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A simple and green method for the synthesis of six ethyl cinnamates was performed via Horner—

Wadsworth—Emmons reaction under microwave irradiation. The photoluminescent properties of all

compounds in ethyl acetate solutions were evaluated demonstrating that all compounds exhibit

fluorescence. Five compounds exhibited blue emissions in the 369-442 nm range, and another

compound exhibited blue-green emission at 504 nm. This last compound showed the largest Stokes
shift (134 nm), and the highest quantum yield (17.8%). Two compounds showed extinction coefficient

values (&) higher than 30 000 M~*
sense, cytotoxicity assays were performed using Vero cells at different concentrations; the results
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cm~t, which are appropriate for cell bioimaging applications. In this

showed that these compounds were not cytotoxic at the highest concentration tested (20 pg mL™).
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1. Introduction

The luminescent organic compounds with a w-conjugated
system between electron donor (D) and acceptor (A) groups have
attracted interest because of their easy purification,' high
solubility in organic solvents,” high quantum efficiency,* high
molecular and thermal stability,’ and availability of greener
synthetic routes to obtain them. These properties allow their
application in organic light-emitting diodes,> medicinal chem-
istry,® fluorescence imaging,” organic field-effect transistors,®

“Universidad Autonoma de Nuevo Leon, UANL, Facultad de Ciencias Quimicas, Pedro
de Alba s/n, Ciudad Universitaria, 66450 San Nicolds de los Garza, Nuevo Ledn,
Mexico. E-mail: eugenio.hernandezfr@uanl.edu.mx; Fax: +52-81-83294000; Tel:
+52-81-83294000 ext. 6293

"Universidad Auténoma de Nuevo Leon, UANL, Facultad de Medicina, Fco. I. Madero
s/n, Mitras Centro, 64460 Monterrey, Nuevo Leén, Mexico

“Centro de Investigacion Biomédica del Noreste, Instituto Mexicano del Seguro Social,
Monterrey 64720, Nuevo Ledn, Mexico

Centro Universitario de Tonald, Universidad de Guadalajara, Av. Nuevo Periférico
555, Ejido San José Tatepozco, Tonald 45425, Jalisco, Mexico

Universidad Autonoma de Nuevo Leon (UANL), Facultad de Ciencias Quimicas, Centro
de Investigacion en Biotecnologia y Nanotecnologia, Laboratorio de Nanociencias y
Nanotecnologia, Autopista al Aeropuerto Internacional Mariano Escobedo Km. 10,
Parque de Investigacion e Innovacion Tecnologica, 66629 Apodaca, Nuevo Leon,
Mexico. E-mail: israel.lopezhr@uanl.edu.mx; Fax: +52-81-83294000; Tel: +52-81-
83294000 ext. 4202

T Electronic  supplementary  information
https://doi.org/10.1039/d3ra06443c

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

Finally, the analysis by fluorescence microscopy for localization and cellular staining using Vero cells
demonstrated that the compounds stained the cytoplasm and the nuclei in a selective way.

organic solar cells,” polymer science,' forensic science," and
chemical sensors.*

The application of a fluorescent compound will depend on
its properties such as solubility in organic solvents, lip-
ophilicity, chemical reactivity, and photophysical properties
namely absorption (A,ps) and emission (A,,5) wavelengths,
extinction coefficient (¢), quantum yield (@), large achievable
Stokes shift, remarkable resistance to photobleaching, lifetime
of the excited state, and photostability. Therefore, when these
properties reach adequate values in fluorescent organic
compounds and proteins, the latter can be used in specific
applications such as single molecule tracking, and multicolor
bioimaging.*>" Fluorescence bioimaging has been of great
importance in biomedical, biological, and related sciences
because of its essential contributions to understanding life
sciences. It is a non-invasive technique that possesses high
resolution and allows different intracellular processes to be
observed in real time. In recent decades, fluorescent organic
compounds have been designed and synthetized with diverse
applications including molecular dyes,** fluorescent proteins,*
and luminescent polymers,*** among others. Predominantly,
long-term tracking of cells is a great tool in the investigation of
biological processes, pathological pathways, and long-term
drug therapeutic effects.”®*” Nowadays, the synthesis of high
performance deep-blue fluorophores is of great interest.*® These
blue emitters must exhibit a remarkable efficiency, color purity
and stability.* The extensive research on deep-blue compounds
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is currently focused on increasing the efficiency and lifetime of
the devices, because these features are lower than those of red
and green devices, reaffirming the interest in obtaining high
performance deep-blue molecules.* The electron donating and
withdrawing groups in the emitter structure help to improve
their performance.** In some cases, the deep-blue fluorophores
exhibit multifunctional properties,** such as an efficient
reduction of energy consumption,* an increase in color gamut
and the ability of being the host of other large-wavelength
fluorophores.**

