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Abstract

The main protease (M) of SARS-CoV-2 is a key drug target for the development of antiviral
therapeutics. Here, we designed and synthesized a series of small-molecule peptidomimetics
with various cysteine-reactive electrophiles. Several compounds were identified as potent
SARS-CoV-2 MP inhibitors, including compounds 8n (ICso = 0.0752 uM), 8p (ICso = 0.0887
UM), 8r (ICso = 0.0199 pM), 10a (ICso = 0.0376 puM), 10c (ICso = 0.0177 pM), and 10f (ICso
= 0.0130 pM). Most of them additionally inhibited cathepsin L and were also active against
SARS-CoV-1 and MERS-CoV MP™. In Calu-3 cells, several inhibitors, including 8r, 10a, and
10c, displayed high antiviral activity in the nanomolar range without showing cellular toxicity.
The co-crystal structure of SARS-CoV-2 MP™ in complex with 8p revealed covalent binding to
the enzyme’s catalytic residue Cys145 and showed specific, unprecedented interactions within
the substrate binding pocket. Compounds 8n and 10c, especially 8n, were effective against a
panel of naturally occurring nirmatrelvir-resistant mutants, particularly E166V, and showed
metabolic stability and additional favorable pharmacokinetic properties, making it a suitable

candidate for further preclinical development.

Keywords: Antiviral, COVID-19, inhibitors, MP®, peptidomimetics, SARS-CoV-2, X-ray

structure.
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Introduction

The severe acute respiratory syndrome-causing coronavirus type 2 (SARS-CoV-2),! the
causative agent of the coronavirus disease 2019 (COVID-19), has spread worldwide, reaching
pandemic status in March 2020. As of September 1%, 2024, more than 775 million cases have
been reported worldwide, with 7 million associated deaths.>® The pandemic led to extensive
research on non-pharmacological and pharmacological approaches for preventing and treating
the disease. Several successful vaccines were approved in a short time, and many antiviral drug
candidates have been evaluated in clinical trials, a few of which reached the market.> However,
emerging SARS-CoV-2 mutations pose a threat to the effectiveness of existing vaccines and
antiviral therapies.* ® Given the limited number of therapeutic options (e.g., nirmatrelvir and
ensitrelvir) and reports of MP™ mutations associated with drug resistance,® alternative antiviral
therapeutics are urgently needed.

SARS-CoV-2 is a member of the Betacoronavirus genus, together with SARS-CoV-1 and the
Middle East respiratory syndrome coronavirus (MERS-CoV).1® The single-stranded RNA
genome of SARS-CoV-2 encodes two large polyproteins (PPla and PPlab), which are
proteolytically cleaved into 16 non-structural proteins (nsp) by two viral proteases, the papain-
like protease (PLP™®) and the main protease (MP®). MP®, also known as 3C-like protease
(3CLP™), is the key enzyme that is responsible for releasing at least 12 nsp, including the RNA-
dependent RNA polymerase (RdRp), that are essential for the genomic replication and
transcription processes.!* MP is highly conserved among coronaviruses.!*"** Thus, due to its
pivotal role in the virus life cycle, the targeting of MP™ is a promising approach for developing
antiviral therapeutics. The MP™ active site features a catalytic dyad comprised of His41 and
Cys145, where the His deprotonates Cys resulting in a highly nucleophilic catalytic thiolate.
Indeed, most of the reported MP™ inhibitors have electrophilic warheads that bind covalently to
Cys145 (representative examples are depicted in Figure 1). For example, an indole-substituted

peptidomimentic with an aldehyde warhead (FB2001) showed excellent MP™ inhibitory and
4
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92 antiviral activity with acceptable pharmacokinetic properties and minimal toxicity and is
93  currently in phase 11/111 clinical trials.®> GC376 is the bisulfite adduct of the aldehyde derivative
94  GC373, which showed high SARS-CoV-2 MPinhibitory activity with an ICsp value of 30 nM,
95  but low antiviral activity.’® The benzothiazolyl ketone derivative YH-53 (see Figure 1),
96  previously identified as a SARS-CoV-1 MP™ inhibitor,}” also exhibited SARS-CoV-2 MP™
97 inhibitory and antiviral activity.!® Nirmatrelvir, containing a nitrile warhead, is approved as an
98  oral MP™-inhibitory antiviral drug in combination with the cytochrome P450 CYP3A4 inhibitor
99  ritonavir to prevent its fast metabolic inactivation.!® Recently, the second-generation drug
100 ibuzatrelvir (PF-07817883) demonstrated better metabolic stability, suggesting that it could be
101 administered without a CYP3A4 inhibitor.?%-2? The peptidomimetic MP™ inhibitors simnotrelvir
102 (SIM0417)% and leritrelvir (RAY1216)%* were approved in China for COVID-19 therapy (for
103  structures see Figure 1). In addition, several non-peptidic covalent SARS-CoV-2 MP inhibitors
104  have been reported, including chloropyridyl esters®28 and thioesters.?® Also, potent non-
105  covalent inhibitors have been reported, e.g., GC-78-HCI® and S-217622 (ensitrelvir); the latter

106  compound was recently approved in Japan (see Figure 1).3*
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107 ECso = 0.40 uM ECs50=0.37 uM

108  Figure 1. Structures of representative SARS-CoV-2 MP™ inhibitors with MP™-inhibitory
109  potency (ICso) and antiviral activity (ECso). The warhead groups are highlighted in red.
110

111 Considering the remarkably high mutation rates of SARS-CoV-2 lineages'?, it is not surprising
112 that drug resistance is a major concern.® The effectiveness of nirmatrelvir and ensitrelvir is
113 variable for different coronavirus species.? For instance, these drugs had less effect on the main
114  proteases of HCoV-NL63 and HCoV-229E as compared that of SARS-CoV-2.1% 3
115  Additionally, several mutations in MP™ have already been found that confer resistance against
116  nirmatrelvir and ensitrelvir’, as determined by in vitro and in vivo experiments.® ** Therefore,
117 it is critical to continue developing potent antivirals to prepare for the emergence of drug-
118  resistant SARS-CoV-2 strains and for novel pandemic coronaviruses.®

119  In the present study, we describe the design and synthesis of a new class of dipeptidic SARS-
120  CoV-2 MP™ inhibitors with a vinyl ketone warhead group. A variety of compounds with low
121 nanomolar MP™ inhibitory activity were developed based on analysis of structure-activity

122 relationships (SARs). We determined the co-crystal structure of SARS-CoV-2 MP™ with one of
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the potent inhibitors. Additionally, one of the most potent compounds was tested against
different MP™ mutants. For selected potent MP inhibitors, the antiviral activity against SARS-
CoV-2 was studied in a lung cell line (Calu-3) using a plaque assay. Finally, potent SARS-
CoV-2 MP™ inhibitors were additionally tested against the human cathepsin L (CatL) and MP™
of other beta-coronaviruses, namely SARS-CoV-1 and MERS-CoV and were found to have

broad-spectrum protease inhibitory activity.

Results and discussion

Design of new MP™ inhibitors. Our previous study identified compound I (Figure 2) as a CatL
inhibitor (K; = 0.152 uM), which was subsequently improved to produce CatL inhibitors with
low nanomolar potency.*® While most of those compounds showed negligible or only weak
MP™ inhibitory activity, we discovered that I inhibits MP™ with an 1Csp of 9.50 uM, 60-fold less
potent than as a CatL inhibitor. Nevertheless, we utilized | as a starting compound with the aim
of improving activity against SARS-CoV-2 MP. Thus, the following structural modifications
were tackled (Figure 2): (i) First, we introduced several N-terminal capping groups, e.g.,
cinnamic acids and their hydrogenated derivatives, phenoxy, and 2-(phenylthio)acetic acid
derivatives. These are P3-P4 moieties (green) expected to occupy the corresponding S3-S4
positions in the MP™ active site. Additionally, rigidified, mono- or bicyclic moieties were
incorporated. (ii) L-leucine was used as a spacer instead of the P2-Boc group (blue) to allow
hydrophobic interactions with the S2 pocket. (iii) To optimize interactions with the S1 pocket,
the P1-phenyl ring (cyan) was substituted with electron-withdrawing groups and replaced with
an indole or a five-membered lactam ring. (iv) Finally, the Michael acceptor warhead of I (red)
was replaced by a dimethylaminobut-3-en-2-one, or a benzothiazolyl ketone moiety,

respectively.
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Figure 2. Design of new derivatives and analogs of lead compound | against SARS-CoV-2
MPro,

Chemistry. A total of 42 new final compounds (8a—z, 8aa—ae, 9a—b, 10a—f, 12a—b, and 13a)
were synthesized as depicted in Schemes 1 and 2. The commercially available N-Boc-
phenylalanine derivatives were used for the preparation of the corresponding Weinreb amides
la-c¢ by 2,4,6-tripropyl-1,3,5,2,4,6-trioxatriphosphinane 2,4,6-trioxide (T3P)-mediated
coupling reaction using N,O-dimethylhydroxylamine hydrochloride in the presence of
diisopropylethylamine (DIPEA) in dichloromethane. The deprotection of 1a-c with 4N HCI in
dioxane yielded the corresponding free amines 2a-c, which were subsequently reacted with N-
Boc-leucine monohydrate through O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium
hexafluorophosphate (HATU)-supported amide coupling to give the corresponding dipeptides
3a-C.

After deprotection of 3a-c, the resulting free amines 4a-c were coupled with a wide variety of
carboxylic acids in the presence of HATU and DIPEA in DMF to produce the key intermediates

5a-z, 5aa—ae, 6a—b, and 7a—c. These intermediates were reacted with vinylmagnesium bromide
8
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under Grignard reaction conditions to yield the o,3-unsaturated ketones (8a—z, 8aa—ae, 9a,b,
10a-c, Scheme 1). The intermediates bearing a benzofuranyl or a benzothiophenyl residue as
R? substitution (5v or 5z) were converted to ketones 11a,b with methylmagnesium bromide.
Compounds 11a,b then underwent aldol condensation with N,N-dimethylformamide dimethyl
acetal to obtain the o,-unsaturated ketones 12a,b (Scheme 1), which were isolated as mixtures
of cis/trans-isomers. Lastly, the intermediate bearing a 2-(phenylthio)acetyl residue for R? (5r)
was reacted with 2-bromobenzothiophene in a Grignard reaction to produce the corresponding

benzothiazolyl ketone derivative 13a (Scheme 1).

Scheme 1. Synthesis of 8a-z, 8aa-ae, 9a-b, 10a-b, 12a-b, and 13a?

. Hmﬁg P $

R= HForCI 2ac 3ac
1a, 2a, 3a,4a: R'=H
1b, 2b, 3b, 4b: R1—F
1c, 2¢, 3¢, 4c: R' =

R!
y ©
RZT(N\;)LN N R N\)L
o M o

o)
/ 7
\O HZN\QAN N\O/
iH g
8a-z, 8aa-ae: R' = H 5a 2, 5aa-ae: R' = H da-c
9a,b:R'=F 6ab:R'=F
10a-c: R' = ClI 7a-c:R'=Cl
@ viii
N N
S/Y \)k \)’L N\)L
11a,b
13a 11a, 12a: X= O 12ab

11b,12b: X =S

®Reagents and conditions: (i) TsP, N,O-dimethylhydroxylamine hydrochloride, DIPEA,
CH2Cly, 0 °C, 12 h, 93-94%; (ii) 4N HCI in dioxane, 0 > 25 °C, 100%, NaOH, EtOAc, 25
°C; (iii) N-Boc-L-leucine, HATU, DIPEA, DMF, 0 = 25 °C, 84-85%; (iv) R-CO2H, HATU,
DIPEA, DMF, 0 = 25 °C, 44-95%); (v) 1M vinylmagnesium bromide solution in THF, Et20,
-10 °C, 4 — 6 h, 8-93%); (vi) 3M methylmagnesium bromide solution in Et,0O, Et,0, -10 °C,
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4 — 6 h, 61-66%; (vii) N,N-dimethylformamidedimethyl acetal, DMF, 80 °C, 5 h, 61-77%;
(viii) a. (CH3)2CHMQgCI « LiCl, 2-bromobenzothiazole, 30 min. at 0 °C, THF, b. Et20,
-10 °C, 4 — 6 h, 45%. For R* and R?, see Table 1.

Further compounds, 10d—f, were synthesized as shown in Scheme 2. In the first step, the
corresponding amino acid methyl esters were coupled to N-Boc-protected leucine in a HATU-
supported amide coupling reaction in the presence of DIPEA. The amino group of the resulting
dipeptides 14a-c was deprotected and subsequently acylated with 2-(2,4-
dichlorophenoxy)acetic acid or 2-(2,4,5-trichlorophenoxy)acetic acid using HATU and DIPEA
in DMF. The methyl esters 15a—c were saponified using LiIOH in THF/water. The resulting
carboxylic acids were reacted with N,O-dimethylhydroxylamine hydrochloride in the presence
of T3P to the corresponding Weinreb amides 16a—c, which underwent a Grignard reaction using

vinylmagnesium bromide in diethyl ether to give the corresponding o,f-unsaturated ketones.

Scheme 2. Synthesis of Compounds 10d—2

14c, 15¢c, 16¢, 10f: R' = R2=C|

: F
S 14b, 15b, 16b, 10e: R" = R2=H
war T
H
Jo

10
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aReagents and conditions: (i) HATU, DIPEA, DMF, 0 = 25 °C, 93%; (ii) 4N HCI in dioxane,
0 = 25 °C; (iii) R-CO2H, HATU, DIPEA, DMF, 0 = 25 °C, 71-76%; (iv) 1M aqueous
LiOH, THF, 25 °C, 2-3 h; (v) T3P, N,O-dimethylhydroxylamine hydrochloride, DIPEA,
CHCl, 0 °C, 12 h, 50-95%; (vi) 1 M vinylmagnesium bromide solution in THF, Et20, -10
°C, 4-6 h, 25-66%.

188

189  The structures of the synthesized compounds were confirmed by *H (400 MHz) and *3C (101
190 MHZz) NMR spectroscopy. In addition, the purity of all final compounds was analyzed by HPLC
191  at wavelengths of 254 and 230 nm. The mass spectra for all final compounds were obtained
192  using electrospray ionization mass spectrometry (ESI-MS).

193

194  SARS-CoV-2 MP™ Inhibition Assays. Following a previously described procedure,?” SARS-
195  CoV-2 MP inhibitory activity assays were performed using a fluorogenic substrate (Boc-Abu-
196  Tle-Leu-GIn-AMC). The compounds were initially screened at a concentration of 10 uM. For
197  compounds that showed at least 50% MP™ inhibition over 60 min, concentration-response
198  curves were determined with at least eight different inhibitor concentrations, and during the
199  first 10 min of the enzymatic reaction, the respective product formation rates were observed.
200 By using nonlinear regression analysis, ICso values were determined. Furthermore, the second-
201  order rate constant kinact/Ki was established for inhibitors that showed a time-dependent
202 inhibition upon examining the effects of five different inhibitor concentrations on the product
203  formation rate for 60 min.

204

205 Table 1. Structures and Activities of Investigated Compounds as SARS-CoV-2 MP™
206  Inhibitors and Anticoronaviral Agents.

SARS-CoV-2 MP© SARS-CoV-2
Cmpd. Structure (Calu-3-cells)
ICso (UM)? kinao/Ki (M) ECg (nM?
- Nirmatrelvir 0.063+ 0.027 n.d.c 3.26
11
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2|Cso values were obtained from duplicate measurements with at least five different inhibitor concentrations. The
equation for non-linear regression was v = vo/(1 + [I]/ICso), where v is the product formation rate at different
inhibitor concentrations, vy is the uninhibited product formation rate, [I] is the inhibitor concentration, and ICso is
the half-maximal inhibitory concentration. The standard errors (SE) refer to the non-linear regression.

bThe final substrate concentration of the fluorogenic substrate Boc-Abu-Tle-Leu-GIn-AMC was 50 uM and the
formation of the product was monitored with excitation and emission wavelengths of 360 nm and 460 nm,
respectively. The reactions were followed for 60 min at 37 °C. Detailed assay conditions are reported elsewhere.?’
Inhibitors showed a time-dependent inhibition. Progress curves in the presence of five different inhibitor
concentrations were followed over 60 min and analyzed by nonlinear regression using the equation [P] = v; x
(1—exp(—Kobs % t) / Kops + d), where [P] is the product, v; the initial rate, kons the observed first-order rate constant
and d is the offset.?”
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4ECs, values of inhibitors in Calu-3 cells. Lung-derived human Calu-3 cells were incubated with 10-fold serial
dilutions (10—0.001 uM) of each inhibitor or DMSO (solvent control) for 1 h, followed by infection with SARS-
CoV-2 at a multiplicity of infection (MOI) of 0.01.

®n.d. = not determined

fAN 1Cso value of >10 puM refers to a residual activity of MP™ in the presence of 10 pM of the test compound being
higher than 70%.

Structure-activity relationships. In our previous study,* we developed a series of dipeptide
CatL inhibitors, which were mainly composed of leucine at P2 and phenylalanine at the P1
positions with different warheads and N-terminal P3 groups. Some compounds showed weak
inhibition of SARS-CoV-2 MP™, but most of them were inactive against the viral protease.

In the present study, to develop potent MP inhibitors, lead compound I was structurally varied
to a large extent in order to improve MP™ inhibitory potency. In the first attempt, the C-terminus
of Leu-Phe (P2-P1 residues) was modified to an acryloyl group as a new warhead (compound
8a). This compound inhibited MP™ with an ICso value of 0.185 puM. An irreversible mode of
SARS-CoV-2 MP inhibition of 8a was determined by kinetic studies, and the second-order
rate constant of inactivation, Kinact/Ki, was 16,000 M~1s™L. This result encouraged us to maintain
the Leu-Phe dipeptide portion with a vinyl ketone, and we explored a variety of N-terminal
substituents at the P3 position (8b-z, 8aa-ae).

