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Abstract

:

Plant virus diseases seriously affect the yield and quality of agricultural products, and their prevention and control are difficult. It is urgent to develop new and efficient antiviral agents. In this work, a series of flavone derivatives containing carboxamide fragments were designed, synthesized, and systematically evaluated for their antiviral activities against tobacco mosaic virus (TMV) on the basis of a structural–diversity–derivation strategy. All the target compounds were characterized by 1H-NMR, 13C-NMR, and HRMS techniques. Most of these derivatives displayed excellent in vivo antiviral activities against TMV, especially 4m (inactivation inhibitory effect, 58%; curative inhibitory effect, 57%; and protection inhibitory effect, 59%), which displayed similar activity to ningnanmycin (inactivation inhibitory effect, 61%; curative inhibitory effect, 57%; and protection inhibitory effect, 58%) at 500 μg mL−1; thus, it emerged as a new lead compound for antiviral research against TMV. Antiviral mechanism research by molecular docking demonstrated that compounds 4m, 5a, and 6b could interact with TMV CP and disturb virus assembly.
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1. Introduction


Plant diseases caused by fungal and viral pathogens are extremely destructive to crops, seriously affecting the growth and maturity of crops, causing huge economic losses and triggering a food crisis [1,2,3]. Tobacco mosaic virus (TMV), known as “plant cancer”, is one of the earliest and most extensively researched model viruses [4]. It has a very wide host range and can infect more than 800 kinds of plants in 65 families, including tobacco, pepper, tomato, eggplant, etc. [5]. Once infected, the virus will transfer from the infected cells to the adjacent healthy cells, step-by-step destroying the host’s defense system. At present, it is still difficult to prevent and treat it [6,7,8]. Ribavirin is widely used as a plant virus inhibitor to prevent plant virus diseases, but its inhibitory effect is less than 50% at 500 μg/mL. To date, no effective agrochemicals can absolutely restrain TMV once it has infected plants [9,10]. Therefore, it is of great significance to develop new antiviral agents. Natural products (NPs) have a long history as a source of compounds and inspiration for pharmaceuticals and crop protection compounds [11,12,13,14,15,16]. However, NPs often lack the necessary physicochemical properties, efficacy, and acceptable biological and environmental profiles that constrain their suitability for use in agricultural settings, so only a few NPs can be directly used [17]. Nevertheless, NPs have had their greatest impact as inspiration or models for crop protection products to develop agrochemicals [17]. For example, Dufulin is a biological antiviral agent inspired by an α-aminophosphonic derivative in sheep [18,19].



Flavonoids are plant secondary metabolites with a C6-C3-C6 skeleton, which widely exist in plants and play an important role in plant breeding and metabolism [20]. According to their chemical structures, flavonoids can be divided into chalcones, flavanones, flavanonols, flavones, flavonols, isoflavones, etc. [21]. Flavonoids have many pharmacological effects including antioxidation, anti-inflammatory, anti-carcinogenic, anti-viral, and fungicidal effects [22,23,24,25,26,27], and have always been used as lead compounds in the development of medicines and pesticides. For instance, the flavone skeleton has been embedded in the marketed medicines flavoxate hydrochloride and efloxate (Figure 1). The anti-TMV activities of vitexin (Figure 1), quercetin, fistulaflavonoids, and flavonoid glycosides have been confirmed [28,29,30]. Chen et al. isolated some isoflavones from tobacco roots and stems, and applied them to control plant viruses. They found that some of the isoflavones had better antiviral properties than that of commercial agents [31]. Two new flavones, 8-hydroxy-7-(3-hydroxypropyl)-2′-methoxyflavone and 8-hydroxy-7-(2-hydroxyethyl)-2′-methoxyflavone, were isolated from the whole plants of Cassia pumila and found to have potential anti-TMV activities with inhibition rates of 30.2% and 28.2%, respectively [32,33]. Encouraged by these results, a series of oxazinyl flavonoids were synthesized and evaluated against TMV in our previous work [34]. The carboxamide group plays an important role in commercialized registered pesticides. There is no “absent” amide bond in the chemical structure of commercial succinate dehydrogenase inhibitor (SDHIs) fungicides, so they are also called carboxamide fungicides, such as the marketed fungicides valifenalate, boscalid, and flubeneteram, etc. (Figure 1). Among these compounds, amide bonds act as an important bridge connecting the carboxylic acid parts and the amine moiety. The hydrophobic tail is mostly consisted of aromatic amines of five or six members, while the structural types of polar moiety are relatively diverse, such as pyrazole, pyridine, pyrazine, benzene ring, etc. [35,36] Many methods for obtaining amide functions have been improved or developed, which makes the synthesis of these compounds more convenient and greener [37,38].



In our previous work, we synthesized a series of oxazinyl flavonoids (Figure 2) [34], which displayed higher anti-TMV activities than that of the natural product apigenin (Figure 1). The anti-TMV activity of 7-(benzyloxy)-2-phenyl-4H-chromen-4-one (2c) synthesized in our previous work was significantly higher than that of 7-hydroxy flavone (1) (Table 1). It was found that substituents of hydroxyl oxygen atom had a significant effect on the activity. In this paper, a series of flavone derivatives containing the carboxamide fragments were designed and synthesized based on structural diversity derivation with flavonoid as the mother nucleus structure (Figure 2), and their anti-TMV activities were systematically investigated to find new high-activity compounds for plant protection. The structures of all target compounds were confirmed by 1H NMR, 13C NMR, and HRMS. Using 7-hydroxy flavone as the lead compound, carboxylic acid parts were introduced on the position of 7-OH through a bridge of the amide bond. Further antiviral mechanism research exhibited that flavone derivatives containing an amide fragment could interact with TMV CP (coat protein) and inhibit virus assembly.




2. Results


2.1. Chemistry


7-Hydroxyacetophenone was synthesized according to the method in the literature [34,39]. Compounds 2a–2f were synthesized from 7-hydroxyflavone by reacting with different substituted halogenated hydrocarbons in high yields (Scheme 1).



With compound 2f in hand, deprotection of the tert-butyl carbonyl group of 2f with trifluoroacetic acid resulted in amine 3. Compounds 4–6 were successfully obtained by amidation reaction in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) and 1-hydroxybenzotriazole (HOBt) (Scheme 2).




2.2. Phytotoxic Activity


According to the phytotoxic activity tests, the target compounds were found to be harmless to plants at a concentration of 500 μg/mL. At this concentration, the leaves of tobacco were not found to be rotten or spotted, which could grow healthily and normally. Detailed testing procedures can be seen in our previous report [5,7] and can be found in the Supplementary Materials.




2.3. Antiviral Activity


In Vivo Anti-TMV Activity


The anti-TMV activities of designed compounds are shown in Table 1 with commercial ribavirin and ningnanmycin as the control drugs. According to the results in Table 1, compounds 2a–2f, 4a–4n, 5a–5e, and 6a–6d exhibited moderate to excellent anti-TMV activities, except for 4e and 4f. Almost all the target compounds showed higher anti-TMV activities than ribavirin. Compound 4m exhibited the highest anti-TMV activity at 500 μg/mL (inactivation activity, 58%; curative activity, 57%; protection activity, 59%), which was significantly higher than that of ribavirin (inactivation activity, 39%; curative activity, 40%; protection activity, 39%) and similar to that of ningnamycin (inactivation activity, 61%; curative activity, 57%; protection activity, 58%).





2.4. Mode of Action Studies


Docking Studies


To further study the mechanism of the interaction between flavone derivatives and TMV CP, we use AutoDock Vina 1.1.2 for molecular docking [40]. The docking poses are ranked according to their docking sites, and the lowest binding energy of the macromolecule–ligand complex is considered the best. It can be proven that there are some H-bond interactions and strong binding affinity between flavone derivatives containing amide fragments and TMV CP.






