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Discovery of a Novel FGFR4 Selective Inhibitor via
Structure-Activity Relationship Studies of FGF401
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Abstract A set of analogues of FRF401 were designed and synthesized, and their FGFR4 inhibition and antitumor activity as
well as the structure-activity relationship (SAR) studies were screened. It was found that N-(5-cyano-4-((2-methoxyethyl)-
amino)pyridin-2-yl)-7-formyl-6-((N-methyltetrahydro-2 H-pyran-4-carboxamido)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-
1-carboxamide (8ac) not only showed superior FGFR4 inhibitory activity compared with FGF401 and excellent selectivity in
enzymatic and cellular level, but also dramatically inhibited tumor growth and induced tumor regression in hepatocellular car-

ARTICLE

cinoma xenograft model.
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1 Introduction

Liver cancer is the sixth most commonly diagnosed ma-
lignancy and ranks fourth for mortality worldwide in 2018,
with about 841000 new cases occurring annually, which
imply that the rate of incidence is still increasing. Hepato-
cellular carcinoma (HCC) comprises the majority of liver
cancer cases, accounting for 75%~85%, acting as one of
the highest risk areas in China.''! As conventional systemic
chemotherapeutics are not routinely used in HCC, treat-
ment options to HCC patients are very limited, especially
in China, except sorafenib!®! and lenvatinib,”! two multi-
kinase inhibitors approved for use in advanced HCC by
FDA in 2007 and 2018, respectively. As advanced ge-
nomic insight into HCC and development of structure
studies of human kinome, increasing evidences suggest
that FGF19/FGFR4 aberrant signaling is a driver of onco-
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gene in HCC." " Consequently, FGFR4 selective inhibi-
tors targeting to the relatively nonconservative cysteine
residue (C552) in the hinge region of the FGFR4 ATP-
binding site compared to the other FGFR family members
as treatment of HCC have been developed and proceeded
to clinical trials, such as BLUS554 optimized from
BLU9931, H3B-6527 and FGF401 (Figure 1).'>7'¢ A-
mong all types of the FGFR4 selective inhibitors, 2-formyl
tetrahydronaphthyridyl 2-pyridyl ureas (THNPU) exempli-
fied by FGF401 with reversible-covalent mechanism dis-
covered by scientists from Novartis attracted our interests.
It has been noted that the 2-positon of the core structure
was conservative and can not tolerate significant structural
modification. The former studies revealed that the alde-
hyde group at 2-position was optimal and played a critical
role in activity and selectivity. In contrast, the other posi-
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tons of the core rings are available for structural modifica-
tion. Therefore, it is still valuable to further investigate the
structure-activity relationship (SAR) based on 2-formyl

THNPU and to find new FGFR4 inhibitor with higher po- Q O
tency and selectivity in order to reduce risk of off-target Optlmlzatlon
adverse effects. Thus, using FGF401 as the lead com- o >\—N
pound, our current work focuses on the structural modifi-
cation on the 3 and/or 4' position of FGF401. Herein, we NH
report our efforts and pharmacological results. 7 o /_§

/ e} BLU554
2 Results and discussion BLUS931 Bluprint medicine phase |

2.1 Chemistry (
N

H
In order to increase the potency of the THNPU scaffold, [ j o) OYN | AN
a series of 3 and/or 4' position substituted analogues of N H Ny N QCN
FGF401 were designed and synthesized (Scheme 1, Table

1). As shown in Scheme 1, the preparation of these com- Q

pounds was commenced with known 2-dimethoxymethyl N
tetrahydronaphthyridine 1.'7 A formyl group was intro- HN. N
duced at C-3 position of tetrahydronaphthyridine via bro- | jN |
mination and halogen-lithium exchanging mediated H ¢
formylation to give compound 2, which was further con- < N\[rN OMe
verted to 3 via 2 steps (reductive amination of 2 with me- o)
thylamine and Boc protection of the resulting N-methyl- H3B-6527 OMe

aminomethyl group). Preparation of the pyridine moieties H3 biomedicine phase |

6 started with commercial available 2-amino-4-floropyri- Figure 1 Structures of selective FGFR4 inhibitors
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Reagents and conditions: (a) NBS, CH3CN, r.t.; (b) MeLi, n-BuLi, DMF, THF, —78 C~r.t,; (c) CH3sNH2*HCI, NaBH3;CN, CH3;0H, r.t.; (d) Boc,O, DIEA,
DCM, r.t.; (e) NIS, TFA, CH3CN, r.t.; (f) Zn(CN),, Zn powder, Pdy(dba)s, dppf, DMA, 110 C; (g) Nucleophile, DIPEA, DMF, 60 C; (h) LiHMDS,
(PhO),CO, THF, —20 C; (i) LIHMDS, THF, —78 ‘C~r..; (j) HCI/CHsOH (0.3 molsL "), r.t.; (k) Acid, DIEA, HATU,THF, r.t., then HCI aq.; (I) (tetrahy-
drofuran-2-yl)methylamine, NaBH3;CN, CH3OH, r.t.; (m) For acetylation: Ac,O, DIEA, DCM, r.t.; For formylation: HCOOH, EDCI, THF; (n) 6, CDT, DMF,
0 C; then 10 in DMF; (o) HCl aq.

Scheme 1 General synthesis approach of 3 and/or 4' position replaced analogues of FGF401
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Table 1 Structures of the analogues of FGF401
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dine 4. Installation of a cyano group at C-5 position of
compound 4 via iodo-substitution followed by Negishi
coupling with Zn(CN), afforded 5. Sequence SyAr reaction
of 5 with amines and thiols offered pyridyl 6. With both
tetrahydronaphthyridyl and pyridyl building blocks in
hand, the urea-linkage was constructed by using the meth-
od developed by Fairhurst and co-workers to give 7.1'
Selectively removal of Boc group with the retention of
2-dimethoxy- methyl group in 7 by treatment with anhy-
drous 0.3 molsL"! HCI/CH;0H solution, followed by ac-
ylation of the corresponding N-methyl-3-aminomethyl
group of tetrahydronaphthyridine with various acid in the
presence of HATU and worked up with concentrated hy-
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drochloric acid, gave the desired compound 8.

For the preparation of N-furan-2-yl-methyl-2-amino-
methyl analogues 11, compound 2 was employed. Sequen-
tially reductive-amination of 2 with (tetrahydrofuran-2-
yl)methylamine and acylation of the corresponding 3-
aminomethyl group gave 10. Coupling 10 and 6 with N,N'-
carbonyldi(1,2,4-triazole) (CDT) formed the urea, and then
hydrolysis of the acetyl afforded 11.

2.2 Biochemical and cellular activity characterization

With a set of analogues of FGF401 in hand (Figure 2),
the kinase inhibitory activity against FGFR4 and selectivi-
ty to FGFRI1 (the sequence of the hinge region in FGFR-
1 ~FGFR3 kinase domains is high homologous, and

Chin. J. Org. Chem. 2020, 40, 84~94
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FGFR1 potency inhibition could reveal affinity for
FGFR2/FGFR3) were evaluated by using a FRET-based
Z'-Lyte assays. As shown in Table 2, all the compounds
showed excellent selectivity to FRFR4 without FGFRI1
potency observed and most of the compounds exhibited
strong inhibitory potency with ICsy values <<5 nmoleL ™",
except for 7a' and 8ed. The data also suggested that modi-
fication of C-3 substituted group with acyclic amide would
increase the inhibitory activity, with 10 fold (8ac) for the
best. The acyclic amide might contribute to more flexibil-
ity, so it has additional interactions with the neighbouring
amino acid residues in the bonding pocket of FGFR4
comparing with the lactam of FGF401. This hypothesis
was further confirmed by changing the chirality of the al-
kyl in the acyl group that had impact on the potency in
some extent (8ab-S and 8ab-R). On the other hand, modi-
fication of 4' substituted group via introduction of furyl
group on the amino had no influence on the potency (8bd,
8cd). In addition, changing 4'-amino to sulphur atom re-
sulted in about 7-fold decrease in potency (8ed). Altering
4'-alkyl amino group to pyrrol-1-yl also diminished the
potency for more than 2 folds (8dd), indicating that ami-
no-containing group is optimal for the 4'-positon.
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Figure 2 Anti-tumor effects in Hep3B subcutaneous xenograft
model

P.O., oral dosing; QD, once-daily dose; BID, twice-daily dose; Data rep-
resent the mean £ SEM (n=15)

Meanwhile, antiproliferative activities against a panel of
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liver cancer cell lines were assessed using CellTiter-Glo
assay. Hep 3B and HuH-7 liver cancer cells express
FGF19 and FGFR4 in high level. In contrast, SK-HEP-1
cells harbor low level of FGFR4 and were employed as
negative control to validate the selectivity of the com-
pounds. As demonstrated in Table 2, all the compounds
displayed promising cell growth inhibitory effects on Hep
3B and HuH-7 but none of them showed antiproliferative
activities against SK-HEP-1 cells. The cellular potency
order was not completely in accordance with one of kinase
inhibition probably attributed to different cellular permea-
bility. For example, 8bd and 8cd showed a similar level of
kinase inhibition to 8af and FGF401, but cellular activities
increased which suggests that introduction furyl on the
4'-amino may improve the permeability through cell mem-
brane.