The para-dimethylamino- and trifluoromethoxy substitution at the terminal phenyl group led
to compound 8b (ICso = 0.152 UM, Kinaee/Ki = 14,700 M~'s™), and 8c (ICso = 0.184 pM,
kinact/ Ki = 14,000 M~1s71), respectively, with similar inhibitory activity as 8a. The introduction
of a 2,4-dichloro substitution improved the 1Cso and kinact/Ki by more than two-fold compared
to 8a-c, see 8d (ICso = 0.0743 UM, Kinact/Ki = 35,800 M1s?), suggesting that a hydrophobic
substituent is favorable. The cinnamoyl derivatives 8f (ICso = 0.279 uM), 8g (ICs0 = 0.481 uM),
and 8i (ICso = 0.338 uM) tended to reduce the MP™ inhibitory potency compared to their
saturated propionyl analogs, while 8e (ICso = 0.131 pUM, kinact/Ki = 9,630 M~s1) and 8h

(ICs0 = 0.279 uM) showed similar activities as 8a and 8d, respectively. The kinact/Ki value for
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8h was not calculated due to considerable MP™ reactivation within 1 h. Dimethoxy substitutions
on the phenyl ring of 8e further reduced the activity as in 8j (ICso = 0.725 UM, Kinact/Ki = 9,100
M~1s1). These findings suggested that the flexible, hydrophobic P3 moiety is favorable for MP™
inhibitory activity.

Next, the introduction of a cyclopropyl ring in the P3 alkyl moiety in compound 8k did not
change activity (ICso = 0.138 UM, Kinact/Ki = 14,500 M~1s1), while the insertion of oxygen in the
phenoxyacetyl derivative 8l (ICso = 0.0625 pM) improved potency by nearly three-fold
compared to 8a, along with a Kinact/Ki value of 27,400 M~s™? (Ki= 0.203 puM). The potency of
analogs with substituents such as 4-chloro (8m), 2,4-dichloro (8n) and 3-methoxy (8p) on the
N-terminal phenyl ring also retained the activity. However, 2,4,5-trichloro (80) or 3-
dimethylamino (8q) substitution resulted in analogs with slightly reduced potency. The MP™
inhibitory activity was further improved by replacing oxygen with sulfur. The resulting 2-
(phenylthio)acetyl derivatives (8r-t) showed improved ICso values ranging from 0.0199 to
0.0752 uM, as compound 8r, the second most potent MP™ inhibitor with an 1Cso of 0.0199 uM
and a Kinac/Ki Of 57,400 M~ist. The gem-dimethyl substitution at the linker of the 2-
(phenylthio)acetyl moiety resulted in compound 8s with slightly reduced inhibitory activity
compared to 8r, but Kinact/Ki Was still high (57,400 M~1s™%). It was not possible to calculate the
Kinact/Ki value for 8t (ICso = 0.0473 uM) due to considerable MP™ reactivation.

In the next series of compounds, the impact of the N-terminal mono- or bi-cyclic capping group
on the inhibitory potency was determined. In general, rigidization of the P3 group reduced the
potency of the resulting compounds compared to those of analogs with acyclic, flexible
moieties. For example, the chromane (8u, 1Cso = 0.227 UM; Kinac/Ki = 14,909 M 1s71),
benzofuran (8v, 1Cso = 0.405 UM:; Kinact/Ki = 9,900 M~s™1), and 5-phenylfuran derivative (8w,
ICs0 = 0.363 PUM; Kinact/Ki =16,400 M~1s71) showed slightly reduced MP™ inhibitory activities
compared to the phenoxyacetyl derivative 8l. This trend was also observed by comparing 8r

with analogs bearing a benzothiophene (8z, ICsp = 0.221 uM), and a 5-phenylthiophene residue
18
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293
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298

(8aa, ICso = 0.183 puM). The kinact/Ki values for 8z and 8aa were 21,700 M*s* and 15,500
M™s7%, respectively. The 2-phenylthiazole (8ab, 1Cso = 0.117 uM; 8ac, ICso = 0.151 pM) and
the indole derivative (8%, ICso = 0.117 uM; 8y, ICso = 0.0969 uM) showed slightly better MP™
inhibitory activity along with Kinact/Ki values of up to 41,000 M~*s™? than other bicycles and
monocycles, such as compounds with isoxazole (8ad, ICso = 0.449 uM) and pyrazole rings
(8ae, ICso = 0.599 pUM). The kinact/Ki values for 8ad and 8ae were 21,300 M st and 5,400
M™1s2, respectively.

Further, we explored the P1 phenyl group (9a,b, 10a-f). The introduction of m-fluoro or
m-chloro substitution on the phenyl ring led to the inhibitors 9a,b, and 10a-c having improved
MP' inhibitory activity compared to the corresponding unsubstituted derivatives. For example,
compounds 9a (ICso = 0.0422 puM) and 9b (ICso = 0.0377 uM) displayed nearly two-fold
improved 1Cso values compared to 8n. The kinact/Ki values for 9a and 10a were 24,500 M s,
and 46,900 M1s* respectively. However, o-fluoro substitution marginally reduced the activity
as in 10e (1Cso = 0.159 UM; Kinact/Ki =16,400 M~1s71). Comparing the activity of 10e (o-fluoro)
with 9a (m-fluoro), it was suggested that the meta-substitution is advantageous. Also, the
introduction of m-chloro substitution in 8p or 8r led to an increase in the inhibitory activity of
the resulting compounds such as 10b (ICso = 0.0247 pM) and 10c (ICso = 0.0177 pM),
respectively. The Kinact/Ki value for 10b was 57,700 M1s™* but was not calculated for 10c due
to considerable MP™ reactivation.

Additionally, the structure of the P1 side chain was also addressed. The replacement of the
phenyl ring with the indole system (10c, ICso = 0.316 uM) reduced 8n activity by four-fold,
suggesting that the indole ring is probably too large for the corresponding S1 pocket to be
optimally occupied. On the other hand, replacing the phenyl ring with a five-membered lactam
ring (10f) increased the activity by 10-fold compared to its P1-phenyl analog 8o. This can be

explained by the additional hydrogen bond acceptor and donor properties of the lactam ring. In
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299  fact, compound 10f was our most potent MP™ inhibitor, with an ICso value of 0.0130 uM, but
300 its Kinact/Ki value was also not calculated due to considerable MP™ reactivation.

301  Finally, the warhead was investigated by incorporating a 3-(dimethylamino)acryloyl (12a, ICso
302 >10 pM; 12Db, ICso = 18.9 uM) or a benzothiazolylcarbonyl moiety (12a, ICsop >10 pM).
303  Unfortunately, both changes led to a strong decrease in activity or completely abolished it,
304 reflecting a decrease in reactivity of the warhead towards the active site Cys145 of MP™,
305  Therefore, further changes in this position were avoided. Concentration-response curves for

306  selected compounds are shown in Figure 3.

307
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310 Figure 3. Concentration-dependent inhibition of SARS-CoV-2 MP by the best inhibitors of
311 the present series, ICso values are noted in parenthesis. (A) Irreversible inhibitors: 8d (0.0743
312 +0.0135 uM), 81 (0.0625 £+ 0.0124 uM), 8n (0.0752 £ 0.0227 uM), 8r (0.0199 £ 0.0042 pM),
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8s (0.0716 + 0.0133 uM), 8y (0.0969 + 0.0248 uM), 9a (0.0442 + 0.0071), 10a (0.0376 *
0.0063), and 10b (0.0247 + 0.0035 puM). (B) Reversible inhibitors: 8t (0.0473 £ 0.0062 uM),
9b (0.0201 + 0.0011 puM), 10c (0.0177 + 0.0057 uM), and 10f (0.0130 + 0.0027 uM). (C)
Representative progress curves of enzyme-catalyzed hydrolysis of the substrate Boc-Abu-Tle-
Leu-GIn-AMC in the absence (red) or presence of increasing concentrations of 10a (from top
to bottom: 20, 40, 60, 80, and 100 nM). (D) Plot of first-order rate constants kops Versus inhibitor
concentrations and linear regression resulting in a kinac/Ki value of 46,900 + 4,700 M1st (n =
3).

Cytotoxicity and antiviral activity of MP™ inhibitors against SARS-CoV-2.

Potent MP™ inhibitors (8d, 8f-h, 81I-n, 8p-t, 8x-y, 9a-b, 10a-c, and 10f) were initially tested at
a high concentration of 10 pM for cytotoxic effects on Calu-3 cells. At the specified
concentration, none of the compounds displayed cytotoxicity. Subsequently, the compounds
were tested for their antiviral activity against Pango lineage B.1.513 of SARS-CoV-2 using
Calu-3 cells according to previously reported procedures.?® Molnupiravir (RdRp inhibitor) and
nirmatrelvir (MP™ inhibitor), two approved SARS-CoV-2 drugs, were employed as positive
controls.®” The cells were incubated for 1 h before infection and 24 h post-infection (h.p.i.)
with 10-fold serial dilutions (10 — 0.001 pM) of each inhibitor and infected with SARS-CoV-2
at a multiplicity of infection (MOI) of 0.01. Viral titers in culture supernatants were determined
at 24 h.p.i by titration on Vero E6 cells and are expressed as plaque-forming units per milliliter
(PFU/mL).

Overall, 18 of the 19 tested compounds showed ECsp values in the (sub)micromolar to low
nanomolar range (Table 1). Strikingly, compounds 8r, 8%, and 9b, possess extremely potent
antiviral activity ranging from 2.57 to 10.6 nM, which is comparable to or even lower than that
of the control compounds (5.448 nM for molnuprevir and 3.255 nM for nirmatrelvir).
Accordingly, these compounds are potent MP™ inhibitors. Compounds 8g, 8I, 8n, and 10b also
proved to be highly effective antiviral agents, with ECso values ranging from 12.4 to 45.2 nM.

The MP inhibitors 10f, 8d, 8m, 8s, and 8f exhibited good antiviral activities with ECso values
21
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356

ranging from 86.2 to 320 nM. Compounds 8h, 8p, 8y, and 9a showed only moderate antiviral
activity, while 10a and 10c did not show any antiviral activity. The concentration-dependent

inhibition curves for most active compounds are depicted in Figure 4 and Figure S1.
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Figure 4. ECso values for antiviral activity of MP™ inhibitors determined on SARS-CoV-2 in
Calu-3 cells. Concentration-response curves of 8g, 8l, 8n, 8r, 8s, 8x, 9b, and 10b were
determined after treatment of Calu-3 cells infected with SARS-CoV-2 lineage B.1.513 at a MOl
of 0.01. After 24 h of incubation with the compounds, virus-containing supernatants were
collected, titrated in Vero EG6 cells and expressed as PFU/mL. ECso values were calculated for
each compound compared to the DMSO control. Means + SDs from three biological replicates

are presented; in some cases, error bars are not visible as they are smaller than the symbols.

Effects of selected compounds against SARS-CoV-1 MP°, MERS-CoV MP™ and CatL.
Given their promising MP™ inhibition and antiviral efficacy against SARS-CoV-2, several
compounds were evaluated for their ability to inhibit the MP™® of SARS-CoV-1 and MERS-

CoV. The compounds were initially tested at 10 uM against recombinant SARS-CoV-1 MP™
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and MERS-CoV MP® and those that showed at least 50% inhibition were assessed in
concentration-response curves. Enzyme activity was measured with the fluorogenic substrate
Ac-Abu-Tle-Leu-GIn-ACC? and GC-373% and nirmatrelvir were used as positive controls

(See Table 2 for ICsp values, and Figures S2-3 for concentration-dependent curves).

Table 2. SARS-CoV-1 MP, MERS-CoV MP™ and cathepsin L inhibitory activity of selected

compounds

SARS-Co:/-l MPro MERS-CoaV Mp“? o Cathepsin L
rpe. (Sl | Colayertemibiion gy
8e 0.110 + 0.008 n.d. n.d.
8f 0.0578 £ 0.0197 >10 (40%) n.d.
89 0.0727 £ 0.0197 >10 (32%) n.d.
8j 0.0233 £ 0.0018 >10 (48%) n.d.
8l 0.0270 £ 0.0130 0.138 £ 0.051 0.0126 + 0.0003
8m 0.203 £ 0.015 1.42 £ 0.004 n.d.
8n 0.0357 £ 0.0110 2.64 £0.02 0.0305 + 0.0018
8p 0.0574 £0.0172 0.565 + 0.237 0.0259 + 0.0025
8q 0.00945 + 0.00430 0.111 £ 0.018 0.0259 + 0.0035
8v 0.0203 + 0.0048 0.942 + 0.002 n.d.
8w 0.0219 + 0.0032 0.538 £ 0.050 n.d.
8x 0.357 £ 0.091 0.0697 £ 0.0254 0.169 +0.018
10a 0.0130 + 0.0031 >10 (44%) 0.0595 £ 0.0013
10b n.d. n.d. 0.0167 £ 0.0012
10d 0.0574 £+ 0.0062 1.08 +0.25 0.105 + 0.008
10f 0.0316 £ 0.0005 0.0709 £ 0.0024 0.145 + 0.003
Nirmatrelvir | 0.0278 + 0.0024 0.0881 + 0.0074 n.d.
GC37392° | 0.0446 + 0.0023 0.0780 + 0.0168 n.d.

8]Cso values represent the average of two independent experiments determined in triplicate. Errors are given by
the ratio between the standard deviation and the square root of the number of measurements. (n = 6)

The final substrate concentration of the chromogenic substrate Z-Phe-Arg-pNA was 100 pM and the formation
of the product was monitored at 405 nm. Reactions were followed at 37 °C for 60 min. Detailed assay conditions
are reported elsewhere.®® “° The progress curves were analyzed by linear regression. K; values were obtained from
duplicate measurements with five different inhibitor concentrations and analyzed by non-linear regression using
the equation v = vo/(1 + [1]/(Ki x (1 + [S]/Km))), where v and vo are the product formation rates in the presence and
absence of inhibitor, [S] is the substrate concentration and K, is the Michaelis constant, being 17 uM. The standard

errors (SE) refer to the non-linear regression.
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°n.d.: not determined.
4GC373: ((25)-2-((S)-2-(((benzyloxy)carbonyl)amino)-4-methylpentanamido)-3-(2-oxopyrrolidin-3-yl)propanal).

All investigated SARS-CoV-2 MP inhibitors also displayed similar inhibitory activity against
SARS-CoV-1 MP, Compounds 8j, 8l, 8n, 8n, 8q, 8v, 8w, 10a, and 10f showed potent activity
(ICs0 ranging from 0.00945 to 0.0316 pM) in the same range or lower as the controls
nirmatrelvir and GC373. Compound 8r had the highest potency with an I1Cso of 0.00945 puM.
In general, there was a considerable difference in the potency of inhibiting MERS-CoV MP™
compared to SARS-CoV-1 and SARS-CoV-2 MP™. For example, compounds 8e-g and 10a,
which were active on SARS-CoV-1 and SARS-CoV-2 MP™, only weekly inhibited MERS-CoV
MP™ (ICs0 > 10 pM), with a maximum inhibition of 48% at 10 pM. Compounds 8m, 8n, 8v,
and 10d moderately inhibited MERS-CoV MP™ (ICso = 1 uM) while compounds 8l, 8p, 8r, 8w,
8x, and 10f, inhibited MERS-CoV MP in the nanomolar range, with compounds 8x and 10f
having 1Cso values of 0.0697 and 0.0709 uM, respectively. Thus, these dipeptides represent a
novel class of broad-spectrum inhibitors that target the main protesase of SARS-CoV-1, SARS-
CoV-2, and MERS-CoV.

Next, considering that dipeptides composed of a Leu-Phe at the P2 and P1 positions had been
reported as CatL inhibitors in our previous study,*® we selected potent MP™ inhibitors to assess
their activity against CatL, which plays an important role in viral entry.**3 The CatL inhibition
assay was performed according to the previously reported procedures with a chromogenic
peptide substrate.3® Compounds were initially tested at a concentration of 10 uM (Table 2), and
for those compounds that showed more than 30% inhibition of CatL, dose-response curves were
determined using five different concentrations. Ki values were calculated using non-linear
regression for the inhibition over 60 min.

Overall, most of the compounds showed inhibitory potency for CatL in the same range as
observed for MP®, e.g. 8x (MP™ ICs0 = 0.117 uM, CatL K;i=0.169 uM), 10a (MP™ ICso = 0.0376

MM, CatL K = 0.0595 uM), and 10b (MP™ ICso = 0.0247 pM, CatL Ki = 0.0167 pM). In some
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cases, CatL inhibitory potency was higher than that of MP™. For example, compounds 8l (CatL
Ki = 0.0126 pM), 8n (CatL Ki = 0.0305 pM), and 8p (CatL Ki = 0.0259 pM) showed
significantly better CatL inhibitory potency than their MP™ inhibitory activity. This could be
explained by the preference of the phenyl residue at the P1 position for CatL over MP™. On the
other hand, the inhibitor 10f with a P1 pyrrolidin-2-one, a surrogate for glutamine critical for
MP™ selectivity in cleaving the natural peptide substrate, showed 11-fold selectivity for MP™ vs,
CatL. Interestingly, compound 10d (CatL Ki = 0.105 pM) with a P1 indole also showed
selectivity for MP™ over CatL. Thus, these compounds could be developed as potent dual
inhibitors of MP™ and CatL. This might be an advantage as both proteases are important for the

viral replication cycle.**

X-ray co-crystal structure of 8p. The crystal structure of SARS-CoV-2 MP™ in complex with
the MP™ inhibitor 8p (PDB 9GV2) was determined to characterize the binding mode of the
inhibitor (Figure 5A). Table S1 shows the X-ray data and refinement statistics for the complex.
The electron density clearly shows that the electrophilic acryl ketone forms a covalent bond to
Cys145 via the B-carbon. Unexpectedly, the phenyl residue of 8p does not serve as a P1 residue,
instead it binds to the S2 pocket. It is stabilized by hydrophobic interactions with Met165 and
Met49, which flank the phenyl residue as a kind of bracket. This leaves the S1 pocket
unoccupied. The backbone atoms of Glul66 fix 8p in the binding pocket via two polar

interactions.
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442

443

MM/GBSA - LE
kcal/mol.HAC

(A): -14.4%2.5
(B): -12.742.0

Covalent Non-covalent
Chain (A)  Chain (A)
Chain (B)  Chain (B)

Inter. %

Figure 5. A) Crystal structure of SARS-CoV-2 MP™® in complex with the MP® inhibitor 8p (PDB
9GV2). The polder omits electron density map is shown at a contour level of 2.5 oms. The P1 residue,
which binds above the S1 pocket, has weak density indicating flexibility B) Protein-ligand interaction
for 8p along the analyzed trajectory (10x replicas of 200 ns per system). The interaction
frequency for non-covalently and covalently bound ligands is displayed in blue and orange,
respectively, and separated by individual protomers/chains (chains A and B). Non-covalently
bound system simulations were used to predict the cumulative predicted binding energy using
Molecular Mechanics, generalized Born surface area (MM/GBSA) and are represented by their
ligand efficiency values (LE, as described in the methods section). Representative 3D
confirmations are available as Supporting Information.