3. Discussion


3.1. Synthesis


According to the reported method [39,41], the 7-position hydroxyl group of 7-hydroxyacetophenone was smoothly reacted with bromo compounds in basic K2CO3 to gain the compounds 2a–2f (Scheme 1). Starting from intermediate 2f, compound 3 can be successfully obtained by treating it with trifluoroacetic acid. The addition of isopropyl chloroformate, isobutyl chloroformate, or di-tert-butyl dicarbonate to a solution of amino acids in aqueous sodium hydroxide produced amino acid derivatives in good yield [42]. Compounds 4–6 can be successfully gained by the amidation reaction of compound 3 with amino acid derivatives [43], benzoic acid and its derivatives, and malonic acid derivatives [44] in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) and 1-hydroxybenzotriazole (HOBt) (Scheme 2). We mainly introduced structural diversity functional groups into C-7 of 7-hydroxyflavone by the active structures splicing strategy. Amino acids, aromatic carboxylic acids, and malonic acid derivatives fragments were introduced into the flavonoid skeleton to achieve structural diversity derivation of flavonoid compounds.



The structures of obtained compounds were confirmed by 1H, 13C NMR spectroscopy, and HRMS analysis. 7-Hydroxyflavone (1) was obtained by our previously reported method [34], which is consistent with the literature report [41]. Compound 4a was used as an example for chemical structure characterization analysis. The spectrum of 1H NMR (Figure S15) exhibited one methyl signal at δH 1.16, three signals of methylene at δH 3.51, δH 3.60, and δH 4.17, one signal of oxygenated methine at δH 4.63–4.83. Moreover, as described in Figure S16, the data of 13C NMR for 4a indicated 19 signals of carbon, including five saturated carbons (δC 67.7, 67.5, 43.9, 38.5, and 22.5). These spectroscopic features confirmed that the amino acid fragment was successfully introduced into 7-hydroxyflavone.




3.2. Structure–Activity Relationship of the Antiviral Activity


The antiviral activities of compounds 2a–2f, 4a–4n, 5a–5e, and 6a–6d were listed in Table 1, with commercial plant virucides ningnanmycin and ribavirin as controls. Most of these compounds showed higher antiviral activities than ribavirin and were obviously superior to compound 1. As shown in Table 1, compounds 2a–2f with alkyl substitutions on the 7-position of the O atom were higher than that of ribavirin. In contrast, the anti-TMV activity of the substituent containing the ester group (2d), the Boc (t-butyloxycarbonyl) protected amino group (2e and 2f), and the amino group (3) were obviously better than that of compounds containing the simple alkyl substituent (2a, 2b, and 2c).



Amino acids play important roles both as building blocks of peptides and proteins and as important constituents of biologically active compounds, such as benthiavalicarb, iprovalicarb, and valiphenal [45]. As early as 1951, Li et al. reported that some amino acids had certain effects on the reproduction of TMV [46]. Amino acid gossypol Schiff bases were evaluated for their anti-TMV activities by Zhang et al. [47]. To systematically investigate the effect of amino acid fragments with different structures on the anti-TMV activity, 10 kinds of cheap and commercial amino acids, including simple glycine and L-tryptophan containing indole, were used as starting materials to react with different chloroformates to obtain corresponding carboxylic acids and the target compounds 4a–4n. In general, compounds 4a–4n containing amino acid fragments at the 7-position of the O atom displayed higher levels of anti-TMV activity than compounds with smaller groups at the same position. Among compounds 4a, 4d–4e, 4f–4g, 4i, 4l, and 4n, protected by the isopropoxycarbonyl group, glycine derivative 4a had the best antiviral activity. L-valine derivatives (4e), L-leucine derivatives (4f), L-isoleucine derivatives (4g), L-2-phenylglycine derivatives (4i), and L-2-(4-OH-benzyl)glycine derivatives (4l) were not conducive to anti-TMV activity (4a > 4n > 4d > 4i > 4e > 4g ≈ 4l > 4e ≈ 4f). In particular, the inhibition rate of compounds 4e and 4f are lower than 40% (4e: inactivation inhibitory effect, 39%; curative inhibitory effect, 37%; and protection inhibitory effect, 39%; 4f: inactivation inhibitory effect, 38%; curative inhibitory effect, 36%; and protection inhibitory effect, 36%) at 500 μg mL−1. However, compound 4m, starting from (isopropoxycarbonyl)-L-tryptophan, showed excellent anti-TMV activity (inactivation inhibitory effect, 58%; curative inhibitory effect, 57%; and protection inhibitory effect, 59%), which is similar to that of ningnanmycin (inactivation inhibitory effect, 61%; curative inhibitory effect, 57%; and protection inhibitory effect, 58%) at 500 μg mL−1. The different protective groups of amino acids also had certain effects on antiviral activity. Compared with compounds 4a, 4b, and 4c, when the amino protecting group was isopropoxycarbonyl, it was superior to tert-butyloxycarbonyl and iso-butyloxycarbonyl. This rule was consistent with the anti-TMV activity of compounds 4i and 4j.



Compounds 5a–5e, prepared from benzoic acid and its derivatives with compound 3, have higher anti-TMV activity than ribavirin, but the antiviral activity was greatly reduced when the ortho position of the benzene ring of carboxyamide group contained methoxy (5b: inactivation inhibitory effect, 45%; curative inhibitory effect, 44%; and protection inhibitory effect, 46%) at 500 μg mL−1. Compounds 6a–6e, synthesized from 3-oxo-3-(phenylamino)propanoic acid, exhibited higher anti-TMV activity than that of ribavirin. Different substituents on the benzene ring of the amino group were beneficial to the improvement of activity and could increase the anti-TMV activity. In particular, compound 6b (inactivation activity, 54%; curative activity, 57%; protection activity, 54%) exhibited significantly higher activity than ribavirin (inactivation activity, 39%; curative activity, 40%; protection activity, 39%) at 500 μg/mL.



Summarizing the structure–activity relationship, it was found that carboxylic acid parts introduced on the position of 7-OH through a bridge of the amide bond could improve the anti-TMV activity.




3.3. Study on the Mechanism of Anti-TMV Activity


Molecular Docking Study


To further investigate and evaluate the detailed intermolecular interactions between flavone derivatives and potential targets, molecular docking was performed. The detailed calculation procedures for molecular docking research were carried out according to the literature and are described in the Supplementary Materials [48]. Compounds 4m, 5a, and 6b were selected for molecular docking with TMV CP (PDB code 1EI7) [49]. For comparison, compounds 1 and 2a were also chosen for molecular docking with TMV CP, and the results were in the Supplementary Materials (Figure S61). As depicted in Figure 3, compounds 4m, 5a, and 6b folded similar to a hairpin and entered into the hole-shaped active binding pocket created by TMV CP (Figure 3). The results showed that compound 4m was laid into the TMV CP active pocket and formed seven conventional hydrogen bonds with the active sites of ARG 134 (2.8 Å and 2.2 Å), ASP 264 (2.3 Å), SER 255 (2.4 Å), LYS 268 (2.6 Å and 2.3 Å), GLU 131 (2.3 Å) (Figure 3A). Due to the folding of compound 4m, the carbonyl groups and amino groups were fully exposed, which made it easier to interact with amino acid residues. As shown in Figure 3A, not only the flavonoid structure and carboxamide group can interact with TMV CP, but also the indole has a hydrogen bond with TMV CP. The active O atom at position 7 of compounds 5a and 6b can interact with free amine N-H of the adjacent two amino acids ASN 73 and GLY137 to form hydrogen bonds (Figure 3B,C). Compound 5a can also provide an O atom of the carboxyl group to form a hydrogen bond with SER 255, while compound 6b bonds with SER 138 as seen in Figure 3B,C. In particular, the two aromatic rings of compounds 5a and 6b were almost parallel, forming the additional pi–pi interactions effect. Compared with Figure S61A, although compound 1 will also be embedded in the same cavity, its interaction mode is obviously different, and the benzene ring of the flavonoid structure was at the innermost end. Compound 1 provided an O atom to form two hydrogen bonds with LYS 268 and ARG 134, and supplied -OH to form a hydrogen bond with ARG 134. As shown in Figure S61B, after the alkylation of the hydroxyl group, the method of flavonoid embedding into the TMV CP cavity had changed significantly. Compound 2a was laid into the TMV CP active pocket and formed two conventional hydrogen bonds with the active sites of GLN 257 (2.7 Å) and ASN 73 (2.4 Å).



