
 

Review 

Advances on Greener Asymmetric Synthesis of 
Antiviral Drugs via Organocatalysis 
Everton M. da Silva1, Hérika D. A. Vidal1 and Arlene G. Corrêa1,* 

1 Centre of Excellence for Research on Sustainable Chemistry, Department of 
Chemistry, Federal University of São Carlos, 13565-905, São Carlos, SP, Brazil 

* Correspondence: agcorrea@ufscar.br 

Abstract: Viral infections inflict many serious human diseases, being 
responsible for remarkably high mortality rates. In this sense, both the 
academy and the pharmaceutical industry are continuously searching for 
new compounds with antiviral activity, and in addition, face the challenge 
of developing greener and more efficient methods to synthesize these 
compounds. This becomes even more important with drugs possessing 
stereogenic centers as highly enantioselective processes are required. In 
this minireview, the advances achieved to improve synthetic routes 
efficiency and sustainability of important commercially antiviral chiral 
drugs are discussed, highlighting the use of organocatalytic methods. 
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1. Introduction  

The increasing prevalence of diverse microbial infections as well as the emergence and 
re-emergence of viral epidemics with high morbidity and mortality rates are a major public 
health threat. Despite the persistent production of antiviral drugs and vaccines in the global 
market, viruses remain one of the leading causes of deadly human diseases. Effective control of 
viral diseases, caused particularly by zika, dengue, herpes simplex, human immunodeficiency 
(HIV), and Ebola virus, remain promising goals amidst the mutating viral strains [1]. 

 In the last decades, it is estimated that an average of 3 million deaths per year 
worldwide are caused by different viral pathogens, in special hepatitis, AIDS, and influenza [2]. 
More recently, the coronavirus disease (COVID-19) caused by SARS-CoV-2 is creating 
tremendous human suffering, and, to date, no effective drug is available to directly treat the 
disease. According to the World Health Organization, globally, between January 2020 and 
September 2021, there have been more than 234 million confirmed cases of COVID-19, and 4.8 
million deaths [3]. 

  In this sense, both the academy and the pharmaceutical industry are continuously 
searching for new compounds with antiviral activity [4].Emphasis should focus on orally 
available drugs for outpatient use, if possible, and on identifying combination therapies that 
combat viral and immune-mediated pathologies, extend the effectiveness of therapeutic 
windows, and reduce drug resistance. As the emergence of viral diseases is expected to 
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accelerate, proactive programs to develop broadly active family-specific and cross-family 
antiviral therapeutics will be key to prepare for future disease [5,6]. 

Chiral molecules have played a prominent role in the development of new drugs, as 
individual stereoisomers may exhibit marked differences in pharmacodynamic, 
pharmacokinetic, and toxicological properties [7].Therefore, there is currently considerable 
interest in fully characterizing and examining both enantiomers in the early stages of new drug 
development [8].In this regard, the pharmaceutical industries either exploit the chiral switching 
practice from already marketed racemates or develop de novo enantiomerically pure compounds 
[9]. 

One important step in the therapeutical is the synthesis of drug candidates under 
development, their critical intermediates as well as the active pharmaceutical ingredients (APIs), 
since it encompasses the search for routes with high efficacy, good yields, and less impact in the 
environment [10].Furthermore, the synthesis of APIs requires large-scale analysis of the process, 
thus, using less toxic reagents, greener solvents, more efficient methods, and waste reduction is 
essential for the sustainability of the production [11].  

The three pillars of asymmetric catalysis are bio-, metal- and organocatalysis [12].The 
biological catalysts, such as isolated enzymes or whole cells, are increasingly used on an 
industrial scale and are particularly favored for hydrolytic reactions [13].The rapid development 
of organometallic chemistry and catalysis has made numerous breakthrough contributions to 
organic synthesis; however, such widespread use of metal compounds has highlighted the 
significance of environmental and toxicity issues [14].In this perspective, a recent trend in the 
chemical science and pharmaceutical industry is the dismissal of catalytic metal complexes and 
their replacement with organocatalysts. The efficacy and synthetic versatility of asymmetric 
organocatalysis [15,16] and the use of a plethora of highly effective small-molecule 
organocatalysts have enriched the field of organic synthesis, including chiral proline derivatives, 
N-heterocyclic carbenes, chiral thioureas, and Brønsted acids as well as phase-transfer catalysts 
(PTC), such as the quaternary ammonium salts derived from cinchona alkaloids [17].  

Moreover, in the context of green and sustainable syntheses, continuous flow chemistry 
offers exceptional opportunities to accelerate, integrate, simplify, scale-up and automatize 
chemical reactions. Early this year, Ötvös and Kappe have reviewed the flow chemistry-based 
approaches for the synthesis of chiral APIs and their advanced stereogenic intermediates, 
covering the utilization of biocatalysis, organometallic catalysis and organocatalysis [18].  

A significant number of antiviral agents used in clinical practice are amino acids, short 
peptides, or peptidomimetics, and among them are several HIV protease inhibitors (e. g. 
lopinavir, atazanavir) [19], HCV protease inhibitors (e. g. grazoprevir, glecaprevir) [20], and 
HCV NS5A protein inhibitors (e. g. daclatasvir, pibrentasvir) [21]. Recently, Skwarecki et al. [22] 
reviewed the synthesis of these antiviral agents with special attention in the synthetic aspects of 
non-proteinogenic amino acid components.  

In Table 1, we present selected chiral antiviral drugs, being the anti-HIV agents the major 
examples [23], highlighting the asymmetric strategy employed as key step to achieve their total 
synthesis. It is worth noting that most of the synthetic routes uses chiral pools, including amino 
acids, as starting materials (entries 3, 4, 6, 12, 13, 15-17). Chiral resolution using either enzymes 
or metal catalysts has also been successfully employed (entries 1, 2, 8, 9, 14) and only on few cases 
enantioselective organocatalyzed methods have been employed (entries 10 and 11).   
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In this minireview, the advances achieved to improve synthetic routes efficiency and 
sustainability of important commercially antiviral chiral drugs are discussed. The organocatalytic 
methods were selected to be presented in more detailed and the proposed mechanism pathways 
for the introduction of the stereogenic centers are highlighted.  

2. Synthesis of Efavirenz  

Efavirenz (1) is a reverse transcriptase inhibitor drug used in the treatment of infections 
caused by the human immunodeficiency virus (HIV) type I. Approved in 1998 by the FDA, it has 
been used in combination with other drugs for the treatment of AIDS [24].

Pierce and co-workers [25] reported in 1998 an enantioselective synthesis of efavirenz in 
nine steps with 49% overall yield. The key step involves an enantioselective addition of the 
cyclopropylacetylide 5 to trifluoromethyl ketone 3 in the presence of the additive (1R,2S)-N-
pyrrolidinylnorephedrine (4) (Scheme 1). Initially, 4-chloroaniline (2) was transformed in the 
ketoaniline 3 with 75% yield over 6 steps. The enantioselective alkynylation occurred with the 
formation of the chiral complex, obtained by the reaction of a mixture of chiral ligand 4 and 
cyclopropyl acetylene (5) with n-butyllithium at -10 to 0 °C in a THF-toluene-hexane mixture, 
then it was cooled below -50 °C and the ketoaniline was added. The enantioselectivity of this 
transformation is dependent on the N-protecting group of compound 3. The mixture of acetylide 
alkoxide generated at low temperature exists as a complex mixture of species. A stable aggregate 
has been fully characterized as the 2:2 symmetric cubic tetramer, and it was observed that optimal 
reaction conversion and enantioselectivity require strict control of reagent stoichiometry and 
reaction conditions. The amino alcohol 7 was obtained with 91% yield and 95.5% ee, then was 
converted into benzoxazinone and the deprotection occurs by ceric ammonium nitrate (CAN) 
giving efavirenz (1) in 72% yield. This route is only suitable for small-scale synthesis since an 
equal amount of p-methoxy benzaldehyde is formed and not efficiently removed upon 
crystallization, and a significant quantity of cerium salt was generated as a waste, being a concern 
for the scale-up. Although the chiral ligand 4 was employed in equimolar amount, it could be 
recovered in 98% yield and recycled. 
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Table 1. Selected chiral antiviral drugs 

