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Abstract 
Recoverable (S)-BINAM-L-prolinamide in combination with benzoic acid catalyzes and 
accelerates the direct aldol reaction between several α-chalcogen-substituted ketones and p-
nitrobenzaldehyde in different solvents, including water. Choosing conveniently the aldol donor, 
solvent and conditions, it is possible to obtain mainly one of the two possible regioisomers with 
good diastero- and enantioselectivity. Thus, α-hydroxy and α-alkoxyacetones give mainly 
syn/anti regioisomers, whereas α-(methylsulphanyl)acetone affords the iso-aldol in 93% ee. In 
the case of α-hydroxy and α-methoxyacetone the anti diasteromer is obtained with up to 84% ee. 
However, α-benzyloxyacetone yields mainly the syn-diasteroisomer in 85% ee. 
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Introduction 
 
Asymmetric organocatalysis1 has become one of the most powerful tools in synthetic chemistry 
to perform the enantioselective synthesis of organic compounds through C-C bond formation 
reactions, as well as in C-heteroatom bond formation processes.2 The application of this “enzyme 
mimics”3 has been specially useful to perform the asymmetric aldol reaction.4 In nature, this 
reaction is perfectly catalyzed by enzymes (class I or class II aldolases) with excellent 
stereocontrol, water being the reaction media. Proline5 and its derivatives6 have shown to be 
excellent catalysts for the asymmetric aldol reaction in organic solvents, the success of 
organocatalysts for this transformation in water being only very recently achieved.7 One of the 
challenges for the direct aldol reaction is the simultaneous control of the regio-, diastero-, and 
enantioselectivity when unsymmetrical ketones are used (Scheme 1). 
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Scheme 1. Aldol reaction between unsymmetrical ketones and aldehydes. 
 

Especially attractive is the use of functionalized ketones, which can lead to the synthesis of 
polyfunctionalized molecules with high degree of selectivity. However, only the coupling of α-
hydroxyketone8,5a,6o as aldol nucleophilic donor with aldehydes has been extensively studied, the 
use of other α-functionalized ketones remaining testimonial.9 Recently, it has been reported that 
the use of BINAM-prolinamides such as 1 and their use for the direct aldol reaction between 
aldehydes and alkyl10,11 and alkoxy ketones12 provide the expected products with high regio-, 
diastereo- and enantioselectivity. In addition, this type of BINAM-prolinamides can be recovered 
after simple acid-base extractive work-up. Moreover, we have found that a high acceleration of 
the reaction was achieved with alkyl ketones when the reaction was co-catalyzed by an acid such 
as benzoic acid, without becoming detrimental to the previously obtained results. This effect was 
not observed when L-Pro was used as organocatalyst.13 Here, we describe the application of these 
new found reaction conditions to the aldol reaction between several α-chalcogen-functionalized 
ketones and 4-nitrobenzaldehyde, as well as their applicability in organic and in aqueous media. 
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Results and Discussion  
 
Catalyst (Sa)-BINAM-L-Pro (1) was synthesized as previously described10 starting form 2,2’-
diamino-1,1’-binaphtalene (BINAM) and L-proline.14 Initial studies of the acid co-catalyzed 
aldol reaction between α-chalcogen-functionalized ketones (Scheme 2 and Table 1), were 
performed using hydroxyacetone15 as aldol donor and representative 4-nitrobenzaldehyde as 
electrophilic counterpart. As it has been previously reported,12 the best solvent to carry out the 
reaction with α-hydroxyacetone is DMSO, using 20 mol% of catalyst 1. When the reaction was 
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performed in DMSO at 0 ºC in the absence of acid, the expected product was obtained after 1 d 
as a mixture of the three possible regioisomers 2a/3a (4:1), the major isomer anti-2a being 
achieved with a 80% ee (Table 1, entry 1).12 When the reaction was done in the presence of 40 
mol% of benzoic acid under the same reaction conditions, the reaction was much faster (4 h) and 
the products were obtained with higher regioselectivity (50:1) and with similar 
diastereoselectivity but lower ee (Table 1, entry 2). When the solvent was changed to DMF 
similar regio- and diastereoselectivity was obtained, but in shorter reaction time when benzoic 
acid was present. However, slightly lower ee was obtained in DMF than in DMSO. The addition 
of water to DMF had a strong negative effect in the achieved ee (Table 1, compare entries 3 to 
6). Thus, DMF was chosen as solvent to perform the reaction at -20 ºC in the presence of benzoic 
acid expecting an increase of the achieved diastero- and enantioselectivity. Unfortunately, 
although the regio- and diastereoselectivity was maintained, the enantioselectivities decreased 
(Table 1, compare entries 4 and 7). 
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Scheme 2. Aldol reaction between α-chalcogen functionalized ketones and 4-nitrobenzaldehyde. 
 