The binding free energies of compounds 4m, 5a, and 6b to TMV CP were −8.6 kcal/mol, −8.1 kcal/mol, and −8.4 kcal/mol, respectively. In contrast, the binding free energies of compounds 1 and 2a to TMV CP were only −7.3 kcal/mol and −7.5 kcal/mol, respectively. The lower the binding free energy, the higher the affinity between the receptor and the ligand [50]. The results of molecular docking showed that the binding energy of amino acid, aromatic formic acid, and malonic acid derivatives introduced at the oxygen atom through the amide bond were lower than that of oxazinyl flavonoids [34], which were more conducive to anti-TMV activity.



The results of molecular docking showed that the introduction of ethyl made the molecular structure more flexible, and it could be embedded into the cavity of TMV CP as stably as a hairpin. Through the bridging of the amide bond, it can not only provide the interaction sites with TMV CP, but also facilitate the introduction of other active groups. Compounds 4–6 bearing different groups could interact with TMV CP to disturb the assembly of TMV virus particles, thus showing good anti-TMV activity. They were also consistent with the activity test.






4. Materials and Methods


4.1. Synthetic Procedures


4.1.1. Reagents and Instruments


All reagents used were analytical reagent (AR) grade or chemically pure (CR), which were purchased from commercial sources (Tianjin Guangda Chemical Reagents Ltd., Tianjin, China). The melting point of the target compounds were measured on an X-4 binocular microscope (Beijing Zhongke Instrument Co., Ltd., Beijing, China). NMR spectra were acquired with a 400 MHz (100 MHz for 13C) instrument (Bruker, Billerica, MA, USA) at room temperature. Chemical shifts were measured relative to residual solvent peaks of CDCl3 (1H: δ = 7.26 ppm; 13C: δ = 77.0 ppm) and DMSO-d6 (1H: δ = 2.5 and 3.3 ppm; 13C: δ = 39.9 ppm) as internal standards. The following abbreviations are used to designate chemical shift multiplicities: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, m = multiplet, and brs = broad singlet. HRMS data were recorded with a QFT-ESI instrument (Varian, Palo Alto, CA, USA).




4.1.2. Synthesis of Compounds 2a–2f


Synthesis of compounds 2a–2e. 7-Hydroxyflavone (0.119 g, 0.5 mmol) and anhydrous K2CO3 (0.414 g, 3 mmol) were added into N,N-dimethylformamide (DMF) (3 mL), then the mixture was stirred at room temperature for 30 min. The mixture continued to stir and control the temperature at 70 °C for 2 h after adding halohydrocarbon compounds (1.5 mmol). After 7-hydroxyflavone was completely consumed (monitored by Thin Layer chromatography, TLC), the mixture was diluted with water (10 mL) and washed with ethyl acetate (3 × 15 mL). The combined organic phase was dried with anhydrous sodium sulfate. The crude product was obtained after removing the solvent in vacuo and purified by column chromatography.



	
7-Butoxy-2-phenyl-4H-chromen-4-one (2a). Light yellow solid, 92.5% yield, m.p. 82–85 °C; 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 8.7 Hz, 1H), 8.01–7.83 (m, 2H), 7.59–7.45 (m, 3H), 6.98 (d, J = 11.1 Hz, 2H), 6.77 (s, 1H), 4.10 (s, 2H), 1.84 (d, J = 6.5 Hz, 2H), 1.53 (h, J = 7.3 Hz, 2H), 1.01 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 177.9, 163.8, 163.0, 158.0, 131.9, 131.4, 129.0, 127.0, 126.2, 117.7, 114.8, 107.5, 100.9, 68.5, 31.0, 19.2, 13.8; HR-MS (ESI): calcd for C19H18O3 [M + H]+ 295.1329, found (ESI+) 295.1336.



	
2-Phenyl-7-(prop-2-yn-1-yloxy)-4H-chromen-4-one (2b). Light brown solid, 95.0% yield, m.p. 164–169 °C; 1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 8.8 Hz, 1H), 7.97–7.91 (m, 2H), 7.59–7.52 (m, 3H), 7.14–7.05 (m, 2H), 6.81 (s, 1H), 4.86 (s, 2H), 2.65 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 177.8, 163.2, 161.9, 157.7, 131.8, 131.5, 129.0, 127.2, 126.2, 118.5, 114.7, 107.6, 101.8, 77.4, 76.6, 56.2; HR-MS (ESI): calcd for C18H12O3 [M + H]+ 277.0859, found (ESI+) 277.0862.



	
7-(Benzyloxy)-2-phenyl-4H-chromen-4-one (2c). White solid, 95% yield, m.p. 173–180 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.6 Hz, 1H), 7.96–7.88 (m, 2H), 7.52 (d, J = 5.7 Hz, 3H), 7.43–7.48 (m, 5H), 7.07 (d, J = 9.7 Hz, 2H), 6.78 (s, 1H), 5.20 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 177.9, 163.4, 163.2, 158.0, 135.8, 131.9, 131.5, 129.1, 128.8, 128.5, 127.6, 127.2, 126.3, 118.0, 115.0, 107.6, 101.6, 70.6; HR-MS (ESI): calcd for C22H17O3 [M + H]+ 329.1172, found (ESI+) 329.1176.



	
Ethyl 2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)acetate (2d). Light brown solid, 85.3% yield, m.p. 89–93 °C; 1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.8 Hz, 1H), 7.97–7.71 (m, 2H), 7.52 (d, J = 5.5 Hz, 3H), 7.08–6.98 (m, 1H), 6.99–6.89 (m, 1H), 6.77 (s, 1H), 4.75 (s, 2H), 4.31 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 177.8, 168.0, 163.3, 162.2, 157.8, 131.8, 131.6, 129.1, 127.5, 126.2, 118.7, 114.3, 107.7, 101.7, 65.1, 61.8, 14.2; HR-MS (ESI): calcd for C19H16O5 [M + H]+ 325.1071, found (ESI+) 325.1069.



	
Tert-butyl(3-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)propyl)carbamate (2e). White solid, 90.2% yield, m.p. 144–150 °C; 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 9.0 Hz, 1H), 7.92 (d, J = 6.4 Hz, 2H), 7.53 (s, 3H), 6.99 (d, J = 7.7 Hz, 2H), 6.86 (s, 1H), 4.15 (t, J = 5.6 Hz, 2H), 3.36 (s, 2H), 2.11–2.01 (m, 2H), 1.45 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 177.9, 163.4, 163.0, 157.9, 156.1, 131.8, 131.4, 129.0, 127.0, 126.2, 117.8, 114.7, 107.5, 100.9, 79.3, 66.4, 37.7, 29.5, 28.4; HR-MS (ESI): calcd for C23H25NO5 [M + H]+ 396.1806, found (ESI+) 396.1802.



	
Tert-butyl (2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)carbamate (2f). White solid, 98.0% yield, m.p. 129–132 °C; 1H NMR (400 MHz, CDCl3) δ 8.13 (d, J = 8.4 Hz, 1H), 7.93–7.87 (m, 2H), 7.52 (d, J = 4.9 Hz, 3H), 6.98 (d, J = 9.0 Hz, 2H), 6.76 (s, 1H), 5.02 (s, 1H), 4.16 (s, 2H), 3.60 (s, 2H), 1.46 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 177.8, 163.1, 163.1, 157.9, 155.9, 131.7, 131.5, 129.0, 127.1, 126.2, 118.0, 114.7, 107.5, 101.0, 79.8, 67.8, 39.9, 28.4; HR-MS (ESI): calcd for C19H16O5 [M + H]+ 382.1649, found (ESI+) 382.1648.







