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A series of peptidomimetic compounds containing benzothiazolyl ketone and [2.2.1] azabicyclic ring was
designed, synthesized and evaluated in the hope of obtaining potent oral 3CLP™ inhibitors with improved
pharmacokinetic properties. Among the target compounds, 11b had the best enzymatic potency (ICso = 0.110
pM) and 11e had the best microsomal stability (t;/2 > 120 min) and good enzyme activity (ICso = 0.868 puM).
Therefore, compounds 11b and 11e were chosen for further evaluation of pharmacokinetics in ICR mice. The
results exhibited that the AUC.r) of 11e was 5143 h*ng/mL following single-dose oral administration of 20 mg/
kg, and the F was 67.98%. Further structural modification was made to obtain compounds 11g-11j based on 11e.
Among them, 11j exhibited the best enzyme inhibition activity against SARS-CoV-2 3CLP™ (ICsg = 1.646 pM),
the AUC(.ry was 32473 h*ng/mL (20 mg/kg, po), and the F was 48.1%. In addition, 11j displayed significant
anti-SARS-CoV-2 activity (ECso = 0.18 pM) and low cytotoxicity (CCso > 50 pM) in Vero E6 cells. All of the above
results suggested that compound 11j was a promising lead compound in the development of oral 3CLP™ in-
hibitors and deserved further research.

on polyproteins and plays an essential role in viral replication and
propagation [7,8]. Besides, it has been proven that the catalytic domains

1. Introduction

COVID-19 is an acute respiratory infectious disease caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) which
has engendered a huge threat to the global economy and public health
[1,2]. The ORFla and ORF1b genes account for about 2/3 of the total
length of the SARS-CoV-2 genome and encode two polyproteins [3,4].
The two polyproteins can be cleaved by 3C-like protease (3CLP™) and
Papain-like protease (PLP™) to form sixteen functional proteins [5,6]. It
is worth mentioning that 3CLP™ is responsible for the cleavage of 11 sites
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of different coronaviruses 3CLP™ are highly conservative, thus 3CLP™
inhibitors may have a broad spectrum of anti-coronaviral activities [9,
10]. In addition, no human protease has high structural homology with
the 3CLP™ of SARS-CoV-2 [11,12]. Therefore, given the indispensable
role of 3CLP™ in the viral life cycle [13], the highly conserved structure
[14], and the less related homologous protein in humans [15], 3CLP™ is
an important target for COVID-19 drugs development.

Many covalent peptidomimetics have been reported as 3CLP™
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inhibitors against COVID-19 [16-21]. Among the reported covalent
3CLP™ inhibitors, Paxlovid (co-packaged of nirmatrelvir tablets and ri-
tonavir tablets) has been approved by the FDA for the treatment of
COVID-19 on December 22nd, 2021. The 3CLP™ inhibitor nirmatrelvir
(Fig. 1) has a potent antiviral effect on the SARS-CoV-2 original strain
and variants, but it is easily metabolized by CYP3A4 [22]. Ritonavir, as
an inhibitor of CYP3A4, could effectively increase the blood concen-
tration of nirmatrelvir [23]. Because of complex drug-drug interactions,
Paxlovid should not be used by many people who are taking other drugs
at the same time [24,25]. Therefore, oral peptidomimetic 3CLP™ in-
hibitors with high activity and good pharmacokinetic properties deserve
further investigation.

The catalytic pocket of SARS-CoV-2 3CLP™ contains cysteine residues
(Cys145), which can be covalently bound with electrophilic groups
(warheads) [26-29]. In addition to nitriles, the reported warheads of
3CLP™ inhibitors were various as shown in Fig. 2, including sulfonates,
aldehydes, a-ketoamides, vinyl esters, hydroxymethyl ketones, acylox-
ymethyl ketones, and benzothiazolyl ketones and so on [16,30-36].

Benzothiazolyl ketone has been reported as a promising covalent
warhead bound to Cys145 of 3CLP™ [37-39]. Konno. et al. discovered
that YH-53, a peptidomimetic benzothiazolyl ketone compound,
exhibited conspicuous activity against SARS-CoV-2 3CLP™ [40]. Kneller.
et al. reported the joint X-ray/neutron structure of the 3CLP*®/BBH-1
complex, and the result showed that BBH-1's benzothiazolyl
ketone-warhead reacted with Cys145-SH of 3CLP™ [41]. Pfizer’s re-
searchers reported that a series of compounds with benzothiazolyl ke-
tone as a covalent warhead exhibited various 3CLP™ activities and
pharmacokinetic properties, such as PF-1. It is worth mentioning that
PF-1 and nirmatrelvir showed similar enzyme activity and pharmaco-
kinetic properties [22].

The methyl substituent on the 6, 6-dimethyl-3-azabicyclo [3.1.0]
hexane of nirmatrelvir was one of the major metabolic sites [22]. In
order to improve pharmacokinetic properties, we carried out structural
modifications of metabolic sites, as shown in Fig. 3. First of all, we
removed the methyl group of the ternary loop on nirmatrelvir. Due to
the instability and high reactivity, the ternary loop was also removed.
The NS5A inhibitor ledipasvir formed an [2.2.1] azabicyclic ring instead
of a pyrrolidine, which could contribute to improving its pharmacoki-
netic properties [42]. According to the co-crystal structure of nirma-
trelvir with SARS-CoV-2 3CLP™ [22], the corresponding cavity in the
position of pyrrolidine is large. Inspired by ledipasvir, we adopted the
same transformation to convert pyrrolidine into [2.2.1] azabicyclic ring.
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Fig. 1. nirmatrelvir.
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In addition, benzothiazolyl ketone was chosen as the warhead.

In order to understand how the compound A binds to SARS-CoV-2
3CLP™, molecular docking studies of compound A were performed in
the active sites of 3CLP™ structure (PDB ID:7VHS8) using Schrodinger,
and the results were summarized in Fig. 4. As shown in Fig. 4A, the
binding pattern of compound A (light blue) with 3CLP™ was similar to
that of nirmatrelvir (green), and the [2.2.1] azabicyclic ring of com-
pound A could be accommodated well in the binding pocket of the 6, 6-
dimethyl-3-azabicyclo [3.1.0] hexane of nirmatrelvir. In the binding
model (Fig. 4B), the benzothiazoyl ketone warhead of compound A was
covalently bound to Cys145, the benzothiazolyl group formed a n-n
interaction with His-41, and amide groups interacted with His-164, Glu-
166, and Leu-167 to form hydrogen bond interactions.

In summary, we designed and synthesized a series of peptidomimetic
compounds containing benzothiazolyl ketone and an [2.2.1] azabicyclic
ring in the hope of obtaining 3CLP™ inhibitors with high potency and
good pharmacokinetic properties.

2. Results and discussion
2.1. Chemistry

The synthesis of the target compounds 11a-11j was described in
Scheme 1. The reaction of commercially available Methyl(S)-2-(Boc-
amino)-3-[(S)-2-oxo-3-pyrrolidinyl]propanoate with N, O-dimethyl hy-
droxylamine (HN(OMe)Me-HCl) in the presence of the Grignard reagent
i-PrMgCl afforded Weinreb amide 2. The Weinreb amide 2 was reacted
with benzothiazole in the presence of n-Butyllithium (n-BuLi) via a
nucleophilic substitution reaction to give key intermediate 3. Compound
4 was esterified to obtain the intermediate 5, which was then depro-
tected and coupled with different carboxylic acids 6a-6e to obtain the
corresponding N-protected amino acid esters 7a-7e. The intermediates
7a-7e were deprotected and reacted with trifluoromethanesulfonic an-
hydride or dimethylsulfamoyl chloride to afford compounds 8a-8e.
Then 8a-8e were hydrolyzed with lithium hydroxide monohydrate
(LiOH-H30) to furnish the corresponding carboxylic acid fragments 9a-
9e. Using the same conditions, compound 10a was obtained by hydro-
lyzing compound 7a. Compound 3 was deprotected and subsequently
coupled with 9a-9e and 10a in the presence of the coupling agent O-(7-
Azabenzotriazol-1-yl)-N, N, N, N'-tetramethyl uronium (HATU) and N,
N-diisopropylethylamine (DIEA) to afford the target compounds 11f-11j
and 11a. Compound 11a was deprotected and reacted with different
anhydrides and organic acids to obtain the target compounds 11b-11e.

2.2. Biological activity evaluation

2.2.1. SARS-CoV-2 3CIP™ inhibitory activities of compounds 11a-11f
The crystal structures of 3CLP™ with different compounds have been
reported [43-45]. As shown in Fig. 4A, the P4 pocket has a polar gap and
a hydrophobic cavity. Therefore, acyl and sulfonyl groups connected
with different hydrophobic groups are selected at the Ry position, hop-
ing to obtain compounds with high activity and good pharmacokinetic
properties. A series of compounds 11a-11f were designed, synthesized,
and evaluated the inhibitory activities against SARS-CoV-2 3CLP™ and
nirmatrelvir was used as a positive control. The results were summarized
in Table 1. This result showed that compound 11b, which introduced a
trifluoroacetyl group at the Ry position, displayed the most excellent
activity of all the designed compounds (ICsg = 0.110 pM), but was lower
than that of nirmatrelvir (ICso = 0.035 pM). When the two fluorine
atoms of 11b were replaced with slightly larger methyl groups, the ac-
tivity of 11c decreased 11 folds (IC59 = 1.268 uM). When replacing the
three fluorine atoms of 11b with the smaller deuterium atoms, the ac-
tivity of 11d decreased 5 folds (ICso = 0.527 pM). In addition, the ac-
tivity of 11a with the t-butyloxy carbonyl group in the R; position
decreased 45 times (ICsop = 5.003 pM) compared to that of 11b. The
above results indicate that the Rj position is sensitive to the occupied
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Scheme 1. Synthesis of the target compounds 11a-11j. Reagents and conditions: (a) HN(OMe)Me-HCl, i-PrMgCl (2 M in THF), THF, 0 °C, 3 h; (b) benzothiazole, n-
BulLi (1.6 M in THF), THF, —78 °C, 3 h; (¢c) 4 M HCl in 1, 4-dioxane, DCM, 20-25 °C, 40 min; (d) dimethyl sulfate, NaOH, THF, 65 °C, 2 h; (e) 4 M HCl in 1, 4-dioxane,
DCM, 20-25 °C, 40 min; (f) HATU, DIEA, DCM, 20-25 °C, 3-5 h; (g) LiOH-H,0, THF, H;0, MeOH, 25 °C, 3 h; (h) HATU, DIEA, DCM/DMF, 20-25 °C, 3-5 h; (i) 4 M
HCl in 1, 4-dioxane, DCM, 20-25 °C, 40 min; (j) trifluoroacetic anhydride/2-fluoroisobutyric acid/acetic hydride-dg/trifluoromethanesulfonic anhydride, EtsN, DCM,
20-25 °C, overnight; (k) 4 M HCl in 1, 4-dioxane, DCM, 20-25 °C, 40 min; (1) dimethylsulfamoyl chloride/trifluoromethanesulfonic anhydride, EtsN, DCM, 0 °C, 1 h,
and then 25 °C, 1 h; (m) LiOH-H,0, THF, H,0, MeOH, 25 °C, 3 h; (n) HATU, DIEA, DCM/DMF, 20-25 °C, 3-5 h.

