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Part 1. Chemistry 11 

1. General information 12 

All solvents and reagents were purchased from Energy Chemical, Adamas, J&K 13 

Scientific and Sigma Aldrich, and used as received. ESI data was recorded on an Agilent 14 

1290 UPLC/6540 Q-TOF mass spectrometer. 1H and 13C NMR spectra were measured 15 

on a Bruker AV 600 MHz spectrometer. Unless otherwise stated, the sample was 16 

dissolved in CD3OD with TMS as an internal standard. The silica gel used for column 17 

chromatography was Fuji NH amino silicone filler (500 mesh). MeOH/DCM (0-10% 18 

gradient) was used as the mobile phase. HPLC analysis was performed using a Waters 19 

system (5 μM particle size, 4.6 mm × 250 mm) with a PDA detector and a GL 20 

InertSustain C18 column. A linear gradient of 5% to 100% water in acetonitrile was 21 

used in HPLC analysis at a flow rate of 1 mL/min. The purity of all test compounds 22 

was determined by HPLC analysis to be 95% or higher. 23 

2. Isolation of phyllanthacidoid A (PA) 24 

The air-dried stems of P. acidus (500 kg) were 25 

extracted with methanol solution at room 26 

temperature for three times to give the extract 27 

4.21 kg. The methanol extract was 28 

resuspended in MeOH (5.0 L) and loaded onto 29 

a polyamide gel column (5200 g bed volume, pre-equilibrated with MeOH) to remove 30 

pigments and polyphenols. The column was eluted with MeOH (100.5 L), and the 31 

eluent evaporated to obtain a crude extract. The crude extract was subjected to passage 32 

over a silica gel column (200-300 mesh), eluting with (CHCl3-MeOH-H2O, 9:1:0-33 

7:3:0.5), to afford five major fractions. Fraction 3 (700 g) was chromatographed on 34 

Sephadex LH20 (MeOH 0-100%) to afford five fractions. The first two fractions (400.3 35 

g) were combined and chromatographed over MCI gel CHP-20P (MeOH/H2O, 20-36 

100%) to give seven sub-fractions (Fr. A-G). Fr. A was subjected to RP-8 (MeOH 30-37 

80%), and preparative-HPLC with an isocratic flow of CH3CN/H2O (10 mL/min, 38 



CH3CN/H2O 18:82, COSMOSIL Cholester, 21.1 × 250 mm) to afford phyllanthacidoid 39 

A (50.2 g, Rt = 21 min). The NMR data was reported in our previous publication.  40 

3. Preparation and characterization of compounds 41 

3.1.  42 

(2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-Trihydroxy-4'-((4-hydroxybenzoyl)oxy)-5'-43 

methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-6-carboxylic acid (1a) 44 

Phyllanthuol A (PA, 50 mg, 6.68×10-5 mol) was 45 

dissolved in K2CO3 aqueous solution (10%, 2.0 mL) and 46 

stirred at 60 oC for about two hours until a complete 47 

conversion was detected. The reaction solution was 48 

cooled to room temperature and acidified by adding 1 M 49 

hydrochloric acid to pH 2. The mixture was combined with brine (2.5 mL) and extracted 50 

with EtOAc (4.5 mL × 3). The organic layers were combined and concentrated under 51 

reduced pressure. The crude product was purified by silica gel column chromatography 52 

to obtain the titled compound as a white solid (27 mg, 92%). 53 

1H NMR (600 MHz, CD3OD)  7.99 (ddd, J = 8.8, 2.6, 1.8 Hz, 2H, H-17, H-21), 6.84 54 

(ddd, J = 8.8, 2.6, 1.8 Hz, 2H, H-18, H-20), 5.25 (br d, J = 2.6 Hz, 1H, H-10), 4.09 (t, 55 

J = 3.3 Hz, 1H, H-5), 4.04 (t, J = 11.4 Hz, 1H, H-12), 3.85 (dd, J = 10.8, 4.9 Hz, 1H, 56 

H-1), 3.82 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.5 Hz, 1H, H-12), 2.56 (br s, 1H, H-3), 2.20 57 

– 2.16 (m, 1H, H-9), 2.14 –2.06 (m, 2H, H-11, H-9), 2.03 – 1.87 (m, 3H, H-2, H-4), 58 

1.62 (dt, J = 13.9, 10.1 Hz, 1H, H-2), 0.90 (d, J = 6.9 Hz, 3H, H-13). 59 

13C NMR (150 MHz, CD3OD)  166.67 (C-22), 162.05 (C-19), 131.57 (C-17, C-21), 60 

121.62 (C-16), 114.63 (C-18, C-20), 101.00 (C-8), 81.01 (C-5), 75.31 (C-6), 74.50 (C-61 

7), 70.84 (C-1), 69.95 (C-10), 61.62 (C-12), 34.72 (C-3), 33.26 (C-9), 32.81 (C-11), 62 

27.86 (C-2), 26.50 (C-4), 11.65 (C-13). 63 

MS (ESI) m/z: 477 [M + K]+ for C21H26O10. 64 

3.2.  65 



(2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4,4'-tetrahydroxy-5'-methyldecahydro-3H-66 

spiro[benzofuran-2,2'-pyran]-6-carboxylic acid (1b) 67 

PA (30 mg, 4.01×10-5 mol) was dissolved in NaOH aqueous 68 

solution (2.0 M, 1.0 mL) and stirred at 70 oC for about one hour 69 

until a complete conversion was detected. The reaction solution 70 

was cooled to room temperature and acidified by adding 1 M 71 

hydrochloric acid to pH 1-2. The solution of crude product was purified by large pore 72 

adsorption resin column chromagraphy (Diaion HP20SS, water to methanol) to obtain 73 

the titled compound as a white solid (11 mg, 85%). 74 

1H NMR (600 MHz, CD3OD)  4.07 (t, J = 3.6 Hz, 1H, H-5), 3.89 (br d, J = 2.7 Hz, 75 

1H, H-10), 3.86 (dd, J = 10.5, 5.0 Hz, 1H, H-12), 3.83 (s, 1H, H-7), 3.81 (t, J = 11.6 76 

Hz, 1H, H-1), 3.49 (dd, J = 11.2, 4.6 Hz, 1H, H-12), 2.86 (ddd, J = 15.1, 9.4, 3.8 Hz, 77 

1H, H-3), 2.14 - 2.05 (m, 3H, H-9, H-2), 1.99 - 1.90 (m, 2H, H-4), 1.85 (dddd, J = 11.4, 78 

8.9, 5.8, 3.4 Hz, 1H, H-11), 1.73 (ddd, J = 14.1, 10.2, 9.3 Hz, 1H, H-2), 0.91 (d, J = 7.0 79 

Hz, 3H, H-13). 80 

MS (ESI) m/z: 341 [M + Na]+ for C14H22O8. 81 

3.3.  82 

4-Bromobenzyl (2S,3R,3aS,4S,4'S,5’R,6S,7aR)-4'-((4-((4b-83 

bromobenzyl)oxy)benzoyl)oxy)-3,3a,4-trihydroxy-5'-methyldecahydro-3H-84 

spiro[benzofuran-2,2'-pyran]-6-carboxylate (1c) 85 

Compound 1a (16 mg, 3.64×10-5 mol) was 86 

stirred with potassium carbonate (5.0 equiv, 87 

25.4 mg) and 4-bromobenzyl bromide (2.0 eq, 88 

18.2 mg) in dry DMF (1 mL) until a complete 89 

conversion was detected. The reacted mixture 90 

was diluted with water. The resulted precipitates were collected by centrifugation, 91 

washed with water, and dried to give the titled compound as a white solid (23.0 mg, 92 

81%). 93 



1H NMR (600 MHz, CDCl3)  8.04 (d, 2H J = 8.9, H-17, H-21), 7.51 (d, 2H, J = 8.3, 94 

H-4', H-6'), 7.43 (d, 2H, J = 8.4, H-4'', H-6''), 7.28 (d, 2H, J = 8.4, H-3'', H-7''), 7.12 (d, 95 

2H, J = 8.3, H-3', H-7'), 6.96 (d, 2H, J = 8.9, H-18, H-20), 5.27 (d, 1H, J = 2.2, H-10), 96 

5.05-4.97 (m, 4H, H-1', H-1''), 4.12 (br d, 1H, J = 3.7, H-5), 4.06 (br d, 1H, J = 11.5, 97 

H-12), 3.96 (s, 1H, H-7), 3.93 (dd, 1H, J = 9.9, 5.28, H-1), 3.64 (dd, 1H, J = 11.08, 4.40, 98 

H-12), 2.62 (ddd, 1H, J = 16.98, 13.44, 6.84, H-3), 2.18 - 2.06 (m, 4H, H-11, H-9, H-99 

2), 1.95 (ddd, 1H, J = 14.58, 10.8, 3.78, H-4), 1.87 (ddd, 1H, J = 14.22, 9.30, 8.70, H-100 

4), 1.73 – 1.65 (m, 1H, H-2), 0.88 (d, 3H, J = 6.90, H-13). 101 

MS (ESI) m/z: 799 [M + Na]+ for C35H36Br2O10. 102 

3.4.  103 

Methyl(2S,3R,3aR,4S,4'S,5'R,6S,7aR)-3,3a,4-trimethoxy-4'-((4-104 

methoxybenzoyl)oxy)-5'- methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-6-105 

carboxylate (1d) 106 

Compound 1a (16 mg, 3.64×10-5 mol) was stirred with 107 

sodium hydride (60% in mineral oil, 10.0 equiv, 14.6 mg) 108 

in dry DMF (1 mL) at room temperature for 2 hours. The 109 

mixture was cooled to -40 oC, and methyl iodide (8.0 110 

equiv) was added. The reaction was stirred at room temperature until a complete 111 

conversion was detected. The reaction was neutralized by adding 10% citric acid 112 

aqueous solution, and extracted with EtOAc (5.0 ml x 3). The combined organic layers 113 

were concentrated under reduced pressure. The crude product was purified by thin layer 114 

preparative chromatography to give the titled compound as a white solid (7.4 mg, 40%). 115 

1H NMR (600 MHz, CD3OD)  8.03 (d, 2H, J = 8.9, H-17, H-21), 6.97 (d, 2H, J = 8.9, 116 

H-18, H-20), 5.15 (br d, 1H, J = 2.1, H-10), 4.18 (br d, 1H, J = 2.6, H-5), 4.04 (br d, 117 

1H, J = 11.5, H-12), 3.85 (s, 3H, H-5'), 3.60 (s, 3H, H-1'), 3.58 (m, 1H, H-1, overlap), 118 

3.56 (s, 1H, H-7), 3.52 (dd, 1H, J = 10.2, 5.1, H-12), 3.49 (s, 3H, H-2'), 3.38 (s, 3H, H-119 

3'), 3.31 (s, 3H, H-4', overlap), 2.26 (m, 2H, H-11, H-3), 2.12 (m, 1H, H-9), 2.04 (m, 120 

1H, H-9), 1.99 (br dd, 1H, J = 14.8, 2.9, H-2), 1.77 (ddd, 1H, J = 14.0, 6.6, 3.5, H-4), 121 



1.68 (ddd, 1H, J = 14.8, 12.2, 2.8, H-4), 1.60 (m, 1H, H-2), 0.90 (d, 3H, J = 6.9, H-13). 122 

MS (ESI) m/z: 531 [M + Na]+ for C26H36O10. 123 

3.5.  124 

Methyl (2S,3R,3aR,4S,4'S,5'R,6S,7aR)-3,3a,4,4'-tetramethoxy-5'-125 

methyldecahydro-3H-spi- ro[benzofuran-2,2'-pyran]-6-carboxylate (1e) 126 

Compound 1b (10 mg, 3.14 ×10-5 mol) was stirred with sodium 127 

hydride (60% in mineral oil, 10.0 equiv, 12.6 mg) in dry DMF (1 128 

mL) at room temperature for 2 hours. The mixture was cooled to 129 

-40 oC, and methyl iodide (8.0 equiv) was added. The reaction 130 

was stirred at room temperature until a complete conversion was detected. The reaction 131 

was stirred at room temperature until a complete conversion was detected. The reaction 132 

was neutralized by adding 10% citric acid aqueous solution, and extracted with EtOAc 133 

