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Hepatitis B virus (HBV) capsid assembly modulators (CAMs) are currently being evaluated in clinical trials as

potential curative therapies for HBV. This study used in silico computational modeling to provide insights

into the binding characteristics between the HBV core protein and two pyrrole-scaffold inhibitors, JNJ-

6379 and GLP-26, both in the CAM-Normal (CAM-N) series. Molecular dynamics simulations showed

that the pyrrole inhibitors displayed similar general binding-interaction patterns to NVR 3-778, another

CAM-N, with hydrophobic interactions serving as the major driving force. However, consistent with their

higher potency, the pyrrole inhibitors exhibited stronger nonpolar interactions with key residues in

a solvent-accessible region as compared to NVR 3-778. This feature was facilitated by distinct hydrogen

bond interactions of the pyrrole scaffold inhibitors with the residue 140 in chain B of the HBV core

protein (L140B). Based on these findings, novel CAM-N compounds were designed to mimic the

interaction with L140B residue while maximizing nonpolar interactions in the solvent-accessible region.

Several 1H-pyrrole-2-carbonyl substituted pyrrolidine-based compounds with various hydrophobic side

chains were synthesized and evaluated. Through analyses of the structure–activity and structure–

druggability relations of a series of compounds, CU15 emerged as the most promising lead CAM-N

compound, exhibiting sub-nanomolar potency and good pharmacokinetic profiles. Overall, the study

demonstrated a practical approach to leverage computational methods for understanding key target

binding features for rationale-based design, and for guiding the identification of novel compounds.
1 Introduction

Chronic hepatitis B virus (HBV) infection is a major public
health concern that can lead to various liver-related diseases,
including decompensated cirrhosis and hepatocellular carci-
noma.1,2 HBV is a partially double-stranded DNA virus
belonging to the Hepadnaviridae family. Upon infecting the
liver, the viral replication cycle starts with the conversion of
and Drug Development Research Center
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a 3.2 kb partially double-stranded, relaxed circular DNA (rcDNA)
to covalently closed circular DNA (cccDNA), which serves as
a nonreplicative minichromosome that persists throughout the
lifespan of infected hepatocytes.3,4 The HBV nucleocapsid, also
known as the HBV core protein (Cp), is generally formed by the
aggregation of 120 Cp dimers, yielding an icosahedral structure
(T = 4). The HBV capsid plays vital roles in several steps of the
HBV life cycle, including genetic material protection, viral
genome maturation, cccDNA stabilization, and interaction with
host factors. Inhibiting the assembly of Cp dimers can reduce
cccDNA formation, making it a viable target for drug
development.5–7 Indeed, several capsid assembly modulators
(CAMs) are currently in various stages of preclinical and clinical
development,8 signifying a promising class of therapeutic
compounds.

CAMs can interfere with nucleocapsid formation through
two modes of action:9,10 (i) CAM-Normal (CAM-N), represented
by sulfamoyl benzamides (SBAs);11–13 sulfamoyl pyrrolamides
(SPAs);14–16 and glyoxamide-substituted pyrrolamides,17,18 which
accelerates the formation of empty morphologically normal
capsid;19,20 and (ii) CAM-Aberrant (CAM-A), represented by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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heteroaryldihydropyrimidines (HAPs),21,22 induces the forma-
tion of a morphologically aberrant capsid.19,20 The rst series of
CAM-N compounds evaluated in clinical studies were SBAs,23,24

including NVR 3-778 11 and AB-423.12 Subsequently, several
compounds with pyrrole scaffolds, such as SPAs (e.g., JNJ-
6379)14,15 and the glyoxamide-substituted pyrrolamide series
(e.g., GLP-26),18,25 have been developed and generally exhibit
higher in vitro potency than SBAs.13,15 Understanding their key
binding features holds the potential to discover novel chemo-
types. While the bioactive conformation of SBA in complexation
with the HBV core protein has been published in the protein
data bank (PDB),26 no crystal structure studies of pyrrole-
scaffold inhibitors bound with the protein are publicly avail-
able. Recently, the binding conformation of JNJ-6379 to the HBV
core protein has been illustrated through molecular docking,27

but detailed analyzes on key potency-enhancing features were
not provided.

Molecular modeling, including molecular docking and
molecular dynamics (MD) simulation, is a widely adopted
computational approach that enables the simulation of
a ligand's bioactive conformation in its binding site, particu-
larly when the crystal structures are unavailable.28–30 The avail-
able crystal structures of targeted protein complexes are
commonly used as references for conformational and binding-
efficiency predictions to assess the reliability of the computa-
tional techniques. Binding energy computations can provide
insight into identifying the key binding features of ligand–
protein interactions.31,32 Additionally, electrostatic comple-
mentarity (EC) analysis33 is also commonly performed to eval-
uate the compatibility of the electrostatic potential distribution
on the molecular surface of the protein and the ligand for
a more comprehensive understanding of the ligand–protein
interactions.

This study has two primary objectives: (1) to provide insights
into the binding characteristics of pyrrole-scaffold inhibitors,
specically the key binding features inuencing their potency,
and (2) to demonstrate the application of binding characteristic
analysis to design and identify novel and potent CAMs. MD
simulations and EC calculations were used to comprehensively
analyze the binding characteristics of two potent, pyrrole-
scaffold inhibitors, JNJ-6379 and GLP-26, with references to
two compounds with available crystal structures: SBA NVR 3-778
and HAP, NVR 010-001-E2. GLS-4, which belongs to the HAP
series and is expected to adopt a similar binding orientation to
NVR 010-001-E2,21 was also included in the study. Novel inhib-
itors were designed based on the binding conformation insights
obtained, and several compounds were selected to be synthe-
sized and their anti-HBV activity and drug-like properties were
characterized. The efforts resulted in the identication of novel
potent CAMs with favorable pharmacokinetic properties.

2 Results and discussions
2.1 Molecular dynamics simulation of pyrrole-scaffold
inhibitors with the HBV capsid protein

To investigate the binding characteristics of pyrrole-scaffold
inhibitors in complexation with the HBV capsid protein, two
© 2023 The Author(s). Published by the Royal Society of Chemistry
independent all-atom MD simulations were performed for the
representative compounds JNJ-6379, and GLP-26, and the three
reference inhibitors. The HBV capsid structures, PDB 5T2P and
5E0I, were used as the representatives of the protein–ligand
complex of CAM-N and CAM-A, respectively. The heavy atom
root-mean-square deviation (RMSD) of the protein backbone
and ligand was analyzed for 100 ns relative to an initial struc-
ture as a function of time tomonitor the system stability and the
overall convergence of simulations of the ve MD systems
(Fig. S1, le†). The global RMSDs of all complexes rapidly
increased in the rst 5 ns and remained relatively constant for
the last 20 ns of simulation. Therefore, MD trajectories from 80
ns to 100 ns for each system were extracted for further structural
and energetic analyses (Fig. 1).

The root-mean-square uctuation (RMSF) of the protein
backbone was calculated during the last 20 ns of MD simula-
tion. The results showed that all ve complexes exhibited
a similar pattern of backbone exibility (Fig. S1, right†).
Evidently, the binding residues that stabilized all inhibitors
were in the same area. Specically, these residues were found
on chain B (P25, D29, L30, T33, W102, I105, T109, F110, Y118,
S122, I139, and L140) and chain C (S121, V124, W125, T128,
R133, and P134). The regions with high RMSF were residues 1–
7, 40–50, 60–100, and 141–149, indicating that nonactive site
residues exhibited greater exibility compared to the residues
in active sites.

To understand the ligand potency of the ve CAMs against
HBV capsid protein, the MM/PBSA approach was applied to
investigate the binding free energy and its components relevant
to the biological activities of ve inhibitors toward HBV capsid
protein binding. The results (Table 1) showed that the gas phase
energy (DEMM) of GLP-26 and JNJ-6379 was larger than that of
the three reference compounds. The contribution of the elec-
trostatic energy (DEele) of pyrrole inhibitors was approximately
twice as that of HAPs. However, the increase in DEMM for the
pyrrole inhibitors was not only from DEele but also from the van
der Waals energy (DEvdW) compared to NVR 3-778 (Table 1).

Although the DEele of the two pyrrole inhibitors was
remarkable, it was insufficient to compensate for the des-
olvation of the polar groups because of the positive value of the
overall electrostatic term (DGele,sol + DEele). The overall electro-
static term of GLP-26 and JNJ-6379 was more negative, reecting
a higher polar interaction, compared to that of HAPs but
comparable to that of NVR 3-778 (Table 1). For all ve
compounds, the contribution of nonpolar energy (DGnonpolar,sol

+ DEvdW) to ligand binding was greater than that of polar
interaction (DGele,sol +DEele) (Table 1), suggesting that themajor
driving force of all inhibitors was the nonpolar interaction.
Combining the total energetic term (DGtotal) with the entropic
term (−TDS), the overall binding free energies (DGbind) of the
pyrrole inhibitors were larger than that of NVR 3-778 but
comparable to that of HAPs (Table 1). These analyses and
ndings were consistent with experimental observations of
potency (pEC50) (Table 1).

Decomposition energy calculations were performed to
identify key residues involved in protein–ligand binding. The
per-residue decomposition binding energy
RSC Adv., 2023, 13, 29004–29022 | 29005
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Fig. 1 Binding conformations of five representative ligands, GLP-26, JNJ-6379, NVR 3-778, NVR 010-001-E2, and GLS-4, in the HBV capsid
active site (chain B residue = green, chain C residue = cyan) as shown from the last MD snapshot.
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(DGresidue
bind ) calculations revealed similar essential binding resi-

dues (total binding energy#−1 kcal mol−1) at the capsid dimer
interface for all ve complexes (Fig. S2†). These residues were
Table 1 Binding free energy (DGbind) and energetic components (kcal
protein using MM/PBSA method

Structural series

CAM-N

GLP-26 JNJ-6379

Pyrroles Pyrroles

DEele −18.26 � 0.08 −18.92 � 0.36
DEvdW −57.78 � 0.77 −55.68 � 0.31
DEMM −76.05 � 0.68 −74.60 � 0.05
DGele,sol 26.56 � 0.51 28.77 � 0.19
DGnonpolar,sol −6.37 � 0.03 −6.46 � 0.02
DGsol 20.18 � 0.54 22.31 � 0.17
DGele,sol + DEele 8.29 � 0.59 9.85 � 0.41
DGnonpolar,sol + DEvdW −64.16 � 0.74 −62.14 � 0.31
DGtotal −55.86 � 0.15 −52.29 � 0.13
−TDS 18.31 � 0.14 18.54 � 0.18
DGbind −37.55 � 0.01 −33.75 � 0.04
pEC50 8.52 (ref. 17) 7.22 (ref. 15)

