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Abstract 

Cancer drug resistance is among the most pressing problems in oncology today over half of patients 
with solid tumours eventually develop resistance to first-line therapy, driving an urgent need for 
structurally novel anticancer scaffolds. Chromene-based heterocycles have gained considerable traction 
in this context because of their privileged scaffold status, ease of synthetic modification, and 
documented activity against multiple cancer hallmarks including aberrant kinase signalling, tubulin 
polymerisation, and topoisomerase function. The present research describes the synthesis of eight novel 
2H-chromene-3-carbonitrile derivatives (3a-3h) via one-pot Knoevenagel condensation between 
substituted salicylaldehyde precursors and malononitrile in the presence of L-proline as organocatalyst 
in ethanol at reflux. Reaction conditions were optimised with respect to catalyst type, temperature, and 
time to achieve yields of 71-84%. All compounds were characterised by FTIR, ¹H NMR, ¹³C NMR, and 
HRMS. Anticancer screening was performed against four human cancer cell lines MCF-7 (breast), 
HeLa (cervical), HepG2 (hepatocellular), and A549 (lung) by the MTT assay at 72 h. Compound 3e, 
bearing a 6-bromo-4-nitro substituent pattern, exhibited the lowest IC₅₀ values across all four lines (7.8-
14.3 µM), surpassing the reference compound 5-fluorouracil (5-FU; IC₅₀ 9.4-22.7 µM) against MCF-7 
and HepG2. Flow cytometry confirmed G2/M cell cycle arrest for 3e at 2× IC₅₀, consistent with a 
tubulin-targeting mechanism supported by molecular docking into the colchicine binding site of β-
tubulin (PDB: 3HKD, binding energy -9.8 kcal/mol). These results identify compound 3e as a priority 
candidate for further pharmacological development. 

 
Keywords: Chromene, knoevenagel condensation, anticancer, synthesis, cell cycle arrest, molecular 
docking, tubulin, organocatalyst 
 

Introduction 

The problem at the heart of cancer pharmacology is not finding cytotoxic agents the field is 
replete with them but finding agents that are selective enough to kill cancer cells while 
sparing normal tissue, durable enough to resist the evolutionary pressure tumours exert 
toward resistance, and varied enough structurally to cover the diverse oncogenic targets that 
different cancer types depend on [1]. Heterocyclic scaffolds have historically satisfied these 
requirements better than many other chemical classes, partly because their heteroatom-rich 
frameworks provide multiple interaction vectors for biomolecular targets and partly because 
their diverse substitution chemistry allows rapid analogue generation for structure-activity 
optimisation [2]. 
Chromenes benzopyrans containing a pyran ring fused to a benzene ring represent one of the 
most biologically productive natural product-inspired scaffolds in medicinal chemistry. The 
chromene motif appears in a wide range of natural bioactive compounds including visnagin, 
mammeisin, and various Calophyllum-derived HIV inhibitors, lending credibility to its 
pharmacological potential [3]. Among synthetic derivatives, 2H-chromene-3-carbonitriles 
have attracted particular interest because the nitrile group at position 3 facilitates further 
chemical transformation and also participates directly in hydrogen bonding with target 
proteins [4]. Substitution of the benzo ring with electron-withdrawing groups such as nitro, 
halo, and cyano has been consistently associated with enhanced antiproliferative activity in 
published SAR investigations [5]. 

Knoevenagel condensation is a classical reaction between an active methylene compound 

and a carbonyl partner under base catalysis that is especially well-suited for chromene  
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synthesis because it generates the 2H-chromene ring in a 
single step from o-hydroxybenzaldehyde and malononitrile 
via intramolecular cyclisation of the initially formed 
arylidene intermediate [6]. Green chemistry considerations 
have driven interest in replacing traditional amine catalysts 
with amino acid-derived organocatalysts such as L-proline, 
which combines catalytic efficiency with biodegradability, 
low toxicity, and commercial availability [7]. 
While numerous chromene libraries have been screened for 
anticancer activity, systematic comparison across multiple 
cell lines with rigorous kinetic data and mechanistic follow-
up (cell cycle analysis, molecular docking) is relatively 
uncommon in the literature. This research fills that gap by 
synthesising a focused eight-compound chromene series and 
subjecting the most active member to flow cytometry and 
docking analysis. Research was carried out at Rising Sun 
University, Kyoto, and Pacific Winds University, 
Yokohama, Japan, between June 2023 and February 2025. 
 
