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ABSTRACT 
Novel coumarin derivatives were synthesised and tested for their cytotoxicity against human cancer cells 
(PC-3 and MDA-MB-231). Compounds 5, 4b, and 4a possessed potent cytotoxic activity against PC-3 cells 
with IC50 3.56, 8.99, and 10.22 mM, respectively. Compound 4c displayed cytotoxicity more than erlotinib 
in the MDA-MB-231 cells with IC50 8.5 mM. Moreover, compound 5 exhibited potent inhibitory activity on 
EFGR with IC50 0.1812 mM, as well as PI3Kb inhibitory activity that was twofold higher than LY294002, sug
gesting that this compound has a dual EGFR and PI3Kb inhibiting activity. Docking aligns with the in vitro 
results and sheds light on the molecular mechanisms underlying dual targeting. Furthermore, compound 
5 decreased AKT and m-TOR expression in PC-3 cells, showing that it specifically targets these cells via 
the EGFR/PI3K/Akt/m-TOR signalling pathway. Simultaneously, compound 5 caused cell cycle arrest at S 
phase and induced activation of both intrinsic and extrinsic apoptotic pathways.
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Introduction

Prostate cancer is the second largest cause of cancer death in 
males, as in 2020, 1 414 259 new cases and 375 304 deaths were 
documented globally 1,2. The most prevalent cause of death from 
prostate cancer is incurable metastatic illnesses 3. Many people 
with early-stage prostate cancer have a good outlook after having 
a range of treatments, such as a prostatectomy, radiation, hor
mone therapy, and even active surveillance; however, the progno
sis of late-stage and metastatic prostate cancer patients remains 
challenging 4. Even though the FDA has approved several drugs 
for the treatment of prostate cancer due to the low tumour 
response, researchers never stop looking for novel therapeutics to 
provide more options for castration-resistant prostate cancer 5–7.

Different forms of cancer are influenced by the phosphoinosi
tide 3-kinase (PI3K). PI3Ks are lipid kinases that play important 
roles in the control of cell growth, proliferation, and angiogenesis 
8. PI3K enzymes can be categorised into three classes based on 
their structure and function; class I has undergone the most 
research, and its subclasses include PI3Ka, PI3Kb, PI3Kc, and PI3Kd 
9. On the other hand, a proto-oncogenic serine/threonine kinase 
called AKT participates in apoptosis, cell migration, glucose 
metabolism, and proliferation of cells 10. AKT can inhibit the BAX 

and caspase families of proteins to demonstrate its antiapoptotic 
effects 11. Additionally, a typical serine/threonine kinase called 
mTOR controls how cells develop and metabolise food and energy 
in response to external stimuli 12,13. The PI3K/AKT/mTOR axis con
nects various signalling pathways within cells in prostate cancer. 
This axis has direct and indirect influence on various biological 
processes, including cell cycle progression, cellular proliferation, 
autophagy, and angiogenesis 14–16. Consequently, the selective 
inhibition of the PI3K enzyme offers a promising approach for 
developing effective anticancer medications.

A considerable increase in the levels of epidermal growth fac
tor receptor (EGFR), a protein kinase, in 20–40% of prostate cancer 
patients is recorded. This increase is linked to higher-grade 
tumours, more aggressive phases, a worse prognosis, and an 
increased risk of establishing a castration-resistant phenotype and 
cancer spreading 17,18. As a result, medicines that may inhibit 
both the PI3K/AKT/mTOR and the EGFR signalling pathways at the 
same time may have therapeutic potential in advanced prostate 
cancer. The diverse biological activities of coumarins (benzopyr
ones) and their derivatives are caused by the noncovalent interac
tions with various active sites. As a result, the development of 
anti-cancer medicines has frequently exploited benzopyrone as a 
structural subunit 19. Numerous naturally occurring coumarin 
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derivatives have cytotoxic properties. For example, isofraxidin (IF) 
(Figure 1), a naturally occurring coumarin derivative, suppresses 
Akt phosphorylation in human colorectal cancer cells and shows 
anti-cancer effects in human hepatoma cells 20. While 4-methyl
umbelliferone (4-MU) is a natural powerful chemotherapeutic and 
chemo-preventive drug for breast, prostate, ovarian, renal cell, and 
pancreatic cancers (Figure 1) 21,22. Esculetin, a natural coumarin 
derivative, significantly slows the growth of prostate cancer by 
enhancing cell cycle arrest, modifying the PTEN/AKT signalling 
pathway, and inducing apoptosis via the EGFR/PI3K/Akt signalling 
pathway 23,24. Several coumarin derivatives have been described 
in the literature as cytotoxic medicines for solid tumours as com
pounds I–IIIa,b that function as PI3K inhibitors (Figure 1) 19,22,25. 
On the other hand, compound IV has potent cytotoxicity on 
breast cancer due to binding interactions with the hydrophobic 
core of EGFR kinase 26. Coumarin derivative V showed high EGFR 
inhibition impact, demonstrating 97.67% erlotinib’s potency along 
with the high cytotoxic activity over MDA-MB-231 27. In addition, 
compound VI possessed high EGFR inhibitory activity and high 
cytotoxic activity against cervical cancer 28. By optimising couma
rin as the primary scaffold (Figure 2), a novel series of coumarin 
derivatives was discovered in the current study. These novel 
agents were then tested as potential antineoplastic agents against 

PC-3 prostate cancer cells and MDA-MB-231 breast cancer cells. 
The anticancer characteristics of the coumarin-acetohydrazide 
hybrids IIb and IIIb produced in our earlier research study 25

served as the inspiration for series A (Scheme 1) that formed 
through chain elongation with either a hydrazone (4a–5) or with 
thiosemicarbazide (6a–c). In series B (Scheme 2), the coumarin 
core’s cyclisation produced an amino triazole derivative 7 and it 
was then alkylated to form compound 8. Finally in series C, alkyl
ation of coumarin core afforded compounds 9a–e (Scheme 3).

The most effective compound over PC-3 cells was examined 
for its suppression of the EGFR/PI3K/AKT/mTOR pathway by gene 
and protein expression levels, cell cycle analysis, and apoptosis 
studies (Figure 3), and then docking studies were performed to 
confirm the mechanism of action.

Results and discussion

Chemistry

The target compounds were synthesised in accordance with 
Schemes 1–3. Six compounds 4a–e and 5 were synthesised based 
on the nucleophilic attack of acid hydrazides 3a–c on the appro
priate aromatic aldehyde or acetophenone derivative.1H NMR, 13C 

Figure 1. Some natural and synthetic coumarin derivatives with cytotoxic activity.
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NMR, and FT-IR were used for the elucidation of the synthesised 
compounds. FT-IR showed peaks referring to NH and N═C groups 
at 3205–3468 and 1519–1606 cm−1, respectively. 1H NMR spectra 
showed a singlet signal resonating at d 7.98–8.44 ppm pointing to 
N═CH proton in addition to peaks at the aromatic region d 6.91– 
8.31 ppm referring to the added aromatic rings in compounds 
4a–e. On the other hand, compound 5 showed singlet signal 
referring to CH3 group at d 2.26 ppm along with the aromatic pro
ton of the added phenyl group at the expected chemical shift. 13C 
NMR spectra showed a peak referring to N═CH at d 124.13– 
146.85 ppm in compounds 4a–e and N═C–CH3 at d 2.26 ppm in 
compound 5. Carbothioamide derivatives 6a–c were prepared via 
a reaction of acid hydrazide 3b with the appropriate isothiocyan
ate derivative. 1H NMR spectra revealed that all compounds had 
three NH groups resonating at d 7.97–10.23 ppm. 13C NMR spectra 

showed a peak at d 181.51–182.37 ppm pointing to C═S, as shown 
in Scheme 1. Upon heating the ester derivative 2 with thiocarbo
hydrazide in sodium methoxide under reflux, amino triazole 
derivative 7 was prepared. The structure of compound 7 was con
firmed by 1H NMR through the disappearance of peaks corre
sponding to the ester group while the appearance of two singlet 
signals at d 3.68 and 5.66 ppm confirmed the presence of SH and 
NH2 groups substituting the 1,2,4-tiazole ring as shown in 
Scheme 2. When compound 7 was alkylated using isopropyl chlor
ide in acetone in the presence of anhydrous sodium carbonate, 
the result was the N-alkyl derivative 8, which was confirmed by 1H 
NMR spectrum through the disappearance of the singlet 
exchangeable peak of NH2 and the appearance of singlet peak of 
NH group resonating at d 5.76 ppm in addition to two doublet 
peaks at d 1.32 and 1.36 ppm and multiplet peak resonating at d 

Figure 2. Design strategy of the desired compounds.
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Scheme 1. Synthesis of the target compounds 4a–e, 5, and 6a–c.

