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Abstract

A novel series of benzoxazole-derived iminocoumarins was synthesized via a Knoevenagel
condensation and fully characterized using NMR, UV-Vis spectroscopy, and computa-
tional methods. Their photophysical properties were systematically examined in solvents
of varying polarity, revealing pronounced effects of both substituents and solvent en-
vironment on absorption maxima and intensity. Derivatives bearing electron-donating
substituents on the coumarin core exhibited distinct and reversible pH-responsive spectral
shifts, confirming their potential as optical pH probes. Experimental pK;, values derived
from absorption titrations showed excellent agreement with DFT-calculated data, validat-
ing the proposed protonation-deprotonation equilibria and associated electronic structure
changes. Structure—property relationships revealed that electron-donating groups enhance
intramolecular charge transfer, while electron-withdrawing substituents modulate spectral
response and stability. In parallel, the compounds were evaluated for antiproliferative,
antiviral, and antifungal activities in vitro. Strong electron-donating substituents were
associated with potent but non-selective cytotoxicity, whereas derivatives bearing electron-
withdrawing groups displayed moderate and more selective antiproliferative effects against
leukemia cell lines. Antifungal screening revealed moderate inhibition of phytopathogenic
fungi, particularly for compounds with electron-withdrawing or methoxy substituents.
Overall, these findings demonstrate that benzoxazole iminocoumarins represent a promis-
ing class of multifunctional heterocycles with potential applications as optical pH sensors
and scaffolds for bioactive compound development.

Keywords: iminocoumarins; benzoxazole derivatives; optical pH sensors; solvent effects;
DEFT calculations; spectroscopic characterization; antiproliferative activity; antifungal activity

1. Introduction

Heterocyclic molecules are indispensable scaffolds in medicinal and pharmaceutical
chemistry, with great potential as biologically active agents [1,2]. In addition, they exhibit
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diverse spectral features and optical properties [3], making them one of the most extensively
studied classes of organic compounds with wide-ranging applications. The design and
development of small molecules for (chemo)sensing continues to be an area of significant
interest in organic chemistry and sensing technology [4-6].

Coumarin derivatives, particularly hydroxy- and iminocoumarins, have long been
recognized for their pH-dependent optical properties and sensing capabilities, as demon-
strated in pioneering studies by Wolfbeis and co-workers [7,8]. Building on this foundation,
more recent efforts have focused on extending conjugation and introducing heterocyclic
acceptor groups to tune charge-transfer behavior and spectral response. In this context, the
iminocoumarin moiety represents a multifunctional unit and an important building block
in D-7-A systems, enabling applications in optoelectronics and pH sensing [9]. In parallel, a
variety of novel coumarin-based fluorescent pH indicators have been developed, exploiting
protonation-induced modulation of intramolecular charge transfer to achieve pronounced
absorption and emission changes across biologically relevant pH ranges [10]. In particular,
heterocycle-fused and benzocoumarin-type systems have attracted attention as ratiometric
and environment-sensitive probes, demonstrating that incorporation of additional aromatic
or heteroaromatic units can significantly enhance pH sensitivity and spectral tunability [11].

The photophysical behavior of coumarin derivatives is strongly governed by sub-
stituent effects within a D-nt-A framework [12-14]. In particular, electron-donating groups
at the 7-position of the coumarin core increase electron density on the aromatic system
and raise the HOMO energy level, while electron-accepting substituents at the 3-position
stabilize the LUMO [15,16]. This spatial separation of donor and acceptor functionali-
ties enhances intramolecular charge transfer upon n—m excitation, typically resulting in
bathochromic shifts and increased absorption intensity. The magnitude of these effects
depends on the electronic strength of the substituents and their conjugative coupling with
the coumarin 7-system, providing a well-established strategy for tuning spectral response
and pH sensitivity in coumarin-based chromophores. Extension of the m-electronic conju-
gation, as demonstrated in several benzazole-derived coumarins, further modulates the
photophysical properties [15-19]. Notably, coumarin-benzoxazole hybrid chromophores
have been reported to exhibit strong electronic coupling between donor and acceptor sub-
units, leading to enhanced intramolecular charge transfer and pronounced solvatochromic
and fluorescence responses [20]. Although these systems have been primarily investigated
in the context of photophysical and nonlinear optical properties, their structural features
and tunable emission behavior render them highly attractive platforms for the develop-
ment of optical pH sensors. Iminocoumarins have been reported as functional and optical
materials [21], fluorescent brighteners [22], laser dyes [23], solar energy collectors [24],
pigments, probes for physiological measurements [25], and fluorescent labels [26]. In this
context, benzoxazole derivatives themselves have been shown to display pH-dependent
fluorescence responses arising from protonation-deprotonation equilibria and excited-
state intramolecular proton transfer processes, further underscoring the suitability of
benzoxazole-containing frameworks for optical sensing applications [27].

We recently reported the spectroscopic characterization of benzimidazole- and
imidazo [4,5-b]pyridine-derived iminocoumarins as potential pH-sensing molecules
(Figure 1) [17,28]. These findings are consistent with earlier reports on coumarin-
and benzazole-based fluorescent pH probes, which highlight the importance of hete-
rocyclic acceptor units and conjugation length in governing proton-responsive optical
behavior [10,11,20,27]. Solvent polarity and the electronic nature of substituents and
heteroatoms on the benzazole cores were found to significantly influence their spectral
responses. These results were further supported by computational analysis, showing excel-
lent agreement between experimental and calculated pK, values and electronic excitations.
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Figure 1. Previously synthesized benzazole-derived iminocoumarins (see refs. [17] and [28]).

Building on these findings, and given the promise of benzazoles as key subunits in
the design of D-m-A system-based materials with potential applications in biomedical
sciences and optical probing, we synthesized several iminocoumarin-derived benzoxazoles
bearing various substituents on the coumarin core. The introduced substituents were
selected to enable a systematic evaluation of structure—property relationships. Electron-
donating groups (e.g., hydroxy and dialkylamino substituents) were employed to enhance
intramolecular charge transfer and to promote pH-responsive optical behavior, whereas
electron-withdrawing substituents (e.g., nitro and halogen groups) were included to modu-
late electronic density, conjugation, and stability. In addition, substituents with different
steric demands were chosen to assess their influence on molecular planarity, spectroscopic
response, and biological activity. This design strategy allows direct correlation between
substituent effects and the observed photophysical, acid—base, and biological properties.

Despite substantial progress in the development of coumarin- and benzazole-based
fluorescent systems, benzoxazole—iminocoumarin hybrids remain largely unexplored, par-
ticularly with regard to a unified assessment of their pH-responsive optical properties, elec-
tronic structure, and biological activity. Moreover, detailed correlations between substituent-
induced electronic effects, protonation equilibria, and spectroscopic response, supported by
computational analysis, are still lacking. To address this gap, the spectroscopic features of
the present iminocoumarin-derived benzoxazoles were investigated in solvents of different
polarity, together with their acid-base properties, to evaluate their potential as optical pH
indicators. The experimental findings were complemented by detailed computational stud-
ies, and, in view of the broad spectrum of biological activities reported for iminocoumarin
derivatives [29,30], the antiproliferative, antiviral, and antifungal activities of the new
compounds were also evaluated in vitro.

2. Experimental Part

2.1. Chemistry
2.1.1. General Methods

All chemicals and solvents were obtained from commercial suppliers (Aldrich, Acros,
Fluka). Melting points were measured on an SMP11 Bibby apparatus and are uncor-
rected. NMR spectra were recorded in DMSO-dg using TMS as an internal standard on
Bruker AV300, Avance III HD 400, or AV600 spectrometers (*H: 300-600 MHz; 13C: up to
151 MHz), with chemical shifts reported in ppm (5). Reaction progress and compound
purity were monitored by TLC on Merck silica gel 60 F254 plates under UV light (254 or
366 nm). Column chromatography was performed on silica gel (0.063-0.200 mm, Fluka),
and flash chromatography using an Interchim puriFlash X5520 Plus system. Microwave-
assisted reactions were carried out in a Milestone Start S microwave oven using quartz
cuvettes (up to 40 bar), while parallel synthesis was conducted using a Radleys Carousel
12 Plus Reaction Station.

