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Abstract

The structure-based approach remains a valuable tool for rapid and high-throughput drug discovery and lead optimisation. In this
study, we report the in-silico modelling and anticancer activity of two 1,8-napthalimide (NAP) derivatives containing organyl
selanyl groups. The organylselanyl function n-octylselanyl (n-OctSe) or phenylselanyl (PhSe) was introduced at the 6-position of a
naphthalimide structure having a conserved 3-(4-(tert-butyl)phenoxy)propy! function at the imide nitrogen. The resultant naphthal-
imide—organylselanyl conjugates, NAP-SePh and NAP-Se(n-Oct), were characterised using various spectroscopic techniques, in-
cluding FTIR, 'H, 3C, 77Se NMR and high-resolution mass spectrometry (HRMS). NAP-SePh was structurally characterised by
single-crystal X-ray diffraction analysis. The anticancer potential of the NAP-SePh and NAP-Se(n-Oct) was evaluated using an in
vitro cell viability assay with MDA-MB-231 triple-negative breast cancer (TNBC) cells. The ICs, values for compounds NAP-SePh
and NAP-Se(n-Oct) were 27.92 £ 3 uM and 23.06 = 3 uM, respectively. Molecular docking simulations revealed that NAP-SePh
and NAP-Se(n-Oct) show binding affinities of —10.39 and —8.53 kcal/mol for the (1M17) active, and —10.66 and —10.59 kcal/mol
for the (4HJO) inactive conformation of the tyrosine kinase domain of the epidermal growth factor receptor (EGFR) in which
erlotinib, a well-known anticancer drug, binds.

Introduction

Cancer remains one of the most common and life-threatening increase by 7% in East Asia and 35% in South Asia by 2030

diseases globally, posing a serious challenge to health and
survival [1,2]. Among its various forms, breast cancer is a
major concern, particularly for women, as it accounts for a sig-
nificant proportion of cancer-related morbidity and mortality
worldwide [3]. Breast cancer affects one in ten cancer patients

worldwide [4]. The predicted breast cancer mortality rate will

[5]. Early detection enables identification at an earlier stage,
when treatment is more effective, and survival rates are signifi-
cantly higher [6]. Breast cancer is divided into luminal A (ER*/
PR*/HER2", Ki-67 low), luminal B (ER*/PR*/HER2" or
HER2", Ki-67 high), HER2-positive, triple-negative (lacking
ER, PR, and HER2 expression), and triple-positive (ER*/PR"/

416


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:selvakumar.k@vitap.ac.in
https://doi.org/10.3762/bjoc.22.29

HER2") subtypes [7]. Among these, breast cancer accounts for
10-20% of triple-negative breast cancer (TNBC) cases [8].
Notably, TNBC accounts for roughly 39% of breast cancer
diagnoses in African American women before menopause, al-
though the prevalence drops to about 15% among post-
menopausal women [9]. Moreover, EGFR is the most
frequently overexpressed receptor in TNBC compared to other
breast cancer subtypes. Current therapeutic strategies for TNBC
are often inadequate, with limited effectiveness for many
patients, underscoring the urgent need for novel treatment ap-
proaches. In particular, the development of new small-molecule
EGEFR tyrosine kinase inhibitors holds significant promise, as
there is currently no highly effective approved therapy targeting
EGFR in TNBC [10]. Selenium is one of the vital trace ele-
ments with numerous health benefits. Its adequate intake is
essential, as a minimum quantity is required to support normal
physiological functions [11,12]. Adults should eat at least 55 pg
of selenium per day. However, the exact quantity varies by age,
gender, food, and locality [13]. A lack of selenium is associated
with several illnesses, particularly in children, including stunted
growth, compromised immunity, and an increased risk of devel-
oping diseases such as Keshan disease [14,15]. Among the sele-
nium-containing compounds, selenoproteins, incorporating
selenocysteine, the 21st amino acid, are of special importance
due to their essential role in various biochemical processes
[16,17]. Inspired by natural biosynthetic pathways, synthetic
chemists have developed novel low-molecular-weight
organoselenium compounds, many of which exhibit promising
applications in medicinal chemistry [18,19]. Selenium has been
incorporated into non-steroidal anti-inflammatory drugs
(NSAIDs) and histone deacetylase (HDAC) inhibitors, both of
which show considerable potential in anticancer therapy
[20,21]. Over the last few decades, researchers have increas-
ingly focused on developing novel organoselenium compounds
as potential chemopreventive and anticancer agents [22-26].
Among these, the structures of a few representative examples
are illustrated in Figure 1. Notably, the second-generation
organoselenium compound methylseleninic acid (1) has
emerged as a promising drug candidate for the treatment of
triple-negative breast cancer (TNBC) [27]. In addition, the clas-
sical organoselenium compound diphenyl diselenide (2) has
shown significant anticancer activity against the MDA-MB-231
breast cancer cell line [28]. Very recently, a 4-nitro-substituted
benzylic diselenide 3 was reported to inhibit the Akt/mTOR and
ERK pathways while suppressing NF-kB—mediated inflamma-
tion and invasiveness in TNBC cells [29]. On the other hand,
naphthalimides (NAP) are well known for their potent anti-
cancer activity, as exemplified by the parent compounds amon-
afide (4) and mitonafide (5), which have progressed to clinical
trials but exhibited unpredictable toxicity [30]. Consequently,