As Cl2CHCO2H gave the best enantioselectivity when it was used as co-catalyst in the aldol 

reaction between acetone and 4-nitrobenzaldehyde,13 we decided to use 20 mol% of this acid in 
DMF at 0 ºC. In this case the reaction was over in 2 h with an excellent regioselectivity (50:1), 
good diastereoselectivity (3:1) and a 68% ee for the anti-2a product, comparable to that obtained 
in DMSO in the presence of benzoic acid (compare entries 2 and 8 in Table 1). It can be 
concluded that for α-hydroxyacetone the presence of a carboxylic acid improves the 
regioselectivity, up to 50:1, as well as the reaction rate. 
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Table 1. Aldol reaction between different α-chalcogen substituted ketones and 4-
nitrobenzaldehyde catalyzed by 1a 

Ent. X Solvent Acid (%) 
T 

(ºC) 
t 

(h) 
Yield 
(%)b 

Isomer ratioc ee(%)d 

       
Regio. 
(2/3) 

dr 
(anti/syn) 

anti-
2 

syn-
2 

iso-
3 

1e OHf DMSOg - 0 24 96 4:1 5:2 80 23 84 
2 OHf DMSOg PhCO2H (40) 0 4 97 >50:1 2:1 65 14 - 
3e OHf DMF - 0 96 98 >50:1 1:1 74 31 - 
4 OHf DMF PhCO2H (40) 0 3 99 >50:1 3:2 58 26 - 
5 OHf DMF/H2Oh - 25 24 98 9:1 1:1 19 74 85 
6 OHf DMF/H2Oh PhCO2H (40) 0 28 85 >50:1 3:1 13 9 - 
7 OHf DMF PhCO2H (40) -20 8 97 >50:1 2:1 47 27 - 

8 OH DMF 
Cl2CHCO2H 

(20) 
0 2 98 >50:1 3:1 68 3 - 

9e OMe DMF - 0 96 88 5:1 7:1 92 58 80 
10 OMe DMF PhCO2H (20) 0 22 99 7:1 5:1 84 36 60 
11e OMe DMF/H2Oh - 0 48 99 7:3 6:1 84 55 83 
12 OMe DMF/H2Oh PhCO2H (20) 0 25 90 5:1 6:1 81 41 79 
13 OMe DMF/H2Oh

 PhCO2H (20) -20 108 56 5:1 5:1 78 51 83 
14 OMe H2O PhCO2H (20) 0 144 74 12:1 5:1 78 46 70 
15e OBn DMF - 0 120 99 1:1.5 1:2 19 88 60 
16 OBn DMF PhCO2H (20) 0 39 98 5:1 1:12 35 85 63 
17 SMei DMF/H2Oh

 - 0 240 93 >50:1 1:1 6 2 - 
18 SMe DMF/H2Oh

 - 0 120 88 1:6 1:1 - - 75 

19 SMe DMF/H2Oh
 PhCO2H (20) 0 30 85 1:8 1:1 - - 93 

20 SMe H2O PhCO2H (20) 0 21 89 1:8 1:1 - - 93 

a The reactions were carried out using 27.6 equiv of ketone per equiv of aldehyde (0.25 mmol) in 
the presence of 1 (10 mol %) and benzoic acid (20 mol %) in 0.5 mL of solvent, unless otherwise 
stated. 