Subsequently, the determined complex was subjected to molecular dynamics simulations with
or without the covalent bond attaching compound 8p to the catalytic Cys145 (see Supporting
Information — extended methods and discussion for the modeling contents), and the interaction
frequencies between the compound and relevant amino acids were compared (Figure 5B and
Supporting Information Figure S4). Interactions between the compound’s peptidic backbone
and the active site were more frequently observed in the pre-reaction complex, which suggested
they are essential to orient the compound prior to formation of the covalent bond with Cys145.
8p displays further polar contacts with the side chain of GIn189 in about 20% of the MD frames
(Figure 5B and Supporting Information, Figure S4). The phenyl group was-stabilized by

hydrophobic contacts with Met49 and Met165 and further t-mediated interactions with His41.
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444  Testing at MP™ mutants. SARS-CoV-2 MP bearing Glu166Asn/Val, Met165Thr, Gly143Ser,
445  GIn189Glu, Alal73Val, His172Phe/GIn/Tyr, or GIn192Ser/Thr/VVal mutations have been
446  reported to display resistance against approved drugs, including nirmatrelvir.*>! Due to
447  concerns regarding drug-resistance, we investigated the efficacy of the selected potent
448  compounds 8n and 10c at several naturally occurring MP variants. A panel of 16 mutated MP"
449  enzymes was expressed and assessed for inhibition of their enzymatic activity by 8n, 10c, and
450  nirmatrelvir (Figure 6A,B) using a FRET assay as described.>?
451 Nimatrelvir demonstrated reduced efficacy against each of the MP® mutants. (Table 3).
452  Glul66Val was the most resistant mutant to nirmatrelvir, resulting in an 1Cso value of 2.62 uM
453  that corresponds to a 243-fold reduction in potency when compared to the wild-type enzyme.
454  Compound 10c exhibited a profile similar to nirmatrelvir against most of the assessed
455  mutations. However, activity against the Glu166Val mutant was reduced by only 20-fold when
456  compared to the control, resulting in an ICsp value of 0.236 uM. Interestingly, compound 8n
457  showed more robust activity (less decrease in activity) against all mutants, as compared to
458  nirmatrelvir and 10c. Compound 8n had remarkable potency at the Glu166Val mutant, with an
459  ICsp value of 0.406 uM (5-fold decrease in comparison to the wildtype enzyme), suggesting
460  that 8n can, to some extent, overcome these resistances to nirmatrelvir.
461
462  Table 3. The impact of resistance mutations on the inhibition of SARS-CoV-2 MP by
463  Nirmatrelvir, 8n, and 10c.2

MPrvariant Nirmatrelvir 8n 10c

ICso (M)  1Cso (fold ICso (NM) ICso (fold ICso (NM) ICso (fold
increase) increase) increase)

WT 10.9+0.2 1.0 68+6 1.0 11.7+0.2 1.0

S144A 41.7+0.2 3.9 328 +28 4.8 425405 3.6

S144F 176 + 11 16.3 636 + 4 9.4 219+8 18.7

S144G 191+8 17.7 472 + 16 6.9 254 + 32 21.7

S144M 426 + 26 39.4 745 + 29 11.0 414 +30 35.4

S144Y 203 +15 18.8 497 +19 7.3 244 + 30 20.9
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M165T 181 + 69 16.8 1390 + 20 20.4 260 + 23 222

H172F 1700 + 10 15.8 313+ 14 4.6 146 + 23 12.5

H172Q 166 + 4 15.4 390 + 30 5.7 159 + 12 13.6

Q1928 274+ 15 25.4 488 +2 7.2 261 + 20 22.3

L50F/ E166A/

L167F 512+2 47.4 392 + 17 5.8 239+ 11 20.4

G143S 151+4 14.0 230+8 3.4 155 +13 13.2

E166V 2620 + 60 243 409 + 18 6.0 236 +3 20.2

H172Y 283 + 28 26.2 1280 + 70 18.8 297 + 27 25.4

Q189E 199 +19 18.4 714+ 15 10.5 211+12 18.0

AP168 47.0+2.0 4.4 368+ 7 5.4 65.4 % 1.0 5.6

A173V 85.5+6.0 7.9 140+3 2.1 82.4+8.0 7.0
464 30-100 10-30 >100
465  2lCso determination of 8n and 10c and nirmatrelvir against MP" mutants. Data are shown as
466  mean x SD based on three independent experiments.
467
468  The proposed binding mode of 8n in SARS-CoV-2 MP™
469 In all dimeric MP™ crystal structures, the side chain of Glu166 interacted with the N-terminal
470  Serl of the other monomer, and was involved in the substrate-induced MP™ dimerization.>
471 Dimerization is essential for MP™ activity, as monomers are not catalytically active.>* (see
472 Supporting Information Figure S5 for representation of the overall MP™ architecture and 3D
473  conformation of the relevant mutant sites) Accordingly, Glul66Val mutants have lower
474  enzymatic activity (with a kea/Km value of only 3% of that of the wildtype MP™ %), which is
475  linked to the collapse of the S1 pocket (see PDB ID 8H82). The Glul66Val mutation disrupted
476  four hydrogen bonds with Serl, as proposed by the original crystal structure (see PDB ID
477  8H82), but also with the main chain of the Phe140 backbone (observed in ~40% of the analyzed
478  simulation time, Figure 6). The Serl side chain formed an additional hydrogen bond with the
479  carbonyl group of Phe140, which likely compensates for the role of Glu166 in maintaining the
480 Sl site. All these changes help to rationalize the reduced nirmatrelvir binding and consequent
481  resistance.
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The crystal structure of 8p in the MP™ site suggests that its binding is independent of interactions
with the side chain of Glu166 (Figure 5), and we hypothesize that 8n would also display similar
binding. To validate this hypothesis, we simulated nirmatrelvir and 8n in wildtype MP™ and the
Glul66Val mutant and evaluated the protein-ligand interaction frequency and potential binding
energy (Figure 6A illustrates the modeling pipeline; detailed methods are described in
Supporting Information). Nirmatrelvir’s predicted binding energy along the simulation
trajectory is significantly affected by the Glu166Val mutation, whereas that of 8n is not affected
(Figure 6B). The wider variation in the 8n binding energy also suggests large ligand
conformational changes, which are shown in the most prominent clusters (Figure 6C, D). The
proposed binding mode of 8n is stabilized by n-n-interactions between the phenyl group and
His41l, and polar interactions between the amide core and the backbone of residue Glul66.
Interestingly, the interactions between Val166 and 8n interaction is calculated to be more

frequent than the Glu166 counterpart (Figure 6E,F).
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496  Figure 6. A) lllustration of the modeling pipeline. B) Non-covalently bound system simulations
497  were used to predict their cumulative binding energy using MM/GBSA normalized by the
498  number of heavy atoms (heavy atom count, HAC). Mann-Whitney test was used to compare
499 the effect between both compounds on wildtype (gray) and Glul66Val (yellow) simulations,
500  with p-values of 0.28 and <0.0001 (*) and for 8n and nirmatrelvir, respectively. (C,D) The
501 proposed binding mode of 8n was derived from relevant frames of the simulation by clustering
502  for the WT (C) and Glul66Val (D) trajectories. Polar contacts are depicted by yellow dashed
503 lines and m-mediated interactions by green lines. Protein-ligand interaction for nirmatrelvir
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504 (NIR, E) and compound 8n (F) along the analyzed trajectory (10 replicas of 1,000 ns per
505  system). Their interaction frequency are displayed for non-covalently bound and covalently
506 bound ligands in bold and normal fonts, respectively, as an average of the individual chains’
507  values.

508

509 In vitro ADME studies. The most promising compound (8n) was selected with another close
510 analog and potent promising inhibitor (8r), for comparison and further characterization (Table
511  4). First, the metabolic stability in mouse liver microsomes (MLMs) and human liver
512 microsomes (HLMs) was investigated. Both compounds were metabolically stable in mouse as
513  well as human microsomes, with half-lives (t12) of more than 60 min each. Additionally, the
514 intrinsic clearance of 8n and 8r in the mouse and human models was determined to be below
515 23 pL/min/mg, indicating that the compounds are stable. Encouraged by these results, in the
516 next step, plasma stability as well as plasma protein binding (PPB) were assessed. The
517  compound 8n was stable in mouse and human plasma, and no degradation was observed during
518  up to 240 min, while 8r had a half-life in mouse plasma of around 140 min. 8r was nearly
519  entirely plasma protein bound, whereas the free fraction of 8n in mouse was around 4 % and <
520 0.4 % in human plasma. Thus, both compounds had quite high plasma protein binding in mice
521  and humans. In summary, 8n and 8r showed favorable in vitro ADME properties suitable for
522  further preclinical development. Moreover, 8n exhibited better properties than 8r. However,
523  decreasing plasma protein binding would be the goal for further optimization of these inhibitors.

524
525  Table 4. Pharmacokinetic properties of 8n and 8r in human and mouse plasma

ti2 Clint mouse  ti2 Clinthuman  Mouse Human  PPB PPB
Compd. (min)  (ul/min/mg (min) (ul/min/mg plasma plasma mouse human
mouse protein) human protein) ti2 (Min) tyz (min)  (%)? (%)?
8n >60 <23 >60 <23 >240 >240 95.8+4.8 99.6+0.6
8r >60 <23 >60 <23 >240 143.1 99.7+0.1 100£0.0

526  ®Means = SDs from 3 replicates are presented.
527
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CONCLUSIONS

In summary, we designed and synthesized a series of novel small-molecule peptidomimetics
based on an initial hit compound to optimize them for inhibition of MP™, an essential protease
for replication of SARS-CoV-2. The dipeptides are composed of a variety of N-terminal
capping groups, P3-Leu, P2-aryl groups and a C-terminal warhead. This resulted in several
potent inhibitors with ICsp values in the low micromolar to low nanomolar range against SARS-
CoV-2 MP™, In particular, compounds 8r (ICso = 0.0199 uM), 10c (ICso = 0.0177 pM), and 10f
(ICso = 0.0130 puM) were potent MP™ inhibitors, with 480- to 730-fold improved inhibitory
activity when compared to the initial hit compound I (ICso =9.50 uM). The covalent
irreversible binding mode of the compounds was validated by an X-ray co-crystal structure of
MP' in complex with 8p. These structure studies supported by 8p structure and MD simulations

using 8n suggest that their binding is independent of interactions with the side chain of Glu166.

Several compounds showed excellent antiviral activity in Calu-3 cells against SARS-CoV-2
and displayed no cytotoxicity. Most of the investigated SARS-CoV-2 MP inhibitors were
found to additionally inhibit SARS-CoV-1 and MERS-CoV MP™, as well as CatL, a host
cysteine protease involved in the viral entry of coronaviruses. Compound 8n displayed
remarkable efficacy against a panel of naturally occurring nirmatrelvir-resistant mutants,
especially the Glu166Val mutant of MP™, and exhibited high metabolic stability, making it an

attractive early hit for further preclinical development.
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EXPERIMENTAL SECTION

General Chemistry. All commercially available starting materials, reagents, and (anhydrous)
solvents were used without further purification. Reaction controls were performed by thin-layer
chromatography (TLC) on Macherey-Nagel-precoated 60 F254 silica plates. Spots were
visualized either by ultraviolet (UV) light (254 nm) or staining solutions. Flash column
chromatography was carried out using Grace Davison Davisil LC60A (20—45 um) or Merck
Geduran Si60 (mesh 63-200 um) with a LaFlash automated flash chromatography system.
NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer at ambient
temperature. Chemical shifts (8) are reported in parts per million (ppm) relative to the internal
control tetramethylsilane (TMS), and the spectra were calibrated against the residual solvent
peak of the used deuterated solvent. Coupling constants (J) are expressed in Hz. Purities of final
compounds were determined by RP-HPLC using an Agilent 1100 Series LC with a
Phenomenex Luna C8 analytical column (150 x 4.6 mm, 5 um) and detected by a UV-DAD
detector at 254 nm and 230 nm wavelength. The eluting was carried out with the following
gradient: (A =0.01 M KH2POs, pH 2.30, B = MeOH) 40% B to 85% B in 8 min, 85% B for 5
min, 85% to 40% B in 1 min, 40% B for 2 min, stop time 16 min, flow 1.5 mL/min. Standard
mass spectra were obtained from an Advion expression compact mass spectrometer (electron
spray ionization, ESI) with a TLC plate reader system (using the following settings: ESI voltage
3.50 kV, capillary voltage 187 V, source voltage 44 V, capillary temperature 250 °C,
desolvation gas temperature 250 °C, gas flow 5 L/min). All final compounds are > 95% pure

by HPLC.

General Procedure A for the Synthesis of Weinreb Amides
A mixed suspension of the appropriate carboxylic acid (1 equiv., 1 mmol), N,O-
dimethylhydroxylamine « HCI (1.5 equiv., 1.5 mmol), and DIPEA (3.5 equiv., 3.5 mmol) in

CH2Cl> (7 mL) was cooled to 0 °C, followed by the dropwise addition of T3P (1.5 equiv., 1.5
33
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mmol). The resulting mixture was stirred at room temperature for 2 h. The reaction was
concentrated under reduced pressure, diluted with EtOAc (20 mL), and washed successively
with saturated aqueous NaHCO3 solution (2 x 15 mL) and brine (15 mL). The organic layer
was dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure to obtain

the product.

General Procedure B for the Boc-Deprotection

The N-Boc-protected amine (1 equiv., 0.75 mmol) was dissolved in CH2Cl, (3 mL), and 4N
HCI in dioxane (10 equiv., 7.5 mmol) was added at 0 °C. The mixture was stirred for 3 h at 0
°C. The reaction was concentrated under reduced pressure to give the HCI salt, which was
dissolved in aqueous 0.05 M NaOH and extracted with EtOAc (3 x 15 mL). The combined
organic layers were dried over anhydrous Na>SOg, filtered, and concentrated under reduced

pressure. The product was used without further purification.

General Procedure C for the Synthesis of Amides

HATU (1.2 equiv.) was added sequentially at 0 °C to a solution of the carboxylic acid (1 equiv.)
in DMF (5 mL). The solution was kept at 0 °C for 30 min. After 30 minutes, DIPEA (3 equiv.)
and the amine (1 equiv.) were added slowly. The mixture was stirred at 0 °C for 1 h and at 25
°C for 12 h. The reaction was quenched by adding water and extracted with EtOAc (3 x 15
mL). The combined organic phases were washed with saturated aqueous NH4CI solution (2 x
50 mL), saturated aqueous NaHCO3 solution (2 x 50 mL), and brine (2 x 50 mL). The organic
layer was dried over anhydrous Na>SO4 and concentrated under reduced pressure to afford the

crude product.
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General Procedure D for the Synthesis of Vinylketones

The Weinreb amide (1 equiv., 0.5 mmol) was dissolved in Et2O (dry). The reaction mixture was
cooled to -10 °C in a salt-ice bath, and 1M vinylmagnesium bromide in THF (3.2 equiv., 1.6
mmol) was added dropwise. After 1 h additional 1M vinylmagnesium bromide in THF (3.2
equiv., 1.6 mmol) was added dropwise. After 5 - 6 h of stirring at 0 °C, the reaction mixture
was quenched with 1N HCI. The mixture was extracted with EtOAc (3 x 20 mL). The combined
organic layers were dried over anhydrous Na;SO4 and concentrated under reduced pressure to

afford the crude product as a solid.

General Procedure E for the Synthesis of Methylketones

The Weinreb amide (1 equiv., 0.5 mmol) was dissolved in Et2O (dry). The reaction mixture was
cooled to -10 °C in a salt-ice bath, and 3M methylmagnesium bromide in Et2O (3.2 equiv., 1.6
mmol) was added dropwise. After 5 to 6 h of stirring at 0 °C, the reaction mixture was quenched
with 1N HCI. The mixture was extracted with EtOAc (3 x 20 mL). The combined organic layers
were dried over anhydrous Na>SOg, filtered, and concentrated under reduced pressure to get the

crude product.

General Procedure F for the Aldol Condensation

A mixture of the ketone (1 equiv., 0.3 mmol) and N, N-dimethylformamide dimethyl acetal (2
equiv., 0.6 mmol) was dissolved in DMF (1 mL). The mixture was stirred for 5 h at 80 °C.
Upon the completion of the reaction, the mixture was cooled to room temperature, and the

solvent was removed under reduced pressure to obtain the crude compound.

General Procedure G for the Saponification of Methylester
To a solution of ester (1 equiv., 0.7 mmol) in THF (5 mL) cooled in an ice bath was added a

1.0 M LiOH aqueous solution (4 mL). After 2 h, the pH of the reaction mixture was adjusted to
35
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3 by adding a 1.0 M HCI aqueous solution. The two layers were separated, and the aqueous
layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with
brine (10 mL), dried over anhydrous Na>SOs, filtered, and concentrated under reduced pressure

to afford the product. The product was used without further purification.