recent research has focused on minimising these adverse effects
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while enhancing antiproliferative potency through diverse syn-
thetic modifications [31]. One major strategy involves fused-
ring modification, wherein heteroatoms such as azo or thiol
groups are introduced either linearly at the 4,5-position or later-
ally at the 5,6-position of the naphthalimide ring [32-37]. A
second approach involves positional substitution, shifting func-
tional groups from the 5-position to the 6-position to prevent
N-acetylation-related side effects and enhance antitumor effi-
cacy [38,39]. Notably, a series of naphthalimide derivatives
bearing sulfur-containing secondary or tertiary amine functions
at the 6-position of naphthalimide have gained attention, as sec-
ondary amino functions strongly suppress acetylation and the
embedded sulfur function contributes to the apoptosis induction
[40,41].The third modification route centres on functional group
engineering, in which small amine substituents are replaced
with polyamines or long aliphatic chains, thereby enhancing
lysosomal membrane permeability and aqueous solubility [42].
Interestingly, for the first time, N-(n-octyl) chain substitution
has been shown to demonstrate remarkable anticancer activity,
particularly through tyrosine kinase inhibition, without signifi-
cant DNA intercalation [43]. Among these derivatives, N-(n-
octyl) substitution at the 6-position exhibits a more pronounced
effect as compared to octyl substitutions linked to the imide
nitrogen of the naphthalimide ring [44]. Furthermore, compara-
tive studies between sulfur- and selenium-containing naphthal-
imide analogues revealed that the selenium-based naphthal-
imide derivative, particularly selenomorpholine 6, displays the
highest anticancer activity against K562 and MCF-7 cell lines
[41]. While the -CH,-CH,-NMe, group is routinely attached to
the imide nitrogen of the naphthalimide, attachment of simple
alkyl groups to the imide nitrogen of naphthalimide has also
been explored to a considerable extent [45,46]. In general, the
tert-butyl group has attracted considerable attention in drug
design and synthesis due to its lipophilic character [47,48].
From the above-mentioned point of view, we have changed
both sides of the substitution with a new class of hydrophobic
function (3-(4-(tert-butyl)phenoxy)propyl group) at the imide
nitrogen and phenyl selanyl and octyl selanyl groups at the
6-position of naphthalimide to provide the naphthalimide-
organyl selanyl conjugates 7 and 8. The molecular structures of
these derivatives feature multivalent binding components, in-
cluding electron-deficient, electron-rich, and hydrophobic
regions, which offer greater affinities towards biological targets.
Structures of these compounds were confirmed through various
spectroscopic analyses. The structure of compound 7 was con-
firmed using single-crystal XRD analyses, and structure and
electronic properties were further investigated using density
functional theory (DFT) calculations. Cytotoxicity tests were
used to assess the anticancer potential of both conjugates, and it
was found that both compounds showed notable activity against
the test MDA-MB-231 breast cancer cell line. Molecular
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Figure 1: Representative structures of organoselenium compounds and naphthalimide derivatives are reported as anticancer drug molecules.

docking simulation revealed strong binding interaction and
affinities towards the tyrosine kinase domain of epidermal
growth factor receptor (EGFR), and the protein-ligand interac-
tion resembles the interaction found in the co-crystallised pro-
tein—erlotinib complex.

Result and Discussion
Chemistry

Scheme 1 illustrates the synthesis of naphthalimide-organylse-
lanyl conjugates 7 and 8. The incorporation of the organose-
lenide moiety into the naphthalimide scaffold was achieved via
a nucleophilic substitution reaction. The bromine atom in the

bromonaphthalimide precursor 12, prepared from 9 via 10 and

11 using a reported protocol [49], was replaced with an
organylselanyl function. Two different organyl selenolates, phe-
nyl selenolate and n-octyl selenolate, derived respectively from
diphenyl diselenide [50] and di-n-octyl diselenide [51], were
employed as nucleophiles for this transformation. The phenyl
selenolate is widely used in organoselenium chemistry as a
source of selenium due to its high reactivity toward halo-
genated substrates and excellent chemical stability. The n-octyl
selenolate is comparatively less explored but readily undergoes
substitution reactions with halogenated compounds, making it a
viable alternative for introducing long alkyl chains into sele-
nium-containing systems towards lysosomal membrane perme-
ability (vide supra) [42-44]. After synthesis, compounds 7 and 8
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Scheme 1: Reagents and conditions for the step-wise synthesis of diorganyl monoselenides 7 and 8: (a) N-(3-bromopropyl) phthalimide, KoCOg,
CH3CN, reflux 48 h, yield 53%,; (b) hydrazine hydrate, ethanol, reflux 8 h, yield 48%; (c) 4-bromo-1,8-naphthalic anhydride, ethanol, reflux 2 h, yield
66%; (d) diphenyl diselenide, NaBH4, DMSO and THF, rt, 1.5 h, yield 54%; (e) dioctyl diselenide, DMSO and THF, rt, 1 h, yield 76%.

were thoroughly characterised using multinuclear NMR spec-
troscopy 'H, 13C, and 77Se NMR (Supporting Information File 1,
S11-S13 and S16-S18). In the 'H NMR spectrum of com-
pound 7, the tert-butyl protons appeared as a singlet at
1.27 ppm. The protons of the propylene linker chain resonated
in the aliphatic region at 2.22, 4.08, and 4.37 ppm. The aromat-
ic protons of the fert-butyl-substituted phenyl ring appeared at
6.77 and 7.25 ppm, while the naphthalimide aromatic protons
were observed between 7.53 and 8.62 ppm. Additionally, the
aryl protons adjacent to the selenium atom appeared as a one
multiplet at 7.41 and one doublet at 7.60 ppm [52]. For com-
pound 8, characteristic aliphatic 'H resonance signals corre-

sponding to the octyl chain attached to the selenium were ob-

served. A triplet at 0.87 ppm was assigned to the terminal
methyl (-CHj3) protons, a multiplet peak at 1.27 ppm corre-
sponds to the methylene protons adjacent to the methyl group,
and two quintet peaks in the range of 1.47 and 1.80 ppm and
one triplet at 3.13 ppm were attributed to the remaining methy-

lene protons located near the selenium atom [51].

