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1.0 General 

Proton Nuclear Magnetic Resonance spectra were recorded on a 400 MHz spectrometer in 

CDCl3 referenced relative to residual CHCl3 (δ = 7.26 ppm). Chemical shifts are reported in ppm 

and coupling constants in Hertz. Carbon NMR spectra were recorded on the same instrument 

(100 MHz) with total proton decoupling. All melting points are uncorrected. Infrared spectra 

were obtained on a Perkin Elmer spectrophotometer. Flash chromatography was carried out 

using silica gel, particle size 0.04-0.063 mm. TLC analysis was performed on precoated 60F254 

slides, and visualised by either UV irradiation or KMnO4 staining. Dichloromethane and 

triethylamine were distilled from calcium hydride. Unless otherwise stated, all chemicals were 

obtained from commercial sources and used as received. Unless otherwise specified, all reactions 

were carried out in oven-dried glassware with magnetic stirrers under an atmosphere of argon. 

 
2.0 Synthesis of catalyst (rac)-10a   
          

 

(rac)-Thiourea A                   
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(rac)-Thiourea A. A 100 cm3 oven dried round bottom flask charged with (trans)-1,2-diamino-

cyclohexane (1.05 mL, 8.74 mmol) and dry DCM (15 cm3) was placed under an atmosphere of 

N2 and cooled to 0 oC. Subsequently, a solution of 3,5-bis(trifluoromethyl)-phenyl isothiocyanate 

(1.60 mL, 8.74 mmol) in dry DCM (15 cm3) was added dropwise via syringe over 6 h. The 

resulting yellow solution was left to stir overnight. The reaction mixture was concentrated in 
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vacuo and the yellow residue purified by column chromatography (4:1 EtOAc-CH2Cl2) to afford 

(rac)-Thiourea A (1.662 g, 49%) as a yellow solid, mp 70-72 oC; δH (DMSO-d6) 1.03-1.40 (4H, 

m), 1.54-1.73 (2H, m), 1.80-2.18 (2H, m), 2.52-2.64 (1H, m), 3.78-3.99 (1H, m), 7.69 (1H, s), 

8.24 (2H, s) – (Note: thiourea and amino resonances not observed); δC (DMSO-d6) 24.4, 24.5, 

30.7, 34.7, 53.7, 60.1, 115.6, 121.6, 123.3 (2C, q, J 273.4), 130.0 (2C, q, J 34.2), 142.2, 180.2; 

νmax (nujol)/cm-1 1272, 1172, 1166, 1136, 964, 886, 721; m/z (ES) 386.1133 (M+ C15H18N3F6S  

requires 386.1126). 
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(rac)-11. A 50 cm3 oven dried round bottom flask charged with (rac)-thiourea A (1.662 g, 4.21 

mmol), NEt3 (1.90 mL, 13.5 mmol) and dry DCM (20 cm3) was placed under an atmosphere of 

N2 and cooled to 0 oC. Subsequently, nicotinoyl chloride hydrochloride (801 mg, 4.49 mmol) 

was added. The resulting yellow solution was left to stir overnight. CH2Cl2 (100 cm3) was then 

added and the resulting solution washed with NaHCO3 (2 x 40 cm3), and brine (2 x 40 cm3). 

Upon separation of the organic extracts precipitation of a (rac)-11 as a white solid is often 

observed. In this case the suspension was filtered and the white precipitate was washed with 

DCM (ca. 20 cm3) to give (rac)-11 as a white solid (748 mg). The mother liquor was then 

concentrated in vacuo and the resulting yellow solid washed with DCM (ca. 20 cm3) to afford a 

further crop of pure (rac)-11  (494 mg) to give an overall combined yield of 60%, mp 204-206 
oC; δH (DMSO-d6) 1.21-1.59 (4H, m), 1.74 (2H, m), 1.92 (1H, m), 2.09-2.22 (1H, m), 3.92-4.05 

(1H, m), 4.28-4.44 (1H, m), 7.47 (1H, dd, J 5.0 and 8.5), 7.69 (1H, s), 8.05-8.22 (4H, m), 8.59 

(1H, d, J 8.5), 8.67 (1H, d, J 5.0), 8.99 (1H, s), 10.11 (1H, s); δC (DMSO-d6) 24.4, 24.5, 31.2, 

31.7, 52.5, 57.1, 116.2, 122.0, 121.9 (2C, q, J 273.1), 129.9, 130.0, 130.1 (2C, q, J 33.5),  135.0, 
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141.7, 148.6, 151.8, 164.8, 180.1; νmax (nujol)/cm-1 3311, 3069, 1618, 1552, 1332, 1278, 1175, 

