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Abstract
This paper reports quinoline-based BODIPYs as potential EGFR/VEGFR-2 inhibitors and their
anticancer activities against Hela cells. Lipinski’s drug likeness of compounds 1-3 was predicted
revealing that they might exhibit promising physicochemical properties for oral bioavailability.
The HOMO and LUMO energies were also calculated using DFT/RCAM-B3LYP method at CCpVTZ. The EGFR/VEGFR-2 interaction was examined by molecular docking, suggesting that all
compounds fitted into the pocket of VEGFR-2 within the key residues- Glu885, Cys919 and
Asp1046. The binding energies calculated were in the order 3˃2˃1. The results suggested a greater
binding affinity of VEGFR-2 in comparison to EGFR. The in vitro anticancer activity of the
compounds 1 and 3 on the HeLa cells was evaluated, revealing significant reduction in cell
viability as compared to control.
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1. Introduction
Cervical cancer is the fourth most common cancer in women worldwide occupying the
third highest mortality [1]. A WHO report stated that cervical cancer accounts for approximately
12% of all types of cancers in women worldwide and is most common in developing countries [2].
Till date, treatment of cervical cancer by chemotherapeutic drugs exhibits a lower prognosis and
is associated with many undesirable side eﬀects [3]. For the developments to be made in early
detection and improved efficacy of available chemotherapeutic approaches in the field of cervical
cancer research [4,5], a constant search for safer new chemical moieties with significant anticancer
activity, and identification of efficient cellular targets are needed for the eﬀective cancer treatment
[6].
The progression of many cancer types is linked to transformed protein expression and the
activity of receptor tyrosine kinases (RTKs) as they regulate different cellular functions such as
proliferation, differentiation, migration, and angiogenesis [7,8]. The epidermal growth factor
receptor (EGFR) tyrosine kinase (TK) plays a crucial role in cancer cell proliferation, survival,
adhesion, migration and differentiation. A high level of EGFR expression and mutation of EGFR
have been associated with a variety of cancers including cervical cancer [9–11]. Therefore, the
development of EGFR inhibitors has become a main focus in antitumor drug campaigns.
Angiogenesis is a process of generation of new blood vessels from pre-existing ones and is an
essential physiological process for solid tumor cell propagation by providing oxygen and nutrients
to the tumor cells to enhance their growth and metastasis [12,13]. On the other hand, VEGFR-2 is
tyrosine kinase receptor expressed in endothelial cells. VEGFR-2 plays an important role in antiangiogenesis and is an effective target for inhibiting tumor cell proliferation and metastasis
[14,15].
Nitrogen‐containing heterocycles are a fundamental framework in numerous biologically
active compounds. Among these heterocycles, quinoline and their derivatives are of great
importance because of its diverse applications as anticancer [16,17], antibacterial [18],
antineoplastic [19], antimalarial [20], etc. The quinoline ring system is an important structural unit
in naturally occurring quinoline alkaloids, therapeutics, synthetic analogues with interesting
biological activities, and many standard drugs as well [21–24]. Quinoline derivatives incorporating
various heterocycles have displayed potent anticancer activity targeting different sites viz.,
topoisomerase I [25], tubulin inhibition [26], VEGFR inhibition [27], protein kinase inhibitors
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[28], etc. The FDA has approved quinolone-based anticancer drugs (Camptothecin, Irinotecan,
Topotecan, etc.), while others, such as protein kinase inhibitors (Bosutinib, Lenvatinib and
Cabozantinib), farnesyltransferase inhibitor (Tipifarnib) are currently under clinical trial [28].
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY or difluoroboradipyrromethenes),
are well-known fluorophores with several valuable properties, that include high quantum yields,
elevated (photo)chemical stability, long-wavelength absorption and fluorescence emission and