2.3 Antitumor activity evaluation in HCC xenograft
model

Taken together the enzymatic and cellular inhibition
characterization, 8ac, 8bd and 8dg were selected to inves-
tigate their antitumor properties. Nude mice with subcuta-
neous xenograft Hep3B tumor were treated orally
twice-daily with tested compounds at 30 mg/kg doses for
14 d. All the three compounds revealed moderately to ex-
cellently xenograft growth inhibition, as well as tumor re-
gression was observed for 8ac, with the tumor growth in-
hibition value (TGI) of 73%, 77% and 130%, respectively
(Figure 2A). Meanwhile, all the three compounds were
well tolerated as body weight was not affected (Figure 2B).

3 Conclusions

In summary, the development of a set of analogues of
FRF401 was reported aiming at searching for novel com-
pounds with superior inhibitory activity and higher se-
lec-tivity to FRFR4. The SAR relationship suggests that
the flexible 3-acyclic amide increased FGFR4 inhibition
and modification of 4' substituted group would probably
improve the permeability which lead to increased cellular
activity. Compounds 8ac, 8bd and 8dg had also been cho-
sen for further in vivo antitumor efficacy investigation.
Among them, 8ac dramatically inhibited tumor growth and
induced tumor regression. Physicochemical properties and
fully pharmacokinetic property studies for 8ac as drug
candidate for treatment of HCC are ongoing.

4 Experimental section

4.1 Chemistry
4.1.1 General experimental methods

'"H NMR and "C NMR spectra were recorded on a
Bruker Avance ARX-400. Mass spectra were performed
on a Kompact Axima-CFR MALDI mass spectrometers.
Optical rotations were recorded on a Perkin Elmer 341
polarimeter. Anhydrous tetrahydrofuran (THF) were ob-
tained by distillation from sodium. All other solvents were

http://sioc-journal.cn/ 87
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Table 2 Enzymatic and cellular activities (ICso, nmolsL ") of the analogues of FGF401
d Kinase inhibition Cell growth inhibition
Compd. FRER 4 FGER 1 Hep 3B HuH-7 SK-HEP-1
FGF401 1.9 >10000 8.8 16.3 >10000
7a’ 21.5 >10000 77.0 91.7 >10000
8aa 1.6 >10000 42 38.8 >10000
8ab 1.45 >10000 9.1 31.7 >10000
8ab-§ 0.74 >10000 44 10.6 >10000
8ab-R 2.3 >10000 2.7 9.6 >10000
8ac 0.98 >10000 2.7 11.2 >10000
8ad 0.90 >10000 7.3 11.4 >10000
8ae 0.17 >10000 8.2 31.0 >10000
8af 1.9 >10000 10.8 26.4 >10000
8bd 1.7 >10000 3.9 13.8 >10000
8cd 1.5 >10000 35 11.2 >10000
8dd 42 >10000 10.5 13.0 >10000
8ed 13.1 >10000 22.1 57.8 >10000
8fb-R 1.7 >10000 2.8 12.9 >10000
8dg 1.5 >10000 1.6 7.3 >10000
8cg 1.1 >10000 25 10.0 >10000
11a 3.1 >10000 6.6 152 >10000
11b 6.3 >10000 12.5 37.8 >10000

reagent grade that were used without any pretreatment. The
progress of all reactions was monitored by thin-layer
chromatography (TLC) using ethyl acetate/n-hexane as
solvent system, and spots were visualized by irradiation
with ultraviolet light (254 nm) or staining with phospho-
molybdic acid. Flash chromatography was performed using
silica gel (200~300 mesh).

4.1.2 Preparation of compound 2

To a solution of compound 1 (120 mmol) in CH;CN was
added NBS (126 mmol). The reaction mixture was stirred
at room temperature for 3 h and then concentrated under
reduced pressure. The residue was diluted with dichloro-
methane (DCM) and the resultant solution was succes-
sively washed with 1 mol/L aqueous solution of NaOH and
brine, dried over anhydrous Na,SO,, filtered, and concen-
trated under reduced pressure. The residue was used in the
next step without further purification.

To the above residue was added THF. The resultant so-
lution was cooled to —78 ‘C, to which was dropwise
added MeLi (1.6 moleL™' THF, 130 mol) and then stirred
for 10 min. After that, n-BuLi (1.6 molsL™' THF, 216 mol)
was dropwise added to the reaction mixture at —78 C.
The resultant mixture was then stirred for 30 min and to
which was slowly added anhydrous dimethylformamide
(DMF). The reaction mixture was slowly warmed to room
temperature, further stirred for 30 min and quenched with
saturated aqueous solution of NH,Cl. The aqueous phase
was extracted with DCM and the combined organic phase
was dried over anhydrous Na,SO,, filtered, and concen-
trated under reduced pressure. The residue was separated
by flash column chromatography on silica gel to give
compound 2 (ca. 85 mmol). The residue was purified by
silica column chromatography to give 2. 'H NMR (400
MHz, CDCl) d: 10.32 (s, 1H), 7.75 (s, 1H), 5.93 (br, 1H),
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5.44 (s, 1H), 3.56~3.34 (m, 8H), 2.76 (t, J=6.0 Hz, 2H),
1.98~1.80 (m, 2H); MS (ESI) m/z: 237.1 [M+H]". The
characterization data is consistent to that the literature re-
ported.!'™!

4.1.3 Preparation of 3

To a solution of compound 2 (ca. 85 mmol) and
CH;NH,*HCI (846 mmol) in MeOH was added NaBH;CN
(212 mmol) in one portion. The reaction mixture was
stirred overnight at room temperature and concentrated
under reduced pressure. Then DCM was added to the resi-
due. The resultant solution was washed with 1 mol/L
aqueous solution of KOH and brine, dried over anhydrous
Na,SO,, filtered, and concentrated under reduced pressure.
The residue was used in the next step without further puri-
fication. To the above residue was successively added
DCM, (Boc),O (94 mmol) and DIPEA (145 mmol) in
CH,Cl, at 0 °C. The reaction mixture was stirred overnight
at room temperature and concentrated under reduced pres-
sure. The residue was separated by flash column chroma-
tography on silica gel to give fert-butyl ((2-(dimethoxy-
methyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-3-yl)methyl)-
(methyl)carba-mate (3) (68 mmol) as yellow oil in 57%
overall yield from compound 1 in 4 steps. 'H NMR (400
MHz, DMSO-dy) 6: 6.91 (s, 1H), 6.45 (s, 1H), 5.00 (s, 1H),
4.39 (s, 2H), 3.29 (s, 6H), 3.25~3.23 (m, 2H), 2.64~2.61
(m, 5H), 1.78~1.72 (m, 2H), 1.42 (s, 9H); *C NMR (100
MHz, DMSO-dy) J: 154.8, 118.7, 115.6, 79.1, 55.1, 41.1,
33.6, 28.6, 26.6, 21.3; HRMS (ESI) calcd for CisH3oN;04
[M+H]" 352.2231, found 352.2263.

