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Abstract
A series of diamides derivatives containing nicotinamide unit were designed, synthesized and evaluated for their potential cytotoxic activities against human cancer cell lines. All the synthesized compounds were characterized using spectroscopic methods mainly including 1H NMR, 13C NMR and MS. The bio-evaluation results indicated that some of the obtained compounds (such as 4d, 4h, 4i) exhibited good to moderate cytotoxic effects on lung cancer cell lines (NCI-H460, A549, and NCI-H1975), especially, compound 4d exhibited the highly potential inhibitory activities against NCI-H460 cell line with the IC50 values of 4.07 ± 1.30 μg/mL, which might be developed as novel lead compounds for potential cytotoxic agents.
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Background
Lung cancer is the leading disease-related cause of deaths of human population, and which has also seriously threaten the health and life of humans for a long period [1–4]. Although substantial advances have been made in the systemic therapy of solid tumors over the past two decades, most patients obtain only modest benefit from treatment, whereas toxicity is common and the drug resistances rising from the tumor cell mutation challenges current medical therapies [5, 6]. So it is still an unmet medical need to development new drugs having broad therapeutic index (risk/efficacy).
Nicotinamide (Fig. 1) is a widely used vitamin [7], and some researches also demonstrated that it might reduce the risk of nonmelanoma skin cancers, and also effective to treat bullous pemphigoid [8]. As a special class of heterocyclic compounds, nicotinamide can be used as accessory reagents for chemotherapy and radiation therapy, and so which received significant attentions for their interesting biological activities. Recently, many nicotinamide derivatives have been reported for their broad pharmacological properties such as anticancer [9–11], anti-angiogenic [9], and antinociceptive effect [12] etc. Meanwhile, some nicotinamide derivatives have also been developed as agrochemicals for their insecticidal, herbicidal, and fungicidal activities [13–18]. In addition, many diamides derivatives have been investigated for their wide range of pharmacological activities including antitumor [19, 20], anti-inflammatory activities, Factor Xa inhibitors [21], CCK1 receptor antagonists [22], and insecticidal and fungicidal activities [23–25] etc., and which all demonstrated this diamide scaffold might be an important pharmacophore for drug discovery. The diverse bioactivity of this class of compounds urges us to construct a series of novel structural variants of diamides derivatives.[image: A13065_2017_338_Fig1_HTML.gif]
Fig. 1Structures of nicotinamide and its derivatives




                     
Thus, based on the aforementioned description, this work focused on the design, convenient synthesis, and cytotoxic evaluation of a series of novel nicotinamide-based diamides derivatives based on pharmacophores hybridization. The nicotinamide and diamide scaffolds have been integrated in one molecule as shown in Fig. 2, and the potential anticancer effects of these prepared compounds were screened against three lung cancer cell lines (NCI-H460, A549, NCI-H1975) and two normal cells (HL-7702, MDCK). The results indicated some of the target molecules might be not a target-specific agent, may behave as a new lead compounds for highly potential cytotoxic agents.[image: A13065_2017_338_Fig2_HTML.gif]
Fig. 2Design strategy of nicotinamide-based diamides derivatives




                     

Results and discussion
Chemistry
The general procedures for the preparation of these novel nicotinamide-based diamides derivatives 4a–k and diamides 4l–o are outlined in Scheme 1.[image: A13065_2017_338_Sch1_HTML.gif]
Scheme 1Synthesis of nicotinamide-based diamides derivatives




                        
The key building blocks ortho-amino aryl acid 1 and 2 were selected as starting materials, and which could be conveniently transferred to the corresponding oxazinone heterocyclic intermediates 3 via a classical heterocyclization reaction [13, 20, 23–25] with simple procedures. Then these oxazinones were treated with various amines resulting in the target nicotinamide-based diamides derivatives 4a–k via nucleophilic substitution reaction. Furthermore, for a few comparative activity measurements of compounds with no nicotinamide moiety, some similar diamide derivatives (where X = Z = C) as shown in Scheme 1 have also been synthesized using the aforementioned similar method. All title compounds gave satisfactory chemical analyses, and the chemical structures of the synthesized compounds were summarized in the part of experimental, and the typical 1H NMR spectra analyses for compound 4a have been shown in Fig. 3.[image: A13065_2017_338_Fig3_HTML.gif]
Fig. 3The representative 1H NMR spectra analyses for compound 4a
                                    




                        

Bioassay
All newly prepared nicotinamide-based diamides derivatives 4a–k and several  similar diamides 4l–o were evaluated for their in vitro cytotoxic effects against NCI-H460 (Human large cell lung cancer cell line), A549 (Human lung cancer cell line), NCI-H1975 (Human lung cancer cell line), HL-7702 (Human normal liver cells), and MDCK (Madin-Darby canine kidney cells) cell lines by the modified MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay [26, 27] using 5-FU (5-Fluorouracil) as a positive control. The preliminary results were summarized in Fig. 4.[image: A13065_2017_338_Fig4_HTML.gif]
Fig. 4Cytotoxic activities of compounds 4a–k and 4l–o at 40 µg/mL. NCI-H460 human large cell lung cancer cell line, A549 human lung cancer cell line, NCI-H1975 human lung cancer cell line, 5-FU 5-fluorouracil, used as a positive control




