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ARTICLE INFO ABSTRACT

Keywords: The high morbidity and mortality associated with SARS-CoV-2 infection, the etiological agent of COVID-19, has
SARS-CoV-2 had a major impact on global public health. Significant progress has been made in the development of an array of
MERS-CoV

vaccines and biologics, however, the emergence of SARS-CoV-2 variants and breakthrough infections are an
ongoing major concern. Furthermore, there is an existing paucity of small-molecule host and virus-directed
therapeutics and prophylactics that can be used to counter the spread of SARS-CoV-2, and any emerging and
re-emerging coronaviruses. We describe herein our efforts to address this urgent need by focusing on the
structure-guided design of potent broad-spectrum inhibitors of SARS-CoV-2 3C-like protease (3CLP™ or Main
protease), an enzyme essential for viral replication. The inhibitors exploit the directional effects associated with
the presence of a gem-dimethyl group that allow the inhibitors to optimally interact with the S4 subsite of the
enzyme. Several compounds were found to potently inhibit SARS-CoV-2 and MERS-CoV 3CL proteases in
biochemical and cell-based assays. Specifically, the EC50 values of aldehyde 1c and its corresponding bisulfite
adduct 1d against SARS-CoV-2 were found to be 12 and 10 nM, respectively, and their CC50 values were >50
pM. Furthermore, deuteration of these compounds yielded compounds 2c/2d with EC50 values 11 and 12 nM,
respectively. Replacement of the aldehyde warhead with a nitrile (CN) or an a-ketoamide warhead or its cor-
responding bisulfite adduct yielded compounds 1g, 1e and 1f with EC50 values 60, 50 and 70 nM, respectively.
High-resolution cocrystal structures have identified the structural determinants associated with the binding of
the inhibitors to the active site of the enzyme and, furthermore, have illuminated the mechanism of action of the
inhibitors. Overall, the high Safety Index (SI) (SI=CC50/EC50) displayed by these compounds suggests that they
are well-suited to conducting further preclinical studies.

Coronavirus

3-Chymotrypsin-like protease (3CLP™)
Broad-spectrum inhibitors
gem-dimethyl effect

Abbreviations: CCsg, 50% cytotoxic concentration in cell-based assays; CDI, carbonyl diimidazole; CPE, cytopathic effects; DAAs, direct-acting antivirals; DMSO,
dimethyl sulfoxide; DMP, Dess-Martin periodinane; DSC, N,N’-disuccinimidyl carbonate; DTT, dithiothreitol; ECso, the 50% effective concentration in cell culture;
GESAMT, general efficient structural alignment of macromolecular targets; ICso, the 50% inhibitory concentration in the enzyme assay; MME, monomethyl ether;
MNV, murine norovirus; MOI, multiplicity of infection; ORF, open reading frame; PK, pharmacokinetics; RMSD, root mean square deviation; TCIDs, the 50% tissue
culture infectious dose; TEA, Triethyl amine; XDS, X-ray detector software.
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1. Introduction have a major impact on public health worldwide [3] and the emergence

of multiple variants [4-6], the declining effectiveness of vaccines and

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is biologics [7-9], and the currently limited number of available

an enveloped, positive-sense single-stranded p-coronavirus belonging to small-molecule direct-acting antivirals (DAAs) that can be deployed

the family Coronaviridae [1,2]. Infections by SARS-CoV-2 continue to against the virus as therapeutics and prophylactics, have collectively
Table 1

ICs0 and CCsq values of compounds 1 c-g and 2¢/d-17c/d against SARS-CoV-2 3CLP™ and MERS-CoV 3CLP™, and ECs, values of selected compounds against SARS-
CoV-2.

General Structure (I) of inhibitors for 1 c-g, 2c¢/d — 7c/d, 10c/d — 16¢/d

@jx\kftv
o j\“}

[} H

Compound Code R X Y Z ICso (pM)* ECso (pM)"’h CCsp (M)
SARS-CoV-2 MERS-CoV SARS-CoV-2
Ic H S H -CHO 0.07 £+ 0.02 0.08 £+ 0.02 0.012 £+ 0.01 >50
1d -CH(OH)SO3Na 0.09 + 0.01 0.09 + 0.02 0.010 + 0.02 >50
le o 0.21 + 0.02 0.04 + 0.01 0.05 + 0.03 >50
iy
)
1f g soma 0.45 + 0.05 0.18 + 0.06 0.07 + 0.05 >50
)

1g -CN 0.49 £+ 0.05 0.41 £+ 0.08 0.06 + 0.06 >50
2c H S D -CHO 0.20 + 0.02 0.06 + 0.01 0.011 + 0.02 >50
2d -CH(OH)SO3Na 0.31 + 0.03 0.04 + 0.01 0.012 + 0.03 >50
3¢ H o H -CHO 0.33 £ 0.01 0.19 £+ 0.07 NT >50
3d’ Lgl -CH(OH)SO3Na 0.35 + 0.10 0.25 + 0.09 NT >50
4c H oo H -CHO 0.19 + 0.05 0.26 + 0.01 NT >50
4d ’L\S/i -CH(OH)SO3Na 0.20 + 0.01 0.28 + 0.01 NT >50
5c m-F S H -CHO 0.14 + 0.02 0.10 + 0.02 0.009 =+ 0.02 >50
5d -CH(OH)SO3Na 0.13 £ 0.01 0.13 £ 0.03 0.010 + 0.02 >50
6¢c p-F S H -CHO 0.17 + 0.03 0.19 + 0.07 NT >50
6d -CH(OH)SO3Na 0.27 + 0.02 0.15 + 0.01 NT >50
7c m-Cl S H -CHO 0.15 £ 0.01 0.11 £ 0.04 0.010 £+ 0.01 >50
7d -CH(OH)SO3Na 0.17 + 0.03 0.10 + 0.02 0.011 + 0.01 >50
8c I -CHO 0.32 + 0.03 0.14 + 0.04 NT >50
8d W“stoin , Nz -CH(OH)SO3Na 0.31 + 0.02 0.14 + 0.05 NT >50

A oy

O/}'NH
9c -CHO 0.30 + 0.02 0.12 + 0.04 NT >50
9d <§ms>cfjiu§nvz -CH(OH)SO3Na 0.31 + 0.09 0.21 + 0.10 NT >50
10c H o H -CHO 0.31 £+ 0.05 0.04 £ 0.01 NT >50
10d -CH(OH)SO3Na 0.24 £+ 0.05 0.02 £+ 0.02 NT >50
11c p-Cl o H -CHO 0.46 + 0.11 0.02 + 0.01 NT >50
11d -CH(OH)SO3Na 0.34 +0.03 0.11 + 0.05 NT >50
12¢ p-Cl o D -CHO 0.17 £+ 0.05 0.04 £ 0.01 0.015 £ 0.05 >50
12d -CH(OH)SO3Na 0.17 + 0.02 0.02 + 0.02 0.012 + 0.03 >50
13c m-Cl o H -CHO 0.19 + 0.02 0.02 + 0.02 0.013 £ 0.01 >50
13d -CH(OH)SO3Na 0.21 £+ 0.03 0.02 £ 0.02 0.014 £ 0.01 >50
14c m-Cl o D -CHO 0.30 + 0.08 0.04 + 0.03 NT >50
14d -CH(OH)SO3Na 0.28 + 0.07 0.07 + 0.02 NT >50
15¢ p-F o H -CHO 0.22 + 0.03 0.03 + 0.02 NT >50
15d -CH(OH)SO3Na 0.23 + 0.01 0.04 + 0.02 NT >50
16¢ m-F o H -CHO 0.20 + 0.01 0.05 + 0.02 NT >50
16d -CH(OH)SO3Na 0.12 + 0.02 0.04 + 0.02 NT >50
17¢¢ _ - -CHO 0.29 + 0.02 0.12 + 0.01 0.025 + 0.07 >50
17d° chWoiNﬁnvz -CH(OH)SO3Na 0.32 +0.12 0.10 + 0.01 0.025 + 0.01 >50
Ho Ho g T
=y
d —NH

GC373° J -CHO 0.38 + 0.09 0.28 + 0.05 0.031 + 0.02 >100
GC376° @/\oiugnvz -CH(OH)SO3Na 0.41 £+ 0.07 0.25 £ 0.10 0.027 £ 0.01 >100

- L

O/rNH

c¢NT = Not Tested;
@ Mean = SD for ICso and ECsg;
b Determined using SARS-CoV-2 replicon system [44,28h].
4 Mixture of diastereomers;
¢ Previously reported?M-®
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hampered efforts to halt the ongoing spread of infection and coronavirus
disease 2019 (COVID-19). Thus, there is currently an urgent need for the
discovery and development of host and virus-targeted direct-acting an-
tivirals to complement and enhance the armamentarium of SARS-CoV-2
therapeutics, which currently includes only Paxlovid® (a combination of
the 3CLP™ inhibitor nirmatrelvir and ritonavir, a CYP450 3A4 inhibitor
which suppresses the metabolism of nirmaltrevir), and the viral
RNA-dependent RNA-polymerase inhibitors Molnupiravir and Remde-
sivir. The availability of a portfolio of direct-acting antivirals that act by
different mechanisms of action would be highly advantageous and make
possible the optimal use of combination therapy, creating a high barrier
for the emergence of resistance [10-13].

SARS-CoV-2 3CL protease (SARS-CoV-2 3CLP™ or Main protease,
MP™) and papain-like protease (PLP™) are the two cysteine proteases
encoded by the SARS-CoV-2 genome. These play an essential role in viral
replication by cleaving the viral genome-encoded polyproteins ppla and
pplab to generate nonstructural and structural proteins that are essen-
tial for viral replication [1]. High-resolution X-ray crystal structures and
biochemical studies have established that SARS-CoV-2 3CLP™ is a 33
kDa homodimer with a catalytic Cys”S-His [41] dyad [14,15].
Furthermore, the protease has a malleable and extended active site with
a substrate specificity for a -R-U-Leu-Gln-X sequence, where X is a small
amino acid such as Ser or Gly, R is a small hydrophobic amino acid and U
can be Thr, Val, Arg or Lys, corresponding to amino acid residues
-P4-P3-P2-P1-P1’- [16,17]. Recent crystallographic studies have illu-
minated further the molecular determinants associated with the inter-
action of SARS-CoV-23CLP™ with its substrates [18-20]. The protease
displays a strong preference for a P1 Gln (or Gln mimic) at the S1 subsite
and no human homologous protease is known to have the same primary
substrate specificity. Furthermore, the plasticity of the S2 pocket enables
it to accommodate an array of unnatural hydrophobic amino acids [21,
22]. Importantly, the substrate binding cleft is fairly conserved among
coronaviruses, suggesting that the design of broad-spectrum DAAs may
be feasible [23]. The protease is a validated target for the development
of SARS-CoV-2 therapeutics [24-27] and has been the subject of intense
investigations by us [28] and others [29]. We report herein the
structure-guided design, synthesis, structure-activity relationships, and
biochemical, structural, and antiviral activity studies of potent,
broad-spectrum inhibitors of SARS-CoV-2 3CLP™ that exploit the
conformational control and other beneficent attributes of the gem-di-
methyl moiety to access new chemical space and enhance
enzyme-inhibitor interactions in the S3-S4 active site domains of the
protease.

2. Results and discussion

Inhibitor design. The gem-dimethyl moiety has been widely used in
drug design and optimization campaigns.>>?*(¥ The introduction of a
gem-dimethyl group frequently increases target engagement by enabling
an inhibitor to assume an entropically favorable bioactive conformation,
resulting in enhanced potency. Guided by high-resolution cocrystal
structures, we envisaged constructing an inhibitor (represented by
general structure (I), Table 1) capable of exploiting the directional
control afforded by the gem-dimethyl group to orient a phenyl or
substituted phenyl group toward the malleable and hydrophobic S4
pocket of the protease and a tethered P2-P1 recognition element (a Leu-
Gln surrogate fragment) that is congruent with the known substrate
specificity of the protease capable of engaging in multiple H-bonding
and hydrophobic interactions. It was also anticipated that oxidation of
the thioether to generate a new stereocenter would allow optimal ste-
reochemical control and furnish a new locus for H-bonding interactions.
The warhead (Z) was chosen to be an aldehyde or latent aldehyde
bisulfite adduct, however, for comparative purposes, we also interro-
gated the effect on potency of an a-ketoamide [15,31,32] or masked
a-ketoamide [33], and nitrile [24,34] warheads, as well as the effect of
deuteration, on potency [35].
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Chemistry. The synthetic routines employed in the synthesis of
precursor alcohols 1-17 are illustrated in Schemes S1 and S2 and
entailed the reaction of a substituted or non-substituted phenol, thio-
phenol or heterocyclic thiol, with ethyl 2-bromo-2-methylpropionate or
2-bromoisobutyric acid to yield the alkylated product [36-38] which
was reduced to alcohols 1, 5-7,9 using LiAlH4 or alcohols 10-16 using
carbonyl diimidazole/NaBHy4 or NaBDy respectively (Scheme S1) [39].
In some cases (alcohol 2) the ester was first hydrolyzed to the acid with
aqueous LiOH/aqueous THF followed by reduction of the acid using
carbonyl diimidazole/NaBD4. Alcohols 3-4 were synthesized by
controlled oxidation of alcohol 1 using m-chloroperoxybenzoic acid
(Scheme S1) while alcohol 17 was synthesized via an epoxide inter-
mediate as shown in Scheme S2 [40,41]. Alcohol 8 was commercially
available. Some of the generated alcohols (1-9, 17) were reacted with
leucine methyl ester isocyanate, followed by ester hydrolysis and pep-
tide coupling with a Gln surrogate methyl ester to yield dipeptidyl esters
(1-9b, 17b) which were reduced with LiBH4 and subsequently oxidized
with Dess-Martin periodinane reagent to obtain aldehyde inhibitors
1-9c and 17c¢ (Scheme 1). The rest of the alcohols (10-16) were sub-
sequently treated with disuccinimidyl carbonate [42] and the activated
mixed esters were reacted with a Leu-Gln surrogate amino alcohol to
yield the dipeptidyl alcohols (10b-16b), which were then oxidized to the
corresponding aldehydes (10c-16c) with Dess-Martin periodinane re-
agent (Scheme 2). Compounds 1-17c and 1e were transformed into the
bisulfite salts (1-17d and 1f) by treatment with sodium bisulfite as
described previously (Schemes 1 and 2) [28,43]. a-Ketoamide 1e was
prepared by reacting aldehyde 1c¢ with cyclopropyl isonitrile followed
by oxidation with Dess-Martin periodinane reagent, while nitrile in-
hibitor 1g was obtained by converting dipeptidyl ester 1b to the primary
amide, followed by dehydration of the amide (Scheme 1) [24].

