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I. General Remarks 

1H NMR spectra were recorded on a VARIAN Mercury 300 MHz spectrometer 

in CDCl3. Chemical shifts are reported in ppm with the internal TMS signal at 0.0 

ppm as a standard. The data are reported as (s = single, d = double, t = triple, q = 

quartet, m = multiple or unresolved, and brs = broad single). 13C NMR spectra were 

recorded on a Bruker 75 MHz or 100 MHz spectrometer in CDCl3. Chemical shifts 

are reported in ppm with the internal chloroform signal at 77.0 ppm as a standard. 

Commercially available reagents were used without further purification. All reactions 

were monitored by TLC with silica gel-coated plates. Diastereomeric ratios were 

determined from crude 1H NMR or HPLC analysis. Enantiomeric ratios were 

determined by HPLC, using a chiralpak AD-H column, a chiralpak AS-H column or a 

chiralcel OD-H column with hexane and i-PrOH as solvents. -methylene-- 

butyrolactone was prepared according to the literature procedure.1 The racemic 

adducts were obtained by using AgOAc/BINAP as the catalyst. The absolute 

configuration of 5a was determined unequivocally according to the X-ray diffraction 

analysis, and those of other adducts were deduced on the basis of these results. 
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II. Metal salt Screening for Asymmetric 1,3-Dipolar Cycloaddition of Azomethine 

Ylides with -methylene--butyrolactone. 
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Table S1. Screening studies of the catalytic asymmetric 1,3-DC of imino

ester 1a with -methylene- -butyrolactone 2aa

Entry yield (%)b ee (%)c[M]

70 982 CuOTf.1/2C6H6

80 981 AgBF4

3 CuOAc 83 97

exo/endo

>98:2

>98:2

>98:2

4 Cu(OTf)2 68 9792:8

aAll reactions were carried out with 0.35 mmol of 1a and 0.23 mmol of
2 in 2 mL solvent for 1-2 h. b Isolated yields of exo-3a and endo-3a.
c Ee of exo-3a was determined by HPLC analysis.

Et3N (15 mol %)
DCM, rt

[M]/(R)-DTBM-BIPHEP
(3 mol %)

 

 

III. General Procedure for Asymmetric 1,3-Dipolar Cycloaddition of Imino 

Esters with -Methylene--butyrolatone 

Under argon atmosphere, rac-BINAP (4.7 mg, 0.0076 mmol) and AgOAc (1.1 

mg, 0.0069 mmol) were dissolved in 2 mL of DCM, and stirred at room temperature 

for about 0.5 h. Then, imine substrate (0.35 mmol), Et3N (0.03 mmol) and 

-Methylenebutyrolatone (0.23 mmol) were added sequentially. Once starting 

material was consumed (monitored by TLC), the organic solvent was removed and the 

residue was purified by column chromatography. 
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IV. General Procedure for Asymmetric 1,3-Dipolar Cycloaddition of Azomethine 

Ylides with -Methylenebutyrolatone. 

Under argon atmosphere, (R)-DTBM-Biphep (L5) (8.7 mg, 0.0076 mmol) and 

Cu(CH3CN)4BF4 (2.2 mg, 0.0069 mmol) were dissolved in 2 mL of DCM, and stirred 

at room temperature for about 0.5 h. After imine substrate (0.35 mmol) was added. 

Then, -Methylenebutyrolatone (0.23 mmol) and Et3N (0.03 mmol) was added 

sequentially. Once starting material was consumed (monitored by TLC), the mixture 

was filtered through celite and the filtrate was concentrated to dryness. The residue 

was purified by column chromatography to give the corresponding cycloaddition 

product, which was then directly analyzed by HPLC analysis to determine the 

enantiomeric excess. 

 

 (3a) 

(5R,6R,8R)-methyl 6-(4-chlorophenyl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8-car- 

boxylate 

The title compound was prepared according to the general procedure as described 

above in 87% yield; []25
D = +24.0 (c 0.75, CHCl3); 

1H NMR (CDCl3, TMS, 300 

MHz)  7.40-7.26 (m, 4H), 4.60 (s, 1H), 4.15-4.09 (m, 1H), 4.06-3.98 (m, 1H), 3.79 

(s, 3H), 3.36 (dd, J1 = 8.1 Hz, J2 = 15.9 Hz, 1H), 2.80-2.72 (m, 1H), 2.27-2.23 (m, 1H), 

2.11-2.02 (m, 1H), 1.95-1.86 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 179.7, 174.0, 

136.2, 134.0, 128.7, 128.2, 67.7, 65.8, 56.9, 52.3, 40.4, 30.7; IR (KBr)  3360, 2952, 

2820, 2341, 1739, 1513, 1440, 1248, 1216, 1192, 1030, 758 cm-1. HRMS: calcd. for 

C15H16ClNO4 + H+: 310.0839, found: 310.0841. The product was analyzed by HPLC 

to determine the enantiomeric excess: >99% ee (Chiralpak AS-H, i-propanol/hexane = 

30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 16.76 and 22.26 min. 
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 (3b) 

(5R,6S,8R)-methyl 6-(2-chlorophenyl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8-car- 

boxylate 

The title compound was prepared according to the general procedure as described 

above in 80% yield. []25
D = -13.1 (c 0.76, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.91 (d, J = 7.2 Hz, 1H), 7.36-7.21 (m, 3H), 5.12 (s, 1H), 4.22 (t, J = 8.1 Hz, 1H), 

4.07 (dd, J1 = 7.8 Hz, J2 = 15.6 Hz, 1H), 3.79-3.70 (m, 4H), 2.74-2.67 (m, 1H), 

2.18-2.04 (m, 2H), 1.82-1.73 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz)  180.2, 

173.5, 137.5, 133.3, 129.4, 129.3, 129.0, 127.0, 66.0, 62.7, 57.5, 52.1, 51.1, 40.4, 32.4; 

IR (KBr)  3350, 2912, 2355, 1730, 1513, 1433, 1240, 1218, 1188, 1028, 759 cm-1. 

