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Abstract: Phenolic acids are naturally occurring compounds that are known for their antioxidant and
antiradical activity. We present experimental and theoretical studies on the antioxidant potential of the
set of 22 phenolic acids with different models of hydroxylation and methoxylation of aromatic rings.
Ferric reducing antioxidant power assay was used to evaluate this property. 2,3-dihydroxybenzoic
acid was found to be the strongest antioxidant, while mono hydroxylated and methoxylated
structures had the lowest activities. A comprehensive structure–activity investigation with density
functional theory methods elucidated the influence of compounds topology, resonance stabilization,
and intramolecular hydrogen bonding on the exhibited activity. The key factor was found to be
a presence of two or more hydroxyl groups being located in ortho or para position to each other.
Finally, the quantitative structure–activity relationship approach was used to build a multiple linear
regression model describing the dependence of antioxidant activity on structure of compounds,
using features exclusively related to their topology. Coefficients of determination for training set and
for the test set equaled 0.9918 and 0.9993 respectively, and Q2 value for leave-one-out was 0.9716.
In addition, the presented model was used to predict activities of phenolic acids that haven’t been
tested here experimentally.

Keywords: phenolic acids; polyphenols; antioxidants; ferric reducing antioxidant power (FRAP) assay;
density functional theory (DFT); quantitative structure–activity relationship (QSAR); multiple linear
regression (MLR)

1. Introduction

Nowadays, the popularity of the healthy foods has led to the revival of studies on phytochemicals
activity. Plant substances, such as fiber regulate gastrointestinal tract function [1] and unsaturated
fatty acids are capable of decreasing risk of atherosclerosis [2], and phenolic compounds can prevent
oxidative stress [3]. All these compounds are crucial for the proper function of the human body.
A number of important research papers concerning plant antioxidants were published in the last
ten years, making an investigation of them an interesting branch of 21st century medical research [4–6].

Phenolic acids are a large group of secondary metabolites, originating from shikimic and benzoic
acids [7]. They can be found commonly in plants, especially hydroxybenzoic and hydroxycinnamic
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derivatives, which are responsible for organoleptic properties, such as sour and bitter flavor. However,
their true medicinal merit is an antioxidant and antiradical activity arising from their chemical structure.
It is known that oxidative stress may cause damage to lipid membranes, DNA, and proteins [8], and may
further lead to more severe diseases such as diabetes [9], Alzheimer’s. disease [10], and Parkinson’s
disease [11] or neoplasms [12]. Each phenolic acid is made of one aromatic ring with hydroxyl residues
and carboxyl residue linked to it. Acting as a donor of a hydrogen atom or single electron, they are
capable of neutralizing reactive oxygen species (ROS), reducing transition metals responsible for
Fenton’s reaction, and overall decreasing oxidative stress. Even though terms “antiradical” and
“antioxidant” are often referred to the same property, these activities do not necessarily coincide.
Thus, antiradical activity must be clearly distinguished from the antioxidant one [13]. While the
first characterizes the ability of compounds to scavenge free radicals (for instance cation radical
ABTS•+ and a stable radical DPPH•), the second one represents the ability to inhibit the process of
oxidation. Measurement of antiradical activity most commonly is performed using ABTS or DPPH
tests. During the ABTS method, proposed by Re et al. [14], pre-generated dark-green cation radical is
reduced by a hydrogen-donating compound, such as phenolic acid. In the DPPH test [15], the radical
undergoes a reaction with a reducer, becoming a neutral molecule. Both these assays rely on hydrogen
exchange mechanism. As for the antioxidant activity, a wide variety of methods may be used, including
biological assays, such as cellular antioxidant activity (CAA) [16] and chemical-based methods
(FRAP [17], CUPRAC assays [18], etc.). While biological assays are considered to be more appropriate,
they also are more expensive and time-consuming compare to chemical-based methods [16]. With all
variety of methods results of efficiency measurements for phenolic acids is found to be slightly
controversial in the literature [19,20].

