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EGFR (a dimer of HER-1 and HER-2) and VEGFR-2 (KDR, a
type of VEGFRs) are pro-angiogenic growth factor recep-
tors that induce angiogenesis process in order to estab-
lish new blood vessels that have an important role in
tumor growth and metastasis; therefore, they are attrac-
tive therapy targets and dominant strategy for the treat-
ment of cancer [1-6].

VEGFR-2 type II inhibitors shared essential pharmaco-
phoric features encompassing: (i) terminal heteroaro-
matic ring that occupies the ATP binding pocket
(hinge region) via H-bond with cysteine acid (like
Cys917); (ii) oxygen (N or S) linker that occupies the gate-
keeper region between the hinge and DFG domains; (iii)
urea or amide moiety spacer as H-bond acceptor–donor
pair (HBA–HBD) that binds to DFG motif via H-bonds
with glutamic (Glu833) and aspartic (Asp1044) acids;
(iv) terminal lipophilic group that occupies the allosteric
hydrophobic pocket (DFG-out) via hydrophobic inter-
actions [7-11]. The well-defined EGFR inhibitors consists
of: (i) central hetero aromatic unit that fits the adenine
binding site through H-bond with methionine amino
acid residue (Met793); (ii) hydrophobic head is a
phenyl binding group with various hydrophobic substi-
tuents to interact with the hydrophobic region I; (iii)
nitrogen spacer to link the hinge-binding central
moiety with the terminal fragment that occupies the
hydrophobic region I; (iv) hydrophobic tail is directly
linked to the central heteroaromatic core and induced
fit to the hydrophobic region II [12].

Coumarins are versatile oxygen-containing hetero-
cyclic molecules in the medicinal chemistry domain
due to their aspirational biological applications [13,14].
Particularly, they have anti-coagulant, anti-oxidant [15],
anti-microbial, anti-viral [16–18], anti-cancer [19–24],
anti-diabetic, analgesic, anti-neurodegenerative, and
anti-inflammatory properties [17,25]. Interestingly,
several coumarin derivatives obtained via Knoevenagel
condensation reactions have been proved to be potent
enzymes inhibitors [26–28]. Also, Knoevenagel reaction
products are significant key intermediates for the syn-
thesis of many marketed drugs such as atorvastatin
(Lipitor®) and pioglitazone (Actos®) [29].

The recently developed transition-metal-catalyzed
reactions have been confirmed as useful protocols for
the synthesis of heterocyclic compounds as well.
However, most of these approaches suffer from some
drawbacks encompassing complex procedures (e.g.
high expense, moisture sensitivity and toxicity nature
of many of these metal catalysts and ligands). Conse-
quently, studies of eco-friendly organic transformations
using commercially accessible and cost-efficient
reagents have also been recently extended [30–33].
Multi-component transformation domino reactions are

a formidable and significant method in the organic syn-
thesis domain due to their benefits to our environment
and natural resources [34].

Synthesis and investigation of heterocyclic/aryl
amines still cornerstone research area in medicinal
chemistry and its neighboring disciplines. In particular,
due to their high prospective to demonstrate potent
biological activity and their application as lead com-
pounds in drug design, as well as they are vital building
blocks of various organic compounds [30]. The most
effective methodology for the construction of hetero-
cyclic/aryl amines is the C–N cross-coupling reaction
between heterocyclic/aryl halides and primary or sec-
ondary amines via the Buchwald–Hartwig reaction
using high-expensive phosphine-ligated palladium pre-
catalysts [35]. As a result, a daunting application in the
pharmaceutical industry. Hence, the development of
metal-free C–N coupling reactions is a surrogate trend
and hold a prominent position [30,31].

Spur by the aforementioned facts and our persistent
research efforts to explore highly effective and con-
venient synthetic routes for the synthesis of bioactive
molecules [22,24], we present in this research paper an
efficient cascade amination-Knoevenagel strategy for
the construction of new coumarin derivatives under
metal-free conditions. Their anti-proliferative activity
was evaluated against KB-3-1, A549 and PC3 cell lines
using resazurin cellular assay. Moreover, we highlighted
the in silico computational predictions including phys-
icochemical features and biological targets of the
active compounds. Furthermore, molecular docking of
the most robust compounds 4e, 8e and 9d as potential
inhibitors of vascular endothelial growth factor receptor
(VEGFR-2) and epidermal growth factor receptor (EGFR)
biomolecular targets was performed. Experimentally,
an enzymatic assay for the promising dual inhibitors of
VEGFR-2 and EGFR was investigated as well, delivering
very potent inhibitory activities.

