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vanillin-based pyrido-dipyrimidines: experimental
and in silico approach
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Svetlana Jeremić, c Jelena Petronijević,d Nenad Joksimović, d

Teona Teodora Boroviće and Syed Nasir Abbas Bukharif

Antioxidants have a significant contribution in the cell protection against free radicals which may induce

oxidative stress, and permanently damage the cells causing different disorders such as tumors,

degenerative diseases, and accelerated aging. Nowadays, a multi-functionalized heterocyclic framework

plays an important role in drug development, and it is of great importance in organic synthesis and

medicinal chemistry. Encouraged by the bioactivity of the pyrido-dipyrimidine scaffold and vanillin core,

herein, we made an effort to thoroughly investigate the antioxidant potential of the vanillin-based

pyrido-dipyrimidines A–E to reveal novel promising free radical inhibitors. The structural analysis and the

antioxidant action of the investigated molecules were performed in silico by DFT calculations. Studied

compounds were screened for their antioxidant capacity using in vitro ABTS and DPPH assays. All the

investigated compounds showed remarkable antioxidant activity, especially derivative A exhibiting

inhibition of free radicals at the IC50 value (ABTS and DPPH assay 0.1 mg ml−1 and 0.081 mg ml−1,

respectively). Compound A has higher TEAC values implying its stronger antioxidant activity compared to

a trolox standard. The applied calculation method and in vitro tests confirmed that compound A has

a strong potential against free radicals and may be a novel candidate for application in antioxidant therapy.
Introduction

Antioxidants have gained attention in numerous research elds
comprising medicinal chemistry, biomedicine, and clinical
trials, mainly due to their therapeutic properties and benecial
effects on human health and wellbeing.1 Oxidative stress – an
imbalance of free radicals (RONS – reactive oxygen and nitrogen
species) and antioxidants in cells – causes damage to biomol-
ecules (DNA, protein, lipids) resulting in pathophysiological
changes of cells.2 These changes can be associated with certain
conditions such as allergic diseases,3 cancer,4 cardiovascular,5

immune,6 and age-related diseases including neurodegenera-
tive disorders such as Alzheimer's disease (AD)7 and Parkinson's
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disease (PD).8 However, molecules with antioxidant activity
inhibit free radical reactions and delay or prevent cellular
damage.9 Recent studies have suggested that antioxidant-based
treatments can reduce the effect of RONSs and counteract
oxidative stress providing promising therapy for patients
suffering from cancer, AD, PD, and other degenerative condi-
tions, and subsequently promoting healthy longevity.10 There-
fore, development of redox medicine and application of
antioxidants are an emergency need.11–14

Among the N-containing heterocycles, pyrimidine deriva-
tives are in particularly important building blocks in pharma-
ceuticals' design exhibiting a remarkable therapeutic
potential.15 Moreover, when pyrimidine moiety is fused with
other heterocycles it results in the compounds with even more
powerful activity. Such the compounds are the pyrido[2,3-d]
pyrimidines which have broad spectrum of medicinal applica-
tions.16 Namely, pyridopyrimidine molecule is a notable phar-
macophore in drug design due to its various pharmacological
actions including anticancer,17 antioxidant,18 analgesic,19 anti-
inammatory,20 and antimicrobial activity.21 Furthermore,
some pyridopyrimidine derivatives have been under the clinical
trials for treatment of different cancers, and 22 of them are
being used in the clinic for cancer treatment (FDA approval).22,23

On the other hand, vanillin is a natural compound, produced
from the renewable sources on industrial level, and presenting
© 2023 The Author(s). Published by the Royal Society of Chemistry
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a signicant tool in the synthesis of ne chemicals.24 This
phenolic molecule possesses strong biological potential and
highlighted antioxidant properties.25 Furthermore, vanillin
derivatives are reported to be promising multi-target drugs for
the treatment of degenerative diseases having adequate
pharmacokinetic and pharmacodynamic characteristics.25

In the light of the studies, and in the extension of our
recently published work24 on the design of bioactive vanillin-
based pyrido-dipyrimidines, in presented study, we thor-
oughly investigated the antioxidant capability of the synthetized
molecular hybrids using in silico (DFT) and in vitro approaches
(ABTS and DPPH assays), in order to discover much needed new
candidates for treatment of different redox-related conditions.

