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vasorelaxant and anticancer agents†

Dina H. Dawood,a Aladdin M. Srour, *b Dalia O. Saleh,c Kelley J. Huff,d

Francesca Grecod and Helen M. I. Osbornd

Based on studies that have reported the association between cancer and cardiovascular diseases, new

series of pyridine- (3a–o) and/or chromene- (4a–e) carbonitrile analogous were designed, synthesized

and screened for their vasodilation and cytotoxic properties. The majority of the new chemical entities

demonstrated significant vasodilation efficacies, compounds 3a, 3h, 3j, 3m, 3o, 4d and 4e exhibited the

most promising potency with IC50 ¼ 437.9, 481.0, 484.5, 444.8, 312.1, 427.6 and 417.2 mM, respectively,

exceeding prazosin hydrochloride (IC50 ¼ 487.3 mM). Compounds 3b–e, 3k and 3l also, revealed

moderate vasodilation activity with IC50 values ranging from 489.7 to 584.5 mM. In addition, the anti-

proliferative activity evaluation of the experimental compounds at 10 mM on the MCF-7 and MDA-MB

231 breast cancer cell lines illustrated the excellent anti-proliferative properties of derivatives 3d, 3g and

3i. Compound 3d was the most potent analogue with IC50 ¼ 4.55 � 0.88 and 9.87 � 0.89 mM against

MCF-7 and MDA-MB 231, respectively. Moreover, compound 3d stimulated apoptosis and cell cycle

arrest at the S phase in MCF-7 cells in addition to its capability in accumulation of cells in pre-G1 phase

and activating caspase-3. Furthermore, the molecular docking of 3d was performed to discover the

binding modes within the active site of caspase-3. 3d, as the only common bi-functional agent among

the tested hits, demonstrated that new pyridine-3-carbonitrile derivatives bearing cycloheptyl ring

systems offer potential as new therapeutic candidates with combined vasodilation and anticancer

properties.
1. Introduction

Two major leading causes of mortality worldwide are cardio-
vascular disturbances and cancer. For example, hypertension is
one of the main causes of diseases that lead to human angio-
cardiopathy death.1 Currently, based on statistics from the
World Health Organization, 1.13 billion people worldwide are
diagnosed with hypertension (WHO, 2020)2 which can
contribute to the development of diabetes, renal failure, and
heart diseases.2,3 Also, cancer was responsible for 10 million
deaths in 2020 and despite the vast leap in cancer therapy, one
from six deaths is due to cancer.4

Interestingly, multiple studies have recently hypothesized an
association between hypertension, and cancer incidence and
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cancer mortality.5–8 For example, an epidemiological survey
revealed that patients with cardiovascular disease have higher
risks of developing cancer compared with the other population.
Moreover, a meta-analysis of 13 prospective studies demon-
strated that elevated blood pressure was related to a 7% higher
breast cancer risk.9,10 As both diseases share common risk
factors such as obesity, diabetes mellitus and alcoholism, this
may clarify their synchronous occurrence.11 Indeed, this asso-
ciation termed as reverse cardio-oncology (cancer risk in
patients with cardiovascular disease) is now an area of focus for
both clinicians and basic scientists.12 Of particular relevance to
our work is emerging evidence that cancer and cardiovascular
diseases might share some biological pathways.5 However, to
date, only few studies have focused on developing therapeutic
agents that may offer dual potential for treating both cardio-
vascular disease and cancer, and hence addressing the thera-
peutic challenges of treating reverse cardio-oncology. Within
this programme, we therefore aimed to identify, design and
develop appropriate small molecules containing pharmaco-
phores of potential interest for the treatment of cardiovascular
disease and cancer, and hence for reverse cardio-oncology. At
the same time, challenges associated with treating the indi-
vidual diseases would also be addressed by identifying new lead
compounds for development for application for each condition.
RSC Adv., 2021, 11, 29441–29452 | 29441
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Fig. 1 Different pyridine-based derivatives of potent vasodilation activity.
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Numerous antihypertensive candidates have been developed
to control high blood pressure such as potassium channel
activators, calcium channel blockers, and angiotensin-
converting enzyme inhibitors (ACEI). However, despite the
progress in the newly developed targeted therapies, these
treatment strategies mainly depend on vasodilation to reduce
blood pressure.13 As a result, the drawbacks on systemic hypo-
tension and limited efficiency are still challenging clinical
problems, leading to poor prognosis.14 Thus, new antihyper-
tensive therapeutics acting on a range of therapeutic targets are
urgently needed to control hypertension more effectively and
minimize adverse side-effects that are oen associated with
conventional agents.

A literature survey has reported that many pyridine deriva-
tives play a vital role in vasorelaxation therapeutics.15 For
example, milrinone and amrinone are positive inotropic agents
with vasodilator properties; nifedipine is a peripheral and
coronary vasodilator drug of the calcium channel blockers.15–17

Furthermore, different pyridine-3-carbonitrile analogs I, II and
different nicotinate esters such as micinicate, hepronicate and
inositol nicotinate have emerged as signicant vasodilating
agents (Fig. 1).18–22
29442 | RSC Adv., 2021, 11, 29441–29452
Oxygen heterocyclic compounds are frequently developed as
potential therapeutic targets by medicinal chemists owing to
their relatively low inherent toxicity.23 For example, different
pyrano analogues such as compounds III, IV 24–27 as well as
structural hybridization of scopoletin, a benzopyran-2-one
derivative, with a benzopyran (chromene) nucleus, have led to
the formation of substituted chromeno-coumarin hybrids of
effective vasorelaxant activity. Moreover, glabridin bearing pyr-
anobenzopyran core is a known vasorelaxing agent23 (Fig. 2).

In addition to their previously displayed vasodilation prop-
erties, pyridine- and/or chromene-based heterocycles have also
demonstrated anticancer properties and potential as apoptotic
inducers through caspase-3 activation28–32 (Fig. 3).

Encouraged by the observed effective vasorelaxant and
anticancer activities of various analogues bearing pyridine as
well as pyran and chromene rings, novel 2-methoxy-pyridine-3-
carbonitriles and/or 2-aminopyran ring systems bearing various
aromatic or heterocyclic moieties at C-4 and fused with different
cycloalkane ring systems were identied for exploration in this
study. The new chemical entities 3a–o and 4a–e were therefore
identied as targets of interest herein for their potential as new
and effective candidates for reverse cardio-oncology due to their
dual vasodilation and anticancer functions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Various pyrano and chromeno derivatives of potent vasodilation activity.

