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A series of 16 novel prenylated chalcones (5A-5P) was synthesized by microwave-assisted green synthesis using 5-prenyloxy-2-hydroxyacetophenone and different benzaldehydes. Comparisons were also performed between the microwave and conventional methods in terms of the reaction times and yields of all compounds, where the reaction times in the microwave and conventional methods were 1–4 min and 12–48 h, respectively. The synthesized compounds were characterized using different spectroscopic techniques, including IR, 1H-NMR, 13C-NMR, and LC-HRMS. The antifungal activities of all compounds were evaluated against Sclerotium rolfsii and Fusarium oxysporum under in vitro conditions and were additionally supported by structure–activity relationship (SAR) and molecular docking studies. Out of the 16 compounds screened, 2’-hydroxy-4-benzyloxy-5’-O-prenylchalcone (5P) showed the highest activity against both S. rolfsii and F. oxysporum, with ED50 of 25.02 and 31.87 mg/L, respectively. The molecular docking studies of the prenylated chalcones within the active sites of the EF1α and RPB2 gene sequences and FoCut5a sequence as the respective receptors for S. rolfsii and F. oxysporum revealed the importance of the compounds, where the binding energies of the docked molecules ranged from −38.3538 to −26.6837 kcal/mol for S. rolfsii and −43.400 to −23.839 kcal/mol for F. oxysporum. Additional docking parameters showed that these compounds formed stable complexes with the protein molecules.
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1 INTRODUCTION
Chalcones are vital secondary metabolites sourced from various edible plants, such as fruits, vegetables, tea, and spices, as well as other natural food items. They also serve as essential intermediates in the biosynthesis of flavonoids (Iwashina, 2000; Piñero et al., 2006). The presence of a double bond between the α and β positions gives them a particularly unique molecular structure that holds significant importance in organic chemistry, owing to their versatility and reactivity. In their review, Keiko and Vchislo (2016a) summarized the recently developed methods for the synthesis of five-membered N,N-, N,O-, and N,S-heterocycles involving α,β-unsaturated carbonyl compounds. One of the notable aspects of chalcones and other α,β-unsaturated compounds is their capability to undergo various ring-closure reactions, leading to the formation of diverse heterocyclic scaffolds that serve as crucial intermediates in the synthesis of various agrochemicals, including fungicides, nematicides, herbicides, insecticides, and other pesticides (Keiko and Vchislo, 2016b). Zhang et al. (2023) reported the utilization of α,β-unsaturated carbonyl compounds in electrophilic spirocyclization to form 4-halomethyl-2-azaspiro [4.5]decanes. Tandel et al. (2022) synthesized highly fluorescent benzothiophene-based chalcone scaffolds by reacting substituted aromatic ketones and benzo [b]thiophene carbaldehyde in the presence of catalysts.
Years of scientific research have revealed that chalcones exhibit diverse biological activities (Rajendran et al., 2022; Hartman et al., 2024; Yousefian et al., 2024), with antioxidant (Jung et al., 2017), antimicrobial (Zhou et al., 2021), anti-inflammatory, antitumor (Neves et al., 2012), anti-infective (Nowakowska, 2007), anticancer (Binate and Ganbarov, 2023), antiviral (Hu et al., 2023), cytotoxic (Vogel and Heilmann, 2008), antiallergic (Escribano-Ferrer et al., 2019), antituberculosis (Verma et al., 2018), and antibacterial (Nielsen et al., 2005; Wang et al., 2023; Zhang et al., 2024) properties. Chalcones are small, achiral molecules that have molecular weights in the range of 300–600 g/mol and exhibit relatively high lipophilicities (Nowakowska, 2007).
Prenylation is a method in which there is a chemical or enzymatic addition of a hydrophobic side chain (C5 isoprene units) to an accepting molecule (another terpenoid molecule, an aromatic compound, a protein, etc.) (Figure 1) (Passalacqua et al., 2015). Chalcones with a prenyl side chain on the skeleton are classified as prenylated chalcones. Frequently, the addition of an isoprenoid chain renders the molecule more effective than the parent compound. However, the incorporation of a prenyl fragment into the chalcone scaffold is limited to the aromatic rings, which has led to various designs and synthesis methods of these compounds (Jin et al., 2014). Their simple structure and easy preparation make chalcones attractive scaffolds for the synthesis of a large number of derivatives. Chalcones with modified or unmodified prenyl moieties on rings A and B have been discovered in plants of the Fabaceae, Moraceae, Zingiberaceae, and Cannabaceae families (Zhou et al., 2021). Some of the notable examples include xanthohumol and isobavachalcone (Figure 2), which have been studied extensively for their diverse biological activities. However, prenylated chalcones have limited availability in nature because of their low content in natural sources, availability in complex mixtures in plant extracts, and lack of economical production systems (Yazaki et al., 2009).
[image: Figure 1]FIGURE 1 | Different prenyl side chains.
[image: Figure 2]FIGURE 2 | Some naturally occurring prenylated chalcones.
Claisen–Schmidt condensation is a widely used method for the synthesis of chalcones, including prenylated chalcones. There are many reports on synthesizing prenylated chalcones via conventional methods like refluxing (Vogel and Heilmann, 2008; Dong et al., 2009; Sugamoto et al., 2011; Passalacqua et al., 2015; Espinoza-Hicks et al., 2019; Rani et al., 2019) and stirring (Neves et al., 2012; Osorio et al., 2016). However, these methods are not without limitations, with the primary disadvantages being their slow reaction rates, lower yields, and formation of byproducts (Gaonkar and Vignesh, 2017). Microwave heating has been established as an incontestable method of activation in analytical and organic laboratory practices, especially for its efficacy and environment-friendly nature. The rate enhancements in these organic reactions can be attributed to the rapid superheating of the solvent, which facilitates faster reaction kinetics (Gedye et al., 1986). Reactions like the Diels–Alder, Claisen condensation, and Ene reactions (Giguere et al., 1986) are well-suited for microwave-assisted organic synthesis (MAOS) as they can be performed in significantly less time than conventional methods while still providing good yields of the desired products. Scientists are gradually focusing more on ecofriendly methods of chemical syntheses, with particular attention to designing efficient catalysts and advancing green chemistry principles. In recent times, a number of chalcone derivatives have been synthesized utilizing ionic liquids (ILs) as both the solvents and catalysts for the ring-closure reactions of chalcones (Dhadda et al., 2022). Moreover, nanocatalysts have been utilized as green alternatives to conventional catalysts in the synthesis of numerous chalcone derivatives (Jain et al., 2021). Green methods have also been utilized in the medical field, such as the use of ultrasound to observe mycosis fungoides (Chen et al., 2022). Hence, there is a gradual shift toward green chemical synthesis in producing various chalcone derivatives for diverse applications.
Fungal plant diseases have substantial and far-reaching influences on food security, which is a matter of global concern. These diseases induce changes across the developmental stages, resulting in substantial losses and issues related to aspects like quality, nutritional value, and shelf life (Agrios, 2004). Root rot disease caused by the soilborne fungus Sclerotium rolfsii (Yanti et al., 2021) and Fusarium wilt caused by Fusarium oxysporum are significant and devastating problems for farmers across the globe (McGovern, 2015). Chemical interventions have always played crucial roles in the effective management and prevention of fungal diseases in plants. However, such methods have also been associated with resistance development and potential adverse effects on human health and the environment (Dhankhar and Kumar, 2023). Consequently, there is a need to develop compounds with low dosage, high potency, environmentally friendly characteristics, and reduced persistence in the ecosystem. Recent innovations in biological research, notably metabolomics and genomics, hold great promise for advancing agricultural research; they offer the means to search for new potential agrochemical fungicides and also help in finding the key compounds responsible for antifungal activities (Wang et al., 2020; Alawiye and Babalola, 2021; Jiang et al., 2023). S. rolfsii exhibits various populations that can be categorized into mycelial compatibility groups (MCGs). Two protein-coding genes, namely, translation elongation factor 1α (EF1α) and RNA polymerase II subunit two (RPB2), can be successfully used to understand the epidemiology of Sclerotium root rot diseases (Remesal et al., 2013).
Chalcones offer significant potential as bioactive agents because of their simple structures and versatile functionalization capacities. Although chalcone synthesis using microwave irradiation has been documented extensively, to the best of the authors’ knowledge, there are no prior reported attempts for synthesizing prenylated chalcones using this technique. In this ongoing pursuit of synthesizing bioactive molecules, the synthesis of novel prenylated chalcones by employing an environment friendly but high-yield and rapid method, such as microwave irradiation, is presented along with characterizations by different spectroscopic techniques, such as IR, 1H-NMR, 13C-NMR, and LC-HRMS. The synthesized compounds are also evaluated for their potential as antifungal agents against S. rolfsii and F. oxysporum. Additionally, structure–activity relationship (SAR) and molecular docking studies are conducted to gain further insights into the antifungal potential of these compounds.