                        
From the Fig. 4, we can find that some of the nicotinamide-based diamides derivatives indicated moderate to good inhibition activities against these three human lung cancer cell lines. Notably, the compounds 4c, 4d, 4g, 4h, and 4i exhibited significant inhibitory activities against all tested cell lines at the concentration of 40 µg/mL. Also, it is interesting to note that compounds 4e, 4k and 4l presented selective cytotoxicity for A549 cell line, and the similar diamide 4m exhibited good inhibition activities for all tested cell lines.
According to the preliminary bioassay results, some of the title molecules have been demonstrated to exhibit good inhibitory activities against all three lung cancer cell lines, so in order to further explore the potential activities, the IC50 values were investigated based on the above cell-based method. The in vitro activities expressed as IC50 values for these compounds are described in Table 1.Table 1In vitro cytotoxic activities of the compounds against human cancer cell lines and normal cells


	Entry
	Compd
no.
	Substituents
	In vitro cytotoxicity IC50a (μg/mL)

	R1
                                          
	R2
                                          
	X
	Z
	Ar
	NCI-H460
	A549
	NCI-H1975
	HL-7702
	MDCK

	1
	
                              4a
                            
	H
	H
	N
	CH
	3-CF3Ph
	> 40
	> 40
	> 40
	> 40
	> 40

	2
	
                              4b
                            
	H
	CH3
                                          
	N
	CH
	3-CF3Ph
	36.68 ± 2.80
	> 40
	> 40
	> 40
	> 40

	3
	
                              4c
                            
	H
	CH3CH(OH)CH2
                                          
	N
	CH
	3-CF3Ph
	20.63 ± 1.37
	26.31 ± 3.22
	27.25 ± 2.76
	19.73 ± 0.45
	16.98 ± 0.84

	4
	
                              4d
                            
	H
	CH3COCH2
                                          
	N
	CH
	3-CF3Ph
	4.07 ± 1.30
	13.09 ± 2.45
	12.82 ± 1.59
	26.87 ± 0.95
	13.45 ± 0.29

	5
	
                              4e
                            
	3-CH3-5-Cl
	H
	C
	N
	3-CF3Ph
	> 40
	> 40
	> 40
	> 40
	> 40

	6
	
                              4f
                            
	3-CH3-5-Cl
	CH3
                                          
	C
	N
	3-CF3Ph
	> 40
	> 40
	> 40
	> 40
	> 40

	7
	
                              4g
                            
	H
	H
	N
	N
	3-CF3Ph
	9.17 ± 2.02
	20.12 ± 0.48
	10.85 ± 2.22
	9.86 ± 0.34
	13.04 ± 1.27

	8
	
                              4h
                            
	H
	CH3
                                          
	N
	N
	3-CF3Ph
	9.31 ± 2.66
	17.18 ± 3.40
	12.44 ± 2.52
	11.62 ± 2.08
	11.06 ± 0.24

	9
	
                              4i
                            
	H
	CH3CH(OH)CH2
                                          
	N
	N
	3-CF3Ph
	13.08 ± 4.49
	16.53 ± 3.53
	9.15 ± 1.64
	14.51 ± 2.19
	11.62 ± 0.06

	10
	
                              4j
                            
	4,5-(CH=CH–CH=CH)–
	H
	CH
	N
	3-CF3Ph
	38.44 ± 3.95
	24.79 ± 3.00
	25.20 ± 3.35
	18.09 ± 1.63
	14.30 ± 0.66

	11
	
                              4k
                            
	4,5-(CH=CH–CH=CH)–
	CH3
                                          
	CH
	N
	3-CF3Ph
	> 40
	35.30 ± 2.19
	> 40
	> 40
	> 40

	12
	
                              4l
                            
	3-CH3-5-Cl
	H
	C
	CH
	3-CF3Ph
	> 40
	> 40
	> 40
	> 40
	> 40

	13
	
                              4m
                            
	3-CH3-5-Cl
	CH3
                                          
	C
	CH
	3-CF3Ph
	6.85 ± 0.23
	6.77 ± 0.86
	10.83 ± 1.02
	21.44 ± 1.79
	21.25 ± 3.59

	14
	
                              4n
                            
	4,5-(CH=CH–CH=CH)–
	H
	CH
	CH
	3-CF3Ph
	> 40
	> 40
	> 40
	> 40
	14.44 ± 0.01

	15
	
                              4o
                            
	4,5-(CH=CH–CH=CH)–
	CH3
                                          
	CH
	CH
	3-CF3Ph
	> 40
	> 40
	> 40
	> 40
	> 40

	16
	
                              5-FU
                              b
                            
	
                              –
                            
	
                              –
                            
	
                              –
                            
	
                              –
                            
	
                              –
                            
	8.02 ± 2.35
	37.51 ± 3.25
	24.75 ± 5.80
	11.35 ± 1.67
	8.65 ± 0.81



                                    NCI-H460 human large cell lung cancer cell line, A549 human lung cancer cell line, NCI-H1975 human lung cancer cell line, HL-7702 human normal liver cells, MDCK Madin-Darby canine kidney cells