HRMS: calcd. for C15H16ClNO4 + H+: 310.0841, found: 310.0841. The product was 

analyzed by HPLC to determine the enantiomeric excess: 98% ee (Chiralpak AD-H, 

i-propanol/hexane = 30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 8.78 and 9.78 

min. 

 

 (3c) 

(5R,6R,8R)-methyl 6-(3-chlorophenyl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8-car- 

boxylate 

The title compound was prepared according to the general procedure as described 

above in 72% yield. []25
D = +30.6 (c 0.65, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.50 (s, 1H), 7.28 (m, 3H), 4.60 (s, 1H), 4.17-4.13 (m, 1H), 4.05-4.02 (m, 1H), 

3.80 (s, 3H), 3.46-3.38 (m, 1H), 2.78-2.71 (m, 1H), 2.27 (dd, J1 = 4.2 Hz, J2 = 13.2 Hz, 

1H), 2.12-1.97 (m, 1H), 1.92-1.88 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 179.7, 

173.8, 140.0, 134.6, 129.8, 128.4, 126.9, 125.2, 67.7, 65.8, 56.9, 52.4, 52.3, 40.2, 30.8; 
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IR (KBr)  2945, 2818, 2340, 1720, 1512, 1453, 1240, 1215, 1185, 1023, 757 cm-1. 

HRMS: calcd. for C15H16ClNO4 + H+: 310.0828, found: 310.0841. The product was 

analyzed by HPLC to determine the enantiomeric excess: 99% ee (Chiralpak AS-H, 

i-propanol/hexane = 30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 17.34 and 21.35 

min. 

 

N
H

CO2Me

O O

Br  (3d) 

(5R,6R,8R)-methyl 6-(4-bromophenyl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8-car- 

boxylate 

The title compound was prepared according to the general procedure as described 

above in 85% yield. []25
D = +27.7 (c 0.95, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.47 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 4.57 (s, 1H), 4.15-4.12 (m, 

1H), 4.02 (dd, J1 = 8.4 Hz, J2 = 14.7 Hz, 1H), 3.79 (s, 3H), 3.37 (dd, J1 = 7.8 Hz, J2 = 

15.0 Hz, 1H), 2.75 (dd, J1 = 10.2 Hz, J2 = 13.2 Hz, 1H), 2.25 (dd, J1 = 4.5 Hz, J2 = 

13.2 Hz, 1H), 2.10-2.01 (m, 1H), 1.95-1.86 (m, 1H); 13C NMR (CDCl3, TMS, 75 

MHz) 179.2, 173.5, 136.3, 131.1, 128.1, 121.6, 67.3, 65.3, 56.4, 51.8, 39.8, 30.2; IR 

(KBr)  3330, 2950, 2810, 2338, 1730, 1508, 1436, 1245, 1208, 1183, 1021, 759 cm-1. 

HRMS: calcd. for C15H16BrNO4 + H+: 354.0347, found: 354.0335. The product was 

analyzed by HPLC to determine the enantiomeric excess: 99% ee (Chiralpak AS-H, 

i-propanol/hexane = 30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 17.82 and 22.15 

min. 

 

N
H

CO2Me

O O

 (3e) 

(5R,6R,8R)-methyl 1-oxo-6-phenyl-2-oxa-7-azaspiro[4.4]nonane-8-carboxylate 

The title compound was prepared according to the general procedure as described 
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above in 83% yield. []25
D = +14.3 (c 0.40, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.44-7.33 (m, 4H), 4.60 (s, 1H), 4.14 (dd, J1 = 4.5 Hz, J2 = 9.9 Hz, 1H), 3.97 

(dd, J1 = 3.3 Hz, J2 = 8.4 Hz, 1H), 3.80 (s, 3H), 3.19 (dd, J1 = 7.8 Hz, J2 = 15.9 Hz, 

1H), 2.80 (dd, J1 = 9.9 Hz, J2 = 16.2 Hz, 1H), 2.23 (dd, J1 = 4.5 Hz, J2 = 10.2 Hz, 1H), 

2.16-2.09 (m, 1H), 1.93-1.83 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 180.0, 174.2, 

137.4, 128.5, 128.2, 126.8, 68.6, 65.8, 57.1, 52.6, 52.3, 40.8, 31.0; IR (KBr)  3362, 

2948, 2807, 2335, 1739, 1513, 1440, 1215, 1180, 1019, 757 cm-1. HRMS: calcd. for 

C15H17NO4 + H+: 276.1229, found: 276.1230. The product was analyzed by HPLC to 

determine the enantiomeric excess: 99% ee (Chiralpak AS-H, i-propanol/hexane = 

30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 14.30 and 21.29 min. 

