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Built upon the 4-acrylamido quinoline derivative 4, a previously discovered PI3K/mTOR dual inhibitor,
structural modification was undertaken in this study with the attempt to improve its oral exposure via
introducing steric hindrance to the 4-acrylamido functionality. Consequently, 14d, as the representative
among the synthesized compounds, exhibited IC50 values of 0.80, 0.67, 1.30, 1.30 and 5.0 nM against
PI3Ka, PI3Kb, PI3Kg, PI3Kd and mTOR, respectively. Besides, 14d displayed comparable anti-proliferative
activity against both PC3 and U87MG cell lines to that of the positive reference GSK2126458 with
respective GI50 value of 0.36 and 0.14 mM. Kinase selectivity assay showed that 14d was selective to PI3K
family. In U87MG cells, 14d can strongly down-regulate PI3K/Akt/mTOR pathway via blocking both PI3K
and mTOR signaling at the concentration as low as 25 nM. Importantly, following a PO dose of 5 mg/kg in
male SD rats, 14d displayed favorable oral exposure (AUC0-t ¼ 1336.16 h � ng/mL, AUC0-

∞ ¼ 1447.63 h � ng/mL) and high maximum plasma concentration (Cmax ¼ 903.00 ng/mL). In a U87MG
glioblastoma xenograft model, tumor growth inhibition of 93.5% and tumor regression were observed at
PO dose of 30 and 60 mg/kg, respectively. Meanwhile, no overt loss of body weight was observed in the
14d-treated groups. Taken together, 14d, by virtue of its attractive performance, merits further devel-
opment as a potential anti-tumor candidate.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Phosphoinositide 3-kinase/Akt/mammalian target of rapamycin
(PI3K/Akt/mTOR, PAM) pathway has attracted massive pharma-
ceutical investments in exploring its inhibitors for battling human
malignancies [1e3]. PI3K, the upstream effector along the pathway,
comprises three classes, known as class I, class II, and class III PI3Ks.
Owing to the differentiation in catalytic subunit and biological
function, class I PI3Ks are further divided into four isoforms, termed
as PI3Ka, b, g, and d. In particular, PI3Ka and b have been identified
to be drivers in amyriad of cancers. Besides, PI3Kd has been verified
to be closely relevant to leukocyte-mediated malignancies [4].

mTOR, the downstream signaling effector along PAM cascade,
served.
belongs to the phosphatidylinositol 3-kinase-related kinase family.
Both PI3K and mTOR are attractive anti-cancer targets with great
medicinal potential, as testified by the clinical advancement of
numerous inhibitors targeting PI3K or (and) mTOR [5]. As for se-
lective PI3K inhibitors, alpelisib (PI3Ka inhibitor), idelalisib (PI3Kd
subtype-selective inhibitor), copanlisib (PI3Ka/d dual inhibitor) and
duvelisib (PI3Kg/d dual inhibitor) have been successively approved
for the treatment of leukocyte-mediated malignancies [6e9].
Everolimus, sirolimus and temsirolimus are all mTOR allosterically
inhibitors. As for indications, everolimus has been approved for
prevention of allograft rejection, treatment of cancer and TSC-
associated seizures; sirolimus is used for prevention of allograft
rejection; temsirolimus is used as anti-cancer agent [10e12].
Recently, numbers of ATP competitive mTOR-selective inhibitors
showed promising anti-cancer efficacy, such as CC-223, INK128,
AZD2014, PQR620, and tricyclic pyrimido-pyrrolo-oxazines
[13e17]. In addition, ATP competitive mTOR-selective inhibitors
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Fig. 1. Clinically investigated PI3K/mTOR dual inhibitors bearing quinoline as the hinge
binder.
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have been very recently explored in preclinical development for
neurological disorders and epilepsy, such as PQR626, and thiazo-
lopyrimidines [18,19].

The compromised response to kinase inhibitors (KIs) induced by
intrinsic drug resistance mechanisms has emerged as a major
concern of research community [20,21]. Among these, the
augmented downstream signaling is frequently observed. Persis-
tently active mTOR signaling is sufficient for limiting the sensitivity
to PI3K inhibitor, and the reactivation of mTOR signaling has been
observed in tumors from patients whose disease progressed after
treatment solely targeting PI3K [22]. Moreover, the clinical appli-
cation of mTOR allosteric modulators is hindered by the release of
S6K/IRS1/PI3K negative feedback loop, which activates PI3K and
neutralizes the therapeutic efficacy resulted from mTOR inhibition
[23,24]. In view of these, dual inhibition of PI3K and the down-
stream effector mTOR with a single drug molecule is beneficial for
surmounting or delaying these resistance mechanisms, in addition
to conferring a two-spot ablation of PAM pathway and producing a
synergism. In addition, due to the homology of mTOR to PI3K in the
catalytic region, a number of PI3K inhibitors concomitantly inacti-
vate mTOR. So far, numerous PI3K/mTOR dual inhibitors have been
progressed into clinical investigation, such as BEZ235 (1), BGT226
(2), GSK2126458 (3), GDC-9080, PF-04691502, PQR309, and
recently discovered inhibitors PQR514 and PQR530 [25e32].
Among them, BEZ235 (1), BGT226 (2), GSK2126458 (3) share the
quinoline template, which serves as an ideal H-bond acceptor to
confer interaction with the hinge region of both PI3K and mTOR
(Fig. 1).

During our pursuit of quinoline-based PI3K/mTOR dual in-
hibitors, a novel series of 4-acrylamido derivatives has been
discovered via probing amino acid residue located at the entrance
to ATP-binding pocket of PI3K. The representative compound 4
showed strong potency in vitro but with low oral exposure in vivo
(379 h � ng/mL following the oral gavage at the dosage of 5 mg/kg
in male Sprague-Dawley (SD) rats), which needs further structural
modifications to improve its pharmacokinetic (PK) properties
(Fig. 2) [33]. In respect of the chemical structure of 4, the existence
of 4-acrylamido functionality, it is probable that the Michael-
acceptor can be captured in vivo, may be responsible for lowering
the oral exposure. Hence, our strategy to optimize 4 prioritized
introduction of steric hindrance by replacing the b-H of the 4-
acrylamido functionality with a methyl group. Besides, the E or Z-
configuration was investigated for a more favorable binding affin-
ity, and several terminal amine groups of the 4-acrylamido func-
tionality were introduced for modifying the physicochemical
properties. Above all, we herein communicate our approach to
attaining potent 4-acrylamido-quinoline-derived PI3K/mTOR dual
inhibitors with improved oral exposure, as well as favorable in vitro
and in vivo potency.

2. Results and discussion

2.1. Chemistry

The synthetic route for b-methyl-4-acrylamido-quinolines
14aef is outlined in Scheme 1. Reaction of 4-bromoaniline 5 with
methyl vinyl ketone in the presence of FeCl3 and ZnCl2 provided 4-
methyl-6-bromoquinoline 6. Following oxidation of 6 with SeO2,
the newly formed 6-bromoquinoline-4-carbaldehyde 7was treated
with MeMgBr, thereby leading to the generation of quinolin de-
rivative 8. Afterwards, oxidation of 8 with Dess-Martin afforded 1-
(5-bromoquinolin-4-yl)ethan-1-one 9, which was treated with
triethyl phosphonoacetate to give the intermediates ethyl (E)-3-(5-
bromoquinolin-4-yl)but-2-enoate 10a and ethyl (Z)-3-(5-
bromoquinolin-4-yl)but-2-enoate 10b. The configuration (E/Z) of
2

10a or 10b was determined by Nuclear Overhauser Effect (NOE,
data provided in the supplemental material). As shown in Scheme
1, NOE correlations of H-2’/H-3 and H-2’/H-40 were observed in 10a,
which suggested the configuration of the carbon-carbon double
bond was E. On the contary, NOE correlations of H-2’/H-3, and H-2’/
H-40 were not observed in 10b, thereby indicating the Z configu-
ration of the carbon-carbon double bond.

