Design, Synthesis and Biological Evaluation of Structurally Novel Genipin Derivatives as a Class of Multifunctional Agents for the Treatment of Alzheimer's Disease
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[bookmark: _Hlk179793685]1. Materials and Methods
1.1 Chemistry
All reagents were purchased from common commercial suppliers. Thin layer chromatography (TLC) was performed with Silica gel (200−300 mesh). The 1H NMR and 13C NMR spectra were recorded on a Bruker 400 NMR or Bruker 600 NMR spectrometer. Chemical shift values (δ) were expressed in parts per million with tetramethylsilane as the internal standard. High-resolution mass spectra were obtained using an AB SCIEX X500R mass spectrometer.
1.1.1 General procedure for preparing the acetal (2a-f).
The mixture of genipin (1.77 mmol, 1equiv), p-toluenesulfonic acid monohydrate (2.12 mmol, 1.2equiv) and corresponding alcohol (3.96 mL) at 80℃. After genipin was totally consumed, saturated K2CO3 solution was added to neutralize excess acid. Following extraction with dichloromethane (DCM), the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [petroleum ether (PE)/EA = 4:1, V/V] to afford 2a-f.
1.1.2 General procedure for preparing intermediates 3a-f.
The methanesulfonyl chloride (0.1mL,745.4 μmol) was slowly added the mixture of 2a-f (200 mg, 745.4 μmol, 1.0 equiv), dichloromethane (5 mL) and Et3N (2.66 mmol, 1.5 equiv) at 0 °C. After 2a-f was totally consumed, the reaction was quenched with 10% dilute hydrochloric acid, and the organic layer was separated. The aqueous layer was further extracted with DCM, and the organic layer was combined and washed with brine, dried with anhydrous Na2SO4, and concentrated in vacuo to afford the 3a-f, which was used directly for further reaction without purification. 
1.1.3 Synthesis of 2,3,5,6-tetramethylpyrazine 1-oxide. 
The mixture of ligustrazine (4.00 g, 29.37 mmol, 1.0 equiv), H2O2 (5.93 mL, 58.74 mmol, 2.0 equiv) and glacial acetic acid (30 mL) was stirred at 70 °C. After ligustrazine was totally consumed, the reaction was quenched with saturated NaHCO3 solution. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo to afford the 2,3,5,6-tetramethylpyrazine 1-oxide as white solid, yield 75.0%, which was used directly for further reaction without purification.
1.1.4 Synthesis of (3,5,6-trimethylpyrazin-2-yl)methyl acetate.
The mixture of the 2,3,5,6-tetramethylpyrazine 1-oxide (2.50 g, 16.41 mmol, 1.0 equiv), acetic acid (16 mL) and acetic anhydride (10 mL) was stirred at 110 °C. After 2,3,5,6-tetramethylpyrazine 1-oxide was totally consumed, the reaction was quenched with saturated NaHCO3 solution. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo to afford the (3,5,6-trimethylpyrazine-2-yl) methyl acetate as brown oily liquid, yield 91.5%, which was used directly for further reaction without purification.
1.1.5 Synthesis of (3,5,6-trimethylpyrazin-2-yl)methanol.
The mixture of the (3,5,6-trimethylpyrazine-2-yl) methyl acetate (2.92 g, 15.03 mmol, 1.0 equiv), anhydrous ethanol (15 mL) and NaOH (3.61 g, 90.20 mmol, 6.0 equiv) aqueous solution was stirred at 75 °C. After (3,5,6-trimethylpyrazine-2-yl) methyl acetate was totally consumed, the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo to afford the (3,5,6-trimethylpyrazine-2-yl) methanol as yellow solid, yield 69.4%, which was used directly for further reaction without purification.
1.1.6 Synthesis of 2-(chloromethyl)-3,5,6-trimethylpyrazine.
The (3,5,6-trimethylpyrazine-2-yl) methyl acetate (1.59 g, 10.43 mmol, 1.0 equiv) was dissolved with anhydrous DCM (10 mL), and then SOCl2 (1.86g, 15.64mmol) was added at 0 °C. After (3,5,6-trimethylpyrazine-2-yl) methyl acetate was totally consumed, the reaction was quenched with ice water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo to afford light yellow oily liquid. Finally, the crude product underwent column chromatography [PE/EA = 6:1, V/V] to afford 2-(chloromethyl)-3,5,6-trimethylpyrazine as colorless oily liquid, yield 50.6%.
[bookmark: _Hlk178622967]1.1.7 Synthesis of 2,3,5-trimethyl-6-(piperazin-1-ylmethyl)pyrazine.
The anhydrous piperazine (2.73 g, 31.65 mmol, 6.0 equiv) was dissolved with DCM (15 mL), and then 2-(chloromethyl)-3,5,6-trimethylpyrazine (900.0 mg, 5.27 mmol, 1.0 equiv) dissolved with anhydrous DCM was slowly added and continuous reaction at 0 °C. After 2-(chloromethyl)-3,5,6-trimethylpyrazine was totally consumed, the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [PE/EA = 10:1, V/V] to afford 2,3,5-trimethyl-6-(piperazine-1-methyl) pyrazines as white solid, yield 37.2%.
1.1.8 General procedure for preparing target compounds A1-A5, B1-B3-B4, B7.
The mixture of 3a-f (1.0 equiv), 2,3,5-trimethyl-6-(piperazine-1-methyl) pyrazines (or 5-(piperazin-1-ylmethyl)pyrazine) (2.0 equiv), K2CO3 (2.0 equiv), and N, N-dimethylformamide (DMF, 30 mL/1 mmol substrate) was stirred at room temperature. After 3a-f was totally consumed, the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [DCM/Methyl alcohol (MeOH) = 20:1, V/V] to afford the title compounds.

1.1.8.1 methyl 1-propoxy-7-((4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (A1)
Yellow oily liquid, yield 34.1%. 1H NMR (400 MHz, DMSO-d6) δ 7.47 (d, J = 1.1 Hz, 1H, CH), 5.67 (s, 1H, CH), 4.82 (d, J = 6.7 Hz, 1H, CH), 3.63 (s, 3H, COOCH3), 3.53 (d, J = 2.8 Hz, 2H, CH2), 3.49 (d, J = 9.6 Hz, 2H, CH2), 3.50 - 3.44 (m, 2H, CH2), 3.09 (d, J = 13.9 Hz, 1H, CH), 3.00 (t, J = 7.6 Hz, 1H, CH), 2.94 - 2.85 (m, 2H, CH2), 2.52 - 2.50 (m, 9H, CH3), 2.40 (d, J = 2.7 Hz, 8H, piperazine-H), 1.55 (q, J = 7.0 Hz, 2H, CH2), 0.88 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, DMSO) δ 167.44, 150.72, 149.93, 149.70, 148.00, 147.87, 140.86, 129.32, 111.02, 100.84, 70.76, 61.92, 57.77, 53.46, 53.40, 51.44, 46.47, 46.23, 38.65, 34.83, 22.84, 21.52, 21.42, 20.90, 10.98. ESI-HRMS: m/z calcd for C26H38N4O4 [M+H]+ 471.2966, found 471.2964.

