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and Li-Xia Gao*

A facile and efficient route to synthesize N-heterocyclic fused tryptamine-piperazine-2,5-dione conjugates

was developed via a post-Ugi cascade reaction. The targeted compoundswere prepared bymeans of amild

reaction and simple operation procedure, which could be applied to a broad scope of starting materials.

Compound 6h was demonstrated to induce significant growth inhibition of AsPC-1 and SW1990 human

pancreatic cancer cell lines (IC50 ¼ 6 � 0.85 mM). Our protocol allows for the construction of

a structurally diverse compound library and paves a new avenue for the discovery of pancreatic cancer

drug candidates.
Introduction

Multicomponent reactions (MCRs) have attracted considerable
attention due to their wide application in the rapid construction
of highly functionalized important chemical and biomedical
heterocyclic skeletons.1 In particular, the Ugi reaction is well
known as a versatile and highly efficient tool for the preparation
of novel drug scaffolds from commercially available starting
materials with high atom economy.2 Using alkynyls as Ugi inputs
was a conventional strategy to induce new C–C bonds during the
construction of heterocycles.3 In this regard, 2-azetidinones,
commonly known as b-lactams, could be constructed by C–C bond
formation employing C3 carbon in Ugi adducts with terminal or
substituted alkynes (Scheme 1).4 From similar Ugi adducts, the
Srivastava group reported that this reaction could occur at room
temperature in the presence of NaH.5 The Van der Eycken group
also published their ndings that a g-lactam core could be con-
structed under different conditions.4b,6 Besides the C–C bond
formation, the Zhang group reported a C–N bond formation
protocol to build piperazine-2,5-dione core through alkyne and
amide groups (Scheme 1).7 However, the selective formation of
piperazine-2,5-dione over the other b and g-lactams still remains
challenging and deserves further exploration.

The piperazine-2,5-dione pharmacophore is presented as an
important class of bioactive agents exhibiting anticancer, anti-
biotics and antibacterial activities.8 Therefore, a facile and
economic protocol for the synthesis of new and diverse
rch Center of Targeted and Innovative
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molecules bearing the piperazine-2,5-dione motif is highly
demanded. The tryptamine substructure is presented in
numerous naturally occurring and synthetic compounds, many
of which exhibit important pharmacological activity.9 Anti-
migraine drugs, such as sumatriptan,10 naratriptan11 and ele-
triptan12 have revolutionized migraine drug discovery and
spurred further research for more efficient and safer treatments
through activation of 5-HT1D, 5-HT1B and 5-HT1F receptors
Scheme 1 Terminal and substituted alkynes to construct lactams and
piperazine-2,5-diones.
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Table 1 Optimization for the synthesis of compound 6aa

Entry Base Solvt. Temp. (�C) Time (min)

Yield (%)

6ab 7ab 8ab

1 Cs2CO3 MeCN r.t. 120 5 Trace Trace
2 Cs2CO3 MeCN MW 80 10 30 Trace Trace
3 Cs2CO3 MeOH MW 80 10 19 10 0
4 Cs2CO3 EtOH MW 80 10 26 <5 0
5 Cs2CO3 DCE MW 80 10 11 10 0
6 Cs2CO3 Dioxane MW 80 10 15 0 0
7 Cs2CO3 DMF MW 80 10 <10 Trace 0
8 tBuONa MeCN MW 80 10 41 10 0
9 NaOH MeCN MW 80 10 36 0 0
10 DABCO MeCN MW 80 10 21 <5 0
11 DIPEA MeCN MW 80 10 0 <5 <5
12 DIPA MeCN MW 80 10 0 Trace <5
13 Et3N MeCN MW 80 10 10 0 0
14 K2CO3 MeCN MW 80 10 46 0 0
15 K2CO3 DMF MW 80 10 23 0 <5
16 K2CO3 MeCN MW 90 10 50 0 0
17 K2CO3 MeCN MW 100 10 53 0 0
18 K2CO3 MeCN MW 110 10 71 0 0
19 K2CO3 MeCN MW 120 10 92 0 0
20 K2CO3 MeCN MW 130 10 83 0 0
21 K2CO3 MeCN MW 120 20 82 0 0

a Reaction conditions: 5a (0.3 mmol) and bases (2.0 eq.) in solvent (2.0
mL). MW ¼ microwave irradiation. b Isolated yields. DABCO ¼ 1,4-
diazabicyclo[2.2.2]octane; DIPEA ¼ N,N-diisopropylethylamine; DIPA
¼ diisopropanolamine.

