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Abstract The extensive theoretical study of the interac-

tion of one of the most abundant and reactive flavonols,

quercetin, with hydroperoxy radical (HOO�), using the

M052X/6-31 ? Gd, p level of theory, was performed.

Results indicating that quercetin is not a planar molecule

are in accord with the X-ray analysis. The applied method

successfully reproduces the bond dissociation enthalpy,

and reveals that the reaction of quercetin with the hydro-

peroxy radical is governed by a hydrogen atom transfer

mechanism. It is confirmed that the 30OH and 40OH are the

most reactive sites, and that the reaction in the 30OH

position is faster than that in the 40OH position.

Keywords Quercetin � DFT � M052X �
Hydroperoxy radical

1 Introduction

Flavonoids are reported to exert a wide range of positive

attributes like elimination of singlet oxygen, reduction of

lipid peroxidation, termination of the propagation phase in

which hydro-peroxy lipids are formed, detoxification of

hydrogen peroxide through non-enzymatic defense mech-

anisms, diminishing the oxidative stress and many others

[1–4].

Very often these in vitro-obtained results of extraordi-

nary antioxidant activity of flavonoids are simply extrap-

olated to the conditions in vivo, which is not quite correct

concerning the fact that their heath benefits go beyond

regulating reactive radical species [5]. Their in vivo

activity is largely dependent on several factors their bio-

availability, heterogeneity of natural media, in vivo redox

status, the degree of their degradation by gut microorga-

nisms and factors related to their basic structure, including

major determinants like their molecular size, the degree of

glycosylation, the hydroxylation pattern, the presence of

the C4 carbonyl group, double bond between C2 and C3

conjugated with the 4-oxo group, C3 hydroxyl group

present in flavonols, the level of conjugation with other

polyphenols and their interactions with surrounding mole-

cules [1–7].

Oxygen radicals (superoxide anion O2
-, hydroxyl-HO�;

peroxy-ROO�; alkoxyl-RO� nitric oxide-NO�) are highly

reactive oxidative species able to chemically react with a

great number of organic compounds in biological and

chemical systems. In the terms of the half-life, and con-

sequently the reactivity, peroxy radical form is not the

leading one but is very important in biological systems

because it can pass readily through the cell membranes and

cannot be excluded from them. It is actually necessary for

the function of many enzymes, and thus is, like oxygen

itself, required for good health to be maintained [8–10].

Under biological conditions, it is formed by the mono-

valent reduction of the superoxide.

There are two fundamental and widespread reaction

pathways through which flavonoids (ArOH) and other

phenolic compounds scavenge free radicals (1) rapid
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Faculty of Physical Chemistry, University of Belgrade,

Studentski trg 12-16, 11000 Belgrade, Republic of Serbia

e-mail: markovich@ffh.bg.ac.rs

123

Theor Chem Acc (2010) 127:69–80

DOI 10.1007/s00214-009-0706-x

http://dx.doi.org/10.1007/s00214-009-0706-x


donation of the hydrogen atom to a radical form forming a

new radical, more stable than the initial one (Hydrogen

atom transfer [HAT] mechanism leading to the direct O–H

bond breaking)

ArOHþ HO� ! ArO� þ HOH ð1Þ

and (2) the chain-breaking mechanism, by which the

primary antioxidant transforms into radical cation by

donating an electron to the free radical present in the

system (e.g., lipid or some other radical). This mechanism

is leading to indirect H-abstraction.

ArOHþ HO� ! ArOHþ þ OH� ! ArO� þ HOH ð2Þ

The net result of the reactions (1) and (2) is the same and

both, H-atom transfer and electron transfer occur in parallel

by different rates. Besides the HAT mechanism, where the

proton and the electron are transferred together, many

important biochemical processes, proceed via proton-cou-

pled electron transfer (PCET) mechanism, which occurs

when a proton and electron are transferred between dif-

ferent sets of molecular orbitals [11–14]. Both HAT and

PCET mechanisms depend upon the medium investigated.

