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In this study, a new series of quinoxalinone derivatives (5a–5p, 6a–6n) was designed and its hypoglycemic activity was evaluated. The results showed that compounds 5i and 6b exhibited stronger hypoglycemic effects than the lead compounds and were comparable to the positive control Pioglitazone. 5i and 6b may exert hypoglycemic effects by alleviating cellular OS and modulating the interactions among GLUT4, SGLT2, and GLUT1 proteins. The alleviating cellular OS of compound 6b was better than that of 5i, and 6b was found to bind better than 5i for most of the screening targets. In summary, compound 6b is a potential lead compound with hypoglycaemic activity.3
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1 INTRODUCTION
Diabetes is a group of metabolic diseases characterized by high blood glucose levels. Diabetes is known as a “silent disease” because it remains asymptomatic until target organs are severely affected (Zimmet et al., 2018). Currently, 537 million adults have diabetes worldwide, which represents 10.5% of the global population or 1 in 10 individuals (Greenhill, 2021).
Diabetes can be categorized into type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) depending on the pathogenesis. The most prevalent form of diabetes in adults is T2DM, which accounts for 90%–95% of patients with the disease. It is characterized by hyperglycemia caused by defective insulin secretion and signaling cascade, of which defective signaling is primarily manifested as insulin resistance (IR). Complications resulting from T2DM are a serious health threat and include heart disease, stroke, neuropathy, kidney disease, visual impairment, peripheral vascular disease, ulcers and amputations, infections, digestive disorders, oral complications, and depression (Gross et al., 2017). These complications could be attributed to various factors, such as the polyol pathway, protein kinase C, advanced glycation end products, and inflammation (Forbes and Cooper, 2013). Most of the underlying causes are related to the overproduction of reactive oxygen species (ROS) in cells, and oxidative stress (OS) is a key factor that triggers IR. The high-glucose environment can lead to a surge in ROS, which aggravates islet β-cell damage and ultimately affects the body’s sensitivity and response to insulin (Yang et al., 2022).
As of today, diabetes remains a lifelong metabolic disease that requires long-term medication. Drugs used to treat diabetes are classified based on the route of administration into oral drugs and non-oral drugs. Oral medications are broadly categorized into sulfonylureas, non-sulfonylurea insulin promoters, biguanide hypoglycemic agents, alpha-glucosidase inhibitors, insulin sensitizers, dipeptidyl peptidase-4 inhibitors, and sodium-glucose cotransporter inhibitors. Non-oral drugs are mostly insulin and its analogs. However, these drugs have disadvantages such as toxic side effects, high price, and slow onset of action owing to differences in the route of administration or their inherent properties (Heppner and Perez-Tilve, 2015; Xu et al., 2018).
Hence, the development of a new glucose-lowering drug that has no toxic side effects and can regulate blood glucose levels effectively in the long term is the need of the hour. Upon reviewing the literature for lead compounds with hypoglycemic activity, we found a structure with a benzopyrazine backbone called quinoxaline. It was first reported in 1884 as an intermediate for the antituberculosis drug pyrazinamide. Subsequent studies on the pharmacological activities of quinoxaline and its derivatives revealed that they have a wide range of biological activities, such as antimicrobial (Patidar et al., 2011), antidiabetic (Kojima et al., 2020), anti-inflammatory (Indalkar et al., 2017), anti-Alzheimer’s (Sagar et al., 2019), and anticancer (Tariq et al., 2018). Moreover, quinoxaline and its derivatives possess multiple modification sites in their chemical structures.
Positions 1 and 4 in the quinoxaline backbone are the main modification positions, and the introduction of various pharmacodynamic groups has a profound effect on its activity. The heterocyclic structure of triazoles exhibits a wide range of pharmacological activities (Xia et al., 2010; Kamboj et al., 2015; Gao et al., 2019), including inhibitory effects on diabetes-related targets (Fuh et al., 2021). Furthermore, the triazole ring can act as an acceptor-ligand linker. There are CH-π interactions between 1,2,3-triazole and the enzyme, and the appropriate side ring (on the ring of the triazole hybrid system) can bind to the enzyme or amino acid (Bozorov et al., 2019). The triazole ring acts as a connector to link the corresponding drug active group, thereby increasing the drug activity of the lead compound. In addition, the number of methylene groups between the benzene ring and triazole can affect the activity of the compounds (Bistrović et al., 2018).
In this study, quinoxalinones were selected as lead compounds. Quinoxalinone derivatives 5a–5p and 6a–4n containing different substituents were designed and synthesized, and all 30 new compounds were screened for hypoglycemic activity.
2 RESULTS AND DISCUSSION
2.1 Chemistry
Strategies used to synthesize the target compounds analyzed in this study are outlined in Scheme 1. Overall, synthesis reactions involved three main steps. First, using benzene-1,2-diamine and methyl benzoylformate as starting materials, the lactam product 3-phenyl-1H-quinoxalin-2(1H)-one (1a) was formed via the cyclization reaction in a 5:1 system of anhydrous ethanol and glacial acetic acid. Subsequently, 1-propargyl-3-phenylquinolin-2(1H)-one (2a) was obtained with a simple nucleophilic substitution. Then, compound 2a was cyclized with intermediates 3a–p and 4a–n of different substituents to obtain the target compounds 5a–p and 6a–n, respectively. Proton nuclear magnetic resonance (1H-NMR), carbon-13 nuclear magnetic resonance (13C-NMR), and high-resolution mass spectrometry (HRMS) were used to structurally characterize all prepared compounds.
[image: Scheme 1]SCHEME 1 | Synthetic pathways for the compounds 5a-p and 6a-n.
2.2 Structure-activity relationships
Results of the MTT assay of the compounds with LO2 cells showed that all synthesized compounds exhibited either no toxicity or low toxicity toward LO2 cells at concentrations of <40 μM. Some compounds did not show significant toxicity at concentrations of up to 80 μM. Overall, the toxicity of the compounds toward LO2 cells was reduced when the substituent on the benzene ring attached to the triazole was a methyl group. The compounds did not show significant toxicity even at concentrations of up to 80 μM. However, the introduction of methylene-based groups on triazoles increased the toxicity of most of the compound. Therefore, most of the derivatives in the 5a–p series were less toxic to LO2 cells than those in the 6a–n series. In the synthesized 5a–p series derivatives, interposition substitution on the benzene ring was often accompanied by an increase in cytotoxicity.
The results of in vitro hypoglycemic activity indicated that the hypoglycemic activity of the 5a–p series derivatives increased with the introduction of halogen atoms into the benzene ring. The following order of activity was observed: Br > Cl > F. Highest hypoglycemic activity was noted in compound 5i with para-substituted Br atoms probably because of its spatial conformation. No clear conformational relationships were observed for 6a–n; nevertheless, the hypoglycemic activity was greatly enhanced when the triazole-linked benzene ring interposition was substituted with an F atom (compound 6b).
2.3 Assssment of activity
To determine the hypoglycemic activity of the 30 new derivatives (5a–p and 6a–n), their toxicity toward LO2 cells was first examined using the MTT assay. The experimental results (Figure 1) indicated that the derivatives did not exhibit significant toxicity at concentrations of <40 µM. Therefore, they were administered at this concentration.
[image: Figure 1]FIGURE 1 | MTT results of the derivatives 5a-p and 6a-n on LO2 cells. LO2 cell cultures were added to 96-well plates (1 × 104 cells/well in 100 µl/well) and treated for 48 h with the 30 synthesized compounds dissolved in DMSO (10, 20, 40, and 80 μg/ml) for 1 day. (* vs. CON, *p < 0.05, **p < 0.01).