                                    aIC50 compound concentration required to inhibit tumor cell proliferation by 50%

                                    b5-Fluorouracil, used as a positive control



                        
As shown in Table 1, the results further demonstrated that some of the synthesized nicotinamide-based diamides derivatives (4d, 4g, 4h, 4i) exhibited higher inhibition activities compared to the control 5-FU under the same conditions. As indicated in Table 1, compound 4d containing an alpha-aminoketone unit showed the strongest inhibitory effect on all three cell lines, with an IC50 values of 4.07 ± 1.30 (NCI-H460), 13.09 ± 2.45 (A549) and 12.82 ± 1.59 (NCI-H1975) μg/mL, respectively. However, the corresponding compound 4c with an alpha-aminoalcohol moiety indicated lower inhibition activities. Meanwhile, the two groups of structurally similar compounds (4a and 4g, 4b and 4h) exhibited significant activity differences, and the compounds 4g and 4h containing two nicotinamide units present good activities. Especially, we also can find that compounds 4g presented obviously selective cytotoxic activities against the NCI-H460 and NCI-H1975 cell lines except A549 cell line. In addition, most of the similar diamides without nicotinamide moiety (entries 12–15) lost the inhibitory activity, however, compound 4m exhibited good inhibition activities, which deserve the further studies. Furthermore, the cytotoxic effects on non-cancer cells HL-7702 and MDCK for these compounds have also been tested in our experiment. The results in Table 1 can further confirm that the cytotoxic effect of compound 4d is more specific to cancer cells NCI-H460 compared to the control 5-FU, and the cytotoxic activities against NCI-H460 and normal cells (HL-7702 and MDCK) demonstrated that compound 4d exhibited good selective cytotoxicity between NCI-H460 (IC50 = 4.07 ± 1.30 μg/mL) and normal cells (HL-7702, IC50 = 26.87 ± 0.95 μg/mL; MDCK, IC50 = 13.45 ± 0.29 μg/mL). These interesting finds may provide some useful information for developing potential cytotoxicity agents.
In addition, the dose-response analysis of cell growth inhibition activities for representation compounds 4d, 4h, 4m and 5-FU have been displayed in Fig. 5, which identified that these compounds exhibited obvious cytotoxic effects on NCI-H460, A549, and NCI-H1975 cell lines in a concentration-dependent manner.[image: A13065_2017_338_Fig5_HTML.gif]
Fig. 5Dose-response analysis of cell growth inhibition activity for representative compounds 4d, 4h, 4m and 5-FU (positive control) against NCI-H460 (left), A549 (middle) and NCI-H1975 (right) cell lines




                        


Experimental
Instrumentation and chemicals

                           1H-NMR spectra were recorded on a Bruker spectrometer at 600 (Bruker, Bremen, Germany) with DMSO-d
                           6 as the solvent and TMS as the internal standard; 13C-NMR spectra were recorded on a Bruker spectrometer at 150 MHz with DMSO-d
                           6 as the solvent. Chemical shifts are reported in δ (parts per million) values, and coupling constants n
                           J are reported in Hz. Mass spectra were performed on a Waters ACQUITY UPLC® H-CLASS PDA (Waters®, Milford, MA, USA) instrument. Analytical thin-layer chromatography (TLC) was carried out on precoated plates, and spots were visualized with ultraviolet light. All chemicals or reagents used for syntheses were commercially available, were of AR grade, and were used as received.

General synthetic procedures for the key intermediates 3
                        
The key intermediates 3 could be conveniently prepared by the coupling of substituted anthranilic acids with the N-substituted ortho-amino aryl acid according to the modified method. The general procedures are as follows: To a solution of substituted anthranilic acid 1 (1 mmol) and N-substituted ortho-amino aryl acid 2 (1 mmol) in 10 mL anhydrous acetonitrile was added pyridine (3 mmol), and then the reaction mixture was cooled to 0 °C. Where after, methanesulfonyl chloride (1.5 mmol) was added dropwise to the reaction mixture over 15–20 min. After addition, the reaction mixture was then allowed to warm to room temperature and stirred for additional hours, and which was detected by thin-layer chromatography. After completion of the reaction, the mixture was quenched by the addition of water and was stirred for 20 min. The suspended solid was collected by filtration and washed with water to afford the key intermediates 3 as pale yellow solids, which can be used directly for the next reaction without further purification.

General synthetic procedures for target compounds 4a–k
                        
The typical process for these nicotinamide-based diamides derivatives is shown as following: To a solution of newly prepared intermediates 3 (1 mmol) in 8 mL of anhydrous acetonitrile was added the corresponding substituted amines (5 mmol) under nitrogen atmosphere. The clear solution was stirred at room temperature for several hours after which time TLC showed no remaining starting material. The reaction mixture was then concentrated in vacuum to remove the partial solvent, and then the residue was filtered and purified by silica gel column chromatography or recrystallization to give the target molecules. Their physico-chemical properties and the spectra data are as follows:
2-(2-((3-(Trifluoromethyl)phenyl)amino)benzamido)nicotinamide 4a
                           
