
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:5

8:
29

 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
View Journal  | View Issue
Design, synthesis
aKey Laboratory of Natural Medicine and

Henan University Jinming Campus, Kai

liangting910710@126.com
bHuaihe Hospital of Henan University, Kaife
cDepartment of Medicinal Chemistry, Jiang

Optimization, China Pharmaceutical Univer

† Electronic supplementary informa
https://doi.org/10.1039/d3ra05720h

‡ These authors contributed equally to th

Cite this: RSC Adv., 2023, 13, 30202

Received 22nd August 2023
Accepted 9th October 2023

DOI: 10.1039/d3ra05720h

rsc.li/rsc-advances

30202 | RSC Adv., 2023, 13, 30202–
and biological evaluation of
tetrahydroquinoxaline sulfonamide derivatives as
colchicine binding site inhibitors†

Haiyang Dong,‡a Lu Lu,‡a Xueting Song,a Youkang Li,a Jinguang Zhou,b Yungen Xu,c

Yahong Zhang,a Jianguo Qi,a Tingting Liang *a and Jianhong Wang*a

Colchicine binding site inhibitors (CBSIs) are potential microtubule targeting agents (MTAs), which can

overcome multidrug resistance, improve aqueous solubility and reduce toxicity faced by most MTAs.

Novel tetrahydroquinoxaline sulfonamide derivatives were designed, synthesized and evaluated for their

antiproliferative activities. The MTT assay results demonstrated that some derivatives exhibited moderate

to strong inhibitory activities against HT-29 cell line. Among them, compound I-7 was the most active

compound. Moreover, I-7 inhibited tubulin polymerization, disturbed microtubule network, disrupted the

formation of mitotic spindle and arrested cell cycle at G2/M phase. However, I-7 didn't induce cell

apoptosis. Furthermore, the prediction of ADME demonstrated that I-7 showed favorable physiochemical

and pharmacokinetic properties. And the detailed molecular docking confirmed I-7 targeted the site of

colchicine through hydrogen and hydrophobic interactions.
1. Introduction

Cancer is a multifactorial disease and one of the two leading
causes of death, and the incidence and mortality are rapidly
growing worldwide. Based on the latest Global Cancer Statistics,
there are an estimated 1.96 million new cases and nearly 0.61
million deaths in United States in 2023.1 Therefore, it is
imperative to develop new anticancer drugs, and chemotherapy,
especially microtubule targeting agents (MTAs), have been
successfully used for cancer treatment.2 Microtubules are
dynamic polymers composed of a and b heterodimer, and play
important roles in many cellular functions such as maintaining
cell shape, mitosis, cell movement and intracellular transport.
MTAs promote or inhibit tubulin polymerization to interfere
with tubulin dynamic and play anticancer efficacy.3 Up till now,
some MTAs (e.g., paclitaxel and vinorelbine) have been
approved for treating various malignant tumors such as breast
cancer and non-small cell lung cells.4,5 However, their clinical
applications are hampered by multidrug resistance, toxicities
and low bioavailability.6,7
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Colchicine binding site is located primarily within b tubulin
and at the interface of a and b tubulin, which is shaped by
strands S7, S8, S9 and S10, loop T7, helices H7 and H8 of
b tubulin and loop T5 of a tubulin.8,9 The compounds which
bind to the colchicine binding site inhibit the structural tran-
sition of curved-to-straight to prevent the microtubule forma-
tion.10 Recently, colchicine binding site inhibitors (CBSIs) have
attracted more and more attentions in medicinal chemistry,
due to the potential ability to circumvent the multidrug resis-
tance associated with other MTAs such as taxane and vinca
alkaloid binding site inhibitors.11–13 In addition to inducing G2/
M phase arrest, CBSIs exhibit potent vascular disrupting
effects.14–16 Over the past few years, many CBSIs have been re-
ported, moreover, some of them have entered into clinical trials
(Fig. 1).17–22 Nevertheless, no CBSIs have been approved for
clinical applications because of systemic toxicities, inadequate
efficacies or poor pharmacokinetic properties. Therefore, it is
urgent to develop novel colchicine binding site inhibitors to
conquer these limitations.

Sulfonamide derivatives are signicant potential
compounds with diverse biological activities, such as anti-
bacterial, antiviral, antidepressant and anticancer.23–25

Initially, sulfonamides were developed as synthetic antibacte-
rial agents to inhibit bacterial growth, for example sulfadi-
methoxine and sulfamethoxazole.26 Subsequently,
sulfonamide derivatives were found to act as diuretics, such as
carbonic anhydrase inhibitors (acetazolamide), Na+–Cl−

cotransport inhibitors (hydrochlorothiazide), Na+–K+–2Cl−

cotransport inhibitors (furosemide).27,28 Moreover, sulfon-
amide derivatives also act as hypoglycemic drugs to promote
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Some representative colchicine binding site inhibitors (CBSIs).
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insulin secretion (glimepiride).29 In recent decades, some
sulfonamides have been developed as anticancer agents, such
as topoisomerase II poison amsacrine, HDAC inhibitor beli-
nostat and JAK2/FLT3 dual inhibitor fedratinib (Fig. 2).30–32 As
stated above, sulfonamide derivatives play signicant roles in
medicinal chemistry.
Fig. 2 Some representative FDA-approved drugs containing sulfonamid

© 2023 The Author(s). Published by the Royal Society of Chemistry
Our group have reported quinoxaline-2,3(1H,4H)-dione, 3,4-
dihydroquinoxalin-2(1H)-one and 1,2,3,4-tetrahydroquinoxa-
line derivatives as colchicine binding site inhibitors (Fig. 3).33–35

In medicinal chemistry, bioisosterism is used as a common
strategy for drug design, and sulfonamide moiety is an effective
bioisostere for amide group. Therefore, based on our previous
e moiety.
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Fig. 3 Structures of CBSIs discovered by our group.

Fig. 4 Design of the target compounds.

Scheme 1 Reagents and conditions: (a) corresponding sulfonyl
chloride, DMAP (cat.), TEA, anhydrous DCM, rt, 2 h.
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work, we replaced the amide with the sulfonamide to design
novel colchicine binding site inhibitors and complement the
structure–activity relationships (Fig. 4). Herein, in this report,
we described the design, synthesis and biological evaluations of
tetrahydroquinoxaline sulfonamide derivatives. And the most
Scheme 2 Reagents and conditions: (a) benzylamine, K2CO3, MeCN, refl
(d) BH3–THF, anhydrous THF, 0 °C, 30 min then rt, 12 h; (e) correspondin
Ni, H2, MeOH, 60 °C, 4 h.

30204 | RSC Adv., 2023, 13, 30202–30216
active compound was evaluated for the effects on tubulin
polymerization, cell cycle and cell apoptosis. Moreover, the
physiochemical and pharmacokinetic properties and the
binding mode were predicted in silico studies.
2. Results and discussion
2.1. Chemistry

Synthesis of the target compounds were presented in Schemes 1
and 2. Commercially available material 1,2,3,4-tetrahy-
droquinoxaline 1 was reacted with corresponding sulfonyl
chloride in the presence of TEA and DMAP in anhydrous DCM
to yield the target compounds I-1–I-4 (Table 1). Raw materials 2
and benzylamine were reacted to synthesize intermediates 3,
which were reduced with hydrogen and Pd/C to produce
diamines 4. Diamines 4 were cyclized with diethyl oxalate to
give intermediates 5, followed by reduction to obtain interme-
diates 6, which were reacted with corresponding sulfonyl chlo-
ride and subsequently deprotected with Raney Ni to furnish the
target compounds I-5–I-26 (Table 1).
2.2. Biological evaluations

2.2.1. In vitro cell growth inhibitory activities. The inhibi-
tory activities of all compounds were evaluated towards human
colon cancer cells HT-29 by MTT assay. The cell growth inhib-
itory ratio of HT-29 was assessed at the concentration of 1, 5 and
10 mM aer incubating for 48 h. As shown in Fig. 5, compounds
ux, 1.5 h; (b) 10% Pd/C, H2, MeOH, rt, 2 h; (c) diethyl oxalate, 140 °C, 4 h;
g sulfonyl chloride, DMAP (cat.), TEA, anhydrous DCM, rt, 2 h; (f) Raney

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structures of synthesized target compounds

Compd R1 R2 Compd R1 R2

I-1 H I-14 –OMe

I-2 H I-15 –OMe

I-3 H I-16 –OMe

I-4 H I-17 –OMe

I-5 –OMe I-18 –OMe

I-6 –OMe I-19 –OMe

I-7 –OMe I-20 –OMe

I-8 –OMe I-21 –OMe

I-9 –OMe I-22 –OMe

I-10 –OMe I-23 –OMe

I-11 –OMe I-24 Et –OMe

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 30202–30216 | 30205
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Table 1 (Contd. )

Compd R1 R2 Compd R1 R2

I-12 –OMe I-25 –COOMe

I-13 –OMe I-26 –COOMe

Table 2 In vitro antiproliferative activities of I-7 and I-26

Compd

IC50 � SDa (mM)

HT-29 HepG2 Hela MCF-7

I-7 2.20 � 0.07 4.64 � 0.57 2.84 � 0.15 7.52 � 1.86
I-26 17.52 � 4.04 11.51 � 4.42 10.90 � 1.83 12.85 � 3.42
ABT-751 1.56 � 0.01 2.16 � 0.34 1.65 � 0.06 1.73 � 0.08

a IC50 values are indicated as the concentration that causes 50%
inhibition of cell growth and are expressed as the means of at least
three independent experiments.
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I-6, I-7, I-17, I-19, I-21, I-23 and I-26 resulted in the more than
30% inhibition at the concentration of 10 mM.