In the '3C NMR spectra, distinct chemical shift differences
were observed between compounds 7 and 8, due to the small
structural differences between them. For compound 7, with
reference to 13C NMR signals of the starting material 12, the
13C NMR spectrum of compound 7 exhibits four additional aro-

matic carbon resonances, which are consistent with the phenyl
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ring carbons of phenyl selanyl function tethered to the naphthal-
imide core. The signal at 142 ppm is assigned to the ipso car-
bon directly attached to the selenium atom. The resonance ob-
served at 136 ppm corresponds to the chemically equivalent
ortho carbons. The meta carbons appear as a single signal at
130 ppm, while the para carbon is observed at 127 ppm. The
reduced number of aromatic signals arises from the chemical
equivalence of the ortho and meta carbon pairs, confirming the
proposed structure. In contrast, with reference to the '3C NMR
signals of starting material 12, compound 8 exhibited eight new
13C NMR peaks in the aliphatic region (14-32 ppm), which is
attributed to the incorporation of an octyl selenide unit into the
naphthalimide framework. These differences highlight the
distinct electronic environments introduced by the aryl and
octyl selenium substituents. The 77Se NMR spectral data
provide further confirmation. Compound 7 exhibited a 7’Se
NMR resonance peak at 393 ppm, while compound 8 showed a
more shielded signal at 268 ppm. The upfield shift in octyl
selenide 8 is attributed to increased shielding around the sele-
nium centre, likely resulting from the inductive electron-donat-
ing effect of the n-octyl group. The observed chemical shift
values are consistent with previously reported data for related
selenium-containing systems [51,52]. The ESI-HRMS mass
spectral data of compound 7 showed a molecular ion peak
[M + H]* at m/z 544.1407, which is consistent with the calcu-
lated m/z value of 544.1385. For compound 8, the observed mo-
lecular ion peaks revealed extensive fragmentation of the mo-
lecular ion. However, as shown in Supporting Information
File 1, Figure S19, a representative fragment ion with a m/z
value of 318.0028 could be matched with naphthalimide selene-
nium cation, having a calculated m/z value of 318.0028.

Single-crystal X-ray diffraction analysis of

compound 7

A single crystal of compound 7 was obtained by slow evapora-
tion of a chloroform—methanol mixture (1:3 v/v). Single-crystal
X-ray diffraction analysis revealed that compound 7 crys-
tallises in the triclinic crystal system with the space group P1 .
The crystal structure of compound 7 is shown in Figure 2a. It
shows a typical V-shaped geometry around the selenium atom.
The structure reveals the four distinct intermolecular interac-
tions that facilitate the self-assembly in the crystal packing. The
first is a chalcogen bonding interaction (Se---Se) [53], as shown
in Figure 2b, in which one aryl selenide molecule linearly
connects to another, with a Se---Se distance of 3.703 A. The
second is a selenium—carbon (Se---C) interaction as shown in
Figure 2c, where the molecules are arranged in a top-down ori-
entation [54]. In this orientation, the Se motif of one molecule
interacts with the carbonyl carbon of another molecule, showing
the Se---C distance of 3.588 A. Third and fourth, as shown in

Supporting Information File 1, Figure S20, the intermolecular
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interaction of C—-H---O, having an H---O distance of 2.544 A and
the (sr---m) interaction having a C---C distance of 3.376 A,
stabilise and glue the self-assembled architecture in the
solid state structure of the compound 7. All the above-
mentioned non-bonded interaction distances are shorter than the
sum of the van der Waals radii of the respective elements in
contact [55].

Computational analysis

To further evaluate the energy-minimised structures useful for
molecular characteristics and electronic properties of com-
pounds 7 and 8, geometry optimisations and frequency calcula-
tions were performed using density functional theory (DFT)
with the B3LYP functional and the 6-31G(d,p) basis set, as
shown in Figure 3 [56,57]. The input structure of compound 7
was obtained from a single-crystal XRD coordinate file, while
the structure of compound 8 was constructed using Gaussian
tools. The C—Se—C bond angle computed from the gas phase
optimised structure of 7 is 97.8°. It is in good agreement with
the bond angle (102.5°) observed from the solid-state structure
of 7. Due to steric reasons, the phenyl plane moves perpendicu-
lar to the naphthalimide plane. A similar C—Se—C angle, 97.4°,
has been noticed in the gas phase optimised structure of com-
pound 8, and the n-octyl group orients out of plane with respect
to the naphthalimide plane. It shows the limited rotational
motion around the selenium center. The second important fea-
ture is the torsional motion in the propylene linker attached to
the imide nitrogen of the naphthalimide core. The calculated
O-C-C-C torsional angle from the gas-phase structure of 7 is
—61.5°. The observed torsional angle from the solid-state struc-
ture of 7 is —69.7°. This shows good agreement between the
solid-state and gas-phase geometries of 7. In contrast, although
a solid-state structure is not available, the computed O—-C-C-C
torsional angle from the gas-phase geometry of 8 is 179.7°. The
comparison of the computed torsional angles between the two
compounds indicates considerable torsional motion permissible
across the propylene linker. This motion is relevant in the solu-
tion phase. While a direct correlation could not be made be-
tween the solid-state structure and the gas-phase (or solution-
phase) geometry, the calculation reveals that a considerable
degree of freedom is available across the propylene linker.
Therefore, the optimised geometries were treated as one of the
possible local minima and subsequently used for all analyses,

including molecular docking studies, performed in this work.

FMO analysis of the compounds 7 and 8

The optimised geometries of compounds 7 and 8 were used to
compute the frontier molecular orbitals (FMOs), the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) [58]. The FMO analysis, as

shown in Figure 4, provides insight into the electronic distribu-
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Figure 2: a) ORTEP diagram of compound 7 with thermal ellipsoids drawn at the 50% probability, b) and c) show Se--Se and Se---C intermolecular

interaction in compound.

tion and the HOMO-LUMO energy gap, which are key parame-
ters for understanding the compound's chemical reactivity and
stability. In both compounds, the HOMO is mainly localised on
the tert-butyl-substituted phenyl ring, while the LUMO is
localised on the naphthalimide moiety. For both structures, the
estimated energy gaps are around 3 eV. Compound 7 has an
energy gap of 3.098 eV, having HOMO and LUMO energies of
—5.6153 eV and —2.5170 eV, respectively (Figure 4a). Com-
pound 8 has an energy gap of 3.049 eV with HOMO and
LUMO energies of —=5.6036 eV and —2.5546 eV, respectively
(Figure 4b). These values indicate that compounds 7 and 8 have

similar electronic structure and stability.

