Supplementary Material (ESI) for Chemical Communications

This journal is (c) The Royal Society of Chemistry 2009


Electronic Supplementary Information
Self-Association-Free Dimeric Cinchona Alkaloid Organocatalysts: Unprecedented Catalytic Activity, Enantioselectivity and Catalyst Recyclability in Dynamic Kinetic Resolution of Racemic Azlactones 
Ji Woong Lee,a Tae Hi Ryu,a Joong Suk Oh,a Han Yong Bae,a Hyeong Bin Jang,a Choong Eui Songab*
a Department of Chemistry, Sungkyunkwan University, 300 Cheoncheon, Jangan, Suwon, Gyeonggi, 440-746 (Korea); Fax: (+82) 31-290-7075; E-mail: s1673@skku.edu
b Department of Energy Science, Sungkyunkwan University, 300 Cheoncheon, Jangan, Suwon, Gyeonggi, 440-746 (Korea)
1. General

2. Preparation and characterization of Cinchona-based organocatalysts
3. General procedure for the DKR reaction of racemic azlactones
4. NMR and HPLC spectra for Table 1
5. One-pot procedure for the DKR reactions starting from the racemic N-acylated--amino acids
6. NMR and HPLC spectra for Scheme 2
7. HPLC spectra for Figure 2
8. Details of DOSY experiments 
9. Table S-3
10. NMR and HPLC spectra for Table S-3
11. General procedure for catalyst recycling experiments
12. References
1. General

Cinchona alkaloids and commercially available racemic amino acids were purchased from Aldrich and used without further purification. rac-2-amino-3-cyclohexylpropanoic acid was prepared by hydrogenation of rac-phenylalanine (10 bars of H2, 10 mol% of Pt/Al2O3, 24 h).[1] The racemic N-acylated-amino acids and azlactones were prepared from the corresponding amino acids according to the literature procedure.[2] O-Methylated rac-N-benzoyl tyrosine and O,O‘-dimethylated rac-N-benzoyl DOPA were prepared according to the Erlenmeyer protocol for amino acid synthesis; (i) the reaction of 4-methoxybenzaldehyde and 3,4-dimethoxybenzaldehyde, respectively, with N-benzoyl glycine, (ii) hydrolysis and (iii) hydrogenation.[3] All other chemicals used in this study were obtained from commercial sources and used without further purification. 

The chromatographic purification of the products was carried out by flash chromatography using Merck silica gel 60 (230–400 mesh). Thin-layer chromatography was carried out on Merck silica gel 60F plates. HPLC analyses were performed on a Varian Pro Star Series instrument equipped with an isostatic pump using a CHIRALCEL Column (250 × 4.6 mm). The 1H, 13C NMR and DOSY spectra were recorded on Varian 300, 500 or Jeol 400 spectrometers. The IR spectra were obtained using a Bruker Vertex 70 spectrometer with MIRacle Micro ATR accessory. The HRMS spectra were recorded on a Jeol JMS-700 Mstation. The melting points (Mps) were determined on a Buchi B-540 melting point apparatus and were uncorrected. The optical rotation was measured on a PerkinElmer Polarimeter 343 plus.
2. Preparation and characterization of Cinchona-based catalysts

Representative procedure for synthesis of Bis-HQN-SQA (4b)[4]
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Dimethylsquarate (3.17 mmol, 450 mg) was added to a stirred solution of 9-amino(9-deoxy)epi-dihydroquinine (2.58 g, 7.93 mmol) in MeOH (30 mL) at room temperature. After stirring for 48 h at room temperature, the precipitate was filtered, washed with cold MeOH and dried in vacuo to afford Bis-HQN-SQA (4b) (2.28 g, 99%) as a white solid. Mp 263 oC; 1H NMR (300 MHz, d6-DMSO, 90 oC)  0.54-0.61 (m, 1H), 0.75-0.82 (m, 3H), 1.28-1.52 (m, 8H), 2.30-2.36 (m, 1H), 2.40-2.48 (m, 1H, overlapped with solvent peak), 3.11-3.31 (m, 2H), 3.96 (s, 3H), 5.92 (d, J = 10 Hz, 1H), 7.44 (dd, J = 3 and 9 Hz, 1H), 7.50 (d, J = 4.5 Hz, 1H), 7.66 (br s, 1H), 7.80 (d, J = 3 Hz, 1H), 7.98 (d, J = 9 Hz, 1H), 8.78 (d, J = 4.5 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 oC)  12.19, 25.20, 25.66, 27.76, 28.63, 37.34, 41.00, 52.66 (br s), 56.14, 57.74, 61.55 (br s), 100.88, 122.85, 127.75, 132.26, 144.22, 144.97, 147.97, 158.98, 167.32, 183.59; HRMS (FAB) Calcd for [C44H52N6O4+H]+: 729.4128 (100.0 %); Found: 729.4138 (100.0 %), IR (powder) 3630, 2948, 2867, 1800, 1700, 1663, 1621, 1590, 1542, 1473, 1237, 847 cm-1; [image: image3.png][0]20



