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General Information: Commercial reagents were used as received, unless otherwise 

indicated. 1H and 13C NMR spectra were measured on a NMR instrument (400 and 

500 MHz for 1H NMR, 100 and 125 MHz for 13C NMR). Tetramethylsilane (TMS) 

served as the internal standard for 1H NMR, and CDCl3 served as the internal standard 

for 13C NMR. The following abbreviations were used to express the multiplicities: s = 

singlet; d= doublet; t = triplet; q = quartet; m = multiplet; br = broad. HPLC analysis 

was performed using Daicel Chiralpak columns. Optical rotations were measured 

using a 2 mL cell with a 1 dm path length on a Perkin-Elmer 341 digital polarimeter 

and reported as follows: [α]D
25 (c = g/100 mL, solvent). HRMS was recorded on a 

commercial apparatus (ESI Source or APCI Source). 
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Table S1. Different Lewis Acid in Asymmetric [4+2] Annulation of β,γ–
Unsaturated α-Keto Ester 2a with Methoxyallene 3a.a 

 

entry LA solvent yield b (%) ee c (%) 

1 none CH2Cl2 NR − 

2 InBr3 CH2Cl2 29 (66:34) 80 (20) 

3 InCl3 CH2Cl2 30 (77:23) 94 (67) 

4 InI3 CH2Cl2 40 (50:50) 71 (23) 

5 InF3 CH2Cl2 NR − 

6 In(OTf)3 CH2Cl2 NR − 

7 Sc(OTf)3 CH2Cl2 NR − 

8 YCl3 CH2Cl2 25 (56:44) 57 (10) 

9 FeCl3 CH2Cl2 NR − 

10 MgCl2 CH2Cl2 14 (>95:5) 45 

11 Mg(OTf)2 CH2Cl2 NR − 

12 Hf(OTf)4 CH2Cl2 NR − 

13 HfCl4 CH2Cl2 38 (58:42) 47 (36) 

14 InCl CH2Cl2 64 (72:28) 95 (67) 

15  InI CH2Cl2 NR − 

16 InBArF CH2Cl2 30 (50:50) 50 (11) 
a General conditions: 2a (0.10 mmol), 3a (0.40 mmol), 1a (5 mol %), Lewis acid (5 mol %), and 4 

Å MS (20 mg), at room temperature in CH2Cl2 (0.2 mL) for 6 h. b Determined by 1H NMR 

analysis with an internal standard, 1,3,5-trimethyloxyl benzene, diastereoselectivies (dr = 

exo/endo) are shown in parentheses. c Determined by chiral HPLC, enantioselectivity of 

endo-product is shown in parentheses. MS = molecular sieve, rt = room temperature, NR = no 

reaction. 



S5 
 

Table S2. Different Solvents in Asymmetric [4+2] Annulation of β,γ–Unsaturated 
α-Keto Ester 2a with Methoxyallene 3a. a 

 

entry solvent yield b (%, dr) ee c (%) 

1 CHCl3 73 (77:23) 94 (57) 

2 Toluene 71 (76:24)  92 (83) 

3 Et2O 60 (74:26) 98 (95) 

4 Acetone 72 (82:18) 97 (78) 

5 CH3CN 64 (78:22) 93 (53) 

6 EtOAc 94 (82:18) 98 (90) 

7 THF NR − 

8 1,4-Dioxane NR − 

9 DMF NR − 

10 Cyclohexane NR − 
a General conditions: 2a (0.10 mmol), 3a (0.40 mmol), 1a (5 mol %), InCl (5 mol %), and 4 Å MS 

(20 mg), at room temperature in solvent (0.2 mL) for 6 h. b Determined by 1H NMR analysis with 

an internal standard, 1,3,5-trimethyloxylbenzene, diastereoselectivities (dr = exo/endo) are shown 

in parentheses. c Determined by chiral HPLC, enantioselectivity of endo-product is shown in 

parentheses. MS = molecular sieve, rt = room temperature, NR = no reaction, EtOAc = ethyl 

acetate, THF = tetrahydrofuran, DMF = N,N-dimethylformamide. 
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Table S3. Different Chiral Ligands in Asymmetric [4+2] Annulation of β,γ–
Unsaturated α-Keto Ester 2a with Methoxyallene 3a. a 

 

entry ligand yield b (%, dr) ee c (%) 

1 1a 94 (82:18) 98 (90) 

2 1b 76 (86:14) 96 (88) 

3 1c 88 (58:42) 97 (91) 

4 1d 92 (79:21) 98 (95) 

5 1e trace − 

6 1f trace − 

7 1g 56 (86:14) 84 (54) 

8 1h trace − 

9 1i trace − 

10 1j trace − 

11 Ag[1a] 35 (60:40) 89 (47) 

12 Li[1a] 27 (59:41) 83 (20) 

13 none NR − 

14 d 1a 23 (74:26) 93 (80) 

15 e 1a 85 (80:20) 97 (88) 
a General conditions: 2a (0.10 mmol), 3a (0.40 mmol), 1 (5 mol %), InCl (5 mol %), and 4 Å MS 

(20 mg), at room temperature in EtOAc (0.2 mL) for 6 h. b Determined by 1H NMR analysis with 

an internal standard, 1,3,5-trimethyloxylbenzene, diastereoselectivities (dr = exo/endo) are shown 

in parentheses. c Determined by chiral HPLC, enantioselectivity of endo-product is shown in 

parentheses. d 1a (2.5 mol%), e 1a (10 mol%). MS = molecular sieve, rt = room temperature, NR = 

no reaction, EtOAc = ethyl acetate. 
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Experimental Section 

General Procedure I: Enantioselective [4+2] cycloaddition of β,γ-unsaturated 

α-keto esters 2 with alkoxyallenes 3: 

To a dry reaction tube was added chiral phosphoric acid (0.005 mmol, 5 mol%), InCl 

(0.005 mmol, 5 mol%), 4Å M.S. (20 mg) and 2 (0.1 mmol), the mixture was stirred 

for 0.5 h at ambient tempature, then EtOAc (0.2 mL) and 3 (0.4 mmol) was added to 

the mixture. The mixture was stirred for 6 h at room temperature. The mixture was 

purified by column chromatography on silica gel with petroleum-ethyl acetate (20:1 

to 4:1) to give the desired cycloaddition product 4. Product 4a is a known compound.1 
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Procedure for a large scale: 

To a dry reaction tube was added chiral phosphoric acid (0.05 mmol, 5 mol%), InCl 

(0.05 mmol, 5 mol%), 4Å M.S. (200 mg) and 2g (1 mmol), the mixture was stirred for 

0.5 h at ambient temperature, then EtOAc (2 mL) and 3b (4 mmol) was added to the 

mixture. The mixture was stirred for 6 h at room temperature. The reaction solution 

was concentrated and the residure was purified by column chromatography on silica 

gel with petroleum-ethyl acetate (10:1 to 4:1) to give the desired cycloaddition 

product 4p in 71% yield and with >95:5 dr and 98% ee. 

