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 S1

Experimental part 

General information:  

For thin-layer chromatography (TLC), Silica gel plates GF254 were used and 

compounds were visualized by irradiation with UV light, I2, or by treatment with a solution of 

phosphomolybdic acid in ethanol followed by heating. Optical rotations were measured by 

using a Perkin–Elmer 241MC polarimeter in the solvent indicated. 1H and 13C NMR spectra 

were recorded on MERCURY300, Bruker DRX-400, and Bruker AV-500 spectrometers with 

TMS as the internal standard. HRMS were recorded by using either FTMS-7 or IonSpec 4.7 

spectrometers. HPLC was carried out using a Water 515 pump, a Waters 2487 UV detector, a 

Millennium workstation, and a Daicel Chiralpak HPLC column. Yields refer to pure 

compounds, unless otherwise indicated.  

General procedure for the Michael Addition/Michael Addition process:  

To a suspension of catalyst 3 (2 mol %) and 1 (0.12 mmol) in toluene (0.2 mL) was 

added α,β-unsaturated aldehyde (0.13 mmol) at 0 °C. The reaction mixture was stirred for 1 h 

at the same temperature and then allowed to warm to rt. The stirring was continued until 1 

was consumed (monitored by TLC). Ethyl acetate and saturated NaCl were added. The 

organic phase was separated and the aqueous phase was extracted with ethyl acetate. The 

combined organic layers were dried over Na2SO4 and concentrated to give the crude product. 

Purification of the residue by flash column chromatography (silica gel) eluting with 10:1 

petroleum ether/ethyl acetate afforded the adduct. The enantiomeric excess (ee) was 

determined by analysis of the alcohol derivative using HPLC on a chiral phase. 

General procedure for reduction of the aldehydes:   

The adduct (0.088 mmol) was dissolved in a mixture of EtOH and DCM (1 mL, 3:7). 

NaBH4 (0.352 mmol, 4 equiv) was added to the solution at -40 °C. After 10 min, the reaction 

was quenched with water (1 mL). After 10 min, the solution was allowed to warm up to r.t. 

and ethyl acetate (2 mL) was added. The organic phase was separated and the aqueous phase 

was extracted with ethyl acetate. The combined organic layers were dried over Na2SO4 and 
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concentrated in vacuo. Purification of the residue by flash column chromatography eluting 

with 5:1 petroleum ether/ethyl acetate afforded the corresponding alcohol.  

 

(Z)-Triethyl 3-hydroxybuta-1,3-diene-1,1,4-tricarboxylate 1: A solution of ylide 

(generated from ethyl 4-chloro-3-oxobutanoate and triphenylphophine,[1] 2.8 g, 7.2 mmol) in 

DCM (8 mL) was added in one portion to a solution of diethyl 2-oxomalonate (1 mL, 6.5 

mmol) in DCM (2 mL) at -78 °C. After 10 min, without concentration, the solution was 

purified by a short flash column chromatography (silica gel, 10:1 petroleum/AcOEt as eluent; 

product is decomposing during column chromatography) to afford 1 in 61% yield;  1H NMR 

(300 MHz, CDCl3) δ 11.73 (d, J = 1.5 Hz, 1H), 6.80 (d, J = 1.5 Hz, 1H), 5.30 (s, 1H), 4.13-

4.31 (m, 6H), 1.21-1.29 (m, 9H); 13C NMR (100 MHz, CDCl3) δ 171.86, 165.14, 164.65, 

163.11, 133.45, 132.03, 98.43, 62.22, 61.86, 61.04, 14.14, 14.04, 13.93; HRMS calcd for 

C13H18O7 (M + Na)+ 309.0945, found 309.0944. 

 
Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-5-formyl-2-oxo-4-phenylcyclo-

pentyl)malonate 4a: 82% yield; 1H NMR (400 MHz, CDCl3) δ 9.59 (d, J = 1.2 Hz, 1H), 

7.30-7.41 (m, 5H), 4.08-4.26 (m, 7H), 3.73-3.88 (m, 3H), 3.30 (dd, J = 4.0, 10.0 Hz, 1H), 

1.24-1.29 (m, 6H), 1.20 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 206.10, 199.92, 

167.84, 167.74, 167.27, 138.27, 129.15, 128.03, 127.51, 62.26, 62.22, 62.13, 61.72, 55.25, 