1.1.8.2 Methyl 1-butoxy-7-((4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (A2)
Light yellow oily liquid, yield 30.0%. 1H NMR (400 MHz, DMSO-d6) δ 7.46 (s, 1H, CH), 5.67 (d, J = 6.0 Hz, 1H, CH), 4.82 (d, J = 6.6 Hz, 1H, CH), 3.83 - 3.64 (m, 2H, CH2), 3.63 (s, 3H, COOCH3), 3.52 (q, J = 3.9, 3.4 Hz, 4H, piperazine-H), 3.13 - 3.00 (m, 2H, CH2), 2.91 - 2.83 (m, 2H, CH2), 2.75 - 2.68 (m, 1H, CH), 2.65 (d, J = 8.0 Hz, 1H, CH), 2.59 (q, J = 8.8, 8.0 Hz, 2H, CH2), 2.48 (s, 4H, piperazine-H), 2.40 (d, J = 2.7 Hz, 9H, CH3), 1.42 - 1.25 (m, 4H, CH2), 0.88 (t, J = 7.4 Hz, 3H, CH3). 3.83 - 3.64 (m, 1H, CH). 13C NMR (101 MHz, DMSO) δ 167.42, 149.93, 149.69, 148.00, 147.86, 147.60, 140.82, 129.29, 111.03, 100.78, 68.80, 61.93, 61.36, 58.40, 57.74, 53.42, 53.39, 52.40, 51.43, 38.64, 31.57, 31.50, 21.52, 21.42, 20.89, 19.22, 14.10. ESI-HRMS: m/z calcd for C26H38N4O4 [M+H]+ 485.3122, found 485.3122.

1.1.8.3 Methyl 1-isobutoxy-7-((4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (A3)
Light yellow oily liquid, yield 22.9%. 1H NMR (400 MHz, DMSO-d6) δ 7.44 (s, 1H, CH), 5.68 (s, 1H, CH), 4.80 (d, J = 6.8 Hz, 1H, CH), 3.63 (d, J = 3.1 Hz, 3H, COOCH3), 3.62 - 3.56 (m, 2H, CH2), 3.53 (s, 2H, CH2), 3.15 (dd, J = 9.1, 6.0 Hz, 2H, CH2), 3.02 (d, J = 7.8 Hz, 1H, 9-H), 2.88 (d, J = 10.8 Hz, 1H, CH), 2.63 (d, J = 8.4 Hz, 2H, CH2), 2.48 (s, 4H, piperazine-H), 2.40 (d, J = 2.8 Hz, 9H, CH3), 2.36 - 2.25 (m, 4H, piperazine-H), 1.82 (m, 1H, CH), 0.93 - 0.83 (m, 6H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 167.42, 161.18, 152.41, 150.70, 149.93, 147.97, 147.93, 116.05, 111.01, 100.96, 75.62, 74.84, 61.68, 55.38, 53.74, 52.56, 51.46, 46.42, 45.25, 38.66, 34.92, 29.88, 21.54, 21.43, 20.90, 19.62, 19.58. ESI-HRMS: m/z calcd for C27H40N4O4 [M+H]+ 485.3122, found 485.3118.

1.1.8.4 Methyl 1-(tert-butoxy)-7-((4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (A4)
Light yellow oily liquid, yield 20.5%. 1H NMR (600 MHz, DMSO-d6) δ 7.44 (s, 1H, CH), 5.65 (s, 1H, CH), 5.10 (d, J = 6.4 Hz, 1H, CH), 3.62 (s, 3H, COOCH3), 3.56 (d, J = 14.8 Hz, 2H, CH2), 3.26 (dd, J = 10.4, 6.1 Hz, 1H, CH), 3.18 - 3.10 (m, 2H, CH2), 2.99 (q, J = 7.5 Hz, 1H, CH), 2.87 (d, J = 13.8 Hz, 1H, CH), 2.65 (dd, J = 16.1, 8.1 Hz, 1H, CH), 2.48 (s, 9H, CH3), 2.41 (d, J = 6.5 Hz, 8H, piperazine-H), 1.21 (s, 9H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 167.56, 153.09, 149.94, 149.71, 147.97, 147.88, 141.12, 129.28, 110.54, 95.43, 76.22, 61.93, 61.67, 60.73, 57.76, 53.44, 51.37, 47.38, 45.26, 38.55, 34.99, 28.84, 21.53, 21.42, 20.90. ESI-HRMS: m/z calcd for C27H40N4O4 [M+H]+ 485.3122, found 485.3116.

1.1.8.5 Methyl 1-(benzyloxy)-7-((4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (A5)
Light yellow oily liquid, yield 29.9%. 1H NMR (400 MHz, DMSO-d6) δ 7.50 (s, 1H, CH), 7.33 (q, J = 13.5, 10.2 Hz, 5H, ArH), 5.77 - 5.63 (m, 1H, CH), 5.05 (d, J = 6.0 Hz, 1H, CH), 4.87 - 4.61 (m, 2H, CH2), 3.64 (s, 3H, COOCH3), 3.51 (s, 2H, CH2), 3.03 (dd, J = 13.8, 6.3 Hz, 2H, CH2), 2.92 - 2.80 (m, 2H, CH2), 2.69 (dd, J = 22.5, 7.4 Hz, 2H, CH2), 2.46 (d, J = 6.1 Hz, 4H, piperazine-H), 2.40 (s, 9H, CH3), 2.32 (s, 4H, piperazine-H). 13C NMR (151 MHz, DMSO) δ 167.40, 149.93, 149.70, 148.01, 147.89, 147.60, 140.48, 137.68, 128.81, 128.67, 128.23, 127.51, 127.21, 111.72, 111.36, 99.57, 70.47, 61.87, 61.33, 53.41, 53.35, 53.29, 52.39, 51.49, 46.80, 38.57, 34.24, 21.52, 21.43, 20.89. ESI-HRMS: m/z calcd for C30H38N4O4 [M+H]+ 519.2966, found 519.2961.

1.1.8.6 Methyl 1-propoxy-7-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B1)
Light yellow oily liquid, yield 19.0%. 1H NMR (400 MHz, DMSO-d6) δ 8.35 (d, J = 4.7 Hz, 2H, ArH), 7.46 (dd, J = 29.8, 1.3 Hz, 1H, CH), 6.62 (m, 1H, ArH), 5.75 (s, 1H, CH), 4.98 - 4.77 (m, 1H, CH), 3.83 - 3.76 (m, 1H, CH), 3.72 (s, 4H, piperazine-H), 3.65 (d, J = 2.7 Hz, 3H, COOCH3), 3.51 (m, 1H, CH), 3.19 (d, J = 13.7 Hz, 1H, CH), 3.05 (dd, J = 16.1, 8.4 Hz, 1H, CH), 2.95 (d, J = 13.8 Hz, 1H, CH2), 2.76 - 2.63 (m, 2H, 10-CH2), 2.38 (m, 4H, piperazine-H), 2.03 (m, 1H, CH2), 1.57 (m, 2H, CH2), 0.89 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO) δ 167.45, 161.69, 158.36, 152.46, 140.70, 129.69, 111.01, 110.52, 100.95, 70.85, 57.91, 53.21, 53.14, 51.47, 46.45, 46.27, 43.84, 38.68, 34.97, 22.88, 11.00. ESI-HRMS: m/z calcd for C22H30N4O4 [M+H]+ 415.2340, found 415.2334.