2. Results and discussion

2.1. Chemistry

In the preliminary investigation, we tried a model reac-
tion of 4-chloro-3-formylcoumarin (1a) as an example
of � ,� -unsaturated-� -haloaldehydes [36,37], acidic CH2

called methyl cyanoacetate (2a), and a cyclic secondary
amine named pyrrolidine (3a) in ethanol (EtOH) at room
temperature. As a result, compound 4a was generated
with 65% yield in 40 min (Table 1, entry 1). As previously
reported [38,39], in nucleophilic aromatic substitution
(SNAr)-Knoevenagel condensation domino reaction, the
amine plays twofold role as a nucleophilic and base,
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hence, the produced HCl was neutralized with an excess
of amine or additional base to perform the reaction in
smoothly way. Consequently, the reactants ratio of 1a
(1 equiv), 2a (1 equiv), and 3a (2.5 equiv) was used as
an optimized reaction condition (Table 1). Also, the
yield was further investigated by utilizing different sol-
vents such as methanol (MeOH), dichloromethane
(DCM), and water. We observed that MeOH was
premium for the reaction and afforded 4a in the best
yield (Table 1, entry 3). All the optimization trials were
carried out under oxygen and air atmospheres (open
flask).

Once the optimal reaction conditions had been estab-
lished (Table 1, entry 3), we explored the scope and gen-
erality of the tandem approach (Scheme 1). A variety of
cyclic secondary amines [piperidine (3b), 4-hydroxypi-
peridine (3c), and morpholine (3d)] were used and to
our delight, all the corresponding desired products 4b-
d were obtained in excellent yields (91–96%) and
purified by simple recrystallization/washing with hot
MeOH where we did not need to perform the column
chromatography work-up as in the previously reported
methods [38,39].

In the case of the bifunctional amine that called; 4-
(aminomethyl)piperidine (4-AMP, 3e), we got 4e as an
exclusive and regiospecific product [40–4z3] in high

yield instead of 4e′′′′′ (Scheme 2). Our interpretation
based on the concept; nucleophilicity is much more sen-
sitive to steric effects than basicity, thus in this case
primary amine (−CH2NH2) is more nucleophilic than
the secondary one (−CH2NHCH2−) and consider as the
preference orientation. The obtained secondary amine
4e can be easily identified from the 1H NMR spectrum
by the characteristic 1H chemical shift of aromatic
triplet NH at δ 8.76 ppm (see Figure S13, Supporting
Information). Also, it seems worthwhile to point out
that 4e among this series showed [M + H]+ adduct ion
in (+)-ESI-MS, while all the others exhibited [M + Na]+

molecular ion peaks.
Under the aforementioned conditions, our reconnais-

sance was expanded to utilize imidazole (3f) instead of
the above-mentioned amines in an attempt to get the
desirable product 4f′′′′′, astonishingly, 4-methoxy cou-
marin derivative 4f was isolated in 89% yield
(Scheme 2). Unambiguously, imidazole dealing with
the reaction as a nucleophilic organocatalyst (covalent
catalyst) by forming a covalent bond with 1a [44] to
produce a reactive intermediate because the positively
charged nitrogen makes imidazole a very good leaving
group and subsequently promoted the MeOH to attack
the intermediate. Hence, imidazole hydrochloride may
be catalyzed Knoevenagel condensation reaction in
the next step to furnish 4f (Scheme 3). NMR data of 4f
manifested the new methoxy 1H resonance at δ 4.13
and the corresponding 13C chemical shift at δ

63.8 ppm. The (+)-ESI-MS analysis of compound 4f
proved its molecular weight as 285 Da, where it
showed the molecular ion peak at m/z 308 [M + Na]+