 

Characterization: 

 

4a: Pale yellow oil as an inseparable diastereoisomeric mixture, 96% yield, 25.2 mg, 

82:18 dr, 98% ee for exo-4a. [α]D
25 = -203.44 (c 0.66, CHCl3). HPLC analysis: Daicel 

Chiralpak OD-H, iso-propanol/hexane = 2:98, flow rate = 1.0 mL/min, λ = 210 nm, 

retention time: 9.40 min (major), 10.95 min (minor). 1H NMR (500 MHz, CDCl3) δ 

7.37 – 7.27 (m, 3H), 7.21 – 7.18 (m, 2H), 6.35 (d, J = 4.5 Hz, 0.18H), 6.22 (d, J = 3.0 

Hz, 0.82H), 5.35 (s, 1H), 5.18 (d, J = 3.0 Hz, 1H), 4.45 (d, J = 2.5 Hz, 0.82H), 4.38 (q, 

J = 2.5 Hz, 0.82H), 4.21 (d, J = 4.0 Hz, 0.18H), 3.83 (d, J = 5.5 Hz, 3H), 3.58 (s, 

2.46H), 3.43 (s, 0.54H); 13C NMR (100 MHz, CDCl3) δ 163.2, 142.3, 140.7, 139.8, 

129.4, 128.8, 128.6, 128.4, 127.4, 127.0, 116.3, 115.6, 115.4, 115.1, 102.2, 101.5, 56.0, 

55.9, 52.4, 43.4, 41.9. IR (thin film, cm-1):2920, 2849, 1735, 1647, 1437, 1308, 1223, 

1113, 1090, 1008, 928, 702. HRMS (ESI) calcd for C15H16O4Na+: 283.0941, found: 

283.0944. 
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4b: Yellow oil as an inseparable diastereoisomeric mixture, 86% yield, 23.6 mg, 86:14 

dr, 95% ee for exo-4b. [α]D
25 = -75.52 (c 1.62, CHCl3). HPLC analysis: Daicel 

Chiralpak OD-H, iso-propanol/hexane = 2:98, flow rate = 1.0 mL/min, λ = 239 nm, 

retention time: 7.83 min (major), 8.61 min (minor). 1H NMR (500 MHz, CDCl3) δ 

7.35 (t, J = 7.5 Hz, 2H), 7.32 – 7.28 (m, 1H), 7.20 (d, J = 7.0 Hz, 2H), 6.34 (d, J = 4.0 

Hz, 0.14H), 6.21 (d, J = 3.0 Hz, 0.86H), 5.35 (d, J = 4.5 Hz, 1H), 5.32 (s, 0.14H), 

5.18 (d, J = 2.5 Hz, 1H), 4.45 (d, J = 2.5 Hz, 1H), 4.38 (d, J = 3.0 Hz, 1H), 4.38-4.20 

(m, 2H), 3.58 (s, 2,58H), 3.43 (s, 0.42H), 1.32 (t, J = 7.0 Hz, 3H); 13C NMR (125 

MHz, CDCl3) δ 162.7, 142.3, 142.0, 141.6, 141.0, 140.8, 139.8, 129.4, 128.7, 128.5, 

128.3, 127.4, 127.0, 116.3, 115.3, 115.1, 115.0, 102.1, 101.4, 61.4, 55.9, 55.8, 43.3, 

41.9, 14.3. IR (thin film, cm-1): 2981, 2929, 1730, 1663, 1446, 1371, 1304, 1224, 1111, 

1089, 764, 702. HRMS (ESI) calcd for C16H18O4Na+: 297.1097, found: 297.1103. 

 

4c: Yellow oil as an inseparable diastereoisomeric mixture, 80% yield, 23.1 mg, 77:23 

dr, 89% ee for exo-4c. [α]D
25 = -68.06 (c 1.86, CHCl3). HPLC analysis: Daicel 

Chiralpak OD-H, iso-propanol/hexane = 2:98, flow rate = 1.0 mL/min, λ = 254 nm, 

retention time: 6.12 min (major), 6.96 min (minor). 1H NMR (500 MHz, CDCl3) δ 

7.37 – 7.19 (m, 5H), 6.31 (d, J = 4.0 Hz, 0.23H), 6.18 (d, J = 3.0 Hz, 0.77H), 

5.35-5,31 (m,1.23H), 5.17 – 5.12 (m, 2H), 4.45 (d, J = 2.5 Hz, 0.77H), 4.37 (d, J = 3.0 

Hz, 0.77H), 4.20 (d, J = 4.0 Hz, 0.23H), 3.57 (s, 2.31H), 3.44 (s, 0.69H), 1.31 (t, J = 

7.0 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 162.2, 142.4, 142.0, 141.7, 141.2, 141.0, 

139.9, 129.4, 128.7, 128.5, 128.4, 127.3, 126.9, 116.3, 115.0, 114.9, 114.8, 102.0, 

101.3, 69.0, 55.9, 55.8, 43.3, 41.9, 21.9, 21.9. IR (thin film, cm-1): 2982, 2936, 1728, 

1375, 1302, 1225, 1105, 1007, 764, 702. HRMS (ESI) calcd for C17H20O4Na+: 

311.1254, found: 311.1260. 
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4d: Pale Yellow oil as an inseparable diastereoisomeric mixture, 85% yield, 23.7 mg, 

84:16 dr, 95% ee for exo-4d. [α]D
25 = -163.45 (c 0.70, CHCl3). HPLC analysis: Daicel 

Chiralpak AD-H, iso-propanol/hexane = 1:99, flow rate = 0.5 mL/min, λ = 239 nm, 

retention time: 46.18 min (minor), 52.45 min (major). 1H NMR (400 MHz, CDCl3) δ 

7.27 – 6.96 (m, 4H), 6.31 (d, J = 4.0 Hz, 0.16H), 6.16 (d, J = 2.5 Hz, 0.84H), 5.34 (s, 

1H), 5.31 (s, 0.16H), 5.18 (d, J = 2.5 Hz, 1H), 4.43 (d, J = 2.5 Hz, 0.84H), 4.37 (q, J = 

2.5 Hz, 0.84H), 4.18 (d, J = 4.0 Hz, 0.16H), 3.84 (s, 0.48H), 3.83 (s, 2.52H), 3.57 (s, 

2.52H), 3.43 (s, 0.48H); 13C NMR (100 MHz, CDCl3) δ 163.4, 163.1, 161.0, 142.3, 

140.8, 135.5, 135.5, 131.0, 130.9, 129.9, 129.8, 116.5, 115.8, 115.6, 115.4, 115.3, 

115.2, 115.1, 115.0, 102.1, 101.4, 56.0, 55.9, 52.4, 42.6, 41.2. IR (thin film, cm-1): 

2920, 2849, 1735, 1648, 1510, 1314, 1223, 1114, 1090, 1007, 838. HRMS (ESI) calcd 

for C15H15O4FNa+: 301.0847, found: 301.0852. 

