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derivatives inhibit the migration
and invasion of non-small cell lung cancer by
suppressing epithelial-to-mesenchymal transition

Meng-Fan Xu,a Ke Zhong,a Jing Zhu,a Jie Chen,a Fang Liu,ab Feng Ding,ab

Cheng-Zhu Wu*ab and Long Zhao *ab

Recently, bakuchiol and its derivatives have been widely investigated owing to their anticancer activity.

However, there are few studies on the inhibition of epithelial–mesenchymal transition (EMT) by

bakuchiol and its derivatives. Besides, thiosemicarbazones (TSCs) have also been demonstrated to exhibit

potential EMT-inhibitory effects. Hence, the cytotoxic activity of novel bakuchiol derivatives containing

thiosemicarbazone moieties was evaluated against two non-small lung cancer cell lines. Among them,

compound 2f demonstrated the highest activity, with IC50 values of 2.23 and 5.55 mM against PC9 and

H1975 cells, respectively. Compound 2f effectively suppresses tumor cell proliferation by inducing cell

cycle arrest and promoting apoptosis. Additionally, various evidence after treatment with compound 2f

in PC9 cells, including the inhibition of migration and invasion, the enhancement of E-cadherin

expression and reduction of vimentin levels, indicated the role of bakuchiol derivatives in inhibiting EMT.

These findings suggest that bakuchiol derivatives could be positioned as potential candidates for cancer

treatment.
Introduction

EMT is a complex biological process that is crucial in various
physiological and pathological contexts, such as embryonic
development, wound healing, brosis, and cancer metastasis.1

During EMT, epithelial cells undergo programmed changes,
which enable them to lose their characteristic cell–cell adhesion
and polarity and acquire mesenchymal-like properties,
enhancing their ability to invade surrounding tissues and
migrate to new locations.2–4 In addition, these are accompanied
by changes in epithelial cell markers, such as a decrease in
cytokeratins and E-cadherin and increase in N-cadherin,
vimentin and snail.5,6 This transition allows epithelial cells to
become more motile, invasive, and resistant to apoptosis,
characteristics that are crucial for cancer cells to metastasize
and spread to distant organs.7 EMT is regulated by a complex
network of signaling pathways and transcription factors, and its
dysregulation has been implicated in the progression of various
cancers.8 Therefore, developing new compounds that can be
used to suppress EMT is essential for developing targeted
therapies to inhibit cancer metastasis and improve patient
outcomes.
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Non-small cell lung cancer (NSCLC) accounts for the
majority of all lung cancers, which encompasses various
subtypes, including adenocarcinoma, squamous cell carci-
noma, and large cell carcinoma.9,10 NSCLC typically originates
from the epithelial cells lining the airways and is frequently
linked to a history of smoking or exposure to carcinogens.11,12 In
the context of NSCLC, EMT has been implicated in promoting
the invasiveness and metastatic potential of cancer cells.13,14

Bakuchiol, a natural compound found in the seeds of the
Psoralea corylifolia plant, has been demonstrated to play an
important role in preventing the development of lung cancer
cells.15–18 Studies have shown that by inducing apoptosis and
cell cycle arrest, bakuchiol can effectively restrict the growth
and spread of lung cancer cells.15 Moreover, bakuchiol has
shown antioxidant and anti-inammatory properties, which
could help in decreasing inammation and oxidative stress
linked to the development of cancer.19–22 Additionally, baku-
chiol has been found to inhibit the process of EMT in lung
cancer cells.16

TSCs are a class of organic compounds that have gained
attention for their potential application in anti-tumor.23–27 TSCs
have shown synergistic effects when combined with conven-
tional chemotherapy drugs, enhancing their efficacy and
reducing drug resistance.28–32 Alternatively, TSCs function as
iron chelators, exerting anti-tumour and anti-metastatic effects
by upregulating Ndrg-1. Ndrg-1 suppresses TGF-b-induced EMT
in tumour cells by stabilizing E-cadherin/b-catenin adhesion
complexes and enhancing intercellular adhesion.33 In 2020, Liu
RSC Adv., 2025, 15, 45233–45244 | 45233
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Scheme 1 Synthetic pathway for bakuchiol derivatives.

Table 1 Cytotoxic activity of compounds 1, 2a–2t, bakuchiol, and
alkannin (IC50, mM, and 48 h)

Compound PC9 H1975

1 22.42 13.77
2a 18.56 15.75
2b 38.12 >100
2c 14.84 15.84
2d 4.94 13.08
2e 14.16 11.55
2f 2.23 5.55
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et al. reported the synthesis of a series of TSC-based lead
compounds, which exhibited excellent antiproliferative activity
against MGC803 cells and inhibited EMT.34 Consequently, by
employing the molecular hybridization strategy, we hope to link
TSCs with bakuchiol via a condensation reaction and further
explore their application in the treatment of NSCLC (Fig. 1). In
this work, a series of novel bakuchiol derivatives were designed
and synthesized to enhance the anti-cancer activity of baku-
chiol. Their cytotoxicity was evaluated against two non-small
cell lung cancer cell lines. Furthermore, we found that the
bakuchiol derivatives exhibited good inhibition of migration
and invasion, which was manifested by inhibiting EMT.

Results and discussion
Chemistry

As depicted in Scheme 1, bakuchiol derivatives (2a–2t) were
designed and synthesized via the condensation reaction
between 2-formyl-bakuchiol 1 and different commercially
available substituted thiosemicarbazides. Notably, a series of
alkyl, substituted benzene and heterocyclic rings were consid-
ered in this study, showcasing the versatility and potential of
these derivatives in further applications. The chemical struc-
tures of the bakuchiol derivatives were characterized using 1H-
NMR, 13C-NMR and HR-ESI-MS (see SI).

Biological evaluation

In vitro cytotoxicity of bakuchiol derivatives. All the synthe-
sized compounds (1 and 2a–2t) were investigated for their
cytotoxicity in vitro against two human lung cancer cell lines
(PC9 and H1975) preliminary using the MTT method. Alkannin
and bakuchiol have structural similarities including phenolic
hydroxyl groups, conjugated systems with aromatic structures,
and hydrophobic side chains, all of which suggest that they may
have similar anti-tumor activity, and thus alkannin was
employed as a positive control (Table 1). A series of analogues of
compound 2a were synthesized and evaluated for their cyto-
toxicity. Firstly, compounds 2b–2c and 2m, bearing simple alkyl
substituents on the side chain of TSCs, exhibited signicantly
reduced cytotoxic activity. This suggests that hydrophobic
substituents may be detrimental to increased cytotoxicity.
Compared with compound 2a, compounds 2d–2e, 2q–2r and 2t,
Fig. 1 Molecular hybridization strategy for the design of bakuchiol
derivatives.16,32,34

45234 | RSC Adv., 2025, 15, 45233–45244
containing heterocyclic substituted alkyl groups, displayed
a non-signicant increase in cytotoxicity. Further, the
compounds with benzene rings as the substituent group in
TSCs were employed to investigate their cytotoxic activity in PC9
and H1975 cells (compounds 2f–2l). The IC50 value of
compound 2f against the human lung cancer cell lines (PC9 and
H1975) was 2.23 and 5.55 mM, respectively, indicating their
excellent cytotoxic activity. Compared with bakuchiol,
compound 2f was 2.12-fold and 2.13-fold more cytotoxic to PC9
2g 8.57 34.44
2h 8.75 12.16
2i 7.46 18.15
2j 10.12 20.43
2k 6.88 37.80
2l 16.39 18.28
2m 28.02 25.96
2n 30.21 67.41
2o 20.48 34.67
2p 10.80 12.56
2q 11.14 14.02
2r 17.49 15.41
2s 78.88 >100
2t 11.35 16.75
Bakuchiol 4.73 11.82
Alkannina 5.62 5.27

a Positive control.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Anti-proliferative activities of compound 2f in NSCLC cells: the
viabilities of the PC9 and H1975 human lung cancer cells treated with
various concentrations (0, 0.625, 1.25, 2.5, 5, 10, and 20 mM) of
compound 2f for 24, 48, and 72 h.
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and H1975 cells, respectively. Compared with getinib,
compound 2f has relatively weak cytotoxicity against PC9 cells
(getinib, 0.014 mM IC50, 72 h)35 and strong cytotoxicity against
H1975 cells (getinib, 6.5 mM IC50, 72 h).36 Furthermore,
heterocyclic and aromatic heterocyclic substituents also were
investigated, and the cytotoxic activity of the compound did not
improve. Moreover, compound 2f exhibited low cytotoxicity
toward normal mouse hepatocytes (Aml-12 cells), with an IC50

value of 19.00 mM, in contrast to its signicant cytotoxicity
action against PC9 and H1975 cells (Table 2). Thus, based on its
superior cytotoxic prole, compound 2f was selected for further
investigation.

Anti-proliferative activity of compound 2f

The remarkable ndings presented in Fig. 2 unveil the
compelling concentration- and time-dependent anti-
proliferative potential of compound 2f against the PC9 and
H1975 human lung cancer cell lines. Notably, this study also
revealed the varying sensitivity of these two cell lines to the
growth-inhibiting effects of compound 2f, with PC9 cells
emerging as particularly susceptible to its remarkable action.

Effects of compound 2f on cell cycle phase arrest

The effects of compound 2f on cell cycle phase arrest in PC9 and
H1975 cells were evaluated at its IC50 by ow cytometry. Aer
treatment for 24 h with compound 2f, the cells were harvested
and analyzed by ow cytometry. The results indicated that
compound 2f can prolong the S phase and shorten the G1 and
G2 phases in PC9 cells compared with the control group. The
cell cycle phase arrest of compound 2f in H1975 cells is different
from that in PC9 cells, where compound 2f prolongs the G1
phase and shortens the S and G2 phases. The above-mentioned
results suggested that compound 2f induces cell cycle phase
arrest in PC9 and H1975 cells (Fig. 3).

