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ABSTRACT: The discovery of novel tetrahydropyrrolo[1,2-
c]pyrimidines derivatives from Bay41_4109 as hepatitis B
virus (HBV) inhibitors is herein reported. The structure−
activity relationship optimization led to one highly efficacious
compound 28a (IC50 = 10 nM) with good PK profiles and the
favorite L/P ratio. The hydrodynamic injection model in mice
clearly demonstrated the efficacy of 28a against HBV
replication.
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Hepatitis B is a potentially life-threatening liver disease
caused by the hepatitis B virus (HBV) infection. Over

350 million people have chronic HBV infection.1 Chronic HBV
infection can lead to liver cirrhosis and hepatocellular
carcinoma (HCC).2 Currently, there are two types of anti-
HBV agents in the market: immune modulators (IFN-α) and
nucleosi(t)des as reverse transcriptase inhibitors (Lamivudine,
Entecavir, Telbivudine, Adefovir and Tenofovir).3 However, the
usage of IFN-α is limited due to its low efficacy, high cost, and
serious side effects; while nucleos(t)ides often result in drug-
resistance after long-term treatment.4,5 Moreover, both IFN-α
and nucleos(t)ide analogues cannot eradicate chronic HBV
infection. Therefore, it is crucial to develop safer and more
effective anti-HBV agents with novel mechanisms.6−8

Heteroaryldihydropyrimidines (HAPs), discovered by a cell
culture-based screening, were identified as a novel class of HBV
inhibitors targeting capsid assembly and RNA packaging.9 It
was reported that HAPs could enhance the rate of assembly and
cause the formation of aberrant capsid, thus leading to
decreased production of virions.10 However, HAPs were
hydrophobic due to their special chemical structures.11,12 The
poor water solubility significantly affected the drug candidate’s
oral PK properties and eventually limited the chance of being
developed into a pharmaceutical product.

GLS4 (Scheme 1), derived from BAY41−4109 (Scheme 1),
is currently in a phase II clinical trial as an anti-HBV agent,

which also targets the HBV capsid formation.13−16 GLS4 was as
potent as the prototype-BAY41−4109. Moreover, it can inhibit
both wild-type and Adefovir resistant strains of HBV in cell
culture. However, the poor oral bioavailability of GLS4 might
become a hurdle for further development.
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Scheme 1. Chemical Structures of BAY41-4109 and GLS4
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We herein report the approaches for the design, synthesis,
and biological evaluation of a novel series of 3,5,6,7-
tetrahydropyrrolo[1,2-c]pyrimidine derivatives as HBV capsid
assembly inhibitors.
The derivatives (Scheme 2) were designed based on HAPs.

Although it was reported that blocking the hydrogen on

pyrrimidine with alkyl group resulted in loss of antiviral
activity,17,18 we discovered that the fused ring analogues could
maintain moderate to excellent potency.
The analogues in Table 1 were evaluated by the cell-based

anti-HBV assay. The HepG2.2.15 cells were seeded at 4 × 104
cells/well in a 96-well plate (100 μL/well) in seeding medium

and incubated overnight at 37 °C in a 5% CO2 humid
atmosphere. The next day, compounds were added to the cell
culture. Three days later, cells were replenished with fresh
medium. After another three-day incubation, cell culture
supernatants were collected and stored at −80 °C until HBV
DNA was used. HBV DNA was extracted from supernatants
with QIAamp 96 DNA Blood Kit and quantified by qPCR.
The IC50 data in Table 1 showed the fused ring analogues

can keep moderate activity. Among them, compound 2
possessed the best potency against HBV.
A general synthetic route for compound 2 is illustrated in

Scheme 3. The THP protected ethyl 3-oxoheptanoate was

reacted with amidine 10 and the substituted benzaldehyde to
produce the cyclized compound 12 under the Biginelli
condition.19 Compound 12 was deprotected with p-TsOH to
afford compound 13, followed by cyclization in the presence of
MsCl/Et3N to generate the racemic compound 2.
Utilizing the most potent compound 2 as a starting point, we

first investigated the effects of different R1 groups as shown in
Table 2. The structure−activity relationship (SAR) analysis
indicated that the thiazole group is the best moiety in this
region.
We explored the further SAR-based optimization of

compound 2 at the R2 position (Table 3). 2-Bromo-4-
fluorophenyl (15a) provided a comparable activity (IC50 =
0.21 μM). Replacement of the phenyl at 2, 3, or 4 position can
retain the potency, such as 2-chloro-3-fluorophenyl (15b, IC50
= 0.31 μM). However, it led to less potency if substituted at 2,
5 or 2, 6 positions, for example, 2-chloro-5-fluorophenyl (15c)
and 2-chloro-6-fluorophenyl (15d). 2,4-Difluorophenyl (15e,
IC50 = 0.51 μM) and 3,4-difluorophenyl (15f, IC50 = 0.43 μM)
analogues maintained similar potency. No significant potency
improvement was observed by introducing a methyl group at
the 2-position of phenyl (15g, IC50 = 0.45 μM). The
replacement of 2-bromo-4-fluorophen with 1-methyl-1H-
pyrazolor thiazol, resulted in the loss of potency, such as
compound 15m or 15k. Besides, introduction of pyridine
analogues (15i and 15j) at R2 position also led to the loss of
potency.
Based on the above result, further SAR was investigated at