Yellowish powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 11.72 (s, 1H), 9.29 (s, 1H), 8.48 (q, J = 7.2 Hz, 1H), 8.25 (bs, 1H), 8.11 (q, J = 6 Hz, 1H), 7.75 (d, J = 8 Hz, 1H), 7.71 (bs, 1H), 7.48–7.38 (m, 5H), 7.28 (q, J = 8.4 Hz, 1H), 7.21 (d, J = 8.4 Hz, 1H), 7.03 (t, J = 6 Hz, 1H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 169.59, 167.14, 150.64, 150.39, 143.60, 142.93, 137.89, 132.82, 130.84, 130.42, 129.79, 125.52, 123.72, 122.87, 122.13, 121.10, 120.72, 120.11, 117.44, 114.65; MS (ESI) m/z 423.3 (M + Na)+, calcd. for C20H15F3N4O2 m/z = 400.1.

N-Methyl-2-(2-((3-(trifluoromethyl)phenyl)amino)benzamido)nicotinamide 4b
                           
White powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 12.25 (s, 1H), 9.18 (s, 1H), 8.75 (s, 1H), 8.47 (dd, J = 4.8 Hz, 1H), 8.03 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 7.2 Hz, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.35–7.10 (m, 6H), 7.06–7.03 (m, 1H), 2.87 (d, J = 4.8 Hz, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 167.80, 150.23, 149.96, 144.35, 143.73, 142.59, 137.60, 132.67, 132.49, 130.89, 130.82, 129.78, 123.38, 122.34, 121.81, 120.88, 120.26, 118.67, 117.66, 114.59, 26.68; MS (ESI) m/z 437.4 (M + Na)+, calcd. for C21H17F3N4O2 m/z = 414.1.

N-(2-Hydroxypropyl)-2-(2-((3-(trifluoromethyl)phenyl)amino)benzamido)nicotinamide 4c
                           
Yellowish powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 11.40 (s, 1H), 9.58 (s, 1H), 8.66 (s, 1H), 8.48 (dd, J = 4.8 Hz, 1H), 8.07 (d, J = 7.8 Hz, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.50–7.02 (m, 9H), 3.80–3.75 (m, 1H), 3.20–3.08 (m, 2H), 1.02 (d, J = 6 Hz, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 168.87, 152.22, 149.32, 143.61, 142.29, 141.58, 135.32, 132.75, 132.21, 130.84, 130.71, 129.34, 122.88, 122.03, 121.82, 120.71, 118.81, 118.12, 117.39, 115.06, 65.34, 47.60, 21.47; MS (ESI) m/z 481.3 (M + Na)+, calcd. for C23H21F3N4O3 m/z = 458.2.

N-(2-Oxopropyl)-2-(2-((3-(trifluoromethyl)phenyl)amino)benzamido)nicotinamide 4d
                           
Light brown powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 11.18 (s, 1H), 9.78 (s, 1H), 8.74 (s, 1H), 8.58 (dd, J = 4.8 Hz, 1H), 8.12 (d, J = 7.8 Hz, 1H), 7.71 (d, J = 7.2 Hz, 1H), 7.58–7.12 (m, 8H), 4.12 (s, 2H), 2.06 (s, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 169.63, 167.68, 156.76, 150.82, 145.13, 144.16, 142.42, 136.29, 134.15, 133.48, 131.32, 130.98, 129.64, 123.26, 122.86, 122.02, 120.96, 119.24, 118.78, 117.67, 114.25, 58.76, 25.35; MS (ESI) m/z 479.4 (M + Na)+, calcd. for C23H19F3N4O3 m/z = 456.1.

N-(2-Carbamoyl-4-chloro-6-methylphenyl)-2-((3-(trifluoromethyl)phenyl)amino)nicotinamide 4e
                           
Yellow powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 10.45 (s, 1H), 10.30 (s, 1H), 8.41 (q, J = 7.2 Hz, 1H), 8.31 (s, 1H), 8.20 (q, J = 6 Hz, 1H), 7.97 (s, 1H), 7.88 (d, J = 6 Hz, 1H), 7.57–7.48 (m, 4H), 7.29 (d, J = 7.2 Hz, 1H), 7.01 (q, J = 7.2 Hz, 1H), 2.26 (s, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 168.88, 166.89, 164.67, 154.03, 150.85, 147.17, 141.62, 139.07, 138.19, 133.14, 131.93, 131.20, 130.19, 126.15, 123.30, 118.94, 115.05, 114.37, 114.07, 106.68, 18.26; MS (ESI) m/z 471.2 (M + Na)+, calcd. for C21H16ClF3N4O2 m/z = 448.1.

N-(4-Chloro-2-methyl-6-(methylcarbamoyl)phenyl)-2-((3-(trifluoromethyl)phenyl)amino)nicotinamide 4f
                           
White powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 10.45 (s, 1H), 10.16 (s, 1H), 8.68 (q, J = 7.2 Hz, 1H), 8.29 (s, 1H), 8.24 (q, J = 7.2 Hz, 1H), 7.92 (s, 1H), 7.59 (d, J = 6 Hz, 1H), 7.42–7.36 (m, 4H), 7.28 (d, J = 7.2 Hz, 1H), 7.01 (q, J = 7.2 Hz, 1H), 2.68 (d, J = 4.8 Hz, 3H), 2.27 (s, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 171.22, 167.32, 166.90, 153.99, 150.66, 147.82, 141.67, 139.01, 138.11, 136.01, 133.38, 133.25, 131.77, 130.94, 130.78, 130.23, 128.95, 126.08, 124.79, 123.11, 117.26, 114.37, 24.71, 17.82; MS (ESI) m/z 485.2 (M + Na)+, calcd. for C22H18ClF3N4O2 m/z = 462.1.