2.4 Analysis of the effects of derivatives 5a–p and 6a–n on glucose production in LO2 cells
The effect of the 30 derivatives 5a–p and 6a–n on the glucose content of high-glucose-induced LO2 cells was examined. The experimental results showed that LO2 cells in the model group developed insulin resistance after 48 h of high glucose induction. Compared with the model group, glucose levels were significantly lower in the administered group after the addition of compounds 5a, 5d, 5e, 5g, 5h, 5i, 5j, 5m, 5n, 5o, 5p, 6b, 6f, 6h, 6i, and 6m. Compounds 5b, 5g, 5i, 5n, and 6b demonstrated stronger glucose-lowering effects on LO2 cells than the lead compound (3-phenylquinoxalin-2(1H)-one). Of these, compounds 5i and 6b displayed better glucose-lowering activity than the positive agent Pioglitazone (Figure 2). Further studies revealed that compounds 5i and 6b were capable of reducing glucose levels and alleviating insulin resistance in a concentration-dependent manner. Moreover, both were more active than the lead compound as well as Pioglitazone (Figure 3), and compound 5i was more active than 6b.
[image: Figure 2]FIGURE 2 | Effects of the compounds 5a-p and 6a-n on insulin resistance in LO2 cells. After treating the LO2 cells with 40 μM of the target compounds (5a–p and 6a–n) for 48 h, followed by incubation for 16 h in 1 ml of glucose-stimulating medium (phenol red-free RPMI1640 + 20 mmol/L sodium lactate and + 2 mmol/L sodium pyruvate). For the last 3 h, 1 nmol/L of insulin was added to each group, except the normal group. (# vs. CON, ##p < 0.01, * vs. HG, **p < 0.01, PIO, Pioglitazone; HG, High Glucose, qui: lead compound).
[image: Figure 3]FIGURE 3 | Effect of compounds 5i and 6b on insulin resistance in LO2 cells. 10, 20, and 40 μM of the compounds 5i and 6b were administered. In the positive control group, 40 μM of Pioglitazone was administered for 48 h (# vs. CON, ##p < 0.01, * vs. HG, **p < 0.01, PIO, Pioglitazone; HG, High Glucose, qui: lead compound).
2.5 Analysis of the effects of compounds 5i and 6b on the ROS content of LO2 cells
The effect of compounds 5i and 6b on the ROS content of LO2 cells was evaluated, and the results showed that the ROS content was significantly higher in the model group than that in the normal group (p < 0.01). Compounds 5i and 6b inhibited ROS production in a concentration-dependent manner compared with the model group (Figure 4), compared to the lead compound and positive control drug, and the inhibitory effect of compound 6b was better than that of 5i.
[image: Figure 4]FIGURE 4 | Effect of compounds 5i and 6b on the ROS content in LO2 cells. LO2 cells were treated with compounds 5i and 6b (10, 20, 40 μM) dissolved in DMSO for 48 h. The ROS content was measured using the DCFH-DA fluorescent probe assay, using a fluorescence microscope (# vs. CON, ###p < 0.01, * vs. HG, ***p < 0.001, 488 nm excitation wavelength and 525 nm emission wavelength; PIO, Pioglitazone; HG, High Glucose, qui: lead compound).
2.6 Analysis of the effects of compounds 5i and 6b on malondialdehyde (MDA), superoxide dismutase (SOD), and catalase (CAT) contents in LO2 cells
Compounds 5i and 6b were tested to determine whether they scavenged ROS by affecting the MDA, SOD, and CAT systems. The findings implied that the MDA content was significantly higher and the SOD and CAT contents were significantly lower in the model group compared with the normal group. The administration groups (5i and 6b) exhibited a concentration-dependent decrease in MDA levels and an increase in SOD and CAT levels compared with the model group (Figure 5), with compound 6b showing a better effect than 5i. This observation agrees with the experimental results obtained in 2.5.
[image: Figure 5]FIGURE 5 | Effects of compounds 5i and 6b on the contents of MDA, SOD, and CAT in LO2 cells. LO2 cells were treated with compounds 5i and 6b (10, 20, 40 μM) dissolved in DMSO for 48 h. MDA, SOD, and CAT contents were determined using the appropriate ELISA kits. (# vs. CON, ##p < 0.01, * vs. HG, *p < 0.05, **p < 0.01, PIO, Pioglitazone; HG, High Glucose, qui: lead compound).
2.7 Analysis of the docking results of compounds 5i and 6b with diabetes target molecules
Molecular docking enables efficient and convenient discovery and screening of drug targets. The results showed that compound 6b possessed high binding energies of −12.3, −9.1, −9.1, −9.1, and −9.6 kcal/mol toward SGLT2, GLUT1, DPP4, SIRT1, and SIRT3, respectively. On the contrary, the binding energies of compound 5i toward SGLT2, GLUT1, DPP4, SIRT1, and SIRT3 were −8.3, −9.1, −8.8, −6.9, and −9.1 kcal/mol, respectively. Hence, compound 6b was found to bind better than 5i for most of the screening targets, which agrees with the drug screening results. Compound 6b exhibited the strongest binding capacity toward SGLT2 (Figure 6); hence, this compound could be a potential target that exerts hypoglycemic effects. Moreover, SGLT2, GLUT4, and GLUT1 are all glucose transporters. Therefore, whether compound 6b could affect GLUT1, GLUT4, and SGLT2 was further tested.
[image: Figure 6]FIGURE 6 | Docking results of the compounds 5i and 6b with selected target molecules in diabetes. Note: (Heat map demonstrating the docking-binding energy of compounds 5i and 6b with some of the target molecules in diabetes, and the docking diagram depict the optimal binding of compound 6b to GLUT1, GLUT4, and SGLT2, respectively. The blue helical structure represents the structural formula of the protein after the removal of water and heteroatoms. The green part represents small molecule ligands).
2.8 Effect of compounds 5i and 6b on 2-NBDG uptake in HK-2 cells
The fluorescent glucose analogue, 2-NBDG, could be used to capture glucose uptake in cells pre-incubated with the compound. The results showed that compounds 5i and 6b increased 2-NBDG uptake in HK-2 cells at 40 μM (p < 0.001; Figure 7). Compounds 5i and 6b increased the glucose uptake of HK-2 cells and increased the hypoglycaemic activity in a concentration-dependent manner, superior to the lead compound.
[image: Figure 7]FIGURE 7 | Compound 5i and 6b inhibits 2-NBDG uptake in HK-2 cells. HK-2 cells were seeded in a confocal laser dish for 24 h. These were then treated with compound 5i (10, 20, 40 μM), compound 6b (10, 20, 40 μM), Pioglitazone (40 μM) and the lead compound (40 μM) in serum-free medium for 6 h (# vs. CON, ###p < 0.001, * vs. HG, **p < 0.01, ***p < 0.001; PIO, Pioglitazone; HG, High Glucose, qui: lead compound).
