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1. Introduction  

Since 2000, the year of its rebirth, asymmetric 

Organocatalysis, the use of small organic molecules as catalysts 

for the promotion of asymmetric organic transformations, has 

provided elegant solutions to previously under-developed 

reactions, complementary reactivities to transition-metal catalysis 

and biocatalysis and new ways of thinking and solving chemical 

problems.
1,2

 It is often acknowledged that the work of List, 

Lerner and Barbas on the use of proline as the catalyst for the 

intermolecular aldol reaction
3
 and the work by Macmillan on the 

use of imidazolidinones as catalysts for cycloadditions
4
 had set 

the first stones on building the field of Organocatalysis, that 

nowadays is considered a common practice. The enantioselective 

aldol reaction is among the most commonly employed C-C bond 

forming reactions in modern asymmetric catalysis, and today is 

considered a test reaction for novel organocatalysts.
5
 Since 

Organocatalysis’ first days, it was evident that proline and 

proline derivatives have a prime role as catalysts in 

organocatalytic transformations.
6
 Even today, research on the 

identification of novel organocatalysts is vibrant and it is well 

accepted that prolinamides containing functionalities able to act 

as hydrogen bond donors are the most successful class of 

organocatalysts. Representative examples are shown in Figure 1 

(compounds 1-7).
7
 It is well accepted that the catalytic power of 

 
 
Figure 1. Known prolinamide organocatalysts.  

these compounds derives from the secondary amine of the 

pyrrolidine ring, which can activate carbonyl compounds via 
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enamine formation, while the additional hydrogen bonding 

interaction moieties on the molecules are responsible for the 

enhanced selectivities observed. For many years, peptides have 

been explored as potential organocatalysts,
8
 unfortunately, low or 

moderate selectivities have been observed in most cases.
9,10 

 A 

very powerful step forward would be the use of water as the 

solvent, since it will coincide with the principles of Green 

Chemistry, since water is an abundant, safe and environmentally 

friendly medium to carry out reactions. Unfortunately, proline 

and most peptides fail to deliver high selectivities, until the 

pioneering work of Hayashi and Barbas on the aldol reaction.
11

 

Then, a number of amino acid derivatives
12

 and proline 

derivatives
7e,13

 have been successfully developed for aldol 

reactions being performed in aqueous media. 

Recently, we have demonstrated that tripeptides of Pro-Phe with 

a tert-butyl ester from an amino acid are excellent 

organocatalysts for the aldol reaction,
14

 while the use of 

dipeptides can also be succeesful.
7i,7j

 We have also attempted to 

use carbon materials in combination with amines, in order to 

promote aldol reactions.
15

 Having in mind our previous 

endeavours in Organocatalysis,
16

 herein, we describe our efforts 

to combine the prolinamide efficiency with the 2-pyrrolidinone 

scaffold.  

2. Results and Discussion 

(S)-Benzyloxycarbonyl protected proline (8) was coupled with 

either (S)-methyl phenylalaninate (9) or (R)-methyl 

phenylalaninate (10) using dicyclohexylcarbodiimide (DCC) as 

the coupling reagent, in the presence of 1-hydroxybenzotriazole 

(HOBt).
17

 Saponification afforded the, N-protected 

diastereomeric dipeptides, 11 and 12, respectively. To the 

resulting dipeptides, a series of amines (13-16), derived from  

 
 

Scheme 1. Synthesis of the organocatalysts 22-27. 

 

 
 

Scheme 2. Synthesis of 2-pyrrolidinone amines 13 and 14. 

 

 

 

Scheme 3. Synthesis of 2-pyrrolidinone amine 15. 

 

 
 

Scheme 4. Synthesis of 2-pyrrolidinone amine 16. 
 

either (S)- or (R)- pyroglutamic acid, were added under 

conventional peptide coupling conditions, affording the protected 

amides 17-21. We have previously shown that no epimerization 

is occurring at this step.
14

 Finally, deprotection via catalytic 

hydrogenation, afforded organocatalysts 22-27 (Scheme 1).  

For the synthesis of 2-pyrrolidinone amines 13-16, 2-

pyroglutamic acid was employed (Schemes 2-4). Starting from 

alcohols 28-(S) and 29-(R),
18

 a convenient method that avoids 

epimerization
19

 was selected for the synthesis of the 

corresponding amines [13-(S) and 14-(R)]. This synthetic 

approach combines mesyl ester activation, substitution from an 

azide and Staundiger reaction (Scheme 2). In order to study the 

efficiency of the additional hydrogen bonding, deriving from the 

2-pyrrolidinone moiety, 2-pyrrolidinone amine 15, having an 

extended alkyl chain between the 2-pyrrolidinone and the amine, 

was synthesized from 28 (Scheme 3). Wittig reaction was 

followed by hydrogenation and reduction in order to lead to 

alcohol 34. Following the same route as before, alcohol 15 was 

obtained (Scheme 3). Finally, starting from 36,
20

 benzylation 

afforded compound 37. Deprotection under acidic conditions led 

to alcohol 38. As above, this was selectively transformed to 

amine 16.  

The synthesized organocatalysts were then evaluated in the aldol  
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Table 1. Enantioselective aldol reaction of cyclohexanone 

with 4-nitrobenzaldehyde using compounds 22-27 as 

catalysts.
a 

 

 

Entry Catalyst Conditions 
Yield 

(%)
b
 

dr
c
 

ee 

(%)
d
 

1 22 
Pet. Ether, 

H2O, 48 h 
92 93:7 93 

2
 

22
 

brine, 24 h  96 91:9 88 

3
 23 Pet. Ether, 

H2O, 48 h 
100 88:12 81 

4 23 brine, 24 h  100 89:11 86 

5
 24 Pet. Ether, 

H2O, 24 h 

100 
91:9 90 

6
 24 brine, 24 h  100 88:12 86 

7 
25 Pet. Ether, 

H2O, 48 h 

50 
89:11 90 

8
 25 brine, 48 h  100 93:7 90 

9
 26 Pet. Ether, 

H2O, 24 h 
100 84:16 77 

10 26 brine, 24 h  100 82:17 76 

11
 27 Pet. Ether, 

H2O, 72 h 
0 - - 

12
 27 brine, 72 h  43 93:7 91 

a
 Catalyst (0.014 mmol) in solvent (1.0 mL) (Pet. Ether with 1 

drop of water or brine), additive (0.018 mmol), aldehyde (0.09 

mmol) and cyclohexanone (0.90 mmol). 
b 
Yield determined by 

1
H 

NMR. 
c
 The diastereomeric ratio (dr) anti:syn was determined by 

1
H NMR spectroscopy of the crude reaction mixture. 

d
 The 

enantiomeric excess (ee) for the anti diastereomer was 

determined by chiral HPLC. 4-NBA: 4-nitrobenzoic acid. 

reaction between cyclohexanone and 4-nitrobenzaldehyde both in 

organic and aqueous medium (Table 1). Initially, peptide 22, 

based on Pro-Phe and 2-pyrrolidinone was tested, leading to high 

yields in both reaction conditions (organic solvent of aqueous 

conditions) with good diastereoselectivity and enantioselectivity 

(entries 1 and 2, Table 1). Comparing the catalytic activity of 22 

with the corresponding dipeptide Pro-Phe or H-Pro-Phe-
t
Bu,

7i
 

there is a significant increase on the catalytic activity that can be 

attributed to the additional 2-pyrrolidinone ring. When the 

development of a chiral catalyst requires the presence of more 

than one chiral centers, matched and mis-matched effects might 

be present. A mis-matched effect between Pro-Phe and the chiral 

center of 2-pyrrolidinone was observed, when catalyst 23 was 

tested (entries 3 and 4, Table 1). This effect was observed in 

lesser extent, when the chiral center on the phenylalaline residue 

was altered in catalyst 24 (entries 5 and 6, Table 1). The distance 

on the linker between the Pro-Phe dipeptide backbone with 2-

pyrrolidinone, (catalyst 25) was then studied (entries 7 and 8, 

Table 1). In the latter case, high diastereoselectivity and 

enantioselectivity were observed. These results verify the 

hypothesis that if the catalyst has additional hydrogen bonding 

sites, it recognizes better the electrophile in the transition state 

leading to higher levels of stereocontrol. In an effort to study the 

substitution on the 2-pyrrolidinone moiety, catalysts 26 and 27 

were tested (entries 9-12, Table 1). Unfortunately, in all cases 

lower yields and selectivities were obtained. As expected, 

catalyst 27 possesing multiple hydrogen bonding sites, worked in 

aqueous conditions, however, the conversion was low.  

After identifying catalyst 25 as a potent catalyst in brine, we 

questioned whether we could find improved reaction conditions 

for catalyst 22 in organic medium, since it was the catalyst that 

provided the best enantioselectivity. Thus, a variety of solvents 

and reaction conditions were tested with catalyst 22 (Table 2). 

Initially, a number of organic solvents were utilized (entries 1-11, 

Table 2). It seems that a small quantity of water is beneficial for 

the catalysis, probably through facilitating the hydrolysis of the 

product from the catalyst. Petroleum ether proved to be the best 

solvent, along with diethyl ether and acetonitrile, leading to high 

yield and selectivities of the product. Lowering the reaction 

temperature, proved that petroleum ether afforded the best results  

 

 

Table 2. Enantioselective aldol reaction of cyclohexanone 

with 4-nitrobenzaldehyde using catalyst 22.
a 

 

 

Entry Conditions 
Yield 

(%)
b
 

dr
c
 

ee 

(%)
d
 

1
e
 THF, 4-NBA 98 85:15 86 

2 THF, 4-NBA 100 95:5 88 

3 toluene, 4-NBA 93 90:10 92 

4 AcOEt, 4-NBA 98 96:4 92 

5 CH2Cl2, 4-NBA 84 82:18 91 

6 Et2O, 4-NBA 96 95:5 93 

7
f
 brine, 4-NBA 96 91:9 88 

8 MeCN, 4-NBA 86 93:7 94 

9 MeOH, 4-NBA 55 88:12 84 

10 Pet. Eth., 4-NBA 92 93:7 93 

11 CHCl3, 4-NBA 89 89:11 91 

12
g
 brine, 4-NBA 95 84:16 85 

13
g
 Et2O, 4-NBA 88 97:3 94 

14
e,g

 MeCN, 4-NBA 100 90:10 91 

15
g
 Pet. Eth., 4-NBA 100 95:5 >99 

16
h,g

 Pet. Eth., 4-NBA 0 - - 

17
i,g

 Pet. Eth., 4-NBA 0 - - 

18
j
 Pet. Eth., 4-NBA 62 88:12 89 

19 Pet. Eth., AcOH traces - - 

20 Pet. Eth., PhCOOH 100 83:17 >99 

21 Pet. Eth., TsOH 32 65:35 93 

22 Pet. Eth., Z-Phe-OH 0 - - 

23 Pet. Eth., 4-FPO 51 70:30 96 
a
 Catalyst (0.014 mmol) in solvent (1.0 mL), additive (0.018 

mmol), H2O (0.1 mL), aldehyde (0.09 mmol) and cyclohexanone 

(0.90 mmol). 
b
 Yield determined by 

1
H NMR. 

c
 The 

diastereomeric ratio (dr) anti:syn was determined by 
1
H NMR 

spectroscopy of the crude reaction mixture. 
d
 The enantiomeric 

excess (ee) was determined by chiral HPLC. 
e
 No H2O. 

f
 Reaction 

time 24 h. 
g
 0 

o
C. 

h
 10 mol% catalyst. 

i
 10 mol% catalyst, 15 

mol% 4-NBA.  
j
 2 equiv. of cyclohexanone. 4-NBA: 4-

nitrobenzoic acid. AcOH: acetic acid. TsOH: p-toluenesulfonic 

acid. 4-FPO: 4-fluorophenol. 
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Table 3. Enantioselective aldol reaction between ketones 

and aldehydes using catalyst 22 and 25.
a 

 

 
 

Entry Ketone Ar/ Conditions 
Yield 

(%)
b
 

dr
c
 

ee 

(%)
d
  

1 

2 

 

 

 

 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

4-NO2C6H4/A 

4-NO2C6H4/B 

92(42a) 

100(42a) 

93:7 

93:7 

93 

90 

3
 

4
e 

3-NO2C6H4/A 

3-NO2C6H4/B 

100(42b) 

97(42b) 

81:19 

93:7 

89 

92 

5
 

6
e 

2-NO2C6H4/A 

2-NO2C6H4/B 

100(42c) 

95(42c) 

84:16 

93:7 

97 

96 

7
e 

8
f 

3-CNC6H4/A 

3-CNC6H4/B 

100(42d) 

94(42d) 

76:24 

83:17 

86 

70 

9
f 

10
f 

4-CF3C6H4/A 

4-CF3C6H4/B 

94(42e) 

n.r. 

