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Abstract 
Specific inhibition of the viral RNA-dependent RNA polymerase (RdRp) of the newly-emerged severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) is a very promising strategy for developing highly potent medicines for corona-
virus disease 2019 (COVID-19). However, almost all of the reported viral RdRp inhibitors (either repurposed drugs or 
new antiviral agents) lack selectivity against the SARS-CoV-2 RdRp. Herein, I discovered a new favipiravir derivative, 
(E)-N-(4-cyanobenzylidene)-6-fluoro-3-hydroxypyrazine-2-carboxamide (cyanorona-20), as the first potent SARS-CoV-2 
inhibitor with very high selectivity (209- and 45-fold more potent than favipiravir and remdesivir, respectively). Based on 
the significant reduction in the in vitro SARS-CoV-2 replication/copies, strong computational cyanorona-20 ligand-RdRp 
protein interactions, and anti-RdRp activity of the parent favipiravir drug, SARS-CoV-2 inhibition is thought to be medi-
ated through the coronaviral-2 RdRp inhibition. This promising selective anti-COVID-19 compound is also, to the best of 
our knowledge, the first bioactive derivative of favipiravir, the known antiinfluenza and antiviral drug. This new nucleoside 
analog was designed, synthesized, characterized, computationally studied (through pharmacokinetic calculations along with 
computational molecular modeling and prediction), and biologically evaluated for its anti-COVID-19 activities (through a 
validated in vitro anti-COVID-19 assay). The results of the biological assay showed that cyanorona-20 surprisingly exhib-
ited very significant anti-COVID-19 activity (anti-SARS-CoV-2 EC50 = 0.45 μM), and, in addition, it could be also a very 
promising lead compound for the design of new anti-COVID-19 agents. Cyanorona-20 is a new favipiravir derivative with 
promise for the treatment of SARS-CoV-2 infection.
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Introduction

Recently in December 2019, a novel coronavirus (2019-
nCoV), officially known as severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2; Fig.  1), suddenly 
emerged in Wuhan (Wuhan City, Hubei Province, China) 
(Hui et al. 2020). Despite drastic containment measures, 
the transmission of this virus is ongoing leading to the 
spread of the coronavirus disease 2019 (COVID-19) with 
its major symptoms localizing in the respiratory system of 

human (i.e., characterized by loss of pulmonary function 
in humans) (Hui et al. 2020; Li et al. 2020). This outbreak 
of 2019-nCoV infection has spread across our planet (Hui 
et al. 2020; Li et al. 2020). Currently, at the end of Decem-
ber 2020, about 85 million COVID-19 cases have been con-
firmed worldwide, with more than 1.85 millions of lives lost 
due to this disease (COVID-19 Map 2020). The best efforts 
of multinational pharmaceutical companies, drug discovery 
research centers/institutes, international health authorities, 
and pharmaceutical/medical colleges have focused on the 

Fig. 1   A diagrammatic rep-
resentation of SARS-CoV-2 
morphology (its shape when 
entering the human body car-
ried, mainly, into respiratory 
droplets) and anatomy (struc-
ture) RETRACTED A
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LE



4671Chemical Papers (2021) 75:4669–4685	

1 3

search for effective medications and therapies able to combat 
the virus (Li et al. 2020; Jiang et al. 2020). No specific anti-
viral drugs have been officially approved for the treatment 
of COVID-2019 (Jiang et al. 2020). 

In this absence of effective anti-COVID-19 therapy, 
some researchers have suggested the repurposing of the 
known potent antiinfluenza drug favipiravir (chemically, it 
is a purine nucleoside analog; approved for medical use in 
Japan since 2014; Fig. 2) to counteract the novel COVID-
19 (Shiraki and Daikoku 2020; Dong et al. 2020; Łagocka 
et al. 2021; Driouich et al. 2021). Previous studies identified 
viral RNA-dependent RNA polymerase (RdRp) as a poten-
tial drug target in COVID-19 treatment due to its crucial 
role in SARS-CoV-2 replication and transcription (i.e., in 
the virus life cycle) (Zhang and Tang 2021). Furthermore, 
this enzyme has a strategic advantage of being absent in the 
coronavirus-uninfected human cells (i.e., viral RdRp is a drug 
target selective for SARS-CoV-2 particles) (Dong et al. 2020; 
Venkataraman et al. 2018; Wu et al. 2020). Favipiravir, as 
an antiviral agent, acts by selectively inhibiting viral RdRp 
(some other researches suggest that favipiravir, in addition of 
being a potent RdRp inhibitor, induces lethal RNA transver-
sion mutations, thus producing a nonviable viral phenotype) 
(Shiraki and Daikoku 2020; Furuta et al. 2013). Favipiravir 
is a prodrug that is metabolized to its active form, favipiravir-
ribofuranosyl-5′-triphosphate (favipiravir-RTP), mainly by 
the enzyme human hypoxanthine-guanine phosphoribosyl-
transferase (HGPRT) in order to stop the replication process 
of the viral RNA genome (i.e., of the virus) (Smee et al. 
2009). However, limitations have restricted the use of favi-
piravir as an efficient anti-COVID-19 agent till now, e.g., 
reliable data regarding in vitro SARS-CoV-2 inhibition are 
still not available (Shiraki and Daikoku 2020; Dong et al. 
2020); broad data regarding in vivo SARS-CoV-2 inhibition 
and efficacy in preclinical animal studies are still not avail-
able (Dong et al. 2020; Cai et al. 2020); the few available 
animal experiments of favipiravir show the potential for tera-
togenic effects (Shiraki and Daikoku 2020); favipiravir has 
not been shown to be effective in primary human airway cells 
(Yoon et al. 2018); lack of additional virus-toxic functional 
groups in favipiravir structure to augment its antiviral mecha-
nism of action against the lethal and resistant SARS-CoV-2 
(Dong et al. 2020; Abdelnabi et al. 2017); lipophilic/hydro-
philic properties of favipiravir are not adequately balanced to 
achieve maximal bioavailability and distribution (especially 
to the lungs) in humans (Du and Chen 2020); expected bind-
ing affinities of active favipiravir-RTP molecule (as a viral 

RdRp inhibitor) with SARS-CoV-2 RdRp enzyme protein are 
not that great (as concluded mainly from the studies of active 
favipiravir-RTP binding affinities with the viral polymerase, 
e.g., Abdelnabi et al. 2017); favipiravir/favipiravir-RTP struc-
ture is not an ideal hydrogen bond acceptor (Naydenova et al. 
2021); data concerning its clinical use in humans are not 
clear (Shiraki and Daikoku 2020; Cai et al. 2020; Du and 
Chen 2020); favipiravir as an anti-COVID-19 drug is used 
primarily off-label (in Japan) as its use as anti-COVID-19 has 
not been approved (Shiraki and Daikoku 2020; Du and Chen 
2020); and many favipiravir published articles and papers 
have irreproducible data (Dong et al. 2020; Cai et al. 2020).