N-(3-Carbamoylpyridin-2-yl)-2-((3-(trifluoromethyl)phenyl)amino)nicotinamide 4g
                           
Yellow powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 11.26 (s, 1H), 9.24 (s, 1H), 8.57 (q, J = 7.2 Hz, 1H), 8.48 (s, 1H), 8.37 (q, J = 7.2 Hz, 1H), 7.96 (d, J = 7.2 Hz, 1H), 7.75–6.92 (m, 8H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 169.83, 168.78, 155.46, 153.23, 148.78, 144.02, 142.15, 138.33, 133.54, 131.62, 129.42, 127.55, 126.82, 123.67, 122.18, 121.37, 120.78, 118.46, 115.53; MS (ESI) m/z 424.5 (M + Na)+, calcd. for C19H14F3N5O2 m/z = 401.1.

N-Methyl-2-(2-((3-(trifluoromethyl)phenyl)amino)nicotinamido)nicotinamide 4h
                           
Yellowish powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 11.22 (s, 1H), 9.12 (s, 1H), 8.61 (q, J = 7.2 Hz, 1H), 8.43 (s, 1H), 8.42 (q, J = 7.2 Hz, 1H), 7.84 (d, J = 7.2 Hz, 1H), 7.84–6.98 (m, 7H), 2.83 (d, J = 4.8 Hz, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 169.54, 167.42, 156.65, 152.44, 149.56, 145.23, 143.23, 139.76, 133.86, 132.03, 128.62, 127.76, 127.02, 124.21, 122.76, 121.32, 120.22, 119.38, 114.17, 25.43; MS (ESI) m/z 438.4 (M + Na)+, calcd. for C20H16F3N5O2 m/z = 415.1.

N-(2-Hydroxypropyl)-2-(2-((3-(trifluoromethyl)phenyl)amino)nicotinamido)nicotinamide 4i
                           
Yellowish powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 11.34 (s, 1H), 9.48 (s, 1H), 8.65 (q, J = 7.2 Hz, 1H), 8.43 (s, 1H), 8.32 (q, J = 7.2 Hz, 1H), 8.04 (d, J = 7.2 Hz, 1H), 7.89–6.98 (m, 8H), 3.86–3.77 (m, 1H), 3.28–3.14 (m, 2H), 1.08 (d, J = 6 Hz, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 170.75, 156.35, 151.62, 144.72, 143.86, 141.92, 138.81, 133.42, 132.78, 131.65, 131.24, 129.86, 124.26, 122.77, 122.13, 118.94, 118.58, 116.37, 114.48, 63.38, 45.84, 21.22; MS (ESI) m/z 482.5 (M + Na)+, calcd. for C22H20F3N5O3 m/z = 459.2.

N-(3-Carbamoylnaphthalen-2-yl)-2-((3-(trifluoromethyl)phenyl)amino)nicotinamide 4j
                           
Yellowish powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 12.81 (s, 1H), 10.82 (s, 1H), 8.99 (s, 1H), 8.66 (s, 1H), 8.54 (s, 1H), 8.47 (q, J = 6 Hz, 1H), 8.30 (s, 1H), 8.21 (q, J = 6 Hz, 1H), 8.00–7.92 (m, 4H), 7.66–7.63 (m, 1H), 7.56–7.54 (m, 2H), 7.33 (d, J = 7.2 Hz, 1H), 7.08 (q, J = 7.2 Hz, 1H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 171.64, 166.24, 154.66, 151.65, 141.33, 137.07, 135.55, 134.93, 130.36, 130.26, 129.20, 129.07, 127.74, 126.40, 125.84, 123.77, 123.58, 121.66, 118.20, 115.97, 115.39, 113.12; MS (ESI) m/z 473.2 (M + Na)+, calcd. for C24H17F3N4O2 m/z = 450.1.

N-(3-(Methylcarbamoyl)naphthalen-2-yl)-2-((3-(trifluoromethyl)phenyl)amino)nicotinamide 4k
                           
Yellowish powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 12.50 (s, 1H), 10.76 (s, 1H), 9.11 (d, J = 3.2 Hz, 1H), 8.94 (s, 1H), 8.47 (q, J = 6 Hz, 1H), 8.43 (s, 1H), 8.29 (s, 1H), 8.21 (q, J = 6 Hz, 1H), 7.97–7.92 (m, 3H), 7.65–7.63 (m, 1H), 7.56–7.53 (m, 2H), 7.33 (d, J = 7.2 Hz, 1H), 7.11 (q, J = 7.2 Hz, 1H), 2.87 (d, J = 4.8 Hz, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 169.53, 166.21, 154.56, 151.59, 141.37, 137.10, 135.02, 134.69, 130.25, 129.59, 129.20, 129.04, 128.96, 127.77, 123.71, 122.76, 118.55, 118.41, 115.94, 115.49, 113.29, 26.95; MS (ESI) m/z 487.2 (M + Na)+, calcd. for C25H19F3N4O2 m/z = 464.1.


