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Abstract: For more than half a century free radical-induced alterations at cellular and organ levels have 
been investigated as a probable underlying mechanism of a number of adverse health conditions. Conse-
quently, significant research efforts have been spent for discovering more effective and potent antioxidants / 
free radical scavengers for treatment of these adverse conditions. Being by far the most used antioxidants 
among natural and synthetic compounds, mono- and polyphenols have been the focus of both experimental 
and computational research on mechanisms of free radical scavenging. Quantum chemical studies have pro-
vided a significant amount of data on mechanisms of reactions between phenolic compounds and free radicals outlining a 
number of properties with a key role for the radical scavenging activity and capacity of phenolics. The obtained quantum 
chemical parameters together with other molecular descriptors have been used in quantitative structure-activity relation-
ship (QSAR) analyses for the design of new more effective phenolic antioxidants and for identification of the most useful 
natural antioxidant phenolics. This review aims at presenting the state of the art in quantum chemical and QSAR studies 
of phenolic antioxidants and at analysing the trends observed in the field in the last decade. 
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1. INTRODUCTION 

1.1. Health Effects and Antioxidant Properties of Phenols 

Oxygen-dependent carbohydrate metabolism in mito-
chondria is essential for highly efficient energy production in 
all aerobic organisms and determines the necessity of con-
stant oxygen supply for their life sustenance [1]. On the 
other hand, oxygen can be highly toxic in excessive exposure 
(in hyperbaric hyperoxygenation) or upon its conversion to 
free radical species by ionising radiation [1,2]. However, 
conversion of molecular oxygen to reactive oxygen species 
(ROS) in the process of sequential one-electron reductions 
occurs constantly in living organisms without exposure to 
any external harmful factors. In fact, any enzymatic oxida-
tive complex can "leak" some amount of bound oxygen as 
ROS in the intracellular or extracellular space; for some oxi-
dases (e.g., neutrophil NADPH oxidase) ROS release is the 
main function [3]. Less reactive ROS (superoxide OO•⎯ and 
hydrogen peroxide H2O2) which otherwise play an important 
role in the physiological regulation and cellular signalling 
[4], can be transformed to highly reactive hydroxyl radical 
HO• in non-enzymatic reactions with transition metal ions 
[5]. This highly reactive intermediate can readily oxidise any 
biological molecule and start a chain of events which, if un-
checked, can lead to adverse health effects described as oxi-
dative stress [2,6]. It is generally accepted that free radical 
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oxidation of membrane lipids is one of the crucial phases in 
oxidative stress development and in the presence of molecu-
lar oxygen it proceeds as a chain reaction with initiation (eq. 
1) and propagation (eqs. 2 and 3) steps [7,8]: 

In• + RH → InH + R• (1) 

R• + O2 → ROO• (2) 

ROO• + RH → ROOH + R• (3) 

A complex defence system has evolved in aerobic organ-
isms for dealing with free radical oxidation. It includes a 
number of ROS-metabolising enzymes (superoxide dismu-
tases, glutathione peroxidases, catalase, thioredoxin peroxi-
dases) and metal ion sequestration proteins (transferrin, ceru-
loplasmin), which eliminate initiators and/or initiator pro-
ducers [6,9]. Besides them, a number of low molecular 
weight compounds can intercept initiating or chain-carrying 
free radicals and act either as preventive (urea, thiols, ascor-
bic acid, plant phenols and polyphenols) or chain-breaking 
(α-tocopherol, ubiquinol, β-carotene, plant phenols and 
polyphenols) antioxidants, or regenerate other antioxidants 
(ascorbic acid, thiols) [6,10]. 

The special interest of the research community in pheno-
lic antioxidants (Fig. 1) is determined by a number of rea-
sons: (i) the most important biological membrane-bound 
antioxidants (α-tocopherol, ubiquinol) are phenolics; (ii) 
phenolics are also among the most important industrial and 
food antioxidants (butylated hydroxytoluene, butylated hy-
droxyanisol, propyl gallate); (iii) dietary phenols and poly-
phenols exert a number of beneficial health effects [11,12] 
presumably due to their antioxidant properties; and
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Fig. (1). Structures of some natural (a − j) and synthetic phenols (k − n) with antioxidant / antiradical properties (the commonly accepted ring 
notation and atom numbering are shown where appropriate). a − α-tocopherol; b − miricetin; c − cyanidin; d − curcumin; e − sappanchalcone; 
f − resveratrol; g − caffeic acid; h − gallic acid; i − esculetin; j − purpurin; k − trolox; l − propyl gallate; m − butylated hydroxytoluene 
(BHT); n − butylated hydroxyanisole (3-BHA and 2-BHA). 
 

(iv) a vast number of identified natural plant phenolic com-
pounds (>8000 [13]) provide a limitless source of data for 
computational, experimental and clinical research. 

In fact, natural and synthetic phenols and polyphenols are 
involved in a spectrum of biological activities, which can 
also contribute to their beneficial health effects. Phenolics 
interact with certain membrane transporters [14,15], inhibit 
protein kinases, catechol-O-methyltransferase, lipoxy-
genases, cyclooxygenases, xanthine oxidase, membrane-
bound NADPH oxidase [6,16-18], and bind transition metal 
ions [19]. Some of them, acting as in vivo prooxidants can 
derepress the Keap1/Nrf2 signalling pathway and enhance 
the expression of a number of ROS-scavenging enzymes 
[20-22]. Many of these effects of phenols result in their indi-
rect antioxidant action in in vivo conditions. 

Direct antioxidant effects of phenolic compounds are de-
termined by their reactions with either ROS or other radicals 
at the initiation step [23,24] (eq. 4), or with peroxyl radicals 
at the propagation step [13,25] (eq. 5): 

In• + ArOH → InH + ArO• (4) 

ROO• + ArOH → ROOH + ArO• (5) 

The reactions (4) and (5) can proceed via several mecha-
nisms, mainly depending on the solvent characteristics: hy-
drogen atom transfer (HAT), single electron transfer (SET), 

sequential proton loss-electron transfer (SPLET) and radical 
adduct formation (RAF), with the same overall balance of 
reactants and products but differing in their rate-controlling 
steps and kinetic determinants [5,8]. Phenoxyl radicals are 
eliminated in a reaction with either an initiating, a chain-
carrying or another phenoxyl radical: 

In• + ArO• → non-radical products (6) 

ROO• + ArO• → non-radical products (7) 

ArO• + ArO• → non-radical products (8) 

The ability of phenols to act as preventive or chain-
breaking antioxidants depends on the ratio of rate constants 
k4/k1 and k5/k3 (rate constant numbering corresponds to the 
equation numbering) [26,27] and their inability to re-enter 
the propagation step of the chain reaction: 

RH + ArO• → R• + ArOH (9) 

ROOH + ArO• → ROO• + ArOH (10) 

which depends on the k9,10/k6,7,8 ratios and thus, on the phe-
noxyl radical stability [28]. 

1.2. Main Computational Methods in Studying Phenolic 
Antioxidants 

In parallel with the increasing interest to phenolic anti-
oxidants, application of computational approaches to study-
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ing their structure-activity relationships has also become a 
focus of strong research interest. The methods used in ra-
tional drug design provide various possibilities for outlining 
essential structural properties related to the antioxidant ac-
tivities of these compounds. 

Modern drug design methods fall in two main groups, 
depending on the type of the input data: (i) methods that rely 
on the information about the bioactive compounds to be 
modelled, known as ligand-based methods; and (ii) methods 
that use data about the structure of the target biomacro-
molecule, called receptor- or structure-based methods. The 
broad spectrum of biological activities of phenolic com-
pounds implies the possibility of studying them by methods 
belonging to both groups. In this review we focus on the 
direct antioxidant and radical-scavenging activities of phe-
nolics that predetermine the application of ligand-based 
methods of research and design of bioactive compounds. The 
QSAR (quantitative structure-activity relationships) and 3D 
QSAR constitute the main categories of these methods. 

QSAR methodology correlates quantitatively chemical 
structures within a series of compounds (presented by 
chemical descriptors) and their properties, thus ensuring sav-
ings in cost and time in the final product development and 
reduction of animal experiments. Ultimately, QSAR model-
ling aims at predicting the biological activity / physico-
chemical properties of new chemical structures and rational-
ising the mechanisms of action within the series of com-
pounds concerning the studied biological effect. 

The QSAR methodology requires four main components 
for model development: (i) activity data for the training set 
used for the model development; (ii) experimental or calcu-
lated values of the structural descriptors for the compounds 
in the training set; (iii) a selection of appropriate statistical 
methods for the model development; (iv) statistical valida-
tion of the developed models - a critical aspect of the QSAR 
process that determines the reliability and the significance of 
the model [29]. There is a number of requirements concern-
ing each of the components of the models development. 
They predetermine the correctness of the model and the suc-
cess of its application. There has been a lot of effort to de-
velop, specify and comprehensively describe the different 
components of the QSAR process [30,31]. Some of the fun-
damental requirements are: (i) high quality of the experimen-
tal data; (ii) use of structural descriptors that account most 
for the variations in biological effect or property of interest; 
(iii) comprehensive evaluation and reporting of the model 
statistics, including external predictivity based on an external 
test set; (iv) prediction of structures that fall within the appli-
cability domain of the model determined by the chemical, 
structural and biological space of the modelled training set. It 
is also recommendable to develop QSAR models that are 
simple, transparent, interpretable and mechanistically rele-
vant [32]. 

The choice of possible molecular descriptors for inclu-
sion in QSAR models is practically unlimited [33]. Descrip-
tors are traditionally classified into several groups: elec-
tronic, hydrophobic, steric, constitutional and topological. 
While constitutional, steric and topological descriptors can 
be directly calculated from the compound 2D or 3D struc-
tural representation, electronic and hydrophobic descriptors 

can also be obtained experimentally. In QSAR modelling of 
antioxidant and radical scavenging properties of phenolic 
compounds the most often, though not exclusively, used mo-
lecular descriptors are the electronic ones obtained by means 
of quantum chemical (QC) calculations [34]. QC calculated 
descriptors are traditionally obtained by semiempirical 
(MNDO, AM1, PM3) and ab initio Hartree-Fock methods. 
These methods have known limitations in determination of 
molecular geometries as well as in approximation of experi-
mentally obtained electronic properties. Currently, the 
method of choice in computational research of pharmaceuti-
cally relevant compounds in general, and of phenolic anti-
oxidants in particular, are density functional theory (DFT) 
calculations [13,35]. Though less computationally expensive 
than post-Hartree-Fock methods, they produce quite accurate 
structural geometries using B3LYP functional with 6-31G(d) 
basis set and satisfactory bond strengths with extended basis 
sets. 

