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Abstract

In the present paper, M05-2X/6-311+G(d,p) level of theory was used to investigate antiradical
activity of cyanidin towards highly damaging radical species ((OH, ‘OCHs;, OOH and ‘OOCHs).
The applied method successfully reproduces the values of reaction enthalpies (AHspe, AHp, and
AHpa). These parameters are important to determine which of the mechanisms are preferred.
Reaction enthalpies related to the antioxidant mechanisms of the investigated species were
calculated in water and DMSO. The enthalpies of reactions indicate the preferred radical
scavenging mechanisms in polar (water) and polar aprotic (DMSO) solvents. Single- electron
transfer followed by proton transfer (SET-PT) is not a favorable reaction pathway under any
conditions. Both remaining mechanisms, HAT and SPLET, are suitable for the reaction of
cyanidin with *OH and ‘OCHs in all solvents under investigation. On the other hand, in the
reaction of cyanidin with *OOH and "OOCHSs;, the SPLET mechanism is possible in both
solvents. Simulation of the reaction of the cyanidin anion with the hydroxy radical confirmed
that position 3" of Cy—O" is the most suitable for reaction with “OH through electron transfer
mechanism (ET) in both solvents.
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1. Introduction

Many diseases in human organisms originate as result of radical reactions. Anthocyanidins and
anthocyanins, as hydroxylated and glycosidic flavonoids compounds, are plant pigments
responsible for the red, blue and purple hues of flowers and fruits in nature. (T. Swain, 1976.)
These compounds are flavonoids that belong to the family of polyphenols. An important
property of the anthocyanidins is that they are natural antioxidants. They are well known for
their therapeutic effects in the treatment of diabetes, atherosclerosis and cardiovascular
diseases. (M. de Lorgeril et al., 2006). Their protective role correlates well with their
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antioxidant activity, which is manifested through different actions, like direct radical
scavenging, transition metal chelation, inhibition of certain enzymes, or removing oxidatively
changed and damaged molecules. (H. Wang et al., 1999; T. Yoshimoto et al., 1983).

Cyanidin ((Cy) (2-(3,4-dihydroxy phenyl) chromenylium-3,5,7-triol) (Fig. 1)) is one of the
major water-soluble anthocyanidins. According to one theory, dietary intake of Cy may inhibit
the development of obesity and diabetes as well as provide anti-inflammatory effects. Cy and its
glycosides are very strong antioxidants and they are active at pharmacological concentrations.
The antioxidant activity is stronger than that of vitamin E, vitamin C and resveratrol and similar
to other commercial antioxidants. Cy quickly neutralizes reactive oxygen species such as
hydrogen peroxide, reactive oxygen, and hydroxy radical. (R. Sasaki et al., 2007)

Scavenging properties of flavonoids were related to their ability to transfer a hydrogen
atom to a free radical species (RO*). This transfer can be achieved via at least three mechanisms
characteristic to all phenolic antioxidants generally: hydrogen atom transfer (HAT, Eg. 1),
single electron transfer followed by proton transfer (SET-PT, Eq. 2 and Eq.3), and sequential
proton loss electron transfer (SPLET, Eqg. 4 Eq. 5) (G.A. DiLabio et al., 2005; G. A. DilLabio et
al., 2007; J. M. Mayer et al.,, 2004; Z. S. Markovi¢ et al., 2010). These mechanisms may
coexist, and they depend on solvent properties and radical characteristics.

ArOH —> ArO + H (1)
ArOH — ArOH" + e (2
ArOH" — ArO + H* 3
ArOH — ArO + H' (4

ArO — ArO + e (5)

Many factors affect neutralization of a free radical, and that is a very complex process (Xie
et al. 2014). One of them is the chemical nature of the scavenged free radicals, which have an
important role in the scavenging processes (Rimarcik et al. 2010). Investigation of free radical
scavenging potency of the investigated compounds was performed with radicals such as: “OH
(hydroxy), CHsO" (methoxy), *OOH (hydroperoxy), and CH;OO* (methyl peroxy). Selected
oxygen-derived free radicals have different characteristics. The *OH radical is the most reactive
and electrophilic of the oxygen-centered radicals. Therefore, hydroxy radical can withdraw an
electron or H-atom from almost any compound in its vicinity (Rose et al. 1993), and it is
considered as the main source of biological damage in living organisms. The peroxy radicals,
such as ‘OOH, CH30Or, are less reactive than hydroxy radical. The methyl peroxy here
represents lipid peroxy radical.