Compound 2f-induced apoptosis in PC9 cells

To functionally conrm the engagement of apoptotic pathways,
we utilized a chemical inhibition strategy with z-VAD-FMK. The
cell viability of PC9 cells was rescued aer co-treatment with
compound 2f and z-VAD-FMK, which demonstrates that the
suppression of proliferation is contingent on the induction of
apoptosis (Fig. 4A). To further elucidate the role of reactive
oxygen species (ROS) in cell death, N-acetylcysteine (NAC),
a known ROS scavenger, was employed to assess the intracel-
lular ROS levels. As depicted in Fig. 4B, treatment with
compound 2f (4 mM) alone resulted in a 126% increase in
intracellular ROS. However, this elevation was signicantly
reduced to 107% upon co-treatment with NAC (p < 0.05).
Table 2 Cytotoxic activity of compound 2f on Aml-12 cells (IC50, mM,
72 h)

Compound AmI-12

2f 19.00 � 1.46
Alkannin 14.50 � 2.08

© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, NAC exhibited a protective effect against
compound 2f-induced cell death in PC9 cells (Fig. 4C, p < 0.01),
supporting the involvement of ROS in the cytotoxic mechanism.
Apoptosis was quantied via annexin V/PI dual staining, fol-
lowed by ow cytometric analysis. Treatment of PC9 cells with
compound 2f for 24 h resulted in a dose-dependent increase in
apoptotic cell death. As illustrated in Fig. 4D, the percentage of
apoptotic cells reached 17.2%, 19.0%, and 20.6% at concen-
trations of 2, 4, and 8 mM, respectively. These results indicated
that compound 2f induced apoptosis in the PC9 cells.
Compound 2f inhibits the migration and invasion of PC9 cells

Given that most cases of lung cancer are detected only in the
nal stages of the disease, high mortality is strongly associated
with metastasis.37 Migration and invasion and are critical
processes involved in tumour metastasis, with cancer cells
breaking away from the primary tumour site and spreading to
distant organs. Understanding how compounds can affect these
processes can help in developing targeted therapies to inhibit
metastasis and improve patient outcomes.38 Hence, we exam-
ined the impact of compound 2f on the capabilities of migration
and invasion in PC9 cells. The migration and invasion ability of
Fig. 3 (A) Effects of compound 2f on the cell cycle phase arrest in PC9
and H1975 cells. Cells were treated for 24 h with compound 2f (2.23
mM and 5.55 mM). Cells were then fixed and stained with PI to analyse
their DNA content by flow cytometry. (B) Percentage of PC9 and
H1975 cells in different phases of the cell cycle. Data are presented as
the mean ± SD from three independent experiments. **p < 0.01 and
##p < 0.01 versus the control group.

RSC Adv., 2025, 15, 45233–45244 | 45235
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Fig. 4 Compound 2f induced apoptosis in PC9 cells. (A) Cell viability
following treatment with compound 2f (4 mM) for 24 h alone or pre-
treatment with z-VAD-FMK (20 mM) as measured by the MTT assay. (B)
Intracellular ROS level analysis following treatment with compound 2f
(4 mM) or pre-treatment with NAC (20 mM). (C) Cell viability following
treatment with 2f (4 mM) for 24 h alone or pre-treatment with NAC as
measured by the MTT assay. (D) Flow cytometric analysis of cell death
treated with different concentrations (0, 2, 4, and 8 mM) of compound
2f using annexin V/PI dual staining. Related histograms for living and
apoptotic cells are displayed. *p < 0.05 and **p < 0.01 vs. ctrl cells.
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the PC9 cells was reduced as the concentration of compound 2f
increased. In conclusion, compound 2f has concentration-
dependent ability to dramatically suppress PC9 cell migration
and invasion (Fig. 5A, B, 63S and 64S). Moreover, higher levels
of MMP2 and MMP9 have been linked to greater cell invasion
and migratory capacities.39 The results of western blotting
demonstrated the down-regulation of MMP2 and MMP9
expression, supporting the proposal that compound 2f might
prevent PC9 cells frommigrating and invading. Furthermore, to
assess the potential impact of compound 2f on EMT, western
blotting also was performed to analyse the expression of
mesenchymal markers (vimentin) and epithelial markers (E-
cadherin). We found that the expression of E-cadherin was
upregulated and the expression of vimentin was downregulated
aer treatment with compound 2f in PC9 cells. The ndings
demonstrated that compound 2f successfully suppressed the
EMT process of PC9 cells (Fig. 5C and D).
Fig. 5 (A) Cells treated with compound 2f (0, 1, 2, and 4 mM) for 24 h.
Representative photomicrographs of the membrane-associated cells
stained with crystal violet. (B) Cell migration and invasion values
quantified as the fold ratio of invaded cells (n = 3). (C) Western blotting
analysis of the E-cadherin, vimentin, MMP2, and MMP9 protein levels.
(D) Protein relative expression from western blotting quantified as the
fold ratio (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. ctrl cells.

45236 | RSC Adv., 2025, 15, 45233–45244
Compound 2f inhibits the migration and invasion of PC9 cells
induced by TGF-b

Migration and invasion are closely linked to EMT because EMT
is a process that enables epithelial cells to acquire migratory
and invasive properties, allowing them to metastasize to distant
sites in the body.3,40,41 Besides, TGF-b, which is a key regulator of
EMT, can induce EMT, promoting the migration and invasion
of cancer cells in the stage of tumour progression. Therefore,
following TGF-b induction, the inhibitory effects of bakuchiol
derivatives on their migration and invasion were investigated,
which are closely related with the effects of bakuchiol deriva-
tives on EMT.42,43

We examined the effects of compound 2f on the migration
and invasion of PC9 cells induced by TGF-b. The migration and
invasion ability of PC9 cells was signicantly enhanced aer
induction with 30 ng per mL TGF-b. Compared with the control
group, the enhancement amplitude of migration and invasion
was 1.7-fold and 1.4-fold, respectively. The results indicated that
TGF-b successfully induced the migration and invasion of PC9
cells. Aer treatment with compound 2f, the migration and
invasion ability of the PC9 cells was dramatically inhibited in
a dose-dependent manner (Fig. 6A, B, S65 and S66). The above-
mentioned data suggested that compound 2f inhibited the
migration and invasion of PC9 cells induced by TGF-b associ-
ated with EMT. To examine the impact of compound 2f on EMT
caused by TGF-b, we used western blotting to assess the E-
cadherin expression levels. The ndings demonstrated that
following TGF-b stimulation, E-cadherin expression declined
and compound 2f restored the expression of E-cadherin.
Finally, compound 2f can reverse the TGF-b-induced EMT
process (Fig. 6C and D).
In vivo antitumor efficacy and biosafety

To further assess the in vivo antitumor efficacy of compound 2f,
we established a Balb/c nude mouse model with subcutaneous
PC9 tumours. When the size of the tumour reached 100 mm3,
the nude mice were randomly assigned to three groups, as
Fig. 6 (A) Cells treated with compound 2f (0, 2, 4 mM), with or without
30 ng per mL TGF-b for 24 h. Representative photomicrographs of
membrane-associated cells stained with crystal violet. (B) Cell migra-
tion and invasion values quantified as the fold ratio of invaded cells (n=
3). (C) Western blotting analysis of the E-cadherin levels. (D) Protein
relative expression from western blotting quantified as the fold ratio (n
= 3). *p < 0.05 and **p < 0.01 vs. TGF-b-treated cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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follows: saline, DDP, and compound 2f. Compared with the
control group, compound 2f showed a more obvious tumour
inhibition effect and weaker weight change in the nude mice
aer three times intraperitoneal administration (Fig. 7C). Aer
18 days of treatment, all the nude mice were killed by neck
removal to remove their tumours and organs. Compared with
the control group, compound 2f can effectively inhibit tumour
growth and has less effect on the body weight of the nude mice.
The DDP group also showed similar tumour suppression but
had a higher impact on the body weight of the nude mice
(Fig. 7A–D). The results of the histopathological examination
showed that compound 2f had no obvious damage to the organs
of the nude mice (Fig. 7E). Then, we examined the expression of
E-cadherin and vimentin in the xenogras by IHC. Similar to
the results in the in vitro study, IHC analysis revealed that
compound 2f can effectively inhibit the progression of EMT,
where the expression of E-cadherin signicantly increased,
while the expression of vimentin diminished (Fig. 7F). The
above-mentioned result indicated that bakuchiol derivatives
Fig. 7 (A) Tumour image at the end of the whole therapy period. (B)
Tumour weight of mice after different treatments. (C) Growth curve of
tumour volume during treatment with saline, DDP (2 mg kg−1), and
compound 2f (20 mg kg−1). (D) Body weight changes in mice after
different treatments. (E) Histopathological examination (H&E) of the
main organ sections removed from the tumour-bearing mice treated
with saline, DDP, and compound 2f (20 mg kg−1). (F) Immunohisto-
chemistry staining of E-cadherin and vimentin in xenograft tissues (n=

3). All data are presented as mean ± SD (n = 5). *p < 0.05; **p < 0.01;
and ***p < 0.001 vs. ctrl.

