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A B S T R A C T

A new series of pyrido[2,3-d]pyrimidines 3–18 bearing substitution at C-5 position was synthesized. All com-
pounds were tested for their in vitro antitumor activity against five human cancer cell lines namely; hepato-
cellular carcinoma (HePG2), breast carcinoma (MCF-7), human prostate carcinoma (PC3), colorectal carcinoma
(HCT-116), and cervical carcinoma (Hela) using doxorubicin as a positive control. Compounds 3, 4, 9, 11, 13,
14, 15 and 17 exhibited the highest antitumor activity against the tested cell lines and were selected to screen
their enzymatic inhibition against dihydrofolate reductase enzyme (DHFR) compared with the reference drug
methotrexate (MTX), to explain the probable mechanism of action of the observed anticancer activity.
Compound 11 displayed the highest inhibitory activity (IC50 = 6.5 µM) among the tested compounds in com-
parison with MTX (IC50 = 5.57 µM). Also, compounds 13 and 14 showed high inhibitory activity against DHFR
with IC50 values 7.1 and 8.7 µM, respectively. Comparative molecular modeling study was performed between
DHFR inhibitors 11, 13 and 14 of the highest activity and 10 of the lowest activity among the eight inhibitors
against MTX. Docking studies into the active site of DHFR domain showed good agreement with the obtained
biological results. Finally, compound 11 was found to be best antitumor, DHFR inhibitor, and it induced the
process of apoptosis at Pre-G phase and cell cycle arrest at G2/M phase in MCF-7 cells.

1. Introduction

Dihydrofolate reductase (DHFR) catalyzes the reduction of dihy-
drofolate (DHF) to tetrahydrofolate (THF) using nicotinamide adenine
dinucleotide phosphate (NADPH) as cofactor·THF is essential for de
novo synthesis of purine and thymidylate (TMP) in cell proliferation
[1]. Inhibition of DHFR activity results in cell death [2], so that DHFR
becomes an important target enzyme in the development of che-
motherapy [3]. Antifolates are classified into classical type such as
methotrexate (MTX) and non-classical type such as piritrexim (PTX)
and trimetrexate (TMQ) [4]. In classical type, the hydrophilic nature of
the inhibitor, due to its glutamate moiety, limits its transport into the
cells by diffusion so, an active transport mechanism is essential. How-
ever, in non-classical type, replacing of the hydrophilic glutamate
moiety by lipophilic groups leads to enhancement of its transport into
the cells by passive diffusion [5,6] (Fig. 1).

Many derivatives of pyrido[2,3-d]pyrimidine are very potent in-
hibitors of DHFR [7] and play an important role in DNA intercalation
because of their structural resemblance to a purine- pyrimidine com-
plementary base pair [8]. Analysis of the structure of these DHFR in-
hibitors declares that pyrido[2,3-d]pyrimidine ring of PTX can form

hydrogen bonds with DHFR in which the binding mode is similar to the
analogous ring of MTX [9]. 2,4-Diamino substitution of pyrido[2,3-d]
pyrimidine is critical for inhibitory activity because the 2-amino group
can form an important hydrogen bond with Glu30 and the 4-amino
group can form other hydrogen bonds with Ile7 and Val115 [10].
Protonation of N-1 enables the formation of an electrostatic interaction
with Glu30 [11], in addition, the presence of 5-methyl group highly
increases the inhibition potency by forming hydrophobic bond with
Val115 [11]. Methylene amine (CH2-NH) linker exhibits better activity
than methylene (CH2) linker in PTX [12,13]. Moreover, nitrogen atom
at position 10 was found to be important for activity [14]. Phenyl ring
at C-6 linked through CH2-NH is essential for DHFR inhibitory activity,
especially when it is carrying polar substituents (e.g. Cl and OCH3), also
the positions of the substituents on phenyl ring had a significant effect
on the potency [15,16]. Derivatives having 2,5-dimethoxy phenyl
which are regarded as structural novel analogs of PTX showed similar
binding mode into the DHFR active site as PTX binding [4] (Fig. 2).

This work was targeted to design novel candidates of antitumor
drugs, which are structurally related to MTX having lipophilic side
chain instead. The synthesized compounds were assessed for their in
vitro cytotoxicity against a panel of five tumor cell lines, namely,
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Fig. 2. Reported SAR of pyrido[2,3-d]pyrimidine derivatives and the newly designed DHFR inhibitors.
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hepatocellular carcinoma (HePG2), breast carcinoma (MCF-7), human
prostate carcinoma (PC3), colorectal carcinoma (HCT-116), and cer-
vical carcinoma (Hela). Furthermore, the most potent compounds were
tested for their effect on cell death and cell cycle distribution in addi-
tion to the enzymatic inhibitory potency on DHFR (as a probable be-
lievable mechanism of their antitumor efficacy).

2. Results and discussion

2.1. Chemistry

The synthesis of the target compounds is shown in Schemes 1 and 2.
Pyrido[2,3-d]pyrimidine-5-carboxylate 2 was prepared by the reaction
of pyrimidine-2,4(1H,3H)-dione 1 with dimethyl acetylenedicarbox-
ylate (DMAD) in aqueous medium [17] (Scheme 1). The carboxylate
compound 2 was hydrolyzed in basic conditions (NaOH/MeOH) to give
pyrido[2,3-d]pyrimidine-5-carboxylic acid 3 [18]. The structure of the
carboxylic acid 3 was confirmed by 1H NMR spectrum through the

disappearance of OCH3 protons of the ester at 3.71 ppm and the ap-
pearance of highly deshielded acidic proton at 12.4 ppm. Moreover, it
was confirmed by IR spectroscopy via the disappearance of (CO) of the
ester band at 1740 cm−1 and the appearance of (CO) of acid band at
1700 cm−1, beside, the appearance of broad band of (OH) at
3455 cm−1.

The key intermediate pyrido[2,3-d]pyrimidine-5-carbohydrazide 4
was prepared in a good yield through refluxing methyl carboxylate
ester 2 with hydrazine hydrate in ethanol [19]. The structure of hy-
drazide 4 was confirmed using IR spectroscopy by the disappearance of
(CO) of ester band at 1740 cm−1 and the appearance of (CO) of hy-
drazide band at 1680 cm−1. Also, the characteristic peaks of (NH2) and
(NH) were appeared at 3349, 3282 and 3143 cm−1, respectively. Be-
sides, 1H NMR spectrum showed the appearance of NH proton at
9.05 ppm and NH2 protons at 11.13 ppm along with the disappearance
of signal of OCH3 protons 3.71 ppm.

As shown in Scheme 2, the target hydrazones 5–13 were prepared
by the condensation of hydrazide 4 with several aromatic aldehydes in

Scheme 1. Reagents and reaction conditions: (a) DMAD, H2O, 100 °C, (b) NaOH, MeOH, 85 °C and (c) NH2NH2·7H2O, EtOH, 90 °C.

