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relative stability constant of DNA-
and BSA-chromenopyrimidine complexes and
cytotoxicity towards human breast cancer cells
(MCF-7)†

Sizwe J. Zamisa, a Adesola A. Adeleke,a Nikita Devnarain,b Mahasin Abdel Rhman,b

Peter M. O. Owira*b and Bernard Omondi a

In this study, we synthesized and characterized ten chromenopyrimidine derivatives using analytical and

spectroscopic methods. Studies on DNA and albumin binding affinity, as well as cytotoxicity tests on

human breast cancer (MCF-7) cells, of the chromenopyrimidines, were conducted. The natural logarithm

of the relative stability constant of DNA- and BSA-chromenopyrimidine complexes [ln(KDNA/KBSA)] was

used as a criterion for selecting compounds for cytotoxicity studies. We found that ln(KDNA/KBSA) was

inversely related to IC50 values of the compounds in MCF-7 cells. The antiproliferative effects of the

compounds were found to induce apoptosis in MCF-7 cells, which is a desired mechanism of cell death.

Correlations between the DNA and albumin binding affinities of chromenopyrimidines were established.

We propose that this relationship approach can, for a given set of compounds, assist in predicting the

cytotoxicity of potential drug candidates towards MCF-7 cells based on their experimentally determined

CT-DNA and BSA binding affinities.
1. Introduction

Breast cancer now accounts for 12.5% of the 2.3 million newly
diagnosed cancer cases globally,1 surpassing lung cancer to
become the most commonly diagnosed disease worldwide. In
2020, it was the most frequently diagnosed cancer in women
worldwide, accounting for 15% of all female cancer cases. The
prevalence of this disease is increasing in many regions, espe-
cially in developing nations.2 African nations are undergoing
continuous economic and political changes however the preva-
lence of breast cancer which was traditionally low, has increased
substantially in recent decades. This is associated with rising
cases of obesity and changes in the socio-economic and cultural
environments. Studies have shown that many women in
resource-constrained nations either don't receive any diagnosis
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at all, or die because there aren't adequate facilities for early
diagnosis, and treatment of breast cancers.3–7 As a result, the real
rate of breast cancer in these nations is unknown. Conventional
chemotherapy against breast cancer is not entirely successful
due to many factors such as late diagnosis,8,9 poor compliance,10

side effects,11 treatment failures due to resistance to currently
available drugs.12 For these reasons, more effective chemother-
apeutic agents are continuously being sought aer.13

Chromenopyrimidines are a class of organic compounds
that consist of fused chromene and pyrimidine motifs. They are
oen synthesized by multicomponent reactions which enable
the desired products to be isolated in a few steps via a single-pot
operation.14–20 Chromenopyrimidine derivatives have been re-
ported to be light emitters which can be ne-tuned by varying
the substituents on the chromenopyrimidine core.14 This the
class compounds as potential emitters in optoelectronic devices
such as organic light-emitting diodes (OLEDs).21 They have also
been studied extensively in medicinal applications as
anticancer22–26 and antimicrobial24,27–30 agents. Their medicinal
efficacy can be attributed to their binding affinity to biomole-
cules like deoxyribonucleic acid (DNA). Since pyrimidines form
an integral part of the DNA, scientists have attempted to
enhance the medicinal efficacy by using novel pyrimidine-based
drugs.31–34 DNA-targeted drugs are intended to modulate DNA
replication and transcription processes.

A drug's therapeutic potential can also be affected by its
binding affinity towards plasma proteins and the stability of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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resultant drug-plasma protein adduct in the body.35 Fiy-ve
percent of all blood proteins are serum albumins, which play
an essential role in maintaining proper blood pH and colloidal
osmotic pressure. Albumin carries drugs, ions, fatty acids, and
hormones that aren't easily dissolved in water.36 Albumins have
several pharmacological, biochemical, and therapeutic appli-
cations.37 Therefore, a better understanding of the distribution
of a drug throughout the body is possible through the study of
the interactions that occur between the drug and the proteins
found in the plasma. In this regard, bioactive chemical binding
properties of bovine serum albumin (BSA), a human serum
albumin (HSA) analogue, have received the greatest attention.38

Intrinsic apoptosis (programmed cell death) is caused by
intracellular signalling in response to stimuli that do not
require receptors, whereas extrinsic apoptosis (programmed
cell death) is induced by the attachment of an extracellular
ligand to membrane-anchored death receptors.39 To prevent
intrinsic pathway-induced apoptosis, the antiapoptotic B-cell
lymphoma 2 (Bcl-2) protein plays a critical role by reducing
caspase cascade activation.40 Bcl-2 protein expression is oen
high in cancer cells, which correlates with increased prolifera-
tion and reduced apoptosis.41 Scientists have discovered that
fused-chromenopyrimidine derivatives' antiproliferative effects
are realized through the downregulation of Bcl-2.42,43 By doing
so, proapoptotic BCL2-associated X (Bax) and Bcl-2 homologous
antagonist/killer (Bak) proteins are brought together in the
Scheme 1 Synthesis of chromenopyrimidine derivatives.

© 2023 The Author(s). Published by the Royal Society of Chemistry
mitochondrial membrane. Release of cytochrome complex (cyt-
c) from mitochondria into the cytoplasm then activates the
apoptotic peptidase activating factor (Apaf1) protein. This acti-
vates caspase 9, which in turn initiates the caspase cascade via
the intrinsic pathway and, nally, promotes apoptosis.41

Developing a model that can predict the cytotoxicity of
a potential antineoplastic agent could reduce time and costs for
drug discovery protocols. The dawn of the fourth industrial
revolution has made it possible to develop predictive models
that can estimate the cytotoxicity of test compounds through
machine learning and other advanced in silico techniques.44–48

However, there is a possibility of generating false positive
predictions when performing virtual screening. It is important
to note that the cytotoxicity of a test compound depends not
only on the interaction with its targets but also on many other
parameters, e.g., interaction with albumins, passage through
a cell membrane, and regulation of signal and metabolic
pathways, which depend on cell-line-specic cancer mutations
and changes in gene expression.48 In this work, we demonstrate
that the predictive models can be improved by considering the
experimentally-determined binding affinities of the test
compounds towards DNA and albumin.

Though there are reports containing experimental DNA- and
albumin-small molecule interactions, there are no attempts to
relate and predict the efficacy of potential antineoplastic agents
using their binding affinity towards DNA or albumin. In our
RSC Adv., 2023, 13, 21820–21837 | 21821
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Fig. 1 Correlations between (a) dN–H and dC–Hpyrimidinyl, (b) pKa and dN–

H, and dC–Hpyrimidinyl and dN–H/dC–Hpyrimidinyl.
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previous work, we demonstrated that the experimental DNA
binding affinity of some 2-amino-3-carbonitrile derivatives
could be predicted based on Hirshfeld surface and in silico
techniques.49 In this work, we sought to chemically modify
some of these 2-amino-3-carbonitrile derivatives into a series of
chromenopyrimidines and structurally determine the molec-
ular conformations in the solid-state via X-ray crystallography.
We were hoping that the chemical modications would
enhance their DNA binding affinities. Further, we investigate
the correlation between the DNA and albumin binding affinities
of the chromenopyrimidines. Moreover, an approach for pre-
dicting in vitro cytotoxicity of novel chromenopyrimidine
derivatives towards human breast cancer cells (MCF-7) based on
their experimental binding affinity to DNA and albumin, is
proposed in this work. The biosafety of selected compounds in
human embryonic kidney cells (HEK-293) including the mech-
anism of cell death is also presented.

