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ABSTRACT: SARS-CoV-2 is the causative agent behind the
COVID-19 pandemic. The main protease (Mpro, 3CLpro) of SARS-
CoV-2 is a key enzyme that processes polyproteins translated from
the viral RNA. Mpro is therefore an attractive target for the design
of inhibitors that block viral replication. We report the
diastereomeric resolution of the previously designed SARS-CoV-
2 Mpro α-ketoamide inhibitor 13b. The pure (S,S,S)-diastereomer,
13b-K, displays an IC50 of 120 nM against the Mpro and EC50
values of 0.8−3.4 μM for antiviral activity in different cell types.
Crystal structures have been elucidated for the Mpro complexes
with each of the major diastereomers, the active (S,S,S)-13b (13b-
K), and the nearly inactive (R,S,S)-13b (13b-H); results for the
latter reveal a novel binding mode. Pharmacokinetic studies show
good levels of 13b-K after inhalative as well as after peroral administration. The active inhibitor (13b-K) is a promising candidate for
further development as an antiviral treatment for COVID-19.

■ INTRODUCTION
An outbreak of a new coronavirus, then called 2019-nCoV, was
detected in December 2019 in Wuhan, China.1−3 The virus
was later renamed severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and as of May 2022 has caused
>520 million cumulative cases registered by the World Health
Organization and >6 million deaths worldwide.4 Symptoms
displayed by individuals infected with SARS-CoV-2 include
fever, dry cough, breathing difficulties (dyspnoea), and loss of
taste or smell. Severe cases can result in pneumonia, acute
respiratory distress syndrome, and death.2,5 In addition, up to
84% of severe COVID-19 cases show neurological symptoms
such as confusion, loss of consciousness, or epileptic seizures.6

SARS-CoV-2 was genetically identified as a betacoronavirus
with 79.6% sequence identity shared with the causative agent
of the 2003 SARS epidemic, SARS-CoV.2 Intensive research
efforts have led to the present availability of a number of
vaccines.7 However, a substantial number of mutations have
emerged and continue to emerge within the SARS-CoV-2
spike protein, including escape mutations against which some
of the vaccines offer less protection. This development,
together with the sub-100% efficacy of available vaccines and
the challenge of global vaccine administration, makes the
development of effective antivirals an important precondition

for the effective control and treatment of SARS-CoV-2 and
related viral infections.

The coronavirus main protease (Mpro, also known as 3C-like
protease, 3CLpro) is a cysteine protease responsible (together
with the papain-like protease) for processing the two
polyproteins (pp1a and pp1ab) that are translated from the
viral RNA. Cleavage of the viral polyproteins by Mpro generates
12 nonstructural proteins (Nsp5−Nsp16) including proteins
essential for viral replication, such as the RNA-dependent RNA
polymerase (RdRp) Nsp12 with its associated processivity
factors Nsp7 and Nsp8, the helicase Nsp13, and the two
methyltransferases Nsp14 and Nsp16.8 The SARS-CoV-2 Mpro

also cleaves important signaling proteins of the host cell such
as NEMO, the essential modulator of nuclear factor-κB,
thereby causing some of the neurologic symptoms of COVID-
199 and blocking type-I interferon production.10 Because of its
important role in viral polyprotein and host protein processing,
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inhibition of Mpro has proven to be a viable strategy for the
development of a coronavirus therapeutic.11

There is a body of literature disclosing the development of
peptidomimetic and small-molecule covalent and non-covalent
inhibitors of the main protease of coronaviruses.12−19 The
crystal structure of the SARS-CoV-2 main protease was
reported in 2020, revealing structural features that have helped
guide the design of potent SARS-CoV-2 peptidomimetic
inhibitors.20 One of these inhibitors, 13b, displays potent
inhibition of SARS-CoV-2 Mpro and possesses favorable
pharmacokinetic properties, providing a potential route toward
an antiviral treatment for COVID-19.20

Herein, we build on the discovery of 13b by reporting a
highly potent α-ketoamide inhibitor, 13b-K, through diaster-
eomeric resolution of the previously disclosed compound. We
describe the crystal structures of (S,S,S)-13b (13b-K), and its

near-inactive diastereomer (R,S,S)-13b (13b-H), in complex
with the SARS-CoV-2 Mpro. Furthermore, we assess the
antiviral activity of 13b-K in various SARS-CoV-2-infected cell
types. Moreover, we report the detailed pharmacokinetic
characterization of 13b-K and demonstrate peroral bioavail-
ability.

■ RESULTS
Synthesis of 13b was conducted according to a previously
described route,20 summarized in Scheme 1. The final
compound 11, obtained following column chromatography,
had a 1H NMR spectrum matching the published spectrum for
13b20 (Figure S1). There were two sets of resonances, most
clearly evident at 5.6−5.7 ppm (corresponding to the methine
proton at the P2 position) and 8.9−9.0 ppm (corresponding to

Scheme 1. Synthesis and structures of 11−13a

aReagents and conditions: (a) H2SO4, NaNO2, H2O, 0−5 °C; (b) SOCl2, MeOH, 0 °C; (c) Tf2O, 2,6-lutidine, DCM, 0 °C; (d) tert-butyl (2-oxo-
1,2-dihydropyridin-3-yl)carbamate, NaH, THF, 0 °C; (e) LiOH.H2O, MeOH, H2O, RT; (f) methyl (S)-2-amino-3-((S)-2-oxopyrrolidin-3-
yl)propanoate hydrochloride, EDC·HCl, HOBt, TEA, DCM, 0 °C; (g) NaBH4, MeOH, RT; (h) DMP, NaHCO3, DCM, RT; (i) benzyl
isocyanide, AcOH, DCM, RT; (j) LiOH.H2O, MeOH, H2O, RT; (k) DMP, NaHCO3, DCM, RT.
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the amide proton adjacent to the P2 position), that
subsequently condensed into a single set of peaks at 5.6 ppm
(t, 1H) and 8.9 ppm (d, 1H) upon crystallization of 11. The
product from the mother liquor was also isolated and purified.
This purification sequence afforded two separate compounds
12 and 13, exhibiting 1H NMR spectra that were broadly
consistent with the structure of the parent compound but most
clearly distinct from each other at the regions highlighted in
Figure S1.

The complexity in the published 13b 1H NMR spectrum
(and matched by 11 synthesized here) had previously been
ascribed to the existence of rotamers in the solution. However,
assignment of the 1H NMR spectra for the two compounds 12
and 13 that were isolated following crystallization of 11
suggested that they were diastereomers differing at a single
chiral center (Figure 1a). To confirm this hypothesis, we
solved the structure of 12 by X-ray crystallography, establishing
the absolute stereochemical configuration as (R) at the P2
center (Figure 1b and Figure S2).

Initially, the loss of optical integrity at this center was
rationalized to have happened in the reaction between triflate 3
and the pyridone during the construction of 4 (Scheme 1) as
chiral HPLC analysis has unequivocally revealed 5 to in fact
have been a 1:1 mixture of enantiomers. The displacement
reaction itself would be expected to be stereospecific, with
complete inversion of the stereocenter being invoked in an SN2
reaction mechanism. Nevertheless, racemization could still be
induced at this stage by the presence of an excess of the strong
base sodium hydride with an extended reaction time. During
subsequent investigations employing sub-stoichiometric
amounts of base, although we observed a varyingly reduced

degree of racemization, complete stereochemical control could
still not readily be obtained. We therefore developed an
efficient alternative route to 4 by implementing a Mitsunobu
reaction under neutral conditions. That notwithstanding,
racemization was still not avoided as isolation of 6 after
saponification and amide coupling was found to be a mixture
of diastereomers (Scheme S1). This at least implies that
racemization must also occur during the saponification
reaction, a conclusion supported by the finding in our parallel
synthetic work without the pyridone functionality that
coupling of hydroxy acid 14 with the same γ-lactam afforded
15 as the expected single diastereomer (Scheme S2), which
could then be cleanly deprotected to give analogue 16 ready
for further elaboration. Thus, we hypothesize that the pyridone
moiety facilitates racemization under basic conditions through
stabilization of the enolate via an aza-ylide resonance, as
depicted in Figure 2. In summary, the studies infer that defined
stereoisomers like 12 or 13 either need to be prepared by a
base-free stereospecific route or by a separation approach like
the one described above.

The biochemical activity of both diastereomers, as well as a
1:1 mixture of the two, was assessed against purified
recombinant SARS CoV-2 Mpro using a Förster resonance
energy transfer (FRET)-based cleavage assay. Compounds 12
and 13 inhibited SARS-CoV-2 Mpro with IC50 values of >5 μM
and 0.12 ± 0.03 μM, respectively, while the 1:1 mixture of the
two had an IC50 of 0.30 ± 0.09 μM (Figure S3). Compound
13 ((S,S,S)-13b, hereinafter 13b-K) was therefore significantly
more potent than the mixture of diastereomers previously
annotated as 13b (IC50 = 0.67 ± 0.18 μM20 and IC50 = 0.38 ±
0.04 μM after improving the standard conditions for the assay;

Figure 1. Stereochemical configuration of 13b diastereomers. (A) 1H NMR spectra of 13b-H (12) (upper) and 13b-K (13) (lower). Peaks that
differ most clearly by chemical shift between the two compounds are highlighted and correspond to the highlighted protons on the chemical
structures (B) for each diastereomer. (B) Structures of 13b-H (12) and 13b-K (13) with absolute stereochemistry indicated.

Figure 2. Stabilization of enolate via aza-ylide resonance.
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see the Experimental Section). Compound 12 ((R,S,S)-13b,
hereinafter 13b-H) is at least ∼50-fold less active than 13b-K
in this assay.