b Isolated product after column chromatography. 
c Determined by 1H NMR of the crude mixture. 
d Determined by HPLC. 
e See reference 12. 
f 20 mol% of catalyst 1 was used. 
g 1 mL of DMSO was used. 
h 1:1 volume mixture. 
i L-Proline (20 mol %) was used as catalysts. 
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α-Methoxyacetone is a common nucleophile in antibody catalyzed aldol reactions,16 
therefore it was considered as aldol donor for this organocatalyzed reaction.12 When the 
condensation of this nucleophile and 4-nitrobenzaldehyde was carried out in either neat or 
aqueous DMF at 0 ºC, similar results were obtained although the presence of benzoic acid 
increased the reaction rates (Table 1, compare entries 9 with 10 and 11 with 12). Then, the 
temperature was lowered to -20 ºC in order to increase the obtained enantioselectivies, but 
unfortunately under these conditions, the reaction was uncompleted (56% yield) after 108 h, and 
the products were obtained with slightly lower diastero-, and enantioselectivities (Table 1, entry 
13). The acceptable results obtained in aqueous DMF medium, prompted us to carry out the 
reaction in neat water. In this case the reaction was much slower (6 d), but the regioselectivity 
was increased to 12:1, the diastero- and enantioselectivies being similar to that obtained in 
aqueous DMF (Table 1, compare entries 12 and 14). 

In our previous studies we found that using α-benzyloxyacetone in DMF at 0 ºC after 5 d, the 
major isomer was the regioisomer iso-3c.12 (Table 1, entry 15). Therefore, we studied the 
acceleration of this reaction when benzoic acid was used as co-catalyst. To our surprise, the 
regioselectivity was reversed under this conditions (2c/3c ratio, 5:1), the major isomer syn-2c 
being obtained in 39 h with a 92% de and 85% ee (Table 1, entry 16). 

Finally, the use of α-(methylsulfanyl)acetone as nucleophile in the direct aldol reaction is 
restricted to the reaction catalyzed by antibodies,16 the iso isomer being obtained as major 
product with good enantioselectivity. To the best of our knowledge this ketone has never been 
used as nucleophile in an organocatalyzed reaction, therefore we tested proline as catalyst as first 
approach to carry out this reaction. In aqueous DMF, after 10 d reaction time, the product 
mixture was almost composed by the anti-2d and syn-2d in a nearly racemic mixture (Table 1, 
entry 17). However, when (S)-BINAM-L-Pro was used as catalyst in aqueous DMF (1:1) at 0 ºC, 
after 5 d the main product obtained with a 75 % ee was the iso-3d (Table 1 entry 18). In the 
presence of 20 mol% of benzoic acid, the reaction time was shortened to 30 h, the 
regioselectivity increased up to 1:8 favoring the iso-3d product, and the enantioselectivity 
reaching a 93% ee (Table 1, entry 19). The use of water as the only solvent for this 
transformation, led mainly to the iso-3d product in only 21 h with the same regio-, diastereo-, 
and enantioselectivity as in aqueous DMF (Table 1, compare entries 19 and 20). These results 
showed the superiority of catalyst 1 in this reaction. It seems reasonable to justify the formation 
of the iso-isomer based on steric reasons. 

As conclusion, a great acceleration of the reaction was observed in the aldol reaction 
catalyzed by (S)-BINAM-L-prolinamide 1 in the presence of carboxylic acids whereas this 
influence was not observed for L-proline catalyzed reactions. Furthermore, depending on the α-
functionalized ketone used as nucleophile in the direct aldol reaction, we were able to obtain the 
anti-, syn- or iso-isomer as the main product with good enantioselectivity. With respect to the 
regioselectivity, the bulkier α-(methylsulphanyl)acetone favoured the formation of the iso-3d 
product with 93% ee, (S)-BINAM-L-Pro being superior to L-proline. In the case of α-alkoxy 
substituted ketones, α-methoxyacetone gave the highest diasteroselectivity (up to 86%), whereas 
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α-benzyloxyacetone afforded mainly the syn-2c product (up to 92% de). However, the presence 
of benzoic acid did not improve the achieved enantioselectivities for the major products. 
 
