
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1516  | https://doi.org/10.1038/s41598-024-51771-8

www.nature.com/scientificreports

Synthesis, toxicological 
and in silico evaluation of novel 
spiro pyrimidines against Culex 
pipiens L. referring to chitinase 
enzyme
Eslam M. Abbass 1*, Ali Khalil Ali 1, Ahmed F. El‑Farargy 2, Doaa R. Abdel‑Haleem 3 & 
Safaa S. Shaban 1

The exponential development of resistance to conventional chemical insecticides adds another 
important motive for the creation of novel insecticidal active agents. One of the keys to meeting 
this challenge is the exploration of novel classes of insecticidal molecules with different modes 
of action. Herein, a novel series of spiro pyrimidine derivatives was prepared using some green 
synthetic methodologies such as microwave irradiation, and sonication under ultrasound waves. Spiro 
pyrimidine aminonitrile 1 is a key starting material for the synthesis of targets 2–9 by reaction with 
different carbon electrophiles and nitrogen nucleophiles. The structures of all the newly synthesized 
compounds were approved using spectral data. The toxicological efficiency and biological impacts 
of the synthesized spiro pyrimidine derivatives were assessed against Culex pipiens L. larvae. The 
toxicity of synthesized compounds showed remarkable variations against the C. pipiens larvae. 
Where, 3, 4 and 2 were the most efficient compounds with  LC50 values of 12.43, 16.29 and 21.73 µg/
mL, respectively. While 1 was the least potent compound with an  LC50 value of 95.18 µg/mL. As well, 
other compounds were arranged according to  LC50 values as follows 5 > 7 > 6 > 9 > 8. In addition, 3 
and 4 exhibited significant prolongation of the developmental duration and greatly inhibited adult 
emergence. Moreover, many morphological deformities were observed in all developmental stages. 
Furthermore, cytotoxicity of the most effective compounds was assessed against the normal human 
cells (WI‑38) as non‑target organisms, where compounds 2, 4 and 3 showed weak to non‑toxic effects. 
The study of binding affinity and correlation between chemical structure and reactivity was carried 
out using molecular docking study and DFT calculations to investigate their mode of action. This study 
shed light on promising compounds with larvicidal activity and biological impacts on the C. pipiens life 
cycle.

Mosquitos are dreadful vectors for many grave diseases and are attributed to serious socioeconomic issues. 
In developing countries, more than 1 billion people are living at risk from these  diseases1. Culex pipiens (Lin-
naeus) (Diptera: Culicidae) is the most common species that occur in urban, peri-urban, and rural  habitats2. It 
is considered one of the most important public health insect vectors and plays a primary role in many disease 
transmissions as bancroftian filariasis, West Nile virus and Rift Valley fever  virus3,4. Frequent and prolonged use 
of traditional insecticides imposes an enormous selection in favor of insecticide-resistance mosquito popula-
tions and will usually lead to reduced efficacy of the chemical insecticide classes and limit the available mosquito 
control  options5. The most recommended mosquito-borne disease control strategy is combatting the intermediate 
vector host (mosquito) at either the immature or adult  stages1.

Hence, larval control is critical and relies on different synthetic larvicides and IGRs such as  pyriproxifen6. 
Pyriproxyfen is a hormone analogue that interferes with the metamorphosis of immature mosquitoes, obstruct-
ing their development into adults capable of transmitting  diseases7. Consequently, there are ongoing efforts to 
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develop and discover new chemicals with insecticidal potencies due to the loss of existing traditional chemicals 
through the buildup of insect resistance. Thus, screening of new compounds with a novel mode of action and 
the desire for chemicals with more favourable toxicological and environmental profiles are required.

The pyrimidine derivatives are attributed to the development of many agrochemicals due to their high insec-
ticidal activity and many commercial insecticides containing pyrimidine moiety such as pirimiphos-methyl and 
 diflubenzuron1. Pyrimidine and its derivatives occupy a unique role in medicinal chemistry due to their wide 
application as drug and drug-intermediates possessing diverse pharmacological activities including antitumor, 
analgesic, antioxidant, antiviral, and antiallergic  activities8–12. Similarly, the related pyrimidine thione therapeutic 
derivatives have been known as potential antiviral, antioxidant, anticancer, and antimicrobial  agents13–16.

In addition, spiro compounds are a class of organic compounds that are characterized by a unique chemical 
structure in which two or more rings share a single common  atom17. These compounds possess biological activi-
ties and are attributed to a wide variety of natural products and  drugs18–20, including insecticidal  activity21. Spiro 
compounds showed insecticidal activity against mosquitoes and  houseflies22. Some spiro derivatives showed 
excellent acaricidal efficiency against Tetranychus cinnabarinus and good insecticidal potency against different 
insect  pests23.

Therefore, in our work, we target to design and synthesize a new series of spiro pyrimidine derivatives and 
evaluate their insecticidal toxicity against C. pipiens larvae and their biological effects on the C. pipiens life cycle. 
As well, as clarify their mode of action by molecular docking. DFT calculations and reactivity indices were cal-
culated for the most potent compounds compared with pyriproxyfen to correlate the relation between chemical 
structure and reactivity.

Results
Chemistry
A class of organic compounds known as spiro compounds is distinguished by a distinctive chemical structure 
in which two or more rings share a single common atom. These compounds are important agents in insecticidal 
chemistry because they possess a wide range of biological activities. Also, pyrimidine derivatives have a wide 
range of biological activities in various fields. Therefore, this study describes a highly effective approach for the 
synthesis of a novel series of biologically active spiro pyrimidine derivatives along with an evaluation of their 
insecticidal potency which has been achieved. Initially, spiro pyrimidine 1 which was prepared in the literature 
by refluxing cyclohexanone, malononitrile, and thiourea in the presence of sodium  methoxide24, was prepared 
in this study under more efficient conditions using microwave irradiation at 400 W led to the formation of com-
pound 1 in high yield and shorter time interval than that reported in the literature. Scheme 1.

Due to the numerous reactivity modes of bifunctional aminonitriles which come from the presence of highly 
nucleophilic center  NH2, and highly electrophilic center CN, compound 1 was subjected to react with differ-
ent aliphatic acids such as formic acid and acetic acid using microwave irradiation at 400 W afforded spiro 
pyrimido[4,5-d]pyrimidine derivatives 2, and 3 by dimurth rearrangement. The chemical structures of com-
pounds 2, and 3 were approved by spectral data, IR spectra show the disappearance of  NH2, and CN function 
groups and the appearance of CO at 1688, and 1685  cm−1 for compounds 2, and 3, respectively. 1H NMR spectra 
showed the appearance of olefinic CH of pyrimidone of compound 2 as a singlet signal at 7.88 ppm.  CH3 peak 
of compound 3 was revealed at 2.61 ppm as a singlet signal. Furthermore, the nucleophilicity of  NH2 of com-
pound 1 was estimated by reaction with different electrophilic centers such as phthalic anhydride and triethyl 
orthoformate which led to the formation of spiro pyrimidine derivatives 4, and 5 respectively. The IR spectra of 
both compounds showed the disappearance of  NH2 and the appearance of two values at 1706, and 1793  cm−1 
corresponding to two CO groups of compound 4. 1H NMR spectrum of compound 4 showed the appearance of 
aromatic protons of phenyl ring as a multiplet at 7.54–8.08 ppm, and for compound 5, it showed a triplet peak 
at 1.08 ppm and quarted at 4.20 ppm corresponding to  CH2 and  CH3 of ethoxy group. Scheme 2.

Cyclocondensation of compound 5 using microwave irradiation at 400 w with different hydrazide derivatives 
such as benzoyl hydrazide and salicyloyl hydrazide afforded pyrimido[5,4-e][1,2,4]triazolo[1,5-c]pyrimidine 
derivatives 6, 7 which was carried out through the suggested mechanism Scheme 3.

On the other hand, Sonication of compound 5 with hydrazine hydrate and phenylhydrazine in ethanol led to 
the formation of pyrimido[4,5-d]pyrimidine derivatives 8, and 9, respectively. IR spectra of the previous com-
pounds showed the disappearance of CN group, H NMR shows peaks in the region of 7.01–8.01 corresponding 
to aromatic protons of compounds 6, 7, and 9, also CH olefinic of the pyrimidine ring of compounds 6–9 showed 
at range of 8.04–8.87 ppm. Scheme 4.
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Scheme 1.  Synthesis of spiro pyrimidine enaminonitrile 1.
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Scheme 2.  Synthesis of spiro pyrimidine derivatives 2-5.

HN

N
H

S N

N

OEt
H2N

H
N

O

Ar -EtOH HN

N
H

S N

N

HN
H
N

O

Ar
HN

N
H

S N

NH

N
H
N

O

Ar

HN

N
H

S N

N

N
N

HO ArH

HN

N
H

S N

N
N

N
Ar

-H2O

Scheme 3.  Proposed mechanism for synthesis of compounds 6 and 7.



4

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1516  | https://doi.org/10.1038/s41598-024-51771-8

www.nature.com/scientificreports/

Biological activity
Larvicidal activity
The toxic effect of the tested compounds was assessed against 3rd instar larvae of C. pipiens to record the mortal-
ity after 24 h of exposure. The percent mortalities were concentration-dependent and increased gradually with 
concentration increase as shown in Fig. 1. The probit analysis of the mortality data demonstrated the activity of 
the synthesized compounds as  LC50 and slope values, and other statistical parameters Table 1. Data showed that 
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concentrations of spiro pyrimidine derivatives.
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the toxicity of synthesized compounds greatly varied against the C. pipiens larvae. The tested compounds were 
arranged according to their  LC50 values as follows: 3 > 4 > 2 > 5 > 7 > 6 > 9 > 8 > 1 Table 1. Where, 3, 4 and 2 were 
the most potent synthesized compounds with  LC50 values of 12.43, 16.29 and 21.73 µg/mL, respectively. While, 
5 and 7 showed moderate activities with  LC50 values of 48.21 and 63.14 µg/mL, respectively, then 6 (73.20 µg/
mL), 9 (75.73 µg/mL) and 8 (80.50 µg/mL) were less potent, respectively, and 1 was the least active compound 
with  LC50 value 95.18 µg/mL. The chi-square values of all tested compounds were significant at P < 0.05 and the 
population showed a homogenous response to treatment with all compounds.