Table 1

Inhibition activities of compounds 11a-11f against SARS-CoV-2 3CLP™.

R1\ NH

N o
N7"s
Entry no. R; ICso (UM)
11a o] J< 5.003
Bi
11b o 0.110
Jgk CF3
1lc o 1.268
A
11d 0 0.527
5o,
11e 0.868
i{ézo
CFs
11f o 0.584
AN
nirmatrelvir® 0.035

@ Used as a positive control.

space of the substituent group. Besides, compound 11e, which replaced
the trifluoroacetyl group of 11b with a trifluoromethosulfonyl group,
showed 8 times lower inhibitory activity against 3CLP™ (ICsq = 0.868
puM) than that of compound 11b. When replacing the trifluoromethyl
group with the dimethylamino group, the activity of compound 11f
(ICs0 = 0.584 pM) was still lower than that of compound 11b, although
slightly higher than that of compound 11e.

2.2.2. Microsomal stability of compounds 11b-11f

Based on the good enzyme activities and the concern about the
metabolic properties of compounds, the microsomal stability tests of
compounds 11b-11f were performed. Nirmatrelvir was used as a posi-
tive control. The data on microsomal stability in the species of human
and mouse were shown in Table 2. The microsomal stability varied
widely between different compounds. Deuteration is a common strategy

Table 2
Microsomal stability of compounds 11b-11f on species of human and mouse.

Entry no. ti/2 (minute)”
human mouse

11b 11.60 7.74
11c 18.03 4.82
11d 42.20 33.75
11e >120 >120
11f 3.25 0.85
nirmatrelvir® 35.5 17.7

@ Used as a positive control.
Y The tested concentration of compounds was 1 pM.
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to improve metabolic stability in medicinal chemistry. By replacing the
trifluoroacetyl group of 11b with the trideuterium acetyl group, the
microsomal stability of 11d was improved compared with 11b in both
human and mouse species, and was similar to that of nirmatrelvir in
human species. The t; 2 of 11b and 11d were 11.60 min and 42.20 min
in the human species, respectively, and 7.74 min and 33.75 min in the
mouse species. When the two fluorine atoms of 11b were replaced with
slightly larger methyl groups, the t; » of 11¢ was similar to that of 11b in
both human and mouse species. Compared with other tested com-
pounds, the microsomal stability of compound 11e, which replaced the
trifluoroacetyl group of 11b with the trifluoromethosulfonyl group, was
significantly improved. The t; /3 of 11e in both human and mouse species
were more than 120 min. But when replacing the trifluoromethyl group
with the dimethylamino group, the t;,5 of 11f decreased significantly
compared to compound 11e.

2.2.3. Pharmacokinetic properties of compounds 11b and 11e

Among the tested compounds, 11b had the best enzymatic potency,
and 11e had the best metabolic stability in vitro and good enzyme ac-
tivity. Therefore, compounds 11b and 11e were chosen for further
evaluation of their pharmacokinetic properties. The single-dose phar-
macokinetics of 11b and 11e in ICR mice were given in Table 3. Nir-
matrelvir was used as a positive control. This result exhibited that both
11b and 11e showed desirable pharmacokinetic properties. Following
single-dose oral administration, the AUC.¢) of 11e was 2.4 times higher
than that of 11b and 5 times higher than that of nirmatrelvir. And the
Cmax Of 11e was 2.1 times greater than that of 11b and 1.8 times greater
than that of nirmatrelvir. In addition, the oral bioavailability of com-
pounds 11b and 11e was greater than that of nirmatrelvir. And 11e
displayed better oral bioavailability (F = 67.98%) than that of 11b (F =
47.25%).

2.2.4. SARS-CoV-2 3CIP™ inhibitory activities of compounds 11g-11j
The compound 11e was chosen for further modification according to
its inhibitory activity against 3CLP™ and pharmacokinetic properties.
Because the groups in Ry position may correspond to a hydrophobic
pocket in the structure of 3CLP™, the hydrophobic groups are preferred
at Ry position. Compounds 11g-11j were designed, synthesized and
evaluated for their inhibitory activities against SARS-CoV-2 3CLP™, in
which the Ry position groups were different hydrophobic groups
including ethers, p-methoxybenzyl, cyclohexyl methyl and adamantyl.
As shown in Table 4, the results showed that the inhibitory activities of
these compounds against 3CLP™ ranged from 1.5 pM to 5.5 puM. When
replacing the tert-butyl group of 11e with the tert-butoxymethyl group,
the enzyme activity of 11g decreased 3 times (ICs5o = 2.741 pM)
compared to that of 11e (ICso = 0.868 pM). By replacing the tert-butyl
group of 11e with the p-methoxybenzyl group, the enzyme activity of
11h decreased 6 times (ICso = 5.335 pM) compared to that of 11e. When
replacing the p-methoxybenzyl group of 11h with the aliphatic cyclo-
hexyl methyl group, the enzyme activity of 11i (ICso = 5.140 uM) was
slightly decreased compared to 11h. Among compounds 11g-11j,
compound 11j, which introduced an adamantyl group at the R, position,

European Journal of Medicinal Chemistry 257 (2023) 115512

Table 4
Inhibition activities of compounds 11g-11j against SARS-CoV-2 3CLP™.

Entry no. Ry ICs0 (UM)
11g ﬁto% 2.741
11h L@OCHS 5.335
11i 5.140

O
11 ﬁ 1.646

nirmatrelvir * 0.035

@ Used as a positive control.

showed the best enzyme inhibition activity. But the 3CLP™ inhibitory
activity of 11j (ICso = 1.646 pM) was slightly lower than that of 11e
(IC5p = 0.868 pM).

2.2.5. Pharmacokinetic properties of compound 11j

Although the enzyme inhibitory activity of 11e, which replaces the
trifluoroacetyl group of 11b with the trifluoromethosulfonyl group, was
slightly lower than that of 11b, the AUC(q.r), Cmax and oral bioavail-
ability of 11e in ICR mice were significantly improved. Therefore, the
pharmacokinetic properties of 11j whose R; position was tri-
fluoromethosulfonyl group, were evaluated. The single-dose pharma-
cokinetics of 11j in ICR mice were given in Table 5. The oral
bioavailability of 11j was 48.1%, which was similar to that of 11b (F =
47.25%). After oral administration, the AUC(.¢) of 11j (32473 h*ng/mL)
was about 6.3 times higher than that of 11e (5143 h*ng/mL), and the
Ty/2 of 11j (2.1 h) was longer than that of 11e (0.76 h). This result
exhibited that compound 11j showed high plasma exposure after oral
administration.

Table 5
Single dose PK of compound 11j.

Administration® Ty, (h) Chmax (ng/  AUC(o.p AUC(0.«0) F

mL) (h*ng/mL) (h*ng/mL) (%)

v 1.38 + b 33780 + 34308 + -
0.2 4258.5 4670

PO 21+ 9327 + 32473 + 33207 + 48.1
0.8 3316 16572.8 16862

? Single IV dose was 10 mg/kg and PO dose was 20 mg/kg.
b Not tested.

Table 3
Single dose PK of compounds 11b and 11e.
Entry no. Administration® T1/2 (h) Cmax (ng/mL) AUCo.9 AUC(g.0) F (%)
(h*ng/mL) (h*ng/mL)
11b v 0.47 = 0.09 P 2281 + 325 2284 + 324 -
PO 0.91 + 0.09 1597 £ 135 2155 + 168 2161 £ 171 47.25 + 3.69
11le v 0.74 = 0.04 - 3783 + 389 3857 + 388 -
PO 0.76 = 0.03 3342 + 1243 5143 + 303 5153 + 306 67.98 + 4.01
nirmatrelvir® v 0.42 + 0.10 - 2240 + 101 2241 £ 101 -
PO 0.51 +0.10 1819 + 695 1023 + 195 1029 + 202 22.85 + 4.35

@ Single IV dose was 10 mg/kg and PO dose was 20 mg/kg.

b Not tested.

¢ Used as a positive control.
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2.2.6. SARS-CoV-2 antiviral activities and cytotoxicities of 11e and 11j

Finally, the antiviral activity tests against SARS-CoV-2 WIV04 and
the cytotoxicity tests in Vero E6 cells of compounds 11e and 11j were
performed using nirmatrelvir as the positive control. As shown in
Table 6, the antiviral activity of compound 11j (ECso = 0.18 pM) was
better than that of nirmatrelvir (ECso = 0.24 pM) and compound 11e
(ECsp = 0.32 pM). Besides, the CCsq values of 11e and 11j were all more
than 50 pM. It was worth mentioning that the ECso value (0.18 pM) of
the antiviral activity of compound 11j in Vero E6 cells was lower than
the ICsg value (1.646 uM) of the 3CLP™ inhibitory activity. We suspected
that the mismatch may be related to many factors, such as the different
incubation time of the compound with SARS-CoV-2 3CLP™ (10 min) and
Vero E6 cells (24 h), and the cell penetration propensity of the com-
pound. The strong hydrophobicity of the benzothiazole unit and the
adamantane unit may be conducive to increasing cell penetration [40],
but the real reason needs to be deeply explored in the future.

In summary, in addition to high plasma exposure after oral admin-
istration in ICR mice, 11j exhibited excellent anti-SARS-CoV-2 activity
in Vero E6 cells and a large security window (SI = 300). Besides, the
Cmax of 11j was 70 times greater than its ECsg in Vero E6 cells. The
mouse plasma concentrations at different time after oral administration
of 20 mg/kg 11j and the ratio of plasma concentration to ECsy were
shown in Table S1.

2.2.7. Protease inhibition selectivity of compound 11j

To evaluate the protease inhibition selectivity of 11j between 3CLP™
and the other cysteine proteases, the inhibitory activities of 11j against
chymotrypsin, cathepsin B and cathepsin L were tested. As shown in
Table 7, the inhibition of 11j against chymotrypsin, cathepsin B and
cathepsin L at 20 pM was 55.79%, —32.93% and 26.96%, respectively.
Based on the inhibitory activity of 11j against SARS-CoV-2 3CLP™ (ICsg
= 1.646 pM), 11j displayed high inhibition selectivity between 3CLP™
and other tested cysteine proteases.