2 EXPERIMENTAL
2.1 Chemicals and instruments
Prenyl bromide as well as various acetophenones and benzaldehydes were purchased from Sigma-Aldrich and used as received unless specified otherwise. All solvents and chemicals used were of analytical grade. The reactions were monitored using thin-layer chromatography (TLC) on Merck silica gel 60F254 with 200-mm-thick aluminum sheets and visualized under ultraviolet (UV) light. The purity of each synthesized prenylated chalcone was determined by UFLC-PDA (SHIMADZU) using a C-18 Shim-pack column (5 µm, 4.6 × 250 mm) and methanol: water in the ratio of 98:2 in an isocratic solvent system. The 1H-NMR and 13C-NMR spectra were recorded using a 400-MHz Spectrospin spectrometer (JEOL) instrument, and tetramethylsilane (TMS) was used as an internal standard. The chemical shift values were on the δ scale, coupling constant J was in terms of hertz, and data were processed using Delta software. Accurate masses of the compounds were determined by LC-HRMS (AB SCIEX Triple TOFTM 5600+) equipped with TurboIonSpray (TIS) and SCIEX ExionLC coupled with a PDA detector and C-18 column (2.7 µm, 4.6 × 100 mm). The column was eluted with methanol and water in the ratio of 98:2 with 0.1% formic acid at a flow rate of 0.5 mL/min. The column oven temperature was set at 40°C; infrared (IR) spectra were recorded using a Fourier-transform infrared (FT-IR) spectrophotometer (Bruker Alpha), and the melting points were determined using a melting point apparatus. The ED50 values were calculated using SPSS statistical software (v16.0).
2.2 Synthesis
2.2.1 Conventional method (CM)
The prenylated chalcones were synthesized in two steps by the CM reported in the literature (Reddy et al., 2010; Rani et al., 2019). For the synthesis of prenylated acetophenone (3B), freshly ignited K2CO3 (2 g) and prenyl bromide (2) (96 mg, 0.657 mmol) were added to a solution of dihydroxyacetophenone (1B) (100 mg, 0.657 mmol) in acetone (10 mL) in the molar ratio of 1:1. The reaction mixture was refluxed for 5–20 h, and upon reaction completion, the reaction mixture was filtered and solvent was evaporated. The residue was purified by silica gel column chromatography and eluted with hexane: ethyl acetate (4:1) to obtain the required compound (Scheme 1). For preparation of the prenylated chalcones, prenylated acetophenone (3B) (100 mg, 0.454 mmol) was taken in 40% KOH solution (5 mL) in a round-bottom flask, followed by dropwise addition of ethanolic solutions (10 mL) of different benzaldehydes (4A-4P) in different ratios with continuous stirring. The reaction mixtures were then refluxed at 60°C for 12–48 h each, and the reactions were monitored using TLC in the hexane: ethyl acetate (9:1) solvent system. After reaction completion, each reaction mixture was neutralized with 2M HCl to obtain a precipitate, which was filtered and washed with cold water to obtain the final product (5A-5P). The final products were purified by silica gel column chromatography and crystallized in methanol (Scheme 2).
[image: Scheme 1]SCHEME 1 | Synthesis scheme of 5-prenyloxy-2-hydroxyacetophenone (3B).
[image: Scheme 2]SCHEME 2 | Synthesis scheme of the prenylated chalcones (5A-5P).
2.2.2 Microwave method (MM)
In this method, 40% KOH solution (5 mL) of prenylated acetophenone (100 mg, 0.454 mmol) was taken in a 20 mL vial, and ethanolic solutions (10 mL) of various benzaldehydes in different ratios were added and placed in the laboratory microwave oven. In the microwave, 10–15 heating cycles of 5 s each were applied with cooling in between. The total reaction time ranged from 1.5 to 4 min per compound. The reaction progress was monitored by TLC using the hexane: ethyl acetate (9:1) solvent system. After reaction completion, each reaction mixture was worked up in a manner similar to that in the CM (Section 2.2.1). The physical data on all the synthesized prenylated chalcones are presented in Table 1.
TABLE 1 | Physical data on all the synthesized prenylated chalcones.
[image: Table 1]2.3 Spectral analyses of the synthesized prenylated chalcones (5A-5P)
2.3.1 2’-Hydroxy-3-nitro-5’-O-prenylchalcone (5A)
Orange solid. IR (KBr, cm-1): 1,677 (C=O), 1,562 (CH=CH); 1H-NMR (400 MHz, CDCl3): δ 1.73 (3H, s, prenyl-CH3), 1.80 (3H, s, prenyl-CH3), 4.54 (2H, d, J = 6.8 Hz, H-1”), 5.49 (1H, t, J = 6.8 Hz, H-2”), 6.97 (1H, d, J = 9.2 Hz, H-3’), 7.08 (1H, dd, J = 9.2 Hz and 3.2 Hz, H-4’), 7.33 (1H, d, J = 3.2 Hz, H-6’), 7.57 (1H, t, J = 8 Hz and 8 Hz, H-5), 7.67 (1H, d, J = 16 Hz, H-α), 7.75 (1H, d, J = 16 Hz, H-β), 7.86 ((1H, d, J = 8 Hz, H-6), 8.22 (1H, m, H-4), 8.44 (1H, m, H-2), and 12.18 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.21 (prenyl-CH3), 25.75 (prenyl-CH3), 65.38 (C-1”), 115.09 (C-3’ and C-4’), 119.11 (C-2’’), 119.44 (C-1’), 121.52 (C-6), 122.21 (C-4), 124.14 (C-2), 129.85 (C-α, C-5, and C-6’), 134.08 (C-1), 137.29 (C-3), 138.68 (C-3’’), 148.66 (C-β), 152.65 (C-5’), 152.98 (C-2’), and 190.82 (C=O). HR-MS for C20H19NO5 [M + H]+ m/z: Calcd 354.1336; observed 354.1733.
2.3.2 2’-Hydroxy-2,6-dichloro-5’-O-prenylchalcone (5B)
Bright orange solid. IR (KBr, cm-1): 1,647 (C=O), 1,549 (CH=CH); 1H-NMR (400 MHz, CDCl3): δ 1.73 (3H, s, prenyl-CH3), 1.79 (3H, s, prenyl-CH3), 4.49 (2H, d, J = 6.8 Hz, H-1”), 5.47 (1H, t, J = 6.8 Hz, H-2”), 6.97 (1H, d, J = 8.8 Hz, H-3’), 7.17 (1H, dd, J = 8.8 Hz and 2.8 Hz, H-4’), 7.23(1H, m, H-4), 7.31 (1H, d, J = 2.8 Hz, H-6’), 7.40 (2H, d, J = 8 Hz, H-5 and H-3), 7.75 (1H, d, J = 16 Hz, H-α), 7.95 (1H, d, J = 16 Hz, H-β), and 12.20 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.19 (prenyl-CH3), 25.78 (prenyl-CH3), 65.65 (C-1”), 101.66 (C-3’), 108.12 (C-4’), 113.95 (C-1’), 117.77 (C-α), 118.54 (C-2”), 128.93 (C-1), 129.89 (C-3 and C-5), 131.49 (C-6’), 132.41 (C-4), 135.22 (C-2 and C-6), 139.15 (C-3’’), 144.12 (C-β), 150.90, (C-5’), 157.95 (C-2’), and 193.29 (C=O). HR-MS for C20H18Cl2O3 [M + H]+ m/z: Calcd 377.0705; observed 377.1002.
2.3.3 2’-Hydroxy-2,4-dichloro-5’-O-prenylchalcone (5C)
Orange solid. IR (KBr, cm-1): 1,677 (C=O), 1,564 (CH=CH); 1H-NMR (400 MHz, CDCl3): δ 1.75 (3H, s, prenyl-CH3), 1.81 (3H, s, prenyl-CH3), 4.51 (2H, d, J = 6.8 Hz, H-1”), 5.49 (1H, t, J = 6.8 Hz, H-2”), 6.98 (1H, d, J = 8.8 Hz, H-3’), 7.18 (1H, dd, J = 8.8 Hz and 3.2 Hz, H-4’), 7.32 (1H, dd, J = 8.8 Hz and 2.8 Hz, H-5), 7.35 (1H, d, J = 2.8 Hz, H-3), 7.49 (1H, d, J = 3.2 Hz, H-6’), 7.54 (1H, d, J = 15.6 Hz, H-α), 7.68 (1H, d, J = 8.8 Hz, H-6), 8.20 (1H, d, J = 16 Hz, H-β), and 12.21 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.21 (prenyl-CH3), 25.80 (prenyl-CH3), 65.72(C-1”), 114.27 (C-3’), 119.26 (C-4’), 119.38 (C-1’), 123.06 (C-α) 124.78 (C-2”), 127.57 (C-1), 128.50 (C-6), 130.18 (C-5), 131.45 (C-6’), 136.22 (C-2), 136.82 (C-3), 138.68 (C-4), 139.77 (C-3’’), 144.12 (C-β), 150.89, (C-5’), 157.89 (C-2’), and 192.82 (C=O). HR-MS for C20H18Cl2O3 [M + H]+ m/z: Calcd 377.0705; observed 377.0768.
