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Table 1. Prins–Ritter reaction of glucose-derived homoallylic alcohol 1 for cis-fused 

heterobicycles 2a–2f 
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Scheme S1. Transformation of latone 2e for configurational analysis 
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Table 2. Prins–Ritter reaction of complex homoallylic alcohol 3 for cis-fused 

heterotricycles 4a–4i 
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Figure 1. Novel glutamate analogs prepared by acidic hydrolysis of Prins–Ritter 

reaction products 4a–4h and 5. 
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Experimental 

General methods 

All reagents were purchased at the highest commercial grade and used directly. 

Analytical thin-layer chromatography (TLC) was performed using Merck silica gel 60 

F254 plate (0.25-mm thickness). Flash column chromatography was carried out using 

Merck silica gel 60N (100-210 mesh) or Fuji Silicia silica gel BW-300 (200-400 mesh), 

unless otherwise stated. D were recorded on a JASCO P-1030 

polarimeter. IR spectra were recorded on a JASCO FT/IR-400 spectrometer. 1H and 13C 

NMR spectra were recorded on a BRUKER AVANCE 400 spectrometer. Chemical shift 

values are reported in δ (ppm) with reference to internal residual solvent [1H NMR, 

CDCl3 (7.24), C6D6 (7.15), (CD3)2CO (2.05); 13C NMR, CDCl3 (77.0), C6D6 (128.0), 

(CD3)2CO (29.8)]. Coupling constants (J) are reported in Hertz (Hz). The following 

abbreviations were used to designate the multiplicities; s = singlet, d = doublet, dd = 

double doublet, ddd = double double doublet, dddd = double double double doublet, m = 

multiplet, br = broad. ESI-TOF mass spectra were measured with a Sciex TripleTOF5600 

spectrometer. 
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N-((3aR,5R,7R,7aR)-2-Oxo-5-phenylhexahydro-2H-furo[3,2-b]pyran-7-yl)acetamide (2a) 

 

To a stirred solution of homoallylic alcohol 1 (22.8 mg, 0.178 mmol) and 

benzaldehyde (0.0218 mL, 0.214 mmol) in acetonitrile (1.50 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.007 mL, 0.05 mmol). 

After stirring at rt for 2.5 h, additional benzaldehyde (0.0327 mL, 0.320 mmol) was 

supplemented. After stirring for further 1 h, additional boron trifluoride diethyl ether 

complex (0.022 mL, 0.178 mmol) was supplemented at 0 °C. After stirring at rt for further 

2 h, the mixture was diluted with EtOAc (2 mL) and poured into saturated aqueous 

NaHCO3 (1.5 mL) at 0 °C. Organic layer was separated and aqueous layer was extracted 

with EtOAc (3 × 5 mL). Combined organic layer was washed with brine (3 mL), dried 

over Na2SO4, and concentrated under reduced pressure. The residue was purified by 

column chromatography on silica gel (60N, 2 g, CH2Cl2/EtOAc = 7:3) to give 

tetrahydropyran 2a (25.2 mg, 51%) as a white solid: [α]D22.7 +84.8 (c 0.48, CHCl3); IR 

(neat) 2919, 1781, 1647, 1536, 1156, 772 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.35-7.23 (m, 

5H), 5.97 (br, 1H), 4.58 (m, 1H), 4.50 (s, 1H), 4.48 (d, J = 13.0 Hz, 1H), 4.47 (s, 1H), 2.78 

(AB, J = 17.3 Hz, 1H), 2.70 (AB, J = 17.3 Hz, 1H), 2.01 (d, J = 13.0 Hz, 1H), 1.99 (s, 3H), 

1.73 (ddd, J = 13.0, 13.0, 13.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 175.0, 169.7, 140.1, 

128.5 (× 2), 128.1, 125.6 (× 2), 77.3, 76.7, 73.6, 46.2, 38.7, 33.7, 23.2; HRMS (ESI, positive) 

calcd for C15H18NO4 [(M+H)+] 276.1230, found 276.1245. 
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N-((3aR,5R,7R,7aR)-2-Oxo-5-phenylhexahydro-2H-furo[3,2-b]pyran-7-yl)benzamide 

(2b) 

 

To a stirred solution of homoallylic alcohol 1 (19.7 mg, 0.154 mmol) and 

benzaldehyde (0.0313 mL, 0.308 mmol) in benzonitrile (1.20 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.010 mL, 0.077 mmol). 

After stirring at rt for 1.5 h, additional boron trifluoride diethyl ether complex (0.020 mL, 

0.15 mmol) was supplemented at 0 °C. After stirring at rt for further 1.5 h, the mixture 

was diluted with EtOAc (4 mL) and poured into saturated aqueous NaHCO3 (1.5 mL) at 

0 °C. Organic layer was separated and aqueous layer was extracted with EtOAc (4 × 5 

mL). Combined organic layer was washed with brine (4 mL), dried over Na2SO4, and 

concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (60N, 3 g, CH2Cl2/EtOAc = 39:1) to give tetrahydropyran 

2b (31.4 mg, 60%) as a white solid: [α]D22.7 +92.7 (c 0.24, CHCl3); IR (neat) 2924, 2851, 

1770, 1634, 1529, 1162 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.4 Hz, 2H), 7.51 

(d, J = 7.4 Hz, 1H), 7.43 (dd, J = 7.4, 7.4 Hz, 2H), 7.35-7.27 (m, 5H), 6.50 (d, J = 9.2 Hz, 

1H), 4.82 (m, 1H), 4.59 (s, 1H), 4.58 (s, 1H), 4.57 (s, 1H), 2.82 (ABX, J = 17.3, 3.5 Hz, 1H), 

2.77 (AB, J = 17.3 Hz, 1H), 2.16 (dd, J = 12.3, 4.9 Hz, 1H), 1.87 (ddd, J = 12.3, 12.3, 12.3 

Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 175.0, 167.0, 140.1, 133.6, 132.0, 128.7 (× 2), 128.6 

(× 2), 128.2, 127.0 (× 2), 125.7 (× 2), 77.6, 77.2, 73.7, 46.7, 38.7, 33.8; HRMS (ESI, positive) 

calcd for C20H19NO4Na [(M+Na)+] 360.1206, found 360.1233.  
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N-((3aR,5R,7R,7aR)-2-Oxo-5-vinylhexahydro-2H-furo[3,2-b]pyran-7-yl)acetamide (2c) 

 

To a stirred solution of homoallylic alcohol 1 (53.3 mg, 0.416 mmol) and acrolein 

monomer (0.0373 mL, 0.499 mmol) in acetonitrile (2.10 mL) at 0 °C under Ar atmosphere 

was added boron trifluoride diethyl ether complex (0.016 mL, 0.13 mmol). After stirring 

at rt for 2 h, additional acrolein monomer (0.140 mL, 2.08 mmol) was supplemented at 

0 °C. After stirring at rt for further 1.5 h, the mixture was diluted with EtOAc (4 mL) 

and poured into saturated aqueous NaHCO3 (1.5 mL) at 0 °C. Organic layer was 

separated and aqueous layer was extracted with EtOAc (3 × 4 mL). Combined organic 

layer was washed with brine (4 mL), dried over Na2SO4, and concentrated under reduced 

pressure. The residue was purified by column chromatography on silica gel (BW-300, 4 

g, hexane/EtOAc = 5:5) to give tetrahydropyran 2c (38.4 mg, 41%) as a white solid. 

