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b-Caryolane derivatives possess a unique skeletal structure and a wide range of practical applications.

Recent studies suggest that certain b-caryolane derivatives may exhibit enhanced anti-colorectal cancer

activity compared to their natural parent compounds, b-caryolanol and b-caryophyllene (b-CP).

However, the structural diversity of known b-caryolane derivatives remains limited, likely due to

challenges in their synthesis. In this study, we systematically investigated, for the first time, the reactivity

of three nucleophiles (sulfonamides, amides, and azide) with b-CP under acid catalysis. The

corresponding b-caryolane-type products were successfully obtained in a single step. The azide-

addition product further underwent click reactions with various alkynes to yield triazole derivatives.

Compared to b-CP or b-caryolanol, most amino-substituted b-caryolane derivatives demonstrated

significantly improved anti-proliferative activity against several colorectal cancer cell lines, especially HT-

29 cells. Among them, compound NC-19 showed the most potent antiproliferative effect against HT-29

cells with an IC50 of 2.496 ± 0.255 mM. Preliminary pharmacological mechanism studies indicated that

NC-19 induces apoptosis, arrests the cell cycle at the G0/G1 phase, significantly increases intracellular

ROS levels and suppresses cell migration in HT-29 cells. These results expanded the chemical diversity

of bioactive b-caryolane derivatives and offered new options for the development of anti-colorectal

cancer agents.
1 Introduction

Colorectal cancer (CRC) is one of the most common malignant
tumors worldwide, typically arising from the abnormal prolif-
eration and malignant transformation of cells in the colon
lining.1,2 Due to its high incidence and mortality rates, CRC
imposes a heavy burden on both healthcare systems and
affected patients.3 Although the availability of conventional
treatment methods including surgery, radiotherapy, chemo-
therapy and targeted therapies, the unsatisfactory therapeutic
effects and high costs continue to present major challenges in
CRC management. The incidence of CRC is expected to rise in
the coming years, according to the World Health Organization,
which makes the development of more targeted and effective
treatments an urgent priority.1,4,5
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Medicinal plants and their active compounds have long been
recognized as important sources for drug research and devel-
opment due to their diverse molecular skeletons and broad
spectrum of biological activities, particularly in the eld of anti-
cancer therapeutics.6–8 b-Caryophyllene (b-CP) is a bicyclic
sesquiterpene widely distributed in the essential oils of various
plants such as basil, cinnamon, black pepper and rosemary,9

and is usually used as food additives and avoring agents.10 It
was reported that b-CP and its natural analogues (mainly car-
yophyllene oxide, b-CPO) are able to induce apoptosis of various
human cancer cells and prevent their proliferation and metas-
tasis through multiple pathways.11–13 Especially for CRC, b-CP
can selectively exert antiproliferative activity by disrupting
mitochondrial membrane potential, inhibiting angiogenesis,
and blocking the action of mono-ADP-ribosyltransferase 1
(ART1).14,15 Furthermore, b-CP can enhance chemosensitization
to paclitaxel by promoting drug accumulation in cancer
cells.16–18

Due to its highly strained cyclobutyl ring, along with one
cyclic double bond at the C4-site and one exocyclic double bond
at the C8-site of cyclononyl moiety, b-CP is frequently employed
as a synthetic substrate for the preparation of various functional
molecules and polymer materials.19 The most common reaction
involving b-CP is acid-catalyzed nucleophilic addition followed
RSC Adv., 2025, 15, 49739–49750 | 49739

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra07312j&domain=pdf&date_stamp=2025-12-12
http://orcid.org/0000-0003-1747-1311
http://orcid.org/0009-0007-0150-8219
http://orcid.org/0000-0001-7542-2628
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07312j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015058


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

6:
51

:3
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
by trans-annular rearrangement (Fig. 1A). Since both double
bonds can participate in trans-annular rearrangement reactions
and these transformations proceed readily, the resulting prod-
ucts oen consist of complex mixtures of polycyclic products.
Among these, tricyclic sesquiterpenoid b-caryolane-type
compounds, such as b-caryolanol and its derivatives, are
common products and are typically used as fragrance
ingredient.20–22 In addition, b-caryolanol has been reported to
exhibit antiasthmatic, antitussive, expectorant and anticancer
effects.23,24 Recently, we found that b-caryolane derivatives
containing amino substituents demonstrate more potent anti-
proliferative activity against various cancer cells lines compared
to b-CP and b-caryolanol. Pharmacological studies indicate that
these derivatives signicantly inhibit the growth of CRC cells
and tumors, exhibiting in vitro and in vivo efficacy comparable
to 5-FU. The underlying mechanism may involve G0/G1 cell
cycle arrest, enhanced ROS accumulation leading to DNA
damage, apoptosis, autophagy, NF-kB pathway activation and
PI3K/Akt/mTOR pathway suppression. These ndings position
b-caryolane amino derivatives as a promising novel class of
compounds with conrmed anti-CRC activity.24

b-caryolane derivatives can be prepared directly from b-CP.
However, perhaps due to synthetic challenges, the structural
diversity of reported b-caryolane derivatives remains limited
(Fig. 1B). In the presence of H2O, alcohol, phenol, acetic anhy-
dride or acetic acid, the acid-catalyzed reactions of b-CP yield b-
caryolanol, b-caryolanyl acetate or b-caryolanyl ether derivatives
(1).25–28 When clays or zeolites are used catalysts, phenol reacts
with b-CP to give b-caryolanyl benzene (2) via Friedel–Cras
alkylation.29 The Ritter reaction of b-CP with acetonitrile
produces b-caryolanyl acetamide (3),30 and the hydroamination
Fig. 1 (A) Acid-catalyzed reaction mechanism for the conversion of b-CP
derivatives directly prepared from b-CP.