Scheme 2. Reagents and reaction conditions: (a) appropriate aromatic aldehydes, EtOH, 90 °C, (b) appropriate 1,3-dicarbonyl compounds, EtOH, 90 °C, (c) ap-
propriate aromatic isothiocyanate, DMF, r.t.
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absolute ethanol [20]. 1H NMR of 5–13 showed the signal of ylidenic
proton (HC]N) of all compounds at the range of 7.81–8.46 ppm.
Moreover, IR spectroscopy showed characteristic bands at
1560–1578 cm−1 attributed to the presence of (C]N) [21,22].

N-acylhydrazones (NAH) 5–13 showed duplication of proton signals
in their 1H NMR spectra. Palla and coworkers [23] stated that NAH
compounds derived from the condensation of hydrazides and aromatic
aldehydes are present in solution as the E geometric isomer, which is
less sterically hindered compared to the Z form. The Z isomer can be
detected in less polar solvents due to its stabilization with in-
tramolecular H-bonds [24]. Therefore, the duplication of NMR signals
can be due to C]N double bond stereoisomers (E/Z) or CO-NH bond
conformers (syn and anti). Studies showed that aryl-NAH existed in
form of two CO-NH bond-related conformations [25]. 1H NMR spec-
troscopy in polar solvent such as dimethyl sulphoxide (DMSO) showed
the E-stereoisomerism of hydrazones 5–13 but as a mixture of syn and
anti-conformers.

In the current work, two sets of E-syn and E-anti isomers showed
ratios ranging from 1:1 to 1.8:1 (Fig. 3). Ylidenic proton (CH]N)
showed nearly the same chemical shift value at the range of
7.9–8.0 ppm in all hydrazones.

The reaction of hydrazide 4 with aryl isothiocyanate derivatives in
DMF at room temperature [26,27] afforded carbothioamide derivatives
14 and 15. The structures were confirmed via 1H NMR by the appear-
ance of the aromatic protons at the range of 7.17–8.35 ppm and the
newly formed NH protons at 10.6 and 11.9 ppm. Moreover, they were
confirmed in the IR spectrum by the appearance of (C]S) absorption
band at 1287 cm−1 [28–30] (Scheme 2).

The pyrazole derivatives 16–18 were prepared through Knorr pyr-
azole reaction between hydrazide 4 and 1,3-dicarbonyl compounds in
absolute ethanol [31,32]. The structures of these derivatives were
confirmed via 1H NMR by the appearance of CH-Pyrazole proton at the
range of 6.5–7.5 ppm and CH3 protons as singlet peak at the range of
1.8–2.0 ppm. Moreover, they were confirmed in IR spectrum by the
disappearance of absorption bands of (CO), (NH2) and (NH) of hy-
drazide 4 at 1680, 3349, 3282 and 3143 cm−1, respectively (Scheme 2).

2.2. Biology

2.2.1. In vitro cytotoxicity screening
The cytotoxic activities of the novel synthesized compounds 3–18

were evaluated against five tumor cell lines including hepatocellular
carcinoma (HePG2), breast carcinoma (MCF-7), human prostate carci-
noma (PC3), colorectal carcinoma (HCT-116), and cervical carcinoma
(Hela) in comparison to doxorubicin (DOX) as a positive control and the
results are summarized in Table 1. Compound 6 with substituent at the
para position showed higher activity than compound 5 with substituent
at the meta position [15]. It is clear that compounds 5, 6 and 7 with
electron withdrawing groups (NO2 and F) exhibited low antitumor ac-
tivity. Introduction of one electron donating group in compound 8 in-
creased antitumor activity. Compounds 9, 11 and 13 with two electron
donating groups (OH and OMe) showed potent antitumor activity.
Compound 11 having polar substituent showed the highest Activity
[16]. Compound 13 having 2,5-dimethoxy phenyl moiety was

structurally analogs of potent PTX [4]. Compound 14 and 15 were also
highly cytotoxic as they are thiourea derivatives which were identified
to have important role in DHFR inhibition [33].

2.2.2. In vitro cytotoxicity against human normal cells
To explore whether the newly synthesized compounds exhibited

selective cytotoxicity between normal and cancer cells, the most active
compound 11 was evaluated against two human normal cell lines in-
cluding MCF10A (breast) and THLE-2 (liver). Compounds 11 exhibited
lower toxicity towards MCF10A cells (IC50 = 62.65 µM) and THLE2
cells (IC50 = 83.43 µM) in comparison to DOX (IC50 = 10.34 and
15.79 µM) against MCF10A and THLE-2, respectively. Compound 11
had a lower toxic effect than DOX on the normal MCF10A and THLE2
cells (Table 2).

2.2.3. Human DHFR enzyme inhibition assay
Compounds 3, 4, 9, 11, 13, 14, 15 and 17 which displayed the

highest activity against the five tumor cell lines, were selected for
human DHFR inhibition assay relative to MTX as a reference drug.
Compound 11 displayed the highest inhibitory activity (IC50 = 6.5 µM)
among the tested compounds in comparison with MTX
(IC50 = 5.57 µM). Moreover, compounds 13 and 14 showed high in-
hibitory activity against DHFR with IC50 values 7.1 and 8.7 µM, re-
spectively (Table 3). Compounds 3, 4, 9, 15 and 17 showed good in-
hibitory activity against DHFR with IC50 values 11, 10.7, 9.1, 9.3 and
10 µM, respectively. The cytotoxicity of the selected compounds against
MCF-7 (as representative cell line) exhibited an excellent matching with
the enzymatic inhibition of DHFR parallel with the calculating docking
interaction energy values. These results strongly suggested that the
DHFR inhibitory mechanism might be one of the main modes of action
of the antitumor activity of the tested compounds.

2.2.4. Molecular modeling
2.2.4.1. Molecular docking study. Computational molecular docking
study was achieved to clear up the interaction between the tested
compounds and DHFR by using MOE. The docking study was carried
out on inhibitors 3, 11, 13 and 14 as the ligands, where the structure of
complex of DHFR and MTX was selected as the docking model (PDB
code 1U72), (Fig. 4) [34–37].

Hydrogen binding pattern of MTX with the DHFR receptor active
site showed the formation of three stable H-bonds with the key pocket
residue Glu30, and trifurcated H-bonds with the ‘catalytic triad’ re-
sidues of hDHFR pocket Ile7, Tyr121 and Val115. Furthermore, H-
bonds are formed with Asn64 [38] (Fig. 4).