Preliminary structure–activity relationships were discussed
as below. Compounds with methoxy group (R2) on the tetrahy-
droquinoxaline ring (I-5–I-24) exhibited better inhibitory activ-
ities than unsubstituted compounds (I-1–I-4) and compounds
with methoxycarbonyl (I-25, I-26). When R2 was methoxy group,
R1 was substituted phenyl group, the investigation focused on
the property, position and number of substituents. Compounds
with electron-donating groups (OMe, NH2) or electron-
withdrawing group (CF3) at C4 position were more active than
compound with larger group (t-Bu). Meanwhile, the number of
substituents on the phenyl group have an important effect on
the inhibitory activity. Disubstituted compounds (I-10, I-11)
showed decreased activities compared with monosubstituted
compound (I-7). However, diuorinated compounds (I-21)
exhibited improved activities compared with monouorinated
Fig. 5 Inhibition of all target compounds against HT-29 cells at the con

30206 | RSC Adv., 2023, 13, 30202–30216
compound (I-18). Replacing the substituted phenyl group with
naphthyl group produced compound I-23, which showed
moderate antiproliferative activity. However, when the phenyl
centration of 1, 5 and 10 mM after 48 h incubation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of compound I-7 onmicrotubule polymerization in vitro.
Colchicine and paclitaxel were used as controls. The fluorescence was
monitored at 37 °C after treated with these tested compounds.
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group was replaced with ethyl group, compound I-24 totally lost
the inhibitory activity.

On the basis of these analysis, compounds I-7 and I-26 were
chosen to evaluate their antiproliferative activities against other
Fig. 7 Effects of compounds I-7 and I-26 on the cellular microtubule ne
taxol were used as controls. Cells were stained with Hoechst 33342 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
cancer cells, and ABT-751 was selected as the positive control.
As described in Table 2, both compounds displayed the inhib-
itory activities against these four cancer cells, and I-7 showed
stronger activity than I-26.

2.2.2. Compound I-7 inhibited tubulin polymerization.
Next, the tubulin polymerization assay was performed to eval-
uate the effect of I-7 on tubulin polymerization, while colchicine
and paclitaxel were used as controls. As shown in Fig. 6, I-7
inhibited tubulin polymerization, which was similar with the
microtubule depolymerization agent colchicine, while the
microtubule polymerization agent paclitaxel promoted tubulin
polymerization under the same condition, demonstrating that
I-7 was able to inhibit tubulin polymerization in vitro.

Due to inhibition of tubulin polymerization would disturb
the formation of microtubule network and destruct the cyto-
skeleton, immunouorescence staining assay was subsequently
performed to evaluate the effect of compounds on morpholog-
ical characteristics of the microtubule in HT-29 cells. The cells
were treated with compounds I-7 and I-26, taxol and CA-4 were
used as controls. As shown in Fig. 7, both compounds could
inhibit tubulin polymerization and disrupt microtubule
morphology in HT-29 cells, which were similar to CA-4. In
contrast, taxol played an opposite effect of promoting tubulin
twork and microtubule reassemble by immunofluorescence. CA-4 and
anti-b-tubulin-Cy3 antibody.

RSC Adv., 2023, 13, 30202–30216 | 30207
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Fig. 8 Compound I-7 arrested cell cycle at G2/M phase in a concentration-dependent manner in HeLa cells. (A) HeLa cells were treated with I-7
at 4, 8 and 12 mM for 24 h, and the cell cycle was analyzed by flow cytometer with PI straining. (B) Cell cycle distribution.

Table 3 Predicted ADME profile of compound I-7

Comp. MWa log Pb log Swc tPSAd GIe P-gpf Lipinskig Veberh

I-7 334.39 2.33 −3.5 76.25 High No 0 0

a Molecular weight. b log P was computed by the XLOGP3 method. c log
Sw is water solubility calculated by the ESOL method. d Molecular polar
surface area. e GI means gastrointestinal absorption. f P-gp means P-
glycoprotein substrate. g Violation of the rule of ve. h Veber's rule.
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polymerization and increasing microtubule bundles. In
summary, it turned out that compounds I-7 and I-26 were
microtubule depolymerization agents.

2.2.3. Compound I-7 arrested cell cycle at G2/M phase.
Flow cytometry analysis was used to investigate the effect of
compound I-7 on cell cycle progression with propidium iodide
(PI) staining. As indicated in Fig. 8, compound I-7 increased the
proportion of cells in G2/M phase and reduced the proportion
of cells in G0/G1 phase, implying I-7 arrested cell cycle at G2/M
phase in a concentration-dependent manner.
Fig. 9 Effect of apoptosis in HeLa cells induced by I-7. HeLa cells were treated with I-7 at 0.5, 1, 2, 4 and 8 mM for 48 h. The cells were harvested,
stained with annexin-V FITC and PI, and analyzed by flow cytometry.

30208 | RSC Adv., 2023, 13, 30202–30216 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Proposed binding mode of the most active compound I-7 in the binding site of tubulin (PDB: 1SA0). (B) Overlap of compound I-7
(yellow) and DAMA-colchicine (green).
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2.2.4. Effect of apoptosis induced by I-7. Cell apoptosis is
the main form of cell death aer the cells were treated with
microtubule depolymerization agents to arrest cell cycle at G2/
M phase. Therefore, to evaluate whether I-7 could trigger cell
apoptosis, ow cytometric assay was used for I-7 on HeLa cells.
As shown in Fig. 9, the population of apoptotic cells was rela-
tively small even though the concentration of I-7was up to 8 mM,
suggesting that I-7 didn't trigger cell apoptosis, instead of other
cell death such as ferroptosis and necrosis, which was different
with our previous reported compounds.

2.2.5. Prediction of druglike properties of I-7. The ADME
prole of the most potent compound I-7 was predicted using
the web tool SwissADME.36 As demonstrated in Table 3, I-7 was
predicted to exhibit promising physicochemical and pharma-
cokinetic properties as it did not violate the Lipinski and Veber
rules, and showedmoderate water solubility and high intestinal
absorbance (log P value measured by the shake-ask method is
1.15). Meanwhile, based on the predicted results, I-7was not the
substrate of P-gp, a transmembrane efflux transporter, implying
I-7 may overcome drug resistance caused by the multidrug
resistance (MDR) efflux pump.

2.2.6. Binding mode of compound I-7 with tubulin. To
investigate the binding mode of tetrahydroquinoxaline sulfon-
amide derivatives with tubulin, molecular docking study was
carried out using Maestro 11.5. The cocrystal structure of tubulin
with DAMA-colchicine (PDB: 1SA0) was obtained from RCSB
protein bank. As demonstrated in Fig. 10, tetrahydroquinoxaline
group was located at the interface of a and b tubulin, and formed
hydrophobic interaction with bAsn258, bMet259 and bLys352.
Besides these, one hydrogen bond was formed between NH and
aThr179. Meanwhile, 4-methoxy phenyl was occupied in a deeply
hydrophobic pocket in b tubulin.
3. Conclusions

In the present study, we disclosed the design, synthesis and
biological evaluation of tetrahydroquinoxaline sulfonamide
derivatives based on our previous work. Antiproliferative assays
suggested that some of these synthesized compounds displayed
© 2023 The Author(s). Published by the Royal Society of Chemistry
moderate to strong inhibitory activities and structure–activity
relationships were summarized. Among all these target
compounds, compound I-7 exhibited excellent antiproliferative
activities against all tested cancer cells. Further biological
analyses demonstrated that compound I-7 inhibited tubulin
polymerization and arrested cell cycle at G2/M phase. However,
compound I-7 didn't induce cell apoptosis aer mitotic arrest,
instead of other cell death. Besides these, physiochemical and
pharmacokinetic properties were predicted by SwissADME, and
the predicted results demonstrated that I-7 had satisfactory
drug-like criteria and deserved further modication. In addi-
tion, molecular docking study predicted the binding mode of
compound I-7 with the colchicine binding site. Taken together,
compound I-7 was a potent colchicine binding site inhibitor.
4. Materials and methods
4.1. Chemistry

4.1.1. General information. Unless otherwise specied, all
solvents and reagents were commercially obtained and used
without further purication. Thin layer chromatography was
used tomonitor the reactions. And the reactions were puried by
ash column chromatography. All synthesized compounds were
veried by NMR and HRMS. 1H NMR (300 MHz) and 13C NMR
(75 MHz) spectra were recorded with Bruker ADVANCE 300 and
referenced to deuterium chloroform (CDCl3) or deuterium
dimethyl sulfoxide (DMSO-d6). The coupling constants J were
reported in Hertz (Hz), and the splitting abbreviations used were
as follows: singlet (s), doublet (d), triplet (t), multiplet (m), broad
resonances (br). High-resolution mass spectra (HRMS) were
tested on Thermo Q Exactive Focus mass spectrometer. Purity of
the target compounds were detected by HPLC system, the
detailed method is as follow: Instrument: SHIMADZU Labsolu-
tions instrument with an BDS Hypersil C18 column (4.6 mm ×

250 mm, 5 mm); wave length: 254 nm; temperature: 30 °C; ow
rate: 1.0 mLmin−1; injection: 20 mL; mobile phase: A phase: H2O;
B phase: MeOH; isocratic elution: 95% MeOH + 5% H2O.