Homoallylic alcohol 1 (5.5 mg, 10%) was also recovered. 

Data for tetrahydropyran 2c: [α]D22.7 +106.9 (c 0.35, CHCl3); IR (neat) 2936, 2910, 

1770, 1645, 1536, 1154 cm-1; 1H NMR (400 MHz, CDCl3) δ 5.91 (d, J = 7.8 Hz, 1H), 5.76 

(ddd, J = 16.9, 10.6, 5.5 Hz, 1H), 5.25 (d, J = 16.9 Hz, 1H), 5.14 (d, J = 10.6 Hz, 1H), 4.44 

(m, 1H), 4.38 (s, 1H), 4.38 (s, 1H), 3.94 (dd, J = 11.1, 5.5 Hz, 1H), 2.72 (ABX, J = 17.4, 3.6 

Hz, 1H), 2.63 (AB, J = 17.4 Hz, 1H), 1.99 (s, 3H), 1.86 (dd, J = 12.5, 4.8 Hz, 1H), 1.50 

(ddd, J = 12.5, 12.5, 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 175.1, 169.8, 136.5, 116.3, 

77.5, 75.4, 73.1, 45.8, 38.6, 31.5, 23.2; HRMS (ESI, positive) calcd for C11H16NO4 [(M+H)+] 

226.1074, found 226.1091.  
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N-((3aR,5R,7R,7aR)-2-Oxo-5-vinylhexahydro-2H-furo[3,2-b]pyran-7-yl)benzamide (2d) 

 

To a stirred solution of homoallylic alcohol 1 (10.1 mg, 0.0788 mmol) and acrolein 

monomer (0.0158 mL, 0.236 mmol) in benzonitrile (0.700 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol). 

After stirring at rt for 2 h, additional boron trifluoride diethyl ether complex (0.020 mL, 

0.080 mmol) was supplemented at 0 °C. After stirring at rt for further 1 h, the mixture 

was diluted with EtOAc (2 mL) and poured into saturated aqueous NaHCO3 (1 mL) at 

0 °C. Organic layer was separated and aqueous layer was extracted with EtOAc (5 × 5 

mL). Combined organic layer was washed with brine (5 mL), dried over Na2SO4, and 

concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (60N, 3 g, CH2Cl2/EtOAc = 19:1) to give tetrahydropyran 

2d (12.3 mg, 54%) as a white solid: [α]D22.7 +115.0 (c 0.48, CHCl3); IR (neat) 2917, 1774, 

1634, 1310, 1156, 693 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.1 Hz, 2H), 7.51 (d, 

J = 7.1 Hz, 1H), 7.43 (dd, J = 7.1, 7.1 Hz, 2H), 6.48 (d, J = 8.8 Hz, 1H), 5.79 (ddd, J = 17.3, 

10.6, 5.5 Hz, 1H), 5.28 (d, J = 17.3 Hz, 1H), 5.16 (d, J = 10.6 Hz, 1H), 4.67 (m, 1H), 4.50 

(d, J = 2.1 Hz, 1H), 4.44 (dd, J = 3.8, 2.1 Hz, 1H), 4.02 (dd, J = 11.8, 5.5 Hz, 1H), 2.75 

(ABX, J = 11.8, 5.5 Hz, 1H), 2.67 (AB, J = 17.3 Hz, 1H), 1.99 (dd, J = 12.7, 4.5 Hz, 1H), 

1.62 (ddd, J = 12.7, 12.7, 11.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 175.0, 167.0, 136.5, 

133.6, 132.0, 128.7 (× 2), 127.0 (× 2), 116.4, 77.6, 75.5, 73.2, 46.3, 38.7, 31.6; HRMS (ESI, 

positive) calcd for C16H18NO4 [(M+H)+] 288.1230, found 288.1223.  
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N-((3aR,5R,7R,7aR)-2-Oxo-5-((E)-styryl)hexahydro-2H-furo[3,2-b]pyran-7-yl)acetamide 

(2e) 

 

To a stirred solution of homoallylic alcohol 1 (32.0 mg, 0.250 mmol) and 

cinnamaldehyde (0.0378 mL, 0.300 mmol) in acetonitrile (1.00 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.009 mL, 0.07 mmol). 

After stirring at rt for 4.5 h, the mixture was diluted with EtOAc (1 mL) and poured into 

saturated aqueous NaHCO3 (1 mL) at 0 °C. Organic layer was separated and aqueous 

layer was extracted with EtOAc (3 × 2 mL). Combined organic layer was washed with 

brine (2 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (BW-300, 3 g, hexane/EtOAc = 5:5) 

to give tetrahydropyran 2e (32.9 mg, 44%) as a white solid. Homoallylic alcohol 1 (6.2 

mg, 19%) was also recovered. 

Data for tetrahydropyran 2e: [α]D22.7 +173.0 (c 0.10, CHCl3); IR (neat) 2913, 1780, 

1648, 1537, 1159, 770 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.34 (d, J = 7.3 Hz, 2H), 7.29 

(dd, J = 7.3, 7.3 Hz, 2H), 7.23 (d, J = 7.3 Hz, 1H), 6.58 (d, J = 16.0 Hz, 1H), 6.10 (dd, J = 

16.0, 4.0 Hz, 1H), 5.91 (d, J = 8.8 Hz, 1H), 4.49 (m, 1H), 4.42 (s, 1H), 4.42 (s, 1H), 4.12 

(dd, J = 11.1, 4.0 Hz, 1H), 2.75 (ABX, J = 17.3, 3.5 Hz, 1H), 2.67 (AB, J = 17.3 Hz, 1H), 

2.01 (s, 3H), 1.94 (dd, J = 12.8, 5.2 Hz, 1H), 1.60 (ddd, J = 12.8, 12.8, 11.1 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) δ 175.0, 169.1, 136.1, 131.5, 128.6 (× 2), 128.0, 127.5, 126.5 (× 

2), 77.5, 75.4, 73.2, 45.9, 38.7, 31.9, 23.2; HRMS (ESI, positive) calcd for C17H20NO4 



S12 

 

[(M+H)+] 302.1387, found 302.1370. 
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Methyl 2-((2R,3R,4R,6R)-4-acetamido-3-hydroxy-6-((E)-styryl)tetrahydro-2H-pyran-2-

yl)acetate (S1) 

 

To a stirred solution of lactone 2e (10.0 mg, 0.0332 mmol) in tetrahydrofuran (0.200 

mL) at rt was added aqueous NaOH (1 M, 0.100 mL). After stirring at rt for 1 h, the 

mixture was diluted with EtOAc (1 mL) and poured into hydrochloric acid (1 M, 0.200 

mL) at 0 °C. Organic layer was separated and aqueous layer was extracted with EtOAc 

(1 × 5 mL). Combined organic layer was washed with brine (1 mL), dried over Na2SO4, 

and concentrated under reduced pressure to give crude carboxylic acid (17.6 mg), which 

was used for the next reaction without purification. 

