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and Sunliang Cui *ab

Indoles are privileged chemical entities in natural products and drug discovery. Indole-fused heterocycles,

particularly seven-membered ones, have received increasing attention due to their distinctive chemical

characteristics and wide spectrum of bioactivities. However, the synthetic access to these compounds is

highly limited. Herein, we report a unique multicomponent reaction (MCR) for modular assembly of

indole-fused seven-membered heterocycles. In this process, indole, formaldehyde and amino

hydrochloride could assemble rapidly to yield indole-fused oxadiazepines, and another addition of

sodium thiosulphate would furnish indole-fused thiadiazepines. The biological evaluation disclosed the

promising anticancer activity of these compounds. Furthermore, this MCR could be applicable in the

late-stage and selective modifications of peptides. Therefore, this work provides a powerful strategy for

indole functionalization and valuable tool for construction of seven-membered heterocycles.
Introduction

Indole alkaloids are one of the largest classes of alkaloids in
natural products. They possess diverse structural features and
exhibit a wide spectrum of biological activities.1 Moreover, the
indole moiety serves as a privileged structure scaffold in phar-
maceutics and is present in a number of approved drugs.2 Given
the prevalence of indole derivatives, the exploration of indole
functionalization toward new scaffolds, chemical space expan-
sion and new biological discoveries has gained considerable
interest in chemistry and biology.3 In particular, indole-fused
seven-membered heterocycles represent an important subunit
of indole derivatives in pharmaceutics.4 For instance, indole-
fused diazepine acts as a exible core structure to t differen-
tial targets in drug discovery, and there are a variety of candi-
dates derived from this heterocycle, such as WAY-163909,
serazapine, azepindole and staurosporine (Scheme 1A).5–8

Correspondingly, the synthesis approaches to these compounds
attract much attention. Typically, Dinh reported a multi-step
synthetic route and Greaney disclosed a Pd-catalyzed oxidative
C–H coupling reaction to access these compounds (Scheme
1B).8,9a Besides, several alternative methods were also
Scheme 1 Indole-fused seven-membered heterocycles.
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established.9 However, most of these methods rely on complex
starting materials, tedious synthetic procedures and limited
structural diversity, which very much hamper the chemical
space exploration of indole-fused heterocycles.

Multicomponent reactions (MCRs) are one-pot reactions that
employ three or more reactants to form a single product which
is incorporated with almost all the atoms from starting mate-
rials.10 MCRs have emerged as a powerful tool in chemistry and
biology research, and have also demonstrated success in the
construction of new chemical entities.11 With respect to indoles
in MCRs, the current protocols mainly rely on the nucleophi-
licity of 3-position of indoles, while indole-based MCRs with
new functionalization fashions and reaction modes for
construction of new scaffolds remain to be investigated.12 Very
recently, our group developed a series of Mannich-like MCRs of
benzofurans and indoles, in which theMCR process occurred in
both C(sp2)–H and benzylic C(sp3)–H to achieve an unprece-
dented alkylaminative cyclization to realize piperidine-fusion
on benzofuran and indole frameworks.11e,12l,13 Inspired by
these studies, we envisioned that the MCR process could occur
on N–H and the adjacent 2-position of indoles simultaneously,
and this might constitute new structured indole-fused hetero-
cycles. Herein, we would like to report a multicomponent
reaction for modular assembly of indole-fused seven-membered
heterocycles (Scheme 1C).
Results and discussion

Initially, we commenced our investigation by employing 3-
methylindole 1a, formaldehyde 2, and chloroethylamine
hydrochloride 3a as model substrates. We conducted the reac-
tion by mixing these substrates in one-pot in the solvent of
Table 1 Reaction optimizationa

Entry
2
(equiv.)

