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One-pot synthesis of cyclic-aminotropiminium
carboxylate derivatives with DNA binding and
anticancer properties
Bibhuti Bhusana Palai1,2,4, Saket Awadhesbhai Patel2,3,4, Nagendra K. Sharma1,2✉ & Manjusha Dixit 2,3✉

Tropolone, a nonbenzenoid aromatic molecule, is a constituent of troponoid natural products

possessing a wide range of bioactivities, including anticancer. This report describes the

one-pot synthesis and mechanistic studies of fifteen fluorescent Caryl-Nalkyl-substituted

cyclic-aminotroponiminium carboxylate (cATC) derivatives by unusual cycloaddition and

rearrangement reactions. Herein, the biochemical studies of four cATC derivatives reveal a

non-intercalative binding affinity with DNA duplex. In vitro/in vivo studies show strong

anti-tumor activity in three cATC derivatives. These derivatives enter the cells and localize to

the nucleus and cytoplasm, which are easily traceable due to their inherent fluorescence

properties. These three cATC derivatives reduce the proliferation and migration of HeLa cells

more than the non-cancer cell line. They induce p38-p53-mediated apoptosis and inhibit

EMT. In xenograft-based mouse models, these cATC derivatives reduce tumor size. Overall,

this study reports the synthesis of DNA binding fluorescent Caryl-Nalkyl-cyclic-amino-

troponiminium derivatives which show anti-tumor activity with the minimum side effect.
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Tropolone, non-benzenoid aromatic molecule, is a major
constituent of Troponoid natural products, which are
mostly found in plants and fungi1–3. Troponoids have

wide-range of bioactivities such as antibacterial, antifungal,
antiviral, insecticidal, anticancer4–6. Their bioactivities mainly
depend upon the metal-complexation with metalloenzymes7. The
synthetic analogs of tropolones such as aryl-tropolones, amino-
tropones, and aminotroponimines also exhibit similar types of
metal complexing properties8–10. Synthetic derivatives, β-phenyl-
tropolone, and aryl-2-aminotropone have shown remarkable
bioactivities including anticancer11–13. The tropolone scaffold
provides ample sites for the chemical modifications which can
facilitate the development of the molecules with stronger antic-
ancer activity and specificity. Another category of synthetic
derivatives, 2-aminotropones and aminotroponimines, exhibit
better metal-chelating properties as compared to tropolone owing
to the amine functionality14,15. The cyclic derivatives of amino-
troponimines and troponoid-pyrazine derivatives are poorly
explored as compared to tropolone. However, benzenoid pyrazine
derivatives comprise useful bioactivities including DNA duplex
binding through intercalative mode16–20. The non-benzenoid
benzopyrazine derivative, 2,3-dihydro-1H-cyclohepta[b]pyrazine
are yet to be explored in the development of anticancer agents
(Fig. 1A)21. Tropolone derivatives also exhibit unique photo-
physical properties, including fluorescence, mainly owing to π-π*,
n-π*, charge transfer, and the delocalization of π-electrons
through the formation of troponium-cation at tropone ring
system22–27. However, their fluorescence quantum yield is very
low in polar solvents. The N-substituted cyclic-aminotroponimine
derivatives could form stable aminotroponiminium-cation enti-
ties, comprising better delocalization of conjugated π-electrons
and cationic charge separation at tropone-ring that could lower
electronic transition energy and improve fluorescence properties.
It would be lucrative to explore the structural and functional
properties of substituted cyclic-aminotroponimine derivatives.
We rationally designed the substituted cyclic-aminotroponimines
derivatives from previously reported troponyl-ketene intermediate
of unnatural troponyl-amino acid and aryl-alkyl imine via [2+ 2]
cycloaddition reaction (Fig. 1B)28–30. This report describes the
one-pot synthesis of novel NAlkyl/CAryl-substituted cyclic-amino-
tropiminium carboxylate (cATC) derivatives from N-alkyl-
troponyl glycinate ester and aryl-alkyl imine derivatives by
cycloaddition, and a unique rearrangement under mild acidic
anhydrous conditions. This article also describes their structural

analyses, photophysical properties, and DNA binding studies.
Further, we have investigated cATC derivative’s anticancer
properties. So far, there is no report about substituted cyclic-
aminotropimine derivatives. Hence, our results have huge scope
for developing the tropolone-based synthetic fluorescent antic-
ancer drug candidates, which could be traceable in the cellular
environment at real time.

Results
Synthesis. We began the synthesis from commercially available
Tropolone (1) molecule by following the synthetic route depicted
in Fig. 2. Tropolone (1) was modified into the unnatural amino acid
derivative (2), N-troponyl-N-Phenylethyl glycinate ester by fol-
lowing our previously reported procedure29. Their characterization
data (NMR/HRMS/FT-IR) are provided in the Supplemental
Material (SM). Their spectra (NMR/HRMS) are depicted Supple-
mentary Data 1 (Fig. S1–S34). Pleasantly, we obtained the single
crystal of troponyl-amino acid ester (2) in the organic solvent
systemMeOH:DCM (1:20) and studied by X-ray diffractometer. Its
structural details (ORTEP diagram and X-ray parameters) are
provided in the Supplemental Material (Fig. S1 and Table S1) and
Supplementary Data 2. Crystal data has been submitted to Cam-
bridge Crystallographic Data Centre (CCDC) with reference
number 2035166, which confirmed the structure of tr-pheneg ester
(2). Next, we synthesized various imines derivatives (5) from aryl
aldehydes (3a-3i) and aliphatic amines (4a-4f) at the expense of
water (H2O) elimination by following the reported procedure
(Fig. 2)31. In situ, we generated reactive troponyl-ketene inter-
mediate (2*) from troponyl glycinate ester (2) under mild acidic
conditions (5.0% TFA in anhydrous CH3CN) and treated with
excess arly-alkyl imine (5a) that was prepared from benzaldehyde
(3a) and benzylamine (4a). After completion of reaction, we pur-
ified the new product (6a) through the silica-gel column and
characterized it by NMR/ESI-HRMS/single-crystal x-ray techni-
ques. Their analytical data are provided in the Supplemental
Material. The NMR and mass data of isolated products confirm the
formation of an adduct containing troponyl-ketene (2*) and imine
(5a) residue. 1H-NMR of 6a supports the presence of troponyl ring
and aryl ring protons in the aromatic regions (deshielded) along
with glycinate/alkyl amine protons in aliphatic regions (shielded).
The 13C-NMR of product 6a exhibits two new peaks (~δ150.0 ppm
and ~δ152.0 ppm) along with glycinate carboxylate carbonyl
(–C=O) at ~δ170 ppm (Table S2, Entry 1) at the expense of
characteristic troponyl carbonyl (tr-C=O) peak of reactant 2 at
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Fig. 1 Chemical structures of Tropolone derivatives. A Previously reported Troponyl derivatives. B Rationally designed cATC derivatives.
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~δ182.0 ppm along with other carbon peaks of aryl/aliphatic
residues. To ensure the structure of product 6a, we crystalized the
isolated product in organic solvent systems. We also obtained the

single crystal of product (6a) in the organic solvent system
MeOH:DCM (1:20). Its structural details (ORTEP diagram and
X-ray parameters) are provided in the Supplemental Material

