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ABSTRACT: Molnupiravir (MK-4482) is an investigational 
direct-acting antiviral agent that is under development for the 
treatment of COVID-19. Given the potential high demand for this 
compound, it was critical to develop a sustainable and efficient 
synthesis from commodity raw materials. The three-step route that 
we report here embodies the shortest possible synthesis to 
molnupiravir, and was enabled through the invention of a novel 
biocatalytic cascade and final condensation step. Each step occurs 
in over 95% yield and only utilizes widely available commodity 
reagents and simple operations. Compared to the initial route, the 
new route is 70% shorter, and approximately seven-fold higher in 
overall yield.  

The ongoing COVID-19 pandemic caused by the SARS-CoV-2 
virus has been devastating to the global population, with well-over 
1.5 million deaths and rising infection rates around the world.1 In 
addition to novel vaccines, the development and supply of a direct-
acting antiviral (DAA) compound to treat patients with COVID-19 
is critical to ending the pandemic. To that end, molnupiravir (MK-
4482, formerly EIDD-2801) is an orally-dosed DAA agent 
currently in clinical trials for the treatment of patients with mild, 
moderate, or severe COVID-19.2 Given the anticipated widespread 
demand, the primary challenge of this effort is ensuring a robust 
manufacturing route that could supply hundreds of metric tons of 
molnupiravir across the globe. 

To date, reported syntheses of molnupiravir have relied on 
building blocks, reagents, and reaction conditions that do not meet 
our criteria for an aspirational synthesis (Figure 1A).3 It is essential 
to use only true commodity raw materials available on multi-metric 
ton scale, processes, reagents, in quantities that are inherently 
sustainable and green, and to establish a route that can quickly 
deliver high quality API without the need for chromatography. By 
this assessment, neither cytidine nor uridine should be considered 
as true commodity raw materials, as both are typically prepared in 
at least four steps from ribose, their syntheses are not inherently 
green, and each has supply chain risks on the scales needed. Thus, 
we focused exclusively on ambitious routes that use ribose as the 
starting material. In order to meet these aspirational targets, we 
invested in the development of a route that best aligned with the 
criteria listed above, and would allow facile isolation of 

intermediates and API. However, the identified route (Figure 1B, 
for additional routes investigated, see the Supporting Information) 
relies on multiple unknown transformations (vide infra), that would 
require enzyme evolution, reaction invention, and process 
development to ensure molnupiravir could be made in high-purity 
from only commodity reagents and raw materials. Herein we 
present the development of a high-yielding three-step route that 
incorporates a novel enzymatic cascade to prepare to molnupiravir 
from true commodity chemicals, enabling worldwide access to this 
critical therapeutic. 
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Figure 1. Original route and new three-step route chosen for the synthesis 
of molnupiravir. 

Our synthesis begins with the selective esterification of ribose at 
the primary alcohol. While selective functionalization of a primary 



 

 

alcohol in the presence of secondary alcohols seemingly represents 
a simple transformation, this step is inherently difficult for several 
reasons: i) ribose adopts a pyranose form in many solvents4 in 
which the primary alcohol is present as a hemi-acetal, ii) ribose has 
poor solubility in inert solvents that are of relevance to process 
chemistry, iii) the ester product is more soluble than ribose leading 
to potential over-reaction at the other alcohol positions, and iv) the 
product is highly water soluble and poorly crystalline making 
separation from other components difficult. The reactivity 
challenges can be well-addressed by using biocatalysis, whereby 
the deployment of an enzyme would be expected to obviate the 
known selectivity challenges. Toward this goal, a panel of lipase 
enzymes5 were investigated with O-isobutyryl acetone oxime6 as 
the isobutyryl donor, and proof of concept was rapidly obtained 
with multiple commercial lipases to afford 1 in modest yields (see 
Supporting Information). Consistent with our hypothesis, 
selectivity for the desired product was high, with only trace 
amounts of any side-products formed.  

