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We herein report design, synthesis of imidazo[1,2-a]quinoxaline (4A-4E) via acid-catalyzed Pictet-Spengler (PS) reaction, and
their anticancer assessment through inhibition of human topoisomerases. Two compounds 4D and 4E were found to be dual
inhibitors of human topoisomerases and possessed anticancer potential at the low micromolar concentration (IC50 < 4.5 M)
in A549 (lung cancer), HT-29 (colon cancer) and MDA-MB-231 (breast cancer) cells. The molecules were also able to alter
the intracellular ROS levels inside cancer cells and led to apoptosis via the mitochondrial independent pathway.
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Introduction
Among various oncology targets, human topoisomerases

(hTopos) are the second most abundant nuclear proteins1,
which are widely studied and considered as vital targets to
halt the cancer prognosis2. hTopos are classified into Hu-
man DNA topoisomerases I and II (hTopo I and hTopo II).
hTopo I is a non-ATP dependent enzyme that catalyzes the
temporary breakage of DNA, one strand at a time, and the
succeeding re-joining of the strands3. Whereas, Topo II is a
dimeric and ATP-dependant enzyme belonging to the ATP
kinase subfamily. The hTopo II, depending upon its molecu-
lar mechanism, is further classified into two classes, i.e. Topo
II and Topo II, both of which are isozymes3b and have a
similar catalytic site but perform different biological functions.
Topo II is associated with cell division, whereas Topo II is
involved in cell differentiation3c. The researchers have in-
vestigated that there is a compensatory effect between Topo
I and II, indicating if one topoisomerase gets inhibited or its
expression gets reduced, the other will compensate for the
decrement, and its expression will rise subsequently4. Sev-
eral drugs have now been identified that target both Topo I
and Topo II simultaneously5. The dual hTopo I and II inhibi-
tors reported so far are classified into three categories; the
major category includes DNA intercalator class (e.g. DACA,
intoplicine, A35, TAS103); the second category includes hy-
brid molecules designed by physically linking separate Topo
I and Topo II inhibitors, although they allow the possibility of

dual inhibition but failed to correspond to pharmacokinetics
parameters owing to their higher molecular weights (e.g.
ellipticine-distamycin hybrids). The last category includes
modified candidates that possess an enhanced potential for
dual inhibition. Examples include campthothecin based modi-
fied candidate (e.g. BN 80927) and etoposide based modi-
fied candidate (e.g. tafluposide)4,6. The relevant chemical
structures of dual inhibitors are reported in Fig. 1.

The dual inhibitors, therefore, are a better option due to
the following essential considerations: (i) treatment involv-
ing selective Topo II inhibitors precipitates secondary malig-
nancies via chromosomal translocations; and (ii) develop-
ment of drug-resistance during long-term clinical therapies7.
Also, it has been hypothesized that dual inhibitors might in-
hibit overlapping functions in DNA metabolism, providing an
enhanced anticancer activity. Further, numerous research tri-
als provide insights that sequential administration of hTopo
II inhibitor (etoposide) with hTopo I inhibitor (topotecan,
irinotecan) leads to an antagonistic effect in contrast to syn-
ergism, including severe life-threatening anemia and neu-
tropenia8. Therefore, it is suggested and highly recommended
that a single agent possessing the property of dual inhibition
of Topos affects a larger cancer cell population with enhanced
anticancer potential. In the current research, we have focused
on the development of dual hTopos inhibitors based on
imidazo[1,2-a]quinoxaline scaffolds.
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Experimental
All the reagents for chemical synthesis were purchased

from Sigma-Aldrich, Sisco Research Laboratory, Loba-
Chemie Pvt. Ltd., India and were not further refined for puri-
fication. Monitoring of reaction progression was done using
Thin Layer Chromatography (TLC) (pre-coated Merck TLC
plates) using gradient concentration of petroleum ether/ethyl
acetate as the mobile phase, and detection was performed
in UV/fluorescent analysis cabinet. The solvent was concen-
trated using the ILMVAC rotary evaporator. Flash chroma-
tography (Biotage) was used for the purification of final com-
pounds. Stuart melting point apparatus (SMP-30) was used
for recording the melting points of final synthetics. Bruker
FT-IR spectrophotometer and Shimadzu GC-MS (DST-FIST
sponsored and in CIL) were used for obtaining the IR and
mass spectra. NMR and HRMS spectra were outsourced and
recorded at IIT Ropar, Punjab.

