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(2.0 mL, 20 mmol) in THF–H2O (100 mL, 1:1 v/v) was added di-tert-butyl dicarbonate (4.80 g, 22 mmol) 

under open system at room temperature. After being stirred at room temperature for 16 h, the reaction 

mixture was concentrated under reduced pressure. Purification of the residue by flash silica gel column 

chromatography (acetone:hexanes = 1:2) afforded the product 15 (4.07 g, almost quantitative yield); 

colorless oil; IR (KBr) 3343 (br), 2976, 1691, 1525, 1366 cm-1; 1H NMR (CDCl3)  4.99 (1H, br s), 3.73 

(2H, m), 3.58–3.53 (4H, m), 3.32 (2H, br m), 2.36 (1H, br t, J = 5.0 Hz), 1.44 (9H, s); 13C NMR (CDCl3) 

 156.1, 79.4, 72.2, 70.3, 61.7, 40.4, 28.4; HRMS (ESI+) Calcd for C9H19NO4Na (M+Na+): 228.1206. 

Found: 228.1206. 

tert-Butyl (2-(2-(prop-2-yn-1-yloxy)ethoxy)ethyl)carbamate (16). To a solution of 15 (410 mg, 2.0 

mmol) in freshly distilled THF (20 mL) was added KHMDS in toluene (0.50 mol/L, 4.2 mL, 2.1 mmol) 

under argon atmosphere at –80 °C. After being stirred at 0 °C for 0.5 h, propargyl bromide (0.20 mL, 2.2 

mmol) was added to the reaction mixture. After being stirred from at 0 °C to at room temperature for 16 h, 

the reaction mixture was quenched with saturated aqueous NaHCO3 solution, diluted with saturated 

aqueous NaCl solution and extracted with CHCl3. The organic phase was dried over Na2SO4 and 

concentrated under reduced pressure. Purification of the residue by flash silica gel column 

chromatography (acetone:hexanes = 1:5–1:2) afforded the product 16 (340 mg, 70%); colorless oil; IR 

(KBr) 3295 (br), 2977, 2115, 1710, 1514, 1251 cm-1; 1H NMR (CDCl3)  4.97 (1H, br s), 4.20 (2H, d, J = 

2.3 Hz), 3.69 (2H, br dd, J = 5.5, 3.0 Hz), 3.64 (2H, br dd, J = 5.5, 3.0 Hz), 3.54 (2H, br m), 3.32 (2H, br 

m), 2.44 (1H, t, J = 2.3 Hz), 1.43 (9H, s); 13C NMR (CDCl3)  156.0, 79.5, 79.2, 74.6, 70.3, 70.1, 69.4, 

58.4, 40.3, 28.4; HRMS (ESI+) Calcd for C12H21NO4Na (M+Na+): 266.1363. Found: 266.1365. 

General Procedure for Cross Coupling Reaction Leading to Products 9, 12a, 12b and 17. To a 

solution of 5-bromosalicylaldehyde 5 (239 mg, 1.2 mmol), PdCl2(PPh3)2 (25 mg, 0.036 mmol), PPh3 (16 

mg, 0.060 mmol) and CuI (12 mg, 0.060 mmol) in triethylamine (12 mL) was added terminal alkynes 8, 

11a, 11b (2.1 mmol) or 16 (0.6 mmol) under argon atmosphere at room temperature. After being stirred at 

90 °C for 4–5 h, the reaction mixture was quenched with saturated aqueous NaHCO3 solution, diluted 

with saturated aqueous NaCl solution and extracted with CHCl3. The organic phase was dried over 

Na2SO4 and concentrated under reduced pressure. Purification of the residue by flash silica gel column 

chromatography (acetone:hexanes = 1:5–1:2) afforded the products 9, 12a, 12b and 17. 

