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The c-Jun N-terminal kinase 3 (JNK3) plays key roles in a wide range of diseases, including neuro-
degeneration diseases, inflammation diseases, cancers, cardiovascular diseases, and metabolic disorders.
Previously, we have identified a lead compound, (Z)-3-(2-(naphthalen-1-yl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46), which contains a 3,4-dihydroquinoxalin-2(1H)-one core structure
as a key fragment to inhibit JNK3. However, compound J46 displayed high DDR1 and EGFR (T790M,
L858R) inhibition and poor physicochemical properties, especially clogD and water-solubility, in its
biological studies. Herein, we optimized compound J46 by structure-based drug design and exploiting
the selectivity and physicochemical properties of various warhead groups to obtain compound J46e37,
which not only exhibited a potent inhibition against JNK3 but also showed more than 50-fold potency
better than DDR1 and EGFR (T790M, L858R). Furthermore, the selectivity and structure-activity rela-
tionship of novel synthesized 3,4-dihydroquinoxalin-2(1H)-one derivatives were analyzed by molecular
docking and molecular dynamics simulation. Overall, compound J46e37, as a highly selective inhibitor of
JNK3 with well physicochemical properties, is worth developing as therapies for the treatment of dis-
eases related to JNK3.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

c-Jun N-terminal kinases (JNKs), as the member of serine/thre-
onine protein kinases, belong to the mitogen-activated protein ki-
nase (MAPK) family [1]. JNKs signaling pathway plays as the key
regulator in a wide range of cellular functions, including gene
expression, neuronal plasticity, cell growth, cell autophagy, and cell
apoptosis [2e7]. There are three isoforms of JNKs, JNK1, JNK2, and
JNK3, including ten different splice forms of JNKs, sharing more
than 82% overall sequence identity and 95% identity in the aden-
osine 50-triphosphate (ATP) binding cleft (Fig. 1) [8,9]. In terms of
histological distribution, JNK1 and JNK2 are ubiquitously expressed,
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served.
while JNK3 is mainly expressed in the brain and to a lesser extent in
the heart and testis [10]. Previous studies have indicated that jnk1
and jnk2 genes knockout led to the loss of T-cell function, neural
tube closure defects, and even embryo death, suggesting that the
loss of jnk1 and jnk2 might influence the immune cell function and
nervous system development [11e13]. Thus, the pharmacological
inhibition of JNK1 and JNK2 might lead to the above risk and
toxicity, especially in the treatment of chronic diseases with long-
term medication. Among them, JNK3 is a multifunctional kinase
and phosphorylate a number of downstream substrates, including
c-Jun, ATF2, Elk1, DPC4, p53, and NFAT4 [14e16]. Pirianov and co-
workers found that jnk3 gene knockout could protect mice from
hypoxic-ischemic brain injury [17]. Furthermore, Yoon and co-
workers reported that JNK3 was abnormal and over phosphory-
lated in the brain of human Alzheimer’s disease (AD) patients [18].
Moreover, the JNK3 signaling pathway is frequently over-activated
in various cancers, including liver cancer, lung cancer, colon cancer,
and breast cancer, and plays as a key regulator in glycolysis in
different types of glycolytic tumors, which meant it has an intricate
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Fig. 1. Schematic representation of the ten different splice forms of JNKs.
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relationship with cellular metabolism [19,20]. All of these indicate
that JNK3 is involved in the process of many diseases, including
neurodegeneration diseases, inflammation diseases, cancers, car-
diovascular diseases and metabolic disorders [4,19,21e24]. There-
fore, JNK3 is becoming a potential therapeutic target for the
development of new drugs.

To date, a series of pan-JNKs inhibitors were reported, but there
are no inhibitors on the market (Fig. 2) [1,25,26]. Among them,
compound 1 (SP600125) was the first identified pan-JNKs in-
hibitors, with highly pan-JNKs inhibitory ability, and it was the
most commonly used tool molecule in research [27e30]. The
clinical trials of two pan-JNKs inhibitors 2 (AS-602801) and 3
(Tanzisertib) are ongoing to treat inflammatory endometriosis and
discoid lupus erythematosus, respectively [31e33]. However, the
results of the clinical trials were not very promising for the corre-
sponding diseases [34,35]. Thus far, only a few identified isoform-
selective JNK3 inhibitors were utilized to understand the mecha-
nism of JNK3 in different diseases. K. Zheng and coworkers reported
an aminopyrazole derivative 4, which displayed highly potent JNK2
and JNK3 inhibition and more than 30-fold selectivity against JNK1
[36]. Furthermore, compound 4 exhibited neuroprotective effect
against 6-OHDA induced cell death in vitro. Besides, our group
previously reported the indolin-2-one derivative 5 (J30e8) and
quinoxaline derivative 6 (J46) with highly potent JNK3 inhibitory
Fig. 2. Chemical structures of rep
ability and over 2500-fold and 400-fold isoform-selectivity against
JNK1/2, respectively [37]. Compound J30e8 can reverse Alz-
heimer’s disease phenotype in APPswe/PS1dE9 double-transgenic
mice by reducing the accumulation of Ab and phosphorylated Tau
protein.

The aforementioned quinoxaline derivative 6 (J46) was identi-
fied by virtual screening from a commercial database [37].
Although compound J46 displayed a JNK3 IC50 value with 0.25 mM
and significant isoform-selectivity against JNK1 and JNK2, it dis-
played high DDR1 (IC50 value equal to 0.16 mM) and EGFR (T790M,
L858R) (IC50 value equal to 0.37 mM) inhibition and poor physico-
chemical properties, especially clogD and water-solubility. The
molecular docking study revealed quinoxaline core as a key frag-
ment to inhibit JNK3 and possible enhancement of selectivity
against DDR1 and EGFR (T790M, L858R). Then, structure-based
drug design was applied to guide the optimization of lead com-
pound J46, and identify a promising candidate for further research.
A series of quinoxaline derivatives were synthesized and evaluated,
among them, compound J46e37 exhibited highly potent JNK3 in-
hibition and more than 500-fold isoform-selectivity against JNK1
and JNK2. Furthermore, compound J46e37 displayed over 50-fold
JNK3/DDR1 and JNK3/EGFR (T790M, L858R) selectivity and
improved physicochemical properties compared with the starting
compound J46. Finally, molecular modeling was performed to
resentative JNKs inhibitors.
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investigate the selectivity and structure-activity relationship (SAR)
of quinoxaline analogs.
2. Results and discussion

2.1. Design and synthesis of JNK3 inhibitors

2.1.1. Structure-based design of isoform-selective JNK3 inhibitors
To improve the potency and physicochemical properties of J46,

two previously identified isoform-selective JNK3 inhibitors, J30e8
and J46, were docked into the ATP-binding cleft of the JNK3 crystal
structure (PDB ID: 4W4W) [38]. As shown in Fig. 3, two afore-
mentioned inhibitors exhibited similar binding modes, except that
the size of the hydrophobic group inside hydrophobic pocket I (HR
I) and the outer hydrophilic substituent. The clogD of J46 is 3.6,
which is not easy to cross the blood-brain barrier (BBB), and the
LipE of J46 is 3.1, which is too low to be a lead compound. To
improve the clogD and increase water-solubility of J46, the naph-
thalene ring substituent in J46was replaced by substituted benzene
ring, for the 2-chlorophenyl group of J30e8 deeply buried in HR I
and showed highly potent JNK3 inhibitory ability and selectivity
against JNK1 and JNK2. Furthermore, the outside hydrophilic
pocket of ATP-binding cleft in JNK3 could introduce some re-
placements, especially hydrophilic groups, to improve JNK3 inhib-
itory activity and increase water-solubility.

To improve selectivity against DDR1 and EGFR (T790M, L858R),
compound J46 was docked into DDR1 (PDB ID: 5BVN) and EGFR
(T790M, L858R) (PDB ID: 5HG5), respectively [39,40]. As drawn in
Fig. 4A, the binding mode of J46 in the ATP-binding cleft of
DDR1was very similar to that of J46 in the ATP-binding site of JNK3.
The lactam in the quinoxaline core of J46 was located at the hinge
region of DDR1 and its oxygen atom of carbonyl and hydrogen atom
of NH formed two hydrogen bonds to the NH and backbone
carbonyl of Met704. The naphthyl group of J46was deeply buried in
the hydrophobic pocket formed by Val624, Ala653, Lys655, Met676,
Ile685, Met699, Ala783 and Phe785. The similarity of the binding
modes of J46 in JNK3 and DDR1 indicates that the selectivity of
quinoxaline core JNK3 inhibitor against DDR1 is difficult to achieve.
As for EGFR (T790M, L858R), the lactam in the quinoxaline core of
J46 interacted with the EGFR (T790M, L858R) hinge region via two
hydrogen bonds with Gln791 and Met793, respectively (Fig. 4B).
Interestingly, unlike JNK3 and DDR1, the hydrogen bonds of EGFR
(T790M, L858R) were flipped in the hinge region, suggesting that
Fig. 3. The design of 3,4-dihydroquinoxalin-2(1H)-one derivatives through structure-based
The images depict the proposed binding modes generated using PyMOL software. HR I ¼ hy
the reader is referred to the Web version of this article.)
the selectivity of JNK3 inhibitors, compound J46, against EGFR
(T790M, L858R) is easy to implement. According to the molecular
docking study, the substitution in the benzene ring group would
clash with the hydrophobic group inside the hydrophobic pocket of
ATP-binding cleft in EGFR (T790M, L858R). The above analysis
indicated that the optimization of quinoxaline core should focus on
the a-naphthalene ring, to increase inhibitory ability and keep
isoform-selectivity, and the 3,4-dihydroquinoxalin-2(1H)-one core,
to achieve selectivity to EGFR (T790M, L858R) and improve physi-
cochemical properties, especially water-solubility.

