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Molnupiravir, the prodrug for -D-N4-hydroxycytidine (NHC), is 
marketed by Merck as Lagevrio™ against mild-moderate COVID-19, 
under FDA emergency use authorization. It was the first oral drug 
against the disease. This work describes two synthetic approaches 
to NHC and molnupiravir by amide activation in uridine with a 
peptide-coupling agent and with a 4-chloropyrimidinone 
nucleoside intermediate.

Introduction
The COVID-19 pandemic highlighted the need for rapid 
development and deployment of therapeutics against the rapid 
emergence of an infective agent. This led to developments in 
vaccines, monoclonal antibodies, immunoglobulins, and mRNA 
therapeutics.1 Among small molecule candidates (Figure 1), 
remdesivir, a nucleoside analogue, received FDA approval for 
use against COVID-19, but its administration requires IV 
infusion. Another nucleoside analogue that received emergency 
use authorization from the FDA is molnupiravir, marketed by 
Merck as Lagevrio™. This orally administered compound (also 
called MK-4482 or EIDD-2801) is a prodrug that undergoes 
hydrolysis to -D-N4-hydroxycytidine (NHC).2 Triphosphorylated 
NHC is then a substrate for RNA-dependent RNA polymerase 
(RdRp) in place of either cytidine or uridine triphosphate, and 
use of the ensuing RNA template by RdRp results in mutated 
viral RNA products through misincorporation of either A or G.3 
By contrast, the FDA approved Pfizer drug, Paxlovid™, is an 
orally administered combination of a viral main protease MPro 

inhibitor4,5 (nirmatrelvir) boosted by a protease inhibitor 
(ritonavir, used in treatment of HIV/AIDS) to inactivate 
nirmatrelvir metabolizing CYP3A4.4

According to the NIH guidelines, nirmatrelvir is preferred 
over molnupiravir for treating patients at high risk for disease 
progression,6 but a recent study demonstrates that both 
molnupiravir and nirmatrelvir are associated with mortality 
reduction.7 Neither drug is problem free. Paxlovid has 
significant drug-drug interactions,6,7 and triphosphorylated NHC 
has been shown to be a substrate for mitochondrial DNA-
dependent RNA-polymerase.8 The FDA determined that 
molnupiravir does not have drug-drug interactions and, on the 
basis of genotoxicity data, that it posed a low risk for the 5 days 
of treatment.7,9 Although there has been a recent claim that 
transmission of mutated virus could occur from molnupiravir-
treated patients who have not completely cleared the virus,10 
the US has a plan to purchase 1.7 million doses of 
molnupiravir.11 Recently, both N4-hydroxycytidine and 
molnupiravir have been found to show broad-spectrum activity 
against enterovirus in vitro and in vivo.12

Fig. 1 Currently utilized COVID-19 therapeutics.

The original patented 5-step approach to molnupiravir from 
uridine appeared prior to the pandemic.13 Subsequently, other 
approaches have been reported starting from uridine and 
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proceeding via its 2’,3’-acetonide-protected 5’-isobutyrate 
ester (as in the original patent). These involve (a) reordering the 
synthetic steps,14 (b) use of HMDS/imidazole instead of 
triazolization for C4 carbonyl group activation, followed by 
reaction with hydroxylammonium sulfate,15 and (c) conversion 
of the uridine derivative to a 4-thio derivative followed by 
reaction with NH2OH.16 A manufacture method for molnupiravir 
retains the original steps.17 Cytidine has been used as an 
alternate precursor, and both 2’,3’-acetonide-protected 
nucleoside18,19 as well as unprotected cytidine have been 
evaluated.20,21 In these cases, the final step is a transamination 
with NH2OH. A large-scale synthesis also utilized the 
unprotected nucleoside.22 In some cases, the impurity profile at 
the various steps has been assessed.19,21 Notably, in the 
methods proceeding without 2’,3’-protection, Novozyme 435 
(£18–132/g) and the isobutyrate ester of acetone oxime are 
required for installation of the 5’-ester.20–22 In another 
approach, DMF-dimethylacetal has been used to protect the 
2’,3’-hydroxyls as well as the C4 amino group but relies on the 
transamination.23 Finally, a glycosylation approach has been 
used to assemble suitable cytidine precursors that are then 