Subsequently, 10a and 10b through hydrolysis, condensation
and Suzuki coupling with the borate 13 afforded the target com-
pounds 14aef, respectively.

2.2. Enzymatic activity against PI3Ka and mTOR

Given the important role played by abnormal PI3Ka signaling in
cancer, all the target compounds were first assayed for their
inhibitory activities against PI3Ka with the clinically investigated
GSK2126458 as the positive reference (Table 1). As a result, a ma-
jority of them (14a-e) exhibited single-digit nanomolar or sub-
nanomolar inhibitory activities against PI3Ka. In the mTOR
inhibitory activity assay, 14a-e also showed favorable inhibitory
activity with IC50 values below 10 nM. Among these compounds,
14d exerted the most potent inhibitory activity against PI3Ka with
IC50 value of 0.80 nM, which was comparable to that of
GSK2126458.

As for the structure-activity relationship (SAR), it was consistent
with our previous docking analysis [24]. As exemplified by the
modeling of 14c docking into the ATP-binding pocket of PI3Ka (PDB
code 4JPS), which showed that E-configuration acrylamide on 14c
form an additional hydrogen bond with Gln 859, leading to the
approximately 21-fold enhancement in PI3Ka inhibitory activity
compared to Z-configuration compound 14f (Fig. 3). Hence, the E-
configuration of the C]C double bond was more beneficial for
enzymatic activity.

2.3. Anti-proliferative activity

Consistent with their potent enzymatic activity, compounds
14a-e displayed remarkable cytotoxic activities against both pros-
tate cancer PC3 and glioblastoma U87MG cell lines with GI50 values
at low micromolar or submicromolar level (Table 1). Throughout
these, the anti-proliferative activity of 14a and 14d against both cell
lines was comparable to that of GSK2126458 with the GI50 values
below 0.5 mM. In particular, compound 14d exerted the most
attractive activity against U87MG cell line with GI50 value of
0.14 mM.

2.4. Enzymatic activity against other class I PI3Ks

Owing to its most potent PI3Ka inhibitory activity throughout
this series and the attractive anti-proliferative activity, 14d was
selected for evaluating the potency against other class I PI3K



Fig. 2. The design concept of target compounds in this study.

Scheme 1. The synthetic route for target compounds 14a-f. Reagents and conditions: (a) methyl vinyl ketone, FeCl3, CH3COOH, 70 �C, 3 h; ZnCl2, reflux, 2 h; (b) SeO2, dioxane/H2O,
100 �C, 2 h; (c) MeMgBr, THF, 0 �C to rt, 12 h; (d) Dess-Martin, NaHCO3, DCM, 25 �C, 4 h; (e) NaH, triethyl phosphonoacetate, THF, 0 �C to rt, 1.5 h; (f) LiOH$H2O, THF, 25 �C, 48 h; (g)
EDCI, HOBt, CH2Cl2, rt, 2 h; amines, triethylamine, 1 h, rt; (h) Pd (dppf)2Cl2, K2CO3, dioxane/H2O, 100 �C, 10 h.
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Table 1
PI3Ka and mTOR inhibitory activities and anti-proliferative activities of compounds
14a-f.

Compd. IC50(nM) GI50 (mM)

PI3Ka mTOR PC3 U87MG

4 1.04 ± 0.08 3.2 ± 0.47 0.45 ± 0.03 0.22 ± 0.03
14a 1.5 ± 0.22 1.7 ± 0.38 0.29 ± 0.02 0.38 ± 0.05
14b 1.2 ± 0.19 2.1 ± 0.36 1.16 ± 0.19 0.39 ± 0.06
14c 1.1 ± 0.20 3.3 ± 0.41 1.67 ± 0.14 0.61 ± 0.12
14d 0.80 ± 0.15 5.0 ± 0.39 0.36 ± 0.02 0.14 ± 0.03
14e 1.4 ± 0.12 6.1 ± 0.85 1.08 ± 0.09 0.60 ± 0.14
14f 23 ± 3.3 141 ± 12 8.02 ± 0.67 >10.00
GSK2126458 0.30 ± 0.04 0.34 ± 0.02 0.25 ± 0.03 0.22 ± 0.02

Table 2
Enzymatic activity of compound 14d against class I PI3Ks.

Compd. IC50 (nM)

PI3Ka PI3Kb PI3Kg PI3Kd

14d 0.80 ± 0.15 0.67 ± 0.19 1.30 ± 0.11 1.30 ± 0.27
GSK2126458 0.30 ± 0.04 0.19 ± 0.03 0.44 ± 0.06 0.78 ± 0.17
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isoforms. Consequently, 14d displayed potent inhibition against
PI3Kb, g, and d with respective IC50 value of 0.67, 1.3 and 1.3 nM,
which suggested that it was a potent pan-class I PI3Ks/mTOR dual
inhibitor (Table 2). Considering the different biological functions
and the differentiated distribution of the four class I PI3K isoforms,
as well as the role played by non-PI3Ka isoforms in tumor progress,
the pan-class I PI3Ks inhibition was envisioned to improve anti-
tumor efficacy and broaden the anti-tumor spectrum.

2.5. Kinase selectivity profiling

To identify its selectivity over the kinases not belonging to PI3K
family, compound 14d was subjected to further profiling against a
panel of 52 kinases at the concentration of 10 mMwith DiscoveRx’s
KINOMEscan™ assay (Table 3). The results for primary screen
binding interactions were reported as “% Ctrl”, and the lower value
indicated stronger hits. The results showed that 14d was highly
selective to PI3Ks and PI3K-related kinases, and other lipid kinase,
including PIK3CA, PIK3CB, PIK3CD, PIK3CG, MTOR, PIK3C2B,
PIK3C2G, PIK4CB, PIP5K2B, VPS34 and PIKFYVE (gene symbol of
kinases) (Table 3).

2.6. Western Blot analysis

Subsequently, compound 14d was evaluated for its capability to
down-regulate the levels of some important biomarkers of PAM
signaling, including phos-Akt (Ser473), phos-Akt (Thr308), phos-S6
ribosomal protein (Ser235/236) and phos-4E-BP1 (Thr37/46) in
U87MG cells with GAPDH introduced as the internal control. The
suppressive effect of 14d was evaluated at the concentrations of 5,
Fig. 3. Docking modes of compounds 14f and 14c with PI3Ka. (A) The binding mode

4

25,125 and 625 nM. In theWestern Blot study, the down-regulation
of phos-Akt indicated the suppression of PI3K signaling, while the
down-regulation of phos-S6 ribosomal protein and phos-4E-BP1
was the testimony of the ablation of mTOR signaling. Further-
more, the dual suppression of PI3K andmTOR signaling implied the
potential to produce synergism and delay the resistance resulted
from augmented downstream signaling, as well as S6K/IRS1/PI3K
negative feedback loop. According to Fig. 4A, at the concentration as
low as 25 nM, 14d exhibited remarkable suppressive effect on the
levels of phos-Akt (Ser473), phos-Akt (Thr308), phos-S6 ribosomal
protein (Ser235/236), phos-4E-BP1 (Thr37/46), which was com-
parable to that of the positive reference GSK2126458 (Fig. 4B). The
results demonstrated that compound 14d can strongly down-
regulate the PAM pathway via blocking both PI3K and mTOR
signaling, thereby indicating the potential to fulfill synergism and
ameliorate the resistance due to PI3K or mTOR mono-inhibition.

