
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 6
:2

2:
13

 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
K+/Cu2+ Co-chel
aNational Engineering Research Center of P

Technology, TCM Precision Medicine Res

Hunan University of Chinese Medicine, C

shuanglin@tju.edu.cn
bSenior Department of Hepatology, China M

Fih Medical Center of PLA General Hospit
cDepartment of Pharmacy, The Tenth A

University (Dongguan People's Hospital),

baochengxie@126.com
dHubei Engineering Research Center of Trad

Province, School of Pharmacy, Xianning

Science and Technology, Xianning 437100,

† These authors contributed equally to th

Cite this: RSC Adv., 2026, 16, 7337

Received 29th November 2025
Accepted 28th January 2026

DOI: 10.1039/d5ra09219a

rsc.li/rsc-advances

© 2026 The Author(s). Published by
ated diastereoselective Friedel–
Crafts reaction with chiral N-sulfinyl ketimines for
the facile synthesis of chiral bisindoles and their
cytotoxicity

Si Yan,†ad Mengwei Xu,†cd Yan Liu,ad Ziwei Du,acd Guangshuai Zhang,ad Zishu Liu,a

Jin Xiao,a Xiaoqian Guo,a Gang Liao,a Qing Min,d Baocheng Xie*c

and Shuanglin Qin *abd

A novel K+/Cu2+ co-chelated diastereoselective Friedel–Crafts reaction with chiral N-sulfinyl ketimines has

been developed for the synthesis of chiral bisindoles. Themethod exhibits broad substrate compatibility and

high stereoselectivity. The synthesized bisindoles show significant cytotoxicity against tumor cell lines such

as MG63 and HepG2, with Compound 29 demonstrating selective inhibitory effects on osteosarcoma cells.

This protocol provides a useful strategy for the efficient construction of chiral bisindoles. The potential of

these compounds in cancer therapy was also highlighted.
Introduction

The distinguishing feature of bisindole alkaloids is the incor-
poration of two indole moieties in their molecular structures.
These dual indole units can be interconnected indirectly via
diverse structural linkages. A prime example is exemplied by
vinblastine and vincristine,1,2 the antitumor agents isolated
from Catharanthus roseus. Moreover, bisindole alkaloids are
capable of directly undergoing polymerization to yield natural
bisindole alkaloids, such as staurosporine3 derived from
Streptomyces species, along with Gliocladine C and Leptosin
D.4 (Fig. 1) In the contemporary context, substantial advance-
ments have been achieved in the realm of anti-tumor therapy
utilizing bisindole alkaloids. A number of small-molecule bi-
sindole compounds have been commercialized or entered the
clinical trial phase, including indirubin,5,6 vincristine,7,8 vinor-
elbine,9,10 midostaurin,11–13 and enzastaurin.14 Notably, the
dimerization of indole monomers harbors considerable poten-
tial in augmenting biological activity, mitigating side effects,
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surmounting drug resistance, and optimizing pharmacokinetic,
pharmacodynamic, or physicochemical characteristics.15 For
instance, vinblastine and vincristine are bisindole alkaloids
renowned for their potent antitumor capabilities.Fig. 1
Conversely, as monomeric entities, vindoline and cathar-
anthine display a markedly diminished antitumor efficacy in
comparison to vinblastine and vincristine.16,17 It is apparent that
the dimeric indole structural motif is pivotal for the manifes-
tation of their anti-tumor activities.

Given that the majority of bisindole alkaloids are chiral
compounds, the exploration and development of synthetic
methodologies for the construction of chiral bisindole frame-
works18,19 and bisindole alkaloids20 have emerged as a highly
active and signicant research frontier in the realms of organic
Fig. 1 Representative bisindole alkaloids.
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Scheme 1 Construction of novel chiral centers via chelation-induced
coordination of chiral sulfinamides with metal ions.

