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Abstract

:

Mer and c-Met kinases, which are commonly overexpressed in various tumors, are ideal targets for the development of antitumor drugs. This study focuses on the design, synthesis, and evaluation of several 2-substituted aniline pyrimidine derivatives as highly potent dual inhibitors of Mer and c-Met kinases for effective tumor treatment. Compound 18c emerged as a standout candidate, demonstrating robust inhibitory activity against Mer and c-Met kinases, with IC50 values of 18.5 ± 2.3 nM and 33.6 ± 4.3 nM, respectively. Additionally, compound 18c displayed good antiproliferative activities on HepG2, MDA-MB-231, and HCT116 cancer cells, along with favorable safety profiles in hERG testing. Notably, it exhibited exceptional liver microsomal stability in vitro, with a half-life of 53.1 min in human liver microsome. Compound 18c also exhibited dose-dependent cytotoxicity and hindered migration of HCT116 cancer cells, as demonstrated in apoptosis and migration assays. These findings collectively suggest that compound 18c holds promise as a dual Mer/c-Met agent for cancer treatment.






Keywords:


Mer kinase; c-Met kinase; dual inhibitor; 2-substituted aniline pyrimidine; anticancer












1. Introduction


Mer kinase, belonging to the Tyro3-Axl-Mer family, interacts with growth arrest-specific 6 as its biological ligand [1,2,3]. This interaction mediates platelet aggregation and epithelial cell clearance and modulates macrophage cytokine synthesis, cell motility, and cell survival. Overexpression of Mer is identified in various human cancers, such as B- and T-cell acute lymphoblastic leukemia (ALL), non-small-cell lung cancer (NSCLC), and common pediatric malignancies [4]. In instances such as NSCLC and acute leukemia, Mer overexpression attenuates sensitivity to chemotherapy-induced apoptosis and doubles cell survival. Moreover, treating melanoma cells with a small-molecule Mer inhibitor reduces colony formation in soft agar and diminishes invasion into the collagen matrix [5]. Consequently, inhibiting Mer with small-molecule inhibitors may offer clinical benefits either alone or in combination with chemotherapeutic agents.



Mer inhibitors are broadly classified into two types: aminopyrimidine pyrazole (pyrrole) and aminopyrimidine series (Figure 1). The initial small-molecule Mer inhibitor UNC569 effectively inhibits Mer and downstream signaling pathways ERK and AKT but suffers from poor pharmacokinetic properties [6,7]. Subsequent developments, such as compounds UNC2225 and MRX-2843 derived from UNC569 [8,9,10,11], exhibit enhanced inhibition of Mer signal transduction, improved pharmacokinetic properties, and favorable drug-like characteristics. Currently, MRX-2843 is in phase II clinical research for treating ALL [12]. Another notable inhibitor UNC2250 is an aminopyrimidine-type Mer inhibitor with an IC50 value of 1.7 nM [13,14]. It blocks the activity of the Mer-EGFR chimeric protein, retarding tumor cell growth and promoting apoptosis.



The c-mesenchymal–epithelial transition factor (c-Met) oncogene comprises 21 exons separated by 20 introns, and its protein Met/hepatocyte growth factor receptor (HGFR) [15,16], expressed in endothelial and epithelial cells, belongs to the receptor tyrosine kinases family. The c-Met kinase participates in cell proliferation, migration, invasion, survival, and branching morphogenesis [17,18]. Overexpression of c-Met has been validated as an oncogenic driver in tumorigenesis, especially in the development of invasive and metastatic phenotypes, such as NSCLC, hepatocellular carcinoma (HCC), and gastric cancer (GC). Consequently, c-Met has been acknowledged as an effective target for treating of many cancers.



Pfizer’s crizotinib [19], approved by the FDA in 2011, targets locally advanced or metastatic NSCLC with ALK positivity. Exelixis’s multitarget inhibitor cabozantinib includes c-Met/VEGFR/Mer/Kit and is suggested for metastatic medullary thyroid cancer, advanced renal cell carcinoma post-antiangiogenic therapy, and first-line treatment for advanced renal cell tumors [20]. The highly selective c-Met inhibitor savolitinib is currently undergoing international multicenter phase III clinical trials for papillary renal cell carcinoma treatment [21]. Capmatinib has received an FDA priority review for treating metastatic NSCLC-carrying MET exon 14 jump mutation [22]. Lastly, our group is developing a compound SIPI7067, which is undergoing preclinical studies as a c-Met inhibitor [23]. The structures of representative c-Met inhibitors were showed in Figure 2.



Mer and c-Met, both belonging to the receptor tyrosine kinase family, exhibit similar structures. To assess their relation, an analysis of the amino acid sequence in the kinase-binding region of human protein tyrosine kinases was conducted, resulting in a tree diagram drawn using the N-J method (Figure 3). The types of tyrosine kinases are depicted on the right side of the diagram, and the values on the lines are calculated using the Tamura–Nei method [24,25]. Larger values indicated a higher degree of evolution. Figure 3 highlights that the distance between Mer kinase and c-Met kinase is the closest (marked in red), suggesting a low degree of evolution and a close relation in the basic amino acid sequences within the kinase domain. Additionally, both Mer and c-Met receptors can activate common signaling molecules, and the two receptor families share similar functions. Consequently, concurrently targeting Mer and c-Met receptors is supported by a feasible and solid theoretical foundation.



Despite being in the early stages, the development of dual Mer/c-Met inhibitors has seen initial progress. Bicyclic pyrazolone derivatives were among the first reported dual Mer/c-Met inhibitors [26], although subsequent advancements were lacking. Exelixis’s patent (WO2019148043A1) disclosed that cabozantinib and its analogs demonstrated potent inhibitory activity against Mer kinase (IC50~30 nM). The binding mode of cabozantinib to Mer and c-Met receptors emphasizes the essential role of heterocyclic N atoms and amide bonds as functional groups for inhibitory activities [27]. These findings provide a scientific basis for exploring dual Mer/c-Met inhibitors.



The target compounds exhibited a binding model similar to that of cabozantinib, indicating that the 2-substituted aniline pyrimidine scaffold could serve as a building block for developing dual Mer/c-Met inhibitors. Notably, compounds 18c, 18l, 18n, and 18o displayed robust inhibitory activities against Mer and c-Met kinases. Compound 18c, in particular, demonstrated good liver microsomal stability and exhibited potent antiproliferative activities against three cancer cell lines (HepG2, MDA-MB-231, and HCT116), comparable to or exceeding those of cabozantinib. Notably, compound 18c demonstrated acceptable safety profiles in hERG tests, induced significant dose-dependent cytotoxicity in cancer cells (HCT116) in apoptosis assay, and inhibited cancer cell (HCT116) migration. These results position compound 18c as a promising candidate for further research.




2. Results and Discussion


2.1. Chemistry


A series of target compounds and the relative intermediates were synthesized, and the synthetic routes were shown in Scheme 1 and Scheme 2. The structures of compounds were confirmed by 1H-NMR, 13C-NMR, and HRMS spectroscopy which can be downloaded from supplementary materials.



The intermediate 12 was prepared from 4-antipyrine acid (10) and 4-aminophenol (11) through condensation reaction at room temperature [28], followed by reaction with 2,4-dichloropyrimidine to yield intermediate 13 through SN2 reaction [29]. The target compounds 14a–14i were prepared from 13 and different substituted anilines [30]. The method is shown in Scheme 1.



1-((4-fluorophenyl)carbamoyl)cyclopropane-1-carboxylic acid (15) was firstly reacted with 4-aminophenol (11) to obtain intermediate 16 [31] and was treated with 2,4-dichloropyrimidine to yield the key intermediate 17. Finally, 17 was reacted with different substituted anilines to give the desired compounds 18a–18o. The method is shown in Scheme 2.




