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UNC51-like kinase1 (ULK1) recruits its binding partners and initiates the autophagy process in cancer.
ULK1 is significantly overexpressed in Non-small cell lung cancer (NSCLC) and negatively correlated with
clinical prognosis in NSCLC patients. Based upon the binding features of ULK1, we explored the phar-
macophore modeling to discover the common anchoring features. It was verified by synthesizing 5-
bromo-4-phenoxy-N-phenylpyrimidin-2-amine derivatives, as well as subsequently elucidating the
structure-activity relationships (SAR). Among all the obtained ULK1 inhibitors, 5-bromo-4-(2-fluoro-4-
nitrophenoxy)-N-(3,4,5-trimethoxyphenyl) pyrimidin-2-amine (3s), was the most active one. The
docking analysis was conducted to compare 3s and SBI-0206965, which further elucidated the roles of
the H-bond donor. This compound inhibited the proliferation of A549 cells and showed strong inhibitory
activity against ULK1 kinase. Moreover, we found that compound 3s could induce apoptosis while
simultaneously blocking autophagy. Collectively, these findings shed new light on compound 3s that
would be utilized as a promising candidate drug for the future NSCLC therapy.

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

Lung cancer is the low 5-year overall survival and most
frequently diagnosed cancer. Almost 2.3 million new cases of lung
cancer have been diagnosed in 2019 [1,2]. It is estimated that NSCLC
accounts for 83% of lung cancer cases. Despite significant progress
in cancer research and treatment, the 5-year survival rate of NSCLC
patients is only 15% [3]. The high incidence and morbidity rate of
lung cancer has continued to increase in the developed countries.
Consequently, it is highly efficacious to explore more efficacious
therapeutic agents to benefit patient survival and quality of life
[4,5].
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served.
Autophagy, a conserved biological process of phagocytosis, can
remove damaging organelles, and maintain stable and normal
physiological activities [6,7]. The autophagic process is regulated by
autophagy-related genes. Among them, autophagy-related gene 1
(Atg1), a serine/threonine protein kinase, acts as a promoter of
autophagy and regulates autophagy-initiating function [8,9].
Autophagy participates in diverse diseases, including cancer.
However, autophagy plays a dichotomous role in cancer. There is
mounting evidence that inducing autophagy could be an effective
approach to inhibit other important process in cells, such as mTOR
signaling or other stress responses [10]. The fusion peptide, Tat-
Beclin1 is reported as a specific autophagy inducer [11]. Most re-
searches reported that autophagy inhibition could suppress the
growth of advanced cancers. Hydroxychloroquine, the autophagy
inhibitor is the clinically available drug [12]. Combined hydroxy-
chloroquine with temsirolimus, doxorubicin or bortezomib in pa-
tients with refractory solid tumors, including melanoma and
glioblastoma multiforme [13,14].
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UNC-51 like kinase 1 (ULK1), Atg1 homologue, localizes to the
autophagosomal membrane in mammalian cells and is diffusely
reported as the autophagic initiator [15,16]. ULK1 is component of
ULK1 complex (ULK1-ATF13-FIP200-ATG101), which plays an
important role in autophagy induction. Characterization of ULK1
expression has been identified that up-regulation of ULK1 is found
in some cancer tissues [17]. Previous study has reported that ULK1
showed up-regulated in NSCLC and negatively correlated with
prognosis in NSCLC patients. Otherwise, knockdown of ULK1
inhibited cell growth and enhanced the efficacy of cisplatin against
NSCLC cells [18]. Knockdown of ULK1 or the inhibition of ULK1 by
the selective inhibitor SBI0206965, inhibited cell proliferation,
induced cell apoptosis and enhanced the sensitivity of cisplatin
against NSCLC cells [17]. In this case, inhibition of ULK1 to regulate
autophagy process may be an efficacious therapeutic strategy.

Hitherto, multiple ULK1 inhibitors have been reported and
researched for potential cancer treatment. As shown in Fig. 1,
compound 6, a high affinity inhibitor of ULK1 (IC50 ¼ 8 nM), was
selected from a high throughput of 764 compounds with a standard
32P-ATP radioactive assay. However, compound 6 did not have
specificity for ULK1 and the usage could not be determined in
follow-up study [19]. In order to further improve the selectivity of
ULK1, the inhibitor with novel scaffold was found. Compound 3was
less suitable as an inhibitor of ULK1, although it showed good
selectivity [20]. A TBK1 inhibitor, MRT67307 could inhibit ULK1
(IC50 ¼ 45 nM) and ULK2 (IC50 ¼ 38 nM). Its homologue MRT68921
also had a good affinity. Unfortunately, neither MRT67307 nor
MRT68921 had the specificity of ULK1. In addition, a high-
throughput screening and structural modification revealed a
ULK1 inhibitor having a skeleton of an anthracene derivative [21].
Compound 3g had a potent affinity for ULK1 (IC50 ¼ 45 nM), which
was consistent with MRT67307. WP1130 inhibited deubiquitinases,
resulting in an increase in ULK1 ubiquitination, thereby inhibiting
the activity of ULK1 and autophagy [22]. A FAK inhibitor, SBI-
0206965, was also an inhibitor of high selectivity for ULK1
Fig. 1. The structures of rep
(IC50 ¼ 108 nM) and ULK2 (IC50 ¼ 711 nM). SBI-0206965 could
inhibit ULK1 phosphorylation of VPS34 to regulate autophagy and
cell survival [23].

Pharmacophore modeling was well applied in the field of me-
dicinal chemistry [24,25]. Given several active molecules and
favorable interactions with the active site, ligand-based pharma-
cophore elucidated comprehensive chemical features [26,27]. To
introduce the method to understand development of ULK1-
inhibitors and explore structure-activity relationship (SAR), we
explored the pharmacophore modeling to discover the common
anchoring features. In regrading to this, we further designed and
synthesized a series of new ULK1 inhibitors according to the
structure of ULK1 inhibitors in the literature, and finally 27 new
small-molecule compounds were obtained. By studying the bio-
logical activity of these compounds, we found that 3s not only had
good inhibitory activity against tumor cells, but also showed strong
inhibitory activity against ULK1 kinase. Subsequently, we carried
out the SAR analysis and molecular docking. Further results
revealed that 3s blocked autophagy by ULK1 inhibition and induced
apoptosis in human lung carcinoma A549 cells, which would shed
new light on accelerating inhibitor discovery process of ULK1 and
exploiting potential candidate drug for the future NSCLC therapy.

2. Results

2.1. Design and chemistry

ULK1 possesses the standard kinase fold, but still exists several
unique features. The most notably feature is the large loop between
the N- and C-terminal lobes, which has substrate recognition and
kinase activity regulation. The positively charged loop extends out
from the kinase domain, which is rare in the remainder of the
kinome. Otherwise, ULK1 and ULK2 are the highly similar, while the
loop is one of the most nonconserved features [28]. The skeleton of
many inhibitors is similar to adenine, such as imatinib, infigratinib
orted ULK1 inhibitors.
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and lapatinib. Here we constructed the pharmacophore modeling,
which compared ligand-protein interactions and explored SAR
(Fig. 2). In the first step, we read 3D coordinates of the ULK1
inhibitors-protein complex. ULK1 inhibitors were docked into the
active site of ULK1 (PDB: 4WNO) (Fig. S1A). In order to nicely
matching molecules, an overlap factor, hydrophobicity of protein
cavities was introduced (Fig. S1B). The top1 pose was generated for
each ligand. It was important to analyze the binding characteristics
of reported ULK1 inhibitors. Firstly, based on the integrated struc-
tural features of ULK1 reported inhibitors, we found that the 2-
aminopyrimidine scaffolds exhibited typical type I interactions
with kinase hinge backbones as adenine did. Then, the flexibility of
the methionine gatekeeper exerted control over ULK1 inhibitor
binding by restricting access to the ATP-binding site deep. Addi-
tional, according to the rigidity of the chemical structure, existing
inhibitors can be divided into two categories. An aliphatic chain or
an aromatic ring occupied at the 4-position of pyrimidine. Finally, a
substituted aromatic ring located in the allosteric pocket and
occupied the hydrophobic binding site. Hydrophobic electron-
withdrawing groups in the adenine core enhanced potency. In
the second step, the pharmacophore model was wrapped into a
normalized analysis that expresses the similarity between the ULK1
inhibitors (Fig. S1C). Smaller molecules inevitably got good
matching with the pharmacophore model. The pharmacophore
characteristics of ULK1 inhibitors were analyzed preliminarily, and
we further analyzed the atomic characteristics of SBI0206965. The
Fig. 2. The workflow of designing ULK1 inhi
structure of SBI0206965 was most consistent with the pharmaco-
phore based “fit value” (Table S1). Otherwise, as it is mentioned
above, SBI0206965 was more selective for ULK1. Consequently,
close protein atoms were identified by multiple types of ligand-
protein interactions (e.g., H-bond donors, H-bond acceptors, hy-
drophobicity, stacking, CH-p). We expanded close ligand-protein
atom to circular fragments and found ULK1 inhibitors-protein
complex fragment. To further inhibit the ULK1 binding, H-bond
donor and hydrophobic segments played an important role.
Hydrogen bond formed by H-bond donor was towards the back
pocket targeting the residues at the gatekeeper to gatekeeper þ3
position. Otherwise, the contributions of hydrophobicity also were
favorable interactions.

