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Abstract—The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) as a new human coronavirus
has begun spreading over Wuhan City/China in December 2019, and then spread rapidly worldwide, causing
pneumonia called COVID-19. Up to now, the scientists have extensively attempted to find effective vaccines
and drugs for treatment of coronavirus infections. To this end, various pharmaceutical agents are undergoing
the clinical studies to assess their potency and efficacy against COVID-19. Based on the new findings, the
U.S. food and drug administration (FDA) has issued an emergency use authorization for remdesivir as an
effective anti-viral for remedying the hospitalized COVID-19 patients. Recently, the European medicines
agency has authorized the use of remdesivir for the treatment of COVID-19. Remdesivir as a nucleotide pro-
drug exhibits broad-spectrum antiviral activities against RNA viruses. In this short review, we have rendered
a brief overview of discovery and synthesis for remdesivir.
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INTRODUCTION
Coronaviruses (CoVs) belong to a family of envel-

oped viruses with single strand of positive sense RNA
that infects humans and various animals. The corona
virus has four genera: α, β, γ and δ as well as several
subgenera [1]. The severe acute respiratory syndrome
coronavirus 2 (SARS CoV-2) is known as a β-corona-

virus [2] which causes the disease COVID-19 [3]. In
1960, it was discovered that corona virus causes the
intestinal infections in several animals and humans.
They were also supposed to be the responsible for mild
illness such as the common cold [4]. Unfortunately, in
2003 this virus has mutated which caused the SARS
pandemic and middle east respiratory syndrome
(MERS) pandemic in 2012 which resulted in the mor-
tality rates more than 10 and 35%, respectively [5]. In
December 2019, world health organization [6]
reported the new coronavirus SARS CoV-2 which
resulted in an outbreak of pathogenic viral pneumonia
in Wuhan, Hubei Province, China [6]. Subsequently,
on March 11, 2020, WHO declared the SARS CoV-2
as a global pandemic [6].

Until now, there is not clinically proven therapeu-
tics for COVID-19 as a new pathogenic disease. How-
ever, there are few clinical trials on potential antiviral
therapies [7]. Remdesivir (Veklury, CAS no. 1809249-
37-3) as one of the first and effective clinical candi-
dates has received considerable attention in recent
months. In 2015, this antiviral drug was reported with
effective results against Ebola virus (EBOV) [8]. The
U.S. food and drug administration (FDA) has issued
an emergency use authorization for using remdesivir
as the treatment of hospitalized COVID-19 patients.
Recently, European medicines agency has authorized
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Fig. 1. Structure of nucleoside and nucleotide analogues.
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the use of remdesivir for the treatment of COVID-19
[9]. Remdesivir inhibits viral RNA synthesis and shows
the activity in animal models and cell culture against
SARS-CoV, MERS-CoV, and SARS-CoV-2 [10].

RESULTS AND DISCUSSION

Nucleosides and Nucleotides Structure

Primarily, Levene and Jacobs used the term of
“nucleoside” in 1909 [11]. Nucleosides have similar
structures to nucleotides. In general, nucleotide con-
RUSSIAN JOURNAL OF

Fig. 2. Natura
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tains a nucleobase, sugar, and at least one phosphate
(or phosphate-like) group while nucleoside merely
contains nucleobase and sugar moieties (Fig. 1).

Natural Nucleosides
Natural nucleosides are those obtained from

hydrolysis of RNA and DNA in the living cells as well
as biochemical events that metabolize the classic
nucleosides into their corresponding derivatives. This
modification or changes in structure can be achieved
on either nucleobases or sugar moiety distinctly or
simultaneously. As an instance, the alteration in ade-
nine residue of adenosine resulted in inosine by a met-
abolic action of adenosine deaminase in living cell
[12]. The most abundant classic nucleosides in living
organisms are represented in Fig. 2.