Given the demonstration of selective esterification using lipase 
enzymes, and the known challenge of product isolation, efforts 
were focused on the use of Novozym 435, an immobilized CalB 
lipase available in multi-metric ton quantities from Novozymes, to 
effect the esterification.7 Simultaneously, we shifted to the use of 
isobutyric anhydride as the isobutyryl donor, as it is a commodity 
raw material in-line with our aspirational goals, in contrast to the 
oxime reagent. Through a survey of solvents and enzyme loadings 
(Scheme 1), it was found that the esterification of ribose in acetone 
with 10 wt% Novozym 435 provided the desired 5-isobutyryl 
ribose in 94% yield (entry 8), with only a small amount of di-ester 
byproducts formed. As parallel development revealed that the 
following step in the synthesis should be carried out under aqueous 
conditions, and the ribose ester was poorly crystalline and highly 
water soluble, the decision was made to process 1 as a solution in 
water and feed the aqueous solution directly into the next step. 
After completion, the reaction mixture was filtered to remove the 
immobilized enzyme, the solvent was switched to MTBE, and the 
product was extracted efficiently into water, with the excess 
isobutyric anhydride and most of the isobutyric acid byproduct 
removed in the organic phase. The aqueous solution of the product 
1 had high purity, was stable for over 1 month, and most 
importantly was suitable for use directly in the next step of the 
synthesis. 

Scheme 1. Esterification of ribose catalyzed by Novozym 435a 

OH

OHHO

O
O

O
OH

OHHO

O
HO

O

OO

2 equiv

+
Novozym 435

solvent
50 °C, 24 h

Entry Solvent Novozym 435 (wt%) Conversion (%) Yield (%)

1

2

3

4

5

6

7

8

EtOH

iPrOH

tBuOH

THF

Acetone

tBuOH

Acetone

Acetone

50

50

50

50

50

20

20

10

0

8

98

47

99

86

99

99

N/A

N/A

N/A

N/A

N/A

79

94

94

1

 
aConversions and assay yields based on ribose and measured using a 

calibrated UPLC-CAD instrument. Assay yields were not determined for 
entries with N/A in the yield column. Entry 8 afforded 92% isolated yield 
of 1 after workup. 

The second step of the synthesis relies on a previously unknown 
reaction that incorporates uracil into the anomeric position of 1. 
Biocatalytic strategies to convert ribose derivatives to nucleosides 
typically require a free C5-hydroxyl to allow formation of ribose 5-
phophate.8 The nucleoside is then formed by enzyme-catalyzed 
isomerization to the corresponding α-1-phosphate species followed 

by incorporation of the nucleobase with a nucleoside 
phosphorylase. However, this strategy can not be applied to 1, as it 
lacks a free 5-hydroxyl group, so a novel direct phosphorylation of 
the anomeric position was needed. 

In Nature, direct 1-phosphorylation of 5-S-methylthioribose 
(MTR) occurs as part of the methionine salvage pathway and is 
catalyzed by MTR kinases.9  Although MTR kinases do not 
participate in nucleoside biosynthesis in Nature, and we are 
unaware of any previous biocatalytic applications, we hypothesized 
that an MTR kinase could be leveraged to generate a 5-
isobutyrylribose-1-phosphate intermediate (1-phosphate, Scheme 
2), which we proposed could subsequently be converted by an 
appropriate nucleoside phosphorylase to 5’-isobutyryluridine (2). 

Scheme 2. Strategy to install uracil ring on 1 with MTR kinase and 
nucleoside phosphorylase enzymes 
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aFor clarity, salt form of 1-phosphate is not shown 

With this goal in mind, we initiated tandem screening efforts to 
identify an appropriate nucleoside phosphorylase and 1-kinase. 
Nucleoside phosphorylases10 catalyze equilibration between sugar 
1-phosphate and the nucleoside, affording the opportunity to screen 
the desired reaction in the reverse direction starting from 2. We 
constructed a diverse panel of nucleoside phosphorylase enzymes 
and screened for the phosphorolysis of 2 to generate 1 and uracil. 
From this panel, we identified E. coli uridine phosphorylase (UP; 
URP-003 from Codexis) as the most active, providing nearly 40 % 
cleavage in high-throughput screens.  

With a suitable nucleoside phosphorylase in hand, we examined 
the 1-phosphorylation to convert 1 to 1-phosphate.8c A panel of 
MTR kinase enzymes from diverse bacterial species was produced 
by heterologous expression in E. coli. The MTR kinases were then 
screened in a cascade reaction with E. coli uridine phosphorylase 
for the production of 2 from 1 and uracil in the presence of catalytic 
ATP and an ATP regeneration system consisting of acetate kinase 
(AcK) and propionyl phosphate (PrP)11 as the stoichiometric 
phosphate donor. Through these efforts, we identified several MTR 
kinases that catalyzed the phosphorylation reaction in the 
enzymatic cascade to prepare 2, albeit with modest activity that 
would require significant improvement to enable a viable process 
to molnupiravir.  