For the biological experiments, cell culture reagents, in-
cluding RPMI 1640 and DMEM media, penicillin/streptomy-
cin antibiotic solution, phosphate buffer saline, fetal bovine
serum, and biological grade DMSO were purchased from

Hi-Media. Topo assay kits were purchased from TopoGen.
Assays kits for (Reactive Oxygen Species) ROS, JC-1 were
purchased from molecular probes and Thermo Fisher Sci-
entific. Plastic wares were purchased from Corning and
Abdos. Normal and cancer cells for experiments were pro-
cured from NCCS, Pune, India. In vitro assays were per-
formed as per the protocol no. CUPB/cc/14/IEC/4483 ap-
proved by the Institutional Ethics Committee of Central Uni-
versity of Punjab, Bathinda.

Chemistry
N-(2-Amino-1,2-dicyano-vinyl)-formimydic acid ethyl es-

ter (2):
To a suspension of 1 (3 g, 27.75 mmol) in 1,4-dioxane

(20 ml), was added CH(OEt)3 (4.5 mL). The mixture was
heated at 80ºC for 6 h (TLC). The reaction mixture was evapo-
rated using a rotary evaporator, dark brown solid obtained
was extracted with diethyl ether (6×20 mL) and kept over-
night. The desired product 2 was obtained as yellow needles
and was used for the next step without further purification.
Yield: 75%; yellow solid; m.p. 134–136ºC [Lit.9 135ºC].

Fig. 1. Reported dual inhibitors of hTopo I and II.
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N-(2-Amino-1,2-dicyano-vinyl)-N-(2-amino-phenyl)
formimidine (3):

To a suspension of 2 (3 g, 18.28 mmol) in methanol (1.5
mL) was added o-phenylenediamine (1.85 g, 17.14 mmol)
and aniline hydrochloride (2.7 mg, 0.021 mmol). The reac-
tion mixture was stirred for 5 h at rt. The precipitate so ob-
tained was filtered, washed with diethyl ether, and dried to
afford 3. Yield: 79%; brown solid; m.p. 118–120ºC [Lit.9,10

119–121ºC].
5-Amino-1-(2-amino- phenyl)-1H-imidazole-4-carbonitrile

(4):
To a suspension of 3 (1 g, 4.42 mmol) in water (1 mL),

added 1 M aqueous KOH solution (15 mL) and was stirred
for 6 h at rt (TLC). The mixture was extracted with EtOAc (10
mL×3). The organic layer was washed with water, brine, dried
over anhydrous Na2SO4, and concentrated under vacuum
using a rotary evaporator to afford 4. The crude product was
recrystallized from EtOAc. Yield: 89%, yellowish solid; m.p.
195–197ºC [Lit.10 196–198ºC]. HRMS (TOF-ESI) Calcd. for
C10H9N5, 199.2200 [M]+; observed: 199.9258 [M+H]+.

Representative procedure for the synthesis of target com-
pounds:

1-Amino-4-(3,4,5-trimethoxyphenyl)imidazo[1,2-a]quin-
oxaline-2-carbonitrile (4A):

To a suspension mixture of 4 (100 mg, 0.502 mmol) in
methanol (qs) was added 3,4,5-trimethoxybenzaldehyde
(136.5 mg, 0.693 mmol) (a) and p-TsOH (1 mol %), used as
catalyst. The reaction mixture was heated under reflux at
80ºC for 3 h. After the completion of the reaction (TLC), metha-
nol was evaporated from the reaction mixture, concentrated
under vacuum using a rotary evaporator, extracted with ethyl
acetate, dried and purified via flash chromatography (EtOAc:
Pet ether: 1.5:8.5). Yield: 81%; brownish solid, m.p. 209–
211ºC [Lit.10 211–213ºC]. 1H NMR (400 MHz, CDCl3, TMS =
0) : 3.94 (3H, s), 4.03 (6H, s), 4.53 (2H, s; D2O exchange-
able NH2), 7.64–7.60 (2H, m), 7.96 (2H, s), 8.14 (1H, d, J 8
Hz), 8.53 (1H, m); 13C NMR (100 MHz, CDCl3, TMS = 0) :
56.39, 61.09, 104.19, 107.20, 114.82, 127.45, 127.53, 128.14,
130.40, 130.83, 133.59, 136.57, 140.67, 142.20, 149.63,
153.02. HRMS (TOF-ESI) Calcd. for C20H17N5O3, 375.1331
[M]+; observed: 376.1349 [M+H]+.