2.7. Pharmacokinetic (PK) study

By virtue of its favorable in vitro performance, we investigated
the PK profiles of 14d after a PO dose of 5 mg/kg in male SD rats for
verifying the contribution of b-methyl group to the improvement in
oral exposure (Fig. 5, Table 4). As a result, 14d exhibited favorable
oral exposure (AUC0-t ¼ 1336.16 h � ng/mL, AUC0-
∞ ¼ 1447.63 h � ng/mL) and high maximum plasma concentration
(Cmax ¼ 903.00 ng/mL). As we anticipated, compound 14d dis-
played significantly improved oral exposure in comparison with its
b-position-unsubstituted counterpart 4. It was envisioned the
favorable in vitro potency and oral exposure of 14dmay translate to
the remarkable in vivo anti-tumor efficacy.

2.8. In vivo anti-tumor efficacy in U87 MG glioblastoma xenograft
model

The favorable in vitro potency and oral exposure of 14d
prompted us to evaluate its in vivo therapeutic efficacy in a U87MG
of 14f with the catalytic site; (B) the binding mode of 14c with the catalytic site.



Table 3
Kinase selectivity of 14d in a panel of kinases (KinomeScan)a.

Kinaseb % Ctrlc Kinaseb % Ctrlc Kinaseb % Ctrlc Kinaseb % Ctrlc Kinaseb % Ctrlc

AAK1 44 CDKL5 69 MAP3K15 45 PIK3C2G 0 PKMYT1 70
ACVR2A 100 CIT 71 MAP3K4 92 PIK3CA 0 PRP4 100
ACVR2B 100 CSNK1A1L 84 MAST1 58 PIK3CB 0 RIPK1 87
ANKK1 100 EPHB6 11 MEK5 63 PIK3CD 0 RIPK4 82
BIKE 49 ERBB3 89 MKK7 73 PIK3CG 0 TIE1 71
BUB1 91 ERK3 78 MTOR 0 PIK4CB 0.55 VPS34 0.1
CDC2L1 93 ERK4 100 NEK10 61 PIKFYVE 1.9 TNNI3K 87
CDK11 95 ERN1 54 PCTK2 100 PIP5K1A 45 YANK1 84
CDK8 96 GAK 22 PCTK3 78 PIP5K1C 35
CDKL1 82 IRAK3 24 PFTK1 78 PIP5K2B 100
CDKL3 100 LZK 53 PIK3C2B 0 PIP5K2B 9.4

a 14d against a panel of 52 kinases at the concentration of 10 mM.
b Gene symbol of kinases.
c % Ctrl¼ (tested compound signal - positive control signal)/(negative control signal - positive control signal)� 100, negative control¼ DMSO (% Ctrl¼ 100), positive control

(% Ctrl ¼ 0).

Fig. 4. The suppressive effect of 14d (A) and GSK2126458 (B) on the phosphorylation of Akt, S6 ribosomal protein and 4E-BP1 in U87MG cells following 3 h treatment: The levels of
phos-Akt (Ser473), phos-Akt (Thr308), phos-S6 ribosomal protein (Ser235/236) and phos-4E-BP1 (Thr37/46) in different groups were determined via Western Blot assay. The bar
chart represented the quantification of the bands in the Western Blot with the result shown as mean ± SD (n ¼ 3 biological replicates). *p < 0.05, **p < 0.01 V S control (cells
incubated without 14d or GSK2126458).
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Fig. 5. The concentration-time curves of 14d and 4 in male SD rats: three animals for PO dose of 5 mg/kg.

Table 4
PK parameters of compounds 4 and 14da.

Compd t1/2 (min) Cmax (ng/mL) AUC0-t (h � ng/mL) AUC0-∞ (h � ng/mL) MRT0-t (min) MRT0-∞ (min)

4 104.09 249.47 379.40 412.31 113.69 155.25
14d 110.75 903.00 1336.16 1447.63 113.79 154.15

a Mean pharmacokinetic parameters of 4 and 14d after a PO dose of 5 mg/kg in male Sprague-Dawley rats (n ¼ 3 animals).
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glioblastoma xenograft model. Male ICR nudemicewere inoculated
subcutaneously with U87MG cells to induce solid tumors. After the
establishment of the tumors, the mice were randomized and
administered upon oral gavage with 30 or 60 mg/kg of 14d every
other day for a period of 24 days. The growth of tumors in indi-
vidual mice was monitored by measurement of the tumor volume
(Fig. 6A) every four days. The results of this study demonstrated
that compound 14d showed a significant inhibition of tumor
growth. Tumor growth inhibition of 93.5% was observed at dose of
30 mg/kg. In particular, tumor regression was observed at the dose
of 60 mg/kg after this schedule. Furthermore, there was no signif-
icant weight loss in the 14d-treated groups (Fig. 6B).
Fig. 6. In vivo efficacy of compound 14d. (A) Tumor volume in a U87 MG glioblastoma xeno
and p-values generated by multiple t tests (*p < 0.05, **p < 0.01, ***p < 0.001 V S vehicle

6

3. Conclusion

In summary, we described the structural optimization of quin-
oline analogue 4 to improve its PK properties, particularly the oral
exposure. With the strategy of increasing metabolic steric hin-
drance, b-methyl-4-acrylamido quinoline derivatives 14a-f were
synthesized and biological evaluated. As a result, 14d showed
potent activities in enzymatic assay and anti-proliferative assay,
and significantly inhibited PI3K/mTOR signaling at nanomole con-
centration in Western Blot assay in vitro. Further studies indicated
that the 14d showed significantly improved oral exposure in
comparisonwith its b-position-unsubstituted counterpart 4 in vivo.
graft model after treatment with 14d, symbols represent the mean and standard error,
). (B) Bodyweight change in animal treatment with 14d.
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Moreover, 14d exhibited strong therapeutic efficacy in a U87MG
glioblastoma xenograft model in vivo. Thus, the strong anti-cancer
activities and improved oral exposure suggested that our strategy
for structural optimization of quinoline analogue 4 is worthwhile.

4. Experimental section

4.1. Chemistry

1H and 13C NMR spectra were recorded on a Brüker 500 or
400 MHz spectrometer in the indicated solvent with TMS as the
internal standard. Chemical shifts and coupling constants (J) were
given in ppm (d) and hertz (Hz), respectively. NMR signals were
abbreviated as follows: s, singlet; d, doublet; dd, doublet of dou-
blets; t, triplet; td, doublet of triplets; q, quartet; m, multiplet.
Signals markedwith an asterisk (*) correspond to peaks assigned to
the minor rotamer conformation. Mass spectra (MS) were
measured on an Esquire-LC-00075 (ESI-MS) spectrometer, while
HRMS data were collected by Waters Q-TOF (ESI-MS) Micromass.
Column chromatography was performed using silica gel (200e300
mesh, Qingdao haiyang chemical Co., Ltd.). Reagents and solvents
were commercially available without further purification.

