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mor activity, 3D-QSAR and
molecular docking studies of new iodinated 4-(3H)-
quinazolinones 3N-substituted†
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V́ıctor Quezada, a Fernanda Salazar,a Philippe Christen, bc Jonathan Castillo,d

Juan Guillermo Cárcamo,de Alejandro Castro-Alvarez fg and Ronald Nelson *a

A novel series of 6-iodo-2-methylquinazolin-4-(3H)-one derivatives, 3a–n, were synthesized and

evaluated for their in vitro cytotoxic activity. Compounds 3a, 3b, 3d, 3e, and 3h showed remarkable

cytotoxic activity on specific human cancer cell lines when compared to the anti-cancer drug, paclitaxel.

Compound 3a was found to be particularly effective on promyelocytic leukaemia HL60 and non-

Hodgkin lymphoma U937, with IC50 values of 21 and 30 mM, respectively. Compound 3d showed

significant activity against cervical cancer HeLa (IC50 ¼ 10 mM). The compounds 3e and 3h were strongly

active against glioblastoma multiform tumour T98G, with IC50 values of 12 and 22 mM, respectively.

These five compounds showed an interesting cytotoxic activity on four human cancer cell types of high

incidence. The molecular docking results reveal a good correlation between experimental activity and

calculated binding affinity on dihydrofolate reductase (DHFR). Docking studies proved 3d as the most

potent compound. In addition, the three-dimensional quantitative structure–activity relationship (3D-

QSAR) analysis exhibited activities that may indicate the existence of electron-withdrawing and lipophilic

groups at the para-position of the phenyl ring and hydrophobic interactions of the quinazolinic ring in

the DHFR active site.
1 Introduction

4-(3H)-Quinazolinones are an important group of fused
heterocycles found in interesting natural alkaloids and drugs
(Fig. 1). These structures are of high interest due to their wide
range of biological and pharmacological properties,1 including
antibacterial,2 antifungal,3 antitubercular,4 antimalarial,5 anti-
toxoplasma,6 anti-inammatory,7 anti-ulcer,8 and kinase inhib-
itor,9 and anticancer activities.10 Quinazolines as anticancer
agents have received considerable attention since the
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development of the thymidylate synthetase inhibitors altitrexed
and thymitaq.11 Since then, several quinazolines have been
described with anticancer activity,10 among which the following
can be highlighted: inhibitors of epidermal growth factor
receptor (EGFR),12 inhibitors of angiogenesis by inhibiting the
vascular endothelial growth factor receptor (VEGFR-2)13 and
dihydrofolate reductase (DHFR) inhibitors that prevent the
Fig. 1 Selected examples of 4-(3H)-quinazolinones.
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Scheme 1 Synthesis of 2-acetamido-5-iodobenzoic acid (2).
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growth of cancer cells and depletes the cell from thymine
causing cell death.14 Consequently, DHFR inhibition played an
essential role in medicine clinical as antitumor agents and
becomes a target for the development of new antitumor
agents.15

Additionally, they are important intermediates in natural
product preparation and are used as structural scaffolds in drug
discovery.16 Due to the extensive biological properties associ-
ated with quinazolinone moieties in drug design, obtaining
these compounds is of great relevance and has motivated the
development of multiple synthetic strategies such as ring
opening of isatoic anhydride by nitrogen nucleophiles followed
by the oxidative cyclocondensation by electrophiles,17 aza-
Wittig/cyclization reactions of iminophosporanes,18 oxidative
olen bond cleavage,19 transition metal dehydrogenative
coupling,20 transition metal-free dehydrogenative coupling,21

transition metal-catalyzed cross-coupling,22 palladium-
catalyzed carbonylative methods23 and miscellaneous transi-
tion metal-free methods.24 Likewise, interest in these
compounds has also led to spectroscopic structural studies, and
X-ray diffraction analysis of this class of heterocycles.25

Here we report the synthesis of novel 6-iodo-2-methyl-
quinazolin-4-(3H)-one derivatives (3a–n), carrying different
substituents in the 3N position. The cytotoxic activity of these
new derivatives against various cancer cell lines was evaluated
in vitro, and molecular docking and 3D-QSAR studies of the
compounds were completed to correlate the structures with
their cytotoxic activities. The IC50 values obtained for the
derivatives were contrasted with those obtained with paclitaxel,
a chemotherapy drug used to treat many different types of
cancer. The objective of forming these compounds is to develop
an active antitumor agent with potential activity and selectivity
toward human cancer cells in vivo.

The synthesis of iodine quinazolinones was developed
because iodinated derivatives are characterized as stable, non-
toxic, and relatively easy to obtain.26,27 Previous work has
shown that the atom in position six increases lipophilicity and
molecular absorption.27,28 On the other hand, iodinated
compounds offer an interesting starting point for the realiza-
tion of various synthetized analogues.29
2 Results and discussion
2.1 Chemistry

For the synthesis of the quinazolinones 3N-substituted ob-
tained in the present work, many reactions were tested.30

However, the method described by Grimmel et al.,31 allowed us
to achieve better yields. Thus, the synthesis of 6-iodo-2-meth-
ylquinazolin-4-(3H)-one 3N-substituted were carried out using
the 5-iodoanthranilic acid (1) as key intermediate. The iodin-
ation of anthranilic acid in presence of hydrogen peroxide in
ethanol at reux, gave the compound 1 with 88% yield. Then,
the reaction of acid 1 with acetic anhydride and subsequent
hydrolysis under reux, it was possible to obtain 2-acetamido-5-
iodobenzoic acid (2) in with 75% yield (Scheme 1). Finally, the
reaction of intermediate 2 with different amine derivatives (R-
© 2022 The Author(s). Published by the Royal Society of Chemistry
NH2) in the presence of PCl3 as dehydrating agent, allowed us to
obtain the quinazolinones 3a–n with variated yields (Scheme 2).

As can be seen from Scheme 2, the lowest yield occurred in
the synthesis of compound 3n (21%). It seems that the presence
of a nitro group in the ortho position of the phenyl ring has an
unfavourable effect on the reactivity because this behaviour was
not observed when obtaining compounds 3g (p-NO2) and 3j (m-
NO2), with respective yields of 61 and 65%. On the other hand,
the highest yields were obtained in the synthesis of 3h (m-Cl-p-
F) and 3i (hydrazine derivative), both with 80% yields.