Scheme 2 Scope of the Ugi cascade route leading to tryptamine-
piperazine-2,5-diones 6a–j. Reaction conditions: 1 (1.0 mmol), 2 (1.0
mmol), 3 (1.0mmol) and 4 (1.0mmol) in MeOH (2.0mL) under air; After
workup, added K2CO3 (2.0 mmol) in MeCN (3.0 mL), microwave irra-
diation in a sealed tube at 120 �C, for 10 min. aIsolated yields with one-
pot two-step protocol; bIsolated yields of only cyclization step.
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with high affinities.13 In continuation of our endeavor towards
the development of diversity-oriented synthesis of heterocyclic
scaffolds through post-Ugi modications,14 we envisioned the
synthesis of tryptamine-piperazine-2,5-diones could be ach-
ieved by an Ugi cascade cyclization. To the best of our knowl-
edge, no tryptamine-piperazine-2,5-diones have been reported
as anticancer agents so far; therefore, our ndings lay the
foundation for the discovery and development of substituted
tryptamines in cancer research. Herein, we report a post-Ugi
base-catalyzed intramolecular nucleophilic cyclization for the
synthesis of tryptamine-piperazine-2,5-diones for cancer treat-
ment. As anticipated, the representative compound showed
excellent selectivity and potent anti-proliferative activity against
AsPC-1 and SW1990 human pancreatic cancer cell lines.15

Results and discussion

To investigate the potential of post-Ugi cyclization reactions for
the construction of heterocycles, a highly functionalized
27768 | RSC Adv., 2021, 11, 27767–27771
precursor 5a was readily constructed through the Ugi four-
component reaction from benzaldehyde 1a, propiolic acid 2,
tryptamine 3 and benzyl isocyanide 4a (Scheme 1). The Ugi
reaction proceeded in methanol at room temperature in high
yield, so we focused on the reaction condition optimization of
the subsequent cyclization of 5a.

We screened various inorganic and organic bases in terms of
their ability to promote the nucleophilic a-addition of amides
(Table 1, entries 1–9). To our delight, tBuONa and NaOH
allowed for the successful transformation from 5a to 6a in over
30% isolated yield; but in organic base systems, the targeted
compound 6a was found in lower yields and compound 7a and
8a could be found from LC/MS analysis (entries 10–12). Inter-
estingly, when K2CO3 was used, good to excellent yields were
observed for the target product 6a. Particularly, when 5a was
irradiated under microwave at 120 �C for 10 min in the presence
of 2.0 equiv. of K2CO3, 6a was obtained in 92% yield (entry 19).
Elevated reaction temperature or prolonged reaction time both
© 2021 The Author(s). Published by the Royal Society of Chemistry
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diminished the product yield (entries 20 and 21). With the well-
established reaction condition in hand, we turned our attention
to further exploration instead of trying other conditions,
including Me3P.7

Encouraged by the excellent yield of 6a, we envisioned that
crude 5a could be directly subjected to the cyclization reaction
without further purication. To verify our hypothesis, the Ugi
reaction solvent was removed under a gentle stream of nitrogen
to give crude 5a, which was conrmed by LC/MS. Then, crude 5a
was dissolved in MeCN and treated in microwave irradiation
under basic conditions. This two-step one-pot cascade reaction
delivered 6a in 71% yield. Then, we investigated the scope of
this cyclization reaction by varying starting materials (Scheme
2). In all cases, initial Ugi products 5a–j were obtained in good
yields; aer removal of the reaction solvent, 5a–j were used
directly without purication to give tryptamine-piperazine-2,5-
diones 6a–j in 57–75% yields. Aromatic aldehyde bearing elec-
tron donating or withdrawing groups were all well tolerated;
however, primary aliphatic aldehyde couldn't give the corre-
sponding product 6k. Due to the limited source of tryptamines,
only 2-(1H-indol-3-yl)ethan-1-amine 3 was tested and this
unprotected indole group still provided the Ugi product in good
yields. It is noteworthy that although the Ugi adduct 5 was not
puried by column chromatography, the usage of the crude
product has no discernible impact on the overall yield. In
comparison with Balalaie's method4a for the construction of b-
lactams, the only difference is alkyl amines in our method
instead of aromatic amines in the Ugi inputs. The electro-
withdraw substituents of aromatic amine in the Ugi skeletons
would promote the intramolecular nucleophilic addition of
carbanion to a triple bond to form the b-lactam skeleton.
However, in our reaction system, alkyl tryptamine group would
Fig. 1 6h inhibits cell viability and induces apoptosis in pancreatic can
pancreatic cancer cell lines. In (A), AsPC-1 and HPAC cells were treated w
detected by MTT assays. In (B), 5 �103 AsPC-1, PANC-1, SW1990 and PA
DMSO for 48 hours, In (C), AsPC-1 and SW1990 cells were determined the
48 hours, and the viability cells were staining by crystal violet. The crystal
are shown in the down panel. In (D), western blot assay detected the ce

© 2021 The Author(s). Published by the Royal Society of Chemistry
perform the intramolecular nucleophilic a-addition to form the
piperazine-2,5-dione ring. In addition, metal catalysts are
needed to activate terminal alkynes, which is why only trace of
pyrrolidine-2,5-dione 8a was found by LC/MS.

