
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Bioorganic Chemistry 106 (2021) 104488

Available online 19 November 2020
0045-2068/© 2020 Elsevier Inc. All rights reserved.

Review article 

Drug repurposing for the treatment of COVID-19: Pharmacological aspects 
and synthetic approaches 

Pedro N. Batalha a,*,1, Luana S.M. Forezi a,1, Carolina G.S. Lima a,1, Fernanda P. Pauli a, 
Fernanda C.S. Boechat a, Maria Cecília B.V. de Souza a, Anna C. Cunha a, Vitor F. Ferreira b,*, 
Fernando de C. da Silva a,* 

a Universidade Federal Fluminense, Departamento de Química Orgânica, Instituto de Química, Campus do Valonguinho, CEP 24020-150 Niterói, RJ, Brazil 
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A B S T R A C T   

In December 2019, a new variant of SARS-CoV emerged, the so-called acute severe respiratory syndrome 
coronavirus 2 (SARS-CoV-2). This virus causes the new coronavirus disease (COVID-19) and has been plaguing 
the world owing to its unprecedented spread efficiency, which has resulted in a huge death toll. In this sense, the 
repositioning of approved drugs is the fastest way to an effective response to a pandemic outbreak of this scale. 
Considering these facts, in this review we provide a comprehensive and critical discussion on the chemical as
pects surrounding the drugs currently being studied as candidates for COVID-19 therapy. We intend to provide 
the general chemical community with an overview on the synthetic/biosynthetic pathways related to such 
molecules, as well as their mechanisms of action against the evaluated viruses and some insights on the phar
macological interactions involved in each case. Overall, the review aims to present the chemical aspects of the 
main bioactive molecules being considered to be repositioned for effective treatment of COVID-19 in all phases, 
from the mildest to the most severe.   

1. Introduction 

In the last two decades, the human vulnerability to emerging viral 
diseases has become undeniably clear, especially since three zoonotic 
coronaviruses have emerged: SARS-CoV-1, MERS-CoV and SARS-CoV-2 
[1]. SARS-CoV-1 (Severe Acute Respiratory Syndrome) initially surfaced 
in 2003 in China, while MERS-CoV (Middle East respiratory syndrome) 
was first identified in the Kingdom of Saudi Arabia in 2012, and SARS- 
CoV-2, the etiologic agent of COVID-19, can be traced back to December 
2019 in China [2,3]. 

The COVID-19 outbreak started in Wuhan, Hubei province, China 
and has quickly spread worldwide. Indeed, the World Health Organi
zation (WHO) declared, on January 30th 2020, that the rapid eruption 
of the disease caused by the new coronavirus (COVID-19) constitutes a 
public health emergency of international importance, the organization’s 
highest level of alert, as defined by international health regulations. On 
March 11th 2020, WHO characterized COVID-19 as a pandemic. 
Currently, over 200 countries have reported cases of COVID-19, and by 

the end of June 2020, almost 10 million cases had already been 
confirmed, with nearly 500,000 deaths worldwide [4,5]. Still, according 
to WHO, most COVID-19 patients (about 80%) may be asymptomatic, 
while approximately 20% require specialized health care due to symp
toms like difficulty in breathing, and among those, 5% may require 
respiratory support through the use of mechanical ventilators. 

In this context, coronaviruses (CoVs) are a large group of viruses that 
cause mild to severe diseases in humans and are currently divided into 
four genera (alpha, beta, gamma and deltacoronavirus). Alphacor
onaviruses affect swines, felines, dogs, bats, and two types that affect 
humans have been described: HCoV-NL63 and HCoV-229E. Betacor
onaviruses comprise a large number of mammal-infecting viruses, as 
well as 5 human pathogens - HCoV-OC43, HCoV-HKU1, and the three 
viruses that have caused recent human epidemics: SARS-CoV-1, MERS- 
CoV and SARS-CoV-2. Gammacoronaviruses include viruses specific to 
whales and birds, and Deltacoronaviruses are isolated from various 
mammalian and avian species [6,7]. At this point, it is important to 
highlight that SARS-CoV-2 is already responsible for 10 times more 
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deaths than the total sum of SARS-CoV-1 and MERS-CoV, and its death 
toll is increasing daily at a global scale [4]. Like other CoVs, SARS-CoV-2 
is characterized by a plus single-stranded RNA with large enveloped 
nucleocapsids that are capable of infecting a variety of hosts, including 
animals and humans [8,9]. Whilst MERS-CoV and SARS-CoV-1 share 
some common virological and clinical features there are several 
important differences [10]. 

Currently, the most effective response to the SARS-CoV-2 pandemic 
has been quarantine and social distancing measures, which avoid the 
contact between infected and uninfected individuals. Such approaches 
have the aim of flattening the virus’s spread curve, consequently 
reducing the burden over the health care systems. In this sense, the 
development of vaccines that may prevent the contamination by SARS- 
CoV-2 is highly desirable, and some initiatives are already on the way - 
those consist of an mRNA strand containing the information for a SARS- 
CoV-2 coronavirus protein, called Spike (S), or based on a modified 
adenovirus expressing the Spike protein, called a viral chimera (hybrid 
of two viruses). This attenuated adenovirus can be applied to humans for 
the development of antibodies [11]. 

On the other hand, strategies for the treatment COVID-19 are also 
being currently investigated, namely (i) the use of convalescent plasma 
therapy that involves removing blood plasma from patients recovered 
from the coronavirus, with the potential of decreasing the severity and/ 
or duration of the disease, as these individuals would already have 
developed immunity to the disease, ((ii) the repositioning of clinically 
available drugs, which consists on the use of drugs already approved for 
the treatment of other diseases, in order be redirected toward COVID-19 
patients, bypassing the clinical and regulatory trial period associated to 
the development of new drugs. This latter strategy may be faster than 
the development a new antiviral agent from scratch, or even of a new 
vaccine. As a consequence, according to the International Clinical Trials 
Registry Platform search portal, 927 clinical trials for COVID-19 have 
been registered [12]. Taking into consideration that the repositioning of 
clinically approved drugs is the fastest way to an effective response to a 
pandemic outbreak [13], various classes of drugs such as antidiarrheal 
agents, antimalarial agents, cyclophilin inhibitors, interferons, kinase 
inhibitors, neurotransmitter inhibitors, anticholinergics, nucleic acid 
synthesis inhibitors, protease inhibitors, protein synthesis inhibitors, 
selective estrogen receptor modulators, and sterol metabolism inhibitors 
have demonstrated in vitro and in vivo antiviral efficacy against MERS- 
CoV and SARS-CoV-1, and are currently being evaluated against 
SARS-CoV-2 [14]. 

In light of the aforementioned concepts, in this review we aim to 
provide a comprehensive and critical discussion on the chemical aspects 
surrounding the drugs currently being studied as candidates in the 
COVID-19 therapy. We intend to provide the general chemical com
munity with an overview on the synthetic pathways related to such 
molecules, as well as their mechanisms of action against the evaluated 
coronaviruses and insights on the pharmacological interactions related 
to the antiviral effect of these drugs. It is worth highlighting that the 
drugs discussed in this manuscript have showed the potential to treat 
COVID-19 itself by inhibiting SARS-CoV-2, and not only its symptoms, 
which implies that drugs such as azithromycin and dexamethasone, 
among others, are not in the scope of this review. Overall, the review 
intends to present the chemical aspects of the main bioactive molecules 
being considered to be repositioned for effective treatment of COVID-19 
in all phases, from the mildest to the most severe. 

2. Chemical aspects of the main bioactive molecules with 
potential to treat COVID-19 

2.1. Antiviral compounds 

In the beginning of 2020, SARS-CoV-2, a coronavirus that shares 
79.5% genetic homology to SARS-CoV-1, both being descendants of bat 
coronaviruses within the Betacoronavirus genus, was identified as the 

causal agent of COVID-19 [15]. With basis on this information, antiviral 
compounds with reported activity against SARS-CoV-1 or other coro
naviruses were among the first ones evaluated as possible treatments for 
COVID-19. In addition, drugs with a broad-spectrum antiviral activity 
against other types of virus e.g. filoviruses and paramyxoviruses have 
also been considered. As a consequence, antiviral compounds widely 
used to treat HIV, influenza and hepatitis C, among others, have been 
showing the best results in the treatment of the SARS-CoV-2 infection. 

2.1.1. Peptideomimetics: Lopinavir, ritonavir and atazanavir 
Proteases are enzymes that cleave peptide bonds between protein 

aminoacids, which, in turn, are important for viral replication and 
production of new infectious virions. Hence, the inhibition of such en
zymes has become an important target for the development of antiviral 
agents, specially antiretrovirals. In the rational design of protease in
hibitors, these substances are required to mimic a peptide substrate, and 
therefore are classified as peptideomimetics [16]. 

Originally, protease inhibitors are drugs used to treat HIV infections, 
being lopinavir (LPV), ritonavir (RTV), atazanavir (ATV) and darunavir 
(DRV) the main representatives of this class (Fig. 1) [16]. 

In this context, CoV-type viruses encode proteases that are involved 
in the proteolytic processing of polyproteins, playing an important role 
in viral replication. Thus, due to their main role in viral maturation, 
which are essential in the viral life cycle, CoV proteases emerge as a 
promising antiviral target [17]. Considering this, the inhibitory activity 
of this class of peptideomimetics against SARS-CoV-1 and MERS-CoV 
has been investigated through in vivo and in vitro assays in recent 
years [18]. Most notably, it was discovered that 3CLpro, an important 
protease for the maturation of coronavirus, would be vital to its life 
cycle, constituting an important target in the search for anti-SARS-CoV-2 
agents [19]. Molecular modeling studies performed in 2008 indicated 
that the SARS-CoV-1 3CLpro enzyme could be inhibited by the combi
nation of LPV and RTV [20]. 

In 2003, Chan and coworkers undertook a retrospective cohort study 
in 75 patients with severe acute respiratory syndrome, and pointed out 
that their treatment with LPV/RTV was associated with reduced death 
and intubation rates when compared to the ones who received the 
standard treatment protocol [21]. This information paved the path for 
the studies involving the use of LPV/RTV in patients with COVID-19. 

Importantly, molecular docking studies have been carried out to 
assess the profile of affinity of these drugs with SARS-CoV-2 and SARS- 
CoV-1 3CLpro, and DRV showed the best results, which indicates its 
potential to become a potential anti-COVID-19 drug.[19] ATV was also 
able to fit into SARS-CoV-2 Mpro protease active site, having displayed a 
greater affinity than LPV (Fig. 2). In this sense, enzymatic assays 
confirmed that ATV inactivates Mpro, and in vitro assays on cells infected 
with SARS-CoV-2 indicated that ATV was able to inhibit viral replication 
alone or in combination with ritonavir (ATV/RTV EC50 = 0.5 ± 0.08 µM, 
ATV EC50 = 2.0 ± 0.12 µM). It is important highlighting that the use of 
ATV would highly advantageous due to its bioavailability in the respi
ratory tract. On that account, the aforementioned data suggests that ATV 
is a strong candidate for clinical evaluation in the treatment of COVID- 
19 [22]. 

Recently, it was reported that a 54-year-old patient, the third SARS- 
CoV-2 infection case diagnosed in Korea, was treated with LPV/RTV 
(Kaletra® - LPV 200 mg / RTV 50 mg, orally). The treatment was started 
on the tenth day after the symptoms appearance, and the viral β-coro
navirus load started to decrease in the second day of treatment, with no 
detectable or little coronavirus titers being observed since then [23]. 

In a similar path, epidemiological information and clinical charac
teristics were collected from patients admitted between January 22 and 
February 11 to the Xixi Hospital in Hangzhou, China. LPV was admin
istered to ten patients in the initial stage of the disease (3–7 days after 
the appearance of the symptoms), and among these, three had to 
interrupt the treatment because of adverse effects such as liver prob
lems. In addition, hypokalemia and eosinophilia were also observed in 
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some patients. However, the small number of patients accompanied in 
this study makes it inconclusive, and a higher sampling is required to 
confirm the effectiveness of the LPV treatment [24]. 

LPV is produced in combination with RTV (Kaletra®) by Abbot 
pharmaceuticals [25,26]. The LPV/RTV association is administered 
orally and is presented as coated tablets, in two dosages: LPV/RTV 200 
mg + 50 mg, and LPV/RTV 100 mg + 25 mg. This association is 
important because RTV substantially increases LPV’s exposure through 
the inhibition of the cytochrome P450 3A4 enzyme [26]. The absolute 
bioavailability of the LPV/RTV in humans has not been established, but 
the oral bioavailability of LPV in rats was estimated to be 25%. At 
therapeutic concentrations, LPV is 98–99% bound to albumin [26], 
while LPV has a low penetrability in the Central Nervous System (0.02% 
brain plasma ratio) [27]. LPV is rapidly metabolized by CYP3A into 
three metabolites: M1, M2 and M3, each less active. As RTV acts by 
inhibiting this enzyme, the rate of LPV metabolism is reduced. The half- 
life of lopinavir is 5–6 h, with a clearance of 6–7 L/h [26]. 

Although LPV is very effective, some adverse reactions are evident: 
diarrhea, nausea, asthenia, stomatitis, and fever, as well as high levels of 
total bilirubin, triglycerides, and liver enzymes. Additionally, anemia 
and leukopenia are also reported adverse effects [26]. A clinical research 
conducted in January 2020 with 148 patients who were admitted to the 
Shanghai Public Health Clinical Center hospital with COVID-19 identi
fied that LPV/RTV should be administered with caution, as abnormal 
liver function was observed in 37.2% of these patients [28]. Recently, 
the results of a randomized, controlled, open-label, platform trial, 
involving over 5000 hospitalized patients were reported [29]. The pa
tients were administered a combination of LPV/RTV (400 mg and 100 
mg, respectively), and the same 28-day mortality, duration of hospital 
stay, and risk of progressing to invasive mechanical ventilation or death 
were observed for both the patients in the LPV/RTV and control groups, 
which led the researchers to conclude that the treatment of hospitalized 

COVID-19 patients with lopinavir-ritonavir is not effective. 
The synthetic route towards LPV was described in 2000, and initiates 

with the conversion of protected diamino alcohol 1 into acyl chloride 2, 
which in turn reacts with compound 3 to furnish protected intermediate 
4. Next, 4 undergoes a debenzylation reaction to produce amino inter
mediate 5, which is treated with L-pyroglutamic acid 6 to giving salt 7 as 
a single diastereoisomer in high yield (74%). Finally, the condensation 
of 7 with acyl chloride 9 leads to lopinavir in a 58% overall yield 
(Scheme 1) [30]. 

As for RTV, a patent describes its synthesis from the same diamino 
alcohol 3 in four steps (Scheme 2). First, the diamino alcohol 5 is reacted 
with N-carboxivalin anhydride 10, forming the intermediate 11, which 
reacts with 1-(2-isopropylthiazol-4-yl)-N-methylmethanamine 12 in the 
presence of bis-trichloromethyl carbonate 13 as a catalyst, affording 
intermediate 14. An amine deprotection step leads to the primary amine 
15, which gives ritonavir after reacting with thiazole derivative 16 [31]. 

Atazanavir (Reyataz®) is produced by Bristol-Myers Squibb Phar
maceuticals. ATV is administered orally in 150, 200 or 300 mg tablets. 
After ingestion, it is rapidly absorbed, reaching maximum concentration 
after 2.5 h. ATV binds to human serum proteins in an 86% rate, and its 
absorption is highly dependent on gastric pH, so the ingestion of tablets 
with food increases this effect. Still, ATV can interact with drugs that 
modify gastric pH, changing its bioavailability [32]. 

The ATV biotransformation generates monooxygenated and deoxy
genated metabolites. Since ATV also inhibits the CYP3A function, it can 
be administered in combination with other antiretrovirals with the aim 
of increasing its plasma concentrations, which can improve the thera
peutic effect. Similarly to LPV, the association with RTV increases the 
plasma level of ATV, and this association may increase plasma levels 
tenfold in lung tissue [33,33]. 

The main adverse effects related to the use of ATV are skin rash as 
well as increased serum cholesterol, amylase and serum bilirubin. There 

Fig. 1. Structure of protease inhibitors used in the treatment of HIV infections.  

Fig. 2. 2D representation of the interactions of (a) LPV and (b) ATV in the Mpro active site [300,22].  
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are also some concerns related to other ATV adverse effects, especially in 
cases of elevated bilirubin: immune reconstitution syndrome (for 
example, Graves’ disease, polymyositis, Guillain-Barré syndrome), 
nephrolithiasis/cholelithiasis, angioedema, chronic renal failure, com
plete atrioventricular block, diabetes mellitus and erythema multiforme 
[34]. Due to its low selectivity index, ATV may increase the concern 
about the adverse effects resulting from its administration to patients 
with COVID-19, and so far its use in the treatment of this disease has not 
been evaluated [35]. 

The synthesis of ATV can be accomplished efficiently via a conver
gent synthesis protocol followed by a stereoselective reduction step 
(Scheme 3) [36]. In this convergent synthesis, the two key intermediates 
19 and 22 were prepared, respectively, from the reaction between 
pyridinyl benzaldehyde 17 and carbamate 18, and between (S)-3- 
amino-1-chloro-4-phenylbutan-2-one 20 and methoxycarbonyl-L-tert- 
leucine 21. Then, the aliphatic nucleophilic substitution reaction be
tween these two intermediates leads to amino ketone 23, which fur
nishes atazanavir after a stereoselective reduction reaction. The 

Scheme 1. Synthetic route of lopinavir.  

Scheme 2. Synthetic route towards ritonavir.  

Scheme 3. Synthetic route towards of atazanavir. NMM = N-Methylmorpholine.  
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diastereoselectivity of the reduction step can be achieved through the 
use of lithium tri-tert-butoxyaluminum hydride in diethyl ether as a 
reducing agent, and under these conditions, the desired aminoalcohol is 
obtained through a Felkin-Anh control with a 28:1 diastereoisomeric 
ratio [37]. 

2.1.2. Nucleoside/nucleotide analogues: Remdesivir, tenofovir, favipiravir 
and sofosbuvir 

The nucleosides and nucleotide analogues discussed in this topic are 
effective antiviral drugs that act by preventing viral replication in 
infected cells. In order to be incorporated into the viral RNA replication 
process, those substances have to be intracellularly converted to their 
triphosphate derivatives (NTP) [37], and then interfere with viral RNA 
synthesis at the level of the RNA-dependent RNA polymerase (RdRp). In 
this sense, the repositioning of nucleoside and nucleotide analogues for 
the treatment of COVID-19 is a promising strategy, since those could 
inhibit the viral replication of SARS-CoV-2 though the same pathway. 

Remdesivir (GS-5734) emerged from a collaboration between Gilead 
Sciences, the U.S. Centers for Disease Control and Prevention (CDC) and 
the U.S. Army Medical Research Institute of Infectious Diseases 
(USAMRIID) as part of Gilead’s research into developing an Ebola virus 
(EBOV) disease treatment program. Currently, this drug is still under
going clinical trials, but is the leading drug candidate for the treatment 
of EBOV infections. 

