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Triple negative breast cancer (TNBC) has a worse prognosis than other types of breast cancer due to its
special biological behavior and clinicopathological characteristics. TNBC cell proliferation and progres-
sion to metastasis can be suppressed by inducing cytostatic autophagy. mTOR is closely related to
autophagy and is involved in protein synthesis, nutrient metabolism and activating mTOR promotes
tumor growth and metastasis. In this paper, we adopted the strategy of structure simplification, aimed to
look for novel small-molecule inhibitors of mTOR by pharmacophore-based virtual screening and bio-
logical activity determination. We found a lead compound with 3-bromo-N’-(4-hydroxybenzylidene)-4-
methylbenzohydrazide for rational drug design and structural modification, then studied its structure-
activity relationship. After that, compound 7c with the best TNBC cells inhibitory activities and supe-
rior mTOR enzyme inhibitory activity was obtained. In addition, we found that compound 7c could
induce autophagic cell death and apoptosis in MDA-MB-231 and MDA-MB-468 cell lines. In conclusion,
these findings provide new clues for our 3-bromo-N’-(4-hydroxybenzylidene)-4-methylbenzohydrazide
derivatives, which are expected to become drug candidates for the treatment of TNBC in the future.

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

Breast cancer is a malignant tumor that occurs in the epithelial
tissue of the breast [1,2]. Triple-negative breast cancer (TNBC) re-
fers to breast cancer that is negative for estrogen receptor (ER),
progesterone receptor (PR) and proto-oncogene Her-2 by immu-
nohistochemical examination of cancer tissue [3e5]. TNBC has a
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served.
worse prognosis than other types due to its special biological
behavior and clinicopathological characteristics [6e8]. Due to the
lack of three main hormone-related receptors at the same time,
targeted therapy for TNBC remains challenging. Previous studies
have shown that enhanced autophagy is associated with drug
resistance of TNBC [9,10], and autophagy also leads to apoptosis
[11,12]. Moreover, it has been reported that TNBC cell proliferation
and progression to metastasis can be suppressed by inducing
cytostatic autophagy [13,14]. Therefore, it is of great significance
and hope to find novel compounds activating autophagy as thera-
peutic agents for TNBC [15,16].

mTOR is a serine/threonine kinase and the domain structure of
mTOR consists of 6 functional regions [17,18]. mTOR includes two
protein complexes with different functions: mTORC1 and mTORC2.
Activating mTOR can not only cause a wide range of precancerous
effects, including cell cycle progression, cell proliferation and
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survival, but also cause AKT phosphorylation and control the
function of cytoskeletal proteins [19e23]. mTOR plays a vital role in
regulating autophagy as many signal transduction pathways focus
on the target of highly conserved mTOR. The development of mTOR
inhibitors that can regulate autophagy is an effective strategy for
the treatment of breast cancer. Mutations in upstream inhibitory
molecules of mTOR can usually lead to excessive activation ofmTOR
and at the same time weakened autophagy, which is closely related
to the occurrence and development of tumors [24]. In some cases,
autophagy can promote cell apoptosis or enhance cell apoptosis,
thereby promoting cell death [25]. In addition, the important role of
autophagy in cell cycle arrest, aging and response to oxidative
stress can also limit the further growth of tumors [26]. Therefore,
inhibiting mTOR activity, inducing autophagy, and promoting
autophagic death of cells, not only can reduce the pressure of toxic
proteins, but also have an anti-tumor effect.

Rapamycin (1) is the first mTOR inhibitor to be discovered
[27e31]. Rapamycin is a 36-carbon macrocycle, and its research is
still limited to semi-synthetic derivatives [32]. Rapamycin and its
analogues inhibit the expression of mTORC1 and can interact with
insulin receptor substrate 1 (IRS-1) form a negative feedback
pathway, causing overactivation of AKT. AKT signaling pathway is
frequently dysregulated in up to 70% of human breast cancer, and is
associated with overall poor prognosis in cancer [33e36]. Due to
the complex structure and potential AKT activation, the application
of Rapamycin and its analogues is limited [37]. Finding novel small-
molecule inhibitors of mTOR can avoid the limitation of Rapamycin
and its analogues and has become one of the focuses of chemists.
Hitherto, multiple mTOR small-molecule inhibitors have been re-
ported and some of them have entered clinical researches. As
shown in Fig. 1A, compounds 3 (pp242), 4 (NVP-BEZ235), 5
(AZD8055), 6 (MLN0128) and 7 (PI-103) are all small-molecule
mTOR inhibitors that have entered clinical research in various
types of tumors, including advanced solid tumors, metastatic breast
cancer, and metastatic renal cell carcinoma [38e42]. It is worth
mentioning that compound 6 has entered phase I study in patients
with metastatic Triple-negative breast cancer.

In this paper, we explored the pharmacophore model of mTOR
inhibitors by studying their common anchoring properties and the
distance between target proteins, and considering favorable in-
teractions of multiple mTOR active molecules and active sites. Ac-
cording to the representative inhibitor-protein complex system, we
read the three-dimensional coordinates of inhibitors, analyzed
their binding characteristics, and got the key amino acids of small
molecules interacting with mTOR. By combining extraction of
important amino acid sites, pharmacophore simulation and virtual
screening, we designed a series of new skeletons and obtained the
lead compound with 3-bromo-N’-(4-hydroxybenzylidene)-4-
methylbenzohydrazide. Then, 44 compounds were synthesized
through chemical modification based on rational drug design and
structure activity relationship analysis. In the follow-up biological
evaluation, we found that 7c showed good inhibitory activities in
MDA-MB-231 and MDA-MB-468 cells and mTOR kinase. Further
results showed that 7c could induce autophagy and apoptosis of
MDA-MB-231 andMDA-MB-468 cell lines cells by inhibitingmTOR,
and it will provide a promising new therapeutic method for the
treatment of TNBC.

2. Results

2.1. Virtual screening and chemistry

In order to find new small molecules with mTOR inhibitory
activity, we planned to combine pharmacophore simulation
screening with analysis of important amino acid sites [43]. Here, we
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first selected some mTOR small molecule inhibitors to get the
inhibitor-mTOR protein complex, and then we can get the over-
lapping inhibitor protein system by overlapping the complexes
(Fig. S1). The next work was divided into two kinds of synchroni-
zation. Firstly, based on the interaction mode of inhibitor-mTOR
complex and the energy contribution of each residue, we con-
structed a small molecule pharmacophore model targeting mTOR
in discovery studio. Starting from the binding mode of the com-
plexes, we extracted five pharmacophore characteristics of mTOR
targeting: mTOR inhibitors contained an aromatic ring, a hydrogen
bond donor, a hydrogen bond receptor and two negative charge
centers; Then, we extracted key characteristics from the pharma-
cophore model and analyzed the distance between each key
pharmacophore to obtain the small molecule pharmacophore tar-
geting mTOR for subsequent virtual screening. While constructing
the pharmacophore model, we read the three-dimensional co-
ordinates of mTOR inhibitor-protein complex. mTOR inhibitors
were anchored inmTOR protein. Firstly, each ligandwas adjusted to
the top 1 position for subsequent analysis. It was important to
analyze the amino acid active sites of reported mTOR inhibitors.
The binding characteristics of mTOR inhibitors were analyzed
subsequently, and the key amino acid inhibitory sites were
VAL2240, TRP2239, ILE2237, ILE2356, ASP2195, ARG2348 and
MET2345.

Next, virtual screening of small-molecule compounds targeted
bymTORwas performed fromdatabases including SPECS, Chemdiv,
ACDB and MCDB. According to Lipinski’s five drug principles, a
preliminary screening of the compound library was carried out, and
98,460 compounds were obtained. Next, we screened the mole-
cules in Discovery Studio based on the pharmacophore targeting
mTOR and the ability to bind to amino acid residues. According to
the fitting value of the small molecules and the pharmacophore
groups and the binding effect with the key amino acid residues, 100
small molecules with the highest fitting values were extracted.

We further selected and synthesized the lead compound A1
with the best interaction energy and score according to Lipinski’s
five drug-like principles, Libdock and Cdocker protocol, pharma-
cophore model and the binding ability with key amino acids.
(Fig. 1B). The IC50 of A1 was 10.34 ± 0.23 mM for A549 cells,
9.27 ± 0.14 mM for MDA-MB-231 cells and 8.76 ± 0.31 mM for MDA-
MB-468 cells. At the same time, the mTOR IC50 of A1 was 3.96 mM,
indicating that A1 could be used as a lead compound for further
structural modification.

In order to optimize the structure of compound A1, we first
replaced the linker between the two benzene rings, and synthe-
sized a series of derivatives according to the synthetic route out-
lined in Scheme 1. The synthesis of compounds 1b-14bwas carried
out through one-step reactions of different substituted phenyl
isocyanates and different amines. Isocyanate and amine were stir-
red and reacted in acetonitrile at room temperature. The syntheses
were monitored by TLC and the reactions were completed within
4e16 h. After the reaction solutions were spin-dried, they were
purified to obtain compounds 1b-14b.

In Scheme 2, using methyl benzoate as starting material, oxalyl
chloride as the solvent and reactant, a little DMF as the catalyst, the
reactions were refluxed for 8e16 h, then the reaction solutions
were spin-dried and purified with DCM: methanol ¼ 10:1 to obtain
the intermediate acid chlorides 1d-2d. Subsequently, under the
protection of N2, the acid chlorides and different amines were
stirred and reacted in DMF at room temperature for 8e12 h. After
the reactions completed, they were quenched by water and
extracted with DCM. The organic phases were concentrated and
purified with dichloromethane: methanol¼ 10:1 to obtain the final
compounds 6a-7a, 23a-25a.

We examined the effect of various substituted groups and



Fig. 1. A. The structures of some reported mTOR inhibitors. B. The workflow of designing mTOR inhibitors based on pharmacophore model, extracted amino acid, and virtual
screening.
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Scheme 1. Reagents and conditions: (a) Acetonitrile, r.t.

Scheme 2. Reagents and conditions: (a) Oxalyl chloride, DMF, reflux; (b) N2, Pyridine, overnight, r.t.
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synthesized a series of derivatives according to the synthetic routes
outlined in Scheme 3. First, the reaction of methyl benzoate and
80% hydrazine hydrate yielded intermediates 1e-6e. Then, obtained
intermediates and different amines refluxed for 8e24 h in meth-
anol, using a few drops of glacial acetic acid as the catalyst. Moni-
tored by TLC, the reactions were taken off and spin-dried, and
purified using dichloromethane: methanol¼ 10:1. And thenwe can
obtain compounds 1a-2a, 4a-5a, 8a-9a, 11a, 13a-16a, 19a-22a, 3c,
5c, 9c.

