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General Method: All reactions and manipulations were performed using standard Schlenk techniques. 

All solvents were purified and dried using standard procedures. 1H and 13C NMR spectra were recorded 

on Varian Mercury 300 MHz or 400 MHz spectrometers. Chemical shifts (δ values) were reported in ppm 

(residual chloroform δ = 7.26 ppm or TMS δ = 0 ppm for 1H, residual chloroform δ = 77.0 ppm for 13C). 

Melting points were measured on a SGW X-4 apparatus and uncorrected. The IR spectra were measured 

on a NICOLET AVATAR 330 or a BRUKER TENSOR 27 FT-IR spectrometer. MS(EI) and MS(ESI) 

mass spectra were obtained on AGILENT 5973N and Agilent LC/MSD SL or Shimadzu LCMS-2010EV 

spectrometers, respectively. HRMS(EI), HRMS(ESI) and HRMS(MALDI) were determined on Waters 

Micromass GCT, BRUKER DALTONICS APEX III and IonSpect 4.7 TESLA FTMS spectrometers, 

respectively. Optical rotations were determined using a Perkin Elmer 341 MC polarimeter. HPLC 

analyses were performed on JASCO 1580 or JASCO 2089 liquid chromatograph. GC analyses were 

performed on an Agilent 6890N gas chromatograph.  

 

Optimization of Reaction Conditions for the Enantioselective Hydroxylation of 6a to 7a 

Table S1. Optimization of Lewis acids for the enantioselective hydroxylation of 6a[a] 

O

CO2Ad

O

CO2Ad

OH

Lewis acid (5 mol%)
1a (11 mol%)

[O], DCE, rt
 

Entry Lewis acid Time (min) Yield[b] (%) Ee[c] (%) 

1 InCl3 5 >99 11(R) 

2 InBr3 5 >99 30(R) 

3 In(OTf)3 120 >99 Rac 

4 Sc(OTf)3 10 >99 Rac 

5 La(OTf)3 5 >99 Rac 

6 Fe(OAc)2 180 >99 5(S) 

7 FeCl3 + AgPF6 90 >99 Rac 

8 Ni(ClO4)2·6H2O 5 >99 18(S) 

9 CuOTf·0.5C6H6 5 >99 4(R) 

10 CuCl2 + AgBF4 5 >99 18(R) 

11 CuCl2 + AgPF6 5 >99 20(R) 

12 CuCl2 + NaBArF 5 >99 30(R) 

13 Cu(OAc)2 30 >99 Rac 

14 Cu(TFA)2· 0.56H2O 5 >99 3(S) 

15 Cu(ClO4)2 · 6H2O 5 >99 39(R) 

16 Cu(OTf)2 5 >99 26(R) 
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17 ZnCl2  5 >99 28(S) 

18 ZnCl2 + AgBF4 5 >99 96(S) 

19 ZnCl2 + AgPF6 5 >99 97(S) 

20 ZnCl2 + NaBArF 5 >99 96(S) 

21 Zn(OAc)2 5 >99 3(R) 

22 Zn(OTf)2 5 >99 98(S) 

[a] Conditions: All reactions were performed in DCE (0.4 mL) at rt with 6a (0.1 mmol), [O] = 

3-(4-nitrophenyl)-2-(phenylsulfonyl)-1,2-oxaziridine, (0.12 mmol),  Lewis acid (0.005 mmol) and 

(S,R,S)-1a (0.011 mmol). [b] Yield of isolated product. [c] Enantiomeric excess was determined by chiral 

HPLC on CHIRALPAK AD-H column.  

 

Table S2. Optimization of metal/ligand ratio for the enantioselective hydroxylation of 6a[a] 

O

CO2Ad

O

CO2Ad

OH

Zn(OTf)2 (5 mol%)
1a (5x mol%)

[O], DCE, rt, 5 min
 

Entry Metal/Ligand Yield[b] (%) Ee[c] (%) 

1 1:1.2 >99 74 

2 1:1.4 >99 85 

3 1:1.6 >99 94 

4 1:1.8 >99 96 

5 1:2.0 >99 98 

6 1:2.2 >99 98 

[a] Conditions: All reactions were performed in DCE (0.4 mL) at rt with 6a (0.1 mmol), [O] = 

3-(4-nitrophenyl)-2-(phenylsulfonyl)-1,2-oxaziridine, (0.12 mmol),  Zn(OTf)2 (0.005 mmol) and (S,R,S)-1a 

(0.005x mmol) in 5 min. [b] Yield of isolated product. [c] Enantiomeric excess was determined by chiral 

HPLC on CHIRALPAK AD-H column. 

 

Table S3. Optimization of oxidant for the enantioselective hydroxylation of 6a[a] 

O

CO2Ad

O

CO2Ad

OH

Zn(OTf)2 (5 mol%)
1a (11 mol%)

[O], DCE, rt
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2 

 

3.5  >99 65 

3 

 

24  N.R. N.D. 

4 

 

2.5  >99 87 

5 H2O2 24  8 15 

6 TBHP 24  11 7 

7 CMHP 24  13 11 

8 m-CPBA 0.25 >99 19 

[a] Conditions: All reactions were performed in DCE (0.4 mL) at rt with 6a (0.1 mmol), [O] (0.12 mmol),  

Zn(OTf)2 (0.005 mmol) and (S,R,S)-1a (0.0011 mmol). [b] Yield of isolated product. [c] Enantiomeric 

excess was determined by chiral HPLC on CHIRALPAK AD-H column. 

 

Table S4. Solvent effect on the enantioselective hydroxylation of 6a[a] 

O

CO2Ad

O

CO2Ad

OH

Zn(OTf)2 (5 mol%)
1a (11 mol%)

[O], solvent, rt, 5 min
 

Entry Solvent Yield[b] (%) Ee[c] (%) 

1[d] Et2O >99 58 

2 THF >99 42 

3[d] PhMe >99 57 

4[d] tBuOH >99 78 

5 CH2Cl2 >99 98 

6 CHCl3 >99 95 

7[d] CCl4 >99 58 

8 DCE >99 98 

[a] Conditions: All reactions were performed in solvent (0.4 mL) at rt with 6a (0.1 mmol), [O] = 

3-(4-nitrophenyl)-2-(phenylsulfonyl)-1,2-oxaziridine, (0.12 mmol),  Zn(OTf)2 (0.005 mmol) and (S,R,S)-1a 

(0.0011 mmol) in 5 min. [b] Yield of isolated product. [c] Enantiomeric excess was determined by chiral 

HPLC on CHIRALPAK AD-H column. [d] 0.8-mL solvent was used. 
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Table S5. The influence of temperature on the enantioselective hydroxylation of 6a[a] 

O

CO2Ad

O

CO2Ad

OH

Zn(OTf)2 (5 mol%)
1a (11 mol%)

[O], solvent, rt, 5 min
 

Entry Temp. Time (min) Yield[b] (%) Ee[c] (%) 

1 60 5 93 91 

2 rt 5 >99 98 

3 0 5 >99 98 

4 -30 60 >99 98 

5[d] -78 360 >99 91 

[a] Conditions: All reactions were performed in DCE (0.4 mL) at rt with 6a (0.1 mmol), [O] = 

3-(4-nitrophenyl)-2-(phenylsulfonyl)-1,2-oxaziridine, (0.12 mmol),  Zn(OTf)2 (0.005 mmol) and (S,R,S)-1a 

(0.0011 mmol). [b] Yield of isolated product. [c] Enantiomeric excess was determined by chiral HPLC on 

CHIRALPAK AD-H column. [d] CH2Cl2 (0.4 mL) was used as solvent. 

 

Preparation of Ligands 1a-h 

2,[1] 3,[1] 4,[2] and 5[3] was prepared according to the reported procedures, respectively. 

 

Characterization data for compounds (S,R,S)-5a-h and (S,S,S)-5a-h: 

(-)-(R)-N8,N8'-Bis((S)-2-hydroxy-1-phenylethyl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman]-8,8'-dica

rboxamide ((S,R,S)-Ph-SPAN-diCONH, (S,R,S)-5a) 

 
White solid, 47% yield; m.p. 210-211 °C; [α]D

20 = -63.9 (c = 0.50, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.80 (2H, d, J = 6.3 Hz), 7.64 (2H, s), 7.20-7.18 (8H, m), 7.06-7.04 (4H, m), 4.86 (2H, dd, J = 9.9, 6.0 

Hz), 3.61-3.56 (2H, m), 3.48-3.44 (2H, m), 2.32 (6H, s), 2.23 (2H, d, J = 14.4 Hz), 2.07 (2H, d, J = 14.4 

Hz), 1.36 (6H, s), 1.32 (6H, s); 13C NMR (75 MHz, CDCl3) δ 166.2, 146.1, 138.9, 132.5, 1321.6, 129.9, 

129.6, 128.6, 127.5, 126.5, 122.8, 101.0, 66.3, 56.5, 46.9, 31.6, 31.4, 31.1, 20.7; IR (neat) ν 3322, 3278, 
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2927, 2850, 1648, 1626, 1602, 1573, 1537, 1493, 1456, 1277, 1223, 1196, 1167, 1130, 1107, 1086, 1049, 

1027, 1003, 970, 892, 863, 841, 761, 742, 700, 640 cm-1; ESI-MS, m/z = 685 ([M+Na]+); HRMS-ESI 

(m/z) [M+H]+ calcd for C41H47N2O6, 663.34286, found, 663.3443. 

 

(+)-(S)-N8,N8'-Bis((S)-2-hydroxy-1-phenylethyl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman]-8,8'-dic

arboxamide ((S,S,S)-Ph-SPAN-diCONH, (S,S,S)-5a) 

 
White solid, 45% yield; m.p. 88-89 °C; [α]D

20 = +9.6 (c = 1.01, CHCl3); 1H NMR (3400 MHz, CDCl3) δ 

8.03 (2H, d, J = 7.2 Hz), 7.74 (2H, s), 7.19-7.13 (6H, m), 6.9-6.89 (4H, m), 5.05 (2H, dd, J = 10.8, 6.8 

Hz), 3.62-3.59 (2H, m), 3.41-3.36 (2H, m), 2.32 (6H, s), 2.22-2.15 (4H, m), 1.34 (6H, s), 1.33 (6H, s); 13C 

NMR (100 MHz, CDCl3) δ 165.9, 146.8, 139.1, 133.4, 132.0, 130.1, 129.3, 128.3, 127.3, 126.7, 122.4, 

103.0, 65.6, 56.2, 48.3, 31.4, 30.5, 29.8, 20.7; IR (neat) ν 3394, 2959, 2926, 2863, 1639, 1601, 1519, 

1443, 1262, 1225, 1192, 1174, 1154, 1120, 1078, 1027, 1004, 963, 953, 934, 882, 783, 755, 698 cm-1; 

ESI-MS, m/z = 685 ([M+Na]+); HRMS-ESI (m/z) [M+H]+ calcd for C41H47N2O6, 663.34286, found, 

663.3424. 

 

(-)-(R)-N8,N8'-Bis((S)-1-hydroxy-3-methylbutan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman]-8,

8'-dicarboxamide ((S,R,S)-iPr-SPAN-diCONH, (S,R,S)-5b) 

 
White solid, 40% yield; m.p. 105-108 °C; [α]D

20 = -76.7 (c = 0.46 CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.64 (2H, d, J = 3.2 Hz), 7.25-7.24 (4H, m), 3.51-3.47 (2H, m), 3.40 (4H, t, J = 6.4 Hz), 2.97 (2H, t, J = 

7.6 Hz), 2.36 (2H, d, J = 22.0 Hz), 2.33 (6H, s), 2.18 (2H, d, J = 19.2 Hz), 1.46 (6H, s), 1.39 (6H, s), 0.80 

(6H, d, J = 9.2 Hz), 0.74 (6H, d, J = 9.2 Hz); 13C NMR (100 MHz, CDCl3) δ 166.6, 146.2, 132.8, 131.6, 

129.5, 129.4, 123.1, 101.2, 63.3, 57.6, 47.7, 31.3, 31.2, 31.1, 28.6, 20.5, 19.2, 18.9; IR (neat) ν 3397, 

3275, 2956, 2927, 2870, 1648, 1601, 1532, 1452, 1388, 1365, 1264, 1224, 1193, 1167, 1118, 1080, 1025, 
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1002, 968, 936, 927, 885, 863, 784, 739 cm-1; ESI-MS, m/z = 595 ([M+H]+), 617 ([M+Na]+); HRMS-ESI 

(m/z) [M+H]+ calcd for C35H51N2O6, 595.37416, found, 595.3756. 