In general they are governed by the strength of the phenolic

O–H bond, i.e., by the O–H bond dissociation enthalpy

(BDE), the molecular property used in the assessment of

possible radical scavenging potential of the molecule. BDE

is calculated as the difference in enthalpy between the

molecule (quercetin in this case) and its radicals, impli-

cating its correspondence to the OH bond breaking energy

(the weaker the OH bond is, the smaller BDE is and the

faster HAT mechanism will be leading to the faster reac-

tion with free radical). The electron-transfer mechanism

(Eq. 2) is governed by one-electron transfer process with

both the ionization potential and reactivity of the radical-

cation ArOH? playing important role. Whatever mecha-

nism is involved the formed radical specie ArO� needs to

be relatively stable, so that reactions 1 and 2 could be

thermodynamically favorable in the sense that it is easier to

remove a hydrogen atom from ArOH than from HOH. In

such a way antioxidant molecule will react slowly with the

substrate and faster with the radical form preventing or

postponing toxic effects (such is the oxidative stress) of its

reaction with the substrate molecules. It is also important to

emphasize that both, antioxidant molecule and the final

product obtained from it, should be non-toxic and should

not exert pro-oxidant effect [15].

Quercetin is naturally occurring and the most abundant

dietary flavonol commonly found in onions and other

vegetables and fruits. Because of its specific structural

features, it is considered as a highly potent antioxidant

capable of effective free radical scavenging under in vivo.

This paper addresses the potential antioxidant activity of

each of the quercetin reactive sites in simulated reactions

with hydroperoxy free radical. The structure–activity

relationship is examined in the light of the obtained results.

For the investigation of the reaction of quercetin and

hydroperoxy radical the M052X/6-31 ? G** level of the-

ory is used.

2 Computation methods

Geometry optimization, energies, and first and second

energy derivatives of all stationary points are calculated

using the new local density functional method (M05-2X)

that is recently developed by the Truhlar group [16, 17].

This new hybrid meta exchange–correlation functional is

parameterized so that it includes both nonmetallic and

metallic compounds. Also, this functional yields satisfac-

tory overall performance for the main group thermo-

chemistry and thermochemical kinetics, as well as organic,

organometallic, biological and noncovalent interactions

[16–19]. The 6-31 ? G(d,p) basis set [20] is used, as a

quite large basis set for a molecular system of such size and

as a unique and enough-tested set of basic functions for H-

atom transfer reactions. The choice of this basis set is also

motivated by the fact that it gives reliable BDE, estimation

in the gas phase (enthalpy difference, calculated at 298 K,

for the reaction ArOH ? ArO� ? H�) and better descrip-

tion of electronic interaction far from the nucleus (i.e.,

electron delocalization), due to the joint use of polarization

functions (d,p) and diffuse functions (?). All ArO� radicals

are evaluated by using an unrestricted scheme in order to

take spin polarization into account, which is required in

such density functional theory (DFT) calculations.

The vibrational frequencies are obtained from diago-

nalization of the corresponding M05-2X Hessian matrices.

The nature of the stationary points is determined by ana-

lyzing the number of imaginary frequencies: 0 for mini-

mum and 1 for transition state. Relative energies were

calculated at 298 K. Zero point corrections (ZPE) and

thermal corrections (TCE) to energy are included. The

M05-2X/6-31 ? G(d,p) values are corrected by using the

recommended scaling factor 0.9631 [21]. All calculations

were conducted using Gaussian03 [22].

3 Results and discussion

The notation used in this work follows as the molecule of

quercetin (Scheme 1), its radical formed by H-removal

from the 3-OH group and corresponding transition state are

denoted with Q, 3-OH radical and TS3, respectively. The

same notation is used for the other four radical forms and

corresponding transition states.
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3.1 Structure of quercetin

The results on conformational space of Q as a function of

torsional angle s (C3–C2–C10–C20) between the rings B

and C and their preferred relative positions are presented in

Fig. 1. By removing constrain for the torsional angle the

conformational absolute minimum is found at s = 169.6�
(structure I in Fig. 1). A local minimum of very similar

energy (higher by 0.16 kcal/mol) is found at s = 12.0�
(structure II in Fig. 1). The maximum of the potential

energy lies at s = 90� and the intercorvesion barrier

between the two minima is about 5.9 kcal/mol. All

hydroxyl groups are oriented in such way to form the

maximum number (three) of hydrogen bonds.

