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A B S T R A C T

A ring transformation of 6-methyl-7H[1,2,4]triazolo [4,3-b][1,2,4] triazepine-8(9H)-ones (thiones) in the pre-
sence of acetic anhydride give rise to a new series of 17 condensed 1,2,4-triazole derivatives (1–17). Plausible
mechanisms are proposed and show the formation of a beta fused β-lactam moiety. The compounds were tested
for their (i) inhibitory potential on digestive enzymes (α-amylase and α-glucosidase), and (ii) antioxidant activity
using radical scavenging (DPPH and ABTS radicals) and ferric reducing power assays. The compounds showed
interesting and promising antidiabetic activities compared to the reference drug Acarbose. Molecular docking
study has been carried out to determine the binding mode interactions between these derivatives and the tar-
geted enzymes. The results showed the strength of intermolecular hydrogen bonding in ligand-receptor com-
plexes as an important descriptor in rationalizing the observed inhibition results. Moreover, molecular dynamics
simulations are also performed for the best protein-ligand complex to understand the stability of small molecule
in a protein environment. To shed light on the antioxidant activity of the synthesized compounds and the me-
chanism involved in DPPH free radical, DFT calculations were performed at the B3P86/6-311++G(d,p) level
using the polarizable continuum model. The effect of aprotic solvent on bond dissociation enthalpies (BDEs) is
investigated by calculating and comparing BDEs of 1 in methanol and dimethylsulfoxide as solvents using PCM.
The obtained results show that the mechanism of action depends on the basic skeleton and the presence of
substituted functional groups in these derivatives. BDEs are found to be slightly influenced by the aprotic solvent
of less than 0.01 kcal/mol compared with those obtained in methanol.

1. Introduction

Heterocyclic compounds, whether natural or synthetic, demonstrate
fascinating biological properties. The subgroup 1,2,4-triazole and their
derivatives constitute an important class of heterocyclic compounds
with diverse agricultural, industrial and biological properties and ap-
plications [1], including anti-microbial [2,3], sedative, anti-convulsant
and anti-inflammatory activities [4]. The synthesis of these hetero-
cycles has received considerable attention in recent years [5–8]. Ya-
semin Ünver et al., synthesized and tested the antioxidant activity of

series of new 1,2,4-triazole-1,3,4-oxadiazole, 1,2,4-triazole-triazole/
thiol, 1,2,4-triazole-Schiff bases, and 1,2,4-triazole compounds posses-
sing morpholine and Schiff base rings using DPPH• radical scavenging
and ferric reducing/antioxidant power methods and the test results
showed their good antioxidant activities [9]. A series of eleven 1,2,4-
triazolylbenzotriazoles have been synthesized and evaluated for their
antioxidantactivities and some of the1,2,4-triazolylbenzotriazoles sub-
stitute phenolic group were found to be good antioxidants [10].

Several experimental and theoretical studies of the structure-anti-
oxidant activity relationships of synthesized and natural polyphenols
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proved that this activity mainly depends on the presence of phenolic
hydroxyl groups, and their capacity to donate a hydrogen atom to
quench free radicals [7–16]. Density functional theory (DFT) has be-
come a very popular tool to rationalize quantitative structure activity
relationship (QSAR), since it successfully describes the hydrogen atom
transfer of OH phenolic groups to quench free radicals [11,12].

As part of our program to develop new biologically active com-
pounds [13,14], herein, we report the synthesis of some new condensed
1,2,4-triazole compounds through the action of acetic anhydride on 6-
methyl-7H[1,2,4]triazolo [4,3-b][1,2,4] triazepin-8(9H)-ones
(thiones). It is worthy to emphasize that triazolotriazepine derivatives
have been used as potent inhibitors of bone resorption [15]. They also
exhibit an anti-fungal activity [16]. This work has been performed in
view of the potential biological activity of fused azepines [17–19] and
as part of our interest in the synthesis of new heterocyclic systems
containing triazole and triazepine rings [20–22].

In order to consider the influence of the presence of a β-lactam and a
β-thiolactam in the seven-membered ring on the course of the reactions
described, it seemed interesting to study the reactions involving acetic
anhydride and 1,2,4-triazolo [4,3-b][1,2,4]triazepine-2-one and also
1,2,4-triazolo [4,3-b][1,2,4]triazepine-2-thione prepared by sulfuriza-
tion of 1,2,4-triazolo [4,3-b][1,2,4]triazepin-2-one.

2. Results and discussion

It is well known that the unsaturated seven-membered heterocycles
transpose easily to give new five or six-membered heterocycles. This
transposition can be carried out essentially according to two mechan-
isms. The first mechanism involves an opening of the ring followed by
intramolecular cyclization of the intermediates obtained. The second
one involves a transannular reaction. In both mechanisms, the ring
transformation leads to the formation of the most stable compound
rather than the initial products, particularly if they have an eight-
electron conjugate system and the result is a six-electron aromatic
system. Compound 1 reacted with acetic anhydride on heating for
15min and lead to the formation of two products, 2 and 3 which have
pyrazolotriazole and azetopyrazolotriazole structures, respectively
(Scheme 1).

The structure of 3 was established on the basis of 1H and 13C NMR
spectroscopic data. The 1H NMR spectrum highlights, in particular, the
presence of two signals at 2.2 and 2.4 ppm, attributable to the acetyl
and methyl groups, respectively, attached to the pyrazole moiety. The
downfield signal at 8.9 ppm corresponds to the triazole proton. The 13C
NMR spectrum shows the presence of two signals at 161.7 and
171.7 ppm whose correspond to the carbonyl groups of the β-lactam
and the acetyl group, respectively. The signal at 90.7 ppm is due to the
quaternary carbon at position 9 (compound 1) of the tricyclic system.

Studying the mechanism of this transposition, we first wanted to
know if the hydrogen atom attached to the nitrogen atom in position 9
(compound 1) intervenes in the contraction of the seven-membered
ring. For this purpose, we reacted acetic anhydride under the above
conditions with the N-methylated compound 4 and obtained the same
product 2. This result shows that the elimination of the group
eRNeC]O is likely involved in the transposition and that the proton
linked to the nitrogen atom at position 9 (compound 1) does not play a
fundamental role (Scheme 2):

We have also investigated the roles played by the hydrogen atoms
attached to the carbon in position 7 (compound 4) of the bicyclic
system in the formation of the products in this rearrangement. Thus, the
reaction is carried out on 1,2,4-triazolo [4,3-b][1,2,4]triazepines
having mono-or disubstitution at position 7. Halogenation at position 7
leads to the formation of 5–6 triazolotriazepines (Scheme 3).

Thus, the action of acetic anhydride on the compound disubstituted
at position 7 leads exclusively to the monoacetylated compound 8. The
structure has been confirmed by 1H NMR spectrum (DMSOd6) which
shows the presence of a signal at 2.32 ppm attributable to the acetyl
group (Scheme 4).