(see Supporting Information, Figs. S16–S18).
Having in mind the previous studies [38,45], we

propose that the cascade one-pot reaction mechanism
could be implemented via two routes as depicted in

Table 1. Optimization of domino amination-Knoevenagel
condensation reaction to form 4aa.
Entry Solvent Temp (οC) Time (min) Yield (%)b

1 EtOH r.t. 40 65
2 DCM r.t. 60 50
3 MeOH r.t. 30 93
4 H2O 90 60 28
aReaction conditions: 1a (1.0 mmol, 1.0 equiv), 2a (1.0 mmol, 1.0 equiv), and
3a (2.5 mmol, 2.5 equiv) in solvent (2 mL) using open flask.

b Isolated yield.

Scheme 1. Scope of various cyclic secondary amines for the synthesis of 4a–d. Reagents and conditions: 1a (1.0 mmol, 1.0 equiv), 2a
(1.0 mmol, 1.0 equiv), and 3a–d (2.5 mmol, 2.5 equiv) in MeOH (2 mL) using open flask at room temperature under stirring conditions.
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Scheme 4. First, 1a underwent SNAr reaction with pyrro-
lidine (3a) through 1,4-addition/elimination pathway to
afford 5a that condensed with methyl cyanoacetate
(2a) to generate 4a. As an alternative strategy, Knoeve-
nagel product 6a was formed by pyrrolidine-catalyzed
condensation reaction between 1a and 2a. Hence, sub-
sequent SNAr reaction between 6a and 3a furnished 4a.

Besides methyl cyanoacetate (2a), ethyl nitroacetate
or cyanoacetic acid were used as a source of active
methylene in this reaction with pyrrolidine (3a) and
our substrate 1a. Under the optimized conditions, we

obtained a mixture of products that may be involved
amine salt and SNAr product 5a. Instead, we worked
on expanding the application of this approach to
involve malononitrile (2b) as a suitable starting material
for the Knoevenagel condensation. Hereupon, we used
the above-mentioned reaction conditions albeit with
one-pot, two-step domino strategy. First, base (1.0
equiv, 3a/3b)-catalyzed dimerization of malononitrile
(2.0 equiv, 2b) into non-isolated 2-amino-1,1,3-tricyano-
propene (7) [46] that has drawn tremendous attention of
interest due to its comprehensive implementations in

Scheme 2. Synthesis of 4e and 4f.

Scheme 3. Plausible reaction mechanism of the imidazole-catalyzed C–O bond formation in 4f.
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the synthesis of heterocyclic compounds that manifest
diverse biological and pharmaceutical properties [47].
At the same time, in another conical flask, suspension
solution of 4-(pyrrolidin-1-yl)-3-formylcoumarin (5a)/ 4-
(piperidin-1-yl)-3-formylcoumarin (5b) in MeOH (2 mL)
were prepared from direct amination of 1a (1.0 equiv)
and 3a/3b (1.5 equiv). Next, sequential addition of 7 to
5a/5b afforded the corresponding products 8a/8b in
excellent isolated yields (Scheme 5).

As delineated in Scheme 5, in contrast to the pub-
lished research paper by Angelova et al. [46] who
described the synthesis of aminium salt A and piperidi-
nium 5-amino-4-cyanochromeno[4,3,2-de]-1,6-
naphthyridine-1-carboxylate dihydrate (B) that con-
verted to the acidic form C via one-pot, one-step
cascade reaction of starting materials 1a, 2b, and 3b
as developed route to generate polyfunctionality substi-
tuted heterocyclic compounds with anticipated biologi-
cal performance. Herein, our chemistry proposal was
aimed to synthesize buta-1,3-diene-1,1,3-tricarbonitrile
derivatives 8a,b with potential anti-proliferative activity
and act as a key intermediate to construct privileged
molecules. Therefore, we developed a striped pathway
to achieve our target but, unfortunately, we failed to
expand the scope of this methodology to include
other bases such as 4-hydroxypiperidine (3c), morpho-
line (3d), and 4-AMP (3e), where the corresponding
methylene malononitrile derivatives 8c–e (8d [39])
were produced in high yields 88–98% (Figure 1). We pos-
tulate this contradiction is attributed to the difference in
basicity power between 3a,b and 3c–e.