We examined the effect of various substituted groups and syn-
thesized a series of derivatives according to the synthetic routes
outlined in Scheme 1. The synthesis of compounds 3a-l was
introduced by using commercially available 2-hydroxybenzoic acid
as the startingmaterial. The reaction of 2-hydroxybenzoic acid with
methylamine in ethyl acetate yielded intermediate 1. Intermediate
1 reacted with 5-bromo-2,4-dichloropyrimidine to afford inter-
mediate 2. Then it reacted with para-bromoaniline and diverse
aniline, which was prepared by refluxing reaction of THF in p-TsA,
to obtain final compounds 3a-l with 53e72% yields.

The synthetic routes of compounds 3m-u were depicted in
Scheme 2. The final compounds were yielded by two steps from
commercially available 5-bromo-2,4-dichloropyrimidine. First, the
bitors based on pharmacophore model.



Scheme 1. Reagents and conditions: (i) Methanamine, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide (EDCI), ethyl acetate (EA), r.t.; (ii) 5-bromo-2,4-dichloropyrimidine, N,N-
Diisopropylethylamine (DIEA), Ethanol (EtOH), 0 �C to r.t.; (iii) p-Toluenesulfonic acid (p-TsA), Tetrahydrofuran (THF), reflux.

Scheme 2. Reagents and conditions: (i) 5-Bromo-2,4-dichloropyrimidine/Dichloropyrimidine, DIEA, EtOH, 0 �C to r.t.; (ii) p-TsA, N2, THF, reflux.
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preparation of compounds 2m-u was employed by 5-bromo-2,4-
dichloropyrimidine and diverse phenol in ethanol. Then, com-
pounds 3m-u were synthesized by the similar procedure as com-
pounds 3a. Compound 5a was also synthesized by the similar
method as 3a.

In Scheme 3, 6a-cwas prepared via 2,4-dichloropyrimidinewith
N-Boc-1,3-propanediamine in isopropanol with K2CO3 at 80 �C. The
desired compounds (8a-c) containing aliphatic chain were syn-
thesized using 6a-cwith 3,4,5-trimethoxyaniline in the presence of
THF and p-TsA. The N-Boc group was removed by Trifluoroacetic
acid (TFA) in CH2Cl2 to provide the final compounds. Similarly, 10a-
b were carried out following reported procedures.
2.2. SAR analyses of the synthesized compounds

To examine SAR, kinase inhibition assay was utilized to assess
the ability to inhibit ULK1. In the study, the following mainly three
regions were focus on discussing the bioactivities effects (Fig. S2),
including the skeleton structure, the head phenyl ether group (re-
gion I) and the terminal phenylamine group rings (region II). At
first, anilines with different substituents were investigated
(Table 1) on the bioactivity. For this purpose, we prepared a series of
the aryl moieties introducing activity. All other parts of compounds
were fixed as their original structures. A total of twelve compounds
(3a-l) were synthesized.
Scheme 3. Reagents and conditions: (i) Isopropanol, K2CO3.; reflux; (ii) 3,4,5-Tr
Bioactivities of these compounds were listed in Table 1. Firstly,
we introduced methoxy and fluorine substituents on ortho posi-
tion. Unfortunately, the synthesized compounds showed no better
activity than SBI0206965. For meta-position substituents, replace-
ment of methyl (3f), methoxy (3j) and bromine (3d) exhibited a
similar activity, whereas isopropyl substituent (3k) displayed
higher affinity for ULK1. This suggested that electronegativity of
substituents did not affect the potency for ULK1, which was
depended on the chemical space. To further explore the space, we
synthesized compound 3l, which showed no activity. For para-
position and di-substituents, these compounds displayed moder-
ate activity with no significant improvement.

To further explore the potency for ULK1, we investigated the
influence of the aryl moiety R1 and R2. Ten compounds (3m¡3u,
8a) were synthesized, and structures and bioactivities of these
compounds were shown in Table 2. According to the activity results
of 3a-3l, we chose 3-methylaniline/3,4,5-trimethoxyaniline fixed
on region I. The possible influence of various substituted was sur-
veyed in the subsequent structural modifications. We replaced N-
methylaminocarbonyl with 2-ethoxyl substituent to assess the ef-
fect of a role of chemical space, which was weak activity towards
ULK1. We investigated the effect of other electron-withdrawing
substituents. The introduction of 3-fluoro, 3-nitro, 4-bromo and
2,4-dichloro substituents did not affect the potency for ULK1, which
indicated that had no contribution to the achievement of activity.
imethoxyaniline, THF, p-TsA, reflux; (iii) Trifluoroacetate, CH2Cl2, 0 �C to r.t.



Table 1
SAR study on the head phenyl ether group (region I).

NO. R Kinase inhibitory activity (10 mM, %)a Anti-proliferative activity (IC50, mM)b

A549 U937 HL60 MDA-MB-468 MCF-7

3a 40.12 23.46 ± 1.75 >50 39.69 ± 0.85 36.60 ± 1.75 >50

3b 21.56 >50 >50 >50 >50 >50

3c 27.42 35.46 ± 1.87 >50 >50 >50 >50

3d 62.69 10.60 ± 1.20 49.00 ± 2.58 38.70 ± 1.66 31.90 ± 2.95 42.50 ± 2.53

3e 19.24 40.53 ± 1.38 52.13 ± 2.23 >50 >50 >50

3f 73.68 6.10 ± 1.54 15.88 ± 3.06 16.21 ± 2.75 18.59 ± 1.96 16.55 ± 2.64

3g 38.24 27.33 ± 3.12 49.6 ± 1.54 32.32 ± 1.88 40.7 ± 1.97 44.67 ± 2.24

3h 17.79 38.14 ± 0.95 >50 >50 >50 >50

3i 38.84 28.32 ± 2.64 45.53 ± 3.13 43.96 ± 1.45 32.82 ± 2.46 57.77 ± 1.95

3j 50.46 6.23 ± 2.31 24.33 ± 2.45 16.17 ± 2.89 17.76 ± 1.44 18.22 ± 2.56

3k 83.96 7.14 ± 1.58 14.05 ± 1.94 17.51 ± 1.48 19.45 ± 2.58 26.48 ± 1.84

3l 22.25 >50 >50 >50 >50 >50

SBI-0206963 97.56 6.78 ± 1.58 25.12 ± 0.94 18.92 ± 1.7 18.38 ± 0.35 26.17 ± 0.35

a Each compound was tested in triplicate; the data are presented as the mean ± SEM (n ¼ 3).
b IC50 values obtained with cell viability assay for 24 h.
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The results revealed that the electron-withdrawing group at 2, 3 or
4 position showed poor activity. However, 3s presented a signifi-
cant improvement of activity, owing to the 4-nitro substituent,
which could interact with ULK1 closely. Otherwise, we designed to
retain aliphatic amine to meet the flexible need.

To examine the possible influence of electronegativity of skel-
eton, different substituted pyrimidines were designed to explore
the roles of 5-bromo. From Table 3, we found the electron-
withdrawing substituent at 5 position showed the highest activ-
ity. In addition, considering the effect of alkylamines chains on the
region II, we further designed compounds 8b-c, 10a-b. Among
them, the best activity was 5a, but obviously weaker than 3s.

Based on the above data, we could conclude that hydrophobic
interactionwas more favorable on region I. Of special note was that



Table 2
SAR study on the terminal phenylamine group rings (region II).