2.3.4 2’-Hydroxy-3-chloro-5’-O-prenylchalcone (5D)
Red solid. IR (KBr, cm-1): 1,677 (C=O), 1,546 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.77 (3H, s, prenyl-CH3), 1.82 (3H, s, prenyl-CH3), 4.53 (2H, d, J = 6.8 Hz, H-1”), 5.50 (1H, t, J = 6.8 Hz, H-2”), 6.97 (1H, d, J = 9.2 Hz, H-3’), 7.17 (1H, dd, J = 9.2 Hz and 3.2 Hz, H-4’), 7.40 (3H, m, H-6, H-5, and H-4), 7.51 (1H, m, H-2), 7.57 (1H, d, J = 15.6 Hz, H-α), 7.64 (1H, m, H-6’), 7.82 (1H, d, J = 16 Hz, H-β), and 12.26 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.21 (prenyl-CH3), 25.79 (prenyl-CH3), 65.22 (C-1”), 117.61 (C-3’), 119.45 (C-4’), 122.38 (C-1’), 125.88 (C-α), 126.82 (C-2”), 127.39 (C-1), 128.28 (C-6), 128.85 (C-6’), 132.95 (C-5), 133.23 (C-2), 134.64 (C-4), 136.37 (C-3’’), 138.42 (C-β), 141.78 (C-3), 150.81, (C-5’), 156.19 (C-2’), and 191.25 (C=O). HR-MS for C20H19ClO3 [M + H]+ m/z: Calcd 343.1095; observed 343.0899.
2.3.5 2’-Hydroxy-4-bromo-5’-O-prenylchalcone (5E)
Bright red solid. IR (KBr, cm-1): 1,677 (C=O), 1,531 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.76 (3H, s, prenyl-CH3), 1.81 (3H, s, prenyl-CH3), 4.51 (2H, d, J = 6.8 Hz, H-1”), 5.49 (1H, t, J = 6.8 Hz, H-2”), 6.96 (1H, d, J = 9.2 Hz, H-3’), 7.16 (1H, dd, J = 9.2 Hz and 2.8 Hz, H-4’), 7.37 (1H, d, J = 2.8 Hz, H-6’), 7.51 (2H, m, H-6 and H-2), 7.55 (2H, m, H-5 and H-3), 7.56 (1H, d, J = 15.2 Hz, H-α), 7.83 (1H, d, J = 16 Hz, H-β), and 12.26 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.24 (prenyl-CH3), 25.85 (prenyl-CH3), 65.75 (C-1”), 114.37 (C-1’), 119.22 (C-3’), 119.40 (C-2 and C-6), 119.57 (C-2’’), 120.68 (C-4’), 124.56 (C-α), 125.25 (C-6’), 129.92 (C-1), 132.28 (C-3 and C-5), 133.45 (C-4), 138.76 (C-3’’), 144.01 (C-β), 150.89 (C-5’), 157.85 (C-2’), and 193.08 (C=O). HR-MS for C20H19BrO3 [M + H]+ m/z: Calcd 387.0590; observed 387.0599.
2.3.6 2’-Hydroxy-3-bromo-5’-O-prenylchalcone (5F)
Yellow solid. IR (KBr, cm-1): 1,676 (C=O), 1,549 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.78 (3H, s, prenyl-CH3), 1.82 (3H, s, prenyl-CH3), 4.53 (2H, d, J = 6.8 Hz, H-1”), 5.50 (1H, t, J = 6.8 Hz, H-2”), 6.97 (1H, d, J = 9.2 Hz, H-3’), 7.17 (1H, dd, J = 9.2 Hz and 2.8 Hz, H-4’), 7.32 (1H, t, J = 8 Hz and 7.6 Hz, H-5), 7.37 (1H, d, J = 2.8 Hz, H-6’), 7.55 (2H, m, H-6 and H-4), 7.56 (1H, d, J = 16 Hz, H-α), 7.80 (1H, m, H-2), 7.81 (1H, d, J = 16 Hz, H-β), and 12.26 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.26 (prenyl-CH3), 25.85 (prenyl-CH3), 65.80 (C-1”), 114.31 (C-1’), 119.47 (C-3’ and C-4’), 121.45 (C-2’’), 123.15 (C-6), 124.47 (C-4), 124.76 (C-2), 130.70 (C-α, C-5, and C-6’), 133.58 (C-1), 136.64 (C-3), 138.69 (C-3’’), 143.58 (C-β), 150.93 (C-5’), 157.89 (C-2’), and 192.97 (C=O). HR-MS for C20H19BrO3 [M + H]+ m/z: Calcd 387.0590; observed 387.0891.
2.3.7 2’-Hydroxy-2-bromo-5’-O-prenylchalcone (5G)
Yellow solid. IR (KBr, cm-1): 1,677 (C=O), 1,546 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.73 (3H, s, prenyl-CH3), 1.79 (3H, s, prenyl-CH3), 4.52 (2H, d, J = 6.8 Hz, H-1”), 5.47 (1H, t, J = 6.8 Hz, H-2”), 6.94 (1H, d, J = 9.2 Hz, H-3’), 7.05 (1H, dd, J = 9.2 Hz and 2.8 Hz, H-4’), 7.21 (1H, ddd, J = 8 Hz, 7.6 Hz, and 1.6 Hz, H-5), 7.31 (2H, m, H-6’ and H-4), 7.52 (1H, d, J = 16 Hz, H-α), 7.61 (1H, dd, J = 8 Hz and 1.2 Hz, H-6), 7.68 (1H, dd, J = 8 Hz and 1.6 Hz, H-3), 8.00 (1H, d, J = 16 Hz, H-β), and 12.30 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.18 (prenyl-CH3), 25.70 (prenyl-CH3), 65.90 (C-1”), 115.02 (C-1’), 115.19 (C-3’), 119.36 (C-2’’), 119.41 (C-4’), 120.99 (C-3 and C-4), 125.82 (C-α), 127.56 (C-1), 129.47 (C-2), 130.85 (C-5 and C-6’), 135.33 (C-6), 138.44 (C-3’’), 140.53 (C-β), 152.35 (C-5’), 152.88 (C-2’), and 191.51 (C=O). HR-MS for C20H19BrO3 [M + H]+ m/z: Calcd 387.0590; observed 387.0648.
2.3.8 2’-Hydroxy-4-nitro-5’-O-prenylchalcone (5H)
Red solid. IR (KBr, cm-1): 1,677 (C=O), 1,565 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.76 (3H, s, prenyl-CH3), 1.82 (3H, s, prenyl-CH3), 4.51 (2H, d, J = 6.8 Hz, H-1”), 5.50 (1H, t, J = 6.8 Hz, H-2”), 6.96 (1H, d, J = 9.2 Hz, H-3’), 7.16 (1H, dd, J = 9.2 Hz and 2.8 Hz, H-4’), 7.38 (1H, d, J = 2.8 Hz, H-6’), 7.52 (2H, m, H-6 and H-2), 7.55 (2H, m, H-5 and H-3), 7.57 (1H, d, J = 15.2 Hz, H-α), 7.83 (1H, d, J = 16 Hz, H-β), and 12.26 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.24 (prenyl-CH3), 25.85 (prenyl-CH3), 65.75 (C-1”), 114.37 (C-1’), 119.22 (C-3’), 119.41 (C-2 and C-6), 119.57 (C-2’’), 120.68 (C-4’), 124.56 (C-α), 125.25 (C-6’), 129.92 (C-1), 132.28 (C-3 and C-5), 133.45 (C-4), 138.76 (C-3’’), 144.01 (C-β), 150.89 (C-5’), 157.85 (C-2’), and 193.08 (C=O). HR-MS for C20H19NO5 [M + H]+ m/z: Calcd 354.1336; observed 354.1733.