29006 | RSC Adv., 2023, 13, 29004–29022
identied in chains B (P25, W102, I105, F110, I139, L140, S141,
and T142) and C (V124, W125, S121, T128, R133, and P134). The
interactions with these 14 essential residues were further
mol−1) of CAM-N and CAM-A inhibitors in complex with HBV capsid

CAM-A

NVR 3-778 NVR 010-001E2 GLS-4

SBA HAP HAP

−16.87 � 0.16 −8.49 � 0.43 −10.08 � 1.03
−52.91 � 0.14 −59.84 � 1.50 −61.39 � 0.03
−69.78 � 0.30 −68.33 � 1.07 −71.47 � 1.07
26.31 � 0.40 19.00 � 0.01 20.64 � 0.53
−6.51 � 0.01 −6.92 � 0.05 −7.02 � 0.05
19.80 � 0.38 12.08 � 0.05 13.62 � 0.48
9.44 � 0.24 10.51 � 0.44 10.56 � 0.50
−59.42 � 0.16 −66.76 � 1.55 −68.41 � 0.08
−49.98 � 0.08 −56.25 � 1.11 −57.85 � 0.59
20.53 � 0.21 21.72 � 0.03 19.87 � 0.30
−29.45 � 0.09 −34.53 � 0.76 −37.98 � 0.21
6.40 (ref. 11) 7.95 (ref. 21) 7.82 (ref. 21)

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04720b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:4

0:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
analyzed separately based on the contributions of the polar
(DEele + DGpolar) and nonpolar (DEvdW + DGnonpolar) energies
(Fig. 2, le), as well as their backbones and side chains (Fig. 2,
right). Consistent with the above ndings that were common to
all inhibitors, nonpolar interactions were observed to play an
important role in the complexes (Fig. 2, le). Only W102B,
L140B, T142B, and T128C residues contributed to some levels of
polar energies. Interestingly, the residue T128C showed rela-
tively high polar contributions for only the pyrrole inhibitors
and NVR 3-778 (CAM-N series) but not for the two CAM-A
Fig. 2 (Left) Energy contributions from electrostatic (DEele + DGpolar) an
contributions of residue side chains and backbones of the HBV Cp dimer c
001-E2, and (E) GLS-4. The results shown are the averaged values from

© 2023 The Author(s). Published by the Royal Society of Chemistry
compounds. Additionally, while high polar interactions facili-
tated by the residues T142B and L140B were observed for NVR 3-
778 and the pyrrole inhibitors, respectively, such interactions
were not observed for the 2 HAPs. In addition, it was found that
for most residues, the main contribution to the binding ener-
gies was found to be from their side chains. However, both the
backbone and the side chain of L140B played almost equal roles
in contributing to the binding energies (Fig. 2, right).

We next examined the ligand structural features that bind to
the essential residues identied above. The ligand structures
d van der Waals (DEvdW + DGnonpolar) interactions, and (Right) energy
omplexedwith (A) GLP-26, (B) JNJ-6379, (C) NVR 3-778, (D) NVR 010-
two independent simulations.

RSC Adv., 2023, 13, 29004–29022 | 29007
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were divided into three different regions, for ease of the anal-
ysis, namely L1, L2 and L3, as shown in Fig. 3.

The ligand structural features that formed polar interactions
with the T128C residue was the NH amide between the L1 and
L2 regions of the JNJ-6379, GLP-26 and NVR 3-778. Additionally,
the hydroxyl group in the L3 region of NVR 3-778 facilitated a H-
bond formation with the residue T142B. The presence of
sulfonamide (–SO2NH–) and glyoxamide (–(CO)2NH–) moieties
resided in the L3 region of the pyrrole inhibitors JNJ-6379 and
GLP-26, respectively, enabled the formation of double H-bonds
with residue L140B (Fig. 4). A similar nding has been reported
previously for JNJ-6379.27 Notably, the polar contribution at
T142B (−1.25 kcal mol−1 for NVR 3-778) and the double H-
bonds at L140B residues (−1.62 and −1.16 kcal mol−1 for
GLP-26 and JNJ-6379, respectively) were comparable (Table S1†).
However, compared to the H-bond at T142B, the formation of
the double H-bonds at L140B allowed for a closer distance
between the a-carbon of the chain B residues (I139–T142) and
the L3 nitrogen atom, and thus the adjacent L3 hydrophobic
moieties (Fig. 4). The signicance of these ndings will be
discussed in the next section.

In the L1 region, the phenyl ring was identied as the key
hydrophobic moiety contributing to the binding energies of all
ve inhibitors. It interacted with residues P25B, W102B, I105B,
and V124C. The L1 nonpolar energy contribution of the pyrrole
inhibitors was comparable to NVR 3-778 but lower than that of
Fig. 3 The molecular structures of all representative inhibitors are
indicated with red, green, and blue rectangles for region assignment.

29008 | RSC Adv., 2023, 13, 29004–29022
the HAPs (Table 2). In the L2 region, various structural features
contributed to hydrophobic interactions with F110B, L140B, and
T128C, with the pyrrole core being the primary contributor for
the pyrrole inhibitors. Despite the structure diversity, the
hydrophobic energies from this region appeared to be compa-
rable across the inhibitors (Table 2).

In the L3 region, different hydrophobic functionalities of the
ve inhibitors interacted with the key residues W125C, R133C,
P134C, S121C, I139B, S141B, and T142B. These hydrophobic
interactions resulted in greater stabilization for the pyrroles
inhibitors and NVR 3-778 binding compared to the two HAPs,
indicating the potential signicant role of the L3 hydrophobic
moieties in designing CAM-N compounds. The residues W125C,
R133C, and P134C formed a small hydrophobic pocket with
a positive electrostatic potential surface (ESP) interacting with
the electronegative sulfonamide (in NVR 3-778 and JNJ-6379)
and glyoxamide moieties (in GLP-26) (Fig. S3†). JNJ-6379
(−3.81 kcal mol−1) and GLP-26 (−3.91 kcal mol−1) were
bound to this pocket with a binding efficiency comparable to
that of NVR 3-778 (−3.84 kcal mol−1) (Table S1†). Notably, the
remaining four interacting residues (S121C, I139B, S141B, and
T142B) were all in the solvent-accessible area. These residues
interacted with the L3 hydrophobic moieties adjacent to the N
atoms in the same region. As shown in Table 2, the L3 nonpolar
binding energies of the pyrrole inhibitors were higher than
those of the reference compounds (NVR 3-778, GLS-4, and NVR
010-001-E2). This strong hydrophobic interaction of the pyrrole-
scaffold inhibitors is consistent with the proximity between the
L3 hydrophobic moieties and the solvent-accessible residues,
facilitated by the unique formation of the double H-bonds
between their sulfonamide (–SO2NH–) or glyoxamide
(–(CO)2NH–) groups with the L140B residue, as shown above in
Fig. 4.
2.2 Electrostatic complementarity investigation of the L1
region

Our analysis of the structure–activity relationships (SARs) of
available SPAs15 revealed that modication of the position and
nature of substituents on the phenyl moiety at the L1 region
could vary the potency of pyrrole-scaffold inhibitors by up to 10-
fold. To further understand the changes in electrostatic
contribution resulting frommodication on the phenyl ring, we
performed EC calculation using derivatives of JNJ-6379
(compound 094).15 To minimize conformational effects such
as bond rotation, we manually modied the phenyl moiety and
performed so local minimization. The results of this analysis
with six representative compounds (Fig. 5, row A) were visual-
ized using EC and ESP surfaces (Fig. 5, rows B and C).

The results showed that the introduction of nitrile substi-
tutions in compounds 094 and 151 reduced the negativity of p-
clouds on the phenyl plane, leading to a stronger electrostatic
crash. Moreover, replacing the nitrile group with either a chloro
(compounds 097 and 123) or a methyl group (compounds 007
and 104) resulted in the phenyl ring gaining a more negative
ESP, leading to a 3-to 8-fold increase in the anti-HBV activity in
HepG2.117 and HepG2.2.15 cell lines (Fig. 5 row C). The chloro
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Distance measurements between the ligand's nitrogen atom, linked to an adjacent hydrophobic group, and HBV core protein residues
I139–T142. (A) GLP-26, (B) JNJ-6379, (C) NVR 3-778. The ligand-binding regions and the associated structural features driving the hydrophobic
interactions, which are the major contribution toward ligand binding, were analyzed, and the results are presented in Table 2.

Table 2 Summation of nonpolar contribution,DGresidue
bind (kcal mol−1) of

the binding residues in each binding region (L1–L3) of the five
inhibitors

GLP-26 JNJ-6379 NVR 3-778 NVR 010-001-E2 GLS-4

L1 DGresidue
bind −5.91 −5.78 −6.10 −8.45 −8.91

Binding residues: P25B, W102B, I105B, and V124C

L2 DGresidue
bind −7.37 −6.60 −6.88 −6.27 −6.13

Binding residues: F110B, L140B, and T128C

L3 DGresidue
bind −7.67 −7.15 −6.66 −4.88 −4.61

Overall binding residues: W125C, R133C, P134C,
I139B, S141B, T142B, and S121C

−3.79 −3.35 −2.82 −1.70 −1.33
Solvent-accessible binding residues: I139B,
S141B, T142B, and S121C
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and methyl substituents enhanced the electrostatic interactions
between the phenyl p-system and the side chain of residues
P25B, W102B, and V124C, as shown by the green ligand EC
surface (Fig. 5, row B). These ndings suggest that the presence
of strong electron-withdrawing groups reduces the negative
potential of aromatic p-clouds, resulting in an increased elec-
trostatic crash at the phenyl plane. However, the introduction of
at least one of the electron-withdrawing groups may be neces-
sary for interacting with the residues D29B, T33B, and I105B.
Although these interactions may not appear signicant, their
absence could prevent the ligand from effectively binding the
protein. Therefore, achieving a balance in the presence of
electronegative groups on phenyl moiety is crucial to maximize
ligand potency. An additional factor to consider is the potential
steric hindrance effect of the substituents. The methyl substi-
tution, for example, could increase potency due to its hydro-
phobic space-lling effect, while a nitrile substitution could
lead to a decrease in ligand potency due to steric crash.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.3 Incorporating the binding site analysis to design
a potential lead compound

The insights gained from the MD analysis regarding the
binding characteristics of pyrrole-scaffold inhibitors were used
to guide our design strategy for novel CAM-N ligands. The
design focus was on incorporating polar functionalities that can
enable the formation of H-bonds with L140B, as well as incor-
porating hydrophobic groups that maximize nonpolar interac-
tions with the key residues at the L3, and particularly the
solvent-accessible region. Among possible core ligand struc-
tures considered, pyrrolidine was chosen as a viable alternative
core to the pyrrole scaffold, given its comparable size and shape,
as well as the potential for simplied reaction mechanisms
during optimization. Considering the stronger hydrogen
bonding interactions of the glyoxamide moiety with L140B
compared to the sulfonamide moiety, we began our design with
glyoxamide-substituted pyrrolidine-3-carboxamide deriva-
tives.34 Subsequently, we replaced the glyoxamide moiety with
a 1H-pyrrole-2-carbonyl functional group to mimic the
hydrogen bonding interaction with L140B residue, resulting in
a novel structural series (Fig. 6).

