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nd imidazolone compounds:
synthesis, X-ray crystal structure with theoretical
investigation of new pyrazole and imidazolone
compounds anticipated insecticide’s activities
against targeting Plodia interpunctella and
nilaparvata lugens†

Mona A. Shalaby,b Mohammad H. BinSabt,b Sameh A. Rizka and Asmaa M. Fahim *c

In this study, we synthesized (2-propoxyphenyl)(3-(p-tolyl)oxiran-2-yl)methanone through oxidizing the

double bond of the respective chalcone via the Weitz–Scheffer epoxidation reaction. Additionally, the

chalcone with an oxirane ring served as a fundamental building block for the synthesis of various

pyrazole and imidazole derivatives, employing diverse nitrogen nucleophiles. All synthesized compounds

were confirmed via analytical and spectroscopic analysis, such as FT-IR, 1H NMR, 13C NMR, and mass

spectroscopy. Furthermore, all these nitrogen heterocycles were optimized via the DFT/B3LYP/6-

31G(d,p) basis set and their physical descriptors were identified. Compound 11 was further confirmed

using single-crystal X-ray diffraction with Hirshfeld analysis, and the results were correlated with the

optimized structure by comparing their bond length and bond angle, which provided excellent

correlation. Additionally, the insecticidal activities of the newly synthesized compounds were tested

against P. interpunctella and Nilaparvata lugens. The heterocyclic compounds exhibited remarkable

activity compared to the standard reference thiamethoxam. These findings were further confirmed

through docking simulation with different proteins, namely PDBID 3aqy and 3wyw. The compounds

interacted effectively within the protein pockets, displaying a higher binding energy with amino acids.
1. Introduction

The multifaceted activities of oxiranes and their derivatives in
terms of anti-microbial, anti-cancer, and anti-tumor have been
investigated by bio-chemists and chemists.1–5 For synthesis of
oxiranes from chalcones and alkenes, numerous reagents and
catalysts have been utilized.6 These epoxides are exible
chemicals that can easily undergo stereospecic ring-opening
reactions to generate multifunctional molecules.7 Alkene epox-
idation is one of the most widespread asymmetric trans-
formations where epoxides serve as intermediates for bioactive
target molecules that reect the efficacy of current epoxidation
protocols.8 Additionally, they serve as monomers for the
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construction of polymer materials, including epoxy resin and
polyether.9 Through the epoxidation of a,b-unsaturated
ketones, the ethylenic bridge was replaced with an oxirane ring.

Considering the infestations of pests causing signicant
nancial losses in storage and agricultural environments, crop
horticulture and agricultural protection require insecticides that
are important, effective, and widely utilized to achieve high
quality and improved yields of produce by ghting insect pests.10

Many insect pests attack rice crops throughout the growing
season—from seed germination till harvesting. Fighting insects is
crucial to reduce food loss from stored items due to insect
attacks. P. interpunctella was one of seven insect species whose
eggs were found in brown rice. Prenol, isoprenol, dimethyl
disulde, and dimethyl trisulde were among the volatile
substances produced as a result of the P. interpunctella infestation
of brown rice. These volatiles have the potential to serve as early
biomarkers of insect detection in brown rice.11 Planthoppers or
Nilaparvata lugens are the most destructive insect pests because
they consume rice plant sap, thus causing plant dehydration and
transmitting viral diseases.12 There is a worldwide distribution of
these insects. With long-term exposure, insects have developed
resistance to a majority of chemical classes used in animal
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra00602j&domain=pdf&date_stamp=2024-03-30
http://orcid.org/0000-0002-0293-3491
https://doi.org/10.1039/d4ra00602j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00602j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014015


Fig. 1 Agrochemicals containing pyrazole scaffolds.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
:1

6:
18

 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
agriculture and public health. Insecticides are essential for the
management of insects and pests and are regarded as one of the
most signicant barriers to applying unique chemical and bio-
logical features as well as good safety proles with relatively low
risk for non-target organisms in the environment. Their investi-
gated exposure strategies were exible and had a low application
rate as well as excellent absorption and translocation in plants.
Thus, there is a need to nd insecticides that combat these
insects.13–15 Many pyrazole compounds have been reported to be
effective insecticides. Pyrolan (I), pronil (II), ethiprole (III), cye-
nopyrafen (IV) and fenpyroximate (V) (Fig. 1) are examples of
pyrazole insecticides with high insecticidal activity on the market
today.16–19 On the other hand, in agrochemicals, imidazole is
widely incorporated as a nitrogen-containing aromatic hetero-
cycle, as shown in Fig. 2.20–22 Prochloraz (VI), for example, is an
imidazole fungicide that is widely used in gardening and agri-
culture. It is applied to wheat, barley, mushrooms, cherries, golf
course turf, and ower production. Imidacloprid (IMI) (VII) is
a neonicotinoid insecticide that is used for crop protection all
over the world. In this study, various pyrazole and imidazole
derivatives were successfully synthesized and fully characterized
using analytical and spectroscopic techniques. Furthermore,
Fig. 2 Agrochemicals containing imidazole scaffolds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
theoretical studies were carried out for nitrogen heterocycles to
determine their physical properties. Moreover, this study exam-
ines the insecticidal activities of newly synthesized pyrazole and
imidazole derivatives against P. interpunctella and Nilaparvata
lugens. The results were further supported by docking simula-
tions involving various proteins.
2. Results and discussion
2.1. Chemistry section

The reaction of 2-(5-(p-tolyl)-4,5-dihydro-1H-pyrazol-3-yl)phenol
(1) with sodium hydroxide/hydrogen peroxide-mediated in
acetone and methanol as a solvent did not form the corre-
sponding epoxy compound 2 and formed the C-40-substituted
avonol 3, as shown in Scheme 1.23
Scheme 1 Reactivity of 2-(5-(p-tolyl)-4,5-dihydro-1H-pyrazol-3-yl)
phenol (1) with H2O2.
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Scheme 2 Reagents and conditions. (i) Br(CH2)2CH3, K2CO3, and
DMF; (ii) H2O2, NaOH, acetone, and CH3OH.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 1
:1

6:
18

 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
In order to form the epoxide compound, we blocked the OH
group in the chalcone compound 1 using alkyl halide, as shown
in Scheme 2.

We start converting chalcone 1 to chalcone 4 by the reaction
with bromopropane in order to block the OH group. A racemic
form of epoxychalcone 5 has been obtained by oxidizing the
double bonds of the respective chalcone 4 in a solution of 30%
hydrogen peroxide in an alkaline medium via the Weitz–
Scheffer epoxidation reaction.24,25 Elemental analysis, IR, NMR,
and mass spectroscopy were used to conrm the oxirane
product 5. Two doublet signals were detected in the 1HNMR
spectrum of compound 5 at 4.00 ppm and at 4.49 ppm, which
correspond to the oxirane ring.