The structures of quinazolinones 3a–n was conrmed by IR,
1H NMR, 13C NMR-APT, and high-resolution electrospray-
ionisation mass spectrometry (HRESIMS) methods. In general,
the IR spectra of all compounds showed a C]O stretching band
in the 1652–1685 cm�1 range, as well as a C]N stretching band
of the quinazolinone ring in the 1598–1616 cm�1 range. In the
1H NMR spectra, the most characteristic signal was a singlet in
the range of dH ¼ 2.11–2.45, corresponding to the protons of the
methyl group H12 at C2. In the 13C NMR-APT spectra, C]O
signals were seen at dC ¼ 160.3–158.9. In addition, a chemical
shi was seen at dC¼ 158.5–154.2 and 91.8–90.9, corresponding
to C2 and C6, respectively. These spectroscopic data conrmed
the formation of the quinazolinone ring (see the ESI† for
details).
2.2 Cytotoxic activity

The cytotoxic activities of quinazolinones 3a–n were
measured using the MTT colorimetric method against six
cancer cell lines: G415, Gbd1, T98G, HeLa, HL60, and U937.32

The IC50 values are summarized in Table 1 and compared to
paclitaxel as a positive control. The IC50 values fall over a wide
range of concentrations, from 10 mM to over 200 mM,
demonstrating an important variation in the cytotoxicity of
the quinazolinones on different cancer cell lines. The cyto-
toxic effects were cell line dependent. The human cervical
adenocarcinoma cell line, HeLa, was sensitive to 3c, 3d, 3e, 3f,
3g, 3h, 3i, 3k, and 3n, with IC50 values of 180, 10, 60, 86, 110,
148, 70, 193, and 175 mM, respectively. For all the other qui-
nazolinones, the IC50 values were greater than 200 mM. The
human glioblastoma cell line T98G was sensitive to 3e and 3h
and, to a much lesser extent, 3c, with IC50 values of 12, 22, and
RSC Adv., 2022, 12, 21340–21352 | 21341
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Scheme 2 Synthesis of 6-iodo-2-methylquinazolin-4(3H)-one derivatives 3a–n.

Table 1 Cytotoxic activities of quinazolinone derivatives against the selected cancer cell lines (IC50 values expressed in mM)a

Comp.

Adherent cells Nonadherent cells

G415 Gbd1 T98G HeLa HL60 U937

3a >200 >200 >200 >200 21 � 1.1 30 � 1.5
3b >200 >200 >200 >200 50 � 0.7 58 � 5.6
3c >200 >200 114 � 22 180 � 65 >200 >200
3d >200 >200 >200 10 � 0.7 >200 >200
3e >200 >200 12 � 3.4 60 � 1.3 >200 >200
3f >200 >200 >200 86 � 12 >200 >200
3g >200 >200 >200 110 � 51 >200 >200
3h >200 >200 22 � 1.7 148 � 91 >200 >200
3i >200 >200 >200 70 � 5.4 >200 >200
3j >200 >200 >200 >200 >200 >200
3k >200 >200 >200 193 � 120 >200 >200
3l >200 >200 >200 >200 >200 >200
3m >200 >200 >200 >200 >200 >200
3n >200 >200 >200 175 � 98 >200 >200
Paclitaxel 10 � 0.7 6 � 0.6 21 � 3.0 6.2 � 1.9 3.1 � 0.9 41 � 7.0

a 50% inhibitory concentration values are an average of three individual experiments.
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114 mM, respectively. The human promyelocytic leukemia cell
line, HL60, showed a weak sensitivity to compounds 3a and
3b, with IC50 values of 21 and 50 mM, respectively. The human
non-Hodgkin lymphoma cell line, U937, was sensitive to 3a
and 3b, with IC50 values of 30 and 58 mM, respectively. All
synthetic compounds were inactive against human gall-
bladder carcinoma cell lines, G415 and Gbd1 (IC50 > 200 mM).
21342 | RSC Adv., 2022, 12, 21340–21352
Furthermore, compounds 3j–n were inactive or very weakly
active against all cancer cell lines.

From the results summarized in Table 1, it can be deduced
that the bromine atom in the para-position could be an
important factor for the cytotoxicity of compound 3a against
HL60 (IC50 ¼ 21 mM) and U937 (IC50 ¼ 30 mM) cell lines (Fig. 2).
Regarding the inhibitory effect on U937, 3a showed greater
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structures and IC50 of-substituted phenyl rings.

Fig. 3 The correlation graph between experimental activity (DGexp)
and predicted docking activity (DGgbsa).
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cytotoxic activity than paclitaxel (IC50 ¼ 41 mM). However, when
the bromine atom is replaced by a chlorine atom, such as in
compound 3b, the cytotoxic effect over HL60 and U937
decreases with IC50 values changing to 50 and 58 mM, respec-
tively. A methoxy group in the para-position (compound 3c) has
no cytotoxic activity on these two cell lines. Compound 3d (m,p-
di-Cl) was very effective on HeLa cells (IC50 ¼ 10 mM).
Compounds 3e and 3h showed good efficiency in T98G (IC50 ¼
12 and 22 mM, respectively), considering that paclitaxel showed
an IC50 value of 21 mM. These three molecules (3d, 3e, and 3h)
have the presence of a chlorine atom in the meta-position in
common. Other substitutions and analogues studied did not
show a promising level of activity in the evaluated cell lines.
2.3 Molecular docking of compound 3d with DHFR

The calculations of molecular docking for model compounds
were performed with the aim of elucidating the elements
determining the biological activity. The protein selected for
docking studies was dihydrofolate reductase (DHFR), which has
an important role in the evolution of several human cancers.33

Moreover, quinazoline and quinazolinone derivatives have been
previously described as human DHFR inhibitors.33 DHFR is an
enzyme involved in the synthesis of pyrimidinic base timidin,
a structural component of DNA, therefore a molecule that
inhibits this enzyme inhibit the DNA synthesis and it can be
potentially useful as a drug against several types of cancer.33

Moreover, as overexpression of DHFR occurs in breast, prostate,
gastric/gastroesophageal, ovarian, endometrial, bladder, lung,
colon, and head and neck cancers, it is a target for therapies
pointing to inhibition of this protein to decrease tumour
growth.34 Principally, the overexpression of this protein is
associated in HeLa cell lines.35

The molecular docking studies were performed in the active
site of DHFR. The results of induced-t molecular docking,
considering exible residues from 6 Å of the best docked posi-
tion, describe good correlation among experimental data and
calculated values (Fig. 3).

The interaction of synthetized 4-(3H)-quinazolinones was
observed to get the view of ligand binding modes while docking
since a co-crystal ligand was absent for DFHR. Prediction of the
size and spatial orientation of the ligand binding sites of
proteins was a major challenge due to the small size of the
ligand. The active site of the DFHR crystal structure reported in
literature was characterized.36 The important interactions are
between residue R71 with an iodine atom, and van der Waals
interactions are predominant with amino acids L23, L68, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
T57, especially p-stacking with residues F32 and F35 with the
quinazolinic aromatic ring (Fig. 4). Altogether, the molecular
docking result is in accordance with the binding mechanism of
natural ligands (DHF and NADPH), inhibiting catalytic activity
of the protein.
2.4 3D-QSAR study

Our rst challenge was to understand the small structural
differences of these synthetized compounds with their noto-
rious biological activity in distinct cell lines, principally in the
HeLa cell line. Therefore, we used a ligand set from Pathak's
article.37 The Pathak's compounds have quinazoline fragments,
similar to our synthetized compounds. Alignments of the 24
structures (9 synthetized compounds and 15 compounds of
Pathak, see Fig. S1 in ESI†) were carried out from the more
active compounds. Compound Pathak_11 has two halogenated-
aromatic fragments, so our compounds were aligned, consid-
ering this feature (Fig. 5).

The Comparative Molecular Field Analysis (COMFA)38 is
based on 3D-structured features of molecules, such as electro-
static and hydrophobic properties. Indeed, it becomes neces-
sary to develop a QSAR model to predict biological activity
before the synthesis of new cytotoxic quinazolinones. The
success of 3D-QSAR and molecular docking studies help to
understand relationships between the physicochemical prop-
erties and biological activity.