2.9 Analysis of the effects of compound 6b on the expression of GLUT4 and PPAR-γ
Upon comprehensively analyzing the above experimental results, compound 6b was found to be the best among the 30 newly synthesized derivatives in alleviating insulin resistance and OS. Therefore, a Western blot assay was performed to validate the targets obtained via molecular docking screening for compound 6b. The results indicated that the expression of GLUT4 protein was significantly reduced in the high-glucose-induced LO2 cell model group. However, the expression was significantly increased in a concentration-dependent manner after treating the cells with compound 6b (Figure 8). This finding asserts that compound 6b is capable of improving glucose transport and insulin resistance via GLUT4. Pioglitazone, a well known insulin sensitizer drug, is directly or indirectly activated by its primary target, peroxisome proliferator-activated receptor-γ (PPAR-γ). We therefore tested the biological evaluation of quinoxaline derivatives against PPAR-γ in vitro. The results indicated that the expression of PPAR-γ protein was significantly increased in the high-glucose–induced LO2 cell model group. However, the expression was significantly reduced in a concentration-dependent manner after treating the cells with compound 6b (Figure 8).
[image: Figure 8]FIGURE 8 | Effect of compound 6b on the PPAR-γ and GLUT4 content in LO2 cells. LO2 cells were treated with the compounds 6b (10, 20, 40 μM) dissolved in DMSO for 48 h. The expression of PPAR-γ and GLUT4 were analyzed by Western blot. (# vs. CON, ##p < 0.01, ###p < 0.01 * vs. HG, **p < 0.01, ***p < 0.001; PIO, Pioglitazone; HG, High Glucose).
2.10 Analysis of the effects of compound 6b on the expressions of GLUT1 and SGLT2
Molecular docking alluded that SGLT2 and GLUT1 are likely to be key targets of compound 6b. SGLT2 and GLUT1 are glucose transporters that are found mainly in the kidney. By inhibiting the expressions of SGLT2 and GLUT1, compound 6b reduced glucose reabsorption and allowed it to be excreted in the urine, thereby lowering the blood glucose level, reducing the renal load, and protecting the kidney. High-glucose-induced HK-2 cells (human renal cortical proximal tubular epithelial cells) were selected to establish the model. The effect of compound 6b on the expressions of SGLT2 and GLUT1 was examined using the HK-2 hyperglycemic cell model after assessing the toxicity of compound 6b toward HK-2 cells (at 40 μM, compound 6b did not exhibit significant toxicity toward HK-2 cells). The results showed that the expressions of SGLT2 and GLUT1 were significantly downregulated in a concentration-dependent manner after treatment with compound 6b in the model group of high-glucose-induced HK-2 cells. Hence, compound 6b may modify diabetes via interactions of SGLT2 and GLUT1 proteins (Figure 9).
[image: Figure 9]FIGURE 9 | MTT results of compound 6b on HK-2 cells and the effects of SGLT2 and GLUT1 content in HK-2 cells. HK-2 cells were treated with the compounds 6b (10, 20, 40 μM) dissolved in DMSO for 48 h. The expression of SGLT2 and GLUT1 were analyzed by Western blot. (# vs. CON, ##p < 0.01, * vs. HG, **p < 0.01, PIO, Pioglitazone; HG, High Glucose).
3 CONCLUSION
In this study, 30 novel derivatives of quinoxalinone were synthesized, profiled via 1H-NMR, 13C-NMR, and HRMS assays, and assessed for hypoglycemic activity. MTT bioassay indicated all of the synthesised compounds were not toxic or less toxic to LO2 cells at concentrations below 40 μM. However, at concentrations up to 80 μM, some compounds still showed no significant toxicity. Most of the derivatives exhibited hypoglycemic activity. A model of insulin resistance is established by high glucose induction in LO2 cells, which is used to detect the effect of synthetic derivatives on changes in the level of glucose in the model. The study showed that, of the tested compounds, the activities of 5i and 6b were better than those of the lead compounds and comparable to that of the positive control Pioglitazone. Overexpression of ROS is an influential factor in the development of diabetes and a key factor in the development of insulin resistance. Based on the results of this study, we found that compounds 5i and 6b inhibited the production of ROS in cells in a concentration-dependent manner, thereby inhibiting OS. MDA, SOD and CAT are a kind of radical enzymatic defense systems existing in the body, which can remove free radicals and protect the body from damage. Compounds 5i and 6b decreased MDA levels and increased SOD and CAT levels in a concentration-dependent manner, scavenging ROS and improving OS levels. GLUT4, SGLT2, and GLUT1 are the main intracellular transport proteins for glucose uptake, and their functional status is closely related to the disruption of glucose metabolism in diabetic cells and the development and progression of their complications. From our experimental results, it has appeared that the levels of GLUT1 was significantly higher and the levels of GLUT4 was significantly lower in the high glucose model. After treatment with compound 6b, the levels of GLUT1 decreased significantly and the levels of GLUT4 increased significantly. Compound 6b may exert hypoglycemic effects by improving OS levels and regulating GLUT4, SGLT2, and GLUT1 protein expression. These findings suggest that compound 6b is a potential lead compound with hypoglycaemic activity.
4 EXPERIMENTAL SECTION
4.1 General procedures
Chemicals and spectral-grade solvents used in this study were purchased from commercial sources and not subjected to any additional purification. Standard protocols were applied to dry and utilize solvents. TLC was used to monitor all chemical reactions, and the plates were visualized via ultraviolet light exposure (254 and 365 nm). Flash column chromatography over silica gels (200–300 mesh) was performed to purify the compounds. An RY-1 MP apparatus was used to measure the melting points of the compounds. An AV-300 (Bruker, Switzerland) instrument was used to assess uncorrected 1H-NMR and 13C-NMR spectra, with tetramethylsilane serving as the reference standard. Chemical shifts were recorded as parts per million in comparison with tetramethylsilane. A Q Exactive instrument (Thermo Scientific, United States) was employed for mass spectra measurements.
4.2 Synthesis procedures
4.2.1 Preparation of 3-phenylquinoxalin-2(1H)-one (1a)
In this procedure, 1,2-diaminobenzene (21.6 g, 200 mmol) was dissolved in acetic acid (10 ml) under heated conditions, the heating was stopped when dissolved, and it was cooled to room temperature. Methyl phenylglyoxylate (12.5 g, 70 mmol) was dissolved in ethanol (50 ml) and slowly added dropwise to the above solution. The reaction mixture was stirred for 30 min at room temperature and then heated to reflux for 1 h. When the mixture cooled down, the crystals were separated via filtration and washed with n-hexane. Recrystallization was achieved using anhydrous ethanol to yield yellow needle-like crystals of compound 1a.
4.2.2 Synthesis of 1-propargyl-3-phenylquinolin-2(1H)-one (2a)
Compound 1a (5.0 g, 1 mmol), potassium carbonate (5.144 g, 2 mmol), and propargyl bromide (3.326 g, 1.4 mmol) were dissolved in acetone (50 ml) and refluxed at 80°C. The reaction was monitored at TLC. After the completion of the reaction, the solvent was evaporated and then extracted with dichloromethane. The combined organic layers were dried with anhydrous sodium sulfate, filtered, and distilled under reduced pressure to obtain the crude product. It was subjected to silica gel column chromatography to obtain the purified product of compound 2a for the next step of the synthesis.
4.2.3 Synthesis of intermediate compound 3a-p
Aniline (100 mg, 1 mmol) of the corresponding substituent was dissolved in 10% HCl (15 ml) in Stir under ice bath conditions (0°C) and slowly added sodium nitrite (1.2 mmol) aqueous solution. After stirring for 30 min, aqueous sodium azide solution (1.3 mmol) was added slowly dropwise and the reaction was monitored by TLC for 2–4 h. After the completion of the reaction, the solvent was extracted with dichloromethane. The combined organic layers were dried with anhydrous sodium sulfate, filtered, and distilled under reduced pressure to obtain the crude product.