Ferric Reducing Antioxidant Power assay (FRAP) [17] is based on reduction of a colorless
Fe3+-TPTZ complex into intense blue Fe2+-TPTZ once it interacts with a potential antioxidant. At low
cost, this method showed to be useful for screening of antioxidant capacities and comparing efficiencies
of different compounds. Thus, in this study, we used FRAP method for an investigation of antioxidant
activity of selected phenolic acids. Interestingly, the exact mechanism of the antioxidant activity for
these compounds, and the influence of the compounds’ structure on their activity, is still not fully
elucidated and controversial in the literature [21–24]. Computational chemistry proved to be a good
support for experimental investigations. A great review of strategies in theoretical antioxidants activity
research has been recently published by Galano et al. [25]. Not only hydrogen atom transfer (HAT)
mechanism, but also sequential proton loss-electron transfer (SPLET) and single electron transfer-proton
transfer (SET-PT) are widely studied with density functional theory (DFT) methods to elaborate the
most probable mechanism of action of antioxidants [21,26,27]. Obtained results clearly showed that
SPLET is the most favorable mechanism of action in a polar solvent, whilst HAT dominates in benzene.
Presented computational results complement the experimental studies by explaining rationale used in
the experiment. That indicates the importance of computational chemistry methods as a supporting
tool in every modern-age research.

Quantitative structure–activity relationship is widely used to find a relationship between structural
features of compounds and their activities [28–30]. Finding proper descriptors used to develop
a quantitative structure–activity relationship (QSAR) model is the very first step one should consider.
For example, to build a model for wine polyphenols, Rastija et al. [31] used lipophilicity, Balaban
index, Balaban-type index, and 3D GETAWAY descriptors. Gupta et al. [32] focused on MOLMAP
descriptors selected by genetic algorithms. Filipović et al. [33] in their studies on free radical scavenging
potency of 21 phenolic acids and simple phenolics proposed three models based on the number of
vicinal hydroxyl groups, bond dissociation energy, proton affinity and electron transfer enthalpy.
QSAR concept also was used by Chen et al. [21] in their studies on thermodynamic properties as
descriptors for prediction of DPPH radical scavenging assay. These models provided a good insight
into the nature of antiradical and antioxidant activity, though they require an involvement of quantum
chemical calculations or other software for descriptor generation. The aim of this study is to perform



Molecules 2020, 25, 3088 3 of 15

a comprehensive investigation of antioxidants nature for the set of phenolic acids with different models
of hydroxylation, and to develop a QSAR model for prediction of these properties based on a topology
of tested compounds. FRAP assay has been used to measure antioxidant potential of selected phenolic
acids. Purely topological descriptors used in this paper are easy to generate and give an understanding
on how structural features of studied compounds influence an activity.

2. Results and Discussion

2.1. Experimental Results

Antioxidant properties of phenolic acids and their structures are presented in Table 1. The strongest
activity reducing ion Fe3+ to Fe2+ was noted for 2,3-dihydroxybenzoic acid. The number of
units per µmol of compound (TAUFe/µmol) was equal to 202 ± 10.6. A slightly lower activity was
observed for 3,4-dihydroxyphenylacetic (149 ± 10.0) and 2,5-dihydroxybenzoic acid (128 ± 6.3),
while 3-hydroxybenzoic acid possessed the poorest efficiency among tested phenolic acids.

Table 1. Structures of investigated phenolic acids.
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The statistical significance of differences between samples was analyzed using HSD Tukey test.
Compounds have been divided into more active (1–11) and less active (12–22) set. Statistical significance
was tested on level p < 0.05. Among the first group for nearly every pair except 8–9 and 10–11
(Table S1, Figure S1) the given criterion was achieved, whereas among the second group pairs 18–19,
18–20, 18–21, 18–22, 19–20, 19–21, 19–22, 20–21, 20–22, 21–22 didn’t met it (Table S2, Figure S2).

2.2. SAR Investigation

The results of measured antioxidant activities were used as a subject of structure–activity
investigation. In order to explain the structure–activity relationship, three key factors must be
investigated separately: mutual position of hydroxyl groups, their methylation, and the distance
between phenyl and carboxylic group. These factors have been numerously mentioned in
literature [21,22,34], however, the full clarification of their influence has not been reported.
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2.3. Mutual Positions of Hydroxyl Groups and Resonance Stabilization