3a
(equiv.) Solvent Temp. Yieldb (%)

1 5 2 AcOH 45 °C 37
2 5 2 DMF 45 °C 32
3 5 2 THF 45 °C 75
4 5 2 CH3CN 45 °C 63
5 5 2 DMSO 45 °C 15
6 5 2 DCM 45 °C 70
7 5 2 MeOH 45 °C Trace
8 5 2 DMF/CH3CN (1 : 1) 45 °C 65
9 5 2 THF 60 °C 73
10 5 2 THF 70 °C 54
11 5 4 THF 45 °C 71
12 10 2 THF 45 °C 74

a Reaction conditions: the reaction was conducted with 1a (0.2 mmol, 1
equiv.), formaldehyde 2 (37% in water, 5 or 10 equiv.), 3a (2 equiv. or 4
equiv.), solvent (2 mL). b Yield refers to the isolated product.

5212 | Chem. Sci., 2024, 15, 5211–5217
acetic acid at 45 °C. Interestingly, a new product was formed in
37% yield (Table 1, entry 1) and the characterization identied
this product as an intriguing indole-fused oxadiazepine, and
this seven-membered heterocycle formation indicated a new
multicomponent reaction occurrence. Furthermore, the struc-
ture of 4a was unambiguously conrmed by X-ray analysis. The
next screening of solvents showed that the use of DMF, DMSO
and MeOH would give low yields (entry 2, entry 5 and entry 7)
while THF, CH3CN, and DCM were optimal to signicantly
improve the yield (THF, 75%; CH3CN, 63%; DCM, 70%; entries
3–4 and entry 6). The solvent mixture of DMF and CH3CN was
also effective giving 4a in 65% yield (entry 8). Increasing the
temperature to 60 °C gave a comparable yield (entry 9) while
increasing to 70 °C would diminish the yield (entry 10). The
following optimization by varying the amounts of 2 and 3a did
not further improve the yields. In addition, conducting this
reaction on a gram scale afforded 4a in 70% yield, thus
underscoring the scalability of this process (see the ESI†).

With the optimized reaction conditions in hand, we then
investigated the generality of this multicomponent reaction. As
shown in Fig. 1, a variety of amino hydrochlorides were varied in
this process as amine building blocks, and numerous exible
aliphatic amino hydrochlorides with a diversity of substituents,
including chloride, bromide, sulfone, triuoromethyl, cyano,
phthalimide, alkene, alkyne, (hetero)cyclic rings, thiophene and
functionalized aryl rings, were found compatible to furnish the
corresponding indole-fused oxadiazepines in good to excellent
yields (4a–4t). Besides, diverse amino acid derivatives have been
successfully utilized in this reaction sequence, allowing for
seamless integration with 3-methylindoles 1 and formaldehyde
2 to yield the targeted compounds (4u–4aa). This process
effectively incorporates the chirality and functionality of amino
acids directly into products, thereby broadening the chemical
diversity of indole-fused heterocycles and offering ample
opportunity for biology exploration and lead compound opti-
mization. The use of amino acid derivatives such as glycine,
alanine, leucine, and methionine has proven highly effective in
this MCR process, consistently producing indole-fused oxadia-
zepines with good to excellent yields (51–89%). Moreover, the
structure of 4s was conrmed by X-ray analysis wherein the
absolute conguration of the chiral center was determined to be
identical with the starting amino building block, and it was
reasonable that other amino acid derived oxadiazepines
retained the same stereochemistry conguration. Aniline
hydrochloride was also subjected to these MCRs and was not
applicable. On the other hand, the scope of indoles was also
investigated. As shown in Fig. 1, various substituted indoles
with differential electron-donating and electron-withdrawing
proles and substitution positions were well compatible in
this process, and those groups include uoro, bromo, methoxy,
alkene, alkyne, methyl, acetoxyl, ester, N-phthalamide, and
amide, and this MCR process could convert these indoles to
indole-fused oxadiazepines in moderate to good yields (4ab–
4ap, 41–94%); and there were no signicant differences in the
yields for differential substitution while the electron-donating
methoxy group on the indole ring would lead to slightly low
yield probably due to their instability. Moreover, the structure of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scope for the multicomponent synthesis of indole-fused oxadiazepines. Reaction conditions: 1 (0.2 mmol), 2 (1.0 mmol), 3 (0.4 mmol),
THF (2 mL), 45 °C or 60 °C, 6 hours. Isolated yields are given. Phth = phthalimide.

