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Synthesis and in vitro anticancer evaluation of
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regulators of the PI3K/AKT signal pathway for
TNBC treatment†
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Aberrant activation of the PI3K/AKT pathway is considered in many malignant tumors and plays a crucial

role in mediating malignancy progression, metastasis, and chemoresistance. Consequently, development

of PI3K/AKT pathway targeted drugs is currently an attractive research field for tumor treatment. In this

study, twenty-six flavonoid-based amide derivatives were synthesized and evaluated for their

antiproliferation effects against seven cancer cell lines, including MDA-MB-231, MCF-7, HCC1937, A549,

HepG2, GTL-16 and HeLa. Among them, compound 7t possessed the best specific cytotoxicity against

triple negative breast cancer MDA-MB-231 cells with an IC50 value of 1.76 ± 0.91 μM and also presented

inhibitory ability on clonal-formation, migration and invasion of MDA-MB-231 cells. Further cell-based

mechanistic studies demonstrated that compound 7t caused cell cycle arrest of MDA-MB-231 cells at the

G0/G1 phase and induced apoptosis. Meanwhile, the western blot assay revealed that compound 7t could

down-regulate the expression of p-PI3K, p-AKT, and Bcl-2 and up-regulate the production of PTEN, Bax,

and caspase-3. Molecular docking also showed a possible binding mode of 7t with PI3Kα. Together,

compound 7t was eligible as a potential TNBC therapeutic candidate for further development.

1. Introduction

Despite efforts over the last 20 years to find effective
therapeutic medicines, cancer remains a global concern.
According to the statistics of the World Health Organization
in 2020,1 cancer was the top cause of death in 185 nations
globally and more than 2.26 million cases were newly
recorded. Among them, breast cancer has taken over lung
cancer as the leading cause of female death. Despite the fact
that conventional medications, combination therapies, and
targeted treatments have significantly improved 5 year
survival rates, patients with high-grade and metastatic
malignancies still encounter a poor outlook.2 The molecular
etiology of most cancers has not been completely elucidated

and some types of cancer still lack efficient therapeutic drugs,
resulting in a huge challenging and urgent demand to
develop highly effective therapies.

Phosphatidylinositol 3-kinases (PI3Ks) are a family of lipid
kinases associated with oncogene products which are one of
the significant upstream components of the PI3K/AKT signal
transduction pathway that has tremendous impact on tumor
occurrence and development,3 whereas AKT is a downstream
component of this pathway.4,5 In response to stimulation by
growth factors such as VEGF, HGF, insulin or signal
transduction complexes, RTKs and GPCRs on the cell
membrane are activated, promoting the phosphorylation
response of PI3K and leading to the initiation of the PI3K/
AKT pathway.6,7 Generally, the activated PI3K catalyzes the
phosphorylation of phosphatidylinositol-4,5-bisphosphate
(PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3) with
second messenger function.8–10 PIP3 then binds to the
N-terminal PH domain of AKT and aggregates it to the
plasma membrane, where AKT is activated by
phosphorylating the Thr308 and Ser473 residues of PDK1
and PDK2, respectively.11 The activated AKT is subsequently
detached from the cell membrane and released into the
nucleus or free in the cytoplasm to further activate related
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downstream proteins that regulate cell growth, apoptosis,
invasion, metastasis, and angiogenesis.12,13 Consequently,
the PI3K/AKT pathway plays a crucial role in regulation of
multiple physiological processes critical to mediate
malignancy progression, metastasis, and
chemoresistance.14–16 Hyper-activation of such a pathway is
considered a common event in cancers including breast,
non-small cell lung, and colorectal cancers.17–19 As multiple
pathways contribute to the activation of the PI3K/AKT
pathway, investigation of drugs targeting this system can
provide new options for potent tumor therapies.20

As mentioned previously, development of a PI3K/AKT
pathway targeted regulatory agent is currently an attractive
research field in view of the significance for tumor
treatment.21–23 Some typical PI3K/AKT inhibitors are depicted
in Fig. 1. Galangin is a natural flavonoid with strong
antiproliferation and apoptosis induction activities against
many cancer cells, such as breast, melanoma, lung, and liver
cancers through targeting the PI3K/AKT signal pathway.24–27

Wortmannin is an irreversible PI3K inhibitor isolated from
fungal metabolites, which possesses obvious cytotoxicity and
kinase inhibitory potency.28 However, its low bioavailability
and high toxicity limit its clinical value. LY294002 is a
reversible PI3K inhibitor originating from the natural
flavonoid quercetin,29 which can decrease the formation of
tumor tissue and autophagosomes by influencing the cell
cycle and inducing cell apoptosis.30 But the clinical
application is restricted due to its short half-life, poor lipid
solubility, low bioavailability, and susceptibility to metabolic
inactivation.31–33 BKM120 (Buparlisib) is a broad-spectrum
PI3K inhibitor with high oral bioavailability, which can not
only suppress the expression of NRF2 and enhance the
sensitivity of Keap1 or NFE2L2 mutant squamous cell lung
cancer, but also block VEGF induced neovascularization.34,35

Unfortunately, the phase III clinical research of BKM120 has

been terminated because of its toxicity. Thus, exploration of
low toxicity PI3K/AKT pathway inhibitors remains
challenging.

Our group make continuous efforts to explore new
anticancer candidates36 and have developed a kind of
ligustrazine–chalcone hybrid as an anti-triple negative breast
cancer (TNBC) agent in the previous study.37 Thus, inspired
by the efficacy of flavonoids having an outstanding
anticancer activity via targeting the PI3K/AKT pathway38,39

and structural relevance between flavonoids and chalcone,
we herein report the synthesis of flavonoid-based amide
derivatives and evaluation of their anticancer ability. Analysis
of the structural characteristics of the target compounds
shows that a 4-fluorophenyl and diverse amides were
introduced at the 7- and 3′-positions of the benzopyran-4-one
mother nucleus respectively. Compared to galangin and
LY294002, removal of excess hydroxyl groups at 5- and
7-positions could avoid inactivation of glycosylation
metabolism, and introduction of the amide group and
fluorine atom was expected to improve the anticancer
capability. The anticancer evaluation involved cytological
experiments and Western blot assay. The former was
performed to assess the in vitro antiproliferative effect and
related mechanism, while the latter was used to determine
the influence of potential compounds on the expression of
PI3K/AKT signal pathway related proteins.

2. Results and discussion
2.1 Chemistry

The synthetic routine of target compounds 7a–7z is described
in Scheme 1. Initially, the Suzuki–Miyaura coupling reaction
was conducted between 1-(4′-bromo-2-hydroxyphenyl) ethan-1-
one 1 and (4-fluorophenyl) boronic acid 2 to give intermediate
3. It was then reacted with 3-aminobenzaldehyde via aldol

Fig. 1 The structure of PI3K/AKT pathway targeted regulatory agents.
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condensation in the presence of K2CO3 in MeOH to afford
compound 4. Reduction of the nitro in intermediate 4 by
SnCl2 produced the corresponding amino product 5 and it
was subsequently cyclized under H2O2 and NaOH using
methanol as a solvent to obtain intermediate 6. Finally,
flavonoid compound 6 was condensed with a series of acyl
chlorides in acetone and pyridine to provide the target
compounds 7a–7z, which were characterized through nuclear
magnetic resonance (NMR) and high-resolution mass
spectrometry (HRMS).

2.2 Antiproliferative assay in vitro

All synthesized compounds (7a–7z) were evaluated for their
in vitro antiproliferation activities against seven human
cancer cell lines including MDA-MB-231 (human breast
cancer cell line), MCF-7 (human breast cancer cell line),
HCC1937 (human breast cancer cell line), A549 (human non-
small cell lung cancer cell line), HepG2 (human
hepatocellular liver carcinoma cell line), GTL-16 (human
gastric cancer cell line), and HeLa (human cervical carcinoma
cell line) through the Cell Counting Kit-8 (CCK8) assay.
LY294002 and 5-fluorouracil (5-Fu) were used as positive
controls.

As depicted in Table 1, many compounds exhibited good
cytotoxicity against these seven cell lines manifesting as IC50

values that were much lower than that of the well-known
antitumor cytotoxic drug 5-Fu, while the other control
flavonoid LY294002 showed a relatively less efficient
antiproliferation potency. Notably, some compounds had
excellent specific antiproliferative activities on breast cancer
related cell lines such as MDA-MB-231, MCF-7, and
HCC1937. For instance, compounds 7d, 7g, 7r, 7t, and 7u
presented favorable antiproliferative effects against these

three cell lines with IC50 values ranging from 1.76 μM to 9.05
μM, all of which were superior to the positive control 5-Fu.

The most potent antiproliferation activity against the
TNBC cell line MDA-MB-231 was obtained from compound 7t
whose R group at the 3′-position of the amide fragment was
6-chloro-3-pyridyl with an IC50 value of 1.76 ± 0.91 μM, which
was nearly four times the potency of 5-Fu (IC50 value of 7.75
± 0.82 μM). Compounds 7u and 7m whose R group was 3,5-
difluorophenyl and 3-fluorophenyl, respectively, showed the
second and third highest antiproliferative capabilities on
MDA-MB-231 cells with IC50 values of 2.49 ± 0.44 μM and
2.51 ± 0.93 μM, respectively. These results indicated that, for
the cytotoxicity on MDA-MB-231 cells, a pyridyl substituent
on the R group was preferred over a phenyl, and a fluorine-
substituted phenyl moiety was better than other phenyl
substituents. Besides its excellent cytotoxicity on MDA-MB-
231, compound 7u also displayed favorable antiproliferative
capacity against MCF-7 and HCC1937 cells with IC50 values
of 2.49 ± 0.44 μM and 2.07 ± 1.06 μM, respectively. These
results suggested that compound 7u was not only the
optimum compound with a comprehensive inhibitory effect
on these breast cancer cells, but also the strongest cytotoxic
agent against the TNBC cell line HCC1937 which exceeded
the effectiveness of 5-Fu by ten-fold (IC50: 25.94 ± 1.12 μM).
Compound 7w whose R group was 4-cyanophenyl exhibited
the second powerful antiproliferation capability on HCC1937
(IC50: 2.99 ± 0.56 μM) and gratifying proliferation inhibition
activity on MCF-7, but a relatively reduced cytotoxicity against
MDA-MB-231.

