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’ INTRODUCTION

c-Met is a unique receptor tyrosine kinase (RTK) structurally
distinct from other RTK families. It is the cell surface receptor for
hepatocyte growth factor (HGF) and is normally expressed by
epithelial cells of many organs (liver, pancreas, prostate, kidney,
muscle, and bone narrow) during embryogenesis and in adult-
hood.1,2 The c-Met receptor, similar to its ligand HGF, consists
of an entirely extracellular R-chain that is linked to a transmem-
brane β-subunit through a disulfide linkage. Binding of active
HGF ligand to the c-Met extracellular domain causes receptor
polymerization and phosphorylation of tyrosine residues in the
intracellular c-Met domains.3,4 Aberrant HGF/c-Met signaling
has been identified in a wide range of human malignancies,
including bladder, breast, cervical, colorectal, endometrial, gas-
tric, kidney, liver, lung, pancreatic, prostate, and thyroid cancers.5�11

This emphasizes c-Met as an attractive therapeutic target. More
than 10 peptidomimetics or small-molecule c-Met inhibitors
have presently been validated in the preclinical or clinical stages,
exhibiting promising therapeutic benefits.

Several different strategies have been pursued to inhibit the
c-Met pathway by blocking the interaction between c-Met and
HGF with biological antagonists or neutralizing antibodies or
by blocking the c-Met-dependent signaling via interfering with
c-Met-associated signal transducers or downstream signaling
components, as well as by blocking the c-Met catalytic activity
with small-molecule inhibitors that compete for adenosine

50-triphosphate (ATP) binding at the active site of the kinase.12�21

Although much lagging behind the other strategies, the devel-
opment of small molecular c-Met kinase inhibitors has made
significant progress with several compounds reaching clinical
trials recently.14,15,18,22�24 These include the earlier identified
[3-[[(R)-1-(2,6-dichloro-3-fluorophenyl)ethyl]oxy]-5-[1-(pipe-
ridin-4-yl)-1H-pyrazol-4-yl]pyridin-2-yl]amine22 (1, PF-2341066),
(3Z)-N-(3-chlorophenyl)-3-({3,5-dimethyl-4-[(4-methylpiper-
azin-1-yl)carbonyl]-1H-pyrrol-2-yl}methylene)-N-methyl-2-
oxo-2,3-dihydro-1H-indole-5-sulfonamide23 (2, SU11274),
and acylthiourea analogue 3,24 along with a large number of
newly developed compounds bearing pyrrolotriazine, pyrro-
lopyridine, pyridopyrimidine, thienopyridine/pyrimidine, and tria-
zolopyridazine frameworks as the primary pharmacophoric
scaffolds.12�21

Through a high throughput screening (HTS) campaign,
Porter et al.25 recently reported two promising c-Met inhibitor
hits featured by the existence of multisubstituted quinoxaline
(Ia) and quinoline (Ib) cores, respectively (Figure 1). However,
only the former structural core (quinoxalines Ia) was extensively
explored leading to several compounds with two-digit nanomolar
c-Met inhibitory potency. Although Porter and his colleagues
also attempted to prepare 3,5-disubstituted or 3,5,7-trisubstituted
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ABSTRACT: By use of an improved synthetic strategy, a series
of 3,5-disubstituted and 3,5,7-trisubstituted quinolines were
readily prepared. 3,5,7-Trisubstituted quinolines 21a�c, 21l,
and 27a�c were identified as the most potent c-Met inhibitors
with IC50 of less than 1.0 nM. Compound 21b showed the most
promising overall PK profile and has high potency and extra-
ordinary selectivity to c-Met against c-Met family member Ron
and 12 other tyrosine kinases. It produced constitutive inhibi-
tion of c-Met phosphorylation in c-Met dependent cell lines. At
doses of 100 mg/kg, compound 21b showed statistically
significant tumor growth inhibition (68�69%) in both NIH-
3T3-TPR-Met and U-87 MG human gliobastoma xenograft models. These results clearly indicated that compound 21b is a potent
and highly selective c-Met inhibitor. Its favorable in vitro and in vivo profiles warrant further investigation.
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quinolines (Ib), only one single compound (4a) was reported,
therefore leaving this chemotype largely unexplored. As shown in
Scheme 1, the major obstacle in preparing compounds like 4a
using Porter’s procedure is the low efficiency in introducing the
quinolyl 3-substituent through a Buchwald�Hartwig C�N cou-
pling reaction between bromide 7 and corresponding substituted

piperazine (less than 10% yield).25 We envisioned that the low
yield in the C�N coupling reaction stems from the overall low
reactivity of the quinoline system as well as the steric and
electron-donating properties of the C5-substitutent in precursor
7. During our natural-products-inspired drug discovery pro-
gram,26,27 we recently found that such difficulty in preparing

Figure 1. Representative c-Met inhibitors (1�4a) and multisubstituted quinoxalines or quinolines (Ia, Ib).

Scheme 1. Synthesis of Compounds 4a�f a

aReagents and conditions: (i) Fe, AcOH, reflux; (ii) NaNO2, AcOH, water, H2SO4, 0�C; then 10% aq H2SO4, reflux; (iii) 3-nitrobenzyl bromide,
Cs2CO3, THF, 25 �C; (iv) Pd2(dba)3, BINAP, NaO

tBu, N-methylpiperazine, toluene, reflux; (v) Pd2(dba)3, BINAP, Cs2CO3, N-methylpiperazine or
N-acetylpiperazine, toluene, reflux; (vi) Fe, NH4Cl, EtOH; (vii) 3-fluorobenzyl bromide (for 4b) or 3-(bromomethyl)benzonitrile (for 4c), Cs2CO3,
THF, 25 �C; (viii) TBTU, DIPEA, 1-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-carboxylic acid or 3-nitrobenzoic acid; (ix) 3-nitrobenzene-1-
sulfonyl chloride, Et3N, CH2Cl2.



2129 dx.doi.org/10.1021/jm101340q |J. Med. Chem. 2011, 54, 2127–2142

Journal of Medicinal Chemistry ARTICLE

compound 4a could be overcome by introducing the C3-amino
substituent prior to the installation of the quinolyl-5-substituent.
By use of this strategy, a series of 3,5-disubstituted and 3,5,7-
trisubstituted quinolines were readily prepared in good yields,
facilitating the discovery of a series of high potent c-Met inhib-
itors. In this report we disclosed the synthesis and c-Met kinase
activity of these new quinoline derivatives.

’CHEMISTRY

The synthesis was started from 3-bromo-5-nitroquinoline
(5)25 as the key intermediate (Scheme 1). First, we followed
the procedure reported by Porter25 to prepare 3-(4-methyl-
piperazin-1-yl)-5-(3-nitrobenzyloxy)quinoline (4a). Reduc-
tion of quinoline 5 with Fe/HOAc followed by diazotization
and acidic hydrolysis (Sandmeyer process28) provided

Scheme 2. Synthesis of Compounds 11a,b, 12a�g, and 14a�f a

aReagents and conditions: (i) 3-nitrobenzaldehyde, EtOH, reflux, then NaBH4, EtOH; (ii) 1-isothiocyanato-3-nitrobenzene or 1-isocyan-ato-3-
nitrobenzene, TBTU, DIPEA, CH2Cl2, or 3- nitrobenzene-1-sulfonyl chloride, Et3N, or 1-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-
carboxylic acid, TBTU, DIPEA, CH2Cl2; (iii) HBF4, isoamyl nitrite, acetone, �8�C, then KI; (iv) arylboronic acid, PdCl2(dppf),
K3PO4, THF.

Scheme 3. Synthesis of Compounds 21a�la

aReagents and conditions: (i) conc H2SO4, glycercol, sodium 3-nitrobenzenesulfinate; (ii) conc H2SO4, glycercol, As2O5; (iii) NBS, AcOH;
(iv) Pd2(dba)3, BINAP, Cs2CO3, toluene, reflux; (v) Fe, NH4CL, EtOH/H2O, for 20a�c; Pd/C, EtOAc, for 20d; (vi) 3-nitrobenzaldehyde or
3-formylbenzonitrile or 3-hydroxybenzaldehyde or 4-fluorobenzaldehyde, EtOH, reflux; then NaBH4, EtOH; (vii) TFA, CH2Cl2.
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3-bromo-5-hydroxyquinoline25 (6) in 30% overall yield.
Alkylation of quinoline 6 with 3-nitrobenzylbromide yielded
ether 725 in 85% yield. The subsequent Buchwald�Hartwig
C�N coupling29 (Pd2(dba)3, BINAP, NaOtBu) of bromide 7
with N-methylpiperazine proved to be very sluggish and
afforded the desired product 4a in miserable yield (5�10%)
even after reflux for 2 days. Increasing the catalyst loading or
shifting to other catalytic systems (Pd(PPh3)4/BINAP, Pd-
(PPh3)4/(o-tolyl)3P, Pd2(dba)3/dppf)

29 or using other bases
(Cs2CO3, K3PO4, KO

tBu) did not lead to significant enhancement.

Instead the de-bromo product was accumulated. As mentioned
earlier, the poor efficiency of the coupling reaction is likely due to
the steric and the electron-donating (more likely) effects of the
C5-substituent in quinoline 7. In this regard, we decided to
conduct the C�N coupling reaction prior to the Sandmeyer
reaction. To our delight, the coupling reaction between 5-nitro-
3-bromoquinoline 5 and N-substituted piperazines under Pd2-
(dba)3/BINAP/Cs2CO3 catalytic system

30 proceeded smoothly
and provided N-methyl and N-acetyl products 8a and 8b in
70% and 72% yields, respectively. Reduction30 of 8a and 8b with

Scheme 4. Synthesis of Compounds 22 and 24a

aReagents and conditions: (i) Fe, NH4Cl, EtOH/H2O, reflux; (ii) 3-nitrobenzene-1-sulfonyl chloride, Et3N,CH2Cl2; (iii) NaNO2, AcOH, H2O,
H2SO4, 0�C; then 10% aq H2SO4, reflux; (iv) 3-nitrobenzyl bromide, Cs2CO3, THF, 25 �C.