The series of α-ketoamides from which compound 13b is
derived display a reversible covalent mechanism of action.
Nucleophilic attack onto the inhibitor α-ketoamide group by
Mpro Cys145 results in formation of a thiohemiketal (with the
(S) configuration at the α-carbon) at the protease’s catalytic
center.20 The P2-cyclopropylmethyl group of 13b occupies the
S2 pocket of the protease in the (S) configuration.20,21 In order
to rationalize the differential activity of 13b-K and 13b-H, we
obtained co-crystal structures of each in complex with SARS-
CoV-2 Mpro by X-ray crystallography. The structures reveal
that 13b-K binds to the Mpro in the canonical way, with the
cyclopropylmethyl group occupying the S2 pocket, the
glutamine-derived γ-lactam inserted into the S1 site, and the
P1′ benzyl group being partly in the S1′ site but actually
extending beyond this very small pocket of the enzyme (Figure
3a; see the Supporting Information for structural details). 13b-
H, in contrast, displays a very different and highly unusual
binding mode (Figure 3b). Being in the (R)-configuration, its
P2-cyclopropylmethyl moiety is unable to bind to the S2
pocket and instead is oriented toward the periphery of the
complex. The P1-γ-lactam (with S,S-stereochemistry at the Cα
atom and in the lactam ring) binds to the S1 pocket as
expected, but at the site of covalent interaction with Cys145 of
the Mpro, the compound reverts its orientation so that the P1′-
benzyl group is inserted into the hydrophobic S2 pocket of the
enzyme. Furthermore, after formation of the covalent bond
between the nucleophilic thiol (Cys145) and the Cα of the
13b-H α-ketoamide warhead, the latter is in the (R)-
configuration, whereas this atom is in the (S)-configuration
in the complex between 13b-K and the main protease.

The antiviral activity of 13b-K against SARS-CoV-2
infection was investigated in different cellular infection models.
Treatment with 13b-K of human bronchial epithelial cells
(Calu 3 cells) infected with SARS-CoV-2 revealed a dose-
dependent antiviral effect on the release of infectious viral
particles, with an EC50 of 2.4 ± 0.7 μM (see Figure 4a for
details). The reported EC50 for the diastereomeric mixture 13b
in Calu 3 cells infected with SARS-CoV-2 is 4−5 μM,20 which
is consistent with our findings that only one of the

diastereomers is active. 13b-K was also tested for its antiviral
activity using a fully replication-competent SARS-CoV-2 strain
in A549-ACE2-TMPRSS2, Huh7, and VeroE6 cell cultures.
Since VeroE6 cells show a high efflux of some chemotypes, this
latter antiviral assay was performed in the presence of the
MDR1-inhibitor CP-100356 (0.5 μM).22 The dose−response
curves in these model systems are shown in Figure 4b, and
nonlinear fitting results in EC50 values (95% CI) of 1.3 μM
(1.16−1.55), 3.4 μM (1.58−5.03), and 0.84 μM (0.64−1.08)
in the VeroE6 + CP/SARS2, Huh7/SARS2, and A549-ACE2-
TMPRSS2 systems, respectively, and CC50 values >100 μM.

The pharmacokinetic (PK) properties of 13b-K were tested
using both inhalative and peroral routes. After inhalative
administration of 25 mg/kg 13b-K using an Aeroneb nebulizer
device (KentScientific), concentrations in the broncheoalveo-
lar lavage (BALF), plasma, urine, and lung tissue were
determined at different time points (Figure 5 and Figure
S5). BALF levels were above the IC50 for at least 8 h (Figure
S5). Furthermore, determination of the concentrations of 13b-
K in different compartments after inhalative administration
over 24 h suggests that the compound is distributed from the
epithelial lining fluid (ELF) to the lung and then toward
plasma and, finally, excreted via urine as it appears already 15
min post administration in plasma as well as in urine. 13b-K
was found in plasma as well as lung tissue up to 24 h after a
single inhalative dose administration. ELF concentrations were
determined from BALF samples using the urea method.23

Interestingly, ELF concentrations were more than 100-fold
above the cellular EC50 of 13b-K for more than 8 h. Finally, the
BALF/plasma exposure ratio suggested a favorable lung and,
especially, BALF/ELF bioavailability that renders pulmonary
administration of 13b-K a viable alternative to local
administration in SARS-CoV-2 infection models (Table 1).

The peroral bioavailability of 13b-K was also evaluated.
Inspired by the fact that liposomes have already been used in
the context of novel antivirals,24 we used a 1,2,-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS)-based large unilamellar
vesicle (LUV) formulation to dissolve 13b-K at higher
concentrations. Moreover, LUV facilitate absorption as they
fuse more easily with membranes and, thereby, enhance
peroral bioavailability, especially in the case of peptidomimetic
molecules like 13b-K, as the gastrointestinal epithelium

Figure 3. X-ray co-crystal structures of (A) 13b-K (PDB entry: 8A4T) and (B) 13b-H (PDB entry: 8A4Q) in the substrate-binding cleft of the
Mpro. The orientation of the view was rotated ∼45° in the case of (B) for clarity (see Figure S4 for the alternate orientation). The carbon atoms of
the compounds are depicted in yellow and those of the protein in cyan, with the exception of the Ser1 of the other monomer (green). Blue symbols
(S1 and S2) indicate the canonical binding pockets for moieties P1−P4 (red symbols) of the inhibitors. The 2Fo−Fc map carved around the
inhibitor is depicted as a blue mesh (contoured at 1.0). Polar contacts are represented as red dashed lines.
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frequently represents not only a physical but also a biochemical
barrier for proteins and peptides.25−27 We administered the

13b-K LUV formulation at 100 mg/kg perorally and
determined plasma and urine concentrations at designated

Figure 4. Antiviral activity of 13b-K in human bronchial epithelial cells and other cell lines. (A) Calu3 cells were infected with SARS-CoV-2 using
an MOI of 0.1, treated with different concentrations of 13b-K (0, 0.1, 2.5, 5, 10, and 20 μM), and analyzed at 24 hpi. The amount of infectious viral
particles released was determined by the TCID50 method from a cell-free culture supernatant. Three biological experiments, each with double
replicates, were performed. The amount of infectious viral particles was calculated by means of the TCID method on Vero E6 cells. (B) Similarly,
the anti-SARS-CoV-2 activity was determined on different cell lines. Cells were treated with different concentrations of 13b-K and infected with
SARS-CoV-2 using an MOI of 0.001 (VeroE6), 0.003 (Huh7), or 0.005 (A549) TCID50/cell. Several days after infection, the cell viability was
determined. High cell viability indicates inhibition from the virus-induced cytopathogenic effect and thus antiviral activity. In the experiment with
VeroE6, we included the MDR1-inhibitor CP-100356 to block compound efflux. (C) In a parallel experiment, the toxicity of different
concentrations of 13b-K was determined under the same conditions but without adding the virus. At least two independent dose−response curves
were investigated in each model system, and the average and standard deviations are shown.

Figure 5. Levels of 13b-K in ELF, plasma, and lung tissue after 25 mg/kg inhalative and 100 mg/kg peroral administration.
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time points. Moreover, we collected terminal lung tissue and
BALF and calculated ELF concentrations. Liposomal for-
mulation of 13b-K resulted in a peroral bioavailability of
around 17%. The Tmax was reached after 2.5 h, and plasma
concentrations were above the IC50 for around 3 h (Table 1
and Figure 5). Surprisingly, BALF concentrations at 5 h post
administration were in the same range as after inhalative
administration of 25 mg/kg. This is also applicable to the lung
tissue as well as ELF concentrations. Thus, the pronounced
lung tropism of 13b-K is also detected after systemic, peroral
administration. Nevertheless, PK data illustrate that multiple
dosing is necessary for 13b-K to reach sufficient levels in the
lung as well as plasma for more than 24 h to exert an effect in
efficacy models.

■ DISCUSSION
The COVID-19 pandemic is a global health emergency with
far-reaching social and economic consequences. In addition to
remdesivir, a phosphoramidate prodrug of the RdRp inhibitor
GS-441524 that received FDA approval for the treatment of
adult and pediatric (aged >12 years) SARS-CoV-2 patients
(the clinical efficacy of which is a matter of debate28), the
nucleoside prodrug molnupiravir29 and the Mpro inhibitor PF-
07321332 (nirmatrelvir)17 have shown to be clinically effective
specific antiviral drugs. Experience from human immunodefi-
ciency virus therapy30 though suggests that these antiviral
drugs may lead to the emergence of drug-resistant mutations,
ultimately requiring the application of cocktails of several
antiviral drugs. Additional antiviral treatments for SARS-CoV-2
are therefore desirable. The main protease of SARS-CoV-2 is
an attractive drug target since it has an essential role in the
processing of viral polyproteins and host−cell signaling
proteins and it has no human homolog. Previous works have
demonstrated the feasibility of this approach.17−21,31

In this work, we report a highly potent α-ketoamide
inhibitor of the SARS-CoV-2 Mpro, 13b-K, obtained through
diastereomeric resolution of the previously disclosed inhibitor
13b. In early 2020, Zhang et al. published the Mpro inhibitor

13b and demonstrated that this compound has potent activity
in vitro and in cellulo with favorable pharmacokinetic
properties.20 We discovered that the compound previously
reported as 13b is in fact a mixture of two diastereomers, only
one of which has substantial inhibitory activity against Mpro.
This is a significant finding since the active diastereomer, 13b-
K, is substantially more potent against SARS-CoV-2 Mpro than
the mixture. This has important implications for researchers
looking to reproduce the results published by Zhang et al. and
furthers the progress toward a clinical candidate compound
based on this series.