NO. R1 R2 Kinase inhibitory activity (10 mM, %) Anti-proliferative activity (IC50, mM)

A549 U937 HL60 MDA-MB-468 MCF-7

3m 75.68 20.31 ± 1.06 38.64 ± 0.95 34.73 ± 0.73 31.40 ± 0.72 39.11 ± 1.32

3n 49.26 13.90 ± 2.49 19.36 ± 3.28 15.47 ± 2.59 29.21 ± 3.72 26.80 ± 2.49

3o 3.78 43.94 ± 1.49 >50 >50 >50 >50

3p 40.24 24.63 ± 2.47 51.23 ± 3.75 38.66 ± 1.48 36.68 ± 1.38 >50

3q 25.68 10.30 ± 0.34 18.64 ± 2.48 14.73 ± 1.58 31.32 ± 3.85 19.11 ± 2.5

3r 16.34 48.73 ± 0.34 >50 >50 >50 >50

3s 99.15 1.94 ± 2.35 12.92 ± 1.49 10.89 ± 0.98 16.83 ± 0.86 19.60 ± 2.38

3t 15.67 37.55 ± 1.44 43.09 ± 1.53 >50 >50 >50

3u 12.46 51.03 ± 1.64 >50 >50 >50 >50

8a 60.86 13.34 ± 1.44 20.65 ± 1.24 21.47 ± 2.15 33.12 ± 2.35 21.91 ± 2.15

SBI-0206963 97.56 6.78 ± 1.58 25.12 ± 0.94 18.92 ± 1.7 18.38 ± 0.35 26.17 ± 0.35
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3s showed the highest activity and had higher affinity for ULK1
than SBI0206965, also the cellular potency of 3s was 3e4 higher.
This compound contained a 2-fluoro-4-nitrophenyl ether group at
the region II position and 3,4,5-trioxyl group at the region I
position.

2.3. Identification of 3s as a new ULK1 inhibitor

The antiproliferative activity of synthesis compounds was pre-
sented in supporting Table 1. This study was performed on several
human cancer cell lines A549, U937, HL60, MDA-MB-468 and MCF-
7, which were derived from human lung, lymphoma, breast cancer
and acute myeloid leukemia, respectively using MTT assay. The 3s
exhibited the highest cytotoxic effect against all the tested cell lines
with IC50 < 20 mM, while homologue 3t was weaken anticancer
activity with IC50 ranged between 37.55 and 89.12 mM. Generally,
compounds bearing ortho-substituents on region I 3c and 3e were
devoid of anticancer activity. Meanwhile, the congeners having
meta-substituents 3d and 3f exhibited good anticancer effects
(Fig. 3A). The inhibitory activities of 3a-3u against ULK1 were
evaluated. For comparison, SBI0206965, the reported ULK1 inhib-
itor, was used as standard drug. The activity for the inhibition of
ULK1 was summarized. The result showed that 3s exhibited sig-
nificant inhibitory activities on ULK1 (Fig. 3B). To further confirm
the target selectivity of 3s, a KINOME scan panel of 100 kinases
binding assays was performed by Eurofins Pharma Discovery Ser-
vices UK Limited. The results showed that 3s prominently inhibited
the kinase activity of ULK1, but still inhibited a number of kinases.



Table 3
SAR study on the skeleton and alkylamines chains.

NO. R1 R2 Kinase inhibitory activity (10 mM, %) Anti-proliferative activity (IC50, mM)

A549 U937 HL60 MDA-MB-468 MCF-7

3s Br 99.15 1.94 ± 2.35 12.92 ± 1.49 10.89 ± 0.98 16.83 ± 0.86 19.60 ± 2.38

5a H 66.96 10.08 ± 2.54 23.12 ± 2.75 16.21 ± 2.67 20.37 ± 1.76 23.55 ± 2.24

8b H 17.66 29.65 ± 1.71 >50 >50 45.78 ± 2.12 >50

10a H 13.41 46.39 ± 2.79 >50 >50 >50 >50

8c I 32.31 39.64 ± 2.45 39.93 ± 2.74 43.41 ± 3.63 >50 >50

10b I 44.86 16.89 ± 1.29 21.96 ± 3.27 21.57 ± 3.34 32.27 ± 3.24 32.69 ± 1.29
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Most notably, AMPKa1 and FAK were still targeted (Fig. 3C,
Table S2). Furthermore, to confirm whether 3s could inhibit the
kinase activity of ULK1 in cells, we detect the cellular phosphory-
lated levels of ULK1 substrates such as Atg13 (Ser318) and Beclin1
(Ser15) under normal or nutrient starvation conditions. The results
showed 3s can inhibit ULK1 activity in A549 cells, as indicated by
the decreased levels of p-Atg13Ser318 and p-Beclin1Ser15 (Fig. 3D).
2.4. Molecular docking

Molecular docking (MD) is awidely used approach to predict the
predominant binding mode and screen potential active structures
[29]. To explore structural information of ULK1 inhibitor binding
modes, two kinase-inhibitor complexes were analyzed by MD. In
the study, the crystal structure of ULK 1 kinase domain was ob-
tained from the RCSB PDB database (http://www.rcsb.org, PDB
entry: 4WNO, 1.56 Å resolution). Compound 3s was selected as a
potential ULK1 inhibitor, based upon the consideration of kinase
inhibitory effect and anti-tumor activity. In order to investigate the
interaction of 3swith ULK1 and understand the conformation of 3s
in the active site, the analysis was conducted to compare 3s and
SBI-0206965. In this study, ligands with the most favorable binding
free energies and reasonable orientations were chosen as the
optimal docked conformation. We investigated that 3s and SBI-
0206965 could bind to ULK1 stably (Figs. S3A and B). Two in-
hibitors formed canonical hydrogen bonds with the hinge back-
bones. However, small differences were found in their binding
positions. 2-Aminopyrimidine NHs of 3s formed hydrogen bonds
with backbone carbonyl (Cys95, the gatekeeper þ3 position res-
idue) of the ULK1 hinge region, while 2-aminopyrimidine moiety
acted as an adenosine mimic, which was stronger interactions than
SBI0206965. In addition, interactions between the nitro moiety on
the region II and the backbone carbonyl of Gln142 also contributed
to strong binding. Furthermore, the pocket formed by Ile22, Val30,
Ala44 formed hydrophobic interactions with the region I group
(Fig. 4). H-bond formed at gatekeeper þ3 position restricted access
to the ATP-binding site deep and was beneficial to improve the
activity of ulk1 inhibitor. The results showed that H-bond donor
and hydrophobic segments played an important role.
2.5. 3s blocks autophagy by ULK1 inhibition in A549 cells

ULK1 is closely related to early autophagosome formation, and
phosphorylates beclin1 to trigger the autophagy cascade. So,
inhibiting ULK1 possibly blocks autophagy. We detected the ability
of 3s to inhibit autophagy and cell survival in A549 lung cancer
cells. The suppression of ULK1 expression was surveyed by
immunoblotting. Firstly, we found that 3s significantly down-
regulated the activity of ULK1 and induced downregulation of p-
ULK1 (ser317) in a concentration-dependent manner (Fig. 5A).
AMPK can directly activate ULK1 by phosphorylation at Ser317. So,
the expression of ULK1 may be decreasing due to 3s inhibition of
AMPK. We also revealed that the LC3 conversion was significantly
delayed in A549 cells. To confirm the result, autophagy flux was
researched by p62 degradation assay. Treated with 3s, p62 degra-
dation was not observed in A549 cells, and the expression of
beclin1 was decreased. As expected, treatment with 3s resulted in a
prominent inhibition of autophagy, as evidenced by an increase in
the autophagy substrate p62, a reduction in LC3 I conversion to LC3
II, and a decrease in the levels of beclin1 (Fig. 5B). Taken together,
the results suggested that inhibition of ULK1 kinase activity by 3s
blocked autophagy of A549 cells. To further assess autophagy, we
looked at the autophagy flux by GFP-mRFP-LC3 (Fig. 5C). These
results suggest that 3s can block autophagy via inhibiting ULK.
2.6. 3s promotes apoptosis in A549 cells

ULK1 is closely to elucidate the mechanisms of 3s -inhibited
A549 cells growth, the morphologic changes were observed under
inverted microscopy by Hoechst 33,258 staining. When cells were
treated with 3s, the apoptotic DNA fragments significantly
increased in dose department manner (Fig. 6A). Subsequently,

http://www.rcsb.org


Fig. 3. Identification of 3s as the ULK1 inhibitor. (A) Treatment with a series of compounds after 24 h, anti-tumor viabilities were detected by MTT assay. (B) The kinase inhibitory
activity of ULK1 for synthesized compounds and SBI020695 were detected by kinase assay at 10 mM. Kinases whose binding was inhibited by 3s were marked with red circles, and
the circle size indicates the degree of binding affinity. (C) Kinome tree represented the selectivity of 3s. The activity of kinases was measured in the presence of 10 mM 3s. (D)
A549 cells were treated with 3s, under normal or nutrient starvation conditions. After treatment, the expression levels of Beclin 1, p-Beclin1Ser15, Atg13, p-Atg13Ser318 were analyzed
by immunoblotting, b-actin was used as a loading control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

D. Sun et al. / European Journal of Medicinal Chemistry 208 (2020) 1127828
Western blot analysis revealed that bcl-2 expression was remark-
ably down-regulated, bax and the active form of caspase-3
expression were increased after 3s treatment (Fig. 6B). Taken
together, these results indicated that 3s could induce apoptosis via
the mitochondrial pathways in A549 cells.