The enthalpies of the reactants, products, and enthalpies of the reactions with described free
radicals were calculated. It is well known that the values of the reaction enthalpies can
significantly contribute to understanding of the investigated reaction mechanisms. The reaction
with the free radical (RO") can occur via three mentioned mechanisms. In the HAT mechanism,
the reaction can be presented by Eq. 6:

Ar—OH + OR — Ar—O + ROH (6)

The SET-PT mechanism takes place in two steps as it is described above in Egs. 2 and 3. In
interaction with free radicals (RO"), it can be presented by Eq. 7 and Eq. 8:

Ar—OH + OR — Ar—-OH" + OR @
Ar—OH" + OR —> Ar—O + ROH 8)
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The SPLET mechanism can be presented as follows:
Ar—OH + OR — Ar—O + ROH 9)
Ar—-O +OR — Ar—-0O + OR (10)

The reaction of the examined compound with the particular free radical is considered
thermodynamically favourable if it is exothermic:

AH =[H (product) — H (reac tants)]<0 (11)

The present paper aims to provide quantitative tools to determine the antiradical
mechanisms of Cyanidin (Cy) (Fig. 1) by calculating the energy requirements for the reactions
of these molecules with *OH, *OCHjs, *OOH, and *OOCHs; radicals in different media. The
enthalpies of reaction may indicate which radical scavenging mechanism is thermodynamically
preferred and point out active sites for radical inactivation.

—0 H

Figure 1. Chemical structure of cyanidin.

2. Methodology section

The majority of theoretical investigation of Cy is focused on aromatic rings where OH groups
are located. Geometry optimizations for all species under investigation and frequency
calculations have been carried out using a DFT method MO05-2X (Y. Zhao et al., 2006)
combined with the 6-311+G(d,p) basis set. The influence of water and dimethylsulfoxide
(DMSO) as solvents was approximated using the SMD solvation model. (A.V. Marenich et al.,
2009) Geometries were fully optimized without imposing any restrictions. Local minima were
confirmed by the absence of imaginary frequencies. Thermodynamic corrections at 298.15 K
were included in the calculation of relative energies. In the case of the transition states, it was
verified that the imaginary frequency (the number of imaginary frequencies is one for transition
state) corresponds to the expected motion along the reaction coordinate, by Intrinsic Coordinate
Calculations (IRC). The optimization and energy calculation of all geometries were performed
without any constraints. All the electronic calculations were performed with the Gaussian 09
program package. (M.J. Frisch et al., 2009).

The enthalpies of reaction related to the studied free radical scavenging mechanisms can be
calculated by the following equations (Klein et al. 2007):

BDE =H(Ar-0) +H(H') —H(Ar—-0OH) (12)
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IP =H(Ar—OH") +H(e") —H(Ar—OH) (13)
PDE =H(Ar—-0) +H(H") —H(Ar—OH") (14)
PA =H(Ar-0") +H(H") —H(Ar—OH) (15)
ETE =H(Ar-0) +H(e ) —H(Ar-0) (16)

where H(Ar—-OH), H(Ar -0O°), H(Ar —OH"), H(Ar —O"), H(H"), H(e") and H(H") are the
enthalpies of parent molecule, radical, radical cation, and anion of the examined compound,
hydrogen atom, electron and proton, respectively.

In radical inactivation, the HAT mechanism (Eq. 6) is characterized by the H-atom transfer
from the examined compounds to the free radical (RO"). ArHgpe can be calculated using the
following equation (Dimitri¢ Markovi¢ et al. 2014):

AH,,. =H(Ar-0) +H(ROH) —H(Ar—OH) —H('OR) 17

The SET-PT mechanism is described by Eqgs. 7 and 8. The first step of this mechanism is
determined by AH;, while the second step is determined by AHepe (Egs. 18 and 19,
respectively):

AH,, =H(Ar—OH") +H( OR) —H(Ar—OH) —H (‘OR) (18)
AH,,. =H(A-0O) +H(ROH) —H(A-OH") —H( OR) (19)

AHpa and AHete are the reaction enthalpies related to the SPLET mechanism (Egs. 9 and 10),
and they are calculated using Eqs. 20 and 21, respectively:

AH,, =H(Ar—0") +H(ROH) —H(Ar-OH) —H( OR) (20)
AH__  =H(Ar-0) +H( OR) —H(Ar-0') —H(OR) (21)

Transition state theory (TST) represents one of the simplest theoretical approaches for
estimating the rate constants (k), which requires only structural, energetic, and vibrational
frequency information for reactants and transition states. (A. Galano et al., 2014). The main
advantage of using conventional TST is that it requires very limited potential energy
information (only on reactants and the transition states), which makes it practical for a wide
range of chemical reactions. Despite its relative simplicity, this theory has been proven to be
good enough to reproduce experimental rate constants of free radical scavenging reactions. (A.
Galano et al., 2013)

The rate constant for the radicals-cyanidin reaction was calculated using TST, implemented
in TheRate program (W.T. Duncan et al., 1998) and 1M standard state is calculated as follows:

k. T —-AG”
Ky = 0K E;] exp( = ] (22)

where k, and h stand for the Boltzmann and Planck constants, AG™is the free states and

reactants, o represents degeneracy accounting for the number of equivalent reaction paths, and
k accounts for tunneling corrections (C. Eckart et al., 1930; R. A. Marcus et al., 1964).
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3. Results and discussion

Antiradical mechanisms of cyanidin with different free radicals

Scavenging properties of Cy are related to their ability to transfer H atom to a free radical
specie. In order to examine, the influence of radical species to an antiradical mechanism of Cy
(Fig.1), the reactive particle RO* were used. In the present paper, RO" particle represents
hydroxy, methoxy, hydroperoxy and methyl peroxy radicals. The preferred mechanism of the
antiradical activity of the considered compound can be estimated from AHgpe, AHip, and AHpa
values. Namely, the lowest of these values indicates which mechanism would be most
favorable.

In the HAT mechanism, the hydrogen atom is transferred from Cy to the free radicals RO":
Cy—-OH + OR — Cy-0O + ROH (23)
AHgpe for the HAT mechanism can be calculated using the following equations:
AH,,. =H(Cy-0) +H(ROH) —H(Cy—OH) —H('OR) (24)

The first step in the SET-PT mechanism is transfer of an electron from Cy to free radical
species, yielding the Cy radical cation Cy—OH®* and the corresponding anion.

Cy—-OH +OR — Cy—-OH" + OR (25)
AHp for the first step of the SET-PT mechanism can be calculated as follows:
AH,, =H(Cy—-OH") +H( OR) —H(Cy—OH) —H('OR) (26)
The second step of this mechanism is deprotonation of Cy—OH™* by RO™:
Cy—-OH"+ OR — Cy-0O + ROH (27)
AHppe can be calculated using the following equations:
AH,,. =H(Cy-0) +H(ROH) —H(Cy—OH") —H( OR) (28)

The first step in the SPLET mechanism is deprotonation of a Cy by RO™. The outcome of
this reaction is the formation of the Cy anion, Cy-O":

Cy—-OH + OR — Cy-O + ROH (29)
AHpa can be calculated as follows:
AH,, =H(Cy-0") +H(ROH) —H(Cy—-OH) —H( OR) (30)
In the next step electron transfer from Cy—O™ to RO" take place:
Cy-O +OR - Cy-0O+ OR (31)
AHete can be determined by the equations:
AH_, =H(Cy-0’) + (RO") — (Cy-0") - (RO’) (32)

The reaction enthalpies for the reaction of Cy with selected radicals were calculated using
MO05-2X/6-311+G(d,p) model. Calculations were performed in water and dimethyl sulfoxide
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(DMSO) as solvents. Which of the mechanisms is preferred can be estimated from the lowest
value of calculated thermodynamic parameters (AHgpe, AHp, and AHpa Values). The calculated
reactions enthalpies are presented in Table 1.