These contour maps give us some general insight into the
nature of the receptor-ligand binding region. The training set of
18 compounds, COMFA model with ve Partial Least Square
(PLS) components, was built, and then, the external test set
including six compounds was used to evaluate the reliability
and applicability of the built model. Statistical quality param-
eters associated with COMFA models were based on Fractional
Factorial Design (FFD) procedures for noise reduction. The
COMFA model gave a good cross-validated correlation coeffi-
cient (Q2) for Leave-One-Out (LOO), Leave-Two-Out (LTO), and
Leave-Many-Out (LMO) as 0.854, 0.826, and 0.841 respectively,
RSC Adv., 2022, 12, 21340–21352 | 21343
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Fig. 4 The binding mode of compound 3d in the catalytic site of DHFR.

Fig. 5 Aligned structures of all compounds for the 3D-QSAR study. Highlighted structures are synthetized compounds in this work, and
transparent structures are from Pathak's dataset.
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indicating an excellent internal predictive power of the estab-
lished model. The PLS analysis with the ve components
resulted in a conventional R2 of 0.996, F-test of 666.323, and
SDEC of 0.032. Thus, the COMFA model was found to be
reasonable (Table 2).
21344 | RSC Adv., 2022, 12, 21340–21352
The values of experimental and predicted activities, along
with the residual values of the training set and test set mole-
cules, are summarized in Table 3. The scatter plot of the
observed versus predicted values of pIC50 for both the training
and test set of COMFA models is shown in Fig. 6. This data
shows that the experimental and predicted activities of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Statistics of the COMFA models for cytotoxic (HeLA cells)
activitya

R2 SDEC F-test Q2 SDEP

Training set PLS 0.996 0.032 666.323
LOO — — — 0.854 0.205
LTO — — — 0.841 0.2.13
LMO — — — 0.826 0.146

Test set 0.852 0.210

a R2 ¼ non-cross validated for determination; Q2 ¼ coefficient of
determination for internal validation; SDEC ¼ standard deviation
error in calculation; SDEP ¼ standard deviation error in prediction.

Table 3 Data set with experimental activity versus calculated activity

Compounds pIC50 exp pIC50 calc Set

3c 3.745 3.733 Training
3d 5 4.9849 Training
3e 4.222 4.2706 Training
3f 4.066 3.9808 Training
3g 3.959 3.7844 Test
3h 3.83 3.884 Training
3i 4.155 4.1573 Training
3k 3.714 3.8836 Test
3n 3.757 3.7665 Training
Pathak_1 5.017 4.8399 Test
Pathak_2 5.126 5.1072 Training
Pathak_3 4.95 4.969 Training
Pathak_4 5.15 5.1361 Training
Pathak_5 4.903 5.1317 Test
Pathak_6 5.013 5.1289 Test
Pathak_7 5.02 5.0128 Training
Pathak_8 4.888 5.2175 Test
Pathak_9 5.022 5.0288 Training
Pathak_10 5.177 5.2045 Training
Pathak_11 5.147 5.1017 Training
Pathak_12 5.124 5.133 Training
Pathak_13 5.142 5.1462 Training
Pathak_14 5.075 5.111 Training
Pathak_15 4.782 4.7626 Training

Fig. 6 (A) Scatter plots of predicted versus experimental activity. (B) Res

© 2022 The Author(s). Published by the Royal Society of Chemistry
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inhibitors are very close to each other. This graphical repre-
sentation, again, conrms the good predictive power of the
established model and also indicates that the developed
COMFA model is reliable.

Contributions by steric effects are observed mainly in the
vicinities of the halogen atom (region (a) in Fig. 7) and C-2methyl
group (region (b) in Fig. 7B), where steric interaction tends to
increase activity in these regions. On the other hand, the phenyl
ring in position 2 tends to increase activity with a second halogen
atom in themeta substitution and decrease activity withmethoxy/
nitro group in ortho substitution by a sterically unfavourable
interaction, and this, obviously, reduces the activity.

Nevertheless, the electrostatic effects observed are unfav-
ourable interactions around the quinazolinic ring (Fig. 8, red area
in region (a)). The electrostatic interaction, with a positive charge
on the putative receptor, is favourable for cytotoxic activity,
mainly in the vicinity of the aromatic group at position 2.
2.5 Solubility predictions

Physicochemical and pharmacokinetic properties were predicted
using the SwissADME Web Service (accessed July 5, 2022) (Table
4). As expected, the synthesized compounds have good lip-
osolubility due to the halogen atoms, essentially the iodine and
chlorine atoms, with compound 3d being the most lipophilic
compound with characteristics responsive to the dichlorophenyl
group. In contrast, the least lipophilic compounds were
compounds 3g and 3j (2.55 and 2.57 of consensus log P,
respectively), which have nitrophenyl structures.39–41

The prediction methods of J. Delaney42 and J. Ali43 were used
to predict water solubility (Table 5), and their results indicate
that the synthesized structures have moderate solubility and are
soluble in water. The prediction of J. Delaney states that all
structures are moderately soluble, while J. Ali suggests that
some structures are soluble in an aqueous solvent. Both
methods suggest that compound 3d is moderately soluble in
water, as are compounds 3e, 3h, 3i, 3k, 3l, and 3n.

Finally, the drug-likeness of the synthesized compounds was
evaluated based on the Lipinski, Ghose, Veber, Egan, and
Muegge rules (Table 6), of which the most active compound (3d)
satisfying all rules except the Lipinski rule; however, compound
idual plots between predicted and experimental values.

RSC Adv., 2022, 12, 21340–21352 | 21345
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Fig. 7 Steric contour maps representing the COMFA model for cytotoxic activity. The compounds shown are the strongest (A; Pakhar_3) and
weakest (B; 3d). Green and yellow regions indicate areas where steric interactions increase and decrease activity, respectively.

Fig. 8 Electrostatic contour maps representing the COMFAmodel for cytotoxic activity. Compounds shown are the strongest (A; 3) and weakest
(B; 17). Blue and red regions denote enhancing and detrimental electrostatic effects with the positively charged probe, respectively.

Table 4 Prediction of the lipophilicity of the synthesized compounds

Comp. iLOGP39 XLOGP3 (ref. 40) MLOGP41
Consensus
log P

3a 3.28 3.48 4.26 3.95
3b 3.17 3.41 4.15 3.86
3c 3.20 2.76 3.30 3.31
3d 3.30 4.34 4.65 4.43
3e 3.42 3.68 3.80 3.90
3f 3.36 3.03 2.97 3.34
3g 2.53 2.61 2.63 2.55
3h 3.16 3.81 4.53 4.21
3i 2.60 3.40 3.87 3.25
3j 2.61 2.61 2.63 2.57
3k 3.36 3.81 4.38 4.09
3l 3.02 3.61 3.83 3.95
3m 2.52 2.43 3.06 2.90
3n 2.86 3.54 3.13 3.16
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3e (second slightly active compound) does comply with all ve
drug-likeness rules.