carried forth.24,25 Beyond these, enzymatic approaches have 
also been reported. In one, uridine 5’-isobutyrate ester was 
assembled by a combination of six enzymes, followed by 
chemical conversion to the C4 oxime.26 An engineered cytidine 
deaminase has been developed to access NHC directly from 
cytidine27 and NHC has also been prepared using four enzymes 
and an electrochemical recycling of ATP.28 Although not 
reported, in both cases the 5’-hydroxyl group of NHC can 
potentially be esterified with the isobutyrate ester of acetone 
oxime, but this reaction may need to be stopped short of 
completion20 or require an oxime diacylation step.21  Table 1 
summarizes elements of the previous methods.

Results and Discussion
Castro’s reagent, (benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate 
(BOP), is a carboxylic acid activator used for amide bond 
formation in peptide synthesis. This reagent has gained 
importance for substitution reactions on nucleoside substrates,  

Table 1  A summary of previous approaches to molnupiravir (references 27 and 28 describe intermediates and do not proceed to molnupiravir and therefore, are not included)

Ref. Number of steps and key features Precursor (scale) Overall yield
13 Original patent: five discrete steps. Uridine (5 g) 17%
14 Modification of original patent: six steps with an in situ TMS protection of sugar prior to a one-pot 

triazolization and esterification, and acetonide deprotection by continuous flow due for ester deprotection.
Uridine (5 g) 61%

15 Four steps, with a two-step, one-pot acetonide formation and esterification, followed by a two-step one-pot 
oxime introduction and deprotection.

Uridine (5 g)
Uridine (10 g)

68%
64%

16 Five steps, three discrete steps followed by a two-step, one-pot introduction of the oxime unit and 
acetonide hydrolysis.

Uridine (5 g) 62%

17 Manufacturing route: five discrete steps Uridine (55.18 g) 57%
18 Four steps, the transamination and deprotection steps could be telescoped by prolonging the reaction time. 

However, that led to some cleavage of the ester.
Cytidine (18.8 g) 44%

19 Multigram synthesis, four discrete steps. Cytidine (100 g) 36%
20 Two discrete steps involving an enzymatic esterification and transamination. Cytidine (5 g) 75%
21 Towards a manufacturing route, two discrete steps involving a transamination and an enzymatic 

esterification. The oxime ester by-product is cleaved in a separate step with 50% aq. NH2OH.
Cytidine (500 g) 60%

22 Supply-centred route, two discrete steps, enzymatic acylation followed by transamination. Cytidine (200 g) 41%
23 Three steps accomplished as a one-pot procedure. Cytidine (100 g) 63%
24 Nine steps, three discrete steps for preparation of the ribose unit, followed by the silyl Hilbert Johnson 

glycosylation, and a subsequent five discrete steps.
D-Ribose (5 g) 39%

25 Four discrete steps, two steps for preparation of the ribose unit, followed by glycosylation, and then 
introduction of the oxime unit and deprotection as a one-pot reaction

D-Ribose (20 g) 30%

26 Three discrete steps, one of which is the mono esterification of ribose and glycosylation by a biocatalytic 
cascade, followed by introduction of the oxime unit.

D-Ribose (50 g) 69%
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Notably, amide activation in pyrimidines and substitution with 
nucleophiles has been achieved in a two-step, one-pot manner 
by activation of the amide linkages in purine and pyrimidine 
nucleosides.29–34 Therefore, we wanted to assess whether this 
methodology could provide an alternate discovery approach to 
molnupiravir. Our initial proposal was a Novozyme 435-
catalyzed acylation of the 5’-hydroxyl group in uridine, an in situ 
activation of the amide linkage of uridine, and reaction with 
NH2OH.