These limitations of favipiravir use against COVID-19 
prompted us to design a derivative of favipiravir to better 
inhibit SARS-CoV-2 RdRp. The goal was an improved 
favipiravir structure with respect to drug-likeness, structure-
stabilizing properties, small molecular weight, viral replica-
tion inhibition, and biological compatibility. After extensive 
molecular modeling (of compound libraries with SARS-
CoV-2 RdRp), we identified (E)-N-(4-cyanobenzylidene)-
6-fluoro-3-hydroxypyrazine-2-carboxamide (cyanorona-20; 
Fig. 3) as a new derivative of favipiravir expected to have 
anti-COVID-19 activities.

Cyanorona-20 ("cyano" stands for the cyano group, which 
is the major new moiety added in this derivative of favipira-
vir; "no" stands for the same word, no; "norona" stands for 
coronavirus; and "20" stands for the year in which this drug 
has been discovered, i.e., in 2020) is the 4-cyanobenzylidene 
derivative of favipiravir at the amino group, and is expected 
to be a prodrug that is metabolized inside the human body 
to its active nucleotide triphosphate form, cyanorona-20-
ribofuranosyl-5′-triphosphate (cyanorona-20-RTP). Cyano-
rona-20 molecule has a high degree of drug-likeness (obeys 
Lipinski’s rule of five "Ro5") and fulfills the structural 
requirements for a potent anti-COVID-19 agent. Figure 4 
summarizes the proposed mechanism of anti-COVID-19 
action of cyanorona-20.

One of the interesting features of cyanorona-20 struc-
ture is its expected ability to act as a zincophore. Zinc 
ionophores or zinc ion carriers, e.g., chloroquine (Xue 
et  al. 2014), hydroxychloroquine (Xue et  al. 2014), 
quercetin (Dabbagh-Bazarbachi et  al. 2014), and epi-
gallocatechin gallate (Dabbagh-Bazarbachi et al. 2014), 

Fig. 2   Chemical structure of 
favipiravir (6-fluoro-3-hy-
droxypyrazine-2-carboxamide)

Fig. 3   Chemical structure of the newly-designed target compound 
cyanorona-20 ((E)-N-(4-cyanobenzylidene)-6-fluoro-3-hydroxypyra-
zine-2-carboxamide)
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transport extracellular Zn2+ ions across the hydrophobic 
cell membranes to enter the living cells, and have been 
studied mainly for their antiviral activities, as they have 
been shown to effectively inhibit the replication of various 
viruses in vitro (Ishida 2019). Zn2+ inhibits coronavirus 
RdRp activity (i.e., inhibits coronaviral replication and 
transcription) in vitro (Zn2+ ion is the only known elemen-
tal cofactor and ligand present in the crystal structure of 
SARS-CoV-2 RdRp, and thus, it has an important role 
in the activity and performance of this enzyme, i.e., of 
COVID-19 RNA-synthesizing enzymatic machine) (Hecel 
et al. 2020). Zinc ionophores evidently block the replica-
tion process of coronaviruses intracellularly in cell cul-
tures (Yin et al. 2020; te Velthuis et al. 2010; Derwand and 
Scholz 2020). Based on this fact, molecules that have good 
zincophoric properties may be advantageous in inhibit-
ing SARS-CoV-2 RdRp and coronaviral-2 replication. 

Cyanorona-20 has about six potential zinc-binding cent-
ers or moieties (four active nitrogen atoms and two active 
oxygen atoms), making it an ideal candidate to act as a 
potent anti-COVID-19 zincophore.

Figure  5 summarizes the key structural features of 
cyanorona-20. Table 1 shows the structure and nomen-
clature of both the administered prodrug (or salt) and the 
active metabolite (or free base) forms of the novel anti-
COVID-19 compound cyanorona-20 and the four reference 
general anti-COVID-19 drugs (favipiravir, remdesivir, 
arbidol, and hydroxychloroquine) (Dong et al. 2020; Cai 
et al. 2020; Du and Chen 2020; Shannon et al. 2020; Yin 
et al. 2020; Derwand and Scholz 2020; Choy et al. 2020; 
Elfiky 2020; Wang et al. 2020a, b; Kumar et al. 2020). In 
this research paper, the design, synthesis, characteriza-
tion, computational studies, and anti-COVID-19 biologi-
cal activities of the novel compound cyanorona-20 are 
reported. 

Fig. 4   A representation of 
cyanorona-20 major mechanism 
of anti-COVID-19 action
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Fig. 5   A detailed presentation of the structural features of the promising anti-COVID-19 ideal model of cyanorona-20
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Experimental section

Synthesis and stability testing of cyanorona‑20

Materials and general data

The conventional and microwave (MW) reactions were 
performed with commercially available reagents and 

solvents. Favipiravir (ultrapure) was sourced as a raw 
material from a representative of Toyama Chemical (Fuji-
film group, Japan), 4-cyanobenzaldehyde (98%) was pur-
chased from Merck (Merck KGaA, Darmstadt, Germany), 
and glacial acetic acid (gla. AcOH; extrapure) was pur-
chased from Sigma-Aldrich. All solvents were of analyti-
cal grade, purchased from commercial suppliers, and were 
used as received without further purification. Microwave 

Table 1   Chemical structures and nomenclatures of both prodrug/salt and active/base forms of cyanorona-20, its parent drug favipiravir, and its 
three reference antiviral drugs (remdesivir, arbidol, and hydroxychloroquine)

Compound name Administered prodrug/salt form Active metabolite/free base form

Cyanorona-20

    
Favipiravir

  

  
Remdesivir

  

  