83:17 

- 

92 

- 

11
f 

12
f 

4-FC6H4/A 

4-FC6H4/B 

20(42f) 

89(42f) 

83:17 

88:12 

92 

92 

13
e
 

14
g
 

4-ClC6H4/A 

4-ClC6H4/B 

90(42g) 

92(42g) 

95:5 

88:12 

70 

90 

15
e
 

16
e
 

2-ClC6H4/A 

2-ClC6H4/B 

89(42h) 

100(42h) 

82:18 

79:21 

74 

88 

17
f
 

18
g
 

4-BrC6H4/A 

4-BrC6H4/B 

85(42i) 

100(42i) 

97:3 

77:23 

88 

86 

19
f
 

20
g
 

C6H5/A 

C6H5/B 

69(42j) 

71(42j) 

97:3 

86:14 

83 

99 

21
h 

22 

4-pyridinyl/A 

4-pyridinyl /B 

100(42k) 

100(42k) 

94:6 

97:3 

76 

95 
 

    

23
f 

24
g 

4-NO2C6H4/A 

4-NO2C6H4/B 

97(42l) 

84(42l) 

75:25 

89:11 

78 

73 

25
g
 

26
g 

 

4-NO2C6H4/A 

4-NO2C6H4/B 

100(42m) 

100(42m) 

84:16 

85:15 

83 

90 

27
e 

28
e 

 

4-NO2C6H4/A 

4-NO2C6H4/B 

100(42n) 

n.r. 

86:14 

- 

90 

- 

29
f 

30
e 

 

4-NO2C6H4/A 

4-NO2C6H4/B 

92(42o) 

100(42o) 

71:29 

78:22 

37 

90 

31
e 

32
e 

 

4-NO2C6H4/A 

4-NO2C6H4/B 

100(42p) 

100(42p) 

40:60 

32:68 

76 

36
 

33
h 

34
e 

 

4-NO2C6H4/A 

4-NO2C6H4/B 

58(42q) 

n.r. 

- 

- 

89 

- 
a
 Conditions A: 22 in Pet. Eth./H2O Conditions B: 25 in brine. 

b
 

Isolated yield. 
c
 The diastereomeric ratio (dr) anti:syn was 

determined by 
1
H NMR spectroscopy of the crude reaction 

mixture. 
d
 The enantiomeric excess (ee) for the major isomer was 

determined by chiral HPLC. 
e
 Reaction time 72 h. 

f 
Reaction time 

96 h. 
g
  Reaction time 120 h. 

h
 Reaction time 24 h.  

(entries 12-15, Table 2). Among other reaction conditions, none 

proved better (entries 16-18, Table 2). Lowering the equivalents 

of ketone or the catalyst loading had a dentrimental effect on the 

reaction (entries 16-18, Table 2). Then, a variety of acid additives 

were employed, since it is known that these organocatalytic 

reactions are sometimes sensitive to acid counterparts and fine 

tuning is required (entries 19-23, Table 2). Only carboxylic acids 

that have similar pKa with 4-nitrobenzoic acid led to similar 

levels of reactivity (PhCOOH, entry 20, Table 2).  

We then turned our attention in exploring the substrate scope of 

the enantioselective aldol reaction by employing either catalyst 

22 in petroleum ether or catalyst 25 in aqueous environment 

(Table 3). A variety of substituted aromatic aldehydes can be 

employed with cyclohexanone leading to products from good to 

excellent yields and selectivities (entries 1-22, Table 3). Electron-

withdrawing groups at any position of the aryl moiety led to good 

to excellent results, while the use of aromatic aldehydes 

substituted with halogens led from moderate to high yields and 

high to excellent selectivities. Benzaldehyde and heteroaromatic-

substituted aldehydes proved more problematic (entries 19-22, 

Table 3). Tetrahydropyran-4-one and tetrahydrothiopyran-4-one 

required longer reaction time (entries 23-26, Table 3). 

Disubstituted cyclohexanone at the 4-position required prolonged 

reaction time, and only catalyst 22 delivered the product in good 

yield and high enantioselectivity (entries 27 and 28, Table 3). 

The desymmetrization of ketones is also possible,
6g,6i

 since 4-

methyl cyclohexanone delivered the product in high yield and 

with excellent selectivities in the case where catalyst 25 was 

employed (entries 29 vs 30, Table 3). Cyclopentanone was also 

utilized with some success, since very low diastereoselectivities 

were observed (entries 31 and 32, Table 3). Moreover, in order to 

broaden the scope of this methodology, we investigated the 

reaction of acetone with 4-nitrobenzaldehyde (entries 33 and 34, 

Table 3). 

In an effort to further expand the possibilities of the catalytic 

acitivity, a very difficult aldol reaction between acetone and 

trifluoroacetophenone was tested (Scheme 5).
21

 The desired  

 

 
 

Scheme 5. Expanding the catalytic activity of 23. 

 

 
 

Scheme 6. Study of the catalytic activity of 22 with aliphatic 

aldehydes.  
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product 44 was isolated in moderate yield with good 

enantioselectivity. In an effort to further expand the reaction, 

isobutyraldehyde (45) was employed. When 45 reacted with 

acetone, 46 was obtained in very low yield and 

enantioselectivity, while when reacted with cyclohexanone, 47 

was obtained in low yield, but excellent diastereoselectivity and 

enantioselectivity (Scheme 6). 

We then turned our attention in revocery and reuse of catalyst 

22 for the reaction between cyclohexanone and 4-

nitrobenzaldehyde. The catalyst was recovered succesfully 

(73%), and then its activity was studied in an additional catalytic 

cycle. The expected yield of the product remained high, 

unfortunately, the enantioselectivity dropped (yield 82%, dr 

81:19, ee 72%). 

A plausible transition-state model is proposed in Figure 2. The 

secondary amine of the pyrrolidine ring activates the ketone 

through the formation of an enamine intermediate. The 

electrophile is activated through a double hydrogen bonding 

network consisting of the two amide protons of the catalyst, 

while the bulkiness of the moiety of 2-pyrrolidinone ensures the 

single orientation of the aldehyde. 

 
 
Figure 2. Proposed transition-state model for the aldol 

reaction. 
 

In conclusion, the synthesis of peptides based on Pro-Phe and 

2-pyrrolidinone moiety was carried out. Previously, we had 

shown that dipeptides tripeptides based on proline having at their 

C-terminus tert-butyl esters of amino acids provided excellent 

organocatalysts for the aldol reaction. In this study, we have 

shown that the addition of the 2-pyrrolidinone moiety affords 

catalysts that have a better catalytic behavior. Matched and mis-

matched effects were observed. When catalyst 22 was utilized, 

the aldol products were obtained in good to excellent yields and 

selectivities in wet petroleum ether. When catalyst 25 was 

employed, the aldol product was obtained in similar high yields 

and selectivities but in brine. It is worth mentioning that both 

catalysts work at room temperature and both have distinct 

advantages compared to proline, since proline’s low solubility in 

organic solvents and low selectivity obtained in aqueous media, 

can be bypassed with these two catalysts. The catalytic activity of 

these catalysts was demonstrated not only to aldol reaction 

between ketones and aromatic aldehydes, but also in aldol 

reactions of ketone with ketones. 

 

3. Experimental section 

3.1. General Information 

Organic solutions were concentrated under reduced pressure 

on a Büchi rotary evaporator. Chromatographic purification of 

products was accomplished using column chromatography on 

Merck Kieselgel 60 F254 230-400 mesh. Thin-layer 

chromatography (TLC) was performed on aluminum backed 

silica plates (0.2 mm, 60 F254). Visualization of the developed 

chromatogram was performed by fluorescence quenching using 

ninhydrin stain. Melting points were determined on a Büchi 530 

hot stage apparatus. 
1
H, 

19
F and 

13
C NMR spectra were recorded 

on Varian Mercury 200 MHz and are internally referenced to 

residual solvent signals (CDCl3, CD3OD and DMSO-d6). Data for 
1
H NMR spectroscopy are reported as follows: chemical shift (δ 

ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = 

quadruplet, m = multiplet, br s = broad signal), integration, 

coupling constant and assignment. Wherever rotamers exist, are 

presented in brankets. Diastereomeric ratios were determined by 
1
H NMR spectroscopy (200 MHz). Data for 

13
C NMR are 

reported in terms of chemical shift (δ ppm). Wherever rotamers 

exist, are cited in parenthesis. 
19

F spectra were recorded on 

Varian Mercury (188 MHz) and are internally referenced to 

trifluoroacetic acid. Mass spectra were recorded on a Finnigan 

Surveyor MSQ Plus, with only molecular ions and major peaks 

being reported with intensities quoted as percentages of the base 

peak. HRMS spectra were recorded on Thermo
®
 Orbitrap Velos 

spectrometer. High Performance Liquid Chromatography 

(HPLC) was used to determine enantiomeric excesses and was 

performed on an Agilent 1100 Series apparatus using Chiralpak
®
 

AD-H, OD-H and AS-H columns. Optical rotations were 

measured on a Perkin Elmer 343 polarimeter. The syn:anti ratio 

of the crude reaction mixture was assigned by comparison to 

literature data.
7h

 The configuration of the products has been 

assigned by comparison to literature data.
7h

 Data for known 

compounds match literature data. All new compounds were 

assigned by analogy. 

 

3.2. General procedure for the synthesis of the catalysts 

Synthes is  o f  amines  13-16 

 

3.2 .1 .   (S) -5 -(Aminomethyl ) -1 -benzylpyrrol id in -2 -
one (13 )  

To a stirred solution of alcohol 28
18

 (0.66 g, 3.22 mmol) in 

CH2Cl2 (3 mL) at 0 
o
C, Et3N (0.67 mL, 4.83 mmol) and 

MeSO2Cl (0.38 mL, 4.83 mmol) were added. The reaction 

mixture was left stirring at 0 
o
C for 30 min, at room temperature 

for 30 min, and then, the solvent was evaporated under reduced 

pressure. The crude mixture was dissolved in AcOEt (10 mL) 

and washed with aq. H2SO4 (5%, 10 mL), H2O (10 mL), aq. 

NaHCO3 (5%, 10 mL) and brine (10 mL). After evaporation of 

the solvent, the crude methanosulfonic ester was dissolved in dry 

DMF (6 mL) and NaN3 (0.63 g, 9.66 mmol) was added. The 

reaction mixture was left stirring at 55 
o
C overnight. After 

evaporation of the solvent, the residue was dissolved in H2O (10 

mL) and extracted with Et2O (3 x 5 mL). The combined organic 

layers were washed with H2O (3 x 10 mL) and the solvent was 

evaporated. Purification of the crude azide 30 was achieved using 

column chromatography eluting with pet.ether/EtOAc (40:60). 