: -134.2 (c = 0.5 in CHCl3)
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Bis-QN-SQA (4a) 1H NMR (300 MHz, d6-DMSO, 80 oC)  0.55-0.62 (m, 1H), 1.38-1.55 (m, 4H), 2.22 (m, 1H), 2.57-2.64 (m, 1H), 3.03-3.33 (m, 4H), 3.96 (s, 3H), 4.93-5.01 (m, 2H), 5.81 – 6.00 (m, 2H), 7.44 (dd, J = 2 and 9.6 Hz, 1H), 7.51 (d, J = 4.2 Hz, 1H), 7.72-7.74 (br, 0.85H), 7.80 (d, J = 2 Hz, 1H), 7.98 (d, J = 9.6 Hz, 1H), 8.78 (d, J = 4.2 Hz, 1H);13C NMR (100 MHz, CDCl3, 40 oC)  25.80, 27.35, 27.84, 39.37, 40.78, 50.49, 52.77 (br s), 55.93, 61.33 (br s), 101.12 (br s), 114.54, 118.87 (br s), 122.43, 127.49, 131.87, 141.04, 143.66 (br s), 144.73, 147.43, 158.61, 166.99, 183.11; HRMS (FAB) Calcd for [C44H48N6O4+H]+: 725.3815 (100.0 %); Found: 725.3815 (100.0 %); IR (powder) 2945, 2921, 2861, 1797, 1667, 1623, 1587, 1541, 1512, 1474, 1245, 848, 693 cm-1; Mp 274 oC; [image: image8.png][0]20



: -120.1 (c = 0.5 in CHCl3)
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Bis-CD-SQA (4c) 1H NMR (300 MHz, d6-DMSO, 80 oC)  0.58-0.65 (m, 1H), 1.28-1.53 (m, 4H), 2.21 (br s, 1H), 2.50-2.64 (m, 1H), 3.05-3.33 (m, 4H), 4.92-5.00 (m, 2H), 5.79-5.91 (m, 1H), 5.91-6.11 (m, 1H), 7.56 (d, J = 4.5 Hz, 1H), 7.66-7.81 (m, 3H), 8.08 (d , J = 8.4 Hz, 1H), 8.46 (d, J = 8.4 Hz, 1H), 8.95 (d, J = 4.5 Hz, 1H); 13C NMR (75 MHz, CDCl3, 45 oC) 25.78, 27.49, 27.97, 39.66, 40.95, 56.15, 61.73 (br. s), 114.90, 119.81 (br s), 123.26, 126.58, 127.73, 129.88, 131.01, 141.31, 145.64 (br s), 149.04, 150.41, 167.42, 183.89; HRMS (FAB) Calcd for [C42H44N6O2+H]+: 665.3604 (100.0 %); Found: 665.3604 (100.0 %); IR (powder) 3227, 2946, 2861, 1794, 1670, 1633, 1516, 912, 842, 766 cm-1; Mp. 304 oC; [image: image13.png][0]20



: -160.9 (c = 1.0 in CHCl3)
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Bis-HCD-SQA (4d)  1H NMR (300 MHz, d6-DMSO, 80 oC)  0.56-0.63 (m, 1H), 0.74-0.79 (m, 3H), 1.23-1.55 (br m, 7H), 2.32-2.36 (m, 1H), 3.02-3.29 (m, 4H), 5.95 (d, J = 10.5 Hz, 1H), 7.56 (d, J = 4.5 Hz, 1H), 7.68 (br t, J = 7.5 Hz, 1.7H), 7.79 (br t, J = 7.8 Hz, 1.3 H), 8.08 (d, J = 8 Hz, 1H), 8.46 (d, J = 8 Hz, 1H), 8.95 (d, J = 4.5 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 oC)  11.96, 24.82, 25.27, 27.47, 28.24, 37.08, 40.69, 52.62 (br s), 57.41, 61.80 (br s), 119.21 (br s), 123.12, 126.36, 127.58, 129.70, 130.66, 146.20, 148.68, 150.23, 167.14, 183.47; HRMS (FAB) Calcd for [C42H48N6O2+H]+: 669.3917 (100.0 %); Found: 669.3917 (100.0 %); IR (powder) 2933, 2862, 1797, 1660, 1582, 1541, 1512, 1462, 769, 623 cm-1; Mp 302 oC; [image: image18.png][0]20



: -163.5 (c = 1.0 in CHCl3)
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Bis-HQD-SQA (4e) 1H NMR (300 MHz, DMSO, 80 oC) 0.79 (t, J = 6.9 Hz, 3H), 0.85-0.90 (m, 1H), 0.96-1.05 (m, 1H), 1.21-1.55 (m, 6H), 2.69-2.81 (m, 4H), 3.17-3.27 (m, 1H), 3.96 (s, 3H), 6.03 (t, J = 8.7 Hz, 1H), 7.44 (dd, J = 2.6 and 9.2 Hz, 1H), 7.52 (d, J = 4.5 Hz, 1H), 7.62-7.66 (br m, 1H), 7.83 (d, J = 2.6 Hz, 1H), 7.98 (d, J = 9.2 Hz, 1H), 8.78 (d, J = 4.5 Hz, 1H); 13C NMR (75 MHz, CDCl3, 40 oC) 11.97, 24.79, 25.70, 26.00, 27.17, 37.27, 48.93, 49.47, 52.27 (br s), 56.01, 61.69 (br s), 100.99, 118.74 (br s), 123.02, 127.70, 132.12, 143.94, 145.00, 147.77, 158.89, 167.41, 183.48; HRMS (FAB) Calcd for [C44H52N6O4+H]+: 729.4128 (100.0 %); Found: 729.4128 (100.0 %), IR (powder) 2936, 2872, 1797, 1667, 1623, 1587, 1511, 1475, 1242, 1230, 1027, 849, 828, 692, 626 cm-1; Mp 263 oC; [image: image23.png][0]20