In Scheme 4, using a little DMF as the catalyst, 19a-20a acted
with oxalyl chlorides and refluxed for 8 he16 h, then the solutions
were spin-dried and purified with DCM: methanol ¼ 10:1 to obtain
the intermediates 1f-4f. Subsequently, under the protection of N2,
the acid chlorides and different amines were stirred and reacted in
DMF at room temperature for 8e12 h. The reactions were quenched
by water and extracted with DCM when reactions completed. The
organic phases were concentrated and then purified with
dichloromethane: methanol ¼ 10:1, and then we obtained the final
compounds 1c-2c, 6c-8c, 10c.
2.2. SAR relationship of the synthesized compounds

Compared with A1, most of the urea compounds (1b-14b) had
significantly reduced mTOR inhibition and inhibitory effects on
breast cancer cells and lung cancer cells (Table 1). At the same time,
the mTOR IC50 and MDC positive ratio of these compounds were
not as good as positive controls, Rapamycin and Temsirolimus.
Rapamycin and Temsirolimus were both mTOR inhibitors with the
ability of autophagy induction [44,45]. The autofluorescent agent
MDC was recently introduced as a specific autophagolysosome
marker to analyze the autophagic process [46,47]. The previous
work of our research group also proved that MDC staining can
Scheme 3. Reagents and conditions: (a) Hydrazine
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effectively detect the level of autophagy in cells [48]. Some of the
compounds (10b, 12b-14b) had less inhibitory effects compared
with other compounds of the same kind, whichmay attribute to the
substitutions of fluorine or trifluoromethyl on the benzene rings
that affected the effectiveness of the molecules. Further research
found that when the double bond was eliminated, compound 6a
could not achieve better cancer cell inhibition rates, even leading to
mTOR inhibition cliff down. A methyl group was introduced at the
C-terminus of the double bond, and the test results showed that the
compound’s inhibitory effect on cancer cells and mTOR increased
significantly after the introduction of the methyl group. In addition,
the test result of 7a showed that shorting the length of compound
cannot significantly increase the inhibition rates of breast cancer
cells or mTOR (Table 2). After chain discussion, the lead compound
1a was obtained, with the IC50 of 6.71 ± 2.23 mM, 8.46 ± 1.19 mM,
10.07 ± 1.64 mM for MDA-MB-231, MDA-MB-468 and A549 cells,
respectively and an IC50 of 2.01 mM for mTOR. (Table 3).

Our lead compound 1a was linear in shape, and the pharma-
cophore consisted of two benzene rings and an amidonitro-carbon
double bond linker. Previous studies have shown that this linker is
an important core structure maintaining cells inhibitory activities.
Therefore, in the later molecule design, this part of the structure
was retained, and the substituents on the benzene ring were
mainly modified. Under this circumstance, we further conducted a
structure-activity study on the benzene ring and groups of the
compound to obtain better cytostatic activity. The results show that
the different substituents of the R1, R2 and R3 groups on the ben-
zene rings have different effects on the inhibitory activities of
mTOR and TNBC cells. When R1 is substituted by bromine, R2 is
substituted by hydrogen, and R3 is 4-benzoic acid, compound 19a
showed the best inhibitory activities on mTOR and MDA-MB-231
and MDA-MB-468 cells than other compounds (Table 3).
hydrate, heat; (b) Methanol, acetic acid, reflux.



Scheme 4. Reagents and conditions: (a) Hydrazine hydrate, heat; (b) Methanol, acetic acid, reflux; (c) Oxalyl chloride, DMF, reflux; (d) N2, Pyridine, overnight.
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Moreover, 19a also showed better MDC positive ratio than other
compounds.

To further optimize the structure of the lead compound 19a, we
realized that extending the tail group of the molecule will be a
feasible method, because there are large hydrophobic pockets in
the surface area of mTOR. By extending the tail group, more in-
teractions such as hydrophobic interaction，p�p stacking inter-
action and hydrogen bonding can be formed. We analyzed the
different parts contained in the reported effective mTOR inhibitors
and selected them as modifiable tail groups. For example, the
molecular end of pp242 has a benzopyrrole structure, which can
maintain the hydrophobic effect with the binding pocket of mTOR.
Therefore, we introduced a group of similar structures as the ter-
minal substituents attached to the benzene ring to carry out the
third round of structural optimization. We speculated that these
structures should be able to form various interactions with the
pockets of mTOR. Therefore, we synthesized the target compounds
1c-2c, 6c-8c, 10c and detected their inhibition rates in TNBC cells
and mTOR. The results showed that the inhibitory rates of this
series of compounds on TNBC cells and mTOR were significantly
improved (Table 4). The results showed that when the tail group
was benzimidazole, the inhibitory rate of compound 7c on mTOR
can reach 79.8%, and the IC50 is 0.304 mM. However, when the
groups were substituted with indole and other groups, the
observed mTOR IC50 values were not as good as that of compound
7c. Meanwhile, compared with the positive controls Rapamycin
and Temsirolimus, compound 7c had better inhibitory activity on
TNBC cells, and the MDC positive ratio of 7c in MDA-MB-231 cells
was higher than that of Temsirolimus, indicating that 7cmight have
stronger autophagy induction in TNBC cells.

The SAR was summarized as follows: (1) The amido-nitrogen-
carbon double bond linker of the series of target compounds
acted as an important pharmacophore for cells inhibitory activities
and mTOR inhibitory activity, ensuring effective TNBC cells prolif-
eration inhibition and mTOR inhibition. (2) As an effective active
group, the imidazole group helped to inhibit the activity of mTOR.
(3) The CeC double bond on the connecting chain was very
important. When the double bond was cancelled, the inhibition of
the target compounds on mTOR and TNBC cells were reduced.
Shortening the length of the alkyl chain would also affect the effi-
cacy. (4) The different substituents on the two benzene rings had
different effects on the inhibition of mTOR and MDA-MB-231 and
MDA-MB-468 cells, and the compound with R1 substituted by
bromine and R2 substituted by hydrogen showed the best efficacy.
5

The inhibitory activities of compounds with other substituents
decreased significantly. Compound 7c showed better MDC positive
ratio than the positive control Temsirolimus, indicating that 7c
could induce autophagy in MDA-MB-231 cells.
2.3. Identification of 7c as a new mTOR inhibitor

Molecular docking showed that compound 7c had more in-
teractions with mTOR than A1, which may be the reason why the
inhibition rates of 7c were better than those of A1 (Fig. 2A,
Fig. S2).Based on the excellent cytostatic activities of 7c, we tested
the mTOR kinase inhibitory activity of 7c, and the results showed
that themTOR IC50 of 7cwas 0.304 mM (Fig. 2B).In addition, in order
to confirm whether 7c can inhibit the kinase activity of mTOR in
cells, we tested the levels of mTOR and mTOR downstream sub-
strates such as AKT, 4EBP1 and P70S6K and phosphorylated sub-
strate levels in MDA-MB-231 and MDA-MB468 cells. The results
showed that the levels of p-mTOR (Ser2448) was reduced (Fig. 2C).
Besides, the levels of AKT, 4EBP1 and P70S6 in MDA-MB-231 and
MDA-MB468 cells were reduced, and the levels of p-AKT (Ser473),
p-4EBP1 (Thr37/46) and p-P70S6K (Thr389) were reduced more.
This indicated that 7c can inhibit the activity of mTOR in triple-
negative breast cancer cells (Fig. 2D).
2.4. 7c inhibits colony formation and promotes cell apoptosis in
MDA-MB-231 and MDA-MB-468 cells

Hoechst 33258 staining was used to observe the changes of the
two kinds of cells treated with different concentrations of 7c. It was
observed that cell numbers decreased significantly in a dose-
dependent manner (Fig. 3A). 7c also significantly inhibited the
growths and clone formations of MDA-MB-231 and MDA-MB-
468 cells in a concentration dependent manner (Fig. 3B). Moreover,
flow cytometry showed that compound 7c could induce apoptosis
in two triple negative breast cancer cells, and we believed that the
apoptosis may be caused by changes in endogenous pathways
(Fig. 3C). Based on the results of Flow Cytometry, we detected the
expression of apoptosis related proteins byWestern blot. As shown,
7c treatment resulted in decreases in Bcl-2, increases in the con-
version of Bax, and increases in Cleaved-caspase3 levels in MDA-
MB-231 and MDA-MB-468 cells (Fig. 3D). In conclusion, the re-
sults showed that 7c could significantly induce apoptosis in MDA-
MB-231 and MDA-MB-468 cells.



Table 1
SAR study on the linker.

Compound R1 R2 R3 R4 IC50 (mM)a,b mTOR IC50 (mM) MDC positive ratio %(1 mM)c

A549 MDA-MB-231 MDA-MB-468

1b H CF3 H 26.43 ± 1.15 20.76 ± 0.12 24.32 ± 0.29 15.82 9.10 ± 1.28

2b H CF3 CH3 28.75 ± 1.07 21.19 ± 0.55 21.94 ± 0.47 10.13 7.34 ± 0.93

3b H CF3 H 36.72 ± 0.32 22.94 ± 0.18 17.50 ± 0.48 10.29 8.29 ± 1.01

4b Cl H H 31.20 ± 0.37 19.54 ± 2.43 25.95 ± 1.41 27.06 9.22 ± 0.86

5b F H H 22.30 ± 2.23 27.72 ± 1.29 34.06 ± 0.57 ＞30 8.31 ± 5.37

6b Cl H H 24.83 ± 1.24 22.60 ± 0.72 23.71 ± 0.86 ＞30 9.25 ± 3.04

7b F H H 33.05 ± 0.32 34.06 ± 1.24 31.94 ± 0.99 16.88 8.29 ± 1.66

8b H CH3 H 31.20 ± 2.14 31.69 ± 0.69 27.50 ± 1.29 15.80 9.01 ± 2.60

9b H CH3 H 21.20 ± 2.31 15.19 ± 1.14 25.95 ± 1.17 11.65 10.02 ± 0.81

10b F H H 19.76 ± 2.59 19.00 ± 2.77 24.06 ± 2.80 4.93 8.32 ± 3.92

11b H CF3 H 23.50 ± 1.02 22.82 ± 0.96 23.71 ± 1.58 23.68 8.20 ± 1.30

12b F H H 11.52 ± 1.15 10.28 ± 2.03 11.94 ± 2.21 12.56 7.22 ± 2.59

13b F H H 12.54 ± 1.72 13.82 ± 2.85 17.50 ± 1.09 17.63 8.77 ± 1.04

T. Xu, J. Zhang, C. Yang et al. European Journal of Medicinal Chemistry 219 (2021) 113424
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Table 1 (continued )

Compound R1 R2 R3 R4 IC50 (mM)a,b mTOR IC50 (mM) MDC positive ratio %(1 mM)c

A549 MDA-MB-231 MDA-MB-468

14b H CF3 H 13.34 ± 0.78 16.87 ± 0.94 17.95 ± 1.17 20.43 9.62 ± 0.91

Rapamycin 30.72 ± 1.91 35.79 ± 1.38 37.20 ± 0.77 0.0008 31.03 ± 1.54
Temsirolimus 11.81 ± 2.46 17.57 ± 1.35 10.89 ± 1.73 2.29 15.33 ± 2.80

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.
c Determined by flow cytometry analysis using MDC staining; the data are presented as the mean ± SEM (n ¼ 3).