(5.0 ml x 3). The combined organic layers were concentrated under reduced pressure. 134 

The crude product was purified by thin layer preparative chromatography to give the 135 

titled compound as a white solid (1e, 6.0 mg, 49%). 136 

1H NMR (600 MHz, CD3OD)  4.17 (br d, 1H, J = 2.8, H-5), 3.78 (br d, 1H, J = 11.3 137 

Hz, H-12), 3.69 (s, 3H, H-1'), 3.59 (dd, 1H, J = 9.7, 3.6, H-12), 3.55 (s, 1H, H-7), 3.49 138 

(s, 3H, H-2'), 3.46 (br d, 1H, J = 2.63, H-1), 3.40 (s, 3H, H-3'), 3.39 (s, 3H, H-4'), 3.32 139 

(s, 3H, H-5'), 2.82 (td, 1H, J = 12.5, 12.4, 6.3, H-3), 2.26 (dd, 1H, J = 14.7, 2.5 Hz, H-140 

11), 2.16 (m, 1H, H-9, overlap), 1.96 (ddd, 1H, J = 14.1, 5.4, 3.9, H-9), 1.91 (ddd, 1H, 141 

J = 14.4, 7.2, 4.5, H-2), 1.79-1.70 (m, 3H, H-4, H-4, H-2), 0.87 (d, 3H, J = 7.0, H-13). 142 

MS (ESI) m/z: 388 [M + Na]+ for C19H32O8. 143 

3.6. General procedure A: Preparation of ester derivatives of compound 1a  144 

 145 



Compound 1a (6 mg, 1.37×10-5 mol) was stirred with EDCI (10.0 equiv), DMAP 146 

(2.0 equiv) and the corresponding alcohol (10 equiv) in dry DMF (1.0 mL) at room 147 

temperature until a complete conversion was detected. The mixture was partitioned 148 

between EtOAc and brine, and the organic layer was washed with brine and 149 

concentrated. The crude product was purified by silica gel column chromatography to 150 

obtain the corresponding titled compound as a white solid. 151 

Compounds prepared with this procedure: 2a, 22%; 2b, 43%; 2c, 49%; 2d, 40%. 152 

3.6.1.  153 

Methyl (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-4'-((4-154 

hydroxybenzoyl)oxy)-5'-me- thyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-6-155 

carboxylate (2a) 156 

1H NMR (600 MHz, CD3OD)  7.97 (br dd, J = 6.8, 1.9 157 

Hz, 2H, H-17, H-21 ) ,6.83 (ddd, J = 6.8, 1.9 Hz, 2H, H-158 

18, H-20), 5.22 (br d, J = 2.5 Hz, 1H, H-10), 4.06 – 3.99 159 

(m, 2H, H-5, H-12), 3.82 – 3.75 (m, 2H, H-1, H-7), 3.61 160 

(m, 4H, H-12, H-1'), 2.54 (br q, J = 5.6, 3.5 Hz, 1H, H-3), 161 

2.17 – 2.07 (m, 3H, H-11, H-9), 1.98 – 1.90 (m, 2H, H-2, H-4), 1.85 – 1.78 (m, 1H, H-162 

4), 1.61 – 1.52 (m, 1H, H-2), 0.87 (d, J = 6.91 Hz, 3H, H-13). 163 

MS (ESI) m/z: 375 [M + Na]+ for C22H28O10. 164 

3.6.2.  165 

Propyl (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-4'-((4-166 

hydroxybenzoyl)oxy)-5'-me- thyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-6-167 

carboxylate (2b) 168 

1H NMR (600 MHz, CD3OD)  7.97 (ddd, J = 8.82, 169 

2.64, 1.98 Hz, 2H, H-17, H-21), 6.83 (ddd, J = 8.82, 170 

2.67, 2.00 Hz, 2H, H-18, H-20), 5.22 (br d, J = 2.6 Hz, 171 

1H, H-10), 4.08 – 4.03 (m, 2H, H-5, H-12), 4.03 – 3.96 172 



(m, 2H, H-1'), 3.85 – 3.78 (m, 2H, H-1, H-7), 3.62 (dd, J = 11.0, 4.5 Hz, 1H, H-12), 173 

2.54 (tt, J = 9.3, 5.7 Hz, 1H, H-3), 2.17 – 2.07 (m, 3H, H-11, H-9), 2.00 – 1.93 (m, 2H, 174 

H-2, H-4), 1.86 (ddd, J = 14.5, 11.5, 3.1 Hz, 1H, H-2), 1.67 – 1.52 (m, 2H, H-2'), 0.92 175 

(t, J = 7.43 Hz, 3H, H-3'), 0.91 (d, J = 6.91 Hz, 3H, H-13). 176 

MS (ESI) m/z: 503 [M + Na]+ for C24H32O10. 177 

3.6.3.  178 

Butyl (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-4'-((4-179 

hydroxybenzoyl)oxy)-5'-met- hyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-6-180 

carboxylate (2c) 181 

1H NMR (600 MHz, CD3OD)  7.97 (br d, J = 8.7 Hz, 182 

2H, H-17, H-21), 6.83 (br d, J = 8.7 Hz, 2H, H-18, H-183 

20), 5.22 (br d, J = 2.5 Hz, 1H, H-10), 4.11 – 3.97 (m, 184 

4H, H-5, H-12, H-1'), 3.81 (dd, J = 11.0, 4.5 Hz, 1H, 185 

H-1), 3.81 (s, 7-H), 3.62 (dd, J = 11.1, 4.6 Hz, 1H, H-12), 2.54 (qd, J = 11.3, 5.7 Hz, 186 

1H, H-3), 2.17 – 2.07 (m, 3H, H-11, H-9), 2.01 – 1.91 (m, 2H, H-2, H-4), 1.86 (ddd, J 187 

= 14.5, 11.5, 3.1 Hz, 1H ,H-4), 1.60 – 1.55 (m, 3H, H-2, H-2'), 1.39 – 1.32 (m, 2H, H-188 

3'), 0.95 (t, J = 7.41 Hz, 3H, H-4'), 0.91 (t, J = 6.93 Hz, 3H, H-13). 189 

MS (ESI) m/z: 517 [M + Na]+ for C25H34O10. 190 

3.6.4.  191 

Pentyl (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-4'-((4-192 

hydroxybenzoyl)oxy)-5'-met- hyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-6-193 

carboxylate (2d) 194 

1H NMR (600 MHz, CD3OD)  7.98 (ddd, J = 8.73, 195 

2.63, 1.88 Hz, 2H, H-17, H-21), 6.83 (ddd, J = 8.72, 196 

2.63, 1.85 Hz, 2H, H-18, H-20), 5.23 (br d, J = 2.6 197 

Hz, 1H, H-10), 4.09 – 3.96 (m, 4H, H-5, H-12, H-1'), 198 

3.82 (dd, J = 10.6 , 5.0 Hz, 1H, H-1), 3.82 (s, 1H, H-7), 3.62 (dd, J = 11.1, 4.5 Hz, 1H, 199 



H-12), 2.54 (qd, J = 11.3, 5.7 Hz, 1H, H-3), 2.18 – 2.08 (m, 3H, H-11, H-9), 2.00 – 1.94 200 

(m, 2H, H-2, H-4), 1.86 (ddd, J = 14.5, 11.5, 3.1 Hz, 1H, H-4), 1.64 – 1.55 (m, 3H, H-201 

2, H-2'), 1.40 – 1.27 (m, 4H, H-3', H-4'), 0.93 (t, J = 7.2 Hz, 3H, H-5'), 0.91 (d, J = 6.9 202 

Hz, 3H, H-13). 203 

MS (ESI) m/z: 531 [M + Na]+ for C26H36O10. 204 

3.7. General procedure B: Preparation of ester derivatives of compound 1a 205 

 206 

Compound 1a (6 mg, 1.37×10-5 mol) was stirred with potassium carbonate (5.0 207 

equiv) and the corresponding alkyl bromide (2-5 equiv) in dry DMF (1.0 mL) at room 208 

temperature until a complete conversion was detected. The mixture was partitioned 209 

between EtOAc and brine, and the organic layer was washed with brine and 210 

concentrated. The crude product was purified by silica gel column chromatography to 211 

obtain the corresponding titled compound as a white solid. 212 

Compounds prepared with this procedure: 2e, 49%; 2f, 56%; 2g, 83%. 213 

3.7.1.  214 

3-Fluoropropyl (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-4'-((4-(3-215 

fluoropropoxy)benzoyl)oxy)-3,3a,4- trihydroxy-5'-methyldecahydro-3H-216 

spiro[benzofuran-2,2'-pyran]-6-carboxylate (2e) 217 

1H NMR (600 MHz, CD3OD)  8.08 (br d, J = 8.8 218 

Hz, 2H, H-17, H-21), 7.03 (br d, J = 8.8 Hz, 2H, H-219 

18, H-20), 5.24 (br d, J = 2.4 Hz, 1H, H-10), 4.40 (t, 220 

J = 5.8 Hz, 4H, H-3', H-3''), 4.19 (t, J = 6.2 Hz, 2H, 221 

H-1''), 4.17 – 4.10 (m, 2H, H-1'), 4.09 – 4.03 (m, 2H, 222 

H-5, H-12), 3.84 – 3.76 (m, 2H, H-1, H-7), 3.63 (dd, J = 11.1, 4.6 Hz, 1H, H-12), 2.53 223 



(qd, J = 11.4, 5.7 Hz, 1H, H-3), 2.25 – 2.06 (m, 5H, H-11, H-9, H-2''), 2.01 – 1.90 (m, 224 

4H, H-2, H-4, H-2'), 1.86 (ddd, J = 14.5, 11.6, 3.1 Hz, 1H, H-4), 1.58 (dt, J = 14.1, 9.7 225 

Hz, 1H, H-2), 0.92 (d, J = 6.9 Hz, 3H, H-13). 226 

MS (ESI) m/z: 581 [M + Na]+ for C27H36F2O10. 227 

3.7.2.  228 

4-Fluorobutyl (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-4'-((4-(4-229 

fluorobutoxy)benzoyl)oxy)-3,3a,4-tr- ihydroxy-5'-methyldecahydro-3H-230 

spiro[benzofuran-2,2'-pyran]-6-carboxylate (2f) 231 

1H NMR (600 MHz, CD3OD)  8.08 (br d, J = 9.0 232 

Hz, 2.7 Hz, 2.0 Hz, 2H, H-17, H-21), 7.01 (br d, J = 233 

9.0 Hz, 2.7 Hz, 2.0 Hz, 2H, H-18, H-20), 5.24 (d, J 234 

= 2.6 Hz, 1H, H-10), 4.57 – 4.40 (4H, H-4', H-4''), 235 

4.15 – 4.03 (m, 6H, H-5, H-12, H-1', H-1''), 3.84 – 236 

3.76 (m, 2H, H-1, H-7), 3.66 – 3.59 (m, 1H, H-12), 2.58 – 2.50 (m, 1H, H-3), 2.22 – 237 

2.09 (m, 3H, H-11, H-9, overlap with acetone), 2.01 – 1.83 (m, 7H, H-2, H-4, H-4, H-238 

2', H-2''), 1.77 – 1.64 (m, 4H, H-3', H-3''), 1.59 (ddd, J = 14.1, 10.3, 9.2 Hz, 1H, H-2), 239 

