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compounds (part II): in vitro and in
silico evaluation of antioxidant potential;
structure–activity relationship†

Jovica Branković, a Vesna M. Milovanović, b Zorica D. Petrović, a

Dušica Simijonović c and Vladimir P. Petrović *a

The pyrazolone class comprises a variety of hybrid compounds displaying diverse biological actions.

Although studied for decades, these compounds are still of interest due to their facile chemical

transformations. In our previous work, we presented the synthetic route of functionalised pyrazolone

derivatives. The presence of pyrazolone structural motif in many drugs, such as edaravone, prompted us

to investigate the antioxidant features of the selected compounds. In this paper, we provide an extensive

in vitro and in silico description of the antioxidant properties of selected pyrazolone analogues. The

obtained in vitro results revealed their great antiradical potency against the DPPH radical (IC50 values in

the 2.6–7.8 mM range), where the best results were obtained for analogues bearing a catechol moiety.

Density functional theory (DFT) was used to assess their antioxidant capacity from the thermodynamic

aspect. Here, good agreement with in vitro results was achieved. DFT was employed for the prediction

of the most preferable radical scavenging pathway, also. In polar solvents, the SPLET mechanism is

a favourable scavenging route, whereas in nonpolar solvents the HAT is slightly predominant.

Furthermore, antioxidant mechanisms were studied in the presence of relevant reactive oxygen species.

The obtained values of the reaction enthalpies with the selected radicals revealed that HAT is slightly

prevailing in polar solvents, while the SPLET mechanism is dominant in nonpolar solvents. Regarding the

well-known antioxidant features of the drug edaravone, these findings represent valuable data for this

pyrazolone class and could be used as the basis for further investigations.
Introduction

Biological exploration of pyrazolone-endowed compounds has
continued for more than a century. Ever since its introduction
by Ludwig Knorr in 1883,1 the pyrazolone nucleus evolved into
one of the most studied pharmacophores in medicinal chem-
istry.2 Such fruitful investigations uncovered diverse biological
and therapeutical traits of pyrazolone-based compounds, where
a number of them found multiple pharmaceutical roles
(Fig. 1).3,4 Antipyrine (also known as phenazone) as one of the
rst synthetic drugs, alongside salicylate derivatives, i.e.,
aspirin, revolutionised the era of antipyretics and fever
suppressants.5 Furthermore, the ampyrone sulfonate family
representative, the drug metamizole, is a well-known pain
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95
reliever used in various acute/chronic conditions.6 Also, the
pyrazolone skeleton is frequently embedded in many drugs
(and drug candidates) for the treatment of various illnesses,
such as eltrombopag, piperylone, nifenazone, morazone, pro-
pyphenazone, aminophenazone, etc (Fig. 1).4 Such an outcome
was triggered by the diversity of pyrazolone-based compounds
and their richness in benecial biological virtues.2,7 Pyrazolone-
cored derivatives mostly wield antimicrobial,8–13 anti-
cancer,7,12,14,15 antiproliferative,14,16 and antiinammatory
potency,17–22 but they were also identied as analgesics,18,22,23

antivirals,24–26 hypoglycaemics,27 and antioxidants.11,28,29 The
utilisation of pyrazolone synthon produced numerous hybrid
molecules acting as multitarget agents.11,12,17,22,30,31 Bio-
modelling of pyrazolone structural unit emerged compounds
with inhibitory activity on many enzymes as well, such as
acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE),30,32 a-amylase,33 a-glucosidase,34 cyclooxygenases
(COXs),17,19,21,28,35 HIV-1 integrase,36 and even towards human
telomerase.37 These accomplishments have enabled pyrazolone-
type compounds to be considered in the treatment of complex
illnesses, particularly in neurodegenerative diseases (NDDs),
such as Alzheimer's and Parkinson's.30,32,38 Here, it is important
to reference the FDA-approved pyrazolone drug edaravone.39
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural characteristics and ring C substitution of
compounds a–t

Entry R1 R2 R3 R4 Skeleton of compounds a–t

a H H H H
b OH H H H
c H OH H H
d H H OH H
e H Cl H H
f H H Cl H
g H H F H
h NO2 H H H
i H NO2 H H
j H H NO2 H
k CH3 H H H
l H CH3 H H
m OH OH H H
n H OH OH H
o OH OCH3 H H
p H OCH3 OH H
q H OCH3 OH OCH3

r H OH OCH3 OCH3

s H OCH3 OCH3 OCH3

t OH Cl H Cl

Fig. 1 Drugs containing pyrazolone structural fragment.
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This drug is used in the treatment of acute cerebral infarction
and has also exhibited a neuroprotective effect in amyotrophic
lateral sclerosis (ALS) and Parkinson's disease.40 Edaravone is
designated as a specic chemical entity, empowered for
synthetic modications and diverse usages.39 It was found that
edaravone expresses preventive action in myocardial injury
following ischemia and myocardial infarction,27 and it can be
used in chronic obstructive pulmonary disease (COPD), Alz-
heimer's, rheumatoid arthritis, the treatment of cancer therapy
side effects, and many other conditions.39 Such multipurpose
potential of edaravone, particularly its role as a neuroprotective
agent, is possible due to its antioxidant ability. Namely, edar-
avone acts as a potent free radical scavenger that prevents
oxidative damage to the cell membrane, i.e., peroxidation of the
cell membrane's fatty acids, and therefore, neuronal death and
brain edema.2 The overproduction of free radicals leading to
oxidative stress is designated as one of the leading causes of
brain ischemic injury.41,42 Regarding this, the benecial action
of edaravone lies in its ability to quench cOH radicals, as well as
other harmful reactive oxygen/nitrogen radical species (ROS
and RNS).43

Although studied for decades, all these ndings indicate the
enormous potential of the pyrazolone entity and its almost
“never-ending” exploitation in the eld of medicinal chemistry.
The development of novel edaravone-like and other function-
alised pyrazolone scaffolds is still encouraged, as it's recognised
as the essence of pharmacological and combinatorial
chemistry.2
© 2023 The Author(s). Published by the Royal Society of Chemistry
Herein, the versatility of pyrazolone-derived compounds, as
well as themultifunctionality of the drug edaravone, inspired us
to investigate the antioxidant potential of differently function-
alised pyrazolone derivatives, using both in vitro and in silico
methods. In our previous work, we reported the synthetic route
for twenty pyrazolone analogues and investigated their poten-
tial antiviral activity against the SARS-CoV-2 virus.44 Generally,
the biological investigations on these particular pyrazolone-type
derivatives are scarce, i.e., the research is mainly focused on the
development of novel synthetic procedures.45–52 To our knowl-
edge, only one paper reported in vitro studies related to these
compounds.53 Bearing this in mind, in this work, we have
provided an extensive description of the antioxidant properties
of the selected pyrazolone compounds. The insight into their
radical scavenging features represents valuable data for this
class of pyrazolones and could indicate the compounds with the
prospect of neuroprotective application.