2.3.9 2’-Hydroxy-3,4,5-trimethoxy-5’-O-prenylchalcone (5I)
Yellow solid. IR (KBr, cm-1): 1,677 (C=O), 1,562 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.76 (3H, s, prenyl-CH3), 1.81 (3H, s, prenyl-CH3), 3.87 (9H, s, 3 × OMe), 4.57 (2H, d, J = 6.8 Hz, H-1”), 5.49 (1H, t, J = 6.8 Hz, H-2”), 6.50 (2H, m, H-4’ and H-3’), 6.872 (2H, m, H-6 and H-2), 7.45 (1H, d, J = 15.2 Hz, H-α), 7.80 (1H, d, J = 15.2 Hz, H-β), 7.83 (1H, d, J = 8.4 Hz, H-6’), and 13.39 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.23 (prenyl-CH3), 25.81 (prenyl-CH3), 56.22 (2 × OMe), 61.00 (OMe), 65.18 (C-1”), 101.64 (C-3’), 105.73 (C-2 and C-6), 108.31 (C-4’), 113.91 (C-1’), 118.58 (C-2’’), 119.47 (C-α), 130.27 (C-1), 131.11 (C-6’), 139.25 (C-3’’), 140.51 (C-4), 144.45 (C-β), 153.47 (C-3 and C-5), 165.53 (C-5’), 166.63 (C-2’), and 191.54 (C=O). HR-MS for C23H26O6 [M + H]+ m/z: Calcd 399.1802; observed 399.1882.
2.3.10 2’-Hydroxy-2-nitro-5’-O-prenylchalcone (5J)
Yellow solid. IR (KBr, cm-1): 1,677 (C=O), 1,562 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.73 (3H, s, prenyl-CH3), 1.82 (3H, s, prenyl-CH3), 4.55 (2H, d, J = 6.8 Hz, H-1”), 5.45 (1H, t, J = 6.8 Hz, H-2”), 6.92 (1H, d, J = 9.2 Hz, H-3’), 7.04 (1H, dd, J = 9.2 Hz and 3.2 Hz, H-4’), 7.25 (1H, ddd, J = 8 Hz, 7.2 Hz, and 1.6 Hz, H-5), 7.31 (2H, m, H-4 and H-6’), 7.49 (1H, d, J = 15.6 Hz, H-α), 7.63 (1H, dd, J = 8 Hz and 2 Hz, H-6), 7.72 (1H, dd, J = 8 Hz and 1.6 Hz, H-3), 8.20 (1H, d, J = 15.6 Hz, H-β), and 13.34 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.18 (prenyl-CH3), 25.70 (prenyl-CH3), 65.90 (C-1”), 115.02 (C-1’), 115.20 (C-3’), 119.36 (C-2”), 119.42 (C-4’), 120.98 (C-3 and C-4), 125.82 (C-α), 127.56 (C-1), 129.47 (C-2), 130.85 (C-5 and C-6’), 135.34 (C-6), 138.44 (C-3’’), 140.54 (C-β), 152.35 (C-5’), 152.88 (C-2’), and 191.51 (C=O). HR-MS for C20H19NO5 [M + H]+ m/z: Calcd 354.1336; observed 354.1733.
2.3.11 2’-Hydroxy-4-hydroxy-5’-O-prenylchalcone (5K)
Yellow solid. IR (KBr, cm-1): 1,677 (C=O), 1,562 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.75 (3H, s, prenyl-CH3), 1.82 (3H, s, prenyl-CH3), 4.52 (2H, d, J = 6.8 Hz, H-1”), 5.50 (1H, t, J = 6.8 Hz, H-2”), 6.96 (1H, d, J = 9.2 Hz, H-3’), 7.16 (1H, dd, J = 9.2 Hz and 2.8 Hz, H-4’), 7.38 (1H, d, J = 2.8 Hz, H-6’), 7.52 (2H, m, H-6 and H-2), 7.56 (2H, m, H-5 and H-3), 7.57 (1H, d, J = 15.2 Hz, H-α), 7.84 (1H, d, J = 16 Hz, H-β), and 12.26 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.24 (prenyl-CH3), 25.85 (prenyl-CH3), 65.75 (C-1”), 114.37 (C-1’), 119.22 (C-3’), 119.40 (C-2 and C-6), 119.57 (C-2’’), 120.68 (C-4’), 124.56 (C-α), 125.25 (C-6’), 129.92 (C-1), 132.28 (C-3 and C-5), 133.45 (C-4), 138.76 (C-3’’), 144.01 (C-β), 150.89 (C-5’), 157.85 (C-2’), and 193.08 (C=O). HR-MS for C20H20O4 [M + H]+ m/z: Calcd 325.1434; observed 325.1256.
2.3.12 2’-Hydroxy-3-hydroxy-5’-O-prenylchalcone (5L)
Yellow solid. IR (KBr, cm-1): 1,677 (C=O), 1,567 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.73 (3H, s, prenyl-CH3), 1.78 (3H, s, prenyl-CH3), 4.52 (2H, d, J = 6.8 Hz, H-1”), 5.47 (1H, t, J = 6.8 Hz, H-2”), 6.87 (1H, m, H-6), 6.94 (1H, d, J = 9.2 Hz, H-3’), 7.03 (1H, dd, J = 9.2 Hz and 3.2 Hz, H-4’), 7.11 (1H, d, J = 16 Hz, H-α), 7.14 (1H, d, J = 3.2 Hz, H-6’), 7.24 (2H, m, H-4 and H-2), 7.55 (1H, d, J = 16 Hz, H-β) 7.61 (1H, d, J = 3.2 Hz, H-5), and 12.62 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.14 (prenyl-CH3), 25.70 (prenyl-CH3), 65.47 (C-1”), 114.32 (C-1’), 115.34 (C-3’ and C-4’), 117.57 (C-2’’), 119.37 (C-6), 120.41 (C-4), 120.95 (C-2), 127.16 (C-1), 129.61 (C-α, C-5, and C-6’), 136.57 (C-3), 138.48 (C-3’’), 143.19 (C-β), 152.60 (C-5’), 156.49 (C-2’), and 192.71 (C=O). HR-MS for C20H20O4 [M + H]+ m/z: Calcd 325.1434; observed 325.1261.
2.3.13 2’-Hydroxy-4-ethoxy-5’-O-prenylchalcone (5M)
Yellow solid. IR (KBr, cm-1): 1,646 (C=O), 1,562 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.44 (3H, d, OEt-CH3), δ 1.75 (3H, s, prenyl-CH3), 1.80 (3H, s, prenyl-CH3), 4.08 (2H, t, OEt-CH2), 4.56 (2H, d, J = 6.8 Hz, H-1”), 5.48 (1H, t, J = 6.8 Hz, H-2”), 6.48 (2H, m, H-4’ and H-3’), 6.92 (2H, m, H-5 and H-3), 7.45 (1H, d, J = 15.6 Hz, H-α), 7.59 (2H, m, H-6 and H-2), 7.81 (1H, d, J = 8.4 Hz, H-6’), 7.85 (1H, d, J = 15.6 Hz, H-β), and 13.57 (1H, s, chelated OH); 13C NMR (100 MHz, CDCl3): δ 14.70 (OEt-CH3), 18.22 (prenyl-CH3), 25.80 (prenyl-CH3), 63.65 (OEt-CH2), 65.13 (C-1”), 101.66 (C-3’), 108.14 (C-1’), 114.02 (C-4’), 114.89 (C-3 and C-5), 117.67 (C-α), 118.68 (C-2”), 127.33 (C-1), 130.34 (C-2 and C-6), 131.04 (C-6’), 139.13 (C-3”), 144.23 (C-β), 161.18 (C-4), 165.33 (C-5’), 166.53 (C-2’), and 191.80 (C=O). HR-MS for C22H24O4 [M + H]+ m/z: Calcd 353.1747; observed 353.2039.
2.3.14 2’-Hydroxy-4-methoxy-5’-O-prenylchalcone (5N)
Yellow solid. IR (KBr, cm-1): 1,646 (C=O), 1,562 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.77 (3H, s, prenyl-CH3), 1.81 (3H, s, prenyl-CH3), 3.86 (3H, s, OMe), 4.51 (2H, d, J = 6.8 Hz, H-1”), 5.50 (1H, t, J = 6.8 Hz, H-2”), 6.95 (3H, m, H-3’, H-6, and H-2), 7.14 (1H, dd, J = 9.2 Hz and 3.2 Hz, H-4’), 7.40 (1H, d, J = 3.2 Hz, H-6’), 7.46 (1H, d, J = 15.6 Hz, H-α), 7.61 (2H, m, H-3 and H-5), 7.88 (1H, d, J = 15.2 Hz, H-β), and 12.62 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.15 (prenyl-CH3), 25.70 (prenyl-CH3), 55.25 (C-OMe), 65.45 (C-1”), 108.17 (C-1’), 114.23 (C-3’), 117.48 (C-3 and C-5), 118.98 (C-2’’), 119.26 (C-4’), 124.09 (C-α), 125.82 (C-6’), 127.39 (C-1), 130.43 (C-2 and C-6), 138.39 (C-3’’), 145.27 (C-β), 150.73 (C-5’), 157.70 (C-2’), 161.91 (C-4), and 193.17 (C=O). HR-MS for C21H22O4 [M + H]+ m/z: Calcd 339.1590; observed 339.1392.