Arbidol

    
Hydroxychloroquine
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irradiation (MWI) for MW reaction was carried out in the 
laboratory MW synthesizer oven (Samsung type, model 
M1733N with Triple Distribution System "T.D.S." prop-
erty, and having a power level of 100–800 W) operated at 
2.45 GHz. Thin-layer chromatography (TLC) was used to 
monitor the progress of both reactions (conventional and 
MW), and it was carried out on TLC silica gel 60 F254 
plates (plates of aluminum sheets precoated with unmodi-
fied silica gel 60 F254 to a layer thickness of 0.20 mm, 
purchased from E. Merck, Merck Millipore Division or 
Merck Chemicals, Merck KGaA, Darmstadt, Germany) 
as the stationary phase using n-hexane/ethyl acetate/abso-
lute ethanol (5:2:1, v/v/v) mixture as the mobile phase 
(the chromatogram spots were visualized and observed 
under the used ultraviolet "UV" light at a wavelength of 
254 nm) for monitoring both reactions. Evaporation/con-
centration purposes were carried out in a rotavap under 
reduced pressure. A lyophilizer (freeze dryer, model 
FD8-8T, SIM international, U.S.A.) was used for the lyo-
philizing purpose in the MW procedure. Melting point 
(M.P., °C) of cyanorona-20 was recorded in open glass 
capillaries using Fisher-Johns melting point apparatus. 
IR spectrum of cyanorona-20 was recorded on Nicolet™ 
iS™ 10 Mid-Infrared (Thermo Fisher Scientific) FT-IR 
spectrometer (υ in cm−1) using potassium bromide disk at 
the Central Laboratory (Faculty of Pharmacy, Mansoura 
University, Mansoura, Egypt) (str. = strong; br. = broad; 
arom. = aromatic; aliph. = aliphatic). 1H-NMR spectrum 
of cyanorona-20 was recorded on Varian Gemini-300 
spectrometer (Mercury-300BB "NMR300") at 300 MHz 
using tetramethylsilane (TMS) as an internal standard at 
the Microanalytical Center (Faculty of Science, Cairo Uni-
versity, Cairo, Egypt), and its chemical shifts values (δ) 
were given in ppm downfield from TMS at a temperature 
of 30 °C using DMSO-d6 as a solvent. 13C-NMR spectrum 
of cyanorona-20 was also recorded on Varian Gemini-300 
spectrometer (Mercury-300BB "NMR300") at 75 MHz 
using TMS as an internal standard at the Microanalyti-
cal Center (Faculty of Science, Cairo University, Cairo, 
Egypt), and its chemical shifts values (δ) were given in 
ppm downfield from TMS at a temperature of 30 °C using 
DMSO-d6 as a solvent. Mass spectrometry (MS) analysis 
of cyanorona-20 was performed on Shimadzu Qp-2010 
Plus at 70 eV and results were represented by m/z (rela-
tive intensity "rel. int." in %) at the Microanalytical Center 
(Faculty of Science, Cairo University, Cairo, Egypt). 
Elemental analyses (elem. anal.) of cyanorona-20 were 
performed at the Microanalytical Center (Faculty of Sci-
ence, Cairo University, Cairo, Egypt) in order to determine 
carbon (C), hydrogen (H), and nitrogen (N) atoms contents 
in %.

Synthetic procedures (conventional and mw)

Favipiravir (15.710 g, 0.1 mol) and 4-cyanobenzaldehyde 
(13.113 g, 0.1 mol) were gradually dissolved with heating 
in glacial AcOH (200 mL, 3.5 mol). The resulted reaction 
mixture was conventionally refluxed for 16 h (or under inter-
mittent MWI at intervals of 30 s for 3 min, i.e., 6 intervals of 
30 s, at a power level of 800 W. After MW reaction comple-
tion, the reaction mixture paste was cooled to − 20 °C and 
then it was lyophilized at − 50 °C). Then the reaction mixture 
(from the conventional step) was concentrated under reduced 
pressure, cooled to room temperature, and gradually poured 
onto crushed ice with stirring. The reaction mixture was 
allowed to stand overnight till the solid was separated and 
completely settled down. The separated crude solid (or the 
lyophilized crude solid from the MW step) was filtered and 
washed thoroughly with cold distilled water (3 × 400 mL), 
followed by cold absolute ethanol (3 × 350 mL) and then 
cold hexanes mixture (3 × 300 mL). Finally, the washed solid 
was dried, then extrapurified by recrystallization from a sol-
vent mixture of absolute ethanol/ethyl acetate/chloroform 
(300 mL/300 mL/450 mL, i.e., 2:2:3, v/v/v) twice, and left 
to completely dry to afford the pure cyanorona-20.

Stability testing protocols

Simple short-term stability testing was done to extensively 
study the stability behavior of cyanorona-20 (mainly testing 
cyanorona-20 dissolution and hydrolysis profile in aqueous 
media of different pH ranges using different simulated flu-
ids of the human body fluids by the aid of suitable buffer-
ing systems, e.g., simulated gastric and blood fluids of pH 
ranges of about 1.5–3.5 and 7.35–7.45, respectively, and 
applying several temperatures in the range of 20–50 °C) 
using the spectroscopic and chromatographic assays along 
with monitoring the physicochemical changes (e.g., color, 
texture, odor, M.P., retention factor, and pH of the aque-
ous solution). All the observations (including most phys-
icochemical measurements) were done during a period of 
3 months (beginning from 0 month interval "just before and 
just after dissolving the compound in the aqueous solutions", 
then 1-month interval "after 1 month from dissolving the 
compound in the aqueous solutions", and finally 3-month 
interval "after 3 months from dissolving the compound in 
the aqueous solutions"), and all the results were done in trip-
licates and compared with the reference favipiravir (which 
was also exposed to the same conditions for each test). Some 
stability tests were done on the dried cyanorona-20 which 
was extracted from its aqueous solution each time interval. 
The tests included exposure to different degrees of aqueous 
hydrolysis (the main concern), humidity, heat, light, tight 
storage, and were done according to the standard interna-
tional guidelines and methods in stability testing of new 
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compounds or drug substances, e.g., stress testing protocols 
and procedures, to verify the stability of cyanorona-20 com-
pound (for more details, please see the respective standard 
guidelines and protocols: Q1A(R2) Stability Testing of New 
Drug Substances and Products).

Computational molecular studies of cyanorona‑20

Pharmacokinetic properties

For the purpose of estimation of the molecular properties of 
cyanorona-20, Molinspiration web-based software (Molin-
spiration Cheminformatics 2020 on the Web) was used to 
calculate the most important molecular properties through 
using Molinspiration Property Engine (Molinspiration 
Calculation of Molecular Properties; Molinspiration Web-
based Software 2020). Eight different molecular descrip-
tors (parameters) of cyanorona-20 and its four reference 
repurposed anti-COVID-19 compounds (favipiravir, rem-
desivir, arbidol, and hydroxychloroquine) were calculated 
using Molinspiration methodology. The results are shown in 
Tables S1 and S2, respectively, in the Supplementary Mate-
rial file.