Scheme 5. Synthesis of 27a�da

aReagents and conditions: (i) TFA, CH2Cl2; (ii) Et3N, CH2Cl2, cyclopropanesulfonyl chloride or methanesulfonyl chloride or methyl carbono-
chloridate; (iii) ethyl 2-bromoacetate, K2CO3, accetone; (iv) Fe, NH4Cl, EtOH/H2O; (v) 3-nitrobenzaldehyde, EtOH,reflux; then NaBH4, EtOH;
(vi) LiOH 3H2O, THF/MeOH/H2O.

Scheme 6. Synthesis of Quinolines 31a,ba

aReagents and conditions: (i) NBS, AcOH, 120�C; (ii) Pd2(dba)3, BINAP, Cs2CO3, N-methylpiperazine or N-ethylpiperazine, toluene; (iii) Fe,
NH4Cl, EtOH/H2O; (iv) 3-nitrobenzaldehyde, EtOH, reflux; then NaBH4, EtOH.
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Fe/NH4Cl gave aminoquinolines 9a and 9b in moderate yields.
With success in introducing the desired 3-substituent, the sub-
sequent diazotization and acidic hydrolysis occurred readily by
following Porter’s procedures, thus converting 5-aminoquinoline
9a to 5-hydroxyquinoline 10 in 30% overall yield. Alkylation of

10 with 3-nitrobenzyl bromide provided target compound 4a in
73% yield. Therefore, by switching of the reaction sequences,
Porter’s initial hit 4a was practically prepared in four steps from
3-bromo-5-nitroquinoline (5). Following this improved process,
alkylation of 10 with other bromides afforded 3,5-disubstituted

Table 1. c-Met Enzymatic Activity of 3,5-Disubstituted Quinolinesa

a In vitro kinase assays were performed with the indicated purified recombinant c-Met kinase domains. bData from ref 23. cData from ref 25. IC50 values
were calculated by the Logit method from the results of at least three independent tests with six concentrations each and expressed as the mean( SD.
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quinolines 4b,c in 88% yield (Scheme 1). Condensation31 of
5-hydroxyquinoline 10 with 1-(4-fluorophenyl)-2-oxo-1,2-dihy-
dropyridine-3-carboxylic acid or 3-nitrobenzoic acid provided
corresponding esters 4d and 4e in 83% yield. Esterification32 of
5-hydroxyquinoline 10 with 3-nitrobenzene-1-sulfonyl chloride
yielded 3,5-disubstituted quinoline 4f in 81% yield.

Reductive33,34 amination of 5-aminquinolines 9a and 9b with
3-nitrobenzaldehyde yielded corresponding 3,5-diaminoquino-
lines 11a and 11b in 67% and 59% yields, respectively (Scheme 2).
Treating 5-aminoquinoline 9a or 9b with an appropriate iso-
cyanate or isothiocyanate35 provided compounds 12a�g in
moderate to good yields (52�85%). Diazotization36 of 5-amino-
quinoline 9a followed by treatment with KI provided iodide 13 in
70% overall yield. Suzuki coupling37 of 13 with an appropriate
arylboronic acid yielded 5-aryl-3-aminoquinolines 14a�f in
81�87% yields.

Since Porter25 has reported that introducing a CF3 substituent
in quinoxaline analogues (Ia) led to an enhancement in c-Met
enzymatic potency, we then explored if this can be transferred to
the quinoline scaffold. Therefore, a series of 3,5,7-trisubstituted
quinolines bearing a CF3 group at the C7 position were prepared.
As described in Scheme 3, following a procedure reported by
Belcher38 in 1954, 5-nitro-7-(trifluoromethyl)quinoline (17)
was prepared by treating the commercially available 3-nitro-
5-(trifluoromethyl)aniline (15) with glycerol, sulfuric acid, and
arsenic pentoxide in low yield (15%), together with isolation of a
regioisomer 18 as a side product (5%). The low yield in this
cyclization reaction is primarily ascribed to the harsh reaction
conditions and the difficulty in isolation of the products from the
massive gummy reaction complex. Efforts to replace the toxic
arsenic pentoxide by using other oxidants that were generally
used in the Skraup reaction39�42 (such as sodium 3-nitrobenze-
nesulfinate or green vitriol) were not successful. Instead, the
double-cyclization product 5-(trifluoromethyl)-1,7-phenanthro-
line (16)43 was isolated as the major product.

Similarly, treating quinoline 17 with NBS in AcOH provided
bromide 19 in 90% yield (Scheme 3). The C�N coupling of
quinoline 19 with appropriate 4-substituted piperazines afforded

5-nitro-7-trifluoromethylquinolines 20a�d in 75�80% yields.
Treating compounds 20a�c with Fe/NH4Cl followed by re-
ductive amination33,34 with appropriate aryl aldehydes and
NaBH4 yielded corresponding 3,5,7-trisubstituted quinolines
21a�j in 55�73% overall yields. Coupling of bromide 19 with
piperidine and morpholine provided 20e and 20f in 75% and
85% yields, which were then subjected to Fe-mediated reduction
followed by reductive amination to yield quinolines 21k and 21l
in 68% yields. In addition, treating 5-nitroquinoline 20awith Fe/
NH4Cl followed by condensation with 3-nitrobenzenesulfonyl
chloride provided sulfonic amide 22 in 85% yield (Scheme 4).
Similarly, reduction and then Sandmeyer reaction28 of 5-aminquino-
lines20a led to 5-hydroxyquinoline23 in 30%overall yield. Alkylation
of 23 with 3-nitrobenzyl bromide yielded ether 24 in 90% yield.

Further, compounds with variant substituents on the N-4 of
piperazinyl moiety were also prepared (Scheme 5). Deprotection
of 20d, followed by treatment with an appropriate chloride or
bromide provided quinolines 26a�d in 89�94% yields. Reduc-
tion of the nitro group followed by reductive amination yielded
3,5,7-trisubstituted quinolines 27a�d in 50�53% overall yields.
Acid 27e was formed in 92% yield by hydrolysis of ester 27c
with LiOH.

Meanwhile, the regioisomer 18, the side product formed in the
cyclization of aniline 15, was also converted to the corresponding
trisubstituted quinolines (Scheme 6). Therefore, treating quino-
line 18 with NBS yielded bromide 28 in 90% yield. C�N coupling
of bromide 28 with N-Me or N-Et substituted piperazines went

Table 2. c-Met Enzymatic Activity of 3,5,7-Trisubstituted
Quinolinesa

a IC50 values were calculated by the Logit method from the results of at
least three independent tests with six concentrations each and expressed
as the mean ( SD.

Table 3. c-Met Enzymatic Activity of 3,5,7-Trisubstituted
Quinolinesa

compd R X-R0 IC50 (nM)

21a 3-NO2-Ph-CH2-NH- N-Me 0.93 ( 0.15

21b 3-NO2-Ph-CH2-NH- N-Ac 0.95 ( 0.13

21c 3-NO2-Ph-CH2-NH- N-Et 1.01 ( 0.54

21d 3-NO2-Ph-CH2-NH- N-BOC 10.6 ( 1.2

21e 3-NO2-Ph-CH2-NH- N-H 2.2 ( 1.2

21f 3-CN-Ph-CH2-NH- N-Et 5.6 ( 0.17

21g 3-OH-Ph-CH2-NH- N-Et 230 ( 11

21h 4-F-Ph-CH2-NH- N-Et 10 000

21i 3-F-Ph-CH2-NH- N-Me 450 ( 49

21j 3-Py-CH2-NH- N-Me 160 ( 28

21k 3-NO2-Ph-CH2-NH- CH2 3.4 ( 0.68

21l 3-NO2-Ph-CH2-NH- O 0.72 ( 0.17

22 3-NO2-Ph-SO2-NH- N-Me 99 ( 45

24 3-NO2-Ph-CH2-O- N-Me 2.7 ( 2.4

27a 3-NO2-Ph-CH2-NH- N-SO2-Pr-c 0.84 ( 0.32

27b 3-NO2-Ph-CH2-NH- N-SO2-Me 0.82 ( 0.06

27c 3-NO2-Ph-CH2-NH- N-CH2-CO2Et 0.77 ( 0.11

27d 3-NO2-Ph-CH2-NH- N-CO2Me 43 ( 26

27e 3-NO2-Ph-CH2-NH- N-CH2-CO2H 4.4 ( 1.9
a IC50 values were calculated by the Logit method from the results of at
least three independent tests with six concentrations each and expressed
as the mean ( SD.
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through smoothly and provided 3,5,7-trisubstituted quinolines
29a,b in 78% and 82% yields, respectively. Reduction of 29a,b
with Fe/NH4Cl following by reductive amination yielded the
target compounds 31a,b in moderate yields.

’RESULTS AND DISCUSSION

Enzymatic Assay and Lead Generation. All the newly
synthesized 3,5-disubstituted quinolines, including C5 O-sub-
stituted (4a�f), C5 N-substituted (11a, 11b, 12a�g), and C5
aryl-substituted (14a�f) 3-aminoquinolines, and 3,5,7-trisubsti-
tuted quinolines 21a�l, 22, 24, 27a�e, and 31a,bwere evaluated
for their ability to inhibit enzymatic activity of the c-Met receptor
using a similar procedure reported in the literature.44�48 Com-
pound 4a has been reported previously by Porter25 (IC50 =
57 nM), and re-evaluated in our assay, showing an IC50 of 140
nM. The clinical compound 2, one of the earliest c-Met inhibitors
that was well characterized both in the literature and in our lab,
was used as the reference compound, although more potent
inhibitors have been reported15�21 recently. The results are
summarized in Tables 1�3.
First, a series of quinolines with diversified 3,5-disubstitu-

ents were evaluated as direct analogues of hit 4a25 (Table 1).
Among them, compounds 4a�f represented a subseries of
compounds bearing an O-linkage on the C5 position of
quinoline core. Surprisingly, ethers 4b and 4c displayed low
enzymatic inhibition at 10 μM. Even less potency was observed
on the 1-(4-fluorophenyl)-2-oxo-1,2-dihydropyridine-3-carboxylic