Fig. 3 Pyridine and chromene based compounds as anticancer
agents.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 4
:5

7:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2. Results and discussion
2.1. Chemistry

The reaction of ylidenemalononitriles 2a–mwith cyclohexanone
and/or cycloheptanone in the presence of sodium methoxide
was utilized to accomplish a regioselective Michael addition
reaction of the active methylene of 4-cycloalkanone at the b-
carbon of arylidinemalononitriles 2a–m. The latter derivatives
underwent subsequent cyclization (due to the methoxide attack
at one of the nitrile groups), dehydration and then dehydroge-
nation to afford the corresponding 2-methoxy-4-aryl-6,7-dihydro-
5H-cycloalkyl[b]pyridine-3-carbonitrile derivatives (3a–o). An
alternative pathway has also been hypothesized to occur
through a nucleophilic attack of the active methylene of cyclo-
hexanone at the b-carbon of the unsaturated dinitrile function
in the presence of the basic catalyst. Cyclization occurred as
a result of themethoxide nucleophilic attack at 4-cyclohexanone
carbonyl function, followed by interaction with the neighboring
nitrile group.33 In this way, the corresponding 2-amino-4-(4-
aryl)-8a-methoxy-4a,5,6,7,8,8a-hexahydro-4H-chromene-3-carbon-
itrile analogs (4a–e) were also afforded for analysis, as shown in
Scheme 1.

The derivatives (3a–o) and (4a–e) were characterized using
a range of spectroscopic methods. For instance, compound 3a
which is a representative member of the pyridine-3-carbonitrile
series 3a–o, showed a strong stretching IR band at n ¼
© 2021 The Author(s). Published by the Royal Society of Chemistry
2220 cm�1 for (C^N) with no detection of the band represen-
tative of the carbonyl stretching vibration. The 1H-NMR spec-
trum also indicated the methylene protons H2C-6, H2C-7 and
H2C-8 as multiplet at dH ¼ 1.49–1.87 ppm while H2C-5 and H2C-
9 were present as two triplets at dH ¼ 2.53 and 3.04 ppm,
respectively. The methoxy signal was resonating at dH ¼
4.05 ppm. The 13C-NMR spectrum for compound 3a showed the
pyridinyl C-3 at dC ¼ 93.73 ppm as well as the methoxy and
nitrile carbons at dC ¼ 54.13 and 115.57, respectively. EI mass
spectrometric analysis demonstrated the parent ion peak m/z
(%) 278 (M+, 66), 277 (100).

Considering compound 4a as a representative example for
the chromene-3-carbonitrile analogs 4a–e, strong stretching
vibrational bands were evident at n¼ 3449, 3348 cm�1 for (NH2),
and at n ¼ 2187 cm�1 for (C^N). Moreover, the 1H-NMR spec-
trum revealed the methoxy group at dH ¼ 3.32 ppm, while the
characteristic NH2 protons were assigned at dH ¼ 4.36 ppm, the
methylene functions H2C-5, H2C-6, H2C-7 and H2C-8 were
resonating at dH ¼ 1.07–1.87 ppm, as well as the methine
protons HC-4a and HC-4 were observed as a multiplet at dH ¼
2.30–2.39 ppm and a broad singlet at dH ¼ 3.29 ppm, respec-
tively. The 13C-NMR spectrum for the same compound revealed
the methylene carbons H2C-5, H2C-6, H2C-7 and H2C-8 at dC ¼
22.34, 25.06, 26.50, 30.86 ppm, respectively, the methine
carbons HC-4 and HC-4a were detected at dC ¼ 40.80 and
47.13 ppm, respectively. Also, the methoxy and the nitrile
carbons were detected at dC ¼ 48.65 and dC ¼ 120.81 ppm,
respectively, along with the characteristic quaternary carbon C-
8a at dC ¼ 102.76 ppm. EI mass spectrometric analysis revealed
the relative intensity value of the parent ion peak m/z (%) 284
(M, 4.6), 112 (100). The established chemical structures of all of
the new chemical entities were proven via spectral data (IR, 1H
NMR, 13C NMR, MS) and exhibited similar features to those
discussed for 3a and 4a (cf. Experimental section), the spectral
charts (IR, 1H-, 13C-NMR and MS) of the new synthesized
compounds are available in the ESI (Fig. S1–S79†).

2.2. Biological activity

2.2.1. Vasodilation properties. The novel substituted pyri-
dine-/chromene-carbonitriles 3a–o and 4a–e, respectively, were
tested for their vasodilation properties following a well-
RSC Adv., 2021, 11, 29441–29452 | 29443
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Scheme 1 Synthetic routes for accessing the synthesized fused cycloalkane-pyridine-3-carbonitrile scaffolds 3a–o and 4a–e.
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documented procedure using isolated thoracic aortic rings of
mice pre-contracted with norepinephrine HCl. Prazosin hydro-
chloride was also included as a standard drug for comparison
purposes. The observed results are displayed as IC50 values
(Table 1) and dose response curves (Table S1 of ESI†). The ob-
tained data shows that compounds 3a, 3h, 3j, 3m, 3o, 4d and 4e
represented notable vasodilation efficiency with IC50 ¼ 437.9,
481.0, 484.5, 444.8, 312.1, 427.6 and 417.2 mM, respectively,
exceeding that of prazosin hydrochloride (IC50 ¼ 487.3 mM).
However, the tested analogous 3b–e, 3k and 3l exhibited modest
vasodilation activity with IC50 values extent from 489.7 to 584.5
mM. On the other hand, derivatives 3f–g, 3i, 3n and 4a–c
29444 | RSC Adv., 2021, 11, 29441–29452
revealed weak vasodilation activity with IC50 range lies from
608.6 to 758.6 mM. It is obvious that the vasodilation activity is
enhanced when cycloheptapyridine-3-carbonitrile scaffold is
attached with 2-napthyl more than phenyl, substituted phenyl
and/or 3-indolyl rings as shown in 3o, 3a, 3b, 3h and 3j,
respectively. Likewise, the conjugation of chromene-3-
carbonitrile group with phenyl rings of electron withdrawing
substituents resulted in signicant vasodilation efficiency as 4d
and 4e. Thus the cycloalkane-pyridine-3-carbonitrile scaffolds
incorporated with substituted aryl and/or heterocyclic rings
might be developed into potent vasodilation candidates.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Vasodilatory activity (IC50 mM) in rat thoracic aortic rings

Entry Compound R n Potency IC50 mM � SDa SEM (n ¼ 6)