flexibility in terms of chemical derivatization [29]. In addition to these, BODIPY demonstrates
outstanding performance in cell permeability and biocompatibility [30]. BODIPY-based
compounds were found to exhibit fluorescence during hypoxic conditions in biological cells [31].
Moreover, the presence of fluorine in a drug allows the synchronized modulation of electronic,
lipophilic and steric parameters. Reports show that the lipophilic character of fluorine could
enhance the cell membrane permeability which in turn improves the drug bioavailability [32].
Based on the above findings and our previous works [33–35], the aim of this study was to
synthesize novel quinoline-based BODIPY compounds to assess their cytotoxic profile against
human cervical cancer cells (HeLa) (Scheme 1).
(Insert Scheme 1)
This paper covers the synthesis of three quinoline-based BODIPYs and their
physicochemical and biological studies. The pharmacological and pharmacokinetic properties of
1-3 were calculated to confirm their drug-likeness. DFT calculations were performed to understand
the molecular geometry and the molecular electrostatic potential of the investigated compounds 13. Potential EGFR/VEGFR-2 inhibition was studied by molecular docking method. Further, the in
vitro cytotoxicity against human cervical cancer cells, HeLa was reported for compounds 1 and 3.
2. Experimental Section
2.1. Materials
All chemicals were purchased from commercial suppliers and used without further
purification. MTT, DPPH, TPTZ and Ascorbic acid were obtained from Sigma Aldrich and DMSO
was purchased from Merck. Cell lines HeLa was procured from National Centre for Cell Sciences
(NCCS), Pune, India. CH2Cl2 was distilled from CaH2 and THF from Na/benzophenone under an
atmosphere of nitrogen. All materials were carried out using standard Schlenk line techniques
under nitrogen atmosphere. 1H, 13C{1H}, 19F{1H} and 11B{1H} NMR spectra were recorded on a
JEOL ECS 400 or a Bruker Avance 300 or a Jeol Lambda 500 instrument. Mass spectra were
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recorded on Waters ACQUITY UPLC LCT premier MS in positive ion mode. IR spectra were
recorded on a Varian 800 FT-IR Scimitar Series infrared spectrometer. Fluorescence and UV-vis
spectra were recorded at 20 °C on a Hitachi F2500 and Shimadzu UV-1800 machines respectively.
Rhodamine 6G was used as the reference compound for determination of fluorescence quantum
yields (rhodamine 6G Φf= 0.95, λex= 479 or 496 nm, in ethanol).
2.2. Syntheses
2.2.1. Synthesis of Quinoline-8-carbonyl chloride hydrochloride
2-Quinoline carboxylic acid, (A) (0.20 g, 1.15 mmol) was dissolved in SOCl2 (0.88 g, 7.39
mmol) and the mixture was stirred at room temperature under N2 for 48 h. Hexane (5 mL) was
added to the solution, a precipitate was formed and the solvent was removed using a cannula. The
precipitate was dried under vacuum to give the title compound as a tan solid (0.22 g). The product
was used without further purification.
2.2.2. Synthesis of 4,4-Difluoro-8-(quinolin-8-yl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-sindacene (1).
Quinoline-8-carbonyl chloride hydrochloride (B) (0.20 g, 0.88 mmol) was dissolved in a
mixture of dry CH2Cl2 (75 mL) and N,N-diisopropylethylamine (0.11 g, 0.88 mmol). 2,4Dimethylpyrrole (0.17 g, 1.75 mmol) was added and the mixture was stirred at room temperature
for 24 h. The mixture was then cooled to 0 ̊C and N,N-diisopropylethylamine (0.77 g, 5.96 mmol)
and BF3.OEt2 (0.96 g, 6.75 mmol) were added and stirred for an additional 2 h. The reaction
mixture was poured into water (10 mL). The aqueous and organic phases were separated and the
aqueous phase was discarded. The organic layer was dried (MgSO4) and the solvent was removed
under reduced pressure. The product was purified using column chromatography (CH2Cl2) to give
the title compound (1) as an orange solid (1.00 g, 30%), mp 276-277 ̊C. Rf = 0.32 (CH2Cl2). 1H
NMR (400 MHz, CDCl3) δ 8.89 (dd, J = 4.2, 1.8 Hz, 1H), 8.20 (dd, J = 8.3, 1.8 Hz, 1H), 7.95 (dd,
J = 6.3, 3.4 Hz, 1H), 7.70-7.60 (m, 2H), 7.43 (dd, J = 8.3, 4.2 Hz, 1H), 5.91 (s, 2H), 2.56 (s, 6H),
0.99 (s, 6H).
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C NMR (101 MHz, CDCl3) δ 155.03, 151.20, 146.74, 142.26, 140.28, 136.11,