3 Experimental
3.1 Synthesis

Melting points were determined on a Koer-type apparatus and
were uncorrected. The IR spectra were taken on a PerkinElmer
21346 | RSC Adv., 2022, 12, 21340–21352
200 spectrophotometer with KBr. NMR spectra were collected in
DMSO-d6 or CD3OD with a Varian Unity Inova 500 MHz spec-
trometer. Chemical shis were reported in parts per million (d)
using the residual solvent signals (DMSO-d6: dH 2.50, dC 39.5 or
CD3OD; dH H 3.31, dC C 49.0) as the internal standards for the
1H and 13C NMR-APT spectra and coupling constants (J) in Hz.
HRMS spectra were recorded on a Micromass-LCT Premier
Time-of-Flight ESI spectrometer with an acquity ultra-high-
performance liquid chromatography interface system. TLC
was performed on Si gel Merck 60 F254 (Al plates) and the TLC
plates were visualized by spraying with phosphomolybdic acid
reagent and heating. The starting materials and reagents were
purchased from Sigma–Aldrich or Merck.

3.1.1 Synthesis of 5-iodoanthranilic acid (1). Iodine (7.36 g,
29.0 mmol) was added to a solution of anthranilic acid (8.0 g,
58.3 mmol) in ethanol (112 mL) was stirred at room tempera-
ture for 5 min. Then, the reaction was heated to 80 �C and
a solution of H2O2 (30 wt% in H2O, 16 mL) was added dropwise
for 30 min. Aer stirring the mixture for another 30 min at this
temperature, a solution of Na2S2O5 (10%, 136 mL) was added.
Finally, H2O (640 mL) was added, forming a precipitate which
was ltered under vacuum. The residue was dried at 102 �C for
2 h. The resulting solid was recrystallized from EtOH to obtain
13.47 g (88% yield) of acid 1 as brown crystals. Rf: 0.63 (benzene/
acetone/methanol/acetic acid 60 : 32 : 7.6 : 0.4). mp. 228–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Prediction of the water solubility of the synthesized
compoundsa

Comp.

ESOL42 Ali43

log S Class log S Class

3a �5.29 Mod. soluble �3.90 Soluble
3b �4.97 Mod. soluble �3.82 Soluble
3c �4.44 Mod. soluble �3.34 Soluble
3d �5.74 Mod. soluble �4.79 Mod. soluble
3e �5.21 Mod. soluble �4.30 Mod. soluble
3f �4.68 Mod. soluble �3.82 Soluble
3g �4.41 Mod. soluble �3.95 Soluble
3h �5.31 Mod. soluble �4.24 Mod. soluble
3i �4.78 Mod. soluble �4.06 Mod. soluble
3j �4.41 Mod. soluble �3.95 Soluble
3k �5.16 Mod. soluble �4.24 Mod. soluble
3l �5.16 Mod. soluble �4.36 Mod. soluble
3m �4.24 Mod. soluble �3.23 Soluble
3n �5.19 Mod. soluble �4.92 Mod. soluble

a Mod. soluble ¼ Moderately soluble.

Table 6 Drug likeness of synthesized molecules based on Lipinski,
Ghose, Veber, Egan, and Muegge rules

Comp. Lipinski Ghose Veber Egan Muegge

3a No Yes Yes Yes Yes
3b Yes Yes Yes Yes Yes
3c Yes Yes Yes Yes Yes
3d No Yes Yes Yes Yes
3e Yes Yes Yes Yes Yes
3f Yes Yes Yes Yes Yes
3g Yes Yes Yes Yes Yes
3h No Yes Yes Yes Yes
3i Yes Yes Yes Yes Yes
3j Yes Yes Yes Yes Yes
3k No Yes Yes Yes Yes
3l Yes Yes Yes Yes Yes
3m Yes Yes Yes Yes Yes
3n Yes Yes Yes Yes Yes
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230 �C. IR (cm�1) n: 3501, 3388 (N–H); 2919, 2623 (O–H); 1677
(C]O); 1613 (CAr–NH2); 1579 (CAr–CAr); 1228 (Csp2–OH). 1H
NMR (500 MHz, CD3OD) d (ppm): 8.05 (s, 1H), 7.43 (d, J ¼
8.73 Hz, 1H), 6.56 (d, J ¼ 8.76 Hz, 1H). 13C NMR-APT (126 MHz,
CD3OD) d (ppm): 169.9 (CO), 147.9 (C), 141.6 (CH), 139.2 (CH),
120.7 (CH), 112.2 (C), 79.5 (C). HRMS-ESI calculated for
C7H7INO2 [M + H]+: 263.99215, found 263.95447.

3.1.2 Synthesis of 2-acetamido-5-iodobenzoic acid (2). A
mixture of 5-iodo anthranilic acid (1) (4.0 g, 15.2 mmol) and
acetic anhydride (6.24 mL, 66.14 mmol) was stirred at room
temperature for 5 min and then was warmed to reux for
15min. Aer cooling, distilled water (4.0mL) was added and the
solution was warmed to reux for 2 h. The crude solution was
stirred at room temperature for 24 h and the resulting precipi-
tate was ltered and washed with small amounts of cold
methanol. The resulting solid was crystallized from ethanol, to
give 3.44 g (75% yield) of 2 as light brown crystals. Rf: 0.5
(benzene/acetone/methanol/acetic acid 60 : 32 : 7.6 : 0.4). mp.
© 2022 The Author(s). Published by the Royal Society of Chemistry
239–241 �C. IR (cm�1) n: 3235 (N–H); 3120 (CAr–H); 2923, 2866,
2763 (O–H); 1687, 1650 (C]O); 1592 (CAr–NH2); 1572 (CAr–CAr).
1H NMR (500 MHz, DMSO-d6) d (ppm): 10.94 (s, 1H), 8.25 (d, J¼
8.84, 1H), 8.18 (s, 1H), 7.84 (d, J ¼ 8.83 Hz, 1H), 2.12 (s, 3H). 13C
NMR-APT (126 MHz, DMSO-d6) d (ppm): 168.5 (CO), 168.1 (CO),
142.1 (CH), 140.4 (C), 138.9 (CH), 122.1 (CH), 118.6 (C), 85.5 (C),
25.0 (CH3). HRMS-ESI Calculated for C9H9INO3 [M + H]+:
305.96271, found 305.96454.

3.1.3 General procedure for the synthesis of 6-iodo-2-
methylquinazolin-4(3H)-one derivatives (3a–n). A solution of
PCl3 (0.35 mL, 4.01 mmol) in dry toluene (15 mL) was slowly
added (15 min) to a solution of 5-iodo-N-acetyl anthranilic acid
(2) (2.0 g, 6.56 mmol) and the corresponding amine (R-NH2)
(7.26 mmol) in dry toluene (135 mL) at room temperature. The
resulting mixture was warmed to reux (110 �C) for 6 to 48 h
(until the reaction was completed which was conrmed by TLC,
see times in Scheme 2). Then, the mixture was allowed to cool to
room temperature and was neutralized with Na2CO3 (sat.) fol-
lowed by extraction with chloroform (4 � 100 mL). The organic
phase was washed with H2O (3 � 100 mL), dried over Na2SO4,
ltered and concentrated under vacuum. The products were
puried by crystallization with MeOH or puried by column
chromatography (SiO2, 20–50% AcOEt/hexanes).