Modification in Nucleosides Structure
The wonderful therapeutic behavior of classic

nucleosides from many aspects of drug discovery as
well as their wide biochemical studies have encour-
aged many medicinal chemists to synthesis a large
number of classic nucleoside derivatives. The modifi-
cations and/or alterations on structure of nucleosides
can be conducted either partially or fundamentally. In
partial modifications, the altered structure has a
remarkable resemblance to its parent classic nucleo-
sides whereas in the fundamental modifications; the
structure has a few similarities. Considering the gen-
eral structure of classic nucleosides shown in Fig. 3,
 BIOORGANIC CHEMISTRY  Vol. 47  No. 3  2021
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Fig. 3. General changes in structure of classic nucleosides.
Modification in structure can be categorized in (I) nucleo-
bases (blue); (II) side chains (green) and (III) sugar moiety
(red).
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the modification in structure can be categorized in; (I)
nucleobases; (II) side chains and (III) sugar moiety
[13–16].

Sugar Modifications
The broad range of biological activity of sugar-

modified nucleosides has brought them to main syn-
thetic targets and useful candidates to develop the
modified drug therapies to treat the human diseases.
These nucleoside derivatives were known to be as
interesting and useful agents in cancer and viral che-
motherapy [17]. The SAR analysis has well indicated
that the addition of the 1'-methyl group not only
causes the instability of the glycosidic bond but also in
turn leads to the lack of activity displayed by 1'-ana-
logues of nucleosides [18, 19]. Generally, the glyco-
sidic linkage is stable under physiological conditions;
however, several factors such as pH, 1'-substituents
and type of nucleobase, can extensively affect this
bond [19–22]. Additionally, replacing the substituent
from hydrogen to any other groups at the 1' position
could have an intense effect on glycosidic bond cleav-
age either through electronic or steric effects [20, 23,
24]. Researchers reported that by replacing (O–C–N)
glycosidic bond with (O–C–C) bond which is found
in C-nucleosides then, one would be able to add 1'-sub-
stituents without compromising the integrity of the
glycosidic bond [20, 25, 26]. The SAR study on several
1'-substituted analogues demonstrated that the
1'-cyano analogue shows a wide range of antiviral
activity against plenty of viruses such as hepatitis C
virus (HCV), influenza A, par influenza, yellow fever
virus (YFV), dengue-2 virus (DENV-2), SARS-CoV,
with the greatest antiviral activity against Ebola virus
(EBOV) [19, 27]. Since 1'-cyano analogue exhibited
wide spectrum of antiviral activity, scientists at Gilead
carried out a computational docking study with the
triphosphate analogue of the 1'-cyano analogue of
nucleosides and diverse RNA virus polymerases. They
have also determined that the1'-cyano group occupies
a major pocket present only in the viral polymerase
binding site, which causes the increased selectivity of
the 1'-cyano analogues for viral polymerases over
human polymerases [27, 28].

Development and Synthesis of Remdesivir
A successful collaboration between Gilead, the

U.S. centers for disease control and prevention (CDC)
and the U.S. army medical research institute of infec-
tious diseases (USAMRIID) resulted in formulation
of remdesivir (Veklury, GS-5734). The scientists
intended to find therapeutic agents for treating disease
caused by RNA viruses such as EBOV and the corona-
viridae family viruses like SARS and MERS. At the
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
beginning of the exploration, almost a library of
1000 various nucleoside derivatives was evaluated
based on the previous information on potent antiviral
compounds that targeting RNA viruses. Since nucleo-
sides are known as cell-permeable compounds, then
the modified nucleosides by group such as monophos-
phate, ester, and phosphoramidate prodrugs involve as
a considerable part of the library [29, 30]. Researcher
at Gilead Sciences found that 1'-CN modified ade-
nosine C-nucleoside exhibits potent activity against
EBOV in Hela and Human umbilical vein endothelial
cells (HMVEC) [27, 31]. This effective compound was
named as remdesivir (GS-5734). Remdesivir is one of
the clinical candidates for EBOV that has received
particular attention as a drug candidate against novel
2019 corona virus [8, 32]. According to the obtained
results, the parent nucleoside 1 and its potent phos-
phoramidate prodrug diastereoisomer 2 (GS-5734)
were selected for further development (Fig. 4). The
prodrug diastereoisomer 2 has effective in vitro activity
against human and zoonotic coronaviruses like RCV
(rat coronavirus), HCV, MERS- CoV and SARS-CoV.
Compound 1 is also shown potent anti-EBOV activity.
This broad-spectrum antiviral activity of 2 (remde-
sivir) has been led to its investigation against the 2020
pandemic Covid-19 caused by SARS-CoV-2.