134.69, 132.18, 129.61, 129.38, 128.38, 126.74, 121.77, 121.02, 14.66, 13.98 .11B NMR (128
MHz, CDCl3) δ -0.05 (t, JB-F = 32.2 Hz). 19F NMR (282 MHz, CDCl3) δ -145.26 (dq, JF-F = 108.9,
JFB = 32.2 Hz), -147.02 (dq, JF-F = 108.9, JFB = 33.2 Hz). IR (neat): υmax/cm-1: 2991, 2918, 2360,
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1535, 1497, 1296, 1154, 966. 745. HRMS-ES Calcd for C22H20N311B19F2 + Na+: 398.1616, found:
398.1607.
2.2.3. Synthesis

of

2-Bromo-4,4-difluoro-8-(quinolin-8-yl)-1,3,5,7-tetramethyl-4-bora-

3a,4a-diaza-s-indacene (2).
4,4-Difluoro-8-(quinolin-8-yl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene

(1)

(0.10 g, 0.27 mmol) was dissolved in dry acetonitrile (45 mL). CuBr2 (0.11 g, 0.79 mmol) and
K2CO3 were added and the mixture was stirred at room temperature for an additional 2 h. The
solvent was removed under reduced pressure. The residue was dissolved in ethyl acetate (20 mL)
and washed with water (30 mL). The aqueous and organic phases were separated and the aqueous phase
was discarded. The organic layer was dried (MgSO4), filtered and the solvent removed under

reduced pressure. The product was purified using column chromatography (petroleum ether:ethyl
acetate 5:1) to give the title compound (2) as an orange solid (0.16 g, 60%), mp 248-249 ̊C. Rf =
0.29 (petroleum ether:ethyl acetate 5:1). 1H NMR (400 MHz, CDCl3) δ 8.89 (dd, J = 4.1, 1.7 Hz,
1H), 8.22 (dd, J = 8.3, 1.7 Hz, 1H), 7.98 (dd, J = 7.9, 1.7 Hz, 1H), 7.71 - 7.58 (m, 2H), 7.45 (dd, J
= 8.3, 4.2 Hz, 1H), 5.97 (s, 1H), 2.60 (s, 3H), 2.58 (s, 3H), 1.00 (s, 3H), 0.99 (s, 3H). 11B NMR (96
MHz, CDCl3) δ 0.81 (t, JB-F = 31.9 Hz). 19F NMR (282 MHz, CDCl3)) δ -145.18 (dq, JF-F = 108.9,
JF-B = 31.9), -145.18 (dq, JF-F = 108.9, JF-B = 31.9 Hz). IR (neat): υmax/cm-1: 2970, 2922, 2360,
1733, 1538, 1461, 1302, 1161, 969, 805, 744. HRMS-ES Calcd for C22H19N311B81Br19F2 + Na+:
478.0701, found: 478.0707.
2.2.4. Synthesis

