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ABSTRACT: Influenza viruses are responsible for contagious respiratory illnesses in humans and cause seasonal epidemics and
occasional pandemics worldwide. Previously, we identified a quinolinone derivative PA-49, which inhibited the influenza virus
RNA-dependent RNA polymerase (RdRp) by targeting PA—PB1 interaction. This paper reports the structure optimization of PA-49,
which resulted in the identification of 3-((dibenzylamino)methyl)quinolinone derivatives with more potent anti-influenza virus ac-
tivity. During the optimization, the hit compound 89, which was more active than PA-49, was identified. Further optimization and
scaffold hopping of 89 led to the most potent compounds 100 and a 1,8-naphthyridinone derivative 118, respectively. We conclu-
sively determined that compounds 100 and 118 suppressed the replication of influenza virus and exhibited anti-influenza virus ac-
tivity against both influenza virus types A and B in the range of ECso = 0.061-0.226 uM with low toxicity (CCso =>10 uM).

INTRODUCTION

Influenza A and B viruses are responsible for contagious respira-
tory illnesses in humans and for seasonal epidemics of influenza,
causing hundreds of thousands of deaths worldwide.!> The pan-
demic of influenza A 2009 HIN1 virus strains is caused by genet-
ic reassortment between human, swine, and avian viruses.® Ac-
cording to the World Health Organization (WHO), a new avian-
like HIN1 swine influenza virus with 2009 pandemic viral genes
has been recently identified in China and poses a threat to human
pandemics.* Although vaccination is the main preventive method
against influenza virus infections, there are limitations (e.g., sus-
tainability and cross-protection) against all subtypes of influenza
viruses. Approved anti-influenza drugs are classified into three

types; M2 ion-channel inhibitors (i.e., amantadine and
rimantadine), neuraminidase (NA) inhibitors (i.e., zanamivir,
oseltamivir, peramivir, and laninamivir), and RNA-dependent
RNA polymerase (RdRp) inhibitors (favipiravir, baloxavir mar-
boxil (BXM)) (Figure 1).>* However, the influenza virus’s high
mutation rate causes extensive variation, which often reduces drug
effects. The M2 ion-channel blockers are already not effective
against currently circulating viruses.”® Oseltamivir resistance
among H3N2 and 2009 HIN1 seasonal viruses was also report-
ed.!%!! The influenza RdRp complex is an attractive target and has
been given considerable attention by pharmacologists because it is
essential for both transcription and replication of the viral genome.
The complex comprises of three subunits (PA, PB1, and PB2); the
amino acid sequence of each subunit is highly conserved among
various influenza A and B viruses.'>!3 The C-terminal region of
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Figure 1. Representative influenza virus inhibitors.
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Figure 2. Structures of PA—PBI1 subunit interaction inhibitors. “The EC value shows the half-maximal inhibitory concentration in crys-

tal violet assays (see Tables 1 and 2).

PA is involved in protein-protein interaction with the N-terminal
region of PB1.'%!5 The N-terminal region of the PA subunit plays
a critical role in the endonuclease active site.!® The PB1 subunit
plays a role in both RNA polymerization and RNA polymerase
assembly with the three protein subunits in a linear manner.!”> 18
The C-terminal region of PB1 contacts with the N-terminal region
of PB2 for the RNA polymerase assembly. The region for recog-
nizing and binding to capped RNA for generation of primers for
RNA synthesis is in the PB2 subunit.!® Therefore, RdRp inhibitors
are potential targets for suppressing propagation of multiple influ-
enza virus strains.?’ Currently, two types of RdRp inhibitors [favi-
piravir as a nucleic acid analog (PB1 inhibitor) and BXM as the
prodrug of baloxavir acid (BXA know as PA endonuclease inhibi-
tor)] have been approved in Japan.?!

However, specific mutations in RdRp caused a robust reduction
in susceptibility to favipiravir and BXA.?>? Thus, developing a
new class of influenza virus inhibitors to inhibit RdARp functions
through different mechanisms is required. Assembling three sub-
units is essential for eliciting its transcription and replication func-
tions.>*?> Based on the X-ray structure of the PA-PB1 com-
plex,'3%¢ various small molecules targeting PA—PB1 subunit in-
teraction have been identified so far (Figure 2). Benzbromarone 1
and diclazuril 2 have been discovered by in silico screening from
a chemical database including 4000 drugs.”” Loregian and Tabar-
rini et al. have developed cycloheptathiophene-3-carboxamide
derivatives (3) via structural optimization and structure-based
drug discovery (SBDD).2#?° 4,6-Diphenylpyridine derivative (4)
has also been identified as a promising anti-influenza agent that
disrupt PA—PBI1 interaction.’® Small molecule and small peptide
inhibitors targeting the subunits interaction of the RdRp have been
identified.3!-34

We have previously discovered small molecules targeting PA—
PBI interaction using a SBDD algorithm called Nagasaki Univer-
sity Docking Engine.?® Upon screening from a chemical library
based on the Asinex database (600,000 compounds), we identified
some virtual hit compounds with promising anti-influenza virus
activities. Among them, a new chemotype of quinolinone deriva-
tive PA-49 was the most potent inhibitor of influenza virus
A/WSN/33 with 50% effective concentration (ECso) of 0.57 pM.
In this study, we performed structure optimization of PA-49 for
drug discovery. Various quinolinone derivatives were designed,
synthesized, and evaluated for their anti-influenza virus activity
using cell-based assay. As a result, several improved compounds
that are more active than PA-49 were successfully obtained. The
amino acid sequence of PA binding to PB1 is highly conserved
among various influenza virus strains, including the HIN1, H3N2,
and H5N1 subtypes. The anti-influenza virus activity against both
influenza virus types A and B of the highly potent compounds
was evaluated by cell-based assay, and exhibited in the range of
ECso = 0.061-0.226 pM with low toxicity (CCso > 10 uM). Here,
we report their design and synthesis, biological evaluation, the
structure-activity relationships (SARs) and the docking studies.

Results and discussion

Chemistry. We have previously reported that the hit com-
pound PA-49 inhibited the replication of the influenza virus tar-
geting the PA—PB1 interaction.’® The molecular structure is char-
acterized by a quinolinone ring bearing a dibenzyl-aminomethyl
group at o-position of methyl group of 3-methylquinolinone and a
tetrazole ring at the a-position. In docking studies (Figure S5), the
quinolinone ring of PA-49 revealed the interaction with PA resi-
due Trp706, a key residue in the hydrophobic pocket for binding
PA to PBI1. Their dibenzylamine moieties were located



Scheme 1. Initial Synthesis of Quinolinone and 1,8-
Naphthyridinone Derivatives
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toward Leu640, and Leu666 which are required for PA-PB1 inter-
face. However, the remarkable interaction between PA and the
tetrazole ring was not observed. We thus focused on replacing the
tetrazole ring as a starting point for lead optimization. First, 3-
formyl-2-quinolinone derivatives (7) as scaffolds were synthe-
sized according to the methodology described in the literature
(Scheme 1).3¢37 The condensation of acetanilide derivatives
(S5a—h) with Vilsmeir-Haack reagents prepared from DMF and
phosphoryl chloride afforded 3-formyl-2-chloroquinoline deriva-
tives (6a—h); the following hydrolysis with H20 in acetic acid led
to 3-formyl-2-oxoquinoline derivatives (7a—h). The reduction of
7a—h with sodium borohydride provided the corresponding alco-
hols which then reacted with thionyl chloride to obtain 3-
chloromethyl-2-quinolinone derivatives (8a—h). Also, a nucleo-
philic addition to 3-formyl-7-methylquinolinone derivatives (7b)
with methylmagnesium chloride (MeMgCl), n-butyl lithium or
Ruppert reagent gave the corresponding secondary alcohols
(9a—c). The resulting alcohols (9a—c) were treated with thionyl
chloride, affording the corresponding chlorine-substituted deriva-
tives (10a—c). 1,8-Naphthyridinone derivatives (13a—d) were also
prepared according to the previously described method (Scheme
1).3¥ The condensation of 5-substituted-2-aminonicotinaldehydes
(11a—d) with propionyl chloride afforded 3-methyl 1,8-
naphthyridinone (12a—d) followed by bromination with NBS and
AIBN, which afforded 3-bromomethyl-1,8-qunazolidinone de-
rivatives (13a—d).