Compound 13b-K shows modest antiviral activity in Huh7
cells infected with SARS-CoV-2 and better activity in VeroE6
cells (in the presence of the MDR1 inhibitor CP-100356) and
in Calu3 cells. The best antiviral activity, however, was
observed in A549 cells engineered to express the ACE2
receptor and the TMPRSS2 protease that process the spike
protein of the virus.32 It has been proposed by Steuten et al.32

that viral protease inhibitors showing good antiviral activity in
Vero E6 cells but poor activity in cells expressing TMPRSS2
actually target cathepsin L (rather than the coronaviral main
protease). Cathepsin L takes over the task of spike protein
processing in cells lacking TMPRSS2. We note that this
hypothesis does not apply to our inhibitor 13b-K since its
antiviral activity is the highest in A549 cells expressing
TMPRSS2.

To further characterize the active diastereomer 13b-K, we
performed additional pharmacokinetic studies (beyond those
that were carried out with the mixture of diastereomers, 13b20)
with two different routes of administration. We demonstrate
that local administration via nebulization and systemic peroral
administration result in good compound levels in the lung
tissue as well as in BALF and ELF. The half-life in plasma after
systemic administration remains similar compared to 13b, the
mixture of diastereomers.20 The liposomal formulation of 13b-
K now opens avenues to administer the compound via the
peroral route as well as the pulmonary route. Further
optimization of the liposomal formulation will most likely
enhance bioavailability, which is already close to that of the
clinically approved hepatitis C drug boceprevir.33 In addition,
pulmonary liposomal delivery has already been proven to be
efficacious in the context of antibacterial therapy.34 Liposomes
are biocompatible and can enhance the therapeutic index as
well as the retention at the desired target, especially in the
lung.34 Consequently, pulmonary liposomal delivery of 13b-K
represents a viable way to reach high concentrations to target
SARS-CoV-2 lung infections.

The corresponding matched-pair diastereomeric compound
13b-H is at least ∼50-fold less active than 13b-K in the Mpro

inhibition assay and as such could provide the research
community with a control compound to strengthen their
experimental design.35 Co-crystallization of both 13b-K and
13b-H with the target enzyme revealed useful information on
the respective binding modes. 13b-K binds largely in the
canonical way previously described for the structure obtained
with the diastereomeric mixture 13b.20 This supports the
assumption that the enzyme selected the highly active (S,S,S)-
diastereomer from the mixture during the crystallization
process in the original experiment. The much-less active
diastereomer, 13b-H, binds to the Mpro in a highly unusual,
semi-circular conformation, which allows some important
conclusions for the further optimization of this compound
series. Because its P2-Cα atom is in the (R)-configuration, the

Table 1. PK Parameters after 25 mg/kg Inhalative
Administration and 100 mg/kg Peroral Administrationa

25 mg/kg inhalative 100 mg/kg peroral

plasma Tmax [h] 0.33 ± 0.1 2.5 ± 0.7
plasma Cmax [ng/ml] 236.47 ± 29.8 357.00 ± 171.8
plasma AUC 0-t [ng/ml·h] 2896.63 ± 269.6 1061.49 ± 290.1
plasma Vz/F_obs [l/kg] 141.07 ± 48.1 131.34
plasma Cl/F_obs [ml/min/kg] 83.92 ± 52.1 1162.74
plasma t1/2 [h] 1.3
plasma MRT [h] 2.57
BALF Cmax [ng/ml] 2330.33 ± 1034.4
BALF AUC 0-t [ng/ml·h] 5162.20 ± 1163.6
ratio BALF AUC 0-t/Plasma

AUC 0-t
1.7

ELF Cmax [μg/ml] 433.52 ± 222.6
ELF AUC 0-t [μg/ml·h] 1042.34 ± 586.9
ratio ELF AUC 0-t/plasma AUC

0-t
359

lung tissue Cmax [ng/g] 261,748 ± 1294.4
at1/2: half-life, Tmax: time point at maximal concentration, Cmax:
maximal concentration, AUC 0-t: area under the curve/exposure from
time 0-t, MRT: mean residence time, Vz/F_obs: fractionated
observed volume of distribution, and Cl/F_obs: fractionated observed
clearance.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c01131
J. Med. Chem. 2022, 65, 13328−13342

13333

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cyclopropyl methyl moiety is unable to enter the S2 pocket of
the protease. Instead, it is oriented away from the substrate-
binding site (Figure 3b). In contrast, the P1 moiety, the Cα
carbon of which has the correct configuration, (S), in 13b-H,
binds to the S1 pocket in the canonical way. As in the active
diastereomer, it forms two hydrogen bonds with the main-
chain oxygen of Phe140 and the Nε2 of His163. The P1′
benzyl group of 13b-H does not bind to the S1′ site of the
enzyme but instead folds back and penetrates the S2 pocket,
which is left empty because the P2-cyclopropyl methyl is
prevented from entering it due to the incorrect stereochemistry
at the P2 Cα. This can be taken as an indication that filling the
hydrophobic S2 pocket with a hydrophobic ligand is of prime
importance in contrast to having a hydrophobic moiety at the
S1′ site. The P1’ benzyl group is too large for the latter site.
Hence, we are currently preparing derivatives of 13b-K that
carry a small group such as methyl or even no substituent at
P1′ to further explore this finding.

■ CONCLUSIONS
In summary, we report a highly potent inhibitor of the SARS-
CoV-2 Mpro, 13b-K, that was revealed through diastereomeric
resolution of a previously reported inhibitor. 13b-K demon-
strates peroral as well as inhalative bioavailability and
represents a promising candidate for further development as
an antiviral treatment for COVID-19.

■ EXPERIMENTAL SECTION
Chemistry General Methods. All reagents and solvents were

purchased from commercial sources and used without further
purification. Nuclear magnetic resonance spectra were recorded on
a Bruker Avance III HD spectrometer operating at 400 MHz for 1H
NMR, 100 MHz for 13C NMR, and 376 MHz for 19F, unless
otherwise stated. 1H NMR and 13C NMR chemical shifts (δ) are
reported in parts per million (ppm) and are referenced to residual
protium in the solvent and to the carbon resonances of the residual
solvent peak, respectively. DEPT and correlation spectra were run in
conjunction to aid assignment. 19F NMR chemical shifts are reported
in ppm and are uncorrected. Coupling constants (J) are quoted in
Hertz (Hz), and the following abbreviations were used to report
multiplicity: s = singlet, d = doublet, dd = doublet of doublets, ddd =
double doublet of doublets, t = triplet, q = quartet, m = multiplet, and
br s = broad singlet. Purification by flash column chromatography was
carried out using Fisher Scientific silica gel 60 Å (35−70 μm) or
Supelco silica gel (technical grade, pore size: 60 Å, 40−63 μm, 230−
400 mesh). Analytical thin-layer chromatography was performed on
glass plates precoated with silica gel (Analtech, UNIPLATE 250 μm/
UV254 or Merck TLC silica gel 60 F254), with visualization being
achieved using UV light (254 nm) and/or by staining with alkaline
potassium permanganate dip. Reaction monitoring LC−MS analyses
were conducted using either Agilent InfinityLab LC/MSD systems or
Agilent 1260 HPLC System with a DAD detector and an Agilent 6130
quadrupole mass detector with electro spray ionization (ESI)
(MeCN/H2O + 0.1% formic acid). Chiral HPLC analysis was
conducted using an Agilent 1100 series LC equipped with a DAD
(G1315B), column oven (G1316A), autosampler (G1313A) with a
100 μL loop, quaternary pump (G1311A), and an Agilent 1200 series
degasser (G1322A). Data collection and processing were conducted
using an Agilent Technologies Chemstation B.04.03. SFC purity
analyses were conducted using a Waters ACQUITY UPC2 system
with a binary solvent manager (K17C2B854M), sample manager
(L17C2S782M), convergence manager (K17C2M838M), column
manager (E18AZ3268M), and PDA detector (M17C2P349A). Data
were collected and processed using Empower 3 Build 3471 software.
Optical rotations were recorded on a Bellingham & Stanley ADP450
polarimeter. High-resolution mass spectral (HRMS) data were

collected in the laboratories of the University of Bath Chemistry
Department using an Agilent 6545 LC/Q-TOF system. Single-crystal
X-ray measurements were recorded in the laboratories of Newcastle
University Chemistry Department. Purity is greater than 95% for all
compounds tested biologically.

Synthesis of (S,S,S)-MPro 13b-K (13) and Its Diastereomer
(R,S,S)-MPro 13b-H (12). (R)-3-Cyclopropyl-2-hydroxypropanoic
Acid (1). To a stirred solution of D-cyclopropylalanine (45.00 g,
0.35 mol) in 2 M H2SO4 (675 mL) at 0 °C was added a solution of
sodium nitrite (120.00 g, 1.71 mol) in water (270 mL) in a dropwise
fashion over 50 min, maintaining the temperature below 5 °C over the
course of the addition. The resulting reaction mixture was stirred for 3
h at 0−5 °C, and then allowed to warm to ambient temperature, and
stirred for 16 h. The reaction mixture was extracted with TBME (600
mL), and the aqueous phase was further extracted with TBME (5 ×
200 mL). The combined organic extracts were dried over anhydrous
magnesium sulfate and concentrated under reduced pressure to afford
the title compound as pale-yellow oil (21.20 g, 47%). 1H NMR
(CDCl3) δ: 4.36 (dd, J1 = 7.0 Hz, J2 = 4.8 Hz, 1H), 1.76−1.66 (m,
2H), 0.95−0.82 (m, 1H), 0.60−0.44 (m, 2H), 0.20−0.06 (m, 2H).
13C NMR (CDCl3) δ: 179.90, 70.86, 39.08, 6.70, 4.56, 3.94.