4.1.4 Preparation of compound 5

To a solution of compound 4 (11 mmol) in MeCN was
added N-iodo-succininide (NIS) (12 mmol) and trifluoroa-
cetic acid (TFA) (4.4 mmol). The reaction mixture was

Chin. J. Org. Chem. 2020, 40, 84~94
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stirred overnight at room temperature and diluted with
ethyl acetate (EA). The mixture was stirred for 30 min and
successively washed with saturated aqueous solution of
Na,SO; and brine, dried over anhydrous Na,SO,, filtered,
and concentrated under reduced pressure. The residue was
used in the next step without further purification. To the
above residue was successively added dimethylacetamide
(DMA), Zn(CN), (9.5 mmol), Zn powders (2 mmol),
Pd,(dba); (0.4 mmol) and bis(diphenyl- phosphino)ferrocene
(dppf) (2 mmol) at nitrogen atmosphere. The reaction
mixture was heated to 110 ‘C and stirred for 3 h. Then the
reaction mixture was cooled to room temperature, diluted
with EA and washed with saturated aqueous solution of
NaHCOs;. The aqueous phase was extracted with EA. The
combined organic phase was washed with brine, dried over
anhydrous Na,SQ,, filtered, and concentrated under re-
duced pressure to give compound 5 (ca. 7.3 mmol), which
was directly used in the next step without further purifica-
tion.

4.1.5 General procedure for the preparation of com-
pounds 6

To a solution of compound 5 (7.3 mmol), nucleophile
(14.6 mmol) in DMF was added N,N-diisopropylethyl-
amine (DIPEA). The reaction mixture was heated to 60 C
and stirred overnight. The reaction was concentrated under
reduced pressure and the residue was separated by flash
column chromatography on silica gel to give compound 6.

6-Amino-4-((2-methoxyethyl)amino)nicotinonitrile (6a):
Yield 54% based on compound 4. White solid, m.p.
172.3~175.0 ‘C; '"H NMR (400 MHz, DMSO-d;) J: 7.93
(s, 1H), 6.38 (s, 2H), 6.13 (t, 1H), 5.62 (s, 1H), 3.47 (4,
2H), 335~3.24 (m, 5H); *C NMR (100 MHz, DMSO-d;)
0: 163.0, 154.59,154.57, 118.6, 85.4, 84.2, 70.2, 58.5, 41.8;
HRMS (ESI) caled for CoH;sN,O [M+H]" 193.1084,
found 193.1074.

(5)-6-Amino-4-((tetrahydrofuran-3-yl)amino)nicotinoni-
trile (6b): Yield 44% based on compound 4. White solid,
m.p. 196.6~199.2 C; [a]l; —6.7 (¢ 0.3, CH;0H); 'H
NMR (400 MHz, DMSO-dy) d: 7.95 (s, 1H), 6.42 (s, 2H),
6.20 (d, J/=6.0 Hz, 1H), 5.62 (s, 1H), 4.01~3.96 (m, 1H),
3.88~3.80 (m, 2H), 3.74~3.69 (m, 1H), 3.64~3.61 (m,
1H), 2.19~2.12 (m, 1H), 1.96~1.90 (m, 1H); *C NMR
(100 MHz, DMSO-d;) 6: 162.9, 154.9, 154.1, 118.6, 86.8,
84.6, 72.2, 67.0, 53.1, 32.4; HRMS (ESI) caled for
C1oH;3N,O [M+H]" 205.1084, found 205.1113.

6-Amino-4-(((3R,4S5)-4-methoxytetrahydrofuran-3-yl)a-
mino)nicotinonitrile (6¢): Yield 28% based on compound
4. Light yellow solid, m.p. 240.4~242.7 ‘C; [a]f —4.1
(c 0.2, CH;0H); '"H NMR (400 MHz, DMSO-d;) J: 7.96
(s, 1H), 6.50 (br s, 2H), 6.24 (t, J=6.4 Hz, 1H), 5.69 (s,
1H), 3.99 (dd, /=9.2, 6.0 Hz, 1H), 3.91~3.90 (m, 1H),
3.87~3.81 (s, 2H), 3.73 (dd, /=10, 1.2 Hz, 1H), 3.65 (dd,
J=9.2, 44 Hz, 1H), 3.30 (s, 3H); C NMR (100 MHz,
DMSO-d) o: 163.0, 155.0, 153.9, 118.5, 86.6, 85.2, 84.7,
71.3, 71.1, 58.7, 57.0; HRMS (ESI) calcd for C;;H;5sN,0,
[M-+H]" 235.1190, found 235.1191.
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(R)-6-Amino-4-(3-methoxypyrrolidin-1-yl)nicotinonitri-
le (6d): Yield 46% based on compound 4. Pale yellow sol-
id, m.p. 149.4~152.1 C; [a]5 —9.6 (¢ 0.2, CH;0H); 'H
NMR (400 MHz, DMSO-ds) J: 7.96 (s, 1H), 6.36 (s, 2H),
5.53 (s, 1H), 4.07~4.04 (m, 1H), 3.62 (dd, J=10.8Hz,
4.4Hz, 1H), 3.52~3.43 (m, 3H), 3.26 (s, 3H), 2.10~1.98
(m, 2H); *C NMR (100 MHz, DMSO-dj) d: 162.3, 156.6,
153.4, 121.4, 88.1, 83.3, 79.0, 56.3, 54.2, 47.2, 30.1;
HRMS (ESI) calcd for C;;H;;N,O, [M+H]" 219.1240,
found 219.1206.

6-Amino-4-((2-methoxyethyl)thio)nicotinonitrile ~ (6e):
Yield 35% based on compound 4. White solid, m.p.
164.6~167.5 C; 'H NMR (400 MHz, DMSO-d) J: 8.18
(s, IH), 6.99 (br s, 2H), 6.41 (s, 1H), 3.61 (t, J=6.4 Hz,
2H), 3.30 (s, 3H), 3.22 (t, J=6.4 Hz, 2H); °C NMR (100
MHz, DMSO-d¢) J: 161.8, 154.3, 151.1, 117.6, 102.3,
94.2, 69.8, 58.5, 30.1; HRMS (ESI) caled for CoH ,N;0S
[M+H]" 210.0696, found 210.0697.

(R)-6-Amino-4-((tetrahydrofuran-3-yl)amino)nicotinoni-
trile (6f): Yield 45% based on compound 4. White solid,
m.p. 196.3~199.5 C; [a] +6.5 (¢ 0.2, CH;0H) (c 1.0,
CH;OH); 'H NMR (400 MHz, DMSO-dj) d: 7.94 (s, 1H),
6.42 (s, 2H), 6.20 (d, J=6.0Hz, 1H), 5.62 (s, 1H), 4.01~
3.96 (m, 1H), 3.88~3.80 (m, 2H), 3.74~3.69 (m, 1H),
3.64~3.61 (m, 1H), 2.21~2.12 (m, 1H), 1.96~1.90 (m,
1H); “C NMR (100 MHz, DMSO-dy) J: 162.9, 154.9,
154.1, 118.6, 86.8, 84.6, 72.2, 67.0, 53.1, 32.4; HRMS
(ESI) caled for C,0H;;N,O [M-+H]" 205.1084, found
205.1090.

4.1.6 General procedure for the preparation of com-
pounds 7

To a solution of compound 3 (5.46 mmol), diphenyl
carbonate (6.56 mmol) in THF was dropwise added
LiHMDS (1 molsL™' of THF, 6.01 mL) at —78 °C. The
reaction mixture was slowly warmed to room temperature,
further stirred for 30 min and quenched with saturated
aqueous solution of NH4Cl. The aqueous phase was ex-
tracted with DCM and the combined organic phase was
dried over anhydrous Na,SO,, filtered, and concentrated
under reduced pressure. To the residue was successively
added 6 (6.50 mmol) and THF. Then lithium hexamethyl-
disilazide (LiHMDS) (1 mol/L in THF, 7.95 mL) was
added to the resulting mixture at —78 °C. The reaction
mixture was slowly warmed to room temperature, stirred
overnight and quenched with saturated aqueous solution of
NH,4CL. The aqueous phase was extracted with DCM. The
combined organic phase was dried over anhydrous
Na,SOy, filtered, and concentrated under reduced pressure.
The residue was separated by flash column chromatog-
raphy on silica gel to give 7.