Table 1 Screening of the reaction conditions

Entries Catalysts (10 mol%) Additives (mol%)

1 Cu(MeCN)4 —
(CF3SO3)2

2 Cu(CF3SO3)2 —
3 Cu(OAc)2 —
4 B2CuF8 —
5 CuCl2 —
6 Li2CuCl4 —
7 CuBr —
8 CuCl2 LiCl (100)
9 CuCl2 NaHMDS (100)
10 CuCl2 LiHMDS (100)
11 CuCl2 KHMDS (100)
12 CuCl2 t-BuONa (100)
13 CuCl2 t-BuOK (100)
14 CuCl2 t-BuOK (100)
15 CuCl2 t-BuOK (100)
16 CuCl2 t-BuOK (100)
17 CuCl2 t-BuOK (100)
18c CuCl2 t-BuOK (100)
19d CuCl2 t-BuOK (100)

a Isolated yield. b The values of dr were determined by 1H NMR. c The usa
mol%. Temp. = temperature. NA = none available.
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chemistry and medicinal chemistry.21–23 With respect to the
accessibility of reactants, the asymmetric Friedel–Cras reac-
tion involving indole and chiral tert-butanesulnimines is
recognized as the most straightforward and viable strategy for
the acquisition of novel chiral compounds. Xu's team previously
reported the successful implementation of the asymmetric
Friedel–Cras reaction between indole and isatin-derived N-
sulnyl ketimines, catalyzed by Bi(OTf)3. Nevertheless, favor-
able outcomes were exclusively attained when the nitrogen
atom of isatin was substituted with a bulky dimethoxytrityl
(DMTr) group. Moreover, they had previously attempted to use
a Cu catalyst alone for the same reaction. However, unfortu-
nately, the reaction exhibited extremely poor stereoselectivity.24

Chiral sulnamides have been widely employed as versatile
chiral auxiliaries in asymmetric synthesis.25 In our previous
work, chiral sulnamides were utilized as chiral directing
groups. By means of chelation with alkali metals (Scheme 1a)26

and transition metals (Scheme 1b),27 as well as the concurrent
chelation of alkali metals and transition metals (Scheme 1c),28

we have successfully accomplished the stereo-controlled
generation of diverse chiral centers. Following our long inter-
ests in bisindoles, the chelation of chiral sulnamide with both
alkali metal K+ ions and transition metal Cu has facilitated the
realization of a novel asymmetric Friedel–Cras reaction
(Scheme 1d). Leveraging this approach, a series of bisindole
compounds bearing chiral amines were efficiently synthesized.
Initial biological assessments of these compounds indicated
Solvent Temp. Yield of 3a a (%) drb (3a : 3b)

THF r.t 30 1 : 2

THF r.t 35 2 : 3
THF r.t 18 1 : 4
THF r.t 38 2 : 3
THF r.t 56 5 : 1
THF r.t 61 12 : 1
THF r.t NA NA
THF r.t 58 13 : 1
THF r.t 72 >25 : 1
THF r.t 75 17 : 1
THF r.t 69 >25 : 1
THF r.t 68 >25 : 1
THF r.t 77 >25 : 1
PhMe 50 39 >15 : 1
PhMe 0 81 >25 : 1
PhMe −20 92 >25 : 1
PhMe −40 73 >25 : 1
PhMe −20 77 >25 : 1
PhMe −20 82 >25 : 1

ge equivalent of CuCl2 is 5 mol%. d The usage equivalent of CuCl2 is 15

© 2026 The Author(s). Published by the Royal Society of Chemistry
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promising activity against various tumor cell lines, including
the osteosarcoma cell line MG63 and the hepatocellular carci-
noma cell line HepG2. The selective inhibitory effect of bi-
sindole 29 on osteosarcoma was particularly noteworthy.
Results and discussion