Biological effects
Treatment of early 3rd instar larvae of C. pipiens with different concentrations of 2, 3, 4 and pyriproxyfen 
exhibited remarkable effects on larval and pupal durations, developmental rates and growth rates as shown in 
Table 2. The results demonstrated a significant prolongation of the larval and pupal durations, in a concentration-
dependent manner. Pyriproxyfen greatly increased the larval and pupal durations at concentrations (0.05, 0.1, 
0.25, 0.5 and 1 µg/mL). While, compounds 3 and 2 were highly prolonged larval duration relative to 4 at the 
concentrations (1, 5, 10, 25, 50, 75 and 100 µg/mL). At 75 and 100 µg/mL, compound 3 increased the larval 
durations to 7.33 and 8.00 days in comparison to 4.33 days in control and prolonged the pupal duration to 4.00 
and 4.67 days relative to 1.33 days in control. While, pyriproxyfen increased the larval and pupal durations 
to 8.67 and 5.00 days, respectively at 1 µg/mL in comparison to the control. It was noticed that for all tested 
compounds the percent pupation and adult emergency had an inverse relationship with tested concentrations 
and gradually decreased with concentration elevation. At 100 µg/mL, the pupation decreased to 1.67, 3.34 and 
10.00% after treatment with compounds 3, 4 and 2, respectively. Whereas, pyriproxyfen decreased the pupation 
to 11.67% at 1 µg/mL. Also, the adult emergency and growth index were completely inhibited by treatment with 
3 and 4 at 100 µg/mL, while 2 decreased the adult emergency to 33.33% and growth index to 4.54. Pyriproxyfen 
decreased the adult emergency to 46.66 and 28.57% at 0.5 and 1 µg/mL, respectively. Regarding adult longevity, 
treatment with pyriproxyfen resulted in a remarkable prolonged to 8.33 and 9.33 days at 0.5 and 1 µg/mL rela-
tive to 5.34 days in control. After treatment with 3, the adult longevity durations were significantly prolonged 
to 8.00 and 8.33 days at 50 and 100 µg/mL. While, compound 2 showed less effect on adult longevity durations 
than 4 and 3, respectively.

Morphological malformation
In addition to disruption of developmental durations and rates, many morphological malformations in the devel-
opmental stages and adult emergency were observed after treatment with spiro pyrimidine derivatives Figs. 2, 3, 
and 4. The normal larva of C. pipiens is pale brown with well-defined body parts as shown in Fig. 2a. The treat-
ments with spiro pyrimidine derivatives showed elongated neck and darkened head Fig. 2b. Also, a larva with a 
melanized head and thorax was detected in Fig. 2c. The pigmentation extended to the whole body of larvae (dark 
brown to grey colour) with loss of mouth brushes Fig. 2d. A dorsal view of the larval abdomen showed old cuticle 
remained attached and highly melanized Fig. 2e. C. pipiens pupae have a faint brown comma-like shape show-
ing a well-developed cephalothorax with pair of respiratory trumpets and the abdomen is curled beneath with 
a pair of paddles Fig. 3a. The treatment with spiro pyrimidine derivatives showed severe pupal morphological 
and developmental malformations as the darkened pupa with malformed paddles Fig. 3b. Highly cutinized, loss 
of a trumpet and inverted abdomen were detected in Fig. 3c, also highly darkened cephalothorax was observed 
in Fig. 3d. Many developmental malformations were investigated as pale yellow larval-pupal intermediate with 
a pair of trumpets and ended with larval abdomen ending bearing siphon and saddle Fig. 3e. Also, larval-pupal 
intermediate with destructed cephalothorax with the appearance of adult head and presence of larval abdomen 
Fig. 3f, in addition, adult-pupal intermediate with the appearance of adult head and destructed pupal abdomen 
Fig. 3g. The treatment with spiro pyrimidine derivatives also showed abnormalities in adults and failure in a 
normal adult emergency. Adult-pupal intermediate with an attached proboscis, antennae, wings, legs and end 
of abdomen to the pupal exuviae only adult head and humped thorax emerged Fig. 4a. Another feature of the 

Table 1.  Toxicity of spiro pyrimidine derivatives against 3rd larval instar of Culex pipiens 24 h post-treatment. 
* (F.l.) Fiducially limits. **Slope of the concentration-inhibition regression line ± standard error. ***X2 chi-
square significant at P < 0.05.

Compd. (µg/mL) LC25 (*F.l. at 95%) LC50 (*F.l. at 95%) LC90 (*F.l. at 95%) **Slope ± SE ****X2

1 33.92 (26.76–40.82) 95.18 (81.52–113.26) 675.90 (465.69–1143.69) 1.50 ± 0.13 2.63

2 5.64 (2.16–8.45) 21.73 (11.98–39.29) 282.15 (200.07–1122.11) 1.15 ± 0.09 5.20

3 3.57 (0.76—4.94) 12.43 (4.65—25.05) 132.91 (105.66–750.36) 1.24 ± 0.09 7.27

4 4.64 (1.16–6.64) 16.29 (6.98–33.23) 177.15 (144.18–990.38) 1.23 ± 0.09 6.23

5 18.65 (14.19–23.04) 48.21 (41.26–55.63) 292.76 (292.76–409.51) 1.63 ± 0.13 6.07

6 24.31 (18.23–30.22) 73.20 (62.26–86.60) 594.40 (410.76–1001.09) 1.40 ± 0.13 3.72

7 21.78 (16.30–27.13) 63.14 (53.82–73.95) 477.12 (342.40–755.47) 1.45 ± 0.13 5.10

8 26.57 (20.09–32.84) 80.50 (68.43–95.83) 661.67 (449.60–1145.88) 1.40 ± 0.13 3.68

9 28.12 (22.01–34.03) 75.73 (65/36–88.25) 497.36 (361.14–772.37) 1.56 ± 0.13 3.52

Pyriproxyfen 0.06 (0.04 -0.08) 0.18 (0.14 -0.21) 1.31 (0.94—2.07) 1.48 ± 0.13 1.42
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developmental disruption was incomplete ecdysis adult and the adult appendages cuffed in the old pupal exuvia 
Fig. 4b,c. Failure in an adult emergency due to the legs, wings and end of abdomen still attached to pupal exuvia 
beside the emerged wing was deformed Fig. 4d.

Cytotoxicity against normal human cell line
Cytotoxicity assay was performed to evaluate the safety of the most effective compounds 2, 3 and 4 against normal 
human lung fibroblast (WI-38). The normal cell line was treated with (100, 50, 25, 12.5, 6.25, 3.12 and 1.56 µM) 
of the tested compounds depending upon the concentration used in C. pipiens larvicidal activity. Compounds 
2 and 4 exhibited weak cytotoxicity of  IC50 81.20 ± 4.1 and 58.74 ± 3.0 µM, respectively Table 3. On the other 
hand, compound 3 was noncytotoxic with  IC50 105.20 ± 2.7 µM and considered safe against normal human cell 
lines. These results confirmed the safety of the synthesized compounds in humans as non-target organisms. In 
addition, this safety approved the target of research to use selective chitinase inhibitors against insects without 
any adverse effects on non-targets. 

In silico studies
Molecular docking study
The molecular docking was carried out to study the binding affinity of designed compounds, pyriproxyfen and 
co-crystalized ligand (2-8-S2). The binding modes of the tested compounds against the prospective target enzyme 
(Ostrinia furnacalis chitinase h) (PDB ID: 6 JMN) were investigated to compare their potencies. The interaction 
binding energies of the docked compounds are illustrated in Table 4. The docked ligand showed binding with 
Glu308, Asp384 and Trp268 of Of Chi- h binding site through different binding interactions, with interaction 
energy of − 9.33 kcal/mol, and its binding mode was demonstrated in Table 4. Pyriproxyfen exhibited 2 pi-pi 
interactions with Trp268 and Trp532 binding energy − 6.73 kcal/mol. The results of molecular docking revealed 

Table 2.  Effect of 2, 3, 4, and pyriproxyfen on some biological aspects after treatment of early third instar 
larvae of Culex pipiens.  Means with the same letters are not significantly different. Each value represents the 
mean of three replicates ± SD Standard deviation.