Fig. 2 Chemical synthesis of cATC derivatives from tropolone and imines. A Formation of Ketene intermediate that reacts with imine and form cATC
derivative. B Structure of various cATC derivative from different imines.
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(Fig. S2 and Table S3) and Supplementary Data 3. The single crystal
of cATC derivative 6a is hydrogen bonded with H2O molecules as
–O=C–O----H–O–H at distance 1.9 Å (SM, Fig. S2). Its X-ray
analysis confirms the structure of the product as the substituted
cATC derivative (6a), N-benzyl-N-phenylethyl phenyl troponyl
dihydropyrazinium carboxylate. The crystal data has been sub-
mitted to CCDC with reference number 1889119. We repeated the
reaction with tr-pheneg glycinate ester (2) and different imines (5)
under similar conditions and characterized the respective products
(6b-6o). Similarly, we purified and characterized products (6b-6o).
Their characterization data along with comparative 13C-NMR are
provided in the Supplemental Material. Their NMR and mass
analysis results are consistent and support the formation of cATC
derivatives. We also obtained the single crystal of cATC derivatives
(6d/6k). Their ORTEP diagrams and X-ray parameters are pro-
vided in the Supplemental Material (Figs. S3, S4 and Tables S4, S5)
and Supplementary Data 4/5. The crystal data have been submitted
to CCDC with reference numbers 2035165 for 6d and 2035167 for
6k. The X-ray studies confirm the structure of compound 6d as N-
Benzyl-N-phenylethyl 4-nitrophenyl troponyl dihydrapyrazine
carboxylic acid, and of compound 6k as N-octyl-N-phenylethyl
4-fluorophenyl troponyl dihydrapyrazinium carboxylate. The sin-
gle crystal structure of compound 6k exhibit that carboxylate O-
atom is hydrogen bonded with H-atom (O=C–O-----H–N) with
octyl amine salt at distance of 1.7 Å (SM, Fig. S3). As shown in
Fig. 2, imines of benzylamine (4a) and aromatic aldehyde (3b-3h)
including cinamaldehyde (3i) produced respective cATC deriva-
tives 6b/6d-6g/6m-6o; imines of phenylethyl amine (4b) and
4-nitrobenzaldehyde (3c) gave cATC (6c); imines of 2-butylamine
(4c) and 4-hydroxybenzaldehyde (3j) produced cATC 6 h; imine of
propargyl amine (4d) and benzaldehyde (3a) produced cATC (6i);
imine of octylamine (4e) with benzaldehyde (3a)/4-fluor-
obenzaldehyde (3d) produced respective cATC derivatives 6j and
6k. Herein, we successfully synthesized various types of substituted
cyclic-aminotroponimine derivatives and confirmed their struc-
tures by NMR, HRMS, and X-ray studies.

Mechanistic studies. We monitored the progress of cATC for-
mation (6a) from troponyl amino acid ester (2) and imine (5a) by
NMR, Mass, and UV spectrometer. We recorded time-dependent
1H-NMR spectra of ester (2) after the addition of TFA (6% in
CDCl3) followed by imine (SM, Figs. S5, S6). We noticed that α-

CH2 of ester 2 (δ4.3 ppm) was shifted to δ4.5 ppm (downfield) after
the addition of TFA, and then a new peak appeared at δ4.6 ppm
(singlet) just after 30min. The intensity of new peak (δ4.6 ppm)
was progressively increasing with respect to time at the expense of
downfield shifted peaks (δ4.5 ppm, singlet). Presumably, the sig-
nificant downfield shift of α-CH2 occurred due to the formation of
a new intermediate with TFA, which was further converted into
cATC product (6a). Thus α-protons of ester 2 are labile under
acidic conditions. Time-dependent mass analyses further support
the formation of cATC derivative (SM, Figs. S7, S8). Since
tropolone-related derivatives are UV–Vis chromophores, we
monitored the reaction progress with time by UV–Vis/fluorescence
spectrophotometer (SM, Figs. S9, S10). UV spectrum of reactant
ester (2) exhibits characteristic peaks (~λ250nm, ~λ360nm & ~λ420nm)
and aryl imine (5a) at ~λ260nm. The UV spectrum of the isolated
product (6a) exhibits peaks at λ270nm, λ370nm & λ460nm. We noticed
the appearance of a new absorption peak (~λ380nm) from reactant 2
after the addition of TFA that further collapses into a new peak
(λ460nm) with respect to time after the addition of imine (5a). The
new absorption peaks appeared owing to the formation of a new
product as cATC derivative (6a). Thus a new intermediate with
absorption peak (~λ380nm) has been formed before the addition of
imine and cATC formation.

We propose the mechanism of cATC product formation as
shown in Fig. 3. Previously, we have reported the formation of
cyclic tropolonium cation (CTL)-intermediate (2*) followed by
the reactive species ketene (2**) from troponyl amino acid ester/
amide derivatives under mild anhydrous acidic conditions29. Our
time-dependent 1H-NMR and UV–Vis spectral results suggest
that the reactive intermediate (peak at ~λ380nm) could be cyclic
tropolium cation (CTL)-intermediate (2*) which further converts
into a reactive intermediate ketene (2**) under acidic conditions
owing to labile nature of α-protons of ester 2. In the literature,
ketene and imine are known to form a cyclo-adduct product
(lactam)30,32–34. It is also reported that ketene also forms adduct
with alkene35. Similarly, the ketene of ester (2) forms a new
adduct lactam with imine (5) via [2+ 2] cycloaddition reaction in
the same reaction pot. However, we could not isolate the lactam
(Int-1), presumably owing to the reactive N-troponyl amide
bond. This unstable lactam (Int-1) is further cleaved and
rearranged into another reactive cationic tropolonium lactone
(CTL) intermediate (Int-2) and an intramolecular alkylaminyl

Fig. 3 The plausible reaction mechanism for the formation of cATC derivatives. The formation of cATC derivative by a [2+ 2] cycloaddition between
ketene and imine followed by unique rearrangement.
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ion. In the last, alkylaminyl ion reacts with troponium cation via
addition-elimination reaction (SNAr) to produce the stable
product cATC (6). We also performed DFT (B3LYP) calculations
and extracted single point energy of reactant, products, and
intermediates at ground state using Gaussian software. The details
are provided in SM (Figs. S11, S12) and Supplementary Data 6.
Their relative energy profile supports the formation of lactam
intermediate (Int-1) followed by lactone intermediate (Int-2)
which converts into cATC products.

