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Abstract 

A new series of 3-substituted phenyl quinazolinone derivatives were designed and synthesized as anti-cancer 
agents. The most potent derivative with IC50 values of 12.84 ± 0.84 and 10.90 ± 0.84 µM against MCF-7 and SW480 
cell lines was comparable to Cisplatin and Erlotinib as positive controls. Cell cycle analysis showed that the most 
active compound could arrest at S phase in MCF-7 breast cancer cells. The apoptosis assay demonstrated 
the induction of apoptosis in the MCF-7 cell line, too. Molecular docking results showed better accommodation 
of the most active compound through hydrogen bonding interaction in the binding site of EGFR enzyme. Molecular 
dynamics simulations for the potent analogue demonstrated well binding stability compared to the less active 
analogue, with a lower RMSD, Rg and more interactions with the original active site residues. DFT calculations were 
performed on the active and inactive compounds, using Gaussian 09 at the M06-2X/6–31 + G(d) theoretical level. 
ADME (Absorption, Distribution, Metabolism, and Excretion) properties showed that most of the compounds are 
in acceptable range of Lipiniski rule. These findings underscore the potential of the synthesized compounds as potent 
cytotoxic inhibitors and provide insights for developing effective treatments for cancer therapy.
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Introduction
Cancer continues to be a significant global health issue, 
marked by substantial rates of illness and death. The 
World Health Organization (WHO) identifies cancer 
as the second leading cause of death worldwide, with 
around 9.6 million deaths recorded in 2018. Projections 
indicate a notable rise in new cancer cases, anticipated 

to grow from 14.1 million in 2012 to approximately 21.6 
million by the year 2030 [1–4].

Currently, cancer treatment includes standard 
interventions such as chemotherapy, surgery, and 
radiotherapy. Although these strategies can achieve 
initial successes, they often lack specificity, which may 
result in unintentional damage to surrounding healthy 
tissues and a range of adverse effects [5, 6]. This has led 
to the development of targeted therapies designed to 
take advantage of the distinct molecular features present 
in cancer cells. The approach of molecular targeting 
focuses on key enzymes or receptors associated with 
cancer, improving the precision of tumor treatment while 
minimizing adverse effects [7–10]. A significant focus 
in targeted cancer therapies involves inhibiting receptor 
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protein tyrosine kinases (RTKs), especially those that play 
a role in signaling pathways related to growth factors that 
promote tumor development and progression [11–15].

The epidermal growth factor receptor (EGFR) is a 
key component of the ErbB family of receptors, which 
regulate essential cellular functions like cell growth, 
development, and survival. It is a tyrosine kinase cell 
surface receptor that plays a key function in signal 
transduction processes and is found on most cell surfaces 
[16]. In various type of cancers, such as breast, lung, and 
colorectal cancers, as well as head and neck squamous 
cell carcinoma, EGFR is frequently overexpressed 
or mutated, leading to abnormal signaling pathways 
that drive tumor growth and spread [17, 18]. This has 
highlighted EGFR as an important target for cancer 
therapies. As a result, the creation of small molecules that 
specifically target EGFR has become a widely recognized 
strategy in the development of antitumor agents [19–22].

Nitrogen heterocycles constitute the pharmacophore 
moieties of various molecules with different biologi-
cal activities, including antitumor activity due to their 
ability to bind with target proteins [23–25]. According 
to numerous researches, quinazoline derivatives have 
demonstrated significant antitumor activity as selective 
and potent EGFR inhibitors. Erlotinib and Gefitinib as 
first generation of EGFR inhibitors and Canertinib, Dac-
omitinib, and Afatinib as second generation of EGFR 
inhibitors have been developed for the treatment of can-
cers with EGFR overexpression [1, 26–32]. These drugs 
highlight the potential of quinazoline derivatives as a 

promising scaffold for the development of EGFR inhibi-
tors. Despite the therapeutic successes of these approved 
drugs, resistance and side effects highlight the need for 
further research on this class of compounds to find drugs 
with fewer side effects [12, 33] (Fig. 1).

Following our previous studies on EGFR inhibitors 
as antitumor agents [34], in this study, we have 
designed, synthesized, and characterized a series of 
novel quinazoline derivatives by adding alternative 
groups at different positions of the quinazoline ring. 
The synthesized compounds were evaluated for their 
cytotoxicity, as well as their effects on the cancer cell cycle 
and their capacity to induce apoptosis. Furthermore, 
molecular docking study and molecular dynamics (MD) 
simulation were conducted to investigate the possible 
mechanisms of action for this class of compounds.

Results and discussion
Rational design
The epidermal growth factor receptor (EGFR) 
comprises of two domains: an extracellular receptor 
domain linked by a transmembrane region to an 
intracellular domain that possesses tyrosine kinase 
activity [35]. Using of tyrosine kinase inhibitors (TKIs) 
for inhibition of EGFR can delay downstream signaling 
effects and inhibit tumor growth. These inhibitors 
act by competitive blocking the binding of adenosine 
triphosphate (ATP) in the tyrosine kinase domain [36]. 
The overexpression or mutation of EGFR in various 
cancers, such as breast, lung, and colorectal cancers, 

Fig. 1  The chemical structures of some EGFR inhibitors with quinazoline scaffold as anticancer agents
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has been confirmed. Therefore, EGFR is an attractive 
target for anticancer therapy, and a large number of 
EGFR tyrosine kinase inhibitors have been developed 
[11, 17, 37, 38].

Numerous studies have emphasized the crucial 
role of quinazoline derivatives as selective and potent 
inhibitors of EGFR, along with their significant antitu-
mor activity [1, 27, 28]. Among the promising candi-
dates, quinazoline-4-one derivatives represent a novel 
pharmacophoric scaffold capable of potently inhibit-
ing EGFR activity [26, 39–42]. Given the importance 
of the quinazoline scaffold, it was incorporated into the 
structure of the designed compounds, which bind to 
the ATP binding pocket of EGFR. Furthermore, bulky 
substituents at the N-3 position of the quinazoline 
ring were expected to target the hinge binding region, 
thereby providing a more stable and favorable position-
ing. It has been found that the halogens (Cl and Br) on 
the quinazoline ring leads to an increased in antitumor 
activity [26, 43]. Introduction of various groups, such 
as hydrazine, hydrazine derivative, and urea derivatives 
with varied hydrophilic and lipophilic characteristics, 
at C-2 position of the quinazoline ring was performed 
to investigate the potential of these moieties for EGFR 
inhibition (Fig. 2).

Virtual screening and molecular docking results
A diverse virtual library of 106 compounds was 
generated by introducing substituents (e.g., electron-
donating/withdrawing groups, halogens, alkyl chains) 
to the quinazoline core and phenyl ring. Substituent 
selection aimed to modulate electronic, steric, and 
hydrophobic properties while maintaining synthetic 
feasibility. In this situation, Compounds were ranked by 
binding energy, with 15 derivatives  selected by (Binding 
Energy ≥ − 8.2 kcal/mol).

Docking model study was used to elucidate the mode 
and orientation of all the synthesized compounds in 
the active site of EGFR. To evaluate the docking proto-
col, redocking operation was done. As shown in Fig.  3, 
the RMSD value between the internal ligand (Erlotinib) 
before and after the docking is lower than 2Å that vali-
dated the docking procedure and RMSD of docking was 
found to be 1.23 Å. The score binding and interaction 
details of all designed compounds (7a–7o) and Erlotinib 
as internal ligand was shown in Table 1.

The interaction of the most potent (7k and 7j) and the 
least potent compounds (7a and 7e) were exhibited in 
Fig.  4. The rest interaction diagram of compounds was 
presented in supplementary file (Figure S46-S56). In the 
docked model, 7k and 7j represented desirable binding 

Fig. 2  Design of the target compounds 7a–7o 
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affinity within EGFR enzyme. In the both compounds, 
the hydrazine moiety forming hydrogen bonds with Asp 
831 and Thr 830 in the ATP-binding site of the receptor. 
The substituted phenyl moiety interacted in pi-pi and pi-
Anion interaction with Phe 699 and Asp 831 residues and 
the three CH-pi interactions between Leu 820, Leu 694, 
Val 702 residues and the quinazoline ring was observed. 
Also, EGFR involved various part of quinazoline motif 
by three hydrophobic interactions with Leu 820, Leu 694 
and Val 702 residues. This significant binding interaction 
could be responsible for cytotoxic inhibition potency of 
7k and 7j toward EGFR target. It is noteworthy that these 
compounds occupy the binding site of EGFR target.