51.06, 48.58, 46.52, 14.01, 13.90, 13.80; HRMS calcd for C22H26O8 (M + Na)+ 441.1520, 

found 441.1532; [α]D
25 = +29.2 (c 0.8, CHCl3); HPLC (Chiralpak AD-H, hexane/i-PrOH = 

90:10, flow rate 0.7 mL/min, λ = 214 nm), tR = 42.46 (major), 51.74 (minor) min; dr= 20:1; ee 

> 99%. 
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Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-5-formyl-4-(4-methoxyphenyl)-2-

oxocyclopentyl) malonate 4b: 79% yield; 1H NMR (400 MHz, CDCl3) δ 9.58 (d, J = 1.2 Hz, 

1H), 7.31 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 4.06-4.26 (m, 7H), 3.79 (s, 3H), 3.68-

3.82 (m, 3H), 3.27-3.30 (dd, J = 4.0, 10.0 Hz, 1H), 1.24-1.29 (m, 6H), 1.20 (t, J = 7.6 Hz, 

3H); 13C NMR (100 MHz, CDCl3) δ 206.22, 200.10, 167.85, 167.74, 167.36, 159.25, 130.08, 

128.55, 114.49, 62.39, 62.19, 61.12, 61.67, 55.39, 55.21, 51.03, 48.60, 45.87, 14.02, 13.89, 

13.80; HRMS calcd for C23H28O9 (M + Na)+ 471.1626, found 471.1633; [α]D
25 = +38.4 (c 1.0, 

CHCl3); HPLC (Chiralpak AD-H, hexane/i-PrOH = 90:10, flow rate 1.0 mL/min, λ = 214 nm), 

tR = 25.45 (minor), 36.09 (major) min; dr= 23:1; ee > 99%. 

EtO2C

EtO2C O

CO2Et

OHC C6H4Br-4
4c  

Diethyl 2-((1R,2R,3R,4S)-3-(4-bromophenyl)-4-(ethoxycarbonyl)-2-formyl-5-

oxocyclopentyl) malonate 4c: 75% yield; 1H NMR (400 MHz, CDCl3) δ 9.58 (d, J = 1.2 Hz, 

1H), 7.30-7.32 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 4.06-4.26 (m, 7H), 3.79 (s, 3H), 

3.68-3.82 (m, 3H), 3.29 (dd, J = 4.0, 10.0 Hz, 1H), 1.24-1.29 (m, 6H), 1.20 (t, J = 7.6 Hz, 

3H); 13C NMR (100 MHz, CDCl3) δ 205.67, 199.58, 167.87, 167.83, 167.12, 137.45, 132.37, 

129.32, 122.04, 62.37, 62.28, 62.14, 61.39, 55.12, 51.12, 48.67, 45.88, 14.07, 13.94, 13.85; 

HRMS calcd for C22H25BrO8 (M + Na)+ 519.0625, found 519.0630; [α]D
25 = +47.2 (c 1.0, 

CHCl3); HPLC (Chiralpak AD-H, hexane/EtOH = 90:10, flow rate 0.7 mL/min, λ = 214 nm), 

tR = 33.45 (major), 53.55 (minor) min; dr = 10:1; ee > 99%. 

 
Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-4-(4-fluorophenyl)-5-formyl-2-

oxocyclopentyl)malonate 4d: 83% yield; 1H NMR (300 MHz, CDCl3) δ 9.58 (s, 1H), 7.39 
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(dd, J = 5.7, 8.4 Hz, 2H), 7.06 (t, J = 11.6 Hz, 2H), 4.06-4.25 (m, 7H), 3.74-3.84 (m, 3H), 

3.28 (dd, J = 4.5, 9.0 Hz, 1H), 1.22-1.29 (m, 6H), 1.20 (t, J = 7.5 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 205.84, 199.74, 167.88, 167.83, 167.21, 163.62, 161.16, 134.111, 134.08, 

129.26, 129.18, 116.27, 116.06, 62.37, 62.33, 62.25, 61.86, 55.35, 51.10, 48.69, 45.76, 14.06, 

13.93, 13.84; HRMS calcd for C22H25FO8 (M + Na)+ 459.1426, found 459.1432; [α]D
25 = 

+29.1 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, hexane/i-PrOH = 70:30, flow rate 0.7 mL/min, 

λ = 214 nm), tR = 11.25 (major), 15.42 (minor) min; dr = 16:1; ee = 99%. 

