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1. General Information 

Chemicals and solvents were purchased from commercial suppliers and used as received. 1H and 13C 

NMR spectra were recorded on a AMX500 (500 MHz) spectrometer. Chemical shifts were reported in 

parts per million (ppm), and the residual solvent peak was used as an internal reference: proton 

(chloroform δ 7.26), carbon (chloroform δ 77.0) or tetramethylsilane (TMS δ 0.00) was used as a 

reference. Multiplicity was indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m 

(multiplet), dd (doublet of doublet), bs (broad singlet). Coupling constants were reported in Hertz (Hz). 

Low resolution mass spectra were obtained on a Finnigan/MAT LCQ spectrometer in ESI mode, and a 

Finnigan/MAT 95XL-T mass spectrometer in EI mode. All high resolution mass spectra were obtained 

on a Finnigan/MAT 95XL-T spectrometer. For thin layer chromatography (TLC), Merck pre-coated 

TLC plates (Merck 60 F254) were used, and compounds were visualized with a UV light at 254 nm. 

Further visualization was achieved by staining with iodine, or ninhydrin followed by heating using a 

heat gun. Flash chromatography separations were performed on Merck 60 (0.040-0.063 mm) mesh 

silica gel. The enantiomeric excesses of products were determined by chiral phase HPLC analysis. 

Optical rotations were recorded on Jasco DIP-1000 polarimeter. 
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2. Preparation of Catalysts 
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Scheme 1, Synthetic route for catalyst V 

 

 

(1S,2S)-1-(Piperidin-1-yl)-2,3-dihydro-1H-inden-2-ol (b)1. Compound a (0.75 g, 5.0 mmol), 

1,5-dibromopentane (1.38 g, 6.0 mmol), potassium carbonate (1.80 g, 13 mmol), potassium iodide 

(0.17 g, 1.0 mmol) and 10 mL iso-propanol were added into a sealed tube. The mixture was heated at 

80 °C for 48hrs and then allowed to cool to room temperature. The mixture was filtered and washing 

with DCM, the filtrate was concentrated and the resulting residue was purified by silica gel 

chromatography (eluting with 1:5 EtOAc-hexane then 1:10 methanol-DCM) to obtain the product b 

(0.82 g, 75% yield). 1H NMR (300 MHz, CDCl3): δ = 7.36-7.33 (m, 1H), 7.12-7.16 (m, 3H), 4.66 (dd, 

J = 12.3, 5.3 Hz, 1H), 4.08 (d, J = 4.8 Hz, 1H), 3.25 (dd, J = 16.2, 7.1 Hz, 1H), 2.80 (dd, J = 16.2, 5.5 

Hz, 1H), 2.62-2.61 (m, 4H), 1.58-1.54 (m, 4H), 1.46 (d, J = 5.3 Hz, 2H); 13C NMR (75 MHz, CDCl3): 

δ = 140.62, 140.33, 127.66, 126.41, 125.82, 124.90, 78.49, 73.54, 50.79, 40.06, 26.51, 24.66; HRMS 

(ESI) calcd for C14H20NO (M + H+) 218.1545, found 218.1545. 
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1-((1S,2R)-2-Azido-2,3-dihydro-1H-inden-1-yl)piperidine (c)2. To a stirred solution of compound b 

(0.78 g, 3.6 mmol) and triethylamine (1.1 g, 10.8 mmol) in dry DCM (10 mL) at 0°C under nitrogen 

was added dropwise methanesulfonyl chloride (0.62 g, 5.4 mmol). The mixture was stirred for another 

20 min at room temperature, and the solvent was evaporated under reduced pressure. The residue was 

extracted with DCM, washed successively with water, and brine, and dried over MgSO4. The organic 

layer was concentrated to afford crude mesylate intermediate. Then the crude mesylate intermediate 

was redissolve d in DMF (10 mL), followed by adding NaN3 (1.87 g, 28.8 mmol). The mixture was 

heated under nitrogen at 70°C for 6 hrs. After the mixture was cooled, the solvent was evaporated 

under reduced pressure and the residue was extracted with EtOAc (25 mL x 3) and dried over MgSO4. 