Scheme 2. Synthesis of the target compounds 7 and 8.
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3.73–3.80 ppm referring to two CH3 group and CH proton of iso
propyl moiety, respectively. Due to the existence of a peak at 
165.68 ppm referring to the C5 of the 1,2,4-tiazole moiety con
nected to the SH group in the 13C NMR spectrum, it was deter
mined that the final molecule is N-alkyl rather than S-alkyl. Finally, 
Scheme 3 depicts the formation of O-alkyl derivatives 9a–e by 
reacting 7-hydroxy coumarin derivative 1b with the appropriate 
alkyl halide in acetone in the presence of anhydrous sodium car
bonate. The final compounds’ structures were validated by 1H 
NMR spectra. For example, compound 9a revealed triplet and 
quartette peaks resonating at d 1.03 and d 2.52–2.57 ppm, indicat
ing CH3 and CH2 protons, respectively, with no peak indicating 
OH proton. In addition, 13C NMR spectrum revealed two peaks of 
the added ethyl group at d 14.76 and 64.84 ppm.

Biological studies

In vitro cytotoxicity studies

The novel synthesised compounds were screened for their cyto
toxic activity against breast cancer cell line (MDA-MB-231) and 
prostate cancer cell line (PC-3) using erlotinib (EGFR inhibitor) as a 
reference drug. The IC50 values of the synthesised molecules were 
determined and are shown in Table 1. Some of the synthesised 
compounds had high to moderate activity against the tested 
human cancer cell lines, while others had minimal activity. Among 
the synthesised compounds, compounds 5, 4b, and 4a demon
strated the most effective cytotoxic activity against PC-3 cell line 
as proven by their IC50 values of 3.56, 8.99, and 10.22 mM, respect
ively, which represent 3.45-, 1.36-, and 1.2-fold, respectively, 

Scheme 3. Synthesis of the target compounds 9a–e.

Figure 3. A diagrammatic sketch illustrating the signalling pathway of the EGFR/PI3K/AKT/mTOR and coumarin targeting retrieved by Biorender.com templates 29.
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superior to IC50 of the erlotinib. In accordance with MDA-MB-231 
cell line, compound 4c displayed more powerful and effective 
cytotoxic action than erlotinib with IC50 value of 8.5 mM. 
Additionally, compound 4b showed high cytotoxic activity com
parable to erlotinib with IC50 value of 11.78 mM. On the other 
hand, compounds 4c and 4e showed moderate cytotoxic activity 
over PC-3 cell line with IC50 values of 37.58 and 12.13 mM respect
ively while, compounds 4a and 4e possessed moderate cytotoxic 
activity over MDA-MB-231 cell line with IC50 value 23.60 and 
24.28 mM, respectively. The rest of the compounds had a weak 
cytotoxic activity on both cell lines. In order to evaluate the 
in vitro results, structure–activity relationship (SAR) found that, the 

most active compounds are those bearing hydrazone moiety on 
C7 of the coumarin ring. High efficacy on both cell lines was 
obtained when hydrazone is bearing heteroaromatic -furan- ring 
as in compound 4b. Also, the cytotoxicity increased when the 
hydrazone is substituted with a strong deactivating electron with
drawing group (4-nitrobenzylidene moiety) as in compounds 4a 
and 4e than compound 4d bearing weak deactivating electron 
withdrawing group (4-chlorobenzylidene moiety). Moreover, the 
best activity on MDA-MB-231 cell line was obtained when the 
hydrazone was bearing unsubstituted benzylidene moiety as in 
compound 4c. It was clear that the best cytotoxic activity on PC-3 
cell line was obtained when the hydrazone is substituted with 
weak deactivating electron withdrawing group (4-bromobenzyli
dene moiety) as in compound 5. Substitution of the hydrazide 
with either carbothioamide as in compounds 6a–c or cyclisation 
with amino triazole moiety as in compounds 7 and 8 results in 
weak cytotoxicity. Finally, alkylation of coumarin at C8 showed 
weak cytotoxic activity.

Further investigation of the cytotoxic activity of compound 5 
was performed on colorectal carcinoma (HCT-116) and hepatocel
lular carcinoma (HEPG-2) using erlotinib as reference control as 
indicated in Table 2. Compound 5 showed cytotoxic activity 1.5 
times higher than erlotinib on HEPG-2 cell line, but comparable to 
erlotinib on HCT-116 cell line (IC50 values of 19.80 and 17.81, 
respectively). Moreover, compound 5 was tested on normal 
human primary prostate epithelial cells (HPrEC) to determine the 
cytotoxic effects in comparison to erlotinib. The results revealed 
that the tested compound suppressed the growth of HPrEC cells 
with IC50 value (95.54 mM) less than erlotinib (IC50 63.47 mM), sug
gesting that the synthesised compound has a safe profile and is 
less cytotoxic to normal cells than erlotinib as illustrated in 
Table 2.

In vitro EGFR and PI3Kb inhibition assay
EGFR inhibition assay was performed for the most active com
pounds over PC-3 cell line. All the tested compounds showed 
potent inhibitory activity with IC50 values ranging from 0.1812 
to 0.5587 mM when compared to erlotinib as a reference EGFR 
inhibitor (Figure 4(A)). Coumarin benzylidene derivative 5 with 
the highest cytotoxic activity on PC-3 cells also, showed the 
highest inhibitory activity on EFGR (IC50 ¼ 0.1812 mM), which is 
comparable to erlotinib (IC50 ¼ 0.1344 mM). On the other hand, 

Table 1. Cytotoxicity of the tested compounds and erlotinib over MDA-MB-231 
and PC-3 (IC50, mM).

Compound Cytotoxic activity IC50 (mM)a
MDA-MB-231 PC-3

4a 23.60 ± 0.36 10.22 ± 0.57
4b 11.78 ± 0.98 8.99 ± 1.14
4c 8.5 ± 0.85 37.58 ± 1.18
4d >50 >50
4e 24.28 ± 2.28 23.13 ± 1.2
5 46.26 ± 2.70 3.56 ± 0.056
6a >50 >50
6b >50 >50
6c >50 >50
7 >50 >50
8 >50 >50
9a >50 >50
9b >50 >50
9c >50 >50
9d >50 >50
9e >50 >50
Erlotinib 11.14 ± 1.11 12.3 ± 0.97
aIC50 values represent mean ± SD of three experiments.

Table 2. Cytotoxicity of compound 5 and erlotinib over HCT-116, HEPG-2, and 
HPrEC (IC50, mM).

Compound

Cytotoxic activity IC50 (mM)a

HCT-116 HEPG-2 HPrEC

5 19.80 ± 0.55 14.24 ± 1.20 95.54 ± 1.30
Erlotinib 17.81 ± 1.15 22.06 ± 0.46 63.47 ± 5.56
aIC50 values represent mean ± SD of three experiments.

Figure 4. (A) Graphical representation for comparison of IC50 EGFR (mM) of compounds 4a–c, 4e, 5, and erlotinib, (B) graphical representation for comparison of IC50 

PI3Kb (mM) of compounds 4a–c, 4e, 5 LY294002. Both enzymes were performed using four-dose protocol. The data are expressed as mean ± SD (n ¼ 3 experiments), 
statistical analysis was performed by two-way ANOVA followed by Tukey’s post hoc test with �significant at p > 0.05, ��significant at p > 0.01, ���significant at 
p > 0.001, and ����significant at p > 0.0001 and nsno significance.
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PI3Kb inhibitory activity was performed with the same com
pounds possessing the highest cytotoxic activity on PC-3 cells. 
The results of the enzyme assay showed that the tested com
pounds possessed good inhibitory activity with IC50 values rang
ing from 0.2612 to 0.9923 mM. Compound 5 possessed the 
highest inhibitory activity twofold more than LY294002 as refer
ence PI3Kb inhibitor. Compounds 4b and 4c had inhibitory 
activity comparable to LY294002 while compounds 4a and 4e 
possessed a good inhibitory activity (0.7918 and 0.9923 mM), 
respectively (Figure 4(B)).

The most active compound, 5 was tested for PI3K inhibition 
using class IA (a and c) and IB (d) isoforms. Table 3 demonstrates 

that the tested compound had strong inhibitory activity on several 
isoforms (a, c, and d) with IC50 values (2.89, 5.04, and 5.49 mM, 
respectively) which is comparable to the IC50 values of the refer
ence drug LY294002 (2.6, 6.76, and 7.42 mM, respectively), sug
gesting that compound 5 is a class IA and IB inhibitor.

Measurement of gene expression AKT/m-TOR in PC-3 cells treated 
with compound 5 with IC50 3.56 mM
To investigate the effective molecular targets of compound 5 as a 
potential compound displaying the highest cytotoxic activity over 
PC-3 cells and the highest inhibitory activity against EGFR and 
PI3Kb, the AKT/mTOR pathway was explored. It is known that 
EGFR/PI3K/AKT/mTOR signalling cascade is crucial for a variety of 
cellular functions, such as apoptosis, metabolism, cell growth, and 
proliferation, which aid in the development of tumours 30. As 
shown in Figure 5, overexpression of AKT and m-TOR genes was 
observed in untreated PC-3 cells, while treatment of these cells 
with coumarin derivative 5 resulted in downregulation of AKT and 
m-TOR by 2.5- and 2.6-fold, respectively, comparing to the 
untreated cells. These findings demonstrated that compound 5 
was successful in producing a promising inhibitor for the EGFR/ 
PI3K/Akt/m-TOR axis to overcome the resistance of chemothera
peutic agents.