1 3a C6H5 2 437.9 � 8.57 3.50
2 3b 4-H3CC6H4 2 489.7 � 9.67 3.95
3 3c 3-H3COC6H4 2 532.8 � 10.45 4.27
4 3d 4-H3COC6H4 2 524.1 � 8.25 3.37
5 3e 4-FC6H4 2 558.6 � 12.88 5.26
6 3f 3-ClC6H4 2 608.6 � 16.65 6.80
7 3g 4-ClC6H4 2 698.3 � 11.65 4.75
8 3h 3-BrC6H4 2 481.0 � 13.39 5.47
9 3i 4-BrC6H4 2 758.6 � 13.00 5.31
10 3j 3-Indolyl 2 484.5 � 15.02 6.13
11 3k N-Methyl-3-indolyl 1 584.5 � 12.70 5.19
12 3l N-Methyl-3-indolyl 2 558.6 � 11.20 4.57
13 3m N-Ethyl-3-indolyl 1 444.8 � 13.79 5.63
14 3n N-Ethyl-3-indolyl 2 739.7 � 11.67 4.76
15 3o 2-Naphthyl 2 312.1 � 9.05 3.70
16 4a C6H5 1 710.2 � 12.02 4.91
17 4b 4-H3CC6H4 1 674.1 � 11.57 4.72
18 4c 4-H3COC6H4 1 639.7 � 10.55 4.31
19 4d 4-FC6H4 1 427.6 � 8.26 3.37
20 4e 4-BrC6H4 1 417.2 � 9.35 3.82
21 Prazosin HCl — 487.3 � 10.13 4.14

a SD ¼ standard deviation.
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2.2.2. Cytotoxic data of experimental compounds against
cancer cells. The experimental compounds were also screened
for their anti-proliferative activity at 10 mM against the MCF-7
and MDA-MB 231 breast cancer cell lines using the MTT
assay. The results shown in Fig. 4 and 5 illustrate that whilst the
majority of compounds appeared to have little to no effect on
cell viability at this concentration, others such as 3d, 3g and 3i
exhibited relatively good cytotoxic activity, with inhibition
percentage around 50–60%. Aer initial screening, it was clearly
noticed that the investigated derivatives demonstrated higher
cytotoxic efficiency towards the MCF-7 cell line than the MDA-
MB 231 cells. For example, compounds 3d, 3g and 3i revealed
excellent cytotoxic efficiency against the MCF-7 cell line, with
compound 3d being the most effective against the MDA-MB 231
cell line. The most active derivatives were selected for further
Fig. 4 Cell viability of MCF-7 after exposure to the compounds at 10 mM

© 2021 The Author(s). Published by the Royal Society of Chemistry
study, in order to determine their IC50 values. As depicted in
Table 2, compound 3d showed excellent cytotoxic efficacy on
MCF-7 with IC50 ¼ 4.55 � 0.88 mM which illustrates greater
activity than 5-uouracil which is drug oen used in chemo-
therapy regimens for breast cancer (IC50 ¼ 7.10 � 0.90 mM).
Furthermore, compounds 3g and 3i also exhibited promising
efficiency with IC50 ¼ 11.52 � 2.60 and 11.23 � 3.27 mM,
respectively. Moreover, compound 3d showed remarkable
cytotoxic efficiency against MDA-MB 231 cells with IC50¼ 9.87�
0.89 mM exceeding that of 5-uouracil (IC50 ¼ 15.10 � 0.90 mM).
It is noteworthy that compound 3d displayed signicant activity
against each of the two breast cancer cell lines. Hence, it was
concluded that the inclusion of 4-methoxy-phenyl with
cycloheptapyridine-3-carbonitrile fused system was benecial
for the cytotoxic efficiency against both types of breast cancer
cell lines (Fig. 2 and 3 in ESI†). Alternatively, compounds 3d, 3g
. Data indicate mean � SEM, n $ 3.

RSC Adv., 2021, 11, 29441–29452 | 29445
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Fig. 5 Cell viability of MDA-MB 231 after exposure to the compounds at 10 mM. Data indicate mean � SEM, n $ 3.

Table 2 IC50 of tested compounds on MCF-7 and MDA-MB 231 cell
lines, Data indicate mean IC50 � SEM

Compound MCF-7, IC50 (mM) MDA-MB 231, IC50 (mM)

3d 4.55 � 0.88 9.87 � 0.89
3g 11.52 � 2.60 —
3i 11.23 � 3.27 —
5-FU 7.10 � 0.90 15.10 � 0.90
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and 3i represented moderate vasodilation activity. More struc-
tural optimization is needed to reach to new candidates pos-
sessing dual vasodilation and anticancer activities.

2.2.3. Cellular mechanism of action
2.2.3.1. Cell cycle arrest. Based on the prominent cytotoxic

efficacy of compound 3d, it was elected for more in-depth
investigation to study its inuence on the cell cycle develop-
ment and apoptosis induction in MCF-7 cells. Flow cytometry
data revealed that subjecting MCF-7 cells to compound 3d at
4.55 mM for 24 h resulted in disruption of the normal cell cycle
development. It was noticed that compound 3d caused
a remarkable increment in the percentage of cells at the pre-G1
phase from 1.74 to 26.97% in addition to an increase in the cell
percentages at the S phase from 39.27 to 49.33%. On the other
Fig. 6 The impact of compound 3d on cell cycle progression of MCF-7

29446 | RSC Adv., 2021, 11, 29441–29452
hand, a reduction in cell percentages at the G1 phase (from
52.35 to 42.71%) and the G2-M phase (from 8.38 to 7.96%) were
observed compared to the untreated MCF-7 cells (Fig. 6),
Therefore, it could be hypothesized that compound 3d may
suppress the proliferation of MCF-7 cells via induction of pre-G1
apoptosis and cell growth arrest at S phase.

2.2.3.2. Detection of apoptosis via annexin-V-FITC assay.
Annexin V-FITC/propidium iodide (PI) dual staining of MCF-7
cells was also performed to assure and quantify the apoptosis
percentage prompted by compound 3d. A signicant increase of
apoptotic cells (late apoptosis) was detected upon treatment of
MCF-7 cells with compound 3d from 0.22 to 13.73%, addition-
ally, considerable increase in the early apoptosis was noticed
from 0.57 to 3.89% compared to the untreated MCF-7 cells.
Furthermore, there was a pronounced increment of the
percentage of necrotic cells from 0.95 to 9.35% (Fig. 7). Thus the
anti-proliferative activity of compound 3d was exerted via
induction of apoptosis and necrosis.

2.2.3.3. Upregulation of caspase-3. It has been reported that
caspase cascade events are essential mediators in the initiation
of apoptosis through intrinsic or extrinsic pathways.34,35

Therefore, the activation of caspase 3 has a crucial role in
apoptotic cell death.36 A signicant increase by 3.77 fold was
noticed in the induction of caspase-3 upon treating of MCF-7
cells.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The influence of compound 3d in induction of apoptosis/necrosis of MCF-7 cells.

