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Experimental Section: 

1
H and 

13
C NMR spectra were recorded on a 500 MHz spectrometer. Chemical shift (δ) are 

given in parts per million downfield from tetramethylsilane as an internal reference, 

coupling constants are given in J (Hertz). The molecular weight was determined using 

High-resolution mass spectra (HRMS). Infrared spectra (IR) were reported in reciprocal 
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centimeters. Enantiomeric excess was measured by chiral HPLC at room temperature using 

a Waters 600 E equipment fitted with a UV/Visible Waters 2487 detector at 220 or 254 nm 

with Chiralpak AD-H and Chiralcel OD-H columns. The reactions under ball-milling 

conditions were performed in a digital Amalgamator, used with a reactor (cylinder, 25 mm 

long and with a diameter 10 mm) containing one stainless steel ball with a 5 mm diameter.  

 

Synthesis of dipeptide (S,S)-Proline-phenylalanine methyl ester 2. 

 

Dipeptide  2 was synthesized from the condensation of Cbz-Pro-OH with the phenylalanine 

methyl ester hydrochloride, following deprotection with hydrogen and palladium on carbon 

according to the general method for the preparation of dipeptides.  

 

(S,S)-Proline-phenylalanine methyl ester 2. (1.3 g, 84%). Rf  = 0.35 [silica gel, 

DCM:MeOH 95:5]. (FT-IR/ATR cm
-1

) νmax 3324, 2951, 1740, 1667. 
1
H-NMR (500 MHz, 

CDCl3) δ 8.06 (1H, br-d, J=8.3 Hz), 7.29-7.18 (3H, m), 7.13-7.08 (2H, m), 4.83 (1H, m), 

3.71 (3H, s), 3.67 (1H, m), 3.16 (1H, dd, J=5.6 Hz, J=13.9 Hz), 3.02 (1H, dd, J=7.3 Hz, 

J=13.9 Hz), 2.91 (1H, m), 2.72 (1H, m), 2.24 (1H, br-s), 2.03 (1H, m), 1.72 (1H, m), 1.64-

1.45 (2H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 174.9, 172.0, 136.1, 129.2, 128.3, 

126.9, 60.2, 52.4, 52.2, 47.1, 38.0, 30.6, 26.0 ppm. HR-ESI-TOF: Calculated for 

C15H21N2O3 [M+H]
+
: 277.1546; found: 277.1551 (1.5 ppm error).  
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Typical procedure for the intermolecular aldol reaction. Ball mill method 

 

 

A mixture of the catalyst 2 (7 mol %), cyclohexanone (20.56 mg, 0.22 mmol) and 4-

nitrobenzaldehyde (30.2 mg, 0.2 mmol), was vigorously milled for 4 h at 2760 rpm at         

-20°C in a digital Mixer/Amalgamator used with a reactor made of Nylamid (cylinder, 25 

mm long and with a diameter 10 mm) containing one stainless steel ball with a 5 mm 

diameter. Then the mixture was dissolved in AcOEt and extracted. The organic phase was 

dried over MgSO4, and concentrate to give the crude reaction mixture that was purified by 

flash chromatography (silica gel, Hexane/EtOAc: 10:1-3:1) to afford aldol mixture (syn-

anti). 

 

 

Spectroscopic data for compounds 5 

 
 

Compounds 5 have been previously described and spectroscopic data were in agreement 

with reported.
1-4

  

 

Diastereoselectivities were determined by 
1
H NMR analysis in the crude reaction mixture. 

Purification by flash column chromatography gave the aldol products 5. 

 

The absolute configuration of aldol products 5 was determined by comparison with 

reported HPLC data. 

 

 

(S)-2-[(R)-Hydroxy(4-nitrophenyl)methyl]cyclohexanone 5a 

 
OHO

NO2  
 

 
1
H-NMR (500 MHz, CDCl3) δ 8.21 (2H, d, J=8.8 Hz), 7.51 (2H, d, J=8.8 Hz), 4.90 (1H, 

dd, J=8.4, 2.8 Hz), 4.08 (1H, m), 2.66-2.29 (3H, m), 2.17-2.04 (1H, m), 1.85-1.80 (1H, m), 

1.75-1.15 (4H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ  214.8, 148.4, 147.5, 127.8, 123.4, 