Conc. (µg/mL) Larval mortality %
Mean larval duration 
(days) ± SD Pupation %

Mean pupal duration 
(days) ± SD

Adult emergence 
% (a)

Adult longevity (days) 
(b) ± SD Growth index (a/b)

Untreated 1.66 4.33 ± 0.57a 96.61 1.33 ± 0.58a 98.24 5.34 ± 0.57a 18.39

2

 1 11.67 ± 0.57 4.67 ± 1.73b 88.33 1.33 ± 1.53a 90.56 5.67 ± 1.15a 15.97

 5 21.66 ± 0.33 4.67 ± 1.53b 78.33 1.66 ± 1.73b 85.10 6.00 ± 1.73b 14.18

 10 28.33 ± 0.88 5.00 ± 1.73c 71.67 2.00 ± 1.73b 79.07 6. 33 ± 1.15c 12.49

 25 46.66 ± 0.66 5.33 ± 2.31d 53.34 2.33 ± 1.53c 62.50 6.33 ± 0.58c 9.87

 50 58.33 ± 0.33 5.66 ± 2.08e 41.33 2.33 ± 1.15c 60.00 6.66 ± 1.53d 9.00

 75 75.00 ± 0.57 6.00 ± 1.73f 25.00 2.67 ± 0.58d 53.33 7.33 ± 1.15e 7.27

 100 90.00 ± 1.00 6.67 ± 1.15 g 10.00 3.33 ± 1.53e 33.33 7.33 ± 0.58e 4.54

3

 1 18.33 ± 0.33 5.33 ± 1.53b 81.67 2.00 ± 1.53b 83.67 6.33 ± 0.57b 13.21

 5 26.66 ± 0.88 5.67 ± 2.31c 73.33 2.33 ± 1.00c 70.45 6.67 ± 1.15c 10.56

 10 33.33 ± 0.33 5.67 ± 1.15c 66.67 2.67 ± 0.57d 62.50 6.67 ± 1.52c 9.37

 25 56.66 ± 0.88 6.00 ± 1.00d 43.34 3.33 ± 1.53e 57.69 7.00 ± 1.73d 8.24

 50 70.00 ± 0.57 6.33 ± 0.58d 30.00 3.33 ± 0.58e 44.44 7.33 ± 1.52d 6.06

 75 90.00 ± 1.00 7.33 ± 0.58e 10.00 4.00 ± 1.73f 16.66 8.00 ± 1.00e 2.00

 100 98.33 ± 0.33 8.00 ± 1.73f 1.67 4.67 ± 0.58 g 00.0 8.33 ± 0.58f 00

4

 1 15.00 ± 1.00 4.67 ± 1.73b 85.00 1.67 ± 0.58b 86.27 6.00 ± 1.00b 14.37

 5 23.33 ± 0.66 5.33 ± 1.73c 76.66 2.00 ± 1.00c 78.26 6.33 ± 1.73c 12.36

 10 30.00 ± 0.57 5.33 ± 0.58c 70.00 2.67 ± 1.53d 73.81 6.33 ± 0.58c 11.66

 25 48.33 ± 0.88 5.67 ± 1.15d 51.67 3.00 ± 1.73e 58.06 6.67 ± 1.15d 8.70

 50 66.66 ± 0.66 6.00 ± 1.00e 33.34 3.33 ± 1.53e 45.00 6.67 ± 0.58d 6.75

 75 83.33 ± 0.33 6.33 ± 0.58f 16.67 3.67 ± 1.52f 20.00 7.33 ± 0.58e 2.72

 100 96.66 ± 0.66 7.67 ± 1.15 g 3.34 4.33 ± 0.58g 00.00 8.00 ± 0.00f 00

Pyriproxyfen

 0.05 21.66 ± 1.00 6.34 ± 0.58b 78.66 2.67 ± 0.58b 82.97 6.66 ± 1.15b 12.48

 0.1 36.66 ± 0.57 6.67 ± 1.15c 63.34 3.00 ± 1.00c 78.94 7.00 ± 0.00c 11.28

 0.25 53.55 ± 0.33 7.33 ± 0.58d 46.45 3.67 ± 1.15d 60.71 7.67 ± 1.53d 7.91

 0.5 75.00 ± 1.15 8.00 ± 1.00e 25.00 4.67 ± 1.53e 46.66 8.33 ± 0.58e 5.60

 1 88.33 ± 0.66 8.67 ± 2.08f 11.67 5.00 ± 1.73f 28.57 9.33 ± 2.08f 3.06
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Figure 2.  (a) Normal larva of Culex pipiens is pale brown in colour with well-developed body parts such as a 
head with mouth brushes (Mb), Antennae (An) and eye (E) also, thorax with setae (Se), abdomen with a siphon 
(Si), saddle (Sa) and anal brushes (Ab). Abnormalities were observed in treated larvae with spiro pyrimidine 
derivatives. (b) Treated larvae with elongated neck and darkened head. (c) Larvae with melanized head and 
thorax. (d) Highly pigmented larvae with lost mouth brushes. (e) Dorsal view of larval abdomen with attached 
old cuticle.

Figure 3.  (a) Normal faint brown comma-shaped pupa of Culex pipiens showing well-defined cephalothorax 
(Cth) with pair of respiratory trumpets (Rt) and eye (E), and segmented abdomen (Ab) ended with a pair of 
paddles (P). Pupal morphological and developmental malformations detected after spiro pyrimidine derivatives 
treatment (b) darkened pupa with malformed paddles, (c) highly cutinized, loss of a trumpet and inverted 
abdomen, (d) highly darkened cephalothorax. Developmental malformations (e) pale yellow larval-pupal 
intermediate with pair of trumpets and ended with larval organs, (f) larval-pupal intermediate with destructed 
cephalothorax with the appearance of adult head and presence of larval abdomen (g) adult- pupal intermediate 
with the destructed pupal abdomen.
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that some of the docked spiro pyrimidine derivatives had similar binding modes as 2, 3, 4, 7, 8, and 9, which 
formed pi-pi or pi-h interactions with Trp268 of binding site as shown in Table 5. While, compounds 1 and 5 
formed hydrogen bonding with Met381, and 6 showed different binding interactions with Trp532 (H-pi) and Phe 
309(pi-H). The interaction energies of the spiro pyrimidine derivatives ranged from − 5.55 kcal/mol which was 
achieved by compound 1 to − 7.27 kcal/mol for 7 as demonstrated in Table 4. 2d and 3d visualization for ligand 
interaction of compounds 2, 3, pyriproxyfen, and co-crystallized ligand with the active pocket of (Of chitinase 
h) were illustrated in Fig. 5. All figures for all compounds were added to the supporting information file.

DFT calculations
Densty functional theory (DFT) was carried out to correlate the relation between reactivity and chemical struc-
ture using gaussian 09  software25, target compounds were computed at the B3LYP/6–31 + G (d, P) level of theory 
to calculate the frontier molecular orbitals HOMO and LUMO energy Fig. 626. Reactivity indices of the most 

Figure 4.  Abnormalities in adult and adult emergency due to treatment with spiro pyrimidine derivatives, (a) 
adult-pupal intermediate with an attached proboscis, antennae, wings, legs and end of abdomen to the pupal 
exuvia. (b,c) Incomplete ecdysis adult and the adult appendages cuffed in the pupal exuviae. (d) Failure in adult 
emergency and malformation in the emerged wing.

Table 3.  Cytotoxic activity of 2, 3 and 4 against normal human lung fibroblast (WI-38). *IC50 (µM) : 1–10 
(very strong). 11–20 (strong). 21–50 (moderate). 51–100 (weak) and above 100 (non-cytotoxic).

Compound

In vitro cytotoxicity  IC50 (µM)*

WI38

2 81.20 ± 4.1

3 105.20 ± 2.7

4 58.74 ± 3.0

Table 4.  Docking score and RMSD for compounds (1–9), pyriproxyfen and Co crystalized ligand.

Compound

Docking score

(Kcal/mol) RMSD

1 − 5.55 1.34

2 − 5.63 1.55

3 − 6.11 1.49

4 − 7.02 1.45

5 − 6.54 1.85

6 − 7.27 0.82

7 − 7.16 1.3

8 − 6.12 1.10

9 − 6.89 1.41

Pyriproxyfen − 6.73 1.54

Co crystalized (2–8-S2) − 9.33 1.74
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Table 5.  Ligand interaction of compounds (1–9) and pyriproxyfen with (Ostrinia furnacalis chitinase h) 
enzyme.

Compound Ligand Receptor Type of interaction Interaction distance °A E(Kcal/mol)

1 N 12 SD MET 381 H-donor 3.76 − 1.8

2 6-ring 6-ring TRP 268 pi-pi 3.91 − 0.0

3 C 8 6-ring TRP 268 H-pi 3.86 − 0.7

4

S 1 NE1 TRP 532 H-acceptor 3.79 − 1.7

C 27 6-ring TRP 532 H-pi 4.26 − 0.8

C 39 5-ring TRP 532 H-pi 4.05 − 0.8

C 39 6-ring TRP 532 H-pi 4.46 − 0.6

5-ring 5-ring TRP 268 pi-pi 3.63 − 0.0

6-ring 5-ring TRP 268 pi-pi 3.97 − 0.0

5 N 20 SD MET 381 H-donor 3.72 − 1.9

6
C 38 5-ring TRP 532 H-pi 3.78 − 0.5

6-ring CZ PHE 309 pi-H 3.65 − 0.7

7

C 30 5-ring TRP 532 H-pi 3.90 − 1.0

6-ring CZ PHE 309 pi-H 3.82 − 0.9

6-ring CB ASP 384 pi-H 3.51 − 0.5

5-ring 6-ring TRP 268 pi-pi 3.89 − 0.0

6-ring 5-ring TRP 268 pi-pi 3.87 − 0.0

8

S 1 NE1 TRP 532 H-acceptor 3.39 − 0.8

N 15 N TRP 268 H-acceptor 3.09 − 0.5

6-ring N TRP 268 pi-H 4.82 − 0.6

9 6-ring 6-ring TRP 268 pi-pi 3.98 − 0.0

Pyriproxyfen
6-ring 6-ring TRP 268 pi-pi 3.71 − 0.0

6-ring 5-ring TRP 532 pi-pi 3.57 − 0.0

Co Crystalized (2–8-S2)

C19 45 OE1 GLU 308 H-donor 3.31 − 1.8

N 30 OD2 ASP 384 Ionic 3.54 − 1.7

6-ring CB TRP 268 pi-H 3.54 − 0.8

6-ring 6-ring TRP 268 pi-pi 3.96 − 0.0

Figure 5.  (A–D) 2D and 3D interaction visualization of compounds (A) 2, (B) 3, (C) pyriproxyfen, and (D) Co 
crystalized ligand (2-8-S2), respectively with the active site of (Ostrinia furnacalis chitinase h) (PDB ID: 6 JMN).
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potent compounds (2–4) and pyriproxyfen were calculated from Frontier molecular orbitals energies  (EHOMO 
and  ELUMO) by applying DFT calculations according to the following equations Table 6

(1)Eenergy Gap
(

EGap
)

= EHOMO − ELUMO

(2)Ionization potential (I) = −EHOMO

(3)Electron Affinity (A) = −ELUMO

(4)Electronegativity (χ) = (I+ A)/2

(5)Chemical potential (P) = −χ

(6)Chemical Hardness (η) = (I− A)/2

(7)Chemical Softness (S) = 1/2η

Figure 6.  Frontier molecular orbitals (HOMO and LUMO) of compounds (2–4) and pyriproxyfen.

