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a b s t r a c t

COVID-19 is a major event with worldwide influences. Since the beginning of the epidemic, pharmaceu-

tical chemists have paid attention to the therapeutic effect of a variety of small molecule medicines on

COVID-19 infection. A series of organic molecules are designed and found to be effective in the treatment

of COVID-19 infection. In fact, no matter how effective they are, with the development of the COVID-19

epidemic, various small molecule medicines are gradually recognized by people. This is equivalent to a

good science popularization of pharmaceutical chemistry. This review aims to introduce the molecules for

COVID-19 treatment on the basis of their chemical structures, synthetic methods as well as their effects.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Novel coronavirus disease 2019 (COVID-19) is an acute respi-

ratory infectious disease caused by severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) [1–5]. It has become a world-

wide public health disease seriously endangering human life and

health, and is one of the most urgent public health problems fac-

ing the world at present. Since the outbreak of COVID-19 epi-

demic, people have been actively looking for the effective thera-

peutic pharmaceuticals, mainly including three drug development

strategies: new use of old medicines [6,7], small molecular drug

development [8], and antibody medicines [9]. Among them, small-

molecular drugs have become the focus of anti-COVID-19 drug re-

search and development because they can block the replication of

virus in cells, have the prominent advantages of conservative target

and high stability.

During the past three years, a series of small molecules have

been declared to be effective for COVID-19 curing [9–15]. Indeed,

no matter how effective they are, the COVID-19 epidemic has pro-

moted public awareness of these drug molecules, and this can be

taken as a way of science popularization of pharmaceutical chem-

istry. It also shows the significances of synthetic organic chemistry

and provides additional interest and driving forces for graduate

students learning the organic chemistry knowledges [16,17]. Thus,

this review aims to introduce the molecules for COVID-19 treat-
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ment on their chemical structures, synthetic methods as well as

their effects. It may provide sufficient information for new com-

ers in the field learning the synthetic skills in combination with

the pharmaceutical synthesis practice. This article is divided into

sections according to the molecules, i.e., each section discusses a

molecule. Based on the current status of research and development

of small molecule drug development against COVID-19, we selected

eleven "star" drugs that have been on the market or are in clini-

cal trials as representatives, and reviewed their chemical synthesis

routes, in order to provide some reference for the research and de-

velopment of small molecule drugs against COVID-19.

2. Veklury/Remdesivir

Veklury/Remdesivir is an aminophosphate prodrug developed

by Gilead Sciences Inc. It can be synthesized from 2,3,5-

tribenzyloxy-d-ribosyl-1,4-lactone 1 (Scheme 1) [18]. In the pro-

cess, the glycosylation reaction of 1 with 7-iodopyrrolo[2,1-

f][1,2,4]triazin-4-amine 2 affords the intermediate 3, which was

then treated by TMSCN/TMSOTf at −78 °C to give the interme-

diate 4 via the cyanation reaction. Treating 4 by BCl3 at −20 °C
led to 5, the debenzylation product, which then reacted with 2,2-

dimethoxypropane in the presence of sulfuric acid to give the

intermediate 6. The transesterification reaction of 2-ethylbutyl 6

with ((S)-(4-nitrophenoxy)(phenoxy)phosphoryl)-l-alaninate 7 led

to 8, which was then converted to Veklury/Remdesivir molecule

via the deprotection reaction under acid conditions.
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Scheme 1. Synthetic route for Veklury/Remdesivir.