 
Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-5-formyl-4-(2-methoxyphenyl)-2-

oxocyclopentyl)malonate 4e: 95% yield; 1H NMR (300 MHz, CDCl3) δ 9.56 (d, J = 1.8 Hz, 

1H), 7.27-7.34 (m, 2H), 6.97 (t, J = 1.5 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 4.02-4.25 (m, 9H), 

3.84 (s, 3H), 3.78 (dt, J = 1.8, 10.8 Hz, 1H), 3.37 (dd, J = 4.2, 10.5 Hz, 1H), 1.25-1.30 (m, 

6H), 1.21 (t, J = 6.9 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 206.54, 200.03, 167.86, 167.83, 

167.50, 157.34, 129.17, 128.85, 125.60, 121.09, 111.06, 62.04, 62.02, 61.58, 59.19, 55.16, 

54.17, 51.04, 48.75, 41.90, 14.05, 13.93, 13.86; HRMS calcd for C23H28O9 (M + Na)+ 

471.1626, found 471.1630; [α]D
25 = +18.0 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, hexane/i-

PrOH = 90:10, flow rate 0.7 mL/min, λ = 214 nm), tR = 43.85 (major), 54.89 (minor) min; dr 

= 16:1; ee > 99%. 

 
Diethyl 2-((1R,2R,3R,4S)-3-(2-bromophenyl)-4-(ethoxycarbonyl)-2-formyl-5-

oxocyclopentyl)malonate 4f: 78% yield; Major diastereoisomer: 1H NMR (400 MHz, 

CDCl3) δ 10.66 (s, 1H), 9.60 (d, J = 1.6 Hz, 1H), 7.53-7.61 (m, 2H), 7.29-7.43 (m, 1H), 7.08-

7.19 (m, 1H), 4.46 (t, J = 12.0 Hz, 1H), 4.08-4.25 (m, 7H), 3.92 (d, J = 12.0 Hz, 1H), 3.66-

3.74 (m, 1H), 3.38 (dd, J = 4.0, 10.0 Hz, 1H), 1.25-1.29 (m, 6H), 1.19-1.23 (t, J = 7.2 Hz, 

3H); Minor diastereoisomer: 1H NMR (400 MHz, CDCl3) δ 10.66 (s, 1H), 9.67 (s, 1H), 7.53-
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7.61 (m, 2H), 7.29-7.43 (m, 1H), 7.08-7.19 (m, 1H), 4.66 (d, J = 3.2 Hz, 1H), 4.08-4.25 (m, 

7H), 3.87-3.89 (m, 1H), 3.66-3.74 (m, 1H), 3.16 (t, J = 5.2 Hz, 1H), 1.25-1.29 (m, 6H), 1.19-

1.23 (t, J = 7.2 Hz, 3H); Major diastereoisomer: 13C NMR (100 MHz, CDCl3) δ 205.86, 

198.79, 167.89, 167.82, 167.04, 138.14, 133.40, 129.45, 128.66, 128.42, 124.78, 62.32, 62.23, 

61.92, 61.80, 56.79, 51.17, 48.22, 44.58, 14.05, 13.95, 13.85; HRMS calcd for C22H25BrO8 

(M + Na)+ 519.0625, found 519.0630; [α]D
25 = -5.2 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, 

hexane/i-PrOH = 90:10, flow rate 0.7 mL/min, λ = 214 nm), tR = 29.75 (major 1), 35.69 

(minor 1), 37.89 (major 2), 49.22 (minor 2) min; dr = 4:1; ee = 99%, 97%. 

 
Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-5-formyl-4-(furan-2-yl)-2-oxo-

cyclopentyl)  malonate 4g: 89% yield; 1H NMR (400 MHz, CDCl3) δ 9.79 (d, J = 2.0 Hz, 

1H), 7.40 (d, J = 1.2 Hz, 1H), 6.32 (dd, J = 2.0, 3.2 Hz, 1H), 6.22 (t, J = 3.2 Hz, 1H), 4.13-

4.26 (m, 6H), 4.05 (d, J = 4.0 Hz, 1H), 3.85-3.91 (m, 2H), 3.71-3.77 (m, 1H), 3.28-3.32 (dd, J 