Table 2
SAR study on the linker.

Compound R1 R2 R3 IC50 (mM)a,b mTOR IC50 (mM) MDC positive ratio %(1 mM)c

A549 MDA-MB-231 MDA-MB-468

6a Br CH3 33.98 ± 1.22 41.71 ± 0.57 33.71 ± 0.83 ＞30 11.23 ± 0.40

7a Br CH3 33.83 ± 1.47 33.37 ± 0.99 41.94 ± 1.72 ＞30 12.73 ± 0.91

23a Br CH3 31.57 ± 1.16 37.95 ± 0.67 27.50 ± 0.80 17.86 13.81 ± 1.96

24a Br CH3 26.37 ± 1.58 32.12 ± 0.35 25.95 ± 0.76 15.27 11.80 ± 1.53

25a H OCF3 27.53 ± 2.11 29.03 ± 1.53 24.06 ± 2.06 3.99 11.22 ± 2.74

Rapamycin 30.72 ± 1.91 35.79 ± 1.38 37.20 ± 0.77 0.0008 31.03 ± 1.54
Temsirolimus 11.81 ± 2.46 17.57 ± 1.35 10.89 ± 1.73 2.29 15.33 ± 2.80

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.
c Determined by flow cytometry analysis using MDC staining; the data are presented as the mean ± SEM (n ¼ 3).
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2.5. 7c induces autophagy via mTOR inhibition

mTOR is closely related to autophagy. Studies have shown that
inhibition of mTOR can effectively induce autophagy. Our previous
results have shown that 7c can inhibit cell viability, so we next
examined the ability of 7c to induce autophagy in MDA-MB-231
and MDA-MB-468 cells. First of all, we observed that 7c could
induce the autophagy flux of MDA-MB-231 and MDA-MB-468 cells
by GFP-mRFP-LC3 under inverted microscope (Fig. 4A). In order to
further evaluate autophagy, we detected the expression of auto-
phagy related proteins by Western blot. As expected, 7c treatment
resulted in significant increases in autophagy, such as decreases in
autophagy substrate p62, increases in the conversions of LC3I to
LC3II, and increases in Beclin1 levels. In conclusion, the results
showed that 7c could significantly induce autophagy in MDA-MB-
7

231 and MDA-MB-468 cells (Fig. 4B). These results suggested that
7c could induce autophagy via mTOR inhibition.

2.6. 7c induces autophagic cell death in TNBC cells

Based on the current experimental data, we want to further
explore the relationship between 7c induced autophagy and TNBC
cell growth inhibition. Autophagy inhibitor 3-methyladenine (3-
MA) can inhibit autophagy by interrupting the formation of auto-
phagosome, which is often used to block the induction of auto-
phagy [49]. Based on previous work, 3-MA was used to prove the
relationship between cell death and autophagy [50]. Therefore, we
used 3-MA to carry out follow-up verification in our study. We
found that the survival rate of cells treated with 7c and 3-MA was
significantly lower than that of cells treated with 3-MA alone



Table 3
SAR study on two benzene rings.

Compound R1 R2 R3 IC50 (mM)a,b mTOR IC50 (mM) MDC positive ratio %(1 mM)c

A549 MDA-MB-231 MDA-MB-468

1a Br CH3 10.07 ± 1.64 6.71 ± 2.23 8.46 ± 1.19 2.01 19.27 ± 2.48

2a Br CH3 13.57 ± 2.04 9.91 ± 1.87 12.12 ± 1.74 7.30 18.90 ± 2.62

4a Br H 10.29 ± 1.09 9.13 ± 0.94 10.97 ± 1.18 8.20 16.33 ± 0.57

5a Br H 13.04 ± 2.13 10.86 ± 1.27 13.07 ± 3.17 6.21 15.81 ± 1.49

8a Br CH3 9.07 ± 1.77 9.30 ± 1.24 9.91 ± 1.80 4.76 18.65 ± 2.84

9a Br CH3 12.44 ± 0.96 10.96 ± 1.45 8.69 ± 1.91 5.24 15.26 ± 2.17

11a I CH3 9.46 ± 2.78 8.30 ± 3.12 8.76 ± 1.18 1.98 14.89 ± 2.29

13a F H 15.41 ± 3.14 10.75 ± 1.62 9.24 ± 2.04 4.22 15.04 ± 1.68

14a I CH3 9.93 ± 2.79 8.46 ± 2.14 9.54 ± 1.87 5.08 14.28 ± 3.17

15a I H 13.04 ± 3.05 13.05 ± 2.44 8.30 ± 1.67 4.79 15.27 ± 1.83

16a F CH3 11.95 ± 1.04 8.40 ± 1.80 9.55 ± 2.53 4.32 15.44 ± 1.37

19a Br H 7.78 ± 2.79 7.50 ± 1.83 5.51 ± 0.97 0.69 19.83 ± 1.65

20a I H 8.91 ± 2.16 8.96 ± 1.83 6.37 ± 1.45 0.82 17.20 ± 2.43

21a I CH3 11.27 ± 1.10 9.08 ± 2.56 10.35 ± 2.40 1.66 16.25 ± 1.64

T. Xu, J. Zhang, C. Yang et al. European Journal of Medicinal Chemistry 219 (2021) 113424
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Table 3 (continued )

Compound R1 R2 R3 IC50 (mM)a,b mTOR IC50 (mM) MDC positive ratio %(1 mM)c

A549 MDA-MB-231 MDA-MB-468

22a I H 9.84 ± 1.48 12.53 ± 1.90 12.05 ± 1.78 1.17 15.79 ± 2.61

3c Br H 12.57 ± 1.88 14.78 ± 2.06 14.79 ± 2.70 0.95 15.32 ± 0.84

5c I CH3 11.12 ± 1.07 10.12 ± 1.89 10.12 ± 1.68 1.02 14.81 ± 0.41

9c F H 14.24 ± 2.78 9.24 ± 1.64 9.76 ± 1.99 43.60 14.36 ± 1.57

Rapamycin 30.72 ± 1.91 35.79 ± 1.38 37.20 ± 0.77 0.0008 31.03 ± 1.54
Temsirolimus 11.81 ± 2.46 17.57 ± 1.35 10.89 ± 1.73 2.29 15.33 ± 2.80

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.
c Determined by flow cytometry analysis using MDC staining; the data are presented as the mean ± SEM (n ¼ 3).
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(Fig. 5A). Clone formation assay also confirmed this result (Fig. 5B),
indicating that the inhibition of 7c on TNBC cell growth is auto-
phagy dependent. Subsequently, we performed flow cytometry
analysis to examine the apoptosis rate of TNBC cells co-treated with
7c and 3-MA (Fig. 5C). The results showed that 3-MA could partially
reverse the apoptosis induced by 7c. In conclusion, these data
suggest that 7c could induce autophagic cell death in TNBC cells.

In conclusion, these data suggest that the death of TNBC cells
induced by 7c is autophagy dependent. Although autophagy and
apoptosis have significant differences in metabolic pathways and
morphology, their signaling pathways are inextricably linked.
Based on our experimental results, autophagy inhibitor 3-methyl
adenine (3-MA) can reduce cell apoptosis induced by 7c. In this
case, autophagy and apoptosis cooperate to induce cell death. It has
also been proved that the antibacterial drug chloroiodoquinoline
can induce autophagic death and apoptosis of leukemia cells and
myeloma cells by disrupting mTOR signaling pathway [51]. We
speculated that 7c could induce autophagic death and apoptosis of
TNBC cells via mTOR inhibition.
3. Conclusions

Triple negative breast cancer (TNBC) has a worse prognosis than
other types of breast cancer due to its special biological behavior
and clinicopathological characteristics. Autophagy is associated
with drug resistance of TNBC, and inducing autophagy could sup-
press TNBC cell proliferation and progression to metastasis. mTOR
plays a vital role in regulating autophagy as many signal trans-
duction pathways focus on the target of highly conserved mTOR.
The development of mTOR inhibitors that can regulate autophagy is
an effective strategy for the treatment of breast cancer. However,
the application of mTOR inhibitor Rapamycin and its analogues is
limited due to the complex structure and potential AKT activation.
Finding novel small-molecule inhibitors of mTOR can avoid the
limitation of Rapamycin and has become one of the focuses of
chemists.

To conclude, we have developed a newmTOR pathway inhibitor
based on the strategy of structure simplification through the inte-
grated use of multilayer virtual screening and biological determi-
nation. Based on the strategy of simplification, we explored the
9

pharmacophoremodel and read the three-dimensional coordinates
of the key amino acids, and then we selected and synthesized
compound A1with the best interaction energy and score according
to Lipinski’s five drug-like principles, Libdock and Cdocker protocol.
Subsequently, the structure optimization of the compound and the
study of the mechanism of the optimal compound are carried out.
The results showed that compound 7c exhibited significant inhib-
itory activity on mTOR with an IC50 of 0.304 mM. The protein levels
of p-AKT (Ser473), p-4EBP1 (Thr37/46) and p-P70S6K (Thr389)
were significantly decreased treated with 7c. At the same time,
compound 7c could inhibit the formation of MDA-MB-231 and
MDA-MB-468 cell clones and induce apoptosis in a concentration-
dependent manner. In addition, we further proved that compound
7c could induce autophagic cell death in MDA-MB-231 and MDA-
MB-468 cells. These findings bring new highlights to compound 7c,
which could be further used as a promising drug candidate for the
treatment of TNBC in the future.
4. Experimental section

4.1. Cell culture, reagents and antibodies

All cell lines used in this study were purchased from the
American Type Culture Collection (ATCC, Manassas, Virginia, USA).
A549 and MDA-MB-231 cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
and incubated with 5% CO2 at 37 �C. MDA-MB-468 cells were
cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum, and incubated with 5% CO2 at 37 �C. MTT (#M2128),
Rapamycin and Temsirolimus were purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). p-AKT (#4060S), P70S6K (#2708S), p-
P70S6K (#9206S), 4EBP1 (#9644), p-4EBP1 (#2855), p62 (#8025),
Bax (#5023), Bcl-2 (#2870), Caspase-3 (#9662) purchased from
Cell Signaling Technologies (USA Boston, Massachusetts), LC3B
(ab51520), Beclin1 (ab207612), mTOR (ab134903), p-mTOR
(ab109268) were purchased from abcam, GAPDH (60004-1-Ig),
anti-AKT (#10176-2-AP) was purchased from Proteintech. GFP/
mRFP-LC3 (HB-AP2100001) was purchased from HANBIO (China).