2.3.15 2’-Hydroxy-4-dimethylamino-5’-O-prenylchalcone (5O)
Brick red solid. IR (KBr, cm-1): 1,646 (C=O), 1,562 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.77 (3H, s, prenyl-CH3), 1.81 (3H, s, prenyl-CH3), 3.05 (6H, s, N-CH3 × 2), 4.52 (2H, d, J = 6.8 Hz, H-1”), 5.51 (1H, t, J = 6.8 Hz, H-2”), 6.69 (2H, m, H-2 and H-6), 6.94 (1H, d, J = 9.2 Hz, H-3’), 7.11 (1H, dd, J = 9.2 Hz and 3.2 Hz, H-4’), 7.38 (1H, d, J = 15.2 Hz, H-α), 7.41 (1H, d, J = 3.2 Hz, H-6’), 7.55 (2H, m, H-3 and H-5), 7.90 (1H, d, J = 15.2 Hz, H-β), and 12.72 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.22 (prenyl-CH3), 25.82 (prenyl-CH3), 40.05 (N-CH3 × 2), 65.72 (C-1”), 108.17 (C-1’), 111.75 (C-3’), 114.26 (C-3 and C-5), 118.88 (C-2”), 119.60 (C-4’), 120.07 (C-α), 122.26 (C-6’), 123.56 (C-1), 130.78 (C-2 and C-6), 138.48 (C-3”), 146.54 (C-β), 150.07 (C-4), 152.24 (C-5’), 157.66 (C-2’), and 193.06 (C=O). HR-MS for C22H25NO3 [M + H]+ m/z: Calcd 352.1907; observed 352.2721.
2.3.16 2’-Hydroxy-4-benzyloxy-5’-O-prenylchalcone (5P)
Orange solid. IR (KBr, cm-1): 1,646 (C=O), 1,562 (CH = CH); 1H-NMR (400 MHz, CDCl3): δ 1.76 (3H, s, prenyl-CH3), 1.81 (3H, s, prenyl-CH3), 4.51 (2H, d, J = 6.8 Hz, H-1”), 5.12 (2H, s, benzyl-CH2), 5.50 (1H, t, J = 6.8 Hz, H-2”), 6.95 (1H, d, J = 9.2 Hz, H-3’), 7.02 (2H, m, H-2 and H-6), 7.14 (1H, dd, J = 9.2 Hz and 3.2 Hz, H-4’), 7.38 (6H, m, H-2’’’, H-3’’’, H-4’’’, H-5’’, H-6’’’, and H-6’), 7.46 (1H, d, J = 15.2 Hz, H-α), 7.61 (2H, m, H-3 and H-5), 7.88 (1H, d, J = 15.2 Hz, H-β), and 12.47 (1H, s, chelated OH); 13C-NMR (100 MHz, CDCl3): δ 18.22 (prenyl-CH3), 25.79 (prenyl-CH3), 65.21 (C-1”), 70.11 (benzyl-CH2), 101.67 (C-3’), 108.52 (C-4’), 113.90 (C-1’), 115.35 (C-6’’’ and C-2’’’), 117.93 (C-α), 118.65 (C-2”), 127.46 (C-1), 127.78 (C-4’’’), 125.82 (C-6’), 128.19 (C-6 and C-2), 128.62 (C-5 and C-3), 130.32 (C-5’’’), 131.05 (C-3’’’), 136.30 (C-4), 139.16 (C-3’’), 145.30 (C-β), 160.89 (C-1’’’), 165.39 (C-5’), 166.54 (C-2’), and 193.27 (C=O). HR-MS for C27H26O4 [M + H]+ m/z: Calcd 415.1903; observed 415.1981.
2.4 In vitro fungicidal activities
All the synthesized compounds were evaluated for in vitro antifungal activities through the poisoned food technique (Nene and Thapliyal, 1979) against S. rolfsii and F. oxysporum. Accordingly, S. rolfsii (ITCC 6474) and F. oxysporum (ITCC 8113) were procured form the Indian Type Culture Collection Centre (ITCC), Division of Plant Pathology, ICAR-Indian Agricultural Research Institute, New Delhi. The fungi were maintained at a temperature of 27°C for a minimum of 4–7 days on potato dextrose agar (PDA) slants to ensure viability and purity. Further subculturing was done just before the experiments. The PDA medium was prepared by thoroughly mixing 3.9 gm of PDA powder in 100 mL of distilled water to obtain a homogeneous solution before autoclaving. The autoclave conditions involved applying a pressure of 15 psi and maintaining a temperature of 121°C for 30 min. A stock solution of each compound was prepared at a concentration of 10,000 ppm by dissolving 20 mg of the respective compound in 2 mL of dimethylsulfoxide (DMSO). A series of five test concentrations (100 ppm, 50 ppm, 25 ppm, 12.5 ppm, and 6.25 ppm) was prepared by serial dilution from the stock solution. Subsequently, the test media with different concentrations were transferred into Petri dishes in quadruplicate. The Petri dishes were left undisturbed for some time to allow the compounds to diffuse evenly within the media and solidify. A sample of 1 mL DMSO served as the control. Hexaconazole 5% SC and carbendazim 50% WP were taken as the positive controls against S. rolfsii and F. oxysporum, respectively. For inoculation, a 5-mm-thick disc of the fungus comprising spores and mycelium was carefully cut from a previously subcultured fungal culture and placed at the center of a Petri plate under sterile conditions. Both the treatment and control Petri plates were placed in a biochemical oxygen demand (BOD) incubator set to a constant temperature of 25°C ± 1°C. The plates were allowed to incubate until the fungal growth in the control Petri plate reached a stage of nearly complete development. For S. rolfsii, this incubation period was observed to be 4–5 days, while F. oxysporum required a longer duration of approximately 7–10 days.
During the incubation period, regular observations were recorded for both the treatment and control Petri plates. The percentage inhibition was then calculated using Abbott’s formula (Abbott, 1925), which is a commonly used method to quantify the antifungal activity of a test compound, as follows:
[image: image]
where I represents percentage inhibition and CF = [(90-C)/C] × 100, with 90 being the diameter (mm) of the Petri plate and C being the growth of the fungus (mm) in the control.
The data were analyzed in quadruplicate using a web-based agricultural statistics software package (WASP 2.0). The effective dose for 50% inhibition (ED50) values were calculated using SPSS statistical package (version 16.0), and these values represent the concentrations of the test compounds at which 50% inhibition of fungal growth was observed.
2.5 Molecular docking studies
2.5.1 Virtual screening and molecular docking
To determine the binding affinities and other types of interactions between the synthesized compounds with the target protein, molecular docking studies were carried out using the PyRx tool, which is a virtual screening tool that employs Vina and AutoDock 4.2. The protein–ligand binding interactions were profiled as per the procedures reported previously (Kundu et al., 2020). The target proteins of F. oxysporum and S. rolfsii were prepared first, and synthetic molecules including the control were then loaded into the PyRx virtual screening tool; the former were labeled as the macromolecules while the latter were considered the ligands. A grid box of dimensions X: 74.75, Y: 50.35, and Z: 25.0 was set around the receptor. The ligand molecules including the control and receptor molecule were docked, and the maximum exhaustiveness was computed for each ligand. All other parameters in the software application were maintained at default values. The docking results were analyzed and compared with those of the control.
Using protein sequences obtained from the NCBI GenBank and UniProt databases, the secondary structures of certain bacterial protein targets were modeled through homology. This process was aided by homologous templates found in the NCBI and RCSB PDB Protein Data Bank databases. The molecular and biological features of the query sequences were searched and annotated using the BLAST servers available at http://blast.ncbi.nlm.nih.gov. Using the NCBI Blast tool, the PDB database was searched for templates that could be used to model the secondary structures of the query sequences. For the three-dimensional structural modeling of each target protein, Modeler software (version 9.24) was utilized. ProSA-Web was used to compute an all-encompassing quality score that can be employed to verify whether the z-score of the input structure is within the range of scores commonly observed for native proteins of comparable sizes. To evaluate the stereochemical accuracy of the modeled protein, thorough analysis was conducted using PROCHECK-Saves. The Ramachandran plot was used to display the phi-psi torsion angles for all residues in the ensemble.
