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General Methods:
All reactions were performed in oven-dried glassware under a positive pressure of argon.  Solvents were 

transferred via syringe and were introduced into the reaction vessels through a rubber septum. All 

reactions were monitored by thin-layer chromatography (TLC) carried out on 0.25 mm Merck silica-gel 

(60-F254). The TLC plates were visualized with UV light and 7% phosphomolybdic acid or p-

anisaldehyde in ethanol/heat. Column chromatography was carried out on a column packed with silica-

gel 60N spherical neutral size 63-210 μm. The 1H NMR (300 MHz), 19F NMR (282 MHz), 13C NMR 

(75.5 MHz) and 31P NMR (121 MHz) spectra for solution in CDCl3, were recorded on a Varian Gemini-

300. Chemical shifts (δ) are expressed in ppm downfield from internal TMS or CHCl3.  HPLC analyses 

were performed on a SHIMADZU LC-2010A HT using 4.6 x 250 mm DAICEL CHIRALPAK® AD-3, 

AY-3, IC-3, ID-3, IE-3, IF-3, IA column.  ESI Mass spectra were recorded on a SHIMADZU LCMS-

2020 using positive mode.  Optical rotations were measured on a JASCO P-2200.  Infrared spectra were 

recorded on a JASCO FT/IR-4600 spectrometer with ZnSe ATR unit.  N-Diphenylphosphinoyl imines1) 

and α-substituted isocyanides2) were synthesized according to literature procedures. 
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Optimization of reaction conditions:

Ph Me

N
P(O)Ph2

+
CN CO2R2

Lewis acid (10 mol%)
3 (10 mol%)
Cs2CO3 (20 mol%)

MS 5Å, THF,
 r.t., Time (h)

R1

2 (1.5 eq.)

N

H
N

N

O

N

3

R1

3a: R1 = H, R2 = H
3b: R1 = Me, R2 = H
3c: R1 = F, R2 = H
3d: R1 = Br, R2 = H
3f:  R1 = F, R2 = OMe

R2

1a anti-4

N
N

Me
CO2R2

Ph
R1

Ph2(O)P

syn-4

N
N

Ph
CO2R2

Me
R1

Ph2(O)P

+

N

N H
N

O

N

F

3e

Entry Time (h) Yield (%) Anti/Syn[a] Er (%)[b]

4

5

R2

6

- - - -

7

48 trace - -

8

9

24 91 97: 3 9:91

R1

Me

Me

Me

Me 24 96 97: 3 10:90OEt

10

Me 24 96 94: 6 9:91

Me SEt 72 trace - -

Ph Me 72 trace - -

Lewis acid 3

Ni(OAc)2(H2O)4 3a

Ni(OAc)2(H2O)4 3c

NiCl2 3c

NiCl2

OMe

3c

NiCl2 3c

NiCl2

OiPr

OiPr

OiBu

3c

NiCl2 3c

1 47 96 86:14 37:63MeNi(acac)2 3a OiPr

2 72 trace - -MeNi(ClO4)2(H2O)6 3a OiPr

3

67 trace - -MeNiI2 3b OiPr

12

24 83 92: 8 21:79MeNiCl2 3f OiPr

Me - - - -NiCl2 3c OBn

13

48 97 98: 2 95:5MeNiCl2 3e OMe

14

15[c] NiCl2 3e Me OiPr 48 97 98: 2 96:4

16[d] NiCl2 3c Me OiPr 48 85 99: 1 12:88

17[e] NICl2 3c Me OiPr 21 >99 93: 7 9:91

[a] Diastereomer ratio was determined by NMR spectra. [b] Ee for major enantiomer.
[c] At 10 °C. [d] 0.2 M. [e] TMSOH (1.0 eq.) was added.

11 Me 96 53 >99: 1 6:94NiCl2 3c cyclopenthyl
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Isopropyl 2-isocyanobutanoate (2b);
1H NMR (300 MHz, CDCl3) δ 1.09 (t, J = 7.2 Hz, 3H), 1.30 (d, J = 6.0 Hz, 6H), 1.88-

2.02 (m, 2H), 4.20 (dd, J = 5.7, 5.7 Hz, 1H), 5.10 (sep, J = 6.0 Hz, 1H), 13C NMR (150 

MHz, CDCl3) δ 9.6, 21.68, 21.72, 26.4, 58.1, 70.7, 159.6, 166.3; IR (ATR) 2982, 2147, 

1745, 1388, 1376, 1286, 1252, 1206, 1252, 1206, 1102, 971, 903, 818 cm−1; HRMS (ESI) calcd. for 

[C8H13NO2+Na]+: 178.0844, Found: 178.0855.

Isopropyl 2-isocyano-4-methylpentanoate (2c); 
1H NMR (300 MHz, CDCl3) δ 0.995 (d, J = 7.5 Hz, 6H), 1.30 (d, J = 6.0 Hz, 6H), 

1.67-1.70 (m, 1H), 1.80-1.96 (m, 2H), 4.21-4.25 (m, 1H), 5.09 (sep, J = 6.0 Hz, 1H). 

13C NMR (150 MHz, CDCl3) δ 21.0, 21.66, 21.68, 22.7, 24.9, 41.3, 55.5, 70.7, 159.6, 

166.8; IR (ATR) 2962, 2146, 1744, 1469, 1375, 1273, 1233, 1199, 1143, 1104, 989, 829 cm−1; HRMS 

(ESI) calcd. for [C10H17NO2+Na]+: 206.1157, Found: 206.1164.

General procedure for synthesis of cinchona alkaloid picolinamide ligands: 

N

N H
N

O

N

F

N

N
NH2 NF CO2H

+
DCC, DMAP (cat)

DCM, r.t., 4 h

9-Deoxy-9-epi-cinchonidineamine (160 mg, 0.55 mmol), 6-fluoropyridine-2-carboxylic acid (95 mg, 

0.5 mmol), 4-dimethylaminopyridine (6.1 mg, 0.05 mmol) and N,N’-dicyclohexylcarbodiimide (110 mg, 

0.55 mmol) was dissolved in CH2Cl2 (5.0 mL) and stirred for 4 h.  The precipitate was filtrated off 

through celite, and the residue was concentrated under reduce pressure.  The crude product was purified 

by flash column chromatography (AcOEt/MeOH=90:10 to 70:30) to afford N-(9-deoxy-epi-cinchonin-9-

yl)-4-(trifluoromethyl)picolinamide 3e (181 mg, 79%) yield as a white solid.

