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, and bioactivity evaluation of
antitumor sorafenib analogues

Shiyang Zhou ab and Guangying Chen*ab

Malignant tumors are a serious threat to human health and are generally treated with chemical therapy. This

chemical therapy uses agents that act on signal transduction pathway mechanism of tumor with good

selectivity and low toxicity. Sorafenib is a multikinase target inhibitor with good tumor inhibitory activity

and a protein kinase inhibitor. In this research, a novel series of sorafenib analogues and derivatives were

designed, synthesized, and evaluated as tumor inhibitors. These compounds used sorafenib as the lead

compound and achieved modifications using bioisosteres and the alkyl principle. The in vitro the results

showed that compounds 3c, 3d, 3h, 3n, 3r, and 3z had good inhibitory effects on human cervical cancer

cells (Hela), while compounds 3t and 3v had good inhibitory effects on human lung cancer cells (H1975

and A549). Among these, compound 3d had an inhibitory activity (IC50) of 0.56 � 0.04 mmol L�1 against

Hela cells (human cervical cancer), the compound 3t had an IC50 of 2.34 � 0.07 mmol L�1 against H1975

cells (human lung cancer), and compound 3v had an IC50 of 1.35 � 0.03 mmol L�1 against A549 cells

(human lung cancer). The in vivo results showed that these compounds had good antitumor effects and

low acute toxicity.
1. Introduction

A malignant tumor is a common disease that seriously
threatens human health. The number of deaths caused by
malignant tumors is second only to cerebrovascular disease
among all diseases.1–3 General treatment methods for tumors
include surgical, radiation, chemical (drug therapy), and bio-
logical treatments. However, chemotherapy and surgical treat-
ment remain the most common treatment methods.4–7

Antitumor drugs have advanced considerably since the
discovery of mechlorethamine in the 1940s, which was used to
treat malignant tumors.8–13 In the last twenty years, the devel-
opment of molecular biology and cell biology have further
improved understanding of tumor biological mechanisms, and
research into antitumor drugs has provided new targets.14–18

The batch production of new chemical structures or drugs with
unique mechanisms of action for clinical tumor treatment has
provided highly efficient and low-toxicity drugs.19–21

Antitumor drugs currently used in clinical practice can be
divided into four categories according to their mechanism of
action: (i) agents that directly act on DNA; (ii) agents that
interfere with DNA synthesis; (iii) antimitotic agents; and (iv)
agents that affect the signal transduction pathway mechanism
of tumors.22–24 Among these antitumor drugs, types (i)–(iii) all
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inuence DNA synthesis or cell mitosis.25 Therefore, these
antitumor drugs have strong effects, but lack selectivity and
have signicant toxic effects. More selective, efficient, and less
toxic antitumor drugs that interfere with or directly act on
specic biological processes in tumor cells have long been
sought.26–28 With the development of life science, biological
mechanisms related to the occurrence and development of
tumors have gradually been elucidated.29 As a result, research
into antitumor drugs has begun to move towards targeted
rational drug design, with some new high-selectivity drugs
produced.30

The reversible phosphorylation of protein amino acid side
chains is an important mechanism for the regulation of enzyme
and signal protein activity.31 Protein kinase and protein phos-
phatase are involved in reversible phosphorylation and play key
roles in regulating metabolism, gene expression, cell growth,
cell division, and cell differentiation. Protein kinase is a phos-
photransferase that catalyzes the transfer of phosphate groups
from ATP to protein receptor amino acids.32,33 Tyrosine kinase is
the most important protein kinase, while protein tyrosine
kinase is a type of protein that shows tyrosine kinase activity,
including receptor-type and nonreceptor-type proteins.34

Receptor-type proteins include epidermal growth factor
receptor (EGFR), vascular endothelial growth factor receptor
(VEGFR), platelet-derived growth factor receptor (PGFR), insulin
receptor (InsR), and broblast growth factor receptor (FGFR).
Nonreceptor-type proteins include Src, Abl, Jak, Csk, Fak, and
Fes. Protein tyrosine kinase dysfunction can cause many
diseases.35–37 Some data have shown that over 50% of
RSC Adv., 2018, 8, 37643–37651 | 37643
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Fig. 1 Structures of protein kinase inhibitors.

Fig. 2 Design of sorafenib analogues and derivatives.
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protooncogenes and oncogene products have protein tyrosine
kinase activity, and that their abnormal expression leads to cell
proliferation and regulation disorders, which cause tumors.
Furthermore, abnormal expression of tyrosine kinase is closely
related to tumor invasion and metastasis, tumor angiogenesis,
and tumor chemotherapy resistance.38–41 In recent years, protein
tyrosine kinase has become the target of drug action. The
design of protein kinase inhibitors that can interfere with the
cell signal transduction pathway has been used in the search for
disease drug treatments.42–45

Agents that act on the signal transduction pathway mecha-
nism in tumors include protein kinase inhibitors and protea-
some inhibitors. Protein kinase inhibitors can be divided into
Bcr-Abl protein kinase inhibitors, epidermal growth factor
receptor tyrosine kinase inhibitors, and multiple kinase target
inhibitors.46–50 Currently, protein kinase inhibitors commonly
used in clinical practice include imatinib, dasatinib, getinib,
erlotinib, sorafenib, and sunitinib (Fig. 1). These drugs all
contain aniline structures. Herein, using sorafenib as the lead
compound, sorafenib analogues and derivatives with core aniline
structures were designed (Fig. 2) and synthesized. The results of
in vitro and in vivo experiments showed that these compounds
had good antitumor activities. In the target molecule design
process, bioisosteres and the alkyl principle were used to prepare
different compounds. The target compounds were synthesized
from 2-aminobenzoic acid (1a) or 6-methyl-2-aminobenzoic acid
(1b) by amination and condensation (N-alkylation). The synthetic
route involved simple operations and mild reaction conditions,
and afforded high total yields (Scheme 1).
2. Results and discussion
2.1. Design and synthesis of sorafenib analogues and
derivatives

Sorafenib (protein kinase inhibitor) has a novel structure and is
used as an antitumor drug against multiple kinase targets.
Herein, the design of protein kinase inhibitors was based on
sorafenib as the lead compound. A series of novel sorafenib
37644 | RSC Adv., 2018, 8, 37643–37651
analogues and derivatives were prepared using bioisosteres and
the alkyl principle (Fig. 2). As shown in Fig. 2, the target
compounds and sorafenib were found to contain the same
aniline structure. According to structure–activity relationship
(SAR) studies, this novel series of compounds might have anti-
tumor activities. During structural modication of the lead
compound (sorafenib), substituents R1, R2, and R3 on the
aniline structure were modied. The following substituents
were selected and tested: H and CH3 at R1; pyran, pyridine,
pyrimidine, pyrazine, and pyridazine at R2; and morpholine,
pyridine, and pyrimidine at R3. These R1, R2, and R3 substitu-
ents were chosen to alter the physical and chemical properties
(log P and pKa) of the target compounds and achieve good
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Synthetic route for sorafenib analogues.
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biological activity. To prepare the target compounds, we chose
a synthesis route that involved simple operations and mild
reaction conditions, and afforded high total yields (Scheme 1).
As shown in Scheme 1, the target compounds were synthesized
by amination and condensation (N-alkylation). Compounds 2a–
2j were prepared using a general amination method, with 2-
aminobenzoic acid (1a) or 6-methyl-2-aminobenzoic acid (1b) as
the startingmaterial, tetrahydrofuran (THF) as solvent, and 1,10-
carbonyldiimidazole (CDI) as catalyst under reux for 3 h to
achieve reaction completion. Compounds 3a–3z were prepared
using a general condensation (N-alkylation) method with AlCl3
as a catalyst in EtOH/NaOH under reux for 5 h. The resulting
products were characterized by 1H NMR, 13C NMR, HR-ESI-MS,
and elemental analysis.
Table 1 Inhibitory activity of compounds in vitro