Veklury/Remdesivir was developed by Gilead to fight against

the Ebola virus [19]. The triphosphate mimetic nucleotide of Vek-

lury/Remdesivir can be covalently linked to the replicating RNA,

thereby preventing further SARS-CoV-2 RNA synthesis [20]. Vek-

lury/Remdesivir was approved by the U.S. Food and Drug Admin-

istration (FDA) for emergency treatment of severe COVID-19 pa-

tients in May 2020, and was officially launched in October 2020,

becoming the first COVID-19 treatment drug officially approved in

the United States and the first small molecule anti COVID-19 drug

approved for marketing in the world. However, the World Health

Organization (WHO) issued a statement saying that no matter how

serious the condition of COVID-19 in-patients is, it is not recom-

mended to use the antiviral drug Remdesivir for treatment, be-

cause there is no evidence that the drug can improve the survival

rate of patients or reduce the demand for ventilators [21]. In ad-

dition, due to the limitation of Veklury/Remdesivir’s own chemi-

cal structure, its physical and chemical properties are poor for oral

use, and can only be used by intravenous drip, which limits its

early use and large-scale applications.

3. Molnupiravir

Molnupiravir is the world’s first oral anti COVID-19 medicine

developed by Merck Sharp & Dohme Ltd. (MSD), which is a nucle-

oside analogue. According to the category of starting materials, the

synthesis routes can be divided into three major categories: cyti-

dine [22–25], uridine [26,27], and ribose [28]. Considering factors

such as raw material sources and production costs, the route for

obtaining the target compound from cytidine through hydroxyam-

ination reaction and selective esterification catalyzed by enzyme

Novozyme 435 is relatively optimal [22]. In method 1 (Scheme 2),

the hydroxylation reaction of 10 led to the intermediate 11. Cat-

alyzed by enzymes, the esterification reaction of 11 afforded Mol-

nupiravir. The overall yield of this synthetic route is high (59%),

and the employed amount of commercial enzyme Novozyme 435

is low (only 20%), without the need for column chromatography

purification. The operation is simple and efficient, and is suitable

for industrial scale-up production.

In method 2, uridine 13 was acylated with isobutyric anhy-

dride under acidic conditions to obtain the intermediate 14. Then,

the intermediate 14 reacted with hydroxylamine hydrochloride or

hydroxylamine sulfate in the presence of HMDS/TMSOTf to give

Molnupiravir [29]. This production process is low cost, high yield

(up to 92%) and thereby enhancing industrial production efficiency.

Moreover, the enzymatic synthesis of Molnupiravir is quite inter-

esting, as it leads to less reaction steps compared to chemical syn-

thesis, resulting in higher yields and greener and environmentally

friendly conditions [22].

Scheme 2. Synthetic route for Molnupiravir.

At the beginning of the COVID-19 pandemic, Molnupiravir was

in preclinical development for seasonal influenza [30]. Molnupi-

ravir was approved for marketing by the UK Medicines and Health-

care Products Administration in November 2021, and has since re-

ceived emergency use authorization from the US FDA. The results

of the Phase III clinical trial (MOVe-OUT) for non-hospitalized pa-

tients with mild and moderate symptoms showed that, compared

with the control group, the relative risk of clinical or death of non-

hospitalized patients with COVID-19 could be reduced by 30% [31].

However, the mid-term results of Phase II/III clinical trials for mod-

erate and severe cases showed no significant benefits for hospital-

ized patients, so MSD has terminated its Phase II/III clinical trial

(MOVe-IN) for hospitalized patients.

4. Paxlovid

Paxlovid is an oral small molecule COVID-19 treatment drug de-

veloped by Pfizer, which is a combination drug composed of key

components Nirmatrelvir (PF-07321332) and low-dose Ritonavir.

Nirmatrelvir can prevent SARS-CoV-2 coronavirus replication by in-

hibiting 3-chymotrypsin-like protease (3CLpro) [32]. The molecule

of Nirmatrelvir includes three segments (Scheme 3). Synthesis of

segment II is the most important work, which can be achieved

via two methods: chiral resolution and enzyme catalysis, of which

the enzyme catalysis method has high yield and good stereose-

lectivity [33–38]. The splicing of three fragments mainly involves

2
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Scheme 3. Synthetic routes for Nirmatrelvir.

two paths (Scheme 3). In method 1, azabicyclic 15 and N-(tert–

butoxycarbonyl)-l–tert-leucine were subjected to HATU condensa-

tion to obtain amide compound 16, followed by the hydrolysis of

methyl ester group under alkaline conditions to give 17. The de-

protection of 17 with hydrochloric acid led to the hydrochloride

salt of 18. The reaction of 18 with trifluoroacetic acid ethyl ester

afforded trifluoro-acetyl compound 19, which was then converted

to 20 via condensation. Dehydration of the amide moiety of 20 af-

forded Nirmatrelvir as the final product (Scheme 3) [32]. This route

is the original route announced by Pfizer, with a total yield of 48%.

