
6 © 2023 Journal of  Advanced Pharmaceutical Technology & Research | Published by Wolters Kluwer - Medknow  

Synthesis of nitrogen mustard‑based fluorophores for 
cell imaging and cytotoxicity studies

Abstract

Nitrogen mustards are important alkylating anticancer drugs used for neoplasms 
treatment. However, little research about the integration of luminophore into 
nitrogen mustard‑based compounds for both imaging and therapeutic application 
was reported. In this study, we report a series of novel nitrogen mustard‑containing 
1‑furyl‑2‑en‑1‑one and 1‑thienyl‑2‑en‑1‑one derivatives as intramolecular charge 
transfer‑based luminophore for research in both imaging subcellular localization 
and antiproliferation toward lung cancer cells. The target products were prepared by 
Knoevenagel condensation and characterized by nuclear magnetic resonance and 
high‑resolution mass spectrometer. The absorption and fluorescence studies were 
carried out by ultraviolet‑visible and fluorescence spectrophotometers, respectively. 
Cell morphology was observed under an inverted microscope. Cytotoxicity test was 
detected by MTT assay. Cellular localization was observed by a confocal laser scanning 
microscope. Colony formation ability was carried out by colony formation assay. Cell 
migration ability was detected by transwell migration assay. Differences between the 
two groups were analyzed by two‑tailed Student’s t‑test. The difference with P < 0.05 (*) 
was considered statistically significant. The compounds were synthesized in high yield. 
The λmax and Stokes shift of these compounds reach up to 567 and 150 nm, respectively. 
These compounds exhibited good antiproliferative activity against lung cancer cells, 
with compound 3h exhibiting the best IC50 of 13.1 ± 2.7 µM. Furthermore, the selected 
compound 3h is located preferentially in lysosomes and a small amount in nuclei, 
effectively inhibiting cell colony formation and migration abilities toward A549 cells. 
These findings suggested that nitrogen mustard‑based fluorophores might be a potential 
effective chemotherapeutic agent in lung cancer therapy.
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INTRODUCTION

Cancer is one of the leading causes of death worldwide,[1] 
among which lung cancer has become one of the most 
common forms.[2] Therefore, anticancer agent exploitation 
derived from artificial synthesis and their derivatives for 
lung cancer prevention and therapeutics are imperative.
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In recent years, the development of fluorescent probes has 
become a research hotspot that springs up exuberantly, and 
they are often used for the purpose of enabling the research 
of biological processes in cancer treatment, such as real-time 
biomolecular imaging and diagnostics.[3-5] Meanwhile, 
research in anticancer drugs with therapeutic moiety and 
luminophore moiety has been well developed.[6,7] Such drugs 
play a dual role: diagnosis and treatment. They can be used 
not only for real-time imaging but also as a therapeutic 
agent.[8] However, many treatment agents turn to lack effective 
luminescent units generating valid fluorescence. Although 
there are many fluorescent molecules emerging continuously, 
the stokes shift turn to be small and the emission wavelength 
is generally short.[9,10] Among various probes, intramolecular 
charge transfer (ICT)-based organic molecules are widely 
used for several technological applications,[11] such organic 
light-emitting diodes,[12] dye-sensitized solar cells[13] and 
biomedicine materials.[14] ICT probe is consisted of a strong 
electron-withdrawing group and a strongly pushed electron 
base, and mostly with a p-electron bridge between them, 
forming a D-π-A system.[15] Many of them are featured with 
relatively long emission wavelengths and large stokes shift.

Nitrogen mustards are important alkylating anticancer 
drugs, which have been used for a variety of solid neoplasms 
treatment,[16] especially in lung and breast cancers.[17,18] Over 
the past decades, a good deal of modifications have been 
made in the area of nitrogen mustard agent to improve its 
therapeutic effect due to its high reactivity and peripheral 
cytotoxicity. However, little research about the integration 
of luminophore into the nitrogen mustard-containing 
structure for imaging as auxiliary functions of therapeutic 
effect was reported.