In the second half of the last decade several comprehen-
sive reviews on structure-activity relationship analyses of 
antioxidants have been published [36-39]. At the same time 
the permanently increasing public and scientific interest in 
antioxidants is paralleled with the continuous appearance of 
new and new studies related to this topic. In this work we 
will review the state of the art in the QC and QSAR compu-
tational studies of the phenolic antioxidants and analyse the 
most recent trends observed in the field. 

In the next two sections we will focus on: (i) QC compu-
tational studies, which help in understanding the mechanism 
of radical-scavenging by phenols and polyphenols and in 
obtaining important electronic parameters to serve as appro-
priate molecular descriptors in QSAR modelling, (ii) QSAR 
studies of antioxidant and radical-scavenging activities of 
phenolic compounds. 

2. QUANTUM CHEMICAL MODELLING OF THE 
FREE RADICAL-SCAVENGING PROPERTIES OF 

PHENOLS 

Antioxidant activity of phenols together with the phys-
ico-chemical properties and structural features of phenolic 
molecules which determine their capacity to act as antioxi-
dants have been extensively studied both experimentally 
[24,40,41] and computationally [40,42,43]. The pioneering 
computational studies were either performed on simple sub-
stituted monophenols, or employed empirical structural de-
scriptors and semiempirical QC calculations, or were under-
taken on a limited number of compounds [42,44-47]. Recent 
development of computational facilities has made them read-
ily accessible to the scientific community and greatly facili-
tated theoretical research on the antioxidant properties of 
phenols. In this section the reviewed studies will be provi-
sionally divided into three groups depending on what type of 
molecular descriptors they outline as important for the anti-
oxidant activity - reaction enthalpy-related electronic proper-
ties and reactivity indexes, spin densities, and geometry 
characteristics. 

2.1. Reaction Enthalpy-Related Properties 

Theoretically calculated parameters, useful in the de-
scription and explanation of radical scavenging activity of 
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antioxidant phenols were first proposed, discussed and chal-
lenged in computational studies performed in the 1990s. The 
correlation of experimentally determined phenolic O−H bond 
dissociation enthalpies (BDE) [43,47] and half-peak oxida-
tion potentials (Ep/2) [42,47] with the rate constants k4 or k5 
of reactions of phenols with different free radicals prompted 
extensive studies of theoretical parameters, related to these 
physico-chemical properties (computed BDE and ionisation 
potentials, IP). Discovery of alternative to HAT mechanisms 
of reactions (4) and (5) stimulated the determination of theo-
retical correlates of rate-limiting parameters characteristic 
for SET and SPLET (proton dissociation enthalpies, PDE, 
proton affinity of phenoxide ion, PA, and electron transfer 
enthalpies, ETE). 

A number of studies reported high correlations of reac-
tion rate constants of mono- and polysubstituted phenols 
with free radicals with sums of empirical Hammett σ or 
Brown σ+ constants over all substituents in the phenolic 
ring (Σσ and Σσ+, respectively) [24,26,42,48]. This correla-
tion was explained in terms of effects of electron-
withdrawing and electron-donating substituents in different 
positions on phenolic O-H BDE, confirmed by the correla-
tion of experimentally determined BDE with Σσ+ [49]. Van 
Acker and co-workers [42] reported correlations of reaction 
rate constants of a series α-tocopherol derivatives with a 
stable phenoxyl radical with the empirical Hammett-Brown 
Σσ+ (correlation coefficient r=−0.881) and MNDO-
calculated BDE equivalent difference of heats of formation 
of phenoxyl radical and phenol molecule, ΔHF (r=−0.832). 
The lower performance of MNDO-calculated parameter was 
explained by the more diverse set of compounds used for 
this correlation, compared to the one used for σ+ correlation 
because of unavailable Hammett-Brown constants for some 
substituents. The authors noted that in spite of the excellent 
correlation of rate constants with Ep/2 (r=−0.928), their cor-
relation with MNDO-calculated IP (−EHOMO, according to 
Koopman's theorem) was insignificant (r=−0.401). This 
discrepancy was discussed in terms of phenoxyl radical re-
organisation, as Koopman's IP is a vertical ionisation poten-
tial and it neglects this reorganisation. Later, the same 
experimental data were analysed in [47] using AM1-
calculated parameters and besides the better fit of reaction 
rate constants to ΔHF (r=−0.867), a high correlation with 
EHOMO was observed (r=0.893). The authors calculated also 
adiabatic IP, and its even higher correlation with 
experimental data (r=−0.917) supported the conclusion in 
[42] concerning the role of radical reorganisation. QC calcu-
lations using HF/3-21G level of theory on a small subset of 
studied compounds showed, however, systematic difference 
between semiempirically and ab initio calculated 
parameters, though they were highly correlated (correlation 
coefficients ranging between 0.96 and 0.98). Zhang [50] 
compared correlations of experimental rate constants of a 
number of polyphenols with ΔHF calculated by three 
semiempirical methods (MNDO, AM1 and PM3) and 
showed superiority of AM1-calculated parameters. Since a 
number of sites of reaction were possible for polyphenols, 
the lowest calculated ΔHF was used in the correlation. Bond 
lengths and bond orders obtained from optimised 
geometries were not informative for the prediction of the 
radical scavenging activity. Later, EHOMO was studied as a 
possible predictor of antioxidant activity (expressed as k5/k3 

activity (expressed as k5/k3 ratio) of another set of polyphe-
nols, but no relationship was found [51]. 

Wright and co-workers [43,52] applied DFT-based QC 
calculations for determining BDE and adiabatic IP of a large 
set of substituted mono- and polyphenols. B3LYP functional 
with a number of different basis sets (6-31G, 6-31G(d),  
6-31G(d,p), 6-31G(d',p')) was used for calculations of the 
electronic properties of AM1-optimised geometries. Locally 
dense basis sets (LDBS) methodology was applied for the 
BDE calculations. Comparison between the experimental 
values and LDBS-calculated BDE showed differences within 
3 kcal/mol [43]. Based on this theoretical studies several new 
structures of fully-substituted catechols [53] were designed 
in silico, synthesised, and proved to be more active antioxi-
dants than α-tocopherol (Fig. 2e-g). 

During the last decade the growing number of computa-
tional studies of phenolic antioxidants has paralleled the in-
crease of the computational power made available to re-
searchers. This computational power made possible a num-
ber of more precise and comprehensive studies such as: the 
full DFT geometry optimisation of comparatively large 
polyphenol molecules and their possible radical products 
[54,55]; the usage of extended basis sets (e.g.,  
6-311++G(3df,3pd), cc-pVQZ, aug-cc-pVQZ) [56], the 
higher level of theory ab initio calculations (MP2, MP4, 
CCSD) [57], and the double-hybrid or highly parametrised 
density functionals in DFT calculations (B2-PLYP, M05-2X, 
M06-2X) [58] for a more accurate determination of the pa-
rameters studied; the evaluation of the activation energies 
(EA) for different reaction paths in different environments for 
revealing actual mechanisms and kinetics of radical scaveng-
ing by the compounds studied [59-63]; the application of the 
atoms in molecule (AIM) theoretical approach together with 
BDE calculations [64-66]. In parallel, efforts to reduce the 
computational cost continue by employing other techniques 
besides the already mentioned LDBS [67]: ONIOM [68], an 
alternative to LDBS, in restricting time-consuming calcula-
tions only to relevant molecular regions; BDE approximation 
in solutions from the total electronic energies [69] to avoid 
calculation of individual thermochemical corrections; and 
use of frontier electronic densities, condensed Fukui func-
tions or atomic Fukui indexes [70-73] to avoid calculation of 
radical geometries. 

Correlations of empiric Hammett-Brown substituent's 
constants with reaction rate constants [42,43] and BDE [49] 
were further studied by Klein and Lukeš [69,74] using full 
DFT geometry optimisations. Having used both experimen-
tal data and B3LYP/6-311++G**-optimised geometries of 
para- and meta- substituted phenols, the authors confirmed 
the correlation between BDE and σp/σm. Some interesting 
correlations, not observed with calculations at lower levels 
of theory were revealed as well, namely the one between 
phenolic C–O bond length and its shortening upon hydrogen 
abstraction with Hammett constants and BDE (r ranging 
from −0.947 to −0.978, calculated separately for para- and 
meta- substituted phenols). Correlation of similar quality was 
observed for phenolic C–O bond length and PA and ETE – 
parameters which are important for estimating the rate of 
SPLET radical reactions. At the same time, the length of the 
phenolic O–H bond was not so well correlated with the 
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Fig. (2). Some rationally designed structures (b-c, e-g, i) with antioxidant activities higher than those of the parent compounds (a,d,h). a –  
α-tocopherol; b and c - benzopyran and benzofuran derivatives [26]; d – catechol, e, f and g – substituted catechols [53]; h and i – catechin 
and its planar analogue [125]. 
 

experimental and calculated parameters. None or weak cor-
relation was observed between O-H bond lengths (AM1 
study, [50]) or C–O bond length (B3LYP/6-31+G(d,p) calcu-
lation, [75]) and radical scavenging activities. However, it 
should be noted that in both studies polyphenols were in-
cluded in the experimental data sets. 

One of the remarkable trends is the extensive growth of 
computational modelling studies of natural polyphenolic 
compounds. Ranking of BDE, PDE, adiabatic IP (to dis-
criminate between HAT, SET and SPLET mechanisms) for 
the multiple hydroxyl groups in the polyphenol's molecule 
provides valuable information about the preferable first step 
in the reactions of these compounds with free radicals [76]. 
In a number of studies data about enthalpy parameters of 
some natural polyphenols (flavones, flavonols, isoflavones, 
catechins, condensed tannins, chalcones, etc.) are provided, 
calculated by: the ONIOM technique combining B3LYP and 
MP2/MP4 [68]; DFT methods, employing a number of func-
tionals and extended basis sets [55,77-83]; as well as the 
semiempirical PM6 method for a large set of about 70 poly-
phenols [84]. Determination of BDE of the remaining hy-
droxyl groups after reaction with free radicals of one or more 
of the hydroxyl groups in a polyphenol molecule is of sig-
nificant interest to define the most probable order in which 
individual hydroxyl groups are recruited into the sequential 
reactions. However, the data about such "sequential BDE" 
are scarce [53,81,85], and calculations do not go further than 
the second step of the sequence. Thus, it is hard to draw any 
definite conclusions about the changes in the hydroxyl 
groups reactivity and, respectively, in their reactivity ranking 
after the initial step(s) of reaction of polyphenol molecule 
with free radicals. 