 

(+)-(S)-N8,N8'-Bis((S)-1-hydroxy-3-methylbutan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman]-8,

8'-dicarboxamide ((S,S,S)-iPr-SPAN-diCONH, (S,S,S)-5b) 

 
White solid, 41% yield; m.p. 92-95 °C; [α]D

20 = +13.6 (c = 0.99, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.65 (2H, s), 7.21 (2H, s), 3.67-3.66(2H, m), 3.45-3.41 (2H, m), 3.20-3.15 (2H, m), 2.34 (2H, d, J = 16.4 

Hz), 2.32 (6H, s), 2.26 (2H, d, J = 14.4 Hz), 1.42 (6H, s), 1.38 (6H, s), 1.08-1.05 (1H, m), 0.77 (6H, d, J = 

6.8 Hz), 0.70 (6H, d, J = 6.8 Hz); 13C NMR (100MHz, CDCl3) δ 166.5, 146.5, 133.2, 131.9, 129.9, 129.1, 

123.1, 102.3, 63.0, 57.3, 48.6, 31.4, 30.8, 30.4, 28.9, 20.6, 19.1; IR (neat) ν 3404, 3323, 3270, 2956, 2927, 

2853, 1636, 1602, 1520, 1445, 1365, 1322, 1272, 1260, 1224, 1197, 1166, 1119, 1086, 1065, 1023, 1000, 

959, 927, 886, 781, 742 cm-1; ESI-MS, m/z = 595 ([M+H]+); HRMS-ESI (m/z) [M+Na]+ calcd for 

C35H50N2O6Na, 617.35611, found, 617.3561. 

 

(-)-(R)-N8,N8'-Bis((2S,3S)-1-hydroxy-3-methylpentan-2-yl)-4,4,4',4',6,6'-hexamethyl 

-2,2'-spirobi[chroman]-8,8'-dicarboxamide ((S,S,R,S,S)-sBu-SPAN-diCONH, (S,S,R,S,S)-5c) 

O O

HN
OH
O O

HO
NH

 
White solid, 53% yield; m.p. 89-90 °C; [α]D

20 = -43.3 (c = 1.01, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.48 (2H, s), 7.20 (2H, s), 3.58-3.56 (2H, m), 3.42-3.37 (2H, m), 3.33-3.29 (2H, m), 2.30-2.26 (8H, m), 

2.12 (2H, d J = 14.4 Hz), 1.42 (6H, s), 1.35 (6H, s), 1.10-1.04 (2H, m), 0.96-0.83 (4H, m), 0.77-0.73 (12H, 

m); 13C NMR (100 MHz, CDCl3) δ 137.1, 146.2, 132.9, 131.6, 129.6, 129.2, 123.1, 101.2, 63.2, 56.5, 

47.7, 35.1, 33.6, 31.3, 31.1, 25.4, 20.6, 15.2, 11.1; IR (neat) ν 3443, 3287, 2960, 2927, 2877, 1648, 1627, 

1600, 1535, 1453, 1393, 1382, 1363, 1318, 1275, 1263, 1224, 1198, 1165, 1106, 1083, 1073, 1026, 1000, 

974, 954, 896, 862, 815, 783, 741, 677, 665 cm-1; ESI-MS, m/z = 623 ([M+H]+); HRMS-ESI (m/z) 
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[M+H]+ calcd for C37H55N2O6, 623.40546, found, 623.4044. 

 

(+)-(S)-N8,N8'-Bis((2S,3S)-1-hydroxy-3-methylpentan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroma

n]-8,8'-dicarboxamide ((S,S,S,S,S)-sBu-SPAN-diCONH, (S,S,S,S,S)-5c) 

O O

HN
OH
O O

HO
NH

 
White solid, 46% yield; m.p. 55-56 °C; [α]D

20 = +13.9 (c = 0.99, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.66 (2H, s), 7.21 (2H, s), 3.78-3.76 (2H, m), 3.48-2.44 (2H, m), 3.19-3.15 (2H, m), 2.34-2.24 (10H, m), 

1.41 (6H, s), 1.38 (6H, s), 1.07-1.04 (2H, m), 0.96-0.86 (4H, m), 0.78-0.70 (12H, m); 13C NMR (100 

MHz, CDCl3) δ 166.5, 146.5, 133.1, 131.8, 130.0, 129.2, 122.7, 102.4, 62.9, 56.1, 48.5, 35.4, 31.4, 30.7, 

30.3, 25.4, 20.6, 15.1, 11.0; IR (neat) ν 3420, 3231, 2960, 2929, 2872, 1650, 1620, 1602, 1560, 1513, 

1445, 1393, 1357, 1286, 1224, 1174, 1158, 1118, 1081, 1048, 994, 945, 924, 913, 888, 876, 799, 781, 764, 

739 cm-1; ESI-MS, m/z = 623 ([M+H]+); HRMS-ESI (m/z) [M+H]+ calcd for C37H55N2O6, 623.40546, 

found, 623.4040. 

 

(-)-(R)-N8,N8'-Bis((S)-1-hydroxy-3,3-dimethylbutan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman]

-8,8'-dicarboxamide ((S,R,S)-tBu-SPAN-diCONH, (S,R,S)-5d) 

 
White solid, 36% yield; m.p. 156-160 °C; [α]D

20 = -64.2 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.60 (2H, s), 7.24 (2H, s), 3.83-3.82 (2H, m), 3.57-3.54 (2H, m), 3.27-3.23 (2H, m), 2.38 (2H, d, J = 14.4 

Hz), 2.32 (6H, s), 2.12 (2H, d, J = 14.4 Hz), 1.41 (6H, s), 1.40 (6H, s), 0.82 (18H, s); 13C NMR (100 MHz, 

CDCl3) δ 167.0, 146.2, 132.3, 131.5, 130.1, 129.8, 123.1, 100.9, 62.9, 59.8, 46.9, 33.6, 32.0, 31.7, 31.2, 

27.0, 20.6; IR (neat) ν 3325, 2927, 2851, 1647, 1602, 1518, 1455, 1364, 1262, 1221, 1195, 1166, 1083, 

1026, 1002, 975, 894, 862, 799, 709, 657 cm-1; ESI-MS, m/z = 623 ([M+H]+); HRMS-ESI (m/z) [M+H]+ 

calcd for C37H55N2O6, 623.40546, found, 623.4034. 
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(+)-(S)-N8,N8'-Bis((S)-1-hydroxy-3,3-dimethylbutan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman

]-8,8'-dicarboxamide ((S,S,S)-tBu-SPAN-diCONH, (S,S,S)-5d) 

 
White solid, 43% yield; m.p. 81-82 °C; [α]D

20 = +13.0 (c = 0.99 CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.70 (2H, s), 7.19 (2H, s), 3.88-3.83 (2H, m), 3.54-3.50 (2H, m), 3.01-2.97 (2H, m), 2.25-2.30 (10H, m), 

1.41 (6H, s), 1.36 (6H, s), 0.68 (18H, s); 13C NMR (100 MHz, CDCl3) δ 166.8, 146.7, 133.5, 132.0, 130.2, 

128.9, 122.7, 103.0, 62.0, 59.8, 49.2, 33.5, 31.5, 30.1, 29.6, 26.7, 20.6; IR (neat) ν 3436, 3369, 3324, 

2954, 2927, 2851, 1643, 1627, 1599, 1572, 1520, 1446, 1366, 1345, 1310, 1261, 1243, 1226, 1194, 1176, 

1158, 1121, 1106, 1083, 1028, 1010, 971, 947, 890, 873, 782, 741, 709 cm-1; ESI-MS, m/z = 623 

([M+H]+); HRMS-ESI (m/z) [M+H]+ calcd for C37H55N2O6, 623.40546, found, 623.4033. 

 

(-)-(R)-N8,N8'-Bis((S)-1-hydroxy-3-phenylpropan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman]-8

,8'-dicarboxamide ((S,R,S)-Bn-SPAN-diCONH, (S,R,S)-5e) 

 
White solid, 32% yield; m.p. 95-96 °C; [α]D

20 = -8.1 (c = 0.52, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.39 (2H, s), 7.28-7.10 (14H, m), 3.83-3.78 (2H, m), 3.28-3.25 (3H, m), 2.57-2.52 (3H, m), 2.24 (2H, d, J 

= 11.7 Hz), 2.22 (6H, s), 2.10 (2H, d, J = 14.4 Hz), 1.39 (6H, s), 1.33 (6H, s); 13C NMR (75 MHz, CDCl3) 

δ 166.6, 146.2, 138.1, 133.5, 131.7, 129.2, 129.1, 128.8, 128.3, 126.3, 123.7, 101.4, 62.8, 53.5, 48.2, 36.4, 

31.3, 30.8, 30.8, 20.6; IR (neat) ν 3392, 3065, 3024, 2957, 2927, 2864, 1636, 1601, 1533, 1496, 1455, 

1445, 1361, 1272, 1225, 1191, 1173, 1153, 1120, 1091, 1038, 956, 909, 884, 733, 700, 648 cm-1; ESI-MS, 

m/z = 691 ([M+H]+), 713 ([M+Na]+); HRMS-ESI (m/z) [M+H]+ calcd for C43H51N2O6, 691.37416, found, 

691.3733. 

 

(+)-(S)-N8,N8'-Bis((S)-1-hydroxy-3-phenylpropan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[chroman]-8
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,8'-dicarboxamide ((S,S,S)-Bn-SPAN-diCONH, (S,S,S)-5e) 

 
White solid, 22% yield; m.p. 90-91 °C; [α]D

20 = +46.3 (c = 0.56, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.62 (2H, s), 7.50 (2H, d, J = 7.8 Hz), 7.26-7.07 (12H, m), 4.13-4.12 (2H, m), 3.59-3.58 (2H, m), 

3.41-3.38 (2H, m), 3.11-3.08 (2H, m), 2.47-2.41 (2H, m), 2.25 (6H, s), 2.18 (2H, d, J = 13.8 Hz), 2.09 

(2H, d, J = 14.4 Hz), 1.38 (6H, s), 1.35 (6H, s); 13C NMR (75 MHz, CDCl3) δ 166.0, 146.2, 137.8, 132.8, 

131.7, 129.7, 129.3, 129.0, 128.3, 126.2, 123.2, 101.4, 62.5, 52.4, 47.7, 36.3, 31.3, 31.2, 30.7, 20.6; IR 

(neat) ν 3404, 2959, 2926, 2867, 1644, 1602, 1531, 1496, 1445, 1364, 1268, 1226, 1193, 1174, 1156, 

1119, 1082, 1040, 1007, 990, 952, 909, 886, 732, 700, 646 cm-1; ESI-MS, m/z = 691 ([M+H]+), 713 

([M+Na]+); HRMS-ESI (m/z) [M+H]+ calcd for C43H51N2O6, 691.37416, found, 691.3745. 

 

(-)-(R)-N8,N8'-Bis((S)-1-hydroxy-3-(naphthalen-1-yl)propan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[c

hroman]-8,8'-dicarboxamide ((S,R,S)-1-Np-SPAN-diCONH, (S,R,S)-5f) 

 
White solid, 35% yield; m.p. 123-124 °C; [α]D

20 = -73.1 (c = 0.52, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

8.23 (2H, d, J = 8.0 Hz), 7.83-7.81 (2H, m), 7.70 (2H, d, J = 8.4 Hz), 7.53-7.43 (8H, m), 7.34-7.30 (2H, 

m), 7.26-7.23 (2H, m), 7.09 (2H, s), 4.16-4.14 (2H, m), 3.97-3.96 (2H, m), 3.49-3.45 (2H, m), 3.36-3.32 

(2H, m), 2.92-2.86 (2H, m), 2.22 (2H, d, J = 14.0 Hz), 2.14 (6H, s), 2.09 (2H, d, J = 14.4 Hz), 1.29 (6H, 

s), 1.17 (6H, s); 13C NMR (100 MHz, CDCl3) δ 166.4, 146.4, 134.6, 133.8, 133.7, 132.1, 131.8, 129.0, 

128.9, 128.5, 127.5, 127.1, 126.1, 125.6, 125.3, 124.1, 123.9, 101.8, 62.6, 52.9, 48.6, 33.5, 31.3, 30.5, 

30.4, 20.5; IR (neat) ν 3324, 2927, 2850, 1625, 1573, 1535, 1439, 1310, 1269, 1243, 1225, 1087, 891, 

799, 777, 732, 641 cm-1; ESI-MS, m/z = 791 ([M+H]+), 813 ([M+Na]+); HRMS-ESI (m/z) [M+Na]+ calcd 
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for C51H54N2O6Na, 813.38741, found, 813.38766. 