To a stirred solution of the crude carboxylic acid thus obtained above in methanol 

(0.200 mL) at rt was added (trimethylsilyl)diazomethane (2 M in Et2O, 0.020 mL, 0.040 

mmol). After stirring at rt for 1 min, the mixture was concentrated under reduced 

pressure. The residue was purified by column chromatography on silica gel (60N, 0.6 g, 

CHCl3/EtOAc = 9:1) to give methyl ester S1 (11.1 mg, 100%, 2 steps) as a yellow oil: 

[α]D22.7 -15.4 (c 0.56, CHCl3); IR (neat) 3330, 2952, 1738, 1650, 1072, 752 cm-1; 1H NMR 

(400 MHz, (CD3)2CO/D2O = 98:2) δ 7.41 (d, J = 7.5 Hz, 2H), 7.30 (dd, J = 7.5, 7.5 Hz, 2H), 

7.21 (dd, J = 7.5, 7.5 Hz, 1H), 6.60 (d, J = 16.2 Hz, 1H), 6.24 (dd, J = 16.2, 5.7 Hz, 1H), 

4.15 (dddd, J = 9.3, 5.7, 5.7, 1.3 Hz, 1H), 4.07 (dddd, J = 8.3, 8.3, 2.6, 2.6 Hz, 1H), 3.96 

(dd, J = 7.8, 5.5 Hz, 1H), 3.66 (s, 1H), 3.62 (s, 3H), 2.70 (ABX, J = 16.0, 7.8 Hz, 1H), 2.62 

(ABX, J = 16.0, 5.5 Hz, 1H), 1.91 (s, 3H), 1.75-1.72 (m, 2H); 13C NMR (100 MHz, 
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(CD3)2CO) δ 172.3, 170.4, 137.8, 130.7, 130.5, 129.4 (× 2), 128.3, 127.1 (× 2), 77.3, 76.3, 

67.7, 51.8, 50.2, 37.4, 32.5, 22.8; HRMS (ESI, positive) calcd for C18H24NO5 [(M+H)+] 

334.1660, found 334.1634. 
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N-((3aR,5R,7R,7aR)-2-Oxo-5-((E)-styryl)hexahydro-2H-furo[3,2-b]pyran-7-yl)benzamide 

(2f) 

 

To a stirred solution of homoallylic alcohol 1 (232 mg, 1.81 mmol) and 

cinnamaldehyde (0.274 mL, 2.18 mmol) in benzonitrile (6.00 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.068 mL, 0.54 mmol). 

After stirring at rt for 21 h, the mixture was diluted with EtOAc (5 mL) and poured into 

saturated aqueous NaHCO3 (3 mL) at 0 °C. Organic layer was separated and aqueous 

layer was extracted with EtOAc (3 × 5 mL). Combined organic layer was washed with 

brine (5 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (BW-300, 30 g, CH2Cl2/EtOAc = 

5:5) to give tetrahydropyran 2f (192 mg, 29%) as a yellow solid. Homoallylic alcohol 1 

(112 mg, 48%) was also recovered. 

Data for tetrahydropyran 2f: [α]D22.7 +77.9 (c 0.40, CHCl3); IR (neat) 2925, 1780, 1637, 

1526, 1161, 772 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.4 Hz, 2H), 7.51 (dd, J = 

7.4, 7.4 Hz, 1H), 7.43 (dd, J = 7.4, 7.4 Hz, 2H), 7.35 (d, J = 7.3 Hz, 2H), 7.29 (dd, J = 7.3, 

7.3 Hz, 2H), 7.22 (d, J = 7.3 Hz, 1H), 6.61 (d, J = 16.0 Hz, 1H), 5.55 (d, J = 8.6 Hz, 1H), 

6.13 (dd, J = 16.0, 6.0 Hz, 1H), 4.72 (m, 1H), 4.53 (s, 1H), 4.48 (s, 1H), 4.20 (dd, J = 11.0, 

6.0 Hz, 1H), 2.78 (ABX, J = 17.2, 3.8 Hz, 1H), 2.70 (AB, J = 17.2 Hz, 1H), 2.06 (dd, J = 

12.4, 4.8 Hz, 1H), 1.73 (ddd, J = 12.4, 12.4, 11.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 

175.0, 167.1, 136.1, 133.6, 132.0, 131.5, 128.7 (× 2), 128.6 (× 2), 128.0, 127.5, 127.1 (× 2), 
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126.5 (× 2), 77.6, 75.5, 73.3, 46.4, 38.7, 32.0; HRMS (ESI, positive) calcd for C22H22NO4 

[(M+H)+] 364.1543, found 364.1535. 
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-acetamido-5a-(2-methoxy-2-oxoethyl)-8-

oxo-2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4a) 

 

To a stirred solution of homoallylic alcohol 3 (5.0 mg, 0.017 mmol) and benzaldehyde 

(0.005 mL, 0.05 mmol) in benzonitrile (0.300 mL) at 0 °C under Ar atmosphere was added 

boron trifluoride diethyl ether complex (0.005 mL, 0.08 mmol). After stirring at rt for 2 

h, the mixture was diluted with EtOAc (0.8 mL) and poured into saturated aqueous 

NaHCO3 (0.4 mL) at 0 °C. Organic layer was separated and aqueous layer was extracted 

with EtOAc (3 × 0.8 mL). Combined organic layer was washed with brine (1 mL), dried 

over Na2SO4, and concentrated under reduced pressure. The residue was purified by 

column chromatography on silica gel (BW-300, 0.6 g, CHCl3/acetone = 6:4) to give 

tetrahydropyran 4a (6.2 mg, 83%) as a colorless oil: IR (neat) 2954, 1711, 1541, 1438, 

1215, 757 cm-1; 1H NMR (400 MHz, C6D6) δ 7.47, (br, 1H), 7.38-7.16 (m, 5H), 5.78 (d, J = 

6.5 Hz, 1H), 4.78 (m, 1H), 4.77 (s, 1H), 4.65 (br, 1H), 4.35 (d, J = 10.7 Hz, 1H), 4.13 (br, 

1H), 3.57 (AB, J = 16.7 Hz, 1H), 3.52 (s, 1H), 3.41 (s, 3H), 3.32 (s, 3H), 3.17 (AB, J = 16.7 

Hz, 1H), 1.80 (d, J = 11.8 Hz, 1H), 1.64 (ddd, J = 11.8, 11.8, 10.7 Hz, 1H), 1.39 (s, 3H); 13C 

NMR (100 MHz, C6D6) δ 173.3, 170.8, 170.4, 169.0, 141.7, 128.6, 128.5 (× 2), 126.1 (× 2), 

87.5, 80.1, 78.2, 77.2, 77.1, 65.6, 57.5, 51.3, 46.5, 40.5, 34.6, 29.4; HRMS (ESI, positive) 

calcd for C22H27N2O8 [(M+H)+] 447.1762, found 447.1733. 
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-acetamido-5a-(2-methoxy-2-oxoethyl)-8-

oxo-2-vinyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4b) 