4.1.2. Synthesis of N-benzyl-5-methoxy-2-nitroaniline (3-1).
To a solution of benzylamine (2.07 g, 19.28 mmol) in MeCN (40
RSC Adv., 2023, 13, 30202–30216 | 30209
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mL) was added 3-uoro-4-nitroanisole (3.00 g, 17.50 mmol) and
K2CO3 (4.84 g, 35.02 mmol), then the mixture was reuxed until
the starting materials disappeared on TLC (PE : EtOAc = 5 : 1).
Once the reaction was complete, the reaction mixture was
cooled to room temperature, ltrated. The ltrate was washed
with water (20 mL × 3) and brine (20 mL × 3), dried with
Na2SO4, ltered and evaporated to produce a crude product
(3.92 g, 86.6%) as a yellow solid. Without further purication,
the crude intermediate was used directly. 1H NMR (300 MHz,
DMSO-d6) d 8.87 (t, J= 5.7 Hz, 1H), 8.06 (d, J= 9.7 Hz, 1H), 7.46–
7.41 (m, 2H), 7.40–7.34 (m, 2H), 7.32–7.27 (m, 1H), 6.35–6.25
(m, 2H), 4.64 (d, J = 5.9 Hz, 2H), 3.74 (s, 3H).

4.1.3. Synthesis of methyl 3-(benzylamino)-4-nitrobenzoate
(3-2). Orange solid (1.21 g, 84.2%). 1H NMR (300 MHz, CDCl3)
d 8.34 (t, J = 5.6 Hz, 1H), 8.24 (d, J = 8.9 Hz, 1H), 7.59 (d, J =
1.5 Hz, 1H), 7.41–7.30 (m, 5H), 7.26 (dd, J= 8.9, 1.7 Hz, 1H), 4.59
(d, J = 5.5 Hz, 2H), 3.91 (s, 3H).

Synthesis of intermediates 4-1, 4-2, 5-1, 5-2, 6-1 and 6-2 were
similar with the methods reported by our previous published
literature.35

4.1.4. Synthesis of N1-benzyl-5-methoxybenzene-1,2-
diamine (4-1). Gray oil (679 mg, 93.9%). 1H NMR (300 MHz,
CDCl3) d 7.50–7.35 (m, 5H), 6.73 (d, J = 8.3 Hz, 1H), 6.36 (d, J =
2.7 Hz, 1H), 6.28 (dd, J = 8.3, 2.7 Hz, 1H), 4.37 (s, 2H), 3.79 (s,
3H), 3.16 (br, 3H).

4.1.5. Synthesis of methyl 4-amino-3-(benzylamino)
benzoate (4-2). Orange oil (0.75 g, 70.1%). 1H NMR (300 MHz,
CDCl3) d 7.48 (dd, J= 8.0, 1.8 Hz, 1H), 7.45–7.27 (m, 6H), 6.71 (d,
J = 8.0 Hz, 1H), 4.33 (s, 2H), 3.85 (s, 3H), 3.78 (br, 2H), 3.41 (s,
1H).

4.1.6. Synthesis of 1-benzyl-7-methoxy-1,4-
dihydroquinoxaline-2,3-dione (5-1). Brown solid (95 mg,
76.9%). Without further purication, the crude intermediate
was used directly.

4.1.7. Synthesis of methyl 4-benzyl-2,3-dioxo-1,2,3,4-
tetrahydroquinoxaline-6-carboxylate (5-2). Offwhite solid
(857 mg, 70.8%).

4.1.8. Synthesis of 1-benzyl-7-methoxy-1,2,3,4-
tetrahydroquinoxaline (6-1). White solid (0.35 g, 38.8%). 1H
NMR (300 MHz, CDCl3) d 7.28–7.14 (m, 6H), 6.39 (d, J = 8.3 Hz,
1H), 6.14–6.00 (m, 2H), 4.36 (s, 2H), 3.57 (s, 3H), 3.33 (s, 4H).

4.1.9. Synthesis of methyl 4-benzyl-1,2,3,4-
tetrahydroquinoxaline-6-carboxylate (6-2). Yellow oil (490 mg,
67.3%). 1H NMR (300MHz, CDCl3) d 7.36–7.21 (m, 7H), 6.42 (d, J
= 8.0 Hz, 1H), 4.42 (s, 2H), 4.28 (s, 1H), 3.77 (s, 3H), 3.40 (t, J =
5.1 Hz, 2H), 3.22 (t, J = 5.1 Hz, 2H).

4.1.10. Synthesis of 4-benzyl-6-methoxy-1-tosyl-1,2,3,4-
tetrahydroquinoxaline (7-1). To the solution of 6-1 (300 mg,
1.18 mmol) in DCM (40 mL) was added DMAP (43 mg, 0.35
mmol), TEA (239 mg, 2.36 mmol), the reaction mixture was
cooled to 0 °C, then tosyl chloride (248 mg, 1.30 mmol) in DCM
was added to the reaction mixture. The mixture was stirred at
room temperature for 2 h and monitored by TLC. Then the
mixture was concentrated and re-dissolved with EtOAc (20 mL),
washed with 0.1 mol L−1 HCl (20 mL × 3), water (20 mL × 3)
and brine (20 mL × 3), dried over Na2SO4, ltered and evapo-
rated to obtain 7-1 (406 mg, 81.8%) as a white solid. 1H NMR
30210 | RSC Adv., 2023, 13, 30202–30216
(300 MHz, CDCl3) d 7.64 (d, J = 8.8 Hz, 1H), 7.48 (d, J = 8.3 Hz,
2H), 7.29–7.20 (m, 5H), 6.89–6.82 (m, 2H), 6.32 (dd, J = 8.9,
2.7 Hz, 1H), 6.10 (d, J = 2.7 Hz, 1H), 4.26 (s, 2H), 3.90 (t, J =
5.4 Hz, 2H), 3.73 (s, 3H), 2.98 (t, J = 5.4 Hz, 2H), 2.47 (s, 3H).

Intermediates 7-2–7-21 and the target compounds I-1–I-4
were synthesized following a similar method of compound 7-1.

4.1.11. Synthesis of 4-benzyl-6-methoxy-1-(m-tolylsulfonyl)-
1,2,3,4-tetrahydroquinoxaline (7-2). White solid (407 mg,
83.3%). 1H NMR (300 MHz, CDCl3) d 7.64–7.55 (m, 1H), 7.42–
7.28 (m, 4H), 7.24–7.16 (m, 3H), 6.85–6.74 (m, 2H), 6.33–6.25
(m, 1H), 6.09–6.03 (m, 1H), 4.20 (s, 2H), 3.86 (t, J = 5.6 Hz, 2H),
3.69 (s, 3H), 2.95 (t, J = 5.2 Hz, 2H), 2.32 (s, 3H).

4.1.12. Synthesis of 4-benzyl-6-methoxy-1-((4-
methoxyphenyl)sulfonyl)-1,2,3,4-tetrahydroquinoxaline (7-3).
White solid (393 mg, 78.4%). 1H NMR (300 MHz, CDCl3) d 7.59
(d, J = 8.8 Hz, 1H), 7.46 (d, J = 8.9 Hz, 2H), 7.23–7.14 (m, 3H),
6.87 (d, J = 8.9 Hz, 2H), 6.82–6.72 (m, 2H), 6.26 (dd, J = 8.8,
2.7 Hz, 1H), 6.04 (d, J = 2.6 Hz, 1H), 4.24 (s, 2H), 3.88–3.83 (m,
5H), 3.68 (s, 3H), 2.98 (t, J = 5.4 Hz, 2H).

4.1.13. Synthesis of 4-benzyl-6-methoxy-1-((3-
methoxyphenyl)sulfonyl)-1,2,3,4-tetrahydroquinoxaline (7-4).
White solid (417 mg, 77.2%). 1H NMR (300 MHz, CDCl3) d 7.62
(d, J = 8.8 Hz, 1H), 7.36–7.27 (m, 1H), 7.24–7.16 (m, 4H), 7.13–
7.05 (m, 1H), 6.93–6.88 (m, 1H), 6.82–6.74 (m, 2H), 6.28 (dd, J =
8.8, 2.4 Hz, 1H), 6.05 (d, J = 2.3 Hz, 1H), 4.21 (s, 2H), 3.86 (t, J =
5.9 Hz, 2H), 3.67 (s, 3H), 3.60 (s, 3H), 2.94 (t, J = 5.3 Hz, 2H).

4.1.14. Synthesis of 4-benzyl-6-methoxy-1-((2-
methoxyphenyl)sulfonyl)-1,2,3,4-tetrahydroquinoxaline (7-5).
White solid (412 mg, 82.2%). 1H NMR (300 MHz, CDCl3) d 7.95
(dd, J = 7.8, 1.7 Hz, 1H), 7.58–7.48 (m, 1H), 7.36 (d, J = 8.8 Hz,
1H), 7.31–7.23 (m, 3H), 7.09–6.99 (m, 3H), 6.89 (d, J = 8.3 Hz,
1H), 6.22 (dd, J = 8.8, 2.7 Hz, 1H), 6.15 (d, J = 2.7 Hz, 1H), 4.37
(s, 2H), 3.85 (t, J = 5.2 Hz, 2H), 3.67 (s, 3H), 3.49 (s, 3H), 3.12 (t, J
= 5.2 Hz, 2H).