The ICM Pocket Finder is a powerful tool that can accurately detect and locate ligand binding sites within protein, DNA, or RNA structures. The identification of protein–ligand binding sites involves analyzing the grid potential maps of the van der Waals interactions between the receptors and surfaces, which are then contoured. The physical properties of the pockets are calculated and tabulated to obtain a drug-likeness score. Various factors can impact the binding of ligands to a pocket, such as the size and shape of the pocket, its level of exposure, the presence of hydrophobic regions, and the overall compactness of the pocket. All these properties are determined using ICM Pocket Finder (Sheridan et al., 2010). The MolSoft ICM Pocket Finder algorithm uses a method to measure the “drugability” of a protein target using a metric called the drug-like density (DLID).
2.5.2 Analyses and visualization of docking results
Analyses and visualization of the docking results were conducted to examine and interpret the docking interactions. The selection of docked poses for the protein–ligand complexes was based on a combination of factors, including the docking energy profile and manual analysis of the interaction patterns with active site residues. The docked conformations and their corresponding interaction patterns were visualized and assessed using PyMOL and the Discovery Studio platform (DeLano, 2002; Discovery Studio Visualization, 2016).
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization
Among the most used synthetic routes for chalcones (Farooq and Ngaini, 2019), the main route is Claisen–Schmidt condensation (Figure 3), which involves condensation between a benzaldehyde and an acetophenone (Guida et al., 1997; Nasir Abbas Bukhari et al., 2013). This reaction takes place in polar solvents at temperatures ranging from 50°C to 100°C and often requires several hours (Rammohan et al., 2020).
[image: Figure 3]FIGURE 3 | Mechanism of Claisen–Schmidt condensation.
In the present study, prenylated chalcones were synthesized using both the conventional and microwave-assisted methods. The yields were higher in the microwave-assisted method (86%–92%) than the CM (71%–83%), and the reaction time was considerably lowered to 1–4 min compared to that of the CM that ranges between 12 h and 48 h (Table 2). In the 1H-NMR spectra of all the synthesized compounds, doublets were observed at δ ranges of 7.01–7.80 (H-α) and 7.7–8.9 (H-β) with J values of 15–16 Hz, which is a characteristic peak of the olefinic bond of the chalcone moiety, clearly indicating the condensation of prenylated acetophenone with different benzaldehydes. In the 13C-NMR spectra, peaks were observed at δ ranges of 120–130 (C-α) and 137.2–141.3 (C-β) for HC = CH and δ range of 190–195 for C=O in all the synthesized compounds.
TABLE 2 | Comparisons of reaction time and yield (%) of the microwave and conventional methods.
[image: Table 2]3.2 Detailed 1D and 2D NMR spectra of compound 5A
The compound 5A was obtained as an orange solid from methanol with a yield of 90%. The absorption at 1,677 cm-1 in the IR spectrum showed the presence of the carbonyl group in the molecule; this was supported by a signal at δ = 190.82 for the carbonyl in the 13C-NMR spectrum. The 1H-NMR spectrum of 5A showed two separate singlets integrating for six protons at δ = 1.73 and 1.80 for the two vinylic methyl groups. A doublet was observed at δ = 4.54 (J = 6.8 Hz) from integrating two protons due to H-1”, and a triplet was seen at δ = 5.49 (J = 6.8 Hz) for H-2”. A doublet integrating for one proton was seen at δ = 6.97 with J = 9.2 Hz due to H-3’. A double doublet was seen at δ = 7.08 from integrating one proton with J values of 9.2 Hz and 3.2 Hz for H-4’. A doublet was obtained at δ = 7.33 from integrating one proton with J = 3.2 Hz due to H-6’, and a triplet was seen at δ = 7.57 from integrating one proton with J = 8 Hz due to H-5. Two doublets were observed at δ = 7.67 and 7.75 from integrating one proton each with J = 16 Hz due to H-α and H-β, respectively; the presence of these two protons H-α and H-β confirms the prevalent chalcone moiety in the structure. Two multiplets were observed at δ = 8.22 and 8.44 from integrating one proton each for H-4 and H-2, respectively. The chelated OH showed a singlet at δ = 12.18.
In the 13C-NMR the spectrum, two methylene carbons were seen in the prenyl chain at δ = 18.21 and 25.75, respectively. The C-1” to which the carbonyl moiety of acetophenone was attached was seen at δ = 65.38. The signal due to C-3’ and C-4’ was found at δ = 115.09 and that for C-2” of the prenyl side chain was seen at δ = 119.11. The signal for C-1’ was obtained at δ = 119.44. In the aromatic ring B, carbons 6, 4, and 2 were seen at δ = 121.52, 122.21, and 124.14, respectively. The α and β carbons of the olefinic double bond were found at δ = 129.85 and 148.66, respectively. The signal at δ = 129.85 was also attributed to C-5 and C-6’. The aromatic carbons 1 and 3 of ring B were found at δ = 134.08 and 137.29, respectively. The signal at δ = 138.68 was due to the C-3” of the prenyl moiety. The carbon (C-5’) in ring A to which the prenyl moiety was attached through O showed a signal at δ = 152.65. The C-2’ in ring A to which a hydroxyl group was attached showed a signal at δ = 152.98. The nature of these carbons was confirmed further with the help of DEPT NMR spectroscopy, in which DEPT 45 showed signals for carbons 2, 4, 5, 6, 3’, 4’, 6’, 1’’, 2’’, α, β, and prenyl-CH3. DEPT 90 showed signals for carbons 2, 4, 5, 6, 3’, 4’, 6’, 2’’, α, and β. DEPT 135 showed only one negative signal for C-1”, indicating the CH2 nature, and all other carbons were found at positive values.
The above structure was confirmed with the help of two-dimensional (2D) NMR spectroscopy of the compound (Figure 4). The signal at δ = 4.54 assigned to H-1” showed coupling with the carbon at δ = 152.65 in its HMBC spectrum, which is C-5’; it also showed significant coupling with the carbons at δ = 119.11 (C-2”) and 138.68 (C-3”). The signal at δ = 5.49 assigned to H-2” showed correlations with the CH3 carbon of the prenyl moiety and carbon 1” at δ = 65.38. The proton at δ = 6.97 attached to the carbon at 3’ showed correlations with the carbons at 1’, 2’, 4’, and 5’. The α and β carbons showed coupling with the carbonyl carbon at δ = 190.82. Furthermore, the proton at δ = 7.33 that is attached to C-6’ showed correlations with the carbonyl carbon at δ = 190.82 and C-1’ at δ = 119.44. In COSY, the proton attached to C-6’ showed a correlation with the proton attached to C-α. Moreover, the two trans protons attached at the α and β carbons showed correlations in COSY. The prenyl-CH3 protons at δ = 1.73 and 1.80 showed correlations with the protons attached at C-1” and C-2”. The proton attached to the carbon at δ = 129.85, which is C-6’, showed coupling with the proton attached to C-3’ at δ = 115.09.
[image: Figure 4]FIGURE 4 | Two-dimensional NMR spectroscopy as well as HMBC and COSY correlations for compound 5A.
3.3 Comparative assessments of the conventional and microwave methods
Microwave synthesis aligns perfectly with the principles of green chemistry as it employs recyclable organic solvents in the synthesis process, prevents wastage, and lowers energy consumption (Sahoo et al., 2023). To assess the greenness of the method used in this study, comparisons were made between the conventional and microwave methods (Table 3) using green chemistry matrices by considering 2’-hydroxy-4-hydroxy-5’-O-prenylchalcone (5K) as an example. For the MM, there was a 13.34% increase in yield and 1,200 times reduction in the heating time than the CM; the energy consumption also reduced by 411.9–388.7 times due to the reduced heating time. Environmental factor (EF) values showed that there was a 95% reduction in the production of wastes for producing 1 kg of the compound. The MM was also found to be more carbon efficient by 17.7% and reaction mass efficient by 29.6%. In conclusion, the utilization of the MM for synthesizing prenylated chalcones demonstrates remarkable improvements over the CM.
TABLE 3 | Comparative assessment of the conventional and microwave methods based on various green chemistry matrices.
[image: Table 3]3.4 In vitro fungicidal activity
All the synthesized compounds showed significant antifungal activities (Table 4, 5). Control experiments were conducted in a manner consistent with the experimental conditions but without the inclusion of the synthesized compounds. Hexaconazole 5% SC and Carbendazim 50% WP served as the standards for comparing the antifungal activities. The compound 2’-hydroxy-4-benzyloxy-5’-O-prenylchalcone (5P) possessed the highest activities against both S. rolfsii and F. oxysporum, with ED50 of 25.02 and 31.87 mg/L, respectively. The corresponding ED50 values of the commercial fungicides were 8.57 mg/L (Hexaconazole 5% SC) and 9.01 mg/L (Carbendazim 50% WP) (Figure 5). The in silico technique of SwissADME was performed to better understand the pharmacokinetic profile of the compound 5P, as described in Table 6 (Daina et al., 2017).
