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Abstract CDK9 is a promising drug target for treating many diseases such as cancer and HIV. In

our previous studies, two series of 5-(substituted amino)-1H-indole-2-carbohydrazide derivatives

were discovered as CDK9 inhibitors exhibiting potent HIV-1 transcription inhibition and anti-

cancer activities. In a continuing effort to develop new CDK9 inhibitors endowed with good anti-

cancer activity, we designed and synthesized a series of new benzene carbohydrazide derivatives

bearing a (pyridyl pyrimidin-2-yl)amino moiety in position-4 of the phenyl ring. This work reports

the preparation of benzene carbohydrazide derivatives, their inhibition effect on HIV-1 transcrip-

tion, and the preliminary structure–activity relationships. Compound 9h was found to be the most

potent CDK9 inhibitor and exhibited excellent anti-proliferative activities against cancer cells

(A375, A549, HepG2, and MCF-7) but was less toxic to normal cells (MCF-10A and HaCaT). Fur-

ther bioassays indicated that compound 9h could induce the apoptosis of cancer cells, which con-

tributes to its antitumor effects. Finally, we performed molecular docking studies to predict the
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binding mode of 9h at the ATP binding site of CDK9 and identify the essential amino acids respon-

sible for the interactions.

� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cyclin-dependent kinases (CDKs) are a family of serine/thre-

onine kinases that control cell cycle and cell transcription
(Doree and Galas 1994, Malumbres 2014). As a serine kinase,
CDK9 and its partner Cyclin T comprise positive transcription
elongation factor b (P-TEFb), which plays a crucial role in

transcriptional regulation (Peng et al., 1998). P-TEFb phos-
phorylates Polymerase II (Pol II) C-terminal domain (CTD)
Serine-2, which subsequently recruits other transcription fac-

tors or cofactors for productive transcription. Moreover, P-
TEFb also phosphorylates the subunit of DRB Sensitivity
Inducing Factor (DSIF) and negative elongation factor

(NELF), which inhibits the negative effect of NELF and con-
verts DSIF into a positive elongation factor (Zhou et al.,
2012). Pol II pause release is a rate-limiting step for transcrip-
tion elongation, especially for HIV and cancers (Rahl et al.,

2010, Lu et al., 2013, Huang et al., 2014). Therefore, CDK9
is a valuable target for antiviral and antitumor drug develop-
ment. Previous studies have shown that CDK9 inhibitors

potently induced cancer cell apoptosis by inhibiting the activity
of Pol II and reducing intracellular mRNA levels of various
anti-apoptotic proteins (Rahaman et al., 2019).

At present, some small molecules targeting CDK9 have
been reported, including selective and pan-CDK inhibitors.
As shown in Fig. 1, Flavopiridol (FLP), one of the earliest

nonselective CDKs inhibitors, was the first CDK9 inhibitor
to enter clinical trials (Senderowicz 1999) for the treatment
of chronic lymphocytic leukemia (CLL) (Kouroukis et al.,
2003). However, the poor selectivity and side effects limited

its further development. After that, several targeting CDK9
inhibitors, including LS-007 (Walsby et al., 2014, Xie et al.,
Fig. 1 Structures of represe
2016), Atuveciclib (Lücking et al., 2017), ly2857785 (Yin
et al., 2014), and NVP-2 (Olson et al., 2018) were subsequently
discovered. Some of them have entered into clinical trials. For

instance, LS-007 exhibited potent inhibition over CDK1,
CDK2, CDK4, and CDK9 with IC50 in the range of 3–
8 nM, which can treat acute lymphoblastic leukemia (ALL)

and acute myeloid leukemia (AML). ly2857785, a potent
CDK9 inhibitor, inhibited the growth of a wide range of can-
cer cell lines, especially in hematologic tumor cells. Atuveciclib

and NVP-2 also showed high potency against CDK9 to treat
multi-malignancies. Albeit numerous prospective targeting
CDK9 molecules have been developed and validated, there
were no reported inhibitors that solve the problems of pan-

CDK inhibitors with low selectivity and high toxicity proper-
ties (Wu et al., 2020). Therefore, it is necessary to continually
discover new targeting CDK9 entities with excellent biological

activities and physicochemical properties.
Our previous research found that 2,5-disubstituted indole

derivative 3b could act as a CDK9 inhibitor to impede the

phosphorylation at Ser2 of RNAPII CTD and induce cancer
cells apoptosis (Hu et al., 2016). Subsequently, compound
12i derived from 3b exerted significant inhibition of CDK9
activity and excellent anticancer activity but low toxic activity

on normal cells (Hu et al., 2020). Generally, the pyrimidin-2-
amine-4-yl moiety contained in many kinase inhibitors helps
suppress kinase activity. It can provide hydrogen bond donors

and hydrogen bond acceptors to form hydrogen bond interac-
tions with key residues in the hinge region of the kinases. This
study wanted to further optimize 12i using scaffold hopping

and substitution decorating strategies (Fig. 2). For lead com-
pound 12i, we retained 2-(k2azanyl)-4-(pyridin-3-yl)pyrimidine
moiety and carbohydrazide group, changed the indole scaffold
ntative CDK9 inhibitors.
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Fig. 2 The design strategy of compounds 9a-9n, 10a-10n, and 11a-11n.
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to a phenyl ring, and introduced different substitutions at the

position of the methylene group (R1), building the structure of
the target compounds 9a-9n (Fig. 2). To evaluate the effect of
the pyridine link position on the inhibitory activity, the m-
pyridine on the amino was then replaced by o- and p-

pyridine to get compounds 10a-10n and 11a-11n, respectively.
In this study, we synthesized three series target compounds

and evaluated their CDK9 inhibitory by using a luciferase

transcription assay for HIV-1 transcription efficiency. From
the preliminary studies of the CDK9 inhibitory, active com-
pounds were further taken up for screening anticancer activity

against a panel of four cancer cell lines and the toxic effect on
two normal cell lines. Subsequently, the most active com-
pound, 9h, was evaluated to study its effect on inhibition of

phosphorylation of the RNAPII CTD Ser2, the expression
levels of cleaved PARP (apoptosis-related protein), and induc-
tion of cell apoptosis. Finally, we performed molecular dock-
ing studies to predict the possible binding model of 9h and

CDK9.

2. Results and discussion

2.1. Chemistry

The synthetic route of the target compounds is outlined in
Scheme 1. The refluxing of ethyl 4-aminobenzoate (1) and cya-
namide in the presence of concentrated HCl yielded ethyl 4-

guanidinobenzoate (2). Compound 2 refluxed with 3-dimethyla
mino-1-(3-pyridyl)-2-propen-1-one, 3-dimethylamino-1-(2-pyri
dyl)-2-propen-1-one, and 3-dimethylamino-1-(4-pyridyl)-2-pro

pen-1-one afforded 3, 4, and 5 respectively. Then, compounds
3–5 reacted with hydrazine hydrate to form hydrazine prod-
ucts 6–8, respectively. The further condensation reaction of
hydrazine products 6–8 with the appropriate aldehydes gave

the corresponding hydrazone products 9a-9n, 10a-10n, and
11a-11n, respectively. The structures of the target compounds
were characterized by 1H NMR, 13C NMR, and HRMS.
2.2. Inhibition of CDK9 activity and SAR analysis

CDK9 is a core kinase of the P-TEFb complex and regulates
transcription elongation, especially for HIV-1, oncogenes,

and cancer suppressors. NH2 cells obtain an integrated HIV-
LTR-luciferase reporter gene and Tat-Flag, which simulates
the CDK9-dependent HIV-1 transcription (Li et al., 2013).

As CDK9 inhibitors could effectively inhibit HIV-1 transcrip-
tion, we used the HIV-1 transcription cell model NH2 for
screening to intuitively and rapidly detect the inhibitory of tar-

get compounds (Hu et al., 2016; Hu et al., 2020). By comparing
the luciferase expression in compound-treated NH2 cells with
that in DMSO-treated NH2 cells, we calculated the HIV-1
transcription activity of NH2 cells treated with each com-

pound at three different concentrations (Tables 1–3). The
low rate of HIV-1 transcription activity means a high potential
inhibition of CDK9. Among these three series of target com-

pounds, we found that nine compounds at 20 mM exhibited
a good inhibition of CDK9 activity with the HIV-1 transcrip-
tion rate of less than 20%. Compound 9h was identified as the

most potential CDK9 inhibitor because it inhibited 96% HIV-
1 transcription in NH2 cells. These results showed the relation-
ships between the inhibitory activity and structure of target
compounds, and SARs analyses were discussed as follows.

2.2.1. N0-methylene-4-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)
benzohydrazide Derivatives (9a-9n)

As shown in Table 1, all of the N0-methylene-4-((4-(pyridin-3-
yl)pyrimidin-2-yl)amino)benzohydrazide derivatives (9a-9n,
Series A) possessed a different degree of inhibitory ability of
the HIV-1 transcription. When R1 was an aliphatic alkyl

group, the inhibition of the HIV-1 transcription effect was
weak. We found that both 9a (R1 = butyl group) and 9b (R1-
= pentyl group) showed the inhibitory activity with the HIV-

1 transcription inhibition rates of 59% and 49% at 20 mM,
respectively. When R1 was an aromatic group, almost all com-
pounds (9c-9n, except 9g) exhibited >50% HIV-1 transcrip-



Scheme 1 The synthetic route of target compounds. Reagents and conditions: (a) H2NCN, concd HCl, EtOH, reflux, 24 h, NH4NO3

(aq); (b) 3-(dimethylamino)-1-(3-pyridinyl)prop-2-en-1-one, NaOH, EtOH, reflux, 48 h; (c) (E)-3-(dimethylamino)-1-(pyridin-2-yl)prop-2-

en-1-one, NaOH, EtOH, reflux, 48 h; (d) (E)-3-(dimethylamino)-1-(pyridin-4-yl)prop-2-en-1-one, NaOH, EtOH, reflux, 48 h; (e) NH2-

NH2�H2O, 95% EtOH, 80 �C, 8 h; (f) RCHO, EtOH, 80 �C, 2 h.
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tional inhibitory activity. Compound 9g bearing a p-

carboxylphenyl group at the position of the methylene group
displayed low activity to inhibit HIV-1 transcription with inhi-
bition rates of 23% at 2.0 mM and 33% at 20 mM, respectively,
implying that an acid electron-withdrawing substituent on the

aromatic ring greatly weakened the inhibitory activity. Com-
pound 9k with a naphthalene moiety at the position of the
methylene group also had lower inhibitory activity (HIV-1

transcriptional inhibition rates of 43% at 2.0 mM and 55%
at 20 mM). Compounds 9l-9n with an aromatic heterocyclic
substitution had similar inhibitory activities with compounds

with unsubstituted (9c) or substituted (9d-9f and 9h-9j) phenyl
ring. They had the inhibitory effects at 20 mM in the order 2-
furyl (9l) > 2-pyridyl (9n) > 2-thienyl (9m). Among com-
pounds 9c-9j with R1 of a mono- or di-substituted benzene

ring, compound 9h (R1 = p-methoxyphenyl group) displayed
the most potent HIV-1 transcription inhibitory activity with
inhibition rates of 74% and 96% at 2.0 mM and 20 mM,

respectively.

2.2.1.1. N0-methylene-4-((4-(pyridin-2-yl)pyrimidin-2-yl)

amino)benzohydrazide Derivatives (10a-10n, series B). Among
target compounds with 2-pyridyl on the 4-position of pyrim-
idine (Table 2), we found that 10a (64% at 20 mM) and 10b

(68% at 20 mM) with aliphatic alkyl groups had a higher inhi-
bitory potency on HIV-1 transcription than corresponding 9a

(59% at 20 mM) and 9b (49% at 20 mM) but still less active
than most of the compounds with an aromatic group (10c-
10n). Besides, like 9g and 9k, compounds with a p-

carboxylphenyl group (10g: 22% at 20 mM) and a naphthalene
moiety (10k: 22% at 20 mM) displayed similar less inhibitory
activity than other N0-methylene-4-((4-(pyridin-2-yl)pyrimi
din-2-yl)amino)benzohydrazide derivatives. In comparison,

compounds (10l-10n) with an aromatic heterocyclic group pos-
sessed similar or better inhibitory activities than compounds
(10c-10j) with unsubstituted or substituted phenyl groups.