Scheme 2. Synthetic Routes of Asymmetric Secondary Amine De-

rivatives
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Scheme 3. Synthesis of a-Aminoacetonitriles (19-23), 3-
Aminomethyl Quinolinone Derivatives (24—42, 44-105), and 3-
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of MeOH and CHCI3 under Hz gas.?® In another reductive amina-
tion, titanium (IV) isopropoxide was used to form imine from
benzaldehydes 14 and primary amines (15 or 16); the following
sodium borohydride reduction afforded the corresponding sec-
ondary amine.*’ Those methods enable to obtain various second-
ary amines: dibenzylamine derivatives (17) and N-alkyl benzyla-
mine derivatives (18). Using synthesized quinolinone (7a—h,
8a—h, and 10a—c) and dibenzylamine (17), we started preparation
of 3-methylquinolinone derivatives bearing substituents: nitrile,
hydrogen and alkyl chains at the o-position of the methyl group
(Scheme 3). To obtain nitrile compounds, we performed three-
component coupling reactions of aldehydes (7a—c), dibenzyla-
mine 17, and trimethylsilyl cyanide to afford corresponding o-
aminoacetonitliles (19-23), which are shown in Scheme 3A.#! In
parallel, an alkylation reaction for synthesizing 24-26 that is
based on alkylation of N-(4-fluorobenzyl)-1-(4-
isopropylphenyl)methanamine with 3-chloromethyl-2-quinolinone
derivatives 10a—c was performed (Scheme 3B). The procedure
was able to access a wide range of a-amino quinolinone deriva-
tives (27-42 and 45-105) via the amination of 8a—h with 17 or
18 (Scheme 3C). Separately, an amide compound 44 was pre-
pared from a monobenzyl compound 43 (Scheme 3D). The reac-
tion of 13a—d with 17 afforded the corresponding 1,8-
naphthyridinone derivatives (106—116) (Scheme 3E).



Table 1. Biological Activity of a Series of Quinolinone Derivatives (PA-49, 19-91)°
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Table 1. continued
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50% effective concentration against the A/WSN/33 virus determined by CV staining. ?50% cytotoxic concentration for Madin-Darby
canine kidney (MDCK) cells measured using the CV assay. “ECso values were calculated from two or three independent experiments.

N.D., not determined.

For the synthesis of compounds (117-120), we executed further
transformation of 6-bromo-1,8-naphthyridinone derivatives by
using a Suzuki-Miyaura cross-coupling reaction with cyclopropyl
boronic acid (Scheme 3F). With respect to compounds (118—120),
the synthesized racemates were separated by chiral column chro-
matography to obtain the chiral isomers (118—120).

Biological Evaluation. PA-49 consists of N-(a-substituted
methylene)dibenzylamine and a tetrazole ring bearing at the same
a-position of methyl group of 3-methylquinolinone. Since the
quinolinone ring is a privileged scaffold found in many biological

compounds,*?*3 we mainly focused on the derivatization by modi-
fying the tetrazole ring and dibenzylamino groups with keeping
structure of quinolinone. We synthesized a series of quinolinone
analogs and determined their ECsovalues against the A/WSN/33
virus in infected Madin—Darby canine kidney (MDCK) cells using
crystal violet (CV) assay.** Cytotoxicity to uninfected MDCK
cells was evaluated in parallel (Table 1). PA-49 showed a promis-
ing antiviral activity (ECso = 0.57 uM) and appreciable cytotoxici-
ty (ECso =>83 uM). During the initial modification, the replac-
ing of tetrazole ring for other substitutes: nitrile, methyl, n-butyl,
CF3, and hydrogen were addressed (19—-27). Among them, 24 and



Table 2. Biological Activity of a Series of Quinolinones (92—105) and 1,8-Naphthyridinone Derivatives (106—120)¢
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27 with the small size of a-substituent such as hydrogen and me-
thyl group showed a more potent anti-influenza activity (ECso =
1.9 or 2.0 uM) than those of compounds 22, 25, and 26 bearing
nitrile, CF3, and n-butyl at the a-position (ECso = >5.4 uM). Fur-
ther structure modifications were focused on the para-substituted
group on one of two phenyl rings in dibenzylamino group of 3-
(methylene)quinolinone derivatives. The introduction of ethyl,
isopropyl, tert-butyl, and CF; at para-positions indicated promis-
ing antiviral activities (27, 32—34) in which (4-fert-butyl)benzyl-
(4-fluorobenzyl)amine derivative 32 afforded ECso = 1.6 uM.
Regarding the methyl group on the quinolinone ring, 6-methyl
analogue (37) exhibited the most potent activity than 7-methyl
analogue (32) and 8-methyl analogue (38). In comparison with the
substitute at the 6-position, methyl and ethyl groups revealed
higher antiviral activity than propyl and isopropyl groups (37, 39

vs 41, 42). In deed, the ECso values for 37 and 39 were 0.39 and
0.64 uM, and those for 41 and 42 were 28 and 1.9 pM, respective-
ly.

Monobenzyl derivative 43 and the amide derivative 44 were
inactive against influenza A virus. Derivatives (45—51) having
naphthyl or biphenyl ring were synthesized; however, they exhib-
ited lower activity by comparison with the corresponding deriva-
tives having 4-tert-butylphenyl (37 vs 48, 50 and 39 vs 45, 49, 51).
These results suggested the 4-tert-butylphenyl group served as an
efficient side chain for anti-influenza virus activity. The introduc-
tion of cyclopentyl and aliphatic chain: cyclohexylmethyl and
hydroxypropyl (52—56) resulted in the lack and unsatisfied inhibi-
tory activity (37 vs 52, 54, 55 and 39 vs 53, 56).

Considering importance of the 4-tert-butylphenyl group of
dibenzylamine moiety in compounds 37 and 39, we explored a
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Figure 3. Inhibitory effects of compounds 89, 100, and 118 on the influenza virus RdRp activity. 293T cells were co-transfected with
the viral protein expression plasmids (pCAGGS-PA-WSN, pCAGGS-PB1-WSN, pCAGGS-PB2-WSN, and pCAGGS-NP-WSN),
model viral genome expression plasmid [pPoll/NP(0)GFP(0)], and control plasmid pDsRed2-monomer-N1. Two hours after transfec-
tion, 10-fold serially diluted compounds (10 uM—0.1 nM for BXA, 10 uM—10 nM for favipiravir, 89, 100 and 118) were added, and
then incubated for 22 h. Two independent experiments were performed and representative data is shown. The represent images of cells
observed by fluorescence microscopy are shown at the green (GFP) and red (DsRed2) channels.
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Figure 4. Relative GFP-positive cell number is estimated as the
ratio of the number of GFP-positive to DsRed-positive cells from
experiments shown in Figure 3. Means and standard deviations
from there different miscopy fields are shown.

series of compounds (57-91) with different para-substituted
groups other than fluorine on another phenyl ring for their anti-
influenza virus activity. The alkoxyl, amide, sulfide, amino, and
nitrile groups were investigated, and it was determined that com-
pounds 63, 70, and 71, bearing alkoxyl group with a short carbon
chain (methoxy (63), trifluoromethoxy (70), and difluoromethoxy
(71), exhibited promising inhibitory activity. The compounds with
the other substitutes such as methylsulfide (73), dimethylamino
(74), and nitrile (76) also showed potent activity. We further
examined a series of compounds (78—93) with branched benzyla-
mines. Optically active (R)-2-amino-2-phenylethan-1-ol deriva-
tives (78, 79) showed a considerable lack of activity. The remark-
able difference between (R)-isomers and (S)-isomers of 2-(para-
substituted)phenylethyl derivatives (83—86) was observed. (S)-1-
(4-Fluorophenyl)ethan-1-amine derivatives (83, 84) exhibited
exactly anti-influenza virus activity compared to (R)-isomers (85,
86). This trend was also observed between (S)-isomer and the
racemic compounds. That is, the antiviral activity of (S)-1-(4-
methoxyphenyl)ethan-1-amine derivative (89) was 2 folds potent
compared to those of racemic compound (88). These results
suggested that the methyl chain of (S) -1-(4-substituted-
phenyl)ethan-1-amine improved the antiviral activity.

Second round optimization. Further optimization of the
compound 89 gave us two important insights into biological effec-
tiveness (Table 2). From the antiviral activity of a series of quino-
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Figure 5. A) Crystal structure (PDB code: 2ZNL) of PA-PB1 (yellow) and the B) binding structure of PA-49 to PA from our docking
simulations. Hydrophilic (pink) and hydrophobic (green) regions of PA are illustrated with some key PA residues.
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Figure 6. Docking orientations of compounds 89 (A, D), 100 (B, E), and 118 (C, F) in the PA cavity based on the crystal structure
(PDB code: 2ZNL). The views (D—F) visualize the interaction of quinolinone unit for 89, 100, and 1,8-naphthyridinone unit for 118.

linones (92—105), the first insight is that the insertion of a chlorine
atom at the meta-position on the para-substituted phenyl ring im-
proved the potency compared to the hydrogen atom at the meta-
position (74 vs 92, 87 vs 98, 88 vs 99). Another insight is that
among analogues (98—101), compound (100, 101) bearing meth-
oxy and cyclopropyl groups at the 6-position of quinolinone ring
had the larger potency compared to the compounds (98, 99) with
methyl, ethyl groups.