Fig. 2 Scope for the multicomponent synthesis of indole-fused
thiazepines. Conditions: 1 (0.2 mmol), 2 (1.0 mmol), 3 (0.4 mmol),
Na2S2O3 5 (0.4 mmol), HCl (0.4 mmol, 12 N), THF (2 mL), 50 °C, 6
hours. Isolated yields are given.
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compound 4aj was determined by X-ray analysis. It should be
noted that indoles 1o and 1p were tryptamine derivatives and
melatonin respectively; thus this MCR protocol provides
a distinct heterocycle-fused evolution for these bioactive mole-
cules and would denitely be useful in drug discovery.

Encouraged by these results, we wondered whether this MCR
strategy could be extended to the facile construction of other
new structural indole-fused heterocycles. Based on the reaction
mechanism understanding and various experimental attempts
(for details, see the ESI†), we found that another addition of
sodium thiosulfate 5 (Na2S2O3) to the mixture of 1, 2 and 3 with
the treatment of aqueous hydrochloride solution would enable
a new multicomponent reaction to deliver indole-fused thia-
diazepine. Then the generality of this MCR was explored. As
shown in Fig. 2, a wide range of amines bearing diverse func-
tionalities, including exible aliphatic amines with the substi-
tution of chloro, sulfone, cyano, benzyloxy, heterocyclic rings,
alkene, alkyne, cyclobutane and phenyl, were well applicable in
this process to furnish the corresponding indole-fused thia-
diazepine products in good to excellent yields (6a–6j), and the
structure of 6a was unambiguously conrmed by single-crystal
X-ray crystallography. Meanwhile, amino acid derivatives were
also compatible in this process and assembled with indole 1,
formaldehyde 2 and Na2S2O3 5 to rapidly achieve the products
in good yields (6k–6n). The indole scope was also investigated
wherein differential substitution and melatonin were explored,
© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 5211–5217 | 5213
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and the corresponding indole-fused thiadiazepine products
were achieved in good to excellent yields (6o–6r). In addition,
a gram-scale synthesis of 6a was conducted to demonstrate the
scalability and practicality of this MCR (see the ESI†).

To further gain insights into the mechanism, a series of
control reactions and isotope-labeling reactions were conduct-
ed. First, compounds Int-1 and Int-2u were isolated and iden-
tied as intermediates. Then, Int-1, Int-2u and N-MOM
protected indole 7 were individually subjected to the multi-
component reaction with formaldehyde 2 and methyl glycinate
hydrochloride 3u, and the results showed that these MCRs
could all furnish the product 4u in good yields (Fig. 3A).
Besides, 1a was also subjected to a reaction with para-
formaldehyde 2 and chloroethylamine hydrochloride 3a with an
addition of 18O-labelled H2O, and the result showed that 4a
could be formed in 59% yield coupled with high 18O-labelled
incorporations (Fig. 3B). Based on these results, a plausible
mechanism was proposed in Fig. 3C. Initially, indole 1a could
react with formaldehyde 2 to give intermediate Int-1, and amino
hydrochloride 3 could react with formaldehyde 2 to give imi-
nium intermediate 8. Aerwards, an alkylamination would
occur between Int-1 and 8 to deliver Int-2. Int-2 would further
Fig. 3 Mechanism investigation experiments and the proposed
mechanism.