tert-Butyl ((8-((5-cyano-4-((2-methoxyethyl)amino)py-
ridin-2-yl)carbamoyl)-2-(dimethoxymethyl)-5,6,7,8-tetra-
hydro-1,8-naphthyridin-3-yl)methyl)(methyl)carbamate
(7a): Yield 62%. White solid, m.p. 132.1~134.0 'C; 'H
NMR (400 MHz, DMSO-dy) 0: 13.50 (s, 1H), 8.26 (s, 1H),
7.52 (s, 1H), 7.38 (s, 1H), 6.89 (t, J=5.6 Hz, 1H), 5.42 (s,
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1H), 4.52 (s, 2H), 3.95~3.92 (t, 2H), 3.53 (t, 2H), 3.40~
3.35 (m, 8H), 3.29 (s, 3H), 2.85~2.82 (m, 2H), 2.76 (s,
3H), 1.93~1.88 (m, 2H), 1.50~1.30 (m, 9H); *C NMR
(100 MHz, DMSO-ds) 6: 156.1, 156.0, 153.9, 149.1, 123.2,
117.4, 104.6, 93.1, 88.7, 79.5, 70.1, 58.6, 54.7, 43.6, 42.1,
34.4, 28.5, 27.5, 21.2; HRMS (ESI) calcd for CygH4oNOg
[M+H]" 570.3035, found 570.3042.

tert-Butyl (S)-((8-((5-cyano-4-((tetrahydrofuran-3-yl)-
amino)pyridin-2-yl)carbamoyl)-2-(dimethoxymethyl)-5,6,
7,8-tetrahydro-1,8-naphthyridin-3-yl)methyl)(methyl)car-
bamate (7b): Yield 35%. Yellow solid, m.p. 167.6~
1712 °C; [a]f +3.6 (¢ 0.4, CH;0H); 'H NMR (400
MHz, DMSO-ds) 6: 13.53 (s, 1H), 8.29 (s, 1H), 7.54 (s,
1H), 7.38 (s, 1H), 7.01 (d, J=5.6 Hz, 1H), 5.42 (s, 1H),
4.52 (s, 2H), 4.18~4.16 (m, 1H), 3.95~3.84 (m, 4H),
3.78~3.69 (m, 2H), 3.33 (s, 6H), 2.85~2.82 (m, 2H),
2.76 (s, 3H), 2.24~2.21 (m, 1H), 2.03~1.97 (m, 1H),
1.92~1.89 (m, 2H), 1.44~1.38 (m, 9H); >C NMR (100
MHz, DMSO-ds) 6: 155.8, 155.3, 154.4, 152.8, 149.1,
123.2,117.5, 104.5, 94.5, 89.0, 79.5, 72.2, 67.0, 56.3, 54.7,
53.4,43.6,34.4,32.4, 28.5, 27.5, 21.2; HRMS (ESI) calcd
for Cy0H4N,0 [M+H]" 582.3035, found 582.3045.

tert-Butyl ((8-((5-cyano-4-(((3R,45)-4-methoxytetrahy-
drofuran-3-yl)amino)pyridin-2-yl)carbamoyl)-2-(dimetho-
xymethyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-3-yl) (7¢):
Yield 32%. Light yellow solid, m.p. 175.6~177.2 C;
[a]5 + 2.6 (¢ 02, CH;OH); 'H NMR (400 MHz,
DMSO-dy) d: 13.55 (br s, 1H), 8.29 (s, 1H), 7.63 (s, 1H),
7.36 (s, 1H), 6.98~6.96 (m, 1H), 5.41 (s, 1H), 4.5 (s, 2H),
4.02~3.96 (m, 6H), 3.93~3.88 (m, 2H), 3.35 (s, 3H),
3.34 (s, 3H), 2.82 (s, 2H), 2.75~2.73 (s, 4H), 1.91 (s, 2H),
1.43~1.37 (m, 11H); °C NMR (100 MHz, DMSO-d;) o:
156.1, 155.2, 154.3, 152.8, 149.1, 130.1, 123.2, 117.3,
104.5, 94.2, 89.3, 85.0, 79.5, 71.6, 71.0, 58.8, 57.2, 55.1,
54.7, 43.6, 34.4, 28.5, 27.5, 21.2; HRMS (ESI) caled for
C30H4N,0; [M+H]" 612.3140, found 612.3142.

tert-Butyl (R)-((8-((5-cyano-4-(3-methoxypyrrolidin-1-
yl)pyridin-2-yl)carbamoyl)-2-(dimethoxymethyl)-5,6,7,8-
tetrahydro-1,8-naphthyridin-3-yl)methyl)(methyl)carba-
mate (7d): Yield 38%. Amorphous solid; [a]h +3.3 (¢
0.1, CH;0H); 'H NMR (400 MHz, DMSO-dg) J: 13.52 (s,
1H), 8.28 (s, 1H), 7.43 (s, 1H), 7.38 (s, 1H), 5.43 (s, 1H),
4.52 (s, 2H), 4.12~4.11 (m, 1H), 3.95~3.92 (m, 2H),
3.76~3.72 (s, 1H), 3.65~3.57 (m, 3H), 3.37 (s, 6H), 3.28
(s, 3H), 2.85~2.82 (m, 2H), 2.76 (s, 3H), 2.13~2.11 (m,
1H), 2.06~2.02 (m, 1H), 1.93~1.87 (m, 2H), 1.44~1.11
(m, 9H); *C NMR (100 MHz, DMSO-d;) J: 155.8, 155.3,
154.0, 152.8, 149.2, 123.2, 120.2, 104.5, 95.8, 87.6, 79.5,
78.9, 56.3, 54.7, 54.5, 47.6, 43.6, 34.4, 30.1, 28.5, 27.5,
27.3, 21.2; HRMS (ESI) caled for C30Hy;N,0s [M+H]"
596.3191, found 596.3204.

tert-Butyl ((8-((5-cyano-4-((2-methoxyethyl)thio)pyri-
din-2-yl)carbamoyl)-2-(dimethoxymethyl)-5,6,7,8-tetrahy
dro-1,8-naphthyridin-3-yl)methyl)(methyl)carbamate (7e):
Yield 34%. Light yellow solid, m.p. 169.8~172.5 ‘C; 'H
NMR (400 MHz, DMSO-d;) 6: 13.96 (br s, 1H), 8.62 (s,
1H), 8.24 (s, 1H), 7.40 (s, 1H), 5.48 (s, 1H), 4.51 (s, 2H),
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3.96 (m, 2H), 3.70~3.67 (m, 2H), 3.36 (s, 3H), 3.32 (s,
3H), 2.85 (s, 2H), 2.77 (s, 3H), 1.92 (s, 3H), 1.44~1.39 (s,
11H), 1.23 (s, 2H); *C NMR (100 MHz, DMSO-d;) ¢:
155.4, 154.5, 153.2, 152.8, 149.0, 130.1, 123.3, 116.2,
107.9, 103.4, 101.1, 79.6, 69.5, 58.5, 54.4, 43.7, 34.5, 30.6,
28.5, 27.4, 21.2; HRMS (ESI) calcd for C,sH3oNO6S
[M+H]" 587.2646, found 587.2643.

tert-Butyl (R)-((8-((5-cyano-4-((tetrahydrofuran-3-yl)-
amino)pyridin-2-yl)carbamoyl)-2-(dimethoxymethyl)-5,6,
7,8-tetrahydro-1,8-naphthyridin-3-yl)methyl)(methyl)car-
bamate (7f): Yield 37%. Light yellow solid, m.p. 167.4~
171.6 °C; [a]5 —3.2 (¢ 0.2, CH;0H); 'H NMR (400
MHz, DMSO-dg) J: 13.53 (s, 1H), 8.29 (s, 1H), 7.54 (s,
1H), 7.38 (s, 1H), 7.01 (d, J=5.6 Hz, 1H), 5.42 (s, 1H),
4.52 (s, 2H), 4.18~4.16 (m, 1H), 3.95~3.84 (m, 4H),
3.78~3.69 (m, 2H), 3.33 (s, 6H), 2.85~2.82 (m, 2H),
2.76 (s, 3H), 2.24~2.21 (m, 1H), 2.03~1.97 (m, 1H),
1.92~1.89 (m, 2H), 1.44~1.38 (m, 9H); HRMS (ESI)
caled for CyHuN,O¢ [M + H] ©  582.3035, found
582.3048.
4.1.7 Preparation of compound 7a’

To the solution of compound 7a (68.4 mg, 0.12 mmol)
in CH;OH was add aqueous solution of HC1 (3.0 moleL™"),
and the resulting solution was stirred at room temperature
until 7a disappeared. The reaction mixture was diluted
with saturated aqueous solution of NaHCO; and extracted
with DCM twice. The combined organic phase was dried
over anhydrous Na,SOy, filtered, and concentrated under
reduced pressure. The residue was purified by flash col-
umn chromatography on silica gel to give 7a' (56.1 mg,
0.11 mmol) as amorphous solid in 89% yield. '"H NMR
(400 MHz, DMSO-dy) 0: 13.48 (s, 1H), 10.06 (s, 1H), 8.26
(s, 1H), 7.52 (s, 2H), 6.97 (br, 1H), 4.77 (s, 2H), 3.98 (t,
J=6.0 Hz, 2H), 3.53 (t, J/=6.0 Hz, 2H), 3.40 (dd, /=11.2,
5.6 Hz, 2H), 3.29 (s, 3H), 2.95 (t, J=6.0 Hz, 2H), 2.84 (s,
3H), 1.95~1.93 (m, 2H); *C NMR (100 MHz, DMSO-d;)
0: 192.7, 156.1, 155.8, 154.0, 152.4, 150.6, 129.2, 117.3,
92.8, 88.9, 79.7, 70.0, 58.6, 43.8, 42.1, 35.1, 28.5, 28.1,
20.8; HRMS (ESI) caled for C,HiN,Os [M+ H] "
524.2616, found 524.2617.