4.1.3. Synthesis of Compounds 4a–4n, 5a–5e, and 6a–6d


	
7-(2-Aminoethoxy)-2-phenyl-4H-chromen-4-one (3). A solution of compound 2f (0.381 g, 1.0 mmol, 1.0 equiv.) in CH2Cl2 (3 mL) was added to CF3COOH (TFA, 3 mL) and stirred at room temperature for 2 h. After the completion of the reaction, the solvent was removed in vacuum, and the crude product was purified by flash chromatography to obtain crude product 3·CF3COOH. The crude product was washed by saturated NaHCO3 solution to obtain compound 3. White solid, 98% yield; 1H NMR (400 MHz, DMSO-d6) δ 8.10 (d, J = 6.7 Hz, 2H), 7.94 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 6.4 Hz, 3H), 7.32 (s, 1H), 7.07 (d, J = 8.4 Hz, 1H), 6.96 (s, 1H), 4.09 (t, J = 5.4 Hz, 2H), 3.17 (s, 2H), 2.94 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 176.9, 163.2, 162.7, 157.9, 132.2, 129.6, 126.8, 126.7, 117.9, 115.6, 107.3, 102.1, 68.0.






Compounds 4a–4n: To a stirred solution of 3·CF3COOH (0.395 g, 1 mmol) in CH2Cl2 (3 mL), diisopropylethylamine (0.387 g, 3 mmol), 1-hydroxybenzotriazole (HOBt) (0.203 g, 1.5 mmol), and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) (0.288 g, 1.5 mmol) were added, and the reaction mixture was stirred for 30 min at 0 °C. Subsequently, carboxylic acid (1.2 mmol) was added, and the resulting solution was stirred at room temperature for 5 h. After the completion of the reaction, the organic phase was washed with water (10 mL) and dried with MgSO4. The crude product was purified by recrystallization to obtain compounds 4a–4n.



	
Isopropyl(2-oxo-2-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)ethyl)carbamate (4a). White solid, 56.7% yield, m.p. 143–146 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.09 (d, J = 7.8 Hz, 3H), 7.94 (d, J = 8.8 Hz, 1H), 7.58 (d, J = 6.7 Hz, 3H), 7.34 (s, 1H), 7.17 (t, J = 5.4 Hz, 1H), 7.06 (d, J = 8.8 Hz, 1H), 6.97 (s, 1H), 4.83–4.63 (m, 1H), 4.17 (t, J = 4.9 Hz, 2H), 3.60 (d, J = 5.8 Hz, 2H), 3.51 (d, J = 5.3 Hz, 2H), 1.16 (d, J = 6.1 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 176.9, 170.2, 163.5, 162.7, 157.9, 156.7, 132.2, 131.7, 129.6, 126.7, 117.7, 115.5, 107.3, 102.1, 67.7, 67.5, 43.9, 38.5, 22.5; HR-MS (ESI): calcd for C23H24N2O6 [M + H]+ 425.1707, found (ESI+) 425.1704.



	
Isobutyl(2-oxo-2-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)ethyl)carbamate (4b). White solid, 53.5% yield, m.p. 141–143 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.10 (d, J = 7.3 Hz, 3H), 7.95 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 6.6 Hz, 3H), 7.35 (s, 1H), 7.28 (t, J = 5.8 Hz, 1H), 7.07 (d, J = 8.7 Hz, 1H), 6.98 (s, 1H), 4.17 (t, J = 4.7 Hz, 2H), 3.72 (d, J = 6.5 Hz, 2H), 3.60 (d, J = 5.7 Hz, 2H), 3.51 (d, J = 5.1 Hz, 2H), 1.82 (dt, J = 13.6, 6.7 Hz, 1H), 0.87 (d, J = 6.5 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 170.2, 163.5, 162.8, 157.9, 157.3, 129.6, 126.8, 117.7, 115.6, 107.3, 102.1, 70.5, 67.7, 43.9, 38.5, 28.1, 19.4; HR-MS (ESI): calcd for C24H26N2O6 [M + H]+ 439.1864, found (ESI+) 439.1898.



	
Tert-butyl(2-oxo-2-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)ethyl)carbamate (4c). White solid, 43.5% yield, m.p. 151–153 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.09 (t, J = 8.0 Hz, 3H), 7.95 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 6.5 Hz, 3H), 7.35 (s, 1H), 7.07 (d, J = 8.6 Hz, 1H), 6.97 (d, J = 5.4 Hz, 2H), 4.17 (s, 2H), 3.53 (dd, J = 15.0, 5.5 Hz, 4H), 1.37 (s, 9H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 170.3, 163.5, 162.7, 158.0, 156.3, 132.2, 131.6, 129.6, 126.7, 117.7, 115.6, 107.2, 102.0, 78.6, 67.7, 43.7, 38.5, 28.7; HR-MS (ESI): calcd for C24H26N2O6 [M + H]+ 439.1864, found (ESI+) 439.1893.



	
(S)-Isopropyl(1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)propan-2-yl)carbamate (4d). White solid, 37.5% yield, m.p. 134–136 °C;      [ α ]   D  21     = +0.6° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.08 (d, J = 6.8 Hz, 3H), 7.94 (d, J = 8.7 Hz, 1H), 7.58 (d, J = 6.4 Hz, 3H), 7.32 (s, 1H), 7.13 (d, J = 6.9 Hz, 1H), 7.05 (d, J = 8.8 Hz, 1H), 6.96 (s, 1H), 4.87 –4.54 (m, 1H), 4.16 (s, 2H), 4.10–3.94 (m, 1H), 3.61–3.43 (m, 2H), 1.18 (d, J = 7.0 Hz, 3H), 1.14 (d, J = 5.7 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 176.9, 173.6, 163.5, 162.7, 157.9, 155.9, 132.1, 131.6, 129.5, 126.7, 126.6, 117.7, 115.5, 107.2, 102.0, 67.6, 67.4, 50.4, 38.5, 22.5, 18.7; HR-MS (ESI): calcd for C24H26N2O6 [M + H]+ 439.1864, found (ESI+) 439.1891.



	
(S)-Isopropyl(3-methyl-1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino) butan-2-yl) carbamate (4e). White solid, 41.3% yield, m.p. 164–168 °C;      [ α ]   D  21     = +3.2° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.17 (s, 1H), 8.10 (d, J = 6.9 Hz, 2H), 7.95 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 6.4 Hz, 3H), 7.34 (s, 1H), 7.04 (d, J = 8.8 Hz, 1H), 6.97 (s, 1H), 6.92 (d, J = 8.4 Hz, 1H), 4.71 (p, J = 5.9 Hz, 1H), 4.17 (s, 2H), 3.81 (t, J = 7.6 Hz, 1H), 3.52 (ddd, J = 45.7, 14.0, 5.8 Hz, 2H), 2.01–1.81 (m, 1H), 1.14 (d, J = 5.1 Hz, 6H), 0.81 (d, 6H); 13C NMR (100 MHz, DMSO-d6) δ 176.4, 171.7, 163.0, 162.2, 157.4, 155.8, 131.6, 131.1, 129.1, 126.2, 117.2, 115.0, 106.7, 101.5, 66.9, 60.1, 37.9, 30.2, 22.0, 19.1, 18.2; HR-MS (ESI): calcd for C26H30N2O6 [M + H]+ 467.2177, found (ESI+) 467.2179.



	
(S)-Isopropyl(4-methyl-1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino) pentan-2-yl) carbamate (4f). White solid, 40.5% yield, m.p. 132–136 °C;      [ α ]   D  21     = −7.6° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.19–8.04 (m, 3H), 7.95 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 6.3 Hz, 3H), 7.33 (s, 1H), 7.06 (t, J = 9.9 Hz, 2H), 6.97 (s, 1H), 4.70 (dt, J = 11.9, 5.9 Hz, 1H), 4.17 (s, 2H), 3.99 (d, J = 6.0 Hz, 1H), 3.49 (dd, J = 20.4, 3.9 Hz, 2H), 1.61–1.51 (m, 1H), 1.38 (dt, J = 14.0, 7.8 Hz, 2H), 1.13 (d, J = 5.7 Hz, 6H), 0.81 (t, J = 6.5 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 176.4, 172.9, 163.0, 162.2, 157.4, 155.6, 131.6, 131.1, 129.1, 126.2, 117.2, 115.0, 106.7, 101.5, 67.1, 66.9, 53.0, 40.8, 38.0, 24.2, 22.8, 21.5; HR-MS (ESI): calcd for C27H32N2O6 [M + H]+ 481.2333, found (ESI+) 481.2343.