The geometrical parameters of the absolute minimum

for the structure I are reported in supplementary informa-

tion together with all the parameters of the intermediates

(radicals) and data coming from X-ray crystallographic

measurements [23], which are compared to the calculated

the geometrical parameters for Q. The percentage errors for

bond lengths and bond angles between the calculated

geometrical parameters of Q and its X-ray crystallographic

data are 1.1 and 1.4%. The accuracy of the obtained results

is similar to that of Leopoldini et al. [24] at the B3LYP/6-

31 ??G** level of theory, and somewhat higher than that

of Dhaouadi et al. [25] at the B3LYP/6-31 ??G* level of

theory. Some OH bond lengths and bond angles have

higher percentage errors. In particular, the errors for the

O3–H3, O5–H5, and O7–H7 bond lengths, and C3–O3–H3,

C5–O5–H5, and C40–O40–H40 angles amount 7.5, 3.7, 5.2,

4.7, 6.2 and 8.9%, respectively. This means that the cal-

culated OH bonds are overestimated. It is possible to

suppose that all these differences may be due to the crystal

packing in the lattice.

If the differences between the vacuum and condensed

phase environments are taken into account it is possible to

say that M05-2X/6-31 ? G** level of theory reproduces

geometrical parameters of Q quite well. It is also worth

mentioning that in going from s = 0� to ±30�, the

potential energy curve is very flat with an energy variation

of about 0.22 kcal/mol meaning that the planar confor-

mation is easily obtained requiring a negligible amount of

energy. This small deviation from the planarity of the

molecule preludes a possible extended delocalization with

a consequent good stabilization of the radical species

eventually originating from the hydrogen abstraction from

the OH groups in all the rings. As indicated by Rice–Evans

et al. [26] and by van Acker et al. [27], the antioxidant

properties of flavonoids can be derived just from their good

delocalization possibilities.

Previous semiempirical [28, 29], ab initio [30] and DFT

[24] studies suggest that the absolute minimum geometrical

features are very similar to those obtained in the present

investigation. The only exception is the value of the s
torsion angle which, at the AM1, RHF/6-31G* and

B3LYP/6-311 ??G** levels, is found to be 153.3� [21],

162.3� and 180� [24]. The density functional M05-2X/6-

31 ? G** value (169.6�) is much closer to the experi-

mental torsion angle of 172.1� [23]. Using the AM1 [28],

RHF/6-31G* [29] and B3LYP/6-311 ??G** [24] meth-

ods, the energy difference between conformations of the

two minima is estimated to be 0.23, 0.20, and 0.55 kcal/

mol, respectively, and the rotation barrier required to pass

from conformation I to II is 2.5, 5, and 5.59 kcal/mol. The

M05-2X/6-31 ? G** results are relatively close to these

values. Although the sets of theoretical data are slightly

different they underline univocally an easy rotation around

the s angle and a very small energy gap between the two

stable conformations suggesting their probable coexistence

(Fig. 2).

Scheme 1 Atomic numbering of quercetin and hydroperoxyl radical

Fig. 1 Two most stable

M052X/6-31G** optimized

structures of quercetin molecule

in the gas phase (I and II)
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As the conformer I is more stable than the conformer II

all further investigations address the conformer I.

3.2 BDE of quercetin

Among the five hydroxyl groups of Q, 30OH and 40OH

groups in the B ring (catechol moiety) are the most

responsible for the antioxidant activity [24, 31, 32]. As the

calculated BDE values confirm [24, 25, 33] even 3OH

group, in some cases, can be also responsible for antioxi-

dant activity. Theoretical calculations of the BDE, using

either semi-empirical Hartree–Fock method or DFT, have

been useful for elucidating the high capacity of the OH

groups of phenolic antioxidants [17, 18, 31–41]. Never-

theless, quantum-chemical studies on flavonoids are far

from being complete. The most theoretical investigations

are focused only on the B-ring (particularly the catechol

moiety) and the most reliable methodology still has to be

established.