© 2025 The Author(s). Published by the Royal Society of Chemistry
might reverse TGF-b-induced EMT by modulating the E-
cadherin and vimentin levels. In conclusion, these ndings
revealed that compound 2f has excellent anti-tumour activity in
vivo.
Conclusions

In this study, we aimed to enhance the activity of bakuchiol
derivatives through molecular hybridization. We successfully
introduced TSCs with different substituents at the a-position of
the hydroxyl group through Friedel–Cras acylation and
condensation reactions. A series of bakuchiol derivatives (2a–2t)
containing thiosemicarbazone moieties were designed,
synthesized and evaluated for their anti-cancer activities in vitro
against two human lung cancer cell lines (PC9 and H1975 cells).
The bakuchiol derivatives with benzene rings in TSCs exhibited
better cytotoxicity compared with alkyl- and heterocyclic-
substituted TSC bakuchiol derivatives. Especially, compound
2f demonstrated signicant inhibition of PC9 and H1975 cell
proliferation in vitro, along with highly effective anti-tumour
effects in vivo. Besides, histopathological assessment of major
organs revealed no apparent treatment-related lesions following
the administration of compound 2f. Coupled with the absence
of signicant body weight loss, these ndings suggest a favor-
able preliminary safety prole for compound 2f at the tested
doses. The cell cycle results also indicated that compound 2f
can cause cell cycle phase arrest. Moreover, in conjunction with
its pro-apoptotic effects, these results suggest that compound 2f
exerts its antiproliferative activity through both cell cycle
disruption and apoptosis induction. Compound 2f signicantly
inhibited the invasion and migration of PC9 cells induced by
TGF-b. Additionally, it was observed that compound 2f sup-
pressed EMT by regulating the expression of E-cadherin and
vimentin. These ndings suggest that bakuchiol derivatives
have potential as anti-tumour agents in the discovery and
development of anti-NSCLC drugs.
Experimental
Materials and characterization

All commercially available compounds were used without
further purication. TLC plates and column chromatography
silica gel (300–400 mesh) were purchased from Qingdao
Haiyang Chemical Co. NMR spectra were recorded on a Bruker
Avance II (300 MHz or 400 MHz) instrument. HRMS spectra
were obtained using a Thermo Scientic LTQ Orbitrap XL mass
spectrometer (Bruker, Bremerhaven, Germany).
General procedure for the synthesis of compound 1

To a solution of bakuchiol (3 g, 11.7 mmol) in anhydrous THF
(18 mL), MgCl2 (2.2 g, 23.4 mmol), (HCHO)n (1.1 g, 35.1 mmol)
and Et3N (3.2 mL, 23.4 mmol) were added, and the reaction was
kept at 70 °C for 4 h. Aer the reaction was nished, the reac-
tion was quenched with 10% hydrochloric acid solution. The
product was extracted three times with ethyl acetate (30 mL).
The organic layer was combined and dried over anhydrous
RSC Adv., 2025, 15, 45233–45244 | 45237
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Na2SO4. Then, the solvent was removed under reduced pres-
sure. The residue was puried by ash chromatography on
silica gel to afford pure compound 1 using petroleum/ethyl
acetate (30 : 1).

(S,E)-5-(3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzaldehyde (1). Yellow oil, yield 68%, purity$ 95% by
HPLC. 1H-NMR (300 MHz, DMSO-d6) d 10.73 (br, 1H, ArOH),
10.25 (s, 1H, CHO), 7.66 (s, 1H, ArH), 7.62 (dd, J = 8.4 Hz, 1H,
ArH), 6.96 (d, J = 8.6 Hz, 1H, ArH), 6.28 (d, J = 16.4 Hz, 1H,
CHCH), 6.16 (d, J = 16.4 Hz, 1H, CHCH), 5.90 (dd, J = 17.5 Hz,
1H, CHC(CH3)2), 5.10 (t, J = 10.5 Hz, 1H, CCHCH2), 5.02 (dd, J =
10.5 Hz, 2H, CCHCH2), 1.90 (m, 2H, CCH2CH2), 1.63 (s, 3H,
C(CH3)2), 1.53 (s, 3H, C(CH3)2), 1.46 (m, 2H, C(CH3)2), 1.17 (s,
3H, CCH3).

13C-NMR (75 MHz, DMSO-d6) d 192.0 (CHO), 160.3
(CArOH), 146.1 (CCHCH2), 136.6 (CArCHCH), 134.3 (CAr), 131.0
(C(CH3)2), 129.4 (CAr), 126.7 (CArCHCH), 125.9 (CAr), 125.1
(CHC(CH3)2), 122.6 (CAr), 118.0 (CAr), 112.5 (CCHCH2), 42.7
(CCH2CH2), 41.3 (CCH2CH2), 25.9 (CCH3), 23.3 (C(CH3)2), 17.9
(C(CH3)2).
General procedure for the synthesis of compounds 2a–2t

To a solution of compound 1 (1.0 equiv.) and different
substituted thiosemicarbazides (1.2 equiv.) in EtOH, acetic acid
(0.01 equiv.) was added. The reaction was kept at room
temperature for 4 h. When compound 1 was completely
consumed, the reaction was quenched with aq NaHCO3. The
product was extracted three times with ethyl acetate (30 mL).
The combined organic layer was dried over anhydrous Na2SO4

and the solvent was removed under reduced pressure. The
residue was puried by ash chromatography on silica gel to
afford pure compound 2 using petroleum/ethyl acetate.

2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzylidene)hydrazine-1-carbothioamide (2a). White
solid, yield 95%, purity $ 95% by HPLC. 1H-NMR (300 MHz,
CDCl3) d 10.35 (s, 1H, CHNNH), 9.36 (s, 1H, –OH), 8.13 (s, 1H,
CHNNH), 7.37 (dd, J = 8.6 Hz, 1H, ArH), 7.23 (d, J = 2.0 Hz, 1H,
ArH), 6.93 (d, J = 8.5 Hz, 1H, ArH), 6.57 (s, 2H, NH2), 6.24 (d, J =
16.3 Hz, 1H, CHCH), 6.09 (d, J = 16.3 Hz, 1H, CHCH), 5.88 (dd, J
= 17.4 Hz, 1H, CHC(CH3)2), 5.14–4.98 (m, 3H, CCHCH2), 1.95 (q,
J = 7.5 Hz, 2H, CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.58 (s, 3H,
C(CH3)2), 1.54–1.47 (m, 2H, CCH2CH2), 1.20 (s, 3H, CCH3).

13C
NMR (101 MHz, CDCl3) d 177.40 (NNHCS), 156.51 (CArOH),
148.63 (CCHCH2), 145.61 (CHNNH), 137.12 (CArCHCH), 131.45
(CAr), 130.59 (C(CH3)2), 130.32 (CAr), 129.40 (CArCHCH), 125.52
(CAr), 124.68 (CHC(CH3)2), 117.12 (CAr), 116.63 (CAr), 112.20
(CCHCH2), 42.65 (CCH2CH2), 41.22 (CCH2CH2), 29.72 (CCH3),
25.74 (C(CH3)2), 23.23 (CCH2CH2), 17.70 (C(CH3)2). HRMS (ESI)
m/z calcd for C20H27N3OSNa

+ (M + Na)+ 380.1767, found
380.1766.

2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzylidene)-N-methylhydrazine-1-carbothioamide
(2b). White solid, yield 99%, purity $ 95% by HPLC. 1H-NMR
(300 MHz, CDCl3) d 10.02 (s, 1H, CHNNH), 9.39 (s, 1H, –OH),
8.05 (s, 1H, CHNNH), 7.36 (dd, J = 8.6 Hz, 1H, ArH), 7.22 (d, J =
2.1 Hz, 1H, ArH), 6.93 (d, J= 8.5 Hz, 1H, ArH), 6.80–6.71 (m, 1H,
NHCH3), 6.25 (d, J = 16.3 Hz, 1H, CHCH), 6.09 (d, J = 16.3 Hz,
45238 | RSC Adv., 2025, 15, 45233–45244
1H, CHCH), 5.88 (dd, J = 17.4 Hz, 1H, CHC(CH3)2), 5.12 (m, 1H,
CHCH), 5.06 (dd, J = 7.8 Hz, 1H, CHCH2), 5.01 (dd, J = 14.5 Hz,
1H, CHCH2), 3.27 (d, J= 4.6 Hz, 3H, NHCH3), 1.96 (q, J= 7.6 Hz,
2H, CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.58 (s, 3H, C(CH3)2), 1.54–
1.47 (m, 2H, CCH2CH2), 1.20 (s, 3H, CCH3).

13C NMR (101 MHz,
CDCl3) d 177.46 (NNHCS), 156.24 (CArOH), 147.25 (CCHCH2),
145.64 (CHNNH), 137.02 (CArCHCH), 131.43 (CAr), 130.55
(CC(CH3)2), 129.87 (CAr), 129.23 (CArCHCH), 125.59 (CAr), 124.70
(CHC(CH3)2), 116.98 (CAr, CAr), 112.17 (CCHCH2), 42.64
(CCH2CH2), 41.23 (CCH2CH2), 31.66 (NHCH3), 25.74 (CCH3),
23.86 (C(CH3)2), 23.24 (CCH2CH2), 17.69 (C(CH3)2). HRMS (ESI)
m/z calcd for C21H29N3OSNa

+ (M + Na)+ 394.1923, found
394.1923.