In this study, we report a series of novel nitrogen 
m u s t a r d - c o n t a i n i n g  1 - f u r y l - 2 - e n - 1 - o n e  a n d 
1-thienyl-2-en-1-one derivatives as ICT-based luminophores 
for research in both imaging subcellular localization and 
antiproliferation toward lung cancer cells. Here, nitrogen 
mustard was served as a strongly pushed electron base 
and the carbonyl as electron-withdrawing group. Their 
optical properties, including ultraviolet (UV)-visible and 
fluorescence spectrum, were studied. Their antiproliferative 
activity against lung cancer cells, effects on cell colony 
formation and migration as well as intracellular localization 
were investigated.

MATERIALS AND METHODS

General synthetic pathway of the compounds (3a~3k)
As Scheme 1 shown, DMF (40 mmol) was mixed with 
POCl3 (20 mmol) upon stirring at 0°C–4°C for 20 min under 
N2 atmosphere. 1 (5 mmol) in DMF (2 mL) upon stirring 
was added above mixture slowly, then heat at 100°C for 
3 h, cool to 25° and poured it into ice water (150 mL), 
neutralized with NaOH solution, then filtered and 

washed with MeOH/H2O (1:1, v/v), recrystallized from 
MeOH/CH2Cl2 (1:1, v/v) to give 2. To a solution of 2 (0.3 mmol) 
and different substituted acetylthiophene or acetylfuran in 
EtOH (5 mL) upon stirring was added NaOH (0.4 mmol) 
to react at 25° for 24 h. Removed the solvent, the residue 
was subjected to column chromatography (CH2Cl2/
CH3OH = 50:1, v/v) to give the 3a–3k.[19]

Absorption and fluorescence studies
3a–3k were dissolved in ethanol, the UV–visible spectra 
and emission spectra were obtained by a Puxi TU-1901 
UV-visible spectrophotometer and a Hitachi F-2500 
fluorescence spectrophotometer, respectively.

Assessment of cell viability
Adherent cells were incubated with different concentrations 
of compounds at 37°C for 72 h. Then 25 µL of MTT reagent 
was added and incubated for 3h. The medium was removed 
and 150 uL of DMSO was added to dissolve the formazan. 
Read the plate at OD570 by a microplate reader.[20]

Cellular morphology
Cells were seeded in 2 cm dishes (2 × 105 cells/dish) and 
incubated with 3h (10 µM or 20 µM) for 48 h, then removed 
the culture medium washed cells with PBS, and cell 
morphology was observed under an inverted microscope.

Subcellar location
Cells were incubated with 3 h (20 µM, for 3 h), Lyso-Tracker 
Red (1 µM, for 1 h), and Hoechst 33342 (1 µM, for 0.5 h) at 
37°C. The medium was removed and washed with PBS, 
and another PBS (2 mL) was added. Fluorescent signals 
in cells were examined using a confocal laser scanning 
microscope (Olympus FluoView FV1000).[21]

Colony formation assay
Cells were seeded into 6-well cell culture plates (400 cells/
well), then incubated with 3 h for 12 days, until visible 
colonies can be witnessed in the control group, washed 
cells mildly with PBS for twice, fixed cells with 4% 
paraformaldehyde solution, then stained cells with 0.2% 
crystal violet for 15 min and counted the stained colonies.[22]

Transwell migration assay
After cells were incubated with 3 h for 48 h, removed the 
medium and washed with PBS, resuspended cells with 
serum-free medium, and seeded them (5 × 104 cells) into 
the upper chamber supplement, coated the upper chambers 

Scheme 1: Synthetic pathway of compounds 3a–3k
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with Matrigel, added the medium (1 mL) to the lower 
chamber and cultured in a 24-well plate for 24 h. Extracted 
the transwell chamber, fixed with methanol, and stained 
cells with 0.1% of crystal violet. Cells were photographed 
and counted by a microscope.[23]