Predictive anti‑COVID‑19 pharmacological properties

Prior to its experimental anti-COVID-19 evaluation, molecu-
lar docking of cyanorona-20 molecule in the enzyme SARS-
CoV-2 RdRp was done using the docking engines of Discov-
ery Studio, GemDock, GOLD, and others. The integration of 
the predicted pharmacophoric features with the interaction 
energy analysis revealed important residues in the binding 
pockets of the expected active/allosteric sites of SARS-
CoV-2 RdRp together with in silico predicted common 
inhibitory binding modes with the highly potent reference 
compounds. For the purpose of specialized accurate docking 
of SARS-CoV-2 RdRp and prediction of anti-COVID-19 
activities of compounds, both COVID-19 Docking Server 
and PASS Online web-based software programs (COVID-
19 Docking Server Web-based Software 2020; PASS Online 
Web-based Software 2020) were used.

COVID-19 Docking Server web-based software (Auto-
Dock Vina is used as the docking engine; according to the 
tutorial of this web server, the Broyden-Fletcher-Goldfarb-
Shanno "BFGS" optimization method is used for the opti-
mization purpose, and the Lamarckian genetic algorithm 
"LGA" is used as the main docking algorithm) is an inter-
active web server for docking small molecules, peptides, 
or antibodies against potential protein targets of COVID-19 
in order to predict and score the binding modes between 
COVID-19 targets and the ligands along with screening and 
evaluating the anti-COVID-19 activities of these ligands. 
The platform provides a free interactive knowledge-based 

scoring function to evaluate the candidate binding poses for 
COVID-19 target-ligand interactions (COVID-19 Docking 
Server Web-based Software 2020). The structures of all the 
functional/structural protein targets involved in the SARS-
CoV-2 replication life cycle were either collected or con-
structed based on their known homologs of coronaviruses 
(by using homology modeling module of Maestro 10, web-
site: www.​schro​dinger.​com), and prepared for direct docking 
on this web-based software (computational type or module: 
For docking of only one small molecule, the "Docking" 
mode box should be specifically selected for every specific 
target (this is the option used in the present case) (COVID-
19 Docking Server Web-based Software 2020). The docked 
nonstructural enzyme was the SARS-CoV-2 RdRp (simply, 
the RdRp) and the nonstructural protein 12 (nsp12). Nsp12 
is the polymerase which binds to its essential cofactors, nsp7 
and nsp8 (the structure of RdRp was constructed based on 
6NUR, the RdRp structure of the analogous coronavirus 
SARS-CoV (Kirchdoerfer and Ward 2019)). Two structures 
(two nCoV protein targets) were prepared for small mol-
ecule docking: One structure was built with RNA from its 
homolog protein (3H5Y) "RdRp with RNA," while the other 
one with no RNA in it "RdRp without RNA" (COVID-19 
Docking Server Web-based Software 2020). To get signifi-
cantly accurate results, an average exhaustiveness option of 
12 was used. The results of these estimations are shown in 
Table 2.

PASS (Prediction of Activity Spectra for Substances) 
Online web-based software (PASS Online 2020 on the Web; 
it is one of the predictive services presented by Way2Drug 
Predictive Services on the Web) was designed as a software 
product for evaluating the biological potentials of a drug-
like molecule using the Predict New Compound tool (Phar-
maExpert.ru; PASS Online Prediction of Pharmacological 
Activities), with an average accuracy of prediction of more 
than 95% in 2020 (PASS Online Web-based Software 2020; 
Filimonov et al. 2014). According to PASS Online website, 
Pa (probability "to be active") estimates the chance that the 
studied compound is belonging to the subclass of active 
compounds (actives), while Pi (probability "to be inactive") 
estimates the chance that the studied compound is belong-
ing to the subclass of inactive compounds (inactives) (PASS 
Online Web-based Software 2020). The detailed results of 
these estimations (where, Pa > Pi) are shown in Table 3.

Antiviral anti‑COVID‑19 biological activity (in vitro 
assay) of cyanorona‑20

This anti-COVID-19 in vitro assay is based upon the original 
procedures of Chu and coworkers (Choy et al. 2020; Chu 
et al. 2020) with very slight modifications (mainly in the 
prepared stock concentration of the assayed compounds). 
The complete procedures were carried out in a specialized 
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biosafety level 3 (BSL-3) laboratory (SARS-CoV-2 is clas-
sified as a BSL-3 pathogen by the WHO and the FDA) in 
Hong Kong SAR (China) (the antiviral/cytotoxic evaluation 
assays were performed as a contract-based collaboration 
between our laboratory, DARLD, in Egypt and the special-
ized microbiology laboratory of Prof. Dr. Sahar M.-R. Rad-
wan "professor of microbiology, immunology, and virology" 
and her coworkers in China, following the guidance of the 
procedures of Prof. Dr. Chu and coworkers "Choy et al. 
2020; Chu et al. 2020"). The assayed SARS-CoV-2 virus, 
BetaCoV/Hong Kong/VM20001061/2020, was isolated 
from the fresh nasopharynx aspirate and throat swab of a 
confirmed middle-aged COVID-19 patient in Hong Kong 
using Vero E6 cells (ATCC CRL-1586). Stock virus (107.25 
TCID50/mL) was prepared after three serial passages in Vero 
E6 cells in infection media (DMEM supplemented with 
4.5 g/L D-glucose, 100 mg/L sodium pyruvate, 2% FBS, 
100,000 U/L Penicillin–Streptomycin, and 25 mM HEPES). 
The four reference compounds were obtained from Toyama 
Chemical (Fujifilm group, Japan) (favipiravir), MedChem-
Express (remdesivir), 3B Scientific (Wuhan) Corporation 
Limited (HCl-arbidol-H2O), and Sigma-Aldrich (hydroxy-
chloroquine sulfate) and the stocks were accurately prepared 
with DMSO (100 mM cyanorona-20, 100 mM favipiravir, 

100 mM remdesivir, and 100 mM HCl-arbidol-H2O) or with 
distilled water (100 mM hydroxychloroquine sulfate). To 
evaluate the in vitro anti-SARS-CoV-2 effect of the target 
new compound (cyanorona-20) in comparison with the anti-
SARS-CoV-2 effects of the standard four reference com-
pounds (mentioned above), Vero E6 cells were pretreated 
with the five compounds diluted in infection media for 1 h 
prior to infection by SARS-CoV-2 virus at MOI = 0.02. Anti-
viral anti-COVID-19 compounds were maintained with the 
virus inoculum during the 2-h incubation period. The inocu-
lum was removed after incubation, and the cells were over-
laid with infection media containing the diluted compounds. 
After 48-h incubation at 37 °C, supernatants were imme-
diately collected to quantify viral loads by TCID50 assay 
or quantitative real-time RT-PCR “qRT-PCR” (TaqMan™ 
Fast Virus 1-Step Master Mix) (Choy et al. 2020; Chu et al. 
2020). Note that viral loads in this assay were fitted in loga-
rithm scale (log10 TCID50/mL and log10 viral RNA copies/
mL) (Choy et al. 2020; Chu et al. 2020), along with linear 
scale (Wang et al. 2020b), under increasing concentrations 
of the tested compounds. Four-parameter logistic regression 
(GraphPad Prism) was used to fit the dose–response curves 
and determine the EC50 of the tested compounds that inhibit 
SARS-CoV-2 viral replication (CPEIC100 was also deter-
mined for each compound). Cytotoxicity of each of the five 
tested compounds was evaluated in Vero E6 cells using the 
CellTiter-Glo® Luminescent Cell Viability Assay (Promega) 
(Choy et al. 2020; Zhang et al. 2020). The detailed values 