For instance, 10l (R1 = 2-furyl, 93% at 20 mM) showed the
best HIV-1 transcription inhibition among compounds 10c-
10n. In contrast, compounds (10c-10j) with an unsubstituted

or substituted phenyl ring had inhibitory activity rates from
57% to 86% at 20 mM. In particular, compound 10h with
R1 of the p-methoxyphenyl group also exhibited the most
potent inhibitory effect (86% at 20 mM) in these phenyl substi-

tuted derivatives (10c-10j). The results suggested that the SAR
of N0-methylene-4-((4-(pyridin-2-yl)pyrimidin-2-yl)amino)ben
zohydrazide derivatives was consistent with that of the N0-me

thylene-4-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)benzohydra
zide derivatives.

2.2.1.2. N0-methylene-4-((4-(pyridin-3-yl)pyrimidin-2-yl)
amino)benzohydrazide Derivatives (11a-11n, series C). For
compounds with 3-pyridyl on the 4-position of pyrimidine

(Table 3), we found compound 11e (89% at 20 mM) with an
o-fluoro phenyl group had the best activity. In comparison,
compound 11h (76% at 20 mM) bearing a p-methoxyphenyl
group only had moderate inhibitory activity. Among series C



Table 1 The activity of HIV-1 transcription in NH2 cells treated with target compounds 9a-9n (Series A) or positive compounds

(FLP, 3b, and 12i).

NH
O

NHN
N

N N
R

Compound Structure HIV-1 transcription activity

R1 0.2 (lM) 2.0 (lM) 20 (lM)

9a 0.82 ± 0. 10 0.77 ± 0.02 0.41 ± 0.05

9b 0.80 ± 0.01 0.73 ± 0.10 0.51 ± 0.02

9c 0.77 ± 0.02 0.50 ± 0.04 0.21 ± 0.01

9d 0.47 ± 0.05 0.38 ± 0.08 0.32 ± 0.05

9e

F

1.00 ± 0.10 0.44 ± 0.04 0.30 ± 0.01

9f OH 0.77 ± 0.10 0.55 ± 0.12 0.15 ± 0.04

9g COOH 0.85 ± 0.20 0.77 ± 0.06 0.67 ± 0.10

9h OCH3 0.70±0.10 0.26±0.03 0.04±0.01

9i
OCH3H3CO

0.93 ± 0.08 0.59 ± 0.06 0.27 ± 0.02

9j OCH3

OCH3
0.81 ± 0.05 0.39 ± 0.01 0.17 ± 0.02

9k

H3CO

0.87 ± 0.02 0.57 ± 0.01 0.45 ± 0.02

9l
O

0.79 ± 0.09 0.54 ± 0.03 0.13 ± 0.01

9m
S

0.78 ± 0.02 0.56 ± 0.03 0.28 ± 0.01

9n
N

0.87 ± 0.02 0.61 ± 0.03 0.16 ± 0.05

FLP 0.15 ± 0.05 NT NT

3b 0.76 ± 0.06 0.64 ± 0.05 0.26 ± 0.03

12i 0.2 ± 0.10 0.09 ± 0.08 0.07 ± 0.03

The values are the mean ± SD of at least three independent experiments. NT: Not Tested.
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of target compounds, compounds 11a (13% at 20 mM) and 11b

(29% at 20 mM) with aliphatic groups displayed lower inhibi-

tory potency on HIV-1 transcription than those with R1 of
aromatic moieties (53–89% at 20 mM, except 11g). Among
compounds with aromatic groups (11c-11n), 11g with a p-

carboxylphenyl group exhibited the lowest inhibitory activity.
These results are consistent with those of the above two series
of target compounds. Compared with the corresponding com-

pounds of series A (9c-9f, 9h-9j, and 9l-9n) and series B (10c-
10f, 10h-10j, and 10l-10n), most of the target compounds of
the series C (11c-11f, 11h-11j, and 11l-11n) displayed lower
inhibitory activities. However, when R1 was of a 2-

methoxynaphthalen-1-yl group, 11k (76% at 20 mM) showed
a better inhibition than 9k (55% at 20 mM) and 10k (22% at
20 mM). Compound 11e (89% at 20 mM) with R1 of an o-

fluoro phenyl group had higher activity than the correspond-
ing 9e (70% at 20 mM) and 10e (76% at 20 mM).

Overall, we could conclude that both the substituent (R1)

on the carbon of the methylene group and the pyridyl group
on the C-4 position of the pyrimidine ring could significantly



Table 2 The activity of HIV-1 transcription in NH2 cells treated with target compounds 10a-10n (Series B) or positive compounds

(FLP, 3b, and 12i).

Compound Structure HIV-1 transcription activity

R1 0.2 (lM) 2.0 (lM) 20 (lM)

10a 0.83 ± 0.15 0.69 ± 0.10 0.36 ± 0.01

10b 0.75 ± 0.10 0.63 ± 0.05 0.32 ± 0.07

10c 1.00 ± 0.18 0.34 ± 0.05 0.22 ± 0.02

10d 0.85 ± 0.10 0.57 ± 0.10 0.43 ± 0.05

10e

F

0.81 ± 0.06 0.46 ± 0.05 0.24 ± 0.02

10f OH 0.82 ± 0.09 0.73 ± 0.15 0.22 ± 0.02

10g COOH 0.85 ± 0.09 0.84 ± 0.06 0.78 ± 0.04

10h OCH3 0.87 ± 0.05 0.46 ± 0.05 0.14 ± 0.02

10i
OCH3H3CO

1.00 ± 0.15 0.60 ± 0.14 0.27 ± 0.06

10j OCH3

OCH3
0.74 ± 0.08 0.39 ± 0.05 0.18 ± 0.10

10k

H3CO

1.00 ± 0.20 0.92 ± 0.10 0.78 ± 0.12

10l
O

0.89 ± 0.12 0.50 ± 0.06 0.07 ± 0.01

10m
S

1.00 ± 0.25 0.50 ± 0.14 0.27 ± 0.07

10n
N

0.87 ± 0.09 0.61 ± 0.05 0.33 ± 0.01

FLP Positive compounds 0.15 ± 0.05 NT NT

3b 0.76 ± 0.06 0.64 ± 0.05 0.26 ± 0.03

12i 0.2 ± 0.10 0.09 ± 0.08 0.07 ± 0.03

The values are the mean ± SD of at least three independent experiments. NT: Not Tested.
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affect the inhibitory activity of HIV-1 transcription. For sub-
stituent R1, aromatic-substituted derivatives generally have

better inhibitory activity than aliphatic hydrocarbon-
substituted compounds. Introducing an acid electron-
withdrawing group (ACOOH) to the phenyl ring was unfavor-

able to the inhibitory activity of HIV-1 transcription. Apart
from that, the effect of the N-position of the pyridyl ring on
the inhibitory activity of HIV-1 transcription was 3-pyri

dyl > 2-pyridyl > 4-pyridyl. The SARs of synthesized com-
pounds are summarized in Fig. 3. Additionally, the active com-
pound 9h displayed better CDK9 inhibition than our
previously reported compound 3b; however, compared with
our another reported compound 12i, 9h exhibited similar activ-

ity at 20 lM but less inhibitory activity at low concentrations
(0.2 lM and 2.0 lM). Both 12i and 9h bear the 4-(pyridin-3-yl)
pyrimidin-2-yl substitution at their parent nucleus (C5-

position of indole ring and C4-position of benzene ring,
repectively) and the 4-(pyridin-3-yl)pyrimidin-2-yl moiety
might be a good pharmacophore which can help to form the

optimal interactions of a small molecule with CDK9
biologic target and to block its biologic response (HIV-1
transcription).



Table 3 The activity of HIV-1 transcription in NH2 cells treated with target compounds 11a-11n (Series C) or positive compounds

(FLP, 3b, and 12i).

NH
O

NHN
N

N
NR

Compound Structure HIV-1 transcription activity

R1 0.2 (lM) 2.0 (lM) 20 (lM)

11a 0.92 ± 0.12 0.87 ± 0.08 0.87 ± 0.20

11b 0.97 ± 0.22 0.73 ± 0.12 0.71 ± 0.09

11c 0.85 ± 0.11 0.56 ± 0.08 0.45 ± 0.08

11d 0.91 ± 0.12 0.69 ± 0.09 0.30 ± 0.02

11e

F

0.93 ± 0.12 0.64 ± 0.08 0.11 ± 0.02

11f OH 0.97 ± 0.22 0.75 ± 0.12 0.45 ± 0.10

11g COOH 0.90 ± 0.12 0.89 ± 0.05 0.72 ± 0.12

11h OCH3 0.76 ± 0.10 0.36 ± 0.08 0.24 ± 0.04

11i
OCH3H3CO

0.86 ± 0.19 0.67 ± 0.05 0.36 ± 0.02

11j OCH3

OCH3
0.96 ± 0.15 0.67 ± 0.10 0.43 ± 0.08

11k

H3CO

0.98 ± 0.10 0.87 ± 0.19 0.24 ± 0.02

11l
O

0.71 ± 0.10 0.66 ± 0.12 0.33 ± 0.05

11m
S

0.77 ± 0.07 0.73 ± 0.10 0.28 ± 0.06

11n
N

1.00 ± 0.18 0.76 ± 0.23 0.47 ± 0.08

FLP Positive compounds 0.15 ± 0.05 NT NT

3b 0.76 ± 0.06 0.64 ± 0.05 0.26 ± 0.03

12i 0.2 ± 0.10 0.09 ± 0.08 0.07 ± 0.03

The values are the mean ± SD of at least three independent experiments. NT: Not Tested.
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2.3. Cell proliferation evaluation of selected compounds against
cancer and normal cells

Based on the results of the SAR analysis, the most active com-
pounds at 20 mM, including 9f, 9h, 9j, 9l, 10h, 10j and 10l, were

selected as seed compounds for further evaluation of the anti-
proliferative activities against four cancer cell lines (A375,
A549, HepG2, and MCF-7) and two normal cell lines (Hacat

and MCF-10A) in vitro. As shown in Table 4, all selected com-
pounds showed good anticancer activities (IC50: 0.57–16.0 lM)
but no significant toxicity to normal cells (IC50 > 50 lM).

Additionally, compound 9h exhibited the most excellent anti-
cancer activity with IC50 values of range from 0.57 ± 0.02 m
M to 1.73 ± 0.09 mM. Considering that compound 9h exhib-

ited excellent inhibition on HIV-1 transcription and had simi-
lar anticancer activity to the positive compound FLP, we then
selected compound 9h as a candidate compound for the fol-

lowing biological activities study.



Table 4 In vitro anti-proliferative activities of selected compounds against cancer and normal cells.

Compound IC50 (lM)±S.D.

Cancer cells Normal cells

A375 A549 HepG2 MCF-7 Hacat MCF-10A

9f 13.6 ± 0.20 4.5 ± 0.13 3.25 ± 0.11 5.84 ± 0.23 >50 >50

9h 0.58±0.02 1.73±0.09 0.57±0.02 1.14±0.06 >50 >50

9j 4.10 ± 0.02 8.90 ± 0.13 16.0 ± 0.23 5.90 ± 0.13 >50 >50

9l 13.1 ± 0.20 6.1 ± 0.10 8.2 ± 0.14 7.0 ± 0.23 >50 >50

10h 10.6 ± 0.29 4.5 ± 0.13 3.25 ± 0.14 7.78 ± 0.23 >50 >50

10j 11.2 ± 0.11 7.5 ± 0.10 8.20 ± 0.31 8.80 ± 0.20 >50 >50

10l 6.6 ± 0.12 8.0 ± 0.19 10.25 ± 0.44 7.68 ± 0.11 >50 >50

FLP 0.15 ± 0.01 0.28 ± 0.03 0.81 ± 0.03 0.21 ± 0.07 >50 >50

12i 0.10 ± 0.02 0.53 ± 0.09 0.07 ± 0.04 0.10 ± 0.06 >50 >50

The values are the mean ± standard deviation of triplicate measurements.