of

4,4-Difluoro-8-(quinolin-8-yl)-2-phenyl-1,3,5,7-tetramethyl-4-bora-

3a,4a-diaza-s-indacene (3).
2-Bromo-4,4-difluoro-8-(quinolin-8-yl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-sindacene (2) (0.10 g, 0.22 mmol) was dissolved in dry toluene (3 mL) and THF (3 mL). Then
phenylboronic acid (0.09 g, 0.73 mmol), Pd(PPh3)4 (0.01 g, 0.01 mmol, 5 mol%), and aqueous
Na2CO3 (1 M, 1.0 mL, 1.0 mmol) were added. The mixture was heated under reflux for 24 h and
then allowed to cool to room temperature. The solution was diluted with CH2Cl2 (60 mL) and
washed with brine (30 mL). The aqueous and organic phases were separated and the aqueous phase
was discarded. The organic layer was dried (MgSO4) and the solvent was removed under pressure.
The orange crude product was purified by column chromatography (petroleum ether:CH2Cl2 1:1)
to give the title compound (3) as an orange solid (0.06 g, 86%), mp 190-192 ᵒC, Rf = 0.37
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(petroleum ether:CH2Cl2, 1:1). 1H NMR (300 MHz, CDCl3) δ 8.85 (dd, J = 4.2, 1.8 Hz, 1H), 8.14
(dd, J = 8.3, 1.7 Hz, 1H), 7.89 (dd, J = 7.2, 2.5 Hz, 1H), 7.69 - 7.53 (m, 2H), 7.37 (dd, J = 8.3, 4.2
Hz, 1H), 7.30 - 7.13 (m, 4H), 7.07 - 6.99 (m, 1H), 5.87 (s, 1H), 2.52 (s, 3H), 2.46 (s, 3H), 0.93 (s,
3H), 0.88 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 155.18, 153.75, 151.09, 147.14, 142.19, 140.65,
138.33, 135.78, 135.26, 134.02, 133.44, 132.56, 131.90, 130.15, 129.66, 129.08, 128.43, 128.08,
126.80, 126.56, 121.60, 121.00, 14.46, 13.74, 13.20, 11.96. 11B NMR (96 MHz, CDCl3) δ 0.81
(apparent t, JB-F = 32.5 Hz).19F NMR (376 MHz, CDCl3) δ -145.30 (dq, JF-F = 110.0, JF-B = 33.6
Hz), -146.91 (dq, JF-F = 110.0, JF-B = 32.2 Hz). IR (neat): υmax/cm-1: 2969, 2360, 1538, 1494, 1302,
1162, 980, 744. HRMS-ES Calcd for C28H24N311BF2 + Na+: 474.1929, found: 474.1929.
2.3. Drug-likeness property analysis
Physically significant descriptors and pharmaceutically relevant properties of all the test
compounds like molecular weight, mlogP, H-bond donors, and H-bond acceptors according to the
Lipinski’s rule of five were analyzed. Lipinski’s rule of five is a rule of thumb to calculate drug
likeness, or determine if a chemical compound with a certain pharmacological or biological
activity has properties that would make it a likely orally active drug in humans. The rule describes
molecular properties important for drug pharmacokinetics in the human body, including its
absorption, distribution, metabolism and excretion (ADME) [36]. The partition coefficient values
and other biomolecular properties of compounds 1-3 were calculated by SwissADME
(http://www.swissadme.ch/) [37].
2.4. DFT Calculations
To explain the optimization and electronic parameter outcome of the molecules, quantum
computational studies were performed. All theoretical parameters were performed using the
Gaussian 09 program package [38]. DFT, which has been proved to be a powerful tool for the
study of electronic and thermodynamic parameters, was chosen in this computational work.
Considering the complexity of the theoretical model used for this study, all the structural
optimizations were carried out at the DFT/RCAM-B3LYP method at CC-pVTZ under gaseous
conditions at 263 K. The enthalpy of each compound can be calculated given as ZPE, Htrans, Hrot,
and Hvib are the standard temperature correction terms calculated with equilibrium statistical
mechanics with harmonic oscillator and rigid rotor approximations [39,40]. The electronic
properties of the title compounds such as EHOMO, ELUMO, HOMO-LUMO energy gap, ionization
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potential, electron affinity, global hardness, electronegativity, electronic chemical potential,
electrophilicity and chemical softness, natural charges and dipole moment were calculated [41–
43]. The X,Y,Z coordinates of compounds 1-3 used for geometry optimizations are given in
Supplementary material (Table S1).
2.5.Molecular Docking
The molecular docking studies were performed by using HEX 8.0 software [44,45]. The
crystal structures of target proteins EGFR (PDB ID: 1M17) [46] and VEGFR-2 (PDB ID: 4ASD)
[47] were downloaded from the Protein Data Bank (http://www.rcsb.org/pdb) in PDB format. The
visualization of docked poses were done by CHIMERA (www.cgl.ucsf.edu/chimera).
2.6. In vitro cytotoxicity
MTT assay determined the cell cytotoxicity of the synthesized compounds, was seeded in
a 96-well flat bottomed microplates [48,49]. Cancer cells were seeded on 96-well plate (3-5 x 103
cells per well) and incubated for 48 hours at 37°C then treated with different concentration of the
test compound with respective to vehicle control. Then treated with different concentration (10100 μM) of the test compounds with respect to vehicle control (camptothecin). After 24 h of
incubation, it was exposed to 20 µL of freshly prepared MTT reagent (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide) incubated for 2 hours. Dulbecco’s Modified Eagle’s Media
(DMEM) and Fetal bovine serum (FBS) were taken from Gibco-life technologies. The supernatant
from each well was removed and replaced with DMSO (100 µL) to dissolve formazan crystal. The
optical density (absorbance) was recorded at 570 nm with reference wavelength of 620 nm. All
the calculations were computed by using the equation for Boltzman sigmoidal concentrationresponse curve using the nonlinear regression fitting models by Graph Pad, Prism version 6
(GraphPad software Inc., La Jolla, CA) [50,51].
3. Results and Discussion
3.1. Chemistry
We have synthesized 1,7-dimethyl substituted BODIPYs with an 8-quinoline group at the
meso position (8 position). The restricted rotation caused by steric interaction between the 8quinoline and the methyl substituents in positions 1 and 7 leads to the potential for atropisomerism
as long as the BODIPY is unsymmetrically substituted. A functionalized axially chiral compound,
7