Molecular modeling study was essentially needed to understand and
interpret the DHFR inhibitory pattern of this new class of pyrido[2,3-d]
pyrimidines. It was interesting to start a comparative modeling study
between DHFR inhibitors 11, 13 and 14 of the highest activity and 3 of
the lowest activity among the eight inhibitors in comparison to MTX.
The tertiary complex of human dihydrofolate reductase (hDHFR),
NADPH and MTX were used as references for modeling and docking. In
general, compounds 11, 13 and 14 interact with Glu30 through pyr-
idine moiety, they also bind with Asn64 through amide linker moiety in
11, 13 and of pyrimidine moiety in 14 (Fig. 5).

For compounds 11 and 13, binding poses show that their scaffolds
are buried deeply inside the pocket, with a tortuous ‘‘L” structure
through the bridge region. They can bind through their pyrimidine
moiety to key pocket residue Val115. Compounds 11 and 13 have si-
milar structures but have different enzymatic activity, each compound
has its unique pattern of binding, where the most active compound 11
can bind through its pyrimidine moiety to key pocket residue Arg70
which is regarded as another conserved feature of DHFR [7]. Phe31,
which is not one of the key residues in the recognition of the parent
ligand MTX, plays an essential role in the binding of compound 11
through its hydroxyl group. This binding explains the reduced activity
of 13 where the hydroxyl group is removed. This finding showed the

O

O

ON
H

HN

N
CH3

O N
H

O

O

ON
H

HN

N
CH3

O N
N R

HN H

R

E-synE-anti

H

Fig. 3. Stereochemistry and general structure of NAH.

O.A. Abdelaziz, et al. Bioorganic Chemistry 90 (2019) 103076

4



necessity of such polar hydroxyl group for maximum activity (Fig. 5a
and b). For compound 14, it did not bind to Val115 which seemed to be
important for human DHFR binding site [39] (Fig. 5c). This explains the
slight difference in enzymatic inhibition activity between 14 and both
11 and 13.

For compound 3, it can bind with Val115 only through pyrimidine
moiety. However, it did not bind to the key amino acid Glu30 and it was
found to be positioned in a linear arrangement. These findings explain
its reduced activity among the DHFR inhibitors in comparison with
compounds 11, 13 and 14 (Fig. 5d).

2.2.4.2. Ligand alignment technique. Ligand-based pocket site alignment
is a widely adopted technique for the structural analysis of
protein–ligand complexes [40]. Good alignment between compounds
11 and MTX explains its activity as shown in Fig. 6a. Fig. 6b indicates
different alignment profiles for compounds 13 and MTX, while, Fig. 6c
showed that compound 14 is positioned in a linear arrangement.

2.2.5. Cell cycle arrest analysis
The cytotoxic effect of the antitumor drugs might be because of

induction of apoptosis and/or cell cycle arrest [41]. To explore that,
MCF-7 cells were treated with compound 11 for 24 h, stained with
propidium iodide and DNA contents were measured by flow cytometry
(Table 4 and Fig. 7). Compared with the control, compound 11 de-
creased cell proportions at S phase to 19.86% in comparison to the
control cells (26.97%). In addition, it increased the cell proportion at

Table 1
In vitro cytotoxic activities (IC50, µM) of the synthesized compounds 3–18.

In vitro cytotoxicity IC50 (µM)

Compound HePG-2 MCF-7 PC3 HCT-116 Hela

3 13.46 ± 1.9 7.22 ± 1.4 10.88 ± 1.8 19.55 ± 0.1.3 8.55 ± 1.1
4 13.52 ± 1.8 7.76 ± 0.7 11.49 ± 1.4 13.47 ± 1.9 40.63 ± 1.3
5 42.86 ± 4.1 36.32 ± 3.8 46.80 ± 4.8 47.60 ± 5.1 >100
6 30.32 ± 3.5 25.27 ± 3.2 33.53 ± 3.6 40.45 ± 3.9 36.06 ± 4.0
7 26.87 ± 3.0 30.54 ± 3.5 36.14 ± 3.9 28.6 ± 3.6 41.54 ± 4.4
8 21.04 ± 2.4 15.06 ± 1.6 20.91 ± 1.9 22.03 ± 2.7 23.62 ± 3.5
9 5.93 ± 0.9 7.51 ± 1.2 16.72 ± 2.3 8.28 ± 1.2 12.58 ± 1.9
10 19.15 ± 2.7 16.80 ± 2.3 24.05 ± 3.2 23.18 ± 3.0 27.79 ± 3.8
11 6.14 ± 0.6 5.66 ± 0.4 9.21 ± 1.1 7.12 ± 0.8 6.24 ± 0.9
12 37.47 ± 3.8 19.13 ± 2.7 26.26 ± 3.5 36.62 ± 4.6 45.53 ± 4.7
13 6.34 ± 1.3 6.49 ± 1.9 22.28 ± 2.8 10.56 ± 1.5 9.17 ± 2.7
14 6.60 ± 0.9 6.99 ± 0.7 9.01 ± 1.1 10.56 ± 0.8 9.32 ± 0.7
15 12.55 ± 1.7 9.88 ± 1.5 10.55 ± 1.6 8.92 ± 1.1 8.93 ± 1.0
16 33.56 ± 3.5 24.66 ± 3.1 19.44 ± 2.8 12.88 ± 3.0 11.90 ± 2.7
17 11.55 ± 1.8 13.55 ± 1.5 9.55 ± 1.0 35.77 ± 3.8 7.88 ± 0.9
18 29.78 ± 2.5 17.44 ± 2.3 28.66 ± 2.1 12.55 ± 3.0 30.33 ± 3.08
DOX 4.50 ± 0.2 4.17 ± 0.2 8.87 ± 0.6 5.23 ± 0.3 5.57 ± 0.4

Table 2
Cytotoxic activity (IC50) of the most active compound 11 against human normal
cells.

Compound In vitro cytotoxicity IC50 (µM)

MCF10 A THLE-2

11 62.65 ± 4.42 83.43 ± 6.21
DOX 10.34 ± 3.78 15.79 ± 5.51

Table 3
IC50 values of compounds 3, 4, 9, 11, 13, 14, 15 and 17 against DHFR and
docking interaction energy.

Compound Enzymatic IC50

(µM)
Docking interaction
energy (kcal/ mol)

In vitro cytotoxicity
IC50 (µM)
MCF-7

3 11.1 −10.5 7.22 ± 1.4
4 10.7 −10 7.76 ± 0.7
9 9.1 −12.1 7.51 ± 1.2
11 6.5 −14.2 5.66 ± 0.4
13 7.1 −14 6.49 ± 1.9
14 8.7 −13 6.99 ± 0.7
15 9.3 −11.8 9.88 ± 1.5
17 10 −11 13.55 ± 1.5
MTX 5.57 −14.7 –

Fig. 4. 2D binding mode and residues involved in the recognition of MTX.
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G2/M phase to 9.55% in comparison to the control cells (3.88%), which
means that the cells were arrested at G2/M phase. On the other hand,
G0/G1 population was 61.41% after treatment with compound 11,
when compared to the controlled cells 68.44%, suggesting that com-
pound 11 might induce apoptosis in MCF-7 cells (Fig. 8A). An increase
of apoptotic cell population was detected in treated MCF-7 cells with
compound 11 for 24 h when compared with the untreated cells
(Fig. 8B). This result indicates that compound 11 is an apoptotic in-
ducer, which is consistent with the data obtained from cell cycle ana-
lysis in Fig. 8.