By the reaction of acetic anhydride with compound 6, which has a
hydrogen atom at the 7 position, it has been possible for us to ex-
clusively isolate pyrazolotriazole 9 from rearrangement of the seven-
membered ring (Scheme 5).

Similarly, the presence of a hydrogen atom linked to the carbon in
position 7 is necessary for the rearrangement of triazolotriazepinones to
pyrazolotriazoles. This was also confirmed during the action of hot
acetic anhydride on compound 7 dichlorinated at the 7-position. The
normally expected compound was isolated (Scheme 6).

Based on these results, we have been able to propose a mechanism
to explain the rearrangement of the triazolotriazepine compounds. The
mechanism that we envisage postulates that the initial stage of the ring
contraction is a diacetylation reaction on the nitrogen atoms N1 and N9

which leads to the intermediate B. From the latter, the acetate ions
attack proton from the methylene group at position 7. The carbanion
thus formed can, by a transannular reaction, attack the C9aeN1 double
bond, creating a tricyclic compound C. The latter can stabilize in two
ways: the first corresponds to the evolution of C to a tautomeric form
stabilized by resonance to give 3, it can be inferred that the conjugated
tautomer of D is more stable than its unconjugated C tautomer. The
second corresponds to the subsequent decomposition with the elim-
ination of cyanic acid derivatives to yield 2 with a pyrazolotriazole
structure (Scheme 7).

Scheme 1. Synthesis of pyrazolotriazole (2) and azetopyrazolotriazole (3) de-
rivatives.

Scheme 2. Transposition of 4 to 2.

Scheme 3. Halogenated triazolotriazepines derivatives 5–7.
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2.1. Thionation reaction

The thionation reaction of 6-methyl-7H[1,2,4]triazolo [4,3-b]tria-
zepin-8(9H)-one was carried out by employing phosphorus pentasulfide
under reflux in acetonitrile in the presence of sodium bicarbonate
(Scheme 8).

In order to consider the influence of the presence of a thiolactam
group in the seven-membered ring on the course of rearrangement
previously described, it seems interesting to study the reaction invol-
ving acetic anhydride and 1,2,4-triazolo [4,3-b][1,2,4]triazepine-2-
thione 11. Thus, heating compound 11 in acetic anhydride made it
possible to prepare compounds 12–15, separable by silica gel column
chromatography, namely azetopyrazolotriazole 12, carbamylpyrazolo-
triazole 13, cyanopyrazolotriazole 14 and pyrazolotriazole 15 (Scheme
9).

The structures of the compounds obtained were elucidated on the
basis of spectral data (1H NMR, 13C NMR). Thus, in the 1H NMR
spectrum of 12, we note in particular two signals at 2.40 and 2.14 ppm
attributable to methyl groups at the position 3 of the tricyclic system
and to the methyl group of acetyl, respectively. The signal at 9.03 ppm
corresponds to the triazole proton in position 6. The 13C NMR spectrum
shows, in particular, the presence of a quaternary carbon at 105.56 ppm
attributed to the carbon at position 9. The presence of the thiocarbonyl
group is evidenced by the signal at 190.02 ppm. The 1H NMR spectrum
of 13 shows two signals at 2.59 and 2.40 ppm corresponding to the
pyrazole and acetyl methyl groups, respectively. The two signals at
13.92 and 21.23 ppm correspond to methyl groups and a signal at
167.77 ppm correspond to the carbon of the thiocarbonyl group. The 1H
NMR spectrum of compound 14 shows, in particular, a signal at
2.34 ppm due to the methyl group attached to the pyrazole carbon and
a signal at 9.06 ppm corresponding to the triazole proton. The 13C NMR
spectrum shows, in particular, a signal at 14.11 ppm attributable to the
methyl group. Thus, the initial stage of the rearrangement reaction
corresponds to acetylation of the N1 nitrogen of the bicyclic system

leading to the intermediate [D].
The abstraction of the hydrogen atom attached to the carbon in

position 7 creates a carbanion which, according to a transannular re-
action, attacks the carbon C9a of the resulting iminium cation to give a
tricyclic compound [E] which can evolve in two ways (Scheme 10). In
the first, it stabilizes while evolving towards the conjugated tautomeric
form 12. According to a second route, the intermediate [E] undergoes
an opening reaction of the β-thiolactam ring to yield the bicyclic
compound 13. The latter, under the conditions of the reaction, under-
goes an intramolecular cyclization involving the sulfanyl group of the
sulfanylimino group of the tautomeric form F, and the carbonyl of the
acetyl group. The intermediate [G], thus formed, undergoes an opening
reaction of the 1,3-thiazine nucleus to give the intermediate [H] which
can stabilize in two ways (i) elimination of a molecule of thioacetic acid
to give cyanopyrazolotriazole 14, and (ii) loss of a molecule of acetyl
thiocyanate to give the compound 15.

2.2. Biological result

2.2.1. Antidiabetic activity assay
In the lumen of the small intestine, complex starch structures are

broken down into oligosaccharides under α-amylase activity, whereas
the membrane-bound intestinal α-glucosidases hydrolyze the resulting
oligosaccharides, trisaccharides, and disaccharides into glucose and
other monosaccharides. The inhibition of these enzymes reduces the
rate of digestion of carbohydrates and consequently reduces the pro-
portion of glucose in the blood [21]. In this context, to demonstrate the
antidiabetic activity of the new compounds, we investigated their α-
glucosidase and α-amylase inhibitory activities and the obtained results
are compared in regards to the reference drug acarbose (Table 1). It is
clearly noticed that all the novel molecules are potent α-glucosidase
inhibitors compared to the standard acarbose. Out of the synthesized
compounds, the triazepine derivative displayed the most potent activity
with the lowest IC50 value of 141.13 ± 16.2 μM, compared to
309.11 ± 22.32 μM for the reference drug. Most of the compounds
exhibited better IC50 values than acarbose, except compounds 2 and 11.
Furthermore, compounds 1, 11 and 12 displayed high α-amylase in-
hibitory activities with IC50 of 126.52 ± 16.66 μM,
121.15 ± 35.65 μM and 109.43 ± 36.12 μM, compared to acarbose
618.87 ± 31.76 μM (5 folds better).