Methyl (R)-3-Cyclopropyl-2-hydroxypropanoate (2). To a stirred
solution of (R)-3-cyclopropyl-2-hydroxypropanoic acid (1) (21.10 g,
162.13 mmol) in methanol at 0 °C was added thionyl chloride (23.65
mL, 324.27 mol) in a dropwise fashion over 20 min. The resulting
solution was allowed to warm to ambient temperature over 2 h and
was subsequently concentrated under reduced pressure. Purification
by flash column chromatography, eluting with 25% EtOAc/petroleum
ether (40:60), afforded the title compound as colorless oil (12.54 g,
54%). 1H NMR (CDCl3) δ: 4.28 (dd, J1 = 6.4 Hz, J2 = 4.6 Hz, 1H),
3.79 (s, 3H), 1.74−1.58 (m, 3H), 0.92−0.80 (m, 1H), 0.53−0.43 (m,
2H), 0.15−0.04 (m, 2H). 13C NMR (CDCl3) δ: 175.69, 70.93, 52.40,
39.39, 6.62, 4.43, 3.88.

Methyl (R)-3-Cyclopropyl-2-(((trifluoromethyl)sulfonyl)oxy)-
propanoate (3). To a stirred solution of methyl (R)-3-cyclopropyl-
2-hydroxypropanoate (2) (12.50 g, 86.70 mmol) in DCM (163 mL)
at 0 °C was added 2,6-lutidine (25.10 mL, 215.89 mmol) followed by
triflic anhydride (32.50 mL, 193.35 mmol) in a dropwise fashion,
maintaining the temperature at 0 °C over the course of the addition
and thereafter for a further 40 min. The reaction mixture was treated
with 1 M HCl (aq) (200 mL) and brine (600 mL), and the organic
phase was separated. The aqueous component was extracted with
DCM (2 × 100 mL), and the combined organic extracts were dried
over anhydrous magnesium sulfate and concentrated under reduced
pressure to give brown oil. The oil was taken up in diethyl ether (300
mL) and further washed with 1 M HCl (aq) and brine before being
dried over anhydrous magnesium sulfate and concentrated under
reduced pressure. This afforded the title compound as pale brown oil
(21.74 g, 91%), which was used directly in the next step with no
further purification. 1H NMR (CDCl3) δ: 5.20 (dd, J1 = 7.8 Hz, J2 =
4.5 Hz, 1H), 3.85 (s, 3H), 1.99−1.85 (m, 2H), 0.92−0.81 (m, 1H),
0.65−0.51 (m, 2H), 0.25−0.11 (m, 2H). 13C NMR (CDCl3) δ:
167.73, 118.63 (d, J = 320 Hz), 83.97, 53.29, 37.09, 6.67, 5.08, 3.90.
19F NMR (CDCl3) δ: −74.95.

tert-Butyl (2-Oxo-1,2-dihydropyridin-3-yl)carbamate. To a
stirred solution of 3-amino-2-hydroxypyridine (25.00 g, 227.04
mmol) in THF (530 mL) at ambient temperature was portion-wise
added Boc anhydride (49.55 g, 227.04 mmol). The reaction mixture
was heated to reflux, and after 4 h, a further portion of Boc anhydride
(39.60 g, 181.63 mmol) was added, with reflux being continued for a
further 18 h. The reaction mixture was cooled to ambient temperature
and concentrated under reduced pressure. Purification by flash
column chromatography, eluting with 2% MeOH/DCM, afforded the
title compound as an off-white solid (25.65 g, 54%). 1H NMR
(CDCl3) δ: 12.75 (br s, 1H), 8.14 (d, J = 6.7 Hz, 1H), 7.57 (s, 1H),
7.03 (dd, J1 = 6.6 Hz, J2 = 1.7 Hz, 1H), 6.36 (t, J = 7.0 Hz, 1H), 1.54
(s, 9H). 13C NMR (CDCl3) δ: 158.96, 152.84, 129.84, 125.49,
122.08, 108.00, 80.96, 28.39.

Methyl 2-(3-((tert-Butoxycarbonyl)amino)-2-oxopyridin-1(2H)-
Yl)-3-cyclopropylpropanoate (4). To a stirred solution of tert-butyl
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(2-oxo-1,2-dihydropyridin-3-yl)carbamate (15.90 g, 75.63 mmol) in
THF (475 mL) at 0 °C was portion-wise added sodium hydride (4.69
g, 117.23 mmol, 60% dispersion in mineral oil), and after completion
of the addition, the reaction mixture was stirred at 0 °C for a further
30 min . A so lut ion of methy l (R) -3 -cyc lopropy l -2 -
(((trifluoromethyl)sulfonyl)oxy)propanoate (3) (21.58 g, 78.13
mmol) in THF (225 mL) was then added dropwise at such a rate
as to maintain the temperature at 0 °C, with further stirring thereafter
being maintained at this temperature for a total of 43 h. The reaction
mixture was concentrated under reduced pressure. Purification by
flash column chromatography, eluting with 20% EtOAc/petroleum
ether (40:60), afforded the title compound as thick yellow oil (12.31
g, 48%). 1H NMR (DMSO-d6) δ: 7.85 (dd, J1 = 7.5 Hz, J2 = 1.1 Hz,
1H), 7.80 (s, 1H), 7.40 (dd, J1 = 7.0 Hz, J2 = 1.7 Hz, 1H), 6.34 (t, J =
7.2 Hz, 1H), 5.23 (dd, J1 = 9.8 Hz, J2 = 5.2 Hz, 1H), 3.64 (s, 3H),
2.08−1.92 (m, 2H), 1.47 (s, 9H), 0.57−0.43 (m, 1H), 0.39−0.23 (m,
2H), 0.11−0.04 (m, 1H), −0.08 to −1.15 (m, 1H). 13C NMR
(DMSO-d6) δ: 169.54, 156.37, 152.14, 130.44, 128.48, 120.30,
105.48, 80.08, 61.80, 52.21, 33.07, 27.85, 7.36, 4.30, 3.35.

2-(3-((tert-Butoxycarbonyl)amino)-2-oxopyridin-1(2H)-yl)-3-cy-
clopropylpropanoic Acid (5). To a stirred solution of methyl 2-(3-
((tert-butoxycarbonyl)amino)-2-oxopyridin-1(2H)-yl)-3-cyclopropyl-
propanoate (4) (12.30 g, 36.57 mmol) in methanol (346 mL) at
ambient temperature was added water (69.2 mL) followed by lithium
hydroxide monohydrate (3.07 g, 73.13 mmol), and the resulting
reaction mixture was stirred for an hour. The reaction mixture was
acidified to pH 6 with 1 M HCl (aq) and then partially concentrated
under reduced pressure to remove the bulk of the methanol. The
resulting aqueous solution was initially extracted with diethyl ether (5
× 200 mL), which, after drying and concentration of the extracts,
afforded a small initial crop of product. The aqueous phase was
subsequently extracted with DCM and further with 10% MeOH/
DCM; these extracts were also being dried over anhydrous
magnesium sulfate and concentrated under reduced pressure to give
further crops. All crops of the product were combined and purified by
flash column chromatography, eluting with 5% MeOH/DCM
increased to 10% MeOH/DCM. This afforded the title compound
as a pale yellow solid (8.80 g, 73%). 1H NMR (DMSO-d6) δ: 13.08
(br s, 1H), 7.82 (dd, J1 = 7.4 Hz, J2 = 1.4 Hz, 1H), 7.77 (s, 1H), 7.37
(dd, J1 = 7.0 Hz, J2 = 1.7 Hz, 1H), 6.31 (t, J = 7.2 Hz, 1H), 5.24 (dd,
J1 = 10.6 Hz, J2 = 4.9 Hz, 1H), 2.08−1.89 (m, 2H), 1.47 (s, 9H),
0.55−0.43 (m, 1H), 0.37−0.24 (m, 2H), 0.10−0.03 (m, 1H), −0.05
to −0.13 (m, 1H). 13C NMR (DMSO-d6) δ: 171.34, 156.80, 152.13,
129.78, 127.93, 119.36, 104.50, 79.95, 60.77, 35.56, 27.86, 7.97, 4.27,
3.56. m/z (ES+): 343.3 [M + Na+]+. [α]D

24 = −0.6° (c = 1, MeOH);
1:1 mixture of enantiomers determined by chiral HPLC (Chiralpak
AD-H, 250 × 4.6 mm, 5 μm, 90% hexane + 0.1% TFA isocratic).

Dimethyl (2S,4R)-2-( ( tert-butoxycarbonyl)amino)-4-
(cyanomethyl)pentanedioate. To a stirred solution of N-Boc L-
glutamic acid dimethyl ester (40.00 g, 145.30 mmol) in THF (440
mL) at −70 °C was dropwise added LHMDS (313.84 mL, 313.84
mmol, 1 M solution in THF) for over 15 min, maintaining the
temperature below −63 °C during the course of the addition. After
stirring the resulting reaction mixture at −70 °C for 1 h,
bromoacetonitrile (10.83 mL, 155.47 mmol) was added dropwise
via a syringe pump over 1 h, maintaining the temperate at or below
−70 °C during the course of the addition. After stirring at −70 °C for
a further 3.75 h, cold methanol (29 mL) was added in one portion.
After 30 min of further stirring, a cold mixture of acetic acid (29 mL)
in THF (175 mL) was added in one portion, and the reaction mixture
was allowed to warm to ambient temperature with stirring overnight.
The reaction mixture was poured into brine (720 mL), and the
organic phase was separated. The aqueous component was extracted
with ethyl acetate (2 × 500 mL), and the combined organic extracts
were dried over anhydrous magnesium sulfate and concentrated under
reduced pressure. Purification by flash column chromatography,
eluting with 25% EtOAc/petroleum ether (40:60), afforded the title
compound as pale yellow oil (39.36 g, 86%). 1H NMR (CDCl3) δ:
5.13 (d, J = 7.9 Hz, 1H), 4.44−4.33 (m, 1H), 3.76 (s, 3H), 3.75 (s,
3H), 2.91−2.81 (m, 1H), 2.78 (m, 2H), 2.23−2.10 (m, 2H), 1.44 (s,

9H). 13C NMR (CDCl3) δ: 172.44, 172.18, 155.72, 117.27, 80.74,
52.90, 52.83, 51.17, 38.36, 34.07, 28.37, 19.15.