Table 3 The influence of compound 3d on caspase-3 activity in MCF-
7 cells

Compound
Conc.
(mM)

RT-PCR, caspase-3,
FLD

3d 4.55 3.77
Cont. MCF-7 — 1
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cells with compound 3d relative to the untreated MCF-7 cells
(Table 3). Accordingly, it is hypothesized that the apoptotic
process might be stimulated via activation of caspase-3.
3. Molecular docking study on
caspase-3

The above results illustrate the signicant apoptotic activity
of the target compound 3d that could be a result of activation
Fig. 8 (A) & (B) diagrams illustrate 2D and 3D binding modes of the new

© 2021 The Author(s). Published by the Royal Society of Chemistry
of caspase-3. This was further probed through a molecular
docking approach within the active binding site of caspase-3
kinase using Molecular Operating Environment (MOE-Dock)
soware version 2014.0901.37,38 Firstly, the crystal structure
of the key enzyme caspase-3 (PDB code: 2J30)39 was retrieved
from the RCSB Protein Data Bank and prepared for the
docking process.

Docking of the promising activator 3d gave a perfect energy
score �12.40 kcal mol�1 as illustrated in Fig. 8. The nitrogen of
the cyano group formed H-bond acceptors with the sidechains
of the key amino acids Arg64 and His121 (distance: 3.20 and
2.52 Å, respectively). Furthermore, the centroid of the pyridine
scaffold linked to Arg207 through an arene–cation interaction.
Interestingly, the cyclohepta[b]pyridine core tted well within
the binding site through hydrophobic interactions with the
essential amino acids Tyr204, Ser205, Trp206, Ser120, Gln161,
Cys163 and Phe256.
derivative, 3d within the active site of caspase-3 (PDB: 2J30).

RSC Adv., 2021, 11, 29441–29452 | 29447
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4. Conclusion

In this programme, we aimed to identify novel molecules with
dual vasodilation and anti-cancer properties, in order to
develop new opportunities for treating cardiovascular disease,
cancer and reverse cardio-oncology. Reaction of ylidenemalo-
nonitriles 2a–m with cyclohexanone and/or cycloheptanone in
the presence of sodium methoxide was carried out regiose-
lectively due to a Michael addition reaction to afford the cor-
responding pyridine- (3a–o) and chromene- (4a–e) carbonitrile
analogous, respectively. The new chemical entities were scan-
ned for their vasodilation and cytotoxic properties. The majority
of the tested analogous revealed signicant vasodilation effi-
cacy, compound 3o in particular was themost potent among the
examined series with IC50 ¼ 312.1 mM, which is superior to
prazosin hydrochloride (IC50 ¼ 487.3 mM). In addition, the anti-
proliferative results at 10 mM onMCF-7 andMDA-MB 231 breast
cancer cell lines, indicated excellent activity of the derivatives
3d, 3g and 3i. Compound 3d was the most active against the
MCF-7 and MDA-MB 231 cell lines with IC50 ¼ 4.55 � 0.88 and
9.87 � 0.89 mM, respectively. Furthermore, ow cytometry data
revealed that compound 3d stimulated apoptosis of MCF-7
cancer cells via activation of caspase-3 and arrested the cell
cycle at the S phase along with its ability in accumulation of
cells at the pre-G1 phase. Moreover, molecular docking for
compound 3d identied the interactions with key amino acids
within the active binding site of caspase-3. Interestingly 3d
exhibited both vasodilation and anti-proliferative activities,
demonstrating that pyridine-3-carbonitrile scaffolds bearing
cycloheptyl ring systems are important functionalized precur-
sors for further development of new vasodilation and anti-
cancer dual active hits.

5. Experimental
5.1. Chemistry

Melting points were recorded on a Stuart SMP30 melting point
apparatus. IR spectra (KBr) were recorded on a JASCO 6100
spectrophotometer. NMR spectra were recorded on a JEOL AS
500 (1H: 500 MHz, 13C: 125 MHz) and a BRUKER 400 (1H: 400,
13C: 100 MHz) spectrometers. Mass spectra were recorded on
a Shimadzu GCMS-QP 1000 EX (EI, 70 eV) spectrometer,
Elemental microanalyses were recorded on a Vario El Elementar
analyzer, ylidenemalononitrile 2a–m were prepared according
to previously reported procedure.19–21

5.1.1. General procedure for synthesis of compounds. A
mixture of equimolar amounts of 1a,b and the corresponding
ylidenemalononitrile 2a–m (10 mmol) in methanol (25 mL)
containing sodium (0.46 g, 20 mmol) was stirred at room
temperature (20–25 �C) for 24 h. The separated solid was
collected, washed with water and crystallized from an appro-
priate solvent affording 3a–o and/or 4a–e.

5.1.1.1. 2-Methoxy-4-phenyl-6,7,8,9-tetrahydro-5H-cyclohepta
[b]pyridine-3-carbonitrile (3a). Colorless microcrystals from
DMF; yield 1.65 g (59%); mp 214–215 �C; IR: nmax/cm

�1 2220
(C^N), 1558 (C]N). 1H-NMR (400MHz, CDCl3): d 1.49–1.87 (m,
6H), 2.53 (t, J ¼ 5.4, 2H), 3.04 (t, J ¼ 5.4, 2H), 4.05 (s, 3H), 7.21–
29448 | RSC Adv., 2021, 11, 29441–29452
7.26 (m, 2H), 7.40–7.49 (m, 3H). 13C-NMR (100 MHz, CDCl3):
d 26.07, 27.63, 29.07, 32.07, 39.57, 54.13, 93.73, 115.57, 128.42,
128.62, 128.76, 129.23, 136.36, 154.97, 161.99, 166.60. MS: m/z
(%) 278.09 (M+, 66), 277.03 (100). Anal. calcd for C18H18N2O
(278.35): C, 77.67; H, 6.52; N, 10.06. Found: C, 77.80; H, 6.63; N,
10.16.

5.1.1.2. 2-Methoxy-4-p-tolyl-6,7,8,9-tetrahydro-5H-cyclohepta
[b]pyridine-3-carbonitrile (3b). Colorless microcrystals from n-
butanol; yield 1.67 g (57%); mp 228–230 �C; IR: nmax/cm

�1 2221
(C^N), 1587 (C]N). 1H-NMR (400MHz, CDCl3): d 1.49–1.87 (m,
6H), 2.42 (s, 3H), 2.55 (t, J¼ 5.6, 2H), 3.03 (t, J¼ 5.4, 2H), 4.04 (s,
3H), 7.10 (d, J¼ 8 Hz, 2H), 7.26 (d, J¼ 8.8 Hz, 2H). 13C-NMR (100
MHz, CDCl3): d 21.32, 26.09, 27.65, 29.05, 32.09, 39.57, 54.08,
93.83, 115.76, 128.35, 129.29, 129.30, 133.38, 138.65, 155.15,
162.00, 166.47. MS: m/z (%) 292.10 (M+, 75), 290.87 (100). Anal.
calcd for C19H20N2O (292.37): C, 78.05; H, 6.89; N, 9.58. Found:
C, 78.17; H, 6.93; N, 9.70.

