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New 2-amido and ureido quinoline derivatives substituted with 2-N-methylamido-pyridin-4-yloxy
group at the 5-position of quinoline (18 final compounds) have been designed and synthesized as
anticancer sorafenib congeners. Among the synthesized derivatives, fourteen compounds were selected
for evaluation of their antiproliferative activity over a panel of 60 cancer cell lines at a single dose
concentration of 10 mM at National Cancer Institute (NCI, USA). Four compounds, 9bed and 9f showed
promising mean growth inhibitions and thus were further tested at five-dose testing mode to determine
their IC50 values. The data revealed that 2,4-difluorophenyl (9b) and 4-chloro-3-trifluoromethylphenyl
(9d) urea compounds are the most active derivatives with significant efficacies and superior potencies
than sorafenib in 36 and 12 cancer cell lines, respectively, belonging particularly to renal carcinoma cell
(RCC), ovarian, and non small cell lung cancer (NSCL). Compound 9b and 9d were found to be six and two
times more potent than sorafenib against A498 RCC line, with IC50 values of 0.42 mM and 1.36 mM,
respectively. Accordingly, compound 9d was screened over a panel of 41 oncogenic kinases at a single
dose concentration of 10 mM to profile its kinase inhibitory activity. Interestingly, the compound showed
highly selective inhibitory activities ( 81.8% and 96.3%) against BRAFV600E and C-RAF kinases with IC50

values of 316 nM and 61 nM, respectively. In addition, molecular docking, cell cycle analysis, compliance
to Lipinski's rule of five, and in silico toxicity assessment have been reported.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

In spite of the immense research endeavors and profound ad-
vances in cancer detection and treatment, cancer is still one of the
most challenging health problems worldwide, being the second
common cause of death after cardiovascular diseases [1]. As stated
by theWorld Health Organization (WHO), the number of new cases
is expected to increase by about 70% over the next 2 decades [2].
The current available treatments for most types of cancer, such as
chemotherapeutic agents and radiotherapy provide only temporal
therapeutic benefits as well as being limited by a narrow
, Brain Science Institute, Ko-
angro 14-gil 5, Seongbuk-gu,

served.
therapeutic index, remarkable toxicities and often acquired resis-
tance [3]. Therefore, there is a growing imperative need for further
identification and development of new treatment approaches,
especially the discovery of new chemotherapeutics with improved
potency and minimal side effects.

Among the plethora of compounds evaluated as potential anti-
proliferative agents, derivatives possessing the N-methyl picolina-
mide, diarylurea and/or diarylamide structural features have
attracted great attention of contemporary medicinal chemists
[4e9]. Sorafenib (Nexavar®, A in Fig. 1), for example, is a diarylurea
anticancer agent that was originally developed to target C-RAF
(RAF1) kinase [10]. Nevertheless, the structural motifs of sorafenib
displayed multiple kinase inhibitory effects with potent anti-
tumorigenic and antiangiogenic activities through the inhibition of
several receptor tyrosine kinases (RTKs), like the VEGFR-2 and
VEGFR-3 [11], FLT3 and c-KIT [12e14]. Nowadays, sorafenib is used
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Fig. 1. Sorafenib (A), its quinoline congener (B) and the designed compounds.
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for the treatment of hepatocellular carcinoma (HCC) [15,16] and
renal cell carcinoma (RCC) [13,17], in addition to being currently in
clinical trials for combating other tumor types such as neuroblas-
toma and leukemia [18]. Despite of the diverse merits of sorafenib,
such as multi-mechanisms and broad-spectrum antitumor activity,
still it possesses some drawbacks of poor physicochemical prop-
erties [19], scanty therapeutic activity in the treatment of malig-
nant melanoma [20], and accompanying toxicities [21e23].
Therefore, more and more attentions have paid for further opti-
mization of sorafenib [19,24e28].

Among these efforts, Ion et al. [29] changed the central phenyl
ring of sorafenib with quinoline, together with replacing the N-
methyl picolinamide tail of sorafenib with 2-oxo-2,3-dihydro-1H-
imidazo[4,5-b]pyridine (Fig. 1). Such structural modifications,
exemplified by compound B, led to significant improvement of both
cellular and enzymatic activity of sorafenib over RAF kinases and
their correlated cancer cells, yet showing lack of selectivity among
the other protein kinases (multikinase inhibitors) with potential
concomitant toxicity.

Inspired by the promising activity of previously described de-
rivatives, two new series of N-methylpicolinamide based 2,5-
disubstituted quinolines were designed and synthesized. Our
design approach was relied on introducing 2-N-methylamido-
pyridin-4-yloxy group in the 5-position of quinoline, conserving
picolinamide group of sorafenib, and the arylurea moiety at C-2
position of quinoline (Fig. 1). Moreover, we explored the amide
spacer to study its effect on the antiproliferative activity in com-
parison to urea linker. The target compounds, 8aeg and 9aekwere
evaluated for their in vitro antiproliferative activities against 60
human cancer cell lines representing 9 different tumor types, and
the kinase inhibitory profile for one of the most potent derivatives,
compound 9d was also examined to investigate the mechanism of
action at molecular level.
2. Results and discussion

2.1. Chemistry

The synthetic route for preparation of the key starting material,
2-amino-5-quinolinol (6), not reported so far, is illustrated in
Scheme 1. Methylation of the commercially available 5-
hydoxyquinoline, via Williamson ether synthesis, was reported to
proceed using diazomethyltrimethyl silane with 42% yield [30,31].
Herein, we optimized such reaction by adopting sodium hydride
induced deprotonation of the hydroxy compound in anhydrous
N,N-dimethylformamide (DMF) under argon atmosphere, followed
by dropwise addition of methyl iodide and stirring for 30 min at
room temperature to afford the corresponding methoxy derivative



Scheme 1. Reagents and reaction conditions: i) NaH, DMF, 0 �C, 30 min, CH3I, 0 �C to rt, 30 min, 92%; ii) mCPBA, DCM, 0 �C to rt, 6 h, 92%; iii) TsCl, 10% aq. K2CO3, DCM, rt, 18 h, 65%;
iv) POCl3, reflux, 1 h, 86%; v) Acetamide, K2CO3, neat, 200 �C, 15 h, 47%; vi) BBr3, DCM, 0 �C to rt, 18 h, 51%; vii) 48% HBr, reflux, 8 h, 88%.
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1 in excellent yield (92%). Compound 1 was then N-oxidized with
m-chloroperoxybenzoic acid (m-CPBA) to provide 5-
methoxyquinoline-N-oxide (2) [30,31]. The direct conversion of
the N-oxide 2 to the corresponding 2-chloro derivative 4 was re-
ported to occur, yet with low yield (32%) [30,31]. Therefore, we
followed another synthetic approach, based on treatment of the N-
oxide 2 with p-tosyl chloride in 10% aqueous potassium carbonate
(K2CO3)/dichloromethane (DCM) system to produce the reactive
lactam form of quinoline 3, which then smoothly chlorinated with
excess phosphorous oxychloride furnishing the 2-chloro-5-
methoxyquinoline (4) in good yield (86%). Fusion of the chloro
compound 4 with excess acetamide in the presence of K2CO3 at
elevated temperature (200 �C) for 15 h afforded the corresponding
amino derivative 5 in moderate yield (47%). Refluxing of the
methoxyquinoline 5 in 48% aqueous hydrobromic acid, or treat-
ment with boron tribromide (BBr3) in DCM at 0 �C afforded the
demethylated derivative 6 in 88% and 51% yield, respectively.
Herein, we developed a straightforward facile method for the
synthesis of compound 6 with simple work-up procedure, utilizing
compounds 1e4 in their crude forms which were of high purity, as
indicated by 1H NMR spectra.

As shown in Scheme 2, all of the final compounds 8aeg and
9aek were synthesized utilizing the novel intermediate, 5-
oxypicolinamide quinoline-2-yl amine (7). It was obtained, in
good yield (74%), by selective O-arylation of compound 6 with 4-
chloro-N-methyl picolinamide using cesium carbonate as a base
Scheme 2. Reagents and reaction conditions: i) 4-Chloro-N-methyl picolinamide, Cs2CO3, DM
iii) Aryl isocyanate, DCM, 0 �C to rt, 24 h, 46e100%.
in DMSO at 135 �C. The selective installation of picolinamidemoiety
at the hydroxyl group of 6 was confirmed by existence of NH2
proton in 1H NMR spectra of 7. Condensation of the amine com-
pound 7 with the appropriate aryl carboxylic acids in the presence
of O-(7-azabenzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium hex-
afluorophosphate (HATU) and the Hünig's base (diisopropylethyl-
amine, DIPEA) in anhydrous DMF afforded the corresponding
amide derivatives 8aeg. On the other hand, the synthesis of urea
compounds 9aek was accomplished by treating the amine inter-
mediate 7 with the proper aryl isocyanates in anhydrous DCM
under argon atmosphere.

2.2. In vitro screening of the antiproliferative activities

2.2.1. Preliminary evaluation against 3 human cancer cell lines
All final compounds were preliminary evaluated for their anti-

proliferative activity at two concentrations of 100 and 10 mM
against three cancer cell lines, MCF-7 and SK-BR3 (breast cancer
cells) and HCT-116 (human colorectal carcinoma) by MTT assay
method and sorafenib was used as the reference compound. The
percentages growth inhibition (GI) of the tested compounds
against the three cell lines are illustrated in Table 1. The results
revealed the modest cytostatic activity of all amide spacer con-
taining derivatives, except compound 8d. In contrast, most of the
investigated urea compounds showed promising and comparable
(marginally superior or inferior) antiproliferative activity to that of
SO, 135 �C, 5 h, 74%; ii) ArCO2H, HATU, DIPEA, DMF, rt, 24 h, 23e92%; 8g, 80 �C, 5 h, 36%



Table 1
Preliminary antiproliferative activity of the target compounds against a panel of 3 human cancer cell lines.