3.1.3.1 6-Iodo-2-methyl-3-(4-bromophenyl)-4-(3H)-quinazoli-
none (3a). Rf: 0.83 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3066 (CAr–H); 2925 (Csp3–H); 1685
(C]O); 1598 (C]N); 1575 (CAr–CAr).

1H NMR (500 MHz, DMSO-
d6) d (ppm): 8.34 (s, 1H), 8.11 (d, J ¼ 8.54 Hz, 1H), 7.77 (d, J ¼
8.58, 2H), 7.45 (d, J¼ 8.59 Hz, 2H), 7.43 (d, J¼ 8.65 Hz, 1H), 2.12
(s, 3H). 13C NMR-APT (126 MHz, DMSO-d6) d (ppm): 159.9 (CO),
154.9 (C), 146.5 (C), 142.9 (CH), 136.9 (C), 134.4 (CH), 132.6 (2
CH), 130.7 (2 CH), 128.9 (C), 122.3 (CH), 122.2 (C), 91.1 (C–I),
24.1 (CH3). HRMS-ESI calculated for C15H11BrIN2O [M + H]+:
440.90994, found 440.91055.

3.1.3.2 6-Iodo-2-methyl-3-(4-chlorophenyl)-4-(3H)-quinazoli-
none (3b). Rf: 0.80 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3086, 3058, 3034 and 3007 (CAr–

H); 2930 (Csp3–H); 1676 (C]O); 1604 (C]N); 1587 (CAr–CAr).
1H

NMR (500 MHz, DMSO-d6) d (ppm): 8.33 (s, 1H), 8.10 (d, J ¼
8.54 Hz, 1H), 7.64 (d, J ¼ 8.74 Hz, 2H), 7.51 (d, J ¼ 8.77 Hz, 2H),
7.44 (d, J ¼ 8.55 Hz, 1H), 2.12 (s, 3H). 13C NMR-APT (126 MHz,
DMSO-d6) d (ppm): 159.9 (CO), 154.9 (C), 146.5 (C), 142.9 (CH),
136.4 (CH), 134.4 (C), 133.7 (C), 130.3 (2 C), 129.6 (2 C), 128.8
(CH), 122.2 (C), 91.1 (C–I), 24.1 (CH3). HRMS-ESI calculated for
C15H11ClIN2O [M + H]+: 396.96046, found 396.96112.

3.1.3.3 6-Iodo-2-methyl-3-(4-methoxiphenyl)-4-(3H)-quinazoli-
none (3c). Rf: 0.83 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3081, 3052 and 3003 (CAr–H);
2960 and 2934 (Csp3–H); 1672 (C]O); 1610 (C]N); 1598 (CAr–

CAr); 1246, 1027 (C–O). 1H NMR (500 MHz, DMSO-d6) d (ppm):
8.36 (s, 1H), 8.11 (d, J ¼ 8.54 Hz, 1H), 7.45 (d, J ¼ 8.55 Hz, 1H),
7.34 (d, J ¼ 8.84 Hz, 2H), 7.09 (d, J ¼ 8.88 Hz, 2H), 3.83 (s, 3H),
2.12 (s, 3H). 13C NMR-APT (126 MHz, DMSO-d6) d (ppm): 160.2
(CO), 159.3 (C), 155.9 (C), 146.6 (C), 142.8 (CH), 134.5 (CH),
130.1 (C), 129.4 (2 C), 128.9 (CH), 122.4 (C), 114.7 (2 C), 90.9 (CI),
55.4 (CH3), 24.1 (CH3). HRMS-ESI calculated for C16H14IN2O2 [M
+ H]+: 393.00999, found 393.01059.
RSC Adv., 2022, 12, 21340–21352 | 21347
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3.1.3.4 6-Iodo-2-methyl-3-(3,4-dichlorophenyl)-4-(3H)-quina-
zolinone (3d). Rf: 0.85 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3061 (CAr–H); 2928 (Csp3–H); 1671
(C]O); 1603 (C]N); 1587 (CAr–CAr).

1H NMR (500 MHz, DMSO-
d6) d (ppm): 8.35 (d, J¼ 2.0 Hz, 1H), 8.13 (dd, J¼ 8.5, 2.0 Hz, 1H),
7.91 (d, J¼ 2.3 Hz, 1H), 7.86 (d, J¼ 8.5 Hz, 1H), 7.54 (dd, J¼ 8.5,
2.3 Hz, 1H), 7.46 (d, J ¼ 8.5 Hz, 1H),2.15 (s, 3H). 13C NMR-APT
(126 MHz, DMSO-d6) d (ppm): 159.9 (CO), 154.7 (C), 146.5 (C),
143.0 (CH), 137.4 (C), 134.4 (CH), 132.1 (CH), 131.9 (C), 131.5
(C), 130.8 (CH), 129.1 (CH), 128.9 (CH), 122.2 (C), 91.2 (C–I), 24.0
(CH3). HRMS-ESI calculated for C15H10Cl2IN2O [M + H]+:
430.92148, found 430.91843.

3.1.3.5 6-Iodo-2-methyl-3-(3-chloro-4-methoxiphenyl)-4-(3H)-
quinazolinone (3e). Rf: 0.78 (benzene/acetone/methanol/acetic
acid 60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3062, 3006 (CAr–H); 2965,
2942, 2927 (Csp3–H); 1675 (C]O); 1609 (C]N); 1592 (CAr–CAr);
1264, 1058 (C–O). 1H NMR (500 MHz, DMSO-d6) d (ppm): 8.35
(d, J ¼ 2.0 Hz, 1H), 8.12 (dd, J ¼ 8.5, 2.1 Hz, 1H), 7.63 (d, J ¼
2.5 Hz, 1H), 7.45 (d, J ¼ 8.6 Hz, 1H), 7.42 (dd, J ¼ 8.7, 2.5 Hz,
1H), 7.31 (d, J ¼ 8.8 Hz, 1H), 3.94 (s, 3H), 2.14 (s, 3H). 13C NMR-
APT (126 MHz, DMSO-d6) d (ppm): 160.2 (CO), 155.5 (C), 154.9
(C), 146.6 (C), 142.9 (CH), 134.5 (CH), 130.4 (C), 129.7 (CH),
128.9 (CH), 128.4 (CH), 122.3 (C), 121.3 (C), 113.2 (CH), 91.0 (C–
I), 56.4 (CH3), 24.1 (CH3). HRMS-ESI calculated for C16H13-
ClIN2O2 [M + H]+: 426.97102, found 426.97101.