2.2.2. Molecular docking results
Molecular docking studies reveal that the inhibitory potency of the

new compounds depends on the inhibited enzyme. Thus, the new
compounds showed relatively potent inhibition against α-glucosidase
with negative bonding energies, while no significant inhibition effi-
ciency is obtained against α-amylase with zero bonding energy. Hence,
our discussion of docked pyrazolotriazole derivatives results will be on
the results obtained for the inhibition of α-glucosidase. The inhibition
concentration values (IC50) of pyrazolotriazole derivatives along with
the acarbose drug as inhibitors of α-glucosidase are presented in
Table 2. It is evident from the observed results that the inhibition ef-
ficiency depends on the geometrical structure and the position and
nature of the substituent functional group in the new compounds. Ac-
cording to the inhibitory IC50 values of α-glucosidase inhibition
(Table 2), 1 is the most active with lowest IC50 values of 141 µM and 2
is the least active compound with the highest IC50 values of 595 µM.
Compounds 1 and 11 differ only by the functional group on C8, the
former bears a ketone group (CO) and the latter bears a thione group
(CS). This substitution of 1 by thione group (compound 11) induces a
significant decrease in the inhibition efficiency of 14 against α-gluco-
sidase by half (Table 2). The derivatives 2 and 12–15 differ only by the
substituent on the basic skeleton 1H-pyrazolo[5,1–c][1,2,4]triazole.
For instance, 14 and 15 differ only by the substitution of the cyano
group at C7 in the former. This substitution leads to an increase in the
inhibition efficiency of 14 compared to 15 (Table 2). For a deeper

Scheme 4. Synthesis of monoacetylated compound 8.

Scheme 5. Synthesis of compound 9 from 6.

Scheme 6. Synthesis of compound 10.
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understanding of the experimental results and to rationalize the highest
activity of 1 compared to 2, 1 compared to 11, and the low activity of
15 with regards to 14, a molecular docking study has been carried out
to shed light on the established binding modes of the chosen derivatives
into the active site of α-glucosidase enzyme. Further, the inhibition
efficiency of these compounds will be compared with the one of acar-
bose. Table 2 summarizes the calculated binding energies of the stable
complexes ligand-β-α-glucosidase and the number of established in-
termolecular hydrogen bonding interactions between the compounds,
the reference drug acarbose and the active site residues of α-glucosi-
dase.

Fig. 1 shows different interaction modes involving the compound

docked into the active site of α-glucosidase. From the docking results in
Table 2 and Fig. 1, the highest activity of 1 compared to the least active
one 2 is due mainly to (ii) the stability of the complex formed between
the docked compound and α-glucosidase, (ii) the number of hydrogen
bonding interactions (HB) established between the docked derivative
and the active site residues of the α-glucosidase, and (iii) to the number
of residues interacting with the docked ligand. Indeed, 1 has lowest
binding energy (−8.24 kcal/mol) compared to 2 (−4.79) and a high
number of HBs (three HBs) compared to 2 (two HBs) and finally, a high
number of residues (eight amino acid) compared to 2 (four amino
acids). In the stable complex formed between 1 and α-glucosidase, the
strongest hydrogen bond is formed between the ASP202 amino acid and
the hydrogen atom of the NH group of 1 with a distance of 2.15 Å. The
second hydrogen bond is weaker than the first one and is established
between the keto group of 1 and ARG200 with a distance of 2.96 Å. The
third hydrogen bond is even weaker than the previous ones and it is
established between the GLN110 amino acid and the nitrogen atom at
position 2 of the triazol ring in 1 with a distance of 3.07 Å (Fig. 1).
However, for derivative 2 the two hydrogen bonds are formed between
the amino acid ARG400 and the N atom of the triazol ring and the keto
group and are of distances 3.07 and 3.07 Å, respectively (Fig. 1). As
mentioned above the derivatives 1 and 11 differ only by a keto or a

Scheme 7. Proposed mechanism for the synthesis of 2 and 3.

Scheme 8. Thionation reaction of 6-methyl-7H[1,2,4]triazolo [4,3-b]triazepin-
8(9H)-one (1).
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Scheme 9. The action of acetic anhydride on the compound 11.

Scheme 10. Proposed mechanism of the formation of compounds 12–15.
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thione group at the C8 position, respectively. The substitution of the
thione group for the keto group induces a decrease in enzyme inhibition
by half (Table 2). The docking results show that both derivatives have
similar interactions with the active sites that include close binding
energies, the same number of HBs and residues that surround the
docked ligand (Table 2). However, the main difference is found in the
lengths of the hydrogen bonds formed between the keto and thione
groups with the ARG200 amino acid. For 1, this distance is 2.96 Å but
for 9 it is 3.32 Å. One can conclude that the higher activity of 1 com-
pared to 11 is mainly to the stronger hydrogen bond formed between
ARG200 and the keto group compared that formed to the thione group.
In a similar way, the higher activity of 15 compared to 14 may be
explained by (i) the high number of hydrogen bonds formed between
15 and the residues of α-glucosidase in the active site and to the
number of residues surrounding 12 in the active site (Table 1). For
instance, in the complex formed between 15 and α-glucosidase three
hydrogen bonds are established between docked 12 and the residues in
the active site while in the complex formed between 14 and α-gluco-
sidase two hydrogen bonds are established to residues in the active site
(Table 2).

According to the observed α-glucosidase inhibition results in
Table 2, the reference drug acarbose shows lower inhibition efficiency
than 1 and 11; and higher inhibition than 2 and 14 compounds. The
docked reference drug acarbose into the active site is thermo-
dynamically favorable with a binding energy of −10.56 kcal/mol. The
stability of acarbose-α-glucosidase complex is mainly referred to the
strong intermolecular hydrogen bonding formed between the hydroxyl
group of acarbose and the active residue of α-glucosidase (Fig. 1). In-
deed, ten intermolecular hydrogen bonds are formed between acarbose
and the active residues of α-glucosidase (Fig. 1). The reference drug
acarbose has a different basic skeleton than the sets of compounds (1
and 11) and (2, 14 and 15). Therefore, molecular docking results in
Table 2 may not help in comparing the observed result of the reference
drug acarbose and those of the sets of compounds (1 and 11) and (2, 14
and 15). In one hand, one can easily deduce that the higher activity of
acarbose compared with 2 and 15 may refer to (i) the stability of
acarbose-α-glucosidase complex compared with the ones formed with 2
and 15; and (ii) number of hydrogen bonds formed with acarbose
compared with the ones formed with 2 and 15(Fig. 1). In another hand,

docking results may not explain the higher activity of 1 and 11 com-
pared with the one of the acarbose. The higher activity of 1 and 11
compared with the one of the acarbose may probably due to the basic
skeleton structure itself.

2.2.3. Molecular dynamics results
After the biological screening and docking results, the best binding

pose of 6-methyl7H[1,2,4]triazolo [4,3-b][1,2,4]triazepin-8(9H)-one
(thione) (11) in complex with α-glucosidase was subjected for mole-
cular dynamics simulation to understand the stability of 11 in the α-
glucosidase microenvironment. Fig. 2a and b shows the Root Mean
Square deviation (RMSD) and Root Mean Square Fluctuation (RMSF) of
compound 11- α-glucosidase complex.