The present study is focused on the reaction of HOO�
radical and Q, in order to elucidate the reactivity of these

OH groups and the corresponding radical forms formed

after H-abstraction. Although the B3LYP method is used in

many investigations on antioxidant activity in this study the

M05-2X method is applied. The main reason lies in the fact

that sometimes there are some problems in the prediction

of bond dissociation energies, as well as energies and

geometries of transition states using B3LYP method

[42–44].

In order to check the quality of the applied M052X/6-

31 ? G** level of theory, the BDE values obtained by it

are compared to the BDE data for Q available in literature.

The gas-phase B3LYP/6-311 ??G** BDE value of Q,

computed with reference to its most stable radical species, is

72.35 kcal/mol [24]. This value is smaller by 10.54 kcal/mol

with respect to the phenol BDE value (82.89 kcal/mol), at

the same theoretical level [28], indicating a better activity

of Q as radical scavenger. The phenol experimental value

for BDE of 86.7 ± 0.7 kcal/mol at 1 atm standard state is

recommended by Murder et al. [45]. The B3LYP/6-

311 ? G** BDE of 87.10 kcal/mol [46] is nearer to the

experimental value, and is obtained by a computational

procedure in which the radical is treated using a restricted

open-shell approach instead of an unrestricted one. Fur-

thermore, an H-atom correction of 1.36 kcal/mol is also

introduced [47]. The BDE values predicted with M052X/6-

31 ? G** (Table 1) are generally higher than Leopoldin’s

[24] and especially than Dhaouadi’s [25] data, but are

consistent with Nenadis’s and Li’s data [46, 48]. If the

values of BDE in Table 1 are carefully examined, it can be

concluded that all methods predict the same sequence of

the reactivity of OH groups: 40OH [ 30OH [ 3OH [
7OH [ 5OH, except in the case when the B3LYP/

6-31 ??G* method is applied [25].

3.3 Reactions of quercetin with hydroperoxy radical

Bearing in mind the reactivity of OH groups of Q obtained

on the basis of the BDE values, we take a step further in

this work, and investigate the reactions of all OH groups of

Q with hydroperoxy radical. Hydroperoxy radical is chosen

because numerous natural peroxides are of the similar

structure (ROO�) so the obtained results could demonstrate

their general behavior. The calculations reveal that

detachment of H atom by hydroperoxy radical can be

performed with all five hydroxyl groups of Q. Each reac-

tion proceeds via one transition state and one intermediate

(corresponding radical form). The mechanism is presented

in Fig. 3 values of total energies, enthalpies and free

energies of all relevant species are given in Table 2. Fig-

ure 4 presents the optimized geometries of all transition

states.

3.4 Mechanism

During the reaction of n-OH group (n = 30, 40, 3, 5, and 7)

with hydroperoxy radical, partial detachment of Hn atom

from On is observed in transition state. The distance
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Fig. 2 Rotation barrier around the inter C2–C10 bond calculated with

the M052X/6-31 ? G** method for the structure I

Table 1 Bond dissociation enthalpies of quercetin

BDE (kcal/mol)

40OH 30OH 3OH 5OH 7OH

B3P86/6-311 ? G** [32] 74.6 77.0 83.7 93.3 88.6

B3LYP/6-311 ? G** [32] 71.1 73.6 79.7 94.7 84.4

B3LYP/6-311 ??G** [24] 72.3 75.0 79.2 94.5 86.1

ONIOM-G3B3 [48] 78.7 81.8 85.5 99.9 93.2

B3LYP/6-31 ??G* [25] 67.6 78.9 76.2 89.9 81.5

M052X/6-31 ? G** 77.5 80.1 86.1 101.6 94.4
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between On–Hn in TSn is increased with respect to cor-

responding bond in Q by 15.5, 15.9, 18.8, 33.1, and 23.3%,

whereas the distance between Hn and O1p is longer than

O–H bond in hydrogen peroxide (0.964 Å) by 32.7, 34.6,

25.8, 12.2, and 23.3% for n = 30, 40, 3, 5, and 7, respec-

tively. This indicates that TS30 and TS40 are early transition

states, whereas TS5 is the late one.