Previous reports have shown that the synthesis of a,B-
unsaturated esters can be achieved through conventional
synthesis including Wittig and Horner-Wadsworth-Emmons
(HWE) reactions, however they involved prolonged reaction
times.>**! In this paper, we present the synthesis of o,B-unsat-
urated esters via the HWE reaction assisted by microwave irra-
diation, due to the advantages that this method present, using
the appropriate aromatic aldehydes with triethyl phosphonoa-
cetate. The photophysical properties of the fluorescent
compounds were studied and the emitters that showed the best
performance were tested in cell bioimaging.

2. Experimental section
2.1 Material and equipment

All chemicals and solvents were purchased from commercial
sources, and they were used as received. An Electrothermal Mel-
Temp apparatus was used to determine the melting points.
Thin-layer chromatography was used to follow the progress of
the reactions. Column chromatography was used to purify the
products using silica gel as the stationary phase. The 'H and *C
NMR spectra were obtained using chloroform-d (CDCl;) with
tetramethylsilane (TMS) as the solvent and the internal refer-
ence, respectively. The NMR spectra were acquired on a Bruker
Avance III HD 400 MHz NMR spectrometer (ESIt). Chemical
shifts (6) are reported in ppm and the coupling constants (J) are
reported in Hertz (Hz). Multiplicities are reported as: singlet (s),
doublet (d), triplet (t), quartet (q), multiplet (m). Mass spectral
data were obtained using ESI" techniques (MStation). A Micro-
wave Synthesis Reactor (Monowave 300-Anton Paar) was used to
carry out the reactions under microwave irradiation in a closed
system. Reagent-grade hexane, toluene, THF, ethyl acetate,
dioxane, ACN, and DMSO were used as the solvent for the
photophysical characterization. Absorption and emission
spectra were measured using quartz cuvettes (1 cm path length)
on Shimadzu 1800 and Horiba Fluoromax 4 spectrophotome-
ters, respectively.

2.2 Procedure for the synthesis of compounds 3a—f

In a 10 mL microwave vessel, the triethyl phosphonoacetate (1.0
equiv.), the corresponding aldehyde (0.7 equiv.), and potassium
carbonate (1.0 equiv.) were dissolved in ethanol (3 mL). The
reaction mixture was heated under microwave irradiation at
140 °C for 20 min. Next, the microwave-vessel was cooled at
room temperature and the solvent was removed under vacuum.
The crude product was purified by column chromatography
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using a mixture of EtOAc/Hex (4:6) as eluents or by crystalli-
zation using EtOAc.

2.2.1 Synthesis of ethyl (E)-3-(4-(diethylamino)phenyl)
acrylate (3a). Yellow oil (0.86 mg, 78%). "H NMR (400 MHz,
CDCl,): 6 1.17 (t,] = 7.1 Hz, 6H, (CH3CH,)N), 1.32 (t, ] = 7.1 Hz,
3H, OCH,CHjy;), 3.38 (q,J = 7.1 Hz, 4H, (CH3CH,)N), 4.23 (q, ] =
7.1 Hz, 2H, OCH,CHj), 6.19 (d, = 15.8 Hz, 1H, CHC=O0), 6.62
(d,J = 8.9 Hz, 2H, Hyrom), 7.39 (d,J = 8.9 Hz, 2H, Harom), 7.61 (d,
J =15.8 Hz, 1H, =CHC¢H,). *C NMR (100 MHz, CDCl,): 6 12.6,
14.4, 44.4, 60.0, 111.2, 111.8, 121.4, 130.0, 145.2, 149.3, 168.1
(C=0). HRMS (ESI') m/z calculated for C;5H,,NO, [M + H]"
248.16505, found 248.16563.%