Synthesis of compound 2

Compound 2 was prepared from 1 (4.00 g, 60.55 mmol), trimethylsilyl chloride
(7.69 mL, 60.55 mmol), and ethanol (7.07 mL, 121.1 mmol) at 0 °C for 17 h. After fil-
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tration, white crystals were obtained (5.17 g, 58%) and washed with dry diethyl ether.
Owing to their air sensitivity, the product was used immediately in subsequent cyclization
reactions of the 2-cyanomethyl precursor [31].

Synthesis of compound 4

Compound 4 was prepared from 2 (0.75 g, 5.05 mmol) and 3 (0.37 g, 3.36 mmol) by
microwave irradiation at 120 °C for 1 h (500 W, 40 bar) in methanol. After cooling to room
temperature, the crude product was purified by flash chromatography (CH,Cl, /MeOH,
100:1) to afford white crystals (0.51 g, 96%); m.p. 72-73 °C. TH NMR (600 MHz, DMSO-dg)
§7.79-7.75 (m, 2H, Harom), 7.46-7.40 (m, 2H, Harom), 4.70 (s, 2H, CH,); 13C NMR (151 MHz,
DMSO-dg) 6 158.13, 151.01, 140.83, 126.13, 125.39, 120.25, 115.59, 111.38, 18.88.

2.1.2. General Method for Preparation of Compounds 11-16

A solution of equimolar amounts of 2-cyanomethylbenzoxazole 4, corresponding
heteroaromatic aldehydes 5-10, and a few drops of piperidine in absolute ethanol (2 mL)
was refluxed for 3 h [18,32]. After the reaction mixture was cooled to room temperature, the
crude product was purified by column chromatography using dichloromethane /methanol
(100:1) as eluent.

3-(benzo[d]oxazol-2-yl)-2H-chromen-2-imine 11

Compound 11 was prepared using the described method from 4 (0.100 g, 0.63 mmol)
and 5 (0.066 mL, 0.632 mmol) in absolute ethanol (2 mL) to obtain 11 as orange powder
0.132 g (79%); m.p. 162-163 °C; 'H NMR (600 MHz, DMSO) (5 /ppm): 9.09 (s, 1H, Harom),
8.01 (dd, J; = 7.80 Hz, ], = 1.62 Hz, 1H, Harom), 7.88-7.86 (m, 1H, Harom), 7.84-7.82 (m,
1H, Harom), 7.79-7.56 (m, 1H, Harom), 7.52-7.48 (m, 2H, Harom), 7.48-7.45 (m, 2H, Harom);
13C NMR (151 MHz, DMSO) (5/ppm): 158.85, 156.41, 154.57, 150.50, 146.79, 141.56, 134.63,
130.51, 126.63, 125.59, 125.49, 120.56, 118.83, 116.70, 114.80, 111.46; Elemental analysis:
Found: C,73.3; H, 4.2; N, 10.6; O, 12.3%; molecular formula C;4H;9N,O, requires: C, 73.1;
H, 4.0; N, 10.8; O, 12.1%; MS (ESI): m/z = 264.11 (M + 2]*).

3-(benzo[d]oxazol-2-yl)-2-imino-2H-chromen-7-ol 12

Compound 12 was prepared using the described method from 4 (0.100 g, 0.63 mmol)
and 6 (0.087 g, 0.632 mmol) in absolute ethanol (2 mL) to obtain 12 as yellow powder
0.076 g (43%); m.p. > 230 °C; 'H NMR (600 MHz, DMSO) (5/ppm): 8.96 (s, 1H, Harom),
7.83 (d, ] =8.58 Hz, 1H, Harom), 7.82-7.78 (m, 2H, Harom ), 7.47-7.41 (m, 2H, Harom), 6.89 (dd,
J1 =8.55Hz, ], = 2.31 Hz, 1H, Harom), 6.81 (d, ] = 2.16 Hz, 1H, Harom); 1°C NMR (151 MHz,
DMSO) (8/ppm): 164.28, 159.55, 157.00, 156.84, 150.41, 147.13, 141.69, 132.23, 126.11, 125.39,
120.21, 114.66, 111.48, 111.27, 109.56, 102.43; Elemental analysis: Found: C, 69.1; H, 4.0; N,
10.1; O, 17.3%; molecular formula C14H19N,Oj3 requires: C, 68.8; H, 3.8; N, 9.8; O, 17.5%;
MS (ESI): m/z = 279.98 (IM + 1]*).

3-(benzo[d]oxazol-2-yl)-N,N-diethyl-2-imino-2H-chromen-7-amine 13 [30]

Compound 13 was prepared using the described method from 4 (0.100 g, 0.63 mmol)
and 7 (0.122 g, 0.632 mmol) in absolute ethanol (2 mL) to obtain 13 as orange powder
0.135 g (64%); m.p. 164-165 °C;'H NMR (600 MHz, DMSO) (§/ppm): & 8.81 (s, 1H,
Harom), 7.77-7.73 (m, 2H, Harom), 7.70 (d, ] = 9.00 Hz, 1H, Harom), 7.41-7.39 (m, 2H, Harom),
6.82(dd, J; =8.97 Hz, J; = 2.43 Hz, 1H, Harom), 6.62 (d, ] = 2.34 Hz, 1H, Hz, Harom), 3.51 (q,
J =7.08 Hz, 4H, CH,), 1.16 (t, ] = 7.05 Hz, 6H, CH3); 3C NMR (151 MHz, DMSO) (5 /ppm):
160.40, 157.90, 157.39, 152.95, 150.35, 146.64, 141.92, 131.84, 125.55, 125.18, 119.80, 111.04,
110.43, 108.11, 105.24, 96.55, 44.86 (2C), 12.83 (2); Elemental analysis: Found: C, 72.1; H, 6.1;
N, 12.2; O, 9.8%; molecular formula CygH19N3O; requires: C, 72.3; H, 5.8; N, 12.4; O, 9.5%;
MS (ESI): m/z = 335.07 (IM + 2]*).

3-(benzo[d]oxazol-2-yl)-7-methoxy-2H-chromen-2-imine 14
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Compound 14 was analogously prepared from 4 (0.100 g, 0.63 mmol) and 8
(0.096 g, 0.632 mmol) in absolute ethanol (2 mL) to obtain 14 as orange crystals
0.114 g (61%); m.p. 164-165 °C; 'H NMR (600 MHz, DMSO) (5 /ppm): 9.00 (s, 1H, Harom),
792 (d, ] =8.70 Hz, 1H, Harom), 7.83 (dd, J1 = 7.44 Hz, |, = 1.77 Hz, 1H, Harom), 7.79 (dd,
J1 =8.16 Hz, J, = 1.08 Hz, 1H, Harom), 7.47-7.42 (m, 2H, Harom), 7.10 (d, ] = 2.40 Hz, 1H,
Harom), 7.06 (dd, J1 = 8.64 Hz, ], = 2.40 Hz, 1H, Harom); *C NMR (151 MHz, DMSO)
(6/ppm): 164.96, 159.32, 156.88, 156.69, 150.45, 146.90, 141.66, 131.78, 126.25, 125.44, 120.30,
113.92,112.50, 111.31, 110.76, 100.92, 56.75; Elemental analysis: Found: C, 70.0; H, 4.1; N,
9.2; O, 16.9%; molecular formula C17H12N,O3 requires: C, 69.7; H, 4.3; N, 9.4; O, 16.6%; MS
(ESI): m/z =294.08 (M + 2]*).

