0 -127.8 10.1

21.c 39.t -89.C 18.2 4.04x1¢°
8 -13.1 -12.8 -134.8 0.3

21.c 27.¢ -91.c 6.€ 4.27x11
9 -13.1 58.0 10.3 711

21.2 103.1 54.¢ 81.6  2.84x1(?
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Table 4 and Fig. 6 show that C9 is by far the nuomgavourable site for binding HO
to CA. This finding refers to both kinetic and thermodgmc points of view. This carboxylic
carbon is electrophilic, and thus, not susceptiblattack of other electrophilic particles. The
second most unfavourable RAF pathway is that intiposl. As stated earlier, this reaction
path is followed with significant deviation fromaplarity (Fig. 5), and thus, disruption of
electron delocalization between the benzene rimgaayclic chain.

115.0 1 115.0 1
65.0 1 65.0 4
o
a o
S 5
€150 X 150
-
< S
(O]
§ % \ Position 1
©
< 2 Position 2
£-35.0 0350
Ll o) Position 3
Position 4
Position 5
-85.0 - -85.0 1 Position 6
Position 7
Position 8
Position 9
-135.0 - -135.0 -

Reaction coordinate

Figure 6. Energy profiles for the RAF pathways affeic acid with hydroxyl radical in water solution

SET-PT and SPLET mechanisms

SET-PT is a two-step antioxidative mechanism. Tise $tep is electron transfer (ET)
from CA molecule HO [reaction (3)] where the radical cation of caffamdCA* is formed.

In the second steBA** donates a proton to the formed base [reaction F4Q] 7 shows that
the unpaired electron is delocalized over the emé&dical cation.

Following the above described procedure [Eq. (12¢] activation energies and rate
constants were estimated for ET, and the reswts@mmarized in Table 5. It is apparent that
the ET reactions are noticeable endergonic, pdatigun benzene, and are characterized with
enormously large activation barriers. The correslpumrate constants are (practically) equal
to zero. These results undoubtedly indicate that efuilibrium in Eq. (3) is completely
shifted to the left, implying that reaction (4) can take place at all. In other words, SET-PT
is not a possible antioxidative pathway@A even with highly electrophilic and reactive free
radicals in polar media.
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9

Figure 7. Spin density surface of the radical catibcaffeic acid.

Table 5. Characteristic energies and rate consitatite electron transfer reactions fr@A to HO .

AG: 2 AG} Kbim
kJ mott  kJ mott kJ mo? M?ts?t
Water 114.6 19.2 232.9 9.85x102°
Benzene 3435 1806.0 2149.5 0.00

SPLET is a three-step mechanism. The first stephisterolytic cleavage of O—H bond
in CA, which proceeds spontaneously in the presencébaéa. Two phenolate anions can be
formed as the products of this reaction st@#3~ and CA4- (Fig. 8). Certainly, the
carboxylate anion is also yielded, but it will ro& considered in this work because it does not
influence antioxidative activity ofEA. CA4~ is more stable tha@A3~ by 11.4 kJ mot (in
water) and 15.9 kJ mdl(in benzene). A comparison of the HOMOs of the amins reveals
that the anionic electron pair is delocalized dherbenzene ring iI@A3~, and over the entire
molecule inCA4".

Figure 8. Phenolate anions of caffeic acid with HOdWepicted.

The second step of SPLET is ET fr@A~ to HO whereCA* and HO are obtained
as the products [reaction (6)]. The activation ileasrand corresponding rate constants for ET
were calculated using the Marcus theory, and theltseare summarized in Table 6.

TheAG; values reveal that ET reaction in nonpolar benzeeadergonic, whereas in polar
water it is exergonic. One can conclude, on théshEshekapp values that ET is much faster
in water than in benzene. Both occurrences aresthdt of stabilization of the formed anions
in polar solvent. Identicdbim andkapp values show that the ET rate in benzene is fan fitwe
rates of diffusion controlled reactions. On theeothand, very similako andkapp values in
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water indicate that ET is a diffusion controlledcgon in this solvent. In this step the
hydroxide anions are generated, and they parteipathe third step of the SPLET
mechanism [reaction (7)] by propagating the chaaction. In conclusion, in polar basic
environment, SPLET is a plausible antioxidativenpaty of CA characterized with extremely
large rate.

Table 6. Characteristic energies and rate consiath® electron transfer reactions fr@A~to HO'.

