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ABSTRACT: Herein is described the development of a large-scale manufacturing process for molnupiravir, an orally dosed antiviral
that was recently demonstrated to be efficacious for the treatment of patients with COVID-19. The yield, robustness, and efficiency
of each of the five steps were improved, ultimately culminating in a 1.6-fold improvement in overall yield and a dramatic increase in
the overall throughput compared to the baseline process.

KEYWORDS: molnupiravir, covid-19, antiviral, crystallization

Molnupiravir (MK-4482, formerly EIDD-2801; Figure
1A)1 is an orally dosed unnatural nucleoside prodrug

that has demonstrated antiviral activity in preclinical studies2−4

and was recently shown to significantly reduce the rate of
hospitalization and death in patients diagnosed with COVID-
19.5 In vivo, molnupiravir undergoes ester cleavage to reveal N-
hydroxycytidine, followed by subsequent reactions to form the
active triphosphate species (Figure 1A). The proposed
mechanism of antiviral activity is through tautomerization of
the N-hydroxycytosine base, with the two tautomers
mimicking either uridine or cytidine, which ultimately leads
to viral error catastrophe during RNA replication (Figure 1B).6

In May of 2020, Merck & Co., Inc., Kenilworth, NJ, USA
announced a partnership with Ridgeback Biotherapeutics to
further advance molnupiravir in clinical trials.1 Given the
projected high demand for an orally dosed small molecule
therapeutic for COVID-19, a robust and efficient manufactur-
ing route was required that could produce this compound in
quantities over 100 metric tons per year.7 While the existing
five-step synthesis from uridine (Scheme 1), developed by
Ridgeback and Olon Ricerca, was demonstrated to produce
high-purity API on lab and pilot scale, several low-yielding
steps, lengthy operations, and robustness concerns prompted
us to optimize each step to enable large-scale manufacturing to
supply molnupiravir across the world. Herein, we report the
process optimization for each of the five steps which were
realized over the course of just a few months during the global
pandemic, ultimately culminating in a 1.6-fold improvement in
overall yield, much improved robustness, and significant
reductions in cycle times and waste generation.
The first step in the synthesis of molnupiravir is the

protection of the two secondary alcohols of uridine as an
acetonide (Scheme 2).8 In the original process, installation of

the protecting group was carried out with 2,2-dimethoxypro-
pane (DMP) with catalytic H2SO4 in acetone (8 L/kg) at
reflux, with the liberation of two equivalents of methanol. At
the end of the reaction, the mixture was neutralized at elevated
temperature with Et3N, and the product was allowed to
crystallize by cooling to 0−5 °C and then isolated via filtration.
This reaction would reliably and rapidly reach 95−96%
conversion and provide acetonide 1 in yields of 70−75% due
to high losses in the mother liquor. It was deemed critical to
improve the throughput and to increase conversion of uridine
to greater than 99% because uridine has low solubility and
would cocrystallize with 1, resulting in up to 5% of uridine in
the isolated solid.
Initially, an exploration of alternate reaction solvents and

acids was investigated to improve conversion and recovery.
While numerous combinations of solvents and acids could be
used for this transformation, many resulted in thick reaction
mixtures that could not be easily agitated, modest reaction
rates, and/or high losses in the supernatant. Ultimately,
acetone was maintained as the reaction solvent, as it provided
reliably fast reaction rates and easily agitable slurries. The
solvent volume was reduced from 8 to 5 L/kg to maximize
volumetric efficiency while still affording easily managed
slurries. In a typical experiment carried out near reflux, 95%
conversion of uridine to acetonide 1 occurs within minutes
with only 1 mol % H2SO4 and 1.05 equiv of DMP. While the
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reaction can occur at lower temperatures, including ambient
temperature, carrying out the reaction at reflux provided
reliable and well-controlled reaction mixtures and avoided

thick or unstirrable slurry-to-slurry transformations and risks of
uridine entrainment in the solid. Notably, the addition of a
larger excess of DMP did not significantly impact the reaction

Figure 1. (A): Structure of molnupiravir and in vivo formed triphosphate species. (B): Proposed mechanism of action involving tautomerization
and different base-pairing interactions at RNA polymerase. Gray circles represent ribosyl subunits.