To investigate the impact of hydrophobic moieties in the L3
region on optimizing nonpolar interactions, we synthesized
four derivatives (CU01–03) with different hydrophobic groups.
As shown in Table 3, CU01 had the least potency among the
compounds studied. This could be attributed to its hydrophobic
group being smaller than those of other compounds, resulting
in weaker nonpolar interactions. However, CU02 and CU03
showed comparable anti-HBV activity, indicating the impor-
tance of the hydrophobic interaction in the L3 region for
enhancing ligand potency. Additionally, upon changing from
the pyrrole core to the novel pyrrolidine-based series, the key
interacting residues in the L3 region also changed from I139B
S141B, T142B, and S121C to the newly identied residues: T109B,
F110B, and T142B (Fig. S4†). These residues were taken into later
design considerations to increase the potency of the next
ligands.
RSC Adv., 2023, 13, 29004–29022 | 29009
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Fig. 5 Structures (row A), EC surface (red = electrostatic crash, green = electrostatic complementarity, row B), ESP surface (red = positive ESP,
blue = negative ESP, row C) of the ligand L1 moiety in the active site of the HBV Cp dimer.
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A parallel effort was also made to study their drug-like
properties. Specically, the metabolic stability and potential
for cytochrome P450 (CYP) inhibition were evaluated during the
screening phase of this work. The results in Table 3 showed that
CU01 and CU02 were less stable with higher CLint compared to
CU03, while CU02 and CU03 showed inhibitory effects on
multiple CYPs in human liver microsomes. The oxidative
metabolic reactions primarily occurred on the R group of both
CU02 and CU03 (ESI le S2†). To improve the metabolic
stability, CU04 was synthesized by replacing an indole of CU03
with a more polar, azaindole moiety. However, CU04 showed
a signicant reduction in anti-HBV activity, suggesting that the
polar nitrogen in the binding site interfered with hydrophobic
interactions in the L3 region.

To further improve the ligand interactions, a pyridine moiety
was incorporated into the R group, to give CU05–07 (Table 3).
The presence of the moiety extended the aromatic nitrogen into
Fig. 6 Design strategy of the novel structural series.

29010 | RSC Adv., 2023, 13, 29004–29022
the solvent-accessible area, allowing for interaction with water
molecules. Moving the pyridine nitrogen from themeta position
in CU05 to the para position in CU06, increased in potency. This
improvement can be attributed to the favorable placement of
the nitrogen atom, which enables interaction with water mole-
cules in the solvent-accessible region. However, when the
nitrogen atom was moved to the ortho position in CU07,
a signicant decrease in anti-HBV activity was observed. This
could be due to the formation of an intramolecular H-bond
between the pyridine nitrogen and the NH group of the
pyrrole ring, resulting in the unavailability of the NH group for
interaction with L140B.

Although the incorporation of the pyridine moiety improved
metabolic stability, signicant CYP inhibition was observed for
CU05 and CU06, but not for CU07 (Table 3). A previous study
suggested that an aromatic nitrogen lone pair of electrons could
interact with CYP enzymes.35 Therefore, the CYP inhibitory
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Relationship between the structure, bioactivity, metabolic stability, and cytochrome P450 (CYP) inhibition for the synthesized pyrro-
lidine-scaffold compounds

Code R

% HBV DNA remaining
CLint (mL per min
per mg protein)

% CYP
inhibition at 10 mM0.1 mM 1 mM

CU01 — 59 14.4 NIa

CU02 — 48 14.5 CYP2B6 (50%), CYP2C19 (53%)

CU03
— 44 9.2 CYP2C9 (62%), CYP2C19 (63%),

CYP2D6 (51%)
EC50 = 447 nM

CU04 — 67 1.1
CYP2A6 (57%), CYP2C8 (55%),
CYP2D6 (82%)

CU05 — 47 2.9 CYP2B6 (65%), CYP2C9 (87%)

CU06 — 28 4.6
CYP2B6 (81%), CYP2C9 (67%),
CYP2D6 (89%), CYP3A4/5 (76%)

CU07 — 77 6.2 NI

CU08 43 0.5 CYP2B6 (61%), CYP2C9 (53%)

CU09 76 31 5.7 NI

CU10 91 39 7.1 CYP2C9 (90%)

CU11

45 32

6.3 NI
EC50 = 35 nM

a NI is no inhibition; values were less than 20%.
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effect could be associated with the existence of lone pairs of
electrons on pyridine nitrogen. The decrease in CYP inhibition
observed for CU07 was likely due to the intramolecular H-bond
that can inhibit the interaction of pyridine with CYP enzymes.
Furthermore, while addition of one aromatic nitrogen to CU08
© 2023 The Author(s). Published by the Royal Society of Chemistry
did not affect its bioactivity compared to CU05, it appeared to
slightly improve metabolic stability and CYP inhibition.

The pyridine moiety of CU05 was predicted to be close to and
potentially in hydrophobic contact with the target residues
(T109B, F110B, and T142B) (Fig. S5†). To enhance the anti-HBV
activity while minimizing the CYP inhibition, CU09 and CU10
RSC Adv., 2023, 13, 29004–29022 | 29011
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were designed with a methyl substitution adjacent to the
aromatic nitrogen. This methyl group was expected to increase
the anti-HBV activity by enhancing ligand binding to the target
residues while reducing interactions between aromatic nitrogen
and CYP enzymes via steric hindrance. However, a signicant
improvement in the CYP inhibition prole was only observed
for CU09 (vs. CU05), but not for CU10 (vs. CU08). Additionally,
their bioactivity did not improve as anticipated. We postulated
that the introduction of the methyl substitution could lead to an
asymmetrical structure, where 6-membered aromatic ring is
arranged perpendicular to the pyrrole ring, resulting in two
rotamers in the capsid binding site, with the methyl group
pointing toward the target residues in one rotamer and not in
another (Fig. 7A and B).

To support the hypothesis that the methyl group can indeed
interact with the target residues T109B, F110B, and T142B in the
binding site, CU11was designed with a symmetrical moiety of 4,6-
dimethylpyrimidin-5-yl ring (Fig. 7C). Bioactivity studies showed
that CU11 showed signicantly higher anti-HBV activity than
CU09, with an EC50 value of 35 nM (Table 3). Furthermore, CU11
showed acceptable metabolic stability, CYP inhibition and cyto-
toxicity proles (CC50 > 10 mM). These results suggest that CU11 is
a promising lead compound for further optimization of
pyrrolidine-scaffold CAMs with favorable drug-like properties.
2.4 Optimization of the lead compounds

To improve the bioactivity of the lead compound, modications
were made to the substitution group on the phenyl moiety at the
L1 region and the core structure at the L2 region. The EC analysis
described earlier suggested that incorporating a less electroneg-
ative moiety in R1 and R2 could potentially enhance hydrogen–p
interactions at L1, leading to improved potency. Therefore, the
uoro group in R1 was replaced with a less electronegative chloro
group, while the uorine in R2 was substituted with hydrogen.
These modications resulted in a twofold increase in potency for
CU12 relative to CU11 (Table 3). It is noteworthy that we kept one
uoro functionality between R1 and R2 tomaintain the interaction
Fig. 7 Predicted conformations of two compounds, CU09 and CU11, in t
cyan).CU09 is depicted with themethyl group of the pyridine ring pointin
with the pyrimidine and pyrrole rings in a perpendicular conformation (C

29012 | RSC Adv., 2023, 13, 29004–29022
at D29B, T33B, and I105B (see 2.2 Electrostatic complementarity
investigation of the L1 region).

To improve the bioactivity further, we added an S-methyl
group at position R3 of the pyrrolidine structure. This addition
has been shown to enhance ligand bioactivity,34 potentially
through increasing hydrophobic interactions at the L2 residues
(L140B and F110B). This modication led to the discovery of
a new structural series, designated as CU13–15. CU13 and CU14
exhibited superior potency compared to their predecessors,
CU11 and CU12, respectively, conrming the potency-
enhancing property of the methyl pyrrolidine structure.33

Substitution of chlorine in the R1 position of CU14 with
amethyl group increased negative ESP to the phenyl ring, which
led to the discovery of CU15. CU15 demonstrated a further
increase in potency with an EC50 of less than 10 nM. These
changes on R1, R2, and R3 had no effect on the metabolic
stability (Table 4), CYP inhibition (IC50 > 10 mM for all tested
CYPs) and cytotoxicity prole (CC50 > 10 mM) of the compounds.
Further modication of CU15 by replacing the pyrimidine with
a pyrazole ring resulted in CU16 with lower potency and less
stability (Table 4). Other R4 modications, including dimethyl-
substituted pyridazine, isoxazole, and thiazole rings, as well as
the use of a methoxy-substituted pyrimidine moiety, also did
not result in improved bioactivity (data not shown).

Next, we evaluated the pharmacokinetics of our lead
compounds following single oral dosing in rats. Table 4 shows
that the lead compounds exhibited relatively low clearance and
good oral bioavailability in rats. These ndings, together with
their in vitro potency, human liver microsomal stability and
cytotoxicity results, suggested that CU15 was a promising lead
compound worthy of further characterization.
2.5 Conrmation of CAM-N mechanism

To conrm that our leads belong to the CAM-N series, as was the
case for the pyrroles, we employed size exclusion chromatog-
raphy and transmission electron microscopy to study the effects
of CU14, a representative compound, on HBV capsid assembly.
he HBV capsid binding site (chain B residue = green, chain C residue =

g outward from (A), and toward (B) the target residues.CU11 is depicted
).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Structure–activity–pharmacokinetic property relationship of the lead compounds during optimization

Code R1 R2 R3 R4
HBV DNA inhibition
EC50 (nM)

CLint (mL
per min per mg protein) CLa (mL min−1 kg−1) Fb (%)

CU11 –F –F –H 35.1 � 3 6.3 15.2 79

CU12 –Cl –H –H 18.2 � 2 3.6 — —

CU13 –F –F –Me 17.8 � 3 2.1 — —

CU14 –Cl –H –Me 13.2 � 2 2.9 12.3 66

CU15 –Me –H –Me 8.6 � 2 4.9 20.0 44

CU16 –Me –H –Me 14.9 � 3 11.7 — —

a CL, in vivo rat clearance. b F, oral bioavailability in rats.
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The result was compared to the reference compounds NVR 3-
778 (CAM-N compound) and BAY 41-4109 (CAM-A compound).
In both assays, CU14 showed properties similar to those of NVR
3-778, but not BAY 41-4109, supporting the hypothesis that
CU14, and likely all other compounds in Table 4, belongs to the
CAM-N series (Fig. S5†).