1121, 883, 712; m/z (ES) 491.1361 (M+  C21H21N4OF6S  requires 491.1340). 
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(rac)-10a. A 25 cm3 oven dried round bottom flask charged with (rac)-11 (350 mg, 0.71 mmol), 

and acetone (8.0 cm3) was placed under an atmosphere of N2. Subsequently, benzyl bromide (90 

μL, 0.71 mmol) was added via syringe. The flask was then fitted with a reflux condenser and the 

solution was heated under reflux at 65 oC for 15 h. The reaction mixture was then cooled to rt 

and the resulting suspension was filtered. The white precipitate was washed with acetone (ca. 5 

cm3) and hexane (ca. 10 cm3) to afford (rac)-10a as a white solid (370 mg, 79%), mp 289-291 oC 

(dec.); δH (DMSO-d6) 1.19-1.39 (2H, m), 1.42-1.64 (2H, m), 1.67-1.82 (2H, m), 1.92-2.16 (2H, 

m), 3.97-5.23 (2H, m), 5.99 (2H, s), 7.01-8.02 (10H, m), 8.28 (1H, s), 9.13 (1H, d, J 7.2), 9.38 

(1H, d, J 6.3), 9.61 (1H, s), 9.91 (1H, s); δC (DMSO-d6) 24.0, 24.2, 30.7, 31.0, 52.6, 61.6, 63.4, 

122.9 (2C, q, J 272.7), 127.8, 128.2, 128.6, 129.0, 129.1, 129.2, 129.5, 130.8 (2C, q, J 35.2), 

133.7, 133.9, 135.5, 144.8, 146.4, 160.9, 184.2; νmax (nujol)/cm-1 1660, 1609, 1558, 1278, 1178, 

1139. 

 

(R,R)-10a  
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(R,R)-10a. Prepared exactly as per (rac)-10a using (R,R)-trans-1,2-diamino-cyclohexane. 49% 

yield. [α]16
589 = +75 (c = 0.428, CHCl3). 

 
3.0 Reduction protocol 

 

3.1 General procedure 

 In a 10 cm3 round bottom flask equipped with a stirring bar and a rubber septum, Na2CO3 (49 

mg, 0.47 mmol) and (rac)-10b (39 mg, 0.07 mmol) were dissolved in degassed water (1.0 cm3) 

under an atmosphere of N2. Subsequently, a solution of the substrate (0.35 mmol) in Et2O (3.0 

cm3) was added via syringe. Na2S2O4 (64 mg, 0.38 mmol) was then added quickly and the rubber 

septum was substituted with a glass stopper. The resulting biphasic solution was vigorously 

stirred over 48 h in the dark. When 1H NMR analysis indicated complete consumption of the 

starting material, the reaction mixture was extracted with EtOAc (3 x 5 cm3). The organic 

extracts were combined, dried (MgSO4) and concentrated in vacuo to afford crude product which 

was purified by column chromatography. 

 

3.2 Determination of conversion by HPLC analysis. 

 

In three cases involving reactions outlined in Table 1, conversion was also analysed by HPLC to 

confirm the accuracy of the NMR spectroscopic methodology. This was carried out as follows: A 

solution of benzil and benzoin (in a 1:1 ratio) in DCM (approximate concentration of 1 mg mL-1 

benzoin) was analysed by HPLC (CSP-HPLC (Chiralpak AD-H 250 x 46 mm column), solvent: 

90:10 Hexane:IPA, flow-rate: 1.0 mL/min, λ = 220 nm, retention times: 6.9 min (benzil), 20.9 

and 27.9 min (benzoin – both enantiomers). This resulted in an integral ratio of 1.72: 1. The 
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crude reaction mixtures from entries 1, 2 and 11 (Table 1) after filtration through a short pad of 

silica gel (to remove the catalyst) were then injected sequentially and the molar ratio’s of the 

starting material and product were determined by dividing the integral associated with benzil by 

1.72. 

 

The level of conversion for these reactions as determined by HPLC analysis are as follows 

(conversion by 1H NMR in parenthesis) 

 

Entry 1     8%  (6%) 

Entry 2   14%  (13%) 

Entry 11  78% (71%) 

 

The chromatograms associated with these experiments are below. 
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Entry 2 
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3.3 Characterisation data for 2 and 19-23 

Benzoin (2) 

O OH

2  

Isolated 2 exhibited spectral characteristics identical to those in the literature.1 mp 134-136 oC, 

Lit.1 133-134 oC. δH (CDCl3) 7.94 (2H, d, J 7.7), 7.52-7.58 (1H, m), 7.30-7.46 (7H, m), 5.98 (1H, 

d, J 6.0), 4.58 (1H, d, J 6.0). 