The RMSD of protein backbone (Cα) and the ligand is useful to
understand the structural conformation of compound 11 in the α-glu-
cosidase complex. RMSD analysis can also indicate the simulation
equilibration and its fluctuation for compound 11- α-glucosidase com-
plex throughout the end of the simulation. In general, 1–3 Å structural
fluctuations represent the small, globular protein confirmation. In
Fig. 2(a) RMSD results of compound 11- α-glucosidase complex con-
firms that which is perfectly acceptable for small, globular protein
confirmation [23]. Also, Fig. 2a (Lig fit Prot (Ligand fitting on pro-
tein)) shows that 11 binding was stable in the α-glucosidase system
throughout the simulation. Fig. 2b RMSF is useful to characterizing
local changes along the α-glucosidase protein chain. From that Fig. 2b,
peaks indicate areas of the α-glucosidase protein that fluctuate the most
during the simulation, secondary structure elements like alpha helices
and beta strands are usually more rigid than the unstructured part of
the protein, and thus fluctuate less than the loop regions. Protein active
site residues that interact with the compound 11 are marked with
green-colored vertical bars (Fig. 2b).

As mentioned in Fig. 3a Protein interactions with the ligand was
monitored throughout the simulation from that figure ARG 200 residue
is having a high probability of interaction with α-glucosidase, the va-
lues over 1.0 are possible as some protein residue may make multiple
contacts of the same subtype with the compound 11. Fig. 3b shows the
detailed ligand atom interactions with the protein residues [24].It is
possible to have interactions with>100% as some residues may have
multiple interactions of a single type with the same ligand atom. For
example, the ARG side chain has four H-bond donors that can all hy-
drogen-bond to a single H-bond acceptor.

In addition to this, the interactions and contacts of (H-bonds,
Hydrophobic, Ionic, Water bridges) of compound 11 – α-glucosidase
complex monitored during the simulation as shown in Fig. 4. The top
panel shows the total number of specific contacts the protein makes
with the ligand over the course of the trajectory. The bottom panel
shows which residues interact with the ligand in each trajectory frame.
Some residues make more than one specific contact with the ligand,
which is represented by a darker shade of orange, according to the scale
to the right of the plot. The molecular dynamics result concludes that
compound 11 is very stable in the α-glucosidase system and which
supports the above experimental results.

Table 1
Antidiabetic inhibitory of the synthesized compounds.

Compounds Antidiabetic (IC50 in μM)

α-glucosidase α-amylase

1 141.13 ± 16.2 126.52 ± 0.66
2 595.04 ± 43.42 260.40 ± 0.27
11 281.21 ± 30.23 425.17 ± 0.02
12 503.43 ± 35.11 121.15 ± 0.65
13 216.22 ± 17.32 764.56 ± 0.10
14 433.32 ± 88.31 219.89 ± 0.08
15 300.45 ± 47.87 109.43 ± 6.12
Acarbose 309.11 ± 22.32 618.87 ± 0.76

Table 2
Docking binding energies, number of hydrogen bonding interactions and number of closest residues to the docked compounds and acarbose within the active binding
site of α-glucosidase.

Name of synthesized derivatives Free binding energy (kcal/mol) H-Bonds (HBs) Number of closest residues to the docked ligand in the active site IC50 ± SEM

α-glucosidase
1 −8.24 3 8 141.13 ± 16.2
2 −4.79 2 4 595.04 ± 43.42
11 −8.04 3 7 281.21 ± 30.23
14 −5.44 2 5 433.32 ± 88.31
15 −4.81 3 9 300.45 ± 47.87
Acarbose −10.56 10 10 309.11 ± 22.32
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2.2.4. Antioxidant activities of the synthesized compound
The in vitro antioxidant activity of the new compounds is evaluated

by DPPH and ABTS radical scavenging methods and the ferric reducing
antioxidant power assay. The results are summarized in Table 3 and
expressed in trolox or ascorbic acid equivalents. Among the compounds
screened, compound 11 having a sulfur atom in the triazepine ring
showed the highest radical scavenging (DPPH: 0.546 ± 0.006 μmol

TE/mol and ABTS: 3.245 ± 0.081mmol TE/mol) and ferric reducing
ability (32.688 ± 0.109 μmol AAE/mol), which might be due to the
presence of sulphur group. On the other hand, the compound 14 ex-
hibited the lowest antioxidant effect.

2.2.5. DFT results
The antioxidant activity of the new compounds to scavenge the

(1) 

(2) 

(11) 

Acarbose 

Fig. 1. 3D (right) and 2D (left) closest interactions between active site residues of α-glucosidase and compounds 1, 2, 11 and acarbose.
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DPPH (2,2-Diphenyl-1-picrylhydrazyl) free radical was determined as
described in the methodology section. On the basis of the data in
Table 3, the new compounds show the ability to scavenge DPPH free
radical. To rationalize and explain the observed antioxidant activity of
the new compounds, the bond dissociation enthalpies (BDE) of the XeH
bonds (X]C or N) of AneH (AneH is for antioxidant compound) and
ionization potentials of AneH were calculated at the B3P86/6-311+
+G(d,p) level of theory (Table 4). The solvent effects are taken into
account implicitly using the polarizable continuum model. By com-
paring the BDE values in Table 4 for all of the new compounds, it is
evident that the homolytic bond dissociation is more favorable for NeH
(BDE values lower than 100 kcal/mol) than CeH bonds (BDE values
higher than 120 kcal/mol). However, 2 and 11 have no NH group in
their chemical structures. This allows us to conclude that the radical
scavenging ability of these two compounds is governed by another
parameter which we suggest is ionization potential (IP). Indeed, by
comparing IP values of 15 and 2 it is obvious that the high activity of 13
compared to 2 is mainly due to the lower IP value of 13 (6.87 eV)
compared to 2 (7.27 eV). Compounds 1 and 11 differ only by the type of
functional group at C8 (Schemes 2 and 8). By considering only those
with an NH group, one can divide the results according to the basic
skeleton. Thus, 1 and 13 form the first class, the second class contains
14 and 15 and the final class only 12. For the first class, it is found
experimentally that 11 (the most active compound) shows higher ac-
tivity than 1. This result is in accordance with lower BDE and IP values
for the former compared to the latter. Similarly, the lower BDE and IP
values explain the high activity of 15 compared to 11. The effect of
aprotic solvent was investigated by calculating the BDEs of 3-CH group
of 1 in dimethylsulfoxide using PCM model. The effect is found

negligible with a BDEs variation less than 0.01 compared with those
obtained in methanol. This weak influence is in accordance with the
previous results reported by Kosinova et al. [25].