In addition, further investigations indicated that the 3,5
positions on the benzene ring in the R group being doubly
substituted by fluorine was more favorable to enhance potent
and broad-spectrum cytotoxicity against breast cancer cells
compared to the mono-fluorophenyl or other mono-
substituted phenyl substituted compounds. These

Scheme 1 Synthetic route of target compounds. Reagents and conditions: (i) K2CO3, PdĲOAc)2, dioxane, 110 °C, 5 h; (ii) K2CO3, MeOH, 50 °C,
reflux, 16 h; (iii) SnCl2, AcOH, H2O/MeOH, 90 °C, 12 h; (iv) 30%H2O2, NaOH, MeOH, 0–5 °C, rt, 10 h; (v) acetone, pyridine, rt, 3 h.
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Table 1 Cytotoxicity of target compounds 7a–7z against MDA-MB-231, MCF-7, HCC1937, A549, HepG2 and GTL-16 cells in vitro

Compd. R

IC50
a (mean ± SD μmol L−1)

MDA-MB-231 MCF-7 HCC1937 A549 Hep G2 GTL-16 HeLa

7a 7.24 ± 0.47 7.57 ± 0.27 10.76 ± 0.43 4.41 ± 0.83 10.14 ± 0.91 17.44 ± 1.10 5.63 ± 0.48

7b 16.02 ± 0.89 8.59 ± 0.78 14.23 ± 0.90 6.93 ± 0.55 9.28 ± 0.83 14.64 ± 1.39 5.35 ± 1.05

7c 16.52 ± 1.03 6.25 ± 0.64 5.49 ± 0.63 8.70 ± 1.03 8.42 ± 0.71 21.07 ± 1.84 4.82 ± 1.69

7d 4.35 ± 0.94 2.40 ± 0.61 7.11 ± 0.94 6.91 ± 0.32 2.32 ± 0.57 12.92 ± 1.08 6.19 ± 1.08

7e 12.80 ± 0.98 4.73 ± 0.71 4.03 ± 0.73 10.82 ± 0.66 11.01 ± 1.25 9.14 ± 0.87 3.67 ± 1.26

7f 11.17 ± 0.63 13.45 ± 0.41 6.98 ± 0.38 20.46 ± 0.74 26.35 ± 0.82 9.64 ± 0.60 10.73 ± 1.70

7g 5.11 ± 0.95 2.10 ± 0.86 9.05 ± 1.10 11.66 ± 0.74 14.51 ± 1.47 6.37 ± 0.91 14.07 ± 0.38

7h 4.91 ± 1.08 2.28 ± 0.62 9.90 ± 0.82 17.55 ± 0.99 19.39 ± 1.43 24.78 ± 1.29 11.86 ± 0.61

7i 29.39 ± 0.49 32.62 ± 0.99 7.35 ± 0.81 19.37 ± 0.93 42.70 ± 0.83 33.01 ± 1.76 17.35 ± 1.11

7j 24.93 ± 0.89 24.02 ± 0.69 8.63 ± 0.99 13.51 ± 0.98 13.89 ± 1.08 25.44 ± 0.86 9.74 ± 0.88

7k 9.16 ± 0.97 15.27 ± 0.51 18.89 ± 0.76 10.80 ± 0.35 9.95 ± 0.96 12.46 ± 1.76 5.65 ± 1.00

7l 2.84 ± 0.20 7.85 ± 1.13 8.03 ± 1.12 16.45 ± 0.77 13.49 ± 0.86 10.89 ± 1.11 6.65 ± 1.00

7m 2.51 ± 0.93 5.77 ± 0.90 6.59 ± 0.61 15.39 ± 0.94 15.48 ± 1.06 15.82 ± 1.40 8.78 ± 1.15
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Table 1 (continued)

Compd. R

IC50
a (mean ± SD μmol L−1)

MDA-MB-231 MCF-7 HCC1937 A549 Hep G2 GTL-16 HeLa

7n 9.07 ± 0.51 22.77 ± 1.08 13.24 ± 0.34 18.47 ± 0.99 20.62 ± 1.04 24.56 ± 1.36 21.01 ± 1.55

7o NT NT NT 46.11 ± 1.06 >100 NT NT

7p 7.44 ± 0.37 7.71 ± 1.01 5.42 ± 0.78 11.45 ± 0.83 9.54 ± 0.76 12.10 ± 0.92 18.86 ± 1.53

7q 17.56 ± 0.84 20.03 ± 1.01 24.45 ± 0.64 39.95 ± 1.25 45.33 ± 1.14 15.30 ± 1.62 16.09 ± 1.05

7r 4.04 ± 0.31 3.47 ± 1.08 6.25 ± 0.47 2.39 ± 0.41 23.47 ± 0.64 19.58 ± 1.44 2.70 ± 1.03

7s 11.94 ± 1.00 20.43 ± 1.50 4.86 ± 0.88 3.74 ± 0.35 13.37 ± 1.31 13.51 ± 1.36 5.54 ± 1.10

7t 1.76 ± 0.91 2.89 ± 0.86 7.55 ± 0.95 3.58 ± 0.62 4.61 ± 0.49 7.52 ± 0.94 4.08 ± 1.19

7u 2.44 ± 0.76 2.49 ± 0.44 2.07 ± 1.06 7.62 ± 1.10 4.96 ± 0.93 7.41 ± 0.87 3.38 ± 0.66

7v NT NT NT >100 >100 NT NT

7w 11.60 ± 0.92 2.66 ± 1.02 2.99 ± 0.56 2.36 ± 0.45 7.11 ± 0.99 31.81 ± 1.04 23.30 ± 1.40

7x 14.73 ± 0.83 3.97 ± 0.36 5.64 ± 0.41 2.44 ± 0.55 1.86 ± 0.35 18.22 ± 0.89 12.34 ± 0.69

7y 63.24 ± 1.02 38.49 ± 0.94 44.08 ± 1.15 >100 88.48 ± 1.40 NT >100
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conclusions were consistent with observations from
compound 7g bearing 2-methoxyphenyl in the R group.
Compared to compounds 7t and 7u, compound 7g only
showed forceful proliferative inhibition on MCF-7 with an
IC50 value of 2.10 ± 0.86 μM, while obvious decreased
antiproliferation effects on the other two TNBC cells, MDA-
MB-231 and HCC1937, were afforded.

It was worth noting that different selectivities for wild-type
versus mutant TNBC cells were obtained from compounds 7t
and 7w. The antiproliferation on the wild TNBC cell line
MDA-MB-231 of compound 7t was superior to that of the
mutant TNBC cell line HCC1937 (IC50: 1.76 vs. 7.55 μM) and
the selectivity ratio between the mutants and wild types was
1 : 4.29. In contrast, compound 7w possessed preferred
cytotoxicity on the mutant type than the wild type (IC50: 11.60
vs. 2.99 μM) with a selectivity ratio of 3.88 : 1. Such
observations were of great significance for the development
of TNBC therapeutic drugs for different stages and types.

To our delight, some of the synthesized compounds also
showed comparable cytotoxicity against non-small cell lung
cancer A549 and hepatocellular carcinoma HepG2 cells to the
positive control 5-Fu. For example, compound 7x with an
electron-withdrawing substituent 4-nitrophenyl on the R
group possessed the most antiproliferative potency on HepG2
among all target compounds and its IC50 value was 1.86 ±
0.35 μM which was superior to that of 5-Fu (IC50 = 2.88 ± 0.88
μM). Moreover, a comparable cytotoxicity on A549 to that of
5-Fu was obtained from compound 7x (IC50: 2.44 ± 0.55 μM
vs. 2.65 ± 0.12 μM). In addition to 7x, compounds 7r and 7w
also had almost equivalent antiproliferation activities against
A549 cells to 5-Fu, whereas a slightly better proliferative
inhibition effect on HepG2 cells was afforded by compound
7d with an IC50 value of 2.32 ± 0.57 μM.

A preliminary analysis of the structural characteristics
affecting the specific antiproliferative ability against A549
and HepG2 cells revealed that substituents at the 4-position
on the benzene ring in the R group exhibited a significant

influence. The nitro group was the best substituent and
methyl or cyano moieties also achieved satisfactory outcomes.
Meanwhile substituents with hydrogen or chain alkyl such as
ethyl gave poor activities. Compared to 2- or 3-positions,
substituents on the 4-position were preferred. Disubstituted
derivatives of the benzene ring in the R group showed less
efficient antiproliferation activities than 4-position
substituted compounds. Moreover, replacement of phenyl
with pyridyl in the R group displayed comparable cytotoxicity
but pyrimidinyl substitution resulted in complete
inactivation.

Nevertheless, the target compounds exhibited less efficient
cytotoxicity on human cervical carcinoma HeLa cells. The
IC50 value of the best efficiency compound could be as low as
2.70 ± 1.03 μM, but was still slightly less effective than 5-Fu
(IC50 = 1.94 ± 0.23 μM). Unfortunately, the antiproliferative
capability of the synthesized compounds against human
gastric cancer GTL-16 cells was limited and all IC50 values
were much worse that of than 5-Fu. The most active
compound only gave an IC50 value of 6.37 μM, which was
nearly eight-fold higher than that of 5-Fu (IC50: 0.84 μM).

Taken together, due to the remarkable specific cytotoxicity
of compound 7t, combined with extremely limited clinical
treatment options and drugs for TNBC, we selected it for
further investigation in order to provide a basis for
exploration of new candidates with a high therapeutic index.

2.3 Colony-forming assay of compound 7t

To further explore the proliferation inhibitory effect on MDA-
MB-231 cells of compound 7t, a plate colony-forming assay
was performed to determine its influence on the number and
size of colony-forming cells and analyze the changes of
colony-forming ability of MDA-MB-231cells.

As described in Fig. 2, the number and size of MDA-MB-
231 cells were inhibited dramatically by treatment with
compound 7t with the concentration increasing (0.25IC50,

Table 1 (continued)

Compd. R

IC50
a (mean ± SD μmol L−1)

MDA-MB-231 MCF-7 HCC1937 A549 Hep G2 GTL-16 HeLa

7z 32.18 ± 1.13 36.77 ± 1.23 15.35 ± 1.32 47.62 ± 1.20 51.52 ± 1.11 20.44 ± 1.16 8.79 ± 1.23

5-Fub 7.75 ± 0.82 4.42 ± 0.89 25.94 ± 1.12 2.65 ± 0.12 2.88 ± 0.88 0.84 ± 0.19 1.94 ± 0.23
LY294002b 31.76 ± 0.71 39.62 ± 1.80 37.84 ± 1.26 34.13 ± 1.53 30.86 ± 1.74 24.38 ± 1.06 16.97 ± 1.48

a Antitumor activity was assayed by exposure to the substances for 72 h and is expressed as the concentration required to inhibit tumor cell
proliferation by 50% (IC50); values were the means of three replicates ± standard deviation (SD). b Used as a positive control.
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0.5IC50, IC50 and 2IC50) and time prolonging (24 h, 48 h and
72 h). It was indicated that compound 7t had colony-
formation inhibitory abilities on MDA-MB-231 cells in both a
dose- and time-dependent manner.