4.1.1. 6-Bromo-4-methylquinoline (6)
To a solution of 4-bromoaniline 5 (33.0 g, 193.02 mmol) in acetic

acid (200 mL) was added FeCl3 (32.0 g, 198.96 mmol) and the
mixture was then stirred at room temperature for 10 min. After-
wards, methyl vinyl keton (17.0 mL, 209.71 mmol) was added
dropwise over 30min and the reactionmixturemaintained at 70 �C
for 3 h. Then, ZnCl2 (26.0 g, 194.22 mmol) was added and the so-
lution refluxed for 2 h. After cooling to room temperature, the
mixture was evaporated under reduced pressure, basified with
NaOH solution (1 N), and extracted with EtOAc. The combined
organic extracts were dried over magnesium sulfate and concen-
trated to give the crude product, which was further purified by
column chromatography (20% EA/PE) to give the title intermediate
as a brown solid (6.78 g, 30.68mmol, 16% yield). 1H NMR (500MHz,
DMSO‑d6) d 8.79 (d, J ¼ 4.5 Hz, 1H, AreH), 8.29 (d, J ¼ 2.0 Hz, 1H,
AreH), 7.96 (d, J ¼ 9.0 Hz, 1H, AreH), 7.88 (dd, J ¼ 9.0, 2.0 Hz, 1H,
AreH), 7.43 (d, J ¼ 4.5 Hz, 1H, AreH), 2.67 (s, 3H, CH3); ESI-MS: m/
z ¼ 222.0 [MþH]þ.

4.1.2. 6-Bromoquinoline-4-carbaldehyde (7)
To a solution of 6-bromo-4-methylquinoline (1.0 g, 4.52 mmol)

in dioxane/H2O (V/V, 8/1) was added SeO2 (2.5 g, 22.34 mmol) at
room temperature. After being stirred at 100 �C for 2 h, the reaction
mixture was filtered and the solution was dried under reduced
pressure. The residue was dissolved in EtOAc and washed succes-
sively with saturated aqueous NaHCO3 and water. The organic
phase was then dried over magnesium sulfate and concentrated in
vacuo to afford a brown solid, which was purified by column
chromatography (20% EA/PE) to give 6-bromoquinoline-4-
carbaldehyde (0.78 g, 3.32 mmol, 73%) as a light yellow solid. 1H
NMR (500 MHz, DMSO‑d6) d 10.49 (s, 1H, CHO), 9.28 (d, J ¼ 4.5 Hz,
1H, AreH), 9.18 (d, J ¼ 2.0 Hz, 1H, AreH), 8.12 (d, J ¼ 9.0 Hz, 1H,
AreH), 8.11 (d, J ¼ 4.5 Hz, 1H, AreH), 8.03 (dd, J ¼ 9.0, 2.0 Hz, 1H,
AreH); ESI-MS: m/z ¼ 236.0 [MþH]þ.

4.1.3. 1-(6-bromoquinolin-4-yl)ethan-1-ol (8)
To a solution of 7 (30.0 g, 127 mmol) in anhydrous THF (800 mL)

was added a solution of MeMgBr in THF (84.8 mL, 3 M) at 0 �C. After
the reaction mixture was stirred at room temperature under N2
atmosphere for 12 h, it was quenched with saturated ammonium
chloride solution and extracted with EtOAc (200 mL � 3). The
combined organic layer was dried over anhydrous Na2SO4 and
7

concentrated under reduced pressure. The residue was purified by
column chromatography to give the title compound (28.0 g,
111 mmol, 87% yield) as a yellow solid. 1H NMR (400 MHz,
DMSO‑d6) d 8.84 (d, J ¼ 4.5 Hz, 1H, AreH), 8.37 (d, J ¼ 2.0 Hz, 1H,
AreH), 7.91 (d, J ¼ 9.0 Hz, 1H, AreH), 7.80 (dd, J ¼ 9.0, 2.0 Hz, 1H,
AreH), 7.57 (d, J ¼ 4.5 Hz, 1H, AreH), 5.58 (d, J ¼ 4.3 Hz, 1H, OH),
5.47e5.31 (m, 1H, CH), 1.39 (d, J ¼ 6.5 Hz, 3H, CH3); ESI-MS: m/
z ¼ 252.0 [MþH]þ.

4.1.4. 1-(6-bromoquinolin-4-yl)ethan-1-one (9)
To a solution of 8 (28.0 g, 111 mmol) in DCM (500 mL) were

added NaHCO3 (9.33 g, 111 mmol) and Dess-Martin (71.0 g,
166 mmol). After the resultant mixture was stirred at room tem-
perature for 4 h under N2 atmosphere, the reaction was quenched
by sodium sulphite solution. Then, the mixture was extracted with
EtOAc (200 mL� 3), and the organic layer was washed successively
with saturated sodium bicarbonate solution (200 mL) and brine
(200 mL). The organic phase was dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The residue was finally pu-
rified by column chromatography to give the title compound
(20.6 g, 82.7 mmol, 75% yield) as a yellow solid. 1H NMR (400 MHz,
DMSO‑d6) d 9.11 (d, J ¼ 4.5 Hz, 1H, AreH), 8.65 (d, J ¼ 2.0 Hz, 1H,
AreH), 8.07e8.00 (m, 2H, AreH), 7.78 (m, 1H, AreH), 2.26 (s, 3H,
CH3); ESI-MS: m/z ¼ 250.0 [MþH]þ.

4.1.5. ethyl 3-(6-bromoquinolin-4-yl)but-2-enoate (10a) and ethyl
(Z)-3-(6-bromoquinolin-4-yl)but-2-enoate(10a and 10b)

To a suspension of NaH (3.64 g, 152 mmol) in THF was added
triethyl phosphonoacetate (42.5 g, 190 mmol, 37.6 mL) at 0 �C, and
the resultant mixture was stirred for 30 min at the same temper-
ature. 6-bromoquinoline-4-carbaldehyde (31.6 g, 126 mmol) was
then added and the mixture stirred for 1 h at room temperature.
The reaction mixture was cooled to 0 �C and ice water was added.
After extracting with EtOAc, the organic phase was washed with
saturated NaHCO3 solution, dried over magnesium sulfate, and
concentrated in vacuo to afford the crude product, which was
further purified by column chromatography to give the title com-
pounds (10a: 9.55 g, 29.8 mmol, 24% yield; 10b: 7.26 g, 22.7 mmol,
18% yield) as yellow solid. 10a: 1H NMR (400 MHz, CDCl3) d 8.82 (d,
J ¼ 4.3 Hz, 1H, AreH), 7.97e7.91 (m, 2H, AreH), 7.73 (dd, J ¼ 8.9,
2.1 Hz, 1H, AreH), 7.14 (d, J ¼ 4.3 Hz, 1H, AreH), 5.89 (d, J ¼ 1.5 Hz,
1H, alkene hydrogen), 4.21 (q, J¼ 7.1 Hz, 2H, CH2), 2.51 (d, J¼ 1.5 Hz,
3H, CH3), 1.28 (t, J ¼ 7.1 Hz, 3H, CH3); ESI-MS:m/z ¼ 320.0 [MþH]þ.
10b: 1H NMR (400 MHz, CDCl3) d 8.82 (d, J ¼ 4.3 Hz, 1H), 7.93 (d,
J ¼ 8.8 Hz, 1H), 7.81 (d, J ¼ 2.0 Hz, 1H), 7.70 (dd, J ¼ 8.8, 2.0 Hz, 1H),
7.06 (d, J¼ 4.3 Hz,1H), 6.16 (d, J¼ 1.5 Hz,1H, alkene hydrogen), 3.79
(q, J¼ 7.2 Hz, 2H, CH2), 2.19 (d, J¼ 1.5 Hz, 3H, CH3), 0.81 (t, J¼ 7.2 Hz,
3H, CH3); ESI-MS: m/z ¼ 320.0 [MþH]þ.