2.2.2 Synthesis of ethyl (E)-3-(4-(diphenylamino)phenyl)
acrylate (3b). Yellow oil (1.14 g, 76%). '"H NMR (400 MHz,
CDCl,): 6 1.32 (t,] = 7.1 Hz, 3H, CH;3CH,0), 4.24 (q, ] = 7.1 Hz,
2H, OCH,CH3), 6.28 (d, J = 15.9 Hz, 1H, CHC=0), 6.98 (d, ] =
8.7 Hz, 2H, Harom), 7.06-7.11 (m, 6H, Harom), 7.24-7.28 (m, 4H,
Harom), 7.34 (d, J = 8.7 Hz, 2H, Harom), 7.62 (d,J = 15.9 Hz, 1H,
=CHCgH,). C NMR (100 MHz, CDCl;): 6 14.4, 60.3, 115.5,
121.8,124.0,125.4, 127.6,129.2, 129.5, 144.2, 147.0, 149.8, 167.4
(C=0). HRMS (ESI') m/z calculated for C,3H,,NO, [M + H]"
344.16505, found 344.16477.*

2.2.3 Synthesis of diethyl 3,3'-(1,4-phenylene)(2E,2'E)-dia-
crylate (3c). White solid (1.18 g, 96%), mp 90-92 °C. "H NMR
(400 MHz, CDCl,): 6 1.34 (t,] = 7.1 Hz, 6H, (OCH,CHy),), 4.27 (q,
J=7.1Hz, 4H, (OCH,CH3;),), 6.47 (d,J = 16.0 Hz, 2H, CHC=O0),
7.54 (s, 4H, Harom), 7.66 (d, J = 16.0 Hz, 2H, =CHCgH,). *C
NMR (100 MHz, CDCl,): 6 14.3, 60.6, 119.3, 128.5, 136.1, 143.4,
166.7 (C=0). HRMS (ESI') m/z calculated for C;4H;60, [M + H]"
275.12833, found 275.12751.*

2.2.4 Synthesis of ethyl (E)-3-(4-morpholinophenyl)acrylate
(3d). white solid (0.90 g, 77%), mp 128-131 °C, "H NMR (400
MHz, CDCl;): 6 1.33 (t, J = 7.1 Hz, 3H, CH3CH,0), 3.23 (t, ] =
4.8 Hz, 4H, (CH,),N), 3.85 (t,] = 4.8 Hz, 4H, (CH,),0), 4.24 (q, ]
= 7.1 Hz, 2H, (CH;CH,0)), 6.28 (d, J = 15.9 Hz, 1H, CHC=0),
6.86 (d, J = 8.8 Hz, 2H, Harom), 7.44 (d, ] = 8.8 Hz, 2H, Harom),
7.62 (d, J = 15.9 Hz, 1H, =CHCH,). >*C NMR (100 MHz,
CDCly): 6 14.4, 48.2, 60.2, 66.7, 114.7, 125.5, 129.5, 132.2, 144.4,
152.5, 167.5 (C=0). HRMS (ESI") m/z calculated for C,5H,oNO;
[M + H]" 262.14432, found 262.14483.%

2.2.5 Synthesis of ethyl (E)-3-(4-acetamidophenyl)acrylate
(3e). White solid (0.88 g, 84%), mp 130-132 °C. "H NMR (400
MHz, CDCL,): 6 1.34 (t, ] = 7.1 Hz, 3H, OCH,CHj), 2.19 (s, 3H,
CH,C=0), 4.26 (q, J = 7.1 Hz, 2H, OCH,CH;), 6.35 (d, J =
16.0 Hz, 1H, CHC=O0), 7.45 (d, J = 8.5 Hz, 2H, Harom), 7.58 (d, ]
= 8.5 Hz, 2H, Harom), 7-62 (d, J = 16.0 Hz, 1H, CHCGH,), 8.37 (s,
1H, NHC=0). *C NMR (100 MHz, CDCl,): 6 14.3, 24.4, 60.6,
117.0,119.9, 129.0, 130.0, 140.0, 144.1, 167.4 (C=0), 169.0 (C=
0). HRMS (ESI') m/z calculated for C;3H;(NO; [M + HJ]
234.1130, found 234.1146.%