Scheme 1. Summary of the Process for the Synthesis of Molnupiravir from Uridine

Scheme 2. Original Process for the Synthesis of Acetonide Intermediate 1
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conversion but did negatively impact reaction purity through
the formation of bis-ketal and dimeric impurities.
The incomplete conversion observed with excess DMP is

consistent with the reaction being in equilibrium and
exhibiting a thermodynamic ratio of approximately 96:4
1:uridine at 55 °C in acetone. Testing the reverse reaction
by subjecting pure 1 to 2 equiv of methanol and 1 mol %
H2SO4 in acetone formed the same ratio of uridine and 1,
further confirming the equilibrium nature of the reaction. As
mentioned above, it was necessary to further increase the
conversion in order to prevent cocrystallization of uridine with
1, as uridine-derived products would form and persist in
downstream reactions. With the fast rate of the forward and
reverse reactions, it was envisioned that maintaining the high
solution equilibrium of the product while selectively
crystallizing the product (dynamic crystallization) could drive
the reaction to complete conversion. Indeed, a dynamic
crystallization could be achieved by either adding antisolvent
(n-heptane) to the reaction mixture and/or cooling the
reaction. In these experiments, the conversion to 1 could be
increased to >99%, improving the yield and avoiding
cocrystallization of 1 with unreacted uridine.
The reaction and isolation conditions were further refined to

arrive at the final commercial process (Scheme 3). The process
involves an initial heat up to approximately 55 °C to form
approximately 95% 1, and this mixture is then cooled to 0−5
°C to perform the dynamic crystallization and increase
conversion to >99%, after which the mixture is quenched

with Et3N to halt the reaction. At this stage, there is
approximately 20% of the product still in solution, which can
be decreased significantly by the addition of heptane (2 L/kg)
without impacting purity. Acetonide product 1 prepared this
way provides an average isolated yield of 91% and HPLC
purity greater than 99.5% on a metric ton scale. Without the
dynamic crystallization procedure, controlling the residual
uridine was not possible without incurring significant losses,
and the uridine-derived impurities would persist throughout
the rest of the synthesis. Compared to the original process, the
changes described here improved the yield by 1.3-fold and
resulted in 14% less solvent use. Taken together, these
improvements provide a 1.5-fold improvement in material
throughput for a given reactor.
Next, the 5′ isobutyrate group is installed on intermediate 1

with isobutyric anhydride, Et3N, and catalytic DMAP to afford
the ester intermediate 2. The initial reaction conditions gave
>99% conversion to product in high purity, and the product
was through-processed as an approximately 30 wt % solution in
ethyl acetate after two aqueous washes and azeotropic drying.
We aimed to maximize volumetric productivity and decrease
losses during the aqueous workup (ca. 5%) while ensuring high
purity of 2. Notably, the product was prone to crystallization
upon storage as a solution in EtOAc, which was flagged as a
significant risk for large-scale manufacturing.
With high-yielding reaction conditions from the outset, we

opted to decrease the amount of solvent in the reaction from 8
to 5 L/kg, while also decreasing the charges of Et3N, DMAP,

Scheme 3. Final Process for the Synthesis of Acetonide Intermediate 1 with Temperature-Induced Dynamic Crystallization
and n-Heptane Addition to Improve Recovery

Scheme 4. Comparison of the Original and Final Processes for the Preparation of the Ester Intermediate 2
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and isobutyric anhydride (Scheme 4). The aqueous workup
was modified to a single 2 L/kg water wash, resulting in less
than 2% loss to the aqueous layer. Spiking experiments
demonstrated that residual isobutyric acid and Et3N had no
impact on the stability of the through-processed solution of
intermediate 2 or in the performance of step 3, so additional
water washes to remove all of the isobutyric acid and Et3N
were not performed. Finally, the EtOAc solution was
azeotropically dried and solvent switched to MeCN (target
water content below 0.1 wt %) to provide the final solution of
2 that is directly used in the third step. Intermediate 2 exhibits
much greater solubility in MeCN (>50 wt % at 20 °C)
compared to EtOAc (ca. 25 wt % at 20 °C) and does not pose
a risk of precipitation upon storage. Furthermore, MeCN is the
solvent used in the subsequent step, and through-processing 2
in MeCN instead of EtOAc also provided slight improvements
to the reaction rates in step 3. Overall, the esterification
reaction reliably provides intermediate 2 in >98% yield on a
metric ton scale with no side products derived from 1. Notably,
the process changes avoid unnecessary waste generation and
resulted in a 1.5-fold improvement in overall productivity.