2.2.6. Detection and quantification of the levels of human active caspase-3
and caspase-9 proteins

To further clarify the exact signaling pathway involved in the
apoptotic effects of compound 11, we assessed the appropriate ex-
pression pattern of protein using human Caspase-3 and 9 ELISA. As
shown in Table 5. Expression of both caspase-3 and 9 increased upon

treatment with compound 11 from 75 to 346.6 ng/ml and from 0.17 to
22.68 ng/mL, respectively.

3. Conclusion

A new series of pyrido[2,3-d]pyrimidines 3–18 was synthetized and
found to have significant antitumor activity against five cancer lines.
The target compounds 11, 13 and 14 have shown the highest inhibitory
activity towards DHFR. The molecular modeling study was done and
confirmed the high potency of compounds 11, 13 and 14. Moreover,
compound 11 also induced the process of apoptosis at Pre-G phase and
cell cycle arrest at G2/M phase in MCF-7 cells.

Fig. 5. 2D binding modes and residues involved in the recognition for the most
active compounds docked and minimized in the DHFR binding pocket: (a)
Compound 11 (IC50 = 6.5 μM); (b) Compound 13 (IC50 = 7.1 μM); (c)
Compound 14 (IC50 = 8.7 μM); (d) Compound 3 (IC50 = 11.1 μM).

Fig. 6. Flexible alignment of the most active compounds: (a) Compound 11
(green); (b) Compound 13 (cyan); (c) Compound 14 (yellow); and MTX (red).

Table 4
Effect of compound 11 on the cell cycle progression in MCF-7 using flow cy-
tometry.

Cell cycle arrest analysis in MCF-7 (µM/ml)

% G0/G1 % S %G2/M %Pre-G1

11 61.41 19.86 9.55 9.18
MTX 43.1 20.0 22.18 14.72
Control 68.44 26.97 3.88 0.71
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4. Experimental

4.1. Chemistry

Melting points have been recorded using Stuart apparatus and are
uncorrected. IR spectra have been recorded on Nicolet iS10FT-IR
spectrometer (υ in cm−1) using KBr discs. 1H NMR and 13C NMR
spectra were recorded using Brurker 400MHz and Joel 500MHz in
which tetramethylsilane (TMS) was used as internal standard. Mass
spectrometry (EI or ESI) m/z analyses were performed on Hewlett
Packard 5988 spectrometer or Advion compact mass spectrometer
(CMS) NY | USA, respectively. The time of reaction has been de-
termined using TLC technique on Silica gel plates 60 F245 E. Merk, and
the spots have visualized by U.V. (366 nm). All chemicals have been
purchased from Aldrich and used without further purification.
Compound 2 was prepared according to the literature [17].

4.1.1. Synthesis of 1-methyl-2,4,7-trioxo-1,2,3,4,7,8-hexahydropyrido
[2,3-d]pyrimidine-5-carboxylic acid (3).

To a suspension of methyl ester 2 (0.25 g, 1mmol) in methanol

(5ml), NaOH (0.40 g, 0.01mmol) was added at room temperature. The
mixture was refluxed for about 4 h. When the reaction was completed
as shown by TLC, the reaction mixture was cooled to room temperature,
and the formed precipitate was filtered, washed with ethanol, dried,
and recrystallized from acetone.

White solid, mp>300 °C. Yield= 96%. IR (KBr, υ, cm−1): 1659
(COeNH), 1723 (COeOH), 3312 (NH), 3455 (br, OH). 1H NMR
(500MHz, DMSO-d6): δ 3.42 (s, 3H, CH3), 6.39 (s, 1H, C6-H), 11.52 (s,
1H, NH; D2O exchangeable), 12.40 (s, 1H, COOH D2O exchangeable).
13C NMR (125MHz, DMSO-d6): δ 31.18, 102.88, 148.17, 151.03,
153.19, 160.10, 167.06, 168.44. EI-MS (m/z): 237.15 (M+). Elemental
analysis for C9H7N3O5, calcd.: C, 45.58; H, 2.97; N, 17.72. Found: C,
45.78; H, 2.85; N, 17.58.

4.1.2. Synthesis of 1-methyl 2,4,7-trioxo-1,2,3,4,7,8- hexahydropyrido
[2,3- d]pyrimidine-5-carbohydrazide (4).

To a suspension of the methyl carboxylate ester 2 (0.25 g, 1mmol)
in absolute ethanol (4ml), hydrazine hydrate (0.10 g, 2mmol) was
added at room temperature and the reaction mixture was heated under
reflux for 5 h. When the reaction was completed as shown by TLC, it
was cooled to room temperature, and the produced precipitate was
filtered, washed with ethyl acetate, and finally recrystallized from
acetonitrile.

White solid, mp=125–128 °C. Yield= 60%. IR (KBr, υ, cm−1):
1680 (C]O), 3143 (NH), 3282, 3349 (NH2). 1H NMR (500MHz,
DMSO-d6): δ 3.40 (s, 3H, CH3), 5.67 (s, 1H, C6–H), 9.05 (s, 1H, NH; D2O
exchangeable), 11.13 (s, 2H, NH2; D2O exchangeable)

Fig. 7. Cell cycle arrest analysis of compound 11 in comparison with MTX.

Fig. 8. Determination of apoptosis in MCF-7 cell line and cell cycle arrest with flow cytometry. (A) Effect of compound 11 on the cell cycle distribution of MCF-7cell
line. (B) Apoptotic effect on human MCF-7 cell line induced by compound 11.

Table 5
Effect of compound 11 on the levels of human caspase-3 and caspase-9.

Compound Casp-3 (ng/ml) fold Casp-9 (ng/ml) fold

11 346.6 4.62 22.68 31.8
MTX 521.3 6.95 28.18 39.6
Control 75 – 0.71 –

O.A. Abdelaziz, et al. Bioorganic Chemistry 90 (2019) 103076

7



4.1.3. General procedure for the preparation of N-methyl N'-arylidene-
2,4,7-trioxo-1,2,3,4,7,8 hexahydropyrido[2,3 d]pyrimidine-5-
carbohydrazides (5–13)

To a suspension of hydrazide 4 (0.25 g, 1mmol) in absolute ethanol
(3ml), aromatic aldehyde (2mmol) was added. The reaction mixture
was heated under reflux for 15 h. When the reaction was completed as
shown by TLC, the reaction mixture was cooled to room temperature,
the precipitated solid was collected by filtration, washed twice with
ethyl acetate, carefully dried and recrystallized from acetonitrile. 1H
NMR spectra of all separated schiff bases showed two conformers in
different ratios ranging from 1:1 to 1.8:1.