1.1.8.7 Methyl 1-butoxy-7-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B2)
Light yellow oily liquid, yield 49.5%. 1H NMR (400 MHz, DMSO-d6) δ 8.35 (d, J = 4.8 Hz, 2H, ArH), 7.56 - 7.35 (m, 1H, CH), 6.62 (t, J = 4.7 Hz, 1H, ArH), 5.74 (s, 1H, CH), 4.86 (d, J = 6.9 Hz, 1H, CH), 3.81 (m, 1H, CH), 3.72 (s, 4H, piperazine-H), 3.65 (d, J = 3.0 Hz, 3H, COOCH3), 3.55 (m, 1H, CH), 3.18 (d, J = 14.0 Hz, 1H, CH), 3.06 - 2.99 (m, 1H, CH), 2.94 (d, J = 13.5 Hz, 1H, CH2), 2.75 - 2.62 (m, 2H, CH2), 2.40 (m, 4H, piperazine-H), 2.08 - 1.98 (m, 1H, CH2), 1.24 (d, J = 4.0 Hz, 4H, CH2), 0.93 - 0.85 (m, 3H, CH3). 13C NMR (101 MHz, DMSO) δ 167.44, 161.70, 158.34, 150.70, 140.67, 129.67, 111.48, 111.03, 110.52, 68.89, 68.03, 58.48, 57.87, 53.20, 53.13, 51.45, 46.49, 38.68, 32.00, 31.59, 19.22, 14.10. ESI-HRMS: m/z calcd for C23H32N4O4 [M+H]+ 429.2496, found 429.2491.

1.1.8.8 Methyl 1-isobutoxy-7-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B3)
Colorless oil liquid, yield 32.9%. 1H NMR (400 MHz, DMSO-d6) δ 8.35 (dd, J = 4.7, 0.7 Hz, 2H, ArH), 7.45 (dd, J = 28.9, 1.3 Hz, 1H, CH), 6.62 (t, J = 4.7 Hz, 1H, ArH), 5.74 (s, 1H, CH), 4.86 (d, J = 6.8 Hz, 1H, CH), 3.81 (m, 1H, CH), 3.72 (s, 4H, piperazine-H), 3.65 (d, J = 3.0 Hz, 3H, COOCH3), 3.60 - 3.51 (m, 1H, CH), 3.42 (s, 1H, CH), 3.18 (d, J = 13.9 Hz, 1H, CH), 3.03 (d, J = 9.8 Hz, 1H, CH), 2.98 - 2.88 (m, 1H, CH2), 2.69 - 2.63 (m, 1H, CH), 2.38 (m, 4H, piperazine-H), 2.03 (m, 1H, CH2), 1.55 - 1.50 (m, 1H, CH), 1.44 - 1.16 (m, 6H, CH3). 13C NMR (101 MHz, DMSO) δ 167.46, 161.71, 158.37, 152.44, 140.67, 129.68, 111.04, 110.54, 100.90, 68.90, 57.87, 53.20, 53.13, 51.47, 46.50, 43.86, 38.68, 34.89, 31.58, 19.22, 14.11. ESI-HRMS: m/z calcd for C23H32N4O4 [M+H]+ 429.2496, found 429.2493.

1.1.8.9 Methyl 1-(benzyloxy)-7-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B4)
Light yellow oily liquid, yield 20.9%. 1H NMR (400 MHz, DMSO-d6) δ 8.34 (dd, J = 6.1, 4.7 Hz, 2H, ArH), 7.48 (dd, J = 33.8, 1.3 Hz, 1H, CH), 7.39 - 7.21 (m, 5H, ArH), 6.61 (q, J = 4.9 Hz, 1H, ArH), 5.81 - 5.69 (m, 1H, CH), 5.55 - 5.06 (m, 1H, CH), 4.90 - 4.49 (m, 2H, CH2), 3.65 (s, 7H, piperazine-H, COOCH3), 3.11 (t, J = 9.2 Hz, 1H, CH), 2.98 (s, 1H, CH), 2.93 - 2.87 (m, 1H, CH2), 2.84 - 2.60 (m, 2H, CH2), 2.37 - 2.22 (m, 4H, piperazine-H), 2.12 - 1.95 (m, 1H, CH2). 13C NMR (151 MHz, DMSO) δ 167.40, 161.67, 158.34, 152.24, 140.35, 137.69, 128.80, 128.73, 128.28, 128.24, 127.86, 127.13, 111.36, 110.51, 99.61, 70.52, 57.69, 53.19, 53.01, 51.49, 46.11, 43.77, 38.63, 34.85. ESI-HRMS: m/z calcd for C26H30N4O4 [M+H]+ 463.2340, found 463.2352.