 

To a stirred solution of homoallylic alcohol 3 (8.9 mg, 0.030 mmol) and acrolein 

monomer (0.005 mL, 0.07 mmol) in acetonitrile (0.300 mL) at 0 °C under Ar atmosphere 

was added boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol). After stirring 

at rt for 2 h, the mixture was diluted with EtOAc (2 mL) and poured into saturated 

aqueous NaHCO3 (0.4 mL). Organic layer was separated and aqueous layer was 

extracted with EtOAc (3 × 1.5 mL). Combined organic layer was washed with brine (1 

mL), dried over Na2SO4, and concentrated under reduced pressure. The residue was 

purified by column chromatography on silica gel (BW-300, 0.6 g, CHCl3/acetone = 7:3) to 

give tetrahydropyran 4b (5.0 mg, 42%) as a colorless oil: IR (neat) 3009, 2954, 1710, 1542, 

1217, 769 cm-1; 1H NMR (400 MHz, CDCl3) δ 6.41 (br, 1H), 5.96 (d, J = 8.8 Hz, 1H), 5.77 

(ddd, J = 17.2, 10.7, 5.4 Hz, 1H), 5.23 (d, J = 17.2 Hz, 1H), 5.12 (d, J = 10.7 Hz, 1H), 4.41 

(s, 1H), 4.37 (s, 1H), 4.32 (m, 1H), 3.94 (s, 1H), 3.89 (dd, J = 10.5, 5.4 Hz, 1H), 3.72 (s, 

3H), 3.65 (s, 3H), 3.26 (s, 1H), 3.23 (AB, J = 16.9 Hz, 1H), 2.93 (AB, J = 16.9 Hz, 1H), 1.98 

(s, 3H), 1.84 (dd, J = 12.6, 4.0 Hz, 1H), 1.50 (ddd, J = 12.6, 12.1, 10.5 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) δ 173.0, 170.4, 170.1, 169.6, 136.9, 115.9, 87.2, 78.9, 75.7, 65.0, 56.8, 

52.8, 51.8, 46.0, 39.9, 32.0, 29.2, 23.3; HRMS (ESI, positive) calcd for C18H25N2O8 

[(M+H)+] 397.1605, found 397.1587. 
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-acetamido-5a-(2-methoxy-2-oxoethyl)-8-

oxo-2-((E)-styryl)decahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4c) 

 

To a stirred solution of homoallylic alcohol 3 (44.7 mg, 0.149 mmol) and 

cinnamaldehyde (0.0752 mL, 0.597 mmol) in acetonitrile (1.50 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.006 mL, 0.05 mmol). 

After stirring at rt for 8 h, additional boron trifluoride diethyl ether complex (0.012 mL, 

0.10 mmol) was supplemented at 0 °C. After stirring at rt for further 3 h, the mixture 

was diluted with EtOAc (1 mL) and poured into saturated aqueous NaHCO3 (1.5 mL) at 

0 °C. Organic layer was separated and aqueous layer was extracted with EtOAc (5 × 2 

mL). Combined organic layer was washed with brine (2 mL), dried over Na2SO4, and 

concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (BW-300, 3 g, CHCl3/acetone = 6:4) to give tetrahydropyran 

4c (33.9 mg, 48%) as a yellow oil: IR (neat) 2953, 2928, 1710, 1438, 1218, 769 cm-1; 1H 

NMR (400 MHz, CDCl3) δ 7.35 (d, J = 7.3 Hz, 2H), 7.29 (dd, J = 7.3, 7.3 Hz, 2H), 7.22 (d, 

J = 7.3 Hz, 1H), 6.56 (d, J = 12.1 Hz, 1H), 6.45 (br, 1H), 6.11 (dd, J = 12.1, 5.4 Hz, 1H), 

6.04 (d, J = 8.6 Hz, 1H), 4.43 (s, 1H), 4.43 (s, 1H), 4.38 (m, 1H), 4.07 (dd, J = 10.7, 5.4 Hz, 

1H), 3.97 (s, 1H), 3.72 (s, 3H), 3.65 (s, 3H), 3.29 (s, 1H), 3.26 (AB, J = 16.9 Hz, 1H), 2.95 

(AB, J = 16.9 Hz, 1H), 1.99 (s, 3H), 1.91 (dd, J = 12.1, 4.5 Hz, 1H), 1.52 (ddd, J = 12.1, 

12.1, 10.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 173.1, 170.4, 170.1, 169.7, 136.3, 131.1, 
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128.6 (× 2), 128.1, 127.9, 126.5 (× 2), 87.2, 79.1, 77.2, 75.7, 65.1, 56.8, 52.8, 51.8, 46.0, 

40.0, 31.7, 23.3. 
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-benzamido-5a-(2-methoxy-2-oxoethyl)-8-

oxo-2-((E)-styryl)decahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4d) 

 

To a stirred solution of homoallylic alcohol 3 (27.6 mg, 0.0922 mmol) and 

cinnamaldehyde (0.0174 mL, 0.138 mmol) in benzonitrile (0.900 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.006 mL, 0.05 mmol). 

After stirring at rt for 5.5 h, additional boron trifluoride diethyl ether complex (0.012 mL, 

0.10 mmol) was supplemented at 0 °C. After stirring at rt for further 4 h, the mixture 

was diluted with EtOAc (1 mL) and poured into saturated aqueous NaHCO3 (1 mL) at 

0 °C. Organic layer was separated and aqueous layer was extracted with EtOAc (5 × 2 

mL). Combined organic layer was washed with brine (2 mL), dried over Na2SO4, and 

concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (BW-300, 2 g, CHCl3/acetone = 9:1) to give tetrahydropyran 

4d (19.5 mg, 39%) as a colorless oil. Homoallylic alcohol 3 (12.6 mg, 45%) was also 

recovered. 

Data for tetrahydropyran 4d: IR (neat) 3026, 2952, 1711, 1438, 1218, 771 cm-1; 1H 

NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.3 Hz, 2H), 7.51 (dd, J = 7.3, 7.3 Hz, 1H), 7.44 (dd, 

J = 7.3, 7.3 Hz, 2H), 7.36 (d, J = 7.4 Hz, 2H), 7.30 (dd, J = 7.4, 7.4 Hz, 2H), 7.23 (d, J = 

7.4 Hz, 1H), 6.59 (d, J = 12.0 Hz, 1H), 6.56 (d, J = 8.8 Hz, 1H), 6.38 (s, 1H), 6.14 (dd, J = 

12.0, 5.8 Hz, 1H), 4.60 (m, 1H), 4.50 (s, 1H), 4.43 (s, 1H), 4.14 (dd, J = 11.1, 5.8 Hz, 1H), 
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4.08 (s, 1H), 3.72 (s, 3H), 3.66 (s, 3H), 3.35 (s, 1H), 3.30 (AB, J = 16.8 Hz, 1H), 3.00 (AB, 

J = 16.8 Hz, 1H), 2.06 (dd, J = 12.5, 4.5 Hz, 1H), 1.65 (ddd, J = 12.5, 12.5, 11.1 Hz, 1H); 

13C NMR (100 MHz, CDCl3) δ 173.0, 170.4, 170.1, 166.8, 136.3, 134.0, 131.8, 131.2, 128.6 

(× 2), 128.6 (× 2), 128.1, 127.9, 127.0 (× 2), 126.5 (× 2), 87.3, 79.2, 77.2, 75.7, 65.1, 56.8, 

52.7, 51.8, 46.4, 40.0, 32.5; HRMS (ESI, positive) calcd for C29H31N2O8 [(M+H)+] 535.2075, 

found 535.2049. 
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-benzamido-5a-(2-methoxy-2-oxoethyl)-8-

oxo-2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4e) 

 

To a stirred solution of homoallylic alcohol 3 (14.2 mg, 0.0474 mmol) and 

benzaldehyde (0.0058 mL, 0.057 mmol) in benzonitrile (1.00 mL) at 0 °C under Ar 

atmosphere was added boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol). 