Colorless oil, 645 mg, 87% yield; Rf (AcOEt/pet. ether 6:4) 0.40; 

[α]D + 36.2  (c = 1.0, MeOH); 
1
H NMR (200 MHz, CDCl3) δ 

7.34-7.18 (5H, m, ArH), 4.88 (1H, d, J = 15.2 Hz, NCHHPh), 

4.07 (1H, d, J = 15.2 Hz, NCHHPh), 3.59-3.49 (1H, m, NCH), 

3.41(1H, dd, J = 12.8 and 4.4 Hz, CHHN3), 3.27 (1H, dd, J = 

12.8 and 3.6Hz, CHHN3), 2.63-2.26 (2H, m, COCH2), 2.12-1.97 

(1H, m, CHH), 1.88-1.72 (1H, m, CHH); 
13

C NMR (50 MHz, 

CDCl3) δ 175.2, 136.3, 128.7, 127.8, 127.6, 56.1, 52.9, 44.5, 

29.7, 22.0. MS (ESI) m/z (%) 231 (100) ([M+H]
+
). 

To a stirred solution of azide 30 (0.41 g, 1.78 mmol) in MeOH 

(10 mL), 10% Pd/C (10 mol%) was added and the reaction 

mixture was left stirring at room temperature for 2.5 h under 

hydrogen atmosphere. After filtration through Celite, the solvent 

was evaporated to afford the crude product. Purification of the 
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desired amine 13 was achieved using column chromatography 

eluting with CHCl3/MeOH (80:20). Colorless  oil; 244 mg; 67% 

yield; Rf (CHCl3/MeOH 8:2) 0.42; [α]D + 25.7  (c = 1.0, MeOH); 
1
H NMR (200 MHz, CDCl3) δ 7.29-7.26 (5H, m, ArH), 4.86 (1H, 

d, J = 15.0 Hz, CHHPh), 4.12 (1H, d, J = 15.0 Hz, CHHPh), 

3.53-3.47 (1H, m, NCH), 2.87 (1H, dd, J = 12.4 and 5.4 Hz, 

CHHNH2), 2.74 (1H, dd, J = 12.4 and 1.8 Hz, CHHNH2), 2.61-

2.32 (2H, m, COCH2), 2.17-1.83 (2H, m, CH2), 1.54 (2H, br s, 

NH2); 
13

C NMR (50 MHz, CDCl3) δ 175.6, 136.6, 128.5, 127.7, 

127.3, 58.8, 44.4, 42.9, 30.1, 21.3; MS (ESI) m/z (%) 205 (100) 

([M+H]
+
); HRMS exact mass calculated for [M+H]

+
 (C12H17N2O) 

requires m/z 205.1335, found m/z 205.1344. 

 

3.2 .2 .  (R) -1-benzy l -5 - (hydroxymethyl )pyrro l id in -2-
one (29 )  

Methyl (R)-pyroglutamate (4.50 g, 31.44 mmol) was dissolved in 

dry THF (30 mL), followed by the addition of benzylbromide 

(4.1 mL, 34.43 mmol). The reaction mixture was cooled at 0 
o
C 

and NaH (60% in paraffin oil, 1.89 g, 47.16 mmol) was added in 

portions. The stirring was continued for 30 min at 0 
o
C and 4 h at 

room temperature. The reaction was quenched by the addition of 

saturated solution of NH4Cl (10 mL), the organic solvent was 

evaporated and the residue was dissolved in ethyl acetate (30 

mL). The organic layer was washed with brine (30 mL) and the 

solvent was evaporated to afford the crude ester. Purification was 

achieved using column chromatography eluting with pet. 

ether/EtOAc (40:60). Colorless oil; 4.99 g; 68% yield; Rf 

(AcOEt/pet. ether 1:1) 0.30; [α]D -2.2  (c = 0.9, MeOH);  
1
H 

NMR (200 MHz, CDCl3) δ 7.38-7.16 (5H, m, ArH), 4.99 (1H, d, 

J = 15.2 Hz, CHHPh), 4.02-3.94 (2H, m, CHHPh & NCH), 3.64 

(3H, s, OCH3), 2.60-1.96 (4H, m, 2 x CH2); 
13

C NMR (50 MHz, 

CDCl3) δ 175.0, 172.2, 135.7, 128.7, 128.4, 127.7, 58.6, 52.3, 

45.5, 29.5, 22.7. 

In a two necked flask, LiBH4 (0.26 g, 11.68 mmol) was 

suspended in dry THF (6 mL) under argon at room temperature. 

A solution of the above mentioned (R)-methyl 1-benzyl-5-

oxopyrrolidine-2-carboxylate (2.72 g, 11.68 mmol) in dry THF 

(5 mL) was added dropwise. The reaction was completed within 

1 h and it was quenched by the addition of a 20% solution of 

AcOH at 0 
o
C, until the production of the gas was ceased. The 

excess of acetic acid was neutralized by the addition of a small 

quantity of Na2CO3. The organic solvent was evaporated under 

reduced pressure and the residue was dissolved in EtOAc (30 

mL). The organic phase was washed with brine  (30 mL) and the 

solvent was evaporated to afford the desired alcohol 29 as a white 

solid; 1.75 g; 73% yield; mp 78-80 
o
C; Rf (CHCl3/MeOH 9:1) 

0.43; [α]D -106.1 (c = 1.0, MeOH);
 1
H NMR (200 MHz, CDCl3) δ 

7.36-7.26 (5H, m, ArH), 5.00 (1H, d, J = 16.0 Hz, NCHHPh), 

4.11 (1H, d, J = 16.0 Hz, NCHHPh), 3.83-3.78 (1H, m, NCH), 

3.52-3.49 (2H, m, CH2OH), 2.65-2.28 (2H, m, COCH2), 2.07-

1.96 (2H, m, CH2); 
13

C NMR (50 MHz, CDCl3) δ 176.3, 136.5, 

128.7, 127.9, 127.5, 61.9, 58.6, 44.3, 30.6, 21.0. MS (ESI) m/z 

(%) 206 (100) ([M+H]
+
). 

3.2 .3 .  (R) -5- (Aminomethy l) -1 -benzylpyrrol id in -2 -
one (14 )  

Same procedure as above for the synthesis of the azide 30, but 

utilizing alcohol 29 (0.66 g 3.22 mmol). The azide 31 was 

obtained as a colorless oil; 556 mg, 75% yield; Rf (AcOEt/pet. 

ether 6:4) 0.38; [α]D -35.8  (c = 1.0, MeOH);
 1
H NMR (200 MHz, 

CDCl3) δ  7.32.-7.18 (5H, m, ArH), 4.87 (1H, d, J = 16.0 Hz, 

CHHPh), 4.09 (1H, d, J = 16.0 Hz, CHHPh), 3.57-3.48 (1H, m, 

NCH), 3.40 (1H, dd, J = 12.4 and 4.1 Hz, CHHN3), 3.26 (1H, dd, 

J = 12.4 and 3.4 Hz, CHHN3), 2.62-2.26 (m, 2H, COCH2), 2.06-

2.01 (m, 1H, CHH), 1.87-1.71 (m, 1H, CHH); 
13

C NMR (50 

MHz, CDCl3) δ 175.1, 136.2, 128.6, 127.6, 127.5, 56.0, 52.8, 

44.4, 29.6, 21.9; MS (ESI) m/z (%) 231 (100) ([M+H]
+
). 

The desired amine 14, enantiomer of amine 13, was obtained 

following the same procedure as above, but starting from azide 

31 (0.41 g, 1.78 mmol) Colorless oil; 225 mg, 62% yield; Rf 

(CHCl3/MeOH 8:2) 0.39; [α]D -25.0 (c = 1.0, MeOH);
 1

H NMR 

(200 MHz, CDCl3) δ  7.30-7.18 (5H, m, ArH), 4.80 (1H, d, J = 

16.0 Hz, CHHPh), 4.07 (1H, d, J = 16.0 Hz, CHHPh), 3.47-3.43 

(1H, m, NCH), 2.87 (1H, dd, J = 12.1 and 5.5Hz, CHHNH2), 

2.74 (1H, dd, J = 12.1 and 1.6 Hz, CHHNH2), 2.51-2.35 (2H, m, 

COCH2), 2.12-1.80 (2H, m, CH2), 1.52 (2H, br s, NH2); 
13

C 

NMR (50 MHz, CDCl3) δ 175.4, 136.3, 128.3, 127.4, 127.1, 

58.3, 44.1, 42.5, 29.9, 21.0; MS (ESI) m/z (%) 205 (100) 

([M+H]
+
); HRMS exact mass calculated for [M+H]

+
 (C12H17N2O) 

requires m/z 205.1335, found m/z 205.1342. 

 
3.2 .4 .   Methyl  (S ,  E) -3 -(1 -benzy l -5 -oxopyrrolodin -

2-yl )acryla te  (32 )   

To a stirred solution of alcohol 28 (0.60 g, 2.92 mmol) in a 

mixture of dry toluene and dry DMSO 2:1 (3.5 mL), EDC.HCl 

(1.46 g, 7.62 mmol) was added followed by the dropwise 

addition of dry pyridine (0.66 mL, 8.18 mmol) and TFA (90 μL, 

1.17 mmol) under argon. After stirring at room temperature for 2 

h the reaction was quenched by the addition of CHCl3 (20 mL) 

and the solution was washed with brine (10 mL) and H2O (10 

mL). The solvent was evaporated and the resulting crude 

aldehyde was subjected to Wittig reaction without further 

purification. More specifically, it was dissolved in dry THF (5 

mL), methyl (triphenylphosphoranylidene)acetate (0.97 g, 2.92 

mmol) was added and the mixture was refluxed under argon for 1 

h. The reaction was quenched by the addition of saturated 

solution of NH4Cl (1 mL) and the solvent was evaporated. The 

residue, dissolved in Et2O (30 mL), was successively washed 

with saturated solution of NH4Cl (5 mL), brine (10 mL) and H2O 

(10 mL). After evaporation of the solvent the crude alkene was 

purified using column chromatography eluting with AcOEt. 

Yellowish oil; 0.44 g, 58% yield; Rf (AcOEt) 0.50; [α]D +25.4  (c 

= 1.0, CHCl3); 
1
H NMR (200 MHz, CDCl3) δ 7.29-7.13 (5H, m, 

ArH), 6.69 (1H, dd, J = 15.6 and 8.2 Hz, =CH), 5.83 (1H, d, J = 

15.6 Hz, =CHCO), 5.02 (1H, d, J = 14.8 Hz, CHHPh), 4.04-3.94 

(1H, m, NCH), 3.79-3.74 (4H, m, CHHPh & OCH3), 2.52-2.35 

(2H, m, COCH2), 2.24-2.13 (1H, m, CHH), 1.87-1.73 (1H, m, 

CHH); 
13

C NMR (50 MHZ, CDCl3) δ 174.9, 166.1, 146.3, 136.2, 

128.8, 128.4, 127.8, 123.2, 58.0, 52.0, 44.7, 29.7, 24.7; MS (ESI) 

m/z (%) 260 (100) ([M+H]
+
). 

 

3.2 .5 .   (R) -1 -Benzy l -5 - (3-
hydroxypropyl )pyrro l id in -2-one (34 )  

To a stirred solution of alkene 32 (0.44 g, 1.70 mmol) in MeOH 

(5 mL), 10% Pd/C (10 mol%) was added and the reaction 

mixture was left stirring at room temperature, overnight. After 

filtration through Celite, the solvent was evaporated to afford the 

desired product as colorless oil.  

To a two necked flask, LiBH4 (56 mg, 2.57 mmol) was 

suspended in dry THF (8 mL) under argon at room temperature. 

A solution of compound 33 (0.40 g, 1.53 mmol) in dry THF (2 

mL) was added dropwise and the reaction mixture was stirred for 

10 h. The reaction was quenched by the addition of a 20% aq. 

solution of AcOH at 0 
o
C until gas production was ceased. The 

excess of acetic acid was neutralized by the addition of a small 

quantity of Na2CO3. The solvent was evaporated and the residue 

was dissolved in AcOEt (15 mL).  The organic phase was washed 
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with brine (8 mL) and H2O (8 mL) and the solvent was 

evaporated. The residue was purified with column 

chromatography eluting with AcOEt and the product was 

obtained as a yellowish oil, 268 mg, 75% yield; Rf (AcOEt) 0.22; 

[α]D +38.6  (c = 1.0, CHCl3);
 1
H NMR (200 MHz, CDCl3) δ 7.34-

7.19 (5H, m, ArH), 4.95 (1H, d, J = 15.2 Hz, NCHHPh), 3.95 

(1H, d, J = 15.2 Hz, NCHHPh), 3.71-3.36 (3H, m, CH2OH & 

NCH), 2.54-1.99 (4H, m, 2 x CH2), 1.76-1.36 (4H, m, 2 x CH2); 
13

C NMR (50 MHz, CDCl3) δ 175.4, 136.7, 128.7, 128.0, 127.6, 

62.3, 56.9, 44.2, 30.3, 29.1, 27.6, 23.9; MS (ESI) m/z (%) 234 

(100) ([M+H]
+
).  