Wang and Pan [73] calculated BDE and Fukui indexes 
for a radical attack on oxygen atoms of the parent structure 

for 4 possible radicals of a hypothetical p-terphenyl poly-
phenolic compound. The reactivity order of hydroxyl groups 
according to BDE was 7-8-4-4', while according to con-
densed Fukui indexes it was 7-4'-4-8, which questions either 
the usability of Fukui indexes as descriptors of phenols' anti-
oxidant activity, or the choice of appropriate atoms (O or H 
of the hydroxyl group) and/or the choice of appropriate Fu-
kui function (Fig. 3a). 

One of the most demanding efforts in the field is the 
complete modelling of the reactions between an antioxidant 
and a free radical in a solution, which allows for accurate 
prediction of the reaction rate constants [61-63,86-89]. As 
pointed out by Galano and Alvarez-Idaboy in a recent 
methodology paper [87], calculation of the overall reaction 
rate constants requires the following major steps: (i) a care-
ful inspection of the acid/base equilibrium and the quantifi-
cation of the predominant ionic and neutral reactant spe-
cies; (ii) following of the internal reaction coordinate (IRC) 
for all the possible reaction mechanisms (HAT, SPLET, 
RAF, etc.) and reaction sites of each reactant pair; (iii) cal-
culation of the energetics and rate constants of the individ-
ual reactions and determination of the predominant path-
ways; (iv) appropriate weighing of the predominant path-
ways contribution according to the information obtained so 
far. Several requirements to the computational procedures 
have also been outlined [58,87]: (i) employment of density 
functionals that are well-suited for transition states deter-
mination (e.g., M05-2X, M06-2X, B2-PLYP); (ii) applica-
tion of appropriate corrections in rate constants calculation 
(e.g., for quantum tunneling and for diffusion-controlled 
rates); (iii) use of appropriate solvent models together with 
appropriate standard states and corrections for solvent cage 
effects. The overall rate constants obtained by this method-
ology (dubbed quantum mechanics-based test for overall 
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Fig. (3). Hydrogen abstraction enthalpies, spin densities and Fukui indexes of some polyphenols. a – hypothetical terphenyl [73]; b and c – 
quercetin and taxifolin [101]. 
 

free radical scavenging activity, QM-ORSA [87]) could be 
compared to those of a reference compound (e.g., trolox) 
and expressed in relative units, not only for convenience, 
but also for cancellation of the inherent calculation errors. 
Comparison of the calculated overall rate constants with 
the measured rate constants of reaction between HOO• and 
polyunsaturated fatty acids can be used for judging the 
ability of a compound to act as a primary antioxidant. 

While still quite expensive computationally to be applied 
to a large series of compounds or to natural polyphenols with 
a large number of hydroxyl groups (e.g., condensed tannins 
with >10 hydroxyl groups per molecule), QM-ORSA [87] 
protocol was successfully used to evaluate the predominant 
reaction mechanisms in polar and non-polar environments 
and to accurately predict the overall rate constants for reac-
tions between several free radicals (HO•, HOO•, CH3O•, 
etc.) and a number of natural and synthetic antioxidants (cur-
cumin, [61], trolox [63], ascorbic acid [87], gallic acid [89]). 
In addition, some interesting predictions were obtained for 
protocatechuic [62] and elagic [88] acids: it was demon-
strated that in physiological conditions and in the presence of 
dissolved oxygen, their semiquinone radicals can undergo 
cyclic regeneration to parent phenolic acids and thus con-
sume more than two radicals per phenolic hydroxyl group. It 
was assumed that other catecholic compounds may behave 
similarly, which could explain the anomalously high 
stoichiometry of several synthetic 3,7-substituted flavones in 
ABTS radical scavenging assay [90]. 

2.2. Radical Stability and Spin Densities 

As noted above, phenoxyl radicals of antioxidant phenols 
should be stable enough not to re-enter the propagation step 
of the free radical chain oxidation. Substituted phenoxyl 
radicals are stabilised by π-resonance over the aromatic ring 
[8,26,46]. It is generally accepted that the phenolic O–H 
BDE reflects not only the susceptibility of the phenolic 
molecule to free radical attack according to Evans-Polanyi 
relation, but also the stability of the resulting phenoxyl radi-

cal according to the Benson's definition. [37]. Pratt and co-
workers [91] studying molecular and radical stabilisation in a 
series of para-substituted phenols (B3LYP/6-311+G-(2d,2p) 
electronic properties on AM1-optimised geometries) showed 
that the substituent effect on molecular stabilisation enthalpy 
(MSE) was about 3 times lower than that on the radical sta-
bilisation enthalpy (RSE) and thus RSE dominated BDE 
(r=0.993). However, employing quantitative topological mo-
lecular similarity method (AIM theory), Singh and co-
workers [66] obtained a different result: poor correlation 
between BDE and RSE (r=0.213). Moreover, Zavitsas and 
co-workers [92] have stated that Benson's definition is not 
universal and does not apply to radicals with steric and reso-
nance stabilisation, which is the case of phenoxyl radicals. A 
recent work [93] has shown that Mulliken spin densities 
(SD) on the radical (B3LYP/6-31G(d) gas phase calculation) 
are in excellent correlation with RSE, calculated according to 
three different schemes (r=−0.94, −0.86 and 0.90), and also 
have the advantage of not relying on any reference com-
pound. 

On the other side, the high correlation of SD with BDE-
based radical stabilisation enthalpies raises the question of 
the collinearity of these parameters and the incorrectness of 
their simultaneous use in multiple-regression QSAR. This is 
not always the case – in a study of solvent effects on BDE 
and maximum SD pertinent to the corresponding phenoxyl 
radical of monohydroxy flavones [94] a correlation between 
these properties was observed in a PCM-modelled water 
medium (r=0.815), while they were uncorrelated in gas 
phase calculations (r=0.320). All these data justify the use of 
SD distribution on phenoxyl radicals as an indicator of their 
stability and of the antioxidant activity of phenolic com-
pounds [26,46,95]. They also provide a basis for the imple-
mentation of SD distribution, traditionally used as a qualita-
tive parameter, in QSAR analyses [96-99]. 

Studying a virtual set of ortho-amino substituted phenols 
(B3LYP/6-311+G(2d,2p) electronic properties on AM1 geo-
metries), Chen and co-workers [100] used SD on the 
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nominal radical centre, along with BDE, as a measure of the 
potential antioxidant activity of these hypothetical com-
pounds. SD was more sensitive of the two parameters (it 
decreased by 8 to 10% compared to ortho-hydroxyl ana-
logues, while BDE decreased by 2 to 5%). Other estimations 
of spin delocalisation were also proposed: Nikolic [59] dem-
onstrated a correlation of spin delocalisation (expressed ei-
ther as a sum of SD over the phenolic ring or as SD on the 
para-oxygen atom) in the transition state with rate constants 
of reaction of α-tocopherol analogues with a 
poly(peroxystyryl)peroxy radical (r=0.912 and 0.927, respec-
tively). Differences in spin delocalisations of 3-, 5- and 7- 
phenoxyl radicals of quercetin and taxifolin [101] explain 
quantitatively differences in their trolox equivalent antioxi-
dant capacity (TEAC) values in ABTS assay [102] (4.6 vs. 
2.1), although, based on reported BDE of the hydroxyl 
groups of these compounds one should expect TEAC of ~4 
for taxifolin (Fig. 3b,c). Similar results were reported for 
catechin and its planar analogue [103], where differences in 
BDE and IP could hardly account for differences in the rate 
constant values for hydrogen abstraction. Computational 
study of 3′,4′-dihydroxy aurones and isoaurones [104] al-
lowed to consider the antioxidant properties of isoaurones as 
superior to that of aurones, based on BDE and SD distribu-
tions in their phenoxyl radicals in the absence of experimen-
tal data. BDE and SD distributions of the possible norathy-
riol radicals [105] provide identical reactivity order for the 
hydroxyl groups of the compound (7-6-3-1). SD distributions 
were reported together with BDE and Fukui indexes in [73] 
(see above, section 2.1) and predicted a reactivity order 8-7-
4-4', similar to that predicted by BDE (7-8-4-4'), which 
shows the superiority of SD distributions over Fukui indexes 
in determining the preferred points of reaction and as de-
scriptors of phenolic antioxidant activity (Fig. 3a). 

2.3. Structural Features Associated with Radical Scav-
enging by Polyphenolic and Polycyclic Compounds 

Natural and synthetic polyphenol and polycyclic mono-
phenol molecules bear a number of structural features which 
are not characteristic of substituted monocyclic monophe-
nols. In the computational studies the most attention is drawn 
to the capacity for intramolecular hydrogen bonding in poly-
phenols [43,68,106], and thus to the ortho-, meta- and para- 
configurations of two or more hydroxyl groups in a polyphe-
nol ring [24,43,107]; to the presence of non-aromatic and/or 
heterorings in the polycyclic phenols [108,109]; and to the 
planarity of polycyclic molecules [46,53,110]. Although the 
effects of these structural features on antioxidant capacity 
and activity of polyphenols can be translated into terms of 
molecule reactivity and phenoxyl radical stability, they will 
be considered separately due to their use in a number of SAR 
and QSAR studies [102,111-113]. 