On the other hand, amino acid residues Lys 721, 
Thr 766, Gln 767, Leu 768 and Gly 695 have formed 
hydrophobic interaction with analogue 7a. Some other 
interactions like pi-sigma, pi-pi, pi-anion and CH-pi 
bonding were seen with Val 702, Phe 699, Asp 831, Ala 
719, Leu 820, Leu 694 and Met 769. Likewise, EGFR 
tyrosine kinase receptor interacted with 7e via pi-anion, 
pi-pi, pi-sigma, CH-pi and hydrophobic interaction with 
Asp 831, Phe 699, Leu 694, Val 702, Leu 820, Leu 768, 
Met 769, Ala 719, Gly 772, Pro 770, Gln 767, Thr 830, Lys 
721 and Glu 738.

Chemistry
A novel series of quinazolinone derivatives was synthe-
sized via a three-step process, as illustrated in Fig. 5. The 
initial step involved a nucleophilic substitution reaction 
between anthranilic acid derivatives (1) (or 2-aminoben-
zoic acid derivatives) and phenyl isothiocyanate deriva-
tives. This reaction was carried out in the presence of 
triethylamine as a base and ethanol as a solvent at 70 °C 
for 24 h, resulting in the formation of compound 3. Sub-
sequently, compound 3 (2-mercapto-3-phenylquinazo-
lin-4(3H)-one) was subjected to a reaction with methyl 
iodide (4) in dimethylformamide (DMF) under basic 
conditions using potassium carbonate. After 4 h, 2-meth-
ylthio-3-phenylquinazolin-4(3H)-one was obtained in 

high yield. In the final step, the synthesized 2-methyl-
thio-3-phenylquinazolin-4(3H)-one derivatives (5) were 
reacted with hydrazine hydrate and urea derivatives (6) 
in DMF using potassium carbonate as a catalyst for 20 h, 
affording the final products (7) in excellent yields.

In the FT-IR spectra of the synthesized compounds 
(7a–7o), characteristic absorption bands for O–H, N–H, 
C–H (aromatic), C=O, C=N, C=C, C–O, C–N and 
C–C were identified in the ranges of 3639–3638  cm−1, 
3297–3137  cm−1, 3188–3058  cm−1, 1768–1719  cm−1, 
1686–1608  cm−1, 1606–1495  cm−1, 1503–1437  cm−1, 
1496–1369  cm−1 and 1446–1294  cm−1 respectively. 
The 1H-NMR spectra of the synthesized compounds 
exhibited a signal with one proton integration at δ 
11.319–11.721  ppm, which was attributed to the 
N–H protons. The 1H-NMR spectra displayed signals 
corresponding to the aromatic protons of the quinazoline 
ring for compounds 7a–7o, appearing as singlets, 
doublets, or doublets of doublets in the range of 8.875 
to 2.389  ppm. Other protons were observed at their 
expected chemical shifts. The 13C-NMR spectra of the 
synthesized compounds revealed two peaks at δ 160–
158  ppm, which were assigned to the carbonyl and C-2 
quinazoline motif, respectively. Additionally, signals for 
the methyl group were detected at δ 36–21 ppm. Other 
carbon atoms appeared at their anticipated chemical 
shifts. Detailed spectroscopic data is provided in the 
supplementary file.

Biological assessments
Antiproliferative activity potential measurement
Fifteen 3-substituted phenyl Quinazolinone derivatives 
(7a–7o) with different electron profile in position 3 of 
quinazolinone scaffold were designed and assesses as 
potential anti-proliferative agents towards three cancer-
ous cell lines like, Breast (MCF-7), Colorectal (sw480) 
and Lung (A-549) cell lines through in  vitro colorimet-
ric MTT assay. As dedicated in Table  2, the best cyto-
toxic potential is coming back to 7j with IC50 value of 
10.0.1 ± 5.5  µM compared to Cisplatin (9.90 ± 0.27) and 
Erlotinib (15.25 ± 01.1) as positive drugs against MCF-7 
cell line. Also, 7k displayed a promising activity as well 
as Cisplatin toward all studied cell line. Preliminary 
screening demonstrated that approximately, most of 
the compounds showed higher activity in MCF-7, fol-
lowed by SW480 and less in A-549. To achievement the 
better relationship between the structure and activity 
effectiveness, the compounds are divided in to two cat-
egories based on substitution at quinazoline motif. In 
the first category, dichloro quinazoline scaffold (7a–7h), 
7c containing hydrazine and 4-chloro phenyl at posi-
tion 2 and 3 of quinazoline ring, showed moderate activ-
ity with IC50 = 25.85 ± 1.20  µM against A549 cell line. 

Fig. 3  The superimposing of the internal ligand (Erlotinib) 
before and after the docking operation was displayed (RMSD = 1.23 Å)
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Table 1  The score binding (kcal/mol) and the detailed interactions of the all designed analogues within EGFR target (1M17)

Entry Binding 
energy (kcal/
mol)

Amino Acid Ligand involved moiety Type of interaction

7a − 8.2 Leu 820, Phe 699, Leu 694, Val 702, Asp 831, Val 
702, Ala 719, Leu 694, Met 769
Thr 766, Gln 767, Leu 768, Lys 721, Gly 695

Quinazoline & phenyl moiety Pi interactions: pi-Anion, Pi-Pi Stacked, pi-alkyl, 
pi-sigma
Vander waals

7b − 8.9 Leu 820, Phe 699, Leu 694, Val 702, Asp 831, Val 
702, Ala 719, Met 769
Gly 697, Gly 695, Thr 766, Lys 721
Gln 767, Leu 768

Quinazoline & phenyl moiety Pi interactions: pi-Anion, Pi-Pi Stacked, pi-alkyl
Vander waals

7c − 8.8 Leu 820, Phe 699, Leu 694, Val 702, Asp 831, Val 
702, Ala 719, Met 769
Gly 695, Thr 766, Lys 721, Gln 767, Leu 768

Quinazoline & phenyl moiety Pi interactions: pi-alkyl, pi-sigma
Vander waals

7d − 9.0 Phe 699, Val 702, Val 702, Ala 719
Gly 695, Thr 766, Thr 830, Gln 767, Leu 768, Leu 
820, Leu 694, Met 769, Gly 772

Quinazoline & phenyl moiety Pi interactions: pi-Anion, Pi-Pi Stacked, pi-alkyl
Vander waals

7e − 8.2 Leu 820, Phe 699, Leu 694, Val 702, Asp 831, 
Ala 719, Leu 694, Met 769, Leu 768
Thr 830, Gln 767, Pro 770, Lys 721, Gly 772, 
Glu 738

Quinazoline & phenyl moiety Pi interactions: pi-Anion, Pi-Pi Stacked, pi-alkyl, 
pi-sigma
Vander waals

7f −  Leu 820, Phe 699, Leu 694, Val 702, Asp 831, 
Ala 719, Leu 694
Gly 772, Leu 768, Gln 767, Thr 766, Leu764, Glu 
738, Lys 721, Thr 830

Quinazoline & phenyl moiety Pi interactions: pi-Anion, Pi-Pi Stacked, pi-alkyl
Vander waals

7g − 9.2 Asp 831, Phe 699, Val 702, Ala 719, Lys 721, Leu 
820, Leu 694
Gly 695, Gly 697, Thr 830, Gly 772, Met 769, Cys 
773, Thr 766

Quinazoline & phenyl moiety Pi interactions: pi-Anion, pi-alkyl
Vander waals

7h − 8.6 Asp 831, Met 42, Phe 699, Val 702, Ala 719, Lys 
721, Lue 820
Cys 751, Gly 772, Met 769, Thr 766

Quinazoline & phenyl moiety Pi interactions: pi Anion, Pi-Sulfur, Pi-Pi Stacedk, 
Pi-Alkyl
Vander waals

7i − 9.7 Asp 831
Leu 768, LEU 820, Val 702, Leu 694, Ala 719
Met 769, Thr 766, Thr 830, Glu 738, Lys 721, 
Phe 699

hydrazine moiety
Quinazoline & phenyl moiety

Hydrogen bond
Pi interactions: pi-sigma, pi- alkyl
Vander waals

7j − 9.7 Thr 830, Asp 831
Leu 820, Phe 699, Leu 694, Val 702
Gly 772, Lys 721, Met 769,

hydrazine moiety
Quinazoline & phenyl moiety

Hydrogen bond
Pi interactions (pi-Anion, Pi-Pi Stacked, pi-alkyl
Vander waals

7k − 10.1 Thr 830, Asp 831
Leu 820, Phe 699, Leu 694, Val 702
Gly 772, Lys 721, Met 769

hydrazine moiety
Quinazoline & phenyl moiety

Hydrogen bond
Pi interactions: pi-Anion, Pi-Pi Stacked, pi-alkyl
Vander waals

7l − 9.9 Arg 817
Leu 694, Val 702, Leu 820, Leu 764, Lys 721, 
Met 742
Gly 772, Met 769, Ala 719, Thr 766, Glu 738, 
Asp 831, Thr 830, Cys 773, Asn 818