Compound no. R % Growth inhibitiona

HCT-116 MCF-7 SK-BR-3

100 mM 10 mM 100 mM 10 mM 100 mM 10 mM

8a 2,4-Cl2eC6H3e 61.64 15.63 44.32 12.24 60.45 9.49
8b 3,5-Cl2eC6H3e 1.90 �2.80 39.16 6.30 17.04 4.22
8c 3,5-(CF3)2eC6H3e 62.04 15.75 48.82 16.75 57.94 14.83
8d 4-Cl-3-CF3eC6H3e 77.51 55.45 56.55 42.42 65.43 26.31
8e 6-Cl-pyridin-2-yl 64.57 37.29 32.51 15.20 53.31 30.40
8f Quinolin-6-yl 71.77 58.21 38.72 34.73 68.16 40.56
8g 1,4-Benodioxan-6-yl 48.40 1.73 36.33 10.09 49.90 1.90
9a 2,4-Cl2eC6H3eNH 87.73 64.21 69.25 37.54 80.47 34.71
9b 2,4-F2eC6H3eNH 89.49 60.03 NTb NTb 93.41 82.22
9c 3,5-(CF3)2eC6H3eNH 91.59 57.28 64.49 38.72 91.68 63.14
9d 4-Cl-3-CF3eC6H3eNH 90.89 74.67 66.52 43.62 81.01 59.34
9e 2-Cle5-CF3eC6H3eNH 79.14 58.21 NTb NTb 83.52 73.52
9f 3,4-Cl2eC6H3eNH 76.93 60.18 48.05 27.05 59.21 36.86
9g 4-CleC6H4eNH 62.65 52.45 31.53 13.17 40.96 11.13
9h 4-BreC6H4eNH 17.69 8.27 47.25 25.76 37.60 25.57
9i 4-FeC6H4eNH 64.30 60.29 38.46 23.51 46.50 25.19
9j 4-CF3eC6H4eNH 75.96 63.12 NTb NTb 75.73 53.63
9k 1-NaphthyleNH 91.96 68.27 78.36 35.56 94.50 29.36
Sorafenib 97.32 48.41 96.06 40.45 93.12 48.87

a Compounds were tested in duplicate mode at concentrations of 100 and 10 mM.
b NT, not tested.

A.K. El-Damasy et al. / European Journal of Medicinal Chemistry 101 (2015) 754e768 757
sorafenib, particularly against both HCT-116 and SK-BR3 cancer cell
lines.

2.2.2. In vitro antiproliferative activities against NCI-60 cell line
panel

2.2.2.1. Single dose testing. Encouraged by the favorable pre-
liminary anticancer activity and in order to broadly explore the
antiproliferative activity of the synthesized compounds, their
structures were submitted to National Cancer Institute (NCI,
Bethesda, Maryland, USA) [32], and 14 compounds out of 18 were
selected on the basis of degree of structural variation and computer
modeling techniques for assessment of their antiproliferative ac-
tivity. The selected compounds were prescreened according to the
NCI protocol at a single dose concentration of 10 mM on the full
panel of approximately 60 human cancer cell lines derived from 9
human cancer cell types including; leukemia, non-small cell lung,
colon, central nervous system, melanoma, ovarian, renal, prostate,
and breast tumor cell lines. The mean percentages GI of the tested
Fig. 2. Mean % growth inhibitions of the tested co
compounds over the full panel of cell lines are illustrated in Fig. 2.
As revealed from the results, all amide spacer containing de-

rivatives, 8a, and 8ceg, possess weak anticancer activity (mean %
GI ¼ �3.16 to 11.08) even with variation of substituents at the
terminal aryl moiety. On the other hand, it was found that the urea
derivatives 9c and 9d were more potent (mean % GI ¼ 69.95 and
80.32, respectively) than the corresponding amides 8c and 8d
(mean % GI ¼ 2.69 and �3.16, respectively), which indicates the
indispensable nature of urea as spacer for the anticancer activity.
This may be owed to that the longer linker, urea moiety, may
geometrically warrant favorable fitting of themolecule at the active
site. Or the terminal NH group of the urea moiety may form addi-
tional hydrogen bond(s) at the receptor site. Any or both of these
effects would enable optimal drug interaction in the enzyme active
site, and hence higher anticancer activity.

Moreover, the effects of substitution pattern (nature and posi-
tion) of the terminal phenyl ring on the activity of urea derivatives
were investigated. The disubstituted phenyl derivatives, 9aef,
mpounds over the full NCI 60 cell line panel.
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showed higher mean % GI than the monosubstituted analogs 9g
and 9i. Therefore, it could be concluded that the presence of
dichloro, difluoro or chloro and trifluoromethyl substituents on the
terminal phenyl ring of urea derivatives augment the anticancer
activity, and this may be attributed to the resultant increase in
compound lipophilicity, permeability and penetration into cancer
cells and hence the cellular potency. In addition, compound 9bwith
2,4-difluorophenyl ring was significantly more potent (mean %
GI ¼ 72.74) than the corresponding dichloro homolog 9a (mean %
GI ¼ 2.55), which denotes that the best substituent at 2,4-positions
of the terminal phenyl is fluorine rather than chlorine. Regarding
the 3,4-positions, it was observed that the best antiproliferative
activity was achieved in case of combining the m-trifluoromethyl
moiety with p-chlorophenyl (9d, mean % GI ¼ 80.32) rather than
the 3,4-dichlorophenyl derivative (9f, mean % GI¼ 32.0). A possible
reason for this is the differences in the steric and/or electronic ef-
fects of trifluoromethyl group compared with chlorine group, and
such assumption was strongly supported upon comparing the 3,5-
bis-trifluoromethylphenyl urea 9c (mean % GI ¼ 69.95) with the
dichlorophenyl analogs 9a and 9f (mean % GI ¼ 2.55 and 32.00,
respectively). Interestingly, it was found that the antitumor activity
of compound 9e (mean % GI ¼ 13.04) was greatly lower than its
positional isomer 9d (mean % GI¼ 80.32), which points out that the
4-chloro-3-trifluoromethylphenyl terminal is better substitution
pattern than 2-chloro-5-trifluoromethylphenyl, and may geomet-
rically allow appropriate fitting of the molecule at the receptor site,
and therefore improved antitumor activity. Upon comparing the
antiproliferative activity of the 2-chloro substituted derivatives 9a
and 9e (mean % GI ¼ 2.55 and 13.04, respectively) with that of the
3,4-dichlorophenyl derivative 9f (mean % GI ¼ 32.00), it was
revealed that incorporation of chlorine at the ortho position of the
terminal phenyl is unfavorable for the activity. Among all of the
examined derivatives, compounds 9bed showed the highest mean
GI, and their effects on the percentages growth of the individual cell
lines of the NCI-60 panel at 10 mM concentration are shown in
Fig. 3.

Close examination of the findings presented in Fig. 3, revealed
the broad spectrum anticancer activities of compounds 9bed over
all the nine tested cancer types. The three compounds displayed
strong antiproliferative activities (>80% inhibition) over 22, 16, and
25 cell lines, respectively. Furthermore, compounds 9bed exerted
remarkable cytotoxic effects (minus percentages growth) against
several cell lines. Of particular significance, compound 9d exerted
lethal activity over SNB-75 (CNS cancer), OVCAR-4 (ovarian cancer),
and the renal carcinoma cells 786-0 and TK-10 with percentages
growth values of �47.99%, �72.84%, �59.47%, and �29.79%,
respectively. In addition to the previously mentioned 4 cell lines
sensitive to 9d, both compounds 9b and 9c manifested remarkable
lethal activities against other cell lines. The colon cancer HCT-116,
CNS cancer SF-539 and melanoma MALME-3M cell lines were
found to be sensitive to compound 9b (percentages growth values
of �33.05%, �18.90% and �21.15%, respectively), while HOP-92
(NSCL), U251 (CNS cancer), OVACR-3 (ovarian cancer), and the
renal carcinoma cells A498 and ACHN were proved to be highly
sensitive toward compound 9c. Compound 9d showed broader
cytotoxic effects over 15 of the tested NCI cell lines. Not only the
most tested renal cancer (786-0, A498, ACHN, SN12C, TK-10 and
UO-31), but also three breast cancer cell lines including MDA-MB-
231, HS 578T and T-47D were highly sensitive to compound 9d.

2.2.2.2. Five-dose testing. Compounds 9bed and 9fwith promising
results in single-dose test and satisfying the criteria set by the NCI
for activity in that preliminary assay were further tested in a five-
dose testing mode at 10-fold dilution (100e0.01 mM) on the full
panel. For each of these compounds, three response parameters;
the IC50 (the concentration producing 50% GI, a measure of com-
pound potency), TGI (the concentration producing 100% GI, a
measure of compound efficacy) and LC50 (the concentration
causing 50% lethality, a measure of compound efficacy and cyto-
toxicity) were determined. The IC50 values of those four compounds
are showed in Table 2. The results of sorafenib as a reference
compound were obtained from NCI Data Warehouse index [33],
and are inserted in Table 2.

As illustrated in Table 2, the four tested compounds 9bed and 9f
showed high potency with one-digit micromolar IC50 values over
most of the cell lines. Moreover, the target compounds exhibited
superior potency than sorafenib against 36, 6, 12, and 5 cell lines,
respectively. It was evident that the three fluorinated derivatives
9bed were much potent than the chlorinated compound 9f
regarding most of the cell lines, which implies the significance of
fluorine for antiproliferative activity of this new set of compounds.
Such finding was in agreement with the postulation that incorpo-
ration of fluorine may enhance the binding affinity to the target
protein and thus improving the potency [34].

While sorafenib is originally used for treatment of renal cell
carcinoma (RCC) [13,17], it was interesting to find that compounds
9bed were highly potent than sorafenib over the majority of RCC
panel, particularly 786-0, A498, RXF393, and TK-10 cell lines. Of
special interest, compound 9bwith 2,4-difluorophenyl ring exerted
the highest potencies. Its IC50 values against both 786-0 and A498
cell line were 926 nM and 418 nM, three and six times more potent
than sorafenib, respectively. Both compounds 9c and 9d, possessing
the same m-trifluoromethylphenyl motif of sorafenib, displayed
significant antiproliferative activity over the most sensitive RCC,
A498 with low micromolar IC50 values (1.99 and 1.36 mM,
respectively).

On the other hand, sorafenib was clinically investigated for
treatment of ovarian cancer, however results demonstrated poor
clinical benefit either as single agent or in combination therapy
[35,36]. Therefore, it was of great significance to observe that
compounds 9bed significantly surpassed the activity of sorafenib
towards OVCAR-4 ovarian cancer cell. Again, compound 9bwas the
best (IC50 ¼ 897 nM) against OVACR-4, in addition to its equipotent
activity (IC50 ¼ 1.65 mM) over three ovarian cancer cell lines;
OVACR-8, NCI/ADR-RES, and SK-OV-3.