2.2. Kinase Inhibitory Activities


The inhibitory activities against Mer and c-Met of the designed compounds were determined. As depicted in Table 1, all tested compounds exhibited strong inhibitory activities against Mer kinase. Compounds 14a, 14b, and 14g showed IC50 values of 7.9 ± 1.3 nM, 9.4 ± 1.5 nM, and 7.1 ± 0.9 nM, respectively. However, the inhibitory activities toward c-Met kinase were considerably weaker than those against Mer, prompting further development of compounds with dual Mer/c-Met inhibitory activities. As shown in Table 2, compound 18c demonstrated inhibitory activities of 18.5 ± 2.3 nM and 33.6 ± 4.3 nM against Mer and c-Met kinase, respectively, showcasing robust inhibitory activities for both targets. Subsequent work focused on optimizing compound 18c, and Table 3 reveals that compounds 18l, 18n, and 18o also exhibited dual-target inhibitory activities. These results collectively indicate that the designed compounds possess potent inhibitory effects on both Mer and c-Met targets.




2.3. In Vitro Liver Microsomal Stability


The metabolic stability of compounds 18c, 18l, 18n, and 18o was evaluated through liver microsome assays, considering clearance and half-life measurements in human liver microsomes. As per Table 4, compound 18c displayed a half-life and clearance of 53.1 min and 0.06 mL/min/mg, respectively, while compound 18l exhibited 9.6 min and 0.36 mL/min/mg, respectively. For compound 18n, the half-life and clearance were 11.9 min and 0.29 mL/min/mg, respectively, and for compound 18o, these values were 8.6 min and 0.40 mL/min/mg, respectively. These results indicate that compound 18c exhibits good in vitro liver microsome stability.




2.4. Antiproliferation Assay In Vitro


Compound 18c was further assayed for antiproliferative activities against HepG2, MDA-MB-231, and HCT116 cancer cells using the CCK8 assay, with cabozantinib as the positive compound. As shown in Table 5, compound 18c effectively inhibited the proliferation of HepG2, MDA-MB-231, and HCT116 cells with equal to or surpassing that of cabozantinib. Although slightly weaker against HepG2 cells, compound 18c demonstrated superior antiproliferative activity against MDA-MB-231 and HCT116 cells. Specifically, the antiproliferative activity of compound 18c against HepG2 cells was 3.8 times lesser than that of cabozantinib, 3.3 times higher against MDA-MB-231 cells, and 1.6 times higher against HCT116 cells. These results suggest the potential for developing compounds as novel and effective dual Mer/c-Met inhibitors.




2.5. Preliminary SAR Analysis


The pharmacological activities revealed that the 2-substituted aniline pyrimidine groups played pivotal roles in Mer and c-Met kinase inhibitory activities. Six different substituted anilines were incorporated as compounds 14a–14f, displaying good inhibitory activities toward Mer kinase (IC50 = 8.1–462 nM). Notably, compounds 14a and 14b showed particularly strong inhibitory activities with IC50 values of 8.1 nM and 9.6 nM, respectively. However, the inhibitory activities of compounds 14a–14f toward c-Met kinase were notably weaker than those toward Mer kinase, with IC50 values ranging from 144.0 to 8897.0 nM. Additionally, compounds 14g–14i, derived from compound 14b, exhibited weaker inhibitory activities toward c-Met kinase compared to Mer kinase.



The activity of the morpholine amide group equals that of the piperazine amide group (14a~14b), both surpassing the benzene sulfonamide and (Z)-1,3-diphenylprop-1-en-1-ol group (14c and 14f < 14a and 14b). Para-substitution demonstrates superior activity compared to meta-substitution (14a > 14e and 14b > 14d), illustrating the effective binding of para-substituted compounds with the target. No notable impact on activity was observed when benzene was substituted with cyan and fluorine groups (14g~14h).



The antipyrine side chain was substituted with the cyclopropane-1-carboxylic acid group to obtain compounds 18a–18f for evaluating inhibitory activities on Mer and c-Met kinase. Compounds 18c and 18d exhibited potent dual inhibitory activities toward Mer and c-Met kinase with IC50 values of 18.9 and 33.3 nM and 41.5 and 53.2 nM, respectively. Combining the morpholine amide group and piperazine amide group with the cyclopropane-1-carboxylic acid group increased the inhibitory activity of c-Met kinase (18c > 14b and 18d > 14a).



Compound 18c underwent further optimization for SAR development. Substituting the piperazine group with ethyl, isopropyl, cyclopropyl methyl, and acetyl groups retained Mer inhibitory activities (18g–18j~18c), but the c-Met inhibitory activity decreased slightly. Similarly, the Mer inhibitory activities of compounds 18k, 18l, and 18n were preserved, while the c-Met inhibitory activity decreased. Therefore, the substituted group on piperazine and benzene retained Mer inhibitory activity but decreased c-Met inhibitory activity. Methylation of the amide group decreased the activity (18c > 18m), indicating the essential role of the amide group in binding affinity. The activity of the paraposition was comparable to the metaposition (18o~18c), suggesting the substituted position did not substantially affect binding affinity.



According to SAR, the dual inhibitory activities of compounds 18c, 18l, 18n, and 18o surpassed those of other compounds, indicating strong affinities with Mer and c-Met kinase and validating the design concept. The SAR of the newly designed compounds is depicted in Figure 4.




2.6. Molecular Docking Study of Compound 18c


A docking study of compound 18c was conducted to assess the rationality of the designed strategy, and the co-crystal structure of cabozantinib with Mer and c-Met was selected as the docking mode. The docking results of compound 18c with Mer kinase (PDB: 4M3Q) showed that the aminopyrimidine group could form a hydrogen bond with Asp741, the amide group of the side chain could form a hydrogen bond with Met674, and the amide group could form a hydrogen bond with Arg727 (Figure 5). The benzene group of the side chain could form π-π interaction. The docking results of compound 18c with c-Met kinase (PDB: 3LQ8) showed that the amide group could form two hydrogen bonds with Asp1164 and Lys1110, respectively. The benzene group of the substituted aniline group could form π-π interaction. The docking results illustrated (Figure 6) that the designed compounds had significant inhibitory potency and the 2-substituted aniline pyrimidine group, when used as the core structure, could effectively inhibit Mer and c-Met kinase activity.




2.7. The hERG Tests


It is necessary to test the inhibitory activity on hERG potassium currents to further evaluate cardiotoxicity. As per the results in Table 6, the IC50 value of compound 18c was >40 μM, and no obvious inhibition of hERG potassium currents was observed while Mer and c-Met kinase activity was inhibited.




2.8. Apoptosis Assay


HCT116 cells were grown on a coverslip, treated with various indicated doses of compound 18c for 48 h, and stained for TUNEL (green). The number of TUNEL-positive cells was counted from 5 non-overlap random fields per group; DAPI (blue). Data are representative of three independent experiments.



As shown in Figure 7, the TUNEL assay shows that the candidate compound 18c can induce apoptosis of HCT116 cancer cells with an extremely low value of ED50 10.07 μM, which demonstrates that 18c is a qualified compound.




2.9. Transwell Assay


Transwell migration assays were performed using Transwell® chamber inserts (Costar, Cambridge, MA, USA) with a porous polycarbonate membrane (8 μM pore size). As shown in Figure 8, the transwell migration assay showed that compound 18c treatment significantly inhibited HCT116 cancer cell migration compared with the control group.





3. Materials and Methods


3.1. Chemical Part


Reactions were monitored by thin-layer chromatography (TLC) on precoated silica GF254 plates. High-resolution mass spectra (HRMS) were taken in ESI mode on Water Q-Tof. 1H-NMR and 13C-NMR spectra were generated on Bruker AM-400 and 500 spectrometers (Bruker Bioscience, Billerica, MA, USA) with TMS as the internal standard. All other chemicals were analytical grade and used without further purification.



3.1.1. Preparation of N-(4-Hydroxyphenyl)-1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazole-4-carboxamide (Intermediate 12)


To a solution of 4-antipyrine acid (2.0 g, 8.61 mmol) and 4-aminophenol (1.13 g, 10.33 mmol) in DMF (20 mL), HBTU (3.92 g, 10.33 mmol) and TEA (2.61 g, 25.84 mmol) were added. The reaction solution was stirred at room temperature for 8 h and monitored by TLC. The reaction solution was poured into ice water (200 mL), and the precipitate was filtered off, washed, and dried in a vacuum to yield intermediate 12 as a white solid (1.75 g, 63.0%).