Remdesivir stood out among several other drugs for its sub- 
micromolar activity against EBOV in studies carried out in human 
microvascular endothelial cells (HMVEC-TERT). The 1:1 isomeric 
mixture of phosphoramidate Sp (Remdesivir) and its Rp isomer has also 
proven to be very potent against EBOV in HeLa and HMVEC cells (Fig. 3) 
[38,39]. 

Remdesivir is a prodrug, being converted to its active phosphory
lated form under physiological conditions. Studies carried out with 
several nucleoside analogs have shown that the nitrile group bound to 
the anomeric carbon is fundamental to the selectivity against viral 
polymerases, and also confers low toxicity (CC50 < 0.01–0.15 μM) [40]. 

The antiviral activity of remdesivir against several coronaviruses 
(SARS, MERS, contemporary human CoV and bat-CoVs) has already 
been proven [40,41] and biochemical data from recombinant respira
tory syncytial virus (RSV) RdRp suggested that the primary mechanism 
of action was through delayed chain termination [38,42,43]. 

With the rapid increase in the number of COVID-19 cases and no 
therapeutic alternatives available, two clinical tests using remdesivir 
were initiated in China, one with mild and moderate cases and other 
with severe ones [44,45]. Even though both studies were suspended 
after the epidemic was well-controlled in China, the results of the ran
domized, double-blind, placebo-controlled, multicenter clinical trial 
conducted with adults with severe COVID-19 were published without 
reaching the predetermined sample size. The trial was conducted at ten 
hospitals in Wuhan, Hubei, China, with 237 patients and no statistically 
significant clinical benefits could be associated with remdesivir within 
these limited sample size [46]. 

In light of the promising results showed by remdesivir against SARS- 

CoV-2 in vitro, other research groups set out to conduct large-scale 
clinical trials. Recently, the final results of a double-blind, random
ized, placebo-controlled trial of intravenous remdesivir clinical trial 
conducted with 1062 adults who were hospitalized with COVID-19 were 
disclosed [47]. The authors concluded that remdesivir reduces the re
covery time in adults hospitalized with COVID-19 with lower respiratory 
tract infection (10 days vs 15 in the placebo group) and also led to a 
lower mortality (6.7% at day 15 vs 11.9% in the placebo group). How
ever, considering that the mortality of patients is still considered high, it 
became clear that the treatment with an antiviral drug alone may not be 
enough, and future strategies should evaluate those in combination with 
other therapeutic approaches. Another randomized clinical trial 
involving 538 hospitalized patients with moderate COVID-19 has 
showed that patients who received a 5-day course of remdesivir had a 
significantly clinical improvement at day 11 than those who were given 
standard care [48]. 

Considering the amount of remdesivir required for biological in vitro 
and in vivo evaluations, a robust synthetic method towards this molecule 
is highly desirable. An interesting method for the synthesis of remdesivir 
involves the diastereoselective crystallization of intermediate 28 from 
27, which was obtained from the reaction between 2-ethylbuthyl-L- 
alanine 24 with 25, followed by a substitution step with p-nitropenol 
26 (Scheme 4). In parallel, iodinated derivative 30 is reacted with 
ribolactone 29 in the presence of PhMgCl and TMSCl, giving C-glyco
sylation product 31 [49]. Next, the cyanation of 31 with TMSCN affords 
32 in >95:5 anomeric ratio, and its subsequent treatment with boron 
trichloride leads to ribonucleoside 33. Next, a protection reaction with 
2,2-dimethoxypropane 34 furnishes the corresponding acetonide 35, 
which is reacted with fragment 34 and gives remdesivir after a depro
tection step [40]. 

Tenofovir disoproxil fumarate (TDF, Viread® - Gilead Sciences) is an 
oral prodrug of tenofovir, a nucleotide analogue that has activity against 
retroviruses such as HIV-1, HIV-2 and hepadnaviruses. TDF is promptly 
converted to tenofovir after absorption, and is metabolized intracellu
larly to the active phosphorylated metabolite, a competitive inhibitor of 
HIV-1 reverse transcriptase that terminates the growth of the DNA chain 
(Fig. 4). Interestingly, tenofovir has longer serum and intracellular half- 
lives (17 h and ≥60 h, respectively) than most nucleoside analogues, 
which allows daily administration. It is also important mentioning that 
the tenofovir pharmacokinetics are dose-dependent and comparable in 
healthy and HIV-infected individuals; the recommended oral dosage of 
in adults is 300 mg/day [50]. 

TDF is approved for the treatment of HIV-1 infection in adults as 
combination therapy with other antiretroviral drugs. Tenofovir is also 
commercialized in combination with emtricitabine (Truvada®) as an 
FDA-approved prescription drug for pre-exposure prophylaxis to reduce 
the risk of HIV infection [51–53]. 

In 2020, a docking study showed that tenofovir and other four 
approved drugs (galidesivir, remdesivir, sofosbuvir, and ribavirin) can 
bind to SARS-CoV-2 RdRp with binding energies similar to those of 
native nucleotides, inhibiting the function of the proteins and eventually 
leading to viral eradication [54]. 

Fig. 3. Structure of remdesivir and its active metabolite.  
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Another important study in this field evaluated the antiviral effi
cacies of three FDA-approved formulations containing, respectively, 
hydroxychloroquine sulfate, a lopinavir-ritonavir combination, and an 
emtricitabine-tenofovir combination, against SARS-CoV-2 using a 
highly susceptible ferret infection model. The ferrets were treated with 
the antivirals, and of the three drugs, the emtricitabine-tenofovir was 
only one that caused a noticeable reduction in the overall clinical scores 
as well as a shorter duration of the clinical symptoms. Gastrointestinal 
symptoms were also evaluated, but none of the tested antiviral drugs 
appreciably diminished the gastrointestinal SARS-CoV-2 replication in 
infected ferrets [55]. Recently, polymerase extension experiments have 
confirmed that the active metabolites of tenofovir are permanent ter
minators for the SARS-CoV-2 RdRp [56]. In addition, in vitro studies with 
infected Vero CCL-81 cells have shown that the treatment with TDF 
reduced the released viral genome amount by 15-fold, while no 
detectable cytotoxicity was observed [57]. 

A versatile approach for the synthesis of tenovir DF starts with the 
reaction between adenine 36 and R-propylene carbonate 37 in the 
presence of sodium hydroxide, giving alkylated intermediate 38, which 
is reacted with tosylate 39, furnishing 40, which was further hydrolyzed 
to 41 (Scheme 5) [58]. Next, the alkylation of 41 with chloromethyl 
isopropyl carbonate followed by treatment with fumaric acid gives rise 
to tenofovir DF. 

Sofosbuvir (Solvadi®, Gilead Sciences) is an antiviral agent approved 
by the FDA in 2013 for the treatment of chronic hepatitis C in combi
nation with other antiviral compounds. This drug is a pyrimidine 
nucleotide analogue that acts by inhibiting hepatitis C virus (HCV) NS5B 
polymerase, and is administered orally once-daily in the treatment of 
chronic hepatitis C. Sofosbuvir is a pro-drug that undergoes intracellular 
metabolism to form its pharmacologically active form, which is incor
porated into HCV RNA by NS5B polymerase and acts as a chain termi
nator (Fig. 5) [59]. 

In 2017, in vitro studies with multiple human tumor cell lines and 
isolated human fetal- derived neuronal stem cells infected with Zika 
virus (ZIKV) revealed that sufosbuvir inhibits the replication and 
infection of several ZIKV strains with EC50 values ranging from 1 to 5 μM 
[60]. Importantly, the oral treatment of mice with sofosbuvir protected 
those against ZIKV-induced death. 

In a recent study, available at a preprint platform, it was reported 
that sofosbuvir was able to inhibit SARS-CoV-2 in HuH-7 and Calu-3 
cells with EC50 values of 6.2 and 9.5 μM, respectively, but was inac
tive in Vero cells. The activity of this compound against SARS-CoV-2 was 
attributed to the homology in the nucleotide uptake channel shared by 
the RNA polymerases of HCV NS5B and SARS-CoV-2 nsp12. Indeed, a 
recent in silico has performed the structural superposition of the SARS- 
CoV-2 polymerase domain (nsp12) with HCV NS5B bound to 

Scheme 4. Synthetic route towards remdesivir.  

Fig. 4. Structure of TDF, tenofovir and their active metabolite.  
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sofosbuvir and observed that the inhibitor can be fitted into the nsp12′s 
active site with no steric hindrances, and that the residues that partici
pated in the sofosbuvir binding are well-conserved in the SARS-CoV-2 

active site (Fig. 6) [61]. Similar results were observed by other 
research groups [55]. 

The synthesis of sofosbuvir can be accomplished starting from 

Scheme 5. Synthetic route towards TDF. NMP = N-Methyl-2-pyrrolidone.  

Fig. 5. Chemical structure of sofosbuvir and its active metabolite.  

Fig. 6. Structural superposition of the HCV NS5B and SARS-CoV-2 polymerases. HCV NS5B is depicted in blue, SARS-CoV-2 nsp12 in yellow, sofosbuvir in orange 
[62]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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cytidine 42, which undergoes protection of the NH and hydroxyl groups 
of the furan moiety to furnish 43, which is submitted to a methylation 
reaction followed by deprotection conditions, giving 44 (Scheme 6) 
[62]. Next, 44 reacts with benzyl chloride, leading to 45, and undergoes 
a fluorination step to form 46, which undergoes a deprotection step to 
give 47. Finally, compound 47 is used in an NMI-promoted multicom
ponent reaction in the presence of 48 and 49, giving rise to sofosbuvir. 

Favipiravir (Avigan®) is a small pyrazine compound which was 
developed by Fujifilm Toyama Chemical and approved in Japan in 2014 
for the treatment of infections caused by avian influenza or novel 
influenza resistant to neuraminidase inhibitors [63]. Favipiravir is 
marketed as 200 mg tablets. According to its pharmacokinetic profile, 
after oral administration, Favipiravir reaches its maximum concentra
tion two hours after ingestion, with a half-life equivalent to 2–5.5 h. It 
has a plasma protein binding rate of 54% and is metabolized in the liver 
mainly by aldehyde oxidase (AO), and partially by xanthine oxide, 
producing inactive metabolites that are eliminated by the liver [64]. It 
was observed that favipiravir presents a risk of teratogenicity and 
embryotoxicity [65]. 

Mechanistic studies of its activity against influenza viruses have 
showed that favipiravir acts as a prodrug: when entering the cell it un
dergoes intracellular phosphoribosylation to its active form, favipiravir 
ribofuranosyl-5B-triphosphate (Fig. 7). This active triphosphate com
pound is recognized as a substrate by RdRp, and potently and selectively 
inhibits the RNA polymerase activity by interrupting the nucleotide 
incorporation process during viral RNA replication [64,66,67]. Addi
tionally, favipiravir has a carboxamide group that allows it to make 
hydrogen bonds like the ones made by guanine, and thus, it can be 
considered a guanine analogue [39]. 

Due to its marked antiviral properties and the urgency in finding 
therapeutic options for COVID-19, favipiravir is currently the target of 
several in vitro and in vivo studies [64]. A recent work conducted with 
Vero E6 cells has shown that favipiravir is active in vitro against SARS- 
CoV-2, although it presented a high EC50 value when compared to 
chloroquine or remdesivir (61.88 μM vs 6.90 and 1.76 μM for chloro
quine and remdesivir, respectively) [68]. 

A non-randomized study in China conducted with 80 COVID-19 
patients has revealed that patients treated with favipiravir had a sig
nificant reduction in the time of SARS-CoV-2 viral clearance when 
compared to that of patients treated with lopinavir/ritonavir. Patients in 

both groups were treated concomitantly with inhaled IFN-alfa until viral 
release for a maximum of 14 days [69]. The average viral clearance time 
for patients treated with favipiravir was 4 days, while in patients treated 
with lopinavir/ritonavir, this time was 11 days. It was found that on day 
14 of treatment, approximately 91% of the people treated with favi
piravir showed radiographic improvement, and at the same time, for 
those treated with lopinavir/ritonavir this value was around 62%. As for 
adverse effects, there was a much lower percentage in the group treated 
with favipiravir (11.4% vs 55.6%) [70]. 

In another clinical trial, baloxavir marboxil and favipiravir were 
used in patients with COVID-19 randomized in a 1:1:1 ratio in three 
groups: baloxavir marboxil, favipiravir and control groups. The study 
aimed to evaluate both the efficacy and safety of these drugs to patients 
being treated with the antivirals lopinavir/ritonavir or darunavir/ 
cobicistat or arbidol confirmed with COVID-19 and who tested positive 
for SARS-CoV- 2 [70]. Unfortunately, the addition of one or the two 
drugs in the studied dosages led to no improvements in the results when 
compared to the current treatments. However, the obtained data is 
useful for carrying out additional studies in order to reach the best form 
of administration of these antivirals as anti-COVID-19 drugs [71]. 

An additional randomized trial concluded that patients treated with 
favipiravir have superior recovery rate (71.4%) and shorter duration of 
fever and cough relief time than the ones in the umifenovir group 
(55.8% recovery rate) [71]. 

In this sense, the results of such preliminary clinical tests show that 
favipiravir is a promising candidate for the treatment of COVID-19. 
Indeed, several clinical tests examining the anti-SARS-CoV-2 potential 
of favipiravir (alone or combined with other drugs) are underway 
worldwide. 

Favipiravir can be obtained via several different synthetic routes, 
and the original one was disclosed in 2000, having methyl 3-amino-6- 
bromopyrazine-2-carboxylate 50 as starting material (Scheme 7) [72]. 
In this case, bromopyrazine 1 initially undergoes a diazotization/alco
holysis reaction to furnish intermediate 51, which is reacted with imine 
52 in the presence of a palladium catalyst to produce amine pyrazine 53. 
Next, the ester group in 53 is converted to an amide one after reaction 
with ammonia, leading to intermediate 54, which is submitted to a 
Schiemann fluorination using Olah’s reagent (70% hydrofluoric acid/ 
30% pyridine) to give 55. Finally, the demethylation of 55 affords 
favipiravir [73]. 

Scheme 6. Synthetic route towards sofosbuvir. TIPDSCl2 = 1,3-Dichloro-1,1,3,3-tetraisopropyldisiloxane, DAST = Diethylaminosulfur trifluoride, NMI = N- 
Methylimidazole. 
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Although this synthetic route involves only five steps, it comprises 
the use of the highly toxic Olah’s reagent. However, other routes are 
available for the synthesis of favipiravir, involving several steps and the 
use of different starting materials such as 3-hydroxypyrazine-2-carboxa
mide and 3-aminopyrazine-2-carboxylic acid [74]. On the other hand, a 
more recent approach was published in 2019 and comprises the use of 
the commercially available reagent 2-aminopyrazine 56 as starting 
material, enabling the obtainment of favipiravir in seven steps (Scheme 
8). Here, 2-aminopyrazine 56 is initially converted to chloro-substituted 
pyrazine 57, which next undergoes a bromination step, giving inter
mediate 58. Next, a nitrile group is inserted into the pyrazine ring under 
palladium catalysis, leading to 59, which is transformed into dichloro 
intermediate 60 upon reaction with titanium tetrachloride in the pres
ence of tert-butylnitrile. Then, 60 undergoes a double fluorine substi
tution to furnish 61, and the hydration of the nitrile group in this 
intermediate leads to amide 62, which furnishes favipiravir after a 
nucleophilic substitution reaction of the fluorine bound to C3 [74]. 

2.1.3. Indole derivatives: Umifenovir 
Umifenovir (Arbidol®) is an indole derivative first marketed in 1993 

for the prophylactic treatment of infections caused by influenza A and B 
viruses [74]. Produced by Pharmstandard, it is still currently used in 
Russia and China to treat influenza infections [75]. Umifenovir is mar
keted in 50 and 100 mg capsules, being administered orally. The phar
macokinetics is limited, presenting rapid absorption and reaching the 
maximum concentration in 1.6–1.8 h. It is a slow elimination drug, with 
a half-life of 16 to 21 h, and may be administered twice a day [76]. 

The drug’s anti-influenza mechanism of action is related to arbidol’s 
ability to bind to the haemagglutinin (HA) protein [77]. The haemag
glutinin (HA) protein is a homotrimeric glycoprotein found on the sur
face of the influenza virus, and it is essential for its infectivity. This 
protein is responsible for allowing the influenza virus binding to the 
sialic acid present on the surface of the target cells (respiratory tract cells 
or erythrocytes). As a result of this interaction, the virus is internalized 
in the host cell. Once umifenovir binds to the HA protein, this glyco
protein is prevented from binding to sialic acid, so the virus is no longer 
able to penetrate the host cell [78]. 

Fig. 7. Chemical structure of favipiravir and its active metabolite.  

Scheme 7. Synthesis of favipiravir from methyl 3-amino-6-bromopyrazine-2-carboxylate.  

Scheme 8. Synthesis of favipiravir starting from 2-aminopyrazine. TSA = N-chloro-N-methoxy-4-methylbenzenesulfonamide.  
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The structural similarity between the SARS-CoV-2 peak and the 
influenza virus (H3N2) HA glycoproteins justifies the fact that drugs that 
are capable of binding to HA can also do so to the SARS-CoV-2 spike 
protein. This fact was evidenced by molecular modeling studies, 
wherein was demonstrated that umifenovir is able to bind to the protein 
peak, preventing its trimerization, which would be a determining factor 
for the mechanism of cell adhesion (Fig. 8) [78]. 

Recently in 2020, in vitro studies performed with Vero cells 
confirmed that arbidol efficiently inhibits SARS-CoV-2 infection with an 
EC50 of 4.11 μM. The author also determined that arbidol was able to 
efficiently block both viral entry and post-entry stages, and also 
concluded that the drug prevented the viral attachment and release of 
SARS-CoV-2 from the intracellular vesicles. Importantly, the EC50 of 
arbidol against SARS-CoV-2 led the authors to suggest that the dose of 
arbidol currently recommended by the Chinese Guidelines (200 mg, 3 
times/day) should be elevated in order to achieve ideal therapeutic ef
ficacy to inhibit the SARS-CoV-2 infection [79]. 

A clinical trial was conducted at Wuhan Jinyintan Hospital, in 2020, 
from February 2 to March 20 conducted to evaluate the effectiveness 
and safety of umifenovir in the treatment of COVID-19 patients. In this 
study, 81 patients were evaluated: 45 received 200 mg of umifenovir 
three times a day, and 36 were in the control group. The authors 
concluded that baseline clinical and laboratory characteristics were 
similar in the two groups, and patients in the umifenovir group had a 
longer hospital stay than those in the control [80]. Although such results 
may seem discouraging, further clinical trials with higher doses of 
umifenovir may be required in order to verify its clinical efficiency 
against the SARS-CoV-2 infection. 

The synthesis of umifenovir was described in 2006 starting from the 
reaction between ethyl acetoacetate 63 and methylamine, giving 
enaminone 64, which next undergoes a Nentizescu condensation reac
tion with 1,4-benzoquinone to produce indole derivative 65 (Scheme 9). 
Then, an acetylation reaction is carried out to protect the hydroxyl 
group in 65, producing 66, which is converted to 67 after a bromination 
step. The reaction of intermediate 67 with thiophenol in basic medium 
leads to the formation of 68, which finally affords umifenovir after a 
Mannich reaction [81]. 