(S)-4-Methyl-N-((S)-3-0x0-1-phenylpent-4-en-2-yl)-2-(3-phenylpropanamido)pentanamide
(8a). Obtained from the reaction of 5a (227 mg, 0.5 mmol) and 1 M vinylmagnesium bromide
in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash purification with petroleum
ether/EtOAC (0 - 60% EtOAC). Yield: 109 mg (52%) of 8a as a white solid. 'H NMR (400 MHz,
CDCl3) § 7.29 — 7.27 (m, 1H), 7.26 — 7.24 (m, 1H), 7.24 — 7.22 (m, 2H), 7.21 — 7.20 (m, 2H),
7.19 — 7.17 (m, 2H), 7.10 — 7.05 (m, 2H), 6.67 (d, J = 7.5 Hz, 1H), 6.42 (dd, J = 17.4, 9.7 Hz,
1H), 6.35 (dd, J = 17.4, 2.0 Hz, 1H), 5.86 (dd, J = 9.7, 2.0 Hz, 1H), 5.73 (d, J = 8.1 Hz, 1H),
5.11 — 5.05 (m, 1H), 4.46 — 4.38 (m, 1H), 3.15 (dd, J = 14.0, 6.5 Hz, 1H), 3.01 — 2.97 (m, 1H),
2.96 — 2.92 (m, 2H), 2.51 — 2.42 (m, 2H), 1.57 — 1.49 (m, 1H), 1.42 — 1.35 (m, 2H), 0.85 (d, J
= 5.6 Hz, 3H), 0.84 (d, J = 5.6 Hz, 3H). 3C NMR (101 MHz, CDCl3) 5 197.05, 172.06, 171.76,
140.70, 135.74, 133.33, 130.64, 129.57 (2 x C), 128.71 (2 x C), 128.66 (2 x C), 128.45 (2 x C),
127.22, 126.46, 57.19, 51.66, 41.34, 38.28, 37.71, 31.64, 24.73, 22.96, 22.18. ESI-MS [M +

Na]" = 443.3. HPLC tr = 8.70 min.

(S)-2-(3-(4-(Dimethylamino)phenyl)propanamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-
en-2-yl)pentanamide (8b). Obtained from the reaction of 5b (248 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 60% EtOAc). Yield: 72 mg (31%) of 8b as a white
solid. '"H NMR (400 MHz, CDCls) & 7.26 — 7.23 (m, 2H), 7.23 — 7.20 (m, 1H), 7.11 — 7.07 (m,
2H), 7.07 — 7.04 (m, 2H), 6.74 — 6.70 (m, 1H), 6.70 — 6.65 (m, 2H), 6.42 (dd, J = 17.4, 9.7 Hz,

1H), 6.35 (dd, J = 17.4, 1.9 Hz, 1H), 5.85 (dd, J = 9.8, 1.9 Hz, 1H), 5.69 (d, J = 8.1 Hz, 1H),
36
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5.11 — 5.03 (m, 1H), 4.45 — 4.36 (m, 1H), 3.15 (dd, J = 14.0, 6.4 Hz, 1H), 2.97 (dd, J = 14.0,
6.2 Hz, 1H), 2.90 (s, 6H), 2.88 — 2.81 (m, 2H), 2.51 — 2.38 (m, 2H), 1.57 — 1.47 (m, 1H), 1.43
—1.31(m, 2H), 0.85 (d, J = 6.4 Hz, 3H), 0.83 (d, J = 6.4 Hz, 3H) **C NMR (101 MHz, CDCls)
& 197.11, 172.51, 171.81, 149.35, 135.81, 133.31, 130.58, 129.57 (2 x C), 129.06 (2 x C),
128.63 (2 x C), 127.18, 113.27, 57.19, 51.61, 41.18, 40.99, 38.66, 37.65, 30.74, 24.67, 23.00,

22.16. ESI-MS [M + Na]* = 486.2. HPLC tz = 6.78 min.

(S)-4-Methyl-N-((S)-3-0x0-1-phenylpent-4-en-2-yl)-2-(3-(4-(trifluoromethoxy)phenyl)
propanamido)pentanamide (8c). Obtained from the reaction of 5¢ (26 9 mg, 0.5 mmol) and 1
M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOAC). Yield: 76 mg (30%) of 8c as a white
solid. '"H NMR (400 MHz, CDCls) & 7.25 — 7.24 (m, 1H), 7.24 — 7.21 (m, 2H), 7.21 — 7.18 (m,
2H), 7.11 (d, J = 8.0 Hz, 2H), 7.09 — 7.05 (m, 2H), 6.66 (d, J = 7.5 Hz, 1H), 6.46 — 6.32 (m,
2H), 5.89 — 5.84 (m, 1H), 5.81 (d, J = 8.2 Hz, 1H), 5.12 — 5.05 (m, 1H), 4.47 — 4.40 (m, 1H),
3.15 (dd, J = 14.0, 6.5 Hz, 1H), 3.04 — 2.98 (m, 1H), 2.98 — 2.90 (M, 2H), 2.53 — 2.40 (m, 2H),
1.56 — 1.49 (m, 1H), 1.44 — 1.35 (m, 2H), 0.86 (d, J = 3.7 Hz, 3H), 0.84 (d, J = 3.7 Hz, 3H). *°C
NMR (101 MHz, CDCIs) 6197.00, 171.76, 171.61, 147.88, 139.51, 135.65, 133.32, 130.72,
129.80 (2 x C), 129.57 (2 x C), 128.67 (2 x C), 127.25, 121.19 (2 x C), 120.63 (d, J = 256.8
Hz), 57.21, 51.71, 41.50, 38.04, 37.75, 30.82, 24.79, 22.89, 22.13. ESI-MS [M + Na]" = 527.1.

HPLC tgr = 9.80 min.

(S)-2-(3-(2,4-Dichlorophenyl)propanamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-en-2-
yl)pentanamide (8d). Obtained from the reaction of 5d (261 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOACc). Yield: 157 mg (64%) of 8d as a

white solid. 'H NMR (400 MHz, CDCls) & 7.35 (d, J = 2.0 Hz, 1H), 7.26 — 7.23 (m, 2H), 7.22
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—7.16 (M, 2H), 7.16 — 7.11 (m, 1H), 7.09 — 7.04 (m, 2H), 6.66 (d, J = 7.5 Hz, 1H), 6.42 (dd, J
=17.5,9.5 Hz, 1H), 6.35 (dd, J = 17.4, 2.1 Hz, 1H), 5.87 (dd, J = 9.5, 2.1 Hz, 1H), 5.82 (d, J =
8.2 Hz, 1H), 5.12 — 5.05 (m, 1H), 4.46 — 4.38 (m, 1H), 3.15 (dd, J = 14.0, 6.5 Hz, 1H), 3.02 (t,
J=7.6 Hz, 2H), 3.00 — 2.96 (M, 1H), 2.47 (t, J = 7.6 Hz, 2H), 1.58 — 1.49 (m, 1H), 1.45 — 1.36
(m, 2H), 0.86 (d, J = 5.2 Hz, 3H), 0.85 (d, J = 5.3 Hz, 3H). 3C NMR (101 MHz, CDCls) &
196.87, 171.53, 171.25, 136.73, 135.48, 134.48, 133.16, 132.84, 131.60, 130.66, 129.43 (2 x
C), 129.31, 128.53 (2 x C), 127.21, 127.14, 57.06, 51.55, 41.37, 37.62, 35.76, 28.90, 24.65,

22.81, 22.09. ESI-MS [M - H]" = 487.3. HPLC tr = 9.82 min.

(S)-2-Cinnamamido-4-methyl-N-((S)-3-o0x0-1-phenylpent-4-en-2-yl)pentanamide (8e).
Obtained from the reaction of 5e (226 mg, 0.5 mmol) and 1 M vinylmagnesium bromide in
THF (3.2 mL, 3.2 mmol) following general procedure D. Flash purification with CH>Clo/MeOH
(0 - 5% MeOH). Yield: 54 mg (26%) of 8e as a white solid. *H NMR (400 MHz, CDCls) § 7.67
—7.59 (m, 1H), 7.53 — 7.48 (m, 1H), 7.48 — 7.44 (m, 1H), 7.40 — 7.32 (m, 3H), 7.25 — 7.21 (m,
2H), 7.20 — 7.14 (m, 1H), 7.14 — 7.07 (m, 2H), 7.03 — 6.94 (m, 1H), 6.44 (dd, J = 17.2, 7.8 Hz,
1H), 6.45 — 6.43 (m, 1H), 6.38 (dd, J = 17.1, 1.7 Hz, 1H), 5.88 — 5.80 (m, 1H), 5.16 — 5.09 (m,
1H), 4.68 — 4.60 (m, 1H), 3.18 (dd, J = 14.0, 6.2 Hz, 1H), 3.01 (dd, J = 13.9, 6.7 Hz, 1H), 1.69
—1.60 (m, 1H), 1.59 — 1.49 (m, 2H), 0.91 (d, J = 5.8 Hz, 3H), 0.88 (d, J = 5.8 Hz, 3H). C
NMR (101 MHz, CDCIs) 6 197.06, 171.94, 165.78, 141.77, 135.70, 134.68, 133.26, 133.08,
130.54, 129.81, 129.44 (2 x C), 128.82, 128.56 (2 x C), 127.88 (2 x C), 127.09, 120.07, 57.17,

51.78, 41.52, 37.51, 24.81, 22.91, 22.14. ESI-MS [M + Na]" = 441.3. HPLC tr = 11.22 min.

(S)-2-((E)-3-(4-(Dimethylamino)phenyl)acrylamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-
4-en-2-yl)pentanamide (8f). Obtained from the reaction of 5f (247 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash

purification with petroleum ether/EtOAc (0 - 70% EtOACc). Yield: 65 mg (28%) of 8f as a
38
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yellow solid. *H NMR (400 MHz, CDCls) & 7.57 (d, J = 15.5 Hz, 1H), 7.46 — 7.35 (m, 2H),
7.25-7.18 (m, 2H), 7.18 — 7.14 (m, 1H), 7.14 — 7.06 (m, 2H), 6.97 — 6.88 (M, 1H), 6.72 — 6.61
(m, 2H), 6.44 (dd, J = 17.4, 10.0 Hz, 1H), 6.36 (dd, J = 17.2, 2.3 Hz, 1H), 6.18 (dd, J = 15.4,
4.8 Hz, 1H), 5.93 (dd, J = 40.2, 9.6 Hz, 1H), 5.87 — 5.80 (m, 1H), 5.15 — 5.03 (m, 1H), 4.66 —
455 (m, 1H), 3.16 (dd, J = 13.9, 6.1 Hz, 1H), 3.01 (s, 6H), 2.98 — 2.91 (m, 1H), 1.71 — 1.58 (m,
2H), 1.57 — 1.47 (m, 1H), 0.97 — 0.91 (m, 3H), 0.92 — 0.87 (m, 3H). 3C NMR (101 MHz,
CDCls) § 197.19, 172.04, 166.80, 151.64, 142.37, 135.87, 133.38, 130.50, 129.59 (3 X C),
128.65 (2 x C), 127.07, 122.63, 114.76, 112.04 (2 x C), 57.29, 51.69, 41.27, 40.31 (2 x C),

37.68, 24.93, 23.04, 22.32, 22.23. ESI-MS [M + Na]* = 483.9. HPLC tr = 9.07 min.

(S)-4-Methyl-N-((S)-3-0x0-1-phenylpent-4-en-2-yl)-2-((E)-3-(4-(trifluoromethoxy)phenyl)
acrylamido)pentanamide (8g). Obtained from the reaction of 5g (251 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 70% EtOAc). Yield: 146 mg (58%) of 8g as a
white solid. *"H NMR (400 MHz, CDCls) & 7.60 (d, J = 15.6 Hz, 1H), 7.54 — 7.48 (m, 2H), 7.25
—7.15 (m, 5H), 7.12 — 7.05 (m, 2H), 6.87 (d, J = 7.7 Hz, 1H), 6.44 (dd, J = 17.4, 9.7 Hz, 1H),
6.38 (d, J = 15.6 Hz, 1H), 6.37 (dd, J = 17.4, 1.9 Hz, 1H), 6.28 (d, J = 8.3 Hz, 1H), 5.87 (dd, J
= 9.7, 1.9 Hz, 1H), 5.18 — 5.10 (m, 1H), 4.68 — 4.60 (m,1H), 3.17 (dd, J = 14.0, 6.4 Hz, 1H),
3.01 (dd, J = 14.0, 6.0 Hz, 1H), 1.67 — 1.60 (m, 1H), 1.59 — 1.53 (m, 1H), 0.95 — 0.92 (m, 3H),
0.93 — 0.89 (m, 3H). 3C NMR (101 MHz, CDCls) § 197.05, 171.86, 165.40, 150.24, 140.20,
135.64, 133.45, 133.36, 130.73, 129.59 (2 x C), 129.38 (2 x C), 128.68 (2 x C), 127.18, 121.28
(2xC), 121.16, 120.52 (d, J = 258.1 Hz), 57.29, 51.96, 41.64, 37.77, 24.97, 23.00, 22.32. ESI-

MS [M + Na]* = 524.8. HPLC tr = 9.38 min.

(S)-2-((E)-3-(4-Chlorophenyl)acrylamido)-4-methyl-N-((S)-3-0xo-1-phenylpent-4-en-2-

yl)pentanamide (8h). Obtained from the reaction of 5h (243 mg, 0.5 mmol) and 1 M
39
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vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with CH2Cl2/MeOH (0 - 3% MeOH). Yield: 41 mg (18%) of 8h as a white solid.
IH NMR (400 MHz, CDCl3) & 7.61 — 7.53 (m, 1H), 7.45 — 7.38 (m, 2H), 7.36 — 7.30 (m, 2H),
7.24 (d, J = 7.4 Hz, 1H), 7.25 — 7.16 (m, 2H), 7.13 — 7.09 (m, 1H), 7.09 — 7.05 (m, 1H), 6.89 —
6.79 (m, 1H), 6.49 — 6.41 (m, 1H), 6.37 (d, J = 15.7 Hz, 2H), 6.28 — 6.14 (m, 1H), 5.91 — 5.82
(m, 1H), 5.16 — 5.09 (m, 1H), 4.66 — 4.56 (m, 1H), 3.22 — 3.13 (m, 1H), 3.05 — 2.97 (m, 1H),
1.70-1.62 (m, 2H), 1.56 — 1.51 (m, 1H), 0.92 (d, J = 6.1 Hz, 3H), 0.89 (d, J = 6.1 Hz, 3H).1*C
NMR (101 MHz, CDCls) 6 197.13, 171.87, 165.54, 140.56, 135.84, 135.73, 133.35, 133.23,
130.70, 129.58, 129.30, 129.25 (3 x C), 129.17, 128.68, 127.23, 120.77, 120.72, 57.29, 51.92,

41.71, 37.69, 24.96, 23.03, 22.30. ESI-MS [M + Na]* = 475.4. HPLC tr = 9.68 min.

(S)-2-((E)-3-(2,4-Dichlorophenyl)acrylamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-en-
2-yl)pentanamide (8i). Obtained from the reaction of 5i (260 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOAc). Yield: 107 mg (44%) of 8i as a
white solid. 'H NMR (400 MHz, CDCl3) & 7.92 (d, J = 15.6 Hz, 1H), 7.48 (d, J = 8.5 Hz, 1H),
7.44 — 7.39 (m, 1H), 7.25 — 7.15 (m, 4H), 7.12 — 7.06 (m, 2H), 6.83 (d, J = 7.6 Hz, 1H), 6.45
(dd, J = 15.2, 7.5 Hz, 1H), 6.39 (d, J = 15.6 Hz, 2H), 6.37 (dd, J = 17.4, 1.9 Hz, 1H), 5.88 (dd,
J=9.7,1.9 Hz, 1H), 5.17 — 5.09 (m, 1H), 4.67 — 4.58 (m, 1H), 3.16 (dd, J = 14.0, 6.4 Hz, 1H),
3.02 (dd, J = 14.0, 6.0 Hz, 1H), 1.69 — 1.61 (m, 2H), 1.62 — 1.53 (m, 1H), 0.93 (d, J = 6.1 Hz,
3H), 0.92 (d, J = 6.1 Hz, 3H). 13C NMR (101 MHz, CDCls) 5 197.02, 171.89, 165.06, 136.59,
135.97, 135.55, 135.53, 133.30, 131.73, 130.78, 130.11, 129.58 (2 x C), 128.70 (2 x C), 128.43,
127.60, 127.22, 123.43, 57.35, 52.01, 41.60, 37.75, 24.95, 23.00, 22.31. ESI-MS [M + Na]* =

509.2. HPLC tr=9.78 min.
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(S)-2-((E)-3-(3,5-Dimethoxyphenyl)acrylamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-en-
2-yl)pentanamide (8j). Obtained from the reaction of 5j (255 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOAC). Yield: 67 mg (28%) of 8j as a white
solid. 'H NMR (400 MHz, CDCls) § 7.54 (d, J = 15.5 Hz, 1H), 7.24 — 7.17 (m, 2H), 7.17 - 7.12
(m, 1H), 7.11—7.05 (m, 2H), 6.98 (d, J = 7.0 Hz, 1H), 6.64 (d, J = 2.1 Hz, 2H), 6.49 — 6.46 (m,
1H), 6.45 — 6.34 (m, 3H), 6.31 (d, J = 6.6 Hz, 1H), 5.85 (d, J = 9.9 Hz, 1H), 5.12 (dd, J = 13.8,
6.4 Hz, 1H), 4.71 — 4.63 (m, 1H), 3.79 (s, 6H), 3.15 (dd, J = 14.0, 6.3 Hz, 1H), 2.99 (dd, J =
14.0, 6.2 Hz, 1H), 1.70 — 1.62 (m, 2H), 1.60 — 1.50 (m, 1H), 0.93 (d, J = 6.0 Hz, 3H), 0.91 (d,
J=6.0 Hz, 3H). 3C NMR (101 MHz, CDCl3)  197.14, 171.92, 165.75, 161.21 (2 x C), 141.85,
136.81, 135.81, 133.46, 130.48, 129.58 (2 x C), 128.66 (2 x C), 127.12, 120.90, 106.04 (2 x C),
102.30, 57.28, 55.54 (2 x C), 51.92, 41.56, 37.73, 24.98, 22.98, 22.36. ESI-MS [M + Na]* =