 

3.2 .6 .   (R) -5 -(3 -Aminopropyl ) -1 -benzylpyrrol id in -
2-one (15 )  

Same procedure as above utilizing alcohol 34. Colorless  oil; 130 

mg, 90% yield; 
1
H NMR (200 MHz, CDCl3) δ 7.29-7.16 (5H, m, 

ArH), 4.91 (1H, d, J = 15.2 Hz, NCHHPh), 3.93 (1H, d, J = 15.2 

Hz, NCHHPh), 3.50-3.39 (1H, m, NCH), 2.71 (2H, br s, NH2), 

2.48-2.41 (2H, m, CH2NH2) , 2.37-2.14 (2H, m, COCH2), 2.10-

1.96 (1H, m, CHH), 1.72-1.55 (2H, m, 2 x CHH), 1.41-1.21 (3H, 

m, 3 x CHH);
 13

C NMR (50 MHz, CDCl3) δ 175.2, 136.7, 128.7, 

127.9, 127.5, 56.8, 49.5, 44.2, 30.5, 30.3, 24.6, 23.8; MS (ESI) 

m/z (%) 233.22 (35) ([M+H]
+
); HRMS exact mass calculated for 

[M+H]
+
 (C14H21N2O) requires  m/z  233.1648, found m/z 

233.1654. 

 
3.2 .7 .  ter t -Buty l  (2R,3R,4R) -3 ,4 -bis (benzyloxy) -2 -

(( ( t er t -butyld imethyls i l y l )oxy)methyl ) -5-
oxopyrrol id ine -1 -carboxy la te  (37 )  

To a stirred solution of alcohol 36
20

 (160 mg, 0.44 mmol) in 

CH2Cl2 (3 mL) freshly prepared Ag2O
22

 (0.27 g, 1.19 mmol) was 

added under argon, followed by the addition of benzylbromide 

(157 μL, 1.32 mmol) at 0 
o
C. The reaction mixture was left 

stirring at room temperature overnight. After filtration through 

Celite, the solvent was evaporated and the crude residue was 

purified using column chromatography eluting with 

pet.ether/AcOEt (70:30). Colorless oil, 179 mg, 75% yield; Rf 

(AcOEt/pet. ether 2:8) 0.40; [α]D + 16.2  (c = 1.0, CHCl3); 
1
H 

NMR (200 MHz, CDCl3) δ 7.41-7.26 (10H, m, ArH), 5.01 (1H, 

d, J = 12.4 Hz, OCHHPh), 4.83 (1H, d, J = 12.4 Hz, OCHHPh), 

4.78 (1H, d, J = 12.0 Hz, OCHHPh), 4.65 (1H, d, J = 12.0 Hz, 

OCHHPh), 4.41 (1H, d, J = 5.4 Hz, OCH), 4.10 (1H, m, OCH), 

4.05 (1H, d, J = 5.4 Hz, NCH), 3.82 (1H, dd, J = 11.0 and 3.6 Hz, 

CHHOSi), 3.66 (1H, dd, J = 11.0 and 2.2 Hz, CHHOSi), 1.52 

[9H, s, OC(CH3)3], 0.75 [9H, s, SiC(CH3)3], -0.09 (6H, s, 2 x 

CH3); 
13

C NMR (50 MHz, CDCl3) δ 171.4, 150.1, 137.7, 137.5, 

128.4, 127.7, 76.7, 75.0, 72.6, 62.4, 61.7, 28.0, 25.7, 18.1, -5.7; 

MS (ESI) m/z (%) 542 (100%) ([M+H]
+
). 

 
3.2 .8 .   (3R,  4R,  5R) -3 ,4-Bis (benzyloxy) -5 -

(hydroxymethyl ) -pyrrol id in -2 -one (38 )  

To a stirred solution of compound 37 (520 mg, 0.96 mmol) in 

AcOEt (10 mL), a 4N solution of HCl in dioxane (2.5 mL, 10.0 

mmol) was added at 0 
o
C and the reaction mixture was left 

stirring at room temperature for 2 h. After evaporation of the 

solvent, the product was precipitated by the addition of Et2O/pet. 

ether. White gummy solid; 250 mg, 80% yield; Rf (AcOEt) 0.17; 

mp 53-56 
o
C; [α]D + 114.0  (c = 1.0, CHCl3);

 1
H NMR (200 MHz, 

CDCl3) δ 7.37-7.26 (10H, m, ArH), 6.73 (1H, br s, NH), 4.86 

(1H, d, J = 12.0 Hz, OCHHPh), 4.71 (1H, d, J = 12.0 Hz, 

OCHHPh), 4.60 (1H, d, J = 11.4 Hz, OCHHPh), 4.49 (1H, d, J = 

11.4 Hz, OCHHPh), 4.10 (1H, d, J = 4.6 Hz, OCH), 3.95-3.92 

(1H, m, OCH), 3.73-3.66 (2H, m, NCH & OCHH), 3.51-3.44 

(1H, m, OCHH), 2.37 (1H, br s, OH); 
13

C NMR (50 MHz, 

CDCl3) δ 174.6, 137.2, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 

75.7, 75.4, 72.5, 71.9, 62.3, 59.8; MS (ESI) m/z (%) 328 

(100%) ([M+H]
+
). 

 

3 .2 .9 .   (3R,  4R,  5R) -5- (Aminomethy l) -3 ,4 -
bis(benzyloxy)pyrrol id in -2-one (16 )      

Same procedure as above utilizing alcohol 38. Colorless oil,  81 

mg, 73% yield; Rf (CHCl3/MeOH 80:20) 0.35; [α]D + 21.8  (c = 

0.9, MeOH); 
1
H NMR (200 MHz, CDCl3) δ 7.43-7.26 (10H, m, 

ArH), 6.36 (1H, br s, NH), 4.92 (1H, d, J = 11.8 Hz, OCHHPh), 

4.74 (1H, d, J = 11.8 Hz, OCHHPh), 4.63 (1H, d, J = 11.6 Hz, 

OCHHPh), 4.46 (1H, d, J = 11.6 Hz, OCHHPh), 4.04 (1H, d, J = 

5.4 Hz, OCH), 3.81 (1H, t, J = 5.0 Hz, OCH), 3.74-3.67 (1H, m, 

NCH), 2.98 (1H, dd, J = 13.6 and 3.8 Hz, CHHNH2), 2.59 (1H, 

dd, J = 13.2 and 7.2 Hz, CHHNH2), 1.88 (2H, br s, NH2); 
13

C 

NMR (50 MHz, CDCl3) δ 173.9, 137.9, 137.2, 128.5, 128.2, 

128.0, 127.8, 127.5, 127.3, 77.8, 74.7, 73.9, 72.5, 54.8, 42.9; MS 

(ESI) m/z (%) 327 (100%) ([M+H]
+
); HRMS exact mass 

calculated for [M+H]
+
 (C26H29N2O3) requires  m/z  417.2173, 

found m/z 417.2180. 

 
Synthes is  o f  ca ta lys ts  22-27  

 
3.2 .10 .  (S) -2 -[(S ) -1-

(Benzy loxycarbony l)pyrrol id ine -2 -
carboxamido] -3-phenylpropanoic acid  (11 )

7 h  

 

3.2 .11 .  (R) -2-[(S ) -1-
(Benzy loxycarbony l)pyrrol id ine -2 -
carboxamido] -3-phenylpropanoic acid  (12 )  

To a stirred solution of Cbz-proline (8) (1.25 g, 5.00 mmol) in 

dry CH2Cl2 (20 mL) at 0 
o
C, 1-hydroxybenzotriazole (HOBt) 

(676 mg, 5.00 mmol), (R)-methylphenylalaninate hydrochloride 

(10) (1.08 g, 5.00 mmol), Et3N (0.700 mL, 5.00 mmol) and 

dicyclohexylcarbodiimide (DCC) (1.03 g, 5.00 mmol) were 

added consecutively. The reaction mixture was left stirring at 0 
o
C for 1 h and then warmed to room temperature and left stirring 

for 18 h. The solvents were evaporated under reduced pressure 

and the crude product was dissolved in EtOAc (30 mL). After 

filtration, the organic layer was washed with aq. H2SO4 (5%, 20 

mL), H2O (20 mL), aq. NaHCO3 (5%, 20 mL) and brine (20 mL). 

After evaporation of the solvent, the crude ester was purified 

using column chromatography eluting with pet. ether/EtOAc 

(50:50). White solid; 1.95 g, 95% yield; Rf (pet. ether/EtOAc 1:1) 

0.20; mp 69-72 
o
C; [α]D -11.3 (c = 1.0, MeOH); 

1
H NMR (200 

MHz, CDCl3) δ 7.38-7.02 (10H, m, ArH), 6.35 (1H, br s, NH), 

5.21 (2H, s, OCH2), 4.87-4.81 (1H, m, NCH), 4.41-4.35 (1H, m, 

NCH), 3.73 (3H, s, OCH3), 3.50-3.41 (2H, m, NCH2), 3.14-3.00 

(2H, m, CH2Ph), 2.24-2.06 (2H, m, CH2), 1.93-1.77 (2H, m, 

CH2); 
13

C NMR (50 MHz, CDCl3) δ 171.6, 171.3, 155.8, 136.3, 

135.7, 129.2, 129.0, 128.0, 127.8, 127.0, 67.2, 60.6, 52.2, 46.9, 

37.6, 31.0, 28.8, 24.3. 

To a stirred solution of the protected dipeptide (0.20 g, 0.48 

mmol) in dioxane (1 mL), an aq. solution of NaOH (2N, 3 mL) 

was added. The reaction mixture was left stirring for 1 h at room 

temperature. The crude mixture was extracted with Et2O (2 x 20 

mL). The aqueous layer was acidified with aq. HCl (2N) until pH 

2 and the crude product was extracted with EtOAc (2 x 15 mL). 

The combined organic layers were washed with H2O (30 mL), 

dried and the solvent was removed under reduced pressure. 12 

was isolated as a white solid; 0.14 g, 76% yield; Rf (pet. 

ether/EtOAc 30:70) 0.05; mp 53-56 
o
C; [α]D -76.7 (c = 2.5, 

CHCl3);
 1

H NMR (200 MHz, CDCl3) δ 9.40 (1H, br s, COOH), 

7.26-7.01 (10H, m, ArH), 6.79 (1H, br s, NH), 5.08 (2H, s, 

OCH2), 4.87-4.81 (1H, m, NCH), 4.33-4.31 (1H, m, NCH), 3.46-
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3.36 (2H, m, NCH2), 3.12-2.87 (m, 2H, CH2Ph), 2.03-1.89 (2H, 

m, CH2), 1.89-1.75 (2H, m, CH2);
 13

C NMR (50 MHz, CDCl3) δ 

173.7, 172.2, 155.8, 136.1, 135.9, 129.5, 128.6, 128.5, 128.2, 

127.9, 127.0, 67.6, 60.4, 52.8, 47.0, 37.6, 29.8, 24.3; MS (ESI) 

m/z (%) 397 (100) ([M+H]
+
).  