Initially, indole 1a and (R)-N-sulnyl ketimine 2a were chosen as
substrates for the screening of reaction conditions of the
asymmetric Friedel–Cras reaction. As presented in Table 1, the
reaction between indole 1a and (R)-N-sulnyl ketimine 2a was
explored by screening various catalysts in THF as the solvent at
room temperature. During the screening of different Cu-based
catalysts (Table 1, Entries 1–7), it was observed that incorpo-
rating alkali metal ions Li+ led to the highest level of stereo-
selectivity in the resulting product under the catalytic action of
Li2CuCl4 (Entry 6). Building upon our prior empirical insights, it
was postulated that the alkali-metal ion Li+ could potentially
engage in a chelation process with the reaction substrates. In
light of this hypothesis, we utilized CuCl2 as the catalyst and
incorporated alkali-metal ion additives into the reaction system
(Entries 8–13). The subsequent substantial enhancement in the
stereoselectivity of the reaction lent credence to our initial
Scheme 2 Diastereoselective Friedel–Crafts reaction of indoles with
(R)-N-tert-butanesulfinimine 2aa,b. Reaction conditions: under an
argon atmosphere, 2a (1.0 equiv, 0.38 mmol) was dissolved in toluene
(1.9 mL) at −20 °C. Then, t-BuOK (1.0 equiv, 0.38 mmol) was added.
After stirring for 10 min, CuCl2 (0.1 equiv, 0.038 mmol) was added.
Following an additional 5 min of stirring, indole 1b-1l (2.0 equiv, 0.76
mmol) was added at −20 °C. aIsolated yield. bThe values of dr were
determined by 1H NMR.

© 2026 The Author(s). Published by the Royal Society of Chemistry
supposition. Notably, among the tested conditions, the
employment of t-BuOK as the catalyst resulted in the most
favorable enantioselectivity and yield (Entry 13).

Subsequent to these ndings, we conducted a comprehen-
sive screening of the inuence of solvents on the reaction (Table
S1, Entries 1–4). Protic solvents were found to exert a deleterious
effect on the enantioselectivity of the reaction (Entry 1). In
contrast, employing toluene as the reaction medium led to
enhanced enantioselectivity and a relatively high yield (Entry 4).
A systematic exploration of the impact of the reaction temper-
ature was also made (Table 1, Entries 14–17). The results indi-
cated that the reaction yielded 92% at a temperature of −20 °C
(Entry 16). Furthermore, it was observed that any deviation from
the optimal amount of the Cu catalyst, either an increase or
a decrease, adversely affected the reaction yield (Entries 18–19).
In conclusion, the optimal reaction conditions were identied
(Entry 16).

Upon establishing the optimal reaction conditions, we
embarked on an investigation into the substrate scope. As
Scheme 3 Screening of substrate adaptability for different chiral tert-
butanesulfiniminesa,b. Reaction conditions: under an argon atmo-
sphere, 2b–2g (1.0 equiv, 0.38 mmol) was dissolved in toluene (1.9 mL)
at −20 °C. Then, t-BuOK (1.0 equiv, 0.38 mmol) was added. After
stirring for 10min, CuCl2 (0.1 equiv, 0.038mmol) was added. Following
an additional 5 min of stirring, indole 1m–1p (2.0 equiv, 0.76 mmol)
was added at −20 °C. aIsolated yield. bThe values of dr were deter-
mined by 1H NMR.

RSC Adv., 2026, 16, 7337–7343 | 7339
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Scheme 4 Reaction mechanism study.
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depicted in Scheme 2, an initial screening of diverse indole
substrates was carried out. It was observed that the desired
products could be obtained with high stereoselectivity across all
examined cases regardless of the nature of the substituents on
Table 2 Control experiments for further understanding mechanism

Entries Catalysts (10 mol%) Additives

1c CuCl2 t-BuOK (1
2 CuCl2 t-BuOK (5
3 CuCl2 t-BuOK (2
4 Cu(MeCN)4 —

(CF3SO3)2
5 Cu(MeCN)4 t-BuOK (1

(CF3SO3)2
a Isolated yield. b The values of dr were determined by 1H NMR. c The sta

7340 | RSC Adv., 2026, 16, 7337–7343
the benzene ring of indole (4–11). In contrast to cases involving
electron-donating groups as substituents on the benzene ring of
the indole, a relatively lower yield was noted when electron-
withdrawing groups were present. Remarkably, the introduc-
tion of a methyl or phenyl group at the C-2 position of the indole
moiety did not hinder the reaction, resulting in high yields and
excellent stereoselectivity for the products (12–14, dr > 25:1).
This indicates that the reaction protocol exhibits a certain
degree of tolerance towards steric hindrance at this position.