Results and discussion

The antioxidant activity of selected compounds (Fig. 1) was
further evaluated by determination of the IC50 values. IC50

represent the concentration of sample able to scavenge 50% of
ABTS or DPPH radicals in the solution, and high IC50 values
generally suggest low antioxidant activity. The solutions of
pyrido-dipyrimidine in methanol/PBS solution, as well as solu-
tions of ABTS or DPPH were prepared and obtained IC50 were
compared (Table 1). The tests were performed in triplicate.

Compounds A–E have been evaluated for their IC50 and
TEAC (Trolox Equivalent Antioxidant Capacity) values. Solu-
tions of A–D, in concentration range from 0.0125–1 mg ml−1,
were prepared and IC50 values were established, and conse-
quently, the TEAC values were calculated (Table 1). The
Fig. 1 Structures of investigated pyrido-dipyrimidines A–E.

Table 1 The IC50 values (mg ml−1) of selected pyrido-dipyrimidines

ABTS

I (%) IC50 TEAC

A 99.9 � 0.01 0.100 � 0.003 2.54 � 0.0
B 99.99 � 0.01 0.200 � 0.006 1.27 � 0.0
C 99.12 � 0.13 0.370 � 0.013 0.69 � 0.0
D 99.99 � 0.01 0.240 � 0.008 1.06 � 0.0
E 99.99 � 0.01 0.390 � 0.013 0.65 � 0.0
Trolox 93.16 � 0.12 0.250 � 0.009 1 � 0

© 2023 The Author(s). Published by the Royal Society of Chemistry
antioxidant activity based on IC50 and TEAC values of tested
compounds is presented in Table 1. All investigated compounds
exhibited remarkable antioxidant potential. Namely, analysed
compounds exhibited excellent antioxidant activity (the inhi-
bition was up to 99%), three molecules expressed good ability to
scavenge the ABTSc+ radical cation while all tested compounds
showed very good antioxidant properties in comparison with
DPPH radical (Table 1). Considering the results presented in
Table 1 it can be determined that investigated compounds not
just exhibited remarkable capacity to inhibit ABTSc+ or DPPH
radical, but also molecules A–D showed higher TEAC than
Trolox standard indicating a strong potential against free radi-
cals. In comparison to Trolox, compounds A–D exhibited high
inhibition of DPPH radicals up to 96% conrming strong
antioxidant potential. TEAC values for DPPH were in range 2.88
to 1.17. Molecules A and B showed the best TEAC values for
ABTS. The presence additional hydroxy group at m-position
could be crucial for such a high activity of molecule A in both
assays.

Taking into account presented results, it can be seen that
investigated compounds displayed powerful antioxidant activity
indicating their promising potential for application as novel
antioxidants.

In addition, compounds A–E were exposed to cytotoxic
activity against normal broblast MRC-5. Delivered IC50 values
for all investigated compounds (IC50 >200 mM) were showed
signicant non-toxic effect to MRC-5 cell lines.

In order to explore antioxidative mechanism at molecular
level for two most active compounds (A and B) further investi-
gation was performed by using computational approach.
Conformational analyse, performed to nd the most stable
conformation of the estimated compounds, give the appro-
priate torsion angles values.

Values of the s1, s2, s3, s4 and s5 dihedral angles that
correspond to the energy minima for molecule A are 8.73°,
3.59°, 81.34°, 100.08° and 0.16° respectively, and for molecule B
they are 0.02°, 0.01°, 60.85°, 88.68° and 0.07° respectively
(Fig. 2). The calculated angle values indicate signicant devia-
tion from the planarity of both investigated molecules.

Antioxidant activity of some molecule can be manifested by
the easiness of releasing the hydrogen atom, and the formation
of a more stable radical than the starting. The values of ther-
modynamic parameters can be used to determine which of the
investigated reaction mechanisms is the most likely reaction
DPPH

I (%) IC50 TEAC

9 95.92 � 0.14 0.081 � 0.005 2.884 � 0.161
4 93.15 � 0.13 0.199 � 0.013 1.174 � 0.066
2 92.26 � 0.13 0.144 � 0.009 1.622 � 0.090
4 96.20 � 0.15 0.124 � 0.008 1.884 � 0.106
2 94.22 � 0.18 0.195 � 0.013 1.198 � 0.067

96.17 � 0.17 0.234 � 0.015 1 � 0

RSC Adv., 2023, 13, 15236–15242 | 15237
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Fig. 2 Investigated torsion angles (s1, s2, s3, s4 and s5) for molecules A
(a) and B (b) (upper) and their optimized geometries (down).