501.6. HPLC tr=8.67 min.

N-((S)-4-Methyl-1-oxo0-1-(((S)-3-ox0-1-phenylpent-4-en-2-yl)amino)pentan-2-yl)-2-

phenylcyclopropane-1-carboxamide (8k). Obtained from the reaction of 5k (232 mg, 0.5 mmol)
and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D.
Flash purification with petroleum ether/EtOAc (0 - 70% EtOAC). Yield: 139 mg (64%) of 8k
as a white solid. *"H NMR (400 MHz, CDCls) & 7.31 — 7.26 (m, 2H), 7.26 — 7.23 (m, 1H), 7.22
—7.12 (m, 3H), 7.11 — 7.04 (m, 4H), 6.79 — 6.69 (m, 1H), 6.47 — 6.39 (m, 1H), 6.39 — 6.33 (m,
1H), 6.14 — 6.05 (m, 1H), 5.89 — 5.83 (m, 1H), 5.14 — 5.06 (m, 1H), 4.54 — 4.44 (m, 1H), 3.20
—3.12 (m, 1H), 3.05 — 2.95 (m, 1H), 2.54 — 2.44 (m, 1H), 1.67 — 1.56 (m, 4H), 1.52 — 1.42 (m,
1H), 1.28 — 1.23 (m, 1H), 0.93 — 0.91 (m, 3H), 0.91 — 0.88 (m, 3H). 3C NMR (101 MHz,
CDCIs) 6 196.94, 171.76, 171.57, 140.57, 135.54, 133.19, 130.57, 129.46, 128.54 (3 x C),
128.51 (3 x C), 127.10, 126.38, 126.09, 57.09, 51.95, 41.52, 37.68, 26.39, 25.26, 24.77, 22.77,

22.24,16.33. ESI-MS [M - H] = 430.9. HPLC tr = 8.83 & 8.94 min (isomeric mixture).
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(S)-4-Methyl-N-((S)-3-ox0-1-phenylpent-4-en-2-yl)-2-(2-phenoxyacetamido)pentanamide (8l).
Obtained from the reaction of 51 (228 mg, 0.5 mmol) and 1 M vinylmagnesium bromide in THF
(3.2 mL, 0.5 mmol) following general procedure D. Flash purification with petroleum
ether/EtOAC (0 - 50% EtOAC). Yield: 57 mg (27%) of 81 as a white solid. *H NMR (400 MHz,
CDCl3) § 7.36 — 7.29 (m, 2H), 7.25 — 7.20 (m, 2H), 7.19 — 7.13 (m, 1H), 7.09 — 7.01 (m, 3H),
6.96 — 6.90 (m, 2H), 6.81 (d, J = 8.2 Hz, 1H), 6.69 (d, J = 7.5 Hz, 1H), 6.45 (dd, J = 17.4,9.8
Hz, 1H), 6.37 (dd, J = 17.4, 1.9 Hz, 1H), 5.88 (dd, J = 9.8, 1.9 Hz, 1H), 5.15 — 5.09 (m, 1H),
4.55 — 450 (m, 1H), 4.49 — 4.41 (m, 2H), 3.18 (dd, J = 14.1, 6.4 Hz, 1H), 2.99 (dd, J = 14.1,
6.1 Hz, 1H), 1.68 — 1.63 (m, 1H), 1.56 — 1.47 (m, 2H), 0.89 (d, J = 6.1 Hz, 3H), 0.88 (d, J = 6.1
Hz, 3H). C NMR (101 MHz, CDCls) & 197.01, 171.12, 168.42, 157.20, 135.64, 133.31,
130.71, 129.97 (2 x C), 129.53 (2 x C), 128.63 (2 x C), 127.23, 122.38, 114.84 (2 x C), 67.25,
57.12, 51.33, 40.92, 37.63, 24.84, 22.96, 22.14. ESI-MS [M + Na]" = 445.4. HPLC tr = 8.94

min.

(S)-2-(2-(4-Chlorophenoxy)acetamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-en-2-
yl)pentanamide (8m). Obtained from the reaction of 5m (245 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOAC). Yield: 107 mg (47%) of 8m as a
white solid. *"H NMR (400 MHz, CDCl3) & 7.24 — 7.19 (m, 2H), 7.18 — 7.13 (m, 2H), 7.12 —
7.07 (m, 1H), 7.02 — 6.98 (m, 2H), 6.82 — 6.76 (M, 2H), 6.73 (d, J = 8.1 Hz, 1H), 6.61 (d, J =
7.5 Hz, 1H), 6.38 (dd, J = 17.4, 9.7 Hz, 1H), 6.31 (dd, J = 17.4, 1.9 Hz, 1H), 5.82 (dd, J = 9.7,
1.9 Hz, 1H), 5.09 — 5.03 (M, 1H), 4.49 — 4.42 (m, 1H), 4.41 — 4.29 (m, 2H), 3.11 (dd, J = 14.1,
6.4 Hz, 1H), 2.94 (dd, J = 14.1, 6.0 Hz, 1H), 1.60 — 1.56 (m, 1H), 1.50 — 1.42 (m, 2H), 0.83 (d,
J = 5.7 Hz, 3H), 0.82 (d, J = 5.7 Hz, 3H). 3C NMR (101 MHz, CDCls) & 196.96, 171.08,

167.88, 155.78, 135.55, 133.26, 130.84, 129.86 (2 x C), 129.53 (2 x C), 128.63 (2 x C), 127.40,
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127.24, 116.16 (2 x C), 67.53, 57.13, 51.34, 41.08, 37.64, 24.85, 22.94, 22.16. ESI-MS [M +

Na]* = 479.3. HPLC tr = 9.04 min.

(S)-2-(2-(2,4-Dichlorophenoxy)acetamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-en-2-
yl)pentanamide (8n). Obtained from the reaction of 5n (262 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 70% EtOACc). Yield: 103 mg (42%) of 8n as a
white solid. 'H NMR (400 MHz, CDCls) & 7.43 — 7.41 (m, 1H), 7.24 — 7.19 (m, 3H), 7.17 —
7.12 (m, 1H), 7.09 — 7.05 (m, 2H), 7.02 (d, J = 8.0 Hz, 1H), 6.82 (d, J = 8.8 Hz, 1H), 6.72 (d, J
= 7.5 Hz, 1H), 6.45 (dd, J = 17.4, 9.8 Hz, 1H), 6.37 (dd, J = 17.4, 1.8 Hz, 1H), 5.89 (dd, J =
9.8, 1.8 Hz, 1H), 5.17 — 5.12 (m, 1H), 4.53 — 4.49 (m, 1H), 4.48 — 4.41 (m, 2H), 3.20 (dd, J =
14.1, 6.5 Hz, 1H), 3.03 (dd, J = 14.1, 5.8 Hz, 1H), 1.73 — 1.66 (m, 1H), 1.60 — 1.52 (m, 2H),
0.92 (d, J = 6.2 Hz, 3H), 0.90 (d, J = 6.2 Hz, 3H). 13C NMR (101 MHz, CDCls) § 197.01,
170.97, 167.40, 151.67, 135.58, 133.28, 130.80, 130.44, 129.56 (2 x C), 128.60 (2 x C), 128.16,
127.76,127.21,124.13, 114.87, 68.29, 57.07, 51.53, 40.98, 37.60, 24.92, 23.02, 22.13. ESI-MS

[M - H]" = 488.9. HPLC tr = 10.09 min.

(S)-4-Methyl-N-((S)-3-0x0-1-phenylpent-4-en-2-yl)-2-(2-(2,4,5-
trichlorophenoxy)acetamido)pentanamide (80). Obtained from the reaction of 50 (279 mg, 0.5
mmol) and 1M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general
procedure D. Flash purification with petroleum ether/EtOAc (0 - 70% EtOAC). Yield: 105 mg
(40%) of 8o as a white solid. tH NMR (400 MHz, CDCls) § 7.52 (s, 1H), 7.25 — 7.19 (m, 2H),
7.18 — 7.14 (m, 1H), 7.09 — 7.05 (m, 2H), 7.00 — 6.95 (m, 2H), 6.70 (d, J = 7.5 Hz, 1H), 6.45
(dd, J = 17.4, 9.8 Hz, 1H), 6.37 (dd, J = 17.4, 1.9 Hz, 1H), 5.89 (dd, J = 9.8, 1.9 Hz, 1H), 5.18
—5.09 (M, 1H), 4.55 — 4.49 (m, 1H), 4.49 — 4.40 (m, 2H), 3.20 (dd, J = 14.1, 6.5 Hz, 1H), 3.04

(dd, J = 14.1, 5.7 Hz, 1H), 1.73 — 1.65 (m, 1H), 1.60 — 1.52 (m, 2H), 0.92 (d, J = 5.6 Hz, 3H),
43
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0.91(d, J=5.7 Hz, 3H). 3C NMR (101 MHz, CDCls) § 196.96, 170.94, 166.77, 151.80, 135.54,
133.26, 131.85, 131.36, 130.85, 129.57 (2 x C), 128.62 (2 x C), 127.23, 126.27, 122.44, 115.73,
68.36, 57.11, 51.52, 41.15, 37.62, 24.95, 23.01, 22.17. ESI-MS [M + Na]* = 547.3. HPLC tr =

10.50 min.

(S)-2-(2-(3-Methoxyphenoxy)acetamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-en-2-
yl)pentanamide (8p). Obtained from the reaction of 5p (243 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 70% EtOACc). Yield: 113 mg (55%) of 8p as a
white solid. 'H NMR (400 MHz, CDCls) § 7.25 — 7.19 (m, 3H), 7.19 — 7.14 (m, 1H), 7.10 —
7.05 (m, 2H), 6.80 (d, J = 8.3 Hz, 1H), 6.69 (d, J = 7.5 Hz, 1H), 6.62 — 6.57 (m, 1H), 6.52 —
6.49 (m, 2H), 6.45 (dd, J = 17.5, 9.7 Hz, 1H), 6.37 (dd, J = 17.4, 1.9 Hz, 1H), 5.88 (dd, J = 9.7,
1.9 Hz, 1H), 5.15 — 5.08 (m, 1H), 4.56 — 4.49 (m, 1H), 4.49 — 4.38 (m, 2H), 3.80 (s, 3H), 3.18
(dd, J = 14.1, 6.4 Hz, 1H), 2.99 (dd, J = 14.1, 6.1 Hz, 1H), 1.67 — 1.62 (m, 1H), 1.57 — 1.48 (m,
2H), 0.89 (d, J = 6.3 Hz, 3H), 0.88 (d, J = 6.3 Hz, 3H). 13C NMR (101 MHz, CDCls) § 197.01,
171.14, 168.32, 161.17, 158.38, 135.62, 133.28, 130.74, 130.43, 129.52 (2 x C), 128.63 (2 x
C), 127.23, 107.99, 106.70, 101.50, 67.26, 57.13, 55.51, 51.29, 40.92, 37.61, 24.82, 22.95,

22.13. ESI-MS [M - H] = 451.1. HPLC tz = 8.89 min.

(S)-2-(2-(3-(Dimethylamino)phenoxy)acetamido)-4-methyl-N-((S)-3-oxo-1-phenylpent-4-
en-2-yl)pentanamide (8q). Obtained from the reaction of 5gq (249 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 70% EtOACc). Yield: 102 mg (44%) of 8q as a
white solid. 'H NMR (400 MHz, CDCls)  7.25 — 7.19 (m,2H), 7.19 — 7.16 (m, H), 7.14 (d, J =
8.2 Hz, 1H), 7.09 — 7.04 (m, 2H), 6.82 (d, J = 8.4 Hz, 1H), 6.72 (d, J = 7.5 Hz, 1H), 6.44 (dd, J

= 17.4, 9.8 Hz, 2H), 6.37 (dd, J = 17.4, 1.8 Hz, 1H), 6.31 — 6.28 (m, 1H), 6.26 (d, J = 8.0 Hz,
44
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1H), 5.87 (dd, J = 9.8, 1.8 Hz, 1H), 5.16 — 5.06 (m, 1H), 4.55 — 4.50 (m, 1H), 4.49 — 4.40 (m,
2H), 3.17 (dd, J = 14.0, 6.4 Hz, 1H), 3.00 — 2.96 (m, 1H), 2.95 (s, 6H), 1.68 — 1.62 (m, 1H),
1.57 — 1.47 (m, 2H), 0.89 (d, J = 5.7 Hz, 3H), 0.87 (d, J = 5.8 Hz, 3H). 1*C NMR (101 MHz,
CDCls) § 197.05, 171.21, 168.82, 158.47, 135.79, 133.38, 130.52, 130.25, 129.52 (3 X C),
128.63 (3 x C), 127.20, 107.16, 102.12, 99.79, 67.31, 57.14, 51.34, 40.88, 40.67, 37.61, 24.82,

22.96, 22.14. ESI-MS [M + Na]* = 488.5. HPLC tr = 8.74 min.

(S)-4-Methyl-N-((S)-3-0x0-1-phenylpent-4-en-2-yl)-2-(2-(phenylthio)acetamido)
pentanamide (8r). Obtained from the reaction of 5r (236 mg, 0.5 mmol) and 1M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOAC). Yield: 110 mg (50%) of 8r as a
white solid. 'H NMR (400 MHz, CDCls) § 7.28 — 7.26 (m, 1H), 7.26 — 7.25 (m, 1H), 7.25 —
7.22 (m, 2H), 7.22 — 7.17 (m, 3H), 7.17 — 7.13 (m, 1H), 7.03 — 6.99 (m, 2H), 6.95 (d, J = 8.1
Hz, 1H), 6.55 (d, J = 7.5 Hz, 1H), 6.38 (dd, J = 17.4, 9.6 Hz, 1H), 6.31 (dd, J = 17.4, 2.0 Hz,
1H), 5.82 (dd, J = 9.6, 2.0 Hz, 1H), 5.07 — 5.01 (m, 1H), 4.37 — 4.29 (m, 1H), 3.68 — 3.63 (m,
1H), 3.54 — 3.48 (m, 1H), 3.08 (dd, J = 14.0, 6.5 Hz, 1H), 2.92 (dd, J = 14.0, 6.0 Hz, 1H), 1.52
—1.32 (m, 2H), 1.26 — 1.18 (m, 1H), 0.74 (d, J = 6.6 Hz, 3H), 0.72 (d, J = 6.5 Hz, 3H). C
NMR (101 MHz, CDCls) 4 197.00, 171.20, 168.03, 135.69, 134.49, 133.31, 130.66, 129.56 (2
x C), 129.49 (2 x C), 128.66 (2 x C), 128.43 (2 x C), 127.23, 126.95, 57.12, 52.04, 40.92, 37.63,

37.35, 24.59, 23.02, 21.83. ESI-MS [M + Na]* = 461.1. HPLC tr = 8.54 min.

(S)-4-Methyl-2-(2-methyl-2-(phenylthio)propanamido)-N-((S)-3-oxo-1-phenylpent-4-en-2-
yl)pentanamide (8s). Obtained from the reaction of 5s (250 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 — 42% EtOAC). Yield: 170 mg (73%) of 8s as a

white solid. 'H NMR (400 MHz, CDCls) § 7.45 — 7.36 (m, 2H), 7.30 — 7.27 (m, 2H), 7.27 —
45
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7.24 (m, 3H), 7.24 — 7.20 (m, 2H), 7.10 — 7.01 (m, 2H), 6.63 (d, J = 7.3 Hz, 1H), 6.41 (dd, J =
17.4, 9.6 Hz, 1H), 6.34 (dd, J = 17.4, 2.0 Hz, 1H), 5.86 (dd, J = 9.6, 2.0 Hz, 1H), 5.14 — 5.06
(m, 1H), 4.42 — 4.34 (m, 1H), 3.14 (dd, J = 14.0, 6.7 Hz, 1H), 3.03 (dd, J = 14.0, 5.5 Hz, 1H),
1.68 — 1.61 (m, 1H), 1.60 — 1.51 (m, 2H), 1.51 (s, 3H), 1.47 (s, 3H), 0.91 (d, J = 4.9 Hz, 3H),
0.89 (d, J = 4.9 Hz, 3H). 2*C NMR (101 MHz, CDCl3) § 197.02, 174.71, 171.52, 135.58, 134.42
(2x C), 133.30, 131.87, 130.70, 129.55 (2 x C), 129.09 (2 X C), 128.73, 128.70 (2 X C), 127.26,
57.28, 52.57, 52.43, 41.41, 37.76, 27.12, 26.97, 24.89, 23.06, 22.05. ESI-MS [M - H]" = 465.3.

HPLC tr=9.53 min.

(S)-2-(2-((3-Methoxyphenyl)thio)acetamido)-4-methyl-N-((S)-3-0xo-1-phenylpent-4-en-2-
yl)pentanamide (8t). Obtained from the reaction of 5t (251 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOACc). Yield: 136 mg (58%) of 8t as a
white solid. 'H NMR (400 MHz, CDCls) § 7.26 — 7.21 (m, 3H), 7.21 — 7.15 (m, 1H), 7.06 —
7.01 (m, 2H), 6.97 (d, J = 8.1 Hz, 1H), 6.88 — 6.82 (m, 2H), 6.75 — 6.69 (m, 1H), 6.59 (d, J =
7.5Hz, 1H), 6.41 (dd, J =17.4, 9.6 Hz, 1H), 6.34 (dd, J = 17.4, 2.1 Hz, 1H), 5.85 (dd, J = 9.6,
2.1 Hz, 1H), 5.10 — 5.03 (m, 1H), 4.40 — 4.33 (m, 1H), 3.76 (s, 3H), 3.73 — 3.65 (m, 1H), 3.56
—3.50 (m, 1H), 3.12 (dd, J = 14.0, 6.6 Hz, 1H), 2.95 (dd, J = 14.0, 5.9 Hz, 1H), 1.55 — 1.34 (m,
2H), 1.29 — 1.21 (m, 1H), 0.77 (d, J = 6.6 Hz, 3H), 0.75 (d, J = 6.6 Hz, 3H). 1*C NMR (101
MHz, CDClz) 6 197.00, 171.19, 167.96, 160.26, 135.68, 135.66, 133.25, 130.71, 130.37, 129.54
(2 x C), 128.64 (2 x C), 127.21, 120.23, 113.74, 112.66, 57.11, 55.39, 51.95, 40.87, 37.57,

37.14, 24.53, 23.04, 21.77. ESI-MS [M - H]" = 467.3. HPLC tr = 9.08 min.