2. Results and discussion
2.1. Synthesis and characterization

The 4H-pyran-based 2-amino-3-carbonitriles (1a and 1b) and
the uorinated 2-formimidate-3-carbonitrile intermediate
(2a), were prepared according to literature.49,50 The microwave-
assisted reactions of 2a with corresponding anilines in an
acetic acid medium resulted in the formation of chromeno-
pyrimidines (Scheme 1). The reactions were monitored via TLC
and the desired products were precipitated from their mother
liquor by the addition of water and were isolated in vacuo in
moderate to high yields. The formation of compounds 3a to 3j
was conrmed by the absence of the band at around 2210 cm−1

in their IR spectra, which attributed to the stretching vibration
mode of the cyano functional group.50 A band in the IR spectra
of 3a to 3j between 3401 and 3450 cm−1 conrmed the pres-
ence of the anilinyl moieties in 3a to 3j. In the 1H-NMR spectra
of 3a to 3j, singlets between 8.37 and 9.20 ppm, and between
8.28 and 8.45 ppm attributed to the amino (NH) and pyr-
imidinyl (Hpyrimidinyl) protons, respectively were observed.
These two singlets signied the formation of the pyrimidinyl
moiety and the chemical shi of the two signals seem to be
directly related (Fig. 1a). The presence of electron-donating
groups on the anilinyl moiety in 3b (para-methyl), 3i (para-
ferrocenyl), and 3j (meta-ferrocenyl), have a shielding effect on
the N–H proton (dNH = 8.37–8.46 ppm) relative to that of the
unsubstituted anilinyl derivative, 3a (dNH = 8.49 ppm).
Conversely, a deshielding effect is observed in the spectra of
compounds with electron-withdrawing substituents on the
anilinyl moieties (para-uoro in 3c; meta-chloro in 3d; meta-
chloro, para-uoro in 3e; para-chloro in 3f; para-bromo in 3g;
and para-nitro in 3h) where the N–H proton appears between
dN–H = 8.55 and 9.2 ppm. It seems like the dN–H and dC–

Hpyrimidinyl values are dependent on the acid dissociation
constants (pKa) of the aniline reagents used to synthesize the
desired chromenopyrimidine derivatives. Table S1† lists the
dN–H, dC–Hpyrimidinyl and the aniline precursors' pKa values.
This is also presented in Fig. 1b where a linear inverse
correlation exists between pKa and dN–H and between pKa and
21822 | RSC Adv., 2023, 13, 21820–21837
dC–Hpyrimidinyl. The choice of aniline precursor has a much
greater effect on the chemical shi of the N–H proton than on
the pyrimidinyl proton, a relation that is observed in the slopes
of pKa versus dN–H and pKa versus dC–Hpyrimidinyl. This is due to
the close proximity of the anilinyl ring to the amine hydrogen
atom than to the pyrimidinyl hydrogen atom. A plot of pKa

versus dN–H/dC–Hpyrimidinyl also reveals a linear indirect rela-
tionship between the two variables. The implication is that
beyond pKa values of ∼5.98, the Hpyrimidinyl proton will be the
more deshielded relative to the N–H proton. The 13C NMR
spectra of chromenopyrimidines exhibited fewer signals for
aliphatic carbons and more signals for the aromatic carbons
than compound 1a50 further supporting the formation of the
desired products.
2.2. Crystal structures of chromenopyrimidines

The asymmetric units of compounds 3a to 3c, 3e, and 3h all
contain one molecule while that of 3j in addition, an acetone
solvate molecule as depicted in Fig. 2. The molecular structures
of the compounds consist of a fused ring unit comprising of
chromenonyl and pyrimidinyl moieties, onto which 2-uo-
rophenyl and anilinyl moieties are attached on C7 and C9
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structures of compounds 3a to 3c, 3e, 3h and 3j drawn at 50% thermal ellipsoid probability. All hydrogen atoms have been
omitted for clarity.
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atoms, respectively. The 2-uorophenyl, pyrimidinyl and
anilinyl moieties are planar in nature and are denoted
P2-uoro, Ppyridinyl and Panilinyl in this manuscript. The dihedral
angles between these three planes were used to describe the
molecular conformation and are listed in Table 1. The dihedral
angle between the pyrimidinyl and anilinyl moieties
(Ppyrimidinyl–Panilinyl) tends towards co-planarity as in 3e, 3.94(5)°
and gets larger in 3a, 53.36(5)°. The presence of mono-
substituted anilinyl moieties like in 3b, 3c, 3h and 3j, seems
to constricts the Ppyrimidinyl–Panilinyl dihedral angle which is not
© 2023 The Author(s). Published by the Royal Society of Chemistry
observed in the unsubstituted anilinyl derivative, 3a. The 2-
uorophenyl moiety is almost orthogonal in relation to the 4H-
pyran ring which is comparable to that of 1a.49

To better understand the inuence of the various anilinyl
moieties on the regional molecular conformation of the chro-
menopyrimidines, we focused on the geometric parameters
between the anilinyl and pyrimidinyl moieties. The selected
geometric parameters in 3a to 3c, 3e, 3h and 3j are depicted in
Fig. 3a and listed in Table 1. The N–C9 distance is signicantly
shorter than that of N3–C20 which suggests that the pyrimidinyl
RSC Adv., 2023, 13, 21820–21837 | 21823
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Table 1 Selected geometric parameters observed in 3a to 3c, 3e, 3h and 3j

Geometric parameter

Compound

3a 3b 3c 3e 3h 3j

Dihedral angle
Panilinyl–Ppyrimidinyl/° 53.36(5) 49.17(5) 49.40(4) 3.94(5) 10.01(4) 15.38(6)
Ppyrimidinyl–P2-uoro/° 86.18(4) 89.78(4) 86.79(3) 79.85(4) 78.40(5) 78.43(6)
Panilinyl–P2-uoro/° 69.58(5) 75.45(5) 70.53(3) 83.69(3) 86.97(5) 86.33(6)

Bond distances and angles
N3–C9/Å 1.367(2) 1.363(2) 1.365(1) 1.370(2) 1.366(2) 1.367(2)
N3–C20/Å 1.431(2) 1.427(2) 1.424(1) 1.406(2) 1.40(2) 1.414(2)
C20–N3–C9/° 125.4(1) 125.7(1) 125.83(9) 131.2(1) 130.1(2) 129.9(2)
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moiety tends to attract electrons more than the anilinyl moiety.
This implies that the pyrimidinyl ring exhibits a greater electro-
positive potential relative to the anilinyl moiety. The substituents
Fig. 3 (a) Depiction of the selected bond parameters. Scatterplots of (b) P
C9–N3–C20 and (d) [(N3–C20)/(C9–N3–C20)] versus Ppyrimidinyl–Panilin
sponding y-axis.

21824 | RSC Adv., 2023, 13, 21820–21837
on the anilinyl moiety affect the magnitude of the N3–C20 bond,
the C3–N3–C20 bond angle and the Ppyrimidinyl–Panilinyl dihedral
angle. There seems to be a direct relationship between the
pyrimidinyl–Panilinyl versusN3–C20 and C9–N3–C20, (c) N3–C20 versus

yl. The trendlines and equations in (b) have the colour as the corre-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ppyrimidinyl–Panilinyl dihedral angle and the N3–C20 bond distance,
and an inverse relationship between Ppyrimidinyl–Panilinyl and C3–
N3–C20 (Fig. 3b and c). Based on Fig. 3d, these relations can all
be summed up using the mathematical expression:

Ppyrimidinyl � Panilinylf
N3� C20

C3�N3� C20
:

The ferrocenyl unit in 3j adorpted a staggered conformation
with a C26–Centroid–Centroid–C31 torsion angle of−3.65°. The
intermolecular C–H/X (where X = N, O or F) hydrogen bonds
found in the crystal packing of 3a to 3c, 3e, 3h and 3j, are
Fig. 4 Electrostatic potential mapped over the Hirshfeld surfaces of 3a

© 2023 The Author(s). Published by the Royal Society of Chemistry
depicted in Fig. S31 to S34† whilst their parameters are listed in
Table S2.†

2.2.1. Molecular electrostatic potential mapping. Molec-
ular electrostatic potential mappings were constructed over the
Hirshfeld surfaces of 3a to 3c, 3e, 3h, and 3j using the Crysta-
lExplorer21 soware,51 and are illustrated in Fig. 4. Prominent
red areas on themappings were located on the oxygen, nitrogen,
uorine and chlorine atoms which signify intense electroneg-
ative potential regions. Conversely, prominent blue areas on the
mappings indicated an electropositive potential which is
localized around the hydrogen atoms. This further veries our
remark in Section 3.2 about the electropositive character of the
to 3c, 3e, 3h and 3j.

RSC Adv., 2023, 13, 21820–21837 | 21825
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pyrimidinyl moiety. On the one hand, compounds with either
unsubstituted substituent as in 3a, or electron-donating
substituents (as in 3b and 3j), have a lighter shade of red
around the aniline moieties indicating an electronegative
potential. On the other hand, the presence of electron-
withdrawing substituents as in 3c, 3e and 3h, appear to have
an electropositive potential on the anilinyl moiety (3e and 3h). A
darker shade of blue was evident around the pyrimidinyl moiety
than on the anilinyl moiety in all cases, signifying a higher
electropositive potential on the pyrimidinyl moiety. These
observations can directly be linked to the pKa values of the
aniline precursors used (Fig. 4).
2.3. CT-DNA- and albumin-small molecule binding studies

Electronic absorption spectroscopy is one of the commonly
used experimental techniques for investigating biomolecule-
small molecule interactions due to its availability and sensi-
tivity.52 The changes in the electronic absorption spectral
features serve as evidence of the biomolecule's electronic envi-
ronment perturbation due to biomolecule-small molecule
interactions. Importantly, this technique has been used and
continues to be used to determine test compound's binding
affinity towards DNA53–55 and BSA.53,56–58
Fig. 5 (a) Electronic absorption spectrum of 3a in the absence and
presence of increasing amounts of CT-DNA. (b) Electronic absorption
spectrum of BSA in the absence and presence of increasing amounts
of 3a.