Table 4
SAR study on terminal groups.

Compound R1 R2 R3 IC50 (mM)a,b mTOR IC50 (mM) MDC positive ratio %(1 mM)c

A549 MDA-MB-231 MDA-MB-468

1c Br H 10.54 ± 1.11 9.24 ± 2.07 8.32 ± 1.84 1.29 19.78 ± 0.48

2c F CH3 13.87 ± 1.45 13.19 ± 0.89 12.09 ± 0.52 3.83 19.22 ± 1.20

6c F H 7.81 ± 1.62 5.03 ± 2.77 6.06 ± 2.25 0.83 22.34 ± 1.35

7c Br H 6.48 ± 1.72 3.38 ± 1.01 4.30 ± 1.82 0.304 25.67 ± 0.82

8c Br H 13.73 ± 1.97 9.21 ± 1.83 10.17 ± 1.79 2.45 20.99 ± 1.93

10c Br H 11.21 ± 2.58 8.11 ± 1.48 8.17 ± 2.01 4.84 17.20 ± 0.86

Rapamycin 30.72 ± 1.91 35.79 ± 1.38 37.20 ± 0.77 0.0008 31.03 ± 1.54
Temsirolimus 11.81 ± 2.46 17.57 ± 1.35 10.89 ± 1.73 2.29 15.33 ± 2.80

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.
c Determined by flow cytometry analysis using MDC staining; the data are presented as the mean ± SEM (n ¼ 3).
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4.2. Cell viability determination

The cells were distributed into 96-well plates at a density of
5*103 cells/well. After 24 h of incubation, the cells were treated
with different concentrations of synthetic compounds within the
specified time. Cell viability was measured by MTT assay.

4.3. Colony formation test

The proliferation potential of the cells was evaluated by plating
1000 cells in a 6-well plate. The plates were cultured at 37 �C for 14
days in a 5% CO2 incubator. MDA-MB-231 and MDA-MB-468 cells
fixed with 4% paraformaldehyde were stained with crystal violet.
Data represents the mean ± SD of 3 independent experiments
performed in three replicate wells.

4.4. GFP/mRFP-LC3 transfection

Incubate the MDA-MB-231 and MDA-MB-468 cells sequentially,
starting with GFP/mRFP-LC3 transfection for 6 h. The transfected
cells were then used for subsequent experiments after 24 h and
analyzed under a fluorescence microscope.
10
4.5. Flow cytometry 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. After
15 min, the cells were incubated with PI staining solution for 5 min.
The cells were then measured by a flow cytometer (Becton
Dickinson).

4.6. Western blot analysis

MDA-MB-231 and MDA-MB-468 cells were treated with 7c for
24 h. The cells were then collected and lysed by lysis buffer at 4 �C
for 30 min. After centrifugation at 12,000 rpm for 10 min, the
protein level of the supernatant was quantified by the Bio-Rad DC
protein assay (Bio-Rad Laboratories, Hercules, CA, USA). The same
amount of total protein was separated by 12% SDS-PAGE, and then
electrophoresed and transferred to PVDF membrane. Subsequently,
the membrane was immersed in the blocking buffer. The primary
antibody is used to detect the protein, then the HRP-conjugated
secondary antibody is used to detect the protein, and ECL is used
as the HRP substrate for visualization. Quantification of



Fig. 2. Identification of 7c as a new mTOR inhibitor. A. Predicted binding mode of compound 7c in the active of mTOR (PDB ID: 4JT5). B. mTOR kinase inhibition rate curve of
compound 7c. C. Immunoblotting analysis of p-mTOR (Ser2448) and mTOR expression in MDA-MB-231 and MDA-MB-468 cells treated with the indicated concentrations of 7c for
24 h. GAPDH was used as a loading control. Quantification of mTOR immunoblotting analysis were shown. Data are expressed as mean ± SEM. All data were representative of at
least three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001. Statistical significance compared with respective control groups. D. Immunoblotting analysis of p-
p70S6K(Thr389), p70S6K, p-AKT(Ser473), AKT, p-4EBP1(Thr37/46), 4EBP1 expression in MDA-MB-231 and MDA-MB-468 cells treated with the indicated concentrations of 7c for
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immunoblotting was performed by Image Lab.

4.7. Molecular docking and pharmacophore model

All calculations are run using discovery Studio software (version
3.1). CHARMM force field is used to minimize the energy of ligand
in docking procedure. The crystal structure of mTOR kinase (PDB
Code: 4jt5) was obtained from PDB database. Choose the gold
medal score as the score function. Identification of key pharma-
codynamic characteristics is important for effective mTOR in-
hibitors. All the training set molecules were studied to find the
common chemical characteristics of the reported mTOR inhibitors.
The chemical characteristics of hydrogen bond acceptors, hydrogen
bond donors, negative electricity centers and hydrophobic aromatic
compounds were selected, and quantitative pharmacophore
models were generated using corresponding statistical parameters
(such as cost value, root mean square and fitting value). The best
quality hypothesis is selected. The image was created using PyMOL.

4.8. Hoechst 33258 stain

The cells (5 � 104 per well) were treated with compound 7c for
24 h. After washing twice with cold PBS, the cells were stained with
Hoechst 33258 for 30 min in the dark at 37 �C. Then observe the
morphological changes of the cells under a fluorescence
microscope.

4.9. MDC staining

The MDA-MB-231 cells were treated with 1 mM compounds for
6 h, then coincubated with MDC (0.05 mM) at 37 �C for 30 min.
Then, the MDC positive ratio was analyzed by flow cytometry
(Becton Dickinson).

4.10. Statistical analysis

All the data and results presented have been confirmed in at
least 3 independent experiments. The data are expressed as
mean ± standard deviation and analyzed using GraphPad Prism 6.0.
Statistical comparisons were made by one-way analysis of variance
and SPSS 17.0 Student’s t-test (Chicago, Illinois, USA). P < 0.05 was
considered statistically significant.

4.11. Synthesis of compound A1, 1a-2a, 4a-8a, 11a, 13a-16a, 19a-
25a, 1e14b, 1-10c

4.11.1. 3-bromo-N’-(4-hydroxybenzylidene)-4-
methylbenzohydrazide (A1)

White powder; yield 82%; m.p. 182e183 �C; 1H NMR (400 MHz,
DMSO‑d6) d 11.66 (s, 1H), 9.92 (s, 1H), 8.34 (s, 1H), 7.83 (d,
J ¼ 7.85 Hz, 1H), 7.56 (d, J ¼ 8.44 Hz, 2H), 7.51 (d, J ¼ 7.92 Hz, 1H),
6.84 (d, J ¼ 8.44 Hz, 2H), 4.33 (t, J ¼ 5.08 Hz, 1H), 2.42 (s, 3H); 13C
NMR (100 MHz, DMSO‑d6) d 161.6, 160.0, 148.9, 141.6, 133.5, 131.6,
131.4, 129.4 (2C), 127.4, 125.7, 124.6, 116.2 (2C), 22.9; HRMS (ESI)þ:
calcd for C15H13BrN2NaO2 [M þ Na]þ: 355.0052, found: 355.0047.

4.11.2. 3-bromo-N’-(1-(4-hydroxyphenyl)ethylidene)-4-
methylbenzohydrazide (1a)

White powder; yield 92%; m.p. 160e163 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.70 (s, 1H), 9.78 (s, 1H), 8.07 (s, 1H), 7.80 (d,
J ¼ 7.41 Hz, 1H), 7.70 (d, J ¼ 6.81 Hz, 2H), 7.49 (d, J ¼ 7.91 Hz, 1H),
24 h. GAPDH was used as a loading control. Quantification of mTOR pathway immunoblottin
of at least three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001. Statistic
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6.79 (d, J ¼ 7.62 Hz, 2H), 2.42 (s, 3H), 2.29 (s, 2H); 13C NMR
(100 MHz, DMSO‑d6) d 162.4, 159.5, 157.4, 141.3, 134.1, 131.6, 131.4,
129.3 (2C), 128.6, 127.6, 124.4, 115.6 (2C), 22.9, 15.0; HRMS (ESI)þ:
calcd for C16H15BrN2NaO2 [M þ Na]þ: 369.0209, found: 369.0214.

4.11.3. N’-(1-(4-aminophenyl) ethylidene)-3-bromo-4-
methylbenzohydrazide (2a)

White powder; yield 79%; m.p. 154e155 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.61 (s, 1H), 8.07 (s, 1H), 7.80 (d, J ¼ 7.69 Hz, 1H), 7.57
(d, J¼ 7.71 Hz, 2H), 7.48 (d, J¼ 7.92 Hz,1H), 6.56 (d, J¼ 7.92 Hz, 2H),
5.49 (s, 2H), 2.41 (s, 3H), 2.24 (s, 2H); 13C NMR (100 MHz, DMSO‑d6)
d 162.1, 158.4, 151.0, 141.2, 134.3, 131.5 (2C), 131.4, 128.3, 127.5, 125.4,
124.4, 113.6 (2C), 22.9, 14.8; HRMS (ESI)þ: calcd for C16H16BrN3NaO
[M þ Na]þ: 368.0369, found: 368.0367.

4.11.4. 3-bromo-N’-(1-(3,5-dihydroxyphenyl)ethylidene)
benzohydrazide (4a)

White powder; yield 87%; m.p. 156e158 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.78 (s,1H), 9.34 (s,2H), 8.04 (s,1H), 7.87 (d, J¼ 5.94 Hz,
1H), 7.78 (d, J ¼ 7.57 Hz, 1H), 7.48 (t, J ¼ 7.72 Hz, 1H), 6.72 (s, 2H),
6.26 (s, 1H), 2.26 (s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 162.3,
158.5 (2C), 151.0, 140.2, 136.9, 136.5, 130.9, 128.3, 127.6, 125.3, 111.7
(2C),95.1, 14.8; HRMS (ESI)þ: calcd for C15H13BrN2NaO3 [M þ Na]þ:
371.0002, found: 371.0001.