N-(9-Deoxy-epi-cinchonidin-9-yl)-6-fluoropicolinamide (3e);

[α]D
25 −123.6 (c 0.677, CHCl3); mp = 91.1–92.2 ºC; 1H NMR (300 MHz, 

CDCl3) δ 0.90-0.97 (m, 1H), 1.39-1.47 (m, 1H), 1.64-1.66 (m, 3H), 2.31 (br, 

1H), 2.72-2.84 (m, 2H), 3.17 (br, 1H), 3.28-3.35 (m, 2H), 4.94-5.03 (m, 2H), 

5.62 (br, 1H), 5.70-5.81 (m, 1H), 7.05 (d, J = 7.2 Hz, 1H), 7.35-7.36 (m, 4H), 

7.50-7.51 (m, 1H), 7.62-7.76 (m, 2H), 7.83-7.95 (m, 2H), 8.14 (d, J = 8.7 Hz, 

1H), 8.48 (d, J = 8.4 Hz, 1H), 8.74 (br, 1H), 8.89-8.91 (m, 1H); 13C NMR (75.5 MHz, CDCl3) δ 26.2, 

27.5, 27.9, 39.6, 41.0, 51.1, 56.1, 60.0, 112.7 (d, JC-F = 36.5 Hz), 114.6, 119.5, 120.0 (d, JC-F = 3.9 Hz), 

123.4, 127.0, 127.4, 129.3, 130.6, 141.5, 142.4 (JC-F = 7.8 Hz), 146.7, 148.3 (d, JC-F = 11.1 Hz), 148.6, 
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150.2, 162.1 (d, JC-F = 243 Hz), 162.9; 19F NMR (282 MHz, CDCl3) δ −67.4;  IR (ATR) 1675, 1576, 

1507, 1441, 1317, 1267, 1240, 1047, 994, 962, 912, 845, 820, 762, 660 cm−1; HRMS (ESI) calcd. for 

[C25H26N4OF+H]+: 417.2091, Found: 417.2105.

General procedure for the direct asymmetric Mannich-type reaction of α-isocyanoacetate with 

ketimines:

Ph Me

N
P(O)Ph2

NiCl2 (10 mol%)
3 (10 mol%)
Cs2CO3 (20 mol%)

THF, r.t.,
Time, MS 5A1a 2a (1.5 equiv.) anti-4a

N
N

Me
CO2iPr

Ph
CH3

Ph2(O)P

CO2iPr

NCH3C

MS 5Å (20 mg) was heated at 140 °C under reduced pressure for 1 h.  Isopropyl 2-

isocyanopropanoate 2a (23 μL, 0.15 mmol) was added to a solution of ketimine 1a (32 mg, 0.1 mmol), 

NiCl2 (1.3 mg, 0.01 mmol), 3e (4.2 mg, 0.01 mmol), MS 5Å (20 mg) and Cs2CO3 (6.5 mg, 0.02 mmol) 

in THF (1.0 mL) at room temperature.  After stirred for 24 h, the reaction mixture was diluted with 

AcOEt (2.0 mL).  Filtration of the reaction mixture through celite pad, and the filtrate was concentrated 

under reduced pressure.  The solution was extracted with CH2Cl2 three times. The combined organic 

layer was dried over Na2SO4 and concentrated under reduced pressure, and the diastereomer ratio was 

determined by 1H and 31P NMR analysis.  The crude product was purified by silica gel column 

chromatography (Hexane/AcOEt=3/7, AcOEt only) to give anti-4a (anti:syn=98:2).

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-phenyl-1-diphenyphoshinoyl-1H-imidazole-4- 

carboxylate (anti-4a)

The reaction was carried out as described above except for using ketimine 1a (32 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4a as a yellow solid (99% yield, 

anti:syn=98:2).

(4R,5S)-4a: [α]D
25 −4.9 (c 1.21, CHCl3, er = 95:5); 1H NMR (300 MHz, CDCl3) δ 0.93 (s, 3H), 1.23-

1.36 (m, 6H), 1.75 (s, 3H), 5.09 (sep, J = 6.0 Hz, 1H), 7.21 (s, 1H), 7.26-7.29 (m, 4H), 7.33-7.36 (m, 2H), 

7.41-7.52 (m, 4H), 7.54-7.62 (m, 2H), 7.65-7.75 (m, 3H); 13C NMR (75.5 MHz, CDCl3) δ 21.88, 21.92, 

22.3, 22.6, 69.4, 73.6, 83.2, 126.9, 127.8, 128.0, 128.4, 128.6, 128.7, 128.9, 129.0, 130.3, 130.8, 132.06, 

132.2, 132.7, 132.8, 132.9, 141.2, 152.15, 152.2, 171.8; 31P NMR (121 MHz, CDCl3) δ 21.6; IR (ATR) 

3451, 2970, 1738, 1725, 1228, 1216, 1102, 752, 726, 694, 669, 617 cm−1; HRMS (ESI) calcd. for 

C27H30N2O3P [M+H]+: 461.1991, Found: 461.1994; HPLC (DAICEL CHIRALPAK AD-3, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(major) = 10.2, t(minor) = 11.4 min.
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(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(3-methyl)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4b)

The reaction was carried out as described above except for using ketimine 1b (33 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4b as a yellow solid (99% yield, 

anti:syn=96:4).

 (4R,5S)-4b: [α]D
25 −6.2 (c 1.52, CHCl3, er = 94:6); 1H NMR (300 MHz, CDCl3) δ 

0.94 (s, 3H), 1.26-1.39 (m, 6H), 1.79 (s, 3H), 2.29 (s, 3H), 5.10 (sep, J = 6.0 Hz, 1H), 7.01 (s, 1H), 7.05-

7.09 (m, 1H), 7.17-7.22 (m, 2H), 7.35-7.36 (m, 2H), 7.41-7.55 (m, 5H), 7.57-7.76 (m, 4H); 13C NMR 

(75.5 MHz, CDCl3) δ 21.7, 21.9, 21.9, 22.3, 22.7, 69.4, 73.7, 83.1, 83.2, 124.0, 127.7, 127.8, 128.4, 

128.5, 128.6, 128.77, 128.81, 129.0, 130.6, 131.0, 132.0, 132.1, 132.2, 132.4, 132.7, 132.76, 132.83, 

132.9, 137.2, 141.1, 152.1, 152.2, 171.8; 31P NMR (121 MHz, CDCl3) δ 21.8; IR (ATR) 3649, 1869, 

1829, 1733, 1670, 1569, 1507, 1457, 1375, 1262, 1103, 1049, 832, 754, 696 cm−1; HRMS (ESI) calcd. 

for C28H32N2O3P [M+H]+: 475.2159, Found: 475.2151; HPLC (DAICEL CHIRALPAK IA, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) = 8.63, t(major) = 9.88 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(4-methyl)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4c)

The reaction was carried out as described above except for using ketimine 1c 

(33 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4c as a yellow solid (87% 

yield, anti:syn=95:5).