	
Isopropyl((2S,3S)-3-methyl-1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl) amino)pentan-2-yl)carbamate (4g). White solid, 37.5% yield, m.p. 180–187 °C;      [ α ]   D  21     = +1.6° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.18 (s, 1H), 8.10 (d, J = 6.8 Hz, 2H), 7.95 (d, J = 8.9 Hz, 1H), 7.59 (d, J = 6.4 Hz, 3H), 7.34 (s, 1H), 7.04 (d, J = 8.7 Hz, 1H), 7.00–6.89 (m, 2H), 4.71 (dt, J = 11.7, 5.8 Hz, 1H), 4.17 (s, 2H), 3.84 (t, J = 7.8 Hz, 1H), 3.51 (dd, J = 35.8, 4.9 Hz, 2H), 1.66 (s, 1H), 1.39 (s, 2H), 1.13 (d, J = 5.1 Hz, 6H), 0.82–0.74 (m, 6H); 13C NMR (100 MHz, DMSO-d6) δ 176.9, 172.2, 163.5, 162.7, 157.9, 156.2, 132.2, 131.6, 129.6, 126.7, 117.7, 115.5, 107.2, 102.0, 67.6, 67.4, 59.5, 38.4, 36.8, 24.9, 22.5, 15.7, 11.4; HR-MS (ESI): calcd for C27H32N2O6 [M + H]+ 481.2333, found (ESI+) 481.2338.



	
(Isopropyl((2S,3R)-3-hydroxy-1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl) amino)butan-2-yl)carbamate (4h). White solid, 33.0% yield, m.p. 134–137 °C;      [ α ]   D  21     = +4.5° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.12 (d, J = 5.8 Hz, 3H), 7.97 (d, J = 8.8 Hz, 1H), 7.62 (s, 3H), 7.36 (s, 1H), 7.08 (d, J = 8.5 Hz, 1H), 6.99 (s, 1H), 6.58 (d, J = 7.4 Hz, 1H), 4.92–4.65 (m, 2H), 4.20 (s, 2H), 3.93 (d, J = 6.2 Hz, 2H), 3.54 (dd, J = 18.9, 5.0 Hz, 2H), 1.28–1.12 (m, 6H), 1.05 (d, J = 4.6 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) δ 171.3, 163.5, 162.7, 156.3, 132.2, 131.7, 129.6, 126.7, 115.6, 107.3, 67.7, 67.7, 67.2, 61.1, 38.6, 22.5, 20.5; HR-MS (ESI): calcd for C25H28N2O7 [M + H]+ 469.1970, found (ESI+) 469.1977.



	
(S)-Isopropyl(2-oxo-2-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)-1-phenylethyl)carbamate (4i).White solid, 47.5% yield, m.p. 131–134 °C;      [ α ]   D  21     = +17.0° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.48 (s, 1H), 8.09 (s, 2H), 7.94 (d, J = 8.7 Hz, 1H), 7.60 (s, 4H), 7.41 (d, J = 7.0 Hz, 2H), 7.32–7.21 (m, 4H), 7.02 (d, J = 8.7 Hz, 2H), 5.25 (d, J = 8.0 Hz, 1H), 4.92–4.53 (m, 1H), 4.16 (s, 2H), 3.50 (s, 2H), 1.20–1.07 (m, 6H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 170.9, 163.4, 162.7, 157.9, 155.8, 139.1, 131.6, 129.6, 128.7, 128.0, 127.6, 126.7, 126.6, 117.7, 115.5, 107.2, 101.9, 67.7, 67.5, 58.4, 38.7, 22.4; HR-MS (ESI): calcd for C29H28N2O6 [M + H]+ 501.2020, found (ESI+) 501.2023.



	
(S)-Isobutyl(2-oxo-2-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)-1-phenylethyl)carbamate (4j). White solid, 49.0% yield, m.p. 130–133 °C;      [ α ]   D  21     = +26.0° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.52 (s, 1H), 8.10 (d, J = 5.9 Hz, 2H), 7.94 (d, J = 8.7 Hz, 1H), 7.69 (d, J = 7.7 Hz, 1H), 7.60 (s, 3H), 7.42 (d, J = 7.1 Hz, 2H), 7.33–7.19 (m, 4H), 7.01 (d, J = 8.5 Hz, 1H), 6.97 (s, 1H), 5.25 (d, J = 8.2 Hz, 1H), 4.16 (s, 2H), 3.72 (d, J = 6.1 Hz, 2H), 3.51 (s, 2H), 1.98–1.68 (m, 1H), 0.86 (d, J = 5.5 Hz, 6H); 13C NMR (100MHz, DMSO-d6) δ 176.92, 170.85, 163.41, 162.68, 157.88, 156.35, 139.04, 132.15, 131.61, 129.56, 128.66, 127.62, 126.66, 117.67, 115.48, 107.23, 102.01, 70.56, 67.51, 58.53, 38.69, 28.05, 19.31; HR-MS (ESI): calcd for C30H30N2O6 [M + H]+ 515.2177, found (ESI+) 515.2170.



	
(S)-Tert-butyl(1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)-3-phenylpropan-2-yl)carbamate (4k). White solid, 42.5% yield, m.p. 120–125 °C;      [ α ]   D  21     = −8.8° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.21 (s, 1H), 8.10 (d, J = 5.3 Hz, 2H), 7.96 (d, J = 8.7 Hz, 1H), 7.60 (s, 3H), 7.34 (s, 1H), 7.23 (s, 4H), 7.15 (s, 1H), 7.07 (d, J = 8.2 Hz, 1H), 6.97 (s, 1H), 6.91 (d, J = 8.1 Hz, 1H), 4.14 (s, 3H), 3.51 (d, J = 22.2 Hz, 2H), 3.04–2.62 (m, 2H), 1.28 (s, 9H); 13C NMR (100 MHz, DMSO-d6) δ 177.1, 172.6, 163.6, 162.8, 158.0, 155.7, 138.5, 132.3, 131.6, 129.6, 128.5, 126.7, 117.7, 115.6, 107.2, 102.0, 78.6, 67.6, 56.2, 38.6, 38.1, 28.6; HR-MS (ESI): calcd for C31H32N2O6 [M + H]+ 529.2333, found (ESI+) 529.2330.



	
(S)-Isopropyl(3-(4-hydroxyphenyl)-1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)propan-2-yl)carbamate (4l). White solid, 37.2% yield, m.p. 160–164 °C;      [ α ]   D  21     = −7.9° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.30 (s, 1H), 8.20–8.07 (m, 2H), 7.98 (d, J = 8.8 Hz, 1H), 7.61 (d, J = 6.6 Hz, 3H), 7.36 (d, J = 2.1 Hz, 1H), 7.30 (d, J = 8.1 Hz, 2H), 7.22 (d, J = 8.5 Hz, 1H), 7.09 (d, J = 8.0 Hz, 3H), 7.00 (d, J = 1.7 Hz, 1H), 4.83 (p, J = 6.3 Hz, 1H), 4.65 (p, J = 6.4 Hz, 1H), 4.24 (s, 1H), 4.15 (q, J = 5.6 Hz, 2H), 3.35 (d, J = 1.9 Hz, 2H), 3.04–2.70 (m, 2H), 1.28 (d, J = 6.2 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 176.4, 163.0, 162.2, 157.4, 152.5, 149.2, 135.7, 131.7, 131.1, 130.2, 129.1, 126.2, 120.7, 117.2, 115.0, 106.7, 72.6, 66.9, 55.9, 21.3; HR-MS (ESI): calcd for C30H31N2O7 [M + H]+ 531.2126, found (ESI+) 531.2121.