 

3.2 .12 .  Benzyl  (S) -2 - (( (S )-1 - (( ( (S )-1 -benzyl -5 -
oxopyrrol id in -2 -yl )methy l)amino) -1 -oxo -3-
phenylpropan-2 -yl )carbamoyl )pyrrol id ine -1-
carboxy la te  (17 )  

To a stirred solution of dipeptide 11 (1.29 g, 3.26 mmol) in dry 

CH2Cl2 (20 mL) at 0 
o
C, 1-hydroxybenzotriazole (HOBt) (0.44 g 

3.26 mmol), compound 13 (0.67 g, 3.26 mmol) and dicyclohexyl 

carbodiimide (DCC) (0.72 g, 3.26 mmol) were added 

consecutively. The reaction mixture was left stirring at 0 
o
C for 1 

h and then warmed to room temperature and left stirring for 18 h. 

The solvents were evaporated under reduced pressure and the 

crude product was dissolved in EtOAc (30 mL). After filtration, 

the organic layer was washed with aqueous aq. H2SO4 (5%, 20 

mL), H2O (20 mL), aq. NaHCO3 (5%, 20 mL) and brine (20 mL). 

After evaporation of the solvent, the crude product was purified 

using column chromatography eluting with CHCl3/MeOH 

(90:10). Colorless oil; 1.46 g, 77% yield; Rf (CHCl3/MeOH 9:1) 

0.50; [α]D -48.7 (c = 0.9, MeOH); 
1
H NMR (200 MHz, CDCl3) δ 

7.34-7.07 (15H, m, ArH), 6.67 (1H, br s, NH), 6.45 (1H, br s, 

NH), 5.08-4.88 (3H, m, CH2O & NCH), 4.63-4.54 (1H, m, 

NCH), 4.25-4.18 (1H, m, NCH), 4.06 (1H, d, J = 15.4 Hz, 

NCHHPh), 3.52-3.04 (7H, m, NCHHPh, 2 x NCH2 & CH2), 

2.46-2.25 (2H, m, CH2), 2.07-1.67 (6H, m, 3 x CH2); 
13

C NMR 

(50 MHz, CDCl3) δ 175.4, 171.5, 171.3, 156.0, 136.6, 136.0, 

129.0, 128.7, 128.5, 128.5, 128.2, 127.9, 127.6, 127.5, 126.9, 

67.4, 61.1, 56.2, 53.8, 47.1, 44.2, 40.5, 36.9, 29.9, 29.2, 24.3, 

21.7; MS (ESI): m/z= 583 (100) ( M+H
+ 

). 

 

3.2 .13 .  Benzyl  (S) -2 - (( (S )-1 - (( ( (R)-1 -benzyl -5 -
oxopyrrol id in -2 -yl )methy l)amino) -1 -oxo -3-
phenylpropan-2 -yl )carbamoyl )pyrrol id ine -1-
carboxy la te  (18 )  

Same procedure as above, utilizing dipeptide 11 and amine 14 (1 

mmol). Eluent AcOEt/MeOH 90:10; Colorless oil; 0.41 g, 70% 

yield; Rf (AcOEt/MeOH  9:1) 0.45; [α]D -65.8 (c = 1, MeOH); 
1
H 

NMR (200 MHz, CDCl3) δ 7.32-7.00 (15H, m, ArH), 6.77 (1H, 

br s, NH), 6.73 (1H, br s, NH), 5.09-4.91 (3H, m, CH2O & 

NCH), 4.66,-4.56 (1H, m, NCH), 4.22-4.16 (1H, m, NCH), 4.04 

(1H, d, J = 14.2 Hz, NCHHPh), 3.48-3.06 (7H, m, NCHHPh, 2 x  

NCH2 & CH2), 2.47-2.22 (2H, m, CH2), 2.10-1.67 (6H, m, 3 x 

CH2); 
13

C NMR (50 MHz, CDCl3) δ 175.4, 171.5, 171.3, 156.0, 

136.6, 136.0, 129.0, 128.7, 128.5, 128.5, 128.2, 127.9, 127.6, 

127.5, 126.9, 67.4, 61.1, 56.2, 53.8, 47.1, 44.2, 40.5, 36.9, 29.9, 

29.2, 24.3, 21.7; MS (ESI) m/z (%) 583 (100) ([M+H]
+
). 

 

3.2 .14 .  Benzyl  (S ) -2 - (( (R) -1 -( ( ((S )-1 -benzyl -5 -
oxopyrrol id in -2-yl )methy l)amino) -1 -oxo -3-
phenylpropan -2-yl )carbamoyl )pyrrol id ine -1-
carboxy la te  (19 )  

Same procedure as above, utilizing dipeptide 12 and amine 13 

(1.5 mmol). Eluent AcOEt; White solid; 0.63 g, 72% yield; Rf 

(EtOAc) 0.30; mp 161-163 
o
C; [α]D -2.6 (c = 1.0, MeOH); 

1
H 

NMR (200 MHz, CDCl3) δ 7.33-7.20 (15H, m, ArH), 6.77-6.73 

(2H, m, 2 x NH), 5.04-4.95 (3H, m, CH2O & NCH), 4.74-4.63 

(1H, m, NCH), 4.09-3.97 (2H, m, NCH & NCHHPh), 3.94-3.05 

(7H, m, NCHHPh, 2 x NCH2 & CH2), 2.42-2.23 (2H, m, CH2), 

1.99-1.74 (6H, m, 3 x CH2); 
13

C NMR (50 MHz, CDCl3) δ 175.6, 

172.4, 171.7, 155.3, 137.1, 136.5, 136.2, 129.1, 128.7, 128.5, 

128.5, 128.1, 127.7, 127.5, 127.4, 126.8, 67.0, 60.8, 56.5, 54.2, 

46.9, 44.0, 40.1, 36.9, 30.1, 29.5, 24.6, 21.5; MS (ESI) m/z (%) 

1165 (100) ([2M+H]
+
). 

 

3.2 .15 .  Benzyl  (S ) -2 - (( (S )-1 - ((3 - ( (R) -1-benzy l -5 -
oxopyrrol id in -2-yl )propyl )amino) -1-oxo-3 -
phenylpropan -2-yl )carbamoyl )pyrrol id ine -1-
carboxy la te  (20 )  

Same procedure as above, utilizing dipeptide 11 and amine 15 

(1.8 mmol). Eluent EtOAc/pet. ether 90:10; Colorless oil; 0.78 g, 

65% yield; Rf (EtOAc/pet. ether 9:1) 0.55; [α]D -42.0 (c = 1, 

MeOH);
 1
H NMR (200 MHz, CDCl3) δ 7.96-7.08 (15H, m, ArH), 

6.55-6.43 (2H, m, 2 x NH), 5.08-4.83 (3H, m, OCH2 & NCH), 

4.65-4.54 (1H, m, NCH), 4.22-4.16 (1H, m, NCH), 4.06 (1H, d, J 

= 15.0 Hz, NCHHPh), 3.94 (1H, d, J = 15.0 Hz,  NCHHPh), 

3.53-2.98 (6H, m, 2 x NCH2 & CH2), 2.46-2.34 (2H, m, CH2), 

2.29-1.24 (10H, m, 5 x CH2); 
13

C NMR (50 MHz, CDCl3) δ 

175.3, 171.5, 170.6, 156.1, 136.8, 136.1, 129.2, 129.0, 128.7, 

128.4, 128.1, 128.0, 127.8, 127.5, 127.1, 67.6, 61.3, 56.7, 53.8, 

47.2, 44.2, 39.5, 37.2, 30.3, 30.1, 28.7, 24.4, 23.8, 12.9; MS 

(ESI) m/z (%) 611 (100) ([M+H]
+
). 

 

3.2 .16 .  Benzyl  (S ) -2 - (( (S )-1 - (( ( (2R,3R,4R) -3 ,4-
bis(benzyloxy) -5-oxopyrrol id in -2 -
yl )methy l)amino) -1 -oxo -3 -pheny lpropan-2 -
yl )carbamoyl )pyrrol id ine -1-carboxyla te  (21 )  

 

Same procedure as above, utilizing dipeptide 11 and amine 16 

(0.60 mmol). Eluent EtOAc/MeOH 90:10; Colorless oil; 0.33 g, 

78% yield; Rf (EtOAc/MeOH 9:1) 0.32; [α]D -5.9 (c = 1, CHCl3); 
1
H NMR (200 MHz, CDCl3) δ 7.35-7.08 (20Η, m, ArH) , 6.89 

(1H, br s, NH), 6.67-6.48 (2H, m, 2 x NH), 5.08 (1H, d, J = 12.2 

Hz, OCHHPh), 4.93 (1H, d, J = 12.2 Hz, OCHHPh), 4.80 (1H, d, 

J = 11.4 Hz, OCHHPh), 4.69 (1H, d, J = 11.4 Hz, OCHHPh), 

4.61-4.51 (3H, m, OCH2 & OCH), 4.18 (1H, dd, J =8.2 and 4.0 

Hz, OCH), 3.93-3.91 (1H, m, NCH), 3.74-3.72 (2H, m, 2 x 

NCH), 3.50-3.08 (6H, m, 2 x NCH2 & CH2), 2.04-1.57 (4H, m, 2 

x CH2); 
13

C NMR (50 MHz, CDCl3) δ 172.8, 171.4, 171.3, 156.4, 

137.6, 137.5, 136.5, 135.8, 129.1, 128.8, 128.8, 128.6, 128.5, 

128.4, 128.2, 128.1, 127.9, 127.8, 127.3, 127.2, 74.2, 72.1, 68.0, 

61.5, 57.7, 53.8, 47.4, 41.3, 36.7, 34.1, 29.7, 25.7, 25.1; MS 

(ESI) m/z (%) 705 (100%) ([M+H]
+
) 

 
3.2 .17 .  (S) -N-((S ) -1- ( (( (S )-1 -benzyl -5-

oxopyrrol id in -2-yl )methy l)amino) -1 -oxo -3-
phenylpropan -2-yl )pyrro l id ine -2-
carboxamide (22 )  

To a stirred solution of compound 17 (0.87 g, 1.50 mmol) in dry 

methanol (30 mL), 10% Pd/C (10 mol%) was added and the 

reaction mixture was left stirring at room temperature for 2.5 h 

under hydrogen atmosphere. After filtration through Celite, the 

solvent was evaporated to afford the desired product. Colorless 

oil; 0.55 g, 82% yield; Rf (CHCl3/MeOH 7:3) 0.53; [α]D -8.9 (c = 

1, MeOH); 
1
H NMR (200 MHz, DMSO) δ 8.91 (1H, br s, NH), 

8.87 (1H, br s, NH), 8.37-7.23 (10H, m, ArH), 4.77 (1H, d, J = 

15.4 Hz, NCHHPh), 4.59-4.48 (1H, m, NCH), 4.14-4.12 (1H, m, 

NCH), 4.04 (1H, d, J = 15.4 Hz, NCHHPh), 3.35-3.15 (3H, m, 

NCH & NCH2), 2.99-2.76 (2H, m, NCH2), 2.33-2.15 (2H, m, 

CH2), 1.94-1.00 (8H, m, 4 x CH2); 
13

C NMR (50 MHz, DMSO) δ 

174.3, 172.7, 171.3, 137.4, 137.2, 129.2, 128.6, 128.0, 127.6, 

127.2, 126.4, 59.7, 55.7, 53.3, 46.4, 43.3, 30.1, 29.4, 29.2, 25.2, 

21.4, 16.9; MS 449 (M+H
+
 100); HRMS exact mass calculated 
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for [M-H]

- 
(C26H31N4O3) requires  m/z  447.2402, found m/z 

447.2398. 