 

(+)-(S)-N8,N8'-Bis((S)-1-hydroxy-3-(naphthalen-1-yl)propan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[c

hroman]-8,8'-dicarboxamide ((S,S,S)-1-Np-SPAN-diCONH, (S,S,S)-5f) 

 
White solid, 16% yield; m.p. 231-232 °C; [α]D

20 = +89.5 (c = 0.48, CHCl3); 1H NMR (400 MHz, CDCl3) 

δ 8.20 (2H, d, J = 8.4 Hz), 7.83-7.81 (2H, m), 7.72-7.67 (6H, m), 7.56-7.52 (2H, m), 7.49-7.45 (2H, m), 

7.36-7.32 (2H, m), 7.21-7.19 (2H, m), 7.13-7.12 (2H, m), 4.41-4.33 (2H, m), 3.46-3.42 (2H, m), 

3.24-3.20 (2H, m), 3.09-3.04 (2H, m), 2.62-2.56 (2H, m), 2.23 (6H, s), 2.11 (2H, d, J = 14.4 Hz), 2.03 

(2H, d, J = 14.4 Hz), 1.34 (6H, s), 1.27 (6H, s); 13C NMR (100 MHz, CDCl3) δ 166.3, 146.3, 134.0, 133.7, 

132.8, 132.1, 131.7, 129.6, 129.4, 128.4, 127.1, 127.0, 126.1, 125.6, 125.2, 124.1, 123.4, 101.3, 62.5, 51.4, 

47.5, 33.7, 31.2, 31.2, 30.8, 20.6; IR (neat) ν 3382, 2927, 2862, 1664, 1653, 1646, 1627, 1596, 1558, 

1540, 1521, 1463, 1443, 1397, 1365, 1336, 1257, 1227, 1193, 1174, 1158, 1115, 1086, 1012, 997, 970, 

949, 888, 875, 863, 798, 777, 739 cm-1; ESI-MS, m/z = 791 ([M+H]+); HRMS-ESI (m/z) [M+Na]+ calcd 

for C51H54N2O6Na, 813.38741, found, 813.3860. 

 

(-)-(R)-N8,N8'-Bis((S)-1-hydroxy-3-(naphthalen-2-yl)propan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[c

hroman]-8,8'-dicarboxamide ((S,R,S)-2-Np-SPAN-diCONH, (S,R,S)-5g) 

O O

HN
OH
O O

HO
NH

 
White solid, 39% yield; m.p. 120-123 °C; [α]D

20 = -76.6 (c = 0.57, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.74-7.67 (6H, m), 7.55 (2H, s), 7.40-7.36 (6H, m), 7.33-7.31 (2H, d, J = 7.2 Hz), 7.28-7.25 (2H, m), 7.14 
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(2H, s), 3.94-3.92 (2H, m), 3.33-3.23 (4H, m), 2.72-2.66 (4H, m), 2.17-2.12 (8H, m), 1.99 (2H, d, J = 

14.4 Hz), 1.30 (6H, s), 1.28 (6H, s); 13C NMR (100 MHz, CDCl3) δ 166.4, 146.2, 135.7, 133.4, 133.4, 

132.1, 131.7, 129.1, 128.9, 128.0, 127.5, 127.5, 127.4, 127.4, 125.9, 125.3, 123.8, 101.3, 62.8, 53.5, 48.1, 

36.5, 31.2, 30.8, 30.8, 20.6; IR (neat) ν 3386, 3324, 2927, 2850, 1627, 1599, 1574, 1530, 1442, 1364, 

1310, 1269, 1242, 1224, 1192, 1172, 1154, 1120, 1087, 1045, 1025, 991, 953, 890, 861, 815, 749, 641 

cm-1; ESI-MS, m/z = 791 ([M+H]+), 813 ([M+Na]+); HRMS-ESI (m/z) [M+Na]+ calcd for C51H54N2O6Na, 

813.38741, found, 813.38335. 

 

(+)-(S)-N8,N8'-Bis((S)-1-hydroxy-3-(naphthalen-2-yl)propan-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[c

hroman]-8,8'-dicarboxamide ((S,S,S)-2-Np-SPAN-diCONH, (S,S,S)-5g) 

O O

HN
OH
O O

HO
NH

 
White solid, 55% yield; m.p. 101-102 °C; [α]D

20 = +13.3 (c = 0.53, CHCl3); 1H NMR (400 MHz, CDCl3) 

δ 7.64-7.60 (6H, m), 7.51 (2H, s), 7.43-7.38 (6H, m), 7.34-7.22 (4H, m), 7.15 (2H, s), 4.26-4.23 (2H, m), 

3.44-3.40 (2H, m), 3.16-3.12 (2H, m), 2.65-2.60 (2H, m), 2.41-2.35 (2H, m), 2.20 (6H, s), 2.05 (2H, d, J 

= 14.4 Hz), 1.92 (2H, d, J = 14.4 Hz), 1.32 (6H, s), 1.29 (6H, s); 13C NMR (100 MHz, CDCl3) δ 166.3, 

146.2, 135.3, 133.4, 132.9, 132.1, 131.8, 129.6, 126.5, 127.9, 127.6, 127.5, 127.5, 125.9, 125.4, 123.1, 

101.3, 62.4, 52.4, 47.5, 31.3, 31.1, 30.8, 24.8, 20.6; IR (neat) ν 3388, 3325, 2927, 2851, 1627, 1599, 1531, 

1446, 1391, 1379, 1359, 1270, 1225, 1190, 1159, 1107, 1046, 1026, 991, 952, 888, 861, 815, 781, 740 

cm-1; ESI-MS, m/z = 791 ([M+H]+); HRMS-ESI (m/z) [M+Na]+ calcd for C51H54N2O6Na, 813.38741, 

found, 813.3869. 

 

(-)-(R)-N8,N8'-Bis((1S,2R)-2-hydroxy-2,3-dihydro-1H-inden-1-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[c

hroman]-8,8'-dicarboxamide ((S,R,R,R,S)-In-SPAN-diCONH, (S,R,R,R,S)-5h) 
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White solid, 37% yield; m.p. 118-120 °C; [α]D

20 = -63.8 (c = 0.48, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.51 (2H, d, J = 8.0 Hz), 7.42 (2H, s), 7.22 (2H, s), 7.19-7.15 (4H, m), 7.10-7.06 (2H, m), 6.90 (2H, d, J = 

7.6 Hz), 5.16-5.12 (2H, m), 4.37-4.36 (2H, m), 3.06-3.00 (2H, m), 2.82-2.73 (2H, m), 2.29 (6H, s), 2.21 

(2H, d, J = 14.4 Hz), 2.08 (2H, d, J = 14.4 Hz), 1.44 (6H, s), 1.34 (6H, s); 13C NMR (100 MHz, CDCl3) δ 

166.8, 146.6, 140.6, 139.7, 134.0, 131.4, 129.0, 128.8, 127.8, 127.1, 125.0, 124.4, 123.8, 101.9, 73.4, 57.9, 

48.5, 39.7, 31.6, 30.5, 30.4, 20.7; IR (neat) ν 3323, 2927, 2850, 1625, 1601, 1573, 1519, 1458, 1443, 

1310, 1268, 1242, 1226, 1192, 1174, 1155, 1086, 1054, 1023, 992, 967, 953, 936, 892, 818, 791, 752, 737, 

725, 640 cm-1; ESI-MS, m/z = 709 ([M+Na]+); HRMS-ESI (m/z) [M+Na]+ calcd for C43H46N2O6Na, 

709.32481, found, 709.3254. 

 

(+)-(S)-N8,N8'-Bis((1S,2R)-2-hydroxy-2,3-dihydro-1H-inden-1-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-spirobi[

chroman]-8,8'-dicarboxamide ((S,R,S,R,S)-In-SPAN-diCONH, (S,R,S,R,S)-5h) 

 
White solid, 36% yield; m.p. 92-94 °C; [α]D

20 = +26.2 (c = 1.01, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

8.07 (2H, d, J = 8.0 Hz), 7.67 (2H, s), 7.19-7.08 (8H, m), 7.01 (2H, m), 5.37-5.34 (2H, m), 4.48-4.45 (2H, 

m), 3.04-2.98 (2H, m), 2.47-2.70 (2H, m), 2.20 (6H, s), 2.11 (2H, d, J = 14.0 Hz), 1.99 (2H, d, J = 14.0 

Hz), 1.32 (6H, s), 1.17 (6H, s); 13C NMR (100 MHz, CDCl3) δ 166.0, 146.3, 140.4, 139.8, 131.5, 131.3, 

130.1, 130.0, 127.8, 126.6, 125.0, 124.7, 121.5, 101.1, 73.2, 58.0, 46.2, 39.2, 32.0, 31.3, 31.1, 20.7; IR 

(neat) ν 3388, 2925, 2860, 1633, 1599, 1517, 1443, 1390, 1365, 1341, 1299, 1263, 1224, 1191, 1175, 

1154, 1121, 1084, 1054, 1025, 1004, 972, 956, 896, 879, 818, 783, 741, 726 cm-1; ESI-MS, m/z = 687 

([M+H]+); HRMS-ESI (m/z) [M+Na]+ calcd for C43H46N2O6Na, 709.32481, found, 709.3239 

 

Typical procedure for preparation of ligand 1a-h from 5a-h 
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Method A[4a] (for 5a and 5d): 

To a suspension of 5 (0.5 mmol) in dry CH2Cl2 (5.0 mL) was slowly added (diethylamino)sulfur 

trifluoride (DAST, 0.16 mL, 1.1 mmol) at -78°C. After stirring for 6 h at -78°C and overnight at r.t., 4 N 

NH4OH, aq. (1 mL) was added. Water (10 mL) was added to the solution and the aqueous layer was 

extracted with CH2Cl2 for 3 times. The combined organic layers were dried over anhydrous Na2SO4, 

concentrated under vacuum, and the residue was purified by column chromatography on silica gel using 

petroleum ether/ethyl acetate/Net3 as the eluent to afford 1. 

 

Method B[4b] (for 5b-c and 5e-g): 

    To a mixture of 5 (0.5 mmol), 4-dimethylaminopyridine (DMAP, 5.0 mg, 0.04 mmol), and NEt3 (0.6 

mL, 4.0 mmol) in dry CH2Cl2 (5.0 mL) was added methanesulfonyl chloride (0.32 mL, 4.0 mmol) at 0°C, 

and the solution was stirred for 2 h at this temperature. Then another portion of NEt3 (3.3 mL, 24.0 mmol) 

was added to the solution, and it was stirred at r.t. until the initially formed mesylate disappeared 

(checked by TLC). The reaction mixture was diluted with CH2Cl2 and washed with an aqueous NaHCO3 

solution. The organic layer was dried over anhydrous Na2SO4, concentrated under vacuum, and the 

residue was purified by column chromatography on silica gel using petroleum ether/ethyl acetate/Net3 as 

the eluent to afford 1. 

 

Method C[4c] (for (S,R,S)-5h): 

    A mixture of (S,R,S)-5h (274.0 mg, 0.4 mmol) and Ti(OiPr)4 (1.0 mL, 3.2 mmol) was stirred for 145 
oC for 18 h. The reaction was cooled to r.t and 1,2-propanediol (0.4 mL, 3.8 mol) was added. After 30 min, 

EtOAc and water were added and the reaction mixture was stirred for an additional 30-60 min. The 

aqueous layer was extracted with EtOAc for 3 times. The combined organic layers were dried over 

anhydrous Na2SO4, concentrated under vacuum, and the residue was purified by column chromatography 

on silica gel using petroleum ether/ethyl acetate/Net3 as the eluent to afford (S,R,S)-1h (127.0 mg, yield 

49%). 