Figure 6. Cell cycle analysis of compound 5 at its IC50 on PC-3 cancer cells.

Figure 5. A graph represents the effect of compound 5 on the gene expression 
of AKT and m-TOR compared with negative control and erlotinib. The data are 
expressed as mean ± SD (n ¼ 3 experiments), statistical analysis was performed 
by two-way ANOVA followed by Tukey’s post hoc test with �significant at 
p > 0.05, ��significant at p > 0.01, ���significant at p > 0.001, ����significant 
at p > 0.0001, and nsno significance.

Table 3. IC50 values of PI3K isoforms of compound 5 and (IC50, mM).

Compound

IC50 (mM)a

PI3Ka PI3Kc PI3Kd

5 2.89 ± 0.33 5.04 ± 0.21 5.49 ± 0.29
LY294002 2.61 ± 0.11 6.76 ± 0.55 7.42 ± 0.36
aIC50 values represent mean ± SD of three experiments.

Figure 7. Graphical representation of cell cycle analysis of compound 5 at its 
IC50 on PC-3 cells.
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Cell cycle analysis (DNA flow cytometry)
Cell cycle analysis described the percentage of cell accumulation 
in each phase during the cell cycle 31. As described in Figures 6
and 7, the percentage of G1, S, and G2/M phases when PC-3 cells 
were incubated in a vehicle were 55.85%, 34.71%, and 9.44%, 
respectively. In contrast, these percentages varied in PC-3 cells 
treated with compound 5, particularly in the S phase because the 
percentage of cells in G1, S, and G2/M phases seemed to be 
52.09, 42.11, and 5.8, respectively. The result of this study showed 
that the coumarin derivative 5 caused cell cycle arrest at the S 
phase throughout the accumulation of the cells (42.11%) more 
than the untreated cells (34.71%).

Annexin V/propidium iodide staining for apoptosis analysis
Annexin V/propidium iodide staining was performed to examine 
whether the cytotoxicity of compound 5 was associated with 
apoptosis by comparing PC-3 cells treated with compound 5 to 
untreated cells. The proportion of apoptotic cells was dramatically 
increased in cells treated with compound 5 (Figures 8 and 9), the 
proportion of early and late apoptotic cells was 22.62% and 
13.33%, respectively. Contrarily, untreated cells displayed higher 
total population percentages (97.72%) and lower percentages of 
early and late apoptotic cells (0.39% and 0.15%, respectively). 
Thus, compound 5 seemed to be an effective apoptotic agent.

Real-time PCR for determination of proapoptotic, apoptotic, and 
anti-apoptotic mediators throughout intrinsic and extrinsic 
pathway
To maintain apoptosis, the balance between cell division and cell 
death must be regulated. New targeted therapeutics that either 
induce cancer cell death or make cancer cells more susceptible to 
recognised cytotoxic agents have been developed as a result of 
our growing understanding of the mechanisms of intrinsic and 
extrinsic apoptotic signalling 32. The intrinsic mechanism, which 
primarily comprises a cascade driven by mitochondria includes 
activation of P53, pro-apoptotic genes (BAX), caspase 3 and sup
pression of the anti-apoptotic Bcl-2 family but, the extrinsic path
way contains triggers cascades of caspase 8 33,34. PC-3 cells were 
treated with compound 5 at its IC50 to analyse and compare the 
gene expression of P53, BAX, BCl-2, caspases 3, and caspases 8 
with the untreated PC-3 cells. As observed in Figure 10(A–E), in 
comparison to PC-3 cells, compound 5 significantly induced high 
expression of tumour suppression gene P53 by 3.83-fold. BAX as 

pro-apoptotic gene was highly expressed in PC-3 treated with 
compound 5 by 5.6-fold than in untreated cells. Also, the upregu
lation of the apoptotic genes caspases 3 and caspases 8 was 
recorded by 5.40- and 2.96-fold, respectively. Moreover, com
pound 5 downregulated the anti-apoptotic gene BCl-2 by 0.30- 
fold. Therefore, compound 5 suggested induction of intrinsic and 
extrinsic apoptotic pathways in the treated PC-3 cells by upregu
lating BAX, P53, caspases-3 and -8 and downregulating BCl-2 gene 
in comparison to the control.

Molecular docking studies
A molecular docking study using Molecular Operating 
Environment (MOE) Software 2020.09 35 was conducted to pro
vide a preliminary SAR based on the binding mode and docking 
scores of series A, B, and C compounds with EGFR tyrosine kinase 
(PDB ID: 1M17) 36 and PI3Kb kinase (PDB ID 4JPS) 37 (Table 4). The 
docking scores and binding modes for the tested compounds 
were compared against lead compounds erlotinib and LY294002, 
both of which served as reference compounds in the in vitro EGFR 
and PI3Kb inhibitory assay.

The docking scores, presented in Table 4, provide insights into 
the binding affinities of the tested compounds with both EGFR 
tyrosine kinase (PDB ID: 1M17) and PI3Kb kinase (PDB ID: 4JPS). 
Notably, compound 5 exhibited the highest docking scores for 
both targets, indicating a strong binding affinity with EGFR and 

Figure 8. Annexin V/propidium iodide staining for apoptosis analysis of compound 5 at its IC50 on PC-3 cells.

Figure 9. A graphical representation of Annexin V/propidium iodide staining for 
apoptosis analysis of compound 5 at its IC50 on PC-3 cells.
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PI3Kb. Compounds 4b, 4c, and 4d also demonstrated favourable 
docking scores for both kinases. These results are coherent with 
findings in vitro EGFR and PI3Kb inhibitory assay. Further investi
gation of binding modes and 2D/3D interaction diagram was 

conducted to rationalise the inactivity of compounds 6a–c and 
series B and C in the cytotoxic assay.

The binding mode of docking score of tested compounds in 
series A, B, and C with EGFR tyrosine kinase was evaluated against 
the bioactive conformation of erlotinib (Figure 11). The analysis of 
2D/3D interactions of erlotinib showed that erlotinib’s carbon 
atom (C19) forms a hydrogen bond with GLN 767 (3.15 Å). The 
nitrogen atom (N2) engages in a hydrogen bond with MET 769, 
serving as a hydrogen acceptor (2.70 Å). The N3 atom of erlotinib 
acts as a hydrogen acceptor forming a hydrogen bond with a 
water molecule (HOH 10, 2.78 Å). This water acts as a bridge qui
nazoline nitrogen atom (N3) of erlotinib and the side chain of 
Thr766. At the same time, the aniline ring of erlotinib participates 
in a pi-cation interaction with the NZ atom of Lys 721 (4.53 Å). 
The 3D geometry of erlotinib revealed interplanar angle of aro
matic ring systems between the phenyl ring and quinazoline is 
41.6� 36 (Figure 11(B)). This 3D arrangement allows the phenyl 
ring to be held in the proper direction to interact with Lys 721 in 
pi-cation while orienting the quinoline ring in the proper position 
to interact with Met 769 and Gln 768 36.

Docking of series, A, B, and C compounds within the binding 
site of EGFR kinase and comparing the binding mode and these 
compounds with the bioactive conformation of erlotinib was 

Figure 10. A graph represents the relative gene expression of (A) P53, (B) BAX, (C) BCl-2, (D) caspase 3, and (E) caspase 8 of compound 5 at its IC50 versus erlotinib 
and untreated PC-3. The data are expressed as mean ± SD (n ¼ 3 experiment); statistical analysis was performed by two-way ANOVA followed by Tukey’s post hoc 
test with �significant at p > 0.05, ��significant at p > 0.01, ���significant at p > 0.001, ����significant at p > 0.0001 and nsno significance.

Table 4. Docking score of tested compounds representing series A, B, and C.

