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scovery (the 1980s) of the first enediyne antibiotics 
nation of their mode of action, enediynes have 
 a promising class of cytostatic antibiotics.1–7 
ith (Z)-3-en-1,5-diyne moiety are able to undergo 
cloaromatization (the Bergman cyclization)8–10 
the formation of diradicals that determines the 
of biological activity of enediynes [Figure 1(a)].11 

An alternative pathway is the Myers–Saito cyclization12–14 of the 
corresponding enyne-allenes [Figure 1(c)]. Due to the instability 
of natural enediynes, low selectivity of their action and side 
effects,15 only a few anticancer drugs are presented today on the 
pharmaceutical market, namely, based  on N-acetyl calicheamicin 
g1

I are gemtuzumab ozogamicin (Mylotarg®)16 and inotuzumab 
ozogamicin (Besponsa®) [see Figure 1(b)],17 while based on the 
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of 3-(5-triazolyl)- and 3-(3-benzothienyl)
ines includes the Mannich reaction of the 

ing ethynyl derivatives with diaminomethanes. 
test of the synthesized compounds toward the 
NCI-H460 lung carcinoma cells and WI-26 VA4 
 fibroblast cells reveals one of them possessing a 
toxic activity.
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General mechanism of action of enediyne antibiotics, (b) structure of the enediyne containing the approved drug inotuzumab ozogamicin 
nd (c) maleimide-assisted rearrangement and cycloaromatization (MARACA) of acyclic analogs of enediyne.
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chromophore of neocarsinostatin is zinostatin stimalamer 
(SMANCS). In this regard, the design and synthesis of simpler 
enediyne molecules remains an urgent task, both for studying the 
factors controlling the formation of the key diradical 
intermediates, and for developing new anticancer agents to 
improve the selectivity of the enediyne cytotoxic effect and to 
overcome other limitations associated with natural 
compounds.18,19

Our research in this area has been focused on molecular 
design, synthesis, and structure – property relationship of 
10-membered heteroenediynes fused to heterocycles.20,21 As for 
more accessible acyclic enediynes, they were not considered as 
antitumor agents, since they usually are not active in the Bergman 
cyclization under physiological conditions. However, recently it 
was reported that acyclic symmetrical substituted enediynes 
fused to a maleimide moiety were able to generate a diradical at 
room temperature and exhibited high cytotoxicity against 
various cancer cell lines.22–26 It was found that the maleimide 
fragment promoted isomerization of enediynes into enyne-
allenes; as a result, the Myers–Saito cyclization mechanism 
was  triggered. One of the acyclic enediynes that showed 
high  activity was a compound containing propargylamine 
fragments.23

In this work, in order to expand the number of acyclic 
enediynes conjugated with five-membered heterocycles such 
as 1,2,3-1H–triazole and benzothiophene, asymmetrically 
substituted acyclic enediynes containing propargyl and 
propargylamine substituents were synthesized (Scheme 1) 
and their cytotoxicity towards cancer and normal cells was 
studied. 

Over the past few years, a rapid growth of interest towards 
propargylamine derivatives was observed.27 The classical 
method for obtaining such compounds is the Mannich reaction 
which involves three components such as terminal alkyne, 
formaldehyde (generated in situ from paraformaldehyde) and 
secondary amine called the A3-coupling reaction.28 This method 
has a specific place because of its convenience/atom efficiency.29 
Diaminomethanes used for this purpose require sufficiently mild 
conditions and the use of catalytic amounts of metal salts thus 
avoiding the formation of by-products.30–32

As the key compounds, we used terminal acetylenes 2 and 4, 
which were synthesized from TMS-substituted internal alkynes 
obtained by the Sonogashira reaction of TMS-acetylene with 
5-iodo-1,2,3-triazole 1 and 3-iodobenzothiophene 3, respectively 
(see Scheme 1). Subsequent removal of the trimethylsilyl group 
was carried out with potassium fluoride in the DMF/water 
system (10 : 1). The starting 5-iodo-1,2,3-triazole 133 and 
3-iodobenzothiophene 334 were obtained according to the 
previously reported procedures. 

For the preparation of propargylamines, we have chosen a 
modification in which pre-synthesized diaminomethanes 5a–d 
obtained from secondary amines and paraformaldehyde were 
used. The reaction of terminal acetylenes 2 and 4 with diamino
methanes 5a–d was carried out in the presence of CuCl under 
argon atmosphere with the formation of the corresponding 
Mannich bases 6a–d and 7a–d. 

For all synthesized acyclic enediynes 6a–d and 7a–d, the 
effect on the proliferation of lung carcinoma cells NCI-H460 and 
lung fibroblasts WI-26VA4 was evaluated using the MTT 
colorimetric test.35 Etoposide with the cytotoxic effect associated 
with an inhibitory effect on topoisomerase II36 was utilized as a 
reference drug in cellular experiments. Acyclic enediynes 
based  on 1,2,3-triazole 6a–d have no cytotoxic effect at a 
50 mmol dm–3 concentration on tumor (NCI-H460) and normal 
cell lines (WI-26 VA4). In contrast, among the benzothiophene 
derivatives, compound 7a demonstrated notable cytotoxicity 
against cancer cells (Table 1). At the same time, compounds 7a,b 
have also affected normal WI-26VA4 cells. The benzothiophene 
derivatives 7c,d showed no significant antiproliferative effect.

In conclusion, the developed synthetic approach opens access 
to a variety of acyclic enediynes containing propargylamine 
substituents.

This work represents an integration of two diverse projects 
funded by the Russian Science Foundation (A.I.G. grant  
no. 19-73-10077-P: synthesis of triazole-fused acyclic 
enediynes; I.A.B. grant no. 21-13-00218: synthesis of 
benzothiophene-fused acyclic enediynes, synthesis of 5-tri
azolyl- and 3-benzothienylpropargylamines and their biological 
applications). The research was carried out using the equipment 
of the SPbU Resource Centres: Centre for Magnetic Resonance 
and Centre for Chemical Analysis and Materials Research.

Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2023.04.010.
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Scheme 1 Reagents and conditions: i, Me3SiCºCH, Pd(PPh3)4, CuI, 
K3PO4, THF, 65 °C; ii, KF, DMF/H2O (10 : 1), room temperature; 
iii, Me3SiCºCH, Pd(PPh3)4, CuI, DIPA, DMF, 40 °C; iv, CH2(NR2)2 5a–d, 
CuCl, dioxane, 50–80 °C.

Table  1  Cytotoxic effects of compounds 7a,b on the cancer and normal 
human cell lines. 

Compound
IC50 (µm) values

Cancer line NCI-H460 Normal line WI-26VA

7a 20.7 ± 3.76 24.6 ± 1.9
7b n.d. 24.9 ± 2.5
etoposide 0.98 ± 0.33 0.42 ± 0.25
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