Next, we turned our concern to confirm the amin-
ation occurs via 1,4-addition/elimination SNAr reaction
as a part of the mechanistic study (Scheme 4) and

control experiments. Earlier study by Yang et al. [48]
has been showed that the reaction between 3-chloro-
3-phenylacrylaldehyde 1b and 1,2,3,4-tetrahydroisoqui-
noline (THIQ, 3g) exhibited predominant product D
through Et3N-catalyzed 1,4-addition/elimination fol-
lowed by intramolecular cyclization process
(Scheme 6). In 2019, Vyasamudri and Yang [45] have
reported that condensation of 4-chloro-3-formylcou-
marin (1a) and THIQ (3g) using 4-dimethylaminopyri-
dine (DMAP) as an organic base afforded E in good
yield 78% and the reaction goes forward with 1,2-
addition/elimination then cyclization process through
removing of HCl. On the other hand, when Cs2CO3 was
utilized as the base, the reaction proceeds via 1,4-
addition/elimination then annulation fashion to furnish
F with moderate yield 53% (Scheme 6). In our manner,
the amination process of 1a and 3a,d,e passed
through Et3N-promoted1,4-addition/elimination at
room temperature in the open flask using MeOH to
supply 5a,d,e with high yields and the subsequent intra-
molecular cyclization did not take place. We likewise
sought to expand this fashion to include 4-chloro-3-
nitrocoumarin (1c) with 3a,d,e. The desired correspond-
ing amination products 9a,d,e were isolated in excellent
yields and shorter time. As produced in the above series,
we got the corresponding methoxy coumarin analogs 5f
and 9f when imidazole (3f) was utilized as a reactant
base (Scheme 6).

2.2. Biological evaluation

2.2.1. In vitro anti-proliferative activity
Anti-cervical cancer activity of all the synthesized com-
pounds was evaluated for their in vitro cytotoxicity

Scheme 4. Plausible reaction mechanism.
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Scheme 5. Previous work by Angelova group and synthesis of 8a,b.

Figure 1. Chemical structures of the prepared methylene malononitrile derivatives 8c–e.
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toward KB-3-1 cell line by resazurin-based assay [49] using
(+)-griseofulvin as a positive control. The results were
expressed as IC50 values that outlined in Table 2, Figure
2, and the values are an average ± SD of at least two separ-
ate experiments. Table 2 and Figure 2 show that the
domino amination-Knoevenagel product 4e that contain-
ing 4-AMP core displayed superior potency (IC50 = 15.5 ±
3.54 µM) than (+)-griseofulvin (IC50 = 19 ± 2.83 µM) while
8e is the closer one (IC50 = 21 ± 4.24 µM). The amination
products 5e and 9d showed moderately convergent
activity with IC50 > 70 µM. On the other hand, compounds
4c,d, 5d, 8d, and 9a indicated low activity with IC50 values

over than100 µM,whilstmolecules4a,b,4f,5a,f,8a–c, and
9e,f showed no activity against KB-3-1. The results mani-
fested that the presence of 4-AMP fragment was benefit
for the anti-cervical cancer activity.

Next, anti-proliferative potency of our synthesized
compounds was tested against A549 (non-small lung)
and PC3 (prostate) human cancer cell lines using also
resazurin-based cytotoxicity assay as reported by
Thorson research group [50–52] (Table 2, Figure 3).
Similar trend was detected with 4e (the most active)
against A549 (IC50 = 12.94 ± 1.51 µM), whilst 9d was
found to be the best toward PC3 (IC50 = 7.31 ±

Scheme 6. Previous work by Yang and Vyasamudri groups as well as scope of various cyclic secondary amines for the synthesis of 5a,
d–f and 9a,d–f. Reagents and conditions: 1a,c (1.0 mmol, 1.0 equiv), 3a,d–f (1.0 mmol, 1.0 equiv), and Et3N (1 mmol, 1 equiv) in MeOH
(2 mL) using open flask at room temperature under stirring conditions, R = CHO, 15 min, R = NO2, 5 min.
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