3.1.3.6 6-Iodo-2-methyl-3-(3,4-dimethoxiphenyl)-4-(3H)-quina-
zolinone (3f). Rf: 0.80 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3062 (CAr–H); 2997, 2962, 2962,
2934 (Csp3–H); 1673 (C]O); 1608 (C]N); 1590 (CAr–CAr); 1249,
1132 (C–O). 1H NMR (500 MHz, DMSO-d6) d (ppm): 8.36 (d, J ¼
2.0 Hz, 1H), 8.11 (dd, J ¼ 8.5, 2.1 Hz, 1H), 7.44 (d, J ¼ 8.6 Hz,
1H), 7.11–7.07 (m, 2H), 6.95 (dd, J¼ 8.4, 2.4 Hz, 1H),3.83 (s, 3H),
3.74 (s, 3H), 2.16 (s, 3H). 13C NMR-APT (126 MHz, DMSO-d6)
d (ppm): 160.1 (CO), 155.9 (C), 149.3 (C), 148.9 (C), 146.6 (C),
142.7 (CH), 134.5 (CH), 130.2 (CH), 128.8 (CH), 122.4 (CH), 120.2
(C), 111.9 (CH), 111.8 (CH), 90.9 (C–I), 55.7 (CH3), 55.6 (CH3),
23.9 (CH3). HRMS-ESI calculated for C17H16IN2O3 [M + H]+:
423.02056, found 423.01840.

3.1.3.7 6-Iodo-2-methyl-3-(4-nitrophenyl)-4-(3H)-quinazoli-
none (3g). Rf: 0.85 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3112, 3071 (CAr–H); 2976, 2930
(Csp3–H); 1679 (C]O); 1602 (C]N); 1579 (CAr–CAr); 1520 (C–
NO2); 1354 (C–NO2).

1H NMR (500 MHz, DMSO-d6) d (ppm): 8.42
(d, J ¼ 9.0 Hz, 2H), 8.37 (d, J ¼ 2.0 Hz, 1H), 8.15 (dd, J ¼ 8.5,
2.1 Hz, 1H), 7.82 (d, J¼ 9.0 Hz, 2H), 7.48 (d, J¼ 8.6 Hz, 1H),2.13
(s, 3H). 13C NMR-APT (126 MHz, DMSO-d6) d (ppm): 159.9 (CO),
154.3 (C), 147.7 (C), 146.6 (C), 143.3 (CH), 143.1 (C), 134.4 (CH),
130.3 (2 CH), 128.9 (CH), 124.8 (2 CH), 122.2 (C), 91.3 (C–I), 24.0
(CH3). HRMS-ESI calculated for C15H11IN3O3 [M + H]+:
407.98450, found 407.98343.

3.1.3.8 6-Iodo-2-methyl-3-(3-chloro-4-uorophenyl)-4-(3H)-
quinazolinone (3h). Rf: 0.82 (benzene/acetone/methanol/acetic
acid 60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3063 (CAr–H); 2926 (Csp3–

H); 1671 (C]O); 1603 (C]N); 1558 (CAr–CAr)
.1H NMR (500MHz,

DMSO-d6) d (ppm): 8.36 (d, J ¼ 2.0 Hz, 1H), 8.13 (dd, J ¼ 8.5,
2.1 Hz, 1H), 7.87 (dd, J¼ 6.7, 2.5 Hz, 1H), 7.64 (t, J¼ 9.0 Hz, 1H),
21348 | RSC Adv., 2022, 12, 21340–21352
7.58–7.52 (m, 1H), 7.46 (d, J¼ 8.5 Hz, 1H), 2.14 (s, 3H). 13C NMR-
APT (DMSO-d6, 126 MHz) d (ppm): 160.0 (CO), 157.3 (d, J ¼
248.9 Hz, C), 154.9 (C), 146.5 (C), 143.0 (CH), 134.5 (CH), 134.4
(C), 130.9 (CH), 129.6 (d, J ¼ 8.0 Hz, CH), 128.9 (CH), 122.2 (C),
120.2 (d, J ¼ 18.8 Hz, C), 117.8 (d, J ¼ 22.1 Hz, CH), 91.1 (C–I),
24.1 (CH3). HRMS-ESI calculated for C15H10ClFIN2O [M + H]+:
414.95103, found 414.95044.

3.1.3.9 6-Iodo-2-methyl-3-(1-phenylamino)-4-(3H)-quinazoli-
none (3i). Rf: 0.80 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3239 (N–H); 3066, 3021 (CAr–H);
2964, 2929 (Csp3–H); 1672 (C]O); 1600 (C]N); 1588 (CAr–CAr).
1H NMR (500 MHz, DMSO-d6) d (ppm): 9.12 (s, 1H), 8.33 (d, J ¼
2.0 Hz, 1H), 8.12 (dd, J ¼ 8.6, 2.1 Hz, 1H), 7.47 (d, J ¼ 8.6 Hz,
1H), 7.19 (dd, J¼ 8.4, 7.5 Hz, 2H), 6.85 (t, J¼ 7.3 Hz, 1H), 6.66 (d,
J ¼ 7.7 Hz, 2H), 2.49 (s, 3H). 13C NMR-APT (126 MHz, DMSO-d6)
d (ppm): 158.9 (CO), 158.5 (C), 146.5 (C), 146.0 (C), 143.0 (CH),
134.3 (CH), 129.2 (2 CH), 129.1 (CH), 122.9 (CH), 120.4 (C), 112.4
(2 CH), 91.3 (C–I), 21.5 (CH3). HRMS-ESI calculated for
C15H13IN3O [M + H]+: 378.01032, found 378.01184.

3.1.3.10 6-Iodo-2-methyl-3-(3-nitrophenyl)-4-(3H)-quinazoli-
none (3j). Rf: 0.85 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3073 (CAr–H); 2932 (Csp3–H); 1673
(C]O); 1616 (C]N); 1599 (CAr–CAr); 1531, 1349 (NO2).

1H NMR
(500 MHz, DMSO-d6) d (ppm): 8.49 (t, J ¼ 2.0 Hz, 1H), 8.41–8.37
(m, 1H), 8.36 (d, J ¼ 1.5 Hz, 1H), 8.14 (dt, J ¼ 8.5, 1.7 Hz, 1H),
8.01–7.95 (m, 1H), 7.88 (t, J ¼ 8.1 Hz, 1H), 7.47 (dd, J ¼ 8.5,
0.8 Hz, 1H), 2.13 (s, 3H). 13C NMR-APT (126 MHz, DMSO-d6)
d (ppm): 160.1 (CO), 154.6 (C), 148.5 (C), 146.6 (C), 143.0 (CH),
138.6 (C), 135.4 (CH), 134.4 (CH), 130.9 (CH), 128.9 (CH), 124.1
(2 CH), 122.3 (C), 91.2 (C–I), 24.1 (CH3). HRMS-ESI calculated
for C15H11IN3O3 [M + H]+: 407.98450, found 407.98532.

3.1.3.11 6-Iodo-2-methyl-3-(3,4-dimethylphenyl)-4-(3H)-quina-
zolinone (3k). Rf: 0.83 (benzene/acetone/methanol/acetic acid
60 : 32 : 7.6 : 0.4). IR (cm�1) n: 3048, 3019 (CAr–H); 2972, 2915
(Csp3–H); 1667 (C]O); 1596 (C]N); 1576 (CAr–CAr).