4.1.15. Synthesis of 4-benzyl-1-((3,4-dimethoxyphenyl)
sulfonyl)-6-methoxy-1,2,3,4-tetrahydroquinoxaline (7-6). White
solid (424 mg, 56.9%). 1H NMR (300 MHz, CDCl3) d 7.68 (d, J =
8.8 Hz, 1H), 7.39–7.30 (m, 2H), 7.26–7.23 (m, 2H), 6.89 (d, J =
8.5 Hz, 1H), 6.82–6.76 (m, 3H), 6.32 (dd, J= 8.8, 2.7 Hz, 1H), 6.08
(d, J = 2.7 Hz, 1H), 4.28 (s, 2H), 3.97 (s, 3H), 3.90 (t, J = 5.4 Hz,
2H), 3.71 (s, 3H), 3.62 (s, 3H), 3.01 (t, J = 5.4 Hz, 2H).

4.1.16. Synthesis of 4-benzyl-1-((2,4-dimethoxyphenyl)
sulfonyl)-6-methoxy-1,2,3,4-tetrahydroquinoxaline (7-7). White
solid (444 mg, 72.8%). 1H NMR (300 MHz, CDCl3) d 7.81 (d, J =
8.7 Hz, 1H), 7.39 (d, J = 8.7 Hz, 1H), 7.31–7.15 (m, 3H), 7.02 (d, J
= 6.9 Hz, 2H), 6.47 (dd, J = 8.8, 2.3 Hz, 1H), 6.36 (d, J = 2.3 Hz,
1H), 6.19 (dd, J = 8.8, 2.6 Hz, 1H), 6.13 (d, J = 2.7 Hz, 1H), 4.35
(s, 2H), 3.88–3.75 (m, 5H), 3.63 (s, 3H), 3.40 (s, 3H), 3.09 (t, J =
5.1 Hz, 2H).

4.1.17. Synthesis of 4-benzyl-1-((2,5-dimethoxyphenyl)
sulfonyl)-6-methoxy-1,2,3,4-tetrahydroquinoxaline (7-8). White
solid (450 mg, 84.4%). 1H NMR (300 MHz, CDCl3) d 7.38 (d, J =
3.2 Hz, 1H), 7.29 (d, J= 8.8 Hz, 1H), 7.20–7.14 (m, 3H), 7.02–6.94
(m, 3H), 6.76 (d, J = 9.0 Hz, 1H), 6.14 (dd, J = 8.8, 2.6 Hz, 1H),
6.07 (d, J = 2.6 Hz, 1H), 4.29 (s, 2H), 3.76 (t, J = 5.3 Hz, 2H), 3.68
(s, 3H), 3.58 (s, 3H), 3.38 (s, 3H), 3.06 (t, J = 5.2 Hz, 2H).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.1.18. Synthesis of 4-benzyl-6-methoxy-1-((4-nitrophenyl)
sulfonyl)-1,2,3,4-tetra-hydroquinoxaline (7-9). White solid
(427mg, 69.0%). 1H NMR (300MHz, CDCl3) d 8.19 (d, J= 8.8 Hz,
2H), 7.66 (d, J = 8.8 Hz, 2H), 7.59 (d, J = 8.8 Hz, 1H), 7.20–7.10
(m, 3H), 6.84–6.76 (m, 2H), 6.31 (dd, J= 8.9, 2.6 Hz, 1H), 6.17 (d,
J = 2.6 Hz, 1H), 4.20 (s, 2H), 3.92 (t, J = 5.4 Hz, 2H), 3.73 (s, 3H),
2.94 (t, J = 5.5 Hz, 2H).

4.1.19. Synthesis of 4-benzyl-6-methoxy-1-((4-
(triuoromethoxy)phenyl)sulfonyl)-1,2,3,4-
tetrahydroquinoxaline (7-10). White solid (385 mg, 68.3%). 1H
NMR (300 MHz, CDCl3) d 7.66–7.58 (m, 3H), 7.31–7.25 (m, 5H),
6.93–6.86 (m, 2H), 6.34 (dd, J = 8.9, 2.7 Hz, 1H), 6.13 (d, J =
2.7 Hz, 1H), 4.21 (s, 2H), 3.92 (t, J= 5.5 Hz, 2H), 3.75 (s, 3H), 2.99
(t, J = 5.5 Hz, 2H).

4.1.20. Synthesis of 4-benzyl-6-methoxy-1-((4-
(triuoromethyl)phenyl)sulfonyl)-1,2,3,4-
tetrahydroquinoxaline (7-11). White solid (464 mg, 70.2%). 1H
NMR (300 MHz, CDCl3) d 7.73–7.63 (m, 4H), 7.59 (d, J = 8.9 Hz,
1H), 7.24–7.17 (m, 3H), 6.85–6.78 (m, 2H), 6.30 (dd, J = 8.9,
2.6 Hz, 1H), 6.09 (d, J = 2.6 Hz, 1H), 4.18 (s, 2H), 3.89 (t, J =
5.4 Hz, 2H), 3.70 (s, 3H), 2.94 (t, J = 5.5 Hz, 2H).

4.1.21. Synthesis of 4-benzyl-1-((4-(tert-butyl)phenyl)
sulfonyl)-6-methoxy-1,2,3,4-tetrahydroquinoxaline (7-12).
White solid (442 mg, 76.4%). 1H NMR (300 MHz, CDCl3) d 7.61
(d, J = 8.8 Hz, 1H), 7.55–7.46 (m, 4H), 7.29–7.23 (m, 3H), 7.00–
6.94 (m, 2H), 6.33 (dd, J = 8.8, 2.7 Hz, 1H), 6.11 (d, J = 2.7 Hz,
1H), 4.16 (s, 2H), 3.88 (t, J = 5.4 Hz, 2H), 3.74 (s, 3H), 2.92 (t, J =
5.5 Hz, 2H), 1.37 (s, 9H).

4.1.22. Synthesis of 4-benzyl-6-methoxy-1-((3-
(triuoromethyl)phenyl)sulfonyl)-1,2,3,4-
tetrahydroquinoxaline (7-13). White solid (449 mg, 71.4%). 1H
NMR (300 MHz, CDCl3) d 7.90 (d, J = 7.8 Hz, 1H), 7.81–7.59 (m,
2H), 7.59 (dd, J = 7.8, 1.4 Hz, 1H), 7.32–7.18 (m, 4H), 6.96 (dd, J
= 7.2, 2.4 Hz, 2H), 6.20 (dd, J = 8.8, 2.6 Hz, 1H), 6.14 (d, J =
2.6 Hz, 1H), 4.33 (s, 2H), 3.91 (t, J= 5.3 Hz, 2H), 3.68 (s, 3H), 3.15
(t, J = 5.3 Hz, 2H).

4.1.23. Synthesis of 4-benzyl-1-((2-uorophenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahydroquinoxaline (7-14). White solid
(357 mg, 73.5%). 1H NMR (300 MHz, CDCl3) d 7.82 (ddd, J =
7.9, 6.9, 1.8 Hz, 1H), 7.66–7.56 (m, 1H), 7.47 (d, J = 8.8 Hz,
1H), 7.33–7.24 (m, 4H), 7.22–7.14 (m, 1H), 6.99 (dd, J = 6.7,
2.8 Hz, 2H), 6.28 (dd, J = 8.8, 2.7 Hz, 1H), 6.18 (d, J = 2.7 Hz,
1H), 4.40 (s, 2H), 3.98 (t, J = 5.3 Hz, 2H), 3.71 (s, 3H), 3.25 (t, J
= 5.4 Hz, 2H).

4.1.24. Synthesis of 4-benzyl-1-((3,5-diuorophenyl)
sulfonyl)-6-methoxy-1,2,3,4-tetrahydroquinoxaline (7-15).
White solid (421 mg, 75.9%). 1H NMR (300 MHz, CDCl3) d 7.55
(d, J= 8.8 Hz, 1H), 7.29–7.18 (m, 3H), 7.13–7.02 (m, 2H), 6.97 (d,
J = 2.3 Hz, 1H), 6.93–6.81 (m, 2H), 6.30 (dd, J = 8.9, 2.7 Hz, 1H),
6.14 (d, J = 2.7 Hz, 1H), 4.27 (s, 2H), 3.87 (t, J = 5.5 Hz, 2H), 3.71
(s, 3H), 2.99 (t, J = 5.5 Hz, 2H).

4.1.25. Synthesis of 4-benzyl-1-((3,4-diuorophenyl)
sulfonyl)-6-methoxy-1,2,3,4-tetrahydroquinoxaline (7-16).
White solid (424 mg, 78.6%). 1H NMR (300 MHz, CDCl3) d 7.55
(d, J = 8.8 Hz, 1H), 7.39–7.31 (m, 1H), 7.30–7.20 (m, 4H), 7.17–
7.10 (m, 1H), 6.88–6.80 (m, 2H), 6.28 (dd, J = 8.9, 2.6 Hz, 1H),
© 2023 The Author(s). Published by the Royal Society of Chemistry
6.14 (d, J = 2.6 Hz, 1H), 4.25 (s, 2H), 3.87 (t, J = 5.4 Hz, 2H), 3.70
(s, 3H), 2.98 (t, J = 5.5 Hz, 2H).

4.1.26. Synthesis of 4-benzyl-1-((2,6-diuorophenyl)
sulfonyl)-6-methoxy-1,2,3,4-tetrahydroquinoxaline (7-17).
White solid (427 mg, 81.2%). 1H NMR (300 MHz, CDCl3) d 7.54–
7.38 (m, 2H), 7.27–7.17 (m, 3H), 7.02–6.89 (m, 4H), 6.22 (dd, J =
8.8, 2.7 Hz, 1H), 6.14 (d, J = 2.7 Hz, 1H), 4.36 (s, 2H), 3.97 (t, J =
5.0 Hz, 2H), 3.65 (s, 3H), 3.27 (t, J = 5.0 Hz, 2H).

