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1. General information 

General Procedures. All commercial solvents and chemicals were purchased from Bidepharm, 

Leyan, Energy Chemical, and Adamas and used as received. Toluene was distilled and stored over 

4Å molecular sieves. All reactions were performed in oven-dried glassware under a positive 

pressure of nitrogen. Column chromatography was performed over silica gel (200-300 mesh). TLC 

plates were visualized by exposure to UV light (254 nm). 

Instrumentation. 1H NMR spectra was recorded with a Brucker AM 400 (400 MHz) spectrometer. 

Chemical shifts are reported in parts per million (ppm) units on the delta (δ) scale, and are referenced 

from the residual protium in the CDCl3 (7.26 ppm). Data are reported as follows: chemical shift 

[multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qd = quartet of doublet, m = multiplet), 

coupling constant (s) in Hertz, integration]. 13C NMR spectra was recorded with a Brucker AM 400 

(100 MHz) spectrometer. Chemical shifts are reported in parts per million (ppm) units on the delta 

(δ) scale, and are referenced from the carbon resonances of CDCl3 (77.0 ppm). High-resolution mass 

spectra (HRMS) were recorded on on a Bruker microTOF Q III spectrometer using an electrospray 

ionization source (ESI). Melting point (MP) was obtained with Hanon MP-430. Optical rotations 

were measured on a Autopol I polarimeter. All HPLC analyses were performed on an Agilent 1220 

Series HPLC system with n-hexane, isopropanol. IR datas of all compounds were determined by 

Thermo Fisher Scientific FT-IR (nicolet iS10).



2. Supporting figures
Figure S1. HRMS analysis of [L1-Pd-dba-H]+
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Figure S2. The binding interaction of Pd2(dba)3∙CHCl3 and L1 
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Figure S3. HRMS analysis of intermediate Int-II

[Int II-H]+
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3. General procedure for the synthesis of unsaturated pyrazolones
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Phenyl hydrazine (5.00 g, 46.24 mmol) was slowly added to the solution of ethyl acetoacetate (6.62 

g, 50.86 mmol) at 0 ºC. The resulting mixture was stirred for 1 h at 80 ºC and for 1 h at 90 ºC. 

Finally, the crude product was concentrated under reduced pressure to dryness and the residue was 

washed with diethyl ether (20 × 2 mL) giving pale yellow solids.1

To a solution of above product A (2.00 g, 11.50 mmol, 1.1 equiv) in acetic acid (26 mL) was added 

corresponding benzaldehyde (10.45 mmol, 1.0 equiv) and sodium acetic (0.94 g, 11.50 mmol, 1.1 

equiv). The mixture was stirred at room temperature for 1-12 h. After the reaction was completed, 

H2O (26 mL) was added to reaction mixture. The aqueous layer extracted with CH2Cl2 (3 × 20 mL). 

The combined organic layers were dried over Na2SO4 then concentrated in vacuo. The product was 

obtained after quickly purified by flash column chromatography on silica gel (Petroleum / EtOAc). 

compounds 1a-1q and 1t-1ae were obtained exclusively in Z-form, and the compounds 1r and 1s 

were obtained in Z/E-isomers with 3:1 and 10:1 Z/E-ratios, respectively.2 

4. General procedure for preparation of racemic [3+2] cycloadducts

Under argon atmosphere, to an oven dried Schlenk tube equipped with a magnetic stir bar, 

Pd2(dba)3∙CHCl3 (5.2 mg, 0.005 mmol, 5 mol%), dppe (1,2-bis(diphenylphosphino)ethane (4.0 mg, 

0.01 mmol, 10 mol%), 1a (0.15 mmol) and 2a (0.1 mmol) were added. Anhydrous 1 mL of toluene 

was added at 30 °C. The resulting mixture was stirred until the starting material was completely 

consumed (monitored by TLC) and then was concentrated to dryness. The residue was purified 

through flash column chromatography (Petroleum / EtOAc) to afford the corresponding 

cycloaddition products .

5. General procedure for asymmetric [3+2] cycloaddition

Under argon atmosphere, to an oven dried Schlenk tube equipped with a magnetic stir bar, 

Pd2(dba)3∙CHCl3 (5.2 mg, 0.005 mmol, 5 mol%), (R)-Segphos (6.1 mg, 0.01 mmol, 10 mol%), 1a 



(0.15 mmol) and 2a (0.1 mmol) were added. Anhydrous 1 mL of toluene was added at 30 °C. The 

resulting mixture was stirred until the starting material was completely consumed (monitored by 

TLC) and then was concentrated to dryness. The residue was purified through flash column 

chromatography (Petroleum / EtOAc) to afford the corresponding cycloaddition products 3.



6. Characterization data of the products 3
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N O

O
Ph

3a

(5R,6R,9R)-4-methyl-2,6-diphenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-one (3a) 

White solid, 28.0 mg, 85% yield, 3.5:1 dr, 98/66% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.91 (d, J = 7.7 Hz, 2H), 7.44 (t, J = 8.0 Hz, 2H), 7.36 – 7.27 

(m, 3H), 7.26 – 7.18 (m, 3H), 6.07 – 5.88 (m, 1H), 5.46 (s, 1H), 5.16 (dd, J = 13.8, 6.0 Hz, 2H), 

4.55 – 4.36 (m, 1H), 4.15 (dd, J = 10.0, 8.9 Hz, 1H), 3.31 (dd, J = 17.1, 9.5 Hz, 1H), 1.58 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.9, 160.7, 137.9, 137.0, 131.7, 128.9, 128.6, 128.1, 125.2, 

124.7, 120.0, 118.9, 87.1, 72.3, 68.6, 52.2, 14.7. 

IR: 3078, 2856, 1698, 1591, 1488, 1324, 751, 708 cm-1; 

HRMS (ESI) m/z calcd for C21H20N2NaO2 [M+Na]+: 355.1417, found: 355.1411. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 6.8 min (minor), 10.6 min (major), minor diastereomer: tR = 8.5 min 

(major), 13.5 min (minor). 

[α]  = 77.56 (c = 0.26 in CHCl3). 
25
D

Mp: 154.6-155.4 ºC.
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Me3b

(5R,6R,9R)-4-methyl-2-phenyl-6-(p-tolyl)-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-one 

(3b) 

White solid, 29.4 mg, 85% yield, 3.5:1 dr, 98/14% ee. 

1H NMR (400 MHz, Chloroform-d) δ 8.01 – 7.84 (m, 2H), 7.52 – 7.36 (m, 2H), 7.27 – 7.18 (m, 

1H), 7.12 (s, 4H), 5.99 (ddd, J = 16.9, 10.2, 9.2 Hz, 1H), 5.43 (s, 1H), 5.23 – 5.05 (m, 2H), 4.45 (dd, 

J = 8.5, 7.6 Hz, 1H), 4.13 (dd, J = 10.0, 8.8 Hz, 1H), 3.31 (dd, J = 17.0, 9.6 Hz, 1H), 2.34 (s, 3H), 

1.61 (s, 3H). 



13C NMR (100 MHz, Chloroform-d) δ 172.9, 160.9, 137.9, 137.8, 133.9, 131.8, 129.2, 128.9, 125.2, 

124.6, 119.9, 118.9, 87.2, 72.3, 68.7, 52.2, 21.2, 14.8. 

IR: 3075, 2853, 1698, 1593, 1490, 1365, 755, 690 cm-1; 

HRMS (ESI) m/z calcd for C22H22N2NaO2 [M+Na]+: 369.1573, found: 369.1570. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 7.1 min (minor), 9.3 min (major), minor diastereomer: tR = 8.6 min 

(minor), 10.9 min (major). 