From another perspective, sorafenib was interrogated for
treatment of NSCL and showed significant clinical improvement
[37,38]. In this regard, it is noteworthy to mention that compound
9b showed profound antineoplastic activity overcoming sorafenib
over all tested NSCL cancer cell lines, with IC50 values of
0.753e1.49 mM.

Besides the previously mentioned targeted cellular potencies of
compound 9b, it showed remarkable broad spectrum potency over
other multiple cell lines like SR leukemia cell, HCT-116 and HCT-15
colon cancer cells with IC50 values of 0.41, 0.711 and 0.302 mM,
respectively. Moreover, it was equipotent (IC50 ¼ 0.78 mM) against
both SNB-75 and U251 CNS cancer cells.

By referring to the efficacy parameters (TGI and LC50 values) of
the target compounds presented in Table 3, it was demonstrated
that the most potent compound 9b was also efficacious towards
SNB-75 CNS cancer cell, OVCAR-4 ovarian cancer cell, RXF393 renal
carcinoma cell, and the breast cell line HS 5783 with TGI values of
1.74, 2.03, 2.99, and 3.99 mM, respectively. While compounds 9c and
9d showed the highest efficacies over the most of renal cancer cell
lines, compound 9d exerted remarkable efficacies against 786-0,
A498, and TK-10 cell lines, being able to induce total growth inhi-
bition (TGI) and 50% lethality (LC50) at concentrations below
100 mM.



Fig. 3. % Growth of NCI 60 cell line panel upon treatment with compounds 9bed at 10 mM concentration.
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2.3. In vitro kinase screening

In attempt to investigate the mechanism of action and the ki-
nase inhibitory profile of this new set of compounds, compound 9d
which possesses most of the structural features of sorafenib (4-
chloro-3-trifluoromethylphenyl, urea linker, and N-methyl-
picolinamide), and exhibited high potency and efficacy over renal
cancer cell lines was tested at a single dose concentration of 10 mM
over a panel of 41 oncogenic kinases at Reaction Biology Corpora-
tion (RBC, Malvern, PA, USA) [39]. As illustrated in Fig. 4, compound
9d has shown highly potent inhibitory activity against C-RAF kinase
with 96.3% inhibition, as well as inhibiting the mutant BRAFV600E

(81.8% inhibition) at 10 mM.Meanwhile, it exertedmoderate activity
over MAPK14 kinase (51.8% inhibition) andmodest activity towards
the other kinases with inhibition percentage less than 40. Com-
pound 9d was further tested in a 10-dose testing mode to deter-
mine its IC50 values over BRAFV600E and C-RAF, and showed IC50
values of 316 nM and 61 nM, respectively. Interestingly, the com-
pound 9dwas found to inhibit C-RAF 5 times more than BRAFV600E.

Upon comparing compound 9d with sorafenib in terms of the
selectivity profile, compound 9d displays a remarkable selectivity
towards the RAF kinases, particularly BRAFV600E and C-RAF rather
than the other protein kinases like VEGFR1, VEGFR2, FLT3, and c-
Kit. Therefore, it was evident that our structural modifications,
represented by compound 9d, led to differential orientation and
modulation of the binding affinities towards the different protein
kinases and hence improving the selectivity profile.

Furthermore, we examined the inhibitory activity of compound
9b, the 2,4-difluorophenyl congener of 9d, against both BRAFV600E

and C-RAF kinases. As revealed the results in Table 4, it exerted
selective inhibitory effect for C-RAF rather BRAFV600E kinase. In
comparison with compound 9d (C-RAF IC50 ¼ 61.0 nM), compound
9b showed 13 fold reduced inhibitory activities (C-RAF
IC50 ¼ 807 nM), which indicates that the 4-chloro-3-
trifluoromethylphenyl is favorable than 2,4-difluorophenyl and
highlights its great significance for achieving RAF kinase inhibitory
activity.

In consistence with the aforementioned biochemical assay re-
sults, compound 9d exerted high potencies over the cell lines
overexpressing mutant BRAFV600E like COLO 205 and HT29 colon
cancer cell lines [40], and MALME-3M [40], SK-MEL-28 [41], SK-
MEL-5 [41], and UACC-62 [42] melanoma cell lines. C-RAF is



Table 2
IC50 values (mM) of the tested compounds and sorafenib over NCI-60 cell line panel.a,b

Cell lines IC50 value (mM) Cell lines IC50 value (mM)

9b 9c 9d 9f Sorafenib 9b 9c 9d 9f Sorafenib

Leukemia Melanoma
CCRF-CEM >50 29.4 >100 NT 2.0 M14 1.89 10.2 5.00 NT 2.0
HL-60(TB) NT 23.4 NT NT 1.58 MDA-MB-435 1.50 4.70 3.12 NT 1.58
K-562 NT 9.29 >100 NT 3.16 SK-MEL-2 >50 12.7 7.18 3.18 1.58
MOLT-4 NT 35.9 >100 NT 3.16 SK-MEL-28 1.42 4.67 4.59 NT 2.0
RPMI-8226 2.20 NT NT NT 1.58 SK-MEL-5 1.02 6.20 2.62 NT 1.58
SR 0.41 13.0 3.22 NT 3.16 UACC-257 NT 1.32 >100 NT 2.0
Non-Small Cell Lung Cancer UACC-62 NT 3.56 1.97 1.47 1.58
A549/ATCC 1.01 4.54 2.83 NT 3.16 Ovarian Cancer
EKVX NT 4.46 NT NT 2.51 IGROV1 NT NT 12.3 5.54 2.51
HOP-62 0.903 3.37 2.76 3.30 2.0 OVCAR-3 1.26 4.07 2.84 5.18 3.16
HOP-92 1.49 2.50 1.51 2.56 1.58 OVCAR-4 0.897 2.37 1.17 NT 3.16
NCI-H226 0.94 4.21 3.73 6.04 2.0 OVCAR-5 NT 13.3 3.85 NT 3.16
NCI-H23 NT 6.15 4.81 2.64 2.0 OVCAR-8 1.65 5.09 3.47 4.96 2.51
NCI-H322M 1.16 3.94 3.91 20.5 2.51 NCI/ADR-RES 1.68 5.62 3.88 3.07 2.51
NCI-H460 0.753 4.16 2.79 NT 2.51 SK-OV-3 1.60 2.99 3.78 2.73 2.51
NCI-H522 NA 6.65 14.7 2.03 2.0 Renal Cancer
Colon Cancer 786-0 0.926 2.41 1.89 13.6 3.16
COLO 205 NT 10.8 4.36 NT 2.0 A498 0.418 1.99 1.36 5.94 2.51
HCC-2998 >50 15.5 >100 NT 3.16 ACHN 2.13 3.80 1.66 11.6 3.16
HCT-116 0.711 13.8 2.28 2.73 1.58 CAKI-1 1.61 10.1 4.28 4.12 3.16
HCT-15 0.302 18.1 NT NT 2.51 RXF 393 1.24 3.03 1.89 5.09 3.16
HT29 1.30 3.51 2.04 NT 2.0 SN12C 1.37 5.27 2.62 3.41 2.51
KM12 NT 15.2 9.94 NT 1.58 TK-10 1.03 3.22 2.17 2.70 3.98
SW-620 NT 16.9 NT NT 2.51 UO-31 NT 4.91 2.62 >100 2.51
CNS Cancer Prostate Cancer
SF-268 1.90 4.93 3.84 3.25 2.51 PC-3 NT 6.06 47.7 NT 2.0
SF-295 NT 3.69 2.16 3.00 1.58 DU-145 1.28 6.29 4.74 2.39 3.16
SF-539 1.17 6.68 2.60 89.1 1.58 Breast Cancer
SNB-19 1.30 5.31 5.06 6.54 3.16 MCF7 1.66 7.43 5.91 NT 2.51
SNB-75 0.788 2.38 1.09 2.50 3.16 MDA-MB-231/ATCC 1.59 NT 1.67 1.59 1.26
U251 0.783 2.47 3.12 2.84 2.0 HS 578T 1.40 2.57 1.73 7.36 2.51
Melanoma BT-549 >50 11.4 4.67 2.59 3.16
LOX IMVI 1.68 3.26 2.32 2.20 1.58 T-47D 1.23 4.13 1.47 3.28 1.58
MALME-3M NT 2.62 2.61 2.23 2.0 MDA-MB-468 1.83 3.40 3.56 2.25 2.0

a Bold figures indicate superior potency than sorafenib, bold underlined figures refer to submicromolar IC50 values.
b NT, not tested.

Table 3
TGI and LC50 values (mM) of the tested compounds and sorafenib over the most sensitive cell lines.a,b

Cell lines 9b 9c 9d 9f Sorafenib

TGI LC50 TGI LC50 TGI LC50 TGI LC50 TGI LC50

NSCL Caner
HOP-92 NT >50 6.27 29.5 5.75 61.80 9.42 67.00 5.01 31.6
CNS Cancer
SNB-75 1.74 >50 14.9 >100 2.63 6.33 7.28 31.80 10.0 39.8
Ovarian Cancer
OVCAR-4 2.03 NT 7.51 >100 2.91 NT NT >100 12.6 100
Renal Cancer
786-0 NT NT 5.73 24.6 4.17 9.20 35.70 94.00 10.0 50.1
A498 23.3 NT 5.02 25.3 4.54 51.70 30.90 >100 6.31 31.7
ACHN >50 >50 16.4 69.0 5.58 >100 >100 >100 12.6 100
CAKI-1 >50 >50 57.3 >100 >100 >100 >100 >100 3.98 10.0
RXF 393 2.99 >50 9.48 33.5 7.42 45.40 24.30 93.00 10.0 39.8
SN12C NT >50 >100 >100 >100 >100 >100 >100 10.0 39.8
TK-10 NT >50 11.5 44.8 5.08 17.00 5.73 19.40 10.0 50.1
Breast Cancer
HS 5783 3.99 >50 13.5 >100 7.58 >100 74.40 >100 7.94 100
T-47D NT >50 31.1 >100 5.14 >100 >100 >100 7.94 31.7

a Bold figures refer to superior efficacies than sorafenib regarding TGI values, underlined figures indicate superior efficacies than sorafenib regarding LC50 values.
b NT, not tested.
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commonly over-expressed in the absence of oncogenic mutations
in 50% of RCC (50%) [43], and is associated with poor prognosis in
ovarian cancer [44]. Therefore, the remarkable antiproliferative
activities of 9b and 9d over a number of RCC and ovarian cancer cell
lines may be attributed to C-RAF kinase inhibition. On the other
hand, it is noticeable that the low inhibitory activity of compound
9b over BRAFV600E could not justify its significant cellular potency
over certain BRAFV600E dependent cell lines like HT29 colon cancer,
SK-MEL-28 and SK-MEL-5 melanoma cell lines, which may indicate
the existence of other underlying mechanisms responsible for the



Fig. 4. Inhibition percentages of compound 9d over a panel of 41 oncogenic kinases at 10 mM concentration.

