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Regioselectivity switch in chiral amine-catalysed asymmetric 
addition of aldehydes to reactive enals 

Taichi Kano, Hiroki Maruyama, Ryu Sakamoto and Keiji Maruoka*

In this paper, we present a regioselectivity switch for the chiral amine-

catalysed asymmetric addition of aldehydes to reactive enals to afford 

either aldol adducts or conjugate adducts in a stereoselective fashion. The 

unprecedented asymmetric aldol reaction of aldehydes with enals was 

realized by use of a diarylprolinol catalyst, giving synthetically useful and 

important chiral allylic alcohols. 

The control of site selectivity in a chemical reaction is a fundamental 

goal with challenge in synthetic organic chemistry. In the nucleophilic 

addition reaction to enals, 1,2-adducts and/or 1,4-adducts are 

obtained depending on the nature of the nucleophile and the 

reaction conditions such as solvent, and the catalyst control of 

regioselectivity is a challenging task (Scheme 1).1,2 In the presence of 

a chiral amine catalyst, enals are known to form the corresponding 

iminium intermediates, and a number of asymmetric 1,4-additions of 

various nucleophiles to such activated iminium intermediates have 

been developed to date.3 The reaction of enals with aliphatic donor 

aldehydes, which can be activated as nucleophiles by forming 

enamine intermediates, also gives only 1,4-adducts.4,5 While amine 

catalysts can promote the 1,2-addition (aldol reaction) of aliphatic 

donor aldehydes to reactive acceptor aldehydes as well as the 1,4-

addition,6 to the best of our knowledge, the aldol reaction between 

aliphatic donor aldehydes and enals has not been reported. We were 

therefore interested in a catalyst control of regioselectivity in the 

amine-catalysed reaction between aliphatic aldehydes and enals and 

developing the aldol reaction giving the synthetically useful and 

important chiral allylic alcohols.7 We report here the successful 

realization of amine-catalysed asymmetric 1,2- and 1,4-addition of  

 
Scheme 1 1,2-Addition versus 1,4-addition. 

 aldehydes to reactive enals using catalyst control. 
We expected that the regioselectivity between 1,2- and 1,4-

addition of aldehydes to enals might be controlled by amine catalysts 

having different spatial arrangement of the amino group and the acid 

functionality (Scheme 2).8 In the case of the amine catalyst A with a 

proximal acid functionality (HX), the formed iminium intermediate, 

which is prone to undergo the 1,4-addition, would be deactivated by 

the neighboring acid group (HX), and consequently, 1,2-addition 

(aldol reaction) proceeds exclusively through the enamine 

intermediate with the aid of the proximal acid functionality. On the 

other hand, the amine catalyst B having a distal acid functionality 

(HX) can form both the enamine and iminium intermediates, thereby 

giving the 1,4-adduct preferentially. Additionally, the reaction 

between the enamine and the enal activated and oriented by the 

distal acidic proton likely favors the conjugate addition (1,4-addition) 

over the aldol reaction (1,2-addition). 

 

Scheme 2 Control of the regioselectivity by amine organocatalysts. 
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We first examined several chiral amine catalysts in the 

reaction of 3-phenylpropanal with t-butyl 4-oxo-2-butenoate 

(6), which was chosen for the high reactivity, no possibility of 

forming the undesired dienamine intermediate and the 

synthetic utility of the resulting product.4d,4e With proline 

catalyst, neither aldol adduct 7 nor conjugate adduct 8 was 

obtained probably due to the decomposition of proline (Table 1, 

entry 1).9 The reaction using pyrrolidine or chiral pyrrolidine (R)-

110 gave only trace amounts of 7 and 8 along with multiple side 

products (entries 2 and 3). When diarylprolinol (R)-211, which 

was develped by Hayashi and exhibits efficient catalytic activity 

in aldol reactions, was employed as an amine catalyst having a 

proximal acid functionality, the aldol reaction proceeded 

exclusively to afford anti-7 as a major diastereomer, albeit in 

moderate yield and stereoselectivity (entry 4). The chiral amine 

catalysts (R)-3 and (R)-412 having a distal acid functionality 

promoted both aldol reaction and conjugate addition, and side 

reactions observed in the reaction using the pyrrolidine catalyst 

with no acidic functionality were significantly suppressed 

(entries 5 and 6). While 8 was obtained as the predominant 

product as expected, the stereoselectivity was not satisfactory. 