2.2.6 Synthesis of ethyl (E)-3-(3,4,5-trimethoxyphenyl)acry-
late (3f). White solid (0.87 g, 73%), mp 65-67 °C. "H NMR (400
MHz, CDCly): 6 1.35 (t, J = 7.1 Hz, 3H, OCH,CH3;), 3.88 (s, 3H,
CH;0), 3.89 (s, 6H, (CH30),), 4.27 (q,J = 7.1 Hz, 2H, OCH,CH3;),
6.36 (d, ] = 15.9 Hz, 1H, CHC=O0), 6.76 (s, 2H, Harom), 7.61 (d, J
= 15.9 Hz, 1H, CHCgH,). "*C NMR (100 MHz, CDCl;): 6 14.4,
56.1, 60.4, 61.0, 105.1, 117.5, 130.0, 140.0, 144.6, 153.4, 167.0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(C=0). HRMS (ESI') m/z calculated for Cy4H;405 [M + H]"
267.12325, found 267.12294.*

2.3 Cell bioimaging and in vitro cytotoxicity

To study the effect over cell viability of the compounds 3a and
3b, and their cellular localization, the Vero cell line (ATCC®
CCL-81) was used. Cells were cultured in DMEM medium sup-
plemented with 4 mM r-glutamine, 10% FBS, penicillin (100 IU
per mL), and streptomycin (100 mg mL™ ") at 37 °C in a 5% CO,
atmosphere. From each compound, stock solutions of 1 mg
mL ™" in DMSO were prepared. Working solutions diluted in
culture medium were prepared from these stocks and sterilized
by filtration (0.2 um). The final concentration of DMSO was
0.5% or lower. Afterwards, Vero cells were seeded in 96-well
tissue culture plates with 5 x 10? cells per well in 100 uL of
culture medium, after 24 h of incubation they were supple-
mented by triplicate with 100 uL of solution of each compound
at final concentrations of 0.2, 2, 20 ug mL™*; followed by addi-
tional incubation for 24 h. Cell viability was evaluated by WST-1
assay along by light microscopy. To determine intracellular
fluorescence of the compounds, Vero cells were seeded in 24-
well plates at a density of 2 x 10* cells per well in DMEM sup-
plemented medium at 37 °C, 5% CO,. After 24 h, the medium
was replaced with new medium containing compounds 3a and
3b at 25 ug mL~" and incubated for 2 h. Cells were washed with
PBS once and imaged using an inverted fluorescence micros-
copy. Untreated (with cell culture only) and treated cells with
the solvent DMSO were used as controls. For statistical analysis,
data were analyzed with Student's ¢-test using SPSS version 20.0
software. Additionally, to contrast the intracellular distribution
of compounds 3a and 3b, a double fluorescent staining was
performed using DAPI, a nuclear probe. Vero cells (25 000) were
seeded on sterile glass coverslips placed in 24-well microplates
with 1 mL of DMEM supplemented medium and incubated for
24 h in a 5% CO,/95% O, atmosphere. After the incubation
time, the compounds were added independently at a concen-
tration of 25 pg mL ™" and incubated for an additional 2 h.
Subsequently, two washes with PBS were performed to remove
excess medium, and the coverslips were mounted on glass
coverslides, using VECTASHIELD® mounting medium con-
taining DAPI. The slides were observed using an AxioScope A1l
microscope (Zeiss, Gottingen, Germany) with a 100x objective
and coupled to an Axiocam 502 mono camera coupled to Zen
blue software (version 3.3.89.0000). Images were acquired with
an Axiophot HXP 120 V fluorescence lamp with the corre-
sponding Zeiss filters.