The computed HOMO-LUMO gaps for the compounds are in
good agreement with the experimentally measured
HOMO-LUMO gaps measured using UV-visible spectroscopy.
The UV-visible absorption spectra of compounds 7 and 8 were
recorded in chloroform at a concentration of 2 x 107 M, as
shown in Supporting Information File 1, Figure S21. Both com-
pounds have slightly similar absorption bands. Compound 7
shows an absorption maximum at 395 nm as a broad band peak.
In comparison to compound 7, compound 8 displays a slight
bathochromic (red) shift, with absorption maxima at 402 nm as
a broad band peak. The band observed at 395 nm (for 7) and

402 nm (for 8) is attributed to T* electronic transitions of the
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a) .

b)

Figure 3: DFT optimised structure of compounds a) 7 and b) 8.
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Figure 4: HOMO, LUMO, and the energy gap of the compounds: a) 7 and b) 8.
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selenium-containing naphthalimide derivatives [59]. The corre-
sponding theoretical energies for compounds 7 and 8 were de-
termined to be 3.139 eV for compound 7 and 3.084 eV for com-
pound 8 based on their experimental absorption wavelengths.
Compound 7 (3.098 eV) and compound 8 (3.048 eV) DFT-
calculated HOMO-LUMO energy gaps agree well with the
energy values obtained through experimentation.

Mulliken charge analysis (MCA) of the com-

pounds 7 and 8

The MCA of the compounds 7 and 8, as shown in Figure 5,
reveals important insights into their electronic structures rele-
vant to biomedical applications [60]. For compound 7, nitrogen
and oxygen atoms exhibited high negative charges of —0.588
(N), —=0.533 (O1), =0.511 (0O2), and -0.500 (O3) as shown in
Figure 5a. Similarly, for compound 8, the charges were —0.588
(N), —=0.539 (O1), —0.506 (02), and —0.506 (O3) as shown in
Figure 5b. The selenium atom displayed Mulliken charge values
of —0.045 and —0.039 for compounds 7 and 8, respectively. The
carbonyl carbon of the naptthalimide ring features relatively
positive character for (C1) and (C2), with a Mulliken charge
value of 0.597 for compound 7, and for compound 8, (C1) and
(C2) are 0.598 and 0.599. This electron charge distribution
clearly indicates that the nitrogen atom has a more negative
character than oxygen and selenium. Still, the oxygen atom has
a significant negative character that enables it to form a hydro-
gen bonding interaction with the active site amino acid residue

of the proteins.
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Figure 5: Mulliken atomic charge of the compounds: a) 7 and b) 8.
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MEP analysis of compounds 7 and 8

The molecular electrostatic potential (MEP) maps of com-
pounds 7 and 8 are depicted in Figure 6a and 6b, respectively.
The MEP analysis provides vital insights into the electronic
characteristics of atoms within a molecule [61]. In the MEP
maps, the colour distribution follows the order blue, green, and
red, representing increasing electrostatic potential. The blue
regions correspond to more electropositive areas, while the red
regions indicate more electronegative areas. For both com-
pounds 7 and 8, the oxygen atoms exhibit the highest electro-
negativity, indicating potential nucleophilicity and the ability to
readily participate in hydrogen bonding with amino acids
through non-covalent interactions. Overall, MEP mapping
reveals the reactive surface characteristics of the compounds
and highlights the region most likely to engage in molecular

recognition processes.

Biology

In-vitro cytotoxicity study

The in vitro anticancer activity of the compounds 7 and 8 was
evaluated against the MDA-MB-231 triple-negative breast
cancer cell line using the MTT assay [62,63]. To determine the
accurate ICsy value, triplicate average measurements and stan-
dard deviation were used for calculation. The ICs, values of
compound 7 (Figure 7a) and compound 8 (Figure 7b) were
found to be 27.92 £ 3 uM and 23.06 + 3 uM, respectively. The
compounds exhibited significant, dose-dependent cytotoxicity,

with cell viability decreasing as the concentration increased.
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Figure 6: MEP analysis of the compounds: a) 7 and b) 8.
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Figure 7: log concentration (uM) vs cell viability (%) of compounds of a) 7 and b) 8.

Notably, both compounds demonstrated comparable cytotoxic

effects against the tested cancer cell line.

To assess the significance of variations between concentration
and cell viability, one-way ANOVA was performed using
GraphPad Prism software [64], as shown in Figure 8§,
comparing the control group to each test concentration of the

compound 7 (Figure 8a) and compound 8 (Figure 8b). The

results showed no significant differences between the control

and 6.12 uM concentrations. However, significant changes

were seen among higher concentrations (12.25 uM, 25 uM,
50 uM, 100 puM, and 200 pM). All showed the same degree of
multifold significance with a p-value of p < 0.0001.

The ICso values of the synthesised naphthalimide conjugates 7
and 8 were compared with those of standard anticancer drugs,
such as erlotinib and gefitinib, as well as previously reported
selenium- and naphthalimide-based compounds (Table 1). The
comparison shows that compounds 7 and 8 have 1Cs, values in
the upper range relative to the standard drugs erlotinib and gefi-
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Figure 8: Significant difference of control vs concentration: a) compound 7, b) compound 8.

Table 1: Comparison table showing the ICsg values of known drug molecules.

50 UM 100 uM 200 uM
Concentration (uM)

Drug molecule Structure of the drugs molecules Cell line IC50 (LM) Ref
| X
HN S
erlotinib - o MDA-MB-231 7.0 [65]
iqd
O HN Cl
gefitinib O MDA-MB-231 16.5 [65]
N ~O© N
//
NS P
ebselen oxide MDA-MB-231 10 [66]
O,N
naphthalimide—artesunate MDA-MB-231 45.93 [67]

conjugates O
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Table 1: Comparison table showing the IC5g values of known drug molecules. (continued)
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O
7 Se A MDA-MB-231 27.92+3  this work
o N
MDA-MB-231 23.06+3 this work

O 0
8 SeN_\_/C)W
ws—/ o)

tinib. However, their ICsy values are comparable to or lower
than those of the naphthalimide-based anticancer agents. These
results indicate that the synthesised naphthalimide-organylse-
lanyl conjugates 7 and 8 possess considerable anticancer activi-
ty against the MDA-MB-231 breast cancer cell line.

