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Organocatalytic Enantioselective Michael Reactions 

Igor Iriarte, Olatz Olaizola, Silvia Vera, Iñaki Gamboa, Mikel Oiarbide* and Claudio Palomo* 

 

Abstract: The fully regio-, diastereo- and enantiocontrolled direct 

Michael reaction of allyl ketones with nitroolefins is reported for the 

first time under enabling Brønsted base/H-bond bifunctional catalysis. 

It is shown that squaramide-tertiary amine catalysts induce the 

reaction of a survey of allyl ketones to proceed at the -site 

exclusively giving rise adducts with two consecutive tertiary carbon 

stereocenters in diastereomeric ratios up to >20:1 and 

enantioselectivities generally in the 90%-98% ee range. 

 

Catalyst-controlled reactions of in situ generated vinylogous 

nucleophiles are of great synthetic value.[1] The overwhelming 

majority of catalytic reactions involving vinylogous enolate 

equivalents proceed from the -carbon of the unsaturated 

carbonyl substrate, a process that preserves -conjugation along 

the reaction coordinate (Scheme 1a). This reactivity pattern is 

well illustrated in the literature for a broad range of enolizable 

substrate families using either metallic catalysis[2] or different 

aminocatalytic approaches.[3,4,5] 

In contrast, the alternative -reaction pathway implies 

disruption of the -conjugation at some point of the reaction 

coordinate. Not surprisingly, switching the reactivity from the 

most usual - to -carbon has resulted troublesome, with only 

few direct enantioselective approaches reported. Shibasaki’s 

group described a barium alkoxide-catalyzed Mannich reaction 

of -unsaturated benzyl esters that upon C=C isomerisation 

provides the corresponding Morita-Baylis-Hilmann type 

adducts[6] (Scheme1b). On the other hand, -disubstituted 

enals have been found to react through C of the dienamine 

intermediate[7] because of the steric shielding of the disubstituted 

-carbon (Scheme 1c).[8] A few Brønsted base-catalyzed -site 

functionalizations of vinylogous enolic intermediates have also 

appeared,[9] but the reported examples lead to moderate 

enantioselectivity[9a] or apply to very restricted substrate 

categories.[9b-d] Notably, the readily available allyl alkyl ketones, 

with three potentially reactive sites (, , and ’) remain 

undeveloped pronucleophiles in this context.[10] Here, we report 

the first Brønsted base-catalyzed direct Michael reactions of allyl 

alkyl ketones with nitroolefins that proceed through the ketone -

carbon exclusively and with high diastereo- and 

enantioselectivity. During the preparation of this manuscript an 

-selective functionalization of preformed silyl dienol ethers with 

nitroolefins to give Rauhut-Currier type products under 

bifunctional catalysis appeared.[11] 

 

Scheme 1. Site-selectivity in catalyst-driven functionalization of ambivalent 

vinylogous enolates. 

While the C vs C selectivity problem appears to be 

multivariable,[12] we hypothesized that a bifunctional Brønsted 

base/H-bond catalyst,[13] might anchor both the dienolate and the 

electrophilic reagent in a way favouring -reaction trajectory 

(Scheme 1d). However, additional issues, namely (i) the - vs. 

’-selectivity; (ii) the reaction diastereo- and enantioselectivity; 

and (iii) the potential loss of -stereogenicity through C=C bond 

isomerization, also needed to be addressed. 

For initial assessment of these aspects, the model reaction 

of 1A with 7a in the presence of several bifunctional Brønsted 

base catalysts[14] was investigated (Scheme 2). To our delight, 

the -addition adducts were formed exclusively within a few 

hours of reaction, although product diastereo- and 

enantioselectivity were strongly catalyst-dependent (Table 1). 

With cinchona alkaloid-derived thiourea C1[15] both the 

diastereo- and the enantioselectivity were only moderate. The 

enantioselectivity could be improved by using the squaramide 

catalysts pioneered by Rawal,[16] such as catalyst C2[17] and, 

especially, the cyclohexylamine-derived catalyst C4,[18] 
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Scheme 2. Catalyst-controlled enantioselective direct reaction of allyl ketones 

with nitroalkenes. 

although diastereoselectivity remained insufficient (dr <2:1). 

Additional screening showed that the N-benzyl squaramide C5 

performed best, affording upon reaction at 0 ºC product 8Aa in 

high yield, 6.4:1 diastereomeric ratio and 96% ee for both 

isomers. 

 
Table 1. Screening of catalysts for the reaction of 1A with 7a to give 8Aa.