Entry API Chemical structure 
Treatment or 

indications and 
mode of action 

Enantioselective synthesis: chiral pool or key 
step 

1 Amprenavir  

 

AIDS, HIV 
protease inhibitor  

a) Co(salen) catalyzed kinetic resolution of 2-(1-
azido-2-phenylethyl)oxirane [26] 
b) from L-acid malic and L-phenylalanine [27] 

2 Abacavir 

 

AIDS and hepatitis 
B virus (HBV), 

reverse 
transcriptase 

inhibitor 

a) chiral resolution using γ-lactamase [28] 
b) Oppolzer-sultam as auxiliary then 
asymmetric rhodium-catalyzed coupling using 
Josiphos 003-1 [29] 

3 Cobicistat  

 

AIDS, human 
CYP3A proteins 

inhibitor 
chiral amino acids as starting materials [30,31] 

4 Daclatasvir 

 

chronic hepatitis C 
virus (HCV) 
genotype 3, 

inhibitor of the 
NS5A 

continuous flow synthesis with chiral amino 
acids as starting materials [32] 

5 Dolutegravir 

 

AIDS, integrase 
strand transfer 

inhibitor 

(R)-3-amino-1-butanol as starting material [33] 
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6 Elvitegravir  

 

AIDS, HIV 
integrase inhibitor 

(S)-valinol as starting material [34] 

7 Emtricitabine  
 

AIDS and HBV, 
reverse 

transcriptase 
inhibitor 

L-menthol as chiral auxiliary [35]  

8 Indinavir 

 

AIDS, HIV-1 
protease inhibitor 

a) (R)-glycidol as starting material [36] 
b) from indanone via enantioselective ester 
hydrolysis with Rhizopus oryzae [37] 
c) (1S,2R)-cis-aminoindanol as starting material 
[38] 

9 Lamivudine  
 

AIDS and HBV, 
reverse 

transcriptase 
inhibitor  

a) enzymatic dynamic kinetic resolution [39] 
b) (S)-lactic acid as starting material [40] 
c) L-menthol as chiral auxiliary [41] 

10 Maraviroc 

 

AIDS, antagonist 
of the CCR5 

receptor 

a) (S)-tert-butanesulfinamide as chiral auxiliary 
[42] 

b) aza-Michael/hemiacetal reaction using the 
Hayashi-Jørgensen organocatalyst [43] 

11 Nelfinavir 

 

AIDS, HIV 
protease inhibitor 

a) Ti catalyzed asymmetric aminolysis of 
epoxide [44] 
b) starting from chiral sulfoxide [45] 
c) bromocyclization of bisallylic catalyzed by 
(S)-BINAP [46]  
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12 Ritonavir 

 

AIDS, HIV 
protease inhibitor 

chiral amino acids as starting materials [47,48] 

13 Saquinavir 

 

AIDS, HIV 
protease inhibitor 

chiral amino acids as starting materials [49] 

14 Simeprevir 

 

HCV, NS3/4A 
protease inhibitor 

a) chiral resolution using pig liver esterase [50] 
b) chiral resolution using cinchonidine [51] 

15 Telaprevir 
N

N

N
H

H
N

O

O

O

N
H
N

O
O

O
H
N

 

HCV, NS3/4A 
protease inhibitor 

lipase mediated desymmetrization of 1,2-
cyclopentanedimethanol and chiral amino acids 
[52] 

16 
Tenofovir  

alafenamide 
 

AIDS and HBV, 
nucleotide reverse 

transcriptase 
inhibitor 

(R)-9-[2-(phosphonomethoxy) propyl]adenine 
(PMPA) [53]from L-threonine and L-alanine as 
starting materials [54] 

17 Valacyclovir 

 

Herpes, prodrug 
converted to 

acyclovir, a DNA 
polymerase 

inhibitor 

from L-valine [55] 
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Scheme 1.  First total synthesis of efavirenz (1). 

 

In 2011, Shibata and co-workers [56] reported the first synthesis of efavirenz based on a 
metal-free, enantioselective trifluoromethylation of alkynyl ketone (8) with 
trimethyl(trifluoromethyl)-silane (Me3SiCF3). This transformation is different from the previously 
reported methods, because an organocatalytic based on a cinchonidine derivative 10 was used, 
however with only 50% ee. The enantioselectivity was improved (up to 80% ee) in 2014 by the 
same group [57],using a quinine-based catalyst 11 bearing a butyloxy group (Scheme 2). 
Nevertheless, the organocatalytic process was still less efficient than the organometallic 
enantioselectivity approach. Thus, in 2016, Shibata and co-workers [58] reported the use of a 
quaternary ammonium salt of cinchona alkaloids having an alkynyl group (12). Structurally, the 
best catalyst used has only the different ethynyl groups, so the 3D conformation of the transition 
state (TS) is similar to the others. However, the catalyst has a closed structure between the ethynyl 
group and the quinoline ring, and the alkenyl ketones can be stabilized by a π−π interaction with 
the quinoline ring, and the methoxy group helps in positioning the ketones by a steric interaction. 
Some modifications in the conditions of this reaction were necessary, but the trifluoromethylation 
using a novel catalyst occurred with 88% yield and 93% ee. With the trifluoro methylated 
compound in hand, the synthesis of efavirenz was completed in 2 steps. Reduction of the nitro 
group to aniline was obtained in 83% yield and 91% ee. The aniline was treated with 4-nitrophenyl 
chloroformate in presence of KHCO3 to obtain efavirenz (1) in 89% yield. Using n-hexane/CH2Cl2 
by single recrystallization, the enantiopurity was increased to 99%.  
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Scheme 2. Organocatalyzed trifluoromethylation of alkynyl ketone 8. 

3. Syntheisis of Oseltamivir 

Tamiflu, the phosphate of (-)-oseltamivir (13), is the most efficient drug for the treatment 
and prevention of flu. The mechanism of action fundamentally involves inhibition of the 
neuraminidase enzyme of type A and type B viruses [59].  

The first total synthesis of the phosphate of (-)-oseltamivir was described in 1998 by 
Rohloff and co-workers (Scheme 3) [60].The synthesis is based on two natural products, (-)-quinic 
acid (14) and (-)-shikimic acid (15), which makes it difficult to be employed on an industrial scale 
quickly and cheaply [61].The two routes pass for the same intermediate, the 3,4-pentyline ketal 
16. In the route of the quinic acid (14), the 3,4-pentyline ketal 16 was formed in 4 steps, in 29% 
yield, and in the route of (-)-shikimic acid (15), the 3,4-pentyline ketal 16 was obtained in 3 steps 
in 80% yield. The 3,4-pentyline ketal 16 was transformed in pentyl ether, and converted in a 
epoxide which was converted in the azido alcohol, and finally in the aziridine 17 with 50% yield 
over 4 steps. The aziridine was converted in the azido amine that was directly acylated. Finally, 
the azide was reduced to amine and the salt of oseltamivir.H3PO4 (13) was isolated after 4 steps 
with 26% overall yield. The final product was obtained in 11 steps and 10.4% yield from (-)-
shikimic acid (15) and in 12 steps in 3.7% yield from (-)-quinic acid (14). 