	
(S)-Isopropyl(3-(1H-indol-3-yl)-1-oxo-1-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl) amino)propan-2-yl)carbamate (4m). White solid, 54.3% yield, m.p. 105–115 °C;      [ α ]   D  21     = +2.5° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 10.79 (s, 1H), 8.23 (s, 1H), 8.11 (d, J = 6.8 Hz, 2H), 7.95 (d, J = 8.7 Hz, 1H), 7.59 (d, J = 6.0 Hz, 4H), 7.30 (d, J = 6.7 Hz, 2H), 7.13 (s, 1H), 7.05 (d, J = 10.0 Hz, 3H), 6.96 (d, J = 10.6 Hz, 2H), 4.55–4.76 (m, 1H), 4.24 (d, J = 2.9 Hz, 1H), 4.10 (s, 2H), 3.47 (s, 2H), 3.11–2.84 (m, 2H), 1.08 (dd, J = 21.3, 5.8 Hz, 6H); 13C NMR (100 MHz, DMSO-d6) δ 176.5, 172.3, 163.0, 162.2, 157.4, 155.5, 136.0, 131.7, 131.1, 129.1, 127.2, 126.2, 123.7, 120.8, 118.4, 118.1, 117.2, 116.2, 115.0, 111.2, 110.0, 106.7, 101.5, 67.0, 66.9, 55.4, 38.0, 27.8, 21.9; HR-MS (ESI): calcd for C32H31N3O6 [M + H]+ 554.2286, found (ESI+) 554.2285.



	
(S)-Diisopropyl(6-oxo-6-((2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)amino)hexane-1,5-diyl)dicarbamate (4n). White solid, 43.6% yield, m.p. 169–173 °C;      [ α ]   D  21     = −15.3° (c 1.0, CH3OH); 1H NMR (400 MHz, DMSO-d6) δ 8.10 (d, J = 6.8 Hz, 3H), 7.95 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 6.5 Hz, 3H), 7.34 (s, 1H), 7.05 (t, J = 8.0 Hz, 2H), 6.97 (s, 1H), 6.93 (s, 1H), 4.67–4.73 (m, 2H), 4.17 (s, 2H), 3.88–3.93 (m, 1H), 3.43–3.56 (m, 2H), 2.87–2.88 (m, 2H), 1.46–1.54 (m, 2H), 1.32 (d, J = 5.9 Hz, 2H), 1.28–1.17 (m, 2H), 1.12 (d, J = 6.2 Hz, 12H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 173.0, 163.5, 162.7, 157.9, 156.3, 156.2, 132.2, 131.6, 129.6, 126.7, 117.7, 115.5, 107.2, 102.0, 67.4, 66.9, 55.0, 38.4, 32.1, 29.6, 23.2, 22.5, 22.5; HR-MS (ESI): calcd for C31H39N3O8 [M + H]+ 582.2810, found (ESI+) 582.2807.



	
N-(2-((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)benzamide (5a). White solid, 42.2% yield, m.p. 132–144 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.76 (s, 1H), 8.09 (d, J = 6.2 Hz, 2H), 7.94 (d, J = 8.7 Hz, 1H), 7.87 (d, J = 7.4 Hz, 2H), 7.59 (d, J = 5.7 Hz, 3H), 7.52 (d, J = 7.1 Hz, 1H), 7.46 (t, J = 7.2 Hz, 2H), 7.39 (s, 1H), 7.09 (d, J = 8.8 Hz, 1H), 6.97 (s, 1H), 4.31 (d, J = 5.1 Hz, 2H), 3.71 (d, J = 5.1 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 167.2, 163.6, 162.7, 156.0, 134.6, 132.2, 131.8, 131.6, 129.6, 128.8, 127.7, 126.7, 117.7, 115.6, 107.2, 102.1, 67.4, 39.2; HR-MS (ESI): calcd for C24H19NO4 [M + H]+ 386.1387, found (ESI+) 386.1395.



	
2-Methoxy-N-(2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)benzamide (5b). White solid, 43.5% yield, m.p. 95–100 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.46 (s, 1H), 8.09 (d, J = 6.1 Hz, 2H), 7.95 (d, J = 8.7 Hz, 1H), 7.80 (d, J = 6.9 Hz, 1H), 7.59 (s, 3H), 7.47 (t, J = 7.2 Hz, 1H), 7.40 (s, 1H), 7.12 (t, J = 8.7 Hz, 2H), 7.03 (t, J = 7.3 Hz, 1H), 6.97 (s, 1H), 4.31 (s, 2H), 3.88 (s, 3H), 3.79–3.68 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 177.1, 165.9, 163.6, 162.8, 158.0, 157.5, 133.1, 132.3, 131.6, 131.0, 129.6, 126.8, 126.7, 122.8, 121.1, 117.7, 115.6, 112.6, 107.2, 102.0, 67.6, 56.4, 38.9; HR-MS (ESI): calcd for C25H21NO5 [M + H]+ 416.1493, found (ESI+) 416.1485.



	
2-Chloro-N-(2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)benzamide (5c). White solid, 39.8% yield, m.p. 148–154 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.74 (s, 1H), 8.10 (d, J = 6.0 Hz, 2H), 7.96 (d, J = 8.8 Hz, 1H), 7.58 (d, J = 6.1 Hz, 3H), 7.49 (d, J = 7.6 Hz, 1H), 7.45–7.41 (m, 2H), 7.37 (d, J = 8.1 Hz, 2H), 7.09 (d, J = 8.7 Hz, 1H), 6.97 (s, 1H), 4.30 (s, 2H), 3.68 (d, J = 5.1 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ 177.0, 167.23, 163.5, 162.7, 158.0, 137.3, 132.2, 131.6, 131.3, 130.4, 130.1, 129.6, 129.3, 127.6, 126.7, 117.7, 115.6, 107.3, 102.0, 67.4, 39.0; HR-MS (ESI): calcd for C24H18ClNO4 [M + H]+ 420.0997, found (ESI+) 420.0995.



	
2-Bromo-N-(2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)benzamide (5d). White solid, 37.5% yield, m.p. 138–148 °C; 1H NMR (400 MHz, DMSO-d6) δ 8.72 (s, 1H), 8.10 (d, J = 6.0 Hz, 2H), 7.96 (d, J = 8.8 Hz, 1H), 7.66–7.53 (m, 4H), 7.39 (q, J = 12.7, 10.6 Hz, 4H), 7.09 (d, J = 8.8 Hz, 1H), 6.97 (s, 1H), 4.30 (s, 2H), 3.81–3.57 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 168.1, 163.5, 162.7, 156.0, 139.4, 133.2, 132.2, 131.6, 131.4, 129.6, 129.3, 128.0, 126.7, 119.4, 117.7, 115.6, 107.3, 102.0, 67.4, 39.0; HR-MS (ESI): calcd for C24H18BrNO4 [M + H]+ 464.0492, found (ESI+) 464.0496.



	
2-Nitro-N-(2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)benzamide (5e). White solid, 40.1% yield, m.p. 166–172 °C; 1H NMR (400 MHz, DMSO-d6) δ 9.01 (s, 1H), 8.10 (d, J = 6.4 Hz, 2H), 8.04 (d, J = 7.9 Hz, 1H), 7.96 (d, J = 8.6 Hz, 1H), 7.78 (t, J = 7.2 Hz, 1H), 7.70 (d, J = 7.4 Hz, 1H), 7.61 (d, J = 7.6 Hz, 4H), 7.40 (d, J = 8.1 Hz, 1H), 7.10 (d, J = 8.6 Hz, 1H), 6.98 (s, 1H), 4.30 (s, 2H), 3.77–3.60 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 166.5, 163.6, 162.8, 158.0, 147.5, 134.2, 132.8, 132.2, 131.6, 131.3, 129.6, 129.5, 126.7, 124.6, 117.7, 115.6, 107.2, 102.0, 67.4, 39.2; HR-MS (ESI): calcd for C24H18N2O6 [M + H]+ 431.1238, found (ESI+) 431.1236.