After stirring at rt for 1 h, additional benzaldehyde (0.0087 mL, 0.086 mmol) and boron 

trifluoride diethyl ether complex (0.005 mL, 0.04 mmol) were supplemented at 0 °C. After 

stirring at rt for further 3 h, the mixture was diluted with EtOAc (2 mL) and poured into 

saturated aqueous NaHCO3 (1.5 mL) at 0 °C. Organic layer was separated and aqueous 

layer was extracted with EtOAc (3 × 2 mL). Combined organic layer was washed with 

brine (2 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (BW-300, 15 g, CHCl3/acetone = 

8:2) to give tetrahydropyran 4e (21.8 mg, 91%) as a white oil: IR (neat) 1953, 2926, 1711, 

1645, 1216, 757 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 7.4 Hz, 2H), 7.54-7.40 (m, 

4H), 7.38-7.27 (m, 4H), 6.52 (d, J = 8.8 Hz, 1H), 6.14 (br, 1H), 4.69 (m, 1H), 4.58 (s, 1H), 

4.50 (d, J = 11.1 Hz, 1H), 4.46 (s, 1H), 4.14 (s, 1H), 3.73 (s, 3H), 3.64 (s, 3H), 3.41 (AB, J 

= 17.3 Hz, 1H), 3.38 (s, 1H), 3.06 (AB, J = 17.3 Hz, 1H), 2.17 (dd, J = 12.1, 4.5 Hz, 1H), 

1.81 (ddd, J = 12.1, 12.1, 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 172.8, 170.4, 170.0, 

166.7, 140.4, 131.8, 129.7, 128.7 (× 2), 127.9 (× 2), 127.3, 127.0 (× 2), 125.8 (× 2), 87.3, 
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79.6, 65.0, 56.9, 56.9, 52.8, 51.9, 46.8, 40.1, 33.9, 29.7; HRMS (ESI, positive) calcd for  

C27H29N2O8 [(M+H)+] 509.1918, found 509.1890. 
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-acrylamido-5a-(2-methoxy-2-oxoethyl)-8-

oxo-2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4f) and 

methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-hydroxy-5a-(2-methoxy-2-oxoethyl)-8-oxo-

2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (5) 

  

To a stirred solution of homoallylic alcohol 3 (4.2 mg, 0.014 mmol) and benzaldehyde 

(0.005 mL, 0.05 mmol) in acrylonitrile (0.500 mL) at 0 °C under Ar atmosphere was 

added boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol). After stirring at rt 

for 1 h, additional boron trifluoride diethyl ether complex (0.010 mL, 0.080 mmol) was 

supplemented at 0 °C. After stirring at rt for further 16 h, additional boron trifluoride 

diethyl ether complex (0.020 mL, 0.16 mmol) was supplemented at 0 °C. After stirring 

at rt for further 1 h, the mixture was diluted with EtOAc (1 mL) and poured into 

saturated aqueous NaHCO3 (1.5 mL) at 0 °C. Organic layer was separated and aqueous 

layer was extracted with EtOAc (3 × 1.5 mL). Combined organic layer was washed with 

brine (2 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (BW-300, 0.6 g, CHCl3/acetone = 

7:3) to give tetrahydropyran 4f (6.2 mg, 97%) as a white oil and hydroxytetrahydropyran 

5 as a colorless oil (0.2 mg, 3%). 

Data for tetrahydropyran 4f: IR (neat) 2954, 2925, 1711, 1540, 1216, 758 cm-1; 1H 

NMR (400 MHz, CDCl3) δ 7.36-7.25 (m, 5H), 6.50 (br, 1H), 6.30 (d, J = 16.8 Hz, 1H), 6.11 
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(dd, J = 16.8, 10.0 Hz, 1H), 6.06 (d, J = 8.9 Hz, 1H), 5.67 (d, J = 10.0 Hz, 1H), 4.57 (m, 

1H), 4.54 (s, 1H), 4.47 (d, J = 12.1 Hz, 1H), 4.46 (s, 1H), 4.06 (s, 1H), 3.73 (s, 3H), 3.63 (s, 

3H), 3.36 (AB, J = 16.5 Hz, 1H), 3.34 (s, 1H), 3.02 (AB, J = 16.5 Hz, 1H), 2.08 (dd, J = 

12.1, 3.3 Hz, 1H), 1.73 (ddd, J = 12.1, 12.1, 12.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 

173.2, 170.4, 170.1, 164.9, 140.4, 130.3, 128.5 (× 2), 128.0, 127.5, 125.8 (× 2), 87.2, 79.5, 

65.6, 65.2, 57.0, 52.8, 51.9, 46.6, 40.1, 33.7, 29.7; HRMS (ESI, positive) calcd for 

C23H27N2O8 [(M+H)+] 459.1762, found 459.1762. 

Data for hydroxytetrahydropyran 5 are shown in the synthesis of 4i. 
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-(2-chloroacetamido)-5a-(2-methoxy-2-

oxoethyl)-8-oxo-2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4g) 

 

To a stirred solution of homoallylic alcohol 3 (4.9 mg, 0.016 mmol) and benzaldehyde 

(0.0020 mL, 0.020 mmol) in chloroacetonitrile (0.300 mL) at 0 °C under Ar atmosphere 

was added boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol). After stirring 

at rt for 1.5 h, the mixture was diluted with EtOAc (1.5 mL) and poured into saturated 

aqueous NaHCO3 (1 mL) at 0 °C. Organic layer was separated and aqueous layer was 

extracted with EtOAc (3 × 1.5 mL). Combined organic layer was washed with brine (2 

mL), dried over Na2SO4, and concentrated under reduced pressure. The residue was 

purified by column chromatography on silica gel (BW-300, 0.6 g, CHCl3/acetone = 8:2) to 

give tetrahydropyran 4g (26.7 mg, 85%) as a colorless oil: IR (neat) 3421, 3011, 2953, 

1712, 1530, 1216 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.38-7.25 (m, 5H), 6.95 (d, J = 8.6 

Hz, 1H), 6.50 (br, 1H), 4.55 (s, 1H), 4.49 (m, 1H), 4.46 (s, 1H), 4.43 (d, J = 11.4 Hz, 1H), 