3. Results and discussion

Cinnamates 3a-f were prepared in an easy way applying the
widely known HWE reaction***” using triethyl phosphonoace-
tate 1 as the starting material, and commercially available aryl
aldehydes 2a-f [4-(diethylamino)benzaldehyde, 4-(diphenyla-
mino)benzaldehyde, terephthaldehyde, 4-(4-morpholinyl)benz-
aldehyde, 4-acetamidobenzaldehyde, and 3,4,5-
trimethoxybenzaldehyde] using K,CO; as base and ethanol as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of ethyl cinnamates 3a—f. Yields after purifi-
cation by column chromatography.

solvent, under microwave irradiation at 140 °C for 20 min. After
purification either by chromatography column or crystalliza-
tion, the compounds 3a-f were obtained predominantly as E
isomers with 73% to 96% yields (Scheme 1). Under these
conditions, it was possible to obtain the desired compounds in
a one-step reaction, without catalysts, and with improved yields
compared to the ones reported in the literature (for compounds
3aand 3d, Y. Mizuta,*® reported 46% and 49% yield respectively;
for compound 3c, J. Lu,* reported 89% yield, for compound 3b,
X. Zeng,” reported 97% yield, and for compound 3f, E.
Nomura,* reported 66% yield). Therefore, we are now reporting
an eco-friendly experimental protocol for the synthesis of these
compounds.

3.1 Photophysical properties

With ethyl cinnamates 3a-f synthesized and characterized, and
in order to obtain information about their photophysical
properties, UV-vis absorption and photoluminescent spectra of
these compounds in ethyl acetate solutions were initially
recorded (Fig. 1). Fig. 1la shows the absorption spectra of
compounds 3a-f (absorbance data were normalized), which are
in the range between 260-420 nm, and are attributed ton — 7*
transitions. The absorption spectra of compounds 3a-f shown
wavelengths of maximum absorption (A,ps) at 366, 370, 316, 339,
314, and 309 nm, respectively; where the absorption spectrum
of 3a is similar to 3b, being these two compounds red-shifted.
Fig. 1b shows the photoluminescent spectra for compounds
3a—f, where the compounds 3a and 3c—f exhibit blue emissions
with maximum intensities in the range of 369-442 nm.

It is noteworthy, that compound 3b exhibits blue-green
emission at 504 nm, which had a bathochromic shift by about

RSC Adv, 2024, 14, 2391-2401 | 2393
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Fig. 1 (a) Absorption and (b) emission spectra of ethyl cinnamates 3a—f.
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Fig. 2 Absorption and emission spectra of the compounds 3a and 3b.

62 nm with respect to 3a, which has a wavelength of maximum
emission (Aen,) at 442 nm (Fig. 2). The latter can be attributed to
a higher level of conjugation due to the presence of the diphe-
nylamino group, see Table 1. The Stokes shifts (SS) were
calculated from the absorption and emission maximum

Table 1 Summary of photophysical properties of 3a—f
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wavelengths for each compound, getting the following values:
76,134, 126, 46, 55, and 97 nm, showing that compound 3b has
the largest Stokes shift (134 nm).

Fluorescence quantum yields (&) of 3a—f in ethyl acetate were
measured using quinine sulphate (¢ = 0.55 in H,SO,, 0.05 M)
as reference by a comparative method:*®

I(1—10%)

:mX¢RXIOO (1)

where subscript R indicates values related to the standard, A is
the absorbance value at the excitation wavelength, I is the area
under the emission spectrum curve, and 7 is the refractive index
of the solvent used. The @ values obtained are the following:
1.4%, 17.8%, 1.2%, 0.77%, 0.8%, 1.1%, highlighting again the
compound 3b with the highest value (17.8%). The emission of
the compounds 3a, 3b, and 3f is shown in the CIE chromaticity
diagram of Fig. SI19,} and the coordinates (x,y) with the emis-
sion data in Table 1. The blue-green emission of compound 3b
can be observed in Fig. 3.