1.1.8.10 Methyl 1-ethoxy-7-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B7)
Light yellow oily liquid, yield 42.5%. 1H NMR (400 MHz, DMSO-d6) δ 8.35 (d, J = 4.7 Hz, 2H, ArH), 7.49 (s, 1H, CH), 6.61 (t, J = 4.7 Hz, 1H, ArH), 5.74 (s, 1H, CH), 4.87 (d, J = 6.7 Hz, 1H, CH), 3.86 (m, 1H, CH), 3.71 (d, J = 6.0 Hz, 4H, piperazine-H), 3.65 (s, 3H, COOCH3), 3.62 - 3.55 (m, 1H, CH), 3.18 (d, J = 13.9 Hz, 1H, CH), 3.05 (q, J = 7.6 Hz, 1H, CH), 2.94 (d, J = 13.9 Hz, 1H, CH2), 2.69 (m, 2H, CH2), 2.46 - 2.30 (m, 4H, piperazine-H), 2.12 - 1.95 (m, 1H, CH2), 1.17 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO) δ 167.45, 161.69, 158.36, 152.45, 140.68, 129.63, 111.01, 110.51, 100.77, 64.90, 57.90, 53.15, 51.46, 46.49, 43.84, 38.67, 34.87, 15.49. ESI-HRMS: m/z calcd for C21H28N4O4 [M+H]+ 401.2183, found 401.2175.
1.1.9 Synthesis of methyl 7-(((tert-butyldimethylsilyl)oxy)methyl)-1-hydroxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (4).
The genipin (10.00 g, 44.2 mmol, 1.0 equiv), imidazole (6.02 g, 88.4 mmol, 2.0 equiv) was dissolved with DMF (60 mL). In addition, tert-butyldimethylchlorosilane (TBSCl: 13.32 g, 88.4 mmol, 2.0 equiv) was dissolved in DMF (30mL) and slowly added to the reaction solution at 0 °C. After the total conversion of 4, the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [PE/EA = 6:1, V/V] to afford methyl 7-(((tert-butyldimethylsilyl)oxy)methyl)-1-hydroxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (4) as the white solid 12.50 g, yield 83.1%.
1.1.10 Synthesis of methyl methyl 7-(((tert-butyldimethylsilyl)oxy)methyl)-1-oxo-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate(5).
The mixture of methyl 7-(((tert-butyldimethylsilyl)oxy)methyl)-1-hydroxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (12.5 g, 36.7 mmol, 1.0 equiv), Desmartins Oxidant (Join in three 10-minute increments, DMP, 31.1 g, 73.4 mmol, 2.0 equiv) and DCM (80 mL) was stirred at room temperature. After the total conversion of 4, saturated NaHCO3 and Na2S2O3 solution was then added to the mixture, and stirred at room temperature for 15 min. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [PE/EA = 8:1, V/V] to afford methyl 7-(((tert-butyldimethylsilyl)oxy)methyl)-1-oxo-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (5) as the white solid 10.00 g, yield 80.5%.
1.1.11 General procedure for preparing intermediates 6b, 6g.
The mixture of methyl 7-(((tert-butyldimethylsilyl)oxy)methyl)-1-oxo-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (5) (5.0 g, 14.77 mmol, 1.0 equiv), CH3NH2·HCl (or propylamine) (59.09 mmol, 4.0 equiv) triethylamine (16.43 mL, 118.18 mmol, 8.0 equiv) and CHCl3 (50 mL) was stirred at 65 °C. After 5 was totally consumed, the solvent was removed under reduced pressure. Following mixed with trifluoroacetic acid (30 mL) and tetrahydrofuran (THF, 30 mL) was continuous stirred at 65 °C. After 2 h later, the reaction was quenched with saturated K2CO3 solution. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent flash column chromatography [petroleum ether (PE)/EA = 3:1, V/V] to afford 6b and 6g. 
1.1.12 General procedure for preparing intermediates 7b, 7g.
The methanesulfonyl chloride (0.65 mL, 8.4 mmol, 4.0 equiv) was slowly added to the mixture of 6b (or 6g) (2.1 mmol, 1.0 equiv), triethylamine (1.2 mL, 8.4 mmol, 4.0 equiv) and DCM (20 mL) at 0 °C. After 6b (or 6g) was totally consumed, the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo to afford the 7b (or 7g), which was used directly for further reaction without purification. 
1.1.13 General procedure for preparing target compounds A6-A7, B5-B6.
The mixture of 7b (or 7g) (1.0 equiv), 2,3,5-trimethyl-6-(piperazine-1-ylmethyl) pyrazines (or 5-(piperazin-1-ylmethyl)pyrazine) (2.0 equiv), K2CO3 (2.0 equiv), and N, N-dimethylformamide (DMF, 15 mL/1 mmol substrate) was stirred at room temperature. After 7b (or 7g) was totally consumed, the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [DCM/Methyl alcohol (MeOH) = 20:1, V/V] to afford the title compounds.
1.1.13.1 Methyl 2-methyl-1-oxo-7-((4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)methyl)-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (A6)
[bookmark: _Hlk163893118]Light yellow oily liquid, yield 39.6%. 1H NMR (600 MHz, DMSO-d6) δ 7.34 (s, 1H, CH), 5.65 (s, 1H, CH), 3.63 (s, 3H, COOCH3), 3.57 - 3.41 (m, 4H, piperazine-H), 3.39 (t, J = 5.3 Hz, 2H, CH2), 3.30 (s, 3H, CH2), 3.18 (m, 2H, CH2), 3.04 (s, 3H, NCH3), 2.94 (d, J = 13.9 Hz, 1H, CH), 2.64 (m, 1H, CH), 2.45 (s, 4H, piperazine-H), 2.37 (d, J = 4.1 Hz, 9H, CH3), 2.07 (dd, J = 16.3, 8.6 Hz, 1H, CH). 13C NMR (151 MHz, DMSO) δ 169.51, 166.92, 149.95, 149.70, 148.01, 147.86, 140.80, 140.02, 128.34, 108.98, 72.75, 67.73, 67.66, 61.91, 60.72, 58.16, 53.40, 53.35, 51.66, 48.57, 37.68, 35.20, 21.53, 21.42, 20.90, 20.45. ESI-HRMS: m/z calcd for C24H33N5O3 [M+H]+ 440.2656, found 440.2647.

1.1.13.2 Methyl 1-oxo-2-propyl-7-((4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)methyl)-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (A7)
Light yellow oily liquid, yield 21.4%. 1H NMR (600 MHz, DMSO-d6) δ 7.35 (s, 1H, CH), 5.72 (d, J = 38.7 Hz, 1H, CH), 3.66 (s, 3H, COOCH3), 3.54 - 3.49 (m, 4H, piperazine-H), 3.48 (d, J = 7.3 Hz, 2H, CH2), 3.45 (d, J = 6.8 Hz, 2H, CH2), 3.36 (d, J = 13.9 Hz, 2H, CH2), 3.34 - 3.28 (m, 2H, CH2), 2.96 (d, J = 13.9 Hz, 1H, CH), 2.71 - 2.64 (m, 1H, CH), 2.47 (s, 4H, piperazine-H), 2.39 (d, J = 5.4 Hz, 9H, CH3), 1.48 (q, J = 7.3 Hz, 2H, CH2), 0.79 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO) δ 169.11, 166.92, 149.95, 149.71, 147.99, 147.88, 140.90, 139.02, 128.29, 109.25, 61.87, 61.79, 58.22, 55.35, 53.42, 53.30, 51.69, 48.68, 48.58, 37.52, 30.86, 22.05, 21.50, 21.40, 20.89, 11.26. ESI-HRMS: m/z calcd for C26H37N5O3 [M+H]+ 468.2969, found 468.2965.

1.1.13.3 Methyl 2-methyl-1-oxo-7-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (B5)
Light yellow oily liquid, yield 51.7%. 1H NMR (600 MHz, DMSO-d6) δ 8.34 (dd, J = 4.7, 1.4 Hz, 2H, ArH), 7.38 (d, J = 1.4 Hz, 1H, CH), 6.61 (m, 1H, ArH), 5.75 (s, 1H, CH), 3.70 (t, J = 5.2 Hz, 4H, piperazine-H), 3.68 (s, 3H, COOCH3), 3.56 (d, J = 10.5 Hz, 1H, CH), 3.45 (d, J = 13.8 Hz, 1H, CH), 3.08 (s, 3H, NCH3), 3.03 (d, J = 13.7 Hz, 1H, CH), 2.71 (m, 1H, CH), 2.50 (d, J = 36.2 Hz, 1H, CH2), 2.38 (m, 4H, piperazine-H), 2.13 (dd, J = 16.3, 8.6 Hz, 1H, CH2). 13C NMR (151 MHz, DMSO) δ 169.55, 166.94, 161.70, 158.34, 140.71, 140.03, 128.61, 110.49, 109.01, 58.29, 53.20, 51.67, 48.52, 43.83, 37.67, 35.20, 29.88. ESI-HRMS: m/z calcd for C20H25N5O3 [M+H]+ 384.2030, found 384.2023.