A detailed analysis of the transition states charges

shows that the QO and HOO fragments carry negative

charge, while transferred H has a positive charge in all

cases (see supporting information). In addition, spin

density is also located on HOO and QO fragments.

Actually, spin density associated with QO moiety is

increased, while that associated with OOH fragment is

decreased, in comparison to the reactants. However, there

is no spin density associated with a transferred hydrogen

atom. These facts indicate that reactions of quercetin OH

groups with �OOH radical proceed by HAT mechanism.

Although the spin density on the transferred hydrogen can

not be generally used to distinguish HAT from PCET

mechanism [11] some other results also point to HAT

mechanism: the analysis of the SOMOs shapes in tran-

sition states and the results of the optimized transition

states with orientation of �OOH moiety corresponding to

PCET mechanism. The latter one shows that PCET is

energetically unfavorable (for example, for Q30 and Q40

the activation energies are higher by 3.6 and 2.6 kcal/

mol) comparing to HAT. This finding is in agreement

with the experimental research of Musialik et al. [49] on

the reactions of flavonoids with peroxyl and dpph radicals

in non-polar solvent.

The selected orbital occupancies of Q, peroxy radical, and

corresponding TSs are shown in Supplementary (Table 3).

They are used to describe the nature of transfer in all

Fig. 3 Five reaction pathways for the reaction of quercetin with hydroperoxy radical
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reactions. From this table, it is clear that there is an

unpaired electron in p-orbital on the Op1 oxygen atom in

peroxy radical. This p-orbital overlaps with s-orbital of Hn

atom from hydroxyl group of Q leading to a formation of

the H-Op1 bond with occupancy close to 1.7. At the same

time, On–Hn bond is breaking and the unpaired electron

stays in the p-orbital of On. This causes overlapping

between the p-orbitals of On and Cn and formation of the

p-bonds with relatively high occupancies (about 1.7). In

each TSn, anti-bonding orbitals (BD(2)*CnOn) and

(BD(1)*HnOP1) are relatively highly occupied too mean-

ing that the unpaired electron is mainly located in these

orbitals.

The single occupied orbital (SOMO) of TS30, TS40, and

TS3 (Fig. 5) shows that the unpaired electron is mainly

delocalized among ring B, C3 atom of the ring C, and

corresponding oxygen atoms (where deprotonation takes

place). Figure 5 also reveals that delocalization of SOMO

is significantly weaker in other two transition states (TS5

and TS7). These differences in delocalization of SOMOs

can explain the higher activation energies for the reactions

in the TS5 and TS7 positions.

The activation energy, DG, associated with each of these

reactions is calculated as the difference in the total free

energy between the transition state and corresponding

reactant. The following energy activation sequence for the

OH groups is found: 30OH \ 40OH \ 3OH \ 7OH \ 5OH

(Table 2). By the Curtin-Hammond principle, the distri-

bution of the products is determined according to the dif-

ference in free energies of the transition states. For this

reason, the free energy differences between all transition

states are calculated. The resulting ratios between the

concentrations of the products are given in Table 2. On the

basis of activation energies and distribution of the products

it is obvious that the reactivity of the B-ring is higher than

that of the C-ring and particularly A-ring. This is consistent

with what is known from literature concerning structure–

activity relationships of antioxidant flavonoids [26].

3.5 Reactions in positions O30 and O40

By inspecting Table 2, one can observe that the smallest

activation energy of 12.92 kcal/mol is required for the

reaction in the position 30OH, while the reaction in the

position 40OH has slightly higher activation energy of

13.39 kcal/mol. This leads to a conclusion that the reaction

can take place in both positions with similar probabilities.