Molecular docking study

Following the in vitro cytotoxicity test, molecular docking
studies were carried out to obtain a deeper understanding of the
behaviour of compounds 7 and 8. It is crucial to understand that
these compounds' molecular structure, which establishes impor-
tant properties like molecular flexibility and their capacity to
form different non-covalent interactions with the target protein,
has a significant impact on their anticancer potential. The
binding interactions of compounds 7 and 8 with the active
(1IM17) and inactive (4JHO) EGFR tyrosine kinase domain are
summarised in Table 2. The ligand structure of compound 7
was obtained from a single-crystal XRD coordinate file, where-
as the structure of compound 8 was derived from DFT energy

minimisation. Both ligand structures were converted into PDB

format for molecular docking studies using the crystal struc-
tures of EGFR tyrosine kinase in active conformation (1M17)
and inactive conformation (4HJO). The docking results revealed
that both ligands fit well within the binding pocket of the EGFR
tyrosine kinase domain. The binding interactions were further
validated by comparison with the crystal structures of the active
(1M17) and inactive (4HJO) forms of EGFR complexed with
the co-crystallised ligand erlotinib, which is known for its
affinity towards both conformations of the receptor [70].
Notably, compounds 7 and 8 exhibited interaction patterns
closely resembling the binding interaction of erlotinib within
the respective binding sites.

Comparative binding interaction of compounds 7
and 8 with the active (1M17) tyrosine kinase domain
of EGFR

The epidermal growth factor receptor (EGFR) of the active
tyrosine kinase domain in complex with erlotinib was retrieved
from the Protein Data Bank (PDB ID: 1M17, https://doi.org/
10.2210/pdb1M17/pdb, [71]) and subjected to molecular
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Table 2: The binding interactions of active (1M17) and inactive (4HJO) EGFR tyrosine kinase with compounds 7 and 8.

Target PDBID  Compounds Binding Interaction Binding site residue(s)
protein affinity (kcal/mol) type
EGFR 1M17 7 -10.39 van der Waals Gly 772
H-bond Met 769
C-H bond Met 769
m—donor Thr 766
-0 Leu 820
m—sulfur Met 742
amide—T Phe 771
alkyl Leu 694
m—alkyl Val 702, Ala 719, Lys 721, Leu 764,
8 -8.53 van der Waals Pro 770
H-bond Met 769
C-H bond Thr 766
m—anion Asp 831
m—0 Leu 694
amide— Met 769
alkyl His 781
m—alkyl Val 702, Ala 719, Leu 768, Leu 820
4HJO 7 -10.66 H-bond Met 769
m—donor Thr 766
m—0 Leu 694, Val 702, Leu 820,
m—lone pair Phe 771
alkyl Leu 694
m—alkyl Ala 719, Lys 721
8 -10.59 H-bond Met 769
C—H bond Thr 766
m—donor Thr 766
m—0 Leu 694
alkyl Val 702, Leu 753, Tyr 777, His 781, Leu 834
m—alkyl Ala 719, Lys 721, Leu 764, Leu 820

docking with 7 and 8. The compounds 7 and 8 exhibited
binding affinity values of —10.39 kcal/mol and —8.53 kcal/mol
with the active conformation 1M17 of the EGFR tyrosine
kinase domain [72]. The 2D and 3D binding interaction of com-
pounds 7 and 8 is shown in Figure 9a and 9b. Compound 7
established nine key interactions: van der Waals (Gly772),
hydrogen bonding and carbon-hydrogen bonding (Met769),
mi—donor (Thr766), m—o (Leu820), m—sulfur (Met742), amide—mr
(Phe771), alkyl (Leu694), and m—alkyl interactions (Val702,
Ala719, Lys721, Leu764). In contrast, compound 8 formed
eight interactions: van der Waals (Pro770), hydrogen bonding
(Met769), carbon—-hydrogen bonding (Thr766), m—anion
(Asp831), m—o (Leu694), amide—m (Met769), alkyl (His781),

and m—alkyl (Val702, Ala719, Leu768, Leu820). These results
confirm that both ligands are well accommodated within the
binding pocket of EGFR tyrosine kinase, with compound 7
showing stronger binding, attributed to its additional m—sulfur
interaction with Met742. The hydrogen-bonding interaction ob-
served between the naphthalimide carbonyl oxygen and the
Met-742 hydrogen atom correlates well with the negative
Mulliken charge (vide supra), suggesting that the negatively
charged carbonyl oxygen surface promotes hydrogen-bond for-
mation. The binding site interactions of compounds 7 and 8
with the tyrosine kinase were further validated by comparison
with the crystal structure of 1M17 with co-crystallised ligand

erlotinib (Figure 9c), showing that both compounds form simi-
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Figure 9: 2D and 3D binding interaction of active (1M17) EGFR tyrosine kinase and synthesised compounds: a) 7 and b) 8, c) 2D interaction of
crystal structure 1TM17 and co-crystalised ligand erlotinib (PDB ID: 1M17).
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lar active site interactions to those observed for erlotinib. Both
erlotinib and the synthesised ligands formed a hydrogen bond
interaction with Met769. The synthesised ligands have a greater
ability to form an interaction with the active (1M17) tyrosine
kinase domain of EGFR.

Comparative binding interaction of compounds 7
and 8 with the inactive (4HJO) tyrosine kinase
domain of EGFR