: +285.0 (c = 1.0 in CHCl3)
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HQN-SQA (5a) 1H NMR (300 MHz, d6-DMSO, 40 oC) 0.54-0.61 (m, 1H), 0.77 (t, J = 6.9 Hz, 3H), 1.26-1.51 (m, 7H), 2.37-2.42 (m, 1H), 2.50-2.58 (m, 1H), 3.07-3.15 (m, 1H), 3.21-3.41 (m, 2H), 3.92 (s, 3H), 4.87 (d, J = 4.8 Hz, 2H), 5.97 (br s, 1H), 7.40 (dd, J = 2.1 and 9.1 Hz, 1H), 7.58 (d, J = 4.5 Hz, 1H), 7.80 (br s, 1H), 7.93 (s, 0.6 H), 7.97-8.01 (m, 4H), 8.76 (d, J = 4.4 Hz, 1H); 13C NMR (75 MHz, d6-DMSO, 40 oC) 11.63, 24.90, 25.77, 26.69, 27.94, 36.67, 45.68, 48.38, 55.42, 57.08, 58.61, 101.50, 119.51 (br s), 120.91 (td, 3J (C-C-C-F) = 3.6 and 7.3 Hz), 121.52, 123.01 (q, 1J (C -F) = 270.8 Hz), 127.33, 128.44, 130.32 (q, 2J (C-C-F) = 32.9 Hz), 131.23, 142.10, 143.51, 144.14, 147.46, 157.60, 167.00, 167.10, 181.85, 182.67; HRMS (FAB) Calcd for [C33H32F6N4O3+H]+: 647.2457; Found: 647.2457; IR (powder) 2941, 2862, 1794, 1647, 1568, 1463, 1347, 1276, 1125, 845, 682 cm-1; Mp 238 oC; [image: image28.png][a]d”
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: -161.2 (c = 1.0 in CHCl3). 
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3. General procedure for the DKR reaction of the azlactones

Allyl alcohol (68 L, 1 mmol) was added to a stirred solution of the azlactones (1, 0.5 mmol) and catalysts (4-5) (10 mol%) in CH2Cl2 (1 mL). The reaction mixture was stirred at the reaction temperature indicated in Table 1 until the disappearence of 1, as monitored by TLC. After completion of the reaction, aqueous solution of HCl (2 N, 3 mL) was added to the reaction mixture, which was then extracted with CH2Cl2 (2 x 10 mL). The combined organic phase was washed with water, dried over anhydrous MgSO4, and concentrated. The obtained crude product was purified by column chromatography on silica gel (EtOAc:Hexane = 1:4) to give the N-acylated -amino allyl ester 3. 
4. NMR and HPLC spectra for Table 1

1H and 13C NMR spectra for 3a 
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1H NMR (400 MHz, CDCl3) 1.00 (dd, J = 6.8 and 10 Hz, 6H), 2.26-2.34 (m, 1H), 4.60-4.71 (m, 2H), 4.81 (dd, J = 4.8 and 8.4 Hz, 1H), 5.26 (dd, J = 10.4 and 1.2 Hz, 1H), 5.35 (dq, J = 16.8 and 1.2 Hz, 1H), 5.85 – 5.97 (m, 1H), 6.86 (br d, J = 8.8 Hz, 1H), 7.38 – 7.43 (m, 2H), 7.46 – 7.51 (m, 1H), 7.78 – 7.83 (m, 1H); 13C NMR (100 MHz, CDCl3) 17.84, 18.96, 21.35, 31.47, 57.19, 65.70, 118.77, 126.83, 128.92, 130.95, 131.27, 141.82, 166.94, 171.66.
HPLC spectrum for rac-3a