2.1.2. Chemistry
Compounds J46e16 to J46e46were synthesized as illustrated in

Scheme 1. We synthesized the building blocks 1a, 1b, 1c, and 1d
from appropriate aminobenzene derivatives (7 and 8) through
modification of published procedures or known methods [41].
Shortly, the ortho-/meta-substituted aminophenyl acetophenone
with Boc anhydride or benzoyl chloride under basic conditions
yielded Tert-butyl (2-acetylphenyl)carbamate (1a), N-(2-
acetylphenyl)benzamide (1b), Tert-butyl (3-acetylphenyl)carba-
mate (1c), and N-(3-acetylphenyl)benzamide (1d), respectively.
The intermediates, substituted heptane-1,3,4-trione, were pre-
pared by naphthalene ethyl ketone or ortho-/meta-substituted
acetophenone with oxalic acid diethyl ester using aldol reaction.
The intermediates reacted with substituted phenylenediamine to
form 3,4-dihydroquinoxalin-2(1H)-one core ring (J46e16 to
J46e22, J46e24 to J46e31, and J46e33 to J46e46) [37,42]. The N-
Boc deprotection of J46e25 and J46e34 was carried out with tri-
fluoroacetic acid (TFA) to give the desired J46e23 and J46e32. The
structures of J46e16 to J46e46 were characterized by 1H NMR, 13C
NMR, and high-resolution mass spectrometry (HRMS) experiments
as single substances.

2.2. JNK3 inhibitory activity and kinases selectivity

2.2.1. JNK3 inhibitory activity and structure-activity relationship
All the novel synthesized compounds were evaluated by JNK3

radiometric assays [37]. Compound J46 was used as the starting
point for the SAR and lead optimization studies and SP600125 was
set as the positive control. As shown in Table 1 and Fig. S1, the
replacement of the a-naphthyl group of J46 with a b-naphthyl
group (J46e16) led to a significant loss of JNK3 inhibition, indi-
cating that the a-naphthalene ring is in a narrow hydrophobic site,
docking design and core hopping. Hydrogen bonds are represented by the yellow lines.
drophobic region I. (For interpretation of the references to colour in this figure legend,



Fig. 4. Predicted binding modes of compound J46 (yellow) docking with DDR1 crystal protein (PDB code: 5BVN) (A) and EGFR (T790M, L858R) crystal protein (PDB code: 5HG5) (B).
Hydrogen bonds are represented by the yellow lines. The images depict the proposed binding modes generated using PyMOL software. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Scheme 1. Synthetic Route of the 3,4-dihydroquinoxalin-2(1H)-one derivatives a.
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Table 1
Enzymatic activity, chemical structures and representative molecular properties of the synthesized inhibitors of JNK3.

Compounds R1 R2 R3 Inhibition% (10 mM) IC50 (mM) a MW b clogD c LipE d

SP600125 e e e 99 ± 1 0.09 ± 0.007 220.2 2.5 4.5
J46 H H 92 ± 1 0.25 ± 0.03 314.3 3.6 3.1

J46-16 H H 30 ± 2 ND e 314.3 3.6 ND

J46-17 H H 93 ± 2 0.41 ± 0.11 298.7 3.1 3.3

J46-18 H H 89 ± 4 1.33 ± 0.29 343.1 3.2 2.7

J46-19 H H 82 ± 2 3.48 ± 0.32 278.3 3.0 2.5

J46-20 H H 16 ± 6 ND 332.2 3.6 ND

J46-21 H H 84 ± 2 1.43 ± 0.26 294.3 2.8 3.0

J46-22 H H 35 ± 4 ND 289.2 2.0 ND

J46-23 H H 66 ± 2 1.75 ± 0.34 279.2 2.3 3.5

J46-24 H H 34 ± 3 ND 383.4 4.0 ND

J46-25 H H 17 ± 4 ND 379.4 3.7 ND

J46-26 H H 90 ± 1 0.37 ± 0.03 298.7 3.1 3.3

J46-27 H H 13 ± 2 ND 343.1 3.2 ND

J46-28 H H 85 ± 2 0.32 ± 0.04 278.3 2.9 3.6

J46-29 H H 21 ± 4 ND 332.2 3.6 ND

J46-30 H H 70 ± 2 5.60 ± 0.36 294.3 2.7 2.6

J46-31 H H 2 ± 2 ND 289.2 1.9 ND

J46-32 H H 80 ± 2 0.60 ± 0.24 279.2 1.7 4.5

J46-33 H H 11 ± 4 ND 383.4 3.5 ND

(continued on next page)
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Table 1 (continued )

J46-34 H H 64 ± 8 5.15 ± 0.72 379.4 3.4 1.9

J46-35 H H 91 ± 2 0.43 ± 0.06 333.1 3.5 2.9

J46-36 H NO2 26 ± 3 ND 359.3 2.9 ND

J46-37 H CN 88 ± 1 0.19 ± 0.03 339.3 2.6 4.1

J46-38 CH3 H 16 ± 3 ND 328.3 3.9 ND

J46-39 Br H 24 ± 3 ND 393.2 4.1 ND

a Data are presented as geometric mean values of at least two independent runs.
b Molecular weight.
c Predicted octanol/water partition coefficient using the QikProp module in Schr€odinger software.
d Ligand efficiency, lipE ¼ -logIC50 e clogD.
e Not determined.

X. Dou et al. / European Journal of Medicinal Chemistry 201 (2020) 1124456
and the b-naphthalene ring replacement would collide with resi-
dues deep in the aforesaid pocket, thus the inhibitory activity
abolished. Besides, the replacement a-naphthalene ring with the
ortho- or meta-substituted benzene ring, the physicochemical
properties, clogD, were improved, but the inhibitory ability of JNK3
decreased or disappeared. while small groups including chlorine,
methyl, methoxy, and amino groups were introduced into the C-2
or C-3 positions of the benzene ring (J46e17, J46e19, J46e21,
J46e23, J46e26, J46e28, J46e30 and J46e32) the activity 1.2e20-
fold decreased, and large substituent groups (J46e24, J46e25,
J46e33 and J46e34) were introduced, the activities disappeared,
indicating that the a-naphthalene ring substitution plays a key
hydrophobic role in JNK3 inhibitory ability. While the substituent
group is small, the hydrophobic interaction reduced, and the sub-
stituent group is too large, the residues in the HR I collided with
compounds, thus reducing the inhibitory activity. Furthermore, the
replacement of a-naphthalene ring with the ortho- or meta-
trifluoromethyl and ortho- or meta-cyano phenyl (J46e20,
J46e22, J46e29 and J46e31), the activities were disappeared.
These results revealed that the a-naphthalene ring substitution
could interact with Lys93 by p-cation interaction, and the strong
electron-withdrawing group of the benzene ring will reduce the
electron cloud density on the benzene ring, which is not conducive
to the formation of p-cation interaction and causes the activity to
disappear. Therefore, in a quinoxalinone core structure, the a-
naphthalene ring is a suitable substitute for HR I and essential for
maintaining JNK3 activity.

The replacement of C-6 in quinoxalinone core with a nitro group
(J46e36), led to the JNK3 activity abolished. While cyanyl group
(J46e37) was introduced, the JNK3 inhibitory ability increased
(IC50 ¼ 0.19 mM), and the physicochemical properties, clogD
(clogD ¼ 2.6) and lipE (lipE ¼ 4.1) were improved, compared with
the starting compound J46. The replacement of C-8 in
quinoxalinone core with bromine and methyl groups (J46e38 and
J46e39), the activity abolished, which meant that the substitution
of C-8 will collide with the residues in the hinge region and cause
the significant loss of activity.

To improve the physicochemical properties and keep the
isoform-selectivity, compounds J46e40 to J46e46 were designed
and synthesized by fixing C-6 of quinoxalinone core with cyano
group substitution. As exhibited in Table 2, the SAR is similar to that
obtained from compound J46e16 to J46e39. While the a-naph-
thalene ring in compound J46e37 was replaced by the ortho- or
meta-substituted benzene ring, the physicochemical properties,
including clogD, were improved, but the inhibitory activity of JNK3
was not increased. Therefore, in the quinoxalinone core com-
pounds, the a-naphthalene ring played a key role in JNK3 inhibitory
ability and was suitable to the HR I.

2.2.2. Isoform-selectivity and DDRs/EGFRs selectivity of JNK3
inhibitors

To investigate the isoform-selectivity of the identified JNK3 in-
hibitors, all of the compounds with JNK3 inhibitory ability were
evaluated by JNK1a1 and JNK2a2 radiometric assays at the con-
centration of 10, 30, and 100 mM. As drawn in Fig. 5A and B, the
positive compound SP600125, a pan-JNKs inhibitor, exhibitedmore
than 95% inhibition rate against JNK1a1, JNK2a2, and JNK3 at the
concentration of 10, 30, and 100 mM. Notably, all of the aforemen-
tioned JNK3 inhibitors exhibited no inhibition to JNK1a1 even at
the concentration of 100 mM, which was consistent with previously
reported [37]. As for JNK2a2, J46 showed 30% and 60% inhibition to
JNK2a2 at 30 mM and 100 mM, respectively. The replacement of a-
naphthalene ring with 2-chlorophenyl, 2-methoxy phenyl, 3-
amino-phenyl and N-Boc-3-amino-phenyl groups (J46e17,
J46e21, J46e32, and J46e34), were not conducive to JNK2a2
selectivity, while the introduction of 2-bromophenyl, 2-



Table 2
Enzymatic activity, chemical structures and representative molecular properties of the synthesized inhibitors of JNK3.