The third step towards molnupiravir is activation of the
amidic carbonyl on the uracil ring and substitution with 1,2,4-
triazole to form the triazole intermediate 3a.9 The initial
process involved the in situ formation of a triazole phosphate
reagent with 1,2,4-triazole, Et3N, and POCl3 in acetonitrile,
followed by addition of the intermediate 2 solution. The
formation of the triazole phosphate reagent is rapid and
generates a thick slurry of Et3N·HCl, and this thick slurry was
identified as a potential risk for large-scale manufacturing.
Reaction of the in situ formed reagent with intermediate 2
occurred with >98% conversion over the course of 18−24 h at
ambient temperature; however, 5−8% of the Et3N adduct
(Scheme 5) was formed as a byproduct. This adduct did not
significantly convert to the desired product with extended
aging, but rather formed the diethylamine adduct via loss of an
ethyl group. Finally, the product was isolated after filtration of
the Et3N·HCl salts, a solvent switch to EtOAc, aqueous
workup, a second solvent switch and azeotropic drying with
IPA, and finally crystallization with heptane. While suitable for
initial scale up, given the projected demands of molnupiravir,
the isolation alone would result in several million kilograms of

Scheme 5. (A) Original Reaction and Isolation Conditions for Triazole Intermediate 3a. (B) Primary Side Products Observed
during the Reaction

Scheme 6. Final Reaction and Isolation Conditions to Prepare Triazole Intermediate 3aa

aSee Supporting Information for additional details.
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organic solvent waste each year and required approximately 10
days to execute at manufacturing scale.
To avoid the thick reaction slurry due to Et3N·HCl salts, the

Et3N adduct side products, and the filtration of salts during
isolation, the base was changed to diisopropylethylamine
(DIPEA, Hunig’s base). With this change (Scheme 6), the
entire reaction sequence was homogeneous, and no amine
adduct impurities were formed, enabling formation of the
product in nearly quantitative assay yield. The reaction of the
triazole phosphate reagent with 2 is fast, often reaching >98%
conversion within 1 h to a mixture of two products (3a and
3b). As 1,2,4-triazole is nucleophilic at both the N1/N2 and
N4 positions, during the course of the reaction, a mixture of
the desired product 3a and the isomeric product 3b are
formed. At early time points, the ratio is approximately 85:15
3a:3b and increases over the course of several hours to form
thermodynamically more stable 3a in a greater than 99:1 ratio.
Conversion of the isomer 3b to 3a requires free 1,2,4-triazole,
and its rate was qualitatively found to be dependent on the
amount of free triazole available, leading to the selection of
reaction conditions with a 3.6:1 ratio of triazole/POCl3. A
slight excess of POCl3 (1.4 equiv) was required to ensure high
conversion of 2 in the presence of adventitious water present in
the raw materials and solvents.
Given the large amounts of solvent waste, energy usage, and

long cycle times in the existing isolation, we explored options
to directly crystallize 3a from the reaction mixture. As the
byproducts and reagents used in the reaction are all highly
water soluble and 3a is poorly water soluble, a direct
crystallization with water as the antisolvent was developed.
After reaction completion, the mixture is quenched with 1 L/
kg of water to ensure hydrolysis of any reactive phosphate
species, followed by a partial concentration to remove the
majority of MeCN. During the concentration, a portion of the
product crystallizes out of solution, and it was found that this