4.1.27. Synthesis of 4-benzyl-6-methoxy-1-(phenylsulfonyl)-
1,2,3,4-tetrahydroquinoxaline (7-18). White solid (395 mg,
84.5%). 1H NMR (300 MHz, CDCl3) d 7.67–7.56 (m, 4H), 7.51–
7.43 (m, 2H), 7.27–7.20 (m, 3H), 6.86–6.78 (m, 2H), 6.33 (dd, J =
8.9, 2.7 Hz, 1H), 6.09 (d, J = 2.7 Hz, 1H), 4.23 (s, 2H), 3.92 (t, J =
5.5 Hz, 2H), 3.73 (s, 3H), 2.97 (t, J = 5.5 Hz, 2H).

4.1.28. Synthesis of 4-benzyl-6-methoxy-1-(naphthalen-1-
ylsulfonyl)-1,2,3,4-tetra-hydroquinoxaline (7-19). White solid
(443mg, 83.1%). 1H NMR (300MHz, CDCl3) d 8.18 (d, J= 1.8 Hz,
1H), 7.94–7.80 (m, 3H), 7.70–7.55 (m, 3H), 7.45 (dd, J = 8.6,
1.9 Hz, 1H), 7.01 (t, J = 7.4 Hz, 1H), 6.83 (t, J = 7.6 Hz, 2H), 6.55
(d, J = 7.3 Hz, 2H), 6.31 (dd, J = 8.8, 2.7 Hz, 1H), 6.01 (d, J =
2.7 Hz, 1H), 4.09 (s, 2H), 3.91 (t, J= 5.4 Hz, 2H), 3.68 (s, 3H), 2.92
(t, J = 5.4 Hz, 2H).

4.1.29. Synthesis of 4-benzyl-1-(ethylsulfonyl)-6-methoxy-
1,2,3,4-tetrahydroquinoxaline (7-20). White solid (342 mg,
80.5%). 1H NMR (300 MHz, CDCl3) d 7.38–7.27 (m, 4H), 7.25–
7.20 (m, 2H), 6.27 (d, J = 2.7 Hz, 1H), 6.23 (dd, J = 8.7, 2.7 Hz,
1H), 4.52 (s, 2H), 3.82 (t, J = 5.4 Hz, 2H), 3.69 (s, 3H), 3.47 (t, J =
5.4 Hz, 2H), 2.97 (q, J = 7.4 Hz, 2H), 1.34 (t, J = 7.4 Hz, 3H).

4.1.30. Synthesis of methyl 4-benzyl-1-tosyl-1,2,3,4-
tetrahydroquinoxaline-6-carboxylate (7-21). White solid
(259mg, 60.8%). 1H NMR (300MHz, CDCl3) d 7.78 (d, J= 8.4 Hz,
1H), 7.44 (d, J = 8.2 Hz, 2H), 7.36 (dd, J = 8.4, 1.4 Hz, 1H), 7.31–
7.27 (m, 1H), 7.24–7.16 (m, 5H), 6.89–6.79 (m, 2H), 4.37 (s, 2H),
3.88 (t, J = 5.1 Hz, 2H), 3.83 (s, 3H), 2.97 (t, J = 5.2 Hz, 2H), 2.41
(s, 3H).

4.1.31. Synthesis of methyl 4-benzyl-1-((4-methoxyphenyl)
sulfonyl)-1,2,3,4-tetrahy-droquinoxaline-6-carboxylate (7-22).
White solid (280 mg, 53.0%). 1H NMR (300 MHz, CDCl3) d 7.79
(d, J = 8.4 Hz, 1H), 7.48 (d, J = 8.9 Hz, 2H), 7.36 (dd, J = 8.4,
1.6 Hz, 1H), 7.29 (d, J= 1.4 Hz, 1H), 7.24–7.17 (m, 3H), 6.90–6.78
(m, 4H), 4.39 (s, 2H), 3.89 (t, J = 5.0 Hz, 2H), 3.85 (s, 3H), 3.84 (s,
3H), 3.01 (t, J = 5.2 Hz, 2H).

4.1.32. Synthesis of 1-tosyl-1,2,3,4-tetrahydroquinoxaline
(I-1). Brown solid (1.60 g, 74.4%). m.p.: 148.3–149.6 °C. HPLC
purity: 99.16%. 1H NMR (300 MHz, CDCl3) d 7.63 (dd, J = 8.2,
1.5 Hz, 1H), 7.43 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.0 Hz, 2H),
7.00–6.92 (m, 1H), 6.70–6.62 (m, 1H), 6.45 (dd, J = 8.0, 1.4 Hz,
1H), 3.83 (br, 1H), 3.74 (t, J= 5.1 Hz, 2H), 2.88 (t, J= 5.2 Hz, 2H),
2.36 (s, 3H). 13C NMR (75 MHz, CDCl3) d 143.73, 137.87, 136.68,
129.70, 127.29, 126.60, 126.22, 121.75, 116.97, 114.77, 43.82,
38.81, 21.59. HRMS (ESI)m/z [M + Na]+ calcd for C15H16N2NaO2S
311.0830, found 311.0823.

4.1.33. Synthesis of 1-((4-methoxyphenyl)sulfonyl)-1,2,3,4-
tetrahydroquinoxaline (I-2). Brown solid (1.59 g, 70.4%). m.p.:
112.6–114.2 °C. HPLC purity: 98.09%. 1H NMR (300 MHz,
CDCl3) d 7.69 (d, J= 8.0 Hz, 1H), 7.53 (d, J= 8.6 Hz, 2H), 7.01 (t, J
= 7.4 Hz, 1H), 6.89 (d, J = 8.6 Hz, 2H), 6.72 (t, J = 7.6 Hz, 1H),
RSC Adv., 2023, 13, 30202–30216 | 30211
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6.50 (d, J = 7.9 Hz, 1H), 3.86 (s, 3H), 3.81 (t, J = 4.9 Hz, 2H), 2.97
(t, J = 4.8 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 163.03, 137.87,
131.24, 129.38, 126.63, 126.44, 121.78, 117.04, 114.70, 114.20,
55.60, 43.78, 38.76. HRMS (ESI) m/z [M + Na]+ calcd for C15-
H16N2NaO3S 327.0779, found 327.0769.

4.1.34. Synthesis of 1-((2-methoxyphenyl)sulfonyl)-1,2,3,4-
tetrahydroquinoxaline (I-3). Brown solid (1.64 g, 72.2%). m.p.:
126.1–127.6 °C. HPLC purity: 99.88%. 1H NMR (300 MHz,
CDCl3) d 7.98 (dd, J = 7.9, 1.7 Hz, 1H), 7.50 (ddd, J = 8.3, 7.4,
1.7 Hz, 1H), 7.41 (dd, J = 8.2, 1.4 Hz, 1H), 7.08–6.99 (m, 1H),
6.94–6.86 (m, 2H), 6.66–6.59 (m, 1H), 6.53 (dd, J = 8.0, 1.5 Hz,
1H), 3.79 (t, J = 4.9 Hz, 2H), 3.56 (s, 3H), 3.10 (t, J = 5.0 Hz, 2H).
13C NMR (75 MHz, CDCl3) d 157.02, 136.84, 134.86, 131.35,
128.18, 125.24, 124.10, 123.91, 120.28, 117.06, 114.52, 112.21,
55.65, 43.93, 40.28. HRMS (ESI) m/z [M + H]+ calcd for
C15H17N2O3S 305.0960, found 305.0951.

4.1.35. Synthesis of 1-((3,4-dimethoxyphenyl)sulfonyl)-
1,2,3,4-tetrahydroquinoxa-line (I-4). Brown solid (1.70 g,
68.4%). m.p.: 135.6–137.1 °C. HPLC purity: 99.18%. 1H NMR
(300 MHz, CDCl3) d 7.69 (dd, J = 8.2, 1.5 Hz, 1H), 7.29 (dd, J =
8.6, 2.1 Hz, 1H), 7.03–6.94 (m, 1H), 6.84 (d, J = 8.5 Hz, 1H), 6.75
(d, J = 2.1 Hz, 1H), 6.72–6.65 (m, 1H), 6.45 (dd, J = 8.0, 1.4 Hz,
1H), 3.90 (s, 3H), 3.77 (t, J = 5.1 Hz, 2H), 3.59 (s, 3H), 2.88 (t, J =
5.2 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 152.61, 148.85, 138.13,
131.23, 126.82, 126.66, 121.75, 120.77, 116.96, 114.59, 110.30,
109.64, 56.12, 55.89, 43.82, 38.38. HRMS (ESI) m/z [M + Na]+

calcd for C16H18N2NaO4S 357.0885, found 357.0876.
4.1.36. Synthesis of 6-methoxy-1-tosyl-1,2,3,4-

tetrahydroquinoxaline (I-5). To a solution of 7-1 (350 mg, 0.86
mmol) in methanol (40 mL) was added Raney Ni, the reaction
mixture was stirred at 60 °C for 4 h under H2, and monitored by
TLC (PE : EtOAc = 2 : 1). Then the reaction mixture was ltered
with Celite, then the ltrate was concentrated under vacuum to
yield the crude product. The crude product was puried by ash
column chromatography (PE : EtOAc = 5 : 1) to produce the
target compound I-5 (202 mg, 74.3%) as a white solid. m.p.:
117.5–119.1 °C. HPLC purity: 99.97%. 1H NMR (300 MHz,
CDCl3) d 7.50 (d, J= 8.9 Hz, 1H), 7.40 (d, J= 8.2 Hz, 2H), 7.16 (d,
J = 8.1 Hz, 2H), 6.23 (dd, J = 8.9, 2.8 Hz, 1H), 5.97 (d, J = 2.7 Hz,
1H), 3.94 (br, 1H), 3.73–3.67 (m, 5H), 2.80 (t, J= 5.1 Hz, 2H), 2.35
(s, 3H). 13C NMR (75 MHz, CDCl3) d 158.55, 143.72, 139.04,
136.48, 129.72, 127.63, 127.32, 114.86, 103.09, 99.06, 55.25,
43.79, 38.35, 21.61. HRMS (ESI) m/z [M + H]+ calcd for
C16H19N2O3S 319.1116, found 319.1110.