Compounds

IC50
a (mmol L�1) � SD

Hela A549 H1975

3a 10.20 � 0.88 12.40 � 1.20 11.13 � 1.11
3b 7.02 � 0.85 10.31 � 1.00 8.90 � 0.96
3c 2.01 � 0.11 25.33 � 2.05 43.12 � 3.22
3d 1.56 � 0.04 20.46 � 2.20 40.39 � 2.11
3e 34.78 � 1.55 12.66 � 1.03 10.18 � 1.06
3f 30.69 � 1.33 10.23 � 1.09 9.45 � 0.55
3g 3.08 � 0.011 10.26 � 0.65 8.02 � 0.36
3h 2.07 � 0.33 7.45 � 0.45 6.96 � 0.66
3i 12.67 � 0.89 56.09 � 3.00 45.99 � 2.98
3j 10.33 � 1.09 54.37 � 2.16 43.56 � 3.11
3k 56.88 � 3.12 4.60 � 0.45 4.33 � 0.24
3l 54.70 � 4.00 3.04 � 0.73 2.66 � 0.29
3m 4.04 � 0.34 24.67 � 2.23 13.56 � 1.32
3n 2.54 � 0.23 20.45 � 2.10 11.34 � 1.34
3o 12.45 � 1.32 15.67 � 1.58 20.49 � 1.99
3p 10.45 � 0.78 13.55 � 2.10 18.48 � 2.09
3q 4.22 � 0.26 23.47 � 3.12 26.68 � 2.11
3r 1.90 � 0.10 19.55 � 3.10 23.40 � 2.89
3s 18.34 � 2.04 4.45 � 0.21 4.36 � 0.15
3t 16.23 � 1.23 3.78 � 0.21 2.34 � 0.11
3u 15.04 � 1.45 2.44 � 0.14 4.22 � 0.22
3v 13.58 � 1.67 1.35 � 0.02 2.67 � 0.12
3w 25.55 � 2.55 13.33 � 1.89 12.29 � 2.00
3x 23.68 � 3.11 10.29 � 0.90 10.04 � 0.89
3y 3.46 � 0.09 46.33 � 3.11 56.48 � 4.66
3z 2.11 � 0.23 44.60 � 4.21 54.69 � 5.10
Sorafenib 6.02 � 0.21 2.10 � 0.10 4.20 � 0.21
Sunitinib 2.06 � 0.34 1.05 � 0.04 16.02 � 0.85
DMSO None None None

a IC50 values are displayed as means � standard deviations, n $ 8.
2.2. In vitro antitumor activity

Biological activity experiments were based on the MTT assay (a
colorimetric assay for assessing cell metabolic activity). For the
in vitro experiments, human lung cancer cells (H1975 and
A549) and cervical cancer cells (Hela) were used as inhibitory
targets. The inhibitory activity was measured as the half
maximal inhibitory concentration (IC50). Sorafenib and suni-
tinib were used as positive drugs and DMSO was used as the
blank control. The results of the biological activity experi-
ments are shown in Table 1. The data were analyzed by linear
regression using statistical soware SPSS (version 13.0), with
the results showing a linear t, as shown in Table 1.
Compounds 3c, 3d, 3h, 3n, 3r, and 3z showed better inhibitory
effects against human cervical cancer cells (Hela), while
compounds 3t and 3v showed better inhibitory effects against
human lung cancer cells (H1975 and A549). Among these
compounds, compound 3d had an inhibitory activity (IC50) of
1.56 � 0.04 mmol L�1 against Hela cells (human cervical
cancer), compound 3t had an IC50 of 2.34 � 0.07 mmol L�1

against H1975 (human lung cancer), and compound 3v had an
IC50 of 1.35 � 0.03 mmol L�1 against A549 (human lung
cancer). As shown in Table 1, these compounds showed good
antitumor activity in vitro. Compounds 3d and 3r showed
better biological activity than positive control sunitinib (IC50¼
2.06 � 0.34 mmol L�1) against Hela cells, compound 3t showed
better biological activity than positive control sorafenib (IC50

¼ 4.20� 0.21 mmol L�1) against H1975 cells, and compound 3v
showed similar biological activity to positive control sunitinib
(IC50 ¼ 1.05 � 0.04 mmol L�1) against A549 cells.
This journal is © The Royal Society of Chemistry 2018
2.3. In vivo antitumor activity

In vivo antitumor test results are the most important indica-
tors in evaluating the effectiveness of candidate antitumor
compounds. In vivo experiments were conducted to evaluate
the inhibitory effect and intensity of the compounds on the
growth of xenogra tumors in nude mice with human carci-
noma. During the experiment, human lung cancer (A549) and
human cervical cancer (Hela) were inoculated under the right
armpit of nude mice. Aer tumor growth to a certain stage,
high (100 mg kg�1 d�1), medium (50 mg kg�1 d�1), and low
(10 mg kg�1 d�1) doses of compounds 3c, 3d, 3h, 3n, 3r, 3t, 3v,
and 3z were administered (Table 2). Data were analyzed by
RSC Adv., 2018, 8, 37643–37651 | 37645
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Table 2 Inhibitory activity of compounds in vivo

Compounds Doses (mg kg�1 d�1)

T/Ca (%)
LD50 � SDb

(mg kg�1)Hela A549

3c 10 4.78 � 0.13 56.78 � 3.21 2781.2 � 3.2
50 1.92 � 0.09 43.11 � 3.45
100 0.25 � 0.13 17.23 � 1.39

3d 10 3.56 � 0.08 45.91 � 3.56 2692.1 � 4.3
50 1.26 � 0.05 37.80 � 1.34
100 0.03 � 0.01 13.22 � 1.06

3h 10 5.11 � 0.87 38.90 � 3.10 2469.3 � 2.8
50 2.67 � 0.06 23.53 � 1.01
100 0.30 � 0.02 9.21 � 1.31

3n 10 5.89 � 0.23 83.26 � 5.23 1823.2 � 4.1
50 2.90 � 0.10 58.21 � 3.34
100 0.45 � 0.07 38.33 � 2.11

3r 10 4.11 � 0.19 76.22 � 4.62 2236.7 � 3.1
50 1.87 � 0.08 52.17 � 3.12
100 0.09 � 0.01 30.32 � 3.18

3t 10 69.45 � 4.32 5.78 � 0.56 1803.7 � 2.3
50 40.23 � 2.39 2.26 � 0.34
100 10.12 � 1.01 0.23 � 0.02