Esterification of the 5’-hydroxyl group was attempted using 
the isobutyrate ester of acetone oxime ((CH3)2C=N-OCOiBu, 
Scheme 1, Method A). However, in our hands this reaction was 
capricious, and use of the crude oxime ester (deep orange 
colour) did not yield product 1. We reasoned that enzyme 
inactivation occurred by some contaminant(s) not detectable in 
the 1H NMR spectrum of the oxime ester. Chromatography of 
the oxime ester over silica gel gave a pale-yellow sample that 
was successfully applied to obtaining the 5’-ester (56% yield on 
a 0.2 mmol scale). A nearly ten-fold scale-up led to multiple 
unidentified by-products that rendered product purification 
difficult. 

Scheme 1. The first approach to molnupiravir.

Because of these issues, (iBuCO)2O was applied under 
slightly modified conditions (Scheme 1, Method B).35 Product 1 
was successfully obtained in a 74% yield on a 2.06 mmol scale 
(77% on a 0.20 mmol scale). However, surprisingly, subjecting 
this acyl derivative to reaction with BOP (2 equiv.) and Cs2CO3 
(2 equiv.) in MeCN, at room temperature, did not show 
formation of the uridine O4-(benzotriazol-1-yl) intermediate. 
Adding more BOP (1 equiv.) and Cs2CO3 (2 equiv.) to the 
reaction did not change the outcome. It was noticed that Cs2CO3 
turned to a spherical ball during the reaction course. DBU, 
successfully used for the activation of pyrimidine 
nucleosides,33,34 was evaluated next, but without success here. 
Assuming that the free hydroxyl groups could be a problem, 
iPr2NEt (pKa 8.5 in DMSO) was used in place of DBU (pKa 13.9 in 
DMSO). But this was also unsuccessful.

Fully silylated pyrimidine nucleosides have been successfully 
activated by BOP and subjected to substitution reactions.33,34 
Thus, we considered use of 2’,3’,5’-tri-O-TBS-protected uridine 
(2, Scheme 2, Method A). Exposure of this precursor to 
BOP/Cs2CO3 gave the uridine O4-(benzotriazol-1-yl) 
intermediate within 30 min. Subsequent addition of aqueous 
NH2OH then gave the oxime 3 (83% yield on a 0.09 mmol scale, 
82% on a 0.5 mmol scale). On the larger scale, a minor 

contaminant 4 (4.4% by 1H NMR) was observed to form. While 
this by-product, not observed on the smaller scale reaction, can 
in theory also undergo conversion to 3, this was not pursued. 
Formation of such a by-product has been noted previously.33 
Desilylation of compound 3 (and the by-product) with 
Et3N•3HF, followed by washing CH2Cl2, gave NHC without the 
presence of a by-product. 
Scheme 2. Approaches to -D-N4-hydroxycytidine (NHC) by pyrimidine amide 
group activation with BOP and via C4 chlorination.

In a second approach (Method B), silylated uridine was 
chlorinated at the C4 position with PPh3/CCl4 in CH2Cl2.36–38 
Evaporation of the volatiles, followed by exposure of the crude 
4-chloropyrimidinone nucleoside to aqueous NH2OH in MeCN 
also gave product 3 (90% yield on a 0.09 mmol scale, 66% on a 
0.5 mmol scale).
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Scheme 3. Approaches to molnupiravir by pyrimidine amide group activation and 
via C4 chlorination.

Having developed these two approaches to NHC, we 
modified these to access molnupiravir. The approach relied on 
a selective, hydrolytic release of the 5’-hydroxyl group from 
persilylated nucleosides (Scheme 3).39–41 Exposure of precursor 
2 to 50% aqueous TFA at 0 oC gave intermediate 5 (66% yield on 
an 8.6 mmol scale) and esterification of the 5’-hydroxyl group 
gave orthogonally protected intermediate 6 (83% yield on a 5.0 
mmol scale). Application of the two-step, amide activation 
protocol with BOP/Cs2CO3, followed by reaction with aqueous 
NH2OH, as a one-pot procedure, gave protected oxime 7 (67% 
yield on a 2 mmol scale, Method A). Application of the in situ 
formed C4 chloropyrimidinone nucleoside also proceeded well 
(64% on a 0.5 mmol scale, Method B). Two fluoride sources 
were investigated for desilylation. n-Bu4NF (2.5 eq. in THF at rt) 
was inferior, returning only a 42% yield of molnupiravir (0.2 
mmol scale). On the other hand, Et3N•3HF gave a much better 
62% yield (on a 0.5 mmol scale).