3. Conclusions

ULK1, awell-known autophagy initiator, has been reported to be
significantly up-regulated in NSCLC and negatively correlated with
clinical prognosis of patients. Consequently, discovery of new ULK1
inhibitors will be a promising strategy for the current NSCLC
treatment. We explored the pharmacophore modeling to discover
the common anchoring features, which derived the inhibitor dis-
covery process of ULK1, including: (i) the identification of common
anchoring features of the ULK1-inhibitors interactions; (ii) the
analysis of the influence of chemical features and the interpretation
of SAR by focusing on structural modifications; (iii) the favorable
interactions of improving the true odds of high-throughput virtual
screening. Subsequently, the experiments were performed on
compound synthesis, screening, and mechanism of action. The re-
sults indicate that compound 3s displays a remarkable inhibitory
activity against ULK1, but still targeted other kinases, including FAK,
Src, JAK3 and AMPKa1. Otherwise, compound 3s inhibits the pro-
liferation of A549 cells in a concentration-dependent manner,
which is much stronger than a known ULK1 inhibitor SBI0206965.



Fig. 4. Predicted binding mode of compound 3s in the active of ULK1 (PDB: 4WNO2).

Fig. 5. Compound 3s inhibits autophagy via the ULK3s blocks autophagy by ULK1 inhibition in A549 cells. (A) A549 cells were treated with control or 3s for 24 h, and then the
expression of ULK1, p-ULK1 (ser317) was detected by Western blot analysis. (B) The expression levels of p62, Beclin 1 and LC3I/II were determined by Western blot analysis. (C) The
expression of LC3B puncta was observed by fluorescence microscope. Blue: DAPI. Scale bar: 10 mm. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

D. Sun et al. / European Journal of Medicinal Chemistry 208 (2020) 112782 9



Fig. 6. 3s promotes apoptosis in A549 cells. (A) After treatment with Compound 3s, A549 cells were stained with Hoechst 33258. Scale bar: 20 mm. (B) After 3s treatment, the
expression levels of Bax, Bcl-2, cleaved-Caspase 3 and Caspase3 were determined by Western blot analysis.

D. Sun et al. / European Journal of Medicinal Chemistry 208 (2020) 11278210
Moreover, we further demonstrate that compound 3s can suppress
cytoprotective autophagy and promote apoptosis in NSCLC cells.
Taken together, these findings shed new light on compound 3s that
would be further utilized as a promising candidate drug for the
future NSCLC therapy.
4. Experimental section

4.1. Cell culture and reagent

All the cell lines used in this study were purchased from Amer-
icanTypeCulture Collection (ATCC,Manassas, VA, USA). A549,MDA-
MB-468 and MCF-7 cells were cultured in Dulbecco Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum and
incubated with 5% CO2. HL60 and U937 cells were cultured in RPMI
1640 culture medium supplemented with 10% fetal bovine serum.
MTT (#M2128) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Primary antibodies against ULK1 (#8054), p-ULK1ser317
(#12753), p62 (#8025), Beclin 1 (#3495), p-Beclin1ser15 (#84966),
Bax (#5023), Bcl-2 (#2870), Caspase-3 (#9662), Atg13 (#13468), p-
Atg13ser318 (#46329) were purchased from Cell Signaling Tech-
nologies (Boston,MA,USA). Rapamycin (#ab120224)waspurchased
from Abcam (Cambridge, UK). GFP/mRFP-LC3 (HB-AP2100001) was
purchased fromHANBIO (China). ADP-Glo™ Kinase Assay (#V9101)
and ULK1 Kinase Enzyme System (#V3521) were purchase from
Promega (Madison, WI, USA).
4.2. Cell viability assay

Cells were dispensed in 96-well plates at a density of
5.5 � 104 cells/mL. After 24 h incubation, cells were treated with
different concentrations of synthetic compounds for the indicated
time periods. Cell viability was measured by the MTT assay.
4.3. Molecular docking and pharmacophore modeling

Discovery Studio software (version 3.1) was used to run all the
calculations [30]. Docking program adopts the CHARMm force field
to minimize energy of the ligands. The crystal structure of the ULK1
kinase (PDB code: 4WNO) was taken from PDB database. The
binding sphere was primarily defined within 10 Å from its original
ligand. Gold score was selected as the scoring function. Identifica-
tion of the critical pharmacophoric features is important for potent
ULK1 inhibitors. All the training set molecules were subjected to
find the common chemical features of reported ULK1 inhibitors.
Hydrogen bond acceptor, hydrogen bond donor, ring aromatic and
hydrophobic aromatic chemical features were selected with the
parameters of minimum ‘‘000 to maximum of ‘‘5’’. Ten quantitative
pharmacophore models were generated with corresponding sta-
tistical parameters such as cost values, root mean square and fit
values. The best quality hypothesis was selected. Images were
created using PyMOL.
4.4. Hoechst 33258 staining

Cells (1� 105 per well) were treated Compound 3s or rapamycin
together with Compound 3s for 24 h. After washed twice with cold
PBS, the cells were stained with Hoechst 33258 in the dark at 37 C
for 30 min. Then the morphological change of cell was observed
under fluorescence microscope.
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4.5. GFP/mRFP - LC3 transfection

The method was as previous description [31,32]. The A549 cells
were sequentially incubated, starting with GFP/mRFP-LC3 trans-
fected for 6 h. Then the transfected cells were used for subsequent
experiments 24 h later and were analyzed under a fluorescence
microscope.

4.6. Flow cytometric analysis

For Annexin V-FITC/PI staining, the treated cells were collected,
washed twice with PBS and then stained with Annexin V-FITC
(1:1000) in binding buffer at room temperature in the dark. 15 min
later, the cells were incubated with PI staining solution for 5 min.
Then the cells were measured by flow cytometry (Becton
Dickinson).

4.7. Western blot analysis

Western blot analysis was carried out by themethod as previous
description [33]. Cells were treated with Compound 3s and
SBI0206965 for indicated times. Then both adherent and floating
cells were collected, which was added with a Rapa Buffer with
Protease Inhibitor and Phosphatase inhibitor Cocktail (Sigma-
Aldrich) after centrifugation (12,000 g at 4 �C for 15 min); the
protein concentration was determined using the BCA method.
Proteins were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred to nitrocellu-
lose membranes. The membranes were blocked with Tris Buffered
Saline with Tween-20 (TBST) containing 5% skimmed milk at room
temperature for 1 h, incubated overnight with primary antibodies
at 4 �C and subsequently incubated with secondary horseradish
peroxidaseconjugated, goat anti-rabbit or goat anti-mouse IgG
(Abcam) at room temperature for 1 h, then visualized by using ECL
reagents.

4.8. In vitro kinase activity assays

Kinase inhibitor specificity profiling assays were first carried out
using the Kinase Profiler service of Eurofins Pharma Discovery
Services UK Limited according to the protocols described below (for
details on more kinases, see http://www.eurofins.com/
pharmadiscovery). The concentration of the compound in each
assay was 10 mM.