Remdesivir as an RNA polymerase inhibitor can be
converted into its triphosphate metabolite 3 in human
cells which is taken up in place of adenosine triphos-
phate by the viral RNA polymerase, thereby crippling
the virus replication (Fig. 5) [1].

The researchers at Gilead [27] synthesized com-
pound 1, starting from tribenzyl protected lactol 4 fol-
lowed by oxidation to its corresponding lactone 5
(Scheme 1).
ol. 47  No. 3  2021
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Fig. 4. Structures of compounds 1 and remdesivir.
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Scheme 1. Synthesis of compound 1 (GS441524).
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The next step was reaction of ribolactone 5 with a which results in lithium–halogen exchange facilitating

bromo pyrrolotriazine nucleus 6. Two conditions were
examined to achieve the C-C bond formation afford-
ing compound 7. The first method (i.e.: a) involves
addition of compound 6 to excess n-BuLi at –78°C
RUSSIAN JOURNAL OF

Fig. 5. Structure of compound 3 as metabolite of remdesivir.
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by N-silyl protection of compound 6. Then, addition
of this in situ generated reagent to the ribolactone 5
affords intermediate 7 in 25% yield [27, 33]. The
another condition (i.e.: b) employs 1,2-bis(chlorodi-
methylsilyl) ethane and sodium hydride, followed by
lithium-halogen exchange, and addition to the lactone
5 to generate 7 in 60% yield [19, 33]. Compound 7 was
separated as a mixture of two 1'-isomers which under-
goes the subsequent 1'-cyanation reaction to obtain
the β-anomer 8 after purification by chromatography
[34]. Subsequently, three benzyl groups deprotection
affords the 1'-cyano modified adenine nucleoside 1.

As can be seen in Scheme 2, the diastereomeric mix-
ture of the phosphoramidoyl chloridate prodrug 11 was
prepared from the L-alanine analogue 9 [35].
 BIOORGANIC CHEMISTRY  Vol. 47  No. 3  2021
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Scheme 2. Preparation of diastereoisomeric mixture of compound 11.

Finally, coupling of nucleoside 1 with chloridate
11 affords the phosphoramidate prodrug mixture 2
almost in 1 : 1 diastereomeric ratio. Using chiral
HPLC, the two diastereomers were separated to pro-
vide the Sp 2a and Rp 2b isomers, respectively
(Scheme 3) [12]. However, the differences in yields,
suboptimal selectivity, dependency on rate of n-BuLi

addition, frequent use of cryogenic temperatures,
and need for chiral chromatography restrict the
application of this method in a large scale synthesis.
In continue, Mackman and coworkers efforts were
directed towards using milder reagents and tempera-
ture and obtaining enhanced selectivity (Scheme 4)
[8, 27].

Scheme 3. Gilead Sciences, Inc synthesis method for preparation of Sp (remdesivir) and Rp isomer.
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Scheme 4. Synthesis of compound 13.

The second preparative method [8, 27] was
reported with preparation of the single Sp isomer
(remdesivir) on suitable scales. According to Scheme 4,
the glycosylation step employed the iodo-base 12
instead of the bromo-base 6 with replacement of the
inconsistent n-BuLi method by the Turbo Grignard
reagent i-PrMgCl.LiCl [36]. Treatment of PhMgCl
with TMSCl has led to a better control in the amino
protection, and the use of iodo-base 12 has enabled
more facile metal-halogen exchange than its bromo
derivative. Then, addition of i-PrMgCl.LiCl followed
by the ribolactone 5 at −20°C produced the glyco-
sylated intermediate 7 in 40% yield. This current pro-
tocol was more accepted due to its consistent yields at
milder temperatures, hence it is more proper for scale-
up synthesis.