0.91 (d, J = 6.9 Hz, 2H, H-13). 240 

MS (ESI) m/z: 609 [M + Na]+ for C29H40F2O10. 241 

3.7.3.  242 

5-Fluoropentyl (2S,3R,3aS,4S,4'-S,5'R,6S,7aR)-4'-((4-((5-243 

fluoropentyl)oxy)benzoyl)oxy)-3, 3a,4-trihydroxy-5'-methyldecahydro-3H-244 

spiro[benzofuran-2,2'-pyran]-6-carboxylate (2g) 245 

1H NMR (600 MHz, CD3OD)  8.07 (br d, J = 8.8 246 

Hz, 2H, H-17, H-21), 7.00 (br d, J = 8.8 Hz, 2H, H-247 

18, H-20), 5.24 (br d, J = 2.2 Hz, 1H, H-10), 4.39 (t, 248 

J = 6.0 Hz, 4H, H-5', H-5''), 4.14 – 3.98 (m, 6H, H-249 

5, H-12, H-1', H-1'), 3.86 – 3.77 (m, 2H, H-1, H-7), 250 



3.62 (dd, J = 11.1, 4.6 Hz, 1H, H-12), 2.54 (qd, J = 11.4, 5.7 Hz, 1H, H-3), 2.19 – 2.07 251 

(m, 3H, H-11, H-9), 2.02 – 1.93 (m, 2H, H-2''), 1.91 – 1.39 (m, 14H, H-2, H-4, H-2', H-252 

3', H-4', H-3'', H-4''), 0.91 (d, J = 6.9 Hz, 3H, H-13). 253 

MS (ESI) m/z: 637 [M + Na]+ for C31H44F2O10. 254 

3.8. General procedure C: Preparation of amide derivatives of compound 1a 255 

 256 

Compound 1a (6 mg, 1.37×10-5 mol) was stirred with EDCI (10.0 equiv), DMAP 257 

(2.0 equiv), HOSu (5.0 equiv) and the corresponding amine (5.0 equiv) in dry DMF 258 

(1.0 mL) at room temperature until a complete conversion was detected. The mixture 259 

was partitioned between EtOAc and diluted hydrochloric acid, and the organic layer 260 

was washed with brine and concentrated. The crude product was purified by silica gel 261 

column chromatography to obtain the corresponding titled compound as a white solid. 262 

Compounds prepared with this procedure: 3a, 22%; 3b, 43%; 3c, 49%; 3d, 7.5%; 263 

3e, 49%; 3f, 69%; 3g, 59%; 3h, 66%; 3i, 74%; 3j, 47%; 4a, 53%; 4b, 54%; 4c, 56%; 264 

4d, 54%; 4e, 66%; 4f, 72%; 4g, 44%; 4h, 27%; 4i, 74%; 4j, 76%; 4k, 82%; 4l, 59%; 265 

4m, 48%; 4n, 30%; 4o, 27%; 4p, 22%. 266 

3.8.1. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-(ethylcarbamoyl)-3,3a,4-trihydroxy-5'-267 

methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate (3a) 268 

1H NMR (600 MHz, CD3OD)  7.98 (br d, J = 8.7 Hz, 269 

2H, H-17, H-21), 6.84 (br d, J = 8.7 Hz, 2H, H-18, H-270 

20), 5.24 (br d, J = 2.2 Hz, 1H, H-10), 4.12 (t, J = 3.1 271 

Hz, 1H, H-5), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.90 (dd, 272 

J = 10.5, 5.5 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.5 Hz, 1H, H-12), 273 

3.16 – 3.08 (m, 2H, H-1'), 2.41 (qd, J = 11.2, 5.6 Hz, 1H, H-3), 2.17 (dd, J = 14.8, 3.1 274 



Hz, 1H, H-11), 2.14 – 2.07 (m, 2H, H-9), 1.99 (ddd, J = 14.6, 11.8, 3.1 Hz, 1H, H-2), 275 

1.80 (dt, J = 13.9, 5.6 Hz, 1H, H-4), 1.71 (ddd, J = 14.4, 5.2, 3.7 Hz, 1H, H-4), 1.57 (dt, 276 

J = 13.9, 9.9 Hz, 1H, H-2), 1.05 (t, J = 7.3 Hz, 3H, H-2'), 0.90 (d, J = 6.9 Hz, 3H, H-277 

13). 278 

MS (ESI) m/z: 488 [M + Na]+ for C23H31NO9. 279 

3.8.2. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-5'-methyl-6-280 

(propylcarbamoyl)decahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-281 

hydroxybenzoate (3b) 282 

1H NMR (600 MHz, CD3OD)  7.97 (br d, J = 8.7 Hz, 283 

2H, H-17, H-21), 6.83 (br d, J = 8.7 Hz, 2H, H-18, H-284 

20), 5.24 (br d, J = 2.3 Hz, 1H, H-10), 4.12 (t, J = 3.1 285 

Hz, 1H, H-5), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.91 (dd, 286 

J = 10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.62 (dd, J = 11.1, 4.5 Hz, 1H, H-12), 287 

3.10 – 3.00 (m, 2H, H-1'), 2.48 – 2.40 (m, 1H, H-3), 2.17 (dd, J = 14.8, 3.1 Hz, 1H, H-288 

11), 2.14 – 2.06 (m, 2H, H-9), 2.00 (ddd, J = 14.6, 11.8, 3.1 Hz, 1H, H-2), 1.81 (dt, J = 289 

13.9, 5.7 Hz, 1H, H-4), 1.74 – 1.67 (m, 1H, H-4), 1.58 (dt, J = 14.0, 9.9 Hz, 1H, H-2), 290 

1.48 – 1.40 (m, 2H, H-2'), 0.90 (d, J = 6.9 Hz, 1H, H-13), 0.87 (t, J = 7.4 Hz, 1H, H-291 

3'). 292 

MS (ESI) m/z: 502 [M + Na]+ for C24H33NO9. 293 

3.8.3. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-(butylcarbamoyl)-3,3a,4-trihydroxy-5'-294 

methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate (3c) 295 

1H NMR (600 MHz, CD3OD)  7.97 (ddd, J = 8.82, 296 

2.64, 2.04 Hz, 2H, H-17, H-21), 6.84 (ddd, J = 8.82, 297 

2.70, 1.98 Hz, 2H, H-18, H-20) ,5.24 (br d, J = 2.5 Hz, 298 

1H, H-10), 4.12 (t, J = 3.2 Hz, 1H, H-5), 4.05 (t, J = 299 

11.4 Hz, 1H, H-12), 3.91 (dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J 300 

= 11.0, 4.4 Hz, 1H, H-12), 3.09 (br ddd, J = 13.3, 7.1, Hz, 2H, H-1'), 2.44 (ddd, J = 301 

15.0, 11.3, 5.6 Hz, 1H, H-3), 2.21 – 2.04 (m, 3H, H-11, H-9), 2.00 (ddd, J = 14.7, 9.4, 302 



3.2 Hz, 1H, H-2), 1.81 (dt, J = 14.0, 5.7 Hz, 1H, H-4), 1.70 (ddd, J = 14.4, 5.3, 3.5 Hz, 303 

1H, H-4), 1.58 (dt, J = 14.0, 9.8 Hz, 1H, H-2), 1.43 – 1.36 (m, 2H, H-2'), 1.33 – 1.25 304 

(m, 2H, H-3'), 0.92 (t, J = 7.4 Hz, 3H, H-4'), 0.90 (d, J = 6.9 Hz, 3H, H-13). 305 

MS (ESI) m/z: 516 [M + Na]+ for C25H35NO9. 306 

3.8.4. (2S,3R,3aS,4S,4'-S,5'R,6S,7a-R)-3,3a,4-trihydroxy-5'-methyl-6-307 

(pentylcarbamoyl)decahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-308 

hydroxybenzoate (3d) 309 

1H NMR (600 MHz, CD3OD)  7.97 (ddd, J = 8.8, 310 

2.6, 2.0 Hz, 2H, H-17, H-21), 6.84 (ddd, J = 8.8, 2.7, 311 

2.0 Hz, 2H, H-18, H-20), 5.24 (br d, J = 2.5 Hz, 1H, 312 

H-10), 4.12 (t, J = 3.2 Hz, 1H, H-5), 4.05 (t, J = 11.4 313 

Hz, 1H, H-12), 3.91 (dd, J = 10.5, 5.6 Hz, 1H, H-1), 314 

3.76 (s, 1H, H-7), 3.61 (dd, J = 11.0, 4.4 Hz, 1H, H-12), 3.09 (br ddd, J = 13.3, 7.1, Hz, 315 

2H, H-1'), 2.44 (ddd, J = 15.0, 11.3, 5.6 Hz, 1H, H-3), 2.21 – 2.04 (m, 3H, H-11, H-9), 316 

2.00 (ddd, J = 14.7, 9.4, 3.2 Hz, 1H, H-2), 1.81 (dt, J = 14.0, 5.7 Hz, 1H, H-4), 1.70 317 

(ddd, J = 14.4, 5.3, 3.5 Hz, 1H, H-4), 1.58 (dt, J = 14.0, 9.8 Hz, 1H, H-2), 1.43 – 1.36 318 

(m, 2H, H-2'), 1.33 – 1.25 (m, 2H, H-3'), 0.92 (t, J = 7.4 Hz, 3H, H-4'), 0.90 (d, J = 6.9 319 

Hz, 3H, H-13). 320 

13C NMR (150 MHz, CD3OD)  177.01 (C-15), 166.71 (C-22), 162.14 (C-19), 321 

131.67(C-17, C-21), 121.62 (C-16), 114.61 (C-18, C-20), 100.96 (C-8), 81.29 (C-5), 322 

75.12 (C-6), 74.67 (C-7), 70.84 (C-1), 70.08 (C-10), 61.61 (C-12), 38.88 (C-1'), 34.51 323 

(C-2'), 34.16 (C-3), 32.83 (C-9), 29.12 (C-11), 28.72 (C-3'), 28.61 (C-4'), 26.64 (C-2), 324 

21.96(C-5'), 12.96 (C-5'), 11.67 (C-13). 325 

MS (ESI) m/z: 530 [M+Na]+ for C26H37NO9. 326 

3.8.5. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-(hexylcarbamoyl)-3,3a,4-trihydroxy-5'-327 

methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate (3e) 328 



1H NMR (600 MHz, CD3OD)  7.94 (br d, J = 8.7 Hz, 329 

2H, H-17, H-21), 6.81 (br d, J = 8.7 Hz, 2H, H-18, H-330 

20), 5.21 (br d, J = 1.9 Hz, 1H, H-10), 4.09 (t, J =2.9 331 

Hz, 1H, H-5), 4.02 (t, J = 11.4 Hz, 1H, H-12), 3.88 332 

(dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.73 (s, 1H, H-7), 3.59 (dd, J = 11.2, 4.5 Hz, 1H, H-333 

12), 3.05 (td, J = 7.1, 2.6 Hz, 2H, H-1'), 2.37 – 2.29 (m, 1H, H-3), 2.15 (dd, J = 14.8, 334 

3.0 Hz, 1H, H-9), 2.11 – 2.02 (m, 2H, H-11, H-9), 2.00 – 1.93 (m, 1H, H-2), 1.78 (dt, J 335 

= 13.8, 5.7 Hz, 1H, H-4), 1.71 –1.64 (m, 1H, H-4), 1.55 (dt, J = 13.9, 10.0 Hz, 1H, H-336 

2), 1.42 – 1.36 (m, 2H, H-2'), 1.35 – 1.21 (m, 6H, H-3', H-4', H-5'), 0.92 – 0.84 (m, 6H, 337 