(4R,5S)-4c: [α]D
25 −10.8 (c 1.21, CHCl3, er = 96:4); 1H NMR (300 MHz, CDCl3) δ 0.95 (s, 3H), 1.26-

1.33 (m, 6H), 1.72 (s, 3H), 2.35 (s, 3H), 5.09 (sep, J = 6.0 Hz, 1H), 7.09-7.18 (m, 4H), 7.36 (s, 2H), 

7.41-7.62 (m, 6H), 7.65-7.76 (m, 3H); 13C NMR (75.5 MHz, CDCl3) δ 21.1, 21.88, 21.92, 22.3, 22.6, 

69.4, 73.5, 83.1, 83.2, 126.8, 128.4, 128.6, 128.66, 128.74, 128.8, 129.0, 130.5, 130.9, 132.1, 132.2, 

132.3, 132.4, 132.60, 132.68, 132.72, 132.8, 132.9, 137.4, 138.3, 152.1, 152.2, 171.9; 31P NMR (121 

MHz, CDCl3) δ 21.4; IR (ATR) 3649, 1943, 1890, 1793, 1670, 1577, 1508, 1457, 1375, 1260, 1048, 879, 

799, 671 cm−1; HRMS (ESI) calcd. for C28H32N2O3P [M+H]+: 475.2151, Found: 475.2157; HPLC 

(DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(major) = 

8.40, t(minor) = 10.1 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(4-methoxy)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4d)

The reaction was carried out as described above except for using ketimine 

1d (35 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4d as a yellow solid 

(98% yield, anti:syn=97:3).
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(4R,5S)-4d: [α]D
25 −10.9 (c 1.43, CHCl3, er = 96:4); 1H NMR (300 MHz, CDCl3) δ 0.95 (s, 3H), 1.26-

1.36 (m, 6H), 1.70 (s, 3H), 3.82 (s, 3H), 5.09 (sep, J = 6.0 Hz, 1H), 6.83 (d, J = 7.8 Hz, 2H), 7.17-7.23 

(m, 3H), 7.35 (s, 1H), 7.42-7.52 (m, 4H), 7.54-7.62 (m, 1H), 7.66-7.73 (m, 4H); 13C NMR (75.5 MHz, 

CDCl3) δ 21.89, 21.92, 22.2, 22.6, 55.3, 69.4, 73.4, 83.3, 83.4, 113.2, 128.1, 128.4, 128.5, 128.7, 128.9, 

129.0, 130.3, 130.9, 132.1, 132.2, 132.3, 132.4, 132.5, 132.7, 132.8, 132.86, 132.90, 133.4, 152.2, 152.3, 

159.0, 171.9; 31P NMR (121 MHz, CDCl3) δ 21.5; IR (ATR) 1717, 1609, 1509, 1457, 1438, 1252, 1226, 

1183, 1070, 1047, 1029, 839, 801, 753 cm−1; HRMS (ESI) calcd. for C28H32N2O4P [M+H]+: 491.2107, 

Found: 491.2100; HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, 

temp = 50 C) t(major) = 9.57, t(minor) = 12.7 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(4-fluoro)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4e)

The reaction was carried out as described above except for using ketimine 1e 

(34 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4e as a yellow solid (91% 

yield, anti:syn=94:6).

(4R,5S)-4e: [α]D
25 −1.20 (c 1.23, CHCl3, er = 94:6); 1H NMR (300 MHz, CDCl3) 

δ 0.93 (s, 3H), 1.26-1.36 (m, 6H), 1.75 (s, 3H), 5.10 (sep, J = 6.0 Hz, 1H), 7.00 (t, J = 8.4 Hz, 1H), 7.18 

(s, 1H), 7.23-7.27 (m, 2H), 7.36 (s, 1H), 7.48-7.51 (m, 4H), 7.53-7.77 (m, 6H); 13C NMR (75.5 MHz, 

CDCl3) δ 21.88, 21.9, 22.5, 22.6, 69.6, 73.2, 83.05, 83.14, 128.1, 128.3, 128.4, 128.7, 128.9, 129.0, 

129.2, 130.3, 130.7, 131.9, 132.1, 132.2, 132.3, 132.89, 132.9, 133.07, 133.1, 133.7, 139.9, 152.0, 152.1, 

171.5; 31P NMR (121 MHz, CDCl3) δ 21.8; IR (ATR) 3734, 2981, 2938, 1718, 1613, 1510, 1438, 1375, 

1202, 1069, 930, 843 cm−1; HRMS (ESI) calcd. for C27H29N2O3FP [M+H]+: 479.1889, Found: 

479.1900; HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 

50 C) t(major) = 7.77, t(minor) = 12.3 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(3-chloro)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4f)

The reaction was carried out as described above except for using ketimine 1f (35 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4f as a yellow solid (98% yield, 

anti:syn=95:5).

(4R,5S)-4f: [α]D
25 −3.2 (c 1.46, CHCl3, er = 93:7); 1H NMR (300 MHz, CDCl3) δ 

0.96 (s, 3H), 1.29-1.34 (m, 6H), 1.80 (s, 3H), 5.10 (sep, J = 6.0 Hz, 1H), 7.14 (s, 1H), 7.21-7.30 (m, 4H), 

7.36 (s, 2H), 7.51-7.53 (m, 3H), 7.59-7.69 (m, 3H), 7.75-7.82 (m, 2H); 13C NMR (75.5 MHz, CDCl3) δ 

21.87, 21.91, 22.4, 22.5, 69.6, 73.3, 76.7, 77.2, 77.6, 83.06, 83.15, 125.1, 127.2, 127.9, 128.4, 128.7, 

128.9, 129.0, 129.2, 129.2, 130.4, 130.7, 131.9, 132.0, 132.1, 132.3, 132.90, 132.93, 133.07, 133.10, 
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134.1, 143.5, 151.9, 152.0, 171.4; 31P NMR (121 MHz, CDCl3) δ 22.0; IR (ATR) 3649, 2982, 1718, 

1613, 1510, 1438, 1375, 1202, 1069, 1037, 998, 903, 843, 813, 752 cm−1; HRMS (ESI) calcd. for 

C27H29N2O3PCl [M+H]+: 495.1612, Found: 495.1604; HPLC (DAICEL CHIRALPAK IA, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) = 9.82, t(major) = 11.6 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(4-chloro)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4g)

The reaction was carried out as described above except for using ketimine 1g 

(35 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4g as a yellow solid (97% 

yield, anti:syn=99:1).