Results and discussion
Antioxidant activity of compounds a–t against DPPH radical

In our previous report,44 twenty pyrazolone derivatives a–t
bearing different ring C substitution were synthesised and
characterised (Table 1). The crystal structure analysis of
compound p revealed the differences between rings A and B,
i.e., the existence of pyrazolone and pyrazole moiety.44 In this
work, compounds a–t were subjected to in vitro antioxidant
screening using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
(Table 2). This method was selected since it is noted as reliable
for the prediction of the radical scavenging activity against
reactive oxygen species present in the living cell.54,55 The struc-
tures of the investigated compounds a–t bearing different ring C
substitution are presented in Table 1. Here, compound
a represents a non-substituted analogue. Furthermore,
RSC Adv., 2023, 13, 2884–2895 | 2885
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Table 2 In vitro interactions of selected compounds a–t with DPPH radical

Inhibition (%)

IC50 (mM) SF

Concentration (mM) 100 50 25

Compound 20 min 60 min 20 min 60 min 20 min 60 min

a 96.1 � 1.1 97.4 � 0.2 95.8 � 0.4 96.6 � 0.6 93.6 � 0.4 94.4 � 0.8 5.1 � 0.1 2.5
b 91.6 � 0.7 93.2 � 1.5 91.5 � 1.3 92.1 � 2.2 86.9 � 4.7 89.8 � 4.6 6.2 � 0.1 2.0
c 94.9 � 0.1 95.4 � 0.1 94.2 � 0.2 95.3 � 0.2 91.9 � 0.7 93.9 � 0.6 4.3 � 0.1 2.9
d 95.7 � 1.1 95.8 � 0.5 95.1 � 0.7 95.4 � 0.3 93.1 � 0.9 94.3 � 1.0 4.9 � 0.1 2.6
e 93.3 � 2.1 94.4 � 1.3 93.1 � 1.9 94.3 � 0.8 89.8 � 0.5 93.8 � 2.2 4.5 � 0.1 2.8
f 95.8 � 0.2 95.9 � 0.2 93.4 � 0.2 95.3 � 0.5 92.2 � 0.7 94.3 � 0.2 5.4 � 0.1 2.3
g 93.4 � 1.3 94.7 � 0.1 92.8 � 1.0 93.9 � 1.0 90.2 � 0.3 92.6 � 0.8 4.8 � 0.1 2.6
h 95.6 � 0.2 97.2 � 0.6 87.9 � 0.7 92.1 � 0.3 80.5 � 0.7 88.8 � 0.6 7.8 � 0.1 1.6
i 95.7 � 0.1 95.8 � 0.1 92.4 � 1.0 94.3 � 0.4 92.1 � 0.8 94.2 � 0.5 4.5 � 0.1 2.8
j 95.1 � 0.7 95.3 � 0.1 92.1 � 1.1 93.1 � 1.1 85.1 � 0.9 89.2 � 0.2 5.1 � 0.1 2.5
k 96.3 � 1.0 98.3 � 0.7 96.2 � 0.2 96.3 � 0.4 94.6 � 0.6 96.2 � 0.8 4.2 � 0.1 3.0
l 95.0 � 0.6 95.1 � 0.5 94.9 � 0.5 95.0 � 0.6 92.2 � 1.1 93.8 � 0.8 3.5 � 0.1 3.6
m 96.7 � 0.3 97.2 � 0.2 95.8 � 0.2 96.4 � 0.3 94.4 � 0.6 94.9 � 0.8 2.6 � 0.1 4.8
n 94.9 � 0.3 96.7 � 0.3 94.3 � 1.6 94.9 � 0.3 94.2 � 0.9 94.3 � 1.1 2.9 � 0.1 4.3
o 91.6 � 1.1 91.7 � 0.1 89.7 � 0.7 90.4 � 0.7 89.4 � 0.9 89.6 � 1.6 3.6 � 0.1 3.5
p 93.6 � 0.2 94.5 � 0.2 92.3 � 0.4 93.2 � 1.3 91.7 � 0.6 92.0 � 0.6 6.1 � 0.1 2.0
q 92.1 � 0.4 93.9 � 1.2 90.9 � 0.8 91.7 � 0.2 89.9 � 0.6 90.7 � 0.7 5.5 � 0.1 2.3
r 95.1 � 0.6 95.2 � 0.1 94.4 � 0.3 94.9 � 0.9 90.5 � 0.1 94.7 � 0.2 4.4 � 0.1 2.8
s 96.1 � 0.1 96.8 � 0.2 94.2 � 0.8 94.8 � 0.6 89.8 � 1.1 92.8 � 1.1 6.2 � 0.1 2.0
t 88.5 � 0.5 89.8 � 0.7 88.1 � 0.9 89.6 � 0.7 84.2 � 1.0 89.6 � 0.9 6.4 � 0.1 2.0
Pyrazolone 93.7 � 0.1 95.5 � 0.8 92.8 � 1.2 94.5 � 0.8 86.9 � 1.6 92.3 � 0.8 9.3 � 0.1 1.3
NDGA 94.5 � 0.2 94.1 � 0.7 94.2 � 0.7 94.2 � 0.7 94.6 � 0.7 94.6 � 0.6 1.7 � 0.1 7.4
Quercetin 95.1 � 0.9 95.4 � 0.8 96.8 � 1.0 96.5 � 0.9 95.3 � 0.8 95.1 � 0.9 1.9 � 0.1 6.6
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View Article Online
derivatives b, c, and d possess one –OH group in R1, R2, and R3

positions (respectively). Analogues e, f, and g bear one halogen
atom (chlorine or uor), whereas h, i, and j carry the nitro group
in different positions.