(4d) and benzoic (4e) quinolines. It was intriguing, however,
that 3-nitrobenzenesulfonyl ester 4f displayed moderate c-Met
inhibition with an IC50 of 1.2 μM, although 9-fold less potent
than hit 4a. These results indicated that the C5 O-linkage does
not bring good c-Met potency except compound 4a. Significant
differences were observed among quinolines 11a, 11b, and
12a�g which contain an N-linkage on the C5 position. 3-Ni-
trobenzylamino substituted quinoline 11a displayed high inhibi-
tory potency with an IC50 of 0.166 μM, compatible with that of
ether 4a. Replacing the N-Me group in the piperazinyl fragment
with an acyl group led to compound 11b possessing a slightly
enhanced potency (IC50 = 0.11 μM). These results indicated that
the C5 N-linkage is beneficial to the ligand/receptor interaction,
similar to Porter’s results25 on quinoxaline series (Ia). Sulfony-
lamides 12a and 12e displayed remarkably reduced potency with
IC50 of 2�4μM.Complete loss of c-Met inhibition was observed
from compounds 12b, 12c, 12f, and 12g bearing a C5-ureido or
thioureido substituent. Arylamido analogue 12d retained some-
what inhibitory potency (IC50 = 5.3 μM). Compounds 14a�f
represented another subfamily of 3,5-disubstituted quinoline
analogues bearing a C-linkage on the C5 position. Unfortunately,
all these compounds displayed very low inhibitory effects on
enzyme expressing the c-Met receptor (Table 1), similar to the
results of the quinoxaline series reported by Porter.25

On the basis of the results above, 3-nitrobenzyloxy (4a) and
3-nitrobenzylamino (11a,b) groups turned out to be the optimal
C5 functionality in the 3,5-disubstituted quinoline series, leading

Figure 2. Effects of the selected quinoline compounds on c-Met phosphorylation in NIH3T3-TPR-Met and BaF3-TPR-Met cells.

Table 4. Effects of Selected Quinoline Compounds on Cell Proliferationa

IC50 (μM)

compd BaF3-TPR-Met/-IL3 BaF3-TPR-Met/þIL3 NIH3T3-TPR-Met NIH3T3

21b 0.39 ( 0.06 12.2 ( 2.0 2.0 ( 0.13 g50

21c 0.37 ( 0.22 10.1 ( 3.8 2.6 ( 1.0 13.2 ( 5.2

21l 4.2 ( 3.3 g50 4.0 ( 1.2 g50

27a 0.50 ( 0.14 g50 1.4 ( 0.16 g50

27b 8.8 ( 2.6 g50 2.2 ( 1.2 g50

27c 1.4 ( 0.15 14.1 ( 5.0 5.9 ( 1.7 g50

2 0.53 ( 0.14 6.4 ( 0.78 6.5 ( 0.42 g50
a IC50 values are shown as the mean ( SD (μM) from three separate experiments.
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to high c-Met potency. These two functionalities were therefore
transferred to the 3,5,7-trisubstituted quinoline series.
As shown in Table 2, compounds 21a, 21c, 31a, and 31b were

first evaluated to determine the effects of substitution regiochem-
istry on c-Met inhibitory potency. To our delight, incorporation
of a C7-CF3 substituent to quinolines 11a led to 3,5,7-trisub-
stituted quinoline 21a, exhibiting extraordinarily elevated potency
with an IC50 of 0.93 nM, 58-fold more potent than non-CF3-
containing compound 11a. Similar high potency (IC50 = 1.01 nM)
was observed on compound 21c bearing an N-Et group on the
piperazinyl fragment. However, switch of the C5- and C7-
substituents in compounds 21a and 21c yielded the correspond-
ing 3,5,7-trisubstituted quinolines 31a and 31b, showing nearly
complete loss of c-Met inhibitory potency. This result clearly
indicated that both the CF3-substituent and the regiochemistry
of C5- and C7-substitution patterns are of significant importance
to the enzymatic inhibition potency. Although the crystal struc-
ture of our compounds with c-Met are not available, an analogous
interaction model can be drawn on the basis of the X-ray crystal
structure of c-Met with Porter’s quinoxalines,25 where the N-1
atom of the current quinoline compounds may form a H-bond to
Met 1160 in the hinge region of the kinase while the C7-CF3 and
C5-aryl groups would occupy the hydrophobic pockets and the
piperazine function should be positioned toward solvent. There-
fore, a broad range of 3,5,7-trisubstituted quinoline analogues of
21a bearing a C7-CF3 function but with diversified C3- and C5-
substituents were further designed (Table 3).
First, with 3-nitrobenzylamino group as the “solid” C5-sub-

stituent, various N-substituted piperazinyl side chains (21a�e)
were explored as the C3-substituent in the 3,5,7-trisubstituted
quinoline core. It was found that all substituents either with
electron-donating property, such asN-Me (21a) andN-Et (21c),
or with electron-withdrawing nature, such asN-Ac (21b), offered
similar high potency with IC50 of around 1.0 nM. The bulky
effect of the substituent likely had some effect on the potency,
since the more steric analogue 21d showed 5-fold lower potency
(10.6 nM) than the nonsubstituted analogue 21e (2.2 nM). Next,
with N-Me or N-Et as the optimal piperazin-4-substituents, a
series of 3,5,7-trisubstituted quinolines with diversified C5-
substituents were explored. Slightly lower potency (5.5-fold)
was observed on 3-CN-Ph substituted analogue 21f. Analogue
21g with an electron-donating substituent (3-OH-Ph) gave
much lower potency than 21f and is 227-fold less potent than
3-NO2-Ph substituted parent 21c, indicating that an additional
H-bonding donor did not contribute positively to the c-Met
activity. Both 4-F-Ph and 3-F-Ph substituted analogues 21h and
21i displayed remarkably reduced potency, but the 3-substituted
analogue 21i is much more potent than the 4-substituted version
21h with IC50 of 10 and 0.45 μM, respectively. Moderate

potency (0.16 μM) was observed on pyridine-3-yl analogue
21j. Sulfonylamide 22 gave reasonable potency (99 nM),
whereas 3-NO2 substituted benzyloxy compound 24 presented
good potency of 2.7 nM.
From the results above, the 3-nitrobenzylamino group remains

as the best C5 function in the 3,5,7-trisubstitued quinoline
scaffold. Therefore, with this substitution pattern fixed, we fur-
ther exploited the nature and limitation of the substituent on the
N-4 position of the piperazine component. This site is also a
potential position to improve the aqueous solubility.25 Notably,
compounds 27a�c and 21l displayed exceptionally high potency
with IC50 in the subnanomolar range (0.72�0.84 nM). However,
compound 27d bearing a one-carbon shorter N-alkyl ester side
chain showed 56-fold lower potency (IC50 = 43.5 nM) than
compound 27c. Surprisingly, the corresponding acid 27e dis-
played good potency of 4.4 nM. However, this compound
suffered poor water solubility that limited its further develop-
ment. It is of note that replacing a piperazine fragment with a
piperidine functionality led to compound 21k, also showing
good potency with an IC50 of 3.4 nM. This result further
confirms that the N-4 atom in the piperazine fragment is a
solvent-interaction site and is not necessarily required for c-Met
inhibition. Excellent potency was observed from compound 21l,
bearing a morpholine unit and showing an IC50 of 0.72 nM.
Effects on c-Met Phosphorylation. From the enzymatic

results mentioned above, compounds 21a�c, 21l, and 27a�c
stood out as the most potent c-Met inhibitors among our syn-
thetic quinolines with IC50 of less than 1.0 nM, much more
potent than the reference compound 2 (IC50 = 14 nM). However,
in view of the lower solubility observed in the preparation,
compound 21a was not carried ahead for further evaluation.
To determine whether c-Met kinase inhibition of these com-
pounds in cell-free system could be recapitulated in vitro, we
extended our study to the two newly generated NIH-3T3 and
BaF3 cell lines that stably express a constitutively active, ligand-
independent, oncogenic form of c-Met (NIH-3T3-TPR-Met and
BaF3-TPR-Met cells).49,50 It was found that our newly synthetic

Table 5. In Vitro Pharmacokinetic Profile of c-Met Selective Compounds

iv (10 mg/kg)a po (20 mg/kg)a

compd CL ((L/h)/kg) Vss (L/kg) T1/2 (h) Cmax (ng/mL) Tmax (h) AUC0�¥ (ng
3
h/mL) F (%)

21b 3.59 ( 0.23 16.7 ( 1.2 3.25 ( 0.68 316 ( 38 3.00 ( 0.0 2096 ( 483 37.5

27b 2.60 ( 0.36b 1.72 ( 0.73b 0.97 ( 0.04b 59.3 ( 26.0 1.33 ( 0.58 366 ( 113 3.7

27c 2.43 ( 0.60 1.36 ( 0.12 1.13 ( 0.56 279 ( 66 0.50 ( 0.43 700 ( 147 8.2
aValues are the average of three runs. Vehicle: DMSO, Tween 80, normal saline. CL, clearance; Vss, volume of distribution; T1/2, half-life; Cmax,
maximum concentration; Tmax, time of maximum concentration; AUC0�¥, area under the plasma concentration time curve; F, oral bioavailability.
bDose was reduced to 2.5 mg/kg because of poor solubility.