The target compounds I-6–I-26 were synthesized following
a similar method of compound I-5.

4.1.37. Synthesis of 6-methoxy-1-(m-tolylsulfonyl)-1,2,3,4-
tetrahydroquinoxaline (I-6). White solid (222 mg, 81.2%). m.p.:
141.8–143.3 °C. HPLC purity: 99.54%. 1H NMR (300MHz, CDCl3)
d 7.50 (d, J = 8.9 Hz, 1H), 7.38–7.24 (m, 4H), 6.25 (dd, J = 8.9,
2.8 Hz, 1H), 5.98 (d, J= 2.8 Hz, 1H), 3.74–3.66 (m, 5H), 2.82 (t, J=
5.3 Hz, 2H), 2.30 (s, 3H). 13C NMR (75 MHz, CDCl3) d 158.61,
139.28, 139.22, 139.02, 133.63, 128.93, 127.69, 127.57, 124.47,
114.92, 103.10, 99.08, 55.29, 43.82, 38.46, 21.33. HRMS (ESI) m/z
[M + H]+ calcd for C16H19N2O3S 319.1116, found 319.1113.

4.1.38. Synthesis of 6-methoxy-1-((4-methoxyphenyl)
sulfonyl)-1,2,3,4-tetrahydro-quinoxaline (I-7). White solid
30212 | RSC Adv., 2023, 13, 30202–30216
(202 mg, 72.9%). m.p.: 118.1–119.6 °C. HPLC purity: 99.78%. 1H
NMR (300 MHz, CDCl3) d 7.53 (d, J = 8.9 Hz, 1H), 7.46 (d, J =
8.9 Hz, 2H), 6.85 (d, J = 8.9 Hz, 2H), 6.27 (dd, J = 8.9, 2.7 Hz,
1H), 5.98 (d, J= 2.7 Hz, 1H), 3.82 (s, 3H), 3.77–3.70 (m, 5H), 2.86
(t, J = 5.2 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 162.91, 158.47,
138.87, 131.13, 129.37, 127.82, 115.09, 114.10, 102.99, 99.13,
55.52, 55.22, 43.75, 38.37. HRMS (ESI) m/z [M + H]+ calcd for
C16H19N2O4S 335.1066, found 335.1057.

4.1.39. Synthesis of 6-methoxy-1-((3-methoxyphenyl)
sulfonyl)-1,2,3,4-tetrahydro-quinoxaline (I-8). White solid
(224 mg, 71.3%). m.p.: 147.8–150.3 °C. HPLC purity: 96.01%. 1H
NMR (300 MHz, CDCl3) d 7.58 (d, J = 8.9 Hz, 1H), 7.31 (t, J =
7.9 Hz, 1H), 7.20 (d, J = 7.8 Hz, 1H), 7.04 (dd, J = 7.5, 1.8 Hz,
1H), 6.98–6.93 (m, 1H), 6.30 (dd, J = 9.0, 2.7 Hz, 1H), 5.99 (d, J =
2.7 Hz, 1H), 3.79–3.73 (m, 5H), 3.66 (s, 3H), 2.91–2.81 (m, 2H).
13C NMR (75 MHz, CDCl3) d 159.70, 158.70, 140.57, 138.90,
129.94, 127.77, 119.75, 119.45, 115.14, 111.43, 103.15, 99.19,
55.48, 55.32, 43.92, 38.42. HRMS (ESI) m/z [M + H]+ calcd for
C16H19N2O4S 335.1066, found 335.1058.

4.1.40. Synthesis of 6-methoxy-1-((2-methoxyphenyl)
sulfonyl)-1,2,3,4-tetrahydro-quinoxaline (I-9). White solid
(252 mg, 80.3%). m.p.: 111.0–112.8 °C. HPLC purity: 99.13%. 1H
NMR (300 MHz, CDCl3) d 7.93 (d, J = 7.8 Hz, 1H), 7.55–7.45 (m,
1H), 7.32 (d, J = 8.9 Hz, 1H), 7.00 (d, J = 7.5 Hz, 1H), 6.90 (d, J =
8.3 Hz, 1H), 6.21 (dd, J = 8.9, 2.6 Hz, 1H), 6.07 (d, J = 2.6 Hz,
1H), 3.94 (br, 1H), 3.75–3.66 (m, 5H), 3.56 (s, 3H), 3.01 (t, J =
5.0 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 157.62, 157.04, 137.99,
134.89, 131.33, 128.03, 125.66, 120.25, 117.28, 112.28, 102.65,
99.36, 55.74, 55.33, 43.73, 39.83. HRMS (ESI) m/z [M + H]+ calcd
for C16H19N2O4S 335.1066, found 335.1056.

4.1.41. Synthesis of 1-((3,4-dimethoxyphenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahy-droquinoxaline (I-10). White solid
(256 mg, 80.1%). m.p.: 147.8–149.3 °C. HPLC purity: 99.53%. 1H
NMR (300 MHz, CDCl3) d 7.60 (d, J = 8.9 Hz, 1H), 7.29 (dd, J =
8.4, 2.4 Hz, 1H), 6.88 (d, J = 8.5 Hz, 1H), 6.81 (d, J = 2.0 Hz, 1H),
6.32 (dd, J = 8.9, 2.7 Hz, 1H), 6.00 (d, J = 2.7 Hz, 1H), 3.94 (s,
3H), 3.81–3.75 (m, 5H), 3.67 (s, 3H), 2.87 (t, J = 5.2 Hz, 2H). 13C
NMR (75 MHz, CDCl3) d 158.74, 152.55, 148.79, 139.11, 131.19,
128.00, 120.88, 115.16, 110.31, 109.76, 103.10, 99.02, 56.12,
55.93, 55.33, 43.86, 38.17. HRMS (ESI) m/z [M + H]+ calcd for
C17H21N2O5S 365.1171, found 365.1165.

4.1.42. Synthesis of 1-((2,4-dimethoxyphenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahy-droquinoxaline (I-11). White solid
(603 mg, 74.3%). m.p.: 116.3–117.5 °C. HPLC purity: 98.28%. 1H
NMR (300 MHz, CDCl3) d 7.91 (d, J = 8.8 Hz, 1H), 7.40 (d, J =
8.9 Hz, 1H), 6.54 (dd, J = 8.8, 2.3 Hz, 1H), 6.42 (d, J = 2.2 Hz,
1H), 6.28 (dd, J = 8.9, 2.8 Hz, 1H), 6.11 (d, J = 2.8 Hz, 1H), 3.88
(s, 3H), 3.79–3.72 (m, 5H), 3.58 (s, 3H), 3.10 (t, J = 5.0 Hz, 2H).
13C NMR (75 MHz, CDCl3) d 164.94, 158.55, 157.51, 137.70,
133.15, 125.89, 120.29, 117.58, 104.19, 102.78, 99.50, 99.29,
55.74, 55.73, 55.34, 43.61, 39.74. HRMS (ESI) m/z [M + H]+ calcd
for C17H21N2O5S 365.1171, found 365.1163.

4.1.43. Synthesis of 1-((2,5-dimethoxyphenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahy-droquinoxaline (I-12). White solid
(251 mg, 78.5%). m.p.: 143.6–144.9 °C. HPLC purity: 98.78%. 1H
NMR (300 MHz, CDCl3) d 7.48 (d, J = 3.1 Hz, 1H), 7.33 (d, J =
8.9 Hz, 1H), 7.03 (dd, J = 9.0, 3.2 Hz, 1H), 6.84 (d, J = 9.0 Hz,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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1H), 6.23 (dd, J = 8.9, 2.7 Hz, 1H), 6.07 (d, J = 2.7 Hz, 1H), 3.95
(br, 1H), 3.78 (s, 3H), 3.76–3.71 (m, 5H), 3.55 (s, 3H), 3.08 (t, J =
5.1 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 157.65, 152.84, 151.15,
137.89, 128.60, 125.69, 120.63, 117.36, 115.72, 113.66, 102.74,
99.51, 56.25, 56.11, 55.35, 43.81, 39.97. HRMS (ESI)m/z [M + H]+

calcd for C17H21N2O5S 365.1171, found 365.1163.
4.1.44. Synthesis of 4-((6-methoxy-3,4-dihydroquinoxalin-

1(2H)-yl)sulfonyl)aniline (I-13). White solid (166 mg, 71.3%).
m.p.: 161.5–162.7 °C. HPLC purity: 98.26%. 1H NMR (300 MHz,
CDCl3) d 7.50 (d, J= 8.9 Hz, 1H), 7.26 (d, J= 8.8 Hz, 2H), 6.53 (d,
J = 8.7 Hz, 2H), 6.24 (dd, J = 8.9, 2.7 Hz, 1H), 6.00 (d, J = 2.7 Hz,
1H), 4.27 (br, 1H), 3.72 (s, 3H), 3.66 (t, J= 4.9 Hz, 2H), 2.83 (t, J=
5.0 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 158.40, 151.17, 139.20,
129.31, 127.88, 126.86, 115.12, 114.01, 102.96, 99.00, 55.28,
43.66, 38.20. HRMS (ESI) m/z [M + H]+ calcd for C15H18N3O3S
320.1069, found 320.1060.