2.2. Antiparasitic drugs 

Based on the hypothesis that some antimalarial medications present 

immunomodulatory, anti-inflammatory and weakly antithrombotic ef
fects, those have been tested against SARS-CoV-2, expectedly acting as a 
prophylactic, or even preventing/limiting the disease’s symptoms [82]. 
In that way, aminoquinoline-type molecules such as chloroquine, 
hydroxychloroquine and amodiaquine were among the first tested 
compounds against SARS-CoV-2. However, several controversial results 
on these drugs have arisen, causing important discussions within the 
scientific community. In this context, other antiparasitic drugs, such as 
mefloquine, nitazoxanide, ivermectin and emetine, have also been 
studied. In this section we provide a discussion on the pharmacological 
aspects that led these compounds to be considered as therapeutic op
tions for COVID-19, as well as the synthetic routes towards them. 

2.2.1. 4-Aminoquinolines: Chloroquine, hydroxichloroquine and 
amodiaquine 

Due to their pronounced antiparasitic effects, quinoline-based anti
malarials are the most used drugs in the initial treatment and prevention 
of malaria. In the last decades, the activity of such drugs has also been 
evaluated against several type of viruses, including coronaviruses 
[83–88], which caused this class of compounds to be pointed as a 
therapeutic option for COVID-19 [69,89,90], Fig. 9 shows the structures 
of chloroquine (CQ), hydroxychloroquine (HCQ) and amodiaquine 
(ADQ), all members of the aminoquinoline class of antimalarial drugs 
that have also been pointed as promising candidates for the treatment of 
COVID-19. 

Chloroquine was the first clinically used antimalarial drug and 
served as a prototype for the development of the following ones. This 
drug is usually marketed as a diphosphate salt, and can be found in 250 
mg tablets (equivalent to 150 mg of the drug). CQ is also used as an 
immunomodulator for rheumatic diseases such as systemic lupus ery
thematosus rheumatoid arthritis, juvenile idiopathic arthritis and Sjog
ren’s syndrome (chronic autoimmune rheumatic disorder) [91–93]. 
Additionally, it can also be used by patients with liver abscess caused by 
Entamoeba histolytica [94]. Despite their therapeutic indications, several 
side effects are reported for chloroquine, hydroxychloroquine and other 
antimalarials, ranging from mild, e.g. nausea and headache, to severe 
ones, e.g. cardiotoxicity, hypotension, vasodilation, suppressed 
myocardial function, cardiac arrhythmia and arrest [95–98]. 

Hydroxychloroquine (Plaquenil®) and amodiaquine (Amoda
quine®) are less toxic than chloroquine. Generally, HCQ is found as a 
sulfate salt in the form of tablets containing 200 mg of the drug, and is a 
common medication in regions where the malaria incidence is still 
sensitive to QC. Just as QC, HCQ is quickly absorbed by the gastroin
testinal tract and has a high volume of distribution through the blood 
plasma [99]. As for ADQ, it is marketed as a dihydrate hydrochloride salt 
in combination with artesunate (270 mg of ADQ and 100 mg of arte
sunate), and used for the treatment of patients affected by QC-resistant 
malaria. Due to hepatic biotransformation, ADQ is converted to its main 
desethylated metabolite, which is also active, albeit to a lesser extent 
[100,100]. 

In the last decades, different research groups have evaluated the in 
vitro anti-coronavirus activity of CQ, HCQ and ADQ [101–103]. Since 
the beginning of 2020, efforts have been directed to the evaluation of the 
anti-SARS-CoV-2 activity of such compounds [69,104,105]. Table 1 
summarizes the main results reported in this context. The different 
values regarding the in vitro activity observed for the same virus, in some 
cases, can be attributed to methodological differences, such as the spe
cific multiplicity of infection (MOI) applied to each test. 

The broad antiviral spectrum associated with 4-aminoquinoline de
rivatives can be explained with basis on different modes of action, 
depending on the virus. One of these mechanisms involves the inhibition 
of quinone reductase 2, an important enzyme for the biosynthesis of 
sialic acids; such acids are the structural components of the sugar chains 
present in the cell’s transmembrane proteins and are important for cell 
recognition by the virus. In the case of SARS-CoV-1, and probably SARS- 
CoV-2, CQ and its analogs appear to affect different stages of viral 

Fig. 8. Umifenovir (in orange) binding region in SARS-CoV-2 spike glycopro
tein. Reprinted from International Journal of Antimicrobial Agents, 56, N. 
Vankadari, “Arbidol: A potential antiviral drug for the treatment of SARS-CoV-2 
by blocking trimerization of the spike glycoprotein”, Page 2, with permission of 
Elsevier. Copyright 2020. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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replication [90,106]. 
Furthermore, these aminoquinoline drugs cause the alkalization of 

several cellular components, including endosomal contents, affecting 
the mechanisms of viral entry into the host cell by the pH-dependent 
endocytic pathway in a complementary way [90]. An adequate acidic 
medium on a cellular level is important for virus successful replication, 
since a low pH is required for the functional activity of cathepsins, which 
are proteins necessary for the proper cleavage of the viral S protein and, 
consequently, for the formation of the autophagosome in the virus 
internalization process. Also, lysosome acidification leads to the disin
tegration of the viral capsule and the release of its genomic material and 
viral enzymes in the cytosol. Maintaining a low local pH is similarly 
important for other processes in the viral replication cycle, such as 
proper viral proteins maturation and virion assembly [100]. As a matter 
of fact, structure–activity relationship (SAR) studies on the antimalarial 
activity of these substances, the weakly basic groups present in their 

structure, namely the heterocyclic nitrogen and the tertiary amine group 
present in the side chain, are highly important for their activity 
[107–110]. 

CQ and HCQ also appear to reduce the terminal glycosylation levels 
on the angiotensin-converting enzyme 2 (ACE2) receptor, thus being 
active in the initial stage of viral internalization in the cell. Recently, in 
silico studies demonstrated that CQ is capable of binding to sialic acids 
and gangliosides with high affinity; a new type of interaction between 
gangliosides and the 111–162 domain of the N-terminal portion of the 
SARS-CoV-2 S protein has also been identified, highlighting that this 
peptide sequence is fully conserved in clinical isolates worldwide. 
Considering that this protein domain is possibly responsible for facili
tating the contact of the virus with the ACE2 receptors, it is a possible 
pharmacological target for anti-COVID-19 drugs [107]. In this study, the 
interaction mode between CQ/HCQ and 9-O-acetyl-N-acetylneuraminic 
acid (9-O-Ac-SIA, the sialic acid subtype most easily recognized by 
SARS-CoV-2) was initially simulated, and most of the overall favorable 
energy variation has arisen from ionic interactions between the drug’s 
positively charged quinoline nitrogen and the negatively charged 
carboxylate group present in the sialic acid (Fig. 10). Additionally, other 
weaker Van der Waals and OH-π interactions involving the CQ hetero
aromatic system and N-aliphatic side chain help in the complex stabi
lization [107]. 

The interaction between these drugs and the GM1 membrane 
ganglioside was also simulated, and it was demonstrated that, in this 

Scheme 9. Synthetic route towards umifenovir.  

Fig. 9. Chemical structure chloroquine, hydroxichloroquine and amodiaquine.  

Table 1 
Reported anti-coronavirus activity for CQ, HCQ and ADQ.  

Drug MERS-CoV 
(µM) 

SARS-CoV-1 
(µM) 

SARS-CoV-2 
(µM) 

CQ diphosphate EC50 = 6.275e  

[103] 
IC50 = 8.8a  

[102] 
IC50 = 46.80c  

[106]  
EC50 = 3.0b  

[104] 
EC50 = 6.538f  

[103] 
EC50 = 1.13d  

[69]   
EC50 = 4.1b  

[104] 
EC50 = 5.47c  

[105]  

HCQ sulfate EC50 = 8.279e  

[103] 
EC50 = 7.966f  

[103] 
IC50 = 11.17c  

[106]    
EC50 = 0.72c  

[105]  

ADQ dihydrochoride 
dihydrate 

EC50 = 6.212e  

[103] 
EC50 = 1.274f  

[103] 
IC50 = 4.94c  

[106]  

a MOI not reported. 
b MOI = 0.005. 
c MOI = 0.01. 
d MOI = 0.05. 
e MOI = 0.1. 
f MOI = 1.0. 

Fig. 10. (a) Mills projection of the 9-O-acetyl-sialic acid subtype. (b) Simplified 
representation of the interactions between CQ/HCQ e o 9-O-Ac-SIA. 
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system, two molecules of CQ are capable of interacting with the sugar 
moieties on the GM1 ganglioside, mimicking the way in which the viral 
S protein interacts with that membrane component. In this case, HCQ 
showed an even greater interaction than CQ, which was attributed to a 
complementary hydrogen bond from the hydroxyl group present in the 
side chain of this substance. Other weaker non-covalent interactions 
were also observed. In that way, CQ and HCQ have the potential of 
preventing the interaction of viral S protein with membrane ganglio
sides, preventing cell recognition. The greater binding affinity observed 
for HCQ is in line with its higher anti-SARS-CoV-2 in vitro activity when 
compared to CQ [107]. 

Although the in vitro studies with CQ and HCQ have been showing 
promising results, there is still little evidence about the safety and effi
cacy of CQ and HCQ to treat patients infected with SARS-CoV-2. On the 
other hand, some preliminary studies of several clinical trials have been 
published in the last months, and conflicting conclusions were drawn. 

A clinical trial conducted at Tongji Hospital, Wuhan, China with 550 
COVID-19 patients in critical condition and under mechanical ventila
tion showed that HCQ dramatically decreased the fatality rate on criti
cally ill patients, in addition to decreasing the inflammatory cytokine 
storm [111]. A second example is the open-label non-randomized clin
ical trial performed with a combination of HCQ and azithromycin 
involving a restricted number of 36 patients, from which it was 
concluded that the drugs caused a decrease in their viral load [112]. 

Conversely, a third clinical trial conducted with 1376 patients hos
pitalized with COVID-19 concluded that there was no decrease or in
crease in the risk of intubation or death on patients whom received HCQ 
when compared to those who did not receive this drug [113]. 

Other recent publications, however, have highlighted the negative 
results on the clinical use of these drugs on COVID-19 patients, some of 
which have appointed a high risk of intubation or even death due to 
their side effects [114,115]. Indeed, a clinical trial conducted with 1438 
patients suggested that there is a higher incidence of heart failure in 
patients who received HCQ/azithromycin, with no observed improve
ment in hospital mortality [116]. In light of these observations, another 
clinical trial involving 81 patients with severe cases of COVID-19 led to 
the conclusion that a high dosage of HQC should not be recommended 
for patients with severe COVID-19 due to of its potential safety risks, 
especially when taken concomitantly with azithromycin and oseltami
vir. However, such results cannot be extrapolated to patients with non- 
severe COVID-19 [117]. 

A study that had reported severe adverse events in COVID-19 pa
tients treated with hydroxychloroquine or chloroquine was retracted 
from the Lancet due to issues related to the veracity of the data, and in 
sequence, another article by the same authors using data from the same 
Surgisphere database was also retracted from the New England Journal of 
Medicine [118]. However, several recent randomized clinical trials have 
pointed out that HCQ does not reduce mortality in hospitalized patients 
with COVID-19 [119]. The HCQ arm of the WHO RECOVERY trial, for 
instance, was shutdown with preliminary results having exposed that 
HQC does not lead to any appreciable reduction in mortality (25.7% 
with HCQ vs 23.5% with usual care) [120]. Indeed, after the disclosure 
of the WHO RECOVERY report, the FDA has revoked the use of chlo
roquine and hydroxychloroquine in the EUA in June 5, 2020, and the 
WHO and the National Institutes of Health have stopped all trials and the 
use of such drugs in hospitalized patients owing to the nonexistence of 
benefits [121]. The final results of the RECOVERY clinical trials were 
recently disclosed, confirming its preliminary findings that HCQ is not 
an effective treatment for patients hospitalized with COVID-19 inde
pendently of age, sex, race, time since illness onset, level of respiratory 
support, and baseline-predicted risk [122]. Moreover, the results sug
gested that the patients who received HCQ underwent hospitalization 
for a longer duration, and a higher risk of invasive mechanical ventila
tion or death was observed for the HCQ patients when compared to the 
ones who received usual care. 

Overall, at this point there is robust data available to indicate that CQ 

and its analogs do not benefit hospitalized patients with COVID-19, and 
may even cause severe adverse effects such as cardiac complications 
when high doses are administered. It should be noted that for severe 
cases, there is no indicative that its use is responsible for reversing the 
infection. However, there is still a gap to be explored regarding the use 
of CQ/HCQ as prophylactic agents or in patients with less severe SARS- 
CoV-2 infection by means of comprehensive, randomized and double- 
blind studies. 

The synthesis of these three aminoquinoline derivatives usually in
volves a nucleophilic aromatic substitution (SNAr) step with a 4-haloqui
noline precursor and a suitable amine [123–127]. An example of this 
method directed toward QC synthesis was described in 2005 [125]. 
Initially, Meldrum’s acid 69 is converted into the intermediate 70 
through a condensation step with trimethyl ortho-formate followed by 
the reaction with 3-chloroaniline. Intermediate 70 is then subjected to a 
decarboxylative pyrolytic cyclization under microwave irradiation to 
form oxoquinoline 71, which is treated with phosphoryl chloride to 
furnish 4,7-dichloroquinoline 72. Finally, 72 is converted to CQ via a 
regioselective SNAr reaction with N1,N1-diethylpentane-1,4-diamine 
(Scheme 10). 

Over the last decades, several interesting methods were reported for 
the synthesis of such compounds, for instance using cross-coupling as an 
alternative to the classic SNAr methods [126]. 

As for amodiaquine, few methods are available for its preparation. A 
particularly interesting approach involves initial conversion of 4,7- 
dichloroquine 73 into 7-chloro-4-(4-hydroxyanilino)quinoline 74 
through a regioselective SNAr step followed by the one-pot addition of 
formaldehyde and diethylamine (Scheme 11) [127]. This tandem pro
cedure allowed the preparation of the amodiaquine dihydrochloride salt 
in a 92% yield after the addition of concentrated hydrochloric acid and 
crystallization. 

An interesting process for the multigram synthesis of HCQ involving 
a continuous flow (CF) process was published in 2018 (Scheme 12) 
[128]. Initially, 5-iodopentan-2-one 76 is produced with 89% yield from 
the decarboxylative ring-opening of lactone 75 in the presence of a 
hydroiodic acid solution under CF conditions (1.0 mL min− 1 flow rate 
and 5 min of residence time) [128]. Next, the flow conditions for the 
conversion of 76 into 80 were individually optimized and, subsequently, 
telescoped in a CF reaction process, which allowed the isolation of 80 
with an overall yield of 68%. In this process, initially, 5-iodopentan-2- 
one 76 reacted with 2-(ethylamino)ethan-1-ol 77, giving intermediate 
78, which undergoes reductive amination using hydroxylamine in the 
presence of Raney-Nickel (Ra-Ni) as catalyst and molecular hydrogen. In 
final step, 80 was reacted with 4,7-dichloroquinoline 73 under batch 
conditions in the presence of potassium carbonate and triethylamine, 
giving rise to HCQ in a 78% yield. 

2.2.2. Other quinoline derivatives: Mefloquine 
Mefloquine is a 4-alkyl substituted quinoline derivative functional

ized with a (piperidin-2-yl)methanolyl side chain that can be viewed as a 
simplified version of the (5-vinylquinuclidin-2-yl)methanolyl side chain 
present in quinine, a natural antimalarial agent found in the bark of 
Cinchona and Quina trees (Fig. 11) [128]. This drug was developed in 
the 1970s by the United States Army, and is sold as a racemic mixture by 
Hoffmann-La Roche [129]. 

MQ is easily permeable through the blood–brain barrier, and its liver 
metabolization occurs via the cytochrome P450 system [130]. MQ is 
distributed extensively in the tissues and is eliminated slowly in the feces 
and bile, mainly as a carboxylic acid metabolite [131]. 

In addition to the 4-aminoquinoline derivatives discussed in the 
previous topic, it has already been demonstrated that MQ blocks the 
cytopathic effect of coronavirus in cell cultures and prevents its repli
cation, which infers that it can be considered for repositioning in COVID- 
19 therapies. Its effectiveness as an inhibitory agent against MERS-CoV 
and SARS-CoV-1 is already known (EC50 values of 7.416 μM and 15.553 
μM, respectively) [103]. More recently, it has also been demonstrated 
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that MQ, in the form of its hydrochloride salt, has an inhibitory effect 
against SARS-CoV-2 with an IC50 value of 7.11 and 8.06 μM (MOI of 
0.004 and 0.01, respectively). Additionally, its immunosuppressive ef
fect prevents the activation of an inflammatory response caused by the 
virus [106]. 

It is important to note that this drug is not widely used because of its 
toxicity to the central nervous system [132]. In fact, in 2013, its po
tential neuropsychiatric effects started to be mandatorily highlighted in 
the USA labels [131]. However, MQ can be regarded as a model in the 
development of new bioactive agents for COVID-19 treatment [34]. 

The antimalarial mode of action associated with MQ involves pH 
increasing on the cellular vesicular structures important for the para
site’s replication cycle, being similar to that described for CQ, HCQ and 
ADQ. Due to the similarities already discussed, it is coherent to assume 
that, in the same way, MQ inhibits viral replication by acting as an 
alkalinizing agent toward the content of endosomal vesicles related to 
the virus internalization, protein maturation and virion assembly pro
cesses. This effect can be associated to the two basic nitrogen atoms 
present in its structure [108–111]. 

One of the first synthetic methods for the preparation of mefloquine 

Scheme 10. Seminal synthetic approach towards chloroquine.  

Scheme 11. One-pot procedure for the synthesis of amodiaquine.  

Scheme 12. Flow process for the synthesis of hydroxychloroquine.  
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was published in 1971 and involved a linear five-step route (Scheme 13) 
[129]. Initially, a polyphosphoric acid-mediated cyclization of o-tri
fluoromethylaniline 81 with ethyl trifluoromethylacetoacetate 82 leads 
to the oxyquinoline intermediate 83, which was then converted to the 4- 
bromoquinoline 84 after treatment with phosphorus(V) oxybromide. 
Next, the carboxylation of intermediate 84 via a transmetallization step 
with n-butyllithium followed by treatment with carbon dioxide gives 
intermediate 85. The reaction of cinclioninic acid 85 with a 2-pyridyl
lithium excess led to the formation of ketone 86, which was then 
reduced using a platinum(IV) catalyst in the presence of hydrochloric 
acid, affording mefloquine hydrochloride salt. This classic method fur
nishes the desired product with a 20% overall yield. 

More recently, a new synthetic method was described for the 
benzylic oxidation of diaryl methylenes, and this strategy was applied to 
the synthesis of intermediate 86 (Scheme 14) [133]. In this case, the 
authors used commercially available 4-chloro-2,8-di(trifluoromethyl) 
quinoline 87 as a starting material in a palladium-catalyzed cross- 
coupling reaction with alcohol 88, leading to intermediate 89. Then, 89 
is oxidized to ketone 86 using molecular oxygen in the presence of 
ferrous chloride. The main advantage of this alternative is the applica
tion of more easily handled reagents, in comparison to the highly 
reactive organolithium species used in the classical method. 