3. Conclusion

In an effort to develop high efficiency, low toxicity, and oral pepti-
domimetic 3CLP™ inhibitors, a series of peptidomimetic compounds
were designed, synthesized, and evaluated. The SARS-CoV-2 3CLP™ in-
hibition activities of compounds 11a-11f, in which the substituent of Ry
included different acyl and sulfonyl groups, were evaluated. The com-
pounds displayed varied enzyme inhibition activities and the structure-
activity relationship (SAR) of 11a-11f were discussed. The microsomal
stability tests showed the half-life of 11e in both species of human and
mouse were more than 120 min. Next, compound 11e showed a high
AUC(o.) (po, 20 mg/kg, 5143 h*ng/mL) and better oral bioavailability
(F = 67.98%) in ICR mice. The compounds 11g-11j, in which the Ry
position groups were different hydrophobic groups, were derivatives of
11e. Among them, the AUC.y) of 11j (po, 20 mg/kg, 32473 h*ng/mL)
was 6.3 times greater than that of 11e (po, 20 mg/kg, 5143 h*ng/mL) in
ICR mice. Furthermore, both compounds 11e and 11j showed good
antiviral activities and low cytotoxicities (CCso > 50 pM) in Vero E6
cells. The ECsg value of 11e was 0.32 pM and the ECsg value of 11j was
0.18 pM. Besides, 11j displayed high inhibition selectivity between
3CLP™ and other tested cysteine proteases. In summary, 11j was

Table 6
Antiviral activities against SARS-CoV-2 WIV04 and cytotoxicities in Vero E6
cells of compounds 11e and 11j.

Entry no. ECso (uM) CCsp (1M) SI°
11e 0.32 137.4 429
11j 0.18 53.99 300
nirmatrelvir’ 0.24 >500 >2083

@ SI = CCs0/ECsp.
b Used as a positive control.
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Table 7
Protease inhibition by compound 11j.

Protease Inhibition (%)?, 20 M
Chymotrypsin 55.79

Cathepsin B -32.93

Cathepsin L 26.96

@ Data presented is the mean value of two independent
determinations.

recognized as a promising lead compound in the development of oral
3CLP™ inhibitors for the treatment of a more comprehensive population
of COVID-19.

4. Experimental section
4.1. Materials and methods

Reagents and solvents were commercial and were used without
further purification. 'H NMR and '3C NMR spectra were recorded using
a Bruker 400 MHz, 500 MHz, 600 MHz, or 800 MHz spectrometer with
tetramethylsilane as an internal standard. High-resolution mass spectra
(HRMS) were measured on a Micromass Ultra Q-TOF spectrometer. All
target compounds possessed a purity of >95% as determined by HPLC.
HPLC analysis was performed using an Agilent 1260 instrument or a
Thermo Scientific UltiMate 3000 instrument. The HPLC methods for the
target compounds were shown in Table S2.

4.2. Synthesis of 3 and 5

4.2.1. Synthetic procedure for the preparation of tert-butyl((S)-1-(benzo
[d]thiazol-2-yl) -3-((S)-2-oxopyrrolidin-3-ylpropan-2-yl) carbamate (3)

In a 500 mL round bottom flask, starting materials Methyl (S)-2-(Boc-
amino)-3-[(S)-2-oxo-3-pyrrolidinyl] propanoate (8 g, 28 mmol) and N,
O-dimethylhydroxylamine hydrochloride (6.817 g, 70 mmol) were
added, followed by the addition of dry THF (80 mL) under nitrogen
protection. And the solution was added dropwise to isopropyl magne-
sium chloride (i-PrMgCl) (98 mL, 2 M in THF) over 30 min using a
constant pressure drip funnel at 0 °C, and the solution was stirred for 3 h.
The reaction was quenched with a saturated ammonium chloride solu-
tion. The mixture was extracted with ethyl acetate, and then dried over
NaySO4. The organic layer was concentrated under reduced pressure,
and the resulting residue was purified by eluting through a silica gel
column with a 2:1 PE/acetone solvent system to give the pure compound
2 (8.2 g). Yield 90% from 1; white solid; 'H NMR (500 MHz, DMSO-dg):
§7.62 (s, 1H), 7.00 (dd, J = 179.1, 7.0 Hz, 1H), 4.39 (dd, J = 34.4, 26.8
Hz, 1H), 3.72 (s, 3H), 3.34-3.33 (m, 1H), 3.17-3.12 (m, 2H), 3.10 (s,
3H), 2.34-2.22 (m, 1H), 2.19-2.12 (m, 1H), 1.94-1.84 (m, 1H),
1.66-1.57 (m, 1H), 1.36 (s, 9H). '3C NMR (126 MHz, DMSO-de): &
178.13, 155.60, 77.99, 61.18, 49.15, 39.44, 37.74, 32.36, 28.20, 27.26.
ESI-MS: m/z 316.4 [M + H] .

To a solution of benzothiazole (6.9 mL, 63.49 mmol) in THF (40 mL)
at —78 °C was added n-BuLi (1.6 M in THF, 28 mL) dropwise over 30 min
under nitrogen protection. After 1 h of stirring, the Weinreb amide 2 (4
g, 12.7 mmol) in THF (25 mL) was slowly added over 15 min, and the
solution was stirred for 3 h. The reaction was quenched with a saturated
ammonium chloride solution. The mixture was extracted with ethyl
acetate, and then dried over NaySO4. The organic layer was concen-
trated under reduced pressure, and the resulting residue was purified by
eluting through a silica gel column with a 3:1 PE/acetone solvent system
to give the pure compound 3 (3.9 g). Yield 79% from 2; yellow solid; *H
NMR (400 MHz, DMSO-dg): 5 8.25 (t, J = 8.6 Hz, 2H), 7.74 (d, J = 7.0
Hz, 1H), 7.70-7.61 (m, 3H), 5.27 (s, 1H), 3.23-3.16 (m, 2H), 2.27 (s,
1H), 2.07-1.99 (m, 1H), 1.83 (dt, J = 21.5, 10.8 Hz, 2H), 1.45-1.26 (m,
9H). '3C NMR (101 MHz, DMSO-dg): & 193.75, 178.09, 164.49, 155.66,
152.92, 136.31, 128.14, 127.50, 125.18, 123.17, 78.40, 54.95, 38.08,
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31.89, 28.11, 27.37. ESI-MS: m/z 390.2 [M + H]'.

4.2.2. Synthesis of 2-(tert-butyl) 3-methyl (1R,3S,4S)-2-azabicyclo[2.2.1]
heptane-2,3- dicarboxylate (5)

To a solution of (3S)-N-Boc-2-azabicyclo [2.2.1] heptane-3-
carboxylic acid (10 g, 41.45 mmol) in THF (150 mL) at 60 °C was
added an aqueous sodium hydroxide solution (2.5 g, 62.17 mmol) and
dimethyl sulfate (6 mL, 62.17 mmol) respectively and slowly at the same
time. Then the solution was stirred for 2 h. The reaction was monitored
by TLC. To the cooled reaction was added 100 mL of water, and the
mixture was extracted with ethyl acetate, and then dried over NasSOy4.
The organic layer was concentrated under reduced pressure, and the
resulting residue was purified by eluting through a silica gel column
with a 10:1 PE/EA solvent system to give the pure compound 5 (9 g).
Yield 87% from 4; colorless oil; 'H NMR (400 MHz, DMSO-dg): 64.12 (d,
J=29.4Hz, 1H), 3.71 (d, J = 6.2 Hz, 1H), 3.63 (d, J = 7.7 Hz, 3H), 2.59
(s, 1H), 1.71 (dd, J = 24.9, 9.9 Hz, 2H), 1.64-1.56 (m, 1H), 1.49(d, J =
6.3 Hz, 2H), 1.35 (d, J = 33.5 Hz, 9H), 1.28-1.23 (m, 1H). 13C NMR
(126 MHz, DMSO-dg): 56 171.10, 170.89, 153.22, 152.02, 78.79, 78.60,
63.57, 63.44, 56.92, 55.54, 51.68, 41.99, 41.37, 34.71, 34.05, 30.09,
29.87, 28.06, 27.85, 27.15, 27.06. ESI-MS: m/z 256.0 [M + H] .

4.3. Synthesis of 7a-7e
The carboxylic acids 6a-6e were commercially available.

4.3.1. Synthesis of methyl (1R,3S,4S)-2-((S)-2-((tert-butoxycarbonyl)
amino) -3,3- dimethylbutanoyl)-2-azabicyclo[2.2.1 ]heptane-3-carboxylate
o

To a solution of the N-Boc protected amine 5 (4 g, 15.69 mmol) in
DCM (30 mL) was added 4 M HCl in 1, 4-dioxane (40 mL, 156.9 mmol)
under nitrogen protection at 20-25 °C. After stirring for 40 min, the
mixture was concentrated under reduced pressure to obtain the inter-
mediate 3. Then, to a solution of 3’ in DCM (40 mL), N-tert-Butylcar-
bamoyl-L-tert-leucine 6a (3.628 g, 15.69 mmol), and HATU (6.259 g,
15.69 mmol) were added. The resulting solution was cooled to 0 °C
under ice bath conditions, and DIEA (8.2 mL, 47.07 mmol) was then
added dropwise under nitrogen protection. After adding, the ice bath
was removed and the mixture was allowed to stir for 3-5 h at 20-25 °C.
Then, the solvent was evaporated under reduced pressure, and the res-
idue was dissolved in ethyl acetate. The organic layer was washed with a
saturated ammonium chloride solution and brine. This solution was
dried over NaySOy, filtered, and evaporated under reduced pressure to
give the compound 7a (5.2 g) without further purification. Yield 90%
from 5; faint yellow solid; 11 NMR (400 MHz, DMSO-dg): 8 6.42 (d, J =
9.2 Hz, 1H), 4.55 (s, 1H), 4.21 (d, J = 9.4 Hz, 1H), 3.86 (s, 1H), 3.60 (s,
3H), 2.61 (s, 1H), 1.81 (d, J = 9.8 Hz, 1H), 1.66 (t,J = 11.2 Hz, 4H), 1.48
(dd, J = 18.4, 13.6 Hz, 2H), 1.37 (s, 9H), 0.95 (s, 9H). 3C NMR (126
MHz, DMSO-dg): 6 170.29, 168.41, 155.46, 78.14, 63.21, 58.33, 58.08,
51.71, 40.71, 35.12, 34.66, 30.78, 28.17, 27.11, 26.21. ESI-MS: m/z
369.3 [M + H]".

The compounds 7b-7e were prepared from 6b-6e with 5, using a
method similar to that described for the synthesis of 7a.