2.4 Hoechst staining and flow cytometry assays of compound 7t

To confirm whether the antiproliferation effect of compound
7t on MDA-MB-231 cells was associated with induction of
apoptosis, Hoechst staining and flow cytometry assays were
carried out. According to the Hoechst staining image in
Fig. 3A, with the increase in concentration of compound 7t
(0.5IC50, IC50, 2IC50), a growing number of morphological
changes from MDA-MB-231 cells occurred obviously such as
chromatin concentration and margination, half-moon, loop
and ellipse shaped fragment formation, and emergence of
apoptotic bodies; it further showed that the floating cells
with fluorescent spots grew dramatically. Thus, it was
suggested that compound 7t could significantly induce
apoptosis of MDA-MB-231 cells in a concentration-dependent
manner as summarized in Fig. 3B.

On the basis of the cell cycle assay depicted in
Fig. 3C and D, the proportion of the G0/G1 phase of MDA-MB-
231 cells elevated obviously with increasing concentration
(0.5IC50, IC50 and 2IC50) in each dose group administrated
with compound 7t after 48 h compared with the blank group.
On the contrary, a dramatic decrease in the proportion of the
S-phase combined with a slight reduction in the proportion
of the G2/M-phase of MDA-MB-231 cells was observed,
indicating that compound 7t inhibited the growth cycle
transition of MDA-MB-231 cells and blocked the cell growth
cycle at the G0/G1 phase.

Furthermore, the apoptosis graphic of MDA-MB-231 cells
was afforded by flow cytometry utilizing the Annexin V-FITC/
PI double staining method. In the light of the statistical cell
proportion illustrated in Fig. 3E and F, compound 7t strongly

induced the apoptosis of MDA-MB-231 cells and the overall
apoptosis rate raised gradually with increasing concentration
(0.5IC50, IC50, 1.25IC50, 2IC50 and 4IC50). None of the evident
early apoptotic cells were observed under the concentrations
of 0.5IC50 while the proportions of early and late apoptotic
cells gradually rose when the concentrations were greater
than IC50 (the early/late apoptosis ratios were 46.96%/3.81%
and 68.96%/14.4% for concentrations of IC50 and 2IC50,
respectively). Such observations demonstrated that
compound 7t induced a concentration-dependent apoptosis
induction on MDA-MB-231 cells.

2.5 Transwell simulated cell invasion and wound-healing
assays of compound 7t

Owing to the invasion of cancer cells which is a process that
is inextricably linked to cell metastasis, a Transwell
simulated cell invasion assay was applied to examine the
effect of compound 7t on the invasive ability of MDA-MB-231
cells at different concentrations. As shown in Fig. 4A and B,
the number of cells crossing the microporous membrane
decreased gradually at the concentrations of 0.5IC50, IC50,
and 2IC50, indicating that compound 7t displayed significant
potency to suppress the invasion capability of MDA-MB-231
cells in a concentration-dependent manner.

As the metastasis of cancer cells is related to their
migration ability, a wound healing assay was conducted to
probe the inhibitory effect of compound 7t on the migration
of MDA-MB-231 cells at different concentrations and times.
The corresponding results could be determined by
measurement of the scratch distance and statistics of scratch
mobility. As demonstrated in Fig. 4C and D, the scratch
healing speed slowed down and the movement migration
ability was affected via administration of compound 7t at the
concentration of 0.5IC50 after 12 h compared with the blank
group. Subsequently, the relative migration rate of MDA-MB-

Fig. 2 (A and C) Effect of compound 7t on colony-formation inhibition of MDA-MB-231 cells. (B and D) Numbers of colonies counted by image, n
= 3. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the control.
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231 cells abated obviously with increasing dose
concentrations and the relative migration rates were 64.13%,

42.32%, 35.41% and 23.11% at concentrations of 0, 0.5IC50,
IC50, and 2IC50, respectively after 48 h, which meant that the

Fig. 3 The effect of compound 7t on MDA-MB-231 cell apoptosis and the cell cycle. MDA-MB-231 cells were treated with the indicated
concentrations of 7t for 48 h, and apoptotic cells were detected by Hoechst 33342 staining and flow cytometry, respectively. All data represent
the mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 compared to the control. (A) The effect of compound 7t on apoptosis of MDA-MB-231
cells by Hoechst staining. (B) Statistical apoptosis cell proportion of MDA-MB-231 with different dose concentrations of compound 7t. (C) The
effect of compound 7t on the cell cycle in MDA-MB-231 cells obtained through the flow cytometry assay. (D) The flow cytometry data analysis as
a means to measure the percentages of G0/G1, S, and G2/M. (E) Effect of compound 7t on apoptosis of MDA-MB-231 cells measured through the
Annexin V-FITC/PI assay. (F) The flow cytometry data analysis as a means to obtain the percentages of survival cells, early and late apoptotic cells.
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motility of MDA-MB-231 cells was significantly inhibited by
compound 7t at high lever concentrations. All these
outcomes suggested that compound 7t suppressed the
migration capacity of MDA-MB-231 cells in a concentration-
dependent manner.

2.6 Western blot assay in MDA-MB-231 cells of compound 7t

With the aim of making a further effort on the mechanism
exploration of the antiproliferation potency against MDA-MB-
231 cells of compound 7t, a Western blot assay was employed
to discuss its influence on the PI3K/AKT signaling pathway
namely the relevant protein expression of PI3K, p-PI3K, AKT,
p-AKT, and PTEN, and apoptosis related protein expression,
such as caspase-3, Bcl-2, and Bax. As illustrated in Fig. 5, by
treatment with compound 7t on MDA-MB-231 cells at
concentrations of 1 μM, 5 μM, and 10 μM for 48 h,
respectively, the production of phosphorylated PI3K and
phosphorylated AKT was inhibited in a concentration-
dependent manner. The expression of tumor suppressor gene
PTEN was up-regulated. Besides, the downstream anti-
apoptotic protein Bcl-2 was down-regulated and the pro-
apoptotic protein Bax as well as the apoptotic execution

protein caspase-3 was up-regulated, and the apoptosis of
MDA-MB-231 cells was thereby induced. Consequently,
compound 7t possessed excellent antiproliferation
performance via inhibition of the PI3K/AKT signaling
pathway and induction of apoptosis as it could not only
suppress the phosphorylation of PI3K and AKT to inactivate
downstream targets, but also regulate cell death through
endogenous pathways.

2.7 Modeling of compound 7t on PI3Kα

A molecular docking study was carried out to predict the
possible binding mode between compound 7t and PI3Kα
(PDB: 4tv3), which could be responsible for the potent
antiproliferation activity. The molecular simulation protocol
was initially validated by re-docking of the co-crystalized
ligand into the binding sites of PI3Kα and the reliability was
verified by a high similarity value between the re-docked and
original ligand poses from the Sybyl-X 2.1 software. As shown
in Fig. 6, compound 7t can perfectly be docked into the active
site of 4tv3 as evidenced by satisfactory scoring functions
such as total-score and c-score. The critical hydrogen bond of
carbonyl and hydroxyl groups with Val851 was formed similar

Fig. 4 The effect of compound 7t on MDA-MB-231 cell invasion and migration. All data represent the mean ± SD, n = 3, *P < 0.05, **P < 0.01,
***P < 0.001 compared to the control. (A) The effect of compound 7t on Transwell cell invasion assays. (B) Statistical number of invaded MDA-
MB-231 cells with treatment with compound 7t at different dose concentrations. (C) The wound healing assay for compound 7t on MDA-MB-231
cells. (D) Statistics of scratch mobility from MDA-MB-231 cells with compound 7t at different dose concentrations.
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to LY294002. The carbonyl group in the amide fragment
formed another key hydrogen bond with residue Arg770. In
addition, the two phenyl groups of the flavonol scaffold

formed π–π stacking interaction with Tyr836 and Trp780,
respectively. The benzene ring on the 2-position with
guanidyl of the Arg770 residue produced an important π–

Fig. 5 Western blot assay of MDA-MB-231 treated with compound 7t. (A) Western blot analysis of proteins involved in the PI3K/AKT signaling
pathway. (B) Regulation statistics on the expression of PI3K/AKT signaling pathway-related proteins in MDA-MB-231 cells. (C) Western blot analysis
of apoptosis-associated proteins. (D) Regulation statistics on the expression of apoptosis-related proteins in MDA-MB-231 cells.

Fig. 6 Binding mode of compound 7t in the active site of PI3Kα obtained from molecular docking. 7t was represented in stick colored with green
carbon, red oxygen and blue nitrogen respectively, while the surrounding key residues were depicted in stick with brown carbon, red oxygen and
blue nitrogen. Hydrogen and halogen bonds were shown in dashed lines colored yellow and purple respectively. π–π stacking and π–cation
interactions were described in dotted lines colored cyan and green respectively.
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cation interaction. Furthermore, the chlorine atom on the
pyridine ring formed a halogen bond with residue Asn853.
All these interactions may contribute to its significant
antiproliferative potency.

3. Conclusions

In summary, a series of novel flavonoid-based amide
compounds were synthesized and evaluated for their in vitro
anticancer bioactivities against seven tumor cell lines. Among
them, compounds 7t and 7u presented significant specific
antiproliferation activities on breast cancer cell lines.
Compound 7u was the strongest cytotoxic agent against
mutant type TNBC cell HCC1937 with an IC50 value of 2.07 ±
1.06 μM which was exceeded the positive control 5-Fu by ten-
fold. Compound 7t possessed the most antiproliferative
ability against wild type TNBC cell MDA-MB-231 with an IC50

value of 1.76 ± 0.91 μM, nearly four times the potency of
5-Fu. In addition, compound 7t presented inhibitory ability
on clonal-formation, migration and invasion of MDA-MB-231
cells. Further cell-based mechanistic studies indicated that
compound 7t caused cell cycle arrest of MDA-MB-231 cells in
a dose dependent manner at the G0/G1 phase and induced
apoptosis. Moreover, the western blot assay demonstrated
that compound 7t could down-regulate the expression of p-
PI3K, p-AKT, and Bcl-2 and up-regulate the expression of
PTEN, Bax, and caspase-3 so as to inhibit the PI3K/AKT
pathway from achieving its significant antiproliferative
effects. Molecular docking simulation also showed a possible
binding mode of compound 7t with PI3Kα. Overall, the
obtained compounds 7t and 7u were eligible as potential
regulators of the PI3K/AKT pathway to be further developed
and provided a basis for TNBC curative candidates.