 

4e: Yellow oil as an inseparable diastereoisomeric mixture, 85% yield, 25.0 mg, 85:15 

dr, 97% ee for exo-4e. [α]D
25 = -154.52 (c 0.83, CHCl3). HPLC analysis: Daicel 

Chiralpak OD-H, iso-propanol/hexane = 1:99, flow rate = 0.5 mL/min, λ = 210 nm, 

retention time: 26.56 min (minor), 29.49 min (major). 1H NMR (500 MHz, CDCl3) δ 

7.32 (d, J = 8.5 Hz, 1.70H), 7.26 (d, J = 1.5 Hz, 0.60H), 7.13 (d, J = 8.5 Hz, 1.70H), 

6.30 (d, J = 4.0 Hz, 0.15H), 6.15 (d, J = 3.0 Hz, 0.85H), 5.34 (s, 1H), 5.30 (s, 0.15H), 

5.19 (dd, J = 6.5, 2.0 Hz, 1H), 4.44 (d, J = 2.5 Hz, 0.85H), 4.36 (q, J = 3.0 Hz, 0.85H), 

4.17 (d, J = 4.0 Hz, 0.15H), 3.84 (s, 0.45H), 3.83 (s, 2.55H), 3.57 (s, 2.55H), 3.42 (s, 

0.45H); 13C NMR (100 MHz, CDCl3) δ 163.1, 142.0, 140.9, 138.3, 133.3, 130.7, 

129.7, 129.0, 128.7, 116.6, 115.1, 114.9, 114.6, 102.1, 101.4, 56.0, 55.9, 52.5, 42.7, 
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41.3. IR (thin film, cm-1): 2921, 2849, 1735, 1648, 1491, 1313, 1222, 1114, 1091, 

1007, 928, 830. HRMS (ESI) calcd for C15H15O4ClNa+: 317.0551, found: 317.0554. 

 

4f: Yellow oil as an inseparable diastereoisomeric mixture, 96% yield, 31.6 mg, 84:16 

dr, 96% ee for exo-4f. [α]D
25 = -111.98 (c 0.89, CHCl3). HPLC analysis: Daicel 

Chiralpak OD-H, iso-propanol/hexane = 5:95, flow rate = 1.0 mL/min, λ = 239 nm, 

retention time: 8.37 min (major), 9.01 min (minor). 1H NMR (500 MHz, CDCl3) δ 

7.43 (d, J = 8.0 Hz, 1H), 7.36 (d, J = 8.5 Hz, 0.16H), 7.29 (d, J = 2.0 Hz, 0.84H), 7.16 

(dd, J = 8.0, 2.0 Hz, 0.16H), 7.04 (dd, J = 8.0, 2.0 Hz, 0.84H), 6.28 (d, J = 4.0 Hz, 

0.16H), 6.11 (d, J = 3.0 Hz, 0.84H), 5.37 (s, 0.16H), 5.34 (s, 0.84H), 5.24 (d, J = 1.0 

Hz, 0.16H), 5.22 (d, J = 2.5 Hz, 0.84H), 4.46 (d, J = 2.5 Hz, 0.84H), 4.35 (q, J = 2.5 

Hz, 0.84H), 4.14 (d, J = 4.0 Hz, 0.16H), 3.85 (s, 0.48H), 3.84 (s, 2.52H), 3.57 (s, 

2.52H), 3.42 (s, 0.48H); 13C NMR (125 MHz, CDCl3) δ 163.0, 141.7, 141.4, 141.3, 

141.1, 140.9, 140.1, 132.9, 132.5, 131.6, 131.3, 131.0, 130.8, 130.4, 130.3, 128.8, 

127.7, 117.2, 115.4, 114.0, 113.6, 102.0, 101.3, 56.1, 55.9, 52.6, 52.6, 42.2, 41.1. IR 

(thin film, cm-1): 2923, 2850, 1733, 1648, 1471, 1438, 1308, 1114, 1091, 1007, 929, 

768. HRMS (APCI) calcd for C15H13O4Cl2
-: 327.0198, found: 327.0196. 

 

4g: Yellow oil as an inseparable diastereoisomeric mixture, 77% yield, 26.2 mg, 86:14 

dr, 96% ee for exo-4g. [α]D
25 = -129.42 (c 3.69, CHCl3). HPLC analysis: Daicel 

Chiralpak AD-H, iso-propanol/hexane = 1:99, flow rate = 0.5 mL/min, λ = 239 nm, 

retention time: 27.05 min (minor), 29.53 min (major). 1H NMR (500 MHz, CDCl3) δ 

7.48 (d, J = 8.5 Hz, 1.72H), 7.42 (d, J = 8.5 Hz, 0.28H), 7.20 (d, J = 8.5 Hz, 0.28H), 

7.07 (d, J = 8.5 Hz, 1.72H), 6.30 (d, J = 4.0 Hz, 0.14H), 6.14 (d, J = 3.0 Hz, 0.86H), 
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5.34 (d, J = 4.5 Hz, 1H), 5.20 (dd, J = 7.0, 2.0 Hz, 1H), 4.44 (d, J = 2.5 Hz, 0.86H), 

4.35 (q, J = 3.0 Hz, 0.86H), 4.15 (d, J = 4.0 Hz, 0.14H), 3.84 (s, 0.42H), 3.83 (s, 

2.58H), 3.57 (s, 2.58H), 3.41 (s, 0.42H); 13C NMR (125 MHz, CDCl3) δ 163.1, 141.8, 

141.4, 141.1, 140.9, 140.6, 138.8, 131.9, 131.6, 131.1, 130.1, 121.4, 121.0, 116.7, 

115.2, 114.8, 114.5, 102.1, 101.4, 56.0, 55.9, 52.5, 42.7, 41.4. IR (thin film, cm-1): 

2998, 2952, 1734, 1488, 1437, 1313, 1223, 1114, 1090, 1010, 928, 827, 761. HRMS 

(ESI) calcd for C15H15O4BrNa+: 361.0046, found: 361.0046. 