The organic layer was removed under reduced pressure, and the crude product was purified by silica 

gel chromatography (eluting with 1:10 EtOAc-hexane) to afford product c (0.48 g, 55% yield, two step). 

1H NMR (500 MHz, CDCl3): δ = 7.26-7.10 (m, 4H), 4.63 (d, J = 6.9 Hz, 1H), 3.17 (td, J = 8.0 Hz, 6.8, 

1H), 3.03 (dd, J = 15.8, 7.9 Hz, 1H), 2.81 (dd, J = 15.8, 7.9 Hz, 1H), 2.48 (ddt, J = 38.5, 10.7, 5.2 Hz, 

4H), 1.53 (dt, J = 11.3, 5.7 Hz, 4H), 1.39 (dd, J = 11.7, 6.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ = 

140.43, 139.14, 128.56, 126.94, 124.71, 124.15, 72.82, 66.85, 51.91, 33.83, 25.94, 24.30; HRMS (ESI) 

calcd for C14H19N4 (M + H+) 243.1610, found 243.1612. 
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(1S,2R)-1-(Piperidin-1-yl)-2,3-dihydro-1H-inden-2-amine (d)5. To a solution of compound c (0.46 g, 

1.9 mmol) in 10 mL THF was added triphenylphosphane (1.5 g, 5.7 mmol). The mixture was stirred at 

room temperature for 3h, then added 3 mL water, heated at 60 oC for 4 hrs. The solvent was removed 

by reduced pressure, and the resulting residue was purified by a very short silica gel column (eluting 

with 1:10 to 1: 5 methanol-DCM) to afford compound d (0.39 g, 95% yield). 1H NMR (500 MHz, 

CDCl3): δ = 7.27 (t, J = 5.8 Hz, 1H), 7.19-7.11 (m, 3H), 4.31 (d, J = 6.9 Hz, 1H), 2.99-2.83 (m, 3H), 

2.60-2.58(m, 4H), 2.45 (s, 2H), 1.64-1.59 (m, 4H), 1.45 (dt, J = 11.7, 5.8 Hz, 2H); 13C NMR (125 MHz, 

CDCl3): δ = 144.92, 139.73, 127.18, 126.54, 124.36, 123.34, 77.45, 58.16, 51.84, 31.67, 25.82, 24.29; 

HRMS (ESI) calcd for C14H21N2 (M + H+) 217.1705, found 217.1708.  

 

 

1-(3,5-Bis(trifluoromethyl)phenyl)-3-((1S,2R)-1-(piperidin-1-yl)-2,3-dihydro-1H-inden-2-yl)thiour

ea (IV). To a solution of compound d (0.39 g, 1.81 mmol) in 10 mL DCM was added 

1-isothiocyanato-3,5-bis(trifluoromethyl)benzene (0.52 g, 1.90 mmol) dropwise. The mixture was 

stirred at room temperature for 30min, reaction completed. The solvent was removed by rotary 

evaporation and pure product IV (0.90 g, 97% yield) was obtained by silica gel chromatography 

(eluting with 1:10 EtOAc-hexane then 1: 10 methanol-DCM). 1H NMR (300 MHz, CDCl3): δ = 12.14 
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(s, 1H), 7.98 (s, 2H), 7.61 (s, 1H), 7.27 (ddd, J = 20.9, 12.6, 4.3 Hz, 4H), 6.68 (s, 1H), 5.22 (m, 1H), 

3.63 (dd, J = 6.2, 8.3 Hz, 1H), 3.13 (dd, J = 16.1, 8.6 Hz, 1H), 2.92 (dd, J = 16.2, 8.9 Hz, 1H), 

2.68-2.60 (m, 4H), 1.56-1.44 (m, 6H); 13C NMR (75 MHz, CDCl3): δ = 183.34, 141.50, 140.33, 137.67, 

132.31, 131.87, 131.42, 130.98, 129.36, 127.78, 125.76, 125.53, 124.93, 123.58, 121.31, 118.75, 75.21, 

62.01, 50.56, 26.29, 25.90, 23.78; HRMS (ESI) calcd for C23H24F6N3S (M + H+) 488.1595, found 

488.1587. 