uncontrolled crystallization could lead to entrapment of
DIPEA and its salts in the solid. Thus, after the initial water
addition and concentration, the slurry is heated at 40 °C to
ensure dissolution of any entrapped material, after which water
is added in a controlled fashion to generate crystalline 3a.
Cooling to 7 °C minimizes losses while ensuring complete
solubility of all other components, and the product is filtered
and washed with water. The reaction and isolation sequence
described here provides an average of 92% isolated yield, >99.5
HPLC purity, and >99 wt % purity on a metric ton scale and
avoids the use of excessive organic solvents and unit operations
for the isolation. Compared to the original process, the yield
was improved by 10%, and the cycle time shortened by several
days per batch. With the anticipated large volumes of
molnupiravir, the green chemistry improvements are partic-
ularly noteworthy. In fact, for every 100 metric tons of
molnupiravir produced, the improved isolation process
described here will avoid over 8 million kg of organic solvent
waste that would have been used with the original isolation
sequence.
Several process safety issues are worth mentioning10 for this

step: (1) 1,2,4-triazole is known to be a highly energetic
compound with an exotherm onset around 280 °C and 1700 J/
g under DSC (differential scanning calorimeter) at a 10 °C/
min scan rate in a high pressure gold-plated test cell. However,
drop weight testing showed its negative impact at an impact
energy level of 50 J. (2) DSC testing of the in situ formed
triazole phosphate mixture showed an exotherm of 63 J/g
(onset near 123 °C) and 36 J/g (onset near 322 °C) with
DIPEA as the base (homogeneous) versus an exotherm of 63
J/g (onset ∼73 °C) and >205 J/g (onset ∼299 °C). While
both are acceptable in terms of a safety basis, the overall safety
profile was improved by using DIPEA as the base due to a
higher onset temperature of the first exotherm (higher than the
bp of the solvent). (3) The triazole intermediate 3a showed an

Scheme 7. (A) Comparison of the Original and Improved Processes. (B) Major Impurities Formed during the Reaction
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exotherm of 570 J/g with an onset of 268 °C. The
concentration before the final isolation does not show any
significant exotherm up to 400 °C on DSC. (4) Reaction
calorimetry showed that dosing POCl3 is highly exothermic
with DT adiabatic of 53 K with DIPEA as the base versus 68 K
with TEA as the base, both instantaneous with no heat
accumulation. (5) Dosing intermediate 2 is less exothermic
with DT adiabatic around 20−30 K with 10−15% heat
accumulation right after dosing. (6) Quenching POCl3 has
caused numerous lab and plant accidents due to quenching
temperatures being set too low which does not immediately
initiate the reaction of water with POCl3. Thus, the water
quenching temperature was purposely set to above ambient
temperature.
The preparation of penultimate oxime 4 is achieved by

displacement of the triazole group in 3a with aqueous NH2OH
(Scheme 7).11 Initial conditions used 1.0 equiv of NH2OH
with 4 L/kg MeCN and isolated the product after a solvent

switch to water. The use of an equimolar amount of NH2OH
not only resulted in slow reaction rates (>18 h) but also
resulted in the potential for incomplete conversion due to
variability in the concentration of aqueous NH2OH and
charging tolerances. In addition, a dimeric impurity (Scheme
7B) was formed in significant levels and was poorly rejected
during the crystallization. The dimeric impurity could be
removed during isolation by washing the cake with MTBE;
however, this was not considered to be a robust control
strategy and also resulted in high product losses.
To circumvent these issues, we opted to increase the charge

of NH2OH to 1.3 equiv while also maximizing the reaction
concentration at just 2 L/kg MeCN. Under these reaction
conditions, complete conversion of 3a is achieved in just 2−3
h. During the course of the reaction, approximately 5% of
triazole 3 reverts to intermediate 2; however. this side product
is well-rejected in the crystallization and isolation of 4. The
dimeric impurity, noted above, is observed at early time points