Compounds R1 Inhibition% (10 mM) IC50 (mM) a MW b clogD c LipE d

SP600125 e 99 ± 1 0.09 ± 0.007 220.2 2.5 4.5
J46-37 88 ± 1 0.19 ± 0.03 339.3 2.6 4.1

J46-40 81 ± 0 1.68 ± 0.19 323.7 2.5 3.3

J46-41 63 ± 2 4.78 ± 0.64 368.1 2.5 2.8

J46-42 57 ± 3 7.37 ± 1.18 303.3 2.3 2.8

J46-43 46 ± 10 ND e 319.3 2.1 ND

J46-44 35 ± 5 ND 303.3 2.2 ND

J46-45 19 ± 0 ND 319.3 2.0 ND

J46-46 25 ± 5 ND 358.1 2.7 ND

a Data are presented as geometric mean values of at least two independent runs.
b Molecular weight.
c Predicted octanol/water partition coefficient using the QikProp module in Schr€odinger software.
d Ligand efficiency, lipE ¼ -logIC50 e clogD.
e Not determined.

Fig. 5. JNK1 (A) and JNK2 (B) inhibitory activity of JNK3 inhibitors at the concentration of 10, 30, and 100 mM. All of the values are reported as means ± SE of triplicate.
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methylphenyl, 2-amino-phenyl, 3-chlorophenyl, 3-methylphenyl,
3-methoxyphenyl, and 2,3-dichlorophenyl groups (J46e18, J46e19,
J46e23, J46e26, J46e28, J46e30 and J46e35), were conducive to
JNK2a2 selectivity. Interestingly, the replacement of C-6 of qui-
noxalinone core with a cyano group (J46e37, J46e40, J46e41, and
J46e42), the JNK2a2 selectivity was always improved, which
meant that the cyano group was essential for achieving and
maintaining of JNK3 selectivity against JNK2a2.

Aim to study selectivity of JNK3 inhibitors against DDR1 and
EGFR (T790M, L858R), all of the compounds with JNK3 inhibitory
ability were evaluated by DDR1, DDR2, EGFR, EGFR (L858R), EGFR
(L861Q), EGFR (T790M), EGFR (T790M, L858R) radiometric assays.
As shown in Fig. 6A, all of the replacement of a-naphthalene ring,
led to the improvement of selectivity against DDR1, especially 3-
chlorophenyl, 3-methoxy phenyl, and N-Boc-3-amino-phenyl
groups (J46e26, J46e30, and J46e34) showed no inhibition against
DDR1 at 10 mM. Notably, the replacement of C-6 of quinoxalinone
core with the cyano group (J46e37, J46e40, J46e41, and J46e42),
exhibited excellent selectivity against DDR1. Besides, all of the
optimizations did not affect DDR2 activity. As for EGFR (L858R) and
EGFR (T790M, L858R) (Fig. 6B), the replacement of a-naphthalene
ring with 3-chlorophenyl, 2-methylphenyl, and N-Boc-3-amino-
phenyl groups (J46e26, J46e28, and J46e34), led to the significant
improvement of selectivity against EGFR (L858R) and EGFR
(T790M, L858R). Furthermore, the replacement of C-6 of quinox-
alinone core with a cyano group (J46e37, J46e40, J46e41, and
J46e42), showed no inhibitory ability against EGFR (L858R) and
EGFR (T790M, L858R) at 10 mM, which was consistent with the
aforementioned structure-bases drug design. Additionally, all of the
optimizations had no significant effect on EGFR, EGFR (L861Q), and
EGFR (T790M) activity (Fig. S2). All of these revealed that the
replacement of C-6 of quinoxalinone core with cyano group
showed no inhibition on DDR1/2 and EGFR, EGFR (L858R)/EGFR
(L861Q)/EGFR (T790M)/EGFR (T790M, L858R), which meant the
cyano group in C-6 of quinoxalinone core is a key role in achieving
JNK3 selectivity against DDRs and EGFRs.
Fig. 6. DDR1/2 (A) and EGFR (L858R)/EGFR (T790M, L858R) (B) inhibitory activity of JNK3 in
triplicate.
2.3. Binding mode and selectivity analysis of the identified JNK3
inhibitors

As indicated in Fig. 7A, compound J46e37 exhibited excellent
isoform-selectivity against JNK1a1 (IC50 > 100 mM) and JNK2a2
(IC50 > 100 mM), and significant kinases selectivity against DDR1
(IC50 > 10 mM) and EGFR (T790M, L858R) (IC50 > 10 mM), compared
with J46 showed DDR1 (IC50 ¼ 0.16 mM) and EGFR (T790M, L858R)
(IC50¼ 0.37 mM) inhibitory ability. To investigate the bindingmodes
and study the structure-activity relationship of 3,4-
dihydroquinoxalin-2(1H)-one derivatives, compound J46e37 was
docked into the ATP-binding cleft of JNK3 (PBD ID 4W4W). As
drawn in Fig. 7B and C, the binding mode of J46e37 is similar to
that of J46. The lactam in the quinoxalin moiety of J46 was located
at the hinge region of JNK3 and its oxygen atom of carbonyl and
hydrogen atom of NH form two hydrogen bonds to the NH and
backbone carbonyl of Met149. Furthermore, the naphthyl group of
J46e37 is deeply located at the HR I (also called selectivity pocket)
[1] and the C-6 cyano group of quinoxalinone core was exposed to
the external hydrophilic pocket. To explain the isoform-selectivity
of J46, the JNK1 (PDB ID: 3PZE) and JNK2 (PDB ID: 3E7O) struc-
tures were superimposed to the crystal of JNK3 (PDB ID 4W4W)
[43,44]. As shown in Fig. 7D, the a-naphthalene group of J46e37 is
located at the center of HR I and have a collisionwith the Met108 of
JNK1 or JNK2, leading to the loss of inhibitory ability to JNK1 and
JNK2. All of the results reveal that the occupation of HR I is essential
for maintaining of JNK3 isoform-selectivity against JNK1 and JNK2.

Aim to investigate the JNK3 inhibitor, compound J46e37,
selectivity to DDR1 and EGFR (T790M, L858R), the J46e37 was
superimposed to the aforementioned binding modes of J46 with
the DDR1 (PDB ID: 5BVN) and EGFR (T790M, L858R) (PDB ID:
5HG5), respectively [39,40]. As drawn in Fig. 8A and B, the binding
mode of J46e37 in the ATP-binding pocket was very similar to that
of J46, except that the additional cyano group of J46e37 had a
collision with the oxygen atom in the backbone carbonyl of Lue616
from DDR1. Interestingly, it might explain the activity loss of
hibitors at the concentration of 10 mM. All of the values are reported as means ± SE of



Fig. 7. (A) Structure and physicochemical properties of J46 and J46e37, and IC50 values of J46 and J46e37 against kinases. IC50 values are reported as means ± SE of duplicate. (B)
Predicted binding mode of compound J46. (C) Superimposition of the compounds J46 and J46e37. (D) Superimposition of the crystal structures of JNK3 (PDB ID: 4W4W, gray), JNK1
(PDB ID: 3PZE, light blue), and JNK2 (PDB ID: 3E7O, yellow) with compound J46e37. Hydrogen bonds are represented by the yellow lines. HR I ¼ hydrophobic region I. Images
depicting the proposed binding modes were generated using PyMOL software. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

X. Dou et al. / European Journal of Medicinal Chemistry 201 (2020) 112445 9
J46e37 to DDR1. As for EGFR (T790M, L858R), compound J46 and
J46e37 exhibited similar binding poses, and the residue Lys745 of
EGFR (T790M, L858R) had a collision with the cyano group of
J46e37, which is consistent with the aforesaid design and biological
activity. Thus, the cyano group in the C-6 position of 3,4-
dihydroquinoxalin-2(1H)-one core structure is a particular build-
ing block tomaintain JNK3 selectivity against JNK2, DDR1 and EGFR
(T790M, L858R).

To further investigate the binding pattern in the dynamics
mode, 50 ns molecular dynamics (MD) simulation was performed
for the complex of J46e37 with JNK3 crystal structure by Desmond
software [45]. The complex was stable after 20 ns (Fig. 9A) and the
last 30 ns trajectories of MDwere extracted and analyzed. As shown
in Fig. 9B and C, the results of molecular dynamics are generally
consistent with the molecular docking study and the binding mode
of J46e37 did not change. The quinoxalin of J46e37 formed two
hydrogen bonds with the backbone of Met149 over 97% of the
simulation time, and the naphthyl group formed p-cation interac-
tionwith the side chain of Lys93 during 77% of the simulation time.
Furthermore, the oxygen atom of carbonyl linked with naphthalene
ring formed an intramolecular hydrogen bond with NH in the
quinoxaline core and awater bridgewith Lys93 during 77% and 48%
of the simulation time, respectively. Notably, the cyano group in the
C-6 position of quinoxaline core formed two water bridges with
Ile70 and Ser73, during 14% and 11% of the simulation time, which
might explain the moderate improvement of JNK3 inhibitory abil-
ity, compared with J46. These findings may pave the way to design
more optimal JNK3 inhibitors in the future.