(4R,5S)-4g: [α]D
25 −13.0 (c 1.33, CHCl3, er = 93:7); 1H NMR (300 MHz, 

CDCl3) δ 0.94 (s, 3H), 1.24-1.33 (m, 6H), 1.75 (s, 3H), 5.09 (sep, J = 6.0 Hz, 1H), 7.15 (s, 1H), 7.20-

7.30 (m, 4H), 7.36 (s, 2H), 7.47-7.54 (m, 3H), 7.57-7.78 (m, 5H); 13C NMR (75.5 MHz, CDCl3) δ 21.88, 

21.9, 22.5, 22.6, 69.6, 73.2, 83.05, 83.14, 128.1, 128.3, 128.4, 128.7, 128.9, 129.0, 129.2, 130.3, 130.7, 

131.9, 132.1, 132.2, 132.3, 132.89, 132.9, 133.07, 133.1, 133.7, 139.9, 152.0, 152.1, 171.5; 31P NMR 

(121 MHz, CDCl3) δ 21.8; IR (ATR) 3649, 1869, 1829, 1793, 1771, 1698, 1616, 1521, 1490, 1418, 

1259, 1048, 844, 774, 697 cm−1; HRMS (ESI) calcd. for C27H29N2O3PCl [M+H]+: 495.1601, Found: 

495.1604; HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 

50 C) t(major) = 7.77, t(minor) = 12.3 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(4-bromo)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4h);

The reaction was carried out as described above except for using ketimine 1h (40 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4h as a yellow solid (98% yield, 

anti:syn=98:2).

 (4R,5S)-4h: [α]D
25 −0.003 (c 1.45, CHCl3, er = 93:7); 1H NMR (300 MHz, CDCl3) 

δ 0.97 (s, 3H), 1.23-1.39 (m, 6H), 1.80 (s, 3H), 5.10 (sep, J = 6.0 Hz, 1H), 7.14 (s, 1H), 7.18-7.27 (m, 

2H), 7.31-7.38 (m, 3H), 7.41-7.44 (m, 1H), 7.52-7.54 (m, 3H), 7.59-7.67 (m, 3H), 7.70-7.82 (m, 2H); 
13C NMR (75.5 MHz, CDCl3) δ 21.86, 21.9, 22.5, 69.6, 73.2, 76.7, 77.2, 77.6, 83.1, 83.2, 122.4, 125.5, 

128.4, 128.7, 128.9, 129.0, 129.2, 129.5, 130.1, 130.4, 130.7, 130.8, 131.8, 132.0, 132.1, 132.26, 132.3, 

132.90, 132.93, 133.07, 133.1, 143.8, 151.9, 152.0, 171.4; 31P NMR (121 MHz, CDCl3) δ 22.1; IR 

(ATR) 3649, 1869, 1829, 1771, 1717, 1684, 1541, 1507, 1489, 1375, 1259, 1102, 902, 834, 703, 670 

cm−1; HRMS (ESI) calcd. for C27H29N2O3PBr [M+H]+: 539.1108, Found: 539.1099; HPLC (DAICEL 

CHIRALPAK IA, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) = 10.1, t(major) = 

11.8 min.
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(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(4-bromo)phenyl-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4i)

The reaction was carried out as described above except for using ketimine 1i 

(40 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4i as a yellow solid (96% 

yield, anti:syn=96:4). 

(4R,5S)-4i: [α]D
25 +0.91 (c 1.39, CHCl3, er = 94:6); 1H NMR (300 MHz, 

CDCl3) δ 0.94 (s, 3H), 1.28-1.33 (m, 6H), 1.75 (s, 3H), 5.09 (sep, J = 6.0 Hz, 1H), 7.15-7.27 (m, 3H), 

7.36 (s, 2H), 7.42-7.50 (m, 5H), 7.59-7.78 (m, 5H); 13C NMR (75.5 MHz, CDCl3) δ 21.86, 21.9, 22.5, 

69.6, 73.2, 76.7, 77.2, 77.6, 83.0, 83.1, 122.0, 128.4, 128.6, 128.7, 128.9, 129.0, 129.2, 130.2, 130.6, 

131.1, 131.4, 131.5, 131.6, 131.9, 132.0, 132.2, 132.3, 132.90, 132.94, 133.08, 133.1, 140.4, 151.9, 

152.0, 171.5; 31P NMR (121 MHz, CDCl3) δ 21.8; IR (ATR) 3734, 1869, 1771, 1717, 1684, 1616, 1558, 

1489, 1418, 1374, 1259, 1102, 930, 772, 669 cm−1; HRMS (ESI) calcd. for C27H29N2O3PBr [M+H]+: 

539.1103, Found: 539.1099; HPLC (DAICEL CHIRALPAK IF-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 

225 nm, temp = 50 C) t(minor) = 15.0, t(major) = 17.4 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(4-nitro)phenyl-1-diphenyphoshinoyl-1H-imidazole-

4-carboxylate (anti-4j)

The reaction was carried out as described above except for using ketimine 1j 

(36 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4j as a yellow solid (93% 

yield, anti:syn=94:6). 