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 5.7 min, tS = 9.12 min.
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Table 1. Entry 1 
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Table 1. Entry 2 
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Table 1. Entry 3
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Table 1. Entry 4
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Table 1. Entry 5 
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Table 1. Entry 6 
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Table 1. Entry 7 
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Table 1. Entry 8 
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Table 1. Entry 9
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Table 1. Entry 10 
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5. One-pot procedure for the DKR reactions starting from the racemic N-acylated -amino acids
The N-acylated -amino acids 2 (0.5 mmol) was added to a stirred solution of DCC (108.3 mg, 0.53 mmol) in CH2Cl2 (1 mL) at -20 oC. After the complete conversion (1-2 h) of the N-acylated -amino acids 2 to the corresponding azlactones (1), the catalyst (4b or 4e, 0.05 mmol) and alcohol (1 mmol) were added to the reaction mixture. The reaction mixture was stirred at -20 oC and the reaction progress was monitored by TLC. After completion of the reaction, 2N HCl (10 mL) was added to the reaction mixture. The hereogenous reaction mixture was then filtered to remove the dicyclohexylurea. The filtrate was extracted with CH2Cl2 (2 X 10 mL). The combined organic extract was dried over anhydrous MgSO4 and concentrated. The obtained crude product was purified by column chromatography on silica gel (EtOAc:Hexane = 1:4) to give the N-acylated -amino ester 3. 
6. NMR and HPLC spectra for Scheme 2

1H and 13C NMR spectra of 3b
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1H NMR (400 MHz, CDCl3) 1.00 (dd, J = 6.8 and 10 Hz, 6H), 2.25-2.34 (m, 1H), 2.38 (s, 3H), 4.59-4.71 (m, 2H), 4.81 (dd, J = 4.8 and 8.8 Hz, 1H), 5.26 (dq, J = 10 and 1.2 Hz, 1H), 5.35 (dq, J = 16.8 and 1.2 Hz, 1H), 5.86-6.00 (m, 1H), 6.78 (br d, J = 8.4 Hz, 1H), 7.21 (d, J = 8 Hz, 2H), 7.71 (d, J = 8 Hz, 2H); 13C NMR (100 MHz, CDCl3) 17.84, 18.96, 21.35, 31.47, 57.19, 65.70, 118.77, 126.83, 128.92, 130.95, 131.27, 141.82, 166.94, 171.66.
HPLC spectrum for rac-3b

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 5.7 min, tS = 12.78 min.
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HPLC spectrum for (S)-3b

[image: image177.emf]H

N

O

OAllyl

O

[image: image50.png]AU
7 90%
5
|
I
" I 70%
I
I
I
I
I
1.0
0.5
[
|
[N “L | o
0.0 ~n N\ ) \‘/\‘,, _ ) ‘J : %
0.2 ‘ : : ‘
° o 15 0

Minutes




HPLC spectrum for (R)-3b
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HPLC spectrum for (S)-3b after a single recrystallization
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HPLC spectrum for (R)-3b after a single recrystallization
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7. HPLC spectra for entries in Figure 2
Table S-1. Effect of concentration on enantioselectivity of Bis-HQN-SQA (4b) and HQN-SQA (5a)
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	Entry
	Catalyst
	Concentration (M)
	ee (%)

	1
	4b
	0.1
	95

	2
	4b
	0.2
	95

	3
	4b
	0.4
	94

	4
	4b
	0.6
	94

	5
	4b
	0.8
	94

	6
	4b
	1.0
	94

	7
	5a
	0.1
	88

	8
	5a
	0.2
	87

	9
	5a
	0.4
	87

	10
	5a
	0.6
	86

	11
	5a
	0.8
	85

	12
	5a
	1.0
	84


HPLC spectrum for Entry 1 of Table S-1
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HPLC spectrum for Entry 2 of Table S-1
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HPLC spectrum for Entry 3 of Table S-1 
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HPLC spectrum for Entry 4 of Table S-1
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HPLC spectrum for Entry 5 of Table S-1
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HPLC spectrum for Entry 6 of Table S-1
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HPLC spectrum for Entry 7 of Table S-1
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HPLC spectrum for Entry 8 of Table S-1
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HPLC spectrum for Entry 9 of Table S-1
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HPLC spectrum for Entry 10 of Table S-1
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HPLC spectrum for Entry 11 of Table S-1
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HPLC spectrum for Entry 12 of Table S-1
[image: image192.emf]HN

OAllyl

O

Ph

O

[image: image66.png]Au]
90%
125
i 70%
1.00—| I
|
7 ‘ 50%
0.50—| \‘
‘ 30%
0,25 f
\
i
I\ \
a A | 10%
0.00 e
[ T
017 ‘ | : :
5 o 5 bo

Minutes




8. Details of DOSY experiments
The DOSY experiment was conducted by using a stimulated echo sequence with self-compensating gradient schemes (convection corrected), a spectral width of 9612 Hz and 64 K data points. The baselines of all of the spectra were corrected prior to data processing. The data were processed after the Fourier-transformation of each FID with VNMRJ to obtain the chemical shift as the x-axis along with the calculated diffusion coefficient as the y-axis. All of the diffusion coefficient values, D, were corrected based on the D value of TMS as a standard.

Table S-2. Diffusion coefficients (Dobs x 10-10 m2s-1, 500 MHz, CDCl3, 25 oC) of TMS (1%) and squaramide based organocatalysts at different concentrations

	
	10 mM
	20 mM
	
	10 mM
	20 mM

	TMS
	16.82
	16.53
	TMS
	16.63
	16.34

	Bis-HQN-SQA (4b)
	5.12[a]
(5.12)[b]
	4.99[a]
(5.08)[b]
	HQN-SQA (5a)
	4.33[a]
(4.33)[b]
	3.44[a]
(3.50)[b]


[a] The observed D values. [b] The corrected D values. 