21826 | RSC Adv., 2023, 13, 21820–21837
Small-molecules are known to interact with DNA in either
a covalent or non-covalentmanner. The latter interactionmode is
more preferred since it causes lesser toxic side effects than the
former. Moreover, non-covalent DNA-small molecule interactions
can be classied as either intercalation, groove or electrostatic
(external) binding. In this work, the CT-DNA-small molecule
binding studies were conducted via electronic absorption titra-
tion of the various small molecule (3a to 3j) solutions with
incremental amounts of CT-DNA (see (a) of Fig. S36–S45 in the
ESI†). The absorption spectra of 3a exhibited prominent hypo-
chromism of the bands appearing at 240–295 nm depicting an
intercalation mode of binding (Fig. 5a).59 This mode of binding
can be related to the interaction between the electronic states of
the compounds' chromophores and CT-DNA's nucleotides.31,49,60

The CT-DNA binding affinity of 4H-pyran-based 2-amino-3-
carbonitrle derivatives (1a and 1b) compounds was determined
in our earlier work.49 As for the BSA-small molecule binding
studies, the electronic absorption titration spectra of BSA with
incremental amounts of 3a, show distinct hyperchromism of the
band at 260–300 nm which signies the formation of BSA-small
molecule complex (Fig. 5b). The rest of the compounds studied in
this work, displayed similar electronic absorption titration
behaviour as 3a (Fig. S44 and see (b) of Fig. S36–44†).

The binding constants of 1a, 1b, and 3a to 3j towards CT-
DNA (KDNA) and BSA (KBSA) were determined using the Wolf-
shimmer and Benesi–Hildebrand equations, respectively
(Fig. 6). For 4H-pyran-based 2-amino-3-carbonitrile deriva-
tives, the presence of the 2-uorophenyl moiety (in 1a) lowers
the KDNA and KBSA values relative to the non-uorinated
derivative (1b). The electronic properties and position of the
substituents on the anilinyl moiety of 3a to 3j inuences the
KDNA and KBSA values. Having an electron-donating methyl
substituent on the anilinyl moiety (in 3b) enhances KDNA but
decreases the KBSA value by three-fold in relation to the
unsubstituted anilinyl derivative (3a). Replacing the substitu-
ents on the anilinyl moiety with ferrocene leads to a greater
electron-donating ability due to the resonance effect which
increases the KDNA value. Furthermore, the position of the
ferrocenyl substituent also plays a role where being in the
meta-position of the anilinyl (in 3j) leads to a higher KDNA and
lower KBSA values than having it in the para-position (in 3i). For
anilinyl moieties with halogen substituents, the highest KDNA

value obtained was 4.50 × 105 M−1 for the para-uoro chro-
menopyrimidine derivative (3c).

The position of the chloro-substituent (in 3d and 3f), did not
seem to affect the KDNA value. Also, an increase in the atomic radii
of the halogen from chloro- (in 3f) to bromo- (in 3g) and the
resultant electronic properties of the corresponding anilinyl
moieties did not affect the binding constants much. This could be
attributed to the characteristic s-hole of the chloro- and bromo-
substituents which may exhibit halogen bonding. The presence
of a para-nitro substituent on the anilinyl moiety signicantly
increases the KDNA value from (1.50× 105–4.50× 105 M−1) to 1.00
× 106 M−1 and this could be attributed to its enhanced electron-
withdrawing via resonance. This observation is consistent with
that of the literature,61,62 where the effect of a para-nitro substit-
uent on high DNA binding were identied among other EWG and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 KDNA and KBSA values of 2-amino-3-carbonitrile-based intermediates and fluorinated chromenopyrimidine derivatives in this work.
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EDG. Although it is unknown how substituents inuence DNA
binding,63 their planarity due to the position of the nitro group
could have led to their ease of accessing the DNA base pair pocket
© 2023 The Author(s). Published by the Royal Society of Chemistry
where intercalation with the DNA occurs.64 The KBSA values for
compounds containing electron-withdrawing substituents was
found to increase in the following order: 5.86 × 104 M−1 (3g) <
RSC Adv., 2023, 13, 21820–21837 | 21827
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Fig. 8 pKa versus ln(KDNA/KBSA).
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7.74 × 104 M−1 (3f) < 1.64 × 105 M−1 (3h) < 2.83 × 105 M−1 (3e) <
3.29 × 105 M−1 (3c) < 3.68 × 105 M−1 (3d).

Considering that the ultimate target of our compounds is
DNA, the binding constant (KDNA) needs to be higher than that
of BSA (KBSA). Thus, an indicator that includes both biomole-
cules would be considered better with regards to biological
activity and/or stability of test compounds. With this argument,
we took the natural logarithm of the ratio of binding constant
towards CT-DNA relative to that of BSA [ln(KDNA/KBSA)] as the
indicator which denes the small molecule's relative stability
towards the biomolecules. Compound 1a was shown to have
a ln(KDNA/KBSA) value that is ten times lower than that of 1b
(Fig. 7a). The lowest and highest ln(KDNA/KBSA) values for the
chromenopyrimidines in this work (Fig. 7b), were observed in
3a and 3j, respectively.

There seems to be a relationship between the binding
constants of the 3a–3j to the DNA and BSA (Fig. S46a†).
Compounds 3f and 3g with the para-chloro and para-bromo
substituents are outliers possibly due to the characteristic s-
hole of the substituents which are possible involved in halogen
bonding. A different way of looking at this is to also determine
the Gibbs free energy of binding of the test compounds to BSA
(here denoted as DGBSA) using eqn (1) where R is the gas
Fig. 7 The ln(KDNA/KBSA) values for (a) 2-amino-3-carbonitrile and (b)
chromenopyrimidine derivatives in this work. The green- and red-
coloured bars indicate positive and negative ln(KDNA/KBSA) values,
respectively.

21828 | RSC Adv., 2023, 13, 21820–21837
constant (8.314 J mol−1 K−1) and T is the temperature at which
the binding affinity studies were conducted (298 K).

DGBSA = −RT lnKBSA (1)

An inverse trend between the two variables was observed
which signies that chromenopyrimidines with high binding
affinity towards DNA, generally had low binding affinity towards
BSA (Fig. S46b†).

We have established that the spectroscopic behaviours of the
compounds are affected by the choices of the aniline (hence
pKa) and so is the binding affinity. Hence, it is of interest to
investigate whether the pKa of the anilines could be related to
the suggested indicator, ln(KDNA/KBSA) (Fig. 8). It would appear
that the value of ln(KDNA/KBSA) rises for anilines that contain
electron withdrawing groups (EWGs) whenever the acidity of the
aniline precursor rises in comparison to the non-substituted.
Anilines containing electron donating groups (EDGs) demon-
strated greater ln(KDNA/KBSA) values when the basicity of the
aniline reagent was increased.
2.4. 4H-Pyran-based 2-amino-3-carbonitriles and
chromenopyrimidine derivatives exhibit anticancer potential
in vitro via apoptosis and biological safety to non-cancerous
cells

It has previously been reported that 4H-pyran-based 2-amino-3-
carbonitriles and chromenopyrimidine derivatives have anti-
proliferative effects on breast cancer cells-lines.65 Therefore, to
determine whether chemical modications of these derived
compounds retained and enhanced antiproliferative effects, the
potential of these compounds to cause signicant cytotoxicity
and induce programmed cell death in breast cancer cells was
investigated in vitro. The 4H-pyran-based 2-amino-3-
carbonitriles (1a and 1b) and two chromenopyrimidine deriva-
tives (3a and 3j) were used for the cytotoxicity studies. The
motivation for selecting 3a and 3j for performing the cytotox-
icity studies is based on their binding constants towards CT-
DNA and BSA using the relation, ln(KDNA/KBSA). Since 3a had
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Dose-dependent MCF-7 cell viability as determined MTT assay after the cells were exposed to serial concentrations of compounds (a) 1a
and 1b; and (b and c) 3a and 3j.