3-(benzo[d]oxazol-2-yl)-6-nitro-2H-chromen-2-imine 15

Compound 15 was analogously prepared from 4 (0.100 g, 0.63 mmol) and 9 (0.106 g,
0.632 mmol) in absolute ethanol (2 mL) to obtain 15 as orange powder 0.100 g (51%); m.p.
205-206 °C; 'H NMR (600 MHz, DMSO) (5/ppm): 9.24 (s, 1H, Harom), 8.99 (d, ] = 2.76 Hz,
1H, Harom), 852 (dd, J1 =9.06, ], =2.70 Hz, 1H, Harom), 7.89 (dd, J1 =7.74, ], = 1.50 Hz, 1H,
Harom), 7.85 (d, ] =8.04 Hz, 1H, Harom), 7.72 (d, ] =9.12 Hz, 1H, Harom), 7.52 (td, J1 = 7.68,
J» = 1.38 Hz, 1H, Harom), 7.47 (td, J1 = 7.59, ], = 1.18 Hz, 1H, Harom). °C NMR (151 MHz,
DMSO) (8/ppm): 158.20, 158.04, 155.46, 150.53, 145.39, 144.32, 141.48, 128.64, 126.99, 126.18,
125.76,120.77, 119.20, 118.27, 116.71, 111.56; Elemental analysis: Found: C, 62.5; H, 3.3; N,
13.2; O, 21.0%; molecular formula C1H9N3O4 requires: C, 62.7; H, 3.1; N, 13.5; O, 20.7%;
MS (ESI): m/z = 309.31 (IM + 2]*).

3-(benzo[d]oxazol-2-yl)-6-bromo-2H-chromen-2-imine 16

Compound 16 was analogously prepared from 4 (0.100 g, 0.63 mmol) and 10
(0.127 g, 0.632 mmol) in absolute ethanol (2 mL) to obtain 16 as light yellow powder 0.125 g
(65%); m.p. 193-194 °C; 'H NMR (600 MHz, DMSO) (5/ppm): 9.03 (s, 1H, Harom), 826 (d,
J = 240 Hz, 1H, Harom), 790 (dd, J1 = 8.79, J» = 243 Hz, 1H, Hyom), 7.87 (dd,
J1 =771, ], = 1.35 Hz, 1H, Hyrom), 7.84 (dd, J1 = 7.77, ], = 1.17 Hz, 1H, Harom),
7.52-7.45 (m, 3H, Harom)- *C NMR (151 MHz, DMSO) (5/ppm): 158.52, 155.92, 153.61,
150.52, 145.30, 141.50, 136.71, 132.27, 126.81, 125.67, 120.69, 120.66, 118.99, 116.94, 115.88,
111.51; Elemental analysis: Found: C, 56.8; H, 2.6; N, 8.3; O, 9.5%; molecular formula
C16H9BrN,O; requires: C, 56.5; H, 2.8; N, 8.0; O, 9.4%; MS (ESI): m/z = 342.01 (M +1]*,
344.02 ([M + 3]%).

2.2. Spectroscopic Characterization

UV-Vis absorption spectra were recorded at room temperature on a Varian Cary
50 double-beam spectrophotometer in the 250-600 nm range. Measurements were per-
formed in reagent-grade organic solvents using 1 cm quartz cuvettes at 0.1 nm intervals,
with all samples at 2 x 10~ M.

2.3. pH Titrations

The pH-dependent spectroscopic behavior of iminocoumarins was studied in universal
buffers covering pH 1-13 at room temperature. For titrations, 0.1 M HCl and 0.1 M NaOH
were used to provide extremely acidic and basic conditions. Compounds 11-13 were
prepared at 2 x 107> M, and pK, values were determined from absorption titrations by
analyzing the wavelength of maximum absorbance under acidic conditions using the
Boltzmann equation.

2.4. NMR Spectroscopy Analysis Under Varying pH Conditions

For measurements under slightly basic conditions, 2700 uL of DMSO-dg was combined
with 300 uL of D,O, yielding a pD of 8.3. After applying a 0.4-unit correction to account
for the glass electrode response in D, O, the effective pH was estimated at 8.7. Aliquots of
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700 pL from this solution were used to dissolve 8.2 mg (11), 5.2 mg (12), and 6.7 mg (13),
resulting in corrected pH values of 6.8 (11), 7.9 (12), and 6.2 (13).

For acidic conditions, 2700 pL of DMSO-dg was mixed with 300 L. of 1 M DCl in D, 0,
giving a pD of 1.7. After correcting for the glass electrode response, the actual pH was
estimated at 2.1. Compounds 11-13 were added to 700 uL aliquots of this solution in the
following amounts: 7.6 mg (11), 5.1 mg (12), and 6.1 mg (13), resulting in corrected pH
values of 2.2 for all three compounds.

Full 'H and '3C NMR assignments were obtained using one- and two-dimensional ex-
periments ('H, 13C, COSY, HSQC, and HMBC). Spectra were recorded on a Bruker Avance
AV300 spectrometer equipped with a 5 mm BBO probe and z-gradient accessory, employing
standard Bruker pulse sequences (Bruker, Billerica, USA). Additional experimental details
are provided in the Supplementary Information. All pH measurements were performed us-
ing a Metrohm 949 pH meter with a 6.0234.100 electrode (Metrohm, Herisau, Switzerland),
and all deuterated solvents were obtained from Eurlsotop (Saint-Aubin, France).

2.5. Computational Details

All molecular geometries were optimized at the B3LYP/6-311+G(d,p) level, which
offers a suitable compromise between computational accuracy and efficiency. Thermal
corrections to Gibbs free energies were obtained from unscaled harmonic vibrational
frequencies, as is common in high-accuracy DFT thermochemistry and pK, calculations
with B3LYP to account for partial cancelation between harmonic overestimation and an-
harmonic effects. This approach contributes to the good agreement observed between
computed and experimental pK, values. Gas-phase energies were further refined via
single-point calculations employing the larger 6-311++G(2df,2pd) basis set. Solvent
effects were modeled using the SMD continuum approach for water, resulting in the
B3LYP/6-311++G(2df,2pd)//(SMD)/B3LYP/6-311+G(d,p) protocol used in this study.
This computational scheme has been previously validated for reproducing kinetic and
thermodynamic parameters in organic [33] and biochemical [34] systems, as well as
pKa values of related organic derivatives [17,28]. The pK, values were determined us-
ing an absolute approach, incorporating both the gas-phase free energy of the proton,
G(H") = 6.28 kcal mol~!, and its experimental solvation free energy in water,
AGsory(H*) = —265.9 kcal mol ! [35], consistent with the SMD parameterization by Truhlar
and co-workers [36]. A free energy correction of —1.89 kcal mol~! was included to account
for the conversion from a gas-phase pressure of 1 atm to a 1 M solution concentration.
UV-Vis electronic transitions were computed using single-point (SMD)/CAM-B3LYP/6—
311+G(d,p) calculations within the TD-DFT framework, considering the 64 lowest-energy
singlet excitations. All computations were carried out using the Gaussian 16 software
package [37].

2.6. Biological Activity
All biological assays were performed under standard conditions. The samples were

not exposed to direct light during incubation, and microplates were kept in the dark inside
the CO, incubator to exclude potential phototoxic effects.

2.6.1. Antiproliferative Activity In Vitro

Human cancer cell lines Capan-1, HCT-116, NCI-H460, LN-229, HL-60, K-562, and
Z-138 were obtained from the American Type Culture Collection (ATCC), whereas the
DND-41 cell line was sourced from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ). Cells were cultured in Gibco media with 10% fetal bovine serum.
Adherent Capan-1 cells were seeded at 500 cells per well, and HCT-116, NCI-H460, and
LN-229 cells at 1500 cells per well in 384-well plates. After overnight incubation, cells
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were treated with seven concentrations of the test compounds (0.006-100 pM). Suspension
cell lines HL-60, K-562, and Z-138 were seeded at 2500 cells per well, while DND-41 cells
were plated at 5500 cells per well in 384-well plates, using the same concentration series of
test compounds. After 72 h, cell viability was measured using the CellTiter 96® AQueous
One Solution (MTS) assay with final concentrations of 333 pg/mL MTS and 25 uM PMS,
following the manufacturer’s instructions.