Fig. 3 Summary of the structure–activity relationship.
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2.4. The inhibitory activity of compound 9 h on the HIV-1
transcription and the phosphorylation of Pol II CTD Ser2

To confirm whether compound 9h was an excellent CDK9
inhibitor, we assessed its HIV-1 transcription inhibition in a

time-dependent reporter gene assay and checked the phospho-
rylated Ser2 (p-Ser2) level of RNAPII CTD in Hela cells trea-
ted with/without 9h by using western blot analysis. As shown

in Fig. 4A, compound 9h at a lower concentration
(2.0 mM) showed a time-dependent effect on the inhibition
of the HIV-1 transactivation. The inhibition rate of 9h on

HIV transcription reached 87% after 8 h treatment. Besides,



Fig. 4 (A) The HIV-1transcription inhibition of compound 9h at

different concentrations in NH2 cells. (B) Western blotting

analysis of the phosphorylated Ser2(p-Ser2) level of RNAPII

CTD in Hela cells treated with 9h at different concentrations.
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Fig. 4B and Fig. S1 showed that 9h decreased the p-Ser2
level in a dose-dependent manner and 9h showed equal inhi-

bitory activity as FLP at 2.0 mM. Taken together, these data
indicated that compound 9h could be a potent CDK9 inhi-
bitor working on blocking phosphorylation and repressing

HIV-1 transcription.

2.5. Cell apoptosis induction of compound 9 h

Most anticancer agents suppress tumor development by induc-

ing cell apoptosis. Moreover, previous studies have demon-
strated that CDK9 inhibitors could effectively induce cell
apoptosis of cancer cells. Therefore, we evaluated the ability

of compound 9h to induce cell apoptosis by detecting cleaved
PARP expressing levels and the percentage of apoptosis cells in
9h-treated cancer cells. First, we evaluated the effect of 9h on

the induction of PARP cleavage in four cancer cell lines. As
shown in Fig. 5A and Fig. S2, 9h at a concentration of
>2 lM significantly induced cleaved PARP expression. In

A549 cells and HepG2 cells, the PARP cleavage could be
detected at 1.0 mM of 9h treatment. These results indicated that
9h induced cell apoptosis in cancer cells. Interestingly, 9h-
treatment at indicated concentrations resulted in the different
expression trends of full-length PARP in A375/MCF7 and
HepG2 cells, which is similar to the results of 12i-treatment
(Hu et al., 2020). Considering that PARP is a critical enzyme

involved in DNA repair and many other biological processes,
we infer that 9h may participate in various cellular processes,
and then have different effects on the protein expressions of

full-length PARP in different cell lines.
As compound 9h performed potent anti-proliferation

against HepG2 cells (IC50 = 0.07 mM) and significant induc-

tion of cleaved PARP in HepG2 cells. To further confirm
whether compound 9h could induce apoptosis, HepG2 cells
were cultured in a medium containing different concentrations
of compound 9h (2, 5 lM) for 24 h and then analyzed by flow

cytometry after Annexin V-FITC/PI double staining. As
observed in Fig. 5B and Fig. S3, the total number of apoptotic
cells grew with increasing consistency. The treatment of 9h at

5 mM led to 28.6% apoptosis cells. The colony formation assay
is often used to detect the cancer cell survival and proliferation
abilities. Thus, we carried out a colony formation assay to

detect the antitumor roles of the compound 9h. As shown in
Fig. 5C, we found that compound 9h could both eliminate
the colonies and decrease the colony sizes, indicating that 9h

had a strong anti-survival effect on liver cancer cells and also
played antiproliferation roles. These results further demon-
strate that compound 9h has potent anticancer properties.

2.6. Molecular docking study

The molecular docking method is generally performed to com-
prehensively understand the protein-small molecule interac-

tions at the atomic level. So, we first performed molecular
docking studies to identify the orientation, binding pattern,
and the interacting amino acids of 9h in CDK9 using the

Induced Fit docking protocol of Schrödinger Suits (a profes-
sional drug design software). The native ligand FLP and our
previously reported molecule 12i were also subjected to dock-

ing studies for comparison. Based on the docking score and
docking pose, the preferential docking patterns of 9h, FLP,
and 12i were produced. As shown in Fig. 6, compound 9h

could dock well into the binding cavity of CDK9 and had a

similar binding orientation to the native ligand FLP

(Fig. S4). However, the indole scaffold of 12i made the molec-
ular size too bulky and further increased its spatial resistance,

resulting in its binding conformation opposite to that of 9h and
FLP. The docking score of 9h (�7.072) was observed to be
higher than that of 12i (�6.878) but lower than that of FLP

(�8.442). Subsequently, we used the MMGBSA module to cal-
culate the binding free energy of the simulated complexes 9h/
CDK9, FLP/CDK9, and 12i/ CDK9. It exposed the binding
free energy (BFE) of 9h (�87.12 kcal/mol) was lower than

those of FLP (�68.67 kcal/mol) and 12i (�69.43 kcal/mol).
Next, we analyzed the binding models of complexes 9h/

CDK9, FLP/CDK9, and 12i/ CDK9. For complex 9h/

CDK9, as depicted in Fig. 6A and D, the amino group on
C4-position of benzene ring, serving as a hydrogen bond
donor, forms a powerful hydrogen bond (2.0 Å) with resi-

dues ASP104 in the hinge region of CDK9. Oxygen atom
on the carbonyl group of 9h, as a hydrogen bond acceptor,
forms two hydrogen bonds to residues LYS48 and ASP167

with distances of 2.3 Å and 2.2 Å, respectively. Besides,
the benzene ring of 9h forms a strong pi-pi interaction with



Fig. 5 The apoptosis induction of 9h in cancer cells. (A) Induction of PARP cleavage by 9h. Different cancer cell lines were treated with

9h at indicated concentrations for 24 h. Cleaved PARP was tested by western blotting. (B) Apoptosis assay of compound 9h on HepG2

cells. HepG2 cells were treated with compound 9h at indicated concentrations for 24 h, then subjected to double stating and detected

through FACS. (C) Colony formation assay of 9 h on HepG2 cells. Cells were treated with compound 9 h at indicated concentrations for

7 days, then subjected to crystal violet staining.
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residues PHE30 with a short p-p stacking distance of 3.3 Å.
Additionally, the aromatic rings of 9h also form strong

hydrophobic interactions with amino acid residues in the
protein’s active site. In comparison of the 3D docked poses
of 9h with those of the reference ligands (FLP and 12i),

ASP167 is found to be a common interaction residue
(Fig. 6). Besides, both 9h and FLP can interact with the
residue ASP104, whereas 9h and 12i possess an additional

common interaction with PHE30, which is not found in
the native ligand FLP. However, compared with FLP and
12i, 9h lacks hydrogen bond interactions formed with
CYS106 in the hinge region.

The modeling study demonstrates that 9h can competently
bind to the active pocket of CDK9. Moreover, the docking
results indicates that 9h (docking Score, �7.072; BFE value,

�87.12 kcal/mol) has a similar or even better binding affinity
with CDK9 compared to 12i (docking Score, �6.878; BFE
value, �69.43 kcal/mol), which is not consistent with their

inhibition effect at low concentrations on HIV-1 transcription.
Thus, we speculate that the physicochemical properties (e.g.



Fig. 6 The co-crystal structure of CDK9 in complex with FLP (PDB ID: 3BLR) and proposed CDK9 binding models of 9h and 12i.

Compounds 9h (A, green), FLP (B, yellow), and 12i (C, cyan) are shown in the sticks model, the protein is displayed as a colorful cartoon,

and the key residues are represented as white sticks. H-bonds are indicated with yellow dashed lines, and p-p stacking interactions are

shown as magenta dashes. Two-dimensional binding pattern of 9h (D), FLP (E), 12i (F) and CDK9 produced by Schrödinger. Purple solid

arrows indicate hydrogen bonds, green lines indicate p-p interactions, green bands around ligands indicate hydrophobic interactions

between 9h, FLP, 12i and the binding pocket residues.
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the low membrane permeability) of 9hmight play a critical role

in its poor absorption, resulting in its low inhibition of CDK9
activity at low concentrations (0.2 lM and 2.0 lM).

3. Conclusion

In summary, we described the continuous optimization of pre-
viously disclosed (5-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)-

1H-indole carbohydrazide derivatives as CDK9 inhibitors.
The strategy was to replace the indole ring with a phenyl ring,
change the link position of pyridine at the 4-position of pyrim-

idine, and introduced different substitutions at the position of
the methylene group, producing three series of benzene carbo-
hydrazide derivatives. Finally, 42 new benzene carbohydrazide

derivatives bearing a (pyridyl pyrimidin-2-yl)amino moiety on
the para-position were synthesized and evaluated for their inhi-
bition effect on HIV-1 transcription. We then discovered that
almost all synthetic compounds at 20 lM showed excellent

inhibition of HIV-1 transcription, implying they were potent
CDK9 inhibitors. In particular, compound 9h, which dis-
played excellent anti-proliferative potency in cancer cells but

not in normal cells, could suppress both HIV-1 transcription
and the phosphorylation at Serine2 of the RNAPIICTD in a
dose-dependent manner. Meanwhile, compound 9h was found
to exert its anti-proliferative effect by inducing apoptosis in

cancer cells. Finally, the molecular docking analysis showed
the mode of action of compound 9h with CDK9 and further
proved its CDK9 inhibitory. Therefore, our study presents a

novel series of benzene carbohydrazide derivatives as CDK9
inhibitors, and compound 9h represents a new scaffold to tar-
get CDK9 for novel antitumor drug discovery.

4. Experimental section

4.1. Chemistry

All reagents were purchased and used without further purifica-

tion unless otherwise indicated. Reactions were magnetically
stirred and monitored by thin-layer chromatography (TLC)
on Merck silica gel 60F-254 by fluorescence. All of the final
compounds were purified by column chromatography. 1H

NMR and 13C NMR spectra were obtained using a Bruker
AV2 600 Ultrashield spectrometer at 600 and 150 MHz, and
chemical shifts were given in parts per million (ppm) relative

to tetramethylsilane (TMS) as an internal standard. Multiplic-
ities were abbreviated as follows: single (s), doublet (d), dou-
blet–doublet (dd), doublet-triplet (dt), triplet (t), triplet–

triplet (tt), triplet-doublet (td), quartet (q), quartet-doublet
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(qd), multiplet (m), and broad signal (brs). High-resolution
mass spectral (HRMS) data were acquired on a Q Exactive.
Melting points were measured on SGW X-4 micro-melting

point spectrometer and were uncorrected.

