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1 General experimental 

  

All non-aqueous reactions were performed with magnetic stirring using oven-dried glassware 

under a positive pressure of nitrogen. Yields refer to spectroscopically pure compounds. 

 

All reagents bought from commercial sources were used as received. Organic solvents were 

evaporated under reduced pressure using a Büchi rotary evaporator. All solvents were 

commercially supplied or dried by filtration through activated alumina (powder ~150 mesh, 

pore size 58 Å, basic, Sigma-Aldrich) columns. Petrol ether (PE) refers to distilled light 

petroleum of fraction 30 - 40 °C. Ethyl acetate used for the preparation of imidazolines was 

dried and stored over 4 Å MS.  

 

All reactions were followed by thin-layer chromatography (TLC) when practical, using Merck 

Kieselgel 60 F254 fluorescent treated silica. Visualisation was accomplished under UV light 

(λmax= 254 nm) and by staining with aqueous potassium permanganate alkaline solution or 

vanillin staining dip (prepared by adding 2.5 mL of concentrated H2SO4 to a solution of 15 g of 

vanillin in 250 mL EtOH 95%). Chromatographic purification was performed on VWR 60 silica 

gel 40-63 μm using HPLC grade solvents that were used as supplied.  

 

Enantiomeric excesses were determined by analytical high performance liquid chromatography 

(HPLC) performed on an Agilent Technologies 1200 Series or 1260 Infinity Series systems 

using the chiral stationary phase column specified in the individual experiment and comparing 

the sample with the appropriate racemic mixture. 

The enantiomeric excess of the imidazolines was measured after removal of the 

diphenylphosphinoyl (DPP) group.  

 

Melting points were obtained on a Leica Galen III Hot-stage microscope apparatus equipped 

with a digital thermometer and are reported are uncorrected. 

 

High resolution mass spectra (HRMS) were recorded by the University of Oxford mass 

spectrometry staff on a Bruker Daltonics MicroTOF mass spectrometer equipped with an ESI 

source or on a Micromass GCT equipped with an EI source unless otherwise specified.  

 

Infrared absorption spectra (IR) were recorded on a Bruker Tensor 27 FT-IR spectrometer from 

a thin film (the sample was dissolved in CHCl3 and the solvent evaporated) on a diamond ATR 

module. Only selected bands (νmax) are reported in wavenumbers (cm
-1

). 

 

NMR spectra were recorded on Bruker spectrometers operating at 400 or 500 MHz (
1
H 

resonance). Proton chemical shifts () are given in parts per million (ppm) relative to 

tetramethylsilane (TMS) with the solvent resonance as internal standard:
1
 CDCl3, δ = 7.26 ppm; 

D2O, δ = 4.79 ppm. The following abbreviations are used to describe spin multiplicity: s = 

singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, m = 

                                                           
1
 G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb, A. Nudelman, B. M. Stoltz, J. E.  

Bercaw, K. I. Goldberg, Organometallics 2010, 29, 2176–2179. 
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multiplet, br = broad signal. Coupling constants (J) are given in Hertz (Hz). 
13

C-NMR spectra 

were recorded with complete proton decoupling. Carbon chemical shifts are reported in ppm (δ) 

relative to TMS with the solvent resonance as internal standard:
1
 CDCl3, δ = 77.16 ppm; 

CD2Cl2, δ = 53.84 ppm. Two-dimensional NMR spectroscopy experiments (COSY, HSQC and 

HMBC) were used where appropriate to assist in the assignment of signals in 
1
H and 

13
C spectra 

and data are not reported. NOE 
1
H-NMR spectra for imidazolines 5f, 5o, 5q and 5v were 

acquired to determine the relative stereochemistry (trans, see below for copies of spectra). 

Optical rotations were recorded using a Schmidt Haensch UniPol polarimeter. [α]D
T
 values, 

reported in 10
-1

 deg cm
2
 g

-1
, are

 
calculated on the average value of ten consecutive readings. 

Concentrations (c) are quoted in g/100 mL with the appropriate number of significant figures; D 

refers to the D-line of sodium (589 nm); temperatures (T) are given in degrees Celsius (°C).  

Single crystal X-ray diffraction data were collected at 150 K with an Oxford Diffraction 

SuperNova diffractometer and processed with CrysAlisPro as per the SI (CIF).  The structure 

was solved with SIR92
16

 and refined with CRYSTALS.
17

  Full crystallographic data (in CIF 

format) is available as ESI and can be obtained from The Cambridge Crystallographic Data 

Centre at www.ccdc.cam.ac.uk/data_request/cif (reference number CCDC 1493438). 
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2 Practical experimental 

  

2.1 Synthesis of starting materials and ligands 

 

Ligands 1a,
2
 1b

2
 and 1c

3
 were synthesized following literature procedures from quinine, 

quinidine and cinchonidine, respectively. The other ligands were prepared in a similar fashion 

(see below for procedure and full characterization). 

Isocyanoacetates 2a and 2d were prepared by dehydration of the corresponding N-formyl 

precursor following literature procedures.
4
 The other isocyanoacetates were prepared in a 

similar fashion (see below for procedure and full characterization). 

N-Diphenylphosphinoyl imines 3a-3k were prepared from the corresponding ketones via the 

oximes according to the literature.
5
 The physical and spectroscopical data of ketimines 3a,

6
 3b,

7
 

3c,
8 
3d,

9 
3e,

7
 3f,

6
 3g,

6
 3h,

8
 3i,

6
 3j

6
 and 3k

7
 were in agreement with those reported.  

 

 

2.1.1 Synthesis and characterization of isopropyl 2-isocyanopropanoate 2b 

 

 
To a solution of isopropyl alcohol (0.67 mL, 8.8 mmol, 1 equiv) and N-formylalanine (1.30 g, 

11.1 mmol, 1.2 equiv) in dry dichloromethane (80 mL) at 0 °C were added DCC (1.82 g, 8.80 

mmol, 1 equiv) and DMAP (1.18 g, 9.65 mmol, 1.1 equiv). The mixture was warmed to room 

temperature and stirred for 60 hours. The mixture was filtered, washed with water (40 mL) and 

brine (40 mL), dried over anhydrous sodium sulphate, filtered again and concentrated under 

reduced pressure. The crude was purified by flash column chromatography using 4:6 PE:AcOEt, 

obtaining isopropyl N-formylalanine 2b’ as a colorless oil in 61% yield (856 mg). 

 

IR (film) ν = 3294, 2983, 1734, 1661, 1525, 1454, 1377, 1204, 1106 cm
-1

; 
1
H-NMR (400 MHz, 

CDCl3) δ 8.13 (s, 1H, CHO), 6.95 (brs, 1H, NH), 5.00 (sept, J = 6.0 Hz, 1H, CH-(CH3)2), 4.56 

(d, J = 7.2 Hz, 1H, CH-CH3), 1.37 (d, J = 7.2 Hz, 3H, CH-CH3), 1.22 (d, J = 6.0 Hz, 3H, CH-

(CH3)2), 1.21 (d, J = 6.0 Hz, 3H, CH-(CH3)2); 
13

C-NMR
 
(100 MHz, CDCl3) δ 172.1 (C=O), 

160.8 (CHO), 69.2 (CH-(CH3)2), 46.9 (CH-CH3), 21.6 (CH-(CH3)2), 21.5 (CH-(CH3)2), 18.2 

(CH-CH3); HRMS (ESI): calcd. for C7H13NNaO3
+
 [M+Na]

+
 182.0788, found 182.0785. 

 

A solution of isopropyl N-formylalanine 2b’ (856 mg, 5.38 mmol, 1 equiv) in dry THF (8 mL) 

was cooled to 78 °C and Et3N (3.7 mL, 26.9 mmol, 5 equiv) was added. Then, a solution of 

                                                           
2
 R. de la Campa, I. Ortín, D. J. Dixon, Angew. Chem. Int. Ed. 2014, 54, 4895–4898. 

3
 F. Sladojevich, A. Trabocchi, A. Guarna, D. J. Dixon, J. Am. Chem. Soc., 2011, 133, 1710–1713. 

4
 (a) N. Elders, R. F. Schmitz, F. J. J. de Kanter, E. Ruijter, M. B. Groen, Romano V. A. Orru, J. Org. 

Chem. 2007, 72, 6135–6142; (b) J. Zhu, X. Wu, S. J. Danishefsky, Tetrahedron Letters, 2009, 50, 577–

579. 
5
 B. Krzyzanowska, W. J. Stec, Synthesis 1982, 270. 

6
 Y.-J. Chen, C. Chen, Tetrahedron: Asymmetry, 2008, 19, 2201–2209. 

7
 S. Masumoto, H. Usuda, M. Suzuki, M. Kanai, M. Shibasaki, J. Am. Chem. Soc., 2003, 125, 5634–5635. 

8
 M. G. Núñez, A. J. M. Farley, D. J. Dixon, J. Am. Chem. Soc. 2013, 135, 16348–16351.  

9
 I. Ortín, D. J. Dixon, Angew. Chem. Int. Ed. 2014, 53, 3462–3465. 
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POCl3 (0.65 mL, 6.72 mmol, 1.25 equiv) in THF (8 mL) was added dropwise at 78 °C. The 

mixture was gently warmed to 0 °C, stirred for 2 hours, poured into cool water (10 mL) and 

extracted with diethyl ether (2 × 10 mL). The combined organic phases were washed with brine 

(10 mL), dried over anhydrous sodium sulphate, filtered and concentrated under reduced 

pressure. Compound 2b was obtained as a yellow oil in 92% yield (695 mg) and was used 

without further purification. 

 

IR (film) ν = 2983, 2936, 2144, 1743, 1677, 1454, 1212, 1105 cm
-1

; 
1
H-NMR (500 MHz, 

CDCl3) δ 5.07 (sept, J = 6.3 Hz, 1H, CH-(CH3)2), 4.27 (q, J = 7.1 Hz, 1H, CH), 1.62 (d, J = 7.1 

Hz, 3H, CH3), 1.29 (d, J = 6.3 Hz, 3H, CH-(CH3)2), 1.28 (d, J = 6.3 Hz, 3H, CH-(CH3)2);
 13

C-

NMR (125 MHz, CDCl3) δ 166.7 (C=O), 159.3 (C≡N), 70.8 (CH-(CH3)2), 52.0 (CH), 21.6 

(CH-(CH3)2), 19.4 (CH3); HRMS (ESI): calcd. for C7H11NNaO2
+
 [M+Na]

+ 
164.0682, found 

164.0688. 

 

2.1.2 Synthesis and characterization of tert-butyl 2-isocyanopropanoate 2c
10 

 

 
A 2 M solution of formic acid (3.77 mL in 12.5 mL of chloroform) was added dropwise to a 

stirred solution of DCC (2.57 g, 12.4 mmol, 2 equiv) in chloroform (15 mL) at 0 °C. The 

mixture was stirred at 0 °C for 5 minutes, then added over 30 minutes to a solution of alanine 

hydrochloride tert-butyl ester (1.13 g, 6.22 mmol, 1 equiv) in pyridine (15.5 mL) at 0 °C. The 

reaction mixtures was stirred at 0 °C for 4 hours, then volatiles were removed under vacuum. 

Diethyl ether is added to the residue and the suspension is filtered. The filtrate is concentrated 

under vacuum and purified by FCC (PE:EA 1:1) obtaining 2c’ as a colorless oil in 93% yield 

(999 mg, data in agreement with the literarure).
11

 

A solution of tert-butyl N-formylalanine 2c’ (967 mg, 5.58 mmol, 1 equiv) in dry THF (7 mL) 

was cooled to 78 °C and Et3N (3.9 mL, 27.9 mmol, 5 equiv) was added. Then, a solution of 

POCl3 (0.68 mL, 6.98 mmol, 1.25 equiv) in THF (4 mL) was added dropwise at 78 °C. The 

mixture was gently warmed to 0 °C, stirred for 2 hours, poured into cool water (10 mL) and 

extracted with diethyl ether (2 × 10 mL). The combined organic phases were washed with brine 

(10 mL), dried over anhydrous sodium sulphate, filtered and concentrated under reduced 

pressure. Compound 2c was obtained as a yellow oil in 92% yield (853 mg) and was used 

without further purification. 