49740 | RSC Adv., 2025, 15, 49739–49750
with 2,2,2-triuoroethyl sulfamate produces b-caryolanyl
sulfonamide (4).31 Although these reactions proceed in one step,
they are oen accompanied by the formation of multiple by-
products, resulting in low yields for most target products.

Given the promising anti-CRC activity of b-caryolane deriv-
atives reported in the literature, we sought to further expand
their structural diversity and provide novel compounds for
anticancer studies. In this work, we developed three new one-
step methods for synthesizing b-caryolane derivatives. The ob-
tained derivatives were evaluated for their antiproliferative
activity against several CRC cell lines, including HT-29, HCT-
116, and HCT-15. The representative compound was selected
to study its preliminary pharmacological properties.

2 Results and discussion
2.1 Chemistry

As the main product of the acid-catalyzed rearrangement reac-
tion of b-CP, the formation mechanism of b-caryolane deriva-
tives is illustrated in Fig. 1A. At room temperature, b-CP exists as
a mixture of four conformers separated by a low barrier of
inversion, ba (75%), bb (21%), aa (3%) and ab (<1%).25,29 Among
four conformers, the bb is most susceptible to protonation at
the endocyclic double bond under acid catalysis, thereby
generating a tertiary carbocation. Steric hindrance around the
carbocation prevents direct attack by external nucleophiles,
instead driving a transannular reaction with the spatially adja-
cent exocyclic double bond to form a bridgehead carbocation.
The reduced steric congestion at the bridgehead center allows
nucleophiles to engage in highly selective attack, leading to the
formation of b-caryolane derivatives.25,32 This high stereo-
selectivity originates from the preorganized geometric
to b-caryolane derivatives. (B) The structures of reported b-caryolane

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Substrate scope for the synthesis of N-b-caryolanyl-sulfonamide derivatives SA. Reactions were performed at 30 °C for 16 h under air
atmosphere using b-CP (0.2 mmol), sulfonamide (0.1 mmol), and 1,4-dioxane (2 mL), with TfOH (5.0% mol) as catalyst.
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conformation of the substrate during the critical transannular
step. Common nitrogen-based nucleophiles in acidic media
include sulfonamides, amides, azides, and related compounds.
Given the critical role of nitrogen atoms in drug molecules, we
are particularly interested in exploring the feasibility of
employing such nucleophiles to facilitate the conversion of b-
CP into nitrogen-containing b-caryolane derivatives.

Initially, p-toluenesulfonamide (TsNH2) was chosen as
nucleophilic substrate to react with b-CP, using tri-
uoromethanesulfonic acid (TfOH) as the acid catalyst. As ex-
pected, the reaction produced a tricyclic sesquiterpenoid
compound SA-1 with a N-b-caryolanyl-p-toluenesulfonamide
structural moiety. The structure of SA-1was conrmed by HRMS
and NMR spectra. Furthermore, X-ray crystallography unam-
biguously established the absolute conguration of SA-1 (CCDC
© 2025 The Author(s). Published by the Royal Society of Chemistry
1942093); the detailed crystallographic data are presented in
Table S1. Among the catalysts screened, TfOH gave the best
yield (74%, based on TsNH2), outperforming TsOH, TFA, H2SO4,
AlCl3, and BF3 Et2O. Increasing b-CP from 2.0 to 5.0 equiv.
relative to TsNH2 boosted the yield from 74% to 100%, but also
resulted in more side reactions, evident from the complete
consumption of the excess b-CP. The optimal temperature was
30 °C; lower (20 °C) or higher (80 °C) temperatures reduced or
did not improve the yield. Based on a comprehensive evaluation
of the parameters in Table S2 to balance reaction yield and
material efficiency, the optimized conditions were determined
to be a 2 : 1 ratio of b-CP to TsNH2 in 1,4-dioxane at 30 °C for 16
hours, which were subsequently employed for further research.

Employing the optimized reaction conditions, we explored
the substrate scope of sulfonamides. As shown in Scheme 1,
RSC Adv., 2025, 15, 49739–49750 | 49741
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Scheme 2 Substrate scope for the synthesis of N-b-caryolanyl-amides derivatives CA. Reactions were performed at 30 °C for 16 h under air
atmosphere using b-CP (5.0 equiv.), amide (0.1 mmol, 1.0 equiv.), and DCM (2 mL), with TfOH (10.0% equiv.) as catalyst.
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a wide range of functional groups and substituents were toler-
ated for this reaction. The benzene sulfonamides substituted by
electron-withdrawing or electron-donating groups reacted well
with b-CP and gave good to excellent yields (SA-1-SA-19).
Heterocyclic arylsulfonamides or alkyl sulfonamides also
underwent the transformation successfully, yielding the corre-
sponding products with high yields (SA-20-SA-32). It was worth
noting that for an alkaline amino substrate, an excess of TfOH
catalyst was necessary (1.05 equiv. of TfOH was used here),
leading to the formation of the corresponding salt products in
moderate yields, such as SA-29-SA-32. When N-methyl-
sulfonamide was used as substrates, the reaction also pro-
ceeded smoothly in moderate yields (SA-33 and SA-34).