3v 10 42.34 � 3.43 5.38 � 0.67 2013.5 � 2.2
50 36.45 � 1.22 2.11 � 0.05
100 6.55 � 0.33 0.11 � 0.03

3z 10 6.35 � 0.56 71.31 � 3.42 1749.1 � 3.2
50 2.93 � 0.08 58.51 � 2.32
100 0.31 � 0.01 41.12 � 1.23

Sorafenib 50 9.56 � 1.05 3.11 � 0.23 2210.5 � 2.3
Sunitinib 50 2.89 � 0.02 2.21 � 0.15 2331.2 � 2.1
DMSO 50 100 100

a T/C values are displayed as means � standard deviations, n $ 8. b LD50 values are displayed as means � standard deviations, n $ 8.
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linear regression using statistical soware SPSS (version 13.0),
with the results of data analysis showing a linear t. As shown
in Table 2, the data showed that these compounds had good
antitumor effects in vivo and showed low relative tumor
proliferation rates (T/C, %). Most of the compounds were
effective at high, medium, and low doses (T/C > 40% was
ineffective and T/C # 40% was effective). As shown in Table 2,
compounds 3c, 3d, 3h, 3n, 3r, and 3z showed general inhibi-
tory activities at low doses (10 mg kg�1 d�1) against Hela cells.
However, at medium doses (50 mg kg�1 d�1) or high doses
(100 mg kg�1 d�1), their inhibitory activities were signicantly
increased above those of positive controls sorafenib and
sunitinib. Compounds 3t and 3v showed general inhibitory
activity at low doses (10 mg kg�1 d�1) against A549 cells, but
better activities than positive controls sorafenib and sunitinib
at medium (50 mg kg�1 d�1) and high doses (100 mg kg�1 d�1).
Therefore good inhibitory activities were obtained at medium
doses and high doses against Hela and A549 cells in vivo. We
also studied the acute toxicity of these target compounds in
vivo (Table 2), which found that target compounds 3c, 3d, 3h,
3n, 3r, 3t, 3v, and 3z had low acute toxicity.
3. Conclusions

We have reported the design, synthesis, and evaluation of
a series of novel sorafenib analogues and derivatives as
37646 | RSC Adv., 2018, 8, 37643–37651
tumor inhibitors. Using sorafenib as the lead compound,
various compounds were designed and prepared using bio-
isosteres and the alkyl principle. The target compounds were
synthesized from 2-aminobenzoic acid (1a) or 6-methyl-2-
aminobenzoic acid (1b) by amination and condensation (N-
alkylation). This synthetic route involved simple operations
and mild reaction conditions, and afforded high total yields.
In vitro activity results showed that compounds 3c, 3d, 3h, 3n,
3r, and 3z had good inhibitory effects on human cervical
cancer cells (Hela), and that compounds 3t and 3v had good
inhibitory effects on human lung cancer cells (H1975 and
A549). Among these compounds, compound 3d had an
inhibitory activity (IC50) of 1.56 � 0.04 mmol L�1 against Hela
cells (human cervical cancer), compound 3t had an IC50 of
2.34 � 0.07 mmol L�1 against H1975 cells (human lung
cancer), and compound 3v had an IC50 of 1.35 � 0.03 mmol
L�1 against A549 cells (human lung cancer). In vivo activity
results showed that these compounds had good antitumor
effects and low acute toxicity.
4. Experimental
4.1. Chemistry

4.1.1. Materials and general methods. Reagents were
purchased and used without further purication. Nuclear
magnetic resonance (NMR) spectroscopy was performed on
This journal is © The Royal Society of Chemistry 2018
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a Bruker AMX-400 (TMS as internal standard). Mass spectrom-
etry was performed on a Agilent 6460 spectrometer. HPLC
analysis of all nal biologically tested compounds was per-
formed on an Agilent 1260 Series HPLC system. Purity was
determined using reversed-phase HPLC and was $99% for all
biologically tested compounds.

4.1.2. Synthesis of compounds 2a–2j. The synthesis of
compound 2a is described here as an example. To 1,1-carbon-
yldiimidazole (CDI; 16.20 g, 0.10 mol) dissolved in THF (30 mL)
at around 10 �C was added 4-amino-4H-pyran (8.20 g, 0.10 mol),
and the mixture was stirred continuously for 30 min. Next, 2-
aminobenzoic acid (1a, 13.70 g, 0.10 mol) dissolved in THF (100
mL) in a 250 mL round bottom ask was added dropwise to the
reaction mixture at 10 �C, followed by reux for 3 h. Aer
reaction completion, the mixture was allowed to cool and the
precipitated solid was ltered, washed, and dried in vacuo to
afford crude product 2-amino-N-(4H-pyran-4-yl)benzamide (2a).
Crude 2a was recrystallized from acetone, ltered, and dried in
vacuo to afford pure 2a as a white crystalline solid. This general
procedure was used for the synthesis of compounds 2b–2j.

4.1.3. Synthesis of compounds 3a–3z. The synthesis of
compound 3a is described here as an example. To compound 2a
(21.10 g, 0.10 mol) in a 250 mL round bottom ask was added
anhydrous ethanol (100 mL) and anhydrous aluminum tri-
chloride (13.30 g, 0.01 mol). Under constant pressure condi-
tions, 4-chloromorpholine (12.15 g, 0.10 mol) was added
dropwise using a dropping funnel, and then the reaction was
reuxed for 5 h. Aer reaction completion, the mixture was
ltered while still hot and ethanol was removed from the ltrate
under normal pressure. Themixture was dried in vacuo to afford
crude product 3a. Crude 3a was recrystallized from ethanol
(volume fraction, 60%), ltered, and dried in vacuo to afford
pure 3a as a white crystalline solid. This general procedure was
used for the synthesis of compounds 3b–3z.

2-(Morpholinoamino)-N-(4H-pyran-4-yl)benzamide (3a). 84.8%
yield; mp 145–146 �C; 1H NMR (300 MHz, CDCl3) d: 9.18 (s, 1H,
–NH–), 7.69 (m, 1H, Ph-H), 7.50 (m, 1H, Ph-H), 7.08 (m, 1H, Ph-
H), 6.78 (m, 1H, Ph-H), 6.17 (d, J ¼ 8.4 Hz, 2H, C]CH–O), 4.76
(m, 1H, –CH–), 4.63 (m, 2H, –CH]C), 3.65 (m, 4H, C–CH2–O),
3.00 (m, 4H, –CH2-C); 13C NMR (75 MHz, CDCl3) d: 167.8, 141.0,
140.1, 132.6, 128.0, 119.2, 114.8, 112.1, 104.1, 65.5, 58.4, 51.1;
HR-ESI-MS m/z: calcd for C16H19N3O3 ([M + H]+), 301.3503;
found, 301.3501. Anal. calcd for C16H19N3O3: C, 63.77; H,
6.36; N, 13.94; O, 15.93; found: C, 63.76; H, 6.37; N, 13.93; O,
15.94%.