The remaining target compounds 3-amino-10-oxo-
10,11,12,12a-tetrahydroimidazo[1,2-a]pyrrolo[2,1-c]quin-

oxaline-2-carbonitrile (4B), 1-amino-4-(chloromethyl)-4-phe-
nyl-4,5-dihydroimidazo[1,2-a]quinoxaline-2-carbonitrile (4C),
(E)-4-methyl-1-((3-oxo-1-phenylbutyl)amino)-4-styryl-4,5-
dihydroimidazo[1,2-a]quinoxaline-2-carbonitrile (4D), and 1-
amino-4-hydroxy-4-(phenylamino)-4,5-dihydroimidazo[1,2-
a]quinoxaline-2-carbonitrile (4E) were synthesized as per the
standardized protocol and their physical data (m.p., NMR,
IR and HRMS) were in accordance with their reported val-
ues10.

Drug design and molecular modelling:
The molecules were designed and developed on the ba-

sis of reported conserved interaction of dual inhibitor TAS-
103 within active cavities of hTopo I and II in comparison to
camptothecin and etoposide11. The representative compound
of the series (4E) was docked into the active site of Topo I
(PDB ID: 1T8I)12 and Topo II (PDB ID: 3QX3)13. The docking
studies were performed using AutoDock Vina. The proteins
and ligands were prepared and saved using pdbqt file for-
mat. After refinement, autogrid module assisted in grid
generation and finally followed by molecular docking.

Biology
Topoisomerase assay:
The assays were performed using our previous proto-

cols as well as considering manufacturer protocol6d,14. For
hTopo II assay, kinetoplast DNA (kDNA) was used as a sub-
strate, and etoposide was taken as the positive control.
Samples were mixed with 10X loading dye and were resolved
on a 1% agarose gel electrophoresis unitin non-EB, TAE
buffer. Topo I relaxation assay was performed on negatively
supercoiled DNA pBR322. Investigational compounds or CPT
and Topo I was incubated at 37ºC for 30 min. On completion
of digestion, samples were subjected to gel electrophoresis
on 1% agarose gel. Visualization of both reactions was per-
formed using Gel DocTM EZ imager (BioRad) and quantified
by image Lab (BioRad).

Cell maintenance and culture:
The cell culturing was done as per our previous

protocols6d,14. Briefly, cells were grown in culture flasks or
Petri plates using DMEM media, supplemented with 10%
fetal bovine serum (FBS), 1X penicillin-streptomycin antibi-
otic solution. The cells were maintained inside an incubator
at a temperature of 37ºC and a humidified atmosphere con-
taining 5% CO2.
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Antiproliferative assay:
The antiproliferative assay was performed as per our pre-

vious protocols using MTT dye6d,14. In brief, approximately103

cells were seeded in each well of 96 well plates. After proper
synchronization (serum-starved), cells were replenished with
complete media. The treatment was given when confluency
reached 80% at three varying concentrations (1, 5, and 25
M) of test and standard samples for 48 h. After specified
incubation time, the media was discarded, and cells were
washed using 1X PBS and were replenished with MTT dye
(10 L) prepared using 5 mg/mL solution in PBS (1X). The
plate was incubated for 4 h and formazan crystals thus formed
were dissolved in DMSO and absorbance was read using a
microplate reader at 570 nm. IC50 was calculated using Ori-
gin software.