Table 4
In vitro enzymatic activity of 9b, 9d and sorafenib over BRAFV600E and C-RAF kinases.

Compound no. % Enzymatic inhibitiona (IC50, nM)b

BRAFV600E C-RAF

9b 9.72 (>10,000) 63.5 (807)
9d 81.8 (316) 96.3 (61.0)
Sorafenib (38.0) (6.00)

a Compounds were tested in single dose duplicate mode at a concentration of
10 mM.

b Compounds were tested in a 10-dose IC50 mode with 3-fold serial dilution
starting at 100 mM.
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antiproliferative activity of 9b towards those cell lines.
From the previously mentioned cellular and biochemical assay

results, it was clearly demonstrated that compound 9b is a C-RAF
kinase inhibitor with potent antiproliferative activity in terms of
IC50 values against multiple cancer cell lines. While, compound 9d
is a dual selective BRAFV600E and C-RAF inhibitor with potent
antiproliferative activity in terms of TGI values over several tumor
cell lines. Such findings suggest the presence of additional mech-
anisms beside C-RAF kinase inhibition that control the anticancer
activity of this new set of compounds.
2.4. Molecular docking study

In order to rationalize the observed RAF kinase inhibitory ac-
tivity from a 3D structural perspective, 9d was docked in the cat-
alytic kinase domain of BRAFV600E (PDB accession code 1UWJ) [45],
and C-RAF homology model. Fig. 5 illustrates the overlay of 9dwith
the co-crystallized conformation of sorafenib. The docking model
demonstrates a substantially similar binding mode for both com-
pounds with the two homologous kinases. As an example, in case of
BRAFV600E, the mutual binding interactions include hydrogen
bonds to (1) backbone amidic nitrogen and the aminocarbonyl
oxygen of Cys532 in the hinge region via the picolinamide moiety,
(2) the backbone amine of Asp594 through the carbonyl oxygen of
urea, and (3) the side chain carboxylate of Glu501 through the urea
NH. Besides, both 9d and sorafenib showed hydrophobic in-
teractions with the allosteric binding region, which were mediated
by their trifluoromethylphenyl group. Interestingly, it was noticed
that the quinoline ring of 9d, corresponding to the phenyl group of
sorafenib, was engaged in multiple hydrophobic and electrostatic
interactions with various amino acid residues (like Lys483 and
Thr529) in the gatekeeper region.

Similarly, compound 9d showed perfect binding with both the
active and allosteric sites of C-RAF kinase. The pyridylamide NH of
9dwas involved in hydrogen bonding interactionwith the carbonyl
oxygen of Cys424 in the hinge region, while the NH and oxygen of
urea linker were tightly engaged in two hydrogen bonds with the
carboxylate oxygen and amine group of Glu393 and Asp486 resi-
dues in the DFG loop, respectively. Moreover, several hydrophobic
interactions (PiePi T-shaped and Pi-alkyl) were observed between
the quinoline core and gatekeeper residues (Val363, Lys375, and
Phe487). Furthermore, the 4-chloro-3-trifluoromethylphenyl ter-
minal of 9d displayed hydrophobic interactions with Val396,
Ile464, and Leu459 amino acid residues in the allosteric site. Taken
together, it could be concluded that the structural features of 9d
allow profitable binding with BRAFV600E and C-RAF kinases.

Furthermore, to obtain some insights about the relatively su-
perior enzymatic activity of 9d rather 9b towards BRAFV600E,
structural superimposition of both compounds in the catalytic ki-
nase domain of BRAFV600E was carried out (detailed binding mode
in Fig. 1 in the Supplementary data). As shown in Fig. 6, the m-
trifluoromethylphenyl group of 9d was deeply inserted into a hy-
drophobic subpocket in the allosteric binding region, associating
with perfect orientation of the picolinamide end of the scaffold into
the BRAFV600E kinase hinge region and formation of the crucial
hydrogen bonds for binding. In contrast, the 2,4-difluorophenyl
group of compound 9b was little far from the allosteric binding
site, resulting in relatively loose binding and improper positioning
of the pyridyl amidemotif into the hinge region. Such findingmight
provide a clue explaining the good activity of 9d towards B-
RAFV600E kinase in respect to 9b.
2.5. Flow cytometry cell cycle analysis

To better understand the antiproliferative activity of the most
potent urea derivatives, 9b and 9d, the cell cycle analysis was car-
ried out on the highly sensitive renal carcinoma cell line (A498). It
was incubated with 9b and 9d at 2.5 and 5.0 mM for 48 h, then the
fractions (%) of cell cycle phases were determined by flow cytom-
etry before a significant amount of cells underwent apoptosis (Fig. 7
and Table 5). The results indicated that both 9b and 9d induced
dose dependent cell cycle arrest in both G2/M and S phases. As an
example, compounds 9b at 5.0 mM caused more accumulation of
the cells in G2/M phase (26.6%) as well as S phase (36.0%) relative to
control. Moreover, upon treatment of the A498 cell with the tested
compounds at little higher concentrations than 5.0 mM, a massive
increase of the cells population in sub G0/G1 phase (dead cells) was
noticed, which is indicative of apoptosis.



Fig. 5. Structural overlay of the docked pose of compound 9d (magenta) and sorafenib (black) in the catalytic kinase domain of BRAFV600E (A) and C-RAF homology model (B).
Detailed binding mode of compound 9d in the catalytic kinase domain of BRAFV600E (C) and C-RAF homology model (D).

Fig. 6. Superimposition of the docked pose of compounds 9b (orange) and 9d
(magenta) in the catalytic kinase domain of BRAFV600E. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)
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2.6. Compliance to Lipinski's rule of five and in silico toxicity
assessment

As a part of our study; the compliance of the most potent
compounds 9bed and 9f, to the Lipinski's rule of fivewas evaluated
(Supplementary data). All compounds complied with these rules.
With the aim to get some insights about the overall toxicity
(mutagenic, tumorigenic, irritant, or reproductive effects) of the
most active derivatives, Osiris program [46] was used as a predic-
tive tool for toxicity. Interestingly, all compounds presented a low
in silico toxicity risk profile (Supplementary data). Such finding
strongly supported the anticancer experimental data described in
this work revealing these compounds as promising candidates with
low toxicity risk profile.
3. Conclusion

A new series of N-methyl picolinamide based 2-amido and
ureido quinoline derivatives has been designed and synthesized as
sorafenib analogs in this study. A selected group (14 compounds)
was assessed for its antiproliferative activity over a panel of 60
cancer cell lines at 10 mM concentration at NCI. Among them, 2-
quinolinyl urea compounds, 9bed and 9f have exerted strong
inhibitory activities andwere further tested at 5-dose testingmode.
A structure activity relationship (SAR) study has been established
and revealed that for best activity the compounds should possess
urea as a linker tethering the substituted terminal phenyl with C2
of quinoline scaffold. Moreover, the disubstituted phenyl groupwas
more favorable for anticancer activity than the monosubstituted
one. And, among the disubstituted phenyl moieties, 2,4-
difluorophenyl (9b) and 4-chloro-3-trifluoromethylphenyl (9d)
groups were the best substitution patterns. In the second place for
good activity comes the 3,5-bis(trifluoromethylphenyl) group (9c).
Compounds 9b and 9d were found to be the most potent de-
rivatives with one-digit micromolar or submicromolar IC50 values
over the majority of tested cell lines, including those sorafenib
sensitive cells such as RCC, ovarian, and NSCL. Screening of com-
pound 9d over 41 cancer related kinases at a single dose concen-
tration of 10 mM showed its highly selective inhibitory effects
against both BRAFV600E and C-RAF kinases. Its analog, 9b, was found
to differentially inhibit C-RAF rather BRAFV600E kinase. Molecular
docking of 9d in BRAFV600E and C-RAF kinases revealed similar
binding mode with that of sorafenib. Moreover, cell cycle analysis
demonstrated the ability of 9b and 9d to induce cell cycle arrest at
G2/M and S phase. The most active compounds showed good



Fig. 7. Flow cytometric analysis of the A498 renal cancer cell line after treatment with compounds 9b and 9d at 2.5 and 5.0 mM for 48 h.
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compliance to Lipinski's rule of five and low toxicity profile,
affording new promising chemotherapeutic candidates that could
be exploited for further development of potent anticancer agents.
Table 5
Cell cycle distribution of A498 cell line treated with 9b and 9d.

Compound no. (conc.) % of cell cycle phases distribution

G1/G0 G2/M S

Control 64.3 11.8 24.0
9b (2.5 mM) 42.2 21.3 36.5
9b (5 mM) 37.4 26.6 36.0
9d (2.5 mM) 52.5 16.4 31.1
9d (5 mM) 43.5 19.2 37.3
4. Experimental

4.1. General

Melting points were measured with a Thomas Hoover capillary
melting point apparatus and were uncorrected. 1H and 13C NMR
spectra were recorded on a Bruker Avance 300 or 400 MHz spec-
trometer, using appropriate deuterated solvents, as indicated.
Chemical shifts (d) are given in parts per million (ppm) upfield from
tetramethylsilane (TMS) as internal standard, and s, d, t, and m are
designated as singlet, doublet, triplet and multiplet, respectively.
Coupling constants (J) are reported in hertz (Hz). Mass spectrawere
recorded on Waters Acquity UPLC/Synapt G2 QTOF MS mass
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spectrometer. The reaction progress was monitored on TLC plate
(Merck, silica gel 60 F254), and flash column chromatography was
carried out using silica gel (Merck, 230e400 mesh) and the indi-
cated solvent system. Solvents and liquid reagents were transferred
using hypodermic syringes. All solvents and reagents were
commercially available and used without further purification.