	
N1-(2-((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)-N3-phenylmalonamide (6a). White solid, 44.5% yield, m.p. 173–178 °C; 1H NMR (400 MHz, DMSO-d6) δ 10.10 (s, 1H), 8.41 (s, 1H), 8.10 (d, J = 6.9 Hz, 2H), 7.96 (d, J = 8.8 Hz, 1H), 7.62–7.54 (m, 5H), 7.37 (s, 1H), 7.29 (t, J = 7.7 Hz, 2H), 7.06 (dt, J = 14.8, 8.0 Hz, 2H), 6.98 (s, 1H), 4.21 (s, 2H), 3.55 (d, J = 5.0 Hz, 2H), 3.30 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 177.0, 167.6, 166.1, 163.5, 162.8, 158.0, 139.4, 132.2, 131.6, 129.6, 129.2, 126.7, 123.9, 119.6, 117.7, 115.6, 107.2, 102.1, 67.7, 45.0, 38.8; HR-MS (ESI): calcd for C26H22N2O5 [M + H]+ 443.1602, found (ESI+) 443.1605.



	
N1-(2-((4-Oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)-N3-(o-tolyl)malonamide (6b). White solid, 46.3% yield, m.p. 166–169 °C; 1H NMR (400 MHz, DMSO-d6) δ 9.64 (s, 1H), 8.50 (s, 1H), 8.10 (d, J = 7.1 Hz, 2H), 7.95 (d, J = 8.8 Hz, 1H), 7.57 (dd, J = 14.6, 7.5 Hz, 4H), 7.36 (s, 1H), 7.19 (d, J = 7.3 Hz, 1H), 7.14 (t, J = 7.5 Hz, 1H), 7.06 (q, J = 8.4, 7.3 Hz, 2H), 6.97 (s, 1H), 4.22 (s, 2H), 3.57 (d, J = 5.0 Hz, 2H), 3.36 (s, 2H), 2.21 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 176.9, 168.2, 165.9, 163.4, 162.7, 158.0, 136.7, 132.2, 131.7, 130.9, 130.8, 129.6, 126.7, 126.5, 125.3, 124.2, 117.8, 115.5, 107.3, 102.1, 67.7, 44.0, 38.8, 18.2; HR-MS (ESI): calcd for C27H24N2O5 [M + H]+ 457.1758, found (ESI+) 457.1755.



	
N1-(2-Chlorophenyl)-N3-(2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)malonamide (6c). White solid, 39.0% yield, m.p. 184–189 °C; 1H NMR (400 MHz, DMSO-d6) δ 10.18 (s, 1H), 8.60 (s, 1H), 8.10 (d, J = 6.8 Hz, 2H), 8.02 (d, J = 8.0 Hz, 1H), 7.94 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 6.9 Hz, 3H), 7.48 (d, J = 8.0 Hz, 1H), 7.36 (s, 1H), 7.31 (t, J = 7.7 Hz, 1H), 7.13 (t, J = 7.6 Hz, 1H), 7.08 (d, J = 8.8 Hz, 1H), 6.97 (s, 1H), 4.30–4.15 (m, 2H), 3.58 (d, J = 4.9 Hz, 2H), 3.45 (s, 2H). 13C NMR (100 MHz, DMSO-d6) δ 177.0, 168.3, 166.1, 163.5, 162.8, 158.0, 135.2, 132.2, 131.6, 129.9, 129.6, 128.1, 126.7, 126.1, 124.7, 124.1, 117.7, 115.6, 107.2, 102.1, 67.7, 43.6, 38.8; HR-MS (ESI): calcd for C26H21ClN2O5 [M + H]+ 477.1212, found (ESI+) 477.1205.



	
N1-(4-Bromophenyl)-N3-(2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethyl)malonamide (6d). White solid, 42.2% yield, m.p. 181–186 °C; 1H NMR (400 MHz, DMSO-d6) δ 10.30 (d, J = 5.0 Hz, 1H), 8.50–8.40 (m, 1H), 8.10 (d, J = 6.2 Hz, 2H), 7.95 (d, J = 8.8 Hz, 1H), 7.64–7.53 (m, 5H), 7.46 (d, J = 8.5 Hz, 2H), 7.36 (s, 1H), 7.08 (d, J = 8.7 Hz, 1H), 6.97 (s, 1H), 4.20 (s, 2H), 3.54 (d, J = 4.8 Hz, 2H), 3.33 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 176.9, 167.3, 166.3, 163.5, 162.7, 158.0, 138.8, 132.2, 132.0, 131.7, 129.6, 126.7, 121.5, 117.7, 115.5, 115.4, 107.3, 102.1, 67.7, 45.1, 38.8; HR-MS (ESI): calcd for C26H21BrN2O5 [M + H]+ 521.0707, found (ESI+) 521.0713.








4.2. Biological Assays


Each test was repeated three times at 25 ± 1 °C. The active effect was expressed in percentage scale of 0–100 (0: no activity; 100: total inhibited). The specific test method for the anti-TMV activity was carried out by the literature method [34,51], and detailed bioassay procedures for the anti-TMV activity were described as follows. The in vivo inhibition rates of the compound were then calculated according to the following formula (1) (“av” means average, and controls were not treated with compound).


Inhibition rate (%) = [(av local lesion no. of control − av local lesion no. of drug-treated)/av local lesion no. of control] × 100%



(1)







4.2.1. Extraction of TMV


Using Gooding’s method [52] and our previous reports [7,34,51], the TMV viruses were propagated in Nicotiana tabacum L. The infected tobacco leaves were selected and soaked in phosphate buffer, and then filtered through double-layer pledget. The filtrate was centrifuged at 10,000× g for 5 min, treated with PEG twice, and centrifuged again, and the extract was processed at 4 °C. The absorbance value was estimated at 260 nm by an ultraviolet spectrophotometer. The concentration of TMV viruses was obtained using Equation (2).


  V i r u s   c o n c n =  (  A 260 × d i l u t i o n   r a t i o  )    E  /  1 cm   0.1 % , 260 nm    



(2)








4.2.2. Inactivation Effect of Compounds against TMV In Vivo


After the compound and TMV viruses were mixed for 30 min, the tobacco leaves were sprinkled with diamonds. The mixture was then inoculated on the left side of the leaves of N. tabacum L., whereas the right side of the leaves were inoculated with the mixture of solvent and the virus for control. After incubating for half an hour, the leaves were rinsed with water and sequentially incubated at 25 °C in a greenhouse at 25 ± 2 °C. The local lesion numbers were counted after 3–4 days. There were three replicates for each compound.




4.2.3. Cultivation Effect of Compounds against TMV In Vivo


Growing leaves of N. tabacum L. of the same ages were selected and sprinkled with diamonds. TMV (concentration of 6.0 × 10−3 mg/mL) was dipped and inoculated on the whole leaves. After inoculation with the TMV viruses for half an hour at 25 °C, the leaves were washed under running water, then allowed to air dry. The compound solution was smeared on the left side, and the solvent was smeared on the right side for control. The local lesion numbers were then counted and recorded 3–4 days after inoculation.




4.2.4. Protective Effect of Compounds against TMV In Vivo


The compound solution was smeared on the left side and the solvent serving as the control was smeared on the right side of growing N. tabacum L. leaves of the same ages. The leaves were then inoculated with the virus after 12 h. A brush was dipped in TMV of 6 × 10−3 mg/mL to inoculate the leaves, which were previously scattered with silicon carbide. The leaves were rubbed softly along the nervature once or twice and then washed with water. The local lesion numbers appearing 3–4 days after inoculation were counted. There were three replicates for each compound.





4.3. Calculation Procedures for Molecular Docking Research


The calculation procedures for molecular docking research consisted of four steps according to the literature method [48,53] and our previously described method [7,34].



Receptor Preparation. The 3D crystal structure of TMV-CP (PDB code:1EI7) was downloaded from the protein data bank, and this was used as the receptor for molecular docking. Water molecules were removed from the target protein and hydrogen atoms were added using AutoDock Tools prior to molecular docking.



Ligand preparation. Target compounds are drawn using ChemOffice 2015 as ligands followed by management of its conformer and the minimization process.



Molecular Docking Using AutoDock Vina 1.1.2. The input files for AutoDock Vina were prepared using AutoDock Tools. The protein was placed in a grid box (grid parameters: center x = 5, center y = −20, center z = 0.8, size x = 60, size y = 60, size z = 56), using AutoDock Vina 1.1.2 at 1.00 Å to define the binding site. The docking procedure was performed using the instructed command prompts.