Table 2 IC50 values of the test compounds towards MCF-7 cells

Compound IC50 (MCF-7)/mM

1a 225 � 4.43
1b 334 � 5.01
3a 595 � 7.14
3j 97 � 2.04
Vinoblastine67 10.18 � 0.39
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the lowest ln(KDNA/KBSA) value in this work, it was hypothesized
that it will have a lower cytotoxicity towards MCF-7 than 3j,
which had the highest ln(KDNA/KBSA) value.

2.4.1. Cytotoxicity of compounds to MCF-7 breast cancer
cell-lines. The MTT assay was used to determine MCF-7 cell
viability aer exposure to 4H-pyran-based 2-amino-3-
carbonitriles (1a and 1b) and chromenopyrimidine derivatives
(3a and 3j) (Fig. 9). The viability of MCF-7 cells were determined
by calculating the IC50 values of each compound (Table 2). The
© 2023 The Author(s). Published by the Royal Society of Chemistry
assay also determined the ratios of the reducing to the oxidizing
equivalents, in the cell, an indicator of the metabolic activity of
the mitochondrial electron transport chain.66

The justication for performing cytotoxicity studies of
compounds 1a and 1b was to investigate whether having a high
KDNA value would translates to higher antiproliferative effect
towards MCF-7 cells. Interestingly, compound 1a showed
reduced viability of MCF-7 cells compared to 1b, indicated by
IC50 values of 225 ± 4.43 mM and 334 ± 5.01 mM, respectively,
despite its higher binding affinity towards DNA relative to 1a.
This further justies the need to factor in the BSA binding
affinity when assessing the antiproliferative potential of the
compounds. The chemical modications of 1a to 3a, lead to
a higher IC50 of 595 ± 7.14 mM and this suggests that the
formation of the fused pyrimidine ring with an unsubstituted
anilinyl moiety decreases the cytotoxicity to MCF-7 cells.
However, introducing a para-ferrocenyl substituent on the ani-
linyl moiety signicantly enhanced cytotoxicity to MCF-7 cells
with an IC50 value of 97 ± 2.04 mM. Although the test
RSC Adv., 2023, 13, 21820–21837 | 21829
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Fig. 10 Combined line and bar graphs of ln(KDNA/KBSA) and IC50 values
of 1a, 1b, 3a and 3j.

Fig. 11 Molecular structures and IC50 values of related compounds in th

21830 | RSC Adv., 2023, 13, 21820–21837
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compounds in this work exhibit lesser cytotoxicity than the
known breast cancer antineoplastic drug, vinblastine (10.18 ±

0.39 mM),67 we established that the IC50 values of the test
compounds towards MCF-7 cells exhibit an inverse relationship
with respect to ln(KDNA/KBSA) values (Fig. 10); thus, validating
our hypothesis.

Fig. 11 presents a summary of previously reported IC50 values
of related compounds which include 2-amino-7-(dimethyla-
mino)-4-(5-m-tolylisoxazol-3-yl)-4H-chromene-3-carbonitrile
(A);68 2-amino-7-(6-(4-(2-hydroxyethyl)piperazin-1-yl)-2-methyl-
pyrimidin-4-yloxy)-4-p-tolyl-4H-chromene-3-carbonitrile (B);69 2-
(2-(2-amino-3-cyano-4-(3,4-dimethoxyphenyl)-4H-chromen-7-
yloxy)acetyl)-N-(4-methoxyphenyl)hydrazinecarbothioamide
(C);67 N-(2,4-dimethoxyphenyl)-12-phenyl-12H-naphtho[1′,2′:5,6]
e literature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The effects of 1a, 1b, 3a and 3j at their respective IC50

concentrations and a control on the cell viability of non-cancerous
HEK-293 cells.
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pyrano[2,3-d]pyrimidin-11-amine (D);70 1,1′-4-(1H-pyrrol-1-yl)
phenyl ferrocenedicarboxylate (E)71 and 4-bromophenyl ferro-
cenecarboxylate (F).72 Compounds A to F exhibited the highest
cytotoxicity towards MCF-7 cell lines in their respective studies
and this provides a comparative perspective on the cytotoxic
activities of 1a, 1b, 3a, and 3j. Compounds 1a and 1b have
reduced cytotoxicity towards MCF-7 (148–159 mM) in compar-
ison to compounds A to C (4.95–16 mM). A to C have a fused
pyran-phenyl moiety, different from the fused pyran-
cyclohexane moiety in 1a and 1b which has an enhanced elec-
tron delocalized system. As for the chromenopyrimidines,
compound D exhibits much greater cytotoxic activity against
MCF-7 cells (IC50 = 6 mM) than 3a and 3j (97–595 mM). Never-
theless, no investigations on the cytotoxic effects of compound
D were conducted on any normal human cell lines.70 The
selective cytotoxicity of compound D towards MCF-7 cells
necessitates further investigation. It is noteworthy that
compounds E and F, which are based on ferrocene, demon-
strate higher IC50 concentrations against MCF-7 cells (ranging
from 9.2 to 45.5 mM) in comparison to D. However, their IC50

concentrations towards the normal humanmammary epithelial
cell line (MCF-10A) exceed 250 mM. The observation under-
scores the cytotoxic selectivity exhibited by compounds E and F
towards MCF-7 cells.

2.4.2. Cytotoxicity. Cancer cells are characterized by a loss
of apoptotic control, which supports their prolonged survival
and metastasis.6,39,73 Therefore, the desired mechanism of cell
death induced by a proliferative compound is programmed cell
death, or apoptosis.6,39,73 Therefore, aer determining the anti-
proliferative effects of 1a, 1b, 3a and 3j on breast cancer cells via
the MTT assay, apoptotic induction was assessed using the IC50

concentration of each test compound. The detection of
apoptosis in MCF-7 cells were investigated by determining the
activation of caspase 3/7, which is the executioner caspase of
apoptosis. This study showed that 1a caused a signicantly
higher level of caspase 3/7 activation in MCF-7 cells (p < 0.0001),
relative to 1b (Fig. 12a). Also, 3j caused a signicantly higher
level of caspase 3/7 activation in MCF-7 cells (p < 0.05),
Fig. 12 Caspase 3/7 activity after MCF-7 cells were exposed to 70.21;
98.21 247.3 and 57.99 mg mL−1 for (a) 1a, 1b, (b) 3a and 3j, respectively.
*p < 0.05 relative to control. ***p < 0.001 relative to control. ****p <
0.0001 relative to control.

© 2023 The Author(s). Published by the Royal Society of Chemistry
compared to 3a and the control, respectively (Fig. 12b). This
correlates to the results obtained in the MTT assays where 1a
and 3j caused lower viability compared to 1b and 3a, respec-
tively. These results suggest that 1a and 3j halted cell prolifer-
ation through apoptosis and not necrosis.

2.4.3. Selective toxicity. The effects of compounds 1a, 1b,
3a and 3j at their respective IC50 concentrations (in MCF-7 cell
lines) on HEK-293 cells resulted in 89.6%, 77.6%, 96.6% and
107.43% cell viability, respectively (Fig. 13). The cell viability
results reported in this study are within the limits of the
International Organization for Standardization for Biomedical
Material Biosafety of requires #30% reduction in cell viability
(International Organization for Standardization, 2018).
3. Conclusion

The microwave-assisted synthesis of chromenopyrimidine
derivatives at moderate to high yields was successful. Spectro-
scopic IR and NMR data conrmed the formation of the pyr-
imidinyl moiety and the desired products. The chemical shis of
the Hpyrimidinyl and N–H protons were found to have an inverse
relationship with the pKa of the corresponding aniline precursor.
The molecular conformation of chromenopyrimidine derivatives
in the solid-state was found to be affected by the electronic
nature of the substituent on the anilinyl moiety. Upon closer
inspection, correlations between the geometric parameters
around the anilinyl and pyrimidinyl moieties were etablished in
this work. Based on the electrostatic potential property of the
Hirshfeld surface, the pyrimidinyl moiety has an electropositive
potential relative to the anilinyl moiety. This resulted in shorter
C9–N3 than C20–N3 distances in the crystal structures of chro-
menopyrimidine derivatives. The binding affinity of the 4H-
pyran-based 2-amino-3-carbonitriles and chromenopyrimidine
derivatives towards CT-DNA and BSA were determined via elec-
tronic absorption spectroscopy. An unprecented inverse rela-
tionship was established between KDNA and DGBSA for
chromenopyrimidine derivatives in this work. The compound's
RSC Adv., 2023, 13, 21820–21837 | 21831
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relative stability towards the two biomolecules was dened as
ln(KDNA/KBSA) and it was hypothesized that higher ln(KDNA/KBSA)
values lead to greater cytotoxicity towards MCF-7 cells. So,
compounds with the lowest and highest ln(KDNA/KBSA) values
from the 4H-pyran-based 2-amino-3-carbonitriles (1a and 1b) and
chromenopyrimidine derivatives (3a and 3j) were selected for the
cytotoxicity studies. Interestingly, the pKa of the aniline
precursor could be linked to the ln(KDNA/KBSA) value of the cor-
responding chromenopyrimidine derivative. Compounds 1a and
3j produced lower IC50 values than their respective counterpart
and exhibited more potency against MCF-7 cells without pre-
senting toxicity to non-cancerous HEK-293 cells. This suggests
a potential targeted effect of the test compounds to cause
selective toxicity to MCF-7 cells. Furthermore, the mechanism of
cell death by the compounds in MCF-7 cells was conrmed to be
apoptosis, with the 1a and 3j showing higher apoptotic activation
in cancer cells than their respective counterpart. Importantly, an
indirect trend was established between the ln(KDNA/KBSA) and
IC50 values which validates our hypothesis. With these ndings
inmind, cytotoxicity of potential drug candidates towards MCF-7
can be predicted based on their experimentally determined CT-
DNA and BSA binding affinities. Thus, lowers costs and
improving the preclinical drug discovery protocols. Our ongoing
work involves investigating the test compounds' binding site in
the two biomolecules, and attempting to draw correlations with
the is part of our ongoing work.