 

4h: Yellow oil as an inseparable diastereoisomeric mixture, 83% yield, 28.2 mg, 82:18 

dr, 97% ee for exo-4h. [α]D
25 = -157.85 (c 0.65, CHCl3). HPLC analysis: Daicel 

Chiralpak OD-H, iso-propanol/hexane = 1:99, flow rate = 0.5 mL/min, λ = 239 nm, 

retention time: 26.92 min (major), 30.58 min (minor). 1H NMR (500 MHz, CDCl3) δ 

7.49 – 7.40 (m, 1H), 7.34 (t, J = 2.0 Hz, 1H), 7.23 (t, J = 8.0 Hz, 1H), 7.20 – 7.10 (m, 

1H), 6.31 (d, J = 4.0 Hz, 0.18H), 6.15 (d, J = 3.0 Hz, 0.82H), 5.35 (d, J = 12.0 Hz, 

1H), 5.22 (dd, J = 11.0, 2.0 Hz, 1H), 4.46 (d, J = 2.5 Hz, 0.82H), 4.35 (q, J = 3.0 Hz, 

0.82H), 4.16 (d, J = 4.0 Hz, 0.18H), 3.85 (s, 0.54H), 3.84 (s, 2.46H), 3.57 (s, 2.46H), 

3.42 (s, 0.54H); 13C NMR (125 MHz, CDCl3) δ 163.0, 143.8, 142.1, 141.7, 141.2, 

141.1, 140.9, 132.3, 131.4, 130.6, 130.3, 130.1, 130.1, 128.2, 126.9, 122.8, 122.6, 

117.0, 115.3, 114.6, 114.3, 102.0, 101.3, 56.0, 55.9, 52.5, 42.8, 41.6. IR (thin film, 

cm-1): 2922, 2849, 1733, 1649, 1437, 1310, 1222, 1114, 1090, 1007, 928. HRMS (ESI) 

calcd for C15H15O4BrNa+: 361.0046, found: 361.0047. 

 

4i: Yellow oil as an inseparable diastereoisomeric mixture, 64% yield, 21.0 mg, 88:12 

dr, 96% ee for exo-4i. [α]D
25 = -108.53 (c 1.40, CHCl3). HPLC analysis: Daicel 
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Chiralpak OD-H, iso-propanol/hexane = 2:98, flow rate = 1.0 mL/min, λ = 210 nm, 

retention time: 8.50 min (minor), 9,85 min (major). 1H NMR (500 MHz, CDCl3) δ 

7.61 (d, J = 8.0 Hz, 1.76H), 7.55 (d, J = 8.0 Hz, 0.24H), 7.44 (d, J = 8.0 Hz, 0.24H), 

7.32 (d, J = 8.0 Hz, 1.76H), 6.32 (d, J = 4.0 Hz, 0.12H), 6.15 (d, J = 3.0 Hz, 0.88H), 

5.37 (s, 0.12H), 5.35 (s, 0.88H), 5.24 (d, J = 1.5 Hz, 0.12H), 5.20 (d, J = 3.0 Hz, 

0.88H), 4.45 (d, J = 3.0 Hz, 0.88H), 4.39 (d, J = 2.5 Hz, 0.88H), 4.24 (d, J = 4.0 Hz, 

0.12H), 3.84 (s, 0.36H), 3.83 (s, 2.64H), 3.57 (s, 2.64H), 3.41 (s, 0.36H); 13C NMR 

(125 MHz, CDCl3) δ 163.0, 145.5, 143.9, 141.7, 141.2, 141.0, 129.9, 129.8, 129.7, 

128.6, 125.8, 125.8, 125.8, 125.7, 125.5, 125.5, 125.3, 123.1, 117.1, 115.3, 114.3, 

114.0, 102.0, 101.4, 56.0, 55.9, 52.5, 42.9, 41.7. IR (thin film, cm-1): 2955, 1735, 

1325, 1166, 1111, 1069, 930, 840. HRMS (ESI) calcd for C16H15O4F3Na+: 351.0815, 

found: 351.0819. 

 

4j: Yellow oil as an inseparable diastereoisomeric mixture, 72% yield, 19.7 mg, 93:7 

dr, 96% ee for exo-4j. [α]D
25 = -111.54 (c 0.26, CHCl3). HPLC analysis: Daicel 

Chiralpak OJ-H, iso-propanol/hexane = 10:90, flow rate = 1.0 mL/min, λ = 210 nm, 

retention time: 10.74 min (major), 27.55 min (minor). 1H NMR (500 MHz, CDCl3) δ 

7.16 (d, J = 8.0 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 6.34 (d, J = 4.0 Hz, 0.07H), 6.20 (d, 

J = 3.0 Hz, 0.93H), 5.34 (s, 1H), 5.17 (d, J = 3.0 Hz, 1H), 4.48 (d, J = 2.5 Hz, 1H), 

4.34 (q, J = 3.0 Hz, 1H), 3.83 (s, 0.21H), 3.82 (s, 2.79H), 3.57 (s, 2.79H), 3.43 (s, 

0.21H), 2.35 (s, 2.79H), 2.32 (s, 0.21H); 13C NMR (100 MHz, CDCl3) δ 163.3, 142.4, 

140.6, 137.0, 136.7, 129.5, 129.3, 115.9, 115.0, 102.2, 56.0, 52.4, 41.5, 21.2. IR (thin 

film, cm-1): 3360, 2925, 2854, 1735, 1653, 1514, 1437, 1306, 1223, 1114, 953, 927. 

HRMS (ESI) calcd for C16H18O4Na+: 297.1097, found: 297.1097. 
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4k: Yellow oil as an inseparable diastereoisomeric mixture, 70% yield, 19.2 mg, 92:8 

dr, 96% ee for exo-4k. [α]D
25 = -134.21 (c 0.19, CHCl3). HPLC analysis: Daicel 

Chiralpak OD-H, iso-propanol/hexane = 2:98, flow rate = 1.0 mL/min, λ = 210 nm, 

retention time: 8.01 min (major), 9.18 min (minor). 1H NMR (500 MHz, CDCl3) δ 

7.23 (s, 1H), 7.10 (d, J = 8.0 Hz, 1H), 7.01 – 6.95 (m, 2H), 6.34 (d, J = 4.0 Hz, 0.08H), 

6.21 (d, J = 3.0 Hz, 0.92H), 5.34 (s, 1H), 5.18 (d, J = 2.8 Hz, 1H), 4.48 (s, 1H), 4.34 

(d, J = 3.0 Hz, 1H), 3.84 (s, 0.24H), 3.83 (s, 2.76H), 3.57 (s, 2.76H), 3.49 (s, 0.24H), 

2.34 (s, 2.76H), 2.33(s, 0.24H); 13C NMR (100 MHz, CDCl3) δ 163.3, 142.3, 140.6, 

139.7, 138.5, 130.1, 128.6, 128.2, 126.5, 115.8, 115.0, 102.2, 56.0, 52.4, 41.9, 21.5. 