 

N
H

CO2Me

O O

Me  (3f) 

(5R,6R,8R)-methyl 1-oxo-6-(p-tolyl)-2-oxa-7-azaspiro[4.4]nonane-8-carboxylate 

The title compound was prepared according to the general procedure as described 

above in 78% yield. []25
D = +9.1 (c 1.25, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.30 (d, J =7.8 Hz, 2H), 7.14 (d, J =7.8 Hz, 2H), 4.55 (s, 1H), 4.12 (m, 1H), 3.96 

(dd, J1 = 8.1 Hz, J2 = 13.2 Hz, 1H), 3.79 (s, 3H), 3.19 (dd, J1 = 7.8 Hz, J2 = 16.8 Hz, 

1H), 2.83-2.76 (m, 1H), 2.34 (s, 3H), 2.24-2.10 (m, 2H), 1.91-1.82 (m, 1H); 13C NMR 

(CDCl3, TMS, 75 MHz) 180.1, 174.3, 138.0, 134.1, 129.1, 126.6, 68.5, 65.8, 57.0, 

52.3, 40.9, 30.9, 21.0; IR (KBr)  3350, 2928, 2841, 2341, 1752, 1516, 1440, 1250, 

1218, 1175, 1031, 759 cm-1. HRMS: calcd. for C16H19NO4 + H+: 290.1388, found: 

290.1387. The product was analyzed by HPLC to determine the enantiomeric excess: 

99% ee (Chiralpak AS-H, i-propanol/hexane = 30/70, flow rate 1.0 mL/min,  = 220 

nm); tr = 12.74 and 21.00 min. 
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 (3g) 

(5R,6R,8R)-methyl 1-oxo-6-(o-tolyl)-2-oxa-7-azaspiro[4.4]nonane-8-carboxylate 

The title compound was prepared according to the general procedure as described 

above in 70% yield. []25
D = +11.5 (c 0.78, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.78 (d, J = 6.6 Hz, 1H), 7.27-7.14 (m, 3H), 4.90 (s, 1H), 4.13 (m, 1H), 

4.01-3.94 (m, 1H), 3.80 (s, 3H), 3.26 (dd, J1 = 7.5 Hz, J2 = 16.2 Hz, 1H), 2.86-2.79 (m, 

1H), 2.29 (s, 3H), 2.25-2.14 (m, 2H), 1.92-1.82 (m, 1H); 13C NMR (CDCl3, TMS, 75 

MHz) 180.6, 173.9, 136.3, 136.1, 130.7, 127.8, 127.3, 125.9, 66.1, 63.6, 57.3, 52.2, 

41.3, 32.4, 19.4; IR (KBr)  3340, 2950, 2825, 2341, 1737, 1512, 1444, 1245, 1210, 

1189, 1031, 758 cm-1. HRMS: calcd. for C16H19NO4 + H+: 290.1389, found: 290.1387.  

The product was analyzed by HPLC to determine the enantiomeric excess: 99% ee 

(Chiralpak OD-H, i-propanol/hexane = 20/80, flow rate 1.0 mL/min,  = 220 nm); tr = 

14.99 and 25.31 min. 

 

N
H

CO2Me

O O

Me  (3h) 

(5R,6R,8R)-methyl 1-oxo-6-(m-tolyl)-2-oxa-7-azaspiro[4.4]nonane-8-carboxylate 

The title compound was prepared according to the general procedure as described 

above in 75% yield. []25
D = +14.9 (c 0.62, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.29-7.13 (m, 4H), 4.54 (s, 1H), 4.15-4.12 (m, 1H), 3.97 (dd, J1 = 8.7 Hz, J2 = 

13.8 Hz, 1H), 3.80(s, 3H), 3.22 (dd, J1 = 8.1 Hz, J2 = 16.2 Hz, 1H), 2.83-2.75 (m, 1H), 

2.55 (brs, 1H), 2.34 (s, 3H), 2.24-2.10 (m, 2H), 1.92-1.85 (m, 1H); 13C NMR (CDCl3, 

TMS, 75 MHz) 180.0, 174.2, 138.2, 137.2, 128.9, 128.3, 127.3, 123.8, 68.6, 65.8, 

57.0, 52.5, 52.2, 40.9, 31.0, 21.3; IR (KBr)  3351, 2970, 2817, 2340, 1735, 1516, 

1236, 1211, 1185, 1025, 759 cm-1. HRMS: calcd. for C16H19NO4 + H+: 290.1386, 
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found: 290.1387. The product was analyzed by HPLC to determine the enantiomeric 

excess: 97% ee (Chiralpak AS-H, i-propanol/hexane = 30/70, flow rate 1.0 mL/min,  

= 220 nm); tr = 12.43 and 16.80 min. 

 

N
H

CO2Me

O O

MeO  (3i) 

(5R,6R,8R)-methyl 6-(4-methoxyphenyl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8- 

carboxylate 

The title compound was prepared according to the general procedure as described 

above in 80% yield. []25
D = -19.0 (c 1.09, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.34 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 4.53 (s, 1H), 4.12 (dd, J1 = 4.5 Hz, 

J2 = 10.2 Hz, 1H), 4.01-3.94 (m, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.21 (dd, J1 = 8.1 Hz, 

J2 = 16.5 Hz, 1H), 2.78 (dd, J1 = 10.2 Hz, J2 = 13.2 Hz, 1H), 2.24-2.11 (m, 2H), 

1.92-1.83 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 180.0, 174.2, 159.4, 129.1, 

127.8, 113.8, 68.2, 65.7, 56.9, 55.1, 52.5, 52.2, 40.7, 30.9; IR (KBr)  3330, 2935, 

2818, 2348, 1725, 1518, 1447, 1236, 1214, 1183, 1017, 759 cm-1. HRMS: calcd. for 

C16H19NO5 + H+: 306.1339, found: 306.1336. The product was analyzed by HPLC to 

determine the enantiomeric excess: 99% ee (Chiralpak AS-H, i-propanol/hexane = 

30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 23.50 and 28.21 min. 