 

 

3. Procedure for Michael–Enolation-Cyclization Reaction 

 

 

Typical procedure for the cascade reaction: 

To a solution of (E)-ethyl 2-oxo-4-phenylbut-3-enoate 2a (20.4 mg, 0.1 mmol) and 

cyclohexane-1,2-dione 1 (16.8 mg, 0.15 mmol) in 0.2 ml toluene, catalyst V (4.9 mg, 0.01 mmol) 

was added. The reaction mixture was stirred at 50 oC for 8h. The crude product was purified by 

column chromatography on silica gel, eluted by hexane/EtOAc = 5:1 then 3:1 to afford 30.0 mg 

(94% yield) of the desired product 3a as colorless oil. 

 

 

4. Analytical Data of Michael–Enolation-Cyclization Products 
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(2R,4S)-Ethyl 2-hydroxy-8-oxo-4-phenyl-3,4,5,6,7,8-hexahydro-2H-chromene-2-carboxylate (3a) 

(Table 3 , entry 1). 94% yield; 1H NMR (500 MHz, CDCl3): δ = 7.36 (t, J = 7.4 Hz, 2H), 7.29 (t, J = 7.3 

Hz, 1H), 7.24 (d, J = 7.2 Hz, 2H), 4.50 (br, 1H), 4.38–4.23 (m, 2H), 3.81 (dd, J = 12.5, 6.5 Hz, 1H), 

2.55–2.41 (m, 2H), 2.34 (t, J = 13.1 Hz, 1H), 2.23 (dd, J = 13.6, 6.5 Hz, 1H), 2.09–2.01 (m, 2H), 

1.96–1.84 (m, 2H), 1.32 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.83, 169.13, 142.88, 

140.83, 134.12, 128.94, 128.53, 127.31, 93.67, 63.01, 40.09, 38.29, 36.86, 27.81, 22.11, 13.93; HRMS 

(EI) calcd for C18H20O5 316.1311, found 316.1307; HPLC (Chiralpak IA, i-propanol/hexane = 10/90, 

flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 9.6 min, tR (minor) = 11.9 min, ee = 95%; [α]25
D = 

+113.0 (c = 1.11 in CHCl3). 

 

 

O

O

EtOOC
OH

Cl

 

(2R,4R)-Ethyl 4-(2-chlorophenyl)-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3b) (Table 3 , entry 2). 92% yield; 1H NMR (500 MHz, CDCl3): δ = 7.39 (dd, J = 11.8, 

4.7 Hz, 1H), 7.32–7.17 (m, 3H), 4.54 (br, 1H), 4.38–4.23 (m, 2H), 2.59–2.43 (m, 2H), 2.35–2.03 (m, 

4H), 2.00–1.93 (m, 2H), 1.32 (td, J = 7.1, 3.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.77, 

168.96, 144.26, 138.11, 134.14, 133.59, 131.86, 129.83, 129.72, 128.50, 128.35, 127.49, 126.86, 94.51, 
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93.66, 63.04, 62.79, 38.41, 38.26, 35.55, 34.09, 34.04, 28.06, 27.59, 22.25, 22.10, 13.96, 13.92; HRMS 

(EI) calcd for C18H19O5Cl 350.0921, found 350.0916; HPLC (Chiralpak IA, i-propanol/hexane = 10/90, 

flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 9.8 min, tR (minor) = 11.9 min, ee = 96%; [α]25
D = 

+75.3 (c = 0.98 in CHCl3). 

 

 

 

(2R,4S)-Ethyl 4-(3-chlorophenyl)-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3c) (Table 3 , entry 3). 95% yield; 1H NMR (500 MHz, CDCl3): δ = 7.32–7.22 (m, 3H), 

7.13 (dt, J = 7.0, 1.5 Hz, 1H), 4.71 (br, 1H), 4.38–4.24 (m, 2H), 3.81 (dd, J = 12.3, 6.7 Hz, 1H), 

2.57–2.41 (m, 2H), 2.34–2.26 (m, 1H), 2.23 (dd, J = 13.6, 6.7 Hz, 1H), 2.14–1.99 (m, 2H), 1.94–1.89 

(m, 2H), 1.33 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.80, 168.93, 142.95, 142.90, 

134.75, 132.98, 130.21, 128.59, 127.57, 126.72, 93.57, 63.04, 39.86, 38.18, 36.66, 27.69, 22.05, 13.90; 

HRMS (EI) calcd for C18H19O5Cl 350.0921, found 350.0918; HPLC (Chiralpak IA, i-propanol/hexane 

= 10/90, flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 9.0 min, tR (minor) = 11.4 min, ee = 92%; 

[α]25
D = +104.2 (c = 0.96 in CHCl3). 