4. Experimental
4.1. Materials and methods

All chemicals used in the syntheses of target molecules were of
reagent grade purchased from commercial sources. These
included: ethanol, methanol, triethyl orthoformate, acetic acid,
aniline, 4-uoroaniline, 3-chloro-4-uoroaniline, 4-chloroani-
line, 4-methylaniline, 3-chloroaniline, 4-bromoaniline, 4-nitro-
aniline and DMSO-d6. The 2-amino-4-(aryl)-7,7-dimethyl-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (1a and 1b)49 and
ethyl-N-(3-cyano-4-(2-uorophenyl)-7,7-dimethyl-5-oxo-5,6,7,8-
tetrahydro-4H-chromen-2-yl)formimidate precursors (2a)50

including 3-ferrocenylaniline and 4-ferrocenylaniline were
prepared according to literature.74 The microwave syntheses
were done using a CEM Discover system. All reactions were
done in 30 mL pressurized vials tted with “snap-on” caps.
Uncorrected melting points were measured using a Stuart SMP3
melting point apparatus. Infrared spectra were recorded from
400 to 4000 cm−1 using a PerkinElmer Universal ATR Spectrum
100 spectrometer. The 1H and 13C NMR spectra were recorded
using Bruker 400 MHz spectrometer. The reported chemical
shi values are in parts per million (ppm) relative to the solvent
residual peak which are 2.50 and 39.5 ppm for 1H and 13C NMR,
respectively. Electronic absorption spectra were recorded using
the Shimadzu UV-vis spectrophotometer. High-resolution mass
spectra obtained on a SHIMADZU-LCMS-2020 and the
elemental composition was determined done using the Vario EL
cube. MCF-7 cell lines and Caspase 3/7 uorometric assay kit
were purchased from Cellonex® (Johannesburg South Africa)
and Biocom® (Johannesburg, South Africa). For caspase 3/7
21832 | RSC Adv., 2023, 13, 21820–21837
detection, uorescence (excitation/emission of 535/620 nm)
was measured using a microplate reader (Spectrostar Nano,
Germany).
4.2. General procedure for chromenopyrimidine derivatives
(3a to 3j)

A 10 mL acetic acid solution containing 2a (1 mmol) and the
corresponding aniline (1.2 mmol) was added to a sealed 30 mL
pressurized vial. The mixture was irradiated at 200 W in
a single-mode microwave synthesis system. The reaction
temperature was set at 140 °C for a duration of 20 minutes.
Once the reaction was completed as conrmed using TLC,
distilled water was gently added to the mixture without stirring.
This formed a turbid layer over the reaction mixture which was
le to stand overnight. The crude product had precipitated out
of the mixture and was ltered in vacuo, washed with distilled
water and recrystallized from mixture of ethanol and water.

4.2.1. 5-(2-Fluorophenyl)-8,8-dimethyl-4-(phenylamino)-
5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-6-one (3a).
Aniline was used as a precursor to synthesize 3a. White solid,
yield: 78% (0.32 g); m.p.: 244–246 °C, selected IR bands (cm−1):
3407 (N–H stretching), 2961 (C–H stretching), 1651 (C]O
stretching); 1H NMR (DMSO-d6) d(ppm): 0.94 (s, 3H, CH3), 1.08
(s, 3H, CH3) 2.12–2.14 (d, 1H, J = 16.1 Hz, Hmethylene), 2.33–2.36
(d, 1H, J = 16.1 Hz, Hmethylene), 2.56–2.59 (d, 1H, J = 17.6 Hz,
Hmethylene), 2.69–2.72 (d, H, J = 17.5 Hz, Hmethylene), 5.56 (s, 1H,
Hmethine), 7.00–7.02 (t, 1H, J = 7.4 Hz, Haromatic), 7.03–7.07
(overlapping doublets, 1H, J = 8.4 and 8.5 Hz, Haromatic), 7.10–
7.12 (t, 1H, J = 7.1 Hz, Haromatic) 7.19–7.20 (q, 1H, J = 6.9 Hz,
Haromatic), 7.25–7.28 (t, 2H, J = 7.9 Hz, Haromatic), 7.54–7.55 (d,
2H, Haromatic, J = 7.8 Hz), 7.75–7.78 (t, 1H, Haromatic, J = 7.1 Hz),
8.30 (s, 1H, Hpyrimidinyl), 8.49 (s, 1H, –N(H)–); 13C NMR (DMSO-
d6) d(ppm): 26.7, 28.7, 29.1, 32.4, 50.4, 98.6, 112.2, 116.3, 116.4,
121.5, 123.6, 124.5, 128.9, 129.2, 129.7, 132.2, 139.6, 156.6,
159.3, 161.9, 164.9, 196.2; ESI(+)MS (m/z): 416 [M + H]+; anal.
calcd (%) for [C25H22FN3O2]: C, 72.27; H, 5.34; N, 10.11; O, 7.70;
found (%): C, 71.91; H, 5.31; N, 10.06; O, 7.66.

4.2.2. 5-(2-Fluorophenyl)-8,8-dimethyl-4-(p-tolylamino)-
5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-6-one (3b).
4-Methylaniline was used as a precursor to synthesize 3b. Pale
yellow solid; yield: 88% (0.38 g); m.p.: 234–238 °C; selected IR
bands (cm−1): 3410 (N–H stretching), 2964 (C–H stretching),
1653 (C]O stretching); 1H NMR (DMSO-d6) d(ppm): 0.94 (s, 3H,
CH3), 1.08 (s, 3H, CH3) 2.11–2.15 (d, 1H, J = 16.2 Hz, Hmethylene),
2.23 (s, 3H, p-CH3), 2.32–2.36 (d, 1H, J = 16.2 Hz, Hmethylene),
2.55–2.59 (d, 1H, J = 17.6 Hz, Hmethylene), 2.68–2.72 (d, H, J =
17.6 Hz, Hmethylene), 5.52 (s, 1H, Hmethine), 7.02–7.12 (m, 4H,
Haromatic), 7.18–7.23 (q, 1H, J = 6.8 Hz, Haromatic), 7.40–7.42 (d,
2H, J = 8.2 Hz, Haromatic), 7.45–7.78 (t, 1H, J = 7.7 Hz, Haromatic),
8.27 (s, 1H, Hpyrimidinyl), 8.37 (s, 1H, –N(H)–); 13C NMR (DMSO-
d6) d(ppm): 19.0, 20.9, 26.7, 28.7, 29.1, 32.4, 56.5, 98.2, 112.2,
116.2, 116.5, 121.7, 124.5, 129.2, 129.6, 129.7, 132.2, 132.8,
137.0, 156.6, 159.3, 161.7, 162.5, 164.9, 196.1; ESI(−)MS (m/z):
428 [M − H]−; anal. calcd (%) for [C26H24FN3O2]: C, 72.71; H,
5.63; N, 9.78; O, 7.45; found (%): C, 72.42; H, 5.60; N, 9.73; O,
7.41.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.2.3. 5-(2-Fluorophenyl)-4-((4-uorophenyl)amino)-8,8-
dimethyl-5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-6-
one (3c). 4-Fluorolaniline was used as a precursor to synthesize
3c. Yellow solid; yield: 84% (0.36 g); m.p.: 204–206 °C; selected IR
bands (cm−1): 3409 (N–H stretching), 2962 (C–H stretching), 1651
(C]O stretching); 1H NMR (DMSO-d6) d(ppm): 0.93 (s, 3H, CH3),
1.07 (s, 3H, CH3) 2.12–2.15 (d, 1H, J = 16.2 Hz, Hmethylene), 2.33–
2.36 (d, 1H, J = 16.2 Hz, Hmethylene), 2.55–2.58 (d, 1H, J = 17.6 Hz,
Hmethylene), 2.68–2.71 (d, H, J = 17.6 Hz, Hmethylene), 5.53 (s, 1H,
Hmethine), 7.05–7.20 (m, 5H, Haromatic) 7.53 (2H, Haromatic), 7.78
(1H, Haromatic), 8.28 (s, 1H, Hpyrimidinyl), 8.55 (s, 1H, –N(H)–); 13C
NMR (DMSO-d6) d(ppm): 26.7, 28.7, 29.1, 32.4, 50.4, 98.3, 112.1,
115.6, 116.5, 123.7, 124.4, 129.1, 129.7, 132.2, 135.9, 156.5, 159.3,
159.4, 160.5, 161.9, 162.1, 165.0, 196.2; ESI(−)MS (m/z): 432 [M −
H]−; anal. calcd (%) for [C25H21F2N3O2]: C, 69.27; H, 4.88; N, 9.69;
O, 7.38; found (%): C, 69.06; H, 4.86; N, 9.64; O, 7.34.