(4R,5S)-4j: [α]D
25 −15.9 (c 1.30, CHCl3, er = 93:7); 1H NMR (300 MHz, 

CDCl3) δ 0.94 (s, 3H), 1.26-1.38 (m, 6H), 1.85 (s, 3H), 5.12 (sep, J = 6.0 Hz, 1H), 7.13 (s, 1H), 7.33-

7.40 (m, 4H), 7.49-7.57 (m, 5H), 7.63-7.70 (m, 3H), 7.77-7.84 (m, 2H), 8.20 (d, J = 7.2 Hz, 1H); 13C 

NMR (75.5 MHz, CDCl3) δ 21.86, 21.9, 22.6, 22.7, 69.9, 73.2, 76.7, 77.2, 77.6, 82.9, 83.0, 123.1, 127.9, 

128.4, 128.9, 129.1, 129.2, 129.4, 130.2, 130.4, 131.7, 131.9, 132.0, 132.1, 132.2, 133.09, 133.13, 

133.35, 133.39, 147.3, 148.8, 151.7, 151.8, 171.0; 31P NMR (121 MHz, CDCl3) δ 22.2; IR (ATR) 3591, 

2969, 2927, 1630, 1619, 1204, 1120, 987, 752, 669, 560, 482, 462, 445, 410 cm−1; HRMS (ESI) calcd. 

for C27H29N3O5P [M+H]+: 506.1847, Found: 506.1845; HPLC (DAICEL CHIRALPAK AD-3, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(major) = 13.9, t(minor) = 26.3 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(2-)naphthyl-1-diphenyphoshinoyl-1H-imidazole-4- 

carboxylate (anti-4k)

The reaction was carried out as described above except for using ketimine 1k 

(37 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4k as a yellow solid (99% 
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yield, anti:syn=95:5).

 (4R,5S)-4k: [α]D
25 −21.8 (c 1.40, CHCl3, er = 96:4); 1H NMR (300 MHz, CDCl3) δ 0.96 (s, 3H), 1.25-

1.37 (m, 6H), 1.93 (s, 3H), 5.13 (sep, J = 6.0 Hz, 1H), 7.36 (s, 3H), 7.43-7.50 (m, 6H), 7.53-7.56 (m, 2H), 

7.64 (s, 1H), 7.67-7.83 (m, 6H); 13C NMR (75.5 MHz, CDCl3) δ 21.9, 22.0, 22.3, 22.8, 69.5, 73.8, 76.7, 

77.2, 77.6, 83.2, 83.3, 125.2, 125.8, 126.1, 126.3, 127.4, 127.5, 128.4, 128.5, 128.6, 128.78, 128.85, 

129.0, 130.5, 130.9, 132.0, 132.1, 132.2, 132.3, 132.6, 132.77, 132.8, 132.90, 132.93, 138.8, 152.2, 

152.3, 171.8; 31P NMR (121 MHz, CDCl3) δ 21.4; IR (ATR) 1719, 1613, 1437, 1375, 1260, 1224, 1121, 

1100, 1049, 998, 890, 860, 814, 725, 697 cm−1; HRMS (ESI) calcd. for C31H32N2O3P [M+H]+: 511.2151, 

Found: 511.2158; HPLC (DAICEL CHIRALPAK IF-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, 

temp = 50 C) t(minor) = 17.8, t(major) = 23.4 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(2-)thienyl-1-diphenyphoshinoyl-1H-imidazole-4-

carboxylate (anti-4l)

The reaction was carried out as described above except for using ketimine 1l (33 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4l as a yellow solid (85% yield, 

anti:syn=92:8).

(4R,5S)-4l: [α]D
25 −20.3 (c 1.23, CHCl3, er = 93:7); 1H NMR (300 MHz, CDCl3) δ 1.12 (s, 3H), 1.23-

1.30 (m, 6H), 1.75 (s, 3H), 5.07 (sep, J = 6.0 Hz, 1H), 6.89-6.96 (m, 2H), 7.10 (s, 1H), 7.24 (d, J = 5.1 

Hz, 1H), 7.36 (s, 1H), 7.47-7.52 (m, 4H), 7.57-7.62 (m, 2H), 7.69-7.82 (m, 4H); 13C NMR (75.5 MHz, 

CDCl3) δ 20.8, 21.8, 23.1, 69.6, 71.9, 76.7, 77.2, 77.6, 83.2, 83.3, 124.9, 125.8, 126.7, 128.4, 128.6, 

128.8, 129.0, 130.2, 130.5, 131.9, 132.1, 132.2, 132.3, 132.5, 132.76, 132.8, 132.9, 133.0, 146.5, 152.0, 

152.1, 171.4; 31P NMR (121 MHz, CDCl3) δ 21.1; IR (ATR) 3426, 1721, 1224, 1199, 1122, 1100, 725, 

693, 669, 661, 644, 629, 617, 591 cm−1; HRMS (ESI) calcd. for C25H28N2O3SP [M+H]+: 467.1558, 

Found: 467.1562; HPLC (DAICEL CHIRALPAK AY-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, 

temp = 50 C) t(minor) = 8.62, t(major) = 10.6 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(3-)thienyl-1-diphenyphoshinoyl-1H-imidazole-4-

carboxylate (anti-4m)

The reaction was carried out as described above except for using ketimine 1m (33 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4m as a yellow solid (94% yield, 

anti:syn=97:3). (4R,5S)-4m: [α]D
25 −30.1 (c 0.746, CHCl3, er = 96:4); 1H NMR 

(300 MHz, CDCl3) δ 1.05 (s, 3H), 1.26-1.33 (m, 6H), 1.66 (s, 3H), 5.09 (sep, J = 

6.0 Hz, 1H), 6.96-6.99 (m, 2H), 7.19-7.25 (m, 2H), 7.36 (s, 1H), 7.42-7.59 (m, 6H), 7.62-7.73 (m, 4H); 
13C NMR (75.5 MHz, CDCl3) δ 21.3, 21.88, 21.91, 22.7, 69.4, 71.6, 82.9, 83.0, 122.4, 125.3, 127.5, 

128.4, 128.5, 128.7, 128.8, 129.0, 130.0, 130.5, 131.7, 132.1, 132.2, 132.3, 132.4, 132.75, 132.79, 132.8, 
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132.9, 143.2, 152.2, 152.3, 171.6; 31P NMR (121 MHz, CDCl3) δ 21.4; IR (ATR) 3413, 2979, 1721, 

1611, 1438, 1375, 1225, 1121, 1101, 819, 751, 725, 628, 618 cm−1; HRMS (ESI) calcd. for 

C25H28N2O3SP [M+H]+: 467.1558, Found: 467.1569; HPLC (DAICEL CHIRALPAK AY-3, 

Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) = 8.50, t(major) = 11.5 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-(2-)fulyl-1-diphenyphoshinoyl-1H-imidazole-4-

carboxylate (anti-4n)