Methyl (S)-2-((tert-Butoxycarbonyl)amino)-3-((S)-2-oxopyrroli-
din-3-yl)propanoate. A stirred solution of dimethyl (2S,4R)-2-
((tert-butoxycarbonyl)amino)-4-(cyanomethyl)pentanedioate (39.00
g, 124.07 mmol) in methanol (730 mL) was treated with cobalt
chloride hexahydrate (14.76 g, 62.04 mmol) and then cooled to 0 °C.
Sodium borohydride (18.78 g, 496.29 mmol) was added portion-wise
over 1 h, maintaining the temperature below +2 °C during the course
of the addition. The reaction mixture was allowed to slowly warm to
ambient temperature and was stirred for 22 h before being
concentrated under reduced pressure. The resulting brown oil was
partitioned between ethyl acetate (1500 mL), brine (720 mL), and 2
M HCl (aq) (360 mL). The organic phase was separated, and the
aqueous component was extracted with ethyl acetate (2 × 400 mL).
The combined organic extracts were washed with brine (200 mL),
dried over anhydrous magnesium sulfate, and concentrated under
reduced pressure. Purification by flash column chromatography,
eluting with 4% MeOH/DCM, and subsequent trituration with
petroleum ether (40:60) afforded the title compound as an off-white
solid (14.98 g, 52.32 mmol, 42%). 1H NMR (CDCl3) δ: 5.76 (br s,
1H), 5.48 (d, J = 7.9 Hz, 1H), 4.38−4.28 (m, 1H), 3.75 (s, 3H),
3.41−3.31 (m, 2H), 3.54−3.42 (m, 2H), 2.20−2.09 (m, 1H), 1.94−
1.80 (m, 2H), 1.45 (s, 9H). 13C NMR (CDCl3) δ: 179.76, 173.02,
155.88, 80.05, 52.55, 52.38, 40.51, 38.23, 34.29, 28.42, 28.25. m/z (ES
+): 309.2 [M + Na+]+.

Methyl (S)-2-Amino-3-((S)-2-oxopyrrolidin-3-yl)propanoate Hy-
drochloride. Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-((S)-2-
oxopyrrolidin-3-yl)propanoate (12.96 g, 45.26 mmol) was treated
with hydrogen chloride (226 mL, 905.27 mmol, 4 M solution in 1,4-
dioxane), and the resulting mixture was stirred at ambient
temperature for 2 h before being concentrated under reduced
pressure. The residue was triturated with diethyl ether to afford the
title compound as a colorless solid (10.08 g, quant.). 1H NMR
(DMSO-d6) δ: 8.81 (br s, 3H), 7.96 (s, 1H), 4.17 (m, 1H), 3.76 (s,
3H), 3.26−3.14 (m, 2H), 2.66−2.56 (m, 1H), 2.35−2.25 (m, 1H),
2.14−2.04 (m, 1H), 1.92−1.83 (m, 1H), 1.73−1.61 (m, 1H). 13C
NMR (DMSO-d6) δ: 178.03, 169.76, 66.37, 52.83, 50.99, 38.10,
31.77, 27.68. [α]D

24 = + 45.6° (c = 1.0, MeOH).
Methyl (S)-2-(2-(3-((tert-Butoxycarbonyl)amino)-2-oxopyridin-

1(2H)-yl)-3-cyclopropylpropanamido)-3-((S)-2-oxopyrrolidin-3-yl)-
propanoate (6). To a stirred solution of 2-(3-((tert-butoxycarbonyl)-
amino)-2-oxopyridin-1(2H)-yl)-3-cyclopropylpropanoic acid (5)
(8.55 g, 26.52 mmol) in DCM (200 mL) at 0 °C was added HOBt
(4.93 g, 29.18 mmol) and EDC·HCl (5.59 g, 29.18 mmol). After
stirring at 0 °C for 1 h, a solution containing a mixture of methyl (S)-
2-amino-3-((S)-2-oxopyrrolidin-3-yl)propanoate hydrochloride (6.19
g, 27.85 mmol) and triethylamine (2.95 g, 29.18 mmol) in
dichloromethane (120 mL) was added dropwise. Furthermore,
triethylamine was added dropwise to adjust the reaction mixture to
pH 9, after which point stirring was maintained at 0 °C overnight.
After 18 h, the reaction mixture was warmed to ambient temperature
over 6 h. TLC indicated that the reaction mixture contained a mixture
of the acid starting material and the product. Additional portions of
EDC·HCl (1.53 g, 7.98 mmol) and HOBt (1.34 g, 7.98 mmol) were
added followed by (S)-2-amino-3-((S)-2-oxopyrrolidin-3-yl)-
propanoate hydrochloride (2.43 g, 7.98 mmol) and triethylamine
(0.85 g, 8.40 mmol). After 42 h, the reaction mixture was treated with
water (200 mL) and the organic phase was separated. The aqueous
component was extracted with DCM (100 mL), and the combined
organic extracts were washed with saturated sodium bicarbonate
solution (2 × 200 mL), dried over anhydrous magnesium sulfate, and
concentrated under reduced pressure. Purification by flash column
chromatography, eluting with 3% MeOH/DCM, and subsequent
trituration with petroleum ether (40:60) afforded the title compound
as a white solid (8.87 g, 68%). 1H NMR (DMSO-d6) δ: 8.88 (dd, J1 =
19.2 Hz, J2 = 7.3 Hz, 1H), 7.79 (d, J = 7.4 Hz, 1H), 6.29 (t, J = 7.2
Hz, 1H), 7.75 (d, J = 2.4 Hz, 1H), 7.66 (d, J = 10.1 Hz, 1H), 6.29 (t, J
= 7.1 Hz, 1H), 5.72−5.56 (m, 1H), 4.34−4.24 (m, 1H), 3.61 (d, J =
10.0 Hz, 3H), 3.19−3.03 (m, 2H), 2.30−2.17 (m, 1H), 2.16−1.87
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(m, 3H), 1.85−1.71 (m, 1H), 1.67−1.53 (m, 2H), 1.46 (s, 9H),
0.57−0.41 (m, 1H), 0.36−0.27 (m, 2H), 0.17−0.09 (m, 1H), 0.03 to
−0.05 (m, 1H). 13C NMR (DMSO-d6) δ: 177.85, 177.84, 172.08,
172.06, 169.39, 169.21, 156.83, 156.78, 152.18, 128.84, 128.80,
127.98, 127.97, 119.94, 119.87, 80.09, 58.06, 57.57, 51.98, 51.97,
50.58, 50.53, 37.64, 37.58, 35.66, 35.19, 32.37, 32.11, 27.88, 27.19,
27.10, 22.48, 19.87, 19.27, 18.64, 14.16, 11.24, 7.52, 7.49, 4.58, 4.43,
3.58, 3.51. m/z (ES+): 513.3 [M + Na+]+.

tert-Butyl (1-(-3-Cyclopropyl-1-(((S)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propan-2-yl)amino)-1-oxopropan-2-yl)-2-oxo-1,2-dihy-
dropyridin-3-yl)carbamate (7). To a stirred solution of methyl (S)-2-
(2-(3-((tert-butoxycarbonyl)amino)-2-oxopyridin-1(2H)-yl)-3-cyclo-
propylpropanamido)-3-((S)-2-oxopyrrolidin-3-yl)propanoate (6)
(8.70 g, 17.73 mmol) in methanol (180 mL) at ambient temperature
was portion-wise added sodium borohydride (3.35 g, 88.68 mmol) for
over 20 min at such a rate so as to maintain the temperature around
20 °C. The reaction mixture was stirred for 1.5 h and then treated first
slowly with water (20 mL) and then adjusted to pH 9 by dropwise
addition of 1 M hydrochloric acid. The reaction mixture was partially
concentrated to a volume of about 50 mL and then extracted with
dichloromethane (3 ×x 30 mL). The combined organic extracts were
dried over anhydrous magnesium sulfate and concentrated under
reduced pressure to give the title compound as a white solid (8.13 g,
99%). 1H NMR (DMSO-d6) δ: 8.10 (dd, J1 = 20.8 Hz, J2 = 8.6 Hz,
1H), 7.78 (d, J = 6.8 Hz, 1H), 7.73 (s, 1H), 7.53 (d, J = 15.7 Hz, 1H),
7.44−7.37 (m, 1H), 6.28 (td, J1 = 7.2 Hz, J2 = 2.2 Hz, 1H), 5.62−5.49
(m, 1H), 4.67 (m, 1H), 3.76 (m, 1H), 3.39−3.20 (m, 2H), 3.19−1.98
(m, 2H), 2.21−1.86 (m, 3H), 1.85−1.69 (m, 2H), 1.64−1.28 (m,
2H), 1.46 (s, 9H), 0.55−0.40 (m, 1H), 0.37−0.24 (m, 2H), 0.19−
0.07 (m, 1H), 0.03 to −0.05 (m, 1H). 13C NMR (DMSO-d6) δ:
178.73, 178.69, 168,87, 168.77, 156.79, 152.18, 129.02, 128.71,
127.96, 127.93, 119.86, 104.81, 104.74, 80.09, 63.67, 63.62, 58.33,
58.10, 49.17, 37.72, 37.51, 35.78, 35.48, 32.34, 32.23, 27.90, 27.62,
27.54, 7.57, 4.51, 4.46, 3.67, 3.53. m/z (ES+): 485.3 [M + Na+]+.