HRMS (ESI) calcd for C16H18O4Na+: 297.1097, found: 297.1099. 

 

4l: Yellow oil as an inseparable diastereoisomeric mixture, 81% yield, 23.5 mg, 87:13 

dr, 96% ee for exo-4l. [α]D
25 = -191.14 (c 0.66, CHCl3). HPLC analysis: Daicel 

Chiralpak IC-H, iso-propanol/hexane = 10:90, flow rate = 1.0 mL/min, λ = 239 nm, 

retention time: 9.45 min (minor), 12.60 min (major). 1H NMR (400 MHz, CDCl3) δ 

7.22 (d, J = 8.5 Hz, 0.26H), 7.10 (d, J = 8.5 Hz, 1.74H), 6.88 (d, J = 8.5 Hz, 1.74H), 

6.83 (d, J = 8.5 Hz, 0.26H), 6.32 (d, J = 4.0 Hz, 0.13H), 6.18 (d, J = 3.0 Hz, 0.87H), 

5.33 (s, 0.87H), 5.32 (s, 0.13H), 5.16 (d, J = 3.0 Hz, 1H), 4.47 (d, J = 2.5 Hz, 0.87H), 

4.33 (d, J = 3.0 Hz, 0.87H), 4.16 (d, J = 4.0 Hz, 0.13H), 3.86 – 3.76 (m, 6H), 3.56 (s, 

2.61H), 3.43 (s, 0.39H); 13C NMR (100 MHz, CDCl3) δ 163.2, 159.0, 142.6, 140.5, 

133.7, 131.7, 130.4, 129.4, 116.0, 115.8, 114.9, 114.2, 114.0, 102.2, 101.5, 56.0, 55.9, 

55.4, 55.4, 52.4, 42.7, 41.1. IR (thin film, cm-1): 2920, 2849, 1733, 1647, 1512, 1304, 

1252, 1112, 1090, 1007, 833. HRMS (ESI) calcd for C16H18O5Na+: 313.1046, found: 
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313.1050. 

 

4m: Brown oil as an inseparable diastereoisomeric mixture, 99% yield, 26.4 mg, 

88:12 dr, 99% ee for exo-4m. [α]D
25 = -194.01 (c 1.39, CHCl3). HPLC analysis: 

Daicel Chiralpak OD-H, iso-propanol/hexane = 2:98, flow rate = 1.0 mL/min, λ = 239 

nm, retention time: 12.83 min (major), 13.73 min (minor). 1H NMR (400 MHz, 

CDCl3) δ 7.28 – 7.23 (m, 0.98H), 7.16 (d, J = 2.0 Hz, 0.12H), 7.00 (dd, J = 5.0, 3.5 

Hz, 1H), 6.95 – 6.89 (m, 1H), 6.37 (d, J = 4.0 Hz, 0.12H), 6.23 (d, J = 2.5 Hz, 0.88H), 

5.39 (s, 0.12H), 5.34 (d, J = 8.5 Hz, 1H), 5.30 (s, 0.12H), 5.24 (d, J = 2.5 Hz, 0.88H), 

4.74 (dd, J = 17.0, 2.5 Hz, 1.86H), 4.45 (d, J = 4.0 Hz, 0.12H), 3.83 (s, 0.36H), 3.82 

(s, 2.64H), 3.57 (s, 2.64H), 3.43 (s, 0.36H); 13C NMR (100 MHz, CDCl3) δ 163.0, 

144.7, 142.2, 141.3, 141.2, 140.5, 140.3, 127.0, 126.8, 126.7, 125.2, 125.1, 124.5, 

116.9, 114.9, 114.8, 114.6, 101.8, 101.2, 56.1, 55.8, 52.4, 38.3, 37.1. IR (thin film, 

cm-1): 2921, 2849, 1735, 1647, 1437, 1305, 1256, 1112, 1090, 1005, 948, 702. HRMS 

(ESI) calcd for C13H14O4SNa+: 289.0505, found: 289.0506. 

 

4n: Yellow oil as an inseparable diastereoisomeric mixture, 97% yield, 20.6 mg, 75:25 

dr, 94% ee for exo-4n. [α]D
25 = -84.08 (c 1.95, CHCl3). HPLC analysis: Daicel 

Chiralpak AD-H, iso-propanol/hexane = 1:99, flow rate = 1.0 mL/min, λ = 239 nm, 

retention time: 9.33 min (minor), 12.89 min (major). 1H NMR (500 MHz, CDCl3) δ 

6.11 (d, J = 4.0 Hz, 0.25H), 5.98 (d, J = 2.5 Hz, 0.75H), 5.24 (d, J = 7.0Hz, 1H), 5.22 

– 5.08 (m, 1H), 5.01 (d, J = 2.5 Hz, 1H), 4.25 (q, J = 7.0 Hz, 2H), 3.48 (d, J = 18.0 Hz, 

3H), 3.23 (dddd, J = 10.0, 7.0 4.5, 3.0 Hz, 0.75H), 2.98 (qd, J = 7.5, 4.0 Hz, 0.25H), 

1.30 (td, J = 7.5, 3.5 Hz, 4H), 1.23 (d, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) 

δ 162.8, 143.6, 142.8, 139.9, 139.4, 117.8, 117.6, 114.2, 111.5, 102.1, 101.8, 61.2, 

61.2, 55.9, 55.8, 32.8, 29.0, 22.0, 16.3, 14.3. IR (thin film, cm-1): 2967, 2920, 1730, 
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1371, 1313, 1242, 1098, 1023, 964, 767. HRMS (ESI) calcd for C11H16O4Na+: 

235.0941, found: 235.0942. 

 

4o: Pale yellow oil, 69% yield, 18.9 mg, >19:1 dr, 94% ee. [α]D
25 = -197.48 (c 0.74, 

CHCl3). HPLC analysis: Daicel Chiralpak OD-H, iso-propanol/hexane = 5:95, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 5.43 min (major), 6.27 min (minor). 

1H NMR (400 MHz, CDCl3) δ 7.35 (t, J = 7.0 Hz, 2H), 7.32 – 7.27 (m, 1H), 7.24 – 

7.16 (m, 2H), 6.21 (d, J = 2.5 Hz, 1H), 5.45 (s, 1H), 5.17 (d, J = 3.0 Hz, 1H), 4.49 – 

4.36 (m, 2H), 3.94 (dq, J = 10.0, 7.0 Hz, 1H), 3.82 (s, 3H), 3.73 (dq, J = 10.0, 7.0 Hz, 

1H), 1.28 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 163.3, 142.6, 140.7, 

140.0, 129.4, 128.8, 127.4, 115.5, 114.7, 100.9, 64.3, 52.4, 42.0, 15.3, 1.2. IR (thin 

film, cm-1): 2920, 2849, 1735, 1647, 1437, 1308, 1259, 1222, 1091, 994, 928, 798, 

702. HRMS (ESI) calcd for C16H18O4Na+: 297.1108, found: 297.1104. 

 

4p: Pale yellow oil, 75% yield, 26.5 mg, >19:1 dr, 98% ee. [α]D
25 = -164.91 (c 0.80, 

CHCl3). HPLC analysis: Daicel Chiralpak AD-H, iso-propanol/hexane = 2:98, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 7.34 min (minor), 8.37 min (major). 