From these hits, the MTR kinase from Klebsiella spp. was 
chosen as a starting point for directed evolution. In phosphorylation 
reactions absent uridine phosphorylase, the 1-phosphate product 
could be observed by UPLC-CAD or UPLC-MS, which showed 
that the wild-type enzyme afforded 7:1 selectivity in favor of the 
desired -anomer. After only one round of engineering, the 
phosphorylation reaction could be run at high concentrations to 
produce 2 in >99% conversion and >99:1 diastereoselectivity. 
Additional rounds of evolution enabled significant reductions in 
enzyme loading. Likewise, E. coli  UP was also subjected to 
engineering, and a >3-fold improvement in activity was realized 
after one round of evolution.   

As the uracil incorporation reaction is reversible, removal of the 
inorganic phosphate byproduct was necessary to drive the reaction 
in the forward direction. This exclusion could be accomplished 
through the addition of sucrose and sucrose phosphorylase (SuP, 
Scheme 3) to sequester the phosphate as glucose 1-phosphate, in 
line with our previously reported synthesis of HIV therapeutic 
islatravir.8a While phosphate sequestration proved an effective 



 

 

strategy in increasing product formation, the use of a stoichiometric 
phosphate donor inherently leads to reaction inefficiencies, which 
we hypothesized could be addressed through the design of a 
phosphate recycling system. If successful, this phosphate recycling 
system would not only help to drive the equilibrium but also allow 
for elimination of sucrose and sucrose phosphorylase from the 
reaction mixture and reduction in loading of the phosphate donor, 
thereby achieving our ideal synthesis. 

Scheme 3. Enzymatic cascade from 1 to 2 with a stoichiometric 
phosphate donor and inorganic phosphate removal system 
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aFor clarity, salt forms of phosphate species are not shown 

In place of using a stoichiometric phosphate donor and inorganic 
phosphate scavenging system, an alternative approach was 
identified that utilizes the introduction of pyruvate oxidase (PO) to 
generate the high-energy phosphate donor in-situ (Scheme 4). PO 
catalyzes the oxygen-mediated formation of acetyl phosphate from 
pyruvic acid and inorganic phosphate.12 Since inorganic phosphate 
is the byproduct of the glycosylation reaction, we recognized that 
this strategy could enable transient formation and subsequent 
consumption of inorganic phosphate, avoiding both the need for a 
stoichiometric high-energy phosphate donor such as PrP and the 
need for separate phosphate sequestration. The use of PO for ATP 
regeneration has previously been reported to improve in-vitro 
protein synthesis,13 but we are unaware of other applications in 
biocatalysis.8,14 The full enzymatic cascade employs PO and AcK 
for ATP regeneration,14 MTR kinase for phosphorylation of 1, UP 
for uracil incorporation, and catalase to decompose hydrogen 
peroxide formed by PO. In total, this novel biocatalytic cascade can 
be run at a concentration of >80g/L of 1, forms the product in 
quantitative yield, and allows for facile isolation of 2 in >99.5 wt% 
purity through extraction with  2-MeTHF and subsequent 
crystallization (see Supporting Information). 

Scheme 4. Enzymatic cascade from 1 to 2 with PO and catalytic 
quantities of inorganic phosphate 
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shown. For additional details, see the Supporting Information.  

Completion of the synthesis of molnupiravir requires conversion 
of the amidic-carbonyl in the uracil ring to the corresponding 
oxime. Initial investigation into this transformation found that 
phosphate activating agents, such as diethyl chlorophosphate, 
could be used to selectively activate the targeted carbonyl group, 
and subsequent reaction with hydroxylamine served to form the 
API. Despite the success of this approach, the use of 
chlorophosphate reagents was not pursued as these are classified as 
highly toxic and hazardous reagents, the use of which are not in line 
with our aspirational goals. We anticipated that simple 
trimethylsilyl reagents could promote the desired transformation 
through TMS-activation of the uracil ring, with the reaction 
ultimately driven by the formation of innocuous 
hexamethyldisiloxane (TMS2O).15 While TMSCl is inexpensive 
and readily available, it carries corrosivity risks and handling 
concerns, thus we focused solely on reactions that utilize 
hexamethyldisilazane (HMDS) as a mild dehydrating agent that is 
readily available on metric-ton scales.  