4.1.8 General procedure for the preparation of com-
pounds 8

Compound 7 (0.58 mmol) was dissolved in HCI/CH;0H
(0.3 molsL™"), and the resulting solution was stirred at
room temperature until 7 disappeared. The solvent was
evaporated under reduced pressure. To the resulting resi-
due, dichloromethane, carboxylic acid (0.70 mmol) and
2-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium-
hexafluorophosphate (HATU) (0.75 mmol) were succes-
sively added. Then N,N-diisopropylethylamine (DIPEA)
(1.70 mmol) was dropwise added to the resulting mixture
and the reaction mixture was further stirred for 1 h at room
temperature. After that, the aqueous solution of HCI was
added and the resulting mixture was stirred for 1 h and
diluted with EA. The resulting solution was washed with
saturated aqueous NaHCOj; solution and brine, dried over
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anhydrous Na,SO,, filtered, and concentrated under re-
duced pressure. The residue was purified by flash column
chromatography on silica gel to give 8.
N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-yl)-7-
formyl-6-((N-methyloxetane-3-carboxamido)methyl)-1,2,
3,4-tetrahydro-1,8-naphthyridine-1-carboxamide (8aa):
Yield 62%. Pale yellow solid, m.p. 199.6~201.8 ‘C;'H
NMR (400 MHz, DMSO-d;, a pair of rotamers, data for
both rotamers given) d: 13.50/13.48 (s, 1H), 10.06/10.02
(s, 1H), 8.26 (s, 1H), 7.53/7.51 (s, 1H), 7.51 (s, 1H), 6.97
(br, 1H), 4.89/4.72 (s, 2H), 4.76~4.54 (m, 4H), 4.30~
4.27 (m, 1H), 4.01~3.95 (m, 2H), 3.53 (t, J/=5.6 Hz, 2H),
3.38 (dd, /=11.2, 6.0 Hz, 2H), 3.29 (s, 3H), 2.93 (t, J=6.0
Hz, 2H), 2.87/2.79 (s, 3H), 1.94~1.92 (m, 2H); *C NMR
(100 MHz, DMSO-dq, a pair of rotamers, data for both
rotamers given) d: 192.7, 172.0/171.9, 156.0, 155.8, 154.0,
152.44/152.38, 150.7/150.6, 143.6/143.4, 138.8/138.0,
130.1/129.8, 129.4/129.2, 117.3, 92.8, 88.9, 72.6, 70.0,
58.6, 48.0/46.1, 43.9, 42.1, 37.2/36.8, 35.1/34.2, 28.1/28.0,
208, HRMS (ESI) calcd for C25H30N705 [M + H] "
508.2303, found 508.2305.
N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-yl)-7-
formyl-6-((N-methyltetrahydrofuran-3-carboxamido)meth-
yl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxamide
(8ab): Yield 68%. White solid, m.p. 190.2~193.0 ‘C; 'H
NMR (400 MHz, DMSO-d;, a pair of rotamers, data for
both rotamers given) d: 13.49/13.48 (s, 1H), 10.06/10.04
(s, 1H), 8.25 (s, 1H), 7.50 (s, 1H), 7.50/7.47 (s, 1H), 6.96
(br, 1H), 5.02/4.88 (s, 2H), 3.97~3.93 (m, 3H), 3.78~
3.69 (m, 3H), 3.53 (t, J=6.0 Hz, 2H), 3.48~3.45 (m, 1H),
3.38 (dd, J=5.2, 10.4 Hz, 2H), 3.29 (s, 3H), 3.04/2.87 (s,
3H), 2.96/2.91 (m, 2H), 2.13~2.00 (m, 2H), 1.98~1.93
(m, 2H); C NMR (100 MHz, DMSO-d,, a pair of rota-
mers, data for both rotamers given) J: 192.7, 173.9/173.8,
156.0, 155.8, 152.43/152.37, 150.6/150.5, 143.6/143.4,
138.7/137.8, 130.0/129.9, 129.4/129.1, 117.3, 92.8, 88.9,
70.7/70.3, 70.0, 68.21/68.15, 58.6, 48.6/46.4, 43.8, 42.1,
41.1, 35.9/34.7, 31.8/30.9, 28.1/28.0, 20.8; HRMS (ESI)
caled for CyHypN,0s [M + H] 5222459, found
522.2461.
(S)-N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-
yl)-7-formyl-6-((N-methyltetrahydrofuran-3-carboxami-
do)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carbo-
xamide (8ab-S): Yield 66%. White solid, m.p. 190.5~
192.6 C; [alf —64.6 (¢ 1.5, CH;OH); 'H NMR (400
MHz, DMSO-dg, a pair of rotamers, data for both rotamers
given) J: 13.48/13.46 (s, 1H), 10.06/10.04 (s, 1H), 8.25 (s,
1H), 7.51 (s, 1H), 7.47 (s, 1H), 6.96 (br, 1H), 5.02/4.88 (s,
2H), 3.97~3.93 (m, 3H), 3.78~3.68 (m, 3H), 3.55~3.48
(m, 3H), 3.41 (t, J=5.6 Hz, 2H), 3.36 (s, 3H), 3.04/2.87 (s,
3H), 2.97~2.81 (m, 2H), 2.03~1.93 (m, 4H); HRMS
(ESI) caled for ChH3pN,Os [M+H]": 522.2459, found
522.2462.
(R)-N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-
yl)-7-formyl-6-((N-methyltetrahydrofuran-3-carboxami-
do)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carbo-
xamide (8ab-R): Yield 63%. White solid, m.p. 190.4~