3. Conclusion

Previously, compound J46 was identified as an inhibitor of JNK3
and exhibited potent JNK3 inhibitory ability and selectivity against
JNK1 and JNK2. However, compound J46 showed high DDR1 and
EGFR (T790M, L858R) inhibition and poor physicochemical prop-
erties in its biological studies. To improve the aforesaid properties
in this work, a series of novel 3,4-dihydroquinoxalin-2(1H)-one
derivatives were designed and synthesized by SBDD and molecular
hybridization. Furthermore, the structure-activity relationship of
3,4-dihydroquinoxalin-2(1H)-one analogs were studied by molec-
ular docking and molecular dynamics simulation. In particular,
compound J46e37, with a JNK3 IC50 value of 0.19 mM, showed 500-
fold isoform-selectivity against the JNK1a1 and JNK2a2 and more
than 50-fold selectivity against the DDR1 and EGFR (T790M,



Fig. 8. Front (A) and side view (B) of J46 (yellow) and J46e37 (green) with DDR1 (PDB ID: 5BVN). Front (C) and side view (D) of J46 (yellow) and J46e37 (green) with EGFR (T790M,
L858R) (PDB ID: 5HG5). Hydrogen bonds are represented by yellow lines. Images depicting the proposed binding modes were generated using PyMOL software. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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L858R). Besides, the physicochemical properties, including clogD
and lipE, were improved an order of magnitude, comparedwith the
starting compound J46. Overall, compound J46e37, as a signifi-
cantly selective inhibitor of JNK3 with well physicochemical
properties, is worth developing as therapies for the treatment of
diseases related to JNK3.
4. Experimental section

4.1. Chemistry

General method. Synthesis reagents and solvents were obtained
from commercial suppliers and used without further purification.
SP600125 was purchased from Selleck Chemicals LLC. Character-
izations of compounds are provided in the Supporting Information.
Melting points were determined in open capillary tubes on a Büchi
melting pint apparatus M � 560 and are uncorrected. 1H and 13C
NMR spectra were recorded on Bruker (400 MHz) instruments,
using dimethyl sulfoxide (DMSO)-d6 as solvents. Chemical shifts are
given in parts per million (ppm) downfield from tetramethylsilane
(d) as the internal standard in deuterated solvent and coupling
constants (J) are in Hertz (Hz). Data are reported as follows:
chemical shift, integration, multiplicity (s ¼ singlet, d ¼ doublet,
t ¼ triplet, q ¼ quartet, dd ¼ doublet of doublet, ddd ¼ doublet of
doublet of doublet, dt¼ doublet of triplet, m¼mutiplet, bs¼ broad
signal), and coupling constants. High-resolution mass spectra were
recorded on a Bruker Apex IV FTMS mass spectrometer using
electrospray ionization (ESI). All compounds tested in biological
assays were >95% pure.
4.1.1. Tert-butyl (2-acetylphenyl)carbamate (1a)
To a mixture of 1-(2-aminophenyl)ethan-1-one (10 mmol,

1.35 g) in THF (15 mL) was added di-tert-butyl dicarbonate
(40 mmol, 8.72 g) and stirred for 48 h at room temperature. Then,
the mixture was concentrated in vacuo and extracted with ethyl
acetate and water. The organic layer was separated, washed with
brine, dried over MgSO4 and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, eluted with
5e20% ethyl acetate in petroleum ether) to give 1a (2.2 g, 92%) as a
white solid. 1H NMR (400 MHz, DMSO‑d6) d 10.83 (s, 1H), 8.24 (d,
J¼ 8.4 Hz, 1H), 8.02 (d, J ¼ 7.9 Hz, 1H), 7.59 (t, J ¼ 7.7 Hz, 1H), 7.13 (t,
J ¼ 7.6 Hz, 1H), 2.63 (s, 3H), 1.48 (s, 9H).



Fig. 9. (A) RMSD of protein and ligand J46e37 through MD simulations (B) 2D diagram of J46e37 predicted through MD simulations. Percentage suggests that for X% of the
simulation time the specific interaction is maintained. (C) Protein-ligand contacts histogram of J46e37.
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4.1.2. N-(2-acetylphenyl)benzamide (1b)
A solution of benzoyl chloride (7.2 mmol, 1.0 g) in THF (10 mL)

was dropwise added to the mixture of 1-(2-aminophenyl)ethan-1-
one (6 mmol, 0.81 g) and triethylamine (7.2 mmol, 0.72 g) in THF
(10 mL) at 0 �C and stirred for another 5 h at room temperature.
Then, the mixture was poured into ice water and the pH value was
adjusted to 2.0 with hydrochloric acid (2 M). The obtained white
solid was filtered and recrystallized from ethanol to give 1b (1.0 g,
71%) as a white solid. 1H NMR (400 MHz, DMSO‑d6) d 12.40 (s, 1H),
8.67 (d, J¼ 8.4 Hz,1H), 8.12 (d, J¼ 7.9 Hz,1H), 7.98 (d, J¼ 7.7 Hz, 2H),
7.65 (dq, J ¼ 21.4, 7.6 Hz, 4H), 7.27 (t, J ¼ 7.6 Hz, 1H), 2.70 (s, 3H).
4.1.3. Tert-butyl (3-acetylphenyl)carbamate (1c)
Compound 1c was prepared in a manner similar to that

described for 1a as a white solid. Yield: 98%. 1H NMR (400 MHz,
DMSO‑d6) d 9.55 (s, 1H), 8.10 (s, 1H), 7.66 (d, J ¼ 8.0 Hz, 1H), 7.58 (d,
J ¼ 7.6 Hz, 1H), 7.41 (t, J ¼ 7.9 Hz, 1H), 2.54 (s, 3H), 1.49 (s, 9H).
4.1.4. N-(3-acetylphenyl)benzamide (1d)
A solvent of benzoyl chloride (7.2 mmol, 1.0 g) in DCM (10 mL)

was dropwise added to the mixture of 1-(2-aminophenyl)ethan-1-
one (6 mmol, 0.81 g) and triethylamine (7.2 mmol, 0.72 g) in DCM
(10 mL) at 0 �C and stirred for another 5 h at room temperature.
Then, the mixture was poured into ice water and the pH value was
adjusted to 2.0 with hydrochloric acid (2 M) and extracted with
DCM. The organic layer was separated, washed with brine, dried
over MgSO4 and concentrated in vacuo. The residue was recrys-
tallized from ethanol to give 1d (1.2 g, 83%) as awhite solid. 1H NMR
(400 MHz, DMSO‑d6) d 10.46 (s, 1H), 8.39 (s, 1H), 8.09 (d, J ¼ 8.0 Hz,
1H), 8.00 (d, J¼ 7.8 Hz, 2H), 7.73 (d, J¼ 7.6 Hz, 1H), 7.56 (td, J¼ 19.7,
19.2, 7.8 Hz, 4H), 2.60 (s, 3H).
4.1.5. (Z)-3-(2-(Naphthalen-1-yl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46)

Compound J46was prepared as previously reported [37]. Briefly,
sodium (17.4 mmol, 400 mg) was added to a solution of ethanol
(100 mL) in portions and the mixture was stirred for 1 h. The newly
prepared sodium ethanol/ethanol solutionwas obtained. A mixture
solvent of a-naphthalene ethyl ketone (10 mmol, 1.70 g) and oxalic
acid diethyl ester (15 mmol, 2.19 g) was dropwise added to the
aforesaid sodium ethanol/ethanol solution at 0 �C and stirred for
another 4 h at room temperature. Then, the mixture was poured
into ice water and the pH value was adjusted to 2.0 with hydro-
chloric acid (2 M). The obtained solid was filtered and washed with
water (10 mL), and the crude product ethyl 4-(naphthalen-1-yl)-
2,4-dioxobutanoatewas used for the next stepwithout purification.
A solution of the former crude product (2.0 mmol, 540 mg) and o-
phenylenediamine (2 mmol, 216mg) in ethanol (10mL) was stirred
for 4 h at room temperature. The yellow solid was filtered, and the
filter cake was washed with ethanol (10 mL) and water (10 mL) in
sequence and then recrystallized from a mixture solvent of DMF/
ethanol (15:1) to give J46 as a yellow solid. Yield: 26%. mp
251e252 �C. 1H NMR (400 MHz, DMSO‑d6) d 13.57 (s, 1H), 12.07 (s,
1H), 8.60e8.46 (m, 1H), 8.07 (d, J ¼ 8.2 Hz, 1H), 8.04e7.95 (m, 1H),
7.84 (d, J¼ 6.8 Hz,1H), 7.67e7.52 (m, 4H), 7.25e7.09 (m, 3H), 6.58 (s,
1H). 13C NMR (101 MHz, DMSO‑d6) d 193.6, 156.1, 145.6, 138.7, 133.9,
131.3, 130.0, 128.9, 127.4, 127.2, 126.8, 126.7, 126.0, 125.6, 124.5,
124.5, 124.2, 117.1, 115.9, 94.2. HRMS (ESI) [MþH]þ calcd for
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C20H15N2O2: 315.1134; found: 315.1134.

4.1.6. (Z)-3-(2-(naphthalen-2-yl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e16)

Compound J46e16 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 43%. Mp 281e282 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.74 (s, 1H), 12.09 (s, 1H), 8.65 (s, 1H),
8.18 (d, J ¼ 7.7 Hz, 1H), 8.13e7.93 (m, 3H), 7.74e7.48 (m, 3H), 7.15 (s,
3H), 7.02 (s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 188.72, 156.25,
146.03, 136.41, 134.99, 132.91, 129.95, 128.81, 128.50, 128.37, 128.03,
127.20, 124.60, 124.48, 124.17, 123.97, 117.05, 115.83, 89.91. HRMS
(ESI) [MþH]þ calcd for C20H15N2O2: 315.1134; found: 315.1142.

4.1.7. (Z)-3-(2-(2-chlorophenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e17)

Compound J46e17 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 76%. Mp 252e253 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.31 (s, 1H), 12.07 (s, 1H), 7.65e7.52
(m, 3H), 7.47 (dt, J¼ 14.9, 6.6 Hz, 2H), 7.21e7.09 (m, 3H), 6.41 (s,1H).
13C NMR (101 MHz, DMSO‑d6) d 190.32, 155.86, 145.57, 140.34,
131.84, 130.70, 130.23, 129.80, 127.87, 127.26, 124.73, 124.31, 124.14,
117.20, 115.87, 93.77. HRMS (ESI) [MþH]þ calcd for C16H12ClN2O2:
299.0587; found: 299.0592.