Pyrazines can be obtained through the cyclo-condensation of
hydrazines with dicarbonyl compounds (Knorr's method)26 and
by cycloaddition between alkenes or alkynes and dipolar
compounds.27,28 As a nucleophilic reagent, hydrazine hydrate
Scheme 3 Reaction of epoxychalcone 5 with hydrazine hydrate 6 and p

10466 | RSC Adv., 2024, 14, 10464–10480
and phenyl hydrazine derivatives were used to perform nucle-
ophilic reaction on epoxychalcone 5. Reacting a,b-epoxyketone
5 with hydrazine hydrate 6 or phenyl hydrazine 8a in boiling
ethanol led to the formation of 4,5-dihydro-1H-pyrazol-4-ol
derivatives 7 and 9, respectively. However, when epox-
ychalcones 5 are reacted with phenylhydrazine hydrochloride
8b and 8c under the same conditions, they give the corre-
sponding N-phenyl pyrazolo derivatives 10 and 11 (Scheme 3).
In order to monitor the reaction progress, TLC was used. FT-IR
and 1H/13C NMR spectra analyses conrmed their chemical
structures. The FT-IR spectrum of phenylpyrazol-4-ol 7, 9, and
10 showed broadened stretch bands at 3157, 3538, and
3317 cm−1 for the OH group, respectively, in addition to the
stretching band at 3263 cm−1 due to the NH group in
compound 7. Also, the IR spectra for these compounds showed
bands at about 1595 cm−1 due to the C]N group. Based on the
1HNMR spectra of compounds 7–10, the signals corresponding
to the hydroxyl group, C4 proton, and C5 proton were detected
in the pyrazole ring. In addition, compound 11 was conrmed
using single-crystal X-ray diffraction.

Many natural products and pharmaceutically active
compounds contain imidazolone scaffolds. Also, several
substituted imidazolones have received considerable attention
due to their diverse medicinal applications. On the other hand,
hydantoin derivatives are used in polymer chemistry, medicine,
and the chemical industry.29–32 In order to generate new
substances that have potential pharmacological or medicinal
applications, epoxy-chalcone was used as a part of our research
program directed toward designing and synthesizing
compounds for potentially interesting bioactive compounds.
Interestingly, when we treated epoxy chalcone 5 with guanidine
hydrochloride in the presence of potassium hydroxide in
henyl hydrazine 8a–c refluxed for 3 hours in ethanol as a solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Reactivity of epoxy-chalcone 5 with guanidine hydrochloride and urea.
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ethanol (Scheme 4), the imidazolone compound 14 was formed
instead of the pyrimidinone 15. Also, the reaction of epox-
ychalcone 5with urea in the presence of potassium hydroxide in
Scheme 5 Plausible mechanism of the formation of imidazolone comp

© 2024 The Author(s). Published by the Royal Society of Chemistry
ethanol (Scheme 4) afforded the imidazolone compound 17
instead of the pyrimidinone 16. The IR spectrum of compound
14 showed characteristic stretching bands at 3265, 3055, 1656,
ound 14 and 17.
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and 1598 cm−1 due to NH, aromatic C–H, C]O, and C]N
groups, respectively, whereas for compound 17, the IR spectrum
showed bands at 3356, 3068, and 1763 cm−1 due to aromatic
NH, aromatic C–H, and C]O groups, respectively. The two
compounds 14 and 17 showed two doublets in 1H-NMR at
d 2.92, 3.18 ppm for HA and 3.32, 3.40 for HB of the CH2 group,
respectively. Additionally, compound 14 showed a D2O
exchangeable singlet peak of NH at 7.37 ppm, while compound
17 showed an exchangeable singlet two peaks at 7.85 and
10.09 ppm, respectively. The chemical shis of all other
aromatic protons were observed in accordance with expecta-
tions. Molecular ions from compounds 14 and 17 exhibited
peaks atm/z 337 and 338, respectively, in the mass spectrum, as
shown in Scheme 4.

Scheme 5 illustrates a possible mechanism for the formation
of hydantoin. As in various base-catalyzed reactions of 2,3-
epoxydiphenyl ketones,32,33 the rst step is the isomerization of
the chalcone-epoxide 5 to the corresponding 1,2-dione (A).
There are two major pathways that can be envisaged from the
intermediate 1,2-dione (A). First, a similar reaction to a benzil-
benzilic acid rearrangement occurs when the N-atom of guani-
dine or urea attacks one of the carbonyl carbons, thereby
initiating the migration of an aryl (or aryl–methyl) towards the
rearranged products B or C. However, the more stable and nal
product in the case of urea is hydantoin compound B, while
hydantoin compound C is in the case of guanidine. Second, the
1,2-dione may also form 5-membered ring-closed intermediates
as the result of condensation products that lead to identical
rearranged products B and C via the aryl (or aryl–methyl)
migration. Regardless of which groups migrate, both feasible
pathways end up producing the same product; therefore, the
two isomeric intermediates are possible.
Fig. 3 (A–C) Chemical and the optimized structure of compounds 5,
7, 9, 10, 11, 14 and 17 utilizing the DFT/6-31(G) basis set.
2.2. DFT investigation

2.2.1. Physical descriptor's. All produced compounds 7, 9,
10, 11, 14 and 17 as well as epoxychalcone 5were fully optimized
using the DFT/B3LYP/6-31G(d,p) basis set,34–36 as shown in
Fig. 3. Frequency calculations are performed to ensure that
there are no imaginary frequencies. Table 1 shows the physical
properties used to optimize the molecular structures of all
compounds, which include (s) absolute soness, (c) electro-
negativity, (DNmax) electronic charge, (h) absolute hardness, (u)
global electrophilicity, (S) global soness, and (Pi) chemical
potential based on eqn (1)–(8) calculated by B3LYP/6-31G(d,p).