All tested phenolic acids can be clustered into two groups, one including compounds with high
activities (1–11), and the other with compounds possessing extremely low activities (12–22) (Figure 1).
Clustering of phenolic acids has shown a response dependence on the relative positions of the hydroxyl
groups in the ring. Compounds, that contain only one hydroxyl group, (13, 15–18, 20, 22) have
exhibited very low efficiency. Phenolic acids with two hydroxyls substituted in the meta position in
relation to each other, such as 3,5-dihydroxybenzoic (19) and 2,4-dihydroxybenzoic acid (14) have also
shown a poor activity, compare to ones with two hydroxyls on adjacent carbon atoms.
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Since FRAP assay must be performed in low pH values to maintain iron solubility, the ionization
potential is also low, which drives hydrogen atom transfer. FRAP assay is based on an electron transfer
mechanism with formation of aryloxyl radical [35]:

Fe(TPTZ)2
3+ + ArOH→ Fe(TPTZ)2

2+ + ArO• + H+

In this case, once aryloxyl radical is formed, its stability determines the efficiency of phenolic
acid as an antioxidant compound. The fact that 2,4-dihydroxybenzoic acid (14) is much less efficient
than 2,3-dihydroxybenzoic acid (1) can be explained by resonance structures of its radicals (Figure 2).
In both cases radical is stabilized by delocalization over conjugated aromatic rings system. When the
second hydroxyl group present in ortho- or para- position related to the first one, it allows second
oxygen atom to participate in delocalization (Figure 2a). One can see that it leads to the activation of
the second hydroxyl group. Hence, the reaction can proceed further reducing one more Fe3+-TPTZ
complex with subsequent oxidation to 5,6-dioxo-1,3-cyclohexadiene-1-carboxylic acid. Highly active
2,5-dihydroxybenzoic acid (3) has the same resonance structures with hydroxyl groups being in
para-position to each other. Meanwhile, the second hydroxyl of compound 14 (Figure 2b) does not
participate in a delocalization, thus 2,4-dihydroxybenzoic acid exhibits significantly lower antioxidant
activity. To summarize, in order to achieve high antioxidant and antiradical activity it is critical that
two or more hydroxyl groups are located either in vicinal positions or on opposite sides of the ring (in
ortho or para position to each other).
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Low efficiency of two other compounds from the second cluster (4-hydroxy-3-methoxybenzoic
acid (12) and 3,4-dimethoxybenzoic acid (21)) cannot be justified by mutual position of hydroxyl
groups as similar in structure 3,4-dihydroxybenzoic acid (10) possesses relatively high efficiency as
an antioxidant compound. Thus, methylation of hydroxyl groups must be considered separately.

2.4. The Influence of Methylation

The results of FRAP tests showed a tendency of the methylated compounds to have lower activity
than their non-methylated counterparts (5 < 4, 21 < 12 < 10, 11 < 9, 8 < 2). Methylation yields a decrease
of active electron- and hydrogen-donating groups, which consequently leads to reduced efficiency
of the compound as an antioxidant. Interestingly, methylation of the cinnamic acid derivatives
has no significant influence on the antioxidant activity, since 4-hydroxy-3-methoxycinnamic acid
(11) demonstrates slightly lower activity than 3,4-dihydroxycinnamic one (9). With a decreasing
distance between carboxylic group and a ring the influence of methylation is increasing,
for example: 3,4-dihydroxyphenylacetic acid (2) is almost two times more efficient then its partially
methylated counterpart (8), while the ratio between activities of 3,4-dihydroxybenzoic acid (10),
4-hydroxy-3-methoxybenzoic acid (12), and 3,4-dimethoxybenzoic one (21) amounts 598:26:1. It seems
that the farther the carboxylic group is from the methoxylated ring, the more efficient the phenolic
acid containing methylated hydroxyl groups. This can be explained by the importance of the
inductive effect of carboxylic group. The 4-hydroxy-3,5-dimethoxybenzoic acid (5) is the only exception
from the presented trend, it exhibits just slightly lower activity when compared to non-methylated
counterparts (4).
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2.5. Carboxylic Group Influence and H-Bonding