4.1.3.1. 1-Methyl N'-(3-nitrobenzylidene)-2,4,7-trioxo-1,2,3,4,7,8-
hexahydropyrido[2,3-d] pyrimidine-5-carbohydrazide (5).. White solid,
mp > 300 °C. Yield= 60%. IR (KBr, υ, cm−1): 1353, 1529 (NO2),
1564 (C]N), 1661 (CO-NH), 1682 (CO, hydrazide), 3083 (NH). The
product was separated as a mixture of two conformers in ratio 3:2. For
the major conformer: 1H NMR (500MHz, DMSO-d6): δ 3.49 (s, 3H,
CH3), 6.39 (s, 1H, C6–H), 7.62 (t, J=7.95 Hz, 1H, ArH), 7.79 (s, 1H,
ArH), 8.09 (s, 1H, CH]N), 8.11 (s, 1H, ArH), 8.16 (s, 1H, ArH), 11.42
(s, 1H, NH; D2O exchangeable), 12.19 (s, 1H, NH; D2O exchangeable).
For the minor conformer: 1H NMR: δ 3.46 (s, 3H, CH3), 6.45 (s, 1H,
C6–H), 7.77 (d, J=8.6 Hz, 1H, ArH), 8.14 (s, 1H, ArH), 8.18 (s, 1H,
ArH), 8.28 (s, 1H, CH]N), 8.57 (s, 1H, ArH), 11.52 (s, 1H, NH; D2O
exchangeable), 11.94 (s, 1H, NH; D2O exchangeable).

4.1.3.2. 1-Methyl N'-(4-nitrobenzylidene)-2,4,7-trioxo-1,2,3,4,7,8-
hexahydropyrido[2,3-d] pyrimidine-5-carbohydrazide (6).. Yellow solid,
mp > 300 °C. Yield= 84%. IR (KBr, υ, cm−1): 1388, 1514 (NO2),
1565 (C]N), 1629 (COeNH), 1696 (CO, hydrazide), 3163 (NH). The
product was separated as a mixture of two conformers in ratio 13:7. For
the major conformer: 1H NMR (500MHz, DMSO-d6): δ 3.47 (s, 3H,
CH3), 6.39 (s, 1H, C6-H), 7.58 (d, J=8.7 Hz, 2H, ArH), 8.08 (s, 1H,
CH]N), 8.17 (d, J=8.7 Hz, 2H, ArH), 11.42 (s, 1H, NH; D2O
exchangeable), 12.23 (s, 1H, NH; D2O exchangeable). For the minor
conformer: 1H NMR: δ=3.45 (s, 3H, CH3), 6.49 (s, 1H, C6-H), 7.99 (d,
J=8.7 Hz, 2H, ArH), 8.25 (s, 1H, CH]N), 8.31 (d, J=8.7 Hz, 2H,
ArH), 11.55 (s, 1H, NH; D2O exchangeable), 11.97 (s, 1H, NH; D2O
exchangeable). 13C NMR (125MHz, DMSO-d6): δ 29.04, 124.57,
127.95, 128.51, 140.70, 141.79, 144.98, 148.02, 149.82, 151.09,
152.94, 160.11, 163.56, 169.71. EI-MS (m/z): 284.11 (M+).
Elemental analysis for C16H12N6O6, calcd.: C, 50.01; H, 3.15; N,
21.87. Found: C, 50.25; H, 3.02; N, 21.68.

4.1.3.3. 1-Methyl N'-(4-flourobenzylidene)-2,4,7-trioxo-1,2,3,4,7,8-
hexahydropyrido[2,3-d] pyrimidine-5-carbohydrazide (7).. White solid,
mp > 300 °C. Yield= 79%. IR (KBr, υ, cm−1): 1567 (C]N), 1665
(CO-NH), 1707 (CO, hydrazide), 3168 (NH). The product was separated
as a mixture of two conformers in ratio 3:2. For the major conformer:
1H NMR (500MHz, DMSO-d6): δ 3.46 (s, 3H, CH3), 6.35 (s, 1H, C6-H),
7.16 (dd, J=5.7, 8.5 Hz, 2H, ArH), 7.39 (dd, J=5.7, 8.5 Hz, 2H, ArH),
7.96 (s, 1H, CH]N), 11.41 (s, 1H, NH; D2O exchangeable), 11.92 (s,
1H, NH; D2O exchangeable). For the minor conformer: 1H NMR: δ
3.45 (s, 3H, CH3), 6.45 (s, 1H, C6-H), 7.30 (t, dd, J=5.7, 8.5 Hz, 2H,
ArH), 7.78 (dd, J=5.7, 8.5 Hz, 2H, ArH), 8.14 (s, 1H, CH]N), 11.52
(s, 1H, NH; D2O exchangeable), 11.66 (s, 1H, NH; D2O exchangeable).
13C NMR (125MHz, DMSO-d6): δ 29.04, 100.33, 103.54, 116.45,
129.20, 131.04, 142.90, 146.33, 150.30, 152.90, 160.06, 162.04,
166.87, 169.29. ESI-MS (m/z): 356.1 (M−H+), 357.1 (M+).
Elemental analysis for C16H12FN5O4, calcd.: C, 53.78; H, 3.39; N,
19.60. Found: C, 53.59; H, 3.21; N, 19.56.

4.1.3.4. 1-methyl N'-(4-hydroxybenzylidene)-2,7,7-trioxo-1,2,3,7,7,8-
hexahydropyrido[2,3-d]pyrimidine-5-carbohydrazide (8).. White solid,
mp > 300 °C. Yield= 66%. IR (KBr, υ, cm−1): 1566 (C]N), 1653
(CO-NH), 1686 (CO, hydrazide), 2929 (NH), 3237 (OH). The product

was separated as a mixture of two conformers in ratio 3:2. For the
major conformer: 1H NMR (500MHz, DMSO-d6): δ 3.45 (s, 3H, CH3),
6.30 (s, 1H, C6–H), 6.69 (d, J=8.6 Hz, 2H, ArH), 7.15 (d, J=8.6 Hz,
2H, ArH). 7.85 (s, 1H, CH]N), 9.83 (s, 1H, OH; D2O exchangeable),
11.38 (s, 1H, NH; D2O exchangeable), 11.41 (s, 1H, NH; D2O
exchangeable), 11.68 (s, 1H, NH; D2O exchangeable). For the minor
conformer: 1H NMR: δ=3.43 (s, 3H, CH3), 6.21 (s, 1H, C6–H), 6.82
(d, J=8.6 Hz, 2H, ArH), 7.53 (d, J=8.6 Hz, 2H, Ar-H), 8.02 (s, 1H,
CH]N), 9.95 (s, 1H, OH; D2O exchangeable).