3 could interact enantioselectively with a chiral analyte. The two enantiomers of the chiral 8quinolinyl substituted compound, 3 might even be resolved by crystallization of diastereoisomeric
salts formed using an enantiopure chiral acid, or simply by chiral HPLC.
The preparation of meso-substituted BODIPY can be achieved simply by acid catalyzed
condensation of a pyrrole with a suitably substituted acyl chloride or aryl aldehyde. The first step
in the synthesis of 3 is acid catalyzed condensation of 2,4-dimethylpyrrole with quinoline-8carbonyl chloride which is not commercially available. In general, acyl chlorides are prepared by
treating the corresponding carboxylic acid with thionyl chloride, phosphorus pentachloride, or
phosphorus trichloride. By using the literature procedure [52], quinolinecarboxylic acid, A was
treated with 6 equivalents of thionyl chloride at room temperature for 2 days, followed by the
addition of hexane to induce precipitation of the hydrochloride salt of the quinoline-8-carbonyl
chloride, B (Scheme 2). The crude product was used immediately due to its expected sensitivity
towards hydrolysis.
(Insert Scheme 2)
Compound 1 was synthesized using a non-oxidative method via condensation of 2,4dimethylpyrrole with quinoline-8-carbonyl chloride, B in the presence of i-PrNEt2 in DCM [53].
The presumed dipyrromethene intermediate was converted directly to the compound 1 without
isolation by treatment with i-Pr2NEt and boron trifluoride etherate (BF3.OEt2)
The 19F NMR spectrum of 1 showed 16 peaks which are typical of this class of BODIPY
(Figure 1). Due to restricted rotation of the 8-quinoline ring in the mesoposition the two fluorine
atoms are diastereotopic and therefore couple to each other and also to the boron atom.
(Insert Figure 1)
Introduction of a halogen substituent onto the BODIPY scaffold serves as a useful handle
for further functionalization by coupling reactions such as Heck and Suzuki thus facilitating further
structural variation. Mono- and di-bromination of BODIPYs has been reported using CuBr2 as the
brominating agent [54]. Following this method, the novel 2-bromo BODIPY compound, 2 was
synthesized in 60% yield via electrophilic substitution of 1 with CuBr2, potassium carbonate in
acetonitrile under oxygen atmosphere (1 atm, balloon) at room temperature for 24h.
Desymmetrization of 1 by bromination of one of the two pyrrole units in this way introduces axial
chirality into the product 2.
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Suzuki coupling of the 2-bromo BODIPY derivative, 2 with phenylboronic acid gave the
unsymmetrical axially chiral, 3 in good yield (86%).
The NMR spectra of the compounds 1-3, can be found in Supplementary material (Figures
S1-S10).
3.2. Photophysical data of the 2-phenyl BODIPY, 3.
The UV and fluorescence spectra of compounds 1-3 were measured in CHCl3 at room
temperature (Supplementary material, Table S2). Rhodamine 6G was used as the reference
compound for determination of fluorescence quantum yields (rhodamine 6G Φf= 0.95, λex= 479 or
496 nm, in ethanol).
Figure 2 shows the absorption and emission spectra of parent quinoline-substituted
compound, 1 and of the 2-bromoBODIPY compound, 2 and 2-phenyl BODIPY compound, 3. As
Table 1 illustrates all of these BODIPY dyes 1-3 showed strong absorption bands. In comparison
to the parent compound 1, the presence of bromine atom (heavy atom) at the 2-position of the
BODIPY 2 leads to a 12 nm (457 cm-1) red-shift of the absorption maximum and a 15 nm (510
cm-1) red-shift of the emission maximum. However, there was no significant further red-shift of
the absorption and emission maximum in the presence of the phenyl group in the position 2 of the
core BODIPY.
(Insert Figure 2)
Although the axially chiral compound, 3 was successfully prepared in 2 steps from 1,
attempts to resolve 3 into its separate enantiomers by chiral HPLC have so far resulted in only
partial resolution (Figure 3). It is possible that resolution of this quinoline derivative might be
possible by fractional crystallization of distereisomeric salts formed by treatment with an
enantiopure chiral acid but this would require a larger quantity of the BODIPY than was available
from our initial synthesis.
(Insert Figure 3)
3.3. Drug-likeness property analysis
The compounds 1-3 were assessed for their basic parameters of Lipinski’s rule of 5 and
other pharmacokinetic parameters. Table 1 displays the Lipinski’s parameters (molecular weight,
number of hydrogen bond acceptors, number of hydrogen bond donors, number of rotatable bonds
and lipophilicity) and topological polar surface area (TPSA) for compounds 1-3. A compound is
9