With the synthetic campaign completed, we attempted to 
crystallize NHC and molnupiravir. Unfortunately, we were 
unable to crystallize the latter under a variety of conditions. 
However, crystals of NHC obtained from MeCN with a trace of 
MeOH were used for X-ray crystallographic analysis (Figure 3, 
CCDC 2307658). The structure revealed an NHC monohydrate in 
the monoclinic space group P21. This is in contrast to a 
previously reported NHC•OH2 polymorph that crystallized in a 
different monoclinic space group, C2, from both H2O and 
anhydrous DMF.21 NHC takes on slightly different 
conformations in each polymorph, likely driven by the 
difference in hydrogen bonding networks. Most notably, the 
oxime is responsible for the hydrogen bond to the water oxygen 
in the C2 polymorph, while the 5’-hydroxymethyl is the 
comparable H-bond donor in the P21 polymorph reported here. 
Additionally, the C2 polymorph displayed disorder between 
amino and imino tautomers of the oxime moiety, whereas no 
such disorder was observed for this P21 structure. 

Fig. 3 X-ray crystal structure of NHC (atomic displacement parameters are displayed at 
the 30% probability level) and an overlay of the P21 and C2 polymorphs showing the 
differing conformations.

Whereas this work describes bench-scale discovery 
chemistry, there is a question on scalability. In such a context, 
BOP and PyBOP (another peptide-coupling agent) have been 
used at scale42 (for example in the synthesis of MN44743 and an 
amphotericin B derivative44). In relation to the use of PPh3/CCl4, 
sustainable Appel reactions utilizing catalytic Ph3PO are 

known,45,46 and a recent study reported an environmentally 
benign Appel reaction and attempted to utilize a continuous 
flow synthesis.47 However, current equipment limitations at 
introducing slurries precluded success. Beyond these, removal 
of Ph3PO, and that too at scale is known.48–50 Nevertheless, 
process development is likely to lead to new approaches.

Conclusions
Our initial proposal of esterification of the 5’-hydroxyl 

group, followed by a two-step, one pot amide-group activation 
and substitution were not successful. However, in this aspect 
we determined that enzymatic esterification of uridine is easily 
performed with (iBuCO)2O, and this will find use in other 
chemistry. Because molnupiravir could not be obtained via this 
approach, 2’,3’,5’-O-silyl uridine (2) was considered as a 
substrate. This led to an evaluation of two approaches to NHC 
and molnupiravir. Protected uridine 2 underwent activation by 
BOP and it could also be converted to a C4 chloropyrimidinone 
nucleoside derivative. Reaction of each with NH2OH gave NHC 
(5) after complete desilylation. In both cases, the two steps can 
be telescoped into one-pot procedures. Protected uridine 
derivative 2 also provided a segue to molnupiravir. Selective 
cleavage of the 5’-silyl ether and esterification gave an 
intermediate that also underwent smooth amide group 
activation or conversion to a 4-chloropyrimidinone nucleoside 
intermediate. Again, as in the synthesis of NHC reaction of the 
electrophilic nucleoside intermediates with NH2OH and a final 
desilylation then led to molnupiravir. Here as well, the amide 
activation or conversion to the chloro nucleoside, and 
subsequent displacement could be telescoped into one-pot 
reactions. The overall approaches are unique from those 
reported and add to the arsenal of methods to these nucleoside 
oximes, as well as methodology for such nucleobase 
modification.
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