4.2. 5-Methoxyquinoline (1)

A solution of 5-hydroxyquinoline (4.0 g, 27.6 mmol) in anhy-
drous DMF (60 mL) was cooled and then added slowly to NaH
(1.33 g, 33.12 mmol, 60% dispersion in mineral oil) at 0 �C under
argon atmosphere. The resulting mixture was stirred at the same
temperature for 30 min. Methyl iodide (4.7 g, 33.12 mmol) was
added dropwise to the suspension and the reaction mixture was
allowed to warm to room temperature (rt) while stirring for addi-
tional 30 min. The reaction mixture was quenched with water
(300 mL) and then extracted with diethyl ether (6 � 100 mL). The
combined organic layers were washed with water and then brine,
dried over anhydrous Na2SO4, filtered and the solvent was removed
under reduced pressure to afford the title product as brown oil;
yield: 4.03 g (92%); 1H NMR (400 MHz, CDCl3) d 8.95 (dd, J ¼ 4.2,
2.0 Hz, 1H), 8.62 (dd, J ¼ 8.4, 1.2 Hz, 1H), 7.74 (d, J¼ 8.0 Hz, 1H), 7.65
(t, J ¼ 8.4 Hz, 1H), 7.42 (dd, J ¼ 8.4, 4.4 Hz, 1H), 6.90 (d, J ¼ 8.0 Hz,
1H), 4.05 (s, 3H); 13C NMR (100MHz, CDCl3) d 155.17,150.66,148.70,
130.81, 129.37, 121.58, 120.85, 120.19, 104.22, 55.76.

4.3. 5-Methoxyquinoline-N-oxide (2) [30,31]

5-Methoxyquinoline (1) (4.03 g, 25.3 mmol) was dissolved in
dichloromethane (DCM, 40 mL) under nitrogen and treated with
mCPBA (70%; 6.56 g, 38.0 mmol) at 0 �C. The reaction mixture was
stirred at rt for 6 h, thenwater (100mL) was added and the aqueous
phase was adjusted to alkaline pH upon addition of saturated
aqueous sodium carbonate solution. The aqueous phase was
extractedwith DCM (3� 150mL) and the combined organic phases
were washed with brine, dried over anhydrous Na2SO4, filtered,
concentrated under reduced pressure and stored in refrigerator
overnight to afford the desired product; yellow solid; yield: 4.085 g
(92%); 1H NMR (400MHz, CDCl3) d 8.60 (dd, J¼ 6.0, 0.8 Hz,1H), 8.34
(d, J¼ 9.2 Hz,1H), 8.19 (d, J¼ 8.4 Hz,1H), 7.70 (t, J¼ 7.6 Hz,1H), 7.29
(t, J ¼ 4.8 Hz, 1H), 6.99 (d, J ¼ 7.6 Hz, 1H), 4.05 (s, 3H); 13C NMR
(100 MHz, CDCl3) d 155.60, 142.14, 136.48, 130.89, 123.31, 121.92,
119.74, 111.40, 106.59, 56.12; LC/MS (ESIþ) m/z ¼ 175 (Mþ).

4.4. 5-Methoxyquinolin-2(1H)-one (3)

p-Toluenesulfonyl chloride (5.55 g, 29.1 mol) was added portion
wise at rt to a solution of compound 2 (4.09 g, 23.3 mmol) in 10%
aqueous K2CO3 (60 mL) and DCM (60 mL) and the mixture was
stirred at the same temperature for 18 h. Diethyl ether was added
and the resultant precipitate was filtered, washed with diethyl
ether and dried in oven at 65 �C for 2 h to furnish the title com-
pound as light yellow solid; yield: 2.651 g (65%); 1H NMR (400MHz,
CDCl3) d 12.15 (br. s, 1H), 8.25 (d, J ¼ 9.6 Hz, 1H), 7.45 (t, J ¼ 8.4 Hz,
1H), 7.04 (d, J ¼ 8.4 Hz, 1H), 6.67 (t, J ¼ 9.2 Hz, 2H), 3.97 (s, 3H); 13C
NMR (100 MHz, CDCl3) d 164.61, 156.09, 139.72, 135.74, 131.40,
119.67, 110.91, 108.66, 102.78, 55.73.

4.5. 2-Chloro-5-methoxyquinoline (4)

Phosphorus oxychloride (25.0 mL, 268.0 mmol) was added to
compound 3 (2.65 g, 15.15 mmol) at rt and the resulting suspension
was heated under reflux for 1 h. The reaction mixture was allowed
to cool to rt, poured onto ice cold water (300 mL) and cautiously
neutralizedwith diluted aqueous ammonium hydroxide in ice bath.
The mixture was extracted with DCM (3 � 150 mL) and the com-
bined organic layers werewashed with brine, dried over anhydrous
Na2SO4, filtered, and the solvent was removed under reduced
pressure to afford the title compound; yellow solid; yield: 2.5 g
(86%); 1H NMR (400 MHz, CDCl3) d 8.46 (d, J ¼ 8.8 Hz, 1H), 7.59 (dd,
J ¼ 10.0, 8.0 Hz, 2H), 7.31 (d, J ¼ 8.4 Hz, 1H), 6.84 (t, J ¼ 7.2 Hz, 1H),
3.97 (s, 3H); 13C NMR (100 MHz, CDCl3) d 155.17, 151.03, 148.61,
133.97, 130.80, 121.07, 120.37, 119.20, 104.81, 55.77.

4.6. 5-Methoxyquinolin-2-amine (5)

A mixture of compound 4 (1.0 g, 5.2 mmol), acetamide (6.1 g,
103.3 mmol), and K2CO3 (3.6 g, 25.9 mmol) were fused at 200 �C for
15 h. The reaction mixture was cooled, diluted with water (15 mL)
and extractedwith ethyl acetate (3� 35mL). The combined organic
layers were washed with brine, dried over anhydrous Na2SO4,
filtered, and the solvent was removed under reduced pressure and
the resultant residue was purified by flash column chromatography
(hexane:ethyl acetate, 2:1 v/v) to afford the desired product as
yellow solid; yield: 420 mg (47%); 1H NMR (400 MHz, CDCl3) d 8.31
(d, J¼ 9.2 Hz,1H), 7.48 (t, J¼ 8.4 Hz,1H), 7.29 (d, J¼ 8.4 Hz,1H), 6.68
(d, J ¼ 8.8 Hz, 1H), 6.64 (d, J ¼ 8.0 Hz, 1H), 5.29 (br. s, 2H), 3.96 (s,
3H); 13C NMR (100 MHz, CDCl3) d 157.30, 155.55, 147.88, 133.10,
130.04, 117.85, 115.11, 110.52, 101.73, 55.59.

4.7. 5-Hydroxyquinolin-2-amine (6)

4.7.1. Method A
Compound 5 (1.0 g, 5.74 mmol) was dissolved in 48% aq. HBr

(45 mL), and the resulting solution was heated under reflux for 8 h.
The reaction mixture was then cooled, quenched with water
(150mL), and neutralizedwith saturated aqueous NaHCO3 solution.
The aqueous layer was extracted with ethyl acetate (5 � 100 mL)
and the combined organic layers were washed with brine, dried
over anhydrous Na2SO4, filtered, and the solvent was removed
under reduced pressure producing the demethylated derivative as
yellow solid; yield: 806 mg (88%).

4.7.2. Method B
To a cold solution of compound 5 (0.16 g, 0.92 mmol) in 5 mL of

anhydrous DCM at 0 �C, 1 M solution of BBr3 in DCM (7.1 mL,
6.8 mmol) was added drop wise under argon atmosphere. After
complete addition, the reaction mixture was gradually warmed to
rt and stirred for 18 h. The reaction was quenched with water
(100 mL) and neutralized with saturated aqueous NaHCO3 solution.
The aqueous layer was extractedwith ethyl acetate (3� 50mL) and
the combined organic layers were washed with brine, dried over
anhydrous Na2SO4, filtered, and the solvent was removed under
reduced pressure to afford the title compound as yellow solid;
yield: 73mg (51%); 1H NMR (300MHz, Acetone-d6) d 8.40 (br. sþ d,
J¼ 9.0 Hz, 2H), 7.31 (t, J¼ 8.1 Hz,1H), 7.18 (d, J¼ 8.3 Hz,1H), 6.89 (d,
J ¼ 9.0 Hz, 1H), 6.73 (d, J ¼ 7.5 Hz, 1H), 6.31 (br. s, 2H); 13C NMR
(75 MHz, Acetone-d6) d 158.36, 154.09, 148.55, 133.01, 130.05,
115.81, 114.51, 110.65, 105.67.

4.8. 4-((2-Aminoquinolin-5-yl)oxy)-N-methylpicolinamide (7)

To a stirred solution of compound 6 (1.0 g, 6.25 mmol) in
anhydrous DMSO (25 mL), cesium carbonate (5.1 g, 15.63 mmol)
and 4-chloro-N-methylpicolinamide (1.06 g, 6.25 mmol) were
added and the reaction suspension was stirred for 15 min at rt. The
reaction mixturewas then heated at 135 �C for 5 h, cooled to rt, and
quenched with water (150 mL). The resultant suspension was
extracted with ethyl acetate (3 � 50 mL). The combined organic
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layers were washed with water, brine solution, dried over anhy-
drous Na2SO4, filtered and the solvent was evaporated under
reduced pressure yielding an oily residue that was purified by flash
column chromatography using (0e100% ethyl acetate in hexane) to
furnish the desired compound as yellow solid; yield: 1.36 g (73.9%);
mp 189e191 �C; 1H NMR (300MHz, CDCl3) d 8.37 (d, J¼ 5.6 Hz,1H),
8.00 (br. s, 1H, exchangeable with D2O), 7.94 (d, J ¼ 9.0 Hz, 1H), 7.77
(d, J ¼ 2.3 Hz, 1H), 7.59e7.51 (m, 2H), 6.95e6.91 (m, 2H), 6.69 (d,
J ¼ 9.0 Hz, 1H), 4.94 (br. s, 2H, exchangeable with D2O), 3.01 (d,
J ¼ 5.1 Hz, 3H); 13C NMR (75 MHz, CDCl3) d 166.61, 164.49, 162.33,
157.43, 152.52, 149.84, 149.47, 131.91, 129.68, 124.03, 117.15, 113.75,
113.53, 112.15, 110.46, 26.13.

4.9. General procedure for synthesis of compounds 8aeg

To a mixture of compound 7 (0.05 g, 0.17 mmol) and the
appropriate aromatic carboxylic acid (0.34 mmol) in anhydrous
DMF (2 mL) under argon atmosphere, N,N-diisoprpoylethylamine
(DIPEA) (0.128 mL, 0.72 mmol) and HATU (0.168 g, 0.442 mmol)
were added. The reaction mixture was stirred at rt for 24 h or at
80 �C for 5 h (for only 8g), and then quenched with water (30 mL).
The aqueous layer was extracted with ethyl acetate (3� 20mL) and
the combined organic layers were washed with water and brine,
dried over anhydrous Na2SO4, filtered, and the solvent was
removed under reduced pressure. The resultant residue was puri-
fied by flash column chromatography, using the appropriate elution
system to afford the target compounds 8aeg in pure form.