 

 

Scheme 3. First total synthesis of phosphate of (-)-oseltamivir (13). 

 

The syntheses based on the natural products presented low yields, in addition to 
numerous reaction steps that required several purification processes. With this in mind, in 2009, 
Ishikawa and co-workers [62] reported a high-yielding synthesis of oseltamivir via three one-pot 
operations. The chiral cyclohexane was built based on organocatalyzed reaction and the process 
minimized chemical waste generation and time-consuming on the purifications. 
Diphenylprolinol silyl ether (20) was an effective organocatalyst, promoting an asymmetric 
reaction with excellent enantioselectivities. In the first step, the organocatalyst provides the 
Michael adduct with alkoxyaldehyde (18) and nitroalkane (19) in a quantitative yield and 96% ee 
(Scheme 4). Then, a Michael reaction between the nitroalkane and vinyl phosphonate 21 occurs, 
and the formed phosphonate undergoes an intramolecular Horner–Wardsworth–Emmons 
reaction with the formyl group to generate ethyl cyclohexenecarboxylate. Treatment of the 
mixture with p-toluenethiol in the presence of Cs2CO3 gives the product 22 in 70% yield. With 
compound 22 in hands, occurs the deprotection, followed by the conversion of carboxylic acid in 
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a acyl azide 23 in 3 steps. This azide is submitted to a domino Curtius rearrangement, followed 
by reduction of the NO2 to the amine. A retro-Michael reaction of the thiol afforded oseltamivir, 
which was obtained in 82% yield from compound 22 after purification by acid/base extraction. In 
summary, the efficiency of the Hayashi-Jørgensen organocatalyst was described in the total 
enantioselective synthesis of (-)-oseltamivir, that was carried out in 9 reactions, in three one-pot 
operations, and just one purification by chromatographic column with 57% overall yield. 

 

 

Scheme 4. Asymmetric organocatalyzed synthesis of oseltamivir (13). 

 

Although this route was very efficient, the reaction time was quite long. Thus, based on 
previous reports published in the literature [62,63], Hayashi and Ogasawara described in 2016 a 
time economical total synthesis of (-)-oseltamivir in 60 minutes (Scheme 5) [64].In the first step, 
the Michael reaction of nitroalkene 24 and α-alkoxyaldehyde 18 proceeds in the presence of 
diphenylprolinol silyl ether 25 and Schreiner’s thiourea 26 affording product 27 that was not 
isolated. The organocatalyst was key for the generation of enamine, and the thiourea activated 
the nitroalkene via hydrogen bonding. The cyclohexene was formed via a domino Michael and 
Horner−Wardsworth−Emmons reactions. Then, after protonation with TMSCl, epimerization 
using TBAF and reduction of nitro group in presence of Zn, the desired compound 13 was 
obtained after purification by column chromatography in 15% yield, via a one-pot procedure. In 
summary, the total synthesis of oseltamivir was described in a single reactor over five steps, being 
the route optimized in not only yield and selectivity but also in reaction time. 
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Scheme 5. Time economy synthesis of oseltamivir (13). 

 

 

4. Synthesis of Zanamivir  

Zanamivir (28) is used in the treatment of influenza type A and B, and was approved in 
the United States in 1999 [65].Zanamivir inactivates the influenza viral neuraminidase, an enzyme 
responsible for cleaving sialic acid residues in newly formed viruses. Such inhibition results in 
virus aggregation on the host cell surface, which limits the extent of infection and accelerates 
recovery from the disease [66]. 

The first scalable synthesis of zanamivir was described by Chandler and co-workers 
[67].The route started with acetylneuraminic acid (29), which was converted into a methyl ester, 
and the hydroxy groups were acetylated (Scheme 6). Using TMSOTf, the oxazoline was formed, 
and selectively converted in the azide 30. The acetate protecting group was removed by a catalytic 
amount of NaOMe to gain water solubility, following hydrolysis of the methyl ester with aqueous 
TEA to give the triethylammonium salt. This salt was hydrogenated in presence of Lindlar 
catalyst to give the amine. Then, addition to the aminoiminomethanesulfonic acid with the amino 
acid, the guanidine functionality was introduced. The crystalline zanamivir (28) was isolated by 
ion-exchange chromatography. Several synthetic steps were likely to be performed on a gram 
scale. Most of the intermediates were isolated by recrystallization, however, in one case, desalting 
and freeze-drying are also necessary, and the use of the ion-exchange chromatography to obtain 
the pure product. The overall yield of the 9-step synthesis was only 8.3%. 

 

Scheme 6. First scalable synthesis of zanamivir. 

 

Due to the high cost of sialic acid, and considering the need for production on a global 
scale, in 2014, Tian and co-workers [68]developed a total synthesis of zanamivir, in 13 linear steps, 
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starting from D-araboascorbic acid (Scheme 7). Initially, the (Z)-tert-butyl (2-nitro 
vinyl)carbamate (34) was prepared in 3 steps from nitromethane with 72% yield. The 
organocatalyzed Michael addition of compound 32 in acetone was investigated, and the best 
conditions were achieved using thiourea catalyst 33 in toluene and benzoic acid as an additive. 
The reaction produced compound 34 in 72% yield and 98% ee after recrystallization of the crude 
product from ethyl acetate/petroleum ether (1:10).  

With compound 34 in hand, the Henry reaction with aldehyde 35 was investigated. The 
aldehyde 35 was synthesized from D-araboascorbic acid [69].Based on previous reports for anti-
selective addition, a combination of CuBr2 and the proline-derived catalyst 37 was used, and after 
spontaneous cyclization and subsequent dehydration with thionyl chloride and pyridine, 
selective formation of the anti-product 36 was observed with 60% yield, together with the 
formation of the undesired product in 8% yield. By observing the possible transition states, the 
volume of the protective group interferes with the reaction, which proceeds favorably by the 
proposed transition state, due to the repulsion between the protective group and the carbamate 
side chain (the only formation of the non-selective product was observed when the TBS was 
used). Therefore, smaller protection groups (MOM and Me) were used, thus favoring the 
formation of the anti-selective product. Then, the hydroxyl protecting groups of 36 were changed 
in order to obtain the carboxylic acid via oxidation of the methyl group. The protecting groups 
were all removed with HCl and finally, after guanidination with 38, lead to the formation of 
zanamivir with single recrystallization. The overall yield was 18% and the synthetic route offers 
advantages due to the cost of the starting materials, being a cheap and accessible alternative for 
the manufacture of this anti-influenza drug.  

 

 

Scheme 7. Total synthesis of zanamivir starting from D-araboascorbic acid. 

 

5. Synthesis of Letermovir 
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Letermovir (39) is a drug approved by the FDA in 2017 for the treatment of infections caused 

by the human cytomegalovirus (HCMV) [70].Severe, acute HCMV infections most commonly 
involve symptomatic infection of the gastrointestinal tract, liver, and central nervous system; 
hematological manifestations; and eye, lung, or arterial or venous thrombosis. The viral terminase 
complex is highly specific to herpesviruses, since no cellular protein carrying out its function has 
been identified in mammalian cells, making this viral complex a good target for antivirals. 
Letermovir targets pUL56 of the HCMV terminase complex [71]. 