4.1.8. (Z)-3-(2-(2-bromophenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e18)

Compound J46e18 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 64%. Mp 267e268 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.24 (s, 1H), 12.09 (s, 1H), 7.71 (d,
J ¼ 8.0 Hz, 1H), 7.57 (dd, J ¼ 15.0, 7.5 Hz, 2H), 7.49 (t, J ¼ 7.4 Hz, 1H),
7.40 (t, J ¼ 7.6 Hz, 1H), 7.16 (s, 3H), 6.35 (s, 1H). 13C NMR (101 MHz,
DMSO‑d6) d 191.50, 155.85, 145.47, 142.47, 133.81, 131.87, 129.63,
128.36, 127.21, 124.73, 124.28, 124.16, 118.97, 117.20, 115.87, 93.57.
HRMS (ESI) [MþH]þ calcd for C16H12BrN2O2: 343.0082; found:
343.0089.

4.1.9. (Z)-3-(2-oxo-2-(o-tolyl)ethylidene)-3,4-dihydroquinoxalin-
2(1H)-one (J46e19)

Compound J46e19 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 54%. Mp 227e228 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.40 (s, 1H), 12.01 (s, 1H), 7.59e7.52
(m, 2H), 7.42e7.36 (m,1H), 7.30 (t, J¼ 7.5 Hz, 2H), 7.18e7.10 (m, 3H),
6.41 (s, 1H), 2.47 (s, 3H). 13C NMR (101 MHz, DMSO‑d6) d 193.98,
156.10, 145.28, 140.73, 136.26, 131.69, 130.52, 128.07, 127.10, 126.33,
124.52, 124.39, 124.12, 116.99, 115.83, 93.50, 20.71. HRMS (ESI)
[MþH]þ calcd for C17H15N2O2: 279.1134; found: 279.1139.

4.1.10. (Z)-3-(2-oxo-2-(2-(trifluoromethyl)phenyl)ethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e20)

Compound J46e20 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 77%. Mp 268e269 �C.1H
NMR (400 MHz, DMSO‑d6) d 13.17 (s, 1H), 12.11 (s, 1H), 7.84 (d,
J ¼ 7.8 Hz, 1H), 7.78 (t, J ¼ 7.4 Hz, 1H), 7.69 (t, J ¼ 8.0 Hz, 2H),
7.66e7.59 (m, 1H), 7.23e7.11 (m, 3H), 6.2 9 (s, 1H). 13C NMR
(101MHz, DMSO‑d6) d 191.78,155.74, 145.66, 140.99, 133.08,130.53,
128.90, 127.22, 127.02 (q, J ¼ 5.3 Hz, 1C), 126.10 (q, J ¼ 31.5 Hz, 1C),
124.81, 124.21, 124.16, 123.00, 117.26, 115.90, 93.10.19F NMR
(376 MHz, DMSO‑d6) d �56.60. HRMS (ESI) [MþH]þ calcd for
C17H12F3N2O2: 333.0851; found: 333.0847.

4.1.11. (Z)-3-(2-(2-methoxyphenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e21)

Compound J46e21 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 79%. Mp 238e239 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.56 (s, 1H), 11.95 (s, 1H), 7.68 (d,
J ¼ 7.6 Hz, 1H), 7.48 (t, J ¼ 7.1 Hz, 2H), 7.19e7.08 (m, 4H), 7.04 (t,
J ¼ 7.5 Hz, 1H), 6.84 (s, 1H), 3.88 (s, 3H). 13C NMR (101 MHz,
DMSO‑d6) d 189.54, 157.88, 156.30, 144.91, 132.94, 130.11, 129.51,
127.14, 124.75, 124.18, 124.03, 120.94, 116.86, 115.75, 112.72, 95.42,
56.19. HRMS (ESI) [MþH]þ calcd for C17H15N2O3: 295.1083; found:
295.1090.

4.1.12. (Z)-2-(2-(3-oxo-3,4-dihydroquinoxalin-2(1H)-ylidene)
acetyl)benzonitrile (J46e22)

Compound J46e22 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 25%. Mp 376e377 �C. 1H
NMR (400 MHz, DMSO‑d6) d 12.50 (s, 1H), 11.10 (s, 1H), 8.12 (t,
J¼ 7.4 Hz, 2H), 7.85 (d, J ¼ 7.4 Hz, 1H), 7.77 (t, J¼ 7.4 Hz, 1H), 7.67 (t,
J¼ 7.4 Hz,1H), 7.48 (t, J¼ 7.6 Hz, 1H), 7.40e7.21 (m, 2H), 7.12 (s, 1H).
13C NMR (101 MHz, DMSO‑d6) d 168.71, 155.07, 154.58, 141.59,
137.82, 133.53, 132.84, 131.49, 131.34, 130.14, 128.94, 128.87, 123.93,
123.80, 121.83, 115.68, 95.70. HRMS (ESI) [MþH]þ calcd for
C17H12N3O2: 290.0930; found: 290.0938.

4.1.13. (Z)-2-(2-(3-oxo-3,4-dihydroquinoxalin-2(1H)-ylidene)
acetyl)benzonitrile (J46e24)

Compound J46e24 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 13%. Mp 294e295 �C. 1H
NMR (400MHz, DMSO‑d6) d 13.30 (s, 1H), 12.61 (s, 1H), 12.12 (s, 1H),
8.63 (d, J ¼ 8.3 Hz, 1H), 8.06 (d, J ¼ 7.0 Hz, 2H), 8.00 (d, J ¼ 7.8 Hz,
1H), 7.62 (p, J ¼ 8.1 Hz, 5H), 7.26 (t, J ¼ 7.6 Hz, 1H), 7.17 (s, 3H), 6.84
(s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 192.15, 165.26, 155.96,
146.27, 139.81, 135.00, 133.33, 132.49, 129.82, 129.46, 127.74, 127.28,
126.28, 124.90, 124.12, 123.89, 121.45, 117.72, 117.45, 115.87, 114.98,
109.99, 91.51. HRMS (ESI) [MþH]þ calcd for C23H18N3O3: 384.1348;
found: 384.1343.

4.1.14. Tert-butyl (Z)-(2-(2-(3-oxo-3,4-dihydroquinoxalin-2(1H)-
ylidene)acetyl)phenyl)carbamate (J46e25)

Compound J46e25 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 63%. Mp 243e244 �C. 1H
NMR (400MHz, DMSO‑d6) d 13.10 (s, 1H), 12.07 (s, 1H), 10.85 (s, 1H),
8.22 (d, J¼ 8.4 Hz,1H), 7.87 (d, J¼ 7.9 Hz,1H), 7.58 (d, J¼ 6.1 Hz,1H),
7.50 (t, J ¼ 7.8 Hz, 1H), 7.13 (d, J ¼ 8.9 Hz, 4H), 6.74 (s, 1H), 1.49 (s,
9H). 13C NMR (101 MHz, DMSO‑d6) d 192.10, 155.97, 152.70, 145.91,
140.06, 133.17, 129.73, 127.13, 125.24, 124.65, 124.24, 124.05, 122.36,
119.60, 117.26, 115.79, 91.47, 80.37, 28.44. HRMS (ESI) [MþH]þ calcd
for C21H22N3O4: 380.1610; found: 380.1608.

4.1.15. Tert-butyl (Z)-(2-(2-(3-oxo-3,4-dihydroquinoxalin-2(1H)-
ylidene)acetyl)phenyl)carbamate (J46e25)

Compound J46e25 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 63%. Mp 243e244 �C. 1H
NMR (400MHz, DMSO‑d6) d 13.10 (s, 1H), 12.07 (s, 1H), 10.85 (s, 1H),
8.22 (d, J¼ 8.4 Hz,1H), 7.87 (d, J¼ 7.9 Hz,1H), 7.58 (d, J¼ 6.1 Hz,1H),
7.50 (t, J ¼ 7.8 Hz, 1H), 7.13 (d, J ¼ 8.9 Hz, 4H), 6.74 (s, 1H), 1.49 (s,
9H). 13C NMR (101 MHz, DMSO‑d6) d 192.10, 155.97, 152.70, 145.91,
140.06, 133.17, 129.73, 127.13, 125.24, 124.65, 124.24, 124.05, 122.36,
119.60, 117.26, 115.79, 91.47, 80.37, 28.44. HRMS (ESI) [MþH]þ calcd
for C21H22N3O4: 380.1610; found: 380.1608.

4.1.16. (Z)-3-(2-(3-chlorophenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e26)

Compound J46e26 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 26%. Mp 277e278 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.63 (s, 1H), 12.08 (s, 1H), 7.90 (d,
J¼ 8.3 Hz, 2H), 7.61 (d, J¼ 7.8 Hz, 1H), 7.52 (dd, J¼ 15.3, 6.8 Hz, 2H),
7.13 (s, 3H), 6.75 (s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 186.89,
155.94, 146.49, 140.98, 134.13, 131.95, 131.12, 127.30, 127.00, 126.08,
124.71, 124.31, 124.11, 117.17, 115.83, 89.40. HRMS (ESI) [MþH]þ
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calcd for C16H12ClN2O2: 299.0587; found: 299.0597.

4.1.17. (Z)-3-(2-(3-bromophenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e27)

Compound J46e27 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 55%. Mp 283e284 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.63 (s, 1H), 12.10 (s, 1H), 8.05 (s, 1H),
7.96 (d, J ¼ 7.8 Hz, 1H), 7.76 (d, J ¼ 7.9 Hz, 1H), 7.58e7.44 (m, 2H),
7.15 (s, 3H), 6.76 (s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 186.85,
155.95, 146.51, 141.22, 134.87, 131.42, 129.93, 127.32, 126.47, 124.75,
124.34, 124.14, 122.65, 117.21, 115.85, 89.40. HRMS (ESI) [MþH]þ

calcd for C16H12BrN2O2: 343.0082; found: 343.0089.