2-Methyl-6-(morpholinoamino)-N-(4H-pyran-4-yl)benzamide
(3b). 89.2% yield; mp 153–156 �C; 1H NMR (300 MHz, CDCl3) d:
9.18 (s, 1H, –NH–), 7.36 (m, 1H, Ph-H), 6.98 (m, 1H, Ph-H), 6.69
(m, 1H, Ph-H), 6.17 (d, J ¼ 8.4 Hz, 2H, C]CH–O), 4.76 (m, 1H,
–CH–), 4.63 (m, 2H, –CH]C), 3.65 (m, 4H, C–CH2–O), 3.00 (m,
4H, –CH2–C), 2.48 (s, 3H, –CH3);

13C NMR (75 MHz, CDCl3) d:
167.8, 140.9, 140.1, 137.7, 132.5, 121.9, 117.7, 104.1, 65.5, 58.4,
51.1; HR-ESI-MSm/z: calcd for C17H21N3O3 ([M + H]+), 315.3701;
found, 315.1583l; anal. calcd for C17H21N3O3: C, 64.74; H,
6.71; N, 13.32; O, 15.22; found: C, 64.73; H, 6.72; N, 13.33; O,
15.21%.
This journal is © The Royal Society of Chemistry 2018
N-(4H-Pyran-4-yl)-2-(pyridin-4-ylamino)benzamide (3c). 90.1%
yield; mp 173–174 �C; 1H NMR (300 MHz, CDCl3) d: 11.02 (s, 1H,
–NH–N), 9.18 (s, 1H, –NH–), 8.46 (m, 2H, –CH]N), 8.39 (m, 1H,
Ph-H), 7.73 (m, 1H, Ph-H), 7.66 (m, 1H, Ph-H), 6.99 (m, 1H, Ph-
H), 6.99 (m, 2H, C]CH–), 6.17 (d, J ¼ 8.4 Hz, 2H, C]CH–O),
4.76 (m, 1H, –CH–), 4.63 (m, 2H,–CH]C); 13C NMR (75 MHz,
CDCl3) d: 167.8, 155.3, 151.9, 150.2, 140.1, 132.9, 128.3, 118.8,
117.9, 116.4, 109.0, 104.1, 51.1; HR-ESI-MS m/z: calcd for
C17H15N3O2 ([M + H]+), 293.3301; found, 293.1164; anal. calcd
for C17H15N3O2: C, 69.61; H, 5.15; N, 14.33; O, 10.91; found: C,
69.60; H, 5.17; N, 14.32; O, 10.91%.

2-Methyl-N-(4H-pyran-4-yl)-6-(pyridin-4-ylamino)benzamide
(3d). 92.5% yield; mp 182–185 �C; 1H NMR (300 MHz, CDCl3) d:
11.02 (s, 1H, –NH–N), 9.18 (s, 1H, –NH–), 8.46 (m, 2H, –CH]N),
8.29 (m, 1H, Ph-H), 7.40 (m, 1H, Ph-H), 6.99 (m, 2H, C]CH–),
6.90 (m, 1H, Ph-H), 6.17 (d, J ¼ 8.4 Hz, 2H, C]CH–O), 4.76 (m,
1H, –CH–), 4.63 (m, 2H, –CH]C), 2.48 (s, 3H, –CH3);

13C NMR
(75 MHz, CDCl3) d: 167.8, 155.3, 150.2, 143.8, 143.1, 140.1,
138.0, 121.5, 120.8, 113.4, 109.0, 104.1, 51.1, 18.1; HR-ESI-MSm/
z: calcd for C18H17N3O2 ([M + H]+), 307.3505; found, 307.1320;
anal. calcd for C18H17N3O2: C, 70.34; H, 5.58; N, 13.67; O, 10.41;
found: C, 70.35; H, 5.59; N, 13.66; O, 10.40%.

N-(4H-Pyran-4-yl)-2-(pyrimidin-5-ylamino)benzamide (3e).
93.4% yield; mp 201–203 �C; 1H NMR (300 MHz, CDCl3) d: 9.23
(s, 1H, –NH–C), 9.18 (s, 1H, –NH–C), 8.90 (s, 1H, N]CH–N), 8.50
(s, 1H, –CH]N), 8.39 (m, 1H, Ph-H), 7.73 (m, 1H, Ph-H), 7.66
(m, 1H, Ph-H), 6.99 (m, 1H, Ph-H), 6.17 (d, J ¼ 8.4 Hz, 2H, C]
CH–O), 4.76 (m, 1H, –CH–), 4.63 (m, 2H, –CH]C); 13C NMR (75
MHz, CDCl3) d: 167.8, 151.9, 147.4, 143.7, 142.9, 140.1, 132.9,
128.3, 118.8, 117.9, 116.4, 104.1, 51.1; HR-ESI-MS m/z: calcd for
C16H14N4O2 ([M + H]+), 294.3101; found, 294.1117; anal. calcd
for C16H14N4O2: C, 65.30; H, 4.79; N, 19.04; O, 10.87; found: C,
65.31; H, 4.79; N, 19.03; O, 10.87%.

2-Methyl-N-(4H-pyran-4-yl)-6-(pyrimidin-5-ylamino)benzamide
(3f). 94.0% yield, mp 222–223 �C, 1H NMR (300 MHz, CDCl3) d:
9.23 (s, 1H, –NH–C), 9.18 (s, 1H, –NH–C), 8.90 (s, 1H, N]CH–N),
8.50 (s, 1H, –CH]N), 8.29 (m, 1H, Ph-H), 7.40 (m, 1H, Ph-H),
6.90 (m, 1H, Ph-H), 6.17 (d, J ¼ 8.4 Hz, 2H, C]CH–O), 4.76
(m, 1H, –CH–), 4.63 (m, 2H,–CH]C), 2.48 (s, 3H, –CH3);

13C
NMR (75 MHz, CDCl3) d: 167.8, 147.4, 143.8, 143.7, 143.1, 140.1,
138.0, 121.5, 120.8, 113.4, 104.1, 51.1, 18.1; HR-ESI-MS m/z:
calcd for C17H16N4O2 ([M + H]+), 308.3411; found, 308.1273;
anal. calcd for C17H16N4O2: C, 66.22; H, 5.23; N, 18.17; O, 10.38;
found: C, 66.23; H, 5.22; N, 18.18; O, 10.37%.