 

IR (film) ν = 2983, 2143, 1745, 1456, 1371, 1294, 1226, 1156, 1117, 1082, 1029, 850, 835 cm
-

1
; 

1
H-NMR (400 MHz, CDCl3) δ 4.20 (q, J = 7.1 Hz, 1H, CH), 1.60 (d, J = 7.1 Hz, 3H, CH3), 

1.50 (s, 9H, C(CH3)3);
 13

C-NMR (100 MHz, CDCl3) δ 166.2 (C=O), 158.9 (C≡N), 83.7 

(C(CH3)3), 52.5 (t, J = 7.5 Hz, CH), 27.8 (C(CH3)3), 19.4 (CH3); HRMS (ammonia CI): calcd. 

for C8H17N2O2
+
 [M+NH4]

+
 173.1285, found m/z 173.1286. 

                                                           
10

 Previously made by alkylation of tert-butyl isocyanoacetate, characterization not reported: U. 

Schöllkopf, D. Hoppe, R. Jentsch, Angew. Chem. 1971, 83, 357–358. 
11

 Y. Zhang, M. L. Blackman, A. B. Leduc, T. F. Jamison, Angew. Chem., Int. Ed. 2013, 52, 4251–4255. 
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2.1.3 Synthesis and characterization of diphenylmethyl 2-isocyanopropanoate 2e 

 

 
To a solution of diphenylmethanol (1.62 g, 8.80 mmol, 1 equiv) and N-formylalanine (1.30 g, 

11.1 mmol, 1.26 equiv) in dry dichloromethane (80 mL) at 0 °C were added DCC (1.82 g, 8.80 

mmol, 1 equiv) and DMAP (1.18 g, 9.65 mmol, 1.1 equiv). The mixture was warmed to room 

temperature and stirred for 60 hours. The mixture was filtered, washed with water (40 mL) and 

brine (40 mL), dried over anhydrous sodium sulphate, filtered again and concentrated under 

reduced pressure. The crude was purified by flash column chromatography using 1:1 PE:AcOEt, 

obtaining compound 2e’ as a white solid in 47% yield (1172 mg). 

 

M.p. 73 – 74 °C; IR (film) ν = 3295, 3033, 1740, 1662, 1496, 1451, 1182, 1130, 738, 696 cm
-1

; 
1
H-NMR (400 MHz, CDCl3) δ 8.15 (s, 1H, CHO), 7.45 – 7.30 (m, 10H, ArH), 6.96 (s, 1H, 

CHPh2), 6.85 (d, J = 7.1 Hz, 1H, NH), 4.87 (q, J = 7.1 Hz, 1H, CH-CH3), 1.51 (d, J = 7.1 Hz, 

3H, CH-CH3); 
13

C-NMR (100 MHz, CDCl3) δ 171.7 (C=O), 160.8 (CHO), 139.5 (CAr), 139.3 

(CAr), 128.6 (CHAr), 128.6 (CHAr), 128.1 (CHAr), 127.0 (CHAr), 126.9 (CHAr), 78.1 

(CHPh2), 46.8 (CH-CH3), 18.2 (CH-CH3); HRMS (ESI): calcd. for C17H17NNaO3
+
 [M+Na]

+
 

306.1101, found 306.1102. 

 

A solution of diphenylmethyl N-formylalanine 2e’ (1.73 g, 6.11 mmol) in dry dichloromethane 

(20 mL) was cooled to 60 °C and Et3N (2.04 mL, 14.6 mmol, 2.4 equiv) was added. Then, the 

POCl3 (0.63 mL, 6.7 mmol, 1.1 equiv) was added dropwise at 60 ºC and the mixture was 

gently warmed to 0 °C and stirred for 1.5 hours. The reaction was quenched by adding a 

saturated solution of Na2CO3 (5 mL), washed with water (30 mL) and brine (20 mL), dried over 

anhydrous sodium sulphate, filtered and concentrated under reduced pressure. The crude was 

purified by flash column chromatography using 8:2 PE:AcOEt, affording compound 2e as a pale 

yellow solid in 82% yield (1330 mg).  

 

M.p. 57 – 58 °C; IR (film) ν = 2143, 1748, 1687, 1496, 1452, 1183, 1114, 743, 696 cm
-1

; 
1
H-

NMR (500 MHz, CDCl3) δ 7.47 – 7.27 (m, 10H, CArH), 6.94 (s, 1H, CHPh2), 4.42 (q, J = 7.1 

Hz, 1H, CH), 1.67 (d, J = 7.1 Hz, 3H, CH3);
 13

C-NMR (125 MHz, CDCl3) δ 166.2 (C=O), 

159.9 (C≡N), 139.1 (CAr), 128.8 (CHAr), 128.5 (CHAr), 127.1 (CHAr), 79.2 (CHPh2), 52.0 

(CH), 19.4 (CH3); HRMS (ESI): calcd. for C17H15NNaO2
+
 [M+Na]

+ 
288.0995, found 288.0991. 

 

2.1.4 Synthesis and characterization of tert-butyl 2-isocyanobutanoate 2f 

 

 
To a solution of tert-butyl alcohol (0.58 mL, 6.05 mmol, 1.02 equiv) and 2-formamidobutanoic 

acid (780 mg, 5.95 mmol, 1 equiv) in dry dichloromethane (10 mL) at 0 °C were added DCC 
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(1.37 g, 6.66 mmol, 1.13 equiv) and DMAP (743 mg, 6.05 mmol, 1.02 equiv). The mixture was 

warmed to room temperature and stirred for 48 hours. The solution was filtered, washed with 

water (10 mL) and brine (10 mL), dried over anhydrous sodium sulphate, filtered again and 

concentrated under reduced pressure. The crude was purified by flash column chromatography 

using 4:6 petroleum ether:ethyl acetate, affording compound 2f’ as a colorless oil in 22% yield 

(250 mg).  

 

IR (film) ν = 3287, 2976, 1736, 1665, 1529, 1460, 1369, 1161 cm
-1

; 
1
H-NMR (500 MHz, 

CDCl3) δ 8.21 (s, 1H, CHO), 6.19 (brs, 1H, NH), 4.55 (dd, J = 13.6, 5.7 Hz, 1H, CH), 1.99 – 

1.83 (m, 1H, CH2a), 1.81 – 1.64 (m, 1H, CH2b), 1.47 (s, 9H, C(CH3)3), 0.91 (t, J = 7.5 Hz, 3H, 

CH3); 
13

C-NMR
 
(125 MHz, CDCl3) δ 171.3 (C=O), 160.6 (CHO), 82.5 (C(CH3)3), 52.5 (CH), 

28.1 (C(CH3)3), 25.9 (CH2), 9.2 (CH3); HRMS (ESI): calcd. for C9H17NNaO3
+
 [M+Na]

+
 

210.1101, found 210.1109. 

 

A solution of compound 2f’ (217 mg, 1.16 mmol, 1 equiv) in dry THF (1.2 mL) was cooled to 

78 
o
C and Et3N (0.80 mL, 5.8 mmol, 5 equiv) was added. Then, a solution of POCl3 (140 μL, 

1.45 mmol, 1.25 equiv) in THF (1.2 mL) was added dropwise at 78 ºC. The reaction mixture 

was gently warmed to 0 °C and stirred for 2 hours at 0 °C. The reaction mixture was poured into 

cool water (4 mL), extracted with diethyl ether (2 × 5 mL), washed with brine (4 mL), dried 

over anhydrous sodium sulphate, filtered and concentrated under reduced pressure. The crude 

was purified by flash column chromatography using 3:1 petroleum ether:ethyl acetate, obtaining 

compound 2f as a yellow oil in 94% yield (185 mg). 

 

IR (film): ν = 2980, 2147, 1747, 1370, 1253, 1155, 1126, 964, 839 cm
-1

; 
1
H-NMR (400 MHz, 

CDCl3): δ 4.11 (dd, J = 7.1, 5.1 Hz, 1H, CH), 2.00 – 1.86 (m, 2H, CH2), 1.49 (s, 9H, C(CH3)3), 

1.07 (t, J = 7.4 Hz, 3H, CH3);
 13

C-NMR (100 MHz, CDCl3): δ 165.7 (C=O), 159.3 (C≡N), 83.7 

(C(CH3)3), 58.7 (CH, t, 
1
JCN = 7.6 Hz), 27.9 (C(CH3)3), 26.5 (CH2), 9.6 (CH3); HRMS 

(ammonia CI): calcd. for C9H19N2O2
+
 [M+NH4]

+
 187.1441, found m/z 187.1443. 

 

2.1.5 Synthesis and characterization of tert-butyl 2-isocyanohexanoate 2g 

 

 
 

To a solution of tert-butyl alcohol (0.58 mL, 6.05 mmol, 1.04 equiv) and 2-formamidohexanoic 

acid (930 mg, 5.84 mmol, 1.0 equiv) in dry dichloromethane (10 mL) at 0 °C were added DCC 

(1.37 g, 6.66 mmol, 1.13 equiv) and DMAP (743 mg, 6.05 mmol, 1.04 equiv). The mixture was 

warmed to room temperature and stirred for 48 hours. The solution was filtered, washed with 

water (10 mL) and brine (10 mL), dried over anhydrous sodium sulphate, filtered again and 

concentrated under reduced pressure. The crude was purified by flash column chromatography 

using 4:6 petroleum ether:ethyl acetate, affording compound 2g’ as a colorless oil in 69% yield 

(871 mg). A solution of tert-butyl 2-formamidohexanoate 2g’ (249 mg, 1.16 mmol, 1 equiv) in 

dry THF (1.2 mL) was cooled to 78 °C and Et3N (0.80 mL, 5.8 mmol, 5 equiv) was added. 
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Then, POCl3 (140 μL, 1.45 mmol, 1.25 equiv) in THF (1.2 mL) was added dropwise at 78 ºC. 

The reaction mixture was gently warmed to 0 °C and stirred for 2 hours. The reaction mixture 

was poured into cool water (4 mL), extracted with diethyl ether (2 × 5  mL) washed with brine 

(4 mL), dried over anhydrous sodium sulphate, filtered and concentrated under reduced 

pressure. The crude was purified by flash column chromatography using 3:1 petroleum 

ether:ethyl acetate, affording compound 2g as a yellow oil in 96% yield (219 mg). 

 

IR (film): ν = 2961, 2147, 1748, 1156 cm
-1

; 
1
H-NMR (400 MHz, CDCl3): δ 4.09 – 4.04 (m, 1H, 

CH), 1.83 – 1.78 (m, 2H, CHCH2), 1.43 (s, 9H, C(CH3)3), 1.41 – 1.14 (m, 4H, CH2CH2CH3), 

0.87 (t, J = 8.0 Hz, 3H, CH3);
 13

C-NMR (100 MHz, CDCl3): δ 165.8 (C=O), 159.1 (C≡N), 83.6 

(C(CH3)3), 57.4 (CH), 32.4 (CH2), 27.8 (C(CH3)3), 27.2 (CH2), 21.8 (CH2), 13.8 (CH3); HRMS 

(ESI): calcd. for C11H19NO2Na
+
 [M+Na]

+
 220.1308, found m/z 220.1309. 
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2.1.6 Synthesis and characterization of ligand 1d 

 

 

 

 

 

 

S1 (585 g, 1.35 mmol) was dissolved in 8 mL of 2:1 MeOH/HCl 1M and 10% Pd/C (59 mg) 

was added. The reaction mixture was stirred under hydrogen (1 atm) for 7 h at room 

temperature and then filtered through Celite washing with water and MeOH. The filtrate was 

concentrated under reduced pressure and neutralized with sat. NaHCO3. The resultant solution 

was extracted several times with CH2Cl2. The combined CH2Cl2 extracts were dried over 

Na2SO4 and concentrated under reduced pressure to yield a colorless oil (400 mg, 1.23 mmol, 

91% yield) which was dissolved in 12 mL of dry CH2Cl2. 2-(Diphenylphosphino)benzoic acid 

(452 mg, 1.47 mmol) and 4-dimethylaminopyridine (18 mg, 0.15 mmol) were added. The 

mixture was cooled to 0 ºC, dicyclohexyl carbodiimide (280 mg, 1.35 mmol) was added and 

then the ice bath was removed and the resultant solution was stirred at room temperature for 12 

h. After filtration, CH2Cl2 was evaporated under reduced pressure and the residue was dissolved 

in EtOAc and washed with water, brine and dried over Na2SO4. The organic phase was 

concentrated under reduced pressure. Purification by flash column chromatography using 

EtOAc:MeOH 95:5 afforded product 1d as a white solid in 46% yield (338 mg). 