4. Experimental
4.1 General information

The 1H NMR and 13C NMR spectra were recorded using TMS
as the internal standard on a Bruker Advance III 400
spectrometer (Bruker, Switzerland) at 400 MHz and 101 MHz
in either CDCl3 or DMSO-D6. Chemical shifts (δ) were
referenced to TMS as an internal standard (1H NMR, 13C
NMR). Coupling constants are given in Hz. High-resolution
mass (HRMS) spectra were obtained with a Thermo-DFS mass
spectrometer (ThermoFisher Scientific, USA). Reaction
progress was monitored using analytical thin layer
chromatography (TLC) on precoated silica gel GF254 (Qingdao
Haiyang Chemical Plant, Qingdao, China) plates, and the
spots were detected under UV light (254 nm). Flash column
chromatography was performed with silica gel (200–300
mesh) purchased from Qingdao Haiyang Chemical Co. Ltd.
All other chemical materials were obtained from commercial
suppliers and were used without further purification.

All cancer cell lines MDA-MB-231, MCF-7, HCC1937, A549,
HepG2, GTL-16, and Hela were purchased from iCell
Bioscience Inc, Shanghai. Biological materials including

plasma, fetal bovine serum (FBS), DMEM medium and
pancreatin were purchased from Shanghai Beyotime
Biotechnology Co., Ltd. Cell Counting Kit-8, annexin V-APC/
PI apoptosis analysis kits, and flow cytometry kits for
apoptosis were purchased from Jiangsu KeyGEN BioTECH
Co., Ltd. Penicillin–streptomycin liquid, Hoechst 33258
staining solution and phosphate buffer saline (PBS) were
purchased from Hangzhou Genom Biotechnology Co., Ltd.

4.2 Synthesis of compound 3

4-Bromo-2-hydroxyacetophenone (4.0 g, 18.6 mmol),
p-fluorophenylboronic acid (3.9 g, 27.9 mmol), palladium
acetate (0.42 g, 1.86 mmol), and potassium carbonate (7.7 g,
55.8 mmol) were added sequentially to a 100 mL flask and
charged with nitrogen. 1,4-Dioxane (20 ml) and water (4 ml)
were slowly injected into the flask via a syringe, and the
reaction mixture was stirred at 110 °C with reflux for 5 h.
After completion monitored by thin-layer chromatography
(TLC), the mixture was acidified to pH 6–7 with an aqueous
solution of acetic acid. The mixture solution was then filtered
and the filtrate was extracted with EtOAc. The combined
organic layers were dried over Na2SO4 and the solvent was
evaporated under vacuum. The obtained crude product was
purified by flash chromatography on silica gel (Vethyl acetate/
Vpetroleum ether = 1/40) to give 2.623 g of product as a white
solid. Yield 65%. 1H NMR (400 MHz, DMSO-d6) δ 12.13 (s,
1H), 7.94 (d, J = 8.3 Hz, 1H), 7.80–7.74 (m, 2H), 7.33–7.27 (m,
2H), 7.24 (dd, J = 8.2, 1.9 Hz, 1H), 7.21 (d, J = 1.7 Hz, 1H),
2.65 (s, 3H);13C NMR (101 MHz, DMSO-d6) δ 204.68, 164.34,
161.85, 147.05, 135.43, 132.64, 129.73, 129.65, 119.58, 118.06,
116.52, 116.30, 115.59, 27.94; HR-ESI-MS calcd for C14H11FO2

[M + H]+ 231.0743; found 231.0813.

4.3 Synthesis of compound 4

Compound 3 (2.0 g, 8.7 mmol) and 3-nitrobenzaldehyde (1.3
g, 8.7 mmol) were dissolved in methanol (20 mL) and KOH
(2.4 g, 43.5 mmol) was added subsequently. The reaction
mixture was then stirred at 50 °C for 16 h. After completion
monitored by TLC, the reaction mixture was acidified to pH
6–7 with an aqueous solution of acetic acid to allow the
yellow solid to precipitate. The solid was collected by
filtration and the obtained crude product was purified by
flash chromatography on silica gel (Vethyl acetate/Vpetroleum ether

= 1/15) to give 1.16 g of product as a yellow solid. Yield 60%.
1H NMR (400 MHz, DMSO-d6) δ 8.72 (t, J = 1.9 Hz, 1H), 8.33
(d, J = 8.5 Hz, 1H), 8.28 (d, J = 7.8 Hz, 1H), 8.23–8.20 (m, 1H),
8.20–8.17 (m, 1H), 7.87 (d, J = 15.6 Hz, 1H), 7.78–7.74 (m,
2H), 7.70–7.66 (m, 1H), 7.26 (d, J = 8.9 Hz, 2H), 7.23 (d, J =
1.6 Hz, 1H), 7.20 (d, J = 1.8 Hz, 1H); 13C NMR (101 MHz,
DMSO-d6) δ 193.4, 163.0, 161.97, 148.9, 147.4, 142.6, 136.9,
135.9, 135.3, 132.4, 130.9, 129.9, 129.8, 125.5, 125.0, 123.8,
120.0, 118.1, 116.6, 116.4, 115.8; HR-ESI-MS calcd for
C21H14FNO4 [M + H]+ 364.0907; found 364.0966.

RSC Medicinal ChemistryResearch Article



RSC Med. Chem., 2022, 13, 1082–1099 | 1093This journal is © The Royal Society of Chemistry 2022

4.4 Synthesis of compound 5

To a solution of compound 4 (2.0 g, 5.5 mmol) in methanol
(20 mL) were added SnCl2 (4.2 g, 22.0 mmol) and acetic acid
(5 mL) sequentially. The suspension solution was reacted at
90 °C with reflux overnight. After completion monitored by
TLC, the reaction mixture was filtered and the filtrate was
then diluted with water and extracted with CH2Cl2. The
combined organic layers were washed with brine and dried
over Na2SO4. The crude product was obtained through
removing the solvent under vacuum and further purified by
flash chromatography on silica gel (Vethyl acetate/Vpetroleum ether

= 1/4) to give 1.43 g of product as a yellow solid. Yield 80%.
1H NMR (400 MHz, DMSO-d6) δ 8.23 (d, J = 8.3 Hz, 1H), 7.85
(d, J = 15.5 Hz, 1H), 7.80–7.76 (m, 2H), 7.67 (d, J = 15.4 Hz,
1H), 7.30 (s, 1H), 7.10 (t, J = 7.7 Hz, 1H), 7.05 (dt, J = 7.5, 1.1
Hz, 1H), 6.98 (t, J = 1.9 Hz, 1H), 6.67 (ddd, J = 7.8, 2.2, 1.2 Hz,
1H), 5.21 (s, 2H); 13C NMR (101 MHz, DMSO-d6) δ 193.5,
164.4, 162.9, 161.9, 149.7, 147.0, 146.5, 135.5, 135.4, 131.9,
130.0, 129.8, 129.7, 121.1, 120.1, 118.1, 117.5, 116.6, 116.3,
115.8, 114.6; HR-ESI-MS calcd for C21H16FNO2 [M + H]+

334.1165; found 334.1233.

4.5 Synthesis of compound 6

To a mixture of compound 5 (1.0 g, 3.0 mmol) and NaOH
(1.2 g, 30.0 mmol) in methanol/water mixed solvents
(Vmethanol/Vwater = 4/1) was slowly added 30% hydrogen
peroxide dropwise (6 mL) at 0–4 °C. The reaction mixture was
then stirred at the same temperature for 16 h. After
completion monitored by TLC, the mixture was acidified to
pH 6–7 with an aqueous solution of hydrochloric acid to
allow the yellow solid to precipitate. The solid was collected
by filtration and the obtained crude product was purified by
flash chromatography on silica gel (Vethyl acetate/Vpetroleum ether

= 1/3) to give 0.58 g of product as a yellow solid. Yield 70%.
1H NMR (400 MHz, DMSO-d6) δ 8.31 (d, J = 8.4 Hz, 1H), 8.13
(d, J = 1.5 Hz, 1H), 8.07–8.03 (m, 2H), 7.91 (dd, J = 8.4, 1.6
Hz, 1H), 7.65 (t, J = 1.9 Hz, 1H), 7.59–7.56 (m, 1H), 7.54–7.49
(m, 2H), 7.36 (t, J = 7.9 Hz, 1H), 6.87 (ddd, J = 7.8, 2.2, 0.8 Hz,
1H), 5.46 (s, 2H); 13C NMR (101 MHz, DMSO-d6) δ 173.3,
164.4, 161.9, 155.4, 149.2, 146.8, 144.5, 139.8, 135.2, 132.4,
129.9, 129.4, 126.0, 123.6, 120.6, 116.7, 116.4, 116.2, 116.1,
116.0, 113.4; HR-ESI-MS calcd for C21H14FNO3 [M + H]+

348.0958; found 348.1026.

4.6 General procedures for the preparation of 7a–7z

To a solution of compound 6 (0.5 g, 1.5 mmol) and pyridine
(0.25 mL) in acetone (20 mL) were added the corresponding
benzoyl chloride analogs (2.6 mmol) dropwise in an ice bath.
The reaction mixture was then warm to room temperature
and stirred for another 12 h. After completion monitored by
TLC, the reaction solution was diluted with distilled water
and extracted with CH2Cl2. The combined organic layers were
washed with brine and dried over Na2SO4. Removing the
solvent under vacuum afforded the crude product which was
purified by flash chromatography on silica gel (Vethyl acetate/

Vpetroleum ether = 1 : 5) to give the corresponding target
compounds 7a–7z.

4.6.1 2-Fluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)benzamide (7a). Light yellow solid. Yield
56%. Mp 224.6–226.1 °C. 1H NMR (400 MHz, DMSO-d6) δ

10.65 (s, 1H), 9.70 (s, 1H), 8.57 (s, 1H), 8.13 (d, J = 8.4 Hz,
1H), 7.97–7.93 (m, 2H), 7.88 (d, J = 2.0 Hz, 1H), 7.87 (d, J =
3.5 Hz, 1H), 7.85 (d, J = 5.4 Hz, 1H), 7.74 (dd, J = 8.4, 1.7 Hz,
1H), 7.67 (td, J = 7.6, 1.7 Hz, 1H), 7.60–7.54 (m, 1H), 7.54–
7.50 (m, 1H), 7.37–7.33 (m, 1H), 7.33 (t, J = 2.3 Hz, 1H), 7.31
(d, J = 2.4 Hz, 1H), 7.31–7.28 (m, 1H); 13C NMR (101 MHz,
DMSO-d6) δ 173.2, 162.7, 159.4, 155.4, 145.6, 144.8, 140.0,
139.6, 135.2, 133.1, 132.3, 130.5, 130.0, 129.9, 129.5, 127.1,
126.1, 125.5, 125.4, 125.1, 123.8, 121.9, 121.9, 120.7, 119.7,
116.7, 116.5, 116.4; HR-ESI-MS calcd for C28H17F2NO4 [M +
H]+ 470.1126; found 470.1196.