 

3.2 .18 .  (S) -N-((S ) -1- ( (( (R) -1 -benzyl -5-
oxopyrrol id in -2-yl )methy l)amino) -1 -oxo -3-
phenylpropan -2-yl )pyrro l id ine -2-
carboxamide (23 )  

Same procedure as above but utilizing 18 (0.84 mmol). Reaction 

time 2 h; white solid; 0.37 g, 99% yield; mp 118-120 
o
C; Rf 

(CHCl3/MeOH 7:3) 0.61; [α]D -47.2 (c = 1.0, CHCl3); 
1
H NMR 

(200 MHz, CDCl3) δ 8.24 (1H, br s, NH), 8.20 (1H, br s, NH), 

7.77-7.14 (10H, m, ArH), 4.92-4.84 (1H, d, J = 15.2 Hz, 

NCHHPh), 4.60-4.49 (1H, m, NCH), 4.03-3.95 (1H, d, J  = 15.2 

Hz, NCHHPh), 3.80-3.73 (1H, m, NCH), 3.51-3.40 (1H, m, 

NCH), 3.23-2.71 (6H, m, 2 x NCH2  & CH2), 2.46-2.19 (2H, m, 

CH2), 1.99-1.24 (6H, m, 3 x CH2); 
13

C NMR (50 MHz, CDCl3) δ 

175.8, 175.3, 172.1, 137.0, 136.5, 129.3, 128.9, 128.6, 128.0, 

127.7, 126.9, 60.2, 56.8, 54.3, 47.1, 44.5, 40.1, 37.3, 30.6, 30.2, 

25.7, 21.7; MS 449 (M+H
+
 100); HRMS exact mass calculated 

for [M-H]
- 

(C26H31N4O3) requires  m/z  447.2402, found m/z 

447.2402. 

 

3.2 .19 .  (S) -N-((R)-1 - (( ( (S) -1 -benzyl -5-
oxopyrrol id in -2-yl )methy l)amino) -1 -oxo -3-
phenylpropan -2-yl )pyrro l id ine -2-
carboxamide (24 )  

Same procedure as above but utilizing 19 (0.78 mmol). Reaction 

time 1.5 h; white solid; 0.31 g, 90% yield; mp 116-119 
o
C; Rf 

(CHCl3/MeOH 7:3) 0.53; [α]D -5.4 (c = 1.0, MeOH);
 1

H NMR 

(200 MHz, CDCl3) δ 8.28-8.24 (2H, br m, 2 x NH), 7.36-7.10 

(10H, m, ArH), 4.90-4.83 (1H, d, J = 15.0 Hz NCHHPh), 4.59-

4.48 (1H, m, NCH), 4.19-4.15 (1H, m, NCH), 4.04-3.96 (1H, d, J 

= 15.0 Hz, NCHHPh, 3.84-3.77 (1H, m, NCH), 3.52-3.44 (2H, 

m, NCH2), 3.38-2.86 (4H, m, NCH2 & CH2), 2.46-2.31 (2H, m, 

CH2), 2.10-1.65 (6H, m, 3 x CH2);  
13

C NMR (50 MHz, CDCl3) δ 

175.6, 174.8, 171.9, 136.9, 136.4, 129.2, 128.8, 128.4, 127.9, 

127.6, 126.8, 60.2, 56.5, 54.6, 47.0, 44.2, 40.1, 37.8, 30.6, 30.1, 

25.8, 21.7; MS 449 (M+H
+
 100); HRMS exact mass calculated 

for [M-H]
- 

(C26H31N4O3) requires  m/z  447.2402, found m/z 

447.2401. 

 

3.2 .20 .  (S) -N-((S ) -1- ( (3- ( (R) -1-benzyl -5 -
oxopyrrol id in -2-yl )propyl )amino) -1-oxo-3 -
phenylpropan -2-yl )pyrro l id ine -2-
carboxamide  (25 )  

Same procedure but utilizing compound 20 (0.25 mmol). 

Reaction time 3 h; colorless oil; 0.12 g, 100% yield; Rf 

(CHCl3/MeOH 7:3) 0.28; [α]D -1.6 (c = 1.0, MeOH); 
1
H NMR 

(200 MHz, CDCl3) δ 8.52 (2H, br s, 2 x NH), 7.35-7.14 (10H, m, 

ArH), 4.97 (1H, m, NCH), 4.86 (1H, d, J = 15.4 Hz, NCHHPh), 

4.63 (1H, m, NCH), 4.05 (1H, d, J = 15.4 Hz, NCHHPh), 3.94 

(1H, d, J = 15.0 Hz, NCH), 3.90-2.95 (7H, m, 2 x NCH2, CH2 & 

NH), 2.52-2.21 (4H, m, COCH2 & CH2), 2.12-1.98 (2H, m, CH2), 

1.80-1.23 (6H, m, 3 x CH2); 
13

C NMR (50 MHz, CDCl3) δ 175.3, 

170.2, 167.9, 136.7, 135.9, 129.9, 128.9, 128.7, 128.3, 127.9, 

127.5, 56.7, 56.0, 44.7, 44.1, 39.7, 30.3, 29.9, 28.6, 24.4, 24.2, 

23.8, 23.4, 12.8; MS 477 (M+H
+
 100); HRMS exact mass 

calculated for [M+Na]
+ 

(C28H36N4O3Na) requires  m/z  499.2680, 

found m/z 499.2696. 

3.2 .21 .  (S) -N-((S ) -1- ( (( (2R,3R,4R) -3 ,4 -
bis(benzyloxy) -5-oxopyrrol id in -2 -
yl )methy l)amino) -1 -oxo -3 -pheny lpropan-2 -
yl )pyrro l id ine-2 -carboxamide  (26 )  

Same procedure but utilizing compound 21 (0.18 mmol). 

Reaction time 2 h; gummy solid; 59.6 mg, 58% yield; Rf 

(CHCl3/MeOH 8:2) 0.20; [α]D +9.4 (c = 1.0, MeOH);
 1

H NMR 

(200 MHz, CDCl3) δ 8.19-8.15 (2H, m, 2 x NH), 7.90-7.82 (1H, 

m, NH), 7.31-7.13 (15H, m, ArH), 4.80 (1H, d, J = 11.6 Hz, 

OCHHPh), 4.64 (1H, d, J = 11.6 Hz, OCHHPh), 4.51 (1H, d, J = 

11.4 Hz, OCHHPh), 4.41 (1H, d, J = 11.4 Hz, OCHHPh), 3.88 

(1H, d, J = 5.0 Hz, OCH), 3.73-3.43 (4H, m, OCH & 3 x NCH), 

3.09-2.77 (4H, m, 2 x NCH2), 2.67- 2.44 (3H, m, NH & CH2), 

1.50-1.18 (4H, m, 2 x CH2); 
13

C NMR (50 MHz, CDCl3) δ 176.1, 

173.1, 172.2, 137.5, 137.4, 136.8, 129.3, 128.6, 128.6, 128.5, 

128.4, 128.2, 128.2, 128.1, 127.0, 74.5, 72.1, 60.3, 57.6, 54.4, 

47.1, 40.8, 37.5, 30.6, 25.9, 21.2, 14.3; MS 571 (M+H
+
 100); 

HRMS exact mass calculated for [M-H]
-  

(C33H37N4O5) requires  

m/z  569.2769, found m/z 569.2754. 

 

3.2 .22 .  (S) -N-((S ) -1- ( (( (2R,3R,4R) -3 ,4 -dihydroxy -5 -
oxopyrrol id in -2-yl )methy l)amino) -1 -oxo -3-
phenylpropan -2-yl )pyrro l id ine -2-
carboxamide (27 )  

Same procedure but utilizing compound 21 (0.22 mmol). 

Reaction time 5.5 h; gummy solid; 84.2 mg, 98% yield; Rf 

(EtOAc/MeOH 9:1) 0.45; [α]D +22.2 (c = 0.9, MeOH); 
1
H NMR 

(200 MHz, DMSO-d6 & CD3OD) δ 8.13-8.09 (2H, m, 2 x NH), 

7.64-6.91 (5H, m, ArH), 6.32 (1H, br s, NH), 5.27-4.99 (2H, m, 2 

x OCH), 4.35-4.27 (1H, m, NCH), 4.07-3.76 (2H, m, 2 x NCH, 

3.21-2.77 (6H, m, 2 x NCH2 & CH2), 2.66-1.38 (6H, 2 x OH & 2 

x CH2), 0.94 (1H, br s, NH); 
13

C NMR (50 MHz, DMSO-d6 & 

CD3OD) δ 168.4, 164.4, 160.2, 128.6, 120.7, 120.1, 118.5, 62.1, 

61.6, 51.7, 51.5, 47.7, 37.9, 32.4, 28.9, 21.4, 15.6; MS 391 

(M+H
+
 100); HRMS exact mass calculated for [M-H]

-  

(C19H25N4O5) requires  m/z  389.1830, found m/z 389.1948. 
 

4. General procedure for the aldol reaction 

Conditions A: To a round-bottom flask, 22 (10 mg, 0.021 mmol), 

4-NBA (4.7 mg, 0.028 mmol) and aldehyde (0.14 mmol) were 

added. After the addition of Petroleum ether (1 mL) and H2O (0.1 

mL), ketone (1.40 mmol) was added and the reaction mixture 

was stirred for 24-120 h at room temperature. The solvent was 

evaporated and the crude product was purified using flash 

column chromatography eluting with the appropriate mixture of 

petroleum ether (40-60 
o
C)/ethyl acetate to afford the desired 

product. Conditions B: To a round-bottom flask, 25 (10 mg, 

0.021 mmol), 4-NBA (4.7 mg, 0.028 mmol) and aldehyde (0.14 

mmol) were added. After the addition of brine (1 mL), ketone 

(1.40 mmol) was added and the reaction mixture was stirred for 

24-120 h at room temperature. The solvent was evaporated and 

the crude product was purified using flash column 

chromatography eluting with the appropriate mixture of 

petroleum ether (40-60 
o
C)/ethyl acetate to afford the desired 

product. 

 

4.1 .  (S )-2 -[ (R) -Hydroxy- (4-ni trophenyl )methyl] -
cyc lohexanone  (42a ,  Table 3 ,  en try  1 )

1 4
 

Colorless oil, 32 mg, 92% yield; Rf (AcOEt:Pet. Ether 3:7) 0.56; 
1
H NMR (200 MHz, CDCl3) anti δ 8.20 (2H, d, J = 8.8 Hz, ArH), 

7.51 (2H, d, J = 8.8 Hz, ArH), 4.87 (1H, d, J = 8.4 Hz, OCH), 

4.09 (1H, br s, OH), 2.64-2.26 (3H, m, COCH & 2 x CHH), 2.17-

1.29 (6H, m, 6 x CHH); 
13

C NMR (50 MHz, CDCl3) δ 214.6, 

148.4, 127.9, 127.8, 123.4, 73.8, 57.0, 42.5, 30.6, 27.5, 24.5; 

HPLC analysis: Diacel Chiralpak AD-H, hexane:
i
PrOH 90:10, 

flow rate 1.0 mL/min, retention time: 33.07 (minor) and 44.02 

(major), 93% ee.  
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4.2  (S) -2 -[(R) -Hydroxy - (3 -ni trophenyl )methyl] -

cyc lohexanone  (42b ,  Table 3 ,  en try  4 )
1 4

 

Colourless oil, 34 mg, 97% yield; Rf (AcOEt:Pet. Ether 3:7) 0.48; 
1
H NMR (200 MHz, CDCl3) anti δ 8.23-8.14 (2H, m, ArH), 7.67 

(1H, d, J = 7.3 Hz, ArH), 7.55 (1H, d, J = 7.6 Hz, ArH), 4.90 

(1H, d, J = 8.4 Hz, OCH), 4.11 (1H, br s, OH), 2.68-2.31 (3H, m, 

COCH & 2 x CHH), 2.17-1.32 (6H, m, 6 x CHH); 
13

C NMR (50 

MHz, CDCl3) δ 214.6, 148.2, 143.1, 133.1, 129.2, 122.7, 121.9, 

74.0, 57.0, 42.6, 30.6, 27.6, 24.6; HPLC analysis: Diacel 

Chiralpak AD-H, hexane:
i
PrOH 95:5, flow rate 1.0 mL/min, 

retention time: 53.41 (major) and 69.16 (minor), 92% ee. 