Dimethyl Urea moiety
Quinazoline & phenyl moiety

Hydrogen bond
Pi interactions: pi-sigma, pi-alkyl
Vander waals

7m − 9.4 Lys 721
Asp 831, Val 702, Ala 719, Leu 764, Met 742
Phe 699, Thr 766, Leu 820, Gly 772, Cys 773, 
Arg 817

C=O moiety
Quinazoline & phenyl moiety

Hydrogen bond
Pi interactions: pi-sigma, pi-alkyl, pi-Anion
Vander waals

7n − 9.3 Asp 831, Val 702, Phe 699, Leu 694, Leu 820, 
Lys 721
Thr 830, Ala 719, Pro 770, Met 769, Leu 768, 
Gly 772

Quinazoline & phenyl moiety Pi interactions: pi-sigma, pi-alkyl, pi-Anion
Vander waals

7o − 9.6 Leu 694, Leu 820, Leu 764, Met 742, Lys 721, 
Asp 831, Val 702
Gly 695, Phe 699, Met 769, Gly 772, Ala 719, Thr 
766, Glu 738, Thr 830, Cys 773

Quinazoline & phenyl moiety Pi interactions: pi-alkyl, pi-Anion
Vander waals
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Incorporation of halogen substitutions on 2-hydrazine 
quinazoline ring (7a–7c) led to increment in cytotoxic 
potential. In contrast, the presence electronegative group 
on 2-hydroxyurea quinazoline ring (7d–7e) caused to 
diminish the activity. On other hand, the high value of 
IC50 in compounds (7g and 7h) represents that bulky 
substitution at hydrazine moiety inducted to decrease the 
effectiveness in all studied cell lines.

Considering second category (6-Bromo-quinazoline) 
(7i–7o), 7j and 7k demonstrated considerable activity 
by 6 folds improvement compared to Erlotinib against 
MCF-7 cell line. These higher potencies, are may be 
as result of better hydrogen bonding and well accom-
modation within the EGFR active site. In 2-hydrazine 
quinazoline derivatives (7i–7k), the electronegative 

groups on phenyl moiety tend to enhance the activity 
in order of F > Cl compared to unsubstituted derivative 
(7i). As same as the first category, it is worth noting 
that the presence of any substitution on the hydrazine 
moiety led to significantly decrease the activity. The 
other point is that replacement of di-chlorine with bro-
mine on quinazoline ring confirming the beneficial role 
of existence of mono-electronegative substitution on 
quinazoline pharmacophore for cytotoxic activity. The 
value of IC50 on NIH/3T3 fibroblast cell line showed 
the desirable selectivity between tumorigenic and non-
tumorigenic cell line. Structure activity relationship 
suggested that the absence of substitution on hydrazine 
moiety reduces steric hindrance and led to improve the 
activity. Also, it was observed that the presence of di 

Fig. 4.  2D interaction pattern of 7k, 7j, 7a and 7e in the EGFR active site. Dark green and dark-pink, light pink, orange, purple and green colored 
amino acids represent their contribution to hydrogen bonds, pi-pi, CH-pi, pi-anion, pi-sigma and hydrophobic interactions
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chlorine substitution on quinazoline ring considerably 
dropped in activity in comparison to mono-substituted 
bromine at quinazoline moiety. On the other hand, the 
presence of electronegative group in order to F > Cl is 
more favorable for phenyl moiety due to electronic pro-
file. Finally, incorporation of substituted urea showed 
lower cytotoxic effects compared to hydrazine group 
(Fig. 6).

Apoptotic outputs
Flow cytometry Annexin V-Propodium Iodide (PI) dou-
ble staining technique was applied to determine the 
apoptosis effect of 7k. As could be seen at Fig.  7, the 
apoptosis diagram was divided to four staining part, 

(Avneg/PIneg):viable:, (Avpos/PIneg early apoptotic, (Avpos/
PIpos): late apoptotic and (Avneg/PIpos): necrotic cells. The 
phosphatidylserine migration to the outer membrane was 
detected by fluorochrome-labeled AV. PI used as DNA 
dye, which detect dead and live cells in apoptosis process. 
The MCF-7 cell line was treated with three different con-
centrations of 7k (5 µM, 10 µM, and 20 µM) for 72 h. The 
findings showed that 7k induce apoptosis in MCF-7 cell 
line and the percentages of cells was increased from 4.5% 
(untreated cell) to 17.46% (5 µM), 41.2% (10 µM), and 
56% (20 µM) treatment. This result demonstrated that 
the apoptotic effect of 7k in the MCF-7 cell line is in dose 
dependent manner.

Fig. 5  Synthesis of compounds 7a–7o. Reagents and conditions: a EtOH, TEA, 70 ℃, 24 h; b DMF, K2CO3, 100 ℃, 24 h. c DMF, K2CO3, 100 ℃, 20 h
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Cell cycle results
The cell cycle distribution of the 7k as the most potent 
derivative on MCF-7 cell line was performed. The three 
various concentrations of 7k (5 µM, 10 µM, and 20 µM) 
were treated on MCF-7 cell line for 72 h and the related 
cell cycle is shown in Fig. 8. After 72 h of incubation, the 
accumulation of the cells with 5 µM, 10 µM, and 20 µM 
were increased (16.66%, 25.65% and 30.61%) versus 
untreated cells (15.93%). This fact demonstrated that the 
cells could probably arrest in S phase.

Computational studies
Molecular dynamic simulation outputs
To find out the ability of biophysical structural stability of 
ligand–protein complex, molecular dynamic simulation 
was done. Also, it was applied to validate the results of 
molecular docking outputs. The RMSD value within 100-
ns for the 7a and 7k modeled complex is shown in Fig. 9. 
Firstly, the RMSD values of the all two systems increases 
and approximately after 35  ns, 7k modeled complex 
reached a plateau. It means that this ligand exhibited 
consistent stability through the active site of the EGFR 

protein and both of the systems reached equilibrium 
from 80 ns.

Flexibility and the fluctuations of amino acids involved 
in modeled complex was displayed via the RMSF analy-
sis diagram. Increasing in RMSF value represents higher 
fluctuations and movement of the amino acids of protein 
within the simulation time. On the contrary, decreas-
ing in RMSF value showed less conformational changes 
and also, indicated the stability of the modeled complex 
with the ligand. As dedicated in Fig. 10, almost, the fluc-
tuations of most amino acids are between 0.2 and 0.5 nm 
during the simulation time and, 7a and 7k modeled com-
plex displayed the similar patterns. The binding pocket 
residues were Tyr 631, Val 656, Trp 659, Tyr 662, Tyr 
666 and Val 711, Tyr 547, Tyr 631, Pro 550, Phe 357, Arg 
358 and Arg 125 that represented to be stable, since the 
RMSF values were not fluctuated much and were below 
0.3 nm. The residues with high RMSF value were between 
967 until 994 which that they weren’t in the active site of 
EGFR protein. In overall, the RMSF plot showed that the 
ligand–protein complex had no significantly effect on the 
backbone of EGFR protein.