2.2.3. Thiazolides derivatives: Nitazoxanide 
Nitazoxanide (NTZ, Alinia®) is an FDA-approved synthetic 

nitrothiazolyl-salicylamide derivative that has been used for treating 
gastrointestinal infections caused by Cryptosporidium parvum and Giardia 
lamblia in millions of adults and children since 2004. This drug causes 
minimal side effects, with an excellent safety record for a variety of 
indications [134]. 

NTZ is available in the form of tablets (for 12-year-old and older 
patients) and oral suspension (1-yeard-old and older patients), and is 
marketed under different brand names in different countries, such as 
Heliton® (Argentina), Annita® (Brazil), Celectan® (Colombia, Ecuador, 
Venezuela), Repinox® (Costa Rica, Dominican Republic, Guatemala, 
Honduras, Nicaragua, Panama, El Salvador), Nodik® (Guatemala), 
Daxon® (Mexico), Dexidex® (Mexico), Kidonax® (Mexico), Paco
vanton® (Mexico), Paramix® (Mexico), Anelmin® (Paraguay) and 
Colufase® (Peru) [135]. 

Once ingested, NTZ is rapidly hydrolyzed by plasma esterases into its 
active metabolite, tizoxanide (desacetyl-nitazoxanide, 90), which un
dergoes a conjugation reaction and is transformed into tizoxanide 
glucuronide 91 (Scheme 15). Its active metabolite is excreted in the 
urine, bile and feces, while tizoxanide glucuronide 91 is excreted in 
urine and bile. These metabolites are free of mutagenic effects [135]. 

Both NTZ and its active metabolite, tizoxanide (desacetyl-nitazox
anide), have shown inhibitory effect against a broad range of both DNA 
and RNA viruses in cell culture assays [64,136–138]. In special, NTZ has 
action against influenza A, dengue, yellow fever, Japanese encephalitis 
virus, rotavirus, norovirus, hepatitis B and C and human immunodefi
ciency virus [139]. In addition, NTZ has also been shown to inhibit the 
replication of the pathogenic human coronaviruses MERS-CoV and 
SARS-CoV-2. Importantly, the compound exhibits antiviral effect against 
SARS-CoV-2 at a low-micromolar concentration (EC50 = 2.12 μM, CC50 
> 35.53 μM, SI > 16.76) [69]. It has been pointed out that NTZ’s broad 
antiviral spectrum is a consequence of its interference with host- 
regulated pathways involved in viral replication; the compound acts 
by upregulating the innate antiviral mechanisms by broadly amplifying 
cytoplasmic RNA sensing and type I interferon (IFN) pathways. 

The synthesis of NTZ can be achieved in a few steps initiating with 

Fig. 11. Quinine and mefloquine structural representations.  

Scheme 13. Classical method for the synthesis of mefloquine. PPA = polyphosphoric acid.  
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the conversion of 2-acetoxybenzoic acid 92 to the corresponding acid 
chloride or anhydride, which can be achieved using different ap
proaches, followed by the reaction with 2-amino-5-nitrothiazole 93 
(Scheme 16) [139,140]. 

2.2.4. Avermectins: Ivermectin 
Avermectins (AVMS, Fig. 12) are naturally occurring 16-membered 

macrocyclic polyketides isolated from the fermentation of the fungus 
Streptomyces avermitilis. AVMS were discovered in 1967 by the Nobel 
Prize winner Satoshi Omura of the Japanese Kitasato Institute and ever 
since have found applications in humans and animals as antiparasitic 
agents, and in agriculture, as insecticides [141]. Ivermectin, a semi- 
synthetic derivative of the avermectins introduced by Merck, is a 
mixture of two homologous compounds 5-O-dimethyl- 22,23-dihydroa
vermectin B1a (not less than 80%) and B1b (not more than 20%), each of 
which being prepared from the avermectin family of fermentation 
products by selective reduction at the cis-22–23-double bond of aver
mectin B1. These two components, B1a and B1b have very similar bio
logical and toxicological properties [142]. 

Ivermectin is one of the most important drugs against parasitic in
fections in veterinary and human medicine, and in humans its meta
bolism occurs in the liver by cytochrome P450 enzymes [143]. Its 
pharmacokinetics are characterized by slow absorption, wide tissue 
distribution because of its high lipid solubility, low metabolism, and 
slow excretion phase, with most of the dose eliminated unchanged in 
feces [144]. Ivermectin does not easily cross the blood–brain barrier in 
humans, as it is excluded by a P-glycoprotein drug pump [145]. 

Ivermectin has been shown to have in vitro antiviral activity against a 
broad range of viruses, such as human immunodeficiency virus (HIV-1), 
dengue fever, influenza, Zika and Ebola viruses [146]. As an anti-HIV 
agent, it acts by inhibiting the interaction between the HIV-integrase 
protein (IN) and the importin (IMP) α/ß1 heterodimer, which is 
responsible for IN nuclear import of integrase protein. However, this 

compound was also able to inhibit nuclear import of viral proteins, e.g. 
simian virus SV40 large tumor antigen and dengue virus (DENV) non- 
structural protein 5 [147,148]. Still, it has been shown that it is active 
against RNA viruses such as DENV 1–4, West Nile Virus, and influenza 
[149–151]. Its wide activity is attributed to the fact that many RNA 
viruses rely by on IMPα/β1 during infection. Considering that SARS- 
CoV-1 proteins are important for IMPα/β1 during infection, it was 
inferred that ivermectińs nuclear transport inhibitory activity could also 
work well against SARS-CoV-2. At 24 h, there was a 93% reduction in 
viral RNA present in the supernatant (indicative of released virions) of 
samples treated with ivermectin compared to the vehicle DMSO. Indeed, 
in vitro studies conducted with Vero/hSLAM showed that 24 h after the 
addition of ivermectin, a 93% reduction in viral RNA was observed, and 
no more viral material was present in the medium after 72 h [147]. 

A recent observational study conducted with 280 patients with 
confirmed SARS-CoV-2 infection has shown that the use of ivermectin 
(single dose of 200 μg kg− 1) led to a lower mortality rate (15% vs 25.2% 
in patients who were not treated with ivermectin), especially in patients 
who required higher inspired oxygen or ventilatory support (38.8 vs 
80.7%) [152]. Another pilot clinical trial conduced in Iraq evaluated the 
administration of ivermectin (single dose of 200 μg kg− 1 at the admis
sion day) to patients taking HCQ (400 mg twice a day in the first day and 
200 mg twice a day for 5 days plus a single dose of 500 mg single dose of 
azithromycin in the first day and 250 mg a day for 5 days), and observed 
that the patients in the ivermectin group had shorter hospital stays than 
the other group (7.6 vs 13.2 days, respectively) [153]. Although several 
clinical trials involving ivermectin are still ongoing, the results of a 
large-scale randomized study are not available yet. 

Because of the importance of avermectins, their complex biosyn
thetic pathway [154–157] and total synthesis studies [158–162] have 
been extensively studied by different research groups. Scheme 17 shows 
the retrosynthetic analysis for ivermectin B1a from commercially avail
able reagents, D-sorbitol, 3-benzyloxy-1-propanol and L-rhamnose 

Scheme 14. Alternative method for the synthesis of intermediate 86.  

Scheme 15. NTZ structure and its main metabolites.  

Scheme 16. Synthetic route towards nitazoxanide.  
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[163]. 
The synthesis of the subunit A was initiated via the acid-promoted 

cyclization of D-sorbitol followed by an acetonization reaction, giving 
acetonide derivative 94, which next undergoes a protection step with t- 
butyldiphenylchlorosilane (TBDPSCl) and 2-naphthylmethyl (NAP) 
bromide to produce 95 (Scheme 18). The selective hydrolysis and 
oxidative cleavage of 95 with sodium metaperiodate furnishes aldehyde 
96, which is subsequently transformed into substituted lactone 97 by 
reacting with 2-(trimethylsiloxy)furan in the presence of BF3.OEt2. 
Then, the double bond in the furan-2(5H)-one ring of 97 is hydroge
nated, and lactone derivative 98 is formed after a protection step. Next, 
98 is submitted to a reduction/protection/NAP removal sequence to 
furnish 99, which is oxidized to bis-carbonyl compound 101 using the 
Dess-Martin periodinane in the presence of pyridine. Besides the major 
product 101, analog compound 100 is also formed in the aforemen
tioned oxidation step, but can be promptly converted to 101 using 
conventional hydrolysis and oxidation reactions. The treatment of 101 
with DBU generates cyclic compound 102, which is used in the next step 

without purification due to its instability on silica gel [164]. 
The reaction of 102 with trityl triflate (prepared in situ from trityl 

chloride and silver triflate) produces trityl oxetane acetal 103 as a single 
isomer, and the selective cleavage of the C-4 TES ether of 103 followed 
the ruthenium-catalyzed oxidation of the resulting alcohol affords ke
tone derivative 104. Next, a hydrazone formation/iodination/Suzuki- 
Miyaura coupling sequence leads to 105, which undergoes a selective 
removal of the TBDPS group to give compound 106. Finally, a Dess- 
Martin oxidation step gives rise to ivermectińs subunit A [164]. 

The next stage involved the preparation of subunit B (Scheme 19). 
Initially, the Noyori asymmetric hydrogenation of commercially avail
able 4-(trimethylsilyl)-3-butyn-2-one 107 followed by mesylation gives 
108, which is reacted with 109 in a Pd-catalyzed Marshall prop
argylation reaction to produce homopropargylic alcohol 110. Next, the 
removal of the trimethylsilyl group of terminal alkyne 110 in basic 
medium followed by the protection of the hydroxyl group affords in
termediate 111 [164]. 

In parallel, alcohol 112 is submitted to a TEMPO oxidation, leading 

Fig. 12. Structures of some ivermectins.  

Scheme 17. Retrosynthetic design for ivermectin B1a.  
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to aldehyde 113, which is treated with diketene 114 in the presence of 
Ti(OiPr)4 and a catalytic amount of chiral Schiff base 115 to furnish 
δ-hydroxy-β-ketoester 116. The anti-selective reduction of 116 and acid- 
catalyzed lactonization furnishes 117, which undergoes a t-butyldime
thylsilyl (TBS) protection step to produce 118. Next, alkyne 111 is 
treated with BuLi to produce the corresponding Li acetylide, which is 
reacted with lactone 118 to give methyl acetal derivative 119 by se
lective cleavage of TMS ether group with citric acid in methanol. Acetal 
119 was transformed into spiroacetal compound 120 via a Lindler 
reduction/acid treatment/Birch reduction sequence, and the oxidation 
of 120 with the Dess-Martin periodinane followed by a reaction with 
ethyl 2-(triphenylphosphoranylidene) propionate gives 121. The com
pound 121 was converted into homoallyl alcohol 123 via DIBAL-H 
reduction/DMP oxidation/condensation with (E)-crotyl boronate 122. 
Next, alcohol 123 is converted to tert-butyldimethylsilyl ether 124, 
which undergoes dihydroxylation of its alkene moiety with osmium 
tetroxide (OsO4) followed by oxidative cleavage with sodium periodate 
NaIO4 to form subunit B [164]. 

Subunit B is next submitted to a Horner-Wadsworth-Emmons 
condensation with (carbethoxymethylene)triphenylphosphorane fol
lowed by DIBAL-H reduction and conversion of the alcohol group to 
mesylate accompanied by the nucleophilic displacement of the mesylate 
group by LiBr, resulting in intermediate 125 (Scheme 20). The reaction 
of 125 with trimethylphosphine then leads to the formation of trimethyl 
phosphonium salt 126, with undergoes an E-selective Wittig reaction 
with subunit A, furnishing compound 127. Tetra-n-butylammonium 
fluoride (TBAF) is then used to deprotect silyl ether group in 127, 
leading to 128, which has the trityl group removed by formic acid to 
produce 130. A subsequent Krause-Pinnick oxidation gives compound 
131, which undergoes an intramolecular cyclization promoted by 2- 
methyl-6-nitrobenzoic anhydride (MNBA), affording 132. The C5-hy
droxy group of avermectin B1a aglycon 132 is next selectively protected 

with as a tert-butyldimethylsilyl ether, producing 133, and submitted to 
a stereoselective glycosylation reaction with 134 mediated by SnCl2- 
AgOTf to give the desired α-glycoside 135, which gives rise to aver
mectin B1a after the deprotection of silyl ether protecting group [164]. 

2.2.5. Isoquinoline alkaloids: Emetine 
Emetine is an isoquinoline alkaloid isolated from the root of the 

Psychotria ipecacuanha, a medicinal plant of the Rubiaceae family. 
Emetine is a drug used both as an anti-protozoal approved for treatment 
of ameobiasis, and as an emetic agent. However, its potential car
diotoxicity has restricted its clinical use in recent years. The drug is 
administered intramuscularly or subcutaneously, but not intravenously, 
due to the potentialized toxicity resulting from the increased 
bioavailability. 

Emetine inhibits protein synthesis in eukaryotic cells by irreversibly 
blocking ribosome movement along the mRNA strand, and inhibits DNA 
replication in the early S phase of the cell cycle. This is accomplished by 
binding to the 40S subunit of the ribosome. Also, emetine was identified 
as a specific inhibitor of HIF-2α protein stability and transcriptional 
activity [164–166]. The in vitro antiviral activity of emetine has been 
evaluated against SARS-CoV-2, and it was observed that this compound 
may effectively inhibit virus replication in Vero E6 cells with EC50 values 
under 100 μM. The therapeutic plasma concentration of emetine alone 
may reach 0.156 μM, which is below its EC50 against SARS-CoV-2, and 
the toxic plasma concentration is 0.5 mg/mL (1.04 μM). In order to 
reduce emetine effective concentration below the maximal therapeutic 
plasma concentration, the combination of remdesivir and emetine was 
explored, and a synergy effect was observed. Remarkably, remdesivir at 
6.25 μM in combination with emetine at 0.195 μM may achieve a 64.9% 
inhibition in viral yield [167]. 

Docking studies led to the conclusion that emetine binds to the active 
site of Mpro, the SARS-CoV-2 main protease, through attractive 

Scheme 18. Synthetic route towards ivermectin B1a subunit A. TBDPSCl = t-butyldiphenylchlorosilane, NAPBr = 2-naphthylmethyl bromide, DMP = Dess-Martin 
periodinane, PPTS = pyridinium p-toluenesulfonate. 
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electrostatic interaction with Glu166, alkyl hydrophobic interaction 
with Met49, and Met165, π-alkyl interaction with Pro168 (Fig. 13). The 
inhibition of this enzyme prevents the protein mutarotation of the virus, 
blocking the viral replication, and the further spread of the infection 
[167]. 

The synthesis of emetine has been reported in the literature since 
1950 [168–176]. Various synthetic routes towards emetine have been 
reported, several of which using 2-(3,4-dimethoxyphenyl)ethylamine 
136 as a starting material. An interesting route starts with the reaction 
between 136 and compound 137, resulting in piperidone intermediate 
138, which undergoes an intramolecular cyclization in the presence of 
phosphorus oxychloride (POCl3), leading to isoquinoline intermediate 
139 (Scheme 21) [177]. The subsequent reaction of 139 with 136 fur
nished 140, which is submitted to a second intramolecular cyclization 
step followed by hydrogenation to give rise to emetine. 

2.3. Anticancer drugs 

Besides antiviral and antiparasitic substances, some clinically 
developed anticancer drugs have also shown potential of being repur
posed for the treatment of COVID-19. In this group are the nucleoside 
analogue gemcitabine, tyrosine kinase inhibitors imatinib and dasatinib, 
as well as estrogen inhibitor tamoxifen. Such drugs were evaluated in 
the past against several types of viruses, including SARS-CoV-1, which 
prompted the interest in their evaluation against SARS-CoV-2 as possible 
COVID-19 treatments. 

2.3.1. Nucleoside analogues: Gemcitabine 
Gemcitabine (Gemzar®) is an anticancer drug, originally developed 

by the Eli Lilly Company back in the 1980 s. This compound is a fluo
rinated nucleoside analogue and is commercially available as an HCl 

salt. Interestingly, Gemcitabine is a pro-drug (Fig. 14) that undergoes 
intracellular phosphorylation to produce its active triphosphate form 
(Gemcitabine-RTP), which acts by inhibiting DNA synthesis by impair
ing ribonucleotide reductase, essential for de novo pyrimidine biosyn
thesis, leading to cell apoptosis. As a nucleotide analog, the 
incorporation of gemcitabine into DNA blocks the processing and chain 
elongation by the DNA polymerase complex, producing a cytostatic ef
fect in the cell cycle. The gemcitabine triphosphate metabolite is also 
incorporated into RNA, thus inhibiting RNA synthesis [177–179]. 

On the other hand, this drug has a short plasma half-life, which in 
some ways restricts its clinical success. Gemcitabine hydrochloride is 
intravenously administered, and its dosage ranges from 1000 to 1250 
mg.m− 2, depending on the type of cancer [180]. This drug has proven to 
be effective for several types or cancer, and its administration is adjusted 
depending on the type of cancer; in pancreatic cancer cases, gemcitabine 
is administered as a sole agent, while in non-small cell lung and bladder 
cancer, it is combined with cisplatin. Other examples include ovarian 
cancer, in which the drug it is given earlier than carboplatin, but in 
breast cancer, after paclitaxel. 

In 2010, it was reported that the combination of decitabine with 
gemcitabine reduced HIV infectivity by 73% at low concentrations, with 
the antiviral activity of the combination being attributed to a rise in the 
HIV mutation rate [181]. In 2011, the in vivo antiretroviral activity of 
this drug was described using the mouse model for murine leukemia, 
targeting ribonucleotide reductase and causing suppression of the 
influenza virus RNA transcription and replication [182,183]. Later in 
2014, the evaluation of the in vitro activity of this chemotherapeutic 
drug, among others, against MERS-CoV and SARS-CoV-1 was reported 
[103]. Gemcitabine showed activity against both viruses, with EC50 
values of 1.216 and 4.957 µM for MERS-CoV and SARS-CoV-1, respec
tively. On the other hand, a preliminary recent study has revealed that 

Scheme 19. Synthetic route towards ivermectin B1a subunit B. PPTS = pyridinium p-toluenesulfonate. DMP = Dess-Martin Periodinane, NMO = N-methyl
morpholine N-oxide. 
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gemtabine showed no in vitro activity against SARS-CoV-2 [106]. 
Recently, studies have shown that gemcitabine exhibited in vitro activity 
against SARS-CoV-2, with EC50 values of 1.24 µM [184]. Additionally, 
the combination of gemcitabine with oxysophoridine showed a synergic 
effect against SARS-CoV-2. 

The vast applications of gemcitabine as a potent chemotherapy and 

antiviral agent have been attracting growing attention in the last de
cades, and therefore, several synthetic pathways towards this compound 
have been developed [185]. The first synthetic procedure towards 
gemcitabine was established by the Lilly research laboratories back in 
the 1980 s and was published in 1988 (Scheme 22) [186]. 