Table 6.  Reactivity indices based on frontier orbitals of compounds (2–4) and pyriproxyfen.

Compound EHOMO (eV) ELUMO (eV) EGap I A χ p η S

2 − 6.437 − 2.403 4.034 6.437 2.403 4.420 − 4.420 2.017 0.248

3 − 6.372 − 2.230 4.142 6.372 2.230 4.301 − 4.301 2.071 0.241

4 − 6.494 − 2.890 3.604 6.494 2.890 4.692 − 4.692 1.802 0.277

Pyriproxyfen − 5.901 − 1.178 4.723 5.901 1.178 3.539 − 3.539 2.362 0.212
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The chemical stability of a compound is determined by the energy difference between HOMO and LUMO; 
the compound with the smaller  (EGap) value is more stable than the other compounds. According to  (EGap) values, 
compound 4 has greater chemical stability than compounds 2, 3, and pyriproxyfen, respectively. Additionally, 
the difference in energy between HOMO and LUMO reflects the chemical hardness and softness of the molecule; 
the higher energy gap suggests a molecule that is less polarized (hard), while the smaller energy gap indicates 
a molecule that is more polarized (soft). From (η) values it was shown that Pyriproxyfen > 3 > 2 > 4 in chemical 
hardness. On the other hand, From (S) values it was shown that 4 > 2 > 3 > pyriproxyfen in chemical softness. 
Ionization potential (I) reflects the donating properties of the molecule, a compound that has the lower value of 
(I) easily donates its electron (easily oxidized). From ionization potential values it was shown that pyriproxyfen 
is the most probable one to donate its electrons and act as a reducing agent. Chemical potential (P) and elec-
tronegativity (χ) are related to each other, as chemical potential increase and electronegativity decrease the 
ability of a compound to donate electrons increases. From (P) and (χ) it was shown that pyriproxyfen is the less 
electronegative compound and more donating one than 3, 2 and 4, respectively.

Discussion
Although, the drawbacks of the continuous application of synthetic insecticides, there is a continuing demand for 
novel chemicals that can meet the need for the development of innovative solutions for managing pest  insects27. 
Pyrimidine ring has drawn strong attention because it has been widely used in  insecticides1. Pyrimidine deriva-
tives exhibit insecticidal activity against rice planthopper nymphs at the moulting time by using rice seedling 
assay (0.03–30 mg/L). There were attempts to modify the substituents on the pyrimidine ring to enhance the 
insecticidal activity and discover new compounds. These compounds are known as insect growth regulators 
(IGR) and showed high residual insecticidal efficacy at 100 mg/L, with low adverse effects on honeybees and 
natural  enemies28. The trifluoromethyl pyrimidine derivatives indicated moderate insecticidal activities against 
Mythimna separata and Spdoptera frugiperda exposed by leaf-dip method at 500 μg/ml29. Tetrahydropyrimidine 
exhibited moderate to high stomach toxicity against the second larval instar of Spodoptera litura depending on 
the exposure time and using (31.4- 500 ppm)  concentrations30. Ismail et al.31 interpreted that the thiadiazolopy-
rimidine possesses high insecticidal activity toward Spodoptera litura after exposure by leaf dipping technique 
to (250- 1250 ppm), the presence of this moiety stabilizes the strong aromaticity of the five-membered ring 
system, which greatly improves in vivo stability and diminishes toxicity for higher vertebrates. The 4-dimethyl-
aminopyridinium showed weak to moderate residual potency against C. pipiens at concentrations (0.0156 and 
0.0312 g/L), for 5–10  days32. Overall, the synthesized spiro pyrimidine derivatives were highly effective against 
C. pipiens relative to previously mentioned by Alahmadi et al.32, where 2, 3 and 4 exhibited  LC50 values of 12.43, 
16.29 and 21.73 µg/mL, respectively, 24 h post-treatment.

In addition, the spiro compounds are crucial steps in the development and design of new pesticides. These 
compounds with insecticidal, antiviral, fungicidal, bactericidal, herbicidal and plant growth  regulators20. There-
fore, we became interested in pyrimidine rings and started studying to create novel chemicals containing these 
rings.

Pyrimidine derivatives didn’t show acute toxicity as most of the traditional chemical insecticides because 
they didn’t kill the insect directly but they acted as growth inhibitors. The development of larvae was affected 
and retarded also, the morphology and emergency of adults were  affected40. Therefore, the biological impacts of 
these pyrimidine derivatives were conducted to characterize their latent effects. Pyriproxyfen is a pyridine-based 
insecticide and is considered a juvenile hormone analoge that affects insect  moulting41. Pyriproxyfen has been 
reported to be safe for the ecosystem and less toxic to bees, natural enemies and  mammals42. Pyriproxyfen showed 
strong efficacy against susceptible strains of Ae. aegypti larvae. Unlike conventional larvicides, pyriproxyfen 
greatly inhibits adult emergence although, it exhibits weak larval  mortality43,44. Similar results were obtained 
from the application of 3, 2 and 4 to C. pipiens larvae, where the tested compounds showed some remarkable 
insecticidal effects and great biological impacts on larval development. Besides the high activity of 3 and 4 
against mosquito larvae, they caused complete adult emergence inhibition at 100 µg/mL. Compounds 2, 3 and 4 
not only disturbed the development and growth of C. pipiens larvae but also, several morphological aberrations 
were detected. So, the latent mortality occurs by inhibition of their development or by their failure to complete 
their normal  ecdysis45.

Mosquito larvae grow through different instars and stages in the whole life cycle associated with the shed-
ding of the old outer exoskeleton and the formation of a new larger one. This process is known as ecdysis or 
 moulting46. Pyrimidine derivatives (BVDU) block this process so, the insects cannot moult properly, and this is 
in harmony with our results. The larval and pupal durations were significantly prolonged, retardation of growth 
and moulting disturbances and/or  deformities40. Hamaidia and  Soltani45 reported that severe morphological 
aberrations were detected in 4th instar larvae of C. pipiens treated by IGRs, thus they were unable to dive up to 
the surface to breathe. Moreover, some pupae at the larval-pupal intermediate were unable to escape from the 
larval exuvia and other pupae had only one trumpet. Also, the adults could not emerge because their legs and 
wings were attached to old exuvium resulting in adult death. The treatment of Spodoptera frugiperda larvae with 
pyrimidine nucleoside analogue influenced several developmental aberrations as larval–pupal intermediates with 
a partial pupal cuticle, incomplete sclerotized pupae and the moths were not able to emerge and remove their 
pupal  skin40. Moreover, the ultrastructural examination of the cuticle of the 4th larval instar of C. pipiens treated 
with pyriproxyfen revealed a bulk cuticle with procuticle lamellae and multilayered cuticle overlays epidermal 
 cells47 which, interpreted the darkening of treated larvae and pupae. Overall, the pyrimidine derivatives unlike 
conventional insecticides, caused cumulative mortalities through the development of larval, pupae and adults. 
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So, these compounds act by dual effect as a larvicidal agent and JHA, therefore decreasing the rate of resistance 
in insects and considered a building block for many other derivatives with high toxicity.

Structure–activity relationship study (SAR)
Nine compounds were synthesized by insertion of different moieties. It was noted that compounds 3, 4 and 2 were 
the most potent respectively, while 1, 8 and 9 were the least active compounds. The structure–activity relationship 
study showed that the insertion of a fused aromatic ring improved the activity of synthesized compounds activ-
ity with different ratios. Cyclocondensation of spiro pyrimidine 1 to fused pyrimidopyrimidine which contains 
amide C=O that enhances the activity of 2 and 3. On the other hand, pyridopyrimidine which contains C=NH 
instead of C=O was less potent as observed in compounds 8 and 9. In addition, the pyrimidinone ring in 2 and 
3 are considered aromatic rings while the iminopyrimidine ring in 8 and 9 are not aromatic. The function group 
C=O is a stronger attracting group than C=NH which causes electronic resonance with the attached NH group 
and facilitates the aromatization of pyrimidine by conversion to enol form, the hetero atom (N) in aromatic 
pyrimidine acts as attracting group which leads to increased the potency, this is similar to that detected by Xu 
et al.33 who reported that electron-withdrawing groups inserted at 2- and 4-positions of the aromatic ring could 
improve insecticidal activity. It was suggested that the benzene plane forms a special face-to-edge aromatic inter-
action with the amino acids of a target site. These aromatic moieties increase the hydrophobicity of compounds, 
which enhances their permeability through the insect integument, thereby increasing insecticidal  activity34. 
The substitution of aromatic carboxamide moieties resulted in higher inhibition of Ostrinia furnacalis chitinase 
h (Of Chi-h) in contrast to the insertion of non-aromatic moieties. These aromatic substituents are conserved 
in Of Chi-h, hydrophobic (π–π) stacking interactions which seem to be critical for activity, while compounds 
lacking these aromatic groups were  inactive35. Moreover, when pyrimidine fused with triazole ring as in 6 and 7 
led to moderate potency and activities depending on the substituents inserted in triazole ring. The phenyl ring 
substituted with the donating group as in 7 led to more activity than when triazolo pyrimidine was substituted 
with phenyl ring as in 6. The insertion of triazole moieties into the pyrimidine interacts with their target protein 
and improves their inhibition activity and  potency36. Finally when the  NH2 group in compound 1 was substituted 
with a strong electron-withdrawing group like C=O as in compound 4 also fused with aromatic ring (phenyl) 
led to potency  improvement37–39.