Table 2  Anticancer activity (IC50 ± SD (µM)) of all the synthesized compounds

ND: Not Determined

Entry R1 R2 R R′ IC50 ± SD (µM)a

MCF-7 SW480 A-549 NIH/3T3

7a Cl Cl H hydrazine  > 200  > 200  > 200 ND

7b Cl Cl 4-F hydrazine  > 200 52.05 ± 4.17 80.05 ± 9.89 73.70 ± 2.40

7c Cl Cl 4-Cl hydrazine  > 200  > 200 25.85 ± 1.20 48.55 ± 8.41

7d Cl Cl H hydroxyurea  > 200  > 200 45.10 ± 1.97 ND

7e Cl Cl 4-Cl hydroxyurea  > 200  > 200  > 200 ND

7f Cl Cl H dimethylurea  > 200  > 200  > 200 38.25 ± 3.18

7g Cl Cl H p-tolylhydrazine  > 200 131.90 ± 5.09  > 200 ND

7h Cl Cl H (3-chlorophenyl) hydrazine  > 200  > 200  > 200 ND

7i Br H H hydrazine 46.35 ± 4.03 136.25 ± 1.76 53.5 ± 0.70 102.5 ± 7.07

7j Br H 4-F hydrazine 10.01 ± 5.5 14.65 ± 5.44 63.85 ± 6.57  > 200

7k Br H 4-Cl hydrazine 12.84 ± 0.84 10.90 ± 0.84 79.25 ± 5.30 19.70 ± 8.06

7l Br H H hydroxyurea 29.60 ± 2.26  > 200 28.00 ± 9.89 121.65 ± 11.52

7m Br H H dimethylurea 108.75 ± 5.30  > 200 31.08 ± 3.25 ND

7n Br H H p-tolylhydrazine  > 200 85.35 ± 0.63 17.40 ± 1.41 14.85 ± 1.90

7o Br H 4-Cl (3-chlorophenyl) hydrazine 165.65 ± 6.85 69.50 ± 7.77  > 200 26.75 ± 0.35

Cisplatin – – – – 9.90 ± 0.27 15.25 ± 1.1 – –

Erlotinib – – – – 39.30 ± 1.13 11.18 ± 0.38 – –



Page 9 of 21Mansouri et al. BMC Chemistry          (2025) 19:125 	

The compactness of modeled complex is assessments 
via the gyration radius plot through the simulation time 
(Fig. 11). The initial values of Rg for the 7a and 7k were 
2.28  nm and in ranging between 2.10  nm and 2.5  nm. 
After 25 ns of the simulation time, the Rg of the protein 
in two complexes were stable without any fluctuation. 
The lower values of Rg proved the stability and the higher 
compactness of the protein backbone. The Rg pattern for 
both selected compounds are similar that shows both 
of them have approximately identical in compactness, 
ligand affinity and stability of complex.

The number of hydrogen bonds evaluated the inter-
molecular hydrogen bond’s ability of the ligands during 
the simulation period in the active site of protein. The 
number of hydrogen bonds for 7k, is varying between 0 
and 4 (Fig. 12) and demonstrated the strong conjugation 
between 7k and EGFR protein. The average of number of 
hydrogen bonded interactions for 7a and 7k complexes 
were seen to be 1.026 and 1.29, respectively.

DFT results
The optimized structures of the 7k and 7h compounds in 
the gas phase are shown in Fig. 13. The molecular electric 
dipole moment (μ0) and polarizability ( α) are shown in 
Table 3.

Thermodynamic properties of compounds 7k and 
7h including total energy (Etot), enthalpy (H), gibbs free 

energy (G), entropy (S), and heat capacity (Cv), are calcu-
lated and listed in Table 3.

Molecular orbital (MO) theory provides a powerful 
verification tool for stability and reactivity of the high-
est occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) (Fig.  14). MO 
framework allows the calculation of several global quan-
tum molecular descriptors such as HOMO–LUMO gap 
(Egap), global (or chemical) hardness (η), softness (σ), 
chemical potential (μ), and electrophilicity (ω), ionization 
energy (I) and electron affinity (A) (see Table 4): [44].

The HOMO–LUMO energy gap 
(ΔEtot = ELUMO − EHOMO) plays a significant role in 
determining several properties of molecules, including 
their stability and reactivity. Energy gap calculations 
of HOMO and LUMO orbitals show that compound 
7k, which exhibits more cytotoxic effect, has a smaller 
gap (as much as 0.02 eV) compared to compound 7h. 

(1)η =
(ELUMO − EHOMO)

2

(2)µ = −
(EHOMO + ELUMO)

2

(3)ω =
µ2

2η

Fig. 6  Cytotoxic activity of all the synthesized compounds against MCF-7, A-549, SW480 and NIH/3T3 cell lines
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A smaller energy gap between the HOMO and LUMO 
enhances molecular stability, facilitating easier electron 
transitions to excited states. Compounds with narrower 
energy gaps are more polarized and demonstrate 
increased biological activity. For instance, studies have 
shown that acrylic acid, with a calculated energy gap of 
5.545 eV, reflects its chemical activity, suggesting that 
lower values correlate with higher reactivity [45].

Accordingly, compound 7k with lower ΔEtot can be a 
better drug in comparison to compound 7h.

The global molecular reactivity descriptors of concep-
tual DFT are related to the energy gap and give deeper 
insight into the reactivity and stability of molecules. 

Table  4 shows that compound 7k has lower chemical 
hardness η and higher chemical softness σ.

The molecular electrostatic potential (MEP) contour 
of 7k and 7h are shown in Fig. 15. The different values 
of the electrostatic potential at the surface are repre-
sented by different colors. Red parts of the surface refer 
to the sites for electrophilic reactions with negative 
ESP, blue parts represent nucleophilic sites with posi-
tive ESP and the green parts correspond to zero ESP, 
i.e., the neutral portions of the surface. Accordingly, 
the O atoms are the most negative sites while the NH 
groups form the most positive places.

Fig. 7  Flow cytometry analysis of the apoptotic effect of 7k on MCF-7 cell line for 72 h
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Physicochemical properties
Lipinski’s Rule of 5 is a valuable tool in the design and 
discovery of new pharmaceuticals. It can be utilized 

to identify compounds that are likely to exhibit good 
oral bioavailability, thereby enhancing the likelihood of 
success in drug development. However, to accurately 
evaluate the absorption of a compound, more precise 
experimental and computational methods are necessary. 

Fig. 8  The effect of 7k on the cell cycle in the MCF-7 cell line

Fig. 9  RMSD plot of 7a and 7k of modeled complex 
within the simulation time

Fig. 10  The RMSF plot of the 7a and 7k of modeled complex 
during the simulation time
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In general, a compound should meet the following criteria 
to ensure good oral absorption: The molecular weight 
should be less than 500 g/mol, as compounds with higher 
molecular weights typically exhibit reduced permeability 
across cell membranes. The number of hydrogen bond 
acceptor atoms should be fewer than 5, as an increase 
in hydrogen bonds can diminish the compound’s 
absorbability. Additionally, the number of hydrogen bond 
donor atoms should be fewer than 10; donor atoms such 
as nitrogen and oxygen can also influence absorbability. 
The logarithm of the octanol–water partition coefficient 
(Log P) should be less than 5. The Log P serves as an 
indicator of a compound’s polarity. Compounds that 
are either highly polar or highly nonpolar generally 
demonstrate poor oral absorption. Although Total 
Polar Surface Area (TPSA) is not directly included in 
Lipinski’s four main rules, it serves as a supplementary 
parameter that offers valuable insights into the polarity of 
a molecule and, consequently, its absorbability. Research 
has demonstrated that compounds with a TPSA of less 
than 140 Å2 typically exhibit improved oral absorption. 
All the synthesized compounds conform to Lipinski’s 
Rule of Five, with the exception of derivatives 7g, 7h, and 
7o, which exhibit Log P values exceeding 5 (ranging from 
5.01 to 5.39).

HIA stands for Human Intestinal Absorption. This 
parameter refers to the capacity of a chemical compound, 
such as a drug, to traverse the intestines and enter the 
bloodstream. The HIA is a theoretical boundary that cat-
egorizes compounds into two groups: those that are ade-
quately absorbed and those that are poorly absorbed. The 

Fig. 11  The Radius of gyration (Rg) during the simulation time

Fig. 12  The number of hydrogen bonds between the 7a and 7k 
in complex with 1M17 within the simulation time

Fig. 13  The optimized structure of the 7k and 7h compounds in the gas phase
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%HIA for the synthesized compounds ranged from 88.83 
to 96.63% indicating good intestinal absorption.