-Full DOSY spectrum for Bis-HQN-SQA (4b) (10 mM)

[image: image67.emf]
-Full DOSY spectrum for Bis-HQN-SQA (4b) (20 mM)

[image: image68.emf]
-Full DOSY spectrum for HQN-SQA (5a) (10 mM)

[image: image69.emf]
Full DOSY spectrum for HQN-SQA (5a) (20 mM)
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9. Table S-3
Table S-3. Substrate screening of catalysts Bis-HQN-SQA (4b) and Bis-HQD-SQA (4e)a
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	Entry
	R1
	R2
	R3
	Cat
	Time (h)
	Yield (%)b
	eec

	1d
	i-Pr
	Ph
	Et
	4b
	6
	98
	94 (S)

	2 d
	i-Pr
	Ph
	n-Pr
	4b
	7
	99
	93 (S)

	3 d
	i-Pr
	p-Tol
	Et
	4b
	7
	92
	94 (S)

	4 d
	i-Pr
	p-Tol
	n-Pr
	4b
	7
	97
	92 (S)

	5
	i-Pr
	1-Np
	allyl
	4b
	24
	99
	97 (S)

	6
	i-Pr
	2-Np
	allyl
	4b
	24
	98
	97 (S)

	7
	i-Bu
	Ph
	allyl
	4b
	18
	95
	95 (S)

	8e
	t-Bu
	Ph
	allyl
	4b
	72
	91
	94 (S)

	9
	Et
	Ph
	allyl
	4b
	6
	98
	96 (S)

	10
	allyl
	Ph
	allyl
	4b
	15
	96
	95 (S)

	11
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	Ph
	allyl
	4b
	12
	91
	94 (S)

	12
	Me
	Ph
	allyl
	4b
	2.5
	93
	96 (S)

	13
	PhCH2
	Ph
	allyl
	4b
	24
	92
	95 (S)

	14
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	Ph
	allyl
	4b
	24
	98
	93 (S)

	15
	[image: image195.emf]HN
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	Ph
	allyl
	4b
	18
	89
	93 (S)

	16,f
	Ph
	Ph
	Et
	4b
	24
	81
	81 (S)

	17
	i-Pr
	1-Np
	allyl
	4e
	108
	86
	92 (R)

	18
	[image: image196.emf]HN
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	Ph
	allyl
	4e
	36
	95
	91 (R)

	19
	i-Bu
	Ph
	allyl
	4e
	24
	90
	89 (R)

	20
	Et
	Ph
	allyl
	4e
	36
	87
	91 (R)

	21
	i-Pr 

(S-isomer)
	Ph
	allyl
	4e
	48
	89
	91 (R)

	22
	i-Pr 

(R-isomer)
	Ph
	allyl
	4b
	12
	91
	96 (S)


a Unless otherwise indicated, the reactions were carried out at -20 oC using 10 mol% of Bis-HQN-SQA (4a) or 20 mol% of Bis-HQD-SQA (4e). b Isolated yields after chromatographic purification. c Determined by chiral HPLC. d Reaction was conducted at rt. e Reaction was conducted using 20 mol% of Bis-HQN-SQA (4a) at -20 oC. f Reaction was carried out with the isolated azlactone at rt in the presence of 20 mol% of 4a. 