3 Conclusions

In this study, we employed MD simulations to investigate the
binding characteristics of two representative pyrrole-scaffold
inhibitors, JNJ-6379, and GLP-26, to the HBV capsid protein,
and the results were compared to those of two other chemical
series, SBAs (NVR 3-778) and HAPs (GLS-4 and NVR 010-001-E2).
Our analysis revealed that all inhibitors displayed similar
binding characteristics with essential binding residues at their
capsid dimer interfaces (P25B, W102B, I105B, I139B, L140B,
S141B, T142B, F110B, S121C, V124C, W125C, R133C, and P134C),
and with hydrophobic interactions serving as the major ligand-
binding component across all compounds. The hydrophobic
interactions in the L3 region of the pyrroles and NVR 3-778 were
higher compared with the HAPs. Distinct from NVR 3-778 and
key to their potency, the pyrrole-scaffold inhibitors exhibited
© 2023 The Author(s). Published by the Royal Society of Chemistry
higher nonpolar interactions in the L3 solvent-accessible
region. This strong hydrophobic interaction was associated
with the proximity of their hydrophobic groups to the solvent-
accessible residues enabled by the formation of the double H-
bonds between the sulfonamide (–SO2NH–) or glyoxamide
(–(CO)2NH–) moieties of the pyrrole inhibitors with the L140B
residue. Furthermore, the electrostatic complementarity anal-
ysis of the L1 region revealed that increasing the negative ESP
surface of phenyl moiety improved hydrogen–p interactions
with W102B, P25B, and V124C. The insights into the binding
features of pyrrole-scaffold inhibitors led to the design of novel
CAM-N inhibitors by replacing the glyoxamidemoiety with a 1H-
pyrrole-2-carbonyl functional group to mimic the interaction at
L140B, resulting in the development of a novel series of
pyrrolidine-based inhibitors. We also optimized the hydro-
phobic groups of the compounds in the solvent-accessible
region to increase their potency and metabolic stability and
improve the CYP inhibition prole. Further optimization in
other regions resulted in the identication of novel lead
compounds with nanomolar potencies and favorable pharma-
cokinetic parameters. The CAM-N mechanism of lead
compounds was also conrmed. Overall, this study demon-
strates a practical approach for leveraging computational
RSC Adv., 2023, 13, 29004–29022 | 29013
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methods to guide the identication of novel potent CAMs, and
potentially of modulators for other applicable target diseases.
4 Experimental section
4.1 Molecular docking

System preparations were carried out using Flare (version 5.0).36

Considering that 3D structures of capsid protein complexes
with GLP-26 and JNJ-6379 were unavailable, both inhibitors
were individually docked into the binding site to identify ligand
binding conformations and local minimum structures. The
capsid protein (Cp) structure was obtained from the Protein
Data Bank (PDB code 5T2P) to perform constrained docking.26

Only chains B and C were retained in the system before
removing all water molecules. The complex was then prepared
using a standard preparation procedure. Subsequently, the
ligands were docked into the binding site using extra precision
docking, and the number of runs was set to 15. Four hydrogen
bonding interactions between the protein and ligand (atom N31
of W102B, N and O of L140B, and Og1 of T128C) were set as
docking constraints. The N-phenyl formamide substructure of
NVR 3-778 was used as a template. The best conformations of
the ligand were then selected on the basis of the number of
hydrogen bonds formed and binding energy. Ligand minimi-
zation was further applied to rene bond and ring conforma-
tion and reduce atomic crash. The docked complex was used as
a starting structure for MD simulations.
4.2 In silico system preparation

The initial structure of the wild-type (WT) capsid protein with
NVR 010-001-E2 and NVR 3-778 bound was prepared on the
basis of their crystal structures from the PDB entry codes 5E0I21

and 5T2P,26 respectively, which is a Y132A mutant. Only chains
B and C were retained in the MD system. Residue 132 of chains
B and C was edited from alanine (A) to tyrosine (Y) based on the
Dunbrack rotamer library37 using a structural editing module
implemented in Chimera 1.9 to build WT complexes.38 The WT
capsid protein with GLS-4 bound was unavailable; thus, the
methyl ester moiety of NVR 010-001-E2 in complexation with
WT capsid protein was modied to ethyl ester moiety of GLS-4.
Based on previous studies, the complex of JNJ-6379 and GLP-26
bound to HBV capsid protein was obtained from molecular
docking. All system preparations andMD simulations were then
performed using AMBER16 package program.39 The proton-
ation state of all ionizable residues was characterized at pH =

7.0 by PDB2PQR.40 The missing hydrogen atoms were added
using the LEAP module. The AMBER ff99SB force eld was
applied to proteins.41 Ligand structures were fully optimized
using the HF/6-31G(d) method in Gaussian 09 to prepare ligand
parameters,42 in which the electrostatic potential (ESP) was also
obtained using the same method. The restrained electrostatic
potential (RESP) charges were subsequently derived using RESP
tting.43 The AMBER ff99SB force eld and general AMBER
force eld44 were applied to all ligands.

Hydrogen atoms were minimized with 1500 steps of steepest
descents (SD) and followed by 1500 steps of conjugate gradient
29014 | RSC Adv., 2023, 13, 29004–29022
(CG) using the SANDER module to decrease steric hindrance
and atomic crash. All MD systems were solvated with TIP3P
water45 in a 12 Å cubic box around the solute surface. Sodium
counterions were also randomly added to neutralize the total
negative charge of the system. Then, SD and CG minimizations
were applied in three steps: (i) 500 steps of SD and CG were
carried out to optimize themutated residue; (ii) 1000 steps of SD
and CG were subsequently applied to freely minimize all
components, except for the protein backbone; (iii) 2500 steps of
SD and CG were nally applied to minimize the whole complex.

4.3 Molecular dynamics simulations

Two independent MD simulations with different initial atomic
velocities under a periodic boundary condition were carried out
for each Cp/ligand complex (NVR 010-001-E2, GLS-4, NVR 3-778,
GLP-26, and JNJ-6379). All covalent bonds involving hydrogen
atoms were constrained using the SHAKE algorithm.46 The
particle mesh Ewald summation approach was applied to
address long-range electrostatic interactions, whereas the short-
range cutoff of 10 Å was assigned for nonbonded interactions.
The Langevin thermostat was also applied to control the
temperature with a collision frequency of 5.0 ps−1 for the rst
500 ps, aer which it was decreased to 2.0 ps−1 for the
remaining simulations. The simulation time step of 0.2 ps was
used during simulation. Each simulated system was heated up
from 0 K to 298.15 K under an NVT ensemble for 50 ps using
positional restraints of 10.0 kcal mol−1$Å−2 to all heavy atoms
of the Cp/ligand complex. Consequently, the whole system was
simulated under the NPT ensemble at the target temperature
and a pressure of 1 atm using the PMEMD.cuda module until
the simulation time reached 100 ns. The MD system gradually
decreased the restraint weights by 10.0, 5.0, 2.0, 1.0, 0.5, and
0.1 kcal mol−1 Å−2 for 50 ps of each stage. Aerward, the whole
system was allowed to move freely. The MD trajectories were
collected every 2 ps for further analysis. Notably, conforma-
tional analysis, including hydrogen bonding interaction, was
investigated using CPPTRAJ.47 Protein–ligand binding interac-
tions and associated binding free energies, including per-
residue decomposition were evaluated using the MMPBSA.py
module.48 Essential binding residues were identied based on
their binding energy being less than −1.0 kcal mol−1. The
molecular mechanics/Poisson–Boltzmann surface area (MM/
PBSA) calculation has been widely applied to calculate
binding energy.49,50 The entropic term (−TDS) was carried out
using normal mode analysis to evaluate the conformational
entropy contribution upon ligand binding.51 The H-bond
formation was evaluated based on the percentage of H-bond
occupation recorded from the last 20 ns MD snapshots, based
on the following criteria: (i) the distance between donor and
acceptor atom #3.5 Å and (ii) the angle of H-bond $120°.

4.4 Electrostatic complementarity investigation at the L1
region

All protein–ligand complexes and EC scores were obtained by
Flare (version 5.0).36 The ligands, from the patent WO2014/
184350,15 were prepared manually using the protein binding
© 2023 The Author(s). Published by the Royal Society of Chemistry
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complex of JNJ-6379 (obtained from molecular docking) as the
starting point. Structure editing (only at the phenyl moiety) and
so local minimization were performed, using ligand editing
mode in Flare, to obtain the desired protein–ligand complex. If
the substituents contain more than one rotamer (e.g., ortho or
meta substituents on the phenyl ring), then the orientation with
a high EC value was selected. The EC scores were used to
determine EC.33
4.5 Chemistry

All reagents and solvents were used as purchased from
commercial sources. Reactions were carried out under nitrogen
or argon atmospheres. 1H and 13C spectra were recorded on
a Bruker-400 or Jeol-500 NMR spectrometer (1H: 400 or 500
MHz, 13C: 100 or 125 MHz) using CD3OD, acetone-d6 or DMSO-
d6 as a solvent and tetramethylsilane (TMS) as an internal
standard. Chemical shis (d) are reported in parts per million
(ppm) relative to TMS (d = 0.00 ppm) and coupling constants (J)
are reported in Hertz (Hz). Splitting patterns are indicated as
follows: s, singlet; d, doublet; t, triplet; m, multiplet; br s, broad
singlet. Molecular weights of the nal products were deter-
mined using high resolution mass spectrometry (HRMS) using
AB Sciex X500B QTOF mass spectrometer. Products were puri-
ed by column chromatography (silica gel 60, Merck silica), or
Sephadex-LH20. Analytical thin-layer chromatography (TLC)
was performed with precoated Merck silica gel 60 F254 plates
(thick layer, 0.25 mm) and visualized at 254 nm using an
ultraviolet lamp or by staining with aqueous potassium
permanganate solution as the detecting agent.

4.5.1 (S)-N-(3,4,5-Triuorophenyl)pyrrolidine-3-
carboxamide hydrochloride (intermediate I-A). HATU 11.4 g (30
mmol) and N,N-diisopropylethylamine (DIPEA) 10 mL were
added to a solution of (S)-1-(tert-butoxycarbonyl)pyrrolidine-3-
carboxylic acid 4.30 g (20 mmol), 3,4,5-triuoroaniline 3.53 g
(24 mmol) in dimethylformamide (DMF) (25 mL) and stirred for
8 hours at room temperature. Brine was added and the mixture
was partitioned with EtOAc. The organic layer was dried over
sodium sulfate anhydrous, the solid was removed by ltration,
and the solvent was removed under reduced pressure and the
crude was puried via silica gel column chromatography by
using 20 to 40% EtOAc/Hexanes. The desired fractions were
pooled and the solvent was removed under reduced pressure to
afford tert-butyl (S)-3-((3,4,5-triuorophenyl)carbamoyl)
pyrrolidine-1-carboxylate (17 mmol) as a pale-yellow oil.
Subsequent Boc deprotection HCl (4 M in 1,4-dioxane, 120
minutes at room temperature) afforded intermediate I-A that
was used as such in the next step without further purication.