Photophysical studies. In the literature, Tropolone and related
compounds exhibit characteristic UV–Vis absorption and fluor-
escence properties owing to π–π*, n–π* transitions and intra-
molecular charge transfer, though their quantum yield is very
low25,36,37. We noticed that cATC derivatives are soluble in most
of the organic solvents. We assume that cATC derivatives exhibit

strong fluorescence owing to the existence of amino-
troponiminium cation species, which induces better delocaliza-
tion of π–electron and lowers the π–π* electronic transition as
compared to the non-cationic troponoid derivatives. We found
that the methanolic solution of cATC derivatives was fluorescent
(SM, Fig. S13). Herein, we examined the photophysical properties
of representative cATC derivatives (6a-6o). We recorded the
UV–Vis/fluorescence spectra and measured their extinction
coefficients and quantum yield in polar solvent MeOH (Fig. 4 and
Supplementary Material Figs. S14–S17). In Fig. 4A, the UV–Vis
spectrum of cATC derivative (6a) exhibits two absorption peaks
at the wavelength 370 nm and 460 nm (λabs,370 nm/460nm) while its
emission spectrum exhibits only one peak at the wavelength
~525 nm (λem,525nm) at excitation wavelength 440 nm (λex,440nm)
with Stokes shift ~70 nm. The UV–Vis and fluorescence spectral
pattern and Stokes shift of other carboxylates (6b-6o) were
similar. We also calculated their extinction coefficient and relative

Fig. 4 Photophysical studies of cATC derivative. A shows UV–Vis and fluorescence spectra of cATC derivative (6a). B bar-diagram shows the quantum
yield of cATC derivative (6a-6o).
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quantum yield with the reference of Coumarin with λex,440 nm

(SM, Table S6). Their extinction coefficient values varied with
substituents in the range of ~14,000–18,000 M−1 cm−1. The
relative quantum yield values (~0.1–12%) of cATC derivatives
(6a–o) are summarized in the bar diagram (Fig. 4B). The dime-
thoxy-phenyl/naphthyl substituent significantly decreases the
quantum yield of respective cATC derivative (6b/6g) possibly due
to the steric factors. The nitrile-phenyl, fluoro-phenyl and
hydroxyl-phenyl substituents also decrease the quantum yield of
respective cATC derivatives (6f/6k/6l/6m), possibly due to the
electron-withdrawing effects and electronegativity. The fluor-
obenzene-cATC derivative (6m) has the lowest quantum yield but
has a large stokes shift (100 nm) as compared to other cATC
derivatives. However, the quantum yield of lone tropolone and
aminotropolone compounds is lower (0.1–2.0%) in nonpolar
solvents and negligible in polar solvents. The fluorescent
enhancement of cATC is mainly owing to the presence of
electron-donating groups alkyl-amines and troponium-cation
charge species at tropone ring, which eases the delocalization of
conjugated π-electrons and positive charge. Its carboxylate anion
is acting as a counter ion of troponiun-cation and enhances
charge separations. Lone pairs of alkyl substituted diamine extend
the conjugation of tropone ring in cATC derivatives that may
lower the energy difference (EHOMO–ELUMO) compared to
unsubstituted tropolone and aminotropone. We theoretically
calculated the HOMO-LUMO molecular diagram/energy of
cATC derivative (6a-6o) in the gas phase by DFT (B3LYP). Their
HOMO-LUMO diagrams are provided in the Supplemental
Material (Figs. S18–S20). Their MO diagrams show that troponyl
dihydropyrazinium and carboxylate residues are involved in
HOMO while only aminotroponyl rings are involved in LUMO.
Carboxylate and aminotropimine groups are fluorogenic residues
in cATC derivatives. In case of nitro derivative (6d), nitrophenyl
group is involved in LUMO rather than aminotroponyl residue.
Thus, nitrophenyl substituent (β-C position of carboxylate) plays
a significant role in the fluorescent behavior of cATC 6d deri-
vative. We also extracted HOMO-LUMO energy gap
(EHOMO–ELUMO) of 6a-6o, which was in the range of 2.6–2.8 eV
(SM, Table S7). The β-C-phenyl substituents of cATC derivatives
influence the quantum yield of synthesized cATC derivatives
owing to perturbation of the excited electron relaxation. Thus,
troponyl dihydropyrazinium is a fluorogenic residue in cATC
derivatives, and their quantum yield depends upon the stereo-
electronic nature of phenyl substituents at β-C of carboxylate.
Hence, cATC derivatives are strong fluorescent molecules in
comparison to tropolone, and the other reported 2-amino-
tropone/amintroponimine derivatives.

DNA binding studies. Polyamine and benzenoid aromatic dia-
mines strongly bind with DNA duplex structure and are con-
sidered therapeutic drug candidates38,39. Accordingly, we
examined interaction of cATC derivatives with DNA duplex
structure by UV–Vis/fluorescence spectrophotometer. We
recorded the absorption and emission spectra of cATC derivatives
(6a/6e/6j/6n) with different concentrations of ct-DNA duplex at
room temperature and pH 7.1. The absorption spectrum of cATC
derivative (6j) exhibits hyperchromicity (λ260nm) and isosbestic
point (λ300nm) with the increasing concentration of ct-DNA (SM,
Fig. S21E). The emission spectrum of fluorescent compound 6j
exhibits a remarkable enhancement in its fluorescence intensity
(λex.440nm; λem.520nm,) with the increasing concentration of ct-
DNA (SM, Fig. S21F). Other cATC derivatives 6a/6e/6n also
exhibit similar absorption hyperchromicity (~λ260nm) and fluor-
escence enhancement (~λex.440nm, λem.520nm) with the increasing
the concentration of ct-DNA at pH7.0 (SM, Fig. S21). These

results strongly support the interaction of cATC derivatives with
ct-DNA. Next, we examined the binding mode of representative
cATC derivative (6j) with ct-DNA by competitive assay using
DNA intercalating agent, ethidium bromide (EtBr), and the
groove binding Hoechst dye. In that assay, the fluorescence
intensity of DNA-EtBr (or DNA-Hoechst) complex is quenched
by DNA binding agent (intercalative or groove binding)40–42.
Herein, we recorded the fluorescence spectra of DNA complexes
(EtBr:ct-DNA/Hoechst:ct-DNA) with the increasing concentra-
tion of cATC derivative 6j (SM, Figs. S22, S23). Their spectra
show the enhancement in the fluorescence intensity of both the
complexes (EtBr:ct-DNA/Hoechst:ct-DNA) with the increasing
concentration of cATC (6j). These fluorescence studies reveal that
cATC (6j) binds with ct-DNA duplex without replacing EtBr and
Hoechst binding sites. The core structure of cATC, troponyl-
dihydropyrazine, is a non-planar twisted structure, strictly not
favorable for the intercalation with DNA nucleobase pair, but its
unique structure, possessing troponium cation, cyclic-diamine,
and carboxylate functionality probably interact with Hoogsteen
sites of nucleobases and the phosphate backbone of DNA at the
major groove of DNA duplex structure. Overall, cATC derivatives
bind with DNA duplex structure and enhance the fluorescence
which could be used as a fluorescent DNA binding agent.

Further, we examined the effect of cATC derivatives (6a/6e/6j/
6n) on the ct-DNA duplex structure by circular dichroism (CD)
studies. We recorded the CD spectra of ct-DNA with the increasing
concentration of cATC derivatives (SM, Fig. S24). The CD
spectrum of control ct-DNA exhibits the characteristic B-type
duplex structure that almost remained unchanged by increasing the
concentration of cATC derivatives (6a/6e/6j/6n). Next, we
examined the binding site of cATC derivative (ligand) at the
DNA duplex structure by using AutoDock-Vina, a well-reported
computational docking program3. We performed docking of cATC
derivatives (6a/6d/6k) crystal structure (ligand) with dodecamer
DNA duplex crystal structure (PDB ID-1BNA) as the receptor. Our
docking results strongly support the non-covalent interaction of
cATC derivatives (6a/6d/6k) at the DNA-minor groove with the
binding affinity ~7.0 Kcal/mole, mostly hydrophobic interactions
(SM, Figs. S25–7, Table S8). Importantly, the carboxylate group
octyl-cATC derivative (6k) exhibits hydrogen bonding with
guanine residues of DNA. Overall, cATC derivatives non-
covalently bind with DNA duplex through the non-intercalative
mode without affecting the native duplex structure. Next, we
examined the DNA binding affinity of cATC derivatives (6e/6j/6n)
by gel-electrophoresis. The different concentrations of human
genomic DNA were treated with EtBr (control) and cATC
derivatives (6e/6j/6n) and ran on 1% agarose gel (SM,
Fig. S28A–D). The DNA bound cATC derivatives (6e/6j/6n) were
visible on agarose gel under UV light and the signal was equivalent
to EtBr indicating that cATC derivatives bind with DNA and make
it visible. Further, the Microscale thermophoresis (MST) technique
was used to calculate the binding affinities of cATC derivatives (6e/
6j/6n) (20 µM) with varying concentrations of human genomic
DNA (40 fM to 75 pM). Hill’s coefficient (nH) was recorded as 1.6,
5.8, and 6.3 for 6e/6j/6n, respectively (SM, Fig. S28E–G),
suggesting a higher binding affinity for 6j and 6n compared to 6e.