4.1.1. Ethyl 4-(4-(pyridin-3-yl)pyrimidin-2-ylamino)benzoate

(3)

A mixture of 2.74 g (16.6 mmol) of ethyl 4-aminobenzoate (1),
1.59 g (38.0 mmol) cyanamide, in 100 mL of ethanol (EtOH).
While being stirred concentrated HCl (2.1 mL, 24.84 mmol)

was dropped slowly into the mixture. The mixture was heated
to reflux for 24 h. EtOH was removed by reduced pressure dis-
tillation, and water (30 mL) was added to the residue. Under

0 �C, NH4NO3 (2.64 g, 33.12 mmol) solution was dropped dur-
ing 30 min. Then the mixture was stirred for 60 min, and fil-
tered, giving the crude product. The crude products were

purified by recrystallization with ether and dried to afford
ethyl 4-guanidinobenzoate (2). After the ethyl 4-
guanidinobenzoate (2) was in to the round-bottom flask, 3-di
methylamino-1-(3-pyridyl)-2-propen-1-one (1.76 g, 10 mmol),

sodium hydroxide (0.48 g,12 mmol) was dissolved in EtOH
(20 mL). The mixture was stirred and heated to reflux for
48 h. when TLC indicated that the reaction had gone to com-

pletion. On cooling, Precipitated complex was filtered, washed
with ethyl acetate and dried to afford ethyl 4-(4-(pyridin-3-yl)
pyrimidin-2-ylamino)benzoate (3) as a yellow solid (Pan et al.,

2013). Yield: 3.2 g (60.2%),1H NMR(600 MHz, DMSO d6): d
10.23 (s, 1H), 9.37 (d, J = 2.0 Hz, 1H), 8.75 (dd, J = 1.5,
4.8 Hz, 1H), 8.69 (d, J = 5.1 Hz, 1H), 8.54(td, J = 1.8,

8.0 Hz, 1H), 7.97–8.01 (m, 2H), 7.93–7.95 (m, 2H), 7.62 (d,
J = 5.1 Hz, 1H), 7.61 (d, J = 5.0 Hz, 1H), 4.29 (q,
J = 7.0 Hz, 2H), 1.32 (t, J = 7.0 Hz, 3H); 13C NMR
(150 MHz, DMSO d6): d 166.0, 162.3, 160.2, 160.0, 152.1,

148.7, 145.5, 135.0, 132.5, 130.6,124.5, 122.7,118.3, 109.7,
60.7, 14.7; HRMS (+): calcd for C18H16N4O2 [M + H]+

321.1346, found 321.1344; calcd for C18H16N4O2Na

[M + Na]+ 343.1165, found 343.1165.
Compounds 4–5 were prepared by the methods described

previously (Pan et al., 2013).

ethyl 4-(4-(pyridin-2-yl)pyrimidin-2-ylamino)benzoate
（4）yellow solid. Yield: (64.2%);1H NMR (600 MHz,
CDCl3): d 8.73 (d, J = 4.4 Hz, 1H), 8.62 (d, J = 5.0 Hz,
1H), 8.42 (d, J = 7.7 Hz, 1H), 8.07 (d, J = 8.2 Hz, 2H),

7.89–7.91 (m, 1H), 7.87 (d, J = 5.7 Hz, 1H), 7.81 (d,
J = 8.0 Hz, 2H), 7.56 (brs, 1H), 7.40–7.45 (m, 1H), 4.38 (q,
J = 7.0 Hz, 2H), 1.41 (t, J = 7.0 Hz, 3H).

ethyl 4-(4-(pyridin-4-yl)pyrimidin-2-ylamino)benzoate
（5）yellow solid. Yield: (68.4%); 1H NMR (600 MHz,
DMSO d6): d 10.28 (s, 1H), 8.79–8.83 (m, 2H), 8.74 (d,

J = 5.13 Hz, 1H), 8.10–8.14 (m, 2H), 7.98–8.01 (m, 2H),
7.94–7.96 (m, 2H), 7.65 (d, J = 5.14 Hz, 1H), 4.29 (q,
J = 7.09 Hz, 2H), 1.32 (t, J = 7.15 Hz, 3H).

4.1.2. 4-(4-(pyridin-3-yl)pyrimidin-2-ylamino)benzohydrazide
(6)

To a solution of ethyl 4-(4-(pyridin-3-yl)pyrimidin-2-ylamino)

benzoate3 (3.2 g,10 mmol) in 95% EtOH (10 mL) hydrazine
hydrate (10 mL) was added and the reaction mixture was
heated under reflux for 8 h. The hydrazide was obtained in

quantitative yields directly after evaporation of the reaction
solution without any additional purification step (Nayyar
et al., 2007). White solid. Yield: 87.7%. 1H NMR (600 MHz,
DMSO d6): d 10.05 (s, 1H), 9.61 (s, 1H), 9.36 (d,
J = 1.8 Hz, 1H), 8.75 (dd, J = 1.5, 4.8 Hz, 1H), 8.67 (d,

J = 5.0 Hz, 1H), 8.52 (td, J = 2.0, 8.0 Hz, 1H), 7.91 (d,
J = 8.8 Hz, 2H), 7.82 (d, J = 8.8 Hz, 2H), 7.61 (dd,
J = 4.9, 7.8 Hz, 1H), 7.58 (d, J = 5.0 Hz, 1H), 4.45 (br s,

1H); 13C NMR (150 MHz, DMSO d6): d 166.2, 162.2, 160.4,
159.9, 152.1, 148.7, 143.5, 134.9, 132.6, 128.1, 126.4, 124.5,
118.3, 109.4; HRMS (+): calcd for C16H14N6O [M + H]+

307.1302 found 307.1302, calcd for 315.0852 C16H14N6ONa
[M + Na]+ 329.1121 found 329.1120.

Compounds 7–8 were prepared by the methods described
previously (Pan et al., 2013).

4-(4-(pyridin-2-yl)pyrimidin-2-ylamino)benzohydrazide (7).
White solid. Yield: 83.3%; 1H NMR (600 MHz, DMSO d6):
d 10.06 (brs, 1H), 9.62 (brs, 1H), 8.77 (d, J = 3.0 Hz, 1H),

8.70 (d, J = 4.8 Hz, 1H), 8.43 (d, J = 7.5 Hz, 1H), 8.07 (t,
J = 7.4 Hz, 1H), 7.93 (d, J = 8.4 Hz, 2H), 7.84 (d,
J = 8.2 Hz, 2H), 7.79 (d, J = 4.8 Hz, 1H), 7.64–7.54 (m,

1H), 4.50 (brs, 2H); 13C NMR (150 MHz, DMSO d6): d
166.3, 163.4, 160.3, 160.1, 154.0, 150.2, 143.6, 138.1, 128.2,
126.3, 121.6, 118.3, 109.1; HRMS: calcd for C16H14N6O

[M + H]+ 307.1302 found 307.1300, calcd for C16H14N6ONa
[M + Na]+ 329.1121 found 329.1118.

4-(4-(pyridin-4-yl)pyrimidin-2-ylamino)benzohydrazide (8).
White solid. Yield:86%; 1H NMR (600 MHz, DMSO d6):d
10.11 (s, 1H), 9.62 (s, 1H), 8.86–8.76 (m, 2H), 8.71 (d,
J = 5.1 Hz, 1H), 8.13–8.06 (m, 2H), 7.91 (d, J = 8.8 Hz,
2H), 7.83 (d, J = 8.8 Hz, 2H), 7.60 (s, 1H), 4.44 (brs,

2H);13C NMR (150 MHz, DMSO d6): d 166.2, 162.0, 160.5,
160.4, 151.1, 144.2, 143.4, 130.7, 128.2, 126.5, 121.4, 118.4,
109.7; HRMS: calcd for C16H14N6O [M + H]+ 307.1302

found 307.1299, calcd for C16H14N6ONa [M + Na]+

329.1121 found 329.1119.

4.1.3. N-Substituted Methyl subunit-4-((4-Pyridine-3-yl)
Pyrimidine-2-yl)Amino Benzoyl hydrazide derivatives (9a-9n)

To a solution of 4-(4-(pyridin-3-yl)pyrimidin-2-ylamino)ben
zohy drazide (0.075 g, 0.25 mmol) in ethanol (10 mL), Substi-

tuted aldehyde (0.3 mmol) was added, and the reaction mix-
ture was heated to reflux for 8 h, and monitored by TLC
analysis. After completion of the reaction, the mixture was
concentrated. Then the residue was purified by column chro-

matography to get yellow solid with the yield of 80–92%.
9a: Yield: 89%; Rf, 0.23(CH3OH/CH2Cl2 = 1:50); 1H

NMR (600 MHz, DMSO d6): d 11.32 (brs, 1H), 10.22 (s,

1H), 8.91 (d, J = 6.2 Hz, 2H), 8.78 (d, J = 5.1 Hz, 1H),
8.31 (d, J = 6.2 Hz, 2H), 7.95 (d, J = 8.6 Hz, 2H), 7.88 (d,
J = 8.6 Hz, 2H), 7.76 (brs, 1H), 7.69 (d, J = 5.1 Hz, 1H),

2.34–2.21(m, 2H), 1.07 (t, J = 7.4 Hz, 3H); 13C NMR
(150 MHz, DMSO d6): d 166.3, 160.3, 160.1, 147.7, 147.5,
145.2, 136.4, 129.1, 128.8, 125.0, 125.0, 118.5, 118.4, 109.9,

109.5, 25.9, 11.2; HRMS (+): calcd for C19H19N6O
[M + H]+ 347.1615, found 347.1616, calcd for C19H18N6ONa
[M + Na]+ 369.1434, found 369.1435.

9b: Yield: 86%; Rf, 0.26(CH3OH/CH2Cl2 = 1:50); 1H

NMR (600 MHz, DMSO d6): d 11.30 (brs, 1H), 10.14 (s,
1H), 9.41 (d, J = 1.6 Hz, 1H), 8.82 (dd, J = 1.5, 4.9 Hz,
1H), 8.70 (d, J = 5.1 Hz, 1H), 8.64–8.69 (m, 1H), 7.95 (d,

J = 8.4 Hz, 2H), 7.87 (d, J = 8.6 Hz, 2H), 7.74 (dd,
J = 5.0, 7.6 Hz, 2H), 7.63 (d, J = 5.1 Hz, 1H), 2.25 (q,
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J = 6.8 Hz, 2H), 1.53 (sxt, J = 7.3 Hz, 2H), 0.94 (t,
J = 7.3 Hz, 3H); 13C NMR (150 MHz, DMSO d6): d 166.5,
166.3, 161.6, 160.3, 160.1, 151.8, 150.7, 147.4, 136.5, 133.1,

129.1, 128.8, 125.0, 118.5, 118.4, 109.5, 34.4, 20.1, 20.0, 14.1;
HRMS (+): calcd for C20H21N6O [M + H]+ 361.1771, found
361.1768, calcd for C20H20N6ONa [M + Na]+ 383.1591,

found 383.1586.
9c: Yield: 87%; Rf, 0.31 (CH3OH/CH2Cl2 = 1:20); 1H

NMR (600 MHz, DMSO d6): d 11.84 (brs, 1H), 10.28 (s,

1H), 9.52 (d, J = 1.8 Hz, 1H), 8.93 (dd, J = 1.5, 4.9 Hz,
1H), 8.81 (d, J = 5.1 Hz, 1H), 8.80–8.78(m, 1H), 8.57 (brs,
1H), 8.11–8.07 (m, 2H), 8.01–8.06 (m, 2H), 7.85 (dd,
J = 5.2, 8.16 Hz, 1H), 7.83 (d, J = 7.0 Hz, 1H), 7.73 (d,

J = 5.1 Hz, 1H), 7.50–7.60 (m, 3H); 13C NMR (150 MHz,
DMSO d6): d 163.2, 161.3, 160.3, 160.2, 149.8, 147.5, 146.6,
144.1, 137.5, 135.0, 133.5, 130.4, 129.3, 129.0, 127.5, 126.3,

125.4, 118.4, 109.6; HRMS (+): calcd for C23H19N6O
[M + H]+ 395.1615, found 395.1613, calcd for C23H18N6ONa
[M + Na]+ 417.1434, found 417.1432.