= 4.4, 10.8 Hz, 1H), 1.22-1.29 (m, 9H); 13C NMR (100 MHz, CDCl3) δ 205.30, 199.76, 

167.80, 167.42, 167.24, 151.23, 142.66, 110.51, 107.16, 62.28, 62.21, 61.96, 59.17, 52.80, 

50.92, 48.79, 39.72, 14.09, 13.90, 13.85; HRMS calcd for C20H24O9 (M + Na)+ 431.1313, 

found 431.1317; [α]D
25 = +45.8 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, hexane/i-PrOH = 

90:10, flow rate 0.7 mL/min, λ = 214 nm), tR = 30.17 (major), 34.82 (minor) min; dr = 15:1; 

ee = 98%. 

 

Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-5-formyl-4-methyl-2-oxocyclo-

pentyl)malonate 4h: 86% yield; 1H NMR (400 MHz, CDCl3) δ 9.71 (d, J = 2.8 Hz, 1H), 

4.12-4.26 (m, 6H), 3.99 (d, J = 4.4 Hz, 1H), 3.26 (d, J = 11.6 Hz, 1H), 3.19 (dd, J = 4.0, 10.4 

Hz, 1H), 3.35 (dt, J = 2.8, 10.8 Hz, 1H), 2.60-2.71 (m, 1H), 1.23-1.32 (m, 12H); 13C NMR 

(100 MHz, CDCl3) δ 206.44, 199.91, 167.89, 167.79, 167.41, 62.11, 62.08, 61.68, 61.50, 



 S6

55.80, 50.83, 49.36, 35.67, 17.71, 14.11, 13.85, 13.80; HRMS calcd for C17H24O8 (M + Na)+ 

379.1363, found 379.1368; [α]D
25 = +25.4 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, hexane/i-

PrOH = 95:5, flow rate 0.7 mL/min, λ = 214 nm), tR = 44.73 (major), 55.13 (minor) min; dr = 

19:1; ee = 95%. 

 

Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-5-formyl-4-((Z)-hex-3-enyl)-2-

oxocyclopentyl)malonate 4i: 70% yield; 1H NMR (300 MHz, CDCl3) δ 9.71 (d, J = 1.8 Hz, 

1H), 5.32-5.41 (m, 1H), 5.20-5.28 (m, 1H), 4.10-4.24 (m, 6H), 3.97 (d, J = 4.2 Hz, 1H), 3.31 

(d, J = 11.1 Hz, 1H), 3.21 (dd, J = 3.9, 10.5 Hz, 1H), 3.09 (dt, J = 2.7, 10.5 Hz, 1H), 2.66-

2.77 (m, 1H), 1.92-2.06 (m, 4H), 1.72-1.84 (m, 1H), 1.57-1.70 (m, 1H), 1.21-1.29 (m, 9H), 

0.92 (t, J = 10.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 206.93, 200.04, 168.62, 167.82, 

167.43, 132.91, 127.13, 62.15, 62.12, 61.77, 60.24, 54.73, 50.85, 49.38, 40.43, 34.09, 24.95, 

20.50, 14.15, 14.09, 13.89, 13.84; HRMS calcd for C22H32O8 (M + Na)+ 447.1989, found 

447.2000; [α]D
25 = +31.2 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, hexane/i-PrOH = 90:10, 

flow rate 0.7 mL/min, λ = 214 nm), tR = 13.92 (major), 16.02 (minor) min; dr = 27:1; ee = 

98%. 

EtO2C

EtO2C O

CO2Et

OHC
Me4j  

Diethyl 2-((1R,3S,4R,5R)-3-(ethoxycarbonyl)-5-formyl-2-oxo-4-((E)-prop-1-

enyl)cyclopentyl)malonate 4j: 76% yield; Major diastereoisomer: 1H NMR (400 MHz, 

CDCl3) δ 9.69 (d, J = 2.0 Hz, 1H), 5.63-5.74 (m, 1H), 5.44-5.54 (m, 1H), 4.11-4.25 (m, 6H), 

3.99 (d, J = 4.0 Hz, 1H), 3.45 (d, J = 11.6 Hz, 1H), 3.23-3.31 (m, 1H), 3.13-3.21 (m, 2H), 

1.69 (dd, J = 1.2, 6.8 Hz, 3H), 1.22-1.28 (m, 9H); Minor diastereoisomer: 1H NMR (400 MHz, 