5-(3-(Benzyloxy)prop-1-yn-1-yl)-2-hydroxybenzaldehyde (9): colorless crystals; mp 47–49 °C 

(hexanes); IR (KBr) 3033, 2852, 2224, 1658, 1483, 1287 cm-1; 1H NMR (CDCl3)  11.12 (1H, s), 9.86 

(1H, s), 7.68 (1H, d, J = 1.8 Hz), 7.60 (1H, dd, J = 8.7, 1.8 Hz), 7.41–7.30 (5H, m), 6.96 (1H, d, J = 8.7 

Hz), 4.67 (2H, s), 4.39 (2H, s); 13C NMR (CDCl3)  196.1, 161.5, 140.0, 137.3, 137.2, 128.5, 128.1, 

128.0, 120.4, 118.1, 114.5, 84.6 (2C), 71.8, 57.8; HRMS (ESI+) calcd for C17H14O3Na (M+Na+): 
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289.0835. Found: 289.0836. 

tert-Butyl (3-(3-formyl-4-hydroxyphenyl)prop-2-yn-1-yl)carbamate (12a): a white solid; IR (KBr) 

3338 (br), 2980, 2229, 1685, 1656, 1484, 1288 cm-1; 1H NMR (CDCl3)  11.09 (1H, s), 9.85 (1H, s), 7.64 

(1H, d, J = 1.8 Hz), 7.55 (1H, dd, J = 8.7, 1.8 Hz), 6.94 (1H, d, J = 8.2 Hz), 4.77 (1H, br s), 4.14 (2H, br d, 

J = 5.0 Hz), 1.47 (9H, s); 13C NMR (CDCl3)  196.0, 161.4, 155.3, 139.9, 137.0, 120.4, 118.1, 114.6, 85.0, 

81.3, 80.1, 31.1, 28.4; HRMS (ESI+) Calcd for C15H17NO4Na (M+Na+): 298.1050. Found: 298.1048. 

Benzyl (3-(3-formyl-4-hydroxyphenyl)prop-2-yn-1-yl)carbamate (12b): colorless crystals; mp 

101–103 °C (CH2Cl2–hexanes); IR (KBr) 3311 (br), 2231, 1684, 1527, 1256 cm-1; 1H NMR (CDCl3)  

11.09 (1H, s), 9.85 (1H, s), 7.64 (1H, br s), 7.54 (1H, br d, J = 8.7 Hz), 7.38–7.32 (5H, m), 6.94 (1H, d, J 

= 8.7 Hz), 5.15 (2H, s), 4.99 (1H, br s), 4.22 (2H, d, J = 5.5 Hz); 13C NMR (CDCl3)  196.0, 161.5, 155.9, 

139.9, 137.1, 136.2, 128.6, 128.3, 128.2, 120.4, 118.1, 114.4, 84.5, 81.6, 67.2, 31.6; HRMS (ESI+) Calcd 

for C18H15NO4Na (M+Na+): 322.0893. Found: 322.0895. 

tert-Butyl (2-(2-((3-(3-formyl-4-hydroxyphenyl)prop-2-yn-1-yl)oxy)ethoxy)ethyl)carbamate (17): 
colorless oil; IR (KBr) 3357 (br), 2976, 2869, 2225, 1710, 1658, 1516, 1484, 1287 cm-1; 1H NMR 

(CDCl3)  11.10 (1H, s), 9.85 (1H, s), 7.67 (1H, d, J = 1.8 Hz), 7.57 (1H, dd, J = 8.7, 1.8 Hz), 6.94 (1H, d, 

J = 8.7 Hz), 4.98 (1H, br s), 4.41 (2H, s), 3.74 (2H, m), 3.67 (2H, m), 3.55 (2H, m), 3.33 (2H, br m), 1.43 

(9H, s); 13C NMR (CDCl3)  196.0, 161.5, 155.9, 139.9, 137.1, 120.4, 118.1, 114.4, 84.6, 84.5, 79.2, 70.3, 

70.1, 69.1, 59.1, 40.3, 28.4; HRMS (ESI+) Calcd for C19H25NO6Na (M+Na+): 386.1574. Found: 

386.1574. 

General Procedure for Condensation Reaction Leading to Oxygen-Heterocycle 7, 10, 13a, 13b and 
18. To a solution of salicylaldehyde derivatives 5, 9, 12a, 12b and 17 (1.0 mmol) in THF (10 mL) were 

added cyclohexane-1,3-dione 6 (56 mg, 0.50 mmol) and N,N-diisopropylethylamine (87 L, 0.50 mmol) 

under argon atmosphere at room temperature. After being stirred at room temperature for 12–16 h, the 

reaction mixture was concentrated under reduced pressure. Purification of the residue by flash silica gel 

column chromatography (AcOEt:hexanes = 1:6–1:1) afforded the product 7, 10, 13a, 13b and 18. 