3.1.2. Preparation of N-(4-((2-Chloropyrimidin-4-yl)oxy)phenyl)-1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazole-4-carboxamide (Intermediate 13)


To a solution of the intermediate 12 (1.75 g, 5.41 mmol) and 2,4-dichloropyrimidine (0.81 g, 5.41 mmol) in DMF (15 mL), K2CO3 (0.82 g, 5.95 mmol) was added. The mixture was stirred at 80 °C for 4.5 h. The reaction solution was poured into ice water (100 mL), and the precipitate was filtered off, washed, and dried in a vacuum to yield intermediate 13 as a white solid (1.85 g, 78.0%), which can be used directly without any further purification.




3.1.3. General Procedure for Preparation of Compound 14a–14i


To a mixture of the intermediate 13 (1.2 mmol), substituted aniline (1.0 mmol), and DMF (8 mL), p-toluenesulfonic acid (PTSA, 4.0 mmol) was added. The mixture was stirred at 90 °C for 4 h under N2 atmosphere. The reaction solution was cooled to room temperature, then poured into ice water (100 mL), and the precipitate was filtered off, washed, and dried in a vacuum to obtain the crude product, which was purified by silica gel chromatography using a mixture of DCM/MeOH (100:1~30:1) to afford the product 14a–14i.



Compound 14a: White solid, yield: 34.0%. 1H NMR (500 MHz, DMSO-d6) δ 10.83 (s, 1H), 9.82 (s, 1H), 8.40 (d, J = 5.5 Hz, 1H), 8.23 (s, 1H), 7.70 (d, J = 8.6 Hz, 2H), 7.67–7.56 (m, 6H), 7.52 (t, J = 7.25Hz 1H), 7.45 (d, J = 7.7 Hz, 2H), 7.22 (d, J = 8.6 Hz, 2H), 6.48 (d, J = 5.5 Hz, 1H), 3.56 (s, 4H), 3.37 (s, 3H), 3.31 (s, 1H), 3.24 (q, J = 5.7 Hz, 2H), 2.73 (s, 3H), 2.34 (s, 5H), 1.65 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 170.07, 166.25, 163.53, 161.69, 160.39, 159.90, 154.30, 147.98, 143.26, 136.81, 133.52, 129.95, 129.33, 128.05, 127.61, 122.80, 120.71, 118.06, 99.40, 97.61, 66.64, 56.59, 53.78, 33.79, 26.44, 11.95. HRMS: m/z C36H38N8O5 [M + Na]+ 685.2965, found 685.2866.



Compound 14b: White solid, yield: 12.0%. 1H NMR (500 MHz, DMSO-d6) δ 10.81 (s, 1H), 9.53 (s, 1H), 8.32 (d, J = 5.6 Hz, 1H), 7.69 (d, J = 8.9 Hz, 2H), 7.60 (t, J = 7.7 Hz, 2H), 7.54–7.49 (m, 4H), 7.46–7.43 (m, 2H), 7.37 (d, J = 8.7 Hz, 2H), 7.20 (d, J = 8.9 Hz, 2H), 6.37 (d, J = 5.6 Hz, 1H), 3.37 (s, 3H), 3.08 (s, 2H), 2.72 (s, 3H), 2.53 (s, 4H), 2.50 (s, 2H), 2.26 (s, 3H), 1.24 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 170.00, 168.13, 163.53, 161.65, 160.31, 160.18, 154.32, 148.02, 136.71, 136.38, 133.51, 133.00, 129.95, 129.31, 127.56, 122.76, 120.63, 120.24, 119.55, 98.43, 97.63, 62.12, 54.94, 53.05, 46.09, 33.80, 11.95. HRMS: m/z C35H37N9O4 [M + Na]+ 670.2969, found 670.2864.



Compound 14c: White solid, yield: 32.0%. 1H NMR (500 MHz, DMSO-d6) δ 10.84 (s, 1H), 9.93 (s, 1H), 9.50 (s, 1H), 8.30 (d, J = 5.6 Hz, 1H), 7.71–7.66 (m, 4H), 7.62–7.56 (m, 3H), 7.54–7.49 (m, 3H), 7.47–7.43 (m, 2H), 7.38 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.9 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 6.38 (d, J = 5.6 Hz, 1H), 3.37 (s, 3H), 2.74 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 170.00, 163.60, 161.69, 160.27, 159.97, 154.32, 147.93, 139.97, 137.54, 136.79, 133.54, 133.14, 131.34, 129.96, 129.56, 129.32, 127.59, 127.18, 122.82, 122.09, 120.51, 119.75, 98.60, 97.66, 33.79, 11.97, 11.93. HRMS: m/z C34H29N7O5S [M + Na]+ 670.1951, found 670.1851.



Compound 14d: White solid, yield: 19.0%. 1H NMR (500 MHz, DMSO-d6) δ 10.81 (s, 1H), 9.53 (d, J = 19.7 Hz, 2H), 8.34 (d, J = 5.6 Hz, 1H), 7.73 (s, 1H), 7.67 (d, J = 8.8 Hz, 2H), 7.60 (t, J = 7.6 Hz, 2H), 7.52 (t, J = 7.4 Hz, 1H), 7.45 (d, J = 7.4 Hz, 2H), 7.30 (d, J = 7.8 Hz, 1H), 7.20 (d, J = 8.8 Hz, 3H), 7.03 (d, J = 8.1 Hz, 1H), 6.39 (d, J = 5.6 Hz, 1H), 3.37 (s, 4H), 3.10 (s, 2H), 2.72 (s, 3H), 2.54 (s, 3H), 2.41 (s, 4H), 2.20 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 170.00, 168.46, 163.51, 161.64, 160.31, 160.23, 154.27, 147.98, 140.89, 138.88, 136.69, 133.50, 129.95, 129.33, 128.82, 127.60, 122.79, 120.64, 115.13, 113.59, 110.94, 98.75, 97.56, 62.05, 55.07, 53.06, 46.15, 33.79, 11.93. HRMS: m/z C35H37N9O4 [M + Na]+ 670.2969, found 670.2865.



Compound 14e: White solid, yield: 28.0%. 1H NMR (500 MHz, DMSO-d6) δ 10.81 (s, 1H), 9.67 (s, 1H), 8.36 (d, J = 5.5 Hz, 1H), 8.33 (s, 1H), 7.96 (s, 1H), 7.73 (d, J = 7.7 Hz, 1H), 7.68 (d, J = 8.7 Hz, 2H), 7.60 (t, J = 7.5 Hz, 2H), 7.52 (t, J = 7.1 Hz, 1H), 7.45 (d, J = 7.5 Hz, 2H), 7.30 (d, J = 7.4 Hz, 1H), 7.20 (d, J = 8.6 Hz, 2H), 7.16 (t, J = 7.7 Hz, 1H), 6.42 (d, J = 5.5 Hz, 1H), 3.56 (s, 4H), 3.37 (s, 3H), 3.25 (dd, J = 6.6 Hz, J = 12.2Hz, 2H), 2.73 (s, 3H), 2.35 (s, 6H), 1.67 (s, 2H). 13C NMR (126 MHz, DMSO-d6) δ 170.05, 166.93, 163.53, 161.65, 160.38, 160.16, 154.31, 147.98, 140.69, 136.73, 135.79, 133.51, 129.95, 129.32, 128.45, 127.58, 122.80, 121.91, 120.74, 120.31, 118.89, 98.96, 97.58, 66.59, 56.52, 38.21, 33.80, 31.62, 30.30, 11.94. HRMS: m/z C36H38N8O5 [M + Na]+ 685.3000, found 685.2864.