General synthetic procedures for compounds 4l–o
                        
In order to compare the activity, four similar diamides derivatives with no nicotinamide moiety have also been obtained according to the aforementioned method for target compounds. Their physico-chemical properties and the spectra data are as follows:
5-Chloro-3-methyl-2-(2-((3-(trifluoromethyl)phenyl)amino)benzamido)benzamide 4l
                           
Yellowish powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 10.12 (s, 1H), 9.28 (s, 1H), 7.94 (s, 1H), 7.80 (d, J = 7.2 Hz, 1H), 7.56 (s, 2H), 7.51–7.38 (m, 6H), 7.22 (d, J = 7.2 Hz, 1H), 7.02 (t, J = 7.2 Hz, 1H), 2.20 (s, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 168.92, 167.57, 143.70, 142.61, 139.09, 135.40, 133.55, 132.53, 131.89, 130.88, 130.68, 129.98, 129.14, 126.03, 124.22, 122.71, 122.12, 120.64, 117.18, 114.49, 18.39; MS (ESI) m/z 470.2 (M + Na)+, calcd. for C22H17ClF3N3O2 m/z = 447.1.

5-Chloro-N,3-dimethyl-2-(2-((3-(trifluoromethyl)phenyl)amino)benzamido)benzamide 4m
                           
White powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 10.13 (s, 1H), 9.11 (s, 1H), 8.43 (d, J = 4.8 Hz, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.51–7.39 (m, 7H), 7.21 (d, J = 7.2 Hz, 1H), 7.03 (t, J = 7.2 Hz, 1H), 2.64 (d, J = 4.8 Hz, 3H), 2.22 (s, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 167.57, 167.48, 143.80, 142.20, 139.02, 135.63, 133.42, 132.29, 131.79, 130.86, 130.73, 129.80, 125.88, 123.51, 121.76, 120.78, 117.33, 114.50, 26.58, 18.35; MS (ESI) m/z 484.3 (M + Na)+, calcd. for C23H19ClF3N3O2 m/z = 461.1.

3-(2-((3-(Trifluoromethyl)phenyl)amino)benzamido)-2-naphthamide 4n
                           
Light brown powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 12.32 (s, 1H), 9.45 (s, 1H), 9.06 (d, J = 4.8 Hz, 1H), 8.92 (s, 1H), 8.47 (s, 1H), 7.96 (q, J = 7.2 Hz, 2H), 7.84 (dd, J = 8.4 Hz, 1H), 7.67–7.54 (m, 1H), 7.48–7.36 (m, 7H), 7.21 (d, J = 7.8 Hz, 1H), 7.11–7.05 (m, 1H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 169.12, 165.55, 144.15, 142.92, 136.82, 134.47, 133.18, 131.25, 130.48, 129.85, 129.24, 128.74, 128.32, 127.75, 125.47, 124.18, 122.92, 121.74, 121.38, 121.07, 118.82, 118.05, 114.51, 99.62; MS (ESI) m/z 472.3 (M + Na)+, calcd. for C25H18F3N3O2 m/z = 449.1.

N-Methyl-3-(2-((3-(trifluoromethyl)phenyl)amino)benzamido)-2-naphthamide 4o
                           
White powder, 1H NMR (600 MHz, DMSO-d
                              6): δ = 12.15 (s, 1H), 9.35 (s, 1H), 9.01 (d, J = 4.8 Hz, 1H), 8.96 (s, 1H), 8.35 (s, 1H), 7.90 (q, J = 7.8 Hz, 2H), 7.80 (dd, J = 9.6 Hz, 1H), 7.62–7.59 (m, 1H), 7.52–7.40 (m, 6H), 7.19 (d, J = 7.2 Hz, 1H), 7.14–7.11 (m, 1H), 2.80 (d, J = 4.2 Hz, 3H); 13C NMR (150 MHz, DMSO-d
                              6): δ = 169.34, 166.86, 143.91, 142.71, 135.31, 134.69, 132.99, 130.79, 129.37, 129.17, 128.91, 128.84, 127.66, 126.18, 123.52, 122.66, 121.93, 121.51, 121.29, 118.75, 117.71, 114.62, 99.95, 26.79; MS (ESI) m/z 486.3 (M + Na)+, calcd. for C26H20F3N3O2 m/z = 463.2.


In vitro cytotoxicity assays
The in vitro cytotoxicity of the synthesized compounds against different human lung cancer cell lines (NCI-H460, A549, NCI-H1975) and normal cells (HL-7702 and MDCK) were measured with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. All the data of the experiment were analyzed with SPSS software, and the 50% inhibitory concentrations (IC50) of each compound for the different cell lines were determined. A control was run for each test, and all assays were performed in triplicate on three independent experiments, and measurement data were expressed as the mean ± SD.