To evaluate the potential to develop a drug candidate from
the synthesized compounds, a thymidine incorporation assay
was used to measure cancer cell viability upon drug treatments
at the concentration of 20 mM. Totally 10 cancer cell lines,
including MHCC97H, MHCC97L, MDA-MB-231, MCF-7, UM1,
Cal-27, HCT116, SW620, AsPC-1 and HPAC, were selected for
initial screening (see ESI† for details), which are some of the
difficult-to-inhibit cell lines in the National Cancer Institute's 60
human tumour cell lines panel.16 Interestingly, we found that 6h
has selective inhibitory activities on pancreatic cancer cell lines
AsPC-1 and HPAC (Fig. 1A and S1†). The results veried our
assumption and proved that the tryptamine-piperazine-2,5-dione 6
could be a starting point towards the discovery of potent anti-
cancer drugs. The compound 6h has not cytotoxic to normal
pancreatic duct cells at 6 mM (Fig. S2†). In addition, 6h showed
excellent drug activity compared with clinical drugs for pancreatic
cancer (Fig. S3†). Compound 6h, bearing a bromo group at the
para-position of phenyl ring, showed better potency than the
chloro analogue 6i. However, compound 6d, lacking a uoro group
on the isocyanide starting material, exhibited much lower anti-
proliferative activity. Taken together, these results further proved
that substitution groups of aromatic ring of the aldehyde and the
substituents of benzyl group played key roles in altering the
compounds inhibitory potency against pancreatic cancer cells. The
information of structure–activity relationships (SAR) provided us
a guideline to improve the compounds anticancer activity in the
future during structural modication.
cer cells. (A and B) The effect of compounds 6a–j on cell viability in
ith the 20 mM concentrations of 6a–j for 48 hours, and cell viability was
NC-1 cells were seeded into 96-well-plates and treated with 6 mM 6h
growth ability. AsPC-1 and SW1990 cells were treatedwith 6 mM 6h for
violet staining pictures are shown in the up panel and quantitative data
ll proliferation and apoptosis protein expression *p < 0.05; **p < 0.01.
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To determine the effective dose range of 6h, four cell lines,
AsPC-1, PANC-1, SW1990 and HPAC, were treated with 6h at
drug concentrations from 1 mM to 50 mM for 48 hours. These
results indicated that pancreatic cancer cells have different
sensitivity to 6h. We selected two cells (AsPC-1, SW1990) that
were more sensitive to 6h for subsequent experiments (Fig. 1B).
Compound 6h exhibited dose-dependent anticancer activities
and selectivity in AsPC-1 and HPAC cell lines with an IC50 ¼ 6 �
0.85 mM. These data were in line with the cell growth assays data
when AsPC-1 and SW1990 cells were treated with 6h at different
drug concentrations (Fig. 1C). We next determined cell growth
inhibition rate with western blot at 6 mM of 6h. Oncogenic ERK
and AKT phosphorylation were signicantly suppressed upon
drug treatment for 48 h and these results suggested that 6h
induced AsPC-1 and SW1990 cell apoptosis (Fig. 1D). To study
the possible mechanisms that induced cell death, we examined
the expression of apoptosis-related protein in the presence or
absence of 6h. A signicantly increased apoptotic rate was
found following 6h exposure (Fig. 1D), which was accompanied
by increased levels of cleaved PARP. These data proved that
compound 6h can inhibit human pancreatic cell proliferation
and induce cell apoptosis.

Conclusion

In conclusion, a series of tryptamine-piperazine-2,5-dione deriva-
tives was designed and synthesized via Ugi cascade reaction.
Microwave-assisted synthesis protocol delivered target compounds
in high purity and excellent yield. The nonlinear SAR studies
showed that the substitution groups of aldehyde and benzyl group
in isocyanide played vital roles in altering the compounds inhib-
itory potency against pancreatic cancer cells. Furthermore, 6h
signicantly decreased the phosphorylation of oncogenic proteins
ERK and AKT; and meanwhile increased levels of cleaved PARP in
AsPC-1 and SW1990 cells. Exemplied by compound 6h, our work
presented in this paper paved a new avenue for the discovery of
pancreatic cancer drug.
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