Table 6. Kinase Selectivity Profile of Compound 21b

kinase enzyme IC50 (nM) kinase enzyme IC50 (nM)

RON >10 000 ErbB2 >10 000

Flt-1 >10 000 c-Src >10 000

KDR >10 000 Abl >10 000

c-Kit >10 000 EPH-A2 >10 000

PDGFRR >10 000 EPH-B2 >10 000

RET >10 000 IGF1R >10 000

EGFR >10 000 FGFR1 >10 000
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c-Met inhibitors 21b, 21c, 21l, and 27a�c inhibited c-Met
autophosphorylation in a dose-dependent manner in these two
cell lines, similar to 2 (Figure 2).
Effects on Cell Proliferation. Since activation of c-Met

ultimately results in cell proliferation, the inhibitory effects of
these compounds on cell proliferation were then evaluated in
both NIH-3T3-TPR-Met and BaF3-TPR-Met cells. As shown in
Table 4, compounds 21b, 21c, 21l, and 27a�c markedly
inhibited the proliferation of BaF3-TPR-Met cells. Compounds
21b, 21c, and 27a showed much lower IC50 (0.23�0.50 μM),
comparable to or even better than that of 2. Similarly, these
compounds also showed significant cell proliferation inhibition
in the NIH-3T3-TPR-Met cells with IC50 of 1.4�6.5 μM,
whereas lower potency was observed in non-TPR-Met expressed
cells. In addition, compound 21c demonstrated weak inhibition
in the NIH3T3 cells, suggesting that there might be some other
targets for 21c in this cell. In general, compounds 21b, 21c, and
27a have higher inhibitory effects than compounds 21l and 27b,c
in the tested two cell lines. These results clearly demonstrated
that Met is the main cellular target of growth inhibition of these
compounds.
Pharmacokinetic (PK) Profiles of the Selected c-Met In-

hibitors. Next, we assessed pharmacokinetic profiles of the
highly potent compound 21b. Compounds 27b and 27c were
also evaluated as a comparison. As shown in Table 5, the PK
parameters of compounds 21b, 27b, and 27c were evaluated in
mice after single iv (10 mg/kg) and po (20 mg/kg) administra-
tion. Different from their similar in vitro enzymatic potency,
compounds 21b, 27b, and 27c displayed remarkable differences
in their pharmacokinetic properties. The acetyl substituted com-
pound 21b displayed a longer half-life (3.25 h), favorable
clearance (3.59 (L/h)/kg, iv), and moderate oral bioavailability
(37.5%), while N-methylsulfonyl and N-ethoxycarbonylmethyl
analogues 27b and 27c showed much shorter half-lives (∼1 h)
and poor bioavailability (less than 10%), probably because of
their readily hydrolytic liability that leads to their low cellular
permeability. Given the promising overall PK profile and struc-
ture novelty, compound 21b was selected as the lead for
subsequent in vitro and in vivo evaluation.
Compound 21b Is a Highly Selective c-Met Inhibitor. To

examine whether lead compound 21b is a selective c-Met inhibitor,

it was screened against c-Met family member Ron along with
other 12 tyrosine kinases, including Flt-1, KDR, c-Kit, PDGFRR,
RET, EGFR, ErbB2, c-Src, Abl, EPH-A2, EPH-B2, IGF1R, and
FGFR1. Compared to its high potency against c-Met (IC50 =
0.95 nM), compound 21b produced more than 10000-fold less
potency against these selected kinases, with IC50 greater than 10
μM (Table 6), indicating that compound 21b is a highly specific
c-Met-targeting inhibitor.
Next, we investigated whether compound 21b reversibly binds

to c-Met using a diluting method.51 With this approach, 100
times normal reaction amount of enzyme was preincubated for
30 min with compound 21b at a concentration that was 100-fold
greater than its IC50. DMSO functions as a vehicle control. After
dilution of the enzyme/inhibitormixture to 100-fold at the end of
the incubation, the reaction buffer plus ATP and substrate were
added and the enzyme activity was determined continuously.
Generally, a reversible inhibitor would dissociate quickly allow-
ing recovery of enzyme activity, whereas an irreversible inhibitor,
in contrast, shall prevent recovery of enzyme activity. As shown
in Figure 3, preincubation of c-Met with compound 21b resulted
in a gradual recovery of the enzyme activity, suggesting com-
pound 21b as a reversible c-Met inhibitor.
Compound 21b Inhibits c-Met Phosphorylation and Its

Downstream Signaling Pathway. We next investigated the in
vitro and in vivo kinase-targeting activity of 21b. Both natural
(MKN-45 human gastric carcinoma cells andH1993 human lung
cancer cells that express elevated levels of constitutively active
c-Met) and genetic (NIH-3T3-TPR-Met cells and BaF3-TPR-
Met cells) c-Met expressing cell lines were selected. It was found
that exposure to compound 21b produced constitutive inhibition
of c-Met phosphorylation in both MKN45 and H1993 cells, with
a complete abolishment at 0.5 μM in H1993 cells (Figure 4A,B).
In addition, Erk1/2 and AKT, the key downstream molecules of
c-Met that play important roles in c-Met functioning,2,52 were
also significantly dephosphorylated upon compound 21b treat-
ment (Figure 4A,B). Similar results were recapitulated in NIH-
3T3-TPR-Met and BaF3-TPR-Met cells (Figure 4C,D). These
data supported that compound 21b inhibits c-Met activity as well
as subsequent c-Met downstream signaling.
Compound 21b Inhibits the Proliferation of c-Met-

Addicted Human Cancer Cells. To determine the cytotoxic
activity of compound 21b, it was further evaluated on a panel of
human cancer cell lines with different settings of c-Met expres-
sion/activation. As shown in Table 7, compound 21b effectively
inhibited the proliferation of human cancer cell lines; however,
the IC50 varied widely among these cancer cells. Notably,
compound 21b showed IC50 of 1.0, 1.0, and 5.3 μM, respectively,
in MKN45, SNU-5, and H1993 cell lines, which are the c-Met
most sensitive cancer cell lines with c-Met both being amplified
and overexpressed. In contrast, compound 21b exertedmuch less
antiproliferative effects with IC50 of around 50 μM in c-Met-less
sensitive cell lines such as SNU-1, MDA-MB-231 NCI-H441,
and BxPC3. These findings, together with the observation that
compound 21b significantly inhibited BaF3-TPR-Met and NIH-
3T3-TPR-Met cell proliferation, strongly suggested that anti-
proliferative activity of compound 21b against human cancer cell
lines is dependent on the native status of the c-Met receptor.
Compound 21b Inhibits Tumor Growth in Vivo. To evalu-

ate the inhibition of compound 21b on c-Met activities in vivo, its
antitumor activity was investigated in the NIH-3T3-TPR-Met
xenograft model. In this model, tumor growth is specifically
driven by c-Met activation that is independent of its endogenous

Figure 3. Compound 21b reversibly binds to c-Met. Recombinant
c-Met was preincubated with compound 21b at a concentration of 100-
fold IC50 for 30 min in the absence of the substrate and then diluted and
assayed for enzyme activity. “Conversion” here represents the enzyme
activity and means “fraction of peptide converted (phosphorylated)
from substrate to product” [C = P/(P þ S)].
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HGF ligand. We found that intraperitoneal (ip) injection of
compound 21b at doses of 100 mg/kg for 14 days significantly
inhibited tumor growth of 68% (p < 0.01), compared with the
vehicle control (Figure 5A). To further confirm the in vivo tumor
growth arrest of compound 21b, we extended the test to another

well-accepted c-Met-dependent model, the U-87MG human
gliobastoma xenograft model. It was found that compound
21b, at the same dosing regimens, significantly inhibited tumor
growth up to 69% (p < 0.001) whereas amarginal effect on tumor
growth was observed at doses of 50 mg/kg (Figure 5B).

Figure 4. Dose-dependent inhibition of compound 21b on c-Met phosphorylation and signal transduction pathways inMKN45 (A), H1993 (B), BaF3-
TPR-Met (C), and NIH3T3-TPR-Met (D).

Table 7. Antiproliferative Activity of Compound 21b against Human Tumor Cell Linesa

IC50 (μM)

compd MKN45 H1993 SNU-5 SNU-1 NCI-H441 MDA-MB-231 MCF-7 BxPC3

21b 1.0 ( 0.35 5.3 ( 2.10 1.0 ( 0.16 g50 g50 g50 16 ( 3.6 46 ( 3.1

2 1.3 ( 0.58 7.3 ( 0.66 0.8 ( 0.16 7.0 ( 0.53 13 ( 2.8 11 ( 0.6 6.2 ( 0.82 16 ( 4.0
a IC50 values are shown as the mean ( SD (μM) from three separate experiments.

Figure 5. Antitumor efficacy of compound 21b in the NIH3T3-TPR-Met (A) and U-87MG (B) xenograft models. Tumor-bearing nude mice were
randomly divided into groups when tumor volume reached 100�200 mm3 and given compound 21b ip at indicated dose levels or vehicle alone over the
designated treatment schedule. Data are presented as the mean ( SEM; n = 6 mice per group: (//) P < 0.01, (///) P < 0.001, versus control group,
determined with Student’s t test.
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Meanwhile, compound 21bwas found to be well tolerated during
the test and showed no significant loss of body weight in these
two xenograft models (data not shown).

’CONCLUSION

Following a reported c-Met inhibitor HTS hit 4a, a compre-
hensive series (42) of 3,5-disubstituted and 3,5,7-trisubstituted
quinolines were readily prepared by our improved synthetic
strategy. Most of the 3,5-disubstituted quinolines displayed poor
c-Met inhibitory activity, while introduction of a C7-trifluoro-
methyl group led to a novel class of 3,5,7-trisubstituted quino-
lines possessing extraordinary high c-Met inhibitory potency.
Compound 21b showed the most potent enzyme activity with
IC50 of less than 1.0 nM and was selected as the lead for further
evaluation. In addition to its promising overall PK profile, this
compound inhibited c-Met autophosphorylation and markedly
inhibited the proliferation in both NIH-3T3-TPR-Met and
BaF3-TPR-Met cell models. Moreover, it inhibits both c-Met
activation and the downstream signaling pathways. In the cyto-
toxic evaluation, compound 21b effectively inhibited the prolif-
eration of a panel of human cancer cell lines. At doses of 100mg/kg,
compound 21b exhibited statistically significant tumor growth
inhibition (68�69%) in both NIH-3T3-TPR-Met and U-87MG
human gliobastoma xenograft models, and no obvious weight
loss was observed.

Although many new more potent c-Met inhibitors have been
reported recently, compound 21b stood out as one of the most
selective among the currently reported c-Met inhibitors. It dis-
played favorable in vitro and in vivo pharmacological profiles that
warrant further investigation. More dosing regimens and overall
safety evaluation are currently under investigation.