4.6.2 4-Fluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)benzamide (7b). Light yellow solid. Yield
58%. Mp 260.8–261.3 °C. 1H NMR (400 MHz, DMSO-d6) δ

10.62 (d, J = 20.0 Hz, 1H), 9.72 (s, 1H), 8.64 (dt, J = 9.4, 1.8
Hz, 1H), 8.26 (dd, J = 8.8, 5.5 Hz, 1H), 8.19–8.12 (m, 2H),
8.12–8.05 (m, 2H), 7.94 (d, J = 3.7 Hz, 1H), 7.93 (s, 1H), 7.92–
7.89 (m, 1H), 7.55 (td, J = 8.0, 3.9 Hz, 1H), 7.42–7.38 (m, 2H),
7.37 (s, 1H), 7.37–7.32 (m, 2H); 13C NMR (101 MHz, DMSO-
d6) δ 173.2, 171.3, 165.1, 162.9, 156.6, 156.1, 155.5, 145.8,
144.7, 140.2, 139.9, 139.7, 133.8, 132.2, 131.1, 131.0, 130.0,
129.9, 122.1, 120.7, 116.7, 116.5, 116.5, 116.0, 116.0, 115.8,
115.8, 100.0; HR-ESI-MS calcd for C28H17F2NO4 [M + H]+

470.1126; found 470.1181.
4.6.3 N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-chromen-

2-yl)phenyl)-4-methoxy-benzamide (7c). Light yellow solid.
Yield 65%. Mp 278.8–279.9 °C. 1H NMR (400 MHz, DMSO-d6)
δ 10.32 (s, 1H), 9.62 (s, 1H), 8.57 (s, 1H), 8.10 (d, J = 8.3 Hz,
1H), 7.97 (s, 1H), 7.95 (s, 1H), 7.91 (d, J = 7.3 Hz, 1H), 7.87 (s,
1H), 7.85 (s, 1H), 7.83 (s, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.47 (t,
J = 8.0 Hz, 1H), 7.29 (t, J = 8.6 Hz, 2H), 7.00 (d, J = 8.8 Hz,
2H), 3.77 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 173.2,
165.6, 162.5, 155.5, 145.9, 144.7, 143.4, 140.0, 139.9, 135.2,
132.1, 130.3, 130.0, 129.9, 129.2, 127.2, 126.1, 123.8, 123.6,
122.8, 120.7, 120.4, 116.70, 116.5, 116.3, 114.1, 56.0; HR-ESI-
MS calcd for C29H20FNO5 [M + H]+ 482.1326; found 482.1382.

4.6.4 N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-chromen-
2-yl)phenyl)-4-methylbenzamide (7d). Light yellow solid. Yield
60%. Mp 274.5–275.0 °C. 1H NMR (400 MHz, DMSO-d6) δ

10.44 (s, 1H), 9.69 (s, 1H), 8.64 (s, 1H), 8.16 (d, J = 8.4 Hz,
1H), 8.00 (s, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.94 (s, 1H), 7.92 (s,
1H), 7.91–7.86 (m, 2H), 7.80–7.75 (m, 1H), 7.53 (t, J = 8.0 Hz,
1H), 7.37 (s, 1H), 7.35 (s, 2H), 7.33 (s, 1H), 2.38 (s, 3H); 13C
NMR (101 MHz, DMSO-d6) δ 173.2, 166.1, 161.9, 155.5, 145.8,
144.7, 142.3, 139.9, 139.9, 135.1, 135.1, 132.3, 132.1, 130.0,
129.9, 129.5, 129.2, 128.3, 126.1, 123.7, 122.8, 120.7, 120.4,
116.7, 116.5, 116.2, 21.6; HR-ESI-MS calcd for C29H20FNO4 [M
+ H]+ 466.1376; found 466.1440.

4.6.5 4-Chloro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl) phenyl)benzamide (7e). Light yellow solid.
Yield 70%. Mp 238.3–239.3 °C. 1H NMR (400 MHz, DMSO-d6)
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δ 10.43 (s, 1H), 9.58 (s, 1H), 8.47 (s, 1H), 8.02 (d, J = 8.4 Hz,
1H), 7.89 (d, J = 1.8 Hz, 1H), 7.87 (s, 1H), 7.86 (s, 1H), 7.85 (d,
J = 5.0 Hz, 1H), 7.77 (s, 1H), 7.76 (s, 1H), 7.74 (s, 1H), 7.64
(dd, J = 8.4, 1.5 Hz, 1H), 7.49–7.46 (m, 2H), 7.41 (t, J = 8.0 Hz,
1H), 7.21 (t, J = 8.8 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ
173.3, 165.2, 162.0, 155.5, 145.7, 144.8, 139.9, 139.6, 137.1,
135.1, 133.9, 132.2, 130.2, 130.2, 130.0, 129.9, 129.4, 129.0,
126.1, 124.0, 123.8, 122.8, 120.7, 120.5, 116.7, 116.5, 116.2;
HR-ESI-MS calcd for C28H17ClFNO4 [M + H]+ 486.0830; found
486.0888.

4.6.6 2,4-Difluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-
4H-chromen-2-yl)phenyl)benzamide (7f). Light yellow solid.
Yield 69%. Mp 244.4–245.3 °C. 1H NMR (400 MHz, DMSO-d6)
δ 10.73 (d, J = 17.7 Hz, 1H), 9.73 (s, 1H), 8.58 (s, 1H), 8.15
(dd, J = 8.4, 1.9 Hz, 1H), 7.99 (s, 1H), 7.98–7.96 (m, 1H), 7.92–
7.90 (m, 1H), 7.89 (s, 1H), 7.88 (s, 1H), 7.82–7.78 (m, 1H),
7.78–7.75 (m, 1H), 7.55 (t, J = 8.1 Hz, 1H), 7.46–7.40 (m, 1H),
7.35 (t, J = 8.8 Hz, 2H), 7.23 (td, J = 8.9, 2.6 Hz, 1H); 13C NMR
(101 MHz, DMSO-d6) δ 173.2, 162.7, 162.0, 155.5, 145.6,
144.8, 140.0, 139.5, 135.2, 135.1, 133.6, 132.3, 130.0, 129.9,
129.5, 126.9, 126.1, 123.9, 123.8, 121.9, 120.7, 119.8, 116.7,
116.5, 116.2, 112.5, 112.2, 105.2; HR-ESI-MS calcd for
C28H16F3NO4 [M + H]+ 488.1031; found 488.1104.

4.6.7 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-2-methoxybenzamide (7g). Light yellow
solid. Yield 69%. Mp 218.9–219.7 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.36 (s, 1H), 9.68 (s, 1H), 8.62 (s, 1H), 8.16 (d, J
= 8.4 Hz, 1H), 7.99 (d, J = 1.5 Hz, 1H), 7.96 (dt, J = 8.0, 1.3 Hz,
1H), 7.92–7.90 (m, 1H), 7.89 (d, J = 3.4 Hz, 1H), 7.89–7.86 (m,
1H), 7.78 (dd, J = 8.4, 1.7 Hz, 1H), 7.64 (dd, J = 7.5, 1.7 Hz,
1H), 7.54 (d, J = 8.2 Hz, 1H), 7.38–7.33 (m, 2H), 7.21–7.16 (m,
1H), 7.07 (td, J = 7.5, 0.9 Hz, 1H), 3.91 (s, 3H); 13C NMR (101
MHz, DMSO-d6) δ 173.2, 165.4, 164.4, 161.9, 157.0, 155.4,
145.8, 144.7, 139.9, 139.8, 135.1, 132.6, 132.3, 130.1, 130.0,
129.9, 129.3, 126.1, 125.5, 123.8, 122.0, 121.0, 120.7, 119.7,
116.7, 116.5, 116.3, 112.5, 56.4; HR-ESI-MS calcd for
C29H20FNO5 [M + H]+ 482.1326; found 488.1379.

4.6.8 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-2-methylbenzamide (7h). Light yellow
solid. Yield 61%. Mp 235.3–237.1 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.58 (s, 1H), 9.68 (s, 1H), 8.63 (s, 1H), 8.16 (d, J
= 8.4 Hz, 1H), 7.98 (d, J = 1.7 Hz, 1H), 7.97–7.94 (m, 1H), 7.92
(d, J = 5.9 Hz, 1H), 7.91 (d, J = 3.2 Hz, 1H), 7.90–7.87 (m, 1H),
7.78 (dd, J = 8.4, 1.7 Hz, 1H), 7.56–7.48 (m, 2H), 7.42–7.37 (m,
1H), 7.36 (d, J = 7.0 Hz, 1H), 7.35–7.33 (m, 1H), 7.31 (d, J =
7.4 Hz, 2H), 2.40 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ

173.2, 168.6, 161.9, 155.5, 145.8, 144.7, 140.0, 139.9, 137.6,
135.8, 135.1, 132.2, 131.1, 130.2, 130.0, 129.9, 129.4, 127.8,
126.2, 126.1, 123.8, 123.6, 121.8, 120.7, 119.6, 116.7, 116.5,
116.2, 19.9; HR-ESI-MS calcd for C29H20FNO4 [M + H]+

466.1376; found 466.1435.
4.6.9 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-

chromen-2-yl)phenyl)-4-(trifluoromethyl)benzamide (7i). Light
yellow solid. Yield 67%. Mp 272.3–273.2 °C. 1H NMR (400
MHz, DMSO-d6) δ 10.87 (s, 1H), 9.73 (s, 1H), 8.70 (s, 1H), 8.25
(d, J = 8.2 Hz, 2H), 8.17 (d, J = 8.4 Hz, 1H), 8.02 (dd, J = 7.7,

1.2 Hz, 2H), 8.00–7.96 (m, 1H), 7.94 (d, J = 7.2 Hz, 1H), 7.92
(s, 1H), 7.91 (s, 1H), 7.90–7.87 (m, 1H), 7.78 (dd, J = 8.4, 1.7
Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H), 7.41–7.32 (m, 2H); 13C NMR
(101 MHz, DMSO-d6) δ 173.2, 165.1, 161.9, 155.5, 145.7,
144.7, 139.9, 139.5, 135.1, 135.1, 132.2, 130.0, 129.3, 126.1,
125.9, 125.9, 125.8, 124.0, 123.7, 123.1, 122.8, 120.7, 120.5,
116.7, 116.5, 116.2, 31.2; HR-ESI-MS calcd for C29H17F4NO4