The epidermal growth factor receptor (EGFR) inactive tyrosine
kinase domain in complex with erlotinib was retrieved from the
Protein Data Bank (PDB ID: 4HJO, https://doi.org/10.2210/
pdb4HJO/pdb, [70]) and subjected to molecular docking with 7

and 8. The compounds 7 and 8 exhibited binding affinity values
of —10.66 kcal/mol and —10.59 kcal/mol, respectively, with the
inactive conformation 4HJO of the EGFR tyrosine domain [73].
The 2D and 3D binding interaction of compounds 7 and 8 is
shown in Figure 10a and 10b. Compound 7 formed six major
interactions: hydrogen bonding (Met769), m—donor (Thr766),
m—0 (Leu694, Val702, Leu820), m—lone pair (Phe771), alkyl
(Leu694), and m—alkyl interactions (Ala719, Lys721). By com-
parison, compound 8 formed six interactions: hydrogen bond-
ing (Met769), carbon-hydrogen bonding (Thr766), m—donor
(Thr766), m—o (Leu694), alkyl interactions (Val702, Leu753,
Tyr777, His781, Leu834), and m—alkyl interactions (Ala719,
Lys721, Leu764, Leu820). Both compounds exhibit similar
interactions with the tyrosine kinase domain, with no signifi-
cant difference in the binding energy values between com-
pounds 7 and 8. Comparison with the crystal structure of 4HJO
co-crystallised ligand erlotinib (Figure 10c) further confirmed
that the synthesised ligands exhibit a similar interaction pattern
within the inactive tyrosine kinase domain of the EGFR. The
compounds 7 and 8 possess well-defined structural features
comprising both hydrophobic and electron-rich/electron-defi-
cient regions, enabling them to interact effectively with the
active and inactive forms of the tyrosine kinase domain of the
EGFR receptor. While the docking studies reveal a significant
binding affinity of the synthesised compounds towards the
EGFR receptor, further studies are required to understand the

extent of specificity towards the targets.

Conclusion

The selenium-incorporated naphthalimide—organoselanyl conju-
gates, selenides 7 and 8, were extensively characterised using
various spectroscopic and analytical techniques, and the molec-
ular structure of compound 7 was further confirmed by single-
crystal X-ray diffraction analysis. in vitro cytotoxicity studies
against the MDA-MB-231 triple-negative breast cancer cell line
demonstrated significant anticancer activity, with ICsg values of
27.92 £ 3 uM and 23.06 £ 3 uM for compounds 7 and 8, re-

spectively, and the molecular docking simulations revealed that
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compounds 7 and 8 fit well within the active (1M17) and inac-
tive (4HJO) binding pockets of the epidermal growth factor re-
ceptor (EGFR) tyrosine kinase. Their binding modes were
consistent with that of the co-crystallised inhibitor erlotinib,
which confirms similar types of non-covalent interactions. Alto-
gether, the in-vitro cell line study and the molecular docking
simulation showed that the compounds 7 and 8 have consider-
able anticancer activity against the breast cancer cell line of
MDA-MB-231. Overall, this study provides valuable insight
into the design of new naphthalimide selenium-based lead mol-
ecules as promising candidates for potent chemotherapeutic
anticancer agents. Further studies are underway to probe the
extent of specificity of these compounds towards the EGFR re-

ceptor.

Experimental

General procedure

All syntheses were carried out under a nitrogen atmosphere
using standard Schlenk line methods. Reagents and solvents
were obtained from GK Life Sciences Pvt. Ltd. and used with-
out further purification unless otherwise stated. Thin-layer chro-
matography (TLC) was performed on silica-gel-coated alumini-
um sheets (silica gel 60 F254). Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance 400 MHz
FT-NMR and a Bruker Avance III 500 MHz spectrometer. lH,
3¢, and 77Se NMR spectra were acquired in CDCl3, with
chemical shifts (8) reported in ppm. Singlet (s), doublet (d),
doublet of doublets (dd), triplet (t), multiplet (m), quintet (quint)
and other symbols are used to represent signal multiplicities,
and Hz is used to denote the coupling constants (J). The spectra
were compared to residual solvent peaks or TMS (CDCls: lH, 1)
=7.26 ppm; 13C, & = 77.36 ppm). A Bruker D8 Quest diffrac-
tometer was used to obtain single-crystal X-ray diffraction data.
To perform high-resolution electrospray ionisation mass spec-
trometry (HRESIMS), a Waters Xevo G2-XS QT spectrometer
was used. Fourier transform infrared (FTIR) spectra were re-
corded on an Agilent Cary 630 spectrometer using a KBr
module. Naphthalimide derivatives 10—12 were synthesised ac-

cording to previously reported procedures [49,74,75].

Synthetic procedure of compound 10

p-tert-Butylphenol (1.00 g, 6.6 mmol) and K,CO3 (0.92 g,
6.6 mmol) were added to acetonitrile (40 mL), and the mixture
was refluxed for 1 h. The N-(3-bromopropyl) phthalimide
(1.78 g, 6.6 mmol) was added, and the reaction mixture was re-
fluxed for 48 h. The reaction progress was monitored by TLC
upon completion of the reaction. The mixture was allowed to
cool to room temperature, and the solvent was removed under
reduced pressure. The obtained residue was dissolved in chloro-
form and washed twice with water (20 mL) and brine (20 mL).

The organic layer was dried over anhydrous MgSQ,, and the
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solution was concentrated under reduced pressure.
Slow evaporation of the solvent followed by the
addition of methanol afforded the desired compound 10
as a white solid with a yield of 1.2 g, 53%. mp: 115-117 °C; 'H
NMR (400 MHz, CDCl3) 8 7.84 (dd, J = 5.5, 3.1 Hz, 2H), 7.71
(dd,J =5.5, 3.1 Hz, 2H), 7.25 (d, J = 8.7 Hz, 2H), 6.76 (d, J =
8.7 Hz, 2H), 4.01 (t, J = 6.1 Hz, 2H), 3.90 (t, J = 6.9 Hz, 2H),
2.17 (quint, J = 6.5 Hz, 2H), 1.28 (s, 9H) ppm; 13C NMR (101
MHz, CDCl3) 6 168.4, 156.5, 143.4, 133.9, 132.2, 126.2, 123.3,
113.9, 65.6, 35.6, 34.1, 31.5, 28.4 ppm; FTIR (KBr): 2950,
2860, 1770, 1704, 1606, 1510, 1389, 1240, 1183, 1042, 931,
826, 716 cm™.