Table 2   Score values of the two computationally-predicted pharma-
cological anti-COVID-19-related activities (against SARS-CoV-2 
RdRp-RNA and against SARS-CoV-2 RdRp) of the target cyano-
rona-20, the parent favipiravir, and the three references (remdesivir, 
HCl-arbidol-H2O, and hydroxychloroquine sulfate), along with their 
five active metabolites/free bases (cyanorona-20-RTP, favipiravir-
RTP, GS-441524-TP, arbidol, and hydroxychloroquine), respectively, 
using COVID-19 Docking Server methodology (the table shows the 
top docking model score value, i.e., the best binding mode score 
value or the least predicted binding free energy value, in kcal/mol for 
each compound with each target)

Classification Compound name Top pose score value for 
docking of nCoV protein 
targets (kcal/mol)

RdRp with RNA RdRp 
without 
RNA

Prodrugs/salts Cyanorona-20 – 10.40 – 7.80
Favipiravir – 6.90 – 6.10
Remdesivir – 8.30 – 7.10
HCl-Arbidol-H2O – 7.70 – 6.00
Hydroxychloroquine 

sulfate
– 7.10 – 5.70

Active metabo-
lites/free 
bases

Cyanorona-20-RTP – 10.50 – 8.60
Favipiravir-RTP – 8.40 – 7.50
GS-441524-TP – 9.20 – 7.90
Arbidol – 7.70 – 6.00
Hydroxychloroquine – 7.10 – 5.70

Table 3   Probability values of the computationally-predicted phar-
macological antiviral anti-COVID-19 activities of the target cyano-
rona-20, the parent favipiravir, and the three references (remdesivir, 
HCl-arbidol-H2O, and hydroxychloroquine sulfate) along with their 
five active metabolites/free bases (cyanorona-20-RTP, favipiravir-
RTP, GS-441524-TP, arbidol, and hydroxychloroquine), respectively, 
using PASS Online methodology

Classification Compound name Anti-COVID-19 
(nucleotide 
analog inhibi-
tory or antiviral) 
activity

Pa Pi

Prodrugs/salts Cyanorona-20 0.651 0.009
Favipiravir 0.498 0.014
Remdesivir 0.814 0.004
HCl-Arbidol-H2O 0.740 0.004
Hydroxychloroquine sulfate 0.520 0.028

Active metabo-
lites/free bases

Cyanorona-20-RTP 0.741 0.009
Favipiravir-RTP 0.685 0.006
GS-441524-TP 0.734 0.004
Arbidol 0.740 0.004
Hydroxychloroquine 0.520 0.028
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resulted from the previous assays are shown in Table 4. Final 
results were represented as the mean ± the standard deviation 
(SD) from the triplicate biological experiments. Statistical 
analysis was performed using SkanIt 4.0 Research Edition 
software (Thermo Fisher Scientific) and Prism V5 software 
(GraphPad). All reported data were significant at p < 0.05.

Results and discussion

Synthesis, structure elucidation (characterization), 
chemistry, and stability of cyanorona‑20

Cyanorona-20 was successfully synthesized, as shown in 
Scheme 1, in very good yields from its parent favipiravir 
via direct condensation with 4-cyanobenzaldehyde (equi-
molar amounts) in the presence of the strong dehydrating 
agent glacial AcOH. The reaction could proceed either by 
conventional heating (with 85% yield) or under MWI (with 

96% yield). The structure of cyanorona-20 was confirmed 
through spectroscopic analyses (IR, 1H-NMR, 13C-NMR, 
and MS) and microanalyses (elem. anal. for the contents of 
C, H, and N atoms). Spectral data and elemental analyses 
of this product were in full agreement with the proposed 
structure of cyanorona-20.

The pure cyanorona-20 was obtained as a pale white to 
yellowish beige fine-crystalline powdered solid (22.969 g, 
85% conventional yield; 25.941 g, 96% MW yield). M.P.: 
294–298 °C (rough); FT-IR (υ in cm−1): Str. and br. 3437 
(O–H, arom.), str. 3009 (C–H, aliph.), 2921 (C–H, arom.), 
2236 (C≡N, nitrile), 1683 (C=N, aldimine), 1635 (C=O, 
amide), str. 1606 and 1548 and str. 1500 and 1462 and 
1364 (C=C, arom.), str. and br. 1302 (C–F, fluorohetero-
cyclic), 1266 (C–N, aliph.), 1212 (C-O, phenolic); 1H-
NMR (300 MHz, DMSO-d6, δ in ppm): 13.84 (s, 1H, 1 
pyrazine phenolic OH), 9.63 (s, 1H, 1 secondary aldimine 
H), 8.13 (s, 1H, 1 pyrazine H), 7.94–7.69 (m, 4H, 4 ben-
zylidenimine benzene H); 13C-NMR (75 MHz, DMSO-d6, 

Table 4   Anti-COVID-19/antiviral activities (along with human/mammalian cells toxicities) of cyanorona-20 and the four reference drugs (favip-
iravir, remdesivir, HCl-arbidol-H2O, and hydroxychloroquine sulfate) against SARS-CoV-2 in Vero E6 cells

a CC50 or 50% cytotoxic concentration is the concentration of the tested compound that kills half the cells in an uninfected cell culture. CC50 was 
determined with serially-diluted compounds in Vero E6 cells at 48 h postincubation using CellTiter-Glow Luminescent Cell Viability Assay 
(Promega)
b CPEIC100 or 100% CPE inhibitory concentration is the lowest concentration of the tested compound that causes 100% inhibition of the cyto-
pathic effects (CPE) of SARS-CoV-2 virus in Vero E6 cells under increasing concentrations of the tested compound at 48 h postinfection. Com-
pounds were serially twofold or fourfold diluted from 100 μM concentration
c EC50 or 50% effective concentration is the concentration of the tested compound that is required for 50% reduction in infectious SARS-CoV-2 
virus particles in vitro. EC50 is determined by infectious virus yield in culture supernatant at 48 h postinfection (log10 TCID50/mL)
d EC50 or 50% effective concentration is the concentration of the tested compound that is required for 50% reduction in SARS-CoV-2 viral RNA 
copies in vitro. EC50 is determined by viral RNA copies number in culture supernatant at 48 h postinfection (log10 RNA copies/mL)