cATC derivatives (6n/6j/6e) reduce cell proliferation. We investi-
gated the effect of nine cATC derivatives (6b/6d/6e/6f/6i/6j/6k/
6l/6n) on cell viability in cancer cell-line HeLa and transformed
normal cell-line HEK293. We treated cells with the varying
concentrations of the compounds ranging from 10 nM to 50 μM
for 18 h (optimized).

Three compounds, 6e, 6j, and 6n retarded HeLa cell proliferation
in a dose dependent manner (Fig. 5A–C) whereas compounds 6b,
6d, 6f, 6i, 6k, 6l, had no or minimal effect on the cell proliferation
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rate (SM, Figs. S29, S30, S32, S33, S35–36). Cell scavenging for 6e
and 6j at 50 μM was 84.74% and 89.87%, respectively, and for 6n at
30 μM it was 75.43%. Corresponding cell viability was 15.25%,
10.13% and, 24.56%, respectively. Fluorescence signal became
visible inside cells at 12 μM, 12 μM, and 20 μM concentrations for
6e, 6j, and 6n, respectively (SM, Figs. S31, S34, S37). Interestingly,
in HEK293 cells we found lesser toxicity, especially for 6j and 6n.

Scavenging activity for 6e, 6j, and 6n was 61.1%, 18.23%, and
30.1%, respectively at 30 μM concentration (Fig. 5D–F). Corre-
sponding cell viability was 38.82%, 81.76%, and 69.86%, respec-
tively. The IC50 value of all the compounds was at the micromolar
(μM) level which is shown in the Supplemental Material (Table S9
and S10). The IC50 concentrations for 6j (19.43 μM) and 6n (19.40
μM) were lower than 6e (25.30 μM), which might be a reflection of

Fig. 5 Effect of cATC derivatives (6e, 6j, and 6n) on cell growth. HeLa cells were treated with indicated amount of 6e, 6j, and 6n for 18 h. A–C Cell
scavenging, and cell viability was determined relative to the cells treated with solvent (DMSO) only; N= 3; mean ± SD. D–F, Cell scavenging, and cell
viability was determined in HEK293 cells relative to the cells treated with solvent (DMSO) only; N= 3; mean ± SD; two-tailed unpaired Student’s t test was
used for calculating P values; ns represents non-significant, * represents p-value≤ 0.05, ** represents p-value≤ 0.01, *** represents p-value≤ 0.001 and,
**** represents p-value≤ 0.0001, N represents experiment replicates.
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Fig. 6 Localization of cATC derivatives in cells. Confocal microscopy images of HeLa cells treated with 6e, 6j, and 6n, and DMSO for 12, 14, 16, and 18 h.
A–C, Middle panel shows green fluorescent signal for 6e (A), 6j (B), and 6n (C) in cytoplasm and nucleus at different time points. Left panel shows DAPI
staining for nucleus. Right panel shows merged images. Scale bar is 20 μm. DMiddle panel shows images of HeLa cells at 60x fold magnification for 6e, 6j,
and 6n at 18 h. Left panel shows DAPI staining for nucleus. Right panel shows merged images. Scale bar is 10 μm.
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better binding affinities of 6j and 6n. Taken together, the cell
viability study demonstrated that out of the nine compounds, 6e, 6j,
and 6n were the most potent anti-proliferative compounds. 6j and
6n showed the minimum effect on normal cells, signifying their
therapeutic potential.

cATC derivatives (6n/6j/6e) mainly localize to the nucleus. Herein
we have shown that cATC fluorescent derivatives bind with ct-DNA
in the non-intercalating mode. Thus we assumed that cATC

derivatives might bind to the DNA, localizing within the nucleus
and affecting the cell division. We studied the localization of
fluorescent signals in HeLa cells using IC50 concentrations of
compounds (6e, 6j, and 6n) at different time points using a confocal
microscope. For all the compounds initially (at 12 h), the signal was
present in the cytoplasm and the nucleus (Fig. 6A–C). With
increasing time, the signal became more intense in the nucleus
(Fig. 6A–D). These results suggest that the cATC derivatives (6e, 6j,
and 6n) penetrate the cell membrane and localize to the nucleus.

Fig. 7 Flow cytometric analysis of cell cycle and apoptosis in cells treated with cATC derivatives. HeLa cells were treated with 6e, 6j, and 6n for 18 h.
A–B The cell cycle was evaluated by flow cytometry after staining with propidium iodide (PI) for 30min at 37 °C in dark. A Graphs show the cell count in
different phases of cell cycle after treatment with 6e, 6j, and 6n and control. B Histogram shows % cell distribution of HeLa cells in different phases of cell
cycle. C–G The cells were stained with FITC-conjugated Annexin V (AV) and Propidium Iodide (PI), and analyzed by flow cytometer. The scatter plots for
cells unstained (C), treated with DMSO (D), treated with IC50 concentrations of 6e, 6j and 6n (D, E, and F, respectively). The early apoptotic cells (FITC-
AV+ve/PI-ve) are shown in lower right quadrant. The late apoptotic cells (FITC-AV+ve/PI+ve) are shown in upper right quadrant. G Bar graph shows total
population of apoptotic cells in various samples. N= 3, mean ± SD; two-tailed unpaired Student’s t test was used for calculating P values; ns represents
non-significant, * represents p-value≤ 0.05, ** represents p-value≤ 0.01, *** represents p-value≤ 0.001 and,
**** represents p-value≤ 0.0001, N represents experiment replicates.
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cATC derivatives (6n, 6j, and 6e) arrest cell cycle and induce
apoptosis. We further analyzed the mechanism of effect on the
cell proliferation by the cATC derivative 6e, 6j, and, 6n. Based
upon the localization result, we assumed that on binding with

DNA, the compounds might be triggering the cancer cells to
undergo cell cycle arrest followed by apoptosis. Flow cytometric
analysis in HeLa revealed that cATC derivative 6e (18 μM)
treatment led to the arrest of 58.33% of cells into G0/G1, 34.61%