ULK1 kinase activity assay was performed using ADP-Glo™ Ki-
nase Assay. The ADP-Glo™ Kinase Assay is a luminescent kinase
assay that measures ADP formed from a kinase reaction; ADP is
converted into ATP, which is converted into light by Ultra-Glo™
Luciferase. The luminescent signal positively correlates with kinase
activity. The kinase reaction is performed by kinase buffer (40 mM
Tris pH 7.5; 20 mM MgCl2; 0.1 mg/ml BSA; 50 mM DTT). The ULK1
kinase enzyme, substrate, compound, DMSO, and ATP were diluted
in kinase buffer. Then, 1 ml compound or DMSO, 2 ml ULK1 kinase
(10 ng), or 2 ml ATP (10 mM)/mixMBP (0.1 mg/ml) were added to the
wells of a 384-well plate. The plate was mixed and incubated at
room temperature for 60 min. After the kinase reaction incubation,
5 ml of ADP-Glo™ reagent was added per well. Then the plates were
mixed for 2 min and incubated at room temperature for 40 min
10 ml of kinase detection reagent was added to all the wells and
incubated at room temperature for 30 min. The luminescence was
measured.

4.9. Statistical analysis

All the presented data and results were confirmed in at least 3
independent experiments. The data are expressed as means ± SD
and analyzed with GraphPad Prism 6.0. Statistical comparisons
were made by 1-way ANOVA and Student’s t-test of SPSS 17.0
(Chicago, IL, USA). P < 0.05 was considered statistically significant.

4.10. General procedure for the synthesis of compounds 3a-3u, 5a,
8a-c, 10a-b

To a solution of 2-hydroxybenzoic acid (30.0 mmol), and EDCI
(30.0 mmol) in ethyl acetate (250 mL) was added methylamine
(150.0 mmol) after stirring for 10 min at room temperature. The
reaction was allowed to r.t. for overnight. After completion, the
solvent was removed under reduced pressure to give the crude
product. The crude product was purified by silica gel flash chro-
matography (petroleum ether/ethyl acetate 5:1) to afforded inter-
mediate 1a. A 100 ml round bottom flask was charged with 50 ml
ethanol at 0 �C. After 15 min, the intermediate 1, 5-bromo-2,4-
dichloropyrimidine and DIEA were added dropwise at 0 �C, and
removed to room temperature for additional 8 h. Upon completion,
the residue was concentrated to give the crude oil. Intermediate 2a
was purified by silica gel flash chromatography (petroleum ether/
ethyl acetate 3:1) as a colorless oil. The mixture of 2a (0.5 mmol, 1
eq), 3,4,5-trimethoxyaniline (0.6 mmol, 1.2 eq) and p-TsA
(0.1 mmol, 0.2 eq) in THF was stirred at 80 �C overnight. After the
completion of the reaction, the crude product was purified by silica
gel using PE/EA (3:1) to produce 3a. The procedurewas also applied
to the following compounds 3b-u, 5a. To a solution of 2,4-
dichloropyrimidine (10 mmol), N-Boc-1,3-propanediamine
(10 mmol) and K2CO3 (20 mmol) were stirred in isopropanol and
heated at 80 �C for 24 h. After the completion of the reaction, the
filtration was processed to give intermediate 6a. The mixture of 6a
(1mmol,1 eq), 3,4,5-trimethoxyaniline (1.2mmol,1.2 eq) and p-TsA
(0.2 mmol, 0.2 eq) in THF was stirred at 80 �C overnight. The re-
action mixture was subsequently evaporated, and the residue was
purified by chromatography (petroleum ether/ethyl acetate ¼ 4:1)
to 7a. The N-Boc group was removed by TFA in CH2Cl2 to provide
the final compound 8a. Similarly, 10a-b were yielded by 9a-b with
N, N0-diethyl-ethylenediamine.

4.10.1. Preparation of 2-((5-bromo-2-((4-bromophenyl)amino)
pyrimidin-4-yl)oxy)-N-methylbenzamide (3a)
4.10.1.1. 2-((5-Bromo-2-((4-bromophenyl)amino)pyrimidin-4-yl)
oxy)-N-methylbenzamide (3a). White powder; Yield 82%; m.p.
212e215 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.81 (s, 1H), 8.52 (s,
1H), 8.13 (d, J¼ 4.4 Hz,1H), 7.66 (d, J¼ 7.6 Hz, 1H), 7.61 (t, J¼ 7.6 Hz,
1H), 7.45 (t, J¼ 7.5 Hz,1H), 7.37 (d, J¼ 8.0 Hz,1H), 7.29 (d, J¼ 7.9 Hz,
2H), 7.17 (d, J ¼ 8.5 Hz, 2H), 2.64 (d, J ¼ 4.6 Hz, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 165.84, 165.50, 160.66, 158.15, 150.05,
139.60, 131.80, 131.32 (2C), 130.10, 129.55, 126.54, 124.33, 120.99
(2C), 113.46, 93.44, 26.50; HRMS: calcd. for C18H14Br2N4O2:
498.9381 [MþNa]þ, found: 498.9381.

4.10.1.2. 2-((5-Bromo-2-((4-(trifluoromethyl)phenyl)amino)pyr-
imidin-4-yl)oxy)-N-methylbenzamide (3b). White powder; Yield
72%;m.p. 229e234 �C; 1HNMR (400MHz, DMSO‑d6) d 10.08 (s,1H),
8.58 (s, 1H), 8.16 (d, J ¼ 4.5 Hz, 1H), 7.67 (dd, J ¼ 7.7, 1.5 Hz, 1H), 7.64
(td, J ¼ 7.6, 1.2 Hz, 1H), 7.52 (d, J ¼ 8.2 Hz, 2H), 7.46 (td, J ¼ 7.6,
0.8 Hz, 1H), 7.39 (d, J ¼ 8.1 Hz, 1H), 7.35 (d, J ¼ 8.6 Hz, 2H), 2.64 (d,
J ¼ 4.6 Hz, 3H); 13C NMR (100 MHz, DMSO‑d6) d 165.85, 165.61,
160.73, 158.06, 150.06, 143.87, 131.83, 130.12, 129.57, 126.58, 126.33,
125.80, 124.33, 123.65, 121.80, 118.72 (2C), 94.29, 26.49; HRMS:
calcd. for C19H14BrF3N4O2: 489.0150 [MþNa]þ, found: 489.0151.

4.10.1.3. 2-((5-Bromo-2-((2-fluorophenyl)amino)pyrimidin-4-yl)
oxy)-N-methylbenzamide (3c). White solid; Yield 79%; m.p.

http://www.eurofins.com/pharmadiscovery
http://www.eurofins.com/pharmadiscovery
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150e152 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.12 (s, 1H), 8.45 (s,
1H), 8.09 (d, J ¼ 4.5 Hz, 1H), 7.59 (dd, J ¼ 7.5, 1.3 Hz, 1H), 7.53 (td,
J ¼ 7.8, 1.5 Hz, 1H), 7.42 (td, J ¼ 8.1, 1.0 Hz, 1H), 7.39e7.30 (m, 2H),
7.18e7.08 (m, 1H), 7.03 (dd, J ¼ 12.9, 6.2 Hz, 1H), 6.90 (t, J ¼ 7.6 Hz,
1H), 2.65 (d, J¼ 4.6 Hz, 3H); 13C NMR (100MHz, DMSO‑d6) d 166.08,
165.15, 160.65, 158.89, 156.13, 153.69, 149.71, 131.52, 130.15, 129.34,
127.21, 126.30, 125.20, 124.26, 124.04, 115.75, 93.73, 26.49; HRMS:
calcd. for C18H14BrFN4O2: 439.0182 [MþNa]þ, found: 439.0181.

4.10.1.4. 2-((5-Bromo-2-((3-bromophenyl)amino)pyrimidin-4-yl)
oxy)-N-methylbenzamide (3d). White solid; Yield 75%; m.p.
209e214 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.81 (s, 1H), 8.55 (s,
1H), 8.11 (d, J ¼ 4.6 Hz, 1H), 7.63 (dd, J ¼ 7.6, 1.5 Hz, 2H), 7.60 (td,
J¼ 7.8,1.6 Hz,1H), 7.41 (td, J¼ 7.9,1.3 Hz,1H), 7.38 (d, J¼ 8.1 Hz,1H),
7.32 (d, J ¼ 7.5 Hz, 1H), 7.07e6.93 (m, 2H), 2.64 (d, J ¼ 4.6 Hz, 3H);
13C NMR (100 MHz, DMSO‑d6) d 165.91, 165.44, 160.62, 158.18,
149.88,141.84,131.92,130.56,129.93,129.54,126.65,124.64, 124.04,
121.86, 121.16, 117.95, 93.96, 26.50; HRMS: calcd. for
C18H14Br2N4O2

þ: 498.9381 [MþNa]þ, found: 498.9379.