The reaction was carried out as described above except for using ketimine 1n (31 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4n as a yellow solid (90% yield, 

anti:syn=96:4). (4R,5S)-4n: [α]D
25 −54.3 (c 1.17, CHCl3, er = 95:5); 1H NMR (300 

MHz, CDCl3) δ 1.12 (s, 3H), 1.28-1.35 (m, 6H), 1.72 (s, 3H), 5.07 (sep, J = 6.0 Hz, 

1H), 6.12 (d, J = 2.1 Hz, 1H), 6.26 (d, J = 2.1 Hz, 1H), 7.05 (s, 1H), 7.24 (s, 1H), 7.35-7.36 (m, 2H), 

7.51-7.64 (m, 5H), 7.78-7.85 (m, 2H); 13C NMR (75.5 MHz, CDCl3) δ 20.2, 20.7, 21.86, 21.88, 69.3, 

69.5, 83.0, 83.1, 108.4, 110.7, 128.4, 128.5, 128.71, 128.74, 128.9, 130.0, 130.5, 131.6, 132.0, 132.1, 

132.2, 132.4, 132.61, 132.65, 132.8, 132.9, 141.6, 152.0, 152.1, 154.1, 171.0; 31P NMR (121 MHz, 

CDCl3) δ 21.4; IR (ATR) 3414, 2980, 2938, 1722, 1612, 1439, 1269, 1223, 1122, 1102, 694, 669, 617, 

557, 495 cm−1; HRMS (ESI) calcd. for C25H28N2O4P [M+H]+: 451.1787, Found: 451.1788; HPLC 

(DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) = 

9.42, t(major) = 10.5 min.

(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-phenethyl-1-diphenyphoshinoyl-1H-imidazole-4-

carboxylate (anti-4o)

The reaction was carried out as described above except for using ketimine 1o (35 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4o as a yellow solid (90% yield, 

anti:syn=90:10). 

(4R,5S)-4o: [α]D
25 −55.6 (c 0.89, CHCl3, er = 95:5); 1H NMR (300 MHz, CDCl3) δ 1.25-1.30 (m, 6H), 

1.40 (s, 3H), 1.54 (s, 3H), 2.22 (t, J = 9.0 Hz, 2H), 2.70-2.76 (m, 1H), 2.87-2.93 (m, 1H), 5.06 (sep, J = 

6.3 Hz, 1H), 6.69 (s, 1H), 7.14-7.19 (m, 3H), 7.23-7.26 (m, 2H), 7.52-7.60 (m, 6H), 7.72-7.85 (m, 4H); 

13C NMR (150 MHz, CDCl3) δ 19.7, 21.8, 21.9, 23.0, 31.4, 39.3, 69.3, 72.7, 81.1, 81.2, 125.8, 125.9, 

128.4, 128.5, 128.8, 129.0, 129.2, 130.6, 131.9, 132.0, 132.2, 132.3, 132.87, 132.9, 132.95, 141.9, 151.7, 

151.8, 171.9; 31P NMR (121 MHz, CDCl3) δ 21.0; IR (ATR) 2979, 1722, 1608, 1438, 1374, 1227, 1174, 

1121, 1099, 928, 751 cm−1; HRMS (ESI) calcd. for C29H34N2O3P [M+H]+: 489.2307, Found: 489.2320; 

HPLC (DAICEL CHIRALPAK IA, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) 

= 7.2, t(major) = 9.1 min.
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(4R,5S)-Isopropyl 4,5-dihydro-4,5-dimethyl-5-ethylpropanoate-1-diphenyphoshinoyl-1H-

imidazole-4-carboxylate (anti-4p)

The reaction was carried out as described above except for using ketimine 1p 

(34 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4p as a yellow oil (92% yield, 

anti:syn=85:15). 

(4R,5S)-4p: 1H NMR (300 MHz, CDCl3) δ 1.19-1.27 (m, 9H), 1.38 (s, 3H), 1.45 (s, 3H), 2.11-2.22 (m, 

1H), 2.31-2.42 (m, 1H), 2.48-2.58 (m, 1H), 2.65 -2.72 (m, 1H), 4.08 (q, J = 7.2 Hz, 2H), 5.06 (sep, J = 

6.3 Hz, 1H), 6.64 (s, 1H), 7.36 (s, 1H), 7.54-7.60 (m, 6H), 7.74-7.80 (m, 4H); 13C NMR (150 MHz, 

CDCl3) δ 14.3, 20.3, 21.7, 21.8, 22.7, 30.0, 30.2, 31.4, 60.5, 69.4, 72.0, 81.3, 128.3, 128.4, 128.9, 129.0, 

129.04, 129.2, 130.4, 131.9, 132.0, 132.2, 133.0, 151.2, 151.3, 171.8, 172.9; 31P NMR (121 MHz, 

CDCl3) δ 21.2; IR (ATR) 2979, 1729, 1610, 1439, 1375, 1278, 1217, 1179, 1121, 1102, 753, 726, 698 

cm−1; HRMS (ESI) calcd. for C26H34N2O5P [M+H]+: 485.2205, Found: 485.2205; HPLC (DAICEL 

CHIRALPAK IC-3, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) = 28.1, t(major) = 

30.7 min.

(4R,5S)-Isopropyl 4,5-dihydro-4-ethyl-5-methyl-5-phenyl-1-diphenyphoshinoyl-1H-imidazole-4-

carboxylate (anti-4q)

The reaction was carried out as described above except for using ketimine 1a (32 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4q as a yellow solid (98% yield, 

anti:syn=98:2). 

(4R,5S)-4q: [α]D
25 +20.4 (c 1.22, CHCl3, er = 94:6); 1H NMR (300 MHz, CDCl3) 

δ 0.81-0.85 (m, 4H), 1.27-1.37 (m, 7H), 1.79 (s, 3H), 5.14 (sep, J = 6.0 Hz, 1H), 7.21 (s, 1H), 7.29-7.30 

(m, 4H), 7.36-7.37 (m, 2H), 7.40-7.49 (m, 3H), 7.52-7.59 (m, 2H), 7.65-7.76 (m, 4H); 13C NMR (75.5 

MHz, CDCl3) δ 9.9, 21.9, 22.0, 23.2, 29.8, 69.3, 74.1, 87.16, 87.25, 127.1, 127.7, 127.8, 128.4, 128.6, 

128.8, 128.9, 129.0, 130,6, 130.9, 132.0, 132.11, 132.14, 132.3, 132.5, 132.7, 132.9, 140.9, 151.7, 151.8, 

171.0; 31P NMR (121 MHz, CDCl3) δ 21.7; IR (ATR) 3414, 2978, 1722, 1438, 1226, 1121, 1101, 1049, 

997, 836, 725, 694 cm−1; HRMS (ESI) calcd. for C28H32N2O3P [M+H]+:475.2151, Found: 475.2159; 

HPLC (DAICEL CHIRALPAK IA, Hexane:iPrOH = 70:30, 1.0 mL/min, 225 nm, temp = 50 C) t(minor) 

= 8.5, t(major) = 9.4 min.