The Caco-2 cell permeability test is a widely utilized 
laboratory method for predicting the intestinal absorp-
tion of new compounds, particularly pharmaceuticals. 
In this test, Caco-2 cells, which closely resemble human 
intestinal epithelial cells, are cultured as a monolayer on 
a semipermeable membrane to evaluate the new com-
pounds. This method allows researchers to estimate the 
intestinal absorption of a compound before conduct-
ing clinical trials. Using this model, various factors such 
as molecular size, polarity, and electrical charge of the 
molecule can be investigated in relation to intestinal 

absorption. However, this method is desirable in both 
time-consuming and cost. Consequently, computational 
methods are frequently employed to predict intestinal 
absorption. It is important to note that these tools should 
complement experimental tests. The integration of these 
two approaches enhances the accuracy and reliability 
of predictions, ultimately aiding in the design of more 
effective drugs. All the synthesized compounds exhib-
ited moderate intestinal absorption, ranging from 10.23 
to 27.99  nm/s, indicating a reasonable level of absorp-
tion. However, derivative 5c demonstrated a value of less 
than 10 nm/s, signifying poor intestinal absorption for 
this compound. In  vitro skin permeability refers to the 

Table 3  Dipole moments, polarizability and thermodynamic properties of 7k and 7h 

Entry μ0
(Debye)

Polarizability 
( α) (hartree)

Thermodynamic properties

Etot (hartree) H (hartree) G (hartree) ZPE (hartree) S (Cal/mol K) CV (Cal/mol K)

7k 5.60 235.17 − 3865.17 − 3865.15 − 3865.22 0.22 137.54 66.29

7h 3.95 301.80 − 2444.00 − 2443.97 − 2444.05 0.29 164.95 88.56

Fig. 14  Topology and energy diagram of HOMO and LUMO orbitals of 7k and 7h calculated at M06-2X/6–31 + G(d) level of theory

Table 4  The reactivity descriptors of compounds 7h and 7k 

ɳ (ev) σ (ev−1) µ (ev) ω (ev) I (ev) A (ev)

7k 3.33 0.30 4.19 2.63 7.52 0.86

7h 3.34 0.29 4.37 2.8 7.71 1.03
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capacity of a substance to traverse various layers of the 
skin and enter the body. This parameter is crucial in the 
development of topical medications, cosmetic products, 
and in the risk assessment of chemicals. The Log Kp val-
ues were assessed as negative for all compounds, indicat-
ing that these compounds did not penetrate the skin and, 
consequently, did not induce skin toxicity.

Plasma protein binding refers to the attachment of 
drugs to proteins in the blood, such as albumin. This 
binding significantly influences the pharmacokinetics of 
the drug within the body. A drug that is bound to proteins 
is less likely to reach its target tissues and is also excreted 
more slowly. The extent of protein binding affects the 
effective dosage of the drug, potential drug interactions, 
and the drug’s half-life in the body. The %PPB levels for 
the designed compounds ranged from 84.72 to 100%.

The Blood–Brain Barrier (BBB) is a protective barrier 
that exists between the blood and the brain, preventing 
many foreign substances from entering the brain. This 
barrier is crucial for safeguarding the brain from toxins 
and infections; however, it also hinders the delivery of 
certain drugs to the brain. The %BBB values for most 
compounds fell within an acceptable range. In contrast, 
compounds 7g, 7h, 7m, and 7o exhibited %BBB 
ranging from 5.83 to 7.86%, indicating their significant 
penetration into the central nervous system (CNS).

As indicated by the results presented in Tables 5 and 6, 
compound 7k emerged as the most effective compound, 
demonstrating favorable intestinal absorption with Log 
P value of 3.86, a TPSA of 72.94, and an %HIA of 95.67. 
Additionally, the percentage of PPB for this compound 
was less than 90%, suggesting lower binding to plasma 
proteins and consequently higher bioactivity.

Material and methods
Chemistry
All reagents and solvents (Merck, Sigma-Aldrich) 
were used as received without additional purification. 
Reaction progress was monitored by thin-layer 
chromatography (TLC) on silica gel plates pre-coated 
with Merck silica gel. Melting points were measured 
using a 9200 Electrothermal apparatus and are reported 
uncorrected. Nuclear magnetic resonance (NMR) spectra 
were recorded in DMSO-d₆ on Bruker spectrometers 
operating at 400 MHz for 1H-NMR and 100 MHz for 
13C-NMR. Chemical shifts (δ) are expressed in parts per 
million (ppm) relative to tetramethylsilane (TMS) as the 
internal standard, and coupling constants (J) are reported 
in hertz (Hz). Signal multiplicities are designated as 
singlet (s), doublet (d), doublet of doublets (dd), triplet 
(t), and multiplet (m). Infrared (IR) spectra were recorded 
on a PerkinElmer spectrometer using the potassium 
bromide (KBr) pellet method.

General method for the synthesis of derivatives 
2‑mercapto‑3‑phenylquinazolin‑4(3H)‑one (3)
A mixture of anthranilic acid derivatives (1) (6 mmol), 
phenyl isothiocyanate (2) (9 mmol), and triethylamine 
(1.2 mL) in absolute ethanol (25 mL) was heated under 
reflux at 70  °C for 24 h. The progress of the reaction 
was monitored using thin-layer chromatography (TLC). 
Upon completion, the reaction mixture was filtered, 
and the resulting residue was recrystallized from 
ethanol, yielding the key intermediate 2-mercapto-3-
phenylquinazolin-4(3H)-one (3) with an 83.2% yield.

Fig. 15  MEP plots of optimized at M06–2X/6–31 + G(d) level of theory. blue, electrophilic sites with ⊕ ESP; red, nucleophilic sites with ⊖ ESP; green, 
zero ESP sites
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General procedure for the synthesis 
of 2‑methylthio‑3‑phenylquinazolin‑4(3H)‑one (5)
2-mercapto-3-phenylquinazolin-4(3H)-one (3) (1 
mmol) was dissolved in 10  mL of dimethylformamide 
(DMF). Potassium carbonate (K2CO3, 1.2 mmol) was 
added gradually over a period of 5 min. Subsequently, 
methyl iodide (5 mmol) was introduced to the reaction 
mixture. The reaction was then heated under reflux 
for 4 h and the progress was monitored by (TLC) to 

give product 2-methyl-3-phenylquinazolin-4(3H)-one 
derivatives.

General procedure for the synthesis of compounds 7a–o
To synthesize the 3-phenylquinazolin-4(3H)-one 
derivatives 7a–7o, 2-methyl-3-phenylquinazolin-
4(3H)-one derivatives (1 mmol) from the previous step 
was dissolved in 10 mL of DMF. Potassium carbonate 
(K₂CO₃, 1.2 mmol) was gradually added over a period 

Table 5  Physicochemical properties of the studied ligands

Compounds MW (g/mol) LogP HBD HBA TPSA (Å2) n-RB Lipinski
violation

7a 321.16 3.47 2 3 72.94 2 0

7b 339.15 3.86 2 4 72.94 2 0

7c 355.61 3.98 2 3 72.94 2 0

7d 365.17 3.25 3 4 96.25 4 0

7e 399.62 3.75 3 4 96.25 4 0

7f 377.22 3.70 1 3 67.23 4 0

7g 411.28 5.12 2 2 58.95 4 0

7h 431.70 5.39 2 2 58.95 4 1

7i 331.17 3.35 2 3 72.94 2 0

7j 349.16 3.74 2 4 72.94 2 0

7k 365.61 3.86 2 3 72.94 2 0

7l 375.18 3.13 3 4 96.25 4 0

7m 387.23 3.59 1 3 67.23 4 0

7n 421.29 4.75 2 2 58.95 4 1

7o 441.71 5.01 2 2 58.95 4 1

Rule of Lipinski  ≤ 500  ≤ 5  ≤ 5  ≤ 10  ≤ 140  ≤ 10  ≤ 1

Table 6  In silico ADME of studied structures

Entry Absorption Distribution

Compounds %HIA In vitro Caco-2 cell 
permeability (nm s−1)

In vitro skin permeability 
(LogKp, cm s−1)

% In vitro plasma protein 
binding

%BBB

7a 95.27 11.93 − 3.37 91.12 1.04

7b 95.28 12.84 − 3.65 86.49 1.03

7c 95.83 6.51 − 3.25 90.69 1.68

7d 92.87 15.49 − 4.25 97.91 1.15

7e 93.98 10.23 − 4.10 95.12 1.99

7f 96.63 25.13 − 3.28 100 0.136

7g 95.79 27.15 − 2.46 95.95 7.45

7h 95.88 27.99 − 2.43 94.96 7.86

7i 95.08 17.99 − 3.36 87.52 0.76

7j 95.10 19.09 − 3.63 84.72 0.73

7k 95.67 16.72 − 3.38 89.30 1.06

7l 88.83 18.97 − 4.30 97.20 1.06

7m 96.50 25.99 − 3.23 96.67 0.08

7n 95.73 25.62 − 2.43 93.34 5.83

7o 95.85 26.22 − 2.51 96.09 6.37
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of 5 min. Subsequently, hydrazine and urea derivatives 
(2 mmol) were introduced to the reaction mixture. The 
reaction was heated under reflux for 20 h, with progress 
monitored by TLC. Upon completion, the reaction was 
quenched by the addition of crushed ice, and the resulting 
precipitate was collected by filtration, dried, and purified. 
This method yielded the 3-phenylquinazolin-4(3H)-one 
derivatives 7a–7o in yields ranging from 76.5% to 89%.