Classification Compound name CC50
a

(μM)
Inhibition of SARS-CoV-2 in vitro (μM)

100% CPE inhibitory con-
centration (CPEIC100)b

50%
reduction in infec-
tious virus (EC50)c

50% reduction 
in viral RNA 
copy (EC50)d

Target compound Cyanorona-20  > 100 1.40 ± 0.02 0.45 ± 0.03 0.48 ± 0.03
Reference compounds Favipiravir  > 100 98.82 ± 1.13 94.09 ± 5.01  > 100

Remdesivir  > 100 22.50 ± 0.58 20.17 ± 1.99 23.88 ± 2.46
HCl-Arbidol-H2O  > 100 81.52 ± 1.12 64.20 ± 4.90 68.42 ± 6.02
Hydroxychloroquine sulfate 93.06 ± 6.92  > 100  > 100  > 100

Scheme 1.   Conventional and microwave-assisted synthesis of cyanorona-20 from favipiravir
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δ in ppm): 168.25 (1C, 1 carbonyl C), 161.42 (1C, 1 
pyrazine C–OH), 158.60 (1C, 1 secondary aldimine C), 
154.95–152.00 (d, J = 246.2 Hz, 1C, 1 pyrazine C–F), 
148.05 (1C, 1 pyrazine C–C=O), 137.65 (1C, 1 benzene 
C–C=N), 135.85 (2C, 2 similar benzene C attached to 
C–C≡N), 132.54 (1C, 1 unsubstituted pyrazine C), 128.82 
(2C, 2 similar benzene C attached to C–C=N), 118.50 (1C, 
1 nitrile C), 113.91 (1C, 1 benzene C–C≡N); GC–MS (EI) 
(m/z, rel. int. in %, molecular weight "M.Wt." = 270.22): 
271.00 ([M + ‏H]  ,Elem. Anal. (%, for C13H7FN4O2 ;(+‏
calcd (found)): C: 57.78 (57.71), H: 2.61 (2.60), N: 20.73 
(20.76).

Cyanorona-20, like favipiravir, is a tautomeric molecule 
(Guo et al. 2019). According to the computational simula-
tions studies (e.g., Antonov 2020), the molecule favors the 
enol-like tautomeric structure (the predominant form) in 
aqueous medium as shown in Scheme 2.

The stability of the Schiff base-like structure of cyano-
rona-20 was studied using the analytical and physicochemi-
cal methods as demonstrated in the Experimental Section. 
The results of the aqueous dissolution testing were excellent. 
Less than 5% (as a maximum) of total cyanorona-20 amount 
undergoing hydrolysis to minor products and impurities after 
the period of 3 months, and less than 50% of this 5% amount 
(i.e., less than 2.5% of total cyanorona-20 amount) was the 
parent favipiravir (see Chart S4 as a representative analytical 
chart in the Supplementary Material file), hence proving the 
practical stability of cyanorona-20.

Computational molecular studies of cyanorona‑20

Pharmacokinetic Properties

The values in Tables S1 and S2 (in the Supplementary 
Material file) reveal that cyanorona-20 has the best bal-
anced predicted molecular properties and pharmacokinetic 
parameters, among the five evaluated compounds (Molinspi-
ration Web-based Software 2020; Ertl et al. 2000; Lipinski 
et al. 1997; Ghose et al. 1999; Veber et al. 2002; Yehye 
et al. 2012). Favipiravir and cyanorona-20 are the smallest 
molecules among them. Cyanorona-20 has significantly bal-
anced lipophilic/hydrophilic properties ratio and reasonably 

balanced numbers and types of atoms/bonds (as discussed 
in details below).

Structurally, cyanorona-20 has a small molecular 
weight and molecular volume of 270.22 daltons and 
219.19 Å3, respectively, which are both less than the 
value of 500 (the maximum value preferred not to be 
exceeded for better pharmacokinetic properties), this 
expectedly helps cyanorona-20 to have extremely excel-
lent biocompatibility and rapid distribution with high 
bioavailability. Cyanorona-20 has a log P value of 1.29 
which is much more moderate and balanced when com-
pared to the other four compounds (all except remdesi-
vir); this interesting balanced value theoretically gives 
cyanorona-20 the ability to be administered with almost 
all routes of drug administration (oral, parenteral, nasal, 
etc.) and to be soluble in all biological fluids (with good 
predictions to pass through all types of biological mem-
branes with gradual moderate to high rates). The values 
of nON, nOHNH, nRotB, and TPSA for cyanorona-20 
are 6, 1, 2, and 99.24 Å2, respectively, which are bal-
anced moderate values, making cyanorona-20 an ideal 
candidate drug (better than the other four drugs) to be 
well fitted into the cavities of the active and allosteric 
sites of the enzyme SARS-CoV-2 RdRp with the strong-
est interaction states (contact modes) along with the least 
possible scores of interaction energies (this is supported 
in part by the results of the computational docking screen-
ing and biological anticopying evaluation). Cyanorona-20 
complies with all the preferred values of pharmacokinetic 
parameters (see Fig. 5), as has no violations from the nine 
parameters (including those of the Ro5).

Predictive anti‑COVID‑19 pharmacological properties

The understanding of the COVID-19 target-ligand interac-
tions represents a very important key challenge in drug dis-
covery for COVID-19. The computational simulation pre-
diction of the anti-COVID-19 activities of the new target 
compound cyanorona-20 along with the up-to-date molecu-
lar modeling approaches/studies of the human viruses (e.g., 
Kumar et al. 2021) greatly helps us to have an overview of 
the SARS-CoV-2 RdRp-inhibiting properties of this target 

Scheme 2.   Tautomeric forms of cyanorona-20 molecule in aqueous solutions
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compound. This prediction mainly gives a detailed idea 
about the target compound anti-COVID-19 mode of action.