 

[α]D
25

 = + 52 (c = 0.5 in CHCl3). M.p. 155 – 156 °C; IR (film) ν = 3210, 2954, 1647, 

1620, 1509, 1472, 1327, 1244, 1230, 1027, 846, 744, 697 cm
-1

; 
1
H-NMR (500 MHz, 

CDCl3) δ 8.67 (d, J = 4.6 Hz, 1H, CHAr), 7.97 (d, J = 9.2 Hz, 1H, CHAr), 7.64 (d, J = 

2.5 Hz, 1H, CHAr), 7.59 – 7.47 (m, 1H, CHAr), 7.38 – 7.30 (m, 2H, CHAr), 7.30 – 

7.25 (m, 2H, CHAr), 7.25 – 7.15 (m, 5H, CHAr), 7.12 (d, J = 3.4 Hz, 1H, CHAr), 7.00 

(dd, J = 11.8, 4.2 Hz, 2H, CHAr), 6.94 (dd, J = 11.8, 4.2 Hz, 2H, CHAr), 6.84 (ddd, J = 

7.7, 4.2, 0.9 Hz, 1H, CHAr), 6.07 (t, J = 10.1 Hz, 1H, CH), 3.95 (s, 3H, OCH3), 3.25 

(dd, J = 17.2, 9.1 Hz, 1H, CH), 3.07 (dd, J = 13.4, 9.1 Hz, 1H, CH2a), 2.89 – 2.72 (m, 

1H, CH2b), 2.55 – 2.43 (m, 1H, CH2b´), 2.40 (d, J = 13.4 Hz, 1H, CH2a´), 1.94 – 1.81 (m, 

1H, CH2c), 1.81 – 1.64 (m, 2H, CH and CH2d), 1.53 (dd, J = 13.4, 7.1 Hz, 1H, CH2c´), 

1.47 – 1.31 (m, 4H, CH, CH2d´, CH2e and CH2e´), 0.93 (t, J = 7.1 Hz, 3H, CH2CH3); 
13

C-

NMR
 
(125 MHz, CDCl3) δ 168.8 (C=O), 158.2 (C-OCH3), 147.6 (CHAr), 145.1 (CAr), 

143.9 (CAr), 141.3 (d, J = 26.9 Hz, CAr), 136.4 (d, J = 10.8 Hz, CAr), 136.2 (d, J = 

11.0 Hz, CAr), 134.9 (d, J = 20.7 Hz, CAr), 134.3 (CHAr), 133.7 (d, J = 16.7 Hz, 

CHAr), 133.6 (d, J = 16.6 Hz, CHAr), 131.5 (CHAr), 130.6 (CHAr), 129.1 (CHAr), 

129.0 (d, J = 8.9 Hz, CHAr), 128.8 (d, J = 7.1 Hz, CHAr), 128.7 (d, J = 7.2 Hz, CHAr), 

128.7 (CHAr), 128.6 (CHAr), 122.4 (CHAr), 119.1 (CHAr), 101.8 (CHAr), 57.8 (CH), 

57.7 (CH2), 56.0 (OCH3), 50.1 (CH), 41.6 (CH2), 37.5 (CH), 28.2 (CH2), 27.9 (CH2), 

25.5 (CH and CH2), 12.4 (CH3);
 31

P-NMR (162 MHz, CDCl3) −10.5 (brs). HRMS 

(ESI): calcd. for C39H41N3O2P
+
 [M+H]

+
 614.2931, found m/z 614.2933. 
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2.1.7 Synthesis and characterization of ligand 1e 

 

 

 

 

 

 

S2 (850 mg, 1.96 mmol) was dissolved in 10 mL of 2:1 MeOH/HCl 1M and 10% Pd/C (85 mg) 

was added. The reaction mixture was stirred under hydrogen (1 atm) for 7 h at room 

temperature and then filtered through Celite washing with water and MeOH. The filtrate was 

concentrated under reduced pressure and neutralized with sat. NaHCO3. The resultant solution 

was extracted several times with CH2Cl2. The combined CH2Cl2 extracts were dried over 

Na2SO4 and concentrated under reduced pressure to yield a colorless oil (509 mg, 1.56 mmol, 

80% yield) which was dissolved in 16 mL of dry CH2Cl2. Triethylamine (0.26 mL, 1.87 mmol) 

and benzoyl chloride (0.2 mL, 1.72 mmol) were added. The mixture was stirred at room 

temperature for 12 h. CH2Cl2 was removed under reduced pressure. Purification by flash column 

chromatography using EtOAc:MeOH 8:2 afforded the product 1e as a pale yellow solid in 46% 

yield (436 mg). 

 

[α]D
25

 = –145 (c = 0.5 in CHCl3). M.p. 90 – 91 °C; IR (film) ν = 2930, 2962, 1621, 1509, 

1475, 1262, 1230 1029, 852, 829, 713 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 8.73 (d, J = 

4.6 Hz, 1H, CHAr), 8.03 (d, J = 9.2 Hz, 1H, CHAr), 7.87 – 7.77 (m, 2H, CHAr), 7.73 

(d, J = 2.6 Hz, 1H, CHAr), 7.59 – 7.33 (m, 5H, CHAr), 5.37 (s, 1H, CH), 3.98 (s, 3H, 

OCH3), 3.27 (dd, J = 13.6, 9.9 Hz, 1H, CH2a), 3.14 (dd, J = 20.5, 10.6 Hz, 2H, CH and 

CH2b), 2.79 – 2.62 (m, 1H, CH2b´), 2.47 (ddd, J = 13.6, 5.0, 2.2 Hz, 1H, CH2a´), 1.64 

(dd, J = 15.9, 4.3 Hz, 2H, CH and CH2c), 1.59 – 1.49 (m, 1H, CH2c´), 1.49 – 1.43 (m, 

1H, CH), 1.43 – 1.33 (m, 1H, CH2d), 1.33 – 1.15 (m, 2H, CH2e and CH2e´), 1.04 (dd, J = 

13.6, 6.7 Hz, 1H, CH2d´), 0.81 (t, J = 7.4 Hz, 3H, CH2CH3); 
13

C-NMR
 
(125 MHz, 

CDCl3) δ 167.3 (C=O), 157.9 (C-OCH3), 147.8 (CHAr), 145.0 (CAr), 134.1 (CAr), 

132.0 (CHAr), 131.8 (CHAr), 128.6 (CHAr), 127.3 (CHAr), 121.6 (CHAr), 102.1 

(CHAr), 60.3 (CH), 57.9 (CH2), 55.8 (OCH3), 53.6 (CH), 41.1 (CH2), 37.4 (CH), 28.7 

(CH2), 27.5 (CH2), 26.1 (CH2), 25.2 (CH), 12.1 (CH3); HRMS (ESI): calcd. for 

C27H32N3O2
+
 [M+H]

+
 430.2489, found m/z 430.2482. 

 

2.1.8 Synthesis and characterization of ligand 1f 

 

 

 

 

 

 

S3 (425 mg, 1.31 mmol) was dissolved in 5 mL of 2:1 MeOH/HCl 1M and 10% Pd/C (43 mg) 

was added. The reaction mixture was stirred under hydrogen (1 atm) for 7 h at room 

temperature and then filtered through Celite washing with water and MeOH. The filtrate was 

concentrated under reduced pressure and neutralized with sat. NaHCO3. The resultant solution 



15 
 
 

was extracted several times with CH2Cl2. The combined CH2Cl2 extracts were dried over 

Na2SO4 and concentrated under reduced pressure to yield a colorless oil (375 mg, 1.15 mmol, 

88% yield) which was dissolved in 8 mL of dry CH2Cl2. 2-(diphenylphosphino)benzoic acid 

(423 mg, 1.38 mmol) and 4-dimethylaminopyridine (17 mg, 0.14 mmol) were added. The 

mixture was cooled to 0 ºC, dicyclohexyl carbodiimide (261 mg, 1.27 mmol) was added and 

then the ice bath was removed and the resultant solution was stirred at room temperature for 12 

h. After filtration, CH2Cl2 was removed under reduced pressure and the residue was dissolved in 

EtOAc and washed with water, brine and dried over Na2SO4. The organic phase was 

concentrated under reduced pressure. Purification by flash column chromatography using 

EtOAc:MeOH 9:1 afforded the product 1f as a white solid in 65% yield (460 mg). 

 

[α]D
25

 = –70 (c = 0.5 in CHCl3). M.p. 85 – 86 °C; IR (film) ν = 2930, 2863, 1712, 1621, 

1508, 1476, 1434, 1251, 1139, 1105, 1055, 744, 697 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) 

δ 8.69 (d, J = 4.5 Hz, 1H, CHAr), 8.16 (s, 1H, CHAr), 8.01 (d, J = 9.2 Hz, 1H, CHAr), 

7.58 (d, J = 1.9 Hz, 1H, CHAr), 7.41 – 7.34 (m, 2H, CHAr), 7.34 – 7.26 (m, 5H, 

CHAr), 7.21 (td, J = 7.8, 1.5 Hz, 2H, CHAr), 7.16 – 7.00 (m, 5H, CHAr), 6.85 (ddd, J = 

7.6, 4.0, 1.0 Hz, 1H, CHAr), 6.57 (d, J = 9.8 Hz, 1H, CH), 3.94 (s, 3H, OCH3), 3.53 – 

3.44 (m, 1H, CH), 3.19 (dd, J = 9.0, 4.4 Hz, 2H, CH2a and CH2b), 2.62 (t, J = 10.1 Hz, 

1H, CH2a´), 2.47 (d, J = 13.0 Hz, 1H, CH2b´), 1.60 (s, 1H, CH), 1.52 (s, 1H, CH2c), 1.43 

(m, 2H, CH2c´ and CH), 1.37 – 1.24 (m, 3H, CH2d, CH2d´ and CH2e), 0.84 (t, J = 7.3 Hz, 

3H, CH2CH3), 0.79 – 0.58 (m, 1H, CH2e´); 
13

C-NMR
 
(125 MHz, CDCl3) δ 165.9 (d, J = 

2.4 Hz, C=O), 157.9 (C-OCH3), 147.3 (CHAr), 144.8 (CAr), 141.4 (CAr),140.6 (d, J = 

27.8 Hz, CAr), 138.0 (d, J = 12.4 Hz, CAr), 137.7 (d, J = 11.6 Hz, CAr), 134.1 (CHAr), 

134.0 (d, J = 20.7 Hz, CHAr), 133.6 (d, J = 20.7 Hz, CHAr), 132.0 (CHAr), 131.6 

(CHAr), 131.0 (CHAr), 128.5 (CHAr), 128.4 (CHAr), 128.4 (CHAr), 128.3 (CHAr), 

128.1 (CHAr), 128.1 (CHAr), 128.0 (CHAr), 127.9 (CHAr), 122.0 (CHAr), 120.7 

(CHAr), 101.8 (CHAr), 71.8 (CH), 58.8 (CH), 57.7 (CH2), 55.7 (OCH3), 41.4 (CH2), 

37.4 (CH), 28.5 (CH2), 27.6 (CH2), 25.1 (CH), 25.0 (CH2), 12.1 (CH3);
 31

P-NMR (162 

MHz, CDCl3) –3.2 (brs); HRMS (ESI): calcd. for C39H40N2O3P
+
 [M+H]

+
 615.2771, 

found m/z 615.2783. 