The reaction of 7 with TMSCN, TMSOTf, and
TfOH at –78°C gave the product 8 nearly in 95 : 5
anomeric ratio. The presence of TfOH was crucial for
acquiring the high yield and selectivity toward the
desired β-anomer. Removal of three benzyl protecting
groups was carried out through the reaction of 8 with
BCl3 to afford compound 1 after crystallization. To
prepare compound 13 in a high yield, 2',3'-acetonide
protection of the hydroxyl moieties was conducted
using 2,2-dimethoxypropane in the presence of
H2SO4 [27, 37].

As can be seen in Scheme 5, choosing p-nitrophe-
nolate precursor 14 instead of chloridate 11 generates
a single Sp isomer 15 after crystallization. This route is
very effective towards the stereoselective synthesis of
the final product [27].

Scheme 5. Pathway for preparation of Sp isomer.
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The reaction of the acetonide protected nucleo-
side 13 with compound 15 in the presence of MgCl2

and Hunig’s base affords the corresponding inter-
mediate in 70% yield as a single Sp isomer through

 type inversion of the phosphorus stereocenter.
Finally, the deprotection of the acetonide with con-
centrated HCl in THF afforded 2 in 69% yield
(Scheme 6) [27, 37].

Scheme 6. The effective method for synthesis of compound 2

In this paper, the second preparative method for
synthesis of remdesivir was reported with remarkable
improvements in terms of yields, stereoselectivity and
scalability by chiral separation [27].

In 2012, scientist at Gilead company synthesized a
series of 1'-substituted 4-aza-7,9-dideazaadenosine
C-nucleosides [19]. This group of nucleosides dis-
played a wide range of inhibitory activity against
several RNA viruses. This approach was started with
lithiating a bromo pyrrolotriazine nucleus 6
(Scheme 7) [38]. Since compound 6 has an amino
group with acidic property and its low solubility in
THF, the excess of n-BuLi at –78°C provided the
lithio compound which is reacted with the tribenzyl
lactone 5 [39] to afford 7 with anomeric ratio of 3 :
1 in 38% yield. The researchers have found that the
yield of compound 7 can be increased to 60% when
the 6-amino group of 6 was transiently protected as
its stable adduct [34, 40, 41]. The hemiacetal 7 was
then subjected to anomeric reduction using
Trimethylsilyl cyanide (TMSCN) and boron trif lu-
oride etherate to obtain compound 8. The reaction
was carried out at 0°C to yield of 85 : 15 for β : α

anomers ratio, respectively. Removal of the three
benzyl protecting groups was carried out using
boron trichloride to afford the corresponding
nucleoside 1 within three steps (Scheme 7).

In another study, Metobo and coworkers reported
the synthesis of 1-substituted tubercidin C-nucleoside
analogues (Scheme 8) [34]. The synthesis was started
with lithiation of compound 6 [38] which is soluble in
THF. The addition of n-butyl lithium to 6 at –78°C
produces the lithio compound which reacts with lac-
tone 5 [39] to obtain hemiacetal 7. In this procedure,
the absolute stereochemistry was not determined.
The resulting hemiacetal 7 was then subjected to
anomeric reduction using triethylsilane and boron
trif luoride etherate to provide 8d. The reaction was
carried out at 0°C to yield 95 : 5 ratio of β : α ano-
mers. Subsequently, the benzyl protecting groups
were removed using boron trichloride to afford com-
pound 1d in 40% yield.

This research group also reported that compound 7
could act as an intermediate for preparation of 1'-sub-
stituted nucleoside derivatives [34] (Scheme 9).
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Scheme 7. The pathway for synthesis of compound 1 and their derivatives

Scheme 8. Synthesis method for preparation of 1d.
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Scheme 9. The pat way for synthesis of compound 8 and 8a.