5.1.1.3. 2-Methoxy-4-(3-methoxy-phenyl)-6,7,8,9-tetrahydro-
5H-cyclohepta[b]pyridine-3-carbonitrile (3c). Pale yellow micro-
crystals from n-butanol; yield 1.82 g (59%); mp 171–172 �C; IR:
nmax/cm

�1 2219 (C^N), 1635 (C]N). 1H-NMR (400 MHz,
CDCl3): d 1.49–1.87 (m, 6H), 2.53 (t, J ¼ 5.2 Hz, 2H), 3.02 (t, J ¼
5.8 Hz, 2H), 3.86 (s, 3H), 4.05 (s, 3H), 6.73–6.80 (m, 2H), 6.96 (d, J
¼ 10.8 Hz, 1H), 7.36 (t, J ¼ 8 Hz, 1H). 13C-NMR (100 MHz,
CDCl3): d 26.07, 27.66, 29.10, 32.07, 39.55, 54.13, 55.30, 93.65,
114.08, 114.30, 115.50, 120.71, 129.19, 129.79, 137.61, 154.79,
159.53, 161.96, 166.58. MS:m/z (%) 308.08 (M+, 100). Anal. calcd
for C19H20N2O2 (308.37): C, 74.00; H, 6.54; N, 9.08. Found: C,
74.24; H, 6.40; N, 8.90.

5.1.1.4. 2-Methoxy-4-(4-methoxy-phenyl)-6,7,8,9-tetrahydro-
5H-cyclohepta[b]pyridine-3-carbonitrile (3d). Colorless micro-
crystals from ethanol; yield 1.92 g (62%); mp 167–168 �C; IR:
nmax/cm

�1 2217 (C^N), 1608 (C]N). 1H-NMR (400 MHz,
CDCl3): d 1.50–1.87 (m, 6H), 2.56 (t, J ¼ 5.4 Hz, 2H), 3.03 (t, J ¼
5.6 Hz, 2H), 3.85 (s, 3H), 4.04 (s, 3H), 6.98 (d, J ¼ 8.4 Hz, 2H),
7.15 (d, J ¼ 8.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): d 26.09,
27.66, 29.02, 32.09, 39.58, 54.08, 55.28, 93.92, 114.05, 114.38,
115.86, 128.48, 129.48, 129.89, 130.20, 154.82, 159.89, 162.05,
166.46. MS:m/z (%) 308.11 (M+, 100). Anal. calcd for C19H20N2O2

(308.37): C, 74.00; H, 6.54; N, 9.08. Found: C, 74.17; H, 6.63; N,
9.00.

5.1.1.5. 4-(4-Fluoro-phenyl)-2-methoxy-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridine-3-carbonitrile (3e). Colorless microcrystals
from n-butanol; yield 1.78 g (60%); mp 235–237 �C; IR: nmax/
cm�1 2223 (C^N), 1560 (C]N). 1H-NMR (400 MHz, CDCl3):
d 1.49–1.88 (m, 6H), 2.52 (t, J ¼ 5.6 Hz, 2H), 3.04 (t, J ¼ 5.6 Hz,
2H), 4.05 (s, 3H), 7.14–7.26 (m, 4H). 13C-NMR (100 MHz, CDCl3):
d 26.03, 27.59, 29.04, 32.03, 39.57, 54.17, 93.80, 115.50, 115.94,
129.33, 130.33, 130.41, 132.23, 132.27, 153.87, 162.02, 164.14,
166.79. MS:m/z (%) 296.10 (M+, 68), 295.03 (100). Anal. calcd for
C18H17FN2O (296.34): C, 72.95; H, 5.78; N, 9.45. Found: C, 72.80;
H, 5.89; N, 9.60.

5.1.1.6. 4-(3-Chloro-phenyl)-2-methoxy-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridine-3-carbonitrile (3f). Colorless microcrystals
from n-butanol; yield 1.88 g (60%); mp 174–176 �C; IR: nmax/
cm�1 2219 (C^N), 1633 (C]N). 1H-NMR (400 MHz, CDCl3):
d 1.49–1.88 (m, 6H), 2.52 (t, J ¼ 5.6 Hz, 2H), 3.04 (t, J ¼ 5.6 Hz,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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2H), 4.05 (s, 3H), 7.11 (d, J ¼ 10 Hz, 1H), 7.21 (s, 1H), 7.39–7.44
(m, 2H). 13C-NMR (100 MHz, CDCl3): d 26.01, 27.56, 29.13,
31.99, 39.57, 54.22, 93.52, 115.22, 126.69, 128.47, 129.03,
129.11, 130.06, 134.62, 138.05, 153.23, 161.99, 166.95. MS: m/z
(%) 312.04 (M+, 59), 311.01 (100). Anal. calcd for C18H17ClN2O
(312.79): C, 69.12; H, 5.48; N, 8.96. Found: C, 69.00; H, 5.30; N,
9.10.

5.1.1.7. 4-(4-Chloro-phenyl)-2-methoxy-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridine-3-carbonitrile (3g). Colorless microcrystals
from n-butanol; yield 1.94 g (62%); mp 229–231 �C; IR: nmax/
cm�1 2221 (C^N), 1557 (C]N). 1H-NMR (400 MHz, CDCl3):
d 1.48–1.88 (m, 6H), 2.52 (t, J ¼ 5.6 Hz, 2H), 3.04 (t, J ¼ 5.8 Hz,
2H), 4.05 (s, 3H), 7.16 (d, J¼ 8.4 Hz, 2H), 7.44 (d, J¼ 8.4 Hz, 2H).
13C-NMR (100 MHz, CDCl3): d 26.02, 27.58, 29.07, 32.01, 39.57,
54.20, 93.57, 115.41, 129.00, 129.16, 129.87, 134.71, 135.04,
153.62, 162.03, 166.90. MS: m/z (%) 312.11 (M+, 79), 311.06
(100). Anal. calcd for C18H17ClN2O (312.79): C, 69.12; H, 5.48; N,
8.96. Found: C, 69.30; H, 5.59; N, 8.90.