 

Characterization data for ligands (S,R,S)-1a-h and (S,S,S)-1a-g 

(-)-(4S,4'S)-2,2'-((R)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-phenyl-4,5-dihydroo

xazole) ((S,R,S)-Ph-SPANbox, (S,R,S)-1a) 
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White solid, 77% yield; m.p. 184-185 °C; [α]D

20 = -3.9 (c = 0.53, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.30-7.21 (10H, m), 7.12-7.09 (4H, m), 5.07 (2H, t, J = 9.3 Hz), 4.35 (2H, dd, J = 10.2, 8.4 Hz), 3.82 (2H, 

t, J = 8.4 Hz),2.27 (6H, s), 2.22 (2H, d, J = 14.4 Hz), 2.12 (2H, d, J = 14.1 Hz), 1.61 (6H, s), 1.34 (6H, s); 
13C NMR (75 MHz, CDCl3) δ 164.6, 147.3, 142.4, 133.4, 130.1, 129.5, 129.2, 128.5, 127.2, 126.7, 117.8, 

98.4, 69.5, 46.9, 33.0, 31.7, 30.8, 20.6; IR (neat) ν 3026, 2958, 2920, 2895, 2860, 1645, 1630, 1492, 1451, 

1356, 1316, 1267, 1228, 1197, 1181, 1163, 1099, 1079, 1029, 1002, 977, 924, 902, 886, 872, 816, 761, 

701, 612 cm-1; ESI-MS, m/z = 627 ([M+H]+), 649 ([M+Na]+); HRMS-ESI (m/z) [M+H]+ calcd for 

C41H43N2O4, 627.32173, found, 627.3234. 

 

(-)-(4S,4'S)-2,2'-((S)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-phenyl-4,5-dihydroox

azole) ((S,S,S)-Ph-SPANbox, (S,S,S)-1a) 

 
White solid, 81% yield; m.p. 98-99 °C; [α]D

20 = -14.4 (c = 0.99, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.38 (2H, s), 7.24-7.19 (8H, m), 7.13-7.10 (4H, m), 5.07 (2H, dd, J = 10.2, 8.7 Hz), 4.28 (2H, dd, J = 10.2, 

8.7 Hz), 3.81 (2H, t, J = 8.7 Hz),2.30 (6H, s), 2.26 (2H, d, J = 14.1 Hz), 2.14 (2H, d, J = 14.1 Hz), 1.50 

(6H, s), 1.32 (6H, s); 13C NMR (100 MHz, CDCl3) δ 164.5, 147.8, 142.5, 130.1, 129.3, 129.2, 128.3, 

127.1, 126.6, 126.4, 117.6, 99.3, 74.2, 69.4, 68.0, 47.8, 32.1, 31.0, 31.0, 20.5; IR (neat) ν 3060, 3027, 

2957, 2922, 2864, 1644, 1603, 1492, 1454, 1356, 1265, 1229, 1217, 1183, 1164, 1116, 1088, 1026, 997, 

957, 937, 921, 891, 871, 753, 698, 613 cm-1; ESI-MS, m/z = 627 ([M+H]+), 649 ([M+Na]+); HRMS-ESI 

(m/z) [M+H]+ calcd for C41H43N2O4, 627.32173, found, 627.3227. 

 

(-)-(4S,4'S)-2,2'-((R)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-iso-propyl-4,5-dihydr

ooxazole) ((S,R,S)-iPr-SPANbox, (S,R,S)-1b) 
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White solid, 58% yield; m.p. 112-113 °C; [α]D

20 = -11.8 (c = 0.49, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.14 (2H, s), 7.10 (2H, s), 3.98-3.92 (2H, m), 3.81-3.71 (4H, m), 2.25 (6H, s), 2.17 (2H, d, J = 14.1 Hz), 

2.09 (2H, d, J = 14.1 Hz), 1.88-1.86 (2H, m), 1.61 (6H, s), 1.31 (6H, ), 0.85 (6H, d, J = 6.9 Hz), 0.73 (6H, 

d, J = 6.3 Hz); 13C NMR (75 MHz, CDCl3) δ 762.9, 146.8, 133.0, 130.0, 129.1, 128.8, 118.4, 98.0, 72.1, 

69.6, 46.7, 33.2, 32.4, 31.9, 30.7, 20.6, 19.0, 17.9; IR (neat) ν 2954, 2921, 2868, 1642, 1611, 1592, 1480, 

1452, 1356, 1317, 1267, 1228, 1215, 1189, 1162, 1116, 1097, 1029, 1002, 976, 939, 887, 815, 802, 764 

cm-1; ESI-MS, m/z = 559 ([M+H]+), 581 ([M+Na]+); HRMS-ESI (m/z) [M+H]+ calcd for C35H47N2O4, 

559.35503, found, 559.3544. 

 

(-)-(4S,4'S)-2,2'-((S)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-iso-propyl-4,5-dihydr

ooxazole) ((S,S,S)-iPr-SPANbox, (S,S,S)-1b) 

 
White solid, 51% yield; m.p. 89-90 °C; [α]D

20 = -30.5 (c = 0.99, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.20 (2H, s), 7.16 (2H, s), 3.99-3.94 (2H, m), 3.73-3.65 (4H, m), 2.27 (6H, s), 2.21 (2H, d, J = 14.0 Hz), 

2.12 (2H, d, J = 14.4 Hz), 1.57 (6H, s), 1.32 (6H, s), 1.12-1.06 (2H, m), 0.87 (6H, d, J = 6.8 Hz), 0.78 (6H, 

d, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3) δ 163.2, 147.1, 133.7, 130.2, 129.2, 128.8, 118.2 99.0, 71.9, 

69.8, 47.5, 33.0, 32.5, 31.4, 30.9, 20.5, 18.8, 18.1; IR (neat) ν 2957, 2928, 2868, 1732, 1644, 1602, 1529, 

1461, 1447, 1362, 1325, 1257, 1226, 1193, 1173, 1153, 1084, 1024, 990, 966, 910, 890, 801, 785, 731, 

644 cm-1; ESI-MS, m/z = 577 ([M+H2O+H]+); HRMS-ESI (m/z) [M+H]+ calcd for C35H47N2O4, 

559.35503, found, 559.3523. 

 

(-)-(4S)-4-sec-Butyl-2-((2R)-8'-((4S)-4-sec-butyl-4,5-dihydrooxazol-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-s

pirobi[chroman]-8-yl)-4,5-dihydrooxazole ((S,S,R,S,S)-sBu-SPANbox, (S,S,R,S,S)-1c) 
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White solid, 68% yield; m.p. 109-110 °C; [α]D

20 = -8.6 (c = 0.99, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.14 (2H, s), 7.11(2H, s), 3.91-3.89 (4H, m), 3.73-3.71 (2H, m), 2.25 (6H, s), 2.17 (2H, d, J = 14.0 Hz), 

2.09 (2H, d, J = 14.0 Hz), 1.61 (6H, s), 1.45-4.42 (2H, m), 1.31-1.26 (8H, m), 1.12-1.08 (2H, m), 

0.89-0.85 (6H, t, J = 7.2 Hz), 0.64 (6H, d, J = 6.4 Hz); 13C NMR (100 MHz, CDCl3) δ 162.8, 146.8, 133.0, 

129.9, 129.0, 128.7, 118.2, 97.9, 70.4, 68.8, 46.7, 38.4, 33.1, 30.6, 26.0, 20.5, 13.8, 11.4; IR (neat) ν 2956, 

2917, 2875, 1642, 1594, 1455, 1380, 1353, 1314, 1261, 1227, 1214, 1188, 1163, 1115, 1099, 1028, 1000, 

978, 935, 888, 868, 791, 765, 706 cm-1; ESI-MS, m/z = 587 ([M+H]+); HRMS-ESI (m/z) [M+H]+ calcd 

for C37H51N2O4, 587.38433, found, 587.3829. 

 

(-)-(4S)-4-sec-Butyl-2-((2S)-8'-((4S)-4-sec-butyl-4,5-dihydrooxazol-2-yl)-4,4,4',4',6,6'-hexamethyl-2,2'-sp

irobi[chroman]-8-yl)-4,5-dihydrooxazole ((S,S,S,S,S)-sBu-SPANbox, (S,S,S,S,S)-1c) 

 
White solid, yield 63%; m.p. 32-34 °C; [α]D

20 = -78.1 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.19 (2H, s), 7.14 (2H, s), 3.93-3.89 (2H, m), 3.82-3.76 (2H, m), 3.68 (2H, t, J = 8.0 Hz), 2.25 (6H, s), 

2.2.20 (2H, d, J = 14.4 Hz), 2.10 (2H, d, J = 14.0 Hz), 1.55 (6H, s), 1.49-1.41 (4H, m), 1.32 (6H, m), 

1.08-1.04 (2H, m), 0.84 (6H, t, J = 7.2 Hz), 0.68 (6H, d, J = 6.8 Hz); 13C NMR (100 MHz, CDCl3) δ 

163.0, 147.2, 133.6, 130.1, 129.1, 128.8, 118.1, 98.9, 70.4, 69.2, 47.6, 38.7, 32.5, 31.4, 30.9, 25.8, 20.5, 

14.1, 11.4; IR (neat) ν 2958, 2924, 2873, 1949, 1606, 1458, 1356, 1259, 1229, 1189, 1163, 1115, 1087, 

1025, 979, 937, 892, 870, 806, 769, 732 cm-1; ESI-MS, m/z = 587 ([M+H]+), 619 ([M+Na]+); HRMS-ESI 

(m/z) [M+H]+ calcd for C37H51N2O4, 587.38433, found, 587.38452. 

 

(-)-(4S,4'S)-2,2'-((R)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-tert-butyl-4,5-dihydr

ooxazole) ((S,R,S)-tBu-SPANbox, (S,R,S)-1d) 
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White solid, 64% yield; m.p. 203-204 °C; [α]D

20 = -25.6 (c = 1.00, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.07 (2H, s), 7.01 (2H, s), 3.84-3.62 (6H, m), 2.18 (6H, s), 2.09 (2H, d, J = 14.4 Hz), 2.00 (2H, d, J = 14.4 

Hz), 1.52 (6H, s), 1.24 (6H, s), 0.71 (18H, s); 13C NMR (100 MHz, CDCl3) δ 162.8, 146.8, 133.0, 129.9, 

129.0, 128.7, 118.2, 97.9, 70.4, 68.8, 46.6, 38.4, 33.1, 31.7, 30.6, 26.0, 20.5, 13.8, 11.4; IR (neat) ν 3013, 

2952, 2866, 1645, 1611, 1478, 1451, 1392, 1357, 1316, 1281, 1260, 1228, 1214, 1187, 1163, 1116, 1103, 

1029, 1003, 979, 966, 939, 886, 815, 771 cm-1; ESI-MS, m/z = 587 ([M+H]+); HRMS-ESI (m/z) [M+H]+ 

calcd for C37H51N2O4, 587.38433, found, 587.3829. 

 

(-)-(4S,4'S)-2,2'-((S)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-tert-butyl-4,5-dihydr

ooxazole) ((S,S,S)-tBu-SPANbox, (S,S,S)-1d) 

 
White solid, yield 42%; m.p. 190-191 °C; [α]D

20 = -16.5 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.14 (2H, s), 7.09 (2H, s), 3.90-3.79 (4H, m), 3.74-3.70 (2H, m), 2.25 (6H, s), 2.16 (2H, d, J = 14.0 Hz), 

2.07 (2H, d, J = 14.4 Hz), 1.59 (6H, s), 1.31 (6H, s), 0.78 (18H, s); 13C NMR (100 MHz, CDCl3) δ 163.2, 

146.8, 132.9, 130.0, 129.1, 128.8, 118.4, 98.1, 77.3, 77.0, 76.7, 75.7, 68.3, 46.8, 33.4, 32.9, 31.8, 30.7, 

25.8, 20.5; IR (neat) ν 2953, 2866, 1645, 1591, 1451, 1392, 1357, 1317, 1281, 1260, 1228, 1214, 1187, 

1163, 1102, 1029, 1003, 978, 939, 886, 815, 767, 730 cm-1; ESI-MS, m/z = 587 ([M+H]+); HRMS-ESI 

(m/z) [M+H]+ calcd for C37H51N2O4, 587.38433, found, 587.38434. 