2-(Morpholinoamino)-N-(pyridin-4-yl)benzamide (3g). 88.4%
yield; mp 168–170 �C; 1H NMR (300 MHz, CDCl3) d: 10.35 (s, 1H,
–NH–N), 10.22 (s, 1H, –NH–), 8.46 (d, J ¼ 7.4 Hz, 2H, –CH]N),
7.69 (m, 1H, Ph-H), 7.50 (m, 1H, Ph-H), 7.36 (d, J ¼ 7.2 Hz, 2H,
–CH]C), 7.08 (m, 1H, Ph-H), 3.65 (m, 4H, C–CH2–O), 3.00 (m,
4H, –CH2–C);

13C NMR (75 MHz, CDCl3) d: 167.5, 155.3, 150.2,
141.0, 132.6, 128.0, 119.2, 114.8, 112.1, 109.0, 65.5, 58.4; HR-ESI-
MS m/z: calcd for C16H14N4O2 ([M + H]+), 294.3111; found,
294.1116; anal. calcd for C16H14N4O2: C, 65.30; H, 4.79; N, 19.04;
O, 10.87; found: C, 65.31; H, 4.78; N, 19.04; O, 10.87%

2-Methyl-6-(morpholinoamino)-N-(pyridin-4-yl)benzamide (3h).
90.2% yield; mp 177–178 �C; 1H NMR (300 MHz, CDCl3) d: 10.35
RSC Adv., 2018, 8, 37643–37651 | 37647
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(s, 1H, –NH–N), 10.22 (s, 1H, –NH–), 8.46 (d, J ¼ 7.4 Hz, 2H,
–CH]N), 7.36 (d, J ¼ 7.2 Hz, 2H, –CH]C), 7.36 (m, 1H, Ph-H),
6.98 (m, 1H, Ph-H), 6.69 (m, 1H, Ph-H), 3.65 (m, 4H, C–CH2–O),
3.00 (m, 4H, –CH2–C), 2.48 (s, 3H, –CH3);

13C NMR (75 MHz,
CDCl3) d: 164.7, 155.3, 150.2, 140.9, 137.7, 132.5, 121.9, 117.7,
109.1, 109.0, 65.5, 58.4, 18.1; HR-ESI-MS m/z: calcd for
C17H16N4O2 ([M + H]+), 308.3400; found, 308.1273; anal. calcd
for C17H16N4O2: C, 66.22; H, 5.23; N, 18.17; O, 10.38; found: C,
66.23; H, 5.24; N, 18.15; O, 10.38%.

N-(Pyridin-4-yl)-2-(pyrimidin-5-ylamino)benzamide (3i). 92.1%
yield; mp 188–190 �C; 1H NMR (300 MHz, CDCl3) d: 10.22 (s, 1H,
–NH–N), 9.23 (s, 1H, –NH–), 8.90 (s, 1H, –N–CH–), 8.50 (s, 2H,
–CH]N), 8.46 (d, J ¼ 7.4 Hz, 2H, –CH]N), 8.39 (m, 1H, Ph-H),
7.73 (m, 1H, Ph-H), 7.66 (m, 1H, Ph-H), 7.36 (d, J ¼ 7.2 Hz, 2H,
–CH]C), 6.99 (m, 1H, Ph-H); 13C NMR (75 MHz, CDCl3) d:
167.5, 155.3, 151.9, 150.2, 147.4, 143.7, 142.9, 132.9, 128.3,
118.8, 117.9, 116.4, 109.0; HR-ESI-MS m/z: calcd for C16H13N5O
([M + H]+), 291.3100; found, 291.1120; anal. calcd for
C16H13N5O: C, 65.97; H, 4.50; N, 24.04; O, 5.49; found: C, 65.97;
H, 4.51; N, 24.04; O, 5.48%.

2-Methyl-N-(pyridin-4-yl)-6-(pyrimidin-5-ylamino)benzamide
(3j). 92.9% yield; mp 201–204 �C; 1H NMR (300 MHz, CDCl3) d:
10.22 (s, 1H, –NH–N), 9.23 (s, 1H, –NH–), 8.90 (s, 1H, –N–CH–),
8.50 (s, 2H, –CH]N), 8.46 (d, J ¼ 7.4 Hz, 2H, –CH]N), 8.29 (m,
1H, Ph-H), 7.40 (d, J ¼ 7.2 Hz, 2H, –CH]C), 7.36 (d, J ¼ 7.2 Hz,
2H, –CH]C), 6.90 (m, 1H, Ph-H); 2.48 (s, 3H, –CH3);

13C NMR
(75 MHz, CDCl3) d: 164.7, 155.3, 150.2, 147.4, 143.8, 143.7,
143.1, 142.9, 138.0, 121.5, 120.8, 113.4, 109.0, 18.1; HR-ESI-MS
m/z: calcd for C17H15N5O ([M + H]+), 305.3401; found,
305.1277; anal. calcd for C17H15N5O: C, 66.87; H, 4.95; N, 22.94;
O, 5.24; found: C, 66.88; H, 4.95; N, 22.94; O, 5.23%.

2-(Morpholinoamino)-N-(pyrimidin-5-yl)benzamide (3k). 87.1%
yield; mp 178–180 �C; 1H NMR (300 MHz, CDCl3) d: 10.35 (s, 1H,
–NH–N), 10.22 (s, 1H, –NH–), 9.21 (s, 2H, –CH]N), 9.10 (s, 1H,
–N]CH–), 7.69 (m, 1H, Ph-H), 7.50 (m, 1H, Ph-H), 7.08 (m, 1H,
Ph-H), 3.65 (m, 4H, C–CH2–O), 3.00 (m, 4H, –CH2–C);

13C NMR
(75 MHz, CDCl3) d: 167.5, 147.4, 143.7, 141.1, 141.0, 132.6,
128.0, 119.2, 114.8, 112.1, 65.5, 58.4; HR-ESI-MS m/z: calcd for
C15H17N5O2 ([M + H]+), 299.3301; found, 299.1382; anal. calcd
for C15H17N5O2: C, 60.19; H, 5.72; N, 23.40; O, 10.69; found: C,
60.19; H, 5.73; N, 23.40; O, 10.68%.

2-Methyl-6-(morpholinoamino)-N-(pyrimidin-5-yl)benzamide
(3l). 89.0% yield; mp 192–194 �C; 1H NMR (300 MHz, CDCl3) d:
10.35 (s, 1H, –NH–N), 10.22 (s, 1H, –NH–), 9.21 (s, 2H, –CH]N),
9.10 (s, 1H, –N]CH–), 7.36 (m, 1H, Ph-H), 6.98 (m, 1H, Ph-H),
6.69 (m, 1H, Ph-H), 3.65 (m, 4H, C–CH2–O), 3.00 (m, 4H, –CH2–

C), 2.48 (s, 3H, –CH3);
13C NMR (75 MHz, CDCl3) d: 164.7, 147.4,

143.7, 141.1, 140.9, 137.7, 132.5, 121.9, 117.7, 109.1, 65.5, 58.4,
18.1; HR-ESI-MSm/z: calcd for C16H19N5O2 ([M + H]+), 313.3602;
found, 313.1539; anal. calcd for C16H19N5O2: C, 61.33; H,
6.11; N, 22.35; O, 10.21; found: C, 61.35; H, 6.10; N, 22.35; O,
10.20%.

2-(Pyridin-4-ylamino)-N-(pyrimidin-5-yl)benzamide (3m). 90.2%
yield; mp 192–193 �C; 1H NMR (300 MHz, CDCl3) d: 11.02 (s, 1H,
–NH–N), 10.21 (s, 1H, –NH–), 9.21 (s, 2H, –CH]N), 9.10 (s, 1H,
–N]CH–), 8.46 (m, 2H, –CH–N), 8.39 (m, 1H, Ph-H), 7.73 (m,
1H, Ph-H), 7.66 (m, 1H, Ph-H), 6.99 (m, 1H, Ph-H), 6.99 (m, 2H,
37648 | RSC Adv., 2018, 8, 37643–37651
–C–CH–); 13C NMR (75 MHz, CDCl3) d: 167.5, 155.3, 151.9,
150.2, 147.4, 143.7, 141.1, 132.9, 128.3, 118.8, 117.9, 116.4,
109.0; HR-ESI-MSm/z: calcd for C16H13N5O ([M + H]+), 291.3112;
found, 291.1120; anal. calcd for C16H13N5O: C, 65.97; H, 4.50; N,
24.04; O, 5.49; found: C, 65.98; H, 4.51; N, 24.03; O, 5.48%.