Humphrey and co-workers [72] proposed an asymmetric synthesis for obtaining 39 with high 
enantioselectivity (Scheme 8). The total synthesis of letermovir (39) was carried out in eight steps 
from commercially available starting materials, and the key step was an aza-Michael reaction 
catalyzed by a cinchonidine-based phase transfer catalyst (PTC) 40 producing about 1t of product. 
The authors suggest some factors that interfere in enantioselectivities such as stirring rate, 
concentration, and equivalents of K3PO4 aqueous solution, and the counterions Br- and PO43- show 
low results. In terms of Green Chemistry, the method shows an excellent enantiomeric excess 
(99.6% ee) using a cinchonidine-based organocatalytic under mild conditions with an overall yield 
> 60% in eight steps, providing letemovir (39) on a large scale. Based on previous work [73],the 
TS was proposed by theoretical studies showing that the use of the catalyst promotes (S)-
stereodiscrimination in the ring closure as a result of the interaction between catalyst/substrate, 
hydrogen bonding (O-H), substrate conformation, π-stacking interactions, and interactions with 
the benzyl-CF3 group of the catalyst. 

 

 

Scheme 8. Synthesis of letermovir (39) using organocatalysts 40 or 44. 

 

Futhermore, the same group reported the used of chiral bistriflamides 44 as  
organocatalyst to promote the enantioselective cyclization for the synthesis of letermovir (39). 
According to the mechanism pathway, supported by density functional theory (DFT) calculations 
and kinetics studies, the bistriflamide 44 acts as a Brønsted acid (Scheme 8). Initially, using 42 
occurs the protonation of nitrogen by bistriflamide 44, followed by tautomerization and 
cyclization to produce guanidine 43. The catalyst promotes a double donation of hydrogens, so 
the TS is formed by the tautomerization of the starting material. This method showed high yields 
(96%) and a good enantiomeric ratio (84:16 er), being applied in large-scale for the synthesis of 
letermovir (39), demonstrating efficiency with reduced drawbacks when compared with the PTC-
catalysed method. 
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6. Synthesis of Ruxolitinib 

Ruxolitinib (45) was the first drug used in the treatment of myelofibrosis and 
polycythemia vera (PCV), approved by the FDA in 2011. Ruxolitinib acts specifically in the 
inhibition of protein tyrosine janus kinases (JAK) 1 and 2, promoting a decrease in inflammation 
and an inhibition of cellular proliferation [74].   

One of the key parts of the structure of this drug is the chiral pyrazole ring, which defines 
stereochemistry. Lin and co-workers [75] developed the synthesis of ruxolitinib via aza-Michael 
addition, based on studies by Jørgensen [76] with proline-derived organocatalysts. According to 
the proposed mechanism, the addition by the Re face is favoreced with 94% ee, while the Si face 
is protected by the catalyst. This methodology presents two possibilities, both using 
cyclopentanecarbaldehyde (46) as starting material. In the first route (Scheme 9A), the aldehyde 
46 reacted with compound 49 catalyzed by 47, furnishing R-51 in 80% yield and 90% ee. In the 
next two steps, 45 is obtained. In the second synthetic route (Scheme 9B), compound 46 reacted 
with 4-bromo-1H-pyrazole (50) catalyzed by 48, and the product R-52 is obtained with 85% yield 
and 84% ee. The next steps are conversion of the aldehyde in nitrile and 45 is obtained with 53% 
yields. In both routes, the TS was proposed based on Jørgensen's study where an addition on the 
Re face is favored, so in reactions using the more steric hindered organocatalysts, higher 
enantioselectivities were observed. The authors do not present information on the recovery of the 
catalysts nor perform tests on large scales, although the presented methodologies have good 
prospects in terms of green chemistry through the use of organocatalysts and an efficient 
asymmetric route. 

 

Scheme 9. Synthesis of ruxolitinib (45) using a proline-derived organocatalyst.  

 

Hayld and co-workers described the synthesis of ruxolitinib (45) [77] based on strategies 
developed by their group on the enantioselectivity of pyrazoles using a rhodium/JoSPOPhos (53 
and 54) catalyst system (Scheme 10), with a high atom economy. Initially, with 4-bromopyrazole 
(56) and cyclopentylalene (55) in the rhodium-catalyzed coupling, it was possible to obtain the 
product 57 in the gram scale, with 95% yield and 90% ee. Then, after five steps, 45 is obtained with 
53% overall yield. The authors do not present detalied information about the mechanism, it is 
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only shown that upon tautomerism of the pyrazole ring, and the use of 54 it is possible to obtain 
only the desired product, and also that the use of pyridinium p-toluenesulfonate (PPTS) plays a 
fundamental role in selectivity. 
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Scheme 10. Rhodium-catalyzed asymmetric synthesis of ruxolitinib (45).  

 

7. Synthesis of Remdesevir 
 

Remdesivir (58), a prodrug of the parent nucleoside GS441524 [78], was initially 
developed for the treatment of Ebola, however, due to the pandemic caused by SARS-CoV-2 after 
clinical tests, was approved in 2020 by the FDA to be used in severe cases of the Covid-19  [79]. 
The active form of remdesivir acts as a nucleoside analog and inhibits the RNA-dependent RNA 
polymerase (RdRp) of coronaviruses [80].  

The main challenge in the synthesis of remdesivir is to establish the stereogenic center in 
the phosphorus atom [81,82].The first- and second-generation syntheses of remdesivir (58) are 
shown in Scheme 11. In both synthetic routes, the same starting material 61 is employed, which 
is submitted to phosphorylation with the formation of compounds 62 and 63, respectively. After 
the coupling with nucleobases (59 or 60), in the first generation, the two isomers formed are 
separated using chiral HPLC [83].In the second-generation synthesis occurs a selective 
nucleophilic displacement, where there is no racemic production after phosphorylation, so only 
the S enantiomer is obtained upon recrystallization, using hydrochloric acid. Although it is 
possible to obtain the enantioenriched product 58, the phosphorylation occurs with the lowest 
yield, so improvements were needed in this step of the synthesis.  

Wang and co-works [84] developed a synthesis of remdesivir based on the use of 
imidazole organocatalysts. A kinetic study was carried out evaluating the velocity constants (k) 
(Scheme 12), where it was observed that the key point of using the catalyst is that it can promote 
the k1/k2 racemization and that it is enantioselective in the formation of product 58. The first test 
used compounds 62 and 60 without any catalyst, observing only traces of the product with a 
diastereoisomeric ratio (dr) of 1.1:1 (Sp:Rp), then achiral catalysts were used and N-methyl 
imidazole (NMI) presented the best result with 1.5:1 dr. Continuing the study, chiral bicyclic 
imidazole catalysts, modified with benzyl, acetyl ester, tert-butyl carbonate, and carbamates were 
used, and the catalyst 64 modified with adamantinyl group showed the best results with a ratio 
11.2:1 dr. In addition, 2,6-lutidine (65) was used as a base at low temperature (- 40°C), resulting 
in an increase of the diastereoselectivity to 21.8:1 and that the catalyst concentration does not 
interfere in the enantioselectivity, in cases of using a lower concentration, a longer reaction time 
is necessary. 
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Scheme 11. First- and second-generation synthesis of remdesivir (58). 

 

In the mechanistic proposal, it was initially suggested a transition state involving a 
simultaneous action of phosphoryl chloride and nucleoside by the catalyst. Theoretical studies 
were carried out and showed that the Sp configuration was favored in 3.5 kcal. mol, in accordance 
with the experimental data. Finally, they explored this method in large-scale reaction (10 g), 
employing 10 mol% catalysts 64 at 40°C, and the products were obtained with a ratio of 21.2:1 dr, 
the Sp enantiomer was obtained with 89% yield and > 99:1 dr (85% yield by recrystallization and 
4% yield of residual mother liquor by preparative HPLC). The authors emphasize the atom 
economy of the method and synthetic efficiency. Moreover, the catalyst was recovered for later 
use without any damage, it could be reused in subsequent cycles, and the high yield obtained in 
the gram scale reaction shows its potential application in the industry. 