 

N
H

CO2Me

O O

O  (3j) 

(5R,6S,8R)-methyl 6-(furan-2-yl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8-carboxy- 

late 

The title compound was prepared according to the general procedure as described 

above in 74% yield. []25
D = +67.3 (c 0.42, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.40 (s, 1H), 6.37 (s, 2H), 4.50 (s, 1H), 4.14-4.10 (m, 2H), 3.79 (s, 3H), 3.54 
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(dd, J1 = 7.8 Hz, J2 = 15.9 Hz, 1H), 2.77 (dd, J1 = 9.6 Hz, J2 = 13.5 Hz, 1H), 2.29-2.16 

(m, 2H), 1.95-1.85 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 179.2, 174.1, 151.0, 

142.4, 110.5, 108.1, 65.6, 63.3, 57.7, 52.7, 52.4, 41.0, 31.2; IR (KBr)  3352, 2950, 

2816, 2335, 1730, 1514, 1445, 1236, 1215, 1175, 1050, 769 cm-1. HRMS: calcd. for 

C13H15NO5 + H+: 266.1023, found: 266.1023. The product was analyzed by HPLC to 

determine the enantiomeric excess: 98% ee (Chiralpak AS-H, i-propanol/hexane = 

30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 19.39 and 25.99 min. 

 

N
H

CO2Me

O O

S  (3k) 

(5R,6S,8R)-methyl 1-oxo-6-(thiophen-2-yl)-2-oxa-7-azaspiro[4.4]nonane-8-car- 

boxylate 

The title compound was prepared according to the general procedure as described 

above in 84% yield. []25
D = +43.3 (c 0.88, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.29-7.25 (m, 1H), 7.02-6.98 (m, 2H), 4.84 (s, 1H), 4.12-4.06 (m, 2H), 3.79 

(s, 3H), 3.53 (dd, J1 = 7.8 Hz, J2 = 16.6 Hz, 1H), 2.76-2.69 (m, 2H), 2.30-2.25 (m, 2H), 

2.00-1.90 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 179.4, 173.6, 141.4, 127.0, 

124.9, 124.7, 65.9, 64.7, 56.9, 52.8, 52.3, 39.9, 31.0; IR (KBr)  2952, 2819, 2345, 

1735, 1517, 1449, 1240, 1213, 1185, 1016, 759 cm-1. HRMS: calcd. for C13H15NO4S 

+ H+: 282.0792, found: 282.0795. The product was analyzed by HPLC to determine 

the enantiomeric excess: 96% ee (Chiralpak AS-H, i-propanol/hexane = 30/70, flow 

rate 1.0 mL/min,  = 220 nm); tr = 19.43 and 26.17 min. 

 

N
H

CO2Me

O O

 (3l) 

(5R,6R,8R)-methyl 6-(naphthalen-1-yl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8-car- 
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boxylate 

The title compound was prepared according to the general procedure as described 

above in 83% yield. []25
D = -54.3 (c 1.04, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 8.07-8.03 (m, 2H), 7.87-7.80 (m, 2H), 7.52-7.48 (m, 3H), 5.49 (s, 1H), 4.26-4.21 (m, 

1H), 3.89-3.82 (m, 4H), 3.03 (dd, J1 = 7.5 Hz, J2 = 15.9 Hz, 1H), 2.89 (dd, J1 = 9.0 Hz, 

J2 = 13.2 Hz, 1H), 2.25 (dd, J1 = 6.6 Hz, J2 = 12.9 Hz, 1H), 2.16-2.07 (m, 1H), 

1.87-1.80 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 180.8, 173.7, 134.2, 133.6, 

131.3, 128.8, 128.6, 126.7, 125.9, 125.3, 125.1, 122.8, 66.0, 62.8, 57.3, 52.3, 51.5, 

41.4, 32.6 IR (KBr)  3336, 2951, 2815, 2348, 1733, 1526, 1440, 1235, 1215, 1180, 

1045, 759 cm-1. HRMS: calcd. for C19H19NO4 + H+: 326.1387, found: 326.1387. The 

product was analyzed by HPLC to determine the enantiomeric excess: 97% ee 

(Chiralpak AS-H, i-propanol/hexane = 30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 

19.41 and 24.37 min. 

 

N
H

CO2Me

O O

 (3m) 

(5R,6R,8R)-methyl 6-(naphthalen-2-yl)-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8- 

carboxylate 

The title compound was prepared according to the general procedure as described 

above in 85% yield. []25
D = +44.4 (c 0.75, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.93 (s, 1H), 7.82-7.79 (m, 3H), 7.49-7.47 (m, 3H), 4.76 (s, 1H), 4.20-4.16 

(m, 1H), 3.93 (dd, J1 = 8.4 Hz, J2 = 14.1 Hz, 1H), 3.82 (s, 3H), 3.20 (dd, J1 = 7.8 Hz, 

J2 = 15.6 Hz, 1H), 2.82 (dd, J1 = 10.8 Hz, J2 = 12.9 Hz, 1H), 2.27 (dd, J1 = 4.8 Hz, J2 = 

13.5 Hz, 1H), 2.19-2.10 (m, 1H), 1.94-1.85 (m, 1H); 13C NMR (CDCl3, TMS, 75 

MHz) 180.1, 174.1, 135.0, 133.1, 133.0, 128.2, 128.0, 127.6, 126.3, 126.1, 125.6, 

124.8, 68.6, 65.8, 57.1, 52.6, 52.3, 40.8, 31.0; IR (KBr)  3356, 2950, 2827, 2365, 

1728, 1514, 1245, 1210, 1185, 1031, 756 cm-1. HRMS: calcd. for C19H19NO4 + H+: 

326.1389, found: 326.1387. The product was analyzed by HPLC to determine the 
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enantiomeric excess: 98% ee (Chiralpak AS-H, i-propanol/hexane = 30/70, flow rate 

1.0 mL/min,  = 220 nm); tr = 21.73 and 31.28 min. 