 
Experimental Section 
 
General Procedures. All reactions were carried out under argon. DMF, DMSO and all others 
reagents were commercially available and used without further purification. α-Hydroxyacetone 
was distilled prior to use. Only the structural most important peaks of the IR spectra (recorded on 
a Nicolet 510 P-FT) are listed. 1H NMR (300 MHz, 400 MHz) and 13C NMR (75 MHz) spectra 
were obtained on a Bruker AC-300 using CDCl3 as solvent and TMS as internal standard, unless 
otherwise stated. Optical rotations were measured on a Perkin Elmer 341 polarimeter. HPLC 
analyses were performed on a Shimadzu LC-10AD and on a JASCO AS 2059 PLUS equipped 
with a chiral column (detailed for each compound in the main text), using mixtures of n-
hexane/isopropyl alcohol (IPA) as mobile phase, at 25 ºC. High-resolution mass spectra were 
obtained on a Finnigan VG Platform. HRMS (DIP) were recorded on a Finnigan MAT 95S. 
Analytical TLC was performed on Schleicher & Schuell F1400/LS silica gel plates and the spots 
were visualised under UV light (λ=254 nm). For flash chromatography we employed Merck 
silica gel 60 (0.040-0.063 mm). 
 
General procedure for the aldol reaction. 
To a solution of 4-nitrobenzaldehyde (37.8 mg, 0.25 mmol), in dry solvent (0.5 mL) under argon 
was added the corresponding ketone (6.9 mmol). To the resulting solution the catalyst was added 
(10 mol%, with exception of α-hydroxyacetone in this case a 20 mol% of catalysts 1 was added) 
in one portion, and the resulting mixture was stirred at the corresponding temperature. The 
reaction was monitored by 1H NMR spectroscopy and quenched with 6 M HCl (5 mL) and ethyl 
acetate (5 mL). The mixture was stirred vigorously for 10 min. The emulsion was separated (3x5 
mL sat. NaCl) and the aqueous phase treated with a sat. NaOH solution until pH >9 and then 
ethyl acetate was added (3x15 mL). The organic layer was separated, dried (MgSO4) and 
evaporated recovering pure catalyst (ca. 85%). The organic phase from the acidic work up was 
dried (MgSO4) and evaporated to dryness. The residue was purified by flash chromatography 
yielding pure aldol products. Spectroscopic and physical data for the aldol products follow: 
3,4-Dihydroxy-4-(4’-nitrophenyl)- 2-butanone (anti-/syn-2a).16b HPLC (Chiralpak AD; 1.3 
mL/min; 96:4 Hex/IPA); tRmin (anti-3a)= 87.4, tRmaj (anti-2a)= 111.5; tRmaj (syn-2a)=149.3, tRmin 

(syn-2a)=193.0. 

1,4-Dihydroxy-4-(4’-nitrophenyl)-2-butanone (iso-3a).6o HPLC (Chiralpak AS; 1 mL/min; 
70:30 Hex/IPA); tRmaj =12.0, tRmin = 16.5. 

4-Hydroxy-3-methoxy-4-(4’-nitrophenyl)-2-butanone (anti-/syn-2b).16b HPLC (Chiracel OD-
H; 1 mL/min; 80:20 Hex/IPA); tRmaj (anti-2b)= 7.1, tRmin (anti-2b)=7.8; tRmin (syn-2b)= 8.1, tRmaj 

(syn-2b)= 9.7. 
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4-Hydroxy-1-methoxy-4-(4’-nitrophenyl)-2-butanone (iso-3b).6o HPLC (Chiracel OD-H; 1 
mL/min; 80:20 Hex/IPA); tRmin = 13.4, tRmaj = 15.8. 

anti-3-Benzyloxy-4-hydroxy-4-(4’-nitrophenyl)-2-butanone (anti-2c). Yellow oil; Rf= 0.43 
(Hexane/Ethyl acetate 3:2); IR (neat): ν = 3396 br, 2295, 1730, 1706, 1527, 1347, 1099, 1017 
cm-1. 1H NMR (400 MHz, CDCl3): δ= 2.17 (s, 3H, CH3), 3.39 (br s, 1H, OH), 3.98 (d, 1H, J = 5 
Hz, HCOCH2Ph), 4.07 (s, 1H, OCH2Ph), 4.60 (s, 1H, OCH2Ph), 5.28 (t, 1H, J = 5.2 Hz, HCOH), 
7.11 (m, 1H, ArH), 7.25 (m, 4H, ArH), 7.55 (d, 2H, J = 8.7 Hz, ArH), 8.18 (d, 2H, J = 8.7 Hz, 
ArH). 13C NMR (75 MHz, CDCl3): δ= 25.3 (CH3), 29.7 (CH2), 64.4 (HCOCH2Ph), 68.8 
(CHOH), 73.6 (CHOH), 123.5, 123.8, 126.4, 127.0, 127.9, 128.2, 128.3, 128.55, 128.6 (ArC), 
149.9 (C=O). HRMS(DIP) (m/z): Calcd for (M+ – H2O): 297.1001; found: 297.0974; HPLC 
(Chiracel OD-H; 1 mL/min; 93:7 Hex/IPA); tRmin = 27.0, tRmaj = 34.2. 
syn-3-Benzyloxy-4-hydroxy-4-(4’-nitrophenyl)-2-butanone (syn-2c). Pale yellow oil; Rf= 0.55 
(Hexane/Ethyl acetate 3:2); IR (neat): ν = 3435br, 2924, 1715, 1605, 1522, 1347, 1216, 1110 cm-