FSIEN kJArcn;;)P kJ ?noll kfﬁio-l MKTné-l M!(le‘l Mk-?"é-l

Water 3 -30.4 16.0 3.2 1.71x102 7.96x10° 7.92¢10°
4 -28.4 14.5 3.3  1.63%102? 7.9810° 7.94x10°

Benzene 3 36.4 16.5 422 2.3%10° 1.1%10° 2.32x10°
4 43.1 15.4 340 6.8x10° 1.18<10° 6.85x10°

CONCLUSIONS

A systematic investigation of the HAT, RAF, SET;Padnd SPLET antioxidative
mechanisms o€A was performed, by examining chemical behaviouCAftowards HO in
nonpolar (benzene) and polar (water) media. It i@snd, in accordance with our
expectations, that HAT and RAF slightly depend olvent polarity, whereas SET-PT and
SPLET are enabled in water.

The two HAT pathways (3 and 4) are characterizath vemall differences in
activation energies (rate constants) and stalsliiethe yieldedCA* radicals. As for the RAF
mechanism, double bond of the conjugate chain (mpoeeisely C8) is the preferred site of
CA for HO binding. This pathway requires the lowest actatenergy and yields the most
stable radical adduct. Electrophilic C9 of the cand group is not a favoured position for
HO' binding.

ET from CA to HO is endergonic and requires enormously large aaivanergies
in both solvents. These facts designate SET-Phasplausible antioxidative mechanism of
CA. In basic environment formation of phenol&a&~ anions is facilitated. ET fror@A~ to
HO in water solution is a diffusion controlled reacti The so-formed hydroxide anions
propagate the chain reaction.

In conclusion: HAT and RAF are competitive antaeive mechanisms ofA,
because HAT pathways yield thermodynamically madeble radical products, and RAF
pathways require smaller activation barriers. lfapbasic environment SPLET is a probable
antioxidative mechanism €A, with extremely large rate. The results of ourestgation
are in relatively good accord with those obtainexf the gas-phase computations [19]. Our
findings agree very well with the experimental tesuelated to the rate constant for the
reaction ofCA with HO" (KoNoet al., 1997).

Acknowledgments

This work was supported by the Ministry of Sciearel Technological Development
of the Republic of Serbia (project no 172016).



121

References:

[1] BELITZ, H.D., QROScH W., SHIEBERLE, P. (2009):Food chemistry. Berlin: Springer-
Verlag.

[2] CHALLIS, B.C., BARTLETT, C.D. (1975): Possible cocarcinogenic effects offer
constituentsNature 254 532-533.

[3] CoLLINs, F.C., KiMBALL , G.E. (1949): Diffusion-controlled reaction ratésColloid Sci.
4: 425-437.

[4] Cossy M., REGA, N., SALMANI, G., BARONE, V. (2003): Energies, structures, and
electronic properties of molecules in solution withe C-PCM solvation model).
Comput. Chem. 24: 669-681.

[5] EINSTEIN, A. (1905): Uber die von der molekularkinetisch@heorie der Warme
gefordete Bewegung von in ruhenden Flussigkeitapenudierten TeilcherAnn. Phys.
17: 549-560.

[6] EVANS, M. G., PoLANYI, M. (1935): Some applications of the transitioatestmethod to
the calculation of reaction velocities, especiallysolution, Trans. Faraday Soc. 31
875-894.

[7] EYRING, H. (1935): The activated complex in chemical tieas,J. Chem. Phys. 3: 107—
115.

[8] FRANK, H., THIEL, D., MACLEOD, J. (1989): Mass spectrometric detection of ctwdsed
fatty acids formed during radical-induced lesionlipfd membranesBiochem. J. 260
873-878.

[9] FrRiscH, M.J., TRucks, G.W., SHLEGEL, H.B., SuseriA G.E., RoBB, M.A,
CHEESEMAN, J.R., SALMANI, G., BARONE, V., MENNUCCI, B., RETERSSON G.A. et al.
(2013):Gaussian 09, Revision D.1. Wallingford CT: Gaussian Inc.

[10] GALANO, A., ALVAREZ-IDABOY, J.R. (2013): A computational methodology for aate
predictions of rate constants in solution: Applicatto the assessment of primary
antioxidant activity,). Comput. Chem. 34: 2430-2445.

[11] GALANO, A., MAZZONE, G., ALVAREZ-DIDUK, R., MARINO, T., ALVAREZ-IDABOY, J. R.,
Russq N. (2016): The food antioxidants: Chemical insggat the molecular leveAnnu.
Rev. Food <i. T. 7: 335—-352.

[12] GEBHARDT, R., FAUSEL, M. (1997): Antioxidant and hepatoprotective eféeof artichoke
extract and constituents in cultured rat hepataGyiexicology 11: 669—672.

[13] GONZALEZ MOA, M.J., MANDADO, M., MOSQUERA R.A. (2006): QTAIM charge density
study of natural cinnamic acidShem. Phys. Lett. 424 17-22.

[14] IWAHASHI, H., ISHII, T., SUGATA, R., KIDO, R. (1990): The effects of caffeic acid and its
related catechols on hydroxyl radical formation ®ydroxyanthranilic acid, ferric
chloride, and hydrogen peroxidar,ch. Biochem. Biophys. 276 242—-247.