The amide bond is a common structural motif in the design
and synthesis of pharmaceutical compounds. Although a recent
literature reports that acetonitrile and b-CP can react directly to
form b-caryolanyl acetamide, the structural diversity of prod-
ucts from this reaction remains limited.22,29 We therefore tried
to extend the acid-catalyzed reaction of b-CP to the synthesis of
b-caryolanyl amides. However, under the optimized reaction
conditions established in Scheme 1, the reaction between 2,4-
diuorobenzamides and b-CP failed to produce the desired b-
caryolanyl amides. The desired product CA-1 was obtained in
70% yield only when DCM was employed as solvent, and the
loadings of both the TfOH catalyst and b-CP were increased to
0.1 and 5.0 equivalents, respectively (Scheme 2). Under these
conditions, various other benzamides and alkylamides also
successfully underwent acid-catalyzed reactions with b-CP,
producing the corresponding N-b-caryolanyl-amide products
(CA-2 to CA-10) in low to moderate yields. Additionally, N-
49742 | RSC Adv., 2025, 15, 49739–49750
methylbenzamide reacted with b-CP to give CA-11 in 20% yield.
The relatively low yields compared to those obtained with
sulfonamides may be attributed to the weaker nucleophilicity of
amides.

In pharmaceutical synthesis, azide compounds are widely
employed as versatile building blocks due to their exceptional
reactivity and selectivity.33 To facilitate the integration of b-
caryolane scaffolds into diverse bioactive structures, we
explored the use of azido groups as nucleophiles for b-CP
functionalization. Based on the optimized reaction conditions
from Scheme 1, we rstly used trimethylsilyl azide (TMSN3) as
azidation reagent to run the hydroazidation of b-CP. The
desired b-caryolane-azide productNCwas obtained in 92% yield
(Table S3). In contrast, alternative azide sources such as sodium
azide (NaN3) and diphenylphosphoryl azide (DPPA) proved less
effective, each yielding the product in only approximately 40%.
Subsequent reaction optimization revealed that DCM is a more
effective solvent than 1,4-dioxane, affording a superior yield
(96% vs. 91%). Furthermore, the reaction reached completion
within 8 hours.

Employing compound NC as a versatile building block, we
successfully synthesized a series of triazole derivatives via
reactions with alkynes. The transformation exhibited excellent
functional group tolerance, accommodating diverse substitu-
ents including aryl (NC-1 to NC-3), amine (NC-4 and NC-5), urea
(NC-6), amide or hydroxyl (NC-7 to NC-11), and ester (NC-12)
groups (Scheme 3).

Our previous studies demonstrated that amino modication
can signicantly enhance the anti-tumor activity of b-caryolane
derivatives.24 However, such amino-alkynes are not readily
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Hydroazidation reaction of b-CP with TMSN3, click reactions of b-caryolane-azide NC with alkynes and amidation reactions of acid
NC-13 with amino substrates. Reaction conditions: (1) TMSN3 (1.0 equiv.), b-CP (2.0 equiv.), TfOH (0.1 equiv.), 30 °C in DCM, 16 h; (2) NC
(0.2 mmol, 1.0 equiv.), substituted alkynes (0.24 mmol, 1.2 equiv.), CuSO4 (0.004 mmol, 0.02 equiv.), sodium ascorbate (0.002 mmol, 0.1 equiv.),
t-BuOH/H2O (5 mL, v/v 4 : 1), room temperature, 12 h; (3) LiOH, THF/H2O; (4) NHR1R2, HATU, DIPEA, DMF; (5) HCl in 1,4-dioxane, EtOAc. The
yield was calculated based on the 1H NMR data with trimethoxybenzene as the internal standard and azide source as the reference.
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available commercially or remain synthetically challenging.
Therefore, we hydrolyzed NC-12 to the corresponding acid NC-
13, which was then employed as a precursor to react with
various amine substrates, successfully yielding amino-
functionalized products NC-14 to NC-24.
2.2 Pharmacology