Scheme 8. (A) Comparison of the Original and Improved Reaction Conditions. (B) Major Impurities Present at the End of the
Reaction: (C) Comparison of Workup and Isolation Conditions
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but is converted to the desired product over the course of the
reaction due to the higher concentration of NH2OH compared
to the initial conditions. The distillation of aqueous hydroxyl-
amine is known to be dangerous, and thus, avoiding a
distillation was deemed to be a necessary practice.12 By
running the reaction at higher concentration, the product can
be crystallized directly by the addition of water, avoiding the
solvent switch employed in the initial isolation and safety
concerns with generating NH2OH vapors. These improve-
ments not only simplify the isolation and ensure high purity of
penultimate oxime 4 but also provide the product in 10%
higher yield compared to the original process (91 vs 81%
isolated yield).
Completion of the synthesis of molnupiravir involves

removal of the acetonide protecting group under acidic
conditions (Scheme 8).8 While the acid-catalyzed deprotection
of acetonides is commonplace, molnupiravir contains acid-
sensitive ester and oxime functional groups that are prone to
hydrolysis. The initial reaction conditions employed 2 M
aqueous HCl in acetonitrile at 56 °C and achieved
approximately 95% conversion over 16 h, typically with the
formation of over 10% of N-hydroxycytidine (ester hydrolysis)
and 3−5% of 5′-isobutyryl uridine (oxime hydrolysis)
byproducts. The reaction was also found to be extremely
sensitive to the amount of acid charged and reaction
temperature, with subtle changes in either variable resulting
in significant rate and purity profile differences compared to
the control. After reaction completion, the amount of the over-
hydrolysis byproducts increased significantly and required the
reaction to be quenched immediately to ensure quality API
could be isolated. Given the sensitivities with the charges,
reaction times, and impurity generation, the identification of
more robust and reproducible reaction conditions was essential
in order to ensure the supply of high purity molnupiravir on a
multimetric ton scale in high yield. Equally important was the
observation that, upon neutralizing the reaction, a deep purple
color appeared which persisted over the course of the workup
and crystallization, presenting a risk of forming purple-colored
API.
To optimize the reaction conditions, a series of high-

throughput screens was carried out with automated sampling
to collect data on the kinetics of product and impurity
formation. A broad exploration of four process variables (HCl,
water, MeCN, and temperature) revealed interacting and
nonlinear relationships attributed to the nature of the acidic,
biphasic mixtures and the hydrolysis kinetics to related

impurities. It was found that relatively minor changes to
these process factors could lead to the presence of these
impurities as primary products in this exceptionally sensitive
system. Following traditional development heuristics in the
same rapid pace of automated parallel experimentation, two
potential operating conditions were identified at distinctly
distant local optima in the parameter space. The speed of
automation enabled a full kinetic characterization of both
processes for an evaluation of robustness via an “acceptable
process window”the length of time over which a varied
process will result in material of known, acceptable quality at
end-of-reaction. This analysis revealed a 5-fold improvement in
robustness for one process over the other, despite the surface-
level similarity of each target condition’s performance (Figure
2).
The final reaction conditions use 0.85 equiv of concentrated

HCl, 5 equiv of water, 8 L/kg MeCN as the reaction solvent,
and aging at 60 °C for approximately 12 h. After 12 h, the
reaction mixture can be cooled to ambient temperature for
sampling without concern for byproduct formation while
awaiting results to confirm that the reaction reached the target
of at least 95% conversion. These conditions also minimized
byproduct formation during the aging at 60 °C and could
provide quality API even with extended aging. In a typical
experiment, the assay yield of molnupiravir is greater than 85%
with reproducible levels of N-hydroxycytidine, 5′-isobutyryl
uridine, and residual penultimate 4.
With reaction conditions in hand, we worked to ensure that

the workup and crystallization were equally robust. In the
original process, the reaction was neutralized with 5.3 wt %
aqueous NaHCO3, followed by a solvent switch to EtOAc,
back extractions of the aqueous layer, a single water wash of
the combined organic layers, and finally azeotropic distillation
and the addition of MTBE to form the crystalline API. To
improve the isolation, we wanted to avoid the significant off-
gassing from sodium bicarbonate, minimize the introduction of
water (>3 L/kg water from NaHCO3) to circumvent the back
extractions, ensure remediation of the purple color (vide
supra) that was often observed, and develop a more controlled
crystallization.
Each of the workup and isolation inefficiencies and risks

were addressed by modifying the reagents and operations.
First, the aqueous base used in the quench was changed from
5.3 wt % NaHCO3 to 13.2 wt % Na2CO3. The change to
Na2CO3 avoided the significant off-gassing that was observed
with NaHCO3 and introduced less than one-third the amount