[α]  = +117.87 (c = 0.44 in CHCl3).
25
D

Mp: 115.4-116.8 ºC.
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(5R,6R,9R)-6-(4-isopropylphenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-

en-1-one (3c) 

Colorless oil, 29.9 mg, 80% yield, 3.8:1 dr, 98/71% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.91 (d, J = 8.1 Hz, 2H), 7.43 (t, J = 7.5 Hz, 2H), 7.26 – 7.11 

(m, 5H), 6.10 – 5.80 (m, 1H), 5.43 (s, 1H), 5.22 – 5.06 (m, 2H), 4.44 (t, J = 8.0 Hz, 1H), 4.14 (t, J 

= 9.4 Hz, 1H), 3.30 (q, J = 8.8 Hz, 1H), 2.95 – 2.80 (m, 1H), 1.57 (s, 3H), 1.24 (d, J = 6.8 Hz, 6H). 

13C NMR (100 MHz, Chloroform-d) δ 173.0, 160.9, 148.9, 137.9, 134.3, 131.7, 128.9, 126.6, 125.2, 

124.6, 120.0, 119.0, 87.1, 72.2, 68.7, 52.3, 33.8, 24.0, 14.7. 

IR: 2959, 2868, 1705, 1596, 1500, 1367, 1071, 765, 691 cm-1; 

HRMS (ESI) m/z calcd for C24H26N2NaO2 [M+Na]+: 397.1886, found: 397.1907. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 98/2, flow rate 0.6 mL/min, detection at 254 

nm, major diastereomer: tR = 9.4 min (minor), 14.1 min (major), minor diastereomer: tR = 12.8 min 

(major), 16.7 min (minor). 

[α]  = + 132.49 (c = 0.40, CHCl3).
25
D
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tBu3d

(5R,6R,9R)-6-(4-(tert-butyl)phenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-

3-en-1-one (3d) 

White solid, 27.5 mg, 71% yield, 4:1 dr, 98/50% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.94 – 7.88 (m, 2H), 7.47 – 7.39 (m, 2H), 7.35 – 7.31 (m, 

2H), 7.26 – 7.19 (m, 1H), 7.15 (d, J = 8.1 Hz, 2H), 6.02 – 5.88 (m, 1H), 5.43 (s, 1H), 5.14 (dd, J = 

9.5, 8.3 Hz, 2H), 4.44 (dd, J = 8.5, 7.5 Hz, 1H), 4.13 (dd, J = 10.1, 8.8 Hz, 1H), 3.30 (dd, J = 17.0, 

9.6 Hz, 1H), 1.56 (s, 3H), 1.30 (s, 9H). 

13C NMR (100 MHz, Chloroform-d) δ 173.0, 160.9, 151.1, 137.9, 134.0, 131.7, 128.9, 125.4, 125.2, 

124.4, 120.0, 119.0, 87.1, 72.2, 68.6, 52.3, 34.6, 31.3, 14.7. 

IR: 2962, 2866, 1705, 1596, 1500, 1367, 1071, 765, 691 cm-1; 

HRMS (ESI) m/z calcd for C25H28N2NaO2 [M+Na]+: 411.2043, found: 411.2040. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 98/2, flow rate 0.6 mL/min, detection at 254 

nm, major diastereomer: tR = 8.5 min (minor), 9.0 min (major), minor diastereomer: tR = 10.8 min 

(minor), 11.9 min (major). 

[α]  = 125.91 (c = 0.40, CHCl3). 
25
D

Mp: 95.6-96.2 ºC.
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(5R,6R,9R)-6-([1,1'-biphenyl]-4-yl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-

3-en-1-one (3e) 

White solid, 33.0 mg, 81% yield, 4:1 dr, 98/74% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.91 (m, 2H), 7.62 – 7.55 (m, 4H), 7.49 – 7.42 (m, 

4H), 7.40 – 7.34 (m, 1H), 7.32 (d, J = 8.0 Hz, 2H), 7.27 – 7.21 (m, 1H), 6.14 – 5.91 (m, 1H), 5.50 



(s, 1H), 5.26 – 5.08 (m, 2H), 4.49 (dd, J = 8.6, 7.6 Hz, 1H), 4.17 (dd, J = 10.0, 8.8 Hz, 1H), 3.35 

(dd, J = 17.0, 9.6 Hz, 1H), 1.66 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.8, 160.7, 140.9, 140.4, 137.9, 136.0, 131.7, 128.9, 128.8, 

127.5, 127.2, 127.0, 125.3, 125.1, 120.0, 119.0, 87.1, 72.4, 68.7, 52.3, 14.9. 

IR: 3028, 2856, 1687, 1595, 1499, 1368, 740, 689 cm-1; 

HRMS (ESI) m/z calcd for C27H24N2NaO2 [M+Na]+: 431.1730, found: 431.1714. 

HPLC (CHIRALPAK IA-H), n-hexane/isopropanol = 98/2, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 12.1 min (major), 13.4 min (minor), minor diastereomer: tR = 15.2 min 

(minor), 26.3 min (major). 

[α]  = + 224.60 (c = 0.46, CHCl3). 
25
D

Mp: 110.7-111.9 ºC.
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(5R,6R,9R)-6-(4-methoxyphenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-

en-1-one (3f) 

White solid, 27.9 mg, 77% yield, 3:1 dr, 95/86% ee.

1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.88 (m, 2H), 7.47 – 7.39 (m, 2H), 7.25 – 7.19 (m, 

1H), 7.16 (d, J = 8.4 Hz, 2H), 6.91 – 6.82 (m, 2H), 6.14 – 5.91 (m, 1H), 5.40 (s, 1H), 5.23 – 5.08 

(m, 2H), 4.45 (dd, J = 8.6, 7.6 Hz, 1H), 4.13 (dd, J = 10.0, 8.8 Hz, 1H), 3.80 (s, 3H), 3.31 (dd, J = 

17.0, 9.5 Hz, 1H), 1.63 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.9, 160.9, 159.3, 137.9, 131.8, 129.0, 128.9, 125.9, 125.2, 

119.9, 118.9, 113.9, 87.1, 72.3, 68.7, 55.2, 52.1, 14.9. 

IR: 3021, 2858, 1694, 1505, 1330, 1224, 1066, 838, 717 cm-1; 

HRMS (ESI) m/z calcd for C22H22N2NaO3 [M+Na]+: 385.1522, found: 385.1524. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 10.2 min (minor), 11.3 min (major), minor diastereomer: tR = 13.1 min 

(minor), 14.4 min (major). 



[α]  = + 62.07 (c = 0.34, CHCl3). 
25
D

Mp: 129.1-130.3 ºC.
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(5R,6R,9R)-6-(4-fluorophenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3g) 

White solid, 31.5 mg, 90% yield, 3.8:1 dr, 97/20% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.94 – 7.87 (m, 2H), 7.48 – 7.39 (m, 2H), 7.27 – 7.19 (m, 

3H), 7.07 – 6.98 (m, 2H), 5.99 (ddd, J = 16.9, 10.2, 9.2 Hz, 1H), 5.41 (s, 1H), 5.16 (ddd, J = 12.8, 

8.4, 0.9 Hz, 2H), 4.46 (dd, J = 8.6, 7.5 Hz, 1H), 4.12 (dd, J = 10.0, 8.9 Hz, 1H), 3.31 (dd, J = 17.0, 

9.5 Hz, 1H), 1.63 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.6, 162.4 (d, J = 246.8 Hz), 160.5, 137.8, 132.7(d, J = 

3.2 Hz), 131.6, 128.9, 126.4(d, J = 8.1 Hz), 125.3, 120.1, 118.9, 115.6(d, J = 21.6 Hz), 86.7, 72.4, 

68.6, 52.2, 14.8. 

IR: 3075, 2854, 1699, 1592, 1489, 1351, 1229, 755, 691 cm-1; 

HRMS (ESI) m/z calcd for C21H19FN2NaO2 [M+Na]+: 373.1323, found: 373.1325. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 6.9 min (minor), 7.6 min (major), minor diastereomer: tR = 8.9 min 

(minor), 10.8 min (major). 