9d: Yield: 90%; Rf, 0.53(CH3OH/CH2Cl2 = 1:20); 1H
NMR (600 MHz, DMSO d6): d 11.68 (brs, 1H), 10.16 (s,
1H), 9.39 (d, J = 1.5 Hz, 1H), 8.78 (dd, J = 1.5, 4.6 Hz,

1H), 8.72–8.68 (m, 1H), 8.58 (d, J = 7.9 Hz, 1H), 8.43 (brs,
1H), 8.02–7.98 (m, 2H), 7.96–7.92 (m, 2H), 7.66–7.60 (m,
5H), 7.28 (d, J = 7.5 Hz, 2H), 2.35 (s, 3H); 13C NMR
(150 MHz, DMSO d6): d 163.1, 162.0, 160.4, 160.1, 151.6,

148.2, 135.5, 132.8, 132.3, 130.0, 129.9, 129.1, 129.0, 128.8,
127.5, 124.7, 118.4, 118.4, 109.5, 21.5; HRMS (+): calcd for
C24H21N6O [M + H]+ 409.1771, found 409.1772, calcd for

C24H20N6ONa [M + Na]+ 431.1591, found 431.1592.
9e: Yield: 90%; Rf, 0.61(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.89 (brs, 1H), 10.21 (s,

1H), 9.44 (d, J = 1.5 Hz, 1H), 8.85 (dd, J = 1.0, 4.9 Hz,
1H), 8.77–8.69 (m, 3H), 8.03–7.98 (m, 2H), 7.98–7.94 (m,
2H), 7.79 (dd, J = 4.9, 7.9 Hz, 1H), 7.65 (d, J = 5.1 Hz,

1H), 7.50 (q, J = 6.4 Hz, 1H), 7.34–7.29 (m, 2H); 13C NMR
(150 MHz, DMSO d6): d 162.6 (d, J = 166.1 Hz),161.2,
160.4, 160.3, 160.3, 149.8, 146.6, 144.2, 140.1, 137.6, 133.5,
132.3 (d, J = 8.8 Hz), 129.1, 126.7, 126.1, 125.5, 125.4 (d,

J = 3.3 Hz), 122.5, 122.5, 118.5, 116.5 (d, J = 20.9 Hz),
109.7; HRMS (+): calcd for C23H18FN6O [M + H]+

413.1521, found 413.1516, calcd for C23H17FN6ONa

[M + Na]+ 436.1340, found 436.1366.
9f: Yield: 89%; Rf, 0.46(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.55 (brs, 1H), 10.17 (s,

1H), 9.42 (d, J = 1.8 Hz, 1H), 8.83 (dd, J = 1.5, 4.9 Hz,
1H), 8.72–8.69 (m, 2H), 8.36 (s, 1H), 8.00–7.96 (m, 2H),
7.94–7.90 (m, 2H), 7.76 (dd, J = 4.9, 8.0 Hz, 1H), 7.63 (d,
J = 5.1 Hz, 1H), 7.57 (d, J = 8.1 Hz, 2H), 6.85 (d,

J = 8.4 Hz, 2H); 13C NMR (150 MHz, DMSO d6): d 163.0,
161.2, 160.3, 160.2, 159.8, 159.0, 158.8, 149.8, 148.0, 146.6,
143.9, 137.5, 133.5, 129.2, 128.9, 126.5, 125.9, 125.4, 118.4,

116.2, 109.6; HRMS (+): calcd for C23H19N6O2 [M + H]+

411.1564, found 411.1563, calcd for C23H18N6O2Na
[M + Na]+ 433.1383, found 433.1383.

9g: Yield: 85%; Rf, 0.11(CH3OH/CH2Cl2 = 1:5); 1H NMR
(600 MHz, DMSO d6): d 11.90 (brs, 1H), 10.17 (s, 1H), 9.38 (d,
J = 1.8 Hz, 1H), 8.76 (dd, J = 1.5, 4.6 Hz, 1H), 8.69 (d,

J = 5.1 Hz, 1H), 8.55 (td, J = 2.0 8.0 Hz, 1H), 8.53–8.50
(m, 1H), 8.01 (t, J = 8.5 Hz, 4H), 7.98–7.94 (m, 2H), 7.85
(d, J = 7.1 Hz, 2H), 7.63 (d, J = 5.1 Hz, 1H), 7.61 (d,
J = 5.1 Hz, 2H); 13C NMR (150 MHz, DMSO d6): d 167.4,
162.2, 160.3, 160.3, 160.0, 152.1, 148.7, 146.3, 139.0, 135.0,
132.5, 132.0, 130.3, 129.1, 128.3, 127.5, 125.9, 124.5, 118.4,
109.6; HRMS (�): calcd for C24H17N6O3 [M�H]- 437.1938

found 437.1940.
9h: Yield: 82%; Rf, 0.57(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.62 (s, 1H), 10.17 (s, 1H),

9.41 (d, J = 1.6 Hz, 1H), 8.80 (dd, J = 1.6, 4.9 Hz, 1H),
8.70 (d, J = 5.1 Hz, 1H), 8.63 (td, J = 1.7, 8.0 Hz, 1H),
8.41 (s, 1H), 8.01–7.97 (m, 2H), 7.95–7.91 (m, 2H), 7.72–7.69

(m, 1H), 7.69–7.66 (m, 2H), 7.62 (d, J = 5.1 Hz, 1H), 7.03
(d, J = 8.6 Hz, 2H), 3.82 (s, 3H); 13C NMR (150 MHz,
DMSO d6): d 163.0, 161.8, 161.2, 160.4, 160.1, 151.2, 147.9,
147.4, 144.1, 136.0, 132.9, 129.1, 128.9, 127.5, 126.4, 124.9,

118.4, 114.8, 109.6, 55.8; HRMS (+): calcd for C24H21N6O2

[M + H]+ 425.1721, found 425.1717, calcd for C24H20N6O2-
Na [M + Na]+ 447.154 found 447.1539.

9i: Yield:84%; Rf, 0.51 (CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d 11.78 (brs, 1H), 10.18 (s,
1H), 9.42 (d, J = 1.6 Hz, 1H), 8.81 (dd, J = 1.5, 4.9 Hz,

1H), 8.75 (s, 1H), 8.73–8.68 (m, 1H), 8.65 (td, J = 1.8,
8.1 Hz, 1H), 8.02–7.94 (m, 4H), 7.71 (dd, J = 4.9, 7.9 Hz,
1H), 7.63 (d, J = 5.1 Hz, 1H), 7.49 (d, J = 7.1 Hz, 1H),

7.18–7.09 (m, 2H), 3.85 (s, 3H), 3.81 (s, 3H); 13C NMR
(150 MHz, DMSO d6): d 161.6, 160.3, 160.2, 158.7, 153.1,
150.7, 148.4, 147.4, 143.1, 136.5, 133.1, 129.2, 129.0, 128.4,
125.1, 124.8, 118.5, 118.4, 117.4, 114.5, 109.6, 61.7, 56.2;

HRMS (+): calcd for C25H23N6O3 [M + H]+ 455.1826,
found 455.1820, calcd for C25H22N6O3Na [M + Na]+

477.1646, found 477.1641.

9j: Yield: 85.6%; Rf, 0.56(CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d 11.62 (s, 1H), 10.15 (s, 1H),
9.39 (d, J = 1.8 Hz, 1H), 8.76 (dd, J = 1.4, 4.7 Hz, 1H),

8.69 (d, J = 5.1 Hz, 1H), 8.55 (td, J = 1.9, 7.9 Hz, 1H),
8.40 (s, 1H), 8.02–7.98 (m, 2H), 7.95–7.91 (m, 2H), 7.64–7.62
(m, 1H), 7.61 (d, J = 5.1 Hz, 1H), 7.35 (s, 1H), 7.21 (d,

J = 7.9 Hz, 1H), 7.04 (d, J = 8.4 Hz, 1H), 3.84 (s, 3H),
3.82 (s, 3H); 13C NMR (150 MHz, DMSO d6): d 163.0,
162.2, 160.4, 160.0, 152.1, 151.1, 149.5, 148.6, 147.8, 144.1,
135.0, 132.6, 128.9, 127.7, 126.4, 124.5, 122.2, 118.4, 112.0,

109.5, 108.6, 56.0, 55.9; HRMS (+): calcd for C25H23N6O3

[M + H]+ 455.1826, found 455.1825, calcd for C25H22N6O3-
Na [M + Na]+ 477.1646, found 477.1646.

9k: Yield: 87%; Rf, 0.76(CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d 11.84 (brs, 1H), 10.20 (s,
1H), 9.44 (d, J = 1.8 Hz, 1H), 9.18 (s, 1H), 8.84 (dd,

J = 1.4, 4.9 Hz, 1H), 8.73 (d, J = 5.1 Hz, 1H), 8.71 (td,
J = 1.7, 8.1 Hz, 1H), 8.06 (d, J = 9.0 Hz, 1H), 8.02 (s, 4H),
7.92 (d, J = 8.1 Hz, 1H), 7.76 (dd, J = 5.0, 8.0 Hz, 1H),
7.64 (d, J = 5.1 Hz, 1H), 7.60 (t, J = 7.4 Hz, 1H), 7.54 (d,

J = 9.0 Hz, 1H), 7.44 (t, J = 7.2 Hz, 1H), 4.03 (s, 3H); 13C
NMR (150 MHz, DMSO d6): d 163.1, 161.2, 160.3, 160.2,
158.8, 158.2, 149.7, 146.5, 145.2, 144.1, 137.6, 133.6, 133.0,

131.2, 129.2, 129.1, 128.9, 128.4, 126.5, 126.4, 125.5, 124.5,
118.5, 114.9, 113.9, 109.6, 57.1; HRMS (+): calcd for
C28H23N6O2 [M + H]+ 475.1877, found 475.1879, calcd for

C28H22N6O2Na [M + Na]+ 497.1696, found 497.1698.
9l: Yield: 88%; Rf, 0.87(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.70 (brs, 1H), 10.19 (s,

1H), 9.43 (d, J = 1.8 Hz, 1H), 8.84 (dd, J = 1.5, 4.9 Hz,
1H), 8.72 (d, J = 5.1 Hz, 1H), 8.70 (s, 1H), 8.36 (brs, 1H),
8.01–7.97 (m, 2H), 7.92 (d, J = 8.8 Hz, 2H), 7.86 (s, 1H),
7.76 (dd, J = 5.0, 8.0 Hz, 1H), 7.64 (d, J = 5.1 Hz, 1H),
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6.93 (d, J = 2.6 Hz, 1H), 6.65 (d, J = 1.3 Hz, 1H); 13C NMR
(150 MHz, DMSO d6): d 161.2, 160.3, 160.2, 159.0, 150.1,
149.8, 146.6, 145.5, 144.1, 137.5, 137.4, 133.5, 129.0, 126.2,

125.4, 118.4, 113.6, 112.6, 109.7; HRMS (+): calcd for
C21H17N6O2 [M + H]+ 385.1408, found 385.1402, calcd for
C21H16N6O2Na [M + Na]+ 407.1227, found 407.1223.

9m: Yield: 86%; Rf, 0.79(CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d 11.70 (brs, 1H), 10.19 (s,
1H), 9.43 (d, J = 1.6 Hz, 1H), 8.90–8.81 (m, 1H), 8.73–8.68

(m, 3H), 7.99 (d, J = 8.4 Hz, 2H), 7.92 (d, J = 8.6 Hz, 2H),
7.77 (dd, J = 4.9, 7.9 Hz, 1H), 7.67 (d, J = 4.6 Hz, 1H),
7.64 (d, J = 5.1 Hz, 1H), 7.47 (d, J = 2.7 Hz, 1H), 7.18–
7.12 (m, 1H); 13C NMR (150 MHz, DMSO d6): d 163.0,

161.5, 160.3, 160.2, 150.3, 147.1, 144.1, 142.7, 139.8, 136.9,
133.3, 131.1, 129.2, 128.9, 128.3, 126.3, 125.2, 118.4, 109.6;
HRMS (+): calcd for C21H17N6OS [M + H]+ 401.1179,

found 401.1176, calcd for C21H16N6OSNa [M + Na]+

423.0999, found 423.0996.
9n: Yield: 87%; Rf, 0.86(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.99 (brs, 1H), 10.20 (s,
1H), 9.40 (d, J = 1.6 Hz, 1H), 8.79 (dd, J = 1.5, 4.8 Hz,
1H), 8.70 (d, J = 5.1 Hz, 1H), 8.64 (d, J = 4.8 Hz, 1H),

8.60 (td, J = 1.7, 8.0 Hz, 1H), 8.50 (brs, 1H), 8.03–8.00 (m,
2H), 7.98–7.95 (m, 2H), 7.95–7.90 (m, 1H), 7.67 (dd,
J = 4.9, 7.9 Hz, 1H), 7.63 (d, J = 5.1 Hz, 1H), 7.48–7.42
(m, 1H); 13C NMR (150 MHz, DMSO d6): d 161.9, 160.3,

160.1, 153.5, 151.4, 149.6, 148.0, 147.2, 144.4, 137.9, 135.8,
132.8, 129.2, 125.9, 124.9, 124.8, 122.3, 120.6, 118.4, 109.6;
HRMS (+): calcd for C22H18N7O [M + H]+ 396.1567, found

396.1568, calcd for C22H17N7ONa [M + Na]+ 418.1387,
found 418.1386.

4.1.4. N-Substituted methyl subunit-4-((4-Pyridine-2-yl)
Pyrimidine-2-yl)Amino Benzoyl hydrazide derivatives (10a-
10n) and N-Substituted methyl subunit-4-((4-Pyridine-4-yl)

Pyrimidine-2-yl)Amino Benzoyl hydrazide derivatives (11a-
11n)

Compounds 10a-10n and 11a-11n were prepared by the same
methods with compounds 9a-9n.