Finally, we identified the most potent compounds 100 and 101
with beneficial characters, which exhibited ECso = 0.061 and
0.069 uM respectively, with low cytotoxicity (CCso = >10 puM).
Aiming at scaffold hopping,® SARs of compounds (106—120)
with a 1,8-naphthyridinone core were synthesized, and then their
ECso values were determined using the CV assay. Compounds
(106, 107) showed their cytotoxicity without anti-influenza virus
activity. Compounds (111) with bromine substitute at the 6-
position of 1,8-naphthyridinone ring exhibited better inhibitory
activity than compound (110) with chlorine substitute. A promis-

ing inhibitory effect was observed in 1-(4-alkoxyphenyl)ethan-1-
amine derivatives (114—118 and 120). Among them, the chiral 1-
(4-trifluoromethoxyphenyl)ethan-1-amine derivative (118) bear-
ing cyclopropyl group at the 6-position of 1,8-naphthyridinone
exhibited the best potency at inhibiting influenza viruses. The
anti-influenza virus activity of (—)-isomer 118 was higher than
that of (+)-isomer 119; each ECso value showed with 0.077 and
2.0 uM, respectively. This result that the methyl chain of (S)-1-(4-
substituted-phenyl)ethan-1-amine improved the antiviral activity
would be consistent with SARs for quinolinones derivatives as
shown in Table 1. Consequently, the absolute configuration of
(S)-118 was expected. In addition, the [a]p* values of 116 and
117 with S configuration were —100.5 and —154.0, respectively;
the sign of the optical rotation is consistent with that of (—)-118.

Transcription assay. We synthesized a set of 3-
((dibenzylamino)methyl)quinolinone derivatives in the first round
of optimization of compound PA-49. After testing the compounds
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Figure 7. Amino acid sequence alignment of influenza virus PA protein residues 601-716 of HIN1, H3N2 and H5N1 subtypes
indicating residues (labelled with red) that are required for PA—PB1 interface.

Table 3. Effective Activity of Compounds 100 and 118 against Multiple Influenza Strains

Compound ECs (uM)*

Strain Subtype
100 Oseltamivir phosphate Favipiravir Baloxavir acid
1.9+0.2
A/WSN/33 HINI 0.061 +0.01 0.077 +0.01 2.01+0.82 0.003 + 0.01
A/Puerto Rico/8/34 HINI 00724002 0.067+0.02 11.6+68 N.D. 0.007 0.00
A/Virginia/ ATCC2/2009° HIN1 0.077 +0.02 0.064 +0.01 18.5+6.21 N.D. 0.006+ 0.01
I N 29+0.5
A/California/7/2009 HIN1 0.23+0.08 027 +0.09 4.62+2.28 0.004 + 0.00
A/Aichi/8/68 H3N2 0.085 + 0.02 0.072 + 0.02 225+1.63 N.D. 0.004 + 0.00
B/Lee/40 Type B 0.079 = 0.01 0.23 +0.001 N.D. N.D. 0.17 +0.05

9ECs0; 50% effective concentration estimated by the CV assay. °Clinical isolate of A(HIN1)pdm09 influenza. N.D., not determined.

ECso values were calculated from three independent experiments.

for their anti-influenza virus activities, we identified 89, 100, and
118 as the most potent derivative of this set. To explore the inhibi-
tory effects of compounds 89, 100, and 118 against RdRp activity,
we performed a transcription assay (Figure 3).4¢ 293T cells were
cotransfected with plasmids expressing RdRp and a viral genome
expressing plasmid (pPoll/NP(0)GFP(0)) encoding fluorescent
protein (GFP), as a reporter. The viral genome RNA encoding
GFP gene is transcribed from pPoll/NP(0)GFP(0) by cellular
RNA polymerase I (pol 1) and then GFP gene is transcribed by
viral RdRp. Therefore, the fluorescence intensity of expressed
GFP correlates with the inhibitory effect of compounds on the
RdRp activity. To confirm specific inhibition of compounds
against RdRp activity, a cellular RNA polymerase II (polll)-
driven control vector for the expression of DsRed2 fluorescent
protein, pDsRed2-monomer-N1, was also cotransfected.

Upon the treatment with PA-49 and compound 89, the ability to
suppress viral RdRp activity was clearly observed at different

concentrations (10 and 40 uM) in a dose-dependent manner (See,
Supporting Information Figure S4). In contrast, oseltamivir did
not decrease the intensity of green fluorescence because its target
is NA. Subsequent transcription assay was conducted to compare
the inhibitory effect of compounds 89, 100, and 118 with favipi-
ravir and BXA (Figure 3). Figure 4 is shown as the ratio of the
number of GFP-positive to DsRed-positive cells in the compound
treated cells in a dose-dependent manner. When the intensity of
green fluorescence derived from GFP in cells treated with 10 nM
to 10 uM were examined, the reduction of green fluorescence was
specifically observed at 10 uM with compounds 89, 100, and 118.
Although the inhibitory effect of BXA could be observed even at
10 nM, compounds 89, 100, and 118 exhibited higher potency
compared to favipiravir. Regardless of addition of any drugs, the
intensity of red fluorescence derived from DsRed2 was almost the
same as that of the control (DMSO). Overall, the RdRp-mediated
genome transcription may be inhibited by suppression of the
PA-PBI1 complex formation in the presence of PA-49 and com-



pounds 89, 100, and 118. Detailed mechanistic studies to eluci-
date binding mode of compounds 89, 100, and 118 are ongoing.

The crystal structure of the PA-PB1 complex (PDB code:
27ZNL)"3 was resolved (Figure 5A). Based on the complex struc-
tures, Liu et al. have identified the binding hot spots in the inter-
actions of PA and PB1 complex through the molecular dynamics
simulation.?64” For binding PA to PBI, residues; 618-621,
Glu623, Val636, Leu640, Leu666, Gln670, Arg673, Trp706, and
Phe710 reveal the PA-PB1 interface. In addition, the existence of

three pockets in this PA cavity is important for PA binding to PB1.

Residues Trp706 and Phe411 are involved in the first hydrophobic
pocket. Phe710 and Leu666 contribute to form the second hydro-
phobic pocket. The third pocket involves Leu640 and residues
619-623. Previously identified hit compound PA-49 showed a
promising antiviral activity (ECso = 0.57 pM) against the
A/WSN/33 virus and appreciable cytotoxicity (ECso = >83 puM).
We performed the docking simulation of small molecule PA-49
with PA using AMBER ff99SB and GAFF force fields (Figure
5B).> The binding mode revealed that quinolinone ring fitted
Trp706 through m—n interactions and the isobutyl group in the
tetrazole ring was in the hydrophobic pocket involving Trp706
and Phe411.

To gain insight into the binding mode of compounds 89, 100,
and 118, we calculated energy minimization between PA residues
by using the Molecular Operating Environment (MOE) software
which can be used for docking study of peptides and small mole-
cules.*® The most favorable docking orientations for PA and com-
pounds 89, 100, and 118 are shown in Figure 6. As shown in Fig-
ures 6A—C, the bulky and hydrophobic tert-butylphenyl group is
located in the first hydrophobic pocket generated by Trp706,
Phe411. While the key interaction with the para-alkoxyphenyl
group was not observed in 89, 100, and 118, it seems to be a lot of
flexibly in the PA cavity (See, Supporting Information Figure S5).
4-Methoxyphenyl group of 89 located in the vicinity of lle621 and
Val636. The meta-chloro substitute on 4-methoxy phenyl group of
100 was oriented toward Gly622. The trifluoromethoxy group of
118 was oriented toward Ile621 and Leu666.

As shown in Tables 1 and 2, the introduction of methyl chain
with S configuration in the (S)-2-para-alkoxyphenylethyl group
improved the ability to inhibit influenza virus. We assumed that
the methyl chain controlled the geometry of compounds. This
may produce orientation that binds well to PA. In contrast, the
quinolinone and 1,8-naphthyridinone ring anchored in the third
pocket involve Leu640 and residues 619—623. The quinolinone
unit for 89 interacted with Gly622 through arene—cation interac-
tion (Figure 6D). The hydrogen bonding between the oxygen of
the quinolinone of 100 and Thr639 was observed (Figure 6E). The
surface of the 1,8-naphthyridinone ring for 118 was an inversion
of the quinolinone ring in 89 and 100. The two nitrogen atoms of
the 1,8-naphthyridinone ring oriented toward GIn408 and Asp412
(Figure 6F). In these studies, the compounds 89, 100, and 118
revealed the common interaction with Trp706 and Phe411. It is
known that Trp706 and Phe411 are key residues of hydrophobic
pocket for binding PA to PB1. Their dibenzylamine moieties were
located towards Ile621, Gly622, Leu666, or Val636 which are
required for a part of PA-PBI1 interface. The quinolinone and 1,8-
naphthyridinone rings were localized in the third pocket involving
Leu640 and residues 619—623. Besides, the quinolinone ring for
100 and 1,8-naphthyridinone ring interacted with Thr639 and
GIn408, respectively, through hydrogen bonding. Due to the bind-
ing mode of compounds 89, 100, and 118, they might show the
potent activity by competing with PB1 to disturb the PA-PB1
interactions.