4.2.4 Synthesis of intermediate compound 4a-n
Benzyl chloride (1 mmol) of the corresponding substituent was dissolved in 30 ml of N,N-dimethylacetamide, followed by the addition of sodium azide (1.3 mmol), refluxed at 110°C for 3–4 h, and the reaction process was monitored under TLC. After the completion of the reaction, the solvent was evaporated and then extracted with dichloromethane. The combined organic layers were dried with anhydrous sodium sulfate, filtered, and distilled under reduced pressure to obtain the crude product.
4.2.5 Synthesis of target compounds 5a-p, 6a-n
Intermediates 3a-p, 4a-n (1.2 mmol) were dissolved in a mixture of water:n-butanol (1:1, V/V), respectively. Compound 2a (100 mg, 1 mmol), anhydrous copper sulfate (10 mg, 0.1 mmol) and sodium ascorbate (16 mg, 0.2 mmol) were added separately and left at room temperature overnight. The reaction process was monitored under TLC. After the completion of the reaction, the solvent was evaporated and then extracted with dichloromethane. The combined organic layers were dried with anhydrous sodium sulfate, filtered, and distilled under reduced pressure to obtain the crude product. It was subjected to silica gel column chromatography to obtain the purified product of compound 5a-p, 6a-n.
1-((1-(2-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5a) Pale yellow powder; yield 69.4%, m. p. = 158.7°C–160.2°C; 1H NMR (300 MHz, CDCl3) δ 8.37—8.28 (m, 2H), 8.26 (d, J = 2.7 Hz, 1H), 8.03—7.93 (m, 2H), 7.90—7.83 (m, 1H), 7.67—7.60 (m, 1H), 7.53—7.46 (m, 3H), 7.43—7.36 (m, 2H), 7.32—7.28 (m, 1H), 7.23 (d, J = 1.3 Hz, 1H), 5.71 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.92, 154.43, 153.78, 151.59, 142.73, 135.73, 133.23, 132.30, 130.59, 130.38, 130.32, 130.23, 129.37, 128.03, 125.16, 125.07, 125.03, 124.78, 123.97, 117.05, 116.78, 114.53, 38.04. HRMS (ESI) m/z calcd for C23H17FN5O+ (M + H)+ 397.1339, obtained 398.1413.
1-((1-(3-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5b) Pale yellow powder; yield 72.8%, m. p. = 179.4°C–182.5°C; 1H NMR (300 MHz, CDCl3) δ 8.41—8.22 (m, 2H), 8.18 (s, 1H), 7.96 (t, J = 8.0 Hz, 2H), 7.66—7.58 (m, 1H), 7.56—7.30 (m, 7H), 7.11 (s, 1H), 5.68 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 164.52, 161.23, 154.49, 153.71, 143.31, 135.67, 133.23, 132.19, 131.09, 130.98, 130.63, 130.37, 129.34, 128.05, 124.05, 122.00, 115.82, 115.63, 115.59, 115.54, 114.43, 108.31, 107.96, 38.08. HRMS (ESI) m/z calcd for C23H17FN5O+ (M + H)+ 397.1339, obtained 398.1414.
1-((1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5c) Pale yellow powder; yield 73.4%, m. p. = 194.6°C–195.9°C; 1H NMR (300 MHz, CDCl3) δ 8.36—8.26 (m, 2H), 8.13 (s, 1H), 8.02—7.92 (m, 2H), 7.70—7.59 (m, 3H), 7.54—7.46 (m, 3H), 7.42—7.35 (m, 1H), 7.21—7.13 (m, 2H, -CH2), 5.69 (s, 2H, -CH3). 13C NMR (75 MHz, CDCl3) δ 163.99, 160.68, 154.52, 153.73, 143.20, 135.69, 133.24, 132.94, 132.22, 130.62, 130.38, 129.34, 128.05, 124.03, 122.41, 122.29, 122.19, 122.17, 116.72, 116.42, 114.47, 38.13. HRMS (ESI) m/z calcd for C23H17FN5O+ (M + H)+ 397.1339, obtained 398.1420.
1-((1-(2-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5d) Pale yellow powder; yield 76.6%, m. p. = 167.9°C–169.7°C; 1H NMR (300 MHz, CDCl3) δ 8.30 (dd, J = 6.7, 3.0 Hz, 2H), 8.18 (s, 1H), 8.05—7.92 (m, 2H), 7.68—7.61 (m, 1H), 7.58—7.45 (m, 5H), 7.46—7.35 (m, 3H), 5.71 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.43, 153.74, 142.11, 135.79, 135.72, 134.55, 133.22, 132.32, 130.75, 130.63, 130.37, 130.32, 129.36, 128.50, 128.03, 127.73, 127.59, 125.98, 123.99, 114.57, 38.10. HRMS (ESI) m/z calcd for C23H17ClN5O+ (M + H)+ 413.1043, obtained 414.1119.
1-((1-(3-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5e) Pale yellow powder; yield 75.6%, m. p. = 187.1°C–189.1°C; 1H NMR (300 MHz, CDCl3) δ 8.39—8.23 (m, 2H), 8.18 (s, 1H), 8.03—7.91 (m, 2H), 7.74 (s, 1H), 7.67—7.48 (m, 5H), 7.41 (q, J = 8.3 Hz, 3H), 5.69 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 169.13, 154.50, 153.71, 143.33, 137.58, 137.45, 135.65, 135.42, 133.23, 132.16, 130.66, 130.39, 129.34, 128.82, 128.07, 124.07, 122.01, 120.60, 118.25, 114.42, 38.09. HRMS (ESI) m/z calcd for C23H17ClN5O+ (M + H)+ 413.1043, obtained 414.1126.
1-((1-(4-chlorophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5f) Pale yellow powder; yield 77.6%, m. p. = 205.8°C–208.4°C; 1H NMR (300 MHz, CDCl3) δ 8.35—8.27 (m, 2H), 8.16 (s, 1H), 8.00—7.93 (m, 2H), 7.66—7.59 (m, 3H), 7.53—7.48 (m, 3H), 7.48—7.40 (m, 3H), 7.37 (dd, J = 7.1, 0.9 Hz, 1H), 5.68 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.49, 153.70, 143.29, 135.66, 135.11, 134.52, 133.22, 132.18, 130.63, 130.38, 129.77, 129.34, 128.06, 124.06, 121.95, 121.47, 114.45, 38.09. HRMS (ESI) m/z calcd for C23H17ClN5O+ (M + H)+ 413.1043, obtained 414.1121.
1-((1-(2-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5g) Pale yellow powder; yield 75.6%, m. p. = 145.7°C–147.3°C; 1H NMR (300 MHz, CDCl3) δ 8.37—8.25 (m, 2H), 8.13 (s, 1H), 8.04—7.92 (m, 2H), 7.74—7.69 (m, 1H), 7.67—7.60 (m, 1H), 7.52—7.32 (m, 7H), 5.71 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.48, 153.77, 142.12, 136.25, 135.77, 133.83, 133.28, 132.37, 131.21, 130.68, 130.42, 130.39, 129.43, 128.37, 128.09, 128.06, 126.09, 124.05, 118.49, 114.65, 38.18. HRMS (ESI) m/z calcd for C23H17BrN5O+ (M + H)+ 457.0538, obtained 458.0691.