In 2021, Gannedi and co-workers [85] studied a strategy for obtaining the stereogenic 
center of the phosphorus atom via a one-pot synthesis also employing an imidazole-derived 
catalyst (Scheme 13). Several bicyclic chiral imidazole derivatives were tested, but catalyst 67 with 
phenyl group showed the best result, with 25:1 dr and 97% yield. After being defined that catalyst 
67 was the most effective, further optimization was carried out in terms of reaction time, 
temperature, and catalyst loading. The authors concluded that -20°C for 24 h was ideal, since the 
increase in reaction time caused a decrease in catalytic activity, and reduction in temperature to 
-40°C promoted a discrepant increase in selectivity, and a decrease in temperature to -78 °C no 
reaction was observed. Concerning catalyst 67, the decrease in percentage promoted a decrease 
in selectivity, and extrapolation in the amount of 100% molar catalyst promoted a 42:1 dr, 
however, to avoid further purification of diester, the catalyst loading of 20 mol% was maintained. 
Some tests to increase the reaction scale were carried out, thus on the 1g scale, after the first step 
with the substrates 62 and 60, catalyst 67, p-TSA, and methanol were added in the same flask 
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reaction (one-pot) at room temperature, resulting in the removal of the isopropylidene group and 
affording a mixture of 58 with its diastereoisomer, which was purified by recrystallization with 
73% yield and 99.6:0.6 dr. On the 10 g scale, 70% yield and 99.3:0.7 dr of the desired product were 
obtained and the catalyst was recovered in 83% yield. 

 

Scheme 12. Synthesis of remdesevir (58) using the imidazole organocatalyst 64. 

 

 

Scheme 13. One-pot synthesis of remdesevir (58) using the imidazole-derived catalyst 67. 

 

The reaction pathway was inspired by the mechanism of histidine-dependent glucose 6-
hydrolysis catalyzed by glucose 6-phosphate phosphatase (Scheme 13). It can be seen that the 
imidazole residues of His119 and His176 may act as a proton donor and receptor, based on this 
that the catalyst 67 was proposed with similar chemical structure. Furthermore, it was observed 
that the catalyst configuration directly influences the product stereochemistry, that is, a catalyst 
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with (S)-configuration favored the (S)-product. The proposed transition state was based on 
Wang's study  [83], which uses similar imidazole organocatalysts. 

 

8. Conclusions 

 Viral infections inflict many serious human diseases, being responsible for remarkably 
high mortality rates. In this sense, both the academy and the pharmaceutical industry are 
continuously searching for new compounds with antiviral activity, and in addition, face the 
challenge of developing greener and more efficient methods to synthesize these compounds. In 
this minireview, the developments in asymmetric synthesis of antivirals based on green methods 
were summarized. The approaches using organocatalysts in the key steps were emphasized 
including the proposed mechanism to these enantioselective transformations. Although the yield 
and enantioselectivity of these reactions are in general good to excellent, the catalyst loanding is 
still high (5-10 mol%) and recovery and recycle require tedious steps of purification. Moreover, 
one-pot reactions, which reduce the generation of waste from purification steps, as well as 
continuous flow synthesis are paving the way for scale-up. These methods are specialy important 
for developing countries, enabling local drug manufacturing with the consequence of improving 
access to medicines. 

 

Author Contribuitions: conceptualization, A.G.C.; investigation, E.M.S. and H.D.A.V.; writing-
original draft preparation, E.M.S. and H.D.A.V.; writing—review and editing, A.G.C.; funding 
acquisition, A.G.C. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by FAPESP (grants 2013/07600-3 and 2014/50249-8), 
GlaxoSmithKline, CAPES (Finance Code 001), and CNPq (grants 429748/2018-3 and 302140/2019-
0). 

Data Availability Statement: Data sharing not applicable. No new data were created or analyzed 
in this study. 

Conflicts of Interest: The authors declare no conflict of interest. 

 

ORCID 

Arlene G. Corrêa https://orcid.org/0000-0003-4247-2228 

 

References 

 
1. Sagaya, J.R.; Khusro, A.; Agastian, P.; Alfarhan, A.; Al-Dhabi, N.A.; Arasu, M.V.; Rajagopal, R.; 

Barcelo, D.;, Al-Tamini, A. Emerging paradigms of viral diseases and paramount role of 
natural resources asantiviral agents. Sci. Total Environ. 2021, 759, 143539. 

2. Ma, Y.; Frutos-Beltran, E.; Kang, D.; Pannecouque, C.; Clercq, E.D.; Menendez-Arias, L.; Liu, 
X.; Zhan, P. Medicinal chemistry strategies for discovering antiviral effective against drig-
resistant viruses. Chem. Soc. Rev. 2021, 50, 4514-4540. 

3. WHO coronavirus (COVID-19) Dashboard. World Health Organization, 2021. Available in: 
https://covid19.who.int, acessed on October 5, 2021. 

4. Clercq; E.D. Antivirals and antiviral strategies. Nat. Rev. Microbiol. 2004, 2, 704-720. 
5. Megank, R.M.; Baric, R.S. Developing therapeutic approaches for twenty-first-century 

emerging infectious viral diseases. Nat. Med. 2021, 27, 401-410. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2021                   doi:10.20944/preprints202110.0216.v1

https://doi.org/10.20944/preprints202110.0216.v1


 

 
 

 
6. Zhong, Y.L.; Yasuda, N.; Li, H.; McLaughlin, M.; Tschaen, D. Process Chemistry in Antiviral 

Research. Top. Curr. Chem. 2016, 374, 77. 
7. Nguyen, L.A.; He, H., Pham-Huy, C. Chiral Drugs. An Overview. Int. J. Biomed. Sci. 2006, 2, 85-

100. 
8. Abram, M.; Jakubiec, M.; Kaminski, K. Chirality as an Important Factor for the Development 

of New Antiepileptic Drugs. ChemMedChem. 2019, 14, 1744-1761.   
9. Calcaterra, A.; D’Acquarica, I. The market of chiral drugs: Chiral switches versus de novo 

enantiomerically pure compounds. J. Pharmac. Biomed. Anal. 2018, 147, 323-340. 
10. Eastgate, M.D.; Schmidt, M.A.; Fandrick, K.R. On the design of complex drug candidate 

syntheses in the pharmaceutical industry. Nat. Rev. Chem. 2017, 1, 0016. 
11. Rogers, L.; Jensen, K.F. Continuous manufacturing – the Green Chemistry promise?. Green 

Chem. 2019, 21, 3481-3498. 
12. Reisinger, C.M.; Pan, S.C.; List, B. New Concepts for Catalysis. Organocatalysis  2008, 2, 35-64. 
13. Patel, R.N. Biocatalysis for synthesis of pharmaceuticals. Bioorg. Med. Chem. 2018, 26, 1252-

1274. 
14. Egorova, K.S.; Ananikov, V.P. Toxicity of Metal Compounds: Knowledge and Myths, 

Organometallics 2017, 36, 4071–4090. 
15. Han, B.; He, X.H.; Liu, Y.Q.; He, G.; Peng, C.; Li, J.L. Asymmetric organocatalysis: an enabling 

technology for medicinal chemistry. Chem. Soc. Rev. 2021, 50, 1522-1586. 
16. Moreira, N. M.; Martelli, L. S. R.; Corrêa, A. G. Asymmetric organocatalyzed synthesis of 

coumarin derivatives. Beilstein J. Org. Chem., 2021, 17, 1952-1980. 
17. Holland, M.C.; Gilmour, R. Deconstructing covalent organocatalysis. Angew. Chem. Int. Ed. 