RESULTS

The novel compounds 3a–3k were synthesized in high 
yield (55%~88%). Their λem and Stokes shift was up to 567 nm 
and 150 nm, respectively. These compounds exhibited good 
antiproliferative activity against lung cancer cells, with IC50 
of 13.1 ± 2.7 to 33.5 ± 2.6 µM against A549 cells and 14.2 ± 3.3 
to 29.8 ± 0.9 µM against NCI-H460 cells. Selected compound 
3h is located preferentially in lysosomes and a small amount 
in nuclei. Furthermore, 3h effectively inhibited cell colony 
formation and migration abilities toward A549 cells.

DISCUSSION

Their structures of the synthetic compounds is displayed 
in Figure 1, which were characterized by NMR and 
High-Resolution Mass Spectrometer as supplemented in 
Supporting Information.

The absorption and fluorescence spectra are shown in 
Figure 2, the λmax, λem, and Stockes shift is recorded in Table S1. 
Compounds 3c and 3k showed relatively short λmax (392 nm 
and 399 nm, respectively), demonstrating that carbonyl 
group substituted in 2-position possessed longer λmax than 
in the 3-position. In addition, Cl-substituted products (3h, 
3i, and 3j) present longer λmax than CH3-substituted ones. 
Similarly, 3c and 3k possess corresponding shorter λem than 
other compounds, whereas Cl-substituted products showed 
longer λem among all compounds, with λem up to 566 nm, 
563 nm, and 567 nm, respectively. The Stockes shift of all 
compounds is also large, although a great difference exists. 
Compound 3b demonstrates correspondingly short Stockes 
shift, only 113 nm. The largest Stockes shift belongs to 
compound 3j, up to 150 nm. These results demonstrate the 
excellent fluorescence property of the synthetic compounds.

The cytotoxicity of 3a–3k against two lung cancer cell 
lines (NCI-H460 and A549) is shown in Figure 3; their 
50% inhibiting concentration (IC50, µM) was calculated 
and presented in Table S2. Specifically, most compounds 
displayed good activity against the two tested cervical cancer 
cell lines after 72 h treatment. In terms of NCI-460 cells, 
3a–3g exhibits correspondingly low cytotoxic activity, with 
IC50 from 23.1 ± 1.4 to 29.8 ± 0.9 µM. The introduction of an 
electron-donor group, such as methyl in furan or thiophene, 
did not conspicuously change the cytotoxic activity. Whereas 
a significant increase in cytotoxic activity was witnessed, 
no matter where the chlorine was substituted in 3-, 4-, or 
5-position, since 3h, 3i, and 3j were found to be more potent 
than other compounds, with IC50 only 16.6 ± 0.9, 14.2 ± 3.3, and 
15.0 ± 2.2 µM, respectively. Similarly, 3a–3g, without or with 
methyl-substituted in different positions, exerts relatively 
weak activity against A549 cells, with IC50 of 26.3 ± 2.8 to 
33.5 ± 2.6 µM. Nevertheless, the introduction of chlorine 
atom significantly enhanced the activity by even more than 
double compared to 3d, a product with no substitution in 
thiophene, with IC50 of 13.1 ± 2.7, 17.1 ± 4.8 and 14.6 ± 3.2 µM, 
respectively. The results indicate the good anticancer activity 
of the synthetic compounds. As 3h exhibited the best activity 
on A549 cells, its anticancer activity was investigated further.

Cell morphology was observed under optical microscope 
after incubation with selected compound 3h, as it is 
shown in Figure 4 that treating A549 cells with 3h give 
rise to oncotic necrosis. Furthermore, lower adhesion and 
protuberance retract or disappear can be witnessed. This 
result demonstrates a programmed cell death.