2.6.2. Antiviral Activity In Vitro

Antiviral assays towards herpes simplex virus-1 (HSV-1 KOS, ATCC VR-1493), human
coronavirus HCoV-229E (ATCC VR-740), and OC43 (ATCC VR-1558) in HEL 299 cells,
respiratory syncytial virus A (ATCC VR-26) in Hep2 cell cultures, Sindbis virus (ATCC
VR-1585), Yellow fever virus (17D-204, Stamaril), Zika virus (ATCC VR-1838), Semliki
Forest virus (ATCC VR-67) in VeroE6 cells, human coronavirus (HCoV-NL63, obtained
through the NIH Biodefense and Emerging Infections Research Resources Repository,
NIAID (NR-470%)) in Hep3B cell cultures and influenza A/H1IN1 (A/Ned/378/05, kindly
provided by R. Fouchier), influenza A/H3N2 (A/HK/7/87, obtained from J. Neyts),
influenza B (B/Ned /537 /05, kindly provided by R. Fouchier) in MDCK cell cultures were
performed. On the day of the infection, the growth medium was aspirated and replaced
with serial dilutions of the tested compounds. The virus was then added to each well,
diluted to a viral input of 100 CCIDs5( (CCIDs being the virus dose that infects 50% of the
cell cultures). Mock-treated cultures receiving solely the test compounds were included
to determine the cytotoxicity. After 3-7 days, depending on the virus, virus-induced
cytopathogenic effects were quantified using the MTS assay (CellTiter 9%6® AQueous One
Solution), with absorbance measured at 490 nm using a SpectraMax Plus 384 plate reader,
and the optical density values were utilized to determine ECs( values. In parallel, the 50%
cytotoxic concentration (CCsg) was derived from the mock-infected cells. The activities were
compared with the activities of several reference antiviral drugs: remdesivir, chloroquine,
ribavirin, zanamivir, rimantadine, dextran sulfate, Pro2000 and brivudine (BVDU).

2.6.3. Antifungal Activity In Vitro

An invitro antifungal assay was evaluated following a modified literature
procedure [38]. The analysis was performed on four phytopathogenic fungi (Sclerotinia
sclerotiorum, Macrophomina phaseolina, Botrytis cinerea, and Fusarium culmorum), all from
the collection of the Department of Phytopathology, Faculty of Agrobiotechnical Sciences
Osijek. A volume of 1 mL of the compound stock solution (prepared by dissolving the
appropriate mass of each compound in DMSO-water 30:70 v/v mixture) was added to
29 mL of potato dextrose agar (PDA), giving the final compound concentration of
0.08 umol mL ™!, with the maintained DMSO volume fraction of 1%. Commercial fungicides
were used as positive controls: strobilurin for S. sclerotiorum and F. culmorum, mancozeb
for M. phaseolina, and fenhexamid for B. cinerea, and PDA with 1% DMSO as a negative
control. Experiments were performed in quadruplicate. The Petri dishes were placed in a
growth chamber set at 22 £ 1 °C under a 12 h light/12 h dark cycle, and radial mycelial
growth was measured after 48 h. The inhibition effect of the compounds was expressed as
the antifungal index (% mycelial growth inhibition).

3. Results and Discussion
3.1. Chemistry

Inspected benzoxazole iminocoumarins 11-16 were prepared according to Scheme 1.
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P OH MW OHC R,
NC CN TMSCI NH, _MeOH _
1 EtOH,ps NC\)J\
HO R,

2 (62 %) 4(96 % 5-10

5 R=R~H

6 R,=OH, Ry=

7 R=-NEb,, R2 H

11 R;=R,=H (79 %) ggl gclilg EZOH
1~ 2 2

12 R,=OH, R=H (43 %) ErOHyps 10 R,= H, R~ Br

13 R;=-NEt,, R,=H (64 %) piperidine

14 R;=0OCH;,R,=H (61 %)

15 R;=H, R,=NO, (51 %)

16 R,=H, Ry=Br (65 %) 11-16

Scheme 1. Synthesis of benzoxazole-derived iminocoumarins 11-16.

The main precursor, 2-cyanomethylbenzoxazole 4, was synthesized in excellent yield
(96%) via a microwave-assisted cyclocondensation (120 °C, 500 W) between commercially
available ortho-aminophenol 3 and freshly prepared 2-cyanoacetimidic acid ethyl ester
hydrochloride 2. Microwave irradiation was employed for this cyclization step due to its
well-documented advantages over conventional heating in similar heterocyclic syntheses,
including dramatically shorter reaction times (often reduced from hours to minutes), higher
energy efficiency, uniform volumetric heating, and frequently improved yields with fewer
side products.

Precursor 2 was obtained through a facile Pinner-type condensation of malononitrile
(1), chlorotrimethylsilane (TMSCI), and ethanol at 0 °C for 17 h [34,39-41]. There, HCl
forms in situ from one equivalent of ethanol and TMSCI, followed by nucleophilic attack of
the second ethanol equivalent to yield the white crystalline salt (2) [42]. Iminocoumarins
11-16 were synthesized using a previously optimized Knoevenagel condensation method
developed in our group [17,28]. It begins with base-mediated methylene deprotonation
in 2-cyanomethylbenzoxazole (4), generating a stabilized carbanion. The latter undergoes
nucleophilic addition to salicylaldehyde, forming an oxyanion intermediate that cyclizes
intermolecularly to close the iminocoumarin core. Subsequent dehydration and proton
transfer yield a conjugated system stabilized by extended m-delocalization [43]. Equimolar
amounts of 4 and the respective aromatic aldehydes were refluxed in absolute ethanol with
a few drops of piperidine. Reactions were monitored by TLC and purified via column or
flash chromatography using DCM/MeOH as eluent, affording moderate to good yields
(38-79%). The unsubstituted analog 11 provided the highest yield, benefiting from the lack
of electronic perturbations, while compound 15 (bearing a strongly electron-withdrawing
NO, at C-6) gave the lowest, owing to intermediate destabilization and potential side
reactions. At C-7, electron-donating substituents like methoxy or N,N-diethylamino slightly
diminished carbonyl electrophilicity but supported intermediate stabilization, yielding
good results overall. In contrast, a hydroxy group at C-7 led to a sharper yield drop, likely
from hydrogen-bonding disruptions to the reaction pathway.

All products were characterized by 'H and '3C NMR, with assignments based on
chemical shifts and vicinal coupling constants. Some signals were obscured by hydrogen
bonding or deuterium exchange from the solvent. Precursor formation was evidenced
by a CH, singlet at 6 4.70 ppm, while successful cyclization to 11-16 was indicated by
its disappearance.

3.2. Spectroscopic Characterization

To investigate the spectroscopic properties of the prepared compounds 11-13, UV-Vis
absorption spectra were recorded in several organic solvents with different polarities. The
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main focus was to investigate the effect of the substituent placed on the coumarin nuclei as
well as the effect of the solvent on spectroscopic features (Table S1).

UV-Vis spectra were recorded at room temperature in the range of 250-600 nm using
high-purity solvents with varying polarity parameters: Milli-Q water, methanol, ethanol,
ethyl acetate, acetonitrile, and toluene [44]. The absorption spectra are presented in
Figure 2a,c, with a comparison of UV-Vis spectra in one polar protic solvent (methanol)
and one nonpolar solvent (toluene) shown in Figure 2d, with dominant absorption bands
attributed to 7—7* electronic transitions, as confirmed by computational natural transition
orbital analysis (Figures S13-515).
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Figure 2. UV-Vis spectra of 11 (a), 12 (b) and 13 (c) atc =2 x 107 mol dm™ in several solvents with
different polarity; compared spectra of 11-13 in toluene and methanol (d).

Compound 11 exhibited a single main absorption band in all tested solvents. A slight
increase in absorption intensity was observed in ethanol compared to the other solvents,
indicating a minor hyperchromic shift, whereas the absorbance was lowest in ethyl acetate.
In toluene, 11 displayed a slight bathochromic shift in the absorption maximum relative to
the other solvents.