TABLE 4 | In vitro antifungal activities of the synthesized compounds against S. rolfsii.
[image: Table 4]TABLE 5 | In vitro antifungal activities of the synthesized compounds against F. oxysporum.
[image: Table 5][image: Figure 5]FIGURE 5 | In vitro antifungal activities of compound 5P against (A) S. rolfsii and (B) F. oxysporum.
TABLE 6 | Physicochemical, pharmacokinetic, and drug-like properties of compound 5P.
[image: Table 6]3.5 SAR studies
A series of prenylated chalcones was synthesized, and their structural properties were examined to investigate their potential as antifungal agents. Both fungi responded differently to changes in electron density in the test compounds. The alkoxy substitution on ring B with a mean ED50 value of 35.62 mg/L against S. rolfsii was found to be more effective than halo substitution with a mean ED50 value of 40.84 mg/L. On the other hand, for F. oxysporum, the halo derivative with a mean ED50 45.16 mg/L was found to be more effective (Figure 6). Among halo derivatives, bromo compounds (mean ED50 39.71 mg/L) were more effective against S. rolfsii while chloro compounds (mean ED50 39.01 mg/L) worked better against F. oxysporum (Figure 7).
[image: Figure 6]FIGURE 6 | Mean ED50 values for alkoxy and halo derivatives against S. rolfsii and F. oxysporum.
[image: Figure 7]FIGURE 7 | Effects of bromo and chloro groups on antifungal activities against S. rolfsii and F. oxysporum.
The number of substituents on ring B had an impact on the antifungal activity. For the alkoxy derivatives that donate electrons, the antifungal activity decreased as the number of substituents increased. The compound with one methoxy (-OCH3) group was found to be a more potent antifungal agent than that with three methoxy groups against both S. rolfsii (ED50 32.42 mg/L) and F. oxysporum (ED50 56.94 mg/L). The introduction of three methoxy groups resulted in decreased activities against both S. rolfsii (ED50 49.19 mg/L) and F. oxysporum (ED50 60.00 mg/L). On substituting the methoxy group with the ethoxy group (-OCH2CH3), the activities increased substantially against both S. rolfsii (ED50 25.24 mg/L) and F. oxysporum (ED50 46.36 mg/L). This increase in activity upon increasing the chain length may be attributable to the increased hydrophobicity of the molecule (Figure 8).
[image: Figure 8]FIGURE 8 | Effects of the number of substituents among the alkoxy derivatives on ED50 values for antifungal activity.
Upon going from monochloro substitution to dichloro substitution, the mean ED50 values decreased, resulting in increased activities against both S. rolfsii (mean ED50 37.10 mg/L) and F. oxysporum (mean ED50 37.85 mg/L). When attached to carbon atoms, chlorine atoms are not readily polarizable, leading to increased hydrophobicity and lipophilicity of the compound and causing enhanced penetration of the membranes. The presence of more chlorine substituents on the benzaldehyde ring could help avoid intermolecular interactions, causing an increase in activity (Figure 9).
[image: Figure 9]FIGURE 9 | Comparative analysis of the influence of number of substituents on antifungal activity.
The positions of the atoms also had different effects on the antifungal properties. For instance, compounds with 2,6-dichloro substitutions showed higher activities against both fungi compared to those with 2,4-dichloro substitutions. The observed higher activities of the compounds with 2,6-dichloro substitutions could be attributed to the specific spatial arrangements and interactions within the binding sites of the target proteins. The placement of the two chlorine atoms at 2 and 6 positions may have led to a more favorable fit within the binding pocket of target protein, hence enhancing the binding affinity. Among the bromo compounds, 4-Br (ED50 30.28 mg/L) was found to be the most effective against S. rolfsii, while 3-Br was the most effective against F. oxysporum (ED50 35.60 mg/L) (Figure 10).
[image: Figure 10]FIGURE 10 | Effects of various positions of the bromine atom in the benzaldehyde ring on the antifungal activities among bromo derivatives.
The compounds having benzyloxy substituents on ring B were found to be the most active molecules against both fungi, with the lowest ED50 values of 25.02 mg/L (against S. rolfsii) and 31.87 mg/L (against F. oxysporum). Other substituents introduced into ring B, like N,N-dimethylethanamine or nitro and hydroxyl groups, showed mild-to-moderate antifungal activities. Finally, upon comparing the mean ED50 values of all the synthesized compounds against both fungi, it was found that the compounds were generally more effective against S. rolfsii (mean ED50 40.28 mg/L) than F. oxysporum (mean ED50 49.94 mg/L) (Figure 11).
[image: Figure 11]FIGURE 11 | Comparative effects of all the synthesized compounds (5A-5P) on antifungal activities against S. rolfsii and F. oxysporum.
3.6 Molecular docking
Molecular docking is a powerful computational tool that helps to understand how proteins interact with different molecules. Nowadays, molecular docking plays an important role in the development of new agrochemicals by helping in the design, optimization, and understanding of how these chemicals interact with their target proteins in plants and pests. In this study, molecular docking was used to assess two fungi, namely, S. rolfsii with focus on its EF1α and RPB2 gene sequences and F. oxysporum with focus on its FoCut5a sequence as the receptors, and obtain insights into the interactions between each synthesized compound and specific binding sites. The EF1α and RPB2 genes are essential for the growth and survival of S. rolfsii; hence, compounds inhibiting these targets can act as potential antifungal agents by disrupting their native biofunctional activities. Similarly, the FoCut5a enzyme helps F. oxysporum to break the cutin-assisted barrier in plants, facilitating its primary infection. Therefore, this enzyme can act as a potential target for the development of new antifungal agents against F. oxysporum. Molecular docking was performed for the synthesized compounds against S. rolfsii and F. oxysporum. All compounds showed promising interactions with the binding sites. The corresponding binding affinities were calculated based on hydrogen dehydration (HYDE) scoring. The other important factors of molecular docking studies, i.e., octanol−water partition coefficient (Log P), ligand efficiency (LE), and lipophilic ligand efficiency (LLE), were calculated, as listed in Tables 7 and 8. The molecular docking studies suggest that the required binding energies of the docked molecules range from −38.3538 to −26.6837 kcal/mol for S. rolfsii and −43.400 to −23.839 kcal/mol for F. oxysporum. The other parameters also showed that the compounds form stable complexes with the protein molecules.
TABLE 7 | Binding energy affinities of the synthesized compounds against S. rolfsii.
[image: Table 7]TABLE 8 | Binding energy affinities of the synthesized compounds against F. oxysporum.
[image: Table 8]The binding interactions of the most potent compound, 5P, against S. rolfsii are explained in terms of the conventional H bonds, van der Waals bonds, and C-H bonds among the ligand–protein complex. Different interactions are shown in the 2D and 3D images (Figures 12, 13), suggesting favorable positive bindings between the molecule and specific amino acid residues. Compound 5P showed the highest binding affinity of −38.3538 kcal/mol among all the synthesized compounds. As evident from the images, the prenyloxy side chain showed favorable steric interactions with HIS A: 232, ILE A: 219, SER A: 189, LYS A: 194, GLN: 193, GLY A: 195, ALA A: 188, LEU A: 217, VAL A: 47, and PHE A: 187, while the side chain of ring B was found to engage in interactions with ILE A: 32, ILE A: 213, LEU A: 11, SER A: 239, CYS A: 236, and THR A: 243 residues. In addition, ring A appeared to be involved in interactions with GLN A: 29, ALA A: 31, VAL A: 33, and PHE A: 59. All other compounds showed very high binding energies and favorable interactions with the target molecules.
[image: Figure 12]FIGURE 12 | 2D image of compound 5P showing various interactions with different amino acids.
[image: Figure 13]FIGURE 13 | 3D image of compound 5P showing the predicted spatial arrangement of the compound within the binding site of the target fungus S. rolfsii.
In the case of F. oxysporum, the most potent compound based on in vitro studies was 5P, and its 2D and 3D images showing various interactions are shown in Figures 14 and 15. Compound 5P showed the highest binding affinity of −43.400 kcal/mol. It was seen that the prenyloxy side chain showed favorable steric interactions with THR A: 180, CYS A: 179, LEU A: 177, SER C: 43, GLY A: 175, THR C: 44, GLN C: 122, SER C: 121, THR A: 174, and ASP A: 176 residues, while ring B was found to engage in interactions with LEU C:190, LEU C: 52, TYR C: 120, ILE B: 184, GLY C: 42, GLU C: 45, THR C: 51, SER B: 182, GLN C: 193, and GLN C: 193 residues. Moreover, ring A was found to be involved in interactions in LEU C: 82, VAL C: 185, and LEU C: 183. All other compounds showed very high binding energies, and these docking results are in good agreement with the observations of the in vitro studies.