As previously shown,* amino sequence alignment of influenza
virus PA protein (residues 601-716) of HIN1, H3N2 and H5N1
subtypes are highly conserved (Figure 7). Among the subtypes,
residues; 618621, Glu623, Val636, Leu640, Leu666, GIn670,
Arg673, Trp706, and Phe710, revealed on the PA—PB1 interface
are also highly homologous. Because the amino acid region of
influenza viruses’ PA bound to PBI1 is highly conserved, we hy-
pothesized that the quinolinone derivatives 100 and 1,8-
naphthyridinone derivative 118 have antiviral potency against
multiple type influenza strains. Thus their antiviral activities
against multiple type A influenza strains, including clinical iso-
lates (HIN1pdm) and B, was evaluated (Table 3). The ECso val-
ues of compounds 100 and 118 against A/Puerto Rico/8/34
(HIN1), clinical isolates [A/Virginia/ATCC2/2009(HIN1) and
A/California/7/2009(HIN1)], A/Aichi/8/68 (H3N2) and type B
(B/Lee/40) viruses were in the range of 0.064—0.27 pM. The ECso
value of oseltamivir against multiple influenza A strains showed
in the range of 2.0-18.5 uM, of which the ECso values against
A/WSN/33 and A/Puerto Rico/8/34 (HINI1) are similar to that
reported previously.** Of note, the ECso value against pandemic
(HIN1pdm) clinical isolates (A/Virginia/ATCC2/2009 and
A/California/7/2009) were much lower than those of oseltamivir
and favipiravir. Meanwhile, Cap-dependent endonuclease inhibi-
tor BXA inhibited in the low-nanomolar range against influenza
type A viruses. The effect against B/Lee/40 was similar to those
of compounds 100 and 118. Their inhibitory activities against
oseltamivir- resistant A/California/7/2009(HIN1) virus were pre-
liminarily determined to be effective (Figure S8). Taken together,
identified compounds 100 and 118 may be useful as lead com-
pounds to develop anti-influenza viral drugs targeting the PA-PB1
complex.

Conclusions

Among the limited number of classes of anti-influenza drugs, the
influenza virus RdRp is an attractive drug target because RdRp is
essential for the transcription and replication of the viral genome.
Moreover, the amino acid sequence is highly conserved among
various influenza viruses. RdRp inhibitors have high potency
against multiple strains of the influenza virus. However, the newly
licensed cap-dependent endonuclease inhibitor (BMB) has a low
barrier to resistance due to the presence of major pathway of the
PA 138T substitution.’> We have studied the development of
RdRp inhibitors with different action mechanisms. We recently
identified a small molecule PA-49 that can disrupt viral polymer-
ase activity targeting PA—PB1 interaction. The molecular struc-
ture is characterized by three parts: quinolinone ring, dibenzyla-
mine, and tetrazole ring. In this study, we performed structural
optimization by mainly modifying the dibenzylamine moiety.
Compounds (19-91) were synthesized and bioassayed in vitro to
determine their inhibitory activities against influenza viruses. The
initial round of optimization provided a quinolinone derivative 89
with an improved ECso value (0.103 pM) compared to PA-49
(ECs0 = 0.54 uM). A transcription assay observed an inhibitory
effect of viral polymerase activity of 89 and PA-49. The succes-
sive optimization of compound 89 afforded the most potent quino-
linone derivative 100 and 1,8-naphthyridinone derivative 118 with
ECso values of 0.061 uM, and 0.077 uM, respectively. The bind-
ing modes of 89, 100, and 118 to the PA were analyzed by the
MOE software. Docking studies indicated that the bulky and hy-
drophobic fert-butyl group at the para-position of compounds
mainly interacted with the first hydrophobic pocket generated by
Trp706, Phe411 in the PA cavity. The quinolinone unit for 89,
100, and 1,8-naphthyridinone unit for 118 anchored in the third



pocket involving Leu640 and residues 619—623. The introduction
of methyl chain with (S)-configuration of the 2-para-
alkoxyphenylethyl group improved the ability to inhibit the repli-
cation of influenza virus. This effect may be caused by controlling
the geometry of compounds. From the docking simulation, we
assume that compounds competed with PB1 to suppress the PA-
PB1 interaction. Further investigations to elucidate the mode of
action are ongoing.

For this, the antiviral activity of compounds 100 and 118 was
studied against multiple-influenza A virus strains, including clini-
cal isolates (HINIpdm), and against influenza B virus. Com-
pounds 100 and 118 successfully exhibited the anti-influenza
virus activity against both in the range of ECso = 0.061-0.226 uM
with low toxicity (CCso > 10 uM). In conclusion, we performed
additional structural optimization from compound 89, which af-
forded improved quinolinone derivatives 100 and 1,8-
naphthyridinone derivative 118 with low cytotoxicity.

Experimental Section

Materials for biological tests: MDCK cells were maintained in
a minimum essential medium (MEM) purchased from Wako Pure
Chemical Industries, Ltd. (Tokyo, Japan) and supplemented with
5% fetal bovine serum (FBS) from Life Technologies (Scoresby,
Australia), 100 units/mL of penicillin, and 100 pg/mL of strepto-
mycin (Nacalai Tesque Inc., Kyoto, Japan). Human embryo kid-
ney 293T cells were obtained from America Type Culture Collec-
tion (Manassas, VA) and maintained in Dulbecco’s modified Ea-
gle’s medium (Sigma Aldrich, St Louis, MO) containing 10%
FBS. These cells were maintained at 37°C in an atmosphere of
5% COz. Influenza viruses A/WSN/33 (HIN1), A/Puerto Ri-
co/8/34 (HIN1), A/Virginia/ATCC2/2009 (HIN1), A/Aichi/2/68
(H3N2), and B/Lee/40 were prepared as described.*® Allantoic
fluid from embryonated eggs of A/California/7/2009 (HIN1) was
obtained from Dr. Hiroshi Kido (Tokushima University). All vi-
ruses were stored at —80°C until use. Oseltamivir phosphate (F.
Hoffmann-La Roche, Basel, Switzerland) was dissolved in phos-
phate-buffered saline at the concentration of 10 mM. BXA (Fu-
nakoshi, Co., Ltd. JP) was dissolved in DMSO at the concentra-
tion of 10 mM. All compounds were maintained at —30°C until
use.

Unless noted otherwise, all starting materials and reagents were
obtained from commercial suppliers and used without further
purification. All chemicals were purchased from Sigma Aldrich,
Nacalai Tesque, Tokyo Chemical Industry, and Wako Pure Chem-
ical Industries and used as received. All NMR spectra were rec-
orded on Varian 500PS spectrometers or Bruker AVANCE III
(300 MHz) spectrometer. '"H NMR spectra are reported as chemi-
cal shifts (3) in parts per million (ppm) relative to the solvent peak
using tetramethylsilane ('H) as an internal standard. Chemical
shifts (8) are quoted in parts per million (ppm), and coupling con-
stants (J) are measured in hertz (Hz). The following abbreviations
are used to describe multiplicities s = singlet, d = doublet, t =
triplet, @ = quartet, quint. = quintet, sext. = sextet, sept. = septet,
br = broad, m = multiplet. NMR spectra were processed in
ACD/SpecManager. The purity of all compounds used in assays
was determined to be >95% by '"H NMR spectroscopy and con-
firmed by high-resolution mass spectrometry (HRMS) or (ESI)
experiments using a DART (JMS-T100TD) instrument or
using JEOL JMS-T100TD for electrospray ionization (ESI+).
Alternatively, MS experiments were performed using atmospheric
pressure chemical ionization (APCI) and electrospray ionization
(ESI) in positive or negative ion mode (LCMS-2020). Mobile
phases A and B were 0.05% trifluoroacetic acid (TFA) in water

and 0.05% TFA in MeCN, respectively. The ratio of mobile phase
B was increased linearly from 5 to 90% over 0.9 min, 90% over
the next 1.1 min. All reactions were performed in apparatuses
with magnetic stirring under an inert atmosphere. Flash column
chromatography was performed over Fuji Silysia Chemical Ltd.
silica gel C60 (50-200 pm) or Purif-Pack (SI or NH, SHOKO
SCIENTIFIC) using an eluent system as described for each exper-
iment. Thin-layer chromatography was performed on TLC Silica
gel 60 F2s4 aluminum sheets (Merck, Ltd.) and silica gel Fas4 glass
plates (Merck). Optical rotations were measured on a JACSO
P2000 and are reported as [a]p*® value; the corresponding concen-
tration (c) is given in g/100 mL. Preparative HPLC was performed
on a Gilson Preparative HPLC system using a YMC-Actus Triart
C18 column (150 mm x 20 mm ID, 5 pm, YMC). Mobile phases
A and B were 10 mM ammonium bicarbonate and MeCN, respec-
tively. The ratio of mobile phase B was increased linearly in 5—10
min.

CV assay and cytotoxicity test: The anti-influenza virus activi-
ties of the compounds were evaluated by CV(crystal violet) assay
as described previously with some modifications.***’ To evaluate
the anti-influenza virus activities, MDCK cells were seeded into
96-well plates at the density of 3.0 x 10* cells/well in 100 uL of
MEM containing 5% FBS and then incubated overnight. The cells
were washed with MEM vitamin and added 100 pL of the serially
diluted compound, then infected the cells with 100 pL of virus
solution in MEM vitamin equivalent to 100 tissue culture infec-
tious doses (TCID)so for type A viruses or 30 TCIDso for
B/Lee/40. Except for A/WSN/33 and B/Lee/40, viruses were
grown in the presence of trypsin. The culture plates were incubat-
ed at 37°C for 48 h, and the cells were fixed with 70% EtOH and
stained with 0.5% CV. After washing with water and air drying,
absorbance was measured at 560 nm on an Infinite M200 Pro
plate reader (Tecan Japan Co. Ltd., Kanagawa, Japan). The
MDCK cells and compound for cytotoxicity testing were prepared
using the above approach except for the virus treatment. After
incubation for 4648 h, the cells were fixed with 70% EtOH and
stained with 0.5% CV. After washing with water and air drying,
The absorbance at 560 nm was measured on an Infinite M200 Pro
plate reader. ECso and CCso values were calculated from the dose-
response curve by linear regression analysis.