(R,S)-N-((S)-4-Methyl-1-ox0-1-(((S)-3-0x0-1-phenylpent-4-en-2-yl)amino)pentan-2-
yl)chromane-2-carboxamide (8u). Obtained from the reaction of 5u (241 mg, 0.5 mmol) and 1

M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
46
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purification with petroleum ether/EtOAc (0 - 70% EOAC). Yield: 88 mg (39%) of 8u as a white
solid. 'H NMR (400 MHz, CDCls) § 7.26 — 7.17 (m, 3H), 7.17 — 7.12 (m, 1H), 7.12 — 7.04 (m,
2H), 7.04 — 7.00 (m, 1H), 6.94 — 6.81 (m, 3H), 6.77 — 6.55 (m, 1H), 6.49 — 6.31 (m, 2H), 5.90
—5.83 (M, 1H), 5.16 — 5.05 (M, 1H), 4.55 — 4.42 (m, 2H), 3.23 — 3.10 (m, 1H), 3.06 — 2.92 (m,
1H), 2.91 — 2.72 (m, 2H), 2.43 — 2.34 (m, 1H), 2.10 — 1.86 (m, 1H), 1.78 — 1.65 (m, 1H), 1.62
— 1.34 (m, 2H), 0.98 — 0.92 (m, 3H), 0.86 — 0.77 (M, 3H). *C NMR (101 MHz, CDCls) &
197.00, 171.17, 171.05, 153.01, 135.65, 133.34, 130.65, 129.93, 129.52 (2 x C), 128.64 (2 x
C), 127.73, 127.20, 122.17, 121.57, 116.91, 75.43, 57.09, 51.60, 40.84, 37.66, 25.11, 24.84,

24.08, 23.02, 22.08. ESI-MS [M + Na]* = 471.2. HPLC tr = 9.39 min.

N-((S)-4-Methyl-1-ox0-1-(((S)-3-0x0-1-phenylpent-4-en-2-yl)amino)pentan-2-
yh)benzofuran-2-carboxamide (8v). Obtained from the reaction of 5v (233 mg, 0.5 mmol) and
1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D.
Flash purification with petroleum ether/EtOAc (0 - 70% EOAC). Yield: 164 mg (76%) of 8v as
a white solid. *H NMR (400 MHz, CDCls) § 7.69 (d, J = 7.5 Hz, 1H), 7.55 — 7.48 (m, 2H), 7.47
—7.41 (m, 1H), 7.34 — 7.28 (m, 1H), 7.15 — 7.10 (m, 2H), 7.09 — 7.03 (m, 3H), 6.93 (d, J = 8.5
Hz, 1H), 6.77 (d, J = 7.6 Hz, 1H), 6.46 (dd, J = 17.4, 9.7 Hz, 1H), 6.38 (dd, J = 17.4, 1.9 Hz,
1H), 5.88 (dd, J=9.7, 1.9 Hz, 1H), 5.18 — 5.11 (m, 1H), 4.72 — 4.64 (m, 1H), 3.19 (dd, J = 14.0,
6.4 Hz, 1H), 3.00 (dd, J = 14.0, 6.2 Hz, 1H), 1.76 — 1.67 (m, 2H), 1.67 — 1.63 (m, 1H), 0.95 (d,
J = 5.1 Hz, 3H), 0.94 (d, J = 5.3 Hz, 3H). 3C NMR (101 MHz, CDCl3) & 197.02, 171.22,
158.75, 154.97, 148.21, 135.54, 133.31, 130.77, 129.51 (2 x C), 128.59 (2 x C), 127.67, 127.29,
127.13, 123.94, 122.92, 112.03, 111.18, 57.24, 51.51, 41.36, 37.73, 24.93, 23.02, 22.26. ESI-

MS [M + Na]* = 455.2. HPLC tz = 8.72 min.

N-((S)-4-Methyl-1-oxo-1-(((S)-3-oxo0-1-phenylpent-4-en-2-yl)amino)pentan-2-yl)-5-

phenylfuran-2-carboxamide (8w). Obtained from the reaction of 5w (246 mg, 0.5 mmol) and 1
47

https://doi.org/10.26434/chemrxiv-2024-7mf2j ORCID: https://orcid.org/0000-0001-5575-8896 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7mf2j
https://orcid.org/0000-0001-5575-8896
https://creativecommons.org/licenses/by-nc-nd/4.0/

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 60% EOAC). Yield: 213 mg (93%) of 8w as a
white solid. 'H NMR (400 MHz, CDCls) & 7.74 — 7.71 (m, 2H), 7.47 — 7.42 (m, 2H), 7.39 —
7.34 (m, 1H), 7.23 (d, J = 3.6 Hz, 1H), 7.15 — 7.09 (m, 3H), 7.09 — 7.05 (m, 2H), 6.81 — 6.78
(m, 1H), 6.78 — 6.76 (m, 1H), 6.65 (d, J = 8.5 Hz, 1H), 6.46 (dd, J = 17.4, 9.8 Hz, 1H), 6.39
(dd, J=17.4, 1.8 Hz, 1H), 5.88 (dd, J = 9.8, 1.8 Hz, 1H), 5.19 — 5.12 (m, 1H), 4.70 — 4.63 (m,
1H), 3.19 (dd, J = 14.0, 6.3 Hz, 1H), 2.99 (dd, J = 14.0, 6.4 Hz, 1H), 1.77 — 1.71 (m, 1H), 1.67
—1.60 (m, 2H), 0.96 (d, J = 6.1 Hz, 3H), 0.94 (d, J = 6.1 Hz, 3H). 3C NMR (101 MHz, CDCls)
6 197.07, 171.46, 158.24, 155.96, 146.52, 135.61, 133.34, 129.66, 129.51 (2 x C), 129.04 (2 x
C), 128.97 (2x C), 128.57 (2 x C), 127.13, 124.74 (2 x C), 117.24, 107.52, 57.20, 51.26, 41.28,

37.74, 24.94, 23.03, 22.32. ESI-MS [M + Na]* = 481.3. HPLC tr = 9.08 min.

N-((S)-4-Methyl-1-oxo0-1-(((S)-3-0x0-1-phenylpent-4-en-2-yl)amino)pentan-2-yl)-1H-
indole-2-carboxamide (8x). Obtained from the reaction of 5x (232 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 70% EOAC). Yield: 17 mg (8%) of 8x as a white
solid. 'H NMR (400 MHz, CDCls) § 9.71 — 9.50 (m, 1H), 7.76 — 7.58 (m, 2H), 7.49 — 7.40 (m,
1H), 7.35 — 7.27 (m, 1H), 7.24 — 7.08 (m, 4H), 7.05 — 7.00 (m, 2H), 6.95 — 6.90 (m, 1H), 6.88
—6.77 (M, 1H), 6.55 — 6.44 (m, 1H), 6.43 — 6.32 (m, 1H), 5.94 — 5.81 (m, 1H), 5.32 — 5.16 (m,
1H), 5.02 — 4.75 (m, 1H), 3.22 — 3.11 (m, 1H), 3.08 — 2.96 (m, 1H), 1.71 — 1.66 (m, 1H), 1.65
— 156 (m, 2H), 0.93 — 0.90 (m, 3H), 0.90 — 0.87 (M, J = 6.4 Hz, 3H).13C NMR (101 MHz,
CDCIs) 6 197.80, 171.96, 161.45, 136.67, 135.63, 133.42, 130.98, 130.18, 129.45 (2 x C),
128.57 (2 x C), 127.75, 127.16, 124.77, 122.21, 120.83, 112.14, 103.09, 57.11, 51.77, 41.99,

37.87, 25.03, 22.96, 22.48. ESI-MS [M + Na]* = 454.1. HPLC tr = 8.51 min.
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1-Methyl-N-((S)-4-methyl-1-oxo-1-(((S)-3-oxo0-1-phenylpent-4-en-2-yl)amino)pentan-2-yl)-

1H-indole-2-carboxamide (8y). Obtained from the reaction of 5y (239 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOAc). Yield: 116 mg (52%) of 8y as a
white solid. 'H NMR (400 MHz, CDCls) § 7.63 (d, J = 8.0 Hz, 1H), 7.40 — 7.37 (m, 1H), 7.36
—7.31(m, 1H), 7.18 — 7.13 (m, 2H), 7.13 — 7.10 (m, 2H), 7.08 — 7.06 (m, 1H), 7.06 — 7.04 (m,
1H), 6.89 (s, 1H), 6.82 (d, J = 7.4 Hz, 1H), 6.57 (d, J = 8.2 Hz, 1H), 6.47 (dd, J = 17.4, 9.9 Hz,
1H), 6.39 (dd, J = 17.4, 1.8 Hz, 1H), 5.89 (dd, J = 9.9, 1.8 Hz, 1H), 5.18 — 5.11 (m, 1H), 4.68
—4.61 (m, 1H), 3.99 (s, 3H), 3.22 (dd, J = 14.0, 6.4 Hz, 1H), 3.04 (dd, J = 14.0, 5.7 Hz, 1H),
1.77 - 1.68 (m, 2H), 1.68 — 1.61 (m, 1H), 0.97 (d, J = 4.2 Hz, 3H), 0.95 (d, J = 4.0 Hz, 3H).1*C
NMR (101 MHz, CDCls) 6 196.96, 171.67, 162.49, 139.28, 135.51, 133.26, 131.24, 130.81,
129.55 (2 x C), 128.59 (2 x C), 127.19, 126.09, 124.45, 122.08, 120.72, 110.28, 104.55, 57.28,
51.76, 41.27, 37.62, 31.69, 25.07, 23.06, 22.27. ESI-MS [M + Na]" = 468.3. HPLC tr = 9.05

min.

N-((S)-4-Methyl-1-ox0-1-(((S)-3-0x0-1-phenylpent-4-en-2-yl)amino)pentan-2-
yl)benzo[b]thiophene-2-carboxamide (8z). Obtained from the reaction of 5z (241 mg, 0.5
mmol) and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general
procedure D. Flash purification with petroleum ether/EtOAc (0 - 50% EtOAc). Yield: 85 mg
(38%) of 8z as a white solid. *H NMR (400 MHz, CDCls) & 7.89 — 7.85 (m, 1H), 7.84 — 7.80
(m, 1H), 7.80 — 7.76 (m, 1H), 7.46 — 7.36 (m, 2H), 7.18 — 7.10 (m, 3H), 7.09 — 7.04 (m, 2H),
6.81 (d, J = 7.7 Hz, 1H), 6.64 (d, J = 8.3 Hz, 1H), 6.46 (dd, J = 17.4, 9.8 Hz, 1H), 6.38 (dd, J =
17.4,1.9 Hz, 1H), 5.88 (dd, J = 9.8, 1.8 Hz, 1H), 5.18 — 5.11 (m, 1H), 4.73 — 4.65 (m, 1H), 3.18
(dd, J = 14.0, 6.3 Hz, 1H), 3.00 (dd, J = 14.0, 6.2 Hz, 1H), 1.74 — 1.68 (m, 2H), 1.67 — 1.61 (m,
1H), 0.95 (d, J = 5.7 Hz, 3H), 0.94 (d, J = 5.7 Hz, 3H).2*C NMR (101 MHz, CDCI3) & 197.02,

171.49, 162.20, 141.20, 139.18, 137.97, 135.53, 133.31, 130.77, 129.53 (2 x C), 128.65 (2 x
49
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C), 127.21, 126.63, 125.75, 125.29, 125.12, 122.87, 57.33, 52.23, 41.54, 37.75, 25.02, 22.99,

22.40. ESI-MS [M + Na]* = 471.3. HPLC tz = 8.95 min.

N-((S)-4-Methyl-1-ox0-1-(((S)-3-ox0-1-phenylpent-4-en-2-yl)amino)pentan-2-yl)-5-
phenylthiophene-2-carboxamide (8aa). Obtained from the reaction of 5aa (254 mg, 0.5 mmol)
and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D.
Flash purification with petroleum ether/EtOAc (0 - 50% EtOACc). Yield: 85 mg (36%) of 8aa
as a white solid. 'H NMR (400 MHz, CDCls) & 7.63 — 7.58 (m, 2H), 7.48 (d, J = 3.9 Hz, 1H),
7.42 — 7.37 (m, 2H), 7.36 — 7.31 (m, 1H), 7.25 (s, 1H), 7.18 — 7.11 (m, 3H), 7.08 — 7.04 (m,
2H), 6.83 (d, J = 7.7 Hz, 1H), 6.51 (d, J = 8.3 Hz, 1H), 6.45 (dd, J = 17.4, 9.8 Hz, 1H), 6.37
(dd, J = 17.4, 1.8 Hz, 1H), 5.87 (dd, J = 9.8, 1.8 Hz, 1H), 5.15 — 5.09 (m, 1H), 4.69 — 4.61 (m,
1H), 3.17 (dd, J = 14.0, 6.3 Hz, 1H), 2.99 (dd, J = 14.0, 6.2 Hz, 1H), 1.70 — 1.64 (m, 2H), 1.64
—1.57 (m, 1H), 0.93 (d, J = 6.0 Hz, 3H), 0.92 (d, J = 6.0 Hz, 3H). *C NMR (101 MHz, CDCls)
6 197.06, 171.74, 161.75, 149.64, 136.93, 135.60, 133.59, 133.33, 130.71, 129.55 (2 x C),
129.22 (2 x C), 128.75 (2 x C), 128.64 (2 x C), 127.19, 126.28 (2 x C), 123.62, 57.34, 52.06,

41.41, 37.73, 25.00, 23.01, 22.35. ESI-MS [M + Na]* = 498.1. HPLC tr = 9.66 min.

4-Methyl-N-((S)-4-methyl-1-oxo-1-(((S)-3-0xo-1-phenylpent-4-en-2-yl)amino)pentan-2-yl)-2-

phenylthiazole-5-carboxamide (8ab). Obtained from the reaction of 5ab (261 mg, 0.5 mmol)
and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D.
Flash purification with petroleum ether/EtOAc (0 - 45% EtOAc). Yield: 122 mg (50%) of 8ab
as a white solid. *H NMR (400 MHz, CDCls) & 7.99 — 7.88 (m, 2H), 7.50 — 7.40 (m, 3H), 7.24
—7.13 (m, 3H), 7.10 — 7.04 (m, 2H), 6.74 (d, J = 7.6 Hz, 1H), 6.47 (dd, J = 17.4, 9.7 Hz, 1H),
6.39 (dd, J = 17.5, 1.9 Hz, 1H), 6.27 (d, J = 8.1 Hz, 1H), 5.90 (dd, J = 9.7, 1.9 Hz, 1H), 5.19 —
5.11 (m, 1H), 4.69 — 4.58 (m, 1H), 3.20 (dd, J = 14.0, 6.3 Hz, 1H), 3.02 (dd, J = 14.0, 6.0 Hz,

1H), 2.73 (s, 3H), 1.72 — 1.64 (m, 2H), 1.64 — 1.57 (m, 1H), 0.96 (d, J = 6.1 Hz, 3H), 0.94 (d, J
50
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= 6.1 Hz, 3H). 1*C NMR (101 MHz, CDCls) § 196.83, 171.32, 167.70, 161.60, 156.65, 135.35,
133.13, 132.82, 130.93, 130.76, 129.40 (2 x C), 129.10 (2 x C), 128.52 (2 x C), 127.14, 126.80
(2 x C), 125.29, 57.15, 52.09, 41.49, 37.59, 24.91, 22.87, 22.26, 17.61. ESI-MS [M - H] =

488.3. HPLC tr = 9.66 min.

N-((S)-4-Methyl-1-oxo0-1-(((S)-3-oxo-1-phenylpent-4-en-2-yl)amino)pentan-2-yl)-2-

phenylthiazole-4-carboxamide (8ac). Obtained from the reaction of 5ac (254 mg, 0.5 mmol)
and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D.
Flash purification with petroleum ether/EtOAc (0 - 50% EtOAc). Yield: 71 mg (30%) of 8ac
as a white solid. '"H NMR (400 MHz, CDCl3) & 8.11 (s, 1H), 8.02 — 7.93 (m, 2H), 7.66 (d, J =
8.5 Hz, 1H), 7.54 — 7.43 (m, 3H), 7.14 — 7.07 (m, 3H), 7.07 — 7.03 (m, 2H), 6.93 (d, J = 7.4 Hz,
1H), 6.46 (dd, J = 17.4, 9.9 Hz, 1H), 6.37 (dd, J = 16.3, 1.8 Hz, 1H), 5.86 (dd, J = 9.8, 1.8Hz,
1H), 5.20 — 5.11 (m, 1H), 4.72 — 4.63 (m, 1H), 3.18 (dd, J = 14.0, 6.3 Hz, 1H), 3.00 (dd, J =
14.0, 6.2 Hz, 1H), 1.80 — 1.75 (m, 1H), 1.73 — 1.63 (m, 2H), 0.96 (d, J = 6.1 Hz, 3H), 0.94 (d,
J=6.1Hz, 6H).3C NMR (101 MHz, CDCls) § 197.15, 171.43, 168.46, 161.17, 150.18, 135.68,
133.35, 132.85, 130.89, 130.63, 129.48 (2 x C), 129.23 (2 x C), 128.51 (2 x C), 127.02, 126.87
(2 x C), 123.70, 57.16, 51.63, 40.86, 37.62, 24.95, 23.06, 22.22. ESI-MS [M + Na]* = 499.1.

HPLC tr = 9.40 min.

5-Methyl-N-((S)-4-methyl-1-oxo-1-(((S)-3-ox0-1-phenylpent-4-en-2-yl)amino)pentan-2-

yl)isoxazole-3-carboxamide (8ad). Obtained from the reaction of 5ad (215 mg, 0.5 mmol) and
1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D.
Flash purification with petroleum ether/EtOAc (0 - 50% EtOAC). Yield: 165 mg (83%) of 8ad
as a white solid. 'H NMR (400 MHz, CDClz) & 7.20 — 7.13 (m, 3H), 7.08 (d, J = 8.4 Hz, 1H),
7.06 —7.02 (m, 2H), 6.78 (d, J = 7.5 Hz, 1H), 6.43 (dd, J = 17.4, 9.7 Hz, 1H), 6.44 — 6.43 (m,

1H), 5.87 (dd, J = 17.7, 1.9 Hz, 1H), 5.17 — 5.10 (m, 1H), 4.63 — 4.55 (m, 1H), 3.17 (dd, J =
51
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14.0, 6.5 Hz, 1H), 3.00 (dd, J = 14.0, 5.8 Hz, 1H), 2.49 (s, 3H), 1.71 - 1.66 (m, 1H), 1.66 — 1.56
(m, 2H), 0.92 (d, J = 4.8 Hz, 3H), 0.91 (d, J = 4.6 Hz, 3H).13C NMR (101 MHz, CDCl3) &
197.07, 171.46, 170.92, 159.21, 158.29, 135.55, 133.31, 130.77, 129.53 (2 x C), 128.58 (2 x
C), 127.15, 101.59, 57.16, 51.78, 41.01, 37.68, 24.87, 22.99, 22.04, 12.47. ESI-MS [M + NaJ*

=420.2. HPLC tr = 7.51 min.