Biochemical studies. The inhibitory activity of compounds 1¢c-g and
2c/d-17c/d in biochemical assays toward SARS-CoV-2 and MERS-CoV
3CLP™ [28b,28d], as well as the cytotoxicity of the compounds [28i],
were determined and the results are listed in Table 1. A select number of
compounds were tested in a cell-based assay against SARS-CoV-2,28h-44
as described in the experimental section. The ICs values, ECs( values for
a select number of inhibitors, and the CCsy values in 293T cells are
summarized in Table 1 and are the average of at least three de-
terminations. All tested compounds were active against both
SARS-CoV-2 and MERS-CoV 3CLP™ and the ICsg values ranged between
70-490 nM and 20-410 nM for SARS-CoV-2 and MERS-CoV 3CL pro-
teases, respectively. The ECsq values of compounds 1c/d, 2c/d, 5c/d,
7¢/d, 12c/d and 13c/13d against SARS-CoV-2 3CLP™ were found to be
in the 9-15 nM range and the CCs( values were >50. The Safety Indices
(defined as SI=CCs0/ECsg) for the aldehyde and bisulfite adducts were
very high and ranged between 3333 and 5556. For comparative pur-
poses, the ICsg and ECsg values of GC376 and its precursor aldehyde
GC373 are also listed in Table 1. The ECs values of a-ketoamide 1e and
corresponding bisulfite adduct 1f were determined to be 50 and 70 nM,
respectively. The ECs¢ of nitrile inhibitor 1g was found to be 60 nM.
Representative dose-dependent inhibition curves in enzyme and
cell-based assays are shown in Fig. 1. A select number of compounds
were found to inhibit feline coronavirus (feline infectious peritonitis
virus, FIPV, an alpha coronavirus), and ECsps were ranged between 0.06
and 1.32 pM. The EC5( values of aldehyde 1c, a-ketoamide 1e and nitrile
inhibitor 1g of against FIPV were 0.08, 0.71 and 1.32 pM, respectively
(Table 2). The selectivity of representative compounds against a panel of
human proteases, including thrombin, chymotrypsin, neutrophil elas-
tase, cathepsin D and cathepsin G was also examined. The compounds
did not show any inhibitory activity against these proteases up to 50 pM
(Table 2). However, the selected compounds inhibited cathepsin B and
cathepsin L with calculated ICsgs in the range 0.8-2.5 pM and 0.02-0.04
uM, respectively (Table 2).
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General Synthesis of Inhibitors 7-9c/d, 1e-g and 17c/d
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Scheme 1. General Synthesis of Inhibitors 1-9c/d, 1e-g and 17c/d.

General Synthesis of Inhibitors 70-16c/d
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2.1. X-ray crystallography studies

X-ray crystallography and screening were iteratively used to guide
the synthesis of analogues and optimize potency. Furthermore, the high-
resolution cocrystal structures were used to gain insight and

Scheme 2. General Synthesis of Inhibitors 10-16¢/d.

and to unravel the mechanism of action of the compounds.
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understanding into the molecular interactions associated with binding

Structural Studies of MERS-CoV 3CLpro. The crystal structures of
MERS-CoV 3CLpro were obtained in complex with inhibitors 3d, 5d, 6d
and 8d. The inhibitors that contain a sulfide group, 5d, 6d and 8d, were
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Fig. 1. Inhibition plots of compounds Ic and 1d in enzyme assay (panel A and B) and cell-based SARS-CoV-2 replicon assay (panel C).

Table 2

ECs or ICsg values of selected compounds against feline coronavirus (FIPV) in cell culture or human proteases, including thrombin, chymotrypsin, neutrophil elastase,
cathepsin B (Cat B), cathepsin D (Cat D), cathepsin G (Cat G) and cathepsin L (Cat L) in enzyme assays, respectively.

Compound ECso (pM)* ICso (UM)*
FIPV Thrombin Chymo-trypsin Neutrophil elastase Cat B CatD Cat G CatL

Ic 0.08 £+ 0.01 >50 >50 >50 1.9+0.9 >50 >50 0.03 £ 0.01
1e 0.71 +£ 0.14 >50 >50 >50 2.0 £ 0.4 >50 >50 0.04 £+ 0.02
1g 1.32 £ 0.82 >50 >50 >50 2.6 £0.1 >50 >50 0.03 £ 0.01
2c 0.10 £+ 0.03 >50 >50 >50 20+ 0.4 >50 >50 0.03 £ 0.02
7c 0.19 + 0.04 >50 >50 >50 1.4+0.4 >50 >50 0.03 £+ 0.01
12c 0.10 £+ 0.02 >50 >50 >50 0.8 +0.4 >50 >50 0.04 £ 0.01
13c 0.06 £+ 0.02 >50 >50 >50 0.9+ 0.3 >50 >50 0.02 £ 0.01
15¢ 0.07 £+ 0.02 >50 >50 >50 1.9+0.9 >50 >50 0.03 £ 0.02

@ Mean = SD for ICso and ECs( determined as described in the experimental section.

first analyzed. In particular, 5d and 6d which both contain a gem-
dimethyl group and only differ by the position of the fluorine atom on
the aryl ring adopt similar binding modes (Fig. 2 A-D). Both compounds
form the typically observed hydrogen bonds to the protein including
His166 and Glul69, except the contact to Gln 192 is absent for 5d.
However, 5d forms a new contact between the m-fluoro atom of the
inhibitor and a side chain nitrogen atom of His 194. This places the gem-
dimethyl group and m-fluoroaryl ring of 5d deep into the S4 subsite
(Fig. 3). Conversely, 6d which contains a p-fluoroaryl ring is positioned
over the top of the His 194 residue in the S4 subsite and the gem-

. Cys 148

Gin 192

Glu 169 His 166

Gln 192

Glu 169

dimethyl group is directed away from S4 pocket (Fig. 3). Interestingly,
8d which does not contain a gem-dimethyl group and lacks substituents
on the aryl ring is positioned the furthest into the S4 pocket relative to
5d and 6d and shown in Fig. 3.

Inhibitor 3d, generated as a mixture of diastereomers, differs from
the aforementioned compounds in that a gem-dimethyl group is present
along with a sulfoxide group. This compound forms the typical hydrogen
bonds to the protein but also contains a new contact between the sulf-
oxide and the backbone carbonyl group of Val 194 (Fig. 4A and B). This
results in the positioning of the gem-dimethyl group into a cleft in the S4

GIn 192
His 41

-~ His 166

Phe 143

Glu 189,
His 166

Fig. 2. Binding mode of inhibitors 5d (A-B), 6d (C-D) and 8d (E-F) with MERS-CoV 3CLP™. A, C, E) Fo-Fc Polder omit map (green mesh) contoured at 3¢. B, D, E)
Hydrogen bond interactions indicated by the dashed lines. PDB IDs: 5d (8E6C), 6d (8E6D), 8d (8E6E).
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Fig. 3. Comparison of 5d (coral), 6d (gray) and 8d (magenta) in the MERS-CoV 3CLP™ active site. A) Surface representation showing the orientation of the
superimposed inhibitors. Neighboring residues are colored yellow (nonpolar), cyan (polar), and white (weakly polar). B) Zoomed-in view showing the aryl rings in

the S4 pocket. PDB IDs: 5d (8E6C), 6d (8E6D), 8d (8E6E).

A B
Val 193

‘ Gln 192

Glu 169

" His 166

Fig. 4. Binding mode of 3d with MERS-CoV 3CLP". A) Fo-Fc Polder omit map (green mesh) contoured at 3c. B) Hydrogen bond interactions. C) Surface repre-
sentation showing the orientation of 3d in the MERS-CoV 3CLP™ binding pocket. Neighboring residues are colored yellow (nonpolar), cyan (polar), and white

(weakly polar). PDB IDs: 3d (8E6B).

pocket formed between Gln 192 and Val 193 (Fig. 4C).

Structural Studies of SARS-CoV-2 3CLP™. The crystal structures of
several inhibitors in complex with SARS-CoV-2 3CLP™ were obtained for
the sulfur containing compounds 1d, 1f, 1g, 3d, 4d, 7d, 8d and 9d, and
the oxygen bridging compounds 11d, 15d, 16d and 17d.

Inhibitors 1d, 1f, 1g each contain a gem-dimethyl phenylthio-group
and differ in their aldehyde bisulfite, cyclopropyl ketoamide bisulfite
and cyano warheads, respectively. Each of these compounds forms the
typically observed H-bonding interactions (Fig. 5) except for the bifur-
cated hydrogen bond from the N-atom of the glutamine surrogate with
Glu 166 and Phe 140 that was not observed for 1f. The sulfur atom of
each inhibitor forms a contact with the backbone N-atom of Gln 192.
This positions the phenyl group against the hydrophobic ridge of the S4
subsite and orients the gem-dimethyl group within the S4 pocket.

Compounds 3d and 4d contain the sulfoxide (SO) and sulfone (SO3)
groups, respectively, which provides an additional polar group(s) to
interact with SARS-CoV-2 3CLpro (Fig. 6 A/D). As such, along with the
typical hydrogen bond interactions, 3d forms an additional contact be-
tween the sulfoxide and the N-atom of Gln 189 which positions the gem-
dimethyl group towards the S4 pocket (Fig. 6B and C). Conversely, the
sulfone group of 4d forms new contacts with the backbone atoms of
SARS-CoV-2 3CLpro Thr 190 and Glu 166 carbonyl oxygens and the N-
atom of GIn 192. This results in an approximate 90° rotation of the aryl
ring and the gem-dimethyl group of 4d relative to 3d as shown in Fig. 6E-
F which is positioned near Leu 167 and Pro 168 of the hydrophobic
ridge.

Inhibitors 7d, 8d and 9d all contain sulfide groups with an adjacent
gem-dimethyl except for 8d. Interestingly, 7d and 9d adopt similar
binding modes although they have different aryl groups at the terminal
ends (Fig. 7A-D). Both compounds contain an additional contact be-
tween the sulfur atom of the inhibitor and the backbone N-atom of Gln

192 and the aryl groups are positioned near the hydrophobic ridge in the
S4 subsite (Fig. 7E and F). Compound 9d also harbors an additional
contact observed between the benzimidazole nitrogen and the backbone
carbonyl of Gln 166. This orients the gem-dimethyl groups of each in-
hibitor in a cleft formed by Gln 189, Thr 190 and Ala 191 in the S4
pocket. Inhibitor 8d possesses a different binding mode that lacks a
contact between the sulfur atom and GIn 192 and the terminal aryl ring
is positioned on top of Ala 191 (Fig. 7G-I). As such, it appears the
presence of the gem-dimethyl groups in 7d and 9d may serve to orient
these inhibitors in the S4 subsite and facilitate the contacts with Gln 192.
This seems to be the case as well for 4d described above.

Compounds 11d, 15d, 16d and 17d all contain an oxo linker adja-
cent to the gem-dimethyl group, except for 17d which contains a methyl
and hydroxyl. Comparison of 11d and 15d, which only differ in that
each contains a p-chloroaryl and p-fluoroaryl substituent respectively,
revealed quite interesting differences. The p-chloroaryl of 11d is
directed towards the surface away from the S4 subsite whereas the p-
fluoroaryl group of 15d is positioned on top of the hydrophobic ridge
near Ala 191 S4 subsite and the gem-dimethyl group is directed toward
the interior of the S4 pocket (Fig. 8). This observation was unexpected
given the small difference between the two compounds. However,
further inspection of the crystal packing of the SARS-CoV-2 3CLpro
structure with 11d, which is a different crystal form from the other
structures (Table S1), revealed that a helix (Gln 244-Thr 257) from a
symmetry related protein molecule is in close proximity to the active site
(Fig. S1). As such, these symmetry related residues would clash with the
p-chlorophenyl group of 11d if they were to adopt a binding mode
similar to 15d. Therefore, we urge caution in using this monoclinic C
crystal form, that was observed for 11d, when analyzing inhibitor
binding modes for SARS-CoV-2 3CLpro by X-ray crystallography.

Comparison of inhibitors 16d and 17d, which contain m-halogen
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Fig. 5. Binding modes of 1d (A-C), 1f (D-F) and 1g (G-I) with SARS-CoV-2 3CLpro A/D/G) Fo-Fc omit map (green mesh) contoured at 3c. B/E/H) Hydrogen bond
interactions are indicated by dashed lines. C/F/I) Surface representation showing the orientation of the aryl rings of the inhibitor in the S4 subsite of SARS2 3CLpro.
Neighboring residues are colored yellow (nonpolar), cyan (polar), and white (weakly polar). PDB IDs: 1d (8F44), 1f (8F45) and 1g (8F46).

substituents, revealed quite similar binding modes. Along with the
typical hydrogen bonds to the protein, a contact with the backbone N-
atom of Gln 192 and the m-fluoro group of the inhibitor was observed for
16d as shown in Fig. 9A-C. Similarly, the m-chloro atom of 17d forms a
contact with the backbone carbonyl of Thr 190 (Fig. 9D-F). The m-hal-
oaryl rings for both compounds are positioned deep within the pocket of
the S4 subsite but the rings are rotated approximately 90° relative to one
another to accommodate interactions with these different residues. By
comparison, 15d which contains a p-fluorophenyl group is moved away
from the S4 pocket relative to 16d and 17d as shown in Fig. 10.