2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzylidene)-N-ethylhydrazine-1-carbothioamide (2c).
White solid, yield 96%, purity $ 95% by HPLC. 1H-NMR (300
MHz, CDCl3) d 10.07 (s, 1H, CHNNH), 9.41 (s, 1H, –OH), 8.06 (s,
1H, CHNNH), 7.36 (dd, J = 8.6 Hz, 1H, ArH), 7.22 (d, J = 2.1 Hz,
1H, ArH), 6.93 (d, J = 8.5 Hz, 1H, NHCH2CH3), 6.68 (s, 1H, ArH),
6.25 (d, J= 16.3 Hz, 1H, CHCH), 6.09 (d, J= 16.3 Hz, 1H, CHCH),
5.88 (dd, J = 17.4 Hz, 1H, CHC(CH3)2), 5.15–4.98 (m, 3H,
CCHCH2), 3.76 (m, 2H, NHCH2CH3), 2.01–1.91 (m, 2H,
CCH2CH2), 1.70–1.65 (m, 3H, C(CH3)2), 1.58 (s, 3H, C(CH3)2),
1.54–1.47 (m, 2H, CCH2CH2), 1.31 (t, J = 7.3 Hz, 3H, NHCH2-
CH3), 1.21 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3) d 176.29
(NNHCS), 156.27 (CArOH), 147.25 (CCHCH2), 145.65 (CHNNH),
136.99 (CArCHCH), 131.43 (CAr), 130.53 (C(CH3)2), 129.85 (CAr),
129.23 (CArCHCH), 125.61 (CAr), 124.70 (CC(CH3)2), 117.00 (CAr),
116.95 (CAr), 112.17 (CCHCH2), 42.64 (CCH2CH2), 41.24
(CCH2CH2), 39.85 (NHCH2CH3), 31.29 (CCH3), 25.74 (C(CH3)2),
23.24 (CCH2CH2), 17.70 (C(CH3)2), 14.48 (NHCH2CH3). HRMS
(ESI) m/z calcd for C22H31N3OSNa

+ (M + Na)+ 408.2080, found
408.2080.

N-Benzyl-2-((E)-5-((S,E)-3,7-dimethyl-3-vinylocta-1,6-dien-1-
yl)-2-hydroxybenzylidene)hydrazine-1-carbothioamide (2d).
White solid, yield 93%, purity $ 95% by HPLC. 1H-NMR (300
MHz, CDCl3) d 10.16 (s, 1H, CHNNH), 9.26 (s, 1H, –OH), 8.08 (s,
1H, CHNNH), 7.40–7.30 (m, 6H, ArH), 7.19 (d, J = 2.1 Hz, 1H,
ArH), 7.00 (t, J = 4.8 Hz, 1H, NHCH2Ar), 6.89 (d, J = 8.5 Hz, 1H,
ArH), 6.24 (d, J = 16.3 Hz, 1H, CHCH), 6.08 (d, J = 16.3 Hz, 1H,
CHCH), 5.87 (dd, J = 17.4 Hz, 1H, CCHCH2), 5.14–5.07 (m, 2H,
CCHCH2), 5.04 (dd, J = 2.8 Hz, 1H, CHC(CH3)2), 4.99–4.95 (m,
2H, CH2Ar), 1.95 (q, J = 7.6 Hz, 2H, CCH2CH2), 1.67 (s, 3H,
C(CH3)2), 1.58 (s, 3H, C(CH3)2), 1.54–1.46 (m, 2H, CCH2CH2),
1.20 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3) d 176.79
(NNHCS), 156.26 (CArOH), 147.56 (CCHCH2), 145.63 (CHNNH),
137.03 (CArCHCH), 136.94 (CAr), 131.43 (CAr), 130.53 (C(CH3)2),
129.96 (CAr), 129.30 (CArCHCH), 128.95 (CAr, CAr), 128.00 (CAr),
127.67 (CAr, CAr), 125.58 (CAr), 124.69 (CHC(CH3)2), 116.98 (CAr),
116.85 (CAr), 112.18 (CCHCH2), 48.72 (NHCH2CAr), 42.64
(CCH2CH2), 41.23 (CCH2CH2), 29.33 (CCH3), 25.74 (C(CH3)2),
23.24 (CCH2CH2), 17.69 (C(CH3)2). HRMS (ESI) m/z calcd for
C27H33N3OSNa

+ (M + Na)+ 470.2236, found 470.2239.
2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-

hydroxybenzylidene)-N-(2-phenoxy-ethyl)hydrazine-1-
carbothioamide (2e). Yellow solid, yield 35%, purity $ 95% by
HPLC 1H-NMR (300 MHz, CDCl3) d 9.87 (s, 1H, CHNNH), 9.34 (s,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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1H, –OH), 8.02 (s, 1H, CHNNH), 7.37 (dd, J = 8.6, 2.1 Hz, 1H,
ArH), 7.33–7.27 (m, 2H, ArH), 7.20 (d, J= 2.1 Hz, 1H, ArH), 7.00–
6.93 (m, 4H, ArH), 6.25 (d, J = 16.3 Hz, 1H, CHCH), 6.09 (d, J =
16.3 Hz, 1H, CHCH), 5.88 (dd, J = 17.4 Hz, 1H, CHC(CH3)2),
5.15–5.09 (m, 1H, CHCH), 5.07 (dd, J= 7.6 Hz, 1H, CHCH2), 5.02
(dd, J = 14.3 Hz, 1H, CHCH2), 4.20 (p, J = 4.5 Hz, 4H, C2H4O),
1.96 (q, J = 7.5 Hz, 2H, CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.59 (s,
3H, C(CH3)2), 1.54–1.47 (m, 2H, CCH2CH2), 1.21 (s, 3H, CCH3).
13C NMR (101 MHz, CDCl3) d 176.67 (NNHCS), 158.24 (CArOH),
156.50 (OCAr), 147.33 (CCHCH2), 145.66 (CHNNH), 136.95
(CArCHCH), 131.79 (CAr), 130.43 (CC(CH3)2), 129.94 (CAr, CAr),
129.62 (CAr), 129.26 (CArCHCH), 125.62 (CAr), 124.70
(CHC(CH3)2), 121.40 (CAr), 117.17 (CAr), 116.82 (CAr), 114.58 (CAr,
CAr), 112.17 (CCHCH2), 65.90 (CH2CH2O), 44.15 (CH2CH2O),
42.65 (CCH2CH2), 41.24 (CCH2CH2), 29.01 (CCH3), 25.75
(C(CH3)2), 23.24 (CCH2CH2), 17.70 (C(CH3)2). HRMS (ESI) m/z
calcd for C28H35N3O2SNa

+ (M + Na)+ 500.2342, found 500.2344.
2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-

hydroxybenzylidene)-N-phenylhydrazine-1-carbothioamide (2f).
White solid, yield 91%, purity $ 95% by HPLC. 1H-NMR (300
MHz, CDCl3) d 10.36 (s, 1H, CHNNH), 9.31 (s, 1H, –OH), 8.40 (s,
1H, NHAr), 8.13 (s, 1H, CHNNH), 7.57 (d, J = 7.6 Hz, 2H, ArH),
7.47–7.35 (m, 3H, ArH), 7.30 (t, J = 7.4 Hz, 1H, ArH), 7.24 (d, J =
2.0 Hz, 1H, ArH), 6.94 (d, J = 8.5 Hz, 1H, ArH), 6.25 (d, J =
16.3 Hz, 1H, CHCH), 6.10 (d, J = 16.3 Hz, 1H, CHCH), 5.89 (dd, J
= 17.4 Hz, 1H, CHC(CH3)2), 5.16–4.99 (m, 3H, CCHCH2), 1.96 (q,
J = 7.4 Hz, 2H, CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.59 (s, 3H,
C(CH3)2), 1.55–1.48 (m, 2H, CCH2CH2), 1.21 (s, 3H, CCH3).

13C
NMR (101 MHz, CDCl3) d 175.41 (NNHCS), 156.38 (CArOH),
147.97 (CCHCH2), 145.62 (CHNNH), 137.30 (CArCHCH), 137.09
(CAr), 131.42 (CAr), 130.59 (C(CH3)2), 130.23 (CAr), 129.39 (CAr-
CHCH), 129.05 (CAr, CAr), 126.99 (CAr, CAr), 125.55 (CAr), 125.41
(CAr), 124.72 (CHC(CH3)2), 117.06 (CAr), 116.88 (CAr), 112.20
(CCHCH2), 42.67 (CCH2CH2), 41.23 (CCH2CH2), 30.82 (CCH3),
25.76 (C(CH3)2), 23.25 (CCH2CH2), 17.71 (C(CH3)2). HRMS (ESI)
m/z calcd for C26H31N3OSNa

+ (M + Na)+ 456.2080, found
456.2081.

2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzylidene)-N-(2-uorophenyl)hydrazine-1-
carbothioamide (2g). White solid, yield 88%, purity $ 95% by
HPLC. 1H-NMR (300MHz, CDCl3) d 10.21 (s, 1H, CHNNH), 9.19 (s,
1H, –OH), 8.53 (s, 1H, NHAr), 8.37–8.28 (m, 1H, ArH), 8.13 (s, 1H,
CHNNH), 7.39 (dd, J = 8.6, 2.0 Hz, 1H, ArH), 7.25–7.13 (m, 4H,
ArH), 6.96 (d, J = 8.5 Hz, 1H, ArH), 6.26 (d, J = 16.2 Hz, 1H,
CHCH), 6.10 (d, J= 16.2 Hz, 1H, CHCH), 5.89 (dd, J= 17.4 Hz, 1H,
CHC(CH3)2), 5.13 (d, J = 7.1 Hz, 1H, CHCH), 5.07 (dd, J = 7.6 Hz,
1H, CHCH2), 5.02 (dd, J= 14.4Hz, 1H, CHCH2), 1.96 (q, J= 7.6 Hz,
2H, CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.59 (s, 3H, C(CH3)2), 1.55–
1.48 (m, 2H, CCH2CH2), 1.21 (s, 3H, CCH3).