Conclusion
In summary, a series of diamides derivatives based on nicotinamide scaffold have been conveniently prepared and evaluated as potential cytotoxic agents. The bioassay indicated that some of these newly synthesized compounds exhibited good cytotoxic activities. Especially, the most potent compounds 4d and 4h exhibited higher cytotoxic activities against the tested lung cancer cell lines as compared with 5-FU in vitro, and these interesting results might be used to develop novel lead molecules for potential anticancer agents.

Authors’ contributions
SK initiated the idea and performed the chemical synthesis and characterization experiments; LS and MP performed the biological assays; MP, LS, and SK analyzed the results, and SK drafted the manuscript. All authors read and approved the final manuscript.
Acknowledgements
We gratefully acknowledge the support of this work by The National Key Research and Development Plan (2017YFD0200502) and the Applied Basic Research Program of Wuhan City (2016020101010093), and the authors also gratefully acknowledge the partial support from the Young Talent Foundation of Health and Family Planning Commission of Hubei Province (WJ2017Q007) and Hubei Agricultural Science Innovation Centre (2016-620-000-001-039).

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


[image: Creative Commons]
                           Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Ferlay J, Parkin DM, Steliarova-Foucher E (2010) Estimates of cancer incidence and mortality in Europe in 2008. Eur J Cancer 46:765–781Crossref

2.
Wan M, Xu L, Hua L, Li A, Li S, Lu W, Pang Y, Cao C, Liu X, Jiao P (2014) Synthesis and evaluation of novel isoxazolyl chalcones as potential anticancer agents. Bioorg Chem 54:38–43Crossref

3.
Wu L, Wang G, Liu S, Wei J, Zhang S, Li M, Zhou G, Wang L (2016) Synthesis and biological evaluation of matrine derivatives containing benzo-α-pyrone structure as potent anti-lung cancer agents. Sci Rep 6:35918Crossref

4.
Ramalingam V, Revathidevi S, Varunkumar K, Ravikumar V, Rajaram R (2016) Marine steroid derived from Acropora formosa enhances mitochondrial-mediated apoptosis in non-small cell lung cancer cells. Tumor Biol 37:10517–10531Crossref

5.
Siegel R, Ma J, Zou Z, Jemal A (2014) Cancer statistics, 2014. CA Cancer J Clin 64:9–29Crossref

6.
Luo D, Carter KA, Miranda D, Lovell JF (2016) Chemophototherapy: an emerging treatment option for solid tumors. Adv Sci 4:1600106Crossref

7.
Knip M, Douek IF, Moore WP, Gillmor HA, McLean AE, Bingley PJ, Gale EA (2000) Safety of high-dose nicotinamide: a review. Diabetologia 43:1337–1345Crossref

8.
Chen AC, Damian DL (2014) Nicotinamide and the skin. Aust J Dermatol 55:169–175Crossref

9.
Choi H-E, Choi J-H, Lee JY, Kim JH, Kim JH, Lee JK, Kim GI, Park Y, Chi YH, Paik SH, Lee JH, Lee K-T (2013) Synthesis and evaluation of nicotinamide derivative as anti-angiogenic agents. Bioorg Med Chem Lett 23:2083–2088Crossref

10.
Kamal A, Srikanth YVV, Khan MNA, Ashraf M, Reddy MK, Sultana F, Kaur T, Chashoo G, Suri N, Sehar I, Wani ZA, Saxena A, Sharma PR, Bhushan S, Mondhe DM, Saxena AK (2011) 2-Anilinonicotinyl linked 2-aminobenzothiazoles and [1,2,4]triazolo[1,5-b] [1,2,4]benzothiadiazine conjugates as potential mitochondrial apoptotic inducers. Bioorg Med Chem 19:7136–7150Crossref

11.
Manera C, Saccomanni G, Malfitano AM, Bertini S, Castelli F, Laezza C, Ligresti A, Lucchesi V, Tuccinardi T, Rizzolio F, Bifulco M, Marzo VD, Giordano A, Macchia M, Martinelli A (2012) Rational design, synthesis and anti-proliferative properties of new CB2 selective cannabinoid receptor ligands: an investigation of the 1,8-naphthyridin-2(1H)-one scaffold. Eur J Med Chem 52:284–294Crossref

12.
Rosse G (2013) Novel amino-nicotinamide derivatives as modulators of KCNQ2/3 potassium channels. ACS Med Chem Lett 4:10–11Crossref

13.
Wu J, Kang S, Luo L, Shi Q, Ma J, Yin J, Song B, Hu D, Yang S (2013) Synthesis and antifungal activities of novel nicotinamide derivatives containing 1,3,4-oxadiazole. Chem Cent J 7:64Crossref

14.
Zhu Y, Yuan LP, Cao J, Shen X, Lu DH, Ni CC, Shen Z, Chen L, Zhang Y (2008) Synthesis and bioactivity of 2-benzylsulfanyl nicotinamide derivatives. Chin J Pestic Sci 10:287–291

15.
Yan F, Liu D, Sima L, Shi H, Hu X (2008) Boscalid, a novel carboxamide aka anilide class of fungicides. Agrochemicals 47:132–135