In comparing the potency of compounds Ic/d to the potency of
GC373 (aldehyde) and GC376 (bisulfite adduct), the greater potency of
the former arises from the ability of the gem-dimethyl group to direct the
aryl group into an extended conformation, thereby engaging in favor-
able binding interactions with the S4 pocket, while the hairpin “closed”
conformation assumed by the phenyl group in GC373/GC376 cannot
engage in such interactions (Fig. 11).

Structure-Activity Relationships. Accessing new chemical space
using conformational bias has been a generally fruitful strategy in drug
design [30]. In the studies described herein, high-resolution cocrystal
structures and the directional control afforded by the gem-dimethyl
element were used in the design of a novel series of inhibitors of
SARS-CoV-2 and MERS-CoV-2 3CL proteases. Overall, the results listed
in Table 1 clearly demonstrate that the generated compounds potently
inhibit both SARS-CoV-2 3CLP™ and MERS-CoV 3CLP™, are devoid of
cytotoxicity and, furthermore, several compounds display a broad

spectrum of activity. For example, compounds 1c/1d (Table 1) are
nanomolar inhibitors of the two proteases in biochemical and cell-based
assays and are well-suited to conducting animal studies in SARS-CoV-2
and MERS-CoV mouse models of infection.?®® When the sulfur is
replaced by oxygen, inhibitor 10c is 2-fold more potent against
MERS-CoV 3CLP™ and more than 4-fold less active against SARS-CoV-2
3CLP™. In general, the replacement of sulfur by oxygen yielded com-
pounds that were less potent against SARS-CoV-2 3CLP™ (compare
compounds 10c/d through 16¢/d vs 1c/d and 5c/d through 7c/d) but
more potent against MERS-CoV 3CLP™ (Table 1, compounds 1c/d vs
10c/d; 5c/d vs 16¢/d; 6¢/d vs 15¢/d; and 7c/d vs 13c/d). The bene-
ficial effect of the gem-dimethyl group is clearly evident by comparing
the potency of compound 1c¢ with that of compound 8c, which is 4.6-fold
and nearly 2-fold higher against SARS-CoV-2 3CLP™ and MERS-CoV
3CLP™, respectively. Replacement of the phenyl ring in Ic with a
benzimidazole ring (9c) resulted in >4-fold and 1.5-fold reduction in
potency against SARS-CoV-2 3CLP™ and MERS-CoV 3CLP™, respectively.
Oxidation of the thioether in 1c/d generated the corresponding sulfox-
ides as a mixture of diastereomers which, along with the corresponding
sulfones, were found to be less potent than the precursor sulfides (1¢c/d
versus 3c¢/3d or 4c/d). Potency was near invariant to ring substitution in
the X = O series (11c/d through 16¢/d) and diminished in the X = S
series of compounds (Ic/d versus 5¢/5d through 7c/d). The replace-
ment of the aldehyde/aldehyde bisulfite adduct warheads with an
a-ketoamide/a-ketoamide bisulfite adduct yielded compounds with
decreased potency (compounds Ic/d versus compounds Ie/f).



C.S. Dampalla et al. European Journal of Medicinal Chemistry 254 (2023) 115376

A B

GIn189

Glu166 " His163

Thr190

Glu168 " His163
_,ﬁm

Fig. 6. Binding modes of 3d (A-C) and 4d (D-F) with SARS-CoV-2 3CLpro A/D) Fo-Fc omit map (green mesh) contoured at 3c. B/E) Hydrogen bond interactions are
indicated by dashed lines. C/F) Surface representation showing the orientation of the aryl rings of the inhibitor in the S4 subsite of SARS2 3CLpro. Neighboring
residues are colored yellow (nonpolar), cyan (polar), and white (weakly polar). PDB IDs: 3d (8E5X) and 4d (8E5Z).
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Fig. 7. Binding modes of 7d (A/C/E), 9d (B/D/F) and 8d (G/H/I) with SARS-CoV-2 3CLpro. A/B/G) Fo-Fc omit map (green mesh) contoured at 3c. C/D/H)
Hydrogen bond interactions are indicated by dashed lines. Surface representations (E/F/I) showing the orientation of the aryl rings of the inhibitor in the S4 subsite
of SARS2 3CLpro. Neighboring residues are colored yellow (nonpolar), cyan (polar), and white (weakly polar). PDB IDs: 7d (8E61), 8d (8E63), 9d (8E64).
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Fig. 8. Binding mode of 11d (A-C) and 15d (D-F) with SARS-CoV-2 3CLpro. A/D) Fo-Fc omit map (green mesh) contoured at 3¢. B/E) Hydrogen bond interactions
are indicated by dashed lines. Surface representations (C/F) showing the orientation of the aryl rings of the inhibitor in the S4 subsite of SARS-CoV-2 3CLpro.
Neighboring residues are colored yellow (nonpolar), cyan (polar), and white (weakly polar). PDB IDs: 11d (8E65), 15d (8E68).
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Glu 166
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Fig. 9. Binding mode of 16d (A-C) and 17d (D-F) with SARS-CoV-2 3CLpro. A/D) Fo-Fc omit map (green mesh) contoured at 3c. B/E) Hydrogen bond interactions
are indicated by dashed lines. Surface representations (C/F) showing the orientation of the aryl rings of the inhibitor in the S4 subsite of SARS-CoV-2 3CLpro.
Neighboring residues are colored yellow (nonpolar), cyan (polar), and white (weakly polar). PDB IDs: 16d (8E69), 17d (8E6A).

Importantly, the ECsq values of 1e/1f against SARS-CoV-2 were nearly
equipotent (50 and 70 nM, respectively), rendering the a-ketoamide
bisulfite adducts amenable to multiparameter optimization of their PK
characteristics through further derivatization [45]. The potency of
nitrile (Z = CN) 1g was comparable to the a-ketoamide/a-ketoamide
bisulfite adduct compounds 1e/1f and equipotent against SARS-CoV-2
and MERS-CoV 3CLP™, respectively. However, the ECso value of 1g
was 5 or 6-fold higher than those of compounds Ic/1d. Deuterium
substitution frequently improves the PK characteristics of drugs and,
although not investigated here, a preliminary assessment of the impact

of deuteration on potency was made by synthesizing several deuterated
inhibitors. The ECsg values of 1c/d and the corresponding deuterated
compound (2c/d) against SARS-CoV-2 3CLP™ remained the same. In
comparing the ICsy values of nondeuterated and deuterated pairs
(Table 1, 11c/d versus 12c/d and 13c/d versus 14c/d), there was
~2-fold increase in potency in the former pair and no change in potency
in the latter pair against SARS-CoV-2 3CLP™. The ICsq values of com-
pounds 13c/d and 14c/d remained in the nanomolar range, however,
there was a 2 and 3.5-fold decrease in potency against MERS-CoV
3CLP™. There was a 1.5-fold loss in potency against SARS-CoV-2
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Cys145

Fig. 10. Superposition of the SARS-CoV-2 3CLpro structures in complex with 16d (gray), 17d (gold) and 15d (coral). A) Rendering showing the differences in the
inhibitors in the S4 subsite. B) Surface representations showing the position of the inhibitors in the S4 pocket with neighboring residues are colored yellow
(nonpolar), cyan (polar), and white (weakly polar). PDB IDs: 15d (8E68), 16d (8E69), 17d (8E6A).

3CLP™ upon replacement of one of the methyl groups in gem-dimethyl
with a polar group (OH) (Table 1, compounds 17c/d). Selected 3CLP™
inhibitors showed potent inhibition against cathepsin L and moderate
inhibitory activity against cathepsin B (Table 2). Interestingly, aldehyde
1c, a-ketoamide Ie, and nitrile inhibitor 1g showed similar potency
against both cathepsins B and L (Table 2), which is in contrast to the
variable inhibitory effects displayed against the 3CLP*s (Table 1). In a
previous report, we demonstrated that 3CLP™ inhibitors with dual ef-
fects on cathepsin L did not inhibit the entry of SARS-CoV-2 in cells
expressing both ACE2 and TMPRSS2 using pseudotyped virus assay with
virus spike protein [28i]. Similarly, we found that the selected com-
pounds used in the present studies did not inhibit the entry of
SARS-CoV-2 in cells expressing both ACE2 and TMPRSS2 (data not
shown).

10

3. Conclusions

The emergence of SARS-CoV-2, the etiological agent of COVID-19,
and the severe impact of the resulting pandemic on public health
worldwide, has accelerated efforts to develop effective countermeasures
to combat the spread of the virus. The rapid development of vaccines
and biologics to address the emergence of variants of concern and
ongoing studies to better define SARS-CoV-2 biology and pathogenesis,
have greatly ameliorated the impact of the virus. There is, however, an
urgent need to expand the arsenal of small-molecule host and virus-
targeted direct-acting antivirals as therapeutics and prophylactics. In
this report, we describe the design of inhibitors of SARS-CoV-2 3CLP™
that optimally utilizes structural information, and the directional and
conformational effects of the gem-dimethyl group. The generated in-
hibitors were profiled using structure-activity relationships, and
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Fig. 11. Superposition of inhibitor GC376 (coral) bound to SARS-CoV-2 3CLP™
(PDB 7K0G) superimposed with compound 1d (gray). Surface representation of
SARS-CoV-2 3CLP™ with neighboring residues are colored yellow (nonpolar),
cyan (polar), and white (weakly polar).

biochemical and structural studies. These studies enabled the identifi-
cation of compounds that display potent activity against both SARS-
CoV-2 3CLP™ and MERS-CoV 3CLP™. A select number of inhibitors
were also evaluated in cell-based assays, and their evaluation in relevant
mouse models of infection is envisaged. High-resolution cocrystal
structures confirmed the mechanism of action with the catalytic cysteine
(Cys145) covalently bound to the carbonyl carbon of the inhibitors and
provided valuable insights regarding the primary structural de-
terminants associated with binding.

4. Experimental section

General. Reagents and dry solvents were purchased from various
chemical suppliers (Sigma-Aldrich, Acros Organics, Chem-Impex, TCI
America, Oakwood chemical, Cambridge Isotopes, AK scientific, Alpha
Aesar and Fisher) and were used as obtained. Silica gel (230-450 mesh)
used for flash chromatography was purchased from Sorbent Technolo-
gies (Atlanta, GA). Normal phase chromatography was performed on a
Teledyne ISCO CombiFlash system using RediSep normal phase silica
cartridges (35-70 pm particle size range). Thin layer chromatography
was performed using Analtech silica gel plates. Visualization was
accomplished using UV light and/or iodine. NMR spectra were recorded
in CDCl3 or DMSO-dg using a Varian XL-400 spectrometer. The purity of
the final compounds was found to be > 95%, as determined by absolute
gNMR analysis (supplemental information) using a Bruker AV III 500
NMR spectrometer equipped with a CPDUL CRYOprobe and CASE
autosampler (the University of Kansas Nuclear Magnetic Resonance
Laboratory). Dimethyl sulfone TraceCERT® was used as the internal
calibrant. High resolution mass spectrometry (HRMS) was performed at
the Wichita State University Mass Spectrometry lab using an Orbitrap
Velos Pro mass spectrometer (Thermosphere, Waltham, MA) equipped
with an electrospray ion source.

Synthesis of compounds 1-9b, 17b (Scheme 1). General proced-
ure. A solution of alcohol (1 eq/20 mmol) in dry acetonitrile (10 mL/g
alcohol) was treated with triethylamine (2 eq/mmol), followed by the
amino acid methyl ester isocyanate (1 eq). The resulting reaction
mixture was refluxed for 2 h and then allowed to cool to room tem-
perature. The solution was concentrated, and the residue was redis-
solved in ethyl acetate (20 mL/g alcohol). The organic layer was washed
with 5% HCI (2 x 10 mL/g alcohol) and brine (10 mL/g alcohol). The
organic layer was dried over anhydrous sodium sulfate, filtered, and
concentrated to yield a crude oil. Purification of the crude oil by flash
chromatography yielded the carbamate ester as a colorless oil.

A solution of the carbamate ester (1 eq) in THF (10 mL/g ester) was
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treated with 1 M aqueous LiOH (4 eq). The reaction mixture was stirred
for 3 h at room temperature. The solvent was removed by rotovap and
the solution was acidified to pH ~2 using 5% aqueous hydrochloric acid.
The aqueous layer was extracted with ethyl acetate (3 x 10 mL/g ester)
and the combined organic layers were dried over anhydrous sodium
sulfate, filtered, and concentrated to yield the carbamate acid.

1,1’-Carbonyldiimidazole (1.2 eq) was added to a solution of
carbamate acid (1 eq) in anhydrous acetonitrile (7 mL/g carbamate
acid) and stirred for 30 min at room temperature. In a separate round
botttom flask, a solution of glutamine surrogate HCl (1 eq) in anhydrous
acetonitrile (7 mL/g carbamate acid) was cooled to 0—5 °C, treated with
TEA (4 eq) and stirred for 30 min, whereupon the two solutions were
mixed and stirred overnight. The solvent was removed, and the residue
was redissolved in ethyl acetate (30 ml/g carbamate acid). The organic
layers were washed with saturated sodium bicarbonate (2 x 10 mL/g
carbamate acid) and brine (10 mL/g carbamate acid), dried over
anhydrous NaySOy, filtered, and concentrated in vacuo. The resulting
crude product was purified by flash chromatography (silica gel/ethyl
acetate/hexane) to yield dipeptidyl esters 1-9b, 17b.