7-Bromo-4a-hydroxy-2,3,4,4a-tetrahydro-1H-xanthen-1-one (7): a light yellow solid; mp 175–179 °C 

(red discolorination) and 250 °C (decomp) (acetone–benzene); IR (KBr) 3308 (br), 2921, 1582, 1476, 

1440 cm-1; 1H NMR (CDCl3)  7.49 (1H, d, J = 2.3 Hz), 7.45 (1H, s), 7.44 (1H, dd, J = 8.7, 2.3 Hz), 6.94 

(1H, d, J = 8.7 Hz), 2.82 (1H, s), 2.70 (1H, dquin, J = 17.4, 2.3 Hz), 2.50–2.33 (2H, m), 2.26–2.08 (2H, 

m), 2.06–1.98 (1H, m); 13C NMR (CDCl3)  197.2, 151.6, 134.8, 131.9, 131.3, 128.9, 121.5, 119.1, 114.3, 

96.7, 38.9, 36.0, 18.1; HRMS (ESI+) Calcd for C13H11
79BrO3Na (M+Na+): 316.9784. Found: 316.9781; 

Calcd for C13H11
81BrO3Na (M+Na+): 318.9765. Found: 318.9767. 

7-(3-(Benzyloxy)prop-1-yn-1-yl)-4a-hydroxy-2,3,4,4a-tetrahydro-1H-xanthen-1-one (10): pale yellow 
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crystals; mp 124–125 °C (CH2Cl2–hexanes); IR (KBr) 3399 (br), 3085, 2845, 1732, 1678, 1654, 1614, 

1441, 1414, 1248 cm-1; 1H NMR (CDCl3)  7.49–7.30 (8H, m), 7.00 (1H, d, J = 8.7 Hz), 4.67 (2H, s), 

4.39 (2H, s), 2.89 (1H, br s), 2.70 (1H, dquin, J = 17.9, 2.3 Hz), 2.50–2.28 (2H, m), 2.26–2.08 (2H, m), 

2.05–2.00 (1H, m); 13C NMR (CDCl3)  197.2, 152.6, 137.4, 135.6, 133.1, 131.1, 129.4, 128.5, 128.1, 

127.9, 119.7, 117.5, 116.7, 96.9, 85.3, 84.7, 71.8, 57.9, 38.9, 35.9, 18.1; HRMS (ESI+) Calcd for 

C23H20O4Na (M+Na+): 383.1254. Found: 383.1253. 

tert-Butyl (3-(4a-hydroxy-1-oxo-2,3,4,4a-tetrahydro-1H-xanthen-7-yl)prop-2-yn-1-yl)carbamate 
(13a): colorless crystals; mp 180–182 °C (CH2Cl2–hexanes); IR (KBr) 3338 (br), 2977, 2237, 1686, 1612, 

1561, 1514, 1251 cm-1; 1H NMR (CDCl3)  7.47 (1H, s), 7.42 (1H, d, J = 1.8 Hz), 7.40 (1H, dd, J = 8.2, 

2.0 Hz), 6.98 (1H, d, J = 8.7 Hz), 4.76 (1H, br s), 4.14 (2H, br d, J = 4.6 Hz), 2.94 (1H, br s), 2.69 (1H, 

dquin, J = 17.9, 2.2 Hz), 2.50–2.33 (2H, m), 2.26–2.08 (2H, m), 2.04–1.99 (1H, m), 1.47 (9H, s); 13C 

NMR (CDCl3)  197.2, 173.3, 152.5, 135.4, 133.0, 131.1, 129.4, 119.7, 117.5, 116.8, 96.9, 85.0, 81.9, 

80.0 (br), 38.9, 36.0, 31.2 (br), 28.4, 18.1; HRMS (ESI+) Calcd for C21H23NO5Na (M+Na+): 392.1468. 

Found: 392.1463. 