1-((1-(3-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5h) Pale yellow powder; yield 72.6%, m. p. = 176.5°C–178.7°C; 1H NMR (300 MHz, CDCl3) δ 8.35—8.27 (m, 2H), 8.17 (s, 1H), 7.99—7.92 (m, 2H), 7.89 (t, J = 1.9 Hz, 1H), 7.66—7.59 (m, 2H), 7.56—7.48 (m, 4H), 7.42—7.37 (m, 1H), 7.37—7.32 (m, 1H), 5.68 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.56, 153.77, 143.38, 137.58, 135.71, 133.33, 133.28, 132.23, 131.81, 130.96, 130.70, 130.45, 129.40, 128.12, 124.13, 123.46, 123.19, 122.06, 118.81, 114.48, 38.15. HRMS (ESI) m/z calcd for C23H17BrN5O+ (M + H)+ 457.0538, obtained 458.0619.
1-((1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5i) Pale yellow powder; yield 69.3%, m. p. = 231.2°C–232.7°C; 1H NMR (300 MHz, CDCl3) δ 8.38—8.24 (m, 2H), 8.16 (s, 1H), 8.02—7.91 (m, 2H), 7.67—7.54 (m, 5H), 7.54—7.45 (m, 3H), 7.38 (t, J = 7.5 Hz, 1H), 5.68 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.60, 153.85, 145.58, 143.43, 135.73, 133.31, 133.07, 132.82, 132.25, 132.08, 130.72, 130.46, 129.39, 128.14, 124.14, 121.96, 121.79, 114.51, 38.18. HRMS (ESI) m/z calcd for C23H17BrN5O+ (M + H)+ 457.0538, obtained 458.0615.
1-((1-2-Tolyl-1H-1,2,3-triazole)-4-methyl)-3-phenylquinoxaline-2(1H)-one (5j) Pale yellow powder; yield 70.2%, m. p. = 169.5°C–172.0°C; 1H NMR (300 MHz, CDCl3) δ 8.35—8.27 (m, 2H), 8.03 (d, J = 8.4 Hz, 1H), 7.99—7.92 (m, 2H), 7.68—7.61 (m, 1H), 7.53—7.47 (m, 3H), 7.43—7.36 (m, 2H), 7.37—7.30 (m, 2H), 7.29—7.24 (m, 2H), 5.71 (s, 2H, -CH2), 2.19 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 155.35, 154.52, 153.75, 144.88, 142.22, 136.18, 135.80, 133.43, 133.30, 132.42, 131.45, 130.69, 130.41, 129.83, 129.45, 128.10, 126.75, 125.77, 125.42, 124.05, 114.68, 38.27, 17.93. HRMS (ESI) m/z calcd for C24H20N5O+ (M + H)+ 393.15896, obtained 394.1667.
1-((1-3-Tolyl-1H-1,2,3-triazole)-4-methyl)-3-phenylquinoxaline-2(1H)-one (5k) Pale yellow powder; yield 71.5%, m. p. = 175.9°C–177.4°C; 1H NMR (300 MHz, CDCl3) δ 8.38—8.26 (m, 2H), 8.16 (s, 1H), 8.02—7.92 (m, 2H), 7.66—7.59 (m, 1H), 7.54—7.44 (m, 5H), 7.41—7.37 (m, 1H), 7.36—7.31 (m, 1H), 7.21 (d, J = 7.7 Hz, 1H), 5.69 (s, 2H, -CH2), 2.40 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 154.60, 153.84, 143.17, 143.01, 139.90, 136.68, 135.81, 133.30, 132.32, 130.71, 130.42, 129.57, 129.43, 128.14, 124.09, 122.13, 122.11, 121.03, 117.51,114.63, 38.28, 21.32. HRMS (ESI) m/z calcd for C24H20N5O+ (M + H)+ 393.15896, obtained 394.1665.
1-((1-4-Tolyl-1H-1,2,3-triazole)-4-methyl)-3-phenylquinoxaline-2(1H)-one (5l) Pale yellow powder; yield 72.3%, m. p. = 227.6°C–229.3°C; 1H NMR (300 MHz, CDCl3) δ 8.36—8.27 (m, 2H), 8.12 (s, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.94 (dd, J = 8.0, 1.4 Hz, 1H), 7.65—7.58 (m, 1H), 7.57—7.47 (m, 5H), 7.41—7.35 (m, 1H), 7.28—7.24 (m, 2H), 5.68 (s, 2H, -CH2), 2.38 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 154.60, 143.45, 142.95, 138.97, 135.80, 134.47, 134.39, 133.29, 132.33, 130.70, 130.40, 130.14, 129.42, 128.12, 124.07, 122.01, 120.33, 114.65, 38.28, 21.02. HRMS (ESI) m/z calcd for C24H20N5O+ (M + H)+ 393.441, obtained 394.1672.
1-((1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5m) Brown powder; yield 68.6%, m. p. = 176.6°C–179.1°C; 1H NMR (300 MHz, CDCl3) δ 8.37—8.23 (m, 3H), 8.05 (d, J = 8.5 Hz, 1H), 7.93 (dd, J = 8.0, 1.3 Hz, 1H), 7.70—7.58 (m, 2H), 7.53—7.45 (m, 3H), 7.40—7.33 (m, 2H), 7.03 (t, J = 7.9 Hz, 2H), 5.69 (s, 2H, -CH2), 3.82 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 154.42, 153.76, 150.95, 141.69, 137.14, 135.84, 133.20, 132.40, 130.57, 130.27, 130.12, 129.36, 128.02, 126.01, 125.92, 125.35, 123.90, 120.96, 114.78, 111.99, 55.81, 38.17. HRMS (ESI) m/z calcd for C24H20N5O2+ (M + H)+ 409.1539, obtained 410.1617.
1-((1-(3-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one(5n) Brown powder; yield 67.4%, m. p. = 177.4°C–181.0°C; 1H NMR (300 MHz, CDCl3) δ 8.35—8.27 (m, 2H), 8.15 (s, 1H), 8.02—7.92 (m, 2H), 7.65—7.58 (m, 1H), 7.53—7.47 (m, 3H), 7.39 (d, J = 7.1 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.28—7.26 (m, 1H), 7.23—7.19 (m, 1H), 6.93 (dd, J = 8.3, 2.4 Hz, 1H), 5.69 (s, 2H, -CH2), 3.84 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 160.48, 154.57, 153.81, 146.45, 143.08, 137.74, 135.79, 133.39, 133.30, 132.32, 130.68, 130.43, 129.43, 128.12, 124.08, 122.12, 114.86, 144.62, 112.33, 106.04, 55.56, 38.23. HRMS (ESI) m/z calcd for C24H20N5O2+ (M + H)+ 409.1539, obtained 410.1613.
1-((1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (5o) Brown powder; yield 70.0%, m. p. = 213.0°C–214.9°C; 1H NMR (300 MHz, CDCl3) δ 8.35—8.28 (m, 2H), 8.08 (s, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.95 (dd, J = 8.0, 1.4 Hz, 1H), 7.66—7.61 (m, 1H), 7.60—7.55 (m, 2H), 7.53—7.47 (m, 3H), 7.41—7.35 (m, 1H), 6.97 (d, J = 9.1 Hz, 2H), 5.68 (s, 2H, -CH2), 3.84 (s, 3H, -OCH3). 13C NMR (75 MHz, CDCl3) δ 159.81, 154.58, 153.81, 142.19, 135.82, 135.73, 135.31, 133.30, 132.35, 130.68, 130.40, 130.20, 129.43, 128.11, 124.05, 122.14, 122.03, 114.66, 55.53, 38.28. HRMS (ESI) m/z calcd for C24H20N5O2+ (M + H)+ 409.1539, obtained 410.1619.