Molecule 12 showed a single main absorption band in the range of 325-425 nm in
all solvents except ethanol and methanol, where an additional maximum appeared at
approximately 450 nm. The highest absorbance intensity was observed in ethyl acetate,
accompanied by a slight hypsochromic shift in the absorption maximum relative to the
other solvents. The most pronounced hypsochromic shift for 12 was observed in ace-
tonitrile, accompanied by a hypochromic shift compared to ethyl acetate. UV-Vis spectra
of 11-13 in methanol and ethanol were compared. Methanol and ethanol were selected
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as closely related polar protic solvents to evaluate the influence of subtle differences in
solvent polarity and hydrogen-bonding ability. The observed minor spectral shifts indi-
cate that the absorption behavior of these systems is sensitive to specific solute-solvent
interactions in addition to the electronic nature of the substituents. At 378 nm, 12 exhibited
a significant hyperchromic shift in ethanol relative to methanol, while at approximately
440 nm, it showed a more pronounced hypochromic shift with a slight bathochromic shift
in ethanol compared to methanol. The somewhat lower molar absorption coefficients
observed in methanol can be attributed to the coexistence of neutral and partially deproto-
nated species in equilibrium, resulting in reduced overall absorbance. This explanation is
consistent with the protonation—deprotonation behavior evidenced by our pH-dependent
spectroscopic and computational analyses, and it is expected that the addition of a small
amount of acid would shift the equilibrium toward the neutral form, yielding absorption
coefficients similar to those measured in toluene. In water, 12 and 13 displayed the lowest
absorption intensities.

Compound 13 exhibited the most significant hypochromic shift in water, accompanied
by the most pronounced bathochromic shift. The highest increase in absorption intensity
for 13 was observed in ethanol, whereas a hypsochromic shift was observed in ethyl acetate.
Figure 2d compares absorption spectra of 11-13 in toluene and methanol. Based on these
spectra, the type of substituent on the coumarin nucleus significantly influences the spec-
troscopic properties. The unsubstituted 11 showed a significant hypsochromic shift in its
absorption maximum in both polar (methanol) and nonpolar (toluene) solvents relative to
12 and 13. In methanol, 11 exhibited a slight hypsochromic shift and a hyperchromic shift
compared to toluene. The substituted 12 and 13 displayed significant bathochromic shifts
in their absorption maxima. Compound 13, substituted with the strong electron-donating
N,N-diethylamino group, exhibited bathochromic shifts in both solvents, with the most
significant bathochromic shift and hyperchromic shift observed in methanol. This behavior
can be attributed to the strong electron-donating character of the N,N-diethylamino group,
which enhances intramolecular charge transfer in polar solvents, resulting in increased ab-
sorption intensity (hyperchromic effect). In contrast, the hydroxy-substituted 12 exhibited
stronger absorption intensity in toluene compared to methanol, which can be attributed
to reduced solvation and hydrogen-bonding interactions in nonpolar media. This envi-
ronment enhances the resonance contribution of the phenolic -OH group and facilitates
intramolecular charge transfer, resulting in increased absorption intensity [45,46].

Compounds 14-16, bearing methoxy, nitro, and bromo substituents on the coumarin
nucleus, were synthesized analogously to 11-13. Although detailed spectroscopic mea-
surements were not performed, their optical properties are expected to follow the same
structure—property relationships observed for 11-13. In particular, substitution with an
electron-donating methoxy group (14) would be anticipated to induce a slight bathochromic
shift, whereas electron-withdrawing substituents (NO,, Br) in 15 and 16 are expected to
cause modest hypsochromic shifts relative to the parent compound 11.

Although no pronounced color change was observed within the studied pH range,
the recorded and computationally supported pH-dependent spectral shifts (see latter)
clearly demonstrate the optical responsiveness of the investigated systems, supporting
their potential as pH-sensitive materials. Preliminary fluorescence screening revealed only
weak emission for all compounds, consistent with dominant nonradiative deactivation
pathways arising from intramolecular charge transfer within the extended m-conjugated
system; therefore, detailed fluorescence studies were not pursued further.
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3.3. Effects of pH on Spectral Properties

The acid-base properties of compounds 11-13, which govern their potential as optical
pH probes, arise from distinct protonation/deprotonation sites within the benzoxazole-
iminocoumarin scaffold. These sites were identified computationally (Section 3.4) and
drive reversible spectral responses via altered m-conjugation and charge transfer.

The potential of compounds 11-13 to function as optical pH probes was evaluated by
monitoring changes in their spectroscopic properties under varying pH conditions through
spectroscopic pH titrations. To assess the acid-base properties, aqueous pK, values were
determined from the recorded spectroscopic data, based on the optical quantification of the
acidic (HA) and basic (A7) species using the Henderson-Hasselbalch equation [47,48]:

[A7]

pH = pK, +log [HA]

The variation in pH conditions enabled the protonation and deprotonation of the
investigated systems, accompanied by a reorganization of electron density within their
structures. As a result, pronounced changes were observed in the absorption spectra,
supporting their potential application as optical pH probes (Figure 3). The spectroscopic
properties during pH titrations for compounds 11-13 are presented in Table 1. The pK,
values were determined as the inflection point of a sigmoid Boltzmann curve fitted to the
experimental pH titration data (Figure 517).

Table 1. pH dependence of absorption features of 11-13 in buffered aqueous solutions.

A, (nm) e x 10% (dm® mol-1 em-1) pK K
Acidic ? Neutral P Basic ¢ Acidic Neutral Basic alexp) PRaealo

311 19.10

11 351 351 396 24.90 34.90 19.20 11.0 12.8
259 276 276 7.90 13.05 8.65

12 380 427 427 20.55 36.45 42.75 48 47

317 12.20

287 285 11.05 11.95

13 349 10.30 13.0 13.5
496 453 443 60.85 36.45 44.05

a 0.1 M HCL ® MQ water; ¢ Buffer at pH=13.

In acidic and neutral media, compound 11 showed a single absorption maximum at
approximately 350 nm. However, upon increasing the pH, significant spectral changes
were observed. Specifically, at pH 11.03, a decrease in absorption maximum was observed,
resulting in a significant hypochromic shift. At pH 12.02 and 13.06 two new absorption
maximum appeared at approximately 310 and 395 nm, with hyperchromic shifts at pH
13.06. These changes suggest that at higher pH values (pH > 12), complete deprotonation
induces the formation of anionic species with modified m-conjugation, leading to new
chromophore systems and distinct absorption bands. The reduced absorption intensity
at pH 11.03 likely reflects the dynamic equilibrium between the neutral and monoanionic
forms, resulting in spectral broadening. New absorption maximum at pH 12.02 and
13.06 indicate the presence of spectroscopically different, fully deprotonated species.

https://doi.org/10.3390/chemosensors14010015


https://doi.org/10.3390/chemosensors14010015

Chemosensors 2026, 14, 15

12 of 23

Compound

Abs

Abs

Experimental spectra Computed spectra

LS ———— — R IR

= MQwater
0.6 ——pH1
pH1 —pH3
———pH5
——pH7
= pH9
——pH11
——pH13

0.5+

044

Absorption

0.3

0.24

0.1~

0.0

T T T
300 350 400 450 500 PR R S R ! L L TR w——

%50 300 350 400 450 500
A/ nm A/nm

1.0

0.9+ pH 12 = MQwater
e pH1

e pH3
e pH5

e pH7

= pH9
——pH11
——pH12
——pH13

Absorption

L L
350 400 450 500

= MQ water
e DH1
—pH3

pH 13 ——pH5

e pH7
—pH9
——pH11
——pH12
=—pH13

Absorption

L T T T T T 1
300 350 400 450 500 550 600

i

A/nm

Figure 3. Absorption spectra of 11-13 at different pH values in buffer together with spectra com-
puted with the (SMD)/CAM-B3LYP/6-311+G(d,p) model in water. Related displays illustrating the
dependencies of absorption on pH are presented as Figure S16.