Subsequently, the present study concentrated on exploring
the applicability of this novel Friedel–Cras reaction to
a diverse array of imine substrates. As illustrated in Scheme 3,
reactions involving imine substrates with a benzyl group as the
R4 group on the nitrogen atom consistently displayed high
yields and signicant stereoselectivity (15–29, dr > 25:1), irre-
spective of whether the R3 substituent on the benzene ring of
the indole was an electron-donating or an electron-withdrawing
group. Reactions involving imine substrates with a phenyl
group as the R4 group on the nitrogen atom can also achieve
relatively high yields and high stereoselectivity (30, dr > 25:1).
This observation strongly suggests the broad substrate scope of
the reaction protocol.

An X-ray crystallographic analysis of 3a conrmed the
absolute stereochemistry of the newly formed compound
(Scheme 4a), and the stereochemistries of the other compounds
were determined based on that of 3a.

To gain deeper insights into the reaction mechanism,
a series of control experiments were meticulously performed.
The outcomes are detailed in Table 2. It was observed that
a reduction in the t-BuOK equivalent led to a decline in the dr
value. Remarkably, when Cu(MeCN)4(CF3SO3)2 was employed as
the catalyst, in contrast to the condition without the addition of
alkali metal ion additives (Entry 4), upon the addition of t-BuOK
(Entry 5), a signicant reversal in the reaction's stereoselectivity
occurred (dr = 1:3 vs. dr > 25:1). This nding strongly suggests
that the stoichiometric amount of potassium ions plays
a pivotal role in determining the stereoselectivity of the reac-
tion. Based on our prior studies and literature,26–30 Scheme 4b
(mol%) Yield of 3a a (%) drb (3a : 3b)

00) 92 >25 : 1
0) 81 15 : 1
5) 73 11 : 1

30 1 : 3

00) 85 >25 : 1

ndard condition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Antiproliferative activity of bisindole library against cancer cell lines

Compounds

IC50 (mM)

MCF-7 H460 A549 SK-OV-3 U251 HepG2 MG63

3a >100 >100 >100 >100 >100 >100 >100
4 36.78 81.44 60.69 53.53 >100 >100 40.72
5 >100 >100 >100 >100 >100 >100 >100
6 26.88 39.89 41.73 18.50 29.03 24.98 16.29
7 16.80 37.78 38.64 17.78 29.14 17.95 15.60
8 32.13 46.89 67.24 75.12 36.83 28.57 29.80
9 >100 >100 >100 >100 >100 >100 66.06
10 >100 >100 >100 >100 >100 >100 >100
11 >100 >100 >100 >100 >100 >100 >100
12 >100 >100 >100 >100 >100 >100 >100
13 32.17 30.39 35.37 55.12 75.23 42.34 45.08
14 >100 >100 >100 >100 >100 >100 >100
15 42.18 88.2 22.19 73.90 >100 >100 61.48
16 >100 >100 >100 >100 >100 >100 75.81
17 >100 >100 60.17 >100 >100 >100 >100
18 41.19 34.89 45.44 33.14 >100 >100 >100
19 18.84 35.67 34.54 23.13 20.70 26.00 15.95
20 37.09 39.85 60.51 43.89 31.28 36.76 25.11
21 81.78 83.28 36.34 83.93 >100 45.24 51.61
22 >100 >100 68.88 78.02 >100 >100 >100
23 >100 >100 >100 >100 >100 >100 >100
24 >100 74.22 23.64 63.89 >100 >100 83.72
25 57.64 19.80 35.23 40.26 32.10 56.98 62.84
26 >100 >100 >100 >100 >100 >100 >100
27 47.42 20.43 33.66 70.29 43.19 24.58 20.79
28 >100 >100 >100 >100 >100 >100 >100
29 39.10 25.22 16.87 28.67 83.36 17.4 3.29
30 >100 >100 >100 >100 >100 >100 >100
Doxorubicin 6.72 3.13 20.32 32.17 16.74 10.13 4.24
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elucidates the proposed mechanism. Here, Cu2+ coordinates
with the imine nitrogen and carbonyl oxygen. The N–H bond in
the indole skeleton exhibits weak acidity, and t-BuOK can be
used to deprotonate the N–H proton.31 This conguration
promotes the transition state A, with the N-sulnyl group
adopting a synperiplanar (s-cis) conformation.29,32–34 K+ coordi-
nates with the oxygen of the N-sulnyl group, while indole
coordinates with K+ by p-p activation of the delocalized p bond,
thereby enhancing the reaction's stereoselectivity.35–37 Speci-
cally, with (R)-N-tert-butylsulnyl substrates, indole attacks
from the less hindered Re-side of the C]N bond, avoiding
steric hindrance with the bulky tert-butyl group, resulting in the
formation of (S)-product C.