’EXPERIMENTAL SECTION

Chemistry. 1H NMR spectral data were recorded in CDCl3 on
Varian Mercury 300 NMR spectrometer, and 13CNMRwas recorded in
CDCl3 on Varian Mercury 400 NMR spectrometer. Low-resolution
mass spectra and high-resolution mass spectra were recorded at an ion-
izing voltage of 70 eV on a Finnigan/MAT95 spectrometer. Elemental
analyses were performed on a CE 1106 elemental analyzer. Column
chromatography was carried out on silica gel (200�300 mesh). All
reactions were monitored using thin-layer chromatography (TLC) on
silica gel plates. Yields were of purified compounds and were not
optimized. HPLC analysis was conducted for all compounds listed in
Tables 1�3 on an Agilent 1100 series LC system (Agilent ChemStation
Rev.A.10.02; ZORBAX Eclipse XDB-C8, 4.8 mm � 150 mm, 5 μm,
1.0 mL/min, UV 254 nM, room temp) with two solvent systems
(MeCN/H2O/TFA, and MeOH/H2O/TFA). All the assayed com-
pounds displayed a purity of 95�99% in both solvent systems.
General Procedure for Preparation of 3-Substituted 5-Ni-

troquinolines 8a and 8b. A dried flask was charged with (()-
BINAP (16mmol %), Cs2CO3 (1.4 mmol), 3-bromo-5-nitroquinoline 5
(1 mmol), Pd2(dba)3 (3.5 mmol %), N-methylpiperazine or N-acet-
ylpiperazine (1.2 mmol), and anhydrous toluene (10 mL) under nitrogen.
The mixture was heated to 110 �C and stirred for 8 h, then cooled to
room temperature and filtered. The filtrate was concentrated in vacuum
and purified by chromatography (CHCl3/MeOH = 20:1) to yield
corresponding quinolines 8a and 8b. For quinoline 8a: yellow solid
(70%); 1H NMR (300 MHz, CDCl3) δ 8.82 (d, J = 2.7 Hz, 1H), 8.30
(d, J= 8.1Hz, 1H), 8.20 (d, J = 8.7Hz, 1H), 8.14 (d, J= 2.4Hz, 1H), 7.45
(t, J = 8.1 Hz, 1H), 3.42 (t, J = 4.8 Hz, 4H), 2.60 (t, J = 4.8 Hz, 4H), 2.34
(s, 3H); MS (EI)m/z 272 (Mþ). For quinoline 8b: yellow solid (72%);

1H NMR (300 MHz, CDCl3) δ 8.86 (d, J = 3.0 Hz, 1H), 8.36 (d, J =
6.6 Hz, 1H), 8.27 (d, J = 8.4 Hz, 1H), 8.22 (d, J = 2.7 Hz, 1H), 7.54 (t, J =
8.1 Hz, 1H), 3.86 (t, J = 5.1 Hz, 2H), 3.72 (t, J = 5.1 Hz, 2H), 3.44
(m, 4H), 2.17 (s, 3H); MS (EI) m/z 300 (Mþ).
General Procedure for Preparation of 3-Substituted

5-Aminoquinolines 9a and 9b. To a solution of quinoline 8a or
8b (1 mmol) in ethanol (10 mL) was added iron powder (7 mmol)
followed by a solution of NH4Cl (10 mmol) in water (4 mL). The
mixture was heated at reflux until the starting material was completely
consumed. Ammonia was added to quench the reaction, and the mixture
was extracted with CHCl3 (3 � 10 mL). The combined organic phase
was washed with brine, dried over anhydrous Na2SO4, concentrated in
vacuum, and purified by chromatography (CHCl3/MeOH = 10:1) to
afford the corresponding anilines 9a and 9b. For quinoline 9a: yellow
solid (77%); 1H NMR (300 MHz, CDCl3) δ 8.71 (d, J = 2.1 Hz, 1H),
7.45 (d, J = 8.4 Hz, 1H), 7.25 (m, 2H), 6.72 (d, J = 7.5 Hz, 1H), 4.12
(s, 2H), 3.22 (t, J = 4.8 Hz, 4H), 2.56 (t, J = 4.8 Hz, 4H), 2.31 (s, 3H);
13CNMR (100MHz, CDCl3) δ 144.5, 143.8, 143.4, 141.0, 126.6, 119.8,
119.1, 110.9, 110.7, 54.7, 49.1, 46.0; MS (EI) m/z 242 (Mþ). For
quinoline 9b: yellow solid (75%); 1H NMR (300 MHz, CDCl3)
δ 8.76 (d, J = 2.7 Hz, 1H), 7.50 (d, J = 8.4 Hz, 1H), 7.33 (m, 2H),
6.80 (d, J = 7.8 Hz, 1H), 4.08 (s, 2H), 3.84 (t, J = 5.1 Hz, 2H), 3.69 (t,
J = 5.1 Hz, 2H), 3.28 (t, J = 5.1 Hz, 2H), 2.22 (t, J = 5.1 Hz, 2H), 2.16 (s,
3H); 13C NMR (100 MHz, CDCl3) δ 168.9, 144.8, 143.9, 143.3, 141.5,
127.2, 119.5, 118.8, 112.2, 110.6, 49.9, 49.1, 45.9, 40.9, 21.2; MS (EI)
m/z 270 (Mþ).
3-(4-Methylpiperazin-1-yl)-5-hydroxyquinoline (10). To a

stirring solution of 5-aminoquinoline 9a (968 mg, 4 mmol) in a mixture
of AcOH/H2O/H2SO4 (8:1:1 v/v/v, 4.5 mL) at 0 �C was added a
solution of NaNO2 (310 mg, 4.5 mmol) in water (0.53 mL). The
reaction mixture was stirred at 0 �C for 30 min and then was added
slowly to a boiling solution of 10% H2SO4 (30 mL). The mixture was
heated at reflux for 5 min, then cooled, basified with ammonia to pH 8,
and extracted with Et2O (3 � 30 mL). The combined extracts were
washed with brine, dried over anhydrous Na2SO4, and concentrated in
vacuum. Purification by chromatography (CHCl3/MeOH = 20:1)
provided compound 10 (291.6 mg, 30%) as a yellow solid. 1H NMR
(300 MHz, CDCl3) δ 8.74 (d, J = 2.7 Hz, 1H), 7.88 (d, J = 2.1 Hz, 1H),
7.56 (d, J= 2.1Hz, 1H), 7.30 (d, J = 7.8Hz, 1H), 6.80 (d, J= 7.8Hz, 1H),
3.32 (t, J = 4.5 Hz, 4H), 2.71 (t, J = 4.5 Hz, 4H), 2.45 (s, 3H); MS (EI)
m/z 243 (Mþ).
General Procedure for Preparation of Ethers 4a�c. To a

solution of 5-hydroxyquinoline 10 (0.1 mmol) in THF (2 mL) at 0 �C
was added Cs2CO3 (0.15 mmol). An appropriately substituted benzyl
bromide (0.12 mmol) was added, and the resulting reaction mixture was
stirred at room temperature for 2 h and then filtered. The filtrate was
concentrated in vacuum and the residue was purified by chromatography
on silica gel (CHCl3/MeOH = 30:1) to give the corresponding 3,5-
disubstituted quinolines.
5-(3-Nitrobenzyloxy)-3-(4-methylpiperazin-1-yl)quino-

line (4a)25. Brown solid (73%); 1HNMR (300MHz, CDCl3) δ 8.81
(d, J = 2.7 Hz, 1H), 8.44 (s, 1H), 8.22 (d, J = 9.0 Hz, 1H), 7.80
(m, 2H), 7.61 (m, 2H), 7.38 (t, J = 8.1 Hz, 1H), 6.85 (d, J = 7.5 Hz,
1H), 5.35 (s, 2H), 3.37 (t, J = 4.8 Hz, 4H), 2.66 (t, J = 4.8 Hz, 4H),
2.38 (s, 3H); MS (EI) m/z 378 (Mþ).
5-(3-Fluorobenzyloxy)-3-(4-methylpiperazin-1-yl)quino-

line (4b). Brown solid (88%); 1H NMR (300 MHz, CDCl3) δ 8.79
(d, J = 3.0 Hz, 1H), 7.79 (d, J = 3.0 Hz, 1H), 7.60 (d, J = 8.7 Hz, 1H),
7.36 (m, 2H), 7.22 (m, 2H), 7.02 (m, 1H), 6.82 (d, J = 7.8 Hz, 1H),
5.23 (s, 2H), 3.33 (t, J = 4.8 Hz, 4H), 2.63 (t, J = 4.8 Hz, 4H), 2.37
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 164.1, 161.7, 152.9, 144.7,
144.3, 143.5, 139.4 (d, J = 7.2 Hz), 130.1 (d, J = 8.2 Hz), 125.8, 122.5,
121.6, 121.1, 114.8 (d, J = 21.1 Hz), 114.0 (d, J = 21.9 Hz), 111.6,
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106.1, 69.5, 54.7, 49.0, 46.0; MS (EI) m/z 351 (Mþ); HRMS calcd for
C21H22FN3O (Mþ) 351.1747, found 351.1755.
5-(3-Cyanobenzyloxy)-3-(4-methylpiperazin-1-yl)quino-

line (4c). Brown solid (88%); 1H NMR (300 MHz, CDCl3) δ 8.80
(d, J = 3.0 Hz, 1H), 7.79 (s, 1H), 7.76 (d, J = 2.7 Hz, 1H), 7.72 (d, J =
7.8 Hz, 1H), 7.64 (m, 2H), 7.52 (t, J = 7.8 Hz, 1H), 7.36 (t, J = 8.1 Hz,
1H), 6.86 (d, J = 7.5 Hz, 1H), 5.27 (s, 2H), 3.34 (t, J = 5.1 Hz, 4H), 2.64
(t, J = 5.1Hz, 4H), 2.37 (s, 3H); 13CNMR (100MHz, CDCl3)δ 152.6,
144.9, 144.4, 143.6, 138.5, 131.7, 131.4, 130.6, 129.5, 125.7, 122.0,
121.0, 118.5, 112.8, 111.4, 106.2, 69.1, 54.7, 48.9, 46.0; MS (EI) m/z
358 (Mþ); HRMS calcd for C22H22N4O (Mþ) 358.1794, found
358.1789.
General Procedure for Preparation of Esters 4d and 4e. To

a mixture of 5-hydroxyquinoline 10 (0.1 mmol), an appropriate
carboxylic acid (0.11 mmol), and 2-(1H-benzotriazole-1-yl)-1,1,3-tetra-
methyluronium tetrafluoroborate (TBTU) (0.13 mmol) in DMF/
CH3CN (1:1, 4 mL) at 0 �C was added diisopropylethylamine
(DIPEA, 0.36 mmol). The reaction mixture was stirred at room tem-
perature for 2 h. Water (5 mL) was added to quench the reaction, and
the resulting mixture was extracted with CHCl3 (3 � 10 mL). The
organic phase was washed with brine, dried over anhydrous Na2SO4,
concentrated in vacuum, and purified by chromatography (CHCl3/
MeOH = 10:1) to yield the corresponding esters 4d and 4e.
3-(4-Methylpiperazin-1-yl)quinolin-5-yl-1-(4-fluorophe-