Compound
Docking S score (kcal/mol) 

EGFR tyrosine kinase (PDB ID: 1M17)
Docking S score (kcal/mol) 

PI3Kb kinase (PDB ID: 4JPS)

4a –7.2263 –7.5230
4b –8.14 –8.2550
4c –8.3325 –7.4893
4d –8.203 –8.1676
4e –8.0395 –8.1329
5 –8.5935 –8.5675
6a –7.1866 –7.5986
6b –7.4940 –7.8937
6c –8.0499 –7.2646
7 –7.1135 –6.8660
8 –7.0523 –7.4376
9a –5.9335 –6.2884
9b –6.5485 –6.5485
9c –6.3117 –6.2472
9d –6.1534 –6.6562
9e –6.5811 –7.2376
Erlotinib –8.44 –
LY294002 – –6.175
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conducted. The series A active compounds (4a–5) showed binding 
mode demonstrated in Figure 12. This binding mode was similar 
to the reported binding mode of erlotinib 36. The coumarin scaf
fold was equivalent to the quinazoline ring in erlotinib having 
hydrophobic pi–pi hydrogen interaction with Val 702 in G-Loop. 
The 2-oxo of the coumarin ring is equivalent to the N3 atom of 

erlotinib acting as a hydrogen acceptor forming a hydrogen bond 
with a water molecule (HOH 10). This water acts as a bridge 
between the quinazoline nitrogen atom (N3) of erlotinib and series 
A active compounds (4a, 4b) and the side chain of Thr766. The 
three alkyl/aryl group interactions with hydrophobic pocket 1 
amino acids including Lys 721 and Ile 720. This interaction is 

Figure 11. The 2D/3D interaction diagram of bioactive confirmation of erlotinib within the binding site of EGFR tyrosine kinase domain (PDB ID: 1M17). (A) The 2D 
interaction diagram, amino acids in contact with erlotinib are displayed as spheres. Violet spheres represent polar amino acids while green sphere represents hydro
phobic amino acids. Solvent-exposed regions of erlotinib are highlighted in blue. The dotted lines represent non-bonding interactions. (B) The 3D interaction of erloti
nib reveals a 41.6� dihedral angle between the phenyl ring and quinazoline, facilitating optimal interactions with Lys 721 in a pi-cation configuration, along with 
interactions with Met 769 and Gln 768.
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equivalent to aniline ring interaction in erlotinib. The 2-acetohy
drazide moiety with various linkers protruded in the solvent- 
exposed regions. These pharmacophoric features of compounds 
4a–e and 5, provided optimum 3D geometry forcing the coumarin 
ring to be non-planer with alky/aryl group in interacting with 
hydrophobic pocket 1. The interplanar angle of active compounds 
4a–e and 5 was around 60�, comparable to the coplanar angle or 
aromatic system of erlotinib. The inactive compounds in series A, 
B, and C showed different interaction patterns than erlotinib. For 
example, compounds 6a–c, having thiosemicarbazone group bind
ing with a flipped pattern in the binding site, coumarin ring did 
not perform the crucial interaction described in Figure 12. 
Compounds 7, 8, and 9 were smaller in size and did provide the 
proper 3D geometric arrangement for selective and specific bind
ing with EGFR kinase domain (Figure 13).

Docking of series, A, B, and C within the binding site of bind
ing site of PI3K kinase comparing the binding mode and these 
compounds with the docked pose of the in vitro assay Lead 
LY294002 was conducted. The docking scores of designed com
pounds ranged from −6.2472 to −8.5675 kcal/mol compared to 
LY294002 docking score of −6.175 kcal/mol. Compound 5 showed 
the highest docking score equals −8.5675 kcal/mol. The docking 
score aligned with the in vitro enzyme inhibitory assay. The 2D/3D 
interaction diagram of compound 5 and LY294002 within the 
binding site of PI3K kinase (PDB ID 4JPS) is described in Figures 
14 and 15. The coumarin rings in LY29400 and design compounds 
are deeply buried with a hydrophobic pocket, while morpholine 
group in LY294002 or equivalent in 2-acetohydrazide moiety with 
various linkers protruded in the solvent-exposed regions. The 2- 
acetohydrazide moiety is involved in hydrogen bond interactions 
anchoring the structure within the binding site. The presence of 
the three alkyl, aryl group in designed compounds contributes to 
the increased binding affinity of tested compounds compared to 
LY29400 due to hydrophobic interaction with activation loop 
hydrophobic amino acids such as Ile 932.

In conclusion, the molecular docking studies of designed com
pounds within EGFR and PI3K kinase binding sites demonstrated 
promising interactions, suggesting their potential as dual-targeted 
agents in cancer therapy. The compounds exhibited favourable 
affinities and key interactions, providing a foundation for further 
exploration.

Conclusions

Novel coumarin analogues were synthesised and evaluated for 
their cytotoxic activity against two human cancer cells namely, 
PC-3 and MDA-MB-231. Some compounds showed comparable or 
better antiproliferative activity than erlotinib, among which benzy
lidene derivatives 5, 4b, and 4a with IC50 values 3.56, 8.99, and 
10.22 mM, respectively, against PC-3 cells and compound 4c dis
played cytotoxic activity more potent than erlotinib with IC50 

value 8.5 mM on the MDA-MB-231 cell line. The effect of com
pound 5 on EGFR/PI3Kb/AKT/mTOR signalling pathway on PC-3 
cells was explored and the results showed down-regulation of 
AKT and mTOR expression in addition to the inhibitory activity on 
PI3Kb and EGFR enzymes with IC50 values 0.2612 and 0.1812 mM, 
respectively. Moreover, compound 5 inhibited other PI3K isoforms 
(a, c, and d) with IC50 comparable to LY294002. Compound 5 
caused cell cycle arrest at the S phase. Also, compound 5 elevated 
the proportion of early and late apoptotic cells. Confirmation of 
both extrinsic and intrinsic pathways was conducted by upreulat
ing caspases (3 and 8) P53 and BAX while downregulating the 
antiapoptotic gene BCl-2 by compound 5. Docking studies 
ensured that compound 5 showed a high binding affinity to both 
enzymes which proves compound 5 as PI3Kb and EGFR dual 
inhibitor.

Experimental

General

Aldrich (St. Louis, MO) supplied the solvents and reagents, which 
were used exactly as received unless otherwise noted. The open 
capillary tube approach, which uses the Stuart SMP10 melting 
point apparatus, was used to determine the melting points. Wave 
number tmax (cm−1) was used to express the infra-red spectra, 
which were captured as potassium bromide discs using a Bruker 
FT-IR spectrophotometer (Billerica, MA) at Misr University for 
Science and Technology. The Regional Centre for Mycology and 
Biotechnology, Al-Azhar University, Cairo, Egypt performed the 
elemental analysis using a Thermo Scientific TM FLASH 2000 
CHNS/O analyser (Waltham, MA). The National Research Centre in 
Cairo, Egypt and Ain Shams University (Cairo, Egypt) conducted 
1H NMR and 13C NMR spectra on Jeol ECA (Tokyo, Japan) 500 MHz 

Figure 12. Schematic diagram of the interaction of series A active compounds (4a–5).
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and Bruker 400 MHz spectrophotometers (Billerica, MA), respect
ively, for proton and with Jeol ECA 125 MHz and Bruker (Billerica, 
MA) 100 MHz for carbon using TMS as internal standard, chemical 
shifts (d) were recorded in ppm on d scale. At the Regional Centre 
for Mycology & Biotechnology, Al-Azhar University, Cairo, Egypt, 
mass spectra were conducted on a Hewlett Packard 5988 

spectrometer (Palo Alto, CA) or a Shimadzu QP-2010 plus (Kyoto, 
Japan). Using precoated aluminium sheets and silica gel (Merck 
60F 254, Rahway, NJ) as the eluting solution, the TLC method was 
used to track the reactions’ progress.

The starting materials 1a–c, 2a–c, and 3a–c were synthesised 
according to adopted procedures in literatures 38–43.

Figure 13. The 2D/3D interaction diagram of compound 5 within the binding site of EGFR tyrosine kinase domain (PDB ID: 1M17). (A) Showing the 2D interaction dia
gram, amino acids in contact with compound 5 are displayed as spheres. Violet spheres represent polar amino acids while green sphere represents hydrophobic amino 
acids. Solvent-exposed regions of compound 5 are highlighted in blue. The dotted lines represent non-bonding interactions. (B) The 3D interaction diagram of com
pound 5 reveals a 65.6� dihedral angle between the phenyl ring and coumarin scaffold allowing optimum 3D geometry for the coumarin ring to interact with Val 702 
in G-loop and side chain of Thr766 via water bridge.
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Figure 14. The 2D/3D interaction diagram of compound 5 within the binding site of PI3K kinase (PDB ID 4JPS). (A) The 2D interaction diagram, amino acids in contact 
with compound 5 are displayed as spheres. Violet spheres represent polar amino acids while green spheres represent hydrophobic amino acids. Solvent-exposed 
regions of compound 5 are highlighted in blue. The dotted lines represent non-bonding interactions. (B) The 3D interaction diagram of compound 5 with in binding 
site of PI3K represented as a coloured surface. The polar binding site regions are represented in magenta, hydrophobic regions in green, and solvent-exposed regions 
are coloured in red.
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General procedure for synthesis of 2-(3-substituted-4,8-disubsti
tuted-2-oxo-2H-chromen-7-yl)oxy-N0-substituted acetohydrazides 
(4a–e)
An equimolar amount of the appropriate acid hydrazide 3a and 
3c (0.001 mol) in glacial acetic acid (20 mL), and appropriate aro
matic aldehyde derivative (0.001 mol) was heated under reflux for 

8–24 h. The solvent was removed under vacuum after completion 
of the reaction and the formed precipitate was recrystallised from 
ethanol to afford compounds 4a–e.