2.2.1 b-caryolane derivatives inhibit CRC cell growth. The
in vitro activity of all b-caryolane derivatives (SA, CA andNC) was
evaluated against three CRC cell lines (HT-29, HCT-116 and
HCT-15) and one normal colonic epithelial cell line (NCM-460),
5-uorouracil (5-FU), a rst-line chemotherapeutic agent for
CRC, was used as a positive control to benchmark the potency
© 2025 The Author(s). Published by the Royal Society of Chemistry
and selectivity of these compounds. Initial antiproliferative
screening was performed on HT-29 cells at concentrations of 10
and 50 mM. As shown in Table S4, althoughmost SA compounds
exhibited signicant antiproliferative activity at 50 mM,
a notable contrast was observed: SAs bearing aliphatic amino
groups showed considerably higher potency than those with
aromatic or alkyl substituents. In contrast, all CA compounds
exhibited negligible activity at 50 mM. Compared to amides,
sulfonamides appeared to exhibit superior antiproliferative
effects against HT-29 cells. Within the NC series, phenyl-
coupled thiazole derivatives (NC-1-NC-3) generally exhibited
lower activity against HT-29 cell line compared to ester-, amide-,
and alkyl-coupled thiazole compounds (NC-4-NC-13). The
RSC Adv., 2025, 15, 49739–49750 | 49743
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Table 1 IC50 values of selected compounds SA,NC and 5-FU determined in three human CRC cell lines and normal human colon cell lines. SI=
IC50 (NCM-460)/IC50 (HT-29). “/”, not determined

Cmpd

IC50 (mM)

HT-29 HCT-116 HCT-15 NCM-460 SI

SA-29 7.30 � 0.28 30.98 � 13.81 7.69 � 0.68 23.69 � 3.44 3.2
SA-30 11.49 � 0.48 34.63 � 17.31 16.88 � 0.66 28.08 � 1.30 2.4
SA-31 16.41 � 0.48 40.58 � 3.14 16.23 � 0.56 43.67 � 5.24 2.7
SA-32 11.75 � 0.22 28.06 � 6.55 12.97 � 1.53 22.67 � 1.03 1.9
NC-14 45.91 � 11.06 / / / /
NC-15 8.80 � 2.00 14.45 � 1.28 15.56 � 1.82 33.66 � 8.14 3.8
NC-16 4.02 � 0.14 17.94 � 1.01 11.70 � 0.85 26.13 � 3.10 6.5
NC-17 22.04 � 0.61 22.25 � 0.87 17.50 � 1.70 32.98 � 1.20 1.5
NC-18 3.17 � 0.24 14.73 � 1.79 14.93 � 0.98 18.56 � 4.58 5.9
NC-19 2.50 � 0.25 14.49 � 2.57 12.28 � 0.30 20.26 � 6.09 8.1
NC-20 3.37 � 0.22 9.76 � 0.83 7.04 � 0.55 8.06 � 0.68 2.4
NC-21 4.94 � 0.58 16.33 � 1.53 11.22 � 0.26 17.62 � 6.14 3.6
NC-22 4.08 � 0.41 13.23 � 1.67 12.339 � 0.45 21.58 � 5.91 5.3
NC-23 7.11 � 0.44 13.69 � 1.41 15.30 � 1.34 18.72 � 12.95 2.6
NC-24 6.05 � 0.75 14.32 � 1.91 15.31 � 3.38 15.39 � 1.51 2.5
5-FU 3.63 � 0.611 1.38 � 0.21 13.31 � 2.01 3.94 � 1.41 1.1
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introduction of basic amino groups into ester-coupled thiazole
compounds (NC-14-NC-24) resulted in signicantly enhanced
potency. The median inhibitory concentration (IC50) of these
high active compounds aer 72 hours of incubation with HT-29
cells were determined and summarized in Table 1.

Data analysis of Table 1 further revealed that both NC-16 and
NC-17, in which the endocyclic −O− or exocyclic –OH groups
(present in NC-7 or NC-8, respectively) were replaced with –NH–

or –NH2 moieties, exhibited substantially enhanced anti-
proliferative activity. This result further highlights the crucial
role of amino substituents for antiproliferative activity.
Furthermore, comparative analysis revealed that the most of the
rigid cyclic amino compounds (NC-16-NC-24) showed superior
activity compared to their exible linear counterparts (NC-14
and NC-15), and the tertiary amine compound NC-17 showed
lower activity relative to its primary and secondary amine
analogues (NC-16 and NC-18-NC-24). Among these, compound
NC-19 displayed the highest antiproliferative activity with an
IC50 of 2.50 ± 0.25 mM against HT-29 cell line.