4.1.6. (E)-3-(6-bromoquinolin-4-yl)but-2-enoic acid (11a)
To a solution of 10a (7.00 g, 21.8 mmol) in THF (20.0 mL) was

added a solution of LiOH$H2O (2.75 g, 65.5 mmol) in H2O (20.0 mL).
After the resultant mixture was stirred at 25 �C for 48 h, the pHwas
adjusted to 4e5 with 2 N HCl. The precipitate was filtered, washed
with water, and dried in vacuo to provide the title intermediate as a
white solid (6.00 g, 20.54 mmol, 94% yield). 1H NMR (400 MHz,
DMSO‑d6) d 9.04e8.84 (brs, 1H, AreH), 8.81e7.91 (m, 2H, AreH),
7.92 (brd, J ¼ 8.8 Hz, 1H, AreH), 7.46 (brs, 1H, AreH), 5.90 (brs, 1H,
alkene hydrogen), 2.51 (brs, 3H, CH3); ESI-MS:m/z¼ 291.8 [MþH]þ.

4.1.7. (Z)-3-(6-bromoquinolin-4-yl)but-2-enoic acid (11b)
This intermediate was prepared from 10b (7.00 g, 21.8 mmol)

according to the synthetic procedure of 11a as a light yellow solid
(5.50 g, 18.8 mmol, 86% yield). 1H NMR (400 MHz, DMSO‑d6) d 12.12
(brs, 1H, COOH), 8.91 (d, J ¼ 4.3 Hz, 1H, AreH), 8.0 (d, J¼ 8.8 Hz, 1H,
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AreH), 7.93e7.86 (m, 2H, AreH), 7.34 (d, J¼ 4.3 Hz, 1H, AreH), 6.28
(d, J ¼ 1.5 Hz, 1H, alkene hydrogen), 2.22 (d, J ¼ 1.5 Hz, 3H, CH3);
ESI-MS: m/z ¼ 291.8 [MþH]þ.

4.1.8. General procedure A for the synthesis of intermediates 12a-f
A solution of 11a or 11b (1.0 equiv), EDCI (1.5 equiv) and HOBt

(1.5 equiv) in dry CH2Cl2 was stirred at room temperature for 2 h.
Triethylamine (3.0 equiv) and corresponding amine (2.0 equiv)
were then added. After being stirred at room temperature for 1 h,
the reaction mixture was washed successively with 1 N NaOH and
water. The organic phase was dried with magnesium sulfate and
concentrated in vacuo to afford the crude product, which was
further purified by silica gel column chromatography to give the
desired intermediates. The 1H NMR and 13C NMR spectra of 12a
indicated a mixture of rotamers [34].

4.1.8.1. (E)-3-(6-bromoquinolin-4-yl)-N-(2-hydroxyethyl)-N-methyl-
but-2-enamide (12a). This intemidiate was prepared from 11a
(100 mg, 0.34 mmol) and 2-(methylamino)ethan-1-ol (51 mg,
0.68 mmol) according to the general synthetic procedure A as a
white solid (85 mg, 0.24 mmol, 71% yield). 1H NMR (400 MHz,
DMSO‑d6) d 8.94/8.93* (2 � d, J ¼ 4.4 Hz, 1H, AreH), 8.16/8.12*
(2 � d, J ¼ 2.0 Hz, 1H, AreH), 8.04*/8.02 (2 � dd, J ¼ 8.8, 3.2 Hz, 1H,
AreH), 7.96e7.93/7.92e7.89* (2 � m, 1H, AreH), 7.50*/7.48 (2 � d,
J ¼ 2.0 Hz, 1H, AreH), 6.38/6.30* (2 � d, J ¼ 1.2 Hz, 1H, alkene
hydrogen), 4.85/4.76* (2 � t, J ¼ 5.2 Hz, 1H, OH), 3.56 (m, 2H, CH2),
3.45 (m, 2H, CH2), 3.10*/2.95 (2 � s, 3H, CH3), 2.30e2.22 (m, 3H,
CH3); 13C NMR (100 MHz, DMSO‑d6) d 166.50/166.20*, 150.82,
148.90/148.70*, 146.62, 141.41/141.30*, 132.67, 131.87*/131.81,
127.14/126.98*, 126.45, 125.86/125.60*, 120.30*/120.24, 120.12,
58.54*/58.40, 51.85/49.26*, 36.51*/32.66, 20.16/20.08*; ESI-MS: m/
z ¼ 349.0 [M þ H]þ.

4.1.8.2. (E)-3-(6-bromoquinolin-4-yl)-1-(pyrrolidin-1-yl)but-2-en-1-
one (12b). This intermediate was prepared from 11a (100 mg,
0.34 mmol) and pyrrolidine (48 mg, 0.68 mmol) according to the
general synthetic procedure A as a white solid (89 mg, 0.26 mmol,
76% yield). 1H NMR (400 MHz, DMSO‑d6) d 8.94 (d, J ¼ 4.4 Hz, 1H,
AreH), 8.12 (d, J ¼ 2.0 Hz, 1H, AreH), 8.03 (d, J ¼ 8.8 Hz, 1H, AreH),
7.93 (dd, J ¼ 8.8, 2.0 Hz, 1H, AreH), 7.49 (d, J ¼ 4.4 Hz, 1H, AreH),
6.23 (d, J¼ 1.2 Hz,1H, alkene hydrogen), 3.47 (t, J¼ 6.8 Hz, 2H, CH2),
3.41 (t, J ¼ 6.8 Hz, 2H, CH2), 2.40 (d, J ¼ 1.2 Hz, 3H, CH3), 1.95e1.77
(m, 4H, CH2 � 2); 13C NMR (100 MHz, DMSO‑d6) d 164.00, 150.84,
149.07, 146.60, 143.81, 132.69, 131.84, 127.01, 126.26, 124.88, 120.24,
120.14, 46.26, 45.30, 25.61, 23.85, 20.04; MS (ESI)m/z ¼ 345.1 [M þ
H]þ.

4.1.8.3. (E)-3-(6-bromoquinolin-4-yl)-1-morpholinobut-2-en-1-one
(12c). This intermediate was prepared from 11a (100 mg,
0.34 mmol) and morpholine (59 mg, 0.68 mmol) according to the
general synthesis procedure A as a white solid (93 mg, 0.26 mmol,
76% yield). 1H NMR (400 MHz, DMSO‑d6) d 8.94 (d, J ¼ 4.4 Hz, 1H,
AreH), 8.08 (d, J ¼ 2.0 Hz, 1H, AreH), 8.03 (d, J ¼ 8.8 Hz, 1H, AreH),
7.93 (dd, J ¼ 8.8, 2.0 Hz, 1H, AreH), 7.51 (d, J ¼ 4.4 Hz, 1H, AreH),
6.34 (d, J ¼ 1.2 Hz, 1H, alkene hydrogen), 3.64e3.52 (m, 8H,
CH2� 4), 2.28 (d, J¼ 1.2 Hz, 3H, CH3); 13C NMR (100MHz, DMSO‑d6)
d 164.91, 150.80, 148.54, 146.60, 142.34, 132.66, 131.85, 126.99,
126.35, 124.68, 120.31, 120.12, 66.24, 66.06, 46.09, 41.33, 20.21; ESI-
MS: m/z ¼ 361.0 [M þ H]þ.