[α]  = + 79.44 (c = 0.42, CHCl3). 
25
D

Mp: 134.4-135.3 ºC.
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(5R,6R,9R)-6-(4-chlorophenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3h) 



White solid, 29.3 mg, 80% yield, 3.7:1 dr, 97/78% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.95 – 7.87 (m, 2H), 7.46 – 7.39 (m, 2H), 7.27 – 7.19 (m, 

2H), 6.98 (dd, J = 5.0, 3.6 Hz, 1H), 6.83 (dt, J = 3.6, 1.1 Hz, 1H), 6.05 – 5.87 (m, 1H), 5.62 (d, J = 

0.6 Hz, 1H), 5.23 – 4.96 (m, 2H), 4.45 (dd, J = 8.7, 7.6 Hz, 1H), 4.16 (dd, J = 9.8, 8.9 Hz, 1H), 3.49 

– 3.29 (m, 1H), 1.72 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.5, 160.4, 137.7, 135.4, 133.9, 131.6, 128.9, 128.8, 126.1, 

125.3, 120.1, 118.9, 86.6, 72.4, 68.5, 52.2, 14.9. 

IR: 3083, 2851, 1701, 1593, 1488, 1367, 1082, 762, 693 cm-1; 

HRMS (ESI) m/z calcd for C21H19ClN2NaO2 [M+Na]+: 389.1027, found: 389.1007. 

HPLC (CHIRALPAK IA-H), n-hexane/isopropanol = 98/2, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 8.6 min (minor), 9.4 min (major), minor diastereomer: tR = 11.0 min 

(minor), 11.9 min (major). 

[α]  = + 139.01 (c = 0.40, CHCl3). 
25
D

Mp: 160.0-161.4 ºC.
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Br3i

(5R,6R,9R)-6-(4-bromophenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-

en-1-one (3i) 

White solid, 28.7 mg, 70% yield, 3.8:1 dr, 98/73% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.90 (d, J = 8.1 Hz, 2H), 7.44 (dd, J = 13.4, 7.6 Hz, 4H), 7.23 

(t, J = 7.3 Hz, 1H), 7.11 (d, J = 7.9 Hz, 2H), 6.11 – 5.88 (m, 1H), 5.37 (s, 1H), 5.23 – 5.09 (m, 2H), 

4.45 (t, J = 8.1 Hz, 1H), 4.10 (t, J = 9.4 Hz, 1H), 3.29 (q, J = 8.9 Hz, 1H), 1.64 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.5, 160.4, 137.7, 135.9, 131.7, 131.6, 128.9, 126.4, 125.3, 

122.0, 120.1, 118.9, 86.6, 72.4, 68.5, 52.2, 14.9. 

IR: 3083, 2860, 1691, 1595, 1489, 1364, 780, 754, 693 cm-1; 

HRMS (ESI) m/z calcd for C21H19BrN2NaO2 [M+Na]+: 433.0522, found: 433.0521. 

HPLC (CHIRALPAK IA-H), n-hexane/isopropanol = 98/2, flow rate 1 mL/min, detection at 254 



nm, major diastereomer: tR = 9.9 min (minor), 10.8 min (major), minor diastereomer: tR = 12.8 min 

(minor), 14.1 min (major). 

[α]  = 164.30 (c = 0.40, CHCl3). 
25
D

Mp: 156.2-156.8 ºC.
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MeO
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(5R,6R,9R)-6-(3-methoxyphenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-

en-1-one (3j) 

Colorless oil, 24.2 mg, 67% yield, 2.5:1 dr, 94/80% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.91 (dd, J = 8.7, 1.1 Hz, 2H), 7.47 – 7.36 (m, 2H), 7.26 – 

7.16 (m, 2H), 6.85 – 6.74 (m, 3H), 6.09 – 5.89 (m, 1H), 5.42 (s, 1H), 5.23 – 5.07 (m, 2H), 4.45 (dd, 

J = 8.6, 7.6 Hz, 1H), 4.13 (dd, J = 10.1, 8.8 Hz, 1H), 3.72 (s, 3H), 3.30 (dd, J = 17.0, 9.5 Hz, 1H), 

1.62 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.8, 160.7, 159.7, 138.6, 137.8, 131.7, 129.7, 128.9, 125.2, 

120.0, 118.9, 116.9, 113.9, 109.9, 87.0, 72.3, 68.6, 55.2, 52.1, 14.8. 

IR: 2926, 2859, 1689, 1595, 1489, 1366, 1278, 1067, 995, 758, 692 cm-1; 

HRMS (ESI) m/z calcd for C22H22N2NaO3 [M+Na]+: 385.1523, found: 385.1520. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 7.7 min (minor), 17.2 min (major), minor diastereomer: tR = 10.7 min 

(major), 20.3 min (minor). 

[α]  = + 113.72 (c = 0.20, CHCl3).
25
D
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(5R,6R,9R)-6-(3-fluorophenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3k) 



White solid, 26.6 mg, 76% yield, 2.5:1 dr, 94/71% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.90 (dd, J = 8.7, 1.0 Hz, 2H), 7.48 – 7.38 (m, 2H), 7.31 – 

7.19 (m, 2H), 7.07 (d, J = 9.7 Hz, 1H), 6.99 (td, J = 8.4, 2.5 Hz, 1H), 6.91 (d, J = 7.7 Hz, 1H), 6.05 

– 5.88 (m, 1H), 5.42 (s, 1H), 5.25 – 5.05 (m, 2H), 4.45 (dd, J = 8.6, 7.5 Hz, 1H), 4.13 (dd, J = 10.0, 

8.9 Hz, 1H), 3.30 (dd, J = 17.0, 9.5 Hz, 1H), 1.62 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.6, 162.9 (d, J = 247.0 Hz), 160.3, 139.6 (d, J = 7.3 Hz), 

137.7, 131.4, 130.3 (d, J = 8.2 Hz), 128.9, 125.3, 120.3 (d, J = 3.0 Hz), 120.2, 119.0, 115.0 (d, J = 

21.2 Hz), 112.1 (d, J = 23.0 Hz), 86.3, 86.3, 72.3, 68.5, 52.2, 14.7. 

IR: 2922, 2859, 1697, 1590, 1486, 1367, 1271, 787, 736 cm-1; 

HRMS (ESI) m/z calcd for C21H19FN2NaO2 [M+Na]+: 373.1323, found: 373.1310. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 90/10, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 5.4 min (minor), 7.9 min (major), minor diastereomer: tR = 6.6 min 

(major), 9.5 min (minor). 

[α]  = + 78.94 (c = 0.34, CHCl3). 
25
D

Mp: 114.3-114.9 ºC.

N
N O

O
Ph

F

3l

(5R,6S,9R)-6-(2-fluorophenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3l) 

Light yellow solid, 21.0 mg, 60% yield, 2.4:1 dr, 93/78% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.90 (dd, J = 8.7, 1.0 Hz, 2H), 7.49 – 7.37 (m, 2H), 7.32 – 

7.20 (m, 2H), 7.11 – 6.85 (m, 3H), 5.97 (ddd, J = 16.9, 10.2, 9.2 Hz, 1H), 5.42 (s, 1H), 5.28 – 5.05 

(m, 2H), 4.46 (dd, J = 8.6, 7.6 Hz, 1H), 4.13 (dd, J = 10.0, 8.9 Hz, 1H), 3.30 (dd, J = 17.0, 9.5 Hz, 

1H), 1.62 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.6, 162.9 (d, J = 247.0 Hz), 160.3, 139.7 (d, J = 7.3 Hz), 

137.7, 131.4, 130.3 (d, J = 8.2 Hz), 128.9, 125.3, 120.3 (d, J = 3.0 Hz), 120.2, 119.0, 115.0 (d, J = 

21.1 Hz), 112.1 (d, J = 23.0 Hz), 86.3, 86.3, 72.3, 68.5, 52.3, 14.7. 



IR: 3081, 2987, 2855, 1698, 1593, 1490, 1368, 1250, 759, 652 cm-1; 

HRMS (ESI) m/z calcd for C21H19FN2NaO2 [M+Na]+: 373.1323, found: 373.1320. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 6.3 min (minor), 9.6 min (major), minor diastereomer: tR = 7.9 min 

(major), 12.1 min (minor). 