The active b-cyclohexane derivatives were further evaluated
in two additional human CRC cell lines, HCT-116 and HCT-15.
The results demonstrated that these compounds also signi-
cantly inhibited the proliferation of both HCT-116 and HCT-15
cells, but their inhibitory effects on HT-29 cells remained more
potent in comparison (Table 1). A major limitation of many
antitumor drugs is their lack of selectivity between cancer and
normal cells.34 Therefore, we evaluated the cytotoxicity of the
compounds in Table 1 against the normal human colon cell line
NCM-460 to determine their selectivity index (SI), dened as the
ratio of cytotoxicity in NCM-460 cells to that in cancer cells. As
shown in Table 1, compound NC-19 demonstrated the highest
selectivity (SI= 8.1) toward HT-29 cells over NCM-460 cells. This
selectivity was signicantly greater than that of 5-FU. Consid-
ering activity and selectivity, compounds NC-19 were selected
for further pharmacological studies on HT-29 cells.
49744 | RSC Adv., 2025, 15, 49739–49750
2.2.2 NC-19 induced apoptosis in HT-29 cells. The anti-
proliferative effect of NC-19 on HT-29 cells was evaluated using
a colony formation assay. As showed in Fig. 2A and B, a signif-
icant reduction in the number of colonies formed by HT-29 cells
was observed following treatment with NC-19 for 72 hours.
Meanwhile, several typical morphological features of apoptosis,
such as cell shrinkage and the formation of apoptotic bodies,
were observed in the NC-19-treated HT-29 cells (Fig. 2C), sug-
gesting that NC-19 may induce apoptosis. To further conrm
this effect, ow cytometry assay was performed. As shown in
Fig. 2D and E, aer 48 hours of treatment with NC-19, the
percentage of apoptotic HT-29 cells gradually increased in
a dose-dependent manner (11.25%, 11.92%, 26.69%, and
69.53%, respectively), with a notable rise in both early and late
apoptotic populations. Western blot analysis was performed to
examine the expression of key apoptosis-related proteins. The
results showed a signicantly upregulation of cleaved caspase-3
and cleaved PARP1, while the levels of total caspase-3 and
PARP1 remained unchanged (Fig. 2F and G), suggesting that
NC-19 effectively activates the apoptotic pathway. Additionally,
the effect of pan-caspase inhibitor Z-VAD-FMK on preventing
NC-19 induced cell death was also examined. Pretreating with Z-
VAD-FMK for 8 hours, followed by treatment with NC-19 for 72
hours, increased HT-29 cell viability from 73.64% to 96.00%
(Fig. 2H). Taken together, these results demonstrate that NC-19
induces apoptosis in HT-29 cells.

2.2.3 NC-19 induced cell cycle arrest and ROS generation in
HT-29 cells. To further investigate the antiproliferative mecha-
nism of NC-19, cell cycle arrest assays were performed using
ow cytometry and western blot. As shown in Fig. 3A and B, the
percentage of cells in the G0/G1 phase increased from 52.00% to
65.27% in a dose-dependent manner aer 24 hours of treatment
with NC-19. The transition from G1 to S phase requires the
participation of multiple kinases and phosphatases, among
which the activated CDK2/Cyclin E complex plays a crucial
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 NC-19 induced apoptosis of HT-29 cells. (A and B) The clonogenic potential of HT-29 cells was observed following treatment withNC-19
(0, 0.5, 1, 2, 4 mM) for 72 hours by specific protocols in vitro. Colonies (consisting of over 50 cells) were quantified. (C) Morphology changes of HT-
29 cells after treatment withNC-19 (1–5 mM) for 72 hours. (D and E) Flow cytometry analysis of apoptosis in HT-29 cells after treatment withNC-
19 (0, 2.5, 5, 10 mM) for 24 hours. (F and G) Western blot and bar graph analysis of cleaved caspase-3, caspase-3, cleaved PARP1 and PARP1
protein expression after treatment with NC-19 (0, 5, 10, 20 mM) for 24 hours in HT-29 cells. (H) Cell viability of HT-29 cells pretreatment with Z-
VAD-FMK for 8 hours, followed by exposure to NC-19 for 72 hours.
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initiating role. As demonstrated in Fig. 3C and D, NC-19 treat-
ment signicantly reduced the expression levels of both CDK2
and Cyclin E. These results suggested that NC-19 induces G0/G1
phase cell cycle arrest by downregulating key cell cycle regula-
tory proteins.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Intracellular ROS levels must be maintained within an
appropriate range to support normal cellular physiological
function and survival, excessive ROS can induce oxidative
damage and lead to various forms of cell death, including
apoptosis. To investigate the involvement of ROS in NC-19-
RSC Adv., 2025, 15, 49739–49750 | 49745

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07312j


Fig. 3 NC-19 induces HT-29 G0/G1 phase cell cycle arrest and ROS generation. (A and B) Cell cycle analysis of HT-29 cell cycle distribution after
treatment withNC-19 (0, 2, 4, 8 mM) for 24 hours. (C andD)Western blot and bar graph analysis of CDK2 and Cyclin E protein expression in HT-29
cells after treatment withNC-19 (0, 5, 10, 20 mM) for 24 hours. (E) Cell viability of HT-29 cells pretreated withNAC (2 mM) for 8 hours, followed by
incubation with or without 2 mMNC-19 for 72 hours. (F) Detection of ROS generation by DCFH-DA in HT-29 cells after treatment withNC-19 (0,
1, 2, 5, 10 mM) for 24 hours.
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induced cell death, HT-29 cell was pretreated with the ROS
scavenger NAC for 8 hours prior to a 72 hour exposure to NC-19.
This pretreatment increased cell viability from 72.56% to
95.41% (Fig. 3E). Furthermore, to determine whether NC-19
disrupts redox homeostasis in the HT-29 cells, we evaluated
intracellular ROS production using confocal microscopy with
DCFH-DA as a uorescent probe. As demonstrated in Fig. 3F,
NC-19 treatment markedly increased ROS generation. Collec-
tively, these ndings suggest thatNC-19 triggers both G0/G1 cell
cycle arrest and ROS accumulation in HT-29 cells.
49746 | RSC Adv., 2025, 15, 49739–49750
2.2.4 NC-19 suppresses HT-29 cells migration. Tumor
metastasis is a hallmark of malignancy and a major cause of
cancer recurrence and mortality.35 Consequently, inhibiting
metastatic progression represents a crucial therapeutic objec-
tive. To evaluate the effect of NC-19 on HT-29 cell migration,
a wound healing assay was performed. As shown in Fig. 4A and
B, aer 24 h of treatment, the recovery area of the wound
signicantly decreased in a concentration-dependent manner
aer treatment with NC-19 for 24 h. Since cell migration capa-
bility is closely linked to extracellular matrix (ECM) remodeling,
we investigated MMP9, a key protein that promotes tumor
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect ofNC-19 on HT-29 cell migration. (A and B) Images and bar graph analysis of the wound closure of HT-29 cells after treatment with
NC-19 (0, 1, 3 mM) for 24 hours. (C and D) Western blot and bar graph analysis of MMP9 protein expression in HT-29 cells after treatment with
NC-19 (0, 5, 10, 20 mM) for 24 hours.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