Compound 14f: White solid, yield: 84.0%. 1H NMR (500 MHz, DMSO-d6) δ 10.82 (s, 1H), 9.46 (s, 1H), 8.32 (d, J = 5.5 Hz, 1H), 7.69 (d, J = 8.6 Hz, 2H), 7.60 (t, J = 7.5 Hz, 2H), 7.52 (t, J = 7.3 Hz, 1H), 7.44 (d, J = 7.3 Hz, 4H), 7.30 (d, J = 4.0 Hz, 4H), 7.19 (d, J = 8.4 Hz, 3H), 6.95 (d, J = 7.8 Hz, 2H), 6.38 (d, J = 5.5 Hz, 1H), 5.18 (s, 1H), 4.48 (t, J = 5.5 Hz, 1H), 2.72 (s, 3H), 1.81 (dt, J = 14.3, 7.9 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 170.08, 163.54, 161.67, 160.29, 160.20, 154.34, 148.10, 146.65, 138.29, 136.71, 135.44, 133.51, 129.95, 129.30, 128.42, 127.56, 126.24, 122.91, 120.78, 119.44, 98.29, 97.61, 72.09, 33.79, 31.30, 11.94. HRMS: m/z C37H32N6O4 [M + Na]+ 647.2485, found 647.2393.



Compound 14g: White solid, yield: 9.0%. 1H NMR (400 MHz, DMSO-d6) δ 10.77 (s, 1H), 9.87 (d, J = 4.1 Hz, 2H), 8.40 (d, J = 5.6 Hz, 1H), 8.03 (s, 1H), 7.76 (s, 2H), 7.69 (d, J = 8.9 Hz, 2H), 7.60 (t, J = 7.6 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.43 (d, J = 7.4 Hz, 2H), 7.21 (d, J = 8.9 Hz, 2H), 6.50 (d, J = 5.6 Hz, 1H), 3.36 (s, 3H), 3.11 (s, 2H), 2.71 (s, 3H), 2.54 (s, 2H), 2.41 (s, 4H), 2.15 (s, 3H), 1.35–1.20 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 170.07, 169.06, 163.52, 161.63, 160.40, 159.75, 154.44, 147.82, 137.66, 136.92, 134.24, 133.55, 129.94, 129.24, 127.45, 124.52, 123.71, 122.64, 121.54, 120.87, 117.08, 99.63,97.71, 61.51, 54.91, 53.11, 46.03, 33.82, 11.94. HRMS: m/z C36H36N10O4 [M + Na]+ 695.2921, found 695.2819.



Compound 14h: White solid, yield: 29.1%. 1H NMR (500 MHz, DMSO-d6) δ 10.81 (s, 1H), 9.76 (s, 1H), 9.34 (s, 1H), 8.38 (d, J = 5.6 Hz, 1H), 7.70 (d, J = 8.8 Hz, 2H), 7.65 (d, J = 9.0 Hz, 1H), 7.60 (t, J = 7.6 Hz, 3H), 7.53 (d, J = 7.4 Hz, 1H), 7.44 (d, J = 7.4 Hz, 2H), 7.21 (d, J = 8.8 Hz, 3H), 6.48 (d, J = 5.6 Hz, 1H), 3.37 (s, 3H), 3.08 (s, 2H), 2.72 (s, 3H), 2.51 (s, 2H), 2.50 (s, 2H), 2.34 (s, 4H), 2.14 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 170.05, 168.52, 163.51, 161.61, 159.81, 154.33, 147.90, 136.89, 133.50, 129.29, 127.50, 123.71, 122.77, 120.68, 119.37, 114.56, 106.09, 61.53, 55.14, 53.07, 46.10, 33.80, 11.95. HRMS: m/z C35H36FN9O4Na [M + Na]+ 688.2921, found 688.2776.



Compound 14i: White solid, yield: 39.1%. 1H NMR (500 MHz, DMSO-d6) δ 10.81 (s, 1H), 9.72 (s, 1H), 8.36 (d, J = 5.5 Hz, 1H), 7.68 (d, J = 8.8 Hz, 2H), 7.60 (t, J = 7.6 Hz, 2H), 7.55–7.48 (m, 3H), 7.45 (d, J = 7.5 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H), 7.03 (d, J = 7.9 Hz, 2H), 6.48 (d, J = 5.2 Hz, 1H), 3.38 (s, 3H), 3.05 (s, 3H), 2.78 (s, 2H), 2.72 (s, 3H), 2.24 (d, J = 34.2 Hz, 8H), 2.09 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 170.19, 169.12, 163.53, 161.70, 160.43, 159.91, 154.40, 148.14, 139.78, 137.07, 136.76, 133.52, 129.94, 129.29, 127.57, 127.49, 123.07, 120.94, 119.78, 98.83, 59.19, 55.05, 52.76, 33.81, 11.92. HRMS: m/z C36H40N9O4 [M + H]+ 662.3125, found 662.3206.




3.1.4. Preparation of N-(4-Fluorophenyl)-N-(4-hydroxyphenyl)cyclopropane-1,1-dicarboxamide (Intermediate 16)


To a solution of 1-((4-fluorophenyl)carbamoyl)cyclopropane-1-carboxylic acid (15, 2.02 g, 9.0 mmol) and 4-aminophenol (1.18 g, 10.8 mmol) in DMF (5 mL), EDC·HCl (2.07 g, 10.80 mmol) was added. The reaction solution was stirred at room temperature for 6 h and monitored by TLC. Ice water (125 mL) was added, and the precipitate was filtered off, washed, and dried in a vacuum to yield 16 as a white solid (2.28 g, 80.6%), which can be used for the next step without any purification.




3.1.5. Preparation of N-(4-((2-Chloropyrimidin-4-yl)oxy)phenyl)-N-(4-fluorophenyl)cyclopropane-1,1-dicarboxamide (Intermediate 17)


To a solution N-(4-((2-chloropyrimidin-4-yl)oxy)phenyl)-N-(4-fluorophenyl)cyclopropane-1,1-dicarboxamide (16, 2.01 g, 6.37 mmol) and 2,4-dichloropyrimidine (1.04 g, 7.01 mmol) in DMF (15 mL), K2CO3 (0.97 g, 7.01 mmol) was added under N2 atmosphere. The reaction solution was stirred at 80 °C for 6 h and monitored by TLC. The reaction mixture was poured into ice water (100 mL), and the precipitate was filtered off, washed, and dried in a vacuum to obtain the crude product, which was purified by silica gel chromatography using a mixture of DCM/MeOH (100:1~40:1) to afford the intermediate 17 as a white solid (2.34 g, 75.7%).




3.1.6. General Procedure for Preparation of the Title Compounds 18a–18o


To a mixture of the intermediate 17 (1.2 mmol), substituted aniline (1.0 mmol), and DMF (8 mL), p-toluenesulfonic acid (PTSA, 4.0 mmol) was added. The mixture was stirred at 90 °C for 4 h under N2 atmosphere. The reaction solution was cooled to room temperature, then poured into ice water (100 mL), and the precipitate was filtered off, washed, and dried in a vacuum to obtain the crude product, which was purified by silica gel chromatography using a mixture of DCM/MeOH (100:1~40:1) to afford the product 18a–18o.



Compound 18a: White solid, yield: 36.6%. 1H NMR (500 MHz, DMSO-d6) δ 10.16 (s, 1H), 10.09 (s, 1H), 9.36 (s, 1H), 8.28 (d, J = 5.6 Hz, 1H), 7.70 (d, J = 8.9 Hz, 2H), 7.66 (dd, J = 9.0, 5.1 Hz, 2H), 7.35 (d, J = 4.4 Hz, 2H), 7.20–7.12 (m, 4H), 6.75 (d, J = 8.3 Hz, 2H), 6.35 (d, J = 5.6 Hz, 1H), 3.55 (t, J = 4.7 Hz, 2H), 3.51 (t, J = 4.5 Hz, 2H), 3.01 (t, J = 4.6 Hz, 2H), 2.94 (t, J = 4.7 Hz, 2H), 2.01 (s, 3H), 1.51 (d, J = 8.5 Hz, 4H). 13C NMR (126 MHz, DMSO-d6) δ 170.10, 168.74 (d, J = 3.86 Hz, 1C), 168.60, 160.21 (d, J = 13.67 Hz, 1C), 159.72, 157.81, 148.68, 146.16, 136.58, 135.62 (d, J = 1.50 Hz, 1C), 133.34, 122.88 (d, J = 7.75 Hz, 1C), 122.50 (d, J = 17.70 Hz, 1C), 120.43, 116.79, 115.62, 115.45, 97.77, 50.01, 49.64, 45.99, 31.80, 21.60, 16.00. HRMS: m/z C33H32FN7O4 [M + H]+ 610.2500, found 610.2537.