Synthesis of compounds 10-16b (Scheme 2). General procedure.
To a solution of alcohol (1 eq) in anhydrous acetonitrile (10 mL/g
alcohol) was added N,N’-disuccinimidyl carbonate (1.2 eq) and TEA (3.0
eq), and the reaction mixture was stirred for 4 h at room temperature.
The solvent was removed in vacuo and the residue was dissolved in ethyl
acetate (40 mL/g alcohol). The organic phase was washed with satu-
rated aqueous NaHCOs3 (2 x 20 mL/g alcohol), followed by brine (20
mL). The organic layers were combined and dried over anhydrous
NaySO0y, filtered and concentrated in vacuo to yield the mixed carbonate
which was used in the next step without further purification.

To a solution of Leu-Gln surrogate amino alcohol a (1.0 eq) in dry
methylene chloride (10 mL/g of amino alcohol) was added TEA (1.5 eq)
and the reaction mixture was stirred for 20 min at room temperature
(solution 1). In a separate flask, the mixed carbonate was dissolved in
dry methylene chloride (10 mL/g of carbonate) (solution 2). Solution 1
was added to solution 2 and the reaction mixture was stirred for 3 h at
room temperature. Methylene chloride was added to the organic phase
(40 mL/g of carbonate) and then washed with saturated aqueous
NaHCOs (2 x 20 mL/g alcohol), followed by brine (20 mL). The organic
phase was dried over anhydrous NaySOy, filtered and concentrated in
vacuo. The resultant crude product was purified by flash chromatog-
raphy (silica gel/hexane/ethyl acetate) to yield dipeptidyl alcohols 10-
16b as a white solid.

Synthesis of compounds 1-17c (Schemes 1 and 2). General pro-
cedure. For compounds 1-9b, 17b (dipeptidyl esters), the dipeptidyl
alcohols were synthesized as follows: lithium borohydride (2 M in THF,
3 eq) was added to a solution of dipeptidyl ester (1 eq) in anhydrous THF
(10 mL/g ester), stirred for 30 min, followed by dropwise addition of
anhydrous methanol (10 mL/g ester), and stirred at room temperature
overnight. The reaction mixture was concentrated, acidified with 5%
aqueous hydrochloric acid and extracted with ethyl acetate (3 x 10 mL/
g ester). The combined organic layers were washed with brine (10 mL/g
ester), dried over anhydrous sodium sulfate, filtered, and concentrated
to yield a crude off-white solid, which was purified by flash chroma-
tography to yield the dipeptidyl alcohol as a white solid.

Dipeptidyl alcohols 10-16b and dipeptidyl alcohols derived from
above 1-9b, 17b were used in the next step.

To a solution of the dipeptidyl alcohol (1 eq) in anhydrous
dichloromethane (300 mL/g dipeptidyl alcohol) kept at 0-5 °C under a
Ny atmosphere was added Dess-Martin periodinane reagent (3 eq) and
the reaction mixture was stirred for 3 h at 15-20 °C. The organic phase
was washed with 10% aq NasS203 (2 x 100 mL/g dipeptidyl alcohol),
followed by saturated aqueous NaHCO3 (2 x 100 mL/g dipeptidyl
alcohol), distilled water (2 x 100 mL/g dipeptidyl alcohol), and brine
(100 mL). The organic phase was dried over anhydrous NasSOy, filtered
and concentrated in vacuo. The resulting crude product was purified by
flash chromatography (silica gel/hexane/ethyl acetate) to yield
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aldehydes 1-17c.

Synthesis of compounds 1-17d (Schemes 1 and 2). General pro-
cedure. To a solution of dipeptidyl aldehyde ¢ (1 eq) in ethyl acetate
(10 mL/g of dipeptidyl aldehyde) was added absolute ethanol (5 mL/g of
dipeptidyl aldehyde) with stirring, followed by a solution of sodium
bisulfite (1 eq) in water (1 mL/g of dipeptidyl aldehyde). The reaction
mixture was stirred for 3 h at 50 + 5 °C. The reaction mixture was
allowed to cool to room temperature and then vacuum filtered. The solid
was thoroughly washed with absolute ethanol and the filtrate was dried
over anhydrous sodium sulfate, filtered, and concentrated to yield a
white solid. The white solid was stirred with dry ethyl ether (3 x 10 mL/
g of dipeptidyl aldehyde), followed by careful removal of the solvent
using a pipette and dried using a vacuum pump for 2 h to yield dipep-
tidyl bisulfite adduct d as a white solid.

Synthesis of compound I1e (Scheme 1). Acetic acid (1.1 eq) and
cyclopropyl isonitrile were added to a solution of 1c (1 eq) in anhydrous
ethyl acetate (18 mL/g aldehyde), stirred at room temperature over-
night, whereupon ethyl acetate was removed on the rotovap. The res-
idue was redissolved in methanol (15 mL/g aldehyde). A solution of
potassium carbonate (2.5 eq) in water (10 ml/g K2CO3) was added and
stirred for 2 h at room temperature. The reaction mixture was concen-
trated and extracted with ethyl acetate (3 x 20 mL/g aldehyde). The
combined organic layers were washed with 5% aqueous hydrochloric
acid (20 mL/g aldehyde), brine (20 mL/g aldehyde), dried over anhy-
drous sodium sulfate, filtered, and concentrated to yield a crude off-
white solid, which was purified by flash chromatography to yield the
a-OH amide intermediate.

To a solution of a-OH amide intermediate (1 eq) in anhydrous
dichloromethane (300 mL/g dipeptidyl alcohol) kept at 0-5 °C under a
Ny atmosphere was added Dess-Martin periodinane reagent (3 eq) and
the reaction mixture was stirred for 3 h at 15-20 °C. The organic phase
was washed with 10% aq NasS203 (2 x 100 mL/g dipeptidyl alcohol),
followed by saturated aqueous NaHCOs (2 x 100 mL/g dipeptidyl
alcohol), distilled water (2 x 100 mL/g dipeptidyl alcohol), and brine
(100 mL). The organic phase was dried over anhydrous NasSOy, filtered
and concentrated in vacuo. The resulting crude product was purified by
flash chromatography (silica gel/hexane/ethyl acetate) to yield
a-ketoamide Ie.

Synthesis of compounds 1f (Schemes 1). To a solution of 1e (1 eq)
in ethyl acetate (10 mL/g of dipeptidyl aldehyde) was added absolute
ethanol (5 mL/g of dipeptidyl aldehyde) with stirring, followed by a
solution of sodium bisulfite (1 eq) in water (1 mL/g of dipeptidyl alde-
hyde). The reaction mixture was stirred for 3 h at 50 + 5 °C. The reac-
tion mixture was allowed to cool to room temperature and then vacuum
filtered. The solid was thoroughly washed with absolute ethanol and the
filtrate was dried over anhydrous sodium sulfate, filtered, and concen-
trated to yield a white solid. The white solid was stirred with dry ethyl
ether (3 x 10 mL/g of dipeptidyl aldehyde), followed by careful removal
of the solvent using a pipette and dried using a vacuum pump for 2 h to
yield dipeptidyl bisulfite adduct d as a white solid.

Synthesis of compounds 1g (Scheme 1). 7 M Ammonia in methanol
(150 eq) was added to dipeptidyl ester 1b (1 eq) in anhydrous methanol
(4 mL/g ester), stirred for 6 h, followed by addition of 7 M Ammonia in
methanol (50 eq), and stirred at room temperature overnight. 7 M
Ammonia in methanol (50 eq) were added consecutively on day 2 and
day 3 while stirring. On day 4, the reaction mixture was concentrated in
vacuo to obtain dipeptidyl amide as a white solid.

Dipeptidyl amide (1 eq) and 1H-imidazole (3 eq) were dissolved in a
1:1 mixture of anhydrous dichloromethane and anhydrous pyridine.
Phosphorus oxychloride (6 eq) was added dropwise at —35 °C in a dry
ice-acetonitrile bath and stirred for 4 h. Aqueous 5% hydrochloric acid
(10%, 80 ml/g amide) was added, and solution was allowed to warm up
to room temperature over 1 h while stirring. The reaction mixture was
extracted with methylene chloride (3 x 20 mL/g ester). The combined
organic layers were washed with brine (20 mL/g ester), dried over
anhydrous sodium sulfate, filtered, and concentrated to yield a crude
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off-white solid, which was purified by flash chromatography to yield 1g
as a white solid.

4.1. Characterization of compounds

2-Methyl-2-(phenylthio)propyl ((S)-4-methyl-1-oxo-1-(((S)-1-0xo-3-
((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carbamate
(1c). Yield (90%).'H NMR (400 MHz, cdcl3) & 9.49 (s, 1H), 8.44-8.40
(m, 1H), 7.57-7.50 (m, 2H), 7.40-7.30 (m, 2H), 7.26-7.24 (m, 1H), 5.78
(s, 1H), 5.29 (d, J = 9.5 Hz, 1H), 4.37-4.23 (m, 2H), 3.98 (s, 2H),
3.40-3.28 (m, 2H), 2.00-1.81 (m, 2H), 1.78-1.65 (m, 3H), 1.62-1.49
(m, 3H), 1.25 (s, 6H), 0.98 (d, J = 6.1 Hz, 6H). 13C NMR (126 MHz,
DMSO) & 200.84, 178.24, 173.14, 155.92, 137.28, 130.40, 129.28,
128.89, 69.73, 56.25, 53.01, 47.69, 40.58, 39.41, 37.21, 29.26, 27.27,
25.31, 25.28, 24.21, 22.98, 21.41. HRMS m/z: [M-+Na]™ Calculated for
Co4H35N3NaOsS 500.2195; Found 500.2185.

Sodium (2S)-1-hydroxy-2-((S)-4-methyl-2-(((((1S,2S)-2-phenyl-
cyclopropyl)methoxy)carbonyl)amino)pentanamido)-3-((S)-2-oxo-
pyrrolidin-3-yl)propane-1-sulfonate (1d). Yield (39%). IH NMR (400
MHz, dmso) § 7.68-7.27 (m, 14H), 5.41 (d, J = 6.1 Hz, 1H), 5.30 (d, J =
6.1 Hz, 1H), 4.29-3.59 (m, 10H), 3.18-2.90 (m, 4H), 2.23-1.85 (m, 6H),
1.80-1.32 (m, 10H), 1.26-1.03 (m, 12H), 0.93-0.78 (m, 12H). I3 NMR
(126 MHz, DMSO) § 179.25, 179.05, 171.95, 171.85, 155.94, 155.85,
137.28, 130.44, 129.25, 128.91, 84.55, 83.80, 69.73, 53.49, 53.34,
48.97, 48.45, 47.71, 40.90, 40.77, 40.40, 39.40, 37.74, 37.64, 32.09,
29.76, 27.54, 27.34, 25.33, 24.25, 24.19, 23.19, 23.11, 22.92, 21.67,
21.43, 21.29. HRMS m/z: [M+Na]™ Calculated for Cy4H36N3NasOgSs
604.1740; Found 604.1721.

2-Methyl-2-(phenylthio)propyl  ((S)-1-(((S)-4-(cyclopropylamino)-
3,4-dioxo-1-((S)-2-oxopyrrolidin-3-yl)butan-2-yl)amino)-4-methyl-1-
oxopentan-2-yl)carbamate (1e). Yield (64%). H NMR (400 MHz, cdcl3)
58.40 (d, J = 5.8 Hz, 1H), 7.52 (d, J = 6.6 Hz, 2H), 7.40-7.27 (m, 3H),
7.09 (s, 1H), 6.68 (s, 1H), 5.48 (d, J = 8.8 Hz, 1H), 5.29-5.15 (m, 1H),
4.44-4.27 (m, 1H), 4.02-3.88 (m, 2H), 3.39-3.24 (m, 2H), 2.82-2.71
(m, 1H), 2.62-2.28 (m, 2H), 2.10-1.87 (m, 3H), 1.80-1.58 (m, 2H),
1.57-1.44 (m, 1H), 1.23 (d, J = 3.6 Hz, 6H), 0.95 (dd, J = 6.5, 4.3 Hz,
6H), 0.88-0.76 (m, 2H), 0.68-0.51 (m, 2H). '3C NMR (126 MHz, DMSO)
8 196.43, 178.05, 172.78, 162.13, 155.81, 137.29, 130.41, 129.28,
128.89, 69.75, 52.73, 52.18, 47.67, 40.69, 37.72, 31.13, 27.18, 25.32,
25.29, 24.10, 22.97, 22.45, 21.52, 5.44, 5.39. HRMS m/z: [M+Na]™"
Calculated for CogH40N4NaOgS 583.2567; Found 583.2535.

Sodium (3S)-1-(cyclopropylamino)-2-hydroxy-3-((S)-4-methyl-2-
(((2-methyl-2-(phenylthio)propoxy)carbonyl)amino)pentanamido)-1-
0x0-4-((S)-2-oxopyrrolidin-3-yl)butane-2-sulfonate (1f). Yield (81%).
H NMR (400 MHz, dmso) 6 8.82-8.18 (m, 2H), 7.75-7.17 (m, 16H),
5.52-5.34 (m, 1H), 5.10-4.93 (m, 1H), 4.64-3.35 (m, 8H), 3.24-2.65
(m, 4H), 2.40-1.98 (m, 4H), 1.98-1.30 (m, 11H), 1.30-1.09 (m, 12H),
1.09-0.76 (m, 16H), 0.69-0.33 (m, 4H). 3¢ NMR (126 MHz, DMSO) &
179.25, 178.04, 172.78, 170.52, 155.82, 137.29, 131.44, 130.41,
129.28, 128.90, 128.73, 125.99, 89.94, 69.71, 58.79, 53.16, 47.68,
40.60, 37.72, 31.11, 27.50, 27.18, 25.33, 24.10, 23.27, 23.09, 22.97,
22.59, 22.47, 21.39, 21.13, 5.96, 5.54, 5.44, 5.40. HRMS m/z: [M+Na] "
Calculated for CogH41N4Nas0gS, 687.2111. Found 687.2267.