(4R,5S)-Isopropyl 4,5-dihydro-4-isobuthyl-5-methyl-5-phenyl-1-diphenyphoshinoyl-1H-imidazole-

4-carboxylate (anti-4r)

The reaction was carried out as described above except for using ketimine 1a (32 

mg, 0.1 mmol) and THF (1.0 mL) to give anti-4r as a yellow solid (78% yield, 

anti:syn=93:7). 
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(4R,5S)-4r: [α]D
25 +19.7 (c 1.14, CHCl3, er = 90:10); 1H NMR (300 MHz, CDCl3) δ 0.66-0.70 (m, 1H), 

0.73-0.83 (m, 6H),, 1.24-1.25 (m, 1H), 1.33 (s, 3H), 1.60-1.65 (m, 1H), 1.75 (s, 3H), 5.12 (sep, J = 6.0 

Hz, 1H), 7.29 (s, 4H), 7.34-7.36 (m, 2H), 7.41-7.49 (m, 3H), 7.51-7.59 (m, 2H), 7.61-7.76 (m, 4H); 13C 

NMR (75.5 MHz, CDCl3) δ 21.89, 22.0, 23.2, 24.2, 24.4, 26.3, 44.3, 69.4, 74.6, 86.8, 86.9, 127.1, 127.7, 

127.8, 128.4, 128.6, 128.8, 128.9, 129.1, 130.7, 131.0, 132.0, 132.1, 132.2, 132.3, 132.67, 132.71, 

132.85, 132.89, 141.0, 151.5, 151.6, 171.6; 31P NMR (121 MHz, CDCl3) δ 21.6; IR (ATR) 3414, 2970, 

2953, 1738, 1726, 1439, 1366, 1227, 1102, 1008, 789, 677 cm−1; HRMS (ESI) calcd. for C30H36N2O3P 

[M+H]+: 503.2464, Found: 503.2466; HPLC (DAICEL CHIRALPAK IF-3, Hexane:iPrOH = 70:30, 1.0 

mL/min, 225 nm, temp = 50 C) t(minor) = 9.5, t(major) = 12.5 min.

(4R,5S)-Methyl 4,5-dihydro-4,5-dimethyl-5-(4-methyl)phenyl-1-diphenyphoshinoyl-1H-imidazole-

4-carboxylate (anti-4s)

The reaction was carried out as described above except for using ketimine 1a 

(33 mg, 0.1 mmol) and THF (1.0 mL) to give anti-4s as a yellow solid (68% 

yield, anti:syn=96:4).

(4R,5S)-4s: [α]D
25 +0.991 (c 0.91, CHCl3, er = 95:5); 1H NMR (300 MHz, 

CDCl3) δ 0.96 (s, 3H), 1.67 (s, 3H), 2.35 (s, 3H), 3.76 (s, 3H), 7.10-7.17 (m, 4H), 7.35-7.36 (m, 2H), 

7.47-7.51 (m, 4H), 7.55-7.59 (m, 1H), 7.66-7.78 (m, 4H); 13C NMR (75.5 MHz, CDCl3) δ 21.1, 22.1, 

22.4, 52.3, 73.5, 83.5, 83.6, 126.6, 128.6, 128.8, 128.9, 129.1, 130.8, 132.0, 132.1, 132.3, 132.4, 132.8, 

132.9, 137.5, 138.1, 152.6, 152.7, 172.8; 31P NMR (121 MHz, CDCl3) δ 21.3; IR (ATR) 3734, 2990, 

2948, 1732, 1614, 1437, 1260, 1224, 1122, 1109, 725, 697 cm−1; HRMS (ESI) calcd. for C26H28N2O3P 

[M+H]+: 447.1838, Found: 447.1831; HPLC (DAICEL CHIRALPAK AD-3, Hexane:iPrOH = 70:30, 

1.0 mL/min, 225 nm, temp = 50 C) t(major) = 9.4, t(minor) = 10.5 min.
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General procedure for synthetic application of products:

(4R,5S)-Methyl 4,5-dimethyl-5-(4-methylphenyl)-4,5-dihydro-1H-imidazole-4-carboxylate (5)

N
N

Ph2(O)P

Me
Ar

CO2Me
Me

Ar = 4-MeC6H4

HN
N

Me
Ar

CO2Me
Me

anti-5
79%

4M HCl/1,4-dioxane
THF, r.t., 1 h

0.18 mmol

anti-4s

To a solution of anti-4s (79.0 mg, 0.18 mmol) in THF (1.5 mL), 4 M HCl/1,4-dioxane (100 μL) was 

added, and the mixture was stirred for 1 h. The reaction mixture was quenched with saturated NaHCO3, 

and the solution was extracted with CH2Cl2 in three times. The combined organic layer was dried over 

Na2SO4 and concentrated under reduced pressure.  The crude product was purified by silica gel column 

chromatography (AcOEt/MeOH=90/10, and 1% Et3N) to give to give 5 in 79% yield as a white solid 

without further purification.

(4R,5S)-Methyl 4,5-dimethyl-5-(4-methylphenyl)-4,5-dihydro-1H-imidazole-4-carboxylate (anti-5);

(4R,5S)-5: [α]D
25 +145.8 (c 0.80, CHCl3); 1H NMR (300 MHz, CDCl3) δ 

0.90 (s, 3H), 1.48 (s, 3H), 2.35 (s, 3H), 3.83 (s, 3H), 4.63 (br s, 1H), 7.14-

7.16 (m, 3H), 7.36-7.47 (m, 2H); 13C NMR (75.5 MHz, CDCl3) δ 21.1, 

24.3, 25.9, 52.5, 73.1, 74.9, 126.8, 128.8, 137.1, 138.3, 152.3, 173.7; IR (ATR) 3064, 2976, 1731, 1603, 

1446, 1273, 1131, 977, 806, 729  cm−1; HRMS (ESI) calcd. for C14H19N2O2
 [M+H]+: 247.1447, Found: 

247.1461.
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ESI-Mass spectroscopic analysis:

In order to clarify the assumed reaction mechanism, we also investigated some other spectroscopic 

analysis.  The ESI-Mass spectroscopic analysis of complex A; (2, 3e, NiCl2, and Cs2CO3 in a 

1:0.1:0.1:0.2 ratio in THF, cation mode) 
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The picture for the reaction mixture of CNCH(CH3)CO2iPr.