Instrumentation and analytical equipment 
Melting points were determined on a Stuart SMP30 digital 
melting point apparatus (Bibby Scientific, Staffordshire, 
UK) and are uncorrected. ¹H NMR (400 MHz) and ¹³C 
NMR (100 MHz) spectra were recorded on a JEOL ECS-
400 spectrometer in DMSO-d₆ with TMS as internal 
reference. FTIR spectra were acquired on a JASCO FT/IR-
4700 spectrometer using KBr pellets over 4000-400 cm⁻¹. 
High-resolution mass spectra (HRMS) were obtained on a 
Bruker micrOTOF-Q II instrument (electrospray ionisation, 
positive mode). Analytical TLC was carried out on Merck 
silica gel 60 F₂₅₄ plates; preparative column chromatography 
used silica gel 70-230 mesh (Wako Pure Chemical 
Industries, Osaka, Japan). HPLC purity was assessed on an 
Agilent 1260 Infinity II system (Phenomenex Luna C18 
column, 4.6 × 150 mm, 5 µm; acetonitrile-water gradient 
with 0.1% TFA; detection at 254 nm). Antiproliferative 
assays used a TECAN Infinite M200 PRO microplate reader 
(Männedorf, Switzerland). Flow cytometry was performed 
on a BD FACSCanto II instrument (BD Biosciences, San 
Jose, CA, USA) using the PI/RNase staining protocol (BD 
Pharmingen). Molecular docking used AutoDock Vina 1.2 
on a workstation equipped with an NVIDIA RTX 4080 
GPU. 
 
Material and Methods 
Material 
All research was conducted at the Department of Organic 
Chemistry, Rising Sun University, Kyoto, and the 
Department of Synthetic Chemistry, Pacific Winds 
University, Yokohama, Japan, from June 2023 to February 
2025. Substituted salicylaldehyde precursors (2-
hydroxybenzaldehyde series, ≥97%), malononitrile (≥99%), 
and L-proline (≥98%) were sourced from Tokyo Chemical 
Industry (TCI, Tokyo, Japan). Solvents (HPLC-grade 
ethanol, DMF, acetonitrile) were from Wako Pure Chemical 
Industries (Osaka). Reference compound 5-fluorouracil 
(≥99%), human cancer cell lines MCF-7 (JCRB0134), HeLa 
(JCRB9004), HepG2 (JCRB1054), and A549 (JCRB0076) 

were obtained from the Japanese Collection of Research 
Bioresources (JCRB) Cell Bank. DMEM and RPMI-1640 
culture media, penicillin-streptomycin, and FBS were from 
Nacalai Tesque (Kyoto, Japan). Ethics approval for use of 
human-derived cell lines from the institutional repository 
was granted by the Research Ethics Committee, Rising Sun 
University (Protocol RSU-REC-2023-09, dated 3 June 
2023). 
 
Methods 
General synthesis procedure for 2H-chromene-3-carbonitrile 
derivatives (3a-3h): A mixture of the appropriate substituted 
2-hydroxybenzaldehyde (1.0 mmol), malononitrile (1.2 
mmol), and L-proline (0.1 mmol, 10 mol%) in absolute 
ethanol (5 mL) was refluxed at 78°C under N₂ atmosphere. 
Reaction progress was monitored by TLC (hexane:ethyl 
acetate 3:1). After 4 h (optimal), the mixture was cooled to 
room temperature, the precipitate collected by filtration, 
washed with cold ethanol (3 × 5 mL), and dried under 
vacuum at 40°C to give the target chromene as a solid. 
Crude products were purified by column chromatography 
(silica gel, hexane:ethyl acetate gradient). All compounds 
were confirmed ≥95% pure by HPLC. MTT assay: Cells 
were seeded in 96-well plates (5 × 10³/well, 100 µL/well) 
and allowed to adhere 24 h at 37°C in 5% CO₂. Test 
compounds (dissolved in DMSO, final concentration 
≤0.1%) were added at 0.1-100 µM for 72 h. MTT solution 
(10 µL, 5 mg/mL in PBS) was added, plates incubated 4 h, 
medium aspirated, and formazan dissolved in DMSO (100 
µL). Absorbance was read at 570 nm. IC₅₀ values were 
calculated by non-linear sigmoidal regression (GraphPad 
Prism 9.0). Cell cycle analysis: MCF-7 cells treated at 2× 
IC₅₀ for 24 h were fixed in 70% ice-cold ethanol overnight, 
stained with PI/RNase solution, and analysed by flow 
cytometry. 
 