Compound 18b: White solid, yield: 13.5%. 1H NMR (500 MHz, DMSO-d6) δ 10.21 (s, 1H), 10.06 (s, 1H), 9.94 (s, 1H), 9.47 (s, 1H), 8.30 (d, J = 5.6 Hz, 1H), 7.70 (t, J = 9.6 Hz, 4H), 7.65 (dd, J = 8.9, 5.1 Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.53 (t, J = 7.7 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 7.19–7.13 (m, 4H), 6.85 (d, J = 8.7 Hz, 2H), 6.36 (d, J = 5.6 Hz, 1H), 1.52 (d, J = 4.8 Hz, 4H). 13C NMR (126 MHz, DMSO-d6) δ 170.04, 168.69, 168.15, 160.32, 160.15, 159.70, 157.79, 148.52, 136.73, 136.39, 135.65 (d, J = 1.54 Hz, 1C), 132.93, 122.85 (d, J = 7.72 Hz, 1C), 122.35, 122.14, 120.31, 119.54, 115.60, 115.42, 98.37, 62.07, 54.85, 52.96, 45.95, 31.93, 15.98. HRMS: m/z C33H27FN6O5S [M + H]+ 639.1748, found 639.1833.



Compound 18c: White solid, yield: 3.4%. 1H NMR (500 MHz, DMSO-d6) δ 10.15 (s, 1H), 10.10 (s, 1H), 9.49 (s, 2H), 8.32 (d, J = 5.6 Hz, 1H), 7.72 (d, J = 8.9 Hz, 2H), 7.65 (dd, J = 9.0, 5.1 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.8 Hz, 2H), 7.21–7.13 (m, 4H), 6.37 (d, J = 5.6 Hz, 1H), 3.05 (s, 2H), 2.51 (s, 4H), 2.42 (s, 4H), 2.20 (s, 3H), 1.51 (d, J = 10.8 Hz, 4H). 13C NMR (126 MHz, DMSO-d6) δ 169.99, 168.83, 168.65, 160.28, 160.03, 159.72, 157.81, 148.43, 139.99, 137.55, 136.77, 135.58 (d, J = 2.49 Hz, 1C), 133.15, 131.39, 129.57, 127.17, 122.94 (d, J = 7.88 Hz, 1C), 122.32, 122.08 (d, J = 10.53 Hz, 1C), 119.88, 115.60, 115.43, 98.61, 31.84, 16.02. HRMS: m/z C34H35FN8O4 [M + H]+ 639.2765, found 639.2849.



Compound 18d: White solid, yield: 42.0%. 1H NMR (500 MHz, DMSO-d6) δ 10.16 (s, 1H), 10.09 (s, 1H), 9.83 (s, 1H), 8.40 (d, J = 5.6 Hz, 1H), 8.21 (t, J = 5.4 Hz, 1H), 7.72 (d, J = 8.9 Hz, 2H), 7.69–7.59 (m, 6H), 7.21 (d, J = 8.9 Hz, 2H), 7.16 (t, J = 8.9 Hz, 2H), 6.48 (d, J = 5.6 Hz, 1H), 3.56 (t, J = 4.4 Hz, 4H), 3.25 (q, J = 6.7 Hz, 2H), 2.38–2.27 (m, 6H), 1.66 (t, J = 7.05 Hz, 2H), 1.51 (d, J = 10.35 Hz, 4H). 13C NMR (126 MHz, DMSO-d6) δ 170.08, 168.77, 168.67, 166.26, 160.42, 159.87, 157.79, 148.53, 143.23, 136.77, 135.65 (d, J = 2.56 Hz, 1C), 128.10, 127.66, 122.87 (d, J = 7.82 Hz, 1C), 122.40 (d, J = 4.23 Hz, 1C), 118.07, 115.59, 115.42, 99.32, 66.67, 56.60, 53.80, 38.17, 31.95, 26.54, 15.94. HRMS: m/z C35H36FN7O5 [M + H]+ 654.2762, found 654.2842.



Compound 18e: White solid, yield: 10.9%. 1H NMR (400 MHz, DMSO-d6) δ 10.07 (s, 1H), 10.00 (s, 1H), 9.02 (s, 1H), 8.16 (d, J = 5.6 Hz, 1H), 7.62 (d, J = 8.9 Hz, 2H), 7.57 (dd, J = 9.1, 5.1 Hz, 2H), 7.14 (d, J = 8.2 Hz, 2H), 7.10 (s, 2H), 7.09–7.07 (m, 2H), 6.36 (d, J = 8.5 Hz, 2H), 6.17 (d, J = 5.5 Hz, 1H), 3.36 (t, J = 5.6 Hz, 3H), 3.18 (s, 3H), 3.04 (t, J = 5.6 Hz, 2H), 1.43 (s, 4H). 13C NMR (101 MHz, DMSO-d6) δ 170.02, 168.79, 168.68, 160.45, 159.96, 157.58, 153.82, 148.64, 140.72, 136.55, 135.61 (d, J = 2.60 Hz, 1C), 122.90 (d, J = 7.91 Hz, 1C), 122.39, 122.21, 115.62, 115.40, 112.67, 97.24, 71.06, 58.45, 43.53, 32.01, 16.00. HRMS: m/z C30H29FN6O4 [M + H]+ 557.2234, found 557.2288.



Compound 18f: White solid, yield: 7.4%. 1H NMR (400 MHz, DMSO-d6) δ 10.15 (s, 1H), 10.08 (s, 1H), 9.45 (s, 1H), 8.31 (d, J = 5.6 Hz, 1H), 7.70 (d, J = 8.9 Hz, 2H), 7.65 (dd, J = 9.1, 5.1 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 4.3 Hz, 4H), 7.25–7.20 (m, 1H), 7.20–7.13 (m, 4H), 6.95 (d, J = 8.4 Hz, 2H), 6.36 (d, J = 5.6 Hz, 1H), 5.21 (s, 1H), 4.51–4.46 (m, 1H), 1.88–1.76 (m, 2H), 1.48 (d, J = 3.5 Hz, 4H). 13C NMR (101 MHz, DMSO-d6) δ 170.06, 168.68 (d, J = 3.29 Hz, 1C), 160.20, 159.94, 157.55, 148.56, 146.68, 138.30, 136.71, 135.66 (d, J = 2.58 Hz, 1C), 135.44, 128.47 (d, J = 4.96 Hz, 1C), 127.09, 126.26, 122.84 (d, J = 7.87 Hz, 1C), 122.41, 122.25, 119.39, 115.63, 115.41, 98.27, 72.17, 41.54, 31.90, 31.37, 15.97. HRMS: m/z C36H30FN5O4 [M + H]+ 618.2438, found 618.2617.



Compound 18g: White solid, yield: 30.3%. 1H NMR (400 MHz, DMSO-d6) δ 10.14 (s, 1H), 10.09 (s, 1H), 9.48 (s, 1H), 9.47 (s, 1H), 8.32 (d, J = 5.6 Hz, 1H), 7.71 (d, J = 8.9 Hz, 2H), 7.64 (dd, J = 9.0, 5.1 Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.8 Hz, 2H), 7.16 (q, J = 8.7 Hz, 4H), 6.36 (d, J = 5.6 Hz, 1H), 3.04 (s, 2H), 2.50–2.39 (m, 8H), 2.33 (q, J = 7.1 Hz, 2H), 1.51 (d, J = 8.5 Hz, 4H), 0.99 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 170.05, 168.72, 168.19, 160.15, 159.95, 157.57, 148.55, 136.71, 136.39, 135.63 (d, J = 2.59 Hz, 1C), 132.93, 122.87 (d, J = 7.87 Hz, 1C), 122.35, 122.17, 120.32, 119.55, 115.62, 115.40, 98.37, 62.21, 53.24, 52.62, 52.02, 31.87, 16.01, 12.40. HRMS: m/z C35H37FN8O4 [M + H]+ 653.2922, found 653.3003.