1.1.13.4 Methyl 1-oxo-2-propyl-7-((4-(pyrimidin-2-yl)piperazin-1-yl)methyl)-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (B6)
Colorless oily liquid, yield 23.5%. 1H NMR (400 MHz, DMSO-d6) δ 8.35 (d, J = 4.7 Hz, 2H, ArH), 7.38 (s, 1H, CH), 6.61 (t, J = 4.7 Hz, 1H, ArH), 5.76 (s, 1H, CH), 3.71 (t, J = 5.2 Hz, 4H, piperazine-H), 3.68 (s, 3H, COOCH3), 3.60 - 3.52 (m, 2H, CH2), 3.50 - 3.43 (m, 2H, CH2), 3.42 - 3.37 (m, 1H, CH), 3.03 (d, J = 13.8 Hz, 1H, CH), 2.77 - 2.68 (m, 1H, CH2), 2.45 - 2.33 (m, 4H, piperazine-H), 2.10 (dd, J = 16.0, 8.7 Hz, 1H, CH2), 1.50 (q, J = 7.3 Hz, 2H, CH2), 0.81 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO) δ 169.11, 166.92, 161.69, 158.33, 140.86, 139.04, 128.51, 110.47, 109.25, 60.37, 58.37, 55.37, 53.23, 51.69, 48.68, 48.53, 43.81, 37.54, 29.87, 22.07, 11.27. ESI-HRMS: m/z calcd for C22H29N5O3 [M+H]+ 412.2343, found 412.2341.
1.1.14 General method for synthesis of 8a, 8g, 10b and 10g.
The mixture of 2a (2g, 6b or 6g, 1.0 equiv), phthalimide (1.3 equiv), triphenylphosphine (Ph3P, 1.3 equiv), and anhydrous THF (12 mL/1 mmol substrate) was stirred at 0 °C under N2 atmosphere. Then, slowly added DIAD (2.0 equiv) dissolved with anhydrous THF and transferred to room temperature for reaction. After the total consumption of 2a (2g, 6b or 6g), the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [PE/EA = 8:1, V/V] to afford the 8a (8g, 10b or 10g).
1.1.15 General method for synthesis of 9a, 9g, 11b and 11g.
The mixture of 8a (8g, 10b or 10g, 1.0 equiv), N₂H₄·H₂O (40-50%, 12.0 equiv), and anhydrous ethyl alcohol (EtOH, 10 mL/1 mmol substrate) was stirred at room temperature. After the total consumption of 8a (8g, 10b or 10g), the white precipitate was removed by filtration, concentrated in vacuo. Finally, the crude product underwent column chromatography [DCM/MeOH = 10:1, V/V] to afford the 9a (9g, 11b or 11g).
1.1.16 General method for synthesis of B8-B11.
The mixture of 2-(4-(pyrimidin-2-yl)piperazin-1-yl)acetic acid (or 2,3,5-trimethyl-6-(piperazine-1-ylmethyl) pyrazines, 1.25 equiv), EDCI·HCl (2.0 equiv), HOBt (2.0 equiv), and DCM (10 mL/1 mmol substrate) was stirred at room temperature for 30min. Then, added 9a (or 9g, 1.0 equiv) dissolved with DCM. After the total consumption of 9a (or 9g), the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. Finally, the crude product underwent column chromatography [DCM/MeOH = 100:1, V/V] to afford the title compounds.
1.1.16.1 Methyl 1-ethoxy-7-((2-(4-(pyrimidin-2-yl)piperazin-1-yl)acetamido)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B8)
Light yellow oily liquid, yield 77.7%. 1H NMR (600 MHz, DMSO-d6) δ 8.35 (d, J = 4.7 Hz, 2H, ArH), 7.99 (t, J = 5.9 Hz, 1H, NH), 7.50 (d, J = 1.2 Hz, 1H, CH), 6.62 (t, J = 4.7 Hz, 1H, ArH), 5.61 (d, J = 3.1 Hz, 1H, CH), 4.74 (d, J = 7.4 Hz, 1H, CH), 4.00 (m, 1H, CH2), 3.88 (m, 1H, CH2), 3.81 - 3.71 (m, 6H, CH2, piperazine-H), 3.64 (s, 3H, COOCH3), 3.04 (m, 1H, CH), 3.01 (s, 2H, CH2), 2.72 - 2.66 (m, 1H, CH), 2.54 (t, J = 7.8 Hz, 1H, CH2), 2.50 (s, 4H, piperazine-H), 2.06 - 1.99 (m, 1H, CH2), 1.19 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 169.35, 167.41, 161.67, 158.39, 152.44, 141.34, 126.78, 110.91, 110.59, 101.12, 65.34, 61.62, 53.09, 51.50, 46.90, 43.71, 38.66, 38.61, 35.38, 15.47. ESI-HRMS: m/z calcd for C23H31N5O5 [M+H]+ 458.2398, found 458.2391.

1.1.16.2 Methyl 1-ethoxy-7-((3-(4-(pyrimidin-2-yl)piperazin-1-yl)propanamido)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B9)
Light yellow oily liquid, yield 59.2%. 1H NMR (600 MHz, DMSO-d6) δ 8.35 (d, J = 4.6 Hz, 2H, ArH), 8.14 (q, J = 6.1 Hz, 1H, NH), 7.48 (d, J = 1.2 Hz, 1H, CH), 6.62 (t, J = 4.7 Hz, 1H, ArH), 5.70 (d, J = 2.9 Hz, 1H, CH), 4.73 (d, J = 7.4 Hz, 1H, CH), 3.97 - 3.90 (m, 1H, CH2), 3.88 - 3.83 (m, 1H, CH2), 3.74 (m, 1H, CH2), 3.71 - 3.68 (m, 4H, piperazine-H), 3.67 - 3.64 (m, 1H, CH2), 3.63 (s, 3H, COOCH3), 3.02 (m, 1H, CH), 2.69 - 2.63 (m, 1H, CH), 2.57 (t, J = 7.0 Hz, 2H, CH2), 2.54 (d, J = 8.4 Hz, 1H, CH2), 2.43 (t, J = 5.1 Hz, 4H, piperazine-H), 2.32 (t, J = 7.1 Hz, 2H, CH2), 2.02 (m, 1H, CH2), 1.17 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 171.29, 167.42, 161.67, 158.38, 152.46, 141.41, 126.89, 110.91, 110.58, 101.12, 65.30, 54.66, 52.75, 51.49, 46.71, 43.73, 38.76, 38.56, 35.47, 33.54, 15.44. ESI-HRMS: m/z calcd for C24H33N5O5 [M+H]+ 472.2554, found 472.2538.

1.1.16.3 Methyl 1-ethoxy-7-((2-(4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)acetamido)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B10)
Light yellow oily liquid, yield 56.8%. 1H NMR (600 MHz, DMSO-d6) δ 7.83 (t, J = 6.0 Hz, 1H, NH), 7.49 (d, J = 1.2 Hz, 1H, CH), 5.58 (s, 1H, CH), 4.73 (d, J = 7.4 Hz, 1H, CH), 3.97 (m, 1H, CH2), 3.87 (m, 1H, CH2), 3.83 - 3.71 (m, 2H, CH2), 3.64 (s, 3H, COOCH3), 3.59 (s, 1H, CH2), 3.54 (d, J = 2.1 Hz, 3H, CH2), 3.19 (s, 1H, CH), 3.02 (m, 1H, CH), 2.68 (m, 1H, CH2), 2.52 (d, J = 6.4 Hz, 9H, CH3), 2.40 (d, J = 2.9 Hz, 8H, piperazine-H), 2.04 - 1.99 (m, 1H, CH2), 1.18 (t, J = 7.1 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 170.94, 167.47, 152.44, 149.98, 149.81, 147.96, 147.91, 141.23, 126.79, 110.89, 101.07, 65.35, 61.77, 61.57, 53.35, 53.11, 52.47, 51.52, 46.86, 38.64, 38.56, 35.29, 21.47, 21.38, 20.85, 15.44. ESI-HRMS: m/z calcd for C27H39N5O5 [M+H]+ 514.3024, found 514.3019.