 

(-)-(4S,4'S)-2,2'-((R)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-benzyl-4,5-dihydroo

xazole) ((S,R,S)-Bn-SPANbox, (S,R,S)-1e) 
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White solid, 81% yield; m.p. 104-105 °C; [α]D

20 = -40.8 (c = 0.49, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

7.32-7.14 (12H, m), 7.09 (2H, s), 4.24-4.22 (2H, m), 3.89 (2H, t, J = 9.0 Hz), 3.76 (2H, t, J = 7.8 Hz), 

3.06-3.00 (2H, m), 2.35-2.28 (2H, m), 2.23-2.19 (8H, m), 2.13 (2H, d, J = 14.1 Hz), 1.64 (6H, s), 1.34 

(6H, s); 13C NMR (75 MHz, CDCl3) δ 163.5, 146.7, 138.3, 133.4, 130.3, 129.2, 129.0, 128.8, 128.5, 

126.3, 118.4, 98.2, 71.6, 67.3, 46.7, 41.6, 33.3, 32.0, 30.7, 20.6; IR (neat) ν 3386, 3026, 2957, 2923, 2860, 

1731, 1648, 1631, 1602, 1495, 1451, 1359, 1314, 1301, 1266, 1187, 1160, 1115, 1092, 1026, 996, 981, 

943, 891, 872, 844, 817, 791, 775, 747, 736, 699 cm-1; ESI-MS, m/z = 655 ([M+H]+), 677 ([M+Na]+); 

HRMS-ESI (m/z) [M+H]+ calcd for C43H47N2O4, 655.35303, found, 655.3522. 

 

(+)-(4S,4'S)-2,2'-((S)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-benzyl-4,5-dihydroo

xazole) ((S,S,S)-Bn-SPANbox, (S,S,S)-1e) 

 
White solid, 25% yield; m.p. 58-59 °C; [α]D

20 = +50.0 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.30-7.11 (14H, m), 4.25-4.22 (2H, m), 3.92 (2H, t, J = 8.8 Hz), 3.77 (2H, t, J = 7.6 Hz), 3.05-3.00 (2H, 

m), 2.29-2.11 (12H, m), 1.66 (6H, s), 1.35 (6H, s); 13C NMR (100 MHz, CDCl3) δ 163.5, 146.5, 138.2, 

133.2, 130.3, 129.2, 128.9, 128.9, 128.4, 126.2, 118.3, 98.1, 71.5, 67.1, 46.6, 41.4, 33.2, 31.9, 30.6, 20.5; 

IR (neat) ν 2956, 2924, 2863, 1649, 1602, 1495, 1454, 1358, 1263, 1217, 1188, 1163, 1097, 1026, 997, 

975, 940, 890, 870, 816, 749, 699 cm-1; ESI-MS, m/z = 655 ([M+H]+), 673 ([M+H2O+H]+); HRMS-ESI 

(m/z) [M+H]+ calcd for C43H47N2O4, 655.35303, found, 655.3532. 

 

(+)-(4S,4'S)-2,2'-((R)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-(naphthalen-1-ylmet
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hyl)-4,5-dihydrooxazole) ((S,R,S)-1-Np-SPANbox, (S,R,S)-1f) 

 
White solid, 44% yield; m.p. 86-86 °C; [α]D

20 = +94.8 (c = 0.62, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

8.11 (2H, d, J = 8.0 Hz), 7.87 (2H, d, J = 7.6 Hz), 7.76 (2H, d, J = 8.4 Hz), 7.57-7.49 (4H, m), 7.42 (2H, t, 

J = 7.6 Hz), 7.27 (2H, d, J = 7.6 Hz), 7.20 (2H, s), 7.16 (2H, s), 4.45-4.42 (2H, m), 3.89-3.81 (4H, m), 

3.67-3.62 (2H, m), 2.65-2.59 (2H, m), 2.65 (2H, d, J = 14.0 Hz), 2.18-2.15 (8H, m), 1.70 (6H, s), 1.26 

(6H, s); 13C NMR (100 MHz, CDCl3) δ 163.6, 146.8, 134.4, 133.9, 133.5, 131.9, 130.4, 129.3, 128.9, 

128.7, 127.3, 126.6, 126.0, 125.7, 125.4, 123.8, 118.3, 98.3, 71.8, 66.2, 46.8, 39.1, 33.3, 32.0, 30.8, 20.5; 

IR (neat) ν 3044, 2954, 2923, 2861, 1645, 1595, 1509, 1455, 1395, 1357, 1312, 1260, 1227, 1217, 1189, 

1162, 1115, 1087, 1025, 998, 975, 940, 891, 870, 776, 733, 609 cm-1; ESI-MS, m/z = 755 ([M+H]+), 777 

([M+Na]+); HRMS-ESI (m/z) [M+H]+ calcd for C51H51N2O4, 755.38433 found, 755.38484. 

 

(-)-(4S,4'S)-2,2'-((S)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-(naphthalen-1-ylmeth

yl)-4,5-dihydrooxazole) ((S,S,S)-1-Np-SPANbox, (S,S,S)-1f) 

 
White solid, 46% yield; m.p. 64-64 °C; [α]D

20 = -44.4 (c = 1.01, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

8.09 (2H, d, J = 8.4 Hz), 7.84-7.84 (2H, m), 7.74 (2H, d, J = 8.4 Hz), 7.56-7.47 (4H, m), 7.42-7.38 (2H, 

m), 7.26-7.24 (4H, m), 7.16 (2H, s), 4.45-4.42 (2H, m), 3.82-3.80 (4H, m), 3.69-3.65 (2H, m), 2.75-2.69 

(2H, m), 2.25 (2H, d, J = 14.0 Hz), 2.19 (6H, s), 2.15 (2H, d, J = 14.4 Hz), 1.64 (6H, s), 1.34 (6H, s); 13C 

NMR (100 MHz, CDCl3) δ 163.7, 147.4, 134.2, 133.9, 133.7, 131.9, 130.3, 129.2, 129.1, 128.7, 126.7, 

126.0, 125.6, 125.4, 123.8, 117.9, 98.9, 71.5, 66.3, 47.5, 39.0, 32.8, 31.8, 30.9, 20.5; IR (neat) ν 3044, 

2923, 2859, 1645, 1595, 1510, 1455, 1395, 1357, 1260, 1228, 1188, 1162, 1087, 1024, 998, 977, 940, 891, 
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870, 777, 730 cm-1; ESI-MS, m/z = 755 ([M+H]+); HRMS-ESI (m/z) [M+H]+ calcd for C51H51N2O4, 

755.38433 found, 755.38656. 

 

(+)-(4S,4'S)-2,2'-((R)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-(naphthalen-2-ylmet

hyl)-4,5-dihydrooxazole) ((S,R,S)-2-Np-SPANbox, (S,R,S)-1g) 

O O

O N N O

 
White solid, 62% yield; m.p. 84-85 °C; [α]D

20 = +57.4 (c = 1.15, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.81-7.76 (6H, m), 7.58 (2H, s), 7.48-7.41 (4H, m), 7.32-7.29 (2H, m), 7.22-7.21 (2H, m), 7.07-7.06 (2H, 

m), 4.36-4.33 (2H, m), 3.90 (2H, t, J = 8.8 Hz), 3.84-3.80 (2H, m), 3.19-3.14 (2H, m), 2.51-2.46 (2H, m), 

2.22 (2H, d, J = 14.4 Hz), 1.18 (6H, s), 2.14 (2H, d, J = 14.0 Hz), 1.67 (6H, s), 1.36 (6H, s); 13C NMR 

(100 MHz, CDCl3) δ 163.6, 146.7, 135.8, 133.4, 132.1, 130.3, 129.2, 128.8, 128.1, 127.5, 127.4, 127.3, 

126.0, 125.4, 118.4, 98.2, 71.6, 67.2, 41.7, 33.2, 32.0, 31.4, 30.7, 20.6; IR (neat) ν 3324, 3051, 2924, 2851, 

1731, 1627, 1599, 1536, 1507, 1456, 1358, 1311, 1265, 1218, 1188, 1163, 1115, 1087, 1025, 998, 975, 

940, 891, 869, 815, 748, 639, 620 cm-1; ESI-MS, m/z = 755 ([M+H]+), 777 ([M+Na]+); HRMS-ESI (m/z) 

[M+H]+ calcd for C51H51N2O4, 755.38433 found, 755.38471. 

 

(-)-(4S,4'S)-2,2'-((S)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(4-(naphthalen-2-ylmeth

yl)-4,5-dihydrooxazole) ((S,S,S)-2-Np-SPANbox, (S,S,S)-1g) 

O O

O N N O

 
White solid, yield 57%; m.p. 65-66 °C; [α]D

20 = -28.7 (c = 1.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 

7.80-7.75 (6H, m), 7.58 (2H, s), 7.47-7.41 (4H, m), 7.30 (2H, d, J = 8.8 Hz), 7.25 (2H, s), 7.17 (2H, s), 
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4.35-4.32 (2H, m), 3.89 (2H, t, J = 8.8 Hz), 3.76 (2H, t, J = 8.0 Hz), 3.26-3.22 (2H, m), 2.64-2.59 (2H, m), 

2.24 (6H, s), 2.19 (2H, d, J = 14.0 Hz), 2.10 (2H, d, J = 14.4 Hz), 1.58 (6H, s), 1.35 (6H, s); 13C NMR 

(100 MHz, CDCl3) δ 163.7, 147.3, 135.7, 133.6, 133.4, 131.1, 130.2, 129.1, 129.1, 128.0, 127.5, 127.4, 

127.4, 125.9, 125.3, 117.9, 98.8, 71.3, 67.1, 47.4, 41.7, 32.7, 31.4, 30.8, 20.6; IR (neat) ν 2924, 2852, 

1730, 1649, 1599, 1508, 1455, 1359, 1315, 1263, 1227, 1189, 1170, 1090, 1024, 998, 976, 941, 891, 867, 

816, 790, 749, 642, 620 cm-1; ESI-MS, m/z = 755 ([M+H]+); HRMS-ESI (m/z) [M+H]+ calcd for 

C51H51N2O4, 755.38433 found, 755.38458. 

 

(-)-(3aS,3a'S,8aR,8a'R)-2,2'-((R)-4,4,4',4',6,6'-Hexamethyl-2,2'-spirobi[chroman]-8,8'-diyl)bis(8,8a-dihydr

o-3aH-indeno[1,2-d]oxazole) ((S,R,R,R,S)-In-SPANbox, (S,R,R,R,S)-1h) 

 
White solid, 40% yield; m.p. 246-247 °C; [α]D

20 = -188.7 (c = 0.44, CHCl3); 1H NMR (300 MHz, CDCl3) 

δ 7.44-7.42 (2H, m), 7.19-7.15 (8H, m), 7.04 (2H, s), 5.38 (2H, d, J = 8.4 Hz), 4.88 (2H, t, J = 7.5 Hz), 

3.21-3.13 (2H, m), 2.87 (2H, d, J = 17.7 Hz), 2.25-2.18 (8H, m), 2.10 (2H, d, J = 14.1 Hz), 1.65 (6H, s), 

1.32 (6H, s); 13C NMR (75 MHz, CDCl3) δ 163.2, 147.3, 142.1, 140.0, 133.3, 129.6, 129.0, 128.7, 128.0, 

127.0, 125.6, 125.0, 118.0, 98.3, 82.3, 46.8, 39.5, 33.1, 31.9, 30.8, 20.6; IR (neat) ν 2953, 2922, 2855, 

1662, 1458, 1353, 1315, 1264, 1228, 1215, 1186, 1165, 1113, 1092, 1022, 999, 951, 937, 894, 871, 855, 

843, 754, 741, 709 cm-1; ESI-MS, m/z = 651 ([M+H]+); HRMS-ESI (m/z) [M+H]+ calcd for C43H43N2O4, 

651.32173, found, 651.3227. 

