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A series of peptidomimetic compounds containing benzothiazolyl ketone and [2.2.1] azabicyclic ring was
designed, synthesized and evaluated in the hope of obtaining potent oral 3CLP™ inhibitors with improved
pharmacokinetic properties. Among the target compounds, 11b had the best enzymatic potency (ICso = 0.110
pM) and 11e had the best microsomal stability (t;/2 > 120 min) and good enzyme activity (ICso = 0.868 puM).
Therefore, compounds 11b and 11e were chosen for further evaluation of pharmacokinetics in ICR mice. The
results exhibited that the AUC.r) of 11e was 5143 h*ng/mL following single-dose oral administration of 20 mg/
kg, and the F was 67.98%. Further structural modification was made to obtain compounds 11g-11j based on 11e.
Among them, 11j exhibited the best enzyme inhibition activity against SARS-CoV-2 3CLP™ (ICsg = 1.646 pM),
the AUC(.ry was 32473 h*ng/mL (20 mg/kg, po), and the F was 48.1%. In addition, 11j displayed significant
anti-SARS-CoV-2 activity (ECso = 0.18 pM) and low cytotoxicity (CCso > 50 pM) in Vero E6 cells. All of the above
results suggested that compound 11j was a promising lead compound in the development of oral 3CLP™ in-
hibitors and deserved further research.

on polyproteins and plays an essential role in viral replication and
propagation [7,8]. Besides, it has been proven that the catalytic domains

1. Introduction

COVID-19 is an acute respiratory infectious disease caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) which
has engendered a huge threat to the global economy and public health
[1,2]. The ORFla and ORF1b genes account for about 2/3 of the total
length of the SARS-CoV-2 genome and encode two polyproteins [3,4].
The two polyproteins can be cleaved by 3C-like protease (3CLP™) and
Papain-like protease (PLP™) to form sixteen functional proteins [5,6]. It
is worth mentioning that 3CLP™ is responsible for the cleavage of 11 sites
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of different coronaviruses 3CLP™ are highly conservative, thus 3CLP™
inhibitors may have a broad spectrum of anti-coronaviral activities [9,
10]. In addition, no human protease has high structural homology with
the 3CLP™ of SARS-CoV-2 [11,12]. Therefore, given the indispensable
role of 3CLP™ in the viral life cycle [13], the highly conserved structure
[14], and the less related homologous protein in humans [15], 3CLP™ is
an important target for COVID-19 drugs development.

Many covalent peptidomimetics have been reported as 3CLP™

E-mail addresses: ymzhang@wh.iov.cn (Y. Zhang), suhaixial @simm.ac.cn (H. Su), gmzhang@simm.ac.cn (Q. Zhang).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.ejmech.2023.115512 l}{t’)

Received 11 March 2023; Received in revised form 1 May 2023; Accepted 22 May 2023

Available online 23 May 2023
0223-5234/© 2023 Elsevier Masson SAS. All rights reserved.


mailto:ymzhang@wh.iov.cn
mailto:suhaixia1@simm.ac.cn
mailto:qmzhang@simm.ac.cn
www.sciencedirect.com/science/journal/02235234
https://www.elsevier.com/locate/ejmech
https://doi.org/10.1016/j.ejmech.2023.115512
https://doi.org/10.1016/j.ejmech.2023.115512
https://doi.org/10.1016/j.ejmech.2023.115512
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2023.115512&domain=pdf
Administrator
高亮

Administrator
新图章

Administrator
矩形

Administrator
新图章

Administrator
高亮

Administrator
新图章


	Design, synthesis and biological evaluation of peptidomimetic benzothiazolyl ketones as 3CLpro inhibitors against SARS-CoV-2
	1 Introduction
	2 Results and discussion
	2.1 Chemistry
	2.2 Biological activity evaluation
	2.2.1 SARS-CoV-2 3CLpro inhibitory activities of compounds 11a-11f
	2.2.2 Microsomal stability of compounds 11b-11f
	2.2.3 Pharmacokinetic properties of compounds 11b and 11e
	2.2.4 SARS-CoV-2 3CLpro inhibitory activities of compounds 11g-11j
	2.2.5 Pharmacokinetic properties of compound 11j
	2.2.6 SARS-CoV-2 antiviral activities and cytotoxicities of 11e and 11j
	2.2.7 Protease inhibition selectivity of compound 11j


	3 Conclusion
	4 Experimental section
	4.1 Materials and methods
	4.2 Synthesis of 3 and 5
	4.2.1 Synthetic procedure for the preparation of tert-butyl((S)-1-(benzo[d]thiazol-2-yl) -3-((S)-2-oxopyrrolidin-3-yl)propa ...
	4.2.2 Synthesis of 2-(tert-butyl) 3-methyl (1R,3S,4S)-2-azabicyclo[2.2.1]heptane-2,3- dicarboxylate (5)

	4.3 Synthesis of 7a-7e
	4.3.1 Synthesis of methyl (1R,3S,4S)-2-((S)-2-((tert-butoxycarbonyl)amino) -3,3- dimethylbutanoyl)-2-azabicyclo[2.2.1]hepta ...
	4.3.2 methyl(1R,3S,4S)-2-(N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-seryl)-2-azabi cyclo[2.2.1]heptane-3-carboxylate (7b)
	4.3.3 methyl(1R,3S,4S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-(4-methoxyphenyl) propanoyl) -2-azabicyclo[2.2.1]heptane-3-c ...
	4.3.4 methyl(1R,3S,4S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-cyclohexylpropanoyl) -2- azabicyclo[2.2.1]heptane-3-carboxyl ...
	4.3.5 methyl(1R,3S,4S)-2-((S)-2-((3S,5S,7S)-adamantan-1-yl)-2-((tert-butoxycarbonyl) amino) acetyl)-2-azabicyclo[2.2.1]hept ...