 

 (3n) 

(5R,6R,8R)-methyl 1-oxo-6-phenethyl-2-oxa-7-azaspiro[4.4]nonane-8-carboxy- 

late 

The title compound was prepared according to the general procedure as described 

above in 62% yield. []25
D = +13.5 (c 0.24, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.32-7.27 (m, 2H), 7.22-7.18 (m, 3H), 4.25 (t, J = 7.2 Hz, 2H), 4.00 (dd, J1 = 4.8 Hz, 

J2 = 10.2 Hz, 1H), 3.77 (s, 3H), 3.38-3.34 (m, 1H), 2.88-2.81 (m, 1H), 2.69-2.59 (m, 

2H), 2.42-2.32 (m, 1H), 2.09 (dd, J1 = 4.5 Hz, J2 = 13.5 Hz, 1H), 1.96-1.87 (m, 1H), 

1.80-1.73 (m, 2H); 13C NMR (CDCl3, TMS, 75 MHz) 179.8, 174.4, 141.2, 128.4, 

128.1, 126.0, 65.6, 57.8, 52.3, 51.2, 41.6, 33.4, 32.5, 29.7; IR (KBr)  3349, 2950, 

2817, 2321, 1730, 1517, 1446, 1245, 1210, 1186, 1034, 776 cm-1. HRMS: calcd. for 

C17H21NO4 + H+: 304.1541, found: 304.1543. The product was analyzed by HPLC to 

determine the enantiomeric excess: 99% ee (Chiralpak AD-H, i-propanol/hexane = 

30/70, flow rate 1.0 mL/min,  = 220 nm); tr = 8.68 and 21.92 min. 

 

N
H

CO2Me

O O

 (3o) 

(5R,6R,8R)-methyl 6-cyclohexyl-1-oxo-2-oxa-7-azaspiro[4.4]nonane-8-carboxy- 

late 

The title compound was prepared according to the general procedure as described 

above in 65% yield. []25
D = +16.1 (c 0.74, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 4.45-4.38 (m, 1H), 4.27-4.18 (m, 1H), 3.97-3.95 (m, 1H), 3.76 (s, 3H), 3.14-3.12 

(m, 1H), 2.49-2.14 (m, 4H), 1.99-1.87 (m, 2H), 1.77-1.67 (m, 3H), 1.44-1.29 (m, 2H), 
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1.19-1.00 (m, 5H); 13C NMR (CDCl3, TMS, 75 MHz) 180.4, 174.4, 70.1, 65.3, 57.2, 

52.3, 49.4, 41.9, 39.1, 31.1, 29.6, 28.5, 25.9, 25.6; IR (KBr)  2972, 2816, 2337, 1725, 

1510, 1436, 1215, 1196, 1035, 759 cm-1. HRMS: calcd. for C15H23NO4 + H+: 

282.1699, found: 282.1700. The product was analyzed by HPLC to determine the 

enantiomeric excess: 96% ee (Chiralpak AS-H, i-propanol/hexane = 20/80, flow rate 

1.0 mL/min,  = 220 nm); tr = 15.47 and 17.27 min. 

 

 (5a) 

The title compound was prepared according to the general procedure as described 

above in 82% yield. []25
D = +27.7 (c 0.48, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.35 (m, 4H), 4.70 (s, 1H), 4.41-4.28 (m, 2H), 4.03 (dd, J1 = 8.1 Hz, J2 = 15.0 

Hz, 1H), 3.35 (dd, J1 = 7.8 Hz, J2 = 16.2 Hz, 1H), 2.60-2.37 (m, 5H), 2.22-2.15 (m, 

2H); 13C NMR (CDCl3, TMS, 100 MHz)  179.7, 179.0, 135.3, 134.5, 129.1, 128.3, 

68.3, 66.3, 65.5, 63.4, 54.7, 47.2, 38.3, 30.7; IR (KBr)  3355, 2951, 2817, 2335, 

1737, 1523, 1425, 1240, 1215, 1183, 1021, 776 cm-1. HRMS: calcd. for C16H16ClNO4 

+ H+: 322.0834, found: 322.0841. The product was analyzed by HPLC to determine 

the enantiomeric excess: >99% ee (Chiralpak AS-H, i-propanol/hexane = 50/50, flow 

rate 1.0 mL/min,  = 220 nm); tr = 20.60 and 24.47 min. 