DE = ELUMO − EHOMO (1)

c ¼ �ðEHOMO þ ELUMOÞ
2

(2)

m ¼ ðELUMO � EHOMOÞ
2

(3)

s = 1/h (4)

Pi = −c (5)
10468 | RSC Adv., 2024, 14, 10464–10480
S = 1/2h (6)

u = Pi2/2h (7)

DNmax = −Pi/h (8)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Ground state energies of compound 5, 7, 9, 10, 11, 14 and 17 utilizing DFT/B3LYP/6-31G(d,p) and their physical parameters

Physical descriptors

Compound ET (au) EHOMO (eV) ELUMO (e V) Eg (eV) m (D) c (eV) h (eV) s (eV) Pi (eV) S (eV) u (eV) DNmax

5 −961.71 −6.282 −1.479 4.803 1.46 3.881 2.401 0.416 −3.881 0.208 3.136 1.616
7 −997.20 −5.499 −0.969 4.530 1.69 3.234 2.265 0.441 −3.234 0.220 2.308 1.427
9 −1228.27 −4.907 −1.103 3.804 1.33 1.333 1.901 0.525 −3.005 0.262 2.374 1.580
10 −1432.78 −5.336 −1.895 3.441 7.92 3.616 1.720 0.581 −3.616 0.290 3.800 2.101
11 −1191.19 −5.276 −0.724 4.552 2.77 3.000 2.275 0.439 −3.000 0.219 1.977 1.318
14 −1090.73 −5.938 −0.267 5.671 5.14 3.103 2.835 0.352 −3.103 0.176 1.698 1.094
17 −1110.62 −6.155 −0.412 5.743 2.76 3.284 2.871 0.348 −3.284 0.174 1.877 1.143
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Fig. 3 shows the results of full optimization using the DFT/
B3LYP/6-31G(d,p) basis set for all generated compounds 7–17
including epoxy 5. Table 2 lists the physical properties used in
the optimization of molecular structures of all compounds with
regard to (s) absolute soness, (c) electronegativity, (DNmax)
electronic charge, (h) absolute hardness, (u) global electrophi-
licity, (S) global soness, and (Pi) chemical potential based on
eqn (1)–(8) estimated from B3LYP/6-31G(d,p). The total energies
of compounds 7–17 were more stable overall than the initial
epoxy chalcone 5, indicating their stability. Compound 10 also
demonstrated greater stability, with an energy of (−1432.78 au)
(−38987.84 eV), which can be attributed to the presence of 4O
and 3N in its structure, which increases the compound's elec-
tronegativity. Additionally, compared to other compounds,
compound 10 has an extremely large dipole moment.
Compound 10 and epoxy chalcone 5 have dipole moments that
differ by 6.46 D. This is due to the presence of a nitro group,
which makes it easier to separate charges and increase
Table 2 Crystal data and refinement parameters of compound 11 (CCD

Crystal data of compound 11

Chemical formula
Mr

Crystal system, space group
Temperature (K)
a, b, c (Å)
b (°)
V (Å3)
Z
Radiation type
m (mm−1)
Crystal size (mm)
Diffractometer
Absorption correction

Tmin, Tmax

No. of measured, independent & observed [I > 2s(I)] reections
Rint
(sin q/l)max (Å

−1)
R[F2 > 2s(F2)], wR(F2), S
No. of reections
No. of parameters
H-atom treatment
Drmax, Drmin (e Å−3)

© 2024 The Author(s). Published by the Royal Society of Chemistry
reactivity. Table 1 indicates that compound 17 has a higher
hardness of 2.87 eV and a low soness of 0.34 eV, suggesting
a lower intramolecular charge transfer. Also, compound 17
exhibits the greatest DE, indicating its superior kinetic stability
when compared to other compounds. On the other hand,
compound 10 displays the lowest DE, signifying its heightened
chemical reactivity. HOMO–LUMO orbitals are illustrated in
Fig. 4, and their orbital analyses at the B3LYP/6-31G(d,p) level
for compounds 5–17 are shown in Fig. 5. A positive phase was
characterized by red colors, while a negative phase was char-
acterized by green colors. Compound 5 has a HOMO with
electron clouds mostly over the tolyl ring, epoxy group, and
oxygen atom of the ketone group, whereas its LUMO is charged
throughout the molecule except for the tolyl group and alkyl
group. For the synthesized heterocyclic compounds, the elec-
tron clouds in HOMO and LUMO of compound 7 distribute
charges over the entire molecule except for the tolyl and alkyl
groups. Additionally, the HOMO and LUMO of compound 9 and
compound 10 showed a similar charge distribution with the
C: 2310940)

C26H26N2O
382.49
Monoclinic, P21/n
296
6.7814 (4), 10.6880 (7), 29.8384 (18)
94.276 (3)
2156.7 (2)
4
Cu Ka
0.56
0.21 × 0.16 × 0.11
Bruker APEX-II CCD
Multi-scan SADABS2016/2 – Bruker AXS area detector
scaling and absorption correction
0.89, 0.94
14 524, 3725, 3159
0.029
0.595
0.040, 0.125, 1.06
3725
265
Constrained
0.14, −0.12

RSC Adv., 2024, 14, 10464–10480 | 10469
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Fig. 4 Schematic diagrams of HOMO and LUMO energy levels of compounds 5, 7, 9, 10, 11, 14 and 17 obtained from the DFT calculation with the
B3LYP/6-31G(d,p) basis set.
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exception of the tolyl group and alkyl group. The HOMO of
compound 11 displays electron clouds that are distributed
across the entirety of the molecule with the exception of the two
methyl and alkyl groups, while the LUMO distributes charges
throughout the molecule except for the two methyl and alkoxy
groups. On the other hand, compound 14 has a HOMO with
electron clouds over the phenyl and tolyl groups in addition to
the two nitrogen and oxygen of imidazolone, whereas its LUMO
is charged throughout the molecule except for the tolyl group
and alkyl group. Furthermore, the HOMO of compound 17
displays electron clouds that are distributed across the entirety
of the molecule with the exception of the alkyl group, while the
LUMO distributes charges throughout the molecule except for
the alkyl and methylbenzyl groups.37

Furthermore, using the B3LYP/6-31G(d,p) basis sets, Mul-
liken atomic charges and electronic populations were calcu-
lated. Electron attraction from atoms with a greater
electronegative causes the delocalization of negative charges in
atoms with lower electronegative values. Carbon atoms contain
both positive and negative charges, as seen in Fig. 6. The
heteroatoms (N and O) have a high electron density and
a negative charge.

2.2.2. Comparative study between X-ray single crystal and
theoretical studies. Table 2 shows the crystallographic and
structure renement data for compound 11, and Fig. 7 shows
the ORTEP of the molecule with the thermal ellipsoids drawn
with 50% probability (CCDC: 2310940). Table S1 (ESI†) provides
a summary of the bond length, bond angles, and torsion angles.
The crystallization of compound 11 occurs in the monoclinic
space group P21/n. The crystal structure of compound 41 has
parameters a = 6.7814 (4) Å, b = 10.6880 (7) Å, and c = 29.8384
(18) Å. Fig. 8 illustrates the three-dimensional packing structure
of compound 11, viewed in the a-, b-, and c-directions.