Methyl groups are introduced to the C ring in the case of
compounds k and l, whereas derivativesm–s possess multiple –
OH and/or –OCH3 groups. Finally, compound t bear R1–OH
group on ring C, as well as two chlorine atoms.

Based on the obtained results, all analogues exhibited anti-
oxidant activity against DPPH radical with IC50 values in the
range of 2.6–7.8 mM. It is worth emphasizing that the parent
pyrazolone compound (5-methyl-2,4-dihydro-3H-pyrazol-3-one)
was also tested against the DPPH radical, with the expectation
of enhanced antioxidant activity of compounds a–t. Based on
the obtained results, all compounds expressed higher antirad-
ical activity in comparison to their parent compound (Table 2).
Furthermore, the antioxidant capacity of the investigated
compounds was expressed through the values of stoichiometric
factor (SF). Namely, if the value of SF is $2, such compound is
designated as a good antioxidant. The results presented in
Table 2 indicate that all compounds, except h (SF = 1.6), could
be noted as good antioxidants (SF values in the range of 2.0–
4.8). The obtained results could be compared to other ndings,
i.e., with compounds bearing pyrazolone fragment.27,56–60 Here,
in comparison with the most similar edaravone-like set of
compounds (and drug edaravone),27 compounds a–t expressed
signicantly higher antioxidant activity.
2886 | RSC Adv., 2023, 13, 2884–2895
The ring C substitution effect on antioxidant activity. Besides
the aim to investigate the antioxidant properties of compounds
a–t, one of the objectives was to evaluate how the ring C
substitution impacts the inhibition potency of the DPPH
radical. Here, the non-substituted analogue a expressed good
activity against DPPH (IC50 = 5.1 ± 0.1 mM). In comparison to a,
among those bearing only one –OH group, the best result was
obtained for derivative c (R2–OH; IC50 = 4.3 ± 0.1 mM). These
results, i.e., the more favourable R2–substitution over R1– and
R3–, are in agreement with literature data obtained for
compounds with a similar set of rings.27 In the cases of halogen-
substituted C ring, compounds e (R2–Cl) and g (R3–F) exhibited
higher activity than a, whereas f (R3–Cl) was slightly lower. Here,
the best activity expressed derivative e (IC50 = 4.5 ± 0.1 mM).
Among those bearing nitro group, the R2–substituted derivative
i expressed the highest inhibition activity compared to a (IC50 =

4.5 ± 0.1 mM), whereas the R1–substituted h the lowest (IC50 =

7.8± 0.1 mM). Such ndings are in agreement with the literature
data, also.27 Similarly, for compounds k and l, the best inter-
action with DPPH was achieved in the case of R2–CH3

substituted analogue l (IC50 = 3.5 ± 0.1 mM). For compounds
m–s, the highest inhibition activity against the DPPH radical
expressed analogue m (R1, R2–diOH), which was also the best
result achieved among all tested compounds (IC50 = 2.6 ± 0.1
mM). It is worth emphasizing that analogues n, o, and r also
exhibited noteworthy antioxidant activity (IC50= 2.9± 0.1, 3.6±
0.1, and 4.4 ± 0.1 mM, respectively). Here, it is important to
point out that derivatives n and r possess the R2–OH group,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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whereas compound o bears o-vanillin moiety. Finally, the anti-
oxidant activity of derivative twas lower compared to compound
a, i.e., similar to the activity of compound b. Here, both b and t
possess R1–OH group, whereas t bear additional two chlorine
atoms.

Based on the obtained results, several remarks could be
noted:

(1) All compounds expressed higher inhibition activity than
the parent pyrazolone compound, and FDA-drug edaravone
(IC50 = 18.1 ± 0.5)27 as well;

(2) Ring C substitution, i.e., number, nature, and the posi-
tion of specic groups, alters the antioxidant potency of the
investigated compounds toward DPPH radical;

(3) The R2–substitution most signicantly enhances the
antioxidant activity in comparison to the other positions, as well
as to non-substituted derivative a. This can easily be observed in
the cases of derivatives c (R2–OH), e (R2–Cl), i (R2–NO2), and l
(R2–CH3); the antioxidant activity is even more heightened
when an additional group is neighbouring the R2–substituent.
Such observations were made for the compounds m, n, o, and r
which bear the –OH and neighbouring –OH or –OCH3 groups.
This can be attributed to the formation of corresponding
phenolic Oc radical which is stabilised through resonance and
electron-donating effects of the neighbouring group.61 More-
over, in the cases of compounds m and n, even better stabili-
sation can be achieved via intramolecular hydrogen bonding
between the Oc radical and the neighbouring –OH group, which
is unique for catechol-like compounds.62–64 These statements
are in the agreement with the obtained IC50 values for these
derivatives;

(4) Besides the substituent position, the nature of the
particular group is also inuencing the antioxidant activity.
This can be observed in the cases of compounds b (R1–OH), h
(R1–NO2), and k (R1–CH3), where the groups with different
electronic properties (electron-donating/withdrawal) are
present. The results obtained for compound k suggest
enhanced antioxidant activity if the R1-substituent possesses an
electron-donating effect (such as the –CH3 group). In this
respect, it is shown that the group in the R1–position with
a strong electron-withdrawal effect (such as –NO2) is not
favourable. Generally, the R1–substitution is the least favour-
able for antioxidant activity compared to R2– and R3–. However,
by comparing the results obtained for R1–substituted
compounds b, m, o, and t (R1–OH group), it was observed that
the presence of an additional neighbouring group with an
electron-donating effect improves antioxidant activity
(compound m and o), whereas the presence of halogen groups
has almost no effect (compound t). On the other hand, in the
cases of R2–substituted derivatives c (R2–OH), e (R2–Cl), and i
(R2–NO2), similar values of IC50 were obtained, which suggests
that, in this position, the electronic properties of the particular
group are not noticeably inuencing the antioxidant activity.
The slight exception to this trend is compound l (R2–CH3),
which expressed somewhat higher activity than c, e, and i.