Wright and co-workers [52] reviewed and discussed the 
potential role of intramolecular hydrogen bonding on suscep-
tibility of substituted phenols towards a free radical attack in 
structures with two amino groups in an ortho- position. The 
general conclusion was that since these substituents were 
hardly able to force the phenolic O-H bond out of the aro-
matic plane, the internal hydrogen bond would stabilise the 
phenolic molecule, and since upon hydrogen abstraction 
there would be no steric obstacles to the formation of one or 

two hydrogen bonds with phenoxyl oxygen as an acceptor, a 
stabilising effect would be observed in the phenoxyl radical 
as well. In [43] the same authors analysed the effect of the 
second and the third hydroxyl groups on BDE of "the first" 
phenolic hydroxyl group. LDBS (6-311+G(2d,2p) /  
6-311+G(d) / 6-31G(d), gas phase) calculations predicted the 
electronic effects on ΔBDE of −0.4, −5.9 and −5.2 kcal/mol 
for meta- (resorcinol configuration), para- (hydroquinon con-
figuration) and ortho- (catechol configuration), respectively 
(Fig. 4a,b). The total ΔBDE for catechol configuration had, 
however, additional contributions, due to the hydrogen bond-
ing stabilisation of the molecule (+4.0 kcal/mol) and the 
radical (−8.0 kcal/mol), thus reaching −9.2 kcal/mol, within 
0.5 kcal/mol from the experimental data in the least polar 
solvent (tetrahydrofuran) reported in [107]. The latter ex-
perimental study showed greater (though not additive) BDE 
decrease for pyrogallol and 1,2,4-benzenetriol configurations 
(ortho-,ortho- and ortho-,para-) in comparison to phloroglu-
cinol configuration (meta-,meta-). 

Further computational studies on polycyclic, mainly 
natural phenols, have confirmed lower BDE for hydroxyl 
groups in catechol and pyrogallol configurations than for 
those in monohydroxy, resorcinol or phloroglucinol configu-
rations [68,77,79,83,84]. The possibility of formation of hy-
drogen bonds between donors and acceptors residing on dif-
ferent rings of polycyclic molecules or, in case of flavonoid 
glycosides – residing on flavonoid and sugar moieties, has 
also been shown [114,115]. Semiempirical studies (AM1, 
PM3) of the geometry of quercetin [116], as well as some 
recent studies on a number of flavonoids using DFT calcula-
tions and AIM or NBO analysis [106,117], have supported 
the hypothesis about the formation of an unusual in-
tramolecular hydrogen bond between C3-OH in flavonoid's 
C ring and C2'/C6' in B ring which could stabilise the planar 
conformations in flavonols [118]. No bond critical points 
were discovered between C3'-OH, C4'-OH and C5'-OH in 
the B ring [117,119] in any of the flavonoid molecules under 
study, which was interpreted as an impossibility of formation 
of these molecule-stabilising hydrogen bonds [117] (Fig. 4c), 
possibly decreasing the BDE of these hydroxyl groups (no 
analysis of the hydrogen bonding in phenoxyl radicals has 
been reported, however). 

 Burton and co-workers [26] pointed out that deviation 
from the planarity of non-aromatic heteroring in  
α-tocopherol-related compounds interferes with the reso-
nance stabilisation of phenoxyl radicals and increases the 
phenolic hydroxyl group BDE. Wright and co-workers [52] 
have established that phenolic O–H bond in chromanols is 
weakened due to the presence of pyranol ring by ca. 5 
kcal/mol relative to phenol, and that a more planar furanol 
ring (Ar–O–C dihedral angle ~6° vs. ~18° in pyranol ring) 
weakens this bond further by ca. 1 kcal/mol. This was con-
sistent with experimental observations about dihydrobenzo-
furanols being ca. 50% better antioxidants than the corre-
sponding chromanols (Fig. 2b,c). 

SAR of experimental data about OO•⎯ [120] and ABTS•+ 
[102] scavenging by flavonoids has delineated the main 
structural requirements for high reactivity towards free radi-
cals of the members of this large group of natural polyphe-
nols. They include: (i) the catechol or pyrogallol structure in
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Fig. (4). Intramolecular hydrogen bonding and non-fused rings coplanarity in some phenolic structures. a and b – possible intramolecular 
hydrogen bonds in the catechol and pyrogallol molecules and corresponding phenoxyl radicals [43]; c – AIM-identified intramolecular hy-
drogen bonds in flavonol molecule with bond critical points [117]; d – dihedral angles between C and D rings in quercetin (−0.4°) and luteo-
lin (15.2°) [46]. 
 

the B ring; (ii) the aromatic 1,4-pyrone structure of C ring; 
(iii) the presence of a C3-OH group on the pyrone C ring; 
(iv) the absence of substituents at the C3-OH of C ring. 
Computational modelling of flavonoid molecules and phe-
noxyl radicals at Hartree-Fock level of theory (STO-3G) [46] 
proposed that if the latter three conditions are met, ring B is 
coplanar with fused rings A and C both in the parent mole-
cule and in the phenoxyl radicals. If only the condition (ii) is 
met, there is no coplanarity in the parent molecule, but the 
phenoxyl radicals are planar; otherwise neither the parent 
molecule nor the phenoxyl radicals are planar (Fig. 4d). 
These observations were interpreted in terms of planarity 
being a prerequisite for extended inter-ring conjugation and 
resonance spin delocalisation, beneficial for the phenoxyl 
radical stability. 

Later, using semiempirical calculations, Russo and co-
workers [116] proposed a non-planar conformation of quer-
cetin and also suggested that the discrepancy between the 
data from AM1 or PM3 and those from HF/STO-3G [46] 
optimisations had to be resolved by computations at higher 
levels of theory since crystallographic data could not be rep-
resentative for the dissolved state. In fact, successive studies 
of the same group utilising B3LYP/6-311++G** calculations 
[98,121] confirmed the planar molecular conformation of 
quercetin (possessing structural requirements ii, iii and iv), 
the planar radical conformations of flavones apigenin and 
luteolin (possessing structural requirement ii), and the non-
planarity of taxifolin and its radicals (none of structural re-
quirements ii, iii and iv met). Recent research en masse con-
firmed these results on large sets of natural, synthetic and 
hypothetical flavonoid [106,122,123], hydroxychalcone [82] 
and stilbene [124] structures. The notion of planarity being 
beneficial for the phenoxyl radicals stabilisation, prompted 
in silico design, synthesis and computational characterisation 
of planar catechin analogue [103,109,125] which proved to 
be a better antioxidant than (+)catechin (Fig. 2h,i). 

3. QSAR MODELLING 

A number of QSAR studies have been published in the 
literature concerning the antioxidant properties of phenolic 
compounds. The more recent ones are summarised in the 
sections below and their relevance to the fundamental prin-
ciples for “good QSAR practice” are discussed. The discus-
sion starts with an analysis of the different types of experi-
mental data reported in in vitro evaluation of the antioxidant 
properties. 

3.1. Assay Systems and Endpoints for Evaluation of An-
tioxidant and Antiradical Activity and Capacity 

Antioxidant activities are studied by a number of differ-
ent assays with several endpoints which set the necessity of 
applying different approaches to QSAR modelling. Since 
these assays have been comprehensively reviewed recently 
[126-129], we will not analyse them in details but will con-
centrate on the features of their endpoints relevant to the 
building of QSAR models. 

Assays currently used for evaluation of antioxidant com-
pounds, including phenolics, are divided in two major 
groups, antioxidant and antiradical assays. This classification 
is based on what is measured: the inhibition of the free radi-
cal chain oxidation by the tested substance or the direct reac-
tion between free radicals and the tested substance. Another 
classification exists according to the predominant mecha-
nism of the reactions between free radicals and studied com-
pounds: hydrogen atom transfer (HAT) and electron transfer 
(ET) assays [126]. While most of the antioxidant assays be-
long to the HAT group and most of the antiradical ones – to 
the ET group, there are exceptions to this rule. Some ET 
assays do not involve reactions with free radicals but with 
non-radical oxidants (peroxynitrite, ONOO⎯) or with transi-
tion metal ions (Fe3+, Cu2+). 
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Most assays involving free radicals and their reaction 
with radical scavengers have common characteristics deter-
mining their kinetic flow and measurable endpoints. These 
characteristics are the scavenger depletion in the course of 
reaction and its low concentration in relation to the substrate 
of reaction. In general, three stages can be observed in the 
course of the assay (Fig. 5a): an initial uninhibited reaction 
with a rate VU, an inhibited reaction after addition of the 
scavenger with a rate VI lasting for a finite inhibition time tI, 
and a return of the reaction to the initial uninhibited rate after 
depletion of the scavenger. The ratio of the inhibited to the 
uninhibited rates corresponds to the ratio of the rate con-
stants k5/k3 and the inhibition time is proportional to the ini-
tiation rate and the number of the free radicals quenched per 
a scavenger molecule (stoichiometric ratio). In some cases 
when an oxidisable indicator is present and its concentration 
is lower than that of the scavengers by orders of magnitude 
[130], the rate of inhibited reaction approaches zero and the 
inhibition times and the stoichiometric ratios can only be 
measured. When the radical scavenger is added before the 
reaction initiation, the first stage is missing and the inhibition 
period is designated as a lag-phase (Fig. 5b). When the stud-
ied compounds react with pre-synthesised radicals or non-
radical species, the initial reaction rate and the amount of 
reacted reactants can be measured (Fig. 5c). 

The endpoints reported for antioxidant assays are either 
the reaction rate constant k5 or parameters directly connected 
to this constant when certain information necessary for its 
determination is not readily obtainable (IC50, k5/k3 ratios,  
k5 test/k5 reference ratios, calculated from the slope ratios). These 
endpoints follow the linear free energy relationship (LFER) 
formalism and for the purposes of QSAR modelling are sub-
jected to logarithmic transformation. Stoichiometric ratios, 
though measurable in antioxidant assays [131], are rarely 
available in publications probably due to the long time re-
quired to obtain recovery of the uninhibited free radical reac-
tion rate necessary for determination of stoichiometric ratios. 

The endpoints reported for antiradical assays are rate 
constants or parameters calculated from slope ratios when 
reactants are generated during the experiment, and the steady 
state of the reaction is readily established. As already men-
tioned, when the concentration of the radical scavenger ex-
ceeds the concentration of the indicator by orders of magni-
tude, the inhibition time and the stoichiometric ratios are 
only reported. When pre-formed reactants are used in antira-
dical assays, usually only stoichiometric ratios are given 
since no steady state can be reached and the initial linear 
phase of the reaction occurs rapidly (though there are excep-
tions reported for the DPPH assay [132,133]). Stoichiometric 
ratios are expressed as a number of radicals trapped per a 
scavenger molecule or in units relative to a reference sub-
stance, most often α-tocopherol or its water-soluble analogue 
trolox (TEAC). Stoichiometric ratios very close to 2 are es-
tablished for these monophenols in a number of assays 
(DPPH, ABTS, LA/ABAP), thus the meaning of TEAC in 
the most frequently used assays is close to effective phenolic 
equivalents of the test compound. Stoichiometric ratios, ob-
viously, do not follow the LFER formalism and for the pur-
poses of QSAR modelling should be treated in a way differ-
ent from the rate constants-related parameters (logarithmic 
transformation is not necessary). 