The reverse reactions in these positions are unlikely, since

both reactions are exothermic.

The scavenging of the H30 and H40 atoms by the

hydroperoxyl radical creates a perturbation that is more

pronounced in the B ring, where strong variation of all

bonds has been observed (see Fig. 4 and supporting

information). The NBO analysis shows that there are

double bonds between C20–C30, C40–C50 and C60–C10 in

the B-ring of Q. In the TS30, the double bonds are located

between C10–C20, C50–C60 and C30–O30, and in the TS40

between C10–C20, C50–C60 and C40–O40. Bond angles are

almost equal as in Q, while dihedral angles between the

rings C and B are slightly smaller (s = 8.8� and 9.3� for

TS30 and TS40, respectively).

After hydrogen abstraction has been completed, corre-

sponding transition states grow into products, namely

HOOH and either 30OH or 40OH radical forms. The 30OH

and 40OH radical forms are characterized by three hydro-

gen bonds (Fig. 6) that contribute to the stabilization of

each specie. Each radical form is additionally stabilized

with relatively strong hydrogen bond between oxygen atom

(where H-removal is performed) and hydrogen from

neighboring OH group.

The NBO analysis allows further comment on the

electronic structure of the obtained radical isomers. The

complete delocalization involves only ring A in both

radicals, while the ring C is characterized by three double

bonds strongly localized on the carbonyl group, C2–C3 and

C9–C10 bonds. Significant difference in comparison to the

parent molecule of Q is the existence of strongly localized

double bonds on the carbonyl group at C40, as well as

between the C20–C30 and C50–C60 atoms in 40OH radical.

In the case of 30OH radical form, the localized double

bonds are located on the carbonyl group at C30, between

the C10–C20 and C50–C60 atoms.

Within an unrestricted scheme, the spin density is often

considered to be a more realistic parameter providing a

better representation of the stability. The importance of the

Table 2 Total energy (E), enthalpy (H298), and free energy (G298) for

compounds under investigations

E H298 G298 Ratio

Q –1,103.9226 –1,103.9080 –1,103.9702

HOO –150.8684 –150.8650 –150.8896

HOOH –151.4981 –151.4948 –151.5195

40OH –1,103.3016 –1,103.2888 –1,254.8385 0.45

30OH –1,103.2982 –1,103.2846 –1,254.8392 1

3OH –1,103.2894 –1,103.2751 –1,254.8317 3 9 10-4

5OH –1,103.2650 –1,103.2504 –1,254.8179 2 9 10-10

7OH –1,103.2765 –1,103.2618 –1,103.3244 3 9 10-7

TS40 –1,254.7861 –1,254.8385 –1,103.3474

TS30 –1,254.7862 –1,254.7690 –1,103.3440

TS3 –1,254.7802 –1,254.7632 –1,103.3360

TS5 –1,254.7648 –1,254.7473 –1,103.3474

TS7 –1,254.7717 –1,254.7543 –1,103.3120

Values of E, H298, and G298 are scaled using appropriate scaling

factors [14]. All values of energy are in Hartrees
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spin density for the description of flavonoids has been

pointed out by the recent papers of Leopoldini et al.

[24, 32] and Trouillas et al. [33]. In this paper, the spin

density on the QO radical forms is also analysed, in order

to understand the differences in their stabilities.

The spin density appears to be slightly more delocalized

for radicals issued from the B-ring (40OH and 30OH) than

for that located on the A-ring (5OH and 7OH) (Fig. 6).