(5) Finally, the number of present groups also inuences the
antioxidant activity but is dependent on their position and
nature. Here, compounds p (bearing vanillin moiety), q
© 2023 The Author(s). Published by the Royal Society of Chemistry
(possessing syringaldehyde fragment), and s (having three
methoxy groups) can be compared. All three compounds
expressed even lower activity than non-substituted derivative a.
For derivatives p and s, similar results were obtained, whereas
slightly higher activity was observed for derivative q. Such
activity of analogue q can be appointed to the presence of the –
OH group between two methoxy groups, resulting in the better
stabilisation of the phenoxy radical. Also, the inuence of the
position of the –OH group could be observed in cases of q (R3–

OH) and r (R2–OH), where r expressed higher activity. In this
case, it was expected the opposite outcome since the –OH in q is
neighboured by two –OCH3 groups. Similarly, analogue p
should have expressed higher activity than d. Nevertheless,
some authors suggest that the presence of an additional
methoxy group might manifest a negative impact via steric
effect.65
HOMO and LUMO

Energy values of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
could be used for the general description of molecule reactivity,
in our case, towards DPPH radical. For instance, a higher value
of HOMO is indicating a better electron-donating ability of the
molecule, which is an important feature for radical scav-
enging.66 On the other hand, the energy difference between
HOMO and LUMO (HOMO–LUMO gap) is distinguishing the
reaction prospect, i.e., the lower the energy gap, the reaction is
more likely to happen, while the higher gap indicates higher
molecule stability. The results for compounds a–t obtained in
methanol, water, and benzene are presented in Table 3. Here,
small but noticeable differences were observed. The highest
energy values of HOMOs were calculated for compounds m–q.
These ndings are in good agreement with experimental results
since m, n, and o expressed excellent antioxidant activity
against DPPH. On the other hand, the HOMO values of other
derivatives were quite similar (−0.224 to −0.227 range), where
the lowest correspond to the nitro-substituted derivatives. Here,
moderate agreement with the experimental results was ach-
ieved, particularly for the analogue h which expressed the
lowest experimental radical scavenging activity among all tested
compounds. Similar trends were obtained in all investigated
solvents.

The lowest HOMO–LUMO gaps were calculated for h, i, and j,
which evidently deviate from the values obtained for other
compounds. Such results were the consequence of their
multiple times lower LUMO values in comparison to all other
compounds. Although these results for h, i, and j, indicate their
enhanced reaction probability with the DPPH radical, the
parameters were not distinguished enough to explain their
different experimental IC50 values. This outcome is suggesting
that the activity of h, i, and j is not directly/only linked with the
molecule reactivity, i.e., the driving force of the reaction may
depend on other factors. On the other hand, if we exclude the
results obtained for h, i, and j, a moderate agreement was
achieved with the experimental results for other compounds.
However, the results are implying the involvement of other
RSC Adv., 2023, 13, 2884–2895 | 2887
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Table 3 Calculated energy values of HOMO and LUMO (eV) in methanol, water, and benzene for compounds a–t

Compound

HOMO (eV) LUMO (eV) HOMO–LUMO gap (eV)

Methanol Water Benzene Methanol Water Benzene Methanol Water Benzene

a −0.226 −0.226 −0.217 −0.026 −0.026 −0.035 0.200 0.200 0.182
b −0.224 −0.225 −0.214 −0.026 −0.026 −0.031 0.198 0.198 0.183
c −0.226 −0.226 −0.216 −0.025 −0.026 −0.034 0.200 0.200 0.182
d −0.225 −0.226 −0.217 −0.027 −0.026 −0.034 0.198 0.199 0.183
e −0.226 −0.227 −0.220 −0.028 −0.028 −0.037 0.198 0.199 0.183
f −0.226 −0.227 −0.220 −0.029 −0.029 −0.038 0.196 0.198 0.183
g −0.225 −0.226 −0.219 −0.029 −0.028 −0.037 0.197 0.198 0.183
h −0.226 −0.228 −0.220 −0.106 −0.107 −0.100 0.120 0.120 0.121
i −0.227 −0.228 −0.224 −0.113 −0.114 −0.102 0.115 0.114 0.122
j −0.227 −0.228 −0.224 −0.112 −0.113 −0.100 0.115 0.115 0.125
k −0.227 −0.228 −0.220 −0.024 −0.025 −0.034 0.203 0.203 0.187
l −0.225 −0.226 −0.217 −0.026 −0.026 −0.034 0.199 0.200 0.183
m −0.222 −0.223 −0.214 −0.024 −0.025 −0.032 0.198 0.198 0.182
n −0.219 −0.220 −0.215 −0.025 −0.026 −0.034 0.194 0.195 0.181
o −0.219 −0.220 −0.212 −0.024 −0.024 −0.029 0.195 0.196 0.184
p −0.216 −0.217 −0.210 −0.025 −0.025 −0.034 0.192 0.192 0.176
q −0.213 −0.214 −0.203 −0.025 −0.025 −0.035 0.187 0.189 0.168
r −0.226 −0.227 −0.219 −0.025 −0.026 −0.034 0.201 0.201 0.185
s −0.225 −0.226 −0.215 −0.026 −0.026 −0.035 0.199 0.200 0.180
t −0.225 −0.227 −0.219 −0.037 −0.037 −0.041 0.188 0.191 0.178
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factors responsible for the interaction of compounds a–t with
the DPPH radical.
Table 4 Calculated stabilisation energies (kJ mol−1) for compounds
a–t in methanol

Entry

Ring A Ring B Ring C

N1 N2 O1 N2 O1 O2 O3
Stabilisation energies (DEiso)

Stabilisation energies (DEiso) were calculated for all investigated
compounds to evaluate the radical stability (Oc and Nc) at
specied positions (Fig. 2). The results obtained in methanol
are presented in Table 4, whereas those in water and benzene
are provided in the ESI (Tables S1 and S2†). Here, on pyrazolone
ring (A), the formation of two N–radicals was observed (posi-
tions N1A and N2A), whereas on pyrazole ring (B) the stabilities
of Oc and Nc radicals were studied (positions O1B and N2B).
Depending on the substitution of the phenyl moiety (ring C),
corresponding O–radicals were examined (positions O1C, O2C,
and O3C). Based on the obtained results in methanol, the
Fig. 2 Positions and labels of the investigated radical species (Oc and
Nc). A stand for pyrazolone, B for pyrazole, and C for phenyl ring. The
specific positions of the radicals are marked separately for each ring
(blue numbers).