M05-2X/6-311+G(d,p

Water ¢=78.35 DMSO £=46.83
cyanidin HAT SET-PT SPLET HAT SET-PT SPLET
AHgpe AHp AHpoe AHpa AHete| |AHeoE AHp AHpoe AHpa AHETE
100 124
CyOH-3 +-OH -131 -231 -145 14 -136 -260 -143 7
CyOH-3+0OH -136 -236 -130 -7 -143 -267 -122 -20
CyOH-4"+0H -140 -240 -156 16 -147 -271 -163 16
CyOH-5+C0H -119 -219 -151 32 -122 -246  -151 29
CyOH-7+0H -114 -214 -151 37 -114 -238 -152 37
124 228
CyOH-3+0CH3 -74 -198 -112 38 -68 -296 -179 111
CyOH-3"+0CH; -79 -203 96 17 -75 -303 -159 84
CyOH-4"+0CH; -83 -207 -123 40 -79 -307 -199 120
CyOH-5+0CH3s -62 -185 -117 56 -54 -282 -187 133
CyOH-7+0CH3 -57 -180 -118 61 -47 -275 -188 141
151 223
CyOH-3+00H 1 -150 -64 65 2 -222 -104 106
CyOH-3+0O0H -4 -155  -49 45 -5 -228 -84 79
CyOH-4"+0O0H -8 -159 -75 67 -9 -232 -125 115
CyOH-5+00H 13 -138 -70 83 16 -207 -112 128
CyOH-7+00H 18 -133 -70 89 23 -200 -113 136
158 229
CyOH-3+00CH; 7 -151 -66 72 10 -220 -102 112
CyOH-3'+00CHs| 2 -156 -50 51 3 -226 -82 85
CyOH-4"+00CH;| -2 -160 -77 74 -1 -230 -123 122
CyOH-5+00CH; | 19 -139 71 90 24 -205 -110 134
CyOH-7+0O0CH3; 24 -134  -71 95 31 -198 -112 143

Table 1. Calculated reaction enthalpies (kJ/mol) for the reactions of Cy with *OH, “OCHj,
*OOH, and *OOCH; radicals.

On the basis of thermodynamic values in Table 1, it is clear that only HAT and SPLET are
operative radical scavenging mechanisms of Cy in both solvents. On the basis of the obtained
values for AHgpg, it is clear that 4'-OH group should be the most reactive OH group of Cy.
The 4'-OH group has the lowest AHgpe value in all solvents. Values of AHpa for all present
OH groups of Cy are indicating that proton transfer from C4" group is more favorable in
comparison to the other OH groups. In all solvents, AHpa Values are significantly lower than
corresponding AHgpe values, with the exception of OH radical inactivation. This indicates that
SPLET mechanism thermodynamically represents the more probable reaction pathway
regarding scavenging HOO*, CH3;O" and CH3OO' radicals. The AHgpe and AHpa Vvalues show
that the 4°-OH group is the most reactive OH group of Cy. Regarding the hydroxy radical, the
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HAT and SPLET mechanisms are in competition in both solvents; however, it is interesting to
notice that SPLET is dominant in all cases except when the inactivation is initiated by the group
in position 3" of Cy. It is also important to notice that the AHere values for this position is
slightly negative, which makes it important for kinetic analysis. The SET-PT mechanism proves
to be thermodynamically unfavorable for all four radical species in both solvents.

Mechanistic approaches of reaction of Cy with hydroxyl radical

One of the viable mechanisms to scavenge free radicals is electron transfer (ET), the second
step in the SPLET mechanism (Burton & Ingold, 1984):

Cy-O +HO" - Cy-O" +HO" (33)

Cyanidin anion acts as the free radical scavenger in reaction Eq. 33. Transition states are
necessary for calculating the AG” term in Eq. (22) for HAT reactions. However, for electron
transfer reaction, transition state cannot be located using electronic structure methods, as it is
not possible to describe mechanistic pathway of electron motion. To estimate the reaction
barrier (the AG” term) in such cases it is necessary to use the Marcus theory. (Marcus et al.,
1997). Within this transition-state formalism, the SPLET activation barrier (AG”spLet) iS
defined in terms of the free energy of reaction (AG%pLer) and the nuclear reorganization energy

):

2
AG!
AG:PLET = %[14' %) (34)

A is the energy associated with the nuclear rearrangement involved in the formation of
products in an electron transfer reaction, which implies not only the nuclei of the reacting
species but also those of the surrounding solvent. For A calculation, a very simple
approximation was used:

A= AE - AGSPLET (39

AE is the non-adiabatic energy difference between reactants and vertical products, that is,
Cy-0O" and HO" in geometries of Cy—O" and HO":

AEg, - =E(Cy-O")+E(HO™) — E(Cy-O")—-E(HO") (36)
The adiabatic Gibbs free energies of reaction were calculated as:
AGgy 7 =[G(Cy-0O") +G(HO ) ]-[G(Cy-O ) + G(HO")] (37)