24 h
iPrO2CCH(CH3)NC

(1.5 eq.)

1a
NiCl2 (10 mol%)
3e (10 mol%)
Cs2CO3 (20 mol%)
MS 5Å

The addition of isopropyl 2-isocyanopropanoate (1.5 eq.) to the mixture of 1a, NiCl2, 3e, Cs2CO3, and 

MS 5Å changed the color of the reaction from yellow to green.  After stirring for 24 h, the color of the 

reaction changed to dark red.
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HPLC Charts: 

N
N

Ph2(O)P

Me CO2iPr
Me

4a
racemic-4a

 

(4R,5S)-4a

 

racemic-4a (4R,5S)-4a

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 10.2 50.2 1 10.2 94.7

2 11.2 49.8 2 11.4 5.3
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N
N

Ph2(O)P

Me CO2iPr
Me

Me 4b

racemic-4b

 

(4R,5S)-4b

 

racemic-4b (4R,5S)-4b

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 8.6 49.9 1 8.6 4.1

2 9.9 50.1 2 9.9 95.9
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N
N

Ph2(O)P

Me CO2iPr
Me

Me
4c

racemic-4c

 

(4R,5S)-4c

 

racemic-4c (4R,5S)-4c

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 8.6 50.5 1 8.4 95.6

2 10.5 49.5 2 10.1 4.4
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N
N

Ph2(O)P

Me CO2iPr
Me

MeO
4d

racemic-4d

 

(4R,5S)-4d

 

racemic-4d (4R,5S)-4d

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 9.6 50.2 1 9.6 95.7

2 12.8 49.8 2 12.7 4.2
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N
N

Ph2(O)P

Me CO2iPr
Me

F

4e

racemic-4e

 

(4R,5S)-4e

 

racemic-4e (4R,5S)-4e

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 12.7 50.5 1 12.0 94.2

2 21.6 49.5 2 20.0 5.8
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N
N

Ph2(O)P

Me CO2iPr
Me

Cl 4f

racemic-4f

 

(4R,5S)-4f

 

racemic-4f (4R,5S)-4f

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 9.9 49.9 1 9.8 7.0

2 11.8 50.1 2 11.6 93.0
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N
N

Ph2(O)P

Me CO2iPr
Me

Cl

4g

racemic-4g

(4R,5S)-4g

 

racemic-4g (4R,5S)-4g

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 8.0 50.5 1 7.8 92.9

2 12.7 49.5 2 12.3 7.1
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N
N

Ph2(O)P

Me CO2iPr
Me

Br 4h

racemic-4h

 

(4R,5S)-4h

 

racemic-4h (4R,5S)-4h

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 10.1 49.9 1 10.1 6.9

2 11.8 50.1 2 11.8 93.1

S47



N
N

Ph2(O)P

Me CO2iPr
Me

Br

4i

racemic-4i

 

(4R,5S)-4i

 

racemic-4i (4R,5S)-4i

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 14.9 49.9 1 15.0 5.8

2 17.4 50.1 2 17.4 94.2
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N
N

Ph2(O)P

Me CO2iPr
Me

O2N

4j
racemic-4j

(4R,5S)-4j

racemic-4j (4R,5S)-4j

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 10.9 50.4 1 13.9 93.4

2 23.2 49.6 2 26.3 6.6
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N
N

Ph2(O)P

Me CO2iPr
Me

4k

racemic-4k

(4R,5S)-4k

racemic-4k (4R,5S)-4k

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 17.8 49.8 1 17.8 5.6

2 23.6 50.2 2 23.4 94.4
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N
N

Ph2(O)P

Me CO2iPr
Me

S

4l

racemic-4l

(4R,5S)-4l

racemic-4l (4R,5S)-4l

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 8.6 50.0 1 8.6 6.9

2 10.7 50.0 2 10.6 93.1
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N
N

Ph2(O)P

Me CO2iPr
MeS

4m

racemic-4m

 

(4R,5S)-4m

racemic-4m (4R,5S)-4m

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 8.5 50.5 1 8.5 4.2

2 11.6 49.5 2 11.5 95.8
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N
N

Ph2(O)P

Me CO2iPr
Me

O

4n

racemic-4n

(4R,5S)-4n

racemic-4n (4R,5S)-4n

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 9.7 49.7 1 9.4 4.9

2 10.8 50.3 2 10.5 95.1
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N
N

Ph2(O)P

Me CO2iPr
Me

Ph

4o

racemic-4o

(4R,5S)-4o

racemic-4o (4R,5S)-4o

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 7.2 50.3 1 7.2 5.2

2 9.1 49.7 2 9.1 94.8
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N
N

Ph2(O)P

Me CO2iPr
Me

EtO2C

4p

racemic-4p

(4R,5S)-4p

racemic-4p (4R,5S)-4p

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 28.0 49.6 1 28.1 4.5

2 30.8 50.4 2 30.7 95.5
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N
N

Ph2(O)P

Me CO2iPr
Et

4q
racemic-4q

(4R,5S)-4q

racemic-4q (4R,5S)-4q

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 8.6 50.1 1 8.5 6.0

2 9.4 49.9 2 9.4 94.0
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N
N

Ph2(O)P

Me CO2iPr
iBu

4r

racemic-4r

(4R,5S)-4r

racemic-4r (4R,5S)-4r

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 9.5 49.8 1 9.5 9.6

2 12.6 50.2 2 12.5 90.4
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N
N

Ph2(O)P

Me CO2Me
Me

Me
4s

racemic-4s

(4R,5S)-4s

racemic-4s (4R,5S)-4s

Peak tR (min) Area (%) Peak tR (min) Area (%)

1 9.4 49.8 1 9.4 95.2

2 10.4 50.2 2 10.5 4.8
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