13C NMR (101 MHz,
CDCl3) d 174.97 (NNHCS), 156.47 (CArF), 154.07 (CArOH), 148.03
(CCHCH2), 145.64 (CHNNH), 137.09 (CArCHCH), 131.43 (CAr),
130.60 (CC(CH3)2), 130.34 (CAr), 129.42 (CAr), 127.41 (CAr), 125.91
(CAr), 125.55 (CArCHCH), 124.70 (CAr), 124.19 (CHC(CH3)2), 117.21
(CAr), 116.75 (CAr), 115.72 (CAr), 115.52 (CAr), 112.19 (CCHCH2),
42.66 (CCH2CH2), 41.24 (CCH2CH2), 25.75 (CCH3), 23.98
(C(CH3)2), 23.25 (CCH2CH2), 17.70 (C(CH3)2). HRMS (ESI) m/z
calcd for C26H30FN3OSNa

+ (M + Na)+ 474.1985, found 474.1986.
© 2025 The Author(s). Published by the Royal Society of Chemistry
N-(4-Chlorophenyl)-2-((E)-5-((S,E)-3,7-dimethyl-3-vinylocta-
1,6-dien-1-yl)-2-hydroxybenzylidene)hydrazine-1-
carbothioamide (2h). Yellow solid, yield 73%, purity $ 95% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 10.40 (s, 1H, CHNNH), 9.23
(s, 1H, –OH), 8.35 (s, 1H, NHAr), 8.12 (s, 1H, CHNNH), 7.55–7.49
(m, 2H, ArH), 7.42–7.35 (m, 3H, ArH), 7.24 (d, J = 2.1 Hz, 1H,
ArH), 6.94 (d, J = 8.5 Hz, 1H, ArH), 6.25 (d, J = 16.3 Hz, 1H,
CHCH), 6.10 (d, J = 16.3 Hz, 1H, CHCH), 5.88 (dd, J = 17.4 Hz,
1H, CHC(CH3)2), 5.15–5.10 (m, 1H, CHCH), 5.07 (dd, J = 8.9 Hz,
1H, CHCH2), 5.05–4.99 (m, 1H, CHCH2), 1.96 (q, J = 7.6 Hz, 2H,
CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.59 (d, J = 1.3 Hz, 3H,
C(CH3)2), 1.55–1.47 (m, 2H, CCH2CH2), 1.21 (s, 3H, CCH3).

13C
NMR (101 MHz, CDCl3) d 175.45 (NNHCS), 156.31 (CArOH),
147.89 (CCHCH2), 145.58 (CHNNH), 137.29 (CAr), 135.86 (CAr-
CHCH), 132.39 (CAr), 131.45 (CAr), 130.75 (CAr), 130.36
(CC(CH3)2), 129.36 (CAr, CAr), 129.13 (CAr), 126.54 (CArCHCH),
125.46 (CAr, CAr), 124.67 (CHC(CH3)2), 117.13 (CAr), 116.73 (CAr),
112.23 (CCHCH2), 42.67 (CCH2CH2), 41.22 (CCH2CH2), 31.15
(CCH3), 25.74 (C(CH3)2), 23.24 (CCH2CH2), 17.70(C(CH3)2).
HRMS (ESI) m/z calcd for C26H30ClN3OSNa

+ (M + Na)+ 490.1690,
found 490.1692.

2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzylidene)-N-(4-methoxy-phenyl)hydrazine-1-
carbothioamide (2i). White solid, yield 95%, purity $ 90% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 10.65 (s, 1H, CHNNH), 9.38
(s, 1H, –OH), 8.28 (s, 1H, NHAr), 8.14 (s, 1H, CHNNH), 7.43–7.34
(m, 3H, ArH), 7.24 (d, J = 2.0 Hz, 1H, ArH), 6.94 (dd, J = 8.7 Hz,
3H, ArH), 6.24 (d, J = 16.3 Hz, 1H, CHCH), 6.10 (d, J = 16.3 Hz,
1H, CHCH), 5.88 (dd, J = 17.4 Hz, 1H, CHC(CH3)2), 5.11 (m, 1H,
CHCH), 5.07 (dd, J = 7.5 Hz, 1H, CHCH2), 5.02 (dd, J = 14.2 Hz,
1H, CHCH2), 3.83 (s, 3H, OCH3), 1.96 (q, J = 7.5 Hz, 2H,
CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.59 (s, 3H, C(CH3)2), 1.55–1.46
(m, 2H, CCH2CH2), 1.21 (s, 3H, CCH3).

13C NMR (101 MHz,
CDCl3) d 176.08 (NNHCS), 158.53 (CArOH), 156.38 (CArOCH3),
147.86 (CCHCH2), 145.62 (CHNNH), 137.07 (CArCHCH), 131.40
(CAr), 131.18 (CC(CH3)2), 130.55 (CAr), 130.17 (CAr), 130.03 (CAr),
129.35 (CArCHCH), 127.54 (CAr), 125.54 (CAr), 124.72
(CHC(CH3)2), 117.04 (CAr), 116.90 (CAr), 114.26 (CAr, CAr), 112.19
(CCHCH2), 55.48 (CArOCH3), 42.66 (CCH2CH2), 41.23
(CCH2CH2), 28.05 (CCH3), 25.75 (C(CH3)2), 23.25 (CCH2CH2),
17.71 (C(CH3)2). HRMS (ESI)m/z calcd for C27H33N3O2SNa

+ (M +
Na)+ 486.2185, found 486.2187.

2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzylidene)-N-(4-ethoxy-phenyl)hydrazine-1-
carbothioamide (2j). White solid, yield 63%, purity $ 95% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 10.38 (s, 1H, CHNNH), 9.38
(s, 1H, –OH), 8.25 (s, 1H, NHAr), 8.11 (s, 1H, CHNNH), 7.38 (t, J=
9.0 Hz, 3H, ArH), 7.23 (d, J = 2.0 Hz, 1H, ArH), 6.93 (d, J =
8.8 Hz, 3H, ArH), 6.25 (d, J = 16.3 Hz, 1H, CHCH), 6.10 (d, J =
16.3 Hz, 1H, CHCH), 5.88 (dd, J = 17.4 Hz, 1H, CHC(CH3)2),
5.15–5.09 (m, 1H, CHCH), 5.07 (dd, J= 7.5 Hz, 1H, CHCH2), 5.02
(dd, J= 14.2 Hz, 1H, CHCH2), 4.05 (q, J= 7.0 Hz, 2H, OCH2CH3),
1.96 (q, J = 7.5 Hz, 2H, CCH2CH2), 1.68 (s, 3H, C(CH3)2), 1.59 (s,
3H, C(CH3)2), 1.55–1.47 (m, 2H, CCH2CH2), 1.43 (t, J = 7.0 Hz,
3H, OCH2CH3), 1.21 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3)
d 176.09 (NNHCS), 157.94 (CArOH), 156.39 (CArOC2H5), 147.71
RSC Adv., 2025, 15, 45233–45244 | 45239
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(CCHCH2), 145.63 (CHNNH), 137.07 (CArCHCH), 131.40 (CAr),
130.55 (C(CH3)2), 130.15 (CAr), 129.86 (CAr), 129.32 (CArCHCH),
127.42 (CAr, CAr), 125.55 (CAr), 124.72 (CHC(CH3)2), 117.05 (CAr,
CAr), 116.90 (CAr), 114.75 (CAr), 112.18 (CCHCH2), 63.70
(NHCH2CH3), 42.65 (CCH2CH2), 41.23 (CCH2CH2), 25.73
(CCH3), 23.84 (C(CH3)2), 23.24 (CCH2CH2), 17.70 (C(CH3)2),
14.84 (NHCH2CH3). HRMS (ESI) m/z calcd for C28H35N3O2SNa

+

(M + Na)+ 500.2342, found 500.2342.
2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-

hydroxybenzylidene)-N-(4-(triuoro-methyl)phenyl)hydrazine-
1-carbothioamide (2k). White solid, yield 99%, purity $ 90% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 10.21 (s, 1H, CHNNH), 9.15
(s, 1H, –OH), 8.51 (s, 1H, NHAr), 8.12 (s, 1H, CHNNH), 7.79 (d, J
= 8.5 Hz, 2H, ArH), 7.67 (d, J = 8.6 Hz, 2H, ArH), 7.40 (dd, J =
8.6 Hz, 1H, ArH), 7.25 (d, J = 2.1 Hz, 1H, ArH), 6.95 (d, J =
8.5 Hz, 1H, ArH), 6.26 (d, J = 16.3 Hz, 1H, CHCH), 6.11 (d, J =
16.3 Hz, 1H, CHCH), 5.88 (dd, J= 17.4 Hz, 1H, CHC(CH3)2), 5.12
(m, 1H, CHCH), 5.09–5.05 (m, 1H, CHCH2), 5.02 (dd, J =

15.5 Hz, 1H, CHCH2), 2.01–1.91 (m, 2H, CCH2CH2), 1.68 (s, 3H,
C(CH3)2), 1.59 (s, 3H, C(CH3)2), 1.55–1.48 (m, 2H, CCH2CH2),
1.21 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3) d 175.03
(NNHCS), 156.30 (CArOH), 147.92 (CCHCH2), 145.56 (CHNNH),
140.48 (CAr), 137.39 (CArCHCH), 131.47 (CAr), 130.84 (CAr),
130.48 (CC(CH3)2), 129.35 (CAr), 128.18 (CArCHCH), 126.17 (CAr,
CAr, CAr), 125.42 (CAr, CAr), 124.65 (CHC(CH3)2), 124.38 (CArCF3),
117.19 (CAr), 116.67 (CAr), 112.24 (CCHCH2), 42.67 (CCH2CH2),
41.22 (CCH2CH2), 25.72 (CCH3), 23.91 (C(CH3)2), 23.23
(CCH2CH2), 17.68 (C(CH3)2). HRMS (ESI) m/z calcd for C27H30-
F3N3OSNa