4.2.4. 4-((3-Chlorophenyl)amino)-5-(2-uorophenyl)-8,8-
dimethyl-5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-6-
one (3d). 3-Chloroaniline was used as a precursor to synthesize
3d. Pale yellow solid; yield: 74% (0.33 g); m.p.: 190–194 °C;
selected IR bands (cm−1): 3437 (N–H stretching), 2962 (C–H
stretching), 1656 (C]O stretching);1H NMR (DMSO-d6) d(ppm):
0.94 (s, 3H, CH3), 1.08 (s, 3H, CH3) 2.12–2.15 (d, 1H, J= 16.3 Hz,
Hmethylene), 2.33–2.36 (d, 1H, J = 16.1 Hz, Hmethylene), 2.56–2.59
(d, 1H, J = 17.6 Hz, Hmethylene), 2.69–2.72 (d, H, J = 17.3 Hz,
Hmethylene), 5.59 (s, 1H, Hmethine), 7.03–7.06 (m, 2H, Haromatic),
7.10–7.12 (t, 1H, J = 7.5 Hz, Haromatic), 7.18–7.22 (m, 1H,
Haromatic), 7.28–7.31 (t, 1H, J = 7.2 Hz, Haromatic) 7.50–7.52 (d,
1H, J = 8.3 Hz, Haromatic), 7.75–7.78 (m, 2H, Haromatic), 8.38 (s,
1H, Hpyrimidinyl), 8.69 (s, 1H, –N(H)–); 13C NMR (DMSO-d6)
d(ppm): 26.7, 28.7, 29.1, 32.4, 50.4, 99.2, 112.1, 116.5, 119.6,
120.4, 123.0, 124.5, 129.7, 130.6, 132.1, 133.2, 141.3, 156.6,
159.0, 160.5, 162.1, 165.0, 196.2; ESI(+)MS (m/z): 450 [M + H]+;
anal. calcd (%) for [C25H21ClFN3O2]: C, 66.74; H, 4.70; N, 9.34; O,
7.11; found (%): C, 66.41; H, 4.68; N, 9.29; O, 7.07.

4.2.5. (3-Chloro-4-uorophenylamino)-5-(2-uorophenyl)-
8,8-dimethyl-8,9-dihydro-5H-chromeno[2,3-d]pyrimidin-6(7H)-
one (3e). 3-Chloro-4-uoroaniline was used as a precursor to
synthesize 3e. Pale yellow solid; yield: 68% (0.32 g); m.p.: 200–
204 °C; selected IR bands (cm−1): 3450 (N–H stretching), 2971
(C–H stretching), 1660 (C]O stretching); 1H NMR (DMSO-d6)
d(ppm): 0.93 (s, 3H, CH3), 1.07 (s, 3H, CH3) 2.12–2.15 (d, 1H, J =
16.2 Hz, Hmethylene), 2.33–2.36 (d, 1H, J = 16.2 Hz, Hmethylene),
2.56–2.59 (d, 1H, J = 17.6 Hz, Hmethylene), 2.69–2.72 (d, H, J =
17.6 Hz, Hmethylene), 5.55 (s, 1H, Hmethine), 7.03–7.06 (over-
lapping doublets, 1H, J = 8.3 and 8.3 Hz, Haromatic), 7.10–7.13 (t,
1H, J = 7.5 Hz, Haromatic) 7.18–7.23 (q, 1H, J = 6.9 Hz, Haromatic),
7.32–7.35 (d, 1H, Haromatic, J = 9.1 Hz), 7.50–7.52 (m, 1H,
Haromatic, J = 8.8 Hz), 7.76–7.79 (t, 1H, Haromatic, J = 9.1 Hz),
7.87–7.88 (d, 1H, Haromatic, J = 9.1 Hz), 8.35 (s, 1H, Hpyrimidinyl),
8.72 (s, 1H, –N(H)–); 13C NMR (DMSO-d6) d(ppm): 26.7, 28.7,
29.1, 32.4, 50.4, 98.9, 112.2, 116.3, 116.5, 122.8, 124.5, 127.2,
128.8, 129.2, 129.7, 132.1, 138.7, 156.5, 159.0, 160.4, 162.1,
164.9, 196.2; ESI(−)MS (m/z): 466 [M − H]−; anal. calcd (%) for
[C25H20ClF2N3O2]: C, 64.17; H, 4.31; N, 8.98; O, 6.84; found (%):
C, 63.91; H, 4.29; N, 8.94; O, 6.81.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.2.6. 4-((4-Chlorophenyl)amino)-5-(2-uorophenyl)-8,8-
dimethyl-5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-6-
one (3f). 4-Chloroaniline was used as a precursor to synthesize
3f. White solid; yield: 72% (0.32 g); m.p.: 214–218 °C; selected IR
bands (cm−1): 3446 (N–H stretching), 2929 (C–H stretching),
1645 (C]O stretching); 1H NMR (DMSO-d6) d(ppm): 0.94 (s, 3H,
CH3), 1.08 (s, 3H, CH3) 2.12–2.15 (d, 1H, J = 16.1 Hz, Hmethylene),
2.33–2.36 (d, 1H, J = 16.2 Hz, Hmethylene), 2.56–2.59 (d, 1H, J =
17.6 Hz, Hmethylene), 2.69–2.72 (d, H, J= 17.5 Hz, Hmethylene), 5.58
(s, 1H, Hmethine), 7.02–7.06 (overlapping doublets, 1H, J = 8.3
and 8.5 Hz, Haromatic), 7.09–7.12 (t, 1H, J = 7.5 Hz, Haromatic)
7.18–7.22 (q, 1H, J = 6.9 Hz, Haromatic), 7.31–7.34 (d, 1H,
Haromatic, J= 8.9 Hz), 7.6–7.63 (d, 2H, Haromatic, J= 8.8 Hz), 7.76–
7.79 (t, 2H, Haromatic, J= 7.8 Hz), 8.34 (s, 1H, Hpyrimidinyl), 8.65 (s,
1H, –N(H)–); 13C NMR (DMSO-d6) d(ppm): 26.7, 28.7, 29.1, 32.4,
50.4, 98.6, 112.2, 116.3, 116.4, 121.5, 123.6, 124.5, 128.9, 129.2,
129.7, 132.2, 139.6, 156.6, 159.3, 161.9, 164.9, 196.2; ESI(−)MS
(m/z): 448 [M − H]−; anal. calcd (%) for [C25H21ClFN3O2]: C,
66.74; H, 4.70; N, 9.34; O, 7.11; found (%): C, 66.54; H, 4.68; N,
9.29; O, 7.07.