4.11.5. N’-(1-(4-aminophenyl)ethylidene)-3-bromobenzohydrazide
(5a)

White powder; yield 90%; m.p. 176e178 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.67 (s, 1H), 8.03 (s, 1H), 7.87 (d, J ¼ 7.31 Hz, 1H), 7.76
(d, J ¼ 7.31 Hz, 1H), 7.58 (d, J ¼ 7.82 Hz, 2H), 7.46 (t, J ¼ 7.76 Hz, 1H),
6.56 (d, J ¼ 8.33 Hz, 1H), 5.51 (s, 2H), 2.24 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 162.3, 158.6, 151.1, 137.0, 134.4, 131.0, 130.7,
128.3 (2C), 127.3, 125.3, 122.1, 113.6 (2C), 14.8; HRMS (ESI)þ: calcd
for C15H14BrN3NaO [M þ Na]þ: 354.0212, found: 354.0212.

4.11.6. 3-Bromo-N-(4-hydroxyphenethyl)-4-methylbenzamide (6a)
White powder; yield 77%; m.p. 159e162 �C; 1H NMR (400 MHz,

DMSO‑d6) d 9.15 (s, 1H), 8.56 (t, J ¼ 5.51 Hz, 1H), 8.02 (d, J¼ 1.54 Hz,
1H), 7.74 (dd, J ¼ 7.87 Hz, 1.64 Hz, 1H), 7.44 (d, J ¼ 8.00 Hz, 1H), 7.01
(d, J ¼ 8.33 Hz, 2H), 6.67 (d, J ¼ 8.40 Hz, 2H), 3.40 (m, 2H), 2.71 (t,
J¼ 7.53 Hz, 2H), 2.38 (s, 3H); 13C NMR (100MHz, DMSO‑d6) d 164.11,
156.1, 140.9, 134.6, 133.2, 132.9, 131.1, 130.0 (2C), 126.9, 124.5, 115.6
(2C), 41.8, 34.7, 22.8; HRMS (ESI)þ: calcd for C16H16BrNNaO2 [M þ
Na]þ: 356.0256, found: 356.0259.

4.11.7. 3-Bromo-N-(4-hydroxybenzyl)-4-methylbenzamide (7a)
White powder; yield 84%; m.p. 166e167 �C; 1H NMR (400 MHz,

DMSO‑d6) d 9.25 (s, 1H), 8.96 (t, J¼ 5.83 Hz, 1H), 8.09 (d, J¼ 1.62 Hz,
1H), 7.80 (dd, J ¼ 7.89 Hz, 1.66 Hz, 1H), 7.45 (d, J ¼ 7.96 Hz, 1H), 7.12
(d, J¼ 8.50 Hz, 2H), 6.71 (d, J¼ 8.47 Hz, 2H), 4.34 (d, J¼ 5.90 Hz, 2H),
2.39 (s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 164.8, 156.7, 141.0,
134.4, 131.4, 131.2, 130.1 (2C), 129.2, 127.1, 124.5, 115.5 (2C), 42.7,
22.8; HRMS (ESI)þ: calcd for C15H14BrNNaO2 [M þ Na]þ: 342.0100,
found: 342.0101.

4.11.8. 3-bromo-4-methyl-N’-(1-(4-(trifluoromethyl)phenyl)
ethylidene)benzohydrazide (8a)

White powder; yield 81%; m.p. 170e172 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.94 (s, 1H), 8.10 (s, 1H), 8.02 (s, 2H), 7.82 (s, 2H), 7.77
(s, 1H), 7.50 (d, J ¼ 7.80 Hz, 1H), 2.44 (s, 3H), 2.40 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 142.4, 133.8, 131.9, 131.4, 127.6, 126.0, 125.8
g analysis were shown. Data are expressed as mean ± SEM. All data were representative
al significance compared with respective control groups.



Fig. 3. 7c inhibits colony formation and promotes cell apoptosis in MDA-MB-231 and MDA-MB-468 cells. A. Hoechst 33258 staining assay of MDA-MB-231 and MDA-MB-468 cells
treated with or without 7c (2.5 mM, 5 mM or 10 mM) with Scale bar: 50 mm. B. Colony formation assay of MDA-MB-231 and MDA-MB-468 cells treated with or without 7c (5 mM or
10 mM). Representative images and quantification of colonies were shown. Data are expressed as mean ± SEM. All data were representative of at least three independent ex-
periments. *, P < 0.05, **, P < 0.01, ***, P < 0.001. Statistical significance compared with respective control groups.C. MDA-MB-231 and MDA-MB-468 cells were treated with or
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(2C), 125.7, 124.4 (2C), 123.3 (2C), 22.9, 15.1; HRMS (ESI)þ: calcd for
C17H14BrF3N2NaO [M þ Na]þ: 421.0134, found: 421.0131.

4.11.9. 3-bromo-4-methyl-N’-(1-(pyridin-4-yl)ethylidene)
benzohydrazide (9a)

White powder; yield 76%; m.p. 162e163 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.98 (s, 1H), 8.63 (s, 2H), 8.08 (s, 1H), 7.77 (m, 3H), 7.51
(d, J ¼ 7.93 Hz, 1H), 2.43 (s, 3H), 2.38 (s, 3H); 13C NMR (100 MHz,
DMSO‑d6) d 162.0, 158.4, 151.0, 144.7, 138.0, 134.0, 130.1, 128.3 (2C),
125.4, 113.6 (2C), 101.5, 28.0, 14.8; HRMS (ESI)þ: calcd for
C15H14BrN3NaO [M þ Na]þ: 354.0212, found: 354.0214.

4.11.10. 3-iodo-4-methyl-N’-(1-(4-(trifluoromethyl)phenyl)
ethylidene)benzohydrazide (11a)

White powder; yield 84%; m.p. 174e175 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.93 (s, 1H), 8.31 (s, 1H), 8.03 (s, 2H), 7.81 (m, 3H), 7.48
(d, J ¼ 7.89 Hz, 1H), 2.45 (s, 3H), 2.40 (s, 3H); 13C NMR (100 MHz,
DMSO‑d6) d 162.9,154.1, 145.2,142.4,138.2,133.6, 130.1,128.7,128.5,
127.6, 125.7(J ¼ 3.71 Hz), 125.7(J ¼ 3.62 Hz), 123.3(J ¼ 272.15 Hz),
120.6,101.4, 28.0,15.1; HRMS (ESI)þ: calcd for C17H14F3IN2NaO [Mþ
Na]þ: 468.9995, found: 468.9994.

4.11.11. N’-(1-(2,4-dihydroxyphenyl)ethylidene)-3-
fluorobenzohydrazide (13a)

White powder; yield 87%; m.p. 190e191 �C; 1H NMR (400 MHz,
DMSO‑d6) d 14.80 (s, 1H), 7.81 (d, J ¼ 7.94 Hz, 1H), 7.74 (d,
J¼ 10.01 Hz, 1H), 7.50 (m,1H), 7.35 (m, 2H), 6.20 (d, J¼ 9.10 Hz, 1H),
6.17 (s, 1H), 2.44 (s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 162.3,
158.6, 151.1, 137.0, 134.4, 131.0, 130.7, 128.3 (2C), 127.3, 125.3, 122.1,
113.6 (2C), 14.8; HRMS (ESI)þ: calcd for C15H13FN2NaO3 [M þ Na]þ:
311.0802, found: 311.0802.

4.11.12. N’-(1-(4-aminophenyl)ethylidene)-3-iodo-4-
methylbenzohydrazide (14a)

White powder; yield 79%; m.p. 167e169 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.58 (s, 1H), 8.30 (s, 1H), 7.81 (d, J ¼ 7.04 Hz, 1H), 7.57
(d, J¼ 7.70 Hz, 2H), 7.44 (d, J¼ 8.02 Hz,1H), 6.56 (d, J¼ 8.02 Hz, 2H),
5.48 (s, 2H), 2.43 (s, 3H), 2.23 (s, 3H); 13C NMR (100MHz, DMSO‑d6)
d 162.0, 158.4, 151.0, 144.7, 138.0, 134.0, 130.1 (2C), 128.3, 128.0,
125.4, 113.6 (2C), 101.5, 28.0, 14.8; HRMS (ESI)þ: calcd for
C16H16IN3NaO [M þ Na]þ: 416.0230, found: 416.0238.

4.11.13. N’-(1-(4-aminophenyl)ethylidene)-3-iodobenzohydrazide
(15a)

White powder; yield 86%; m.p. 184e185 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.65 (s, 1H), 8.19 (s, 1H), 7.92 (d, J ¼ 7.51 Hz, 1H), 7.87
(d, J ¼ 7.51 Hz, 1H), 7.58 (d, J ¼ 7.85 Hz, 2H), 7.30 (t, J ¼ 7.78 Hz, 1H),
6.56 (d, J ¼ 8.03 Hz, 2H), 5.49 (s, 2H), 2.24 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 162.3, 158.5, 151.0, 140.2, 136.9, 136.5, 130.9,
128.3 (2C), 127.6, 125.3, 114.8 (2C), 95.1, 14.8; HRMS (ESI)þ: calcd for
C15H14IN3NaO [M þ Na]þ: 402.0074, found: 402.0079.

4.11.14. N’-(1-(4-aminophenyl)ethylidene)-3-fluoro-4-
methylbenzohydrazide (16a)

White powder; yield 80%; m.p. 173e175 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.54 (s, 1H), 7.64 (d, J ¼ 8.74 Hz, 2H), 7.57 (d,
J ¼ 7.63 Hz, 2H), 7.41 (t, J ¼ 7.84 Hz, 1H), 6.57 (d, J ¼ 8.08 Hz, 2H),
5.49 (s, 2H), 2.30 (s, 3H), 2.24 (s, 3H); 13C NMR (100MHz, DMSO‑d6)
without 7c (2.5 mM, 5 mM, 10 mM) for 24 h, and apoptosis ratios were determined by flow
tification of apoptosis were shown. Data are expressed as mean ± SEM. All data were represe
Statistical significance compared with respective control groups. D. Immunoblotting analys
MB-468 cells treated with the indicated concentrations of 7c for 24 h. GAPDH was used as a
of mTOR immunoblotting analysis were shown. Data are expressed as mean ± SEM. All data
***, P < 0.001. Statistical significance compared with respective control groups.
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d 162.1, 158.4, 151.0, 141.2, 134.3, 131.5, 131.4, 128.3 (2C), 127.5, 125.4,
124.4, 113.6 (2C), 22.9, 14.8; HRMS (ESI)þ: calcd for C16H16FN3NaO
[M þ Na]þ: 308.1169, found: 308.1170.