1.1.16.4 Methyl 1-ethoxy-7-((3-(4-((3,5,6-trimethylpyrazin-2-yl)methyl)piperazin-1-yl)propanamido)methyl)-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (B11)
Light yellow oily liquid, yield 44.4%. 1H NMR (600 MHz, DMSO-d6) δ 8.08 (t, J = 5.7 Hz, 1H, NH), 7.50 (d, J = 1.2 Hz, 1H, CH), 5.70 (d, J = 3.0 Hz, 1H, CH), 4.72 (d, J = 7.4 Hz, 1H, CH), 3.92 (m, 1H, CH2), 3.86 (m, 1H, CH2), 3.70 (m, 1H, CH2), 3.65 (s, 5H, CH2, COOCH3), 3.62 - 3.57 (m, 1H, CH2), 3.51 (s, 2H, CH2), 3.03 (m, 1H, CH), 2.68 (m, 1H, CH), 2.49 (d, J = 12.1 Hz, 9H, CH3), 2.40 (d, J = 2.7 Hz, 8H, piperazine-H), 2.24 (t, J = 7.0 Hz, 3H, CH2, CH2), 2.02 (m, 1H, CH2), 1.17 (t, J = 7.1 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 171.27, 167.41, 152.49, 149.93, 149.73, 147.94, 147.88, 141.44, 126.91, 110.89, 101.17, 65.30, 61.93, 54.53, 53.26, 52.92, 51.49, 46.67, 38.74, 38.56, 35.54, 33.51, 21.53, 21.43, 20.90, 15.45. ESI-HRMS: m/z calcd for C28H41N5O5 [M+H]+ 528.3180, found 528.3169.
1.1.17 Synthesis of ethyl 2-(2-acetyl-5-methoxyphenoxy)acetate.
The mixture of paeonol (500.0 mg, 3.01 mmol, 1.0 equiv), K2CO3 (1.66 g, 3.61 mmol, 1.2 equiv) and DCM (30 mL) was stirred at 0 °C. Then ethyl chloroacetate (386.4 mmL, 3.61 mmol, 1.2 equiv) was slowly added at 0 °C and continuous reaction at room temperature. After paeonol was totally consumed, the reaction was quenched with distilled water. Following extraction with DCM, the organic layer was washed with brine, dried over anhydrous Na2SO4, and concentrated in vacuo to afford the ethyl 2-(2-acetyl-5-methoxyphenoxy)acetate as brown solid, yield 90.9%, which was used directly for further reaction without purification.
1.1.18 Synthesis of 2-(2-acetyl-5-methoxyphenoxy)acetic acid.
The mixture of ethyl 2-(2-acetyl-5-methoxyphenoxy)acetate (690.0 mg, 2.74 mmol, 1.0 equiv), anhydrous MeOH (5 mL) was stirred at 0 °C. Then sodium bicarbonate solution (437.6 mmL, 10.94 mmol, 4.0 equiv) was added and continuous reaction at room temperature. After ethyl 2-(2-acetyl-5-methoxyphenoxy)acetate was totally consumed, HCl (1M) solution was added to adjust the pH value to 3-4, precipitate, filter, and dry to obtain a light yellow solid, yield 78.9%.
1.1.19 General method for synthesis of JD1-8.
The compounds JD1-JD8 were prepared via similar procedure to that for compounds B8-B11.

1.1.19.1 Methyl 7-((2-(2-acetyl-5-methoxyphenoxy)acetamido)methyl)-1-ethoxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (JD-1)
White solid, yield 27.2%. 1H NMR (600 MHz, DMSO-d6) δ 8.36 (t, J = 5.8 Hz, 1H, NH), 7.73 (d, J = 8.7 Hz, 1H, ArH), 7.49 (d, J = 1.2 Hz, 1H, CH), 6.64 (dd, J = 8.7, 2.3 Hz, 1H, ArH), 6.58 (d, J = 2.3 Hz, 1H, ArH), 5.66 - 5.61 (m, 1H, CH), 4.72 (d, J = 7.6 Hz, 1H, CH), 4.70 (s, 2H, CH2), 4.07 - 4.01 (m, 2H, CH2), 3.86 (m, 2H, CH2), 3.81 (s, 3H, OCH3), 3.64 (s, 3H, COOCH3), 3.02 (m, 1H, CH), 2.70 - 2.63 (m, 1H, CH), 2.55 (s, 3H, COCH3), 2.53 (d, J = 8.1 Hz, 1H, CH2), 2.05 - 2.00 (m, 1H, CH2), 1.17 (d, J = 1.6 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 197.13, 167.50, 167.40, 164.54, 159.60, 152.49, 141.00, 132.80, 127.16, 120.94, 110.85, 106.90, 101.23, 100.11, 67.92, 65.34, 56.11, 51.49, 46.69, 38.71, 38.61, 35.59, 31.65, 15.42. ESI-HRMS: m/z calcd for C24H29NO8 [M+H]+ 460.1966, found 460.1964.

1.1.19.2 Methyl 7-((4-(2-acetyl-5-methoxyphenoxy)butanamido)methyl)-1-ethoxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (JD-2)
Light yellow oily liquid, yield 36.4%. 1H NMR (600 MHz, DMSO-d6) δ 8.06 (t, J = 5.7 Hz, 1H, NH), 7.67 (d, J = 8.7 Hz, 1H, ArH), 7.48 (d, J = 1.3 Hz, 1H, CH), 6.61 (d, J = 2.3 Hz, 1H, ArH), 6.59 (dd, J = 8.6, 2.3 Hz, 1H, ArH), 5.57 (s, 1H, CH), 4.71 (d, J = 7.4 Hz, 1H, CH), 4.10 (t, J = 6.2 Hz, 2H, CH2), 3.93 (m, 1H, CH2), 3.87 - 3.81 (m, 5H, CH2, OCH3), 3.73 (m, 1H, CH2), 3.64 (s, 3H, COOCH3), 2.99 (m, 1H, CH), 2.63 (m, 1H, CH), 2.52 (s, 3H, COCH3), 2.34 (t, J = 7.3 Hz, 2H, CH2), 2.04 (m, 3H, CH2), 1.17 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 196.76, 171.63, 167.40, 164.74, 160.75, 152.44, 141.45, 132.25, 126.80, 120.76, 110.86, 106.46, 101.12, 99.25, 68.32, 65.30, 56.04, 51.48, 46.70, 38.76, 38.54, 35.46, 32.41, 32.22, 25.21, 15.41. ESI-HRMS: m/z calcd for C26H33NO8 [M+H]+ 488.2279, found 488.2290. 

1.1.19.3 Methyl 7-((2-(2-acetyl-5-methoxyphenoxy)acetamido)methyl)-1-methoxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (JD-3)
Light yellow oily liquid, yield 32.1%. 1H NMR (600 MHz, DMSO-d6) δ 8.39 (t, J = 5.8 Hz, 1H, NH), 7.73 (d, J = 8.7 Hz, 1H, ArH), 7.49 (d, J = 1.2 Hz, 1H, CH), 6.64 (dd, J = 8.7, 2.3 Hz, 1H, ArH), 6.58 (d, J = 2.4 Hz, 1H, ArH), 5.63 (d, J = 3.0 Hz, 1H, CH), 4.71 (s, 2H, CH2), 4.69 (d, J = 7.0 Hz, 1H, CH), 3.81 (s, 5H, OCH3, CH2), 3.64 (s, 3H, COOCH3), 3.46 (s, 3H, CH3), 3.05 - 2.99 (m, 1H, CH), 2.69 - 2.62 (m, 1H, CH), 2.58 (dd, J = 8.5, 6.3 Hz, 1H, CH2), 2.55 (s, 3H, COCH3), 2.05 - 1.99 (m, 1H, CH2). 13C NMR (151 MHz, DMSO-d6) δ 152.26, 132.79, 127.37, 106.90, 102.00, 100.08, 67.88, 56.95, 56.11, 51.51, 46.77, 39.85, 38.55, 35.14, 31.69.  ESI-HRMS: m/z calcd for C23H27NO8 [M+H]+ 446.1809, found 446.1820.