4.1.3.5. 1-methyl N'-(4-N,N dimethyl aminobenzyidenel)-2,4,7-trioxo-
1,2,3,4,7,8 hexahydro- pyrido[ 2,3-d]pyrimidine-5-carbohydrazide
(9). White solid, mp > 300 °C. Yield= 70%. IR (KBr, υ, cm−1):
1569 (C]N), 1601 (CO-NH), 1693(CO, hydrazide), 3029 (NH). The
product was separated as a mixture of two conformers in ratio 1:1. For
the major conformer: 1H NMR (500MHz, DMSO-d6): δ 2.90 (s, 6H,
2CH3), 3.47 (s, 3H, CH3), 6.31(s, 1H, C6–H), 6.63 (d, J=8.9 Hz, 2H,
ArH), 6.76 (d, J=8.9 Hz, 2H, ArH), 7.82 (s, 1H, CH]N), 11.31 (s, 1H,
NH; D2O exchangeable), 11.37 (s, 1H, NH; D2O exchangeable), 11.60
(s, 1H, NH; D2O exchangeable). For the minor conformer: 1H NMR: δ
2.98 (s, 6H, 2CH3), 3.44 (s, 3H, CH3), 6.21 (s, 1H, C6–H), 7.14 (d,
J=8.9 Hz, 2H, ArH), 7.52 (d, J=8.9 Hz, 2H, ArH), 7.99 (s, 1H, CH]

N).

4.1.3.6. 1-Methyl N'-(4-flouro 2-methoxy, benzylidene)-2,4,7-trioxo-
1,2,3,4,7,8-hexahydro- pyrido[ 2,3-d]pyrimidine-5-carbohydrazide
(10). White solid, mp > 300 °C. Yield= 68%. IR (KBr, υ, cm−1):
1282 (CeO), 1565 (C]N), 1642 (CO-NH), 1693 (CO, hydrazide),
3053 (NH). The product was separated as a mixture of two
conformers in ratio 1:1. For the major conformer: 1H NMR
(500MHz, DMSO-d6): δ 3.45 (s, 3H, CH3), 3.74 (s, 3H, OCH3), 6.33
(s, 1H, C6-H), 6.73 (dd, J=2.3, 8.8 Hz, 1H, ArH), 6.91 (s, 1H, ArH),
7.20 (t, J=8.7 Hz, 1H, ArH), 8.08 (s, 1H, CH]N), 11.38 (s, 1H, NH;
D2O exchangeable), 11.85 (s, 1H, NH; D2O exchangeable). For the
minor conformer: 1H NMR: δ 3.44 (s, 3H, CH3), 3.82 (s, 3H, OCH3),
6.39 (s, 1H, C6-H), 6.85 (dd, J=2.3, 8.8 Hz, 1H, ArH), 6.93 (s, 1H,
ArH), 7.85 (t, J=8.7 Hz, 1H, ArH), 8.28 (s, 1H, CH]N), 11.44 (s, 1H,
NH; D2O exchangeable), 11.60 (s, 1H, NH; D2O exchangeable). ESI-MS
(m/z): 386.10 (M−H+), 357.10 (M+). Elemental analysis for
C17H14FN5O5, calcd.: C, 52.72; H, 3.64; N, 18.08. Found: C, 52.83; H,
3.75; N, 18.38.

4.1.3.7. 1-Methyl N'-(3-hydroxy, 4-methoxybenzylidene)-2,4,7-trioxo-
1,2,3,4,7,8-hexahydro- pyrido[2,3-d]pyrimidine-5-carbohydrazide
(11). White solid, mp > 300 °C. Yield = 85%. IR (KBr, υ, cm−1):
1266 (CeO), 1577 (C]N), 1649 (CONH), 1715 (CO, hydrazide),
3131 (OH), 3169 (NH). The product was separated as a mixture of
two conformers in ratio 3:2. For the major conformer: (500 MHz,
DMSO-d6) 1H NMR δ 3.47 (s, 3H, CH3), 3.73 (s, 3H, OCH3), 6.35 (s,
1H, C6–H), 6.72 (d, J= 1.7 Hz, 1H, ArH), 6.77 (dd, J= 1.7, 8.3 Hz,
1H, ArH), 6.86 (d, J= 8.3 Hz, 1H, ArH), 7.81 (s, 1H, CH]N), 9.17 (s,
1H, OH; D2O exchangeable), 11.41 (s, 1H, NH; D2O exchangeable),
11.71 (s, 1H, NH; D2O exchangeable). For the minor conformer: 1H
NMR: δ 3.45 (s, 3H, CH3), 3.80 (s, 3H, OCH3), 6.44 (s, 1H, C6– H),
6.97 (d, J= 8.3 Hz, 1H, ArH), 7.03 (dd, J= 1.7, 8.3 Hz, 1H, ArH),
7.24 (d, J= 1.7 Hz, 1H, ArH), 7.97 (s, 1H, CH]N), 9.32 (s, 1H, OH;
D2O exchangeable), 11.45 (s, 1H, NH; D2O exchangeable), 11.51 (s,
1H, NH; D2O exchangeable). 13C NMR (100 MHz, DMSO-d6): δ 29.04,
55.94, 100.31, 103.54, 104.97, 112.24, 120.33, 127.55, 144.27,
147.31, 149.23, 151.05, 153.27, 160.01, 162.88, 166.87, 168.95.

4.1.3.8. 1-methyln'-(3,4-dimethoxybenzylidene)-2,4,7-trioxo-1,2,3,4,7,8-
hexahydro pyrido- [2,3-d]pyrimidine-5-carbohydrazide (12). Yellow
solid, mp > 300 °C. Yield= 72%. IR (KBr, υ, cm−1): 1268
(CeO),1575 (C]N), 1667 (CO-NH), 1722 (C]O) 3169 (NH). The
product was separated as a mixture of two conformers in ratio 11:9. For
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the major conformer: 1H NMR (500MHz, DMSO-d6): δ 3.45 (s, 3H,
CH3), 3.55 (s, 3H, OCH3), 3.72 (s, 3H, OCH3), 6.37 (s, 1H, C6-H), 6.79
(s, 1H, ArH), 6.91 (s, 1H, ArH), 7.02 (d, J=7.9 Hz, 1H, ArH), 7.84 (s,
1H, CH]N), 11.43 (s, 1H, NH; D2O exchangeable), 11.80 (s, 1H, NH;
D2O exchangeable). For the minor conformer: 1H NMR: δ=3.44 (s,
3H, CH3), 3.80 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 6.43 (s, 1H, C6-H),
6.90 (s, 1H, ArH), 7.18 (d, J=7.9 Hz, 1H, ArH), 7.34 (s, 1H, ArH), 8.05
(s, 1H, CH]N), 11.49 (s, 1H, NH; D2O exchangeable), 11.52 (s, 1H,
NH; D2O exchangeable).