One can perceive the difference between the kinetic con-
stants-related endpoints and the stoichiometric ratios in 
terms of "intensive" and "extensive" measures, of the activi-
ties and the capacities of radical scavengers, respectively. 
Despite of some reservations about the usability of 
stoichiometric data in (Q)SAR of polyphenols [134,135], 
stoichiometric assays are very popular in studying the antira-
dical capacities of natural, synthetic and semisynthetic poly-
phenols, probably because they underline the differences in 
antiradical capacity between these compounds when differ-
ences in activity are minor. 

Recently stoichiometric ratios are often reported ex-
pressed as IC50, due to the fact that these concentrations are 
particularly measured in most experimental procedures. This 
could be misleading since the data presented in this way are 
often treated as LFER-related in the QSAR modelling [72], 
and thus subjected to logarithmic transformation. The correct 
transformation in this case is the reciprocal one since it pro-
duces values directly proportional to the stoichiometric ratios 
if the ratios themselves cannot be calculated (e.g., if the con-
centration of the stable free radical reagent is not available). 
The 1/IC50 values are shown to produce better correlations in 
linear regression models than logIC50 values when data from 
assays with stoichiometric endpoints are used [136,137]. 
Moreover, stoichiometric ratios (or TEAC), being independ-
ent of the reagent's initial concentrations greatly facilitate the 
decision about data compatibility between assays when at-
tempts to merge datasets are made. 

Quite often the % inhibition at a single concentration of 
tested compounds at a predefined time is used as an endpoint 
of both kinetic and stoichiometric assays. For the assays with 
stoichiometric endpoints these data can be easily trans-
formed to stoichiometric ratios if the initial reagent concen-
tration is reported. For the assays with kinetic endpoints the 
logit transformation of percentage data is applied [138,139]. 
However, the decision to use these data for the needs of 
QSAR modelling is not straightforward. Sometimes, when a 
single concentration or a single time point measurements are 
used for polyphenols which could have very different 
stoichiometric ratios, it is not clear whether the data have 
been collected during the linear phase of inhibited reaction 
for all compounds, and, consequently, whether the reported 
endpoint has been determined by the reaction rate or by the 
reaction stoichiometry [99,140]. In other cases, when % in-
hibition data at a single concentration are reported for 
stoichiometric assays of polyphenols, the insufficiency in the 
concentration of the radical reactant is masked [141,142]. In 
this way the data from assays designed as (almost) "all-or-
none" binary classification tests are not treated in QSAR 
modelling as such [143-145], thus producing activity cliff-
bearing models [29,146]. 

3.2. Modelling of Kinetic Endpoints 

The studies linking calculated enthalpy parameters (BDE, 
IP) and empiric constants of substituents' electronic effects 
(Σσ, Σσ+) to rate constants of reactions between free radicals 
and phenolic compounds [26,42,43,46,50,52] by monop-
arametric linear equations were discussed in detail in section 
2.1. In the section below the emphasis will be on multi-
parameter models.  
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Fig. (5). Schematic representation of typical time courses of antioxidant / antiradical assays with possible measurable quantities. a – an anti-
oxidant assay started by addition of initiator (In) and subsequent addition of an antioxidant (AO), with measurable uninhibited (VU) and in-
hibited reaction rates (VI) and inhibition time (tI); b – an antioxidant assay started by addition of In to the substrate pre-mixed with AO, with 
measurable VI, VU and lag-phase (tI); c – an antiradical assay started by addition of AO to pre-formed reagent R (e.g, a stable free radical or a 
transition metal complex), with measurable initial rate (V) and amount of reagent which has reacted with AO ([R]r). 
 

Ancerewicz and co-workers [132] studied 15 trimetaz-
idine derivatives and 10 other phenolic compounds with one 
or two hydroxyl groups per molecule in lipid peroxidation 
(LPO) and DPPH assays. AM1-calculated relative enthalpies 
of hydrogen abstraction and electron transfer (proportional to 
BDE and IP) together with solvent-accessible surface of hy-
droxyl hydrogen (as a measure of steric hindrance of the 
phenolic group) and logP (as a measure of lipophilicity of 
the compounds) were used for building a multiple linear re-
gression (MLR) QSAR model. Comparing the models built 
for kinetic (Z, slope ratio) and stoichiometric (EC50) end-
points of the DPPH assay, the authors noted the better qual-
ity of the models using the kinetic endpoint as a dependent 
variable, which is not surprising since reaction enthalpy-
related parameters were used for the modelling. For the LPO 
assay, authors chose the % inhibition endpoint since these 
data were available for all compounds studied and included 
logP as a descriptive parameter for reactions taking place 
under conditions of phase separation (a four-parametric 
model with a multiple correlation coefficient r2=0.89 and a 
cross-validated correlation coefficient q2=0.78). They in-
cluded experimental values of logZ and concluded that the 
potency of antioxidants against LPO could be predicted from 
a simple DPPH assay complemented by the calculated mo-
lecular properties. It should be noted, however, that inclusion 
of logZ into the final QSAR model causes overfitting as in-
dicated by the lowering of the cross-validated correlation 
coefficient (r2=0.92 and q2=0.72). 

Nakao and co-workers [147] studied 54 substituted hy-
droxyphenylurea derivatives in an LPO assay and success-
fully modelled their antioxidant activity, using empiric de-
scriptors for electronic properties of all substituents (Σσ) and 
for steric effect of ortho-substituents (sum of Taft steric con-
stants, ΣEs). They were able to replace the empiric parameter 
Σσ with a PM3-calculated electron-releasing reactivity index 
(HOMO electron density at the hydroxyl oxygen normalised 
by EHOMO of the molecule) without degradation of the model 
quality. Surprisingly, the inclusion of the calculated logP did 
not improve the models, indicating that logP was not infor-
mative in this case, although an indicator variable for pres-
ence of a carboxyl group in the molecule was necessary for 

successful modelling (three-parametric model with r2=0.85 
for 25 compounds with substituents at the phenolic A ring 
and r2=0.72 after inclusion of other 29 compounds bearing 
substituents also on the B ring). A similar approach was ap-
plied by Yamagami and co-workers [72,148] to a series of 
20 ortho- and para- hydroxybenzalacetones studied in  
t-BuOOH- and γ-radiation-induced LPO of red blood cells 
ghost membranes assays. Again, the inclusion of the lipo-
philicity descriptor logP did not improve MLR models, 
which were of good statistical quality, slightly better for  
t-BuOOH-induction: a three-parametric model with Σσ+, ΣEs 
and an indicator variable for the hydroxyl group position 
with r2=0.95 and q2=0.83. Replacement of empiric Σσ+ with 
AM1-calculated descriptors (EHOMO and the sum of HOMO 
electron densities at the hydroxyl oxygens) did not change 
the statistical quality of the models again. An attempt to ap-
ply the 3D QSAR comparative molecular field analysis 
(CoMFA) in order to replace the positional indicator variable 
with the steric CoMFA field term was not successful, as 
concluded by the authors based on the decrease of q2 [148]. 

Cheng and co-workers [149] studied LPO-inhibiting ac-
tivities of mono-, di- and trihydroxy phenolic compounds 
and used AM1-calculated hydrogen abstraction enthalpy, 
vertical and adiabatic IP, the (ELUMO–EHOMO) gap of parent 
phenols (proportional to absolute hardness, an indicator of 
molecular stability [34]) and spin densities (SD) on the phe-
noxyl radical, together with logP for building several QSAR 
models. Though no log transformation of IC50 was per-
formed and intercorrelated descriptors were used, the trends 
were clear: activity decreased with the increase in molecular 
stability (as approximated by BDE and absolute hardness) 
and increased with the increase in lipophilicity. Unfortu-
nately, no conclusions could be drawn about the usefulness 
of IPA and SD descriptors since they were used only in com-
bination with other, highly intercorrelated descriptors. 

Farkas and co-workers [150] used 147 descriptors (mo-
lecular properties, constitutional, charge, topological, etc.) in 
a partial least square (PLS) model of the activity of 35 fla-
vonoids in an LPO inhibition assay. An optimal model with 
a relatively high number of 13 components (r2=0.99) was 
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obtained, with the most important descriptors being connec-
tivity indexes (chi1, chi2), valence connectivity indexes 
(chi3, chi5) and topological charge indexes (JGI5, JGI58). 
Unfortunately, the nature of these indexes does not allow a 
meaningful interpretation of their importance for the antioxi-
dant activity. Next, a part of the compounds included in the 
dataset [141] exerted prooxidant effects in the assay, ex-
pressed as negative percentages. Inclusion of both effects in 
a single model could produce misleading results, since as 
noted in [37,43], while low BDE and IP are necessary for 
high antioxidant activity, further lowering of IP allows for 
reactions between phenols and molecular oxygen with pro-
duction of potential LPO initiator OO•⎯. This is, probably, 
the reason for some unusual outliers detected in the model, 
for which high prooxidant effects were observed and high 
antioxidant effects were predicted, or vice versa. 