The stereochemical alterations through the addi-
tion of diverse nucleophiles to 7 was also investi-
gated. Nitrile 8 was obtained using trimethylsilyl
cyanide in the presence of boron trif luoride ether-
ate. Unlike the obtained results from the anomeric
reductions with trimethylsilyl cyanide at 0°C with
no stereoselectivity (57 : 43 β : α), when the reac-
tion was carried out at –78°C, the anomeric stereo-
selectivity was enhanced to 89 : 11 (β : α) in 65% yield.
It is clear that temperature influenced on the sterioiso-
meric ratio. Nitrile 8 was also prepared in the presence
of boron trif luoride diethyl etherate as a Lewis acid

without any significant diminishment in selectivity
and yield (85 : 15, β : α). To prepare 1'-methyl ana-
logue 8a, the reaction was performed at 0°C in the
presence of trimethyl aluminum and boron trif luoride
etherate to afford approximately 45% yield of product
in 52 : 48 (β : α) mixture of the two anomers [34].

Metobo and coworkers reported that temperature
has remarkably affected the stereoisomeric ratio when
compound 7 is encountered the certain nucleophiles
[34]. The suggested mechanism for the stereoselective
anomeric reduction of 7 is shown in Scheme 10 [34].

Scheme 10. Proposed mechanism for stereoselective dehydroxylation of 7.

The interaction of silicon at 0°C with oxygen of
benzyloxy moiety at C(2') in compound 7 results in
hydride attack at C(1') in favored face to furnish only
the β anomer. For 8d, this proposed chelation is com-
promised as evidenced by the loss of its selectivity.
However, at –78°C, the stereoselectivity in the cyana-
tion step is occurred and chelation of the silicon atom
of the trimethylsilyl cyanide with the benzyloxy group
is achieved, effectively (Fig. 6). This interaction leads
to the suitable attack of the cyanide from the favorable
face.

To date, it is not clear that either 2' or 3' benzyloxy
group plays an important role to determine the streo-
selectivity. The result of methyl addition to the 1' posi-
tion has indicated that 1 : 1 (β : α) anomeric mixture
of the corresponding product is obtained that
attributed to weaker interaction between aluminum
and benzyloxy group at 0°C [34].

Vieira and coworkers reported the novel method
for development of a manufacturing scale for cyana-
tion process using continuous f low chemistry en route
to synthesize remdesivier [42]. To scale-up synthesis
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of compound 8, two procedures were developed: (i) a
batch cyanation process for preparation of compound
8; (ii) using continuous f low for a cyanation process.
The first method requires cryogenic reaction tempera-
tures; however, Vieira and coworkers optimized the
reaction conditions and reported a larger-scale syn-
thesis of remdesivir. Throughout the scale-up synthe-
sis, trimethylsilyl trif luoromethanesulfonate
(TMSOTf) and trimethylsilyl cyanide (TMSCN) were
each added over roughly 30 min to continue the reac-
RUSSIAN JOURNAL OF

Fig. 6. Interaction of compound 7 with triethylsilyl
reagent.

BnO
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O
Si
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N
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R = CN, allyl
tion at the target temperature of –30°C (Scheme 11).
Increasing the time to 30 min leads to decomposition
of the reaction mixture and lower diastereoselectivity.
This result was achieved by combining the starting
material 7 in dichloromethane (DCM) and trif luoro-
acetic acid (TFA) at –30°C and adding a mixture of
TMSOTf and TMSCN in DCM at –30°C. The com-
pound 8 could be selectivity crystallized from either
mixed solvent system (ethyl acetate and heptane) or
single solvent such as 2-propanol or toluene.
Scheme 11. The preparation method for synthesis of 8 (α(10%)&β(90%)).
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As can be seen in Scheme 12, Vieira and coworkers gnard reaction mixture was transferred into the lac-