4.9.1. 4-((2-(2,4-Dichlorobenzamido)quinolin-5-yl)oxy)-N-
methylpicolinamide (8a)

Flash column chromatography was performed using 0e3%
MeOH in DCM. White solid; yield 60.2%, mp 239e241 �C, 1H NMR
(400 MHz, DMSO-d6) d 11.58 (s, 1H), 8.81 (q, J ¼ 4.8 Hz, 1H), 8.58
(dd, J ¼ 5.6, 0.4 Hz, 1H), 8.38 (s, 2H), 7.84 (d, J ¼ 5.6 Hz, 2H), 7.77 (d,
J ¼ 2.0 Hz, 1H), 7.68 (d, J ¼ 8.4 Hz, 1H), 7.56 (dd, J ¼ 8.4, 2.0 Hz, 1H),
7.43e7.39 (m, 2H), 7.26 (dd, J ¼ 5.6, 2.4 Hz, 1H), 2.80 (d, J ¼ 4.8 Hz,
3H); 13C NMR (75 MHz, DMSO-d6) d 166.20, 166.00, 164.13, 153.13,
152.46, 151.14, 149.26, 148.22, 135.60, 135.53, 132.96, 131.99, 131.73,
130.94, 129.57, 127.80, 125.73, 119.88, 116.83, 115.82, 114.67, 109.55,
26.47.

4.9.2. 4-((2-(3,5-Dichlorobenzamido)quinolin-5-yl)oxy)-N-
methylpicolinamide (8b)

Flash column chromatography was performed using 0e1%
MeOH in DCM. White solid; yield 23.4%; mp 273e275 �C; 1H NMR
(300 MHz, DMSO-d6) d 11.53 (br. s, 1H), 8.81 (q, J ¼ 4.8 Hz, 1H), 8.56
(d, J ¼ 5.5 Hz, 1H), 8.38e8.30 (m, 2H), 8.08 (d, J ¼ 1.8 Hz, 2H),
7.90e7.81 (m, 3H), 7.41 (dd, J ¼ 8.3, 2.5 Hz, 2H), 7.25 (dd, J ¼ 5.6,
2.6 Hz, 1H), 2.78 (d, J ¼ 4.8 Hz, 3H); 13C NMR (75 MHz, DMSO-d6)
d 166.18,164.51,164.12,153.14,152.79,152.68,151.14,149.28,148.23,
137.54, 134.71, 132.69, 131.91, 130.88, 127.55, 126.30, 125.71, 119.89,
116.90, 116.48, 114.67, 109.56, 26.47.

4.9.3. 4-((2-(3,5-Bis(trifluoromethyl)benzamido)quinolin-5-yl)
oxy)-N-methylpicolinamide (8c)

Flash column chromatography was performed using 0e1%
MeOH in DCM. White solid; yield 57%; mp 259e260 �C; 1H NMR
(400 MHz, DMSO-d6) d 11.87 (br. s, 1H), 8.81 (q, J ¼ 4.8 Hz, 1H), 8.72
(s, 2H), 8.58 (d, J ¼ 5.6 Hz, 1H), 8.41 (s, 3H), 7.92e7.84 (m, 2H), 7.45
(d, J ¼ 2.4 Hz, 1H), 7.43 (dd, J ¼ 7.2, 1.6 Hz, 1H), 7.27 (dd, J ¼ 5.6,
2.4 Hz, 1H), 2.80 (d, J ¼ 5.2 Hz, 3H); 13C NMR (100 MHz, DMSO-d6)
d 166.17, 164.12, 153.11, 152.95, 152.75, 151.11, 149.27, 146.89, 141.21,
133.22, 131.45, 131.12, 131.07, 125.30, 125.09, 122.38, 119.79, 118.50,
116.40, 116.14, 114.81, 114.66, 109.51, 26.46.
4.9.4. 4-((2-(4-Chloro-3-(trifluoromethyl)benzamido)quinolin-5-
yl)oxy)-N-methylpicolinamide (8d)

Flash column chromatography was performed using (hex-
ane:ethyl acetate, 2:1 to 1:1 v/v). White solid; yield 85%; mp
223e225 �C; 1H NMR (400 MHz, CDCl3) d 8.94 (br. s, 1H), 8.54 (s,
1H), 8.47 (d, J ¼ 5.6 Hz, 1H), 8.37 (d, J ¼ 9.2 Hz, 2H), 8.13 (d,
J ¼ 8.0 Hz, 1H), 8.05 (d, J ¼ 4.8 Hz, 1H), 7.78 (d, J ¼ 2.8 Hz, 2H),
7.73e7.69 (m, 2H), 7.20 (d, J ¼ 7.6 Hz, 1H), 7.08 (dd, J ¼ 5.6, 2.4 Hz,
1H), 3.04 (d, J ¼ 5.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) d 166.22,
164.35, 152.65, 150.02, 149.46, 136.86, 134.14, 133.16, 132.83, 132.17,
131.48, 130.20, 129.45, 129.13, 126.96, 126.42, 125.24, 124.36, 123.71,
115.96, 114.71, 114.31, 110.23, 26.15.; HRMS (ESI-TOF) m/z calcd for
C24H16ClF3N4O3Na [MþNa]þ: 523.0761, found: 523.0759.
4.9.5. 6-Chloro-N-(5-((2-(methylcarbamoyl)pyridin-4-yl)oxy)
quinolin-2-yl)picolinamide (8e)

Flash column chromatography was performed using 0e1%
MeOH in DCM. White solid; yield 91.7%; mp 242e243 �C; 1H NMR
(400 MHz, DMSO-d6) d 10.53 (s, 1H), 8.80 (q, J¼ 4.8 Hz, 1H), 8.58 (d,
J¼ 5.6 Hz, 1H), 8.48 (q, J¼ 9.2 Hz, 2H), 8.25e8.18 (m, 2H), 7.94e7.85
(m, 3H), 7.46 (d, J¼ 2.8 Hz,1H), 7.43 (dd, J¼ 7.2,1.2 Hz,1H), 7.27 (dd,
J ¼ 5.6, 2.4 Hz, 1H), 2.80 (d, J ¼ 4.8 Hz, 3H); 13C NMR (100 MHz,
DMSO-d6) d 166.17, 164.16, 161.84, 153.14, 151.29, 151.17, 149.80,
149.74, 149.32, 148.27, 142.52, 133.44, 131.14, 128.93, 125.80, 122.34,
120.09, 116.91, 115.04, 114.66, 109.74, 26.31.
4.9.6. N-(5-((2-(Methylcarbamoyl)pyridin-4-yl)oxy)quinolin-2-yl)
quinoline-6-carboxamide (8f)

Flash column chromatography was performed using 0e1%
MeOH in DCM. White solid; yield 66%; mp 187e190 �C, 1H NMR
(400 MHz, DMSO-d6) d 11.54 (s, 1H), 9.05 (dd, J ¼ 4.0, 1.6 Hz, 1H),
8.85 (d, J ¼ 2.0 Hz, 1H), 8.82 (q, J ¼ 5.2 Hz, 1H), 8.59 (d, J ¼ 5.6 Hz,
1H), 8.55 (dd, J ¼ 8.4, 1.2 Hz, 1H), 8.47e8.38 (m, 2H), 8.35 (dd,
J ¼ 8.8, 2.0 Hz, 1H), 8.15 (d, J ¼ 8.8 Hz, 1H), 7.93e7.84 (m, 2H), 7.68
(dd, J ¼ 8.0, 4.0 Hz, 1H), 7.46 (d, J ¼ 2.4 Hz, 1H), 7.42 (dd, J ¼ 7.2,
1.2 Hz, 1H), 7.28 (dd, J ¼ 5.6, 2.8 Hz, 1H), 2.80 (d, J ¼ 4.8 Hz, 3H); 13C
NMR (100 MHz, DMSO-d6) d 166.69, 166.21, 164.15, 153.15, 152.99,
151.14, 149.50, 149.31, 148.34, 137.85, 132.60, 131.99, 130.80, 130.04,
129.52, 128.72, 127.46, 125.65, 122.76, 119.81, 116.49, 114.67, 109.58,
26.48.
4.9.7. 4-((2-(2,3-Dihydrobenzo[b][1,4]dioxine-6-carboxamido)
quinolin-5-yl)oxy)-N-methylpicolinamide (8g)

Flash column chromatography was performed using (hex-
ane:ethyl acetate, 2:1 to 1:1 v/v). White solid; yield 35.7%; mp
107e110 �C; 1H NMR (300 MHz, CDCl3) d 8.81 (br. s, 1H), 8.55 (d,
J ¼ 9.2 Hz, 1H), 8.42 (d, J ¼ 5.6 Hz, 1H), 8.28 (d, J ¼ 9.3 Hz, 1H), 8.01
(d, J ¼ 4.4 Hz, 1H), 7.75e7.75 (m, 2H), 7.66 (t, J ¼ 7.6 Hz, 1H), 7.55 (d,
J ¼ 2.1 Hz, 1H), 7.49 (dd, J ¼ 8.4, 2.2 Hz, 1H), 7.13 (dd, J ¼ 7.5, 0.8 Hz,
1H), 7.01 (dd, J ¼ 5.6, 2.6 Hz, 1H), 6.97 (d, J ¼ 8.4 Hz, 1H), 4.33 (d,
J ¼ 2.6 Hz, 4H), 3.01 (d, J ¼ 5.1 Hz, 3H); 13C NMR (75 MHz, CDCl3)
d 166.34, 165.23, 164.40, 152.61, 152.05, 149.98, 149.41, 148.14,
147.50, 143.72, 132.75, 129.90, 127.10, 125.19, 120.90, 120.15, 117.59,
117.12, 115.61, 114.91, 114.15, 110.35, 64.65, 64.21, 26.16.
4.10. General procedure for synthesis of compounds 9aek

A solution of the suitable aryl isocyanate (0.187 mmol) in
anhydrous DCM (2mL) was added drop wise to a stirred solution of
compound 7 (0.05 g, 0.170 mmol) in DCM (4 mL) under argon at-
mosphere at 0 �C. The reaction mixture was stirred at rt for 24 h,
then the resulting solid was collected by filtration, washed with
DCM and dried to yield the target compounds 9aek in pure form.
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4.10.1. 4-((2-(3-(2,4-Dichlorophenyl)ureido)quinolin-5-yl)oxy)-N-
methylpicolinamide (9a)

White solid; yield 100%; mp 246e248 �C; 1H NMR (300 MHz,
DMSO-d6) d 12.41 (br. s, 1H), 10.57 (s, 1H), 8.80 (q, J ¼ 4.8 Hz, 1H),
8.55 (d, J ¼ 5.6 Hz, 1H), 8.45 (d, J ¼ 9.0 Hz, 1H), 8.26 (d, J ¼ 9.1 Hz,
1H), 7.85e7.83 (m, 2H), 7.75 (d, J ¼ 2.4 Hz, 1H), 7.46 (dd, J ¼ 8.9,
2.3 Hz, 1H), 7.42 (d, J ¼ 2.5 Hz, 1H), 7.34e7.29 (m, 2H), 7.22 (q,
J¼ 2.6 Hz,1H), 2.78 (d, J¼ 4.8 Hz, 3H); 13C NMR (75MHz, DMSO-d6)
d 165.65, 163.62, 152.60, 151.92, 150.62, 148.97, 146.12, 135.01,
132.89, 131.00, 128.66, 127.80, 126.83, 123.89, 122.92, 122.31, 117.85,
115.88, 114.37, 114.15, 109.13, 25.97; HRMS (ESI-TOF) m/z calcd for
C23H17Cl2N5O3Na [MþNa]þ: 504.0606, found: 504.0596.