Compound 12, with a hydroxy substituent on the iminocoumarin core, showed
two absorptions maxima in acidic medium: one in the region of 250-300 nm and a more
intense one between 350 and 450 nm. At pH 6.08, a bathochromic shift in both absorption
maxima was observed, accompanied by a slight hyperchromic effect, especially pronounced
at 400 nm, where peak broadening was also visible. Further increase in pH value led to a
continuous increase in absorption intensity, resulting in substantial hyperchromic shifts
with notable bathochromic shifts in both absorption maxima. These spectral changes can be
attributed to the deprotonation of the OH group, which resulted in enhanced 7t-conjugation
and increased intramolecular charge transfer. The most pronounced hyperchromic shift
was detected at pH 10.95. The system showed a gradual hyperchromic shift in the pH
range 611, after which a decrease in absorption intensity was observed.
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Compound 13, substituted with a strong electron-donating N,N-diethylamino group,
showed two absorption maximum, one around 300 nm and a more intense one around
450 nm. Under strongly acidic conditions (pH 1.05), a pronounced bathochromic shift in
both absorption maxima was observed, accompanied with a strong hyperchromic shift
at 500 nm. This behavior can be attributed to structural degradation or protonation-
induced perturbations of the chromophore in highly acidic media. At other pH values,
the compound did not reveal any major spectral shifts. The most significant hypochromic
effect was seen at pH 5.00, while at pH 13.06, a noticeable hyperchromic shift was recorded,
accompanied by a slight hypsochromic shift in the absorption maximum. The described
changes can be primarily ascribed to the acid/base equilibria of the N,N-diethylamino
group—protonation in acidic media suppresses its electron-donor ability, while unionized
forms at intermediate pH support enhanced conjugation and stronger absorption. Acid-
base properties of 11-13 are characterized by an “apparent” pK, value, and our method
allowed us to identify a single value for all compounds (Table 1).

3.4. Computational Analysis

We employed computational DFT analysis to determine the dominant protonation
forms of each system that influence alterations in photophysical properties under different
pH conditions. The B3LYP/6-311++G(2df,2pd)/ /(SMD)/B3LYP/6-311+G(d,p) model was
used to calculate pK, values in the aqueous phase (Table 2), while the TD-DFT approach at
the (SMD)/CAM-B3LYP/6-311+G(d,p) level predicted UV-Vis spectra for each protonation
state (Figure 3).

Table 2. Computed pK, values by the B3LYP/6-311++G(2df,2pd)//(SMD)/B3LYP/6-311+G(d,p)
model in water and their comparison with experiments reported in this work.

Protonation
Compound Forms Process pKa,caLc PKa Exp
o~ 11t — 112+ benzoxazole N protonation —14
AN 11— 11* iminocoumarin N protonation 4.1
O\G 11— 117 iminocoumarin N deprotonation 12.8 11.0
Ho O _NH 12F — 127 benzoxazole N protonation -1.3
\CEZVN 12 — 12* iminocoumarin N protonation 4.7 4.8
o\@ 12 — 12~ —OH deprotonation 10.4
127 — 122- iminocoumarin N deprotonation 13.2
132+ — 133+ benzoxazole N protonation 0.6
" ™ 13* — 13% aniline N protonation 2.7
N 13 — 13* iminocoumarin N protonation 7.6
o@ 13 — 13~ iminocoumarin N deprotonation 13.5 13.0

The molecules under investigation consist of a benzoxazole unit linked to an
iminocoumarin fragment. In this context, it is relevant to highlight the experimental
pKa values for model systems pertinent to this study (Figure 4). Unsubstituted benzoxazole
is a very weak base, requiring highly acidic conditions for protonation. Notably, protona-
tion occurs on the nitrogen atom, consistent with our results, which predict that protonation
on nitrogen is 38.6 kcal mol™! more favorable than on the oxygen atom. The basicity of
benzoxazole can be enhanced by 2-alkylation, as seen in our investigated systems, with
2-methylbenzoxazole exhibiting a pK, of approximately 1. This value suggests protonation
is potentially achievable under our experimental conditions. In contrast, aromatic amines
are weaker bases than their aliphatic counterparts, yet the basicity of N,N-diethylaniline,
with a pK, of 6.9, indicates that protonation is likely under our measurement conditions.
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Furthermore, phenol deprotonation typically occurs at a pH of approximately 10 and is
expected in our experiments. Although precise literature data on the acid /base properties
of the iminocoumarin moiety are unavailable, the pK, of 2-oxazoline (5.5) suggests that
iminocoumarin is significantly more basic than benzoxazole and comparable in basicity to
dialkylanilines. In summary, under our experimental conditions, we anticipate protonation
of aniline and iminocoumarin, deprotonation of phenol, and potential acid /base exchange
involving benzoxazole.

Cp O O O% O G-

pKa =05 pKa =1.0 pKa =6.9 pKa =-2.0 pKa =10.0 pKa =55

Figure 4. Experimental pK, values for the relevant model compounds [49,50].

Molecule 11 represents the simplest system, with unsubstituted benzoxazole and
iminocoumarin directly linked. The iminocoumarin nitrogen is the most basic site, com-
puted as pK, = 4.1. Protonation at this site is favored over the benzoxazole nitrogen by
10.0 kcal mol™, rendering the latter negligible for the first protonation. Thus, under neutral
conditions, 11 remains unionized in aqueous solution. Interestingly, the first protonation
significantly reduces the benzoxazole basicity, resulting in a pK, of —1.4, which is unlikely
to be fully achieved under our experimental conditions (pH 1-13). However, at the lowest
pH values, particularly around pH ~ 2 used in NMR measurements (see later), a small
percentage of the diprotonated species (112*) exists, with the additional proton residing on
the benzoxazole nitrogen. This observation is relevant for interpreting NMR data in the
following paragraph. In contrast, iminocoumarin deprotonation is calculated to have a
pKa of 12.8, aligning with the experimental value of 11.0. We observed that this process
triggers a spontaneous C-O bond cleavage, decomposing the system into an acrylonitrile
derivative (Scheme 2) during geometry optimization. This behavior is analogous across all
systems 11-13.

0]
0]

Scheme 2. Spontaneous degradation of 11 following iminocoumarin deprotonation at pK, = 11,
analogously observed in 12 and 13.

UV-Vis spectra of 11 corroborate its protonation behavior. The computed absorption
maximum for neutral 11 at 347 nm closely matches the experimental value of 350 nm at
pH 7, confirming its predominance under normal conditions. Notably, the absorption
maxima for the cationic 11* (monoprotonated at iminocoumarin) and 11%* (diprotonated at
benzoxazole), exhibit significant overlap, with maxima at 335 and 348 nm. This explains
why both protonation equilibria are indistinguishable in the UV-Vis spectra and justifies
the inability to experimentally determine these pK; values with this technique. In contrast,
the transition from 11 to 11~ (deprotonated at iminocoumarin) is clearly observed in the
UV-Vis spectra at high pH values. The computed absorptions at 300 nm and 428 nm for
11~ align with experimental 310 and 395 nm, thus confirming the ring-opening (Scheme 2).
Thus, our experiments capture the neutral-to-monodeprotonated transition at pK, 11.0,
while iminocoumarin and potential benzoxazole protonations remain undetectable.

The introduction of an -OH group on iminocoumarin in 12 modifies its acid-base
features, though not significantly for the protonation processes analogous to those in
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11. The computed pK, values for iminocoumarin and benzoxazole protonation remain
largely unchanged at 4.7 and —1.3, the former in excellent agreement with measured
4.8. Absorption maxima of 394 nm for 12* confirms its presence under acidic conditions
(380 nm experimentally), while 401 nm for 12%* even if achieved in our experiments,
suggests a high overlap with 12*. In contrast, the phenolic -OH group is considerably
more acidic than the iminocoumarin N-H, with a computed pK;, of 10.4 making it the most
acidic site in 12, while the iminocoumarin deprotonation shifts to pK, = 13.2. The com-
puted absorption maxima for monodeprotonated 12~ (422 nm) and dideprotonated 122~
(430 nm) also overlap, rendering their interconversion undetectable by UV-Vis spectroscopy.
Nevertheless, their positions closely match a series of experimental spectral lines observed
around 420 nm. Yet, the existence of a line at 396 nm for 122~, absent in the experimental
spectra, likely suggests this form is beyond the employed conditions.