10. NMR and HPLC spectra for Table S-3
[image: image197.wmf]H

N

O

A

l

l

y

l

O

M

e

O

P

h

1H NMR (300 MHz, CDCl3)  0.97 (t, J = 6.9 Hz, 6H), 1.27 (t, J = 7.1 Hz, 3H), 2.26 (dq, J = 6.9 and 11.8 Hz, 1H), 4.20 (m, 2H), 4.74 (dd, J = 4.9 and 8.6 Hz, 1H), 6.74 (br d, J = 8.3 Hz, 1H), 7.39-7.47 (m, 3H), 7.77-7.80 (m, 2H); 13C NMR (75 MHz, CDCl3) 14.11, 17.82, 18.87, 31.50, 57.29, 61.22, 126.93, 128.42, 131.53, 134.06, 167.17, 172.04.
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1H NMR (300 MHz, CDCl3)  0.91-1.00 (m, 9H), 1.60-1.72 (m, 2H), 2.21-2.32 (m, 1H), 4.04-4.16 (m, 2H), 4.76 (dd, J = 4.8 and 8.6 Hz, 1H), 6.74 (br d, J = 8.5 Hz, 1H), 7.37-7.50 (m, 3H), 7.77-7.80 (m, 2H); 13C NMR (75 MHz, CDCl3) 10.29, 17.82, 18.89, 21.81, 31.54, 57.32, 66.85, 126.93, 128.43, 131.53, 134.07, 167.16, 172.15.
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1H NMR (300 MHz, CDCl3)  0.98 (t, J = 6.9 Hz, 6H), 1.28 (t, J = 7.2 Hz, 3H), 2.23-2.30 (m, 1H), 2.37 (s, 3H), 4.16-4.26 (m, 2H), 4.74 (dd, J = 4.8 and 8.6 Hz, 1H), 6.66 (br d, J = 8.4 Hz, 1H), 7.21 (d, J = 8.0 Hz, 2H), 7.69 (d, J = 8.2 Hz, 2H); 13C NMR (75 MHz, CDCl3) 14.15, 17.85, 18.89, 21.36, 31.58, 57.22, 61.23, 126.95, 129.12, 131.24, 142.00, 167.09, 172.15.
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1H NMR (300 MHz, CDCl3)  0.90-0.99 (m, 9H), 1.60-1.71 (m, 2H), 2.19-2.30 (m, 1H), 2.34 (s, 3H), 4.04-4.15 (m, 2H), 4.74 (dd, J = 4.9 and 8.6 Hz, 1H), 6.71 (br d, J = 8.5 Hz, 1H), 7.68 (d, J = 8.1 Hz, 2H); 13C NMR (75 MHz, CDCl3) 10.25, 17.81, 18.85, 21.26, 21.78, 31.50, 57.23, 66.74, 126.90, 129.01, 131.20, 141.87, 167.03, 172.16.
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1H NMR (400 MHz, CDCl3)  0.96 (d, J = 7.2 Hz, 3H), 1.07 (d, J = 6.8 Hz, 3H), 2.28-2.37 (m, 1H), 4.55-4.70 (m, 2H), 4.90 (dd, J = 4.4 and 8.8 Hz, 1H), 5.26 (dd, J = 10.4 and 0.8 Hz, 1H), 5.36 (dd, J = 17.2 and 1.6 Hz, 1H), 5.87-5.99 (m, 1H), 6.62 (br d, J = 8.8 Hz, 1H), 7.41 (dd, J = 7 and 8 Hz, 1H), 7.46-7.55 (m, 1H), 7.63 (dd, J = 0.8 and 7.2 Hz, 2H), 7.81-7.89 (m, 2H), 8.32 (d, J = 8 Hz, 1H); 13C NMR (100 MHz, CDCl3) 17.73, 19.16, 31.26, 57.31, 65.81, 118.89, 124.44, 124.94, 125.15, 126.20, 126.94, 128.06, 129.87, 130.57, 131.29, 133.36, 133.76, 169.11, 171.37.
[image: image208.wmf]O