6:
51

:3
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
progression by degrading the ECM and is critical for cancer
invasion and metastasis.36,37 Western blot analysis revealed that
MMP9 expression decreased in a concentration-dependent
manner aer treatment with NC-19 (Fig. 4C and D). Together,
these ndings demonstrate that NC-19 effectively suppresses
HT-29 cell migration.
3 Conclusion

In summary, this study successfully extends the acid-catalyzed
addition-rearrangement reaction of b-CP to direct reactions
with sulfonamides, amides, and azides. This strategy features
mild conditions and excellent functional group compatibility,
signicantly enriching the structural diversity of b-CP deriva-
tives. Notably, the b-CP-azide synthesized via this method serves
as a versatile module for Click chemistry, enabling rapid
construction of more complex b-CP derivatives and laying
a solid material foundation for the functionalization and
application of this class of molecules. In the biological evalua-
tion, we systematically investigated the in vitro antiproliferative
activity of b-CP derivatives against CRC cell lines. Structure–
activity relationship analysis revealed that the introduction of
an amino group signicantly enhances antiproliferative effi-
cacy. Furthermore, these compounds exhibited superior anti-
proliferative activity against HT-29 cell line compared to HCT-
116 and HCT-15 cell lines. Among them, the most active
compound NC-19, could induce G0/G1 phase arrest and elevate
intracellular ROS levels, thus trigger apoptosis of HT-29 cells.
This study not only advances the synthetic methodology of b-
CP-based compounds but also provides a promising lead
© 2025 The Author(s). Published by the Royal Society of Chemistry
compound for the development of novel anti-CRC therapeutics,
demonstrating considerable application potential.
4 Experimental section
4.1 Chemistry

NMR spectra (1H and 13C) were recorded on a Bruker AVANCE
spectrometer operating at 400 or 600 MHz. Chemical shis (d)
are reported in parts per million (ppm) using tetramethylsilane
(TMS) as an internal standard. Mass spectrometry data were
acquired using a QDA mass detector was used; for high-
resolution mass spectrometry (HRMS), an Agilent 1290
Innity LC coupled to an Agilent 6540 Q-TOF mass spectrom-
eter with an electrospray ionization (ESI) source was employed.
Compound purication was performed by ash chromatog-
raphy using silica gel (200–300 mesh, Qingdao Haiyang
Chemical Co., Ltd). All commercially available reagents and
solvents (from Sinopharm Chemical Reagent Co., Ltd) were
used as received, unless otherwise noted. Anhydrous solvents
were prepared according to standard laboratory methods. The
reported yields refer to isolated products and were not
optimized.
4.2 Chemical synthesis

4.2.1 TfOH catalysed addition reaction of b-caryophyllene
4.2.1.1 Condition optimization of acid-catalyzed addition

reaction of b-caryophyllene. A ask equipped with a septum and
a magnetic stir bar was charged with substituted p-toluene-
sulfonamide (0.1 mmol), b-CP (X mmol) and solvent (2.0 mL)
under nitrogen atmosphere. Then acid was slowly added to the
RSC Adv., 2025, 15, 49739–49750 | 49747
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mixture. The mixture was stirred at 30 °C for 16 hours and
concentrated. 1,3,5-Trimethoxybenzene (0.033 mmol) was
added, and the 1H-NMR was detected. The yield of hydro-
amination was determined by internal standard method.

4.2.1.2 General procedure A for the synthesis of SA. A ask
equipped with a septum and a magnetic stir bar was charged
with substituted sulfonamide (0.1 mmol), b-CP (0.2 mmol) and
1,4-dioxane (2.0mL) under air atmosphere. Then TfOH (0.44 mL,
5.0 mol%) was slowly added to the mixture. The mixture was
stirred at 30 °C for 16 hours and concentrated. The residue was
puried by column chromatography (silica gel, hexane/EtOAc)
to give the product.

4.2.1.3 General procedure B for the synthesis of CA. A ask
equipped with a septum and a magnetic stir bar was charged
with substituted amide (0.1 mmol), b-CP (0.5 mmol) and di-
chloromethane (2.0 mL) under air atmosphere. Then TfOH
(0.88 mL, 10.0 mol%) was slowly added to the mixture. The
mixture was stirred at 30 °C for 16 hours and concentrated. The
residue was puried by column chromatography (silica gel,
hexane/EtOAc) to give the product.