Analysing and Output Visualization using PyMOL 1.7.2.1. The docking poses were ranked according to their docking scores. The scoring function in Auto Dock was used to predict the binding affinity of one ligand to the receptor molecule. The conformation with the lowest binding affinity was selected for further analysis after the docking process. The docking results included the locations of hydrogen bonds, and closely interacting residues were performed by PyMOL software 1.7.2.1.





5. Conclusions


In this paper, a series of flavone derivatives containing carboxamide fragments were synthesized based on the natural product and evaluated for their antiviral activities against TMV. Most of these compounds displayed good to excellent anti-TMV activities in vivo. The structure–activity relationship revealed that the introduction of amino acids, aromatic carboxylic acids, and malonic acid derivative fragments to the mother nucleus structure on the 7-positions were favorable for their activities. In particular, compound 4m (inactivation activity, 58%; curative activity, 57%; protection activity, 59%) even exhibited similar anti-TMV activity with ningnanmycin (inactivation activity, 61%; curative activity, 57%; protection activity, 58%) at 500 μg/mL, which was significantly higher than that of ribavirin (inactivation activity, 39%; curative activity, 40%; protection activity, 39%). Antiviral mechanism research by molecular docking demonstrated that these flavone derivatives containing carboxamide fragments could interact with TMV CP at multiple sites and inhibit virus assembly. In this study, it was found that the introduction of carboxamide fragments at the 7-position of the flavonoids greatly improved the antiviral activity, which has the potential to become a new type of anti-plant virus agent.
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Figure 1. Chemical structures of flavonoids (A) and carboxamide fragments (B) with biological activities. 






Figure 1. Chemical structures of flavonoids (A) and carboxamide fragments (B) with biological activities.



[image: Molecules 28 02179 g001]







[image: Molecules 28 02179 g002 550] 





Figure 2. Design of flavone derivatives containing amide fragments. 
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Scheme 1. Synthesis of 2a–2f. 






Scheme 1. Synthesis of 2a–2f.



[image: Molecules 28 02179 sch001]







[image: Molecules 28 02179 sch002 550] 





Scheme 2. Synthesis of 4a–4n, 5a–5e, and 6a–6d. 
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Figure 3. Molecule docking results of 4m (A), 5a (B), and 6b (C) with TMV CP. 






Figure 3. Molecule docking results of 4m (A), 5a (B), and 6b (C) with TMV CP.



[image: Molecules 28 02179 g003]







[image: Table] 





Table 1. In vivo antiviral activity of compounds 2a–2e, 4a–4n, 5a–5e, and 6a–6d against TMV.
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Compounds

	
Concentrations (mg/L)

	
Anti-TMV Activities (%) a




	
Inactivation Effect

	
Curative Effect

	
Protection Effect






	
1

	
500

	
32 ± 1

	
30 ± 3

	
30 ± 3




	
100

	
0

	
0

	
0




	
2a

	
500

	
44 ± 2

	
40 ± 2

	
41 ± 1




	
100

	
23 ± 1

	
16 ± 2

	
18 ± 2




	
2b

	
500

	
47 ± 2

	
42 ± 1

	
43 ± 1




	
100

	
23 ± 2

	
15 ± 2

	
18 ± 3




	
2c

	
500

	
43 ± 2

	
41 ± 2

	
41 ± 1




	
100

	
17 ± 1

	
14 ± 2

	
16 ± 2




	
2d

	
500

	
53 ± 1

	
50 ± 2

	
52 ± 2




	
100

	
20 ± 2

	
18 ± 3

	
20 ± 3




	
2e

	
500

	
49 ± 2

	
50 ± 1

	
53 ± 2




	
100

	
24 ± 2

	
22 ± 3

	
21 ± 1




	
2f

	
500

	
50 ± 3

	
47 ± 1

	
48 ± 3




	
100

	
18 ± 2

	
16 ± 2

	
19 ± 3




	
4a

	
500

	
55 ± 2

	
53 ± 2

	
53 ± 1




	
100

	
19 ± 2

	
21 ± 3

	
23 ± 2




	
4b

	
500

	
52 ± 2

	
50 ± 2

	
50 ± 1




	
100

	
36 ± 2

	
33 ± 1

	
35 ± 2




	
4c

	
500

	
50 ± 1

	
47 ± 1

	
48 ± 2




	
100

	
18 ± 1

	
16 ± 1

	
19 ± 2




	
4d

	
500

	
48 ± 2

	
45 ± 1

	
47 ± 1




	
100

	
15 ± 2

	
14 ± 2

	
14 ± 2




	
4e

	
500

	
39 ± 1

	
37 ± 2

	
39 ± 3




	
100

	
0

	
0

	
0




	
4f

	
500

	
38 ± 1

	
36 ± 2

	
36 ± 1




	
100

	
0

	
0

	
0




	
4g

	
500

	
43 ± 2

	
40 ± 1

	
41 ± 1




	
100

	
16 ± 2

	
14 ± 2

	
15 ± 1




	
4h

	
500

	
52 ± 3

	
50 ± 2

	
50 ± 1




	
100

	
34 ± 3

	
31 ± 2

	
32 ± 3




	
4i

	
500

	
48 ± 2

	
45 ± 1

	
47 ± 2




	
100

	
16 ± 1

	
14 ± 2

	
16 ± 2




	
4j

	
500

	
42 ± 3

	
41 ± 1

	
43 ± 2




	
100

	
12 ± 2

	
13 ± 3

	
11 ± 1




	
4k

	
500

	
47 ± 1

	
45 ± 1

	
46 ± 2




	
100

	
19 ± 2

	
17 ± 3

	
16 ± 1




	
4l

	
500

	
44 ± 3

	
40 ± 2

	
41 ± 2




	
100

	
14 ± 1

	
13 ± 2

	
15 ± 2




	
4m

	
500

	
58 ± 2

	
57 ± 2

	
59 ± 3




	
100

	
23 ± 1

	
24 ± 3

	
27 ± 1




	
4n

	
500

	
52 ± 1

	
48 ± 2

	
51 ± 2




	
100

	
29 ± 1

	
26 ± 1

	
27 ± 2




	
5a

	
500

	
53 ± 2

	
55 ± 1

	
54 ± 3




	
100

	
20 ± 1

	
21 ± 2

	
20 ± 1




	
5b

	
500

	
45 ± 4

	
44 ± 2

	
46 ± 2




	
100

	
18 ± 3

	
16 ± 1

	
17 ± 1




	
5c

	
500

	
49 ± 3

	
52 ± 2

	
51 ± 2




	
100

	
20 ± 1

	
19 ± 3

	
18 ± 3




	
5d

	
500

	
48 ± 2

	
52 ± 4

	
50 ± 4




	
100

	
15 ± 1

	
21 ± 2

	
18 ± 2




	
5e

	
500

	
53 ± 3

	
54 ± 4

	
52 ± 3




	
100

	
20 ± 4

	
21 ± 3

	
19 ± 2




	
6a

	
500

	
43 ± 3

	
45 ± 4

	
43 ± 3




	
100

	
19 ± 2

	
17 ± 3

	
15 ± 2




	
6b

	
500

	
54 ± 4

	
57 ± 3

	
54 ± 3




	
100

	
20 ± 2

	
23 ± 2

	
19 ± 2




	
6c

	
500

	
46 ± 3

	
47 ± 1

	
45 ± 4




	
100

	
15 ± 2

	
17 ± 2

	
15 ± 3




	
6d

	
500

	
45 ± 3

	
47 ± 2

	
49 ± 3




	
100

	
20 ± 1

	
21 ± 3

	
22 ± 3




	
Ningnanmycin

	
500

	
61 ± 2

	
57 ± 2

	
58 ± 2




	
100

	
27 ± 1

	
24 ± 3

	
26 ± 2




	
Ribavirin

	
500

	
39 ± 1

	
40 ± 2

	
39 ± 2




	
100

	
44 ± 2

	
40 ± 2

	
41 ± 1








a Average of three replicates. All results are expressed as mean ± SD.
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