Chin. J. Org. Chem. 2020, 40, 84~94

© 2020 Chinese Chemical Society & SIOC, CAS

192.8 °C; [a]b +63.8 (¢ 1.5,CH;0H); 'H NMR (400
MHz, DMSO-dg, a pair of rotamers, data for both rotamers
given) ¢: 13.49 (s, 1H), 10.06/10.04 (s, 1H), 8.26 (s, 1H),
7.51 (s, 1H), 7.51/7.47 (s, 1H), 6.97 (br, 1H), 5.02/4.88 (s,
2H), 3.98~3.93 (m, 3H), 3.78~3.69 (m, 3H), 3.53 (t, J=
6.0 Hz, 2H), 3.52~3.48 (m, 1H), 3.40 (dd, /=8.8, 6.0 Hz,
2H), 3.29 (s, 3H), 3.04/2.87 (s, 3H), 2.97~2.91 (m, 2H),
2.04~1.93 (m, 4H); HRMS (ESI) calcd for C,H3,N;O5
[M+H]" 522.2459, found 522.2470.
N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-yl)-7-
formyl-6-((N-methyltetrahydro-2H-pyran-4-carboxamido)-
methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxa-
mide (8ac): Yield 65%. White solid, m.p. 197.0 ~
199.3 °C; '"H NMR (400 MHz, DMSO-dq, a pair of rota-
mers, data for both rotamers given) J: 13.48/13.46 (s, 1H),
10.06 (s, 1H), 8.25 (s, 1H), 7.51 (s, 1H), 7.43 (s, 1H), 6.96
(br, 1H), 5.02/4.86 (m, 2H), 3.97~3.87 (m, 4H), 3.53 (4,
J=5.6 Hz, 2H), 3.44~3.27 (m, 10H), 3.06/2.83 (s, 3H),
2.97~2.90 (m, 2H), 1.94~1.92 (m, 2H), 1.66~1.60 (m,
4H); “C NMR (100 MHz, DMSO-dq, a pair of rotamers,
data for both rotamers given) J: 192.7, 174.9, 156.1, 155.8,
154.0, 152.4, 150.5, 143.6, 138.6, 130.2, 129.1, 117.3,
92.9, 88.9, 70.1, 66.8/66.6, 58.6, 46.3, 46.8, 42.1, 37.1,
35.8, 29.6/29.1, 28.1, 20.8; HRMS (ESI) caled for
C,;H3,N,Os [M+H]" 536.2616, found 536.2617.
(R)-N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-
yl)-7-formyl-6-((N-methyltetrahydrofuran-2-carboxami-
do)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carbo-
xamide (8ad): Yield 58%. Pale yellow solid, m.p. 112.3~
116.0 ‘C; '"H NMR (400 MHz, DMSO-dq, a pair of rota-
mers, data for both rotamers given) J: 13.49 (s, 1H),
10.07/10.05 (s, 1H), 8.27 (s, 1H), 7.52 (s, 1H), 7.54/7.48
(s, 1H), 6.98 (br, 1H), 5.32~4.81 (m, 3H), 3.97 (br, 2H),
3.82~3.79 (m, 2H), 3.53 (br, 2H), 3.34 (br, 2H), 3.29 (s,
3H), 3.05/2.82 (s, 3H), 2.92 (br, 2H), 2.08/2.06 (m, 2H),
2.01~1.86 (m, 4H); *C NMR (100 MHz, DMSO-d, a
pair of rotamers, data for both rotamers given) d: 192.7,
172.2, 156.1, 155.8, 154.1, 152.4, 150.6, 143.4, 138.6/
137.7, 130.1/129.9, 129.1, 117.3, 92.9, 88.9, 75.4, 70.0,
68.7, 58.6, 48.3, 46.4, 43.8, 42.1, 35.6, 29.2/29.0, 28.5/
28.1, 25.2, 20.8; HRMS (ESI) caled for CysH3,N,O5 [M+
H]" 522.2459, found 522.2461.
N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-yl)-6-
((N,1-dimethylpyrrolidine-2-carboxamido)methyl)-7-for-
myl-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxamide
(8ae): Yield 60%. Amorphous solid; 'H NMR (400 MHz,
DMSO-dg, a pair of rotamers, data for both rotamers given)
0: 13.48/13.47 (s, 1H), 10.06/10.04 (s, 1H), 8.25 (s, 1H),
7.51 (s, 1H), 7.50/7.44 (s, 1H), 6.97 (br, 1H), 5.05/4.88 (s,
2H), 3.97 (t, J=5.2 Hz, 2H), 3.55~3.39 (m, 3H), 3.30 (s,
3H), 3.07/2.87 (s, 3H), 3.12~2.94 (m, 2H), 2.91 (t, J=6.0
Hz, 2H), 2.31/2.19 (s, 3H), 2.36~2.16 (m, 2H), 1.99~
1.92 (m, 2H), 1.81~1.79 (m, 2H); *C NMR (100 MHz,
DMSO-dg, a pair of rotamers, data for both rotamers given)
0: 192.7/192.6, 172.7/172.6, 156.0, 155.7, 154.0, 152.4,
150.5, 143.6/143.3, 138.6/137.7, 130.1/130.0, 129.3/129.0,
117.3, 92.8, 88.9, 70.0, 66.5/66.2, 58.6, 55.8, 48.4/46.7,
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43.8,42.1, 35.6/34.9, 31.8, 29.5/29.2, 28.6/28.2, 23.2/22.6,
208, HRMS (ESI) calcd for C27H35N304 [M + H] "
535.2776, found 535.2777.
6-((1-Acetyl-N-methylpyrrolidine-2-carboxamido)meth-
yl)-N-(5-cyano-4-((2-methoxyethyl)amino)pyridin-2-yl)-7-
formyl-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxami-
de (8af): Yield 46%. Amorphous solid; 'H NMR (400
MHz, DMSO-dg, a pair of rotamers, data for both rotamers
given) J: 13.52/13.51 (s, 1H), 10.05/10.04 (s, 1H), 8.25 (s,
1H), 8.04/7.72 (s, 1H), 7.51 (s, 1H), 6.95 (br, 1H), 5.10~
4.78 (m, 2H), 3.99~3.92 (m, 2H), 3.57~3.50 (m, 3H),
3.39 (t, J=5.6 Hz, 2H), 3.31 (s, 3H), 3.10/2.80 (s, 3H),
2.97~290 (m, 2H), 2.02~1.81 (m, 6H), 1.99/1.94 (s,
3H); *C NMR (100 MHz, DMSO-d;, a pair of rotamers,
data for both rotamers given) ¢: 192.8, 172.9/172.4,
168.5/168.5, 156.0, 155.8, 154.0, 152.5/152.4, 150.4,
143.4/143.4, 138.9, 129.8, 129.5/129.1, 117.3, 92.8, 88.9,
70.0, 58.6, 56.1, 48.1, 473, 43.8, 42.1, 36.1/34.3,
29.6/29.2, 28.1, 25.0/24.8, 22.7/22.7, 20.7; HRMS (ESI)
caled for CyH3sNgOs [M + H] © 563.2575, found
563.2738.
N-(5-Cyano-4-(((S)-tetrahydrofuran-3-yl)amino)pyridin-
2-yl)-7-formyl-6-(((R)-N-methyltetrahydrofuran-2-carbox-
amido)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-car-
boxamide (8bd): Yield 48%. Amorphous solid; '"H NMR
(400 MHz, DMSO-dq, a pair of rotamers, data for both
rotamers given) d: 13.49 (s, 1H), 10.06/10.04 (s, 1H), 8.28
(s, 1H), 7.55/7.48 (s, 1H), 7.52 (s, 1H), 7.08 (br, 1H),
5.12~4.87 (m, 2H), 4.12 (br, 1H), 3.92~3.69 (m, 8H),
3.04/2.70 (s, 3H), 2.93~2.82 (m, 2H), 2.08~1.86 (m,
8H); >C NMR (100 MHz, DMSO-dj, a pair of rotamers,
data for both rotamers given) J: 192.6, 172.2/171.9, 155.6,
155.4, 154.5, 152.5, 150.6, 143.6, 138.7, 129.9, 129.1,
117.5, 94.3, 89.2, 75.6/75.4, 72.2, 68.7, 67.0, 53.5, 46.4,
43.8, 35.6, 32.4, 28.4, 28.1, 25.7, 20.8; HRMS (ESI) caled
for C,;H3,N,05 [M+H]" 534.2459, found 534.2461.
N-(5-Cyano-4-(((3R,4S5)-4-methoxytetrahydrofuran-3-
yl)amino)pyridin-2-yl)-7-formyl-6-(((R)-N-methyltetrahy-
drofuran-2-carboxamido)methyl)-1,2,3,4-tetrahydro-1,8-
naphthyridine-1-carboxamide (8cd): Yield 51%. Amor-
phous solid; 'H NMR (400 MHz, DMSO-d, a pair of ro-
tamers, data for both rotamers given) J: 13.54 (s, 1H),
10.06/10.04 (s, 1H), 8.29 (s, 1H), 7.62 (s, 1H), 7.55/7.48
(s, 1H), 7.05 (br, 1H), 5.15~4.93 (m, 1H), 4.89~4.80 (m,
2H), 4.03~3.89 (m, 6H), 3.82~3.73 (m, 4H), 3.36 (s,
3H), 3.05/2.82 (s, 3H), 2.93~2.90 (m, 2H), 2.10~2.05
(m, 2H), 1.95~1.84 (m, 4H); “C NMR (100 MHz,
DMSO-dg, a pair of rotamers, data for both rotamers given)
0: 192.8/192.6, 172.2/171.9, 155.8, 155.2, 154.4, 152.40/
152.36, 150.5, 143.6/143.4, 138.6/138.2, 130.0/129.9,
129.2/129.1, 117.3, 93.9, 89.5, 84.9, 75.6/75.4, 71.6, 70.9,
68.8/68.7, 58.8, 57.2, 48.2/ 46.4, 43.8, 35.6/34.3, 28.6/
28.4, 28.14/28.07, 25.9/25.7, 20.7; HRMS (ESI) calcd for
C,sH34N,0 [M+H]" 564.2565, found 564.2568.
N-(5-Cyano-4-((R)-3-methoxypyrrolidin-1-yl)pyridin-2-
yl)-7-formyl-6-(((R)-N-methyltetrahydrofuran-2-carboxa-
mido)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-car-
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boxamide (8dd): Yield 49%. Amorphous solid; '"H NMR
(400 MHz, DMSO-d;, a pair of rotamers, data for both
rotamers given) d: 13.49 (s, 1H), 10.06/10.04 (s, 1H), 8.27
(s, 1H), 7.54/7.48 (s, 1H), 7.42 (s, 1H), 5.12~4.80 (m,
3H), 4.12 (br, 1H), 3.96 (br, 2H), 3.79~3.72 (m, 2H),
3.66~3.60 (m, 2H), 3.28 (s, 3H), 3.04/2.82 (s, 3H), 2.91
(t, J=6.0 Hz, 2H), 2.13~2.04 (m, 4H), 1.94~1.86 (m,
4H); *C NMR (100 MHz, DMSO-d;, a pair of rotamers,
data for both rotamers given) J: 192.6, 172.2, 155.9, 154.9,
154.0, 152.4, 150.5, 143.6, 138.6/138.2, 130.0/129.9,
129.1, 120.1, 95.6, 87.8, 78.9, 75.6/75.4, 68.8/68.7, 56.3,
54.5, 48.2/46.4, 47.6, 43.8, 35.6/34.3, 30.1, 28.6/28.5,
28.1, 25.8/25.7, 20.8; HRMS (ESI) calcd for C,sH34N;05
[M+H]" 548.2616, found 548.2629.
(R)-N-(5-cyano-4-((2-methoxyethyl)thio)pyridin-2-yl)-
7-formyl-6-((N-methyltetrahydrofuran-2-carboxamido)me-
thyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxamide
(8ed): Yield 44%. Amorphous solid; 'H NMR (400 MHz,
DMSO-dg, a pair of rotamers, data for both rotamers given)
0: 13.85 (s, 1H), 10.08/10.05 (s, 1H), 8.60 (s, 1H), 8.21 (s,
1H), 7.57/7.51 (s, 1H), 5.08~4.80 (m, 3H), 3.98 (t, J=4.0
Hz, 2H), 3.79 (t, J=4.4 Hz, 2H), 3.69 (t, J/=6.0 Hz, 2H),
3.35 (t, J=6.4 Hz, 2H), 3.32 (s, 3H), 3.05/2.82 (s, 3H),
2.97~2.89 (m, 2H), 2.08~1.80 (6H, m); >C NMR (100
MHz, DMSO-dg, a pair of rotamers, data for both rotamers
given) o: 192.3, 172.2, 155.0, 153.3, 152.5, 150.4, 143.6,
138.9, 130.3, 129.4, 116.1, 107.5, 101.3, 75.4, 69.5, 68.7,
58.5, 48.2, 46.4, 44.0, 35.6/34.3, 30.7, 28.6/28.4, 25.8/
25.7, 20.7; HRMS (ESI) calcd for CosH3NgOsS [M+H]"
539.2071, found 539.2071.
N-(5-Cyano-4-(((R)-tetrahydrofuran-3-yl)amino)pyridin-
2-yl)-7-formyl-6-(((R)-N-methyltetra-hydrofuran-3-carbo-
xamido)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-
carboxamide (8fb-R): Yield 60%. Pale yellow solid, m.p.
132.3~135.2 C; '"H NMR (400 MHz, DMSO-dj, a pair
of rotamers, data for both rotamers given) J: 13.50 (s, 1H),
10.06 (s, 1H), 8.28 (s, 1H), 7.52 (s, 1H), 7.48 (s, 1H), 6.96
(br, 1H), 5.10~4.82 (m, 3H), 4.10 (br, 1H), 3.91~3.70
(m, 8H), 3.05/2.82 (s, 3H), 2.93~2.92 (m, 2H), 2.08~
1.86 (m, 8H); C NMR (100 MHz, DMSO-d;, a pair of
rotamers, data for both rotamers given) J: 192.6, 172.2,
155.6, 1554, 154.5, 152.5, 150.6, 143.6, 138.7, 129.9,
129.1, 117.5, 94.3, 89.2, 75.6/75.4, 72.2, 68.8/68.7, 67.0,
53.5, 46.4, 43.8, 35.6/34.3, 32.4, 28.4, 28.1, 25.7, 20.8;
HRMS (ESI) calcd for Cy;H3;,N,05 [M+H]" 534.2459,
found 534.2461.
N-(5-Cyano-4-(((3R,4S)-4-methoxytetrahydrofuran-3-yl)
amino)pyridin-2-yl)-7-formyl-6-((2-methoxy-N-methyla-
cetamido)methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-
carboxamide (8cg): Yield 72%. Amorphous solid; 'H
NMR (400 MHz, DMSO-d;, a pair of rotamers, data for
both rotamers given) d: 13.54/13.53 (s, 1H), 10.07/10.04
(s, 1H), 8.30 (s, 1H), 7.63 (s, 1H), 7.56 (s, 1H), 7.05 (br,
1H), 4.89/4.86 (s, 2H), 4.23/4.02 (s, 2H), 4.07~3.89 (m,
8H), 3.36 (s, 3H), 3.33/3.24 (s, 3H), 2.93/2.83 (s, 3H),
2.96~2.83 (m, 2H), 2.10~1.97 (m, 2H); >C NMR (100
MHz, DMSO-dg, a pair of rotamers, data for both rotamers
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given) o: 192.6, 170.0, 155.8, 155.3, 154.5, 152.4, 150.6,
143.6, 138.8, 129.9, 129.2, 117.3, 94.0, 89.5, 85.0, 71.6,
70.9, 70.6, 58.8, 57.2, 46.2, 43.9, 34.7, 28.1, 20.8; HRMS
(ESI) caled for CoH3N;0s [M+H]" 538.2409, found
538.2406.