2-Methyl-2-(phenylthio)propyl ((S)-1-(((S)-1-cyano-2-((S)-2-oxo-
pyrrolidin-3-yl)ethyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate
(1g). Yield (78%). 1H NMR (400 MHz, cdcl3) 6 8.37 (d, J = 6.8 Hz, 1H),
7.52 (d, J = 6.7 Hz, 2H), 7.41-7.25 (m, 3H), 6.74 (s, 1H), 5.58 (d, J =
8.8 Hz, 1H), 4.88-4.75 (m, 1H), 4.37-4.20 (m, 1H), 4.03-3.88 (m, 2H),
3.40-3.24 (m, 2H), 2.54-2.28 (m, 3H), 2.00-1.91 (m, 1H), 1.90-1.75
(m, 1H), 1.75-1.47 (m, 3H), 1.28-1.21 (m, 6H), 0.95 (dd, J = 6.4, 4.0
Hz, 6H). 13C NMR (126 MHz, DMSO) 5 177.51, 172.62, 155.98, 137.29,
130.40, 129.28, 128.89, 119.58, 69.81, 52.94, 47.66, 40.15, 39.48,
38.22, 37.03, 33.40, 26.99, 25.32, 24.20, 22.94, 21.34. HRMS m/z:
[M-+Na]™ Calculated for Co4H34N4NaO4S 497.2199; Found 497.2175.

2-Methyl-2-(phenylthio)propyl-1,1-d2  ((S)-4-methyl-1-oxo-1-(((S)-
1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)
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carbamate (2¢). Yield (43%). 'H NMR (400 MHz, cdcl3) & 9.58 (s, 0H),
9.49 (s, 1H), 8.37 (s, 1H), 7.57-7.48 (m, 2H), 7.40-7.30 (m, 3H), 5.76 (s,
1H), 5.31-5.19 (m, 1H), 4.32 (d, J = 8.8 Hz, 1H), 3.43-3.24 (m, 2H),
2.53-2.27 (m, 1H), 1.99-1.81 (m, 2H), 1.74-1.50 (m, 6H), 1.32-1.18
(m, 6H), 1.02-0.85 (m, 6H). 13¢ NMR (126 MHz, DMSO) 6 200.85,
178.25, 173.15, 155.94, 137.27, 130.41, 129.28, 128.90, 59.75, 56.26,
53.02, 47.54, 40.58, 39.42, 37.21, 29.27, 27.28, 25.26, 24.22, 23.11,
22.98, 21.42. HRMS m/z: [M+Na]™" Calculated for Co4H33D2N35NaOsS
502.2321; Found 502.2295.

Sodium  (2S)-1-hydroxy-2-((S)-4-methyl-2-(((2-methyl-2-(phenyl-
thio)propoxy-1,1-d2)carbonyl)amino)pentanamido)-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (2d). Yield (77%). H NMR (400 MHz,
dmso) 6 7.64-7.30 (m, 14H), 5.42 (s, 1H), 5.31 (s, 1H), 4.25-3.76 (m,
4H), 3.20-2.90 (m, 4H), 2.34-1.79 (m, 6H), 1.75-1.29 (m, 10H),
1.26-1.09 (m, 12H), 0.97 (d, J = 9.6 Hz, 2H), 0.91-0.76 (m, 12H). 3¢
NMR (126 MHz, DMSO) & 179.32, 179.11, 178.32, 172.19, 171.97,
170.05, 156.00, 155.91, 137.30, 130.45, 130.29, 129.41, 129.29,
129.01, 128.94, 128.76, 126.01, 84.62, 83.84, 75.56, 61.30, 56.08,
54.55, 53.63, 53.49, 53.37, 48.86, 48.45, 47.57, 47.28, 43.14, 40.79,
40.41, 39.46, 39.02, 37.66, 37.39, 27.56, 27.37, 27.27, 25.30, 24.28,
24.22, 23.86, 23.23, 23.15, 23.11, 21.46, 21.32, 21.17, 18.58, 15.15.
HRMS m/z: [M+Na]' Calculated for CosH34D2N3NasOgSa 606.1865;
Found 606.1838.

2-Methyl-2-(phenylsulfinyDpropyl  ((S)-4-methyl-1-oxo-1-(((S)-1-
0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carba-
mate (3c¢). Yield (46%). IH NMR (400 MHz, cdcl3) 6 9.50 (s, 2H), 9.00 (s,
1H), 8.59 (s, 1H), 7.66-7.56 (m, 4H), 7.56-7.47 (m, 6H), 6.79 (s, 1H),
6.32 (s, 1H), 5.56 (d, J = 8.3 Hz, 1H), 5.41 (d, J = 8.4 Hz, 1H), 4.44-3.95
(m, 7H), 3.42-3.26 (m, 4H), 2.57-2.45 (m, 2H), 2.45-2.34 (m, 2H),
2.11-1.47 (m, 13H), 1.14 (s, 12H), 1.00-0.89 (m, 12H). 13¢ NMR (126
MHz, DMSO) § 200.84,178.29,173.11, 173.05, 155.67, 155.60, 139.09,
139.04, 131.45, 128.73, 126.01, 125.97, 66.37, 66.26, 58.76, 56.34,
53.14, 53.04, 40.65, 40.51, 39.44, 37.27, 29.29, 29.27, 27.31, 24.25,
24.13,23.16, 22.99, 21.58, 21.43, 17.09, 16.95, 16.80, 16.67. HRMS m/
z: [M+Na]™ Calculated for Co4H35N3Na0gS 516.2145; Found 516.2140.

Sodium  (2S)-1-hydroxy-2-((2S)-4-methyl-2-(((2-methyl-2-(phenyl-
sulfinyl)propoxy)carbonyl)amino)pentanamido)-3-((S)-2-oxopyrroli-
din-3-yl)propane-1-sulfonate (3d). Yield (81%). IH NMR (400 MHz,
dmso) § 7.79-7.26 (m, 16H), 5.53 (dd, J = 15.6, 6.2 Hz, 1H), 5.37 (dd, J
= 15.6, 5.9 Hz, 1H), 4.26-3.82 (m, 8H), 3.19-2.91 (m, 4H), 2.31-1.84
(m, 6H), 1.80-1.32 (m, 10H), 1.12-0.98 (m, 12H), 0.93-0.80 (m, 12H).
13¢ NMR (126 MHz, DMSO) & 179.28, 179.09, 171.97, 171.94, 171.88,
171.79, 155.70, 155.63, 155.52, 139.10, 139.02, 131.47, 131.39,
131.32, 128.75, 126.11, 126.05, 125.99, 84.55, 84.51, 83.82, 83.76,
66.27, 66.22, 58.86, 58.82, 58.77, 53.72, 53.56, 53.50, 53.40, 49.04,
48.97, 48.58, 48.51, 40.81, 40.65, 40.38, 40.33, 39.44, 37.82, 37.78,
37.71, 32.21, 31.98, 29.99, 29.73, 27.55, 27.37, 24.29, 24.25, 23.20,
23.13, 21.45, 21.30, 17.10, 17.04, 17.01, 16.95, 16.76, 16.70, 15.19.
HRMS m/z: [M+Na]™ Calculated for Co4H3sN3NasOoSs 620.1689;
Found 620.1677.

2-Methyl-2-(phenylsulfonyl)propyl  ((S)-4-methyl-1-oxo-1-(((S)-1-
0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carba-
mate (4c¢). Yield (23%). 'H NMR (400 MHz, cdcl3) 6 9.48 (s, 1H), 8.49
(d, J = 5.7 Hz, 1H), 7.90 (d, J = 7.6 Hz, 2H), 7.68 (t, J = 7.5 Hz, 1H),
7.58 (t,J = 7.6 Hz, 2H), 6.05 (s, 1H), 5.29 (d, J = 8.8 Hz, 1H), 4.39-4.25
(m, 2H), 3.41-3.28 (m, 2H), 2.56-2.31 (m, 2H), 1.92-1.65 (m, 7H),
1.58-1.45 (m, 1H), 1.39-1.29 (m, 6H), 1.01-0.86 (m, 6H). °C NMR
(126 MHz, DMSO) & 200.80, 178.25, 172.92, 155.39, 155.30, 135.34,
134.26, 129.93, 129.25, 65.31, 62.21, 56.29, 53.02, 40.54, 39.42,
37.23, 29.25, 27.29, 24.15, 22.96, 21.38, 18.67, 18.64. HRMS m/z:
[M-+Na]™ Calculated for Ca4H35N3NaO7S 532.2094; Found 532.2078.

Sodium  (2S)-1-hydroxy-2-((S)-4-methyl-2-(((2-methyl-2-(phenyl-
sulfonyl)propoxy)carbonyl)amino)pentanamido)-3-((S)-2-oxopyrroli-
din-3-yl)propane-1-sulfonate (4d). Yield (56%). 'H NMR (400 MHz,
dmso) 6 7.88-7.75 (m, 6H), 7.71-7.13 (m, 9H), 5.37 (d, J = 6.3 Hz, 1H),
5.26 (d, J = 5.8 Hz, 1H), 4.23-4.02 (m, 4H), 4.01-3.77 (m, 4H),
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3.19-2.94 (m, 4H), 2.27-1.80 (m, 6H), 1.78-1.32 (m, 10H), 1.31-1.16
(m, 12H), 1.10-1.06 (m, 1H), 0.90-0.76 (m, 12H). 3C NMR (126 MHz,
DMSO) 6 200.84, 179.26, 179.06, 171.80, 171.69, 155.43, 155.32,
135.44, 135.38, 134.29, 134.25, 129.95, 129.28, 84.53, 83.78, 65.35,
64.94, 62.30, 62.23, 53.59, 53.38, 49.01, 48.51, 40.72, 40.30, 39.43,
37.78, 37.68, 27.55, 27.37, 24.20, 24.14, 23.18, 23.10, 21.41, 21.25,
18.74, 18.57, 15.19. HRMS m/z: [M+Na]® Calculated for
C24H36N3N3201052 636.1638; Found 636.1627.

2-((3-fluorophenyl)thio)-2-methylpropyl ((S)-4-methyl-1-oxo-1-
(((S)-1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino) pentan-2-yl)
carbamate (5c¢). Yield (91%). 11 NMR (400 MHz, cdcl3) § 9.49 (s, 1H),
8.39 (d, J = 5.9 Hz, 1H), 7.35-7.22 (m, 3H), 7.12-7.03 (m, 1H), 6.25 (s,
1H), 5.38 (d, J = 8.6 Hz, 1H), 4.44-4.17 (m, 2H), 4.03-3.92 (m, 2H),
3.41-3.23 (m, 2H), 2.54-2.31 (m, 2H), 2.10-1.51 (m, 6H), 1.26 (s, 6H),
0.98 (d, J = 6.3 Hz, 6H). 3¢ NMR (126 MHz, DMSO) & 200.84, 178.26,
173.15, 162.56, 160.59, 155.91, 155.81, 133.35, 132.74, 132.68,
130.60, 130.53, 123.54, 123.38, 116.50, 116.34, 69.54, 56.29, 53.02,
48.45, 48.42, 40.62, 39.42, 37.23, 29.28, 27.28, 25.33, 24.22, 24.15,
22.99, 21.40, 21.37. HRMS m/z [M+Na]" Calculated for
C24H34FN3NaOsS 518.2101; Found 518.2092.

Sodium (2S)-2-((S)-2-(((2-((3-fluorophenyl)thio)-2-methylpropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (5d). Yield (55%). 1H NMR (400 MHz,
dmso) & 7.71-7.21 (m, 14H), 5.50 (d, J = 6.1 Hz, 1H), 5.37 (d, J = 5.9
Hz, 1H), 4.08-3.59 (m, 8H), 3.16-2.92 (m, 4H), 2.25-1.78 (m, 5H),
1.72-1.30 (m, 9H), 1.27-1.14 (m, 12H), 1.11-1.02 (m, 2H), 0.91-0.79
(m, 12H). ®C NMR (126 MHz, DMSO) & 179.26, 179.06, 178.94,
172.26, 172.02, 171.87, 162.55, 160.59, 155.93, 155.84, 155.81,
133.38, 132.77, 132.71, 130.67, 130.60, 123.51, 123.35, 116.49,
116.33, 84.56, 83.81, 69.59, 69.47, 53.50, 53.34, 48.94, 48.55, 48.44,
40.86, 40.80, 40.42, 39.42, 37.75, 37.65, 37.48, 32.46, 32.15, 29.74,
27.66, 27.53, 27.34, 25.36, 24.25, 24.22, 24.19, 23.21, 23.13, 23.03,
21.50, 21.42, 21.29. HRMS m/z [M+Na]™ Calculated for
Cp4H35FN3Nas0gS, 622.1645; Found 622.1636.