5214 | Chem. Sci., 2024, 15, 5211–5217
condense with formaldehyde to give Int-3; then water or H2S (in
situ generated from Na2S2O3 and aqueous HCl) would undergo
a bis-nucleophilic addition to Int-3 to give indole-fused seven-
membered heterocycles, along with the release of Int-4 which
further decomposed to formaldehyde 2 and iminium 8. When
Na2S2O3 was replaced with Na2S, the MCRs would deliver the
same products, thus indicating that H2S was the real nucleo-
philic reagent (for details, see the ESI†).14

Since indole derivatives were privileged structures in phar-
maceuticals, these indole-fused heterocyclic compounds were
subsequently subjected to biological evaluation. At the begin-
ning, cytotoxicity evaluation was conducted for these
compounds in the GES-1 cell line (human) and 3T3 cell line
(mouse) at a concentration of 10 mM and 20 mM, and the results
revealed their low cytotoxicity (see ESI Fig. S7†). Then, these
compounds were subjected to anti-proliferative evaluation
against four human cancer cell lines, including A549 (lung
cancer cell line), HCT116 (colon cancer cell line), BEL7402 (liver
cancer cell line) and MDA-MB-231 (breast cancer cell line). As
shown in Fig. 4A (for details, see ESI Fig. S8†), a number of
compounds displayed potential inhibitory activities against
BEL7402 cells, with IC50 values ranging from 12.6 mM to 23.9
mM. Moreover, compounds 6g and 6h exhibited good anti-
proliferative activity against A549 cells (IC50 = 9.6 mM and
IC50 = 11.7 mM). These results indicated that this class of
indole-fused heterocycles has potential antitumor activities.

Meanwhile, the synthetic utility of this multicomponent
reaction protocol was applied in peptide modication. Because
of the natural advantage of mimicking the endogenous portion
of the interacting proteins, peptides have gained increased
attention.15 However, their drug discovery was plagued by their
particularly poor physicochemical properties and in vivo
stabilities.16 Chemical modication has been a robust tool to
overcome the intrinsic limitations.17 In recent decades, the
aromatic tryptophan (Trp) side chain has become an attractive
target for late-stage modication for its essential role in
peptides and proteins.12k,18 Given the successful implementa-
tion of these MCRs on tryptamine and melatonin toward
modular assembly of indole-fused seven-membered heterocy-
cles, we hypothesized that this protocol could be a selective and
efficient method for tryptophan (Trp) containing peptides.
Thus, we used Cbz-Trp-OH as a model substrate to react under
standard conditions. As expected, the corresponding product
11a was obtained in satisfactory yield. The strategy was also
tested on the dipeptide substrates Cbz-Ala-Trp-OMe and Cbz-
Trp-Phe-OMe, and the results showed that moderate yields
could be achieved regardless of whether the Trp residue is
located at the C-terminal or N-terminal end (11b and 11c).
Furthermore, this multicomponent reaction protocol was
capable of tripeptide modication (11d–11f), displaying high
reaction activity and compatibility with different amino acids. It
should be noted that the modied Trp-containing peptides
bearing an alkynyl moiety are promising building blocks for
click reactions toward diverse derivatization. In addition, we
employed Fmoc-Trp-OMe and Fmoc-Lys-OMe as indole and
amine building blocks for these MCRs, and gratifyingly, these
two peptides could be assembled to form the indole-fused
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Application of these MCRs in biological activity assay and peptide chemistry. MCR = multicomponent reaction.
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heterocycles 11g in 41% yield. These results indicated that this
multicomponent reaction could be a potent and practical
modication strategy for peptides.
Conclusions

In conclusion, we have developed amodular assembly of indole-
fused seven-membered heterocycles through multicomponent
reactions. In this process, indole, formaldehyde and amino
hydrochloride could assemble rapidly to achieve the construc-
tion of indole-fused oxadiazepines, while a further addition of
Na2S2O3 would deliver thiadiazepines alternatively, and the
reaction process featured mild reaction conditions, broad
substrate scope and high efficiency. The control reaction and
isotope-labelling reaction revealed an iterative assembly of
these building blocks wherein a bis-nucleophilic addition was
vital in this process. Biological evaluation disclosed that these
compounds exhibit potent anti-proliferative activity, and this
protocol could be applicable in the selective and late-stage
modication of peptides. Therefore, this protocol provides
a distinct and efficient approach for accessing indole-fused
heterocycles and serves as an efficient peptide modication
strategy and would be useful in organic synthesis, medicinal
chemistry and chemical biology.
Data availability

Detailed synthetic procedures and complete characterization
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