10a: Yield: 85%; Rf, 0.25(CH3OH/CH2Cl2 = 1:20); 1H
NMR (600 MHz, DMSO d6): d 11.30 (s, 1H), 10.11 (s, 1H),
8.79–8.76 (m, 1H), 8.71 (d, J = 5.1 Hz, 1H), 8.44 (d,
J = 7.7 Hz, 1H), 8.07 (dt, J = 1.74, 7.75 Hz, 1H), 7.98 (d,

J = 8.4 Hz, 2H), 7.88 (d, J = 8.6 Hz, 2H), 7.80 (d,
J = 4.9 Hz, 1H), 7.77 (brs, 1H), 7.60 (ddd, J = 0.9, 4.7,
7.4 Hz, 1H), 2.33–2.25 (m, 2H), 1.07 (t, J = 7.4 Hz, 3H);
13C NMR (150 MHz, DMSO d6): d 163.4, 162.9, 160.3,
160.1, 153.9, 152.7, 150.2,144.1,138.1, 128.8,126.4,126.3,
121.6, 118.2, 109.2, 25.9, 11.2; HRMS (+): calcd for

C19H19N6O [M + H]+ 347.1615, found 347.1615, calcd for
C19H18N6ONa [M + Na]+ 369.1434, found 369.1434.

10b: Yield: 78%; Rf, 0.29(CH3OH/CH2Cl2 = 1:20); 1H

NMR (600 MHz, DMSO d6): d 11.30 (s, 1H), 10.11 (s, 1H),
8.80–8.76(m,1H), 8.71 (d, J = 5.1 Hz, 1H), 8.44 (d,
J = 7.9 Hz, 1H), 8.07 (dt, J = 1.6, 7.7 Hz, 1H), 7.98 (d,
J = 8.4 Hz, 2H), 7.88 (d, J = 8.6 Hz, 2H), 7.80 (d,

J = 5.1 Hz, 1H), 7.77–7.72 (m, 1H), 7.60 (ddd, J = 1.1, 4.8,
7.5 Hz, 1H), 2.38–2.17 (m, 2H), 1.60–1.44 (m, 2H), 0.95 (t,
J = 7.3 Hz, 3H); 13C NMR (150 MHz, DMSO d6): d 163.4,

162.9, 160.3, 160.1, 153.9, 151.8, 150.2, 144.1, 138.1, 128.8,
126.3, 121.6, 118.2, 109.2, 34.4, 20.0, 14.1; HRMS (+): calcd
for C20H21N6O [M + H]+ 361.1771, found 361.1769, calcd
for C20H20N6ONa [M + Na]+ 383.1591, found 383.1588.

10c: Yield: 85%; Rf, 0.34(CH3OH/CH2Cl2 = 1:20); 1H

NMR (600 MHz, DMSO d6): d 11.76 (brs, 1H), 10.16 (s,
1H), 8.78 (dd, J = 0.7, 4.58 Hz, 1H), 8.73 (d, J = 4.9 Hz,
1H), 8.48 (brs, 1H), 8.46 (d, J = 7.9 Hz, 1H), 8.08 (dt,

J = 1.6, 7.7 Hz, 1H), 8.04–8.01 (m, 2H), 7.96 (d,
J = 8.8 Hz, 2H), 7.82 (d, J = 4.9 Hz, 1H), 7.75 (d,
J = 6.6 Hz, 2H), 7.60 (ddd, J = 1.0, 4.7, 7.5 Hz, 1H), 7.51–

7.41 (m, 3H); 13C NMR (150 MHz, DMSO d6): d 163.4,
163.2, 160.2, 160.2, 153.9, 150.2, 147.5, 144.3, 138.1, 135.0,
130.4, 129.3, 129.0, 127.5, 126.3, 126.1, 121.6, 118.3, 109.3;
HRMS (+): calcd for C23H19N6O [M + H]+ 395.1615, found

395.1615, calcd for C23H18N6ONa [M + Na]+ 417.1434,
found 417.1434.

10d: Yield: 87%; Rf, 0.40 (CH3OH/CH2Cl2 = 1:20); 1H

NMR (600 MHz, DMSO d6): d 11.68 (brs, 1H), 10.15 (s,
1H), 8.77 (d, J = 4.0 Hz, 1H), 8.72 (d, J = 5.1 Hz, 1H),
8.50–8.41 (m, 2H), 8.07 (dt, J = 1.5, 7.7 Hz, 1H), 8.04–8.00

(m, 2H), 7.95 (d, J = 8.6 Hz, 2H), 7.81 (d, J = 5.1 Hz, 1H),
7.63 (d, J = 7.3 Hz, 2H), 7.62–7.58(m, 1H), 7.28 (d,
J = 7.7 Hz, 2H), 2.35 (s, 3H); 13C NMR (150 MHz,

DMSO d6): d 163.4, 160.2, 160.2, 153.9, 150.2, 147.5, 138.5,
138.1, 134.9, 131.1, 129.2, 129.0, 127.7, 126.3, 126.1, 124.9,
121.6, 118.3, 109.3, 21.4; HRMS (+): calcd for C24H21N6O
[M + H]+ 409.1771, found 409.1774, calcd for C24H20N6ONa

[M + Na]+ 431.1591, found 431.1594.
10e: Yield: 84%; Rf, 0.53(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.89 (brs, 1H), 10.17 (s,

1H), 8.78 (d, J = 4.0 Hz, 1H), 8.73 (d, J = 4.9 Hz, 2H),
8.46 (d, J = 7.9 Hz, 1H), 8.08 (dt, J = 1.6, 7.7 Hz, 1H),
8.05–8.00 (m, 2H), 7.99–7.94 (m, 3H), 7.82 (d, J = 4.9 Hz,

1H), 7.64–7.58 (m, 1H), 7.50 (q, J = 6.3 Hz, 1H), 7.36–7.27
(m, 2H); 13C NMR (150 MHz, DMSO d6): d 163.4, 163.2,
161.2(d, J = 249.8 Hz), 160.2, 160.2, 153.9, 150.2, 144.4,

140.1, 138.2, 132.3 (d, J = 8.8 Hz), 129.1, 126.7, 126.3,
125.9, 125.4 (d, J = 2.2 Hz), 122.5, 121.6, 118.3, 116.5 (d,
J = 19.8 Hz), 109.3; HRMS (+): calcd for C23H18FN6O
[M + H]+ 413.1521, found 413.1522, calcd for C23H17FN6-

ONa [M + Na]+ 435.1340,found 435.1342.
10f: Yield: 83%; Rf, 0.45(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.54 (s, 1H), 10.14 (s, 1H),

9.92 (s, 1H), 8.77 (d, J = 4.0 Hz, 1H), 8.72 (d, J = 4.9 Hz,
1H), 8.45 (d, J = 7.9 Hz, 1H), 8.37 (s, 1H), 8.08 (dt,
J = 1.6, 7.7 Hz, 1H), 8.01 (d, J = 8.4 Hz, 2H), 7.94 (d,

J = 8.4 Hz, 2H), 7.81 (d, J = 4.9 Hz, 1H), 7.62–7.59 (m,
1H), 7.57 (d, J = 8.2 Hz, 2H), 6.85 (d, J = 8.2 Hz, 2H);
13C NMR (150 MHz, DMSO d6): d 163.4, 162.9, 160.3,
160.2, 159.8, 153.9, 150.2, 147.9, 144.1, 138.1, 129.2, 128.9,

126.4, 126.3, 126.0, 121.6, 118.3, 116.2, 109.2; HRMS (+):
calcd for C23H19N6O2 [M + H]+ 411.1564, found 411.1564,
calcd for C23H18N6O2Na [M + Na]+ 433.1383,found

433.1385.
10g: Yield: 80%; Rf, 0.10(CH3OH/CH2Cl2 = 1:5); 1H

NMR (600 MHz, DMSO d6): d 11.91 (brs, 1H), 10.17 (s,

1H), 8.78 (d, J = 4.2 Hz, 1H), 8.73 (d, J = 5.1 Hz, 1H),
8.52 (brs, 1H), 8.46 (d, J = 7.9 Hz, 1H), 8.08 (dt, J = 1.3,
7.8 Hz, 1H), 8.05–8.00 (m, 4H), 7.97 (d, J = 8.6 Hz, 2H),

7.86 (d, J = 7.5 Hz, 2H), 7.83–7.80 (m, 1H), 7.60 (dd,
J = 4.9, 7.1 Hz, 1H); 13C NMR (150 MHz, DMSO d6): d
167.4, 162.2, 160.3, 160.3, 160.0, 152.1, 148.7, 146.3, 139.0,
135.0, 132.5, 132.0, 130.3, 129.1, 128.3, 127.5, 125.9, 124.5,
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118.4, 109.6; HRMS (�): calcd for C24H17N6O3 [M�H]-

437.1938, found 437.1940.
10h: Yield: 86%; Rf, 0.48(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.61 (s, 1H), 10.15 (s, 1H),
8.81–8.76 (m, 1H), 8.72 (d, J = 4.9 Hz, 1H), 8.45 (d,
J = 7.7 Hz, 1H), 8.42 (s, 1H), 8.08 (dt, J = 1.6, 7.7 Hz,

1H), 8.03–7.99(m, 2H), 7.94 (d, J = 8.8 Hz, 2H), 7.81 (d,
J = 5.1 Hz, 1H), 7.69 (d, J = 8.1 Hz, 2H), 7.60 (ddd,
J = 0.9, 4.8, 7.3 Hz, 1H), 7.04 (d, J = 8.4 Hz, 2H), 3.82 (s,

3H) 13C NMR (150 MHz, DMSO d6): d 163.0, 161.8, 161.2,
160.4, 160.1, 151.2, 147.9, 147.4, 144.1, 136.0, 132.9, 129.1,
128.9, 127.5, 126.4, 124.9, 118.4, 114.8, 109.6, 55.8; HRMS
(+): calcd for C24H21N6O2 [M + H]+ 425.1721, found

425.1717, calcd for C24H20N6O2Na [M + Na]+ 447.154,
found 447.1539.

10i: Yield: 82%; Rf, 0.45(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.79 (brs, 1H), 10.16 (s,
1H), 8.80–8.75 (m, 2H), 8.73 (d, J = 4.9 Hz, 1H), 8.46 (d,
J = 7.9 Hz, 1H), 8.08 (dt, J = 1.6, 7.70 Hz, 1H), 8.04–8.00

(m, 2H), 8.00–7.95 (m, 2H), 7.82 (d, J = 4.9 Hz, 1H), 7.60
(ddd, J = 1.0, 4.8, 7.4 Hz, 1H), 7.50 (d, J = 7.0 Hz, 1H),
7.17–7.10 (m, 2H), 3.85 (s, 3H), 3.82 (s, 3H); 13C NMR

(150 MHz, DMSO d6): d 163.4, 163.1, 160.2, 160.2, 153.9,
153.1, 150.2, 148.4, 144.3, 143.0, 138.1, 129.0, 128.4, 126.3,
126.0, 124.8, 121.6, 118.7, 118.3, 117.5, 114.5, 109.3, 61.7,
56.2; HRMS (+): calcd for C25H23N6O3 [M + H]+

455.1826, found 455.1828, calcd forC25H22N6O3Na
[M + Na]+ 477.1646, found 477.1649.

10j: Yield: 84%; Rf, 0.42(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.63 (s, 1H), 10.15 (s, 1H),
8.77–8.79 (m, 1H), 8.72 (d, J = 4.9 Hz, 1H), 8.46 (d,
J = 7.9 Hz, 1H), 8.40 (s, 1H), 8.08 (dt, J = 1.6, 7.7 Hz,

1H),8.03–7.99 (m, 2H), 7.95 (d, J = 8.8 Hz, 2H), 7.82 (d,
J = 5.1 Hz, 1H), 7.60 (ddd, J = 1.0, 4.7, 7.5 Hz, 1H), 7.36
(s, 1H), 7.21 (d, J = 7.7 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H),

3.84 (s, 3H), 3.82 (s, 3H); 13C NMR (150 MHz, DMSO d6):
d 163.4, 163.1, 160.2, 160.2, 153.9, 151.1, 150.2, 149.5, 147.8,
144.5, 138.1, 129.0, 127.7, 126.3, 122.2, 121.6, 118.3, 111.9,
109.2, 108.6, 56.0, 55.9; HRMS (+): calcd for C25H23N6O3

[M + H]+ 455.1826, found 455.1830, calcd for C25H22N6O3-
Na [M + Na]+ 477.1646, found 477.1650.