2888 | RSC Adv., 2023, 13, 2884–2895
lowest DEiso values were calculated for the ring C radicals of
compounds m–q (Table 4). These ndings indicate the great
involvement of the ring C –OH groups in the antioxidant
activity, particularly in the cases m, n, and q, which is in good
agreement with experimental results. Similarly, regarding the
calculated DEiso values, it was observed that ring A also
empowers the antioxidant capability of the investigated
compounds, whereas the involvement of ring B could be
a −5.83 −20.47 −0.58 28.53 — — —
b −5.10 −21.09 −3.55 25.12 −7.99 — —
c −5.74 −20.66 0.30 28.75 — −2.47 —
d −5.60 −20.20 0.34 29.33 — — −9.61
e −5.03 −19.13 0.07 29.21 — — —
f −4.74 −19.00 0.69 29.76 — — —
g −5.06 −19.44 0.38 29.52 — — —
h −2.31 −15.80 −2.21 31.26 — — —
i −1.95 −15.76 3.90 32.38 — — —
j −3.72 −17.51 0.97 30.99 — — —
k −10.16 −19.18 −5.72 31.59 — — —
l −8.19 −20.66 0.45 28.51 — — —
m −3.79 −18.24 −4.22 29.84 −34.66 −31.42 —
n −5.04 −19.62 0.20 28.49 — −33.09 −35.89
o −4.64 −19.54 −3.04 28.45 −25.59 — —
p −6.25 −20.90 0.57 27.74 — — −28.48
q −5.21 −19.93 0.93 29.02 — — −44.34
r −5.41 −19.58 0.82 28.85 — −17.06 —
s −5.04 −19.82 1.20 28.90 — — —
t −3.10 −18.05 −1.88 29.76 −12.84 — —

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Calculated bond dissociation enthalpies (kJ mol−1) for
compounds a–t in methanol

Bond dissociation enthalpy (BDE) kJ mol−1

N1 (A) N2 (A) O1 (B) N2 (B) O1 (C) O2 (C) O3 (C)

a 347 332 352 381 — — —
b 347 331 349 378 344 — —
c 347 332 353 381 — 350 —
d 347 332 353 382 — — 343
e 347 333 352 382 — — —
f 348 333 353 382 — — —
g 347 333 353 382 — — —
h 350 337 350 384 — — —
i 350 337 356 385 — — —
j 349 335 353 383 — — —
k 342 333 347 384 — — —
l 344 332 353 381 — — —
m 349 334 348 382 318 321 —
n 347 333 353 381 — 319 317
o 348 333 349 381 327 — —
p 346 332 353 380 — — 324
q 347 333 353 381 — — 308
r 347 333 353 381 — 335 —
s 347 333 354 381 — — —
t 349 334 351 382 340 — —

Table 6 Calculated IP and PDE values (kJ mol−1) for compounds a–t
in methanol

IP

PDE

N1 (A) N2 (A) O1 (B) N2 (B) O1 (C) O2 (C) O3 (C)

a 457 51 36 56 85 — — —
b 456 53 37 54 83 50 — —
c 458 50 35 56 85 — 54 —
d 466 43 28 49 78 — — 39
e 460 49 35 54 83 — — —
f 460 49 35 55 84 — — —
g 459 50 35 55 84 — — —
h 463 49 36 49 83 — — —
i 465 47 34 53 82 — — —
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considered negligible. In this respect, the –NH groups at posi-
tion 2 of ring A participate signicantly in the radical scav-
enging, whereas a minor contribution of the N1 was noted. In
the case of ring B, high energy values suggest insufficient sta-
bilisation of N2 radicals, and thus, no involvement of those –NH
groups in the radical scavenging. The results obtained for ring B
–OH groups (O1B position) indicated their insignicant
contribution to the antioxidant activity, but they, mutually
compared, diverse the most. Generally, the obtained results
differentiate depending on the present substituents on the ring
C. In comparison to the results obtained for a, it was observed
that a particular substituent differently alters radical stabilisa-
tion at a different position. In this respect, considerably better
stabilisation of ring N1A radical was noted for analogues k and
l, bearing R1– and R2–CH3, respectively. Also, the stability of the
O1B radical is most improved in the case of compound k. These
statements are in the agreement with their experimental results,
i.e., their enhanced activity against DPPH. On the other hand,
the N1A is substantially less stable (compared to the non-
substituted analogue a) if the –NO2 group is introduced to the
ring C (compounds h, i, and j). This effect was also noticed for
the N2A radical. Here, the results suggest that nitro-substitution
is not favourable. However, compound i expressed slightly
higher antioxidant activity toward DPPH. Nevertheless, litera-
ture reports variations between in silico and in vitro results
regarding the inuence of the particular group on radical
scavenging.65 Interestingly, even in the case of the most active
compounds m and n, N1A and N2A radicals are slightly less
stable than those in the case of a. Still, in such a case, it is clear
that the presence of catechol moiety on ring C could over-
compensate these minor downsides since the best stabilisation
was observed for these radicals.

The results obtained in water were similar to those in
methanol, with some exceptions (Table S1†). Generally, the
radical stabilisation is somewhat better in water since most
values were slightly lower. Excellent agreement for the
analogues b, c, and d was achieved. Nitro-substitution was the
least favourable, particularly ortho analogue (compound h),
which corresponds to the obtained experimental results.
Moreover, the parameters obtained for compounds h, i, and j
were mutually well distinguished. On the other hand, slightly
lower stability of the N1A and N2A radicals was observed for
compounds k, l, and m. In benzene as a solvent (Table S2†),
parameters calculated for the most efficient radical scavengers
l, m, n, and o were in good accordance with experimental
results, as well as for –OHmonosubstituted analogues b, c, and
d. As in all previous solvents, nitro-substitution was, once again,
designated as thermodynamically the least favourable.
j 464 46 33 51 81 — — —
k 457 47 38 51 88 — — —
l 457 49 37 58 86 — — —
m 461 49 35 49 83 19 22 —
n 450 59 44 64 92 — 31 28
o 454 56 41 57 89 35 — —
p 444 64 50 71 98 — — 42
q 437 72 57 78 106 — — 33
r 459 50 36 56 84 — 38 —
s 439 70 56 77 104 — — —
t 432 79 64 81 112 70 — —
Antioxidant mechanism analysis