6 , 8 ‑ d i ch l o r o ‑ 2 ‑ hy dra z in e y l ‑ 3 ‑ p h e ny l q uin a z o ‑
lin‑4(3H)‑one (7a)  White solid, yield: 89.4%, m.p.: 295–
297 ℃, IR (KBr) ν (cm−1): 3249.06 (NH), 3186.59 (C–H, 
aromatic), 1686.76 (C=O), 1602.31 (C=C), 1487.30 (C–O), 
1433.91 (C–N), 1368.72 (C–C), 766.84 (C–Cl), 701.43 (C–
Cl). 1H-NMR (400 MHz, DMSO) δ (ppm): 11.327 (s, 1H, 
NH), 8.050 (d, J = 2.4 Hz, 1H, H7-quinazoline), 7.879 (d, 
J = 2.4 Hz, 1H, H5-quinazoline), 7.526–7.447 (m, 3H, phe-
nyl), 7.356–7.336 (m, 2H, phenyl. 13C-NMR (100 MHz, 
DMSO) δ (ppm): 161.116, 158.520, 150.376, 135.945, 
134.737, 129.383, 129.340, 128.797, 126.627, 126.215, 
120.803, 117.906.

6,8‑dichloro‑3‑(4‑fluorophenyl)‑2‑hydrazineylquinazo‑
lin‑4(3H)‑one (7b)  White solid, yield: 85.6%, m.p.: 283–
285 ℃, IR (KBr) ν (cm−1): 3240.39 (NH), 3188.50 (C–H, 
aromatic), 1679.32 (C=O), 1605.12 (C=C), 1503.08 (C–O), 
1433.73 (C–N), 1371.74 (C–C), 1155.07 (C–F), 759.17 (C–
Cl).1H-NMR (400 MHz, DMSO) δ (ppm): 11.363 (s, 1H, 
NH), 8.026 (d, J = 2.4 Hz, 1H, H7-quinazoline), 7.867 (d, 
J = 2.4 Hz, 1H, H5-quinazoline), 7.420–7.385 (m, 2H, phe-
nyl), 7.357–7.313 (m, 2H, phenyl). 13C-NMR (100 MHz, 
DMSO) δ (ppm): 161.212, 160.918, 150.449, 136.931, 
134.751, 132.168, 132.133, 131.514, 131.426, 126.568, 
126.206, 120.882, 117.918, 116.340.

6,8‑dichloro‑3‑(4‑chlorophenyl)‑2‑hydrazineylquinazo‑
lin‑4(3H)‑one (7c)  White solid, yield: 87.4%, m.p.: 293–
295 ℃, IR (KBr) ν (cm−1): 3188.11 (NH), 3077.12 (C–H, 
aromatic), 1677.16 (C=O), 1604.71 (C=C), 1494.40 (C–O), 
1443.64 (C–N), 1371.26 (C–C), 826.79 (C–Cl), 757.71 
(C–Cl). 1H-NMR (400 MHz, DMSO) δ (ppm): 11.371 (s, 
1H, NH), 8.058 (d, J = 2 Hz, 1H, H7-quinazoline), 7.882 
(d, J = 2.4 Hz, 1H, H5-quinazoline), 7.581 (d, J = 8.8 Hz, 
2H, phenyl), 7.398 (d, J = 8.4 Hz, 2H, phenyl).13C-NMR 
(100 MHz, DMSO) δ (ppm): 161.008, 160.864, 150.142, 
136.471, 134.875, 134.793, 133.504, 131.322, 129.472, 
126.860, 126.250, 120.664, 117.944.

1‑(6,8‑dichloro‑4‑oxo‑3‑phenyl‑3,4‑dihydroquina‑
zolin‑2‑yl)‑3‑hydroxyurea (7d)  White solid, yield: 
76.5%, m.p.: 272–274  ℃, IR (KBr) ν (cm−1): 3639.74 
(OH), 3208.12 (NH), 3070.40 (C–H, aromatic), 1670.37 
(C=O), 1495.93 (C=C), 1439.25 (C–O), 1370.32 (C–N), 

1310.32 (C–C), 828.12 (C–Cl). 1H-NMR (400 MHz, 
DMSO) δ (ppm): 11.719 (s, 1H, NH), 8.000 (d, J = 2.4 
Hz, 1H, H7-quinazoline), 7.887 (d, J = 2.4 Hz, 1H, 
H5-quinazoline), 7.511–7.473 (m, 2H, phenyl), 7.314–
7.338 (m, 2H, phenyl), 7.202 (d, J = 8.8Hz, 1H phenyl). 
13C-NMR (100 MHz, DMSO) δ (ppm): 162.785, 161.050, 
150.253, 136.494, 136.866, 134.787, 129.388, 129.334, 
128.833, 126.795, 126.248, 120.656, 117.922.

1‑(6,8‑dichloro‑3‑(4‑chlorophenyl)‑4‑oxo‑3,4‑dihyd‑
roquinazolin‑2‑yl)‑3‑hydroxyurea (7e)  White solid, 
yield: 79.5%, m.p.: 292–293 ℃, IR (KBr) ν (cm−1): 3639.71 
(OH), 3258.25 (NH), 3083.99 (C–H, aromatic), 1676.29 
(C=O), 1603.50 (C=C), 1493.80 (C–O), 1443.93 (C-N), 
1368.43 (C–C), 826.46 (C–Cl), 757.68 (C–Cl). 1H-NMR 
(400 MHz, DMSO) δ (ppm): 11.368 (s, 1H, NH), 8.055 
(d, J = 2.4 Hz, 1H, H7-quinazoline), 7.881 (d, J = 2.4 Hz, 
1H, H5-quinazoline), 7.579 (d, J = 8.4, 2H, phenyl), 7.396 
(d, J = 8.8, 2H, phenyl). 13C-NMR (100 MHz, DMSO) 
δ (ppm): 162.251, 161.034, 150.171, 136.545, 134.866, 
134.808, 133.496, 131.331, 129.472, 126.823, 126.247, 
120.708, 117.937.

3‑(6,8‑dichloro‑4‑oxo‑3‑phenyl‑3,4‑dihydroquinazo‑
lin‑2‑yl)‑1,1‑dimethylurea (7f)  White solid, yield: 
84.5%, m.p.: 289–292  ℃, IR (KBr) ν (cm−1): 3262.32 
(NH), 3149.06 (C–H, aromatic), 1671.12 (C=O), 
1495.86 (C=C), 1440.31 (C–O), 1369.92 (C–N), 
1310.29 (C–C), 764.50 (C–Cl). 1H-NMR (400 MHz, 
DMSO) δ (ppm): 11.321 (s, 1H, NH), 8.042 (d, J = 2.4 
Hz, 1H, H7-quinazoline), 7.876 (d, J = 2.4 Hz, 1H, 
H5-quinazoline), 7.526–7.447 (m, 3H, phenyl), 7.357–
7.333 (m, 2H, phenyl), 2.894 (s, 3H, CH3), 2.735 (s, 3H, 
CH3).13C-NMR (100 MHz, DMSO) δ (ppm): 162.793, 
161.064, 150.267, 136.529, 135.873, 134.793, 129.391, 
129.335, 128.836, 126.780, 126.250, 120.670, 117.929, 
36.262, 31.243.

6,8‑dichloro‑3‑phenyl‑2‑(2‑(p‑tolyl)hydrazineyl)quina‑
zolin‑4(3H)‑one (7g)  White solid, yield: 78.5%, m.p.: 
289–292 ℃, IR (KBr) ν (cm−1): 3165.84 (NH), 3070.15 
(C–H, aromatic), 1677.31 (C=O), 1537.58 (C=C), 
1496.07 (C–O), 1446.04 (C–N), 1375.43 (C–C), 703.71 
(C–Cl). 1H-NMR (400 MHz, DMSO) δ (ppm): 11.319 
(s, 1H, NH), 8.016 (d, J = 2.4 Hz, 1H, H7-quinazoline), 
7.860 (d, J = 2.4 Hz, 1H, H5-quinazoline), 7.597–7.578 
(m, 2H, phenyl), 7.528–7.448 (m, 5H, phenyl), 7.345 (d, 
J = 7.2 Hz, 2H, phenyl), 2.54 (s, 3H, methyl). 13C-NMR 
(100 MHz, DMSO) δ (ppm): 161.056, 160.889, 159.837, 
150.288, 143.018, 136.070, 135.894, 134.764, 134.635, 
130.568, 130.055, 129.617, 129.339, 128.820, 126.736, 
126.226, 125.176, 122.377, 120.699, 117.898, 16.647.
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6,8‑dichloro‑2‑(2‑(3‑chlorophenyl)hydrazineyl)‑3‑phe‑
nylquinazolin‑4(3H)‑one (7h)  White solid, yield: 89.4%, 
m.p.: 279–281  ℃, IR (KBr) ν (cm−1): 3286.54 (NH), 
3168.74 (C–H, aromatic), 1673.71 (C=O), 1531.66 (C=C), 
1437.38 (C–O), 1404.73 (C–N), 1296.04 (C–C), 784.27 
(C–Cl), 705.73 (C–Cl). 1H-NMR (400 MHz, DMSO) 
δ (ppm): 11.325 (s, 1H, NH), 8.028 (d, J = 2.8 Hz, 1H, 
H7-quinazoline), 7.867 (d, J = 2.8 Hz, 1H, H5-quinazoline), 
7.597–7.578 (m, 2H, phenyl), 7.532–7.449 (m, 5H, phe-
nyl), 7.360–7.338 (m, 2H, phenyl). 13C-NMR (100 MHz, 
DMSO) δ (ppm): 161.035, 160.903, 150.242, 136.458, 
136.078, 135.859, 134.794, 134.648, 131.397, 130.567, 
130.054, 129.392, 129.339, 128.837, 126.810, 126.248, 
125.190, 122.402, 120.634, 117.918.