Experimental
Chemistry
The uncorrected melting points of the substances were determined using Gallen Kamp melting point apparatus 
manufactured by Sanyo Gallen Kamp in the UK. Microwave reactions were carried out with a Microsynth MA143 
instrument, specifically designed for microwave reactions. Ultrasound-assisted reactions were performed using 
a Digital Ultrasonic Cleaner CD-4830 operating at a frequency of 35 kHz and power of 310 W. Infrared (IR) 
spectra were recorded on a Pye-Unicam SP-3–300 infrared spectrophotometer using KBr disks, and the results 
were expressed in wave numbers  (cm−1). 1H NMR spectra were acquired at different frequencies: 300 MHz on a 
Varian Mercury VX-300 spectrometer and 400 MHz on a Bruker Avance III NMR spectrometer and 13C NMR 
spectra at 100 MHz. Deuterated dimethylsulphoxide (DMSO-d6) was used as the solvent with tetramethylsilane 
(TMS) serving as the internal standard. Chemical shifts (δ) were reported in parts per million (ppm). The abbre-
viations used for signal types were s (singlet), d (doublet), and m (multiplet). All coupling constant (J) values 
were provided in hertz. Elemental analyses were conducted using a CHN analyzer, and the measured values for 
all compounds were within ± 0.4 of the theoretical values. The progress of the reactions was monitored using 
thin-layer chromatography (TLC) on plates coated with UV fluorescent silica gel Merck 60 F254. Visualization 
of the TLC plates was achieved by exposing them to a UV lamp under different solvent systems as mobile phases. 
All reagents and solvents were purified and dried using standard methods.

4‑amino‑2‑thioxo‑1,3‑diazaspiro[5.5]undec‑4‑ene‑5‑carbonitrile (1)
A mixture of cyclohexanone (0.98 gm; 0.01 mol), thiourea (0.76 gm; 0.01 mol), malononitrile (0.66 gm; 0.01 mol) 
and potassium carbonate (1.38 gm; 0.01 mol) in absolute ethanol was irradiated under microwave irradiation 
at 400W for 12 min. The reaction mixture was poured onto crushed ice and acidified using diluted HCl. The 
formed solid was filtered off, dried, and recrystallized to afford compound 1.

Yield 95%; pale yellow crystal; mp 245 °C (EtOH); IR  (cm−1) ν: 3333 (NH2), 3219(NH), 2175 (CN). 1H-NMR: 
1.28–1.71(m, 10H, Cyclohexane), 6.03 (s, 2H. NH2), 9.00 (s, 1H, NH), 9.90 (s, 1H, NH); 13C-NMR (100 MHz, 
DMSO-d6) δ (ppm): 20.53 (2), 24.26, 37.62 (2), 54.31, 59.73, 119.81, 149.78, 174.37;. Anal. Calcd for  C10H14N4S: 
C, 54.03; H, 6.35; N, 25.20; Found: C, 54.12; H, 6.33; N, 25.30.

2’‑thioxo‑2’,3’‑dihydro‑1’H‑spiro[cyclohexane‑1,4’‑pyrimido[4,5‑d]pyrimidin]‑5’(6’H)‑one (2)
A mixture of compound 1 (2.22 gm; 0.01 mol) and 15 ml formic acid was irradiated under microwave irradia-
tion at 400W for 10 min. The solid obtained was filtered off, dried, and recrystallized to afford compound 2.

Yield 87%; yellow crystal; mp 290 °C (MeOH); IR  (cm−1) ν: 3318 (NH), 1688 (CO). 1H-NMR: 1.23–1.82(m, 
10H, Cyclohexane), 4.72 (s, 1H. NH), 7.88 (s, 1H, CH-Pyrimidinone) 9.86 (s, 1H, NH), 11.76 (s, 1H, NH); 13C-
NMR (100 MHz, DMSO-d6) δ (ppm): 20.52 (2), 24.46, 37.61 (2), 54.11, 110.90, 131.27, 161.23, 167.29, 174.74; 
Anal. Calcd for  C11H14N4OS: C, 52.78; H, 5.64; N, 22.38; Found: C, 52.49; H, 5.33; N, 22.21.

7’‑methyl‑2’‑thioxo‑2’,3’‑dihydro‑1’H‑spiro[cyclohexane‑1,4’‑pyrimido[4,5‑d]pyrimidin]‑5’(6’H)‑one (3)
A mixture of compound 1 (2.22 gm; 0.01 mol) and 15 ml acetic acid was irradiated under microwave irradiation 
at 400W for 10 min. The solid obtained was filtered off, dried, and recrystallized to afford compound 3.
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Yield 80%; orange crystal; mp 277 °C (MeOH); IR  (cm−1) ν: 3327 (NH), 1685 (CO). 1H-NMR: 1.25–1.82(m, 
10H, Cyclohexane), 2.61 (s, 3H. CH3), 4.75(s, 1H, NH), 9.89 (s, 1H, NH), 11.78 (s, 1H, NH); MS (m/z) (%): 264 
(M + , 14), 113 (100); Anal. Calcd for  C12H16N4OS: C, 54.52; H, 6.10; N 21.19; Found: C, 54.49; H, 5.85; N, 20.98.

4‑(1,3‑dioxoisoindolin‑2‑yl)‑2‑thioxo‑1,3‑diazaspiro[5.5]undec‑4‑ene‑5‑carbonitrile (4)
A mixture of compound 1 (2.22 gm; 0.01 mol) and phthalic anhydride (1.48 gm; 0.01 mol) in ethylene glycol 
10 ml and a catalytic amount of AcOH was reacted under microwave irradiation at 400W for 5 min. The reac-
tion mixture was cooled and the solid obtained was filtered off, dried, and recrystallized to afford compound 4.

Yield 84%; white crystal; mp 232 °C (MeOH); IR  (cm−1) ν: 3318 (NH), 2181 (CN), 1706 and 1793 (2CO). 
1H-NMR: 1.23–1.82(m, 10H, Cyclohexane), 7.54–8.08 (m, 4H, Ar–H), 9.88 (s, 1H, NH), 11.77 (s, 1H, NH); 13C-
NMR (100 MHz, DMSO-d6) δ (ppm): 20.06 (2), 24.77, 37.62 (2), 54.59, 59.43, 120.16, 124.28 (2), 131.95 (2), 
133.85 (2), 150.20, 166.71 (2), 174.60; MS (m/z) (%): 252 (M + , 15), 58 (100); Anal. Calcd for  C18H16N4O2S: C, 
61.35; H, 4.58; N, 15.90; Found: C, 61.18; H, 4.70; N, 15.77.

ethyl (E)‑N‑(5‑cyano‑2‑thioxo‑1,3‑diazaspiro[5.5]undec‑4‑en‑4‑yl)formimidate (5)
A mixture of compound 1 (2.22 gm; 0.01 mol) and 15 ml triethyl orthoformate was heated under reflux for 15 h. 
The excess of triethyl orthoformate was evaporated and the solid obtained was filtered off, dried, and recrystal-
lized to afford compound 5.

Yield 77%; brown crystal; mp 186 °C (MeOH); IR  (cm−1) ν: 3318 (NH), 2196 (CN). 1H-NMR: 1.08 (t, 3H, 
CH3), 1.27–1.71(m, 10H, Cyclohexane), 4.20 (q, 2H, CH2), 8.19 (s, 1H, CH-oliphinic), 9.05 (s, 1H, NH), 10.70 
(s, 1H, NH); 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 15.05, 20.06 (2), 24.77, 37.62 (2), 54.59, 62.82, 83.33, 
117.27, 155.82, 164.52, 174.60; MS (m/z) (%): 278 (M +, 27), 77 (100); Anal. Calcd for  C13H18N4OS: C, 56.09; H, 
6.52; N, 20.13; Found: C, 55.89; H, 6.44; N, 19.89.

2’‑phenyl‑7’H‑spiro[cyclohexane‑1,10’‑pyrimido[5,4‑e][1,2,4]triazolo[1,5‑c]pyrimidine‑8’(9’H)‑thione (6)
A mixture of compound 5 (2.78 gm; 0.01 mol) and benzoyl hydrazide (1.36 gm; 0.01 mol) in dry dioxane 20 ml 
was irradiated under microwave irradiation at 400W for 5 min, and the solid obtained was filtered off, dried, 
and recrystallized to afford compound 6.

Yield 68%; yellow crystal; mp > 300 °C (DMF); IR  (cm−1) ν: 3189 (NH), 1623 (C = N). 1H-NMR: 1.40–1.99 
(m, 10H, Cyclohexane), 7.56–7.59 (m, 3H, Ar–H), 8.20 (d, 2H, Ar–H), 8.74 (s, 1H, CH-Pyrimidine) 9.56 (s, 1H, 
NH), 11.39 (s, 1H, NH); 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 20.52 (2), 21.75, 34.43 (2), 61.92, 120.16, 
127.15 (2), 130.22 (2), 133.05, 135.41, 140.06, 146.54, 160.04, 163.68, 180.64; MS (m/z) (%): 350 (M + , 45), 211 
(100); Anal. Calcd for  C18H18N6S: C, 61.69; H, 5.18; N, 23.98; Found: C, 61.39; H, 5.01; N, 23.76.

2 ’ ‑ ( 2 ‑ hy drox y phe ny l ) ‑ 7 ’ H ‑ sp iro [ c y c l ohe x ane ‑ 1 , 1 0 ’ ‑ py r imi d o [ 5 , 4 ‑ e ] [ 1 , 2 , 4 ] t r i a z o l o [ 1 , 5 ‑ c ]
pyrimidine]‑8’(9’H)‑thione (7)
A mixture of compound 5 (2.78 gm; 0.01 mol) and salicyloyl hydrazide (1.52 gm; 0.01 mol) in dry dioxane 20 ml 
was irradiated under microwave irradiation at 400W for 5 min, and the solid obtained was filtered off, dried, 
and recrystallized to afford compound 7.