On the other hand, when the binaphthyl-modified amine 

catalyst (S)-513 having a distal acid functionality was employed, 

the conjugate adduct 8 was obtained predominantly in high 

diastereo- and enantioselectivity (entry 7). 

 

 

Table 1 Amine-catalysed reaction of 3-phenylpropanal with 6a 

 

Entry Catalyst Yieldb (%) A/Cc anti/synd eee (%)       

1 L-proline nd - - - 

2 pyrrolidine <5 - - - 

3 (R)-1 <5 - - - 

4 (R)-2 49 >20/1 2.5/1 89 

5 (R)-3 19 1/10 1/20 39 

6 (R)-4 45 1/2.8 1/4.3 –2 

7f (S)-5 62 1/6.6 1/16 98 

a The reaction of 3-phenylpropanal (0.1 mmol) with 6 (0.3 mmol) was carried 

out in the presence of a catalyst (0.01 mmol) in acetonitrile (0.1 mL) at room 

temperature for 24 h. b Total yield of isolated 7 and 8. c Determined by yields of 

isolated products. d The diastereoselectivity of the predominant product was 

determined by 1H NMR. e The enantioselectivity of the major diastereomer was 

determined by HPLC using chiral column. f The reaction was performed at 0 °C 

in the presence of 5 mol% of (S)-5. 

Table 2 Asymmetric aldol reaction of aldehydes with 6a 

 

Entry R Yieldb (%) A/Cc anti/synd eee (%)      

1f Bn 28 >20/1 6.2/1 96 

2 Bn 76 >20/1 7.3/1 97 

3 Me 99 >20/1 9.6/1 99 

4 allyl 79 >20/1 9.8/1 97 

5g i-Pr 50 >20/1 6.5/1 88 

6 NHCbz 65 >20/1 3.8/1 96 

a The reaction of an aldehyde (0.1 mmol) with 6 (0.3 mmol) was carried out in 

the presence of (R)-2 (0.01 mmol) and H2O (0.5 mmol) in DMSO (0.1 mL) at 

room temperature for 24 h. b Yield of isolated products. c Determined by yields 

of isolated products. d The diastereoselectivity of 9 was determined by 1H-

NMR. e The enantioselectivity of anti-9 was determined by HPLC using chiral 

column. f Performed in the absence of H2O. g Performed with 5 (0.4 mmol) for 

48 h. 

We next optimized the reaction conditions for the 

asymmetric aldol reaction catalysed by (R)-2. Among the 

solvents tested, dimethyl sulfoxide was found to be the optimal 

solvent in terms of both diastereo- and enantioselectivity, while 

the yield was low (Table 2, entry 1).14 Fortunately, addition of 

water led to a significant increase in yield (entry 2). Under the 

optimized conditions, the reactions of several aliphatic 

aldehydes with 6 afforded the corresponding anti-aldol adducts 

9 in good stereoselectivity (entries 2–5). Use of the Cbz-

protected aminoacetaldehyde15 gave the anti-aminoalcohol 

derivative 9 (R = NHCbz) as a major diastereomer (entry 6). In 

all cases examined, the conjugate adducts were not observed. 

The absolute configurations of 9 were determined to be (4R,5S) 

by conversion to the known compound and comparison of its  

Table 3 Asymmetric conjugate addition of aldehydes to 6a 

 

Entry R Yieldb (%) C/Ac syn/antid eee (%)       

1f,g Bn 62 6.6/1 16/1 98 

2g Bn 68 8.2/1 14/1 97 

3 Bn 79 8.6/1 15/1 97 

4 Me 65 >20/1 8.4/1 91 

5 Bu 74 7.5/1 17/1 94 

6 allyl 54 >20/1 >20/1 94 

7h i-Pr 50 >20/1 >20/1 95 

a The reaction of an aldehyde (0.1 mmol) with 6 (0.3 mmol) was carried out in 

the presence of (S)-5 (0.005 mmol) and H2O (0.5 mmol) in acetonitrile (0.1 mL) 

at 0 °C for 36 h. b Yield of isolated products. c Determined by yields of isolated 

products. d The diastereoselectivity of 10 was determined by 1H-NMR. e The 

enantioselectivity of syn-10 was determined by HPLC using chiral column. f 

Performed in the absence of H2O. g Performed for 24 h. h Performed for 53 h. 
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Scheme 3 Regioselectivity switch in the reaction of 4-nitrocinnamaldehyde. 