[M + H]+ 520.1094; found 520.1152.
4.6.10 4-Bromo-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-

4H-chromen-2-yl)phenyl)benzamide (7j). Light yellow solid.
Yield 69%. Mp 268.2–268.9 °C. 1H NMR (400 MHz, DMSO-d6)
δ 10.55 (d, J = 8.9 Hz, 1H), 9.73 (s, 1H), 8.62 (s, 1H), 8.17 (d, J
= 8.4 Hz, 1H), 8.04–7.98 (m, 2H), 7.98–7.95 (m, 2H), 7.95–7.93
(m, 1H), 7.92 (d, J = 3.2 Hz, 1H), 7.90 (d, J = 5.3 Hz, 1H),
7.81–7.78 (m, 1H), 7.78 (s, 1H), 7.77 (d, J = 1.9 Hz, 1H), 7.56
(t, J = 8.0 Hz, 1H), 7.36 (t, J = 8.8 Hz, 2H); 13C NMR (101
MHz, DMSO-d6) δ 173.2, 165.2, 162.0, 155.5, 145.7, 144.7,
139.9, 139.6, 135.2, 134.3, 132.2, 132.0, 130.4, 130.0, 129.9,
129.3, 126.1, 126.0, 123.9, 123.7, 122.7, 120.7, 120.5, 116.7,
116.5, 116.2; HR-ESI-MS calcd for C28H17BrFNO4 [M + H]+

530.0325; found 530.0381. [M + 2 + H]+ 532.0325; found
532.0359.

4.6.11 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-3-methoxybenzamide (7k). Light yellow
solid. Yield 71%. Mp 243.6–244.7 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.60 (s, 1H), 9.70 (s, 1H), 8.70 (t, J = 1.9 Hz, 1H),
8.18 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 1.6 Hz, 1H), 8.01 (ddd, J =
8.0, 1.7, 1.0 Hz, 1H), 7.97 (ddd, J = 8.2, 2.1, 1.0 Hz, 1H), 7.94–
7.90 (m, 2H), 7.79 (dd, J = 8.4, 1.7 Hz, 1H), 7.64 (ddd, J = 7.7,
1.5, 0.9 Hz, 1H), 7.60 (dd, J = 2.5, 1.6 Hz, 1H), 7.56 (t, J = 8.0
Hz, 1H), 7.46 (t, J = 7.9 Hz, 1H), 7.39–7.34 (m, 2H), 7.18 (ddd,
J = 8.2, 2.6, 0.9 Hz, 1H), 3.87 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ 173.2, 165.9, 162.0, 159.7, 155.5, 145.8, 144.7,
139.9, 139.8, 136.6, 135.2, 135.1, 132.2, 130.1, 130.0, 129.9,
126.1, 123.8, 123.8, 122.9, 120.7, 120.6, 118.1, 116.7, 116.5,
116.3, 113.5, 55.9; HR-ESI-MS calcd for C29H20FNO5 [M + H]+

482.1326; found 482.1385.
4.6.12 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-

chromen-2-yl)phenyl)-3-methylbenzamide (7l). Yellow solid.
Yield 63%. Mp 239.5–240.4 °C. 1H NMR (400 MHz, DMSO-d6)
δ 10.48 (s, 1H), 9.67 (s, 1H), 8.62 (t, J = 1.9 Hz, 1H), 8.13 (d, J
= 8.4 Hz, 1H), 8.02 (s, 1H), 8.01–8.00 (m, 1H), 7.98 (s, 1H),
7.95 (dt, J = 7.9, 1.0 Hz, 1H), 7.91 (dd, J = 7.4, 2.0 Hz, 1H),
7.88 (dd, J = 8.8, 5.4 Hz, 2H), 7.81 (s, 1H), 7.75 (dd, J = 8.4,
1.7 Hz, 1H), 7.51 (t, J = 8.0 Hz, 1H), 7.37 (d, J = 1.0 Hz, 1H),
7.32 (t, J = 8.8 Hz, 2H), 2.37 (s, 3H); 13C NMR (101 MHz,
DMSO-d6) δ 173.25, 166.34, 161.95, 155.49, 146.15, 145.82,
144.73, 142.71, 139.91, 138.22, 135.22, 135.13, 132.78, 132.17,
130.02, 129.94, 129.25, 128.82, 128.79, 127.63, 126.12, 125.48,
123.74, 120.71, 120.44, 116.70, 116.49, 116.27, 21.51; HR-ESI-
MS calcd for C29H20FNO4 [M + H]+ 466.1376; found 466.1435.

4.6.13 3-Fluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-
4H-chromen-2-yl)phenyl)benzamide (7m). Light yellow solid.
Yield 64%. Mp 242.2–243.5 °C. 1H NMR (400 MHz, DMSO-d6)
δ 10.60 (s, 1H), 9.72 (s, 1H), 8.65 (t, J = 1.7 Hz, 1H), 8.18 (d, J
= 8.4 Hz, 1H), 8.05–8.00 (m, 2H), 7.97–7.94 (m, 1H), 7.93 (d, J
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= 5.5 Hz, 1H), 7.91 (s, 1H), 7.89 (d, J = 7.5 Hz, 1H), 7.87–7.83
(m, 1H), 7.79 (dd, J = 8.4, 1.3 Hz, 1H), 7.65–7.59 (m, 1H), 7.57
(t, J = 7.8 Hz, 1H), 7.51–7.44 (m, 1H), 7.37 (t, J = 8.8 Hz, 2H);
13C NMR (101 MHz, DMSO-d6) δ 173.2, 162.4, 155.5, 146.2,
145.7, 144.7, 142.7, 139.9, 139.6, 137.5, 135.2, 132.2, 131.1,
130.0, 129.9, 129.3, 127.6, 127.6, 126.1, 124.6, 124.0, 122.8,
120.7, 120.6, 116.7, 116.5, 115.3, 115.1; HR-ESI-MS calcd for
C28H17F2NO4 [M + H]+ 470.1126; found 470.1185.

4.6.14 4-Ethyl-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)benzamide (7n). Light yellow solid.
Yield 73%. Mp 257.6–258.5 °C. 1H NMR (400 MHz, DMSO-d6)
δ 10.46 (s, 1H), 9.69 (s, 1H), 8.66 (t, J = 1.9 Hz, 1H), 8.17 (d, J
= 8.4 Hz, 1H), 8.00 (d, J = 1.6 Hz, 1H), 8.00–7.97 (m, 1H), 7.97
(s, 1H), 7.97–7.95 (m, 1H), 7.94 (dt, J = 2.2, 1.0 Hz, 1H), 7.93–
7.88 (m, 2H), 7.78 (dd, J = 8.4, 1.6 Hz, 1H), 7.54 (t, J = 8.0 Hz,
1H), 7.38 (s, 1H), 7.37 (s, 1H), 7.36 (d, J = 3.3 Hz, 1H), 7.33 (d,
J = 2.0 Hz, 1H), 2.69 (q, J = 7.6 Hz, 2H), 1.21 (t, J = 7.6 Hz,
3H); 13C NMR (101 MHz, DMSO-d6) δ 173.2, 166.1, 161.9,
155.5, 148.4, 145.8, 144.7, 140.0, 139.9, 135.2, 135.1, 132.7,
132.2, 130.0, 129.9, 129.2, 128.4, 128.3, 126.1, 123.7, 122.7,
120.7, 120.4, 116.7, 116.5, 116.2, 28.6, 15.9; HR-ESI-MS calcd
for C30H22FNO4 [M + H]+ 480.1533; found 480.1595.

4.6.15 4-Bromo-2-fluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-
4-oxo-4H-chromen-2-yl)phe-nyl)benzamide (7o). Yellow solid.
Yield 61%. Mp 243.8–244.2 °C. 1H NMR (400 MHz, DMSO-d6) δ
10.77 (s, 1H), 9.72 (s, 1H), 8.61–8.46 (m, 1H), 8.16 (dd, J = 8.4,
2.5 Hz, 1H), 8.02–7.99 (m, 1H), 7.99–7.97 (m, 1H), 7.93–7.91 (m,
1H), 7.90 (d, J = 2.2 Hz, 1H), 7.89 (d, J = 2.2 Hz, 1H), 7.80–7.73
(m, 2H), 7.70–7.65 (m, 1H), 7.58 (d, J = 1.9 Hz, 1H), 7.57–7.56
(m, 1H), 7.38–7.33 (m, 2H); 13C NMR (101 MHz, DMSO-d6) δ
173.2, 171.0, 162.7, 162.0, 145.6, 144.8, 140.0, 139.4, 135.1,
132.4, 132.1, 130.1, 130.0, 129.9, 129.5, 128.3, 126.1, 124.8,
123.9, 123.8, 121.9, 120.7, 120.2, 120.0, 119.8, 116.7, 116.5,
116.2; HR-ESI-MS calcd for C28H16BrF2NO4 [M + H]+ 548.0231;
found 548.0297; [M + 2 + H]+ 550.0244; found 550.0275.

4.6.16 4-fluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-3-meth-yl benzamide (7p). Light yellow
solid. Yield 66%. Mp 219.9–221.4 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.47 (s, 1H), 9.70 (s, 1H), 8.61 (s, 1H), 8.16 (dd, J
= 8.3, 4.9 Hz, 1H), 8.00 (s, 1H), 7.96 (d, J = 1.9 Hz, 1H), 7.92
(s, 1H), 7.91 (s, 1H), 7.89 (s, 1H), 7.89 (s, 1H), 7.78 (d, J = 7.5
Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.36 (t, J = 8.7 Hz, 2H), 7.33–
7.27 (m, 1H), 2.32 (d, J = 1.5 Hz, 3H); 13C NMR (101 MHz,
CDCl3) δ 178.0, 171.8, 170.0, 166.7, 160.2, 158.7, 150.5, 149.5,
144.8, 144.7, 144.6, 139.9, 137.0, 136.12136.1, 134.8, 134.7,
134.0, 129.8, 129.6, 128.5, 125.5, 121.5, 121.2, 120.4, 120.2,
19.5; HR-ESI-MS calcd for C29H19F2 NO4 [M + H]+ 484.1282;
found 484.1350.