 

2.1.9 Synthesis and characterization of ligand 1g 

 

 

 

 

 

 

 

S2 (1.22 g, 2.82 mmol) was dissolved in 13 mL of 2:1 MeOH/HCl 1M and 10% Pd/C (122 mg) 

was added. The reaction mixture was stirred under hydrogen (1 atm) for 7 h at room 

temperature and then filtered through Celite washing with water and MeOH. The filtrate was 

concentrated under reduced pressure and neutralized with sat. NaHCO3. The resultant solution 

was extracted several times with CH2Cl2. The combined CH2Cl2 extracts were dried over 

Na2SO4 and concentrated under reduced pressure to yield a colorless oil (662 mg, 1.97 mmol, 
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70% yield) which was dissolved in 12 mL of MeOH. NaOMe (111.7 mg, 2.07 mmol) and 

paraformaldehyde (207.4 mg, 6.9 mmol) were added and the reaction mixture was stirred at 

room temperature for 4 h. Then the mixture was cooled to 0 ºC and NaBH4 (261 mg, 6.9 mmol) 

was added in small portions. The mixture was stirred for 30 minutes and the reaction was 

quenched by addition of water (6 mL), extracted with EtOAc (3 × 50 mL), washed with water, 

brine and dried over Na2SO4. The organic phase was concentrated under reduced pressure. 

Purification by flash column chromatography using EtOAc:MeOH:Et3N 100:20:3 afforded the 

product S4 as a colorless oil in 30% yield (200 mg).  

 

[α]D
25

 = –79 (c = 0.26 in CHCl3). IR (film) ν = 2934, 2862, 1620, 1588, 1507, 1472, 1432, 

1229, 1033, 856, 831 cm
-1

; HRMS (ESI): calcd. for C21H30N3O
+
 [M+H]

+
 340.2383, 

found m/z 340.2383 (compound S4 has not been fully characterized due to the poor 

resolution of broad signals in NMR). 

 

The amine S4 (172 mg, 0.51 mmol) was dissolved in 3 mL of CH2Cl2. 2-

(diphenylphosphino)benzoic acid (186 mg, 0.61 mmol) and 4-dimethylaminopyridine (7.5 mg, 

0.06 mmol) were added. The mixture was cooled to 0 ºC, dicyclohexyl carbodiimide (115 mg, 

0.56 mmol) was added and then the ice bath was removed and the resultant solution was stirred 

at room temperature for 12 h. After filtration, CH2Cl2 was removed under reduced pressure and 

the residue was dissolved in EtOAc and washed with water, brine and dried over Na2SO4. The 

organic phase was concentrated under vacuum. Purification by flash column chromatography 

using EtOAc:MeOH 9:1 afforded the product 1g as a colorless oil in 17% yield (55 mg). 

 

[α]D
25

 = –22 (c = 1.0 in CHCl3). IR (film) ν = 2927, 1621, 1509, 1476, 1435, 1324, 1242, 

1047, 908, 729, 696 cm
-1

; 
1
H-NMR (400 MHz, CDCl3) δ 8.64 (d, J = 4.5 Hz, 1H, 

CHAr), 8.27 (s, 1H, CHAr), 7.98 (d, J = 9.1 Hz, 1H, CHAr), 7.34 (dd, J = 9.1, 2.7 Hz, 

1H, CHAr), 7.29 – 7.11 (m, 7H, CHAr), 7.05 (d, J = 4.6 Hz, 1H, CHAr), 6.94 (m, 4H, 

CHAr), 6.77 (d, J = 6.4 Hz, 2H, CHAr), 6.50 (s, 1H, CHAr), 6.45 (d, J = 11.4 Hz, 1H, 

CH), 3.91 (s, 3H, OCH3), 3.55 – 3.32 (m, 2H, CH and CH2a), 3.22 (dd, J = 13.2, 9.1 

Hz, 1H, CH2b), 2.75 – 2.52 (m, 1H, CH2a´), 2.40 (d, J = 13.5 Hz, 1H, CH2b´), 1.90 (s, 

3H, N-CH3), 1.73 (dd, J = 12.7, 9.9 Hz, 1H, CH2c), 1.57 (d, J = 21.0 Hz, 2H, CH and 

CH2c´), 1.47 – 1.22 (m, 4H, CH2d, CH2d´, CH and CH2e), 0.84 (t, J = 7.1 Hz, 3H, CH3), 

0.63 (dd, J = 13.0, 7.4 Hz, 1H, CH2e´); 
13

C-NMR
 
(125 MHz, CDCl3) δ 170.9 (C=O), 

158.6 (C-OCH3), 146.5 (CHAr), 145.1 (CAr), 144.0 (d, J = 34.9 Hz, CAr), 140.6 

(CAr), 136.6 (d, J = 12.0 Hz, CAr), 134.6 (CAr), 134.4 (d, J = 21.0 Hz, CHAr), 133.2 

(d, J = 14.8 Hz, CAr), 133.9 (CHAr), 133.2 (d, J = 18.7 Hz, CHAr), 131.1 (CHAr), 

130.2 (CHAr), 129.2 (CHAr), 128.7 (d, J = 5.3 Hz, CHAr), 128.4 (d, J = 6.1 Hz, 

CHAr), 128.2 (CHAr), 128.0 (d, J = 7.5 Hz, CHAr), 126.6 (d, J = 7.6 Hz, CHAr), 123.1 

(CHAr), 120.2 (CHAr), 103.7 (CHAr), 58.8 (CH2), 56.2 (OCH3), 56.1 (CH), 53.5 

(CH), 42.0 (CH2), 37.7 (N-CH3), 30.8 (CH), 28.6 (CH2), 28.1 (CH2), 27.7 (CH2), 25.4 

(CH), 12.3 (CH3);
 31

P-NMR (162 MHz, CDCl3) –14.6 (brs); HRMS (ESI): calcd. for 

C40H42N3NaO2P
+
 [M+Na]

+
 650.2907, found m/z 650.2901. 

 



17 
 
 

2.2 General procedure for the synthesis of racemic imidazolines 5  

 

 
A heterogeneous mixture of isocyanoacetate 3 (0.16 mmol, 1.0 equiv), N-diphenylphosphinoyl 

imine 2 (0.176 mmol, 1.1 equiv), Ag2O (5.6 mg, 0.024 mmol, 0.15 equiv), powdered 4 Å 

molecular sieves (60 mg), Et3N (22 μL, 0.16 mmol, 1.0 equivalent) in ethyl acetate (0.09 M) 

was stirred at  °C for 48 hours. The reaction mixture was filtered throught a short pad of 

celite washing with AcOEt. The filtrate was concentrated under reduced pressure and purified 

through a short pad of silica eluting with PE:EtOAc 1:9 to obtain compound 4. Due to its 

instability, compound 4 was used directly in the following step. The N-diphenylphosphinoyl 

imidazoline 4 (1.0 equiv) was dissolved in dichloromethane (10 mL/mmol), then 1.0 M HCl (10 

mL/mmol) was added and the mixture was stirred for 5-16 hours (followed by MS). The 

reaction was quenched with a solution of sodium bicarbonate to pH ca 7, then extracted with 

dichloromethane (2 × 6 mL), washed with water (5 mL) and brine (5 mL), dried over anhydrous 

sodium sulphate, filtered and concentrated under reduced pressure. The crude was purified by 

flash column chromatography using EtOAc:MeOH 9:1 to obtain compound 5. 

 

2.3 General procedure A for the enantioselective synthesis of imidazolines 5 

 

 
 

To a mixture of precatalyst 1a (0.20 equiv), Ag2O (0.05 equiv), powdered 4 Å molecular sieves 

(60 mg/0.16 mmol) and N-diphenylphosphinoyl imine 2 (1.1 equiv), ethyl acetate (1 mL/0.16 

mmol) was added. The reaction mixture was cooled to  °C under nitrogen atmosphere and a 

cold solution of isocyanoacetate 3 (1.0 equiv in 1 mL/0.16 mmol of EtOAc) was added. The 

heterogeneous mixture was stirred at  °C for 60 hours. The reaction mixture was purified 

throught a short path of silica gel using AcOEt to obtain compound 4. Due to its instability, 

compound 4 was used directly in the following step. The N-diphenylphosphinoyl imidazoline 4 

(1.0 equiv) was dissolved in dichloromethane (6 mL/mmol), then 1.0 M HCl (6 mL/mmol) was 

added and the mixture was stirred for 5-16 hours (followed by MS). The reaction was quenched 

with a solution of sodium bicarbonate to pH ca 7, then extracted with dichloromethane (2 × 6 

mL), washed with water (5 mL) and brine (5 mL), dried over anhydrous sodium sulphate, 

filtered and concentrated under reduced pressure. The crude was purified by flash column 

chromatography using EtOAc:MeOH 9:1 to obtain compound 5. 
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2.4 General procedure B for the enantioselective synthesis of imidazolines 5 

 

 
 

To a mixture of precatalyst 1a (9.8 mg, 0.016 mmol, 0.10 equiv), AgOAc (1.3 mg, 0.008 mmol, 

0.05 equiv), powdered 4 Å molecular sieves (60 mg) and N-diphenylphosphinoyl imine 2 (0.176 

mmol, 1.1 equiv), ethyl acetate (1 mL) was added. The reaction mixture was cooled to  °C 

under nitrogen atmosphere and a cold solution of isocyanoacetate 3 (0.16 mmol, 1.0 equiv in 1 

mL of EtOAc) was added. The heterogeneous mixture was stirred at  °C for 48 hours. The 

reaction mixture was purified throught a short path of silica gel using PE:EtOAc 1:9 to obtain 

compound 4. Due to its instability, compound 4 was used directly in the following step. The N-

diphenylphosphinoyl imidazoline 4 (1.0 equiv) was dissolved in dichloromethane (10 

mL/mmol), then 1.0 M HCl (10 mL/mmol) was added and the mixture was stirred for 5-16 

hours (followed by MS). The reaction was quenched with a solution of sodium bicarbonate to 

pH ca 7, then extracted with dichloromethane (2 × 6 mL), washed with water (5 mL) and brine 

(5 mL), dried over anhydrous sodium sulphate, filtered and concentrated under reduced 

pressure. The crude was purified by flash column chromatography using EtOAc:MeOH 9:1 to 

obtain compound 5. 

 

2.4.1 Synthesis and characterization of (4S,5R)-methyl-4,5-dimethyl-4-phenyl-4,5-dihydro-

1H-imidazole-5-carboxylate 5a 

 

According to general procedure A, using methyl 2-isocyanopropanoate 2a 

(40 mg, 0.35 mmol) and P,P-diphenyl-N-(1-phenylethylidene)phosphinic 

amide 3a (124.2 mg, 0.39 mmol), ligand 1a (42 mg, 0.07 mmol), Ag2O 

(4.1 mg, 0.017 mmol) as starting materials and ethyl acetate (4 mL) as 

solvent, imidazoline 4a was obtained in 63% yield (96 mg, trans:cis = 

98:2). Deprotection of imidazoline trans-4a (95 mg, 0.219 mmol) using dichloromethane (1.0 

mL) as solvent according to general procedure A gave imidazoline 5a as a white solid in 93% 

yield (47 mg, 59% yield over two steps). The ee was determined by HPLC using a Chiralpak 

AD column [hexane/iso-propanol 90:10,  230 nm, 1 mL/min]: t (minor) = 7.3 min; t (major) = 

8.2 min (89% ee). 