+ (M + Na)+ 524.1953, found 524.1956.
N-(3,5-Bis(triuoromethyl)phenyl)-2-((E)-5-((S,E)-3,7-

dimethyl-3-vinylocta-1,6-dien-1-yl)-2-hydroxybenzylidene)
hydrazine-1-carbothioamide (2l). Yellow solid, yield 99%, purity
$ 90% by HPLC. 1H-NMR (400 MHz, CDCl3) d 10.19 (s, 1H,
CHNNH), 9.02 (s, 1H, –OH), 8.61 (d, J = 8.5 Hz, 1H, CHNNH),
8.21–8.11 (m, 3H, ArH), 7.76 (s, 1H, ArH), 7.44–7.36 (m, 1H, ArH),
6.98 (dd, J= 25.9 Hz, 1H, ArH), 6.27 (dd, J = 16.2 Hz, 1H, CHCH),
6.12 (dd, J= 16.2 Hz, 1H, CHCH), 5.89 (m, 1H, CHC(CH3)2), 5.15–
5.09 (m, 1H, CHCH), 5.08–5.05 (m, 1H, CHCH2), 5.05–5.00 (m,
1H, CHCH2), 1.95 (q, J = 7.3 Hz, 2H, CCH2CH2), 1.68 (s, 3H,
C(CH3)2), 1.59 (d, J = 3.7 Hz, 3H, C(CH3)2), 1.54–1.48 (m, 2H,
CCH2CH2), 1.22 (d, J = 4.7 Hz, 3H, CCH3).

13C NMR (101 MHz,
CDCl3) d 175.22 (NNHCS), 156.24 (CArOH), 148.40 (CCHCH2),
145.70 (CHNNH), 145.52 (CAr), 138.91 (CArCHCH), 137.49 (CAr),
132.37 (CAr), 132.04 (CAr), 131.47 (CAr), 131.44 (CAr), 130.96
(C(CH3)2), 130.67 (CAr), 129.36 (CArCHCH), 125.36 (CAr), 124.72
(CHC(CH3)2), 124.64 (CF3), 124.29 (CF3), 121.58 (CAr), 117.21 (CAr),
116.57 (CAr), 112.25 (CCHCH2), 42.67 (CCH2CH2), 41.19
(CCH2CH2), 25.72 (CCH3), 23.22 (C(CH3)2), 23.18 (CCH2CH2),
17.67 (C(CH3)2). HRMS (ESI)m/z calcd for C28H29F6N3OSNa

+ (M +
Na)+ 592.1827, found 592.1829.

N-Cyclohexyl-2-((E)-5-((S,E)-3,7-dimethyl-3-vinylocta-1,6-
dien-1-yl)-2-hydroxybenzylidene)hydrazine-1-carbothioamide
(2m). White solid, yield 61%, purity $ 95% by HPLC. 1H-NMR
(300 MHz, CDCl3) d 10.05 (s, 1H, CHNNH), 9.47 (s, 1H, –OH),
8.06 (s, 1H, CHNNH), 7.36 (dd, J = 8.6 Hz, 1H, ArH), 7.22 (d, J =
2.1 Hz, 1H, ArH), 6.93 (d, J = 8.5 Hz, 1H, ArH), 6.58 (d, J =
7.8 Hz, 1H, NHC6H11), 6.25 (d, J= 16.3 Hz, 1H, CHCH), 6.09 (d, J
45240 | RSC Adv., 2025, 15, 45233–45244
= 16.3 Hz, 1H, CHCH), 5.88 (dd, J = 17.4 Hz, 1H, CHC(CH3)2),
5.15–4.98 (m, 3H, CCHCH2), 4.29 (m, 1H, NHCHC5H10), 2.11
(dd, J = 12.0 Hz, 2H, C5H10), 2.01–1.91 (m, 2H, CCH2CH2), 1.80–
1.70 (m, 2H, C5H10), 1.69–1.66 (m, 3H, C(CH3)2), 1.58 (s, 3H,
C(CH3)2), 1.51 (dd, J = 7.2, 4.1 Hz, 2H, CCH2CH2), 1.49–1.25 (m,
6H, C5H10), 1.21 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3)
d 175.06 (NNHCS), 156.33 (CArOH), 147.00 (CCHCH2), 145.65
(CHNNH), 136.97 (CArCHCH), 131.43 (CAr), 130.49 (C(CH3)2),
129.86 (CAr), 129.18 (CArCHCH), 125.62 (CAr), 124.70 (CC(CH3)2),
117.03 (CAr), 116.93 (CAr), 112.17 (CCHCH2), 53.34 (NHCHC5-
H10), 42.64 (CCH2CH2), 41.24 (CCH2CH2), 32.64 (NHCHC5H10),
27.19 (CCH3), 25.74 (C(CH3)2), 25.41 (NHCHC5H10), 24.66
(NHCHC5H10), 23.25 (NHCHC5H10, NHCHC5H10), 23.24
(CCH2CH2), 17.70 (C(CH3)2). HRMS (ESI) m/z calcd for C26H37-
N3OSNa

+ (M + Na)+ 462.2549, found 462.2550.
2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-

hydroxybenzylidene)-N-(piperidin-1-yl)hydrazine-1-
carbothioamide (2n). Yellow solid, yield 32%, purity $ 95% by
HPLC. 1H-NMR (300MHz, CDCl3) d 11.21 (s, 1H, CHNNH), 10.23
(s, 1H, –OH), 8.15 (s, 1H, CHNNH), 7.49 (s, 1H, NNH), 7.34 (dd, J
= 8.6 Hz, 1H, ArH), 7.16 (d, J = 2.1 Hz, 1H, ArH), 6.98 (d, J =
8.5 Hz, 1H, ArH), 6.24 (d, J = 16.2 Hz, 1H, CHCH), 6.05 (d, J =
16.2 Hz, 1H, CHCH), 5.88 (dd, J = 17.4 Hz, 1H, CHC(CH3)2),
5.14–5.07 (m, 1H, CHCH), 5.07–5.04 (m, 1H, CHCH2), 5.01 (dd, J
= 12.5 Hz, 1H, CHCH2), 3.14 (d, J= 9.1 Hz, 2H, C5H10), 2.57–2.39
(m, 2H, C5H10), 1.95 (q, J = 7.5 Hz, 2H, CCH2CH2), 1.87–1.60 (m,
9H, C5H10, C(CH3)2), 1.58 (s, 3H, C(CH3)2), 1.53–1.46 (m, 2H,
CCH2CH2), 1.20 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3)
d 177.16 (NNHCS), 157.52 (CArOH), 148.12 (CCHCH2), 145.84
(CHNNH), 136.10 (CArCHCH), 131.40 (CAr), 129.38 (CC(CH3)2),
129.30 (CAr), 127.98 (CArCHCH), 125.97 (CAr), 124.73
(CHC(CH3)2), 117.73 (CAr), 117.26 (CAr), 112.02 (CCHCH2), 56.89
(NC5H10, NC5H10), 42.56 (CCH2CH2), 41.29 (CCH2CH2), 25.73
(CCH3), 25.57 (NC5H10, NC5H10), 23.33 (C(CH3)2), 23.24
(CCH2CH2), 22.78 (NC5H10), 17.69 (C(CH3)2). HRMS (ESI) m/z
calcd for C25H36N4OSNa

+ (M + Na)+ 463.2502, found 463.2502.
2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-

hydroxybenzylidene)-N-morpholinohy-drazine-1-
carbothioamide (2o). Yellow solid, yield 59%, purity $ 95% by
HPLC. 1H-NMR (300MHz, CDCl3) d 11.14 (s, 1H, CHNNH), 10.22
(s, 1H, –OH), 8.19 (s, 1H, CHNNH), 7.56 (s, 1H, NNH), 7.35 (dd, J
= 8.6 Hz, 1H, ArH), 7.16 (d, J = 1.9 Hz, 1H, ArH), 6.98 (d, J =
8.6 Hz, 1H, ArH), 6.23 (d, J = 16.2 Hz, 1H, CHCH), 6.05 (d, J =
16.2 Hz, 1H, CHCH), 5.88 (dd, J= 17.4 Hz, 1H, CHC(CH3)2), 5.10
(m, 1H, CHCH), 5.05 (dd, J = 6.6 Hz, 1H, CHCH2), 5.01 (dd, J =
13.3 Hz, 1H, CHCH2), 3.83 (dd, J = 69.3 Hz, 4H, C2H4OC2H4S),
2.92 (dd, J = 68.1 Hz, 4H, C2H4OC2H4S), 1.95 (q, J = 7.5 Hz, 2H,
CCH2CH2), 1.67 (s, 3H, C(CH3)2), 1.58 (s, 3H, C(CH3)2), 1.53–1.46
(m, 2H, CCH2CH2), 1.20 (s, 3H, CCH3).