2-((3-Ethyl-4-methyl-2-oxo-2H-chromen-7-yl)oxy)-N’-(4-nitrobenzyli
dene) acetohydrazide (4a). White powder, yield 88%. mp 240– 

Figure 15. The 2D/3D interaction diagram of LY294002 within the binding site of PI3K kinase (PDB ID 4JPS). (A) The 2D interaction diagram, amino acids in contact 
with compound 5 are displayed as spheres. Violet spheres represent polar amino acids while green spheres represent hydrophobic amino acids. Solvent-exposed 
regions of compound 5 are highlighted in blue. The dotted lines represent non-bonding interactions. (B) The 3D interaction diagram of LY294002 within the binding 
site of PI3K is represented as a coloured surface. The polar binding site regions are represented in magenta, hydrophobic regions in green, and solvent-exposed 
regions are coloured in red.
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242 �C. IR tmax/cm−1: 3468 (NH), 3112, 3080 (CH aromatic), 2972 
(CH aliphatic), 1681, 1608 (2 C═O), 1519 (C═N).1H NMR (400 MHz, 
DMSO-d6) d ppm: 1.04 (t, 3H, J ¼ 7.2 Hz, CH2CH3), 2.40 (s, 3H, 
CH3), 2.50–2.59 (q, 2H, J ¼ 7.2 Hz, CH2CH3), 4.85 (s, 1H, OCH2), 
5.34 (s, 1H, OCH2), 6.97–7.05 (m, 2H, H-Ar), 7.70 (d, 1H, 
J ¼ 9.2 Hz, H-Ar), 8.01 (d, 2H, J ¼ 10.8 Hz, H-Ar), 8.28 (d, 2H, 
J ¼ 7.6 Hz, H-Ar), 8.44 (s, 1H, CH¼N), 11.93 (s, 1H, NH, D2O 
exchangeable). 13C NMR (100 MHz): 13.40, 14.81, 20.68, 66.67, 
101.83, 112.90 (2C), 114.73, 124.55, 126.79 (2C), 130.65, 131.75, 
132.20, 146.85, 153.33, 160.13, 161.16, 166.50, 166.70, and 168.57. 
MS m/z (%): 409.88 (Mþ, 21.66%), 97.02 (100%). Anal. Calcd. for 
C21H19N3O6 (409.40): C, 61.61; H, 4.68; N 10.26. Found: C, 61.98; 
H, 4.85; N, 10.44.

2-((3-Benzyl-4,8-dimethyl-2-oxo-2H-chromen-7-yl)oxy)-N’-(furan-2- 
ylmethylene)acetohydrazide (4b). White powder, yield 50%. mp 
184–186 �C. IR tmax/cm−1: 3384 (NH), 3057 (CH aromatic), 2976, 
2925 (CH aliphatic), 1699, 1679 (2 C═O), 1605 (C═N). 1H NMR 
(400 MHz, DMSO-d6) d ppm: 2.26 (s, 3H, CH3), 2.39 (s, 3H, CH3), 
3.95 (s, 2H, CH2), 4.91 (s, 1H, OCH2), 5.24 (s, 1H, OCH2), 6.62 (s, 1H, 
H-Ar), 6.91–6.98 (m, 2H, H-Ar), 7.15–7.28 (m, 5H, H-Ar), 7.57 (d, 1H, 
J ¼ 8.8 Hz, H-Ar), 7.83–8.20 (m, 2H (H-ArþCH═N), 11.54 (s, 1H, NH, 
D2O exchangeable). 13C NMR (100 MHz): 8.55, 15.92, 32.93, 65.40, 
109.21, 112.83, 114.17, 115.24, 121.19, 124.20, 126.60, 127.88 (2C), 
128.93 (2C), 134.28, 139.93, 145.66, 148.67, 149.65, 151.31, 158.67, 
162.38, 165.00, 168.38. MS m/z (%): 430.36 (Mþ, 36.57%), 77.11 
(91.22%), 52.26 (100%). Anal. Calcd. for C25H22N2O5 (430.46): C, 
69.76; H, 5.15; N 6.51. Found: C, 69.97; H, 5.37; N, 6.80.

2-((3-Benzyl-4,8-dimethyl-2-oxo-2H-chromen-7-yl)oxy)-N’-benzylide
neacetohydrazide (4c). White powder, yield 75%. mp 219–220 �C. 
IR tmax/cm−1: 3341 (NH), 3065 (CH aromatic), 2942 (CH aliphatic), 
1721, 1683 (2 C═O), 1606 (C═N). 1H NMR (500 MHz, DMSO-d6) d 

ppm: 2.26 (s, 3H, CH3), 2.38 (s, 3H, CH3), 3.92 (s, 2H, CH2), 4.80 (s, 
1H, OCH2), 5.30 (s, 1H, OCH2), 6.94 (d, 1H, J ¼ 8.6 Hz, H-Ar), 7.14– 
7.23 (m, 5H, H-Ar), 7.39–7.44 (m, 3H, H-Ar), 7.57–7.67 (m, 3H, H-Ar), 
7.98 (s, 1H, CH═N), 11.59 (s, 1H, NH, D2O exchangeable). 13C NMR 
(125 MHz): 9.84, 16.53, 33.48, 66.99, 109.90, 115.25, 122.29, 124.92, 
127.38, 128.29 (2C), 128.49 (2C), 129.34 (4C), 130.11 (2C), 131.32, 
135.29, 140.70, 145.33, 149.75, 152.12, 162.62, 170.03. MS m/z (%): 
439.96 (Mþ, 63.14), 312.19 (90.66), 65.25 (100). Anal. Calcd. for 
C27H24N2O4 (440.50): C, 73.62; H, 5.49; N 6.36. Found: C, 73.43; H, 
5.72; N, 6.62.

2-((3-Benzyl-4,8-dimethyl-2-oxo-2H-chromen-7-yl)oxy)-N’-(4-chloro
benzylidene)acetohydrazide (4d). White powder, yield 79%. mp 
232–234 �C. IR tmax/cm−1: 3205 (NH), 3064 (CH aromatic), 2964, 
2924 (CH aliphatic), 1696, 1682 (2 C═O), 1603 (C═N). 1H NMR 
(400 MHz, DMSO-d6) d ppm: 2.27 (s, 3H, CH3), 2.42 (s, 3H, CH3), 
3.97 (s, 2H, CH2), 4.87 (s, 1H, OCH2), 5.33 (s, 1H, OCH2), 6.98 (d, 1H, 
J ¼ 7.6 Hz, H-Ar), 7.16–7.28 (m, 5H, H-Ar), 7.50 (d, 2H, J ¼ 8.4 Hz, H 
Ar), 7.61 (d, 1H, J ¼ 7.6 Hz, H-Ar), 7.75 (d, 2H, J ¼ 8.4 Hz, H-Ar), 
8.02 (s, 1H, CH═N), 11.72 (s, 1H, NH, D2O exchangeable). 13C NMR 
(100 MHz): 8.92, 15.55, 32.64, 66.07, 109.23, 113.20, 114.19, 121.85, 
123.59, 126.24, 127.59 (2C), 128.57 (2C), 129.92 (2C), 130.60 (2C), 
133.60, 134.97, 142.95, 149.28, 151.68, 157.62, 159.36, 161.03, 
169.67. MS m/z (%): 476.77 (Mþþ1, 4.41), 474.80 (Mþ, 12.71), 91.24 
(100). Anal. Calcd. for C27H23ClN2O4 (474.94): C, 68.28; H, 4.88; N 
5.90. Found: C, 68.41; H, 4.95; N, 6.14.

2-((3-Benzyl-4,8-dimethyl-2-oxo-2H-chromen-7-yl)oxy)-N’-(4-nitro
benzylidene)acetohydrazide (4e). White powder, yield 70%. mp 

252–254 �C. IR tmax/cm−1: 3372 (NH), 3059 (CH aromatic), 2924 
(CH aliphatic), 1761, 1685 (2 C═O), 1603 (C═N).1H NMR (500 MHz, 
DMSO-d6) d ppm: 2.26 (s, 3H, CH3), 2.38 (s, 3H, CH3), 3.92 (s, 2H, 
CH2), 4.85 (s, 1H, OCH2), 5.35 (s, 1H, OCH2), 6.96 (d, 1H, J ¼ 9.5 Hz, 
H-Ar), 7.14–7.23 (m, 5H, H-Ar), 7.57 (d, 1H, J ¼ 8.6 Hz H-Ar), 7.95 
(d, 2H, J ¼ 8.6 Hz, H-Ar), 8.08 (s, 1H, CH═N), 8.23 (d, 2H, J ¼ 8.6 Hz, 
H-Ar), 11.94 (s, 1H, NH, D2O exchangeable). 13C NMR (125 MHz): 
8.67, 15.71, 32.67, 66.16, 109.10, 112.63, 113.06, 114.46, 124.46 
(2C), 126.57 (2C), 128.44 (2C), 128.53, 128.93 (2C), 139.87, 140.76, 
142.13, 148.33, 148.91, 151.30, 158.39, 161.78, 164.96, 169.67. MS 
m/z (%): 485.20 (Mþ, 24.52), 102.32 (87.48), 51.02 (100). Anal. 
Calcd. for C27H23N3O6 (485.50): C, 66.80; H, 4.78; N 8.66. Found: C, 
67.06; H, 4.89; N, 8.92.