1. 1H NMR (400 MHz, CDCl3):  δ= 2.16 (s, 3H, CH3), 3.13 ( br s, 1H, OH), 3.90 (d, 1H, J = 6.4 
Hz, HCOCH2Ph), 4.30 (d, 1H, J = 11.5 Hz, OCH2Ph), 4.51 (d, 1H, J = 11.5 Hz, OCH2Ph), 5.03 
(d, 1H, J = 8 Hz, HCOH), 7.15 (m, 1H, ArH), 7.31 (m, 4H, ArH), 7.54 (d, 2H, J = 8.7 Hz, ArH), 
8.19 (d, 2H, J = 8.7 Hz, ArH). 13C NMR (75 MHz, CDCl3): δ= 27.6 (CH3), 29.7 (CH2), 73.5 
(HCOCH2Ph), 83.9 (CHOH), 123.4, 123.8, 126.4, 127.0, 127.7, 128.1, 128.4, 128.6, 136.2 
(ArC), 146.8 (C=O). HRMS(DIP) (m/z): Calcd for (M – H2O): 297.1001; found: 297.1022; 
HPLC (Chiracel OD-H; 1 mL/min; 93:7 Hex./IPA); tRmaj = 29.9, tRmin = 31.9. 
iso-1-Benzyloxy-4-hydroxy-4-(4’-nitrophenyl)-2-butanone (3c). Pale yellow oil; Rf= 0.52 
(hexane/ethyl acetate 3:2); IR (neat): ν = 3418br, 2918, 1727, 1596, 1516, 1361, 1250, 1105 cm-

1. 1H NMR (400 MHz, CDCl3): δ= 2.92 (t, 2H, J = 2.7 Hz, CH2CHOH), 4.07 (s, 2H, 
CH2OCH2Ph), 4.53 (s, 2H, OCH2Ph), 4.61 (d, 1H, J = 11.5 Hz, HCOH), ), 5.08 (m, 1H, HCOH), 
7.13 (m, 1H, ArH), 7.27 (m, 4H, ArH), 7.54 (d, 2H, J = 8.7 Hz, ArH), 8.17 (d, 2H, J = 8.7 Hz, 
ArH). 13C NMR (75 MHz, CDCl3): δ= 47.5 (CH2CHOH), 68.8 (CHOH), 73.6 (CH2Ph), 75.2 
(OCH2C=O), 123.8, 126.4, 128.0, 128.3, 128.4, 128.6, 135.9 (ArC), 150.0 (C=O). HRMS(DIP) 
(m/z): Calcd for (M – C7H7): 225.0637; found: 225.0663; HPLC (Chiralpak AD; 1.2 mL/min; 
97:3 Hex/IPA); tRmaj = 190.9, tRmin  =205.1. 
4-Hydroxy-3-(methylsulphanyl)-4-(4’-nitrophenyl)-2-butanone (anti-/syn-2d)16b HPLC 
(Chiracel OD-H; 1 mL/min; 88:12 Hex/IPA); tRmaj = 11.6, tRmin (anti-2d)=14.1; tRmin (syn-2d)= 
13.4, tRmaj (syn-2d)= 14.9. 

4-Hydroxy-1-(methylsulphanyl)-4-(4’-nitrophenyl)-2-butanone (iso-3d)16 HPLC (Chiracel 
OD-H; 1 mL/min; 88:12 Hex/IPA); tRmin = 16.6, tRmaj = 17.9. 
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