16.
Jeschke P, Lindner W, Bonse G, Santel HJ, Luerssen K, Schmidt RR, Hartwig J (1993) Herbicidal and plant-mematocidal compositions based on mercaptonicotinic acid derivatives. Chem Abstr 119:160137

17.
Frackenpohl J, Hense A, Arnold C, Franken EM, Malsam O, Sanwald E, Goergens U (2008) Preparation of nicotinamides as agrochemical insecticides. Chem Abstr 152:287405

18.
Zen C, Qu Z (2013) A one-pot tandom process to fused 2-mercaptonicotinamides. Chin J Org Chem 33:2533–2537Crossref

19.
Al-Obaid AM, Abdel-Hamide SG, El-Kashef HA, Abdel-Aziz AAM, El-Azab AS, Al-Khamees HA, El-Subbagh HI (2009) Substituted quinazolines, part 3. Synthesis, in vitro antitumor activity and molecular modeling study of certain 2-thieno-4(3H)-quinazolinone analogs. Eur J Med Chem 44:2379–2391Crossref

20.
Shi L, Hu R, Wei Y, Liang Y, Yang Z, Ke S (2012) Anthranilic acid-based diamides derivatives incorporating aryl-isoxazoline pharmacophore as potential anticancer agents: design, synthesis and biological evaluation. Eur J Med Chem 54:549–556Crossref

21.
Ye B, Arnaiz DO, Chou Y, Griedel BD, Karanjawala R, Lee W, Morrissey MM, Sacchi KL, Sakata ST, Shaw KJ, Wu SC, Zhao Z, Adler M, Cheeseman S, Dole WP, Ewing J, Fitch R, Lentz D, Liang A, Light D, Morser J, Post J, Rumennik G, Subramanyam B, Sullivan ME, Vergona R, Walters J, Wang Y, White KA, Whitlow M, Kochanny MJ (2007) Thiophene-anthranilamides as highly potent and orally available factor Xa inhibitors. J Med Chem 50:2967–2980Crossref

22.
Lassiani L, Pavan MV, Berti F, Kokotos G, Markidis T, Mennuni L, Makovec F, Varnavas A (2009) Anthranilic acid based CCK1 receptor antagonists: blocking the receptor with the same ‘words’ of the endogenous ligand. Bioorg Med Chem 17:2336–2350Crossref

23.
Wu C, Wang B, Liu J, Wei W, Li Y, Liu Y, Chen M, Xiong L, Yang N, Li Z (2017) Design, synthesis and insecticidal activities of novel anthranilic diamides containing fluorinated groups as potential ryanodine receptors activitors. Chin Chem Lett 28:1248–1251Crossref

24.
Jeanguenat A, Durieux P, Edmunds AJF, Hall RG, Hughes D, Loiseleur O, Pabba J, Stoller A, Trah S, Wenger J, Dutton A, Crossthwaite A (2016) Bicylic heterocyclic anthranilic diamides as ryanodine receptor modulators with insecticidal activity. Bioorg Med Chem 24:403–427Crossref

25.
Wu J, Song B, Hu D, Yue M, Yang S (2012) Design, synthesis and insecticidal activities of novel pyrazole amides containing hydrazone substructures. Pest Manag Sci 68:801–810Crossref

26.
Ke S, Shi L, Cao X, Yang Q, Liang Y, Yang Z (2012) Heterocycle-functional gramine analogues: solvent- and catalyst-free synthesis and their inhibition activities against cell proliferation. Eur J Med Chem 54:248–254Crossref

27.
Alley MC, Scudiero DA, Monks A, Hursey ML, Czerwinski MJ, Fine DL, Abbott BJ, Mayo JG, Shoemaker RH, Boyd MR (1988) Feasibility of drug screening with panels of human tumor cell lines using a microculture tetrazolium assay. Cancer Res 48:589–601




OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/A13065_2017_338_Fig4_HTML.gif
Inhiblory Aty (%)

100

E

K

&

r

E

2

10
o

mNCIH460 = AS49  NCIH1975

s @ 4 4 s & 4 4 & 4 o4& & 4 4 s 5FY

‘Compd. No.






OEBPS/A13065_2017_338_Fig2_HTML.gif
Diamides Scaffold






OEBPS/contact.gif





OEBPS/A13065_2017_338_Sch1_HTML.gif
/\

0 OH g 0
H Mscl, Py, MecN_ /N, \ RNH, o
z \x et RAE )

tto35°C o MeCN, rt
A _x o HN\N






OEBPS/A13065_2017_338_Fig5_HTML.gif
(Cell Growth Inhibition (%)
osuesseaEsd

@ -
e 2@ -
—n —sry %w sy
EED
30
s w0 m w s w0 oW T s 0w o

Concentration (xpmL) Concentration (yg/mL) Concentration (ug/mL)





OEBPS/A13065_2017_338_Fig1_HTML.gif
CUW
NTONH ’\
Q o
. o
&
o
~ P ove
LT N=
N SsoHEONH )
W

ome





OEBPS/A13065_2017_338_Fig3_HTML.gif
22IIITETITIARARRRATIE 88

LY ) i o5

15 o 15 10 15 1o 55 80 85 80 15

To &5 80 55 50 4s 40 15 30 25 20 Ls Lo 05 00 <05