4.2.7. 4-((4-Bromophenyl)amino)-5-(2-uorophenyl)-8,8-
dimethyl-5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-6-
one (3g). 4-Bromoaniline was used as a precursor to synthesize
3g. White solid; yield: 88% (0.44 g); m.p.: 238–242 °C; selected
IR bands (cm−1): 3445 (N–H stretching), 2929 (C–H stretching),
1645 (C]O stretching); 1H NMR (DMSO-d6) d(ppm): 0.93 (s, 3H,
CH3), 1.07 (s, 3H, CH3) 2.12–2.14 (d, 1H, J = 16.1 Hz, Hmethylene),
2.33–2.36 (d, 1H, J = 16.2 Hz, Hmethylene), 2.56–2.59 (d, 1H, J =
17.6 Hz, Hmethylene), 2.69–2.72 (d, H, J= 17.5 Hz, Hmethylene), 5.57
(s, 1H, Hmethine), 7.02–7.06 (overlapping doublets, 1H, J = 8.2
and 8.4 Hz, Haromatic), 7.09–7.11 (t, 1H, J = 7.5 Hz, Haromatic)
7.18–7.20 (q, 1H, J = 6.3 Hz, Haromatic), 7.44–7.46 (d, 1H,
Haromatic, J = 7.8 Hz), 7.54–7.56 (d, 2H, Haromatic, J = 8.9 Hz),
7.74–7.77 (t, 2H, Haromatic, J = 7.8 Hz), 8.33 (s, 1H, Hpyrimidinyl),
8.64 (s, 1H, –N(H)-); 13C NMR (DMSO-d6) d(ppm): 26.6, 28.6,
29.1, 32.4, 50.4, 99.0, 112.1, 123.2, 124.5, 129.8, 131.7, 132.0,
139.0, 156.5, 159.0, 161.9, 165.0, 196.4; ESI(−)MS (m/z): 494
[M]−; anal. calcd (%) for [C25H21BrFN3O2]: C, 60.74; H, 4.28; N,
8.50; O, 6.47; found (%): C, 60.44; H, 4.26; N, 8.46; O, 6.44.

4.2.8. 5-(2-Fluorophenyl)-8,8-dimethyl-4-((4-nitrophenyl)
amino)-5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-6-one
(3h). 4-Nitroaniline was used as a precursor to synthesize 3h.
Pale yellow solid; yield: 91% (0.42 g); m.p.: 206–210 °C; selected
IR bands (cm−1): 3401 (N–H stretching), 2956 (C–H stretching),
1663 (C]O stretching); 1H NMR (DMSO-d6) d(ppm): 0.92 (s, 3H,
CH3), 1.06 (s, 3H, CH3) 2.10–2.14 (d, 1H, J = 16.2 Hz, Hmethylene),
2.32–2.36 (d, 1H, J = 16.2 Hz, Hmethylene), 2.54–2.58 (d, 1H, J =
17.7 Hz, Hmethylene), 2.68–2.72 (d, H, J= 17.6 Hz, Hmethylene), 5.65
(s, 1H, Hmethine), 6.98–7.03 (overlapping doublets, 1H, J = 8.2
and 7.9 Hz, Haromatic), 7.05–7.09 (t, 1H, J = 7.5 Hz, Haromatic)
7.14–7.20 (q, 1H, J = 6.9 Hz, Haromatic), 7.65–7.70 (t, 1H,
Haromatic, J = 7.8 Hz), 7.81–7.83 (d, 2H, Haromatic, J = 9.1 Hz),
8.14–8.16 (d, 2H, Haromatic, J = 9.0 Hz), 8.45 (s, 1H, Hpyrimidinyl),
9.20 (s, 1H, –N(H)–); 13C NMR (DMSO-d6) d(ppm): 26.6, 28.6,
29.0, 32.4, 50.4, 101.0, 112.1, 116.5, 119.8, 124.6, 125.2, 129.0,
129.9, 130.0, 131.8, 142.0, 156.6, 158.7, 162.4, 165.0, 196.5;
RSC Adv., 2023, 13, 21820–21837 | 21833
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ESI(−)MS (m/z): 459 [M − H]−; anal. calcd (%) for
[C25H21FN4O4]: C, 65.21; H, 4.60; N, 12.17 O, 13.90; found (%):
C, 64.88; H, 4.58; N, 12.11; O, 13.83.

4.2.9. 4-((4-Ferrocenylphenyl)amino)-5-(2-uorophenyl)-
8,8-dimethyl-5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-
6-one (3i). 4-Ferrocenylaniline was used as a precursor to
synthesize 3i. Orange solid; yield: 85% (0.51 g); m.p.: >250 °C;
selected IR bands (cm−1): 3430 (N–H stretching), 2959 (C–H
stretching), 1655 (C]O stretching); 1H NMR (DMSO-d6) d(ppm):
0.94 (s, 3H, CH3), 1.08 (s, 3H, CH3) 2.12–2.15 (d, 1H, J= 16.2 Hz,
Hmethylene), 2.33–2.36 (d, 1H, J = 16.1 Hz, Hmethylene), 2.56–2.59
(d, 1H, J = 17.5 Hz, Hmethylene), 2.69–2.72 (d, H, J = 17.4 Hz,
Hmethylene), 4.00 (s, 5H, Hcyclopentadienyl), 4.30–4.31 (t, 2H,
Hcyclopentadienyl), 4.71 (2H, Hcyclopentadienyl), 5.56 (s, 1H, Hmethine),
7.05–7.08 (overlapping doublets, 1H, J = 8.3 and 8.5 Hz,
Haromatic), 7.12–7.14 (t, 1H, J = 7.1 Hz, Haromatic), 7.20–7.22 (q,
1H, J = 6.4 Hz, Haromatic), 7.43–7.45 (d, 2H, J = 8.7 Hz, Haromatic),
7.48–7.50 (d, 2H, J = 8.7 Hz, Haromatic), 7.78–7.81 (t, 2H,
Haromatic, J = 7.8 Hz), 8.32 (s, 1H, Hpyrimidinyl), 8.46 (s, 1H, –
N(H)–); 13C NMR (DMSO-d6) d(ppm): 26.7, 28.7, 29.1, 32.4, 50.4,
66.3, 66.5, 69.1, 69.7, 85.3, 98.4, 112.2, 116.3, 116.5, 121.6, 124.5,
126.3, 129.2, 129.8, 132.2, 137.5, 156.6, 159.1, 160.5, 161.8,
162.1, 165.0, 196.2; ESI(−)MS (m/z): 598 [M − H]−; anal. calcd
(%) for [C35H30FFeN3O2]: C, 70.12; H, 5.04; N, 7.01; O, 5.34;
found (%): C, 69.77; H, 5.01; N, 6.97; O, 5.31.

4.2.10. 4-((3-Ferrocenylphenyl)amino)-5-(2-uorophenyl)-
8,8-dimethyl-5,7,8,9-tetrahydro-6H-chromeno[2,3-d]pyrimidin-
6-one (3j). 3-Ferrocenylaniline was used as a precursor to
synthesize 3j. Pale orange solid; yield: 86% (0.52 g); m.p.: 196–
200 °C; selected IR bands (cm−1): 3431 (N–H stretching), 2953
(C–H stretching), 1647 (C]O stretching); 1H NMR (DMSO-d6)
d(ppm): 0.95 (s, 3H, CH3), 1.09 (s, 3H, CH3) 2.12–2.16 (d, 1H, J =
16.2 Hz, Hmethylene), 2.34–2.38 (d, 1H, J = 16.2 Hz, Hmethylene),
2.56–2.61 (d, 1H, J = 17.6 Hz, Hmethylene), 2.70–2.74 (d, H, J =
17.6 Hz, Hmethylene), 4.05 (s, 5H, Hcyclopentadienyl), 4.34 (2H,
Hcyclopentadienyl), 4.66–4.68 (d, 2H, J = 6.7 Hz, Hcyclopentadienyl),
5.58 (s, 1H, Hmethine), 7.04–7.22 (m, 5H, J = 6.9 Hz, Haromatic),
7.44 (m, 1H, Haromatic), 7.71 (s, 2H, Haromatic), 7.80–7.83 (t, 2H,
Haromatic, J = 7.7 Hz), 8.33 (s, 1H, Hpyrimidinyl), 8.44 (s, 1H, –
N(H)–); 13C NMR (DMSO-d6) d(ppm): 26.7, 28.7, 29.1, 32.4, 50.4,
66.7, 67.2, 69.3, 69.9, 85.5, 98.6, 112.2, 116.3, 116.5, 119.2, 119.4,
121.5, 124.5, 128.8, 129.3, 129.8, 132.2, 139.6, 156.5, 159.3,
160.1, 161.9, 165.0, 196.2; ESI(−)MS (m/z): 598 [M − H]−; anal.
calcd (%) for [C35H30FFeN3O2]: C, 70.12; H, 5.04; N, 7.01; O,
5.34; found (%): C, 69.76; H, 5.02; N, 6.98; O, 5.31.
4.3. X-ray crystal structure determinations