The initial step in this route is the Reformatsky reaction between (R)- 

Scheme 20. Final step in the total synthesis of avermectin B1a. HMPA = Hexamethylphosphoramide, TBAF = tetra-n-butylammonium fluoride, DTBMP = 2,6-di- 
tert-butyl-4-methylpyridine. 

Fig. 13. 2D Representation of the interaction plots within the active site of SARS-CoV-2 MPro.  
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glyceraldehyde 141 and ethyl bromodifluoroacetate 142 under typical 
conditions (zinc in THF/diethyl ether medium), giving intermediate 143 
as a diastereoisomeric mixture which, after chromatographic separa
tion, leads to the anti-adduct in a 65% yield (Scheme 22). Then, a 
deprotection/intramolecular cyclization sequence promoted by Dowex 
50 furnishes lactone 144, which next has the alcohol groups protected as 
TBDMS ethers, giving 145, and is subsequently reduced with DIBAL-H to 
furnish difluororibose intermediate 146. Next, the hydroxyl group at the 
anomeric carbon of 146 is converted to a better leaving group upon 
mesylation, which results in intermediate 147. Finally, the reaction of 
147 with 148 in the presence of TMSOTf followed by a deprotection step 
and chromatographic separation gives rise to gemcitabine. 

The low yields and diastereoisomeric ratio observed in the original 

gemcitabine synthesis led to the search for more efficient steps, not only 
in what regards purification methods, but also synthetic routes. In order 
to improve this transformation, the most explored approach is the 
development of new synthetic methods for the construction of the 
difluorinated ribose sugar, especially for the introduction of the fluorine 
groups [186]. 

2.3.2. Pyrimidine derivatives: Imatinib and dasatinib 
The protein tyrosine kinase (PTK) is a group of proteins that pro

motes the phosphorylation of proteins by catalyzing the transfer of ATP 
phosphate groups to their tyrosine residues, thereby transferring signals 
to regulate cell growth, differentiation and death, as well as a series of 
other important biochemical processes. In this sense, PTK disorders may 
lead to a series of diseases, including tumor invasion, metastasis and 
neovascularization, and also tumor chemotherapy resistance [187]. 
Therefore, in the last decades PTK has been regarded as an important 
target for the research and development of antitumor drugs, even being 
included in the so-called targeted cancer therapy. 

The first tyrosine kinase inhibitor (TKI), imatinib, was approved by 
the FDA in 2001, and paved the path for the development of highly 
selective and effective drugs for the treatment of chronic myeloid leu
kemia (CML), non-small cell lung cancer and renal cell carcinoma, 
presenting relatively low side effects [188]. Indeed, some of these drugs 
have become the first-line for the treatment of several types of cancer, 
and to date more than 20 kinds of TKI have been approved by the FDA 
[189]. Fig. 15 shows the structure of some FDA-approved TKI drugs. 

Imatinib (Gleevec® or Glivec®) is administered as a mesylate salt, 

Scheme 21. Synthetic route towards emetine.  

Fig. 14. Structure of gemcitabine and its active phosphorylated metabolite.  

Scheme 22. Synthetic route towards chemotherapic drug gemcitabine. TBDMSOTf = tert-butyldimethylsilyl trifluoromethanesulfonate.  
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and is currently used for the treatment of newly diagnosed chronic 
myeloid leukemia patients, and also those have failed interferon-α 
therapy, inducing major cytogenetic responses in 80–90% of the former, 
and 65–90% of the latter [189–191]. 

The first synthetic procedure towards imatinib was reported back in 
1996 (Scheme 23) [192–194]. In this approach, 2-amino-4-nitrotoluene 
149 is reacted with cyanamide in the presence of nitric acid to form 
guanidine nitrate intermediate 150, which is next condensed with 
α,β-unsaturated carbonyl compound 151 in basic medium, leading to 
nitro pyrimidine intermediate 152. Next, 152 undergoes reduction 
using palladium on carbon as catalyst, yielding 153, which is finally 
reacted with 4-(4-methyl-piperazinomethyl)-benzoyl chloride 154 in 
the presence of pyridine to give imatinib. Unfortunately, the yields of the 
several steps were not mentioned in neither patents nor the subsequent 
paper, but some authors have later reported low yields for this process, 
which led to the development of new and more efficient processes 
[195–198]. 

Although imatinib is effective for most chronic patients, some 
become resistant or intolerant to this drug in the chronic or advanced 

phases of the disease, which led to the development of more potent TKIs 
such as dasatinib [199,200]. The crystalline monohydrate form of 
dasatinib was approved by the FDA in 2006, and it is currently 
commercialized under the brand name Sprycel®, being the first-line 
drug for the treatment of chronic, accelerated, myeloid or lymphoid 
blast phase of Philadelphia chromosomal translocation chronical 
myeloid leukemia in cases of resistance or intolerance to imatinib [201]. 

The first synthetic route towards dasatinib was published in 2006 
(Scheme 24) [202]. Initially, 2-chlorothiazole 155 undergoes a sulphur- 
directed ortho-lithiation and subsequent nucleophilic reaction with 1- 
chloro-2-isocyanato-3-methylbenzene 156, yielding thiazole- 
functionalized carboxamide 157. Next, the NH group of the amide 
moiety in 157 is protected after reacting with 4-methoxybenzyl chloride 
158, giving 159, which then undergoes a sodium hydride-promoted 
coupling reaction with 6-chloro-2-methylpyrimidin-4-amine 160, lead
ing to intermediate 161. The deprotection of the NH group in 161 fol
lowed by the reaction with 2-(piperazin-1-yl)ethan-1-ol 163 and 
reaction with hydrochloric acid furnishes dasatinib hydrochloride salt 
with an overall yield of 61% after six steps. 

Fig. 15. Chemical structure of FDA-approved tyrosine kinase inhibitors.  

Scheme 23. Synthetic route towards the tyrosine kinase inhibitor imatinib.  
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In a work published in 2014, which evaluated the activity of a series 
of clinically developed drugs against MERS-CoV and SARS-CoV in vivo 
and in vitro, not only imatinib but also dasatinib showed activity against 
both viruses [103]. Imatinib mesylate inhibited the activity of MERS- 
CoV and SARS-CoV with an EC50 of 17.689 and 9.823 µM, respec
tively, while these values for dasatinib were significantly lower (5.468 
and 2.100 µM, respectively). Although much more research is still 
required, such results indicate the potential of these TKI drugs for 
treating coronavirus infections. 

Later, further studies were conducted in order to determine when in 
the life cycle imatinib was inhibiting the replication of SARS-CoV [203]. 
For that, imatinib was administered in the first 4 h and also after 5 h to 
Vero E6 cells and Calu-3 cells infected with the virus. The authors found 
that when imatinib was added in the first 4 h of infection, the virus 
production was significantly inhibited in a dose-dependent manner, but 
when added 5 h after infection, the SARS-CoV-1 levels were significantly 
higher when compared to the drug added before infection. In this sense, 
it was inferred that imatinib inhibits a step in the replication cycle before 
RNA production. 

In a study that was conducted by the same group involving the 
evaluation of the activity of several FDA-approved drugs against SARS- 
CoV-2, it was shown that imatinib mesylate was able to inhibit this virus 
with an IC50 value of 3.24 μM. Additionally, a recent in silico study has 
shown that the use of losartan and imatinib, in combination, may be 
effective for the treatment of acute respiratory distress syndrome in 
patients infected with SARS-CoV-2 [204]. It is proposed that losartan 
acts by blocking AT1 receptors, antagonizing the effect of angiotensin II, 
while imatinib may regulate the local immunological responses. 

Also, a recently published case report on a CML patient suggested 
that TKI therapy may protect patients who are infected with SARS-CoV-2 
[205]. Currently, a clinical trial is ongoing in the Netherlands to eval
uate imatinib in the prevention of pulmonary vascular leak in COVID-19 
patients [206]. 

2.3.3. Triphenyl olefins: Tamoxifen and toremifene 
Selective Estrogen Receptor Modulators (SERMs) are estrogen in

hibitors that display pronounced biological activities regarding the 
prevention and/or treatment of disorders like breast cancer and osteo
porosis [207]. SERMs act selectively on estrogen target tissues through 
the ER system, and are expected to act as agonist in some tissues such as 
bone, liver and the cardiovascular system, an antagonist in breast and 
brain, and a mixed agonist/antagonist on uterus. In this group, an 
important drug is tamoxifen, which usually is commercialized in the 
citrate form and can be found under a variety of commercial names 
(Nolvadex®, Genox®, Tamifen® and others). Interestingly, tamoxifen 
itself presents a relatively low affinity for the ERs, but acts as a pro-drug, 
being afimoxifene (4-hydroxytamoxifen) and endoxifen (N-desmethyl- 
4-hydroxytamoxifen) the active metabolites (Fig. 16). Importantly, the 

E/Z tamoxifen isomers present divergent activity, with the Z-isomer 
being antiestrogenic, while the E-isomer is a potent estrogen agonist; a 
similar trend is observed for the tamoxifen metabolites [208]. 

Another widely used antiestrogen compound is toremifene, a chlo
rinated derivative of tamoxifen that has been extensively used in the 
treatment of breast cancer. Importantly, several clinical trials have 
investigated the effectiveness of toremifene as a first-line endocrine 
therapy for postmenopausal women with advanced breast cancer, and 
concluded that this medication has a comparable antitumor activity to 
tamoxifen. However, contrary to tamoxifen, toremifene has not pre
sented any carcinogenic potential to the liver of female rats even when 
administered at high dosages, what is related to a lower potential of 
forming DNA reactive intermediates [209]. 

As reported in 2014, tamoxifen citrate presents activity against both 
MERS-CoV and SARS-CoV-1, with EC50 values of 10.117 and 92.886 µM, 
respectively [103]. A recent study has shown that tamoxifen is effective 
in the inhibition of SARS-CoV-2, albeit with a significantly higher IC50 
value than that of imatinib mesylate (34.12 μM vs 3.24 μM for imatinib) 
[106]. 

Back in 2013, an in vitro study that screened several FDA-approved 
compounds found that toremifene acts a potent inhibitor of EBOV 
infection [210]. Both Vero E6 and Hep G2 cells were used in this study, 
and toremifene citrate was able to inhibit the activity of EBOV in both 
cell lines with very promising IC50 values (0.162 and 0.0255 µM for Vero 
E6 and Hep G2, respectively). In vivo studies were also conducted in this 
work, and have shown that the anti-EBOV activity took place even in the 
absence of detectable estrogen receptor expression. It was concluded 
that toremifene inhibits virus entry after internalization, which seems to 
be an off-target effect where there is an interference in a late step in viral 
entry, likely affecting the triggering of fusion. The antiviral properties of 
toremifene against EBOV were further studied, and it was found that this 
compound interacts with and destabilizes the Ebola virus glycoprotein 
(GP) [211]. In this study, the binding site of toremifene was determined 
to be on the surface of the GP, which generates a decrease in the stability 
of the viral GP, preventing viral fusion. Toremifene has also shown in 
vitro activity against MERS-CoV and SARS-CoV-1, having presented EC50 
values of 12.915 and 11.969 µM, respectively [103]. 

In this sense, the pronounced antiviral activity of toremifene has led 
this compound to be included in several studies that aimed to evaluate 
its possible effect against SARS-CoV-2. A recent in vitro study conducted 
with Vero cells infected with SARS-CoV-2 showed that this compound is 
a promising inhibitor for the new coronavirus, having presented an IC50 
of 3.58 µM (CC50 = 10.11 µM, SI = 2.82) [130]. Importantly, similar 
results were observed by other research groups, which have determined 
a IC50 of 4.77 µM (CC50 = 20.51 µM, SI = 4.3) for toremifene against 
SARS-CoV-2 [106]. 

Recently, in silico studies have indicated that toremifene may act by 
inhibiting the SARS-CoV-2 spike glycoprotein, which is responsible for 

Scheme 24. Synthetic route towards the tyrosine kinase inhibitor dasatinib.  
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facilitating the fusion of the viral and cell membranes. It was proposed 
that an interaction between the dimethylamine moiety of toremifene 
and residues Q954 and N955 in heptad repeat 1 (HR1) takes place, 
perturbing the structure. Besides that, the authors also found that tor
emifene and the methyltransferase non-structural protein (NSP) 14 
interact strongly, and that could inhibit the viral replication [212]. 

Due to its marked anticancer activity, several synthetic routes to
wards tamoxifen have been developed in the last decades. One of the 
seminal reports was made in 1966, which used a triarylethylene as in
termediate to obtain the target compound in the form of a mixture of 
diastereoisomers [213]. Later in the same year, another group reported 
an approach for the synthesis of tamoxifen from the reaction between 
phenylmagnesium bromide 165 and compound 164, giving carbinol 
166 as intermediate, which is then dehydrated to furnish a mixture of E/ 
Z diastereoisomers as products, and those can be separated using 
recrystallization techniques (Scheme 25a) [214]. Other authors have 
also given their contributions to this field, having developed another 
viable method to produce carbinol 166, in this case using organo
magnesium reagent 168 and 1,2-diphenyl-1-butanone 167 (Scheme 
25b) [215]. 

Besides with the route involving a carbinol intermediate showed in 
Scheme 4, several other approaches have been developed for the syn
thesis of tamoxifen, e.g. the use of other organometallic nucleophiles, 
McMurry reductive coupling, as well as carbometallation, multicom
ponent, aldol and Wittig-Horner reactions [216]. 

As for the synthesis of toremifene, the first approach was reported 
back in 1983 (Scheme 26) [217]. Initially, substituted benzophenone 
169 is reacted with cinnamaldehyde 170 in the presence of lithium 
aluminum hydride, leading to triphenyl compound 171. Finally, the 
dehydration of 171 gives rise to alkene 172, which affords toremifene 

after a chlorination step. 
Later in 2014, an alternative method employing milder reaction 

conditions for the synthesis of toremifene was reported (Scheme 27) 
[218]. In this case, 4-hydroxybenzaldehyde 173 is initially reacted with 
compound 174 to produce 175 in two steps. Then compound 175 is 
alkylated with 2-chloro-N,N-dimethylethanamine 176, giving 172, 
which undergoes chlorination to give toremifene in a Z:E ratio greater 
than 5:1. 

2.4. Antihypertensive drugs: Losartan, an imidazole derivative 

Losartan was developed in 1986 by Merck & Co. and approved by the 
FDA in 1995 as an angiotensin II receptor blocker (ARB) antihyperten
sive drug. It consists of a non-peptide derivative capable of interacting 
with AT1 receptors in order to antagonize the action of angiotensin II. Its 
structure was rationally planned based on that of compounds S8307 and 
S8308, both previously discovered sartan analogues which presented 
selective and competitive antagonistic action for AT1 receptors but low 
potency, a short action time and low oral bioavailability (Fig. 17). 
Subsequent structural comparison studies with angiotensin II, the nat
ural substrate for AT1, led to important rationalizations regarding their 
pharmacodynamic interactions. An important observation was that 
angiotensin II has two carboxylate groups positioned around the N-ter
minal portion, both directly involved in the interaction with the recep
tor. Thus, the presence of a second acidic group in the inhibitor structure 
could provide increased activity. Derivative EXP-6155 was developed 
later and presented an activity about 10 times higher, but still with little 
absorption by the gastrointestinal tract. Subsequent optimizations led to 
the biphenyl derivative EXP-7711, which displays a higher lipophilicity 
and consequent good oral bioavailability. The bioisosteric replacement 

Fig. 16. Structure of the prodrug tamoxifen and its main active metabolites, afimoxifene and endoxifen.  

Scheme 25. Synthetic approaches towards tamoxifen, an estrogen inhibitor.  
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of the carboxyl group with the tetrazole moiety led to losartan. Even 
though this compound is not actually a prodrug since it displays a potent 
antihypertensive effect, it is also partially converted into metabolite 
EXP-3174, also an AT1 antagonist even more potent than the original 
molecule, which contributes to increase the potency observed for this 
drug [219–221]. 

The acidic group position in the biphenyl system is crucial for bio
logical activity. In the case of losartan, the ortho position of the tetrazole 
cycle is essential for pharmacodynamic interactions and for the best oral 
potency of the medication. Although the carboxylic isomers are active 
intravenously, the tetrazole system leads to a higher binding affinity 
with the receptor, probably by inducing the bioactive conformation on 
the biphenyl so that it can fit into the receptor binding site. At the same 
time, this group establishes an ionic interaction with a positively 
charged amino acid residue. In the imidazole cycle, the saturated 4-car
bon side chain at C-2 is necessary for the spatially favorable hydro
phobic interaction with the non-polar aminoacid residues in the 
receptor. Bulky, electronegative and lipophilic substituents, e.g. chlo
rine, at C-4 favor interactions, and the presence of hydrogen-bond a 
acceptor is required at C-5 (Fig. 18) [220]. 

Back in 2005, in vivo studies identified that there is a molecular 
connection between SARS pathogenesis and the renin-angiotensin sys
tem in lung failure, and that the modulation of this system could be used 
to protect individuals with SARS and other related viruses [222]. It is 

also speculated that treatment with ARB such as losartan and valsartan 
may modify the physiological levels of angiotensin II, leading to the 
production of Ang1-7, with maintenance of vasodilation and hyperten
sive regulation, improving pulmonary function, thus being a more 
favorable strategy than the use of ACE inhibitors, such as captopril or 
enalapril [223]. 

Due to concerns about the continued use of ACE/ACE2 inhibitors and 
ARB drugs, a study that aimed to assess whether the use of these drugs 
may be associated with an increased severity of the symptoms in patients 
with COVID-19 was conducted [224]. The study, which evaluated 511 
COVID-19 patients with previous known hypertension, showed that in 
elderly patients (above 65 years of age) those who used ARB before 
hospitalization were associated with positive effects related to 
pneumonia-related morbidity and mortality, being less likely to develop 
severe lung disease [225]. These data were also corroborated by other 
published studies. 

A recent in silico study has concluded that losartan and the anticancer 
drug imatinib could be efficient drugs to treat ARDS (acute respiratory 
distress syndrome) in COVID-19 patients. The drugs would act by 
occupying and distorting the binding of the RBD (receptor-binding 
domain) of the viral S protein with ACE2 by changing the conforma
tional shape of the N-terminal α-helix where the RBD binds. In this sense, 
it was suggested that low doses of losartan and imatinib could be clin
ically studied to treat ARDS in patients with COVID-19 [205]. 

Scheme 26. Seminal synthetic approach towards toremifene.  

Scheme 27. Alternative synthetic route towards toremifene.  
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Since the discover of losartan, several research groups have explored 
alternative synthetic routes for its preparation. In 1991, when losartan 
had already been discovered but not yet been approved for clinical use in 
the USA, the synthesis of this molecule along with a series of imidazole 
analogues with antihypertensive activity and good oral bioavailability 
was described (Scheme 28). The method, however, requires a number of 
sequential reaction steps and afforded a 27% overall yield. Initially, 
oxazolidine 177 reacts with 4-toluylmagnesium bromide 178 for the 
construction of the biphenyl system, giving intermediate 179, which has 
its oxazolidine moiety converted into a cyano group through treatment 
with phosphoryl chloride in the presence of pyridine, leading to 180. 
Next, the cyano group in 180 is converted into a tetrazole ring via re
action with sodium azide in the presence of tributyltin chloride and is 
sequentially protected with a triphenylmethyl group, which leads to the 
formation of 181. This intermediate, in turn, suffers benzylic 

Fig. 17. First non-peptide AT1 antagonists, including losartan and its active metabolite.  