In spite of their similar A,,s values, compounds 3a and 3b
show significantly different A, and the @ value of 3b is around
12 times larger than that of 3a. This behavior can be attributed
to the biphenyl's chromophore present in 3b.

Based on the photophysical properties results using ethyl
acetate as solvent, it was decided to perform a more detailed

SS

Compound Aabs (NM) Eaps (eV) e(10*M 'em™) Aem (NM) Eem (eV) (nm) (eV) @ (%) CIE (x,y)

3a 366 3.39 3.06 442 2.81 76 0.58 1.4 (0.15,0.07)
3b 370 3.35 3.36 504 2.46 134 0.89 17.8 (0.23,0.43)
3¢ 316 3.92 2.4 442 2.81 126 1.12 1.2 (0.14,0.07)
3d 339 3.66 1.79 385 3.22 46 0.44 0.77 (0.16,0.06)
3e 314 3.95 1.75 369 3.36 55 0.59 0.8 (0.18,0.15)
3f 309 4.01 1.53 406 3.05 97 0.96 1.1 (0.15,0.04)
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Fig. 3 Solution of compounds 3a—f under (a) room light and (b) UV
radiation at 365 nm.

study of compounds 3a and 3b, which presented the best pho-
tophysical properties, using a series of solvents of ranging
polarity (hexane, toluene, THF, EtOAc, dioxane, ACN, DMSO),
see Fig. SI20.f Results showed maximum absorption values
between 350-377 nm for 3a and 363-415 nm for 3b. In addition,
a bathochromic shift was observed when increasing the solvent
polarity, which is more noticeable for compound 3b. On the
other hand, the highest molar extinction coefficients were
achieved using DMSO as solvent, 37 600 and 40100 M~ * cm™*
for 3a and 3b, respectively. Whereas both compounds 3a and 3b
exhibited the lowest values in hexane, 15900 and 13
500 M~ " cm ™, respectively (Table 2 and Fig. 4). This behavior
may be attributed to possible compound-solvent interactions.*®

Furthermore, the emission spectra show a noteworthy red
solvatochromic shift as the polarity of the solvent increases.

View Article Online
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This could be attributed to the intramolecular charge trans-
fer.>>** Additionally, the quantum yield analysis in solution
exhibited higher values using DMSO (¢ = 2.1%) and ACN (& =
19.3%) for 3a and 3b, respectively, noting a quite linear decline
in fluorescence intensity, as the solvent polarity decreases. The
decreasing trend in quantum yield in non-polar solvents may be
attributed to the slight difference between their ground and
excited states.*®"** Moreover, SS values above 100 nm were found
for compound 3b in THF, EtOAc, dioxane, ACN, and DMSO
(Table 2 and Fig. 4).

In addition to quantum yield and Stokes shifts, to evaluate
the eligibility of a compound for fluorescent cell imaging, the
extinction coefficient (¢) is also a determining parameter. In this
respect, 3a and 3b showed & values > 30000 M~ cm™" in all
tested solvents except hexane and toluene, making them
appropriate for medical and biological applications." Based on
these results, we selected the derivatives 3a and 3b to be eval-
uated as fluorescent cell dyes due to the combination of their
noticeable chemical yield, quantum yield, Stokes shift, and
extinction coefficient values.

3.2 Theoretical calculations

Geometry optimizations and TDDFT calculations were per-
formed to determine the ground state structure for all synthe-
sized compounds, and to obtain the electronic spectra to study
the So-S; transition. The calculated wavelength absorption
maxima are all in good agreement with the experimental
measurements in ethyl acetate.>

The HOMO-LUMO frontier molecular orbitals of the
compounds 3a-3f in ethyl acetate as solvent are summarized in
Table 3. For 3a and 3b, there are similar donating portions
where the amine is donating electron density to the pi-bridging
phenyl ring. While in 3a the diethyl portion hyperconjugates to
enhance donation from the amine, in 3b the two additional
aromatic rings provide what could be assigned as the highest
donated electron density, which would be discernible as the
most red-shifted absorption, as corroborated experimentally.