H-6', H-13). 338 

13C NMR (150 MHz, CD3OD)  178.41 (C-15), 168.14 (C-22), 163.53 (C-19), 133.07 339 

(C-17, C-21), 123.03 (C-16), 116.02 (C-18, C-20), 102.37 (C-8), 82.70 (C-5), 76.54 (C-340 

6), 76.07 (C-7), 72.23 (C-1), 71.50 (C-10), 63.01 (C-12), 40.31 (C-1'), 36.92 (C-2'), 341 

35.91 (C-3), 35.58 (C-9), 34.23 (C-11), 32.59 (C-3'), 30.51 (C-4'), 30.28 (C-2), 27.58 342 

(C-5'), 23.62 (C-4), 14.38 (C-6'), 13.05 (C-13). 343 

MS (ESI) m/z: 544 [M+Na]+ for C27H39NO9. 344 

3.8.6. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-(heptylcarbamoyl)-3,3a,4-trihydroxy-5'-345 

methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate (3f) 346 

1H NMR (600 MHz, CD3OD)  7.93 (br d, J = 8.8 Hz, 347 

2H, H-17, H-21), 6.79 (br d, J = 8.8 Hz, 2H, H-18, H-348 

20), 5.21 (br d, J = 2.2 Hz, 1H, H-10), 4.09 (t, J =3.1 349 

Hz, 1H, H-5), 4.02 (t, J = 11.4 Hz, 1H, H-12), 3.88 350 

(dd, J = 10.5, 5.6 Hz, 1H, H-1),3.73 (s, 1H, H-7), 3.58 (dd, J = 11.0, 4.5 Hz, 1H, H-12), 351 

3.05 (t, J = 7.1 Hz, 1H, H-1'), 2.48 – 2.37 (m, 1H, H-3), 2.19 – 2.02 (m, 3H, H-9, H-352 

11), 2.00 – 1.93 (m, 1H, H-2), 1.78 (dt, J = 13.9, 5.6 Hz, 1H, H-4), 1.68 (ddd, J = 14.4, 353 

5.2, 3.6 Hz, 1H, H-4), 1.61 – 1.50 (m, 1H, H-2), 1.44 – 1.19 (m, 10H, H-2', H-3', H-4', 354 

H-5', H-6'), 0.93 – 0.82 (m, 6H, H-13, H-7'). 355 

13C NMR (150 MHz, CD3OD)  177.01 (C-15), 166.71 (C-22), 162.13 (C-19), 131.67 356 



(C-17, C-21), 121.63 (C-16), 114.60 (C-18, C-20), 100.96 (C-8), 81.29 (C-5), 75.11 (C-357 

6), 74.68 (C-7), 70.84 (C-1), 70.07 (C-10), 61.61 (C-12), 38.90 (C-1'), 34.52 (C-3), 358 

34.17 (C-2'), 32.84 (C-9), 31.53 (C-11), 29.13 (C-3'), 28.93 (C-4'), 28.64 (C-5'), 26.65 359 

(C-6'), 26.48 (C-2), 22.28 (C-4), 13.03 (C-7'), 11.65 (C-13). 360 

MS (ESI) m/z: 558 [M+Na]+ for C28H41NO9. 361 

3.8.7. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-5'-methyl-6-362 

(octylcarbamoyl)decahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-363 

hydroxybenzoate (3g) 364 

1H NMR (600 MHz, CD3OD)  7.94 (br d, J = 8.7 Hz, 365 

2H, H-17, H-21), 6.80 (br d, J = 8.7 Hz, 2H, H-18, H-366 

20), 5.21 (br s, 1H, H-10), 4.09 (br s, 1H, H-5), 4.02 367 

(t, J = 11.4 Hz, 1H, H-12), 3.88 (dd, J = 10.4, 5.6 Hz, 368 

1H, H-1), 3.73 (s, 1H, H-7), 3.59 (dd, J = 11.1, 4.2 Hz, 1H, H-12), 3.05 (t, J = 7.0 Hz, 369 

1H, H-1'), 2.41 (dq, J = 16.2, 5.5 Hz, 1H, H-3), 2.15 (dd, J = 14.7, 2.9 Hz, 1H, H-9), 370 

2.07 (dd, J = 14.8, 2.4 Hz, 2H, H-11, H-9), 2.00 – 1.92 (m, 1H, H-2), 1.78 (dt, J = 13.7, 371 

5.6 Hz, 1H, H-4), 1.72 – 1.64 (m, 1H, H-4), 1.55 (dt, J = 13.8, 10.0 Hz, 1H, H-2), 1.40 372 

(dd, J = 14.0, 7.0 Hz, 2H, H-2'), 1.35 – 1.20 (m, 10H, H-3', H-4', H-5', H-6', H-7'), 0.95 373 

– 0.83 (m, 6H, H-13, H-8'). 374 

13C NMR (150 MHz, CD3OD)  177.01 (C-15), 166.71 (C-22), 162.13 (C-19), 131.67 375 

(C-17, C-21), 121.64 (C-16), 114.60 (C-18, C-20), 100.96 (C-8), 81.28 (C-5), 75.11 (C-376 

6), 74.68 (C-7), 70.84 (C-1), 70.08 (C-10), 61.61 (C-12), 38.90 (C-1'), 34.52 (C-2'), 377 

34.17 (C-3), 32.84 (C-9), 31.60 (C-3'), 29.13 (C-11), 28.96 (C-4'), 28.92 (C-5', C-6'), 378 

26.66 (C-2), 26.51 (C-7'), 22.32 (C-4), 13.05 (C-8'), 11.65 (C-13). 379 

MS (ESI) m/z: 572 [M + Na]+ for C29H43NO9. 380 

3.8.8. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-((3-ethoxypropyl)carbamoyl)-3,3a,4-381 

trihydroxy-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-382 

hydroxybenzoate (3h) 383 



1H NMR (600 MHz, CD3OD)  7.95 (br d, J = 384 

8.7 Hz, 2H, H-17, H-21), 6.81 (br d, J = 8.7 Hz, 385 

2H, H-18, H-20), 5.21 (br s, 1H, H-10), 4.10 386 

(br s, 1H, H-5), 4.02 (t, J = 11.4 Hz, 1H, H-12), 387 

3.88 (dd, J = 10.4, 5.6 Hz, 1H, H-1), 3.74 (s, 1H, H-7), 3.59 (dd, J = 10.9, 4.2 Hz, 1H, 388 

H-12), 3.43 (q, J = 7.0 Hz, 2H, H-4'), 3.38 (t, J = 6.2 Hz, 1H, H-3'), 3.15 (ddq, J = 20.3, 389 

13.5, 6.9 Hz, 2H, H-1'), 2.41 (tt, J = 11.1, 5.5 Hz, 1H, H-3), 2.14 (dt, J = 10.5, 5.3 Hz, 390 

1H, H-11), 2.11 – 2.03 (m, 2H, H-11, H-9), 2.00 – 1.93 (m, 1H, H-2), 1.79 (dt, J = 13.7, 391 

5.6 Hz, 1H, H-4), 1.72 – 1.62 (m, 3H, H-4, H-2'), 1.56 (dt, J = 13.8, 10.0 Hz, 1H, H-2), 392 

1.14 (t, J = 7.0 Hz, 3H, H-5'), 0.87 (d, J = 6.9 Hz, 3H, H-13). 393 

MS (ESI) m/z: 546 [M + Na]+ for C26H37NO10. 394 

3.8.9. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-5'-methyl-6-395 

(phenethylcarbamoyl)decahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-396 

hydroxybenzoate (3i) 397 

1H NMR (600 MHz, CD3OD)  7.94 (br d, J = 8.7 398 

Hz, 2H, H-17, H-21),7.22 (t, J = 7.4 Hz, 2H, H-3', 399 

H-5'), 7.18 – 7.12 (m, 3H, H-2', H-4', H-6'), 6.82 (br 400 

d, J= 8.7 Hz, 2H, H-18, H-20), 5.20 (br s, 1H, H-401 

10), 4.08 (br s, 1H, H-5), 4.01 (t, J =11.4 Hz, 1H, H-12), 3.86 (dd, J = 10.5, 5.5 Hz, 1H, 402 

H-1), 3.72 (s, 1H, H-7), 3.58 (dd,J = 11.0, 4.2 Hz, 1H, H-12), 3.36 – 3.24 (m, 4H, H-8', 403 

overlap), 2.69 (t, J = 7.3 Hz, 2H, H-7'), 2.37 (dq, J = 16.2, 5.4 Hz, 1H, H-3), 2.14 (dd, 404 

J = 14.7, 2.9 Hz, 1H, H-9), 2.11 – 2.01 (m, 2H, H-11, H-9), 1.96 – 1.87 (m, 1H, H-2), 405 

1.75 (dt, J = 13.7, 5.5 Hz, 1H, H-4), 1.68 – 1.62 (m, 1H, H-4), 1.51 (dt, J = 13.8, 10.1 406 

Hz, 1H, H-2), 0.87 (d, J =6.9 Hz, 3H, H-13). 407 

13C NMR (150 MHz, CD3OD)  177.06 (C-15), 166.66 (C-22), 162.11 (C-19), 139.02 408 

(C-3'), 131.68 (C-17, C-21), 128.41 (C-5’, C-7’), 128.04 (C-4', C-8’), 125.92 (C-6’), 409 

121.65 (C-16), 114.64 (C-18, C-20), 100.95 (C-8), 81.25 (C-5), 75.09 (C-6), 74.65 (C-410 

7), 70.81 (C-1), 70.07 (C-10), 61.60 (C-12), 40.49 (C-2'), 35.11 (C-1'), 34.48 (C-3), 411 



34.15 (C-9), 32.84 (C-11), 28.99 (C-2), 26.61 (C-4), 11.65 (C-13). 412 

MS (ESI) m/z: 564 [M + Na]+ for C29H35NO9. 413 

3.8.10. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-((3,4-dimethoxyphenethyl)carbamoyl)-414 

3,3a,4-trihydroxy- 415 

5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate 416 

(3j) 417 

1H NMR (800 MHz, CD3OD)  7.94 (d, J 418 

= 8.7 Hz, 2H, H-17, H-21), 6.83 – 6.81 (m, 419 

3H, H-18, H-20, H-7'), 6.79 (d, J = 1.8 Hz, 420 

1H, H-4'), 6.68 (dd, J = 8.1, 1.8 Hz, 1H, H-421 

8'), 5.20 (d, J = 2.5 Hz, 1H, H-10), 4.08 (t, J = 3.2 Hz, 1H, H-5), 4.01 (t, J = 11.4 Hz, 422 

1H, H-12), 3.86 (dd, J = 10.4, 5.5 Hz, 1H, H-1), 3.80 (s, 3H, H-10'), 3.78 (s, 3H, H-9'), 423 

3.73 (s, 1H, H-7), 3.60 – 3.57 (m, 1H, H-12), 3.30 – 3.26 (m, 2H, H-2'), 2.67 – 2.60 (m, 424 

2H, H-1'), 2.37 (ddd, J = 15.0, 11.3, 5.6 Hz, 1H, H-3), 2.10 (m, 3H, H-9, H-11), 1.93 425 

(ddd, J = 14.6, 11.7, 3.1 Hz, 1H, H-2), 1.75 (dt, J = 14.0, 5.6 Hz, 1H, H-4), 1.69 – 1.62 426 

(m, 1H, H-4), 1.51 (dt, J = 13.9, 9.9 Hz, 1H, H-2), 0.87 (d, J = 6.9 Hz, 3H, H-13). 427 

MS (ESI) m/z: 624 [M + Na]+ for C31H39NO11. 428 

3.8.11. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-6-((6-methoxy-6-429 

oxohexyl)carbamoyl)-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 430 

4-hydroxybenzoate (4a) 431 

1H NMR (600 MHz, CD3OD)  7.95 (d, J = 8.8 Hz, 432 

2H, H-17, H-21), 6.84 (d, J = 8.8 Hz, 2H, H-18, H-433 

20), 5.24 (br d, J = 2.4 Hz, 1H, H-10), 4.09 (t, J = 434 

3.2 Hz, 1H, H-5), 4.02 (t, J = 11.2 Hz, 1H, H-12), 435 

3.89 (dd, J = 10.4, 5.6 Hz, 1H, H-1), 3.74 (s, 1H, H-7), 3.64 (s, 1H, H-1''), 3.60 (dd, J 436 

= 11.1, 4.5 Hz, 1H, H-12), 3.10 – 3.02 (m, 2H, H-1'), 2.43 – 2.38 (m, 1H, H-3), 2.30 (t, 437 