1H NMR (500 MHz, CDCl3) δ 7.48 (d, J = 8.5 Hz, 2H), 7.08 (d, J = 8.5 Hz, 2H), 6.14 

(d, J = 2.5 Hz, 1H), 5.44 (s, 1H), 5.18 (d, J = 2.5 Hz, 1H), 4.40 (dd, J = 22.0, 2.5 Hz, 

2H), 3.93 (dq, J = 10.0, 7.0 Hz, 1H), 3.82 (s, 3H), 3.73 (dq, J = 10.0, 7.0 Hz, 1H), 

1.27 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 163.2, 142.1, 140.9, 139.0, 

131.9, 131.2, 121.3, 114.9, 114.7, 100.8, 64.3, 52.5, 41.4, 15.2. IR (thin film, cm-1): 

3358, 2920, 2894, 1736, 1488, 1312, 1114, 1090, 992, 922, 826. HRMS (ESI) calcd 

for C16H17O4BrNa+: 375.0202, found: 375.0206. 
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4q: Yellow oil, 64% yield, 18.5 mg, >19:1 dr, 97% ee. [α]D
25 = -125.79 (c 0.70, 

CHCl3). HPLC analysis: Daicel Chiralpak IC-H, iso-propanol/hexane = 10:90, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 6.58 min (minor), 7.29 min (major). 

1H NMR (500 MHz, CDCl3) δ 7.23 (t, J = 8.0 Hz, 1H), 7.09 (d, J = 7.5 Hz, 1H), 7.00 

(d, J = 7.5 Hz, 2H), 6.20 (d, J = 3.0 Hz, 1H), 5.45 (s, 1H), 5.17 (d, J = 3.0 Hz, 1H), 

4.47 (d, J = 2.5 Hz, 1H), 4.37 (d, J = 3.0 Hz, 1H), 3.94 (dq, J = 10.0, 7.0 Hz, 1H), 

3.82 (s, 3H), 3.73 (dq, J = 10.0, 7.0 Hz, 1H), 2.34 (s, 3H), 1.27 (t, J = 7.0 Hz, 3H); 13C 

NMR (126 MHz, CDCl3) δ 163.3, 142.5, 140.6, 139.8, 138.4, 130.1, 128.6, 128.1, 

126.5, 115.7, 114.7, 100.9, 64.2, 52.4, 41.9, 21.5, 15.3. IR (thin film, cm-1): 2976, 

2924, 1734, 1647, 1438, 1308, 1253, 1114, 1090, 992, 772, 706. HRMS (ESI) calcd 

for C17H20O4Na+: 311.1254, found: 311.1257. 

 

4r: Yellow oil, 96% yield, 30.4 mg, >19:1 dr, 99% ee. [α]D
25 = -177.91 (c 0.89, 

CHCl3). HPLC analysis: Daicel Chiralpak IC, iso-propanol/hexane = 10:90, flow rate 

= 1.0 mL/min, λ = 239 nm, retention time: 5.09 min (minor), 5.67 min (major). 1H 

NMR (500 MHz, CDCl3) δ 7.35 (t, J = 7.5 Hz, 2H), 7.31 – 7.25 (m, 1H), 7.20 (d, J = 

7.0 Hz, 2H), 6.21 (d, J = 3.0 Hz, 1H), 5.43 (s, 1H), 5.16 (d, J = 3.0 Hz, 1H), 4.42 (dd, 

J = 15.0, 3.0 Hz, 2H), 3.87 (dt, J = 10.0, 7.0 Hz, 1H), 3.82 (s, 3H), 3.66 (dt, J = 10.0, 

6.5 Hz, 1H), 1.64 (t, J = 6.5 Hz, 2H), 1.33 (q, J = 4.0 Hz, 4H), 0.90 (t, J = 7.0 Hz, 3H); 

13C NMR (125 MHz, CDCl3) δ 163.3, 142.6, 140.7, 139.9, 129.4, 128.7, 127.3, 115.6, 

114.6, 101.1, 68.8, 52.4, 42.0, 29.4, 28.3, 22.6, 14.2. IR (thin film, cm-1): 2954, 2930, 

1737, 1307, 1222, 1114, 1090, 993, 763, 702. HRMS (ESI) calcd for C19H24O4Na+: 

339.1567, found: 339.1571. 
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4s: Pale yellow oil, 84% yield, 33.2 mg, >19:1 dr, 99% ee. [α]D
25 = -212.67 (c 0.94, 

CHCl3). HPLC analysis: Daicel Chiralpak AD-H, iso-propanol/hexane = 2:98, flow 

rate = 1.0 mL/min, λ = 239 nm, retention time: 6.51 min (minor), 8.65 min (major). 

1H NMR (500 MHz, CDCl3) δ 7.43 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 2.0 Hz, 1H), 7.22 

(t, J = 8.0 Hz, 1H), 7.14 (d, J = 7.5 Hz, 1H), 6.14 (d, J = 3.0 Hz, 1H), 5.42 (s, 1H), 

5.18 (d, J = 3.0 Hz, 1H), 4.44 (d, J = 2.5 Hz, 1H), 4.38 (d, J = 3.0 Hz, 1H), 3.86 (dt, J 

= 10.0, 7.0 Hz, 1H), 3.83 (s, 3H), 3.66 (dt, J = 10.0, 6.5 Hz, 1H), 1.63 (t, J = 6.5 Hz, 

2H), 1.39 – 1.28 (m, 4H), 0.90 (t, J = 6.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

163.1, 142.3, 142.0, 141.1, 132.4, 130.6, 130.3, 128.2, 122.8, 114.8, 114.4, 101.0, 

68.8, 52.5, 41.7, 29.3, 28.3, 22.5, 14.2. IR (thin film, cm-1): 2954, 2931, 2871, 1737, 

1311, 1115, 1091, 928, 764. HRMS (ESI) calcd for C19H23O4BrNa+: 417.0672, found: 

417.0677. 

 

4t: Yellow oil, 72% yield, 23.8 mg, >19:1 dr, 96% ee. [α]D
25 = -200.41 (c 0.85, 

CHCl3). HPLC analysis: Daicel Chiralpak AD-H, iso-propanol/hexane = 2:98, flow 

rate = 1.0 mL/min, λ = 254 nm, retention time: 11.60 min (minor), 13.76 min (major). 