Fig. 18. Model representation of losartan interaction with the AT1 receptor.  

Scheme 28. Synthetic approach towards losartan.  
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bromination in the presence of N-bromosuccinimide (NBS) and diben
zoylperoxide as initiator, affording 182, which is next submitted to a 
nucleophilic displacement reaction with imidazole 183 as a nucleophile 
and reduction of the aldehyde carbonyl with sodium borohydride to 
produce alcohol 184. A final of tetrazole deprotection step via treatment 
with diluted hydrochloric acid furnishes losartan [220]. 

Later, more simple and efficient method for the synthesis of this 
compound were described, for instance involving C–C coupling re
actions, C–H activation, denitrogenative ortho-arylation reaction of 
benzotriazonones [226–229]. 

2.5. Immunosuppressants: Cyclosporin, a macrocyclic polypeptide 

Discussions on the role of an exacerbated innate immune response in 
the development of respiratory symptoms in patients with SARS-CoV-1 
and, as recently observed, with SARS-CoV-2, raised the hypothesis 
that the use of immunosuppressants could be strategic for the treatment 
of these patients. This effect probably stems from the ability of these 
viruses to invade specific cells of the immune system, such as macro
phages, modulating the host immune responses [230]. 

In order to better understand this process, some features related to 
the interactions between the virus and the host cell, such as is the central 
role that mitochondrial metabolism plays in the antiviral response at the 
cellular level, must be considered. Once the viral RNA is detected in the 
cytosol of the infected cell, mitochondrial antiviral proteins (MAVS) are 
activated and trigger the phosphorylation of transcription factors and 
cytokine expression genes, essential for the immune response [231]. In 
addition, the increased cell’s energy demand can lead to the failure of 
mitochondrial functions, which, in turn, triggers the activation of cas
pases, leading to irreversible cellular damage, being possibly one of the 
main pathological mechanisms for more severe forms of COVID-19 
[231]. 

In this context, calcineurin inhibitors such as cyclosporine A may 
provide important protection against these processes. Neoral® and 
Gengraf® are some of the brand names for cyclosporin A (CysA), which 
acts by reversing the protein denaturation triggered in the cytosol by the 
MAVS, rehabilitating the cell at the same time that they act on cyclo
philins in other cellular processes, also preventing mitochondrial 
collapse. These same mechanisms also justify the cardioprotective effect 
associated with the use of this medication in patients with myocardial 
infarction [231]. 

CysA also has shown significant antiviral activities, especially 
against RNA viruses such as betacoronaviruses [231]. The antiviral ac
tivity observed in these cases results from its interactions with cellular 
cyclophilins, inhibiting their isomerase function, which the virus mod
ulates to produce nucleocapsid proteins necessary for genomic encap
sulation and viral replication [231]. 

Cyclophyllin is one of the identified cellular components capable of 
interacting with the viral Nsp1 protein in the step sequence that leads to 
viral genome replication. It is an enzyme capable of catalyzing s-cis/s- 
trans isomerization in prolyl-peptide bonds so that the proteins cleavage 
is possible. CypA is the human cyclophyllin of greatest biological 
importance, being associated with these isomerization processes 
necessary for the biosynthesis of cellular proteins [232]. This enzyme is 
selectively inhibited by cyclosporine A, affecting the host cell protein 
biosynthesis itself, but also of the various viral proteins necessary for its 
replication. At the same time, it is precisely the formation of the CysA/ 
CypA complex that leads to immunosuppression, preventing the acti
vation of the transcriptional nuclear regulatory factor of active T cells 
(NFAT). Thus, it is estimated that CypA is an important pharmacological 
target to be considered in the treatment of the so-called coronavirus 
infections, possibly including COVID-19 [232,232]. Indeed, a recent 
study evaluated the in vitro activity of a series of FDA-approved com
pounds against SARS-CoV-2 and it was observed that cyclosporine A 
showed potential antivirus activity with an IC50 of 5.82 µM (CC50 > 50 
and SI 8.59) [130]. 

Cyclosporin A is a cyclic polypeptide isolated from the fungus Toly
pocladium inflatum and comprises eleven aminoacid residues [233]. Its 
good oral bioavailability and metabolic resistance towards physiological 
hydrolases are directly associated with the presence of the N-methyl 
groups present in seven of the eleven amide nitrogen atoms present in 
the structure. Its pharmacodynamic effect is directly associated to the 
presence of the unusual (4R)-4-((E)-2-butenyl)-4-methyl-L-threonine 
residue (MeBmt) and with the primary sequence MeBmt-Abu-Sar- 
MeLeu, both highlighted in red and in bold, respectively, in Fig. 19 
[234]. 

Cyclosporin A’s total synthesis was first published in 1984 after a 
series of scientists devoted efforts towards the synthesis of the unusual 
aminoacids present in its structure [235]. This allowed later structural 
changes to be explored to establish relationships between the structure 
and the bioactivity [236]. Since the seminal work published in 1984 
[236], a few research groups have been able to describe complete syn
thetic alternatives for the construction of this molecule. In this context, it 
is worth highlighting the efforts of some scientists in view of the partial 
synthesis of specific structural fragments and the unusual MeBmt amino 
acid, an important feature in this structure [237,238]. 

The most recent example of a Ciclosporin A total synthesis dates back 
to 2010. The authors explored the unique reactivity of organic iso
nitriles, which were used as precursors for the tertiary amide groups 
present in CysA structure. In the synthesis design, the target structure 
was fragmented into three structural units that were explored separately 
and condensed at the end (Scheme 29) [235]. 

Fragment 185, corresponding to the acetonide MeBmt residue, had 
already had its synthesis reported by other researchers [238,239]. The 
preparation of the tetrapeptide fragment 186 was conducted with the 
convergent synthesis of the two dipeptide units, 191 and 194. Both units 
could be obtained through the reaction between isonitriles and appro
priate thioacids, followed by selective functional groups deprotection 
and peptide condensation steps (Scheme 30). 

The hexapeptide fragment 183 had its synthesis started through re
action between azide 195 and isonitrile 196 under microwave irradia
tion, leading to the N-formylamide intermediate 197; the N-formyl 
group was inserted with the intention of avoiding unwanted side epi
merization reactions in the following steps (Scheme 31). 

The C-terminal portion was then expanded by deprotecting the car
boxylic acid in 197 followed by condensation with the aminoacid 198, 
giving 199. Subsequently, the mentioned N-formyl group had to be 
chemoselectively reduced with the aim of maintaining the integrity of 
the peptide structure, leading to 200, which underwent a reduction of 
the azide group with triphenylphosphine, giving 201, and subsequent 
condensation with the protected amino acid 202 led to derivative 203. 
In the next stage, thioacid 205 was condensed with aminoacid 204 
through a cyclohexylisonitrile-mediated reaction, giving 206. After the 
C-terminal portion debenzylation, which furnished 207, Lawesson’s 
reagent was applied under microwave irradiation in order to provide 
dipeptide thioacid 208. Fragment 187 was prepared by coupling thio
acid 208 with the previously synthesized tetrapeptide 203, followed by 
a protonation step on the N-terminal portion with trifluoroacetic acid. 

Next, fragments 187 and 185 were coupled using dicyclohex
ylcarbodiimide (DCC) and hydroxybenzotriazole (HOBt) in N-methyl
morpholine (NMM) as solvent, leading to the heptapeptide 209 in 75% 
yield (Scheme 32). Finally, the tetrapeptide fragment 209 was subjected 
to hydrogenolysis to deprotect its C-terminal portion and, subsequently, 
condensation with the heptapeptide 209 in the presence of benzotriazol- 
1-yl-oxitripyrrolidinophosphonium hexafluorophosphate (PyBOP), giv
ing 210. 

After sequential N- and C-terminal deprotections, the linear unde
capeptide 210 was then subjected to macrolactamization under micro
wave irradiation in the presence of HOBt and cyclohexylisonitrile. 
Curiously, no linear polymerization products were observed, leading to 
the formation of the cyclosporine macrocycle with 54% yield. 

In this example, the distinct reactivity of isocyanides and thioacids 
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was explored for the construction of a macrocyclic polypeptide of 
complex structure and great medicinal interest. All the performed 
reactions afforded good yields and, although being a long synthetic 
route, it certainly represents an interesting alternative to the preceding 
works. 

2.6. Antipsychotics and antihistamines 

2.6.1. Phenothiazine derivatives: Chlorpromazine, fluphenazine and 
promethazine 

Phenothiazines are pioneering medications developed in the 1950s 
for the treatment of behavioral disorders (Fig. 20) [239]. Although 

Fig. 19. Different representations for the structure of cycloporin A. (a) Angular chemical representation. (b) Amino acid residues sequence associated with the drug’s 
pharmacodynamic interaction. (c) Peptide primary structure representation. d) Linear representation highlighting the intramolecular hydrogen bonds. MeBmt =
(4R)-4-((E)-2-butenyl)-4-methyl-L-threonine residue; Abu = α-aminobutyric acid residue; Sar = sarcosine residue; MeLeu = N-methylleucine residue; MeVal = N- 
methylvaline residue; Ala = alanine residue; Val = valine residue; - - - - = Hydrogen bonds. 

Scheme 29. Partial retrosynthetic rationalization toward cyclosporin A total synthesis.  
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phenothiazines act primarily by blocking dopamine receptors, they also 
have anticholinergic, antihistamine, and antiemetic effects. Chlor
promazine and fluphenazine are commonly used antipsychotic drugs, 
while promethazine, even though presenting a weak antipsychotic ac
tivity, is usually prescribed as an antihistamine and a sedative in many 
countries. 

Chlorpromazine (CPZ) (Largactil®, Thorazine® and others) was 
developed in the early 1950s, being a pioneer antipsychotic drug pre
scribed for patients with psychiatric disorders such as schizophrenia. 
When compared to the treatments available until its discovery, this 
substance revolutionized what would be called neuropharmacology due 
to its remarkable effectiveness in controlling arousal and agitation, as 
well as in relieving psychotic symptoms. Its clinical success has led to 
new studies for the development of new antipsychotics [240]. An 
example of an antipsychotic developed from CPZ is fluphenazine (FPZ) 

(Prolixin®), which features a piperazine-derived substituent and is used 
in the treatment of chronic psychoses, appearing to be virtually equal in 
effectiveness to chlorpromazine [241–243]. 

Promethazine (PMZ), widely known by its brand name Phenergan®, 
was also designed as an antipsychotic drug from structural modifications 
using CPZ as a prototype. The difference in its N-alkyl chain, however, 
led to a structure with less affinity for dopaminergic receptors and 
greater affinity for histamine receptors, with a H1-antagonist effect, 
making its clinical use completely redirected from the originally inten
ded application [244–246]. 

Recently, it was observed that there was a lower prevalence of more 
severe forms of COVID-19 in psychiatric patients using antipsychotic 
medication. From this observation, researchers raised the hypothesis 
that the psychotropic drugs already used by these patients could lead to 
protective effects with regard to symptom evolution. In a recent 

Scheme 30. Synthetic route towards tetrapeptide fragment 186. AIBN = azobisisobutyronitrile, DETBT = 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one.  

Scheme 31. Synthetic strategy towards the hexapeptide fragment 187. HATU = 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate. 
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publication, the authors presented findings that suggest that CPZ can be 
applied in the treatment of COVID-19 patients after a phase II single 
blind randomized controlled therapeutic trial evaluation [247]. 

CPZ, FPZ and PMZ have already shown to present antiviral activity, 
including against MERS-CoV and SARS-CoV-1, although their antiviral 
clinical application has not yet been explored [103,248,248]. Recently, 
a study evaluating the in vitro inhibitory ability of CPZ against SARS- 
CoV-2 replication in human cells proved the anti-SARS-CoV-2 activity 
of this substance with an IC50 of approximately 10 μM, further corrob
orating the proposal to reposition this drug for the treatment of COVID- 
19 [249]. 

The antiviral effect associated with these drugs is a consequence of 
the inhibition of clathrin-mediated endocytosis [250,251]. In summary, 
endocytosis is a cellular process through which extracellular compo
nents are internalized in the cell via the invagination of the membrane 
phospholipid bilayer followed by the formation of specific vesicles 
called endosomes. Such structures can be directed to excretory pathways 
to externalize their content, or they can, at a given moment, fuse with 
lysosomes containing enzymes and specific conditions for their degra
dation for cellular use. The main function of the endocytic mechanism is 
the recycling or removal of protein components, but it plays an impor
tant role in the establishment of several diseases of viral origin [251]. To 
understand the importance of endocytosis in viral infection, it is 
necessary to understand some of the morphological characteristics 
associated with coronaviruses. These are plus-stranded RNA viruses 
surrounded by four specific proteins with the function of encapsulating 
the viral genome, namely, the nucleocapsid protein (N), the membrane 
glycoprotein (M), the envelope protein (E) and the spike glycoprotein 

(S). The latter is directly involved in the internalization of the virus by 
the cell, for which it is divided into two fragments conventionally called 
S1 and S2, the first responsible for the interaction and binding with the 
receptor and the second for membrane fusion. Studies indicate that, 
after cell infection, the virus tends to accumulate in lysosomal struc
tures, typically associated with the endocytic process. In this context, 
clathrin-dependent endocytosis and cathepsin-mediated protein S 
cleavage are two steps directly involved in the establishment of viral 
infection [251]. 

In this sense, the endocytic pathway has been pointed as an impor
tant pharmacological target to be considered in the identification of new 
drugs for the treatment of COVID-19. Indeed, both PMZ and FPZ pre
sented a moderate MERS-CoV S-protein mediated cell–cell fusion 
inhibiting activity, with EC50 values of about 17 and 15 μM, respectively 
[252]. CPZ also inhibited MERS-CoV replication at both early and post- 
entry stages with an EC50 of about 5 μM and a CC50 of 21 μM [253]. It is 
important to note, however, that, to date, no study has been published 
directly relating SARS-CoV-2 infection to the endocytic pathway. 
Nevertheless, due to the similarities already identified with SARS-CoV- 
1, it is coherent to suggest that this process is also present in the 
mechanism of SARS-CoV-2 infection [251,252]. 

Complementarily, CPZ’s biodistribution profile may represent a 
major advantage in the treatment of acute respiratory syndrome asso
ciated with SARS-CoV-2 infection, since its concentration in the lungs 
and saliva tends to be higher than in blood plasma, increasing its po
tential for both treatment of COVID-19 and its prevention, respectively. 
Furthermore, the fact that it is easily able to cross the blood–brain 
barrier could, in theory, prevent the development of neuropathological 
forms of COVID-19 [131,248]. 

Regarding the pharmacodynamic aspects of the mechanism of 
phenothiazine drugs clathrin-mediated endocytosis inhibition, some 
observations can be highlighted. An interesting study described the use 
of molecular dynamics simulations to explore the interactions between 
CPZ and phospholipid monolayers, focusing on the effect of drug ioni
zation in this interaction. The study focused on the Langmuir monolayer 
models, simulating dipalmotoylphosphatidylcholine (DPPC) and dipal
mitoylphosphatidylglycerol (DPPG) as zwitterionic and anionic com
ponents, respectively [254]. The authors identified a distribution in the 
electrically neutral form of CPZ within the non-polar phospholipid part, 
while the cationized form, prevalent in physiological pH, is located at 

Scheme 32. Final step in the total synthesis of cyclosporin A.  

Fig. 20. Structure of promethazine, fluphenazine and chlorpromazine.  
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the lipid-water interface. The ammonium group present in protonated 
CPZ, in this case, seems to be important for the establishment of 
hydrogen bonds with the phosphate groups of the phospholipids polar 
heads, while the hydrocarbon chain and the phenothiazine group seems 
to continue interacting through hydrophobic forces inside the mono
layer, as represented in Fig. 21 [255]. 

Considering that the antiviral activity described by CPZ involves 
precisely the inhibition of the virus internalization step via the endocytic 
pathway, this study may provide valuable clues on the pharmacody
namic interactions between the drug and the cell membrane of the host 
cell. 

The classic method for the synthesis of these N-alkylated phenothi
azine drugs consists of a N-alkylation reaction using a suitable base and 
alkylating agent. An important aspect of the reactivity of this hetero
cycle, however, is that the N–H bond is weakly acidic, and usually the 
use of strong bases such as alkali metal amides or even organometallic 
bases is required [255,256]. An example of this approach is the PMZ 
synthesis protocol developed in the early 1940s, in which promethazine 
is obtained as a mixture of enantiomers via the alkylation of phenothi
azine 211 with 1-dimethylamino-2-propylchloride 212 (Scheme 33) 
[257,258]. 

A modification of this method employing Aliquat 336 as a phase 
transfer agent and potassium hydroxide as a suitable base in the absence 
of solvents was described in 1985 [256]. 

For over four decades, both enantiomers of promethazine were 
considered to display the same therapeutic activities, hence it has been 
administered as racemate. However, some findings have shown that the 
two enantiomers exhibit different physiological and pharmacological 
effects, which has prompted the development of stereoselective ap
proaches for the synthesis of PMZ [259,260]. The first chemoenzymatic 
stereodivergent synthesis of PMZ was reported in 2014 (Scheme 34) 
[247]. In the first step, racemic 1-(10H-phenothiazin-10-yl)propan-2-ol 
(±)-214 was synthesized with a 77% yield via the regioselective ring- 
opening of propylene oxide 213 with phenothiazine 211 in the pres
ence of butyllithium. The central chiral scaffold was obtained via a 
lipase-mediated kinetic resolution protocol employing Novozym 435 
and Lipozyme TL IM as biocatalysts, which furnished both enantiomeric 
forms, (R)-(− )-214 and (S)-(+)-214, with high enantioselectivity (up to 
>99% ee) from the racemate (±)-214. The enantiomers (S)-(+)-214 and 
(R)-(− )-214 were further transformed into bromide derivatives 
employing phosphorous tribromide, giving (R)-(+)-216 and (S)- 
(− )-216, respectively. Finally, the reaction of (R)-(+)-216 and (S)- 
(− )-216 with methylamine gave compounds (R)-(+)-217 and (S)- 

(− )-217 as products, respectively. 
Recently, the preparation of a library of psychotropic drug analogs 

with neuroprotective potential was published [261]. In this work, an 
alternative method for the construction of CPZ was achieved via a 
reductive N-alkylation strategy using of a different alkylating compound 
in the presence of triethylsilane (TES) as a reducing agent was presented 
(Scheme 35). For this, initially nitrile 218 is treated with excess sodium 
borohydride and nickel sulfate as catalyst, giving an amine intermediate 
that undergoes acetylation in situ with acetic anhydride to form acet
amide 219. Next, compound 219 is reacted with 2-chlorophenothiazine 
220 in the presence of TES and TFA, furnishing intermediate 221, which 
undergoes an amide alkaline hydrolysis step under microwave irradia
tion to produce 22. In the last step, an Eschweiler-Clarke reaction is 
conducted to accomplish the dimethylation of the primary amine 222, 
finally giving rise to CPZ with a 25% overall yield. 