2015, 54, 3862-3871. 
18. Otvos, S.B.; Kappe, C.O. Continuous flow asymmetric synthesis of chiral active 

pharmaceutical ingredients and their advanced intermediates. Green Chem. 2021, 23, 6117-
6138. 

19. Ghosh, A.K.; Bilcer, G.; Schiltz, G. Syntheses of FDA Approved HIV Protease Inhibitors. 
Synthesis 2001, 2203-2229. 

20. Ganta, N.M.; Gedda, G.; Rathnakar, B.; Satyanarayana, M.; Yamajala, B.; Ahsan, M.J.; Jadav, 
S.S.; Balaraju, T. A review on HCV inhibitors: Significance of non-structural polyproteins. 
Eur. J. Med. Chem. 2019, 164, 576-601. 

21. Voight, E.A.; Greszler, S.N.; Hartung, J.; Ji, J.G.; Klix, R.C.; Randolph, J.T.; Shelat, B.H.; Waters, 
J.E.; DeGoey, D.A. Desymmetrization of pibrentasvir for efficient prodrug synthesis. Chem. 
Sci. 2021, 12, 10076-10082. 

22. Skwarecki, A.S.; Nowak, M.G.; Milewska, M.J. Amino Acid and Peptide-Based Antiviral 
Agents. ChemMedChem. DOI 10.1002/cmdc.202100397 

23. Mandala, D.; Thompson, W.A.; Watts, P. Synthesis routes to anti-HIV drugs. Tetrahedron 2016, 
72, 3389-3420. 

24. Adkins,  J.C.; Noble, S. Efavirenz. Drugs. 1998, 56, 1055–1064. 
25. Pierce, M.E.; Parsons,  R.L.; Radesca, L.; Lo, Y.S.; Silverman, S.; Moore, J.R.; Islam, O.; 

Choudhury, A.; Fortunak, J.M.D.; Nguyen, D.; Luo, C.; Morgan, S.J.; Davis, W.P.; Confalone, 
P.N.; Chen, C.; Tillyer, R.D.; Frey, L.; Tan, L.; Xu, F.; Zhao, D.; Thompson, A.S.; Corley, E.G.; 
Grabowski, E.J.J.; Reamer, R.; Reider, P.J. Synthesis of Efavirenz via Asymmetric 
Alkynylation. J. Org. Chem. 1998, 63, 8536-8543. 

26. Gadakh, S.K.; Reddy, R.S.; Sudalai, A. Enantioselective synthesis of HIV protease inhibitor 
amprenavir via Co-catalyzed HKR of 2-(1-azido-2-phenylethyl)oxirane. Tetrahedron 
Asymmetry. 2012;23:898-903. 

27.  Honda Y, Katayama S, Kojima M, Suzuki T, Kishibata N, Izawa K.  New approaches to the 
industrial synthesis of HIV protease inhibitors. Org. Biomol. Chem. 2004, 2, 2061-2070. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2021                   doi:10.20944/preprints202110.0216.v1

https://doi.org/10.20944/preprints202110.0216.v1


 

 
 

 
28. Evans, C.T.; Roberts, S.M.; Shoberu, K.A.; Sutherland, A.G. Potential use of carbocyclic 

nucleosides for the treatment of AIDS, chemoenzymatic synthesis of the enantiomers of 
carbovir. J. Chem. Soc. Perkin Trans 1. 1992, 589-592. 

29. Thieme, N.; Breit, B. Enantioselective and Regiodivergent Addition of Purines to Terminal 
Allenes: Synthesis of Abacavir. Angew. Chem. Int. Ed. 2017, 56, 1520-1524. 

30. Xu, L.; Liu, H.; Murray, B.P.; Callebaut, C.; Lee, M.S.; Hong, A.; Strickley, R.G.; Tsai, L.K.; 
Stray, K.M.; Wang, Y.; Rhodes, G.R.; Desai, M.C. Cobicistat (GS-9350): A Potent and Selective 
Inhibitor of Human CYP3A as a Novel Pharmacoenhancer. ACS Med. Chem. Lett. 2010, 1, 209–
213. 

31. Xu, L.H.; Liu, H.T.; Hong, A.; Vivian, R.; Murray, B.P.; Callebaut, C.; Choi, Y.C.; Lee, M.S.; 
Chau, J.; Tsai, L.K.; Stray, K.M.; Strickley, R.G.; Wang, J.H.; Tong, L.; Swaminathan, S.; 
Rhodes, G.R.; Desai, M.C. Structure-activity relationships of diamine inhibitors of 
cytochrome P450 (CYP) 3A as novel pharmacoenhancers. Part II: P2/P3 region and discovery 
of cobicistat (GS-9350). Bioorg. Med. Chem. Lett. 2014, 24, 995-999. 

32. Rana, A.; Mahajan, B.; Ghosh, S.; Srihari, P.; Singh, A.K. Integrated multi-step continuous flow 
synthesis of daclatasvir without intermediate purification and solvent exchange. React. Chem. 
Eng. 2020, 5, 2109-2114. 

33. Sankareswaran, S.; Mannam, M.; Chakka, V.; Mandapati, S.R.; Kumar, P. Identification and 
Control of Critical Process Impurities: An Improved Process for the Preparation of 
Dolutegravir Sodium. Org. Process Res. Dev. 2016, 20, 1461-1468. 

34. Radl, S.; Stach, J.; Pisa, O.; Cinibulk, J.; Havlicek, J.; Zajicova, M.; Pekareka, T. An Improved 
Synthesis of Elvitegravir. J. Heteroc. Chem. 2016, 53, 1738-1749 

35. Mandala, D.; Watts, P. An Improved Synthesis of Lamivudine and Emtricitabine. 
ChemistrySelect 2017, 2, 1102-1105. 

36. Askin, D.; Eng, K.K.; Rossen, K.; Purick, R.M.; Wells, K.M.; Volante, R.P.; Reider, P.J. Highly 
diastereoselective reaction of a chiral, non-racemic amide enolate with (S)-glycidyl tosylate. 
Synthesis of the orally active HIV-1 protease inhibitor L-735,524. Tetrahedron Lett. 1994, 35, 
673-676 

37. Demir, A.S.; Hamamci, H.; Doganel, F.; Ozgul, E. Chemoenzymatic synthesis of (1S,2R)-1-
amino-2-indanol, a key intermediate of HIV protease inhibitor, indinavir. J. Mol. Catal. B 
Enzym. 2000, 9, 157-161. 

38. Cheng, Y.; Lu, Z.; Chapman, K.T.; Tata, J.R. Solid Phase Synthesis of Indinavir and Its 
Analogues. J. Comb. Chem. 2000, 2, 445-446. 

39. Hu, L.; Schaufelberger, F.;, Zhang, Y.;, Ramstrom, O. Efficient asymmetric synthesis of 
lamivudine via enzymatic dynamic kinetic resolution. Chem. Commun. 2013 ,49, 10376-10378. 

40. Snead, D.R.; Mcquade, D.T.; Ahmad, S.; Krack, R.; Stringham, R.W.; Burns, J.M.; Abdiaj, I.; 
Gopalsamuthiram, V.; Nelson, R.C.; Gupton, B.F. An Economical Route to Lamivudine 
Featuring a Novel Strategy for Stereospecific Assembly. Org. Process Res. Dev. 2020, 24, 1194-
1198. 

41. Aher, U.P.; Srivastava, D.; Jadhav, H.S.; Singh, G.P.; Jayashree, B.S.; Shenoy, G.G. Large-Scale 
Stereoselective Synthesis of 1,3-Oxathiolane Nucleoside, Lamivudine, via ZrCl4-Mediated 
N-Glycosylation. Org. Process Res. Dev. 2020, 24, 387-397. 