[α]  = 77.89 (c = 0.28, CHCl3). 
25
D

Mp: 109.9-110.9 ºC.

N
N O

O
Ph

Cl

3m

(5R,6S,9R)-6-(2-chlorophenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3m) 

White solid, 24.2 mg, 66% yield, 2:1 dr, 96/90% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.87 (d, J = 7.8 Hz, 2H), 7.79 (d, J = 7.2 Hz, 1H), 7.43 (t, J 

= 7.4 Hz, 2H), 7.40 – 7.30 (m, 3H), 7.22 (t, J = 7.0 Hz, 1H), 5.87 – 5.59 (m, 2H), 5.18 (d, J = 12.3 

Hz, 2H), 4.35 (dd, J = 18.9, 8.0 Hz, 2H), 3.24 (dd, J = 17.2, 8.9 Hz, 1H), 1.38 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 173.8, 158.5, 137.8, 136.1, 131.6, 129.6, 129.5, 129.3, 128.9, 

127.7, 126.8, 125.2, 121.1, 119.1, 83.5, 71.0, 67.7, 53.9, 14.3. 

IR: 2918, 2872, 1699, 1590, 1498, 1329, 1270, 1080, 761, 688 cm-1; 

HRMS (ESI) m/z calcd for C21H19ClN2NaO2 [M+Na]+: 389.1024, found: 389.1027. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 7.0 min (minor), 8.1 min (major), minor diastereomer: tR = 8.8 min 

(major), 10.6 min (minor). 

[α]  = 63.50 (c = 0.20, CHCl3). 
25
D

Mp: 124.1-124.9 ºC.



N
N O

O
Ph

Cl

Br3n

(5R,6S,9R)-6-(4-bromo-2-chlorophenyl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-

diazaspiro[4.4]non-3-en-1-one (3n) 

Colorless oil, 29.7 mg, 67% yield, 3:1 dr, 96/20% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.90 – 7.82 (m, 2H), 7.67 (dd, J = 8.6, 0.8 Hz, 1H), 7.52 – 

7.48 (m, 2H), 7.46 – 7.38 (m, 2H), 7.25 – 7.19 (m, 1H), 5.84 – 5.67 (m, 1H), 5.61 (s, 1H), 5.27 – 

5.06 (m, 2H), 4.42 – 4.18 (m, 2H), 3.31 – 3.12 (m, 1H), 1.45 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 173.6, 158.1, 137.7, 135.3, 132.4, 132.1, 130.1, 129.4, 129.0, 

128.9, 125.3, 122.3, 121.3, 119.1, 83.2, 71.0, 67.6, 53.9, 14.6. 

IR: 3081, 2872, 1706, 1596, 1500, 1368, 1272, 1078, 757, 690 cm-1; 

HRMS (ESI) m/z calcd for C21H18BrClN2NaO2 [M+Na]+: 467.0132, found: 467.0154. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 6.6 min (minor), 7.6 min (major), minor diastereomer: tR = 8.4 min 

(minor), 9.5 min (major). 

[α]  = + 53.49 (c = 0.34, CHCl3).25
D

N
N O

O
Ph

S

3o

(5R,6S,9R)-4-methyl-2-phenyl-6-(thiophen-2-yl)-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-

one (3o) 

White solid, 21.3 mg, 63% yield, 3:1 dr, 95/70% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.86 (m, 2H), 7.46 – 7.39 (m, 2H), 7.28 – 7.20 (m, 

2H), 6.98 (dd, J = 5.0, 3.6 Hz, 1H), 6.83 (dt, J = 3.6, 1.1 Hz, 1H), 6.03 – 5.87 (m, 1H), 5.62 (d, J = 

0.6 Hz, 1H), 5.25 – 5.09 (m, 2H), 4.45 (dd, J = 8.7, 7.6 Hz, 1H), 4.16 (dd, J = 9.8, 8.9 Hz, 1H), 3.39 

(dd, J = 17.0, 9.4 Hz, 1H), 1.72 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.2, 160.2, 140.0, 137.8, 131.4, 128.9, 127.3, 125.3, 124.7, 



123.3, 120.1, 118.9, 84.2, 72.4, 68.6, 51.9, 14.7. 

IR: 3080, 2858, 1698, 1591, 1488, 1366, 1325, 1269, 1060, 731, 709, 690 cm-1; 

HRMS (ESI) m/z calcd for C19H18N2NaO2S [M+Na]+: 361.0981, found: 361.0986. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 7.8 min (minor), 12.9 min (major), minor diastereomer: tR = 11.0 min 

(major), 15.7 min (minor).

[α]  = + 110.38 (c = 0.26, CHCl3). 
25
D

Mp: 145.0-145.5 ºC.

N
N O

O
Ph

S
3p

(5R,6S,9R)-4-methyl-2-phenyl-6-(thiophen-3-yl)-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-

one (3p) 

White solid, 25.3 mg, 75% yield, 3:1 dr, 95/75% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.91 (d, J = 8.1 Hz, 2H), 7.43 (t, J = 7.6 Hz, 2H), 7.33 – 7.19 

(m, 3H), 6.78 (d, J = 4.8 Hz, 1H), 6.08 – 5.90 (m, 1H), 5.43 (s, 1H), 5.15 (dd, J = 14.0, 7.0 Hz, 2H), 

4.43 (t, J = 8.1 Hz, 1H), 4.09 (t, J = 9.3 Hz, 1H), 3.32 (q, J = 8.8 Hz, 1H), 1.69 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.4, 160.9, 137.9, 137.8, 131.8, 128.9, 126.8, 125.2, 124.3, 

120.7, 119.9, 118.9, 85.0, 72.4, 68.1, 52.1, 14.6. 

IR: 3080, 2855, 1698, 1592, 1489, 1366, 1325, 1270, 1068, 769, 733, 691 cm-1; 

HRMS (ESI) m/z calcd for C19H18N2NaO2S [M+Na]+: 361.0981, found: 361.0985. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 7.7 min (minor), 13.1 min (major), minor diastereomer: tR = 9.8 min 

(major), 15.2 min (minor). 

[α]  = + 76.36 (c = 0.38, CHCl3). 
25
D

Mp: 126.8-127.9 ºC.



N
N O

O
Ph

3q

(5R,6R,9R)-4-methyl-6-(naphthalen-2-yl)-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-

en-1-one (3q) 

White solid, 26.7 mg, 70% yield, 2.5:1 dr, 98/71% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.93 (d, J = 8.0 Hz, 2H), 7.88 – 7.76 (m, 4H), 7.54 – 7.42 (m, 

4H), 7.25 (t, J = 7.5 Hz, 1H), 7.17 (d, J = 8.5 Hz, 1H), 6.14 – 5.92 (m, 1H), 5.62 (s, 1H), 5.26 – 5.09 

(m, 2H), 4.53 (t, J = 8.1 Hz, 1H), 4.21 (t, J = 9.4 Hz, 1H), 3.37 (q, J = 8.7 Hz, 1H), 1.55 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.9, 160.7, 137.9, 134.4, 133.0, 133.0, 131.6, 128.9, 128.5, 

128.1, 127.8, 126.5, 126.2, 125.3, 123.7, 122.5, 120.1, 119.0, 87.3, 72.4, 68.6, 52.4, 14.9. 