 

 

 

Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2011



S9 
 

(2R,4S)-Ethyl 4-(4-chlorophenyl)-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3d) (Table 3 , entry 4). 90% yield; 1H NMR (500 MHz, CDCl3): δ = 7.34 (d, J = 8.3 Hz, 

2H), 7.18 (d, J = 8.2 Hz, 2H), 4.54 (br, 1H), 4.38–4.21 (m, 2H), 3.80 (dd, J = 12.4, 6.6 Hz, 1H), 

2.56–2.41 (m, 2H), 2.29 (t, J = 13.0 Hz, 1H), 2.21 (dd, J = 13.6, 6.6 Hz, 1H), 2.09–1.98 (m, 2H), 

1.96–1.85 (m, 2H), 1.32 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.70, 168.96, 153.86, 

142.97, 139.32, 133.19, 129.85, 129.16, 93.58, 63.08, 39.53, 38.24, 36.77, 27.75, 22.08, 13.92; HRMS 

(EI) calcd for C18H19O5Cl 350.0921, found 350.0910; HPLC (Chiralpak IA, i-propanol/hexane = 10/90, 

flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 11.1 min, tR (minor) = 14.0 min, ee = 96%; [α]25
D = 

+120.9 (c = 1.09 in CHCl3). 

 

 

 

(2R,4S)-Ethyl 4-(4-fluorophenyl)-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3e) (Table 3 , entry 5). 91% yield; 1H NMR (500 MHz, CDCl3): δ = 7.20 (dd, J = 8.6, 5.3 

Hz, 2H), 7.05 (t, J = 8.6 Hz, 2H), 4.50 (br, 1H), 4.36–4.27 (m, 2H), 3.81 (dd, J = 12.5, 6.6 Hz, 1H), 

2.54–2.46 (m, 2H), 2.30 (t, J = 13.1 Hz, 1H), 2.21 (dd, J = 13.6, 6.6 Hz, 1H), 2.08–2.02 (m, 2H), 

1.93–1.88 (m, 2H), 1.33 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.83, 169.01, 162.96, 

161.00, 142.88, 136.45, 136.42, 133.68, 130.03, 129.96, 115.94, 115.78, 93.62, 63.10, 39.34, 38.24, 

36.88, 27.77, 22.08, 13.93; HRMS (EI) calcd for C18H19O5F 334.1217, found 334.1216; HPLC 
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(Chiralpak IA, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 10.7 min, tR 

(minor) = 13.5 min, ee = 95%; [α]25
D = +102.4 (c = 1.15 in CHCl3). 

 

 

 

(2R,4R)-Ethyl 4-(2-bromophenyl)-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3f) (Table 3 , entry 6). 95% yield; 1H NMR (500 MHz, CDCl3): δ = 7.58 (dd, J = 12.7, 

4.6 Hz, 1H), 7.34 (t, J = 7.4 Hz, 1H), 7.21–7.13 (m, 2H), 4.63 (br, 1H), 4.51 (dd, J = 11.2, 6.3 Hz, 1H), 

4.38–4.22 (m, 2H), 2.59–2.43 (m, 2H), 2.32 (dd, J = 13.2, 6.5 Hz, 1H), 2.24–2.02 (m, 3H), 2.01–1.88 

(m, 2H), 1.32 (t, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.75, 168.89, 143.36, 140.17, 

133.57, 133.07, 132.94, 129.12, 128.70, 128.61, 128.14, 127.50, 125.24, 93.63, 62.98, 62.72, 38.98, 

38.34, 38.24, 35.73, 34.40, 27.61, 22.21, 22.07, 13.95, 13.88; HRMS (EI) calcd for C18H19O5Br 