Yield 72%; buff crystal; mp > 300 °C (DMF); IR  (cm−1) ν: 3351 (OH), 3176 (NH), 1616 (C = N). 1H-NMR: 
1.23–1.96(m, 10H, Cyclohexane), 7.01–7.05 (m, 2H, Ar–H), 7.44 (d, 1H, Ar–H), 8.10 (d, 1H, Ar–H), 8.87 (s, 1H, 
CH-Pyrimidine), 9.62 (s, 1H, NH), 11.09 (s, 1H, NH), 11.51 (s, 1H, OH); MS (m/z) (%): 366 (M + , 15), 60 (100); 
Anal. Calcd for  C18H18N6OS: C, 59.00; H, 4.95; N, 22.93; Found: C, 58.76; H, 4.79; N, 22.69.

6’‑amino‑5’‑imino‑5’,6’‑dihydro‑1’H‑spiro[cyclohexane‑1,4’‑pyrimido[4,5‑d]pyrimidine]‑2’(3’H)‑thione (8)
A mixture of compound 5 (2.78 gm; 0.01 mol) and hydrazine hydrate (0.5 gm; 0.01 mol) in absolute ethanol 
20 ml was sonicated at room temperature for 1 h, and the solid obtained was filtered off, dried, and recrystallized 
to afford compound 8.

Yield 76%; yellow crystal; mp > 279 °C (EtOH); IR  (cm−1) ν: 3384 (NH), 3285, 3264 (NH2), 1648 (C = N). 
1H-NMR: 1.19–1.80 (m, 10H, Cyclohexane), 5.60 (s, 2H, NH2), 7.12 (s, 1H, NH), 8.04 (s, 1H, CH-Pyrimidine), 
8.09 (s, 1H, NH), 10.31 (s, 1H, NH); 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 22.62 (2), 27.95, 37.77 (2), 50.72, 
100.98, 142.82, 158.32, 161.98, 174.37; MS (m/z) (%): 264 (M + , 29), 69 (100); Anal. Calcd for  C11H16N6S: C, 
49.98; H, 6.10; N, 31.79; Found: C, 49.85; H, 5.98; N, 31.67.

5’‑imino‑6’‑(phenylamino)‑5’,6’‑dihydro‑1’H‑spiro[cyclohexane‑1,4’‑pyrimido[4,5‑d]pyrimidine]‑2’(3’H)‑thione 
(9)
A mixture of compound 5 (2.78 gm; 0.01 mol) and phenyl hydrazine (1.08 gm; 0.01 mol) in absolute ethanol 
20 ml was sonicated at room temperature for 1 h, and the solid obtained was filtered off, dried, and recrystallized 
to afford compound 9.

Yield 70%; orange crystal; mp > 264 °C (EtOH); IR  (cm−1) ν: 3274 (NH), 1651 (C = N). 1H-NMR: 1.11–1.81 
(m, 10H, Cyclohexane), 6.64 (d, 2H, Ar–H), 6.73 (s, 1H, NH), 6.90 (d,d, 1H, Ar–H), 7.26 (d,d, 2H, Ar–H), 8.05 
(s, 1H, CH-Pyrimidine), 8.18 (s, 1H, NH), 9.10 (s, 1H, NH), 10.51 (s, 1H, NH); MS (m/z) (%): 340 (M + , 30), 
100 (100); Anal. Calcd for  C17H20N6S: C, 59.98; H, 5.92; N, 24.69; Found: C, 59.91; H, 5.88; N, 24.60.
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Biological evaluation
Mosquito rearing
The colony of Culex pipiens was obtained from the Research Institute for Medical Entomology, Dokki, Giza, 
Egypt. Then reared in the insectary of Entomology Department, Faculty of Science, Ain Shams University 
according  to48 with slight modifications, under controlled rearing conditions of light and dark cycle (14 h: 
10 h), 27 ± 2 °C and relative humidity 75 ± 5% in wooden cage (50 cm × 50 cm × 50 cm) equipped with a distillate 
water-filled jars for adult emergence and egg laying. The 1st larval instars were fed on the larval diet (a mixture 
of dried yeasts and biscuits in ratios (1: 3))49, and the distilled water in the rearing jars was replaced every four 
days. Adults were provided with 10% glucose solution and only females were allowed to feed on alive pigeon for 
blood meal and egg production for stock-rearing.

Larvicidal activity
The toxicity of nine synthesized compounds and reference insecticide was evaluated against the third instar 
larvae of C. pipiens according  to50 with slight modifications. The synthesized spiro-pyrimidine compounds 
were dissolved in DMSO to prepare the stock solution, while the commercial formulation of IGRs: pyriproxyfen 
(Sumilarv® 0.5G, Sumitomo Chemical Co., Chuo-ku, Osaka, Japan) was dissolved in distilled water. Then seven 
dilutions of synthesized compounds were prepared as follows (1, 5, 10, 25, 50, 75 and 100 µg/mL) for 2, 3 and 4 
and (10, 25, 50, 75 100, 150 and 200 µg/mL) for 1, 5, 6, 7, 8 and 9 in DMSO and Triton X-100, while the pyriproxy-
fen (0.05, 0.1, 0.25, 0.5 and 1 µg/mL) in distilled water. Only solvents without the tested compounds were tested 
as a control. Three replicates for each concentration of all tested compounds and control were performed. For 
80 mL of each concentration, a group of 20 experimental larvae was placed in 100 mL  cups39. Tested larvae were 
considered dead when they were unable to swim or reach the water’s surface. The cups were examined after 24 h 
and the mortality percentages were estimated.

Biological effects
The early third larval instar of C. pipiens was treated with seven previously mentioned concentrations of the most 
potent compounds 2, 3, 4 and five concentrations for pyriproxyfen and given a larval diet during the experimental 
time. Each concentration of tested compounds was trireplicated to study the biological effects of each replicate. 
The cumulative mortalities of mosquito larvae and pupae were reported daily. Then, the survived pupae were 
transferred to fresh distilled water for further observations. Both incompletely emerged and completely emerged 
adults but unable to fly away from the water surface were recorded as dead. The biological alterations caused by 
the tested compounds were expressed by the larval and pupal mortalities, which didn’t successfully develop into 
normal emerged adults. Also, the larval and pupal durations, pupation rates, adult emergence and longevity, 
and growth index were  estimated51. The Growth index was estimated according to the equation of El-Sheikh52.

where: a: % of adult emergence. b: Adult longevity(days) (days).
In addition, the morphological abnormalities were demonstrated by stereomicroscope and binocular (BEL®) 

photonic microscope and photographed by the digital camera (Sony Dec-W610).

Cytotoxicity assay
The human lung fibroblast cell line (WI-38) was obtained from ATCC via biological products and vaccines 
(VACSERA) company, Cairo, Egypt. Using the MTT assay, the normal cell line was employed to investigate 
the synthesized spiropyrimidin’s inhibitory effects on cell growth. In this experiment, mitochondrial succinate 
dehydrogenase in the living cells causes the yellow tetrazolium bromide (MTT) to change into a purple formazan 
derivative. These cells were incubated in RPMI-1640 medium with 10% of fetal bovine  serum53. After incubation, 
the normal cells were treated with (100, 50, 25, 12.5, 6.25, 3.12 and 1.56 µM) of the most effective compounds 
2, 3 and 4 and incubated for 24 h, then 20 µL of MTT solution at (5 mg/mL) was added and incubated again for 
4 h. Dimethyl sulfoxide (DMSO) (in the volume of 100 µL) is mixed with each well to dissolve the formed purple 
formazan. The colorimetric assay is measured at an absorbance of (570 nm) using a plate reader (EXL 800, USA). 
The relative cell viability was calculated as ((A570) of treated samples/(A570) of untreated sample) X  10054.

Statistical analysis
The mortality rates were subjected to the LdPLine© package software (Ehabsoft, Egypt) for log-probit analysis 
 following55. The lethal concentrations with their 95% fiducially limits (F.l. at 95%), slope with standard errors 
(SE) and Chi-square (x2) were estimated. The means of the biological data were compared according to the 
One-way analysis of variance (ANOVA) by using IBM SPSS statistics (Version 26 for Windows). The data was 
significantly different at (P < 0.05).

In silico study
Molecular docking
Through the ligand-receptor interactions that aid in the prediction of their potency, molecular docking studies 
have been started to explain the mode of action of the tested drugs. For drawing ligands and tested compounds, 
Chemdraw 20.0 (CambridgeSoft) (Perkin Inc.) was employed. For improved fitting and docking outcomes, the 
Wave Function Spartan v 14.0 program was utilized to optimize the shape and globally minimize the energies of 
the ligand and tested  compounds56. The examined compounds underwent 3D protonation and the addition of 
partial charges. In the docking study, the crystal structure of the binding protein for chitinase (Ostrinia furnacalis 

Growth index = a/b
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chitinase-h) was employed. The Protein Data Bank (PDB ID: 6 JMN)35 was used to download the X-ray crystal 
structure of (Of Chi-h). Using AutoDock Vina, a molecular docking study was conducted for the pyriproxyfen, 
co-crystallized ligand (2–8-S2), and tested compounds into (Of Chi-h)57. Correction, 3D hydrogenation, in 
addition to energy minimization, was used to create the protein  receptor58,59. The PyMOL program was utilized 
for the visualization  procedure60.

DFT calculations
The Gaussian 09W  programme61 was used to do calculations based on the density functional theory (DFT). DFT 
computations were performed at the B3LYP level, which combines the Lee–Yang–Parr correlation functional 
with Becke’s three-parameter hybrid exchange functional (local, non-local, and Hartree–Fock).

Using 6–31 + G(d,p) as a basis set, full geometry optimization was carried out to produce the optimized 
ground state characteristics and structures of the investigated compounds. ’d’ polarisation functions on heavy 
atoms and ’p’ polarisation functions on hydrogen atoms, along with diffuse functions for both hydrogen and 
heavy atoms, were added to the basis set 6–31 + G(d, p).

Some conceptual DFT-related theoretical descriptors for the most potent compounds and reference insecti-
cides have been established to anticipate the chemical reactivity. The electronegativity (E), the highest occupied 
molecular orbital  (EHOMO), the lowest unoccupied (empty) molecular orbital  (ELUMO), the global softness (S), 
and the hardness (H) are all included. The optimized molecules serve as the basis for all of these descriptions. 
It should be highlighted that the Koopmans approximation was used to determine the descriptors for frontier 
molecular orbitals (FMO) in a relatively simple  approach62.