6‑bromo‑2‑hydrazineyl‑3‑phenylquinazolin‑4(3H)‑one 
(7i)  White solid, yield: 87.5%, m.p.: 297–299  ℃, IR 
(KBr) ν (cm−1): 3189.63 (NH), 3060.26 (C–H, aromatic), 
1663.20 (C=O), 1605.25 (C=C), 1490.34 (C–O), 1436.43 
(C–N), 1369.79 (C–C), 700.81 (C–Br). 1H-NMR (400 
MHz, DMSO) δ (ppm): 11.721 (s, 1H, NH), 7.997 (d, 
J = 2.4 Hz, 1H, H5-quinazoline), 7.875 (dd, J = 8.8, 2.00 
Hz, 1H, H7-quinazoline), 7.513–7.432 (m, 3H, phenyl), 
7.340–7.313 (m, 2H, phenyl), 7.201 (d, J = 8.8 Hz, 1H, 
H8-quinazoline). 13C-NMR (100 MHz, DMSO) δ (ppm): 
161.634, 160.951, 150.426, 139.512, 138.207, 135.968, 
129.888, 129.451, 129.308, 128.700, 118.155, 116.703, 
114.386.

6‑bromo‑3‑(4‑f luorophenyl)‑2‑hydrazineylquinazo‑
lin‑4(3H)‑one (7j)  White solid, yield: 82.7%, m.p.: 284–
286 ℃C, IR (KBr) ν (cm−1): 3242.84 (NH), 3186.56 (C–H, 
aromatic), 1673.04 (C=O), 1608.10 (C=C), 1504.14 (C–O), 
1431.48 (C–N), 1370.29 (C–C), 1270.83 (C-F), 723.73 
(C–Br). 1H-NMR (400 MHz, DMSO) δ (ppm): 11.715 (s, 
1H, NH), 7.998 (d, J = 2.4 Hz, 1H, H5-quinazoline), 7.877 
(dd, J = 8.8, 2.4 Hz, 1H, H7-quinazoline), 7.413–7.338 (m, 
2H, phenyl), 7.330–7.300 (m, 2H, phenyl), 7.209–7.181 
(m, 1H, H8-quinazoline). 13C-NMR (100 MHz, DMSO) 
δ (ppm): 161.683, 160.874, 150.426, 139.485, 138.213, 
132.140, 132.110, 131.615, 131.528, 129.887, 118.147, 
116.675, 116.252, 116.026, 114.395.

6‑bromo‑3‑(4‑chlorophenyl)‑2‑hydrazineylquinazo‑
lin‑4(3H)‑one (7k)  White solid, yield: 87.3%, m.p.: 273–
275 ℃, IR (KBr) ν (cm−1): 3189.12 (NH), 3065.30 (C–H, 
aromatic), 1671.49 (C=O), 1606.19 (C=C), 1487.59 (C–O), 
1437.90 (C–N), 1369.81 (C–C), 825.24 (C–Cl), 761.45 (C–
Br).1H-NMR (400 MHz, DMSO) δ (ppm): 11.371(s, 1H, 
NH), 8.059 (d, J = 2.4 Hz, 1H, H5-quinazoline), 7.884 (d, 
J = 2.4 H, H7-quinazoline), 7.594–7.570 (m, 2H, phenyl), 
7.411–7.387 (m, 2H, phenyl), 7.378 (d, 1H, J = 8.8 Hz, 
H8-quinazoline). 13C-NMR (100 MHz, DMSO) δ (ppm): 

161.568, 150.280, 139.503, 138.264, 134.896, 133.343, 
131.444, 129.880, 129.354, 118.183, 116.681, 114.424.

1‑(6‑bromo‑4‑oxo‑3‑phenyl‑3,4‑dihydroquinazo‑
lin‑2‑yl)‑3‑hydroxyurea (7l)  White solid, yield: 
79.9%, m.p.: 285–287  ℃, IR (KBr) ν (cm−1) 3638.48 
(OH), 3248.21 (NH), 3186.27 (C–H, aromatic), 1669.91 
(C=O), 1603.28 (C=C), 1486.03 (C–O), 1427.39 (C–N), 
1367.27 (C–C), 763.53 (C–Br).1H-NMR (400 MHz, 
DMSO) δ (ppm): 11.715 (s, 1H, NH), 7.999 (d, J = 2.4 
Hz, 1H, H5-quinazoline), 7.878 (dd, J = 8.8, 2.4 Hz, 1H, 
H7-quinazoline), 7.511–7.473 (m, 2H, phenyl), 7.451–
7.433 (m, 1H, phenyl), 7.338–7.314 (m, 2H, phenyl), 7.199 
(d, J = 8.8 Hz, 1H, H8-quinazoline). 13C-NMR (100 MHz, 
DMSO) δ (ppm): 162.640, 161.029, 150.426, 139.518, 
138.213, 135.968, 129.893, 129.450, 129.306, 128.700, 
118.156, 116.705, 114.385.

3‑(6‑bromo‑4‑oxo‑3‑phenyl‑3,4‑dihydroquinazo‑
lin‑2‑yl)‑1,1‑dimethylurea (7m)  White solid, yield: 
82.5%, m.p: 293–295 ℃, IR (KBr) ν (cm−1): 3187.30 (NH, 
3075.93 (C–H aromatic), 1676.19 (C=O), 1603.54 (C=C), 
1493.50 (C–O), 1443.20 (C–N), 1369.19 (C–C), 757.12 
(C–Br). 1H-NMR (400 MHz, DMSO) δ (ppm): 11.320 (s, 
1H, NH), 8.035 (dd, J = 2.4, 0.8 Hz, 1H, H5-quinazoline), 
7.955 (br, 1H, H7-quinazoline), 7.875–7.867 (m, 1H, 
H8-quinazoline), 7.507–7.488 (m, 3H, phenyl), 7.345 (d, 
J = 8.4 Hz, 2H, phenyl), 2.891 (s, 3H, CH3), 2.734 (s, 3H, 
CH3) .13C-NMR (100 MHz, DMSO) δ (ppm): 161.634, 
161.309, 150.426, 139.510, 138.205, 135.961, 129.893, 
129.449, 129.307, 128.700, 118.150, 116.697, 114.389, 
36.251, 32.913.

6‑bromo‑3‑phenyl‑2‑(2‑(p‑tolyl)hydrazineyl)quinazo‑
lin‑4(3H)‑one (7n)  White solid, yield: 76.0%, m.p.: 
287–289  ℃, IR (KBr) ν (cm−1): 3137.29 (NH), 2998.95 
(C–H aromatic), 1677.31(C=O), 1534.59 (C=C), 1496.07 
(C–O), 1446.04 (C–N), 1375.43 (C–C), 703.71 (C–Br). 
1H-NMR (400 MHz, DMSO) δ (ppm): 11.224 (s, 1H, 
NH), 8.138 (d, J = 2.4 Hz, 1H, H5-quinazoline), 8.005 (dd, 
J = 8.4, 2.4 Hz, 1H, H7-quinazoline), 7.650 (d, J = 8.4 Hz, 
1H, H8-quinazoline), 7.542–7.533 (m, 1H, phenyl), 7.417 
(d, J = 6.8 Hz, 1H, phenyl), 7.360–7.275 (m, 7H, phenyl), 
2.389 (s, 3H, methyl). 13C-NMR (100 MHz, DMSO) 
δ (ppm): 160.116, 158.520, 146.715, 138.155, 137.069, 
136.078, 133.744, 130.449, 129.995, 129.755, 129.472, 
129.042, 128.954, 121.794, 118.447, 117.915, 21.152.