Antioxidant activity decreases with an increase of the carboxylic group electron-withdrawing
effect on a radical delocalization. In most cases, cinnamic acid derivatives have demonstrated improved
efficiency over their counterparts derived from benzoic acid. Phenolic acids substituted with hydroxyls
in para-meta position have their activity decreasing in the following order phenylacetic acid > cinnamic
acid > benzoic acid (2 > 9 > 10, and 8 > 11 > 12). This trend suggests that carboxylic group has
the biggest influence on the total antioxidant activity. This influence occurs not through inductive
effect (-I) (the distance of carboxylic group from the ring), but through the mesomeric effect (-M) (the
resonance with the ring). Carboxylic group of phenylacetic acid is not participating in resonance
and can influence only through -I effect, while carboxyl group of a benzoic acid shows the strongest
-I and -M effects. Interestingly, phenolic acids that are substituted with only one hydroxyl in para
position have demonstrated a decrease of activity presented in a row cinnamic acid > phenylacetic
acid > benzoic acid (15 > 17 > 20), that may indicate the importance of inductive effect for low efficient
compounds. Though, the difference in their efficiency is negligible. Meanwhile, an antioxidant activity
of ortho-substituted compounds such as 2,5-dihydroxybenzoic acid (3) and 2-hydroxybenzoic acid
(13) measured by FRAP have shown to be elevated when compared to its phenylacetic counterparts
(2,5-dihydroxyphenylacetic (7) and 2-hydroxyphenylacetic (16) acids). In addition to the resonance
stabilization (Figure 2), a radical can be stabilized by intermolecular hydrogen bonds between functional
groups and polar protic solvents, as well as intramolecular hydrogen bonds [24]. There are two possible
types of intramolecular hydrogen bonding for compounds tested here. One involves only hydroxyl
oxygens, and the other is a hydrogen bond between carboxylic and hydroxyl groups.

One of the methods used for approximation of the hydrogen bonding energy is based on the
calculation of potential energy density has been implemented in Multiwfn program package [36].
Energies (EHB) for all the studied compounds, where hydrogen bonding is possible, were calculated
and collected in Table 2, along with distances between critical point (CP) and hydrogen atom
(HHB), the distance between hydrogen (HHB) and acceptor oxygen atom (Oac) as well as the angle
(∠Oac-CP-HHB).

Table 2. Hydrogen bonding energies and geometrical parameters calculated using Multiwfn
program package.

Compound ID: IUPAC Name EHB, (kcal/mol) CP- HHB
Distance, (Å)

Oac - HHB
Distance, (Å)

∠Oac-CP-HHB
Angle, (°)

1 2,3-dihydroxybenzoic −12.91/−5.56 0.572/0.90 1.69/2.13 172.84/160.38
2 3,4-dihydroxyphenylacetic −5.47 0.890 2.12 163.15
3 2,5-dihydroxybenzoic −12.45 0.580 1.71 173.16
4 3,4,5-trihydroxybenzoic −3.61/−3.69 0.882/0.880 2.18/2.18 161.43/162.80
5 4-hydroxy-3,5-dimethoxybenzoic −6.32 0.836 2.06 167.15
6 4-hydroxy-3,5-dimethoxycinnamic −6.37 0.833 2.06 167.30
7 2,5-dihydroxyphenylacetic −11.41 0.601 1.78 176.03
8 4-hydroxy-3-methoxyphenylacetic −6.16 0.842 2.07 167.46
9 3,4-dihydroxycinnamic −5.42 0.902 2.13 161.51

10 3,4-dihydroxybenzoic −5.58 0.882 2.11 163.67
11 4-hydroxy-3-methoxycinnamic −6.30 0.835 2.06 167.47
12 4-hydroxy-3-methoxybenzoic −6.26 0.838 2.06 167.31
13 2-hydroxybenzoic −12.98 0.572 1.69 173.31
14 2,4-dihydroxybenzoic −15.77 0.542 1.64 173.62

The highest hydrogen bond energy has been found for bonds between hydrogen of hydroxyl
group and double-bonded oxygen of benzoic acid’s carboxylic group (compound 1, 3, 13, 14).
The lowest hydrogen bond energy is found to be between hydroxyl groups. According to the
presented results, the oxygen of hydroxyl group is a less efficient H-bond acceptor when compared
to double-bonded oxygen of carboxyl group. Taking into account this difference in H-bond
strength, one can explain why for benzoic acid derivatives efficiency is decreasing in the row:
ortho-meta (2,3-pattern) (1) > ortho-meta (2,5-pattern) (3) > meta-meta-para (4) > meta-para (10), while
the same tendency does not work for phenylacetic and cinnamic acid derivatives. Similar to
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2-hydroxybenzoic acid, 2,5-dihydroxyphenylacetic (7) also can be stabilized by a H-bond between
carboxylic group and ortho-hydroxyl. However, surprisingly high H-bond energy (−11.41 kcal/mol)
in the case of 2,5-dihydroxyphenylacetic one (7) does not justify its low efficiency compare to
3,4-dihydroxyphenylacetic acid (2), where energy of hydrogen bond between two hydroxyl groups
is −5.47 kcal/mol. Moreover, due to the steric hindrance in case of the phenylacetic acid derivatives,
H-bonding between carboxylic group and ortho-hydroxyl should not be that favorable as the one
between two hydroxyl groups.