A

l

l

y

l

O

N

H

M

e

O

O

P

h

[image: image80.emf]
[image: image209.wmf]O

E

t

O

N

H

P

h

O

P

h

[image: image81.emf]
[image: image210.wmf]O

E

t

O

N

H

P

h

O

P

h

1H NMR (400 MHz, CDCl3)  1.05 (dd, J = 6.8 and 7.2 Hz, 6H), 2.28-2.37 (m, 1H), 4.60-4.74 (m, 2H), 4.89 (dd, J = 4.8 and 8.8 Hz, 1H), 5.27 (d, J = 10.4 1H), 5.37 (d, J = 17.6, 1H), 5.88-5.99 (m, 1H), 6.92 (br d, J = 8.4 Hz, 1H), 7.49-7.57 (m, 2H), 7.83-7.91 (m, 4H), 8.31 (s, 1H); 13C NMR (100 MHz, CDCl3) 17.98, 19.01, 31.65, 57.42, 65.90, 118.97, 123.44, 126.60, 127.40, 127.55, 128.30, 128.76, 131.08, 131.30, 132.32, 134.60, 167.14, 171.78.
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1H NMR (300 MHz, CDCl3)  0.98 (t, J = 5.7 Hz, 6H), 1.63-1.83 (m, 3H), 4.66 (d, J = 5.7 Hz, 2H), 4.85-4.93 (m, 1H), 5.27 (dd, J = 10.5 and 0.9 Hz, 1H), 5.35 (dd, J = 1.2 and 17.1, 1H), 5.85 – 5.99 (m, 1H), 6.79 (br d, J = 8.4 Hz, 1H), 7.37-7.51 (m, 3H), 7.77-7.80 (m, 2H); 13C NMR (75 MHz, CDCl3) 21.88, 22.80, 24.88, 41.62, 51.06, 65.87, 118.72, 126.97, 128.42, 131.44, 131.58, 133.73, 167.04, 172.95.
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1H NMR (300 MHz, CDCl3)  1.07 (s, 9H), 4.63-4.67 (m, 2H), 4.74 (d, J = 9.3 Hz, 1H), 5.28 (dq, J = 10.5 and 1.2 Hz, 1H), 5.38 (dq, J = 17.1 and 1.5 Hz, 1H), 5.93 (tdd, J = 5.9, 10.4 and 17.1 Hz, 1H), 6.71 (br d, J = 9.2 Hz, 1H), 7.41-7.54 (m, 3H), 7.78-7.82 (m, 2H); 13C NMR (75 MHz, CDCl3) 26.59, 35.19, 60.11, 65.72, 119.11, 126.92, 128.51, 131.34, 131.63, 134.09, 167.01, 171.34.
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1H NMR (300 MHz, CDCl3)  0.98 (t, J = 7.5 Hz, 3H), 1.78-1.93 (m, 1H), 2.05 (ddt, J = 5.0, 7.1 and 14.1 Hz, 1H), 4.62-4.74 (m, 2H), 4.82 (ddd, J = 5.4, 6.7 and 7.6 Hz, 1H), 5.28 (dd, J = 10.5 and 1.2 Hz, 1H), 5.36 (dq, J = 17.2 and 1.4 Hz, 1H), 5.93 (tdd, J = 5.8, 10.4 and 17.0 Hz, 1H), 6.82 (br d, J = 7.4 Hz, 1H), 7.40-7.53 (m, 3H), 7.79-7.82 (m, 2H); 13C NMR (75 MHz, CDCl3) 9.46, 25.73, 53.57, 65.98, 118.95, 126.98, 128.53, 131.42, 131.67, 133.92, 166.98, 172.26.
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1H NMR (300 MHz, CDCl3)  2.58-2.78 (m, 2H), 4.60-4.72 (m, 2H), 4.86-4.93 (m, 1H), 5.12-5.19 (m, 2H), 5.26 (ddd, J = 1.1, 2.3 and 10.5 Hz, 1H), 5.34 (ddd, J = 1.4, 2.9 and 17.2 Hz, 1H), 5.69-5.98 (m, 2H), 6.94 (br d, J = 7.6 Hz, 1H), 7.36-7.51 (m, 3H), 7.77-7.80 (m, 2H); 13C NMR (75 MHz, CDCl3) 36.29, 51.84, 65.86, 118.74, 119.14, 126.88, 128.32, 131.29, 131.51, 132.10, 133.65, 166.80, 171.37.
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1H NMR (300 MHz, CDCl3)  0.87-1.05 (m, 2H), 1.11-1.30 (m, 3H), 1.38-1.47 (m, 1H), 1.62-1.89 (m, 7H), 4.66 (dd, J = 1.1 and 5.7 Hz, 2H), 4.91 (dt, J = 5.5 and 8.6 Hz, 1H), 5.27 (d, J = 10.4 Hz, 1H), 5.35 (dd, J = 1.3 and 17.2 Hz, 1H), 5.93 (ddd, J = 5.7, 10.9 and 22.8 Hz, 1H),6.62 (br d, J = 8.1 Hz, 1H), 7.40-7.54 (m, 3H), 7.79-7.81 (m, 2H); 13C NMR (75 MHz, CDCl3) 25.96, 26.10, 26.29, 32.57, 33.44, 34.19, 40.34, 50.52, 65.91, 118.78, 127.01, 128.52, 131.50, 131.66, 133.89, 167.03, 173.03.
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1H NMR (300 MHz, CDCl3)  1.53 (d, J = 7.2 Hz, 3H), 4.66 (ddd, J = 1.4, 2.8 and 5.5 Hz, 2H), 4.76-4.86 (m, 1H), 5.26 (dd, J = 1.2 and 10.4 Hz, 1H), 5.34 (ddd, J = 1.4, 2.9 and 17.2 Hz, 1H), 5.92 (tdd, J = 5.7, 10.4 and 17.0 Hz, 1H), 7.02 (br d, J = 6.7 Hz, 1H), 7.37-7.51 (m, 3H), 7.78-7.81 (m, 2H); 13C NMR (75 MHz, CDCl3) 25.96, 26.10, 26.29, 32.57, 33.44, 34.19, 40.34, 50.52, 65.91, 118.78, 127.01, 128.52, 131.50, 131.66, 133.89, 167.03, 173.03.
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1H NMR (300 MHz, CDCl3)  3.26 (dq, J = 5.8 and 13.8 Hz, 2H), 4.64 (d, J = 5.8 Hz, 2H),  5.10 (td, J = 5.8 and 7.5 Hz, 1H), 5.26 (dd, J = 1.0 and 10.4 Hz, 1H), 5.33 (dd, J = 1.3 and 17.2 Hz, 1H), 5.89 (tdd, J = 5.8, 10.5 and 16.3 Hz, 1H), 6.72 (d, J = 7.5 Hz, 1H) ,7.13-7.16 (m, 2H) , 7.23-7.28 (m, 3H), 7.36-7.51 (m, 3H), 7.70-7.73 (m, 1H); 13C NMR (75 MHz, CDCl3) 37.73, 53.45, 66.06, 119.08, 126.90, 127.05, 128.47, 129.28, 131.23, 131.64, 133.72, 135.71, 166.74, 171.22.
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1H NMR (300 MHz, CDCl3)  3.24 (dq, J = 5.5 and 14.0 Hz, 2H), 3.25 (s, 3H), 3.85 (s, 3H), 4.67 (d, J = 5.6 Hz, 2H),  5.08 (td, J = 5.5 and 7.5 Hz, 1H), 5.29 (dq, J = 10.5 and 1.2 Hz, 1H), 5.35 (dq, J = 17.1 and 1.5 Hz, 1H), 5.92 (tdd, J = 5.8, 10.4 and 17.0 Hz, 1H), 6.63-6.70 (m, 3H) ,6.77-6.79 (m, 1H) , 7.39-7.7.53 (m, 3H), 7.72-7.75 (m, 2H); 13C NMR (75 MHz, CDCl3) 37.22, 53.55, 55.60, 55.73, 66.08, 111.02, 112.31, 119.07, 121.33, 126.87, 128.05, 128.54, 131.27, 131.75, 133.72, 148.00, 148.71, 166.64, 171.27.
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1H NMR (300 MHz, CDCl3)  3.09 (dq, J = 5.8 and 14.0 Hz, 2H), 3.63 (s, 3H), 4.52 (d, J = 5.8 Hz, 2H),  4.91-4.98 (m, 1H), 5.13-5.25 (m, 2H), 5.78 (qd, J = 5.8 and 11.1 Hz, 1H), 6.68-6.77 (m, 3H), 6.95-6.97 (m, 2H), 7.23-7.28 (m, 2H), 7.33-7.38 (m, 1H), 7.60-7.63 (m, 2H); 13C NMR (75 MHz, CDCl3) 36.68, 53.55, 54.92, 65.86, 113.72, 118.83, 126.82, 127.59, 128.31, 130.15, 131.21, 131.48, 133.62, 158.44, 166.68, 171.22.
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1H NMR (300 MHz, CDCl3)  1.14 (t, 3H), 4.03-4.23 (m, 2H), 5.68 (d, J = 7.1 Hz, 1H),  7.15-7.41 (m, 8H), 7.72-7.75 (m, 2 H); 13C NMR (75 MHz, CDCl3) 13.93, 56.74, 61.96, 127.06, 127.20, 128.41, 128.48, 128.86, 131.74, 133.52, 136.61, 166.43, 170.94.
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HPLC Spectra for Table S-3. Entry 1 
The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 5.37 min, tS = 6.84 min. 
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HPLC Spectra for Table S-3. Entry 2 
The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 5.23 min, tS = 7.18 min. 
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HPLC Spectra for Table S-3. Entry 3 
The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 4.96 min, tS = 7.32 min. 
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HPLC Spectra for Table S-3. Entry 4 
The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 4.9 min, tS = 8.4 min.
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HPLC Spectra for Table S-3. Entries 5 and 17 
The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 10.5 min, tS = 13.2 min.
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HPLC Spectrum for Table S-3. Entry 6