1.1.19.4 Methyl 7-((4-(2-acetyl-5-methoxyphenoxy)butanamido)methyl)-1-methoxy-1,4a,5,7a-tetrahydrocyclopenta[c]pyran-4-carboxylate (JD-4)
Milky white oily liquid, yield 38.2%. 1H NMR (600 MHz, DMSO-d6) δ 8.06 (t, J = 5.7 Hz, 1H, NH), 7.66 (dd, J = 8.7, 3.2 Hz, 1H, ArH), 7.47 (d, J = 1.2 Hz, 1H, CH), 6.61 (d, J = 2.4 Hz, 1H, ArH), 6.59 (dd, J = 8.7, 2.3 Hz, 1H, ArH), 5.57 (q, J = 1.9 Hz, 1H, CH), 4.68 (d, J = 6.9 Hz, 1H, CH), 4.09 (t, J = 6.2 Hz, 2H, CH2), 3.89 - 3.80 (m, 5H, OCH3, CH2), 3.64 (s, 3H, COOCH3), 3.45 (s, 3H, CH3), 3.03 - 2.97 (m, 1H, CH), 2.66 - 2.60 (m, 1H, CH), 2.59 - 2.54 (m, 1H, CH2), 2.52 (s, 3H, COCH3), 2.34 (t, J = 7.3 Hz, 2H, CH2), 2.06 - 2.00 (m, 3H, CH2). 13C NMR (151 MHz, DMSO-d6) δ 196.76, 171.67, 167.34, 164.74, 160.75, 152.20, 141.07, 132.26, 127.00, 120.75, 111.14, 106.45, 101.92, 99.25, 68.30, 56.92, 56.04, 51.49, 46.79, 38.61, 38.48, 35.02, 32.41, 32.21, 25.21. ESI-HRMS: m/z calcd for C25H31NO8 [M+H]+ 474.2122, found 474.2132. 

1.1.19.5 Methyl 7-((2-(2-acetyl-5-methoxyphenoxy)acetamido)methyl)-2-methyl-1-oxo-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (JD-5)
Light yellow oily liquid, yield 32.7%. 1H NMR (600 MHz, DMSO-d6) δ 8.38 (t, J = 5.9 Hz, 1H, NH), 7.72 (d, J = 8.7 Hz, 1H, ArH), 7.37 (s, 1H, CH), 6.64 (dd, J = 8.7, 2.3 Hz, 1H, ArH), 6.57 (d, J = 2.4 Hz, 1H, ArH), 5.64 - 5.58 (m, 1H, CH), 4.71 (s, 2H, CH2), 4.21 (m, 1H, CH2), 4.00 (m, 1H, CH2), 3.81 (s, 3H, OCH3), 3.67 (s, 3H, COOCH3), 3.55 (d, J = 10.7 Hz, 1H, CH), 3.40 - 3.35 (m, 1H, CH), 3.08 (s, 3H, NCH3), 2.73 - 2.65 (m, 1H, CH2), 2.55 (s, 3H, COCH3), 2.11 - 2.02 (m, 1H, CH2). 13C NMR (151 MHz, DMSO-d6) δ 197.11, 169.29, 167.54, 166.84, 164.52, 159.56, 140.47, 139.70, 132.79, 126.10, 120.94, 109.25, 106.85, 100.07, 67.91, 56.10, 51.73, 49.08, 39.93, 39.23, 37.47, 35.15, 31.69. ESI-HRMS: m/z calcd for C23H26N2O7 [M+H]+ 443.1818, found 443.1812.

1.1.19.6 Methyl 7-((4-(2-acetyl-5-methoxyphenoxy)butanamido)methyl)-2-methyl-1-oxo-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (JD-6)
White solid, yield 38.9%. 1H NMR (600 MHz, DMSO-d6) δ 8.09 (t, J = 5.7 Hz, 1H, NH), 7.67 (d, J = 8.6 Hz, 1H, ArH), 7.35 (s, 1H, CH), 6.62 - 6.57 (m, 2H, ArH), 5.56 (m, 1H, CH), 4.15 - 4.07 (m, 3H, CH2), 3.91 (m, 1H, CH2), 3.82 (s, 3H, OCH3), 3.67 (s, 3H, COOCH3), 3.50 (d, J = 10.8 Hz, 1H, CH), 3.33 (m, 1H, CH), 3.07 (s, 3H, NCH3), 2.70 - 2.63 (m, 1H, CH2), 2.35 (t, J = 7.3 Hz, 2H, CH2), 2.04 (m, 3H, CH2). 13C NMR (151 MHz, DMSO-d6) δ 196.77, 171.68, 169.25, 166.84, 164.72, 160.74, 140.95, 139.65, 132.24, 125.74, 120.71, 109.24, 106.42, 99.25, 99.22, 68.27, 56.03, 51.70, 49.01, 39.37, 37.49, 35.14, 32.41, 32.22, 25.20. ESI-HRMS: m/z calcd for C25H30N2O7 [M+H]+ 471.2126, found 471.2121. 

1.1.19.7 Methyl 7-((2-(2-acetyl-5-methoxyphenoxy)acetamido)methyl)-1-oxo-2-propyl-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (JD-7)
Light yellow soild, yield 45.7%. 1H NMR (600 MHz, DMSO-d6) δ 8.39 (t, J = 5.8 Hz, 1H, NH), 7.72 (d, J = 8.7 Hz, 1H, ArH), 7.37 (s, 1H, CH), 6.64 (dd, J = 8.8, 2.3 Hz, 1H, ArH), 6.57 (d, J = 2.4 Hz, 1H, ArH), 5.62 (m, 1H, CH), 4.70 (s, 2H, CH2), 4.19 (m, J = 16.3, 4.4 Hz, 1H, CH2), 4.00 (m, 1H, CH2), 3.81 (s, 3H, OCH3), 3.68 (s, 3H, COOCH3), 3.59 - 3.51 (m, 2H, CH2), 3.47 (m, 1H, CH), 3.37 (d, J = 8.7 Hz, 1H, CH), 2.73 - 2.66 (m, 1H, CH2), 2.55 (s, 3H, COCH3), 2.09 - 2.01 (m, 1H, CH2), 1.49 (m, 2H, CH2), 0.80 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 138.78, 132.77, 106.86, 100.06, 67.92, 56.10, 51.76, 49.22, 48.63, 39.99, 39.25, 37.42, 31.70, 22.00, 11.24. ESI-HRMS: m/z calcd for C25H30N2O7 [M+H]+ 471.2126, found 471.2116.