Table 2 Reaction enthalpies (in kJ mol−1) for the antioxidant radicals'
formation for A and B calculated in water, methanol and benzene

HAT SPLET SET-PT

BDE PA ETE IP PDE

Water A–O1 350 178 349 506 21
A–O2 466 140 503 506 137
B 352 181 350 509 21

Methanol A–O1 350 173 361 525 9
A–O2 466 133 517 525 125
B 353 175 362 528 9

Benzene A–O1 359 452 330 634 148
A–O2 465 369 520 634 254
B 359 455 327 634 149

Fig. 3 Spin density distribution (only positive isovalues) in the corre-
sponding radical species of the A and B molecules calculated in
methanol: A–O1 radical (a); A–O2 radical (b); A diradical (c); B radical
(d).
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path for free radical scavenging. Table 2 shows the values of
these parameters for the molecules A and B computed in water,
methanol and benzene as the solvents.
Radicals and anions of the A and B molecules

The homolytic breaking of the O–H bonds in A and B results in
formation of the corresponding radicals (Fig. 4). The stability of
the formed radicals in methanol plays the main role in deter-
mining the antioxidant activity of the investigated molecules.
The obtained values of BDE are given in Table 2, and the lower
the BDE, the more stable the radical. Molecule A can form two
radicals since it can undergo to the homolytic cleavage of the
two O–H groups. According to the BDE values from Table 2, the
radical formed in position 1 (A–O1 radical) is more stable than
the radical in position 2 (A–O2 radical). Comparing spin density
distributions of A–O1 and A–O2 radicals (Fig. 3), it can be
15238 | RSC Adv., 2023, 13, 15236–15242
concluded that the unpaired electron in radical A–O1 is delo-
calized not only over the atoms of the corresponding benzene
ring, but also through some atoms of the central tricyclic part of
the molecule. On the other hand, the delocalization of the
unpaired electron of radical A–O2 involves only the atoms of the
corresponding benzene ring. The spin density distribution of B
is similar to the spin density distribution of A–O1, which is in
accordance with the similar values of their BDEs.

It must be mentioned that molecule A can homolytic release
hydrogen atoms at both active positions simultaneously. This
leads to the formation of a diradical species. Having on mind
that A–O1 is more stable, the higher tendency to undergo to the
further stabilisation due to diradical formation possess A–O2
radical.26,27 The enthalpies of the diradical formation following
homolytic breaking of the remaining O–H bond starting from
the A–O2 are: 270 kJ mol−1, 271 kJ mol−1 and 285 kJ mol−1 in
water, methanol and benzene respectively. When the diradical
is formed starting from the A–O1 radical, the values of the
corresponding enthalpies are: 386 kJ mol−1, 386 kJ mol−1, and
391 kJ mol−1 in water, methanol and benzene respectively. The
delocalization of unpaired electrons in this diradical forms
include both benzenoid parts of the molecule (Fig. 4). The spin
density distribution excludes the central tricyclic part of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The natural charge distributions in the most stable anions
formed from the A and B molecules calculated in methanol: anion A–
O1 (a); anion A–O2 (b); anion B (c).

Fig. 5 Total spin density distribution in the radical cations of the A (left)
and B (right) molecules calculated in methanol.
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molecule, which is a consequence of the non-planarity of the
system.

Therefore, the higher antioxidant capacity of molecule A can
be explained by the easiness of formation of triplet diradicals
from monoradical species.26,27 In addition, the fact is that on
this molecule antioxidant processes can take place in two
positions simultaneously. This is in agreement with the previ-
ously established fact that the antioxidant capacity of the
compound increases with the increase in the number of
hydroxyl groups.28,29 The molecule B can achieve its antioxidant
activity only through one active position, forming monoradical
moiety.