 

 

3,3’-dimethoxybenzoin (18) 

O OH

18

MeO OMe

 

Isolated 18 exhibited spectral characteristics identical to those in the literature.1 mp 56-58 oC, 

Lit.1 55 oC. δH (CDCl3) 7.46-7.54 (2H, m), 7.23-7.36 (2H, m), 7.09 (1H, d, J 7.9), 6.95 (1H, d, J 

6.4), 6.84 (2H, m), 5.91 (1H, d, J 5.6), 4.54 (1H, d, J 5.6), 3.82 (3H, s), 3.78 (3H, s). 

 

 

4,4’-difluorobenzoin (19) 
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O OH

19
F F  

Isolated 19 exhibited spectral characteristics identical to those in the literature.2 mp 84-86 oC, 

Lit.1 81-82 oC. δH (CDCl3) 7.90-8.00 (2H, dd, J 8.7, 4.8), 7.30 (2H, dd, J 8.7, 4.8), 7.11 (2H, dd, J 

8.5, 8.5), 7.05 (2H, dd, J 8.5, 8.5), 5.92 (1H, d, J 6.0), 4.53 (1H, d, J 6.0). 

 

4,4’-dimethylbenzoin (20) 

O OH

20
Me Me  

Isolated 20 exhibited spectral characteristics identical to those in the literature.1 mp 91-93 oC, 

Lit.1 89 oC. δH (CDCl3) 7.84 (2H, d, J 7.9), 7.18-7.26 (4H, m), 7.14 (2H, d, J 7.9), 5.92 (1H, d, J 

5.9), 4.57 (1H, d, 5.9), 2.37 (3H, s), 2.31 (3H, s). 

 

2-chloro-3’,4’-dimethoxybenzoin (22) 

 

O OH

MeO
22

MeO

Cl

 

mp 144-146 oC; δH (CDCl3) 3.91 (3H, s), 3.92 (3H, s), 4.69 (1H, d, J 5.6), 6.37 (1H, d, J 5.6), 

6.85 (1H, d, J 8.5), 7.14 (1H, dd, J 2.0 and 7.5), 7.18-7.26 (2H, m), 7.45 (1H, dd, J 1.5 and 8.0), 

7.51 (1H, d, J 2.0), 7.59 (1H, dd, J 2.0 and 8.5); δC (CDCl3) 55.5, 55.6, 71.8, 109.9, 110.4, 123.4, 
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127.4, 128.7, 129.5, 129.8, 131.7, 132.9, 136.9, 148.5, 153.6, 196.5; νmax (nujol)/cm-1 3462, 

3426, 1660, 1594, 1576, 1272, 1172, 1151, 1088, 1028, 1010, 769, 727; m/z (ES) 329.0540 (M+ 

+ Na.  C16H15O4ClNa  requires 329.0557). 

 

 

 

Furoin (23) 

 

O OH

23

O
O

 

 

Isolated 23 exhibited spectral characteristics consistent with those in the literature.1 mp 135-

137 oC, Lit.1 135-136 oC. δH (CDCl3) 7.61-7.66 (1H, m), 7.37-7.41 (1H, m), 7.25-7.30 (1H, m), 

6.56 (1H, dd, J 1.5 and 3.5), 6.43 (1H, d, J 3.5), 6.36-6.39 (1H, m) 5.82 (1H, bs), 4.21 (1H, d, J 

5.6). 

 

3.4 Attempted enantioselective reduction of benzil using (R,R)-10a 

Procedure 

 In a 10 cm3 round bottom flask equipped with a stirring bar and a rubber septum, Na2CO3 (88 

mg, 0.83 mmol) and (R,R)-10a (44 mg, 0.07 mmol) were dissolved in degassed water (2.5 cm3) 

under an atmosphere of N2. Subsequently, a solution of the substrate (0.33 mmol) in Et2O (1.0 

cm3) was added via syringe. Na2S2O4 (116 mg, 0.67 mmol) was then added quickly and the 

rubber septum was substituted with a glass stopper. The resulting biphasic solution was 

vigorously stirred over 24 h in the dark. Samples were taken periodically and analyzed by 1H 
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NMR spectroscopy and CSP-HPLC (Chiralpak AD-H 250 x 46 mm column, solvent: 90:10 

Hexane:IPA, flow-rate: 1.0 mL/min, λ = 220 nm, retention times: 20.8 min (R), 27.7  min (S).1 

 

The chromatograms associated with this experiment are presented below. 

 

 

 

 

 

Sample taken after 15 h (29% conversion – 25% ee) 
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