4.06 (AB, J = 15.4 Hz, 1H), 4.04 (m, 1H), 4.01 (AB, J = 15.4 Hz, 1H), 3.74 (s, 3H), 3.65 (s, 

3H), 3.39 (AB, J = 17.2 Hz, 1H), 3.37 (s, 1H), 3.02 (AB, J = 17.2 Hz, 1H), 2.04 (dd, J = 

12.2, 4.4 Hz, 1H), 1.78 (ddd, J = 12.2, 12.2, 11.4 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 

173.0, 170.3, 170.1, 165.4, 140.2, 128.6 (× 2), 128.1, 125.8 (× 2), 87.4, 79.6, 76.5, 65.0, 56.8, 

52.8, 51.9, 46.9, 42.5, 40.1, 33.6, 29.2; HRMS (ESI, positive) calcd for C22H26ClN2O8 

[(M+H)+] 481.1372, found 481.1376.  
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Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-(2-bromoacetamido)-5a-(2-methoxy-2-

oxoethyl)-8-oxo-2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (4h) 

 

To a stirred solution of homoallylic alcohol 3 (4.0 mg, 0.013 mmol) and benzaldehyde 

(0.0016 mL, 0.017 mmol) in bromoacetonitrile (0.300 mL) at 0 °C under Ar atmosphere 

was added boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol). After stirring 

at rt for 1 h, additional boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol) 

was supplemented at 0 °C. After stirring at rt for further 1 h, additional boron trifluoride 

diethyl ether complex (0.005 mL, 0.04 mmol) was supplemented at 0 °C. After stirring 

at rt for further 1 h, the mixture was diluted with EtOAc (2 mL) and poured into 

saturated aqueous NaHCO3 (1.5 mL) at 0 °C. Organic layer was separated and aqueous 

layer was extracted with EtOAc (3 × 2 mL). Combined organic layer was washed with 

brine (2 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (BW-300, 0.6 g, CHCl3/acetone = 

8:2) to give tetrahydropyran 4h (5.4 mg, 77%) as a colorless oil: IR (neat) 3010, 2953, 

1710, 1438, 1217, 762 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.38-7.25 (m, 5H), 6.85 (d, J = 

8.7 Hz, 1H), 6.43 (br, 1H), 4.55 (s, 1H), 4.47 (s, 1H), 4.44 (m, 1H), 4.43 (d, J = 10.8 Hz, 

1H), 4.04 (s, 1H), 3.88 (AB, J = 13.8 Hz, 1H), 3.83 (AB, J = 13.8 Hz, 1H), 3.74 (s, 3H), 3.65 

(s, 3H), 3.39 (AB, J = 16.6 Hz, 1H), 3.36 (s, 1H), 3.02 (AB, J = 16.6 Hz, 1H), 2.04 (dd, J = 

4.2, 4.2 Hz, 1H), 1.77 (ddd, J = 12.0, 12.0, 10.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 
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172.9, 170.3, 170.1, 165.0, 140.2, 128.6 (× 2), 128.1, 125.8 (× 2), 87.4, 79.6, 76.5, 65.0, 56.8, 

52.8, 51.9, 47.2, 40.1, 33.6, 29.0, 25.2; HRMS (ESI, positive) calcd for C22H25BrN2O8Na 

[(M+H)+] 547.0687, found 547.0673. 

  



S30 

 

Methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-((E)-3-hydroxy-3-methoxyacrylamido)-5a-

(2-methoxy-2-oxoethyl)-8-oxo-2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-

carboxylate (4i) and 

methyl (2S*,4S*,4aS*,5aR*,6R*,8aS*,8bS*)-4-hydroxy-5a-(2-methoxy-2-oxoethyl)-8-oxo-

2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylate (5) 

   

To a stirred solution of homoallylic alcohol 3 (6.0 mg, 0.020 mmol) and benzaldehyde 

(0.005 mL, 0.05 mmol) in methyl cyanoacetate (0.500 mL) at 0 °C under Ar atmosphere 

was added boron trifluoride diethyl ether complex (0.005 mL, 0.04 mmol). After stirring 

at rt for 30 min, the mixture was diluted with EtOAc (0.5 mL) and poured into saturated 

aqueous NaHCO3 (0.3 mL) at 0 °C. Organic layer was separated and aqueous layer was 

extracted with EtOAc (3 × 1 mL). Combined organic layer was washed with brine (1 mL), 

dried over Na2SO4, and concentrated under reduced pressure. The residue was purified 

by column chromatography on silica gel (BW-300, 6 g, CHCl3/acetone = 6:4) to give 

tetrahydropyran 4i (4.7 mg, 47%) as a colorless oil and hydroxytetrahydrofuran 5 (2.6 

mg, 32%) as a colorless oil. 

Data for tetrahydropyran 4i: IR (neat) 2953, 2926, 1712, 1523, 1437, 1261, 758 cm-1; 

1H NMR (400 MHz, CDCl3) δ 7.76 (s, 1H), 7.51 (d, J = 7.4 Hz, 2H), 7.42-7.23 (m, 4H), 6.44 

(br, 1H), 6.14 (d, J = 8.8 Hz, 1H), 4.64 (m, 1H), 4.51 (s, 1H), 4.44 (d, J = 11.2 Hz, 1H), 4.10 

(s, 1H), 3.92 (s, 1H), 3.81 (s, 3H), 3.70 (s, 3H), 3.54 (s, 3H), 3.31 (s, 1H), 3.24 (AB, J =16.9 
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Hz, 1H), 2.94 (AB, J = 16.9 Hz, 1H), 2.08 (dd, J = 12.4, 4.4 Hz, 1H), 1.63 (ddd, J = 12.4, 

12.4, 11.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 172.8, 170.2, 169.9, 165.1, 142.7, 132.9, 

130.5, 129.8, 128.6 (× 2), 125.8 (× 2), 87.1, 79.6, 77.2, 76.5, 64.9, 56.9, 52.8, 52.7, 51.8, 

46.5, 40.0, 33.2. 