This is a consequence of the presence of the C2–C3 double

bond, which allows for spin presence on the C3 atom (0.18

for 40-OH). The spin distribution indicates the oxygen O

atom bonded to C40 as the most probable radical center,

followed by the carbon atom C10.
This effect can be explained by using the classical

resonance effects occurring in the phenoxy radical. Such a

scheme explains the presence of the radical (high spin

density) on the C10 atom in para-position for the 40-OH

radical specie, and the subsequent possible delocalization

effect due to the presence of the C2–C3 double bond. It is

to be noted that such delocalization cannot happen in 30OH

Fig. 4 The geometries of transition states
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radical form due to high spin densities on the C60 and C40.
Stronger delocalization in 40OH radical specie is confirmed

by hybrid composition of respective bonds. It is found that

slightly greater s-orbital contribution in hybrid composition

for the C2–C10 bond (sp1.67–sp2.17) in 40OH radical form,

comparing to the corresponding bond in Q (sp1.71–sp2.27),

offers stronger electron delocalization over the ring C than

in Q. On the other hand, for 30OH radical form, a similar

hybrid composition is found for the C2–C10 bond (sp1.73–

sp2.23) as for corresponding bond in Q. We suppose that

this stronger electron delocalization in the case of 40OH

radical specie is the main reason why this radical is more

stable than the 30OH one. It is worth pointing out that the

intraconversion of gained radicals is also possible to hap-

pen where relatively small activation energy is needed for

the H transfer process (6.3 kcal/mol for the transfer from

30OH to 40OH form and 8.5 kcal/mol for the reverse

process). This means that even though 30OH radical form is

obtained in excess amounts, it can easily be transformed

into more stable 40OH radical form.

3.6 Reaction in position O3

Beside the most reactive sites 30OH and 40OH the 3OH

position is also interesting for reaction with hydroperoxy

radical. The activation barrier for a formation of TS3 is by

4.7 and 4.3 kcal/mol higher than those for TS30 and TS40

implying that H-transfer from the 3OH group is also pos-

sible, depending on the oxidative system. This assumption

is based on several in vitro studies confirming the partici-

pation of the 3-OH group in redox reactions [50, 51]. In

addition, reverse reaction in this position is plausible, since

the reaction is endothermic.

In TS3 hydrogen of OOH� radical forms week hydrogen

bond with nearby carbonyl group. The abstraction of the

H3 atom by the radical creates a perturbation, which is

Fig. 5 The shape of SOMO in

different transition states
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more pronounced in the C ring, where strong variation of

the C3–O3, C2–C3, C3–C4 and O1–C2 bonds is observed,

comparing to Q (see Fig. 3 and supporting information). In

addition, complete rearrangement of double bonds in rings

A and C is found in transition state. The double bonds are

now located between C5–C6, C8–C9, C3–O3 and C4–O4.

The NBO analysis is in accordance with this finding, since

it reveals that only the ring B is delocalized in TS3. Bond

angles are almost equal to those in Q, while dihedral angle

between the rings C and B is significantly increased

(s = 19.5�). Based on this value, one can suppose that

electron delocalization between the rings B and C is sig-

nificantly hindered and that this hindrance is an important

reason for higher activation energy comparing to activation

energy required for the reaction performed on the 30OH and

40OH groups.

As a product of this reaction, the 3OH radical is formed.

The investigation reveals that the geometry of the 3OH

radical form is significantly different from that of Q. All

bond lengths are more or less changed, and this particularly

refers to the O1–C2, C3–O3, C4–O4 and C3–C4 bonds.

Concerning bond angles, all values are very similar to those

of Q, except in the cases of C2–C3–O4 and C6–C7–O7. It is

worth pointing out that the dihedral angle between the rings

B and C becomes planar. Thus, complete delocalization

involves only rings A and B, while the ring C is charac-

terized by two double bonds strongly localized on the

carbonyl groups. Due to the planarity around the torsional

angle s the electronic flow between the ortho-

diphenolic moiety and the ring C is still possible. This

conclusion is supported by hybrid composition and the

C2–C10 bond length. Slightly smaller p-orbital contribution

(sp1.62–sp2.15), comparing to the corresponding bond in Q,

offers better electron delocalization over the B ring.

Our investigation shows that, though there is weak spin

delocalization over the ring B, spin density is mainly

located on the O3 and C2 atoms. This finding indicates the

carbon C2 as the most probable radical center (Fig. 6),

followed by the oxygen atom bonded to carbon C3. This

result is in agreement with that of Trouillas et al. [33]. It is

Fig. 6 Distribution of spin

densities in the radicals formed

by H-removal from Q
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well known that keto–enol tautomerism can take place in Q

and since the quercetin keto form is markedly less stable

than the enol one (by about 20 kcal/mol), the contribution

of the keto form can be considered negligible for quercetin

as a free molecule. For this reason, the possible mechanism

for H-abstraction from the C2 atom is not considered in this

paper.