2-Methyl-6-(pyridin-4-ylamino)-N-(pyrimidin-5-yl)benzamide
(3n). 93.1% yield; mp 201–202 �C; 1H NMR (300 MHz, CDCl3) d:
11.02 (s, 1H, –NH–N), 10.21 (s, 1H, –NH–), 9.21 (s, 2H, –CH]N),
9.10 (s, 1H, –N]CH–), 8.46 (m, 2H, –CH–N), 8.29 (m, 1H, Ph-H),
7.40 (m, 1H, Ph-H), 6.99 (m, 2H, –C–CH–), 6.90 (m, 1H, Ph-H),
2.48 (s, 3H, –CH3);

13C NMR (75 MHz, CDCl3) d: 164.7, 155.3,
150.2, 147.4, 143.8, 143.7, 143.1, 141.1, 138.0, 121.5, 120.8,
113.4, 109.0, 18.1; HR-ESI-MS m/z: calcd for C17H15N5O ([M +
H]+), 305.3411; found, 305.1276; anal. calcd for C17H15N5O: C,
66.87; H, 4.95; N, 22.94; O, 5.24; found: C, 66.88; H, 4.94; N,
22.93; O, 5.25%.

2-(Morpholinoamino)-N-(pyrazin-2-yl)benzamide (3o). 86.3%
yield; mp 181–183 �C; 1H NMR (300 MHz, CDCl3) d: 12.32 (s, 1H,
–NH–N), 11.17 (s, 1H, –NH–), 8.59 (s, 1H, –CH–N), 8.40 (s, 1H,
–N]CH–), 8.35 (s, 1H, –N]CH–), 7.69 (m, 1H, Ph-H), 7.50 (m,
1H, Ph-H), 7.08 (m, 1H, Ph-H), 6.78 (m, 1H, Ph-H), 3.65 (m, 4H,
C–CH2–O), 3.00 (m, 4H, –CH2–C);

13C NMR (75 MHz, CDCl3) d:
164.7, 149.7, 141.8, 139.5, 137.4, 136.1, 132.6, 128.0, 119.2,
114.8, 112.1, 65.5, 58.4; HR-ESI-MS m/z: calcd for C15H17N5O2

([M + H]+), 299.3312; found, 299.1382; anal. calcd for
C15H17N5O2: C, 60.19; H, 5.72; N, 23.40; O, 10.69; found: C,
60.19; H, 5.73; N, 23.41; O, 10.67%.

2-Methyl-6-(morpholinoamino)-N-(pyrazin-2-yl)benzamide (3p).
89.1% yield; mp 194–196 �C; 1H NMR (300 MHz, CDCl3) d: 12.32
(s, 1H, –NH–N), 11.17 (s, 1H, –NH–), 8.59 (s, 1H, –CH–N), 8.40 (s,
1H, –N]CH–), 8.35 (s, 1H, –N]CH–), 7.36 (m, 1H, Ph-H), 6.98
(m, 1H, Ph-H), 6.69 (m, 1H, Ph-H), 3.65 (m, 4H, C–CH2–O), 3.00
(m, 4H, –CH2–C), 2.48 (s, 3H, –CH3);

13C NMR (75 MHz, CDCl3)
d: 164.7, 149.7, 140.9, 139.5, 137.4, 137.7, 137.4, 136.1, 132.5,
121.9, 117.7, 109.1, 65.5, 58.4; HR-ESI-MS m/z: calcd for
C16H19N5O2 ([M + H]+), 313.3611; found, 313.1538; anal. calcd
for C16H19N5O2: C, 61.33; H, 6.11; N, 22.35; O, 10.21; found: C,
61.34; H, 6.10; N, 22.35; O, 10.21%.

N-(Pyrazin-2-yl)-2-(pyridin-4-ylamino)benzamide (3q). 86.3%
yield; mp 196–198 �C; 1H NMR (300 MHz, CDCl3) d: 11.17 (s, 1H,
–NH–N), 11.02 (s, 1H,–NH–), 8.59 (s, 1H, –CH–N), 8.46 (m, 2H,
–CH–N), 8.40 (s, 1H, –N]CH–), 8.39 (m, 1H, Ph-H), 8.35 (s, 1H,
–N]CH–), 7.73 (m, 1H, Ph-H), 7.66 (m, 1H, Ph-H), 6.99 (m, 1H,
Ph-H), 6.99 (m, 2H, –C–CH–); 13C NMR (75 MHz, CDCl3) d:
164.7, 155.3, 151.9, 150.2, 149.7, 139.5, 137.4, 136.1, 132.9,
128.3, 118.8, 117.9, 116.4, 109.0; HR-ESI-MS m/z: calcd for
C16H13N5O ([M + H]+), 291.3122; found, 291.1120; anal. calcd for
C16H13N5O: C, 65.97; H, 4.50; N, 24.04; O, 5.49; found: C, 65.98;
H, 4.50; N, 24.05; O, 5.47%.

2-Methyl-N-(pyrazin-2-yl)-6-(pyridin-4-ylamino)benzamide (3r).
88.4% yield; mp 210–212 �C; 1H NMR (300 MHz, CDCl3) d: 11.17
(s, 1H, –NH–N), 11.02 (s, 1H, –NH–), 8.59 (s, 1H, –CH–N), 8.46
(m, 2H, –CH–N), 8.40 (s, 1H, –N]CH–), 8.29 (m, 1H, Ph-H), 8.35
(s, 1H, –N]CH–), 7.40 (m, 1H, Ph-H), 6.99 (m, 2H, –C–CH–),
6.90 (m, 1H, Ph-H), 2.48 (s, 3H, –CH3);

13C NMR (75 MHz,
CDCl3) d: 164.7, 155.3, 150.2, 149.7, 143.8, 143.1, 139.5, 138.0,
137.4, 136.1, 121.5, 120.8, 113.4, 109.0, 18.1; HR-ESI-MS m/z:
This journal is © The Royal Society of Chemistry 2018
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calcd for C17H15N5O ([M + H]+), 305.3402; found, 305.1277; anal.
calcd for C17H15N5O: C, 66.87; H, 4.95; N, 22.94; O, 5.24; found:
C, 66.88; H, 4.95; N, 22.93; O, 5.24%.