4.5.2 (S)-N-(3-Chloro-4-uorophenyl)pyrrolidine-3-
carboxamide hydrochloride (intermediate I-B). Intermediate I-B
was prepared from (S)-1-(tert-butoxycarbonyl)pyrrolidine-3-
carboxylic acid and 3-chloro-4-uoroaniline by a method
similar to that described for intermediate I-A.

4.5.3 (2S,3S)–N-(3,4,5-Triuorophenyl)-2-
methylpyrrolidine-3-carboxamide hydrochloride (intermediate
I-C). Intermediate I-C was prepared from (2S,3S)-1-(tert-
butoxycarbonyl)-2-methylpyrrolidine-3-carboxylic acid and
© 2023 The Author(s). Published by the Royal Society of Chemistry
3,4,5-triuoroaniline by a method similar to that described for
intermediate I-A.

4.5.4 (2S,3S)–N-(3-Chloro-4-uorophenyl)-2-
methylpyrrolidine-3-carboxamide hydrochloride (intermediate
I-D). Intermediate I-D was prepared from (2S,3S)-1-(tert-
butoxycarbonyl)-2-methylpyrrolidine-3-carboxylic acid and 3-
chloro-4-uoroaniline by a method similar to that described for
intermediate I-A.

4.5.5 (2S,3S)-2-Methyl-N-(4-uoro-3-methylphenyl)
pyrrolidine-3-carboxamide hydrochloride (intermediate I-E).
Intermediate I-E was prepared from (2S,3S)-1-(tert-
butoxycarbonyl)-2-methylpyrrolidine-3-carboxylic acid and 4-
uoro-3-methylaniline by a method similar to that described for
intermediate I-A.

4.5.6 Methyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-1H-pyrrole-2-carboxylate (intermediate II). Methyl 5-bromo-
1H-pyrrole-2-carboxylate 1.02 g (5 mmol) and bis(pinacolato)
diboron 1.9 g (7.5 mmol) was dissolved in 1,4-dioxane. The
reaction mixture was bubbled under argon atmosphere for
10 min. Then 10 mol% of Pd(dppf)Cl2 and KOAc 0.98 g (10
mmol) was added to the reaction. Then, the reaction was heated
at 100 °C for 4 hours. The product was obtained by ltering
through Celite. The Celite was washed by EtOAc to remove the
remaining product. The organic layer was concentrated by
Rotavapor. Concentrated ltrate was used in the next step.

4.5.7 (S)-1-(5-Methyl-1H-pyrrole-2-carbonyl)-N-(3,4,5-
triuorophenyl)pyrrolidine-3-carboxamide (CU01). The mixture
of intermediate I-A (1.0 eq.) and 5-methyl-1H-pyrrole-2-
carboxylic acid (1.2 eq.) was dissolved in DMF (2 mL). Then
HATU (1.5 eq.), and 1 mL of DIPEA were added. The reaction
mixture was stirred for 12 hours at room temperature. Brine was
added and the mixture was partitioned with EtOAc. The organic
layer was dried over sodium sulfate anhydrous, ltered and
removed under reduced pressure to afford crude reaction. The
crude was puried via silica gel column chromatography with
50 to 70% EtOAc/Hexanes. The desired fractions were pooled
and the solvent was removed under reduced pressure to provide
CU01. 57% yield of white solid; 1H NMR (500 MHz, DMSO-d6)
d 11.21 (s, 1H), 10.49 (s, 1H), 7.50 (dd, J = 10.2, 6.5 Hz, 2H), 6.46
(dd, J = 3.0, 2.9 Hz, 1H), 5.84 (dd, J = 2.7, 2.7 Hz, 1H), 3.93–3.49
(m, 4H), 3.23–3.14 (m, 1H), 2.24–2.03 (m, 2H); 13C NMR (125
MHz, DMSO-d6) d 171.9, 171.8, 160.0, 150.2 (ddd, JCF = 243.1,
10.3, 5.5 Hz), 135.6 (t, JCF = 12.5 Hz), 134.8 (dt, JCF = 243.0, 15.5
Hz), 131.7, 124.1, 112.8, 107.7, 103.6 (d, JCF = 24.9 Hz, 2C), 49.9,
49.3 (isomer), 47.2, 46.2, 45.4 (isomer), 42.6 (isomer), 30.0, 27.5
(isomer), 12.6; HRMS (ESI): m/z calcd for [C17H16F3N3O2 + H]+

352.1273; found 352.1271.
4.5.8 (S)-1-(5-cyclopropyl-1H-pyrrole-2-carbonyl)-N-(3,4,5-

triuorophenyl)pyrrolidine-3-carboxamide (CU02). The title
compound CU02 was prepared by a method similar to that
described for compound CU01, with 5-cyclopropyl-1H-pyrrole-2-
carboxylic acid replacing 5-methyl-1H-pyrrole-2-carboxylic acid.
Then, the crude was puried by column chromatography (silica
gel, gradient elution, 20 to 90% EtOAc/Hexanes) to provide
CU02. 69% yield of white solid; 1H NMR (500 MHz, DMSO-d6)
d 11.3 (s, 1H), 10.5 (s, 1H), 7.53–7.50 (m, 2H), 6.46 (t, J = 3.1 Hz,
1H), 5.69 (t, J = 3.1 Hz, 1H), 3.92–3.52 (m, 4H), 3.26–3.15 (m,
RSC Adv., 2023, 13, 29004–29022 | 29015
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1H), 2.22–2.04 (m, 2H), 1.96–1.91 (m, 1H), 0.86–0.82 (m, 2H),
0.62–0.59 (m, 2H); 13C NMR (125 MHz, DMSO-d6) d 171.2 (2C),
159.8, 150.1 (ddd, JCF = 243.0, 9.3, 6.0 Hz), 139.0, 135.4 (t, JCF =
10.0 Hz), 134.7 (dt, JCF = 243.0, 15.5 Hz), 123.8, 112.8, 103.5 (d,
JCF = 24.5 Hz, 2C), 103.1, 50.0, 49.2 (isomer), 47.1, 45.9, 45.3
(isomer), 42.5 (isomer), 30.0, 27.4 (isomer), 8.3 (3C); HRMS
(ESI): m/z calcd for [C19H18F3N3O2 + H]+ 378.1429; found
378.1465.

4.5.9 (S)-1-(1H-Indole-2-carbonyl)-N-(3,4,5-triuorophenyl)
pyrrolidine-3-carboxamide (CU03). The title compound CU03
was prepared by a method similar to that described for
compound CU01, with 1H-indole-2-carboxylic acid replacing 5-
methyl-1H-pyrrole-2-carboxylic acid. Then, the crude was puri-
ed by column chromatography (silica gel, gradient elution, 0 to
5% MeOH/EtOAc) to provide CU03. 54% yield of white solid; 1H
NMR (500 MHz, DMSO-d6) d 11.58 (s, 1H), 10.51 (d, J = 9.2 Hz,
1H), 7.63 (d, J = 8.0 Hz, 1H), 7.52 (dd, J = 15.9, 9.0 Hz, 2H), 7.45
(d, J = 8.2 Hz, 1H), 7.19 (td, J = 7.0, 1.0 Hz, 1H), 7.04 (dt, J = 7.6,
0.4 Hz, 1H), 6.97 (d, J= 1.5 Hz, 1H), 4.16–3.59 (m, 4H), 3.33–3.18
(m, 1H), 2.36–2.07 (m, 2H); 13C NMR (125 MHz, DMSO-d6)
d 171.8, 171.5, 160.4, 150.2 (ddd, JCF = 242.8, 9.8, 4.9 Hz), 135.9,
135.4 (t, JCF = 12.2 Hz), 134.7 (dt, JCF = 243.4, 15.5 Hz), 130.8,
127.4, 123.6, 121.8, 119.8, 112.3, 104.8, 103.6 (d, JCF = 24.9 Hz,
2C), 50.3, 49.5 (isomer), 47.6, 46.5, 45.3 (isomer), 42.6 (isomer),
30.1, 27.5 (isomer); HRMS (ESI): m/z calcd for [C20H16F3N3O2 +
H]+ 388.1273; found 388.1252.

4.5.10 (S)-1-(1H-Pyrrolo[3,2-c]pyridine-2-carbonyl)-N-(3,4,5-
triuorophenyl)pyrrolidine-3-carboxamide (CU04). The title
compound CU04 was prepared by a method similar to that
described for compound CU01, with 1H-pyrrolo[3,2-c]pyridine-
2-carboxylic acid replacing 5-methyl-1H-pyrrole-2-carboxylic
acid. Then, the crude was puried by column chromatography
(silica gel, gradient elution, 0 to 10% MeOH/EtOAc) to provide
CU04. 56% yield of white solid; 1H NMR (500 MHz, DMSO-d6)
d 12.07 (s, 1H), 10.54 (d, J = 8.7 Hz, 1H), 8.95 (s, 1H), 8.24 (d, J =
5.8 Hz, 1H), 7.55–7.50 (m, 2H), 7.41 (d, J = 5.8 Hz, 1H), 7.16 (s,
1H), 4.16–3.59 (m, 1H), 3.30–3.20 (m, 1H), 2.37–2.08 (m, 2H);
13C NMR (125 MHz, DMSO-d6) d 171.8, 171.4, 159.4, 150.2 (ddd,
JCF = 242.1, 9.8, 5.5 Hz), 143.3, 139.7, 139.1, 135.4 (t, JCF = 11.5
Hz), 134.8 (dt, JCF = 242.7, 15.7 Hz), 133.4, 124.6, 108.1, 104.9,
103.6 (d, JCF = 24.1 Hz, 2C), 50.3, 49.6 (isomer), 47.7, 46.7, 45.2
(isomer), 42.5 (isomer), 30.1, 27.6 (isomer); HRMS (ESI): m/z
calcd for [C19H15F3N4O2 + H]+ 389.1225; found 389.1207.

4.5.11 (S)-1-(5-(Pyridin-3-yl)-1H-pyrrole-2-carbonyl)-N-
(3,4,5-triuorophenyl)pyrrolidine-3-carboxamide (CU05)

4.5.11.1 Step 1. Methyl 5-bromo-1H-pyrrole-2-carboxylate
(1.2 eq.) was dissolved in H2O : 1,4-dioxane (1 : 5). Then,
pyridin-3-yl boronic acid (1.0 eq.) and K2CO3 (3.0 eq.) were
added to the ask. The reaction was bubbled by the argon
atmosphere for 15 min. Then 10 mol% Pd(PPh3)4 was added
and heated the reaction under argon atmosphere at 110 °C for 3
hours. To achieve pure product, crude product was puried by
liquid column chromatography with 20 to 50% EtOAc/Hexanes.