CDCl3) δ 9.67 (d, J = 2.0 Hz, 1H), 5.63-5.74 (m, 1H), 5.44-5.54 (m, 1H), 4.11-4.25 (m, 6H), 

3.99 (d, J = 4.0 Hz, 1H), 3.58 (q, J = 11.2 Hz, 1H), 3.23-3.31 (m, 1H), 3.13-3.21 (m, 2H), 

1.69 (dd, J = 1.2, 7.2 Hz, 3H), 1.22-1.28 (m, 9H); Major diastereoisomer: 13C NMR (100 
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MHz, CDCl3) δ 206.30, 200.16, 167.77, 167.60, 167.47, 129.95, 128.27, 62.10, 62.06, 61.62, 

60.32, 53.93, 50.84, 48.36, 44.33, 17.79, 14.11, 13.85, 13.80; HRMS calcd for C19H26O8 (M + 

Na)+ 405.1520, found 405.1532; [α]D
25 = +30.2 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, 

hexane/i-PrOH = 80:20, flow rate 0.7 mL/min, λ = 214 nm) (determined by chiral-phase 

HPLC analysis of the corresponding p-bromobenzoate derivative of the alcohol), tR = 23.22 

(minor), 27.81 (major) min; dr = 4:1; ee = 99%. 

 

Diethyl 2-((1S,2R,3S,4S)-4-(ethoxycarbonyl)-2-formyl-2,3-dimethyl-5-oxocyclo-

pentyl)malonate 4k:  70% yield; 1H NMR (400 MHz, CDCl3) δ 9.47 (s, 1H), 4.20-4.30 (m, 

4H), 4.08-4.13 (m, 2H), 3.72 (d, J = 10.8 Hz, 1H), 3.41 (d, J = 11.2 Hz, 1H), 2.82-2.94 (m, 

2H), 1.29 (t, J = 7.2 Hz, 6H), 1.23 (t, J = 7.2 Hz, 3H), 0.99 (d, J = 6.0 Hz, 3H), 0.90 (s, 3H); 
13C NMR (100 MHz, CDCl3) δ 205.07, 199.49, 167.47, 167.08, 166.92, 62.36, 62.11, 62.01, 

57.73, 56.55, 53.68, 49.28, 37.11, 14.08, 13.86, 13.75, 12.72, 8.93; HRMS calcd for C18H26O8 

(M + Na)+ 393.1520, found 393.1523; [α]D
25 = +37.3 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, 

hexane/i-PrOH = 90:10, flow rate 0.7 mL/min, λ = 214 nm), tR = 22.52 (major), 29.29 (minor) 

min; dr= 25:1; ee = 90%. 

 

Diethyl 2-((1S,2R,3R,4S)-4-(ethoxycarbonyl)-2-formyl-2-methyl-5-oxo-3-phenyl-

cyclopentyl)malonate 4l: 67% yield; 1H NMR (300 MHz, CDCl3) δ 9.65 (s, 1H), 7.27-7.35 

(m, 3H), 7.06 (d, J = 7.2 Hz, 2H), 4.07-4.30 (m, 7H), 3.90 (d, J = 10.2 Hz, 1H), 3.79 (d, J = 

12.6 Hz, 1H), 3.47 (d, J = 10.5 Hz, 1H), 1.18-1.33 (m, 9H), 0.81 (s, 1H); 13C NMR (100 MHz, 

CDCl3) δ 204.58, 199.82, 167.07, 167.00, 166.91, 133.55, 128.80, 128.18, 62.43, 62.19, 62.16, 

56.36, 56.27, 56.21, 49.51, 48.77, 14.01, 13.92, 13.76, 10.80; HRMS calcd for C23H28O8 (M + 

Na)+ 455.1676, found 455.1680; [α]D
25 = +16.7 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, 
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hexane/i-PrOH = 70:30, flow rate 0.7 mL/min, λ = 214 nm), tR = 7.28 (minor 1), 7.98 (major 

1), 13.08 (major 2), 18.08 (minor 2) min; dr= 10:1; ee = 95%, 91%. 