Scheme 5. Conversion of 5’-isobutyryl uridine to molnupiravir 
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aConversion after 24 h based on UPLC absorbance at 254 nm. For 

additional details, see the Supporting Information. 

Exploration of reaction conditions with HMDS, acidic 
promoters and various hydroxylamine reagents was conducted and 
provided proof of concept for API formation. Our initial hit utilized 
sulfolane as a co-solvent and triflic acid as the acidic promoter at 
80 °C (Scheme 5, entry 2). Although sulfolane is a renewable 
solvent, it presents complications due to its high melting point for 
a solvent (27.5 °C) and the associated challenges with its removal 
in the API isolation. Similarly, the use of triflic acid led to fast 
reaction rates but was not pursued due to safety and handling 
concerns. Additionally, the harsh conditions required resulted in 
the formation of unidentified byproducts in the reaction mixture. 



 

 

Switching to sulfuric acid as the acid promoter provided the 
product in high conversion, and the use of the sulfate salt of 
hydroxylamine led to increased purity compared to previous 
reactions that had used the hydrochloride salt (Scheme 5, entries 3-
4). Ultimately, it was found HMDS itself could be used as the 
reaction solvent (Scheme 5, entries 5-7), providing increased 
reaction rates relative to reactions in which it was used as a co-
solvent, while providing operational simplicity in the reaction set-
up. The exotherm observed in mixing HMDS with sulfuric acid was 
circumvented through the use of bisulfate salts (Na, K, NH4), with 
ammonium bisulfate providing the best results (Scheme 5, entry 8). 
Finally, the addition of a catalytic quantitiy of imidazole led to a 
dramatic increase on the reaction rate and conversion, likely 
through the in situ formation of TMS-imidazole as a silylation 
catalyst.16 

After further development of the reaction conditions, conversion 
of 2 to molnupiravir in the presence of HMDS  was shown to occur 
in nearly quantitative yield, without the generation of any 
significant side-products (Scheme 6). As anticipated, the initial 
product of the reaction is the bis-trimethylsilyl derivative of 
molnupiravir. This in-situ silylation allowed for facile removal of 
the inorganic reagents and byproducts via an aqueous wash without 
any loss of product. Following removal of the inorganic species, 
the TMS groups were easily cleaved by adjusting the pH, after 
which the product could be crystallized, completing our novel 
three-step synthesis and providing molnupiravir in high yield and 
>99.5 wt% purity. 

Scheme 6. Conversion of 2 to bis-TMS molnupiravir, and isolation 
of molnupiravira 
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aFor additional details, see Supporting Information 

Compared to the initial route3a,b and alternate syntheses3c,d 

reported for MK-4482, the three-step sequence reported here offers 
several notable improvements in yields and cycle times that was 
enabled through novel biocatalytic cascades and reaction 
development. Our three-step route (Scheme 7) embodies the 
shortest conceivable number of transformations from ribose, uracil, 
and an isobutyryl source. Furthermore, there is only a single 
isolated solid intermediate, which is isolated in high purity (>99.5 
wt%, <200 ppm residual protein) through crystallization, and the 
API is step is high yielding and allows for pure (>99.5 wt%) 
material to be isolated with simple operations.  Finally, the route 
only utilizes simple process operations without the need for 
chromatography or large excesses of reagents or solvents, which 
are the hallmarks of a truly green and sustainable process. 

Scheme 7. Summary of initial and new routes to molnupiravir from 
ribose and uracil 
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aAY: Assay yield at the end of reaction, as determined using a calibrated 

UPLC instrument. IY: Isolated yields of >99.5% purity material. For 
additional details, see the Supporting Information. 

In summary, we have developed an efficient and inherently 
sustainable synthesis of molnupiravir that utilizes only true 
commodity raw materials, simple procedures, and robust reactions 
and isolations. The three-step route from ribose uses two enzymatic 
steps including a novel biocatalytic cascade that incorporates an 
innovative phosphate recycling system, has only a single isolated 
solid intermediate, and provides molnupiravir in high yield and 
purity. Compared to the initial route, the new route is 70% shorter, 
approximately 7-fold higher in overall yield, and enabled through 
the development and investment in novel chemistry. These synthetic 
discoveries provide the critical advancements to enable the 
availability and accessibility of the COVID-19 DAA molnupiravir 
to patients across the globe. 
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