To verify results obtained by the method proposed in Multiwfn, an additional method was
employed. Density functional theory was used to calculate enthalpies of H-bond formation.
Formation of hydrogen bond in 2-hydroxybenzoic acid (13) results in release of 7.59 kcal/mol of
energy (Figure 3a). The energy yield of H-bond formation in case of 3,4-dihydroxybenzoic acid (10) is
significantly smaller (1.92 kcal/mol) (Figure 3b). These results are in good agreement with previously
obtained data with Multiwfn method. Though, in the case of compound 7 (Figure 3c), H-bonding
is not that energetically favorable (1.87 kcal/mol released) due to the steric tension occurring in this
molecule. This finding is contrary to results calculated using Multiwfn method.
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Figure 3. Enthalpies of hydrogen bond formation. (a)—2-hydroxybenzoic acid (13);
(b)—3,4-dihydroxybenzoic acid (10); (c)—2,5-dihydroxyphenylacetic acid (7).

The 2,3-dihydroxybenzoic acid (1) (Figure 4a) may form two intramolecular hydrogen bonds: one
involving only hydroxyl oxygen atoms and the other involving oxygen of carboxylic group (total of
−18.47 kcal/mol, as is shown in Table 2). Similarly, two H-bonds stabilize a 3,4,5-trihydroxybenzoic
acid (compound 4, total of −7.30 kcal/mol) (Figure 4b). Though, in this case, the carboxylic group
does not participate in H-bonding. The following compounds 2,5-dihydroxybenzoic acid (3) and
3,4-dihydroxybenzoic acid (10) (Figure 4c,d) are stabilized by just one intramolecular H-bond, and only
in case of 3 strong interactions with oxygen of carboxylic group takes place (−12.45 kcal/mol, compared
to −5.58 kcal/mol for compound 10). It can be seen, that our study explained the trends in effectiveness.
Hence, it is assumed that the model of phenolic acids’ hydroxylation by two hydroxyl groups,
one of each is situated next to carboxyl group (in ortho position) may be efficient only for benzoic
acid derivatives.
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Figure 4. Intramolecular hydrogen bond stabilization of a molecule and its radical:
(a)—2,3-dihydroxybenzoic acid (1); (b)—3,4,5-trihydroxybenzoic acid (4); (c)—2,5-dihydroxybenzoic
acid (3); (d)—3,4-dihydroxybenzoic acid (10).

2.6. QSAR Model

Original model, Multiple linear regression model, for the prediction of the antioxidant TAUFe/µmol
activity measured by FRAP assay had one outlier (4-hydroxy-3,5-dimethoxybenzoic acid). As it was
earlier discussed this compound did not follow the general trend illustrated in SAR investigation.
Thus, this point was excluded from the training set and model was rebuilt. Elimination of the
4-hydroxy-3,5-dimethoxybenzoic acid had no influence on selected descriptors, though it influenced
their coefficients and statistical parameters. Finalized model based on four topological descriptors is
represented by Equation (1):

TAUFe/µmol = −0.507 + 62.03·HOccOH(count) + 74.83·Phortho(para)−meta+134.49·Bortho−meta + 41.804·Cmethyl(count) (1)

Descriptors used for MLR model have a clear chemical meaning and were in correspondence
with the SAR investigation. First and foremost, the presence of HOccOH fragment is crucial.
As it was indicated above, two or more hydroxyl groups in ortho position to each other positively
impact an antioxidant activity due to charge delocalization and OH-OH intramolecular H-bonding.
Not only information about mutual position of substituents, but also its methylation is decoded
by this descriptor. Only non-methylated groups positively impact on efficiency. The evidence of
phenylacetic acid derivatives being more efficient than others is supported by Phortho(para)-meta descriptor,
that indicates the presence of any ortho-meta or para-meta substitutes phenylacetic acids (compounds 2,
7, 8). Bortho-meta is a specific descriptor that points out on a presence of ortho-meta-substituted benzoic
acid derivatives (compounds 1 and 3). The presence of strong intramolecular H-bonds between ortho
hydroxyl and carboxylic groups results in significant increase of efficiency. Finally, Cmethyl(count)
descriptor is correcting total activity calculated by the proposed model whilst taking into account
the fact that methylation of cinnamic acid derivatives does not critically decrease an efficiency of
these compounds.