Fig. 7A shows the ORTEP diagram of compound 11 in the
solid state, which displays the atomic numbering. The bond
lengths and angles can be found in Table S1 (ESI†). It is
10470 | RSC Adv., 2024, 14, 10464–10480
noteworthy that the computed data is produced from the iso-
lated gaseous phase, while the experimental data is produced
from the solid state. Fig. 9 and 10 illustrates a remarkable
agreement between theoretical calculations and X-ray analysis
of structural molecular geometry.38

2.2.3. Hirshfeld surface analysis. Fig. 11 shows the Hirsh-
feld surfaces for compound 11, and Fig. 12 shows both the
decomposed dnorm maps and the 2D-ngerprint plot outlining
all potential interactions in compound 11. The surface color
codes in dnorm can be used to analyze the molecular interac-
tions, with white regions indicating contacts around the van der
Waals radii with the red and blue regions representing shorter
and longer inter contacts, respectively. The red and blue trian-
gles in the shape index are a clear indication of the p/p

interactions. Additionally, the presence of the at green region
encircled by a blue edge provided additional proof for the p/p

interactions.39 Curvedness maps are used to highlight common
packing congurations, such as planar stacking arrange-
ments.40 For compound 11, the surface characteristics were
mapped across dnorm (0.0130–1.371 Å), shape index (1.0–1.0 Å),
and curvedness (4.0–0.4 Å). The distance between the surface
and the closest atom is de in the outer zone of the surface and di
in the inner zone. The most interactions were H/H interac-
tions, which had a narrow point spike at di + de ∼1.1 Å and
a contact percentage of 64%. Additionally, the percentage
contacts of the C/H, H/C, N/H, C/C, O/H, and H/O
interactions were 15.5, 12.4, 2.3, 1.6, 1 and 0.8% with narrow
point spikes observed at di + de ∼2.8, 2.8, 3.0, 3.4, 3.0 and 3.0 Å,
respectively.
2.3. Biological activity

2.3.1. Insecticidal activity. The insecticidal activities of
compounds 5, 7, 9, 10, 11, 14 and 17 were measured against
healthy late third instar larvae P. interpunctella and Nilaparvata
lugens according to the standard test41,42 with a slight modi-
cation. The test analogs were dissolved in DMF and serially
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A–C) FMO profiles of the synthesized heterocyclic compounds
5, 7, 9, 10, 11, 14 and 17.
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diluted with water containing Triton X-80 (0.1 mg L−1) to obtain
the required concentrations. The insects were reared at 25(±1) °
C and groups were transferred to glass Petri dishes. All experi-
ments were carried out in three replicates for statistic require-
ments. Assessments of mortality were calculated 48 h by the
number and size of the live insects relative to those in the
negative control. Evaluations were based on a percentage scale
© 2024 The Author(s). Published by the Royal Society of Chemistry
of (0 = no activity and 100 = complete eradication). The
mortality rates were subjected to probity analysis.43 Thiame-
thoxam was used as a positive control while water-containing
Triton X-80 (0.1 mg L−1) was used as a negative control. The
results shown in Fig. 13 and Table S2 (ESI†) indicated that most
of the compounds showed good insecticidal activity against the
two pests. For example, compounds 5, 9, 10, and 17 were the
most effective against both P. interpunctella and Nilaparvata
lugens at 400 g mL−1 with nearly 100% activity. The remaining
compounds showedmoderate insecticidal activity. For example,
compounds 5, 9, 10, and 17 had 100%, 100%, 96.6%, and 100%
activities at 400 mg mL−1, respectively, against P. interpunctella,
whereas thiamethoxam had 100%. Furthermore, compounds 5,
9, 10, and 17 exhibited 82%, 86.6%, 83.3%, and 85.3% activities
against Nilaparvata lugens at 400 mg mL−1, respectively, whereas
thiamethoxam exhibited 86.6% activity. The authors believed
that the trypsin enzymes of P. interpunctella larvae were
inhibited by compounds 5, 9, 10, 17 and thiamethoxam control,
which also demonstrated the capacity to bind to chitin.

The structure–activity relationship (SAR) strategy tries to
identify relationships between the biological activity of the
examined compounds and their chemical structure. It appears
that the presence of an oxirane ring in chalcone 5 contributes
signicantly to its activity. This is primarily because the ring is
easily cleaved, resulting in the formation of an OH group. The
OH group plays a pivotal role by readily interacting with OH
groups within the biological systems of insects. The conrma-
tion of the interaction is supported by an increase in the activity
of compound 1-phenyl-3-(2-propoxyphenyl)-5-(p-tolyl)-4,5-dihy-
dro-1H-pyrazol-4-ol (9). The presence of only the OH group and
the blocking of NH through the phenyl ring in compound 9
leads to a greater delocalization of electrons and increased their
action compared to compound 7. Furthermore, compound 1-(4-
nitrophenyl)-3-(2-propoxyphenyl)-5-(p-tolyl)-4,5-dihydro-1H-
pyrazol-4-ol (10) displays potent activity due to the presence of
a withdrawing group, which effectively abstracts electrons,
enhancing the attachment of the OH group to the insect cell line
through electrostatic hydrogen bond interactions. On the other
hand, compounds 11 and 14 exhibit reduced activity compared
to the standard drug due to the absence of OH groups in the
system, which decrease their action. Finally, compound 5-(4-
methylbenzyl)-5-(2-propoxyphenyl)imidazolidine-2,4-dione (17)
is noteworthy due to the presence of an imidazoline and dione
system. This unique feature allows for the easy conversion to an
OH group, consequently increasing its electrostatic hydrogen
attraction potential. As a result, this compound exhibits
heightened activity against P. interpunctella and Nilaparvata, as
displayed in Fig. 13.