3-(Tert-butyl)-1-methyl-N-((S)-4-methyl-1-oxo0-1-(((S)-3-0x0-1-phenylpent-4-en-2-

yl)amino)pentan-2-yl)-1H-pyrazole-5-carboxamide (8ae). Obtained from the reaction of 5ae
(243 mg, 0.5 mmol) and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following
general procedure D. Flash purification with petroleum ether/EtOAc (0 - 50% EtOACc). Yield:
188 mg (83%) of 8ae as a white solid. 'H NMR (400 MHz, CDCls) § 7.17 — 7.12 (m, 3H), 7.07
—7.01 (m, 2H), 6.85 (d, J = 7.5 Hz, 1H), 6.52 — 6.47 (m, 1H), 6.47 — 6.41 (m, 1H), 6.40 (d, J =
1.6 Hz, 1H), 6.37 (s, 1H), 5.88 (dd, J = 9.7, 1.6 Hz, 1H), 5.18 — 5.11 (m, 1H), 4.66 — 4.58 (m,
1H), 4.07 (s, 3H), 3.17 (dd, J = 14.0, 6.4 Hz, 1H), 3.00 (dd, J = 14.0, 5.9 Hz, 1H), 1.67 — 1.61
(m, 2H), 1.61 — 1.55 (m, 1H), 1.29 (s, 9H), 0.92 (d, J = 4.2 Hz, 3H), 0.91 (d, J = 4.2 Hz, 3H).23C
NMR (101 MHz, CDCls) 8 197.04, 171.62, 160.36, 159.99, 135.45, 134.75, 133.30, 130.82,
129.49 (2 x C), 128.57 (2 x C), 127.18, 103.01, 57.24, 51.52, 41.43, 39.12, 37.65, 32.07, 30.62

(3x C),24.91, 22.94, 22.22. ESI-MS [M + Na]* = 475.3. HPLC tr = 9.54 min.

(S)-2-(2-(2,4-Dichlorophenoxy)acetamido)-N-((S)-1-(3-fluorophenyl)-3-oxopent-4-en-2-yl)-4-
methylpentanamide (9a). Obtained from the reaction of 6a (271 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 40% EtOAc). Yield: 104 mg (41%) of 9a as a
white solid. 'H NMR (400 MHz, CDCls) & 7.46 — 7.39 (m, 1H), 7.25 — 7.20 (m, 1H), 7.20 —
7.15 (m, 1H), 7.02 (d, J = 7.7 Hz, 1H), 6.90 — 6.82 (m, 3H), 6.81 — 6.76 (M, 2H), 6.46 (dd, J =

17.5, 9.6 Hz, 1H), 6.39 (dd, J = 17.3, 2.0 Hz, 1H), 5.96 — 5.89 (m, 1H), 5.18 — 5.07 (m, 1H),
52
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4.52 — 4.49 (m, 2H), 4.49 — 4.44 (m, 1H), 3.21 (dd, J = 14.0, 6.2 Hz, 1H), 3.00 (dd, J = 14.1,
5.9 Hz, 1H), 1.75 — 1.67 (m, 1H), 1.62 — 1.51 (m, 2H), 0.92 (d, J = 6.6 Hz, 3H), 0.91 (d, J = 6.8
Hz, 3H). 3C NMR (101 MHz, CDCls) & 196.62, 171.01, 167.52, 162.77 (d, J = 246.2 Hz),
151.65, 138.17 (d, J = 7.4 Hz), 133.14, 131.13, 130.42, 130.08 (d, J = 8.3 Hz), 128.17, 127.77,
125.23 (d, J = 2.9 Hz), 124.11, 116.56 (d, J = 21.2 Hz), 114.89, 114.17 (d, J = 21.0 Hz), 68.27,
56.87, 51.61, 40.82, 37.26, 24.93, 22.99, 22.13. ESI-MS [M + Na]* = 531.0. HPLC tr = 9.74

min.

(S)-N-((S)-1-(3-Fluorophenyl)-3-oxopent-4-en-2-yl)-4-methyl-2-(2-

(phenylthio)acetamido)pentanamide (9b). Obtained from the reaction of 6b (367 mg, 0.5 mmol)
and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D.
Flash purification with petroleum ether/EtOAc (0 - 40% EtOAcC). Yield: 168 mg (49%) of 9b
as a white solid. '"H NMR (400 MHz, CDCls) & 7.30 — 7.25 (m, 2H), 7.25 — 7.20 (m, 2H), 7.18
—7.11 (m, 2H), 7.10 (d, J = 8.3 Hz, 1H), 7.01 (d, J = 7.6 Hz, 1H), 6.88 — 6.82 (m, 1H), 6.80 (d,
J=7.7Hz, 1H), 6.73 (d, J = 9.6 Hz, 1H), 6.39 (dd, J = 17.4, 9.6 Hz, 1H), 6.32 (dd, J = 17.0,
2.0 Hz, 1H), 5.86 — 5.79 (m, 1H), 5.09 — 4.99 (m, 1H), 4.46 — 4.38 (m, 1H), 3.69 — 3.62 (m,
1H), 3.58 — 3.50 (m, 1H), 3.07 (dd, J = 14.0, 6.3 Hz, 1H), 2.87 (dd, J = 14.0, 6.2 Hz, 1H), 1.49
—1.31 (m, 2H), 1.27 — 1.17 (m, 1H), 0.73 (d, J = 6.6 Hz, 3H), 0.71 (d, J = 6.5 Hz, 3H). C
NMR (101 MHz, CDCls) & 196.69, 171.39, 168.15, 162.66 (d, J = 246.0 Hz), 138.40 (d, J= 7.4
Hz), 134.52, 133.16, 130.81, 129.98 (d, J = 8.3 Hz), 129.33 (2 x C), 128.41 (2 x C), 126.78,
125.18 (d, J = 2.8 Hz), 116.39 (d, J = 21.2 Hz), 113.98 (d, J = 21.0 Hz), 56.78, 51.94, 40.87,

37.20, 37.07, 24.48, 22.89, 21.82. ESI-MS [M - H] = 455.2. HPLC tr = 8.64 min.

(S)-N-((S)-1-(3-Chlorophenyl)-3-oxopent-4-en-2-yl)-2-(2-(2,4-dichlorophenoxy)acetamido)-4-
methylpentanamide (10a). Obtained from the reaction of 7a (279 mg, 0.5 mmol) and 1 M

vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
53
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purification with petroleum ether/EtOAc (0 - 40% EtOAc). Yield: 61 mg (23%) of 10a as a
white solid. 'H NMR (400 MHz, CDCls) & 7.45 — 7.39 (m, 1H), 7.25 — 7.20 (m, 1H), 7.19 —
7.11 (m, 2H), 7.10 — 7.05 (m, 1H), 7.01 (d, J = 7.8 Hz, 1H), 6.97 (d, J = 6.6 Hz, 1H), 6.87 —
6.79 (m, 2H), 6.46 (dd, J = 17.5, 9.6 Hz, 1H), 6.40 (dd, J = 17.5, 2,0 Hz, 1H), 5.97 — 5.88 (m,
1H), 5.17 — 5.08 (m, 1H), 4.50 (s, 2H), 4.49 — 4.44 (m, 1H), 3.19 (dd, J = 14.1, 6.2 Hz, 1H),
2.97 (dd, J = 14.1, 5.9 Hz, 1H), 1.74 — 1.67 (m, 1H), 1.65 — 1.54 (m, 2H), 0.93 (d, J = 6.4 Hz,
3H), 0.91 (d, J = 6.4 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 196.41, 170.92, 167.32, 151.49,
137.66, 134.23, 133.07, 130.78, 130.22, 129.73, 129.52, 128.17, 127.69, 127.42, 127.12,
123.83, 114.89, 68.30, 56.66, 51.56, 40.69, 37.00, 24.76, 22.86, 21.96. ESI-MS [M + Na]* =

547.8. HPLC tr = 10.07 min.

(S)-N-((S)-1-(3-Chlorophenyl)-3-oxopent-4-en-2-yl)-4-methyl-2-(2-
(phenylthio)acetamido)pentanamide (10b). Obtained from the reaction of 7b (253 mg, 0.5
mmol) and 1M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general
procedure D. Flash purification with petroleum ether/EtOAc (0 - 40% EtOAC). Yield: 144 mg
(61%) of 8b as a white solid. tH NMR (400 MHz, CDCls) § 7.29 — 7.21 (m, 4H), 7.19 — 7.12
(m, 3H), 7.03 — 6.96 (M, 2H), 6.93 — 6.88 (m, 1H), 6.77 (d, J = 7.6 Hz, 1H), 6.40 (dd, J = 17.4,
9.3 Hz, 1H), 6.33 (dd, J = 17.5, 2.3 Hz, 1H), 5.85 (dd, J = 9.3, 2.3 Hz, 1H), 5.05 — 4.98 (m,
1H), 4.39 — 4.31 (m, 1H), 3.70 — 3.64 (m, 1H), 3.59 — 3.52 (m, 1H), 3.08 (dd, J = 14.1, 6.3 Hz,
1H), 2.84 (dd, J = 14.1, 6.2 Hz, 1H), 1.52 — 1.32 (m, 2H), 1.25 - 1.20 (m, 1H), 0.75 (d, J = 6.6
Hz, 3H), 0.71 (d, J = 6.5 Hz, 3H). 3C NMR (101 MHz, CDCl3) & 196.59, 171.32, 168.20,
137.91, 134.45, 134.24, 133.13, 131.02, 129.86, 129.64, 129.46 (2 x C), 128.31 (2x C), 127.71,
127.37, 126.88, 56.82, 52.09, 40.75, 37.20, 37.05, 24.55, 22.99, 21.76. ESI-MS [M + Na]* =

495.2. HPLC tg = 9.33 min.

54

https://doi.org/10.26434/chemrxiv-2024-7mf2j ORCID: https://orcid.org/0000-0001-5575-8896 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7mf2j
https://orcid.org/0000-0001-5575-8896
https://creativecommons.org/licenses/by-nc-nd/4.0/

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

1143

1144

1145

1146

(S)-N-((S)-1-(3-Chlorophenyl)-3-oxopent-4-en-2-yl)-2-(2-(3-methoxyphenoxy)acetamido)-
4-methylpentanamide (10c). Obtained from the reaction of 7c¢ (260 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOAc). Yield: 76 mg (31%) of 10c as a
colorless solid. 'H NMR (400 MHz, CDCls) § 7.24 — 7.18 (m, 1H), 7.16 — 7.12 (m, 2H), 7.08 —
7.03 (m, 1H), 7.00 — 6.94 (m, 1H), 6.86 (d, J = 7.6 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 6.60 —
6.56 (M, 1H), 6.53 — 6.49 (m, 2H), 6.45 (dd, J = 17.5, 9.4 Hz, 1H), 6.39 (dd, J = 17.4, 2.2 Hz,
1H), 5.90 (dd, J = 9.4, 2.2 Hz, 1H), 5.13 — 5.06 (m, 1H), 4.57 — 4.50 (m, 1H), 4.50 — 4.42 (m,
2H), 3.79 (s, 3H), 3.16 (dd, J = 14.1, 6.2 Hz, 1H), 2.92 (dd, J = 14.1, 6.3 Hz, 1H), 1.69 — 1.61
(m, 1H), 1.56 — 1.45 (m, 2H), 0.89 (d, J = 5.9 Hz, 3H), 0.88 (d, J = 5.4 Hz, 3H). 3C NMR (101
MHz, CDClz) 6 196.63, 171.25, 168.50, 161.23, 158.44, 137.97, 134.36, 133.26, 130.91,
130.42, 129.85, 129.67, 127.68, 127.41, 108.08, 106.77, 101.60, 67.36, 56.84, 55.50, 51.49,

40.85, 37.17, 24.88, 22.93, 22.13. ESI-MS [M + Na]" = 509.9. HPLC tr = 9.07 min.

N-((S)-4-Methyl-1-ox0-1-(((S)-3-0x0-1-phenylbutan-2-yl)amino)pentan-2-yl)benzofuran-2-
carboxamide (11a). Obtained from the reaction of 5v (232 mg, 0.5 mmol) and 3 M
methylmagnesium bromide in Et2O (0.53 mL, 1.60 mmol) following general procedure E. Flash
purification with petroleum ether/EtOAc (0 - 40% EtOAc). Yield: 129 mg (61%) of 11a as a
white solid. *H NMR (400 MHz, CDCls) & 7.69 (d, J = 7.8 Hz, 1H), 7.55 — 7.50 (m, 1H), 7.50
—7.47 (m, 1H), 7.47 — 7.42 (m, 1H), 7.36 — 7.29 (m, 1H), 7.16 — 7.12 (m, 2H), 7.11 — 7.07 (m,
3H), 6.90 (d, J = 8.3 Hz, 1H), 6.74 (d, J = 7.3 Hz, 1H), 4.87 — 4.79 (m, 1H), 4.71 — 4.61 (m,
1H), 3.14 (dd, J = 14.0, 6.5 Hz, 1H), 2.99 (dd, J = 14.1, 6.7 Hz, 1H), 2.16 (s, 3H), 1.77 — 1.69
(m, 2H), 1.69 — 1.64 (m, 1H), 0.96 (d, J = 6.0 Hz, 3H), 0.95 (d, J = 6.0 Hz, 3H). ESI-MS [M +

Na]" = 443.7. HPLC tg = 8.85 min.
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N-((S)-4-Methyl-1-oxo-1-(((S)-3-ox0-1-phenylbutan-2-yl)amino)pentan-2-
yhbenzo[b]thiophene-2-carboxamide (11b). Obtained from the reaction of 5z (224 mg, 0.5
mmol) and 3 M methylmagnesium bromide in Et.O (0.50 mL, 1.49 mmol) following general
procedure E. Flash purification with petroleum ether/EtOAc (0 - 40% EtOAC). Yield: 135 mg
(66%) of 11b as a white solid. 'H NMR (400 MHz, CDCls3) 6 & 7.88 — 7.84 (m, 1H), 7.84 — 7.81
(m, 1H), 7.76 (s, 1H), 7.48 — 7.37 (m, 2H), 7.20 — 7.14 (m, 2H), 7.14 — 7.08 (m, 3H), 6.79 (d, J
=7.4 Hz, 1H), 6.62 (d, J = 8.2 Hz, 1H), 4.85 — 4.77 (m, 1H), 4.72 — 4.63 (m, 1H), 3.14 (dd, J =
14.0, 6.4 Hz, 1H), 2.98 (dd, J = 14.0, 6.7 Hz, 1H), 2.16 (s, 3H), 1.76 — 1.68 (m, 2H), 1.68 — 1.61
(m, 1H), 0.96 (d, J = 5.4 Hz, 3H), 0.95 (d, J = 5.4 Hz, 3H). ESI-MS [M + Na]* = 459.3. HPLC

tr=8.73 min.

N-((S)-1-(((S)-5-(Dimethylamino)-3-oxo-1-phenylpent-4-en-2-yl)amino)-4-methyl-1-
oxopentan-2-yl)benzofuran-2-carboxamide (12a). Obtained from the reaction of 11a (126 mg,
0.30 mmol) and N,N-dimethylformamide dimethyl acetal (80 pL, 0.60 mmol) following general
procedure F. Flash purification with CH>Cl>/MeOH (0 — 3.5% MeOH). Yield: 110 mg (77%)
of 12a as a yellow solid. '"H NMR (400 MHz, CDCl3) & 7.74 — 7.62 (m, 1H), 7.61 — 7.47 (m,
4H), 7.34 — 7.25 (m, 2H), 7.25 — 7.20 (m, 2H), 7.20 — 7.12 (m, 3H), 7.11 — 6.98 (m, 1H), 4.95
—4.78 (M, 2H), 4.78 — 4.66 (M, 1H), 3.12 — 3.05 (M, 3H), 3.04 — 2.87 (m, 2H), 2.81 — 2.63 (m,
3H), 1.80 — 1.68 (m, 1H), 1.68 — 1.51 (m, 2H), 1.01 — 0.95 (m, 3H), 0.95 — 0.89 (m, 3H). *C
NMR (101 MHz, CDCIs) 6 192.96, 171.04, 158.50, 154.99, 153.75, 148.64, 137.44, 129.78 (3
x C), 128.27 (2 x C), 127.72, 127.04, 126.63, 123.79, 122.78, 112.04, 110.77, 93.60, 57.86,
51.78, 42.47, 39.51, 37.08, 24.98, 23.06, 22.36. ESI-MS [M + Na]* = 498.9. HPLC tr=8.67 &

8.90 min (E/Z-isomeric mixture).

N-((S)-1-(((S)-5-(Dimethylamino)-3-oxo-1-phenylpent-4-en-2-yl)amino)-4-methyl-1-

oxopentan-2-yl)benzo[b]thiophene-2-carboxamide (12b). Obtained from the reaction of 11b
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(132 mg, 0.30 mmol) and N,N-dimethylformamide dimethyl acetal (80 pL, 0.60 mmol)
following general procedure F. Flash purification with CH2Cl2/MeOH (0 - 5% MeOH). Yield:
90 mg (61%) of 12b as a light yellow solid. *H NMR (400 MHz, CDCls) § 8.78 —8.69 (m, 1H),
8.31 (d, J = 8.7 Hz, 1H), 8.25 —8.21 (m, 1H), 8.06 — 7.99 (m, 1H), 7.98 — 7.91 (m, 1H), 7.57 —
7.48 (m, 1H), 7.48 — 7.40 (m, 2H), 7.24 — 7.20 (m, 1H), 7.20 — 7.17 (m, 2H), 7.17 — 7.14 (m,
1H), 7.14 — 7.07 (m, 1H), 5.34 — 5.08 (m, 1H), 4.54 — 4.37 (m, 2H), 3.11 — 3.00 (m, 3H), 2.90
—2.79 (m, 2H), 2.79 — 2.65 (m, 3H), 1.68 — 1.39 (m, 2H), 1.32 — 1.19 (m, 1H), 0.92 — 0.84 (m,
3H), 0.84 — 0.76 (m, 3H). 3C NMR (101 MHz, DMSO-ds) 5 192.93, 171.42, 161.33, 153.34,
140.25, 139.60, 139.19, 138.57, 129.20 (2 x C), 127.87 (2 x C), 126.18 (2 x C), 125.93, 125.31,
125.18, 124.91, 122.78, 91.53, 52.17, 44.24, 40.30, 37.25, 35.76, 24.23, 22.89, 21.59. ESI-MS

[M + Na]* =514.4. HPLC tr = 8.52 & 8.77 min (E/Z-isomeric mixture).