IR: 3056, 2852, 1694, 1594, 1493, 1382, 1325, 756, 692 cm-1; 

HRMS (ESI) m/z calcd for C25H22N2NaO2 [M+Na]+: 405.1573, found: 405.1559. 

HPLC (CHIRALPAK IC-H), n-hexane/isopropanol = 95/5, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 12.3 min (major), 16.9 min (minor), minor diastereomer: tR = 12.8 min 

(major), 16.7 min (minor). 

[α]  = + 213.41 (c = 0.32, CHCl3). 
25
D

Mp: 135.9-137.1 ºC.

N
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O
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OMe3r

(5R,6R,9R)-6-(6-methoxynaphthalen-2-yl)-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-

diazaspiro[4.4]non-3-en-1-one (3r) 

White solid, 30.5 mg, 74% yield, 2.5:1 dr, 96/31% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.97 – 7.89 (m, 2H), 7.78 (s, 1H), 7.69 (dd, J = 15.0, 8.8 Hz, 

2H), 7.49 – 7.41 (m, 2H), 7.27 – 7.22 (m, 1H), 7.20 – 7.11 (m, 3H), 6.10 – 5.92 (m, 1H), 5.59 (s, 

1H), 5.24 – 5.11 (m, 2H), 4.52 (dd, J = 8.6, 7.5 Hz, 1H), 4.21 (dd, J = 10.1, 8.8 Hz, 1H), 3.93 (s, 



3H), 3.37 (dd, J = 17.0, 9.6 Hz, 1H), 1.58 (d, J = 16.3 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 173.0, 160.8, 157.9, 137.9, 134.2, 132.1, 131.7, 129.6, 128.9, 

128.5, 127.3, 125.2, 123.5, 123.1, 120.0, 119.3, 119.0, 105.7, 87.3, 72.4, 68.7, 55.3, 52.3, 14.9. 

IR: 3055, 2857, 1688, 1596, 1488, 1369, 1268, 1175, 779, 690 cm-1; 

HRMS (ESI) m/z calcd for C26H24N2NaO3 [M+Na]+: 435.1679, found: 435.1678. 

HPLC (CHIRALPAK IC-H), n-hexane/isopropanol = 95/5, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 12.3 min (major), 16.9 min (minor), minor diastereomer: tR = 14.3 min 

(major), 22.4 min (minor). 

[α]  = + 241.65 (c = 0.38, CHCl3). 
25
D

Mp: 102.4-102.9 ºC.
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3s

(5R,6R,9R)-6-cyclohexyl-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-one 

(3s) 

Colorless oil, 16.9 mg, 50% yield, 4:1 dr, 90/74% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.86 (dd, J = 8.7, 1.1 Hz, 2H), 7.45 – 7.35 (m, 2H), 7.23 – 

7.15 (m, 1H), 6.05 – 5.88 (m, 1H), 5.15 – 4.99 (m, 2H), 4.24 (dd, J = 8.7, 7.8 Hz, 1H), 3.89 (d, J = 

10.5 Hz, 1H), 3.72 (t, J = 9.2 Hz, 1H), 3.11 (dd, J = 17.1, 9.3 Hz, 1H), 2.27 (s, 3H), 2.09 (d, J = 

13.2 Hz, 1H), 1.79 – 1.72 (m, 1H), 1.68 – 1.56 (m, 4H), 1.30 – 0.94 (m, 2H), 0.93 – 0.76 (m, 1H). 

13C NMR (100 MHz, Chloroform-d) δ 172.4, 161.4, 138.0, 132.8, 128.9, 125.1, 119.3, 119.0, 91.7, 

72.0, 66.1, 52.9, 39.5, 31.2, 27.8, 26.1, 25.6, 25.4, 15.6. 

IR: 2926, 2852, 1708, 1597, 1500, 1370, 1122, 1062, 757, 651 cm-1; 

HRMS (ESI) m/z calcd for C21H26N2NaO2 [M+Na]+: 361.1886, found: 361.1882. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR =5.5 min (minor), 7.0 min (major), minor diastereomer: tR = 6.6 min 

(minor), 9.9 min (major).

[α]  = - 54.56 (c = 0.20, CHCl3).
25
D



N
N O

O
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3t

(5R,6R,9R)-6-cyclopropyl-4-methyl-2-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-

one (3t) 

Colorless oil, 23.2 mg, 77% yield, 5.1:1 dr, 97% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.82 (m, 2H), 7.42 (t, J = 8.0 Hz, 2H), 7.21 (t, J = 7.4 

Hz, 1H), 6.15 – 5.88 (m, 1H), 5.21 – 5.01 (m, 2H), 4.30 (t, J = 8.2 Hz, 1H), 3.84 (t, J = 9.1 Hz, 1H), 

3.47 (d, J = 9.4 Hz, 1H), 3.24 (q, J = 8.9 Hz, 1H), 2.31 (d, J = 1.5 Hz, 3H), 1.07 – 0.85 (m, 1H), 

0.78 – 0.62 (m, 1H), 0.55 – 0.33 (m, 2H), 0.22 – 0.07 (m, 1H). 

13C NMR (100 MHz, Chloroform-d) δ 172.4, 161.1, 137.9, 132.7, 128.9, 125.1, 119.1, 118.9, 92.4, 

72.5, 67.3, 51.5, 15.7, 10.8, 4.5, 0.9. IR: 3081, 2861, 1706, 1596, 1500, 1368, 1126, 1072, 760, 692 

cm-1; 

HRMS (ESI) m/z calcd for C18H20N2NaO2 [M+Na]+: 319.1418, found: 319.1417. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, tR = 6.1 min (minor), 9.0 min (major). 

[α]  = - 3.68 (c = 0.38, CHCl3).
25
D
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3u

(5R,6R,9R)-4-ethyl-2,6-diphenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-one (3u) 

Colorless oil, 21.8 mg, 63% yield, 2.2:1 dr, 95/78% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.97 – 7.91 (m, 2H), 7.47 – 7.40 (m, 2H), 7.36 – 7.27 (m, 

3H), 7.25 – 7.17 (m, 3H), 6.07 – 5.91 (m, 1H), 5.43 (s, 1H), 5.26 – 5.07 (m, 2H), 4.44 (dd, J = 8.5, 

7.5 Hz, 1H), 4.11 (dd, J = 10.2, 8.8 Hz, 1H), 3.30 (dd, J = 17.1, 9.6 Hz, 1H), 2.11 (dq, J = 17.3, 7.3 

Hz, 1H), 1.62 (dq, J = 17.3, 7.4 Hz, 1H), 0.86 (t, J = 7.3 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.9, 164.7, 138.1, 137.0, 131.8, 128.9, 128.5, 128.0, 125.1, 

124.6, 119.9, 119.0, 87.42, 72.4, 68.9, 52.2, 22.0, 9.4. 

IR: 3064, 2978, 1705, 1597, 1499, 1351, 1067, 757, 726 cm-1; 



HRMS (ESI) m/z calcd for C22H22N2NaO2 [M+Na]+: 369.1573, found: 369.1565. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 5.9 min (minor), 10.8 min (major), minor diastereomer: tR = 7.2 min 

(major), 13.5 min (minor).

[α]  = + 89.64 (c = 0.20, CHCl3).
25
D
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3v

(5R,6R,9R)-2,6-diphenyl-4-propyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-one (3v) 

Colorless oil, 20.5 mg, 57% yield, 2.3:1 dr, 95/75% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.91 (m, 2H), 7.46 – 7.40 (m, 2H), 7.34 – 7.29 (m, 

3H), 7.25 – 7.19 (m, 3H), 6.09 – 5.91 (m, 1H), 5.44 (s, 1H), 5.21 – 5.07 (m, 2H), 4.44 (dd, J = 8.5, 

7.6 Hz, 1H), 4.11 (dd, J = 10.2, 8.8 Hz, 1H), 3.31 (dd, J = 17.1, 9.6 Hz, 1H), 2.13 – 1.97 (m, 1H), 

1.59 – 1.44 (m, 2H), 1.28 – 1.06 (m, 1H), 0.75 (dd, J = 8.9, 5.5 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.8, 163.7, 138.1, 136.9, 131.8, 128.9, 128.5, 128.0, 125.1, 

124.7, 119.9, 118.9, 87.5, 72.4, 68.8, 52.2, 30.5, 18.4, 13.7. 