4.5.11.2 Step 2. Methyl 5-(pyridin-3-yl)-1H-pyrrole-2-
carboxylate (1.0 eq.) was dissolved in THF. Then, LiOH (5.0
eq.) was dissolved in H2O and added to the THF solution. The
reaction mixture was heated until it reached 90 °C and kept
29016 | RSC Adv., 2023, 13, 29004–29022
heating for an hour. The reaction was acidied by 2 N HCl until
pH of solution equals to 2. The reaction mixture was concen-
trated by rotavapor. The solid was washed with 0 to 15%MeOH/
EtOAc and transferred the solution into another ask and the
crude solution was dried. Dried crude product was used in
further synthesis.

4.5.11.3 Step 3. 5-(Pyridin-3-yl)-1H-pyrrole-2-carboxylic acid
(1.0 eq.) was dissolved in DMF. Then HATU (1.5 eq.) and DIPEA
(3.0 eq.) were added. The reaction mixture was stirred at room
temperature for 10 min. Then, intermediate I-A (1.1 eq.) was
added to the solution. The mixture was stirred overnight at
room temperature. Then the mixture was diluted with water.
The product was extracted with EtOAc 3 times. The organic layer
was washed by brine and puried by column chromatography
with 0 to 15% MeOH/EtOAc. The desired fractions were pooled
and the solvent was removed under reduced pressure to provide
CU05. 74% yield of white solid; 1H NMR (400 MHz, DMSO-d6)
d 11.89 (s, 1H), 10.48 (s, 1H), 9.03 (dd, J = 2.3, 0.6 Hz, 1H), 8.41
(dd, J = 4.7, 1.5 Hz, 1H), 8.21 (ddd, J = 8.0, 2.2, 1.6 Hz, 1H), 7.51
(dd, J= 10.1, 6.5 Hz, 4H), 7.37 (ddd, J= 8.1, 4.8, 0.7 Hz, 1H), 6.75
(dd, J = 3.8, 2.7 Hz, 1H), 6.72 (dd, J = 3.8, 2.3 Hz, 1H), 4.05–3.57
(m, 4H), 3.31–3.13 (m, 1H), 2.36–2.02 (m, 2H); 13C NMR (100
MHz, DMSO-d6) d 171.9, 171.6, 159.8, 150.2 (ddd, JCF = 242.8,
9.9, 5.3 Hz), 147.5, 146.3, 135.4 (td, JCF = 11.7, 3.5 Hz), 134.7 (dt,
JCF = 243.1, 15.9 Hz), 131.9, 131.4, 127.8, 127.7, 123.7, 113.8,
108.3, 103.6 (d, JCF= 24.4 Hz, 2C), 50.2, 49.3 (isomer), 47.4, 46.3,
45.3 (isomer), 42.6 (isomer), 30.1, 27.5 (isomer); HRMS (ESI): m/
z calcd for [C21H17F3N4O2 + H]+ 415.1382; found 415.1372.

4.5.12 (S)-1-(5-(Pyridin-4-yl)-1H-pyrrole-2-carbonyl)-N-
(3,4,5-triuorophenyl)pyrrolidine-3-carboxamide (CU06). The
title compound CU06 was prepared by a method similar to that
described for compound CU05, with pyridin-4-ylboronic acid
replacing pyridin-3-yl boronic acid in step 1. Then, the crude
was puried by column chromatography (silica gel, gradient
elution, 0 to 10% MeOH/EtOAc) to provide CU06. 61% yield of
white solid; 1H NMR (500 MHz, DMSO-d6) d 12.04 (s, 1H), 10.60
(s, 1H), 8.50 (d, J = 5.5 Hz, 2H), 7.84 (d, J = 5.3 Hz, 2H), 7.52
(br s, 2H), 6.91 (br s, 1H), 6.74 (br s, 1H), 4.02–3.57 (m, 4H),
3.26–3.19 (m, 1H), 2.28–2.08 (m, 2H); 13C NMR (125 MHz,
DMSO-d6) d 171.9, 171.6, 159.7, 150.2 (ddd, JCF = 243.1, 10.0, 6.5
Hz), 150.0 (2C), 138.5, 135.4 (t, JCF = 10.5 Hz), 134.7 (dt, JCF =

242.8, 15.7 Hz), 131.5, 128.7, 118.9 (2C), 113.8, 109.9, 103.6 (d,
JCF = 24.6 Hz, 2C), 50.2, 49.3 (isomer), 47.5, 46.3, 45.2 (isomer),
42.6 (isomer), 30.1, 27.5 (isomer); HRMS (ESI): m/z calcd for
[C21H17F3N4O2 + H]+ 415.1382; found 415.1375.

4.5.13 (S)-1-(5-(Pyridin-2-yl)-1H-pyrrole-2-carbonyl)-N-
(3,4,5-triuorophenyl)pyrrolidine-3-carboxamide (CU07)

4.5.13.1 Step 1. 2-Bromopyridine (1.2 eq.) was dissolved in
H2O : 1,4-dioxane (1 : 5). Then, intermediate II (1.0 eq.) and
K2CO3 (3.0 eq.) were added to the ask. The reaction mixture
was bubbled by the argon atmosphere for 15 min. Then
10 mol% Pd(PPh3)4 was added to the reaction. Reaction was
heated under argon atmosphere at 110 °C for 1 hour. To achieve
pure product, crude product was puried by liquid column
chromatography with 20 to 50% EtOAc/Hexanes.

4.5.13.2 Step 2:. Methyl 5-(pyridin-2-yl)-1H-pyrrole-2-
carboxylate (1.0 eq.) was dissolved in THF. Then, LiOH (5.0
© 2023 The Author(s). Published by the Royal Society of Chemistry
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eq.) was dissolved in H2O and added to the THF solution. The
reaction mixture was heated until it reached 90 °C and kept
heating for an hour. The reaction was acidied by 2 N HCl until
pH of solution equals to 2. The reaction mixture was concen-
trated by rotavapor. The solid was washed with 15% MeOH/
EtOAc and transferred the solution into another ask and the
crude solution was dried. Dried crude product was used in
further synthesis.

4.5.13.3 Step 3. 5-(Pyridin-2-yl)-1H-pyrrole-2-carboxylic acid
(1.0 eq.) was dissolved in DMF. Then, HATU (1.5 eq.) and DIPEA
(3.0 eq.) were added. The reaction mixture was stirred at room
temperature for 10 min. Then, intermediate I-A (1.1 eq.) was
added to the solution. The mixture was stirred overnight at
room temperature. Then the mixture was diluted with water.
The product was extracted with EtOAc 3 times. The organic layer
was washed by brine and puried by column chromatography
with 0 to 15% MeOH/EtOAc. The desired fractions were pooled
and the solvent was removed under reduced pressure to afford
CU07. 80% yield of white solid; 1H NMR (400 MHz, DMSO-d6)
d 11.43 (s, 1H), 10.51 (s, 1H), 8.55 (dd, J = 5.0, 1.8 Hz, 1H), 7.96
(d, J = 8.0 Hz, 1H), 7.79 (td, J = 8.0, 1.8 Hz, 1H), 7.54–7.50 (m,
2H), 7.23 (dd, J = 7.5, 4.9 Hz, 1H), 6.90 (dd, J = 4.0, 2.6 Hz, 1H),
6.74 (dd, J = 4.0, 2.4 Hz, 1H), 4.03–3.57 (m, 4H), 3.30–3.17 (m,
1H), 2.32–2.05 (m, 2H); 13C NMR (125 MHz, DMSO-d6) d 171.8,
171.5, 159.4, 150.1 (ddd, JCF = 242.7, 9.9, 4.9 Hz), 149.4, 149.3,
137.1, 135.4 (t, JCF = 11.5 Hz), 134.7 (dt, JCF = 243.1, 15.1 Hz),
133.8, 127.3, 121.9, 119.1, 113.7, 109.3, 103.6 (d, JCF = 24.6 Hz,
2C), 50.0, 49.3 (isomer), 47.3, 46.3, 45.2 (isomer), 42.5 (isomer),
30.0, 27.5 (isomer); HRMS (ESI): m/z calcd for [C21H17F3N4O2 +
H]+ 415.1376; found 415.1357.

4.5.14 (S)-1-(5-(Pyrimidin-5-yl)-1H-pyrrole-2-carbonyl)-N-
(3,4,5-triuorophenyl)pyrrolidine-3-carboxamide (CU08). The
title compound CU08 was prepared by a method similar to that
described for compound CU05, with pyrimidin-5-ylboronic acid
replacing pyridin-3-yl boronic acid in step 1. Then, the crude
was puried by column chromatography (silica gel, gradient
elution, 0 to 15% MeOH/DCM) to provide CU08. 90% yield of
white solid; 1H NMR (500 MHz, DMSO-d6) d 12.13 (s, 1H), 10.60
(s, 1H), 9.24 (s, 2H), 9.01 (s, 1H), 7.53 (br s, 2H), 6.88 (d, J =
3.8 Hz, 1H), 6.77 (d, J= 4.0 Hz, 1H), 4.02–3.71 (m, 4H), 3.28–3.20
(br s, 1H), 2.28–2.08 (m, 2H); 13C NMR (125 MHz, DMSO-d6)
d 171.8, 171.5, 159.6, 156.1, 152.8 (2C), 150.1 (ddd, JCF = 242.9,
9.3, 5.3 Hz), 135.4 (t, JCF = 11.8 Hz), 134.7 (dt, JCF = 242.8, 15.1
Hz), 128.6, 127.9, 125.9, 113.8, 109.3, 103.6 (d, JCF = 24.6 Hz,
2C), 50.2, 49.3 (isomer), 47.4, 46.3, 45.2 (isomer), 42.5 (isomer),
30.0, 27.5 (isomer); HRMS (ESI): m/z calcd for [C20H16F3N5O2 +
H]+ 416.1329; found 416.1325.