The LC50 values of compounds 5, 9, 10, and 17 were subject
to further evaluation, and the results are presented in Tables 3
and 4. It is noteworthy that the LC50 values of compounds 9 and
17 for P. interpunctella are notably lower than that of thiame-
thoxam, suggesting their superior activity compared to the
standard reference. In contrast, the LC50 value of compound 5
for Nilaparvata lugens is also lower than that of thiamethoxam,
indicating its enhanced efficacy against Nilaparvata lugenswhen
compared to the standard reference.
RSC Adv., 2024, 14, 10464–10480 | 10471
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Fig. 6 Distribution of calculated Mulliken charges for compounds 5, 7, 9, 10, 11, 14, and 17.
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2.3.2. Docking simulation. The docking studies of 5, 7, 9,
10, 11, 14 and 17 using the MOE soware44 to classify the bio-
logical effect of the most active compounds of nitrogen
heterocyclic compounds compatible with the experimental
results. The docking of 5, 7, 9, 10, 11, 14 and 17 with different
protein receptors, for instance, the crystal structure of Plodia
interpunctella beta-GRP/GNBP3 N-terminal domain (PDBID:
3aqy)45 and high resolution structure of Thermus thermophilus
enoyl-acyl carrier protein reductase NAD and triclosan-form
(PDBID: 3wyw).46 The docking results are elucidated in Fig. 14
and Table 5, which showed the interaction of these nitrogen
heterocycles' with PDBID: 3aqy(A). Compound 5 showed high
binding energy −8.44 kcal mol−1 and its length 2.75 Å with Arg
81, Lys 54, Arg 48, Thr 59 and showed the attachment of C]O of
chalcone.47 Additionally, compounds 9 and 10 showed binding
tendency with −8.53, −8.87 kcal mol−1 and the presence of OH
attract the amino acids with shortage distance between them
1.4, 2.53, and 3.4 Å, while compound 7 displayed a binding
energy of −7.32 kcal mol−1 and attached with NH pyrazole and
OH groups, resulting in bond lengths of 2.65, 2.72, and 3.03 Å
(Arg 61, Arg 48, Arg 63). Moreover, compounds 11 and 14
exhibited moderate binding energies of −7.56 and
10472 | RSC Adv., 2024, 14, 10464–10480
−8.01 kcal mol−1 and high length range of 3.04–2.43 Å. On the
other hand, compound 17 showed enhanced activity inside the
pocket of protein with a high binding energy of −9.03 kcal-
mol−1 (Thr 59, Arg 61, Ile 50) and had a bond length of 1.59 Å, as
displayed in Fig. 14(A) and Table 5. These ndings align with
the biological results and underscore the signicance of
compound 17 that possess two C]O and NH groups, which
increase the intermolecular interaction due to the presence of
more hydrogen bond interactions. Furthermore, Fig. 14(B) and
Table 5 also showed the action of compounds 5, 9, 10 and 17
with a high binding affinity of −8.34, −8.94, −8.62 and
−9.23 kcal mol−1, respectively, and attachment with them at the
active site position with PDBID: 3wyw(B), which increase its
biological evaluation.
3. Experimental section
3.1. General procedure

The Gallenkampmelting point instrument was used tomeasure
the melting points. Thin-layer chromatography (TLC) was con-
ducted on Polygram SIL G/UV254 TLC plates, and the results
were visualized with ultraviolet light at 254 nm and 350 nm. A
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Ortep-3 crystal structure diagram of compound 11 and (B)
unit cell.

Fig. 8 Three-dimensional packing model of chromenopyridine 11
along the (A) a-, (B) b- and (C) c-direction.
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Bruker DPX 400 superconducting NMR spectrometer was used
to record the 1H and 13C nuclear magnetic resonance (NMR)
spectra, and the IR spectra were measured with a Jasco Fourier
transform/IR-6300 FT-IR spectrometer. The Elementar Vario
MICRO Cube was used for elemental analysis. Electron impact
(EI) was used to determine mass analyses on a Thermo double-
focusing sector (DFS) mass spectrometer. A Varian Cary 5
spectrometer and a Shimadzu UV2600 spectrophotometer were
used in UV-vis studies. Utilizing X-ray microdiffraction and
single-crystal X-ray diffractometers, Rigaku D/MAX Rapid II and
Bruker X8 Prospector were used to determine the X-ray crystal
structure.
3.2. Materials and reagents

In this study, all solvents and materials were obtained from
Aldrich. The synthesis of chalcone 1 was reported in the
literature.48,49

3.2.1. Synthesis of (E)-1-(2-propoxyphenyl)-3-(p-tolyl)prop-
2-en-1-one (4). A mixture of chalcone 1 (1 g, 4.2 mmol), potas-
sium carbonate (1.16 g, 8.4 mmol, 2 equiv.) and 1-bromopro-
pane (4.6 mmol, 1.1 equiv.) in 20 mL of DMF was stirred and
reuxed for 16 h. Aer the reaction was completed, the reaction
mixture was poured into water and then the solution was
© 2024 The Author(s). Published by the Royal Society of Chemistry
extracted with EtOAc (2 × 20 mL) and washed with water. The
organic layer was dried over MgSO4 and evaporated under
reduce pressure to give brown oil. Yield (1.1 g, 94%). FT-IR
(nmax, cm

−1): 3026 (C–H Ar), 1657 (C]O), 1601 (C]C), 1568
(ArC–C–). 1H NMR (DMSO-d6, d ppm): 0.89 (t, 3H, J = 7.2 Hz,
H3C), 1.68 (m, 2H,H2C), 2.32 (s, 3H,H3C), 4.03 (t, 2H, J= 6.0 Hz,
H2C), 7.02 (t, 1H, J = 7.2 Hz, ArH), 7.15 (d, 1H, J = 8.4 Hz, ArH),
7.23 (d, 2H, J = 8.0 Hz, ArH),7.40–7.53 (m, 5H, ArH, CH),7.59 (d,
1H, J = 8.0 Hz, CH), 13C NMR (DMSO-d6): d 10.44 (CH3), 20.73
(CH3), 21.10 (CH2), 69.59 (CH2), 112.97 (CH), 120.63 (CH),
126.11 (CH), 128.84 (CH), 129.02 (CH), 129.64 (C), 131.86 (C),
133.05 (CH), 140.42 (C), 142.01 (CH), 157.25 (C), 191.62 (CO). MS
(m/z): 280 (M+, 60%), anal. calcd. for C19H20O2 (280.15): C, 81.40;
H, 7.19. Found: C, 81.41%; H, 7.12%.
RSC Adv., 2024, 14, 10464–10480 | 10473
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Fig. 9 Correlation graphic between the experimental and calculated bond lengths and bond angles of compound 11.

Fig. 10 Atom-by-atom superimposition of compound 11 calculated
using DFT/6-31G(d,p) (red) over the X-ray structure (black). Hydrogen
atoms are omitted for clarity.
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3.2.2. Synthesis of (2-propoxyphenyl)(3-(p-tolyl)oxiran-2-yl)
methanone (5). A solution of chalcone 4 (3 g, 10.7 mmol) in
acetone (10 mL) and methanol (10 mL) was mixed with 10%
sodium hydroxide (10 mL), followed by the dropwise addition of
hydrogen peroxide (30%, 10 mL) at 0 °C. The solution was
stirred at room temperature for 1 h, then allowed to stand
overnight at room temperature; a precipitate of the a-keto
epoxide was formed. The residue was ltered, washed with
water and recrystallized from EtOH. Yield (2.9 g, 94.5%), Mp 97–
99 °C. FT-IR (nmax, cm

−1): 3073 (C–HAr), 1670 (C]O) 1597 (ArC–
C–). 1H NMR (DMSO-d6, d ppm): 0.583 (t, 3H, J = 7.2 Hz, H3C),
1.13 (m, 2H, H2C), 2.32 (s, 3H, H3C), 3.82 (m, 2H, H2C), 4.00 (d,
Fig. 11 Hirshfeld surfaces (dnorm, shape index, and curvedness) of comp