Benzyl (3-(4a-hydroxy-1-oxo-2,3,4,4a-tetrahydro-1H-xanthen-7-yl)prop-2-yn-1-yl)carbamate (13b): 

a orange solid; IR (KBr) 3220 (br), 2952, 2248, 1403, 1638, 1492, 1232 cm-1; 1H NMR (CDCl3)  7.46 

(1H, s), 7.41–7.30 (7H, m), 6.98 (1H, d, J = 8.2 Hz), 5.14 (2H, s), 5.01 (1H, br s), 4.21 (2H, br d, J = 4.1 

Hz), 2.71 (1H, br s), 2.69 (1H, br d, J = 17.9 Hz), 2.50–2.30 (2H, m), 2.26–2.05 (2H, m), 2.04–1.95 (1H, 

m); HRMS (ESI+) Calcd for C24H21NO5Na (M+Na+): 426.1312. Found: 426.1308. 

tert-Butyl (2-(2-((3-(4a-hydroxy-1-oxo-2,3,4,4a-tetrahydro-1H-xanthen-7-yl)prop-2-yn-1-yl)oxy)- 
ethoxy)ethyl)carbamate (18): colorless oil; IR (KBr) 3349 (br), 2935, 2223, 1712, 1686, 1613, 1252 

cm-1; 1H NMR (CDCl3)  7.45 (2H, m), 7.41 (1H, dd, J = 8.2, 2.0 Hz), 6.98 (1H, d, J = 8.2 Hz), 5.00 (1H, 

br s), 4.41 (2H, s), 3.74 (2H, m), 3.65 (2H, m), 3.54 (2H, m), 3.35 (1H, br m), 3.31 (2H, br q, J = 5.0 Hz), 

2.67 (1H, dqn, J = 17.4, 2.0 Hz), 2.50–2.32 (2H, m), 2.25–2.05 (2H, m), 2.03–1.98 (1H, m), 1.43 (9H, s); 
13C NMR (CDCl3)  197.3, 156.0, 152.7, 135.4, 133.1, 131.1, 129.3, 119.7, 117.5, 116.5, 96.9, 85.3, 84.4, 

79.2, 70.3, 70.1, 69.1, 59.2, 40.3, 38.9, 35.9, 28.4, 18.1; HRMS (ESI+) Calcd for C25H31NO7Na (M+Na+): 

480.1993. Found: 480.1989. 

N5-((2R)-3,-((7-(3-(Benzyloxy)prop-1-yn-1-yl)-1-oxo-2,3,4,9-tetrahydro-1H-xanthen-9-yl)thio)-1- 
((carboxymethyl)amino)-1-oxopropan-2-yl)-L-glutamine (20). To a solution of 10 (22 mg, 0.061 

mmol) in MeCN (1.2 mL) was added a solution of glutathione 19 (18.7 mg, 0.061 mmol) in 

phosphate-buffered saline (PBS, 0.42 mL) under argon atmosphere at room temperature. After being 

stirred at 30 °C for 19 h, silica gel (0.3 g) was added to the reaction mixture, which was concentrated 

under reduced pressure. Purification of the residue by flash silica gel column chromatography 
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(AcOEt:MeOH = 1:0–0:1) afforded the adduct 20 (37 mg, 93%); a white solid; [α]D
26 –23.3 (c 0.505, 

MeOH); IR (KBr) 3288 (br), 3065, 2940, 2223, 1658 cm-1; The presence of diastereoisomers and 

rotermers precluded a comprehensive assignment of all proton and carbon resonances. 1H NMR (CD3OD) 

 7.54 (1H, br s), 7.38–7.27 (6H, m), 7.08 (1H, br m), 5.06 (1/2H, s), 5.02 (1/2H, s), 4.64 (2H, br s), 4.58 

(1/2H, br m), 4.43 (1/2H, br m), 4.40 (2/2H, s), 4.39 (2/2H, s), 3.87–3.83 (2H, br m), 3.65–3.60 (1H, br 

m), 2.93–2.42 (8H, br m), 2.15–2.05 (4H, br m); 13C NMR (CD3OD)  199.3, 199.2, 175.2, 175.1, 173.8 

(2C), 173.6 (2C), 172.8, 172.7, 170.8, 170.7, 151.9, 151.6, 139.0 (br), 134.3, 133.9, 133.0 (br), 129.5, 

129.2, 128.9, 124.6, 124.2, 121.3, 121.2, 117.9 (2C), 112.7, 112.5, 86.5, 86.2, 72.8, 58.6, 55.4, 54.7, 42.6, 

37.8, 36.5, 36.0, 32.9, 32.8, 28.6, 27.8, 27.7, 21.3, 21.2; HRMS (ESI–) Calcd for C33H34N3O9S (M–H–): 

648.2021. Found: 648.2022. 
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