4.3 .  (S) -2 -[(R) -Hydroxy - (2 -ni trophenyl )methyl] -

cyc lohexanone  (42c ,  Tab le 3 ,  en try  5 )
1 4

 

Yellow solid, 35 mg, 100% yield; Rf (AcOEt:Pet. Ether 3:7) 

0.46; 
1
H NMR (200 MHz, CDCl3) anti δ 7.91-7.72 (2H, m, ArH), 

7.63 (1H, t, J = 6.5 Hz, ArH), 7.42 (1H, t, J = 6.6 Hz, ArH), 5.43 

(1H, d, J = 7.1 Hz, OCH), 4.16 (1H, br s, OH), 2.85-2.61 (1H, m, 

COCH), 2.55-2.08 (2H, m, 2 x CHH), 1.90-1.52 (6H, m, 6 x 

CHH); 
13

C NMR (50 MHz, CDCl3) δ 214.9, 136.5, 133.0, 128.9, 

128.3, 124.0, 69.7, 57.2, 42.8, 31.1, 27.7, 24.9; HPLC analysis: 

Diacel Chiralpak AD-H, hexane:
i
PrOH 95:5, flow rate 0.8 

mL/min, retention time: 60.85 (major) and 65.23 (minor), 97% 

ee. 

 
4.4 .  (R) -3-[Hydroxy - (2- (S ) -

oxocyclohexy l)methyl] -benzoni tr i l e  (42d ,  
Table 3 ,  en try  7)

1 4
 

White solid, 32 mg, 100% yield; mp 66-68 
o
C; Rf (AcOEt:Pet. 

Ether 3:7) 0.42; 
1
H NMR (200 MHz, CDCl3) anti δ 7.68-7.38 

(4H, m, ArH), 4.81 (1H, d, J = 8.5 Hz, OCH), 4.01 (1H, br s, 

OH), 2.65-2.03 (4H, m, COCH & 3 x CHH), 1.87-1.22 (5H, m, 5 

x CHH); 
13

C NMR (50 MHz, CDCl3) δ 214.6, 142.6, 131.5, 

130.6, 129.1, 118.7, 112.4, 73.9, 57.1, 42.6, 30.6, 27.6, 24.6; 

HPLC analysis: Diacel Chiralpak AD-H, hexane:
i
PrOH 95:5, 

flow rate 1.0 mL/min, retention time: 46.07 (minor) and 68.80 

(major), 87% ee. 

4.5 .   (S) -2 -[ (R) -Hydroxy- (4 -

( tr i f luoromethyl )phenyl )methyl] -

cyc lohexanone  (42e ,  Tab le 3 ,  en try  9 )
1 4

 

White solid, 36 mg, 94% yield; mp 73-75 
o
C; Rf (AcOEt:Pet. 

Ether 3:7) 0.48; 
1
H NMR (200 MHz, CDCl3) anti δ 7.61 (2H, d, J 

= 8.2 Hz, ArH), 7.44 (2H, d, J = 8.2 Hz, ArH), 4.84 (1H, d, J = 

8.6 Hz, OCH), 4.03 (1H, br s, OH), 2.69-2.02 (4H, m, COCH & 

3 x CHH), 1.90-1.39 (5H, m, 5 x CHH); 
13

C NMR (50 MHz, 

CDCl3) δ 215.1, 144.9, 129.6 (q, J = 31.2 Hz), 127.3, 125.3 (q, J 

= 8.1 Hz), 123.9 (q, J = 271.4 Hz), 74.2, 57.2, 42.6, 30.7, 27.6, 

24.7; 
19

F NMR (188 MHz, CDCl3) δ -7.50 (s); HPLC analysis: 

Diacel Chiralpak AD-H, hexane:
i
PrOH 90:10, flow rate 0.5 

mL/min, retention time: 27.39 (minor) and 33.61 (major), 92% 

ee. 

4.6 .   (S) -2 -[ (R) -Hydroxy- (4 -

( f luorophenyl )methyl] -cyclohexanone (42f ,  

Table 3 ,  en try  12)
1 4

 

White solid, 28 mg, 89% yield; mp 66-68 
o
C; Rf (AcOEt:Pet. 

Ether 3:7) 0.52; 
1
H NMR (200 MHz, CDCl3) anti δ 7.33-7.27 

(2H, m, ArH), 7.03 (2H, t, J = 8.7 Hz, ArH), 4.77 (1H, d, J = 8.4 

Hz, OCH), 4.03 (1H, br s, OH), 2.65-2.31 (3H, m, COCH & 2 x 

CHH), 2.08-1.22 (6H, m, 6 x CHH); 
13

C NMR (50 MHz, CDCl3) 

δ 215.4, 162.3 (d, J = 246.2 Hz), 136.6, 128.5 (d, J = 5.1 Hz), 

115.2 (d, J = 20.0 Hz), 74.1, 57.4, 42.6, 30.7, 27.7, 24.6; 
19

F 

NMR (188 MHz, CDCl3) δ -59.49 (m); HPLC analysis: Diacel 

Chiralpak AD-H, hexane:
i
PrOH 90:10, flow rate 0.5 mL/min, 

retention time: 36.72 (minor) and 40.35 (major), 92% ee. 

4.7 .   (S) -2 -[ (R) -Hydroxy- (4 -
(chlorophenyl )methyl] -cyclohexanone (42g ,  
Table 3 ,  en try  14)

7 i
 

White solid, 31 mg, 92% yield; mp 96-98 
o
C; Rf (AcOEt:Pet. 

Ether 3:7) 0.38; 
1
H NMR (200 MHz, CDCl3) anti δ 7.32 (2H, d, J 

= 8.5 Hz, ArH), 7.24 (2H, d, J = 8.5 Hz, ArH), 4.76 (1H, d, J = 

8.7 Hz, OCH), 3.98 (1H, br s, OH), 2.63-2.28 (3H, m, COCH & 

2 x CHH), 2.19-2.01 (1H, m, CHH), 1.88-1.42 (5H, m, 5 x 

CHH); 
13

C NMR (50 MHz, CDCl3) δ 215.3, 139.5, 133.6, 128.5, 

128.4, 74.2, 57.4, 42.7, 30.7, 27.7, 24.7; HPLC analysis: Diacel 

Chiralpak OD-H, hexane:
i
PrOH 95:5, flow rate 1.0 mL/min, 

retention time: 19.34 (major) and 31.10 (minor), 90% ee. 

4.8 .   (S) -2 -[ (R) -Hydroxy- (2 -
(chlorophenyl )methyl] -cyclohexanone (42h ,  
Table 3 ,  en try  16 )

7 i
 

Pale yellow solid, 33 mg, 100% yield; mp 60-62 
o
C; Rf 

(AcOEt:Pet. Ether 3:7) 0.42;  
1
H NMR (200 MHz, CDCl3) anti δ 

7.54 (1H, dd, J = 7.8 and 1.9 Hz, ArH), 7.36-7.16 (3H, m, ArH), 

5.34 (1H, d, J = 8.2 Hz, OCH), 3.86 (1H, br s, OH), 2.77-2.61 

(1H, m, COCH), 2.54-2.22 (2H, m, COCHH), 2.17-2.02 (1H, m, 

CHH), 1.86-1.42 (5H, m, 5 x CHH); 
13

C NMR (50 MHz, CDCl3) 

δ 215.3, 139.1, 132.9, 129.2, 128.7, 128.3, 127.3, 70.5, 57.6, 

42.7, 30.4, 27.8, 24.9; HPLC analysis: Diacel Chiralpak OD-H, 

hexane:
i
PrOH 95:5, flow rate 1.0 mL/min, retention time: 14.29 

(major) and 18.86 (minor), 88% ee. 

 

4.9 .   (S) -2 -[ (R) -Hydroxy- (4 -

(bromophenyl )methyl] -cyclohexanone (42i ,  

Table  3 ,  en try  17)
7 i

 

White solid, 34 mg, 85% yield; mp 89-91 
o
C; Rf (AcOEt:Pet. 

Ether 3:7) 0.42; 
1
H NMR (200 MHz, CDCl3) anti δ 7.47 (2H, d, J 

= 8.5 Hz, ArH), 7.20 (2H, d, J = 8.5 Hz, ArH), 4.75 (1H, d, J = 

8.6 Hz, OCH), 3.94 (1H, br s, OH), 2.61-2.13 (3H, m, COCH & 

2 x CHH), 2.11-2.01 (1H, m, CHH), 1.88-1.24 (5H, m, 5 x 

CHH); 
13

C NMR (50 MHz, CDCl3) δ 215.2, 140.0, 131.5, 128.7, 

121.7, 74.2, 57.3, 42.6, 30.7, 27.7, 24.7; HPLC analysis: Diacel 

Chiralpak AD-H, hexane:
i
PrOH 90:10, flow rate 0.5 mL/min, 

retention time: 41.79 (minor) and 49.33 (major), 88% ee. 

4.10.   (S) -2 -[ (R) -Hydroxy- (phenyl)methyl] -

cyc lohexanone (42j ,  Table 3 ,  en try  20 )
1 4

 

Colourless oil, 58 mg, 71% yield; Rf (AcOEt:Pet. Ether 7:3) 0.42; 
1
H NMR (200 MHz, CDCl3) anti δ 7.51-7.21 (5H, m, ArH), 4.78 

(1H, d, J = 8.8 Hz, OCH), 3.84 (1H, br s, OH), 2.70-2.31 (3H, m, 

COCH & CHH), 2.15-1.24 (6H, m, 6 x CHH); 
13

C NMR (50 

MHz, CDCl3) δ 215.5, 140.8, 128.3, 127.8, 125.7, 74.7, 57.4, 

42.6, 30.8, 27.8, 24.7; HPLC analysis: Diacel Chiralpak OD-H, 

hexane:
i
PrOH 90:10, flow rate 0.5 mL/min, retention time: 22.91 

(major) and 32.08 (minor), 99% ee. 

4.11.   (S) -2 -[ (R) -Hydroxy- (pyr id ine -4-yl )methyl] -

cyc lohexanone  (42k ,  Table 3 ,  en try  22 )
7 i

 

White solid, 29 mg, 100% yield; mp 107-109 
o
C; Rf (AcOEt:Pet. 

Ether 4:6) 0.23; 
1
H NMR (200 MHz, CDCl3) anti δ 8.58-8.52 

(2H, m, ArH), 7.27-7.21 (2H, m, ArH), 4.78 (1H, d, J = 8.1 Hz, 

OCH), 3.19 (1H, br s, OH), 2.67-2.25 (3H, m, COCH & CHH), 

2.18-2.01 (1H, m, CHH), 1.87-1.35 (5H, m, 5 x CHH); 
13

C NMR 

(50 MHz, CDCl3) δ 214.5, 150.1, 149.7, 122.1, 73.3, 57.0, 42.6, 

30.8, 27.7, 24.7; HPLC analysis: Diacel Chiralpak AD-H, 

hexane:
i
PrOH 92:8, flow rate 1.0 mL/min, retention time: 35.88 

(minor) and 47.63 (major), 95% ee. 

 
4.12.   (S) -3 -[ (R) -Hydroxy-[4 -

(n i trophenyl )methyl] dihydro -2H-pyran -
4(3H)-one

 
(42l ,  Table 3 ,  en try  23 )

1 4
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Pale yellow solid, 34 mg, 97% yield; mp 116-118 

o
C; Rf 

(AcOEt:Pet. Ether 4:6) 0.16; 
1
H NMR (200 MHz, CDCl3) anti δ 

8.21 (2H, d, J = 8.8 Hz, ArH), 7.50 (2H, d, J = 8.8 Hz, ArH), 

4.97 (1H, d, J = 8.2 Hz, OCH), 4.28-4.09 (1H, m, OCHH),  3.90-

3.64 (3H, m, 2 x OCHH & OH), 3.44 (1H, dd, J = 11.4 and 9.8 

Hz, OCHH), 3.02-2.41 (3H, m, 3 x CHH); 
13

C NMR (50 MHz, 

CDCl3) δ 209.2, 147.7, 147.4, 127.4, 123.8, 71.2, 69.7, 68.2, 

57.5, 42.7; HPLC analysis: Diacel Chiralpak AD-H, 

hexane:
i
PrOH 80:20, flow rate 1.0 mL/min, retention time: 23.53 

(minor) and 33.52 (major), 78% ee. 