6‑bromo‑2‑(2‑(3‑chlorophenyl)hydrazineyl)‑3‑phe‑
nylquinazolin‑4(3H)‑one (7o)  White solid, yield: 
89.5%, m.p.: 294–297  ℃, IR (KBr) ν (cm−1): 3297.86 
(NH), 3068.75 (C–H aromatic), 1686.75 (C=O), 1539.38 
(C=C), 1444.73 (C–O), 1406.04 (C–N), 1294.27 (C–C), 
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783.98 (C–Cl), 705.73 (C–Br). 1H-NMR (400 MHz, 
DMSO) δ (ppm): 11.225 (s, 1H, NH), 8.136 (d, J = 2.0 
Hz, 1H, H5-quinazoline), 8.006 (dd, J = 8.4, 2.4 Hz, 1H, 
H7-quinazoline), 7.651 (d, J = 8.8 Hz, 1H, H8-quinazoline), 
7.537 (s, 1H, phenyl), 7.417 (d, J = 6.8 Hz, 1H, phenyl), 
7.360–7.291 (m, 7H, phenyl). 13C-NMR (100 MHz, 
DMSO) δ (ppm): 160.138, 158.474, 146.623, 140.227, 
140.109, 138.134, 133.386, 133.263, 130.682, 130.521, 
129.705, 129.467, 129.072, 128.837, 128.603, 127.693, 
121.801,118.499.

Biological assay
Cytotoxic measurement
The cytotoxic effects of the synthesized derivatives (7a–
7h) were evaluated using the MTT assay [46, 47]. The 
three cancer cell lines, MCF-7, SW480 and A549 were 
obtained from the National Cell Bank of Iran (NCBI). 
The cancer cell lines were cultured in RPMI 1640 media 
supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin–streptomycin (Gibco, USA). NIH/3T3 was 
obtained and cultured in DMEM high glucose (Bio Idea, 
Iran) in the presence of 2% L-glutamine (Gibco, USA) as 
normal cell line. Once the cells reached the appropriate 
confluence, they were harvested using a 0.5% trypsin/
EDTA solution (Gibco, USA). A total of 1 × 104 cells per 
well were plated in 96-well microplates [48]. Various 
concentrations of all derivatives and Erlotinib were 
added to the microplates. After 48 h, the media was 
aspirated, and 100 μL of a freshly prepared MTT solution 
was added, followed by incubation for 4 h at 37 °C [49]. 
Subsequently, 150 μL of DMSO was added to dissolve the 
formazan crystals. The absorbance of all derivatives was 
measured at 490 nm using a microplate ELISA reader. 
Data analysis was performed using Excel 2016 and Curve 
Expert 1.4. [50].

Apoptotic assay
To assess apoptosis in SW480 cells, 5 × 104 cells were 
initially pre-cultured in 24-well plates using RPMI 1640 
culture medium for 16 h. The cells were then treated 
with varying doses of the 2g complex (10.0, 20.0, and 40.0 
µM). Following treatment, the cells were harvested with 
0.25% trypsin and washed with phosphate-buffered saline 
(PBS). 5 µL of propidium iodide (1 mg/mL) and 1 unit 
of RNase A were added for staining. Cell cycle analysis 
and DNA content evaluation were performed using flow 
cytometry (BD FACSCalibur) and FlowJo 10.0 software 
to assess the apoptotic status of the cells [51].

Cell cycle assay
To assess the cell cycle, a total of 5 × 104 SW480 cells 
were initially pre-cultured in 24-well plates with RPMI 
1640 culture medium for 16 h under standard culturing 
conditions. The cells were then treated with varying 
concentrations (10.0, 20.0, and 40.0 µM) of the 2g 
complex. After treatment, the cells were harvested 
using 0.25% trypsin, washed with PBS, and fixed in 70% 
ethanol for 2 h. Subsequently, the cells were centrifuged 
at 4000  rpm for 2  min and permeabilized with 0.2% 
Triton X-100 for 15 min at 4  °C. After a second round 
of centrifugation, the cells were resuspended in PBS 
containing propidium iodide and RNase A. Cell cycle 
analysis was performed using flow cytometry (BD 
FACSCalibur Flow Cytometer), and DNA content was 
analyzed using FlowJo 10.0 software.

Computational studies
Docking procedure
In house batch script (DOCK-FACE) was used to run the 
docking protocol [52] according to previous studies [53, 
54]. At the first time, the structures of ligands were drawn 
and optimized by Molecular Mechanic (MM+) following 
semi empirical AM1 method (Hyper Chem Professional 
Version 8 (Hypercube Inc., Gainesville, FL, USA). and 
then converted to PDBQT format using MGL tools 1.5.6 
software [55]. The 3D crystal structure of EGFR (PDB 
ID: 1M17) was obtained from Protein Data Bank (PDB 
data base; http://​www.​rcsb.​org) [56]. Firstly, all water 
molecules and co-crystal ligand were omitted and polar 
hydrogens were added and checked for missing atoms 
with MODELLER 9.17 [57]. A grid box of 70 × 70 × 70 
points in in x, y, and z directions was built and centered 
on the ligand. Number of points in x, y and z was 20.14, 
and 0.3, and 52.2. For internal validation, co-crystal 
ligand for each receptor individually, was excluded and 
treated the same as examined ligand. All the docking 
procedures were done on validated procedure with a root 
mean square deviation (RMSD) value below of 2  Å. All 
interactions were visualized via Discovery studio client 
16 software [52].

Molecular dynamics simulation
GROMACS software was applied to analyze the dynamic 
nature of ligand–protein complex during molecular 
dynamics simulation time (100  ns). The simulations 
were performed using an AMBER force field. Tipp3 
water molecules were added to the simulation box. 

http://www.rcsb.org
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Periodic boundary conditions (PBC) were applied to all 
three directions of the system. Firstly, steepest descent 
algorithm was used to minimize the energy. Afterwards, 
the system was equilibrated by NVT and NPT ensembles. 
All parameters for MD simulation were done base on our 
recent studies [58]. The analysis of Root Mean Square 
Deviation (RMSD), Root Mean Square Fluctuation 
(RMSF), the Radius of gyration (Rg), and the number of 
hydrogen bonds (HB) were analyzed within the MD 5.

DFT studies
The quantum chemical calculations in the framework 
of density functional theory (DFT) were used to predict 
the equilibrium geometry of 7k and 7h compounds. 
The geometry optimizations were performed at the 
M06-2X/6–31 + G(d) level for all atoms [59–61]. All 
calculations performed using Gaussian 09 program 
[62]. Calculations of zero-point vibrational energy 
(ZPVE) and the vibrational frequency analysis were 
also performed.

ADMET analysis
By utilizing the SwissADME online software and 
the preADMET online tool, the server (http://​
pread​met.​bmdrc.​org/) physicochemical properties. 
Pharmacokinetic properties, including absorption, 
distribution, and metabolism, Excretion was 
successfully achieved.

Conclusion
In this study, fifteen novel quinazoline derivative pre-
pared by introducing different hydrazine and urea 
derivative at position 2 of quinazoline ring. The chemi-
cal structures were characterized using FT-IR, 1HNMR, 
and 13CNMR spectroscopy. The cytotoxic potential of 
all compounds was examined on three human cancer-
ous cell lines, A549, SW480 and MCF-7. The most of 
the derivative revealed desirable cytotoxic activity in 
the range of 10.01–136.25 µM with the most potent 
compound (7k) exhibiting a promising IC50 values 
(12.84 and 10.90) compared to Erlotinib against MCF-7 
and SW480 cell lines. The SAR studies suggested that 
presence of mono-substituted bromine and hydrazine 
ring at position 6 and 2 of quinazoline fragment led to 
increase the cytotoxic potential. On the other hand, the 
incorporation of electronegative substitution at phenyl 
moiety causes to increment in activity. Also, 7k could 
induce apoptosis and cell cycle at dose dependent man-
ner and arrest at S phase. Molecular docking findings 
showed that 7k could tighter binding to active site of 
EGFR enzyme and the MD simulation supported these 
results. Compound 7k exhibited a narrow energy gap 

between HOMO and LUMO along with favorable elec-
trostatic surface potential parameters. Overall, these 
novel quinazoline derivatives may be considered prom-
ising candidates for use as cytotoxic inhibitors.
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