nyl)-2-oxo-1,2-dihydropyridine 3-Carboxylate (4d). Off-white
solid (83%); 1H NMR (300 MHz, CDCl3) δ 8.78 (d, J = 2.7 Hz, 1H),
8.38 (dd, J = 2.4, 7.2 Hz, 1H), 7.93 (d, J = 2.7 Hz, 1H), 7.88 (d, J = 6.6 Hz,
1H), 7.66 (dd, J = 2.4, 7.2 Hz, 1H), 7.44 (m, 4H), 7.20 (m, 2H), 6.43 (t, J =
7.2 Hz, 1H), 3.33 (t, J = 5.1 Hz, 4H), 2.66 (t, J = 5.1 Hz, 4H), 2.35 (s, 3H);
13C NMR (100 MHz, CDCl3) δ 163.9, 159.1, 146.1, 145.4, 144.8 (2),
143.3, 143.1, 136.2, 128.4 (d, J = 8.8 Hz), 126.7, 125.0, 122.9, 121.8, 118.8,
116.3 (d, J = 23.0 Hz), 111.2, 105.0, 54.7, 48.6, 46.1; MS (EI) m/z 458
(Mþ). Anal. (C26H23FN4O3 3 0.15H2O) C, H, N.
3-(4-Methylpiperazin-1-yl)quinolin-5-yl 3-Nitrobenzoate

(4e). Off-white solid (83%); 1H NMR (300 MHz, CDCl3) δ 9.14
(s, 1H), 8.83 (s, 1H), 8.60 (d, J = 6.6 Hz, 1H), 8.54 (d, J = 8.1 Hz, 1H),
7.95 (d, J = 8.1 Hz, 1H), 7.79 (t, J = 7.8 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H),
7.40 (d, J = 6.6 Hz, 1H), 7.27 (s, 1H), 3.29 (s, 4H), 2.58 (s, 4H), 2.33
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 162.9, 148.4, 145.1, 144.9,
144.7, 143.3, 135.8, 130.9, 130.1, 128.2, 127.4, 125.1, 125.0, 122.5, 118.9,
109.1, 54.6, 48.5, 46.0; MS (EI) m/z 392 (Mþ); HRMS calcd for
C21H20N4O4 (M

þ) 392.1485, found 392.1492.
3-(4-Methylpiperazin-1-yl)quinolin-5-yl 3-Nitrobenzene-

sulfonate (4f). To a solution of 5-hydroxyquinoline 10 (20 mg, 0.08
mmol) and Et3N (50 μL) in CH2Cl2 (2 mL) was added 3-nitrobenzene-
1-sulfonyl chloride (20 mg, 0.09 mmol). The mixture was stirred
overnight, poured into water (5 mL), and extracted with CHCl3 (3 �

5 mL). The organic phase was washed with brine, dried over anhydrous
Na2SO4, concentrated in vacuum, and purified by chromatography
(CHCl3/MeOH = 10:1) to give 4f as a white solid (81%). 1H NMR
(300 MHz, CDCl3) δ 8.77 (s, 1H), 8.74 (d, J = 3.3 Hz, 1H), 8.46 (d, J =
9.6 Hz, 1H), 8.11 (d, J = 8.7 Hz, 1H), 7.89 (d, J = 8.7 Hz, 1H), 7.68 (t, J =
8.1 Hz, 1H), 7.36 (t, J = 8.7 Hz, 1H), 7.21 (m, 2H), 3.25 (t, J = 4.8 Hz,
4H), 2.58 (t, J = 4.8 Hz, 4H), 2.36 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ 148.2, 144.9, 143.4, 143.0, 137.5, 133.8, 130.6, 128.6, 124.6,
123.5, 123.0, 119.4, 108.8, 54.5, 48.1, 46.0; MS (EI) m/z 428 (Mþ);
HRMS calcd for C20H20N4O5S (M

þ) 428.1154, found 428.1157.
General Procedure for Preparation of 3,5-Diaminoquino-

lines 11a and 11b. 5-Aminoquinoline 9a or 9b (0.33 mmol) and
3-nitrobenzaldehyde (0.36 mmol) were mixed in ethanol (3 mL), and
the mixture was heated to reflux overnight. The solvent was removed.
The crude imino intermediate was dissolved in ethanol (3 mL), and
NaBH4 (1.2 mmol) was added. The mixture was stirred at room
temperature for 1 h. Acetone (1 mL) was added into the mixture

followed by addition of water (5 mL). The reaction mixture was
extracted with CHCl3 (3 � 5 mL). The combined organic phase was
washed with brine, dried over anhydrous Na2SO4, concentrated in
vacuum, and purified by chromatography (CHCl3/MeOH = 10:1) to
give the corresponding title compounds 11a and 11b.
3-(4-Methylpiperazin-1-yl)-N-(3-nitrobenzyl)quinolin-5-

amine (11a). Yellow solid (67%); 1H NMR (300 MHz, CDCl3)
δ 8.75 (d, J = 2.7 Hz, 1H), 8.24 (s, 1H), 8.08 (d, J = 8.4 Hz, 1H), 7.72
(d, J = 7.5 Hz, 1H), 7.44 (m, 3H), 7.25 (m, 1H), 6.46 (d, J = 7.5 Hz,
1H), 4.97 (s, 1H), 4.59 (s, 2H), 3.28 (t, J = 4.8 Hz, 4H), 2.59 (t, J = 4.8
Hz, 4H), 2.34 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 148.4, 144.1,
143.9, 143.3, 141.6, 141.3, 133.3, 129.5, 126.7, 122.2, 122.0, 119.1,
118.9, 110.2, 106.0, 54.7, 49.0, 47.7, 46.0; MS (EI) m/z 377 (Mþ);
Anal. (C21H23N5O2 3 1.0HCl 3 0.15H2O) C, H, N.
3-(4-Acetylpiperazin-1-yl)-N-(3-nitrobenzyl)quinolin-5-

amine (11b). Yellow solid (59%); 1H NMR (300 MHz, CDCl3 þ
CD3OD) δ 8.62 (d, J = 2.4 Hz, 1H), 8.20 (s, 1H), 8.04 (d, J = 9.3 Hz,
1H), 7.68 (d, J = 7.5 Hz, 1H), 7.56 (s, 1H), 7.44 (t, J = 8.1 Hz, 1H),
7.25 (m, 2H), 6.37 (d, J = 8.4 Hz, 1H), 4.56 (s, 2H), 3.74 (t, J = 5.1 Hz,
2H), 3.64 (t, J = 5.1 Hz, 2H), 3.26 (t, J = 5.1 Hz, 2H), 3.19 (t, J = 5.1
Hz, 2H), 2.08 (s, 3H); 13C NMR (100 MHz, CDCl3 þ CD3OD) δ
169.7, 148.2, 143.5, 143.2, 143.1, 142.1, 141.5, 133.0, 129.3, 127.5,
121.8, 121.5, 118.7, 116.9, 112.9, 105.4, 49.7, 49.1, 46.9, 45.9, 41.0, 20.6;MS
(EI) m/z 405 (Mþ). Anal. (C22H23N5O3 3 0.55H2O) C, H, N.
General Procedure for Preparation of 3,5-Disubstituted

Quinolines 12a�g. To a solution of 5-aminoquinoline 9a or 9b (0.1
mmol) in CH2Cl2 (2 mL) was added an appropriate sulfonyl chloride,
isocyanate, isothiocyanate, or carboxylic acid (0.11 mmol), a base (Et3N
or DIPEA) or a condensation agent TBTU as needed (0.11 mmol). The
mixture was stirred at room temperature overnight. The solvent was
concentrated in vacuum and the residue was purified by chromatography
(CHCl3/MeOH = 10:1) to give corresponding quinolines 12a�g.
N-(3-(4-Methylpiperazin-1-yl)quinolin-5-yl)-3-nitroben-

zenesulfonamide (12a). Yellow powder (52%); 1H NMR (300
MHz, CDCl3þCD3OD) δ 8.76 (d, J = 2.1 Hz, 1H), 8.42 (s, 1H), 8.38
(d, J = 8.1 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 7.70 (t, J = 8.1 Hz, 2H),
7.36 (m, 3H), 3.46 (s, 1H), 3.14 (t, J = 3.9 Hz, 4H), 2.52 (t, J = 3.9 Hz,
4H), 2.29 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 147.7, 144.0,
142.3, 142.2, 132.5, 131.7, 131.2, 126.9, 126.6, 125.3, 124.8, 123.7,
121.3, 110.4, 53.9, 47.4, 45.4; MS (EI) m/z 427 (Mþ). Anal.
(C20H21N5O4S 3 0.5H2O) C, H, N.
1-(3-(4-Methylpiperazin-1-yl)quinolin-5-yl)-3-(3-nitroph-

enyl)urea (12b). Yellowpowder (82%); 1HNMR(300MHz,CDCl3þ
CD3OD) δ 8.62 (d, J = 2.1 Hz, 1H), 8.24 (t, J = 2.4 Hz, 1H), 7.86
(d, J = 7.5Hz, 1H), 7.77 (t, J = 7.2Hz, 2H), 7.66 (d, J = 7.5Hz, 1H), 7.43
(m, 2H), 7.35 (t, J = 8.4 Hz, 1H), 3.23 (t, J = 4.8 Hz, 4H), 2.60 (t, J = 4.8
Hz, 4H), 2.32 (s, 3H); 13C NMR (100 MHz, CDCl3 þ CD3OD)
δ 153.4, 148.3, 144.4, 144.0, 142.3, 140.2, 131.9, 129.3, 126.3, 124.2,
124.1, 122.7, 120.4, 116.8, 112.9, 111.4, 54.2, 48.1, 45.4; MS (ESI) m/z
407 (M þ H)þ. Anal. (C21H22N6O3) C, H, N.
General Procedure for Preparation of 5-Aryl-3-aminoqui-

nolines 14a�f. Iodide 13 (0.1 mmol), an appropriate boronic acid
(0.15 mmol), and Pd2Cl(dppf) (0.02 mmol) were mixed in THF
(5 mL). A solution of K3PO4 (0.45 mmol) in H2O (1.5 mL) was added
in small portions, and the mixture was stirred for 2 h. The reaction was
quenched by pouring into water (10 mL) and extracted with CHCl3
(3� 10 mL). The combined organic phase was washed with brine, dried
over anhydrous Na2SO4, concentrated in vacuum, and purified by
chromatography (CHCl3/MeOH = 30:1), yielding corresponding
5-aryl substituted quinolines 14a�f.
3-(4-Methylpiperazin-1-yl)-5-(naphthalen-2-yl)quinoline