3. Conclusion

In summary, we have synthesized via original rearrangements sev-
eral condensed 1,2,4-triazole compounds with biologically interesting
activities, involving 6-methyl7H[1,2,4]triazolo [4,3-b][1,2,4]triazepin-
8(9H)-one(thione) and acetic anhydride. The structure of the new
heterocyclic ring systems was proved by spectroscopic methods and
single-crystal X-ray diffraction. Plausible mechanisms of these reactions
have been proposed and discussed. We have shown that the presence of
a hydrogen atom in position 9 of the bicyclic compounds is necessary
for observing the ring transformation of the seven-membered rings. It
was possible for us to highlight for the first time a new condensed
triazole compound containing a β-lactam moiety. The new compounds
showed high antidiabetic activities compared to the antidiabetic agent
acarbose and furthermore exhibited moderate to low antioxidant ac-
tivities. Molecular docking and molecular dynamics study showed the
extent of inhibition by the new compounds against α-glucosidase is
mainly due to the number and the strength of H-bonds, Ionic, Water
bridges between the docked compound and active residues of the en-
zyme in the active site. BDEs and IPs calculated at DFT level of theory
showed that the radical scavenging capacity of the new compounds
depends on their basic skeleton and the type of the substituent func-
tional groups on it. Those results suggest the interesting medical
properties of those molecules, which will be subject of in vivo tox-
icological and pharmacological studies.

Fig. 2. (a) RMSD (b) RMSF of compound 11- α-glucosidase complex during 50 ns.
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4. Material and methods

4.1. Chemistry synthesis

The NMR spectra were measured on a BrukerAvance DPX300 in-
strument. The chemical shifts (δ) are expressed in ppm down field from
TMS taken as an internal reference. Mass spectra were performed on a
Perkin-Elmer SCIEX API unit 300. The samples are ionized by the ion
spray technique (IS). TLC and column chromatography were carried out
respectively on silica plates (Merck 60 F254) and silica gel (Merck 60,
230–400 mesh).

Synthesis of 6-methyl-7H,8H,9H-[1,2,4]triazolo [4,3-b][1,2,4]tria-
zepin-8-one (1)

In a flask containing 10mL of ethyl acetylacetate (0.02mol), 2 g of
sodium acetate (0.024mol) 3.6 g (0.02mol) of 3,4-diamino[1,2,4]tria-
zolehydrobromide was heated under reflux during 3 h. After cooling,
the precipitate formed was filtered off under vacuum and the mixture
was washed with ethanol.

White solid, yield: 70%; m.p: 256–258 °C, 1H NMR (DMSO‑d6,
300MHz) δ 2.28 (s, 3H, CH3); 3.55 (s, 2H, CH2); 8.71 (s, 1H,
CHtriazolic).13C NMR (DMSO‑d6, 75MHz) δ 24.94 (CH3); 42.8437
(eCH2e); 141.42 (eCHe); 144.08 (C]N); 164.78 (C]N); 168.99 (C]
O). HRMS (ESI) Calculated for C6H7N5O: [M+H+]=165.0717,
Found: [M+H+]=165.0716. Elemental analysis Calculated: C,
43.63%; H, 4.27%; N, 42.41%; O, 9.69%, Found: C, 43.62%; H, 4.26%;
N, 42.40%; O, 9.70%.

Synthesis of 1-acetyl-6-methyl-pyrazolo[3,2–c][1,2,4]triazole (2)
1g of 1 was heated in 8mL of acetic anhydride for 15min. The

solution was then concentrated to dryness under reduced pressure and
the residue was extracted with dichloromethane under pressure. The
precipitate was chromatographed on a silica column (eluent: di-
chloromethane/methanol 95/5 v / v). By which two products (2 and 3)
were obtained.

Colourless crystals yield: 60%; m.p: 143–145 °C. 1H NMR (300MHz,
DMSOd6) δ ppm: 8.52(s, 1H, N]CH); 6.15 (s, 1H, C]CH); 2.69(s, 3H,
CH3); 2.25 (s, 3H, CH3).13C NMR (75MHz, DMSOd6) δ ppm: 162.74,

Fig. 3. (a) Protein-ligand interaction fraction (b) detailedligand atom interactions with the protein residues.
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150.78, 148.20Cq; 144.50, 100.33 (CH); 23.85, 13.87 (CH3). HRMS
(ESI) Calculated for C7H8N4O: [M+H+]=165.0699, Found: [M
+H+]=165.0698. Elemental analysis Calculated: C, 51.21%; H,
4.91%; N, 34.13%; O, 9.75%, Found: C, 51.19%; H, 4.90%; N, 34.14%;
O, 9.73%.

Synthesis of 1-acetyl-6-methyl-7-oxo-1(5)-yl-7,8-dihydroazeto
[3′,2′:4,5]pyrazolo[5,1–c][1,2,4]triazole (3)

White solid, yield: 32%; m.p: 177–179 °C.1H NMR (300MHz,
DMSO) δ ppm: 13.68(s, 1H, NH); 9.96(s, 1H, NH); 8.97(s, 1H, CH);
2.43(s, 3H, CH3); 2.22(s, 3H, CH3).13C NMR (75MHz, DMSO) δppm:
13C NMR (75MHz, DMSO) δppm: 171.76, 161.79, 159.87, 146.36,
90.70 (Cq); 129.91 (CH); 25.38, 15.46(CH3). HRMS (ESI) Calculated for
C8H9N5O2: [M+H+]=208.0829, Found: [M+H+]=208.0898.
Elemental analysis Calculated: C, 46.38%; H, 4.38%; N, 33.80%; O,
15.44%, Found: C, 46.39%; H, 4.40%; N, 33.79%; O, 15.43%.

Fig. 4. shows the timeline representation of the interactions and contacts (H-bonds, Hydrophobic, Ionic, Water bridges) of compound 11 - α-glucosidase complex.

Table 3
Antioxidant activity of the new compounds.

Compounds Antioxidant assays

DPPH
μmol TE/mol

ABTS
mmol TE/mol

FRAP
μmol AAE/mol

1 0.241 ± 0.002 0.705 ± 0.014 1.650 ± 0.007
2 0.066 ± 0.010 0.058 ± 0.003 0.038 ± 0.003
11 0.546 ± 0.006 3.245 ± 0.081 32.688 ± 0.109
12 0.0521 ± 0.006 0.050 ± 0.004 0.181 ± 0.005
13 0.119 ± 0.007 0.209 ± 0.001 1.829 ± 0.0065
14 0.023 ± 0.009 0.012 ± 0.002 0.180 ± 0.004
15 0.115 ± 0.004 0.076 ± 0.003 1.196 ± 0.001

Table 4
BDEs of pyrazolotriazole derivatives calculated at the PCM-B3P86/6”-311++G(d,p) level of theory.