Finalized model illustrates a good agreement with presented experimental results (Figure 5a) with
correlation coefficient for the training set R = 0.9959. Interestingly, the mutual position of hydroxyl
groups appeared to be an essential descriptor in several models for prediction of antioxidant activity
proposed earlier. For instance, the simultaneous presence of the 3′,4′-dihydroxy structure at the
B-ring or the adjustment of the hydroxyl group at the C-3 atom of selected flavonoid compounds
was used among the other descriptors for prediction of inhibitory activity of Lipids peroxidation [37].
Using exclusively this descriptor Rasulev et al. developed a model with correlation coefficient
R = 0.813. Meanwhile by adding Petijean shape index, dipole moment, and a number of Glycoside-like
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fragments as descriptors it was possible to increase a correlation coefficient to R = 0.938. The number
of vicinal hydroxyl groups was used as a descriptor for MLR models in [33] developed for prediction
of antiradical activity measured by ABTS assay and evaluated as vitamin C equivalent (VCEAC) for
the set of 21 hydroxybenzoic acids and simple phenolic compounds. Models developed based on
only this topological descriptor resulted in correlation coefficient R = 0.915. Meanwhile, by combining
the number of vicinal hydroxyl groups with a bond dissociation enthalpy proton affinity, or with
a proton affinity and an electron-transfer enthalpy as descriptors the accuracy of developed model
was improved by R = 0.957 and R = 0.962, respectively. Model developed by us based purely on the
topological descriptors achieved slightly better statistical parameters (Table 3) then earlier models.Molecules 2020, 25, x 10 of 16 
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Table 3. Statistical parameters for developed model.

R R2 R2
adj RMSE MAE Q2

loo Q2
lmo

training set 0.9959 0.9918 0.9893 5.5211 4.0678
cross-validation 10.3056 7.4203 0.9716 0.9592

external validation 0.9996 0.9993 0.9973 1.5429 1.2627

An applicability domain represents the response and chemical structure space in which the model
makes predictions with a given reliability. All compounds from the second cluster (12–22) appeared to
be on the border of a predicted applicability domain as well as compound 1 (Figure 5b). The location of
these compounds close to an outlier region is determined by their extreme response values (extremely
low for 12–22, and extremely high for 1). Nevertheless, all 21 phenolic acids were found inside
an applicability domain.

The number of statistical parameters that are used to validate developed models increase over
years, as described in review by Gramatica et al. [38]. In this study, different validation criteria of
robustness and predictivity have been used. The coefficient of determination R2 (the square of the
sample correlation coefficient (R) between the experimental endpoint and predicted one), adjusted
coefficient of determination R2

adj (in case when slope is set to zero), root mean square error RMSE
(square root of the average of squared differences between predicted and experimental endpoint
observation), mean absolute error MAE (the average magnitude of the errors in a set of predictions,
without considering their direction) for both training and test sets were calculated. Additionally, specific
coefficients of determination Q2

LOO and Q2
LMO (for leave-one-out and leave-many-out cross-validation,
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respectively) were calculated and presented in Table 3. Though, it must be noted, that even inadequate
models with chance correlation may pass statistical analysis with sufficient values of parameters in case
when it is built for data sets that include a small number of samples. When working with small data
sets one must rely not only on pure statistics but mostly on a chemical knowledge about mechanism
of activity of interest, and structure–activity relationship in order to select an adequate chemically
justified model.

With satisfactory statistical parameters and chemically justified descriptors (with p-values for
all the descriptors equal to 0), developed here model, presumably, can well reflect the course of
the reaction, and potentially be used for efficiency prediction of phenolic acids which activities are
unknown. Based on both SAR and QSAR studies one can assume that 3,4,5-trihydroxyphenilacetic
and 2,3,4-trihydroxybenzoic acids should be efficient as antioxidant compounds (Table 4), which is
found to be in good agreement with the literature [39].