 

[α]D
25

 = +236 (c = 0.5 in CHCl3).  M.p. 104 – 105 °C; IR (film) ν = 3087, 1728, 1604, 1446, 

1276, 1134, 763, 734 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.59 – 7.54 (m, 2H, CHAr), 7.34 (t, 

J = 7.5 Hz, 2H, CHAr), 7.30 – 7.25 (m, 1H, CHAr), 7.22 (s, 1H, CH=N), 4.17 (s, 1H, NH), 

3.83 (s, 3H, OCH3), 1.50 (s, 3H, CH3-C-Ar), 0.89 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, 

CDCl3) δ 174.1 (C=O), 151.7 (CH=N), 141.8 (CAr), 128.0 CHAr), 127.4 (CHAr), 127.0 

(CHAr), 74.9 (C-CO), 73.5 (C-Ar), 52.4 (OCH3), 25.9 (CH3-C-Ar), 24.4 (CH3-C-CO); HRMS 

(ESI): calcd. for C13H17N2O2
+
 [M+H]

+
 233.1285, found m/z 233.1284. 
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2.4.2 Synthesis and characterization of (4S,5R)-isopropyl-4,5-dimethyl-4-phenyl-4,5-

dihydro-1H-imidazole-5-carboxylate 5b 

 

According to general procedure A, using isopropyl 2-isocyanopropanoate 

2b (23 mg, 0.16 mmol) and P,P-diphenyl-N-(1-

phenylethylidene)phosphinic amide 3a (56.5 mg, 0.18 mmol), ligand 1a 

(19.7 mg, 0.032 mmol), Ag2O (1.9 mg, 0.008 mmol) as starting materials 

and ethyl acetate (2 mL) as solvent, imidazoline 4b was obtained in 87% 

yield (71 mg, trans:cis = 98:2). Deprotection of imidazoline trans-4b (60 mg, 0.13 mmol) using 

dichloromethane (0.8 mL) as solvent according to general procedure A gave imidazoline 5b as a 

colorless oil in 88% yield (30 mg, 77% yield over two steps). The ee was determined by HPLC 

using a Chiralpak AD column [hexane/iso-propanol 80:20,  230 nm, 1 mL/min]: t (minor) = 

4.1 min; t (major) = 4.6 min (80% ee). 

 

[α]D
25

 = +150 (c = 0.5 in CHCl3). IR (film) ν = 2979, 1719, 1603, 1447, 1274, 1145, 1101, 700 

cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.64 – 7.58 (m, 2H, CHAr), 7.34 (t, J = 7.5 Hz, 2H, 

CHAr), 7.30 – 7.24 (m, 1H, CHAr), 7.19 (s, 1H, CH=N), 5.17 (hept, J = 6.3 Hz, 1H, CH-

(CH3)2), 1.53 (s, 3H, CH3-C-Ar), 1.39 (d, J = 6.3 Hz, 3H, CH-(CH3)2), 1.31 (d, J = 6.3 Hz, 3H, 

CH-(CH3)2), 0.88 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 173.1 (C=O), 151.3 

(CH=N), 142.1 (CAr), 127.9 (CHAr), 127.2 (CHAr), 74.3 (C-Ar), 73.7 (C-CO), 69.3 (CH-

(CH3)2), 25.8 (CH3-C-Ar), 24.6 (CH3-C-CO), 22.0 (CH-(CH3)2), 21.9 (CH-(CH3)2); HRMS 

(ESI): calcd. for C15H21N2O2
+
 [M+H]

+
 261.1598, found m/z 261.1605. 

 

2.4.3 Synthesis and characterization of tert-butyl (4S,5R)-4,5-dimethyl-4-phenyl-4,5-

dihydro-1H-imidazole-5-carboxylate 5c 

 

The general procedure B was followed. The desired product was obtained 

as a colorless oil in 90% yield (40 mg, trans diastereoisomer only). The ee 

was determined by HPLC using a Chiralpak AD column [hexane/iso-

propanol 95:5,  220 nm, 1 mL/min]: t (minor) = 9.4 min, t (major) = 11.6 

min (89% ee). 

 

[α]D
25

 = +197 (c = 0.5 in CHCl3). IR (film) ν = 2976, 2931, 1729, 1606, 1448, 1393, 1292, 701 

cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.63 – 7.58 (m, 2H, CHAr), 7.33 (t, J = 7.5 Hz, 2H, 

CHAr), 7.29 – 7.24 (m, 1H, CHAr), 7.17 (s, 1H, CH=N), 4.35 (br s, 1H, NH), 1.56 (s, 12H, 

CH3-C-CAr and C(CH3)3), 0.86 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.7 

(C=O), 151.1 (CH=N), 142.3 (CAr), 127.8 (CHAr), 127.3 (CHAr), 127.2 (CHAr), 82.3 

(C(CH3)3), 74.6 (C-CAr), 73.6 (C-CO), 28.2 (C(CH3)3), 25.8 (CH3-C-CAr), 24.8 (CH3-C-CO); 

HRMS (ESI): calcd. for C16H23N2O2
+
 [M+H]

+
 275.1754, found m/z 275.1757. 

 

2.4.4 Synthesis and characterization of (4S,5R)-benzyl-4,5-dimethyl-4-phenyl-4,5-dihydro-

1H-imidazole-5-carboxylate 5d 

 

According to general procedure A, using benzyl 2-isocyanopropanoate 2d 

(30 mg, 0.16 mmol) and P,P-diphenyl-N-(1-phenylethylidene)phosphinic 

amide 3a (57.5 mg, 0.17 mmol), ligand 1a (19.4 mg, 0.032 mmol), Ag2O 
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(1.9 mg, 0.008 mmol) as starting materials and ethyl acetate (2 mL) as solvent, imidazoline 4d 

was obtained in 85% yield (69 mg, trans:cis = 97:3). Deprotection of imidazoline trans-4d (66 

mg, 0.13 mmol) using dichloromethane (0.8 mL) as solvent according to general procedure A 

gave imidazoline 5d as a colorless oil in 91% yield (36 mg, 77% yield over two steps). The ee 

was determined by HPLC using a Chiralpak AD column [hexane/iso-propanol 80:20,  230 nm, 

1 mL/min]: t (minor) = 5.4 min; t (major) = 6.3 min (83% ee). 

 

[α]D
25

 = +154 (c = 0.5 in CHCl3). IR (film) ν = 3064, 1729, 1605, 1495, 1270, 1131, 699 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.54 – 7.49 (m, 2H, CHAr), 7.46 – 7.33 (m, 5H, CHAr), 7.33 – 

7.23 (m, 3H, CHAr), 7.21 (s, 1H, CH=N), 5.31 (d, J = 12.2 Hz, 1H, CH2a), 5.26 (d, J = 12.2 Hz, 

1H, CH2b), 1.44 (s, 3H, CH3-C-Ar), 0.92 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 

173.3 (C=O), 151.5 (CH=N), 141.7 (CAr), 135.5 (CAr), 128.8 (CHAr), 128.8 (CHAr), 128.7 

(CHAr), 127.9 (CHAr), 127.3 (CHAr), 127. (CHAr), 74.4 (C-CO), 74.1 (C-Ar), 67.4 (CH2), 

25.8 (CH3-C-Ar), 24.4 (CH3-C-CO); HRMS (ESI): calcd. for C19H21N2O2
+
 [M+H]

+
 309.1598, 

found m/z 309.1598. 

 

2.4.5 Synthesis and characterization of (4S,5R)-diphenylmethyl-4,5-dimethyl-4-phenyl-4,5-

dihydro-1H-imidazole-5-carboxylate 5e 

 

According to general procedure A, using diphenylmethyl 2-

isocyanopropanoate 2e (40 mg, 0.16 mmol) and P,P-diphenyl-N-(1-

phenylethylidene)phosphinic amide 3a (0.17 mmol, 53.0 mg), precatalyst 

1a (17.6 mg, 0.03 mmol), Ag2O (1.8 mg, 0.0076 mmol) as starting 

materials and ethyl acetate (2 mL) as solvent, imidazoline 4e was obtained 

in 76% yield (67 mg, trans:cis ≥ 99:1). Deprotection of imidazoline trans-4e (65 mg, 0.111 

mmol) using dichloromethane (0.7 mL) as solvent according to general procedure A gave 

imidazoline 5e as a white solid in 82% yield (35 mg, 62% yield over two steps). The ee was 

determined by HPLC using a Chiralpak AD column [hexane/iso-propanol 80:20,  240 nm, 1 

mL/min]: t (minor) = 6.3 min; t (major) = 11.2 min (84% ee). 

 

[α]D
25

 = +111 (c = 0.5 in CHCl3). M.p. 176 – 177 °C; IR (film) ν = 3062, 1734, 1605, 1449, 

1264, 1127, 698 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.48 – 7.43 (m, 4H, CHAr), 7.40 (t, J = 

7.4 Hz, 2H, CHAr), 7.38 – 7.30 (m, 5H, CHAr), 7.31 – 7.24 (m, 4H, CHAr), 7.23 (s, 1H, 

CH=N), 7.05 (s, 1H, CH-(Ph)2), 3.91 (s, 1H. NH), 1.32 (s, 3H, CH3-C-Ar), 0.97 (s, 3H, CH3-C-

CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.3 (C=O), 151.6 (CH=N), 141.5 (CAr), 139.8 (CAr), 

139.6 (CAr), 128.8 (CHAr), 128.7 (CHAr), 128.6 (CHAr), 128.1 (CHAr), 128.1 (CHAr), 127.9 

(CHAr), 127.4 (CHAr), 127.3 (CHAr), 126.8 (CHAr), 78.2 (CH-(Ph)2), 74.3 (C-CH3), 74.2 (C-

CH3), 25.4 (CH3-C-Ar), 24.4 (CH3-C-CO); HRMS (ESI): calcd. for C25H25N2O2
+
 [M+H]

+
 

385.1911, found m/z 385.1917. 

 

2.4.6 Synthesis and characterization of tert-butyl (4S,5R)-4,5-dimethyl-4-(p-tolyl)-4,5-

dihydro-1H-imidazole-5-carboxylate 5f 

 

The general procedure B was followed. The desired product was obtained 

as a colorless oil in 71% yield (33 mg, trans diastereoisomer only). The ee 

was determined by HPLC using a Chiralpak AD column [hexane/iso-
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propanol 95:5,  220 nm, 1 mL/min]: t (minor) = 13.7 min, t (major) = 16.4 min (89% ee).  

 

[α]D
25

 = +148 (c = 1.0 in CHCl3). IR (film) ν = 2976, 2929, 1732, 1606, 1513, 1451, 1393, 

1368, 1291, 1259, 1133, 848, 807 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.48 (d, J = 7.1 Hz, 2H, 

CHAr), 7.21 (s, 1H, CH=N), 7.13 (d, J = 7.1 Hz, 2H, CHAr), 4.50 (br s, 1H, NH), 2.34 (s, 3H, 

CH3-CAr) 1.55 (s, 9H, C(CH3)3), 1.54 (s, 3H, CH3-C-CAr), 0.86 (s, 3H, CH3-C-CO); 
13

C-NMR
 

(125 MHz, CDCl3) δ 172.6 (C=O), 151.2 (CH=N), 139.2 (CAr), 136.8 (CAr), 128.5 (CHAr), 

127.2 (CHAr), 82.3 (C(CH3)3), 74.3 (C-CAr), 73.7 (C-CO), 28.2 (C(CH3)3), 25.8 (CH3-C-CAr), 

24.8 (CH3-C-CO), 21.2 (CH3-CAr); HRMS (ESI): calcd. for C17H25N2O2
+
 [M+H]

+
 289.1911, 

found m/z 289.1913. 

 

2.4.7 Synthesis and characterization of tert-butyl (4S,5R)-4-([1,1'-biphenyl]-4-yl)-4,5-

dimethyl-4,5-dihydro-1H-imidazole-5-carboxylate 5g 

 

 The general procedure B was followed. The desired product was obtained 

as a pale yellow solid in 87% yield (49 mg, trans diastereoisomer only). 

The ee was determined by HPLC using a Chiralpak AD column 

[hexane/iso-propanol 95:5,  220 nm, 1 mL/min] t (minor) = 16.7 min, t 

(major) = 21.8 min (88% ee).  