10474 | RSC Adv., 2024, 14, 10464–10480
1H, J = 1.6 Hz, CH oxirane), 4.49 (d, 1H, J = 1.6 Hz, CH oxirane),
7.05 (t, 1H, J= 7.6 Hz, ArH), 7.14 (d, 1H, J= 8.4 Hz, ArH), 7.20 (d,
2H, J= 8.0 Hz, ArH), 7.27 (d, 2H, J= 8.0 Hz, ArH), 7.56 (t, 1H, J=
8.0 Hz, ArH), 7.67 (d, 1H, J = 7.6 Hz, ArH), 13C NMR (DMSO-d6):
d 10.29 (CH3), 20.79 (CH3), 21.28 (CH2), 58.88 (CH), 63.19 (CH2),
69.63 (CH), 113.15 (CH), 120.58 (C, CH), 125.66 (CH), 126.11
(CH), 128.89 (CH), 129.84 (C), 133.21 (CH), 135.00 (C), 138.12
(C), 158.72 (CO). MS (m/z): 296 (M+, 56%), anal. calcd for
C19H20O3 (296.14): C, 77.00; H, 6.80. Found: C, 77.01%; H,
6.79%.

3.2.3. General synthesis of 7–11. In absolute ethanol (20
mL), oxirane 5 (1 g, 3.37 mmol), and the appropriate hydrazine,
namely, hydrazine hydrate or phenyl hydrazine salts (3.37
mmol), were reuxed for 3 hours. The solvent was evaporated
under reduced pressure, and the residue was puried by crys-
tallization from ethanol/ether mixture (2 : 1).

3.2.3.1. Synthesis of 3-(2-propoxyphenyl)-5-(p-tolyl)-4,5-dihy-
dro-1H-pyrazol-4-ol (7). White solid. Yield (0.4 g, 40%); Mp 130–
131 °C. FT-IR (nmax, cm−1): 3263 (NH), 3157 (OH), 2963
(aliphatic CH), 1597 (C]N). 1H NMR (DMSO-d6, d ppm): 0.79 (t,
3H, J = 7.6 Hz, H3C), 1.57 (m, 2H, H2C), 2.29 (s, 3H, H3C), 3.87
(m, 2H, H2C), 4.42 (dd, 1H, J = 2.8 Hz, OH, D2O exchangeable),
5.16 (t, 1H, J = 6.4 Hz, CH), 5.38 (d, 1H, J = 6.8 Hz, CH), 6.91 (t,
1H, J = 7.2 Hz, ArH), 6.97 (d, 1H, J = 4.4 Hz, ArH), 7.13 (d, 2H, J
= 8.0 Hz, ArH), 7.19 (d, 2H, J = 8.0 Hz, ArH), 7.28 (m, 1H, ArH),
7.45 (d, 1H, J = 2.4 Hz, NH, D2O exchangeable), 7.52 (d, 1H, J =
7.6 Hz, ArH), 13C NMR (DMSO-d6): d 10.91 (CH3), 21.09 (CH3),
22.38 (CH2), 70.04 (CH), 75.61 (CH2), 79.21 (4), 113.26 (CH),
118.20 (CH), 120.76 (CH), 125.39 (CH), 125.89 (CH), 129.79 (CH),
130.89 (C), 133.33 (C), 158.45 (C), 161.33 (C). MS (m/z): 310 (M+,
ound 11.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Selected fingerprint plots and dnorm surfaces for important
interactions in compound 11.

Fig. 13 (A and B) Insecticidal activity of the synthesized nitrogen
heterocycles at different concentrations.
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30%), anal. calcd for C19H22N2O2 (310.17): C, 73.52; H, 7.14; N,
9.03. Found: C, 73.50%; H, 7.13%, N, 9.00%.

3.2.3.2. Synthesis of 1-phenyl-3-(2-propoxyphenyl)-5-(p-tolyl)-
4,5-dihydro-1H-pyrazol-4-ol (9). Off white solid. Yield (0.6 g,
46%); m.p 93–95 °C. FT-IR (nmax, cm−1): 3538 (OH), 2965
© 2024 The Author(s). Published by the Royal Society of Chemistry
(aliphatic CH), 1595 (C]N). 1H NMR (DMSO-d6, d ppm): 0.74 (t,
3H, J = 7.6 Hz, H3C), 1.55 (m, 2H, H2C), 2.25 (s, 3H, H3C), 3.87
(m, 2H, H2C), 5.05 (d, 1H, J = 2.8 Hz, CH), 5.19 (dd, 1H, J =
6.4 Hz, CH), 5.97 (d, 1H, J= 7.2 Hz, OH, D2O exchangeable), 6.70
(t, 1H, J = 8.4 Hz, ArH), 6.98 (m, 4H, ArH), 7.01 (m, 6H, ArH),
7.31 (t, 1H, J = 6.8 Hz, ArH), 7.73 (dd, 1H, J = 7.6 Hz, ArH), 13C
NMR (DMSO-d6): d 10.37 (CH3), 20.63 (CH3), 21.97 (CH2), 69.47
(CH), 71.34 (CH2), 83.52 (CH), 112.54 (CH), 118.55 (CH), 120.35
(C), 120.81 (CH), 125.76 (CH), 128.90 (CH), 129.41 (CH), 129.58
(CH), 129.88 (CH), 136.15 (C), 136.53 (C), 143.71 (C), 148.51 (C),
156.62 (C). MS (m/z): 386 (M+, 50%), anal. calcd for C25H26N2O2

(386.20): C, 77.69; H, 6.78; N, 7.25. Found: C, 77.63%; H,
6.76%, N, 7.20%.

3.2.3.3. Synthesis of 1-(4-nitrophenyl)-3-(2-propoxyphenyl)-5-
(p-tolyl)-4,5-dihydro-1H-pyrazol-4-ol (10). Red crystal. Yield (0.4 g,
56%); m.p 162–165 °C. FT-IR (nmax, cm

−1): 3395 (OH), 2951
(aliphatic CH), 1594 (C]N). 1H NMR (DMSO-d6, d ppm): 1.04 (t,
3H,H3C), 1.67 (m, 2H,H2C), 2.25 (s, 3H,H3C), 3.95 (m, 2H,H2C),
4.03 (dd, 1H, J = 11.6 Hz, CH), 4.35 (broad, 1H, OH, D2O
exchangeable), 5.64 (dd, 1H, J = 4.4 Hz, CH), 7.01–7.15 (m, 8H,
ArH), 7.39 (t, 1H, J = 7.6 Hz, ArH), 7.91 (dd, 1H, J = 2 Hz, ArH),
8.04 (d, 2H, J= 9.6 Hz, ArH), 13C NMR (DMSO-d6): d 10.59 (CH3),
20.64 (CH3), 21.99 (CH2), 46.47 (CH), 61.78 (CH2), 69.67 (CH),
111.80 (CH), 112.96 (CH), 120.16 (C), 120.57 (CH), 125.48 (CH),
125.76 (CH), 128.75 (CH), 129.70 (CH), 131.45 (CH), 136.99 (C),
137.69 (C), 138.20 (C), 148.26 (C), 152.07 (C), 157.17 (C). MS (m/
RSC Adv., 2024, 14, 10464–10480 | 10475
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Table 3 LC50 values of some nitrogen heterocyclic against P. interpunctella