IR: 3064, 2962, 1706, 1597, 1500, 1359, 1068, 756, 692 cm-1; 

HRMS (ESI) m/z calcd for C23H25N2NaO2 [M+Na]+: 383.1730, found: 383.1738. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 5.6 min (minor), 8.4 min (major), minor diastereomer: tR = 6.5 min 

(major), 10.8 min (minor). 

[α]  = + 92.78 (c = 0.26, CHCl3).
25
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(5R,6R,9R)-4-methyl-6-phenyl-2-(p-tolyl)-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-one 

(3w) 

White solid, 22.5 mg, 65% yield, 4:1 dr, 96/75% ee. 



1H NMR (400 MHz, Chloroform-d) δ 7.79 – 7.74 (m, 2H), 7.34 – 7.29 (m, 3H), 7.25 – 7.19 (m, 

4H), 6.07 – 5.90 (m, 1H), 5.44 (s, 1H), 5.20 – 5.10 (m, 2H), 4.45 (dd, J = 8.6, 7.5 Hz, 1H), 4.13 (dd, 

J = 10.1, 8.8 Hz, 1H), 3.30 (dd, J = 17.0, 9.6 Hz, 1H), 2.38 (s, 3H), 1.57 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.6, 160.5, 137.0, 135.4, 135.0, 131.7, 129.4, 128.6, 128.1, 

124.7, 119.9, 119.0, 87.1, 72.3, 68.5, 52.2, 21.0, 14.7. 

IR: 3022, 2855, 1694, 1508, 1367, 1330, 1064, 823, 751 cm-1; 

HRMS (ESI) m/z calcd for C22H22N2NaO2 [M+Na]+: 369.1573, found: 369.1585. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 90/10, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 6.5 min (minor), 14.9 min (major), minor diastereomer: tR = 7.7 min 

(major), 20.1 min (minor). 

[α]  = + 98.58 (c = 0.28, CHCl3). 
25
D

Mp: 119.8-120.7 ºC.
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(5R,6R,9R)-2-(4-fluorophenyl)-4-methyl-6-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3x) 

Colorless oil, 24.1 mg, 69% yield, 2:1 dr, 94/74% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.83 (m, 2H), 7.37 – 7.29 (m, 3H), 7.26 – 7.21 (m, 

2H), 7.14 – 7.04 (m, 2H), 6.10 – 5.87 (m, 1H), 5.44 (s, 1H), 5.24 – 5.08 (m, 2H), 4.46 (dd, J = 8.6, 

7.5 Hz, 1H), 4.14 (dd, J = 10.1, 8.8 Hz, 1H), 3.31 (dd, J = 17.0, 9.6 Hz, 1H), 1.58 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.7, 160.9, 160.0(d, J = 244.7 Hz), 136.9, 134.0(d, J = 2.8 

Hz), 131.6, 128.6, 128.2, 124.7, 120.7(d, J = 8.0 Hz), 120.1, 115.6(d, J = 22.6 Hz), 87.1, 72.3, 68.6, 

52.2, 14.7. 

IR: 3077, 2921, 2853, 1705, 1596, 1515, 1368, 1251, 1072, 762 cm-1; 

HRMS (ESI) m/z calcd for C21H19FN2NaO2 [M+Na]+: 373.1323, found: 373.1319. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 7.4 min (minor), 10.4 min (major), minor diastereomer: tR = 9.3 min 

(major), 14.3 min (minor). 



[α]  = + 133.82 (c = 0.22, CHCl3).
25
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N
N O

O

Ph

Cl

3y

(5R,6R,9R)-2-(4-chlorophenyl)-4-methyl-6-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3y) 

White solid, 22.3 mg, 62% yield, 2:1 dr, 85/75% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.89 (d, J = 7.9 Hz, 2H), 7.38 (d, J = 7.9 Hz, 2H), 7.31 (d, J 

= 7.3 Hz, 3H), 7.21 (d, J = 7.0 Hz, 2H), 6.09 – 5.85 (m, 1H), 5.43 (s, 1H), 5.16 (dd, J = 13.6, 8.6 

Hz, 2H), 4.46 (t, J = 8.0 Hz, 1H), 4.13 (t, J = 9.4 Hz, 1H), 3.31 (q, J = 8.8 Hz, 1H), 1.58 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.8, 161.0, 136.8, 136.4, 131.5, 130.2, 128.9, 128.6, 128.2, 

124.6, 120.1, 119.9, 87.1, 72.3, 68.7, 52.2, 14.7. 

IR: 3021, 2856, 1698, 1488, 1328, 1065, 833, 726 cm-1; 

HRMS (ESI) m/z calcd for C21H19ClN2NaO2 [M+Na]+: 389.1027, found: 389.1031. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 85/15, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 5.2 min (minor), 8.8 min (major), minor diastereomer: tR = 6.6 min 

(major), 12.8 min (minor). 

[α]  = + 101.16 (c = 0.26, CHCl3). 
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Mp: 98.8-100.6 ºC.
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3z

(5R,6R,9R)-4-methyl-6-phenyl-2-(4-(trifluoromethyl)phenyl)-9-vinyl-7-oxa-2,3-

diazaspiro[4.4]non-3-en-1-one (3z) 

Colorless oil, 24.4 mg, 61% yield, 2.9:1 dr, 93/72% ee. 

1H NMR (400 MHz, Chloroform-d) δ 8.09 (d, J = 8.5 Hz, 2H), 7.68 (d, J = 8.6 Hz, 2H), 7.36 – 7.29 

(m, 3H), 7.24 – 7.18 (m, 2H), 6.02 – 5.87 (m, 1H), 5.44 (s, 1H), 5.23 – 5.08 (m, 2H), 4.47 (dd, J = 

8.7, 7.5 Hz, 1H), 4.14 (dd, J = 10.1, 8.9 Hz, 1H), 3.32 (dd, J = 17.0, 9.6 Hz, 1H), 1.60 (s, 3H). 



13C NMR (100 MHz, Chloroform-d) δ 173.2, 161.4, 140.2, 136.7, 131.4, 128.6, 128.3, 126.7 (q, J 

= 32.8 Hz), 126.1 (q, J = 3.8 Hz), 124.6, 124.1(q, J = 271.7 Hz), 120.27, 118.22, 87.19, 72.31, 68.87, 

52.33, 14.76. 

IR: 3065, 2863, 1713, 1614, 1520, 1325, 1165, 1125, 1068, 843, 718 cm-1; 

HRMS (ESI) m/z calcd for C22H19F3N2NaO2 [M+Na]+: 423.1291, found: 423.1299. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 85/15, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 4.3 min (minor), 7.0 min (major), minor diastereomer: tR = 5.1 min 

(major), 8.6 min (minor). 

[α]  = 106.84 (c = 0.26, CHCl3).
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(5R,6R,9R)-2-(3-chlorophenyl)-4-methyl-6-phenyl-9-vinyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-

1-one (3aa) 

Colorless oil, 20.1 mg, 55% yield, 3:1 dr, 91/77% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.98 (t, J = 2.0 Hz, 1H), 7.88 (ddd, J = 8.3, 2.0, 0.9 Hz, 1H), 

7.38 – 7.30 (m, 4H), 7.26 – 7.16 (m, 3H), 6.08 – 5.83 (m, 1H), 5.44 (s, 1H), 5.28 – 5.01 (m, 2H), 

4.47 (dd, J = 8.7, 7.5 Hz, 1H), 4.13 (dd, J = 10.1, 8.8 Hz, 1H), 3.53 – 3.16 (m, 1H), 1.58 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.9, 161.1, 138.8, 136.8, 134.7, 131.4, 130.0, 128.6, 128.2, 

125.1, 124.6, 120.2, 118.7, 116.5, 87.1, 72.3, 68.8, 52.3, 14.7. 