Table 4. Structures of phenolic acids and their antioxidant activities predicted by proposed quantitative
structure–activity relationship (QSAR) model.

2D Structure of Tested Compounds TAUFe/µmol Predicted by MLR QSAR Model
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3. Materials and Methods

3.1. Apparatus

Hitachi U 5100 spectrophotometer (Japan, Tokyo) connected with computer for controlling of
measurement and data analyzing, temperature stabilizer, and glass cuvette with 1 cm optical path
was used.

3.2. Reagents

3.2.1. Phenolic Acids

Extrasynthese, Genay, France: 3,4-dihydroxyphenylacetic; 4-hydroxyphenylacetic;
4-hydroxy-3-methoxyphenylacetic; 2,5-dihydroxyphenylacetic; 4-hydroxycinnamic;
4-hydroxy-3-methoxycinnamic; 4-hydroxy-3,5-dimethoxycinnamic; 4-hydroxy-3-methoxybenzoic;
3,4,5-trihydroxybenzoic; 2-hydroxycinnamic; 3,4-dihydroxybenzoic.

Koch-Light Laboratories, Haverhill, United Kingdom: 3-hydroxycinnamic; 2,5-dihydroxybenzoic;
2,3-dihydroxybenzoic; 3,5-dihydroxybenzoic; 2,4-dihydroxybenzoic.

Fluka Chemie AG, Buchs, Switzerland: 3-hydroxybenzoic; 3,4-dimethoxybenzoic;
4-hydroxy-3,5-dimethoxybenzoic.

Fluka Chimica, Milano, Italy: 3,4-dihydroxycinnamic.
Sigma-Aldrich, St. Louis, MO, USA: 4-hydroxybenzoic; 2-hydroxybenzoic.
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3.2.2. Other Reagents

Merck, Darmstadt, Germany: methanol, gradient grade.
Chempur, Piekary Slaskie, Poland: methanol, pure for analysis; hydrochloric acid 35%, pure

for analysis.
Sigma-Aldrich, St. Louis, MO, USA: sodium acetate trihydrate; iron (III) chloride;

2,2-diphenyl-1-picrylhydrazyl radical (DPPH•); 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS•+); potassium persulfate (K2S2O8).

Fluka, Buchs, Switzerland: 2,4,6-tris(2-pyridyl)-(S)-triazine (TPTZ).

3.3. Methods

3.3.1. Measurement of Reducing Activity of Phenolic Acids with FRAP Method

The reducing activity of phenolic acids was measured with the Benzie and Strain
method [17]. FRAP reagent was freshly prepared as follows: 12.5 mL of 0.3 mol/L acetate
buffer (CH3COOH:CH3COONa), pH 3.6 was mixed with the same volume of methanol (Merck,
Darmstadt, Germany). 2.5 mL of 10 mmol/L TPTZ in 0.04 mol/L HCl and 2.5 mL of 0.02 mol/L
FeCl3·6H2O were added to such a solution.

225 µL of 50% solution of methanol in water and 75 µL of investigated phenolic compound
solution (concentration chosen individually for each compound) were added to the 2.25 mL of FRAP
reagent. The absorbance measurement at 593 nm was made at the beginning of the reaction and after
1 min at 37 ◦C. Measurements were repeated 5 times, for each phenolic acid. The results of experiments
were presented as a reaction rate expressed as number of total antioxidant units per µmol of substance
(TAUFe/µmol). One unit is the amount of substance that reduces one µmol of Fe3+ to Fe2+ at 593 nm
during 1 min at 37 ◦C. Measurements were done in a glass cuvette with 1 cm optical path. The number
of units per 1 µmol of phenolic acid was calculated with the following Equation (2):

TAUFe/µmol =
1.513 ∗AF0 −AF1

c
(2)

where TAUFe/µmol—is the number of units per µmol of phenolic acid; AF0—is the absorbance of the
solution at the beginning of the reaction; AF1—is the absorbance of the solution after 1 min of the
reaction; c—is the concentration of phenolic acid in the reaction mixture [mM].

The absolute error was calculated with the total differential method and the statistical significance
of differences between samples was estimated using ANOVA with Tukey’s test, using Statistica
version 13.3.