394.0416, found 394.0400; HPLC (Chiralpak IA, i-propanol/hexane = 5/95, flow rate 1.0 mL/min, λ = 

254 nm): tR (major) = 17.8 min, tR (minor) = 21.6 min, ee = 97%; [α]25
D = +63.3 (c = 0.98 in CHCl3). 
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(2R,4S)-Ethyl 2-hydroxy-4-(4-nitrophenyl)-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3g) (Table 3 , entry 7). 84% yield; 1H NMR (500 MHz, CDCl3): δ = 8.24 (d, J = 8.7 Hz, 

2H), 7.44 (d, J = 8.7 Hz, 2H), 4.50 (br, 1H), 4.37–4.28 (m, 2H), 3.97 (dd, J = 12.4, 6.6 Hz, 1H), 

2.61–2.43 (m, 2H), 2.31 (dd, J = 20.1, 7.7 Hz, 1H), 2.24 (dd, J = 13.5, 6.6 Hz, 1H), 2.07–1.87 (m, 4H), 

1.33 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.48, 168.68, 148.57, 147.38, 143.28, 

131.47, 129.46, 124.29, 93.40, 63.29, 40.09, 38.25, 36.63, 27.80, 22.11, 13.94; HRMS (EI) calcd for 

C18H19O7N 361.1162, found 361.1160; HPLC (Chiralcel OD-H, i-propanol/hexane = 10/90, flow rate 

1.0 mL/min, λ = 254 nm): tR (major) = 17.8 min, tR (minor) = 29.3 min, ee = 93%; [α]25
D = +127.2 (c = 

1.00 in CHCl3). 

 

 

 

(2R,4S)-Ethyl 2-hydroxy-4-(4-methoxyphenyl)-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3h) (Table 3 , entry 8). 82% yield; 1H NMR (500 MHz, CDCl3): δ = 7.15 (d, J = 8.6 Hz, 

2H), 6.89 (d, J = 8.6 Hz, 2H), 4.52 (br, 1H), 4.39–4.22 (m, 2H), 3.81 (s, 3H), 3.77 (dd, J = 13.6, 7.6 Hz, 

1H), 2.55–2.41 (m, 2H), 2.31 (t, J = 13.1 Hz, 1H), 2.20 (dd, J = 13.6, 6.5 Hz, 1H), 2.12–2.01 (m, 2H), 

1.95–1.83 (m, 2H), 1.32 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ = 192.76, 169.16, 158.88, 

142.77, 134.53, 132.69, 129.48, 114.39, 93.74, 62.94, 55.28, 39.22, 38.28, 36.90, 27.80, 22.11, 13.91; 

HRMS (EI) calcd for C19H22O6 346.1416, found 346.1413; HPLC (Chiralpak IA, i-propanol/hexane = 
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10/90, flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 12.8 min, tR (minor) = 16.9 min, ee = 95%; 

[α]25
D = +142.6 (c = 0.95 in CHCl3). 

 
 

 

(2R,4S)-Ethyl 2-hydroxy-4-(4-(methylthio)phenyl)-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3i) (Table 3 , entry 9). 82% yield; 1H NMR (500 MHz, CDCl3): δ = 7.25 (d, J = 8.2 Hz, 

2H), 7.16 (d, J = 8.2 Hz, 2H), 4.50 (br, 1H), 4.39–4.22 (m, 2H), 3.77 (dd, J = 12.5, 6.5 Hz, 1H), 

2.56–2.41 (m, 5H), 2.31 (t, J = 13.0 Hz, 1H), 2.20 (dd, J = 13.6, 6.5 Hz, 1H), 2.13–2.01 (m, 2H), 

1.97–1.83 (m, 2H), 1.32 (t, J =7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.85, 169.07, 142.86, 

137.57, 137.51, 133.98, 128.98, 127.07, 93.62, 63.05, 39.53, 38.26, 36.74, 27.79, 22.08, 15.80, 13.92; 

HRMS (EI) calcd for C19H22O5S 362.1188, found 362.1180; HPLC (Chiralpak IA, i-propanol/hexane = 

10/90, flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 12.6 min, tR (minor) = 17.2 min, ee = 95%; 

[α]25
D = +140.8 (c = 0.97 in CHCl3). 