tert-Butyl (1-(3-Cyclopropyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyr-
rolidin-3-yl)propan-2-yl)amino)propan-2-yl)-2-oxo-1,2-dihydropyr-
idin-3-yl)carbamate (8). To a stirred solution of tert-butyl (1-(3-
cyclopropyl-1-(((S)-1-hydroxy-3-((S)-2-oxopyrrolidin-3-yl)propan-2-
yl)amino)-1-oxopropan-2-yl)-2-oxo-1,2-dihydropyridin-3-yl)-
carbamate (7) (8.00 g, 17.30 mmol) in DCM (800 mL) at ambient
temperature were added NaHCO3 (0.509 g, 6.05 mmol) and Dess−
Martin periodinane (9.17 g, 216.20 mmol), and the solution was
stirred for 1 h. The reaction mixture was treated with a saturated
aqueous solution of NaHCO3 (200 mL), and the reaction mixture was
filtered through Celite. The organic phase was separated, and the
aqueous component was extracted with DCM (2 × 50 mL). The
combined organic extracts were dried over anhydrous magnesium
sulfate and concentrated under reduced pressure to a yellow solid.
Purification by flash column chromatography, eluting with 4%
MeOH/DCM, afforded the title compound as a white solid (7.17 g,
90%). 1H NMR (DMSO-d6) δ: 9.40 (d, J = 10.1 Hz, 1H), 8.81 (dd, J1
= 12.9 Hz, J2 = 7.3 Hz, 1H), 7.86−7.67 (m, 2H), 7.67−7.50 (m, 1H),
7.43−7.37 (m, 1H), 6.33−6.25 (m, 1H), 5.68−5.54 (m, 1H), 4.37−
4.13 (m, 1H), 3.24−2.96 (m, 3H), 2.31−1.28 (m, 6H), 1.46 (s, 9H),
0.57−0.39 (m, 1H), 0.37−0.23 (m, 2H), 0.20−0.07 (m, 1H), 0.04 to
−0.08 (m, 1H). m/z (ES−): 459.3 [M-H+]−.

(3S)-1-(Benzylamino)-3-(2-(3-((tert-butoxycarbonyl)amino)-2-
oxopyridin-1(2H)-yl)-3-cyclopropylpropanamido)-1-oxo-4-((S)-2-
oxopyrrolidin-3-yl)butan-2-yl Acetate (9). To a stirred solution of
tert-butyl (1-(3-cyclopropyl-1-oxo-1-(((S)-1-oxo-3-((S)-2-oxopyrroli-
din-3-yl)propan-2-yl)amino)propan-2-yl)-2-oxo-1,2-dihydropyridin-
3-yl)carbamate (8) (7.10 g, 15.42 mmol) and acetic acid (1.85 g,
30.83 mmol) in DCM (710 mL) at ambient temperature was added
benzyl isocyanide (1.81 g, 15.42 mmol), and the reaction mixture was
stirred for 22 h before being concentrated under reduced pressure.
Purification by flash column chromatography, eluting with 3%
MeOH/DCM, afforded the title compound as an off-white solid
(8.37 g, 85%). 1H NMR (DMSO-d6) δ: 8.68−8.23 (m, 2H), 7.81 (m,
1H), 7.73 (d, J = 17.6 Hz, 1H), 7.60 (m, 1H), 7.47−7.16 (m, 6H),
6.35−6.26 (m, 1H), 5.65−5.52 (m, 1H), 5.16−4.85 (m, 1H), 4.35−

4.14 (m, 3H), 3.16−2.98 (m, 2H), 2.22−1.58 (m, 8H), 1.47 (s, 9H),
1.57−1.02 (m, 2H), 0.55−0.42 (m, 1H), 0.37−0.27 (m, 2H), 0.19−
0.09 (m, 1H), 0.05 to −0.07 (m, 1H). m/z (ES+): 660.4 [M + Na+]+.

tert-Butyl (1-(1-(((2S)-4-(benzylamino)-3-hydroxy-4-oxo-1-((S)-2-
oxopyrrolidin-3-yl)butan-2-yl)amino)-3-cyclopropyl-1-oxopropan-
2-yl)-2-oxo-1,2-dihydropyridin-3-yl)carbamate (10). A stirred sol-
ution of (3S)-1-(benzylamino)-3-(2-(3-((tert-butoxycarbonyl)-
amino)-2-oxopyridin-1(2H)-yl)-3-cyclopropylpropanamido)-1-oxo-4-
((S)-2-oxopyrrolidin-3-yl)butan-2-yl acetate (9) (28.25 g, 44.30
mmol) in methanol (2000 mL) and water (400 mL) was treated
with lithium hydroxide monohydrate (3.72 g, 88.60 mmol), and the
resulting solution was stirred at ambient temperature for 1.5 h. The
reaction mixture was acidified to pH 6−7 with 1 M hydrochloric acid
and then partially concentrated under reduced pressure to remove the
bulk of the methanol. The resulting solution was extracted with DCM
(3 × 500 mL). The combined organic extracts were washed with
brine (250 mL), dried over anhydrous magnesium sulfate, and
concentrated under reduced pressure to afford the title compound (a
mixture of diastereomers) as an off-white foam (24.25 g, 92%). 1H
NMR (DMSO-d6) δ: 8.40−7.70 (m, 4H), 7.58−7.15 (m, 7H), 6.31−
6.26 (m, 1H), 5.86−5.78 (m, 1H), 5.75 (s, 1H), 5.70−5.54 (m, 1H),
4.32−3.88 (m, 4H), 3.19−2.96 (m, 2H), 2.26−0.91 (m, 6H), 1.45 (s,
9H), 0.52−0.36 (m, 1H), 0.34−0.23 (m, 2H), 0.18−0.09 (m, 1H),
0.01 to −0.11 (m, 1H). m/z (ES−): 594.3 [M-H+]−.

tert-Butyl (1-(-1-(((S)-4-(benzylamino)-3,4-dioxo-1-((S)-2-oxopyr-
rolidin-3-yl)butan-2-yl)amino)-3-cyclopropyl-1-oxopropan-2-yl)-2-
oxo-1,2-dihydropyridin-3-yl)carbamate (11). To a stirred solution
of tert-butyl (1-(1-(((2S)-4-(benzylamino)-3-hydroxy-4-oxo-1-((S)-2-
oxopyrrolidin-3-yl)butan-2-yl)amino)-3-cyclopropyl-1-oxopropan-2-
yl)-2-oxo-1,2-dihydropyridin-3-yl)carbamate (10) (3.60 g, 6.04
mmol) in DCM (436 mL) was added sodium hydrogen carbonate
(0.22 g, 2.60 mmol) and Dess−Martin periodinane (3.33 g, 7.86
mmol), and the resulting mixture was stirred at ambient temperature
for 1 h. Following the addition of saturated aqueous NaHCO3
solution (150 mL), the organic phase was separated, and the aqueous
component was extracted with DCM (2 × 150 mL). The combined
organic extracts were washed with brine, dried over anhydrous
magnesium sulfate, and concentrated under reduced pressure.
Purification by flash column chromatography, eluting with 2%
MeOH/DCM, afforded the title compound as an off-white solid
(3.59 g, quant.).

tert-Butyl (1-((R)-1-(((S)-4-(Benzylamino)-3,4-dioxo-1-((S)-2-oxo-
pyrrolidin-3-yl)butan-2-yl)amino)-3-cyclopropyl-1-oxopropan-2-
yl)-2-oxo-1,2-dihydropyridin-3-yl)carbamate, (R,S,S)-Mpro 13b-H
(12). Recrystallization from acetonitrile afforded the title compound
as an off-white solid. 1H NMR (DMSO-d6) δ: 9.22 (t, 1H), 9.03 (d, J
= 6.6 Hz, 1H), 7.78 (d, J = 7.2 Hz, 1H), 7.72 (d, J = 18.8 Hz, 2H),
7.35−7.19 (m, 6H), 6.27 (t, J = 7.0 Hz, 1H), 5.74−5.66 (m, 1H),
5.03−4.93 (m, 1H), 4.36−4.22 (m, 2H), 3.22−3.08 (m, 1H), 2.41−
2.29 (m,1H), 2.23−2.12 (m, 1H), 1.98−1.84 (m, 2H), 1.81−1.57 (m,
3H), 1.46 (s, 9H), 0.52−0.41 (m, 1H), 0.34−0.26 (m, 2H), 0.16−
0.07 (m, 1H), 0.01 to −0.06 (m, 1H). 13C NMR (DMSO-d6) δ:
196.06, 177.94, 169.23, 160.74, 156.76, 152.17, 138.47, 128.76,
128.26, 127.94, 127.32, 126.92, 119.86, 104.80, 80.10, 57.34, 52.62,
42.05, 37.81, 35.66, 31.14, 27.91, 27.17, 7.51, 4.40, 3.52. HRMS
(ES−) calculated for [C31H39N5O7-H+]− found: 592.2771. [α]D

24 =
+86.2° (c = 0.5, MeOH); >98% purity determined by SFC (Trefoil
AMY1 (150 × 3.0 nm, 2.5 μm), IPA:CO2 (34.5% IPA isocratic)).

tert-Butyl (1-((S)-1-(((S)-4-(Benzylamino)-3,4-dioxo-1-((S)-2-oxo-
pyrrolidin-3-yl)butan-2-yl)amino)-3-cyclopropyl-1-oxopropan-2-
yl)-2-oxo-1,2-dihydropyridin-3-yl)carbamate, (S,S,S)-Mpro 13b-K
(13). Concentration of the filtrate and purification by preparative
HPLC afforded the title compound as a pale pink solid. 1H NMR
(DMSO-d6) (120 °C) δ: 8.63 (m, 1H), 8.51 (d, J = 6.6 Hz, 1H), 7.77
(dd, J1 = 7.7 Hz, J2 = 1.7 Hz, 1H), 7.57 (s, 1H), 7.34−7.21 (m, 6H),
7.16 (s, 1H), 6.25 (t, J = 7.3 Hz, 1H), 5.60 (dd, J1 = 8.9 Hz, J2 = 6.0
Hz, 1H), 5.05−4.99 (m, 1H), 4.36 (d, J = 6.6 Hz, 1H), 3.20−3.09 (m,
2H), 2.36−2.26 (m, 1H), 2.21−2.12 (m, 1H), 2.06−1.92 (m, 2H),
1.86−1.63 (m, 3H), 1.50 (s, 9H), 0.66−0.55 (m, 1H), 0.41−0.33 (m,
1H), 0.15−0.09 (m, 1H), 0.04 to −0.02 (m 1H). 13C NMR (DMSO-
d6) δ: 196.20, 177.88, 169.40, 160.73, 156.82, 152.17, 138.46, 128.75,
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128.28, 128.08, 128.97, 127.40, 127.30, 126.93, 119.93, 104.85, 80.08,
57.79, 52.74, 42.02, 37.78, 35.42, 30.91, 27.89, 27.09, 7.48, 4.61, 3.55.
HRMS (ES−) calculated for [C31H39N5O7-H+]− found: 592.2771.
[α]D

26 = −73.1° (c = 0.5, MeOH); >97% purity determined by SFC
(Trefoil AMY1 (150 × 3.0 nm, 2.5 μm), IPA:CO2 (20−60% IPA
isocratic)).