Synthetic procedure of compound 11

Compound 10 (0.4 g, 1.1 mmol) and 80% hydrazine hydrate
(0.4 mL, 6.6 mmol) were added to 15 mL of ethanol, and the
reaction mixture was refluxed for 8 hours. The progress of the
reaction was monitored by TLC. After completion, the reaction
mixture was cooled to room temperature and the solvent was re-
moved under reduced pressure. The resulting residue was dis-
solved in 30 mL of chloroform and washed with water (20 mL)
and brine (20 mL). The organic layer was dried with anhydrous
MgSOy, filtered and the solvent was evaporated under vacuum.
Petroleum ether was added to the residue and triturated. The
solid was filtered, affording white amine 11 (500 mg, 48%).
mp: 95-97 °C; 'H NMR (400 MHz, CDCl3) 8 7.29 (d, J =
8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 4.03 (t, J = 6.1 Hz, 2H),
2.90 (t, J = 6.8 Hz, 2H), 1.92 (quint, J = 6.5 Hz, 2H), 1.30 (s,
9H) ppm; '3C NMR (101 MHz, CDCls) 8 156.7, 143.4, 126.2,
113.9, 65.8, 39.3, 34.0, 33.1, 31.5 ppm; FTIR (KBr): 3325,
2963, 2870, 1596, 1508, 1476, 1295, 1248, 1182, 1060, 941,
823, 545 cm™L.

Synthetic procedure of compound 12
Bromonaphthalic anhydride (1.3 g, 4.8 mmol) was added to a
stirred solution of amine 11 (1.0 g, 4.8 mmol) in ethanol
(25 mL). The reaction mixture was refluxed for 2 h, and the
progress of the reaction was monitored by TLC. After comple-
tion, the reaction mixture was allowed to cool to room tempera-
ture, and the resulting precipitate was filtered, washed with
ethanol, and dried to afford bromo compound 12 as an off-white
powder (1.5 g, 66%). mp: 125 °C; IH NMR (400 MHz, CDCl3)
0 8.64 (d, J = 7.2 Hz, 1H), 8.56 (d, J = 8.6 Hz, 1H), 8.39 (d,J =
7.8 Hz, 1H), 8.02 (d, J = 7.9 Hz, 1H), 7.83 (t, 1H), 7.23 (d, J =
8.8 Hz, 2H), 6.76 (d, J = 8.8 Hz, 2H), 4.39 (t, J = 7.1 Hz, 2H),
4.09 (t, J = 6.2 Hz, 2H), 2.23 (quint, J = 6.5 Hz, 2H), 1.28 (s,
9H) ppm; 13C NMR (101 MHz, CDCls) & 163.7, 163.6, 156.6,
143.3, 133.3, 132.1, 131.3, 131.1, 130.6, 130.3, 129.0, 128.1,
126.1, 123.1, 122.2, 113.9, 66.1, 38.2, 34.0, 31.5, 28.1 ppm;
FTIR (KBr): 2959, 2867, 1705, 1659, 1581, 1508, 1357, 1233,
1169, 1068, 945, 835, 780, 661, 555 cm™!.
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Synthetic procedure of compound 7

NaBH, (100 mg, 2.6 mmol) was added to a stirred solution of
diphenyl diselenide (234 mg, 0.75 mmol) in DMSO (7.5 mL) at
room temperature under a nitrogen atmosphere. The mixture
was stirred until the yellow colour had disappeared. The bromo
compound 12 (465 mg, 1 mmol) was dissolved in THF
(7.5 mL) and slowly added to the above reaction mixture, fol-
lowed by stirring for an additional 1.5 h. Thin-layer chromatog-
raphy (TLC) was used to track the reaction progress. Upon
completion of the reaction, ice-cold water was used to quench
the reaction mixture, and the mixture was extracted with ethyl
acetate. After two water and brine washes, the organic layer was
dried over anhydrous magnesium sulfate (MgSQO,4) and concen-
trated under low pressure. Column chromatography was per-
formed to purify the crude product using a solvent ratio of
petroleum ether to ethyl acetate (85:15), which yielded a yellow
solid. Yield: (295 mg, 54%). mp: 156-157 °C; 'H NMR
(400 MHz, CDCl3) 6 8.62 (d, J = 7.3 Hz, 1H), 8.54 (d, J = 8.4
Hz, 1H), 8.31 (d, J = 7.8 Hz, 1H), 7.76 (t, 1H), 7.60 (d, J = 6.2
Hz, 2H), 7.53 (d, J = 7.8 Hz, 1H), 7.47-7.34 (m, 3H), 7.25 (d,
2H), 6.77 (d, J = 8.8 Hz, 2H), 4.37 (t,J = 7.2 Hz, 2H), 4.08 (t, J
= 6.3 Hz, 2H), 2.22 (quint, J = 6.6 Hz, 2H), 1.27 (s, 9H) ppm;
13C NMR (101 MHz, CDCI3) 5 164.0, 163.9, 156.6, 143.2,
142.2,135.2, 132.2, 131.7, 131.1, 130.9, 130.1, 129.8, 129.1,
128.5, 127.8, 127.2, 126.1, 123.2, 121.2, 114.0, 66.1, 38.0, 34.0,
31.5, 28.1 ppm; ’7Se NMR (95 MHz, CDCl3) 8 393.9 ppm.
HRESIMS (m/z): [M + H]* calcd for Co HygNO3Se, 544.1385;
found, 544.1407; FTIR (KBr): 2951, 2859, 1695, 1660, 1575,
1509, 1354, 1240, 1177, 1072, 828 cm™!.