 

 

Diethyl 2-((1R,2S,4S)-4-(ethoxycarbonyl)-2-formyl-3,3-dimethyl-5-oxocyclo-

pentyl)malonate 4m: 90% yield; Major diastereoisomer: 1H NMR (400 MHz, CDCl3) δ 

10.86 (s, 1H), 9.78 (s, 1H), 4.10-4.27 (m, 6H), 3.99 (s, 1H), 3.51 (s, 1H), 3.33 (s, 2H), 1.59 (s, 

3H), 1.21-1.30 (m, 9H), 0.96 (s, 3H); Minor diastereoisomer: 1H NMR (400 MHz, CDCl3) δ 

10.86 (s, 1H), 9.74 (d, J = 2.8 Hz, 1H), 4.10-4.27 (m, 6H), 3.93-3.96 (m, 1H), 2.98-3.24 (m, 

3H), 1.49 (s, 3H), 1.21-1.30 (m, 9H), 1.11 (s, 3H); 13C NMR (for two isomers, 100 MHz, 

CDCl3) δ 206.92, 201.25, 200.80, 200.19, 171.79, 169.45, 168.05, 167.87, 167.72, 167.45, 

167.33, 167.13, 107.53, 66.54, 65.74, 62.14, 62.03, 61.95, 61.85, 61.71, 61.63, 61.11, 60.63, 

60.27, 59.18, 58.90, 52.24, 51.19, 50.90, 47.53, 46.01, 44.02, 42.02, 41.93, 41.74, 30.28, 

29.65, 28.90, 28.50, 24.86, 24.01, 23.61, 20.08, 14.22, 14.16, 14.10, 13.88, 13.83; HRMS 

calcd for C18H26O8 (M + Na)+ 393.1520, found 393.1528; [α]D
25 = +55.0 (c 1.0, CHCl3); 

HPLC (Chiralpak AD-H, hexane/i-PrOH = 90:10, flow rate 0.7 mL/min, λ = 214 nm), tR = 

18.92 (major 1), 20.40 (minor 1), 30.10 (major 2), 36.37 (minor 2) min; dr= 5:2:1; ee >99%, = 

95%. (According to the dr value obtained from the NMR spectra, three pairs of peaks had 

been expected in the HPLC spectrum, but only two pairs could be identified. Therefore it is 

impossible to determine the ee value of the third diastereomer) 

 

Diethyl 2-((1R,2S,3R,4S)-4-(ethoxycarbonyl)-2-formyl-3-methyl-5-oxo-3-phenyl-

cyclopentyl) malonate 4n: 82% yield; Major diastereoisomer: 1H NMR (400 MHz, CDCl3) δ 

10.89 (s, 1H), 9.63 (d, J = 1.2 Hz, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.43-7.47 (m, 2H), 7.34 (t, J 

= 7.6 Hz, 2H), 3.91-4.31 (m, 8H), 3.83 (d, J = 5.6 Hz, 1H), 3.59 (d, J = 9.2 Hz, 1H), 1.50 (s, 
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3H), 1.22-1.30 (m, 6H), 0.86 (t, J = 6.8 Hz, 3H); Minor diastereoisomer: 1H NMR (400 MHz, 

CDCl3) δ 10.89 (s, 1H), 9.46 (s, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.43-7.47 (m, 2H), 7.23 (t, J = 

7.2 Hz, 2H), 3.91-4.31 (m, 8H), 3.89 (d, J = 7.2 Hz, 2H), 3.44 (dd, J = 4.0, 10.4 Hz, 1H), 1.41 

(s, 3H), 1.22-1.30 (m, 6H), 1.07 (t, J = 7.2 Hz, 3H); 13C NMR (for two isomers, 100 MHz, 

CDCl3) δ 206.62, 200.05, 199.64, 172.66, 168.84, 168.09, 168.05, 167.80, 166.67, 147.19, 

143.01, 128.90, 128.20, 127.53, 126.34, 126.08, 125.77, 108.16, 66.70, 63.11, 62.09, 61.79, 

61.66, 60.87, 59.84, 59.76, 51.14, 50.47, 49.55, 47.16, 44.99, 41.08, 20.53, 17.96, 13.94, 

13.89, 13.84, 13.79, 13.61; HRMS calcd for C23H28O8 (M + Na)+ 455.1676, found 455.1684; 

[α]D
25 = +29.8 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, hexane/EtOH = 95:5, flow rate 0.7 

mL/min, λ = 214 nm), tR = 25.79 (major 1), 29.59 (minor 1), 53.85 (major 2), 95.65 (minor 2) 

min; dr= 1.6:1; ee >99%, >99%. 