Rackova and co-workers [99] studied the inhibition of 
AAPH-induced LPO in DOPC liposomes by 12 natural fla-
vonoids. A number of physico-chemical and structural de-
scriptors (AM1-calculated hydrogen abstraction energy and 
enthalpy, frontier orbital energies for the polyphenol mole-
cule and phenoxyls, atomic charges of hydroxyl groups' at-
oms and their sums, SD on hydroxyl oxygens, logP, molecu-
lar surfaces and volumes, hydration energy, molecular re-
fractivity, indicator variables for the number of hydroxyl 
groups, presence of pyrone structure in C ring and catechol 
structures in A and B rings) were calculated and used in 
MLR QSAR modelling. Surprisingly, neither enthalpy-
related and frontier orbital energies-related descriptors, nor 
spin-densities or indicator variables for catechol and pyrone 
substructures were well correlated with −logIC50 of the LPO 
inhibition by flavonoids. On the contrary, well correlated 
with activity were the hydration energy, the molecular vol-
ume and surface, as well as the sum of charges of hydroxyl 
group atoms – all of them highly correlated with the number 
of hydroxyl groups in the flavonoid molecule. Similar results 
were reported in [140] where LPO-inhibitory activity of 27 
flavonoid compounds, presented as % inhibition at single 
concentration of 25 μM, was modelled by MLR using a ge-
netic algorithm for descriptor selection. Among ca. 1050 
constitutional, topological, geometrical, electronic 
(B3LYP/6-31G(d,p)-calculated) descriptors, the best three-
parameter model (r2=0.87, q2=0.82) included the dipole mo-
ment and two indicator variables: the number of hydroxyl 
groups in positions 3, 3' and 4', with positive contribution, 
and the number of glycoside-like fragments, with negative 
contribution. The increase of the number of parameters 
changed marginally the statistical quality of the models. 
Based on computational QC studies reviewed in section 2 
and endpoint analysis in section 3.1, such type of relation-
ships should not be expected for kinetic endpoints of the 
antioxidant assays. The discrepancy could be explained by 
the predominantly stoichiometric nature of the endpoints 
used, obscured in assays with presumably kinetic endpoint 
and single time point / single concentration measurements. 

Prokai and co-workers [151] studied LPO inhibition in 
rat brain homogenate by 70 estrone and 17β-estardiol deriva-
tives and related polycyclic phenols. Besides PM5-calculated 
BDE and IPV (as EHOMO), also logP, solvent accessible mo-
lecular area and κ-type shape index were used as descriptors. 
Though the solvent accessible area and the shape index were 

superior to BDE and IP in monoparametric models, stepwise 
parameter selection algorithm excluded them from the final 
three-parametric model which involved only BDE, EHOMO, 
and logP. 

Chang and co-workers [152] modelled OO•⎯ and ONOO⎯ 
scavenging by 13 anthocyanins and anthocyanidins. Using 
stepwise MLR with a number of constitutional, 3D structural 
energy, molecular shape, topological and electro-topological 
state descriptors, models with up to 3 parameters were se-
lected. The best of them were two-parametric and included 
torsional energy and a YY quadrupole component, or the 
number of hydroxyl groups and YZ quadrupole component 
for OO•⎯ and ONOO⎯ scavenging activity, respectively. It 
should be noted that no calculations on radical structures 
were performed and thus, no BDE-related descriptors were 
included for selection. On the other hand, IP-related descrip-
tors were included but not selected as significant for the best 
models. This might be related to the cationic nature of an-
thocyanins and their aglycones which determines their very 
high IP [13,83] and thus its irrelevance as a descriptor for 
reactivity of these polyphenols towards free radicals. 

Khlebnikov and co-workers [137] used the PLS analysis 
for QSAR modelling of OO•⎯ scavenging by 46 flavonoids 
and other natural polyphenols in two assays differing in the 
OO•⎯ generation method. Two types of models were built: 
the first one based on PM3-calculated QC characteristics, 
physico-chemical descriptors and several indicator variables, 
and the second one based on local fingerprints obtained from 
fragments of the molecules by the frontal polygon method, 
which allowed for selection of fragments and ranking their 
contribution to the studied activity. The statistical quality of 
the optimal PLS models of the first type for both assays was 
similar in spite of the different size of the datasets (n=19, 7 
latent variables, r2=0.62, q2=0.52 and n=43, 11 latent vari-
ables, r2=0.61, q2=0.59, respectively). Variable exclusion 
allowed to reveal the most important descriptors: EHOMO  
(–IPV), ΔHF and the number of the OH-groups in C ring (ef-
fectively, presence of 3-OH group) for the bone marrow 
phagocytes assay, and the hydration energy and the number 
of adjacent (catechol or pyrogallol) OH-groups in A ring for 
xanthine/xanthine oxidase assay. Models based on the mo-
lecular fragments were of better statistical quality (n=19, 5 
latent variables, r2=0.90, q2=0.82 and n=43, 8 latent vari-
ables, r2=0.93, q2=0.90, respectively). The sample difference 
between the two assays resulted, however, in quite a differ-
ent ranking of the fragment contribution to the studied activ-
ity. In the xanthine/xanthine oxidase assay high weights 
were assigned to B ring catechol and pyrogallol fragments, 
with three monohydroxy fragments ranked between them. In 
the bone marrow phagocyte assay A ring catechol and pyro-
gallol fragments were ranked higher than similar B ring 
fragments, with several fragments with resorcinol configura-
tion in A ring ranked between them. Comparing these rank-
ings with data obtained in QC studies (reviewed in section 
2.3), it could be assumed that the high frequency of occur-
rence of A ring fragments in natural flavonoids pushed their 
ranks up in spite of the low reactivity of resorcinol hydroxyl 
groups in the free radical reactions [52,107]. 

Estrada and co-workers [153] used TOPS-MODE (topo-
logical sub-structural molecular design) descriptors for the 
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modelling of anti-LPO activity of a set of 22 natural phenolic 
compounds (organic acids and flavonoids) in AAPH/LA 
micellar assay. On the basis of a five-parametric MLR model 
(r2=0.93, external q2=0.91), authors proposed a number of 
hypothetical structures and selected those with predicted 
IC50<1μM. It should be noted, however, that for these struc-
tures the activity ranking is highly coincidental with the 
ranking by the number of the hydroxyl groups in the mole-
cule, which is not often observed in assays with kinetic end-
points [135,152]. 

Mitra and co-workers [154] used the consensus model-
ling approach for predicting the activity and the essential 
structural features important for LPO inhibition by cin-
namic and caffeic acid derivatives. A dataset of 54 com-
pounds was compiled from three sources and while two of 
them were from the same laboratory and used the same 
method, the third source did not provide any details about 
the LPO inhibition assay used. From the IC50 of the differ-
ent reference antioxidants in the data sources (4.68 μM for 
α-tocopherol vs. 2.8 μM for trolox), it is difficult to make a 
definitive conclusion about the compatibility of the results 
of the two laboratories. Genetic function approximation 
and genetic PLS were used for building QSAR models, 
while 3D pharmacophore models and molecular fragment 
fingerprinting based holographic QSAR were used for 
identifying important structural features. Genetic algo-
rithm-based descriptor selection approaches identified 
HF/6-31G(d)-calculated EHOMO and Mulliken charges of 
specific carbon atoms as the most significant descriptors in 
the optimal model followed by three fragment-based atom 
type descriptors. Lipophilicity was not selected as a signifi-
cant descriptor in none of the four reported optimal five-
parametric models of this group. The 3D-pharmacophore 
models were restricted to three pharmacophore features 
which is probably the reason they missed the double bond 
in the linker between the phenol ring and the carboxyl 
group as an important structural feature for the anti-LPO 
activity. Holographic QSAR, enumerating long structural 
fragments (5-9 atoms in the optimal model) and accounting 
for atom and bond types in them, was able to predict the 
importance of this double bond. 

3.3. Modelling of Stoichiometric Endpoints 

Studying a series of natural flavonoids in ABTS assay, 
Rice-Evans and co-workers [102,155] ranked them accord-
ing to their TEAC values and noted that the general corre-
spondence between the TEAC value and the number of hy-
droxyl groups in the flavonoid molecule was violated mainly 
for compounds showing differences in the hydroxyl group 
positioning in A and B rings (catechol, pyrrogallol or resor-
cinol configurations) and differences in C ring configuration 
(saturated, aromatic, 4-pyrone structure, presence of 3-OH 
group). The half peak oxidation potentials available for a 
part of the compounds did not correlate well with TEAC 
values but were able to provide a binary classification into 
efficient/inefficient scavenger classes with a single misclas-
sified compound (kaempferol); the classification by presence 
of catechol configuration in B ring mostly coincided with the 
half peak oxidation potential classification but classified 
kaempferol correctly [155]. Cao and co-workers [41] built 
regressions of oxygen radical absorbance capacity (ORAC) 

values in a β-phycoerythrin assay vs. the number of hydroxyl 
groups in the molecule for series of flavones and flavanones 
and noted that the regression lines differ for two groups of 
flavonoids with a distinct structure of C ring. Correlation of 
experimentally measured anodic peak oxidation potentials 
(Eap) with TEAC values of natural polyphenols measured in 
a DPPH assay was unsatisfactory [136]; a second parameter 
− peak current of the first wave, which depends on the num-
ber of electrons transferred in the electrochemical reaction, 
had to be added to the correlation equation in order to im-
prove it. Firuzi and co-workers [156], however, studying a 
group of flavonoids in a ferric reducing antioxidant power 
assay (FRAP), found high correlations between FRAP values 
and both Eap (r=0.91) and the number of hydroxyl groups 
(r=0.91). It should be noted that the measured Eap was corre-
lated even higher with the number of hydroxyl groups 
(r=0.96). Nenadis and co-workers [157] attempted modelling 
of antiradical capacity of a group of polyphenols, polyhy-
droxybenzoates, hidroxycinnamates and flavonols measured 
in ABTS assay, using BDE or IP as a single antiradical ca-
pacity descriptor. No significant correlation was found be-
tween either BDE or IP and the measured TEAC. 

Thus, it became obvious that QSAR models of 
stoichiometric endpoints should include both "extensive 
terms" to account for the number of hydroxyl groups which 
potentially could participate in free radical reactions and 
"intensive terms" to account for the different reactivity of 
individual hydroxyl groups, and that structural features may 
perform better than reaction enthalpy-related properties in 
quantification of individual OH-groups' reactivity. QC com-
putational studies (reviewed in section 2.3) outlined the im-
portant structural features to be coded in QSAR descriptors 
in order to derive reliable and meaningful quantitative mod-
els. 