1H NMR
(500 MHz, DMSO-d6) d (ppm): 8.34 (d, J¼ 2.0 Hz, 1H), 8.10 (dd, J
¼ 8.5, 2.1 Hz, 1H), 7.44 (d, J ¼ 8.6 Hz, 1H), 7.31 (d, J ¼ 8.0 Hz,
1H), 7.18 (s, 1H), 7.12 (dd, J ¼ 7.9, 2.0 Hz, 1H), 2.30 (s, 3H), 2.27
(s, 3H), 2.12 (s, 3H). 13C NMR-APT (126 MHz, DMSO-d6) d (ppm):
160.0 (CO), 155.5 (C), 146.6 (C), 142.8 (CH), 137.7 (C), 137.3
(CH), 135.1 (C), 134.4 (C), 130.4 (CH), 128.8 (CH), 128.8 (CH),
125.3 (CH), 122.3 (C), 90.9 (C–I), 24.1 (CH3), 19.3 (CH3), 19.0
(CH3). HRMS-ESI calculated for C17H16IN2O [M + H]+:
391.03073, found 391.03262.

3.1.3.12 6-Iodo-2-methyl-3-[-2-(3-indolyl)-ethyl]-4-(3H)-quina-
zolinone (3l). Puried by column chromatography. Rf: 0.78
(benzene/acetone/methanol/acetic acid 60 : 32 : 7.6 : 0.4). IR
(cm�1) n: 3329 (N–H); 3062, 3010 (CAr–H); 2979, 2917 (Csp3–H);
1656 (C]O); 1616 (C]N); 1589 (CAr–CAr).

1H NMR (500 MHz,
DMSO-d6) d (ppm): 10.90 (s, 1H), 8.43 (d, J ¼ 2.1 Hz, 1H), 8.07
(dd, J¼ 8.5, 2.1 Hz, 1H), 7.62 (d, J¼ 7.8 Hz, 1H), 7.36 (dd, J¼ 8.3,
5.8 Hz, 2H), 7.18 (d, J ¼ 2.3 Hz, 1H), 7.08 (ddd, J ¼ 8.1, 6.9,
1.2 Hz, 1H), 6.98 (ddd, J ¼ 8.0, 6.9, 1.1 Hz, 1H), 4.30–4.23 (m,
2H), 3.12–3.05 (m, 2H), 2.45 (s, 3H). 13C NMR-APT (126 MHz,
DMSO-d6) (ppm): 159.88 (CO), 155.86 (C), 146.36 (C), 142.58
(CH), 136.22 (CH), 134.44 (C), 128.79 (C), 127.07 (CH), 123.34
(CH), 121.91 (CH), 121.14 (C), 118.50 (CH), 118.15 (CH), 111.52
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(C), 110.47 (CH), 90.98 (C–I), 45.33 (CH2), 23.53 (CH2), 22.81
(CH3). HRMS-ESI calculated for C19H17IN3O [M + H]+:
430.04162, found 430.03720.

3.1.3.13 6-Iodo-2-methyl-3-(4-hydroxyphenyl)-4-(3H)-quinazo-
linone (3m). Puried by column chromatography. Rf: 0.85
(benzene/acetone/methanol/acetic acid 60 : 32 : 7.6 : 0.4). IR
(cm�1) n: 3202 (O–H); 3081, 3033 (CAr–H); 2935 (Csp3–H); 1652
(C]O); 1613 (C]N); 1598 (CAr–CAr); 1270 (C–O). 1H NMR (500
MHz, DMSO-d6) d (ppm): 9.85 (s, 1H), 8.33 (d, J ¼ 2.1 Hz, 1H),
8.09 (dd, J¼ 8.5, 2.1 Hz, 1H), 7.43 (d, J¼ 8.5 Hz, 1H), 7.19 (d, J¼
8.7 Hz, 2H), 6.89 (d, J ¼ 8.7 Hz, 2H), 2.11 (s, 3H). 13C NMR-APT
(126 MHz, DMSO-d6) d (ppm): 160.3 (CO), 157.7 (C), 156.1 (C),
146.6 (C), 142.8 (CH), 134.5 (CH), 129.2 (C), 128.9 (2 CH), 128.6
(CH), 122.4 (C), 116.0 (2 CH), 91.0 (C–I), 24.2 (CH3). HRMS-ESI
calculated for C15H12IN2O2 [M + H]+: 378.99434, found
378.99564.

3.1.3.14 6-Iodo-2-methyl-3-(4-chloro2-nitrophenyl)-4-(3H)-qui-
nazolinone (3n). Puried by column chromatography. Rf: 0.88
(benzene/acetone/methanol/acetic acid 60 : 32 : 7.6 : 0.4). IR
(cm�1) n: 3212, 3082, 3018 (CAr–H); 2967, 2923 (Csp3–H); 1681
(C]O); 1603 (C]N); 1592 (CAr–CAr); 1527, 1348 (C–NO2).

1H
NMR (500 MHz, DMSO-d6) d (ppm): 8.44 (d, J¼ 2.4 Hz, 1H), 8.34
(d, J ¼ 2.0 Hz, 1H), 8.18 (dd, J ¼ 8.5, 2.1 Hz, 1H), 8.12 (m, 1H),
7.94 (d, J ¼ 8.5 Hz, 1H), 7.50 (d, J ¼ 8.6 Hz, 1H), 2.23 (s, 3H). 13C
NMR-APT (126 MHz, DMSO-d6) d (ppm): 159.6 (CO), 154.3 (C),
146.4 (C), 146.0 (CH), 143.6 (C), 135.4 (C), 135.2 (CH), 134.4
(CH), 133.0 (CH), 129.2 (C), 129.0 (CH), 126.0 (CH), 121.4 (C),
91.8 (C–I), 23.7 (CH3). HRMS-ESI calculated for C15H10ClIN3O3