[15] JoYEUX, M., LOBSTEIN, A., ANTON, R., MORTIER, F. (1995): Comparative
antilipoperoxidant, antinecrotic ans scavengingpprbes of terpenes and biflavones
from Ginkgo and some flavonoidBlanta Med. 61: 126—129.

[16] KLEIN, E., LUKES, V., ILCIN, M. (2007): DFT/B3LYP study of tocopherols and aimans
antioxidant action energetigShem. Phys. 336. 51-57.



122

[17] KONO, Y., KOBAYASHI, K., TAGAWA, S., ADACHI, K., UEDA, A., SAWA, Y., SHIBATA, H.
(1997): Antioxidant activity of polyphenolics in ets. Rate constants of reactions of
chlorogenic acid and caffeic acid with reactivecspg of oxygen and nitrogeBjochim.
Biophys. Acta 1335 335—-342.

[18] LENTE, G. (2015): Deterministic kinetics in Chemistry and systems biology. Cham:
Springer.
[19] LEOPOLDINI, M., CHIODO, S. G., RIssqg N., ToscaNg M. (2011): Detailed investigation

of the OH radical quenching by natural antioxidaaffeic acid studied by quantum
mechanical modelg, Chem. Theory Comput. 7: 4218—-4233.

[20] LITWINIENKO, G., NGOLD, K.U. (2007): Solvent effects on the rates and mmasms of
reaction of phenols with free radicafgcounts Chem. Res. 40: 222-230.

[21] MARCUS, R.A. (1993): Electron transfer reactions in ch&mi Theory and experiment,
Rev. Mod. Phy. 65: 599-610.

[22] MARKOVIC, S., ToSovi, J. (2016): Comparative study of the antioxidatetivities of
caffeoylquinic and caffeic acidBpod Chem. 210 585-592.

[23] MARTINEZ, A., HERNANDEZ-MARTIN, E., GALANO, A. (2012): Xanthones as antioxidants:
A theoretical study on the thermodynamics and kisetf the single electron transfer
mechanismFood Funct. 3: 442—-450.

[24] MILENKOVIC, D., ToSovi, J., MARKOVIC, S., MARKOVIC, Z. (2016): Reakcije prelaza
elektrona: Markusova teorijalem. pregled 57: 92-97.

[25] NELSEN, S.F., BAcksTOCK, S.C., KM, Y. (1987): Estimation of inner shell Marcus
terms for amino nitrogen compounds by moleculaitaklralculations,Jd. Am. Chem.
Soc. 109 677-682.

[26] NELSEN, S.F., WEAVER, M.N., Luo, Y., R.aDzIEWICZ, J.R., AJSMAN, L.K., JENTZSCH
T.L., O'KONEK, J.J. (2006): Estimation of electronic coupling ifttermolecular electron
transfer from cross-reaction dafaPhys. Chem. A. 110 11665-11676.

[27] SMOLUCHOWSKI, M.V. (1917): Versuch einer mathematischen Theoriker
Koagulationskinetik kolloider Losungen, Phys. Chem. 920 129-168.

[28] STOKES, G.G. (1901): Mathematical and Physical Papers. Cambridge: Cambridge
University Press.

[29] SUDINA, G.F., MRZOEVA, O.K., RUISHKAREVA, M.A., KORSHUNOVA G.A., SIMBATYAN,
N.V., VARFOLOMEEV, S.D. (1993): Caffeic acid phenethyl ester as pmxlygenase
inhibitor with antioxidant propertie§EBS Lett. 329 21-24.

[30] TRUHLAR, D.G. (1985): Nearly encounter-controlled reactiomhe equivalence of the
steady-state and diffusional viewpointsChem. Educ. 62 104-106.

[31] TRUHLAR, D.G., Hase, W.L., HYNES, J.T. (1983): Current status of transition-state
theory,J. Phys. Chem. 87: 2664—2682.

[32] WRIGHT, J.S., dHNSON E.R., DLABIO, G.A. (2001): Predicting the activity of phenolic
antioxidantsTheoretical method, analysis of substituent effeantisl application to major
families of antioxidants]). Am. Chem. Soc. 123 1173-1183.

[33] Xy, J.G., HJ, Q.P., Lu, Y. (2012): Antioxidant and DNA-protective actigs of
chlorogenic acid isomers, Agric. Food Chem. 60: 11625-11630.

[34] ZHAO, Y., TRUHLAR, D. G. (2008): Density functionals with broad apability in
chemistry Acc. Chem. Res. 41. 157-167.

[35] http://www.trimen.pl/witek/ciecze/liquids.htmccessed 27 December 2016.