5.1.1.8. 4-(3-Bromo-phenyl)-2-methoxy-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridine-3-carbonitrile (3h). Colorless microcrystals
from n-butanol; yield 2.22 g (62%); mp 167–168 �C; IR: nmax/
cm�1 2221 (C^N), 1635 (C]N). 1H-NMR (400 MHz, CDCl3):
d 1.51–1.88 (m, 6H), 2.52 (t, J ¼ 5.6 Hz, 2H), 3.04 (t, J ¼ 5.4 Hz,
2H), 4.05 (s, 3H), 7.16 (d, J¼ 8.8 Hz, 1H), 7.34–7.38 (m, 2H), 7.57
(d, J ¼ 8.8 Hz, 1H). 13C-NMR (100 MHz, CDCl3): d 26.01, 27.54,
29.14, 31.99, 39.57, 54.22, 93.54, 115.22, 122.68, 127.13, 129.10,
130.28, 131.30, 131.96, 138.30, 153.12, 162.00, 166.94. MS: m/z
(%) 356.94 (M+, 100). Anal. calcd for C18H17BrN2O (357.24): C,
60.52; H, 4.80; N, 7.84. Found: C, 60.74; H, 4.63; N, 7.76.

5.1.1.9. 4-(4-Bromo-phenyl)-2-methoxy-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridine-3-carbonitrile (3i). Colorless microcrystals
from n-butanol; yield 2.29 g (64%); mp 235–237 �C; IR: nmax/
cm�1 2222 (C^N), 1557 (C]N). 1H-NMR (400 MHz, CDCl3):
d 1.48–1.88 (m, 6H), 2.52 (t, J ¼ 5.6 Hz, 2H), 3.04 (t, J ¼ 5.8 Hz,
2H), 4.05 (s, 3H), 7.09 (d, J¼ 8.8 Hz, 2H), 7.60 (d, J¼ 8.8 Hz, 2H).
13C-NMR (100 MHz, CDCl3): d 26.02, 27.58, 29.08, 32.01, 39.56,
54.21, 93.49, 115.39, 123.27, 129.08, 130.13, 131.95, 135.19,
153.61, 162.03, 166.92. MS:m/z (%) 356.93 (M+, 100). Anal. calcd
for C18H17BrN2O (357.24): C, 60.52; H, 4.80; N, 7.84. Found: C,
60.41; H, 4.93; N, 7.96.

5.1.1.10. 4-(1H-Indol-3-yl)-2-methoxy-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridine-3-carbonitrile (3j). Colorless microcrystals
from n-butanol; yield 2.00 g (63%); mp 244–246 �C; IR: nmax/
cm�1 3438 (NH), 2217 (C^N), 1635 (C]N). 1H-NMR (400 MHz,
CDCl3): d 1.38–1.84 (m, 6H), 2.66 (t, J ¼ 3.6 Hz, 2H), 3.01–3.13
(m, 2H), 4.07 (s, 3H), 7.13 (t, J ¼ 7.2 Hz, 1H), 7.24–7.34 (m, 3H),
7.44 (d, J¼ 7.6 Hz, 1H), 8.48 (s, 1H). 13C-NMR (100 MHz, CDCl3):
d 26.09, 27.90, 29.49, 32.21, 39.81, 54.06, 94.86, 111.58, 112.13,
116.42, 119.56, 120.59, 122.78, 124.47, 126.39, 130.96, 135.82,
148.44, 162.39, 166.13. MS:m/z (%) 317.24 (M+, 100). Anal. calcd
for C20H19N3O (317.38): C, 75.69; H, 6.03; N, 13.24. Found: C,
75.51; H, 6.20; N, 13.30.

5.1.1.11. 2-Methoxy-4-(1-methyl-1H-indol-3-yl)-5,6,7,8-
tetrahydro-quinoline-3-carbonitrile (3k). Yellow microcrystals
from ethanol; yield 1.94 g (61%); mp 214–216 �C; IR: nmax/cm

�1

2215 (C^N), 1632 (C]N). 1H-NMR (500 MHz, CDCl3): d 1.51–
2.94 (m, 8H), 3.81 (s, 3H), 4.04 (s, 3H), 7.09–7.42 (m, 5H). 13C-
© 2021 The Author(s). Published by the Royal Society of Chemistry
NMR (125 MHz, CDCl3): d 22.75, 22.90, 26.90, 33.25, 33.52,
54.17, 95.02, 109.94, 110.02, 116.44, 120.24, 122.39, 125.22,
126.35, 128.89, 137.02, 150.10, 159.76, 162.36. MS: m/z (%)
317.16 (M+, 100). Anal. calcd for C20H19N3O (317.38): C, 75.69;
H, 6.03; N, 13.24. Found: C, 75.84; H, 6.19; N, 13.15.

5.1.1.12. 2-Methoxy-4-(1-methyl-1H-indol-3-yl)-6,7,8,9-tetra-
hydro-5H-cyclohepta[b]pyridine-3-carbonitrile (3l). Yellow micro-
crystals from n-butanol; yield 2.09 g (63%); mp 217–219 �C; IR:
nmax/cm

�1 2221 (C^N), 1614 (C]N). 1H-NMR (400 MHz,
CDCl3): d 1.59–1.85 (m, 6H), 2.67–2.73 (m, 2H), 3.00–3.13 (m,
2H), 3.87 (s, 3H), 4.06 (s, 3H), 7.13–7.17 (m, 2H), 7.26–7.30 (m,
2H), 7.38 (d, J ¼ 8.8 Hz, 1H). 13C-NMR (100 MHz, CDCl3):
d 26.10, 27.94, 29.49, 32.22, 33.14, 39.83, 54.03, 94.75, 109.73,
110.46, 116.45, 119.75, 120.18, 122.29, 126.91, 128.94, 130.82,
136.78, 148.43, 162.42, 166.00. MS: m/z (%) 331.24 (M+, 100).
Anal. calcd for C21H21N3O (331.41): C, 76.11; H, 6.39; N, 12.68.
Found: C, 76.00; H, 6.57; N, 12.56.

5.1.1.13. 4-(1-Ethyl-1H-indol-3-yl)-2-methoxy-5,6,7,8-
tetrahydro-quinoline-3-carbonitrile (3m). Colorless microcrystals
from ethanol; yield 2.13 g (64%); mp 204–206 �C; IR: nmax/cm

�1

2217 (C^N), 1617 (C]N). 1H-NMR (500 MHz, CDCl3): d 1.53 (t, J
¼ 7.2 Hz, 3H), 1.73–2.95 (m, 8H), 4.04 (s, 3H), 4.22 (q, J¼ 7.3 Hz,
2H), 7.10–7.41 (m, 5H). 13C-NMR (125 MHz, CDCl3): d 15.57,
22.77, 22.93, 26.92, 33.52, 41.43, 54.16, 95.02, 110.03, 110.10,
116.22, 120.20, 120.38, 122.23, 125.20, 126.52, 127.38, 136.10,
150.27, 159.71, 162.38. MS:m/z (%) 331.11 (M+, 100). Anal. calcd
for C21H21N3O (331.41): C, 76.11; H, 6.39; N, 12.68. Found: C,
76.30; H, 6.29; N, 12.76.