 

 (5b) 

The title compound was prepared according to the general procedure as described 

above in 80% yield. []25
D = +10.1 (c 0.49, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.94 (d, J = 7.5 Hz, 1H), 7.39-7.29 (m, 3H), 5.25 (s, 1H), 4.46-4.27 (m, 2H), 

4.09-4.02 (m, 1H), 3.53 (dd, J1 = 7.5 Hz, J2 = 16.5 Hz, 1H), 2.80-2.64 (m, 2H), 

2.48-2.25 (m, 4H); 2.05-1.93 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 180.1, 178.8, 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



S14 
 

136.0, 133.4, 129.5, 129.4, 129.3, 127.0, 66.1, 65.2, 63.9, 63.6, 52.2, 46.9, 36.8, 32.9; 

IR (KBr)  3350, 2950, 2815, 2327, 1735, 1510, 1445, 1237, 1210, 1197, 1031, 769 

cm-1. HRMS: calcd. for C16H16ClNO4 + H+: 322.0844, found: 322.0841. The product 

was analyzed by HPLC to determine the enantiomeric excess: >99% ee (Chiralpak 

AS-H, i-propanol/hexane = 50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 17.23 and 

26.81 min. 

 

 (5c) 

The title compound was prepared according to the general procedure as described 

above in 81% yield. []25
D = +36.4 (c 0.57, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.46-7.27 (m, 4H), 4.70 (s, 1H), 4.43-4.30 (m, 2H), 4.05-4.02 (m, 1H), 3.41-3.38 

(m, 1H), 2.58-2.37 (m, 5H), 2.22-2.18 (m, 2H); 13C NMR (CDCl3, TMS, 75 MHz) 

179.4, 178.7, 138.9 134.6, 129.9, 128.6, 126.8, 125.1, 67.9, 66.1, 65.3, 63.0, 54.2, 

46.7, 37.9, 30.5; IR (KBr)  3348, 2951, 2816, 2336, 1730, 1511, 1445, 1242, 1220, 

1191, 1033, 769 cm-1. HRMS: calcd. for C16H16ClNO4 + H+: 322.0825, found: 

322.0841. The product was analyzed by HPLC to determine the enantiomeric excess: 

99% ee (Chiralpak AS-H, i-propanol/hexane = 50/50, flow rate 1.0 mL/min,  = 220 

nm); tr = 17.56 and 24.86 min. 

 

N
H

O O

O
O

Br
 (5d) 

The title compound was prepared according to the general procedure as described 

above in 84% yield. []25
D = +26.0 (c 1.16, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.48 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 4.68 (s, 1H), 4.43-4.30 (m, 2H), 

4.06-3.98 (m, 1H), 3.35 (dd, J1 = 7.2 Hz, J2 = 16.2 Hz, 1H), 2.58-2.36 (m, 5H), 
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2.20-2.14 (m, 2H); 13C NMR (CDCl3, TMS, 75 MHz) 179.4, 178.8, 135.7, 131.8, 

128.4, 122.3, 68.0, 66.0, 65.3, 63.1, 54.3, 46.9, 38.0, 30.5; IR (KBr)  3340, 2951, 

2815, 2337, 1730, 1510, 1425, 1240, 1211, 1185, 1017, 758 cm-1. The product was 

analyzed by HPLC to determine the enantiomeric excess: 99% ee (Chiralpak AS-H, 

i-propanol/hexane = 50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 19.63 and 23.89 

min. 

 

 (5e) 

The title compound was prepared according to the general procedure as described 

above in 83% yield. []25
D = +23.1 (c 0.86, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.39-7.35 (m, 5H), 4.70 (s, 1H), 4.43-4.31 (m, 2H), 4.05-3.96 (m, 1H), 3.20 (dd, J1 

= 7.8 Hz, J2 = 16.5 Hz, 1H), 2.65-2.26 (m, 6H), 2.17-2.07 (m, 1H); 13C NMR (CDCl3, 

TMS, 75 MHz) 179.7, 179.0, 136.2, 128.5, 128.4, 126.5, 68.6, 65.9, 65.3, 63.1, 54.5, 

47.2, 37.9, 30.6; IR (KBr)  3365, 2951, 2816, 2340, 1733, 1516, 1425, 1243, 1211, 

1176, 1018, 779 cm-1. HRMS: calcd. for C16H17NO4 + H+: 288.1233, found: 288.1230. 

The product was analyzed by HPLC to determine the enantiomeric excess: >99% ee 

(Chiralpak AS-H, i-propanol/hexane = 50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 

18.66 and 23.12 min. 

 

 (5f) 

The title compound was prepared according to the general procedure as described 

above in 75% yield. []25
D = +26.0 (c 0.9, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.27 (d, J = 7.8 Hz, 2H), 7.16 (d, J = 7.8 Hz, 2H), 4.64 (s, 1H), 4.44-4.39 (m, 1H), 

4.35-4.27 (m, 1H), 4.01-3.94 (m, 1H), 3.20 (dd, J1 = 7.8 Hz, J2 = 16.8 Hz, 1H), 

2.62-2.45 (m, 4H), 2.38-2.25 (m, 5H), 2.14-2.04 (m, 1H); 13C NMR (CDCl3, TMS, 75 
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MHz) 179.7, 179.0, 138.1, 133.0, 129.2, 126.4, 68.6, 66.0, 65.4, 63.1, 54.5, 47.3, 38.0, 

30.6, 21.0; IR (KBr)  3349, 2943, 2812, 2340, 1726, 1516, 1240, 1211, 1172, 1018, 

769 cm-1. HRMS: calcd. for C17H19NO4 + H+: 302.1392, found: 302.1387. The 

product was analyzed by HPLC to determine the enantiomeric excess: >99% ee 

(Chiralpak AS-H, i-propanol/hexane = 50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 

16.60 and 24.67 min. 