 

[α]D
25

 = +60 (c = 0.53 in CHCl3). M.p. 70 – 71 °C; IR (film) ν = 2976, 2931, 1730, 1605, 1487, 

1449, 1369, 1291, 1135, 734 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.68 (d, J = 8.5 Hz, 2H, 

CHAr), 7.62 (dd, J = 8.3, 1.2 Hz, 2H, CHAr), 7.57 (d, J = 8.5 Hz, 2H, CHAr), 7.43 (t, J = 7.7 

Hz, 2H, CHAr), 7.36 – 7.29 (m, 1H, CHAr), 7.21 (s, 1H, CH=N), 4.10 (br s, 1H, NH), 1.59 (s, 

3H, CH3-C-CAr), 1.58 (s, 9H, C(CH3)3), 0.92 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, 

CDCl3) δ 172.6 (C=O), 151.2 (CH=N), 141.4 (CAr), 140.9 (CAr), 139.9 (CAr), 128.9 (CHAr), 

127.8 (CHAr), 127.3 (CHAr), 127.1 (CHAr), 126.4 (CHAr), 82.4 (C(CH3)3), 74.5 (C-CAr), 

73.6 (C-CO), 28.2 (C(CH3)3), 25.8 (CH3-C-CAr), 24.9 (CH3-C-CO); HRMS (ESI): calcd. for 

C22H27N2O2
+
 [M+H]

+
 351.2067, found m/z 351.2056. 

 

2.4.8 Synthesis and characterization of tert-butyl (4S,5R)-4-(4-fluorophenyl)-4,5-dimethyl-

4,5-dihydro-1H-imidazole-5-carboxylate 5h 

 

The general procedure B was followed. The desired product was obtained 

as a pale yellow solid in 89% yield (42 mg, trans diastereoisomer only). 

The ee was determined by HPLC using a Chiralpak AD-H column 

[hexane/iso-propanol 90:10,  220 nm, 1 mL/min] t (minor) = 5.0 min, t 

(major) = 5.8 min (90% ee).   

 

[α]D
25

 = +175 (c = 0.5 in CHCl3). M.p. 38 – 39°C; IR (film) ν = 2977, 1730, 1608, 1509, 1369, 

1133, 840 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.58 (dd, J = 8.8, 5.5 Hz, 2H, CHAr), 7.12 (s, 

1H, CH=N), 6.99 (t, J = 8.8 Hz, 2H, CHAr), 4.27 (br s, 1H, NH), 1.54 (s, 9H, C(CH3)3), 1.51 (s, 

3H, CH3-C-CAr), 0.83 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.6 (C=O), 162.0 

(d, J = 245.4 Hz, C-F), 151.0 (CH=N), 138.2 (d, J = 3.1 Hz, CAr), 129.0 (d, J = 7.8 Hz, CHAr), 

114.4 (d, J = 21.0 Hz, CHAr), 82.4 (C(CH3)3), 74.6 (C-CAr), 73.1 (C-CO), 28.2 (C(CH3)3), 
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25.8 (CH3-C-CAr), 24.9 (CH3-C-CO); HRMS (ESI): calcd. for C16H22FN2O2
+
 [M+H]

+
 

293.1660, found m/z 293.1667. 

 

2.4.9 Synthesis and characterization of tert-butyl (4S,5R)-4-(4-chlorophenyl)-4,5-dimethyl-

4,5-dihydro-1H-imidazole-5-carboxylate 5i 

 

The general procedure B was followed. The desired product was obtained 

as a white solid in 80% yield (39 mg, trans diastereoisomer only). The ee 

was determined by HPLC using a Chiralpak AD column [hexane/iso-

propanol 95:5,  220 nm, 1 mL/min]: t (minor) = 20.0 min, t (major) = 

23.3 min (89% ee).  

 

[α]D
25

 = +105 (c = 0.61 in CHCl3). M.p. 41 – 42 °C; IR (film) ν = 2977, 1730, 1606, 1492, 

1452, 1394, 1291, 1132, 1094, 836 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.56 (d, J = 8.8 Hz, 

2H, CHAr), 7.28 (d, J = 8.8 Hz, 2H, CHAr), 7.13 (s, 1H, CH=N), 4.20 (br s, 1H, NH), 1.54 (s, 

9H, C(CH3)3), 1.51 (s, 3H, CH3-C-CAr), 0.84 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, 

CDCl3) δ 172.5 (C=O), 151.1 (CH=N), 141.0 (CAr), 133.0 (CAr), 128.9 (CHAr), 127.9 

(CHAr), 82.5 (C(CH3)3), 74.7 (C-CAr), 73.0 (C-CO), 28.2 (C(CH3)3), 25.7 (CH3-C-CAr), 24.9 

(CH3-C-CO); HRMS (ESI): calcd. for C16H22ClN2O2
+
 [M+H]

+
 309.1364, found m/z 309.1366. 

 

2.4.10 Synthesis and characterization of tert-butyl (4S,5R)-4-(4-methoxyphenyl)-4,5-

dimethyl-4,5-dihydro-1H-imidazole-5-carboxylate 5j 

 

The general procedure B was followed. The desired product was 

obtained as a colorless oil in 80% yield (39 mg, trans diastereoisomer 

only). The ee was determined by HPLC using a Chiralpak AD column 

[hexane/iso-propanol 85:15,  280 nm, 1 mL/min] t (minor) = 5.2 min, t 

(major) = 6.0 min (90% ee).  

 

[α]D
25

 = +120 (c = 0.8 in CHCl3). IR (film) ν = 2976, 1729, 1612, 1512, 1455, 1298, 1248, 

1180, 1134 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.51 (d, J = 8.9 Hz, 2H, CHAr), 7.13 (s, 1H, 

CH=N), 6.85 (d, J = 8.9 Hz, 2H, CHAr), 4.12 (br s, 1H, NH), 3.80 (s, 3H, OCH3), 1.54 (s, 9H, 

C(CH3)3), 1.52 (s, 3H, CH3-C-CAr), 0.84 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 

172.8 (C=O), 158.7 (C-OCH3), 151.0 (CH=N), 134.5 (CAr), 128.4 (CHAr), 113.0 (CHAr), 

82.2 (C(CH3)3), 74.2 (C-CAr), 73.6 (C-CO), 55.3 (OCH3), 28.2 (C(CH3)3), 25.8 (CH3-C-CAr), 

24.8 (CH3-C-CO); HRMS (ESI): calcd. for C17H25N2O3
+
 [M+H]

+
 305.1860, found m/z 

305.1858. 

 

2.4.11 Synthesis and characterization of tert-butyl (4S,5R)-4-(3-chlorophenyl)-4,5-

dimethyl-4,5-dihydro-1H-imidazole-5-carboxylate 5k 

 

The general procedure B was followed. The desired product was obtained as 

a colorless oil in 65% yield (32 mg, trans diastereoisomer only). The ee was 

determined by HPLC using a Chiralpak OD-H column [hexane/iso-propanol 

95:5,  220 nm, 1 mL/min] t (minor) = 13.7 min, t (major) = 29.4 min (87% 

ee).  
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[α]D
25

 = +113 (c = 1.50 in CHCl3). IR (film) ν = 2977, 1729, 1596, 1360, 1131, 785, 729, 698 

cm
-1

; 
1
H-NMR (400 MHz, CDCl3) δ 7.58 (m, 1H, CHAr), 7.47 (m, 1H, CHAr), 7.19 (m, 2H, 

CHAr), 7.06 (s, 1H, CH=N), 1.50 (s, 9H, C(CH3)3), 1.46 (s, 3H, CH3-C-CAr), 0.81 (s, 3H, 

CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.4 (C=O), 151.0 (CH=N), 144.7 (CAr), 133.9 

(CAr), 129.0 (CHAr), 127.7 (CHAr), 127.3 (CHAr), 125.7 (CHAr), 82.6 (C(CH3)3), 74.8 (C-

CAr), 73.0 (C-CO), 28.2 (C(CH3)3), 25.7 (CH3-C-CAr), 24.9 (CH3-C-CO); HRMS (ESI): 

calcd. for C16H22N2O2Cl
+
 [M+H]

+
 309.1364, found m/z 309.1362. 

 

2.4.12 Synthesis and characterization of tert-butyl (4S,5R)-4-(2-fluorophenyl)-4,5-

dimethyl-4,5-dihydro-1H-imidazole-5-carboxylate 5l 

 

The general procedure B was followed. The desired product was obtained 

as a yellow oil in 63% yield (29 mg, trans diastereoisomer only). The ee 

was determined by HPLC using a Chiralpak OD-H column [hexane/iso-

propanol 95:5,  210 nm, 1 mL/min] t (minor) = 36.5 min, t (major) = 50.8 

min (90% ee).  

 

[α]D
25

 = +71 (c = 0.5 in CHCl3). M.p. 64 – 65 °C; IR (film) ν = 2978, 1724, 1610, 1486, 1446, 

1368, 1280, 1209, 786 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.55 (td, J = 8.0, 1.8 Hz, 1H, 

CHAr), 7.29 – 7.22 (m, 1H, CHAr), 7.16 (s, 1H, CH=N), 7.09 (td, J = 7.7, 1.2 Hz, 1H, CHAr), 

7.03 (ddd, J = 12.1, 8.0, 1.2 Hz, 1H, CHAr), 1.69 (d, J = 1.9 Hz, 3H, CH3-C-Ar), 1.52 (s, 9H, 

C(CH3)3), 1.00 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.6 (C=O), 160.8 (d, J = 

248.2 Hz, C-F), 151.1 (CH=N), 130.1 (d, J = 4.4 Hz, CHAr), 129.5 (d, J = 12.3 Hz, CAr), 

129.3 (d, J = 8.5 Hz, CHAr), 123.7 (d, J = 3.3 Hz, CHAr), 116.2 (d, J = 24.1 Hz, CHAr), 82.3 

(C(CH3)3), 75.4 (C-Ar), 72.4 (C-CO), 28.0 (C(CH3)3), 25.4 (d, J = 7.2 Hz, CH3-C-Ar), 24.0 

(CH3-C-CO); HRMS (ESI): calcd. for C16H22FN2O2
+
 [M+H]

+
 293.1660, found m/z 293.1669. 

 

2.4.13 Synthesis and characterization of tert-butyl (4S,5R)-4,5-dimethyl-4-(pyridin-3-yl)-

4,5-dihydro-1H-imidazole-5-carboxylate 5m 

 

The general procedure B was followed. The desired product was obtained as 

a pale yellow solid in 80% yield (35 mg, trans diastereoisomer only). The 

ee was determined by HPLC using a Chiralpak AD column [hexane/iso-

propanol 90:10,  220 nm, 1 mL/min] t (minor) = 8.9 min, t (major) = 11.1 

min (87% ee).   

 

[α]D
25

 = +127 (c = 0.6 in CHCl3). IR (film) ν = 2977, 1729, 1607, 1369, 1289, 1129, 715 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 8.85 (d, J = 1.6 Hz, 1H, CHAr), 8.50 (dd, J = 4.7, 1.6 Hz, 1H, 

CHAr), 7.94 (dt, J = 7.8, 2.0 Hz, 1H, CHAr), 7.27 (s, 1H, CH=N), 7.24 (m, 1H, CHAr), 5.11 

(br s, 1H, NH), 1.55 (s, 3H, CH3-C-CAr), 1.54 (s, 9H, C(CH3)3), 0.86 (s, 3H, CH3-C-CO); 
13

C-

NMR
 
(125 MHz, CDCl3) δ 172.0 (C=O), 151.6 (CH=N), 148.9 (CHAr), 148.5 (CHAr), 137.7 

(CAr), 135.0 (CHAr), 122.8 (CHAr), 82.9 (C(CH3)3), 73.6 (C-CAr), 73.0 (C-CO), 28.1 

(C(CH3)3), 25.3 (CH3-C-CAr), 25.0 (CH3-C-CO); HRMS (ESI): calcd. for C15H22N3O2
+
 

[M+H]
+
 276.1707, found m/z 276.1711. 
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2.4.14 Synthesis and characterization of tert-butyl (4R,5R)-4-(furan-2-yl)-4,5-dimethyl-4,5-

dihydro-1H-imidazole-5-carboxylate 5n 

 

The general procedure B was followed. The desired product was obtained 

as a pale yellow solid in 83% yield (35 mg, trans diastereoisomer only). 

The ee was determined by HPLC using a Chiralpak AD column 

[hexane/iso-propanol 95:5,  220 nm, 1 mL/min] t (minor) = 12.9 min, t 

(major) = 18.5 min (91% ee).  