Procedure for synthesis of 2-((3-benzyl-4,8-dimethyl-2-oxo-2H- 
chromen-7-yl)oxy)-N’-(1-(4-bromophenyl)ethylidene)acetohydra
zide (5)
To a solution of the acid hydrazide 3c (0.352, 0.001 mol) in glacial 
acetic acid (20 mL), 4-bromo acetophenone (0.199 g, 0.001 mol) 
was added and the mixture was heated under reflux for 12 h. The 
solvent was removed under vacuum and the precipitate formed 
was recrystallised from DMF.

White powder, yield 50%. mp 240–242 �C. IR tmax/cm−1: 3213 
(NH), 3071 (CH aromatic), 2923 (CH aliphatic), 1685, 1602 (2 C═O), 
1569 (C═N). 1H NMR (400 MHz, DMSO-d6) d ppm: 2.26 (s, 6H, 2 
CH3), 2.39 (s, 3H, CH3), 3.96 (s, 2H, CH2), 4.95 (s, 1H, OCH2), 5.34 (s, 
1H, OCH2), 6.94–6.99 (m, 1H, H-Ar), 7.09–7.35 (m, 5H, H-Ar), 7.57– 
7.66 (m, 3H, H-Ar), 7.70–7.82 (m, 2H, H-Ar), 10.96 (s, 1H, NH, D2O 
exchangeable). 13C NMR (100 MHz): 8.61, 13.84, 15.64, 32.59, 66.44, 
108.91, 112.84, 114.26, 121.34, 123.10, 123.75, 126.50 (2C), 128.47 
(2C), 128.69, 128.87 (2C), 131.72 (2C), 137.57, 139.81, 147.85, 
148.85, 151.21, 158.85, 161.73, 170.08. MS m/z (%): 535.04 (Mþþ2, 
12.77), 533.22 (Mþ, 13.03), 43.19 (100). Anal. Calcd. for 
C28H25BrN2O4 (533.42): C, 63.05; H, 4.72; N 5.25. Found: C, 63.28; 
H, 4.89; N, 5.49.

General procedure for synthesis of N-substituted-2-(2-((3-ethyl-4,8- 
dimethyl-2-oxo-2H-chromen-7-yl)oxy)acetyl)hydrazinecarbothioa
mide (6a–c)
To a solution of the acid hydrazide 3b (0.29 g, 0.001 mol) in a mix
ture of ethyl alcohol and chloroform (1:1), the appropriate isothio
cyanate derivative (0.001 mol) was added and the mixture was 
refluxed for 6–14 h. The solvent was removed under vacuum and 
the formed precipitate was recrystallised from ethanol to give 
compounds 6a–c.

N-Ethyl-2-(2-((3-ethyl-4,8-dimethyl-2-oxo-2H-chromen-7-yl)oxy)ace
tyl)hydrazine-1-carbothioamide (6a). White powder, yield 50%. mp 
214–216 �C. IR tmax/cm−1: 3446, 3377, 3277 (3NH) 3099 (CH aro
matic), 2970 (CH aliphatic), 1708, 1687 (2 C═O), 1602 (C═N). 1H 
NMR (400 MHz, DMSO-d6) d ppm: 1.02–1.13 (m, 6H, 2 CH2CH3), 
2.26 (s, 3H, CH3), 2.37 (s, 3H, CH3), 2.53–2.58 (q, 2H, J ¼ 7.6 Hz, 
CH2CH3), 3.43–3.50 (s, 2H, CH2CH3), 4.74 (s, 2H, OCH2), 6.96 (d, 1H, 
J ¼ 8.8 Hz, H-Ar), 7.57 (d, 1H, J ¼ 8.8 Hz, H-Ar), 7.97 (s, 1H, NH, 
D2O exchangeable), 9.24 (s, 1H, NH, D2O exchangeable), 9.95 (s, 
1H, NH, D2O exchangeable). 13C NMR (100 MHz): 8.62, 13.41 (2C), 
14.79, 14.87, 20.65, 67.01, 108.80, 113.10, 114.77, 123.57, 124.31, 
146.98, 150.88, 157.89, 161.29, 167.57, 181.62. MS m/z (%): 377.45 
(Mþ, 11.2%), 329.13 (100), 77.08 (90.75). Anal. Calcd. for 
C18H23N3O4S (377.46): C, 57.28; H, 6.14; N 11.13. Found: C, 57.47; 
H, 6.31; N, 11.40.
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N-Allyl-2-(2-((3-ethyl-4,8-dimethyl-2-oxo-2H-chromen-7-yl)oxy)ace
tyl)hydrazine-1-carbothioamide (6b). White powder, yield 43%. mp 
180–182 �C. IR tmax/cm−1: 3460, 3446, 3398 (3NH), 3035 (CH aro
matic), 2966, (CH aliphatic), 1705, 1602 (2 C═O), 1577 (C═N). 1H 
NMR (400 MHz, DMSO-d6) d ppm: 1.04 (t, 3H, J ¼ 6.8 Hz, CH2CH3), 
2.26 (s, 3H, CH3), 2.38 (s, 3H, CH3), 2.50–2.58 (m, 2H, CH2CH3), 4.11 
(s, 2H, CH2CH═CH2), 4.73 (s, 2H, OCH2), 5.03–5.30 (m, 2H, 
CH2CH═CH2), 5.78–5.85 (m, 1H, CH2CH═CH2), 6.98 (d, 1H, 
J ¼ 8.4 Hz, H-Ar), 7.58 (d, 1H, J ¼ 8.4 Hz, H-Ar), 8.10 (s, 1H, NH, 
D2O exchangeable), 9.36 (s, 1H, NH, D2O exchangeable), 9.56 (s, 
1H, NH, D2O exchangeable). 13C NMR (100 MHz): 8.63, 13.42, 14.82, 
20.65, 46.30, 67.09, 108.88, 113.10, 114.79, 115.77, 123.61, 124.32, 
135.22, 147.08, 150.90, 157.96, 161.37, 166.12, 182.37. MS m/z (%): 
389.24 (Mþ, 12.21), 388.32 (55.02), 56.19 (100). Anal. Calcd. for 
C19H23N3O4S (389.47): C, 58.59; H, 5.95; N 10.79. Found: C, 58.78; 
H, 6.12; N, 11.03.

2-(2-((3-Ethyl-4,8-dimethyl-2-oxo-2H-chromen-7-yl)oxy)acetyl)-N- 
phenylhydrazine-1-carbothioamide (6c). White powder, yield 35%. 
mp 160 �C. IR tmax/cm−1: 3446 (NH), 3034 (CH aromatic), 2966 (CH 
aliphatic), 1705, 1602 (2 C═O), 1577 (C═N). 1H NMR (400 MHz, 
DMSO-d6) d ppm: 1.04 (t, 3H, J ¼ 7.2 Hz, CH2CH3), 2.28 (s, 3H, 
CH3), 2.36 (s, 3H, CH3), 2.53–2.58 (q, 2H, J ¼ 7.2 Hz, CH2CH3), 4.80 
(s, 2H, OCH2), 7.00 (d, 1H, J ¼ 9.2 Hz, H-Ar), 7.17 (t, 1H, J ¼ 7.2 Hz, 
H-Ar), 7.34 (t, 2H, J ¼ 7.6 Hz, H-Ar), 7.43 (d, 2H, J ¼ 7.2 Hz, H-Ar), 
7.57 (d, 1H, J ¼ 9.2 Hz, H-Ar), 9.67 (s, 1H, NH, D2O exchangeable), 
9.76 (s, 1H, NH, D2O exchangeable), 10.23 (s, 1H, NH, D2O 
exchangeable). 13C NMR (100 MHz): 8.63, 13.40, 14.75, 20.65, 67.11, 
108.78, 113.09, 114.76, 123.50, 124.28 (2C), 125.70, 128.60 (2C), 
129.29, 139.44, 146.88, 150.86, 157.84, 161.26, 167.77, 181.51. MS 
m/z (%): 425.39 (Mþ, 14.96), 377.03 (60.95), 297.25 (100). Anal. 
Calcd. for C22H23N3O4S (425.50): C, 62.10; H, 5.45; N 9.88. Found: C, 
62.37; H, 5.62; N, 10.07.

Procedure for synthesis of 7-((4-amino-5-mercapto-4H-1,2,4-tria
zol-3-yl)methoxy)-3-ethyl-4,8-dimethyl-2H-chromen-2-one (7)
To a freshly prepared sodium methoxide solution (0.8 Na metal in 
52 mL methanol), the ester derivative 2b (3.04 g, 0.01 mol) and thi
ocarbohydrazide (1.06 g, 0.01 mol) were added and the mixture 
was heated under reflux for 4 h. After completion of the reaction, 
the excess solvent was removed under vacuum and the formed 
residue was dissolved in water and acidified with acetic acid till 
pH ¼ 4. The formed product was filtered, washed with water, 
dried, and recrystallised from ethanol to give compound 7.