[image: Figure 14]FIGURE 14 | 2D image of compound 5P showing various interactions with different amino acids.
[image: Figure 15]FIGURE 15 | 3D image of compound 5P showing the predicted spatial arrangement of the compound within the binding site of the target fungus F. oxysporum.
4 CONCLUSION
A series of 16 prenylated chalcone derivatives (5A-5P) was synthesized using the microwave-assisted green method and characterized by different spectroscopic techniques. All synthesized compounds were found to be novel. Out of the synthesized compounds, 2’-hydroxy-4-benzyloxy-5’-O-prenylchalcone (5P) possessed the highest activities against both S. rolfsii and F. oxysporum, with ED50 values of 25.02 mg/L and 31.87 mg/L, respectively. The in vitro results were supported by detailed SAR studies. Molecular docking studies showed the biological importance of these synthesized compounds, with the binding energies of the docked molecules for S. rolfsii ranging from −38.3538 to −26.6837 kcal/mol and those for F. oxysporum ranging from −43.400 to −23.839 kcal/mol. Other docking parameters were also evaluated, which showed that the synthesized compounds formed stable complexes with protein molecules. Thus, it is concluded that the synthesized prenylated chalcones hold immense potential and can be explored further for new antifungal agents.
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Synthesized LogP Binding affinity 2Binding bLigand “Lipophilic ligand
compound range (aM) energy efficiency efficiency
5P 64256 317<KI<315.62 383538 0 -
5M 5032 16.15<KI<1,605.05 -38.1437 0 -
5G 45415 17.10<KI<1,699.58 378504 0 -
5N 46993 19.14<K1<1902.03 379695 0 -
5B 5.9401 21.08<KI<2094.44 37589 0 -
5L 46419 29.17<K1<2899.06 36678 0 -
5C 5.2867 38.60<KI<3835.84 360256 0 -
5K 43389 40.99<K1<4072.85 359506 0 -
5A 46591 43.00<K1<427297 310587 - -

SE 5.3958 58.83<KI<5846.07 -35.0657 0 -
5] 43389 98.89<K1<9825.84 334835 0 -
SF 5.3958 24476<KI<24318.50 314308 0 -
B 45415 1528.86<KI<151901 62 266837 - -
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Compound 5P

Physiological property

Formula CarHagO4
Molecular weight (g/mol) 4144
Number of heavy atoms 31
Number of rotatable bonds 9
Number of hydrogen bond acceptors 4
Number of hydrogen bond donors 1
| Pharmacokinetic parameter
Log P o/w (MLOGP) 396
Gastrointestinal absorption High
Blood-brain barrier permeation No
Drug-like propen;es
Lipinski rule Yes; 0
Violation
Bioavailability 055
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Synthesized LogP Binding affinity ?Binding ®Ligand “Lipophilic ligand

compound range (aM) energy efficiency efficiency
5P 64256 201<KI<199.95 ~43.400 0 -
7 5B 5.9401 273<K1<271.30 | -43.172 2 =
SE e 9.56<K1<950.53 | -40.073 | 0 -
5D 5.2867 24.46<K1<2430.76 -37.746 0 -
5C 5.9401 30.28<KI<3008.89 -37.217 | 0 -
5A 5.3958 36.33<K1<3610.08 -36.765 0 -
5M 5032 63.30<K1<6289.77 | -35.359 0 -
5L | 169.56<KI<16847.23 -32.947 0 | -
50 s 235.56<K1<23404.36 | -32132 | e 1 =
5K 43389 324.66<K1<32257.42 -31.336 0 -
5N [ 4.6419 407.73<K1<40510.45 | -30.772 | - s
51 45415 626.78<K1<62274.83 -24.471 . -
SE 5.3958 701.59<K1<69707.41 | -29.426 | g | =
5H 45415 2883.20<K1<286463.91 -25.517 5 1 s
5] 45415 6680.89<K1<663786.44 | -23.839 | - =
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S. no. Matrix Microwave
1 Overall yield (%) 77.46 9080 13.34% increase
2 Heating time (s) 48h 14 1,200 times shorter
3 Energy consumption (kWh) 276 0.067-0.071 411.9-388.7 times lower
4 Environmental factor 40 02 95% reduction
5 Carbon efficiency (%) 341 518 17.7% increase
6 Reaction mass efficiency (%) 342 638 29.6% increase
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Compound EDso (ppm)? 2 Regression equation

5A 4541% 3285 7153 0224 0.96x + -1.52
5B 33.03" 2478 4620 0405 1.00x + -1.50
5C 42.66% 3226 6138 0298 L12x + -1.84
5D 40.17¢ 29.39 60.67 0634 0.96x + -1.52
SE 57.42¢ 40.92 96.16 1.560 0.96x + -1.72
SF 35.60¢ 27.02 49.60 1.939 112x + -1.84
5G 6112 46.06 9118 0492 112x + 215
5H 60.58° 44.03 97.32 0854 112x + -1.84
51 60.00° 44.88 90.77 1.643 112x + -2.04
5] 75.47" 53.96 126.66 0470 112x + -2.04
5K 55,52 40.24 89.15 0590 0.96x + -1.72
5L 47.35% 3473 7301 0954 112x + -1.84
5M 46.36% 36.00 64.25 0509 1.28x + -2.16
5N 5694 41.50 90.58 0155 0.96x + -1.72
50 49.46™ 36.86 74.30 0708 1.00x + -1.75
5P 3187 2504 4171 0467 1.12x + -1.80

"No significant differences in mean for the same letters; [CD (0.01

.281] carbendazim 50% WP; EDs, = 9.01 ppm.
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Compound 2 2 Regression equation

5A 43200 3321 60.64 0338 L12x +-184
5B 35.68% 2829 46.69 1592 1.20x +-1.90
5C 3852 29.24 54.27 1.688 L12x + -1.84
5D 4686 3605 66.06 0710 1.20x + -1.90
SE 4420° 3228 68.04 0141 0.96x + -1.52
5F 44,65 3445 6235 0344 1.20x + -1.90
5G 3028 23.68 39.59 1519 L12x + -1.64
5H 52,56 40.60 7419 0353 L12x +-184
51 49.19% 3812 68.70 0.840 L12x +-184
5] 48,538 3638 7193 0353 L12x +-184
5K 4007 2967 59.20 0301 0.96x + -1.52
5L 3616 27.67 49.89 0614 1.20x +-1.90
5M 2524 18.22 3503 0216 0.96x + -1.32
5N 32.42% 24.82 4399 0784 L12x +-184
50 51.84% 3936 7543 0.762 0.96x + -1.52
5P 25.02 19.89 3146 0721 1.60x +-2.20

"No significant differences in mean for the same letters; [CD (0.01

.655) hexaconazole 5% SC; EDso

.57 ppm.
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Compound Conventional method Microwave method

Time (h Yield (%) Time (min) Yield (%)
1 5A 3.N0, 2 8122 32 90.40
3 5B 26-Cl 16 8360 15 066
3 5C 24-Cl 18 8254 s 89.48
4 5D sa ) 5090 s 8930
E SE 4-Br 2 7956 15 9056
6 SE 3Br 2 78.80 15 89.44
7 5G 2Br 2 8040 15 91.60
8 5H o, 2 7122 32 868
9 51 34,5-OMe 18 7920 15 89.80
10 5] 20, 2 75.50 3 a8
1 5K 4-0H L 7746 24 90.80
12 a | s.om s 730 2 9140
s 5M 4-OFt 2 s s 91.60
14 5N | rome 2 8130 15 9068
s 50 4-N(CH,), 2 EY) 32 8930
16 5P | wocH.mh » 8056 32 9022
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Compound Molecular formula Molecular weight Melting point

G
1 5A CaoHsNOs 35357 102-104 058
2 5B CaoHisCLO; 37726 88-90 053
3 5C CaoHysCLO; 377.26 98-100 049
4 5D CapH15CIO5 34282 96-98 | 0.60
5 SE CagHyoBrO; 38727 98-100 057
6 5F CagHyBrO; 387.27 96-98 0.60
7 5G [ CagHyoBrO; 387.27 | 99-101 | 0.6
8 5H CaoHisNO; 35357 11-113 052
9 El [ CasHagO5 39845 | 97-99 | 050
10 5] CaoH1sNOs. 353,57 105-107 048
1 | 5K CaoHO4 32437 | 97-99 055
12 5L CaoHO4 32437 99-101 057
13 5M [ CaHoO4 35242 | 97-99 | 052
14 5N CuHyO04 33840 98-100 058
15 50 [ CaHasNO, 35144 | 94-96 | 055
16 5P CarHagO4 41519 97-99 | 059
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