Analysis of secondary anticancer parameters:
To analyze secondary anticancer mechanisms, MDA-MB-

231 cells were incubated for 48 h after treatment with test
and control samples at their sub-IC50 concentrations. Cellu-
lar samples after treatment were harvested for staining by
transferring (approximately 106 cells per tube). The cells were
then centrifuged at 1200 rpm for 5 min and washed with 1X
PBS. The suspended cells were stained and incubated for
30 min at room temperature in the dark. The fluorescence
intensity was measured using the BD C6 flow cytometer us-
ing our previous protocols. Reactive Oxygen Species (ROS)
assay was analyzed using H2DCFDA (2,7-dichlorodihydro-
fluorescein diacetate) dye. The Mitochondrial Permeability,
as altered by investigational samples, was analyzed using
JC-1 (5,5,6,6-tetrachloro-1,1,3,-tetraethylimidacarbocya-
nine iodide) dye. The mode of cell death was deduced using
Annexin V vs PI assay using Annexin V and propidium io-
dide dye6d,14.

Results and discussion
Drug design:
The molecules were designed and developed on the ba-

sis of reported conserved interaction of dual inhibitor TAS-
103 within cavities of hTopo I and II. The representative com-
pound of the series (4E) was docked into the active site of
Topo I (PDB ID: 1T8I)12 and Topo II (PDB ID: 3QX3)13. The
molecular modeling insight important interactions of TAS-103
in hTopo I that include - stacking of pyridine and pyrrole
ring with deoxy guanine (TGP, C-11), -cation interaction of

Lys532 with the phenolic ring, and H-bond of the hydroxy
group of the phenolic ring with Asp533. The 4E also exhib-
ited similar interactions, which include - stacking of imi-
dazole and phenyl ring with TGP(C-11), and additional -
stacking between phenyl and deoxyadenosine (DA). Further,
the nitrogen of N-methylaniline and secondary -OH group
exhibited H-bond interaction with deoxy thymine (DT) and
TGP, respectively. The analysis also revealed that the com-
pound 4E exhibited much better binding affinity (dock score:
–7.493 kcal/mol) within hTopo I as compared to TAS-103
(dock score: –6.032 kcal/mol) (see Fig. 2A). Next, the inter-
action of TAS-103 in hTopo II revealed H-bond interaction of
lone pair of secondary -NH with Arg503, whereas phenolic -
OH exhibited salt bridge interaction with the same amino
acid. The interaction was found to be conserved in 4E. The
phenolic and aryl ring were involved in - stacking with
DG, with phenyl ring showing additional - stacking with
Arg503. The lone pair of -NH (ring system) made H-bond
interaction with Arg503, whereas the secondary -OH group
was involved in H-bonding with DT. Similarly, binding affinity
exposed better attraction and active site occupation by 4E
(dock score: –9.516 kcal/mol) as compared to TAS-103 (dock
score: –7.287 kcal/mol) (see Fig. 2B). Further, the binding
pattern revealed that 4E binds in a similar mode with TAS-
103 within the active domain of hTopo I (Fig. 2C) and II (Fig.
2D).

Chemistry:
The target molecules (4A-4E) were synthesized based

on our previously reported procedure via a modified Pictet-
Spengler (PS) reaction10. In brief, target compounds were
synthesized via a common intermediate 5-amino-1-(2-
aminophenyl)-1H-imidazole-4-carbonitrile (4) obtained via
condensation of diaminomaleonitrile (1) with CH(OEt)3 in 1,4-
dioxane to afford forimidate ester 29a which, in turn, under-
went substitution reaction with o-phenylenediamine under
the catalytic influence of PhNH2.HCl to form 3 (Scheme 1).
The reaction proceeds via nucleophilic attack of one of the
nitrogen’s lone pair of o-phenylenediamine on the electro-
philic carbon atom of 2 followed by loss of one molecule of
EtOH. The intermediate 3 subsequently undergoes ring for-
mation under basic conditions (aq. KOH solution) to afford 4,
which was further reacted with a variety of electrophiles un-
der reflux condition using p-TsOH (1 mol%) as a catalyst to
afford the target compounds. The reaction of 3,4,5-trimethoxy
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Fig. 2. (A) Interaction of 4E and TAS-103 within active site of hTopo I (PDB ID: 1T8I); (B) Interaction of 4E and TAS-103 within active site of
hTopo II (PDB ID: 3QX3); (C) Overlapping interaction diagram of 4E and TAS-103 within the active sites of hTopo I and Topo II; (D) For
representation purpose 4E is embodied with grey color and TAS-103 is denoted with brown.