Grey powder, yield 70%. mp 220–222 �C. IR tmax/cm−1: 3423, 
3284 (NH2), 3178, 3010 (CH aromatic), 2958 (CH aliphatic), 2065 
(HS), 1693, 1637 (2 C═O), 1558 (C═N), 1498, 1489, 1415 (NH, C═C). 
1H NMR (400 MHz, DMSO-d6) d ppm: 1.03 (t, 3H, J ¼ 8.8 Hz, 
CH2CH3), 2.17 (s, 3H, CH3), 2.36 (s, 3H, CH3), 2.50–2.55 (m, 2H, 
CH2CH3), 3.68 (s, 1H, SH), 5.25 (s, 2H, OCH2), 5.66 (s, 2H, NH2, D2O 
exchangeable), 7.16 (d, 1H, J ¼ 8.8 Hz, H-Ar), 7.58 (d, 1H, 
J ¼ 8.8 Hz, H-Ar). MS m/z (%): 346.19 (Mþ, 28.40), 83.95 (91.30), 
48.37 (100). Anal. Calcd. for C16H18N4O3S (346.41): C, 55.48; H, 
5.24; N 16.17. Found: C, 55.73; H, 5.61; N, 16.45.

Procedure for synthesis of 7-((amino-5-(isopropylthio)-4H-1,2,4-tri
azol-3-yl)methoxy)-3-ethyl-4,8-dimethyl-2H-chromen-2-one (8)
A mixture of amino triazole derivative 7 (0.346 g, 0.001 mol), iso
propyl chloride (1.56 g, 0.002 mol) and anhydrous potassium car
bonate (0.552 g, 0.004 mol) in dry acetone was heated under 
reflux for 24 h. After the completion of the reaction, water was 

added, and the formed precipitate was recrystallised from metha
nol to afford compound 8.

White powder, yield 54%. mp 125–127 �C. IR tmax/cm−1: 3431 
(NH2), 3176, 3132 (CH aromatic), 2964 (CH aliphatic), 1697, 1604 
(2 C═O), 1577 (C═N). 1H NMR (400 MHz, DMSO-d6) d ppm: 1.03 (t, 
3H, J ¼ 7.6 Hz CH2CH3), 1.32 (d, 3H, J ¼ 6.8 Hz, CH(CH3)2), 1.36 (d, 
3H, J ¼ 6.8 Hz, CH(CH3)2), 2.17 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.51– 
2.56 (q, 2H, J ¼ 7.2 Hz CH2CH3), 3.73–3.80 (m, 1H, CH(CH3)2), 5.27 
(s, 1H, OCH2), 5.32 (s, 1H, OCH2), 5.76 (s, 1H, NH, D2O exchange
able), 6.02 (s, 1H, SH, D2O exchangeable), 7.23 (d, 1H, J ¼ 6.4 Hz, 
H-Ar), 7.55(d, 1H, J ¼ 6.4 Hz, H-Ar). 13C NMR (100 MHz): 8.25, 13.59, 
14.26, 20.97, 22.93, 37.61, 50.67, 59.75, 109.51, 113.27, 114.86, 
123.57, 124.59, 146.26, 150.33, 152.28, 158.68, 161.01, 165.68. MS 
m/z (%): 388.88 (Mþ, 5.06), 268.24 (64.16), 151.09 (100). Anal. 
Calcd. for C19H24N4O3S (388.49): C, 58.74; H, 6.23; N 14.42. Found: 
C, 58.95; H, 6.31; N, 14.68.

General procedure for synthesis of 3-ethyl-7-substituted-4,8- 
dimethyl-2H-chromen-2-one (9a–e)
A mixture of compound 1b (0.218 g, 0.001 mol), the appropriate 
alkyl halide (0.002 mol) and anhydrous potassium carbonate 
(0.552 g, 0.004 mol) in dry acetone was heated under reflux for 
18–24 h. After the completion of the reaction, water was added, 
and the formed precipitate was recrystallised from methanol to 
give compounds 9a–e.

7-Ethoxy-3-ethyl-4,8-dimethyl-2H-chromen-2-one (9a). White pow
der, yield 98%. mp 180–182 �C. IR tmax/cm−1: 3028 (CH aromatic), 
2968 (CH aliphatic), 1703 (C═O), 1550 (C═C). 1H NMR (400 MHz, 
DMSO-d6) d ppm: 1.03 (t, 3H, J ¼ 7.2 Hz, CH2CH3), 1.37 (t, 3H, 
J ¼ 7.2 Hz, CH2CH3), 2.16 (s, 3H, CH3), 2.36 (s, 3H, CH3), 2.52–2.57 
(q, 2H, J ¼ 7.6 Hz, CH2CH3), 4.10–4.15 (q, 2H, J ¼ 6.8 Hz CH2CH3), 
6.98 (d, 1H, J ¼ 8.8 Hz, H-Ar), 7.56 (d, 1H, J ¼ 8.8 Hz, H-Ar). 13C 
NMR (100 MHz): 8.38, 13.45, 14.76, 15.09, 20.62, 64.48, 108.53, 
112.39, 114.14, 123.72, 123.85, 147.03, 150.95, 158.67, 161.32. MS 
m/z (%): 246.40 (Mþ, 9.46), 136.73 (94.46), 105.18 (89.78), 74.50 
(100). Anal. Calcd. for C15H18O3 (246.31): C, 73.15; H, 7.37. Found: 
C, 73.37; H, 7.45.

3-Ethyl-4,8-dimethyl-7-propoxy-2H-chromen-2-one (9b). White 
powder, yield 78%. mp >300 �C. IR tmax/cm−1: 3068 (CH aromatic), 
2960, (CH aliphatic), 1707 (C═O), 1502 (C═C). 1H NMR (400 MHz, 
DMSO-d6) d ppm: 1.00 (t, 6H, J ¼ 7.2 Hz, CH2CH3, CH2CH2CH3), 
1.72–1.78 (m, 2H, CH2CH2CH3), 2.07 (s, 3H, CH3), 2.30 (s, 3H, CH3), 
2.47–2.53 (q, 2H, J ¼ 7.2 Hz, CH2CH3), 3.97 (t, 2H, J ¼ 6.4, 
CH2CH2CH3), 6.91 (d, 1H, J ¼ 8.8 Hz, H-Ar), 7.48 (d, 1H, J ¼ 8.8 Hz, 
H-Ar). 13C NMR (100 MHz): 8.22, 10.82, 13.41, 14.76, 20.59, 22.52, 
69.97, 108.43, 112.31, 114.01, 123.60, 123.70, 146.95, 150.82, 
158.67, 161.30. MS m/z (%): 260.47 (Mþ, 15.15), 55.06 (65.79), 43.22 
(100). Anal. Calcd. for C16H20O3 (260.33): C, 73.82; H, 7.74. Found: 
C, 73.68; H, 7.86.

3-Ethyl-7-isopropoxy-4,8-dimethyl- -2H-chromen-2-one (9c). White 
powder, yield 98%. mp 165–167 �C. IR tmax/cm−1: 3061 (CH aro
matic), 2974 (CH aliphatic), 1687 (C═O), 1568 (C═C). 1H NMR 
(400 MHz, DMSO-d6) d ppm: 1.03 (t, 3H, J ¼ 5.6 Hz, CH2CH3), 1.29– 
1.31 (m, 6H, CH(CH3)2), 2.14 (s, 3H, CH3), 2.36 (s, 3H, CH3), 2.53– 
2.56 (m, 2H, CH2CH3), 4.70–4.74 (m, 1H, CH(CH3)2), 7.01 (d, 1H, 
J ¼ 7.2 Hz, H-Ar), 7.54 (d, 1H, J ¼ 7.2 Hz, H-Ar). 13C NMR (100 MHz): 
8.54, 13.43, 14.72, 20.61, 22.36 (2C), 70.96, 110.13, 113.45, 114.01, 
123.54, 123.86, 146.96, 151.17, 157.80, 161.29. MS m/z (%): 260.80 
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(Mþ, 13.29), 242.91 (51.99), 48.32 (75.95), 44.13 (100). Anal. Calcd. 
for C16H20O3 (260.33): C, 73.82; H, 7.74. Found: C, 74.09; H, 7.89.

7-(Allyloxy)-3-ethyl-4,8-dimethyl-2H-chromen-2-one (9d). White 
powder, yield 65%. mp 160–162 �C. IR tmax/cm−1: 3046 (CH aro
matic), 2968 (CH aliphatic), 1693 (C═O), 1577 (C═C). 1H NMR 
(400 MHz, DMSO-d6) d ppm: 1.04 (t, 3H, J ¼ 7.2 Hz, CH2CH3), 2.21 
(s, 3H, CH3), 2.38 (s, 3H, CH3), 2.53–2.59 (q, 2H, J ¼ 7.6 Hz CH2CH3), 
4.69 (d, 2H, J ¼ 4.8 Hz, CH2CH═CH2), 5.27–5.30 (dd 1H, J ¼ 9.2 Hz, 
CH2CH═CHH), 5.41–5.47 (dd, 1H, J ¼ 14 Hz, CH2CH═CHH), 6.09– 
6.13 (m, 1H, –CH2CH═CH2), 7.02 (d, 1H, J ¼ 9.2 Hz, H-Ar), 7.58 (d, 
1H, J ¼ 9.2 Hz, H-Ar). 13C NMR (100 MHz): 8.43, 13.45, 14.79, 20.64, 
69.22, 108.93, 112.65, 114.37, 117.79, 123.71, 124.04, 133.84, 
147.06, 150.96, 158.25, 161.32. MS m/z (%): 258.21 (Mþ, 26.31), 
182.34 (86.80), 75.18 (100). Anal. Calcd. for C16H18O3 (258.32): C, 
74.39; H, 7.02. Found: C, 74.57; H, 7.14.