4.10.1.5. 2-((5-Bromo-2-((2-methoxyphenyl)amino)pyrimidin-4-yl)
oxy)-N-methylbenzamide (3e). White solid; Yield 68%; m.p.
158e160 �C; 1H NMR (400 MHz, DMSO‑d6) d 8.47 (s, 1H), 8.12 (d,
J ¼ 4.5 Hz, 1H), 8.07 (s, 1H), 7.62 (dd, J ¼ 7.6, 1.5 Hz, 1H), 7.57 (td,
J ¼ 7.8, 1.6 Hz, 1H), 7.50 (d, J ¼ 7.8 Hz, 1H), 7.40 (td, J ¼ 7.5, 0.9 Hz,
1H), 7.36 (d, J ¼ 8.1 Hz, 1H), 7.02e6.88 (m, 2H), 6.62 (t, J ¼ 5.7 Hz,
1H), 3.78 (s, 3H), 2.64 (d, J ¼ 4.6 Hz, 3H); 13C NMR (100 MHz,
DMSO‑d6) d 166.06, 165.25, 160.64, 158.43, 149.81, 149.63, 131.58,
130.16, 129.40, 128.08, 126.38, 124.11, 123.61, 121.06, 120.47, 111.18,
93.36, 56.13, 26.48; HRMS: calcd. for C19H17BrN4O3: 451.0382
[MþNa]þ, found: 451.0378.

4.10.1.6. 2-((5-Bromo-2-(m-tolylamino)pyrimidin-4-yl)oxy)-N-
methylbenzamide (3f). White solid; Yield 77%; m.p. 183e186 �C; 1H
NMR (400 MHz, DMSO‑d6) d 9.58 (s, 1H), 8.49 (s, 1H), 8.09 (d,
J ¼ 4.5 Hz, 1H), 7.64 (d, J ¼ 7.6 Hz, 1H), 7.59 (td, J ¼ 7.9, 1.4 Hz, 1H),
7.41 (t, J ¼ 7.7 Hz, 1H), 7.37 (d, J ¼ 8.1 Hz, 1H), 7.19 (s, 1H), 7.09 (d,
J¼ 7.5 Hz,1H), 6.92 (t, J¼ 7.8 Hz,1H), 6.66 (d, J¼ 7.4 Hz,1H), 2.64 (d,
J¼ 4.6 Hz, 3H), 2.07 (s, 3H); 13C NMR (100MHz, DMSO‑d6) d 165.90,
165.30, 160.57, 158.54, 150.03, 140.02, 137.90, 131.73, 130.09, 129.49,
128.49, 126.44, 124.22, 122.86, 119.52, 116.53, 92.85, 26.51, 21.83;
HRMS: calcd. for C19H17BrN4O2: 435.0433 [MþNa]þ, found:
435.0435.

4.10.1.7. 2-((5-Bromo-2-((2,4-dimethylphenyl)amino)pyrimidin-4-
yl)oxy)-N-methylbenzamide (3g). White powder; Yield 70%; m.p.
109e113 �C; 1H NMR (400 MHz, DMSO‑d6) d 8.66 (s, 1H), 8.34 (s,
1H), 8.01 (d, J ¼ 4.5 Hz, 1H), 7.57 (dd, J ¼ 7.5, 1.4 Hz, 1H), 7.50 (td,
J¼ 7.8, 1.6 Hz,1H), 7.39e7.27 (m, 2H), 7.09 (d, J¼ 8.1 Hz, 1H), 6.91 (s,
1H), 6.77 (d, J¼ 7.9 Hz, 1H), 2.66 (d, J¼ 4.6 Hz, 3H), 2.19 (s, 3H), 2.07
(s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 166.18, 164.87, 160.54,
159.82, 149.74, 135.03, 133.93, 132.24, 131.46, 131.07, 130.16, 129.28,
126.62, 126.09, 125.33, 123.89, 92.52, 26.55, 20.93, 18.35; HRMS:
calcd. for C20H19BrN4O2: 449.0589 [MþNa]þ, found: 449.0591.

4.10.1.8. 2-((5-Bromo-2-((4-chloro-2-fluorophenyl)amino)pyr-
imidin-4-yl)oxy)-N-methylbenzamide (3h). White powder; Yield
88%; m.p. 157e159 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.27 (s, 1H),
8.48 (s, 1H), 8.12 (d, J¼ 4.6 Hz, 1H), 7.60 (dd, J¼ 7.6, 1.3 Hz, 1H), 7.55
(td, J¼ 7.9, 1.5 Hz, 1H), 7.45 (t, J¼ 8.8 Hz,1H), 7.39 (d, J¼ 7.5 Hz, 1H),
7.37e7.31 (m, 2H), 6.94 (d, J ¼ 8.1 Hz, 1H), 2.64 (d, J ¼ 4.6 Hz, 3H);
13C NMR (100 MHz, DMSO‑d6) d 166.03, 165.28, 160.70, 158.59,
155.77, 149.71, 131.60, 130.12, 129.39, 126.65, 126.54, 126.39, 125.81,
124.27, 124.05, 116.37, 94.12, 26.48; HRMS: calcd. for
C18H13BrClFN4O2: 472.9792 [MþNa]þ, found: 472.9790.
4.10.1.9. 2-((5-Bromo-2-((3-(trifluoromethyl)phenyl)amino)pyr-
imidin-4-yl)oxy)-N-methylbenzamide (3i). White solid; Yield 72%;
m.p. 200e203 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.95 (s, 1H), 8.57
(s, 1H), 8.12 (d, J ¼ 4.4 Hz, 1H), 7.76 (s, 1H), 7.69e7.61 (m, 2H), 7.57
(td, J ¼ 7.9, 1.5 Hz, 1H), 7.40 (dd, J ¼ 15.3, 7.8 Hz, 2H), 7.24 (t,
J ¼ 7.8 Hz, 1H), 7.19 (d, J ¼ 7.6 Hz, 1H), 2.64 (d, J ¼ 4.6 Hz, 3H); 13C
NMR (100 MHz, DMSO‑d6) d 165.90, 165.46, 160.65, 158.23, 149.89,
131.75, 129.99, 129.78, 129.71, 129.49, 126.50, 125.89, 124.03, 123.18,
122.64, 118.25, 115.17, 94.25, 26.49; HRMS: calcd. for
C19H14BrF3N4O2: 489.0150 [MþNa]þ, found: 489.0151.

4.10.1.10. 2-((5-Bromo-2-((3-methoxyphenyl)amino)pyrimidin-4-yl)
oxy)-N-methylbenzamide (3j). Yellow solid; Yield 62%; m.p.
136e139 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.94 (d, J ¼ 12.5 Hz,
1H), 9.85 (s, 1H), 8.59 (s, 1H), 7.28 (s, 1H), 7.22 (dd, J ¼ 15.4, 7.6 Hz,
2H), 7.15 (t, J ¼ 8.1 Hz, 1H), 7.06 (d, J ¼ 7.7 Hz, 1H), 6.79 (t, J ¼ 7.5 Hz,
2H), 6.55 (dd, J ¼ 8.0, 1.7 Hz, 1H), 3.72 (s, 3H), 3.28 (s, 3H); 13C NMR
(100MHz, DMSO‑d6) d 169.13, 161.82, 161.44, 159.95, 159.00, 155.24,
141.19, 132.14, 129.76, 129.65, 122.77, 119.09, 116.55, 112.00, 107.75,
105.47, 104.58, 55.40, 35.75; HRMS: calcd. for C19H17BrN4O3:
451.0382 [MþNa]þ, found: 451.0376.

4.10.1.11. 2-((5-Bromo-2-((3-isopropylphenyl)amino)pyrimidin-4-yl)
oxy)-N-methylbenzamide (3k). White powder; Yield 93%; m.p.
135e137 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.55 (s, 1H), 8.49 (s,
1H), 8.08 (d, J¼ 3.6 Hz,1H), 7.63 (d, J¼ 7.6 Hz,1H), 7.58 (t, J¼ 7.6 Hz,
1H), 7.39 (dd, J¼ 17.3, 7.9 Hz, 2H), 7.22 (s,1H), 7.17 (d, J¼ 5.4 Hz,1H),
6.94 (t, J¼ 7.6 Hz,1H), 6.74 (d, J¼ 7.5 Hz,1H), 2.65 (d, J¼ 4.4 Hz, 3H),
2.59 (dd, J ¼ 13.3, 6.7 Hz, 1H), 1.08 (d, J ¼ 6.8 Hz, 6H); 13C NMR
(100 MHz, DMSO‑d6) d 165.91, 165.25, 160.55, 158.58, 150.03,
149.09, 139.99, 131.69, 130.07, 129.48, 128.59, 126.38, 124.14, 119.79,
117.56, 116.90, 92.92, 33.89, 26.51, 24.36 (2C); HRMS: calcd. for
C21H21BrN4O2: 463.0746 [MþNa]þ, found: 463.0745.