Data for hydroxytetrahydropyran 5: IR (neat) 3330, 2954, 2927, 1706, 1215, 758 cm-

1; 1H NMR (400 MHz, CDCl3) δ 7.38-7.26 (m, 5H), 6.19 (br, 1H), 4.49 (s, 1H), 4.49 (s, 1H), 

4.34 (d, J = 11.1 Hz, 1H), 4.16 (br, 1H), 4.04 (m, 1H), 3.72 (s, 3H), 3.63 (s, 3H), 3.38 (AB, 

J = 16.9 Hz, 1H), 3.37 (s, 1H), 3.03 (AB, J = 16.9 Hz, 1H), 2.06 (dd, J = 12.0, 4.4 Hz, 1H), 

1.86 (dd, J = 12.0, 12.0, 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 173.0, 170.4, 170.1, 

140.4, 128.6 (× 2), 126.1, 125.9 (× 2), 87.1, 79.6, 78.6, 77.7, 67.8, 65.0, 56.8, 52.8, 51.9, 

40.1, 36.6; HRMS (ESI, negative) calcd for C20H22NO8 [(M–H)–] 404.1351, found 404.1342. 
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(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-4-Acetamido-5a-(carboxymethyl)-8-oxo-2-

phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6a) 

 

A suspension of dimethyl ester 4a (2.0 mg, 0.0045 mmol) in hydrochloric acid (6 M, 

0.400 mL) was stirred at 60 ºC for 1.5 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O) to give dicarboxylic acid 6a (0.80 mg, 42%) as a 

white solid: IR (neat) 2925, 1508, 1220, 772, 669, 655 cm-1; 1H NMR (400 MHz, D2O) δ 

7.34-7.16 (m, 5H), 4.42 (d, J = 11.0 Hz, 1H), 4.33 (s, 1H), 4.24 (m, 1H), 4.19 (s, 1H), 3.86 

(s, 1H), 3.11 (s, 1H), 2.76 (AB, J = 15.9 Hz, 1H), 2.64 (AB, J = 15.9 Hz, 1H), 1.81 (s, 3H), 

1.74 (ddd, J = 11.6, 11.6, 11.0 Hz, 1H), 1.62 (d, J = 11.6 Hz, 1H); 13C NMR (100 MHz, D2O) 

δ 177.2, 176.2, 176.0, 173.3, 140.4, 128.7 (× 2), 128.4, 126.4 (× 2), 87.6, 79.3, 77.7, 75.8, 

68.7, 57.5, 46.4, 42.6, 32.8, 21.7; HRMS (ESI, negative) calcd for C20H21N2O8 [(M–H)–] 

417.1292, found 417.1303. 
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(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-4-Acetamido-5a-(carboxymethyl)-8-oxo-2-

vinyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6b) 

 

A suspension of dimethyl ester 4b (2.3 mg, 0.0058 mmol) in hydrochloric acid (6 M, 

0.200 mL) was stirred at 65 ºC for 1 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O) to give dicarboxylic acid 6b (1.9 mg, 90%) as a 

colorless oil: IR (neat) 2924, 2853, 1220, 1037, 772, 669 cm-1; 1H NMR (400 MHz, D2O) δ 

5.74 (ddd, J = 17.4, 10.6, 6.5 Hz, 1H), 5.17 (d, J = 17.4 Hz, 1H), 5.06 (d, J = 10.6 Hz, 1H), 

4.28 (s, 1H), 4.21 (s, 1H), 4.11 (m, 1H), 3.92 (m, 1H), 3.87 (s, 1H), 3.10 (s, 1H), 2.95 (AB, 

J = 15.5 Hz, 1H), 2.75 (AB, J = 15.5 Hz, 1H), 1.82 (s, 3H), 1.58 (dd, J = 12.2, 4.1 Hz, 1H), 

1.49 (ddd, J = 12.2, 12.2, 12.2 Hz, 1H); 13C NMR (100 MHz, D2O) δ 175.9, 175.3, 173.5, 

173.5, 136.7, 117.0, 86.9, 78.4, 76.6, 76.3, 68.1, 57.1, 46.0, 40.5, 30.5, 21.8; HRMS (ESI, 

negative) calcd for C16H19N2O8 [(M–H)–] 367.1136, found 367.1119. 
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(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-4-Acetamido-5a-(carboxymethyl)-8-oxo-2-((E)-

styryl)decahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6c) 

 

A suspension of dimethyl ester 4c (3.5 mg, 0.0074 mmol) in hydrochloric acid (6 M, 

0.400 mL) was stirred at 60 ºC for 2 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O/MeOH = 9:1) to give dicarboxylic acid 6c (1.7 mg, 

52%) as a white solid: IR (neat) 2923, 1542, 1220, 1025, 772, 669 cm-1; 1H NMR (400 MHz, 

D2O) δ 7.36-7.13 (m, 5H), 6.55 (d, J = 16.2 Hz, 1H), 6.16 (dd, J = 16.2, 6.7 Hz, 1H), 4.32 

(s, 1H), 4.23 (s, 1H), 4.08 (m, 1H), 3.89 (s, 1H), 3.89 (m, 1H), 3.08 (s, 1H), 3.00 (AB, J = 

16.8 Hz, 1H), 2.76 (AB, J = 16.8 Hz, 1H), 1.82 (s, 3H), 1.65-1.55 (m, 2H); 13C NMR (100 

MHz, D2O) δ 175.7, 175.1, 174.4, 173.4, 136.3, 131.8, 128.8 (× 2), 128.6, 126.5 (× 2), 126.2, 

87.0, 78.6, 78.3, 76.1, 67.9, 56.9, 46.1, 40.6, 30.5, 21.7. 
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(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-4-Benzamido-5a-(carboxymethyl)-8-oxo-2-((E)-

styryl)decahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6d) 

 

A suspension of dimethyl ester 4d (4.4 mg, 0.0082 mmol) in hydrochloric acid (6 M, 

0.400 mL) was stirred at 60 ºC for 3.5 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O/MeOH = 8:2) to give dicarboxylic acid 6d (4.0 mg, 

95%) as a white solid: IR (neat) 3328, 2924, 2852, 1714, 1219, 772 cm-1; 1H NMR (400 

MHz, D2O) δ 7.62-7.51 (m, 4H), 7.48-7.10 (m, 6H), 6.57 (d, J = 16.0 Hz, 1H), 6.18 (dd, J = 

16.0, 7.0 Hz, 1H), 4.39 (m, 1H), 4.36 (s, 1H), 4.21 (s, 1H), 4.15 (m, 1H), 4.00 (s, 1H), 3.10 

(s, 1H), 2.96 (AB, J = 15.7 Hz, 1H), 2.77 (AB, J = 15.7 Hz, 1H), 1.70 (m, 1H), 1.53 (m, 1H); 

13C NMR (100 MHz, D2O) δ 175.7, 175.4, 175.4, 170.8, 136.4, 133.5, 132.5, 128.8, 128.6 

(× 2), 128.5 (× 2), 128.5 (× 2), 127.2 (× 2), 126.5, 126.5, 87.0, 78.6, 77.6, 76.7, 68.0, 56.9, 

49.7, 40.6, 30.5; HRMS (ESI, negative) calcd for C27H25N2O8 [(M–H)–] 505.1605, found 

505.1625. 

  



S36 

 

(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-4-Benzamido-5a-(carboxymethyl)-8-oxo-2-

phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6e) 

 

A suspension of dimethyl ester 4e (1.2 mg, 0.0024 mmol) in hydrochloric acid (6 M, 

0.400 mL) was stirred at 60 ºC for 1 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O) to give dicarboxylic acid 6e (0.9 mg, 80%) as a white 

solid: IR (neat) 2928, 1689, 1219, 1031, 772, 669 cm-1; 1H NMR (400 MHz, D2O) δ 7.59 (d, 

J = 8.0 Hz, 2H), 7.43 (m, 1H), 7.37-7.19 (m, 7H), 4.51 (d, J = 10.5 Hz, 1H), 4.47 (m, 1H), 

4.44 (s, 1H), 4.28 (s, 1H), 4.06 (s, 1H), 3.14 (s, 1H), 3.10 (AB, J = 15.9 Hz, 1H), 2.85 (AB, 

J = 15.9 Hz, 1H), 1.90 (ddd, J = 12.1, 12.1, 10.5 Hz, 1H), 1.76 (d, J = 12.1 Hz, 1H); 13C 

NMR (100 MHz, D2O) δ 175.2, 175.2, 173.8, 170.6, 140.1, 133.4, 132.2, 128.9 (× 2), 128.6, 

128.6 (× 2), 127.3 (× 2), 126.4 (× 2), 86.9, 79.2, 78.0, 76.7, 67.5, 57.2, 47.3, 40.7, 32.1; 

HRMS (ESI, negative) calcd for C25H23N2O8 [(M–H)–] 479.1449, found 479.1417. 