7-(Cinnamyloxy)-3-ethyl-4,8-dimethyl-2H-chromen-2-one (9e). 
White powder, yield 66%. mp 140–142 �C. IR tmax/cm−1: 3041 (CH 
aromatic), 2962 (CH aliphatic), 1710 (C═O), 1577 (C═C). 1H NMR 
(400 MHz, DMSO-d6) d ppm: 1.04 (t, 3H, J ¼ 7.2 Hz, CH2CH3), 2.23 
(s, 3H, CH3), 2.37 (s, 3H, CH3), 2.53–2.59 (q, 2H, J ¼ 7.2, Hz, 
CH2CH3), 4.85 (d, 2H, J ¼ 5.6 Hz, C6H5-CH═CHCH2), 6.50–6.56 (m, 
1H, C6H5-CH═CHCH2), 6.79 (d, 1H, J ¼ 16 Hz, C6H5-CH═CHCH2), 
7.09 (d, 1H, J ¼ 9.2 Hz, H-Ar), 7.27 (t, 1H, J ¼ 7.2 Hz, H-Ar), 7.35 (t, 
2H, J ¼ 7.2 Hz H-Ar), 7.48 (d, 2H, J ¼ 7.2 Hz, H-Ar), 7.59 (d, 1H, 
J ¼ 8.8 Hz, H-Ar). 13C NMR (100 MHz): 8.54, 13.46, 14.80, 20.65, 
69.28, 109.10, 112.77, 114.41, 123.75, 124.05, 125.10, 126.96 (2C), 
128.42 (2C), 129.15, 132.90, 136.53, 147.07, 151.00, 158.38, 161.32. 
MS m/z (%): 334.70 (Mþ, 46.97), 296.11 (100), 41.40 (89.53). Anal. 
Calcd. for C22H22O3 (334.42): C, 79.02; H, 6.63. Found: C, 78.87; 
H, 6.79.

Biological studies

In vitro cytotoxicity studies (MTT protocol)
A 96-well tissue culture plate was inoculated with 1 � 105 cells/ 
mL (100 mL/well) and cultured with PC-3, MDA-MB-231, HCT-116, 
HEPG-2, and HPrEC cells at 37 �C for 24 h to form a full monolayer 
sheet. After forming a confluent sheet of cells, the growth 
medium was decanted from 96-well microtitre plates, and the cell 
monolayer was washed twice with wash media. Twofold dilutions 
of the tested material were produced in RPMI medium containing 
2% serum (maintenance medium). 0.1 mL of each dilution was 
examined in various wells, with three wells serving as controls 
and receiving only maintenance media. The plate was incubated 
at 37 �C and checked. Cells were examined for any physical evi
dence of toxicity, such as partial or total monolayer loss, rounding, 
shrinkage, or cell granulation. MTT solution (5 mg/mL in PBS) was 
prepared (Bio Basic Canada Inc., Markham, Canada). Each well 
received an 20 mL MTT solution. Shake the MTT into the medium 
for 5 min at 150 rpm on a shaking table. Incubate for 4 h (37 �C, 
5% CO2) to allow the MTT to be metabolised. Get rid of the media 
(if required, dry the plate on paper towels to remove residue). 
Rehydrate formazan (MTT metabolic product) in 200 mL of DMSO. 
Shake at 150 rpm for 5 min to properly mix the formazan into the 
solvent. At 560 nm, read the optical density and subtract the back
ground at 620 nm. The optical density should be proportional to 
the number of cells 44,45. The percentage of viability in relation to 
vehicle control (100%) was used to express the results. Using the 
commercial software programmed Prism (GraphPad Software, Inc., 
La Jolla, CA), dose–response curves were produced and IC50 values 

(drug concentration resulting in a 50% reduction in cell survival) 
were determined. At least three separate experiments were con
ducted with all of the experiments. The values were 
means ± SD, n ¼ 3.

In vitro EGFR and PI3Kb inhibition assay
In vitro EGFR assay was conducted using EGFR Kinase Assay Kit 
using Kinase-Glo MAX (catalogue # 40321; BPS Bioscience, Inc., 
San Diego, CA) and the PI3Kb (p110b/p85a) Assay Kit was 
designed to measure PI3Kb activity for screening and profiling 
applications, using ADP-GloVR Kinase Assay as a detection reagent 
(catalogue #79802; BPS Bioscience, Inc., San Diego, CA), and other 
isoforms using ELISA Kit (Merck Millipore, Burlington, MA) follow
ing the manufacturing procedures. Three independent experi
ments were conducted for each compound and the values were 
means ± SD.

RT-qPCR analysis of AKT, m-TOR, BAX, BCl-2, P53, caspase 3, and 
caspase 8
Trypsinisation, centrifugation at 5000 rpm, and PBS washing were 
all performed on 1 � 105 Caco-2 control and treated cells. Total 
RNA was isolated from the pelleted Caco cells in accordance with 
the reported directions, and cDNA was subsequently produced. 
The expression of AKT, m-TOR, BAX, BCl-2, P53, caspase 3, and 
caspase 8 mRNA in control Caco-2 and treated cells was assessed 
using Applied qPCR Biosystems (Foster City, CA) in line with Livak 
and Schmittgen 46,47. The primer sequences were created via inte
grated DNA Technologies (IDT) software as stated in Figure 16.

Cell cycle analysis (DNA flow cytometry)
A six-well plate was used, with 2 � 105 PC-3 cells put into each 
well. The cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM), supplemented with 10% foetal bovine serum, and incu
bated for 24 h at 37 �C in a humid environment with 5% CO2 in 
the air. The synthesised compound 5 was added to a brand-new 
incubation medium at its IC50 concentration in DMSO (1% v/v). 
The cell plates underwent a 24 h incubation. The cells were fixed 
with 70% ice-cold ethanol after being rinsed twice with cold phos
phate-buffered saline (PBS). Cells were centrifuged at 2000 rpm for 
5 min after being washed with PBS at 37 �C for 30 min. Propidium 
iodide and DNA fluorochrome were used to stain the cells. 
Twenty minutes were spent incubating the plates at room tem
perature in the dark. Following that, the cells were examined 
using a FACS Calibre flow cytometer (Becton Dickinson, 
Heidelberg, Germany) 48,49.

Annexin V/propidium iodide staining for apoptosis analysis
The determination of apoptosis was carried out using the Annexin 
V-FITC/PI Apoptosis Detection Kit. The targeted cells were 
obtained, washed twice with PBS, and then resuspension in bind
ing buffer following the intended injection. Cell co-staining with 
Annexin V-FITC and PI was then carried out for 20 min in the dark 
at 37 �C. A FACS Calibur flow cytometer (Becton-Dickinson, 
Fullerton, CA) was used instantly for the analysis 50,51.

Molecular docking studies
Molecular Operating Environment Software 2020.09, was used in 
the in silico simulation studies. The X-ray crystal structure EGFR 
tyrosine kinase co-crystallised with erlotinib was downloaded from 
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the protein databank (rcsb.org, ID: 1M17) 36 with a resolution of 
2.6 Å. The X-ray crystal structure of PI3Kb co-crystallised with alpe
lisib was downloaded from the protein databank (rcsb.org, ID: 
4JPS) 37 with a resolution of 2.20 Å. The 3D structures of enzymes 
were prepared for docking using prepared protein protocol 
default parameters taking into consideration retaining water mol
ecule (H2O 10) in EGGFR kinase since it was reported to be crucial 
for binding interaction 52. The binding mode of erlotinib was ana
lysed in 2D/3D to visualise the binding mode of erlotinib, this 
includes determining the non-bonding interaction and its 3D 
alignment in the binding site of EGFR tyrosine kinase binding site.

The 3D structures of the tested compounds were drawn and pre
pared by Molecular Operating Environment Software 2020.09 35. 
The docking study was conducted using MOE docking protocol 
default parameters. A triangle matcher was generated as the place
ment method followed by rigid receptor refinement and GBVI and 
London dG scoring functions were used for pose ranking. In refine
ment, repetition was set to 30 poses, with five best poses to be 
retained. The resulting docking score and binding mode of the 
docked compounds were analysed to develop a preliminary SAR.

The docking protocol was validated by re-docking of crystal
lised lead erlotinib and alpelisib derivatives in the binding site 
EGFR tyrosine kinase and PI3Kb 53, respectively, followed by the 
alignment of the 3D structure of the X-ray bioactive conformation 
with the best-fitted docked pose. Good alignment between the X- 
ray bioactive conformations of erlotinib and alpelisib and their 
best-fitted docked poses were obtained (Supplementary Data).
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