In the method, the introduction of trifluoro-acetyl and the dehy-

dration amide moiety were completed after the condensation re-

action.

In Method 2, the reaction of azabicyclic 15 with (S)−3,3-

dimethyl-2-(2,2,2-trifluoroacetamido)butanoic acid initially gave

the intermediate 22. Hydration of 22 under alkaline conditions

led to intermediate 19. The condensation reaction of 19 with

(2R)−2-amino-3-(2-oxopyrrolidin-3-yl)propanenitrile led to Nirma-

trelvir (Scheme 3). This method is more concise and the total yield

of Nirmatrelvir can be enhanced to 60% [39]. In the method, the

introduction of trifluoroacetyl groups and the dehydration step of

amides in this route are completed before the condensation reac-

tion.

The data of the Phase II/III clinical trial (EPIC–HR) of non-

hospitalized patients with serious disease risk showed that com-

pared with the control group, Paxlovid could reduce the hospital-

ization or mortality rate of non-hospitalized patients with COVID-

Scheme 4. Synthetic routes for Favipiravir.

19 by 89% [40]. On December 22, 2021, the U.S. FDA approved

Paxlovid emergency use authorization for the treatment of mild

to moderate COVID-19 in adults and children (over 12 years old,

weighing at least 40 kg or about 88 pounds); On February 11, 2022,

China conditionally approved the import registration of Paxlovid.

On March 15, 2022, the National Health Commission of China is-

sued the Diagnosis and Treatment Plan for COVID-19 (Ninth Edi-

tion), which included Paxlovid in the diagnosis and treatment plan;

In the WHO updated treatment guidelines for COVID-19 in 2020,

Paxlovid is recommended for mild patients [41].

5. Favipiravir/Avigan

Favipiravir is an RNA dependent RNA polymerase (RdRp) in-

hibitor developed by Fuji Pharma Co., Ltd., which has strong anti

RNA virus activity. One of the synthetic routes of the molecule

employs pyrazine derivative 23 as the starting material (Scheme

4, method 1) [42]. In the method, 23 was initially converted into

24 via the classic diazotization method. Catalyzed by Pd2(dba)3,

the reaction of 24 with diphenylmethanimine led to intermedi-

ate 25, which led to 26 via ammonolysis reaction. Replacing the

amino group on the pyrazine ring of 26 with fluoro via the di-

azotization method could produce 27, which then led to Favipi-

ravir after demethylation. This route has a high cost and requires

multi-step column chromatography purification, resulting in low

overall yield and is unfavourable for industrial application. Another

synthetic route starts with 3-hydroxypyrazine-2-carboxamide 29

(Scheme 4, method 2) [43]. In the method, the bromination reac-

tion of 29 led to 30, which was then converted to 31 by treat-

ing with POCl3. Reaction of 31 with KF afforded the fluorine inter-

mediate 32, which was converted into 33 after hydrolysis in the

presence of CH3CO2Na. Hydrolysis of the nitrile moiety of 33 with

H2SO4 produced the final product Favipiravir. This method avoids

the generation of the explosive diazonium salt and is safe for op-

eration in industrial grade production.

In March 2014, Favipiravir was approved for listing in Japan.

It is effective for non-severe COVID-19 patients. However, because

the inflammatory reaction caused by COVID-19 pneumonia due to

immunity may inhibit the effect of the medicine, high dosage in-

take is necessary [44,45]. Although Favipiravir did not cause any

fatal adverse reactions or clinically significant improvements, more

investigations are required to clarify the long-term effects of the

medicine on patients [46].
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Scheme 5. Synthetic route for Azvudine.