This approach is similar to the one used by Nelsen and co-workers (1987) for a large set of
self-exchange reactions. The theory of diffusion-controlled reaction was originally utilized by
R.A. Alberty, Gordon Hammes and Manfred Eigen to estimate the upper limit of enzyme-
substrate reaction. (Z. Markovi¢ et al., 2012) According to their estimation, the upper limit of
enzyme-substrate reaction was 10° M~'s™!. This fact has influence on final value of Steady-state
Smoluchowski rate constant, ky. (Z. Markovi¢ et al., 2013; M. Leopoldini et al., 2004). If
calculated rate constant is close to the diffusion limit, appropriate corrections are considered
(the Collins—Kimball theory) as proposed by Galano and Alvarez-ldaboy. (A. Galano et al.,
2013, C. luga et al., 2012). The apparent rate constant (ki) cannot be directly obtained from
TST calculations. The Collins—Kimball (Collins et al., 1949) theory is used to correct the rate
constant, and kapp is calculated as:
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k. k
kapp:kd
4Tk

(38)

where k is the thermal rate constant, obtained from TST calculations. This constant, kg, for an
irreversible bimolecular diffusion-controlled reaction, can be calculated with following
equation:

k, = 4nRD,; N, (39)

where R denotes the reaction distance, NA is the Avogadro number, and DAB is the mutual
diffusion coefficient of the reactants A (free radical (HO") and B (Cy-O7)). DAB were
calculated from DA and DB according to Truhlar. (Schwenke et al., 1985) DA and DB were
estimated from the Stokes—Einstein approach (1903) (Stroke, 1901):

D - kg T

= 40
6mna (40)

where 1 denotes the viscosity of the solvents, in our case water (n=8.9x10* Pa s) and DMSO
(M=2.0x10" Pa s) and o is the radius of the solute. On the basis of the obtained AHete values
(Table 1), the reaction between HO" and Cy—O were studied only in positions C3, C3™ and C4".
The kinetic parameters of the reactions were analyzed in terms of their Gibbs free energies
(Table 2).

M052X/6-311+G(d,p)

cyanidin AGspier  AG%ier A K Kapp AG*sper AGspier A Kq Kapp
(kd/mol)  (kJ/mol) (kJ/mol) (M1st) (MisHfL (kd/mol)  (kJ/mol) (kJ/mol) (Mis1) (M1s?)
Water n=8.9x10 DMSO n=2.0x10
3+'OH 21.1 15.0 50.0 4.2x10° 9.5x108 15.9 5.9 51.3 1.84x10° 1.56x10°
3+°OH 9.8 5.7 49.8  8.3x10° 7.8x10° 33 21.2 458  3.7x10° 3.7x10°
4’+°0OH 24.0 18.3 529 8.4x10° 1.9x10° 22.6 19.7 41.7  3.7x10° 5.7x108

Table 2. DFT calculations of rate constants related to second step of SPLET mechanisms

As can be seen from Table 2, the 3'-OH group of Cy—O has the lowest values of activation
energy (corresponding values of rate constants are higher and possible reaction is faster) in
reaction with hydroxy radical in both solvents, implying that it is most favorable position for the
reaction via electron transfer mechanism (ET). These results are in accordance with the results
presented in Table 1.

4, Conclusion

Antiradical activity of the Cy was examined by analysing the thermodynamic parameters of the
parent molecule, the corresponding radicals, radical cations and anions. The MO05-2X/6-
311+G(d,p) model was applied to examine antiradical activity of cyanidin towards highly
damaging radical species (OH, ‘OCHs, ‘OOH and ‘OOCH;). To estimate the effects of water
and DMSO, the SMD solvation model was used. On the basis of the obtained results, it can be
concluded that single electron transfer followed by proton transfer is not a favorable reaction
pathway under any conditions. The HAT and SPLET are preferable mechanisms for reactioFn
cyanidin with *OH and "OCHs in all analysed solvents. The SPLET mechanism is possible in
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both solvents for the reaction of cyanidin with "OOH and ‘OOCHs. In the reaction of the
cyanidin anion with the hydroxy radical it was confirmed that position 3" of Cy—O" is the most
suitable for reaction with "“OH through electron transfer mechanism (ET) in both solvents.
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