Compound 13 is the most intriguing, as its experimental UV-Vis spectra show sig-
nificant overlap of absorption maxima centered around 450 nm across pH 2-13, with a
pronounced shift to approximately 500 nm under highly acidic conditions (pH 1). Our
DFT analysis indicates that iminocoumarin deprotonation occurs at a pK, of 13.5, in good
agreement with the experimental value of 13.0. However, although the iminocoumarin
moiety is intrinsically less basic than the diethylaniline group, the iminocoumarin nitrogen
remains the most basic site in 13, with its basicity surpassing that of diethylaniline by
14.8 kcal mol~!. The computed pK, of 7.6 for the iminocoumarin protonation reflects the
strong electron-donating effect of the diethylamino group, which stabilizes iminocoumarin
protonation through resonance rather than accommodating the proton itself. In addition,
such a basicity enhancement makes monoprotonated 13* a predominant form at neutral
pH, offering a significant difference over 11 and 12. This feature reduces the aniline basicity
to pKa = 2.7, though it remains the preferred site for the second proton after iminocoumarin.
Notably, in 13¥, the basicity of aniline exceeds that of the benzoxazole nitrogen by only
0.1 keal mol !, making both sites nearly equivalent for the second protonation. However,
explicit calculation of the pKj for the third protonation of 13?* predicts a value of 0.6 for
benzoxazole protonation, which is readily achievable under the most acidic conditions
considered (pH 1). Consequently, the 0.4-unit difference between the experimental pH and
the computed pK, suggests that approximately 40% of the triprotonated 133* species is
present in solution at pH 1, which is highly relevant for interpreting the photophysical
properties under such acidic conditions.

These conclusions are supported by the agreement between computed UV-Vis ab-
sorption maxima at 438 nm for 13*, 436 nm for neutral 13, and 442 nm for 13~ that are
all found within a narrow 16 nm range, thus tying in with experiments across pH 2-13.
However, the computed UV-Vis transitions for the subsequently protonated 13** and 13%*
predict absorptions at 398 and 395 nm that are both absent in the experimental spectra
(Figure 3). This confirms that once the solution conditions become acidic enough, the
protonation at both diethyamine and benzoxazole occurs simultaneously or very closely
apart. On the other hand, when the benzoxazole nitrogen is protonated, it can undergo a
hydrolytic ring-opening reaction via C-O or C-N bond fission [51,52]. This process explains
the absence of the expected absorptions for 13%* and 133+, and confirms the degradation of
the later. Our results (Table 3) indicate that the C-O fission pathway is thermodynamically
much favored in all derivatives 11-13, suggesting the predominance of the amide (rather
than ester) derivative in solution under highly acidic conditions. This finding is consistent
with literature reports demonstrating the prevalence of the amide-containing derivatives in
various benzoxazoles under highly acidic conditions [53,54].
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Table 3. Reaction Gibbs free energies for the hydrolytic degradation of 11-13 by C-N and C-O fission
pathways, obtained by the (SMD)/B3LYP/6-311+G(d,p) model in water.

Reactant Product Reaction Gibbs Free Energy (AGR)
R (o} NH
Qi;if NH; 11.6 keal mol ! (11, R = -H)
0 12.0 kcal mol~! (12, R = -OH)
10.2 kecal mol~! (13, R = -NEt,)

R 0o NH
\CE/I(/ E C-N Fission Product

R o NH oH
\CE/X(“ 1.3 kcal mol ! (11, R = —H)
I 1.7 kcal mol~! (12, R = -OH)
0.4 kcal mol~! (13, R = -NEt,)
C-O Fission Product

Comparison of the computed UV-Vis spectra for 13%* and its C-N and C-O fission
degradation products (Table 3) reveals that the benzoxazole ring opening offers products
with notably blue-shifted maxima (Figure 5), 333 nm for the favored C-O fission prod-
uct, and 306 nm for the less favorable C-N fission alternative. This trend is consistent
with the reduced 7-electron conjugation in both products, which decreases delocalization
and increases the energy gap between the ground and excited states, requiring shorter
wavelengths to achieve the electronic transition. Yet, their absence in the measured spec-
tra confirm long time scales required for their formation, exceeding those employed for
the immediate UV-Vis measurements. In addition, neither degradation product accounts
for the experimental absorptions at arround 500 nm at pH 1, the precise origin of which
presently remains unclear. We tentatively attribute this transition to aggregation effects,
charge-transfer complexes, or the formation of further degradation products with extended
conjugated 7-systems, though their precise identification is beyond the scope of this study.

— 13"
—— C-N fission product
C-O fission product

Absorption

P S S RN SR S
250 300 350

PR IS w— ro—
400 450 500
A/nm

Figure 5. Computed UV-Vis spectra for diprotonated 13* and its hydrolitic degradation products
obtained by the (SMD)/CAM-B3LYP/6-311+G(d,p) model in water.

3.5. Probing the Protonation Equilibria with NMR Spectroscopy

Compounds 11-13 were subjected to NMR analysis to confirm the protonation sites
under strongly acidic conditions. For each system, two sets of samples were prepared: one
under neutral/basic conditions (pH = 6-8) and the other under highly acidic conditions
(pH = 2.2). The obtained NMR spectra under both conditions are summarized in Table S2.

The NMR spectra of samples under acidic conditions at 25 °C showed no direct
evidence of protonation. Instead, all three compounds underwent a slow chemical trans-
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formation, which was not fully completed even after one month. The latter aligns with
the presented thermodynamic consideration of the hydrolytic degradation route (Table 3),
which highlighted the endergonic character of all transformations, suggesting only moder-
ate product yields. The NMR spectra of those reaction mixtures were recorded and used
to determine the structures of the newly formed products named 11H-13H (Figure 6),
confirming the feasibility of the C-O fission pathway. Since the prerequisite for cleavage
of the benzoxazole ring is activation of the benzoxazole nitrogen through protonation,
the generation of identified hydrolytic products provides direct evidence that such highly
acidic conditions involve protonation at this position.

23

N
17?‘6\13/?2\“//’:‘:' H?1\177‘6\13/ ‘2\”//’\'15’-' 25 IL 16, (o] NH
‘ I LO o l II !D o N N N N
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Figure 6. The structures of C-O (amide) fission products of hydrolysed benzoxazoles.

3.6. Multifunctional Potential: Preliminary Biological Evaluation

Building on the substituent-dependent photophysical tuning observed in previous sec-
tions, where electron-donating groups (e.g., in 13) enhance intramolecular charge transfer
and solubility, these hybrids were screened for antiproliferative, antiviral, and antifungal
activities in vitro to assess their broader biomedical utility.

3.6.1. Antiproliferative Activity In Vitro

Antiproliferative assays against a panel of human cancer cell lines, LN-229 (glioblas-
toma), Capan-1 (pancreatic adenocarcinoma), HCT-116 (colorectal carcinoma), NCI-
H460 (lung carcinoma), DND-41 (acute lymphoblastic leukemia), HL-60 (acute myeloid
leukemia), K-562 (chronic myeloid leukemia), and Z-138 (non-Hodgkin lymphoma), and
normal PBMCs revealed structure-activity trends aligned with spectroscopic substituent
effects. Compound 13 exhibited potent, broad-spectrum cytotoxicity (ICsy = 0.02-0.075 uM),
though non-selective (PBMC ICs5 = 0.08 pM), limiting its therapeutic potential without
further structural optimization or targeted delivery strategies. Such a potent cytotoxicity
aligns with prior reports on this derivative, where it exhibited sub-micromolar activity
against ovarian, lung, bladder, and cervical cancer lines [29], underscoring the role of the
electron-donating N,N-diethylamino group in enhancing membrane interactions and apop-
tosis induction. In contrast, electron-withdrawing nitro (15) and bromo (16) derivatives
showed moderate, selective inhibition of leukemia lines (DND-41/HL-60 ICsy = 42-73 uM),
and potential for targeted DNA intercalation without off-target effects on normal cells,
thereby suggesting opportunities for further tuning selectivity, as explored in related metal
complexes [30]. Unsubstituted 11 and methoxy 14 were inactive (ICsp > 100 uM). Full ICsq
values are in Tables 4 and S3.
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Table 4. In vitro antiproliferative activity (ICsy values) of iminocoumarins 11-16 against selected

human cancer cells and cytotoxicity towards normal peripheral blood mononuclear cells (PBMC).