1H NMR (500 MHz, CDCl3) δ 7.24 (dd, J = 15.0, 8.0 Hz, 1H), 7.09 (d, J = 7.5 Hz, 

1H), 7.00 (d, J = 8.0 Hz, 2H), 6.20 (d, J = 3.0 Hz, 1H), 5.43 (s, 1H), 5.15 (d, J = 2.5 

Hz, 1H), 4.45 (d, J = 2.5 Hz, 1H), 4.36 (d, J = 3.0 Hz, 1H), 3.87 (dt, J = 10.0, 7.0 Hz, 

1H), 3.82 (s, 3H), 3.66 (dt, J = 10.0, 6.5 Hz, 1H), 2.34 (s, 3H), 1.64 (t, J = 6.5 Hz, 2H), 

1.33 (q, J = 4.0 Hz, 4H), 0.90 (t, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

163.3, 142.6, 140.6, 139.8, 138.4, 130.1, 128.6, 128.1, 126.5, 115.7, 114.5, 101.1, 

68.8, 52.3, 41.9, 29.4, 28.3, 22.5, 21.5, 14.2. IR (thin film, cm-1): 2954, 2930, 1736, 
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1313, 1114, 1090, 996, 774, 705. HRMS (ESI) calcd for C20H26O4Na+: 353.1723, 

found: 353.1725. 

 

4u: Yellow oil, 72% yield, 24.2 mg, >19:1 dr, 91% ee. [α]D
25 = -154.38 (c 1.01, 

CHCl3). HPLC analysis: Daicel Chiralpak IC, iso-propanol/hexane = 10:90, flow rate 

= 1.0 mL/min, λ = 239 nm, retention time: 6.81 min (minor), 8.56 min (major). 1H 

NMR (500 MHz, CDCl3) δ 7.41 – 7.26 (m, 8H), 7.19 (d, J = 7.0 Hz, 2H), 6.23 (d, J = 

3.0 Hz, 1H), 5.53 (s, 1H), 5.15 (d, J = 2.5 Hz, 1H), 4.92 (d, J = 12.0 Hz, 1H), 4.77 (d, 

J = 12.0 Hz, 1H), 4.45 (q, J = 3.0 Hz, 2H), 3.81 (s, 3H); 13C NMR (125 MHz, CDCl3) 

δ 163.2, 142.2, 140.6, 139.8, 137.3, 129.4, 128.8, 128.6, 128.0, 128.0, 127.4, 115.8, 

115.1, 100.2, 70.0, 52.4, 41.9. IR (thin film, cm-1): 3030, 2951, 1733, 1437, 1307, 

1222, 1114, 1087, 998, 761, 701. HRMS (ESI) calcd for C21H20O4Na+: 359.1254, 

found: 359.1257. 

 

4v: Pale yellow oil, 74% yield, 30.7 mg, >19:1 dr, 97% ee. [α]D
25 = -216.30 (c 0.27, 

CHCl3). HPLC analysis: Daicel Chiralpak AD-H, iso-propanol/hexane = 2:98, flow 

rate = 1.0 mL/min, λ = 210 nm, retention time: 13.17 min (minor), 16.96 min (major). 

1H NMR (500 MHz, CDCl3) δ 7.43 (d, J = 8.0 Hz, 1H), 7.40 – 7.33 (m, 5H), 7.31 (ddt, 

J = 8.5, 5.5, 3.0 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.13 (d, J = 8.0 Hz, 1H), 6.17 (d, J 

= 3.0 Hz, 1H), 5.52 (s, 1H), 5.17 (d, J = 3.0 Hz, 1H), 4.91 (d, J = 12.0 Hz, 1H), 4.76 

(d, J = 12.0 Hz, 1H), 4.48 – 4.39 (m, 2H), 3.82 (s, 3H); 13C NMR (125 MHz, CDCl3) 

δ 163.0, 142.2, 141.7, 141.0, 137.2, 132.4, 130.6, 130.3, 128.6, 128.2, 128.0, 122.8, 

115.3, 114.7, 100.1, 70.1, 52.5, 41.6. IR (thin film, cm-1): 3359, 2920, 2850, 1733, 

1647, 1471, 1438, 1311, 1221, 1114, 1088, 998, 930, 698. HRMS (ESI) calcd for 
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C21H19O4BrNa+: 437.0359, found: 437.0363. 

 

4w: Pale yellow oil, 73% yield, 25.6 mg, >19:1 dr, 98% ee. [α]D
25 = -219.30 (c 0.29, 

CHCl3). HPLC analysis: Daicel Chiralpak IC, iso-propanol/hexane = 10:90, flow rate 

= 1.0 mL/min, λ = 239 nm, retention time: 6.26 min (minor), 7.60 min (major). 1H 

NMR (500 MHz, CDCl3) δ 7.36 (q, J = 8.0 Hz, 4H), 7.31 (d, J = 7.0 Hz, 1H), 7.23 (t, 

J = 8.0 Hz, 1H), 7.09 (d, J = 7.5 Hz, 1H), 6.99 (d, J = 7.5 Hz, 2H), 6.23 (d, J = 3.0 Hz, 

1H), 5.52 (s, 1H), 5.15 (d, J = 3.0 Hz, 1H), 4.91 (d, J = 12.0 Hz, 1H), 4.76 (d, J = 12.0 

Hz, 1H), 4.47 (d, J = 2.5 Hz, 1H), 4.41 (d, J = 3.0 Hz, 1H), 3.81 (s, 3H), 2.34 (s, 3H); 

13C NMR (125 MHz, CDCl3) δ 163.3, 142.2, 140.5, 139.7, 138.4, 137.4, 130.1, 128.6, 

128.6, 128.1, 128.0, 128.0, 126.5, 116.0, 115.1, 100.3, 70.0, 52.4, 41.9, 29.9, 21.5. IR 

(thin film, cm-1): 3361, 2920, 2850, 1733, 1647, 1436, 1314, 1252, 1233, 1113, 1087, 

996, 702. HRMS (ESI) calcd for C22H22O4Na+: 373.1410, found: 373.1415. 

 

4x: Yellow oil, 76% yield, 26.9 mg, >19:1 dr, 98% ee. [α]D
25 = -114.68 (c 0.76, 

CHCl3). HPLC analysis: Daicel Chiralpak OD-H, iso-propanol/hexane = 2:98, flow 

rate = 1.0 mL/min, λ = 239 nm, retention time: 10.68 min (major), 11.71 min (minor). 