optical rotation to the literature value.14 

The reaction conditions of the conjugate addition catalysed 

by (S)-5 were then optimized. Solvent screening revealed that  

the reaction in acetonitrile afforded the highest diastereo- and 

enantioselectivity (Table 3, entry 1).14 Both addition of water 

and a longer reaction time were effective for increasing the 

reaction yield (entries 2 and 3). Under the optimized conditions, 

the reactions of several aliphatic aldehydes with 6 gave the syn-

conjugate adducts in good to high regio- and stereoselectivity 

(entries 3–7). 

The regioselectivity switch could also be induced by 

changing the amine catalyst in the reaction of another enal such 

as 4-nitrocinnamaldehyde (Scheme 3). The reaction catalysed 

by (R)-2 in DMSO gave the aldol adduct 11 exclusively in good 

stereoselectivity. On the other hand, the reaction catalysed by 

(S)-5 in acetonitrile afforded the conjugate adduct 12 solely, 

albeit with moderate stereoselectivity. 

The obtained aldol adduct and conjugate adducts are 

versatile synthetic intermediates. For instance, 5-deoxy-5-

methyl-altrose derivative 14, which serves as a building block 

for a macrolide synthesis,16 was readily synthesized by 

dihydroxylation of 13 after protection of the aldol adduct 9 (R = 

Me) (Scheme 4). Dialdehyde 15 obtained by the conjugate 

addition could be converted to the chiral piperidine 16 by the 

double reductive amination without loss of optical purity 

(Scheme 5). The absolute configurations of 15 were determined 

to be (2S,3R) by single-crystal X-ray analysis of 16·(S)-binaphthyl 

phosphoric acid salt. 

Based on the observed stereochemistry, the transition state  

 

Scheme 4 Synthesis of 5-deoxy-5-methyl-altrose derivative 14. 

 

Scheme 5 Synthesis of piperidine 16 by the double reductive amination. 

 

Fig. 1 Plausible transition state models. 

 

Scheme 6 Formation of hydrate 19. 

models for both aldol reaction catalysed by (R)-2 and conjugate 

addition catalysed by (S)-5 were proposed (Fig. 1). In the case of 

the aldol reaction the proximal hydroxy group of (R)-2 might 

suppress the formation of the iminium intermediate from the 

enal as shown in Scheme 217,18 and promote only the aldol 

reaction via TS1.11a On the other hand, (S)-5 promoted both 

aldol reaction12a and conjugate addition, and the reaction rate 

of the conjugate addition was faster than that of the aldol 

reaction. The activation and orientation of the enal by the acidic 

proton of the triflamide group likely lead to better interaction 

of the α-carbon of the enamine with the β-carbon of the enal 

(TS3) than that with the carbonyl carbon (TS2) probably due to 

the unique spatial arrangement of the activation site and 

reaction site of the enamine intermediate.19 Although the 

present conjugate addition did not exhibit a non-linear 

effect,14,20 the possibility of the reaction between the enamine 

intermediate and the iminium intermediate cannot be ruled out 

completely.21 

Since the present conjugate addition gives the non-α-

branched aldehyde 17, further conjugate addition of 17 to 6 and 

oligomerization seems possible (Scheme 6). However, neither 

the double conjugate adduct 18 nor oligomer was obtained and 

the conjugate adduct was isolated as the mixture of dialdehyde 

17 and its hydrate 19. This indicates that the undesired 

conjugate addition of 17 could be suppressed by the formation 

of 19 in situ. 

In summary, both asymmetric 1,2- and 1,4-addtions of 

aldehydes to enals were realized, in which the regioselectivity 

could be switched by use of structurally different chiral amine 

catalysts. The unprecedented 1,2-addition of aldehydes to the 

reactive enal gave useful chiral allylic alcohols as aldol adducts. 
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This methodology certainly expands the synthetic utility of 

enamine catalysis and provides a new synthetic strategy for 

controlling regioselectivity in organic synthesis. 
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