likely to behave as a drug candidate only if it follows the Lipinski rule of 5, having hydrogen bond
donors ˂5, molecular weight ˂500 Daltons, mlogP ˂4.15 and hydrogen bond acceptor ˂1 [36].
Drug candidates having low molecular weight i.e. <500 Daltons are easily transported, diffused
and absorbed. Bioavailability estimation of the drug candidates is based on lipophilicity (mlogP
value) and TPSA descriptors. TPSA is measured the bioavailability of the drug molecule and
closely related to the hydrogen bonding potential of a compound and should be below the limit of
160 Å [55]. The lipophilicity influences a number of physiological properties, including transport
through lipid bilayers, and therefore it is an important property that a drug should exhibit. LogP
gives a measure of the lipophilicity of a compound and is a good indicator of permeability across
the cell wall [55]. The introduction of quinoline moiety could possibly enhance the lipophilicity
as well as solubility of the compounds, which could in turn enhance the oral bioavailability of the
compounds [56]. All three compounds 1-3, possesses no violations from the Lipinski’s rule and
also displayed mLogP values ˂4.15, lipophilicity descriptor, suggestive of their excellent cell
membrane permeability and are predicted to possess good theoretical oral bioavailability. The
lipophilicity of the compounds was in the order 3˃2˃1. These results of compounds 1-3 suggested
that all these compounds possess good theoretical oral bioavailability; making them a good drug
candidate.
(Insert Table 1)
3.4. DFT Calculations
3.4.1. Molecular Geometry
The theoretical DFT calculations were performed in gas phase by DFT/RCAM-B3LYP
method at CC-pVTZ basis set Gaussian 09 [38]. The optimized structures were shown to be true
minima due to the absence of any imaginary frequency. The results of the theoretical calculations
for all compounds 1-3 revealed the non-planar geometry for all three compounds (Figure 4). The
quinolone ring A is not coplanar with the other rings B and C for all three compounds. The
calculated DFT thermal parameters, dipole moment and the polarizability of the investigated
compounds 1-3 were also calculated and are shown in Table 2.
(Insert Figure 4)
(Insert Table 2)
3.4.2. FMO (Frontier molecular orbitals)
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The FMOs energy difference is an important parameter for many applications. Molecular
orbital diagram for HOMOs and LUMOs and orbital energy level of compounds 1-3 given in
Figure 5.
(Insert Figure 5)
According to the Koopmans theorem, ionization energy and electron affinity values are
given by the negative values of HOMO and LUMO orbital energies. It is known that energy of
HOMO and LUMO provide an indication of the electron donating and electron accepting ability
of compounds, respectively [57,58]. Therefore, these parameters can be considered a quantity that
can be associated with the structure activity relationship. The hardness (η), softness (σ),
electronegativity (χ), chemical potential (μ), electrophilicity index (ω= μ2/2η), nucleophilic index
(ɛ= μη) are conceptual DFT descriptors related to HOMO and LUMO energies and are given in
Table 3 [59–61]. Many studies have shown that there is remarkable correlation between hardness,
softness and biological activity of molecules. Compound 3 has highest value of hardness (0.09454)
and softness (10.5775) [62]. Biological activity should be correlated with the increasing and/or
decreasing of quantum chemical parameters. On the basis of DFT calculation, biological activity
of a compound increases with the increase of HOMO energy, forbidden energy, softness,
electronegativity and nucleophilicity index. Moreover, biological activity decreases with
decreasing of LUMO energy (compound 3, -0.05427), energy gap (0.18908), hardness, chemical
potential and electrophilicity index [63]. Theoretically, toxicity may also be proposed with the help
of quantum chemical descriptors [58,64].
(Insert Table 3)
3.5. Molecular Docking
Molecular docking can help to predict the most energetically favorable binding pose of a
ligand to its receptor in terms of the binding energy [65–69]. It was performed to assess the
interaction of compounds 1-3 with target EGFR and VEGFR-2 proteins. Structurally, the A loop
of VEGFR-2 has a closed conformation revealing a hydrophobic back pocket in close proximity
to the ATP binding cleft which is believed to be of great significance for binding of a class of TK
inhibitors [70]. Mostly, VEGFR-2 [71] inhibitors are classified according to their binding modes(i) type I, competitively active binding to the ATP binding pocket and (ii) type II, noncompetitively binding outside the ATP binding pocket i.e. in allosteric hydrophobic pocket [72–
11