Synthetic procedure of compound 8

Dioctyl diselenide (289 mg, 0.75 mmol), NaBH, (100 mg,
2.6 mmol), and 7.5 mL of DMSO were taken in a two-neck
round-bottom flask at room temperature under a nitrogen-rich
atmosphere. The mixture was stirred until the heterogeneous
solution became homogeneous, then compound 12 (465 mg,
1 mmol) was dissolved in THF (7.5 mL). The THF solution was
added dropwise to the reaction, which was agitated for another
1 hour. The reaction process was tracked using TLC. After
completion of the reaction, ice-cold water was added to the
reaction mixture, and the mixture was extracted with ethyl
acetate. The organic layers were washed with water and brine,
then dried on anhydrous MgSO,4 and concentrated under
reduced pressure. The crude yellow liquid was purified by
column chromatography (petroleum ether/ethyl acetate, 85:15),
affording a yellow solid. Yield: (295 mg, 76%). mp: 83-85 °C.
TH NMR (400 MHz, CDCl3) & 8.61 (d, J = 7.3 Hz, 1H), 8.54 (d,
J =8.4Hz, 1H), 8.41 (d, J = 7.7 Hz, 1H), 7.82-7.71 (m, 2H),
7.24 (dd, J = 8.7 Hz, 2H), 6.78 (dd, 2H), 4.38 (t, J/ = 7.2 Hz,
2H), 4.09 (t, J = 6.2 Hz, 2H), 3.13 (t, J = 7.4 Hz, 2H), 2.23
(quint, J = 6.5 Hz, 2H), 1.80 (quint, J = 7.4 Hz, 2H), 1.47
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(quint, J = 7.1 Hz, 2H), 1.28 (s, 9H), 1.36 — 1.23 (m, 8H), 0.87
(t, 3H) ppm; 13C NMR (101 MHz, CDCl3) 3 164.2, 164.0,
156.7, 143.2, 141.8, 132.5, 131.7, 131.6, 130.6, 128.4, 128.3,
126.9, 126.1, 123.2, 120.5, 114.0, 66.2, 38.0, 34.0, 31.8, 31.5,
29.9,29.5, 29.1, 29.0, 28.1, 28.0, 22.6, 14.1ppm; 7’Se NMR
(95 MHz, CDCj3) & 268.2 ppm; HRESIMS (m/z): [M + 2H —
(C10H130) - (CgH]g)]Jr calcd for C15H12N0256+, 318.0028;
found, 318.0028; FTIR (KBr): 2975, 2923, 2854, 1698, 1659,
1583, 1511, 1354, 1244, 1171, 1083, 954, 774 cm™.

X-ray data

Table 3 shows the X-ray data of compound 7. In addition, a
packing diagram of compound 7 in the crystal can be found in
Figure S20 in Supporting Information File 1.

Table 3: X-ray structure refinement data of the compound 7.

Parameters Compound 7
empirical formula C31H2gNO3Se
formula weight 542.51
temperature [K] 299(2)
crystal system triclinic
space group (number) P1 (2)

a, [A] 8.9324(18)
b, [A] 10.913(2)

¢, [A] 13.758(3)

o, [] 79.289(6)
B,['] 86.967(6)

Y, [ 84.593(6)

v, [A9] 1311.0(5)

z 2
p(calculated) [Mg/m3] 1.374
absorption coefficient [mm™1] 1.465
reflections collected 32191

final R (R) indices [I>2sigma(l)] 0.0570

wR (R2) indices [I>2sigma(l)] 0.1459

data / restraints / parameters 6272/0/328
goodness-of-fit on F2 1.044

Definitions: R(Fo) =¥ | | Fo | = | Fs | | /¥ | Fo | and wR(Fo2) =
{TIW(Fo? — Fo?) 2l/5 [W(Fo? )2 T},

Computational details

All computational calculations were carried out using the
Gaussian 16 (g16) program [76]. Geometry optimisations and
frequency calculations were performed using density functional
theory (DFT) with the B3LYP functional and the 6-31G(d,p)
basis set [56,57]. The related checkpoint (.chk) data were used
to construct the frontier molecular orbitals (FMO), molecular
electrostatic potential (MEP) maps, and Mulliken charge analy-
sis (MCA).
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Molecular docking protocol

Auto Dock Tools version 1.5.7 was used for all molecular
docking studies [77]. The Protein Data Bank (https://
www.rcsb.org) provided the EGFR tyrosine kinase receptor
proteins (PDB IDs: 1M17 and 4HJO) [73,74]. The structure of
ligand 7 was obtained from a single-crystal XRD coordinate
file, while ligand 8 was obtained from a DFT-optimised struc-
ture. Both ligand structures were converted into PDB format
using Discovery Studio Visualizer [78]. After conversion, the
ligand geometries were meticulously examined for bond
connectivity and missing atoms. The receptor proteins were
uploaded into Auto Dock, then water molecules and co-crys-
tallised ligands were removed from the protein. After that, polar
hydrogens were added, and Kollman charges were assigned.
The grid box was then generated around the active site pocket
with the following parameters. IM17 protein grid point spacing
=0.503 A; number of grid points = X = 60, Y = 54, Z = 50; grid
center coordinates = (20.053, 2.049, 59.407) and for 4HJO pro-
tein grid point spacing = 0.542 A; number of grid points = X =
40, Y = 40, Z = 42; grid center coordinates = (26.817, 9.287,
0.372). For docking with selenium-containing ligands, the pa-
rameter file (AD4.1_bound.dat) was included. The resulting
protein—ligand interactions were analysed using Discovery
Studio Visualizer.

Biological methods

Cell culture

The National Centre for Cell Science (NCCS), located in Pune,
India, provided the MDA-MB-231 breast cancer cell line. The
cells were kept in a CO, incubator at 37 °C, 5% CO,, and 90%
relative humidity. They were cultivated in Dulbecco's Modified
Eagle Medium (DMEM), supplemented with 10% fetal bovine
serum (FBS).

MTT-Assay protocols

Cell viability was evaluated using the MTT assay. MDA-MB-
231 breast cancer cells were seeded into 96-well plates contain-
ing culture medium composed of 10% protein and 90% media
(DMEM supplemented with fetal bovine serum, FBS) to a final
volume of 100 uL per well. The cells were incubated for 48 h at
37 °C in a 5% CO, atmosphere. Test compounds were dis-
solved in DMSO and administered at concentrations of 6.27,
12.5, 25, 50, 100, and 200 puM, along with a control group. All
treatments were performed in triplicate to minimise analytical
and experimental errors. Cells were cultured for a further
24 hours under the same conditions following chemical expo-
sure. After adding 1 mg/mL, 100 pL per well of MTT 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solu-
tion, the cells were incubated for 4 hours in a dark area. To
dissolve the formazan crystals, 100 uL. of DMSO was applied to

each well after the media was carefully removed. After
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40 minutes of incubation, absorbance at a wavelength of

590 nm was measured using a microplate reader.

Supporting Information

Crystallographic data for 7 have been deposited at the
CCDC database under 2486614.

Supporting Information File 1

Spectral data of compounds 7, 8 and 10-12.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-22-29-S1.pdf]
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