Fig. 8 Effect of cATC derivatives on cell migration.Wound healing assay was done in HeLa and HEK293 cells treated with 6e (18 μM), 6j (19.23 μM), 6n
(18.92 μM), and DMSO, for 24 h. A–C Images of wound at 0 h and 24 h in HeLa cells treated with 6e (A), 6j (B), and 6n (C). Corresponding bar graphs
showing percentage of wound area closure in 24 h. D–F Images of wound at 0 h and 24 h in HEK293 cells treated with 6e (D), 6j (E), and 6n (F).
Corresponding bar graphs showing percentage of wound area closure in 24 h. N= 3; mean ± SD; two-tailed unpaired Student’s t test; ns represents non-
significant, ** represents p-value≤ 0.01, *** represents p-value≤ 0.001 and, **** represents p-value≤ 0.0001, N represents experiment replicates. Scale
bar is 100 µm.
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Fig. 9 cATC derivatives 6e, 6j and 6n activate pro-apoptotic signaling and suppress expression of EMT markers in HeLa cells. A–C Western blot
analysis of cellular lysates prepared from HeLa cells treated with varying concentrations (0–19 µM) each of 6e (A), 6j (B) and 6n (C). Left panel shows
Western blot images for E-Cadherin, N-Cadherin, total P53, phospho-P53, phospho-P38, total P38, SNAIL and SLUG. GAPDH was used as loading control.
Bar graphs in right panel show mean ± SD average value of three experiments for densitometric analysis relative to GAPDH. Difference in expression level
was analyzed compared to 0 µM (DMSO only) using two-tailed unpaired Student’s t test. ns represents non-significant, * represents p-value≤ 0.05,
** represents p-value≤ 0.01, *** represents p-value≤ 0.001, **** represents p-value≤ 0.0001, and, N represents experiment replicates.
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of cells into S, and 7.05% of cells into G2/M phase, respectively. In
the case of cATC derivative 6j (19 μM), the majority of the cells
(91.51%) were in G0/G1, 7.23% of cells were in S, and 1.25% of
cells were in G2/M phase. Similarly, cATC derivative 6n (19 μM)
treatment led to the arrest of the majority (73.23%) of cells into
G0/G1, 22.69% of cells into S, and 4.06% of cells into G2/M
phase, respectively. In the control set, we found 46.78% cells at
the G0/G1 phase, 28.84% cells at the S phase, and 24.36% cells at
the G2/M phase, indicating that cATC derivative treatment of
HeLa cells led to suppression of cell cycle progression (Fig. 7A, B).
We further evaluated the induction of apoptosis in the HeLa cells,
which were treated with cATC derivatives (6e/6j/6n) for 18 h.
FACS-based detection of fluorescein isothiocyanate (FITC)-
labeled annexin V and propidium iodide (PI) signal showed that
for 6e, 6j, and 6n compounds, 78.2%, 86.7%, and 74.23% of the
cells (respectively), entered into apoptotic phase compared to
6.5% in the control condition (Fig. 7C–G). These findings con-
firm that cATC derivatives (6e/6j/6n) induced apoptosis-
mediated cell death.

cATC derivatives (6n/6j/6e) suppress cell migration. Cell migration
is an integral part of metastasis process and an important

attribute of anti-cancer agents. We examined the effect of 6e (18
μM), 6j (19.23 μM), and 6n (18.92 μM) cATC derivatives on the
migration of HEK293 and HeLa cells in a scratch wound. Images
of scratch areas from 0 h to 24 h showed that all the three com-
pounds inhibited cell migration significantly in HeLa cells
(Fig. 8A–C), and the maximum inhibition was observed in 6n.
We observed that the extent of effect varied in two cell types.
cATC derivatives (6e/6j/6n) filled the scratch wound to the sig-
nificantly lesser extent in the HEK293 cells than in HeLa cells
(Fig. 8D–F). Our results suggest that the effect of all the com-
pounds is more prominent in the cancer cell line than in the
normal transformed cells.

cATC derivatives (6e/6j/6n) activate p53-p38 pathway and affect
EMT markers. In order to figure out the mechanism of apoptosis
induction, we analyzed the effect of different concentrations of
6e (0 μM, 4 μM, 9 μM, 14 μM and 18 μM), 6j (0 μM, 5 μM, 10
μM, 15 μM and 19 μM), and 6n (0 μM, 5 μM, 10 μM, 15 μM
and 19 μM) compounds on p38-p53 pathway. HeLa cells
showed a gradual increase in phospho-P53 and phospho-P38
levels with the increasing concentration of cATC derivatives
(Fig. 9A–C).

Fig. 10 cATC derivatives 6e, 6j, and 6n inhibit tumor growth in vivo. 4T1 cell derived tumor was induced in Balb/C mice and the animals were treated
with 6e, 6j, and 6n compounds (1 mg/kg/day, 0.5 mg/kg/day, and 1 mg/kg/day, respectively) starting from day 8 till day 20, post tumor induction.
A–C The representative images of mice with tumor. Right-hand side images show tumors from mice treated with cATC derivatives 6e (A), 6j (B) and 6n
(C) and DMSO (control). Bar graphs (left) and line graph (middle) show average tumor mass and body weight in each group, respectively. Graphs in right
show external tumor volume measured every alternative day. Each group had four animals. Values are mean ± SD; two-tailed unpaired Student’s t test was
used for calculating P values; ns represents non-significant, * represents p-value≤ 0.05, ** represents p-value≤ 0.01, *** represents p-value≤ 0.001 and,
**** represents p-value≤ 0.0001, N represents experiment replicates.
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In consistence with the scratch assay results, treatment of HeLa
cells with 6e, 6j, and 6n led to an increased expression of E-
Cadherin, and it decreased expression of EMT markers (N-
Cadherin, Snail, Slug) in a dose-dependent manner (Fig. 9A–C).
Together these results suggest that 6e, 6j, and 6n have anti-
cancerous properties, which they execute by suppressing cancer
cell metastasis, possibly by affecting p53 activation and EMT
signaling pathway.

cATC derivatives (6n/6j/6e) tropolone derivatives in vivo
tumor xenograft model. To understand the potential and toler-
ance of 6e, 6j, and 6n compounds using in vivo system, we used
Balb/C 4T1 cell line xenograft mouse model. Treatment was
initiated after tumors reached a mean value of 20.47 mm3 (day 8)
and treated with 6e, 6j, and 6n at a dosage of 1 mg/kg/day,
0.5 mg/kg/day, and 1 mg/kg/day, respectively. Body weight and
activity were observed three days post injection, every alternative
day. At the end of the study, mice in the treatment groups showed
no significant difference in body weight than the control group
(Fig. 10A–C). They also exhibited normal behavior/activity when
compared to the control group. Based on this study, we deduced
that these compounds are well tolerated by the animals.

We then evaluated the anticancer efficacy. At the end of the study,
mice were euthanized, and the tumors were resected and weighed.
We observed a significant tumor size reduction with compounds
(Fig. 10A–C), which validated our findings from in vitro systems.