Compound number Y = a + bx LC50 (mg L−1) 95% limits Toxic ratio

5 Y = 0.1479X + 50.42 1.867 0.00 0.9745
9 Y = 0.1317X + 57.29 1.428 2.647 0.9787
10 Y = 0.1253X + 54.52 1.784 3.008 0.9823
17 Y = 0.1333X + 56.37 1.556 2.756 0.9811
Thiamethoxam Y = 0.1191X + 61.33 1.686 0.00 0.9504
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z): 431 (M+, 10%), anal. calcd for C25H25N3O4 (431.18): C, 69.59;
H, 5.84; N, 9.74. Found: C, 69.56%; H, 5.81%, N, 9.72%.

3.2.3.4. Synthesis of 3-(2-propoxyphenyl)-1,5-di-p-tolyl-1H-
pyrazole (11). White crystal in DMSO and brown oil at room
temperature. Yield (0.4 g, 62%). FT-IR (nmax, cm−1): 2963
(aliphatic CH), 1600 (C]N). 1H NMR (DMSO-d6, d ppm): 1.03 (t,
3H, H3C), 1.83 (m, 2H, H2C), 2.26 (s, 3H, H3C), 2.28 (s, 3H, H3C),
4.05 (m, 2H, H2C), 6.94–7.03 (m, 2H, ArH), 7.04 (s, 1H, CH),
7.10–7.22 (m, 6H, ArH), 7.88 (d, 2H, J = 8.4 Hz, ArH), 13C NMR
(DMSO-d6): d 10.53 (CH3), 21.06 (2CH3), 22.22 (CH2), 69.91
(CH2), 108.09 (CH), 113.08 (CH), 120.87 (C), 121.67 (CH), 124.15
(CH), 125.47 (CH), 126.89 (CH), 127.89 (CH), 128.30 (CH), 128.69
(C), 129.59 (CH), 129.93 (C), 137.47 (C), 137.96 (C), 143.33 (C),
148.29 (C), 156.47 (C). MS (m/z): 382 (M+, 70%), anal. calcd for
C26H26N2O (382.20): C, 81.64; H, 6.85; N, 7.32. Found: C,
81.60%; H, 6.82%, N, 7.30%.

3.2.4. Synthesis of 2-amino-5-(4-methylbenzyl)-5-(2-pro-
poxyphenyl)-1,5-dihydro-4H-imidazol-4-one (14). Guanidine
hydrochloride (0.13 g, 1.35 mmol) and KOH (0.15 g, 2.7 mmol)
were added to a solution of epoxychalcone 5 (0.4 g, 1.35 mmol)
in ethanol (10 mL). The reaction mixture was reuxed for 3 h.
The reaction mixture was ltered, and the solvent was removed
using a rotatory evaporator afforded compound 42 (0.24 g, 52%)
as a dark yellow solid and recrystallized from EtOH; m.p. 127 °C
(decomposed). FT-IR (nmax, cm

−1): 3265 (NH), 3055 (aromatic
CH), 2966 (aliphatic CH), 1656(C]O), 1598 (C]N). 1H NMR
(DMSO-d6, d ppm): 1.08 (t, 3H, H3C), 1.94 (m, 2H, H2C), 2.25 (s,
3H, H3C), 2.92 (d, 1H, J = 12.8 Hz, CH2-A), 3.32 (d, 1H, J =

12.8 Hz, CH2–B), 3.99 (m, 2H, H2C), 6.89 (t, 1H, J = 7.6 Hz, ArH),
7.02 (s, 4H, ArH), 7.06 (d, 1H, J = 8.0 Hz, ArH), 7.26 (t, 1H, J =
8.0 Hz, ArH), 7.37 (s, 1H, NH, D2O exchangeable), 7.63 (dd, 1H, J
= 7.6 Hz, ArH), 13C NMR (DMSO-d6): d 10.58 (CH3), 20.58 (CH3),
22.03 (CH2), 41.71 (CH2), 69.14 (CH2), 69.42 (C), 112.25 (C),
119.88 (CH), 126.03 (CH), 126.49 (CH), 128.11 (CH), 128.71 (CH),
130.01 (CH), 132.99 (C), 135.09 (C), 156.43 (C), 170.24 (C), 187.36
(CO). MS (m/z): 337 (M+, 20%), anal. calcd for C20H23N3O2

(337.18): C, 71.19; H, 6.87; N, 12.45. Found: C, 71.15%; H,
6.84%, N, 12.42%.
Table 4 LC50 values of some nitrogen heterocycles against Nilaparvata

Compound number Y = a + bx

5 Y = 0.1575X + 31.66
9 Y = 0.1762X + 28.57
10 Y = 0.1714X + 26.86
17 Y = 0.1720X + 30.29
Thiamethoxam Y = 0.1727X + 30.86

10476 | RSC Adv., 2024, 14, 10464–10480
3.2.5. Synthesis of 5-(4-methylbenzyl)-5-(2-propoxyphenyl)
imidazolidine-2,4-dione (17). Urea (0.101 g, 1.68 mmol) and
KOH (0.095 g, 1.68 mmol) were added to a solution of epox-
ychalcone 5 (0.5 g, 1.68 mmol) in ethanol (10 mL). The reaction
mixture was reuxed for 3 h. The reaction mixture was ltered,
and the solvent was removed using a rotatory evaporator, then
rescrystallized with EtOH which afforded compound 17 (0.1 g,
17%) as an off-white solid; m.p. 235–237 °C. FT-IR (nmax, cm

−1):
3356, 3195 (NH), 3068 (aromatic CH), 2957 (aliphatic CH), 1763
(C2]O), 1717 (C4]O). 1H NMR (DMSO-d6, d ppm): 0.89 (t, 3H,
H3C), 1.64 (m, 2H, H2C), 2.28 (s, 3H, H3C), 3.18 (d, 1H, J =