5.1.1.14. 4-(1-Ethyl-1H-indol-3-yl)-2-methoxy-6,7,8,9-tetrahy-
dro-5H-cyclohepta[b]pyridine-3-carbonitrile (3n). Colorless
microcrystals from n-butanol; yield 2.25 g (65%); mp 192–
194 �C; IR: nmax/cm

�1 2221 (C^N),1560 (C]N). 1H-NMR (400
MHz, CDCl3): d 1.52 (t, J ¼ 7.2 Hz, 3H), 1.60–1.85 (m, 6H), 2.68–
2.71 (m, 2H), 2.99–3.12 (m, 2H), 4.06 (s, 3H), 4.22 (q, J ¼ 7.7 Hz,
2H), 7.12–7.16 (m, 1H), 7.25–7.31 (m, 3H), 7.40 (d, J ¼ 8.4 Hz,
1H). 13C-NMR (100 MHz, CDCl3): d 15.45, 26.11, 27.96, 29.53,
32.22, 39.84, 41.30, 54.03, 94.77, 109.81, 110.53, 116.44, 119.88,
120.12, 122.12, 127.07, 127.46, 130.77, 135.84, 148.60, 162.43,
165.95. MS: m/z (%) 345.23 (M+, 100). Anal. calcd for C22H23N3O
(345.44): C, 76.49; H, 6.71; N, 12.16. Found: C, 76.70; H, 6.63; N,
12.06.

5.1.1.15. 2-Methoxy-4-naphthalen-1-yl-6,7,8,9-tetrahydro-5H-
cyclohepta[b]pyridine-3-carbonitrile (3o). Colorless microcrystals
from n-butanol; yield 2.20 g (67%); mp 182–184 �C; IR: nmax/
cm�1 2223 (C^N), 1633 (C]N). 1H-NMR (400 MHz, CDCl3):
d 1.25–1.80 (m, 6H), 2.31 (t, J ¼ 5.6 Hz, 2H), 3.08 (t, J ¼ 7.6 Hz,
2H), 4.09 (s, 3H), 7.26–7.58 (m, 5H), 7.91 (t, J ¼ 8.2 Hz, 2H). 13C-
NMR (100 MHz, CDCl3): d 26.09, 27.47, 29.40, 32.09, 39.70,
54.17, 94.73, 115.19, 124.89, 125.32, 126.30, 126.33, 126.75,
128.57, 129.24, 130.45, 130.84, 133.48, 133.98, 153.76, 162.09,
166.45. MS: m/z (%) 328.06 (M+, 100). Anal. calcd for C22H20N2O
(328.41): C, 80.46; H, 6.14; N, 8.53. Found: C, 80.60; H, 6.03; N,
8.48.

5.1.1.16. 2-Amino-8a-methoxy-4-phenyl-4a,5,6,7,8,8a-hexahy-
dro-4H-chromene-3-carbonitrile (4a). Colorless microcrystals
from ethanol; yield 1.54 g (54%); mp 188–190 �C; IR: nmax/cm

�1

3449, 3348 (NH2), 2187 (C^N). 1H-NMR (400 MHz, CDCl3):
RSC Adv., 2021, 11, 29441–29452 | 29449
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d 1.07–1.87 (m, 8H), 2.30–2.39 (m, 1H), 3.29 (br. s, 1H), 3.32 (s,
3H), 4.36 (s, 2H), 7.19–7.49 (m, 5H). 13C-NMR (100 MHz, CDCl3):
d 22.34, 25.06, 26.50, 30.86, 40.80, 47.13, 48.65, 62.03, 102.76,
120.81, 127.10, 128.09, 128.48, 128.69, 128.90, 141.36, 160.69.
MS: m/z (%) 284.10 (M+, 4.6), 112.02 (100). Anal. calcd for
C17H20N2O2 (284.35): C, 71.81; H, 7.09; N, 9.85. Found: C, 71.99;
H, 7.25; N, 9.77.

5.1.1.17. 2-Amino-8a-methoxy-4-p-tolyl-4a,5,6,7,8,8a-hexahy-
dro-4H-chromene-3-carbonitrile (4b). Pale yellow microcrystals
from ethanol; yield 1.65 g (55%); mp 201–203 �C; IR: nmax/cm

�1

3449, 3348 (NH2), 2184 (C^N). 1H-NMR (400 MHz, CDCl3):
d 1.09–1.89 (m, 8H), 2.16 (d, J ¼ 11.2 Hz, 1H), 2.34 (s, 3H), 3.24
(br. s, 1H), 3.32 (s, 3H), 4.40 (s, 2H), 7.07–7.52 (m, 4H). 13C-NMR
(100 MHz, CDCl3): d 21.09, 22.36, 25.09, 26.52, 30.87, 40.35,
47.12, 48.63, 62.15, 102.76, 120.94, 128.42, 129.20, 136.55,
138.27, 160.64. MS: m/z (%) 298.10 (M+, 14), 112.03 (100). Anal.
calcd for C18H22N2O2 (298.38): C, 72.46; H, 7.43; N, 9.39. Found:
C, 72.30; H, 7.58; N, 9.20.

5.1.1.18. 2-Amino-8a-methoxy-4-(4-methoxy-phenyl)-
4a,5,6,7,8,8a-hexahydro-4H-chromene-3-carbonitrile (4c). Yellow
microcrystals from ethanol; yield 1.89 g (60%); mp 203–204 �C;
IR: nmax/cm

�1 3446, 3348 (NH2), 2183 (C^N). 1H-NMR (500
MHz, CDCl3): 1.05–1.67 (m, 8H), 2.28 (d, J ¼ 10.5 Hz, 1H), 3.23
(d, J ¼ 10.5 Hz, 1H), 3.30 (s, 3H), 3.78 (s, 3H), 4.37 (s, 2H), 6.83
(d, J ¼ 8.6 Hz, 2H), 7.09 (d, J ¼ 8.6 Hz, 2H). 13C-NMR (125 MHz,
CDCl3): d 22.46, 25.18, 26.59, 30.94, 40.03, 47.30, 48.74, 55.28,
62.20, 102.87, 113.98, 121.15, 129.56, 133.42, 158.67, 160.77.
MS: m/z (%) 314.25 (M+, 15), 112.12 (100). Anal. calcd for
C18H22N2O3 (314.38): C, 68.77; H, 7.05; N, 8.91. Found: C, 68.60;
H, 7.18; N, 8.80.