The most plausible mechanism for the stable antioxidant
radical formation can be discussed based on the BDE, PA and IP
values. These values correspond to the enthalpy of the rst
reaction step of the appropriate mechanisms. The lowest
enthalpy value corresponds to the most plausible mechanistic
pathway. In order to be able to discuss the different behaviour
of antioxidants depending on the polarity of the environment,
the corresponding thermodynamic parameters were calculated
in water (3 = 78.36), methanol (3 = 32.61) and benzene (3 =

2.27). Water was chosen as a typical polar medium, and also as
the dominant solvent in which the DPPH analysis was per-
formed. Methanol is a polar solvent, the molecules of which are
small in size. Therefore, its solvation effect, which is a conse-
quence of the formation of intermolecular hydrogen bonds with
the dissolved molecule, is similar to that of water.30,31 In
© 2023 The Author(s). Published by the Royal Society of Chemistry
addition, the ABTS test was performed in this solvent, so for the
sake of comparability of theoretical and experimental results,
part of the calculation was performed inmethanol. Benzene was
chosen as a typical non-polar solvent, in order to simulate the
behaviour of antioxidants in a lipid environment. It was
observed that the values of thermodynamic parameters calcu-
lated in benzene corresponded most closely to the experimen-
tally obtained results that indicate the antioxidative activities in
a lipid environment.32

Since PA values are signicantly lower than BDEs and IPs,
one can conclude that SPLET is the most favourable reaction
mechanism for both estimated molecules in polar solvents. The
product of the rst step of the SPLET is an anionic species. The
resulting anions can be surrounded by water or methanol
molecules, and thus stabilized by the solvation effect. Because
of this, in polar solvents, SPLET appears as the dominant
reaction mechanism. The lowest PA value corresponds to the
anion of A molecule, indicating its higher antioxidant capacity.
This is in accordance with the experimentally obtained results.
A has two hydroxyl groups and thus two potential positions for
antioxidant reactions. The PA value that corresponds to the
cleavage of the O–H bond in position 2 is lower (A–O2 anion),
and it indicates that it is more reactive position for antioxidative
action over SPLET than the O–H bond in position 1 (A–O1
anion). The explanation of this phenomenon lies in the natural
charge distribution of the appropriate anionic species (Fig. 4).
The value of the natural charge at the O1 atom of the anion A–
O1 is lower (−0.872) and more localised than negative charge at
the atom O2 of the anion A–O2 (−0.840), calculated in meth-
anol. It indicates better natural charge distribution at anion A–
O2 over the neighbour atoms, and at the same time, its higher
stability. It can be noticed that the values of the natural charges
of anions A–O1 and B are almost equal. This indicates almost
equal stability of these two anions, and it agrees with the
similarities of the corresponding PA values from Table 2.

Since IP values are very high, the SET-PT mechanism is the
lowest plausible mechanistic pathway in considering condi-
tions. This can be explained by the fact that in the rst step of
SET-PT radical-cation is formed. When the reaction leads to the
formation of the relative stable product, the appropriate ther-
modynamical parameters are low. On the other hand, the
formation of unstable species is characterized by high values of
thermodynamic parameters. Bearing that in mind, one can
conclude that the radical-cation, created in the rst step of the
RSC Adv., 2023, 13, 15236–15242 | 15239

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02469e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 4
:3

4:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
SET-PT is unstable specie. It is also known that the radical-
cation is a highly reactive species, with high oxidation poten-
tials,29,30 so this explains the difficulty of its formation.33,34 The
instability and high reactivity of here formed radical-cations can
be explained by the high localisation of the positive charge at
the carbon atom linked to the hydroxyl-group of interest for
radical reaction (Fig. 5).