4.10.2. 4-((2-(3-(2,4-Difluorophenyl)ureido)quinolin-5-yl)oxy)-N-
methylpicolin-amide (9b)

White solid; yield 96%; mp 253e255 �C; 1H NMR (400 MHz,
DMSO-d6) d 12.48 (br. s, 1H), 10.46 (s, 1H), 8.79 (q, J ¼ 4.8 Hz, 1H),
8.56 (d, J ¼ 5.6 Hz, 1H) 8.37e8.30 (m, 1H), 8.26 (d, J ¼ 9.2 Hz, 1H),
7.84 (t, J¼ 8.0 Hz,1H), 7.76 (d, J¼ 8.4 Hz,1H), 7.44 (td, J¼ 8.6, 2.8 Hz,
2H), 7.34 (t, J ¼ 8.4 Hz, 2H), 7.23 (dd, J ¼ 5.6, 2.4 Hz, 1H), 7.12 (t,
J ¼ 8.8 Hz, 1H), 2.80 (d, J ¼ 4.8 Hz, 3H); 13C NMR (100 MHz, DMSO-
d6) d 166.14, 164.15, 153.33, 153.13, 152.54, 151.16, 149.49, 146.56,
133.23, 131.39, 124.36, 124.16, 122.10, 118.28, 116.30, 114.79, 111.93,
111.63, 109.66, 104.72, 104.31, 104.11, 26.49; HRMS (ESI-TOF) m/z
calcd for C23H17F2N5O3Na [MþNa]þ: 472.1197, found: 472.1200.

4.10.3. 4-((2-(3-(3,5-Bis(trifluoromethyl)phenyl)ureido)quinolin-5-
yl)oxy)-N-methylpicolinamide (9c)

White solid; yield 89%; mp 258e260 �C; 1H NMR (400 MHz,
DMSO-d6) d 11.98 (br. s, 1H), 10.43 (br. s, 1H), 8.80 (q, J¼ 4.4 Hz, 1H),
8.57 (d, J ¼ 5.6 Hz, 1H), 8.36 (s, 2H), 8.28 (d, J ¼ 9.2 Hz, 1H), 8.03 (d,
J¼ 8.4 Hz,1H), 7.85 (t, J¼ 8.0 Hz, 1H), 7.77 (s, 1H), 7.53 (d, J¼ 9.2 Hz,
1H), 7.41 (d, J ¼ 2.4 Hz, 1H), 7.35 (dd, J ¼ 7.8, 0.8 Hz, 1H), 7.25 (q,
J ¼ 2.4 Hz, 1H), 2.79 (d, J ¼ 5.2 Hz, 3H); 13C NMR (100 MHz, DMSO-
d6) d 166.19, 164.12, 153.11, 152.97, 152.77, 151.12, 149.27, 146.92,
141.22, 133.26, 131.45, 131.13, 125.35, 125.10, 122.39, 119.86, 118.52,
116.45, 114.84, 114.68, 109.50, 26.47; HRMS (ESI-TOF) m/z calcd for
C25H17F6N5O3Na [MþNa]þ: 572.1134, found: 572.1145.

4.10.4. 4-((2-(3-(4-Chloro-3-(trifluoromethyl)phenyl)ureido)
quinolin-5-yl)oxy)-N-methylpicolinamide (9d)

White solid; yield 88%; mp 240e242 �C; 1H NMR (400 MHz,
DMSO-d6) d 11.97 (br. s, 1H), 10.39 (br. s, 1H), 8.81 (q, J¼ 4.8 Hz, 1H),
8.57 (d, J ¼ 5.6 Hz, 1H), 8.35 (d, J ¼ 2.4 Hz, 1H), 8.28 (d, J ¼ 9.6 Hz,
1H), 8.00 (d, J ¼ 8.8 Hz, 1H), 7.90e7.82 (m, 2H), 7.71 (d, J ¼ 8.8 Hz,
1H), 7.52 (d, J¼ 9.2 Hz,1H), 7.42 (d, J¼ 2.4 Hz,1H), 7.35 (d, J¼ 7.2 Hz,
1H), 7.25 (dd, J ¼ 5.6, 2.8 Hz, 1H), 2.79 (d, J ¼ 4.8 Hz, 3H); 13C NMR
(75 MHz, DMSO-d6) d 166.16, 164.12, 153.12, 153.07, 152.59, 151.10,
149.33, 146.84, 138.74, 133.18, 132.56, 131.07, 125.07, 124.79, 124.05,
118.43, 118.17, 116.31, 114.82, 114.66, 109.55, 26.46; HRMS (ESI-TOF)
m/z calcd for C24H17ClF3N5O3Na [MþNa]þ: 538.0870, found:
538.0862.

4.10.5. 4-((2-(3-(2-Chloro-5-(trifluoromethyl)phenyl)ureido)
quinolin-5-yl)oxy)-N-methylpicolinamide (9e)

White solid; yield 90.2%; mp 283e285 �C; 1H NMR (400 MHz,
DMSO-d6) d 12.51 (br. s, 1H), 10.57 (s, 1H), 8.84 (d, J ¼ 2.0 Hz, 1H),
8.69 (q, J ¼ 4.4 Hz, 1H), 8.56 (d, J ¼ 5.6 Hz, 1H), 8.28 (d, J ¼ 9.2 Hz,
1H), 7.89e7.82 (m, 3H), 7.49 (d, J ¼ 1.6 Hz, 1H), 7.47 (d, J ¼ 2.4 Hz,
1H), 7.38 (d, J ¼ 8.8 Hz, 1H), 7.33 (dd, J ¼ 7.2, 1.2 Hz, 1H), 7.23 (dd,
J ¼ 5.6, 2.4 Hz, 1H), 2.81 (d, J ¼ 4.8 Hz, 3H); 13C NMR (100 MHz,
DMSO-d6) d 166.12, 164.16, 153.24, 153.06, 152.58, 151.09, 149.59,
146.66, 137.29, 133.40, 131.43, 130.92, 129.03, 128.72, 126.49, 124.35,
120.62, 118.45, 117.91, 116.28, 114.90, 114.65, 109.75, 26.42; HRMS
(ESI-TOF) m/z calcd for C24H17ClF3N5O3Na [MþNa]þ: 538.0870,
found: 538.0867.

4.10.6. 4-((2-(3-(3,4-Dichlorophenyl)ureido)quinolin-5-yl)oxy)-N-
methylpicolinamide (9f)

White solid; yield 91.6%; mp 234e236 �C; 1H NMR (400 MHz,
DMSO-d6) d 11.92 (s, 1H), 10.34 (s, 1H), 8.80 (q, J ¼ 4.6 Hz, 1H), 8.57
(dd, J ¼ 5.8, 0.3 Hz, 1H), 8.27 (dd, J ¼ 9.1, 0.5 Hz, 1H), 8.13e8.12 (m,
1H), 8.01 (d, J ¼ 8.5 Hz, 1H), 7.83 (t, J ¼ 7.8 Hz, 1H), 7.62 (s, 2H), 7.47
(d, J ¼ 9.1 Hz, 1H), 7.42 (d, J ¼ 2.5 Hz, 1H), 7.34 (dd, J ¼ 7.7, 0.8 Hz,
1H), 7.24 (dd, J ¼ 5.6, 2.6 Hz, 1H), 2.79 (d, J ¼ 4.8 Hz, 3H); 13C NMR
(75 MHz, DMSO-d6) d 166.18, 164.12, 153.12, 152.51, 151.12, 149.32,
146.82, 139.35, 133.23, 131.70, 131.18, 131.12, 125.15, 124.84, 120.82,
119.98, 118.40, 116.37, 114.83, 114.67, 109.54, 26.47; HRMS (ESI-TOF)
m/z calcd for C23H16Cl2N5O3 [M�H]þ: 480.0636, found: 480.0627.

4.10.7. 4-((2-(3-(4-Chlorophenyl)ureido)quinolin-5-yl)oxy)-N-
methylpicolinamide (9g)

White solid; yield 85%; mp 248e250 �C; 1H NMR (400 MHz,
DMSO-d6) d 11.83 (s, 1H), 10.23 (s, 1H), 8.80 (q, J ¼ 4.4 Hz, 1H), 8.55
(d, J ¼ 5.6 Hz, 1H), 8.24 (d, J ¼ 8.8 Hz, 1H), 7.94 (d, J ¼ 8.4 Hz, 1H),
7.81 (t, J ¼ 8.0 Hz, 1H), 7.73 (d, J ¼ 8.8 Hz, 2H), 7.46e7.40 (m, 4H),
7.32 (d, J ¼ 7.2 Hz, 1H), 7.23 (dd, J ¼ 5.6, 2.8 Hz, 1H), 2.79 (d,
J ¼ 4.8 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) d 166.17, 164.13,
153.28, 153.11, 152.47, 151.10, 149.35, 146.85, 138.18, 133.08, 131.07,
129.27, 129.07, 126.95, 124.95, 121.18, 120.29, 118.31, 116.21, 114.83,
114.65, 109.58, 26.47; HRMS (ESI-TOF) m/z calcd for
C23H18ClN5O3Na [MþNa]þ: 470.0996, found: 470.0985.