4.5.15 (S)-1-(5-(2-Methylpyridin-3-yl)-1H-pyrrole-2-
carbonyl)-N-(3,4,5-triuorophenyl) pyrrolidine-3-carboxamide
(CU09). The title compound CU09 was prepared by a method
similar to that described for compound CU05, with (2-
methylpyridin-3-yl)boronic acid replacing pyridin-3-yl boronic
acid in step 1. Then, the crude was puried by column chro-
matography (silica gel, gradient elution, 0 to 20% MeOH/DCM)
to providing CU09. 65% yield of white solid; 1H NMR (400 MHz,
DMSO-d6) d 11.65 (s, 1H), 10.51 (s, 1H), 8.37 (dd, J = 4.8, 1.6 Hz,
1H), 7.78 (dd, J= 7.8, 1.6 Hz, 1H), 7.52 (dd, J= 10.2, 6.5 Hz, 2H),
© 2023 The Author(s). Published by the Royal Society of Chemistry
7.25 (dd, J = 7.7, 4.8 Hz, 1H), 6.72 (dd, J = 3.5, 1.4 Hz, 1H), 6.38
(dd, J = 3.3, 1.8 Hz, 1H), 4.03–3.53 (m, 4H), 3.32–3.17 (m, 1H),
2.56 (s, 3H), 2.35–2.01 (m, 2H); 13C NMR (100 MHz, DMSO-d6)
d 171.9, 171.6, 159.8, 155.3, 150.2 (ddd, JCF = 242.6, 9.9, 5.2 Hz),
147.4, 136.6, 135.4 (td, JCF = 11.7, 3.5 Hz), 134.7 (dt, JCF = 243.0,
15.7 Hz), 132.2, 127.4, 126.8, 121.1, 113.1, 110.6, 103.6 (dd, JCF=
14.8, 4.7 Hz, 2C), 50.1, 49.3 (isomer), 47.4, 46.2, 45.3 (isomer),
42.5 (isomer), 30.1, 27.5 (isomer), 23.9; HRMS (ESI): m/z calcd
for [C22H19F3N4O2 + H]+ 429.1539; found 429.1543.

4.5.16 (S)-1-(5-(4-Methylpyrimidin-5-yl)-1H-pyrrole-2-
carbonyl)-N-(3,4,5-triuorophenyl) pyrrolidine-3-carboxamide
(CU10). The title compound CU10 was prepared by a method
similar to that described for compound CU07, with 5-bromo-4-
methylpyrimidine replacing 2-bromopyridine in step 1. Then,
the crude was puried by column chromatography (silica gel,
gradient elution, 0 to 15% MeOH/DCM) to provide CU10. 61%
yield of white solid; 1H NMR (500 MHz, DMSO-d6) d 11.91 (s,
1H), 10.51 (s, 1H), 8.94 (s, 1H), 8.75 (s, 1H), 7.52 (dd, J = 10.2,
6.1 Hz, 2H), 6.77 (t, J= 3.0 Hz, 1H), 6.49 (t, J= 3.0 Hz, 1H), 4.04–
3.54 (br s, 4H), 3.29–3.26 (m, 1H), 2.57 (s, 3H), 2.32–2.07 (m,
2H); 13C NMR (125 MHz, DMSO-d6) d 171.9, 171.6, 163.7, 159.7,
156.2, 155.7, 150.2 (ddd, JCF = 242.2, 9.7, 6.0 Hz), 135.4 (t, JCF =
10.4 Hz), 134.8 (dt, JCF = 243.6, 16.0 Hz), 128.4, 127.7, 125.8,
113.3, 111.6, 103.6 (dd, JCF = 15.3, 4.6 Hz, 2C), 50.1, 49.3
(isomer), 47.4, 46.3, 45.3 (isomer), 42.6 (isomer), 30.1, 27.5
(isomer), 23.4; HRMS (ESI): m/z calcd for [C21H18F3N5O2 + H]+

430.1491; found 430.1464.
4.5.17 (S)-1-(5-(4,6-Dimethylpyrimidin-5-yl)-1H-pyrrole-2-

carbonyl)-N-(3,4,5-triuorophenyl) pyrrolidine-3-carboxamide
(CU11). The title compound CU11 was prepared by a method
similar to that described for compound CU07, with 5-bromo-
4,6-dimethylpyrimidine replacing 2-bromopyridine in step 1.
Then, the crude was puried by column chromatography (silica
gel, gradient elution, 0 to 10% MeOH/DCM) to provide CU11.
66% yield of white solid; 1H NMR (400 MHz, acetone-d6) d 11.81
(s, 1H), 9.98 (s, 1H), 8.80 (s, 1H), 7.58 (br s, 2H), 6.80 (s, 1H), 6.25
(dd, J = 3.7, 2.7 Hz, 1H), 4.09–3.82 (m, 2H), 3.51–3.26 (m, 2H),
3.16–2.99 (m, 1H), 2.36 (br s, 1H), 2.28 (s, 6H), 2.18 (br s, 1H);
13C NMR (100 MHz, acetone-d6) d 172.4, 172.0, 166.9 (2C), 160.8,
157.5, 151.6 (ddd, JCF = 243.0, 10.0, 5.3 Hz), 136.4 (t, JCF = 11.7
Hz), 136.3 (dt, JCF = 243.6, 15.7 Hz), 130.2, 127.4, 126.9, 114.2,
111.5, 104.5 (d, JCF= 24.7 Hz, 2C), 50.8, 50.4 (isomer), 48.2, 47.1,
46.8 (isomer), 43.8 (isomer), 30.8, 28.4 (isomer), 23.0 (2C);
HRMS (ESI): m/z calcd for [C22H20F3N5O2 + H]+ 444.1647; found
444.1634.

4.5.18 (S)–N-(3-Chloro-4-uorophenyl)-1-(5-(4,6-dime-
thylpyrimidin-5-yl)-1H-pyrrole-2-carbonyl)pyrrolidine-3-
carboxamide (CU12). The title compound CU12was prepared by
a method similar to that described for compound CU07, with 5-
bromo-4,6-dimethylpyrimidine replacing 2-bromopyridine in
step 1 and intermediate I-B replacing intermediate I-A in step 3.
Then, the crude was puried by column chromatography (silica
gel, gradient elution, 0 to 10% MeOH/DCM) to provide CU12.
70% yield of white solid; 1H NMR (500 MHz, DMSO-d6) d 11.69
(s, 1H), 10.37 (s, 1H), 8.84 (s, 1H), 7.96 (dd, J = 6.8, 2.6 Hz, 1H),
7.49 (ddd, J = 9.1, 4.3, 2.6 Hz, 1H), 7.38 (t, J = 9.1 Hz, 1H), 6.76
(dd, J = 3.6, 2.1 Hz, 1H), 6.24 (dd, J = 3.7, 2.2 Hz, 1H), 4.00–3.56
RSC Adv., 2023, 13, 29004–29022 | 29017
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(m, 4H), 3.30–3.17 (m, 1H), 2.28–2.07 (m, 8H); 13C NMR (125
MHz, DMSO-d6) d 171.5, 171.2, 165.4, 159.6, 156.4, 153.1 (d, JCF
= 241.0 Hz), 136.4, 128.4, 126.6, 125.8, 120.7, 119.6 (d, JCF = 7.0
Hz), 119.2 (d, JCF = 17.9 Hz), 117.0 (d, JCF = 21.6 Hz), 112.9,
110.5, 50.0, 49.5 (isomer), 47.2, 46.4 (isomer), 45.2, 42.4
(isomer), 30.2, 27.5 (isomer), 22.8 (2C); HRMS (ESI): m/z calcd
for [C22H21ClFN5O2 + H]+ 442.1446; found 442.1424.

4.5.19 (2S,3S)-1-(5-(4,6-Dimethylpyrimidin-5-yl)-1H-
pyrrole-2-carbonyl)-2-methyl-N-(3,4,5-triuorophenyl)
pyrrolidine-3-carboxamide (CU13). The title compound CU13
was prepared by a method similar to that described for
compound CU07, with 5-bromo-4,6-dimethylpyrimidine
replacing 2-bromopyridine in step 1 and intermediate I-C
replacing intermediate I-A in step 3. Then, the crude was puri-
ed by column chromatography (silica gel, gradient elution, 0 to
20%MeOH/DCM) to provide CU13. 60% yield of white solid; 1H
NMR (500 MHz, DMSO-d6) d 11.71 (s, 1H), 10.41 (s, 1H), 8.85 (s,
1H), 7.53 (dd, J = 10.3, 6.5 Hz, 2H), 6.77 (br s, 1H), 6.25 (br s,
1H), 4.75 (br s, 1H), 3.98 (br s, 1H), 3.75 (br s, 1H), 3.16 (br s,
1H), 2.46 (br s, 1H), 2.28 (s, 6H), 2.12 (br s, 1H), 1.07 (br s, 3H);
13C NMR (125 MHz, DMSO-d6) d 169.6, 165.4 (2C), 159.2, 156.4,
150.2 (ddd, JCF = 242.9, 9.3, 5.4 Hz), 135.3 (t, JCF = 11.5 Hz),
134.7 (dt, JCF = 242.4, 15.1 Hz), 128.5, 126.6, 125.8 (2C), 113.0,
110.6, 103.5 (d, JCF = 24.4 Hz, 2C), 54.4, 46.9, 46.1, 25.4, 22.8
(2C), 14.9; HRMS (ESI): m/z calcd for [C23H22F3N5O2 + H]+

458.1804; found 458.1791.
4.5.20 (2S,3S)–N-(3-Chloro-4-uorophenyl)-1-(5-(4,6-dime-

thylpyrimidin-5-yl)-1H-pyrrole-2-carbonyl)-2-methylpyrrolidine-
3-carboxamide (CU14). The title compound CU14 was prepared
by a method similar to that described for compound CU07, with
5-bromo-4,6-dimethylpyrimidine replacing 2-bromopyridine in
step 1 and intermediate I-D replacing intermediate I-A in step 3.
Then, the crude was puried by column chromatography (silica
gel, gradient elution, 0 to 15% MeOH/DCM) to provide CU14.
70% yield of white solid; 1H NMR (500 MHz, DMSO-d6) d 11.67
(s, 1H), 10.25 (s, 1H), 8.84 (s, 1H), 7.94 (dd, J = 6.9, 2.5 Hz, 1H),
7.50 (ddd, J = 9.0, 4.3, 2.6 Hz, 1H), 7.38 (t, J = 9.0 Hz, 1H), 6.77
(dd, J = 3.5, 2.7 Hz, 1H), 6.25–6.24 (m, 1H), 4.74 (br s, 1H), 4.00
(br s, 1H), 3.73 (br s, 1H), 3.17 (br s, 1H), 2.46 (s, 1H), 2.28 (s,
6H), 2.10 (br s, 1H), 1.09 (d, J = 3.5 Hz, 3H); 13C NMR (125 MHz,
DMSO-d6) d 169.2, 165.5 (2C), 159.3, 156.4, 153.2 (d, JCF = 241.2
Hz), 136.3, 128.5, 125.8, 126.6, 120.8, 119.6 (d, JCF = 6.4 Hz),
119.2 (d, JCF = 18.1 Hz), 117.1 (d, JCF = 21.5 Hz), 113.0, 110.7,
54.6, 46.8, 46.2, 25.5, 22.8 (2C), 14.9; HRMS (ESI): m/z calcd for
[C23H23ClFN5O2 + H]+ 456.1603; found 456.1587.