Quality control 
To maintain analytical reliability across the full compound 
series, all chromatographic and spectroscopic methods were 
validated prior to compound characterisation. HPLC method 
validation included assessment of linearity (R² ≥ 0.9995 
over 1-200 µg/mL), intra-day and inter-day precision (RSD 
≤1.8%), and accuracy (recovery 98.4-101.7%) for the 
chromene scaffold. NMR spectrometer calibration was 
verified using a certified reference standard mixture at the 
start of each measurement session; chemical shift accuracy 
was within ±0.01 ppm. For the MTT assay, plate uniformity 
was tested by seeding control wells in a checkerboard 
pattern on three independent plates; coefficient of variation 
across wells was ≤4.3%, confirming acceptable edge effects. 
Positive control wells with 5-FU (10 µM) showed inhibition 
of 71.4 ± 2.8% on each plate, confirming consistent assay 
performance. DMSO vehicle control (0.1%) produced no 
significant change in cell viability (≥98.7% in all cell lines). 
All biological experiments were conducted in biological 
triplicate across three independent experiment days; IC₅₀ 
values are reported as mean ± standard deviation. 

 

Results 

 
Table 1: Synthesis data for chromene derivatives 3a-3h 

 

Compound Salicylaldehyde substituent Yield (%) Mp (°C) Mol. formula HRMS [M+H]⁺ (Found) HPLC purity (%) 

3a None (unsubstituted) 71.4 187-189 C₁₀H₆N₂O 171.0558 97.3 

3b 5-Chloro 78.2 196-198 C₁₀H₅ClN₂O 205.0168 96.8 
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3c 5-Bromo 79.6 201-203 C₁₀H₅BrN₂O 248.9663 97.1 

3d 6-Methoxy 73.1 182-184 C₁₁H₈N₂O₂ 201.0664 96.4 

3e 6-Bromo-4-nitro 81.3 217-219 C₁₀H₄BrN₃O₃ 293.9463 98.2 

3f 4-Fluoro 75.8 191-193 C₁₀H₅FN₂O 189.0464 97.6 

3g 3-Methyl-4-nitro 68.4 208-210 C₁₁H₇N₃O₃ 230.0566 95.8 

3h 5-Trifluoromethyl 76.7 204-206 C₁₁H₅F₃N₂O 239.0382 97.9 

 

FTIR spectra of all compounds showed characteristic CN 

stretching near 2210 cm⁻¹ and C=O (pyran ring) near 1680 
cm⁻¹, confirming retention of the chromene-3-carbonitrile 

core. The ¹H NMR spectra displayed the distinctive pyran 

H-4 proton as a singlet at δ 6.87-7.12 ppm across the series. 

HRMS confirmed all molecular formulae within 2 ppm 

mass accuracy. Compound 3e, bearing both bromine and 

nitro groups, showed the highest yield (81.3%) despite its 

two electron-withdrawing substituents, likely because the 

activated aldehyde accelerates the rate-determining 

Knoevenagel step. 

 
Table 2: Anticancer activity (IC₅₀, µM) of chromene derivatives at 72 h and cell cycle data for compound 3e 

 

Compound MCF-7 IC₅₀ (µM) HeLa IC₅₀ (µM) HepG2 IC₅₀ (µM) A549 IC₅₀ (µM) SI (MCF-7 vs WI-38) 

3a 18.4 ± 1.2 24.7 ± 1.5 31.2 ± 2.1 28.6 ± 1.8 3.2 

3b 12.3 ± 0.8 16.8 ± 1.0 22.4 ± 1.4 19.7 ± 1.3 4.7 

3c 9.7 ± 0.6 13.2 ± 0.8 17.8 ± 1.1 15.4 ± 1.0 5.6 

3d 22.6 ± 1.4 29.3 ± 1.8 38.1 ± 2.4 33.7 ± 2.1 2.8 

3e 7.8 ± 0.4 10.4 ± 0.6 14.3 ± 0.9 12.1 ± 0.7 7.3 

3f 14.2 ± 0.9 18.6 ± 1.1 24.8 ± 1.6 21.3 ± 1.4 4.1 

3g 31.6 ± 2.0 40.2 ± 2.5 51.3 ± 3.2 46.7 ± 2.9 2.0 

3h 11.1 ± 0.7 14.7 ± 0.9 19.6 ± 1.2 17.2 ± 1.1 5.2 

5-FU (ref) 9.4 ± 0.5 12.8 ± 0.7 22.7 ± 1.5 18.3 ± 1.2   

 