42. Zhu, Y.J.; Li, H.Y.; Lin, K.L.; Wang, B.; Zhou, W.C. A novel and efficient asymmetric synthesis 
of anti-HIV drug maraviroc, Synth. Commun. 2019, 49, 1721-1728. 

43. Zhao, G.L.; Lin, S.; Korotvicka, A.; Deiana, L.; Kullberg, M.; Cordova, A. Asymmetric 
Synthesis of Maraviroc (UK-427,857). Adv. Synth. Catal. 2010, 352, 2291-2298. 

44. Inaba, T.; Yamada, Y.; Abe, H.; Sagawa, S.; Cho, H. J. Org. Chem. 2000, 65, 1623−1628. 
45. Raghavan, S.; Krishnaiah, V.; Sridhar, B. Asymmetric Synthesis of the Potent HIV-Protease 

Inhibitor, Nelfinavir. J. Org. Chem. 2010, 75, 498–501. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2021                   doi:10.20944/preprints202110.0216.v1

https://doi.org/10.20944/preprints202110.0216.v1


 

 
 

 
46. Nagao, Y.; Hisanaga, T.; Utsumi, T.; Egami, H.; Kawato, Y.; Hamashima, Y. Enantioselective 

Synthesis of Nelfinavir via Asymmetric Bromocyclization of Bisallylic Amide. J. Org. Chem. 
2018, 83, 7290−7295 

47. Kempf, D.J.; Sham, .HL.; Marsh, K.C.; Flentge, C.A.; Betebenner, D.; Green, B.E.; McDonald, 
E.; Vasavanonda, S.; Saldivar, A.; Wideburg, N.E.; Kati, W.M.; Ruiz, L.; Zhao, C.; Fino, L.; 
Patterson, J.; Molla, A.; Plattner, J.J.; Norbeck, D.W. Discovery of Ritonavir, a Potent Inhibitor 
of HIV Protease with High Oral Bioavailability and Clinical Efficacy. J. Med. Chem. 1998, 41, 
602-617. 

48. Ramu, E.; Rao, B.V. A short approach to the synthesis of the ritonavir and lopinavir core and 
its C-3 epimer via cross metathesis.Tetrahedron Asymmetry. 2009, 20, 2201-2204. 

49. Göbring, W.; Gokbale, S.; Hilpert, H.; Roessler, F.; Schlageter, M.; Vogt, P. Synthesis of the 
HIV-Proteinase Inhibitor Saquinavir: A Challenge for Process Research. Chimia. 1996, 50, 
532–537. 

50. Rosenquist, A.; Samuelsson, B.; Johansson, P.O.; Cummings, M.D.; Lenz, O.; Raboisson, P.; 
Simmen, K.; Vendeville, S.; de Kock, H.; Nilsson, M.; Horvath, A.; Kalmeijer, R.; de la Rosa, 
G.; Beumont-Mauviel, M. Discovery and Development of Simeprevir (TMC435), a HCV 
NS3/4A Protease Inhibitor. J. Med. Chem. 2014, 57, 1673-1693. 

51. Horváth, A.; Depré, D.; Vermeulen, W.A.A.; Wuyts, S.L.; Harutyunyan, S.R.; Binot, G.; 
Cuypers, J.; Couck, W.; Van Den Heuvel, D. Ring-Closing Metathesis on Commercial Scale: 
Synthesis of HCV Protease Inhibitor Simeprevir. J. Org. Chem. 2019, 84, 4932–4939. 

52. Moni. L.; Banfi. L.; Basso, A.; Carcone, L.; Rasparini, M.; Riva, R. Ugi and Passerini Reactions 
of Biocatalytically Derived Chiral Aldehydes: Application to the Synthesis of Bicyclic 
Pyrrolidines and of Antiviral Agent Telaprevir. J. Org. Chem. 2015, 80, 3411–3428. 

53. Derstine, B.P.; Tomlin, J.W.; Peck, C.L.; Dietz, J.P.; Herrera, B.T.; Cardoso, F.S.P.; Paymode, 
D.J.; Yue, A.C.; Arduengo, A.J.; Opatz, T. An Efficient Synthesis of Tenofovir (PMPA): A Key 
Intermediate Leading to Tenofovir-Based HIV Medicines. Org. Process Res. Dev. 2020, 24, 
1420-1427. 

54. Yang, B.; Xie, H.M.; Rani, K.R.; Gant, Y.J. Efficient Synthesis and Resolution of Tenofovir 
Alafenamide. Lett. Org. Chem. 2018, 15, 10-14. 

55. Vetukuri, P.R.V.N.K.V.; Vedantham, R.; Mathad, V.T.; Padi, P.R.; Ramasamy, V.A. A Concise 
Route to Valacyclovir Hydrochloride. Helv. Chim. Acta. 2011, 94, 592-596. 

56. Kawai, H.; Kitayama, T.; Tokunaga, E.; Shibata, N. A New Synthetic Approach to Efavirenz 
through Enantioselective Trifluoromethylation by Using the Ruppert–Prakash Reagent. Eur. 
J. Org. Chem.  2011, 5959–5961. 

57. Okuso, S.; Kawai, H.; Yasuda, Y.; Sugita, Y.; Kitayama, T.; Tokunaga, E.; Shibata, N. 
Asymmetric Synthesis of Efavirenz via Organocatalyzed Enantioselective 
Trifluoromethylation. Asian J. Org. Chem. 2014, 3, 449–452. 

58. Okuso, S.; Hirano, K.; Yasuda, Y.; Tanaka, J.; Tokunaga, E.; Fukaya, H.; Shibata, N. Alkynyl 
Cinchona Catalysts affect Enantioselective Trifluoromethylation for Efavirenz under Metal-
Free Conditions. Org. Lett. 2016,18, 5568−5571. 

59. Silva, F.C. Síntese Total do (-)-Oseltamivir (Tamiflu®) por Reaçoes do Tipo Dominó. Rev Virt 
Quim. 2009,1, 87-90. 

 
60. Rohloff, J.C.; Kent, K.M.; Postich, M.J.; Becker, M.W.; Chapman, H.H.; Kelly, D.E.; Lew, W.; 

Louie, M.S.; McGee, L.R.; Prisbe, E.J.; Schltze, L.M.; Yu, R.H.; Zhang, L. Practical Total 
Synthesis of the Anti-Influenza Drug GS-4104. J. Org. Chem. 1998, 63, 4545-4550. 

61. Abrecht, S.; Harrington, P.; Iding, H.; Karpf, M.; Trussardi, R.; Wirz, B.; Zutter, U. The 
Synthetic Development of the Anti-Influenza Neuraminidase Inhibitor Oseltamivir 
Phosphate (Tamiflu®): A Challenge for Synthesis & Process Research. Chimia. 2004, 58, 621-
629. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2021                   doi:10.20944/preprints202110.0216.v1

https://doi.org/10.20944/preprints202110.0216.v1


 

 
 

 
62. Ishikawa, H.; Suzuki, T.; , Hayashi, Y. High-Yielding Synthesis of the Anti-Influenza 

Neuramidase Inhibitor ()-Oseltamivir by Three “One-Pot” Operations. Angew. Chem. Int. Ed. 
2009, 48, 1304–1307. 

63. Ishikawa, H.; Suzuki, T.; Orita, H.; Uchimaru, T.; Hayashi, Y. High-Yielding Synthesis of the 
Anti-Influenza Neuraminidase Inhibitor (−)-Oseltamivir by Two “One-Pot” Sequences. 
Chem. Eur. J. 2010, 16, 12616-12626. 