The estimation of the most preferable radical scavenging
pathway for compounds a–t was performed by mutual
comparison of calculated thermodynamic parameters: bond
dissociation enthalpy (BDE), ionisation potential (IP), proton
affinity (PA), proton dissociation enthalpy (PDE), and electron
transfer enthalpy (ETE). The results obtained in methanol are
© 2023 The Author(s). Published by the Royal Society of Chemistry
presented in Tables 5–7, while the others are presented in
Tables S3–S8.† Here, several plausible antioxidant mechanisms
were considered: hydrogen atom transfer (HAT), single electron
transfer-proton transfer (SET-PT), and sequential proton loss
electron transfer (SPLET).67 Namely, all these scavenging path-
ways lead to the inactivation of radical species, followed by the
formation of corresponding radical from the antioxidant. The
RSC Adv., 2023, 13, 2884–2895 | 2889
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Table 7 Calculated PA and ETE values (kJ mol−1) for compounds a–t in methanol

N1 (A) N2 (A) O1 (B) N2 (B) O1 (C) O2 (C) O3 (C)

PA ETE PA ETE PA ETE PA ETE PA ETE PA ETE PA ETE

a 139 369 133 360 176 338 197 346 — — — — — —
b 138 370 132 361 169 341 199 340 152 354 — — — —
c 140 369 133 360 176 338 200 343 — — 156 356 — —
d 140 368 134 360 177 337 200 344 — — — — 156 348
e 138 371 132 363 174 340 198 345 — — — — — —
f 139 371 133 362 175 340 198 346 — — — — — —
g 139 370 133 362 175 339 198 345 — — — — — —
h 135 377 128 370 166 345 196 350 — — — — — —
i 139 373 133 366 176 342 199 347 — — — — — —
j 136 374 130 366 171 344 196 349 — — — — — —
k 141 363 133 362 172 336 199 347 — — — — — —
l 140 366 134 360 177 338 200 343 — — — — — —
m 140 370 132 363 175 335 200 344 137 342 138 345 — —
n 137 372 134 361 177 337 200 343 — — 140 341 141 337
o 139 370 133 361 170 341 200 343 156 333 — — — —
p 139 368 134 360 176 338 199 343 — — — — 157 329
q 140 369 133 361 179 336 199 344 — — — — 157 313
r 139 369 133 361 176 339 199 344 — — 147 350 — —
s 139 370 133 361 177 339 199 344 — — — — — —
t 136 375 130 366 167 346 197 347 128 373 — — — —
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HAT route is a one-step process dened with the BDE param-
eter, which describes the ease of the X–H bond homolytic
cleavage (X = O or N). Here, the radical species is inactivated
with the direct transfer of the hydrogen atom.68 On the other
hand, in the SET-PT mechanism, the transfer of hydrogen is
observed as a two-stage process. The SET-PT occurs with elec-
tron transfer from the antioxidant to the radical species, aer
which the radical-cationic antioxidant is formed.65 This step is
described with the value of IP since its related to the antioxi-
dant's ability to ionise. The second step involves proton transfer
from the radical-cationic antioxidant to radical species. Here,
the PDE value denes this process since the dissociation of the
proton is required. In the SPLET route, these two processes are
observed oppositely, i.e., the reaction is initiated with the
deprotonation of antioxidant, while in the second step the
electrons are transferred.69 Hence, the possibility of the SPLET
pathway is affected by the values of PA and ETE. All these
processes could be inuenced by the solvent's polarity; there-
fore, the calculations were performed in methanol, water, and
benzene. The high values of IP indicated that the SET-PT can be
eliminated as a scavenging route in all investigated solvents
(Tables 5–7 and S3–S8†). In polar solvents, PA values were
signicantly lower than BDE, which designated the SPLET
mechanism as a thermodynamically more favourable antioxi-
dant pathway. On the other hand, in benzene as a solvent, the
HAT mechanism is slightly predominant over the SPLET since
the values of BDE were somewhat lower than PA. Generally, the
BDEs were lower in benzene in comparison to the polar
solvents, whereas PA values were higher. Such an outcome
could be expected since the reactions involving charged inter-
mediates are less likely to occur in a non-polar environment.
Moreover, all parameters suggested an almost insignicant
contribution of B-ring groups in antioxidant activity, especially
2890 | RSC Adv., 2023, 13, 2884–2895
–NH. This can be observed by the comparison of calculated
parameters to other investigated positions. Themost favourable
involvement in antioxidant activity was noticed for C-ring
positions of the most active compounds m, n, and o, which
represents additional proof of their enhanced activity, as well as
for the ring A –NH group in position 2. Also, the numbers
suggested a signicant inuence of the ring A –NH group in
position 1. All these observations pointed out ring A as most
responsible for the antioxidant activity of compounds a–t, as
well as ring C in the cases where its involvement is possible.

A more profound comprehension of the preferable radical
quenching mechanism was reached by calculating the reaction
enthalpies (DHBDE, DHIP and DHPDE, DHPA, and DHETE) for the
reactions of a–t with the selected radicals. Here, seven radical
species were chosen upon their cellular presence and behaviour
(cOCH3, cOC(CH3)3, cOH, cOOH, cOOCH3, cOO–CH]CH2, and
O2c

−),70 as well as DPPH. To estimate the inuence of polar and
non-polar surroundings, calculations were performed in
different solvents (methanol, water, and benzene), and the
electronic properties of selected radicals were accounted for as
well.71 The results obtained in methanol for the most active
derivative m are presented in Table 8, while all other results are
provided in the ESI (Tables S9–S65†). The obtained results
varied in dependence on radical species, reaction media
(solvent), and investigated analogue, but some general trends
were noticed. The SET-PT mechanism can be excluded in all
investigated solvents. Here, the high positive values DHIP indi-
cated that ionisation of a–t is an endothermic step with a high
energy barrier, which eliminated the SET-PT as a preferable
scavenging route. In benzene, energy requirements for ionisa-
tion were even higher than in polar solvents. The possibility of
SET-PT could be noted for some derivatives only in the reaction
with DPPH in polar solvents, where the values of DHIP were at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Calculated reaction enthalpies (kJ mol−1) for the reactions of
compound m with the selected radical species in methanol

m HAT SET-PT SPLET

Radical DHBDE DHIP DHPDE DHPA DHETE

cOCH3 N1 (A) −79 84 −162 −72 −7
N2 (A) −93 −177 −79 −14
N2 (B) −45 −129 −12 −33
O1 (B) −79 −163 −37 −42
O1 (C) −109 −193 −74 −35
O2 (C) −106 −190 −74 −33