As for FPZ, its synthesis can be accomplished via different ap
proaches, which usually focus in the construction of the distinguished N- 
alkyl group in its structure. In one of these strategies, 2-trifluoromethyl
phenothiazine 223 is condensed with tetrahydropyranyl ether 224 in 
the presence sodamide followed by treatment in acidic medium to give 
intermediate 225 (Scheme 36) [262]. The resulting alcohol 225 is then 
reacted with tosyl chloride to produce tosylate 226, which is next 
reacted with piperazine to give intermediate 227. Finally, the reaction 
of intermediate 227 with ethylene oxide leads to FPZ [263]. 

2.7. Antietilism drugs: Disulfiram, a carbothioamide derivative 

Disulfiram (DSF, Antabuse®) was synthesized in 1881 and first used 
as a compounding agent to accelerate the manufacturing process of 
rubber. In 1948 it was proposed to be used in the treatment of chronic 

Fig. 21. CPZ/phospholipid monolayer interactions suggested by molecular dynamics simulation studies.  

Scheme 33. Early protocol for the synthesis of promethazine as a mixture of 
enantiomers. 
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alcoholism, being approved by the FDA in 1951. It is a non-toxic and 
low-cost drug with high bioavailability (greater than 80%) and a half- 
life of 60–120 h, and is usually prescribed in a single-day dose of 250 
mg, with at least 12 h of abstinence, but some patients may require 
higher doses. Symptoms of DSF overdose include irritation, slight 
drowsiness, unpleasant taste, mild gastrointestinal disturbances and 
orthostatic hypotension. DSF must be administered orally or through 
sub-dermal implants, and the recommended duration of treatment is one 
year [264–266]. 

DSF is an organic disulfide that can be easily obtained from the 
oxidation of dithiocarbamate 229 by using an oxidizing agent such as 
hydrogen peroxide and carbon disulphide; sodium hypochlorite can also 
be employed in this reaction, affording high yields and high purity 
products (Scheme 37) [267,268]. 

DSF and its metabolites are known inhibitors of enzymes recognized 
as pharmacological targets in the treatment of microbial and viral dis
eases, which is a consequence of the reactivity of DSF toward specific 
cysteine residues directly involved in the enzymés stability and activity. 

In this context, a promising pharmacological target for the identifi
cation of substances with anti-SARS-CoV-2 activity is the virus 3C-like 
protease (3CLpro). This enzyme is responsible for processing the first 
replicase-translated polypeptides into a series of native proteins that are 
essential for viral replication in the host cell. Considering this, the 
identification of a 3CLpro inhibitor can represent an advance in drug 
repositioning for COVID-19 treatment. 

Considering these concepts, a research group conducted in silico 
studies that have revealed DSF́s binding interactions with the main 
active site cavity of the SARS-CoV-2 main protease, 3CLpro [269]. DSF 
contains chemical groups that can react with the cysteinés thiols 
exposed on the 3CLpro surface. A Cys145 residue in the active site is 
located at 3.5 Å from a histidine-residue (His41) and therefore, His41 
may participate in the drug’s sulfhydryl activation (Fig. 22a). Molecular 
docking studies have shown that DSF binds to the active site of the 
enzyme with relative proximity to the thiol group of Cys145 (Fig. 22b). 
The model infers that DSF obstructs the function of the catalytic dyad 
Cys145 and His41, and consequently predict that this moleculés 

Scheme 34. Chemoenzymatic synthesis of enantioenriched enantiomers of promethazine.  

Scheme 35. Synthetic approach towards chlorpromazine.  
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binding, as well as of its metabolites, will result in competitive inhibition 
of the viral protease [270]. 

The use of DSF against COVID-19 can be advantageous for many 
reasons, but specially because it is a long-lasting drug, and upon 
ingestion, one fifth of the administered dose is active even after one 
week, avoiding long administration periods. The pharmacokinetics 
studies of DSF indicate that a relatively small fraction of the compound 

is excreted in urine after 6 h of administration, maintaining a half-life of 
6 h in the plasma, while the rest is transformed into other metabolites 
such as thiol-reactive species that can also be reactive towards Cys thiol 
groups [270]. 

The inhibitory potential of DSF and its metabolites on 3CLpro is 
proposed to occur through a mechanism involving initial non-covalent 
binding to the protein followed by a nucleophilic attack by the thiol 

Scheme 36. Synthetic approach towards fluphenazine.  

Scheme 37. Synthetic approach towards disulfiram.  

Fig. 22. Binding models of DSF into SARS-CoV-2 main protease, 3CLpro. (a) Depiction of the overall structure showing the Cys145 and His41 catalytic residues 
located in the active site cavity and (b) SARS-CoV-2 3CLpro-DSF. [270]. Reprinted from Journal of Biomolecular Structure and Dynamics, N. Lobo-Galo, M. Terrazas- 
López, A. Martínez-Martínez, Á.G. Díaz-Sánchez. “FDA-approved thiol-reacting drugs that potentially bind into the SARS-CoV-2 main protease, essential for viral 
replication” with permission of Taylor & Francis Ltd. Copyright 2020. 
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group in Cys145. This would result in a more stable covalently bound 
enzyme-inhibitor complex, leading ultimately to the enzyme irreversible 
inactivation (Scheme 38) [270]. 

In this sense, DSF could potentially be tested for clinical thera
peutic use against COVID-19. The FDA-approved drug is used to 
facilitate the treatment of chronic alcoholism, as it targets the hepa
tocyte mitochondrial acetaldehyde dehydrogenase (ALDH-2), an 
enzyme to which the drug and its metabolites interacts by blocking its 
catalytic cysteine site. Interestingly, other cysteine-dependent en
zymes that can be inhibited by DSF are the SARS-CoV-1 and MERS-CoV 
betaine aldehyde dehydrogenase, carboxikinase, urease and papain- 
like protease. Additionally, DSF and its metabolites can penetrate 
human cells and consequently have a high potential to block the 
proteolytic function of the 3CLpro, essential for SARS-CoV-2 replication 
[270]. 

2.8. Antifungal agents: Terconazole, a triazole derivative 

Terconazole (TCZ, Terazol®) is an antifungal drug approved by the 
FDA against vulvovaginitis in 1987 that is primarily used for fungal and 
yeast vaginal infections (or vaginal candidiasis) [270,271]. TCZ inhibits 
ergosterol synthesis by inhibiting the 14-alpha-demethylase (lanosterol 
14-alpha-demethylase); the depletion of ergosterol in the fungal mem
brane disrupts its structure and many of its functions, leading to the 
inhibition of the fungal growth [272]. 

TCZ is administered in the form of a vaginal cream or suppository. It 
is used in the local treatment of vulvovaginal candidiasis, and the rec
ommended dosage is 40 mg (as 0.8% vaginal cream) or 80 mg (as a 
pessary) at bedtime for 3 nights or 20 mg (as 0.4% cream) at bedtime for 
7 nights. The oral LD50 values were found to be 1741 and 849 mg/kg for 
the male and female in rat. After application, 5–16% of TCZ is absorbed, 
and the systemically absorbed drug is then metabolized in the liver and 
excreted in urine and feces. 

In 2014 it was reported that TCZ was able to inhibit both MERS-CoV 
and SARS-CoV-1 infections with EC50 of 12.203 µM and 15.327 µM, 
respectively [103]. Recently, the same group reported that TCZ pre
sented good results regarding SARS-CoV-2 inhibition, presenting an IC50 
value of 11.92 µM (MOI of 0.004) at non-cytotoxic concentrations (CC50 
41.46 and SI 3.48) [106]. 

One of the early synthetic routes towards TCZ starts with a 
ketalization reaction of 2,4-dichloroacetophenone 231 with glycerol 
232, giving intermediate 233, which undergoes a subsequent 
bromination reaction to furnish intermediate 234 (Scheme 39) 
[273,274]. Next, the reaction of alcohol 234 with benzoyl chloride in 
dry pyridine afforded ether derivative 235, which is then coupled 
triazole 236 in the presence of sodium hydride, affording 237. In
termediate 237 was converted into the respective mesylate 238 with 
87% yield. In parallel, the reductive alkylation of 10 with acetone 
leads to 11, and its subsequent demethylation with hydrobromic acid 
solution gives piperazine intermediate 12 in 85%. Finally, TCZ is 
obtained through the reaction of intermediates 12 with 9 in the 
presence of sodium hydride [275]. 

2.9. Antibacterial agents: Teicoplanin, a glicopeptide 

Teicoplanin (Targocid®), a semisynthetic glycopeptide antibiotic 
isolated from Actinoplanes teichomyceticus, is used in the treatment of 
serious infections caused by aerobic and anaerobic Gram-positive bac
teria such as staphylococcus aureus and streptococcus [275]. This com
pound was first isolated in 1978, and its structure was described in 1984 
simultaneously by two research groups [276,277]. Teicoplanin’s anti
microbial activity depends essentially on the duration of time the sub
stance level is higher than the minimum inhibitory concentration (MIC) 
of the pathogen. Teicoplanin diffuses rapidly into the skin, subcutaneous 
tissue, myocardium, lung, pleural fluid, bone, synovial fluid, skin vesicle 
fluid, and slowly into the cerebrospinal fluid. This drug can be admin
istered intravenously or intramuscularly once daily following an initial 
loading dose [278]. Bioavailability of a single intramuscular injection of 
3–6 mg/kg is more than 90%. Teicoplanin is poorly absorbed by the 
normal gastrointestinal tract after oral administration; 40% of the oral 
dose is found in the stool as an active drug. After six daily intramuscular 
administrations of 200 mg, the mean maximum teicoplanin concentra
tion amounts to 12.1 mg/L and occurs 2 h after administration. Ac
cording to most recent studies, the elimination half-life of teicoplanin 
varies from 100 to 170 h. Teicoplanin exhibited linear pharmacokinetics 
at dose range of 2–25 mg/kg [279]. 

Teicoplanin inhibits the growth of susceptible organisms by inter
fering with cell-wall biosynthesis; the biosynthesis of peptidoglycan is 
blocked by specific binding to terminal amino acyl-D-alanyl-D-alanine 
residues in the cell wall, preventing any further peptidoglycan synthe
sis and bacterial growing [276,280]. The drug is composed of five major 
components that can form complexes with the C-terminal L-Lys-D-Ala- 
D-Ala subunits of lipid II peptidoglycan precursors, and this binding 
inhibits transglycosylation and transpeptidation, leading to disturbed 
cell wall synthesis in Gram-positive bacteria [281,282]. 

In 2016, it was reported that this antibiotic has inhibitory effects 
against MERS-CoV and SARS-CoV-1 with IC50 values of 0.63 and 3.76 
µM, respectively. The proteolysis of glycoprotein by cathepsin L is 
required for the membrane fusion of SARS-CoV-1, and teicoplanin 
potently inhibits the activity of this enzyme in a dose-dependent 
manner. The IC50 value of teicoplanin against cathepsin L (208.0 μM) 
indicates that high doses are required for the inhibition to be effective, 
which could be a consequence of the relatively low sensitivity of 
cathepsin L. This fact demonstrates the consistency between the inhi
bition of virus entry and the inhibition of cathepsin L activity, and shows 
that the target molecule of teicoplanin is cathepsin L [282]. It is note
worthy that the hydrophobic groups of the glycopeptide antibiotics 
might play an important role in the interactions with cathepsin L. Drugs 
like vancomycin do not have hydrophobic groups, which may be the 
reason why they do not inhibit such viral infections. The inhibitory ef
fects of teicoplanin and its derivatives on HIV-1, HCV, influenza viruses, 
flaviviruses, FIPV, and SARS-CoV-1 have also been reported, further 
supporting that the antiviral target for glycopeptide antibiotics is a 
common host factor [282]. 

Recently, teicoplanin was described as a potent SARS-CoV-2 inhibi
tor in a dose-dependent manner, with IC50 value of 1.66 μM [283]. It was 

Scheme 38. Possible mechanism of reaction between DSF and 3CLpro, SARS-CoV-2́s main protease.  
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found that during the invasion phase, SARS-CoV-2 binds to the ACE2 on 
the surface of host cells. The interaction between the S protein and ACE2 
triggers conformational changes within the S protein, making it sus
ceptible to activation by host cell protease. SARS-CoV-2 enters the en
dosome of the cell, and cathepsin L can further cleave the S protein and 
activate the membrane fusion. Teicoplanin potently prevents the SARS- 
CoV-2 S protein activation by directly inhibiting the enzymatic activity 
of cathepsin L. These results corroborate the potential use of teicoplanin 
against COVID-19 [284,285]. The recommended plasma concentration 
of teicoplanin for clinical use to inhibit Gram-positive bacteria is 15 mg/ 
L (8.78 μM), which corresponds to a dose of 400 mg/day. Considering 
that the IC50 of this molecule against SARS-CoV-2 was only 1.66 uМ, 
much lower than the routine use, a dose of 400 mg/day could be 
considered for patients with SARS-CoV-2 infection. Additionally, in 
order to prevent virus infection and amplification at a stage as early as 

possible, the use of teicoplanin for SARS-CoV-2 would be recommended 
in the early stages. In that way, teicoplanin could function as a dual 
inhibitor for the SARS-CoV-2 infection and co-infection with Gram- 
positive bacteria [284]. 

Structurally, teicoplanin is a complex of five major molecules with a 
common aglycopeptide core which differ in the length and branching of 
the aliphatic chain (A2-1, A2-2, A2-3, A2-4 and A2-5, Fig. 23). Such 
chemical complexity makes its synthesis and purification challenging 
[286]. 

In spite of the considerable challenge, a few research groups have 
endeavored into developing routes for the synthesis of teicoplanin. For 
instance, efforts were made in order to establish the synthesis of the 
teicoplanin aglycopeptide core (R1 = R2 = R3 = H) [287,288]. Initially, 
modified phenylalanine 244 was obtained via a Schöllkopf alkylation of 
bromide 242 using Schöllkopf reagent 243, followed by N-protection 

Scheme 39. Synthetic route towards terconazole.  

Fig. 23. Chemical structure of the teicoplanin complex.  
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with Teoc-OBt. Aminoacid precursor 248 was prepared employing the 
Sharpless asymmetric aminohydroxylation reaction of precursor 246, 
giving 247, which underwent protection with methoxyethoxymethyl 
chloride (MEMCl) and further hydrogenation, while 250 was prepared 
in a single step from 249 (Scheme 40). 

Next, the FG dipeptide with a biaryl ether bridge was synthetized 
using an aromatic nucleophilic substitution reaction (Scheme 41). First, 
the coupling of 248 and 250 was conducted in basic medium in the 
presence of 18-crown-6 and 4 Å molecular sieves, giving intermediate 
251, which underwent a hydrogenation reaction followed by diazonium 
salt formation and treatment with cuprous oxide/nitrate to furnish the 
corresponding phenol 252. Subsequently, a four-step O-methylation/ 
protection of the primary alcohol/MEM and N-Boc deprotection/N-Boc 
reprotection and trifluoroacetamide hydrolysis sequence afforded the 
amine 253, which is coupled with 245 using EDC to produce 254. Then, 
254 was converted into 255 via two-step oxidation process – Dess- 
Martin periodinane oxidation followed by treatment with sodium 
chlorite [288,289]. 

In parallel, the ABCD ring system was obtained starting with the 
protection of (2S,3R)-β-hydroxy-β-(4-fluoro-3-nitrophenyl)alaninate 
256 as TBDMSO ether 257. The O-methylation of 258 with iodomethane 
affords the ester 259, which is coupled with 257 using EDC, providing 

260, which was O-protected with TBS to give 261. A second coupling 
reaction of 261 with (R)-N-Boc-(3,5-dihydroxy-4-methoxyphenyl) 
glycine 262 using EDC leads to 263, and a subsequent TBDMS- 
deprotection with TBAF produces 264. Then, intermediate 264 un
dergoes a cyclization reaction in the presence of potassium carbonate 
and calcium carbonate to afford 265, which is submitted to an ester 
deprotection step followed by a nitro reduction to afford 267. Next, 267 
was subjected to a diazotization reaction followed by the Sandmeyer 
substitution of the corresponding diazonium salt 268 with chloride to 
give 269 (Scheme 42) [288–291]. 

Next, the Suzuki coupling reaction of 269 with aminoacid 270 pro
vided a 1:1.3 mixture of R:S isomers, which after separation, gave (S)- 
271. A subsequent silyl ether deprotection with TBAF leads to 272, 
which underwent a methyl ester hydrolysis and N-Cbz deprotection to 
produce the intermediate 274. A macrolactamization of 274 using EDC 
furnishes 275, which was converted into the amine 276 via a N-Boc 
deprotection step (Scheme 43) [288–291]. 

Next, DEPBT 277 was used in the coupling reaction between frag
ments 255 and 276, furnishing intermediate 278, which underwent a 
macrocyclization reaction using cesium fluoride to give intermediate 
279 with a 3:1 preference for the natural stereochemistry. The alcohol 
protection with OTBS ether, followed by a N-protection with Troc group 

Scheme 40. Synthesis of the precursor residues 245, 248 and 250 of the teicoplanin aglycone. Teoc-OBt = 1-[2-(trimethylsilyl)ethoxycarbonyloxy]benzotriazole. 
MEMCl = 2-methoxyethoxymethyl chloride. 
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gives the intermediate 281, and subsequently, a nitro reduction affords 
282. The diazotization and Sandmeyer substitution of 282 provided 
intermediate 283 (Scheme 44) [289,290]. 

Subsequently, primary alcohol 283 underwent oxidation with Dess- 
Martin periodinane (DMP) followed by a N-Troc deprotection reaction 
with Zn-Pb to afford carboxylic acid 284. Next, a macrolactonization 
reaction of 284 was carried out to provide 285, which undergoes a MEM 
deprotection with B-bromocatecholborane 286, followed by a two-step 
alcohol oxidation to form intermediate 287. Finally, an O-TBS and N- 

Boc deprotection reaction using aluminum tribromide in ethanethiol 
(AlBr3-EtSH) furnished the teicoplanin aglycon (288) (Scheme 45) 
[290]. 

2.10. Therapeutic antibodies 

Since the beginning of the pandemic, several FDA-approved drugs 
have had their in vitro activity tested against SARS-CoV-2 replication, 
and hopes were raised that those could be used as therapeutic options for 

Scheme 41. Synthesis of EFG tripeptide precursor 255 of teicoplanin aglycone. EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.  

Scheme 42. Synthesis of the ABCD ring system (part A) of teicoplanin aglycone. EDC = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOBt = hydrox
ybenzotriazole, TBAF = tetra-n-butylammonium fluoride. 
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COVID-19. However, the administration of a single antiviral drug so far 
does not seem to be an effective option against this disease [291]. 

On the other hand, the treatment with hyperimmune plasma and 
intravenous immunoglobulin infusions has already proven to be safe and 
effective for several diseases, including the 2014 Ebola outbreak in west 
Africa [292]. However, the broad variety of antibodies in convalescent 
plasma may possibly lead to tissue damage, as some of these antibodies 
are virus-neutralizing, while others might have off-target effects. Taking 
into consideration that an extensive immune dysregulation, including 
the cytokine storm syndrome, is a chief contributor to the aggravation of 
COVID-19, the time frame of this type of treatment has to be carefully 
planned, as suggested by early studies conducted in Wuhan, China 
[293]. 