  



S37 

 

(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-4-Acrylamido-5a-(carboxymethyl)-8-oxo-2-

phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6f) 

 

A suspension of dimethyl ester 4f (2.8 mg, 0.0061 mmol) in hydrochloric acid (6 M, 

0.600 mL) was stirred at 60 ºC for 1.5 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O/MeOH = 9:1) to give dicarboxylic acid 6f (2.2 mg, 

85%) as a clear oil: IR (neat) 2930, 1565, 1220, 1023, 772, 669 cm-1; 1H NMR (400 MHz, 

D2O) δ 7.30-7.16 (m, 5H), 6.07 (d, J = 9.7 Hz, 1H), 6.04 (s, 1H), 5.57 (d, J = 9.7 Hz, 1H), 

4.46 (d, J = 11.3 Hz, 1H), 4.39 (s, 1H), 4.34 (m, 1H), 4.21 (s, 1H), 3.94 (s, 1H), 3.08 (s, 1H), 

2.98 (AB, J = 14.8 Hz, 1H), 2.76 (AB, J = 14.8 Hz, 1H), 1.80 (ddd, J = 12.5, 12.5, 11.3 Hz, 

1H), 1.67 (d, J = 12.5 Hz, 1H); 13C NMR (100 MHz, D2O) δ 175.4, 167.7, 165.9, 156.0, 

140.1, 129.6, 128.8 (× 2), 128.5, 127.8, 126.4 (× 2), 87.1, 79.2, 77.8, 76.3, 62.3, 57.3, 46.6, 

36.8, 32.3; HRMS (ESI, negative) calcd for C21H21N2O8 [(M–H)–] 429.1292, found 

429.1286. 

  



S38 

 

(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-5a-(Carboxymethyl)-4-(2-chloroacetamido)-8-oxo-

2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6g) 

 

A suspension of dimethyl ester 4g (3.6 mg, 0.0075 mmol) in hydrochloric acid (6 M, 

0.400 mL) was stirred at 60 ºC for 1.5 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O) to give dicarboxylic acid 6g (2.0 mg, 59%) as a white 

solid: IR (neat) 2922, 1542, 1220, 1017, 772, 669 cm-1; 1H NMR (400 MHz, D2O) δ 7.34-

7.18 (m, 5H), 4.63 (s, 2H), 4.41 (d, J = 10.9 Hz, 1H), 4.38 (s, 1H), 4.17 (s, 1H), 4.02 (s, 1H), 

3.80 (m, 1H), 3.19 (s, 1H), 2.69 (s, 2H), 1.91 (ddd, J = 12.4, 12.4, 10.9 Hz, 1H), 1.83 (dd, J 

= 12.4, 5.4 Hz, 1H); 13C NMR (100 MHz, D2O) δ 176.2, 175.3, 175.0, 172.5, 139.6, 128.8 

(× 2), 128.6, 126.4 (× 2), 87.7, 79.3, 76.7, 73.4, 68.9, 57.4, 47.6, 43.0, 42.0, 30.9; HRMS 

(ESI, negative) calcd for C20H20ClN2O8 [(M–H)–] 451.0903, found 451.0902. 

  



S39 

 

(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-4-(2-Bromoacetamido)-5a-(carboxymethyl)-8-oxo-

2-phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (6h) 

 

A suspension of dimethyl ester 4h (2.4 mg, 0.0046 mmol) in hydrochloric acid (6 M, 

0.400 mL) was stirred at 60 ºC for 2 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O/MeOH = 9:1) to give dicarboxylic acid 6h (1.7 mg, 

74%) as a white solid: IR (neat) 2920, 1542, 1220, 1016, 772, 669 cm-1; 1H NMR (400 MHz, 

D2O) δ 7.36-7.18 (m, 5H), 4.44 (d, J = 12.6 Hz, 1H), 4.43 (s, 1H), 4.22 (s, 1H), 4.05 (s, 1H), 

3.95 (s, 2H), 3.82 (m, 1H), 3.19 (s, 1H), 2.90 (AB, J = 15.3 Hz, 1H), 2.79 (AB, J = 15.3 Hz, 

1H), 1.98-1.82 (m, 2H); 13C NMR (100 MHz, D2O) δ 175.4, 175.4, 175.1, 169.0, 139.5, 

128.8 (× 2), 128.7, 126.4 (× 2), 87.6, 79.2, 76.7, 73.6, 68.6, 57.4, 47.7, 42.0, 41.5, 30.8; 

HRMS (ESI, negative) calcd for C20H20BrN2O8 [(M–H)–] 495.0398, found 495.0403. 

  



S40 

 

(2R*,4R*,4aR*,5aS*,6S*,8aR*,8bR*)-5a-(Carboxymethyl)-4-hydroxy-8-oxo-2-

phenyldecahydropyrano[2',3':4,5]furo[2,3-c]pyrrole-6-carboxylic acid (7) 

   

A suspension of dimethyl ester 5 (2.3 mg, 0.0057 mmol) in hydrochloric acid (6 M, 

0.400 mL) was stirred at 60 ºC for 1.5 h. The mixture was then cooled to rt and 

concentrated by blowing of air. The residue was purified by column chromatography on 

reversed-phase silica gel (0.6 g, H2O/MeOH = 9:1) to give dicarboxylic acid 7 (1.5 mg, 

71%) as a white solid: 1H NMR (400 MHz, D2O) δ 7.31-7.18 (m, 5H), 4.38 (d, J = 11.3 Hz, 

1H), 4.33 (s, 1H), 4.23 (s, 1H), 4.06 (m, 1H), 3.98 (s, 1H), 3.11 (s, 1H), 2.99 (AB, J = 15.6 

Hz, 1H), 2.75 (AB, J = 15.6 Hz, 1H), 1.85 (ddd, J = 11.3, 11.1, 11.1 Hz, 1H), 1.74 (dd, J = 

11.1, 4.8 Hz, 1H); 13C NMR (100 MHz, D2O) δ 176.4, 175.6, 175.6, 140.2, 128.8 (× 2), 128.5, 

126.5 (× 2), 89.9, 87.5, 79.3, 78.0, 77.6, 66.8, 57.2, 34.8, 31.2; HRMS (ESI, negative) calcd 

for C18H18NO8 [(M–H)–] 376.1027, found 376.1038. 
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