4.3.2. methyl(1R,3S,4S)-2-(N-(tert-butoxycarbonyl)-O-(tert-butyl)-L-
seryl)-2-azabi cyclo[2.2.1]heptane-3-carboxylate (7b)

Yield 88% from 5; white solid; 1y NMR (500 MHz, DMSO-dg): 6 6.84
(d, J=8.3Hz, 1H), 4.48 (s, 1H), 4.28 (dd, J = 14.2, 6.9 Hz, 1H), 3.80 (s,
1H), 3.59 (s, 3H), 3.42-3.36 (m, 2H), 2.60 (s, 1H), 1.88 (d, J = 9.2 Hz,
1H), 1.69 (d, J = 13.6 Hz, 4H), 1.45 (s, 1H), 1.36 (s, 9H), 1.13 (s, 9H).
3c NMR (126 MHz, DMSO-dg): 6 170.13, 167.91, 155.08, 78.11, 72.67,
63.28, 61.95, 57.31, 52.33, 51.64, 42.42, 40.72, 38.25, 35.08, 33.30,
30.43, 28.19, 28.09, 27.11, 27.03. ESI-MS: m/z 421.5 [M + Na]™.
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4.3.3. methyl(1R,3S,4S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-(4-
methoxyphenyl) propanoyl) -2-azabicyclo[2.2.1 ]heptane-3-carboxylate
(7o)

Yield 87% from 5; white solid; 1 NMR (500 MHz, DMSO-dg): 6 7.23
(d, J = 8.5 Hz, 2H), 7.03 (d, J = 8.5 Hz, 1H), 6.83 (d, J = 8.6 Hz, 2H),
4.28 (td, J = 8.8, 5.6 Hz, 1H), 4.18 (s, 1H), 3.82 (s, 1H), 3.71 (s, 3H),
3.62 (s, 3H), 2.81 (dd, J = 13.9, 5.5 Hz, 1H), 2.71 (dd, J = 14.6, 9.6 Hz,
1H), 2.59 (s, 1H), 1.77 (d, J = 9.7 Hz, 1H), 1.70-1.61 (m, 3H), 1.43 (dd,
J = 12.5, 7.0 Hz, 1H), 1.33 (s, 1H), 1.30 (s, 9H). 3C NMR (126 MHz,
DMSO-dg): 6 170.26, 169.04, 157.85, 155.14, 130.43, 129.57, 113.46,
77.97, 63.25, 57.31, 54.99, 53.60, 51.74, 40.63, 36.37, 35.18, 30.51,
28.16, 27.08. ESI-MS: m/z 455.4 [M + Na] ™.

4.3.4. methyl(1R,3S,4S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-
cyclohexylpropanoyl) -2- azabicyclo[2.2.1]heptane-3-carboxylate (7d)

Yield 89% from 5; yellow solid; I NMR (500 MHz, DMSO-dg): 6
6.99 (d, J = 8.5 Hz, 1H), 4.28-4.19 (m, 2H), 3.81 (s, 1H), 3.59 (s, 3H),
2.69 (s, 2H), 2.60 (s, 1H), 1.81 (dd, J = 18.2, 11.5 Hz, 2H), 1.69-1.60
(m, 6H), 1.46 (dd, J = 18.0, 8.1 Hz, 2H), 1.36 (s, 9H), 1.32 (s, 1H), 1.18
(ddd, J = 28.1, 12.2, 6.9 Hz, 4H), 0.95-0.84 (m, 2H). 13C NMR (126
MHz, DMSO-dg): 6 170.28, 169.80, 155.39, 77.90, 62.98, 57.26, 51.73,
49.23, 40.65, 38.86, 38.25, 35.12, 33.43, 33.39, 31.88, 30.74, 28.22,
27.05, 26.06, 25.98, 25.78. ESI-MS: m/z 409.3 [M + H] ™.

4.3.5. methyl(1R,3S,4S)-2-((S)-2-((3S,5S,7S)-adamantan-1-yl)-2-((tert-
butoxycarbonyl) amino) acetyl)-2-azabicyclo[2.2.1]heptane-3-carboxylate
(7e)

Yield 92% from 5; white solid; TH NMR (500 MHz, DMSO-dg): 6 6.32
(d, J = 9.2 Hz, 1H), 4.54 (s, 1H), 4.07 (d, J = 9.4 Hz, 1H), 3.87 (s, 1H),
3.61 (s, 3H), 2.61 (s, 1H), 1.92 (s, 4H), 1.80 (d, J = 9.6 Hz, 1H), 1.66 (d,
J=18.2Hz, 12H), 1.58 (d, J = 11.6 Hz, 4H), 1.37 (s, 9H). 13C NMR (126
MHz, DMSO-dg): 6 170.22, 167.79, 155.46, 78.08, 63.25, 59.14, 58.33,
51.71, 40.68, 37.51, 36.42, 36.25, 35.18, 30.73, 28.15, 27.78, 27.08.
ESI-MS: m/z 447.4 [M + H]*.

4.4. Synthesis of methyl(1R,3S,4S)-2-((S)-2-((N,N-dimethylsulfamoyl)
amino)-3,3- dimethylbutanoyl)-2-azabicyclo[2.2.1 ]heptane-3-
carboxylate (8a)

To a solution of the compound 7a (368 mg, 1 mmol) in DCM (2 mL)
was added 4 M HCl in 1, 4-dioxane (2.5 mL, 10 mmol) under nitrogen
protection at 20-25 °C. After stirring for 40 min, the mixture was
concentrated under reduced pressure to obtain the intermediate 7a’.
Then, to a solution of 7a’ and DCM (2 mL), DIEA (0.52 mL, 3 mmol) was
added dropwise, along with dimethylsulfamoyl chloride (93 pL, 0.9
mmol) at 0 °C under nitrogen protection. After adding, the mixture was
allowed to stir at 0 °C for 1 h. Then, the ice bath was removed, and the
solution was allowed to stir for 1 h at 25 °C. The organic layer was
washed with a 1 M HCI solution and brine. This solution was dried over
NaySO0y, filtered and evaporated under reduced pressure. The resulting
residue was purified by eluting through a silica gel column with a 200:1
DCM/MeOH solvent system to give the pure compound 8a (300 mg).
Yield 80% from 7a; white solid; 14 NMR (400 MHz, DMSO-dg): & 7.12
(d, J=10.1 Hz, 1H), 4.53 (s, 1H), 3.85 (s, 1H), 3.76 (d, J = 10.1 Hz, 1H),
3.62 (s, 3H), 2.63 (s, 1H), 2.58 (s, 6H), 1.82 (d, J = 9.8 Hz, 1H),
1.75-1.63 (m, 3H), 1.46 (t, J = 9.9 Hz, 1H), 1.38 (d, J = 9.7 Hz, 1H),
1.00 (s, 9H). 13C NMR (126 MHz, DMSO-dg): 6 170.24, 167.60, 63.47,
61.10, 58.16, 51.68, 40.59, 37.62, 35.17, 35.08, 29.70, 27.24, 26.31.
ESI-MS: m/z 376.4 [M + H] ™.

4.5. Synthesis of 8b-8e

4.5.1. Synthesis of methyl (1R,3S,4S)-2-(O-(tert-butyl)-N-
((trifluoromethyDsulfonyl) -L-seryl)-2-azabicyclo[2.2.1]heptane-3-
carboxylate (8b)

To a solution of the compound 7b (1 g, 2.42 mmol) in DCM (5 mL)
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was added 4 M HCl in 1, 4-dioxane (6.1 mL, 24.2 mmol) under nitrogen
protection at 20-25 °C. After 40 min of stirring, the mixture was
concentrated under reduced pressure. Then, to a solution of the corre-
sponding deprotected mixture and DCM (15 mL), EtsN (1 mL, 7.25
mmol) was added dropwise, and trifluoromethanesulfonic anhydride
(406 pL, 2.42 mmol) at 0 °C under nitrogen protection. After adding, the
mixture was allowed to stir for 1 h at 0 °C. Then, the ice bath was
removed, and the solution was allowed to stir for 1 h at 25 °C. The
organic layer was washed with a 1 M HCI solution and brine. This so-
lution was dried over NaySOy, filtered, and evaporated under reduced
pressure. The resulting residue was purified by eluting through a silica
gel column with a 150:1 DCM/MeOH solvent system to give the pure
compound 8b (530 mg). Yield 51% from 7b; white solid; 1H NMR (500
MHz, DMSO-dg): 6 10.10 (d, J = 8.6 Hz, 1H), 4.44 (s, 1H), 4.21 (dd, J =
8.9, 4.4 Hz, 1H), 3.88 (s, 1H), 3.61 (d, J = 3.3 Hz, 3H), 3.50-3.43 (m,
2H), 2.64 (d, J = 1.7 Hz, 1H), 1.88 (d, J = 9.9 Hz, 1H), 1.75-1.68 (m,
2H), 1.54-1.46 (m, 2H), 1.40 (d, J = 9.9 Hz, 1H), 1.16 (d, J = 3.2 Hz,
9H). 13¢ NMR (126 MHz, DMSO-dg): 6 169.76, 165.89, 73.29, 63.46,
61.95, 57.62, 56.14, 51.78, 40.62, 35.14, 30.32, 26.95. ESI-MS: m/z
431.2 [M + HI™.

The compounds 8c-8e were prepared from 7c¢-7e with tri-
fluoromethanesulfonic anhydride using a method similar to that
described for the synthesis of 8b.

4.5.2. Synthesis of methyl (1R,3S,4S)-2-((S)-3-(4-methoxyphenyl)-2-
((trifluoromethyl) sulfonamido)propanoyl)-2-azabicyclo [2.2.1] heptane-3-
carboxylate (8c)

Yield 52% from 7c¢; white solid; H NMR (500 MHz, DMSO-dg): &
10.03 (d, J = 8.6 Hz, 1H), 7.23 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz,
2H), 4.13 (s, 1H), 4.09 (td, J = 9.1, 5.1 Hz, 1H), 3.83 (s, 1H), 3.66 (s,
3H), 3.57 (s, 3H), 2.88 (dd, J = 14.0, 5.0 Hz, 1H), 2.68 (dd, J = 14.0, 9.7
Hz, 1H), 2.56 (s, 1H), 1.70 (d, J = 9.9 Hz, 1H), 1.66-1.58 (m, 2H),
1.44-1.36 (m, 2H), 1.28 (d, J = 9.8 Hz, 1H). '°C NMR (126 MHz,
DMSO-dg): 6 169.86, 167.33, 158.25, 130.72, 127.82, 113.63, 63.40,
57.90, 57.56, 55.03, 51.87, 40.52, 37.26, 35.29, 30.45, 26.90. ESI-MS:
m/z 463.2 [M — H]".

4.5.3. Synthesis of methyl(1R,3S,4S)-2-((S)-3-cyclohexyl-2-
((trifluoromethyl) sulfonamido)propanoyl)-2-azabicyclo [2.2.1] heptane-3-
carboxylate (8d)

Yield 54% from 7d; white solid; 'H NMR (500 MHz, DMSO-dg): &
9.96 (d, J = 8.4 Hz, 1H), 4.19-4.12 (m, 2H), 3.89 (s, 1H), 3.61 (s, 3H),
2.65 (s, 1H), 1.83 (t,J = 11.4 Hz, 2H), 1.74-1.68 (m, 4H), 1.65-1.59 (m,
2H), 1.57-1.40 (m, 6H), 1.18 (dt, J = 18.0, 5.6 Hz, 3H), 1.02-0.92 (m,
2H). 1*C NMR (126 MHz, DMSO-de): & 169.88, 167.98, 63.13, 57.42,
53.46, 51.85, 40.48, 35.17, 33.21, 33.05, 31.19, 30.55, 26.87, 25.90,
25.58. ESI-MS: m/z 441.5 [M + H] .