13.2 Hz, CH2-A), 3.40 (d, 1H, J = 13.2 Hz, CH2-B), 3.86 (m, 2H,
H2C), 6.96 (t, 1H, J = 8.4 Hz, ArH), 7.04 (d, J = 8 Hz, 1H, ArH),
7.09 (s, 4H, ArH), 7.33 (t, 1H, J = 7.6 Hz, ArH), 7.56 (d, 1H, J =
7.6 Hz, ArH), 7.85 (s, 1H, NH, D2O exchangeable), 10.09 (s, 1H,
NH, D2O exchangeable), 13C NMR (DMSO-d6): d 10.45 (CH3),
20.61 (CH3), 21.58 (CH), 40.00 (CH2), 65.42 (CH2), 69.72 (C),
112.26 (C), 119.81 (CH), 127.06 (CH), 127.31 (CH), 128.30 (CH),
129.54 (CH), 130.52 (CH), 131.46 (C), 135.63 (C), 156.64 (CO),
156.88 (C), 176.25 (CO). MS (m/z): 338 (M+, 8%), anal. calcd for
C20H22N2O3 (338.16): C, 70.99; H, 6.55; N, 8.28. Found: C,
70.98%; H, 6.52%, N, 8.24%.
3.3. Hirshfeld surface analysis

The topology analyses were performed using Crystal Explorer
17.5 program.50
3.4. Computational studies

Molecular geometry was directly taken from the experimental
outcomes of X-ray diffraction without any constraints. Density
functional theory including Becke's three-parameter hybrid
functional using the LYP correlation functional (B3LYP) with
the 6-31G(d,p) basis set via the Berny method34,35 were pro-
ceeded with the Gaussian 09W program.51 The superimposition
was performed using Olex2.52 Furthermore, the Mullikan
atomic charges of compounds 5, 7, 9, 10, 11, 14 and 17 were
calculated as well.
lugens

LC50 (mg L−1) 95% limits Toxic ratio

1.567 1.324 to 1.811 0.9937
1.720 1.613 to 1.830 0.9987
1.727 1.482 to 1.991 0.9924
1.670 1.500 to 1.845 0.9964
1.655 1.505 to 1.809 0.9972

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (A and B) Docking analysis of the nitrogen nucleophile with PDBID: 3aqy and PDBID: 3wyw.
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3.5. Insecticidal activity

3.5.1. Evaluation of insecticidal action of heterocycles
against larvae of P. interpunctella and Nilaparvata lugens.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Laboratory-reared insect colonies of P. interpunctella and Nila-
parvata lugens free from insecticides and pathogens obtained
from Insect 14 S. A. RIZK ET AL. greenhouse of Pest control
RSC Adv., 2024, 14, 10464–10480 | 10477
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Table 5 Docking simulation heterocycle derivatives with different PDBIDs: 3aqy, 3wyw

Escherichia coli (PDBID: 3aqy) Streptococcus pneumoniae (PDBID: 3wyw)

Energy affinity
(kcal mol−1) Distance (Å) Amino acids

Energy affinity
(kcal mol−1) Distance (Å) Amino acids

5 −8.44 2.75 Å Arg 81, Lys 54, Arg 48, Thr 59 5 −8.34 −2.01 Å Tyr 115, Gln 108, Ser 11,
Leu 35, Val 54, Asn 53

7 −7.32 2.65, 2.72,
3.03 Å

Arg 61, Arg 48, Arg 63 7 −7.11 2.54 Å Leu 35, Val 8, Tyr 115,
Gly 10, Met 209, Phe 206, Phe 119

9 −8.53 1.4 Å Glu 55, Arg 57, Arg 17, Glu 9, Arg 61 9 −8.94 2.23 Å Tyr 107, Met 103, Gln 108, Asn 53
10 −8.87 2.53, 3.4 Å Arg 63, Asn 64, Arg 48, Arg 61 10 −8.62 2.11 Å Tyr 115, Val 54, Phe 11, Leu 35,

Ser 11, Met 209, Phe 206, sp 34
11 −7.56 3.04 Å Arg 48, Arg 63, Asp 62 11 −6.32 −3.04 Å Lys 36, Asp 34, Leu 35, Phe 119,

Val 54, Tyr 115, Met 209, Ser 11, Gly 10
14 −8.01 2.43 Å Arg 63, Arg 61, Glu 55, Lys 54 14 −7.13 −2.1 Å Tyr 115, Phe 206, Met 209, Val 8,

Leu 35, Phe 119
17 −9.032 1.59 Å Thr 59, Arg 61, Ile 50 17 −9.23 −2.08 Å Lys 91, Asp 153, Gly 151,

Ala 150, Glu 152
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Analytical lab, Entom-Aysel Company, Cairo, Egypt were main-
tained starting from egg ras. The collected populations of P.
interpunctella were reared in plates on an articial diet
comprised of soybean our, yeast powder, casein, dry maize leaf
powder, cholesterol, sugar, agar, ascorbic acid, sorbic acid,
methyl p-hydroxybenzoate, vitamin solution, and distilled
water, while collected populations of N. lugens were reared on
rice (Oryza sativa L.) seedlings (7–10 days aer germination) in
the laboratory with controlled conditions, such as temperature
37 ± 1 °C and 70–80% relative humidity with a 16–8 h (L/D)
photoperiod. The third nymph instars of the second labora-
tory generation were used for bioassays.53,54

3.5.2. Docking analysis. Utilizing the MOE soware, novel
compounds were molecularly docked,44 and the Discovery
Studio Client (version 4.2) was used to nd it.55 The energy of
the obtained conformations decreased using the Conrmation
Examination module of Auto Dock Vina aer systematic
conformational research was undertaken out to an RMS
gradient of 0.01. The crystal structure of Plodia interpunctella
beta-GRP/GNBP3 N-terminal domain (PDBID: 3aqy)45 was
determined and the structural characterization of the catalytic
site of a Nilaparvata lugens delta-class glutathione transferase
(PDBID: 3wyw)56 was done. Ten distributed docking simulations
were performed using default parameters, and the conrma-
tions were generated based on the organization of the overall
data, the E conformation, and the appropriate use of the
pertinent amino acids in each protein's binding pocket.

3.6. Crystal information

CCDC 2310940 is the ESI Publication Number† for the crystal-
lographic data deposited at the Cambridge Crystallographic
Data Centre.

4. Conclusion

In conclusion, our research involves the effective synthesis of
several pyrazole and imidazole derivatives. A variety of
10478 | RSC Adv., 2024, 14, 10464–10480
analytical and spectroscopic techniques were used to conrm
their identity and structural characterization. Moreover, we
utilized DFT calculations and X-ray analysis to optimize and
validate the synthesized compounds' structures, affirming their
accuracy. In terms of biological activity, compounds 5, 9, 10,
and 17 displayed remarkable insecticidal potential, surpassing
the performance of the standard reference thiamethoxam.
Docking simulations with specic proteins further supported
their efficacy, highlighting their strong binding interactions
with amino acids.
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