Ethical approval
All experiments were ethically approved by the Institutional Ethical Committee of the Faculty of Science, Ain 
Shams University CODE: (ASU-SCI/CHEM/2023/5/8).

Conclusion
A new series of nine spiro pyrimidine derivatives were synthesized in good yield and short time using different 
synthetic methodologies like microwave irradiation and sonication. The activity of synthesized compounds was 
evaluated against 3rd larval instar of C. pipiens. Where, 3, 4 and 2 showed significant toxicity with high biologi-
cal impacts against C. pipiens larvae and various morphological malformations in all developmental stages were 
observed. On the other hand, compound 1 exhibited low potency. While, 5, 7, 6, 9 and 8 show moderate activ-
ity. In addition, 3 and 4 exhibited significant prolongation of the developmental duration and greatly inhibited 
adult emergence. Furthermore, compounds 2 and 4 showed weak cytotoxicity in normal human cells (WI-38) 
as non-target organisms, while compound 3 was non-toxic. The molecular docking study interpreted the mode 
of action of tested compounds relative to pyriproxyfen against Ostrinia furnacalis chitinase h (Of Chi-h). The 
cocrystalized ligand and new candidates showed similar binding interactions with Of Chi- h binding site. Finally, 
DFT calculations were carried out to correlate the relation between reactivity and chemical structure based on 
global descriptors.

Data availability
All data generated or analyzed during this study are available and included in supporting information file as 
supplementary data.

Received: 4 November 2023; Accepted: 9 January 2024

References
 1. Liu, X.-H. et al. Synthesis and insecticidal activity of novel pyrimidine derivatives containing urea pharmacophore against Aedes 

aegypti. Pest. Manag. Sci. 73, 953–959 (2017).
 2. Honnen, A.-C. & Monaghan, M. T. City-dwellers and country folks: Lack of population differentiation along an urban-rural 

gradient in the mosquito Culex pipiens (Diptera: Culicidae). J. Insect Sci. 17(5), 107 (2017).
 3. Pages, N. et al. Scientific review on mosquitoes and mosquito borne diseases. EFSA Support. Pub. 6(8), 7E (2009).
 4. Brugman, V. A. et al. The role of Culex pipiens L. (Diptera: Culicidae) in virus transmission in Europe. Int. J. Environ. Res. Public 

Health 15(2), 23 (2018).
 5. Liu, H. et al. Trends in insecticide resistance in Culex pipiens pallens over 20 years in Shandong, China. Parasites Vectors 12, 167. 

https:// doi. org/ 10. 1186/ s13071- 019- 3416-9 (2019).
 6. Kamal, H. A. & Khater, E. I. M. The biological effects of the insect growth regulators; pyriproxyfen and diflubenzuron on the 

mosquito Aedes Aegypti. J. Egypt. Soc. Parasitol. 40(3), 565–574 (2010).
 7. Hustedt, J. C., Boyce, R., Bradley, J., Hii, J. & Alexander, N. Use of pyriproxyfen in control of Aedes mosquitoes: A systematic review. 

PLoS Negl. Trop. Dis. 14(6), e0008205 (2020).
 8. Rani, J., Kumar, S., Saini, M., Mundlia, J. & Verma, P. K. Biological potential of pyrimidine derivatives in a new era. Res. Chem. 

Intermed. 42, 6777–6804 (2016).
 9. Meneghesso, S. et al. Synthesis and biological evaluation of pyrimidine nucleoside monophosphate prodrugs targeted against 

influenza virus. Antivir. Res. 94(1), 35–43 (2012).
 10. Anupama, B., Dinda, S. C., Prasad, Y. R. & Rao, A. V. Synthesis and antimicrobial activity of some new 2, 4, 6-trisubstituted pyri-

midines. Int. J. Res. Pharm. Chem. 2(2), 231–236 (2012).
 11. Ashour, H. M., Shaaban, O. G., Rizk, O. H. & El-Ashmawy, I. M. Synthesis and biological evaluation of thieno [2′, 3′: 4, 5] pyrimido 

[1, 2-b][1, 2, 4] triazines and thieno [2, 3-d][1, 2, 4] triazolo [1, 5-a] pyrimidines as anti-inflammatory and analgesic agents. Eur. 
J. Med. Chem. 62, 341–351 (2013).

 12. Bhalgat, C. M., Ali, M. I., Ramesh, B. & Ramu, G. Novel pyrimidine and its triazole fused derivatives: Synthesis and investigation 
of antioxidant and anti-inflammatory activity. Arab. J. Chem. 7(6), 986–993 (2014).

https://doi.org/10.1186/s13071-019-3416-9


16

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1516  | https://doi.org/10.1038/s41598-024-51771-8

www.nature.com/scientificreports/

 13. Youssif, S. & Mohamed, S. F. 6-Amino-2-thio- and 6-Aminouracils as precursors for the synthesis of antiviral and antimicrobial 
methylenebis (2-thiouracils), tricyclic pyrimidines, and 6-Alkylthiopurine-2-ones. Monatsh. Chem. 139, 161–168 (2008).

 14. Mondal, P., Jana, S. & Kanthal, L. K. Synthesis of novel mercapto-pyrimidine and aminopyrimidine derivatives of indoline-2-one 
as potential antioxidant and antibacterial agent. T. Pharm. Res. 3, 17–26 (2010).

 15. Agbaje, O. C., Fadeyi, O. O., Fadeyi, S. A., Myles, L. E. & Okoro, C. O. Synthesis and in vitro cytotoxicity evaluation of some 
fluorinatedhexahydropyrimidine derivatives. Med. Chem. Lett. 21(3), 989–992 (2011).

 16. Prachayasittikul, S. et al. Synthesis and novel bioactivities of substituted 6-propylthiouracils. Eur. J. Sci. Res. 36(2), 236–245 (2009).
 17. Chen, Y. Z. Advances in the Synthesis of Spiro-compounds, Shandong. Chem. Ind. 47, 52–54 (2018).
 18. Hassan, M. I. & Hassane, A. M. A. Synthesis, characterization and in vitro antibacterial evaluation of new oxindoles and spiro-

oxindoles derivatives, Egypt. J. Chem. 62S(1), 103–113 (2019).
 19. Acosta-Quiroga, K., Rojas-Peña, C., Nerio, L. S., Gutiérrez, M. & Polo-Cuadrado, E. Spirocyclic derivatives as antioxidants: A 

review. RSC Adv. 11, 21926–21954 (2021).
 20. Yu, L. et al. Spiro derivatives in the discovery of new pesticides: A research review. J. Agric. Food Chem. 70(35), 10693–10707 

(2022).
 21. Yao, G. et al. Design, synthesis, and biological activity of novel spiro-pyrazolo[1,5-a]quinazolines derivatives as potential insecti-

cides. Pest Manag. Sci. 79, 1164–1174 (2023).
 22. Ben Hamadi, N. & Guesmi, A. Synthesis of new spiro-cyclopropanes prepared by non-stabilized diazoalkane exhibiting an 

extremely high insecticidal activity. Molecules 27(8), 2470 (2022).
 23. Li, S. C., Lv, M., Li, T. Z., Hao, M. & Xu, H. Spirodiclofen ether derivatives: Semisynthesis, structural elucidation, and pesticidal 

activities against Tetranychus cinnabarinus Boisduval, Aphis citricola Van der Goot and Mythimna separata Walker. Pest Manag. 
Sci. 77, 2395–2402 (2021).

 24. Zali-Boeini, H., Karimi, F., Khayat, Z., Rudbari, H. A. & Abbasi, A. A novel one-pot three-component approach to 4-amino-
functionalized spiropyrimidine-2-thiones. J. Iran. Chem. Soc. 16, 1139–1146 (2019).

 25. Al-Muntaser, S. M. et al. Novel 4-thiophenyl-pyrazole, pyridine, and pyrimidine derivatives as potential antitumor candidates 
targeting both EGFR and VEGFR-2; design, synthesis, biological evaluations, and in silico studies. RSC Adv. 13(18), 12184–12203 
(2023).

 26. Abbass, E. M., Khalil, A. K., Abdel-Mottaleb, Y. & Abdel-Mottaleb, M. S. Exploiting modeling studies for evaluating the potential 
antiviral activities of some clinically approved drugs and herbal materials against SARS-CoV-2: Theoretical studies toward hinder-
ing the virus and blocking the human cellular receptor. Polycycl. Aromat. Compd. 2023, 1–12 (2023).

 27. Sparks, T. C. & Bryant, R. J. Innovation in insecticide discovery: Approaches to the discovery of new classes of insecticides. Pest 
Manag. Sci. 78, 3226–3247 (2022).

 28. Satoh, E. et al. Benzpyrimoxan: Design, synthesis, and biological activity of a novel insecticide. J. Pestic. Sci. 46(1), 109–114 (2021).
 29. Lan, W. et al. Design, synthesis, and bioactivities of novel trifluoromethyl pyrimidine derivatives bearing an amide moiety. Front. 

Chem. 10, 952679 (2022).
 30. Shafiq, N. et al. A synthesis and pharmaceutical evaluation of pyrimidine derivatives and their docking studies. Front. Chem. Sci. 

1(2), 19–28 (2020).
 31. Ismail, M. F., Madkour, H. M. F., Salem, M. S., Mohamed, A. M. M. & Aly, A. F. Design, synthesis and insecticidal activity of 

new 1,3,4- thiadiazole and 1,3,4-thiadiazolo[3,2-a]pyrimidine derivatives under solvent-free conditions. Synth. Commun. 51(17), 
2644–2660 (2021).

 32. Alahmadi, S., Ibrahim, R., Messali, M. & Ali, M. Effect of aminopyridinium-based ionic liquids against larvae of Culex pipiens 
(Diptera: Culicidae). J. Taibah Univ. Sci. 14(1), 863–872 (2020).