1-((1-Phenyl-1H-1,2,3-triazole)-4-methyl)-3-phenylquinoxaline-2(1H)-one (5p) Pale yellow powder; yield 77.4%, m. p. = 233.8°C–235.7°C; 1H NMR (300 MHz, CDCl3) δ 8.39—8.25 (m, 2H), 8.17 (s, 1H), 8.03—7.92 (m, 2H), 7.71—7.65 (m, 2H), 7.64—7.58 (m, 1H), 7.54—7.45 (m, 5H), 7.45—7.34 (m, 3H), 5.70 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.58, 153.83, 143.13, 136.74, 135.79, 133.30, 132.32, 130.69, 130.42, 130.40, 129.65, 129.42, 128.82, 128.11, 124.07, 122.05, 120.42, 114.60, 38.24. HRMS (ESI) m/z calcd for C23H18N5O+ (M + H)+ 379.1433, obtained 380.1513.
1-((1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6a) Pale yellow powder; yield 70.6%, m. p. = 163.8°C–165.0°C; 1H NMR (300 MHz, CDCl3) δ 8.33—8.22 (m, 2H), 7.98—7.88 (m, 2H), 7.68 (s, 1H), 7.63—7.56 (m, 1H), 7.52—7.43 (m, 3H), 7.40—7.28 (m, 2H), 7.06—6.97 (m, 2H), 6.93 (d, J = 9.2 Hz, 1H), 5.58 (s, 2H, -CH2), 5.43 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 164.49, 154.48, 153.75, 142.95, 136.54, 136.44, 135.76, 133.24, 132.31, 130.76, 130.63, 130.36, 129.37, 128.09, 124.02, 123.84, 123.68, 123.64, 115.95, 115.68, 115.26, 114.97, 114.60, 53.53, 38.25. HRMS (ESI) m/z calcd for C24H19FN5O+ (M + H)+ 411.1495, obtained 412.1573.
1-((1-(3-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6b) Pale yellow powder; yield 71.3%, m. p. = 154.9°C–157.3°C; 1H NMR (300 MHz, CDCl3) δ 8.34—8.20 (m, 2H), 7.99—7.89 (m, 2H), 7.71 (s, 1H), 7.62—7.55 (m, 1H), 7.52—7.45 (m, 3H), 7.39—7.28 (m, 2H), 7.22 (dd, J = 7.4, 1.6 Hz, 1H), 7.14—7.04 (m, 2H), 5.58 (s, 2H, -CH2), 5.51 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 162.08, 158.79, 154.45, 153.76, 142.75, 135.80, 133.22, 132.34, 130.97, 130.86, 130.60, 130.35, 130.31, 129.39, 128.08, 124.75, 124.71, 123.97, 123.86, 121.37, 115.97, 115.69, 114.66, 47.68, 38.23. HRMS (ESI) m/z calcd for C24H19FN5O+ (M + H)+ 411.1495, obtained 412.1571.
1-((1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6c) Pale yellow powder; yield 71.8%, m. p. = 170.3°C–173.2°C; 1H NMR (300 MHz, CDCl3) δ 8.33—8.20 (m, 2H), 7.97—7.88 (m, 2H), 7.64 (s, 1H), 7.62—7.56 (m, 1H), 7.52—7.44 (m, 3H), 7.39—7.33 (m, 1H), 7.26—7.20 (m, 2H), 7.06—6.96 (m, 2H), 5.57 (s, 2H, -CH2), 5.40 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 164.44, 161.15, 154.48, 153.76, 143.66, 142.88, 135.76, 133.22, 132.31, 130.63, 130.39, 130.34, 130.14, 130.03, 129.36, 128.10, 124.01, 123.63, 116.21, 115.92, 114.62, 53.46, 38.25. HRMS (ESI) m/z calcd for C24H19FN5O+ (M + H)+ 411.1495, obtained 412.1573.
1-((1-(2-chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6d) Pale yellow powder; yield 76.8%, m. p. = 167.9°C–169.7°C; 1H NMR (300 MHz, CDCl3) δ 8.31—8.23 (m, 2H), 7.97—7.89 (m, 2H), 7.67 (s, 1H), 7.60 (ddd, J = 8.5, 7.4, 1.5 Hz, 1H), 7.51—7.45 (m, 3H), 7.40—7.28 (m, 3H), 7.23 (s, 1H), 7.11 (d, J = 6.9 Hz, 1H), 5.58 (s, 2H, -CH2), 5.41 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.42, 153.67, 142.91, 136.03, 135.70, 134.82, 133.18, 132.25, 130.56, 130.29, 129.32, 128.92, 128.14, 128.02, 126.13, 123.94, 123.77, 114.53, 53.41, 38.18. HRMS (ESI) m/z calcd for C24H19ClN5O+ (M + H)+ 427.1200, obtained 428.1278.
1-((1-(3-chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6e) Pale yellow powder; yield 68.7%, m. p. = 152.5°C–154.6°C; 1H NMR (300 MHz, CDCl3) δ 8.34—8.22 (m, 2H), 7.99—7.89 (m, 2H), 7.72 (s, 1H), 7.63—7.56 (m, 1H), 7.53—7.45 (m, 3H), 7.42—7.35 (m, 2H), 7.34—7.28 (m, 1H), 7.24—7.14 (m, 2H), 5.59 (s, 4H, -CH2, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.39, 153.71, 135.76, 133.46, 133.18, 132.30, 131.93, 130.53, 130.28, 130.17, 129.83, 129.34, 128.01, 127.43, 123.91, 114.64,51.38, 38.20. HRMS (ESI) m/z calcd for C24H19ClN5O+ (M + H)+ 427.1200, obtained 428.1275.
1-((1-(4-chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6f) Pale yellow powder; yield 72.4%, m. p. = 188.6°C–190.3°C; 1H NMR (300 MHz, CDCl3) δ 8.33—8.21 (m, 2H), 7.98—7.87 (m, 2H), 7.65—7.56 (m, 2H), 7.53—7.45 (m, 3H), 7.40—7.33 (m, 1H), 7.26—7.20 (m, 2H), 7.06—6.97 (m, 2H), 5.57 (s, 2H, -CH2), 5.41 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 153.73, 142.84, 135.71, 133.18, 132.26, 130.57, 130.30, 130.06, 129.31, 128.04, 123.95, 123.55, 123.51, 123.32, 116.17, 115.88, 114.56, 90.26, 53.42, 38.21. HRMS (ESI) m/z calcd for C24H19ClN5O+ (M + H)+ 427.1200, obtained 428.1281.
1-((1-(3-bromobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6g) Pale yellow powder; yield 72.4%, m. p. = 166.4°C–168.6°C; 1H NMR (300 MHz, CDCl3) δ 8.35—8.21 (m, 2H), 7.99—7.88 (m, 2H), 7.68 (s, 1H), 7.62—7.55 (m, 1H), 7.53—7.44 (m, 3H), 7.40—7.26 (m, 3H), 7.23 (s, 1H), 7.11 (d, J = 7.0 Hz, 1H), 5.58 (s, 2H, -CH2), 5.41 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.44, 153.70, 142.92, 136.02, 135.71, 134.84, 133.19, 132.26, 130.59, 130.31, 129.33, 128.95, 128.17, 128.05, 126.16, 123.97, 123.80, 114.55, 53.45, 38.20. HRMS (ESI) m/z calcd for C24H19BrN5O+ (M + H)+ 471.0694, obtained 472.0769.