J = 7.4 Hz, 2H, H-5'), 2.16 – 2.06 (m, 3H, H-9, H-11), 1.98 – 1.93 (m, 1H, H-2), 1.81 438 



(dt, J = 13.7, 5.5 Hz, 1H, H-4), 1.70 – 1.66 (m, 1H, H-4), 1.64 – 1.52 (m, 3H, H-2, H-439 

2'), 1.43 – 1.38 (m, 2H, H-4'), 1.31 – 1.25 (m, 2H, H-3'), 0.90 (d, J = 6.9 Hz, 2H, H-13). 440 

MS (ESI) m/z: 588 [M + Na]+ for C28H39NO11. 441 

3.8.12. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-6-((6-isopropoxy-6-442 

oxohexyl)carbamoyl)-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 443 

4-hydroxybenzoate (4b) 444 

1H NMR (600 MHz, CD3OD)  7.95 (br d, J = 8.8 445 

Hz, 2H, H-17, H-21), 6.81 (br d, J = 8.8 Hz, 2H, H-446 

18, H-20), 5.21 (br d, J = 2.2 Hz, 1H, H-10), 4.95 447 

(tt, J = 12.6, 6.3 Hz, 1H, H-1''), 4.09 (t, J = 3.1 Hz, 448 

1H, H-5), 4.02 (t, J = 11.4 Hz, 1H, H-12), 3.88 (dd, 449 

J = 10.5, 5.6 Hz, 1H, H-1), 3.73 (s, 1H, H-7), 3.59 (dd, J = 11.1, 4.7 Hz, 1H, H-12), 450 

3.09 – 3.03 (m, 2H, H-1'), 2.44 – 2.37 (m, 1H, H-3), 2.25 (t, J = 7.4 Hz, 2H, H-5'), 2.18 451 

– 2.04 (m, 3H, H-9, H-11), 2.00 – 1.92 (m, 1H, H-2), 1.78 (dt, J = 13.9, 5.7 Hz, 1H, H-452 

4), 1.68 (ddd, J = 14.4, 5.1, 3.7 Hz, 1H, H-4), 1.61 – 1.50 (m, 3H, H-2, H-2’), 1.45 – 453 

1.37 (m, 2H, H-3'), 1.31 – 1.24 (m, 2H, H-4'), 1.21 (d, J = 6.3 Hz, 6H, H-2'', H-3''), 0.87 454 

(d, J = 6.9 Hz, 2H, H-13). 455 

MS (ESI) m/z: 616 [M + Na]+ for C30H43NO11. 456 

3.8.13. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-((6-butoxy-6-oxohexyl)carbamoyl)-457 

3,3a,4-trihydroxy-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-458 

hydroxybenzoate (4c) 459 

1H NMR (600 MHz, CD3OD)  7.94 (d, J = 8.8 Hz, 460 

2H, H-17, H-21), 6.81 (d, J = 8.8 Hz, 2H, H-18, H-461 

20), 5.21 (br d, J = 2.2 Hz, 1H, H-10), 4.09 (t, J = 462 

3.1 Hz, 1H, H-5), 4.06 (t, J = 6.6 Hz, 2H, H-1''), 463 

4.02 (t, J = 11.4 Hz, 1H, H-12), 3.88 (dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.73 (s, 1H, H-7), 464 

3.60 – 3.56 (m, 1H, H-12), 3.09 – 3.03 (m, 1H, H-1'), 2.40 (ddd, J = 17.9, 8.9, 4.1 Hz, 465 

1H, H-3), 2.29 (t, J = 7.4 Hz, 2H, H-5'), 2.17 – 2.04 (m, 3H, H-9, H-11), 1.99 – 1.93 466 



(m, 1H, H-2), 1.78 (tt, J = 11.8, 5.9 Hz, 1H, H-4), 1.68 (ddd, J = 12.0, 7.9, 3.5 Hz, 1H, 467 

H-4), 1.63 – 1.50 (m, 5H, H-2, H-2', H-2''), 1.44 – 1.33 (m, 2H, H-3', H-3''), 1.30 – 1.24 468 

(m, 1H, H-4'), 0.94 (t, J = 7.4 Hz, 3H, H-4''), 0.87 (d, J = 6.9 Hz, 3H, H-13). 469 

MS (ESI) m/z: 630 [M + Na]+ for C31H45NO11. 470 

3.8.14. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-5'-methyl-6-((6-oxo-6-471 

(pentan-2-yloxy)hexyl)carbamoyl)decahydro-3H-spiro[benzofuran-2,2'-pyran]-472 

4'-yl 4-hydroxybenzoate (4d) 473 

1H NMR (600 MHz, CD3OD)  7.98 (ddd, J = 474 

8.8, 2.6, 2.0 Hz, 2H, H-17, H-21), 6.84 (ddd, J 475 

= 8.8, 2.7, 1.9Hz, 2H, H-18, H-20), 5.24 (br d, 476 

J = 2.6 Hz, 1H, H-10), 4.94 – 4.91(m, 1H, H-477 

2'' overlap), 4.12 (t, J = 3.2 Hz, 1H, H-5), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.90 (dd, J = 478 

10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.4 Hz, 1H, H-12), 3.13 – 479 

3.05 (m, 2H, H-1'), 2.47 – 2.39 (m, 1H, H-3), 2.30 (t, J = 7.4 Hz, 2H, H-5'), 2.17 (dd, J 480 

= 14.8, 3.2 Hz, 1H, H-11), 2.14 – 2.06 (m, 2H, H-9), 1.99 (ddd, J = 14.6, 11.7, 3.1 Hz, 481 

1H, H-2), 1.81 (dt, J = 13.9, 5.6 Hz, 1H, H-4), 1.72 (ddd, J = 14.4, 5.3, 3.6 Hz, 1H, H-482 

4), 1.66 – 1.54 (m, 5H, H-2, H-2', H-3''), 1.52 – 1.26 (m, 8H, H-2', H-3', H-4', H-4''), 483 

1.21 (d, J = 6.2 Hz, 3H, H-1''), 0.94 (t, J = 7.4 Hz, 3H, H-5''), 0.90 (d, J = 6.9 Hz, 3H, 484 

H-13). 485 

MS (ESI) m/z: 644 [M + Na]+ for C32H47NO11. 486 

3.8.15. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-5'-methyl-6-((6-((4-487 

methylpentan-2-yl)oxy)-6-oxohexyl)carbamoyl)decahydro-3H-spiro[benzofuran-488 

2,2'-pyran]-4'-yl 4-hydroxybenz- oate (4e) 489 

1H NMR (600 MHz, CD3OD)  7.98 (br d, J = 490 

8.8 Hz, 2H, H-17, H-21), 6.84 (br d, J = 8.8 Hz, 491 

1H, H-18, H-20), 5.24 (br d, J = 2.6 Hz, 1H, H-492 

10), 5.04 – 4.97 (m, 1H, H-2''), 4.12 (t, J = 3.2 493 

Hz, 1H, H-5), 4.05 (t, J = 11.4 Hz, 1H, H-12), 494 



3.90 (dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.5 Hz, 1H, 495 

H-12), 3.13 – 3.05 (m, 1H, H-1'), 2.43 (ddd, J = 15.0, 11.3, 5.5 Hz, 1H, H-3), 2.30 (t, J 496 

= 7.4 Hz, 2H, ), 2.20 – 2.06 (m, 2H), 2.04 – 1.95 (m, 1H), 1.81 (dt, J = 13.9, 5.6 Hz, 497 

1H), 1.72 (ddd, J = 14.4, 5.3, 3.6 Hz, 1H), 1.68 – 1.53 (m, 3H), 1.47 – 1.41 (m, 1H), 498 

1.33 – 1.26 (m, 2H), 1.21 (d, J = 6.2 Hz, 2H), 0.96 – 0.87 (m, 5H). 499 

MS (ESI) m/z: 644 [M + H]+ for C33H49NO11. 500 

3.8.16. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-((7-ethoxy-7-oxoheptyl)carbamoyl)-501 

3,3a,4-trihydroxy-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-502 

hydroxybenzoate (4f) 503 

1H NMR (600 MHz, CD3OD)  7.97 (br d, J = 8.7 504 

Hz, 2H, H-17, H-21), 6.84 (br d, J = 8.7 Hz, 2H, 505 

H-18, H-20), 5.24 (br d, J = 2.1 Hz, 1H, H-10), 4.16 506 

– 4.10 (m, 3H, H-5, H-1''), 4.05 (t, J = 11.4 Hz, 1H, 507 

H-12), 3.91 (dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.5 508 

Hz, 1H, H-12), 3.13 – 3.04 (m, 2H, H-1'), 2.50 – 2.38 (m, 1H, H-3), 2.32 (t, J = 7.4 Hz, 509 

1H, H-6'), 2.17 (dd, J = 14.8, 3.1 Hz, 1H, H-11), 2.14 – 2.06 (m, 2H, H-9), 2.03 – 1.96 510 

(m, 1H, H-2), 1.81 (dt, J = 13.8, 5.7 Hz, 1H, H-4), 1.74 – 1.68 (m, 1H, H-4), 1.64 – 511 

1.53 (m, 3H, H-2, H-5'), 1.47 – 1.39 (m, 2H, H-2'), 1.37 – 1.22 (m, 7H, H-3', H-4', H-512 

2''), 0.90 (d, J = 6.9 Hz, 2H, H-13). 513 

MS (ESI) m/z: 616 [M + Na]+ for C30H43NO11. 514 

3.8.17. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-((7-butoxy-7-oxoheptyl)carbamoyl)-515 

3,3a,4-trihydroxy-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-516 

hydroxybenzoate (4g) 517 

1H NMR (600 MHz, CD3OD)  7.98 (ddd, J = 8.8, 518 

2.7, 2.0 Hz, 2H, H-17, H-21), 6.85 (ddd, J = 8.88, 519 

2.7, 2.0 Hz, 2H, H-18, H-20), 5.24 (br d, J = 2.6 Hz, 520 

1H, H-10), 4.12 (t, J = 3.2 Hz, 1H, H-5), 4.09 (t, J 521 

= 6.6 Hz, 2H, H-1''), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.91 (dd, J = 10.5, 5.6 Hz, 1H, H-522 



1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.4 Hz, 1H, H-12), 3.14 – 3.04 (m, 2H, H-1'), 523 

2.44 (br ddd, J = 15.0, 11.3, 5.6 Hz, 1H, H-3), 2.32 (t, J = 7.4 Hz, 1H, H-6'), 2.17 (dd, 524 

J = 14.8, 3.2 Hz, 1H, H-11), 2.14 – 2.07 (m, 2H, H-9), 2.00 (ddd, J = 14.7, 11.7, 3.2 Hz, 525 

1H, H-2), 1.81 (dt, J = 14.0, 5.7 Hz, 1H, H-4), 1.71 (ddd, J = 14.4, 5.3, 3.5 Hz, 1H, H-526 

4), 1.66 – 1.56 (m, 5H, H-2, H-2', H-2''), 1.46 – 1.25 (m, 8H, H-3', H-3'', H-4', H-5'), 527 

0.97 (t, J = 7.4 Hz, 3H, H-4''), 0.90 (d, J = 6.9 Hz, 3H, H-13). 528 

MS (ESI) m/z: 644 [M + Na]+ for C32H47NO11. 529 

3.8.18. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-6-((8-methoxy-8-530 

oxooctyl)carbamoyl)-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 531 

4-hydroxybenzoate (4h) 532 

1H NMR (600 MHz, CD3OD)  7.97 (d, J = 8.7 Hz, 533 

2H, H-17, H-21), 6.84 (d, J = 8.7 Hz, 2H, H-18, H-534 

20), 5.24 (d, J = 2.2 Hz, 1H, H-10), 4.12 (t, J = 3.1 535 

Hz, 1H, H-5), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.91 536 

(dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.67 (s, 3H, H-1''), 3.61 (dd, J = 11.1, 537 