4.5.4. Synthesis of methyl (1R,3S,4S)-2-((S)-2-((3S,5S,7S)-adamantan-1-
yD-2-((trifluoromethyDsulfonamido)acetyl)-2-azabicyclo [2.2.1] heptane-
3-carboxylate (8e)

Yield 50% from 7e; white solid; TH NMR (500 MHz, DMSO-dg): &
9.50 (d, J = 9.3 Hz, 1H), 4.58 (s, 1H), 3.92 (d, J = 9.3 Hz, 1H), 3.87 (s,
1H), 3.63 (s, 3H), 2.63 (d, J = 2.9 Hz, 1H), 1.96 (s, 3H), 1.80 (d, J = 9.9
Hz, 1H), 1.72 (dd, J = 19.1, 8.2 Hz, 4H), 1.69-1.64 (m, 6H), 1.56 (dd, J
= 23.4,11.9 Hz, 5H), 1.45 (t, J = 9.4 Hz, 1H), 1.38 (d, J = 9.8 Hz, 1H).
13C NMR (126 MHz, DMSO-dg): 8 170.03, 165.40, 63.70, 58.38, 51.80,
40.57, 37.27, 36.78, 36.13, 35.25, 29.89, 27.74, 27.08. ESI-MS: m/z
479.5 [M + H]™.

4.6. Synthesis of 9a-9e, 10a

4.6.1. Synthesis of (1R, 3S, 4S)-2-((S)-2-((N, N-dimethylsulfamoyl)
amino)-3,3-dimethylbutanoyl)-2-azabicyclo [2.2.1] heptane-3-carboxylic
acid (9a)

To a solution of the compound 8a (300 mg, 0.8 mmol) in THF (2 mL)
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at room temperature, added LiOH-H50 (50 mg, 1.2 mmol) in water (1
mL) and methanol (1 mL). After stirring for 3 h at 25 °C, the solvent was
evaporated under reduced pressure, and the resulting residue was dis-
solved in water. The pH of the mixture was adjusted to 3-4 by adding 1
M HCI (aq) dropwise. Then, the precipitated white solid was filtered and
dried to obtain the compound 9a (270 mg). Yield 93% from 8a; white
solid; 'H NMR (500 MHz, DMSO-dg): & 12.45 (s, 1H), 7.12 (d, J = 10.1
Hz, 1H), 4.48 (s, 1H), 3.74 (d, J = 11.4 Hz, 2H), 2.61 (d, J = 2.7 Hz, 1H),
2.57 (s, 6H), 1.85 (d, J = 9.7 Hz, 1H), 1.68 (ddd, J = 30.3, 19.4, 6.5 Hz,
3H), 1.42 (dd, J = 13.7, 6.7 Hz, 1H), 1.35 (d, J = 9.6 Hz, 1H), 0.99 (s,
9H). 13C NMR (126 MHz, DMSO-de): & 171.20, 167.51, 63.81, 61.13,
58.16, 40.57, 37.61, 35.12, 35.08, 29.77, 27.41, 26.35. ESI-MS: m/z
362.4 [M + H]™.

The compounds 9b-9e and 10a were prepared from 8b-8e and 7a,
using a method similar to that described for the synthesis of 9a.

4.6.2. Synthesis of (1R, 3S, 4S)-2-(O-(tert-butyl)-N-((trifluoromethyl)
sulfonyl)-L-seryl)-2-azabicyclo [2.2.1] heptane-3-carboxylic acid (9b)

Yield 96% from 8b; white solid; 'H NMR (500 MHz, DMSO-dg): &
12.49 (s, 1H), 10.09 (s, 1H), 4.39 (s, 1H), 4.20 (t, J = 6.7 Hz, 1H), 3.78
(s, 1H), 3.51-3.48 (m, 1H), 3.43 (d, J = 6.3 Hz, 1H), 2.64 (s, 1H), 1.90
(d, J=9.8 Hz, 1H), 1.71 (t, J = 8.2 Hz, 2H), 1.48 (dd, J = 29.3, 9.0 Hz,
2H), 1.38 (d, J = 9.7 Hz, 1H), 1.15 (s, 9H). °C NMR (126 MHz,
DMSO-dg): & 170.65, 165.81, 73.26, 63.82, 61.95, 57.61, 56.40, 40.57,
35.07, 30.43, 26.97. ESI-MS: m/z 417.3 [M + HI]™.

4.6.3. Synthesis of (1R, 3S, 4S)-2-((S)-3-(4-methoxyphenyl)-2-((trifluor-
omethyl) sulfonamido)propanoyl)-2-azabicyclo [2.2.1] heptane-3-
carboxylic acid (9c)

Yield 92% from 8c¢; white solid; 'H NMR (500 MHz, DMSO-dg): &
12.59 (s, 1H), 10.09 (s, 1H), 7.30 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.6 Hz,
2H), 4.23 (s, 1H), 4.14 (d, J = 5.1 Hz, 1H), 3.81 (s, 1H), 3.73 (s, 3H),
2.96 (dd, J = 14.1, 4.6 Hz, 1H), 2.75 (dd, J = 14.0, 10.0 Hz, 1H), 2.64 (s,
1H), 1.83 (d, J = 9.8 Hz, 1H), 1.74-1.67 (m, 2H), 1.50 (t, J = 9.3 Hz,
1H), 1.43 (t, J = 9.1 Hz, 1H), 1.36 (d, J = 9.7 Hz, 1H). 13C NMR (126
MHz, DMSO-dg): 6 170.76, 167.33, 158.21, 130.72, 113.63, 63.75,
58.08, 57.57, 55.03, 40.50, 37.29, 35.24, 30.57, 27.09. ESI-MS: m/z
451.3 [M + H]".

4.6.4. Synthesis of (1R, 3S, 4S)-2-((S)-3-cyclohexyl-2-((trifluoromethyl)
sulfonamido) propanoyl)-2-azabicyclo [2.2.1] heptane-3-carboxylic acid
(9d)

Yield 93% from 8d; white solid; "H NMR (800 MHz, DMSO-dg): &
12.53 (s, 1H), 9.94 (d, J = 8.1 Hz, 1H), 4.15 - 4.12 (m, 2H), 3.79 (s, 1H),
2.64 (s, 1H), 1.86 (d, J = 10.0 Hz, 1H), 1.81 (d, J = 12.2 Hz, 1H), 1.70
(ddd, J = 14.0, 9.7, 6.0 Hz, 4H), 1.64-1.60 (m, 2H), 1.58-1.55 (m, 1H),
1.50 (d, J = 11.0 Hz, 1H), 1.48-1.45 (m, 1H), 1.44-1.41 (m, 2H), 1.39
(d, J = 9.9 Hz, 1H), 1.21 (ddd, J = 12.1, 7.6, 2.6 Hz, 1H), 1.17-1.13 (m,
2H), 0.98 (ddd, J = 26.1, 17.2, 7.3 Hz, 2H). 13C NMR (201 MHz,
DMSO-dg): 8 170.77, 167.92, 63.51, 57.38, 53.52, 40.46, 35.10, 33.24,
33.05, 31.19, 30.60, 27.05, 25.91, 25.58. ESI-MS: m/z 427.5 [M + H] .

4.6.5. Synthesis of (1R, 3S, 45)-2-((S)-2-((3S, 5S, 7S)-adamantan-1-yD)-
2-((trifluoro methyl)sulfonamido)acetyl)-2-azabicyclo [2.2.1] heptane-3-
carboxylic acid (9e)

Yield 96% from 8e; white solid; 'H NMR (500 MHz, DMSO-dg): &
12.50 (s, 1H), 9.49 (d, J = 9.3 Hz, 1H), 4.54 (s, 1H), 3.91 (d, J = 9.3 Hz,
1H), 3.77 (s, 1H), 2.62 (d, J = 3.5 Hz, 1H), 1.94 (s, 3H), 1.86 (d, J = 9.8
Hz, 1H), 1.80-1.70 (m, 4H), 1.65 (dd, J =17.7, 12.2 Hz, 6H), 1.55 (dd, J
=25.6,11.6 Hz, 5H), 1.42 (t, J = 10.4 Hz, 1H), 1.36 (d, J = 9.6 Hz, 1H).
13¢ NMR (126 MHz, DMSO-dg): 6 171.11, 165.26, 63.75, 58.32, 40.47,
37.23, 36.81, 36.11, 35.11, 29.99, 27.78, 27.26. ESI-MS: m/z 465.4 [M
+H]™.
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4.6.6. Synthesis of (1R, 3S, 4S)-2-((S)-2-((tert-butoxycarbonyl)amino)-
3,3-dimethyl butanoyl)-2-azabicyclo [2.2.1] heptane-3-carboxylic acid
(10a)

Yield 96% from 7a; white solid; 'H NMR (400 MHz, DMSO-dg): &
12.39 (s, 1H), 6.36 (d, J = 9.3 Hz, 1H), 4.52 (s, 1H), 4.20 (d, J = 9.5 Hz,
1H), 3.77 (s, 1H), 2.60 (s, 1H), 1.85 (d, J = 11.4 Hz, 1H), 1.78-1.50 (m,
4H), 1.45-1.41 (m, 1H), 1.37 (s, 9H), 0.95 (s, 9H). 3C NMR (126 MHz,
DMSO-dg): 6 171.20, 168.30, 155.40, 78.08, 63.53, 58.30, 58.05, 40.66,
35.02, 34.71, 30.85, 28.14, 27.26, 26.22. ESI-MS: m/z 355.3 [M + H] .