Single crystals suitable for X-ray diffraction studies of 3a to 3c,
3e and 3h were obtained by recrystallization from hot methanol
and those of 3j were obtained via slow evaporation of acetone
solution. Crystal evaluation and data collection was done on
a Bruker Smart APEXII diffractometer with Mo Ka radiation
source. Reections were collected at different starting angles
and the APEXII program suite was used to index the reec-
tions.75 Data reduction was performed using the SAINT76 so-
ware and the scaling and absorption corrections were applied
21834 | RSC Adv., 2023, 13, 21820–21837
using the SADABS77 mult1scan technique. The structures were
solved by the direct method using the SHELXS78 program and
rened using SHELXL program.79 Graphics of the crystal
structures were drawn using MERCURY80 and OLEX2.81 Non-
hydrogen atoms were rst rened isotropically and then by
anisotropic renement with the full-matrix least squares
method based on F2 using SHELXL.79 All hydrogen atoms were
positioned geometrically, allowed to ride on their parent atoms
and rened isotropically. The uorine atom in 3a's 2-uo-
rophenyl group, was found to be disordered over two positions.
PART 1 and 2 instructions were used to model the disorder with
the major component having a 95.0% site occupancy. In 3e, the
anilinyl moiety also exhibited a two-part disorder with a 95.3%
site occupancy for the major component. The uorine atom in
3j's 2-uorophenyl group and the acetone molecule, both
exhibited a two-part disorder with the major component having
93.5% site occupancy. The crystallographic data and structure
renement details are summarized in Table S3.†

4.4. CT-DNA binding affinity determination

The interactions of the compounds with calf thymus DNA (CT-
DNA) were assayed using electronic absorption titration by
varying concentrations of CT-DNA (0–8 mM) in phosphate buffer
saline solution against xed concentrations (20 mM) of the
compounds. The compounds-CT-DNA mixture was incubated
for 10 min before measuring the absorbance using UV-vis
absorption spectroscopy.82 The absorbance of CT-DNA is
cancelled by adding equivalent amounts of CT-DNA to both the
tested compounds and the reference solutions. In all the
experimental of the interaction of the compounds with CT-DNA,
the nal concentration of DMSO in the incubation mixture was
∼2% (v/v).

The compounds' intrinsic binding constants, KDNA, were
determined using Wolfe–Shimer equation (eqn (2))

½DNA��
3a � 3f

� ¼ ½DNA��
3b � 3f

�þ 1

KDNA

�
3b � 3f

� (2)

where [DNA], 3a, 3b, and 3f are DNA concentration, apparent,
fully bound complex, and free complex extinction coefficients,
respectively. The ratio of the slope to the intercept from the plot
of [DNA]/(3a − 3f) against [DNA] gave the binding constant KDNA

of the compounds.

4.5. Albumin binding affinity determination

A stock solution of BSA was prepared by dissolving an appro-
priate amount of BSA in phosphate-buffered saline (pH 7.2)
under constant stirring for one hour at 25 °C. It was kept at 4 °C
and used within four days. The BSA concentrations were
determined spectrophotometrically by using 3280 nm = 44
300M−1 cm−1 absorption coefficient.83 The stock solution of the
complex was prepared by dissolving 1 mmol of the complexes in
DMSO. The absorption titration assay was done by adding
different concentrations between 0 and 10 mM of the complexes
to a constant BSA concentration (6 mM). The samples solution
was incubated aer each addition of the concentrations for 10
minutes at 25 °C before recording the absorbance at lmax
© 2023 The Author(s). Published by the Royal Society of Chemistry
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280 nm. Using the Benesi–Hildebrand equation (eqn (3)),84 the
binding constant KBSA was calculated from the intercept to the
slope ratio of 1/[A − A0] vs. 1/[complex] linear curve.

1

ðA� A0Þ ¼
1

ðAmax � A0Þ þ
1

KDNAðAmax � A0Þ½complex�n
(3)

where A is the absorbance recorded in the presence of an added
guest, A0 is the absorbance of receptor in the absence of guest,
and Amax is the absorbance in the presence of added [complex]n.
4.6. Evaluation of antiproliferative potential, cytotoxicity
and cell viability

4.6.1. Cell culture. To evaluate the potential of 1a, 1b, 3a
and 3j to halt proliferation of MCF-7 cells, the cells were
cultured in 25 cm3

asks until 80% conuent using cell culture
media comprising Dulbecco's Modied Eagles' Medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS),
1% (v/v) penicillin–streptomycin antibiotic, 1% (v/v) L-gluta-
mine and 2.5% (v/v) 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES) buffer. The cell
cultures were washed with sterile phosphate buffered saline
(PBS), passaged using trypsin and maintained in a humidied
incubator (37 °C, 5% CO2). All cell culture experiments were
performed using aseptic procedures.

4.6.2. Determination of cell viability. To evaluate the cyto-
toxicity of 1a, 1b, 3a and 3j on breast cancer cell lines in vitro,
the methylthiazol tetrazolium bromide (MTT) assay was per-
formed. Briey, MCF-7 cells were seeded into 96-well plates with
a seeding density of 15 000 cells per well and incubated for 24
hours. Thereaer, 5 mg mL−1 aliquots of the stock solutions
were prepared in DMEM and DMSO (<0.1%), and cells were
treated with serial concentrations of 1a and 1b (0–150 mg mL−1),
3a and 3j (0–50 mg mL−1). Aer 24 hour incubation, 20 mL MTT
solution (5 mg mL−1 in PBS) and 100 mL cell culture media were
added to the wells, respectively and incubated for another four
hours at 37 °C under 5% CO2. Aer one hour, the MTT solution
was aspirated, leaving formazan crystals at the bottom of the
wells, which were solubilized using 100 mL DMSO per well. A
microplate spectrophotometer (Spectrostar Nano, Germany)
was used to read the absorbance of each well at 570/690 nm.
This study was performed in triplicate and the concentrations
of each compound that produced half the maximum inhibition
(IC50) were calculated via linear extrapolation and used in all
subsequent assays. Eqn (4) was used to calculate the percentage
cell viability:

% Cell viability ¼
�

A570 nmtreated cells

A570 nmuntreated cells

�
� 100% (4)

4.6.3. Cytotoxicity. To determine the mechanism of cyto-
toxicity to MCF-7 cells following 24 hour treatment with the
compounds 1a, 1b, 3a and 3j, the activation of executioner
caspase 3/7 was determined. The caspase 3/7 uorometric assay
was used to determine apoptosis induction. Briey, MCF-7 cells
were seeded at a density of 10 000 cells per well in a 96-well plate
and incubated for 24 hours (37 °C, 5% CO2). Thereaer, cells
© 2023 The Author(s). Published by the Royal Society of Chemistry
were treated with the compounds at their IC50 values for 24
hours. Untreated cells were used as controls. Thereaer, 100 mL
caspase 3/7 loading solution was added to each well and incu-
bated for one hour at room temperature. For caspase 3/7
detection, uorescence (excitation/emission of 535/620 nm)
was measured using a microplate reader. The experiments were
performed in triplicate and data were expressed as relative
uorescence units (RFU).

4.6.4. Selective toxicity. The selective toxicities of
compounds 1a, 1b, 3a and 3j were determined using their IC50

values in human embryonic kidney cells (HEK-293) in vitro in
pre-determined MTT assays. Briey, HEK-293 cells were
cultured in DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS), 1% (v/v) penicillin-streptomycin antibiotic, 1% (v/
v) L-glutamine and 2.5% (v/v) 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES) buffer in an incu-
bator. The cells were seeded in a 96-well plate at a density of 15
000 cells per well and incubated for 24 hours (37 °C, 5% CO2).
Thereaer, the cells were treated with the IC50 concentrations of
the respective test compounds and incubated for 24 hours.
Thereaer, 20 mL MTT solution (5 mg mL−1 in PBS) and 100 mL
cell culture media, respectively were added to the wells and
incubated for a further four hours (37 °C, 5% CO2). MTT solu-
tion was then aspirated and 100 mL DMSO was added per well. A
microplate spectrophotometer was used to read the absorbance
at 570/690 nm. The experiments were done in triplicate and the
percentage cell viability calculated as per the formula in Section
2.6.2.

4.6.5. Statistical analysis. GraphPad Prism version 9.4.1.
(GraphPad Soware, San Diego, CA, USA) was used for the
statistical analyses. The IC50 in the MTT experiment was
analyzed utilizing the concentration-response inhibition equa-
tion with non-linear regression. We used unpaired t-tests with
Welch's correction to determine whether or not the differences
between treatments (1a, 1b, 3a, and 3j) and the control were
statistically signicant in the caspase 3/7 assay results.
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