Compound IP 1-NH 3-CH 5-NH 7-CH 9-NH Radical scavenging
(μmol TE/mol)

1 −7.81 – 121.25 – – 98.27 0.241 ± 0.002
2 −7.27 – 122.78 – 123.01 – 0.066 ± 0.010
11 −7.29 – 121.53 – – 93.28 0.546 ± 0.006
12 −6.79 – 113.86 73.12 – – 0.0521 ± 0.006
13 −6.87 – 123.10 – – – 0.119 ± 0.007
14 −7.28 94.17 124.66 – – – 0.023 ± 0.009
15 −6.75 87.72 123.37 – 123.58 – 0.115 ± 0.004
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Synthesis of 7-bromo-6,7-dimethyl-7H-[1,2,4]triazolo [4,3-b][1,2,4]
triazepin-8(9H)-one (5)

White solid, yield: 25%; m.p: 294–296 °C. 1H NMR (300MHz,
DMSO) δ ppm: 13.08(s, 1H, NH); 8.97(s, 1H, CH); 2.43(s, 3H, CH3);
2.21(s, 3H, CH3).13C NMR (75MHz, DMSO) δppm: 172.74, 160.83,
146.32, 80.70 (Cq) ; 139.91 (CH); 22.35, 15.30(CH3). HRMS (ESI)
Calculated for C7H8N5OBr: [M+H+]=256.9879, Found: [M
+H+]=256.9880. Elemental analysis Calculated: C, 32.58%; H,
3.12%; N, 27.14%; O, 6.20%; Br, 30.96%, Found: C, 32.60%; H, 3.14%;
N, 27.11%; O, 6.19%; Br, 30.95%.

Synthesis of 7-bromo-6-methyl-7H-[1,2,4]triazolo [4,3-b][1,2,4]tria-
zepin-8(9H)-one (6)

White solid, yield: 22% m.p: 180–182 °C. 1H NMR (300MHz,
DMSO) δ ppm: 13.10 (s, 1H, NH); 8.96(s, 1H, ]CH);4.56(s, 1H, CH);
2.22(s, 3H, CH3).13C NMR (75MHz, DMSO) δppm : 169.56, 160.89,
146.36, (Cq); 78.63, 138.15 (CH); 15.43(CH3).HRMS (ESI) Calculated
for C6H6N5OBr: [M+H+]=242.9899, Found: [M+H+]=256.9898.
Elemental analysis Calculated: C, 29.53%; H, 2.48%; N, 28.70%; O,
6.56%; Br, 32.74%, Found: C, 29.52%; H, 2.47%; N, 28.69%; O, 6.55%;
Br, 32.75%.

Synthesis of 7,7-dichloro-6-methyl-7H-[1,2,4]triazolo [4,3-b][1,2,4]
triazepin-8(9H)-one (7)

White solid, yield: 25%; m.p: 182–184 °C. 1H NMR (300MHz,
DMSO) δ ppm: 13.12(s, 1H, NH); 8.94(s, 1H, CH); 2.20 (s, 3H, CH3).13C
NMR (75MHz, DMSO) δppm: 166.76, 161.79, 146.16, 110.70
(Cq) ; 139.11 (CH); 12.16(CH3).HRMS (ESI) Calculated for
C6H5N5OCl2: [M+H+]=232.9997, Found: [M+H+]=232.9996.
Elemental analysis Calculated: C, 30.79%; H, 2.15%; N, 29.92%; O,
6.84%; Cl, 30.30%, Found: C, 30.80%; H, 2.14%; N, 29.91%; O, 6.83%;
Cl, 30.29%.

Synthesis of 6,7-dimethyl-9-acetyl-7-bromo-8,9-dihydro[1,2,4]triazolo
[4,3-b][1,2,4]triazepin-8-one (8)

White solid, yield: 36%; m.p: 160–161 °C. 1H NMR (300MHz,
DMSOd6) δ ppm: 8.53 (s, 1H, N=CH); 2.32 (s, 3H, CH3); 2.26 (s, 3H,
CH3); 2.06 (s, 3H, CH3).13C NMR (75MHz, DMSOd6) δ ppm179.30,
173.11, 160.68, 157.02, 51.94 (Cq); 138.72 (CH); 26.37, 24.09,
19.31(CH3). HRMS (ESI) Calculated for C9H10N5O2Br: [M
+H+]=300.0089, Found: [M+H+]=300.0091. Elemental analysis
Calculated: C, 36.02%; H, 3.36%; N, 23.34%; O, 10.66%; Br, 26.62
Found: C, 36.01%; H, 3.35%; N, 23.32%; O, 10.65%, Br, 26.60%.

Synthesis of 1-acetyl-7-bromo-pyrazolo[3,2–c][1,2,4]triazole (9)
0.5 g of 4 was heated in 8mL of acetic anhydride for 1 h. After

cooling, the precipitated product is filtered.
White solid, yield: 40%; m.p: 178–180 °C. 1H NMR (300MHz,

DMSOd6) δ ppm: 8.52(s, 1H, N=CH); 2.74 (s, 3H, CH3); 2.34(s, 3H,
CH3).13C NMR (75MHz, DMSOd6) δ ppm: 163.86, 146.00, 143.31,
141.82 (Cq); 89.84(CH); 23.85(CH3); 14.03(CH3). HRMS (ESI)
Calculated for C9H10N5O2Br: [M+H+]=300.0089, Found: [M
+H+]=300.0091. Elemental analysis Calculated: C, 36.02%; H,
3.36%; N, 23.34%; O, 10.66%; Br, 26.62 Found: C, 36.01%; H, 3.35%;
N, 23.32%; O, 10.65%, Br, 26.60%.

Synthesis of 6-methyl-9-acetyl-7,7-dichloro-8,9-dihydro[1,2,4]triazolo
[4,3-b][1,2,4]triazepin-8-one (10)

0.5 g of compound 5 was heated in 10mL of acetic anhydride for
1 h, the solution concentrated with an air stream and the residue taken
up in ether followed by filtration of the precipitated product.

White solid, yield: 44%; m.p: 190–192 °C. 1H NMR (300MHz,
DMSOd6) δ ppm: 8.71(s, 1H, N=CH); 2.45 (s, 3H, CH3); 2.32(s, 3H,
CH3).13C NMR (75MHz, DMSOd6) δ ppm: 173.34, 163.30, 158.59,
156.06, 75.57 (Cq); 139.91 (CH); 24.94(CH3); 23.39(CH3). HRMS (ESI)
Calculated for C8H7N5O2Cl2: [M+H+]=276.0899, Found: [M
+H+]=276.0897. Elemental analysis Calculated: C, 34.80%; H,
2.56%; N, 25.37%; O, 11.59%; Cl, 25.68 Found: C, 34.79%; H, 2.53%;
N, 25.32%; O, 11.61%, Cl, 25.67%.

Synthesis of 6-methyl-7H-[1,2,4]triazolo [4,3-b][1,2,4]triazepin-
8(9H)-thione (11)

A solution of 1 (2 g) and phosphorus pentasulfide (2.2 g) in 40mL of
acetonitrile to which a pinch of sodium bicarbonate was added was
heated at gentle reflux for 4 h and then evaporated to dryness. The
residue was taken up in 20 cm3 of boiling water and the precipitate
which formed on cooling was filtered off.