N-(Pyrazin-2-yl)-2-(pyrimidin-5-ylamino)benzamide (3s). 90.2%
yield, mp 212–214 �C; 1H NMR (300 MHz, CDCl3) d: 11.17 (s, 1H,
–NH–N), 9.20 (s, 1H, –NH–), 8.90 (s, 1H, -N–CH–), 8.59 (s, 1H,
–CH–N), 8.50 (s, 2H, –CH]N), 8.40 (s, 1H, –N]CH–), 8.39 (m,
1H, Ph-H), 8.35 (s, 1H, –N]CH–), 7.73 (m, 1H, Ph-H), 7.66 (m,
1H, Ph-H), 6.99 (m, 1H, Ph-H); 13C NMR (75 MHz, CDCl3) d:
164.7, 151.9, 149.7, 147.4, 143.7, 142.9, 139.5, 137.4, 136.1,
132.9, 128.3, 118.8, 117.9, 116.4; HR-ESI-MS m/z: calcd for
C15H12N6O ([M + H]+), 292.3002; found, 292.1072; anal. calcd for
C15H12N6O: C, 61.64; H, 4.14; N, 28.75; O, 5.47; found: C, 61.65;
H, 4.15; N, 28.74; O, 5.46%.

2-Methyl-N-(pyrazin-2-yl)-6-(pyrimidin-5-ylamino)benzamide
(3t). 91.4% yield; mp 222–224 �C; 1H NMR (300 MHz, CDCl3) d:
11.17 (s, 1H, –NH–N), 9.20 (s, 1H, –NH–), 8.90 (s, 1H, –N–CH–),
8.59 (s, 1H, –CH–N), 8.50 (s, 2H, –CH]N), 8.40 (s, 1H, –N]
CH–), 8.35 (s, 1H, –N]CH–), 8.29 (m, 1H, Ph-H), 7.40 (m, 1H,
Ph-H), 6.90 (m, 1H, Ph-H), 2.48 (s, 3H, –CH3);

13C NMR (75MHz,
CDCl3) d: 164.7, 149.7, 147.4, 143.8, 143.7, 143.1, 142.9, 139.5,
138.0, 137.4, 136.1, 121.5, 120.8, 113.4, 18.1; HR-ESI-MS m/z:
calcd for C16H14N6O ([M + H]+), 306.3302; found, 306.1229; anal.
calcd for C16H14N6O: C, 62.74; H, 4.61; N, 27.43; O, 5.22; found:
C, 62.75; H, 4.61; N, 26.43; O, 5.22%.

2-(Morpholinoamino)-N-(pyridazin-4-yl)benzamide (3u). 87.3%
yield; mp 167–168 �C; 1H NMR (300 MHz, CDCl3) d: 11.20 (s, 1H,
–NH–N), 10.37 (s, 1H, –NH–), 9.61 (s, 1H, –CH–N), 9.30 (m, 1H,
–CH–N), 8.05 (m, 1H, –C–CH–), 7.69 (m, 1H, Ph-H), 7.50 (m, 1H,
Ph-H), 7.08 (m, 1H, Ph-H), 6.78 (m, 1H, Ph-H), 3.65 (m, 4H, C–
CH2–O), 3.00 (m, 4H, –CH2–C);

13C NMR (75 MHz, CDCl3) d:
167.5, 150.4, 144.2, 141.0, 139.4, 132.6, 128.0, 119.2, 114.8,
114.2, 112.1, 65.5, 58.4; HR-ESI-MS m/z: calcd for C15H17N5O2

([M + H]+), 299.3302; found, 299.1382; anal. calcd for
C15H17N5O2: C, 60.19; H, 5.72; N, 23.40; O, 10.69; found: C,
60.20; H, 5.71; N, 23.39; O, 10.70%.

2-Methyl-6-(morpholinoamino)-N-(pyridazin-4-yl)benzamide
(3v). 88.5% yield; mp 182–184 �C; 1H NMR (300 MHz, CDCl3) d:
11.20 (s, 1H, –NH–N), 10.37 (s, 1H, –NH–), 9.61 (s, 1H, –CH–N),
9.30 (m, 1H, –CH–N), 8.05 (m, 1H, –C–CH–), 7.36 (m, 1H, Ph-H),
6.98 (m, 1H, Ph-H), 6.69 (m, 1H, Ph-H), 3.65 (m, 4H, C–CH2–O),
3.00 (m, 4H, –CH2–C), 2.48 (s, 3H, –CH3);

13C NMR (75 MHz,
CDCl3) d: 164.7, 150.4, 144.2, 140.9, 139.4, 137.7, 132.5, 121.9,
117.7, 114.2, 109.1, 65.5, 58.4, 18.1; HR-ESI-MS m/z: calcd for
C16H19N5O2 ([M + H]+), 313.3611; found, 313.1538; anal. calcd
for C16H19N5O2: C, 61.33; H, 6.11; N, 22.35; O, 10.21; found: C,
61.34; H, 6.12; N, 22.34; O, 10.20%.

N-(Pyridazin-4-yl)-2-(pyridin-4-ylamino)benzamide (3w). 88.5%
yield; mp 182–184 �C; 1H NMR (300 MHz, CDCl3) d: 11.02 (s, 1H,
–NH–N), 10.37 (s, 1H, –NH–), 9.61 (s, 1H, –CH–N), 9.30 (m, 1H,
–CH–N), 8.46 (m, 2H, –CH–N), 8.39 (m, 1H, Ph-H), 8.05 (m, 1H,
–C–CH–), 7.73 (m, 1H, Ph-H), 7.66 (m, 1H, Ph-H), 6.99 (m, 1H,
Ph-H), 6.99 (m, 2H, –C–CH–); 13C NMR (75 MHz, CDCl3) d:
167.5, 155.3, 151.9, 150.4, 150.2, 144.2, 139.4, 132.9, 128.3,
118.8, 117.9, 116.4, 114.2, 109.0; HR-ESI-MS m/z: calcd for
C16H13N5O ([M + H]+), 291.3102; found, 291.1120; anal. calcd for
This journal is © The Royal Society of Chemistry 2018
C16H13N5O: C, 65.97; H, 4.50; N, 24.04; O, 5.49; found: C, 65.98;
H, 4.51; N, 24.03; O, 5.48%.

2-Methyl-N-(pyridazin-4-yl)-6-(pyridin-4-ylamino)benzamide
(3x). 90.2% yield; mp 193–195 �C; 1H NMR (300 MHz, CDCl3) d:
11.02 (s, 1H, –NH–N), 10.37 (s, 1H, –NH–), 9.61 (s, 1H, –CH–N),
9.30 (m, 1H, –CH–N), 8.46 (m, 2H, –CH–N), 8.29 (m, 1H, Ph-H),
8.05 (m, 1H, –C–CH–), 7.40 (m, 1H, Ph-H), 6.99 (m, 1H, Ph-H),
6.99 (m, 2H, –C–CH–), 2.48 (s, 3H, –CH3);

13C NMR (75 MHz,
CDCl3) d: 164.7, 155.3, 150.4, 150.2, 144.2, 143.8, 143.1, 139.4,
138.0, 121.5, 120.8, 114.2, 113.4, 109.0, 18.1; HR-ESI-MS m/z:
calcd for C17H15N5O ([M + H]+), 305.3402; found, 305.1276; anal.
calcd for C17H15N5O: C, 66.87; H, 4.95; N, 22.94; O, 5.24; found:
C, 66.88; H, 4.95; N, 22.93; O, 5.24%.