In this scenario, neutralizing human/humanized monoclonal 

antibodies appear as a viable alternative passive immune therapy, since 
those have the ability of precisely acting on specific neutralizing sites on 
the SARS-CoV-2 spike protein. These antibodies can be produced 
through cloning from the B cells of recovered patients or even be 
genetically engineered. 

Back in February 2020, a research group reported that a SARS-CoV- 
1-specific human monoclonal antibody (CR3022) could bind potently to 
SARS-CoV-2 RBD without overlapping with its ACE2 binding site [294]. 
Conversely, it was also observed that known potent SARS-CoV-1-specific 
neutralizing antibodies were not able of binding to the SARS-CoV-2 
spike protein, which suggests that understanding the differences be
tween the RBD of these viruses is crucial for the development of effective 
passive immune therapies. Later, the human antibody 47D11 was 
discovered using ELISA techniques and it was able to potently inhibit 

Scheme 43. Synthesis of the ABCD ring system (part B) of teicoplanin aglycone. EDC = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOBt =

hydroxybenzotriazole. 

Scheme 44. Synthesis of the key intermediate 283 of teicoplanin aglycone. DEPBT = 3-(Diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one.  
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SARS-CoV-1 and SARS-CoV-2 infections in VeroE6 cells. Although a 
precise inhibition mechanism was not described, the authors found that 
47D11 binds to the S1B RBD [295]. 

In June 2020, another research group disclosed their results on the 
isolation of four monoclonal antibodies from a convalescent patient and 
the evaluation of their neutralization abilities [296]. It was found that 
two of those antibodies (B38 and H4) act by blocking the binding be
tween the spike glycoprotein RBD of SARS-CoV-2 and ACE2, displaying 
an additive inhibitive effect. Importantly, in vivo studies conducted in 
mice have proven that these antibodies can significantly reduce virus 
titers in infected lungs. Additionally, detailed studies of the SARS-CoV-2 
RBD-B38 complex structure have shown that most residues on the 
epitope overlap with the RBD-ACE2 binding interface, which justifies 

the antibody’s blocking effect and neutralizing capacity (Fig. 24). 
Another interesting work in this field described the use of high- 

throughput single-cell RNA sequencing from 60 convalescent patients’ 
B cells to identify SARS-CoV-2 neutralizing antibodies [297]. Among the 
14 identified neutralized antibodies, the most potent was BD-368-2, 
which exhibited high anti-SARS-CoV-2 activity in vitro and therapeutic 
efficacy in SARS-CoV-2-infected hACE2-transgenic mice. The group was 
also able to solve the structure of one neutralizing monoclonal antibody- 
SARS-CoV-2 spike ectodomain trimer complex by using cryo-electron 
microscopy, having confirmed that its epitope overlaps with the RBD/ 
ACE2 binding moiety. 

Another promising approach in this field involves the use of hyper
immune equine plasma produced from the injection of a recombinant 

Scheme 45. Final step in the teicoplanin aglycone synthesis.  

Fig. 24. (a) Superposition of SARS-CoV-2 
RBD, B38 and RBD-hACE2 [Protein Data 
Bank (PDB) ID 6LZG]. The B38 heavy chain 
is colored in cyan, the light chain in green, 
SARS-CoV RBD in magenta and hACE2 in 
light pink. [Protein Data Bank (PDB) ID 
6LZG]. (b) The residues on RBD involved in 
both B38 and hACE2 binding (labeled in 
red) and involved in hACE2-RBD binding 
(highlighted in light pink) [297]. Reprinted 
with permission from AAAS. Copyright 
2020. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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SARS-CoV-2 spike protein RBD [298]. In this case, the authors verified 
that the RBD was highly effective in triggering high-titer neutralizing 
antibody response in horses. Then, immunoglobulin F(ab′)2 fragments 
were obtained from the equine antisera through the removal of the Fc 
region from the immunoglobulins. Interestingly, the neutralization tests 
conducted with the live virus have demonstrated that the RBD-specific F 
(ab′)2 fragments were able to efficiently inhibit SARS-CoV-2 in vitro. In a 
similar path, another research group produced an anti-COVID-19 hy
perimmune F(ab′)2 equine serum, but in this case the prefusion trimeric 
spike glycoprotein, which has a higher immunogenicity when compared 
to smaller protein fragments such as the RBD, was used as antigen [299]. 
Remarkably, the authors found that the neutralization titers present in 
the equine F(ab′)2 sera were considerably higher than those of human 
convalescent plasma. 

3. Final remarks 

Undoubtedly, the COVID-19 pandemic has surged as the greatest 
scientific challenge of modern times. The virus efficient transmission 
and pronounced virulence, in addition to its relatively high lethality, has 
urged satisfactory results not only regarded to vaccines but also efficient 
therapeutic options. Furthermore, the fast spread of information and the 
access of the lay population to it, as well as the governments’ struggle for 
a solution to the pandemic, often focused on political and commercial 
interests, further increase the pressure over the scientific community in 
the search for positive results against COVID-19. 

To date, at least 125 vaccines against COVID-19 are under devel
opment, with about a dozen under advanced phases 2 and 3 clinical 
trials in humans. However, vaccine development is a slow process and 
only solves part of the problem. Therefore, the repositioning of clinically 
approved drugs seems to be the fastest response to this pandemic 
outbreak. 

In view of all these concepts, this review aimed to consolidate the 
main pharmacological and synthetic aspects surrounding the clinically 
developed small molecules with promising activity against SARS-CoV-2. 
We hope this paper eases the understanding of the rationale involved in 
the repositioning of drugs for emerging diseases and inspires the sci
entific community to plan new molecular designs to fight COVID-19. 

The results discussed herein show that important advances have 
already been achieved in the past few months, and considering the short 
period of time since the first COVID-19 documented case and the great 
volume of significant reports as a result of the joint work of the scientific 
community worldwide, remain impressive. 
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[270] N. Lobo-Galo, M. Terrazas-López, A. Martínez-Martínez, A.G. Díaz-Sánchez, FDA- 

approved thiol-reacting drugs that potentially bind into the SARS-CoV-2 main 
protease, essential for viral replication, J. Biomol. Struct. Dyn. (2020), https:// 
doi.org/10.1080/07391102.2020.1764393 (in press). 

[271] B.B. Chavan, L.P.G.P. Radhakrishnanand, E.R. Kosuri, P.D. Kalariya, M.V.N. 
K. Talluri, Development of stability indicating UPLC method for terconazole and 
characterization of acidic and oxidative degradation products by UPLC-Q-TOF/ 
MS/MS and NMR, New J. Chem. 42 (2018) 10761–10773. 

[272] J. Van Cutsem, F. Van Gerven, R. Zaman, P.A.J. Janssen, Terconazole – A new 
broad-spectrum antifungal, Chemotherapy 29 (1983) 322–331. 

[273] D.M. Isaacson, E.L. Tolman, A.J. Tobia, M.E. Rosenthale, J.L. McGuire, H. 
V. Bossche, P.A.J. Janssen, Selective inhibition of 14α-desmethyl sterol synthesis 
in Candida albicans by terconazole, a new triazole antimycotic, J. Antimicrob. 
Chemother. 21 (1988) 333–343. 

[274] J. Heeres, L.J.J. Backx, J.H. Mostmans, J. Van Cutsem, Antimycotic imidazoles. 
Part 4. Synthesis and antifungal activity of ketoconazole, a new potent orally 
active broad-spectrum antifungal agent, J. Med. Chem. 22 (1979) 1003–1005. 

[275] J. Heeres, R. Hendrickx, J. Van Cutsem, Antimycotic Azoles 6. Synthesis and 
antifungal properties of terconazole, a novel triazole ketal, J. Med. Chem. 26 
(1983) 611–613. 

[276] F. Paretti, Structure and mechanism of action of teicoplanin, J. Hosp. Infect. 7 
(1986) 79–83. 

[277] F. Parenti, G. Beretta, M. Berti, V. Arioli, Teichomycins, new antibiotics from 
actinoplanes teichomyceticus nov. Sp. I. description of the producer strain, 
fermentation studies and biological properties, J. Antibiot. 31 (1978) 276–283. 

[278] A.H. Hunt, R.M. Molloy, J.L. Occolowitz, G.G. Marconi, M. Debono, Structure of 
the major glycopeptide of the teicoplanin complex, J. Am. Chem. Soc. 106 (1984) 
4891–4895. 

[279] R.N. Brogden, D.H. Peters, Teicoplanin. A reappraisal of its antimicrobial activity, 
pharmacokinetic properties and therapeutic efficacy, Drugs 47 (1994) 823–854. 

[280] EMC, Targocid 400mg powder for solution for injection/infusion or oral solution, 
2020. https://www.medicines.org.uk/emc/product/2927/smpc (accessed 18 
July 2020). 

[281] F. Parenti, G.C. Schito, P. Courvalin, Teicoplanin chemistry and microbiology, 
J. Chemother. 12 (2000) 5–14. 

[282] N. Zhou, T. Pan, J. Zhang, Q. Li, X. Zhang, C. Bai, F. Huang, T. Peng, J. Zhang, 
C. Liu, L. Tao, H. Zhang, Glycopeptide antibiotics potently inhibit cathepsin L in 
the Late endosome/lysosome and block the entry of ebola virus, middle east 
respiratory syndrome coronavirus (MERS-CoV), and severe acute respiratory 
syndrome coronavirus (SARS-CoV), J. Biol. Chem. 291 (2016) 9218–9232. 

[283] P.M. Andrault, S.A. Samsonov, G. Weber, L. Coquet, K. Nazmi, J.G. Bolscher, A. 
C. Lalmanach, T. Jouenne, D. Brömme, M.T. Pisabarro, G. Lalmanach, F. Lecaille, 
Antimicrobial peptide LL-37is both a substrate of cathepsins S and K and a 
selective inhibitor of cathepsin L, Biochemistry 54 (2015) 2785–2798. 

[284] J. Zhang, X. Ma, F. Yu, J. Liu, F. Zou, T. Pan, H. Zhang, Teicoplanin potently 
blocks the cell entry of 2019-nCoV, bioRxiv preprint (2020). https://doi.org/10. 
1101/2020.02.05.935387. 

[285] S.A. Baron, C. Devaux, P. Colson, D. Raoult, M.J. Rolain, Teicoplanin: an 
alternative drug for the treatment of coronavirus COVID-19? Int. J. Antimicrob. 
Agent. 56 (2020) 105944, https://doi.org/10.1016/j.ijantimicag.2020.105949. 

[286] M.B. Serafin, A. Bottega, V.S. Foletto, T.F. da Rosa, A. Hörner, R. Hörner, Drug 
repositioning is an alternative for the treatment of coronavirus COVID-19, Int. J. 
Antimicrob. Agent. 55 (2020) 105969. 

[287] O. Yushchuk, B. Ostash, A.W. Truman, F. Marinelli, V. Fedorenko, Teicoplanin 
biosynthesis: unraveling the interplay of structural, regulatory, and resistance 
genes, Appl. Microbiol. Biotechnol. 104 (2020) 3279–3291. 

[288] D.L. Boger, S.H. Kim, S. Miyazaki, H. Strittmatter, J.-H. Weng, Y. Mori, O. Rogel, 
S.L. Castle, J.J. McAtee, Total synthesis of the teicoplanin aglycon, J. Am. Chem. 
Soc. 122 (2000) 7416–7417. 

[289] D.L. Boger, S.H. Kim, Y. Mori, J.-H. Weng, O. Rogel, S.L. Castle, J.J. McAtee, First 
and second generation total synthesis of the teicoplanin aglycon, J. Am. Chem. 
Soc. 123 (2001) 1862–1871. 

[290] D.L. Boger, S. Miyazaki, S.H. Kim, J.H. Wu, O. Loiseleur, S.L. Castle, 
Diastereoselective total synthesis of the vancomycin aglycon with ordered 
atropisomer equilibrations, J. Am. Chem. Soc. 121 (1999) 3226–3227. 

[291] D.L. Boger, S. Miyazaki, S.H. Kim, J.H. Wu, S.L. Castle, O. Loiseleur, Q. Jin, Total 
Synthesis Of The Vancomycin Aglycon, J. Am. Chem. Soc. 121 (1999) 
10004–10011. 

[292] B. Cao, F.G. Hayden, Antiviral monotherapy for hospitalised patients with COVID- 
19 is not enough, Lancet (2020), https://doi.org/10.1016/S0140-6736(20) 
32078-X (in press). 

[293] F. Sahr, R. Ansumana, T.A. Massaquoi, B.R. Idriss, F.R. Sesay, J.M. Lamin, 
S. Baker, S. Nicol, B. Conton, W. Johnson, O.T. Abiri, O. Kargbo, P. Kamara, 
A. Goba, J.B.W. Russell, S.M. Gevao, Evaluation of convalescent whole blood for 
treating Ebola virus disease in Freetown, Sierra Leone, J. Infect. 74 (2017) 
302–309. 

[294] J. Zhao, Q. Yuan, H. Wang, W. Liu, X. Liao, Y. Su, X. Wang, J. Yuan, T. Li, J. Li, 
S. Qian, C. Hong, F. Wang, Y. Liu, Z. Wang, Q. He, Z. Li, B. He, T. Zhang, Y. Fu, 
S. Ge, L. Liu, J. Zhang, N. Xia, Z. Zhang, Antibody responses to SARS-CoV-2 in 
patients with novel coronavirus disease 2019, Clin. Infect. Dis. (2020), https:// 
doi.org/10.1093/cid/ciaa344 (in press). 

[295] X. Tian, C. Lia, A. Huang, S. Xia, S. Lu, Z. Shi, L. Lu, S. Jiang, Z. Yang, Y. Wu, 
T. Ying, Potent binding of 2019 novel coronavirus spike protein by a SARS 

P.N. Batalha et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0045-2068(20)31786-7/h1180
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1180
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1180
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1185
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1185
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1190
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1190
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1190
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1195
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1195
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1195
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1200
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1200
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1200
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1200
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1205
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1205
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1210
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1210
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1215
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1215
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1220
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1220
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1225
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1225
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1230
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1230
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1230
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1240
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1240
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1245
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1245
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1250
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1250
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1250
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1255
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1255
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1255
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1260
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1260
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1260
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1260
https://doi.org/10.1101/2020.05.05.079608
https://doi.org/10.1101/2020.05.05.079608
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1270
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1270
https://doi.org/10.1016/j.ijantimicag.2020.105984
https://doi.org/10.1016/j.ijantimicag.2020.105984
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1280
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1280
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1280
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1285
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1290
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1290
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1290
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1295
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1305
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1305
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1325
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1325
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1325
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1325
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1340
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1340
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1345
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1345
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1350
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1350
https://doi.org/10.1080/07391102.2020.1764393
https://doi.org/10.1080/07391102.2020.1764393
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1370
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1370
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1370
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1370
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1375
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1375
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1380
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1380
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1380
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1380
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1385
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1385
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1385
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1390
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1390
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1390
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1395
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1395
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1400
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1400
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1400
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1405
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1405
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1405
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1410
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1410
https://www.medicines.org.uk/emc/product/2927/smpc
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1420
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1420
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1425
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1425
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1425
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1425
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1425
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1430
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1430
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1430
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1430
https://doi.org/10.1101/2020.02.05.935387
https://doi.org/10.1101/2020.02.05.935387
https://doi.org/10.1016/j.ijantimicag.2020.105949
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1445
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1445
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1445
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1450
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1450
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1450
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1455
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1455
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1455
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1460
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1460
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1460
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1465
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1465
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1465
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1470
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1470
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1470
https://doi.org/10.1016/S0140-6736(20)32078-X
https://doi.org/10.1016/S0140-6736(20)32078-X
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1480
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1480
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1480
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1480
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1480
https://doi.org/10.1093/cid/ciaa344
https://doi.org/10.1093/cid/ciaa344
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1490
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1490


Bioorganic Chemistry 106 (2021) 104488

45

coronavirus-specific human monoclonal antibody, Emerg. Microbes Infec. 9 
(2020) 382–385. 

[296] C. Wang, W. Li, D. Drabek, N.M.A. Okba, R. Haperen, A.D.M.E. Osterhaus, F.J. 
M. van Kuppeveld, B.L. Haagmans, F. Grosveld, B.-J. Bosch, A human monoclonal 
antibody blocking SARS-CoV-2 infection, Nat. Commun. 11 (2020) 225. 

[297] Y. Wu, F. Wang, C. Shen, W. Peng, D. Li, C. Zhao, Z. Li, S. Li, Y. Bi, Y. Yang, Y. 
Gong, H. Xiao, Z. Fan, S. Tan, G. Wu, W. Tan, X. Lu, C. Fan, Q. Wang, Y. Liu, C. 
Zhang, J. Qi, G.F. Gao, F. Gao, L. Liu. A noncompeting pair of human neutralizing 
antibodies block COVID-19 virus binding. 

[298] Y. Cao, B. Su, X. Guo, W. Sun, Y. Deng, L. Bao, Q. Zhu, X. Zhang, Y. Zheng, 
C. Geng, X. Chai, R. He, X. Li, Q. Lv, H. Zhu, W. Deng, Y. Xu, Y. Wang, L. Qiao, 
Y. Tan, L. Song, G. Wang, X. Du, N. Gao, J. Liu, J. Xiao, X.-D. Su, Z. Du, Y. Feng, 
C. Qin, C. Qin, R. Jin, X.S. Xie, Potent neutralizing antibodies against SARS-CoV-2 

identified by high-throughput single-cell sequencing of convalescent patients’ B 
cells, Cell 182 (2020) 73–84. 

[299] X. Pan, P. Zhou, T. Fan, Y. Wu, J. Zhang, X. Shi, W. Shang, L. Fang, X. Jiang, 
J. Shi, Y. Sun, S. Zhao, R. Gong, Z. Chen, G. Xiao, Immunoglobulin fragment F 
(ab’)2 against RBD potently neutralizes SARS-CoV-2 in vitro, Antiviral Res. 182 
(2020) 104868. 

[300] L.E.R. Cunha, A.A. Stolet, M.A. Strauch, V.A.R. Pereira, C.H. Dumard, P.N. C. 
Souza, J.G. Fonseca, F.E. Pontes, L.G.R. Meirelles, J.W.M. Albuquerque, C.Q. 
Sacramento, N. Fintelman-Rodrigues, T.M. Lima, R.G.F. Alvim, R.B. Zingali, G.A. 
P. Oliveira, TM.L. Souza, A. Tanuri, A.M.O. Gomes, A.C. Oliveira, H.L.M. Guedes, 
L.R. Castilho, J.L. Silva. Equine hyperimmune globulin raised against the SARS- 
CoV-2 spike glycoprotein has extremely high neutralizing titers. bioRxiv preprint. 
DOI: https://doi.org/10.1101/2020.08.17.254375. 

P.N. Batalha et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0045-2068(20)31786-7/h1490
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1490
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1495
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1495
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1495
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1505
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1505
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1505
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1505
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1505
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1505
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1510
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1510
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1510
http://refhub.elsevier.com/S0045-2068(20)31786-7/h1510
https://doi.org/10.1101/2020.08.17.254375