(14a). Yellow solid (81%); 1HNMR (300 MHz, CDCl3) δ 8.82 (d, J =
2.1 Hz, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.90 (m, 4H), 7.55 (m, 6H), 3.19
(t, J = 5.4 Hz, 4H), 2.59 (t, J = 5.4 Hz, 4H), 2.32 (s, 3H); 13C NMR
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(100 MHz, CDCl3) δ 144.7, 144.2, 143.0, 138.8, 137.4, 133.4, 132.5,
128.5, 128.4, 128.0, 127.8, 127.6, 127.1, 126.3, 126.1, 125.8, 114.8, 54.6,
48.7, 46.0; MS (EI) m/z 353 (Mþ). Anal. (C24H23N3 3 0.25H2O) C, H, N.
General Procedure for Preparation of 3,5,7-Trisubstituted

Quinolines 21a�d,f�l. These compounds were prepared from
5-nitroquinoline 20a�f through Fe/NH4Cl reduction followed by
reductive amination with an appropriate aldehyde using a procedure
similar to the preparation of 3,5-disubstituted quinolines 11a and 11b.
3-(4-Methylpiperazin-1-yl)-5-(3-nitrobenzylamino)-7-(tri-

fluoromethyl)quinoline (21a). Yellow powder (70%); 1H NMR
(300 MHz, CDCl3) δ 8.79 (d, J = 2.4 Hz, 1H), 8.21 (s, 1H), 8.08 (d, J =
8.1 Hz, 1H), 7.73 (d, J = 7.2 Hz, 1H), 7.66 (s, 1H), 7.48 (t, J = 8.1 Hz,
1H), 7.32 (d, J = 1.5 Hz, 1H), 6.59 (s, 1H), 5.07 (t, J = 5.4 Hz, 1H), 4.59
(d, J = 5.4 Hz, 2H), 3.32 (t, J = 4.8 Hz, 4H), 2.57 (t, J = 4.8 Hz, 4H), 2.33
(s, 3H); 13CNMR (100MHz, CDCl3þCD3OD)δ 148.3, 144.9, 144.4,
142.8, 141.6, 140.6, 133.3, 129.5, 128.3 (q, J = 31.9 Hz), 124.2 (q, J =
3270.6 Hz), 122.2, 122.0, 120.6, 115.4, 110.3, 100.3, 54.4, 48.2, 47.1,
45.7; MS (EI) m/z 445 (Mþ). Anal. (C22H22F3N4O2 3 0.40H2O) C, H, N.
3-(4-Acetylpiperazin-1-yl)-5-(3-nitrobenzylamino)-7-(tri-

fluoromethyl)quinoline (21b). Yellow powder (64%); 1H NMR
(300MHz, CDCl3þCD3OD) δ 8.65 (s, 1H), 8.17 (s, 1H), 8.03 (d, J =
7.5 Hz, 1H), 7.66 (d, J = 7.2 Hz, 1H), 7.58 (s, 1H), 7.45 (m, 2H), 6.40
(s, 1H), 4.55 (s, 2H), 3.71 (s, 2H), 3.63 (s, 2H), 3.32 (s, 2H), 3.24 (s,
2H), 2.06 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 168.5, 147.9,
144.6, 143.8, 142.0, 141.3, 133.9, 130.0, 126.6 (q, J = 31.0Hz), 124.6 (q,
J = 270.1 Hz), 121.9, 121.7, 120.3, 113.6, 110.4, 98.1, 48.1, 47.6, 45.5,
45.2, 40.4, 21.2; MS (EI)m/z 473 (Mþ). Anal. (C23H22F3N5O3 3 1.0H2O)
C, H, N.
3-(4-Ethylpiperazin-1-yl)-5-(3-nitrobenzylamino)-7-(trifl-

uoromethyl)quinoline (21c). Yellow powder (65%); 1H NMR
(300 MHz, CDCl3) δ 8.83 (s, 1H), 8.27 (s, 1H), 8.14 (d, J = 7.2 Hz,
1H), 7.76 (d, J = 7.8 Hz, 1H), 7.70 (s, 1H), 7.53 (t, J = 7.8 Hz, 1H), 7.27
(s, 1H), 6.61 (s, 1H), 4.85 (t, J = 5.4 Hz, 1H), 4.63 (d, J = 5.4 Hz, 2H),
3.37 (t, J = 4.8Hz, 4H), 2.65 (t, J = 4.8 Hz, 4H), 2.49 (q, J = 7.2 Hz, 2H),
1.13 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 148.5, 145.1,
144.7, 142.3, 141.8, 140.4, 133.5, 129.7, 128.1 (q, J = 32.0Hz), 124.3 (q,
J = 270.8 Hz), 122.7, 122.3, 120.6, 117.0, 108.7, 101.0, 52.3, 52.2, 48.5,
47.7, 11.9; MS (EI) m/z 459 (Mþ). Anal. (C23H24F3N5O2 3 0.10H2O)
C, H, N.
tert-Butyl 4-(5-(3-Nitrobenzylamino)-7-(trifluoromethyl)-

quinolin-3-yl)piperazine-1-carboxylate (21d). Yellow powder
(68%); 1HNMR (300MHz, CDCl3) δ 8.82 (d, J = 2.7 Hz, 1H), 8.28 (s,
1H), 8.15 (d, J = 7.2 Hz, 1H), 7.76 (d, J = 7.8 Hz, 1H), 7.71 (s, 1H), 7.55
(t, J = 7.8 Hz, 1H), 7.31 (d, J = 2.1 Hz, 1H), 6.63 (s, 1H), 4.94 (t, J = 5.1
Hz, 1H), 4.64 (d, J = 5.1 Hz, 2H), 3.64 (t, J = 5.1 Hz, 4H), 3.28 (t, J = 5.1
Hz, 4H), 1.48 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 154.5, 148.3,
145.1, 145.0, 142.7, 142.2, 140.3, 133.7, 129.7, 128.5 (q, J = 31.9 Hz),
124.2 (q, J = 270.5 Hz), 122.5, 122.2, 120.4, 116.4, 110.1, 100.8, 80.2,
48.7, 47.6, 43.5, 28.3; MS (EI) m/z 531 (Mþ). Anal. (C26H28F3N5O4)
C, H, N.
N-(3-(4-Methylpiperazin-1-yl)-7-(trifluoromethyl)quino-

lin-5-yl)-3-nitrobenzenesulfonamide (22). This compound
was prepared as a yellow solid from 20a in 85% yield by following a
similar procedure as that for preparation of disubstituted quinoline 4f.
1H NMR (300 MHz, CDCl3) δ 8.62 (d, J = 2.7 Hz, 1H), 8.46 (s, 1H),
8.23 (d, J = 8.1 Hz, 1H), 7.92 (s, 1H), 7.82 (d, J = 7.2 Hz, 1H), 7.49 (d,
J = 8.1 Hz, 1H), 7.41 (d, J = 2.4 Hz, 1H), 7.14 (s, 1H), 3.19 (d, J = 5.4
Hz, 4H), 2.51 (d, J = 5.4 Hz, 4H), 2.26 (s, 3H); 13C NMR (100 MHz,
CDCl3 þ CD3OD) δ 147.8, 145.4, 144.6, 141.1, 140.7, 132.4, 131.8,
130.1, 127.7, 126.8, 124.3, 121.8, 120.0, 111.0, 53.8, 47.0, 45.1; MS
(EI) m/z 495 (Mþ); HRMS calcd for C21H20F3N5O4S (Mþ)
495.1188, found 495.1193.
3-(4-Methylpiperazin-1-yl)-5-(3-nitrobenzyloxy)-7-(triflu-

oromethyl)quinoline (24). This compound was prepared as a

yellow solid (90%) from phenol 23 following a similar procedure as
that for preparation of compounds 4a�c. 1HNMR (300MHz, CDCl3)
δ 8.86 (d, J = 2.7 Hz, 1H), 8.46 (s, 1H), 8.24 (d, J = 9.3 Hz, 1H), 7.93 (s,
1H), 7.80 (d, J = 7.5 Hz, 1H), 7.73 (d, J = 2.4 Hz, 1H), 7.62 (d, J = 8.1
Hz, 1H), 6.97 (s, 1H), 5.36 (s, 2H), 3.41 (t, J = 4.8 Hz, 4H), 2.64 (t, J =
4.8 Hz, 4H), 2.37 (s, 3H); 13CNMR (100MHz, CDCl3) δ 153.1, 148.5,
145.5, 145.2, 141.8, 138.3, 133.0, 129.7, 127.2, 123.2, 123.0, 122.1,
120.0, 110.0, 101.7, 69.2, 54.6, 48.2, 46.1; MS (EI) m/z 446 (Mþ);
HRMS calcd for C22H21F3N4O3 (M

þ) 446.1566, found 446.1565.
General Procedure for Preparation of 3,5,7-Trisubstituted