4.10.1.12. 2-((2-(benzo[d] [1,3]dioxol-5-ylamino)-5-bromopyrimidin-
4-yl)oxy)-N-methylbenzamide (3l). Yellow solid; Yield 85%; m.p.
182e184 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.91 (s, 1H), 9.72 (s,
1H), 8.54 (s, 1H), 7.26e7.17 (m, 2H), 7.10 (s, 1H), 6.90e6.71 (m, 4H),
5.96 (s, 2H), 3.26 (s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 169.11,
161.82, 161.48, 158.98, 155.21, 147.44, 142.72, 134.28, 132.11, 129.68,
122.79, 119.14, 116.55, 112.61, 108.33, 103.83, 102.11, 101.30, 35.69;
HRMS: calcd. for C19H15BrN4O4: 465.0174 [MþNa]þ, found:
465.0178.

4.10.1.13. 5-Bromo-4-(2-ethoxyphenoxy)-N-(m-tolyl)pyrimidin-2-
amine (3m). White solid; Yield 81%; m.p. 100e103 �C; 1H NMR
(400 MHz, DMSO‑d6) d 9.64 (s, 1H), 8.50 (s, 1H), 7.31 (dd, J ¼ 12.3,
4.8 Hz, 1H), 7.27 (dd, J ¼ 7.9, 1.3 Hz, 1H), 7.23e7.14 (m, 2H), 7.05 (dd,
J ¼ 15.5, 7.8 Hz, 2H), 6.91 (t, J ¼ 7.8 Hz, 1H), 6.65 (d, J ¼ 7.4 Hz, 1H),
3.97 (q, J¼ 6.9 Hz, 2H), 2.05 (s, 3H), 1.05 (t, J ¼ 6.9 Hz, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 165.08, 160.63, 158.70, 150.60, 142.05,
140.12, 137.94, 128.50, 127.43, 123.28, 122.77, 121.48, 119.23, 116.26,
115.09, 92.36, 64.54, 21.82, 14.90; HRMS: calcd. for C19H18BrN3O2:
422.0480 [MþNa]þ, found: 422.0480.

4.10.1.14. 5-Bromo-4-(3-fluorophenoxy)-N-(m-tolyl)pyrimidin-2-
amine (3n). White solid; Yield 68%; m.p. 125e127 �C; 1H NMR
(400 MHz, DMSO‑d6) d 9.73 (s, 1H), 8.54 (s, 1H), 7.54 (dd, J ¼ 15.1,
8.2 Hz,1H), 7.33 (dt, J¼ 9.9, 2.2 Hz,1H), 7.23 (s, 1H), 7.21 (dd, J¼ 8.8,
2.1 Hz, 1H), 7.17 (dd, J ¼ 8.2, 1.7 Hz, 1H), 7.12 (d, J ¼ 7.7 Hz, 1H), 6.96
(t, J ¼ 7.8 Hz, 1H), 6.69 (d, J ¼ 7.4 Hz, 1H), 2.08 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 164.95, 162.96 (d, J ¼ 245.0 Hz), 161.09,
158.62, 153.74, 139.96, 137.94, 131.49, 128.50, 123.04, 119.54, 118.79,
116.62, 113.38, 110.69, 92.64, 21.67; HRMS: calcd. for C17H13BrFN3O:
374.0304 [MþH]þ, found: 374.0306.
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4.10.1.15. 5-Bromo-4-(3,5-dichlorophenoxy)-N-(m-tolyl)pyrimidin-
2-amine (3o). White solid; Yield 82%; m.p. 163e165 �C; 1H NMR
(400 MHz, DMSO‑d6) d 9.78 (s, 1H), 8.55 (s, 1H), 7.64 (s, 1H), 7.57 (s,
2H), 7.20 (s, 1H), 7.15 (d, J ¼ 7.5 Hz, 1H), 7.00 (t, J ¼ 7.7 Hz, 1H), 6.72
(d, J ¼ 7.3 Hz, 1H), 2.11 (s, 3H); 13C NMR (100 MHz, DMSO‑d6)
d 164.79, 161.25, 158.53, 153.93, 139.92, 137.96, 135.06 (2C), 128.53,
126.45, 123.16, 122.32 (2C), 119.60, 116.65, 92.54, 21.59; HRMS:
calcd. for C17H12BrCl2N3O: 423.9619 [MþH]þ, found: 423.9614.

4.10.1.16. 5-Bromo-4-(3-nitrophenoxy)-N-(m-tolyl)pyrimidin-2-
amine (3p). White solid; Yield 77%; m.p. 164e166 �C; 1H NMR
(400 MHz, DMSO‑d6) d 9.74 (s, 1H), 8.57 (s, 1H), 8.31e8.18 (m, 2H),
7.89e7.76 (m, 2H), 7.14 (s, 1H), 7.08 (d, J ¼ 7.0 Hz, 1H), 6.91 (t,
J ¼ 7.7 Hz, 1H), 6.67 (d, J ¼ 7.3 Hz, 1H), 2.02 (s, 3H); 13C NMR
(100MHz, DMSO‑d6) d 164.83, 161.28, 158.50, 153.07,149.01,139.83,
137.86, 131.62, 129.75, 128.43, 123.15, 121.35, 119.63, 118.26, 116.70,
92.68, 21.58; HRMS: calcd. for C17H13BrN4O3: 401.0249 [MþH]þ,
found: 401.0248.

4.10.1.17. 5-Bromo-4-(4-bromophenoxy)-N-(m-tolyl)pyrimidin-2-
amine (3q). Yellow solid; Yield 91%; m.p. 186e188 �C; 1H NMR
(400 MHz, DMSO‑d6) d 9.72 (s, 1H), 8.53 (s, 1H), 7.69 (d, J ¼ 8.8 Hz,
2H), 7.29 (d, J¼ 8.8 Hz, 2H), 7.22 (s, 1H), 7.07 (d, J¼ 6.9 Hz, 1H), 6.97
(t, J ¼ 7.8 Hz, 1H), 6.69 (d, J ¼ 7.3 Hz, 1H), 2.08 (s, 3H); 13C NMR
(100MHz, DMSO‑d6) d 165.06,161.05,158.56,152.06,139.96,137.99,
133.16 (2C), 128.48, 125.01 (2C), 123.01, 119.43,118.86, 116.59, 92.59,
21.74; HRMS: calcd. for C17H13Br2N3O: 433.9504 [MþH]þ, found:
433.9502.

4.10.1.18. 4-(4-(benzyloxy)phenoxy)-5-bromo-N-(m-tolyl)pyrimidin-
2-amine (3r). White solid; Yield 65%; m.p. 178e180 �C; 1H NMR
(400 MHz, DMSO‑d6) d 9.67 (s, 1H), 8.50 (s, 1H), 7.49 (d, J ¼ 7.1 Hz,
2H), 7.43 (t, J ¼ 7.2 Hz, 2H), 7.40e7.32 (m, 1H), 7.29e7.17 (m, 3H),
7.12 (d, J¼ 8.7 Hz, 3H), 6.91 (t, J¼ 7.6 Hz,1H), 6.67 (d, J¼ 7.0 Hz,1H),
5.13 (s, 2H), 2.07 (s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 165.51,
160.74, 158.66, 156.61, 146.19, 140.06, 137.97, 137.45, 128.97 (2C),
128.50, 128.41, 128.24 (2C), 123.42 (2C), 122.87, 119.35, 116.49,
116.03 (2C), 92.66, 70.09, 21.74; HRMS: calcd. for C24H20BrN3O2:
462.0817 [MþH]þ, found: 462.0815.

4.10.1.19. 5-Bromo-4-(2-fluoro-4-nitrophenoxy)-N-(3,4,5-
trimethoxyphenyl)pyrimidin-2-amine (3s). Yellow powder; Yield
87%; m.p. 190e193 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.68 (s, 1H),
8.63 (s, 1H), 8.42 (d, J ¼ 8.6 Hz, 1H), 8.23 (d, J ¼ 8.5 Hz, 1H), 7.84 (t,
J ¼ 8.3 Hz, 1H), 6.78 (s, 2H), 3.56 (s, 6H), 3.55 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 163.74, 161.74, 158.59, 153.53, 153.06 (2C),
145.98, 145.30, 135.68, 133.93, 125.59, 121.51, 113.65, 98.62 (2C),
92.22, 60.57, 56.36 (2C); HRMS: calcd. for C19H16BrFN4O6: 517.0135
[MþNa]þ, found: 517.0135.