13C NMR (101 MHz,
CDCl3) d 177.18 (NNHCS), 157.47 (CArOH), 148.66 (CCHCH2),
145.79 (CHNNH), 136.26 (CArCHCH), 131.42 (CAr), 129.55
(CC(CH3)2), 129.42 (CAr), 128.11 (CArCHCH), 125.88 (CAr), 124.71
(CHC(CH3)2), 117.74 (CAr), 117.13 (CAr), 112.06 (CCHCH2), 66.38
(NC4H8O, NC4H8O), 55.90 (NC4H8O, NC4H8O), 42.57
(CCH2CH2), 41.28 (CCH2CH2), 25.73 (CCH3), 23.31 (C(CH3)2),
23.24 (CCH2CH2), 17.69 (C(CH3)2). HRMS (ESI) m/z calcd for
C24H34N4O2SNa

+ (M + Na)+ 465.2294, found 465.2296.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-
hydroxybenzylidene)-N-(pyridin-3-yl)hydrazine-1-
carbothioamide (2p). Yellow solid, yield 78%, purity $ 95% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 10.44 (s, 1H, CHNNH), 8.76
(d, J = 2.4 Hz, 1H, CHNNH), 8.61 (s, 1H, –OH), 8.50 (dd, J = 4.8,
1.3 Hz, 1H, ArH), 8.15 (d, J = 6.3 Hz, 2H, ArH), 7.41–7.34 (m, 2H,
ArH), 7.27 (s, 1H, ArH), 6.93 (d, J = 8.5 Hz, 1H, ArH), 6.24 (d, J =
16.3 Hz, 1H, CHCH), 6.09 (d, J= 16.3 Hz, 1H, CHCH), 5.88 (dd, J=
17.4 Hz, 1H, CHC(CH3)2), 5.14–5.08 (m, 1H, CHCH), 5.06 (dd, J =
8.1 Hz, 1H, CHCH2), 5.01 (dd, J = 14.8 Hz, 1H, CHCH2), 2.00–1.90
(m, 2H, CCH2CH2), 1.67 (s, 3H, C(CH3)2), 1.58 (s, 3H, C(CH3)2),
1.54–1.46 (m, 2H, CCH2CH2), 1.20 (s, 3H, CCH3).

13C NMR (101
MHz, CDCl3) d 175.87 (NNHCS), 156.35 (CArOH), 147.60
(CCHCH2), 147.25 (CHNNH), 146.12 (CAr), 145.60 (CAr), 137.19
(CArCHCH), 134.62 (CAr), 132.90 (CAr), 131.43 (CC(CH3)2), 130.67
(CAr), 130.28 (CAr), 128.94 (CArCHCH), 125.53 (CAr), 124.68
(CHC(CH3)2), 123.45 (CAr), 117.16 (CAr), 117.00 (CAr), 112.20
(CCHCH2), 42.66 (CCH2CH2), 41.22 (CCH2CH2), 25.74 (CCH3),
24.14 (C(CH3)2), 23.23 (CCH2CH2), 17.70 (C(CH3)2). HRMS (ESI)m/
z calcd for C25H30N4OSNa

+ (M + Na)+ 457.2032, found 457.2030.
2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-

hydroxybenzylidene)-N-(furan-2-ylmethyl)hydrazine-1-
carbothioamide (2q). Yellow solid, yield 43%, purity $ 95% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 10.14 (s, 1H, CHNNH), 9.31
(s, 1H, –OH), 8.07 (s, 1H, CHNNH), 7.40–7.33 (m, 2H, ArH), 7.21
(d, J= 2.1 Hz, 1H, ArH), 6.98 (t, J= 5.3 Hz, 1H, NHCH2), 6.92 (d, J
= 8.5 Hz, 1H, C4H3O), 6.38–6.33 (m, 2H, C4H3O), 6.25 (d, J =
16.3 Hz, 1H, CHCH), 6.09 (d, J = 16.3 Hz, 1H, CHCH), 5.88 (dd, J
= 17.4 Hz, 1H, CHC(CH3)2), 5.15–5.09 (m, 1H, CHCH), 5.06 (dd,
J = 7.7 Hz, 1H, CHCH2), 5.01 (dd, J = 14.4 Hz, 1H, CHCH2), 4.95
(d, J = 5.4 Hz, 2H, NHCH2), 1.95 (q, J = 7.5 Hz, 2H, CCH2CH2),
1.67 (s, 3H, C(CH3)2), 1.58 (s, 3H, C(CH3)2), 1.54–1.47 (m, 2H,
CCH2CH2), 1.20 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3)
d 176.58 (NNHCS), 156.30 (CArOH), 149.80 (CCHCH2), 147.48
(CHNNH), 145.63 (CAr), 142.71 (CAr), 137.05 (CArCHCH), 131.44
(CAr), 130.54 (CC(CH3)2), 130.03 (CAr), 129.27 (CArCHCH), 125.57
(CAr), 124.68 (CHC(CH3)2), 117.03 (CAr), 116.81 (CAr), 112.18
(CAr), 110.59 (CAr), 108.47 (CCHCH2), 42.64 (NHCH2), 41.75
(CCH2CH2), 41.23 (CCH2CH2), 25.73 (CCH3), 23.50 (C(CH3)2),
23.25 (CCH2CH2), 17.69(C(CH3)2). HRMS (ESI) m/z calcd for
C25H31N3O2SNa

+ (M + Na)+ 460.2029, found 460.2029.
2-((E)-5-((S,E)-3,7-Dimethyl-3-vinylocta-1,6-dien-1-yl)-2-

hydroxybenzylidene)-N-(thiophen-2-ylmethyl)hydrazine-1-
carbothioamide (2r). Yellow solid, yield 29%, purity $ 90% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 10.26 (s, 1H, CHNNH), 9.31
(s, 1H, –OH), 8.11 (s, 1H, CHNNH), 7.36 (dd, J = 8.6 Hz, 1H,
C4H3S), 7.24 (dd, J = 5.1 Hz, 1H, C4H3S), 7.21 (d, J = 2.1 Hz, 1H,
C4H3S), 7.10–7.07 (m, 1H, ArH), 7.03–6.94 (m, 2H, ArH), 6.90 (d,
J= 8.5 Hz, 1H, NHCH2), 6.24 (d, J= 16.3 Hz, 1H, CHCH), 6.08 (d,
J = 16.3 Hz, 1H, CHCH), 5.87 (dd, J = 17.4 Hz, 1H, CHC(CH3)2),
5.13 (d, J= 5.4 Hz, 2H, NHCH2), 5.11–5.08 (m, 1H, CHCH2), 5.06
(dd, J = 7.7 = Hz, 1H, CHCH2), 5.01 (dd, J = 14.4 Hz, 1H,
CHCH2), 1.95 (q, J = 7.3 Hz, 2H, CCH2CH2), 1.67 (s, 3H,
C(CH3)2), 1.58 (s, 3H, C(CH3)2), 1.54–1.46 (m, 2H, CCH2CH2),
1.20 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3) d 176.46
(NNHCS), 156.27 (CArOH), 147.51 (CCHCH2), 145.62 (CHNNH),
© 2025 The Author(s). Published by the Royal Society of Chemistry
139.29 (NHCH2CS), 137.07 (CArCHCH), 131.44 (CAr), 130.55
(CC(CH3)2), 130.05 (CAr), 129.26 (CArCHCH), 126.98 (CAr), 126.77
(CAr), 125.87 (CAr), 125.56 (CAr), 124.68 (CHC(CH3)2), 117.03
(CAr), 116.79 (CAr), 112.19 (CCHCH2), 43.56 (CNHCH2), 42.64
(CCH2CH2), 41.23 (CCH2CH2), 29.72 (CCH3), 25.74 (C(CH3)2),
23.23 (CCH2CH2), 17.69 (C(CH3)2). HRMS (ESI) m/z calcd for
C25H31N3OS2Na

+ (M + Na)+ 476.1800, found 476.1803.
N-(Benzo[d]thiazol-2-yl)-2-((E)-5-((S,E)-3,7-dimethyl-3-

vinylocta-1,6-dien-1-yl)-2-hydroxybenzylidene)hydrazine-1-
carbothioamide (2s). Yellow solid, yield 45%, purity $ 95% by
HPLC. 1H-NMR (300MHz, CDCl3) d 10.59 (s, 1H, NHCN), 8.28 (s,
1H, CHNNH), 7.54 (d, J = 7.8 Hz, 1H, ArH), 7.38–7.28 (m, 3H,
ArH), 7.18–7.08 (m, 2H, ArH), 6.98 (d, J = 8.5 Hz, 1H, ArH), 6.22
(d, J= 16.2 Hz, 1H, CHCH), 6.04 (d, J= 16.2 Hz, 1H, CHCH), 5.87
(dd, J = 17.4 Hz, 1H, CHC(CH3)2), 5.14–5.07 (m, 1H, CHCH2),
5.05 (dd, J = 7.0 Hz, 1H, CHCH2), 5.00 (dd, J = 13.7 Hz, 1H,
CHCH2), 2.00–1.88 (m, 2H, CCH2CH2), 1.67 (s, 3H, C(CH3)2),
1.58 (s, 3H, C(CH3)2), 1.53–1.44 (m, 2H, CCH2CH2), 1.19 (s, 3H,
CCH3).