The subcellular localization of ICT-based luminophore 3h 
in cells was detected by confocal laser scanning microscope, 
as shown in Figure 5. A549 cells were co-stained with 
Lyso-Tracker Red probe, cell nucleus probe Hoechst 33342 
in company with 3h together. The blue of Hoechst 33342, the 
bright green of 3h and the red of Lyso-Tracker can be seen 
in Figure 5. As they merge, a well overlap between 3h and 
Lyso-Tracker can be witnessed. Meanwhile, a small amount 
of green fluorescence signal was found to overlap with blue 

Figure 1: Chemical structure of 3a–3k
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signal. This indicates that 3h is located preferentially in 
lysosomes and a small amount in nuclei.

The inhibitory effect of 3h on the colony formation ability 
of A549 cells was detected by colony formation assay, as 

Figure 2: Absorption (dotted line), fluorescence spectra (solid line) and Stokes shift of 3a–3k. Compounds was dissolved in EtOH and λmax 
was set as excitation wavelength per fluorescence spectrum

Figure 3: Anti‑proliferative activity of 3a–3k against NCI‑H460 (a) and A549 (b) lung cancer cell lines. Cells were treated with increasing 
concentration of 3a–3k. Cell viability was measured using MTT assay

a

b
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shown in Figure 6a and statistically analyzed in Figure 6b. 
The colony number of A549 cells was reduced to 127 ± 5.6 
when treated with 10 µM of 3h, which was obviously smaller 
than 161 ± 2.9, the colony number of the control group. 
This tendency became more significant when it does rise 

to 20 µM and the colony number declined to only 75 ± 2.8, 
even less than half of the control group. This result suggests 
that 3h significantly reduced the colony formation ability 
of A549 cells.

The inhibitory effects of 3h on the migration ability of 
A549 cells are displayed in Figure 7a and statistically 
analyzed in Figure 7b. Results showed that 3h treated 
cells significantly suppressed the migration of A549 cells. 
Comparing to the control group of cell number (195 ± 7.7), the 
treatment group (10 µM) witnesses an obvious decline, only 
99 ± 4.3 cells, which is only nearly half of the control group. 
When cells were treated with of 20 µM of 3h, the cell number 
was further reduced to 70 ± 3.7. These data suggest that 3h 
treatment suppresses the migratory abilities of A549 cells.

Figure 4: Cellular morphology of A549 cell. Cell was incubated with 
3h (10 or 20 μM) for 48 h, then cell morphology was observed under 
an inverted microscope

Figure 5: CLSM observation of cellular localization of 3h in A549 cells for subcellular localization investigation. Cells were incubated with 
3h (for 4 h) then stained with Lyso‑Tracker red (for 1 h) and Hoechst 33342 (for 0.5 h) then imaging was performed by CLSM. CLSM: 
Confocal laser scanning microscope

Figure 6: Cell colony formation assay results. (a) Represented images of colony formation assay in A549, after exposure with 10 and 20 μM 
of 3h. (b) Statistical analysis of counted colony number in A549 cells. **P < 0.01

ba

Figure 7: Inhibitory effects of 3h on migration ability of A549 cells. (a) A549 cells were treated with 10 and 20 μM of 3h and then subjected 
to cell migration assay. (b) Statistical analysis of migration cell number. **P < 0.01

ba
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CONCLUSSIONS

A series of novel ICT-based fluorophore that contains 
nitrogen mustard for both cellular imaging and the 
anticancer investigation was developed. The 11 compounds 
exhibited long λem and Stokes shift. These compounds 
exhibited good anticancer activity against lung cancer 
cells NCI-H460 and A549, among which the chlorine atom 
substituted in the thiophene ring products turned out to 
be the best active. As one of the best active compounds, 3h 
effectively inhibited cell proliferation, colony formation 
abilities, and migration against A549 cells. In addition, 3h 
was located preferentially in lysosomes and a small amount 
in nuclei. This study provides a resultful reference for 
promising development in nitrogen mustard conjugates 
with anticancer activity and fluorescence imaging.
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SUPPLEMENTARY FILE