 

Preparation of β-Keto Esters and 1,3-Diester. 

All 1-admantyl esters were prepared by transesterification[5] of methyl ester which was prepared 

according to the reported procedures.[6] The tert-butyl ester 6b[7] and 6k[8] was prepared according to the 

reported procedures, respectively. The β-keto esters 6a-c,[9, 7, 6] 6i-k,[10, 5, 6] and α-hydroxy-β-keto esters 

7a-b,[10] 7c,[11-12] 7i,[10] 7k,[13] are known compounds and their 1H NMR data are consistent with the 

literature data. 

 

Characterization data for substrates 6a-m: 
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1-Adamantyl 1-oxo-indan-2-carboxylate (6a)[9] 

 
White solid, m.p. 109-111 °C (lit. m.p. 103 °C); 1H NMR (300 MHz, CDCl3) δ 7.75 (1H, d, J = 7.8 Hz), 

7.61 (1H, t, J = 7.2 Hz), 7.49 (1H, d, J = 7.5 Hz), 7.38 (1H, t, J = 7.2 Hz), 3.61 (1H, dd, J = 8.1, 3.9 Hz), 

3.53-3.46 (1H, m), 3.32 (1H, dd, J = 17.1, 8.1 Hz), 2.23-2.14 (9H, m), 1.71-1.61 (6H, m); 13C NMR (100 

MHz, CDCl3) δ 199.9, 167.8, 153.6, 135.3, 135.0, 127.5, 126.4, 124.4, 81.9, 54.4, 41.1, 36.0, 30.7, 30.2; 

IR (neat) ν 2911, 2852, 1734, 1713, 1642, 1572, 1457, 1353, 1258, 1207, 1162, 1055, 966, 763, 720 cm-1; 

ESI-MS, m/z = 333 [M+Na]+. 

 

tert-Butyl 1-oxo-indan-2-carboxylate (6b)[7] 

 
Pink solid, m.p. 41-43 °C (lit. m.p. 44-46 °C); 1H NMR (400 MHz, CDCl3) δ 7.76 (1H, d, J = 7.6 Hz), 

7.61 (1H, t, J = 8.0 Hz), 7.49 (1H, d, J = 7.2 Hz), 7.38 (1H, t, J = 7.2 Hz), 3.63 (1H, dd, J = 8.0, 4.0 Hz), 

3.52-3.47 (1H, m), 3.33 (1H, dd, J = 17.2, 8.4 Hz), 1.49 (9H, s); 13C NMR (100 MHz, CDCl3) δ 200.0, 

168.3, 153.6, 135.4, 135.2, 127.6, 126.5, 124.5, 82.0, 54.3, 30.3, 28.0; IR (neat) ν 2969, 1713, 1645, 1626, 

1595, 1574, 1456, 1367, 1255, 1147, 1130, 760, 723 cm-1; ESI-MS, m/z = 255 [M+Na]+, 

287[M+MeOH+Na]+. 

 

Methyl 1-oxo-indan-2-carboxylate (6c)[6] 

 
White solid, m.p. 51-53 °C (lit. m.p. 51-60 °C); 1H NMR (300 MHz, CDCl3) δ 7.78 (1H, d, J = 6.6 Hz), 

7.63 (1H, t, J = 7.5 Hz), 7.51 (1H, d, J = 7.5 Hz), 7.40 (1H, t, J = 7.5 Hz), 3.80 (3H, s), 3.75 (1H, dd, J = 

8.1, 4.2 Hz), 3.58 (1H, dd, J = 17.4, 3.9 Hz), 3.39 (1H, dd, J = 17.1, 7.8 Hz); 13C NMR (75 MHz, CDCl3) 

δ 199.3, 169.4, 153.4, 135.3, 135.0, 127.6, 126.4, 124.5, 52.9, 52.6, 30.1; IR (neat) ν 3413, 3031, 2953, 

2845, 1744, 1713, 1655, 1609, 1573, 1436, 1326, 1209, 1155, 989, 763, 680 cm-1; ESI-MS, m/z = 191 

[M+H]+. 

 

1-Adamantyl 6-flroro-1-oxo-indan-2-carboxylate (6d)
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White solid, m.p. 139-141 °C; 1H NMR (400 MHz, CDCl3) δ 7.48-7.05 (3H, m), 3.68-3.26 (3H, m), 

2.22-2.14 (9H, m), 1.74-1.62 (6H, m); 13C NMR (75 MHz, CDCl3) δ 199.0, 167.4, 163.6, 161.1, 149.0, 

138.1, 137.1, 127.9, 122.9, 116.0, 110.3, 110.1, 82.2, 55.3, 55.1, 41.6, 41.5, 41.1, 36.1, 36.0, 32.3, 30.8, 

30.7, 29.8, 29.7, 29.6; IR (neat) ν 2983, 2917, 2852, 2795, 2896,1724, 1632, 1580, 1475, 1403, 1352, 

1301, 1259, 1197, 1139, 1052, 969, 898, 864, 807, 780, 734 cm-1; EI-MS, m/z = 328 ([M]+), 194, 177, 

149,135,121, 101, 93, 79, 67, 55, 41; HRMS-EI (m/z) [M]+ calcd for C20H21O3F, 328.1475, found, 

328.1474. 

 

1-Adamantyl 6-chloro-1-oxo-indan-2-carboxylate (6e)

 
White solid, m.p. 172-174 °C; 1H NMR (300 MHz, CDCl3) δ 7.70-7.35 (3H, m), 3.67-3.25 (3H, m), 

2.22-2.13 (9H, m), 1.71-1.61 (6H, m); 13C NMR (75 MHz, CDCl3) δ 198.6, 167.3, 151.6, 140.9, 138.8, 

136.8, 135.0, 133.9, 132.7, 128.8, 127.6, 125.5, 124.1, 120.4, 105.4, 82.2, 81.3, 54.8, 41.6, 41.0, 36.0, 

35.9, 32.4, 30.8, 30.7, 29. 8; IR (neat) ν 2936, 2904, 2842, 1760, 1632, 1404, 1303, 1256, 1217, 1056, 

872, 817, 774, 738 cm-1; ESI-MS, m/z = 367 [M+Na]+; HRMS-EI (m/z) [M]+ calcd for C20H21O3Cl, 

344.1179, found, 344.1183. 

 

1-Adamantyl 6-methyl-1-oxo-indan-2-carboxylate (6f)
O

O

OMe

 
White solid, m.p. 110-112 °C; 1H NMR (300 MHz, CDCl3) δ 7.54 (1H, s), 7.43-7.35 (2H, m), 3.60 (1H, 

dd, J = 8.1, 3.9 Hz), 3.43 (1H, dd, J = 16.2, 3.6 Hz), 3.27 (1H, dd, J = 17.4, 8.1 Hz), 2.41-2.14 (9H, s), 

1.70-1.61 (6H, m); 13C NMR (75 MHz, CDCl3) δ 200.0, 167.9, 151.0, 137.4, 136.3, 135.5, 126.0, 124.2, 

81.8, 54.7, 41.0, 36.1, 36.0, 30.7, 29.9; IR (neat) ν 2910, 2852, 1731, 1710, 1642, 1584, 1573, 1493, 1456, 
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1278, 1148, 1054, 966, 866, 813, 736 cm-1; ESI-MS, m/z = 347 [M+Na]+; HRMS-ESI (m/z) [M+Na]+ 

calcd for C21H24NaO3, 347.1628, found, 347.1617. 

 

1-Adamantyl 6-methoxy-1-oxo-indan-2-carboxylate (6g)
O

O

OMeO

 
White solid, m.p. 126-128 °C; 1H NMR (300 MHz, CDCl3) δ 7.30 (1H, d, J = 7.8 Hz), 7.14-7.11 (2H, m), 

3.75 (3H, s), 3.55 (1H, dd, J = 8.1, 4.2 Hz), 3.32 (1H, dd, J = 15.3, 3.6 Hz), 3.17 (1H, dd, J = 17.1, 7.8 

Hz), 2.15-2.07 (9H, m), 1.63-1.58 (6H, m); 13C NMR (75 MHz, CDCl3) δ 200.0, 167.9, 159.5, 146.5, 

136.6, 127.1, 124.6, 105.5, 82.0, 55.5, 55.2, 41.1, 36.0, 30.8, 29.6; IR (neat) ν 2912, 2852, 1710, 1641, 

1573, 1492, 1457, 1275, 1213, 1156, 1055, 1028, 865 cm-1; ESI-MS, m/z = 363 [M+Na]+; HRMS-ESI 

(m/z) [M+Na]+ calcd for C21H24NaO4, 363.1566, found, 362.1585. 

 

1-Adamantyl 5-chloro1-oxo-indan-2-carboxylate (6h)

 
White solid, m.p. 124-126 °C; 1H NMR (300 MHz, CDCl3) δ 7.67 (1H, d, J = 8.1 Hz), 7.48 (1H, s), 7.35 

(1H, d, J = 8.1 Hz), 3.62 (1H, dd, J = 7.8, 3.6 Hz), 3.51-3.44 (1H, m), 3.30 (1H, dd, J = 17.4, 8.1 Hz), 

2.21-2.14 (9H, m), 1.70-1.65 (6H, m); 13C NMR (75 MHz, CDCl3) δ 198.4, 167.4, 155.0, 141.6, 133.8, 

128.4, 126.6, 125.5, 82.2, 54.4, 41.0, 36.0, 30.7, 29.9; IR (neat) ν 2911, 2852, 1733, 1714, 1646, 1599, 

1565, 1421, 1353, 1257, 1183, 1102, 1054, 967, 814, 766 cm-1; EI-MS, m/z = 344 ([M]+), 309, 192, 152, 

135, 119, 95, 79, 67; HRMS-EI (m/z) [M]+ calcd for C11H9O3F, 344.1179, found, 344.1181. 

 

1-Adamantyl 1-oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylate (6i)[10] 

O

OO

 
White solid, m.p. 89-92 °C; 1H NMR (400 MHz, CDCl3) δ 12.6 (0.79H, br, HO of enol), 8.03-7.76 (1H, 
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m), 7.48-7.14 (3H, m), 3.50-3.47 (0.21H, m, HC of ketone), 3.04-2.76 (2H, m), 2.52-2.30 (2H, m), 

2.20-2.13 (9H, m), 1.73-1.65 (6H, m); 13C NMR (100 MHz, CDCl3) δ 193.7, 172.4, 169.1, 164.4, 143.5, 

139.3, 133.6, 130.3, 130.1, 128.7, 127.5, 127.2, 126.7, 126.4, 124.1, 98.3, 81.8, 81.3, 55.4, 41.5 41.2, 36.2, 

36.1, 30.9, 30.8, 27.8, 27.5, 26.5, 20.9; IR (neat) ν 2909, 2858, 1630, 1568, 1452, 1378, 1349, 1326, 1263, 

1210, 1083, 1046, 845, 769, 750, 731 cm-1; EI-MS, m/z = 324 ([M]+), 173, 144, 135, 115, 107, 93, 79. 

 

1-Adamantyl 2-oxocyclopentanecarboxylate (6j)[5] 

 
Pink oil, 1H NMR (300 MHz, CDCl3) δ 3.04 (1H, t, J = 9.0 Hz), 2.31-2.07 (13H, m), 1.91-1.61 (8H, m); 
13C NMR (75 MHz, CDCl3) δ 212.9, 168.3, 81.6, 55.7, 41.1, 38.0, 36.0, 30.7, 27.4, 20.8; IR (neat) ν 3376, 

2911, 2852, 1753, 1720, 1455, 1405, 1350, 1251, 1188, 1053, 931, 834, 814 cm-1; ESI-MS, m/z = 285 

([M+Na]+), 317 ([M+MeOH+Na]+). 

 

tert-Butyl 2-oxocyclopentanecarboxylate (6k)[8] 

 
Colorless oil, 1H NMR (300 MHz, CDCl3) δ 3.04 (1H, t, J = 9.0 Hz), 2.31-2.21 (4H, m), 2.17-2.07 (1H, 

m), 1.89-1.79 (1H, m), 1.47 (9H, s); 13C NMR (75 MHz, CDCl3) δ 212.9, 168.6, 81.6, 55.6, 38.0, 27.9, 

27.3, 20.8; IR (neat) ν 2977, 2884, 1755, 1722, 1652, 1455, 1369, 1341, 1256, 1157, 1110, 983, 844 cm-1; 

ESI-MS, m/z = 207 ([M+Na]+), 239 ([M+MeOH+Na]+). 