13C NMR (101 MHz, CDCl3) d 168.05 (NNHCS), 160.38
(NHCNHCS), 157.14 (CArOH), 150.53 (NHCNCCS), 145.78
(CCHCH2), 144.69 (CHNNH), 136.16 (CArCHCH), 131.36 (CAr),
129.56 (CC(CH3)2), 129.04 (NHCNCCS), 128.38 (CAr, CAr), 126.58
(CArCHCH), 125.92 (CAr), 124.74 (CHC(CH3)2), 122.51 (CAr),
122.03 (CAr), 117.62 (CAr), 116.89 (CAr), 114.55 (CAr), 112.03
(CCHCH2), 42.57 (CCH2CH2), 41.24 (CCH2CH2), 28.39 (CCH3),
25.73 (C(CH3)2), 23.24 (CCH2CH2), 17.67 (C(CH3)2). HRMS (ESI)
m/z calcd for C27H31N4OS2

+ (M + H)+ 491.1933, found 491.1933.
N-(2-(1H-Indol-3-yl)ethyl)-2-((E)-5-((S,E)-3,7-dimethyl-3-

vinylocta-1,6-dien-1-yl)-2-hydroxybenzylidene)hydrazine-1-
carbothioamide (2t). Yellow solid, yield 28%, purity $ 95% by
HPLC. 1H-NMR (300 MHz, CDCl3) d 9.83 (s, 1H, CHNNH), 9.07
(s, 1H, –OH), 8.17 (d, J = 9.3 Hz, 1H, CHNH), 7.94 (s, 1H,
CHNNH), 7.66 (d, J = 7.8 Hz, 1H, NHC2H4), 7.45–7.31 (m, 2H,
ArH), 7.24–7.07 (m, 4H, ArH), 6.91 (d, J = 8.5 Hz, 1H, ArH), 6.79
(t, J = 5.2 Hz, 1H, ArH), 6.29–6.20 (m, 1H, CHCH), 6.14–6.05 (m,
1H, CHCH), 5.89 (m, 1H, CHC(CH3)2), 5.15–5.09 (m, 1H, CHCH),
5.07 (dd, J = 8.0 Hz, 1H, CHCH2), 5.02 (dd, J = 14.6 Hz, 1H,
CHCH2), 4.02 (q, J= 6.3 Hz, 2H, NHC2H4), 3.16 (t, J= 6.5 Hz, 2H,
NHC2H4), 1.96 (q, J = 7.5 Hz, 2H, CCH2CH2), 1.68 (s, 3H,
C(CH3)2), 1.59 (s, 3H, C(CH3)2), 1.51 (dd, J = 10.2, 6.8 Hz, 2H,
CCH2CH2), 1.21 (s, 3H, CCH3).

13C NMR (101 MHz, CDCl3)
d 176.27 (NNHCS), 156.21 (CArOH), 146.63 (CCHCH2), 145.65
(CHNNH), 137.00 (CAr), 136.75 (CArCHCH), 132.93 (CAr), 131.45
(CC(CH3)2), 130.47 (CAr), 129.77 (CArCHCH), 129.23 (CAr), 126.83
(CAr), 125.58 (CAr), 124.69 (CHC(CH3)2), 122.54 (CAr), 122.39
(CAr), 119.68 (CAr), 118.82 (CAr), 116.97 (CAr), 112.35 (CAr), 112.17
(CAr), 111.44 (CCHCH2), 44.58 (NHCH2CH2), 42.64 (CCH2CH2),
41.23 (CCH2CH2), 30.20 (NHCH2CH2), 25.74 (CCH3), 24.76
(C(CH3)2), 23.25 (CCH2CH2), 17.69 (C(CH3)2). HRMS (ESI) m/z
calcd for C30H36N4OSNa

+ (M + Na)+ 523.2502, found 523.2505.
The characterization 1H NMR, 13C NMR, and HR-ESI-MS

data of the target compounds are shown in the SI.
Biological evaluation

Cell culture and reagents. The PC9 and H1975 cell lines were
maintained in RPMI 1640 medium supplemented with 10%
RSC Adv., 2025, 15, 45233–45244 | 45241
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fetal bovine serum (FBS) and 1% penicillin/streptomycin under
the conditions of 5% CO2 and 95% relative humidity at 37 °C.

The H1795 and PC9 cell lines were purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). Gibco RPMI-1640 was purchased from
Thermo Fisher Scientic (Shanghai, China). Fetal bovine serum
(FBS) was purchased from Yikesai Biotechnology (Taicang) Co.,
Ltd. RIPA lysis buffer and BCA protein assay kit were purchased
from Beyotime (Hangzhou, China). TGF-b1 was purchased from
Sino Biological (Beijing, China). Anti-E-cadherin, anti-vimentin,
and b-actin antibodies were purchased from Proteintech
(Wuhan, China). Anti-MMP9 antibody was purchased from
Abcam (Cambridge, MA, UK). Anti-MMP2 and tubulin anti-
bodies were purchased from ABclonal (Wuhan, China).
MTT assay

In the MTT assay, all cells were seeded in 96 well plates and 5 ×

103 cells per well. Aer culturing overnight, various concentra-
tions (0, 6.25, 12.5, 25, and 50 mM) of the derivatives were added
to the cells and cultured for 48 h. Then, MTT solution (5 mg
mL−1) was added to each well and incubated at 37 °C for 4 h.
The medium was removed and DMSO was added to dissolve
formazan. The absorbance was measured at 490 nm using
a microplate spectrophotometer (Synergy HT, BioTek, Vermont,
USA).
Cell cycle analysis

Cells were seeded in 6 well plates at a concentration of 3 × 105

cells per well and incubated overnight. Following this, the cells
were treated with compound 2f and incubated for 24 h.
Subsequently, the cells were digested and washed 1–2 times
with pre-cooled phosphate-buffered saline (PBS). To x the
cells, 1 mL of 70% ethanol solution was added, and the samples
were incubated at 4 °C overnight. Aer xation, the cells were
centrifuged and washed again with PBS. Propidium iodide (PI)
was then added for staining, and the samples were incubated at
37 °C for 30 min. The cell cycle distribution was subsequently
analyzed using ow cytometry.
Transwell migration and invasion assay

The migration and invasion experiment of tumor cells was
performed using Transwell chambers (24 wells, 8 mm pore size,
and 6.5 mm diameter polycarbonate membranes that were
coated with 1 mg per mL bronectin). The cells were seeded
onto each upper well at a concentration of 2× 105 PC9 cells and
different concentrations of compound 2f (0, 1, 2 and 4 mM) were
added. The bottom chambers of the Transwell contained 600 mL
of 10% FBS medium. Then, the cells were cultured for 24 h,
xed with 4% paraformaldehyde for 30 min, and stained with
crystal violet solution for 20 min. Finally, the migrating and
invasive cells were recorded under a light microscope at 10×
magnication.
45242 | RSC Adv., 2025, 15, 45233–45244
Transwell migration and invasion with TGF-b-induced assay

The migration and invasion experiment of tumor cells was
performed using Transwell chambers (24 well, 8 mm pore size,
6.5 mm diameter polycarbonate membranes that were coated
with 1 mg per mL bronectin). The cells were seeded onto each
upper well at a concentration of 2 × 105 PC9 cells, treated with
TGF-b (30 ng mL−1), and different concentrations of compound
2f were added. The bottom chambers of the Transwell con-
tained 600 mL of 10% FBS medium. Then, the cells were
cultured for 24 h, xed with 4% paraformaldehyde for 30 min,
and stained with crystal violet solution for 20 min. Finally, the
migrating and invasive cells were recorded under a light
microscope at 10× magnication.
Western blotting

Western blotting analysis was carried out as previously
described.44 PC9 cells were cultured in 6 well plates at
a concentration of 3× 106 cells. The cells were treated with TGF-
b (30 ng mL−1) and different concentrations of compound 2f (0,
1, 2, and 4 mM) and incubated for 24 h. Aer that, the cells were
washed and lysed. Proteins were extracted and quantied.
Proteins were separated by SDS-PAGE and transferred to PVDF
membrane. The PVDF membrane was blocked with 5% non-fat
milk and incubated with primary antibodies (E-cadherin,
vimentin, MMP-2 and MMP-9) at 4 °C overnight. Aer
washing with Tris-buffered saline/Tween 20 buffer, the PVDF
membranes were incubated with the secondary antibodies for
2 h at room temperature. Finally, protein bands were recorded
using a chemiluminescent gel imaging system (Bio-Rad,
Hercules, CA, USA). Anti-tubulin and anti-b-actin were used as
internal controls.
In vivo antitumor efficacy

Female Balb/c nude mouse (16–20 g) around four weeks old
were purchased from Qinglongshan Biotechnology (Jiangsu)
Co., Ltd. All mouse experiments were approved by the Ethical
Committee of Bengbu Medical University (IACUC BBMU 2023-
166). Estrogen has been demonstrated to play a promotive role
in the tumorigenesis and progression of NSCLC. Given that PC9
cells exhibit signicantly higher tumour formation rates in
female nude mice compared to males, we employed female
Balb/c nude mice for the evaluation of in vivo antitumor efficacy
in this study.45 We evaluated the in vivo anticancer efficacy of
compound 2f using a non-small cell lung cancer xenogra
model. Tumour-bearing mice were randomly divided into three
groups (n= 5/group) when the size of the tumour reached about
100 mm3. The mice in different groups were intraperitoneally
injected with saline, DDP (2 mg kg−1), and compound 2f (20 mg
kg−1) every 3 days. At approximately day 18, the average tumour
volume reached 1000 mm3 and the experiment was terminated.
The body weight and tumour volume were monitored every
three days. The size of the tumour was calculated using the
following formula: volume of tumour = 1/2 × width2 × length.
All mice were anaesthetised with isourane and sacriced on
the nal day of therapy through cervical dislocation. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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tumours in different groups were harvested for measuring their
size. Additionally, the organs (heart, liver, spleen, lung, and
kidney) were harvested for the evaluation of organ injury in
nude mice by staining with H&E and imaged.

Immunohistochemistry assay

The expression of E-cadherin and vimentin in the mouse
tumour tissues was evaluated by immunohistochemistry (IHC).
The tumour tissues in each group were isolated and xed with
4% paraformaldehyde.

Statistical analysis

All data were analyzed using GraphPad Prism soware version
8.0 and expressed as the mean ± SD from three independent
experiments. The Student's t-test was used for statistical
comparison between two groups. *p < 0.05, **p < 0.01, ##p < 0.01
and ***p < 0.001 were considered statistically signicant.
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