6. Azvudine

Azvudine was originally a novel nucleoside reverse transcrip-

tase inhibitor with antiviral activity against human immunodefi-

ciency virus (HIV). It was also employed for COVID-19 treatment.

The molecule was synthesized by using furan derivative 34 as the

starting material (Scheme 5) [47–51]. In the method, the iodiza-

tion reaction of 34 with I2/PPh3 in the presence of imidazole in

THF initially led to the intermediate 35, which then led to the ter-

minal alkene 36 via the elimination of HI by treating with NaOMe

in MeOH. Addition of [Bn(Et)3N]N3 to the terminal C=C bond of 36

and the subsequent protection of its hydroxyl by benzoyl (Bz) led

to the intermediate 37, which then led to the BzO-protected inter-

mediate 39 through 38. Modification of the nitrogen heterocycle of

39 and the subsequent deprotection of hydroxyl afforded Azvudine

as the final product.

The clinical trial results show that Azvudine has the advantages

of low dosage, good effect, high safety, strong targeting and long-

term effect in the treatment of COVID-19. The daily dose of 5mg

per person shows good therapeutic effect on COVID-19 patients,

and has obvious inhibitory effect on COVID-19 variants [52–54]. On

August 9, 2022, Azvudine was included in China’s Diagnosis and

Treatment Plan for COVID-19 (Ninth Edition) as a therapeutic drug.

7. Sabizabulin

Sabizabulin (VERU-111) is an oral small molecule tubulin in-

hibitor developed by Veru. It has potential anti-tumor, antiviral

and anti-inflammatory activities and is a new COVID-19 candi-

date drug. The molecule can be synthesized from 1H-indole-3-

carbaldehyde 41 as being illustrated in Scheme 6 [55]. The reaction

of 41 with PhSO2Cl initially afforded the intermediate 42. Treating

42 in glyoxal/NH3 solution could form an imidazole cycle on its

aldehyde moiety to produce 43. Protection of the N–H of 43 by

PhSO2Cl led to 44, in which the C–H adjacent to nitrogen could

be converted into the carbon anion by t-BuLi, and the subsequent

reaction with 3,4,5-trimethoxybenzenesulfonyl chloride led to in-

termediate 45. Refluxing 45 with NaH in ethanol produced Sabiz-

abulin.

On April 11, 2022, Veru announced the planned mid-term posi-

tive efficacy and safety results of the COVID-19 clinical trial, which

evaluated the comparison of 9mg of the medicine to placebo in

150 high-risk hospitalized COVID-19 patients with acute respira-

Scheme 6. Synthetic route for Sabizabulin.

Scheme 7. Synthetic route for Proxalutamide.

tory distress syndrome (ARDS). Compared to placebo, Sabizabulin

reduced the number of deaths by 55%. In June 2022, Veru submit-

ted an emergency use authorization application to the FDA [56–

58]. On November 9, 2022, Veru announced that the FDA had re-

viewed Sabizabulin’s emergency use authorization for moderate to

severe COVID-19 inpatients with respiratory distress syndrome and

acute high risk.

8. Proxalutamide

Proxalutamide is a small molecule androgen receptor (AR) an-

tagonist jointly developed by Kintor Pharmaceutica and China

Medical University. It was synthesized from 4-(5-nitropyridin-2-

yl)butanoic acid 47 (Scheme 7) [59]. In the process, 47 was ini-

tially converted into the amide 49 via the intermediate ester 48.

Reaction of 49 with 1,3-dioxol-2-one formed the oxazole moiety to

give the intermediate 50. Reduction of the nitro group of 50 led to

51, which was then converted into 52 via the reaction with TMSCN

and acetone. Cyclization reaction of 52 with 53 produced Proxalu-

tamide.
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Scheme 8. Synthetic route for Ensitrelvir.