Compound 18h: White solid, yield: 13.4%. 1H NMR (400 MHz, DMSO-d6) δ 10.14 (s, 1H), 10.10 (s, 1H), 9.48 (s, 1H), 9.47 (s, 1H), 8.32 (d, J = 5.6 Hz, 1H), 7.71 (d, J = 8.9 Hz, 2H), 7.64 (dd, J = 9.0, 5.1 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 7.37 (d, J = 8.8 Hz, 2H), 7.16 (q, J = 8.6 Hz, 4H), 6.36 (d, J = 5.6 Hz, 1H), 3.04 (s, 2H), 2.67 (s, 1H), 2.55–2.50 (m, 8H), 1.50 (d, J = 8.4 Hz, 4H), 0.98 (d, J = 6.5 Hz, 6H). 13C NMR (101 MHz, DMSO-d6) δ 170.04, 168.72, 168.20, 160.15, 159.95, 157.56, 148.55, 136.71, 136.40, 135.63 (d, J = 2.58 Hz, 1C), 132.92, 122.87 (d, J = 8.04 Hz, 1C), 122.34, 122.17, 120.40, 119.55, 115.62, 115.40, 98.38, 78.93, 66.79, 62.19, 48.28, 31.88, 18.60, 16.00. HRMS: m/z C36H39FN8O4 [M + H]+ 667.3078, found 667.3160.



Compound 18i: White solid, yield: 15.7%. 1H NMR (400 MHz, DMSO-d6) δ 10.07 (s, 1H), 10.02 (s, 1H), 9.41 (s, 1H), 9.40 (s, 1H), 8.25 (d, J = 5.6 Hz, 1H), 7.64 (d, J = 8.9 Hz, 2H), 7.57 (dd, J = 9.1, 5.1 Hz, 2H), 7.39 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.9 Hz, 2H), 7.09 (q, J = 8.8 Hz, 4H), 6.29 (d, J = 5.6 Hz, 1H), 2.97 (s, 2H), 2.4 (d, J = 1.7 Hz, 8H), 2.12 (d, J = 6.5 Hz, 2H), 1.43 (d, J = 8.8 Hz, 4H), 1.01 (t, J = 7.2 Hz, 1H), 0.41–0.35 (m, 2H), 0.01 (d, J = 4.8 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 170.05, 168.72, 168.20, 160.15, 159.95, 157.56, 148.55, 136.71, 136.39, 135.63 (d, J = 2.55 Hz, 1C), 132.92, 122.87 (d, J = 7.90 Hz, 1C), 122.35, 122.17, 120.33, 119.54, 115.62, 115.40, 98.37, 63.19, 62.24, 52.96, 46.16, 31.89, 16.01, 8.67, 4.19. HRMS: m/z C37H39FN8O4 [M + H]+ 679.3078, found 679.3158.



Compound 18j: White solid, yield: 34.8%. 1H NMR (400 MHz, DMSO-d6) δ 10.14 (s, 1H), 10.07 (s, 1H), 9.55 (s, 1H), 9.48 (s, 1H), 8.32 (d, J = 5.6 Hz, 1H), 7.71 (d, J = 8.9 Hz, 2H), 7.64 (dd, J = 9.1, 5.1 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.9 Hz, 2H), 7.20–7.12 (q, J = 8.8 Hz, 4H), 6.36 (d, J = 5.6 Hz, 1H), 3.51–3.44 (m, 4H), 3.10 (s, 2H), 2.49 (s, 2H), 2.44 (t, J = 4.8 Hz, 2H), 1.99 (s, 3H), 1.50 (d, J = 8.7 Hz, 4H). 13C NMR (101 MHz, DMSO-d6) δ 170.05, 168.72 (d, J = 5.70 Hz, 1C), 168.60, 168.05, 160.15, 159.96, 157.57, 148.54, 136.72, 136.43, 135.62 (d, J = 2.60 Hz, 1C), 132.93, 122.89 (d, J = 7.95 Hz, 1C), 122.36, 122.15, 120.42, 119.51, 115.63, 115.41, 98.36, 61.83, 53.33, 52.89, 46.04, 31.91, 21.62, 15.96. HRMS: m/z C35H35FN8O5 [M + H]+ 667.2714, found 667.2802.



Compound 18k: White solid, yield: 13.9%. 1H NMR (400 MHz, DMSO-d6) δ 10.17 (s, 1H), 10.07 (s, 1H), 9.95 (s, 1H), 9.89 (s, 1H), 8.46 (d, J = 5.6 Hz, 1H), 8.02 (s, 1H), 7.87–7.74 (m, 4H), 7.69 (dd, J = 9.1, 5.1 Hz, 2H), 7.26 (d, J = 8.9 Hz, 2H), 7.21 (t, J = 8.9 Hz, 2H), 6.57 (d, J = 5.6 Hz, 1H), 3.36 (s, 2H), 3.18 (s, 2H), 2.66–2.58 (m, 6H), 2.27 (s, 3H), 1.55 (d, J = 12.0 Hz, 4H). 13C NMR (101 MHz, DMSO-d6) δ 170.10, 169.06, 168.69, 168.59, 160.45, 159.69, 157.54, 148.24, 137.62, 136.97, 135.60 (d, J = 2.62 Hz, 1C), 134.30, 124.56, 123.65, 122.80 (d, J = 7.90 Hz, 1C), 122.23 (d, J = 8.48 Hz, 1C), 121.14, 116.98, 115.65, 115.42, 104.69, 99.52, 61.55, 54.90, 53.11, 45.99, 31.85, 15.99. HRMS: m/z C35H34FN9O4 [M + H]+ 664.2718, found 664.2795.



Compound 18l: White solid, yield: 10.9%. 1H NMR (400 MHz, DMSO-d6) δ 10.17 (s, 1H), 10.08 (s, 1H), 9.75 (s, 1H), 9.32 (s, 1H), 8.37 (d, J = 5.6 Hz, 1H), 7.73 (d, J = 8.9 Hz, 2H), 7.67–7.56 (m, 4H), 7.26 (d, J = 8.6 Hz, 1H), 7.21–7.13 (m, 4H), 6.45 (d, J = 5.6 Hz, 1H), 3.10 (s, 2H), 2.53 (s, 4H), 2.42 (s, 4H), 2.21 (s, 3H), 1.50 (s, 4H). 13C NMR (101 MHz, DMSO-d6) δ 170.06, 168.72, 168.65, 168.52, 160.36, 159.81, 157.55, 152.59, 148.37, 136.89, 135.62 (d, J = 2.55 Hz, 1C), 122.85 (d, J = 7.81 Hz, 1C), 122.32, 122.09, 119.43, 119.31, 115.63, 115.41, 114.62, 106.11, 99.15, 61.51, 55.01, 52.94, 45.93, 31.85, 16.02. HRMS: m/z C34H34F2N8O4 [M + H]+ 657.2671, found 657.2746.



Compound 18m: White solid, yield: 9.4%. 1H NMR (400 MHz, DMSO-d6) δ 10.20 (s, 1H), 10.06 (s, 1H), 9.71 (s, 1H), 8.36 (d, J = 5.6 Hz, 1H), 7.69 (d, J = 8.9 Hz, 2H), 7.64 (dd, J = 9.0, 5.1 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H), 7.21–7.13 (m, 4H), 7.05 (d, J = 8.3 Hz, 2H), 6.45 (d, J = 5.6 Hz, 1H), 3.06 (s, 3H), 2.80 (s, 2H), 2.30 (s, 8H), 2.13 (s, 3H), 1.48 (d, J = 9.2 Hz, 4H). 13C NMR (101 MHz, DMSO-d6) δ 170.12, 168.75, 168.66, 160.43, 159.96, 157.56, 148.55, 136.74, 136.28, 135.63, 127.56, 122.88 (d, J = 7.74 Hz, 1C), 122.54, 122.39, 121.49, 119.80, 115.64, 115.41, 98.97, 59.20, 54.96, 52.64, 46.00, 37.30, 31.80, 15.99. HRMS: m/z C35H37FN8O4 [M + H]+ 653.2922, found 653.3007.