4.7. Synthesis of 11a-11j

4.7.1. Synthesis of tert-butyl ((S)-1-((1R,3S,4S)-3-(((S)-1-(benzo[d]
thiazol-2-yl)-1-oxo -3-((S)-2-oxopyrrolidin-3-yl)propan-2-yl)carbamoyl)-
2-azabicyclo[2.2.1]heptan-2-yl)-3,3-dimethyl-1-oxobutan-2-yl) carbamate
(11a)

To a solution of the intermediate 3 (660 mg, 1.69 mmol) in DCM (4
mL) was added 4 M HCI in 1, 4-dioxane (4.3 mL, 16.9 mmol) under
nitrogen protection at 20-25 °C. After stirring for 40 min, the mixture
was concentrated under reduced pressure to obtain the intermediate 3.
Then, to a solution of 3’ in DCM (5 mL) and DMF (5 mL), the compound
10a (600 mg, 1.69 mmol), and HATU (677 mg, 1.69 mmol) were added.
The resulting solution was cooled to 0 °C under ice bath conditions, and
DIEA (884 pL, 5.07 mmol) was then added dropwise under nitrogen
protection. After adding, the ice bath was removed and the mixture was
allowed to stir for 3-5 h at 20-25 °C. Then, the dichloromethane was
evaporated under reduced pressure, and the residue was dissolved in
ethyl acetate. The organic layer was washed with a saturated ammo-
nium chloride solution and brine. This solution was dried over NaySO4,
filtered, and evaporated under reduced pressure. The resulting crude
compound was purified by silica gel column chromatography using
200:1 DCM/MeOH as eluents to obtain compound 11a (602 mg). Yield
57% from 10a; white solid; 'H NMR (500 MHz, DMSO-dg): 6 8.67 (d, J
= 7.9 Hz, 1H), 8.27 (dd, J = 7.2, 1.8 Hz, 1H), 8.24-8.21 (m, 1H), 7.66
(td, J = 7.0, 1.4 Hz, 2H), 7.63 (s, 1H), 6.47 (d, J = 9.2 Hz, 1H), 5.59
(ddd, J =11.4, 8.1, 3.0 Hz, 1H), 4.48 (d, J = 10.3 Hz, 1H), 4.18 (d, J =
9.3 Hz, 1H), 3.91 (s, 1H), 3.19 (t,J = 9.1 Hz, 1H), 3.10 (dd, J = 16.5, 9.1
Hz, 1H), 2.58 (td, J = 11.3, 3.5 Hz, 1H), 2.46 (s, 1H), 2.33-2.26 (m, 1H),
2.09-2.03 (m, 1H), 1.98 (d, J = 9.4 Hz, 1H), 1.82-1.76 (m, 2H), 1.65 (s,
3H), 1.37 (s, 9H), 1.28-1.19 (m, 2H), 0.94 (s, 9H). 13C NMR (126 MHz,
DMSO-de): & 193.15, 178.15, 169.95, 168.04, 164.31, 155.51, 152.90,
136.38, 128.19, 127.56, 125.18, 123.22, 77.97, 64.04, 58.19, 58.09,
52.80, 41.16, 37.58, 34.83, 34.54, 32.83, 30.87, 28.16, 27.48, 27.35,
26.30. ESI-MS: m/z 626.3 [M + H]*. HRMS (ESD: m/z calcd for
C32H4sNsO6S [M + HI™ 626.3007, found 626.3007. HPLC purity:
95.15% (Rt: 17.464 min).

The compounds 11f-11j were prepared from 9a-9e with 3, using a
method similar to that described for the synthesis of 11a.

4.7.2. Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo0-3-
((S)-2-oxo pyrrolidin-3-yDpropan-2-yl)-2-((S)-2-((N,N-
dimethylsulfamoyl)amino)-3,3-dimethyl butanoyl)-2-azabicyclo [2.2.1]
heptane-3-carboxamide (11f)

Yield 57% from 9a; white solid; 'H NMR (500 MHz, DMSO-dg): &
8.69 (d, J = 8.2 Hz, 1H), 8.29-8.26 (m, 1H), 8.24-8.20 (m, 1H), 7.67
(dq, J = 6.9, 5.6 Hz, 2H), 7.63 (s, 1H), 7.12 (d, J = 10.0 Hz, 1H), 5.64
(ddd, J =11.5, 8.3, 3.0 Hz, 1H), 4.44 (s, 1H), 3.93 (s, 1H), 3.75 (d, J =
10.0 Hz, 1H), 3.20-3.09 (m, 2H), 2.59 (s, 6H), 2.48 (s, 1H), 2.34-2.28
(m, 1H), 2.08-1.99 (m, 2H), 1.85-1.76 (m, 2H), 1.72-1.60 (m, 3H), 1.33
(d, J = 10.8 Hz, 1H), 1.23 (s, 2H), 0.98 (s, 9H). °C NMR (126 MHz,
DMSO-dg): 6 193.11, 178.22, 169.87, 167.30, 164.29, 152.91, 136.39,
128.22, 127.58, 125.19, 123.24, 64.22, 61.14, 58.04, 52.64, 41.13,
37.64, 37.57, 35.13, 34.84, 32.99, 29.93, 27.47, 26.37. ESI-MS: m/z
633.4 [M + H]". HRMS (ESI): m/z caled for CogH41NgO6So [M + H]T
633.2524, found 633.2529. HPLC purity: 96.96% (Rt: 7.952 min).
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4.7.3. Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-
((S)-2-oxo pyrrolidin-3-yDpropan-2-yl)-2-(O-(tert-butyl)-N-
((trifluoromethyDsulfonyl)-L-seryl)-2-azabicyclo [2.2.1] heptane-3-
carboxamide (11g)

Yield 43% from 9b; white solid; '"H NMR (800 MHz, DMSO-dg): &
10.11 (s, 1H), 8.64 (s, 1H), 8.27 (d, J = 8.0 Hz, 1H), 8.21 (d, J = 7.9 Hz,
1H), 7.67-7.65 (m, 3H), 5.42 (t, J = 7.6 Hz, 1H), 4.33 (s, 1H), 4.20 (s,
1H), 3.90 (s, 1H), 3.59-3.56 (m, 1H), 3.41 (d, J = 8.0 Hz, 1H), 3.20 (d, J
= 8.9 Hz, 1H), 3.13 (d, J = 7.3 Hz, 1H), 2.47 (dd, J = 10.5, 3.6 Hz, 1H),
2.43 (s, 1H), 2.30-2.27 (m, 1H), 2.09 (d, J = 10.3 Hz, 1H), 2.05 (d, J =
8.9 Hz, 1H), 1.81 (ddd, J = 12.6, 9.2, 5.4 Hz, 2H), 1.68 (d, J = 7.7 Hz,
2H), 1.53 (s, 1H), 1.36-1.33 (m, 1H), 1.22 (d, J = 4.1 Hz, 1H), 1.15 (s,
9H). 3¢ NMR (201 MHz, DMSO-dg): 6 193.26, 178.65, 169.78, 164.90,
153.32, 136.78, 128.61, 128.01, 125.53, 123.68, 73.80, 65.17, 58.14,
53.70, 41.47, 38.13, 35.49, 32.82, 30.98, 27.76, 27.56, 27.49, 27.35.
19F NMR (753 MHz, DMSO-de): 8 —77.33. ESI-MS: m/z 688.3 [M + H]*.
HRMS (ESI): m/z caled for CogH37F3N507S, [M + H]' 688.2081, found
688.20. HPLC purity: 95.02% (Rt: 17.845 min).

4.7.4. Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-ox0-3-
((S)-2-oxo pyrrolidin-3-yDpropan-2-yl)-2-((S)-3-(4-methoxyphenyD-2-
((trifluoromethyDsulfonamido)propanoyl)-2-azabicyclo [2.2.1] heptane-3-
carboxamide (11h)

Yield 45% from 9¢; white solid; 'H NMR (500 MHz, DMSO-dg): &
10.11 (d, J = 8.7 Hz, 1H), 8.74 (d, J = 7.3 Hz, 1H), 8.28 (d, J = 5.2 Hz,
1H), 8.23 (dd, J = 7.2, 1.7 Hz, 1H), 7.69-7.65 (m, 3H), 7.30 (d, J = 8.6
Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 5.45-5.42 (m, 1H), 4.24 (s, 1H), 4.12
(dd, J = 9.6, 3.6 Hz, 1H), 3.92 (s, 1H), 3.72 (s, 3H), 3.22-3.18 (m, 1H),
3.11 (d, J = 10.2 Hz, 1H), 2.73-2.68 (m, 1H), 2.45 (s, 1H), 2.32 (dd, J =
11.8, 5.9 Hz, 1H), 2.11 (d, J = 11.0 Hz, 1H), 2.02-1.99 (m, 1H),
1.86-1.80 (m, 2H), 1.69 (s, 2H), 1.51 (d, J = 10.5 Hz, 1H), 1.35 (d, J =
11.7 Hz, 1H), 1.28 (d, J = 9.5 Hz, 1H), 1.23 (d, J = 5.0 Hz, 2H). 13C NMR
(201 MHz, DMSO-dg): 6 192.85, 178.18, 169.45, 167.82, 164.46,
158.16, 152.86, 136.32, 130.64, 128.21, 128.15, 127.54, 125.10,
123.22,113.63, 64.68, 58.21, 57.58, 55.00, 53.39, 40.94, 37.79, 37.14,
35.20, 32.25, 30.59, 27.34, 27.13. ESI-MS: m/z 722.4 [M + H]*. HRMS
(ESD): m/z caled for C3oHasF3N507S2 [M 4+ H]T 722.1925, found
722.1922. HPLC purity: 96.44% (Rt: 17.868 min).

4.7.5. Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo0-3-
((S)-2-oxo pyrrolidin-3-yl)propan-2-yD)-2-((S)-3-cyclohexyl-2-
((trifluoromethyl)sulfonamido)propanoyl)-2-azabicyclo [2.2.1] heptane-3-
carboxamide (11i)

Yield 48% from 9d; white solid; '"H NMR (500 MHz, DMSO-dg): &
9.98 (d, J = 8.5 Hz, 1H), 8.73 (d, J = 7.3 Hz, 1H), 8.27 (d, J = 1.7 Hz,
1H), 8.23-8.21 (m, 1H), 7.66 (dd, J = 11.1, 4.4 Hz, 3H), 5.41-5.37 (m,
1H), 4.13 (d, J = 8.2 Hz, 1H), 4.10 (s, 1H), 3.89 (s, 1H), 3.20 (d, J = 8.7
Hz, 1H), 3.14 (d, J = 7.2 Hz, 1H), 2.65 (dd, J = 18.2, 16.3 Hz, 1H), 2.44
(s, 1H), 2.40-2.28 (m, 1H), 2.30-2.24 (m, 1H), 2.12-2.06 (m, 1H), 1.98
(s, 1H), 1.83-1.77 (m, 3H), 1.69 (d, J = 6.3 Hz, 3H), 1.59-1.49 (m, 4H),
1.34-1.28 (m, 2H), 1.23 (d, J = 5.0 Hz, 2H), 1.14 (dd, J = 22.9, 11.2 Hz,
3H), 0.95 (dd, J = 19.9, 10.3 Hz, 2H). 13C NMR (126 MHz, DMSO-ds): 5
192.87, 178.10, 169.46, 168.30, 164.44, 152.86, 136.31, 128.15,
127.54, 125.09, 123.22, 64.32, 57.35, 53.58, 53.35, 40.92, 37.72,
35.03, 33.25, 33.03, 32.19, 31.14, 30.62, 27.27, 27.09, 25.94, 25.84,
25.54. 1°F NMR (753 MHz, DMSO-dg): 6 —77.69. ESI-MS: m/z 698.5 [M
+ H]". HRMS (ESI): m/z caled for C31H39F3N506S2 [M + H]" 698.2288,
found 698.2296. HPLC purity: 95.47% (Rt: 3.570 min).