Lien and co-workers [111] modelled antiradical capaci-
ties of 42 flavonoids and isoflavonoids reported in [155] and 
found that the addition of an indicator variable coding for the 
double bond presence in C ring to the number of hydroxyl 
groups in the molecule (constitutional descriptor nOH) did 
not improve sufficiently the model based only on nOH. Con-
structing a more complex indicator variable (the sum of the 
coded double bond presence in C ring, the presence of 2 OH-
groups in fused A and C rings, and the presence of 2 OH-
groups in B ring) and using it together with nOH produced a 
model of antiradical capacity with r2=0.85 (r2=0.73 for the 
model based on nOH only). Similar approach was applied by 
Amić and co-workers [112] on another flavonoids dataset, 
produced in a DPPH assay and expressed not as a 
stoichiometric ratio but as % scavenging [141]. The use of 
indicator variables proved to produce models with better 
statistical quality than those using topological and electronic 
descriptors. The best model included two independent indi-
cator variables: the first one coding for the presence of 3',4' 
OH-groups in B ring or 3-OH group in C ring, and the sec-
ond − for the presence of a 5-OH group in the A ring of fla-
vonoids (n=28, r2=0.95), with a notable omission of the nOH 
variable from the model and a clear separation of low and 
high activity flavonoids in two distinct regions with an activ-
ity cliff between them. The explanation is related to the 
problematic type of the dependent variable as discussed in 
section 3.1: the DPPH concentration used in [141] was twice 
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as low as the concentration of the tested compounds, thus 
any polyphenol with a stoichiometric ratio >0.5 
(TEAC>0.25, a very modest antiradical efficiency) would 
produce inhibition close to 100%, which explains both the 
absence of nOH from the predictive model and the presence 
of the activity cliff. 

In further studies, Amić and co-workers [84,158] com-
bined indicator variables with BDE of the most reactive hy-
droxyl group in the molecule (as indicated by its lowest 
BDE) in MLR models of DPPH scavenging capacity of fla-
vonoids. In [158] they re-evaluated models derived in [112] 
by replacing the 5-OH indicator variable with the BDE of the 
most reactive hydroxyl group in the molecule and showed 
the statistical quality equivalence of two the models (n=28, 
r2=0.93, q2=0.91 for the new one). The significant intercorre-
lation of the lowest BDE and the "3',4' ortho-OH or 3-OH" 
indicator variable, as reported by the authors, should be 
noted. In [84], TEAC and VCEAC (vitamin C equivalent 
antioxidant capacity) data for several sets of flavonoids, 
studied in ABTS and DPPH assays, were successfully mod-
elled by MLR, employing nOH and the lowest BDE descrip-
tors. Not all of the ca. 70 compounds were studied in all as-
says since the authors, after careful inspection, considered 
the data from different sources not fully compatible and 
avoided their merging. The largest TEAC set consisted of 38 
compounds [159] and the derived two-parametric models 
were of very high statistical quality (r2=0.97, q2=0.95 and 
r2=0.96, q2=0.94 for ABTS and DPPH data, respectively). It 
should be noted that in [84] no activity cliffs were observed 
in any of the studied datasets, irrespective of the source used. 
Mitra and co-workers [160] applied the classical Free-
Wilson approach for modelling DPPH radical scavenging by 
86 synthetic hydroxy-, methoxy- and methyl-substituted 
isoflavones, isoflavanes and biphenylketones and reported 
poor quality of the derived model (r2=0.59, q2=0.50). It 
should also be noted, however, that unlike in [112], no indi-
cator variables were included in the model for the coding of 
adjacent hydroxyl groups. Further, the authors used a num-
ber of topological, physico-chemical, structural, spatial, elec-
tronic descriptors and HF/6-31G(d)-calculated Mulliken 
charges in genetic function approximation and PLS model-
ling of DPPH radical scavenging capacity. The best genetic 
function approximation model was of considerably better 
statistical quality than the Free-Wilson model (r2=0.80, 
q2=0.73) and the most important latent variables encoded 
descriptors for the charge of the carbon atom in the fusion 
zone between rings A and C, the charge of 3'-carbon, the 
presence of 5-methoxy group, two E-state descriptors related 
to 4-pyron configuration of C ring or enon fragment in 
biphenylketones, and a spatial descriptor of relative hydro-
phobic surface area of the molecule. Though the mechanistic 
interpretation of E-state and spatial descriptors is not as 
straightforward as that of the physico-chemical and constitu-
tional descriptors used in the already reviewed studies,  
4-pyron configuration is known to be of importance for the 
antioxidant activity of polyphenols [37,102]. Relative hydro-
phobic surface area is obviously dependent on the number of 
hydroxyl and metoxy groups in molecules of comparable 
size, and the charge of 3'-C is dependent on the presence of 
3'-OH group. 

Sarkar and co-workers [145] used B3LYP/6-31G(d,p)-
computed global (EHOMO, ELUMO, hardness, electrophilicity, 
chemical potential) and local (atom and group philicities and 
frontier electron densities) descriptors to model the DPPH 
scavenging capacity of 29 flavonoids. The derived three-
parametric MLR model, after removal of two outliers, was of 
good statistical quality (n=27, r2=0.94, q2=0.92) and included 
as parameters global hardness, group nucleophilicity of B 
ring and group electrophilic frontier density of A ring. It 
should be noted, however, that the model was built on data 
from [141] – an assay which has already been discussed to 
produce an "all-or-none" binary classification of polyphenol 
compounds rather than stoichiometric ratios. 

Khlebnikov and co-workers [137], besides measuring and 
modelling OO•⎯ scavenging activity in two OO•⎯ production 
systems, also measured and modelled the DPPH radical 
scavenging capacity of 23 of the 46 studied polyphenols (see 
section 3.2). In spite of the smaller sample size, the statistical 
quality of the PLS models of the DPPH radical scavenging 
capacity were superior to that of the respective models of 
OO•⎯ scavenging activity (n=23, 9 latent variables, r2=0.79, 
q2=0.76 and n=23, 5 latent variables, r2=0.93, q2=0.91, for 
models using physico-chemical and structural or frontal 
polygon descriptors, respectively).The number of adjacent 
(catechol) OH-groups in A and B rings, and the hydration 
energy (interpreted as collinear with the total number of OH-
groups in [99,137]) were identified as key physico-chemical 
and structural descriptors. The fragment ranking obtained 
from the frontal polygon model of the DPPH assay was also 
more reasonable than the rankings obtained from both OO•⎯ 
assays: A ring pyrogallol > A ring catechol > C ring 3-OH (4 
fragments) > B ring 3',4' catechol. Only very rare B ring py-
rogallol and 2',3' catechol fragments were ranked lower than 
A ring 5,7 resorcinol fragments. The authors explained the 
better quality of the DPPH assay models in terms of possible 
parallel events taking place in the OO•⎯ assays with the gen-
eration of radical species in enzymatic reactions. 

Pérez-Garrido and co-workers [161] applied MLR mod-
elling to a group of 96 natural polyphenols studied in ABTS 
antiradical assay [159] using TOPS-MODE descriptors and 
obtained a 10-parametric model with r2=0.907 and q2=0.882. 
It should be noted that considerable structural diversity of 
the sample (flavonoids, phenolic acids, stilbenes, coumarins, 
chalcones, tannins, etc.) could account for the necessity to 
include more independent variables and for the lower statis-
tical quality of the model in comparison with the models on 
the flavonoid subset from the same data [84]. Molecular 
fragment contributions, however, showed the already ob-
served trend to rank resorcinol fragment higher than catechol 
fragment [137] as a structural feature, important for antiradi-
cal and antioxidant activity. 

Weber and co-workers compiled from the literature a 
dataset of flavonoid compounds with measured TEAC in the 
ABTS radical scavenging assay and built several classifica-
tion [162] and predictive models [163] using AM1-
calculated QC descriptors (polarisability, dipole moment, 
atom and substituent charges, bond lengths and orders, en-
thalpy of formation, frontier orbital energies, total and elec-
tronic energies of the flavonoid molecules). Unfortunately, 
the compatibility of the data collected from different sources 
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was not inspected thoroughly, which could diminish the sig-
nificance of the conclusions of these studies [84]. The pre-
dictive PLS model outlined the total charge of the substituent 
at the position 5 in A ring and molecular polarisability as the 
most important descriptors for predicting TEAC of the fla-
vonoids included in the study [163]. PCA, hierarchical clus-
ter analysis and k-nearest neighbours methods outlined mo-
lecular polarisability, total charges of substituents at the po-
sitions 5 and 3', and charge of the carbon atom at the position 
3 as main descriptors, useful for discrimination between fla-
vonoids with low and high antiradical capacities [162]. It 
should be noted, however, that the decision to assume TEAC 
of 2.55 as a border value between low and high antiradical 
capacity was not motivated. The peroxynitrite scavenging by 
24 flavonoids with a clear distinction between active (IC50 
ranging from 0.93 to 4.35 μM) and inactive compounds 
(IC50>10 μM) collected from a single source were studied by 
the same group [164], using B3LYP/6-31G*-calculated de-
scriptors (those used in [162] plus several additional elec-
tronic and constitutional descriptors, with a notable presence 
of the dihedral angle between B and C rings). In this case, 
PCA, hierarchical cluster analysis and k-nearest neighbours 
methods outlined mechanistically more reasonable EHOMO 
and charges of carbons at positions 3' and 4' as main descrip-
tors, useful for discrimination between flavonoids with low 
and high peroxynitrite scavenging capacities. 

Samee and co-workers [165] applied a 3D-QSAR tech-
nique CoMFA to a group of 36 substituted chromones stud-
ied in a DPPH radical scavenging assay. The resulting model 
(r2=0.87, q2=0.77) outlined two zones where bulky substitu-
ents were disfavoured and two zones where positively and 
negatively charged substituents, respectively, were favoured. 
Unfortunately, the electrostatic fields did not provide any 
information about the hydroxyl group-populated region of A 
ring (positions 5,7,8), or these data points were discarded 
during the analysis due to insufficient variability. Mitra and 
co-workers [166] analysed the same dataset by means of 
consensus modelling (for details see [154]), which included 
two 3D modelling techniques: comparative molecular simi-
larity indices analysis (CoMSIA) and pharmacophore model-
ling. The importance of the catechol configuration in A ring 
(positions 7,8) was not outlined by either of the tools. The 
two other modelling tools used in the consensus battery, the 
fragment fingerprint-based holographic QSAR and group-
based QSAR, were able to identify this important structural 
feature. 