Yellow solid, yield: 65%; m.p: 219–221 °C. 1H NMR (DMSO‑d6,
300MHz) δ 2.27(s, 3H, CH3), 3.98(2H, eCH2e), 8.83(s, 1H,
CeHtriazolic); 13C NMR (DMSO‑d6, 75MHz) δ 24.34, 51.90, 141.70,
190.31. HRMS (ESI) Calculated for C6H7N5S: [M+H+]=182.0409,
Found: [M+H+]=182.0410. Elemental analysis Calculated: C,
39.78%; H, 3.89%; N, 38.65%; S, 17.69%. Found: C, 39.77%; H, 3.90%;
N, 38.63%; S, 17.67%.

The action of acetic anhydride on compound (13)
1 g of 10 was heated in 10mL of acetic anhydride for 1 h. The so-

lution was then concentrated to dryness under reduced pressure and the
residue was extracted with dichloromethane under pressure. The pre-
cipitate was chromatographed on a silica column (eluent: di-
chloromethane/methanol 95/5 v / v). By which four products (12, 13,
14 and 15) were obtained.

1-acetyl-6-methyl-7-thiooxo-1(5)-yl-7,8-dihydroazeto[3′,2′:4,5]pyr-
azolo[5,1–c][1,2,4]triazole (12)

Off-white solid, yield: 22%; m.p: 214–216 °C .1H NMR (300MHz,
DMSO) δppm: 13.92 (s, 1H, NH); 10.95(s, 1H, NH); 9.03(s, 1H, CH);
2.40(s, 3H, CH3); 2.14(s, 3H, CH3).13C NMR (75MHz, DMSO) δ ppm:
190.32, 168.66, 158.42, 147.46, 105.60 (Cq); 130.39 (CH); 24.69,
16.29 (CH3). HRMS (ESI) Calculated for C8H9N5OS: [M
+H+]=224.0519, Found: [M+H+]=224.0520. Elemental analysis
Calculated: C, 43.04%; H, 4.06%; N, 31.37%; O, 7.17%; S, 14.36%.
Found: C, 43.02%; H, 4.05%; N, 31.38%; O, 7.15%; S, 14.37%.

7-carbothioamide-1-acetyl-6-methyl-1H-pyrazolo[5,1–c][1,2,4]triazole
(13)

Off-white solid, yield: 18%; m.p: 202–204 °C 1H NMR (300MHz,
DMSO) δ ppm: 9.34(s, 1H, CH); 2.59 (s, 3H, CH3); 2.40 (s, 3H, CH3).13C
NMR (75MHz, DMSO) δ ppm: 167.77, 161.78, 143.57, 113.44, 73.40
(Cq); 133.23 (CH); 21.23, 13.92(CH3).

Synthesis of 7-carbonitrile-6-methyl-1H-pyrazolo[5,1–c][1,2,4]triazole
(14)

White solid, yield: 20%; m.p: 188–190 °C. 1H NMR (300MHz,
DMSO) δ 9.06 (s, 1H, CH); 2.34(s, 3H, CH3).13C NMR (75MHz, DMSO)
δ ppm: 160.91, 147.43, 114.84, 64.48 (Cq); 130.78 (CH); 13.98(CH3).
HRMS (ESI) Calculated for C6H5N5: [M+H+]=148.0616, Found: [M
+H+]=148.0617. Elemental analysis Calculated: C, 48.98%; H,
3.43%; N, 47.60%. Found: C, 48.97%; H, 3.44%; N, 47.59%.

Synthesis of 6-methyl-1H-pyrazolo[5,1–c][1,2,4]triazole (15)
White solid, yield: 30%; m.p: 182–184 °C. 1H NMR (300MHz,

DMSO) δppm: 12.57 (s, 1H, NH); 8.70(s, 1H, N]CH); 5.52(s, 1H,
C]CH); 2.22(s, 3H, CH3).13C NMR (75MHz, DMSO) δppm: 157.23,
147.39 (Cq); 128.91, 76.69 (CH); 15.16(CH3). HRMS (ESI) Calculated
for C5H6N4: [M+H+]=123.0621, Found: [M+H+]=123.0619.
Elemental analysis Calculated: C, 49.18%; H, 4.95%; N, 45.88%. Found:
C, 49.18%; H, 4.94%; N, 45.89%.

4.2. Antidiabetic inhibition assays

The α-amylase inhibition assay was conducted according to the
previously described protocol. Briefly, 20 µL of the sample was mixed
with 230 µL of PBS and 250 µL of α-amylase (240 U/mL, in 0.02M
phosphate buffer, pH 6.9, with 0.006M NaCl). After incubating at 37 °C
for 10min, 250 µL of 1% (w/v) soluble starch (in 0.02M phosphate
buffer, pH 6.9) was added and the mixture was further incubated at
37 °C for 30min followed by adding 250 µL of DNS color reagent.
Afterward, the reaction was stopped by heating in a boiling water bath
for 10min then cooling to room temperature. The mixture has been
diluted with 2mL of buffer and the absorbance was measured at
540 nm. As described previously, the α-glucosidase enzyme (0.1 U/mL)
and substrate p-nitrophenyl-α-D-glucopyranoside (p-NPG, 1mM) were
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dissolved in potassium phosphate buffer (0.1M, pH 6.7) and all samples
were dissolved in Dimethyl sulfoxide. The inhibitor (20 μL) was pre-
incubated with the enzyme (100 μL) and PBS (130 μL) at 37 °C for
10min and then the substrate (200 μL) was added to the reaction
mixture. The enzymatic reaction was performed at 37 °C for 30min.
The reaction was then terminated by the addition of 1.0 mL of 1.0M
Na2CO3. All samples were analyzed in triplicate with different con-
centrations to determine the IC50 values and the absorbance was re-
corded at 405 nm.

4.3. Antioxidant activities

The free radical scavenging activity of the compounds was mea-
sured by 2,2′-Diphenyl-1-picrylhydrazyl hydrate (DPPH). The ferric
ions (Fe3+) reducing antioxidant power (FRAP) method was used to
measure the reducing capacity of the compounds. The reducing power
of the extracts was represented as ascorbic acid equivalent (μmol of
AAE/mol of the compound). The antioxidant activities samples are
expressed as TEAC values, defined as the concentration of standard
Trolox with the same antioxidant capacity of the extract under in-
vestigation (μmol of TE/g of the compound).