5.1.1.19. 2-Amino-4-(4-uoro-phenyl)-8a-methoxy-
4a,5,6,7,8,8a-hexahydro-4H-chromene-3-carbonitrile (4d). Pale
yellow microcrystals from ethanol; yield 1.88 g (62%); mp 208–
210 �C; IR: nmax/cm

�1 3442, 3338, (NH2), 2186 (C^N). 1H-NMR
(500 MHz, CDCl3): 1.07–1.65 (m, 8H), 2.29 (d, J ¼ 11.4 Hz, 1H),
3.31 (br s, 4H), 4.38 (d, J ¼ 10.5 Hz, 2H), 6.90–7.30 (m, 4H). 13C-
NMR (125 MHz, CDCl3): d 22.41, 25.12, 26.55, 30.92, 40.24,
47.33, 48.77, 61.68, 102.84, 115.36, 115.54, 115.93, 116.10,
120.91, 130.06, 137.18, 160.91. MS: m/z (%) 302.07 (M+, 38),
112.05 (100). Anal. calcd for C17H19FN2O2 (302.34): C, 67.53; H,
6.33; N, 9.27. Found: C, 67.40; H, 6.49; N, 9.17.

5.1.1.20. 2-Amino-4-(4-bromo-phenyl)-8a-methoxy-
4a,5,6,7,8,8a-hexahydro-4H-chromene-3-carbonitrile (4e). Yellow
microcrystals from ethanol; yield 2.00 g (55%); mp 205–207 �C; IR:
nmax/cm

�1 3448, 3319 (NH2), 2188 (C^N). 1H-NMR (400 MHz,
CDCl3): 1.05–1.65 (m, 8H), 2.30 (d, J ¼ 11.4 Hz, 1H), 3.27 (d, J ¼
10.8 Hz, 1H), 3.30 (s, 3H), 4.45 (s, 2H), 7.06 (d, J¼ 8.4 Hz, 2H), 7.42
(d, J ¼ 8.4 Hz, 2H). 13C-NMR (100 MHz, CDCl3): d 22.28, 25.01,
26.44, 30.81, 40.43, 47.09, 48.70, 61.21, 102.73, 120.68, 120.89,
130.29, 131.64, 140.56, 160.90. MS: m/z (%) 363.16 (M+, 6), 112.08
(100). Anal. calcd for C17H19BrN2O2 (363.25): C, 56.21; H, 5.27; N,
7.71. Found: C, 56.40; H, 5.19; N, 7.87.
5.2. Vasodilation activity screening

Vasodilation properties were assessed using well documented
techniques19–21 such that the effects of the newly synthesized
29450 | RSC Adv., 2021, 11, 29441–29452
pyridine-3-carbonitriles (3a–o) and chromene-3-carbonitrile
(4a–e) were determined on isolated thoracic aortic rings of
male Wister rats (250–350 g). Further details are available in the
ESI.†

5.3. In vitro antitumor screening

Compounds 3a–o and 4a–e were screened against two human
cancer cell lines for anti-tumor activity using a cell based
approach. The cell line MCF-7 (breast cancer cell line) was ob-
tained from Tenovus centre for cancer research (Cardiff, UK),
MDA-MB 231 (epithelial, human breast cancer cell line) was
purchased from the European collection of cell cultures
(ECACC). The cell culture medium EMEM, fetal bovine serum
(FBS), L-glutamine (200 mM), non-essential amino acid (NEAA)
[10X], and trypsin EDTA were purchased from Lonza (UK). The
cell culture medium RPMI 1640 (with L-glutamine), DMEM
(without L-glutamine), DMEM (low glucose, with glutamax), and
dimethyl sulfoxide (DMSO) were purchased from Fisher scien-
tic (UK).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide salt was purchased from Sigma-Aldrich (UK).

The cell culture method and MTT cell viability assay used is
briey displayed in ESI.†

5.4. Cell cycle analysis and apoptosis detection

The cell cycle analysis and apoptosis investigations were carried
out by ow cytometry.40 MCF-7 cells were seeded at 8 � 104 and
incubated at 37 �C, 5% CO2 overnight. Aer treatment with the
tested compound, for 24 h, cell pellets were collected and
centrifuged (300g, 5 min). For cell cycle analysis, cell pellets
were xed with 70% ethanol on ice for 15 min and collected
again. The collected pellets were incubated with propidium
iodide (PI) staining solution (50 mg mL�1 PI, 0.1 mg mL�1

RNaseA, 0.05% Triton X-100) at room temperature for 1 hand
analyzed by Gallios ow cytometer (Beckman Coulter, Brea, CA,
USA). Apoptosis detection was performed by FITC Annexin V/PI
commercial kit (Becton Dickenson, Franklin Lakes, NJ, USA)
following the manufacture protocol. The samples were analyzed
by uorescence-activated cell sorting (FACS) with a Gallios ow
cytometer (Beckman Coulter, Brea, CA, USA) within 1 h aer
staining. Data were analyzed using Kaluzav 1.2 (Beckman
Coulter).

5.5. Caspase-3 activation assay

The activity of caspase-3 was determined using MaxDiscovery™
caspase-3 colorimetric detection kit, Bioo Scientic Corporation
(BIOO), USA. Briey, MCF-7 cells (5 � 105 cells per well) in a 6-
well plate were treated with IC50 concentrations of compound
3d for 24 h. The cell culture medium was gently removed from
the control and the treated culture wells, and then the cells were
lysed by adding cell lysis buffer (1000 mL) to each culture well.
The plate was gently shaken for 10 min to facilitate cell lysis and
sample homogenization. Caspase-3 substrate (100 mL) was
diluted into 10 mL of reaction buffer. In the reaction micro-
plate, 100 mL caspase-3 reaction buffer was added to each well,
followed by 100 mL of cell lysate. The absorbance was measured
© 2021 The Author(s). Published by the Royal Society of Chemistry
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using a plate reader for the increase in absorbance at 405 nm in
30 min. Caspase-3 activity was expressed as the change of the
activity in treated cancer cells compared to the untreated
controls.41,42
5.6. Molecular docking study

The docking studies were performed using Molecular Operating
Environment (MOE-Dock) soware version 2014.0901.37,38 The
co-crystallized structure of caspase-3 (PDB code: 2J30)39 was
downloaded from the RCSB Protein Data Bank. All minimiza-
tions for the structure were performed with MOE until an RMSD
gradient of 0.05 kcal mol�1 Å�1 with MMFF94x force eld and
the partial charges were automatically detected. Preparation of
caspase-3 kinase structure was achieved using Protonate 3D
protocol in MOE with the default options. The docking protocol
was achieved using London dG scoring function and Triangle
Matcher placement method.
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