4 .13 .  (S) -3 -[(R) -Hydroxy -[4 -

(n i trophenyl )methyl] dihydro -2H-th iopyran-

4(3H)-one (42m ,  Table 3 ,  en try  26 )
1 4  

Yellow solid, 37 mg, 100% yield; mp 137-139 
o
C; Rf 

(AcOEt:Pet. Ether 3:7) 0.39; 
1
H NMR (200 MHz, CDCl3) anti δ 

8.23 (2H, d, J = 8.3 Hz, ArH), 7.53 (2H, d, J = 8.3 Hz, ArH), 

5.04 (1H, d, J = 7.9 Hz, OCH),  3.63 (1H, br s, OH), 3.07-2.91 

(3H, m, COCH & CHH), 2.87-2.70 (2H, m, 2 x CHH), 2.68-2.42 

(2H, m, 2 x CHH); 
13

C NMR (50 MHz, CDCl3) δ 211.2, 147.7, 

147.6, 127.7, 123.8, 73.1, 59.4, 44.7, 32.8, 30.7; HPLC analysis: 

Diacel Chiralpak AD-H, hexane:
i
PrOH 90:10, flow rate 1.0 

mL/min, retention time: 89.93 (minor) and 108.34 (major), 90% 

ee. 

4 .14 .  (S) -7 -[(R) -Hydroxy -4 - (n i trophenyl )methyl] -

1 ,4-dioxosp iro[4 .5] decan -8-one (42n ,  Table 

3 ,  en try  27)
1 4  

White solid, 43 mg, 100% yield; mp 89-91 
o
C; Rf (AcOEt:Pet. 

Ether 3:7) 0.20; 
1
H NMR (200 MHz, CDCl3) anti δ 8.21 (2H, d, J 

= 8.8 Hz, ArH), 7.49 (2H, d, J = 8.8 Hz, ArH), 4.92 (1H, d, J = 

7.5 Hz, OCH),  4.04 (1H, br s, OH), 3.98-3.68 (4H, m, 4 x 

OCHH), 2.91-2.74 (1H, m, COCH), 2.66-2.54 (1H, m, CHH), 

2.51-2.42 (1H, m, CHH), 2.07-1.55 (3H, m, 3 x CHH), 1.54-1.44 

(1H, m, CHH); 
13

C NMR (50 MHz, CDCl3) δ 213.1, 147.9, 

127.8, 126.5, 123.6, 106.6, 73.8, 64.8, 64.5, 52.9, 38.8, 37.8, 

34.3; HPLC analysis: Diacel Chiralpak AS-H, hexane:
i
PrOH 

70:30, flow rate 1.0 mL/min, retention time: 17.08 (minor) and 

26.70 (major), 90% ee. 

4.15.  (2S ,4R) -2-[ (R)-Hydroxy - (4-
(n i trophenyl )methyl] -4-methy lcyclohexanone

 

(42o ,  Table 3 ,  en try  30 )
1 4  

Pale yellow solid, 37 mg, 100% yield; mp 99-101 
o
C; Rf 

(AcOEt:Pet. Ether 4:6) 0.22; 
1
H NMR (200 MHz, CDCl3) anti δ 

8.22 (2H, d, J = 8.8 Hz, ArH), 7.51 (2H, d, J = 8.8 Hz, ArH), 

4.92 (1H, d, J = 8.6 Hz, OCH), 3.99-3.87 (1H, br s, OH), 2.81-

2.29 (3H, m, COCH & CHH), 2.15-1.29 (5H, m, 4 x CHH & 

CH); 1.07 (3H, d, J = 7.1 Hz, CH3); 
13

C NMR (50 MHz, CDCl3) 

δ 214.8, 148.4, 147.5, 127.8, 123.7, 73.9, 52.9, 38.3, 36.1, 33.0, 

26.5, 18.2; HPLC analysis: Diacel Chiralpak OD-H, 

hexane:
i
PrOH 95:5, flow rate 1.0 mL/min, retention time: 46.34  

(minor) and 54.23 (major), 90% ee. 

4 .16 .  (S) -2 -[(R) -Hydroxy - (4 -(n i tropheny l)methy l] -

cyc lopentanone  (42p ,  Table 3 ,  en try  31)
1 4  

Colourless oil, 33 mg, 100% yield; Rf (AcOEt:Pet. Ether 4:6) 

0.23; 
1
H NMR (200 MHz, CDCl3) δ 8.21 (2H, d, J = 8.8 Hz, 

ArH), 7.52 (2H, d, J = 8.8 Hz, ArH), 5.42 (1H, s, OCH syn), 4.84 

(1H, d, J = 9.2 Hz, OCH anti), 4.76 (1H, br s, OH anti), 2.69 

(1H, br s, OH syn), 2.52-2.18 (3H, m, COCH & CHH), 2.15-1.83 

(2H, m, 2 x CHH), 1.78-1.55 (2H, m, 2 x CHH); 
13

C NMR (50 

MHz, CDCl3) δ 214.6, 213.4, 149.2, 147.9, 147.4, 147.3, 127.2, 

126.5, 123.0, 122.9, 73.5, 69.8, 57.0, 56.3, 42.5, 30.2, 27.7, 25.5, 

24.6, 24.3; HPLC analysis: Diacel Chiralpak AD-H, 

hexane:
i
PrOH 95:5, flow rate 1.0 mL/min, retention time: 40.32  

(syn major) and 57.11 (syn minor), 72.75 (anti minor) and 76.19 

(anti major), 90% ee. 

 
4 .17 .  (S) -4 -Hydroxy-4 - (4-ni trophenyl ) -bu tan-2 -

one
 
(42q ,  Table 3 ,  en try  33 )

1 4  

Colourless oil, 17 mg, 58 % yield; Rf (AcOEt:Pet. Ether 4:6) 

0.14; 
1
H NMR (200 MHz, CDCl3) δ 8.20 (2H, d, J = 7.0 Hz, 

ArH), 7.52 (2H, d, J = 7.0 Hz, ArH), 5.25 (1H, m, OCH), 3.56 

(1H, br s, OH), 3.01-2.71 (2H, m, CHHCO), 2.21 (3H, s, 

CH3CO); 
13

C NMR (50 MHz, CDCl3) δ 208.6, 149.9, 147.4, 

126.4, 123.8, 68.9, 51.5, 30.7; HPLC analysis: Diacel Chiralpak 

AS-H, hexane:
i
PrOH 85:15, flow rate 1.0 mL/min, retention 

time: 28.59 (minor) and 35.28 (major), 89% ee. 

 

5.0. General procedure for the aldol reaction for the 

synthesis of 44  

(R)-5,5,5-trifluoro-4-hydroxy-4-phenylpentan-2-one (44)
21 

To a round-bottom flask, 23 (10 mg, 0.021 mmol), 4-NBA (4.7 

mg, 0.028 mmol) and 2,2,2-trifluoroacetophenone (24 mg, 0.14 

mmol) were added. After the addition of Petroleum ether (1 mL) 

and H2O (0.1 mL), acetone (1 mL) was added and the reaction 

mixture was stirred for 96 h at room temperature. The solvent 

was evaporated and the crude product was purified using flash 

column chromatography eluting with the appropriate mixture of 

petroleum ether (40-60 
o
C)/ethyl acetate to afford the desired 

product.
21

 Colorless oil, 21 mg, 63% yield; Rf (AcOEt:Pet. Ether 

3:7) 0.56; 
1
H NMR (200 MHz, CDCl3) δ 7.62-7.52 (2H, m), 

7.46-7.34 (3H, m), 5.46 (1H, br s), 3.39 (1H, d, J = 17.2 Hz), 

3.21 (1H, d, J = 17.2 Hz), 2.22 (3H, s); 
13

C NMR (50 MHz, 

CDCl3) δ 209.1, 137.3, 128.7, 128.4, 126.0, 124.4 (q, J = 284.9 

Hz), 75.9 (q, J = 29.1 Hz), 44.8, 31.8; 
19

F NMR (188 MHz, 

CDCl3) δ -13.97 (s); HPLC analysis: Diacel Chiralpak AS-H, 

hexane:iPrOH 95:5, flow rate 0.7 mL/min, retention time: 12.34  

(minor) and 17.06 (major), 70% ee. 

5.1 (S)-4-Hydroxy-5-methylhexan-2-one (46)
23

 

To a round-bottom flask, 22 (13.4 mg, 0.03 mmol), 4-NBA (6.9 

mg, 0.04 mmol) and isobutyraldehyde (15 mg, 0.21 mmol) were 

added. After the addition of Petroleum ether (3 mL) and H2O (0.1 

mL), acetone (1 mL) was added and the reaction mixture was 

stirred for 120 h at room temperature. The solvent was 

evaporated and the crude product was purified using flash 

column chromatography eluting with petroleum ether (40-60 
o
C)/ethyl acetate (70:30). Colourless oil, 1.1 mg, 4%, yield; Rf 

(AcOEt:Pet. Ether 3:7) 0.66; 
1
H NMR (200 MHz, CDCl3) δ 3.87-

3.77 (1H, m, OCH), 2.93 (1H, br s, OH), 2.57–2.53 (2H, m, 

COCH2), 2.21 (3H, s, CH3), 1.77–1.60 (1H, m, CH), 1.00–0.80 

(6H, m, 2 x CH3); 
13

C NMR (50 MHz, CDCl3) δ 210.4, 72.2, 

46.9, 33.0, 30.9, 18.4; HPLC analysis: Diacel Chiralpak AD-H, 

hexane:
i
PrOH 98:2, flow rate 0.5 mL/min, retention time: 26.06 

(minor) and 31.64 (major), 44% ee. 

 

5.2 (S)-2-((R)-1-Hydroxy-2-methylpropyl)cyclohexanone (47)
24

 

To a round-bottom flask, 22 (13.4 mg, 0.03 mmol), 4-NBA (6.9 

mg, 0.04 mmol) and isobutyraldehyde (15 mg, 0.21 mmol) were 

added. After the addition of Petroleum ether (3 mL) and H2O (0.1 

mL), cyclohexanone (206 mg, 2.10 mmol) was added and the 

reaction mixture was stirred for 120 h at room temperature. The 

solvent was evaporated and the crude product was purified using 

flash column chromatography eluting with petroleum ether (40-

60 
o
C)/ethyl acetate (50:50) Oil, 3.6 mg, 10%, yield, Rf 

(AcOEt:Pet. Ether 1:1) 0.70; 
1
H NMR (200 MHz, CDCl3) δ 3.52 

(1H, m, OCH), 3.27 (1H, d, J = 4.8 Hz, COCHH), 2.42-2.34 (3H, 

m, 3 x COCHH), 2.35-2.25 (2H, m, 2 x CHH), 2.04-1.62 (5H, m, 

5 x CHH), 0.98 (3H, d, J = 6.8 Hz, CH3), 0.88 (3H, d, J = 6.8 Hz, 

CH3); 
13

C NMR (50 MHz, CDCl3) δ 216.1, 75.6, 53.7, 42.9, 30.6, 
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29.2, 27.8, 25.0, 20.1, 15.2; HPLC analysis: Diacel Chiralpak 

AD-H, hexane:
i
PrOH 97:3, flow rate 0.5 mL/min, retention time: 

25.08 (minor) and 37.71 (major), 97% ee. 

 

For the recovery of catalyst 22, after completion of the reaction, 

the petroleum ether was evapotated and the residue, dissolved in 

CHCl3 and acidified with 2N HCl (1 mL). The aqueous layer was 

evaporated in high vacuum and the evaporation was repeated 

twice, after the addition of toluene (2 x 1 mL). After drying, 

catalyst 22 was isolated as the hydrochloride salt and identified 

by 
1
H , 

13
C NMR , measurement of optical activity and MS; yield 

73% (7.4 mg). The recovered catalyst, was further subjected in 

an identical second catalytic reaction after the addition of the 

appropriate Et3N (2 μL, 0.015 mmol). The desired compound 42a 

was finally isolated in 82 % yield; dr 81:19 and ee 72%. 
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