1.1.19.8 Methyl 7-((4-(2-acetyl-5-methoxyphenoxy)butanamido)methyl)-1-oxo-2-propyl-2,4a,5,7a-tetrahydro-1H-cyclopenta[c]pyridine-4-carboxylate (JD-8)
White solid, yield 34.6%. 1H NMR (600 MHz, DMSO-d6) δ 8.10 (t, J = 5.7 Hz, 1H, NH), 7.67 (d, J = 8.7 Hz, 1H, ArH), 7.35 (s, 1H, CH), 6.63 - 6.56 (m, 2H, ArH), 5.56 (m, 1H, CH), 4.09 (t, J = 6.2 Hz, 3H, CH2), 3.91 (m, 1H, CH2), 3.82 (s, 3H, OCH3), 3.67 (s, 3H, COOCH3), 3.58 - 3.49 (m, 2H, CH2), 3.45 (m, 1H, CH), 3.33 (m, 1H, CH), 2.69 - 2.63 (m, 1H, CH2), 2.52 (s, 3H, COCH3), 2.35 (t, J = 7.3 Hz, 2H, CH2), 2.03 (m, 3H, CH2), 1.49 (m, 2H, CH2), 0.80 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (151 MHz, DMSO-d6) δ 196.73, 171.64, 168.87, 166.83, 164.72, 160.74, 141.11, 138.77, 132.24, 125.60, 120.71, 109.42, 106.43, 99.22, 68.29, 56.04, 51.73, 49.16, 48.62, 39.74, 39.37, 37.45, 32.42, 32.22, 25.20, 22.01, 11.25. ESI-HRMS: m/z calcd for C27H34N2O7 [M+H]+ 499.2439, found 499.2439.
1.2 Biological evaluation
1.2.1 GSK-3β Enzyme Assay
Human recombinant GSK-3β, GSK-3β substrate (YRRAAVPPSPSLSRHSSPHQ (pS) EDEEE), Reaction Buffer and DTT were purchased from Promega. The Kink-GLO® Luminescent Kinase Assay (Promega, cat: V6711) is available from Promega. The in vitro inhibitory effects of compounds on GSK-3β activity were evaluated with human recombinant GSK-3β by using the Kinase-Glo reagent kit (Promega, Madison, WI, USA) according to a previous method58 with modification. Test compounds were dissolved and diluted with DMSO. The reaction was initiated by a mixture of 10 μL of test compounds at different concentrations, 10 μL (20 ng) of GSK-3β enzyme, and 10 μL of assay buffer containing a substrate (0.05 μg/μL) and adenosine triphosphate (ATP, 2 μM). After a 30 min incubation at 37 °C, the enzymatic reaction was terminated by adding 40 μL of Kinase-Glo reagent, and the fluorescence intensity was measured by SpectraMaxi3x.
1.2.2 Cytotoxicity experiment
The cytotoxicity of the compound was evaluated with SH-SY5Y (gifted from Anhui Medical University) cell line using CCK-8 kit (SparkJade, CT0001-B). After the cells were incubated in 96-well plates overnight at the density of 1×104 cells/well, the dose concentration of each group was set to 50 μM. After incubating at 37 ℃ and 5% CO2 for 48h, the original solution in the 96-well plate was discarded, and 100 μL medium containing 10% CCK-8 working liquid was added to each well, and incubated at 37℃ for 1.5 h. Finally, using multifunctional enzyme mark (CMax Plus, Molecular Devices) in 450 nm wavelength absorbance was determined under the OD value, calculate the cell survival rate.
Tab. S1. Cytotoxicity of target compounds
	Cpd.
	Cell survival rate（%）
	Cpd.
	Cell survival rate（%）

	Control
	100.00
	B6
	85.17

	Genipin
	92.14
	B7
	91.15

	Donepezil
	91.55
	B8
	89.28

	A1
	67.05
	B9
	91.16

	A2
	70.90
	B10
	87.44

	A3
	73.35
	B11
	96.11

	A4
	86.10
	JD-1
	71.76

	A5
	71.70
	JD-2
	71.49

	A6
	97.23
	JD-3
	61.57

	A7
	89.43
	JD-4
	68.84

	B1
	76.86
	JD-5
	78.14

	B2
	71.07
	JD-6
	91.31

	B3
	67.86
	JD-7
	94.61

	B4
	69.58
	JD-8
	82.27

	B5
	87.41
	/
	/


1.2.3 Neuroprotective effect
The protective nerve cells of SH-SY5Y cell line were evaluated by CCK-8 kit (SparkJade, CT0001-B). The cells were incubated in 96-well plates with a density of 1×104 cells/well. The medium was cultured in an incubator at 37 ℃ and 5% CO2 for 24 h and then discarded. After pretreatment for 4 h, the medium was discarded and replaced with a medicated medium containing 100 μM TBHP (or 80 μM Aβ25-35). After incubation for 24 h, discard the medium, add 100 μL of medium containing 10% CCK-8 working liquid to each well, and incubate at 37 ℃ for 1.5h. Finally, OD value of absorbance was measured with multifunctional enzyme marker at 450 nm wavelength, and cell survival rate was calculated.
As shown in Fig. S1, the treatment of SH-SY5Y cells with TBHP and Aβ25-35 led to a dose-dependent reduction in cell survival. After analysis, TBHP at 100 μM and Aβ25-35 at 80 μM were selected to establish the cell damage model.



Fig. S1. The effect of different inducers on the survival rate of SH-SY5Y cells. (A) TBHP induced SH-SY5Y cell death in a dose-dependent manner. (B) Aβ25-35 induced SH-SY5Y cell death in a dose-dependent manner. *p < 0.05, **p < 0.01, ***p < 0.001 vs control.
1.2.4 Inhibition of Tau Phosphorylation Studies
Maternal Sprague-Dawley rats (Shanghai Crase, SYXK (Su) 2017-0040) were used to generate embryonic hippocampal neuronal cells for phosphorylated Tau assays. Mice were maintained in a temperature and humidity controlled room maintained on a 12 h light/dark cycle. At the time of the experiments, the animals weighed between 20 and 25 g. All experimental procedures involving rodents were approved by the Experimental Animal Ethics Committee of Nanjing Ramda Pharmaceutical Co., Ltd. The principles described in the Regulations on the Administration of Laboratory Animals formulated by the National Science and Technology Commission of the People's Republic of China, the Guiding Opinions on the Good Treatment of Laboratory Animals issued by the Ministry of Science and Technology of the People's Republic of China, and the Measures for the Administration of Laboratory Animals in Jiangsu Province issued by the People's Government of Jiangsu Province were followed (IACUC-20220202).
The pregnant female SD rats were euthanized on embryonic day 18 (E18) to obtain the hippocampus of the young rats, and the primary neurons were extracted as described previously [1]. 
The obtained primary neurons were seeded in 12-well plates and divided into negative control group (DMSO), complex group (JD-5, JD-7) and positive control group (SB-216763). The expression of tau in each group was analyzed by Western Blot. Among them, the primary antibodies were rabbit anti-p-Taus396 phosphoric acid specific antibody and Tau antibody (Abcam, 1:1000 and 1:500, respectively), and the secondary antibodies were specific for the primary antibody (Abcam, 1:500).
1.3 Molecular docking
In our study, the protein structure of GSK-3β was derived from GSK-3β complexed with Staurosporine obtained from the RSCB Protein Bank database. In addition, the water molecules of the protein were removed, the endogenous ligands were extracted, and chains C and D were selected. A series of treatments were performed on the protein, such as energy optimization, hydrogenation, and side chain repair. The SYBYL-X2.1.1 Analyze Results module was used to determine the binding pose of the compound and receptor, and the Sequence Viewer module was used to determine the key amino acid residues.


[bookmark: _Toc31975][bookmark: _Toc15157]Reference
[1] Ly, C.; Greb, A. C.; Cameron, L. P.; et al. Psychedelics Promote Structural and Functional Neural Plasticity. Cell Rep. 2018, 23 (11), 3170−3182.
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