the R3 region (Table 4). We found it led to loss of potency by
replacing ethyl with 2-methoxyethyl carboxylate (16c) and 2-
(dimethylamino)ethyl carboxylate (16d), but no difference if
replaced with a methyl group (16a). The decline in potency
was also observed when the ethyl group of 16a was replaced
with the similar methoxymethyl group (16b) or 2,2-
difluoroethyl group (16e). Furthermore, replacement of the

Scheme 2. Chemical Structures of the Derivatives

Table 1. Anti-HBV Activity of the Fused Ring Analogues in
HepG 2.2.15 Cells

*Mean value of three experiments.

Scheme 3. Synthetic Route of 2
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ethyl carboxylate with a N-methoxy carboxylate (16f, IC50 = 5.0
μM) did not maintain the potency.

Interestingly, when we investigated the substituents at the
five-membered ring, we found compounds 26 and 27 with a
Boc group also showed good potency with IC50 = 50 and 30
nM, respectively (Table 5). So we did further exploration at this
region and identified that methylsulfonyl analogues such as 28a,
29a, and 30 possessed excellent activities. The absolute
stereochemistry of 30 was determined by the single crystal X-

Table 2. Anti-HBV Activity in HepG2.2.15 Cells via R1
Modification

*Mean value of three experiments.

Table 3. Anti-HBV Activity in HepG2.2.15 Cells via R2
Modification

*Mean value of three experiments.

Table 4. Anti-HBV Activity in HepG2.2.15 Cells via R3
Modification

*Mean value of three experiments.

Table 5. Anti-HBV Activity in HepG2.2.15 Cells

*Mean value of three experiments.
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ray study (see Supporting Information). Compared to (3R,6R)
isomers such as 28b (IC50 = 60 nM) and 29b (IC50 = 70 nM),
the (3R,6S) isomers (28a and 29a) were 6−7-fold more potent.
Based on the efficacy of 28a and 29a, there was no difference if
methyl ester replaced by ethyl ester. We kept the ethyl ester
moiety and conducted the optimization on the pyrrolo ring, but
hydroxyl (31), N,N-dimethyl (32), and methyl (33) analogues
did not keep potency.
To gain deeper insights into the mechanisms of our

compounds, we did the evaluation activity of 28a,
Bay41_4109, and GLS4 against HBV capsid assembly in the
capsid quenching assay. Compounds 28a, Bay41_4109, and
GLS4 had IC50 values of 0.8, 0.43, and 1.2 μM, respectively,
which proved the similar caspid assembly inhibition mecha-
nism.
A general synthetic route for compound 28a is illustrated in

Scheme 4. The compound 10 reacted with 2-Cl-4-F-

benzaldehyde and ethyl 3-oxobutanoate (17) to generate the
cyclized compound 18 under the Biginelli condition.1 The
enantiopure 20 was obtained through SFC chiral separation of
the stereomixtures eluting with a mixed solvent of 85%
supercritical CO2/15% EtOH at 100 mL/min rate. The
absolute stereochemistry of (−)-enantiomer 20 was determined
by its rotation value as reported.20 Bromination of compound
20 generated 21, which was reacted with 22 via three steps to
give compound 23. The subsequent reduction of 23 with
NaBH4 afforded compound 24. Compound 25 was generated
by cyclization of 24 in the presence of MsCl and Et3N. The
compounds 26 and 27 were separated by the of SFC separation
with higher polarity of 27. Compound 27 reacted with HCl/
EtOAc to give the amine intermediate, then coupled with MsCl
to generate compound 28a.
Computer Modeling on Interaction of Compound 28a

with HBV Capsid Protein. The dihydropyrimidine com-
pounds can potentially bind to the interface of HBV core
proteins, disrupting the formation of HBV capsid, therefore
blocking the lifecycle of HBV.21−23 To better understand the
SAR, some of the analogues in this work were docked into the
crystal structure of HBV capsid (PDB code 5GMZ).
The binding pose of sulphonamide compound 28a in the

core protein is shown in Figure 1. The F- or Cl-phenyl occupies
a compact and hydrophobic pocket, which consists of Thr33,
Ile105, Leu30, Pro25, and Trp102 in one of the core proteins
(chain B) and Val124, Arg127 and Thr128 in the other core
protein (chain C). This pocket is very tight and hydrophobic,