 

[α]D
25

 = +47 (c = 0.5 in CHCl3). IR (film) ν = 2978, 1725, 1604, 1451, 1368, 1288, 1135, 733 

cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.38 (s, 1H, CHAr), 7.18 (s, 1H, CH=N), 6.35 – 6.30 (m, 

1H, CHAr), 6.29 (d, J = 3.2 Hz, 1H, CHAr), 4.36 (s, 1H, NH), 1.55 (s, 3H, CH3-C-CAr), 1.51 

(s, 9H, C(CH3)3), 1.05 (s, 3H, CH3-C-CO); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.1 (C=O), 155.8 

(CAr), 152.6 (CH=N), 141.9 (CHAr), 110.3 (CHAr), 107.5 (CHAr), 82.3 (C(CH3)3), 73.6 (C-

CH3), 72.0 (C-CH3), 28.1 (C(CH3)3), 23.2 (CH3-C-CAr), 22.8 (CH3-C-CO); HRMS (ESI): 

calcd. for C14H21N2O3
+
 [M+H]

+
 265.1547, found m/z 265.1554. 

 

2.4.15 Synthesis and characterization of tert-butyl (4S,5R)-4,5-dimethyl-4-phenethyl-4,5-

dihydro-1H-imidazole-5-carboxylate 5o 

 

The general procedure B was followed. The asymmetric reaction 

affords 4o as a 5:1 mixture of trans and cis diastereomers. 

(determined by 1H-NMR analysis of the crude reaction mixture). The 

desired product 5o was obtained as a clear oil in 48% yield (23 mg, 

trans diastereoisomer only). The ee was determined by HPLC using a 

Chiralpak OD-H column [hexane/iso-propanol 90:10,  220 nm, 0.5 

mL/min] t (minor) = 22.0 min, t (major) = 28.5 min (87% ee).  

 

[α]D
25

 = +21 (c = 0.65 in CHCl3). IR (film) ν = 2973, 1731, 1601, 1454, 1368, 1138, 701 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.32 (m, 2H, CHAr), 7.27 (m, 2H, CHAr), 7.22 (t, J = 7.3 Hz, 

1H, CHAr), 7.05 (s, 1H, CH=N), 3.99 (br s, 1H, NH), 2.85 (app dd, J = 7.0, 10.1 Hz, 2H, 

CH2Ph), 2.00 (m, 2H, CH2CH2Ph), 1.52 (s, 9H, C(CH3)3), 1.34 (s, 3H, CO-C-CH3), 1.25 (s, 3H, 

CH2-C-CH3); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.6 (C=O), 151.3 (CH=N), 142.9 (CAr), 128.6 

(CHAr, CHAr), 125.9 (CHAr), 82.0 (C(CH3)3), 73.2 (C-CO), 70.5 (C-CH2), 38.0 (CH2-

CH2Ph), 31.4 (CH2Ph), 28.1 (C(CH3)3), 21.7 (CH2-C-CH3), 21.5 (CO-C-CH3); HRMS (ESI): 

calcd. for C18H27N2O2
+
 [M+H]

+
 303.20670, found m/z 303.20584. 

 

2.4.16 Synthesis and characterization of tert-butyl (4S,5R)-5-ethyl-4-methyl-4-phenyl-4,5-

dihydro-1H-imidazole-5-carboxylate 5p 

 

The general procedure B was followed. The desired product was obtained 

as a pale yellow solid in 62% yield (29 mg, trans diastereoisomer only). 

The ee was determined by HPLC using a Chiralpak AD column 

[hexane/iso-propanol 95:5,  220 nm, 1 mL/min] t (minor) = 8.5 min, t 

(major) = 10.1 min (90% ee).  
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[α]D
25

 = +155 (c = 0.5 in CHCl3). M.p. 170 – 171°C; IR (film) ν = 3088, 2976, 2933, 1732, 

1604, 1369, 1250, 1137, 763, 701 cm
-1

; 
1
H-NMR (500 MHz, CDCl3) δ 7.59 (d, J = 7.2 Hz, 2H, 

CHAr), 7.32 (t, J = 7.5 Hz, 2H, CHAr), 7.28 – 7.22 (m, 1H, CHAr), 7.13 (s, 1H, CH=N), 4.65 

(br s, 1H, NH), 1.57 (s, 9H, C(CH3)3), 1.54 (s, 3H, CH3), 1.18 (dq, J = 14.6, 7.4 Hz, 1H, CH2a-

CH3), 0.94 (dt, J = 14.6, 7.4 Hz, 1H, CH2a´-CH3), 0.68 (t, J = 7.4 Hz, 3H, CH2-CH3); 
13

C-NMR
 

(125 MHz, CDCl3) δ 172.1 (C=O), 151.0 (CH=N), 142.5 (CAr), 127.6 (CHAr), 127.6 (CHAr), 

127.0 (CHAr), 82.4 (C(CH3)3), 76.5 (C-CO), 76.0 (C-CAr), 30.7 (CH2-CH3), 28.2 (C(CH3)3), 

26.2 (CH3), 8.7 (CH2-CH3); HRMS (ESI): calcd. for C17H25N2O2
+
 [M+H]

+
 289.1911, found m/z 

289.1913. 

 

2.4.17 Synthesis and characterization of tert-butyl (4S,5R)-4-(4-chlorophenyl)-5-ethyl-4-

methyl-4,5-dihydro-1H-imidazole-5-carboxylate 5q 

 

The general procedure B was followed. The desired product was obtained 

as a white solid in 81% yield (42 mg, trans diastereoisomer only). The ee 

was determined by HPLC using a Chiralpak AD column [hexane/iso-

propanol 95:5,  220 nm, 1 mL/min] t (minor) = 7.7 min, t (major) = 8.2 

min (89% ee).  

 

[α]D
25

 = +99 (c = 5.2 in CHCl3). M.p. 130 – 135 °C; 
1
H-NMR (400 MHz, CDCl3) δ 7.48 (d, J = 

8.0 Hz, 2H, CHAr), 7.21 (d, J = 8.0 Hz, 2H, CHAr), 7.04 (s, 1H, CH=N), 1.50 (s, 9H, 

C(CH3)3), 1.43 (s, 3H, CH3), 1.12 – 1.07 (m, 1H, CH2a-CH3), 0.88 – 0.82 (m, 1H, CH2a´-CH3), 

0.61 (t, J = 7.4 Hz, 3H, CH2-CH3); 
13

C-NMR
 
(125 MHz, CDCl3) δ 171.8 (C=O), 150.9 

(CH=N), 141.1 (CAr), 132.7 (CAr), 129.0 (CHAr), 127.6 (CHAr), 82.5 (C(CH3)3), 75.8 (C-

CAr or C-CO, one quaternary C obscured by solvent resonance), 30.6 (CH2a-CH3), 28.1 

(C(CH3)3), 26.0 (CH3), 8.5 (CH2-CH3); HRMS (ESI): calcd. for C17H24N2O2Cl
+
 [M+H]

+
 

323.1521, found m/z 323.1520. 

 

2.4.18 Synthesis and characterization of tert-butyl (4S,5R)-5-ethyl-4-(4-methoxyphenyl)-4-

methyl-4,5-dihydro-1H-imidazole-5-carboxylate 5r 

 

The general procedure B was followed. The desired product was obtained 

as an off-white solid in 79% yield (40 mg, trans diastereoisomer only). 

The ee was determined by HPLC using a Chiralpak AD column 

[hexane/iso-propanol 95:5,  220 nm, 1 mL/min] t (minor) = 9.4 min, t 

(major) = 11.2 min (92% ee).  

 

[α]D
25

 = +109 (c = 11.3 in CHCl3). M.p. 125 – 128 °C; IR (film) ν = 2978, 1731, 1512, 1247, 

1137; 
1
H-NMR (400 MHz, CDCl3) δ 7.44 (d, J = 12.0 Hz, 2H, CHAr), 7.05 (s, 1H, CH=N), 

6.79 (d, J = 12.0 Hz, 2H, CHAr), 3.47 (s, 1H, OCH3), 1.50 (s, 9H, C(CH3)3), 1.44 (s, 3H, CH3), 

1.14 – 1.09 (m, 1H, CH2a-CH3), 0.90 – 0.86 (m, 1H, CH2a´-CH3), 0.61 (t, J = 8.0 Hz, 3H, CH2-

CH3); 
13

C-NMR
 
(125 MHz, CD2Cl2) δ 171.8 (C=O), 158.5 (CAr), 150.7 (CH=N), 134.7 (CAr), 

128.6 (CHAr), 112.6 (CHAr), 82.0 (C(CH3)3), 76.5 (C-CO), 75.3 (C-CAr), 55.1 (OCH3), 30.5 

(CH2-CH3), 27.8 (C(CH3)3), 25.9 (CH3), 8.3 (CH2-CH3); HRMS (ESI): calcd. for C18H27N2O3
+
 

[M+H]
+
 319.2016, found m/z 319.2015.   
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2.4.19 Synthesis and characterization of tert-butyl (4R,5R)-5-ethyl-4-(furan-2-yl)-4-methyl-

4,5-dihydro-1H-imidazole-5-carboxylate 5s 

 

The general procedure B was followed. The desired product was obtained 

as a colorless oil in 84% yield (37 mg, trans diastereoisomer only). The ee 

was determined by HPLC using a Chiralpak AD column [hexane/iso-

propanol 90:10,  220 nm, 1 mL/min]: t (minor) = 8.2 min, t (major) = 

10.3 min (93% ee).  

 

[α]D
25

 = +21.1 (c = 15.1 in CHCl3). IR (film) ν = 2980, 1737, 1247, 1141; 
1
H-NMR (400 MHz, 

CDCl3) δ 7.32 (dd, J = 1.7, 0.8 Hz, 1H, CHAr), 7.08 (s, 1H, CH=N), 6.27 (dd, J = 3.2, 1.7 Hz, 

1H, CHAr), 6.21 (dd, J = 3.2, 0.8 Hz, 1H, CHAr), 1.48 (s, 3H, C-CH3), 1.46 (s, 9H, C(CH3)3), 

1.40 – 1.30 (m, 1H, CH2a-CH3), 1.19 – 1.11 (m, 1H, CH2a´-CH3), 0.68 (t, J = 8.0 Hz, 3H, CH2-

CH3); 
13

C-NMR
 
(125 MHz, CD2Cl2) δ 171.1 (C=O), 156.0 (CAr), 152.9 (CH=N), 141.8 

(CHAr), 110.2 (CHAr), 107.6 (CHAr), 82.3 (C(CH3)3), 77.1 (C-CO), 72.8 (C-CAr), 28.7 (CH2-

CH3), 27.8 (C(CH3)3), 23.5 (CH3), 8.7 (CH2-CH3); HRMS (ESI): calcd. for C15H23N2O3
+
 

[M+H]
+
 279.1703, found m/z 279.1702. 

 

2.4.20 Synthesis and characterization of tert-butyl (4S,5R)-5-butyl-4-methyl-4-phenyl-4,5-

dihydro-1H-imidazole-5-carboxylate 5t 

 

The general procedure B was followed. The desired product was obtained 

as a colorless oil in in 85% yield (43 mg, trans diastereoisomer only). The 

ee was determined by HPLC using a Chiralpak AD column [hexane/iso-

propanol 95:5,  220 nm, 1 mL/min]: t (minor) = 12.5 min, t (major) = 

18.4 min (91% ee).  