Scheme 1. Synthesis of substrate 4, and products (4A-4E). Reaction conditions: (i) CH(OEt)3, 1,4-dioxane, reflux, 6 h; (ii) PhNH2.HCl (cat.),
EtOH, rt, 5 h; (iii) KOH (1 M), H2O, rt, 6 h; (iv) p-TSA, MeOH reflux, 80ºC, 3–4 h.
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benzaldehyde (a) with 4 resulted in the formation of modified
PS product 4A. Interestingly, reaction of methyl 4-
oxobutanoate (b) with 4 led to the synthesis of 4B, which in
addition to modified PS reaction, underwent nucleophilic at-
tack by nitrogen atom on carbonyl ester thus forming a five-
membered ring. In another reaction of 4 with phenacyl chlo-
ride (c), the formation of PS product (4c) took place via an
imine pathway. Further reaction of 4 with benzalacetone (d)
led to the formation of 4D via PS reaction at C-2 of imidazole
and also underwent aza-Michael addition at -carbon of d.
Lastly, the reaction of 4 with phenyl isocyanate (e) led to the
formation of another modified PS product 4E with a free sec-
ondary alcohol functionality.

Biology:
Initially, the molecules 4A-4E were assessed for their

hTopos inhibitory potential. hTopo II based decatenation as-
say revealed (Fig. 3) that compounds 4D and 4E were po-
tent hTopo II inhibitors as compared to etoposide. However,
the compounds 4A-4C also inhibited the decatenation of
kDNA. Further, the compounds 4B-4E profoundly inhibited
the relaxation process of supercoiled DNA, leading to inhibi-
tion of hTopo I (Fig. 4). The results indicated compounds 4D
and 4E have the potential to act as dual inhibitors of hTopo I
and II.

The work was further corroborated using molecular dock-
ing studies of 4E. (4ER and 4ES isomers) at the active site
of hTopo I (PDB ID: 1T8I) and hTopo II (PDB entry: 3QX3).
The bound CPT in hTopo I was used for comparing the inter-
actions of 4E in Topo I. The compound 4ES was found to
have a better affinity as compared to 4ER. The cyano group
of 4ES was found to interact and form H-bond with Thr718,
whereas -NH2 at the imidazole ring interacted with Arg364.
The nitrogen of N-methylaniline and secondary -OH group
also exhibited H-bond interaction with DT and TGP, respec-
tively. The additional H-bond interactions could help increas-
ing the binding affinity of the compounds to the hTopo I pro-
tein. The free aryl ring was found to occupy the active site
surrounded by Asn352, Ala351, and Met428. Other notable
interactions involved were - stacking of imidazole and
phenyl ring with TGP (see Fig. 5A). Next, 4ES also occupied
ATPase domain of hTopo II (PDB entry: 3QX3). The valida-
tion was performed by re-docking the etoposide into the

Fig. 3. (A) Agarose gel image illustrating hTopo II based decatenation
assay using kDNA. Lane 1 signifies kDNA with hTopo II, Lane
2 kDNA without hTopo II, Lane 3 etopoisde (E) used as posi-
tive control, Lane 4–8 investigational samples at 100 M con-
centration; (B) Quantification of product formed in kDNA based
decatenation assay. Blue represent positive control etoposide
(E), red represent inactive compound (4A-4C) and green rep-
resents active compounds (4D and 4E) w.r.t to etoposide.