Discussion
Troponoids have wide-range of bioactivities such as antibacterial,
antifungal, antiviral, insecticidal, and anticancer5,6. Natural tro-
ponoid, Colchicine, is a tubulin-destabilizing agent and exhibits
antimitotic activity43,44. Humulene and Eupenifeldin exhibit anti-
tumor activities45. β-Thujaplicin reduced proliferation in MCF7
cells, suppressed cancer stemness in glioma U87MG, induced cell
cycle arrest, apoptosis, and DNA methylation via DNMT1 and
UHRF1 in colon cancer, and restricted liver cancer growth by
apoptosis and cell cycle arrest46–50. It decreased the myofibroblast
as well as various EMT markers in oral submucous fibrosis (OSF)
by inhibiting the binding of SNAIL to the E-box region in α-SMA
promoter51. Our scratch assay and Western blot data show that 6e,
6j, and 6n inhibit the migration of HeLa cells and decrease the
expression of EMT markers like N-Cadherin, SNAIL, and SLUG
(Uncropped data are provided in Supplementary Data 7). The
effect of cATC derivatives (6e, 6j, and 6n) on the inhibition of
scratch filling can be the cumulative effect of the inhibition of
proliferation and migration. Our result of cell viability depicts that
6j and 6n are less toxic to HEK293 compared to HeLa cells, which
is similar to observations made by treatment with natural com-
pounds β-Thujaplicin in breast cancer cells, colon cancer and
OSF52. Upon treatment of HeLa cells with our compounds (6e, 6j,
and 6n) we detected an increase in proapoptotic markers like P53
and P38 which is in accordance with the other studies with natural
tropolone derivatives53–55. Similarly, synthetic derivative alpha
naphthyl tropolone induced P53/p-mTOR/p-AKT signaling which
increased caspase 3/7 activity in leukemia cells11.

Bioactivities of tropolonoids mainly depend-upon the metal-
complexation with metalloenzymes due to tropolone’s carbonyl
and hydroxyl groups1,2. The synthetic analogs of tropolones such
as aryl-tropolones, aminotropones and aminotroponimines also
exhibit metal complexing properties. β-phenyl-tropolone syn-
thetic analogs of Thujaplicine, are potent inhibitors of metal-
loenzymes and inhibit histone deacetylases activities11,56,57. Other
synthetic troponoids and aminotroponimines derivatives exhibit
better metal-chelating properties as compared to tropolone and
2-aminotropone derivatives owing to the diamines’

functionality14. Our derivatives are non-benzenoid pyrazine
derivatives; they do not have tropolone’s functionality therefore,
we do not expect chelating properties with metalloenzyme.
However, various benzenoid pyrazine derivatives bind with DNA
duplex through intercalative mode44,58. As expected, our photo-
physical and gel electrophoresis studies revealed that 6e, 6j, and
6n bind to DNA duplex. Moreover, HeLa and HEK293 cells
showed clear localization in the nucleus in a time-dependent
manner. So far, only indirect indications were reported showing
the association of tropolone derivatives with DNA.

Fluorescence-based traceability and penetrance in cells are
two crucial features of drug candidates. Generally, natural tro-
ponoids are permeable to cell-membrane52. Wakabayashi has
reported that an increase in the number of methylene groups in
2-aminotropone derivatives enhanced not only the cell mem-
brane permeability but also the cytotoxicity59. However, cATC
derivatives even comprising long-chain hydrocarbons are effi-
ciently permeable to cells and exhibit minimum cytotoxicity to
the normal cells. Our study revealed that cATC derivatives very
efficiently penetrate cell membranes, which could be owing to
the formation of the bipolar structure containing alkyl and aryl
substituents at amino troponyl carboxylate. Tropolone and
aminotropone show weak fluorescence in the nonpolar envir-
onment and do not exhibit fluorescence properties in polar
environment which makes traceability challenging in the cells.
Our cATC derivatives show stronger fluorescence even in the
polar environment owing to the delocalization of conjugated
troponium-cation charge comprising electron-donating alkyl-
amines. Fluorescent signal was clearly evident in confocal
microscopy-based images of cells, making it traceable during
experimentation.

As per our knowledge, this is the first study to show in vivo
effect of the cATC derivatives in a mouse model, suggesting that
these can be explored as anti-cancer drug candidates. No weight
loss or diminished activities in mice suggests minimum side
effects on the normal cells. Long-term survival studies can further
ascertain the therapeutic value of these cATC derivatives.
Moreover, cancer-specific studies can be done to ascertain the
extent of the anti-cancer effect of cATC derivatives.

Conclusions
Overall, we have successfully synthesized new Caryl/Nalkyl-sub-
stituted cyclic-aminotropiminium carboxylate (cATC) derivatives
by developing the unique synthetic method of C-C bond for-
mation. The structure of cATC derivatives is well supported by
single crystal X-ray studies of representative compounds. These
cATC derivatives are fluorescent even in polar organic solvents,
with a quantum yield of ~10–12%, much higher than tropolone
and aminotropones. Importantly, cATC derivatives bind with
DNA duplex structure in non-intercalative modes. We found
nuclear localization and antitumorigenic effect of three cATC
derivatives, m-Tolyl-cATC, N-Octanyl-cATC, and Styrenyl-cATC
on the cancer cell line. These cATC derivatives retard the pro-
liferation and migration of cancer cell line (HeLa) more than the
transformed normal cells (HEK293). These compounds induce
cell death via the activation of p38-p53 mediated apoptosis. They
show anti-metastatic potential through the suppression of EMT
markers. In the xenograft-based mouse model, these cATC
derivatives reduced tumor growth. This study reports the
synthesis of DNA-binding fluorescent Caryl-Nalkyl-cyclic-amino-
troponiminium derivatives which have antitumor potential and
can be explored as therapeutic agents.

Materials and methods
Cell culture. HeLa and HEK293 cells were purchased from cell repository, NCCS,
Pune, India and were cultured in DMEM (Gibco, USA) supplemented with 10%
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FBS (Gibco) and 1X PSA (Himedia, India). 4T1 cells (ATCC, USA) were cultured
in RPMI (Gibco) supplemented with 10% FBS (Gibco) and 1X PSA (Himedia). The
cells were maintained in a humidifier at 37 °C temperature and 5% CO2.

Cell viability assay. MTS assay (CellTiter 96® AQueous One Solution Cell Pro-
liferation Assay (Promega, USA) was used to determine the cell viability. HeLa and
HEK293 cells (20,000 cells in each well) were plated in 96 well plate and treated
with 6e, 6j, and 6n varying concentrations of the compounds ranging from 10 nM
to 50 μM for 18 h. The assay was carried out according to the manufacturer’s
instructions. Finally, the plate was read in Varioskan™ LUX multimode microplate
reader (Thermo Fisher Scientific) at 490 nm.

Cell scavenging activity was calculated using the following formula:
OD(490nm) (control) – OD(490nm) (Test)/OD(490nm) (control) × 100%
Cell Viability of the cell was calculated using the following formula:
OD(490nm) (Test)/OD(490nm) (control) × 100%

Microscale thermophoresis. DNA was isolated from 10 × 106 HeLa cells by
QIAmp DNA mini Kit (Qiagen, Germany). cATC derivatives (6e, 6j, and 6n dis-
solved in a mixture of 1X PBS containing 1% DMSO) and DNA ranging from a
concentration of 40 fM to 75pM (resuspended in 1X TE with 0.05% Tween-20),
was used for analyzing the interaction of cATC derivatives with DNA. The mixture
was incubated at room temperature for 2 h. 15 µl of the above mixture was loaded
in capillaries and binding affinity was measured using the NanoTemper instrument
followed by analysis through NanoTemper analysis 1.2.231 software.

Scratch assay. HeLa and HEK293 cells (0.25 × 106) were seeded into 12-well
plates to grow in a monolayer for 24 h. A Scratch was made in the middle of the
well using a sterile 200 µl pipette tip. The detached cells were removed by washing
with 1x DPBS. The cell monolayers were treated for 18 h with 19 µM of 6n and 6j,
and 18 µM of 6e with 10% DMEM. DMSO with 10% DMEM was used as a control.
Images were collected at 0 h and 24 h under an inverted microscope (Ziess, Ger-
many) at (4×) magnification. Cell migration was analyzed using ImageJ (NIH)
software.