 

 

 

(2R,4S)-Ethyl 4-(4-(allyloxy)phenyl)-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 
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carboxylate (3j) (Table 3 , entry 10). 87% yield; 1H NMR (500 MHz, CDCl3): δ = 7.16– 7.11(m, 2H), 

6.93–6.88 (m, 2H), 6.12–5.98 (m, 1H), 5.42 (ddd, J = 17.3, 3.1, 1.6 Hz, 1H), 5.30 (ddd, J = 10.5, 2.7, 

1.3 Hz, 1H), 4.55–4.53 (m, 3H), 4.39–4.22 (m, 2H), 3.76 (dd, J = 12.5, 6.6 Hz, 1H), 2.56–2.41 (m, 2H), 

2.36–2.27 (m, 1H), 2.20 (dd, J = 13.6, 6.6 Hz, 1H), 2.13–1.98 (m, 2H), 1.97–1.83 (m, 2H), 1.32 (t, J = 

7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 193.02, 169.19, 157.85, 142.71, 134.73, 133.18, 132.77, 

129.48, 117.71, 115.14, 93.71, 68.87, 63.01, 39.20, 38.25, 36.84, 27.80, 22.08, 13.93; HRMS (EI) calcd 

for C21H24O6 372.1573, found 372.1561; HPLC (Chiralpak IA, i-propanol/hexane = 10/90, flow rate 

1.0 mL/min, λ = 254 nm): tR (major) = 11.7 min, tR (minor) = 15.0 min, ee = 94%; [α]25
D = +144.6 (c = 

0.83 in CHCl3). 

 

 

O

O

EtOOC
OH

PhO

 

(2R,4S)-ethyl 2-hydroxy-8-oxo-4-(3-phenoxyphenyl)-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3k) (Table 3 , entry 11). 94% yield; 1H NMR (500 MHz, CDCl3): δ = 7.37-7.29 (m, 3H), 

7.13 (t, J = 7.4 Hz, 1H), 7.05–6.99 (m, 2H), 6.97 (d, J = 7.7 Hz, 1H), 6.94–6.88 (m, 2H), 4.52 (br, 1H), 

4.38–4.23 (m, 2H), 3.78 (dd, J = 12.4, 6.6 Hz, 1H), 2.56–2.40 (m, 2H), 2.31 (t, J = 13.0 Hz, 1H), 2.23 

(dd, J = 13.6, 6.6 Hz, 1H), 2.18–2.02 (m, 2H), 1.98–1.85 (m, 2H), 1.32 (t, J = 7.2 Hz, 3H); 13C NMR 

(125 MHz, CDCl3): δ = 192.82, 169.02, 157.82, 156.82, 142.85, 142.83, 133.60, 130.19, 129.80, 

123.56, 123.21, 118.95, 118.85, 117.44, 93.58, 63.04, 39.94, 38.24, 36.64, 27.71, 22.08, 13.92; HRMS 

(EI) calcd for C24H24O6 408.1573, found 408.1559; HPLC (Chiralpak IA, i-propanol/hexane = 5/95, 

flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 17.5 min, tR (minor) = 21.9 min, ee = 96%; [α]25
D = 
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+95.0 (c = 1.05 in CHCl3). 

 
 

 

(2R,4S)-Ethyl 4-(4-(benzyloxy)phenyl)-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3l) (Table 3 , entry 12). 86% yield; 1H NMR (500 MHz, CDCl3): δ = 7.46–7.30 (m, 5H), 

7.17–7.12 (m, 2H), 6.99–6.94 (m, 2H), 5.06 (s, 2H), 4.51 (br, 1H), 4.37–4.23 (m, 2H), 3.76 (dd, J = 

12.5, 6.5 Hz, 1H), 2.56–2.40 (m, 2H), 2.35–2.27 (m, 1H), 2.20 (dd, J = 13.6, 6.5 Hz, 1H), 2.12–1.97 (m, 

2H), 1.96–1.83 (m, 2H), 1.32 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 192.91, 169.17, 

158.08, 142.75, 136.89, 134.60, 132.94, 129.53, 128.59, 128.00, 127.43, 115.28, 93.71, 70.12, 63.00, 

39.22, 38.26, 36.87, 27.82, 22.09, 13.92; HRMS (EI) calcd for C25H26O6 422.1729, found 422.1709; 

HPLC (Chiralpak IA, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 17.5 

min, tR (minor) = 22.4 min, ee = 93%; [α]25
D = +104.5 (c = 1.11 in CHCl3). 