Transcription assay: 293T cells (2 x 10° cells/well) were seed-
ed into 24-well plates and incubated overnight. The cells were
transfected according to the manufacturer’s instructions with the
following plasmids diluted using the TransIT-293 (Mirus Bio
LLC, Madison, WI) transfection reagent: 75 ng of each viral pro-
tein expression plasmid (pCAGGS-PA-WSN, pCAGGS-PBI-
WSN, pCAGGS-PB2-WSN, and pCAGGS-NP-WSN), 100 ng of
model viral gene expression plasmid pPoll/NP(0)GFP(0),% and 1
ug of pDsRed2-monomer-N1. At 2 h post-transfection, the medi-
um was replaced with 500 pL. of D-MEM containing serially di-
luted compounds and 25 mM Hepes (pH 7.4). The next day, the
expressions of GFP and DsRed2 proteins were observed by fluo-
rescence microscopy [AXJ-5300TPHFL, Wraymer, Inc. (Osaka,
Japan)], and photographs were acquired by USB camera (SR130,
Wraymer).

Docking studies: Docking studies were conducted using MOE
software*® to provide insight into the binding mode of 89, 100,
and 118 to PA (PDB code: 2ZNL). All the calculations were per-
formed with the AMBER10: EHT force fields, 3'*> which applies
AMBERI10 force field and extended Hiickel theory (EHT) for
biomolecules and ligands, respectively. By using the MOE soft-
ware, the N atom of tertiary amine on inhibitors was protonated to
maintain the system neutral. The first docking simulation was run
with a Triangle Matcher method to generate 10,000 poses. During



this simulation, the geometry of crystal structure of PA was kept
fixed, and binding energies of ligands were evaluated using the
London dG scorning function.’® Toward the top 50 poses, the
subsequent energy calculation was performed with a flexible re-
ceptor modeling (induced fit) that allowed to move side chains of
PA residues surrounding ligands. Docking scores (in kcal/mol)
were determined by GBVI/WSA dG scorning function.”® The
docking scores of the top 10 poses were shown in Figure S6. The
most stable docking poses of 89, 100, and 118 were shown in
Figure 5.

Synthesis of 6-methyl-2-ox0-1,2-dihydroquinoline-3-
carbaldehyde (7c¢) (method A): To a solution of p-acetotoluidine
(2.2 g, 15 mmol) in DMF (7.0 mL) was added P(O)Cls (15 mL,
166 mmol) dropwise at 0 °C. After stirring for 16 hrs at 90 °C, the
reaction mixture was cooled to room temperature. The mixture
was poured carefully into ice rock, the precipitate was filtered and
washed with water, and dried under vacuum affording 2-chloro-6-
methylquinoline-3-carbaldehyde. The product was dissolved in
acetic acid (30 mL) and water (10 mL) and stirred at 90 °C for 12
hrs. The reaction mixture was evaporated to remove the solvent.
The residue was added water, and the precipitate was filtered and
washed with EtOAc/n-hexane (1: 10). The product was dried
under vacuum affording the desired product (227 mg, 8%
yield)."H NMR (500 MHz, DMSO-d6) & 2.34 (s, 3H), 7.27 (t, J =
8.6 Hz, 1H), 7.50 (dd, J = 2.0, 8.6 Hz, 1H), 7.70 (s, 1H), 8.42 (s,
1H), 10.2 (s, 1H), 12.2 (s, 1H).

6-Ethyl-2-o0x0-1,2-dihydroquinoline-3-carbaldehyde (7d):
Following the method A, the title compound was synthesized in
12% yield. "H NMR (500 MHz, DMSO-d6) & 1.20 (t, J = 7.6 Hz,
3H), 2.64 (q, J = 7.6 Hz, 2H), 7.29 (t, J = 8.6 Hz, 1H), 7.53 (dd, J
=2.0, 8.6 Hz, 1H), 7.72 (s, 1H), 8.43 (s, 1H), 10.2 (s, 1H), 12.2 (s,
1H).

6-Methoxy-2-0x0-1,2-dihydroquinoline-3-carbaldehyde (7h):
Following the method A, the title compound was synthesized in
8% yield'H NMR (500 MHz, DMSO-d6) & 3.79 (s, 3H),
7.29-7.34 (m, 2H), 7.48 (d, J = 2.7 Hz, 1H), 8.45 (s, 1H), 10.2 (s,
1H), 12.1 (s, 1H); LRMS (ESI"): m/z: 226 [M+Na]*

Synthesis of 3-(hydroxymethyl)-6-methylquinolin-2(1H)-one
(method B): To a suspension of 6-methyl-2-oxo-1,2-
dihydroquinoline-3-carbaldehyde (95 mg, 0.51 mmol) in MeOH
(5.0 mL) was added NaBH4 (23 mg, 0.61 eq) at room temperature.
The reaction mixture was stirred for 4 h and quenched by the
addition of H2O. The precipitate was filtered and washed with
water, and dried under vacuum affording the desired product (87
mg, 90% yield). 'H NMR (500 MHz, CDCl3) § 2.33 (s, 3H), 4.38
(d, J=3.9 Hz, 2H), 5.18 (t, /= 5.4 Hz, 1H), 7.20 (d, J = 8.3 Hz,
1H), 7.27 (dd, J = 1.7, 8.3 Hz, 1H), 7.46 (s, 1H), 7.77 (s, 1H),
11.7 (br.s, 1H).

6-Ethyl 3-(hydroxymethyl)-quinolin-2(1H)-one: Following the
method B, the title compound was synthesized in 89% yield. 'H
NMR (500 MHz, DMSO-d6) & 1.19 (t, J = 7.6 Hz, 3H), 2.64 (q,
J=17.6 Hz, 2H), 4.39 (dd, J= 1.2, 5.4 Hz, 1H), 5.21 (t, J= 5.4 Hz,
1H), 7.22 (d, J= 8.3 Hz, 1H), 7.32 (dd, J = 1.7, 8.3 Hz, 1H), 7.49
(s, 1H), 7.79 (s, 1H), 11.7 (s, 1H).

3-(Hydroxymethyl)-6-methoxyquinolin-2(1H)-one: Following
the method B, the title compound was synthesized in 56% yield.
'"H NMR (500 MHz, DMSO-d6) & 3.78 (s, 3H), 4.39 (d, J = 3.9
Hz, 1H), 5.20 (t, J = 5.4 Hz, 1H), 7.10 (dd, J = 2.7, 8.8 Hz, 1H),
7.23 (d, J = 8.8 Hz, 1H), 7.25 (d, J = 2.7 Hz, 1H), 7.81 (s, 1H),
11.7 (br.s, 1H); LRMS (DART"): m/z: 206 [M+H]*

Synthesis of 3-(chloromethyl)-6-methylquinolin-2(1H)-one
(8¢c) (method C): To a suspension of 6-methyl-2-oxo-1,2-
dihydroquinoline-3-carbaldehyde (67 mg, 0.35 mmol) in di-
chloromethane (3.5 mL) was added SOCI (508 pL, 7.0 mmol) at

room temperature. The reaction mixture was stirred for 10 hrs,
and concentrated under vacuum affording the desired product (72
mg, 99% yield). 'H NMR (500 MHz, DMSO-d6) 5 2.34 (s, 3H),
4.63 (s, 2H), 7.29 (d, J = 8.6 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H),
7.45 (s, 1H), 8.05 (s, 1H), 11.9 (s, 1H).

3-(Chloromethyl)-6-ethylquinolin-2(1H)-one (8d): Following
the method B, the title compound was synthesized in 99% yield.
'"H NMR (500 MHz, DMSO0-d6) § 1.20 (t, J = 7.6 Hz, 3H), 2.64
(q, J = 7.6 Hz, 2H), 4.63 (s, 2H), 7.24 (d, J = 8.3 Hz, 1H), 7.53
(dd,J=2.0, 8.3 Hz, 1H), 7.50 (s, 1H), 8.07 (s, 1H), 11.9 (s, 1H).

3-(Chloromethyl)-6-methoxyquinolin-2(1H)-one (8h): Fol-
lowing the method C, the title compound was synthesized in 99
yield."H NMR (500 MHz, DMSO-d6) & 3.78 (s, 3H), 4.64 (s, 2H),
7.18 (dd, /= 3.0, 8.8 Hz, 1H), 7.24 (d, J = 2.7 Hz, 1H), 7.26 (d, J
=9.1 Hz, 1H), 8.06 (s, 1H), 11.9 (br.s, 1H).