ICs0 (UM)
Cell Lines
Cpd
Capan-1 HCT-116  LN-229 NCI-H460 DND-41  HL-60 K-562  Z-138 PBMC
11 >100 >100 >100 >100 >100 >100 >100 >100 >100
12 >100 >100 >100 >100 >100 87.3 >100 >100 >100
13 0.05 0.02 0.045 0.075 0.03 0.02 0.06 0.02 0.08
14 >100 >100 >100 >100 >100 >100 >100 >100 >100
15 >100 >100 >100 >100 422 45.6 >100 >100 >100
16 >100 >100 >100 >100 70.7 73.0 >100 >100 >100
ETO 0.3 1.3 5.8 12 0.04 0.46 522 0.57 >10
NOC 0.03 0.03 0.14 0.12 0.04 0.46 5.22 0.57 >1
3.6.2. Antiviral Activity In Vitro
Antiviral potential of derivatives 11-16 was screened against a panel of clinically
relevant RNA /DNA viruses (Table S3). The results are expressed as CCsq (50% cytotoxic
concentration) and ECsgy (50% effective concentration) values. None of the tested com-
pounds exhibited significant antiviral activity across the evaluated viruses. Moreover,
several derivatives demonstrated cytotoxic effects in host cell lines, further limiting their
therapeutic applicability in this context.
3.6.3. Antifungal Activity In Vitro
Antifungal assays against agricultural phytopathogens [55-57] (Sclerotinia sclerotio-
rum, Macrophomina phaseolina, Botrytis cinerea, and Fusarium culmorum) at 0.08 umol mL ™!
showed moderate inhibition (up to 49.8% for 16 vs. B. cinerea), with electron-withdrawing
and methoxy groups (14-16) outperforming others, consistent with prior coumarin antifun-
gals where such substituents disrupt fungal membranes. All tested compounds showed
lower activities over commercial fungicides (strobilurin, mancozeb, and fenhexamid) that
served as positive controls and achieved around 90% inhibition (Table 5). These results
are consistent with previous findings, where iminocoumarin derivatives exhibited mod-
erate to low or no activity against pathogenic fungi [58]. Among the tested compounds,
16 with electron-withdrawing substituent, showed the highest inhibition, in line with earlier
reports on coumarin derivatives [59,60].
Table 5. Percentage of mycelial growth inhibition (%) of the phytopathogenic fungi 48 h after
inoculation with iminocoumarins 11-16 at 0.08 umol mL~! concentration (results expressed as the
mean of four replicates & standard deviation).
Cpd . % Grqwth Inhibition After .48 h
S. sclerotiorum M. phaseolina B. cinereal E culmorum
11 21.35 + 3.56 18.46 £ 0.00 9.23 £5.22 447 +2.23
12 / 812 £295 17.53 £ 7.60 12.30 £5.17
15 / 30.28 = 2.41 23.99 +6.74 447 +£2.23
16 / 3471 +1.71 49.82 +4.26 3.36 &= 2.65
14 / 33.97 +2.83 37.82 £7.61 895 £224
13 / 19.20 £ 3.72 2.77 £1.85 5.59 £+ 2.58
negative control 0.00 &= 0.00 0.00 &= 0.00 0.00 & 0.00 0.00 & 0.00

positive control

93.00 4= 0.00 strobilurin ~ 88.00 & 0.00 mancozeb  84.00 =+ 0.00 fenhexamid  87.50 = 0.00 strobilurin
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Although the biological results were moderate, their inclusion provides preliminary
insight into the biological potential of the synthesized benzoxazole-iminocoumarins. These
data complement the spectroscopic findings by highlighting the multifunctional character
of the scaffold and suggest that further structural optimization could enhance both optical
and biological performance.

3.6.4. Comparison with Literature Systems

Benzoxazole-containing heterocycles have been widely explored in medicinal chem-
istry, and several related systems have been evaluated for antiproliferative and antimicro-
bial activities. For example, a series of 3-(benzoxazol-2-yl)-2H-chromen-2-imine derivatives
exhibited potent cytotoxic activity against multiple human cancer cell lines, with the most
active compound showing ICs, values as low as < 0.01-0.30 uM against A-427 (ovarian),
LCLC-103H (lung), RT-4 (bladder), and SISO (cervical) cancer lines; this performance is at
the high potency end reported for benzoxazole—coumarin hybrids [30].

In other benzoxazole series, several derivatives demonstrated promising antimicrobial
and antiproliferative effects, with MIC values comparable to standard controls against
bacterial and fungal species, and selective anticancer effects against HCT-116 colorectal
carcinoma cells [61]. Additionally, substituted benzoxazole-coumarin hybrids designed as
carbonic anhydrase inhibitors exhibited mid-nanomolar K; values toward tumor-associated
isoforms (IX and XII), indicating that tailored substituent effects can yield both strong target
engagement and selectivity in vitro [62].

While the absolute potencies vary across structural classes and assay conditions, the
present compounds share structural features associated with structure-activity trends
seen in prior work (e.g., enhanced activity with electron-donating substituents or specific
steric profiles). Importantly, the integration of optical pH-responsive behavior with bi-
ological evaluation in a single structural platform distinguishes the current series from
many classical benzoxazole or coumarin derivatives, which have generally been stud-
ied for one property domain at a time. This multifunctional characteristic positions
our system as a promising scaffold for future optimization toward both sensing and
therapeutic applications.

4. Conclusions

Novel benzoxazole-iminocoumarin hybrids (11-16) were efficiently synthesized via
Knoevenagel condensation, yielding multifunctional heterocycles with tunable photophys-
ical and biological properties. UV-Vis analysis in solvents of varying polarity revealed
dominant 7—7t* transitions with pronounced solvatochromic effects, influenced by sub-
stituents: unsubstituted 11 showed a ~350 nm band with minor hyperchromic shifts in
protic media; hydroxy-substituted 12 exhibited dual maxima (~350/450 nm) and hyp-
sochromic shifts in aprotic solvents; and N,N-diethylamino derivative 13 displayed the
strongest bathochromic/hyperchromic responses (up to 453 nm in methanol), driven by
enhanced intramolecular charge transfer.

pH titrations confirmed reversible spectral shifts, establishing 11-13 as viable optical
probes: deprotonation of 11 induced hypochromic shifts and new bands (310/395 nm)
at pH > 11; phenolic deprotonation in 12 caused bathochromic/hyperchromic changes
peaking at 427 nm; and amine modulation in 13 yielded protonation-induced red-shifts at
low pH and hypsochromic effects at high pH. DFT calculations accurately reproduced these
behaviors, pK; values, and degradation pathways, including iminocoumarin ring-opening
upon deprotonation and preferential C-O fission in benzoxazole under acidic conditions,
corroborated by NMR.
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Biologically, 13 exhibited potent, non-selective nanomolar cytotoxicity across cancer
lines, while 15 and 16 showed moderate, selective activity against leukemias. Limited
antifungal inhibition was noted for 14-16 against phytopathogens, with no antiviral efficacy.

These findings highlight benzoxazole-iminocoumarins as versatile scaffolds for pH
chemosensing and bioactive agents. Future efforts will target substituent optimization to
enhance selectivity and stability, enabling advanced optical probes and targeted therapeutics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors14010015/s1, Figures S1-512: NMR spectra of
prepared compounds, Figures S13-S15: Computed UV-Vis spectra for 11-13 at pH = 7 to-
gether with graphical representation of natural transition orbitals for the dominant excitation,
Table S1: Spectroscopic data for 11-13, Figures S16-S17: Dependencies of UV-Vis absorption in-
tensity on pH conditions for 11-13 and Boltzmann fitting curves used for the calculations of the pK,
values, Table S2: Comparison of chemical shifts for 11-13 with their hydrolyzed products under acidic
conditions, Figures S18-547: NMR spectra of compounds 11-13 and their hydrolyzed products under
acidic conditions, Table S3: Cytotoxicity and antiviral activity in vitro for 11-16. Table S4: Mass spectra
for 11-16.
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