 

 (5g) 

The title compound was prepared according to the general procedure as described 

above in 68% yield. []25
D = +28.8 (c 0.87, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.75-7.72 (m, 1H), 7.28-7.17 (m, 3H), 4.99 (s, 1H), 4.42-4.38 (m, 1H), 4.34-4.29 

(m, 1H), 4.01-3.94 (m, 1H), 3.24-3.16 (m, 1H), 2.68-2.63 (m, 2H), 2.49-2.30 (m, 7H), 

2.10-2.03 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 180.4, 179.0, 136.3, 134.8, 

130.9, 128.0, 126.9, 126.0, 66.3, 65.3, 64.0, 63.3, 52.9, 47.6, 37.4, 32.3, 31.9, 19.4; IR 

(KBr)  3362, 2950, 2825, 2331, 1731, 1517, 1420, 1241, 1210, 1182, 1016, 768 cm-1. 

HRMS: calcd. for C17H19NO4 + H+: 302.1382, found: 302.1387. The product was 

analyzed by HPLC to determine the enantiomeric excess: >99% ee (Chiralpak AS-H, 

i-propanol/hexane = 50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 14.73 and 17.72 

min. 

 (5h) 

The title compound was prepared according to the general procedure as described 

above in 75% yield. []25
D = +19.0 (c 0.81, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.27-7.13 (m, 4H), 4.65 (s, 1H), 4.44-4.30 (m, 2H), 4.01-3.95 (m, 1H), 3.25-3.22 

(m, 1H), 2.63-2.45 (m, 4H), 2.39-2.26 (m, 5H), 2.15-2.08 (m, 1H); 13C NMR (CDCl3, 
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TMS, 75 MHz) 179.8, 179.0, 138.3, 136.0, 129.1, 128.4, 127.1, 123.6, 68.7, 66.0, 

65.4, 63.2, 54.5, 47.4, 38.0, 30.7, 21.3; IR (KBr)  3355, 2951, 2830, 2335, 1731, 

1520, 1438, 1241, 1210, 1196, 1031, 766 cm-1. HRMS: calcd. for C17H19NO4 + Na+: 

324.1203, found: 324.1206. The product was analyzed by HPLC to determine the 

enantiomeric excess: >99% ee (Chiralpak AS-H, i-propanol/hexane = 50/50, flow rate 

1.0 mL/min,  = 220 nm); tr = 13.18 and 18.32 min. 

 

 (5i) 

The title compound was prepared according to the general procedure as described 

above in 80% yield. d []25
D = +23.3 (c 0.79, CHCl3);

 1H NMR (CDCl3, TMS, 300 

MHz)  7.31 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 7.8 Hz, 2H), 4.63 (s, 1H), 4.44-4.30 (m, 

2H), 4.02-3.95 (m, 1H), 3.80 (s, 3H), 3.20 (dd, J1 = 7.5 Hz, J2 = 16.5 Hz, 1H), 

2.61-2.52 (m, 4H), 2.37-2.26 (m, 2H), 2.15-2.07 (m, 1H); 13C NMR (CDCl3, TMS, 75 

MHz) 179.8, 179.0, 159.5, 128.0, 127.7, 113.9, 68.4, 66.0, 65.4, 63.1, 55.2, 54.5, 47.2, 

38.0, 30.6; IR (KBr)  2953, 2821, 2351, 1734, 1503, 1429, 1238, 1211, 1190, 1033, 

768 cm-1. HRMS: calcd. for C17H19NO5 + Na+: 340.1163, found: 340.1155. The 

product was analyzed by HPLC to determine the enantiomeric excess: >99% ee 

(Chiralpak AS-H, i-propanol/hexane = 50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 

34.64 and 61.59 min. 

 

 (5j) 

The title compound was prepared according to the general procedure as described 

above in 84% yield. []25
D = +45.5 (c 0.80, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.29-7.27 (m, 1H), 7.04-7.02 (m, 2H), 4.93 (s, 1H), 4.43-4.38 (m, 1H), 4.35-4.30 

(m, 1H), 4.10-4.05 (m, 1H), 3.52 (dd, J1 = 7.5 Hz, J2 = 15.9 Hz, 1H), 2.59-2.39 (m, 
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6H), 2.25-2.15 (m, 1H); 13C NMR (CDCl3, TMS, 75 MHz) 179.2, 178.5, 139.5, 127.2, 

125.2, 125.1, 66.2, 65.4, 63.3, 55.0, 46.9, 38.1, 30.7; IR (KBr)  3340, 2951, 2810, 

2340, 1730, 1503, 1426, 1244, 1212, 1186, 1016, 778 cm-1. HRMS: calcd. for 

C14H15NO4S + H+: 294.0803, found: 294.0795. The product was analyzed by HPLC 

to determine the enantiomeric excess: >99% ee (Chiralpak OD-H, i-propanol/hexane 

= 40/60, flow rate 1.0 mL/min,  = 220 nm); tr = 14.45 and 17.52 min. 