4.11.15. 4-(1-(2-(3-bromobenzoyl)hydrazono)ethyl)benzoic acid
(19a)

White powder; yield 91%; m.p. 146e147 �C; 1H NMR (400 MHz,
DMSO‑d6) d 13.01 (s, 1H), 10.96 (s, 1H), 8.07 (s, 1H), 7.98 (s, 3H), 7.88
(s, 1H), 7.79 (d, J ¼ 7.73 Hz, 1H), 7.49 (t, J ¼ 7.88 Hz, 1H), 2.41 (s, 3H);
13C NMR (100 MHz, DMSO‑d6) d 167.5, 163.2, 154.11, 142.4 (2C),
136.6, 134.8, 131.8, 131.0, 129.8 (2C), 127.6, 127.3, 127.0, 122.0, 15.2;
HRMS (ESI)þ: calcd for C16H13BrN2NaO3 [M þ Na]þ: 383.0002,
found: 383.0006.

4.11.16. 4-(1-(2-(3-iodobenzoyl)hydrazono)ethyl)benzoic acid
(20a)

White powder; yield 77%; m.p. 165e168 �C; 1H NMR (400 MHz,
DMSO‑d6) d 13.03 (s,1H),10.94 (s,1H), 8.21 (s,1H), 7.95 (m, 6H), 7.33
(t, J ¼ 7.78 Hz, 1H), 2.40 (s, 3H); 13C NMR (100 MHz, DMSO‑d6)
d 167.5,163.2,154.8,142.5 (2C),140.6,136.7,136.5,131.8,130.9,129.8
(2C), 127.9, 127.0, 95.1, 15.1; HRMS (ESI)þ: calcd for C16H13IN2NaO3
[M þ Na]þ: 430.9863, found: 430.9861.

4.11.17. 3-iodo-4-methyl-N’-(1-(pyridin-4-yl)ethylidene)
benzohydrazide (21a)

White powder; yield 74%; m.p. 157e158 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.97 (s, 1H), 8.64 (d, J ¼ 4.05 Hz, 2H), 8.31 (s, 1H), 7.77
(m, 3H), 7.48 (d, J ¼ 7.94 Hz, 1H), 2.45 (s, 3H), 2.37 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 163.3, 153.1, 150.5, 145.5 (2C), 140.7, 136.8,
136.3, 130.9, 128.0, 121.1, 121.0 (2C), 95.1, 14.6; HRMS (ESI)þ: calcd
for C15H14IN3NaO [M þ Na]þ: 402.0074, found: 402.0078.

4.11.18. 3-iodo-N’-(1-(pyridin-4-yl)ethylidene)benzohydrazide
(22a)

White powder; yield 88%; m.p. 159e160 �C; 1H NMR (400 MHz,
DMSO‑d6) d 11.02 (s, 1H), 8.64 (s, 2H), 8.20 (s, 1H), 7.96 (d,
J¼ 7.64 Hz,1H), 7.88 (s,1H), 7.75 (s, 2H), 7.33 (t, J¼ 7.79 Hz,1H), 2.37
(s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 163.3, 153.1, 150.5 (2C),
145.5, 140.7, 136.8, 136.3, 130.9, 128.0, 121.0 (2C), 95.1, 14.6; HRMS
(ESI)þ: calcd for C14H12IN3NaO [M þ Na]þ: 387.9917, found:
387.9926.

4.11.19. 3-Bromo-4-methyl-N-(quinolin-2-yl)benzamide (23a)
White powder; yield 83%; m.p. 150e152 �C; 1H NMR (400 MHz,

DMSO‑d6) d 11.23 (s, 1H), 8.42 (d, J ¼ 9.02 Hz, 1H), 8.32 (d,
J ¼ 9.10 Hz, 2H), 8.01 (m, 1H), 7.96 (d, J ¼ 8.02 Hz, 1H), 7.89 (d,
J ¼ 8.34 Hz, 1H), 7.75 (d, J ¼ 7.70 Hz, 1H), 7.53 (m, 2H), 2.43 (s, 3H);
13C NMR (100 MHz, DMSO‑d6) d 165.4, 152.1, 146.6, 142.2, 138.8,
133.8, 132.2, 131.5, 130.6, 128.3, 127.9, 127.4, 126.3, 125.8, 124.5,
115.9, 23.0; HRMS (ESI)þ: calcd for C17H13BrN2NaO [M þ Na]þ:
363.0103, found: 363.0103.

4.11.20. 3-Bromo-N-(isoquinolin-3-yl)-4-methylbenzamide (24a)
White powder; yield 78%; m.p. 168e169 �C; 1H NMR (400 MHz,

DMSO‑d6) d 10.99 (s, 1H), 9.22 (s, 1H), 8.62 (s, 1H), 8.31 (d,
J ¼ 1.66 Hz, 1H), 8.10 (d, J ¼ 8.14 Hz, 1H), 8.01 (dd, J ¼ 7.90 Hz,
1.66 Hz, 1H), 7.96 (d, J¼ 8.32 Hz, 1H), 7.75 (m,1H), 7.58 (m,1H), 7.52
(d, J ¼ 7.94 Hz, 1H), 2.43 (s, 3H); 13C NMR (100 MHz, DMSO‑d6)
cytometry analysis of Annexin-V/PI double staining. Representative images and quan-
ntative of at least three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001.
is of Bcl-2, Bax, caspase3 and cleaved-caspase3 expression in MDA-MB-231 and MDA-
loading control. Quantification of immunoblotting analysis were shown. Quantification
were representative of at least three independent experiments. *, P < 0.05, **, P < 0.01,



Fig. 4. 7c can induce autophagy in MDA-MB-231 and MDA-MB-468 cells. A. MDA-MB-231 and MDA-MB-468 cells were transfected with GFP/mRFP-LC3 plasmid, after co-
incubation with 7c (5 mM) in the presence or absence of BafA1 (10 nM). Representative images and quantitative analysis of LC3 puncta were shown. Scale bar, 20 mm. B. Immu-
noblotting analysis of p62, Beclin-1, LC3 expression in MDA-MB-231 and MDA-MB-468 cells treated with the indicated concentrations of 7c for 24 h. GAPDH was used as a loading
control. Quantification of immunoblotting analysis were shown. Quantification of mTOR immunoblotting analysis were shown. Data are expressed as mean ± SEM. All data were
representative of at least three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001. Statistical significance compared with respective control groups.
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d 164.6, 151.7, 147.6, 141.9, 137.6, 134.2, 132.0, 131.4, 131.4, 128.0,
127.7, 127.0, 126.5, 126.5, 124.5, 108.8, 22.9; HRMS (ESI)þ: calcd for
C17H13BrN2NaO [M þ Na]þ: 363.0103, found: 363.0091.
4.11.21. N-(1H-benzo[d]imidazole-2-yl)-4-(trifluoromethoxy)
benzamide (25a)

White powder; yield 76%; m.p. 157e160 �C; 1H NMR (400 MHz,
DMSO‑d6) d 12.57 (s, 1H), 8.51 (s, 1H), 8.31 (d, J ¼ 8.72 Hz, 1H), 8.07
15
(d, J ¼ 8.72 Hz, 1H), 7.58 (m, 2H), 7.49 (d, J ¼ 8.28 Hz, 1H), 7.37 (m,
1H), 7.28 (m, 1H), 7.21 (m, 1H); 13C NMR (100 MHz, DMSO‑d6)
d 166.6,151.6 (J¼ 32.17 Hz),151.0,133.5,132.2 (2C),131.4 (2C),130.3,
130.0, 123.6, 123.4, 121.2, 121.1, 113.5, 111.8; HRMS (ESI)þ: calcd for
C15H10F3N3NaO2 [M þ Na]þ: 344.0617, found: 344.0625.
4.11.22. 1-(3-bromobenzyl)-3-(4-(trifluoromethyl)phenyl)urea (1b)
White powder; yield 94%; m.p. 164e165 �C; 1H NMR (400 MHz,



Fig. 5. 7c can induce autophagic cell death in TNBC cells. A. MDA-MB-231 and MDA-MB-468 cells were treated with 7c (5 mM) alone or in combination with 3-MA (1 mM) for 24 h,
3-MA was added 1 h before treatment of 7c. After treatment, cell viability was measured by MTT assay. B. Colony formation assay of MDA-MB-231 and MDA-MB-468 cells treated
with 7c (10 mM) alone or in combination with 3-MA (1 mM). Representative images and quantification of colonies were shown. C. MDA-MB-231 and MDA-MB-468 cells were
treated with 7c (10 mM) alone or in combination with 3-MA (1 mM) for 24 h, and apoptosis ratios were determined by flow cytometry analysis of Annexin-V/PI double staining. 3-
MA was added 1 h before treatment of 7c. Representative images and quantification of apoptosis were shown. Data are expressed as mean ± SEM. All data were representative of at
least three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001. Statistical significance compared with respective control groups.
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DMSO‑d6) d 9.06 (s, 1H), 7.59 (m, 4H), 7.50 (s, 1H), 7.44 (m, 1H), 7.31
(m, 2H), 6.85 (t, J ¼ 5.95 Hz, 1H), 4.31 (d, J ¼ 5.98 Hz, 2H); 13C NMR
(100MHz, DMSO‑d6) d 155.4,144.6,143.6,131.0,130.3 (J¼ 22.17 Hz),
126.7 (J ¼ 3.65 Hz), 126.4 (J ¼ 3.65 Hz), 126.4, 122.1 (2C), 121.5
(J ¼ 230.11 Hz, 2C), 117.8 (2C), 42.7; HRMS (ESI)þ: calcd for
C15H12BrF3N2NaO [M þ Na]þ: 394.9977, found: 394.9983.