Figure 2. Comparison of robustness via an acceptable process window for original and final sets of process conditions in consideration for the API-
forming reaction, both leading to high-quality API under “standard” conditions yet with vast differences in operational flexibility. EOR = end of
reaction.
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of water which was necessary to avoid the tedious back
extractions. The purple color noted above was present after
neutralization and throughout the solvent switch and was only
partially removed through standard aqueous washes. To ensure
the isolation of colorless API, we investigated the root cause of
the color and identified that it was due to trace levels of iron
(color observed in isolated solid above ca. 30 ppm Fe) that
were introduced from raw materials or equipment. Knowing
the source of the color, we found that iron could be completely
sequestered from the API by incorporating Na2EDTA in the
first aqueous wash. In practice, after the solvent switch, the
organic phase is washed with 2 L/kg of a solution comprising
15 wt % Na2SO4 and 1 wt % Na2EDTA·2H2O. The high
concentration of Na2SO4 also removes residual water that was
introduced from the sodium carbonate quench, extracts a
portion of the N-hydroxycytidine byproduct, and prevents
product loss to this initial aqueous wash. The choice of 15 wt
% sodium sulfate was selected to balance product losses to the
aqueous while also preventing solids from forming in the
aqueous layer or at the interface. The amount of EDTA
ensures rapid and complete removal of iron and prevents iron
complexes with the API, resulting in a colorless organic phase
and derisking the formation of colored API. The organic layer
is then washed with a minimum amount of water (0.75 L/kg)
to remove trace inorganic salts and most of the residual N-
hydroxycytidine byproduct.
The EtOAc solution that remains contains approximately 5.5

wt % water and 55 mg/mL concentration of molnupiravir. The
solubility of molnupiravir in EtOAc at 20 °C has a steep
dependence on the water content, with a solubility of 40 mg/
mL at 3 wt % water but only 5 mg/mL at 0.5 wt %. In the
original process, the API crystallizes during the azeotropic
distillation operation, which can lead to variability across
different equipment trains and scales that can impact purity
and physical attributes such as particle size distribution and
bulk density. Thus, we modified the azeotropic distillation/
crystallization process into distinct steps in which the API
would crystallize under controlled conditions that are less
sensitive to variations in equipment and scales.
In order to crystallize the product, the ethyl acetate solution

is azeotropically dried to approximately 4.0 wt % water and 80
mg/mL concentration, followed by seeding. At this point, dry
EtOAc is added slowly, which acts to further decrease the
overall water content to 2.5 wt % and the solubility of
molnupiravir to approximately 25 mg/mL. The crystallization
of the majority of the API during the slow addition of EtOAc
offers more control compared to crystallization during the
distillation operation and was found to reliably afford high-
purity API with consistent physical properties across several
sites and equipment trains. Finally, the solution is further
concentrated to a final target of 4 L/kg and ≤1 wt % water, and
4 L/kg of MTBE is added to aid in product recovery.
Crystalline molnupiravir is isolated by filtration and washing,
with an overall isolated yield of 76% and HPLC purity >99.5%.
Compared to the original process, the revised reaction and

isolation conditions are inherently robust and ensure that high-
purity API with consistent physical attributes is reliably
isolated across our many different manufacturing sites.
In conclusion, we have improved the yields, robustness,

cycle times, and overall throughput for each of the five steps in
the synthesis of molnupiravir from uridine (Scheme 9). The
overall yield was improved by 1.6-fold compared to the original
process (57 vs 36%), and this revised process is being used to
prepare molnupiravir at a rate of over 100 metric tons per year
across several manufacturing sites. Our investments in process
improvements ensure the most rapid conversion of uridine to
high-purity molnupiravir at metric ton scales and prevent
several million kilograms of waste per year.
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