3-(Bromomethyl)-1,8-naphthyridin-2(1H)-one (13a): To a
suspension of 3-methyl-1,8-naphthyridin-2(1H)-one (320 mg, 2.0
mmol) in CCls (20 mL) was added NBS (427 mg, 2.4 mmol). The
mixture was heated at 90 °C, added AIBN (49 mg, 0.2 mmol)
with stirring for Shrs. The resulting mixture was cooled to room
temperature, the bulk of CCls was evaporated. The crude was
purified by column chromatography on SiO2 gel (CH2Cl/MeOH
= 98:2) to afford the product (155 mg, 32 % yield). 'TH NMR (500
MHz, CDCl3) 8 4.55 (s, 2H), 7.24-7.27 (m, 1H), 791 (s, 1H),
7.95(dd, /= 1.8, 7.8 Hz, 1H), 8.70 (dd, J= 1.7, 4.9 Hz, 1H), 11.1
(br.s, 1H).

(S)-V-(4-(tert-Butyl)benzyl)-1-(4-methoxyphenyl)ethan-1-
amine: An autoclave was equipped with 4-tert-butylbenzaldehyde
(1.0 mL, 6 mmol), (S)-1-4-(methoxyphenyl) ethylamine (738 pL,
5 mmol), 10% Pd—C (50 mg, 10 wt %) in MeOH (30 mL), and
CHCI3 (3 mL). The solution was hydrogenated (2 atm) at room
temperature until the absorption of hydrogen ceased (10 h). After
the Pd-C catalyst was filtered off, solvent was removed on a
evaporator. The residue was diluted with EtOAc (50 mL) and sat.
NaHCOs (30 mL), and extracted. The organic layers were washed
with brine, dried over MgSO4 and concentrated under vacuum.
The residue was purified by column chromatography on SiO2 gel
(hexane-EtOAc, 4 : 1 to 2:1) to afford the product (780 mg, 53%
yield). 'H NMR (500 MHz, CDCl3) 8 1.32 (s, 9H), 1.35 (d, J =
6.4Hz, 3H), 3.57 (d, J=13.0 Hz, 3.62 (d, /= 13.0 Hz, 1H), 3.78
(q,J=6.6 Hz, 1H), 3.82 (s, 3H), 6.89 (d, J= 8.8 Hz, 2H), 7.21 (d,
J=28.3 Hz, 2H), 7.28 (d, /= 8.8 Hz, 2H), 7.34 (d, /= 8.3 Hz, 2H).

N-(4-(tert-butyl)Benzyl)-1-(3-chloro-4-
methoxyphenyl)methanamine: A round bottom flask was
charged with 1-(3-chloro-4-methoxyphenyl)ethan-1-one (928 mg,
5 mmol), (4-tert-butyl)benzylamine (1.7 mL, 3.0 eq), Ti(OiPr)s (3
mL, 1.3 eq) and MeOH(15 mL) and allowed to stir at room tem-
perature overnight. The reaction mixture was cooled at 0 °C and
NaBH4 (380 mg, 10 mmol, 2.0 eq) was added. After stirring for
20 min, the reaction was quenched with water and extracted with
EtOAc. The organic layers were washed with brine, dried over
MgSO4 and concentrated under vacuum. The residue was purified
by column chromatography on SiO2 gel (hexane-EtOAc, 4 : 1) to
afford the product (420 mg, 25 % yield). 'H NMR (500 MHz,
CDCl3) 6 1.31-1.35 (m, 12 H), 3.55 (d, J=13.0 Hz, 1H), 3.61 (d,
J=13.1 Hz, 1H), 3.78 (g, J= 5.7 Hz, 1H), 3.91 (s, 3H), 6.92 (d, J
= 8.1 Hz, 1H), 7.22-7.26 (m, 3H), 7.35 (d, J = 8.1 Hz, 2H), 7.40
(d,J=2.2 Hz, IH).

N-(4-(tert-butyl)benzyl)-1-(4-
(trifluoromethoxy)phenyl)ethan-1-amine: To a mixture of (4-
(tert-butyl)phenyl)methanamine (4.00 g, 24.5 mmol), 1-(4-
(trifluoromethoxy)phenyl)ethan-1-one (5.00 g, 24.5 mmol), and in
THF (200 mL) was added Ti(OiPr)s (10.5 g, 36.8 mmol). The
mixture was stirred at room temperature for 2 h. To the mixture



were added EtOH (50 mL) and NaBHs (9.27 g, 245 mmol). The
mixture was stirred at room temperature for 1 h and at 60 °C for 3
h. The mixture was diluted with water and the resulting precipitate
was collected by filtration on the pad of Celite. The filtrate was
extracted with EtOAc. The organic layer was dried over anhy-
drous MgSOs and concentrated in vacuo. The residue was purified
by column chromatography (NH silica gel, haxane/EtOAc =
100/0 to 10/1) to afford the product (6.86 g, 80% yield) as a color-
less oil. 'H NMR (300 MHz, DMSO-ds) § 1.23 - 1.29 (m, 12 H),
3.44 (br.s, 2 H), 3.73 (br.d, J= 6.4 Hz, 1 H), 7.14 - 7.25 (m, 2 H),
7.26 - 7.34 (m, 4H), 7.43 -7.53 (m, 2H); LRMS (ESI): m/z 352.2
[M+H]"
2-[Benzyl(4-fluorobenzyl)amino]-2-(8-methyl-2-o0xo-1,2-
dihydroquinolin-3-yl)acetonitrile (19) (Method D): N-benzyl-1-
(4-fluorophenyl)methanamine (69 mg, 0.32 mmol) and trime-
thylsilyl cyanide (40 pL, 0.32 mmol) was added to a solution of 8-
methyl-2-oxo-1,2-dihydroquinoline-3-carbaldehyde (60 mg, 0.32
mmol) in 22 2-trifluoroethanol (1.0 mL) under ambi-
ent atmosphere. The mixture was stirred for 2 h at 60 °C, and then
evaporated to remove the solvent. The residue was purified by
column chromatography on SiO: gel (EtOAc-MeOH, 10:1) to
afford the product (57 mg, 43% yield). 'H NMR (500 MHz,
CDCl3) 6 3.60 (d, J = 13.7 Hz, 1H), 3.63 (d, J = 13.9 Hz, 1H),
398 (d,J=13.9 Hz, 1H), 4.01 (d, /= 13.7 Hz, 1H), 5.24 (s, 1H),
6.99 (t, J = 8.6 Hz, 2H), 7.16 (t, J = 7.6 Hz, 2H), 7.37-7.46 (m,
6H), 8.04 (s, 1H), 104. (s, 1H).
2-[Benzyl(4-isopropylbenzyl)amino]-2-(8-methyl-2-oxo-1,2-
dihydroquinolin-3-yl)acetonitrile (20): Following the Method D,
the title compound was synthesized in 60% yield. "H NMR (500
MHz, CDCl3) 6 1.21 (d, J = 6.9 Hz, 6H), 2.46 (s, 3H), 2.87 (sept,
J =69 Hz, 1H), 3.64 (d, J = 13.7 Hz, 1H), 3.66 (d, ] = 13.9 Hz,
1H), 4.02 (d, J = 13.9 Hz, 1H), 4.06 (d, J = 13.7 Hz, 1H), 5.24 (s,
1H), 7.13-7.18 (m, 3H), 7.24 (t, ] = 7.4 Hz, 2H), 7.31-7.40 (m,
SH), 7.44 (d, J = 7.9 Hz, 1H), 7.48 (d, J = 7.6 Hz, 2H), 8.06 (s,
1H), 10.6 (s, 1H).
2-(Benzyl(4-isopropylbenzyl)amino)-2-(7-methyl-2-0xo0-1,2-
dihydroquinolin-3-yl)acetonitrile (21): Following the Method D,
the title compound was synthesized in 51% yield. 'H NMR (500
MHz, CDCl3) 6 1.18 (d, J = 6.9 Hz, 6H), 2.44 (s, 3H), 2.83 (sept,
J=6.9 Hz, 1H), 3.57-3.64 (m, 2H), 3.95-4.05 (m, 2H), 5.29 (s,
1H), 7.05-7.15 (m, 4H), 7.23 (t, ] = 8.3 Hz, 2H), 7.31 (t, J =7.3
Hz, 2H), 7.37-7.40 (m, 2H), 7.46—7.52 (m, 3H), 8.03 (s, 1H).
2-[(4-Fluorobenzyl)(4-isopropylbenzyl)amino]-2-(7-methyl-2-
0x0-1,2-dihydroquinolin-3-yl)acetonitrile (22): Following the
Method D, the title compound was synthesized in 64% yield. 'H
NMR (500 MHz, CDCl3) 6 1.18 (d, J = 6.9 Hz, 6H), 2.44 (s, 3H),
2.83 (sept, J= 6.9 Hz, 1H), 3.57-3.62 (m, 2H), 3.97-4.00 (m, 2H),
5.31 (s, 1H), 6.99 (t, J = 8.6 Hz, 1H), 7.08—7.14 (m, 4H), 7.35 (d,
J=8.1 Hz, 2H), 7.46—7.49 (m, 3H), 8.05 (s, 1H), 11.5 (s, 1H).
2-(Benzyl(4-isopropylbenzyl)amino)-2-(6-methyl-2-oxo-1,2-
dihydroquinolin-3-yl)acetonitrile (23): Following the Method D,
the title compound was synthesized in 73% yield. 'H NMR (500
MHz, CDCl3) & 1.23 (d, J= 7.1 Hz, 6H), 2.59 (s, 3H), 2.89 (sept,
J=17.1 Hz, 1H), 3.44 (d, J= 13.5 Hz, 1H), 3.45 (d, J = 13.5 Hz,
1H), 3.86 (d, J=13.2 Hz, 1H), 3.87 (d,J=13.5 Hz, 1H), 5.10 (s,
1H), 7.03 (d, J = 8.6 Hz, 1H), 7.20 (d, J = 8.1 Hz, 1H), 7.29 (d, J
= 8.1 Hz, 1H), 7.33-7.35 (m, 2H), 7.44 (dd, J= 1.7, 8.3 Hz, 1H),
7.76 (d, J = 8.3 Hz, 1H), 8.28—8.29 (m, 1H), 8.94(d, J = 2.5 Hz,
1H).
3-[1-((4-Fluorobenzyl)(4-isopropylbenzyl)amino)ethyl]-6-
methylquinolin-2(1H)-one (24) (Method E): A mixture of N-(4-
Fluorobenzyl)-1-(4-isopropylphenyl)methanamine (77 mg, 0.3
mmol), 3-(chloromethyl)-7-methylquinolin-2(1H)-one (80 mg, 0.3
mmol) and KxCOs (124 mg, 0.9 mmol) in DMF (3.0 mL) was