4.1.18. (Z)-3-(2-oxo-2-(m-tolyl)ethylidene)-3,4-dihydroquinoxalin-
2(1H)-one (J46e28)

Compound J46e28 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 64%. Mp 259e260 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.65 (s, 1H), 12.04 (s, 1H), 7.76 (d,
J ¼ 8.7 Hz, 2H), 7.48 (s, 1H), 7.39 (d, J ¼ 7.4 Hz, 2H), 7.13 (s, 3H), 6.80
(s, 1H), 2.39 (s, 3H). 13C NMR (101 MHz, DMSO‑d6) d 189.00, 156.19,
145.92, 139.11, 138.44, 132.98, 129.06, 127.93, 127.12, 124.66, 124.57,
124.38, 124.10, 116.96, 115.80, 89.67, 21.46. HRMS (ESI) [MþH]þ

calcd for C17H15N2O2: 279.1134; found: 279.1135.

4.1.19. (Z)-3-(2-oxo-2-(3-(trifluoromethyl)phenyl)ethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e29)

Compound J46e29 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 38%. Mp 278e279 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.71 (s, 1H), 12.14 (s, 1H), 8.28 (d,
J¼ 7.8 Hz, 1H), 8.20 (s, 1H), 7.94 (d, J¼ 7.7 Hz, 1H), 7.77 (t, J¼ 7.7 Hz,
1H), 7.55 (d, J ¼ 6.5 Hz, 1H), 7.16 (s, 3H), 6.83 (s, 1H). 13C NMR
(101 MHz, DMSO‑d6) d 186.71, 155.91, 146.79, 139.83, 131.39, 130.54,
130.03 (q, J ¼ 30.0 Hz, 1C), 128.61 (q, J ¼ 3.6 Hz, 1C), 127.39, 124.85,
124.44 (d, J¼ 273.4 Hz, 1C), 124.30, 124.16, 123.62 (q, J¼ 3.8 Hz, 1C),
117.27, 115.87, 89.31.19F NMR (376 MHz, DMSO‑d6) d �61.30. HRMS
(ESI) [MþH]þ calcd for C17H12F3N2O2: 333.0851; found: 333.0860.

4.1.20. (Z)-3-(2-(3-methoxyphenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e30)

Compound J46e30 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 48%. Mp 233e234 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.69 (s, 1H), 12.06 (s, 1H), 7.56 (d,
J¼ 7.6 Hz, 1H), 7.51 (d, J¼ 4.7 Hz, 1H), 7.45 (d, J¼ 7.6 Hz, 2H), 7.14 (s,
4H), 6.79 (s,1H), 3.83 (s, 3H). 13C NMR (101MHz, DMSO‑d6) d 188.51,
159.96, 156.14, 146.08, 140.60, 130.34, 127.18, 124.52, 124.49, 124.14,
119.88, 118.28, 117.03, 115.82, 112.09, 89.65, 55.66. HRMS (ESI)
[MþH]þ calcd for C17H15N2O3: 295.1083; found: 295.1086.

4.1.21. (Z)-3-(2-(3-oxo-3,4-dihydroquinoxalin-2(1H)-ylidene)
acetyl)benzonitrile (J46e31)

Compound J46e31 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 44%. Mp 276e277 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.69 (s, 1H), 12.11 (s, 1H), 8.33 (s, 1H),
8.26 (d, J¼ 7.9 Hz,1H), 8.01 (d, J¼ 7.6 Hz,1H), 7.72 (t, J¼ 7.7 Hz,1H),
7.53 (d, J ¼ 7.4 Hz, 1H), 7.15 (s, 3H), 6.82 (s, 1H). 13C NMR (101 MHz,
DMSO‑d6) d 186.31, 155.87, 146.82, 139.85, 135.49, 131.93, 131.06,
130.52, 127.40, 124.90, 124.24, 124.15, 118.83, 117.32, 115.85, 112.43,
89.40. HRMS (ESI) [MþH]þ calcd for C17H12N3O2: 290.0930; found:
290.0937.

4.1.22. (Z)-3-(2-(3-oxo-3,4-dihydroquinoxalin-2(1H)-ylidene)
acetyl)benzonitrile (J46e33)

Compound J46e33 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 50%. Mp 332e333 �C. 1H
NMR (400MHz, DMSO‑d6) d 13.68 (s,1H),12.06 (s,1H),10.46 (s,1H),
8.48 (s, 1H), 8.08 (d, J ¼ 8.0 Hz, 1H), 8.02 (d, J ¼ 7.3 Hz, 2H), 7.73 (d,
J ¼ 7.7 Hz, 1H), 7.62 (t, J ¼ 7.2 Hz, 1H), 7.54 (dt, J ¼ 15.6, 7.7 Hz, 4H),
7.16 (s, 3H), 6.86 (s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 188.64,
166.17, 156.21, 146.09, 140.09, 139.56, 135.23, 132.14, 129.53, 128.87,
128.16, 127.19, 124.60, 124.48, 124.14, 123.90, 122.60, 119.36, 117.06,
115.84, 89.62. HRMS (ESI) [MþH]þ calcd for C23H18N3O3: 384.1348;
found: 384.1353.

4.1.23. Tert-butyl (Z)-(3-(2-(3-oxo-3,4-dihydroquinoxalin-2(1H)-
ylidene)acetyl)phenyl)carbamate (J46e34)

Compound J46e34 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 42%. Mp 231e232 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.66 (s, 1H), 12.05 (s, 1H), 9.57 (s, 1H),
8.19 (s, 1H), 7.64 (d, J ¼ 8.0 Hz, 1H), 7.58 (d, J ¼ 7.8 Hz, 1H), 7.52 (dd,
J ¼ 5.7, 3.7 Hz, 1H), 7.41 (t, J ¼ 7.9 Hz, 1H), 7.15 (s, 3H), 6.78 (s, 1H),
1.50 (s, 9H). 13C NMR (101 MHz, DMSO‑d6) d 188.80, 156.20, 153.27,
146.00, 140.47, 139.63, 129.52, 127.16, 124.60, 124.46, 124.15, 121.81,
121.12, 117.03, 115.83, 89.57, 79.75, 28.60. HRMS (ESI) [MþH]þ calcd
for C21H22N3O4: 380.1610; found: 380.1606.

4.1.24. (Z)-3-(2-(2,3-dichlorophenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e35)

Compound J46e35 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 74%. Mp 298e299 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.24 (s, 1H), 12.13 (s, 1H), 7.74 (d,
J¼ 7.8 Hz, 1H), 7.61 (d, J¼ 7.2 Hz, 1H), 7.54 (d, J¼ 7.5 Hz, 1H), 7.47 (t,
J ¼ 7.8 Hz, 1H), 7.16 (d, J ¼ 7.1 Hz, 3H), 6.31 (s, 1H). 13C NMR
(101 MHz, DMSO‑d6) d 189.59, 155.73, 145.89, 142.79, 133.03,
132.02, 129.10, 128.25, 128.03, 127.31, 124.93, 124.17, 117.34, 115.88,
93.40. HRMS (ESI) [MþH]þ calcd for C16H11Cl2N2O2: 333.0198;
found: 333.0202.

4.1.25. (Z)-3-(2-(naphthalen-1-yl)-2-oxoethylidene)-6-nitro-3,4-
dihydroquinoxalin-2(1H)-one (J46e36)

Compound J46e36 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 71%. Mp 312e313 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.16 (s, 1H), 12.36 (s, 1H), 8.71e8.42
(m, 2H), 8.16e7.76 (m, 4H), 7.57 (s, 3H), 7.18 (d, J ¼ 8.4 Hz, 1H), 6.62
(s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 193.63, 156.56, 144.02,
143.11, 138.12, 133.91, 132.50, 131.72, 129.94, 128.91, 127.52, 127.09,
126.72, 125.83, 125.50, 125.03, 119.32, 115.95, 112.67, 95.64. HRMS
(ESI) [MþH]þ calcd for C20H14N3O4: 360.0984; found: 360.0989.

4.1.26. (Z)-3-(2-(naphthalen-1-yl)-2-oxoethylidene)-2-oxo-1,2,3,4-
tetrahydroquinoxaline-6-carbonitrile (J46e37)

Compound J46e37 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 78%. Mp 327e328 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.23 (s, 1H), 12.28 (s, 1H), 8.63e8.43
(m, 1H), 8.15 (d, J ¼ 1.5 Hz, 1H), 8.09 (d, J ¼ 8.2 Hz, 1H), 8.01 (dd,
J ¼ 6.5, 2.8 Hz, 1H), 7.86 (d, J ¼ 6.3 Hz, 1H), 7.59 (qd, J ¼ 7.3, 6.9,
2.8 Hz, 3H), 7.53 (dd, J¼ 8.3, 1.7 Hz, 1H), 7.21 (d, J¼ 8.3 Hz, 1H), 6.62
(s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 193.79, 156.42, 144.49,
138.23, 133.93, 131.71, 130.95, 129.94, 128.95, 127.81, 127.57, 127.08,
126.77, 125.83, 125.58, 125.30, 120.74, 119.21, 116.55, 105.74, 95.32.
HRMS (ESI) [MþH]þ calcd for C21H14N3O2: 340.1086; found:
340.1085.