Proxalutamide can prevent the invasion of COVID-19 by down

regulating the expression levels of ACE2 and TMPRSS2 in host cells,

play an antiviral role in the early stage of COVID-19 infection, and

effectively improve the clinical symptoms of moderate and severe

patients in the middle and late stages of COVID-19 infection [60].

In September 2021, Proxalutamide was approved by China National

Drug Administration to conduct a Phase III clinical trial. The clini-

cal trial results of Proxalutamide in the treatment of patients with

mild to moderate symptoms show that it can 100% reduce the

risk of hospitalization in male patients and 90% reduce the risk

of hospitalization in female patients [61,62]. The clinical trial re-

sults in the treatment of patients with severe COVID-19 showed

that Proxalutamide could reduce the death risk of patients with

severe COVID-19 by 92%, and shorten the average hospital stay by

9 days [63].

9. Ensitrelvir

Ensitrelvir is a kind of non-peptide, non-covalent small

molecule 3CLpro inhibitor jointly developed by Shionogi

and Hokkaido University. Its synthetic route is illustrated in

Scheme 8 [64]. The nucleophilic substitution reaction of 3-(tert–

butyl)−6-(ethylthio)−1,3,5-triazine-2,4(1H,3H)–dione 55 with

1-(bromomethyl)−2,4,5-trifluorobenzene led to the intermediate

56, which could afford 57 after de-protection. The nucleophilic

reaction of the imide site in 57 with 3-(chloromethyl)−1-methyl-

1H-1,2,4-triazole led to 58, which reacted with 6–chloro-2-methyl-

2H-indazol-5-amine to produce Ensitrelvir.

On February 25, 2022, Shionogi submitted a manufacturing

and sales application to the Ministry of Health, Labour and Wel-

fare of Japan [65]. On March 16, 2022, FDA approved its clinical

trial application for a global multicenter Phase III clinical study

called SCORPIO–HR (NCT05305547) [66]. On July 4, 2022, Shionogi

submitted the relevant preparation materials for the new drug

marketing license application to the Centre for Drug Evaluation

(NMPA) of the State Drug Administration of China [67]. On Septem-

ber 29, 2022, Shionogi declared that the clinical trial results of

COVID-19 patients with mild/moderate symptoms showed that En-

sitrelvir could significantly shorten the time required for recovery

of patients with Omicron compared with the control drug. How-

Scheme 9. Synthetic route for Baricitinib.

Scheme 10. Synthetic route for Bemnifosbuvir.

ever, the results of Phase II/III clinical trial in Part 2b for asymp-

tomatic/mild COVID-19 infected patients showed that compared to

the control group, the proportion of virus titer positive patients de-

creased by about 90% [65,66,68].

10. Baricitinib

Baricitinib is a tyrosine protein kinase JAK1/2 inhibitor de-

veloped by Lilly and Incyte [69]. It was synthesized via the

method described in Scheme 9 [70]. First, the NH moiety in 4–

chloro-7H-pyrrolo[2,3-d]pyrimidine 60 was protected by using (2-

(chloromethoxy)ethyl)trimethylsilane via the nucleophilic reaction

to produce the intermediate 61. Suzuki coupling reaction of 61

with 62 produced the intermediate 63, which was then treated by

HCl to afford 64. Nucleophilic addition of NH in the 1H-pyrazole

moiety of 64 to the C=C adjacent to CN in 65 led to the interme-

diate 66. Treating 66 with LiBF4 removed the silicon moiety and

gave 67, which was then converted into Baricitinib via the depro-

tection reaction under pH 9–10 conditions with NH3
.H2O.
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Scheme 11. Synthetic route for PBI-0451.