4.7.6. Synthesis of (S)-1-(benzo[d]thiazol-2-yD)-1-0x0-3-((S)-2-
oxopyrrolidin-3-ylpro pan-2-yl(1R,3S,4S)-2-((S)-2-((3S,5S,7S)-
adamantan-1-yl)-2-((trifluoromethyl)sulfonamido)acetyl)-2-azabicyclo
[2.2.1]heptane-3-carboxylate (11j)

Yield 47% from 9e; white solid; H NMR (500 MHz, DMSO-dg): &
9.65 (d, J = 9.3 Hz, 1H), 8.69 (d, J = 9.1 Hz, 1H), 8.28 (dd, J = 7.0, 2.1
Hz, 1H), 8.22 (dd, J = 7.1, 2.0 Hz, 1H), 7.70-7.65 (m, 2H), 7.62 (s, 1H),
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5.74 (ddd, J = 11.9, 9.2, 2.5 Hz, 1H), 4.53 (s, 1H), 3.92 (d, J = 7.8 Hz,
2H), 3.18 (d, J = 9.1 Hz, 1H), 3.03 (d, J = 7.4 Hz, 1H), 2.60 (d, J = 10.6
Hz, 1H), 2.43 (s, 1H), 2.40-2.35 (m, 1H), 2.11 (d, J = 9.2 Hz, 1H), 2.02
(d, J = 12.1 Hz, 1H), 1.94 (s, 3H), 1.79 (t, J = 14.7 Hz, 5H), 1.69-1.62
(m, 8H), 1.59 (d, J = 11.8 Hz, 3H), 1.49 (d, J = 11.2 Hz, 1H), 1.31-1.25
(m, 2H). 3¢ NMR (126 MHz, DMSO-dg): & 192.89, 178.41, 169.64,
164.81,164.32,152.93,136.40, 128.22,127.60, 125.16, 123.25, 64.29,
63.67, 58.17, 52.18, 40.99, 37.36, 37.18, 36.82, 36.16, 34.86, 33.60,
30.09, 27.86, 27.38. 1°F NMR (471 MHz, DMSO-dg): & —77.08. ESI-MS:
m/z 736.4 [M + H]". HRMS (ESI): m/z caled for G34H41F3N506S2 [M +
H]™ 736.2445, found 736.2447. HPLC purity: 97.20% (Rt: 3.887 min).

4.8. Synthesis of 11b-11e

4.8.1. Synthesis of (1R,3S,4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-0x0-3-
((S)-2-oxopyrr olidin-3-yDpropan-2-yD)-2-((S)-3,3-dimethyl-2-(2,2,2-
trifluoroacetamido)butanoyl)-2- azabicyclo[2.2.1]heptane-3-carboxamide
(11b)

To a solution of the compound 11a (300 mg, 0.48 mmol) in DCM (1
mL) was added 4 M HCl in 1, 4-dioxane (1.2 mL, 4.8 mmol) under ni-
trogen protection at 20-25 °C. After stirring for 40 min, the mixture was
concentrated under reduced pressure to obtain the intermediate 11a’.
Then, to a solution of 11a’ and DCM (5 mL), EtsN (2 mL, 1.44 mmol) and
trifluoroacetic anhydride (67 pL, 0.48 mmol) were added dropwise at
0 °C under nitrogen protection. After adding, the ice bath was removed
and the solution was allowed to stir all night at 20-25 °C. The organic
layer was washed with a 1 M HCI solution and brine. This solution was
dried over NaySOy, filtered, and evaporated under reduced pressure. The
resulting residue was purified by eluting through a silica gel column
with a 150:1 DCM/MeOH solvent system to give the pure compound
11b (100 mg). Yield 32% from 11a; white solid; I NMR (500 MHz,
DMSO-dg): 6 8.67 (d, J = 7.9 Hz, 1H), 8.27 (dd, J = 7.2, 1.8 Hz, 1H),
8.24-8.21 (m, 1H), 7.66 (td, J = 7.0, 1.4 Hz, 2H), 7.63 (s, 1H), 6.47 (d, J
=9.2Hz, 1H), 5.59(ddd, J=11.4, 8.1, 3.0 Hz, 1H), 4.48 (d, J = 10.3 Hz,
1H), 4.18 (d, J = 9.3 Hz, 1H), 3.91 (s, 1H), 3.19 (t, J = 9.1 Hz, 1H), 3.10
(dd, J =16.5, 9.1 Hz, 1H), 2.58 (td, J = 11.3, 3.5 Hz, 1H), 2.46 (s, 1H),
2.33-2.26 (m, 1H), 2.09-2.03 (m, 1H), 1.98 (d, J = 9.4 Hz, 1H),
1.82-1.76 (m, 2H), 1.65 (s, 3H), 1.37 (s, 9H), 1.28-1.19 (m, 2H), 0.94 (s,
9H). '3C NMR (126 MHz, DMSO-dg): 8 193.15, 178.15, 169.95, 168.04,
164.31, 155.51, 152.90, 136.38, 128.19, 127.56, 125.18, 123.22, 77.97,
64.04, 58.19, 58.09, 52.80, 41.16, 37.58, 34.83, 34.54, 32.83, 30.87,
28.16, 27.48, 27.35, 26.30. ESI-MS: m/z 626.3 [M + H]*. HRMS (ESI):
m/z caled for C3oH44N506S [M + H] T 626.3007, found 626.3007. HPLC
purity: 95.15% (Rt: 9.760 min).

4.8.2. Synthesis of (1R,3S,4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-0x0-3-
((S)-2-oxopy rrolidin-3-yDpropan-2-yl)-2-((S)-2-(2-fluoro-2-
methylpropanamido)-3,3-dimethylbutanoyl)-2-azabicyclo[2.2.1 ]heptane-3-
carboxamide (11c)

To a solution of the compound 11a (300 mg, 0.48 mmol) in DCM (4
mL) was added 4 M HCl in 1, 4-dioxane (1.2 mL, 4.8 mmol) under ni-
trogen protection at 20-25 °C. After stirring for 40 min, the mixture was
concentrated under reduced pressure to obtain the intermediate 11a’.
Then, to a solution of 11a’ and DCM (5 mL), the 2-fluoroisobutyric acid
(46 pL, 0.48 mmol), and HATU (192 mg, 0.48 mmol) were added. The
resulting solution was cooled to 0 °C under ice bath conditions, and
DIEA (250 pL, 1.44 mmol) was then added dropwise under nitrogen
protection. After adding, the ice bath was removed, and the mixture was
allowed to stir all night at 20-25 °C. Then, the dichloromethane was
evaporated under reduced pressure, and the residue was dissolved in
ethyl acetate. The organic layer was washed with a saturated ammo-
nium chloride solution and brine. This solution was dried over NasSOy4,
filtered, and evaporated under reduced pressure. The resulting crude
compound was purified by silica gel column chromatography using
200:1 DCM/MeOH as eluents to obtain the compound 11c (170 mg).
Yield 58% from 11a; white solid; 'H NMR (800 MHz, DMSO-dg): 6 8.71
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(d, J = 7.7 Hz, 1H), 8.27 (t, J = 5.9 Hz, 1H), 8.23 (d, J = 7.8 Hz, 1H),
7.68-7.64 (m, 3H), 7.06 (dd, J = 17.8, 13.2 Hz, 1H), 5.59-5.56 (m, 1H),
4.53 (d, J = 9.1 Hz, 2H), 3.94 (s, 1H), 3.20 (t, J = 9.2 Hz, 1H), 3.11 (d, J
=9.0 Hz, 1H), 2.56-2.52 (m, 1H), 2.32-2.28 (m, 1H), 2.07 (dd, J = 26.9,
13.1 Hz, 1H), 1.96 (d, J = 9.0 Hz, 1H), 1.81 (dd, J = 21.4, 10.5 Hz, 2H),
1.65 (dd, J = 28.0, 11.9 Hz, 3H), 1.52-1.49 (m, 3H), 1.45 (d, J = 22.2
Hz, 3H), 1.39-1.37 (m, 1H), 1.27-1.18 (m, 2H), 0.94 (d, J = 24.6 Hz,
9H). '3C NMR (201 MHz, DMSO-de): 5 193.10, 178.07, 171.48, 171.37,
169.73, 167.01, 164.27, 152.90, 136.38, 128.20, 127.56, 125.19,
123.22, 96.26, 95.37, 64.09, 58.15, 55.80, 54.91, 52.95, 41.19, 37.65,
35.37, 34.74, 32.71, 30.98, 27.41, 27.25, 26.07, 25.29, 25.17, 24.47,
24.35. '°F NMR (753 MHz, DMSO-dg): 5 —145.33. ESI-MS: m/z 614.4
[M + HI". HRMS (ESI): m/z caled for C3H4;FN50sS [M + H]T
614.2807, found 614.281. HPLC purity: 97.42% (Rt: 12.635 min).

4.8.3. Synthesis of (1R, 3S, 4S)-2-((S)-2-(acetamido-2,2,2-d3)-3,3-dime-
thylbutanoyl) -N-((S)-1-(benzo[d]thiazol-2-yl)-1-0x0-3-((S)-2-
oxopyrrolidin-3-ylpropan-2-yl)-2- azabicyclo [2.2.1] heptane-3-
carboxamide (11d)

To a solution of the compound 11a (300 mg, 0.48 mmol) in DCM (1
mL) was added 4 M HCl in 1, 4-dioxane (1.2 mL, 4.8 mmol) under ni-
trogen protection at 20-25 °C. After 40 min of stirring, the mixture was
concentrated under reduced pressure. Then, to a solution of the corre-
sponding deprotected mixture and DCM (5 mL), EtsN (2 mL, 1.44 mmol)
and acetic anhydride-dg (46 pL, 0.48 mmol) were added dropwise at 0 °C
under nitrogen protection. After adding, the ice bath was removed and
the solution was allowed to stir all night at 20-25 °C. The organic layer
was washed with a 1 M HCl solution and brine. This solution was dried
over NaySOy, filtered, and evaporated under reduced pressure. The
resulting residue was purified by eluting through a silica gel column
with a 150:1 DCM/MeOH solvent system to give the pure compound
11d (150 mg). Yield 55% from 11a; yellow solid; 'H NMR (500 MHz,
DMSO-dg): & 8.66 (d, J = 8.2 Hz, 1H), 8.27 (dd, J = 7.2, 1.8 Hz, 1H),
8.22(dd,J=7.2,1.6 Hz, 1H), 7.86 (d, J = 9.2 Hz, 1H), 7.66 (td, J = 7.1,
1.4 Hz, 2H), 7.63 (s, 1H), 5.63 (ddd, J = 11.6, 8.3, 3.1 Hz, 1H), 4.54 (d, J
= 9.2 Hz, 1H), 4.48 (s, 1H), 3.89 (s, 1H), 3.19 (t, J = 9.1 Hz, 1H),
3.12-3.06 (m, 1H), 2.59 (dt, J = 11.5, 5.8 Hz, 1H), 2.45 (s, 1H),
2.34-2.28 (m, 1H), 2.08-1.99 (m, 2H), 1.83-1.76 (m, 2H), 1.61 (d, J =
11.9 Hz, 3H), 1.34 (d, J = 9.5 Hz, 1H), 1.24 (d, J = 9.4 Hz, 1H), 0.96 (s,
9H). 13C NMR (126 MHz, DMSO-dp): 5 193.15, 178.26, 169.92, 169.15,
167.73,164.32,152.91, 136.40, 128.20, 127.57,125.18, 123.23, 64.09,
58.12, 56.24, 52.63, 41.12, 37.53, 34.89, 34.57, 33.01, 30.80, 27.47,
27.31, 26.38. ESI-MS: m/z 571.4 [M + H]*. HRMS (ESI): m/z calcd for
CaoH3sDsNsOsS [M + HIT 571.2776, found 571.2779. HPLC purity:
95.72% (Rt: 9.556 min).