Supporting information: Characterization data of the synthetic compounds
3a: Yellow solid, yield 75%. 1H NMR (600 MHz, DMSO-d6) δ: 8.02 (d, J = 1.90 Hz, 1H, Furan-H), 7.71–7.65 (overlapped, 4H, 
CH, Furan-H, ArH), 7.45 (d, J = 15.61 Hz, 1H, CH), 6.83(d, J = 8.89 Hz, 2H, ArH), 6.76 (dd, J = 1.90, 3.55 Hz, 1H, Furan-H), 
3.84–3.76 (overlapped, 8H, CH2). 13C NMR (150 MHz, DMSO-d6) δ: 177.19, 153.77, 149.19, 148.15, 143.86, 131.38, 123.36, 
118.70, 117.35, 113.04, 112.40, 52.24, 41.53. HR-MS (ESI) m/z: Calcd for C17H18Cl2NO2 [M + H]+ 338.0715, found 338.0716

3b: Yellow solid, yield 76%. 1H NMR (600 MHz, DMSO-d6) δ: 7.68 (d, J = 8.90 Hz, 2H, ArH), 7.64–7.60(overlapped, 2H, 
Furan-H, CH), 7.40(d, J = 15.52 Hz, 1H, CH), 6.83(d, J = 8.90 Hz, 2H, ArH), 6.40(dd, J = 0.90 Hz, 3.44 Hz, 1H, Furan-H), 
3.84–3.76(overlapped, 8H, CH2). 13C NMR (150 MHz, DMSO-d6) δ: 176.43, 158.21, 152.68, 149.03, 143.16, 131.23, 123.47, 120.54, 
117.49, 112.37, 109.73, 52.24, 41.54, 14.19. HR-MS (ESI) m/z: Calcd for C18H20Cl2NO2 [M + H]+ 352.0871, found 352.0873.

3c: Yellow solid, yield 70%. 1H NMR (600 MHz, DMSO-d6) δ: 7.67 (d, J = 8.90 Hz, 2H, ArH), 7.54 (d, J = 15.53 Hz, 1H, CH), 
7.24 (d, J = 15.53 Hz, 1H, CH), 6.81 (d, J = 8.90 Hz, 2H, ArH), 6.73(s, J = 3.44 Hz, 1H, Furan-H), 3.82–3.77 (overlapped, 8H, 
CH2). 13C NMR (150 MHz, DMSO-d6) δ: 185.25, 156.86, 150.01, 149.01, 143.22, 131.27, 123.60, 123.02, 120.15, 112.42, 106.76, 
52.30, 41.59, 14.54, 43.51. HR-MS (ESI) m/z: Calcd for C19H22Cl2NO2 [M + H]+ 366.1028, found 366.1026

3d: Yellow solid, yield 88%. 1H NMR (600 MHz, DMSO-d6) δ: 8.25 (d, J = 3.78 Hz, 1H, thiophene-H), 8.00 (d, J = 4.88 Hz, 
1H, CH), 7.74 (d, J = 8.88Hz, 2H, ArH), 7.67 (d, J = 15.54 Hz, 1H, CH), 7.61 (d, J = 15.54 Hz, 1H, CH), 7.29 (dd, J = 3.78, 
4.88 Hz, 1H, thiophene-H), 6.84 (d, J = 8.88 Hz, 2H, ArH), 3.83–3.78 (overlapped, 8H, CH2). 13C NMR (150 MHz, DMSO-d6) 
δ: 181.92, 149.30, 146.68, 144.29, 135.15, 133.13, 131.57, 129.29, 123.52, 117.40, 112.47, 52.31, 41.62. HR-MS (ESI) m/z: Calcd 
for C17H18Cl2NOS [M + H]+ 354.0486, found 354.0488