1-((1-(4-bromobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6h) Pale yellow powder; yield 75.3%, m. p. = 196.4°C–198.2°C; 1H NMR (300 MHz, CDCl3) δ 8.32—8.22 (m, 2H), 7.98—7.89 (m, 2H), 7.67—7.56 (m, 2H), 7.51—7.43 (m, 5H), 7.40—7.34 (m, 1H), 7.11 (d, J = 8.4 Hz, 2H), 5.58 (s, 2H, -CH2), 5.39 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.45, 153.73, 142.91, 135.71, 133.14, 133.19, 133.08, 132.26, 13219, 130.60, 130.35, 129.74, 129.33, 128.07, 123.99, 123.67, 122.94, 114.56, 53.50, 38.22. HRMS (ESI) m/z calcd for C24H19BrN5O+ (M + H)+ 471.0694, obtained 472.0771.
1-((1-(2-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6i) Pale yellow powder; yield 70.3%, m. p. = 167.3°C–169.8°C; 1H NMR (300 MHz, CDCl3) δ 8.33—8.20 (m, 2H), 7.99—7.89 (m, 2H), 7.62—7.56 (m, 1H), 7.53 (s, 1H), 7.51—7.45 (m, 3H), 7.39—7.33 (m, 1H), 7.26—7.21 (m, 1H), 7.21—7.14 (m, 2H), 7.14—7.09 (m, 1H), 5.57 (s, 2H, -CH2), 5.46 (s, 2H, -CH2), 2.25 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 154.45, 153.76, 142.60, 136.82, 135.83, 133.25, 132.37, 132.11, 130.99, 130.99, 130.61, 130.33, 129.66, 129.52, 129.40, 129.15, 128.09, 126.63, 123.97, 123.49, 114.73, 52.37, 38.28, 18.98. HRMS (ESI) m/z calcd for C25H22N5O+ (M + H)+ 407.1746, obtained 408.1238.
1-((1-(3-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6j) Pale yellow powder; yield 68.6%, m. p. = 133.9°C–135.5°C; 1H NMR (300 MHz, CDCl3) δ 8.34—8.22 (m, 2H), 7.93 (dd, J = 13.6, 5.2 Hz, 2H), 7.63 (s, 1H), 7.59 (t, J = 7.2 Hz, 1H), 7.52—7.44 (m, 3H), 7.36 (t, J = 7.7 Hz, 1H), 7.25—7.19 (m, 1H), 7.13 (d, J = 7.8 Hz, 1H), 7.04 (d, J = 6.8 Hz, 2H), 5.58 (s, 2H, -CH2), 5.40 (s, 2H, -CH2), 2.30 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 154.49, 153.80, 142.75, 138.90, 135.83, 134.05, 133.25, 132.37, 130.63, 130.36, 129.67, 12955, 129.40, 129.06, 128.94, 128.10, 125.28, 123.99, 123.66, 114.71, 54.28, 38.32, 21.27. HRMS (ESI) m/z calcd for C25H22N5O+ (M + H)+ 407.1746, obtained 408.1825.
1-((1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6k) Pale yellow powder; yield 68.3%, m. p. = 196.1°C–198.1°C; 1H NMR (300 MHz, CDCl3) δ 8.33—8.21 (m, 2H), 7.93 (t, J = 8.8 Hz, 2H), 7.64—7.53 (m, 2H), 7.51—7.44 (m, 3H), 7.35 (t, J = 7.5 Hz, 1H), 7.13 (s, 4H), 5.55 (s, 2H, -CH2), 5.38 (s, 2H, -CH2), 2.31 (s, 3H, -CH3). 13C NMR (75 MHz, CDCl3) δ 154.48, 153.79, 142.70, 138.73, 135.84, 133.25, 132.38, 131.11, 130.63, 130.35, 130.33, 129.74, 129.40, 128.25, 128.10, 123.98, 123.56, 114.73, 54.08, 38.31, 21.12. HRMS(ESI) m/z calcd for C25H22N5O+ (M + H)+ 407.1746, obtained 408.1820.
1-((1-(3-methoxybenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6l) Brown powder; yield 67.3%, m. p. = 139.4°C–141.8°C; 1H NMR (300 MHz, CDCl3) δ 8.33—8.22 (m, 2H), 7.94 (t, J = 8.2 Hz, 2H), 7.65 (s, 1H), 7.59 (t, J = 7.7 Hz, 1H), 7.52—7.45 (m, 3H), 7.36 (t, J = 7.5 Hz, 1H), 7.23 (d, J = 7.8 Hz, 1H), 6.88—6.79 (m, 2H), 6.74 (s, 1H), 5.58 (s, 2H, -CH2), 5.41 (s, 2H, -CH2), 3.74 (s, 3H, -OCH3). 13C NMR (75 MHz, CDCl3) δ 159.99, 154.48, 153.78, 142.79, 135.82, 135.58, 133.26, 132.37, 130.62, 132.37, 130.62, 130.35, 130.14, 129.74, 129.41, 128.09, 123.98, 123.73, 120.34, 114.68, 114.24, 113.74, 55.20, 54.19, 38.29. HRMS (ESI) m/z calcd for C25H22N5O2+ (M + H)+ 423.1695, obtained 424.1773.
1-((1-(4-methoxybenzyl)-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6m) Brown powder; yield 67.3%, m. p. = 139.4°C–141.8°C; 1H NMR (300 MHz, CDCl3) δ 8.32—8.23 (m, 2H), 7.98—7.89 (m, 2H), 7.62—7.55 (m, 2H), 7.52—7.45 (m, 3H), 7.36 (t, J = 7.6 Hz, 1H), 7.19 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 5.57 (s, 2H, -CH2), 5.37 (s, 2H, -CH2), 3.78 (s, 3H, -OCH3). 13C NMR (75 MHz, CDCl3) δ 159.89, 154.48, 153.77, 142.68, 135.84, 133.24, 132.37, 130.62, 130.35, 130.32, 129.77, 129.40, 128.09, 126.13, 123.97, 123.43, 114.72, 114.43, 55.24, 53.80, 38.31. HRMS (ESI) m/z calcd for C25H22N5O2+ (M + H)+ 423.1695, obtained 424.1770.
1-((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)-3-phenylquinoxalin-2(1H)-one (6n) Pale yellow powder; yield 75.5%, m. p. = 183.7°C–184.8°C; 1H NMR (300 MHz, CDCl3) δ 8.34—8.21 (m, 2H), 7.92 (t, J = 7.7 Hz, 2H), 7.65 (s, 1H), 7.56 (t, J = 7.8 Hz, 1H), 7.51—7.43 (m, 3H), 7.38—7.28 (m, 4H), 7.25—7.18 (m, 2H), 5.55 (s, 2H, -CH2), 5.42 (s, 2H, -CH2). 13C NMR (75 MHz, CDCl3) δ 154.47, 153.76, 142.78, 135.81, 134.16, 133.24, 132.35, 130.61, 130.33, 129.39, 129.05, 128.76, 128.16, 128.08, 123.97, 123.70, 114.68, 114.43, 55.24, 38.29. HRMS (ESI) m/z calcd for C24H20N5O+ (M + H)+ 393.1589, obtained 494.1664.