 

 

 

(2R,4S)-Ethyl 2-hydroxy-4-(4-isopropylphenyl)-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3m) (Table 3 , entry 13). 91% yield; 1H NMR (500 MHz, CDCl3): δ = 7.21 (d, J = 8.1 Hz, 
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2H), 7.16–7.12 (m, 2H), 4.53 (br, 1H), 4.38–4.22 (m, 2H), 3.78 (dd, J = 12.5, 6.5 Hz, 1H), 2.91 (dt, J = 

13.9, 6.9 Hz, 1H), 2.56–2.41 (m, 2H), 2.33 (t, J = 13.1 Hz, 1H), 2.21 (dd, J = 13.6, 6.6 Hz, 1H), 

2.15–1.99 (m, 2H), 1.96–1.83 (m, 2H), 1.31 (t, J = 7.3 Hz, 3H), 1.26 (d, J = 6.9 Hz, 6H); 13C NMR 

(125 MHz, CDCl3): δ = 193.01, 169.21, 147.95, 142.76, 137.97, 134.69, 128.41, 126.93, 93.69, 62.99, 

39.65, 38.27, 36.89, 33.70, 27.85, 23.92, 22.07, 13.92; HRMS (EI) calcd for C21H26O5 358.1780, found 

358.1764; HPLC (Chiralpak IA, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, λ = 254 nm): tR 

(major) = 7.0 min, tR (minor) = 9.8 min, ee = 95%; [α]25
D = +121.1 (c = 0.95 in CHCl3). 

 

 

 

(2R,4R)-Ethyl 2-hydroxy-8-oxo-4-(thiophen-2-yl)-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3n) (Table 3 , entry 14). 84% yield; 1H NMR (500 MHz, CDCl3): δ = 7.25 (dd, J = 5.0, 

0.6 Hz, 1H), 7.00–6.94 (m, 2H), 4.60 (br, 1H), 4.41–4.24 (m, 2H), 4.19 (dd, J = 12.5, 6.3 Hz, 1H), 

2.51–2.40 (m, 3H), 2.33 (dd, J = 13.5, 6.4 Hz, 1H), 2.21–2.11 (m, 2H), 1.91 (dd, J = 10.2, 4.2 Hz, 2H), 

1.34 (t, J = 7.1 Hz, 3H); 13C NMR (125MHz, CDCl3): δ = 193.04, 168.90, 143.29, 142.01, 133.44, 

126.84, 126.43, 124.65, 93.60, 63.10, 38.12, 37.04, 35.00, 27.24, 21.98, 13.91; HRMS (EI) calcd for 

C16H18O5S 322.0875, found 322.0870; HPLC (Chiralpak IA, i-propanol/hexane = 5/95, flow rate 1.0 

mL/min, λ = 254 nm): tR (major) = 17.4 min, tR (minor) = 20.8 min, ee = 93%; [α]25
D = +82.9 (c = 1.02 

in CHCl3). 
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(2R,4S)-Ethyl 2-hydroxy-4-(naphthalen-1-yl)-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2- 

carboxylate (3o) (Table 3 , entry 15). 91% yield; 1H NMR (500 MHz, CDCl3): δ = 8.24–7.98 (m, 1H), 

7.94–7.87 (m, 1H), 7.86–7.75 (m, 1H), 7.61–7.32 (m, 4H), 4.86–4.63 (m, 1H), 4.38–4.21 (m, 2H), 2.89 

(t, J = 13.3 Hz, 0.4H), 2.65–2.45 (m, 2H), 2.39 (d, J = 8.5, 1H), 2.29 (dd, J = 14.9, 7.9 Hz, 0.8H), 2.20 