stirred at 80 °C for 12 hrs. The mixture was added H.O and ex-
tracted with EtOAc. The organic layers were washed with brine,
dried over MgSO4 and concentrated under vacuum. The residue
was purified by column chromatography on SiO: gel (hexane-
EtOAc 4:1 to 2:1) to afford the product (103 mg, 80 % yield). 'H
NMR (500 MHz, CDCl3) 6 1.22 (d, J= 7.1 Hz, 6H), 1.45 (d, J =
7.1 Hz, 3H), 2.42 (s, 3H), 2.86 (sept, J = 7.1 Hz, 1H), 3.62-3.77
(m, 4H), 4.41 (q, J = 7.1 Hz, 1H), 6.96 (t, J = 7.8 Hz, 2H),
7.02-7.05 (m, 2H), 7.13 (d, J = 8.1 Hz, 2H), 7.32 (d, J = 8.1 Hz,
2H), 7.37-7.41 (m, 2H), 7.44 (d, J = 7.8 Hz, 2H), 7.79 (s, 1H),
10.8 (s, 1H).
3-[1-((4-Fluorobenzyl)(4-isopropylbenzyl)amino)pentyl]-7-
methylquinolin-2(1H)-one (25): Following the Method E, the
title compound was synthesized in 26% yield. 'H NMR (500
MHz, CDCl3) 8 0.83 (t, J = 7.1 Hz, 3H), 1,.19-1.27 (m, 9H),
1.35-1.44 (m, 1H), 1.78-1.85 (m, 1H), 2.00-2.08 (m, 1H), 2.42
(s, 3H), 2.87 (sept, J = 7.1 Hz, 1H), 3.41 (d, J = 13.7 Hz, 1H),
3.48 (d, J=14.0 Hz, 1H), 3.80 (d, J =14.0 Hz, 1H), 3.86 (d, J =
13.7 Hz, 1H), 4.25 (t, J =7.6 Hz, 1H), 6.96 (t, J = 8.8 Hz, 2H),
7.04-7.05 (m, 2H), 7.15 (d, J = 8.1 Hz, 2H), 7.21-7.27 (m, 1H),
7.30-7.32 (m, 3H), 7.36—7.39 (m, 2H), 7.45 (d, J = 8.6 Hz, 1H),
7.58 (s, 1H), 10.6 (s, 1H); LRMS (DART"): m/z: 485 [M+H]*
7-Methyl-3-]2,2,2-trifluoro-1-((4-fluorobenzyl)(4-
isopropylbenzyl)amino)ethyl]quinolin-2(1H)-one (26): Follow-
ing the Method E, the title compound was synthesized in 69%
yield. "H NMR (500 MHz, CDCl3) & 1.25 (d, J = 6.9 Hz, 3H),
1.26 (d, /= 6.9 Hz, 3H), 2.48 (s, 3H), 2.90 (sept, J = 6.9 Hz, 1H),
3.57-4.03 (m, 4H), 5.20 (q, J = 6.9 Hz, 1H), 7.00 (t, J = 8.8 Hz,
2H), 7.11-7.13 (m, 1H), 7.16-7.21 (m, 3H), 7.25 (s, 1H), 7.38 (d,
J=28.1Hz, 2H), 7.45-7.47 (m, 2H), 7.52 (d, /= 8.1 Hz, 1H), 8.02
(s, 1H), 12.6 (s, 1H); LRMS (DART"): m/z: 497 [M+H]*
3-[((4-Fluorobenzyl)(4-isopropylbenzyl)amino)methyl]-7-
methylquinolin-2(1H)-one (27): Following the Method E, the
title compound was synthesized in 68% yield. 'H NMR (500 MHz,
CDCl3) 6 1.22 (d, J= 6.8 Hz, 6H), 2.44 (s, 3H), 2.88 (sept, J= 6.8
Hz, 1H), 3.84-3.70 (m, 6H), 6.98—7.05 (m, 4H), 7.18 (d, J = 8.1
Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 7.40-7.43 (m, 2H), 7.48 (d, J =
8.3 Hz, 1H), 8.01 (s, 1H), 10.5 (s, 1H); LRMS (DART"): m/z: 429
[M+H]"
3-[((4-(tert-Butyl)benzyl)(4-fluorobenzyl)amino)methyl]-6-
methylquinolin-2(1H)-one (37): Following the Method E, the
title compound was synthesized in 23% yield. 'H NMR (500 MHz,
CDCl3) 6 1.30 (s, 9H), 2.43 (s, 3H), 3.66 (s, 6H), 7.00 (t, J = 8.6
Hz, 2H), 7.09 (d, J = 8.3 Hz, 1H), 7.20-7.29 (m, 1H), 7.33-7.43
(m, 7H), 8.01 (s, 1H), 9.69 (s, 1H); LRMS (DART"): m/z: 443
[M+H]*
3-[((4-(tert-Butyl)benzyl)(4-methoxybenzyl)amino) methyl]-6-
methylquinolin-2(1H)-one (63): Following the Method D, the
title compound was synthesized in 46% yield. 'H NMR (500 MHz,
CDCl3) 6 1.30 (s, 9H), 2.43 (s, 3H), 3.63 (s, 2H), 3.65 (s, 4H),
3.79 (s, 3H), 6.86 (d, J = 8.6 Hz, 2H), 7.07-7.08 (m, 1H),
7.26—7.40 (m, 8H), 8.05 (s, 1H), 9.60 (s, 1H); LRMS (DART"):
m/z: 455 [M+H]*

(S)-3-[((4-(tert-Butyl)benzyl)(1-(4-
methoxyphenyl)ethyl)amino)methyl]-6-ethylquinolin-2(1H)-
one (89): Following the Method E, the title compound was syn-
thesized in 24% yield. "H NMR (500 MHz, CDCl3) & 1.28 (s, 9H),
1.31 (t,J=7.6 Hz, 3H), 1.50 (d, /= 6.9 Hz, 3H), 2.73 (q, /= 7.6
Hz, 2H), 3.38-3.63 (m, 2H), 3.72-3.78 (m, 2H), 3.80 (s, 3H),
4.03 (q, J = 6.8 Hz, 1H), 6.89 (d, J = 8.8 Hz, 2H), 7.28—7.32 (m,
4H), 7.38-7.40 (m, 3H), 7.42 (d, J = 8.3 Hz, 2H), 8.05 (s, 1H),
11.7 (br.s, 1H); 3C NMR (125 MHz, CDCl3) § 14.6, 15.8, 28.4,
31.3, 344, 47.6, 544, 552, 56.9, 113.4, 115.5, 120.2, 125.1,
125.9, 128.1, 128.9, 129.8, 131.7, 135.2, 135.3, 137.0, 137.1,



138.3, 149.5, 158.3, 163.8, HRMS (EI) m/z Calcd for C32H3sN202
[M]* 482.2933, found 482.2926, [a] p*® = —107.5 (¢ = 0.50 in
CHCD).