Cell cycle analysis. HeLa cells were cultured in 6 well plates with initial density 0.5
× 106 cells/well. These cells were treated with the IC50 concentration of 6n, 6j, and
6e compounds for 18 h. The cells were washed with 1X PBS and fixed with 70%
ethanol. After washing, cells were resuspended in 500 μl PBS containing Propidium
Iodide (PI) (500 μg/ml), RNase A (1X), and Triton X-100 (0.1%), and incubated for
30 min in the dark. Finally, the cells were analyzed by flow cytometry (BD Bios-
ciences, CA, USA). The relative proportions of cells with DNA content G0–G1
(2n), S phase (>2n but <4n), and G2/M phase (4n) were acquired and analyzed
using CellQuest Pro software (BD Biosciences).

Apoptosis analysis. The apoptotic effect of 6e, 6j, and 6n compounds on cancer
cells was detected using FITC Annexin V Apoptosis Detection Kit I (BD Phar-
mingen™, NJ, USA) according to the manufacturer’s protocol. 0.5 × 106 million
HeLa cells were seeded in a 6-well plate and treated with IC50 concentrations for
18 h. Harvested cells were incubated with Annexin V FITC and PI PE-conjugated
antibody and apoptosis was evaluated using FACSCalibur (BD Biosciences, CA,
USA) flow cytometry. Data were analyzed using CellQuest Pro software (BD
Biosciences).

Cytochemistry. HeLa cells (60,000) were grown onto a coverslip (Coverglass for
cell Growth™, Fisherbrand, USA) in a 24-well plate. The cells were treated with 6e,
6j, and 6n compounds at their IC50 dose for 12 h, 14 h, 16 h, and 18 h. Thereafter,
cells were fixed in 4% paraformaldehyde (Himedia), washed with ice-cold 1X PBS,
permeabilized with 0.25% Triton X-100 (Sigma), and washed with 0.1% PBST. The
cell was counter stained with 49,6-diamidino-2-phenylindole, dihydrochloride
(DAPI, Invitrogen) and mounted using one drop of ProLong® Gold antifade
reagent (Invitrogen) on a slide. Images were acquired by fluorescence microscope
(Leica SP8 TCS) and analyzed using ImageJ (NIH).

Western Blotting. Cell lysates were prepared from HeLa treated with compounds 6e,
6j, and 6n in ice-cold RIPA buffer (Thermo Scientific, USA), and supplemented with
protease and phosphatase inhibitor cocktail (Thermo Scientific, USA). Protein quan-
tification of cell lysates was done using BCA reagent (Thermo Scientific). 20 µg of
protein samples were separated on a 12% SDS-PAGE and subsequently transferred
onto a PVDF membrane (Merck Millipore, USA). The blots were probed with specific
antibodies for p38 (1:1000, #9212, Cell Signaling Technology, USA), phospho-p38
(1:1000, #9211; Cell Signaling technology), p53 (1:1000, #9282, Cell signalling tech-
nology), phospho-p53 (1:1000, #9284, Cell Signaling technology), snail (1:1000,
#C15D3, Cell Signaling technology), slug (1:1000, #C19G7, Cell signalling technology)
and GAPDH (1:5000, #ABM22C5, Abgenex, India) followed by incubation with HRP
tagged anti-mouse IgG secondary antibody (Abgenex) for GAPDH and HRP tagged
anti-rabbit IgG secondary antibody (Abgenex) for p38, phospho-p38, p53, phospho-
p53, snail and slug. The chemiluminescence signal was detected in ChemiDoc
XRS+ (Bio-Rad) using SuperSignal™ West Femto reagent (Thermo Scientific).

Xenograft tumor growth. All animal experiments were approved by the Institu-
tional Animal Ethics Committee, NISER, India (AH-214). Female BALB/c mice
(aged 6–8 weeks, 18–20 g) were injected with 1 × 106 4T1 breast cancer cells into
the mammary fat pad. After one week, 6j (0.5 mg/kg), 6e (1 mg/kg) and 6n (1 mg/
kg) compounds were injected intraperitoneally in mice at the interval of every 24 h
for a period of 21 days. Thereafter, the mice were sacrificed and the xenograft
tumors were removed, weighed, and photographed.

Data availability
All data generated during this study are included in this article and Supplementary
Information Experimental procedure, X-ray data, HOMO-LUMO related data, UV–Vis
and fluorescence spectra, DNA binding are provided in the Supplementary Material. NMR,
HRMS and FT-IR of newly synthesized compounds are provided in the supplemental
data 1. Single crystal X-ray data as cif files of cATC compounds (2/6a/6d/6k) are provided
in the Supplemental data files 2–5 Computational data of reaction mechanism
intermediates are provided in Supplemental data 6. Western blot uncropped images of all 3
rounds are provided in Supplemental data 7.

Received: 17 May 2022; Accepted: 15 December 2022;

References
1. Bentley, R. A fresh look at natural tropolonoids. Nat. Prod. Rep. 25, 118–138

(2008).
2. Guo, H., Roman, D. & Beemelmanns, C. Tropolone natural products. Nat.

Prod. Rep. 36, 1137–1155 (2019).
3. Liu, N., Song, W., Schienebeck, C. M., Zhang, M. & Tang, W. Synthesis of

naturally occurring tropones and tropolones. Tetrahedron 70, 9281 (2014).
4. Zhao, J. Plant troponoids: chemistry, biological activity, and biosynthesis.

Curr. Med. Chem. 14, 2597–2621 (2007).
5. Hsiao, C.-J. et al. Pycnidione, a fungus-derived agent, induces cell cycle arrest

and apoptosis in A549 human lung cancer cells. Chem. Biol. Interact. 197,
23–30 (2012).

6. Liu, S. & Yamauchi, H. Hinokitiol, a metal chelator derived from natural
plants, suppresses cell growth and disrupts androgen receptor signaling in
prostate carcinoma cell lines. Biochem. Biophys. Res. Commun. 351, 26–32
(2006).

7. Duan, Y., Petzold, M., Saleem‐Batcha, R. & Teufel, R. Bacterial tropone natural
products and derivatives: Overview of their biosynthesis, bioactivities,
ecological role and biotechnological potential. ChemBioChem 21, 2384–2407
(2020).

8. Bryant, B. E., Fernelius, W. C. & Douglas, B. E. Formation constants of metal
complexes of tropolone and its derivatives. I. Tropolone1. J. Am. Chem. Soc.
75, 3784–3786 (1953).

9. Fullagar, J. L. et al. Antagonism of a zinc metalloprotease using a unique
metal-chelating scaffold: tropolones as inhibitors of P. aeruginosa elastase.
Chem. Commun. 49, 3197–3199 (2013).

10. Miyake, Y. et al. Long-distance ferromagnetic coupling through spin
polarization in a linear heterotrinuclear iron (iii)–copper (ii)–iron (iii)
complex derived from 5-ferrocenyl-2-aminotropone. Chem. Commun. 2008,
6167–6169 (2008).

11. Li, J. et al. Novel α-substituted tropolones promote potent and selective caspase-
dependent leukemia cell apoptosis. Pharmacol. Res. 113, 438–448 (2016).