73.9, 57.1, 42.6, 30.7, 27.6, 24.6 ppm. 
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(S)-2-[(R)-Hydroxy(3-nitrophenyl)methyl]cyclohexanone 5b 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 8.21 (1H, t, J=1.9 Hz), 8.17-8.12 (1H, m), 7.68 (1H, d, 

J=7.7 Hz), 7.53 (1H, t, J=7.9 Hz), 4.88 (1H, d, J=8.4 Hz), 4.16 (1H, s), 2.65-2.62 (1H, m), 

2.51-2.48 (1H, m), 2.40-2.37 (1H, m), 2.13-2.10 (1H, m), 1.88-1.81(1H, m), 1.76-1.54 (3H, 

m), 1.43-1.34 (1H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 214.9, 148.2, 143.2, 133.2, 

129.3, 122.8, 122.0, 74.0, 57.1, 42.6, 30.7, 27.6, 24.6 ppm. 

 

 

 

(S)-2-[(R)-Hydroxy(2-nitrophenyl)methyl]cyclohexanone 5c 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 7.84 (1H, d, J=8.1 Hz), 7.77 (1H, d, J=7.8 Hz), 7.63 (1H, t, 

J=7.0 Hz), 7.43 (1H, t, J=7.3 Hz), 5.43 (1H, d, J=7.1 Hz), 4.20 (1H, s), 2.78-2.75 (1H, m), 

2.51-2.43 (1H, m), 2.38-2.30 (1H, m), 2.12-2.04 (1H, m), 1.86-1.83 (1H, m), 1.83-1.60 

(4H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 214.9, 148.7, 136.6, 133.1, 129.0, 128.4, 

124.0, 69.7, 57.3, 42.8, 31.1, 27.7, 24.9 ppm. 

 

 

(S)-2-[(R)-(4-Chlorophenyl)(hydroxy)methyl]cyclohexanone 5d 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 7.31 (2H, m), 7.25 (2H, m), 4.76 (1H, dd, J=8.8 Hz, J=2.3 

Hz), 3.99 (1H, d, J=2.3 Hz), 2.58-2.52 (1H, m), 2.51-2.43 (1H, m), 2.40-2.30 (1H, m), 

2.13-2.06 (1H, m), 1.85-1.73 (1H, m), 1.73-1.48 (3H, m), 1.33-1.26 (1H, m) ppm. 
13

C-

NMR (125 MHz, CDCl3) δ 215.1, 139.3, 133.4, 128.3, 128.2, 74.1, 57.4, 42.7, 30.8, 27.6, 

24.6 ppm. 
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(S)-2-[(R)-(3-Chlorophenyl)(hydroxy)methyl]cyclohexanone 5e 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 7.32 (1H, br-s), 7.28-7.24 (2H, m), 7.20-7.17 (1H, m), 4.75 

(1H, d, J=8.7 Hz), 4.00 (1H, d, J=2.9 Hz), 2.62-2.55 (1H, m), 2.51-2.44 (1H, m), 2.40-2.30 

(1H, m), 2.13-2.06 (1H, m), 1.85-1.73 (1H, m), 1.73-1.48 (3H, m), 1.34-1.24 (1H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 215.2, 143.0, 134.3, 129.6, 128.0, 127.1, 125.3, 74.2, 57.2, 

42.6, 30.8, 27.7, 24.7 ppm. 

  

 

(S)-2-[(R)-(2-Chlorophenyl)(hydroxy)methyl]cyclohexanone 5f 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 7.84 (1H, dd, J=7.8, J=1.5 Hz), 7.34-7.28 (2H, m), 7.21 

(1H, m), 5.36 (1H, d, J=7.9 Hz), 4.03 (1H, d, J=3.7 Hz), 2.72-2.67 (1H, m), 2.48-2.44 (1H, 

m), 2.38-2.31 (1H, m), 2.11-2.04 (1H, m), 1.84-1.81 (1H, m), 1.70-1.54 (4H, m) ppm. 
13

C-

NMR (125 MHz, CDCl3) δ 215.3, 139.0, 132.9, 129.2, 128.7, 128.2, 127.2, 70.4, 57.5, 

42.7, 30.3, 27.8, 24.9 ppm. 