4.1.45. Synthesis of 6-methoxy-1-((4-(triuoromethoxy)
phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoxaline (I-14). White
solid (235mg, 83.1%).m.p.: 182.0–183.4 °C. HPLC purity: 98.48%.
1H NMR (300 MHz, CDCl3) d 7.58 (d, J = 8.8 Hz, 2H), 7.50 (d, J =
8.9 Hz, 1H), 7.22 (d, J = 8.4 Hz, 2H), 6.26 (dd, J = 8.9, 2.7 Hz, 1H),
5.99 (d, J= 2.7Hz, 1H), 3.95 (br, 1H), 3.79–3.64 (m, 5H), 2.88 (t, J=
5.2 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 158.82, 152.22 (q,

3JC–F =
1.8 Hz), 139.08, 137.81, 129.45, 127.58, 120.70, 120.18 (q, 1JC–F =
257.8 Hz), 114.37, 103.19, 99.12, 55.21, 43.89, 38.62. HRMS (ESI)
m/z [M + H]+ calcd for C16H16F3N2O4S 389.0783, found 389.0773.

4.1.46. Synthesis of 6-methoxy-1-((4-(triuoromethyl)
phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoxaline (I-15). White
solid (214 mg, 66.7%). m.p.: 101.5–103.2 °C. HPLC purity:
99.77%. 1H NMR (300 MHz, CDCl3) d 7.70–7.65 (m, 4H), 7.56 (d,
J = 8.9 Hz, 1H), 6.31 (dd, J = 9.0, 2.7 Hz, 1H), 6.00 (d, J = 2.7 Hz,
1H), 3.81 (t, J = 5.2 Hz, 2H), 3.75 (s, 3H), 2.89 (t, J = 5.3 Hz, 2H).
13C NMR (75 MHz, CDCl3) d 158.89, 143.10, 138.76, 134.34 (q,
2JC–F = 32.9 Hz), 127.84, 127.61, 126.12 (q, 3JC–F = 3.6 Hz),
123.23 (q, 1JC–F = 271.2 Hz), 114.45, 103.43, 99.32, 55.30, 44.01,
38.77. HRMS (ESI) m/z [M + H]+ calcd for C16H16F3N2O3S
373.0834, found 373.0826.

4.1.47. Synthesis of 1-((4-(tert-butyl)phenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahydro-quinoxaline (I-16). White solid
(224 mg, 69.9%). m.p.: 116.4–118.2 °C. HPLC purity: 96.68%. 1H
NMR (300 MHz, CDCl3) d 7.52 (d, J = 8.9 Hz, 1H), 7.47 (d, J =
8.6 Hz, 2H), 7.39 (d, J = 8.6 Hz, 2H), 6.24 (dd, J = 8.9, 2.7 Hz,
1H), 6.00 (d, J = 2.7 Hz, 1H), 3.95 (br, 1H), 3.75–3.68 (m, 5H),
2.82 (t, J = 5.1 Hz, 2H), 1.29 (s, 9H). 13C NMR (75 MHz, CDCl3)
d 158.46, 156.64, 138.95, 136.53, 127.51, 127.20, 126.04, 115.06,
103.03, 99.19, 55.25, 43.82, 38.51, 35.15, 31.12. HRMS (ESI) m/z
[M + H]+ calcd for C19H25N2O3S 361.1586, found 361.1580.

4.1.48. Synthesis of 6-methoxy-1-((3-(triuoromethyl)
phenyl)sulfonyl)-1,2,3,4-tetrahydroquinoxaline (I-17). White
solid (258 mg, 79.8%). m.p.: 103.3–104.5 °C. HPLC purity:
99.93%. 1H NMR (300 MHz, CDCl3) d 7.85–7.78 (m, 2H), 7.70 (d,
J = 7.9 Hz, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.53 (d, J = 8.9 Hz, 1H),
6.31 (dd, J = 8.9, 2.7 Hz, 1H), 6.00 (d, J = 2.7 Hz, 1H), 3.81 (t, J =
5.2 Hz, 2H), 3.75 (s, 3H), 2.91 (t, J = 5.3 Hz, 2H). 13C NMR (75
MHz, CDCl3) d 159.08, 140.58, 139.17, 131.47 (q, 2JC–F = 33.2
Hz), 130.55, 129.87, 129.37 (q, 3JC–F = 3.5 Hz), 127.56, 124.38 (q,
3JC–F = 3.7 Hz), 123.18 (q, 1JC–F = 271.3 Hz), 114.13, 103.40,
© 2023 The Author(s). Published by the Royal Society of Chemistry
99.10, 55.30, 44.00, 38.64. HRMS (ESI) m/z [M + H]+ calcd for
C16H16F3N2O3S 373.0834, found 373.0828.

4.1.49. Synthesis of 1-((2-uorophenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahydroquinoxaline (I-18). White solid
(180 mg, 76.6%). m.p.: 141.8–143.1 °C. HPLC purity: 99.37%. 1H
NMR (300 MHz, CDCl3) d 7.83–7.71 (m, 1H), 7.59–7.47 (m, 1H),
7.33 (d, J = 8.9 Hz, 1H), 7.24–7.16 (m, 1H), 7.16–7.08 (m, 1H),
6.19 (dd, J = 8.9, 2.7 Hz, 1H), 6.02 (d, J = 2.7 Hz, 1H), 3.92 (br,
1H), 3.80 (t, J = 5.0 Hz, 2H), 3.69 (s, 3H), 3.12 (t, J = 5.1 Hz, 2H).
13C NMR (75 MHz, CDCl3) d 158.80 (d, 1JC–F = 255.5 Hz), 158.25,
138.61, 135.33 (d, 3JC–F = 8.3 Hz), 130.97, 127.77 (d, 2JC–F = 14.2
Hz), 126.17, 124.55 (d, 3JC–F = 3.8 Hz), 117.42 (d, 2JC–F = 21.5
Hz), 115.03, 103.05, 99.36, 55.26, 43.89, 39.74. HRMS (ESI) m/z
[M + H]+ calcd for C15H16FN2O3S 323.0866, found 323.0857.

4.1.50. Synthesis of 1-((3,5-diuorophenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahydro-quinoxaline (I-19). White solid
(251 mg, 79.3%). m.p.: 163.2–164.1 °C. HPLC purity: 99.89%. 1H
NMR (300 MHz, CDCl3) d 7.54 (d, J = 8.9 Hz, 1H), 7.16–7.11 (m,
2H), 7.01 (tt, J = 8.5, 2.3 Hz, 1H), 6.33 (dd, J = 9.0, 2.7 Hz, 1H),
6.05 (d, J= 2.7 Hz, 1H), 3.91 (br, 1H), 3.82 (t, J= 5.1 Hz, 2H), 3.79
(s, 3H), 3.01 (t, J = 5.2 Hz, 2H). 13C NMR (75 MHz, CDCl3)
d 162.65 (dd, 1JC–F= 253.1 Hz, 3JC–F= 11.5 Hz), 158.98, 142.70 (t,
3JC–F = 8.2 Hz), 138.85, 127.41, 114.21, 110.99 (d, 2JC–F = 18.3
Hz), 110.86 (d, 2JC–F = 18.3 Hz), 108.39 (t, 2JC–F = 24.9 Hz),
103.48, 99.31, 55.31, 44.07, 38.87. HRMS (ESI)m/z [M + H]+ calcd
for C15H15F2N2O3S 341.0771, found 341.0763.

4.1.51. Synthesis of 1-((3,4-diuorophenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahydro-quinoxaline (I-20). White solid
(245 mg, 77.3%). m.p.: 109.8–111.4 °C. HPLC purity: 99.90%. 1H
NMR (300 MHz, CDCl3) d 7.50 (d, J = 8.9 Hz, 1H), 7.43–7.35 (m,
1H), 7.35–7.28 (m, 1H), 7.25–7.15 (m, 1H), 6.28 (dd, J = 9.0,
2.8 Hz, 1H), 6.00 (d, J = 2.8 Hz, 1H), 3.81–3.73 (m, 5H), 2.94 (t, J
= 5.4 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 158.94, 153.19 (dd,
1JC–F = 255.7 Hz, 2JC–F = 12.5 Hz), 150.03 (dd, 1JC–F = 253.0 Hz,
2JC–F = 13.2 Hz), 138.97, 136.30 (d, 3JC–F = 8.6 Hz), 127.63,
124.49 (dd, 2JC–F = 7.4 Hz, 3JC–F = 4.0 Hz), 118.14 (d, 2JC–F = 18.2
Hz), 117.20 (dd, 2JC–F = 19.7 Hz, 3JC–F = 1.5 Hz), 114.30, 103.38,
99.22, 55.30, 43.98, 38.74. HRMS (ESI) m/z [M + H]+ calcd for
C15H15F2N2O3S 341.0771, found 341.0764.