(R)-N-(5-Cyano-4-(3-methoxypyrrolidin-1-yl)pyridin-2-
yl)-7-formyl-6-((2-methoxy-N-methylacetamido)methyl)-
1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxamide (8dg):
Yield 70%. Amorphous solid; 'H NMR (400 MHz,
DMSO-dg, a pair of rotamers, data for both rotamers given)
0: 13.49 (s, 1H), 10.06/10.03 (s, 1H), 8.26 (s, 1H), 7.55 (s,
1H), 7.41 (s, 1H), 4.88/4.86 (m, 2H), 4.23 (s, 2H), 4.12~
3.96 (m, 3H), 3.76~3.57 (m, 4H), 3.32 (s, 3H), 3.28/3.24
(s, 3H), 2.96~2.82 (m, 5H), 2.13~1.95 (m, 4H); "*C
NMR (100 MHz, DMSO-d;, a pair of rotamers, data for
both rotamers given) J: 192.7, 170.0, 155.9, 155.0, 154.0,
152.4, 150.5, 143.6, 138.8, 129.9, 129.1, 120.1, 95.6, 87.8,
78.9, 70.6, 58.8, 56.3, 54.5, 47.6, 43.8, 34.7, 30.1, 28.1,
208, HRMS (ESI) calcd for C25H32N705 [M + H] "
522.2459, found 522.2462.
4.1.9 Preparation of compound 9

To a solution of compound 2 (4.2 mmol) and (tetrahy-
drofuran-2-yl)methanamine (4.2 mmol) in CH;0H (35
mL) was added NaBH;CN (10.8 mmol) at room tempera-
ture. The reaction mixture was stirred for 12 h and the sol-
vent was evaporated under reduced pressure. After that, the
resulting residue was dissolved in dichloromethane,
washed with 1 mol/L NaOH and brine, dried over anhy-
drous Na,SQ,, filtered, and concentrated under reduced
pressure to give crude 1-(2-(dimethoxymethyl)-5,6,7,8-
tetrahydro-1,8-naphthyridin-3-yl)-N-((tetrahydrofuran-2-
yl)methyl)methanamine (9) (0.75 g, 55 %), which was di-
rectly used in the next step without further purification.
4.1.10 Preparation of compound 10a

To the solution of compound 9 (150mg, 0.47 mmol),
DIPEA (0.3 mL) in DCM (15 mL) was dropwise added
AcO (57 mg, 0.56 mmol) at room temperature. The result-
ing mixture was stirred for 12 h and quenched with satu-
rated NaHCO; solution (50 mL). The aqueous phase was
extracted with EA (50 mLX2). The combined organic
phase was washed with brine, dried over anhydrous
Na,S0,, filtered, and concentrated under reduced pressure
to give N-((2-(dimethoxymethyl)-5,6,7,8-tetrahydro-1,8-
naphthyridin-3-yl)methyl)-N-((tetrahydrofuran-2-yl)meth-
ylacetamide (10a) (170 mg), which was used in the next
step without further purification.