Aer the synthesis of several bisindoles under standard
conditions, an investigation into the preliminary biological
activities of these novel compounds was conducted (Table 3).
Experimental ndings revealed that these bisindoles exerted
pronounced inhibitory effects against a diverse range of tumor
cells. Notably, bisindole 29 exhibited selective inhibitory activity
towards osteosarcoma cells MG63, with an IC50 value of 3.29
mM. Compound 29 exhibited signicantly greater cytotoxicity
towards osteosarcoma MG63 cells (IC50 = 4.03 mM) than
towards normal human mesenchymal stem cells (IC50 = 18.28
mM), demonstrating its selective toxicity against cancer cells.
Subsequently, we successfully achieved the gram-scale
© 2026 The Author(s). Published by the Royal Society of Chemistry
synthesis of bisindole 29, providing sufficient samples for
subsequent pharmacological experiments. The diastereomeric
excess (de value) was determined to be as high as 98% by HPLC
analysis (Scheme 4c). Further investigations have elucidated
that bisindole 29 exerts a multifaceted inhibitory action on
MG63 cells. It exhibits a pronounced inhibitory effect on their
proliferation, markedly curtails their colony-forming ability,
induces cell-cycle arrest in the G1 phase, and suppresses their
migration and invasion in a dose-dependent fashion. (See the SI
for details on biological activity.)
Conclusions

In summary, we have devised a novel and expedient protocol for
the synthesis of chiral bisindoles with remarkable di-
astereoselectivity. The developed methodology, utilizing K+/
Cu2+ co-chelation catalysis, demonstrates versatility across
various substituted indoles and diverse chiral imine substrates,
showing its broad substrate compatibility. Initial biological
investigations of the synthesized compounds have revealed that
they exhibit potent inhibitory activity against the osteosarcoma
cell line MG63, the hepatocellular carcinoma cell line HepG2,
and other cell lines. Among all the synthesized compounds,
bisindole 29 was ascertained to possess favorable anticancer
activity and a pronounced selective inhibitory effect on
RSC Adv., 2026, 16, 7337–7343 | 7341
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osteosarcoma cells. Further investigations have elucidated that
bisindole 29 exerts a multifaceted inhibitory action on MG63
cells. It exhibits a pronounced inhibitory effect on their prolif-
eration, markedly curtails their colony-forming ability, induces
cell-cycle arrest in the G1 phase, and suppresses their migration
and invasion in a dose-dependent fashion. While we have
identied the potent anti-tumor activity of bisindole 29, its
underlying mechanisms require further elucidation. Our future
work will be dedicated to systematically investigating the
molecular mechanisms of bisindole 29 using omics technolo-
gies and novel probe technologies,38,39 with the aim of providing
a robust scientic foundation for its development as a prom-
ising anti-cancer agent.
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