4.6.17 2-Fluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-
4H-chromen-2-yl)phenyl)-4-meth-oxybenzamide (7q). Light
yellow solid. Yield 67%. Mp 235.2–237.0 °C. 1H NMR (400
MHz, DMSO-d6) δ 10.43 (s, 1H), 9.69 (s, 1H), 8.58 (t, J = 1.8
Hz, 1H), 8.16 (dd, J = 8.4, 1.8 Hz, 1H), 7.98 (d, J = 1.8 Hz, 1H),
7.98–7.94 (m, 1H), 7.93–7.90 (m, 1H), 7.89 (d, J = 1.6 Hz, 1H),
7.88 (d, J = 2.2 Hz, 1H), 7.77 (dd, J = 8.4, 1.7 Hz, 1H), 7.68 (t, J
= 8.6 Hz, 1H), 7.53 (t, J = 8.0 Hz, 1H), 7.37–7.32 (m, 2H), 6.96

(dd, J = 12.5, 2.4 Hz, 1H), 6.90 (dd, J = 8.6, 2.5 Hz, 1H), 3.84
(s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 173.2, 163.2, 162.5,
160.9, 155.5, 145.7, 144.7, 139.9, 139.7, 135.2, 132.3, 131.8,
131.8, 130.0, 129.9, 129.4, 126.1, 123.7, 120.7, 119.8, 117.2,
117.1, 116.7, 116.5, 116.2, 111.1, 102.5, 102.3, 56.5; HR-ESI-
MS calcd for C29H19F2NO5 [M + H]+ 500.1231; found
500.1302.

4.6.18 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-3,5-dimethoxy-benzamide (7r). Light
yellow solid. Yield 72%. Mp 222.1–224.0 °C. 1H NMR (400
MHz, DMSO-d6) δ 10.49 (s, 1H), 9.69 (s, 1H), 8.67–8.63 (m,
1H), 8.16 (dd, J = 8.4, 3.9 Hz, 1H), 8.01 (d, J = 1.6 Hz, 1H),
8.00–7.97 (m, 1H), 7.92 (d, J = 3.5 Hz, 1H), 7.91 (s, 1H), 7.90–
7.88 (m, 1H), 7.78 (dd, J = 8.4, 1.7 Hz, 1H), 7.54 (t, J = 8.0 Hz,
1H), 7.38–7.32 (m, 2H), 7.18 (d, J = 2.3 Hz, 2H), 6.71 (t, J = 2.2
Hz, 1H), 3.82 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 178.0,
170.5, 166.7, 165.7, 160.2, 150.6, 149.5, 144.6, 144.5, 142.0,
139.9, 136.9, 134.8, 134.7, 134.0, 130.9, 128.7, 128.6, 127.7,
125.5, 121.4, 121.2, 121.0, 111.0, 108.8, 60.8; HR-ESI-MS calcd
for C30H22FNO6 [M + H]+ 512.1431; found 512.1502.

4.6.19 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-3,5-dimethylbenzamide (7s). Light
yellow solid. Yield 69%. Mp 272.3–273.6 °C. 1H NMR (400
MHz, DMSO-d6) δ 10.44 (s, 1H), 9.69 (s, 1H), 8.64 (t, J = 1.8
Hz, 1H), 8.17 (d, J = 8.4 Hz, 1H), 8.01 (d, J = 1.5 Hz, 1H),
8.00–7.93 (m, 2H), 7.93–7.90 (m, 1H), 7.89 (dd, J = 5.2, 3.0 Hz,
1H), 7.78 (dd, J = 8.4, 1.6 Hz, 1H), 7.63 (s, 2H), 7.54 (t, J = 8.0
Hz, 1H), 7.36 (t, J = 8.8 Hz, 2H), 7.22 (s, 1H), 2.36 (s, 6H); 13C
NMR (101 MHz, DMSO-d6) δ 173.20, 166.41, 161.90, 155.43,
145.79, 144.69, 139.89, 139.83, 138.03, 138.03, 135.19, 135.12,
135.08, 133.42, 132.11, 129.96, 129.87, 129.18, 126.06, 125.94,
125.94, 123.72, 122.61, 120.65, 120.33, 116.64, 116.42, 116.17,
21.35, 21.35; HR-ESI-MS calcd for C30H24FNO4 [M + H]+

480.1533; found 480.1604.
4.6.20 6-Chloro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-

4H-chromen-2-yl)phenyl)nicotinamide (7t). Yellow solid. Yield
75%. Mp 248.5–249.9 °C. 1H NMR (400 MHz, DMSO-d6) δ

10.88 (s, 1H), 9.73 (s, 1H), 9.03 (d, J = 2.3 Hz, 1H), 8.67 (s,
1H), 8.46 (dd, J = 8.3, 2.5 Hz, 1H), 8.17 (d, J = 8.3 Hz, 1H),
8.03 (s, 1H), 8.01 (s, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.91 (dd, J =
8.4, 5.4 Hz, 2H), 7.78 (d, J = 8.1 Hz, 1H), 7.72 (d, J = 8.3 Hz,
1H), 7.57 (t, J = 8.0 Hz, 1H), 7.36 (t, J = 8.7 Hz, 2H);13C NMR
(101 MHz, DMSO-d6) δ 173.2, 163.6, 161.9, 155.4, 153.3,
150.0, 145.5, 144.7, 139.9, 139.7, 139.3, 135.1, 132.2, 130.2,
129.9, 129.8, 129.3, 126.0, 124.6, 124.0, 123.7, 122.6, 120.6,
120.4, 116.6, 116.4, 116.2; HR-ESI-MS calcd for
C27H16ClFN2O4 [M + H]+ 487.0783; found 487.0853.

4.6.21 3,5-Difluoro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-
oxo-4H-chromen-2-yl)phenyl)benzamide (7u). Light yellow
solid. Yield 73%. Mp 246.4–247.9 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.72 (s, 1H), 9.71 (s, 1H), 8.65 (t, J = 1.6 Hz, 1H),
8.15 (d, J = 8.4 Hz, 1H), 8.02 (s, 1H), 8.00 (s, 1H), 7.96–7.92
(m, 1H), 7.90 (dd, J = 8.6, 5.4 Hz, 2H), 7.79 (d, J = 2.0 Hz, 1H),
7.77 (s, 1H), 7.76 (s, 1H), 7.58–7.54 (m, 1H), 7.51 (dt, J = 9.1,
2.3 Hz, 1H), 7.35 (t, J = 8.8 Hz, 2H); 13C NMR (101 MHz,
DMSO-d6) δ 173.2, 164.0, 163.5, 161.5, 155.4, 145.6, 144.7,

RSC Medicinal Chemistry Research Article



1096 | RSC Med. Chem., 2022, 13, 1082–1099 This journal is © The Royal Society of Chemistry 2022

139.9, 139.3, 138.6, 135.1, 132.2, 130.0, 129.9, 129.3, 127.1,
126.0, 124.1, 123.7, 122.8, 120.6, 120.6, 116.6, 116.4, 116.2,
111.9, 111.6. HR-ESI-MS calcd for C28H16F3NO4 [M + H]+

488.1031; found 488.1104.
4.6.22 2,4-Dichloro-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-

oxo-4H-chromen-2-yl)phenyl)py-rimidine-5-carboxamide (7v).
Light yellow solid. Yield 72%. Mp 243.8–245.7 °C. 1H NMR
(400 MHz, DMSO-d6) δ 11.18 (s, 1H), 9.79 (s, 1H), 9.13 (s, 1H),
8.56 (t, J = 1.8 Hz, 1H), 8.16 (d, J = 8.4 Hz, 1H), 8.02 (d, J = 8.0
Hz, 1H), 7.99 (d, J = 1.5 Hz, 1H), 7.94–7.92 (m, 1H), 7.91–7.90
(m, 1H), 7.90–7.87 (m, 1H), 7.78 (dd, J = 8.4, 1.6 Hz, 1H), 7.60
(t, J = 8.1 Hz, 1H), 7.36 (t, J = 8.8 Hz, 2H); 13C NMR (101
MHz, DMSO-d6) δ 173.2, 163.6, 161.9, 155.4, 153.3, 150.0,
145.5, 144.7, 139.9, 139.7, 139.3, 135.1, 132.2, 130.2, 129.9,
129.8, 129.3, 126.0, 124.6, 123.7, 122.7, 120.6, 120.4, 116.6,
116.4, 116.2. HR-ESI-MS calcd for C26H14Cl2FN3O4 [M +
H]+522.3134; found 522.4187.

4.6.23 4-Cyano-N-(3-(7-(4-fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl) phenyl)benzamide (7w). Yellow solid. Yield
69%. Mp 261.6–262.9 °C. 1H NMR (400 MHz, DMSO-d6) δ

10.88 (s, 1H), 9.71 (s, 1H), 8.68 (s, 1H), 8.20 (d, J = 8.3 Hz,
2H), 8.16 (d, J = 8.4 Hz, 1H), 8.04 (s, 1H), 8.02 (s, 1H), 7.97 (q,
J = 2.4, 1.6 Hz, 2H), 7.91 (dd, J = 8.7, 5.4 Hz, 2H), 7.79 (dd, J =
8.4, 1.4 Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H), 7.36 (t, J = 8.8 Hz,
2H); 13C NMR (101 MHz, DMSO-d6) δ 173.2, 164.8, 155.4,
145.6, 144.7, 143.6, 139.9, 139.5, 139.2, 136.9, 133.2, 132.9,
132.2, 130.4, 130.1, 129.9, 129.8, 129.6, 129.3, 129.2, 128.2,
126.1, 120.7, 120.6, 116.7, 116.5, 114.4; HR-ESI-MS calcd for
C29H17FN2O4 [M + H]+ 477.1172; found 477.3286.

4.6.24 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl) -4-nitrobenzamide (7x). Light yellow
solid. Yield 70%. Mp 262.3–263.4 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.96 (s, 1H), 9.71 (s, 1H), 8.68 (t, J = 1.7 Hz, 1H),
8.36 (d, J = 8.9 Hz, 2H), 8.28 (d, J = 8.9 Hz, 2H), 8.16 (d, J =
8.4 Hz, 1H), 8.02 (d, J = 9.1 Hz, 2H), 8.00–7.95 (m, 1H), 7.90
(dd, J = 8.8, 5.4 Hz, 2H), 7.77 (dd, J = 8.4, 1.5 Hz, 1H), 7.56 (t,
J = 8.0 Hz, 1H), 7.35 (t, J = 8.8 Hz, 2H); 13C NMR (101 MHz,
DMSO-d6) δ 173.2, 164.51, 161.90, 155.42, 149.67, 145.57,
144.67, 140.80, 139.90, 139.40, 135.11, 132.21, 129.94, 129.90,
129.90, 129.85, 129.28, 126.04, 124.12, 123.97, 123.97, 123.69,
122.75, 120.64, 120.54, 116.63, 116.42, 116.21; HR-ESI-MS
calcd for C28H17FN2O6 [M + H]+ 497.1076; found 497.1976.