4.1.3.9. 1-Methyl N'-(2,5-dimethoxybenzylidene)-2,4,7-trioxo-1,2,3,4,7,8-
hexahydropyrido- [2,3-d]pyrimidine-5-carbohydrazide (13). White solid,
mp > 300 °C. Yield=81%. IR (KBr, υ, cm−1): 1226 (CeO), 1573 (C]
N), 1631 (CO-NH), 1691 (CO, hydrazide), 3160 (NH). The product was
separated as a mixture of two conformers in ratio 13:7. For the major
conformer: 1H NMR (500MHz, DMSO-d6): δ 3.44 (s, 3H, CH3), 3.50 (s,
3H, OCH3), 3.75 (s, 3H, OCH3), 6.36 (s, 1H, C6-H), 6.62 (d, J=3Hz, 1H,
ArH), 6.89 (dd, J=3.2, 9.0Hz, 1H, ArH), 7.11 (s, 1H, ArH), 8.19 (s, 1H,
CH]N), 11.43 (s, 1H, NH; D2O exchangeable), 11.85(s, 1H, NH; D2O
exchangeable). For the minor conformer: 1H NMR: δ=3.77 (s, 3H, CH3-
N), 3.79 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 6.42 (s, 1H, C6-H), 7.01 (dd,
J=3.2, 9.0Hz, 1H, ArH), 7.36, (d, J=3Hz, 1H, ArH), 7.49 (s, 1H, ArH),
8.46 (s, 1H, CH]N), 11.49 (s, 1H, NH; D2O exchangeable), 11.60 (s, 1H,
NH; D2O exchangeable). 13C NMR (125MHz, DMSO-d6): δ 28.95, 55.16,
56.61, 109.22, 110.21, 113.80, 117.35, 118.37, 120.00, 123.16, 138.91,
142.93, 151.06, 157.03, 160.07, 163.00, 166.95, 169.26. EI-MS (m/z):
399.21 (M+). Elemental analysis for C18H17N5O6, calcd.: C, 54.14; H,
4.29; N, 17.54. Found: C, 54.33; H, 4.38; N, 17.39.

4.1.4. General procedure for the preparation of N-aryl (1-methyl-2,4,7-
trioxo-1,2,3,4,7,8-hexahydropyrido[2,3-d]pyrimidine)-5-
carbohydrazinocarbothioamides (14, 15)

To a suspension of 4 (0.75 g, 3mmol) in DMF (5ml), appropriate
aryl isothiocyanate (3mmol) was added. The reaction mixture was
stirred at room temperature and the time of the reaction was monitored
by TLC. Then, it was poured into crushed ice and the solid formed was
filtered, dried and recrystallized from n-hexane.

4.1.4.1. Synthesis of N-phenyl (1-methyl-2,4,7-trioxo-1,2,3,4,7,8-
hexahydropyrido[2,3-d]pyrimidine)-5-carbohydrazinocarbothioamide
(14). White solid, mp > 300 °C. Yield=91%. %. IR (KBr, υ, cm−1):
1287 (C]S), 1678 (C]O), 3195, 3276 (NH). 1H NMR (400MHz, DMSO-
d6): δ 3.45 (s, 3H, CH3), 6.33 (s, 1H, C6-H), 7.17 (s, 1H, ArH), 7.34 (s, 2H,
ArH), 7.73 (s, 2H, ArH), 9.78 (s, 1H, NH; D2O exchangeable), 9.99 (s, 1H,
NH; D2O exchangeable), 10.64 (s, 1H, NH; D2O exchangeable), 11.86 (s,
1H, NH; D2O exchangeable). 13C NMR (100MHz, DMSO-d6): δ 29.13,
105.27, 124.77, 125.33, 128.58, 139.53, 147.80, 150.72, 153.67, 161.63,
166.45, 167.69, 180.85. EI-MS (m/z): 386.44 (M+). Elemental analysis for
C16H14N6O4S, calcd.: C, 49.74; H, 3.65; N, 21.75; S, 8.30. Found: C, 49.81;
H, 3.57; N, 21.99; S, 8.37.

4.1.4.2. Synthesis of N-4′-nitrophenyl (1-methyl-2,4,7-trioxo-1,2,3,4,7,8-
hexahydro pyrido [2,3-d]pyrimidine)-5-carbohydrazinocarbothioamide

(15). Orange solid, mp > 300 °C. Yield= 70%. IR (KBr, υ, cm−1):
1325 (C]S), 1689 (C]O), 3215, 3285 (NH). 1H NMR (400MHz,
DMSO-d6): δ 3.45 (s, 3H, CH3), 6.30 (s, 1H, C6-H), 8.20 (d, J=8.9 Hz,
2H, ArH), 8.35 (d, J=8.9 Hz, 2H, ArH), 10.25 (s, 1H, NH; D2O
exchangeable), 10.42 (s, 1H, NH; D2O exchangeable), 10.66 (s, 1H,
NH; D2O exchangeable), 11.9 (s, 1H, NH; D2O exchangeable).

4.1.5. General procedure for the preparation 5-(3,5- disubstituted 1-
carbonyl-1H-pyrazole)-1-methylpyrido[2,3-d]pyrimidine-
2,4,7(1H,3H,8H)-triones (16–18)

To a suspension of hydrazide 4 (0.75 g, 3mmol) in absolute ethanol
(20ml), the appropriate 1,3-dicarbonyl compound (6mmol) was
added. The reaction mixture was heated under reflux for 18 h. The
obtained solid was filtered, washed well with ethanol, then dried, and
recrystallized from n-hexane.

4.1.5.1. Synthesis of 5-(3,5-dimethyl 1-carbonyl-1H-pyrazole)-1-
methylpyrido[2,3-d] pyrim- dine-2,4,7(1H,3H,8H)-trione (16). White
solid, mp > 300 °C. Yield= 69%. IR (KBr, υ, cm−1): 1577 (C]N),
1655 (C]O), 2999, 3130 (NH). 1H NMR (400MHz, DMSO-d6): δ 2.04
(s, 3H, CH3, pyrazole), 2.59 (s, 3H, CH3, pyrazole), 3.46 (s, 3H, CH3),
6.23 (s, 1H, C6-H), 6.55 (s, 1H, CH, pyrazole), 11.49 (s, 1H, NH; D2O
exchangeable). 13C NMR (100MHz, DMSO-d6): δ 13.90, 14.08, 28.95,
100.06, 104.02, 111.77, 143.96, 148.49, 151.05, 152.67, 152.86,
160.13, 167.22. ESI-MS (m/z): 314.1 (M−H+), 315.0 (M+).
Elemental analysis for C14H13N5O4, calcd.: C, 53.33; H, 4.16; N,
22.21;. Found: C, 53.12; H, 4.34; N, 22.43.