cOC(CH3)3 N1 (A) −87 84 −171 −80 −7
N2 (A) −101 −185 −88 −13
N2 (B) −53 −137 −20 −33
O1 (B) −87 −171 −46 −41
O1 (C) −118 −202 −83 −35
O2 (C) −114 −199 −82 −32

cOH N1 (A) −150 5 −155 −64 −86
N2 (A) −165 −169 −72 −93
N2 (B) −116 −121 −4 −112
O1 (B) −150 −155 −30 −121
O1 (C) −181 −186 −67 −114
O2 (C) −178 −183 −66 −111

cOOH N1 (A) −10 106 −116 −26 16
N2 (A) −25 −131 −33 9
N2 (B) 24 −83 34 −11
O1 (B) −11 −117 9 −19
O1 (C) −41 −147 −28 −13
O2 (C) −38 −144 −28 −10

cOOCH3 N1 (A) −3 115 −118 −27 24
N2 (A) −17 −132 −35 17
N2 (B) 31 −84 33 −2
O1 (B) −3 −118 8 −11
O1 (C) −34 −148 −30 −4
O2 (C) −30 −145 −29 −1

cOO–CH]CH2 N1 (A) −2 95 −98 −7 5
N2 (A) −17 −112 −15 −2
N2 (B) 31 −64 53 −22
O1 (B) −3 −98 28 −30
O1 (C) −33 −129 −10 −24
O2 (C) −30 −125 −9 −21

DPPH N1 (A) 26 83 −57 33 −7
N2 (A) 11 −72 26 −14
N2 (B) 60 −24 93 −34
O1 (B) 25 −58 68 −42
O1 (C) −5 −88 31 −36
O2 (C) −2 −85 31 −33

O2c
− N1 (A) 62 273 −211 46 16

N2 (A) 47 −225 39 9
N2 (B) 96 −177 106 −11
O1 (B) 62 −211 81 −19
O1 (C) 31 −242 44 −13
O2 (C) 34 −238 44 −10

Table 9 Calculated reaction enthalpies (kJ mol−1) for the radical
adduct formation of compounds a–t with cOH radicala

Entry Position DHRAF (methanol) DHRAF (benzene)

a + cOH C20* −90 −97
b + cOH C19* −89 −85
c + cOH C20* −89 −97
d + cOH C20* −90 −97
e + cOH C19* −89 −96
f + cOH C20* −90 −96
g + cOH C20* −90 −97
h + cOH C9# −40 −42
i + cOH C10# −102 −57
j + cOH C10# −100 −57
k + cOH C19* −88 −98
l + cOH C20* −90 −98
m + cOH C19* −87 −95

C1 −84 −78
C35 −84 −89

n + cOH C22* −90 −98
C2 −90 −80
C3 −88 −92

o + cOH C18* −88 −86
C2 −81 −82
C3 −88 −80

p + cOH C20* −91 −97
C34 −95 −85
C35 −84 −79

q + cOH C33 −106 −103
C19* −91 −98

r + cOH C17* −90 −97
s + cOH C19* −87 −98
t + cOH C4 −85 −77

C32 −77 −72

a Symbols * and # match equivalent sites for the radical attack for all
compounds.
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least comparable with DHBDE and DHPA. In polar solvents, the
competition between HAT and SPLET mechanisms was
observed, although the HAT is slightly prevailing in most cases.
Only in the case of cOH radical, the HAT is clearly predominant
due to higher differences between DHBDE and DHPA. On the
other hand, in benzene as a solvent, the SPLET pathway is
prevailing in all cases, except in the reactions with DPPH where
the HAT mechanism is more favourable. Mutual comparison of
calculated reaction enthalpies within specied positions
© 2023 The Author(s). Published by the Royal Society of Chemistry
revealed more favourable engagement of certain groups. Here,
the high engagement of ring C –OH groups (analogues m–q) in
the antioxidant activity, as well as ring A –NH groups was noted,
with the low contribution of ring B groups.
Radical adduct formation (RAF) mechanism

Besides HAT, SET-PT, and SPLET antioxidant pathways, the
formation of radical adduct was investigated for the reactions of
compounds a–t with cOH radical. In this antioxidant route, the
addition of the radical species to the antioxidant occurs,
resulting in the formation of the radical adduct. To determine
the most favourable sites for the radical attack, the Fukui
functions were calculated for all compounds.72 Here, the values
of f0nbo revealed multiple positions for radical attack (higher
values indicate higher probability, Tables S68–S87†). Therefore,
the structures of the formed radical adducts were optimised for
each reaction site of each compound. The enthalpies of the
reactions with cOH radical were calculated in methanol and
benzene as solvents (Tables 9 and S68–S87†). Atom labelling is
provided in Tables S68–S87.†

Based on the obtained DHRAF values in methanol, in almost
all cases (except derivatives h, i, j, and t), the formation of the
RSC Adv., 2023, 13, 2884–2895 | 2891
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radical adduct occurs on the pyrazolone ring A, where the
carbon atom bearing methyl group (labelled with *, Table 9),
was identied as the most reactive site for radical attack. Here,
the inuence of ring C substitution was noticed, i.e., in all these
cases, all analogues bear an electron-donating group on ring C.
On the other hand, when the electron-withdrawing group is
introduced (derivatives h, i, j), the highest probability for radical
adduct formation is on the pyrazole B ring, on the carbon
neighbouring the methine group (labelled with #, Table 9).
Additionally, for derivatives m–q, the formation of radical
adduct could occur on ring C, initiated with the radical attack
on carbon atoms bearing hydroxy or methoxy groups. Such an
outcome could be linked to the proximity of oxygen atoms and
their involvement in the stabilisation of the formed radical
adduct.73 Similarly, in the case of t, the most reactive sites were
identied on ring C, particularly on the C32, which is between
two carbon atoms substituted with chlorine. An analogous
trend was observed in benzene as a solvent.

Comparing the values of DHRAF obtained in methanol (Table
9) withDHBDE values obtained for the reactions with cOH radical
(Tables 8 and S9–S27†), it could be observed that the HAT
pathway is still predominant since DHRAF is signicantly higher
than DHBDE. On the other hand, in comparison to DHIP and
DHPDE, DHPA, and DHETE values, the RAF mechanism is pre-
vailing over SET-PT and SPLET in polar solvents.