[M + H]+: 441.94553, found 441.94547.
3.2 Cytotoxicity assay

Human gallbladder adenocarcinoma (G415), human gall-
bladder adenocarcinoma (Gbd1), human promyelocytic
leukemia (HL60), human histiocytic lymphoma (U937), human
cervix adenocarcinoma (HeLa) and human brain glioblastoma
multiforma (T98G) cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA). All cell lines were
grown at 37 �C in a humidied atmosphere of 5% CO2 envi-
ronment and the adherent cells were removed from culture
plates by trypsinization (0.5 mM EDTA, 0.05% trypsin). G-415
and Gbd1 were maintained in RPMI 1640 supplemented with
2 mM glutamine, 10% FBS, penicillin/streptomycin/
amphotericin-B (100 units per mL; 100 mg mL�1; 0.25 mg
mL�1). Conuent cultures of these two adherent cell lines were
split 1 : 3 to 1 : 6 by trypsinization and seeded at 2–4 � 104 cells
per cm2. HL60 and U937 cells were grown in the same medium
and seeded at 1–5 � 105 and 2–9 � 105 cells per mL, respec-
tively. Three times per week, the culture cells were diluted under
the same conditions to maintain density and were harvested in
the exponential phase of growth. HeLa cells were cultured in
MEM, containing 2 mM glutamine, 10% FBS, 1% non-essential
amino acids, penicillin/streptomycin/amphotericin-B (100 units
per mL; 100 mg mL�1; 0.25 mg mL�1). T98G cells were grown in
DMEM-F12 supplemented with 2 mM glutamine, 10% FBS, 1%
non-essential amino acids, 1% sodium pyruvate, penicillin/
streptomycin/amphotericin-B (100 units per mL; 100 mg mL�1;
© 2022 The Author(s). Published by the Royal Society of Chemistry
0.25 mg mL�1). Conuent cultures of these last two adherent cell
lines were split 1 : 3 to 1 : 6 by trypsinization and seeded at 2–4
� 104 cells per cm2. For cytotoxicity studies, cells were seeded in
a 96-well microtiter plate at a density of 5 � 105 mL�1 and
allowed to adhere for 24 h in a CO2 incubator. One day aer
seeding, cells were treated with fresh medium containing the
compounds, dissolved in DMSO (1% nal concentration in the
well) plus culture medium, incubating by 24 h at 37 �C. The
compound concentrations ranged from 0 mM up to 200 mM.
Aer incubation, 10 mL aliquots of MTT solution (5 mg mL�1 in
PBS) were added to each well and re-incubated for 4 h at 37 �C,
followed by low centrifugation at 800 rpm for 5 minutes. Cell
viability was determined by means of MTT reduction and the
cells incubated in culture medium alone and 1% DMSO served
as control for cell viability (untreated cells). 200 mL of super-
natant was carefully aspirated and 200 mL aliquots of 100%
DMSO were added to each well to dissolve the formazan crys-
tals, followed by incubation of 10 minutes at 37 �C to dissolve
air bubbles. The culture plate was placed on an Emax model
micro-plate reader (Molecular Devices) and the absorbance was
measured spectrophotometrically at 650 nm. The amount of
color produced is directly proportional to the number of viable
cells. Untreated cells and the controls containing 1% DMSO
were used as 100% viability controls (negative controls, see
ESI†). Paclitaxel (T7191, Sigma-Aldrich) was used as reference
compound (positive controls, see ESI†). All assays were per-
formed twice with three replicates and processed indepen-
dently. Mean � SD was used to estimate the cell viability. Cell
viability rate was calculated as the percentage of MTT absorp-
tion as follows:

% survival ¼ (mean experimental absorbance/mean control

absorbance) � 100

The compound concentration was plotted against the cor-
responding percentage (%) of cell viability obtained with MTT
assays, and the 50% inhibitory concentration (IC50) was calcu-
lated by non-linear regression. The curve ttings were per-
formed using GraphPad Prism®6 from Systat Soware, Inc.
Compounds with IC50 > 200 mM were considered as inactive.

3.2.1 Statistical analysis. Data were compared by one-way
analysis of variance Student's t-test to determine statistical
signicance (GraphPad Prism®6). Each experiment as per-
formed in triplicate on two occasions. Results are expressed.

3.3 Computational method

The preparations of iodinated 4-(3H)-quinazolinone 3D struc-
tures were obtained with OpenBabel44 from SMILES annotations
for each ligand. Protonation states were adjusted to pH 7.2 using
FixpKa and AM1BCC charges implemented in the QUACPAC
package,45 followed by conformer generation using OMEGA.46

Docking was performed using FRED47 and the coordinates of the
co-crystal structure of DFHR (PDB code 4M6J),36 keeping 20 poses
for each dockedmolecule. Optimization of the docked poses was
carried out using a two-step protocol and SZYBKI.48 First, opti-
mization of the ligand's Cartesian coordinates was performed
RSC Adv., 2022, 12, 21340–21352 | 21349
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using a constraint of 1 kcal mol�1, followed by optimization of
the complex using MMFF94 s as a force eld, a Poisson–Boltz-
mann model, and AM1BCC charges for the ligands. Flexibility of
residue side chains were kept within 6 Å of the ligand. The
resulting poses were ranked according to the predicted ligand-
protein energy, and the pose with the lowest score was selected
as the best pose for each molecule.

3D-QSAR models were obtained with the Open3DQSAR
package,49 which performs partial least squares (PLS) regression
models from molecular interaction elds (MIF). Unless other-
wise noted, default parameters were employed for Open3-
DQSAR. The input to Open3DQSAR is a set of aligned
conformers of the dataset with associated bioactivities. A grid
was constructed around the aligned molecules in such a way
that its box exceeded 5 Å in the largest molecule, and grid
spacing was set to 0.5 Å. Steric and electrostatic molecular
mechanics of MIFs were computed using the Merck force eld
(MMFF94). The pictures were obtained with Chimera UCSF and
PyMol soware.

The prediction of drug likeness of synthesized molecules is
estimated using parameters based on Lipinski, Ghose, Veber,
Egan, and Muegge rules and, their lipid and water solubility by
applying the SwissADME web tool (https://www.swissadme.ch,
accessed on 5 July 2022).50 The SwissADME synthetic accessibility
score is mainly based on the assumption of the molecular.

4 Conclusions

A novel series of iodinated 4-(3H)-quinazolinones 3N-
substituted were synthesized and screened for their in vitro
cytotoxic activity against six cancer cell lines (G415, Gbd1, T98G,
HeLa, HL60, and U937). Some of these compounds, 3e and 3h,
showed remarkable cytotoxic activity against the T98G cell line
with IC50 values similar or slightly lower than the control,
paclitaxel (IC50 ¼ 21 mM). Similarly, marked inhibitory activity
was also observed for compounds 3a and 3b on cell line U937,
with one of them showing greater efficiency than paclitaxel (IC50

¼ 41 mM). Additionally, compound 3a showed important activity
on HL60 cells (IC50 ¼ 21 mM). Moreover, 3d showed signicant
cytotoxic activity on HeLa cells (IC50 ¼ 10 mM), on same order of
magnitude as paclitaxel (IC50 ¼ 6.2 mM). Therefore, the experi-
mental study of these compounds should move towards in vivo
studies, using animal models of glioblastoma (3e and 3h),
lymphoma (3a and 3b), promyelocytic leukemia (3a), and
cervical adenocarcinoma (3d). The cytotoxic activities of the new
iodinated 4-(3H)-quinazolinones 3N-substituted were screened,
and the molecular docking between compound 3d and the
active site of DHFR was performed through the FRED soware.
The results revealed that the molecular coupling of compound
3d to the active site is similar to that of natural DHFR ligands,
suggesting the inhibitory mechanism of compound 3d on the
catalytic activity of this enzyme. Moreover, based on the results
of the 3D-QSAR calculations for the synthesized compounds,
the structure activity relationship (SAR) can be summarized by
the change of substituents at positions of the quinozoline rings.
This change has an effect on cytotoxic activity. Docking results
showed that higher lipophilic character and the presence of
21350 | RSC Adv., 2022, 12, 21340–21352
electron-withdrawing groups at the para position of phenyl ring
has constructive impacts toward the development of new
iodinated-quinazolinic compounds. It is known that the inhi-
bition of DHFR by quinazolinones derivatives leads to cell
death, for this reason the compounds of this chemical nature
and that also show cytotoxic activity against various lineages of
cancer cells would have possibilities not only as antineoplastic
drugs, but also as biocides to various protozoan, fungal and
microbial pathogens, in addition to their use in arthritis treat-
ment. Therefore, studies of the effect of these quinazolinones
on the catalytic activity of DHFR, as well as their ability as
antiprotozoa, antifungal and antimicrobial agents are required,
as well as testing the main active compounds in an in vivo study
in animal models for the malignant neoplasms evaluated.
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