4.11.23. 1-Benzyl-1-methyl-3-(4-(trifluoromethyl)phenyl)urea (2b)
White powder; yield 92%; m.p. 161e164 �C; 1H NMR (400 MHz,

DMSO‑d6) d 8.80 (s, 1H), 7.74 (d, J¼ 8.52 Hz, 2H), 7.59 (d, J¼ 8.52 Hz,
2H), 7.36 (m, 2H), 7.27 (m, 3H), 4.57 (s, 2H), 2.94 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 155.7, 144.11, 138.6, 129.0, 127.8, 127.5 (2C),
126.0 (J ¼ 3.77 Hz), 126.0 (J ¼ 3.77 Hz), 123.8 (J ¼ 271.13 Hz, 2C),
16
122.3 (J ¼ 32.37 Hz), 119.6 (2C), 51.8, 34.1; HRMS (ESI)þ: calcd for
C16H15F3N2NaO [M þ Na]þ: 331.1028, found: 331.1028.
4.11.24. 1-(4-hydroxybenzyl)-3-(4-(trifluoromethyl)phenyl)urea
(3b)

White powder; yield 94%; m.p. 179e181 �C; 1H NMR (400 MHz,
DMSO‑d6) d 9.26 (s, 1H), 8.90 (s, 1H), 7.58 (m, 4H), 7.12 (s, 1H), 7.09
(s, 1H), 6.73 (s, 1H), 6.70 (s, 1H), 6.61 (t, J ¼ 5.64 Hz, 1H), 4.18 (d,
J¼ 5.78 Hz, 2H); 13C NMR (100MHz, DMSO‑d6) d 156.8, 155.2, 144.7,
130.5 (2C), 129.1 (2C), 126.4 (J ¼ 3.60 Hz), 126.4 (J ¼ 3.60 Hz), 121.3
(J ¼ 31.85 Hz), 117.7 (2C), 115.5 (2C), 42.8; HRMS (ESI)þ: calcd for
C15H13F3N2NaO2 [M þ Na]þ: 333.0821, found: 333.0817.
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4.11.25. 1-(3-chlorophenyl)-3-(4-hydroxybenzyl)urea (4b)
White powder; yield 95%; m.p. 184e186 �C; 1H NMR (400 MHz,

DMSO‑d6) d 9.26 (s, 1H),8.68 (s, 1H),7.68 (t, J ¼ 1.89 Hz, 1H),7.21 (m,
2H), 7.10 (d, J ¼ 8.26 Hz, 2H), 6.93 (m, 1H), 6.71 (d, J ¼ 8.26 Hz, 2H),
6.54 (t, J¼ 5.73 Hz,1H), 4.17 (d, J¼ 5.73 Hz, 2H); 13C NMR (100MHz,
DMSO‑d6) d 156.7, 155.4, 142.5, 133.6, 130.7, 130.6, 129.0 (2C), 121.1,
117.4,116.5,115.5 (2C), 42.8; HRMS (ESI)þ: calcd for C14H13ClN2NaO2
[M þ Na]þ: 299.0558, found: 299.0561.

4.11.26. 1-(3-fluorophenyl)-3-(4-hydroxybenzyl)urea (5b)
White powder; yield 97%; m.p. 167e169 �C; 1H NMR (400 MHz,

DMSO‑d6) d 9.26 (s, 1H), 8.70 (s, 1H), 7.46 (m, 1H), 7.23 (q,
J ¼ 7.78 Hz, 1H), 7.10 (d, J ¼ 8.41 Hz, 2H), 7.02 (dd, J ¼ 8.20 Hz,
1.30 Hz, 1H), 6.70 (m, 3H), 6.53 (t, J ¼ 5.80 Hz, 1H), 4.17 (d,
J ¼ 5.73 Hz, 2H); 13C NMR (100 MHz, DMSO‑d6) d 164.1
(J ¼ 240.96 Hz), 156.7, 155.4, 142.9, 142.8, 130.6, 130.5, 129.0, 115.5
(2C), 113.8 (J ¼ 2.53 Hz), 107.6 (J ¼ 21.42 Hz), 104.6 (J ¼ 26.64 Hz),
42.8; HRMS (ESI)þ: calcd for C14H13FN2NaO2 [M þ Na]þ: 283.0853,
found: 283.0851.

4.11.27. 1-(3-chlorophenyl)-3-(1-phenylethyl)urea (6b)
White powder; yield 90%; m.p. 185e186 �C; 1H NMR (400 MHz,

DMSO‑d6) d 8.61 (s, 1H), 7.64 (t, J ¼ 1.97 Hz, 1H), 7.34 (s, 2H), 7.33 (s,
2H), 7.22 (m, 2H), 7.14 (m,1H), 6.92 (m,1H), 6.72 (q, J¼ 7.84 Hz,1H),
4.81 (m,1H),1.39 (d, J¼ 6.97 Hz, 3H); 13C NMR (100MHz, DMSO‑d6)
d 154.6, 145.5, 133.6, 130.7, 128.8 (2C), 127.2, 126.3 (2C), 121.1, 117.4,
117.3, 116.4, 49.1, 23.4; HRMS (ESI)þ: calcd for C15H15ClN2NaO [M þ
Na]þ: 297.0765, found: 297.0767.

4.11.28. 1-(3-fluorophenyl)-3-(1-phenylethyl)urea (7b)
White powder; yield 95%; m.p. 179e181 �C; 1H NMR (400 MHz,

DMSO‑d6) d 8.63 (s, 1H), 7.43 (m, 1H), 7.36 (s, 2H), 7.33 (s, 2H), 7.23
(m, 2H), 7.00 (m,1H), 6.70 (m, 2H), 4.82 (m,1H), 1.39 (d, J¼ 6.96 Hz,
3H); 13C NMR (100 MHz, DMSO‑d6) d 161.7 (J ¼ 239.31 Hz), 154.6,
145.5, 142.7 (J ¼ 11.72 Hz), 130.6, 130.5 (J ¼ 10.28 Hz, 2C), 128.8,
127.2, 126.3 (2C), 113.7 (J ¼ 2.86 Hz), 107.7 (J ¼ 21.31 Hz), 104.8
(J ¼ 27.21 Hz), 49.1, 23.4; HRMS (ESI)þ: calcd for C15H15FN2NaO
[M þ Na]þ: 281.1060, found: 281.1066.

4.11.29. 1-(1-phenylethyl)-3-(p-tolyl)urea (8b)
White powder; yield 93%; m.p. 176e178 �C; 1H NMR (400 MHz,

DMSO‑d6) d 8.24 (s, 1H), 7.34 (s, 2H), 7.32 (s, 2H), 7.23 (m, 3H), 7.00
(d, J ¼ 8.34 Hz, 2H), 6.53 (d, J ¼ 7.87 Hz, 1H), 4.81 (m, 1H), 2.19 (s,
3H), 1.38 (d, J¼ 7.01 Hz, 3H); 13C NMR (100MHz, DMSO‑d6) d 154.11,
145.7, 138.3, 130.2, 129.5, 128.8, 127.1, 126.3, 118.1, 49.0, 23.6, 20.7;
HRMS (ESI)þ: calcd for C16H18N2NaO [M þ Na]þ: 277.1311, found:
277.1315.

4.11.30. 1-(4-hydroxybenzyl)-3-(p-tolyl)urea (9b)
White powder; yield 96%; m.p. 192e194 �C; 1H NMR (400 MHz,

DMSO‑d6) d 9.25 (s, 1H), 8.31 (s, 1H), 7.26 (d, J¼ 8.33 Hz, 2H), 7.10 (d,
J ¼ 8.33 Hz, 2H), 7.02 (d, J ¼ 8.24 Hz, 2H), 6.71 (d, J ¼ 8.49 Hz, 2H),
6.37 (t, J ¼ 5.74 Hz, 1H), 4.15 (d, J ¼ 5.72 Hz, 2H), 2.21 (s, 3H); 13C
NMR (100 MHz, DMSO‑d6) d 156.7, 155.7, 138.4, 130.9, 130.2, 129.5
(2C),129.0 (2C),118.2 (2C),115.5 (2C), 42.8, 20.8; HRMS (ESI)þ: calcd
for C15H16N2NaO2 [M þ Na]þ: 279.1104, found: 279.1107.

4.11.31. 1-(1H-benzo[d]imidazole-2-yl)-3-(3-fluorophenyl)urea
(10b)

White powder; yield 90%; m.p. 161e162 �C; 1H NMR (400 MHz,
DMSO‑d6) d 11.32 (s, 1H), 9.63 (s, 1H), 7.65 (d, J ¼ 12.10 Hz, 2H), 7.36
(m, 2H), 7.29 (m, 2H), 7.07 (m, 2H), 6.78 (m,1H); 13C NMR (100MHz,
DMSO‑d6) d 164.1 (J ¼ 240.32 Hz), 156.6, 150.5, 142.4, 142.3, 133.9,
130.7, 130.6, 121.7 (2C), 114.6 (J ¼ 2.01 Hz), 112.7, 108.5
(J ¼ 20.95 Hz), 105.3 (J ¼ 26.97 Hz); HRMS (ESI)þ: calcd for
17
C14H11FN4NaO [M þ Na]þ: 293.0809, found: 293.0804.

4.11.32. 1-(1H-benzo[d]imidazole-2-yl)-3-(4-(trifluoromethyl)
phenyl)urea (11b)

White powder; yield 91%; m.p. 197e200 �C; 1H NMR (400 MHz,
DMSO‑d6) d 11.41 (s, 1H), 9.76 (s, 1H), 7.83 (d, J ¼ 8.60 Hz, 2H), 7.63
(d, J ¼ 8.60 Hz, 2H), 7.35 (m, 2H), 7.09 (m, 2H); 13C NMR (100 MHz,
DMSO‑d6) d 157.3, 151.0, 144.4, 133.4, 126.4 (2C), 126.4, 123.7 (2C),
121.8, 118.4 (2C), 112.9, 112.5 (2C); HRMS (ESI)þ: calcd for
C15H11F3N4NaO [M þ Na]þ: 343.0777, found: 343.0778.

4.11.33. 1-(3-fluorophenyl)-3-(4-(trifluoromethyl)phenyl)urea
(12b)

White powder; yield 90%; m.p. 188e191 �C; 1H NMR (400 MHz,
DMSO‑d6) d 9.16 (s, 1H), 9.03 (s, 1H), 7.65 (m, 4H), 7.49 (m, 1H), 7.32
(m, 1H), 7.15 (m, 1H), 6.81 (m, 1H); 13C NMR (100 MHz, DMSO‑d6)
d 164.1(J ¼ 241.07 Hz), 152.6, 143.7, 141.7, 141.6, 130.9, 130.8, 126.6
(J ¼ 3.37 Hz), 126.5 (J ¼ 3.65 Hz), 122.3 (J ¼ 31.72 Hz), 118.5, 114.6
(J¼ 2.36 Hz),108.9 (J¼ 21.41 Hz),105.5 (J¼ 26.69 Hz); HRMS (ESI)þ:
calcd for C14H10F4N2NaO [M þ Na]þ: 321.0621, found: 321.0629.