74]. The most favorable energy minimized docked poses of compounds 1-3, revealed that all three
compounds might have the potential to inhibit both EGFR and VEGFR-2.
The docking of compound 1 with EGFR, resulted in binding in the active site lined with
the hydrophobic side chains of amino acids Asp831, Glu734, Glu738, Ile735, Leu834, Lys851 and
Phe699 with a binding energy of -6.29 kcal/mol. While other compounds were within the
following amino acid residues- Asn818, Asp813, Asp831, Glu738, Leu723, Leu834, Lys851 (2)
and Asp831, Cys834, Glu734, Glu738, Leu834, Pro853 (3) (Figure 6). The binding energies of
compounds 2 and 3 with EGFR were calculated to be -7.31 and -8.64 kcal/mol respectively.
Docking studies with VEGFR-2 revealed that all three compounds 1-3 may interact with the three
key amino acids- Asp1046, Cys919 and Glu885 of VEGFR-2 [75]. In addition to these three amino
acids, the compounds fitted within the active residues in the VEGFR2 kinase domain- Ala881,
His1026, Phe1047 (1); Leu1049, Phe1047 (2) and Arg1027, Arg1028, Leu1049, Leu1067,
Phe1047 (3) (Supplementary material Figure S11). The binding energies of compounds 1-3 with
VEGFR-2 were calculated to be -7.27, -7.92 and -8.96 kcal/mol respectively. The docking profiles
of compounds 1-3 with both the targets are represented in Supplementary material Table S3.
From the binding energies of docked compounds 1-3, it was concluded that compound 3
exhibited higher binding affinity with both VEGFR-2 and EGFR in comparison to 1 and 2
(Supplementary material Figure S12). The binding affinities of the compounds were in the order
of 3˃2˃1, which is in accordance to the decreasing lipophilicity of the compounds. Another factor
influencing the binding affinity of molecules is the frontier molecular orbitals (HOMO and LUMO
energy values), that helps determine the way the molecule interacts with receptor proteins [76].
(Insert Figure 6)
3.6.In vitro cytotoxicity
The in vitro cytotoxicity of compounds 1 and 3 was evaluated for the growth inhibition of
HeLa by MTT assay. Considering the increasing importance of BODIPY compounds as anticancer
agents, the cytotoxic activity compounds 1 and 3 was studied against the HeLa (cervical cancer)
human cancer cell line. As depicted in Figure 7, compounds 1 and 3 displayed significant reduction
in cell viability up to 24 h of treatment. The cytotoxic activity of compounds 1 and 3 against HeLa
cell line with increasing concentration exhibited a remarkable reduction in cell viability in
comparison positive control. The assay on HeLa (cervical cancer cell line), the IC50 values of
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compounds 1 and 3 were calculated 18.51 and 6.52 µM respectively (Table 4). The results indicate
that compound 3 is eﬀective against HeLa cell line.
(Insert Figure 7)
(Insert Table 4)
4. Conclusions

In summary, three novel quinoline-BODIPY derivatives 1-3 were designed and
synthesized to evaluate their potential as anticancer drugs against HeLa cells. All the compounds
were well characterized by IR, NMR spectroscopy and HRMS-ES. The ADME properties and drug
likeness of compounds 1-3 were also assessed, suggesting their good theoretical oral
bioavailability. In addition to these outcomes, plausible binding modes were validated by
molecular docking and DFT calculations. The DFT calculations gave the knowledge of the various
reactivity descriptors. The biological activity decreases with decreasing of LUMO energy
(compound 3, -0.05427), energy gap (0.18908), hardness, chemical potential and electrophilicity
index. Further, the molecular docking studies of compounds 1-3 carried out with EGFR and
VEGFR-2, gave insights into the binding sites of compounds with the targets. The binding energies
were in the following order 3˃2˃1 and also were greater with VEGFR-2 as compared to EGFR.
This study offered an option for the optimization and development of quinoline-based BODIPYs
as EGFR and VEGFR-2 inhibitors. The results of in vitro cytotoxic activity of compounds 1 and
3 against HeLa cell line revealed a remarkable reduction in cells viability in comparison to positive
control, Camptothecin, with the IC50 values of 18.51 and 6.52 µM, respectively for 1 and 3. These
results were indicative of compound 3 being eﬀective against HeLa cancer cell line. Therefore,
further investigation of these compounds could lead to discovery of new potent drugs for cervical
cancer chemotherapy.
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Schemes