4.5 Hz, 1H, H-12), 3.15 – 3.02 (m, 1H, H-1'), 2.47 – 2.40 (m, 1H, H-3), 2.34 (t, J = 7.4 538 

Hz, 2H, H-7'), 2.21 – 2.06 (m, 3H, H-9, H-11), 2.03 – 1.96 (m, 1H, H-2), 1.81 (dt, J = 539 

13.9, 5.7 Hz, 1H, H-4), 1.74 – 1.68 (m, 1H, H-4), 1.60 – 1.50 (m, 3H, H-2, H-2'), 1.49 540 

– 1.20 (m, 8H, H-3', H-4', H-5', H-6'), 0.90 (d, J = 6.9 Hz, 3H, H-13). 541 

MS (ESI) m/z: 616 [M + Na]+ for C30H43NO11. 542 

3.8.19. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-((8-ethoxy-8-oxooctyl)carbamoyl)-3,3a,4-543 

trihydroxy-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-544 

hydroxybenzoate (4i) 545 

1H NMR (600 MHz, CD3OD)  7.97 (br d, J = 8.7 546 

Hz, 2H, H-17, H-21), 6.84 (br d, J = 8.7 Hz, 2H, 547 

H-18, H-20), 5.24 (br d, J = 2.1 Hz, 1H, H-10), 4.18 548 

– 4.09 (m, 3H, H-5, H-1''), 4.05 (t, J = 11.4 Hz, 1H, 549 

H-12), 3.91 (dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.5 550 



Hz, 1H, H-12), 3.13 – 3.04 (m, 2H, H-1'), 2.50 – 2.40 (m, 1H, H-3), 2.32 (t, J = 7.4 Hz, 551 

2H, H-7'), 2.17 (dd, J = 14.8, 3.1 Hz, 1H, H-11), 2.14 – 2.05 (m, 2H, H-9), 2.03 – 1.96 552 

(m, 1H, H-2), 1.81 (dt, J = 13.9, 5.7 Hz, 1H, H-4), 1.74 – 1.69 (m, 1H, H-4), 1.65 – 553 

1.54 (m, 3H, H-2, H-2'), 1.46 – 1.38 (m, 2H, H-3'), 1.46 – 1.18 (m, 9H, H-4', H-5', H-554 

6', H-2''), 0.90 (d, J = 6.9 Hz, 2H, H-13). 555 

MS (ESI) m/z: 630 [M + Na]+ for C31H45NO11. 556 

3.8.20. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-6-((8-isopropoxy-8-557 

oxooctyl)carbamoyl)- 558 

5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate 559 

(4j) 560 

1H NMR (600 MHz, CD3OD)  7.86 (ddd, J = 8.8, 561 

2.7, 2.0 Hz, 2H, H-17, H-21), 6.73 (ddd, J = 8.88, 562 

2.7, 2.0 Hz, 2H, H-18, H-20), 5.12 (br d, J = 2.6 Hz, 563 

1H, H-10), 4.86 (dp, J = 12.5, 6.3 Hz, 1H, H-1''), 564 

4.00 (t, J = 3.2 Hz, 1H, H-5), 3.93 (t, J = 11.4 Hz, 565 

1H, H-12), 3.79 (dd, J = 10.5, 5.6 Hz, 1H, H-1), 3.64 (s, 1H, H-7), 3.49 (dd, J = 11.1, 566 

4.4 Hz, 1H, H-12), 3.02 – 2.92 (m, 2H, H-1'), 2.32 (br ddd, J = 15.0, 11.3, 5.6 Hz, 1H, 567 

H-3), 2.17 (t, J = 7.4 Hz, 2H, H-7''), 2.09 – 1.94 (m, 3H, H-11, H-9, overlap),1.88 (ddd, 568 

J = 14.6, 9.8, 3.2 Hz, 1H, H-2), 1.69 (dt, J = 14.0, 5.7 Hz, 1H, H-4), 1.59 (ddd, J = 14.4, 569 

5.3, 3.5 Hz, 1H, H-4), 1.52 – 1.41 (m, 3H, H-2, H-2'), 1.35 – 1.26 (m, 2H, H-3'), 1.24 570 

– 1.05 (m, 12H, H-4', H-5', H-6', H-2'', H-3'', overlap), 0.78 (d, J = 6.9 Hz, 2H, H-13). 571 

MS (ESI) m/z: 644 [M + Na]+ for C32H47NO11. 572 

3.8.21. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-6-((8-butoxy-8-oxooctyl)carbamoyl)-3,3a,4-573 

trihydroxy-5'-methyldecahydro-3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-574 

hydroxybenzoate (4k) 575 



1H NMR (600 MHz, CD3OD)  7.98 (ddd, J = 8.8, 576 

2.7, 2.0 Hz, 2H, H-17, H-21), 6.85 (ddd, J = 8.8, 577 

2.7, 2.0 Hz, 2H, H-18, H-20), 5.24 (d, J = 2.6 Hz, 578 

1H, H-10), 4.12 (t, J = 3.2 Hz, 1H, H-5), 4.09 (t, J 579 

= 6.6 Hz, 2H, H-1''), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.91 (dd, J = 10.5, 5.6 Hz, 1H, H-580 

1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.4 Hz, 1H, H-12), 3.14 – 3.03 (m, 2H, H-1'), 581 

2.44 (ddd, J = 15.0, 11.3, 5.6 Hz, 1H, H-3), 2.33 (t, J = 7.4 Hz, 2H, H-7'), 2.20 – 2.06 582 

(m, 3H, H-11, H-9, overlap), 2.00 (ddd, J = 14.6, 11.7, 3.2 Hz, 1H, H-2), 1.81 (dt, J = 583 

14.0, 5.7 Hz, 1H, H-4), 1.71 (ddd, J = 14.4, 5.3, 3.5 Hz, 1H, H-4), 1.66 – 1.54 (m, 5H, 584 

H-2, H-6', H-2''), 1.48 – 1.21 (m, 10H, H-2', H-3', H-4', H-5', H-3''), 0.97 (t, J = 7.4 Hz, 585 

3H, H-4''), 0.90 (d, J = 6.9 Hz, 3H, H-13). 586 

MS (ESI) m/z: 658 [M + Na]+ for C33H49NO11. 587 

3.8.22. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-5'-methyl-6-((7-oxo-7-588 

(pentan-2-yloxy)heptyl)carbamoyl)decahydro-3H-spiro[benzofuran-2,2'-pyran]-589 

4'-yl 4-hydroxybenzoate (4l) 590 

1H NMR (600 MHz, CD3OD)  7.97 (ddd, J = 591 

8.8, 2.7, 2.0 Hz, 2H, H-17, H-21), 6.84 (ddd, J 592 

= 8.8, 2.7, 2.0 Hz, 2H, H-18, H-20), 5.24 (br d, 593 

J = 2.5 Hz, 1H, H-10), 4.92 (brq, J = 6.4 Hz, 594 

1H, H-2''), 4.12 (t, J = 3.2 Hz, 1H, H-5), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.91 (dd, J = 595 

10.5, 5.6 Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.4 Hz, 1H, H-12), 3.13 – 596 

3.04 (m, 2H, H-1'), 2.44 (ddd, J = 15.0, 11.3, 5.6 Hz, 1H, H-3), 2.30 (t, J = 7.4 Hz, 2H, 597 

H-6'), 2.20 – 2.06 (m, 3H, H-11, H-9), 2.00 (ddd, J = 14.6, 9.4, 3.2 Hz, 1H, H-2), 1.81 598 

(dt, J = 14.0, 5.7 Hz, 1H, H-4), 1.71 (ddd, J = 14.4, 5.3, 3.5 Hz, 1H, H-4), 1.64 – 1.25 599 

(m, 13H, H-12, H-2', H-3', H-4', H-5', H-3'', H-4''), 1.22 (d, J = 6.3 Hz, 3H, H-1''), 0.94 600 

(t, J = 7.4 Hz, 3H, H-5''), 0.90 (d, J = 6.9 Hz, 3H, H-13). 601 

MS (ESI) m/z: 636 [M + H]+ for C33H49NO11. 602 

3.8.23. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-5'-methyl-6-((7-((4-603 



methylpentan-2-yl)oxy)-7-oxoheptyl)carbamoyl)decahydro-3H-604 

spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenz- ate (4m) 605 

1H NMR (600 MHz, CD3OD)  7.97 (ddd, J = 606 

8.8, 2.7, 2.0 Hz, 2H, H-17, H-21), 6.84 (ddd, J 607 

= 8.8, 2.7, 2.0Hz, 2H, H-18, H-20), 5.24 (br d, 608 

J = 2.6 Hz, 1H, H-10), 5.04 – 4.98 (m, 1H, H-609 

2'), 4.12 (t, J = 3.2 Hz, 1H, H-5), 4.05 (t, J = 11.4 Hz, 1H, H-12), 3.91 (dd, J = 10.5, 5.6 610 

Hz, 1H, H-1), 3.76 (s, 1H, H-7), 3.61 (dd, J = 11.1, 4.4 Hz, 1H, H-12), 3.13 – 3.04 (m, 611 

1H, H-1'), 2.44 (ddd, J = 15.0, 11.3, 5.6 Hz, 1H, H-3), 2.30 (t, J = 7.4 Hz, 1H, H-7'), 612 

2.17 (dd, J = 14.8, 3.2 Hz, 1H, H-11), 2.14 – 2.07 (m, 2H, H-9), 2.00 (ddd, J = 14.6, 613 

9.3, 3.2 Hz, 1H, H-2), 1.81 (dt, J = 14.0, 5.7 Hz, 1H, H-4), 1.71 (ddd, J = 14.4, 5.3, 3.5 614 

Hz, 1H, H-4), 1.68 – 1.54 (m, 5H, H-2, H-2', H-3''), 1.46 – 1.40 (m, 2H, H-3'), 1.37 – 615 

1.26 (m, 5H, H-4', H-5', H-4''), 1.21 (d, J = 6.2 Hz, 3H, H-1''), 0.93 (d, J = 6.7 Hz, 3H, 616 

H-5''), 0.92 (d, J = 6.6 Hz, 3H, H-6''), 0.90 (d, J = 6.9 Hz, 3H, H-13). 617 

MS (ESI) m/z: 650 [M + H]+ for C34H51NO11. 618 

3.8.24. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-6-((6-((1-methoxy-3-619 

methyl-1-oxopentan-2-yl)amino)-6-oxohexyl)carbamoyl)-5'-methyldecahydro-620 

3H-spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate (4n) 621 

1H NMR (600 MHz, CD3OD)  7.94 (br d, J 622 

= 8.7 Hz, 2H, H-17, H-21), 6.81 (br d, J = 8.7 623 

Hz, 2H, H-18, H-20), 5.21 (br d, J = 2.1 Hz, 624 

1H, H-10), 4.36 (d, J = 6.2 Hz, 1H, H-2''), 625 

4.09 (t, J = 3.1 Hz, 1H, H-5), 4.02 (t, J = 11.4 Hz, 1H, H-12), 3.88 (dd, J = 10.5, 5.5 626 

Hz, 1H, H-1), 3.73 (s, 1H, H-7), 3.69 (s, 1H, H-1'''), 3.59 (dd, J = 11.1, 4.5 Hz, 1H, H-627 

12), 3.11 – 3.00 (m, 2H, H-1'), 2.40 (tt, J = 11.2, 5.6 Hz, 1H, H-3), 2.27 – 2.20 (t, 2H, 628 

H-5'), 2.18 – 2.12 (m, 1H, H-9), 2.11 – 2.04 (m, 2H, H-11, H-9), 1.99 – 1.93 (m, 1H, 629 

H-2), 1.85 (br qt, J = 13.4, 6.8 Hz, 1H, H-3''), 1.78 (dt, J = 13.9, 5.6 Hz, 1H, H-4),1.72 630 