4.10.1.20. 5-Bromo-N-(4-chlorophenyl)-4-(2-fluoro-4-nitrophenoxy)
pyrimidin-2-amine (3t). Yellow powder; Yield 70%; m.p.
175e178 �C; 1H NMR (400 MHz, DMSO‑d6) d 10.01 (s, 1H), 8.66 (s,
1H), 8.48 (d, J ¼ 8.6 Hz, 1H), 8.27 (d, J ¼ 8.3 Hz, 1H), 7.84 (t,
J ¼ 8.2 Hz, 1H), 7.35 (s, 2H), 7.14 (d, J ¼ 7.5 Hz, 2H); 13C NMR
(100MHz, DMSO‑d6) d 163.96,161.87, 158.26, 153.71, 146.30,145.20,
138.75, 128.61 (2C), 126.22, 125.95, 121.57, 120.93 (2C), 113.67,
92.53; HRMS: calcd. for C16H9BClFN4O3: 438.9609 [MþH]þ, found:
438.9606.

4.10.1.21. 5-Bromo-N-(4-bromophenyl)-4-(2-fluoro-4-nitrophenoxy)
pyrimidin-2-amine (3u). Yellow powder; Yield 76%; m.p.
163e165 �C; 1H NMR (400 MHz, DMSO‑d6) d 10.01 (s, 1H), 8.66 (s,
1H), 8.48 (dd, J ¼ 10.1, 2.5 Hz, 1H), 8.26 (dd, J ¼ 8.9, 1.4 Hz, 1H),
7.94e7.75 (m, 1H), 7.27 (t, J ¼ 9.7 Hz, 4H); 13C NMR (100 MHz,
DMSO‑d6) d 163.96, 161.86, 158.22, 153.71, 146.30, 145.20, 139.17,
131.50 (2C), 125.95, 121.56, 121.32 (2C), 114.17, 113.67, 92.58; HRMS:
calcd. for C16H9Br2FN4O3: 482.9104 [MþH]þ, found: 482.9103.

4.10.1.22. 4-(2-Fluoro-4-nitrophenoxy)-N-(3,4,5-trimethoxyphenyl)
pyrimidin-2-amine (5a). White solid; Yield 58%; m.p. 156e158 �C;
1H NMR (400 MHz, DMSO‑d6) d 9.67 (s, 1H), 8.63 (s, 1H), 8.41 (dd,
J ¼ 10.1, 2.6 Hz, 1H), 8.23 (dd, J ¼ 9.0, 2.7 Hz, 1H), 7.91e7.78 (m, 1H),
6.79 (s, 2H), 3.57 (s, 3H), 3.56 (s, 3H), 3.32 (s, 3H). 13C NMR
(100 MHz, DMSO‑d6) d 163.73, 161.73, 158.58, 154.77, 153.04 (2C),
152.27, 145.93, 145.22, 135.65, 133.97, 125.57, 121.48, 113.74, 98.67,
92.20, 60.56, 56.37 (2C). HRMS: calcd. for C19H17FN4O6: 417.1205
[MþH]þ, found: 417.1205.

4 .10 .1. 2 3 . N 4 - ( 3 - am i n o p r o p y l ) - 5 - b r omo -N 2 - ( 3 , 4 , 5 -
trimethoxyphenyl)pyrimidine-2,4-diamine (8a). Yellow powder;
Yield 70%; m.p. 123e125 �C; 1H NMR (400 MHz, DMSO‑d6) d8.14 (s,
1H), 7.68 (s, 1H), 7.10 (s, 2H), 6.98 (s, 1H), 3.77 (s, 6H), 3.63 (s, 3H),
3.27e3.23 (m, 2H), 2.67 (t, J ¼ 6.0 Hz, 2H), 1.55e1.40 (m, 2H), 0.99
(d, J ¼ 6.1 Hz, 2H). 13C NMR (100 MHz, DMSO‑d6) d 163.87, 161.53,
158.49, 152.86 (2C), 135.81, 135.79, 119.28, 116.29, 100.05, 60.56,
56.31 (2C), 27.43, 25.95 (2C). HRMS: calcd. for C16H22BrN5O3:
412.0979 [MþH]þ, found: 412.0977.

4.10.1.24. N4-(3-aminopropyl)-N2-(3,4,5-trimethoxyphenyl)pyrimi-
dine-2,4-diamine (8b). White solid; Yield 68%; m.p. 120e122 �C; 1H
NMR (400MHz, DMSO‑d6) d 8.89 (s, 1H), 7.89 (d, J¼ 7.1 Hz,1H), 7.83
(s, 1H), 7.12 (s, 2H), 6.30 (d, J ¼ 7.1 Hz, 1H), 3.80 (s, 6H), 3.66 (s, 3H),
2.82 (s, 2H), 1.68e1.54 (m, 4H). 13C NMR (100 MHz, DMSO‑d6)
d 161.10, 159.51, 154.60, 153.26 (2), 134.90, 134.38, 118.98, 116.02,
99.38, 60.60, 56.32 (2), 25.71, 24.90 (2) HRMS: calcd. for
C16H23N5O3: 334.1874 [MþH]þ, found: 334.1873.

4.10.1.25. N4-(3-aminopropyl)-5-iodo-N2-(3,4,5-trimethoxyphenyl)
pyrimidine-2,4-diamine (8c). Yellow powder; Yield 65%; m.p.
111e113 �C; 1H NMR (400MHz, DMSO‑d6) d8.30 (s, 1H), 7.78 (s, 2H),
7.01 (s, 2H), 3.78 (s, 6H), 3.66 (s, 3H), 3.31 (d, J ¼ 5.2 Hz, 2H),
2.84e2.69 (m, 2H), 1.77e1.73 (m, 2H). 1H NMR (100MHz, DMSO‑d6)
d 159.63, 159.30, 158.96, 158.64, 152.90 (2C), 118.60, 115.65, 102.01,
96.40, 60.60, 56.46 (2C), 38.44, 37.13 (2C). HRMS: calcd. for
C16H22IN5O3: 460.0840 [MþH]þ, found: 460.0842.

4.10.1.26. N4-(2-(diethylamino)ethyl)-N2-(3,4,5-trimethoxyphenyl)
pyrimidine-2,4-diamine (10a). White solid; Yield 77%; m.p.
114e106 �C; 1H NMR (400 MHz, DMSO‑d6) d 9.09 (s, 1H), 7.81 (d,
J ¼ 5.6 Hz, 1H), 7.10 (s, 2H), 6.36 (s, 1H), 5.97 (d, J ¼ 5.7 Hz, 1H), 3.78
(s, 6H), 3.61 (s, 3H), 3.37e3.33 (m, 2H), 2.56e2.51 (m, 2H),
2.49e2.43 (m, 4H), 0.95e0.90 (m, 6H). 13C NMR (100 MHz,
DMSO‑d6) d 162.35, 161.49, 161.03, 156.50, 153.12 (2), 137.17, 132.67,
97.54 (2), 60.55, 56.15 (2), 52.30, 52.01, 47.08 (2), 12.35 (2). HRMS:
calcd. for C19H29N5O3: 376.2343 [MþH]þ, found: 376.2341.

4.10 .1.27 . N4-(2-(diethylamino)ethyl)-5- iodo-N2-(3,4 ,5-
trimethoxyphenyl)pyrimidine-2,4-diamine (10b). Yellow powder;
Yield 72%; m.p. 101e103 �C; 1H NMR (400 MHz, DMSO‑d6) d 8.13 (s,
1H), 7.69 (s, 1H), 7.05 (s, 2H), 6.66 (s, 1H), 3.77 (s, 6H), 3.62 (s, 3H),
3.29e3.24 (m, 2H), 2.46e2.48 (m, 2H), 2.45 (s, 4H), 0.88 (s, 6H). 13C
NMR (100 MHz, DMSO‑d6) d 163.92, 158.57, 156.01, 155.59, 152.84
(2C), 135.67, 133.85, 100.19 (2C), 60.50, 56.27 (2C), 52.04, 50.55,
47.07 (2C), 12.28 (2C). HRMS: calcd. for C19H28IN5O3: 502.1310
[MþH]þ, found: 502.1313.
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