Conclusions

Theoretical investigations included two molecules with the
highest experimentally determined antioxidative capacity.
Molecule A has two, and molecule B has one active position for
antioxidative reaction. Both molecules show a tendency to
follow a SPLET mechanism as the dominant mechanism of
antioxidant action in polar environment, while in non-polar
conditions predominant mechanism is HAT. In the rst step
of SPLET, the corresponding anion is formed. This anion can be
stabilized in methanol and water as the solvents by the solva-
tion effect. The greater stability of the A–O2 anion than that of
anion of B is in agreement with the experimentally determined
the highest antioxidant capacity of A molecule and is the
consequence of the better natural charge distribution at anion
A–O2 over the neighbours atoms. By comparing BDE values and
spin density distributions, conclusions can be brought about
the stability of antioxidant radicals, and the easiness of their
formation by homolytic breaking of the O–H bond. It was found
that the BDEs and spin density distributions for the mono-
radical forms of both molecules are similar. On the other hand,
the BDE value corresponding to the formation of diradical of
molecule A is signicantly lower than all BDEs for the formation
of monoradicals. Also, the distribution of unpaired electrons of
the resulting diradical covers the largest surface area of the
molecule. Taking it on mind one can conclude that molecule A
achieves its antioxidant activity through both active positions
simultaneously, forming a diradical. Moreover, here obtained
theoretical results are in accordance with the experimental
ones.

Experimental section
Antioxidant activity

ABTS assay. The antioxidant activity of investigated
compounds was determined by the ABTS radical-scavenging
assay.35 A stock solution of the ABTS radical cation was
prepared in the reaction of ABTS (4.912 ml, 7 mM in phosphate-
buffered saline (PBS)) and potassium persulfate (0.088 ml,
140 mM in distilled water). Aer 16 h of incubation in the dark,
the stock solution was diluted with PBS until absorbance
recorded at 734 nm was 0.700 ± 0.020. Subsequently, 20 mL of
the compound solutions (1 mg of corresponding compound in
1 ml of PBS) were mixed with 2 ml of the ABTS solution, shaken
and stored in the dark for 6 min. Aerwards the absorbance was
measured at 734 nm. Each test was done in triplicate and the
results were expressed as means ± SD. The inhibition
percentage of ABTS radical cation was calculated using the
formula:
15240 | RSC Adv., 2023, 13, 15236–15242
Inhibition (%) = (Ac − As)/Ac × 100

where Ac is the absorbance of the control solution (20 mL of PBS
in 2 ml of ABTS solution) and As is the absorbance of the sample
solution. The antioxidant activity of most potent compounds
was further evaluated by determination of the IC50 values and
TEAC (Trolox Equivalent Antioxidant Capacity). The solutions of
selected compounds and Trolox solution in PBS, were prepared
at the concentrations of 1, 0.5, 0.25, 0.125 and 0.0125 mg ml−1,
and TEAC was calculated using following formula:36

TEAC = IC50 (Trolox)/IC50 (tested compound)

DPPH assay. In addition to ABTS assay, DPPH test was per-
formed to study antioxidant activity of most potent compounds.
The assay was done as described by Kundu et al.36 Briey, the
DPPH solution was freshly prepared by dissolving DPPH in
methanol (concentration of DPPH solution at 0.1 mM) and
homogenizing in an ultrasonic bath for 30 s. Then, the solu-
tions of the compounds, and the solution of Trolox as standard,
were prepared at concentrations 1, 0.5, 0.25 and 0.125 and
0.0125 mgml−1. Sample solutions (100 ml) was mixed vigorously
with 900 ml of the DPPH solution, and the mixture was incu-
bated in the dark at room temperature for 30 min. Then, the
absorbance of the solution was measured at 517 nm. Each test
was done in triplicate and the results were expressed as means
± SD. The inhibition percentage of DPPH was calculated using
the formula:

Inhibition (%) = [1 − (As − Ab)/Ac)] × 100

where Ac is the absorbance of the control solution (100 ml of
methanol in 900 ml of the DPPH solution) and As is the absor-
bance of the sample in DPPH solution, and Ab is absorbance of
the sample in methanol.

TEAC values were calculated as described above.
DFT study

The DFT method was utilized to gain a better knowledge of the
antioxidant capability of the studied compounds. According to
the experimental ndings, the compounds A and B were shown
to be more potent antioxidants than the other evaluated
substances. As a result, these two compounds were used for in
silico investigations. The conformational analysis of the A and B
molecules was done. For this purpose, different conformations
were obtained by the rotations around the single bonds of
interest. Each torsion angle was scanned in steps of 10° with no
constraints on any other geometrical parameters. The geometry
corresponding to the energy minimum for each analysed
torsion angle was then used to optimize the geometry with the
minimal energy values for investigated molecules, as well as to
calculate the appropriate thermodynamically parameters. The
geometry optimizations and frequency calculations of investi-
gated molecules were performed using DFT/M06-2X func-
tional37 in conjunction with the 6-311++G(d,p) basis set,38