– 1.66 (m, 1H, H-4), 1.62 – 1.20 (m, 9H, H-2), 0.93 – 0.89 (m, 6H, H-5', H-6'), 0.87 (d, 631 



J = 6.9 Hz, 1H, H-3). 632 

MS (ESI) m/z: 701 [M + Na]+ for C34H50N2O12. 633 

3.8.25. (2S,3-R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-6-((6-((1-methoxy-3-634 

methyl-1-oxobutan-2-yl)amino)-6-oxohexyl)carbamoyl)-5'-methyldecahydro-3H-635 

spiro[benzofuran-2,2'-pyran]- 636 

4'-yl 4-hydroxybenzoate (4o) 637 

1H NMR (600 MHz, CD3OD)  7.95 (br d, J 638 

= 8.7 Hz, 2H, H-17, H-21),6.82 (br d, J = 8.7 639 

Hz, 2H, H-18, H-20), 5.21 (br d, J = 2.1 Hz, 640 

1H),4.30 (d, J = 6.2 Hz, 1H), 4.09 (t, J = 3.0 641 

Hz, 1H, H-5), 4.02 (t, J = 11.4 Hz, 1H, H-12), 3.88 (dd, J = 10.5, 5.5 Hz, 1H, H-1), 3.74 642 

(s, 1H, H-7), 3.70 (s, 3H), 3.59 (dd, J = 11.0, 4.9 Hz, 1H, H-12), 3.12 –3.02 (m, 2H), 643 

2.40 (tt, J = 11.3, 5.6 Hz, 1H, H-3), 2.25 (t, J =7.5 Hz, 2H), 2.18 – 2.04 (m, 4H, H-9, 644 

H-11), 1.99 – 1.92 (m, 2H, H-2), 1.78 (dt, J = 13.9, 5.6 Hz, 1H, H-4), 1.72– 1.66 (m, 645 

2H, H-4), 1.63 – 1.50 (m, 3H, H-2), 1.47 – 1.38 (m, 2H), 1.32 – 1.24 (m, 2H), 0.94 (dd, 646 

J = 6.8, 2.8 Hz, 6H), 0.87 (d, J = 6.9 Hz, 3H). 647 

MS (ESI) m/z: 687 [M + Na]+ for C33H48N2O12. 648 

3.8.26. (2S,3R,3aS,4S,4'S,5'R,6S,7aR)-3,3a,4-trihydroxy-6-((8-((1-methoxy-1-oxo-649 

3-phenylpropan-2-yl)amino)-8-oxooctyl)carbamoyl)-5'-methyldecahydro-3H-650 

spiro[benzofuran-2,2'-pyran]-4'-yl 4-hydroxybenzoate (4p) 651 

1H NMR (600 MHz, CD3OD)  7.85 (d, J = 652 

8.7 Hz, 2H, H-17, H-21), 7.19 – 7.15 (m, 2H, 653 

H-6', H-8'), 7.11 (t, J = 6.6 Hz, 3H, H-5', H-654 

7', H-9'), 6.72 (d, J = 8.7 Hz, 2H, H-18, H-20), 655 

5.12 (d, J = 2.4 Hz, 1H, H-10), 4.58 (dd, J = 9.4, 5.5 Hz, 1H, H-2''), 4.01 (t, J = 3.2 Hz, 656 

1H, H-5), 3.93 (t, J = 11.4 Hz, 1H, H-12), 3.79 (dd, J =10.5, 5.6 Hz, 1H, H-1), 3.65 (s, 657 

1H, H-7), 3.59 (s, 3H, H-1'''), 3.50 (dd, J = 11.1, 4.6Hz, 1H, H-12), 3.06 (dd, J = 13.9, 658 



5.5 Hz, 1H, H-3''), 3.00 – 2.91 (m, 2H, H-1'), 2.83 (dd, J = 13.9, 9.5 Hz, 1H, H-3''), 2.32 659 

(qd, J = 11.3, 5.6 Hz, 1H, H-3), 2.09 – 1.95 (m, 5H, H-9, H-11, H-7'), 1.88 (ddd, J = 660 

14.6, 11.8, 3.1 Hz, 1H, H-2), 1.70 (dt, J = 13.9, 5.7 Hz, 1H, H-4), 1.62 – 1.56 (m, 1H, 661 

H-4), 1.46 (dt, J = 13.9, 9.9 Hz, 1H, H-2), 1.42– 1.35 (m, 2H, H-2'), 1.33 – 1.03 (m, 8H, 662 

H-3', H-4', H-5', H-6'), 0.78 (d, J = 6.9 Hz, 3H, H-13). 663 

MS (ESI) m/z: 763 [M + Na]+ for C39H52N2O12. 664 

3.9. Preparation of biotin probes 665 

3.9.1. Biotin linker (5, blank control) 666 

Biotin (10 mg, 4.1×10-5 mol) was stirred with 1,4-667 

diiodobutane (27 μL, 2.1×10-4 mol) and potassium 668 

carbonate (28.3 mg, 2.1×10-4 mol) in DMF (1.0 mL) at 669 

room temperature until a complete conversion was 670 

detected. The mixture was concentrated. The crude product was purified by silica gel 671 

column chromatography to obtain the corresponding titled compound as a white solid 672 

(14.0 mg, 80.5%). 673 

1H NMR (600 MHz, CD3OD)  4.48 (dd, J = 7.7, 4.9 Hz, 1H), 4.30 (dd, J = 7.8, 4.5 674 

Hz, 1H), 4.10 (t, J = 6.3 Hz, 2H), 3.31 – 3.29 (m, 2H), 3.26 (t, J = 6.8 Hz, 2H), 3.23 – 675 

3.18 (m, 1H), 2.93 (dd, J = 12.8, 5.0 Hz, 1H), 2.70 (d, J = 12.7 Hz, 1H), 2.35 (t, J = 7.3 676 

Hz, 2H), 1.91 – 1.85 (m, 2H), 1.78 – 1.71 (m, 3H), 1.66 (dd, J = 16.2, 7.8 Hz, 2H), 1.60 677 

(d, J = 8.4 Hz, 1H), 1.45 (dd, J = 15.5, 7.7 Hz, 2H). 678 

MS (ESI) m/z: 427 [M+H]+ for C14H23INO3S. 679 

3.9.2. PAC5-biotin probe (positive probe) 680 

Compound 3d (10 mg, 681 

1.97×10-5 mol) was stirred 682 

with biotin linker 5 683 

(3.28×10-5 mol) and 684 

potassium carbonate (11.3 mg, 8.2×10-5 mol) in dry DMF (1.0 mL) at room temperature 685 



until a complete conversion was detected. The mixture was concentrated. The crude 686 

product was purified by silica gel column chromatography to obtain the corresponding 687 

titled compound as a white solid (13.5 mg, 84.8%). 688 

1H NMR (600 MHz, CD3OD)  7.94 (d, J = 8.9 Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H), 5.14 689 

(d, J = 2.5 Hz, 1H), 4.38 (dd, J = 7.8, 4.6 Hz, 1H), 4.19 (dd, J = 7.9, 4.5 Hz, 1H), 4.06 690 

(t, J = 6.1 Hz, 2H), 4.01 (t, J = 3.3 Hz, 1H), 3.98 (t, J = 6.0 Hz, 2H), 3.93 (t, J = 11.4 691 

Hz, 1H), 3.79 (dd, J = 10.4, 5.6 Hz, 1H), 3.65 (s, 1H), 3.50 (dd, J = 11.1, 4.5 Hz, 1H), 692 

3.11 – 3.06 (m, 1H), 3.00 – 2.92 (m, 2H), 2.81 (dd, J = 12.8, 5.0 Hz, 1H), 2.60 (d, J = 693 

12.7 Hz, 1H), 2.38 – 2.30 (m, 1H), 2.24 (t, J = 7.3 Hz, 2H), 2.06 (dd, J = 14.8, 3.2 Hz, 694 

1H), 1.99 (dd, J = 14.8, 2.8 Hz, 2H), 1.88 (ddd, J = 14.6, 11.7, 3.2 Hz, 1H), 1.81 – 1.72 695 

(m, 4H), 1.70 – 1.66 (m, 1H), 1.58 (dddd, J = 22.9, 19.9, 9.9, 5.1 Hz, 4H), 1.48 (ddd, J 696 

= 14.1, 10.3, 6.5 Hz, 2H), 1.32 (ddt, J = 22.2, 14.7, 7.4 Hz, 4H), 1.25 – 1.18 (m, 2H), 697 

1.14 (ddd, J = 11.8, 7.1, 2.1 Hz, 2H), 0.82 – 0.74 (m, 6H). 698 

MS (ESI) m/z: 828 [M+Na]+ for C40H59N3O12S. 699 

3.9.3. PAC3-biotin probe (negative probe) 700 

Compound 3b (5.3 mg, 701 

1.10×10-5 mol) was stirred 702 

with biotin linker 5 (9.4 mg, 703 

2.2×10-5 mol) and 704 

potassium carbonate (7.7 mg, 5.5×10-5 mol) in dry DMF (1.0 mL) at room temperature 705 

until a complete conversion was detected. The mixture was concentrated. The crude 706 

product was purified by silica gel column chromatography to obtain the corresponding 707 

titled compound as a white solid (1.3 mg, 15.1%). 708 

1H NMR (800 MHz, CH3OD)  8.03 (d, J = 8.9 Hz, 2H), 6.97 (d, J = 6.1 Hz, 2H), 5.23 709 

(d, J = 2.7 Hz, 1H), 4.61 – 4.57 (m, 3H), 4.48 (dd, J = 7.9, 4.5 Hz,1H), 4.29 (dd, J = 710 

7.9, 4.5 Hz, 1H), 4.16 (td, J = 6.3, 3.2 Hz, 2H), 4.12 (t, J = 3.2 Hz, 1H), 4.08 (t, J = 5.9 711 

Hz, 2H), 4.04 (t, J = 11.5 Hz, 1H), 3.89 (dd, J = 10.3, 5.6 Hz, 1H), 3.76 (s, 1H), 3.60 712 

(dd, J = 11.5, 4.6 Hz, 1H), 3.34 (s, 1H), 3.21 – 3.16 (m, 1H), 3.08 –2.97 (m, 1H), 2.90 713 



(dd, J = 12.7, 4.9 Hz, 1H), 2.69 (d, J = 12.7 Hz, 1H), 2.46 – 2.39 (m, 1H), 2.32 (td, J = 714 

7.4, 1.9 Hz, 1H), 2.16 (dd, J = 14.8, 3.2 Hz, 1H), 2.09 (dd, J = 14.8, 3.2 Hz, 2H), 1.97 715 

(td, J = 14.8, 3.4 Hz, 1H), 1.89 – 1.85 (m, 2H), 1.85 – 1.78 (m, 3H), 1.74 – 1.63 (m, 716 

4H), 1.61 – 1.55 (m, 2H), 1.46 – 1.39 (m, 4H), 1.30 (d, 1H), 0.88 (d, J = 6.9 Hz, 3H), 717 

0.83 (t, J = 7.4 Hz, 3H). 718 

MS (ESI) m/z: 800 [M+Na]+ for C38H55N3O12S. 719 

3.10. Preparation of rhodamine B probes 720 

3.10.1. Rhodamine B linker (6, blank control) 721 

Rhodamine B (100 mg, 2.25×10-4 mol) was stirred with 722 

EDCI (80 mg, 4.18×10-4 mol), DMAP (25.5 mg, 2.09×10-4 723 

mol) and 2-bromoethanol (45 μL, 4.18×10-4mol) in 724 

dichloromethane (2.0 mL) under reflux until a complete 725 

conversion was detected. The mixture was concentrated. The crude product was 726 

purified by silica gel column chromatography to obtain the linker as a red solid (115 727 

mg, 92.6%). 728 

1H NMR (600 MHz, CDCl3)  8.34 (dd, J = 8.0, 0.9 Hz, 1H), 7.85 (td, J = 7.6, 1.2 Hz, 729 