 

1-Adamantyl 2-oxocyclohexanecarboxylate (6l) 

 
White solid, m.p. 69-70 °C; 1H NMR (300 MHz, CDCl3) δ 12.3 (0.75 H, br), 3.51-3.49 (0.25H, m), 

2.26-2.16 (13H, m), 1.67-1.55 (10H, m); 13C NMR (100 MHz, CDCl3) δ 172.4, 171.2, 98.8, 80.6, 41.4, 

36.1, 30.7, 29.0, 22.7, 22.4, 21.9; IR (neat) ν 2912, 2854, 1736, 1717, 1649, 1613, 1456, 1390, 1259, 

1219, 1175, 1062, 967, 920, 836, 814 cm-1; ESI-MS, m/z = 299 [M+Na]+; HRMS-ESI (m/z) [M+Na]+ 

calcd for C17H24NaO3, 299.1621, found, 299.1617; Anal. cacld for C17H24O3: C, 73.88; H, 8.75. Found: C, 
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73.93; H, 9.17. 

 

1-Adamantyl 2-oxotetrahydrofuran-3-carboxylate (6m) 

 
White solid, m.p. 79-82 °C; 1H NMR (400 MHz, CDCl3) δ 4.47-4.41 (1H, m), 4.33-4.27 (1H, m), 3.43 

(1H, dd, J = 9.2, 7.2 Hz), 2.65-2.56 (1H, m), 2.51-2.42 (1H, m), 2.19-14 (9H, m), 1.72-1.58 (6H, m); 13C 

NMR (100 MHz, CDCl3) δ 172.7, 166.5, 83.0, 67.2, 47.0,  41.1, 36.0, 30.8, 26.5; IR (neat) ν 2911, 2853, 

1773, 1726, 1456, 1349, 1257, 1147, 1050, 1017,967, 802, 687 cm-1; ESI-MS, m/z = 264 [M]+, 134, 92, 

95, 79, 41; HRMS-ESI (m/z) [M+Na]+ calcd for C15H20O4, 264.1362, found, 264.1364. 

 

A Typical Procedure for Enantioselective Hydroxylation of β-Keto Esters or 1,3-Diester: 

Zn(OTf)2 (0.9 mg, 0.0025 mmol) and (S,R,S)-1 (0.0055 mmol) were weighed in a nitrogen-filled 

glovebox and transferred into a pre-dried Schlenk tube equipped with a Teflon-coated magnetic stirring 

bar. The Schlenk tube was further vacuumized for 2 h before dry 1,2-dichloroethane (1.0 mL) was added 

under argon atmosphere. The resultant solution was stirred for 1 h and the substrate β-keto ester or 

1,3-diester (0.25 mmol) was added to the solution. After stirring for additional 30 min, the oxidant (0.30 

mmol) was added to the solution in one portion. The mixture was stirred at the defined temperature and 

the reaction process was monitored by TLC. The reaction was quenched by addition of saturated aqueous 

NaHSO3 solution when the conversion of starting material was completed. The mixture was then 

extracted with dichloromethane, the combined organic phase was washed with brine and then dried over 

Na2SO4. After removal of the solvent under vacuum evaporation, the residue was purified by column 

chromatography on silica gel using petroleum ether/ethyl acetate as the eluent to afford 7. The 

enantiomeric excess of the obtained hydroxylation product 7 was determined by HPLC or GC on a chiral 

stationary phase. 

 

Characterization Data for Hydroxylation Products.  

(S)-(+)-1-Adamantyl 2-hydroxy-1-oxo-indan-2-carboxylate (7a) [10]  
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Colorless oil, >99% yield, 98% ee; [α]D

20 = +19.7 (c = 0.89, CHCl3) [lit. [α]D
20 = +19.7 (c = 0.60, CHCl3) 

for 91% ee (S)]; 1H NMR (300 MHz, CDCl3) δ 7.79 (1H, d, J = 7.8 Hz), 7.67-7.62 (1H, m), 7.48-7.38 

(2H, m), 4.03 (1H, br), 3.65 (1H, d, J = 17.4 Hz), 3.22 (1H, d, J = 17.1 Hz), 2.11 (3H, s), 1.97-1.95 (6H, 

m), 1.60-1.59 (6H, m); 13C NMR (100 MHz, CDCl3) δ 201.4, 170.1, 152.3, 135.7, 133.9, 127.8, 126.2, 

125.0, 83.8, 80.5, 40.8, 39.5, 35.8, 30.7; IR (neat) ν 3476, 2912, 2852, 1740, 1608, 1457, 1249, 1196, 

1103, 1049, 964, 881, 754, 695, 669 cm-1; EI-MS, m/z = 243, 195, 179, 152, 135, 103, 95, 76, 51. The 

enantiomeric excess was determined by HPLC on Chiralpak AD-H column, hexane: isopropanol = 90: 10, 

flow rate: 1.0 mL/min, 254 nm, tR1 = 15.6 min (major), tR2 = 24.6 min (minor). 

 

(S)-(+)-tert-Butyl 2-hydroxy-1-oxo-indan-2-carboxylate (7b) [10]  

 
White solid, >99% yield, 94% ee; m.p. 63-66 °C; [α]D

20 = +37.8 (c = 1.09, CHCl3) [lit. [α]D
20 = +34.1 (c = 

0.42, CHCl3) for 89% ee (S)]; 1H NMR (400 MHz, CDCl3) δ 7.78 (1H, d, J = 8.0 Hz), 7.64 (1H, t, J = 7.2 

Hz), 7.48 (1H, d, J = 7.6 Hz), 7.40 (1H, t, J = 7.2 Hz), 4.22 (1H, br), 3.66 (1H, d, J = 17.2 Hz), 3.22 (1H, 

d, J = 17.2 Hz), 1.36 (9H, s); 13C NMR (100 MHz, CDCl3) δ 201.3, 170.4, 152.2, 135.7, 133.7, 127.7, 

126.1, 124.8, 83.6, 80.4, 39.3, 27.5; IR (neat) ν 3409, 2924, 2852, 1735, 1708, 1603, 1465, 1369, 1290, 

1252, 1210, 1150, 1127, 1102, 924, 836, 816, 765, 744, 721, 694, 678 cm-1; EI-MS, m/z = 205, 192, 164, 

147, 136, 130, 118, 91, 65, 57, 41. The enantiomeric excess was determined by HPLC on Chiralpak OJ 

column, hexane: isopropanol = 90: 10, flow rate: 1.0 mL/min, 254 nm, tR1 = 7.7 min (major), tR2 = 12.2 

min (minor). 

 

(S)-(+)-Methyl 2-hydroxy-1-oxo-indan-2-carboxylate (7c) [11]

 
White solid, >99% yield, 90% ee; m.p. 135-137 °C [lit.[12] m.p. 131-132 °C]; [α]D

20 = +44.9 (c = 1.01, 

CHCl3) [lit. [α]D
25 = +52.1 (c = 1.0, CHCl3) for >98% ee (S)]; 1H NMR (400 MHz, CDCl3) δ 7.80 (1H, d, 

J = 7.6 Hz), 7.68 (1H, t, J = 7.6 Hz), 7.50 (1H, d, J = 7.6 Hz), 7.44 (1H, t, J = 7.6 Hz), 4.06 (1H, b), 3.74 

(1H, d, J = 17.2 Hz), 3.74 (3H, s), 3.26 (1H, d, J = 17.6 Hz); 13C NMR (100 MHz, CDCl3) δ 200.8, 171.9, 
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152.2, 136.2, 133.5, 128.1, 126.5, 125.3, 80.3, 53.4, 39.2; IR (neat) ν 3404, 2958, 2923, 2853, 1746, 1706, 

1605, 1463, 1258, 1202, 1187, 1116, 1103, 801, 754, 693 cm-1; EI-MS, m/z = 206 ([M]+), 147, 118, 97, 91, 

83, 70, 57, 55, 41. The enantiomeric excess was determined by HPLC on Chiralpak AD-H column, 

hexane: isopropanol = 90: 10, flow rate: 1.0 mL/min, 254 nm, tR1 = 20.2 min (major), tR2 = 21.9 min 

(minor).  

 

(+)-1-Adamantyl 6-fluoro-2-hydroxy-1-oxo-indan-2-carboxylate (7d)  
O

O

OOHF

 
White solid, >99% yield, 93% ee; m.p. 64-65 °C; [α]D

20 = +20.6 (c = 1.00, CHCl3). 1H NMR (300 MHz, 

CDCl3) δ 7.47-7.33 (3H, m), 4.08 (1H, br), 3.61 (1H, d, J = 17.4 Hz), 3.18 (1H, d, J = 16.8 Hz), 2.12 (3H, 

s), 1.97-1.96 (6H, m), 1.60 (6H, s); 13C NMR (100 MHz, CDCl3) δ 200.6, 169.7, 160.6, 147.7, 135.6, 

127.7, 123.4; 110.6, 84.2, 81.1, 40.8, 38.9, 35.7, 30.7; IR (neat) ν 3473, 3066, 2913, 2853, 1743, 1613, 

1487, 1440, 1368, 1257, 1158, 1049, 964, 882, 817, 768 cm-1; EI-MS, m/z = 344 ([M]+), 288, 259, 243, 

229, 212, 195, 184, 179, 165, 152; HRMS-EI (m/z) [M]+ calcd for C20H21O4F, 344.1424, found, 344.1425. 

The enantiomeric excess was determined by HPLC on Chiralpak AD-H column, hexane: isopropanol = 

90: 10, flow rate: 1.0 mL/min, 254 nm, tR1 = 13.3 min (major), tR2 = 26.0 min (minor). 

 

(+)-1-Adamantyl 6-chloro-2-hydroxy-1-oxo-indan-2-carboxylate (7e)  

 
Yellow solid, >99% yield, 95% ee; m.p. 91-93 °C; [α]D

20 = +2.1 (c = 1.02, CHCl3). 1H NMR (300 MHz, 

CDCl3) δ 7.74 (1H, s), 7.60 (1H, d, J = 8.1 Hz), 7.42 (1H, d, J = 8.1 Hz), 4.09 (1H, br), 3.62 (1H, d, J = 

16.8 Hz), 3.18 (1H, d, J = 16.8 Hz), 2.12 (3H, s), 1.95 (6H, s), 1.60 (6H, s); 13C NMR (100 MHz, CDCl3) 

δ 200.2, 169.7, 150.3, 135.7, 135.4, 134.1, 127.4, 124.6, 84.2, 80.8, 40.8, 39.1, 35.7, 30.7; IR (neat) ν 

3471, 2912, 1853, 1750, 1720, 1600, 1467, 1429, 1368, 1242, 1201, 1120, 1048, 964, 880, 815, 754, 696 

cm-1; EI-MS, m/z = 181, 169, 152, 135, 125, 107, 93, 79, 77, 67, 55; HRMS-EI (m/z) [M]+ calcd for 

C20H21O4Cl, 360.1128, found, 360.1132. The enantiomeric excess was determined by HPLC on Chiralpak 

AD-H column, hexane: isopropanol = 90: 10, flow rate: 1.0 mL/min, 254 nm, tR1 = 12.9 min (major), tR2 

 29

Supplementary Material (ESI) for Chemical Science
This journal is (c) The Royal Society of Chemistry 2011



= 24.4 min (minor). 