  

(S)-2-[(R)-(4-Bromophenyl)(hydroxy)methyl]cyclohexanone 5g 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 7.48-7.45 (2H, m), 7.21-7.18 (2H, m), 4.75 (1H, d, J=8.6 

Hz), 3.99 (1H, d, J=2.7 Hz), 2.60-2.52 (1H, m), 2.51-2.43 (1H, m), 2.40-2.30 (1H, m), 

2.13-2.06 (1H, m), 1.85-1.74 (1H, m), 1.73-1.49 (3H, m), 1.34-1.25 (1H, m) ppm. 
13

C-

NMR (125 MHz, CDCl3) δ 215.3, 139.9, 131.4, 128.7, 121.7, 74.1, 57.3, 42.6, 30.7, 27.7, 

24.7 ppm. 
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(S)-2-[(R)-(3-Bromophenyl)(hydroxy)methyl]cyclohexanone 5h 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 7.49-7.47 (1H, m), 7.40 (1H, dt, J=7.3 Hz, J=1.9 Hz), 7.24-

7.17 (2H, m), 4.75 (1H, d, J=8.7 Hz), 4.00 (1H, d, J=2.7 Hz), 2.60-2.52 (1H, m), 2.51-2.42 

(1H, m), 2.40-2.30 (1H, m), 2.13-2.06 (1H, m), 1.85-1.73 (1H, m), 1.73-1.48 (3H, m), 1.34-

1.22 (1H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 215.2, 143.3, 130.9, 130.0, 129.8, 

125.7, 122.5, 74.2, 57.2, 42.6, 30.7, 27.7, 24.6 ppm. 

  

(S)-2-[(R)-Hydroxy(phenyl)methyl]cyclohexanone 5i 

 

 
 

 
1
H-NMR (500 MHz, CDCl3) δ 7.36-7.7.24 (5H, m), 4.79 (1H, d, J=8.8 Hz), 3.97 (1H, d, 

J=2.6 Hz), 2.65-2.58 (1H, m), 2.52-2.42 (1H, m), 2.42-2.31 (1H, m), 2.11-2.04 (1H, m), 

1.84-1.75 (1H, m), 1.70-1.60 (1H, m), 1.60-1.48 (2H, m), 1.37-1.22 (1H, m) ppm. 
13

C-

NMR (125 MHz, CDCl3) δ 215.6, 140.9, 128.3, 127.9, 127.0, 74.7, 57.4, 42.6, 30.8, 27.8, 

24.7 ppm. 

 

 

 (S)-2-[(R)-Hydroxy(4-methoxyphenyl)methyl]cyclohexanone 5j 

 

 
 

 
1
H-NMR (500 MHz, CDCl3) δ 7.27-7.20 (2H, m), 6.89-6.87 (2H, m), 4.74 (1H, d, J=8.8 

Hz), 3.99 (1H, d, J=2.6 Hz), 3.80 (3H, s), 2.62-2.54 (1H, m), 2.52-2.44 (1H, m), 2.42-2.30 

(1H, m), 2.13-2.06 (1H, m), 1.85-1.73 (1H, m), 1.73-1.50 (3H, m), 1.32-1.25 (1H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 215.7, 159.2, 133.1, 128.1, 113.7, 74.2, 57.5, 55.2, 42.6, 

30.8, 27.8, 24.7 ppm. 
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(S)-2-((R)-hydroxy(4-nitrophenyl)methyl)cyclopentanone 5k  

 

 

 
1
H-NMR (500 MHz, CDCl3) (Mixture of syn/anti: 69:31) δ 8.30-8.10 (3.0H, m), 7.60-7.40 

(3.0H, m), 5.43 (1H, s, CH of syn diastereomer), 4.86 (0.45H, d, J=9.0 Hz, CH of anti 

diastereomer), 4.77 (0.45H, br-s), 3.09 (1H, br-s), 3.90-2.50 (1.45H, m), 2.39-2.30 (1.45H, 

m), 2.28-2.20 (0.45H, m), 2.18-2.04 (1H, m), 2.05-1.80 (2.9H, m), 1.80-1.60 (2.9H, m), 

1.60-1.48 (0.45H, m) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 222.4, 219.9, 150.4, 148.7, 

147.6, 147.1, 127.4, 126.4, 123.8, 123.7, 74.4, 70.4, 56.1, 55.1, 39.0, 38.7, 26.8, 22.4, 20.4 

ppm. 