1H), 7.77 (td, J = 7.8, 1.2 Hz, 1H), 7.34 (dd, J = 7.6, 0.8 Hz, 1H), 7.09 (dd, J = 9.5, 4.8 730 

Hz, 2H), 6.94 (dd, J = 9.5, 2.4 Hz, 2H), 6.83 (d, J = 2.4 Hz, 2H), 5.31 (s, 1H), 4.31 (d, 731 

J = 5.3 Hz, 2H), 3.66 (dt, J = 14.5, 7.3 Hz, 8H), 3.53 (t, J = 5.3 Hz, 2H), 1.34 (t, J = 7.1 732 

Hz, 12H). 733 

MS (ESI) m/z 573: [M+H]+ for C30H34BrN2O3. 734 

3.10.2. PAC5-RB probe (positive probe) 735 

Compound 3d (20 mg, 736 

3.94×10-5 mol) was stirred 737 

with rhodamine B linker 6 738 

(65.1 mg, 1.18×10-4 mol) and 739 

potassium carbonate (27.3 mg, 1.97×10-4 mol) in dry DMF (1.0 mL) at room 740 



temperature until a complete conversion was detected. The mixture was concentrated. 741 

The crude product was purified by silica gel column chromatography to obtain the 742 

corresponding titled compound as a red solid (12.4 mg, 32.2%). 743 

1H NMR (600 MHz, CD3OD)  8.49 (dd, J = 7.9, 1.1 Hz, 1H), 7.87 (ddd, J = 10.5, 7.2, 744 

1.7 Hz, 3H), 7.82 (dd, J = 7.8, 1.2 Hz, 1H), 7.42 (dd, J = 7.5, 0.9 Hz, 1H), 7.17 (d, J = 745 

9.5 Hz, 1H), 7.14 (d, J = 9.5 Hz, 1H), 7.06 (dd, J = 9.5, 2.4 Hz, 2H), 7.00 (dd, J = 10.4, 746 

2.4 Hz, 2H), 6.76 (dd, J = 6.9, 1.9 Hz, 2H), 3.75 – 3.72 (m, 2H), 3.69 (dt, J = 14.8, 7.3 747 

Hz, 9H), 3.62 (d, J = 4.8 Hz, 1H), 3.03 (dd, J = 7.3, 3.1 Hz, 2H), 2.40 – 2.29 (m, 1H), 748 

2.23 (dd, J = 14.7, 2.9 Hz, 1H), 1.77 (d, J = 14.9 Hz, 3H), 1.70 – 1.65 (m, 2H), 1.59 – 749 

1.48 (m, 3H), 1.40 – 1.35 (m, 3H), 1.31 (dt, J = 7.1, 6.1 Hz, 18H), 1.24 – 1.19 (m, 3H), 750 

0.91 – 0.87 (m, 5H), 0.74 (d, J = 6.9 Hz, 3H). 751 

MS (ESI) m/z: 999 [M+H]+ for C56H70N3O12
＋

. 752 

3.10.3. PAC3-RB probe (negative probe) 753 

Compound 3b (6.0 mg, 754 

1.25×10-5 mol) was stirred with 755 

rhodamine B linker 6 (20.7 mg, 756 

3.75×10-5 mol) and potassium 757 

carbonate (8.7 mg, 6.26×10-4 mol) in dry DMF (0.7 mL) at room temperature until a 758 

complete conversion was detected. The mixture was concentrated. The crude product 759 

was purified by silica gel column chromatography to obtain the corresponding titled 760 

compound as a red solid (2.5 mg, 21.2%). 761 

1H NMR (600 MHz, MeOD)  8.49 (dd, J = 7.9, 0.8 Hz, 1H), 7.87 (dd, J = 6.6, 5.0 Hz, 762 

2H), 7.81 (td,, J = 7.9, 1.1 Hz, 1H), 7.42 (d,, J = 7.4 Hz, 1H),7.17 (d, J = 9.5 Hz, 1H), 763 

7.14 (dd,, J = 9.5 Hz, 1H), 7.06 (dd, J = 9.5, 2.4 Hz, 2H), 7.00 (dd, J = 10.4, 2.4 Hz, 764 

2H), 6.76 (d, J = 8.8 Hz, 2H), 3.83 (t,, J = 11.4 Hz, 1H), 3.73 (d, J = 4.9 Hz, 1H), 3.69 765 

(dd, J = 14.5, 7.3 Hz, 6H), 3.62 (t,, J = 4.9 Hz, 1H), 3.03 – 2.98 (m, 2H), 2.38 – 2.31 766 

(m, 1H), 2.24 (dd, J = 14.7, 1.5 Hz, 1H), 1.83 – 1.72 (m, 3H), 1.67 (d, J = 14.7 Hz, 1H), 767 



1.59 – 1.49 (m, 2H), 1.42 – 1.36 (m, 2H), 1.31 (dt, J = 17.3, 8.6 Hz, 12H), 0.92 – 0.86 768 

(m, 1H), 0.83 (t, J = 7.4 Hz, 3H), 0.74 (d, J = 6.9 Hz, 3H). 769 

MS (ESI) m/z: 957 [M+H]+ for C54H66N3O12. 770 

Part 2. Pocket identification and molecular docking 771 

The protein structure (ID: 5HO4) of HNRNPA2B1 is obtained from the PDB 772 

database (https://www.rcsb.org/). The potential binding pockets of HNRNPA2B1 were 773 

identified by Fpocket (v3) with default setting. Then the interaction of PAC5 and those 774 

pockets of HNRNPA2B1 was predicted by AutoDock Vina (v1.1.2). The structures (ID: 775 

5HO4) of HNRNPA2B1 and PAC5 were prepared with AutoDock tools v1.5.6 as 776 

suggested in the user guide. The pocket center was set as the docking center. To allow 777 

free rotation of the compounds, the search space was set to 30 × 30 × 30 Å in each axis. 778 

The input molecular should be a pdbqt format. All other docking parameters were set 779 

to the default values. Each docking is performed by a command that contains space size 780 

and three-dimensional coordinates of the docking center. A lower energy score 781 

indicated a stronger binding affinity between the ligand and receptor. The binding pose 782 

with the lowest energy was selected as the best model for each docking test. The 783 

interaction between PAC5 and HNRNPA2B1 was displayed using the PyMOL (v1.7) 784 

program (https://pymol.org). 785 

  786 

https://www.rcsb.org/
https://pymol.org/


Table legends 787 

Table S1. Anti-HBV activity of PAC5 Derivatives 788 

Table S2. In vivo toxicity study of PAC5 in KM mouse. 789 

Figure legends 790 

Figure S1. Synthesis of PA derivatives  791 

A, Synthesis of compounds 1a-1e; B, Synthesis of esters 2 and amides 3; C, Synthesis of amides 4; 792 

D. Synthesis of biotin probes; E. Synthesis of rhodamine B probes. Reagents and conditions: (a) aq. 793 

K2CO3, 60 oC, 2 h; (b) aq. NaOH, 70 oC, 2 h; (c) (4-BrPh)CH2Br, K2CO3, DMF, rt, overnight; (d) 794 

CH3I, NaH, DMF, rt, overnight; (e) alcohol, EDCI, DMAP, DMF, 12h; (f) Br(CH2)nF, K2CO3, DMF, 795 

rt, overnight; (g) amine, EDCI, HOSu, DMAP, DMF, rt, overnight; (h) I(CH2)4I, K2CO3, DMF, rt, 796 

12 h; (i) 3b or 3d, K2CO3, DMF, rt, 12 h; (j) BrCH2CH2OH, EDCI, DMAP, DMF, 45 oC, 5 h. 797 

Figure S2. PAC5 inhibits HBV replication in vitro and vivo. 798 

a-b, The expression level of HBcAg in the liver tissues of PAC5-treated mice infected 799 

by common HBV was examined by immunohistochemical staining (a) and western 800 

blotting (b). Scale bar = 50 µm. c, Serum ALT and AST activities in the infected mice 801 

treated with PAC5 were assessed at 10 weeks after rAAV8-1.3HBV challenge. d-e, The 802 

expression level of HBcAg in the liver tissues of PAC5-treated mice infected by drug-803 

resistant HBV was examined by immunohistochemical staining (d) and western 804 

blotting (e). Scale bar = 50 µm. 805 

Figure S3. Anti-HBV activity of PAC5 Probes 806 

a, The levels of HBsAg and HBeAg in supernatant of HepG2. 2.15 cells cultured with 807 

PAC5 Probes were measured by CMIA. b, The expression level of HBcAg in the 808 

HepG2. 2.15 cells culture with PAC5 probe was examined by western blotting. c The 809 

levels of HBsAg and HBeAg in supernatant of HepG2.2.2.15 cells with blank control 810 

and negative control were measured by CMIA at indicated time points. d. The levels of 811 

HBsAg and HBeAg in supernatant of HepG2 cells transfected PBSk-rtM2041 cells 812 

cultured with PAC5 probe, NC and BC were measured by CMIA. 813 

Figure S4. Proteome characteristics of HepG2.2.15 cells treated with the 814 

compound PAC5.  815 



a, The bar graph showed the number of identified proteins only in negative control (NC) 816 

or PAC5 group, or both groups, respectively. b, The enriched GO biological processes 817 

for the proteins only in PAC5 or negative control (NC) group, respectively. c, The 818 

enriched KEGG pathways for the proteins only in PAC5 or negative control (NC) group, 819 

respectively. 820 

Figure S5. Anti-HBV activity of Fluorescent PAC5 Probes 821 

a, The levels of HBsAg and HBeAg in supernatant of HepG2 cells transfected PBSk-822 

rtM2041 cells cultured with fluorescent PAC5 Probe and NC were measured by CMIA. 823 

Figure S6. hnRNPA2B1 did not be activated by Fluorescent PAC3 Probe. 824 

a, HepaG2.2.15 cells were treated with PAC3 (10 μM) for indicated time points. PAC3, 825 

an inactive analogue of PAC5, was taken as negative control. The intracellular 826 

localization of hnRNPA2B1 (green) was determined by confocal microscopy. The 827 

nuclei are stained with DAPI (blue). Scale bar = 5 μm. 828 

Figure S7. Pocket identification, molecular docking and the binding of PAC to 829 

pocket 0 and 4 830 

a, The potential pockets identified by Fpocket were distributed at the structure of 831 

HNRNPA2B. Pockets were shown as mesh with different color. Structure of 832 

HNRNPA2B was shown as cartoon. b, the boxplot showed the docking score of PAC5 833 

to different pockets. The pocket 0 and pocket 4 are highlighted as relative favorable 834 

pocket for PAC5. c, (Top panel) the overview of Compound PAC5 binding to the pocket 835 

3 and 4, respectively. (Bottom panel) Close-up view of the binding of compound PAC5 836 

to the pocket 3 and 4 of HNRNPA2B, respectively. The side chains of the residues 837 

involved in binding are labeled and shown as sticks. The compound PAC5 was shown 838 

as magenta sticks. Secondary structural elements were colored from blue (N-terminus) 839 

to red (C-terminus). The residues involved point mutation experiment were marked 840 

with arrows. The pocket 0 and 4 were highlighted with red circles. 841 

Figure S8 Transcriptional characteristics of HepG2.2.15 cells treated with the 842 

compound PAC5 843 

a, Principal component analysis (PCA) showing the distribution of control, negative 844 

control (NC) and PAC5-treated samples based overall of the gene expression. b, 845 



Heatmap showing the gene expression of negative control (NC) and PAC5-treated 846 

samples. The expression values (TPM) were log2 transformed. A gradient of blue, white, 847 

and red indicates low to high expression levels. c, The volcano plot displaying the 848 

differential expressed genes in HepG2.2.15 cell treated with the compound PAC5. The 849 

dotted line indicates the P value of 0.05, a threshold to identify differential expressed 850 

genes (DEG). d-e Bubble chart showing the enrichment result of biological process 851 

obtained by Gene set enrichment analysis (GSEA). In d, the top 20 most affected 852 
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