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 10.1 min, tS = 16.6 min. 
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HPLC Spectra for Table S-3. Entries 7 and 19
The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 6.4 min, tS = 26.1 min. 
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HPLC Spectrum for Table S-3. Entry 8

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min,  UV detection at 220 nm, tR = 4.8 min, tS = 7.3 min. 
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HPLC Spectra for Table S-3. Entries 9 and 20
The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 7.1 min, tS = 14.4 min. 
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HPLC Spectrum for Table S-3. Entry 10

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 7.2 min, tS = 18.0 min. 
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HPLC Spectrum for Table S-3. Entry 11 and 18

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 6.7 min, tS = 20.5 min. 
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HPLC Spectrum for Table S-3. Entry 12

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 8.6 min, tS = 14.2 min. 
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HPLC Spectrum for Table S-3. Entry 13

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 9.6 min, tS = 19.1 min. 
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[image: image317.emf][image: image318.emf]
HPLC Spectrum for Table S-3. Entry 14

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 85 : 15, 1 mL/min, UV detection at 220 nm, tR = 13.3 min, tS = 20.6 min. 
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HPLC Spectrum for Table S-3. Entry 15

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 85 : 15, 1 mL/min, UV detection at 220 nm, tR = 8.2 min, tS = 14.9 min. 
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HPLC Spectrum for Table S-3. Entry 16

The ee value was determined by HPLC analysis: CHIRALPAK OD-H, Hexanes : IPA = 90 : 10, 1 mL/min, UV detection at 220 nm, tR = 8.03 min, tS = 11.68 min. 
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HPLC Spectrum for Table S-3. Entry 21 
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HPLC Spectrum for Table S-3. Entry 22
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11. General procedure for catalyst recycling experiments 

Allyl alcohol (204 L, 3 mmol) was added to a stirred solution of the azlactone 1b (326 mg, 1.5 mmol) and catalyst 4b (109 mg, 10 mol%) in CH2Cl2 (3 mL) at room temperature. After the starting material was completely consumed (ca. 5 h), the reaction mixture was concentrated in vacuo. To the residue, CH2Cl2 (0.5 mL) and hexane (20 mL) were added to induce the precipitation of catalysts. After stirring for 1 h, the resulting white precipitate was filtered, washed with hexane (20 mL) and dried in vacuo to give 4b as a white powder which contains a little amount of product 3b. The pure amino ester 3b was obtained in >95% yield by simple evaporation of volatiles in the filtrate. The recovered catalyst 4b was used directly for the next recycling experiment without further purification.
1H NMR spectrum for the recovered catalyst 4b
[image: image141.emf]
HPLC Spectrum for recycling experiment – 1st run
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HPLC Spectrum for recycling experiment – 2nd run 
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HPLC Spectrum for recycling experiment – 3rd run 
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HPLC Spectrum for recycling experiment – 4th run 
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HPLC Spectrum for recycling experiment – 5th run 
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