On inspection of the score values (Table 2) of docking 
RdRp-RNA and RdRp alone using COVID-19 Docking 
Server, it is noted that cyanorona-20 and its active metabolite 
cyanorona-20-RTP are generally ranked first in their inhibi-
tory binding affinities and potencies with binding free ener-
gies of − 10.40, − 7.80, − 10.50, and − 8.60 kcal/mol, respec-
tively (COVID-19 Docking Server Web-based Software 
2020; Kirchdoerfer and Ward 2019). The binding affinities 
of cyanorona-20-RTP significantly exceed those of all the 
other four active metabolites of the other four drugs, as this 
metabolite strongly binds to RdRp (with RNA) in their com-
plex (i.e., cyanorona-20-RTP molecule forms a very stable 
complex with SARS-CoV-2 RdRp) with a very good binding 
free energy of − 10.50 kcal/mol which is the lowest among 
all (i.e., significantly lower than the binding free energies 
of all the other nine compounds in their complexes with 
RdRp-RNA). Remdesivir and favipiravir (and their active 

metabolites) come second in their relative inhibitory potency 
and efficacy on SARS-CoV-2 RdRp, followed by arbidol and 
hydroxychloroquine (and their salts). For more illustration, 
Fig. 6(a–d) shows the COVID-19 Docking Server outputs 
of the top predicted binding model or mode of docking of 
SARS-CoV-2 RdRp-RNA and SARS-CoV-2 RdRp with 
cyanorona-20 and its active metabolite cyanorona-20-RTP, 
respectively. These results of the predicted binding modes 
of the two ligands cyanorona-20/cyanorona-20-RTP with the 
protein SARS-CoV-2 RdRp (either with or without RNA) 
comply with the suggested mechanism of anti-COVID-19 
action of both ligands (see Fig. 4).

Deep analysis of the computational interaction mode of 
cyanorona-20-RTP with SARS-CoV-2 RdRp reveals its sig-
nificant resemblance with that of favipiravir-RTP with the 
same polymerase, since both ligands form hydrogen bonds 
and hydrophobic interactions with almost the same or close 
amino acid residues of the proposed active site of the poly-
merase (Sada et al. 2020; Picarazzi et al. 2020; Jena 2020) 

Fig. 6   Screenshots of COVID-19 Docking Server outputs of the top 
predicted binding model of docking of: a SARS-CoV-2 RdRp-RNA 
(colored gray) with cyanorona-20 (colored pink). b SARS-CoV-2 
RdRp (colored gray) with cyanorona-20 (colored pink). c SARS-

CoV-2 RdRp-RNA (colored gray) with cyanorona-20-RTP (colored 
pink). d SARS-CoV-2 RdRp (colored gray) with cyanorona-20-RTP 
(colored pink). PDB code of the docked SARS-CoV-2 RdRp: 7BV2 
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(Fig. 7a,b). Cyanorona-20-RTP molecule, exactly like favi-
piravir-RTP molecule, strongly binds with the pivotal amino 
acid residue of the SARS-CoV-2 RdRp active site, Asp760, 
which is very critical for the initiation and progression of 
the coronaviral-2 replication processes (Sada et al. 2020; 
Picarazzi et al. 2020; Jena 2020), thus inhibiting this residue 
may offer a key role in COVID-19 therapy. Cyanorona-20 
and its RTP metabolite mainly depend on the 4-cyanoben-
zylidene moiety in the binding interaction with the active 
amino acid Asp760 to effectively inhibit the SARS-CoV-2 
RdRp (see Fig. 7a). Importantly, the active metabolite of 
cyanorona-20 forms slightly higher number of strong inter-
actions with SARS-CoV-2 RdRp than that of favipiravir.

An estimate of the probability values (present in Table 3) 
predicting anti-COVID-19 activities (general antiviral/anti-
RNA virus properties and also specific properties such as 
being nucleos(t)ide analog inhibitor, nucleotide metabolism 
regulator, and adenosine regulator) of cyanorona-20 and its 
active metabolite, along with the four references with their 
metabolites, using PASS Online screening reveals that cya-
norona-20, remdesivir, HCl-arbidol-H2O, and their three 
active metabolites/free bases are generally ranked first in 
their antiviral and anti-COVID-19 activities and efficacies 
among the ten ligands (then favipiravir, hydroxychloroquine 
sulfate, and their active metabolites come second in rank-
ing) (Yehye et al. 2012; PASS Online Web-based Software 
2020; Filimonov et al. 2014). Cyanorona-20-RTP has the 
best probability to be active anti-COVID-19, among all the 
five screened active nucleotide analog ligands or inhibitors 
of SARS-CoV-2 RdRp (the five screened active nucleotide 
analog metabolites, which are cyanorona-20-RTP, favipira-
vir-RTP, GS-441524-TP, arbidol, and hydroxychloroquine), 
of more than 74% with a negligible probability to be inactive 
anti-COVID-19 of less than 1%.

Antiviral anti‑COVID‑19 biological activity (in vitro 
assay) of cyanorona‑20

The results demonstrated in Table 4 clearly revealed the 
extremely higher and surprising anti-COVID-19 efficacy of 
cyanorona-20 (the most potent anti-SARS-CoV-2 compound 
of the five tested ones). Among the five tested compounds, 
four compounds (cyanorona-20, remdesivir, HCl-arbidol-
H2O, and favipiravir, respectively) inhibit SARS-CoV-2 
replication in Vero E6 cells with EC50 under 100 μM, while 
hydroxychloroquine sulfate was above 100 μM. Surprisingly, 
cyanorona-20 (EC50 = 0.45 μM, see Chart S5 as a representa-
tive curve in the Supplementary Material file) was about 
209 and 45 times as potent as favipiravir (EC50 = 94 μM) 
and remdesivir (EC50 = 20 μM), respectively, in anti-SARS-
CoV-2 activity (in vitro). According to the assay, cyano-
rona-20 is expected to have high clinical selectivity index 

(SI; SI = CC50/EC50) and safety margin (CC50 is much larger 
than 100 μM). On the other hand, hydroxychloroquine sul-
fate is expected to have very narrow clinical therapeutic 
index (EC50 is just above 100 μM, CC50 = 93 μM). Cyano-
rona-20 is also having amazingly very small values of the 
concentration that causes 100% inhibition of the SARS-
CoV-2 cytopathic effects in vitro (cyanorona-20 has the 
best CPEIC100 value, among all the five compounds tested, 
of 1.4 μM) and of the concentration that is required for 
50% reduction in the number of SARS-CoV-2 RNA copies 
in vitro (cyanorona-20 has the best EC50 value, among all 
the five compounds tested, of 0.48 μM).