(S)-N-((S)-1-(Benzo[d]thiazol-2-yl)-1-oxo0-3-phenylpropan-2-yl)-4-methyl-2-(2-
(phenylthio)acetamido)pentanamide (13a). A flame-dried, two-necked flask equipped with a
stir bar and purged with argon with 2-bromobenzo[d]thiazole (1017 mg, 4.75 mmol) and THF
(10 mL) was cooled to 0 °C. To this mixture was added isopropyl magnesium chloride lithium
chloride complex (3.65 mL, 4.75 mmol, 6.4 equiv.) dropwise to give a yellow solution. The
reaction was stirred for 30 minutes and then added dropwise to a solution of 6r (350 mg, 0.74
mmol, 1 equiv.) in Et2O (dry) at -10 °C. After 4-6 hours of stirring at 0 °C, the reaction mixture
was quenched with 1IN HCI and extracted with EtOAc (3 x 20 mL). The combined organic
layers were dried over Na>SOq, filtered, and concentrated under reduced pressure to afford the
crude product. Flash purification with petroleum ether/EtOAc (0 - 25% EtOAC). Yield: 180 mg
(45%) of 13a as a light-yellow solid. *H NMR (400 MHz, CDCls) & 8.23 — 8.18 (m, 1H), 8.00
—7.95 (m, 1H), 7.61 — 7.56 (m, 1H), 7.56 — 7.51 (m, 1H), 7.26 — 7.24 (m, 3H), 7.23 — 7.22 (m,
1H), 7.22 — 7.13 (m, 4H), 7.04 — 6.99 (m, 2H), 6.97 (d, J = 8.2 Hz, 1H), 6.69 (d, J = 7.7 Hz,

1H), 6.04 — 5.97 (m, 1H), 4.41 — 4.34 (m, 1H), 3.66 (d, J = 16.9 Hz, 1H), 3.48 (d, J = 16.9 Hz,
57
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1H), 3.42 (dd, J = 14.1, 5.3 Hz, 1H), 3.21 (dd, J = 14.1, 6.9 Hz, 1H), 1.53 — 1.44 (m, 1H), 1.40
—1.31 (m, 1H), 1.23 — 1.17 (m, 1H), 0.72 (d, J = 5.3 Hz, 3H), 0.70 (d, J = 5.2 Hz, 3H). 13C
NMR (101 MHz, CDCls) & 191.98, 171.06, 167.89, 163.67, 153.52, 137.26, 135.55, 134.32,
129.48 (2 x C), 129.36 (2 x C), 128.56 (2 x C), 128.31 (2 x C), 128.16, 127.28, 127.15, 126.81,
125.87, 122.45, 56.55, 51.79, 40.66, 38.24, 37.23, 24.39, 22.90, 21.73. ESI-MS [M + Na]* =

567.6. HPLC tr=9.77 min.

(S)-N-((S)-1-(1H-Indol-3-yl)-3-oxopent-4-en-2-yl)-2-(2-(2,4-dichlorophenoxy)acetamido)-
4-methylpentanamide (10d). Obtained from the reaction of 16a (282 mg, 0.5 mmol) and 1 M
vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 50% EtOACc). Yield: 66 mg (25%) of 10d as a
white solid. 'H NMR (400 MHz, CDCls) §8.17 (s, 1H), 7.53 — 7.49 (m, 1H), 7.41 (d, J = 2.5
Hz, 1H), 7.25 — 7.22 (m, 1H), 7.20 — 7.16 (m, 1H), 7.08 — 7.02 (m, 2H), 7.00 — 6.92 (m, 3H),
6.70 (d, J = 8.8 Hz, 1H), 6.47 (dd, J = 17.5, 10.3 Hz, 1H), 6.36 (dd, J = 17.4, 1.1 Hz, 1H), 5.87
(dd, J = 10.3, 1.1 Hz, 1H), 5.26 — 5.20 (m, 1H), 4.60 — 4.53 (m, 1H), 4.40 — 4.34 (m, 1H), 4.13
—4.07 (m, 1H), 3.36 (dd, J = 15.0, 6.2 Hz, 1H), 3.23 (dd, J = 15.1, 5.4 Hz, 1H), 1.71 — 1.66 (m,
1H), 1.60 — 1.53 (m, 2H), 0.91 (d, J = 6.4 Hz, 3H), 0.89 (d, J = 6.4 Hz, 3H).2*C NMR (101
MHz, CDClz) 6 197.47, 171.64, 167.56, 151.54, 136.00, 133.40, 130.45, 130.23, 128.02,
127.60, 127.45, 123.91, 123.30, 122.15, 119.59, 118.64, 114.74, 111.33, 109.40, 67.93, 56.78,

51.34,41.34, 27.34, 24.92, 23.08, 22.00. ESI-MS [M + Na]* = 552.4. HPLC tr = 9.41 min.

(S)-2-(2-(2,4-Dichlorophenoxy)acetamido)-N-((S)-1-(2-fluorophenyl)-3-oxopent-4-en-2-
yl)-4-methylpentanamide (10e). Obtained from the reaction of 16b (271 mg, 0.5 mmol) and 1
M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general procedure D. Flash
purification with petroleum ether/EtOAc (0 - 40% EtOACc). Yield: 168 mg (66%) of 10e as a

white solid. 'H NMR (400 MHz, CDCls) § 7.46 — 7.40 (m, 1H), 7.25 — 7.19 (m, 1H), 7.20 —
58
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7.13 (m, 1H), 7.12 — 7.06 (m, 1H), 7.03 — 6.92 (m, 3H), 6.83 (d, J = 8.8 Hz, 1H), 6.74 (d, J =
7.6 Hz, 1H), 6.48 (dd, J = 17.5, 9.8 Hz, 1H), 6.40 (dd, J = 17.5, 1.8 Hz, 1H), 5.93 (dd, J = 9.8,
1.1 Hz, 1H), 5.25 — 5.16 (m, 1H), 4.55 — 4.44 (m, 3H), 3.25 (dd, J = 14.1, 5.8 Hz, 1H), 2.98
(dd, J = 14.1, 6.7 Hz, 1H), 1.72 — 1.66 (m, 1H), 1.60 — 1.48 (m, 2H), 0.91 (d, J = 6.0 Hz, 3H),
0.90 (d, J = 6.2 Hz, 3H).2*C NMR (101 MHz, CDCls) & 196.88, 170.99, 167.38, 161.44 (d, J =
245.4 Hz), 151.69, 133.33, 131.95 (d, J = 4.4 Hz), 130.80, 130.44, 129.18 (d, J = 8.2 Hz),
128.17, 127.78, 124.20, 124.16 (d, J = 2.4 Hz), 122.84 (d, J = 15.8 Hz), 115.47 (d, J = 22.1
Hz), 114.90, 68.36, 55.89, 51.50, 40.96, 31.40, 24.91, 23.02, 22.11. ESI-MS [M + Na]* = 531.0.

HPLC tr=10.13 min.

(S)-4-Methyl-N-((S)-3-0x0-1-((S)-2-oxopyrrolidin-3-yl)pent-4-en-2-yl)-2-(2-(2,4,5-
trichlorophenoxy)acetamido)pentanamide (10f). Obtained from the reaction of 16c (283 mg,
0.5 mmol) and 1 M vinylmagnesium bromide in THF (3.2 mL, 0.5 mmol) following general
procedure D. Flash purification with CH2Cl2/MeOH (0 - 3% MeOH). Yield: 109 mg (41%) of
10f as a white solid. *tH NMR (400 MHz, CDCls) § 8.15 (d, J = 6.3 Hz, 1H), 7.49 (s, 1H), 7.14
(d, J = 8.3 Hz, 1H), 7.00 (s, 1H), 6.54 (dd, J = 17.4, 10.4 Hz, 1H), 6.41 (dd, J = 17.4, 1.3 Hz,
1H), 6.13 (s, 1H), 5.85 (dd, J = 10.4, 1.3 Hz, 1H), 4.73 — 4.63 (m, 2H), 4.59 — 4.48 (m, 2H),
3.38—3.29 (M, 2H), 2.48 — 2.39 (m, 2H), 2.11 — 2.04 (m, 1H), 1.85—1.78 (m, 2H), 1.77 — 1.74
(m, 1H), 1.73 - 1.68 (m, 1H), 1.67 — 1.61 (m, 1H), 0.97 (d, J = 5.9 Hz, 3H), 0.95 (d, J = 5.9 Hz,
3H).2*C NMR (101 MHz, CDClz) & 197.46, 179.84, 172.18, 166.78, 151.97, 132.41, 131.72,
131.27, 130.44, 126.08, 122.48, 115.76, 68.54, 56.45, 51.50, 42.01, 40.66, 38.65, 32.29, 28.97,

24.98, 23.06, 22.12. ESI-MS [M + Na]* = 553.5. HPLC tr = 9.36 min.

SARS-CoV-2 MP™ Inhibition Assays. The enzyme was expressed and purified as previously
described.?” The assay was performed at 37 °C with an excitation wavelength of 360 nm and

an emission wavelength of 460 nm. The total volume per well was 50 uL. The assay buffer was
59
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50 mM MOPS, pH 7.2 containing 10 mM NaCl, 1 mM EDTA, and 0.01% Triton X-100. The
substrate Boc-Abu-Tle-Leu-GIn-AMC was prepared as a 10 mM stock solution in DMSO. The
substrate stock solution was diluted with assay buffer and pipetted into a well containing 15 pL
of inhibitor solution. This mixture was kept at 37 °C for 5 min. A volume of 1 uL of an enzyme-
containing solution was diluted with assay buffer and added to start the reaction, which was
monitored for 60 min. The final substrate concentration was 50 uM (= 1.03 Km), and the final

DMSO content was 4% (v/v).

Cathepsin L Inhibition Assay

The assay was performed as described.>*° The enzyme stock solution (20 mM malonate buffer
pH 5.5, 400 mM NaCl, and 1 mM EDTA) was diluted 1:100 with assay buffer (100 mM sodium
phosphate buffer pH 6.0, 100 mM NaCl, 5 mM EDTA, and 0.01% (w/v) Brij 35) containing 5
mM DTT, incubated at 37 °C for 30 min, and then stored on ice. A 10 mM solution of the
substrate Z-Phe-Arg-pNA was prepared in DMSO. In a cuvette containing 940 uL of assay
buffer, the chromogenic substrate (10 uL.) and DMSO and/or inhibitor solution (10 puL) was
piped. Upon addition of CatL (40 pL), the measurement was started and followed at 37 °C for
60 min at 405 nm. The final substrate concentration was 100 uM (= 5.88 x Km), and the final

DMSO concentration was 2% (V/v).

Inhibition Assays against Recombinant SARS-CoV MP™ and MERS-CoV MP™.
Recombinant SARS-CoV-1 MP and MERS-CoV MP™ were purchased from R&D Systems
(E720 and E719, respectively). Proteolytic activity was determined as previously described.?
Briefly, assays were performed at 25 °C, in a final volume of 30 pL of 50 mM HEPES pH 7.5,
150 mM sodium chloride, 1 mM EDTA, 0.01% Tween 20 in the presence of 50 nM enzyme
and 10 uM of Ac-Abu-Tle-Leu-GIn-ACC substrate for both enzymes.>®® Fluorescence was

monitored in a Synergy HTX (Biotek) plate reader for up to 2 hours, with 360/460 nm
60
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wavelength (excitation/emission). All assays were performed in 384-well black microplates,
with a 15 min pre-incubation of the compounds with the enzyme. The initial screening was
performed with 10 uM of compounds and those that inhibited 50% or more of the enzyme
activity progressed to eight-point (0.01 - 40 uM) concentration-response assays. The half-
maximal inhibitory concentration (ICso) was calculated by nonlinear regression (r*> > 0.9), and
the deviation of each data point from the calculated nonlinear regression was < 10%. For each
compound, two independent experiments were performed, each in triplicate (n = 6 data points).
The percentage of inhibition was calculated in comparison to the DMSO controls (up to 0.2%).
Protease inhibitor nirmatrelvir was used as a positive control. Data were analyzed using

GraphPad Prism 9.0 (GraphPad Software, San Diego, California, USA).

Cytotoxicity. Cell Cultures. Calu-3 cells (human lung, ATCC Cat# HTB-55) were maintained
in Dulbecco’s modified Eagle medium (DMEM)/F-12 supplemented with 10% FCS and 10
mM sodium pyruvate. Cells were incubated at 37 °C and 5% CO- in a humidified atmosphere.
Cell Viability Assays. To determine the cell viability of Calu-3 cells treated with inhibitors, the
CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega) was used. Cells were grown in
96-well microplates until reaching 50-60% confluency before they were incubated with DMSO
(a solvent control) or test compounds at a concentration of 10 uM in DMEM with 5% FCS for
24 h. Next, cell culture supernatants were removed, and 50 pL of the CellTiter-Glo substrate
was added to each well and incubated for 30 min on a rocking platform. Finally, samples were
transferred into white 96-well microplates, and luminescence was measured using a Hidex

Sense plate luminometer (Hidex).

Antiviral Activity. SARS-CoV-2 were performed in a BSL-3 laboratory at the German Primate
Centre, Gottingen/Germany. Calu-3 cells were grown in 48-well microplates until reaching

approx. 70% confluency. Cells were incubated with 10-fold serial dilutions (10 — 0.001 uM) of
61
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MP inhibitors in DMEM for 1 h at 37 °C prior to infection. Next, media was removed, and
cells were infected with the SARS-CoV-2 isolate NK, lineage B.1.513 (Pango classification),
at MOI of 0.01 in 400 pL of fresh DMEM without FCS for 1 h at 37 °C. At 1 h post-infection
(h.p.1.), the inoculum was removed, and cells were washed with PBS three times and further
incubated in DMEM with 5% FCS containing the respective inhibitors. Virus-containing
supernatants were collected 24 h.p.i. and stored at —80 °C until titration. To determine viral
titers, confluently grown Vero E6 cells in DMEM supplemented with 5% FCS were inoculated
for 1 h at 37 °C with 10-fold serial dilutions of virus-containing supernatants as described.?®
Next, the inoculum was removed, and cells were washed once with PBS before they were
overlaid with 1% plaque agarose (Biozym) dissolved in Eagle’s minimal essential medium
(MEM) without phenol red (Lonza) and further incubated. At 48 h post-infection, virus-induced

plaques were counted, and viral titters were determined as PFU/mL.

Pharmacokinetic studies in vitro. Plasma stability assay, Metabolic stability assay, and
Plasma protein binding assay were conducted as described previously.>® % For the HPLC-MS
measurements, samples were analyzed using an Agilent 1290 Infinity Il HPLC system coupled
to an AB Sciex QTrap 6500plus or an AB Sciex Qtrap7500 mass spectrometer. LC conditions

were as described previously.®® MS/MS transitions can be found in Tables S2 and S3.

Co-crystal structure determination

SARS-CoV-2 MP™ was expressed and purified in analogy to described procedures.®® MP™
containing an N-terminal autocleavage site and a C-terminal human rhinovirus (HRV) 3C
cleavage site was expressed in E. coli (BL21(DE3)) utilizing the pGEX-6P-1 vector. Bacterial
cells were sonicated, and MP™ was purified by metal affinity chromatography. After HRV 3C
cleavage followed by dialysis, the full-length enzyme with original N- and C-termini was

obtained, and stored in buffer consisting of 20 mM 2-[4-(2-hydroxyethyl)piperazin-1-
62
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yl]ethane-1-sulfonic acid (HEPES) and 1 mM Tris(2-carboxyethyl)phosphin (TCEP), pH 7.4.
Freshly prepared protein (15 mg/mL, ca. 500 uM) was incubated with inhibitor (dissolved in
DMSO) at a molar ratio of 1 : 1.25. Sitting-drop crystallization experiments were performed as
previously described.®® Crystals started appearing after 8 days under the following condition:
0.1M MMT (sodium malonate, imidazole, and boric acid in the molar ratios 2:3:3), pH 5.0,

25% wi/v polyethylene glycol (PEG)1500.

X-ray diffraction data were collected at 100 K at EMBL beamlines P13 at the DESY
synchrotron in Hamburg, Germany (Table S1). The diffraction data were indexed, integrated
and scaled with XDS®! and STARANISO®? as implemented in ISPyB® at DESY. The structure
71kd® was used as a starting model for refinement. The inhibitor was refined at full occupancy.
Phenix® was used for refinement and Coot®® for model building. Stereochemical restraints for
ligand refinement were generated using grade2 (https://grade.globalphasing.org). The

molecular figure was generated using PyMOL (https://pymol.org).
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ADME, absorption, distribution, metabolism and excretion; AUC, area under the curve; CatL,
human cathepsin L; COVID-19, coronavirus disease 2019; CoV, coronavirus; DIPEA,
diisopropylethylamine; EDTA, 2,2',2",2"'-(ethane-1,2-diyldinitrilo)tetraacetic acid; GSH,
glutathione; HPLC, high-pressure liquid chromatography; MOPS, 3-(morpholin-4-yl)propane-
1-sulfonic acid; MP™, main protease; NMR, nuclear magnetic resonance; PBC, periodic
boundary condition; PFU, plaque forming units; PLP™, papain-like protease; PME, Particle
Mesh Ewald; PPB, plasma protein binding; RdRp, RNA-dependent RNA polymerase; RMSD,
root-mean-square deviation; S, spike glycoprotein; SAR, structure-activity relationship; SARS,
severe acute respiratory syndrome; SARS-CoV, severe acute respiratory syndrome-related
coronavirus; TLC, thin layer chromatography; TMPRSS2, transmembrane protease serine

subtype 2; TUKIC, Tibingen Kinase Inhibitor Collection.
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