10k: Yield: 88%; Rf, 0.65(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.84 (brs, 1H), 10.17 (s,
1H), 9.46 (d, J = 8.6 Hz, 1H), 9.19 (s, 1H), 8.78 (d,
J = 4.3 Hz, 1H), 8.74 (d, J = 4.9 Hz, 1H), 8.47 (d,

J = 7.9 Hz, 1H), 8.11–8.01 (m, 6H), 7.92 (d, J = 7.9 Hz,
1H), 7.82 (d, J = 4.9 Hz, 1H), 7.64–7.58 (m, 2H), 7.54 (d,
J = 9.2 Hz, 1H), 7.45 (t, J = 7.1 Hz, 1H), 4.05–4.01 (m,
3H); 13C NMR (150 MHz, DMSO d6): d 163.4, 163.0, 160.3,

160.2, 158.2, 154.0, 150.2, 145.1, 144.3, 138.1, 133.0, 131.2,
129.3, 129.1, 128.9, 128.4, 126.5, 126.3, 126.2, 124.5, 121.1,
118.3, 115.0, 113.9, 109.2, 57.2; HRMS (+): calcd for

C28H23N6O2 [M + H]+ 475.1877, found 475.1881, calcd for
C28H22N6O2Na [M + Na]+ 497.1696, found 497.1700.

10l: Yield: 82%; Rf, 0.75(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.69 (brs, 1H), 10.16 (s,
1H), 8.80–8.76(m, 1H), 8.72 (d, J = 4.9 Hz, 1H), 8.45 (d,
J = 7.9 Hz, 1H), 8.36 (brs, 1H), 8.08 (dt, J = 1.7, 7.7 Hz,

1H), 8.01 (d, J = 8.6 Hz, 2H), 7.93 (d, J = 8.8 Hz, 2H),
7.86 (s, 1H), 7.82 (d, J = 4.9 Hz, 1H), 7.60 (ddd, J = 1.1,
4.8, 7.5 Hz, 1H), 6.93 (d, J = 2.6 Hz, 1H), 6.65 (dd,
J = 1.6, 3.0 Hz, 1H);13C NMR (150 MHz, DMSO d6): d
163.4, 163.1, 160.2, 160.2, 153.9, 150.2, 150.1, 145.5, 144.3,
138.2, 137.3, 129.0, 126.3, 126.0, 121.6, 118.3, 113.6, 112.6,
109.3; HRMS (+): calcd for C21H17N6O2 [M + H]+

385.1408, found 385.1408, calcd for C21H16N6O2Na
[M + Na]+ 407.1227, found 407.1227.

10m: Yield: 84%; Rf, 0.78(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.70 (brs, 1H), 10.16 (s,
1H), 8.78 (dd, J = 0.7, 4.6 Hz, 1H), 8.72 (d, J = 4.9 Hz,
1H), 8.69 (brs, 1H), 8.45 (d, J = 7.9 Hz, 1H), 8.08 (dt,

J = 1.6, 7.7 Hz, 1H), 8.01 (d, J = 8.6 Hz, 2H), 7.93 (d,
J = 8.8 Hz, 2H), 7.82 (d, J = 4.9 Hz, 1H), 7.67 (d,
J = 4.8 Hz, 1H), 7.60 (ddd, J = 1.1, 4.8, 7.5 Hz, 1H), 7.47
(d, J = 2.9 Hz, 1H), 7.15 (dd, J = 3.9, 4.8 Hz, 1H); 13C

NMR (150 MHz, DMSO d6): d 163.4, 163.0, 160.2, 160.2,
153.9, 150.2, 144.3, 142.7, 139.8, 138.1, 131.1, 129.2, 129.0,
128.3, 126.3, 126.1, 121.6, 118.3, 109.3; HRMS (+): calcd

for C21H17N6OS [M + H]+ 401.1179, found 401.1179, calcd
for C21H16N6OSNa [M + Na]+ 423.0999, found 423.0998.

10n: Yield: 85%; Rf, 0.79(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.93 (brs, 1H), 10.18 (s,
1H), 8.88 (brs, 1H), 8.78 (d, J = 4.0 Hz, 1H), 8.73 (d,
J = 4.9 Hz, 1H), 8.63 (d, J = 4.0 Hz, 1H), 8.53 (brs, 1H),

8.46 (d, J = 7.9 Hz, 1H), 8.17 (d, J = 5.9 Hz, 1H), 8.08 (dt,
J = 1.6, 7.7 Hz, 1H), 8.05–8.01 (m, 2H), 7.97 (d,
J = 8.6 Hz, 2H), 7.82 (d, J = 4.9 Hz, 1H), 7.62–7.59 (m,
1H), 7.52 (dd, J = 5.0, 7.2 Hz, 1H); 13C NMR (150 MHz,

DMSO d6): d 163.4, 163.3, 160.2, 160.2, 153.9, 150.9, 150.2,
149.1, 144.7, 144.5, 138.1, 133.9, 130.9, 129.1, 126.3, 125.6,
124.5, 121.6, 118.3, 109.3; HRMS (+): calcd for C22H18N7O

[M + H]+ 396.1567, found 396.1569, calcd for C22H17N7ONa
[M + Na]+ 418.1387, found 418.1386.

11a: Yield: 85%; Rf, 0.35(CH3OH/CH2Cl2 = 1:20); 1H

NMR(600 MHz, DMSO d6): d 11.32 (brs, 1H), 10.22 (s, 1H),
8.91 (d, J = 6.2 Hz, 2H), 8.78 (d, J = 5.1 Hz, 1H), 8.31 (d,
J = 6.2 Hz, 2H), 7.95 (d, J = 8.6 Hz, 2H), 7.88 (d,

J = 8.6 Hz, 2H), 7.76 (brs, 1H), 7.69 (d, J = 5.1 Hz, 1H),
2.37–2.21 (m, 2H), 1.07 (t, J = 7.4 Hz, 3H); 13C NMR
(150 MHz, DMSO d6): d 161.2, 160.7, 160.5, 160.4, 149.3,
149.1, 145.0, 129.2, 128.9, 122.2, 122.1, 118.5, 118.4, 110.4,

110.1, 25.9, 11.2; HRMS (+): calcd for C19H19N6O
[M + H]+ 347.1615 found 347.1614, calcd for C19H18N6ONa
[M + Na]+ 369.1434, found369.1433.

11b: Yield: 80%; Rf, 0.40(CH3OH/CH2Cl2 = 1:20); 1H
NMR (600 MHz, DMSO d6): d 11.32 (brs, 1H), 10.22 (s,
1H), 8.86–8.94 (m, 2H), 8.78 (d, J = 5.1 Hz, 1H), 8.30 (d,

J = 6.2 Hz, 2H), 7.95 (d, J = 8.6 Hz, 2H), 7.88 (d,
J = 8.6 Hz, 2H), 7.77–7.72 (m, 1H), 7.69 (d,
J = 4.9 Hz,1H), 2.25 (q, J = 6.8 Hz, 2H), 1.59–1.47 (m,
2H), 0.94 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz,

DMSO d6): d 161.1, 160.7, 160.5, 160.4, 151.9, 149.1,148.9,
146.6, 143.8, 129.2, 128.9, 122.3, 122.3, 118.5, 118.4, 110.1,
34.4, 20.0,14.1; HRMS (+): calcd for C20H21N6O

[M + H]+ 361.1771, found 361.1770, calcd for C20H20N6ONa
[M + Na]+ 383.1591, found 383.1589.

11c: Yield: 85%; Rf, 0.39(CH3OH/CH2Cl2 = 1:20); 1H

NMR (600 MHz, DMSO d6): d 11.76 (brs, 1H), 10.27 (s,
1H), 8.95–8.89(m, 2H), 8.79 (d, J = 5.1 Hz, 1H), 8.48 (brs,
1H), 8.31 (d, J = 6.2 Hz, 2H), 8.02–7.98 (m, 2H), 7.98–7.94

(m, 2H), 7.74 (d, J = 6.6 Hz, 2H), 7.70 (d, J = 5.1 Hz, 1H),
7.51–7.42 (m, 3H); 13C NMR (150 MHz, DMSO d6): d
163.1, 160.9, 160.8, 160.5, 159.0, 158.8, 148.5, 147.6, 147.1,
144.0, 135.0, 130.4, 129.3, 129.0, 127.5, 126.4, 122.5, 118.5,
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110.3; HRMS (+): calcd for C23H19N6O [M + H]+ 395.1615,
found 395.1614, calcd for C23H18N6ONa [M + Na]+

417.1434, found 417.1433.

11d: Yield: 90%; Rf, 0.34(CH3OH/CH2Cl2 = 1:20); 1H
NMR (600 MHz, DMSO d6): d 11.70 (brs, 1H), 10.26 (s,
1H), 8.91 (d, J = 6.0 Hz, 2H), 8.79 (d, J = 5.0 Hz, 1H),

8.43 (s, 1H), 8.31 (d, J = 6.0 Hz, 2H), 8.01–7.97 (m, 2H),
7.96–7.93 (m, 2H), 7.70 (d, J = 4.9 Hz, 1H), 7.63 (d,
J = 7.5 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 2.35 (s, 3H); 13C

NMR (150 MHz, DMSO d6): d 163.1, 160.9, 160.8, 160.5,
159.0, 158.8, 148.4, 147.7, 147.2, 143.9, 140.2, 132.2, 129.9,
129.0, 127.5, 126.5, 122.6, 118.5, 110.3, 21.5; HRMS (+): calcd
for C24H21N6O [M+H]+ 409.1771, found 409.1771, calcd for

C24H20N6ONa [M + Na]+ 431.1591,found 431.1590.
11e: Yield: 88%; Rf, 0.55(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.90 (brs, 1H), 10.26 (s,

1H), 8.88 (d, J = 6.0 Hz, 2H), 8.78 (d, J = 5.0 Hz, 1H),
8.72 (brs, 1H), 8.21–8.28 (m,2H), 8.04–8.00 (m, 2H), 7.99–
7.94 (m, 3H), 7.68 (d, J = 4.9 Hz, 1H), 7.49 (q, J = 6.3 Hz,

1H), 7.34–7.28 (m, 2H); 13C NMR (150 MHz, DMSO d6): d
163.1, 161.3, 160.7, 160.4, 161.2 (d,J = 249.8 Hz),149.4,
146.0, 144.2, 140.2,132.2(d,J = 8.8 Hz), 129.1, 126.7, 126.1,

125.4 (d,J = 3.8 Hz), 125.4, 122.5, 122.1,118.5, 116.5 (d,
J = 20.9 Hz), 110.2; HRMS (+): calcd for C23H18FN6O
[M + H]+ 413.1521, found 413.1521, calcd for C23H17FN6-
ONa [M + Na]+ 435.134, found 435.1342.

11f: Yield: 89%; Rf, 0.37(CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d11.56 (brs, 1H), 10.24 (s, 1H),
8.92 (d, J = 5.0 Hz, 2H), 8.78 (d, J = 5.0 Hz, 1H), 8.36 (s,

1H), 8.32 (d, J = 6.0 Hz, 2H), 8.01–7.96 (m, 2H), 7.95–7.91
(m, 2H), 7.69 (d, J = 5.1 Hz, 1H), 7.57 (d, J = 8.3 Hz, 2H),
6.85 (d, J = 8.4 Hz, 2H); 13C NMR (150 MHz, DMSO d6):

d162.9, 160.9, 160.8, 160.5, 159.8, 159.0, 158.7, 148.5,
148.0,147.1, 143.8, 129.2, 128.9, 126.7, 125.9, 122.6, 118.5,
116.2, 110.2; HRMS (+): calcd for C23H19N6O2 [M + H]+

411.1564 found 411.1562, calcd for C23H18N6O2Na
[M + Na]+ 433.1383 found 433.1382.