IR: 3076, 2863, 1709, 1593, 1483, 1366, 1088, 780, 715 cm-1; 

HRMS (ESI) m/z calcd for C22H19ClN2NaO2 [M+Na]+: 389.1027, found: 389.1031. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 94/6, flow rate 1 mL/min, detection at 254 

nm, major diastereomer: tR = 5.0 min (minor), 5.8 min (major), minor diastereomer: tR = 6.5 min 

(major), 7.0 min (minor). 

[α]  = + 53.49 (c = 0.34, CHCl3).
25
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7. Synthetic transforms of the enantioenriched 3a

To a stirred solution of Hoveyda-Grubbs 2nd generation catalyst (0.009 mmol, 5.6 mg, 6 mol%) in 

toluene (1.0 mL) under an N2 atmosphere, optically active substrate 3a (49.8 mg, 0.15 mmol, 1.0 

equiv., 98% ee) in toluene (2.0 mL) and ethyl acrylate (164 μL, 1.5 mmol, 10 equiv.) were added in 

this order. Then the reaction mixture was heated at 90 ℃. After being stirred at the same temperature 

for 2 h, the reaction mixture was cooled down to room temperature and concentrated under reduced 

pressure. The residue was purified by silica gel column chromatography with Petroleum / EtOAc 

(85:15) to afford (4a) (49.6 mg, 82%) as a colorless oil.3

N
N O

O
Ph

Ph

OEtO

4a

Ethyl (E)-3-((5R,6R,9R)-1-methyl-4-oxo-3,6-diphenyl-7-oxa-2,3-diazaspiro[4.4]non-1-en-9-

yl)acrylate (4a) 

Colorless oil, 49.6 mg, 82% yield, 20:1 dr, 97% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.91 – 7.83 (m, 2H), 7.46 – 7.39 (m, 2H), 7.36 – 7.29 (m, 

3H), 7.26 – 7.19 (m, 3H), 7.07 (dd, J = 15.6, 9.3 Hz, 1H), 5.87 (dd, J = 15.6, 0.8 Hz, 1H), 5.47 (s, 

1H), 4.51 (dd, J = 8.7, 7.5 Hz, 1H), 4.29 – 4.10 (m, 3H), 3.42 (td, J = 9.1, 7.6 Hz, 1H), 1.61 (s, 3H), 

1.26 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.0, 165.1, 160.1, 140.8, 137.6, 136.3, 128.9, 128.6, 128.3, 

125.6, 125.4, 124.6, 119.2, 87.6, 71.9, 68.2, 60.7, 49.7, 14.8, 14.2. 

IR: 2981, 2868, 1709, 1596, 1500, 1369, 1254, 1183, 1069, 985, 758, 720 cm-1; 

HRMS (ESI) m/z calcd for C24H24N2NaO4 [M+Na]+: 427.1628, found: 427.1620. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 92/8, flow rate 1 mL/min, detection at 254 

nm, tR = 14.0 min (major), 16.1 min (minor). 

[α]  = + 147.72 (c = 0.92, CHCl3).
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To a stirred solution of optically active substrate 3a (66.4 mg, 0.2 mmol, 1.0 equiv., 98% ee) in THF 

(2 mL) and H2O (2 mL), PdCl2 (7.1 mg, 0.04 mmol, 0.2 equiv.), CuCl (39.6 mg, 0.4 mmol, 2.0 



equiv.) were added at room temperature under an O2 atmosphere. After being stirred at room 

temperature for 24 h under an O2 atmosphere, the reaction mixture was diluted with EtOAc and 

poured into water. The aqueous layer was extracted with EtOAc. The combined organic layer was 

washed with brine, dried over Na2SO4, and concentrated under reduced pressure. The residue was 

purified by silica gel column chromatography with Petroleum / EtOAc (80 : 20) to afford (5a) (35.3 

mg, 51%) as a colorless oil.3

N
N O

O
Ph

Ph

CHO

5a

2-((5R,6R,9R)-1-methyl-4-oxo-3,6-diphenyl-7-oxa-2,3-diazaspiro[4.4]non-1-en-9-

yl)acetaldehyde (5a) 

Colorless oil, 35.3 mg, 51% yield, 20:1 dr, 97% ee. 

1H NMR (400 MHz, Chloroform-d) δ 9.73 (s, 1H), 7.97 – 7.67 (m, 2H), 7.47 – 7.37 (m, 2H), 7.30 

(dd, J = 4.9, 1.9 Hz, 2H), 7.28 – 7.26 (m, 1H), 7.25 – 7.19 (m, 3H), 5.20 (s, 1H), 4.65 (dd, J = 8.7, 

7.6 Hz, 1H), 3.81 (t, J = 8.9 Hz, 1H), 3.36 – 3.08 (m, 2H), 2.87 (dd, J = 18.7, 5.6 Hz, 1H), 1.82 (s, 

3H). 

13C NMR (100 MHz, Chloroform-d) δ 199.6, 172.6, 161.8, 137.7, 135.7, 128.9, 128.5, 128.3, 125.5, 

124.4, 119.4, 88.0, 73.1, 66.3, 42.8, 39.7, 15.0. 

IR: 3064, 2857, 2729, 1720, 1702, 1670, 1596, 1500, 1369, 1095, 761, 718 cm-1; 

HRMS (ESI) m/z calcd for C21H20N2NaO3 [M+Na]+: 371.1366, found: 371.1365. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 98/2, flow rate 1 mL/min, detection at 254 

nm, tR = 8.7 min (minor), 14.0 min (major). 

[α]  = + 218.64 (c = 0.40, CHCl3).
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To a mixture of optically active substrate 3a (66.4 mg, 0.2 mmol, 1.0 equiv., 98% ee), iodobenzene 

(81.6 mg, 0.4 mmol, 2 equiv.), K2CO3 (55.2 mg, 0.4 mmol, 2 equiv.), Pd(OAc)2 (4.6 mg, 0.02 mmol, 

0.1 equiv.) in a sealed vial, DMF (3.0 mL) was added at room temperature under an argon 

atmosphere. After being stirred at 100 ℃ for 12 h, the reaction mixture was passed through a pad 

of celite, and concentrated under reduced pressure. The residue was purified by silica gel column 



chromatography with Petroleum / EtOAc (95 : 5) to afford (6a) (64.1 mg, 81% ) as a white solid.3

N
N O

O
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Ph

Ph

6a

(5R,6R,9R)-4-methyl-2,6-diphenyl-9-((E)-styryl)-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-one 

(6a) 

White solid, 64.1 mg, 81% yield, 20:1 dr, 97% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.97 – 7.76 (m, 2H), 7.43 – 7.37 (m, 2H), 7.32 (dd, J = 9.7, 

4.4 Hz, 5H), 7.30 (d, J = 4.0 Hz, 2H), 7.28 – 7.23 (m, 3H), 7.22 – 7.17 (m, 1H), 6.54 – 6.33 (m, 

2H), 5.51 (s, 1H), 4.52 (dd, J = 8.6, 7.6 Hz, 1H), 4.21 (dd, J = 10.0, 8.9 Hz, 1H), 3.50 (ddd, J = 10.0, 

8.8, 7.5 Hz, 1H), 1.65 (s, 3H). 

13C NMR (100 MHz, Chloroform-d) δ 172.8, 160.8, 137.8, 136.9, 136.2, 134.7, 128.9, 128.6, 128.6, 

128.2, 128.0, 126.6, 125.3, 124.7, 122.9, 119.1, 87.4, 72.7, 68.8, 51.7, 14.8. 