4.11.34. 1-(3,5-bis(trifluoromethyl)benzyl)-3-(3-fluorophenyl)urea
(13b)

White powder; yield 93%; m.p. 185e188 �C, 1H NMR (400 MHz,
DMSO‑d6) d 9.01 (s, 1H), 8.01 (s, 2H), 7.98 (s, 1H), 7.44 (m, 1H), 7.25
(q, J ¼ 7.76 Hz, 1H), 7.08 (dd, J ¼ 8.27 Hz, 0.95 Hz, 1H), 6.96 (t,
J ¼ 6.03 Hz, 1H), 6.71 (m, 1H), 4.48 (d, J ¼ 5.94 Hz, 2H); 13C NMR
(100 MHz, DMSO‑d6) d 161.7(J ¼ 241.00 Hz), 155.6, 144.7, 142.7,
142.6, 130.5(J ¼ 22.11 Hz), 130.4(J ¼ 20.60 Hz), 128.4(J ¼ 2.82 Hz),
125.2, 122.5, 120.9, 120.8, 114.0, 107.9(J ¼ 20.69 Hz),
104.8(J ¼ 25.86 Hz), 42.5; HRMS (ESI)þ: calcd for C16H11F7N2NaO
[M þ Na]þ: 403.0652, found:403.0654.

4.11.35. 1-(3,5-bis(trifluoromethyl)benzyl)-3-(4-(trifluoromethyl)
phenyl)urea (14b)

White powder; yield 92%; m.p. 166e167 �C; 1H NMR (400 MHz,
DMSO‑d6) d 9.21 (s, 1H), 8.01 (s, 2H), 7.99 (s, 1H), 7.59 (m, 4H), 7.03
(t, J ¼ 6.07 Hz, 1H), 4.50 (d, J ¼ 5.98 Hz, 2H); 13C NMR (100 MHz,
DMSO‑d6) d 155.5, 144.6, 144.5, 131.1, 130.8, 130.4, 130.1,
128.4(J ¼ 2.65 Hz), 126.4(J ¼ 3.71 Hz), 125.2, 123.7, 122.5, 121.9,
121.6, 120.9, 117.9, 42.6; HRMS (ESI)þ: calcd for C17H11F9N2NaO
[M þ Na]þ: 453.0620, found: 453.0624.

4.11.36. 4-(1-(2-(3-bromobenzoyl)hydrazono)ethyl)-N-(1H-
pyrazol-3-yl)benzamide (1c)

White powder; yield 73%; m.p. 198e199 �C; 1H NMR (400 MHz,
DMSO‑d6) d 11.02 (s, 1H), 8.20 (d, J ¼ 2.80 Hz, 1H), 7.98 (m, 6H), 7.80
(d, J¼ 7.34 Hz, 1H), 7.49 (t, J¼ 8.07 Hz, 1H), 6.04 (d, J¼ 2.96 Hz, 1H),
5.71 (s, 2H), 2.42 (s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 162.3,
157.4, 152.4, 136.9, 134.5, 131.0, 130.8, 128.5, 128.0 (2C), 127.4 (2C),
126.5, 125.4, 122.1, 114.4, 66.4, 48.1, 14.9; HRMS (ESI)þ: calcd for
C19H16BrN5NaO2 [M þ Na]þ: 448.0379, found: 448.0387.

4.11.37. 4-(1-(2-(3-fluoro-4-methylbenzoyl)hydrazono)ethyl)-N-
(4-morpholinopyridin-2-yl)benzamide (2c)

White powder; yield 65%; m.p. 234e236 �C; 1H NMR (400MHz,
DMSO‑d6) d 10.95 (s, 1H), 10.56 (s, 1H), 8.22 (s, 1H), 8.00 (m, 6H),
7.78 (s,1H), 7.33 (t, J¼ 7.78 Hz,1H), 6.70 (q, J¼ 6.04 Hz, 2.28 Hz,1H),
3.74 (m, 4H), 3.29 (m, 4H), 2.41 (s, 3H), 1.20 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 162.2, 161.9, 161.6, 160.0, 157.1, 153.6, 147.7,
141.5, 131.1, 132.8, 130.7, 128.9 (2C), 128.6 (2C), 126.8, 122.2, 113.5,
100.0, 95.1, 66.4 (2C), 52.3 (2C), 14.9, 10.8; HRMS (ESI)þ: calcd for
C26H26FN5NaO3 [M þ Na]þ: 498.1912, found: 498.1904.
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4.11.38. 3-bromo-N’-(1-(4-morpholinophenyl)ethylidene)
benzohydrazide (3c)

White powder; yield 79%; m.p. 209e210 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.75 (s, 1H), 8.04 (s, 1H), 7.88 (t, J ¼ 6.66 Hz, 1H), 7.75
(m, 3H), 7.48 (t, J ¼ 8.14 Hz, 1H), 6.97 (d, J ¼ 7.40 Hz, 2H), 3.74 (m,
4H), 3.19 (m, 4H), 2.29 (s, 3H); 13C NMR (100MHz, DMSO‑d6) d 162.5
157.4, 152.4, 136.9, 134.5, 131.0, 130.8 (2C), 128.5, 127.4, 122.1, 114.4
(2C), 113.5, 66.4 (2C), 48.1 (2C), 14.9; HRMS (ESI)þ: calcd for
C19H20BrN3NaO2 [M þ Na]þ: 424.0631,found: 424.0639.

4.11.39. 3-iodo-4-methyl-N’-(1-(4-morpholinophenyl)ethylidene)
benzohydrazide (5c)

White powder; yield 70%; m.p. 203e206 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.70 (s, 1H), 8.30 (d, J ¼ 1.14 Hz, 1H), 7.78 (m, 3H), 7.44
(d, J ¼ 8.00 Hz, 1H), 6.96 (m, 2H), 3.74 (m, 4H), 3.19 (m, 4H), 2.44 (s,
3H), 2.29 (s, 3H); 13C NMR (100MHz, DMSO‑d6) d 163.2, 152.3, 147.7,
144.9, 138.0, 130.1, 128.6 (2C), 128.2, 128.0, 126.3, 114.4 (2C), 98.3,
66.4 (2C), 48.1 (2C), 28.0, 14.9; HRMS (ESI)þ: calcd for C20H22IN3-
NaO2 [M þ Na]þ: 486.0649, found: 486.0648.

4.11.40. N-(1H-benzo[d]imidazole-2-yl)-4-(1-(2-(3-fluorobenzoyl)
hydrazono)ethyl)benzamide (6c)

White powder; yield 74%; m.p. 231e234 �C; 1H NMR (400 MHz,
DMSO‑d6) d 12.22 (s, 2H), 10.85 (s, 1H), 8.09 (d, J¼ 8.71 Hz, 2H), 7.75
(d, J ¼ 8.71 Hz, 2H), 7.48 (m, 3H), 7.15 (m, 2H), 6.67 (s, 2H), 2.06 (s,
3H); 13C NMR (100 MHz, DMSO‑d6) d 168.8, 168.3, 163.2, 149.2,
143.7, 141.0, 136.6 (2C), 135.1, 132.7, 130.4 (2C), 128.7 (2C), 124.9,
123.1, 121.9 (2C), 118.9 (2C), 115.2, 113.9, 11.7; HRMS (ESI)þ: calcd for
C23H18FN5NaO2 [M þ Na]þ: 438.1337, found: 438.1345.

4.11.41. N-(1H-benzo[d]imidazole-2-yl)-4-(1-(2-(3-bromobenzoyl)
hydrazono)ethyl)benzamide (7c)

White powder; yield 63%; m.p. 247e250 �C; 1H NMR (400 MHz,
DMSO‑d6) d 12.34 (s, 2H), 10.98 (s, 1H), 8.22 (m, 2H), 7.99 (m, 4H),
7.80 (t, J ¼ 7.02 Hz, 1H), 7.48 (m, 3H), 7.15 (m, 2H), 2.43 (s, 3H); 13C
NMR (100 MHz, DMSO‑d6) d 164.7, 163.2, 157.1, 153.6, 148.5, 141.5,
141.0, 136.5 (2C), 135.8, 134.9, 130.9 (2C), 128.5 (2C), 126.8, 123.4
(2C), 114.7 (2C), 105.9, 98.7, 16.7; HRMS (ESI)þ: calcd for
C23H18BrN5NaO2 [M þ Na]þ: 498.0536, found: 498.0542.

4.11.42. 4-(1-(2-(3-bromobenzoyl)hydrazono)ethyl)-N-(4-
morpholinopyridin-2-yl)benzamide (8c)

White powder; yield 69%; m.p. 254e255 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.98 (s, 1H), 10.55 (s, 1H), 7.92 (m, 9H), 7.48 (t,
J ¼ 7.26 Hz, 1H), 6.71 (q, J ¼ 6.00 Hz, 1.96 Hz, 1H), 3.75 (m, 4H), 3.28
(m, 4H), 2.41 (s, 3H); 13C NMR (100 MHz, DMSO‑d6) d 164.2, 163.0,
160.1, 150.2, 149.7, 141.0, 140.9, 136.7 (2C), 136.4, 131.1, 127.9 (2C),
126.8,122.0,127.6,126.5,123.2,100.0, 95.1, 66.5 (2C), 54.9 (2C),15.2;
HRMS (ESI)þ: calcd for C25H24BrN5NaO3 [M þ Na]þ: 544.0955,
found: 544.0949.

4.11.43. 3-fluoro-N’-(1-(4-morpholinophenyl)ethylidene)
benzohydrazide (9c)

White powder; yield 75%; m.p. 210e212 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.79 (s, 1H),7.97 (m, 2H),7.75 (m, 3H),7.48 (m,1H), 6.98
(d, J¼ 8.07 Hz, 2H), 3.73 (m, 4H), 3.18 (m, 4H), 2.29 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 167.6, 164.2, 152.3, 148.2, 141.0, 131.0, 127.9
(2C), 126.7, 120.0, 118.9, 114.5, 112.4 (2C), 66.5 (2C), 54.9 (2C), 15.2;
HRMS (ESI)þ: calcd for C19H20FN3NaO2 [MþNa]þ: 364.1432, found:
364.1432.

4.11.44. 4-(1-(2-(3-bromobenzoyl)hydrazono)ethyl)-N-
morpholinobenzamide (10c)

White powder; yield 77%; m.p. 203e205 �C; 1H NMR (400 MHz,
DMSO‑d6) d 10.94 (s, 1H), 9.59 (s, 1H), 8.06 (s, 1H), 7.86 (m, 6H), 7.49
18
(t, J ¼ 7.77 Hz, 1H), 3.67 (s, 4H), 2.90 (s, 4H), 2.39 (s, 3H); 13C NMR
(100 MHz, DMSO‑d6) d 167.4, 164.2, 150.8, 148.9, 141.0, 136.7, 131.1,
129.5, 128.2, 127.9 (2C), 126.8 (2C), 122.0, 121.1, 66.5 (2C), 54.9 (2C),
15.2; HRMS (ESI)þ: calcd for C20H21BrN4NaO3 [M þ Na]þ: 467.0689,
found: 467.0692.
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