4.1.8.4. (E)-3-(6-bromoquinolin-4-yl)-1-(4-methylpiperazin-1-yl)
but-2-en-1-one (12d). This intermediate was prepared from 11a
(100 mg, 0.34 mmol) and 1-methylpiperazine (68 mg, 0.68 mmol)
according to the general synthetic procedure A as a white solid
(76 mg, 0.20 mmol, 59% yield). 1H NMR (400 MHz, DMSO‑d6) d 8.94
8

(d, J ¼ 4.4 Hz, 1H, AreH), 8.08 (d, J ¼ 2.0 Hz, 1H, AreH), 8.03 (d,
J ¼ 8.8 Hz, 1H, AreH), 7.93 (dd, J ¼ 8.8, 2.2 Hz, 1H, AreH), 7.51 (d,
J ¼ 4.4 Hz, 1H, AreH), 6.33 (d, J ¼ 1.2 Hz, 1H, alkene hydrogen), 3.57
(t, J¼ 4.4 Hz, 2H), 3.52 (t, J¼ 4.4 Hz, 2H), 2.37e2.30 (m, 4H), 2.25 (d,
J¼ 1.2 Hz, 3H, CH3), 2.21 (s, 3H, CH3); ESI-MS:m/z¼ 374.1 [MþH]þ.

4.1.8.5. (E)-3-(6-bromoquinolin-4-yl)-1-(4-hydroxypiperidin-1-yl)
but-2-en-1-one (12e). This intermediate was prepared from 11a
(100 mg, 0.34 mmol) and 4-hydroxypiperidine (69 mg, 0.68 mmol)
according to the general synthetic procedure A as a white solid
(88 mg, 0.24 mmol, 71% yield). 1H NMR (400 MHz, DMSO‑d6) d 8.94
(d, J ¼ 4.4 Hz, 1H, AreH), 8.08 (d, J ¼ 2.0 Hz, 1H, AreH), 8.03 (d,
J ¼ 8.8 Hz, 1H, AreH), 7.93 (dd, J ¼ 8.8, 2.0 Hz, 1H, AreH), 7.51 (d,
J ¼ 4.4 Hz, 1H, AreH), 6.33 (d, J ¼ 1.2 Hz, 1H, alkene hydrogen), 4.81
(d, J ¼ 3.2 Hz, 1H, OH), 4.08e3.95 (m, 1H, CH), 3.75 (m, 2H, CH2),
3.30e3.22 (m, 1H, CH2), 3.19e3.11 (m, 1H, CH2), 2.23 (d, J ¼ 1.2 Hz,
3H, CH3), 1.77 (m, 2H, CH2), 1.34 (m, 2H, CH2); 13C NMR (100 MHz,
DMSO‑d6) d 164.71, 150.81, 148.50, 146.61, 140.68, 132.62, 131.86,
126.97, 126.44, 125.74, 120.31, 120.07, 65.50, 43.33, 38.44, 34.78,
33.89, 20.11; ESI-MS: m/z ¼ 375.0 [M þ H]þ.

4.1.8.6. (Z)-3-(6-bromoquinolin-4-yl)-1-morpholinobut-2-en-1-one
(12f). This intermediate was prepared from 11b (100 mg,
0.34 mmol) and morpholine (59 mg, 0.68 mmol) according to the
general synthetic procedure A as a white solid (89 mg, 0.25 mmol,
74% yield). 1H NMR (400 MHz, DMSO‑d6) d 8.89 (d, J ¼ 4.4 Hz, 1H,
AreH), 7.98 (d, J ¼ 8.8 Hz, 1H, AreH), 7.95 (d, J ¼ 2.0 Hz, 1H, AreH),
7.88 (dd, J ¼ 8.8, 2.0 Hz, 1H, AreH), 7.36 (d, J ¼ 4.4 Hz, 1H, AreH),
6.73 (d, J ¼ 1.2 Hz, 1H, alkene hydrogen), 3.65e3.51 (m, 4H,
CH2 � 2), 3.35e3.30 (m, 2H, CH2), 3.17 (m, 2H, CH2), 2.22 (d,
J ¼ 1.2 Hz, 3H, CH3); 13C NMR (100 MHz, DMSO‑d6) d 163.91, 150.63,
148.05, 146.16, 143.26, 132.35, 131.66, 126.90, 126.23, 122.80, 119.73,
119.61, 66.22, 65.98, 45.91, 41.09, 25.71; ESI-MS: m/z ¼ 361.0 [M þ
H]þ.

4.1.9. General procedure B for the synthesis of target compounds
14a-f

To a three-neck round bottom flask were added the aryl bro-
mide (1.0 equiv), 2,4-difluoro-N-(2-methoxy-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-3-yl)benzenesulfona-
mide (13) (1.0 equiv), Pd (dppf)2Cl2 (0.1 equiv), K2CO3 (3.0 equiv)
and dioxane/H2O (V/V, 3/1). The flask was fitted with a N2 inlet
adaptor and purged with N2 for 15 min. The reaction mixture was
then sealed under N2 atmosphere and stirred at 100 �C for 10 h.
After removal of the solvent under reduced pressure, the residue
was dissolved in CH2Cl2, and the solution was washed with water
twice, dried over magnesium sulfate, and concentrated in vacuo.
The resultant crude product was purified by column chromatog-
raphy to yield the desired target compound. The 1H NMR and 13C
NMR spectra of 14a indicated a mixture of rotamers [34].

4.1.9.1. (E)-3-(6-(5-((2,4-difluorophenyl)sulfonamido)-6-
methoxypyridin-3-yl)quinolin-4-yl)-N-(2-hydroxyethyl)-N-methyl-
but-2-enamide (14a). The compound was prepared from 12a
(56 mg, 0.16 mmol) and 13 (68 mg, 0.16 mmol) according to the
general synthetic procedure B to afford the title compound as an
off-white solid (20 mg, 0.035 mmol, 22% yield). 1H NMR (400 MHz,
DMSO‑d6) d 10.38 (s, 1H, NH), 8.91 (d, J ¼ 4.4 Hz, 1H, AreH), 8.43 (d,
J ¼ 2.1 Hz, 1H, AreH), 8.17 (d, J ¼ 8.7 Hz, 1H, AreH), 8.12e8.03 (m,
2H, AreH), 7.96 (m, 1H, AreH), 7.80 (m, 1H, AreH), 7.63e7.55 (m,
1H, AreH), 7.47*/7.44 (2 � d, J ¼ 4.4 Hz, 1H, AreH), 7.23 (m, 1H,
AreH), 6.43/6.34* (2 � s, 1H, alkene hydrogen), 4.82/4.76* (2 � t,
J ¼ 5.3 Hz, 1H, OH), 3.69*/3.68 (2 � s, 3H, OCH3), 3.61e3.44 (m, 4H,
CH2 � 2), 3.13*/2.96 (2 � s, 3H, NCH3), 2.32 (s, 3H, CH3); 13C NMR
(100 MHz, DMSO‑d6) d 167.12/166.86*, 165.55 (dd, JC-F ¼ 250.7,
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12.3 Hz), 159.81 (dd, JC-F ¼ 255.7, 12.9 Hz), 158.01/157.99*, 150.94,
150.39/150.16*, 147.89, 143.12/143.05*, 142.63/142.31*, 135.14/
135.11*, 134.35/134.21*, 132.33 (d, JC-F ¼ 10.9 Hz), 131.01, 129.66/
129.63*, 128.90, 125.98/125.88*, 125.83*/125.78, 125.55 (dd, JC-
F ¼ 14.2, 3.8 Hz), 122.75/122.64*, 120.46, 120.32, 112.38 (dd, JC-
F ¼ 24.7, 2.5 Hz), 106.31 (t, JC-F ¼ 26.6 Hz), 59.04*/58.80, 53.95/
52.45*, 49.77, 37.08*/33.08, 20.81/20.71*; HRMS: m/z calcd for
C28H27F2N4O5S [M þ H]þ 569.1670, found 569.1665. HPLC:
tR ¼ 7.35 min (97.2% purity).