 33. Xu, F. Z. et al. Design, synthesis, insecticidal activity and 3D-QSR study for novel trifluoromethyl pyridine derivatives containing 
an 1,3,4-oxadiazole moiety. RSC Adv. 8(12), 6306–6314 (2018).

 34. Ramadan, S. K. et al. Synthesis, SAR studies, and insecticidal activities of certain N-heterocycles derived from 3-((2-chloroquinolin-
3-yl)methylene)-5-phenylfuran-2(3H)-one against Culex pipiens L. larvae. RSC Adv. 12(22), 13628–13638 (2022).

 35. Jiang, X. et al. A series of compounds bearing a dipyrido-pyrimidine scaffold acting as novel human and insect pest chitinase 
inhibitors. J. Med. Chem. 63, 987–1001 (2020).

 36. Parmenopoulou, V. et al. Triazole pyrimidine nucleosides as inhibitors of Ribonuclease. A Synthesis, biochemical, and structural 
evaluation. Bioorg. Med. Chem. 20(24), 7184–7193 (2012).

 37. Hao, S., Cai, Z., Zhang, W., Cao, Y. & Du, X. A convenient synthetic approach to a novel class of aryldifluoromethyl pyrimidine 
derivatives containing strobilurin motif as insecticidal agents. J. Heterocycl. Chem. 59(1), 88 (2022).

 38. Lu, X. et al. Design, synthesis and bioactivity of novel low bee-toxicity compounds based on flupyrimin. Molecules 27, 6133 (2022).
 39. Hekal, M. H., Ali, Y. M., Abdel- Haleem, D. R. & Abu El-Azm, F. S. M. Diversity oriented synthesis and SAR studies of new quina-

zolinones and related compounds as insecticidal agents against Culex pipiens L. Larvae and associated predator. Bioorg. Chem. 
133, 106436 (2023).

 40. Breuer, M., De Loof, A., Balzarini, J. & Huybrechts, R. Insecticidal activity of the pyrimidine nucleoside analogue (E)-5-(2-
bromovinyl)-2-deoxyuridine (BVDU). Pest Manag. Sci. 61, 737–741 (2005).

 41. Joseph, S. V. Influence of Insect growth regulators on Stephanitis pyrioides (Hemiptera: Tingidae) eggs and nymphs. Insects 10(7), 
189. https:// doi. org/ 10. 3390/ insec ts100 70189 (2019).

 42. Bakr, N. A., Tanani, M., Hassan, H. A. & Ghoneim, K. Insecticidal activity of pyriproxyfen, a juvenoid, and its suppressive effect 
on growth and development of the black cutworm, Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae), Egypt. Acad. J. Biolog. Sci. 
14(4), 35–61 (2021).

 43. Darriet, F. & Corbel, V. Laboratory evaluation of pyriproxyfen and spinosad, alone and in combination, against Aedes aegypti 
larvae. J. Med. Entomol. 43(6), 1190–1194 (2006).

 44. Michaelakis, A., Porichi, A.-E. & Koliopoulos, G. Activity of pyriproxyfen, an insect growth regulator, on Culex pipiens (Diptera: 
Culicidae). Hellenic Plant Protec. J. 2, 41–46 (2009).

 45. Hamaidia, K. & Soltani, N. Laboratory Evaluation of a Biorational Insecticide, Kinoprene, against Culex pipiens Larvae: Effects on 
Growth and Development. Ann. Res. Rev. Biol. 4(14), 2263–2273 (2014).

 46. Gad, M., Aref, S., Abdelhamid, A., Elwassimy, M. & Abdel-Raheem, S. Biologically active organic compounds as insect growth 
regulators (IGRs): Introduction, mode of action, and some synthetic methods. Curr. Chem. Lett. 10(4), 393–412 (2021).

 47. El-Shazly, M. M. & Refaie, B. M. Larvicidal effect of the juvenile hormone mimic pyriproxyfen on Culex pipiens. J. Americ. Mosq. 
Cont. Assoc. 18(4), 321–328 (2002).

 48. Kauffman, E. et al. Rearing of Culex spp. and Aedes spp. mosquitoes. Bio‑protocols 7(17), e2542 (2017).
 49. El-Sayed, M. K. F., El-Shahawi, M. M., Ali, Y. M., Abdel-Haleem, D. R. & Abu El-Azm, F. S. M. Synthesis, larvicidal efficiency 

and molecular docking studies of novel annulated pyrano[2,3-c]pyrazoles against Culex pipiens L. and Musca domestica L. larvae. 
Bioorg. Chem. 130, 106258 (2023).

 50. WHO. Guidelines for Laboratory and Field Testing of Mosquito Larvicides (World Health Organization, 2005).
 51. Tantawy, H., Farag, S. M., Abdel-Haleem, D. R. & Mohamed, H. I. Facile synthesis, larvicidal activity, biological effects, and 

molecular docking of sulfonamide-incorporating quaternary ammonium iodides as acetylcholinesterase inhibitors against Culex 
pipiens L. Bioorg. Chem. 128, 106098 (2022).

https://doi.org/10.3390/insects10070189


17

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1516  | https://doi.org/10.1038/s41598-024-51771-8

www.nature.com/scientificreports/

 52. El-Sheikh, T. Effects of application of selected insect growth regulators and plant extracts on some physiological aspects of the 
black cutworm, Agrotis ipsilon, (Huf). Unpublished Ph.D. Thesis, Fac. Sci., Ain Shams Univ. 186 (2002).

 53. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J. 
Immunol. Meth. 65(1–2), 55–63 (1983).

 54. Denizot, F. & Lang, R. Rapid colorimetric assay for cell growth and survival: Modifications to the tetrazolium dye procedure giving 
improved sensitivity and reliability. J. Immunol. Meth. 89(2), 271–277 (1986).

 55. Finney, D. Quantal Responses to Mixtures, Probit Analysis 3rd edn, 230–268 (Cambridge University Press, 1971).
 56. Adeboye, O. Computational modelling procedures for geometry optimization, kinetic and thermodynamic calculations using 

spartan software: A review. Arc. Org. Inorg. Chem. Sci. 1, 122–125 (2018).
 57. Huey, R., Morris, G. M. & Forli, S. Using AutoDock 4 and AutoDock vina with AutoDockTools: A tutorial. Scripps Res. Inst. Mol. 

Graph. Lab. 10550(92037), 1000 (2012).
 58. Ezz Eldin, R. R. et al. Ligand-based design and synthesis of N’-Benzylidene-3,4-dimethoxybenzohydrazide derivatives as potential 

antimicrobial agents; evaluation by in vitro, in vivo, and in silico approaches with SAR studies. J. Enzyme Inhib. Med. Chem. 37(1), 
1098–1119 (2022).

 59. Hammoud, M. M. et al. Design, synthesis, biological evaluation, and SAR studies of novel cyclopentaquinoline derivatives as DNA 
intercalators, topoisomerase II inhibitors, and apoptotic inducers. New J. Chem. 46(23), 11422–11436 (2022).

 60. Yuan, S., Chan, H. S. & Hu, Z. Using PyMOL as a platform for computational drug design. Wiley Interdiscip. Rev. Comput. Mol. 
Sci. 7(2), 1298 (2017).

 61. Frisch, A. Gaussian 09W Reference 25 (Gaussian Inc, 2009).
 62. Koopmans, T. Über die Zuordnung von Wellenfunktionen und Eigenwerten zu den einzelnen Elektronen eines Atoms. Physica 

1(1–6), 104–113 (1934).

Author contributions
All authors have equally contributed to the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 51771-8.

Correspondence and requests for materials should be addressed to E.M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-51771-8
https://doi.org/10.1038/s41598-024-51771-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synthesis, toxicological and in silico evaluation of novel spiro pyrimidines against Culex pipiens L. referring to chitinase enzyme
	Results
	Chemistry
	Biological activity
	Larvicidal activity
	Biological effects
	Morphological malformation
	Cytotoxicity against normal human cell line

	In silico studies
	Molecular docking study
	DFT calculations


	Discussion
	Structure–activity relationship study (SAR)

	Experimental
	Chemistry
	4-amino-2-thioxo-1,3-diazaspiro[5.5]undec-4-ene-5-carbonitrile (1)
	2’-thioxo-2’,3’-dihydro-1’H-spiro[cyclohexane-1,4’-pyrimido[4,5-d]pyrimidin]-5’(6’H)-one (2)
	7’-methyl-2’-thioxo-2’,3’-dihydro-1’H-spiro[cyclohexane-1,4’-pyrimido[4,5-d]pyrimidin]-5’(6’H)-one (3)
	4-(1,3-dioxoisoindolin-2-yl)-2-thioxo-1,3-diazaspiro[5.5]undec-4-ene-5-carbonitrile (4)
	ethyl (E)-N-(5-cyano-2-thioxo-1,3-diazaspiro[5.5]undec-4-en-4-yl)formimidate (5)
	2’-phenyl-7’H-spiro[cyclohexane-1,10’-pyrimido[5,4-e][1,2,4]triazolo[1,5-c]pyrimidine-8’(9’H)-thione (6)
	2’-(2-hydroxyphenyl)-7’H-spiro[cyclohexane-1,10’-pyrimido[5,4-e][1,2,4]triazolo[1,5-c]pyrimidine]-8’(9’H)-thione (7)
	6’-amino-5’-imino-5’,6’-dihydro-1’H-spiro[cyclohexane-1,4’-pyrimido[4,5-d]pyrimidine]-2’(3’H)-thione (8)
	5’-imino-6’-(phenylamino)-5’,6’-dihydro-1’H-spiro[cyclohexane-1,4’-pyrimido[4,5-d]pyrimidine]-2’(3’H)-thione (9)

	Biological evaluation
	Mosquito rearing
	Larvicidal activity
	Biological effects
	Cytotoxicity assay

	Statistical analysis
	In silico study
	Molecular docking
	DFT calculations

	Ethical approval

	Conclusion
	References