4.3 Cell culturing
LO2 and HK-2 cells were cultured at 37°C in RPMI1640 (Hyclone, United States) and DMEM low-sugar medium (Hyclone) supplemented with 10% fetal bovine serum (Gibco™, United States) together with 1% penicillin/streptomycin (Beyotime™, China), respectively, in a 5% CO2 incubator.
4.4 Cell viability assay
Cytotoxic effects of the synthesized compounds were assessed using the MTT assay. LO2 cell cultures were added to 96-well plates (1 × 104 cells/well in 100 µl/well) and treated for 48 h with the 30 synthesized compounds dissolved in DMSO (10, 20, 40, and 80 μg/ml) for 1 day. Subsequently, 10 µl of the MTT reagent was added to each well, followed by incubation for 4 h at 37°C. Later, 150 μl of dimethylsulfoxide was added to dissolve the precipitate. Absorbance at 570 nm was determined using a microplate reader (Thermo Scientific, MA, United States).
Cell viability (%) = optical density (OD) of the measurement group/OD of the normal group (%)
4.5 Cell molding and drug handling
LO2 and HK-2 cells were inoculated in 6-well plates (1 × 105 cells/well in 100 µL/well). After the LO2 and HK-2 cells were plastered, they were treated with RPMI1640 and DMEM low-sugar medium, respectively, for 6 h to homogenize them and categorized into the following six groups: normal group, high-sugar group, low-dose administration group, medium-dose administration group, high-dose administration group, and positive control group. Except for the normal group, which was incubated in 3.0 mM of the low-sugar medium, each group was induced with 45 mM of high-sugar medium for 48 h. The drug administration group was induced with a high-sugar medium and then administered with 40 μM of the target compounds (5a–p and 6a–n) for 48 h. In the quantitative efficacy study of compounds 5i and 6b dissolved in DMSO, 10, 20, and 40 μM of the compounds were administered. In the positive control group, 40 μM of Pioglitazone and the lead compound dissolved in DMSO were administered for 48 h. Subsequently, the samples were stored at −80°C.
4.6 Glucose content testing
After treating the LO2 cells with the appropriate concentrations of the target compounds (5a–p and 6a–n) for 48 h as described in Section 4.5, the medium was removed and the residual medium was washed three times with phosphate-buffered saline (PBS), followed by incubation for 16 h in 1 ml of glucose-stimulating medium (phenol red-free RPMI1640 + 20 mmol/L sodium lactate and + 2 mmol/L sodium pyruvate). For the last 3 h, 1 nmol/L of insulin was added to each group, except the normal group. The supernatant of LO2 cells was then aspirated. The glucose content in the supernatant was determined using the glucose oxidase kit according to the manufacturer’s instructions. The glucose content was calculated from the obtained absorbance (OD) values.
Glucose concentration (mmol/L) = standard concentration × (sample tube OD—Blank tube OD)/(standard tube OD—Blank tube OD) OD—Blank tube OD.
4.7 Measurement of intracellular ROS content
LO2 cells were treated with compounds 5i and 6b (10, 20, 40 μM) dissolved in DMSO for 48 h as described in Section 4.5, and the ROS content was measured using the DCFH-DA fluorescent probe assay. As per the ROS kit instructions, the treated cells were aspirated from the original medium, added to serum-free RPMI, and incubated for 20 min with 10 μM of DCFH-DA working solution. Subsequently, the samples were washed three times with PBS, and the fluorescence intensity was measured using a fluorescence microscope (Olympus, JAPAN; 488 nm excitation wavelength and 525 nm emission wavelength).
4.8 Determination of intracellular MDA, SOD, and CAT contents
LO2 cells were treated with compounds 5i and 6b (10, 20, 40 μM) dissolved in DMSO for 48 h as described in Section 4.5, and the supernatant was discarded. MDA, SOD, and CAT contents were determined using the appropriate ELISA kits, and the absorbance values were used to calculate MDA, SOD, and CAT contents according to the kit instructions.
4.9 Molecular docking analysis
Molecular docking is one of the most important methods of molecular modeling, and it is used to effectively screen drug targets. The 3D crystal structure of the protein of interest was obtained from the Rcsb protein database (http://www.rcsb.org/pdb), such as SIRT3 (PDB: 3g1s), HIF1a (PDB: 1ka8), GLP1 (PDB: 3iol), PINK1 (PDB: 7t3x), TXNIP (PDB: 4gfx), DPP4 (PDB: 1j2e), GLUT1 (PDB: 4pyp), SGLT2(PDB: 2xp2), GLUT4 (PDB: 2xq2), SIRT1 (PDB: 5btr), NRF2 (PDB: 3zgc), and NIF1(PDB: 2hhl) (Yeo et al., 2002; Hiramatsu et al., 2003; Almo et al., 2007; Almo et al., 2007; Jin et al., 2009; Underwood et al., 2010; Deng et al., 2014; Liu et al., 2016; Stalin et al., 2020; Gan et al., 2022; Kp et al., 2022; Najafi et al., 2022). ChemDraw 15.0 was used to obtain the 3D structures of compounds 5i and 6b. First, the compounds 5i and 6b were examined for charge and protonation states using the visualization software AutoDock Tools-1.5.6 and then the protein molecules were processed to remove water molecules, add hydrogen atoms, and remove unwanted heteroatoms, all of which were saved as pdbpt files. Next, the grid size, center coordinates, and the number of grid points and grid distance were docked by Grid Box in the software with reference to the literature. AutoDock software was used to analyze the bonding and binding energies in complex protein-ligand conformational interactions, which were ultimately viewed using the AutoDock Vina plug-in.
4.10 2-NBDG uptake
HK-2 cells were seeded in a confocal laser dish for 24 h. These were then treated with compound 5i (10, 20, 40 μM), compound 6b (10, 20, 40 μM), Pioglitazone (40 μM) and the lead compound (40 μM) in serum-free medium for 6 h. After this, 2-NBDG (50 μM) was added to cells for 2 h, the cells washed in HBSS buffer three times, and then observed by laser confocal microscopy.
4.11 Western blotting
LO2 and HK-2 cells were treated with the compounds 6b dissolved in DMSO for 48 h as described in Section 4.5. Consequently, the cultures were lysed in a lysis buffer supplemented with phosphatase inhibitors (1:100; 20 min: 4°C), followed by centrifugation (10 min; 13,000 xg; 4°C). The BCA kit was used to measure the protein levels in the collected supernatants, followed by separation of the proteins via 8%–10% SDS-PAGE and transported onto 0.22-µM PVDF membranes (GE Healthcare, UΚ). The blots were consequently probed with bespoke antibodies against PPAR-γ, SGLT2, GLUT4 and GLUT1 (CST, United States) (overnight/4°C). The blotting was exposed to triple-wash with TBST (TBS + 0.1% Tween 20; Beyotime™), followed by incubation of the cultures (60 min/ambient temperature) with the relevant HRP-conjugated 2° antibodies.
4.12 Statistical analysis
Statistical analysis was performed using SPSS 26.0 software, and GraphPad Prism 8 software was used to process the statistical graphs. The results were presented as the mean ± standard error (SE). One-way analysis of variance (ANOVA) was applied to determine the statistical significance between the control and test groups. p < 0.05 was considered to indicate a statistically significant difference.
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