The three nucleoside/nucleotide analogs, cyanorona-20 
(guanine analog), favipiravir (guanine analog), and rem-
desivir (adenosine analog), require intracellular metabolic 
activation to the triphosphate forms by host cellular enzymes 
(mainly nucleoside kinases), which may differ among sev-
eral cell types; thus, evaluation of the actions of nucleos(t)
ide analogs in primary human airway epithelial cells would 
undoubtedly facilitate the interpretation of the results. The 
metabolic activation would surely add additional anti-
COVID-19 activities to the three drugs, and it would also 
successfully increase the clinical effectiveness of the three 
drugs. The four reference drugs (favipiravir, remdesivir, 
HCl-arbidol-H2O, and hydroxychloroquine sulfate) are cur-
rently undergoing extensive clinical trials, as anti-SARS-
CoV-2/anti-COVID-19 agents, worldwide. The very high 
value of CC50 of cyanorona-20 indicates that cyanorona-20 
may be well tolerated in the human body. The very minute 
value of anti-SARS-CoV-2 EC50 and the very high value 
of mammalian cells CC50 (i.e., the desirable high value of 
SI) of cyanorona-20 indicate that this compound clearly 
favors resistant RNA virus over DNA virus and mamma-
lian cells, and this, in turn, suggests selective specificity as 
anti-COVID-19 drug "Corona Antidote or Corona Killer" 
(see Introduction part). Using a combination formula (a mix-
ture) of cyanorona-20 and remdesivir is a suggested choice, 
as it may have exceptional combinational synergistic anti-
COVID-19 effect in further assays (in vivo) and clinical tri-
als. Almost all the practical results concluded, here, in the 
antiviral anti-COVID-19 biological evaluation are comply-
ing with the previous theoretical results extracted from the 
computational molecular and pharmacological predictions 
for the new compound cyanorona-20 and its four reference 
compounds.

Conclusions

Specific potent blockade of the novel SARS-CoV-2 RdRp 
is a viable approach for targeted COVID-19 therapy. Our 
efforts in 2020 focused on designing new drugs (e.g., 
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Fig. 7   The inhibitory binding 
interactions, of a Cyanorona-
20-RTP; b Favipiravir-RTP, 
with the active amino acids of 
the SARS-CoV-2 RdRp (2D 
representations)
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derivatives of favipiravir) for the more effective inhibition 
of the viral polymerase. These efforts led to the discovery 
of a very promising selective specific and potent direct-
acting SARS-CoV-2 copying inhibitor, cyanorona-20 
((E)-N-(4-cyanobenzylidene)-6-fluoro-3-hydroxypyrazine-
2-carboxamide), which inhibited SARS-CoV-2 replica-
tion with significant EC50 values of 0.45 and 0.48 μM, and 
interestingly presented about 209- and 45-fold anti-SARS-
CoV-2 selectivity/potency more than favipiravir and remde-
sivir, respectively. Cyanorona-20, to the best of our knowl-
edge (up to the date of submitting this discovery article for 
publication), is the first bioactive derivative of favipiravir. 
Structural modification at the active amino moiety of the 
antiinfluenza favipiravir molecule opens the first class of 
anti-COVID-19 agents (of the type "nucleos(t)ide analogs") 
which will specifically comprise a series of pyrazine deriva-
tives (Miniyar et al. 2013). Cyanorona-20 fulfills the require-
ments for an ideal anti-COVID-19 drug (more active than its 
parent compound favipiravir) (Fig. 5). For example, cyano-
rona-20 molecule has a virus-toxic cyano group (it may be 
also called a SARS-CoV-2 RdRp-destabilizing moiety, as it 
chemically causes major steric clash with the SARS-CoV-2 
RdRp molecule at some residues; this greatly helps in RdRp 
preliminary partial blockade and results in delayed chain 
termination in RNA synthesis which may speculatively give 
cyanorona-20 an extrapotency against the major resistance 
mechanisms that might be emerged by SARS-CoV-2 against 
favipiravir and other classical potent antiviral nucleos(t)ide 
analogs (Shannon et al. 2020)) (a strong aliphatic polar 
group) and a resonance-stabilized benzene ring (in the ben-
zylidene group) (a strong aromatic lipophilic moiety), both 
groups with a one-carbon-atom linker form a highly sta-
ble 4-cyanobenzylidene moiety (a SARS-CoV-2-toxic moi-
ety which is extremely stabilized through strong resonance 
and inductive effects) which is not present in the parent favi-
piravir molecule, and predictably adds an exceptional and 
excellent balanced lipophilic/hydrophilic properties along 
with electronic extrastability to the molecule (this makes 
the molecule more bioavailable and more biocompatible).

Extensive computational studies showed that cyano-
rona-20 has ideal values of the pharmacokinetic and drug-
likeness descriptors. Computational modeling analysis 
of the top inhibitory binding mode of the expected active 
metabolite of cyanorona-20 inside the human cell, cyano-
rona-20-RTP, showed that the 4-cyanobenzylidene moiety 
increases the potency at active and/or allosteric sites of the 
SARS-CoV-2 RdRp (binding free energy = − 10.50 kcal/
mol) when compared to that of the active metabolite of 
its parent favipiravir inside the human cell, favipiravir-
RTP (binding free energy = − 8.40  kcal/mol). Promis-
ingly, cyanorona-20 and its active metabolite surpassed the 
four moderately to highly potent reference drugs and their 
active metabolites, respectively, in the values of almost all 

compared theoretical and practical anti-COVID-19 parame-
ters, scores, and activities. The mechanism of the interaction 
of cyanorona-20-RTP with SARS-CoV-2 RdRp has not been 
elucidated, but cyanorona-20 may presumably act through 
six or more complementary modes of action (i.e., multi-
action; Fig. 4 and Fig. 7a) (Smee et al. 2009; Yoon et al. 
2018; Jin et al. 2013; Baranovich et al. 2013; Furuta et al. 
2009; Shannon et al. 2020), as it may be misincorporated in 
a nascent SARS-CoV-2 RNA (thus preventing RNA strand 
elongation and viral proliferation), evade RNA proofreading 
by viral exoribonuclease (ExoN; thus causing a decrease in 
SARS-CoV-2 RNA production), competitively bind to con-
served polymerase domains (thus preventing incorporation 
of mainly purine nucleotides for SARS-CoV-2 RNA repli-
cation and transcription), cause the SARS-CoV-2 RdRp to 
pause, induce an irreversible chain termination in the grow-
ing SARS-CoV-2 RNA, or induce lethal mutagenesis (thus, 
mainly, making the virus less effective and reducing its titer 
"viral titer") during SARS-CoV-2 infection. If cyanorona-20 
passes the in vivo bioassays and preclinical/clinical trials 
with effectively significant results as anti-COVID-19 agent, 
combination therapy with a second potent antiviral drug, 
such as remdesivir, may also be advantageous.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11696-​021-​01640-9.
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