4.1.5.2. Synthesis of 5-(5-ethoxy-3-methyl-1-carbonyl-1H-pyrazole)-1-
methylpyrido[2,3-d] pyrimidine-2,4,7(1H,3H,8H)-trione (17)

Yellow solid, mp > 300 °C. Yield= 76%. IR (KBr, υ, cm−1): 1576
(C]N), 1696 (C]O), 3037, 3225 (NH). It is present as two regioi-
somers in ratio (6:4). For the first regioisomer:1H NMR (400MHz,
DMSO-d6): δ 1.03 (t, J=7Hz, 3H, OCH2CH3), 1.87 (s, 3H, CH3, pyr-
azole), 3.55 (s, H, CH3), 3.77 (dd, J=7, 12 Hz, 2H, OCH2CH3), 6.16 (s,
1H, C6-H), 6.49(s, 1H, pyrazole), 10.93 (s, 1H, NH; D2O exchangeable),
11.39 (s, 1H, NH; D2O exchangeable). For the second regioisomer: 1H
NMR: δ 1.22 (t, J=7Hz, 3H, OCH2CH3), 3.05 (s, 3H, CH3, pyrazole),
3.61(s, 3H, CH3), 4.12 (dd, J=7, 12 Hz, 2H, OCH2CH3), 6.24 (s, 1H,
C6-H), 10.52 (s, 1H, NH; D2O exchangeable), 11.49 (s, 1H, NH; D2O
exchangeable). 13C NMR (100MHz, DMSO-d6): δ=13.90, 14.08,
28.95, 100.06, 104.02, 111.77, 143.96, 148.49, 151.05, 152.67,
152.86, 160.13, 167.22.

4.1.5.3. Synthesis of 1-methyl-5-(3-methyl-5-phenyl-1-carbonyl-1H-
pyrazole)pyrido[2,3-d] pyrimidine-2,4,7(1H,3H,8H)-trione (18). White
solid, mp > 300 °C. Yield= 79%. IR (KBr, υ, cm−1): 1575 (C]N),
1677 (C]O), 3214, 3328 (NH). 1H NMR (400MHz, DMSO-d6): δ 1.85
(s, 3H, CH3, pyrazole), 3.45 (s, 3H, CH3), 6.23 (s, 1H, C6-H), 7.15 (s,
1H, CH, pyrazole), 7.26 (dd, J=7.5, 7.5 Hz, 1H, ArH), 7.32 (d,
J=7.5 Hz, 1H, ArH), 7.39 (dd, J=7.5, 7.5 Hz, 1H, ArH), 7.47 (d,
J=7.8 Hz, 1H, ArH), 7.75 (d, J=7.5 Hz, 1H, ArH), 11.52 (s, 1H, NH;
D2O exchangeable), 12.24 (s, 1H, NH; D2O exchangeable). 13C NMR
(100MHz, DMSO-d6): δ 16.04, 29.06, 56.5, 92.3, 103.27, 124.94,
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125.75, 127.45, 128.5, 143.69, 151.11, 153.02, 155.19, 160.21,
163.55, 166.84. EI-MS (m/z): 377.02 (M+). Elemental analysis for
C19H15N5O4, calcd.: C, 60.47; H, 4.01; N, 18.56. Found: C, 60.61; H,
4.32; N, 18.45.

4.2. Biological assay

4.2.1. Cytotoxicity screening using MTT assay
All the newly synthetized compounds were assessed for their in vitro

antitumor activity using the standard MTT technique of tetrazolium salt
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)
against five human tumor cell lines [42,43]. The cytotoxic activity was
defined as the concentration of the compound that causes 50% growth
inhibition compared with the growth of untreated cells.

4.2.2. Human DHFR enzyme inhibition assay.
DHFR activity was verified by enzyme-linked immunosorbent assay

(ELISA) assay technique. The assay exploited a specific antibody for
human DHFR firmly coated on a 96-well plate, in which 100ml of the
standard solution or the tested compounds were added to every well at
room temperature. Then, the mean absorbance of each group of stan-
dard and tested compounds was determined. The standard curve was
drawm on log-log paper with the absorbance on the Y-axis and the
standard concentration on the X-axis. Percent Inhibition was assesed
through comparing both test compounds and control results, whereas
IC50 was assesd from concentration/inhibition curve using MTX as a
standard [44].

4.2.3. Cell cycle arrest analysis
To perform flow cytometric analysis of the content of DNA, MCF-7

cells in exponential growth were mixed with compound 11 and in-
cubated for a period of 24 h. The cells were gathered, centrifuged and
fixed well with ice cold ethanol (70%). The cells were also treated with
an important buffer containing RNAse A and 0.1% Triton X-100, then
stained completely with propidum iodide and compared with the con-
trol which was also mixed with DMSO. DNA contents were accurately
measured by flow cytometry technique [45].

4.2.4. Detection of the levels of human active caspase-3 and caspase-9
proteins

Sandwich enzyme linked immunosorbent assay was used to de-
termine level of human active caspase-3. Tested compounds were
carefully added to the cells and lysed using cell extraction buffer.
Incubation at room temperature for 4 h was followed by washing of
wells for 4 times, after that, 100 µL of Invitrogen Caspase-3 (active)
monoclonal antibody solution was added and incubated once more at
room temperature for 2 h. Wells were precisely washed for 4 times, and
the wells were incubated for 30min at room temperature after the
addition of (100 µL) of solutiton named as anti-Rabbit IgG horseradish
peroxidase (HRP). After washing again, the chromogen was added.
Finally, absorbance was measured at 450 nm. Similar procedure was
used for determination of caspase-9 using Invitrogen Caspase-9 (active)
Human ELISA kit [46].

4.3. Molecular modeling methodology

4.3.1. Enzyme structure
Starting with the complex of DHFR and MTX (PDB code 1U72)

which was obtained from the RCSB Protein Data Bank [34–37] and
MOE software version 2014.09 was used to define the 2D ligand in-
teraction of MTX and DHFR (Fig. 4).

4.3.2. Molecular structure of selected compounds
The four DHFR inhibitors (3, 11, 13 and 14) were constructed from

fragment library in the MOE program followed by energy minimization
using the “Amber force field”. The partial atomic charges for each

analogue were assigned with the semiemperical mechanical calculation
method “AM1″ implanted in MOE.

4.3.3. Conformational search and the derived structural global minima
The partially charged and energy minimized structures of the tested

compounds were subjected to stochastic conformational search using
the stochastic conformational search module implemented in MOE. The
conformers with the lowest energy were selected as the global minimal
for further modeling studies.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bioorg.2019.103076.
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