4.2.1.4 The synthesis of NC. A ask equipped with a septum
and a magnetic stir bar was charged with azidotrimethylsilane
(5.0 mmol), b-CP (10.0 mmol), and dichloromethane (25.0 mL)
under air atmosphere. Then TfOH (22.0 mL, 5.0 mol%) was
slowly added to the mixture. The mixture was stirred at 30 °C for
16 hours, then the reaction mixture was successively washed
with saturated aq. NaHCO3 and saturated brine and concen-
trated. The residue was puried by column chromatography
(silica gel, hexane/EtOAc) to give NC as colorless oil with 96%
isolation yield.

4.2.1.5 General procedure C for the synthesis of NC1-8 and 12.
A ask equipped with a septum and a magnetic stir bar was
charged with NC (0.2 mmol), substituted alkynes (0.24 mmol)
and t-BuOH/H2O (5 mL, v/v 4 : 1), then CuSO4 (0.004 mmol) and
Sodium ascorbate (0.002 mmol) were sequentially added, fol-
lowed by stirring at 25 °C for 16 hours. EtOAc was added, then
washed with water and brine, dried and concentrated. The
residue was puried by column chromatography (silica gel,
hexane/EtOAc) to give the product.

4.2.1.6 General procedure D for the synthesis of NC9-11 and
14–24. A ask equipped with a septum and a magnetic stir bar
was charged with NC (0.1 mmol), amine (0.15 mmol), DIPEA
(0.3 mmol) and dichloromethane (3.0 mL) under nitrogen
atmosphere. Then HATU (0.12 mmol) was added to the mixture.
The mixture was stirred at 25 °C for 12 hours, and 20 mL DCM
was added, and then washed with water and brine, dried and
concentrated. Then EtOAc (5 mL) was added and a HCl 1,4-
dioxane solution (2 mL, 4 mmol) was added, and stirred at 25 °C
for 2 hours. Concentrated and the mixture was neutralized with
saturated aqueous NaHCO3, extracted with EtOAc, dried (anhyd.
Na2SO4), and concentrated under reduced pressure. The residue
was puried by column chromatography (silica gel, DCM/
MeOH) to give the product.

4.2.1.7 X-ray structure determination. A suitable crystal of SA-
1 (0.33 × 0.38 × 0.36 mm3) was selected and mounted on
a Bruker D8 venture microsource diffractometer. Data were
measured using monochromatic Mo-Ka radiation at T = 100 K.
49748 | RSC Adv., 2025, 15, 49739–49750
Data reduction, scaling and absorption corrections were per-
formed using SAINT (Bruker, V8.38A, 2013). The structure was
solved with the shelXT (Sheldrick, 2015) structure solution
program using the Intrinsic Phasing solution method and by
using Olex2 (Dolomanov et al., 2009) as the graphical interface.
Themodel was rened with version 2018/3 of ShelXL (Sheldrick,
2008) using LeastSquares minimisation.
4.3 Biology

4.3.1 Reagents and cell lines. HT-29 (SCSP-5032), HCT-116
(SCSP-5076), and HCT15 (TCHu133) were obtained from
National Collection of Authenticated Cell Cultures (Shanghai,
China). Normal cell line NCM-460 (iCell-h373) was obtained
from Cellverse Co., Ltd (Shanghai, China). CCK-8 and Z-VAD-
FMK was purchased from Meilunbio (Dalian, China). 5-FU
was purchased from Yuanye Biotechnology (Shanghai, China).
NAC, DCFH-DA, RIPA lysis buffer, protease inhibitors, phos-
phatase inhibitors, 4% paraformaldehyde x solution, hema-
toxylin and eosin staining kit, Western blocking buffer,
Enhanced BCA protein assay kit, SDS-PAGE gel kit, BeyoECL
Plus kit, Annexin Ⅴ-FITC cell apoptosis detection kit and PI cell
cycle detection kit were purchased from Beyotime Biotech-
nology (Shanghai, China). TBST buffer, glycine, Tris and SDS
were purchased from Solarbio (Beijing, China). The primary
antibodies were as follows: caspase-3 (CST, 14220T), cleaved
caspase-3 (CST, 9664T), PARP1 (CST, 9532T), cleaved PARP1
(CST, 5625T), GAPDH (CST, 2118T), CDK2 (Proteintech, 10122-
1-Ap), cyclin E (Proteintech, 11554-1-Ap), MMP9 (Proteintech,
10375-2-Ap), calnexin (Proteintech, 10427-1-Ap), tubulin (Pro-
teintech, 10094-1-Ap). The secondary antibodies were as
follows: HRP-labeled goat anti-Rabbit (Proteintech, SA00001-2)
and anti-Mouse IgG (Proteintech, SA00001-1).