12. Koufaki, M., Theodorou, E., Alexi, X., Nikoloudaki, F. & Alexis, M. N.
Synthesis of tropolone derivatives and evaluation of their in vitro
neuroprotective activity. Eur. J. Med. Chem. 45, 1107–1112 (2010).

13. Oblak, E. Z. et al. The furan route to tropolones: probing the
antiproliferative effects of β-thujaplicin analogs. Org. Biomol. Chem. 10,
8597–8604 (2012).

14. Dias, H. R., Wang, Z. & Jin, W. Aminotroponiminato complexes of silicon,
germanium, tin and lead. Coord. Chem. Rev. 176, 67–86 (1998).

15. Kretschmer, R. Ligands with two monoanionic N, N‐binding sites: synthesis
and coordination chemistry. Chem. Eur. J. 26, 2099–2119 (2020).

16. Urban, M., Sarek, J., Kvasnica, M., Tislerova, I. & Hajduch, M. Triterpenoid
pyrazines and benzopyrazines with cytotoxic activity. J. Nat. Prod. 70,
526–532 (2007).

17. Ambaye, N. D. et al. Benzopyrazine derivatives: a novel class of growth factor
receptor bound protein 7 antagonists. Bioorg. Med. Chem. 19, 693–701 (2011).

18. Sibiya, M. A. et al. Induction of cell death in human A549 cells using 3-
(Quinoxaline-3-yl) Prop-2-ynyl methanosulphonate and 3-(Quinoxaline-3-yl)
Prop-2-yn-1-ol. Molecules 24, 407 (2019).

19. Strekowski, L. & Wilson, B. Noncovalent interactions with DNA: an overview.
Mutat. Res. 623, 3–13 (2007).

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00798-x

14 COMMUNICATIONS CHEMISTRY |           (2022) 5:179 | https://doi.org/10.1038/s42004-022-00798-x | www.nature.com/commschem

www.nature.com/commschem


20. Phadte, A. A., Banerjee, S., Mate, N. A. & Banerjee, A. Spectroscopic and
viscometric determination of DNA-binding modes of some bioactive
dibenzodioxins and phenazines. Biochem. Biophys. Rep. 18, 100629 (2019).

21. Kawamata, Y. et al. Reactions of 2, 3‐dihydro‐1H‐cyclohepta [b] pyrazines
with acyl halides. J. Heterocycl. Chem. 31, 1553–1556 (1994).

22. Vaya, I., Lhiaubet-Vallet, V., Jiménez, M. C. & Miranda, M. A. Photoactive
assemblies of organic compounds and biomolecules: drug–protein
supramolecular systems. Chem. Soc. Rev. 43, 4102–4122 (2014).

23. Duval, R. & Duplais, C. Fluorescent natural products as probes and tracers in
biology. Nat. Prod. Rep. 34, 161–193 (2017).

24. Santos, B., de Mello Donegá, C. & de Sá, G. Photophysical properties of Eu3+,
Gd3+ and Tb3+ complexes with 2-hydroxy-2, 4, 6-cycloheptatrien-1-one. J.
Lumin. 72, 535–537 (1997).

25. Breheret, E. & Martin, M. Electronic relaxation of troponoids: tropolone
fluorescence. J. Lumin. 17, 49–60 (1978).

26. Bhattacharyya, B. & Wolff, J. Promotion of fluorescence upon binding of
colchicine to tubulin. Proc. Natl Acad. Sci. USA 71, 2627–2631 (1974).

27. Palai, B. B., Soren, R. & Sharma, N. K. BODIPY analogues: synthesis and
photophysical studies of difluoro boron complexes from 2-aminotropone
scaffolds through N, O-chelation. Org. Biomol. Chem. 17, 6497–6505 (2019).

28. Balachandra, C. & Sharma, N. K. Instability of amide bond comprising the
2-aminotropone moiety: cleavable under mild acidic conditions. Org. Lett. 17,
3948–3951 (2015).

29. Balachandra, C. & Sharma, N. K. Direct/reversible amidation of troponyl
alkylglycinates via cationic troponyl lactones and mechanistic insights. ACS
Omega 3, 997–1013 (2018).

30. Cossio, F. P., Arrieta, A. & Sierra, M. A. The mechanism of the ketene-imine
(staudinger) reaction in its centennial: still an unsolved problem? Acc Chem.
Res. 41, 925–936 (2008).

31. Pesek, J. J. & Frost, J. H. Synthesis of imines from aromatic aldehydes and
aliphatic amines in aqueous solution. Synth. Commun. 4, 367–372 (1974).

32. Fu, N. & Tidwell, T. T. Preparation of β-lactams by [2+ 2] cycloaddition of
ketenes and imines. Tetrahedron 46, 10465–10496 (2008).

33. Jiao, L., Liang, Y. & Xu, J. Origin of the relative stereoselectivity of the β-
lactam formation in the staudinger reaction. J. Am. Chem. Soc. 128,
6060–6069 (2006).

34. Kapoor, A. & Rajput, J. K. Staudinger k etene–imine [2+ 2] cycloaddition of
novel azomethines to synthesize biologically active azetidinone derivatives and
their in vitro antimicrobial studies. J. Heterocycl. Chem. 58, 2304–2323 (2021).

35. Rasik, C. M. & Brown, M. K. Lewis acid-promoted ketene–alkene [2+ 2]
cycloadditions. J. Am. Chem. Soc. 135, 1673–1676 (2013).

36. Jinguji, M., Ishihara, M., Nakazawa, T., Hikida, T. & Mori, Y. Fluorescence
spectra and lifetimes of tropolone incorporated into the bicyclo [2.2. 1]
heptane frame. J. Photochem. Photobiol. A: Chem. 66, 33–42 (1992).

37. MacKenzie, V., Sinha, H., Wallace, S. & Steer, R. Photophysics of tropolone.
Chem. Phys. Lett. 305, 1–7 (1999).

38. Janaszewska, A., Lazniewska, J., Trzepiński, P., Marcinkowska, M. & Klajnert-
Maculewicz, B. Cytotoxicity of dendrimers. Biomolecules 9, 330 (2019).

39. Gingras, M. One hundred years of helicene chemistry. Part 3: applications and
properties of carbohelicenes. Chem Soc Rev 42, 1051–1095 (2013).

40. Kurreck, J., Wyszko, E., Gillen, C. & Erdmann, V. A. Design of antisense
oligonucleotides stabilized by locked nucleic acids. Nucleic Acids Res. 30,
1911–1918 (2002).

41. Aggarwal, R. et al. Visible-light driven regioselective synthesis,
characterization and binding studies of 2-aroyl-3-methyl-6, 7-dihydro-5H-
thiazolo [3, 2-a] pyrimidines with DNA and BSA using biophysical and
computational techniques. Sci. Rep. 11, 1–18. (2021).

42. Khan, S., Malla, A. M., Zafar, A. & Naseem, I. Synthesis of novel coumarin
nucleus-based DPA drug-like molecular entity: In vitro DNA/Cu (II) binding,
DNA cleavage and pro-oxidant mechanism for anticancer action. PloS ONE
12, e0181783 (2017).

43. Zhang, T. et al. Anticancer effects and underlying mechanism of Colchicine on
human gastric cancer cell lines in vitro and in vivo. Biosci. Rep. 39,
BSR20181802 (2019).
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