	4.4 Synthesis of methyl(1R,3S,4S)-2-((S)-2-((N,N-dimethylsulfamoyl)amino)-3,3- dimethylbutanoyl)-2-azabicyclo[2.2.1]heptane ...
	4.5 Synthesis of 8b-8e
	4.5.1 Synthesis of methyl (1R,3S,4S)-2-(O-(tert-butyl)-N-((trifluoromethyl)sulfonyl) -L-seryl)-2-azabicyclo[2.2.1]heptane-3 ...
	4.5.2 Synthesis of methyl (1R,3S,4S)-2-((S)-3-(4-methoxyphenyl)-2-((trifluoromethyl) sulfonamido)propanoyl)-2-azabicyclo [2 ...
	4.5.3 Synthesis of methyl(1R,3S,4S)-2-((S)-3-cyclohexyl-2-((trifluoromethyl) sulfonamido)propanoyl)-2-azabicyclo [2.2.1] he ...
	4.5.4 Synthesis of methyl (1R,3S,4S)-2-((S)-2-((3S,5S,7S)-adamantan-1-yl)-2-((trifluoromethyl)sulfonamido)acetyl)-2-azabicy ...

	4.6 Synthesis of 9a-9e, 10a
	4.6.1 Synthesis of (1R, 3S, 4S)-2-((S)-2-((N, N-dimethylsulfamoyl) amino)-3,3-dimethylbutanoyl)-2-azabicyclo [2.2.1] heptan ...
	4.6.2 Synthesis of (1R, 3S, 4S)-2-(O-(tert-butyl)-N-((trifluoromethyl) sulfonyl)-L-seryl)-2-azabicyclo [2.2.1] heptane-3-ca ...
	4.6.3 Synthesis of (1R, 3S, 4S)-2-((S)-3-(4-methoxyphenyl)-2-((trifluoromethyl) sulfonamido)propanoyl)-2-azabicyclo [2.2.1] ...
	4.6.4 Synthesis of (1R, 3S, 4S)-2-((S)-3-cyclohexyl-2-((trifluoromethyl)sulfonamido) propanoyl)-2-azabicyclo [2.2.1] heptan ...
	4.6.5 Synthesis of (1R, 3S, 4S)-2-((S)-2-((3S, 5S, 7S)-adamantan-1-yl)-2-((trifluoro methyl)sulfonamido)acetyl)-2-azabicycl ...
	4.6.6 Synthesis of (1R, 3S, 4S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3,3-dimethyl butanoyl)-2-azabicyclo [2.2.1] heptane-3 ...

	4.7 Synthesis of 11a-11j
	4.7.1 Synthesis of tert-butyl ((S)-1-((1R,3S,4S)-3-(((S)-1-(benzo[d]thiazol-2-yl)-1-oxo -3-((S)-2-oxopyrrolidin-3-yl)propan ...
	4.7.2 Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxo pyrrolidin-3-yl)propan-2-yl)-2-((S)-2-(( ...
	4.7.3 Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxo pyrrolidin-3-yl)propan-2-yl)-2-(O-(tert- ...
	4.7.4 Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxo pyrrolidin-3-yl)propan-2-yl)-2-((S)-3-(4 ...
	4.7.5 Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxo pyrrolidin-3-yl)propan-2-yl)-2-((S)-3-cy ...
	4.7.6 Synthesis of (S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxopyrrolidin-3-yl)pro pan-2-yl(1R,3S,4S)-2-((S)-2-((3S,5S,7 ...

	4.8 Synthesis of 11b-11e
	4.8.1 Synthesis of (1R,3S,4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxopyrr olidin-3-yl)propan-2-yl)-2-((S)-3,3-di ...
	4.8.2 Synthesis of (1R,3S,4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxopy rrolidin-3-yl)propan-2-yl)-2-((S)-2-(2-f ...
	4.8.3 Synthesis of (1R, 3S, 4S)-2-((S)-2-(acetamido-2,2,2-d3)-3,3-dimethylbutanoyl) -N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo- ...
	4.8.4 Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-((S)-2-oxopy rrolidin-3-yl)propan-2-yl)-2-((S)-3,3- ...

	4.9 Molecular docking procedure
	4.10 Biological experimental methods
	4.10.1 SARS-CoV-2 3CLpro inhibition assay for 11a-11j
	4.10.2 Microsomal stability assay for 11b-11f and nirmatrelvir
	4.10.3 Pharmacokinetics of 11b, 11e, 11j and nirmatrelvir
	4.10.4 Antiviral assay for 11e, 11j and nirmatrelvir
	4.10.5 Cytotoxic assay for 11e, 11j and nirmatrelvir
	4.10.6 Protease selectivity assay for 11j


	Declaration of competing interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	Abbreviations
	References