Conclusions

In this work, the antioxidant potency of the selected pyrazolone
derivatives a–t was assessed using in vitro and in silico methods.
The obtained results revealed great radical scavenging abilities of
the investigated compounds against the DPPH radical (IC50

values in the range of 2.6–7.8 mM). All compounds expressed
higher antioxidant potency than the parent pyrazolone
compound. The results indicated the dependence of the substit-
uents on ring C, i.e., on their number, position, and nature. In
comparison to the non-substituted analogue, enhanced antioxi-
dant activity was noted for derivatives bearing R2-substituent on
the ring C (compounds c (R2–OH), e (R2–Cl), i (R2–NO2), and l (R2–

CH3)). Furthermore, the enhancement was even more noticeable
in the cases of compounds m and n bearing catechol moiety,
which exhibited the best antioxidant activity (IC50 = 2.6 and 2.9
mM, respectively). On the other hand, R1-substitution was gener-
ally identied as the least favourable for radical scavenging,
especially when the electron-withdrawal group is introduced.
Density functional theory calculations were in good agreement
with experimental results. From the thermodynamical point of
view, the calculated descriptors indicated compoundsm, n, and o
within the most prominent ones. The prediction of the most
preferable antioxidant pathway was performed in the absence
and presence of radical species, as well as in polar and non-polar
surroundings. In the absence of free radicals, in polar solvents,
the SPLET mechanism is a favourable scavenging route, whereas
in nonpolar the HAT is slightly predominant. In the presence of
radical species, the obtained values of the reaction enthalpies
revealed that HAT is slightly prevailing in polar solvents, while the
SPLET is prevalent in nonpolar. Additionally, the radical adduct
2892 | RSC Adv., 2023, 13, 2884–2895
formation (RAF) pathway was investigated with cOH radical. The
obtained results revealed that RAF prevails over SPLET in polar
solvents, whereas HAT is preferable radical scavenging pathway
than RAF, and that the formation of the radical adduct is
dependent on ring C substitution. The presence of electron-
donating groups favours radical adduct formation on the pyr-
azolone ring A, while the electron-withdrawing group induce
radical adduct formation on the pyrazole B ring. In the cases
where ring C bears hydroxy or methoxy groups, the formation of
radical adduct could occur on this ring. These ndings represent
valuable data for this pyrazolone class and could be used as the
basis for further investigations.

Experimental section
Antioxidant activity of compounds a–t

The insight into the antioxidant potency of pyrazolones a–t was
reached using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)method.74

The samples were prepared by mixing the methanolic solution of
DPPH radical (0.05 mM, 1 mL) with the tested compound (20 mL
of different concentrations in dimethyl sulfoxide (DMSO) and 980
mL of methanol). Aer the incubation period (twenty and sixty
minutes in a dark room at room temperature), the absorbance
was determined spectrophotometrically at 517 nm. Quercetin and
nordihydroguaiaretic acid were used as reference compounds,
whereas methanol was a control solution. All measurements were
made in triplicate. The IC50 values (which represent a minimal
concentration of the assessed compound necessary for 50% of
a maximum scavenging capacity) were determined for all
compounds (regression equations are given in Table S88†) and
presented as mean values ± standard deviation (SD) of three
independent measurements. For all compounds, the stoichio-
metric factor (SF) was calculated using the equation:75,76

SF = [DPPH]/(2× IC50) (1)

Density functional theory (DFT) calculations

The density functional theory (DFT) method was used for the
calculation of equilibrium geometries of pyrazolones a–t (Pyr)
and all radical species, employing the Gaussian 09 program
package.77 All calculations were performed using the B3LYP/6-
311+g(d,p) level of theory.78–80 The SMD solvation model was
applied for the calculations in different solvents (methanol,
water, and benzene).81 Methanol was chosen since it was used in
the in vitro experiments. Calculations were made in water to
mimic the polar environment of the living cell, as well as in
benzene to simulate nonpolar surroundings. Depending on the
molecule state, charges and multiplicities were properly
assigned to each species (for neutral molecules charge = 0/
multiplicity = 1; for anions charge = −1/multiplicity = 1; for
radicals charge = 0/multiplicity = 2; and for radical cations
charge = 1/multiplicity = 2). Unrestricted spin calculations
were performed for open-shell systems. Thermodynamic
parameters required for the estimation of the preferable radical
scavenging mechanism, i.e., bond dissociation enthalpy (BDE),
ionisation potential (IP), proton affinity (PA), proton
© 2023 The Author(s). Published by the Royal Society of Chemistry
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dissociation enthalpy (PDE), and electron transfer enthalpy
(ETE) were calculated using the eqn (2)–(6):

BDE = H(Pyrc) + H(Hc) − H(Pyr) (2)

IP = H(Pyrc+) + H(e−) − H(Pyr) (3)

PDE = H(Pyrc) + H(H+) − H(Pyrc+) (4)

PA = H(Pyr−) + H(H+) − H(Pyr) (5)

ETE = H(Pyrc) + H(e−) − H(Pyr−) (6)

For the estimation of the preferred antiradical pathway in
the presence of selected radical species, reaction enthalpies
dened with eqn (7)–(12) were calculated at 298 K.82 The values
of the solvation enthalpies of electron and proton were
acquired from the literature.83 Stabilisation energies (DEiso)
were calculated to evaluate the radical stability at a particular
position following the eqn (13),82 whereas the reaction
enthalpies for the formation of radical adducts were acquired
using the eqn (14):

DrHBDE = [H(Pyrc) + H(R–OH)] − [H(Pyr) + H(R–Oc)] (7)

DrHIP = [H(Pyrc+) + H(R–O−)] − [H(Pyr) + H(R–Oc)] (8)

DrHPDE = [H(Pyrc) + H(R–OH)] − [H(Pyrc+) + H(R–O−) (9)

DrHPA = [H(Pyr−) + H(R–OH)] − [H(Pyr) + H(R–O−)] (10)

DrHETE = [H(Pyrc) + H(R–O−)] − [H(Pyr−) + H(R–Oc)] (11)

DrHBDE = DrHIP + DrHPDE = DrHPA + DrHETE (12)

DEiso= (H(Pyrc) + H(Ph–OH)) − (H(Pyr) + H(Ph–Oc) (13)

DrHRAF = H(Pyr–OHc) − H(Pyr) − H(cOH) (14)
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