(dd, J = 13.8, 6.5 Hz, 1H), 2.05–1.79 (m, 4H), 1.29 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ 

= 192.93, 169.13, 143.80, 141.98, 137.31, 136.05, 135.50, 134.95, 134.50, 133.95, 132.03, 131.04, 

129.45, 129.33, 129.13, 128.70, 127.61, 126.60, 126.42, 125.91, 125.75, 125.66, 125.60, 125.48, 

125.42, 123.57, 122.32, 93.93, 93.83, 63.02, 41.71, 38.38, 38.21, 37.12, 34.30, 34.08, 29.65, 27.74, 

27.25, 22.23, 22.05, 14.01, 13.90; HRMS (EI) calcd for C22H22O5 366.1467, found 366.1481; HPLC 

(Chiralpak IA, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 9.2 min, tR 

(minor) = 11.1 min, ee = 95%; [α]25
D = +84.8 (c = 1.01 in CHCl3). 

 

 

O

O

EtOOC
OH

 

(2R,4R)-Ethyl 4-ethyl-2-hydroxy-8-oxo-3,4,5,6,7,8-hexahydro-2H-chromene-2-carboxylate (3p) 

(Table 3 , entry 16). 72% yield; 1H NMR (500 MHz, CDCl3): δ = 4.40–4.19 (m, 2H), 2.63–2.22 (m, 

4H), 2.11–1.78 (m, 4H), 1.45–1.16 (m, 6H), 0.96 (t, J = 7.5, 3H); 13C NMR (125 MHz, CDCl3): δ = 

192.96, 169.51, 142.24, 135.43, 93.72, 62.97, 37.98, 33.10, 32.36, 29.69, 26.78, 23.74, 22.02, 13.96, 

10.71; HRMS (EI) calcd for C14H20O5 268.1311, found 268.1310; HPLC (Chiralpak AD-H, 

Electronic Supplementary Material (ESI) for Organic and Biomolecular Chemistry
This journal is © The Royal Society of Chemistry 2011



S17 
 

i-propanol/hexane = 2/98, flow rate 1.0 mL/min, λ = 254 nm): tR (major) = 34.5 min, tR (minor) = 37.3 

min, ee = 96%; [α]25
D = +13.3 (c = 0.15 in CHCl3). 

 

 

 

(2R,4S)-Methyl 2-hydroxy-8-oxo-4-phenyl-3,4,5,6,7,8-hexahydro-2H-chromene-2-carboxylate (3q) 

(Table 3 , entry 17). 97% yield; 1H NMR (500 MHz, CDCl3): δ = 7.35 (t, J = 7.4 Hz, 2H), 7.31–7.27 (m, 

1H), 7.23 (dd, J = 5.2, 3.1 Hz, 2H), 4.48 (br, 1H), 3.85 (s, 3H), 3.81 (dd, J = 12.6, 6.6 Hz, 1H), 

2.56–2.41 (m, 2H), 2.39–2.30 (m, 1H), 2.24 (dd, J = 13.6, 6.6 Hz, 1H), 2.13–2.00 (m, 2H), 1.96–1.84 

(m, 2H); 13C NMR (125 MHz, CDCl3) δ = 192.90, 169.56, 142.74, 140.67, 134.26, 128.94, 128.49, 

127.33, 93.74, 53.54, 39.97, 38.22, 36.82, 27.78, 22.06; HRMS (EI) calcd for C17H18O5 302.1154, 

found 302.1151; HPLC (Chiralpak IA, i-propanol/hexane = 10/90, flow rate 1.0 mL/min, λ = 254 nm): 

tR (major) = 10.4 min, tR (minor) = 13.1 min, ee = 96%; [α]25
D = +124.0 (c = 1.05 in CHCl3). 

 

 

Reference:  

1. Soh, J. Y.-T.; Tan, C.-H. J. Am. Chem. Soc. 2009, 131, 6904-6905. 

2. Govindaraju, T.; Kumar, V. A.; Ganesh, K. N. J. Org. Chem. 2004, 69, 5725-5734. 

 

 

5. HPLC Chromatogram Profile and NMR Spectra of the Catalysts and Products 

Compound b 
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