Table 2 Summary of photophysical properties of compounds 3a—b in solution®

Aabs
Solvent (nm) Eaps (eV) e(10*M ' em™) Aem (NM) Eem (eV) SS (nm) @ (%)
DMSO 377 3.29 3.76 454 2.73 82 2.1
415° 2.99¢ 4.01¢ 537¢ 2.31¢ 122¢ 19.01¢
ACN 369 3.36 3.35 452 2.74 81 1.8
409° 3.03¢ 3.89¢ 531¢ 2.33¢ 122¢ 19.3¢
Dioxane 366 3.39 3.22 445 2.79 80 1.9
380° 3.26¢ 3.41¢ 515¢ 2.40¢ 135¢ 18.6¢
EtOAc 366 3.39 3.06 442 2.81 76 1.4
370° 3.35¢ 3.36¢ 504¢ 2.46° 134¢ 17.8¢
THF 367 3.37 3.01 420 2.95 57 1.1
375° 3.30° 3.39° 487° 2.55¢ 1124 15.7¢
Toluene 371 3.34 2.68 408 3.04 37 0.87
368“ 3.37¢ 2.75¢ 443° 2.80¢ 75¢ 3.9¢
Hexane 350 3.54 1.59 398 3.11 45 0.44
363“ 3.41¢ 1.35¢ 404° 3.07¢ 41° 2.4¢

% Data for compound 3b.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

Compound 3d has a somewhat similar behavior where the
cyclic amine donates electron density but having the oxygen
atom incorporated in the morpholine cycle reduces the avail-
able delocalization, compared to what is observed for 3a and 3b.

The ethyl acrylate group in 3¢ and the double-bond character
of the amide group in 3e can be rationalized as having similar
electronic properties and provide very similar delocalization of
electron density towards the 7-bridge portion.

Compound 3f only shows donation towards the phenyl
ring, stemming from the methoxy portions, whose group
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(a) Absorption and (b) emission spectra of compounds 3a (I) and 3b (ll) in solution.

electronegativity do not allow a strong donating -effect.
This is reflected in the lowest maximum wavelength of the
series.

Finally, we can observe a quinoid delocalization from
the phenyl to the acrylate portion which is shared in the
whole series producing the “pull” effect on the studied
molecules.

The electronic nature of the transition in the whole series
has as consequence that their S,-S; transition present
a HOMO-LUMO character in more than 90% (Fig. 5).

Table 3 Absorption maxima Amax (nM), excitation energy E (eV), oscillator strength (f), and molecular orbitals contribution (%), calculated at

CAM-B3LYP/6-311+G level

Compound State E (eV) Amax (NM) f Assignment Exp.” (nm)
3a S1 3.69 335.6 1.1350 HOMO-LUMO (95%) 366
3b s1 3.54 349.8 1.0310 HOMO-LUMO (90%) 370
3c S1 3.91 317.1 1.5055 HOMO-LUMO (96%) 316
3d S1 3.82 324.1 1.1273 HOMO-LUMO (94%) 339
3e S1 4.14 299.2 1.1085 HOMO-LUMO (96%) 314
3f S1 4.39 281.9 0.9083 HOMO-LUMO (95%) 309

“ Results obtained in ethyl acetate as solvent.
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Fig. 5 Frontier molecular orbitals obtained using CAM-B3LYP/6-
311+G level.

3.3 Cell bioimaging and in vitro cytotoxicity

The cytotoxicity was assessed by the WST-1 assay in Vero cells
following a 24 h treatment with the compounds 3a, 3b and
DMSO as solvent. The results did not show a cytotoxicity effect
of compounds 3a and 3b even at concentrations of 20 g mL .