3.7 Reactions in positions O5 and O7

Though the reactions of the hydroperoxy radical with Q in

the positions 5OH and 7OH are unlikely, the main char-

acteristics of their transition states and radicals are also

presented in the text that follows. The activation energies

for TS5 and TS7 are higher than those for TS30 by 13.3 and

8.9 kcal/mol, respectively, and both reactions are endo-

thermic. The activation barriers for reverse reactions in the

C5 and C7 positions are 8.5 and 11.8 kcal/mol implying

that reverse reactions are plausible (Fig. 1; Table 2).

The NBO analysis reveals that only the ring B is delo-

calized in TS5 and TS7. Strong variation of the bond

lengths and complete rearrangement of double bonds in the

ring A relative to Q are found. As confirmed with the NBO

analysis and bond lengths, the double bonds in TS5 are

located between C5–O5, C6–C7 and C9–C10, and between

C7–O7, C5–C6 and C9–C10 in TS7. In TS5, hydrogen of

the hydroperoxy radical forms strong hydrogen bond

(1.732 Å) with carbonyl group in the position C4. When

the reaction occurs in the position C7 there is no similar

stabilization of the transition state by the hydrogen bond. It

may be the reason for higher energy of TS7.

The NBO analysis of the products of these reactions

reveals that rings A and B are characterized by five double

bonds strongly localized on the carbonyl groups of both

radicals, between C6–C7, C2–C3, and C9–C10 bonds in

the 5OH radical, and between C2–C3, C5–C6, and C9–C10

bonds in the 7OH radical. Since the C2–C10 bond length is

the same in both radical forms, while hybrid compositions

are very similar to those in Q, it can be expected that

electronic flow between the ortho-diphenolic moiety and

the ring C are also similar to that in Q. On the other hand,

electronic flow between the ortho-diphenolic moiety and

the ring A is prevented in both cases, because there is no

conjugation between the rings A and C.

The results of this investigation demonstrate that there is

practically no spin delocalization over the rings B and C in

both radicals. The spin density is mainly located on the C8,

C6 and O5 atoms of the 5OH radical form (Fig. 6). This

result indicates the carbon C8 as the most probable radical

center, followed with C6. On the other hand, spin density

analysis for the 7OH radical indicates the carbon C8 as the

most probable radical center, followed with O7 (Fig. 6).

Our finding slightly differs from that of Trouillas et al. [33]

who proposed that spin density was almost equally dis-

tributed among the C8, C6 and O5 atoms in the 5OH

radical, and between the C8 and O7 atoms in the 7OH

radical.

4 Conclusion

The geometry of quercetin (Q) is investigated using the

M052X/6-31 ? Gd, p level of theory. This method turned

out to be quite reliable for description of the properties of

Q. In agreement with the X-ray crystallographic data, and

with some previous theoretical results, it was found that Q

is not planar molecule. The BDE values, obtained by this

level of theory, are in agreement with the same values of

other theoretical researches. The analysis of the natural

bond orbital charges and orbital occupancies, as well as the

SOMOs of the reactants, transition states and products

shows that the reaction of Q with the hydroperoxy radical

is governed by HAT mechanism. The most reactive sites

are 30OH and 40OH, and the reaction in the 30OH position is

faster than the reaction in the 40OH position. This result

slightly disagrees from the BDE results, since the 40OH

radical form has lower BDE value. Furthermore, intramo-

lecular hydrogen rearrangement from 30OH to 40OH radical

form, with relatively small activation energy, is found.

To obtain more clarified picture of this mechanism, the

solvent effects need to be taken into account. The inves-

tigation of the influence of different solvents upon the

mechanism of the reaction is under intense scrutiny.
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