3e: Yellow solid, yield 82%. 1H NMR (600 MHz, DMSO-d6) δ: 8.72 (d, J = 2.22Hz, 1H, thiophene-H), 7.72 (d, J = 8.88Hz, 
2H, ArH), 7.76–7.63 (overlapped, 3H, thiophene-H, CH), 7.58 (d, J = 15.38 Hz, 1H, CH), 6.84 (d, J = 8.88 Hz, 2H, ArH), 
3.83–3.78 (overlapped, 8H, CH2). 13C NMR (150 MHz, DMSO-d6) δ: 183.29, 149.07, 144.05, 143.85, 133.62, 131.37, 137.83, 
137.63, 123.59, 118.65, 112.36, 52.24, 41.55. HR-MS (ESI) m/z: Calcd for C17H18Cl2NOS [M + H]+ 354.0486, found 354.0490

3f: Yellow solid, yield 77%. 1H NMR (600 MHz, DMSO-d6) δ: 8.05 (d, J = 5.24 Hz, 1H, thiophene-H), 7.70 (d, J = 15.30 Hz, 1H, 
CH), 7.65 (d, J = 8.88 Hz, 2H, ArH), 7.52 (d, J = 15.30 Hz, 1H, CH), 7.28 (d, J = 5.28 Hz, 1H, thiophene-H), 6.85 (d, J = 8.88 Hz, 
2H, ArH), 3.83–3.78 (overlapped, 8H, CH2). 13C NMR (150 MHz, DMSO-d6) δ: 181.15, 149.58, 145.49, 137.88, 133.21, 131.51, 
131.12, 126.90, 123.12, 118.21, 112.55, 52.23, 41.46. HR-MS (ESI) m/z: Calcd for C17H17Cl3NOS [M + H]+ 388.0096, found 388.0010

3g: Yellow solid, yield 76%. 1H NMR (600 MHz, DMSO-d6) δ: 8.30 (d, J = 1.43 Hz, 1H, thiophene-H), 7.98 (d, J = 1.43 Hz, 1H, 
thiophene-H), 7.71 (d, J = 8.88 Hz, 2H, ArH), 7.65 (d, J = 15.30 Hz, 1H, CH), 7.60 (d, J = 15.30 Hz, 1H, CH), 6.81 (d, J = 8.88 Hz, 
2H, ArH), 3.81–3.73 (overlapped, 8H, CH2). 13C NMR (150 MHz, DMSO-d6) δ: 181.13, 149.57, 146.69, 145.32, 132.39, 131.86, 
129.99, 125.15, 123.44, 116.61, 112.48, 52.29, 41.63. HR-MS (ESI) m/z: Calcd for C17H17Cl3NOS [M + H]+ 388.0096, found 388.0099

3h: Yellow solid, yield 55%. 1H NMR (600 MHz, DMSO-d6) δ: 8.18 (d, J = 4.12Hz, 1H, thiophene-H), 7.74 (d, J = 8.88 Hz, 2H, 
ArH), 7.67 (d, J = 15.30 Hz, 1H, CH), 7.59 (d, J = 15.30 Hz, 1H, CH), 7.35 (d, J = 4.12 Hz, 1H, thiophene-H), 6.84 (d, J = 8.88 Hz, 
2H, ArH), 3.85–3.76 (overlapped, 8H, CH2). 13C NMR (150 MHz, DMSO-d6) δ: 181.04, 149.42, 145.84, 144.85, 137.49, 133.08, 
131.70, 129.45, 123.33, 116.04, 112.39, 52.22, 41.55. HR-MS (ESI) m/z: Calcd for C17H17Cl3NOS [M + H]+ 388.0096, found 388.0095