Single-Crystal X-ray Diffraction Analysis of Compound 13b-H.
Crystals of 12 (compound 13b-H) were grown from hexafluoro-2-
isopropanol in PDMSO via the encapsulated nanodroplet crystal-
lization method,36 allowing the absolute stereochemistry to be
determined by single-crystal X-ray diffraction analysis. A small
colorless single crystal with a needle morphology was mounted
onto a Bruker D8 Venture diffractometer equipped with a Photon 2
detector and a copper X-radiation microfocus source. Data were
collected at a temperature maintained at 150 K in an open flow of
nitrogen gas provided by an Oxford Cryosystems cryostream. All data
were processed using the APEX 3 software suite; structure solution
and refinement were completed using the OLEX2 interface to the
SHELX suite of programs, namely, SHELXT and SHELXL.

Crystal Structure of 13b-H. The compound crystallizes in the
orthorhombic space group P212121, with one complete molecule in
the asymmetric unit. The structure provides clear validation for the
proposed molecular entity, with confirmation of the stereochemical
centers (Flack: −0.06). Absolute stereochemistry was determined to
be (S) for the lactam carbon (C10), (S) for the P1 α-carbon (C12),
and (R) for the P2 α-carbon (C17). The principal intermolecular
interactions in the structure provide a classic N−H...O hydrogen
bonding network, with these interactions predominantly oriented
along the crystallographic a axis. Some disorder is observable in the
tert-butyl groups due to a low-energy barrier to rotation.

Recombinant Protein Production. The protocol for recombinant
production of SARS-CoV-2 Mpro was described previously.20 In brief,
the target gene of Mpro was cloned into the PGEX-6p-1 vector. Nsp4-
Nsp5 and PreScission cleavage sites were designed at the N- and C-
termini, respectively, to generate the authentic target protein. The
gene of the target protein was expressed in the BL21-Gold (DE3)
(Novagen) strain of Escherichia coli. Purification of the Mpro was
performed by using HisTrap FF (GE Healthcare) and ion-exchange
(Q FF, GE Healthcare) columns. In the last step, the Mpro at high
purity was subjected to a buffer exchange (20 mM Tris, 150 mM
NaCl, 1 mM EDTA, 1 mM DTT, pH 7.5) for further experiments.

Inhibition Assay against Recombinant SARS-CoV-2 Mpro. IC50
values for inhibition of the recombinant SARS-CoV-2 main protease
were determined by an FRET assay using the peptide Dabcyl-
KTSAVLQ↓SGFRKM-E(Edans)-NH2 (Biosyntan) as the substrate
(↓ indicates the cleavage site). The assay has been previously
described,20 but we optimized both enzyme and substrate
concentrations, as well as the buffer composition, to achieve higher
sensitivity. Mpro (50 nM) was dissolved in buffer containing 20 mM
HEPES, 120 mM NaCl, 0.4 mM EDTA, 20% glycerol, pH 7.0. Then,
4 mM DTT was added just prior to the measurements. The
concentration of compounds 13b-K and 13b-H (in DMSO) was
varied between 0 and 100 μM. After incubation of the enzyme and
compound for 10 min at 37 °C, the reaction was initiated by adding
the FRET substrate at a final concentration of 10 μM to each well
(final volume: 100 μL/well). A Tecan Spark fluorescence plate reader
was used, with an excitation wavelength of 360 nm and an emission
wavelength of 460 nm. GraphPad Prism 9.2.0 software (GraphPad)
was used for the calculation of the IC50 values. Measurements of
inhibitory activities of the compounds were performed in triplicate
and are presented as the mean ± SD.

Crystallization of Peptidomimetic Ligands in Complex with
SARS-CoV-2 Mpro. The purified Mpro was concentrated to 13 mg/mL
and mixed with 13b-H or 13b-K at a molar ratio of 1:5. The mixture
was incubated in the cold room overnight. The next day,
centrifugation (10,000g) was applied to remove precipitate from the
Mpro−compound mixture. The supernatant was subjected to a basic
co-crystallization screen with commercially available kits: PACT
premier HT-96 (Molecular Dimensions) and Morpheus (Molecular
Dimensions) for 13b-H and PEG Rx 1 & 2 and PACT premier HT-

96 for 13b-K. The vapor diffusion sitting-drop method was employed
at 20 °C with 0.15 μL of the protein−compound mixture and 0.15 μL
of mother liquor in the drop, equilibrating against 40 μL of the
reservoir. Crystals were observed in several different conditions for
the two compounds in the presence of Mpro. Crystals were fished from
different drops with the corresponding cryoprotectant. Liquid
nitrogen was employed for flash-cooling of the fished crystals prior
to diffraction data collection.

Diffraction Data Collection, Phase Determination, Model
Building, and Refinement. A diffraction dataset for the structure of
the Mpro in complex with 13b-H was collected from a crystal grown
under the condition of PACT premier HT-96 number F7 (0.2 M
sodium acetate trihydrate, 0.1 M Bis-Tris propane, pH 6.5, 20% w/v
PEG 3350), with a cryoprotectant consisting of mother liquor plus
25% glycerol and 5 mM 13b-H. Data for the structure of the Mpro in
complex with 13b-K was collected from a crystal fished from a drop
prepared with the PEG Rx 2 kit (Hampton Research), condition
number 21 (20% v/v 2-Propanol, 0.1 M MES monohydrate, pH 6.0,
20% PEG monomethyl ether 2000). Crystals were cryoprotected with
mother liquor plus 15% glycerol and 2 mM 13b-K. All diffraction data
sets were collected at the PETRA III P11 beamline of DESY,
Hamburg, using a Pilatus 6M detector, at 100 K and a wavelength of
1.0332 Å.

Diffraction data sets were processed by using the programs
XDSapp37 and Pointless38−40 and scaled by Scala.38,40 The molecular
replacement method was used for determination of the structures,
employing the Molrep program of the CCP4i suite,40,41 and the
structure of the SARS-CoV-2 Mpro free enzyme (6Y2E20) as a search
model. Geometric restraints for 13b-K and 13b-H were prepared by
using the JLigand program,40,42 and the compounds were built into
Fo−Fc difference density using the Coot software.43 The Refmac5
program40,44 was used for the refinement of the structures.

Detailed Description of the Crystal Structures. The Mpro complex
with 13b-K yielded crystals of space group H3, with two complex
units (A and B) per asymmetric unit (Table S1). The crystal structure
was determined at 2.4 A resolution. While the electron density is well
defined for molecule A, it is somewhat poor for protomer B. Because
the pH of crystallization was 6.0 instead of 8.5 as for the crystals
obtained from the mixture of 13b diastereomers, there is a deviation
from the structure derived from the latter.20 Residue Glu166 appears
to be protonated on its OE1 atom in molecule A of the Mpro dimer
(but not in B), preventing it from forming the salt bridge with the N-
terminal residue of molecule B (Ser1B) that is usually observed.20

Instead, it can only accept hydrogen bonds from the NH3
+ and the

side-chain OH of Ser1B, as well as from His172, whereas its
(protonated) OE1 is devoid of any H-bonding interaction. As a
consequence, the side chain of Glu166A has a somewhat different
orientation from Glu166B. The conformation found in molecule A is
actually very similar to that observed in a neutron structure of the free
SARS-CoV-2 Mpro, crystals for which were grown at pH 6.6.
Hydrogen has not been attached to Glu166 OE1 in the model for
the neutron structure, but an Fo−Fc difference map suggests that there
may be a partially occupied proton.

SARS-CoV-2 Antiviral Assay in Calu3 Cells. Infection studies with
Calu3 cells were performed at the BSL4 laboratory of the Institute of
Virology, Marburg, Germany. The human bronchial epithelial cell line
Calu3 (HTB55; ATCC) was cultured in DMEM-F12 (Gibco cat. no.
31331-028) supplemented with 10% v/v heat-inactivated FBS, 1%
penicillin−streptomycin (10,000 U mL−1) (Gibco cat. no. 15140122),
and L-glutamine (200 mM) (100×, Gibco cat. no. 25030-024) in a
humidified 5% CO2 incubator at 37 °C. Calu3 cells were seeded in
12-well plates (Greiner Bio-One, Cellstar 12-well culture plate cat. no.
665180) at a density of 1,000,000 cells per well in a culture medium.
Twenty-four hours later, cells were infected with SARS-CoV-2
(BavPat1/2020 isolate, European Virus Archive Global #026 V-
03883) using an MOI of 0.1 for 1 h in DMEM-F12 without FCS
supplemented with penicillin−streptomycin and L-glutamine. Then,
the infection medium was removed and culture media with different
concentrations of 13b-K (0, 0.1, 2.5, 5, 10, and 20 μM) were added.
The infected and treated cells were incubated (37 °C, 5% CO2)
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overnight, and 24 h post infection (pi) supernatants were collected.
Viral releases into supernatants of infected cells were determined
using the TCID50 method on VeroE6 cells as described previously.45

Briefly, VeroE6 cells (Vero C1008, ATCC, cat no. CRL-1586, RRID:
CVCL_0574) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco cat. no. 21969-035) supplemented with
10% FBS, 1% glutamine, and 1% penicillin/streptomycin and seeded
on 96-well plates. Serial dilutions of the infectious supernatants of
treated and infected Calu3 cells were performed on sub-confluent
VeroE6 cells for calculation of TCID50/mL.