Compound 18n: White solid, yield: 11.3%. 1H NMR (400 MHz, DMSO-d6) δ 10.20 (s, 1H), 10.13 (s, 1H), 9.59 (s, 1H), 9.53 (s, 1H), 8.38 (d, J = 5.6 Hz, 1H), 7.77 (d, J = 8.9 Hz, 2H), 7.69 (dd, J = 9.1, 5.1 Hz, 2H), 7.53 (d, J = 8.7 Hz, 2H), 7.43 (d, J = 8.9 Hz, 2H), 7.26–7.18 (m, 4H), 6.42 (d, J = 5.6 Hz, 1H), 3.54–3.46 (m, 1H), 3.23 (q, J = 6.8 Hz, 1H), 2.61 (s, 4H), 2.47 (s, 4H), 2.26 (s, 3H), 1.56 (d, J = 10.5 Hz, 4H), 1.20 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 171.15, 170.05, 168.71 (d, J = 4.87 Hz, 1C), 160.15, 159.94, 157.55, 148.52, 136.74, 136.31, 135.63 (d, J = 2.57 Hz, 1C), 133.10, 122.86 (d, J = 7.87 Hz, 1C), 122.35, 122.12, 120.20, 119.52, 115.62, 115.40, 98.36, 63.74, 56.50, 55.27, 45.96, 31.89, 16.00, 13.25. HRMS: m/z C35H37FN8O4 [M + H]+ 653.2922, found 653.3001.



Compound 18o: White solid, yield: 7.6%. 1H NMR (400 MHz, DMSO-d6) δ 10.20 (s, 1H), 10.13 (s, 1H), 9.61 (s, 1H), 9.57 (s, 1H), 8.37 (d, J = 5.6 Hz, 1H), 7.76 (s, 1H), 7.74 (d, J = 9.0 Hz, 2H), 7.70 (dd, J = 9.1, 5.1 Hz, 2H), 7.36 (d, J = 8.1 Hz, 1H), 7.27–7.17 (m, 5H), 7.09 (t, J = 8.1 Hz, 1H), 6.41 (d, J = 5.6 Hz, 1H), 3.18 (s, 2H), 2.62 (s, 6H), 2.56 (s, 2H), 2.34 (s, 3H), 1.52 (s, 4H). 13C NMR (101 MHz, DMSO-d6) δ 170.01, 168.65 (d, J = 6.48 Hz, 1C), 168.37, 160.27 (d, J = 6.39 Hz, 1C), 159.94, 157.55, 148.48, 140.90, 138.88, 136.71, 135.67 (d, J = 2.70 Hz, 1C), 128.95, 122.82 (d, J = 7.91 Hz, 1C), 122.31, 122.19, 115.63, 115.41, 113.65, 110.97, 98.72, 61.70, 54.63, 52.31, 45.38, 31.98, 15.87. HRMS: m/z C34H35FN8O4 [M + H]+ 639.2765, found 639.2827.





3.2. Mer and c-Met Inhibitory Activity Assay


The in vitro inhibition assays of all final compounds against Mer and c-Met kinase were performed by Shanghai Bioduro Biological Technology Co., Ltd. (Shanghai, China). We prepared 1× buffer: HEPES 50 mM, MgCl2 10 mM, EGTA 1 mM, NP-40 0.0001%, DTT 2 mM; compound dilution with DMSO. For test compounds, a 100 × final concentration solution was prepared. About 100 nL compounds were transferred to a 384-well plate by using the automated liquid handler. The final DMSO% in the assay is 1%. Enzyme stock solutions were diluted with 1× assay buffer to a concentration of 0.5 nM to make a 2× working solution. Five microliters were added manually to the assay plate (final 0.25 nM) using a multichannel pipette, spun down at 1000 rpm, centrifuged for 30 s, and incubated for 30 min at 25 °C temperature. Substrate solutions were diluted with 1× assay buffer. About 5 μL mix or buffer was added manually to the assay plate (ATP final 30 uM and TK-Sub-Biotin final 2 uM) using a multichannel pipette, spun down at 1000 rpm, and centrifuged for 30 s. After incubating at 30 °C for 60 min, 10 μL of detection solution was added to each well of the assay, mixed briefly with a centrifuge, and equilibrated for another 60 min. The luminescence was recorded using Envision.




3.3. Antiproliferation Assay


The antiproliferative activities of the compounds against HepG2, MDA-MB-231, and HCT116 cell lines were tested by the standard CCK-8 method [32]. Cell viability was measured by Cell Counting Kit-8 (Meilunbio, Dalian, China) according to the manufacturer’s instructions. Briefly, cancer cells were seeded into 96-well plates at a density of 2.5 × 103 cells per well. After 12 h, cancer cells were treated with the indicated various concentrations of compound 18c for 72 h. Subsequently, CCK-8 solution was added into each well and incubated for an additional 2 h. The absorbance at 450 nm was determined in each well using the BioTek Synergy HTX microplate reader. The assay was performed in triplicate, and each experiment was repeated three times. The IC50 for compound 18c was calculated with the program GraphPad PRISM 9.5.




3.4. hERG Potassium Currents Assay


CHO cells stably expressing the transcript of hERG were investigated by the automated whole-cell patch clamp technique, using the QPatch system (Sophion, Ballerup, Denmark). The detailed procedures of the hERG potassium currents assay were described in our previous work [33]. Each cell was received from six escalating concentrations. Each concentration was tested on at least three cells. The reference compound cisapride was applied at the end of the test compound addition.




3.5. Liver Microsome Stability Assay


Stock solution (10 mM) of each of test compound was prepared in DMSO. The stock solution for each compound was then diluted into 200 μM with acetonitrile. Incubation mixtures were prepared in a total volume of 200 μL with final component concentrations as follows: 0.1 M PBS (pH 7.4), NADPH (2 mM), liver microsomes (0.2 mg/mL), and test compound (1 μM) or positive control. NAPDH was added after a 5 min preincubation of all other components at 37 °C, then pipette-mixed to achieve a homogenous suspension and immediately transferred 20 μL of the incubate as a 0 min sample to wells in a “Quenching” plate, followed by pipette-mixing. At 5, 15, 30, and 60 min, we pipette-mixed the incubate and serially transferred samples of 20 μL of the incubate per time point to wells in a separate “Quenching” plate, followed by pipette-mixing. In “Quenching” plates, 200 μL of acetonitrile was added with IS. The 96 wells were centrifuged at 4000 rpm for 10 min. Then 50 μL of supernatant was mixed with 50 μL of ddH2O and injected into the LC-MS/MS system for analysis.




3.6. Apoptosis Study


The One Step TUNEL Apoptosis Assay Kit (Meilunbio, Dalian, China) was used for studying apoptosis in a dose-dependent manner. HCT116 cells (1.5 × 104 cells/well) were cultured in TC-treated glass coverslip-containing plates. After 24 h incubation, cells were treated with the indicated various concentrations of compound 18c for 48 h. Next, adhered cells were fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton-X-100. TUNEL staining was performed according to the manufacturer’s instructions. The nuclei of cells were counterstained with the DAPI reagent. Images were taken using an Olympus fluorescence microscope. The ED50 for 18c was calculated with the program GraphPad PRISM 9.5. The assay was performed in triplicate, and each experiment was repeated three times.




3.7. Transwell Assay


Transwell migration assays were performed using Transwell® chamber inserts (Costar, Cambridge, MA, USA) with a porous polycarbonate membrane (8 μM pore size). Briefly, 1.5 × 105 HCT116 cells were added in the top chamber with FBS-free culture media containing 0.2% BSA. A culture medium containing 15% FBS was added to the bottom chamber. The indicated concentration of compound 18c was added on both sides of the chamber insert. After incubation for 24 h at 37 °C, the cells were fixed in methanol and stained with 0.1% crystal violet. The cells that had not migrated from the top surface of the filters were removed with cotton. Five randomly selected fields were captured by brightfield microscopy for each well. Migrated cells were quantitated by ImageJ (1.53c). Experiments were repeated at least three times in replicates.