3-[((4-(tert-butyl)benzyl)(1-(3-chloro-4-
methoxyphenyl)ethyl)amino)methyl]-6-methoxyquinolin-
2(1H)-one (100): Following the Method E, the title compound
was synthesized in 14% yield. '"H NMR (500 MHz, CDCls) § 1.28
(s, 9H), 1.49 (d, J = 6.9 Hz, 3H), 3.58 (d, J = 17.6 Hz, 1H), 3.64
(d, J=14.2 Hz, 1H), 3.72 (d, J = 14.0 Hz, 1H), 3.80 (d, J = 17.6
Hz, 1H), 3.88 (s, 3H), 3.90 (s, 3H), 6.89 (d, /= 8.6 Hz, 1H), 7.01
(d,J=2.7 Hz, 1H), 7.11 (dd, J = 2.7, 8.8 Hz, 1H), 7.32-7.39 (m,
6H), 7.51 (d, J = 2.0 Hz, 1H), 7.99 (s, 1H), 12.1 (br.s, 1H); 13C
NMR (125 MHz, CDCl3) 6 14.2, 31.1,31.3, 34.4,47.6, 55.5, 55.7,
55.7, 56.1, 56.7, 108.6, 111.6, 116.9, 119.1, 120.7, 121.9, 125.2,
127.0, 128.1, 129.7, 131.8, 132.0, 136.5, 136.7, 149.7, 153.6,
155.0, 163.4; HRMS (EI) m/z Caled for C3iH3sCIN20s [M]*
518.2336, found 518.2328.
6-Bromo-3-[((4-(tert-butyl)benzyl)(1-(4-
(trifluoromethoxy)phenyl)ethyl)amino)methyl]-1,8-
naphthyridin-2(1H)-one (118S): A mixture of N-(4-(tert-
butyl)benzyl)-1-(4-(trifluoromethoxy)phenyl)ethan-1-amine (0.80
g, 228 mmol), 6-bromo-3-(bromomethyl)-1,8-naphthyridin-
2(1H)-one (60% purity, 1.45 g, 2.74 mmol), DIPEA (442 mg,
3.42 mmol), and DMF (15 mL) was stirred at room temperature
for 15 h. The mixture was diluted with water and extracted with
EtOAc. The organic layer was washed with brine, dried over an-
hydrous MgSOs, and concentrated in vacuo. The residue was
purified by column chromatography (silica-gel, hex-
ane/EtOAc=8/2 to 5/5, and NH silica-gel, Hexane/EtOAc=5/5 to
100%) to afford the product (480 mg, 36% yield) as a white
amorphous powder. 'H NMR (300 MHz, DMSO-ds) & 1.19 (s,
9H), 1.44 (d, J/=6.8 Hz, 3H), 3.32 - 3.76 (m, 4H), 3.80 - 4.16 (m,
1H), 7.23 - 7.38 (m, 6H), 7.61 (d, J=8.7 Hz, 2H), 7.96 (s, 1H),
8.49 (dd, J=16.6, 2.3 Hz, 2H), 12.24 (s, 1H); LRMS (DART"):
m/z 588.2 [M+H]*

3-[((4-(tert-Butyl)benzyl)(1-(4-
(trifluoromethoxy)phenyl)ethyl)amino)methyl]-6-cyclopropyl-
1,8-naphthyridin-2(1H)-one: A mixture of 6-bromo-3-(((4-(tert-
butyl)benzyl)(1-(4-
(trifluoromethoxy)phenyl)ethyl)Jamino)methyl)-1,8-naphthyridin-
2(1H)-one (118S) (480 mg, 0.82 mmol), cyclopropyl boronic acid
(210 mg, 2.45 mmol), Pdx(dba); (74.7 mg, 0.08 mmol), SPhos
(67.0 mg, 0.16 mmol), Na2COs (432 mg, 4.08 mmol,), water (2
mL), and toluene (8 mL) was stirred at 120 °C for 1 h under mi-
crowave irradiation. The mixture was diluted with water and ex-
tracted with EtOAc. The organic layer was washed with brine,
dried over anhydrous Na;SOs, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hex-
ane/EtOAc=10/1to 50/50) to afford racemate of the product (270
mg, 60%). The racemate (153 mg) was purified by chiral HPLC
(Column: CHIRALPAK AD-H(VA003) 20 mmID*250 mmL, 5
um. Mobile phase: Hexane / Ethanol=600/400(v/v). Flow rate: 20
mL/min. Detection: UV 220 nm. Temperature: room temperature)
to give (—)-isomer (118) (45 mg) as colorless solid (98.2 % e.e.)
and (+)-isomer (119) (35 mg) as colorless solid (99.8 % e.e.).
(—)-3-[((4-(tert-Butyl)benzyl)(1-(4-
(trifluoromethoxy)phenyl)ethyl)amino)methyl]-6-cyclopropyl-
1,8-naphthyridin-2(1H)-one (118): Chiral analysis: Retention
time was 14.0 min (Column: CHIRALPAK AD-H(UK216) 4.6
mmID*250 mmL, 5 mm, Mobile phase: Hexane / EtOH / Dieth-
yamine=600/400/1(v/v/v), Flow rate: 1.0 mL/min. Detection: UV
220 nm. Temperature: 30 °C). 'H NMR (500 MHz, CDCl3) §
0.76-0.80 (m, 2H), 1.03—1.08 (m, 2H), 1.28 (s, 9H), 1.49 (d, J =
6.9 Hz, 3H), 1.98-2.03 (m, 1H), 3.55 (d, /= 17.4 Hz, 1H), 3.62 (d,

J=14.2 Hz, 1H), 3.70 (d, J=13.9 Hz, 1H), 3.78 (d, /= 17. 4Hz,
1H), 4.05 (q, J = 6.8 Hz, 1H), 7.18 (d, J = 8.3 Hz, 2H), 7.33 (d, J
= 8.6 Hz, 2H), 7.35 (d, J = 8.6 Hz, 2H), 7.49 (d,J = 8.8Hz, 2H),
7.52 (d, J = 1.7 Hz, 1H), 7.89 (s, 1H), 8.47 (s, 1H), 11.3 (br.s,
1H); 1*C NMR (125 MHz, CDCls) 8 8.60, 12.7, 14.2, 31.3, 34.4,
478,548, 57.2, 114.9, 120.5, 125.3, 128.1, 129.0, 132.5, 134.0,
134.2, 134.3, 136.4, 141.8, 146.6, 148.0, 148.4, 149.9, 163.2;
HRMS (FAB) m/z Caled for Cs2H3aF3N3O2 [M+H]" 550.2681,
found 550.2681; [a] p**=—102.4 (c = 0.50 in CHCl3).
(+)-3-[((4-(tert-Butyl)benzyl)(1-(4-

(trifluoromethoxy)phenyl)ethyl)amino)methyl]-6-cyclopropyl-
1,8-naphthyridin-2(1H)-one (119): Chiral analysis: Retention
time was 10.1 min (Column: CHIRALPAK AD-H(UK216) 4.6
mmlID*250 mmL, 5 mm, Mobile phase: Hexane / EtOH / Dieth-
yamine=600/400/1(v/v/v), Flow rate: 1.0 mL/min. Detection: UV
220 nm. Temperature: 30°C). 'H NMR (300 MHz, DMSO-ds) &
0.74-0.87 (m, 2H), 0.92—1.11 (m, 2H), 1.20 (s, 9H), 1.44 (d, J =
6.8 Hz, 3H), 2.01 (s, 1H), 3.33-3.75 (m, 4H), 3.96 (d, J=6.8 Hz.
1H), 7.26-7.35 (m, 6H), 7.59 (d, /= 8.7 Hz, 2H), 7.78 (d, /=23
Hz, 1H), 7.92 (s, 1H), 8.31 (d, J = 2.3 Hz, 1H), 11.96 (s, 1H);
LRMS (ESD): m/z 550.3 [M+H]*; [a] p** = 124.4(c = 0.50 in
CHCl3)
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ABBREVIATIONS USED

AcOH, acetic acid; AIBN, 2,2'-azodiisobutyronitrile; SBDD,
structure-based drug discovery; BXA, baloxavir acid; BXM, ba-
loxavir marboxil; CCso, 50% cytotoxic concentration; CV, crystal
violet; DART, direct analysis in real time; DIPEA, N,-
ethyldiisopropylamine; DMA, N, N-dimethylacetamide; DMF, N,
N-dimethylacetamide; DMSO, dimethy sulfoxide; ECso, 50%
effective concentration; EHT; extended Hiickel theory; EtsN,
triethylamine; EtOAc, ethyl acetate; EtOH, ethanol; FBS, fetal
bovine serum; GFP, green fluorescent protein; HPLC, high per-
formance liquid chromatography, HRMS, high resolution mass
spectrum; LRMS, low resolution mass spectrum ; MDCK, Ma-
din—Darby canine kidney; MeCN, acetnitrile;, MEM, minimum
essential medium; MeOH, methanol; MOE, Molecular Operating
Environment; NBS, N-bromosuccinimide; NMR: nuclear magnet-

ic resonance ; TLC, thin-layer chromatography; Ti(OiPr)a, titani-
um(1V) isopropoxide; TFA, trifluoroacetic acid; THF, tetrahydro-
furan; TMSCN, trimethylsilyl  cyanide;  Pdz(dba)s,
tris(dibenzylideneacetone)dipalladium(0); RNA, ribonucleic acid;
RdRp, RNA-dependent RNA polymerase; SARs, structure-
activity relationships; ~ SPhos, 2-dicyclohexylphosphino-2',6'-
dimethoxybiphenyl; WHO, World Health Organization; NA, neu-
raminidase.
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