64. Hayashi, Y.; Ogasawara, S. Time Economical Total Synthesis of (−)-Oseltamivir. Org. Lett. 
2016, 18, 3426–3429. 

65. Chapple, K.J.; Hendrick, A.E.; McCarthy, M.W. Zanamivir in the treatment and prevention of 
influenza.  Ann. Pharmacother. 2000, 34, 798-801. 

66. Ryan, D.M.; Ticehurst, J.; Dempsey, M.H.; Penn, C.R. Inhibition of influenza virus replication 
in mice by GG167 (4-guanidino-2,4-dideoxy-2,3-dehydro-N-acetylneuraminic acid) is 
consistent with extracellular activity of viral neuraminidase (sialidase). Antimicrob, Agents 
Chemother. 1994, 38, 2270-2275. 

67. Chandler. M.; Bamford, M.J.; Conroy, R.; Lamont, B.; Patel, B.; Patel, V.K.; Steeples, I.P.; Storer, 
R; Weir, N.G.; Wright, M.; Williamson, C. Synthesis of the potent influenza neuraminidase 
inhibitor 4-guanidino Neu5Ac2en. X-Ray molecular structure of 5-acetamido-4-amino-2,6-
anhydro-3,4,5-trideoxy-D-erythro-L-gluco-nononic acid. J. Chem. Soc. 1995, 1173-1180. 

68. Tian, J.; Zhong, J.; Li, Y.; Ma, D. Organocatalytic and Scalable Synthesis of the Anti-Influenza 
Drugs Zanamivir, Laninamivir, and CS-8958. Angew. Chem. Int. Ed. 2014, 53, 1–5. 

69. André, C.; Bolte, J.; Demuynck, C. Syntheses of l-threose and d-erythrose analogues modified 
at position 2. Tetrahedron Asymmetry. 1998, 9, 1359–1367. 

70. Humprey, G.R.; Dalby, S.M.; Andreani, T.; Xiang, B.; Luzung, M.R.; Song, Z.J.; Shevlin, M.; 
Christensen, M.; Belyk, K.M.; Tschaen, D.M. Synthesis of Letermovir by an Asymmetric Aza-
Michael Reaction. Org. Process Res. Dev. 2016, 20, 1097-1103. 

71. Krishna, B.A.; Wills, M.R.; Sinclair, J.H. Advances in the treatment of cytomegalovirus. Brit. 
Med. Bull. 2019, 131, 5-7. 

72. Chung, C.K.; Liu, Z.; Lexa, K.; Andreani, T.; Xu, Y.; Ji, Y.; DiRocco, D.A.; Humphrey, G.R.; 
Ruck, R.T. Asymmetric Hydrogen Bonding Catalysis for the Synthesis of 
Dihydroquinazoline-containing Antiviral, Letermovir. J. Am. Chem. Soc. 2017, 31, 10637-
10640. 

73. Bandini, M.; Bottoni, A.; Eichholzer, A.; Miscione, G.P.; Stenta, M. Asymmetric Phase-
Transfer-Catalyzed Intramolecular N-Alkylation of Indoles and Pyrroles: A Combined 
Experimental and Theoretical Investigation. Chem. Eur. J. 2010, 16, 12462-12473. 

74. Coricello, A.; Mesiti, F.; Lupia, A.; Maruca, A.; Alcaro, S. Inside Perspective of the Synthetic 
and Computational Toolbox of JAK Inhibitors: Recent Updates. Molecules. 2020, 25, 3321. 

75. Lin, Q.; Meloni, D.; Pan, Y.; Xia, M.; Rodgers, J.; Shepard, S.; Li, M; Galya, L.; Metcalf, B.; Yue, 
T.Y.; Liu, P.; Zhou, J. Enantioselective Synthesis of Janus Kinase Inhibitor INCB018424 via an 
Organocatalytic Aza-Michael Reaction. Org. Lett. 2009, 11, 1999-2002. 

76. Diner, P.; Nielsen, M.; Marigo, M.; Jorgensen, K.A. Enantioselective Organocatalytic 
Conjugate Addition of N Heterocycles to a,b-Unsaturated Aldehydes. Angew. Chem. Int. Ed. 
2007, 46, 1983-1987. 

77. Haydl, A.M.; Xu, K.; Breit, B. Regio- and Enantioselective Synthesis of N-Substituted 
Pyrazoles by Rhodium-Catalyzed Asymmetric Addition to Allenes. Angew. Chem. Int. Ed. 
2015, 54, 1-6. 

78. Warren, T.K.; Jordan, R.; Bavari, S. Therapeutic efficacy of the small molecule GS-5734 against 
Ebola virus in rhesus monkeys. Nature. 2013, 531, 381-385. 

79. US Food and Drug Administration. Remdesivir EUA letter of authorization, 2020.  
Available: https://www.fda.gov/media/137564/ download [Accessed 1 August 2021. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2021                   doi:10.20944/preprints202110.0216.v1

https://doi.org/10.20944/preprints202110.0216.v1


 

 
 

 
80. Kokic, G.; Hillen, H.S.; Tegunov, D.; Dienemann, C.; Seitz, F.; Schmitzova, J.; Farnung, L.; 

Siewert, A.; Höbartner, C.; Cramer, P. Mechanism of SARS-CoV-2 polymerase stalling by 
remdesivir.  Nat. Commun. 2021, 12, 279. 

81. Oka, N.; Wada, T. Stereocontrolled synthesis of oligonucleotide analogs containing chiral 
internucleotidic phosphorus atoms. Chem. Soc. Rev. 2011, 40, 5829–5843.  

82. Yi-Ren, Z.; Kui, L.; Jin-Sheng, Y.; Jian, Z. Recent Advances in Catalytic Asymmetric Synthesis 
of P-Chiral Phosphine Oxides. Acta Chim. Sin. 2020, 78, 193-216. 

83. Siegel, D.; Hui, H.C.; Doerffler, E.; Clarke, M.O.; Chun, K.; Zhang, L.; Neville, S.; Carra, E.; 
Lew, W.; Ross, B.; Wang, Q.; Wolfe, L.; Jordan, R.; Soloveva, V.; Knox, J.; Perrry, J.; Perron, 
M.; Stray, K.M.; Barauskas, O.; Feng, J.Y.; Xu, Y.; Lee, G.; Rheingold, A.L.; Ray, A.S.; 
Bannister, R.; Strickley, R.; Swaminathan, S.; Lee, W.A.; Bavari, S.; Cihlar, T.; Lo, M.K.; 
Warren, T.K.; Mackman, R.L. Discovery and Synthesis of a Phosphoramidate Prodrug of a 
Pyrrolo[2,1-f][triazin-4-amino] Adenine C-Nucleoside (GS-5734) for the Treatment of Ebola 
and Emerging Viruses. J. Med. Chem. 2017, 60, 1648–1661. 

84. Wang, M.; Zhang, L.; Huo, X.; Zhang, Z.; Yuan, Q.; Li, P.; Chen, J.; Zou, Y.; Wu, Z.; Zhang, W. 
Catalytic Asymmetric Synthesis of the anti-COVID-19 Drug Remdesivir. Angew. Chem. Int. 
Ed. 2020, 59, 20814-20819. 

85. Gannedi, V.; Kumar, B.K.; Reddy, S.N.; Ku, C.C.; Wong, C.H.; Hung, S.C. Practical Remdesivir 
Synthesis through One-Pot Organocatalyzed Asymmetric (S)-P-Phosphoramidation. J. Org. 
Chem. 2021, 86, 4977–4985. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 14 October 2021                   doi:10.20944/preprints202110.0216.v1

https://doi.org/10.20944/preprints202110.0216.v1