4.5.21 (2S,3S)-1-(5-(4,6-Dimethylpyrimidin-5-yl)-1H-
pyrrole-2-carbonyl)-N-(4-uoro-3-methylphenyl)-2-
methylpyrrolidine-3-carboxamide (CU15). The title compound
CU15 was prepared by a method similar to that described for
compound CU07, with 5-bromo-4,6-dimethylpyrimidine
replacing 2-bromopyridine in step 1 and intermediate I-E
replacing intermediate I-A in step 3. Then, the crude was puri-
ed by column chromatography (silica gel, gradient elution, 0 to
15%MeOH/DCM) to provide CU15. 81% yield of white solid; 1H
NMR (500 MHz, DMSO-d6) d 11.70 (s, 1H), 10.01 (s, 1H), 8.84 (s,
1H), 7.53 (dd, J = 6.8, 1.9 Hz), 7.43–7.39 (m, 1H), 7.08 (t, J = 9.2
Hz), 6.77–6.76 (m, 1H), 6.24 (br s, 1H), 4.72 (br s, 1H), 3.97 (br s,
29018 | RSC Adv., 2023, 13, 29004–29022
1H), 3.74 (br s, 1H), 3.16 (br s, 1H), 2.46 (br s, 1H), 2.28 (s, 6H),
2.20 (s, 3H), 2.10 (br s, 1H), 1.07 (s, 3H); 13C NMR (100 MHz,
DMSO-d6) d 168.7, 165.5 (2C), 159.3, 156.7 (d, JCF = 237.6 Hz),
156.4, 135.1, 128.5, 126.7, 125.8, 124.3 (d, JCF = 17.9 Hz), 122.4
(d, JCF = 4.6 Hz), 118.6 (d, JCF = 7.7 Hz), 115.0 (d, J = 23.0 Hz),
113.0, 110.6, 54.7, 46.7, 46.3, 25.6, 22.7, 14.9, 14.4 (2C); HRMS
(ESI): m/z calcd for [C24H26FN5O2 + H]+ 436.2149; found
436.2138.

4.5.22 (2S,3S)-1-(5-(3,5-Dimethyl-1H-pyrazol-4-yl)-1H-
pyrrole-2-carbonyl)-N-(4-uoro-3-methyl phenyl)-2-
methylpyrrolidine-3-carboxamide (CU16). The title compound
CU16 was prepared by a method similar to that described for
compound CU07, with 4-iodo-3,5-dimethyl-1H-pyrazole replac-
ing 2-bromopyridine in step 1 and intermediate I-E replacing
intermediate I-A in step 3. Then, the crude was puried by
column chromatography (silica gel, gradient elution, 0 to 20%
MeOH/DCM) to provide CU16. 71% yield of white solid; 1H NMR
(500 MHz, DMSO-d6) d 12.26 (s, 1H), 10.99 (s, 1H, NH), 10.00 (s,
1H, NH), 7.53 (dd, J = 7.1, 2.7 Hz, 1H), 7.41 (ddd, J = 8.8, 4.6,
2.7 Hz, 1H), 7.08 (t, J= 9.2 Hz, 1H), 6.68 (dd, J= 3.6, 2.6 Hz, 1H),
6.07 (t, J = 3.5, 2.6 Hz, 1H), 4.69 (br s, 1H), 3.92 (br s, 1H), 3.72–
3.66 (br m, 1H), 3.17–3.11 (br m, 1H), 2.44 (br s, 1H), 2.21 (br d, J
= 2.0 Hz, 3H), 2.20 (s, 6H), 2.07 (br s, 1H), 1.08 (br d, J = 6.9 Hz,
3H); 13C NMR (125 MHz, DMSO-d6) d 168.6, 159.4, 156.6 (d, JCF
= 237.8 Hz), 135.1, 128.5, 125.2, 124.2 (d, JCF = 17.8 Hz), 122.4,
122.3, 118.5 (d, JCF = 7.6 Hz), 115.0 (d, JCF = 23.0 Hz), 113.2,
109.4, 108.5 (2C), 66.4, 54.5, 46.7, 46.2, 25.6, 14.9, 14.4 (2C);
HRMS (ESI): m/z calcd for [C23H26FN5O2 + H]+ 424.2149; found
424.2149.
4.6 In vitro anti-HBV activity and cytotoxicity in HepG2.2.15
cell line

A stable HBV-expressed HepG2.2.15 cells were seeded at 5 × 105

cells per well in 24-well plate with high glucose Dulbecco's
Modied Eagle Medium containing 10% heat inactivated fetal
bovine serum, 300 mg L−1 G418, 1% non-essential amino acids,
100 units per ml antibiotic–antimycotic, and incubated for
overnight at 37 °C and 5% CO2. The cells were treated with the
medium containing solvent control (0.5% DMSO) or
compounds at various concentrations for three days. Then, the
medium was removed and replaced with fresh medium con-
taining compounds for another 3 days. Aer 6 days of treat-
ment, intracellular HBV DNA was extracted and determined by
using quantitative real-time PCR (qPCR) technique with specic
primers. For screening, the anti-HBV activity is reported as %
HBV DNA remaining following compound treatment at 0.1 or 1
mM, compared to the vehicle control. For EC50 determination,
the % HBV DNA remaining was plotted against compound
concentration. The EC50 values were obtained from a 4-param-
eter nonlinear curve tting using GraphPad Prism soware.

For cytotoxicity, the cells were seeded onto a 96-well plate
and allowed to adhere for 24 h. Then, the cells were treated with
various concentrations of the compounds for 6 days. Aer
treatment, the culturedmedia were discarded and replaced with
serum-free media containing 0.5 mg mL−1 of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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for 2 h. The resulting formazan crystals were dissolved in
DMSO, and then measured its absorbance at 570 nm using
a microplate reader. A concentration producing 50% cell death
(CC50) was determined from a tting of concentration–response
curve (% cell viability vs. test concentration) to a four parameter
Hill equation, using a GraphPad soware (Prism, USA).
4.7 In vitro microsomal stability

Test compounds (1 mM) were incubated with pooled human
liver microsome (0.4 mg mL−1) in potassium phosphate buffer
(100 mM, pH 7.4) containing 3.3 mM of MgCl2 and 1.3 mM of b-
NADPH. The organic solvent in reactions was kept not more
than 1% in the incubations. The reactions were incubated at
37 °C. The reactions were quenched at various time points with
ice-cold acetonitrile containing internal standard. Then, the
supernatants of reaction mixtures were collected by centrifu-
gation, and injected to LC-MS/MS for analysis. Data are
expressed as intrinsic clearance (CLint) values.
4.8 CYP450 inhibition

Test compounds (10 mM) were incubated with pooled human
liver microsome (0.2 mg mL−1) and cocktail of 10 probe
substrates [100 mM phenacetin for CYP1A2, 1.5 mM coumarin
for CYP2A6, 12 mM bupropion for CYP2B6, 1 mM amodiaquine
for CYP2C8, 100 mM tolbutamide for CYP2C9, 50 mM (S)-
mephenytoin for CYP2C19, 2.5 mM dextromethorphan for
CYP2D6, 15 mM chlorzoxazone for CYP2E1, and 2.5 mM mid-
azolam and 50 mM testosterone for CYP3A4/5] in 100 mM
potassium phosphate buffer (pH 7.4) and 3.3 mM of MgCl2 at
37 °C.52 The reaction was initiated by addition of b-NADPH (1.3
mM). Aer the incubation period of 10 minutes, the reaction
was stopped with ice-cold 3% formic acid in 5% acetonitrile.
The samples were centrifuged and collected for LC-MS/MS
analysis. Data were expressed as % inhibition of each metabo-
lite formed in samples compared to control.
4.9 Size exclusion chromatography (SEC) and transmission
electron microscopy (TEM)

HBV core protein (Cp149) protein was prepared based on
a published method53 with slight modications. A compound
(50 mM) was incubated with 15 mM of Cp149 in 50 mM HEPES
buffer (pH 7.5) containing 150 mM NaCl. The reaction mixture
was incubated for 16 hours at 21 °C. Aer incubation, an aliquot
of the reaction mixture was analyzed by SEC using a size
exclusion column (YarraTM SEC-3000, 3 mm, 150 × 7.8 mm)
with a running buffer (50mMHEPES, 150mMNaCl, adjusted to
pH 7.5). The UV absorbance was monitored at 280 nm.
Compound-induced capsid assembly was determined from the
ratio of the retention time of the Cp149 dimer to that of the
capsid fraction.

For TEM study, another aliquot of the reaction mixture was
negatively stained with 1% uranyl acetate and visualized on
a JEOL JEM-1400 100 kV electron microscope. Images were
acquired at a magnication of 100°000× to 300°000×.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.10 Pharmacokinetic studies in rats

The study was approved by Pharmaron (Beijing) Institutional
Animal Care and Use Committee (IACUC). Test compounds
were administered to male Sprague-Dawley rats via intravenous
bolus injection (0.5 mg kg−1) or oral gavage (2 mg kg−1). The
formulations for intravenous and oral dosing are 10% dimethyl
sulfoxide in 20% hydroxypropyl methyl b-cyclodextrin solution
and 40% polyethylene glycol in water, respectively. Blood
samples collected at pre-dose and at various time points up to
24 h post dosing, and centrifuged to obtain plasma. The
concentration of test compounds in plasma were quantied
using liquid chromatography-tandem mass spectrometric
analysis. The pharmacokinetic parameters (i.e. CL, total body
clearance; and F, oral bioavailability) were calculated via non-
compartmental analysis using WinNonlin soware
(Phoenix™, version 8.3).
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CAM
 Capsid assembly modulator

CAM-N
 CAM-Normal

CAM-A
 CAM-Aberrant
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 Covalently closed circular DNA
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 Electrostatic complementarity
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Data availability

(1) AMBER39 is a proprietary licensed soware released by
University of California, San Francisco. AMBER16 package
program was used for MD simulation. (2) Chimera38 is an open-
access soware released by Resource for Biocomputing, Visu-
alization, and Informatics at the University of California, San
Francisco. Chimera 1.9 was used for protein editing. (3) Flare36

is a proprietary licensed soware released by Cresset Biomo-
lecular Discovery Ltd. Version 5.0.0 of the Flare was used for the
molecular alignment, molecular docking, and EC calculation.
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(4) Gaussian 09 (ref. 42) is a proprietary licensed soware
released by Gaussian Inc., which was used for the preparation of
ligand parameters. (5) All molecular data was manually ob-
tained from the patents WO2014/184350 (ref. 15) which were
validated and ltered through SwissADME54 and PAINS-
Remover55 to eliminate the pan assay interference structures. (6)
The protein structure data used in this experiment can be
downloaded at https://www.rcsb.org/ (PDB code 5E0I21 and
5T2P26).
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