Quinolines 27a�d.These compounds were prepared by reduction of
5-nitroquinolines 26a�d with Fe/NH4Cl followed by reductive amina-
tion via a procedure similar to that of preparation of quinolines11a and11b.
3-(4-(Cyclopropylsulfonyl)piperazin-1-yl)-N-(3-nitroben-

zyl)-7-(trifluoromethyl)quinolin-5-amine (27a). Yellow solid
(60%); 1H NMR (300 MHz, CDCl3) δ 8.81 (d, J = 1.8 Hz, 1H), 8.30
(s, 1H), 8.15 (d, J = 7.5 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.70 (s, 1H),
7.55 (t, J = 7.8 Hz, 1H), 7.40 (d, J = 1.5 Hz, 1H), 6.62 (s, 1H), 5.19
(t, J = 5.1Hz, 1H), 4.67 (d, J = 5.1Hz, 2H), 3.53 (t, J = 4.8Hz, 4H), 3.39
(t, J = 4.8 Hz, 4H), 2.32 (s, 1H), 1.20 (m, 2H), 1.04 (m, 2H); 13CNMR
(100 MHz, CDCl3 þ CD3OD) δ 148.4, 145.0, 144.5, 143.0, 142.1,
140.6, 133.3, 129.6, 129.1 (q, J = 31.9 Hz), 124.1 (q, J = 270.6 Hz),
122.4, 121.9, 120.3, 115.2, 111.7, 100.5, 49.5, 47.0, 45.7, 25.3, 4.2; MS
(EI) m/z 535 (Mþ). Anal. (C24H24F3N5O4S) C, H, N.
3-(4-(Methylsulfonyl)piperazin-1-yl)-N-(3-nitrobenzyl)-

7-(trifluoromethyl)quinolin-5-amine (27b). Yellow solid
(62%); 1H NMR (300 MHz, CDCl3 þ CD3OD) δ 8.70 (d, J = 2.4
Hz, 1H), 8.22 (s, 1H), 8.08 (d, J = 8.1 Hz, 1H), 7.70 (d, J = 7.2 Hz,
1H), 7.58 (d, J = 2.7 Hz, 1H), 7.55 (s, 1H), 7.49 (t, J = 7.8 Hz, 1H),
6.48 (s, 1H), 4.59 (s, 2H), 3.40 (s, 8H), 2.82 (s, 3H); 13C NMR (100
MHz, DMSO-d6) δ 147.9, 144.5, 144.2, 143.9, 142.0, 141.4, 133.8,
130.0, 126.8 (q, J = 30.9 Hz), 124.6 (q, J = 270.5 Hz), 122.0, 121.7,
120.2, 113.5, 110.9, 98.1, 47.5, 45.4, 45.0, 33.9; MS (EI) m/z 509
(Mþ). Anal. (C22H22F3N5O4S) C, H, N.
N-(3-Nitrobenzyl)-5-(trifluoromethyl)quinolin-7-amines

31a and 31b. These two compounds were prepared from anilines
30a and 30b following a procedure similar to that of preparation of
quinolines 11a and 11b. For quinoline 31a: yellow solid (75%); 1H
NMR (300 MHz, CDCl3) δ 8.62 (s, 1H), 8.17 (s, 1H), 8.02 (d, J = 7.8
Hz, 1H), 7.63 (d, J = 7.5 Hz, 1H), 7.41 (m, 2H), 7.32 (s, 1H), 6.99
(s, 1H), 4.94 (t, J = 5.1 Hz, 1H), 4.48 (d, J = 5.1 Hz, 2H), 3.23 (s, 4H),
2.58 (s, 4H), 2.33 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 148.4,
145.3, 144.7, 144.1, 143.0, 140.6, 133.0, 129.5, 125.6 (q, J = 30.0 Hz),
124.0 (q, J = 272.0 Hz), 122.3, 121.7, 118.2, 117.5, 114.0, 109.6, 54.6, 49.0,
47.1, 45.9;MS (EI)m/z 445 (Mþ). Anal. (C22H22F3N5O2 3 0.2H2O)C, H,
N. For quinoline 31b: yellow solid (69%); 1H NMR (300 MHz,
CDCl3) δ 8.65 (d, J = 2.4 Hz, 1H), 8.20 (s, 1H), 8.07 (d, J = 8.4 Hz,
1H), 7.67 (d, J = 7.5 Hz, 1H), 7.45 (m, 2H), 7.33 (d, J = 2.1 Hz, 1H),
7.01 (s, 1H), 4.78 (t, J = 4.8 Hz, 1H), 4.52 (d, J = 5.7 Hz, 2H), 3.26
(t, J = 4.8 Hz, 4H), 2.64 (t, J = 4.8 Hz, 4H), 2.48 (q, J = 6.9 Hz, 2H),
1.12 (t, J = 6.9 Hz, 3H); 13CNMR (100 MHz, CDCl3) δ 148.4, 145.4,
144.7, 144.0, 143.2, 140.6, 133.1, 129.6, 125.6 (q, J = 30.1 Hz), 124.0
(q, J = 272.4 Hz), 122.4, 121.8, 118.2, 117.5, 114.1, 109.7, 52.4, 52.2,
49.1, 47.2, 11.8; MS (EI) m/z 459 (Mþ). Anal. (C23H24F3N5O2)
C, H, N.
ELISA Kinase Assay. The tyrosine kinase activities were evaluated

according to the reported protocol.44�48 Briefly, in an enzyme-linked-
immunosorbent assay (ELISA), 20 μg/mL poly(Glu,Tyr) 4:1 (Sigma)
was precoated as a substrate in 96-well plates. Then 50 μL of 10μMATP
solution diluted in kinase reaction buffer (50 mM HEPES, pH 7.4,
50 mMMgCl2, 0.5 mMMnCl2, 0.2 mMNa3VO4, 1 mMDTT) was added
to each well. Various concentrations of compounds diluted in 10 μL of
1% DMSO (v/v) were added to each reaction well, with 1% DMSO
(v/v) used as the negative control. The kinase reaction was initiated by
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the addition of purified tyrosine kinase proteins diluted in 40 μL of
kinase reaction buffer solution. After incubation for 60 min at 37 �C, the
plate was washed three times with phosphate buffered saline (PBS)
containing 0.1% Tween 20 (T-PBS). Next, 100 μL of anti-phosphotyr-
osine (PY99) antibody (1:500 diluted in 5 mg/mL BSA T-PBS) was
added. After 30 min of incubation at 37 �C, the plate was washed three
times. A solution of 100 μL of horseradish peroxidase-conjugated goat
anti-mouse IgG (1:2000 diluted in 5 mg/mL BSA T-PBS) was added.
The plate was reincubated at 37 �C for 30 min and washed as before.
Finally, 100 μL of a solution containing 0.03% H2O2 and 2 mg/mL
o-phenylenediamine in 0.1 mM citrate buffer, pH 5.5, was added and
samples were incubated at room temperature until color emerged. The
reaction was terminated by the addition of 50 μL of 2MH2SO4, and the
plate was read using a multiwell spectrophotometer (VERSAmax,
Molecular Devices, Sunnyvale, CA, U.S.) at 490 nm. The inhibition
rate (%) was calculated using the following equation: % inhibition =
[1 � (A490/A490 control)] � 100. IC50 values were calculated from the
inhibition curves.
Western Blot Analysis. Cells were cultured under regular growth

conditions to exponential growth phase. Then the cells were treated with
indicated concentration of corresponding compounds for 4 h at 37 �C
and lysed in 1� SDS sample buffer. Those cell lysates were subsequently
resolved on 10% SDS-PAGE and transferred to nitrocellulose mem-
branes. Membranes were probed with, phospho-c-Met and c-Met,
phospho-ERK1/2 and ERK1/2, phospho-AKT and AKT (all from Cell
Signaling Technology, Beverly, MA) and GAPDH (KangChen Bio-
tech) antibody and then subsequently with anti-rabbit or anti-mouse
IgG horseradish peroxidase. Immunoreactive proteins were detected
using an enhanced chemiluminescence detection reagent.
Cell Proliferation Assay. Cells were seeded in 96-well tissue

culture plates. On the next day, cells were exposed to various concentra-
tions of compounds and further cultured for 72 h. Finally, cell prolifera-
tion was determined using sulforhodamine B (SRB, Sigma) or thiazolyl
blue tetrazolium bromide (MTT, Sigma) assay.
In Vivo Antitumor Activity Assay. Animal experiments were

performed according to institutional ethical guidelines of animal care.
The cells at a density of (5�10)� 106 in 200 μL were first implanted sc
into the right flank of each nude mice and then allowed to grow to
700�800 mm3, defined as a well-developed tumor. After that, the well-
developed tumors were cut into 1 mm3 fragments and transplanted sc
into the right flank of nude mice using a trocar. When the tumor volume
reached 100�150 mm3, the mice were randomly assigned into control
and treatment groups. Control groups were given vehicle alone, and
treatment groups received quinoline 21b as indicated doses via ip
administration 7 days per week for 2�3 weeks. The sizes of the tumors
were measured twice per week using microcaliper. The tumor volume
(TV) was calculated as: TV = (length� width2)/2. Tumor volume was
shown on indicated days as themedian tumor volume( SE indicated for
groups of mice. Percent (%) inhibition values weremeasured on the final
day of study for drug-treated compared with vehicle-treatedmice and are
calculated as 100 � {1 � [(treated final day � treated day 1)/(control
final day� control day 1)]}. Significant differences between the treated
versus the control groups (Pe 0.001) were determined using Student’s
t test.
Reversibility Assessment for 21b. Rapid dilution experiments

were used to demonstrate reversible binding of 21b to c-Met. Then 9 μL
of 100-fold normal amount of enzyme (450 nM) was mixed with 1 μL of
21b at a final concentration of 100-fold IC50 for each enzyme or with
vehicle control. After incubation at room temperature for 30min, 1μL of
the mix solution was diluted into 99 μL of a solution containing
fluorescent substrate peptide (sequence 5-FAM-EAIYAAPFAKKK-
CONH2, 1.5 μM) and ATP (75 μM). The microplate was placed in
the EZ reader II, and wells were repeatedly sampled for 180 min. The
product (i.e., the phosphorylated substrate) and substrate migrate at

different rates through the electrophoretic separation channel. And then,
both the substrate and product were detected directly via LED induced
fluorescence (LIF). In this case, the fraction of peptide converted to the
phosphorylated form here reflects the enzyme activity.
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like growth factor receptor 1; VEGFR2, vascular endothelial cell
growth factor receptor 2; IGFR, insulin-like growth factor re-
ceptor; ip, intraperitoneal injection; iv, intravenous; PK, pharma-
cokinetic; RON, recepteur d’origine nantais; SAR, structure�
activity relationship; HTS, high throughput screening
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