4.4. Computational details

4.4.1. Molecular docking study
The interaction binding modes between the active site residues of

the enzymes (α-glucosidase and α-amylase) and the docked new pyr-
azolotriazole derivatives have been carried out using the Autodock
package [26]. X-ray coordinates of α-glucosidase, α-amylase and their
originated docked ligands were downloaded from the RCSB data bank
website (PDB codes 3WY2 and 5EMY) [27,28]. As a first step, water
molecules were removed and polar hydrogen atoms and Kollman
charges were added to the extracted receptor structures of α-glucosi-
dase and α-amylase by using the automated tool in AutoDock Tools 4.2.
The active sites are identified based on co-crystallized receptor-ligand
complex structures of α-glucosidase and α-amylase enzymes. The re-
docking of the original ligands into the active site are well reproduced
with an RMSD value of 0.66 and 1.72 Å for original ligands of α-glu-
cosidase and α-amylase, respectively. 3D molecular structure geome-
tries of pyrazolotriazole derivatives were minimized at a Merck mole-
cular force field 94 (MMFF94) level44. The optimized geometries were
saved as PDB files. Nonpolar hydrogens were merged and rotatable
bonds were defined for each docked ligand. Docking studies were
performed by using the Lamarckian genetic algorithm approach with
500 as a total number of runs for binding site for original ligands and
100 runs for each new pyrazolotriazole derivative. In each respective
run, a population of 150 individuals with 27,000 generations and
250,000 energy evaluations were employed. Operator weights for
crossover, mutation, and elitism were set to 0.8, 0.02, and 1, respec-
tively. The binding site was defined using a grid of 40× 40×40 points
each with a grid spacing of 0.375 Å. The docking calculations have been
carried out using an Intel (R) Core (TM) i5-3770 CPU @ 3.40 GHz
workstation.

4.4.2. DFT calculations
It is reported that natural and synthetic antioxidant compounds

(AneH) scavenge free radicals (R•) through hydrogen atoms transfer
from the antioxidant to the free radical. Four main mechanisms have
been proposed including (i) Proton Coupled-Electron Transfer (PC-ET)
versus Hydrogen atom transfer (HAT), (ii) Electron Transfer-Proton
Transfer (ET-PT), Sequential Proton Loss Electron Transfer (SPLET),
and Adduct formation (AF) [29]. It is reported that the reactivity of the
most antioxidants towards free radicals (e.g., CH3OO•) involve a PC-ET
mechanism [30,31]. Therefore, one can consider that the present
compounds proceed through the same mechanism toward DPPH free
radical (Eq. (1)):

AneH + R% → An% + RH (1)

In the above mechanism (Eq. (1)), the AneH bond dissociation is
homolytic. Therefore, the bond dissociation enthalpy (BDE) of different
AneH species can be considered as the main parameter that governs
this mechanism. BDEs are calculated using the following formula (Eq.
(2)):

BDE=H(An%, 298 K)+H(H%, 298 K)eH(AneH, 298 K), (2)

where H is for enthalpy, which takes into consideration temperature-
dependent corrections [zero point energy (ZPE), translational, rota-
tional and vibrational energies at 298 K]; H (AneH, 298 K) and H (An%,
298 K) are the enthalpies of the antioxidant (AneH) and its corre-
sponding radicals (An%) obtained after the homolytic bond dissociation
of AneH bond, respectively. H (H%, 298 K) is the enthalpy of hydrogen
radical. BDE is an intrinsic parameter that helps to estimate the capacity
of an antioxidant to release a hydrogen atom. The lower the BDE, the
easier is the bond dissociation and the more important is the anti-
oxidant activity. The ionization potential energies (IP) were calculated
based on orbital consideration, which is based on Koopman’s theorem
where IP=−EHOMO [32].

The B3B86 hybrid functional proved as a reliable choice for the
structure-antioxidant activity of antioxidant compounds and is deemed
particularly adapted for BDE estimation by giving a high accuracy
compared to the experimental value [25,33]. Herein, we extended the
use of B3P86 to the series of compounds 1–10. Previously, we tested the
basis set effect on BDEs of hispidin and isohispidin isomers by using
different basis sets, and the obtained BDEs showed differences lower
than 0.4 kcal/mol for the active sites [11]. Consequently, for better
accuracy, a triple basis set 6-311++G(d,p) is used. Hence, the geo-
metry optimization of reactants and products of eq.1 were performed at
the B3P86/6-6-311++G(d,p) level of theory. The minima were con-
firmed by vibrational frequency calculations (i.e., no imaginary fre-
quency). The solvent effects were taken into account implicitly by using
the polarizable continuum model (PCM). In PCM, the substrate is em-
bedded into a cavity surrounded by a dielectric continuum character-
ized by its dielectric constant (εMeOH= 32.613). The effect of aprotic
solvent on BDEs values was considered by considering the di-
methylsulfoxide solvent (DMSO). Different PCM formalisms are avail-
able. Here, the calculations were performed using the integral equation
formalism variant (IEF-PCM) as implemented in the Gaussian09 pro-
gram [34]. Trouillas et al., used a hybrid model (i.e., one or two water
molecules surrounding the active site of AneH+PCM) for natural
quercetin, and they reported that obtained BDEs by considering the
tested hybrid model were slightly different from those obtained within
PCM [35]. Kosinova et al., have been tested the influence of different
solvents including benzene, chloroform, ethanol, methanol, and water
on BDEs values and compared to the experimental BDE obtained in
benzene, and they conclude that the solvent influence was appeared to
be weak, even by using a very polar dielectric constant like water [25]
(Ref Pavlina). Herein, the effect of an aprotic solvent on BDEs values
was considered by calculating BDEs values of 1 in PCM by using di-
methyl sulfoxide as aprotic solvent (εdmso= 46.826).

All quantum calculations have been performed using DFT methods
as implemented in Gaussian09 [34]. Electronic spin density delocali-
zation of An• was visualized using the Molden software (http://www.
cmbi.ru.nl/molden/).

4.4.3. Molecular dynamics simulation
The primary protein-ligand complex file was prepared using

DESMOND system builder panel which is inbuilt in the Schrödinger
suite. Here all the protein-ligand complex systems were prepared per-
iodic precondition with 10 Å3 cubic boxes from the middle of mass with
supermolecule. TIP3P water solvation system was used buffer system
with charged ions placed isotopically to neutralize the Ewald charge
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summation of the solvated protein entity. The system was minimized
with maximum iterations of 5000 steps with a gradient convergence
threshold of 1.0 kcal mol−1 Å−1. Once the system is minimized the
system is subjected to Newtonian dynamics of the model system to
evaluate the energy of the system. 2ps steps were integrated to record
the simulation. Six stages NPT ensemble default relaxation process were
carried out before performing molecular dynamics simulation. Initially
at first state solute restrained Brownian dynamics of ensemble was
carried by keeping the energy constant using NVT condition. In the
second stage using Berendsen thermostat the NVT (canonical) ensemble
was allowed to relax with respect to temperature with velocity resem-
bling of every 1ps applied to the non-hydrogen solute sample.
Subsequently, NVT ensemble was changed to NPT ensemble with
Berendsenbarostat with the system kept at 1 atm pressure followed by
system equilibration of 1 ns. Then the ensemble was subjected to 20 ns
Molecular dynamics run [36].
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