4.8.4. Synthesis of (1R, 3S, 4S)-N-((S)-1-(benzo[d]thiazol-2-yl)-1-oxo-3-
((S)-2-oxopy rrolidin-3-yl)propan-2-yD)-2-((S)-3,3-dimethyl-2-
((trifluoromethylsulfonamido)butanoyl)-2-azabicyclo [2.2.1] heptane-3-
carboxamide (11e)

To a solution of the compound 11a (300 mg, 0.48 mmol) in DCM (1
mL) was added 4 M HCl in 1, 4-dioxane (1.2 mL, 4.8 mmol) under ni-
trogen protection at 20-25 °C. After stirring for 40 min, the mixture was
concentrated under reduced pressure. Then, to a solution of the corre-
sponding deprotected mixture 11a’ and DCM (5 mL), EtsN (2 mL, 1.44
mmol) was added dropwise, along with trifluoromethanesulfonic an-
hydride (81 pL, 0.48 mmol) at 0 °C under nitrogen protection. After
adding, the ice bath was removed, and the solution was allowed to stir
all night at 20-25 °C. The organic layer was washed with a 1 M HCl
solution and brine. This solution was dried over NaySQy, filtered, and
evaporated under reduced pressure. The resulting residue was purified
by eluting through asilica gel column with a 150:1 DCM/MeOH solvent
system to give the pure compound 11e (100 mg). Yield 32% from 11a;
white solid; 'H NMR (500 MHz, DMSO-dg): 6 9.63 (d, J = 9.4 Hz, 1H),
8.72(d,J = 8.6 Hz, 1H), 8.28 (dd, J = 7.0, 2.1 Hz, 1H), 8.22 (dd, J = 7.2,
2.0 Hz, 1H), 7.70-7.65 (m, 2H), 7.64 (s, 1H), 5.68 (ddd, J = 11.7, 8.6,
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2.8 Hz, 1H), 4.54 (s, 1H), 4.07 (d, J = 9.5 Hz, 1H), 3.94 (s, 1H), 3.18 (d,
J=9.1Hz, 1H), 3.11-3.06 (m, 1H), 2.60 (dt, J = 18.6, 5.8 Hz, 1H), 2.46
(s, 1H), 2.32 (dd, J = 12.7, 7.1 Hz, 1H), 2.02 (dd, J = 9.3, 4.4 Hz, 2H),
1.81 (dt, J = 22.3, 10.7 Hz, 2H), 1.70-1.61 (m, 2H), 1.52 (t, J = 9.3 Hz,
1H), 1.33 (d, J = 6.0 Hz, 1H), 1.24 (d, J = 7.5 Hz, 1H), 1.03 (s, 9H). '3C
NMR (126 MHz, DMSO-de): 8 193.02, 178.25, 169.65, 165.57, 164.27,
152.91, 136.41, 128.24, 127.60, 125.19, 123.25, 64.18, 62.76, 58.16,
52.49, 41.10, 37.48, 35.41, 34.79, 33.19, 30.10, 27.45, 27.36, 26.15.
ESI-MS: m/z 658.4 [M + H]". HRMS (ESI): m/z caled for
CogH3sF3N506S2 [M + H]T 658.1975, found 658.1979. HPLC purity:
96.47% (Rt: 4.101 min).

4.9. Molecular docking procedure

The X-ray structure of SARS-CoV-2 3CLP™ (PDB ID: 7VHS8) was
downloaded from the RCSB protein data bank. The molecular docking
was performed using the Glide Covalent Docking module in the software
package Schrodinger Suite 2020 to perform protein-ligand interaction
studies.

4.10. Biological experimental methods

4.10.1. SARS-CoV-2 3CIP™ inhibition assay for 11a-11j

A fluorescence resonance energy transfer (FRET) protease assay was
applied to measure the inhibitory activity of compounds against SARS-
CoV-2 3CLP™. The recombinant SARS-CoV-2 3CLP™ at a concentration
of 40 nM was mixed with serial dilutions of each compound in 80 pL of
assay buffer (50 mM Tris-HCl, pH 7.3, 1 mM EDTA) and incubated for
10 min. The reaction was initiated by adding 40 pL of a fluorogenic
substrate (Dacyl-KTSAVLQSGFRKME-Edans) at a final concentration of
5 pM. After that, the fluorescence signal at 340 nm (excitation) and 490
nm (emission) was measured immediately every 1 min for 5 min with a
Bio-Tek SynergyH1 plate reader. The velocities of reactions with com-
pounds added at various concentrations compared to the reaction added
with DMSO were calculated and used to generate inhibition profiles. For
each compound, at least three biological replicates were performed for
the determination of ICsq values.

4.10.2. Microsomal stability assay for 11b-11f and nirmatrelvir
Preheat 100 mM K-buffer with 5 mM MgCl, to pH 7.41. Solutions of
test and reference compounds were spiking. The tested concentration of
compounds was 1 pM. NADPH stock solution (6 mM, 5 mg/mL) is pre-
pared by dissolving NADPH in K/Mg-buffer. Dispense 30 pL of 1.5 pM
spiking solution containing 0.75 mg/mL microsomes solution to the
assay plates designated for different time points (0, 5, 15, 30, and 45
min). Pre-incubate the other plate at 37 °C for 5 min. For 0 min, add 150
pL of ACN containing IS to the wells before adding 15 pL of NADPH stock
solution (6 mM). For other time points, add 15 pL of NADPH stock so-
lution (6 mM) to the wells to start the reaction and timing. At 5 min, 15
min, 30 min, 45 min add 150 pL of ACN containing IS to the wells of
corresponding plates, respectively, to stop the reaction. After quenching,
shake the plates for 10 min (600 rpm) and then centrifuge at 6000 rpm
for 15 min. Transfer 80 pL of the supernatant from each well into a 96-
well sample plate containing 140 pL of pure water for LC/MS analysis.

4.10.3. Pharmacokinetics of 11b, 11e, 11j and nirmatrelvir

All experiment procedures involving animals were in accordance
with the guidelines of the Institutional Animal Care and Use Committee.
The mice were randomly assigned into IV and PO groups, three mice per
group. The mice received an intravenous (10 mg/kg) or oral (20 mg/kg)
dose. After that, the whole blood samples were collected at 0.083 h,
0.25 h, 0.5h, 1 h, 2 h, 4 h, 8 h and 24 h post-dose by intravenous
administration. And the whole blood samples were collected at 0.25 h,
0.5h,1h,2h,4h, 6h,8hand 24 h post-dose by oral administration. An
aliquot of a 20 pL plasma sample was protein precipitated with 400 pL
MeOH, which contains 100 ng/mL IS. The mixture was vortexed for 1
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min and centrifuged at 18000g for 10 min 400 pL of the supernatant
should be transferred to 96-well plates. An aliquot of 8 pL supernatant
was injected for LC-MS/MS analysis. The data analyzed and treated by
the non-atrioventricular model, data acquisition and control system
software were Phoenix WinNonlin 7.0 (Pharsight, USA).

4.10.4. Antiviral assay for 11e, 11j and nirmatrelvir

Vero E6 cells (50000 cells/well) were plated into 48-well plates, and
200 pL/well medium containing 1 pM compound was added and incu-
bated at 37 °C for 1 h. Then, SARS-CoV-2 WIV04 was added at a mul-
tiplicity of infection (MOI) of 0.01. After 24 h, the supernatant was
collected, and the viral RNA was extracted from the supernatant. The
viral copy number of the supernatant was detected by real-time fluo-
rescence quantitative PCR. The inhibition rate of the compound was
calculated based on the viral copy number.

4.10.5. Cytotoxic assay for 11e, 11j and nirmatrelvir

Vero E6 cells were plated in the 384-well plates at a density of 2.5 x
102 cells per well for 48 h. Then the cells were incubated with the test
articles at different concentrations (0.5-200 pM) for another 48 h (n =
3). A Luminescent Cell Viability Assay Kit purchased from Meilun
Biotech Co., Ltd. (Dalian, China) was used for the cytotoxicity assay,
with 10 pL of the Luminescent Cell Viability Assay Kit added to each well
for 10 min. The absorbance was measured by an automatic microplate
reader (Biotek, Winooski, VT, USA) at Luminescent. The half inhibitory
concentration (ICsp) values for each compound were calculated by
GraphPad Prism 8.3.0 software (GraphPad Software Inc., La Jolla, CA,
USA).

4.10.6. Protease selectivity assay for 11j

The chymotrypsin assay was performed as follows: Chymotrypsin
(Sigma, catalog # SLCH1926) at a final concentration of 5 nM was mixed
with 20 pM compound 11j in an assay buffer (phosphate buffer saline,
pH 7.4) and incubated for 10 min. Then, the fluorogenic substrate N-
succinyl-AAPF-AMC at a final concentration of 10 pM was added to
initiate the reaction. After that, the fluorescence signal was immediately
measured at 380 nm (excitation) and 460 nm (emission) every 1 min for
10 min using a Bio-Tek Synergy-H1 plate reader.

The cathepsin B assay was performed in a reaction buffer containing
20 mM sodium acetate (pH 5.5), 1 mM EDTA, and 2 mM DTT. 0.25 units
of cathepsin B (Sigma, catalog # SLCJ4379) and the testing compound
11j were added to each well and incubated for 30 min at ambient
temperature. The enzymatic reaction was started by adding 40 pL sub-
strate (Z-RR-AMC) at a final concentration of 1 pM. After that, the
fluorescence signal was immediately measured at 340 nm (excitation)
and 440 nm (emission) every 1 min for 10 min with a Bio-Tek Synergy-
H1 plate reader.

The cathepsin L (2 nM at a final concentration) was mixed with
compound 11j in 80 pL buffer (100 mM potassium phosphate, pH 6.8, 5
mM EDTA-Na, 0.001% Triton X-100, and 2 mM DDT). The reaction was
initiated by adding 40 pL of the fluorogenic substrate Z-FR-AMC (20
pM). After that, the fluorescence signal was immediately measured at
360 nm (excitation) and 450 nm (emission) every 1 min for 10 min with
a Bio-Tek Synergy-H1 plate reader.
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Abbreviations

COVID-19 Coronavirus disease 2019

FDA Food and Drug Administration

THF tetrahydrofuran

EtsN triethylamine

DMF N, N-dimethylformamide

AUC area under the curve

ECso half-maximal effective concentration

DCM dichloromethane

MeOH  methanol

PE petroleum ether

TLC thin layer chromatography
DMSO  dimethyl sulfoxide
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