 

(+)-1-Adamantyl 2-hydroxy-6-methyl-1-oxo-indan-2-carboxylate (7f) 
O

O

OOHMe

 
White solid, >99% yield, 97% ee; m.p. 86-88 °C; [α]D

20 = +13.0 (c = 0.98, CHCl3). 1H NMR (300 MHz, 

CDCl3) δ 7.57 (1H, s), 7.45 (1H, d, J = 7.8 Hz), 7.34 (1H, d, J = 8.1 Hz), 4.02 (1H, br), 3.60 (1H, d, J = 

17.1 Hz), 3.15 (1H, d, J = 16.8 Hz), 2.41 (3H, s), 2.17 (3H, s), 1.96 (6H, s), 1.59 (6H, s); 13C NMR (100 

MHz, CDCl3) δ 201.4, 170.3, 149.7, 137.8, 137.0, 134.0, 125.8, 124.8, 83.7, 80.7, 40.8, 39.1, 35.8, 30.7, 

21.0; IR (neat) ν 3464, 2912, 2852, 1716, 1615, 1492, 1456, 1367, 1278, 1189, 1129, 1049, 964, 884, 766 

cm-1; EI-MS, m/z = 340 ([M]+), 176, 161, 144, 135, 117, 107, 93, 79, 67, 55; HRMS-EI (m/z) [M]+ calcd 

for C21H24O4, 340.1675, found, 340.1676. Anal. Calcd for C21H24O4: C, 74.09; H, 7.11. Found: C, 73.97; 

H, 6.96. The enantiomeric excess was determined by HPLC on Chiralpak AD-H column, hexane: 

isopropanol = 90: 10, flow rate: 1.0 mL/min, 254 nm, tR1 = 15.8 min (major), tR2 = 30.8 min (minor). 

 

(+)-1-Adamantyl 2-hydroxy-6-methoxy-1-oxo-indan-2-carboxylate (7g) 
O

O

OOHMeO

 
White solid, >99% yield, 96% ee; m.p. 87-89 °C; [α]D

20 = +5.8 (c = 1.01, CHCl3). 1H NMR (300 MHz, 

CDCl3) δ 7.35 (1H, d, J = 8.4 Hz), 7.25-7.21 (2H, m), 4.05 (1H, br), 3.85 (3H, s), 3.57 (1H, d, J = 16.8 

Hz), 3.13 (1H, d, J = 16.5 Hz), 2.17 (3H, s), 1.96 (6H, s), 1.71 (6H, s); 13C NMR (100 MHz, CDCl3) δ 

201.4, 170.2, 159.5, 145.3, 135.0, 126.9, 125.1, 105.9, 83.8, 81.1, 55.5, 40.8, 38.9, 35.8, 30.7; IR (neat) ν 

3480, 2912, 2852, 1740, 1717, 1616, 1493, 1456, 1254, 1195, 1104, 1049, 964, 884 cm-1; EI-MS, m/z = 

356 ([M]+), 338, 300, 243, 204, 179 152, 135, 120, 95, 93, 77, 67, 51; HRMS-EI (m/z) [M]+ calcd for 

C21H24O5, 356.1624, found, 356.1628. The enantiomeric excess was determined by HPLC on Chiralpak 

AD-H column, hexane: isopropanol = 90: 10, flow rate: 1.0 mL/min, 254 nm, tR1 = 20.3 min (major), tR2 

= 35.8 min (minor). 

 

(+)-1-Adamantyl 5-chloro-2-hydroxy-1-oxo-indan-2-carboxylate (7h)  
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White solid, 98% yield, 96% ee; m.p. 124-126 °C; [α]D

20 = +51.2 (c = 1.02, CHCl3). 1H NMR (300 MHz, 

CDCl3) δ 7.72 (1H, d, J = 8.4 Hz), 7.47 (1H, s), 7.39 (1H, d, J = 8.4 Hz), 4.09 (1H, br), 3.63 (1H, d, J = 

17.4 Hz), 3.19 (1H, d, J = 17.4 Hz), 2.12 (3H, s), 1.97 (6H, s), 1.60 (6H, s); 13C NMR (75 MHz, CDCl3) δ 

199.9, 169.7, 153.6, 142.3, 132.3, 128.7, 126.4, 126.0, 84.1, 80.4, 40.9, 39.1, 35.7, 30.7; IR (neat) ν 3346, 

2912, 2850, 1742, 1734, 1599, 1577, 1417, 1261, 1198, 1065, 927, 792, 678 cm-1; EI-MS, m/z = 360 

([M]+), 224, 207, 196, 181, 169, 163, 135, 93, 79; HRMS-EI (m/z) [M]+ calcd for C20H21O4Cl, 360.1128, 

found, 360.1117. The enantiomeric excess was determined by HPLC on Chiralpak AD-H column, hexane: 

isopropanol = 90:10, flow rate: 1.0 mL/min, 254 nm, tR1 = 15.6 min (major), tR2 = 25.2 min (minor). 

 

(S)-(-)-1-Adamantyl 2-hydroxy-1-oxo-1,2,3,4-tetrahydronaphthalene-2-carboxylate (7i)[10] 

 
White solid, >99% yield, 94% ee; m.p. 106-108 °C; [α]D

20 = -4.6 (c = 1.02, CHCl3) [lit. [α]D
26 = -3.7 (c = 

0.4, CHCl3) for 82% ee (S)]; 1H NMR (400 MHz, CDCl3) δ 8.04 (1H, d, J = 8.0 Hz), 7.52 (1H, t, J = 7.6 

Hz), 7.34 (1H, t, J = 7.6 Hz), 7.60 (1H, d, J = 8.4 Hz), 4.26 (1H, br), 3.12 (2H, t, J = 7.4 Hz), 2.67-2.61 

(1H, m), 2.26-2.19 (1H, m), 2.12 (3H, s), 2.01 (6H, s), 1.61 (6H, s); 13C NMR (100 MHz, CDCl3) δ 194.9, 

169.6, 143.8, 134.0, 130.7, 128.7, 127.9, 126.8, 83.4, 77.7, 40.9, 35.9, 32.8, 30.7, 25.7; IR (neat) ν 3459, 

2921, 2892, 2853, 1727, 1681, 1454, 1255, 1195, 1128, 1108, 1048, 964, 921, 865, 826, 799, 734, 719 

cm-1; ESI-MS, m/z = 363 ([M+Na]+). The enantiomeric excess was determined by HPLC on Chiralpak 

AD-H column, hexane: isopropanol = 90: 10, flow rate: 1.0 mL/min, 254 nm, tR1 = 13.1 min (major), tR2 

= 20.1 min (minor). 

 

(-)-1-Adamantyl 1-hydroxy-2-oxocyclopentanecarboxylate (7j)  

 
White solid, >99% yield, 97% ee; m.p. 77-78 °C; [α]D

20 = -10.4 (c = 1.00, CHCl3). 1H NMR (300 MHz, 
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CDCl3) δ 3.71 (1H, br), 2.45-2.43 (3H, m), 2.34-2.10 (12H, m), 1.66 (6H, s); 13C NMR (75 MHz, CDCl3) 

δ 214.0, 170.4, 83.9, 79.7, 41.0, 35.8, 35.6, 34.8, 30.8, 18.3; IR (neat) ν 3487, 2912, 2854, 1756, 1727, 

1457, 1255, 1173, 1103, 1052, 965, 887 cm-1; ESI-MS, m/z = 301 [M+Na]+; Anal. Calcd for C16H22O4: C, 

69.04; H, 7.97. Found: C, 69.00; H, 7.86. The enantiomeric excess was determined by HPLC on 

Chiralpak AD-H column, hexane: isopropanol = 90: 10, flow rate: 1.0 mL/min, 227 nm, tR1 = 9.0 min 

(major), tR2 = 11.0 min (minor). 

 

(S)-(-)-tert-butyl 1-hydroxy-2-oxocyclopentanecarboxylate (7k)[13]  

 
Yellow oil, >99% yield, 95% ee; [α]D

20 = -8.9 (c = 1.00, CHCl3) [lit. [α]D = -4.3 (c = 1.9, CH2Cl2) for 

93% ee (S)]; 1H NMR (300 MHz, CDCl3) δ 3.68 (1H, br), 2.48-2.38 (3H, m), 2.13-2.03 (3H, m), 1.47 (9H, 

s); 13C NMR (100 MHz, CDCl3) δ 213.9, 170.7, 83.8, 79.6, 35.8, 34.8, 27.7, 18.3; IR (neat) ν 3484, 2963, 

2928, 2855, 1757, 1729, 1459, 1371, 1260, 1148, 1098, 844, 802 cm-1; ESI-MS, m/z = 223 [M+Na]+ The 

enantiomeric excess was determined by GC on Chiralcel beta-120 column, temperatue program: 120 °C, 

Flow rate: 1.0 mL/min, tR1 = 27.0 min (major), tR2 = 28.3 min (minor). 

 

(-)-1-Adamantyl 1-hydroxy-2-oxocyclohexanecarboxylate (7l)  

 
White solid, 98% yield, 93% ee; m.p. 74-75 °C; [α]D

20 = -79.9 (c = 1.02, CHCl3); 1H NMR (300 MHz, 

CDCl3) δ 4.27 (1H, br), 2.68-2.49 (3H, m), 2.18-2.02 (9H, m), 1.85-1.56 (11H, m); 13C NMR (100 MHz, 

CDCl3) δ 207.6, 168.7, 83.1, 81.1, 41.0, 38.9, 37.4, 35.9, 30.8, 26.9, 22.1; IR (neat) ν 3462, 2913, 2855, 

1721, 1453, 1439, 1355, 1263, 1210, 1114, 1050, 966, 877, 736 cm-1; ESI-MS, m/z = 315 [M+Na]+; 

HRMS-ESI (m/z) [M+Na]+ calcd for C17H24O4Na, 315.1566, found, 315.1566. The enantiomeric excess 

was determined by HPLC on Chiralpak AS-H column, hexane: isopropanol = 95: 5, flow rate: 0.7 

mL/min, 210 nm, tR1 = 10.6 min (minor), tR2 = 11.3 min (major). 

 

(+)-1-Adamantyl 3-hydroxy-2-oxotetrahydrofuran-3-carboxylate (7m) 
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White solid, >99% yield, 99% ee; m.p. 117-120 °C; [α]D

20 = +14.3 (c = 1.00, CHCl3). 1H NMR (400 MHz, 

CDCl3) δ 4.49-4.40 (2H, m), 4.01 (1H, br), 2.72-2.66 (1H, m), 2.51-2.44 (1H, m), 2.21 (3H, s), 2.13 (6H, 

s), 1.67 (6H, s); 13C NMR (100 MHz, CDCl3) δ 173.7, 168.6, 85.3, 75.6, 65.8, 41.0, 35.7, 34.2, 30.8; IR 

(neat) ν 3497, 2918, 2852, 1775, 1727, 1256, 1217, 1180, 1155, 1057, 1046, 1057, 1046, 1016, 897, 846, 

733, 665 cm-1; EI-MS, m/z = 135, 107, 93, 91, 79, 77, 67, 55; HRMS-EI (m/z) [M]+ calcd for C15H20O5, 

280.1311, found, 280.1308. The enantiomeric excess was determined by HPLC on Chiralpak AD-H 

column, hexane: isopropanol = 90: 10, flow rate: 1.0 mL/min, 216 nm, tR1 = 16.0 min (major), tR2 = 23.7 

min (minor). 
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Crystal Data and Structure Refinement for (S,R,S)-1a 

 
The crystal data have been deposited at the Cambridge Crystallographic Data Centre (CCDC), deposition 

number: CCDC 787243. Copies of the data can be obtained, free of charge, on application to the CCDC, 

12 Union Road, Cambridge CB2 1EZ UK ( http://www.ccdc.cam.ac.uk/ ).  

 

 35

Supplementary Material (ESI) for Chemical Science
This journal is (c) The Royal Society of Chemistry 2011



 36

Figure S1. The molecular structure of (S,R,S)-1a 
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Figure S2. 1H NMR spectra of (S,R,S)-1a (upper) and its in-situ prepared Zn(OTf)2 complex [(S,R,S)-1a/Zn(OTf)2 = 2.2/1] (lower) in CDCl3. 

 

 37 

Supplementary Material (ESI) for Chemical Science
This journal is (c) The Royal Society of Chemistry 2011



 38 

Figure S3. MALDI-TOF-MS (DHB) spectra of (S,R,S)-1a/Zn(OTf)2 complex prepared in-situ in CDCl3 [(S,R,S)-1a/Zn(OTf)2 = 2.2/1]. 

HRMS [MALDI-TOF (DHB)] (m/z): [Zn + (S,R,S)-1a – H]+ calcd for C41H41N2O4
64Zn, 689.23523, found, 689.2349. 
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1H NMR spectra 
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GC or HPLC Chromatograms for the Hydroxylation Products 7a-m 
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