 

 (5k) 

The title compound was prepared according to the general procedure as described 

above in 82% yield. []25
D = +50.4 (c 0.36, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.90-7.80 (m, 4H), 7.51-7.43 (m, 3H), 4.87 (s, 1H), 4.46-4.40 (m, 1H), 4.36-4.30 

(m, 1H), 3.97-3.90 (m, 1H), 3.19 (dd, J1 = 8.1 Hz, J2 = 16.8 Hz, 1H), 2.65-2.44 (m, 

4H), 2.43-2.38 (m, 1H), 2.32-2.25 (m, 1H), 2.17-2.10 (m, 1H); 13C NMR (CDCl3, 

TMS, 75 MHz) 179.9, 179.0, 138.3, 133.8, 133.0, 128.5, 128.0, 127.6, 126.5, 126.4, 

125.5, 124.5, 68.9, 66.1, 65.5, 63.3, 54.6, 47.4, 38.1, 30.7; IR (KBr)  3350, 2950, 

2819, 2340, 1735, 1506, 1428, 1238, 1205, 1179, 1026, 768 cm-1. HRMS: calcd. for 

C20H19NO4 + H+: 338.1393, found: 338.1387. The product was analyzed by HPLC to 

determine the enantiomeric excess: >99% ee (Chiralpak AS-H, i-propanol/hexane = 

50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 19.56 and 39.97 min. 

 

 (5l) 

The title compound was prepared according to the general procedure as described 

above in 60% yield. []25
D = +53.0 (c 1.15, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 7.31-7.17 (m, 5H), 4.44-4.37 (m, 1H), 4.29-4.24 (m, 3H), 3.39 (dd, J1 = 4.5 Hz, J2 = 

9.3 Hz, 1H), 2.85-2.80 (m, 1H), 2.62-2.50 (m, 1H), 2.45-2.34 (m, 5H), 2.20-2.11 (m, 
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2H), 1.85-1.77 (m, 2H); 13C NMR (CDCl3, TMS, 75 MHz) 179.9, 179.4, 141.2, 128.4, 

128.3, 126.1, 74.0, 65.9, 64.5, 53.5, 47.5, 38.5, 33.4, 32.2, 29.6; IR (KBr)  3350, 

2946, 2826, 2336, 1735, 1510, 1446, 1235, 1215, 1036, 769 cm-1. HRMS: calcd. for 

C18H21NO4 + H+: 316.1544, found: 316.1543. The product was analyzed by HPLC to 

determine the enantiomeric excess: 99% ee (Chiralpak AS-H, i-propanol/hexane = 

50/50, flow rate 1.0 mL/min,  = 220 nm); tr = 21.36 and 25.61 min. 

 

 (5m) 

The title compound was prepared according to the general procedure as described 

above in 67% yield. []25
D = +15.3 (c 0.26, CHCl3);

 1H NMR (CDCl3, TMS, 300 MHz) 

 4.49-4.37 (m, 2H), 4.28-4.18 (m, 2H), 3.21-3.18 (m, 1H), 2.46-2.33 (m, 4H), 

2.27-2.16 (m, 2H), 2.00-1.95 (m, 2H), 1.73-1.68 (m, 3H), 1.43-1.40 (m, 2H), 

1.26-1.00 (m, 5H); 13C NMR (CDCl3, TMS, 75 MHz) 180.3, 179.6, 70.6, 65.8, 65.7, 

64.0, 52.2, 48.5, 39.0, 35.6, 31.5, 29.8, 28.1, 26.0, 25.7; IR (KBr)  2951, 2823, 2335, 

1737, 1445, 1228, 1219, 1190, 1035, 759 cm-1. HRMS: calcd. for C16H23NO4 + H+: 

294.1706, found: 294.1700. The product was analyzed by HPLC to determine the 

enantiomeric excess: 97% ee (Chiralpak AS-H, i-propanol/hexane = 50/50, flow rate 

1.0 mL/min,  = 220 nm); tr = 10.68 and 19.60 min. 
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V. Proposed Transition States of the exo-Selectivity for Asymmetric 1,3-Dipolar 

Cycloaddition of Imino Esters with α-Methylene--butyrolactone. 
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Scheme S1. Proposed transition states. 

 

Based on the relative and absolute configuration of cycloadduct (7R,9R,13S)-5a, 

the high exo-selectivity observed in the Cu(I)/(R)-DTBM-BIPHEP (L5) catalyzed 

asymmetric 1,3-DC reaction of imino ester with -methylene--butyrolactone can be 

rationalized by the proposed transition states in Scheme S1. The active species is a 

copper(I) complex having bulky and electron-donating bisphosphine ligand and an in 

situ-formed azomethine ylide in tetrahedral configuration. 2 An exo approach of 

-methylene--butyrolactone to the copper(I) complex occurred predominantly 

because of the disfavored steric repulsion generated in the corresponding endo 

approach between the substituents of -methylene--butyrolactone and the large 

bulky aryl group on the phosphorus atom of the chiral ligand. 
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VI. 31P NMR Spectra of (R)-DTBM-BIPHEP Cu(MeCN)4BF4 complex 

a) Free ligand (R)-DTBM-BIPHEP 

 

 

Figure S1. 31P NMR spectrum of free ligand (R)-DTBM-BIPHEP in CDCl3. 
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b) Cu(MeCN)4BF4:(R)-DTBM-BIPHEP = 1:1 

 

Figure S2. 31P NMR spectrum of (R)-DTBM-BIPHEP/Cu(MeCN)4BF4 (1:1) complex 

in CDCl3 
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The catalyst structure was examined by 31P NMR study. As shown in Figure 1, 

31P NMR spectrum of free ligand (R)-DTBM-BIPHEP in CDCl3 showed a singlet 

peak at -15.19 ppm. After addition of 1 equiv of Cu(MeCN)4BF4 to the solution, a 

new single peak at -0.83 ppm was observed with disappearance of the free ligand 

peak (Figure 2). It showed that (R)-DTBM-BIPHEP/Cu(MeCN)4BF4 complex formed. 
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VIII. 1H NMR and 13C NMR Spectra. 
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IX. HPLC Chromatograms 
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