2-((4-Fluorophenyl)thio)-2-methylpropyl ((S)-4-methyl-1-oxo-1-
(((S)-1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)
carbamate (6¢). Yield (91%). 'H NMR (400 MHz, cdcl3) § 9.49 (s, 1H),
8.36 (d,J=5.9 Hz, 1H), 7.50 (t, J = 6.8 Hz, 2H), 7.01 (t, J = 8.7 Hz, 2H),
6.18 (s, 1H), 5.36 (d, J = 8.7 Hz, 1H), 4.40-4.16 (m, 2H), 4.03-3.87 (m,
2H), 3.41-3.26 (m, 2H), 2.55-2.30 (m, 2H), 2.08-1.47 (m, 6H), 1.23 (s,
6H), 0.97 (d, J = 6.4 Hz, 6H). 1°C NMR (126 MHz, DMSO) & 200.83,
178.26, 173.16, 163.90, 161.93, 155.92, 139.58, 139.51, 126.24,
126.21, 116.03, 115.86, 69.59, 56.29, 53.02, 47.84, 40.59, 39.42,
37.23,29.29, 27.28, 25.23, 25.18, 24.22, 22.98, 21.41, 21.36. HRMS m/
2z: [M+Na]™ Calculated for Cg4H34FN3NaOsS 518.2101; Found
518.2098.

Sodium (2S)-2-((S)-2-(((2-((4-fluorophenyl)thio)-2-methylpropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (6d). Yield (92%). 'H NMR (400 MHz,
dmso) § 7.90-6.89 (m, 14H), 5.56 (s, 1H), 5.39 (s, 1H), 4.28-3.72 (m,
8H), 3.20-2.93 (m, 4H), 2.37-2.01 (m, 4H), 1.99-1.77 (m, 2H),
1.75-1.30 (m, 10H), 1.25-1.12 (m, 12H), 0.94-0.79 (m, 12H). 13C NMR
(126 MHz, DMSO) & 178.98, 178.85, 172.29, 172.04, 163.91, 161.95,
155.95, 155.89, 139.59, 139.52, 126.25, 116.04, 115.87, 69.62, 69.55,
56.32, 56.06, 53.39, 53.35, 53.07, 47.88, 47.85, 47.80, 40.89, 40.84,
40.77, 40.61, 39.46, 37.50, 37.45, 37.30, 37.25, 29.30, 27.68, 27.65,
27.37, 27.30, 25.24, 25.19, 24.24, 23.12, 23.06, 22.99, 22.93, 21.68,
21.51, 21.42, 21.38, 15.18, 15.13, 15.10. HRMS m/z: [M+Na] " Calcu-
lated for Co4H35FN3Nas0gS, 622.1645; Found 622.1639.

2-((3-Chlorophenyl)thio)-2-methylpropyl ((S)-4-methyl-1-oxo-1-
(((S)-1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino) pentan-2-yl)
carbamate (7c¢). Yield (58%). 11 NMR (400 MHz, cdcl3) § 9.57 (s, OH),
9.48 (s, 1H), 8.38 (s, 1H), 7.54 (s, 1H), 7.42 (d, J = 7.5 Hz, 1H),
7.37-7.31 (m, 1H), 7.27 (d, J = 6.5 Hz, 1H), 6.08 (s, 1H), 5.33 (s, 1H),
4.31 (s, 2H), 3.98 (s, 2H), 3.42-3.28 (m, 2H), 2.57-2.30 (m, 2H),
2.03-1.82 (m, 2H), 1.79-1.63 (m, 2H), 1.62-1.39 (m, 2H), 1.26-1.24
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(m, 6H), 0.97 (d, J = 5.1 Hz, 6H). 13¢ NMR (126 MHz, DMSO) 6 200.84,
178.25, 173.13, 155.88, 136.26, 135.84, 133.07, 132.70, 130.55,
129.39, 69.50, 56.28, 53.01, 48.45, 40.63, 39.42, 37.22, 29.27, 27.28,
25.30, 24.22, 22.99, 21.42. HRMS m/z: [M+Na]* Calculated for
C24H34CIN3NaOsS 534.1806; Found 534.1791.

Sodium (2S)-2-((S)-2-(((2-((3-chlorophenyl)thio)-2-methylpropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (7d) Yield (80%). 'H NMR (400 MHz,
dmso) & 7.68-7.28 (m, 14H), 5.38 (d, J = 6.0 Hz, 1H), 5.28 (s, 1H),
4.08-3.67 (m, 8H), 3.18-2.92 (m, 4H), 2.24-1.95 (m, 4H), 1.92-1.30
(m, 10H), 1.25-1.15 (m, 12H), 1.11-1.02 (m, 2H), 0.91-0.80 (m, 12H).
13C NMR (126 MHz, DMSO) § 179.25, 179.05, 171.96, 171.84, 155.90,
155.81, 136.23, 135.85, 133.06, 132.75, 130.63, 129.36, 84.54, 83.80,
69.55, 53.50, 53.34, 48.96, 48.46, 40.81, 40.43, 39.41, 37.75, 37.65,
27.53, 27.34, 25.34, 24.25, 24.19, 23.21, 23.13, 21.44, 21.30. HRMS m/
2z: [M+Na]* Calculated for Cy4Hs35CIN3Nay0gSs 638.1350; Found
638.1341.

2-(Phenylthio)ethyl ((S)-4-methyl-1-oxo0-1-(((S)-1-ox0-3-((S)-2-0x0-
pyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carbamate (8c). Yield
(44%). H NMR (400 MHz, cdcl3) & 9.55 (s, OH), 9.47 (s, 1H), 8.37 (s,
1H), 7.41-7.32 (m, 2H), 7.32-7.24 (m, 2H), 7.23-7.15 (m, 1H), 6.20 (s,
OH), 5.32 (d, J = 8.5 Hz, 1H), 4.57-4.13 (m, 4H), 3.44-3.25 (m, 2H),
3.21-3.06 (m, 2H), 2.94-2.68 (m, 1H), 2.61-2.23 (m, 2H), 2.03-1.79
(m, 3H), 1.79-1.63 (m, 2H), 1.61-1.48 (m, 1H), 0.96 (d, J = 5.8 Hz, 6H).
13¢ NMR (126 MHz, DMSO) & 200.89, 178.32, 173.10, 155.85, 135.35,
129.15, 128.21, 128.15, 125.95, 125.92, 62.26, 56.31, 53.05, 40.59,
39.46, 37.25, 31.26, 29.27, 27.31, 24.21, 22.96, 21.52. HRMS m/z:
[M+Na]™ Calculated for CooH31NsNaOsS 472.1882; Found 472.1878.

Sodium (2S)-1-hydroxy-2-((S)-4-methyl-2-(((2-(phenylthio)ethoxy)
carbonyl)amino)pentanamido)-3-((S)-2-oxopyrrolidin-3-yl)propane-1-
sulfonate (8d). Yield (81%). H NMR (400 MHz, dmso) 6 7.60-7.19 (m,
14H), 6.08 (d, J = 6.8 Hz, 1H), 5.46-5.24 (m, 1H), 4.49-3.58 (m, 10H),
3.24-2.96 (m, 8H), 2.30-1.94 (m, 4H), 1.88-1.28 (m, 10H), 1.09-1.01
(m, 2H), 0.92-0.78 (m, 12H). 13¢ NMR (126 MHz, DMSO) & 179.26,
179.08, 171.96, 171.85, 155.79, 135.36, 129.15, 128.16, 125.95,
125.89, 84.49, 83.76, 62.25, 62.21, 53.61, 53.46, 49.00, 48.54, 40.72,
40.33, 39.44, 37.78, 37.68, 31.24, 31.13, 31.04, 27.54, 27.37, 24.25,
24.20, 23.17, 23.08, 21.50, 21.34. HRMS m/z: [M+Na]™ Calculated for
CooH3oN3Nas0gS, 576.1427; Found 576.1418.

2-((1H-benzo[d]imidazole-2-yl)thio)-2-methylpropyl ((S)-4-methyl-
1-0x0-1-(((S)-1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)
pentan-2-yl)carbamate (9¢). Yield (17%). 'H{ NMR (400 MHz, cdcl3) &
9.67 (d, J = 8.7 Hz, 1H), 9.57 (s, OH), 9.47 (s, 1H), 8.52 (d, J = 5.4 Hz,
1H), 8.24-8.17 (m, 1H), 7.75-7.67 (m, 1H), 7.44-7.34 (m, 2H), 5.99 (d,
J=15.3 Hz, 1H), 5.25 (d, J = 8.5 Hz, 1H), 4.54-4.18 (m, 4H), 3.41-3.22
(m, 2H), 2.52-2.26 (m, 2H), 1.99-1.83 (m, 2H), 1.79-1.62 (m, 4H),
1.60-1.49 (m, 6H), 1.01-0.87 (m, 6H). 13¢ NMR (126 MHz, DMSO) &
200.85, 178.29, 173.14, 163.05, 145.55, 142.87, 125.35, 125.13,
122.56, 121.56, 119.08, 118.39, 110.90, 70.12, 59.76, 56.32, 53.01,
50.38, 40.67, 39.43, 37.25, 29.26, 27.30, 25.38, 25.17, 24.22, 22.97,
21.47. HRMS m/z: [M+Na]® Calculated for CosH3gN50sS 518.2437;
Found 518.2428.

Sodium (25)-2-((S)-2-(((2-((1H-benzo[d]imidazole-2-y])thio)-2-
methylpropoxy)carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-
((S)-2-oxopyrrolidin-3-yl)propane-1-sulfonate (9d). Yield (68%). H
NMR (400 MHz, dmso) & 8.14-8.07 (m, 2H), 7.76-7.70 (m, 2H),
7.67-7.59 (m, 2H), 7.57-7.48 (m, 3H), 7.46-7.36 (m, 2H), 7.26-7.15
(m, 3H), 7.09-7.04 (m, 1H), 4.37-3.95 (m, 8H), 3.14-2.97 (m, 4H),
2.35-2.19 (m, 2H), 2.16-2.05 (m, 2H), 1.95-1.81 (m, 2H), 1.70-1.40
(m, 13H), 1.40-1.27 (m, 12H), 0.92-0.78 (m, 12H). HRMS m/z:
[M-+Na]™ Calculated for CosHzgN5NayOgS, 644.1801; Found 644.1787.

2-Methyl-2-phenoxypropyl ((S)-4-methyl-1-oxo-1-(((S)-1-ox0-3-((S)-
2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carbamate (10c).
Yield (35%). 'H NMR (400 MHz, dmso) § 9.41 (d, J = 7.5 Hz, 1H), 8.48
(d, J = 7.6 Hz, 1H), 7.67-7.41 (m, 2H), 7.33-7.24 (m, 2H), 7.09 (t, J =
7.4 Hz, 1H), 7.01 (d, J = 6.8 Hz, 2H), 5.76-5.65 (m, 1H), 4.28-4.07 (m,
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1H), 4.00-3.87 (m, 2H), 3.19-2.96 (m, 2H), 2.35-2.06 (m, 2H),
1.94-1.77 (m, 1H), 1.75-1.34 (m, 5H), 1.23 (s, 6H), 0.96-0.81 (m, 6H).
13¢ NMR (126 MHz, DMSO) & 200.86, 178.27, 173.22, 156.04, 154.27,
129.06, 124.05, 123.61, 78.68, 68.58, 56.28, 53.05, 40.65, 39.41,
37.24, 29.30, 27.29, 24.24, 23.58, 23.13, 23.00, 21.42. HRMS m/z:
[M-+Na]™* Calculated for Co4H35N3NaOg 484.2424; Found 484.2401.

Sodium (25)-1-hydroxy-2-((S)-4-methyl-2-(((2-methyl-2-phenox-
ypropoxy)carbonyl)amino)pentanamido)-3-((S)-2-oxopyrrolidin-3-yl)
propane-1-sulfonate (10d). Yield (65%). IH NMR (400 MHz, dmso) &
7.71-7.38 (m, 5H), 7.34-7.24 (m, 4H), 7.13-7.06 (m, 2H), 7.05-6.93
(m, 4H), 6.10 (d, J = 7.4 Hz, 1H), 5.89 (d, J = 6.2 Hz, OH), 5.58 (d, J =
6.2 Hz, 1H), 5.47 (d, J = 6.1 Hz, OH), 5.43 (d, J = 5.9 Hz, 1H), 4.49-3.58
(m, 10H), 3.18-2.95 (m, 4H), 2.27-1.77 (m, 6H), 1.72-1.31 (m, 9H),
1.28-1.18 (m, 12H), 1.12-1.04 (m, 2H), 0.94-0.80 (m, 12H). '3C NMR
(126 MHz, DMSO) § 179.32, 179.11, 172.17, 172.00, 156.10, 156.02,
154.30, 129.10, 124.08, 123.61, 84.61, 83.85, 78.71, 68.61, 53.54,
53.41, 48.91, 48.48, 40.81, 40.45, 39.45, 37.79, 37.69, 32.27, 29.80,
27.56, 27.37, 24.30, 24.24, 23.62, 23.24, 23.16, 21.45, 21.33. HRMS m/
2. [M+Na]® Calculated for GCa4H3sN3NapyOoS 588.1968; Found
588.1951.

2-(4-Chlorophenoxy)-2-methylpropyl ((S)-4-methyl-1-oxo-1-(((S)-1-
0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carba-
mate (11c). Yield (83%). 'H NMR (400 MHz, dmso) § 9.40 (d, J = 6.4
Hz, 1H), 8.48 (d, J = 7.6 Hz, 1H), 7.63 (s, 1H), 7.52 (d, J = 8.1 Hz, 1H),
7.32 (d, J = 8.8 Hz, 2H), 7.04 (d, J = 8.7 Hz, 2H), 4.26-4.13 (m, 1H),
4.13-4.03 (m, 1H), 3.96 (s, 2H), 3.19-3.00 (m, 2H), 2.34-2.06 (m, 2H),
1.93-1.84 (m, 1H), 1.73-1.38 (m, 5H), 1.23 (s, 6H), 0.94-0.81 (m, 6H).
13C NMR (126 MHz, DMSO) § 200.85, 178.28, 173.21, 155.98, 153.25,
128.96, 127.64, 125.74, 79.38, 68.44, 56.30, 53.05, 40.65, 39.42,
37.25, 29.31, 27.29, 24.24, 23.42, 23.00, 21.41. HRMS m/z: [M+Na]*
Calculated for Co4H34CIN3NaOg 518.2034; Found 518.2028.