where the fluorine, chlorine, and bromine analogues are potent,
but polar and bulky groups are generally not well tolerated
(Table 3). The dihydropyrimidine can catch a key hydrogen
bond to Trp102, as well as have hydrophobic interactions with
Leu140 and Val124. However, the dihydropyrimidine core has
a unique conformation, which facilitates the F-, Cl-phenyl
binding to the tight pocket with an optimal dihedral angle. The
thiazole can form hydrophobic interactions with Pro25 and
Thr128, as well as π−π stacking with Phe23 and Tyr118. Some
heterocycles with high polarity, such as pyrrozole and pyridine,
can reduce activity. Moreover, saturated rings may even
significantly drop in activity (Table 2). Most of these
interactions lie in the deep pocket, stabilizing the conformation
of 28a in the interface of HBV core proteins.
The fused pyrrolidine can form hydrophobic interactions

with Leu140, Phe110, and Val124, moreover, it acts as a rigid
linker, which can deliver a hydrophilic tail to a region the near
solvent. Given the high lipophilicity of lead compound 2, the
free space around this region makes it possible to introduce
hydrophilic groups to improve the solubility and pharmacoki-
netics properties. The vicinity of this hydrophilic region has
Leu140 and Ser141, where two amides on main chain and a
hydroxyl on side chain point to the inner pocket, forming a
hydrogen bond donor rich region. The sulphonamide
potentially can catch a hydrogen bond to Ser141, stabilizing
the conformation of compound 28a in the binding pocket
(Figure 1). For the potent analogue 26, its carbamate tail can
also catch a hydrogen bond to Ser141, and its t-Bu can have
additional hydrophobic interactions with Pro134 and Ile139.
However, those compounds with less hydrogen bond acceptors
on the tail (31, see Table 5) and even basic compounds (32)
may lose the hydrogen bond at this region and thus become
less potent. For the flexibility of pyrrolidine, both R and S
enantiomers are tolerated in the pocket, but generally the
compounds in S configuration can catch hydrogen bonds and
fit binding pocket better. Substitutions at position 7 of
tetrahydropyrrolopyrimidine are very close to the thiazole

Scheme 4. Synthetic Route of 28a Figure 1. Putative binding pose of compound 28a in HBV capsid. The
core proteins, chains B and C, are shown in magenta and cyan cartoon.
The ligand is shown as ball-and stick, where carbon atoms are in green.
(a) View from the left-hand side of the entrance to binding site. (b)
View from the right-hand side. (c) Binding pocket of the interface of
core proteins. (d) Two-dimensional plot of compound 28a in HBV
capsid. The figures were prepared by Pymol24 and Maestro25 packages.
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ring, which can change its conformation and affect protein
binding. For example, the addition of methyl in 33 significantly
drops in activity.
Physical Properties, ADME/PK Profiles of GLS4 and

28a. Compound 28a showed desirable in vitro potency and
physicochemical properties (Table 6). In the in vitro DDI

assessment, compound 28a displayed limited risk on CYP
inhibition in a panel of five enzymes (CYP1A2, 2C9, 2C19,
2D6, and 3A4). Compound 28a exhibited moderate plasma
clearance (Cl) (21 mL min−1 kg−1) with good oral
bioavailability of 54% in mice, while the oral bioavailability of
GLS4 was only 14%.
The in vivo antiviral activity of 28a was evaluated in a

hydrodynamic injection (HDI) HBV mouse model.26 In
consideration of higher oral exposure of 28a than GLS4, 28a
was dosed at 50 mpk, BID versus GLS4 at 100 mpk, BID. As
shown in Figure 2, 28a demonstrated a statistically significant

reduction (p < 0.01) of HBV DNA in both mouse plasma and
liver. In comparison with the vehicle group, 50 mpk (BID) of
compound 28a treatment achieved 2.05 and 2.57 log viral DNA
reduction in mouse plasma on days 3 and 5, respectively
(Figure 2A), while 100 mpk (BID) of reference compound
GLS4 treatment achieved 0.35 and 1.56 log viral DNA
reduction in mouse plasma on days 3 and 5, respectively.
Treatment of the mice with 28a and GLS4 reduced 0.68 and

0.91 log viral load of DNA in mouse liver on day 7, respectively
(Figure 2B).

Conclusion. In summary, we have described the successful
structural optimization of HAPs to 3,5,6,7-tetrahydropyrrolo-
[1,2-c]pyrimidines as a novel class of HBV capsid assembly
inhibitors. Some of these newly developed derivatives
demonstrated highly potent in vitro activities against HBV
replication. Structural optimization resulted in the identification
of one lead compound 28a with an IC50 value of 10 nM in
HepG2.2.15 cells. Compound 28a also showed good oral
bioavailability with the favorite L/P ratio (10:1) in mice. The
HBV HDI mouse model demonstrated that 28a significantly
reduced HBV DNA in both mouse plasma and liver. These
results demonstrate that 28a is a promising lead compound for
further optimization.
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