11g: Yield: 86%; Rf, 0.13(CH3OH/CH2Cl2 = 1:5); 1H
NMR (600 MHz, DMSO d6): d 11.91 (brs, 1H), 10.24 (s,

1H), 8.84 (d, J = 4.6 Hz, 2H), 8.76 (d, J = 4.2 Hz, 1H),
8.52 (brs, 1H), 8.18 (d, J = 5.0 Hz, 2H), 8.05–7.99 (m, 4H),
7.96 (d, J = 7.9 Hz, 2H), 7.86 (d, J = 7.0 Hz, 2H), 7.66 (d,

J = 4.4 Hz, 1H); 13C NMR (150 MHz, DMSO d6): d 167.4,
162.2, 160.3, 160.3, 160.0, 152.1, 148.7, 146.3, 139.0, 135.0,
132.5, 132.0, 130.3, 129.1, 128.3, 127.5, 125.9, 124.5, 118.4,

109.6; HRMS (�): calcd for C24H17N6O3 [M�H]- 437.1938,
found 437.1940.

11h: Yield: 88%; Rf, 0.57(CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d 11.63 (brs, 1H), 10.24 (s,

1H), 8.95–8.86 (m, 2H), 8.78 (d, J = 5.1 Hz, 1H), 8.41 (s,
1H), 8.27 (d, J = 6.2 Hz, 2H), 8.01–7.97 (m, 2H), 7.96–7.92
(m, 2H), 7.69 (d, J = 5.0 Hz, 2H), 7.68 (brs, 1H), 7.03 (d,

J = 8.6 Hz, 2H), 3.82 (s, 3H); 13C NMR (150 MHz,
DMSO d6): d 163.0, 161.2, 161.1, 160.7, 160.5, 149.1, 147.5,
146.4, 143.9, 129.1, 129.0, 127.5, 126.6, 122.3, 118.5, 114.8,

110.2, 55.7; HRMS (+): calcd for C24H21N6O2 [M + H]+

425.1721, found 425.1721, calcd for C24H20N6O2Na
[M + Na]+ 447.154, found 447.1541.

11i: Yield: 84%; Rf, 0.47(CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d 11.80 (brs, 1H), 10.25 (s,
1H), 8.90 (d, J = 6.1 Hz, 2H), 8.78 (d, J = 5.1 Hz, 1H),
8.76 (s, 1H), 8.32–8.18 (m, 2H), 8.03–7.93 (m, 4H), 7.69 (d,
J = 5.0 Hz, 1H), 7.50 (d, J = 7.0 Hz, 1H), 7.18–7.06 (m,
2H), 3.85 (s, 3H), 3.81 (s, 3H); 13C NMR (150 MHz,
DMSO d6): d 163.0, 160.9, 160.8, 160.5, 159.1, 158.7, 153.1,

148.4, 148.0,144.0, 143.1, 129.0, 128.4, 126.4, 124.8, 122.7,
118.5, 117.5,114.5, 110.3, 617, 56.2; HRMS (+): calcd for
C25H23N6O3 [M + H]+ 455.1826, found 455.1827, calcd for

C25H22N6O3Na [M + Na]+ 477.1646, found 477.1647.
11j: Yield: 87%; Rf, 0.49(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz,DMSO d6): d 11.62 (s,1H), 10.20 (s, 1H),

8.79–8.86 (m, 2H), 8.74 (d, J = 5.1 Hz, 1H), 8.40 (s, 1H),
8.17–8.11(m, 2H),8.04–7.97(m, 2H), 7.96–7.91 (m, 2H), 7.64
(d, J = 5.1 Hz, 1H), 7.35 (s, 1H),7.21 (d, J = 8.1 Hz, 1H),
7.04 (d, J = 8.3 Hz, 1H), 3.84 (s, 3H), 3.82 (s, 3H); 13C

NMR (150 MHz, DMSO d6): d 163.0, 162.0, 160.5, 160.5,
151.1,149.5,147.8, 144.2, 144.0, 128.9, 127.7, 126.5, 122.2,
121.4, 118.4, 112.0, 109.8, 108.7, 56.0, 55.9; HRMS (+): calcd

for C25H23N6O3 [M + H]+ 455.1826, found 455.1828, calcd
for C25H22N6O3Na [M + Na]+ 477.1646, found 477.1649.

11k: Yield: 88%; Rf, 0.77(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.85 (s, 1H), 10.22 (s, 1H),
9.44 (d, J = 8.6 Hz, 1H), 9.18 (s, 1H), 8.83 (d, J = 5.0 Hz,
2H), 8.75 (d, J = 5.1 Hz, 1H), 8.15 (d, J = 6.0 Hz, 2H),

8.06 (d, J = 9.2 Hz, 1H), 8.02(s, 4H), 7.92 (d, J = 7.9 Hz,
1H), 7.64 (d, J = 5.1 Hz, 1H), 7.60 (t, J = 7.5 Hz, 1H),
7.54 (d, J = 9.2 Hz, 1H), 7.45 (t, J = 7.15 Hz, 1H), 4.03 (s,
3H); 13C NMR (150 MHz, DMSO d6): d 163.1, 161.9, 160.5,

160.5, 158.2, 150.9, 145.2, 133.0, 131.2, 129.3, 129.1, 128.9,
128.5, 126.5, 126.3, 124.5, 121.5, 118.4, 114.9, 113.9, 109.9,
57.2; HRMS (+): calcd for C28H23N6O2 [M + H]+

475.1877, found 475.1882, calcd for C28H22N6O2Na
[M + Na]+ 497.1696, found 497.1700.

11l: Yield: 88%; Rf, 0.82(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 11.71 (brs, 1H), 10.27 (s,
1H), 8.92 (d, J = 6.2 Hz, 2H), 8.79 (d, J = 5.0 Hz, 1H),
8.37 (brs, 1H), 8.32 (d, J = 6.2 Hz, 2H), 8.02–7.97(m, 2H),

7.95–7.92 (m, 2H), 7.86 (s, 1H), 7.71 (d, J = 4.9 Hz, 1H),
6.93 (d, J = 2.4 Hz, 1H), 6.65 (d, J = 1.3 Hz, 1H); 13C
NMR(150 MHz, DMSO d6): d 163.1, 160.8, 160.4, 159.0,
158.8, 150.1, 148.4, 147.2, 145.5, 144.0, 137.4, 129.0, 126.3,

122.6, 118.5, 113.6, 112.6, 110.3; HRMS (+): calcd for
C21H17N6O2 [M + H]+ 385.1408, found 385.1406, calcd for
C21H16N6O2Na [M + Na]+ 407.1227, found 407.1226.

11m: Yield: 86%; Rf, 0.79(CH3OH/CH2Cl2 = 1:10); 1H
NMR (600 MHz, DMSO d6): d 11.72 (brs, 1H), 10.27 (s,
1H), 8.92 (d, J = 6.2 Hz, 2H), 8.79 (d, J = 5.1 Hz, 1H),

8.69 (s, 1H), 8.32 (d, J = 6.2 Hz, 2H), 8.02–7.97 (m, 2H),
7.96–7.91(m, 2H), 7.70 (d, J = 5.0 Hz, 1H), 7.67 (d,
J = 4.6 Hz, 1H), 7.47 (d, J = 2.9 Hz, 1H), 7.18–7.13 (m,
1H); 13C NMR (150 MHz, DMSO d6): d 163.0, 160.8, 160.5,

159.0, 158.8, 148.4, 147.2, 144.0, 142.8, 139.8, 131.1, 129.2,
129.0, 128.3, 126.4, 122.6, 118.5, 110.3; HRMS (+): calcd
for C21H17N6OS [M + H]+ 401.1179, found 401.1180, calcd

for C21H16N6OSNa [M + Na]+ 423.0999, found 423.0998.
11n: Yield: 87%; Rf, 0.82(CH3OH/CH2Cl2 = 1:10); 1H

NMR (600 MHz, DMSO d6): d 12.02 (brs, 1H), 10.29 (s,

1H), 8.88–8.95 (m, 2H), 8.79 (d, J = 5.1 Hz, 1H), 8.65 (d,
J = 4.8 Hz, 1H), 8.51 (brs,1H), 8.35–8.26 (m, 2H), 8.06–8.01
(m, 3H), 8.00–7.93 (m, 3H), 7.70 (d, J = 5.0 Hz, 1H), 7.50–

7.45 (m, 1H); 13C NMR (150 MHz, DMSO d6): d 161.1,
160.8, 160.4, 159.0, 158.7, 153.3, 149.3, 148.9, 146.9, 146.7,
144.3, 138.2, 129.2, 126.0, 125.0, 122.4, 120.8, 118.5, 117.3,
110.3; HRMS (+): calcd for C22H18N7O [M + H]+
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396.1567, found 396.1568, calcd for C22H17N7ONa
[M + Na]+ 418.1387, found 418.1387.

4.2. Biological evaluation

4.2.1. Luciferase assay

Luciferase detection was performed in NH2 cells as described
previously. NH2 cells were seeded in 6-well plates and treated
with targets compounds or flavanol for 8 h. Then test the luci-

ferase activity by luciferase kit of Promega E1500.

4.2.2. MTT assay

All cancer cells used for the MTT assay were cultured in

DMEM medium (ThermoFisher Scientific) containing 10%
fetal bovine serum. The cells were cultured in 96-well plates
with 100 mL DMEM, and the total amount of each well was

about 1 � 104 when the compound was added. Each com-
pound was gradient treated at six concentrations with six
replicates per treatment. Meanwhile, dimethyl sulfoxide
(DMSO) was used as negative control. After 48 h, 10 mL
MTT solution (5 mg/mL, M2128, Sigma) was added to each
well and cultured in a cell incubator for another 4 h. Dis-
card the medium of each well, add 100 mL DMSO, and dis-

solve. After catching sharks for a short time, the light
intensity was detected at 490 nm, and the IC50 value was
calculated using GraphPad prism5 software (GraphPad Soft-

ware, San Diego, CA, USA).

4.2.3. Western blot analysis

Cells were harvested after compounds treatment, and lysed

with 1 � SDS loading buffer. Then the samples were boiled
for western blot analysis with indicated primary antibodies,
RNA Pol II CTD P-Ser2 (A300-654A, Bethyl), Tubulin

(T5168, Sigma), PARP1 (9542, CST, Shanghai, China).

4.2.4. Annexin-V-FITC apoptosis assay

Cells were cultured in a 6-well plate (about 1 � 105 in each

well) and treated with different concentrations of 9 h for
24 h. Cells were then collected and analyzed for apoptosis as
planned (BD Bioscience, Franklin Lakes, NJ, USA). The

apoptosis status was analyzed by flow cytometry, and the data
were analyzed by FlowJo7.6 software.

4.3. Molecular docking

The crystal structure of the CDK9/cyclinT1 complex (3BLR)
was retrieved from the PDB database (https://www.rcsb.org/
structure/3BLR) with a resolution of 2.80 Å. Schrödinger

software (Version 2020-3) was used to perform the docking
study. Briefly, the structure of 9 h and the native ligand
(FLP) of CDK9 were prepared by the LigPrep (Version

5.5) of Schrödinger with default settings. The Protein Prepa-
ration Wizard module dealt with the crystal structure of
CDK9. In this process, waters were removed, hydrogen

atoms were added, missing side chains and loops were filled
using Prime (Version 6.1), hydrogen bonds were assigned,
and the complex was subjected to constrained minimization
by the force field of OPLS3e (Roos et al., 2019). The

Induced Fit Docking panel was used to investigate the pos-
sible binding model of 9 h. Firstly, FLP was redocked into
the active pocket of CDK9 to validate the accuracy of the
docking method by the standard induced-fit docking proto-
col (Sherman et al., 2006a, 2006b) with default parameters.

Subsequently, the result gave a heavy atom ligand root-
mean-square deviation (RMSD) of 0.1755 Å between the
native ligand and the redocked FLP (Fig. S4). In addition,

the binding free energy of the docking models were calcu-
lated by MM/GBSA (Prime MMGBSA v3.000) in an impli-
cit solvent. Schrödinger’s Maestro (Version 12.5) was

applied as the primary graphical user interfaces for the visu-
alization of the crystal structure and docking results. The
figures of the molecular docking results were analyzed and
generated by PyMol (The PyMOL Molecular Graphics Sys-

tem, Version 2.3 Schrödinger, LLC.) (Fig. S4).
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