4.1.11

To a solution of compound 9 (150 mg, 0.47 mmol),
HCOOH (aq. 80%, 32 mg) in THF (5 mL) was added
EDCI (135mg, 0.71 mmol) at room temperature. The re-
sulting mixture was stirred for 24 h and diluted with EA
(50 mL). The resulting mixture was washed with H,O,
brine, dried over anhydrous Na,SO,, filtered, and concen-
trated under reduced pressure to give N-((2-(dimethoxy-
methyl)-5,6,7,8-tetrahydro-1,8-naphthyridin-3-yl)methyl)-
N-((tetrahydrofuran-2-yl)methyl)formamide (10b) (160

Preparation of compound 10b
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mg), which was used in the next step without further puri-
fication.

4.1.12 General procedure for the preparation of com-
pounds 11

To the solution of compound 6a (0.47mmol) in DMF (1
mL) was added CDT (0.47 mmol) at 0 “C. The reaction
mixture was stirred for 2 h and allowed to be warmed to
room temperature. Then a solution of compound 10 (0.24
mmol) in DMF (1 mL) was dropwise added to the reaction
mixture and the resulting mixture was stirred overnight.
The aqueous solution of HCl was added to the reaction
mixture and the resulting mixture was stirred for 1 h. The
saturated NaHCOj solution (40 mL) was added to the reac-
tion mixture. The aqueous phase was extracted with EA
(40 mL X2). The combined organic phase was washed
with brine, dried over anhydrous Na,SO,, filtered, and
concentrated under reduced pressure. The residue was pu-
rified by flash column chromatography on silica gel to give
11.

N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-yl)-7-
formyl-6-((N-((tetrahydrofuran-2-yl)methyl)acetamido)-
methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxa-
mide (11a): Yield 56% for 2 steps from compound 9.
Amorphous solid, m.p. 175.6~177.2 ‘C; '"H NMR (400
MHz, DMSO-dq, a pair of rotamers, data for both rotamers
given) J: 13.50/13.47 (s, 1H), 10.06/10.04 (s, 1H), 8.25 (s,
1H), 7.56/7.54 (s, 1H), 7.51 (s, 1H), 6.96 (br, 1H),
5.04/4.91 (s, 2H), 3.97 (br, 3H), 3.78~3.64 (m, 2H), 3.53
(t, J=5.6 Hz, 2H), 3.40~3.35 (m, 4H), 3.29 (s, 3H),
2.96~2.89 (m, 2H), 2.16/1.80 (s, 2H), 1.99~1.75 (m,
6H); BC NMR (100 MHz, DMSO-dq, a pair of rotamers,
data for both rotamers given) J: 192.8, 171.3, 156.1, 155.8,
154.0, 152.5, 150.4, 143.3, 138.8, 130.8, 128.9, 117.3,
92.8, 88.9, 77.5, 70.1, 67.7/67.5, 58.6, 53.2, 44.8, 43.8,
42.1, 29.2/29.1, 28.1, 25.6/25.4, 22.0/21.9, 20.9; HRMS
(ESI) caled for CpH3N;0s [M+H]" 536.2616, found
536.2617.

N-(5-Cyano-4-((2-methoxyethyl)amino)pyridin-2-yl)-7-
formyl-6-((N-((tetrahydrofuran-2-yl)methyl)formamido)-
methyl)-1,2,3,4-tetrahydro-1,8-naphthyridine-1-carboxa-
mide (11b): Yield 38% for 2 steps from compound 9.
Amorphous solid; '"H NMR (400 MHz, DMSO-dg, a pair of
rotamers, data for both rotamers given) J: 13.49 (s, 1H),
10.05/10.03 (s, 1H), 8.25 (s, 1H), 8.30/8.21 (s, 1H),
7.66/7.60 (s, 1H), 7.50 (s, 1H), 6.96 (br, 1H), 4.96~4.87
(m, 2H), 3.97~3.92 (m, 3H), 3.76~3.74 (m, 1H), 3.66~
3.62 (m, 2H), 3.53 (t, J=5.6 Hz, 2H), 3.40~3.36 (m, 2H),
3.33~3.29 (m, 6H), 2.94~2.87 (m, 2H), 1.93~1.79 (m,
6H); BC NMR (100 MHz, DMSO-dq, a pair of rotamers,
data for both rotamers given) d: 192.7, 164.5/164.4, 156.0,
155.7/155.7, 154.0, 152.4/152.4, 150.9/150.5, 143.8/143 .4,
140.1/139.1, 129.5/129.3, 129.1/129.0, 117.3, 92.8, 88.9,
76.7, 70.0, 67.6/67.5, 58.6, 51.6, 46.2/45.9, 43.8/43.9,
42.1/41.7, 29.1/28.7, 28.1/28.0, 25.5/25.4, 20.8/20.7,
HRMS (ESI) calcd for C26H32N705 |:I\/[“—H:|Jr 5222459,
found 522.2459.
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4.2 Biological activity
4.2.1 Invitro FGFR4 inhibition and selectivity assay

FGFR4 enzyme inhibitory activity and selectivity were
evaluated by using a FRET-based Z’-Lyte assays. The ICs,
values of the compounds on FGFR4 and FGFRI1 kinase
activity were obtained. FGFR™' (FGFR1, PV3146;
FGFR4, PV3054) and the Z'-Lyte Kinase were commercial
available and used according to instruction of the manu-
facturer. All assays were performed in 384-well microtiter
plates. The experiments were performed as follow: (1)
FGFR solution was added to each well; (2) The test com-
pounds were diluted 8-point dilution from 1X10~® mole
L' in DMSO and 4 pL of compound solution was added
to each well; (3) ATP solution containing 0.45 X ATP sub-
strate peptide was prepared and added to per well; (4) The
plate of kinase reaction was incubated for 1 h at room
temperature; (5) 10 pL of development solution composed
of EDTA and antibody marker was added to each well and
incubated for 1 h at room temperature. Fluorescence sig-
nals of the plate was measured on an microplate reader.
ICs, values of the tested compounds for FGFR1/4 inhibi-
tion were determined from inhibition ratios at different
concentration which were calculated based on the fluores-
cence signals of the test well compared to the control well
by non-linear regression analysis.

4.2.2 Cell proliferation assay.

Human HCC cell lines of Hep 3B, HuH-7 and
SK-HEP-1 were purchased to evaluate antiproliferative
activities of the tested compounds using CellTiter-Glo as-
say. Tumor cells were seeded (2000~4000 cells per well)
in 96-well plates and cultured 24 h in a humidified incuba-
tor at 37 'C with 5% CO,, and then were treated with a
dilution series of test compounds for 72 h under the same
condition. After that, 80 puL of CellTiter-Glo reagent was
added to each well followed by shaken at room tempera-
ture for 5~30 min, and fluorescence signals of the plate
was measured on an microplate reader. The percent inhibi-
tion values were calculated based on the fluorescence sig-
nals of the test wells compared to the control well. I1Cs
values of the tested compounds were determined by con-
centration-inhibition ratio curve fitting.

4.3 In vivo tumor studies.

About 6-week-old BALB/cA-nude female mice were
obtained from Shanghai West Pok Kai experimental ani-
mal Co., Ltd. HCC cell line Hep 3B was cultured in MEM
growth medium containing 10% FBS, 1% stable glutamine
and 1% sodium pyruvate at 37 ‘C with 5% CO, until in
exponential growth phase. The cells were harvested,
washed with PBS and subcutaneously inoculated into the
flank of mice at 7>X10° cells/0.1 mL (matrigel : PBS=
1 I 1 inoculum)/mouse. After 15 days of breeding, tumor
volume was measured by (length X width X width)/2 and
the mice were devided into treatment groups with 5 ani-
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mals per group at random. The tested compounds were
administrated orally as twice-daily to these xenografted
mice for 14 d. Tumor volume was measured on the day of
4,7, 11, and 14, respectively.

Supporting Information The 'H NMR and “C NMR
spectra of the target compounds. Synthesis of the interme-
diates for preparation of target compounds 8 and 11. The
Supporting Information is available free of charge via the
Internet at http://sioc-journal.cn/.
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