implemented in the Gaussian 09 program package.39 This
© 2023 The Author(s). Published by the Royal Society of Chemistry
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functional gives satisfactory results in the thermochemical and
kinetic calculations and has been used widely by numerous
authors.40–42 The restricted calculations are used for moieties
with paired electrons, while the unrestricted calculations are
performed for moieties with unpaired electrons. Therefore
unrestricted calculations applied for radicals and diradicals in
a doublet and a triplet state can give us reliable and comparable
values. To obtain the results comparable with the experimen-
tally ones, all calculations were carried out in water, methanol
and benzene, using the CPCM solvation model.43 Spin density
distribution and natural charge distribution in radical and ionic
species were determined in methanol (3 = 32.61) as a solvent
with an average value of the dielectric constant among the three
solvents used here. To determine distribution of natural charge
in ionic moieties, as well as to determine the spin density
distribution in radical forms, NBO analysis is performed.44,45

Potential energy minima for all the optimized species are veri-
ed by the absence of the imaginary frequencies. All calcula-
tions were done at 298.15 K.

The scavenging of free radicals appears to play an essential
role in phenolic compounds' antioxidant action. The capacity of
phenolic compounds to transfer their phenolic H-atom to a free
radical is associated with their antiradical abilities. Several
mechanistic pathways can be used to describe this process.
Among the most investigated are HAT (Hydrogen Atom Trans-
fer), SPLET (Sequential Proton Loss Electron Transfer) and SET-
PT (Single-Electron Transfer followed by Proton Transfer).46–49

The process describing the homolytic breakage of the O–H bond
is known as HAT (eqn (1)). The capabilities of this mechanism
are estimated based on BDE (Bond Dissociation Enthalpy)
values (eqn (1a)).

A–OH / A–Oc + Hc (1)

BDE = H(A–Oc) + H(Hc) − H(A–OH) (1a)

In the previous equations A–OH, A–Oc and Hc denote anti-
oxidant molecule, antioxidant radical and hydrogen atom,
while H(A–OH), H(A–Oc) and H(Hc) present their enthalpies
respectively.

The SPLET mechanism is a two-step process. Dissociation
happens in the rst stage of the reaction, resulting in the
formation of a proton (H+) and an antioxidant anion (A–O−).
The second phase involves electron transfer (e−), which is fol-
lowed by the formation of the appropriate radical (eqn (2)). The
PA value (Proton Affinity, eqn (2a)) may be used to describe the
rst step of the reaction, and the ETE value can be used to
describe the second step (Electron Transfer Enthalpy, eqn (2b)).

A�OH
�!�H

þ
A�O�

�!�e
�
A�O� (2)

PA = H(A–O−) + H(H+) − H(A−OH) (2a)

ETE = H(A–Oc) + H(e−) − H(A–O−) (2b)

SET-PT is another mechanistic pathway that describes
heterolytic OH-cleavage (eqn (3)). In the rst step of this
© 2023 The Author(s). Published by the Royal Society of Chemistry
mechanism electron leaves molecule forming antioxidant
radical-cation specie (A–Oc+), and in the second step, this
radical-cation releases the proton, forming corresponding
radical. The rst mechanistic step can be estimated based on IP
values (Ionization Potential, eqn (3a)), and the second step can
be estimated based on PDE values (Proton Dissociation
Enthalpy, eqn (3b)). The appropriate enthalpy values for the
proton and electron in methanol as a solvent were taken from
the literature.50

A�OH
�!�e

�
A�OH�þ

�!�H
þ
A�O� (3)

IP = H(A–OHc+) + H(e−) − H(A–OH) (3a)

PDE = H(A–Oc) + H(H+) − H(A–OHc+) (3b)
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Environ. Chem. Lett., 2021, 19, 729–736.

25 L. Blaikie, G. Kay and P. K. Thoo Lin, Bioorg. Med. Chem.
Lett., 2020, 30, 127505.

26 W. T. Borden, R. Hoffmann, T. Stuyver and B. Chen, J. Am.
Chem. Soc., 2017, 139, 9010–9018.
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