IR: 3028, 2863, 1704, 1596, 1499, 1368, 1068, 971, 756, 692 cm-1; 

HRMS (ESI) m/z calcd for C27H24N2NaO2 [M+Na]+: 431.1730, found: 431.1731. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 90/10, flow rate 1 mL/min, detection at 254 

nm, tR = 8.5 min (minor), 10.0 min (major). 

[α]  = + 250.85 (c = 0.82, CHCl3). 
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Mp: 88.5-89.4 ºC.

A solution of 3a (49.8 mg, 0.15 mmol, 1.0 equiv., 98% ee) in dry THF (2 mL) at room temperature 

was added dropwise 9-BBN (0.5 M in THF, 4.5 mL, 15 equiv.). The mixture was stirred at 25 ℃for 

2 h, and this mixture was added dropwise water (0.5 mL), aq NaOH (3 M, 2 mL), then 30% aq H2O2 

(2 mL). After being stirred at 40 ℃ for 2 h, the mixture was extracted with ether (3×20 mL). The 

organic layer was combined and dried (Na2SO4). After removal of the solvents under reduced 

pressure, The residue was purified by silica gel column chromatography with Petroleum / EtOAc 

(50:50) to afford (7a) (26.3 mg, 49%) as a colorless oil.4



N
N O
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Ph

Ph

OH

7a

(5R,6R,9R)-9-(2-hydroxyethyl)-4-methyl-2,6-diphenyl-7-oxa-2,3-diazaspiro[4.4]non-3-en-1-

one (7a) 

Colorless oil, 26.7 mg, 49% yield, 20:1 dr, 98% ee. 

1H NMR (400 MHz, Chloroform-d) δ 7.94 – 7.88 (m, 2H), 7.48 – 7.41 (m, 2H), 7.33 – 7.28 (m, 

3H), 7.26 – 7.19 (m, 3H), 5.33 (s, 1H), 4.62 – 4.47 (m, 1H), 3.95 (dd, J = 10.3, 8.7 Hz, 1H), 3.58 

(M, 2H), 2.97 (dq, J = 10.3, 7.3 Hz, 1H), 1.91 (ddd, J = 13.3, 6.6, 2.8 Hz, 2H), 1.64 (s, 3H), 1.40 (s, 

1H). 

13C NMR (100 MHz, Chloroform-d) δ 173.4, 162.3, 137.9, 136.7, 128.9, 128.5, 128.1, 125.3, 124.6, 

119.0, 87.9, 73.5, 67.3, 60.9, 44.339, 30.0, 14.8. 

IR: 3413, 2923, 2869, 1709, 1596, 1500, 1368, 1066, 758, 715 cm-1; 

HRMS (ESI) m/z calcd for C21H22N2NaO3 [M+Na]+: 373.1523, found: 373.1518. 

HPLC (CHIRALPAK AD-H), n-hexane/isopropanol = 85/15, flow rate 1 mL/min, detection at 254 

nm, tR = 7.2 min (minor), 8.0 min (major). 

[α]  = + 173.54 (c = 0.52, CHCl3).
25
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8. Crystal data for enantiopure products 3a

Preparations: Compound 3a (20.0 mg) was dissolved in n-hexane (3 mL) in a vial. 

The vial was properly sealed with parafilm and kept at 20℃ to allow the slow 

evaporation of the solvent until a single crystal was obtained. The crystals were 

subjected for single crystal XRD to determine the absolute configuration of 3a.

Methods: The data set was collected by a Bruker D8 VENTURE with MetalJet source 

at 173 K equipped with micro-focus Ga radiation source (Kα = 1.34138 Å). Applied 

with face-indexed numerical absorption correction, the structure solution and 

refinement were processed by SHELXTL program package.
Date of 3a: CCDC 2301125 contains the supplementary crystallographic data, and 
can be obtained via https://www.ccdc.cam.ac.uk/

N

N

O
Ph

O

3a

Figure S4. Single crystal structure 3a (ellipsoid contour probability 50%).

Table 1. Crystal data and structure refinement for 3a.

Identification code 3a
Empirical formula C21H20N2O2

Formula weight 332.39
Temperature 173(2) K
Wavelength 1.34139 Å

Crystal system Orthorhombic
Space group P212121

Unit cell dimensions a = 7.7270(4) Å a= 90°
b = 11.6009(6) Å b= 90°.

c = 19.1442(10) Å g = 90°.
Volume

1716.09(15) Å3

Z 4
Density (calculated)

1.287 Mg/m3

https://www.ccdc.cam.ac.uk/


Absorption coefficient
0.424 mm-1

F(000) 704
Crystal size

0.310 x 0.240 x 0.070 mm3

Theta range for data collection 3.876 to 57.106°.
Index ranges -9<=h<=9, -14<=k<=14, -23<=l<=23

Reflections collected 32396
Independent reflections 3507 [R(int) = 0.0473]

Completeness to theta = 53.594° 99.6 %
Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.751 and 0.592
Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters 3507 / 0 / 228

Goodness-of-fit on F2 1.054

Final R indices [I>2sigma(I)] R1 = 0.0284, wR2 = 0.0748
R indices (all data) R1 = 0.0292, wR2 = 0.0756

Absolute structure parameter 0.00(7)
Extinction coefficient 0.0087(13)

Largest diff. peak and hole
0.186 and -0.151 e.Å-3

Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103). for 3a U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor.

x y z U(eq)
O(1) 8478(1) 2126(1) 8351(1) 32(1)
O(2) 9762(2) 3513(1) 6523(1) 36(1)
N(1) 5566(2) 2526(1) 8164(1) 24(1)
N(2) 4554(2) 3025(1) 7627(1) 25(1)
C(1) 7302(2) 2560(1) 8017(1) 23(1)
C(2) 5590(2) 3398(1) 7153(1) 24(1)
C(3) 7465(2) 3242(1) 7340(1) 23(1)
C(4) 8369(2) 4449(1) 7451(1) 27(1)
C(5) 10118(2) 4272(2) 7092(1) 36(1)
C(6) 8708(2) 2625(1) 6813(1) 27(1)
C(7) 4689(2) 2037(1) 8744(1) 23(1)



C(8) 2885(2) 1966(1) 8730(1) 27(1)
C(9) 2017(2) 1482(2) 9291(1) 33(1)
C(10) 2922(2) 1065(2) 9863(1) 36(1)
C(11) 4706(2) 1142(2) 9873(1) 35(1)
C(12) 5610(2) 1630(1) 9320(1) 29(1)
C(13) 4915(2) 3956(2) 6510(1) 33(1)
C(14) 8502(2) 4852(1) 8194(1) 30(1)
C(15) 7757(3) 5796(2) 8430(1) 44(1)
C(16) 7868(2) 1928(1) 6244(1) 26(1)
C(17) 7129(2) 873(1) 6407(1) 35(1)
C(18) 6331(3) 216(2) 5891(1) 44(1)
C(19) 6281(2) 611(2) 5211(1) 44(1)
C(20) 7020(2) 1660(2) 5044(1) 41(1)
C(21) 7808(2) 2317(2) 5559(1) 34(1)



9. Reference

(1) H. Fakhraian, Y. Nafari, J. Chem. Sci. 2021, 133, 40, 2-11.

(2) S. Meninno, A. Roselli, A. Capobianco, J. Overgaard, A. Lattanzi, Org. Lett. 2017, 19, 5030-

5033

(3) T. Morita, H. Murakami, Y. Asawa, H. Nakamura, Angew. Chem. Int. Ed. 2021, e202113558 (1 

of 5).

(4) X.B. Huang, X.J. Li, T.T. Li, B. Chen, W.D. Chu, L. He, Q.Z. Liu, Org. Lett. 2019, 21, 1713-

1716.



10. The NMR spectra and HPLC chromatograms of compounds
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