CONCLUSION 

Despite the vast number of available natural and syn-
thetic phenolic and polyphenolic compounds with antioxi-
dant / antiradical scavenging properties, there is a continuous 
need for developing new antioxidants of improved quality 
and for selecting such compounds from the available natural 
sources. It should be noted that a good antioxidant in the 
context of its health effects is not just the most potent one: its 
potential toxicity, side effects and pharmacokinetics should 
also be considered. Focusing on the antioxidant potency, the 
continuous experimental research in the field is well com-
plemented by theoretical SAR and QSAR studies which help 
in outlining the prerequisites to the phenolic compounds to 
act as efficient chain-breaking and/or preventive antioxi-
dants. 

Quantum chemical studies confirmed the experimental 
observations that the dissociation energy of phenolic O–H 
bond and the molecular adiabatic ionisation potential are the 
most important determinants for the radical scavenging abil-
ity of the phenolic molecule. Their dependence on the spe-
cific patterns of electron donating substituents in the pheno-
lic ring at ortho- and para- positions is well rationalised in 
terms of the molecular destabilisation and the phenoxyl radi-
cal stabilisation. In attempts to explain anomalous kinetics of 
the reaction of phenolics with free radicals in polar media, 
QC studies have outlined alternative reaction mechanisms 
and provided additional informative parameters for the SAR 
and QSAR studies – proton affinity and electron transfer 
energy. With respect to the more complex natural polycyclic 
polyphenols, the importance of intramolecular hydrogen 
bond(s) formation and the coplanarity of the non-fused phe-
nolic ring systems have been outlined. This has led to the use 
of indicator variables coding for the presence of catechol or 
pyrrogallol configurations as well as of the dihedral angles 
between non-fused rings as structural descriptors in QSAR 
modelling. The parameters reflecting the delocalisation of 
the spin density over the phenoxyl radicals can outperform 
BDE in predicting experimental data on the reactivity rank-
ing of individual hydroxyl groups in polycyclic polyphenols 
and the number of scavenged radicals by these compounds. 
In case of simple phenols and polycyclic monophenols, 
however, BDE and SD are often collinear. 

The QC calculated parameters based on both the elec-
tronic properties of the phenolic molecule and the phenoxyl 
radicals, radical cations or phenoxide anions (BDE, IPA, PA, 
ETE, SD delocalisation) are more informative than parame-
ters based only on the electronic properties of the phenolic 
molecule (HOMO/LUMO energies and IPV, phenolic hy-
droxyl group bond lengths, frontier orbital electron density 
and Fukui reactivity indexes). While the phenolic C−O bond 
length and the frontier orbital electron density on the pheno-
lic hydroxyl group are good predictors of the reaction rates 
of the monophenols with free radicals, no studies have been 
able to prove the usefulness of these parameters for polyphe-
nols. It should be noted that if one intends to use structural 
descriptors describing the molecular geometry (bond lengths 
and dihedral angles) in QSAR, the semiempirical calcula-
tions are not supposed to provide sensible data. For bond 
lengths especially, DFT calculations with extended basis sets 
are the relevant ones. 

The survey of assays used in the evaluation of antioxi-
dant phenolic compounds outlined two endpoint types: (i) 
kinetic, reflecting the antioxidant's activity, and (ii) 
stoichiometric, reflecting the antioxidant's capacity. The dif-
ferent information provided by these two endpoint types re-
flects on their application: monophenols are almost exclu-
sively studied in assays with kinetic endpoints, polyphenols 
are more often investigated in assays with stoichiometric 
endpoints. However, the mechanistic interpretation of QSAR 
models employing stoichiometric data is more difficult than 
of those employing kinetic endpoints. The lack of data on 
concurrently measured stoichiometric and kinetic endpoints 
in a single assay hinders the possibilities for a better under-
standing of the interrelations between the two endpoint types 
and of their concomitant use for characterising the antioxi-
dant and antiradical activity of phenolic compounds. 
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The review of the descriptors used in the most easily in-
terpretable (though not always the most predictive) QSAR 
models reveals the QC calculated BDE- and IP-related pa-
rameters, when available for selection and present explicitly, 
as the most significant descriptors for predicting the activity 
of phenolic compounds in assays with kinetic endpoints. Use 
of collinear descriptors in some of the MLR modelling stud-
ies not only compromises their predictive power but also 
does not allow conclusions about the usability of some still 
rarely used but promising descriptors (e.g., SD delocalisa-
tion-related parameters). 

For the radical scavenging capacity of phenolic com-
pounds measured in assays with stoichiometric endpoints, 
the number of hydroxyl groups available for participation in 
reactions with free radicals, together with descriptors ac-
counting for differences in the reactivity of these groups are 
the most significant descriptors in QSAR models. Indicator 
variables coding for presence of OH-groups in catechol or 
pyrogallol configuration or QC characteristics reflecting the 
presence of such groups (substiuent or atom charges at ap-
propriate positions, BDE, IP) are among the most useful de-
scriptors which account for the differences in hydroxyl 
groups' reactivity. So far, no attempts for explicit classifica-
tion of individual hydroxyl groups reactivity based on QC 
calculated electronic descriptors for predicting polyphenols' 
radical scavenging capacities have been performed. Such an 
explicit classification might be quite uncertain due to many 
possible and not well defined secondary reactions of phe-
noxyl radicals but it could benefit from the still scarce com-
putational data about reactivity ranking of the OH-groups 
after the initial step(s) of the reaction of the polyphenol 
molecule with free radicals. 

Analysis of modelling methodology in the reviewed 
QSAR studies outlines the necessity for further elaboration 
of the data selection process. The presentation of the 
stoichiometric data as IC50 or % inhibition often prevents 
proper evaluation of their compatibility across different 
sources and of the real nature of the assay endpoints. Merg-
ing incompatible data into a single dataset and employing 
endpoints with masked characteristics usually reflects on 
some important aspects of the derived models and could be 
revealed a posteriori. The modelling of antioxidant phenol 
compounds is hindered by the limited structural diversity of 
the compounds in the available datasets and difficulties in 
merging data obtained in subtly differing assays. In case of 
natural phenolics the structural diversity is defined by the 
operational biosynthetic pathways and is not always suitable 
for the building of QSAR models with broad applicability 
domains. Though the QSAR models employing topological 
descriptors are among the statistically most predictive with 
respect to the antioxidant and antiradical activity and/or ca-
pacity, the structural specificity of natural phenolics under-
mines their ability to properly rank the structural fragments 
necessary for prediction of new, highly active phenolic and 
polyphenolic structures. 

In conclusion, although there is no general approach to 
quantify the structure-activity relationships of all classes of 
phenolic compounds, the QSAR models utilising appropri-
ately selected molecular descriptors remain among the best 
theoretical tools to study phenolic antioxidants and to look 
for ways to improve their activity and reduce their toxicity. 

LIST OF ABBREVIATIONS 

ABAP = 2,2'-azobis (2-amidinopropane) 

ABTS = 2,2'-azino-bis (3-ethylbenzothiazoline-
6-sulphonic acid) 

AIM = Atoms in Molecule Theory Approach 

AM1 = Austin Model 1 semi-empirical method 

AMVN = 2,2'-azobis (2,4-dimethylvaleronitrile) 

ArOH, ArO• = Phenol, phenoxyl radical 

B2-PLYP, B2LYP = Grimme's double hybrid density func-
tional with perturbative correlation 

B3LYP = 3-parameter Becke, Lee, Yang and Parr 
density functional 

BDE = Bond Dissociation Enthalpy 

CCSD = Coupled Cluster with single and double 
excitations method 

DFT = Density Functional Theory Methods 

DOPC = Dioleoylphosphatidylcholine 

DPPH = 2,2-diphenyl-1-picrylhydrazyl 

EA = Activation Energy 

Eap, Ep/2 = Anodic peak and half-peak oxidation 
potentials 

EHOMO, ELUMO = Energy of the highest occupied/lowest 
unoccupied molecular orbitals 

Es = Taft Steric constant 

ETE = Electron Transfer Enthalpy 

FRAP = Ferric Reducing Antioxidant Power 

HAT = Hydrogen Atom Transfer 

In• = Initiator of free-radical oxidation 

IP, IPA, IPV = Ionisation potential, adiabatic and ver-
tical 

IRC = Internal Reaction coordinate 

LA = Linoleic Acid 

LDBS = Locally Dense basis sets 

LFER = Linear Free Energy relationship 

logP = Octanol/Water partition coefficient 

LPO = Lipid peroxidation 

M05, M06,  
M05-2X,  
M06-2X = Minnesota Family of Density Meta-

functionals 

MLR = Multiple Linear Regression Method 
MNDO = Modified Neglect of Diatomic Overlap 

semi-empirical Method 

MP2, MP3, MP4 = Møller-Plesset Perturbation Theory 
Methods 

MSE = Molecular Stabilisation Enthalpy 
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NBO = Natural Bond Orbitals Theory Ap-
proach 

nOH = Number of hydroxyl groups in the 
polyphenol molecule 

ONIOM = Morokuma's N-layered Integrated Mo-
lecular Orbital and Molecular Mechan-
ics Methods 

ORAC = Oxygen Radical Absorbance Capacity 

PA = Proton Affinity of Phenoxide Ion 

PCA = Principle Component Analysis Method 

PCM = Polarised Continuum Model 

PDE = Proton Dissociation Enthalpy 

PLS = Partial Least Squares Method 

PM3, PM6 = Parametric Method 3, 6 Semi-empirical 
methods 

QC = Quantum Chemical 

QM-ORSA = Quantum mechanics-based Test for 
overall Free Radical Scavenging Activ-
ity 

QSAR/QSPR = Quantitative Structure-
Activity/Property Relationship 

RAF = Radical Adduct Formation 

RSE = Radical Stabilisation Enthalpy 

SD = Spin Density 

SET = Single Electron Transfer 

SIMCA = Soft Independent Modelling of Class 
Analogy 

SPLET = Sequential Proton Loss-Electron Trans-
fer 

TEAC = Trolox Equivalent Antioxidant Capac-
ity 

TOPS-MODE = Topological Sub-Structural Molecular 
Design Descriptors 

VCEAC = Vitamin C Equivalent Antioxidant Ca-
pacity 

ΔHF = Difference of Heats of Formation of 
Phenol Molecule and Phenoxyl Radical 

σ, σ+ = Hammett and Brown Constants for 
Electron-Withdrawing and Electron-
Donating Substituents 
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