4. Conclusions


Herein, several novel and potent dual Mer/c-Met tyrosine kinase inhibitors were designed and synthesized. Most of the target compounds exhibited high dual inhibition potency. Appropriate docking studies identified the structure rationality of the structure due to two hydrogen-bonding interactions formed between compound 18c and Mer and c-Met kinase. Furthermore, SAR studies led to the discovery of a dual inhibitor 18c with excellent activity against Mer and c-Met kinases (IC50: 18.5 ± 2.3 nM and 33.6 ± 4.3 nM, respectively). In addition, compound 18c showed equal or better antiproliferative activities against three cancer cell lines to positive control (cabozantinib), good liver microsome stability, and low toxicity in the hERG potassium channel assay. Finally, compound 18c could induce apoptosis and significantly inhibit the migration of HCT116 cancer cells. To conclude, the results suggested that compound 18c is worthy of further investigation as a dual Mer/c-Met inhibitor, and further evaluation of its performance as a drug is underway and will be reported soon.
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Figure 1. The representative Mer inhibitors. 
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Figure 2. The representative c-Met inhibitors. 
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Figure 3. The relationships of each tyrosine kinase. 
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Scheme 1. The synthetic route of compounds 14a–14i. Reagents and conditions: (a) HBTU/TEA/DMF, r.t., 8 h; (b) 2,4-dichloropyrimidine, K2CO3/DMF, 80 °C, 4.5 h; (c) substituted anilines, PTSA/DMF, 90 °C, 4 h. 
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Scheme 2. The synthetic route of compounds 18a–18i. Reagents and conditions: (a) EDC·HCl/DMF, r.t., 6 h; (b) 2,4-dichloropyrimidine, K2CO3/DMF, 80 °C, 6 h; (c) substituted anilines, PTSA/DMF, 90 °C, 4 h. 
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Figure 4. The structure–activity relationship of designed compounds. 
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Figure 5. The docking mode of 18c with Mer kinase (PDB: 4M3Q). (A) 3D binding mode and (B) 2D binding mode. 
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Figure 6. The docking mode of 18c with c-Met kinase (PDB: 3LQ8). (A) 3D binding mode and (B) 2D binding mode. 
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Figure 7. Compound 18c induced cell apoptosis in HCT116 cancer cells. (A) Quantitative analysis of TUNEL staining. (B) Representative TUNEL and DAPI-stained images. Magnification, ×100. HCT116 cells were grown on a coverslip, treated with various indicated doses of 18c for 48 h, and stained for TUNEL (green). The number of TUNEL-positive cells was counted from 5 non-overlap random fields per group; DAPI (blue). Data are representative of three independent experiments. 
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Figure 8. Compound 18c inhibited cell migration in HCT116 cancer cells. (A) Representative images of transwell assay of HCT116 cells treated with compound 18c for 24 h. (B) Quantification of transwell assay. 
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Table 1. Inhibitory activities of compound 14a–14i against Mer and c-Met kinase.
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Compd.

	
R 1

	
IC50 (nM) 1




	
Mer

	
c-Met






	
14a

	
[image: Molecules 29 00475 i001]

	
7.9 ± 1.3

	
151.2 ± 22.6




	
14b

	
[image: Molecules 29 00475 i002]

	
9.4 ± 1.5

	
179.3 ± 25.2




	
14c

	
[image: Molecules 29 00475 i003]

	
165.8 ± 21.6

	
>1000




	
14d

	
[image: Molecules 29 00475 i004]

	
24.2 ± 2.6

	
143.6 ± 17.3




	
14e

	
[image: Molecules 29 00475 i005]

	
40.3 ± 3.6

	
321.2 ± 25.6




	
14f

	
[image: Molecules 29 00475 i006]

	
461.7 ± 41.6

	
>1000




	
14g

	
[image: Molecules 29 00475 i007]

	
7.1 ± 0.9

	
89.4 ± 12.6




	
14h

	
[image: Molecules 29 00475 i008]

	
12.5 ± 2.0

	
74.9 ± 12.2




	
14i

	
[image: Molecules 29 00475 i009]

	
97.1 ± 12.7

	
224.2 ± 24.6




	
Cabozantinib

	

	
0.6 ± 0.1

	
1.4 ± 0.2








1 Data are means from three independent experiments in which the variation is less than 20%.













 





Table 2. Inhibitory activities of compound 18a–18f against Mer and c-Met kinase.
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Compd.

	
R 2

	
IC50 (nM) 1




	
Mer

	
c-Met






	
18a

	
[image: Molecules 29 00475 i010]

	
85.3 ± 6.8

	
15.4 ± 1.4




	
18b

	
[image: Molecules 29 00475 i011]

	
>10,000

	
940.9 ± 65.9




	
18c

	
[image: Molecules 29 00475 i012]

	
18.5 ± 2.3

	
33.6 ± 4.3




	
18d

	
[image: Molecules 29 00475 i013]

	
42.4 ± 5.8

	
52.7 ± 8.5




	
18e

	
[image: Molecules 29 00475 i014]

	
158.6 ± 17.4

	
77.3 ± 13.1




	
18f

	
[image: Molecules 29 00475 i015]

	
462.7 ± 55.4

	
>1000




	
Cabozantinib

	

	
0.6 ± 0.1

	
1.4 ± 0.2








1 Data are means from three independent experiments in which the variation is less than 20%. 2 R2 substitutions are for compounds 18a–18f, and the structures of compounds 14a–14i (Table 1) and 18a–18f are different.













 





Table 3. Inhibitory activities of compound 18g–18o against Mer and c-Met kinase.
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Compd.

	
R 2

	
IC50 (nM) 1




	
Mer

	
c-Met






	
18g

	
[image: Molecules 29 00475 i016]

	
20.3 ± 3.2

	
48.7 ± 8.7




	
18h

	
[image: Molecules 29 00475 i017]

	
12.4 ± 1.9

	
42.6 ± 8.1




	
18i

	
[image: Molecules 29 00475 i018]

	
30.9 ± 5.3

	
77.1 ± 15.2




	
18j

	
[image: Molecules 29 00475 i019]

	
57.5 ± 9.4

	
32.8 ± 5.8




	
18k

	
[image: Molecules 29 00475 i020]

	
10.2 ± 1.4

	
51.2 ± 8.0




	
18l

	
[image: Molecules 29 00475 i021]

	
18.3 ± 2.7

	
48.7 ± 8.2




	
18m

	
[image: Molecules 29 00475 i022]

	
126.4 ± 17.8

	
74.4 ± 13.5




	
18n

	
[image: Molecules 29 00475 i023]

	
31.6 ± 5.4

	
30.7 ± 4.8




	
18o

	
[image: Molecules 29 00475 i024]

	
24.8 ± 3.3

	
39.8 ± 6.6




	
Cabozantinib

	

	
0.6 ± 0.1

	
1.4 ± 0.2








1 Data are means from three independent experiments in which the variation is less than 20%. 2 R2 substitutions are for compounds 18g–18o, and the structures of compounds 14a–14i (Table 1) and 18g–18o are different.













 





Table 4. Microsome stability study of compound 18c, 18l, 18n, and 18o.
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Cpd.

	
Human




	
T1/2 (min)

	
CL (mL/min/mg)






	
18c

	
53.1

	
0.06




	
18l

	
9.6

	
0.36




	
18n

	
11.9

	
0.29




	
18o

	
8.6

	
0.40




	
Testosterone

	
32.1

	
0.11











 





Table 5. Antiproliferative activities of compound 18c on cancer cells.
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Cpds

	
IC50(μM) 1 of 3 Cell Lines




	
HepG2

	
MDA-MB0231

	
HCT116






	
18c

	
6.63

	
8.90

	
4.95




	
Cabozatinib

	
1.72

	
28.96

	
7.82








1 Data are means from two independent experiments in which the variation is less than 20%.













 





Table 6. Activity on hERG potassium currents of compound 18c.
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	Cpd.
	IC50 (μM)





	18c
	>40



	Cisapride
	0.04
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