Baricitinib is now the only JAK inhibitor that has been ap-

proved by FDA for COVID-19 treatment. The results of the clinical

trials (ACTT-2, COV-BARRIER) indicate that Baricitinib can reduce

the rate of death of the hospital patients, including HFNC or non-

ambulance patients [71,72]. On November 19, 2020, Baricitinib was

approved by FDA to be used in combination with Remdesivir for

the treatment of adult hospitalized COVID-19 patients who need

supplemental oxygen, non-invasive or invasive mechanical ventila-

tion or extracorporeal membrane oxygenation (ECMO). It is better

than Remdesivir alone in accelerating the improvement of clini-

cal status of COVID-2019 patients, and can shorten the recovery

time [73]. In May 2022, FDA approved Baricitinib for the treat-

ment of adult hospitalized patients with COVID-19 who need aux-

iliary oxygen supply, non-invasive/invasive mechanical ventilation

and ECMO [74].

11. Bemnifosbuvir

Bemnifosbuvir (AT-527) is an oral nucleoside based anti-COVID-

19 drug jointly developed by Atea Pharmaceuticals and Roche.

Scheme 10 is the synthetic route of this molecule [75]. The start-

ing molecule 69 was converted into 70 via the reduction of car-

bonyl by Li(OtBu)3AlH and the subsequent bromination by CBr4.

Promoted by tBuOK base, the nucleophilic substitution reaction of

70 with 71 led to the intermediate 72, which could produce 73 af-

ter deprotection of the hydroxyls. The transesterification reaction

of 74 with 73 finally afforded Bemnifosbuvir. The total yield of this

synthetic route is 61%.

Previously, Bemnifosbuvir is an oral purine nucleotide prodrug

used in the treatment of hepatitis C (HCV) and has now entered

the COVID-19 clinical trial Phase III study [76]. Bemnifosbuvir has

a unique mechanism of action, with dual targets of chain termina-

tion (RdRp) and nucleotide transferase (NiRAN) inhibition, demon-

strating good safety and tolerance, as well as low-risk drug inter-

actions, and has great potential as a drug for treating COVID-19

[77,78].

12. PBI-0451

PBI-0451 is a peptide like covalent inhibitor developed by

Pardes Biosciences [79]. The synthetic route of PBI-0451 is illus-

trated by Scheme 11 [80]. Deprotection reaction of amine in 76

with HCl led to the related salt 77. Condensation of 77 with car-

boxylic acid 78 led to the amide 79, which was converted into 80

after the ammonolysis reaction. Dehydration of the terminal amide

in 80 with Burgess reagent produced PBI-0451.

On February 3, 2022, the drug application of PBI-0451 was ap-

proved by FDA [81]. The results of non-clinical and Phase I clinical

trials indicate that PBI-0451 has good tolerance and oral bioavail-

ability [82]. In September 2022, Pardes Biosciences launched a

Phase II clinical trial, and the results are expected to be announced

in the first quarter of 2023 [83].

13. Conclusions and perspective

Since the end of 2019, the epidemic of COVID-19 has deeply

affected the global economic and political pattern. At present,

COVID-19 is still prevalent worldwide, posing a serious threat to

human life. As of June 7, 2023, there have been more than 767

million confirmed cases and more than 6.94 million deaths world-

wide [84]. In the face of the constantly mutating COVID-19, there is

an urgent need for effective therapeutic drugs to ensure the safety

of human life. That is to say, COVID-19 epidemic situation does not

stop, and new version viruses continue emerging recently. There-

fore, developing new medicines is still a meaningful task. As is well

known, vaccines, antibodies, and small molecule drugs are the key

to overcoming the epidemic. Among them, small molecule drugs

have the advantages of convenient administration, low production

cost, easy storage and transportation, and have become a hot spot

in the field of drug development against COVID-19.

In the future, with the rational application of new technologies

and strategies such as artificial intelligence and structure-based

drug design, it will certainly promote the discovery of more can-

didate small molecule drugs specifically against COVID-19. In addi-

tion to drug therapy, the authors believe that it is also important to

suppress the spread of COVID-19 and reduce its harm by improving

public immunity. For example, literature has reported a direct re-

lationship between selenium deficiency and severe damage caused

by COVID-19 [85]. Therefore, consuming sufficient selenium from

foods may be a good method for preventing the disease [86–88].

The related investigations are ongoing in our laboratory [89].
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