4.6.25 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-[1,1′-biphenyl]-4-carboxamide (7y).
Yellow solid. Yield 63%. Mp 254.8–256.1 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.65 (s, 1H), 9.71 (s, 1H), 8.72 (t, J = 1.7 Hz, 1H),
8.19 (d, J = 8.5 Hz, 1H), 8.18 (s, 1H), 8.15 (s, 1H), 8.04 (d, J = 1.4
Hz, 1H), 8.01 (dt, J = 8.2, 2.1 Hz, 2H), 7.96–7.91 (m, 2H), 7.86 (d,
J = 8.4 Hz, 2H), 7.83–7.78 (m, 2H), 7.77 (s, 1H), 7.57 (t, J = 8.0
Hz, 1H), 7.52 (t, J = 7.6 Hz, 2H), 7.44 (dd, J = 8.3, 6.3 Hz, 1H),
7.38 (t, J = 8.8 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ 173.2,
165.8, 161.9, 155.5, 145.8, 144.7, 143.7, 139.9, 139.8, 139.6,
135.1, 135.1, 133.9, 132.1, 130.0, 129.9, 129.6, 129.2, 129.0,
128.7, 127.4, 127.0, 126.1, 123.8, 122.7, 120.7, 120.4, 116.7,
116.4, 116.2; HR-ESI-MS calcd for C34H22FNO4 [M + H]+

528.1533; found 528.1605.

4.6.26 N-(3-(7-(4-Fluorophenyl)-3-hydroxy-4-oxo-4H-
chromen-2-yl)phenyl)-4-propylbenzamide (7z). Light yellow
solid. Yield 64%. Mp 245.3–246.4 °C. 1H NMR (400 MHz,
DMSO-d6) δ 10.52 (s, 1H), 9.69 (s, 1H), 8.69 (t, J = 1.9 Hz, 1H),
8.18 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 1.6 Hz, 1H), 8.01–7.98 (m,
2H), 7.98–7.95 (m, 2H), 7.95–7.90 (m, 2H), 7.80 (dd, J = 8.4,
1.7 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.39 (d, J = 2.1 Hz, 1H),
7.37 (d, J = 1.9 Hz, 1H), 7.36 (s, 1H), 7.35 (d, J = 1.3 Hz, 1H),
2.68–2.61 (m, 2H), 1.64 (h, J = 7.3 Hz, 2H), 0.91 (t, J = 7.3 Hz,
3H); 13C NMR (101 MHz, DMSO-d6) δ 173.2, 166.1, 161.9,
155.4, 146.7, 145.8, 144.7, 140.0, 139.8, 135.1, 132.6, 132.1,
130.0, 129.9, 129.2, 128.8, 128.35, 126.1, 123.7, 122.7, 120.7,
120.1, 116.6, 116.4, 116.2, 37.5, 24.37, 14.1; HR-ESI-MS calcd
for C31H24FNO4 [M + H]+ 494.1689; found 494.1760.

4.7 In vitro cytotoxicity against seven different cancer cell
lines

The human cancer cell lines HCC1937, A549, HeLa, and GTL-
16 were cultured in RPMI medium 1640 with 10% FBS, 100 U
mL−1 penicillin, and 100 mg mL−1 streptomycin, whereas
MDA-MB-231, MCF-7, and Hep G2 were cultured in high
sugar DMEM medium with 10% FBS, 100 U mL−1 penicillin,
and 100 mg mL−1 streptomycin. All the cells were incubated
in an incubator at 37 °C with 5% CO2, and all the
experiments were performed while the cells were in the
logarithmic growth phase. Cells were inoculated in 96-well
plates at a density of 4 × 103–6 × 103 cells per well and
incubated for 24 h. After the cells were fully plastered, 100 μL
of serum-free medium with various concentrations of
compounds was added and incubated at 37 °C for 72 h. A cell
viability assay (CCK8 assay) was performed after compound
administration. LY294002 and 5-fluorouracil were selected as
positive controls, and both blank and zeroed groups were set
up. A 10% CCK8 solution was added to each well in a final
volume of 110 μL and incubated at 37 °C for 2 h. The
absorbance (optical density, OD) at 450 nm and 630 nm was
measured on a multifunctional microplate analyzer (Mithras2
LB943, Berthold, Germany). The concentration of a
compound that inhibited cell growth by 50% (IC50) was
processed by SPSS 19.0 statistical software. The inhibition
rate was calculated by the formula [1 − (experimental group −
background group)/(blank group − zero-adjusted group)] ×
100%. Five replicate wells were set up for each experimental
group, and the results of three independent experiments were
expressed as mean ± SD.

4.8 Colony-formation assay

The MDA-MB-231 cells were inoculated at 800 cells per well
in 12-well plates with 3 replicate wells per group and
incubated in an incubator at 37 °C with 5% CO2 for 5–7 days.
When 30–50 cell clusters were formed, the drug was added
and incubation was continued for 24 h, 48 h, and 72 h. The
old medium was removed, the cells were washed twice with
pre-cooled PBS, and fixed with 4% paraformaldehyde for 30
minutes. The fixative was removed, and a 0.5% crystal violet
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staining solution was added. The cells were then gently
washed with water and air-dried. The clones were
photographed using a gel imager and counted by ImageJ
software.

4.9 Hoechst staining assay

The MDA-MB-231 cells were inoculated in 6-well plates at 2 ×
105 –3 × 105 per well and incubated overnight in an incubator
at 37 °C with 5% CO2. After the cells were plastered, the drug
was added and incubated for 48 h. The old solution was
removed, the cells were washed twice with PBS, and
methanol was added to fix the cells for 30 minutes. The cells
were washed twice with PBS to remove the methanol, 500 μL
of Hoechst 33258 staining solution was added to each well
and the cells were stained for 30 minutes at room
temperature with protection from light. Cells were assessed
morphologically using a fluorescence microscope.

4.10 Cell cycle assay

The MDA-MB-231 cells were treated with different
concentrations of compound 7t for 48 h, digested with
trypsin, and collected from the walled cells. After
centrifugation, the supernatant was discarded, the cells were
washed 2–3 times with PBS, and collected so that each
sample contained approximately 1 × 106 cells per mL. 500 μL
of pre-cooled 70% ethanol was added and fixed overnight at
4 °C. A centrifuge was used to remove the ethanol, the cells
were resuspended with PBS, and the cell suspension was
filtered through a 200-mesh nylon membrane. A CytoFLEX
flow cytometer (Beckman Coulter, USA) was used to measure
the cell cycle, and the excitation wavelength of red
fluorescence was measured at 488 nm.

4.11 Annexin V-FITC/PI double staining assay for detection of
apoptosis

The MDA-MB-231 cells were treated with different
concentrations of compound 7t for 48 h, digested with
trypsin, and collected from the walled cells. After
centrifugation, the supernatant was discarded, the cells were
washed 2–3 times with PBS, and collected so that each
sample contained approximately 5 × 105 cells per mL. The
cells were resuspended with 500 μL of binding buffer, 5 μL of
Annexin V-FITC and 5 μL of PI were added, and the reaction
was carried out at room temperature and protected from light
for 15 minutes. Then the cells were detected by a CytoFLEX
flow cytometer (Beckman Coulter, USA) with an excitation
wavelength of Ex = 488 nm and an emission wavelength of
Em = 530 nm.

4.12 Wound healing migration assay

The MDA-MB-231 cells were inoculated and cultured in 6-well
plates at 4 × 105 cells per well overnight. After the cells were
adhered to the wall, they were scribed with a sterilized 200
μL gun tip, washed with PBS solution to remove the scribed

cells, and incubated with the normal medium or compound
7t. Photographs were taken with a phase contrast microscope
at time points of 0, 12 h, 24 h, and 48 h of incubation.

4.13 Transwell invasion assays

The MDA-MB-231 cells in the logarithmic growth phase were
counted by trypsin digestion with a counting plate, and
single cell suspensions were prepared by resuspension in
serum-free medium at a density of 5 × 105 cells per well. A
total of 600 μL of complete medium was added to the lower
chamber of the Transwell chamber. A cell suspension of 200
μL per well was uniformly added dropwise to the upper
chamber, along with different concentrations of compound
7t, and placed in an incubator at 37 °C for 48 h. The upper
chamber medium was removed and allowed to soak in
methanol for 2 h for fixation. Non-invasive cells in the upper
chamber were removed with a sterile swab containing PBS,
then inverted and air-dried. Cells in the small chamber were
stained with 500 μL of 0.5% crystalline violet for 30 minutes,
then washed with PBS and air-dried, photographed with a
microscope, and counted using ImageJ software.

4.14 Western blotting analysis

The MDA-MB-231 cells were incubated in 6-well plates with
different concentrations of compound 7t at 37 °C for 12 h,
trypsin digested, washed with PBS, and centrifuged to obtain
cell samples. A protein lysis solution (10× RIPA + 1× PMSF)
was added at 0 °C and the cells were fully lysed for 30 min.
The samples were placed at 14 000 × g and centrifuged at 4
°C for 10 minutes, and the supernatant was the extracted
protein. The protein concentration was determined using the
BCA protein assay kit. Protein samples (40 μg) were processed
by SDS-PAGE gel electrophoresis and then transferred to
PVDF membranes. The PVDF membrane strips containing
the target proteins were blocked with 5% skim milk powder
and then incubated with the primary antibody at 4 °C
overnight. The membrane strips were removed and washed
three times with TBST. The strips are incubated with the
secondary antibody for 2 h at room temperature. The strips
were removed and washed three times with TBST for five
minutes each time. The developing solution (1 : 1 ratio of
liquid A to liquid B, which can be used directly) was evenly
dropped onto the protein side of the strips and incubated for
one minute at room temperature. After incubation, the strips
were transferred to a gel imager for exposure imaging.

4.15 Molecular modeling

Surflex-dock in Sybyl 2.1 was used for molecular docking.
The structures of small molecules were built in the Sybyl
package with standard bond lengths and angles and
minimized using the Powell method. The termination of the
gradient, force field of Tripos and charge of Gasteiger–Hückel
were applied for the minimization process. The AMBER FF99
force field was applied for the protein after extracting all the
non-polar water and addition of hydrogen atoms. The
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standard docking procedures were performed with
parameters set in default. The reliability of the docking
strategy was verified by re-docking the original ligand into
the crystal structure. After docking, residues within 5 Å of the
inhibitors were identified and the conformations that
appeared the most frequently and possessed the lowest
binding free energy were selected for further analysis.
Binding modes and interactions were analyzed in Pymol.
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