4.10.8. 4-((2-(3-(4-Bromophenyl)ureido)quinolin-5-yl)oxy)-N-
methylpicolinamide (9h)

White solid; yield 93.3%; mp 261e264 �C; 1H NMR (400 MHz,
DMSO-d6) d 11.82 (s, 1H), 10.24 (s, 1H), 8.80 (q, J ¼ 4.4 Hz, 1H), 8.57
(d, J ¼ 5.6 Hz, 1H), 8.25 (d, J ¼ 9.2 Hz, 1H), 7.96 (d, J ¼ 8.4 Hz, 1H),
7.82 (t, J¼ 8.0 Hz, 1H), 7.71e7.67 (m, 2H), 7.56e7.54 (m, 2H), 7.47 (d,
J ¼ 9.2 Hz, 1H), 7.43 (d, J ¼ 2.8 Hz, 2H), 7.33 (d, J ¼ 7.4 Hz, 1H), 7.24
(dd, J ¼ 5.6, 2.4 Hz, 1H), 2.79 (d, J ¼ 4.8 Hz, 3H); 13C NMR (100 MHz,
DMSO-d6) d 166.18, 164.12, 153.28, 153.13, 152.46, 151.12, 149.37,
146.87, 138.62, 132.18, 131.10, 124.97, 121.59, 118.34, 116.25, 114.89,
114.85, 114.66, 109.58, 26.47; HRMS (ESI-TOF) m/z calcd for
C23H18BrN5O3Na [MþNa]þ: 514.0491, found: 514.0490.

4.10.9. 4-((2-(3-(4-Fluorophenyl)ureido)quinolin-5-yl)oxy)-N-
methylpicolinamide (9i)

White solid; yield 86%; mp 241e243 �C; 1H NMR (400 MHz,
DMSO-d6) d 11.75 (s, 1H), 10.20 (s, 1H), 8.81 (q, J ¼ 4.8 Hz, 1H), 8.57
(d, J ¼ 5.6 Hz, 1H), 8.25 (dd, J ¼ 9.2, 0.8 Hz, 1H), 7.96 (d, J ¼ 8.4 Hz,
1H), 7.82 (t, J ¼ 8.0 Hz, 1H), 7.74e7.71 (m, 2H), 7.45 (d, J ¼ 9.2 Hz,
1H), 7.42 (d, J ¼ 2.4 Hz, 1H), 7.33 (dd, J ¼ 7.6, 0.8 Hz, 1H), 7.25-7.23
(m, 3H), 2.79 (d, J ¼ 5.2 Hz, 3H); 13C NMR (100 MHz, DMSO-d6)
d 166.20, 164.13, 158.42, 153.39, 153.12, 152.58, 151.12, 149.36,
146.90, 135.54, 133.07, 131.09, 124.99, 121.46, 118.28, 116.23, 116.09,
115.86, 114.77, 109.56, 26.47; HRMS (ESI-TOF) m/z calcd for
C23H18FN5O3Na [MþNa]þ: 454.1292, found: 454.1277.

4.10.10. N-Methyl-4-((2-(3-(4-(trifluoromethyl)phenyl)ureido)
quinolin-5-yl)oxy)picolinamide (9j)

White solid; yield 95.7%; mp 271e273 �C; 1H NMR (400 MHz,
DMSO-d6) d 11.99 (s, 1H), 10.31 (s, 1H), 8.80 (q, J ¼ 4.9 Hz, 1H), 8.57
(d, J ¼ 5.6 Hz, 1H), 8.27 (d, J ¼ 9.3 Hz, 1H), 7.97 (d, J ¼ 8.4 Hz, 1H),
7.91 (d, J¼ 8.5 Hz, 2H), 7.83 (t, J¼ 7.8 Hz,1H), 7.72 (d, J¼ 8.6 Hz, 2H),
7.50 (d, J ¼ 9.1 Hz, 1H), 7.43 (d, J ¼ 2.5 Hz, 1H), 7.34 (dd, J ¼ 7.6,
0.7 Hz, 1H), 7.24 (dd, J¼ 5.6, 2.6 Hz, 1H), 2.80 (d, J ¼ 4.8 Hz, 3H); 13C
NMR (100 MHz, DMSO-d6) d 166.17, 164.15, 153.19, 153.12, 152.48,
151.12, 149.38, 142.90, 133.22, 131.15, 126.70, 126.65, 124.98, 123.61,
123.57, 123.26, 119.52, 118.43, 116.33, 114.84, 114.67, 109.58, 26.46;
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HRMS (ESI-TOF)m/z calcd for C24H18F3N5O3Na [MþNa]þ: 504.1260,
found: 504.1258.

4.10.11. N-Methyl-4-((2-(3-(naphthalen-1-yl)ureido)quinolin-5-yl)
oxy)picolinamide (9k)

White solid; yield 45.7%; mp 256e257 �C; 1H NMR (400 MHz,
DMSO-d6) d 12.35 (br. s, 1H), 10.49 (s, 1H), 8.82 (q, J ¼ 4.4 Hz, 1H),
8.58 (d, J ¼ 5.6 Hz, 1H), 8.44 (d, J ¼ 8.4 Hz, 1H), 8.31 (d, J ¼ 9.2 Hz,
1H), 8.26 (d, J ¼ 7.6 Hz, 1H), 8.04 (d, J ¼ 8.0 Hz, 1H), 7.92e7.87 (m,
2H), 7.81e7.74 (m, 2H), 7.65 (t, J¼ 7.6 Hz,1H), 7.57 (t, J¼ 7.6 Hz, 1H),
7.46 (q, J¼ 4.0 Hz, 2H), 7.37 (dd, J¼ 6.0, 2.4 Hz, 1H), 7.27 (dd, J¼ 5.6,
2.4 Hz, 1H), 2.80 (d, J ¼ 4.8 Hz, 3H); 13C NMR (100 MHz, DMSO-d6)
d 166.19, 164.14, 153.73, 153.14, 152.88, 151.15, 149.58, 146.90,
134.28, 134.21, 133.31, 131.60, 129.23, 126.84, 126.62, 126.50, 126.10,
124.15, 123.98, 121.43, 118.35, 117.87, 116.31, 115.09, 114.70, 109.61,
26.48; HRMS (ESI-TOF) m/z calcd for C27H21N5O3Na [MþNa]þ:
486.1542, found: 486.1538.

4.11. Cancer cell line screening

Anticancer activity of the target compounds against human
cancer cell lines was investigated using the MTT assay. HCT-116
(Human colorectal carcinoma), MCF-7 (breast cancer cells) and
SK-BR3 (breast cancer cells) were supplied from the Korea Cell Line
Bank (KCLB). All cell lines were grown in RPMI 1640/DMEM (Gibco
BRL) supplemented with 10% (V/V) heat inactivated Fetal Bovine
Serum (FBS) and maintained at 37 �C in a humidified atmosphere
with 5% CO2. The cells (5 � 104 cells/mL) were seeded into 96-well
plate. Various concentrations of samples was added to each well in
duplicate, then incubated at 37 �C with 5% CO2 for two days such
that time cells are in the exponential phase of growth at the time of
compound addition. Add 15 mL of the Dye Solution (Promrga, Cell
Titer 96) to each well. Incubate the plate at 37 �C for up to 4 h in a
humidified, 5% CO2 atmosphere. After incubation, add 100 mL of the
Solubilization Solution/Stop Mix (Promrga, Cell Titer 96) to each
well. Allow the plate to stand overnight in a sealed container with a
humidified atmosphere at room temperature to completely solu-
bilize the formazan crystals. The optical density was measured
using a microplate reader (Versamax, Molecular Devices) with a
570 nm wavelength.

The cancer cell screening over full panel of 60 human cancer cell
lines was applied at the National Cancer Institute (NCI), Bethesda,
Maryland, USA [32] adopting the standard procedure [47].

4.12. In vitro kinase screening

Reaction Biology Corp. Kinase HotSpotSM service [39] was used
for screening of compounds 9b and 9d. Assay protocol: In a final
reaction volume of 25 mL, kinase (5e10 mU) is incubated with
25 mM Tris pH 7.5, 0.02 mM EGTA, 0.66 mg/mL myelin basic pro-
tein, 10 mM magnesium acetate and [g33P-ATP] (specific activity
approx. 500 cpm/pmol, concentration as required). The reaction is
initiated by the addition of the Mg-ATP mix. After incubation for
40 min at room temperature, the reaction is stopped by the addi-
tion of 5 mL of a 3% phosphoric acid solution. 10 mL of the reaction is
then spotted onto a P30 filtermat and washed three times for 5 min
in 75mMphosphoric acid and once inmethanol prior to drying and
scintillation counting.

4.13. Molecular docking

The docking model was carried out using the X-ray co-crystal
structure of BRAFV600E, in its DFG-out conformation, with sor-
afenib (PDB: 1UWJ) [45] and C-RAF homology model. For docking
study with DFG-out conformation of C-RAF (amino acid code in
Uniprot: P04049), the homology model of C-RAF copying with
sorafenib was generated from a BRAFV600E X-ray crystal structure
using Modeller module implemented in Discovery Studio program.
The homology model was selected with low PDF energy, and the
proteins and ligands were respectively prepared using Protein-
PrepareWizard and Ligprep module in Maestro 9.7 (Schr€odinger,
LLC, New York). After adding hydrogens, protein was neutralized
and then optimized with energy minimization for only hydrogens.
Ligand was prepared through protonation at pH 7.4 and energy
minimization. Gold suite ver. 5.2 (CCDC, Cambridge, UK) with
goldscore was employed to predict binding mode of ligand into
BRAFV600E and C-RAF. The pose with the highest gold score were
selected as the best docking pose and used for analysis of binding
mode.

4.14. Cell cycle analysis

The A498 renal carcinoma cell line was seeded in 6 cm dishes
and incubated for overnight, followed by addition of the proper
concentrations of the test compounds (based on their IC50 values)
at the second day. The cells treated with the test compounds were
incubated for 48 h. Untreated and treated cells were harvested,
washed with phosphate-buffered saline (PBS), fixed in ice-cold 70%
ethanol, and stained with propidium iodide. The cell cycle of the
treated cells was analyzed by BD Calibur, and the datawas analyzed
by Modfit software.
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