Scheme 1. Structure of compounds 1-3.
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Scheme 2. Synthetic route to compounds 1-3. Conditions and reagents: a) SOCl2 (12 eq), r.t., 48 h; b) 2,4-dimethylpyrrole (2 eq); DCM,
r.t., 24 h; c) i-Pr2NEt (6.8 eq), BF3.OEt2 (7.7 eq), 0 ̊C, 1 h, 85%; d) CuBr2 (1.5 eq), K2CO3 (3 eq), MeCN, r.t., 24 h, 60%; e) phenylboronic
acid (3 eq), Pd(PPh3)4 (5 mol %), THF, toluene, water, 80 ̊C, 24 h, 86%.
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Figures

Figure 1. 19F NMR spectrum of compound 1 (282 MHz, CDCl3).

Figure 2. Attempted HPLC resolution of compound 3. Daicel Chiralpk OB column (25 cm x 0.46
cm), hexane:isopropanol (80:20) 0.5 mL min-1.
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Figure 3. Absorption spectrum (solid lines) in terms of the molar absorption coefficient (ε) and
normalised fluorescence spectrum (dashed lines) for compounds 1 (—), 2 (—) and 3 (—) in CHCl3.

Figure 4. Gas phase DFT optimized non-planar geometry for compounds 1-3.
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Figure 5. Molecular orbital diagram for HOMOs and LUMOs of compounds 1-3.
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Figure 6. Top: Molecular docking interaction with amino acids residues. Bottom: Alignment of the docked structures of compounds
(pink stick) (a) 1; (b) 2 and (c) 3 within the EGFR (PDB ID: 1M17) in the corresponding binding pockets.
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Figure 7. Cell viability of compounds 1 and 3 on HeLa cells.
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Tables
Table 1. In silico drug like properties of compounds 1-3.
Properties
Molecular weight (<500 Da)
mLogP (<4.15)
nON (<10)
nOHNH (˂5)
TPSA
nrotb
n violations

1
375.22
3.10
3
0
22.75
1
0

Compound
2
454.12
3.68
3
0
22.75
1
0

3
451.32
4.11
3
0
22.75
2
0

mLogP: Log P; nON: number of hydrogen bond acceptors; nOHNH: number of hydrogen bond
donors; TPSA: Total Polar Surface Area, Å²; nrotb: number of rotating bonds; n violations:
number of violation

Table 2. Thermal parameters (Hartree/Particle) and Dipole moment (Debye) of compounds 1-3.
Parameter
Ecorr
ZPVE
Etot
H
G
Total Dipole Moment, μ
Polarizability, α

1
0.406459
-1238.815777
-1238.791513
-1238.790569
-1238.869786
6.797331
308.511667

Compound
2
0.397958
-3812.551550
-3812.525505
-3812.524561
-3812.609767
7.318479
333.335000

3
0.508261
-1432.800804
-1432.770598
-1432.769653
-1432.863070
5.545914
377.614

ZPVE: Sum of electronic and zero-point energies; Etot: Sum of electronic and thermal energies; H: Sum
of electronic and thermal enthalpies; G: Sum of electronic and thermal free energies. All energies are in
kJ/mol.
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Table 3. The theoretical calculated conceptual DFT descriptors of the compounds 1-3.
Parameter
EHOMO (a.u.)
ELUMO (a.u.)
ΔE (LUMO-HOMO) (a.u.)
Eg (HOMO-LUMO) (a.u.)
Hardness (η)
Softness (σ)
Electronegativity (χ)
Chemical potential (μ)
Electrophilicity index (ω)
Nucleophilic index (ɛ)

1
-0.24298
-0.05174
0.19124
-0.19124
0.09562
10.4580
0.14736
-0.14730
0.11355
-0.01409

Compound
2
-0.24838
-0.05922
0.18916
-0.18916
0.09458
10.57305
0.1538
-0.1538
0.125049
-0.014546

3
-0.24335
-0.05427
0.18908
-0.18908
0.09454
10.5775
0.14881
-0.14881
0.11711
-0.014068

Table 4. IC50 (μM) values of tested compounds 1 and 3 against HeLa cancer cell line.
Compound

HeLa ± SEM (μM)

1
3
Control

18.51±0.9256
6.52±0.7283
22.67±1.5634
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