4.3.2 Cell culture and anti-proliferation assay. NCM-460
cells were cultured in RPMI 1640 medium, HT-29, HCT-116
and HCT-15 cells were cultured in McCoy's 5A medium. All
media were supplemented with 10% FBS and 1% penicillin-
streptomycin, and cells were maintained in 5% CO2 incubator
at 37 °C. HT-29 cells were digested and plated into 24 well plates
(8000 cells per well) and incubated overnight. HT-29, HCT-116,
HCT-15 and NCM-460 Cells were plated into 96-well plates (4 ×

103 cells per well) and incubated overnight. Different concen-
trations of 5-FU and b-Caryolane derivatives were added aer
cell adherence. Aer 72 h treatment, old media were replaced
with fresh media containing 10% CCK-8. Aer 1 h incubation at
37 °C, absorbance at 450 nm was measured. Cell survival rate
(%) = OD of the dosing group/OD of the control group × 100%.
IC50: the concentration of compounds that can cause 50%
inhibition of cell viability.

4.3.3 Morphological observation of HT-29 cells.HT-29 cells
(8 × 103 cells per well) were digested and plated into 24 well
plates and incubated overnight. Different concentrations of NC-
19 (1, 2, 3, or 5 mM) or DMSO (control) were added to each well,
and aer 72 h, cell morphology was observed using an inverted
microscope (Leica, German).

4.3.4 Z-VAD-FMK and NAC inhibition assay. HT-29 cells (4
× 103 cells per well) were seeded into 96 well plates and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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pretreated with 100 mM Z-VAD-FMK or 2 mM NAC for 8 hours.
Cells were then treated with 0.5 mMNC-19 or DMSO (control) for
72 h, and cell viability was measured using the CCK-8 assay.
Absorbance at 450 nm was recorded aer 1 h incubation at 37 °
C.

4.3.5 Colony formation assay.HT-29 Cells (1× 103 cells per
well) were seeded into 6-well plates and incubated overnight.
The cells were then exposed to NC-19 (0.5, 1, 2, 4 mM) or DMSO
(control) for an additional 72 h. Subsequently, the media were
replaced with fresh complete culture media (twice a week). Aer
10 days, the colonies were xed with 4% paraformaldehyde for
15 min at 25 °C and stained with a 0.5% crystal violet solution
for 30 min at 25 °C. Colonies containing 50 or more cells were
counted.

4.3.6 Wound healing assay. HT-29 cells (1 × 106 cells per
well) were seeded into 6-well plates and incubated overnight. A
scratch wound was created in the cell monolayer using a 200 mL
pipette tip. The medium was then removed, and washed with
PBS. Cells were exposed to with NC-19 (1, 3 mM) or DMSO
(control). Images of the cells were taken at 0 and 24 h with an
inverted microscope (Leica, German) at 10× magnication and
analyzed with ImageJ (National Institute of Health, Maryland,
USA). The migration rate was calculated using the following
formula: wound closure % = (S0h − S24h)/S0h × 100%.

4.3.7 Cell apoptosis assay. HT-29 cells (2 × 105 cells per
well) were seeded in 6-well plates and incubated overnight. The
cells were then exposed to NC-19 (2.5, 5, 10 mM) or DMSO
(control) for 72 h. Cells were stained with Annexin V-FITC and PI
for 20 min, aer staining, the cells were detected and analyzed
using a ow cytometry.

4.3.8 Cell cycle assay. HT-29 cells (1.2 × 105 cells per well)
were plated into 6-well plates and incubated overnight. The cells
were then treated with NC-19 (2, 4, 8 mM) or DMSO (control) for
24 hours, and xed in 70% ethanol at 4 °C for 2 hours. Cells
were then stained with PI and Rnase for 0.5 hours. Aer stain-
ing, the cells were detected and analyzed using a ow cytometry.

4.3.9 Determination of intracellular ROS. HT-29 cells (1 ×

104 cells per well) were seeded in 96 well plates and incubated
overnight. The cells were then treated withNC-19 (1, 2, 5, 10 mM)
or DMSO (control) for 24 hours, stained with DCFH-DA to detect
ROS, with green uorescence observed using an inverted uo-
rescence microscope (Leica, Germany).

4.3.10 Western Blot assay. HT-29 cells (1 × 106 cells per
well) were seeded into 6 well plates and incubated overnight.
Cells were treated with NC-19 (5, 10, 20 mM) or DMSO (control)
for 24 hours, lysed using RIPA lysis buffer with protease and
phosphatase inhibitors, and the supernatants were collected
aer centrifugation (15000g× 10 min at 4 °C). Total protein was
measured using the Enhanced BCA protein assay kit. Equal
amounts of protein (25 mg) were loaded onto SDS-PAGE gels,
transferred to PVDF membranes, and blocked for 1 hour.
Membranes were incubated with primary antibodies overnight
at 4 °C, washed three times, and then incubated with secondary
antibodies for 1 hour, followed by three additional washes.
Protein bands were visualized using the BeyoECL Plus kit on
a ChemiDoc XRS+ system (Bio-Rad, USA) and quantied using
the ImageJ (NIH, USA).
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.3.11 Statistical analysis. Statistical analysis was analyzed
by one-way analysis of variance followed by the Dunnett test
using GraphPad Prism soware. Data were shown as average ±

standard deviation. Independent experiments were performed
at least three times. *p < 0.05; **p < 0.01; ***p < 0.001, ****p <
0.0001 compared with control (compare all columns vs. control
column).
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