Fig. 4. (A) Agarose gel image illustrating results obtained for hTopo I
relaxation assay. Lane 1 signifies plasmid DNA with hTopo I,
Lane 2 plasmid DNA without hTopo I, Lane 3 camptothecin (C
or CPT) used as positive control, Lane 4–8 investigational
samples at 100 M concentration; (B) Quantification of prod-
uct formed in hTopo I relaxation assay. Blue represents posi-
tive control camptothecin (C or CPT), red represents inactive
compound (4A) and green represents active compounds (4B-
4E) w.r.t to CPT.
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ATPase domain of hTopo II sugesting similar conformation
to that of the co-crystal ligand with RMSD of 0.019. The im-
portant interaction that were observed (not shown) with
etoposide includes the G478, D479, and L502 residues. H-
bonding and weak van der Waals interactions were observed
at Gln778 and Met782 glycosidic group of etoposides. The
aglycone part of etoposide was found to be flanked between
sugar bases of DNA. Further, the Gln778 residue (of 
isoform) is reported to be replaced with Met762 in -isoform
that assist in the development of isoform-specific inhibitors
of hTopo II13. All the important interactions displayed by
etoposide were found to be conserved in TAS-103 and 4ES.
The -CN group of 4ES was found to interact with Gln778 and
Leu502. The Gly478 was found to interact with lone pair of
the NH2 group of imidazole. The phenolic and aryl ring were
involved in - stacking with DG, with phenyl ring showing
additional - stacking with Arg503. Lone pair of -NH (ring
system) showed H-bond interaction with Arg503, whereas
the secondary -OH group was involved in H-bonding with DT
(see Fig. 5B).

Next, we were interested to know whether the hTopos
inhibition via the target compound could lead to anticancer
activity or not. To explore this, we tested the antiproliferative
potential of all the compounds using MTT assay on three
different cancer cell lines A-549 (lung cancer), HT-29 (colon
cancer), and MDA-MB-231 (breast cancer). After 48 h of in-
cubation with cancer cells at three varying concentrations of

1, 5, and 25 M all the compounds were able to exhibit
antiproliferative potential (IC50) in the range of 1.8–8.3 M
(Table 1) and were comparable to positive control employed.
Further, the selected molecules 4D and 4E, when tested on
normal breast cells (HBL-100) at the highest concentration
of 10 M for 48 h (results not shown) exhibited no toxicity,
thus proving their selective anticancer potential.

Table 1. Antiproliferative activity of synthetics 4A-4E
Inhibitory potential (IC50 (M) ± SD)a

Cd A-549 HT29 MDA-MB-231
(Lung cancer) (Colon cancer) (Breast cancer)

4A 3.1±0.21 4.9±0.19 4.2±0.17
4B 3.8±0.31 7.2±0.27 3.5±0.13
4C 1.98±0.19 4.9±0.16 8.3±0.18
4D 7.2±0.2 2.7±0.13 3.8±0.21
4E 4.3±0.16 3.5±0.43 1.8±0.23
CPT 3.32±0.14 3.2±0.21 2.32±0.32
aAssay was performed in triplicate and at three different concentration.

Fig. 5. 3D poses of 4E illustrating its binding in active domain of (A)  hTopo I (PDB ID: 1T8I) and, (B) hTopo II (PDB ID: 3QX3).

To further investigate the secondary anticancer mecha-
nism associated with the target compounds, the MDAMB-
231 cells were treated with 4D and 4E at sub-IC50 concen-
tration and incubated for 48 h. The results indicated that 4D
and 4E were able to increase the ROS levels inside the can-
cer cells (MDA-MB-231) as analyzed by H2DCFDA assay
(Fig. 6A). The increased ROS often alters the mitochondrial
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permeability and to understand the effect, JC-1 assay was
performed. The assay revealed (Fig. 6B) 4D, and 4E were
able to alter mitochondrial permeability (decrease in red/green
ratio), leading to apoptosis as analyzed via PI vs Annexin-V
assay (Fig. 6C).

Conclusions
In conclusion, we designed 4A-4E as the dual inhibitors

of hTopos using molecular modeling techniques. The syn-
thesis of target compounds 4A-4E was achieved viaring clo-
sure reactions of 4 with electrophiles through Pictet-Spengler
(PS) reaction. The biological evaluation of the synthetics was
performed to assess the anticancer potential via dual inhibi-
tion of Topo I and II. The compounds 4D and 4E emerged as
dual inhibitors of hTopo I and II with selective anticancer po-
tential. The compounds also induced an increase in ROS,
alteration in mitochondrial permeability leading to cell death
via apoptosis. The molecular docking highlighted the bind-
ing interactions of the compounds with both the enzymes.

The future research work would include their assessment in
in vivo cancer models.
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