N-(Pyridazin-4-yl)-2-(pyrimidin-5-ylamino)benzamide (3y).
91.1% yield; mp 198–200 �C; 1H NMR (300 MHz, CDCl3) d: 11.02
(s, 1H, –NH–N), 10.37 (s, 1H, –NH–), 9.61 (s, 1H, –CH–N), 9.30 (m,
1H, –CH–N), 8.90 (s, 1H, –N–CH–), 8.50 (s, 2H, –CH]N), 8.39 (m,
1H, Ph-H), 7.73 (m, 1H, Ph-H), 7.66 (m, 1H, Ph-H), 6.99 (m, 1H,
Ph-H); 13C NMR (75 MHz, CDCl3) d: 167.5, 151.9, 150.4, 147.4,
144.2, 143.7, 142.9, 139.4, 132.9, 128.3, 118.8, 117.9, 116.4, 114.2;
HR-ESI-MSm/z: calcd for C15H12N6O ([M + H]+), 292.3012; found,
292.1072; anal. calcd for C15H12N6O: C, 61.64; H, 4.14; N, 28.75;
O, 5.47; found: C, 61.65; H, 4.13; N, 28.76; O, 5.46%.

2-Methyl-N-(pyridazin-4-yl)-6-(pyrimidin-5-ylamino)benzamide
(3z). 92.6% yield; mp 223–235 �C; 1H NMR (300 MHz, CDCl3) d:
10.37 (s, 1H, –NH–N), 9.61 (s, 1H, –CH–N), 9.30 (m, 1H, –CH–N),
9.23 (s, 1H, –NH–), 8.90 (s, 1H, –N–CH–), 8.50 (s, 2H, –CH]N),
8.29 (m, 1H, Ph-H), 7.40 (m, 1H, Ph-H), 6.90 (m, 1H, Ph-H), 2.48
(s, 3H, –CH3);

13C NMR (75 MHz, CDCl3) d: 164.7, 150.4, 147.4,
144.2, 143.8, 143.7, 143.1, 142.9, 139.4, 138.0, 121.5, 120.8,
114.2, 113.4, 18.1; HR-ESI-MS m/z: calcd for C16H14N6O ([M +
H]+), 306.3302; found, 306.1229; anal. calcd for C16H14N6O: C,
62.74; H, 4.61; N, 27.43; O, 5.22; found: C, 62.75; H, 4.60; N,
27.42; O, 5.23%.
4.2. Biological activity

4.2.1. Biological activity screening in vitro. The tumor
cells (human lung cancer cells H1975 and A549, and cervical
cancer cells Hela; from Chongqing Institute of Chinese Materia
Medica) were extended, logarithmic phase cells were collected,
the concentration of the cell suspensions was adjusted, and 100
mL was added to each hole so that the test cells were plated to
a density modulation of 5000 cell per hole ceiling. The plates
were transferred to a CO2 incubator and incubated at 37 �C under
5%CO2 and saturated humidity conditions until a cell monolayer
covered the hole bottom, using a drug concentration gradient
dilution of 5, adding MTT solution (20 mL, 5 mg mL�1; 0.5%
MTT) to each hole, and culturing for 3–4 h. Aer termination of
cell culture coloration, the hole broth was carefully aspirated,
DMSO (150 mL) was added, and the mixture was subjected to low
speed vibration for 10 min on shaking bed to fully dissolve the
crystals. The standard deviation of all raw data (OD value) (SD)
was analyzed, the mean of each group was used to replace the
large deviation data and calculate the inhibition rate, and the
IC50 value was derived using specialized soware based on the
drug concentration and corresponding inhibition. Sorafenib and
RSC Adv., 2018, 8, 37643–37651 | 37649
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sunitinib were used as positive controls in the in vitro experi-
ment. Data were analyzed by linear regression using statistical
soware SPSS (version 13.0).

4.2.2. Biological activity evaluation in vivo. Logarithmic
growth stages of tumor cells (human lung cancer A549 and
human cervical cancer Hela) were used to prepare cell
suspensions and inoculated under the right axilla of 50 nude
mice. Nude mice were randomly assigned to drug feeding aer
tumor growth of 100–200 mm3. Drug administration included
activity screening of compounds in vitro (doses: 10, 50, and
100 mg kg�1 d�1) using positive controls (sorafenib and
sunitinib; 50 mg kg�1 d�1) and a blank controls (DMSO, 50 mg
kg�1 d�1). Medication was administered orally once a day for
15 consecutive days. The antitumor effect on nude mice was
observed dynamically by measuring tumor diameter. The
number of tumor diameter measurements (2–3 times a week)
was based on growth of the transplanted tumor. The relative
tumor proliferation rate (T/C, %) was used as the evaluation
index for antitumor activity in vivo. Data were analyzed by
linear regression using statistical soware SPSS (version 13.0).
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43 P. Plé, F. Jung, S. Ashton, et al., Discovery of AZD2932, a new
quinazoline ether inhibitor with high affinity for VEGFR2
and PDGFR tyrosine kinases, Bioorg. Med. Chem. Lett.,
2012, 22, 262–266.

44 S. Rizvi, H. Siddiqui, M. Nisar, et al., Discovery and
molecular docking of quinolyl-thienyl chalcones as
antiangiogenic agents targeting VEGFR2 tyrosine kinase,
Bioorg. Med. Chem. Lett., 2012, 22, 942–944.

45 A. Kiselyov, M. Semenova and V. Semenov, 3, 4-Disubstituted
isothiazoles: novel potent inhibitors of VEGF receptors 1 and
2, Bioorg. Med. Chem. Lett., 2009, 19, 1195–1198.

46 Y. Oguro, D. Cary, N. Miyamoto, et al., Design, synthesis, and
evaluation of novel VEGFR2 kinase inhibitors: discovery of
[1, 2, 4] triazolo [1, 5-a] pyridine derivatives with slow
dissociation with slow dissociation kinetics, Bioorg. Med.
Chem., 2013, 21, 4714–4729.

47 A. Gangjee, N. Zaware, S. Raghavan, et al., Synthesis and
biological activity of 5-chloro-N-4- substituted phenyl-9H-
pyrimido [4, 5-b] indole-2, 4-diamines as vascular
endothelial growth factor receptor-2 inhibitors and
antiangiogenic agents, Bioorg. Med. Chem., 2013, 21, 1857–
1864.

48 Q. Liu, Y. Sabnis, Z. Zhao, et al., Developing irreversible
inhibitors of the protein kinase cysteinome, Chem. Biol.,
2013, 20, 146–159.

49 A. Wissner, H. Fraser, C. Ingalls, et al., Dual irreversible
kinase inhibitors: quinazoline-based inhibitors
incorporating two independent reactive centers with each
targeting different cysteine residues in the kinase domains
of EGFR and VEGFR2, Bioorg. Med. Chem., 2007, 15, 3635–
3648.

50 S. Kumar and M. Tiwari, Topomer-CoMFA-based predictive
modelling on 2,3-diaryl substituted-1,3-thiazolidin-4-ones
as non-nucleoside reverse transcriptase inhibitors, Med.
Chem. Res., 2015, 24, 245–257.
RSC Adv., 2018, 8, 37643–37651 | 37651

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08246d

	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues

	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues

	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues
	Design, synthesis, and bioactivity evaluation of antitumor sorafenib analogues