1H NMR (500 MHz, CDCl3) δ 7.39 – 7.32 (m, 4H), 7.29 (t, J = 7.5 Hz, 1H), 7.19 (d, J 

= 7.0 Hz, 2H), 7.04 (t, J = 8.5 Hz, 2H), 6.23 (d, J = 3.0 Hz, 1H), 5.50 (s, 1H), 5.15 (d, 

J = 2.5 Hz, 1H), 4.87 (d, J = 12.0 Hz, 1H), 4.73 (d, J = 12.0 Hz, 1H), 4.50 – 4.38 (m, 

2H), 3.81 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 163.6, 163.1, 161.6, 142.1, 140.6, 

139.7, 133.1, 133.1, 129.9, 129.8, 129.4, 128.8, 127.4, 115.9, 115.5, 115.4, 115.2, 

100.1, 69.4, 52.4, 41.9. IR (thin film, cm-1): 3359, 2921, 2851, 1735, 1511, 1308, 

1222, 1114, 1082, 1000, 771, 702. HRMS (ESI) calcd for C21H19O4FNa+: 377.1160, 
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found: 377.1160. 

 

4y: Pale yellow oil, 94% yield, 34.8 mg, >19:1 dr, 97% ee. [α]D
25 = -213.68 (c 0.29, 

CHCl3). HPLC analysis: Daicel Chiralpak IC, iso-propanol/hexane = 10:90, flow rate 

= 1.0 mL/min, λ = 254 nm, retention time: 6.35 min (minor), 7.73 min (major). 1H 

NMR (500 MHz, CDCl3) δ 7.39 – 7.27 (m, 7H), 7.19 (d, J = 7.0 Hz, 2H), 6.23 (d, J = 

3.0 Hz, 1H), 5.50 (s, 1H), 5.16 (d, J = 3.0 Hz, 1H), 4.86 (d, J = 12.0 Hz, 1H), 4.74 (d, 

J = 12.0 Hz, 1H), 4.44 (dd, J = 13.5, 3.0 Hz, 2H), 3.81 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 163.1, 142.0, 140.5, 139.7, 135.9, 133.8, 129.5, 129.4, 128.8, 128.8, 127.5, 

115.9, 115.3, 100.3, 69.3, 52.5, 41.9. IR (thin film, cm-1): 2919, 2849, 1733, 1492, 

1436, 1307, 1221, 1113, 1085, 996, 930, 701. HRMS (ESI) calcd for C21H19O4ClNa+: 

393.0864, found: 393.0868. 

 

4z: Yellow oil, 53% yield, 19.4 mg, >19:1 dr, 92% ee. [α]D
25 = -87.14 (c 0.56, CHCl3). 

HPLC analysis: Daicel Chiralpak IC, iso-propanol/hexane = 5:95, flow rate = 1.0 

mL/min, λ = 210 nm, retention time: 13.36 min (minor), 21.21 min (major). 1H NMR 

(500 MHz, CDCl3) δ 7.37 – 7.27 (m, 5H), 7.18 (d, J = 6.5 Hz, 2H), 6.89 (d, J = 8.5 Hz, 

2H), 6.22 (d, J = 2.5 Hz, 1H), 5.50 (s, 1H), 5.13 (d, J = 2.5 Hz, 1H), 4.84 (d, J = 11.5 

Hz, 1H), 4.69 (d, J = 11.5 Hz, 1H), 4.43 (d, J = 4.5 Hz, 2H), 3.82 (s, 3H), 3.81 (s, 3H); 

13C NMR (125 MHz, CDCl3) δ 163.2, 159.5, 142.3, 140.6, 139.8, 129.8, 129.5, 129.3, 

128.8, 127.4, 115.8, 115.0, 114.0, 99.9, 69.7, 55.4, 52.4, 41.9. IR (thin film, cm-1): 

3359, 2920, 2859, 1734, 1514, 1304, 1250, 1113, 1081, 764, 702. HRMS (ESI) calcd 

for C22H22O5Na+: 389.1359, found: 389.1359. 
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exo-5: Pale yellow oil, 40% yield, 12.8 mg, 91% ee. [α]D
25 = -327.53 (c 0.47, CHCl3). 

HPLC analysis: Daicel Chiralpak IC, iso-propanol/hexane = 10:90, flow rate = 1.0 

mL/min, λ = 210 nm, retention time: 6.26 min (minor), 6.62 min (major). 1H NMR 

(400 MHz, CDCl3) δ 7.35 (dq, J = 15.5, 7.5 Hz, 5H), 7.25 (t, J = 3.5 Hz, 2H), 7.20 (d, 

J = 8.5 Hz, 2H), 7.07 (t, J = 7.5 Hz, 1H), 6.29 (d, J = 2.5 Hz, 1H), 6.04 (s, 1H), 5.27 

(d, J = 2.5 Hz, 1H), 4.60 (d, J = 2.5 Hz, 1H), 4.55 (d, J = 2.5 Hz, 1H), 3.78 (s, 3H); 

13C NMR (100 MHz, CDCl3) δ 162.9, 156.7, 141.5, 140.8, 139.6, 129.8, 129.5, 128.9, 

127.5, 123.0, 117.5, 115.6, 115.6, 99.5, 52.4, 41.8. IR (thin film, cm-1): 2951, 2920, 

2849, 1735, 1494, 1228, 1108, 1005, 754, 702. HRMS (ESI) calcd for C20H18O4Na+: 

345.1100, found: 345.1097. 

 

 

E-5’: Pale yellow oil, 29% yield, 9.3 mg, 99% ee. [α]D
25 = -377.39 (c 0.46, CHCl3). 

HPLC analysis: Daicel Chiralpak IC, iso-propanol/hexane = 10:90, flow rate = 1.0 

mL/min, λ = 210 nm, retention time: 11.29 min (major), 34.30 min (minor). 1H NMR 

(400 MHz, CDCl3, for E-4ah’) δ 7.41 (d, J = 7.5 Hz, 2H), 7.34 (q, J = 7.5 Hz, 4H), 

7.25 (d, J = 3.0 Hz, 1H), 7.11 (t, J = 7.5 Hz, 1H), 7.04 (d, J = 8.0 Hz, 2H), 6.63 (s, 

1H), 6.28 (d, J = 5.0 Hz, 1H), 4.76 (d, J = 5.0 Hz, 1H), 4.44 (s, 2H), 3.85 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 163.3, 157.0, 145.1, 142.4, 139.1, 129.9, 128.7, 128.1, 

127.0, 123.6 , 116.9, 116.5, 112.2 , 65.2, 52.5, 37.1. IR (thin film, cm-1): 2951, 2921, 

2853, 1732, 1491, 1277, 1223, 1113, 757, 701. HRMS (ESI) calcd for C20H18O4Na+: 

345.1100, found: 345.1097. 
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