4.1.9.2. (E)-2,4-difluoro-N-(2-methoxy-5-(4-(4-oxo-4-(pyrrolidin-1-
yl)but-2-en-2-yl)quinolin-6-yl)pyridin-3-yl)benzenesulfonamide
(14b). The compound was prepared from 12b (55 mg, 0.16 mmol)
and 13 (68 mg, 0.16 mmol) according to the general synthetic
procedure B to afford the title compound as an off-white solid
(28 mg, 0.050 mmol, 31% yield). 1H NMR (400 MHz, DMSO‑d6)
d 10.40 (s, 1H, NH), 8.91 (d, J¼ 3.8 Hz, 1H, AreH), 8.45 (s, 1H, AreH),
8.17 (d, J¼ 8.7 Hz,1H, AreH), 8.09 (m, 2H, AreH), 7.97 (s, 1H, AreH),
7.79 (m, 1H, AreH), 7.59 (m, 1H, AreH), 7.46 (d, J ¼ 3.8 Hz, 1H,
AreH), 7.24 (m, 1H, AreH), 6.29 (s, 1H, alkene hydrogen), 3.69 (s,
3H, OCH3), 3.54e3.42 (m, 4H, CH2 � 2), 2.46 (s, 3H, CH3), 1.86 (m,
4H, CH2 � 2); 13C NMR (100 MHz, DMSO‑d6) d 165.56 (dd, JC-
F ¼ 253.2, 12.1 Hz), 164.68, 159.82 (dd, JC-F ¼ 257.5, 13.3 Hz), 157.95,
150.91, 150.47, 147.91, 144.85, 143.07, 135.13, 134.14, 132.29 (d, JC-
F ¼ 10.8 Hz), 131.00, 129.56, 128.84, 125.69, 125.56 (dd, JC-F ¼ 15.8,
3.6 Hz), 125.07, 122.67, 120.44, 120.41, 112.38 (dd, JC-F ¼ 22.3,
3.6 Hz), 106.32 (t, JC-F ¼ 26.3 Hz), 53.95, 46.84, 45.81, 26.12, 24.34,
20.70; HRMS: m/z calcd for C29H27F2N4O4S [M þ H]þ 565.1721,
found 565.1709. HPLC: tR ¼ 9.19 min (95.4% purity).

4.1.9.3. (E)-2,4-difluoro-N-(2-methoxy-5-(4-(4-morpholino-4-
oxobut-2-en-2-yl)quinolin-6-yl)pyridin-3-yl)benzenesulfonamide
(14c). The compound was prepared from 12c (58 mg, 0.16 mmol)
and 13 (68 mg, 0.16 mmol) according to the general synthetic
procedure B to afford the title compound as an off-white solid
(22 mg, 0.038 mmol, 24% yield). 1H NMR (400 MHz, DMSO‑d6)
d 10.41 (s, 1H, NH), 8.91 (d, J ¼ 4.4 Hz, 1H, AreH), 8.43 (d, J ¼ 1.6 Hz,
1H, AreH), 8.17 (d, J ¼ 8.8 Hz, 1H, AreH), 8.07 (d, J ¼ 8.8 Hz, 1H,
AreH), 8.06 (s, 1H, AreH), 7.96 (d, J¼ 1.6 Hz,1H, AreH), 7.79 (m,1H,
AreH), 7.59 (m, 1H, AreH), 7.48 (d, J ¼ 4.4 Hz, 1H, AreH), 7.23 (m,
1H, AreH), 6.39 (s, 1H, alkene hydrogen), 3.68 (s, 3H, OCH3),
3.52e3.66 (m, 8H, CH2 � 4), 2.34 (s, 3H, CH3); 13C NMR (100 MHz,
DMSO‑d6) d165.60, 165.54 (dd, JC-F ¼ 251.1, 11.9 Hz), 159.83 (dd, JC-
F ¼ 256.4, 13.3 Hz), 158.04, 150.89, 149.99, 147.90, 143.32, 143.06,
135.10, 134.29, 132.31 (d, JC-F ¼ 10.5 Hz), 131.00, 129.62, 128.84,
125.77, 125.59 (dd, JC-F ¼ 14.0, 3.1 Hz), 124.88, 122.69, 120.48,
120.43, 112.36 (dd, JC-F ¼ 22.2, 3.1 Hz), 106.30 (t, JC-F ¼ 26.0 Hz),
66.74, 66.55, 53.95, 46.64, 41.84, 20.84; HRMS: m/z calcd for
C29H27F2N4O5S [M þ H]þ 581.1670, found 581.1681. HPLC:
tR ¼ 8.40 min (95.9% purity).