00.2 pg/ml
02 pg/ml
820 pg/ml

Viability (%)

3a Control

Fig. 6 Effects of compounds 3a and 3b over Vero cells viability.
Cytotoxic effect was measured by WST-1 assay after 24 h treatment
with compounds at 0.2, 2, and 20 ug mL™". Results from three inde-
pendent experiments (means + SD). *p < 0.05 versus control.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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On the contrary, it is striking that an increase of 20-40% in cell
proliferation occurs at these doses compared to the viability of
the controls (Fig. 6). This behavior could be related to hormesis
since, according to a systematic review of 9000 hormetic
responses, it was found that the stimulatory effect varies from
30-60% in comparison to the control groups.*® Hormesis is
a biological phenomenon that occurs in a wide variety of species
and is induced by different chemical compounds, either natural
or synthetic; it is generally accepted that favors adaptation to
overcome unfavorable or stressful conditions in the normal
environment of different organisms.*” Regardless of the model,
the evaluation criteria, and the inducing agent, the hormetic
effect is characterized by stimulation at low doses, while it is
inhibitory at high doses.”® At cellular level, activation of
signaling cascades occurs in which transcription and growth
factors, kinase and deacetylase enzymes, and antioxidant
enzymes have been involved.* The latter is particularly impor-
tant because a wide variety of xenobiotics induce oxidative
stress and the hormetic effect has been directly related to the
production of reactive oxygen species.®®** It has also been re-
ported that exposure to chemical agents induces oxidative
stress, which mediated activation of signaling pathways
involved in cell proliferation and apoptosis.®* According to our
results, it is possible to suggest that Vero cells were under
oxidative stress and possibly increased cell proliferation as an
adaptation or physiological alert response in the presence of the
studied compounds.

The compounds 3a and 3b were also tested as dyes for
fluorescence microscopy, using Vero cells as model for studying
cellular staining, uptake, and localization. Fig. 7 shows pano-
ramic (a and c) and zoom-in (b and d) images of Vero cell

100 um

Fig. 7 Staining of Vero cells with compounds 3a and 3b. The cells
were incubated, for 2 h, with 25 pg mL™! of each compound.
Compound 3a (a and b), and compound 3b (c and d). Fluorescence
microscopy 10x (a and c¢). 40x (b and d).
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DAPI Merge

Fig. 8 Representative fluorescence microscopy images of compound 3a (upper panel) and compound 3b (lower panel) in Vero cells mono-
layers. As described in Experimental section, cells were incubated with compounds 3a and 3b (left panels) and with DAPI to stain nuclei (middle
panel). Merged images with double staining are shown in the right panel. Magnification: 200 x. Scale bars, 20 pm.

monolayers incubated with compounds 3a (a and b) and 3b (c
and d) in which intracellular fluorescence is observed.

This kind of dyes have shown to be largely internalized by
cells via endocytosis. The microscopic approach allows us to
observe that the fluorescent staining is selective, and that
compound 3a stains the cytoplasm of the cells, while compound
3b stains the nucleoli, which are seen as solid spots of intense
fluorescence, while the cytoplasm is observed as a fined shadow
around the nuclei.

To demonstrate the intracellular localization of compounds
3a and 3b, a double fluorescent staining was performed using
these compounds and DAPI, which stains blue the cell nuclei
and allows to appreciate that compound 3a produces diffuse
cytoplasmic staining, while compound 3b accumulates around
the nuclei (Fig. 8).

4. Conclusions

In summary, a simple and eco-friendly microwave-assisted
organic synthesis, for the preparation of ethyl cinnamates,
has been successfully performed with good chemical yields, via
Horner-Wadsworth-Emmons reaction. The photophysical
properties demonstrated that compounds 3a and 3c—f pre-
sented low fluorescence quantum yields from 0.77% to 1.4%,
while compound 3b presented the highest value (17.8%) using
EtOAc as solvent. Likewise, compound 3b showed the largest
Stokes shift (135 nm) using dioxane as solvent. Compounds 3a
and 3b showed ¢ values > 30 000 M~ " cm ™" in all tested solvents
except hexane and toluene. Based on these last properties,
compounds 3a and 3b were selected to assess their cytotoxicity,
at different concentrations, using Vero cells. The results

2398 | RSC Adv, 2024, 14, 2391-2401

evidenced that the compounds 3a and 3b were not cytotoxic and
they were internalized by cells; showing that compound 3a
stains the cytoplasm, and compound 3b stains the nuclei in
a selective way. Besides, these studies demonstrated that
compounds 3a and 3b could be used as fluorescent dyes for
biological and medical applications.
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