Sodium (2S)-2-((S)-2-(((2-(4-chlorophenoxy)-2-methylpropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (11d). Yield (20%). 1H NMR (400 MHz,
dmso) 6 7.71-7.45 (m, 4H), 7.37-7.29 (m, 4H), 7.10-6.97 (m, 4H), 5.47
(d, J = 6.2 Hz, 1H), 5.31 (d, J = 5.9 Hz, 1H), 4.28-3.82 (m, 10H),
3.20-2.96 (m, 4H), 2.31-1.87 (m, 6H), 1.79-1.37 (m, 10H), 1.23 (s,
12H), 0.91-0.81 (m, 12H). °C NMR (126 MHz, DMSO) & 179.25,
179.07, 172.00, 171.93, 156.02, 155.94, 153.24, 153.21, 129.00,
128.98, 127.61, 125.89, 125.79, 125.74, 83.77, 79.37, 79.33, 68.40,
68.34, 53.58, 53.40, 48.99, 48.52, 40.78, 40.44, 39.41, 37.78, 37.68,
32.08, 27.54, 27.35, 24.28, 24.23, 23.52, 23.42, 23.20, 23.13, 21.41,
21.29. HRMS m/z: [M+Nal]®™ Calculated for Cg4H35CIN3NagOgS
622.1578; Found 622.1558.

2-(4-Chlorophenoxy)-2-methylpropyl-1,1-d2 ((S)-4-methyl-1-oxo-1-
(((S)-1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino) pentan-2-yl)
carbamate (12c¢). Yield (79%). 1 NMR (400 MHz, dmso) 6 9.40 (d, J =
7.1 Hz, 1H), 8.48 (d, J = 7.6 Hz, 1H), 7.63 (s, 1H), 7.52 (d, J = 8.1 Hz,
1H), 7.36-7.29 (m, 2H), 7.04 (d, J = 8.8 Hz, 2H), 4.25-4.17 (m, 1H),
4.12-4.04 (m, 1H), 3.20-3.02 (m, 2H), 2.33-2.07 (m, 2H), 1.95-1.84
(m, 1H), 1.74-1.37 (m, 5H), 1.23 (s, 6H), 0.94-0.83 (m, 6H). 13¢ NMR
(126 MHz, DMSO) & 200.84, 178.28, 173.22, 155.99, 153.26, 128.96,
127.64, 125.72, 79.27, 56.30, 53.05, 40.65, 39.43, 37.25, 29.32, 27.29,
24.24, 23.37, 23.00, 21.41. HRMS m/z: [M+Na]' Calculated for
C24H32D2C1N3Na06 520.2160; Found 520.2147.

Sodium (2S)-2-((S)-2-(((2-(4-chlorophenoxy)-2-methylpropoxy-1,1-
d2)carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxo-
pyrrolidin-3-yl)propane-1-sulfonate (12d). Yield (50%). 1H NMR (400
MHz, dmso) & 7.69-7.44 (m, 5H), 7.37-7.28 (m, 4H), 7.10-6.95 (m,
4H), 5.46 (d, J = 6.2 Hz, 1H), 5.30 (d, J = 5.9 Hz, 1H), 4.28-3.79 (m,
5H), 3.17-2.96 (m, 4H), 2.25-1.90 (m, 5H), 1.79-1.33 (m, 10H),
1.27-1.18 (m, 12H), 1.11-1.03 (m, 1H), 0.92-0.79 (m, 12H). '3C NMR
(126 MHz, DMSO) § 179.26, 179.07, 172.06, 171.95, 156.04, 155.96,
153.26, 153.22, 129.01, 127.61, 125.87, 125.78, 84.53, 83.78, 79.27,
79.23, 53.58, 53.40, 48.97, 48.52, 40.78, 40.44, 39.42, 37.79, 37.69,
32.12, 29.93, 27.54, 27.35, 24.28, 24.23, 23.48, 23.39, 23.21, 23.13,
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21.42, 21.29. HRMS m/z: [M+Na]™ Calculated for
Co4H33D2CIN3Nas0gS 624.1704; Found 624.1683.

2-(3-Chlorophenoxy)-2-methylpropyl ((S)-4-methyl-1-oxo-1-(((S)-1-
0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carba-
mate (13c¢). Yield (24%). H NMR (400 MHz, dmso) & 9.40 (d, J = 6.9
Hz, 1H), 8.48 (d, J = 7.7 Hz, 1H), 7.63 (s, 1H), 7.57-7.42 (m, 1H), 7.32
(t,J = 8.1 Hz, 1H), 7.20-7.13 (m, 1H), 7.10-6.94 (m, 2H), 4.29-3.86 (m,
4H), 3.21-2.98 (m, 2H), 2.36-2.07 (m, 2H), 1.96-1.83 (m, 1H),
1.79-1.36 (m, 5H), 1.25 (d, J = 3.7 Hz, 6H), 0.95-0.82 (m, 6H). °C
NMR (126 MHz, DMSO) & 200.85, 178.28, 173.20, 155.97, 155.48,
133.05, 130.43, 123.95, 123.70, 122.65, 79.78, 68.41, 56.31, 53.03,
40.70, 39.43, 37.26, 29.31, 27.30, 24.23, 23.42, 23.34, 23.01, 21.39.
HRMS m/z: [M+Na] " Calculated for Co4H34CIN3NaOg 518.2034; Found
518.2017.

Sodium (25)-2-((S)-2-(((2-(3-chlorophenoxy)-2-methylpropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (13d). Yield (33%). 1H NMR (400 MHz,
dmso) 6 7.68-7.38 (m, 5H), 7.31 (t, J = 8.1 Hz, 2H), 7.20-7.12 (m, 2H),
7.06 (s, 2H), 7.00 (d, J = 8.4 Hz, 2H), 6.07 (d, J = 7.0 Hz, 1H), 5.71 (dd,
J=10.5, 6.0 Hz, 1H), 4.47-3.54 (m, 8H), 3.20-2.93 (m, 4H), 2.20 (d, J
= 54.8 Hz, 3H), 1.95-1.77 (m, 1H), 1.76-1.32 (m, 9H), 1.29-1.20 (m,
12H), 1.12-1.02 (m, 4H), 0.94-0.79 (m, 12H). 3¢ NMR (126 MHz,
DMSO) & 179.28, 179.08, 172.06, 171.93, 156.00, 155.92, 155.49,
133.02, 130.49, 123.93, 123.68, 122.67, 84.56, 79.80, 68.44, 53.53,
53.38, 48.97, 48.50, 40.83, 40.46, 39.43, 39.08, 37.78, 37.68, 29.82,
27.54, 27.35, 24.27, 24.20, 23.46, 23.36, 23.22, 23.14, 21.42, 21.30.
HRMS m/z: [M+Na]™ Calculated for Co4HasCIN3Nay0oS 622.1578;
Found 622.1557.

2-(3-Chlorophenoxy)-2-methylpropyl-1,1-d2 ((S)-4-methyl-1-oxo-1-
(((S)-1-0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)
carbamate (14c¢). Yield (51%). 'H NMR (400 MHz, dmso) § 9.40 (d, J =
6.9 Hz, 1H), 8.48 (d, J = 7.6 Hz, 1H), 7.63 (s, 1H), 7.57-7.47 (m, 1H),
7.32 (t,J = 8.1 Hz, 1H), 7.20-7.13 (m, 1H), 7.10-6.92 (m, 2H), 5.71 (dd,
J=10.4, 6.0 Hz, 1H), 4.27-4.16 (m, 1H), 4.15-4.06 (m, 1H), 3.20-2.98
(m, 2H), 2.33-2.05 (m, 1H), 1.95-1.79 (m, 1H), 1.77-1.36 (m, 5H), 1.25
(d, J = 3.6 Hz, 6H), 0.94-0.83 (m, 6H). 3C NMR (126 MHz, DMSO) &
200.85, 178.29, 173.21, 155.99, 155.49, 133.06, 130.44, 123.94,
123.70, 122.63, 79.68, 56.32, 53.04, 40.70, 39.44, 37.27, 29.31, 27.30,
24.24, 23.38, 23.29, 23.06, 23.02, 21.42. HRMS m/z: [M+Na] " Calcu-
lated for Co4H3,D2CIN3NaOg 520.2160; Found 520.2147.

Sodium (2S)-2-((S)-2-(((2-(3-chlorophenoxy)-2-methylpropoxy-1,1-
d2)carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxo-
pyrrolidin-3-yl)propane-1-sulfonate (14d). Yield (47%). 1H NMR (400
MHz, dmso) § 7.66-7.40 (m, 4H), 7.32 (t, J = 8.0 Hz, 2H), 7.20-7.13 (m,
2H), 7.09-6.95 (m, 4H), 6.09 (d, J = 7.1 Hz, 1H), 4.47-4.33 (m, 1H),
4.09-3.59 (m, 4H), 3.48-3.42 (m, 1H), 3.16-2.96 (m, 3H), 2.28-1.78
(m, 5H), 1.74-1.34 (m, 9H), 1.30-1.20 (m, 12H), 1.13-1.07 (m, 4H),
0.92-0.78 (m, 12H). 3C NMR (126 MHz, DMSO) & 178.28, 178.23,
173.21, 173.13, 155.99, 155.49, 133.06, 133.01, 130.48, 130.44,
123.93, 123.70, 122.72, 122.63, 96.75, 96.23, 84.55, 79.68, 61.39,
61.17, 56.32, 56.04, 53.33, 53.04, 50.96, 50.69, 40.69, 39.43, 37.69,
37.56, 37.31, 37.27, 30.61, 29.91, 29.52, 29.41, 29.31, 28.26, 27.64,
27.55, 27.30, 24.24, 24.20, 23.38, 23.01, 21.41, 21.39. HRMS m/z:
[M+Na]t Calculated for Co4H33D2CIN3NayOoS 624.1704; Found
624.1683.

2-(4-Fluorophenoxy)-2-methylpropyl ((S)-4-methyl-1-oxo-1-(((S)-1-
0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carba-
mate (15¢). Yield (46%). H NMR (400 MHz, dmso) § 9.40 (d, J = 7.2
Hz, 1H), 8.48 (d, J = 7.6 Hz, 1H), 7.63 (s, 1H), 7.56-7.40 (m, 1H),
7.14-6.94 (m, 4H), 4.28-4.16 (m, 1H), 4.12-4.03 (m, 1H), 3.94 (s, 2H),
3.20-2.97 (m, 2H), 2.33-2.06 (m, 2H), 1.95-1.84 (m, 1H), 1.74-1.33
(m, 5H), 1.21 (s, 6H), 0.94-0.82 (m, 6H). '*C NMR (126 MHz, DMSO) &
200.85, 178.28, 173.22, 159.43, 157.52, 156.01, 150.36, 125.75,
125.68, 115.57, 115.39, 78.95, 68.34, 56.30, 53.05, 40.65, 39.42,
37.25, 29.31, 27.29, 24.24, 23.44, 23.40, 23.00, 21.41. HRMS m/z:
[M+Na]™ Calculated for C24H35FN30¢ 480.2510; Found 480.2493.
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Sodium (2S)-2-((S)-2-(((2-(4-fluorophenoxy)-2-methylpropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (15d). Yield (25%). H NMR (400 MHz,
dmso) § 7.66-7.30 (m, 5H), 7.16-6.83 (m, 8H), 5.43 (d, J = 6.1 Hz, 1H),
5.28 (d, J = 5.8 Hz, 1H), 4.28-3.71 (m, 9H), 3.17-2.87 (m, 4H),
2.26-1.89 (m, 5H), 1.81-1.31 (m, 10H), 1.26-1.02 (m, 13H), 0.94-0.65
(m, 12H). 3C NMR (126 MHz, DMSO) & 179.28, 179.09, 172.05,
171.96, 159.44, 157.53, 156.06, 155.98, 150.37, 125.89, 125.82,
125.74, 125.70, 115.62, 115.44, 84.55, 83.79, 78.96, 78.91, 68.32,
68.26, 53.58, 53.41, 48.99, 48.53, 40.80, 40.46, 39.42, 37.80, 37.70,
32.13, 29.92, 29.30, 27.55, 27.36, 27.29, 24.29, 24.24, 23.55, 23.45,
23.21, 23.13, 23.11, 21.43, 21.31. HRMS m/z: [M+Na]* Calculated for
C24H35FN3Nas00S 606.1874; Found 606.1856.

2-(3-Fluorophenoxy)-2-methylpropyl ((S)-4-methyl-1-oxo-1-(((S)-1-
0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carba-
mate (16c¢). Yield (43%). 'H NMR (400 MHz, dmso) 6 9.40 (d, J =7.1
Hz, 1H), 8.48 (d, J = 7.6 Hz, 1H), 7.63 (s, 1H), 7.57-7.42 (m, 1H),
7.37-7.26 (m, 1H), 6.99-6.78 (m, 3H), 4.30-3.87 (m, 4H), 3.19-2.98
(m, 2H), 2.34-2.06 (m, 2H), 1.95-1.82 (m, 1H), 1.77-1.37 (m, 5H), 1.26
(d, J = 2.7 Hz, 6H), 0.94-0.82 (m, 6H). 13¢ NMR (126 MHz, DMSO) &
200.85, 178.28, 173.20, 163.30, 161.35, 155.96, 155.87, 130.16,
130.08, 119.91, 111.18, 111.00, 110.50, 110.33, 79.66, 68.44, 56.30,
53.03, 40.68, 39.42, 37.26, 29.30, 27.29, 24.23, 23.44, 23.36, 23.00,
21.40. HRMS m/z: [M+Na]™" Calculated for Co4H34FN3NaOg 502.2330;
Found 502.2314.