 

Diethyl 2-((1S,3S,3aS,7aR)-3-(ethoxycarbonyl)-7a-formyl-2-oxooctahydro-1H-

inden-1-yl) malonate 4o: 81% yield; Major diastereoisomer: 1H NMR (400 MHz, CDCl3) δ 

9.50 (s, 1H), 4.03-4.26 (m, 6H), 3.65 (d, J = 11.2 Hz, 1H), 3.35 (d, J = 10.8 Hz, 1H), 3.28 (d, 

J = 11.2 Hz, 1H), 3.03 (d, J = 12.0 Hz, 1H), 2.00 (d, J = 14.0 Hz, 1H), 1.76 (d, J = 14.4 Hz, 

1H), 1.42-1.66 (m, 5H), 1.21-1.31 (m, 9H), 0.86 (t, J = 12.8 Hz, 1H); Minor diastereoisomer: 
1H NMR (400 MHz, CDCl3) δ 9.54 (s, 1H), 4.03-4.26 (m, 6H), 3.74 (d, J = 9.6 Hz, 1H), 3.35 

(d, J = 10.8 Hz, 1H), 3.28 (d, J = 11.2 Hz, 1H), 3.12 (d, J = 9.6 Hz, 1H), 2.24 (d, J = 15.2 Hz, 

1H), 1.76 (d, J = 14.4 Hz, 1H), 1.42-1.66 (m, 5H), 1.21-1.31 (m, 9H), 0.86 (t, J = 12.8 Hz, 

1H); 13C NMR (for two isomers, 100 MHz, CDCl3) δ 205.99, 205.14, 204.03, 200.17, 167.98, 

167.73, 167.30, 166.95, 166.84, 62.25, 62.15, 62.02, 62.00, 61.92, 61.72, 57.43, 55.85, 55.03, 

53.19, 52.93, 52.34, 49.64, 48.55, 38.05, 36.98, 30.20, 29.62, 24.94, 23.90, 23.02, 21.85, 

21.32, 20.26, 18.66, 14.07, 13.84, 13.78, 13.72; HRMS calcd for C20H28O8 (M + Na)+ 

419.1676, found 419.1679; [α]D
25 = +57.5 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, 

hexane/EtOH = 90:10, flow rate 0.7 mL/min, λ = 214 nm), tR = 24.74 (major 1), 26.29 (minor 

1), 33.95 (minor 2), 39.62 (major 2) min; dr = 3:1; ee >99%, = 97%. 
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Diethyl 2-((1S,2R,4S)-4-(ethoxycarbonyl)-1-formyl-3-oxospiro[4.5]decan-2-yl) 

malonate 4p: 90% yield; Major diastereoisomer: 1H NMR (300 MHz, CDCl3) δ 11.13 (s, 1H), 

9.81 (d, J = 3.6 Hz, 1H), 4.07-4.29 (m, 6H), 3.57-3.94 (m, 2H), 3.51 (s, 1H), 3.14 (dd, J = 3.3, 

10.8 Hz, 1H), 1.34-1.82 (m, 10H), 1.19-1.32 (m, 9H); Minor diastereoisomer: 1H NMR (300 

MHz, CDCl3) δ 11.13 (s, 1H), 9.87 (d, J = 2.4 Hz, 1H), 4.07-4.29 (m, 6H), 3.57-3.94 (m, 2H), 

3.35 (s, 1H), 2.99 (dd, J = 2.4, 8.7 Hz, 1H), 1.34-1.82 (m, 10H), 1.19-1.32 (m, 9H); 13C NMR 

(for two isomers, 100 MHz, CDCl3) δ 208.64, 207.27, 201.53, 168.48, 167.91, 167.52, 167.49, 

64.28, 62.12, 61.99, 61.91, 61.73, 61.61, 59.95, 52.52, 51.82, 51.02, 48.71, 47.00, 46.90, 

46.78, 46.39, 45.30, 40.19, 32.91, 31.80, 30.88, 30.05, 25.39, 25.31, 25.04, 22.80, 22.73, 

21.83, 14.04, 13.90, 13.83; HRMS calcd for C21H30O8 (M + Na)+ 433.1833, found 433.1839; 