SARS-CoV-2 Antiviral Assay in VeroE6 Cells. The SARS-CoV-2
antiviral assay was derived from the previously established SARS-CoV
assay.46 In this assay, fluorescence of VeroE6-eGFP cells (provided by
Dr. M. van Loock, J&JPRD; Beerse, Belgium) declines after infection
with SARS-CoV-2 due to the cytopathogenic effect of the virus. In the
presence of an antiviral compound, the cytopathogenicity is inhibited
and the fluorescent signal is rescued. VeroE6-EGFP cells are
maintained in DMEM (Gibco cat no 41965-039) supplemented
with 10% v/v heat-inactivated fetal bovine serum (FBS) and 500 μg/
mL G418 (Gibco cat no 10131-027). On day 1, compound 13b-K
was serially diluted in 100 μL of assay medium (DMEM,
supplemented with 2% v/v FCS) in 96-well black view plates
(Greiner Bio-One, Vilvoorde). In the next step, 50 μL of VeroE6-
eGFP cells (25,000 cells/well) was added together with the MDR1-
inhibitor CP-100356 (final concentration: 0.5 μM). The plates were
incubated (37 °C, 5% CO2 and 95% relative humidity) overnight. On
day 0, 50 μL of SARS-CoV-2-GHB-03021/2020 was added at 20
TCID50/well and the plates were stored in a humidified incubator at
37 °C and 5% CO2. At 4 days pi, the wells were examined for eGFP
expression using an argon laser-scanning microscope with excitation
at 488 nm and emission at 510 nm, and the fluorescence images of the
wells were converted into signal values. The results were expressed as
EC50 values defined as the concentration of the compound achieving
50% rescue from the virus-reduced eGFP signals as compared to the
untreated virus-infected control cells. Toxicity of compounds in the
absence of virus was evaluated in a standard MTS assay as described
previously.47

SARS-CoV-2 Antiviral Assay in Huh7 Cells. The human hepatoma
cell line Huh7 (kindly provided by R. Bartenschlager, University of
Heidelberg, Germany) was maintained in DMEM (Gibco cat no.
41965-039) supplemented with 10% v/v heat-inactivated FBS, 2%
HEPES 1 M (Gibco cat no. 15630106), 5 mL of a solution of non-
essential amino acids (NEAA Gibco cat no. 11140050), and 1%
penicillin−streptomycin 10,000 U mL−1 (Gibco cat no. 15140148) in
a humidified 5% CO2 incubator at 37 °C. The assay medium, used for
producing virus stocks and antiviral testing, was prepared similarly but
with 4% FBS. To quantify antiviral activity on Huh7 cells, we selected
a SARS-CoV-2 virus strain that produces sufficient cytopathogenic
effect (CPE) on this cell line. We started from passage 6 of the SARS-
CoV-2 strain BetaCoV/Belgium/GHB-03021/2020 (EPI ISL 407976,
3 February 2020) that has been described previously48 and passaged
this three additional times on Huh7 cells while selecting those
cultures that showed the most CPE. This resulted in a virus stock
(passage 9) that confers a full CPE on Huh7 (5.6 × 104 median tissue
culture infectious dose (TCID50) per ml) as well as on VeroE6 cells
(1.8 × 107 TCID50 per ml). The genotype of this virus stock shows
four nucleotide changes as compared with the mother virus stock
(P6), and these are currently being analyzed. None of the nucleotide
changes occur in the part of the genome that encodes the main
protease, validating this virus stock for testing protease inhibitors.

For antiviral testing, Huh7 cells were seeded in 96-well plates
(Corning CellBIND 96-well Microplate cat no. 3300) at a density of
6000 cells per well in an assay medium. After overnight growth, cells
were treated with the indicated compound concentrations and
infected with a multiplicity of infection of 0.005 TCID50 per cell of
the P9 virus (final volume of 200 μL per well in assay medium). On
day 4 post infection, differences in cell viability caused by the virus-
induced CPE or by compound-specific side effects were analyzed
using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphen-
yl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) as described pre-

viously.47 Cytotoxic effects caused by compound treatment alone
were monitored in parallel plates containing mock-infected cells.

SARS-CoV-2 Antiviral Assay in A549-ACE2-TMPRSS2 Cells. A
SARS-CoV-2 isolate alpha B.1.1.7 (derived from hCoV-19/Belgium/
rega-12211513/2020; EPI_ISL_791333, 2020-12-21) was cultured
in-house from nasopharyngeal swabs taken from a traveler returning
to Belgium in December 2020. Virus stocks were first grown on
VeroE6 and then on Calu-3 cells, and the tissue culture infectious
doses (TCID50) were defined by end-point titration.49 A549-ACE2-
TMPRSS2 cells (A549-Dual-hACE2-TMPRSS2) were obtained from
InvivoGen (Toulouse, France). Cells were propagated in a growth
medium prepared by supplementing DMEM (Gibco cat no 41965-
039) with 10% v/v heat-inactivated FCS and 10 μg/mL blasticidin
(InvivoGen ant-bl-05), 100 μg/mL hygromycin (InvivoGen ant-hg-
1), 0.5 μg/mL puromycin (InvivoGen ant-pr-1), and 100 μg/mL
zeocin (InvivoGen ant-zn-05). For antiviral testing, cells were seeded
in an assay medium (DMEM supplemented with 2% v/v FCS) at a
density of 15,000 cells/well in 96 well plates. The next day, the
compound, serially diluted in an assay medium, was added and cells
were infected with the SARS-CoV-2 B.1.1.7 isolate at a MOI of
approximately 0.003 TCID50/cell in a final volume of 200 μL. On day
4 pi, differences in cell viability caused by virus-induced CPE or by
compound-specific side effects were analyzed using MTS as described
previously.47 Cytotoxic effects caused by compound treatment alone
were monitored in parallel plates containing mock-infected cells.

All virus-related work with Vero E6, Huh7, and A549-ACE2-
TMPRSS2 cells was conducted in the high-containment BSL3+
facilities of the KU Leuven Rega Institute (3CAPS) under licenses
AMV 30112018 SBB 21920180892 and AMV 23102017 SBB
2192017 0589 according to institutional guidelines.

Pharmacokinetics. For pharmacokinetic experiments, outbred
male CD-1 mice (Charles River, Germany), 4 weeks old, were
used. The animal studies were conducted in accordance with the
recommendations of the European Community (Directive 86/609/
EEC, 24 November 1986). All animal procedures were performed in
strict accordance with the German regulations of the Society for
Laboratory Animal Science and the European Health Law of the
Federation of Laboratory Animal Science Associations. Animals were
excluded from further analysis if sacrifice was necessary according to
the human endpoints established by the ethical board. All experiments
were approved by the ethical board of the Niedersa ̈chsisches
Landesamt für Verbraucherschutz und Lebensmittelsicherheit, Old-
enburg, Germany. 13b-K was dissolved in a liposomal formulation
containing a final concentration of 1 mM DOPS (1,2-dioleoyl-sn-
glycero-3-phospho-L-serine sodium salt, Avanti Polar Lipids). Lip-
osomes were prepared as described previously.50 13b-K was
administered at 25 mg/kg using an Aeroneb Nebulizer (KentScien-
tific). At the time points 0.25, 0.5, 1, 2, 4, 8, and 24 h post
administration, mice were euthanized to collect blood from the heart
as well as to perform broncheoalveolar lavage (BALF) and to remove
lungs aseptically. Furthermore, 13b-K was administered at 100 mg/kg
peroral using intragastric gavage. At the time points 0.5, 1, and 3 post
administration, up to 25 μL of blood were collected from the lateral
tail vein. At 5 h post administration, mice were euthanized to collect
blood from the heart as well as to perform broncheoalveolar lavage
(BALF) and to remove lungs aseptically. Whole blood was collected
into Eppendorf tubes coated with 0.5 M EDTA and immediately spun
down at 15870g for 10 min at 4 °C. Then, plasma was transferred into
a new Eppendorf tube and lungs were homogenized using a Polytron
tissue homogenizer. BALF, lung, and plasma samples were stored at
−80 °C until analysis. PK samples from the lung, BALF, and plasma
were prepared as described previously.20 Furthermore, epithelial
lining fluid (ELF) concentrations were calculated using the urea
method as described previously.51 PK parameters and the AUC of
BALF samples were determined using a non-compartmental analysis
with PKSolver.52
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Kaixuan Zhang − Institute of Molecular Medicine, University
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■ ABBREVIATIONS
Boc2O, Boc anhydride, di-tert-butyl dicarbonate; DEAD,
diethyl azodicarboxylate; DIPEA, diisopropylethylamine;
DMP, Dess-Martin Periodinane; EDC·HCl, N-(3-dimethyla-
minopropyl)-N′-ethylcarbodiimide hydrochloride; FRET, För-
s ter resonance energy trans fer ; HATU, 1-[bis -
(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-
pyridinium 3-oxide hexafluorophosphate; HOBt, 1-
hydroxybenzotriazole hydrate; TEA, triethylamine; TBME,
tert-butyl methyl ether; Tf2O, triflic anhydride, trifluorometha-
nesulfonic anhydride; TIPSCl, triisopropylsilyl chloride;
TMSCl, trimethylsilyl chloride
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