Sodium (2S)-2-((S)-2-(((2-(3-fluorophenoxy)-2-methylpropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate (16d). Yield (47%). TH NMR (400 MHz,
dmso) 8 7.64-7.25 (m, 7H), 6.95-6.73 (m, 5H), 5.39 (d, J = 6.0 Hz, 1H),
5.28 (d, J = 5.9 Hz, 1H), 4.28-3.72 (m, 10H), 3.19-2.90 (m, 4H),
2.26-1.89 (m, 5H), 1.80-1.35 (m, 11H), 1.30-1.11 (m, 12H), 0.94-0.70
(m, 12H). 13¢ NMR (126 MHz, DMSO) & 179.29, 179.09, 172.08,
171.95, 163.29, 161.35, 156.02, 155.98, 155.94, 155.89, 130.24,
130.16,119.99, 119.94, 111.16, 110.98, 110.47, 110.31, 84.58, 83.83,
79.69, 68.49, 53.54, 53.38, 48.96, 48.49, 40.82, 40.44, 39.43, 37.78,
37.68, 32.22, 29.81, 27.54, 27.35, 24.27, 24.21, 23.48, 23.38, 23.21,
23.13, 21.42, 21.29. HRMS m/z [M+Na]™ Calculated for
Co4H35FN3Nas0gS 606.1874; Found 606.1853.

2-(3-Chlorophenyl)-2-hydroxypropyl ((S)-4-methyl-1-oxo-1-(((S)-1-
0x0-3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)amino)pentan-2-yl)carba-
mate (17¢). Yield (70%). 'H NMR (400 MHz, cdcl3) 6 9.46-9.41 (m,
2H), 9.08 (s, 1H), 8.90 (s, 1H), 7.52 (s, 2H), 7.37-7.27 (m, 4H),
7.26-7.20 (m, 2H), 6.08-6.00 (m, 2H), 5.24 (d, J = 8.6 Hz, 1H), 5.06 (d,
J = 8.9 Hz, 1H), 4.73-4.40 (m, 3H), 4.38-4.21 (m, 3H), 4.18-3.96 (m,
2H), 3.46-3.33 (m, 4H), 2.57-2.37 (m, 4H), 1.98-1.61 (m, 12H), 1.55 (s,
3H), 1.47 (s, 3H), 1.01-0.85 (m, 12H). 13¢ NMR (126 MHz, DMSO) 6
200.86, 178.33, 173.18, 155.99, 149.00, 148.92, 132.73, 129.65,
126.49, 125.48, 124.27, 72.22, 72.02, 71.15, 56.35, 52.98, 40.74,
39.48, 37.28, 29.29, 27.32, 26.40, 24.17, 23.01, 21.45. HRMS m/z:
[M+Na]™ Calculated for Co3H32CIN3NaOg 504.1878; Found 504.1857.

Sodium (2S)-2-((2S)-2-(((2-(3-chlorophenyl)-2-hydroxypropoxy)
carbonyl)amino)-4-methylpentanamido)-1-hydroxy-3-((S)-2-oxopyrro-
lidin-3-yl)propane-1-sulfonate.

Chemical Formula: C23H33CIN3Na09S (17d). Yield (68%). 'H NMR
(400 MHz, dmso) & 7.74-7.13 (m, 14H), 6.10 (d, J = 7.0 Hz, 1H), 5.66
(d, J = 5.9 Hz, 1H), 5.50-5.39 (m, 2H), 4.20-3.86 (m, 8H), 3.19-2.99
(m, 4H), 2.23-1.70 (m, 6H), 1.61-1.34 (m, 14H), 0.89-0.68 (m, 12H).
13¢ NMR (126 MHz, DMSO) & 179.31, 179.13, 172.21, 171.98, 156.06,
156.00, 149.06, 148.98, 132.74, 132.71, 129.69, 126.50, 126.46,
125.48, 124.31, 84.53, 83.80, 72.29, 72.07, 71.13, 64.96, 56.08, 53.54,
53.38, 48.93, 48.55, 40.92, 40.88, 40.47, 37.82, 37.72, 32.10, 32.04,
29.86, 27.53, 27.36, 26.67, 26.50, 26.40, 26.36, 26.29, 24.21, 24.18,
23.25, 23.15, 21.47, 21.31, 18.59. HRMS m/z: [M+Na]* Calculated for
Co3H33CIN3Nay0gS 608.1422; Found 608.1401.
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4.2. Cloning and expression of 3CL proteases

The codon-optimized ¢DNA of full length of 3CLP™ of SARS-CoV-2
(GenBank number MN908947.3) fused with sequences encoding 6 his-
tidine at the N-terminal was synthesized by Integrated DNA (Coralville,
IA). The synthesized gene was subcloned into the pET-28a(+) vector.
The expression and purification of SARS-CoV-2 3CLP™ was conducted
following a standard procedure described previously [28b]. The
expression and purification of the 3CL protease of MERS-CoV performed
by standard methods described previously by our lab [28d].

4.3. Biochemical FRET assays

Briefly, a stock solution of an inhibitor was prepared in DMSO and
diluted in assay buffer comprised of 20 mM HEPES buffer, pH 8, con-
taining NaCl (200 mM), EDTA (0.4 mM), glycerol (60%), and 6 mM
dithiothreitol (DTT). SARS-CoV-2 3CLP*™ (or MERS-CoV 3CLP™) was
mixed with serial dilutions of inhibitors 1¢c-g and 2c/d-17c/d or with
DMSO in 25 pL of assay buffer and incubated at 37 °C for 1 h, followed
by the addition of 25 pL of assay buffer containing substrate (FAM-
SAVLQ/SG-QXL®520, AnaSpec, Fremont, CA). The substrate was
derived from the cleavage sites on the viral polyproteins of SARS-CoV
(or MERS-CoV). Fluorescence readings were obtained using an excita-
tion wavelength of 480 nm and an emission wavelength of 520 nm on a
fluorescence microplate reader (FLx800; Biotec, Winoosk, VT) 1 h
following the addition of substrate. Relative fluorescence units (RFU)
were determined by subtracting background values (substrate-contain-
ing well without protease) from the raw fluorescence values, as
described previously [28b]. The dose-dependent FRET inhibition curves
were fitted with a variable slope using GraphPad Prism software
(GraphPad, La Jolla, CA) in order to determine the ICsy values of the
compounds.

4.4. Cell-based inhibition assays

To assess antiviral effects of selected compounds (dissolved in
DMSO) in cell culture, the SARS-CoV-2 replicon system with pSMART-
T7-scv2-replicon (pSMART® BAC V2.0 Vector Containing the SARS-
CoV-2, Wuhan-Hu-1 Non-Infectious Replicon) was used [44]. The
clone was obtained from BEI Resources and experiments were per-
formed in a BSL-2 setting. The synthetic SARS-CoV-2 replicon RNA was
prepared from the pSMART-T7-scv2-replicon as described [28h], and
the Neon Electroporation system (ThermoFisher, Chicago, IL) was used
for the RNA electroporation to 293T cells. After the electroporation,
cells were incubated with DMSO (0.1%) or each compound at 2, 0.5, 0.1
and 0.02 pM for 30 h, and luciferase activities were measured for anti-
viral effects. The ECs¢s of eight selected compounds, including Ic, Ie,
1g, 2¢, 7c, 12¢, 13c and 15c¢, were examined against feline coronavirus
(FIPV) for their broad-spectrum inhibitory effects against coronaviruses
belonging to a different genus. The Crandell-Rees Feline Kidney (CRFK)
cells were infected with FIPV-1146 (ATCC, Manassas, VA) and various
concentrations of each compound were added to cell medium. The ECsq
values were determined as described previously [28g]. The
dose-dependent inhibition curve for each compound was prepared and
the 50% effective concentration (ECsg) values were determined by
GraphPad Prism software using a variable slope (GraphPad, La Jolla,
CA).

4.5. Measurement of in vitro cytotoxicity (nonspecific cytotoxic effects)

Confluent cells grown in 96-well plates were incubated with various
concentrations (1-100 pM) of each compound for 72 h. Cell cytotoxicity
was measured in 293T cells by a CytoTox 96 nonradioactive cytotoxicity
assay kit (Promega, Madison, WI), and the CCs( values were calculated
using a variable slope by GraphPad Prism software. The in vitro Safety
Index was calculated by dividing the CCsg by the ECsp.
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Effects of selected compounds against human proteases. The
ICsps of eight selected compounds, including Ic, 1e, 1g, 2c, 7c, 12c, 13c
and 15c¢, were examined against a panel of human proteases, including
thrombin (AnaSpec, Fremont, CA), alpha-chymotrypsin (Sigma-Aldrich,
St Louis, MO), human neutrophil elastase (Sigma-Aldrich), cathepsin B
(Abcam, Eugene, OR), cathepsin D (Abcam), cathepsin G (Novus Bio-
logical, Englewood, CO) and cathepsin L (AnaSpec) in enzyme assays
following manufacturer’s procedures.

Crystallization and data Collection. Purified MERS 3CLpro and
SARS-CoV-2 3CLpro were prepared as described previously and
concentrated between 10 and 12 mg/mL in 100 mM NacCl, 20 mM Tris
pH 8.0 for crystallization screening. All crystallization experiments were
setup using an NT8 drop-setting robot (Formulatrix Inc.) and UVXPO
MRC (Molecular Dimensions) sitting drop vapor diffusion plates at 18 °C
100 nL of protein and 100 nL crystallization solution were dispensed and
equilibrated against 50 pL of the latter. 100 mM stock solutions of the
inhibitors were prepared in DMSO and complexes were prepared by
mixing 1 pL of the ligand with 49 pL of the 3CLpros to give a 2 mM ligand
concentration. The samples were incubated on ice for 1 h prior to
screening. Crystals were typically obtained in 1-2 days from the
following conditions and were cryoprotected as described.

SARS-CoV-2 3CLpro. Crystals were obtained from the PACT screen
(Molecular Dimensions) unless otherwise noted. All samples were frozen
in a cryoprotectant solution consisting of 80% (v/v) crystallant and 20%
(v/v) PEG 200 except for 7d in which the crystallization solution served
as the cryoprotectant. The crystallization conditions are as follows: 1g-
condition C4 (25% (w/v) PEG 1500, 100 mM PCTP pH 7.0), 3d and 9d-
condition G4 (20% (w/v) PEG 3350, 100 mM Bis-Trs Propane pH 7.5,
200 mM KSCN). 4d-condition B5 (25% (w/v) PEG 1500, 100 MIB pH
8.0). 7d-condition E6 (30% (w/v) PEG 550 MME, 100 mM Bis-Tris pH
6.5, 50 mM calcium chloride). 8d-condition B5 (25% (w/v) PEG 1500,
100 mM MIB pH 8.0). 15d-condition F10 (20% (w/v) PEG 3350, 100
mM Bis-Tris propane pH 6.5, 20 mM sodium/potassium phosphate).
16d-condition F10 (20% (w/v) PEG 3350, 100 mM Bis-Tris propane pH
6.5, 20 mM sodium/potassium phosphate). 17d-condition B7 (20% (w/
v) PEG 6000, 100 mM MES pH 6.0, 200 mM NacCl). 11d- Proplex screen
(Molecular Dimensions) condition F6 (15% (w/v) PEG 20000, 100 mM
Hepes pH 7.0). 1d- Index HT Screen (Hampton Research) condition F2
(20% (w/v) PEG 2000 MME, 100 mM Tris pH 8.5, 200 mM Trimethyl-
amine N-oxide dihydrate). 1f- 28% (w/v) PEG 2000 MME, 100 mM Bis-
Tris pH 6.5.

MERS-CoV 3CLpro. Crystals were obtained from the Index HT
screen (Hampton Research). 3d- Condition H12 (30% (w/v) PEG 2000
MME, 0.15 M Potassium bromide). Cryoprotectant: Fresh drop of crys-
tallization solution. 5d- Condition H1 (25% (w/v) PEG 3350, 100 mM
Tris pH 8.5, 200 mM magnesium chloride). Cryoprotectant 1:1 (v/v)
crystallization solution and 50% (w/v) PEG 3350. 6d- Condition F11
(25% (w/v) PEG 3350, 100 mM Bis-Tris pH 6.5, 200 mM sodium chlo-
ride). Cryoprotectant: Fresh drop of crystallization solution. 8d- Con-
dition D7 (25% (w/v) PEG 3350, 100 mM Bis-Tris pH 6.5).
Cryoprotectant 1:1 (v/v) crystallization solution and 50% (w/v) PEG
3350.

Structure Solution and Refinement. X-ray diffraction data were
collected at the National Synchrotron Light Source-II (NSLS-II) NYX
beamline 19-ID and the Advanced Photon Source (APS) IMCA-CAT
beamline 17ID. Diffraction data for SARS-CoV-2 3CLpro in complex
with 1f, 3d and 9d were collected in-house with a Bruker D8 Venture
sealed tube microfocus (IpS 3.0, Incoatec) diffractometer equipped with
Helios multilayer optics and a Photon III C14 pixel array detector. In-
tensities were integrated using XDS [46,47] via Autoproc [48] and the
Laue class analysis and data scaling were performed with Aimless [49].
Structure solution was conducted by molecular replacement with Phaser
[50] using a previously determined inhibitor bound structures of
MERS-CoV 3CLP™ (5WKK) and SARS-CoV-2 3CLP™ (PDB 6XMK) as the
search models. Structure refinement and manual model building were
conducted with Phenix [51] and Coot [52], respectively. Disordered side
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chains were truncated to the point for which electron density could be
observed. Structure validation was conducted with Molprobity [53] and
figures were prepared using the CCP4MG package [54]. Crystallo-
graphic data are provided in Table S1 and S2. [55-60].
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