3i: Yellow solid, yield 62%. 1H NMR (600 MHz, DMSO-d6) δ: 7.78 (d, J = 4.96 Hz, 1H, thiophene-H), 7.61 (d, J = 8.88 Hz, 2H, 
ArH), 7.57 (d, J = 15.25 Hz, 1H, CH), 7.18 (d, J = 15.25 Hz, 1H, CH), 7.08 (d, J = 4.96Hz, 1H, thiophene-H), 6.79 (d, J = 8.88 Hz, 
2H, ArH), 7.55–7.52 (overlapped, 2H, thiophene-H, CH), 3.79–3.72 (overlapped, 8H, CH2), 2.52 (s, 3H, CH3). 13C NMR (150 
MHz, DMSO-d6) δ: 182.94, 149.26, 144.39, 144.18, 137.43, 133.49, 131.28, 123.33, 119.77, 112.55, 100.00, 52.32, 41.56, 29.51. 
HR-MS (ESI) m/z: Calcd for C18H20Cl2NOS [M + H]+ 368.0643, found 368.0648

3j: Yellow solid, yield 66%. 1H NMR (600 MHz, DMSO-d6) δ: 8.03 (d, J = 1.11Hz, 1H, thiophene-H), 7.68 (d, J = 8.88 Hz, 
2H, ArH), 7.60 (d, J = 15.19 Hz, 1H, CH), 7.55–7.52 (overlapped, 2H, thiophene-H, CH), 6.79 (d, J = 8.88 Hz, 2H, ArH), 
3.80–3.72 (overlapped, 8H, CH2), 2.25 (s, 3H, CH3). 13C NMR (150 MHz, DMSO-d6) δ: 181.81, 149.25, 146.18, 144.07, 139.31, 
135.03, 131.50, 130.62, 123.58, 117.44, 112.46.00, 52.31, 41.62, 15.90. HR-MS (ESI) m/z: Calcd for C18H20Cl2NOS [M + H]+ 
368.0643, found 368.0646



Table S1: The λmax, λem and stockes shift of the 
synthetic compounds
Compound 3a 3b 3c 3d 3e 3f 3g 3h 3i 3j 3k
λmax 412 411 392 409 403 410 409 421 421 417 399
λem 542 524 516 552 546 553 549 566 563 567 529
Stockes shift 130 113 124 143 143 143 140 145 142 150 130

Table S2: Inhibiting concentration 50 (µM) of the synthetic compounds against NCI‑H460 and A549 
cells
Compound 3a 3b 3c 3d 3e 3f 3g 3h 3i 3j 3k
NCI-H460 25.8±2.4 26.9±1.5 23.1±1.4 28.2±2.1 26.6±3.1 29.8±0.9 26.1±1.3 16.6±0.9 14.2±3.3 15.0±2.2 21.0±1.3
A549 26.3±2.8 27.4±2.6 30.8±2.5 29.7±3.3 28.2±3.4 33.5±2.6 31.8±1.9 13.1±2.7 17.1±4.8 14.6±3.2 25.8±2.4

3k: Yellow solid, yield 79%. 1H NMR (600 MHz, DMSO-d6) δ: 8.06 (d, J = 3.85 Hz, 1H, thiophene-H), 7.71 (d, J = 8.88 Hz, 2H, 
ArH), 7.62 (d, J = 15.20 Hz, 1H, CH), 7.55 (d, J = 15.20 Hz, 1H, CH), 7.00 (d, J = 3.86Hz, 1H, thiophene-H), 6.83 (d, J = 8.88 Hz, 
2H, ArH), 3.82–3.77 (overlapped, 8H, CH2), 2.53 (s, 3H, CH3). 13C NMR (150 MHz, DMSO-d6) δ: 181.38, 149.77, 149.08, 144.50, 
143.61, 133.64, 131.39, 127.95, 123.51, 117.17, 112.36, 52.24, 41.55, 16.20. HR-MS (ESI) m/z: Calcd for C18H20Cl2NOS [M + H]+ 
368.0643, found 368.0640