has reported a new and effective method for prepara-
tion of large scale of compound 7 [42]. According to
Scheme 12, anhydrous neodymium(III) chloride,
tetra-n-butylammonium chloride and tetrahydrofuran
were used and the mixture was cooled to 22°C. Then,
compound 5 was added and the mixture was cooled to
–20°C. Next, in a double-necked round-bottom
flask, compound 12 and THF was combined and
cooled about 0°C. Afterward, chlorotrimethylsilane
was added slowly and after 30 min, the mixture was
cooled to –10°C. Phenylmagnesium chloride (in
THF) was charged slowly and after 30 min the reaction
mixture was cooled to –20°C. Isopropylmagnesium
chloride was added dropwise and after 2 h, the Gri-
tone/NdCl3/n-Bu4NCl/THF mixture. The resulting
mixture was stirred at –20°C, and after 8 h, a solution
of acetic acid and water was added. The resulting mix-
ture was warmed to 22°C, and isopropyl acetate
(i-PrOAc) was added. The organic layer was separated
and washed with aqueous potassium bicarbonate and
aqueous sodium chloride. Then, i-PrOAc was charged
again and the mixture was washed with water. After
evaporation of organic layer in vacuo, the methyl tert-
butyl ether (MTBE) was charged, and the mixture was
adjusted to about 22°C, the crystals of compound 1
were prepared and the mixture was cooled to 0°C.
Then, compound 7 was dried in vacuo and the result-
ing yield was 69% with 100% purity.

Xue et al. was improved the C-glycosylation step
for the synthesis of remdesivir [43]. As can be seen in
Scheme 13, efficient protection of the free amine
group in 6 would be essential for the successful addi-
tion reaction of base 6 to lactone 5. They confirmed
that the addition of a secondary amine such as diiso-
propylamine can be useful for improving the reaction
efficiency. The importance of this method is amenable
to hectogram scale synthesis of product 7 without col-
umn chromatographic operations in large-scale man-
ufacture and this procedure would be highly advanta-
geous for the large-scale manufacture of the remde-
sivir [43].
 BIOORGANIC CHEMISTRY  Vol. 47  No. 3  2021
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Scheme 12. The effective method for preparation of large scale of compound 7

Scheme 13. Scale-up synthesis of compound 7.

Scheme 14. Catalytic asymmetric synthesis of remdesivir.

Wang et al reported the novel and efficient method
for developing the catalytic asymmetric synthesis of
the remdesivir [44]. As can be seen in Scheme 14, they
confirmed that the chiral bicyclic imidazole catalyzed
the coupling of the P-racemic phosphoryl chloride 11
with protected nucleoside 1 (GS441524). This unique
chiral catalyst was very important for the dynamic
kinetic asymmetric transformation (DyKAT) to pro-
ceed excellent stereoselectivity (96% conv., 22 : 1 Sp :
Rp). This group recognized 10-gram scale reaction of
compounds 11 and 1 in the present of 10 mol % of
effective chiral bicyclic imidazole catalyst and 2,6-
lutidine as a base in DCM at –40°C for 48 hours pro-
duced Sp-remdesivir with 96% conversion (22 : 1 Sp :
Rp). In conclusion, this method of synthesis showed

its potential for industrial application and mass pro-
duction [44].

Owing to pandemic of COVID-19 in the whole
world, thus it is critically essential to develop therapies
for COVID-19 [45]. Recently, remdesivir as a promis-
ing drug for COVID-19 has received more attention,
this drug has played an important role in mitigating
the mortality and morbidity [46–53], therefore the
potential therapeutic properties of this drug have
encouraged the organic and medicinal chemists and
other researchers to find the new synthetic procedures
and methods [31, 37, 43, 54]. This review help organic
and medicinal chemists to compare diverse methods
for synthesis of remdesivir.
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CONCLUSION

Recently, WHO declared COVID-19 pandemic as
a public health emergency of international concern
(PHEIC). Since then, researchers across the world
have motivated to discover, develop and evaluate
potential therapeutics against SARS-CoV-2. Evaluat-
ing an effective small chemical molecule drug will be
the best, fast and effective therapeutic method.
Between various antiviral candidate therapies, remde-
sivir has demonstrated to be a potent antiviral drug
that inhibits viral RNA synthesis. Recently, there are
supportive evidences for yielding some clinical
improvement in COVID-19 patients. Based on these
findings, FDA and EMA have issued an emergency
use authorization for the emergency use of remdesivir
as the treatment of hospitalized COVID-19 patients.
This is the first drug that having FDA and EMA
approval for marketing as a treatment for SARS-CoV-2.
As a result, synthesis of this effective antiviral drug has
attracted considerable attention across the world.
Herein, we brief ly discussed about discovery and syn-
thesis of remdesivir.
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