4.1.27. (Z)-8-methyl-3-(2-(naphthalen-1-yl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e38)

Compound J46e38 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 66%. Mp 336e337 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.61 (s, 1H), 11.39 (s, 1H), 8.53 (d,
J ¼ 7.8 Hz, 1H), 8.08 (d, J ¼ 8.2 Hz, 1H), 8.02 (d, J ¼ 7.8 Hz, 1H), 7.87
(d, J¼ 7.1 Hz, 1H), 7.61 (t, J¼ 7.2 Hz, 3H), 7.43 (d, J¼ 7.9 Hz, 1H), 7.08
(t, J¼ 7.7 Hz,1H), 7.02 (d, J¼ 7.6 Hz,1H), 6.58 (s, 1H), 2.39 (s, 3H). 13C
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NMR (101 MHz, DMSO‑d6) d 193.31, 156.69, 145.31, 138.60, 133.93,
131.36, 129.98, 128.91, 127.45, 126.84, 126.73, 126.25, 125.99, 125.64,
125.52, 124.71, 124.45, 123.90, 115.11, 93.76, 17.55. HRMS (ESI)
[MþH]þ calcd for C21H17N2O2: 329.1290; found 329.1298.
4.1.28. (Z)-8-bromo-3-(2-(naphthalen-1-yl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46e39)

Compound J46e39 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 20%. Mp 264e265 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.43 (s, 1H), 11.13 (s, 1H), 8.53 (d,
J¼ 7.7 Hz,1H), 8.10 (d, J¼ 8.3 Hz,1H), 8.03 (d, J¼ 7.8 Hz,1H), 7.89 (d,
J ¼ 7.1 Hz, 1H), 7.63 (dd, J ¼ 12.3, 7.2 Hz, 4H), 7.43 (d, J ¼ 7.9 Hz, 1H),
7.10 (t, J ¼ 7.9 Hz, 1H), 6.62 (s, 1H). 13C NMR (101 MHz, DMSO‑d6)
d 193.68, 156.69, 144.79, 138.28, 133.94, 131.63, 129.95, 128.95,
127.85, 127.56, 127.06, 126.78, 126.30, 125.90, 125.63, 125.41, 125.12,
116.75, 108.59, 94.67. HRMS (ESI) calcd [MþH]þ for C20H14BrN2O2:
393.0239; found: 393.0249.
4.1.29. (Z)-3-(2-(2-chlorophenyl)-2-oxoethylidene)-2-oxo-1,2,3,4-
tetrahydroquinoxaline-6-carbonitrile (J46e40)

Compound J46e40 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 77%. Mp 290e291 �C. 1H
NMR (400 MHz, DMSO‑d6) d 12.99 (s, 1H), 12.32 (s, 1H), 8.18 (s, 1H),
7.61 (d, J ¼ 7.3 Hz, 1H), 7.50 (dt, J ¼ 26.4, 6.7 Hz, 4H), 7.21 (d,
J ¼ 8.3 Hz, 1H), 6.45 (s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 190.90,
156.22, 144.52, 140.06, 132.15, 131.03, 130.79, 130.25, 129.84, 128.02,
127.97, 125.15, 120.97, 119.17, 116.58, 105.71, 94.92. HRMS (ESI)
[MþH]þ calcd for C17H11ClN3O2: 324.0540; found: 324.0548.
4.1.30. (Z)-3-(2-(2-bromophenyl)-2-oxoethylidene)-2-oxo-1,2,3,4-
tetrahydroquinoxaline-6-carbonitrile (J46e41)

Compound J46e41 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 72%. Mp 289e290 �C. 1H
NMR (400 MHz, DMSO‑d6) d 12.93 (s, 1H), 12.32 (s, 1H), 8.20 (s, 1H),
7.73 (d, J¼ 7.9 Hz,1H), 7.62e7.47 (m, 3H), 7.42 (t, J¼ 7.6 Hz,1H), 7.22
(d, J ¼ 8.3 Hz, 1H), 6.40 (s, 1H). 13C NMR (101 MHz, DMSO‑d6)
d 192.01, 156.21, 144.44, 142.20, 133.89, 132.13, 131.02, 129.66,
128.43, 128.02, 125.16, 120.97, 119.18, 118.92, 116.60, 105.71, 94.77.
HRMS (ESI) [MþH]þ calcd for C17H11BrN3O2: 368.0035; found:
368.0032.
4.1.31. (Z)-2-oxo-3-(2-oxo-2-(o-tolyl)ethylidene)-1,2,3,4-
tetrahydroquinoxaline-6-carbonitrile (J46e42)

Compound J46e42 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 90%. Mp 291e292 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.07 (s, 1H), 12.24 (s, 1H), 8.12 (s, 1H),
7.57 (d, J¼ 7.3 Hz, 1H), 7.51 (d, J¼ 8.3 Hz, 1H), 7.40 (t, J¼ 7.3 Hz, 1H),
7.31 (t, J ¼ 7.9 Hz, 2H), 7.19 (d, J ¼ 8.3 Hz, 1H), 6.46 (s, 1H), 2.47 (s,
3H). 13C NMR (101 MHz, DMSO‑d6) d 194.37, 156.42, 144.17, 140.34,
136.48, 131.79, 130.87, 130.82, 128.20, 127.71, 126.38, 125.33, 120.67,
119.20, 116.50, 105.69, 94.70, 20.75. HRMS (ESI) [MþH]þ calcd for
C18H14N3O2: 304.1086; found: 304.1087.
4.1.32. (Z)-3-(2-(2-methoxyphenyl)-2-oxoethylidene)-2-oxo-
1,2,3,4-tetrahydroquinoxaline-6-carbonitrile (J46e43)

Compound J46e43 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 10%. Mp 299-3.

00 �C. 1H NMR (400 MHz, DMSO‑d6) d 13.20 (s, 1H), 12.19 (s, 1H),
8.07 (s, 1H), 7.67 (s, 1H), 7.52 (s, 2H), 7.13 (d, J¼ 48.4 Hz, 3H), 6.87 (s,
1H), 3.89 (s, 3H). 13C NMR (101 MHz, DMSO‑d6) d 190.27, 158.02,
156.64, 143.73, 133.36, 130.94, 130.15, 129.27, 127.56, 125.58, 121.03,
120.53, 119.25, 116.44, 112.85, 105.63, 96.62, 56.26. HRMS (ESI)
[MþH]þ calcd for C18H14N3O3: 320.1035; found: 320.1042.
4.1.33. (Z)-2-oxo-3-(2-oxo-2-(m-tolyl)ethylidene)-1,2,3,4-
tetrahydroquinoxaline-6-carbonitrile (J46e44)

Compound J46e44 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 38%. Mp 332e333 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.31 (s, 1H), 12.27 (s, 1H), 8.08 (s, 1H),
7.78 (d, J ¼ 8.5 Hz, 2H), 7.52 (d, J ¼ 8.2 Hz, 1H), 7.42 (d, J ¼ 5.2 Hz,
2H), 7.19 (d, J ¼ 8.3 Hz, 1H), 6.84 (s, 1H), 2.41 (s, 3H). 13C NMR
(101MHz, DMSO‑d6) d 189.58,156.51,144.89,138.85,138.58,133.34,
130.92, 129.16, 128.05, 127.73, 125.39, 124.82, 120.65, 119.20, 116.50,
105.69, 90.95, 21.45. HRMS (ESI) [MþH]þ calcd for C18H14N3O2:
304.1086; found: 304.1083.
4.1.34. (Z)-3-(2-(3-methoxyphenyl)-2-oxoethylidene)-2-oxo-
1,2,3,4-tetrahydroquinoxaline-6-carbonitrile (J46e45)

Compound J46e45 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 24%. Mp 324e325 �C. 1H
NMR (400 MHz, DMSO‑d6) d 13.31 (s, 1H), 12.25 (s, 1H), 8.04 (s, 1H),
7.54 (d, J ¼ 7.6 Hz, 1H), 7.49 (d, J ¼ 8.3 Hz, 1H), 7.46e7.38 (m, 2H),
7.16 (t, J ¼ 8.4 Hz, 2H), 6.79 (s, 1H), 3.83 (s, 3H). 13C NMR (101 MHz,
DMSO‑d6) d 189.03, 159.96, 156.41, 145.00, 140.25, 130.92, 130.37,
127.75, 125.28, 120.64, 120.00, 119.18, 118.53, 116.49, 112.21, 105.70,
90.90, 55.67. HRMS (ESI) [MþH]þ calcd for C18H14N3O3: 320.1035;
found: 320.1041.
4.1.35. (Z)-3-(2-(2,3-dichlorophenyl)-2-oxoethylidene)-2-oxo-
1,2,3,4-tetrahydroquinoxaline-6-carbonitrile (J46e46)

Compound J46e46 was prepared in a manner similar to that
described for J46 as a yellow solid. Yield: 66%. Mp 327e328 �C. 1H
NMR (400 MHz, DMSO‑d6) d 12.93 (s, 1H), 12.35 (s, 1H), 8.21 (s, 1H),
7.76 (d, J¼ 7.8 Hz,1H), 7.65e7.52 (m, 2H), 7.48 (t, J¼ 7.7 Hz,1H), 7.21
(s, 1H), 6.36 (s, 1H). 13C NMR (101 MHz, DMSO‑d6) d 190.15, 156.07,
144.90, 142.50, 133.10, 132.26, 131.07, 129.15, 128.26, 128.16, 128.05,
125.01, 121.09, 119.14, 116.62, 105.73, 94.59. HRMS (ESI) [MþH]þ

calcd for C17H10Cl2N3O2: 358.0150; found: 358.0150.
4.1.36. (Z)-3-(2-(2-aminophenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46-23)