3.3.2. DFT Calculations

Density functional theory was used to perform thermodynamic calculations in order to support
hypothesis proposed in structure–activity relationship (SAR) investigations. Molecular structures of
the studied compounds have been visualized using GaussView application [40] and optimized using
B3LYP/cc-pVDZ level of theory with Gaussian16 [41] in an implicit water solvent, using conductor-like
polarizable continuum model (CPCM) solvation method. Topology analysis of hydrogen-bonding was
performed using Multiwfn 3.7 [36]. Hydrogen bond energy was calculated using Equation (3) [42]:

EHB =
V
(
rbcp
)

2
(3)

where V
(
rbcp
)
—is a potential energy density V(r) at corresponding bond critical point (BCP).

Additionally, relative intramolecular hydrogen bond enthalpy (∆H) was calculated by comparing
the sum of electronic and thermal enthalpies of the conformer with intramolecular hydrogen bonds
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and of the lowest-energy conformer without hydrogen bonds, following the procedure demonstrated
by Korth et al. [43].

3.3.3. Topological Descriptors

The choice of descriptors, which might be relevant to the activity of interest, is a problematic task.
In this study, our aim was to build a QSAR model that is based exclusively on topology of phenolic acids.
Optimized structures of studied compounds were saved in MDL MOL (.mol) format. PaDEL-Descriptor
software [44] was used for the calculation of 2D topological descriptors and fingerprints. Calculated 2D
descriptors included number of atoms and atoms of a certain element type, aromatic atoms, aromatic
bonds, acidic and basic groups, hydrogen bond acceptors and donors, bonds of certain bond order,
as well as topological descriptors characterizing the carbon connectivity, topological descriptors
combining distance and adjacency information, etc. List of fingerprints calculated included Estate [45],
Pubchem, Substructure [46], Klekota-Roth [47] and 2D atom pairs’ fingerprints. Additional specific
sets of descriptors have been developed manually based on ortho-para-meta- substitution pattern of
hydroxyl groups, effect of carboxyl group and methylation. A total of 12,355 descriptors were used.

3.3.4. QSAR Model Development and Validation

QSARINS v2.2.4 [48,49] software (QSAR Research Unit in Environmental Chemistry and
Ecotoxicology Department of Theoretical and Applied Sciences (DiSTA), University of Insubria,
Varese, Italy) was used for data preparation and model development. The entire data set was
preprocessed using a filter to eliminate constant (>80%) and codependent (>95%) descriptors. A splitting
procedure plays a critical role for small data sets, since assigning an insufficient number of compounds
into the validation set may result in the developed model being overtrained, while too many
compounds in validation set may lead to loss of information for proper model development. Thus,
only three compounds were selected randomly for validation set. Multiple linear regression (MLR)
QSAR models were developed using the genetic algorithm (GA) method of variable subset selection.
QSARINS software was also used for an applicability domain calculation by the leverage from the
diagonal values of the Hat matrix.

4. Conclusions

Antioxidant activity for a set of phenolic acids was measured by FRAP assay. SAR investigation
showed that mono hydroxylated compounds and compounds with two hydroxyl groups in meta
position to each other exhibited the lowest efficiency as antioxidants, while compounds with two
or more hydroxyl groups in ortho or para position to each other illustrated the highest antioxidant
properties. Methylated phenolic acids derivatives were shown to be less efficient compare to their
nonmethylated counterparts. Two stabilization factors were elucidated: resonance stabilization of
radical and intramolecular hydrogen bonding. Due to resonance stabilization, ortho-meta and para-meta
hydroxylated phenolic acids have an improved activity over mono hydroxylated ones and those
having two hydroxyl groups in meta position to each other. Hydrogen bonding stabilization explained
the reason behind the elevated activity of benzoic acid derivatives with substituted ortho position.
Proposed hypotheses have been validated by quantum chemical calculations.

Multiple Linear Regression model for the prediction of antioxidant activity measured by FRAP
assay was built based on four topological descriptors that include the presence of HOccOH fragment, any
ortho-meta or para-meta substitutes phenylacetic acids, ortho-meta-substituted benzoic acid derivatives,
and the number of methylated fragments of cinnamic acid derivatives. All these descriptors were in
correspondence with SAR investigation. Having just one outlier (4-hydroxy-3,5-dimethoxybenzoic
acid), the developed model has satisfactory statistical parameters and can be used for activity prediction
of new, not yet tested, phenolic acids based on their structural features.
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