SI = selectivity index = IC₅₀ (WI-38 normal lung fibroblasts) 

/ IC₅₀ (MCF-7). Higher SI values indicate greater selectivity 

for cancer cells. Cell cycle analysis of MCF-7 cells treated 

with 3e at 2× IC₅₀ (15.6 µM) for 24 h showed a significant 

increase in the G2/M fraction from 18.7 ± 1.3% (control) to 

41.4 ± 2.6% (treated), with corresponding reductions in 

G0/G1 and S phases, indicating G2/M arrest as the primary 

antiproliferative mechanism [8]. 

 

 
 

Fig 1: (Left) IC₅₀ heatmap of chromene derivatives 3a-3h across four cancer cell lines; (Right) Optimisation of chromene synthesis yield as a 

function of reaction time 
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Fig 2: Effect of catalyst type on chromene synthesis yield (bars) and product purity by HPLC (line), identifying L-proline as the optimal 

organocatalyst 
 

Discussion 

The results confirm that the 2H-chromene-3-carbonitrile 

scaffold provides a productive platform for antiproliferative 

compound development. Compound 3e's superior activity 

across all four cell lines (IC₅₀ 7.8-14.3 µM) and its 

selectivity index of 7.3 against WI-38 normal fibroblasts 

suggest a level of tumour selectivity that is meaningful for 

further development. The combination of a bromo 

substituent at C-6 and a nitro group at C-4 of the benzo ring 

creates a highly electron-deficient aromatic system that, 

according to our docking analysis, engages residues Cys241 

and Lys352 in the colchicine-binding site of β-tubulin 

through charge-transfer and hydrogen-bonding interactions, 

with a binding energy of -9.8 kcal/mol stronger than 

colchicine itself (-8.4 kcal/mol) under the same docking 

conditions [9]. 

The G2/M cell cycle arrest observed for 3e is consistent 

with a tubulin-disrupting mechanism because tubulin-

targeting agents that prevent spindle assembly typically 

arrest cells at the G2/M boundary before they can complete 

mitosis [10]. This finding, combined with the docking result, 

points toward a mode of action distinct from antimetabolite 

references like 5-FU (which primarily targets thymidylate 

synthase and disrupts S-phase), which may explain why 3e 

outperformed 5-FU specifically against MCF-7 and HepG2 

lines known to harbour multidrug resistance proteins that 

efflux nucleoside analogues. 

L-proline's superiority over other catalysts (78.3% yield, 

93.4% HPLC purity) is attributable to its bifunctional 

catalytic mechanism: the secondary amine forms an 

enamine with malononitrile, activating it as the nucleophile, 

while the carboxylate protonates the phenolate intermediate 

to facilitate ring closure [11]. DBU, the second-best catalyst, 

performs well kinetically but produces slightly lower purity, 

possibly due to competing side reactions at higher basicity. 

From a process chemistry standpoint, L-proline's low cost, 

water solubility, and non-toxicity make it the most attractive 

catalyst for scale-up. 

A recognised limitation is the gap between in vitro IC₅₀ 
values and in vivo efficacy. Chromenes generally have 

moderate aqueous solubility and may require formulation 

optimisation (e.g., nanoencapsulation) to achieve 

therapeutically relevant plasma levels. ADMET profiling 

and xenograft model research are the logical next steps. 

 

Conclusion 

Eight novel 2H-chromene-3-carbonitrile derivatives were 

synthesised in 68-84% yield using an L-proline-catalysed 

Knoevenagel condensation under mild conditions. 

Compound 3e, bearing 6-bromo-4-nitro substitution, 

emerged as the most potent anticancer agent in the series, 

with IC₅₀ values of 7.8-14.3 µM across four human cancer 

cell lines and a selectivity index of 7.3. G2/M cell cycle 

arrest and molecular docking into the colchicine-binding site 

of β-tubulin support a tubulin-targeting mechanism. L-

proline provided the best balance of yield (78.3%) and 

purity (93.4%) among catalysts tested. These findings 

support chromene-3-carbonitrile as a viable anticancer 

scaffold and identify compound 3e for in vivo evaluation 

and formulation research. 
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