A solution of compound J46e25 (0.8 mmol, 300 mg) and tri-
fluoroacetic acid (5.0 mL) in dichloromethane (5.0 mL) was stirred
for 12 h at room temperature. Then, the mixture was poured into
ice water and the pH value was adjusted to 8.0 with sodium bi-
carbonate and extracted with ethyl acetate (30 mL). The organic
layer was separated, washed with brine, dried over MgSO4 and
concentrated in vacuo. The yellow solid was recrystallized from a
mixture solvent of DMF/ethanol (15:1) to give J46e23 as a yellow
solid. Yield: 81%. Mp 375e376 �C. 1H NMR (400 MHz, DMSO‑d6)
d 13.20 (s, 1H), 11.90 (s, 1H), 7.70 (d, J ¼ 8.0 Hz, 1H), 7.43 (d,
J¼ 7.6 Hz, 1H), 7.21 (t, J ¼ 7.5 Hz, 1H), 7.11 (s, 5H), 6.76 (d, J ¼ 5.0 Hz,
2H), 6.57 (t, J ¼ 7.4 Hz, 1H). 13C NMR (101 MHz, DMSO‑d6) d 192.73,
156.52, 151.22, 144.18, 133.53, 129.81, 126.68, 124.82, 124.07, 123.73,
119.20, 117.53, 116.39, 115.75, 115.29, 90.89. HRMS (ESI) [MþH]þ

calcd for C16H14N3O2: 280.1086; found: 280.1089.
4.1.37. (Z)-3-(2-(3-aminophenyl)-2-oxoethylidene)-3,4-
dihydroquinoxalin-2(1H)-one (J46-32)

Compound J46e32 was prepared in a manner similar to that
described for J46e23 as a yellow solid. Yield: 70%. Mp 259e260 �C.
1H NMR (400MHz, DMSO‑d6) d 13.59 (s,1H),11.99 (s,1H), 7.55e7.44
(m, 1H), 7.23 (s, 1H), 7.20e7.06 (m, 5H), 6.76 (d, J ¼ 4.9 Hz, 2H), 5.34
(s, 2H). 13C NMR (101 MHz, DMSO‑d6) d 189.79, 156.32, 149.51,
145.51, 139.92, 129.59, 127.03, 124.73, 124.21, 124.11, 117.81, 116.85,
115.79, 115.01, 112.66, 89.85. HRMS (ESI) [MþH]þ calcd for
C16H14N3O2: 280.1086; found: 280.1091.
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4.2. Preparation of ligands and crystal structures

All of the chemical structures were processed using the LigPrep
module in Schr€odinger 10.2 software (Schrodinger, LLC, NY, USA)
[46]. Epik module in Schr€odinger was used to generate the ionized
states and tautomers/stereoisomers at pH ¼ 7.0 ± 2.0 [47]. The
original chiralities were preserved for JNK3 inhibitors with known
3D structures, and different combinations of chiralities were
generated for the decoys without 3D structures. The maximum
number of stereoisomers for each decoy was set to 32 and one low-
energy ring conformationwas generated. The OPLS3 force field was
adopted to perform energy minimization.

The crystallographic structures of the JNK3 in complex with
inhibitors were retrieved from the RCSB Protein Data Bank (PDB)
and crystal structure (PDB ID: 4W4W)were prepared by the Protein
Preparation Wizard module in Schr€odinger 10.2 software. Proteins
were assigned bond orders, added hydrogens, protonated, removed
all crystallographic water molecules and restrained minimization
until the root-mean-square deviation (RMSD) lower than 0.3 Å
based on the OPLS3 force field.

4.3. Molecular dynamics simulations

Following molecular docking, independent 50 ns MD simula-
tions were performed for compound J46e37 ligand-protein com-
plex using the Desmond software [48]. Naþ and Cl� ions were
added at physiological concentration of 0.15M to ensure the overall
neutrality of the systems. Simulations were conducted with an
OPLS3 force field and a TIP3P explicit solvent model. The final size
of the solvated system was close to ~50,000 atoms. We chose a 4.8
ps recording interval and the NPT ensemble was employed with a
temperature fixed at 300 K and pressure at 1.01 bar. The integration
time step was set at 2 fs. The model systems were relaxed using six
steps default protocol implemented in Desmond, and utilized to
prepare systems for production-quality simulation. Default settings
were used for all other parameters. The simulation interaction di-
agram analysis tool was used to monitor energetics, RMSD fluctu-
ations, hydrogen bon d distances, angles, and van der Waals
interactions over the simulation trajectories.

4.4. In vitro enzymatic inhibition assays

The inhibition activity against JNK3(h), JNK1a1(h), JNK2a2(h),
DDR1(h), DDR2(h), EGFR(h), EGFR(L858R)(h), EGFR(L861Q)(h),
EGFR(T790M)(h), EGFR(T790M,L858R)(h), were tested by Eurofins
using KinaseProfiler™ Service Assay (details are available at
https://www.eurofins.com/) [49].

JNK3(h) (JNK1a1(h) or JNK2a2(h)) was incubated with 50 mM
Tris pH 7.5, 0.1 mM EGTA, 0.1% b-mercaptoethanol, 250 mM peptide
(3 mM ATF2), 10 mM MgAcetate and [g-33P-ATP] (specific activity
approx. 500 cpm/pmol, concentration as required). The reaction
was initiated by the addition of theMgATPmix. After incubation for
40 min at room temperature, the reaction was terminated by the
addition of 3% phosphoric acid solution. 10 mL of the reaction
mixture was then spotted onto a P30 filter mat and washed three
times for 5 min in 75 mM phosphoric acid and once in methanol
prior to drying and scintillation counting. JNK3(h) (JNK1a1(h) or
JNK2a2(h)) activity was defined as the percentage of JNK3(h)
(JNK1a1(h) or JNK2a2(h)) activity in the absence of inhibitor, which
was designated as 100%. IC50 values were determined as the con-
centration in which 50% inhibition is achieved from Hill equation
fitting.

DDR1(h) was incubated with 8 mMMOPS pH 7.0, 0.2 mM EDTA,
250 mM KKKSPGEYVNIEFG, 10 mM MgAcetate and [g-33P]-ATP
(specific activity approx. 500 cpm/pmol, concentration as required).
The reaction was initiated by the addition of the MgATP mix. After
incubation for 40 min at room temperature, the reaction was
stopped by the addition of 3% phosphoric acid solution. 10 mL of the
reaction was then spotted onto a P30 filtermat and washed three
times for 5 min in 75 mM phosphoric acid and once in methanol
prior to drying and scintillation counting. DDR1(h) activity was
defined as the percentage of DDR1(h) activity in the absence of
inhibitor, which was designated as 100%.

DDR2(h) was incubated with 8 mMMOPS pH 7.0, 0.2 mM EDTA,
250 mM KKSRGDYMTMQIG, 10 mM MnCl2, 10 mM MgAcetate and
[g-33P]-ATP (specific activity approx. 500 cpm/pmol, concentration
as required). The reaction was initiated by the addition of the
MgATP mix. After incubation for 40 min at room temperature, the
reaction was stopped by the addition of 3% phosphoric acid solu-
tion. 10 mL of the reactionwas then spotted onto a P30 filtermat and
washed three times for 5 min in 75 mM phosphoric acid and once
in methanol prior to drying and scintillation counting. DDR2(h)
activity was defined as the percentage of DDR2(h) activity in the
absence of inhibitor, which was designated as 100%.

EGFR (h) (EGFR(L858R)(h) or EGFR(L861Q)(h)) was incubated
with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 10 mM MnCl2, 0.1 mg/mL
poly(Glu, Tyr) 4:1, 10 mM MgAcetate and [g-33P]-ATP (specific ac-
tivity approx. 500 cpm/pmol, concentration as required). The re-
action was initiated by the addition of the MgATP mix. After
incubation for 40 min at room temperature, the reaction was
stopped by the addition of 3% phosphoric acid solution. 10 mL of the
reaction was then spotted onto a Filtermat A and washed three
times for 5 min in 75 mM phosphoric acid and once in methanol
prior to drying and scintillation counting. EGFR(h) (EGFR(L858R)(h)
or EGFR(L861Q)(h)) activity was defined as the percentage of
EGFR(h) (EGFR(L858R)(h) or EGFR(L861Q)(h)) activity in the
absence of inhibitor, which was designated as 100%.

EGFR(T790M)(h) or EGFR(T790M, L858R)(h) was incubated
with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 250 mM GGMEDIY-
FEFMGGKKK, 10 mM MgAcetate and [g-33P]-ATP (specific activity
approx. 500 cpm/pmol, concentration as required). The reaction
was initiated by the addition of theMgATPmix. After incubation for
40 min at room temperature, the reaction was stopped by the
addition of 3% phosphoric acid solution. 10 mL of the reaction was
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. EGFR(T790M)(h) or EGFR(T790M, L858R)(h)
activity was defined as the percentage of EGFR(T790M)(h) or
EGFR(T790M, L858R)(h) activity in the absence of inhibitor, which
was designated as 100%.
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Abbreviations

JNKs c-Jun N-terminal kinases
MAPK mitogen-activated protein kinase
ATP adenosine 50-triphosphate
ATF2 activating transcription factor 2
Elk1 ETS Transcription Factor ELK1
DPC4 deleted in pancreatic cancer locus
NFAT4 nuclear factor of activated T-Cells 4
AD Alzheimer’s disease
SAR structure�activity relationship
IC50 half-maximal inhibitory concentration
DDR1 epithelial discoidin domain-containing receptor 1
EGFR epidermal growth factor receptor
clogD lipid-water partition coefficient at pH ¼ 7.4
PDB Protein Data Bank
HR I hydrophobic region I
BBB blood�brain barrier
LipE ligand efficiency
TFA trifluoroacetic acid
HRMS high-resolution mass spectrometry
MD molecular dynamics
RMSD root mean-square deviation
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