4.1.52. Synthesis of 1-((2,6-diuorophenyl)sulfonyl)-6-
methoxy-1,2,3,4-tetrahydro-quinoxaline (I-21). White solid
(242 mg, 76.6%). m.p.: 146.2–147.5 °C. HPLC purity: 98.32%. 1H
NMR (300 MHz, CDCl3) d 7.58–7.47 (m, 1H), 7.43 (d, J = 9.0 Hz,
1H), 7.01 (t, J= 8.5 Hz, 2H), 6.29 (dd, J= 9.0, 2.8 Hz, 1H), 6.09 (d,
J= 2.8 Hz, 1H), 3.99 (br, 1H), 3.95 (t, J= 5.0 Hz, 2H), 3.76 (s, 3H),
3.30 (t, J = 5.1 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 159.73 (dd,
1JC–F = 258.3 Hz, 3JC–F = 3.9 Hz), 158.22, 138.17, 134.77 (t, 3JC–F
= 10.9 Hz), 125.72, 118.04 (t, 2JC–F = 16.3 Hz), 115.05, 113.27 (d,
2JC–F= 23.7 Hz), 113.23 (d, 2JC–F= 23.7 Hz), 103.17, 99.64, 55.28,
44.15, 39.95. HRMS (ESI) m/z [M + H]+ calcd for C15H15F2N2O3S
341.0771, found 341.0763.

4.1.53. Synthesis of 6-methoxy-1-(phenylsulfonyl)-1,2,3,4-
tetrahydroquinoxaline (I-22). White solid (201 mg, 74.3%).
m.p.: 177.6–179.0 °C. HPLC purity: 98.70%. 1H NMR (300 MHz,
CDCl3) d 7.56–7.48 (m, 4H), 7.42–7.34 (m, 2H), 6.25 (dd, J = 8.9,
2.7 Hz, 1H), 5.97 (d, J = 2.7 Hz, 1H), 3.90 (br, 1H), 3.75–3.68 (m,
5H), 2.80 (t, J = 4.3 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 158.62,
RSC Adv., 2023, 13, 30202–30216 | 30213
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139.39, 139.00, 132.88, 129.08, 127.62, 127.29, 114.77, 103.12,
99.08, 55.27, 43.82, 38.41. HRMS (ESI) m/z [M + H]+ calcd for
C15H17N2O3S 305.0960, found 305.0953.

4.1.54. Synthesis of 6-methoxy-1-(naphthalen-1-ylsulfonyl)-
1,2,3,4-tetrahydroquinoxaline (I-23). White solid (218 mg,
68.5%). m.p.: 177.4–178.8 °C. HPLC purity: 96.41%. 1H NMR
(300 MHz, CDCl3) d 8.24 (s, 1H), 7.93–7.82 (m, 3H), 7.68–7.57
(m, 3H), 7.47 (dd, J = 8.7, 1.7 Hz, 1H), 6.35 (dd, J = 9.0, 2.7 Hz,
1H), 5.98 (d, J = 2.7 Hz, 1H), 3.83 (t, J = 5.1 Hz, 2H), 3.77 (s, 3H),
2.83 (t, J = 4.2 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 158.68,
138.98, 136.65, 134.81, 132.13, 129.30, 129.25, 128.85, 128.58,
127.94, 127.73, 127.52, 122.75, 115.03, 103.20, 99.16, 55.31,
43.92, 38.57. HRMS (ESI) m/z [M + H]+ calcd for C19H19N2O3S
355.1116, found 355.1107.

4.1.55. Synthesis of 1-(ethylsulfonyl)-6-methoxy-1,2,3,4-
tetrahydroquinoxaline (I-24). White solid (151 mg, 68.0%).
m.p.: 104.8–106.1 °C. HPLC purity: 99.94%. 1H NMR (300 MHz,
CDCl3) d 7.34 (d, J = 8.9 Hz, 1H), 6.23 (dd, J = 8.9, 2.7 Hz, 1H),
6.15 (d, J= 2.7 Hz, 1H), 4.33 (br, 1H), 3.80–3.70 (m, 5H), 3.46 (t, J
= 5.3 Hz, 2H), 3.01 (q, J= 7.4 Hz, 2H), 1.36 (t, J= 7.4 Hz, 3H). 13C
NMR (75 MHz, CDCl3) d 158.30, 138.77, 125.83, 115.40, 103.03,
99.52, 55.32, 46.78, 43.53, 40.96, 8.01. HRMS (ESI) m/z [M + H]+

calcd for C11H17N2O3S 257.0960, found 257.0955.
4.1.56. Synthesis of methyl 1-tosyl-1,2,3,4-

tetrahydroquinoxaline-6-carboxylate (I-25). White solid (69 mg,
35.4%). m.p.: 168.5–170.0 °C. HPLC purity: 99.82%. 1H NMR
(300 MHz, CDCl3) d 7.75 (d, J = 8.6 Hz, 1H), 7.47 (d, J = 8.2 Hz,
2H), 7.35 (dd, J = 8.6, 1.9 Hz, 1H), 7.20 (d, J = 8.0 Hz, 2H), 7.17
(d, J = 2.0 Hz, 1H), 3.94 (s, 1H), 3.88 (s, 3H), 3.82 (t, J = 5.1 Hz,
2H), 3.00–2.91 (m, 2H), 2.38 (s, 3H). 13C NMR (75 MHz, CDCl3)
d 167.01, 144.04, 137.21, 136.37, 129.84, 127.78, 127.23, 125.97,
125.47, 118.29, 115.91, 52.12, 43.79, 38.83, 21.61. HRMS (ESI)m/
z [M + H]+ calcd for C17H19N2O4S 347.1066, found 347.1057.

4.1.57. Synthesis of methyl 1-((4-methoxyphenyl)sulfonyl)-
1,2,3,4-tetrahydroquinoxaline-6-carboxylate (I-26). White solid
(68 mg, 30.4%). m.p.: 165.9–167.5 °C. HPLC purity: 99.73%. 1H
NMR (300 MHz, CDCl3) d 7.75 (d, J = 8.6 Hz, 1H), 7.51 (d, J =
8.6 Hz, 2H), 7.34 (dd, J = 8.6, 1.9 Hz, 1H), 7.17 (d, J = 2.0 Hz,
1H), 6.87 (d, J= 8.6 Hz, 2H), 3.88 (s, 3H), 3.85–3.78 (m, 5H), 2.96
(t, J = 5.1 Hz, 2H). 13C NMR (75 MHz, CDCl3) d 167.02, 163.23,
137.27, 130.92, 129.33, 127.77, 126.01, 125.60, 118.26, 115.89,
114.34, 55.61, 52.12, 43.75, 38.81. HRMS (ESI)m/z [M + H]+ calcd
for C17H19N2O5S 363.1015, found 363.1006.
4.2. Biological evaluations

4.2.1. In vitro cell growth inhibitory assay. The anti-
proliferative activities of all target compounds were evaluated by
MTT assay. Cells were dispensed in 96-well plates and cultured
at 37 °C in a humidied 5% CO2 overnight. Then the cells were
treated with the tested compounds, aer 48 h incubation, MTT
was added to each well for 1–2 h. The absorbance was evaluated
by microplate reader.

4.2.2. In vitro tubulin polymerization assay. Fluorescence-
based tubulin polymerization kit (BK011P, Cytoskeleton, USA)
was used to evaluate the effect of I-7 on tubulin polymerization
under the accordance of the protocol of the manufacturer.
30214 | RSC Adv., 2023, 13, 30202–30216
Colchicine and paclitaxel were used as reference compounds
and DMSO was used as a blank control. All tested compounds
were added to black 96-well plate and incubated at 37 °C, then
the tubulin reaction mix containing porcine brain tubulin was
added to each well and mixed. The uorescence was monitored
in a multimode reader at 37 °C.

4.2.3. Immunouorescence staining assay. HT-29 cells
were treated with tested compounds for 24 h. Then the cells
were xed with 4% formaldehyde, washed with PBS and per-
meabilized with 0.1% Triton X-100. The blocking agent 5%
bovine serum albumin was added to the cells, and the cells were
incubated with primary antibody, washed to remove unbound
primary antibody and incubated with secondary antibody. The
cells were washed with PBS to remove unbound antibody, and
stained with Hoechst 33342. Fluorescence microscope was used
to detect the immunouorescence.

4.2.4. Cell cycle analysis. HeLa cells were treated with
different concentration of I-7 for 24 h. Then, the cells were
washed with PBS, collected, centrifuged, and xed with ice-cold
ethanol. The cells were resuspended in PBS containing RNase,
then stained with propidium iodide (PI) in the dark. And the cells
were analyzed by ow cytometry using FACS Calibur instrument.

4.2.5. Cell apoptosis assay. HeLa cells were incubated in 6-
well plates, then treated with control (DMSO, 0.1%) or I-7 at
different concentration for 48 h. The cells were harvested and
centrifuged, the pellets resuspended in binding buffer
including Annexin-V/FITC and PI, and incubated in the dark,
analyzed using ow cytometer.

4.2.6. Molecular docking. Maestro 11.5 was used for pre-
dicting the interactions between I-7 and tubulin. The protein
was preprocessed using Protein Preparation Wizard and the
OPLS3 force eld, the grid was generated using as centroid of
Workspace ligand with default settings. The 3D structures of I-7
were modeled using the Ligprep module, then docked to the
prepared protein by applying the standard precision protocol.
The gure was made by PyMOL.
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