 

 

(R)-4-Hydroxy-4-(4-nitrophenyl)butan-2-one 5l 

 

 
 

1
H-NMR (500 MHz, CDCl3) δ 8.20 (2H, d, J=8.9 Hz), 7.54 (2H, d, J=8.3 Hz), 5.27 (1H, 

m), 3.68 (1H, br-s), 2.86 (2H, m), 2.23 (3H, s) ppm. 
13

C-NMR (125 MHz, CDCl3) δ 208.5, 

149.9, 147.2, 126.3, 123.7, 68.8, 51.4, 30.6 ppm. 
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Table 1. 
1
H NMR CHOH (ppm) and HPLC conditions and retention times for compound 5 

1H NMR (CDCl3, -CHOH, d ppm, J Hz) HPLC  

Structure 
syn anti Column 

eluent 

(Hx/PriOH) 

flow rate 

(mL/min) 

syn 

t(min)
a
 

anti 

t(min)
a
 

5a 

 

5.47 (br s) 
4.90  (dd, J=8.4, 

2.8 Hz) 

Chiralpak 

AD-H 

90:10 

1 mL/min 

18.350 

20.783 

23.283 (2R,1’S) 

30.567 (2S,1’R) 

5b 

 

5.45 (br s) 
4.88 (d, J=8.4 

Hz) 

Chiralpak 

AD-H 

95:5 

0.8 mL/min 

28.750 

31.133 

35.117 (2S,1’R) 

44.717 (2R,1’S) 

5c 

 

5.94 (br s) 
5.43 (d, J=7.1 

Hz) 

Chiralpak 

AD-H 

90:10 

1 mL/min 

n.d 

n.d 

16.950 (2S,1’R)  

18.483 (2R,1’S) 

5d 

 

5.36 (br s) 
4.76 (dd, J=8.8, 

2.3 Hz) 

Chiralpak 

AD-H 

90:10 

0.5 mL/min 

15.583 

17.817 

23.283 (2R,1’S) 

26.367 (2S,1’R) 

5e 

 

5.36 (br s) 
4.75 (d, J=8.7 

Hz) 

Chiralpak 

AD-H 

90:10 

0.5 mL/min 

14.483 

16.183 

21.050 (2S,1’R)  

23.050 (2R,1’S) 

5f 

 

5.71 (br s) 
5.36 (d, J=7.9 

Hz) 

Chiralpak 

AD-H 

95:5 

0.5 mL/min 

n.d 

n.d 

24.683 (2S,1’R)  

28.433 (2R,1’S) 

5g 

 

5.33 (br s) 
4.75 (d, J=8.6 

Hz) 

Chiralpak 

AD-H 

90:10 

0.5 mL/min 

15.933 

18.483 

24.533 (2R,1’S) 

28.050 (2S,1’R) 

5h 

 

5.36 (br s) 
4.75 (d, J=8.7 

Hz) 

Chiralpak 

AD-H 

90:10 

0.5 mL/min 

15.067 

16.367 

22.200 (2S,1’R)  

23.350 (2R,1’S) 
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Table 1. (continuation) 
1
H NMR CHOH (d ppm) and HPLC conditions and retention times for compound 5 

1H NMR (CDCl3, -CHOH, d ppm, J Hz) HPLC  

Structure 
syn anti Column 

eluent 

(Hx/PriOH) 

flow rate 

(mL/min) 

syn 

t(min)
a
 

anti 

t(min)
a
 

5i 

 

5.39 (br-d, J=2.2 

Hz ) 

4.79 (d, J=8.8 

Hz) 

Chiralcel 

OD-H 

95:5(Hx/EtOH) 

0.5 mL/min 

14.267 

14.683 

16.317 (2S,1’R) 

20.433 (2R,1’S) 

5j 

 

5.32 (br-d, J=2.4 

Hz ) 

4.74 (d, J=8.8 

Hz) 

Chiralcel 

OD-H 

95:5(Hx/EtOH) 

0.5 mL/min 

18.217 

19.217 

21.333 (2S,1’R) 

26.533 (2R,1’S) 

5k 
 

5.43 (br s) 
4.86 (d, J=9.0 

Hz) 

Chiralpak 

AD-H 

95:5 

1.0 mL/min 

21.450 

28.733 

36.550 (2R,1’S) 

38.017 (2S,1’R)  

5l 

 

--- --- 
Chiralpak 

AD-H 

95:5 

0.5 mL/min 
49.717 (S)     51.600 (R) 
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NMR Spectra 1H, 13C-NMR 

 NH-Pro-Phe-COOMe (2) 
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Diastereomeric ratio of 5a-k determined by 
1
H NMR spectroscopic analysis. 
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Enantiomeric excess of 5a-l Determined by chiral-phase HPLC analysis 
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