4.1.9.4. (E)-2,4-difluoro-N-(2-methoxy-5-(4-(4-(4-methylpiperazin-
1-yl)-4-oxobut-2-en-2-yl)quinolin-6-yl)pyridin-3-yl)benzenesulfo-
namide (14d). The compound was prepared from 12d (60 mg,
0.16 mmol) and 13 (68 mg, 0.16 mmol) according to the general
synthetic procedure B to afford the title compound as an off-white
solid (25 mg, 0.042 mmol, 26% yield). 1H NMR (400MHz, DMSO‑d6)
d 8.89 (d, J ¼ 4.4 Hz, 1H, AreH), 8.26 (d, J ¼ 2.0 Hz, 1H, AreH), 8.15
(d, J ¼ 9.4 Hz, 1H, AreH), 8.02 (m, 2H, AreH), 7.87 (d, J ¼ 2.0 Hz, 1H,
AreH), 7.80 (m, 1H, AreH), 7.54e7.47 (m, 1H, AreH), 7.46 (d,
J ¼ 4.4 Hz, 1H, AreH), 7.19 (m, 1H, AreH), 6.37 (s, 1H, alkene
hydrogen), 3.71 (s, 3H, OCH3), 3.58 (s, 4H, CH2 � 2), 2.34 (s, 4H,
CH2 � 2), 2.31 (s, 3H, CH3), 2.21 (s, 3H, CH3); 13C NMR (100 MHz,
DMSO‑d6) d 164.99 (dd, JC-F ¼ 251.0, 11.6 Hz), 165.39, 159.75 (d, JC-
F ¼ 255.2, 12.9 Hz), 157.93, 150.76, 149.93, 147.82, 142.79, 140.35,
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135.70, 132.17 (d, JC-F ¼ 10.3 Hz), 131.56, 130.93, 129.48, 128.84,
125.81, 125.52 (dd, JC-F ¼ 14.0, 3.7 Hz), 125.21, 124.93, 122.43,
120.43, 111.99 (dd, JC-F ¼ 22.0, 3.4 Hz), 106.06 (t, JC-F ¼ 25.9 Hz),
55.36, 54.76, 53.73, 46.06, 46.03, 41.25, 20.79; HRMS: m/z calcd for
C30H30F2N5O4S [M þ H]þ 594.1986, found 594.2008. HPLC (0.1%
TFA): tR ¼ 8.31 min (96.7% purity).
4.1.9.5. (E)-2,4-difluoro-N-(5-(4-(4-(4-hydroxypiperidin-1-yl)-4-
oxobut-2-en-2-yl)quinolin-6-yl)-2-methoxypyridin-3-yl)benzene-
sulfonamide (14e). The compound was prepared from 12e (60 mg,
0.16 mmol) and 13 (68 mg, 0.16 mmol) according to the general
synthetic procedure B to afford the title compound as an off-white
solid (18 mg, 0.030 mmol, 19% yield). 1H NMR (400 MHz, DMSO‑d6)
d 10.38 (s, 1H, NH), 8.91 (d, J ¼ 4.4 Hz, 1H, AreH), 8.41 (d, J ¼ 2.1 Hz,
1H, AreH), 8.17 (d, J ¼ 9.4 Hz, 1H, AreH), 8.05 (m, 2H, AreH), 7.95
(d, J ¼ 2.1 Hz, 1H, AreH), 7.80 (m, 1H, AreH), 7.59 (m, 1H, AreH),
7.48 (d, J¼ 4.4 Hz, 1H, AreH), 7.23 (m,1H, AreH), 6.37 (s, 1H, alkene
hydrogen), 4.77 (d, J¼ 4.0 Hz,1H, OH), 4.01 (m,1H, CH), 3.77 (m, 2H,
CH2), 3.69 (s, 3H, OCH3), 3.41 (s, 1H, CH2), 3.17 (m, 1H, CH2), 2.29 (s,
3H, CH3), 1.76 (m, 2H, CH2), 1.42e1.31 (m, 2H, CH2); 13C NMR
(100 MHz, DMSO‑d6) d 166.79 (dd, JC-F ¼ 252.6, 11.4 Hz), 165.34,
159.82 (dd, JC-F ¼ 257.2, 13.7 Hz), 158.01, 150.92, 149.97, 147.90,
142.91, 141.77, 135.13, 134.15, 134.11, 132.32 (d, JC-F ¼ 10.4 Hz),
131.02,129.67,128.86,125.91,125.85,125.63 (dd, JC-F¼ 14.8, 2.6 Hz),
122.67, 120.52, 112.36 (dd, JC-F ¼ 22.0, 3.4 Hz), 106.30 (t, JC-
F ¼ 25.9 Hz), 65.99, 53.95, 43.83, 38.88, 35.15, 34.38, 20.72; HRMS
(ESI) m/z calcd for C30H29F2N4O5S [M þ H]þ 595.1826, found
595.1823. HPLC: tR ¼ 7.31 min (97.8% purity).
4.1.9.6. (Z)-2,4-difluoro-N-(2-methoxy-5-(4-(4-morpholino-4-
oxobut-2-en-2-yl)quinolin-6-yl)pyridin-3-yl)benzenesulfonamide
(14f). The compound was prepared from 12f (58 mg, 0.16 mmol)
and 13 (68 mg, 0.16 mmol) according to the general synthetic
procedure B to afford the title compound as an off-white solid
(20 mg, 0.034 mmol, 21% yield). 1H NMR (400 MHz, DMSO‑d6)
d 10.38 (s, 1H, NH), 8.87 (d, J¼ 4.4 Hz, 1H, AreH), 8.45 (s, 1H, AreH),
8.12 (d, J ¼ 8.8 Hz, 1H, AreH), 8.03 (dd, J ¼ 8.8, 1.6 Hz, 1H, AreH),
7.95 (d, J ¼ 1.6 Hz, 1H, AreH), 7.92 (d, J ¼ 1.4 Hz, 1H, AreH), 7.78 (m,
1H, AreH), 7.64e7.54 (m, 1H, AreH), 7.35 (d, J ¼ 4.4 Hz, 1H, AreH),
7.23 (td, J ¼ 8.6, 2.1 Hz, 1H, AreH), 6.67 (s, 1H, alkene hydrogen),
3.69 (s, 3H, OCH3), 3.47 (s, 2H, CH2), 3.20 (s, 4H, CH2� 2), 3.10 (s, 2H,
CH2), 2.28 (s, 3H, CH3); 13C NMR (100 MHz, DMSO‑d6) d 165.62 (dd,
JC-F ¼ 258.5, 13.2 Hz), 164.91, 159.84 (dd, JC-F ¼ 257.4, 14.1 Hz),
158.05, 150.71, 149.03, 147.49, 143.18, 142.10, 134.62, 134.43, 133.80,
132.27 (d, JC-F ¼ 10.0 Hz), 130.76, 129.68, 128.60, 125.65, 125.46 (dd,
JC-F ¼ 12.9, 4.0 Hz), 123.32, 122.79, 120.06, 112.34 (dd, JC-F ¼ 19.3,
2.1 Hz), 106.31 (t, JC-F ¼ 25.3 Hz), 66.42, 66.36, 53.91, 46.50, 41.57,
26.21; HRMS: m/z calcd for C29H27F2N4O5S [M þ H]þ 581.1670,
found 581.1678. HPLC: tR ¼ 7.97 min (98.5% purity).
4.2. Biology

4.2.1. In Vitro enzymatic assays, anti-proliferative assays and
docking study

The inhibitory activity against class I PI3Ks and mTOR, and the
anti-proliferative efficacy against tumor cell lines, as well as the
docking study were carried out according to the protocol disclosed
in our previous study [35].
4.2.2. KINOMEscan™ assay
Kinase selectivity was screened at the concentration of 10 mMby

the KinomeScan binding assay (DiscoveRx) according to a reported
protocol [35].
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4.2.3. Western Blot assay
TheWestern blot analysis for evaluating the capability to down-

regulate phos-Akt (Ser473), phos-Akt (Thr308), phos-S6 ribosomal
protein (Ser235/236), and phos-4E-BP1 (Thr37/46) in U87MG cells
was performed according to the protocol disclosed in our previous
study with minor modification [35]. The cells were seeded into six-
well plate at 1 � 106 cells per well, and then incubated at 37 �C (5%
CO2) overnight prior to drug treatment. Cells were treated with 14d
and GSK2126458 at various concentrations, and incubated at 37 �C
for 3 h.

4.2.4. PK study
SD rats were utilized for the PK study of 14d following oral

gavage at the dosage of 5 mg/kg, and the oral dose was formulated
in a homogenous opaque suspension of 0.5% methylcellulose. This
experiment was performed with the protocol disclosed in our
previous work [35]. The study was carried out in accordance with
institutional guidelines of the Animal Research Committee at
Jiaxing University (log number JXU201850812). The protocol was
approved by the institution.

4.2.5. In Vivo therapeutic efficacy against xenograft model
Male ICR nude mice were inoculated subcutaneously with

glioblastoma U87MG cells (5 � 106). Once the tumor volume grew
to approximately 200 mm3, animals were treated every other day
for a period of 24 days upon oral gavage. Tumor volumes and body
weights were recorded at intervals of 4 days. Tumor volume was
calculated using the following formula: length � width2 � 0.5 in
mm3, and inhibition rate of tumor growth was calculated using the
following formula: 100 � {1 � [(tumor volumefinal � tumor vol-
umeinitial) for 14d-treated group]/[(tumor volumefinal � tumor
volumeinitial) for the vehicle-treated group]}.
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