 

[α]D
25

 = +131 (c = 14.3 in CHCl3). IR (film) ν = 2970, 1730, 1579, 1356 cm
-1

; 
1
H-NMR (400 

MHz, CDCl3) δ 7.53 – 7.51 (m, 2H, CHAr), 7.27 – 7.17 (m, 3H, CHAr), 7.07 (s, 1H, CH=N), 

1.50 (s, 9H, C(CH3)3), 1.46 (s, 3H, CH3), 1.08 – 0.97 (m, 4H, CH2), 0.88 – 0.83 (m, 2H, CH2), 

0.65 (t, J = 8.0 Hz, 3H, CH2-CH3); 
13

C-NMR
 
(125 MHz, CDCl3) δ 172.2 (C=O), 150.9 

(CH=N), 142.3 (CAr), 127.6 (CHAr), 127.5 (CHAr), 126.9 (CHAr), 82.3 (C(CH3)3), 76.0 (C-

CAr or C-CO, one quaternary C obscured by solvent resonance), 37.1 (CH2), 28.1 (C(CH3)3), 

26.6 (CH2), 26.2 (CH3), 22.8 (C-CH3), 13.9 (CH2-CH3); HRMS (ESI): calcd. for C19H29N2O2
+
 

[M+H]
+
 317.2224, found m/z 317.2225. 

 

2.4.21 Synthesis and characterization of tert-butyl (4S,5R)-5-butyl-4-(4-fluorophenyl)-4-

methyl-4,5-dihydro-1H-imidazole-5-carboxylate 5u 

 

The general procedure B was followed. The desired product was obtained 

as an off-white solid in in 83% yield (44 mg, trans diastereoisomer only). 

The ee was determined by HPLC using a Chiralpak AD column 

[hexane/iso-propanol 90:10,  220 nm, 1 mL/min] t (minor) = 4.6 min, t 

(major) = 5.9 min (90% ee).  
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[α]D
25

 = +140 (c = 15.1 in CHCl3). M.p. 117 – 119 °C; IR (film) ν = 2960, 1731, 1509, 1136 

cm
-1

; 
1
H-NMR (400 MHz, CDCl3) δ 7.56 (d, 2H, J = 9.0, 5.5 Hz, CHAr), 7.12 (s, 1H, CH=N), 

6.99 (t, 2H, J = 8.8 Hz, CHAr), 1.55 (s, 9H, C(CH3)3), 1.49 (s, 3H, CH3), 1.15 – 1.01 (m, 4H, 

CH2), 0.97 – 0.83 (m, 2H, CH2), 0.66 (t, J = 7.0 Hz, CH2-CH3); 
13

C-NMR
 
(125 MHz, CDCl3) δ 

172.2 (C=O), 162.0 (d, JC,F = 303.7 Hz, CFAr), 151 (CH=N), 138.2 (d, JC,F = 3.7 Hz, CAr), 

129.2 (d, JC,F = 10.0 Hz, CHAr), 114.4 (d, JC,F = 26.2 Hz, CHAr), 82.6 (C(CH3)3), 75.7 (C-CAr 

or C-CO, one quaternary C obscured by solvent resonance), 37.3 (CH2), 28.2 (C(CH3)3), 26.6 

(CH2), 26.3 (C-CH3), 22.8 (CH2), 14.0 (CH2CH3); HRMS (ESI): calcd. for C19H28N2O2F
+
 

[M+H]
+
 335.2129, found m/z 335.2126. 

 

2.4.22 Synthesis and characterization of tert-butyl (4S,5R)-5-butyl-4-(4-chlorophenyl)-4-

methyl-4,5-dihydro-1H-imidazole-5-carboxylate 5v 

 

The general procedure B was followed. The desired product was obtained 

as an off-white solid in 80% yield (45 mg, trans diastereoisomer only). 

The ee was determined by HPLC using a Chiralpak AD column 

[hexane/iso-propanol 90:10,  220 nm, 1 mL/min] t (minor) = 7.8 min, t 

(major) = 9.1 min (88% ee).  

 

[α]D
25

 = +155 (c = 1.0 in CHCl3). M.p. 130 – 140 °C; IR (film) ν = 2959, 1731, 1606, 1136 cm
-

1
; 

1
H-NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.0 Hz, 2H, CHAr), 7.22 (d, J = 8.0 Hz, 2H, 

CHAr), 7.05 (s, 1H, CH=N), 1.49 (s, 9H, C(CH3)3), 1.42 (s, 3H, CH3), 1.06 – 1.00 (m, 4H, 

CH2), 0.86 – 0.82 (m, 2H, CH2), 0.67 (t, J = 8.0 Hz, 3H, CH3); 
13

C-NMR
 
(125 MHz, CDCl3) δ 

172.0 (C=O), 151.1 (CH=N), 141.0 (CAr), 132.9 (CAr), 129.1 (CHAr), 127.8 (CHAr), 82.6 

(C(CH3)3), 75.8 (C), 75.7 (C), 37.3 (CH2), 28.2 (C(CH3)3), 26.6 (CH2) 26.2 (CH3), 22.8 (CH2), 

14.0 (CH2-CH3); HRMS (ESI): calcd. for C19H28N2O2Cl
+
 [M+H]

+
 351.1834, found m/z 

351.1830. 

 

2.4.23 Synthesis and characterization of tert-butyl (4R,5R)-5-butyl-4-(furan-2-yl)-4-methyl-

4,5-dihydro-1H-imidazole-5-carboxylate 5w 

 

The general procedure B was followed. The desired product was obtained 

as a colorless oil in 83% yield (41 mg, trans diastereoisomeronly). The ee 

was determined by HPLC using a Chiralpak AD column [hexane/iso-

propanol 95:5,  220 nm, 1 mL/min]: t (minor) = 14.7 min, t (major) = 

26.2 min (93% ee).  

 

[α]D
25

 = +11 (c = 2.0 in CHCl3). IR (film) ν = 2980, 1728, 1605, 1142 cm
-1

; 
1
H-NMR (400 

MHz, CDCl3) δ 7.37 (dd, J = 1.7, 0.8 Hz, 1H, CHAr), 7.14 (s, 1H, CH=N), 6.32 (dd, J = 3.2, 

1.8 Hz, 1H, CHAr), 6.26 (dd, J = 3.2, 0.8 Hz, 1H, CHAr), 1.53 (s, 3H, C-CH3), 1.51 (s, 9H, 

C(CH3)3), 1.43 – 1.30 (m, 1H, CH2), 1.23 – 1.07 (m, 4H, CH2), 1.05 – 0.93 (m, 1H, CH2), 0.73 

(t, J = 7.3 Hz, 3H, CH3); 
13

C-NMR
 
(125 MHz, CDCl3) δ 171.7 (C=O), 155.8 (CAr), 152.5 

(CH=N), 141.6 (CHAr), 110.1 (CHAr), 107.4 (CHAr), 82.2 (C(CH3)3), 35.1 (CH2a-CH2), 28.0 

(C(CH3)3), 26.9 (CH2a-CH2) 23.5 (CH3), 22.8 (CH2a-CH3), 13.8 (CH2a-CH3); HRMS (ESI): 

calcd. for C17H27N2O3
+
 [M+H]

+
 307.2016, found m/z 307.2013. 
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2.4.24 Synthesis and characterization of methyl (4S,5R)-4,5-dimethyl-4-(p-tolyl)-4,5-

dihydro-1H-imidazole-5-carboxylate 5y 

 

The general procedure B was followed. The desired product was obtained 

as a white solid in 28% yield (11 mg, trans diastereoisomer only). The ee 

was determined by HPLC using a Chiralpak OJ column [hexane/iso-

propanol 90:10,  220 nm, 1 mL/min]: t (major) = 8.9 min, t (minor) = 

15.6 min (87% ee).  

 

[α]D
25

 = +166 (c = 0.69 in CHCl3). Lit. for the enantiomer:
12

 [α]D
20.7

 = −173.6 (c = 0.76 in 

CHCl3). M.p.: 107 – 111 °C; 
1
H-NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8.3 Hz, 2H, CHAr), 

7.26 (s, 1H, CH=N), 7.15 (d, J = 8.1 Hz, 2H, CHAr), 3.97 (br s, 1H, NH), 3.83 (s, 1H, 

CO2CH3), 2.35 (s, 3H, CH3-CAr), 1.49 (s, 3H, CH3-C-CAr), 0.91 (s, 3H, CH3-C-CO); 
13

C-

NMR
 
(75 MHz, CDCl3) δ 174.1 (C=O), 151.7 (CH=N), 138.8 (CAr), 137.1 (CAr), 128.8 

(CHAr), 126.9 (CHAr), 74.9 (C-CAr), 73.5 (C-CO), 52.4 (CO2CH3), 26.1 (CH3-C-CAr), 24.4 

(CH3-C-CO), 21.1 (CH3-CAr). Spectroscopical data are in agreement with the reported ones;
12

 

the chemical shift of the CH on the imidazoline moves in the range 7.3 – 7.0 ppm depending on 

sample concentration, presumably because of H-bonding interactions. 

 

 

                                                           
12

 G. Lu, T. Yoshino, H. Morimoto, S. Matsunaga, M. Shibasaki, Angew. Chem. Int. Ed. 2011, 

50, 4382–4385. 
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2.5 Synthesis of imidazoline derivatives 

 

2.5.1 Synthesis of (2R,3S)- 2,3-diamino-2-methyl-3-phenylbutanoic acid 6c 

 

 
 

Imidazoline 5c (15 mg, 0.055 mmol) was dissolved in HCl 1.0 M (0.3 mL). The resultant 

solution was refluxed for 3 hours. After solvent evaporation the residue was dissolved in 

aqueous 50%(w/w) KOH solution (0.3 mL) and refluxed for 6 hours. The reaction mixture was 

cooled to 0 ºC and neutralized with 1.0 M aqueous HCl. The solvents were removed in vacuo 

and the remaining residue was loaded on a Dowex H
+
 ion exchange resin. The column was 

flushed with water, dioxane, more water and eluted with 2.0 M aqueous ammonia. The 

ammoniacal fraction was evaporated to afford diaminoacid 6c as a white solid in 69% yield (8 

mg). 

 

[α]D
20

: + 20 (c = 0.75 in MeOH); m.p. 160 – 161 °C; IR (film): ν = 3345, 2973, 1600, 1447, 

1390, 1359, 700 cm
-1

; 
1
H-NMR (500 MHz, D2O): δ 7.47 (s, 5H, CArH), 1.79 (s, 3H, CH3CCAr), 

1.44 (s, 3H, CH3CCO2H);
 13

C-NMR (125 MHz, D2O) δ 178.8 (COOH), 139.0 (CAr), 129.1 

(CArH), 128.9 (CArH), 126.7 (CArH), 64.5 (CCOOH), 60.5 (CCAr), 21.3 (CH3CCAr), 20.5 

(CH3CCO2H); HRMS (ESI): calcd. for C11H16N2NaO2
+
 [M+Na]

+
 231.1104, found m/z 

231.1109. 
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3 
1
H-NMR and 

13
C-NMR of starting materials and ligands 

 

3.1 
1
H-NMR and 

13
C-NMR of isopropyl N-formylalanine 2b’ 

 
1
H-NMR  

 
13

C-NMR  
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6 NMR studies of 1a∙AgOAc complex 
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7 Proposed reaction mechanism 
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8 X-Ray data for the crystal of complex 1a∙AgOAc (CCDC 1493438) 

 

Crystal growing of complex 1a∙AgOAc 

A 1:1 mixture of amino phosphine 1a and AgOAc was dissolved in degassed CH2Cl2 and 

filtered through a microfilter to remove residual silver source. This mixture was added to a vial 

with a small hole in the lid to allow slow diffusion. This vial was placed within a Schlenk tube, 

hexane was added between the vial and the Schlenk tube, and the Schlenk tube was evacuated 

and purged with Argon three times. After 4 weeks in the dark at room temperature, several 

brown crystals of X-ray quality were present on the surface of the glass. 

Single crystal X-ray diffraction data were collected at 150 K with an Oxford Diffraction 

SuperNova diffractometer and processed with CrysAlisPro as per the SI (CIF).  The structure 

was solved with SIR92
16

 and refined with CRYSTALS.
17

  Full crystallographic data (in CIF 

format) is available as ESI and can be obtained from The Cambridge Crystallographic Data 

Centre at www.ccdc.cam.ac.uk/data_request/cif (reference number CCDC 1493438). 

 

 

 

Figure S1. Crystal structure of complex 1a∙AgOAc with highlighted intramolecular H-bond. 
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Figure S2. Crystal structure of complex 1a∙AgOAc (dimer indicating the polymeric chain 

structure in the solid state). 
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