[α]D
25 = +54.8 (c 1.0, CHCl3); HPLC (Chiralpak AD-H, hexane/EtOH = 90:10, flow rate 0.7 

mL/min, λ = 214 nm), tR = 14.59 (major 1), 18.02 (minor 1), 22.52 (major 2), 34.45 (major 2) 

min; dr= 11:3:1:1; ee >99%, = 98%. (According to the dr value obtained from the NMR 

spectra, four pairs of peaks had been expected in the HPLC spectrum, but only three pairs 

could be identified. Therefore it is impossible to determine the ee value of the other two 

diastereomers) 

 

Diethyl 2-((1S,2R,3R,4S)-4-(ethoxycarbonyl)-2-(hydroxymethyl)-2-methyl-5-oxo-

3-phenylcyclopentyl) malonate 8: 85% yield; 1H NMR (400 MHz, CDCl3) δ 7.33-7.36 (m, 

2H), 7.25-7.30 (m, 3H), 4.22-4.31 (m, 4H), 4.05-4.16 (m, 3H), 3.70 (d, J = 10.4 Hz, 2H), 3.53 

(d, J = 10.0 Hz, 1H), 3.28 (t, J = 10.4 Hz, 1H), 3.01 (d, J = 14.0 Hz, 1H), 2.93 (br, 1H), 1.30 

(q, J = 8.0 Hz, 6H), 1.17 (d, J = 7.6 Hz, 3H), 0.53 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 

206.84, 169.35, 167.98, 167.48, 134.98, 129.34, 128.45, 127.63, 63.02, 62.77, 62.20, 61.74, 



 S11

55.73, 54.23, 49.66, 47.84, 46.68, 14.11, 14.02, 13.99, 13.87; HRMS calcd for C23H30O8 (M + 

Na)+ 457.1833, found 457.1816; [α]D
25 = +6.5 (c 1.0, CHCl3). 

EtO2C

EtO2C O

CO2Et

Ph
Me

O

Br

OO

Br

9

 

Diethyl 2-((1R,4S,5S)-2-(4-bromobenzoyloxy)-5-((4-bromobenzoyloxy)methyl)-3-

(ethoxycarbonyl)-4-methyl-4-phenylcyclopent-2-enyl)malonate 9: DMAP (0.45 mg, 

0.0037 mmol), Et3N (16 μL, 0.111 mmol), and 4-bromobenzoyl chloride (20.2 mg, 0.092 

mmol) were added to a solution of the corresponding alcohol from aldehyde 4n (16 mg, 0.037 

mmol) in DCM (0.8 mL) at 0 °C. Then the solution was stirred at r.t. overnight. Solvents were 

removed in vacuo and the residue was purified by flash column chromatography (silica gel, 

10:1 petroleum/AcOEt as eluent) to afford 9 in 81% yield; 1H NMR (300 MHz, CDCl3) δ 7.97 

(d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.4 Hz, 2H), 7.64 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 

7.40 (d, J = 7.8 Hz, 2H), 7.31 (t, J = 7.2 Hz, 2H), 7.21 (t, J = 7.5 Hz, 1H), 4.37-4.49 (m, 2H), 

4.27 (q, J = 6.9 Hz, 2H), 3.85-3.95 (m, 4H), 3.72-3.82 (m, 2H), 2.77 (dt, J = 6.6, 9.9 Hz, 1H), 

1.78 (s, 3H), 1.31 (t, J = 6.9 Hz, 3H), 1.10 (t, J = 7.2 Hz, 3H), 0.72 (t, J = 6.9 Hz, 3H); 13C 

NMR (100 MHz, CDCl3) δ 167.89, 167.51, 165.50, 162.33, 162.11, 156.33, 147.02, 132.02, 

131.71, 131.66, 131.20, 129.21, 128.40, 128.29, 127.71, 127.61, 126.32, 126.23, 63.88, 62.00, 

61.88, 59.96, 51.88, 51.56, 51.01, 46.18, 18.16, 14.08, 13.76, 13.55; HRMS calcd for 

C37H36O10Br2 (M + Na)+ 821.0568, found 821.0585; [α]D
25 = +25.4 (c 0.5, CHCl3); HPLC 

(Chiralpak AD-H, hexane/i-PrOH = 50:50, flow rate 0.7 mL/min, λ = 214 nm), tR = 29.84 

(minor), 61.78 (major) min; ee > 99%. 
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