[a]
 

 

 

[a] Reactions carried out at 0.2 mmol scale, using 1.5 equiv. of 1A and 10 

mol% catalyst in 0.4 mL CH2Cl2. Diastereomeric ratios and ee determined by 

chiral HPLC. Ee’s correspond to the major diastereomer. 

Once conditions were optimized, the behavior of a survey of allyl 

ketones and nitroolefins was examined.[19,20] As the results in 

Table 2 show, the reaction tolerated well a variety of allyl 

ketones with alkyl- and aryl- sidearm, and nitroolefins with either 

electron-rich, electron-neutral or electron-poor aryl substituents 

at C. The corresponding adducts 8–11 were produced in 

diastereomeric ratios of 5:1 or higher and enantioselectivities up 

to 98% for both the major and minor isomers.[21] For -

unsubstituted allyl ketones 5C and 6C, products 12C and 13C 

were formed in poor diastereomeric ratios whilst the ee’s were 

consistently good. In every case, the alkylation proceeded at 

Cof the allyl ketone[22] and no isomerisation of the double bond 

was observed. Incidentally, the starting ketones 5C and 6C 

underwent partial (about 20%) isomerization to the respective 

 

Table 2. Scope of the reaction between ketones 1-6 and nitroalkenes 7 .
[a]

 

 

[a] Unless otherwise stated, reactions carried out at 0.2 mmol scale using 1.5 

equiv. of ketone and 10 mol% C5 at 0 °C in 0.4 mL CH2Cl2. Diastereomeric 

ratios determined by HPLC. Yields of isolated product after chromatography. 

ee determined by chiral HPLC. In brackets, ee´s of minor diastereomer. [b] 

Reaction conducted at RT using 2 equiv. of ketone. [c] Isomerized by 

treatment with Et3N overnight. 

 

 -enone during the reaction.[23] However, this circumstance 

did not affect the reaction outcome provided that two equivalents 

of the starting 5C and 6C were employed. If desired, adducts 

from the above catalytic reactions, such as 12 and 13, could be 

fully isomerized to the corresponding -enone product 14 and 

15 almost quantitatively by exposure to 10 mol% DBU at RT in 

CH2Cl2. 

On the other hand, alkynyl allyl ketones also were competent 

substrates. For example (Table 3), reaction of ketones 16–19 

with nitroolefins 7 in the presence of quinine-derivative C2, 

which was the best catalyst for these substrates, proceeded 

smoothly and with good yields and excellent ee. However, unlike 

in the previous cases, the evolved adducts proved to be quite 

sensitive towards double bond isomerisation, and products 20–

28 were obtained directly. Once again, products from an 

eventual -attack were not observed. It is worth of noting that the 

otherwise difficult -alkyl nitroolefins 7h and 7i were competent 

partners for this reaction, affording adducts 23, 25 and 28 in 

good yields and excellent selectivity. The absolute configuration 
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of adducts was primarily established by X-ray analysis of 

compound 8Aa and by assuming a uniform reaction 

mechanism.[24,25] 

 

Table 3. Catalytic reactions with allyl ynones 16–24.
[a]

 

 

 

entry R’ R
2
 S.M./Product Yield [%]

[b] 
ee [%]

[c] 

1 

2 

3
[d] 

4 

5
[d] 

6 

7 

8 

9 

10 

11 

Ph 

Ph 

Ph 

Ph 

Ph 

Ph 

3-MeC6H4 

4-MeOC6H4 

nPr 

nPr 

nPr 

Ph 

4-MeC6H4 

4-MeC6H4 

4-ClC6H4 

4-ClC6H4 

(CH3)2CHCH2 

Ph 

CH3(CH2)4 

Ph 

4-MeOC6H4 

iBu 

16 / 20 

16 / 21 

16 / 21 

16 / 22 

16 / 22 

16 / 23 

17 / 24 

18 / 25 

19 / 26 

19 / 27 

19 / 28 

68 

69 

69 

71 

68 

72 

77 

69 

75 

72 

70 

95 

95 

73 

95 

66 

97 

95 

95 

97 

94 

95 

[a] Reactions carried out at 0.2 mmol scale, using 2.0 equiv. of ynone. [b] 

Yields of isolated product after chromatographic purification. [c] ee 

determined by chiral HPLC. [d] Using catalyst C5. 

 

Attempts to translate the present conditions to simple allyl esters 

and equivalents, a substrate category that as far as we know 

has neither been employed in enantioselective direct conjugate 

additions,[26] revealed a divergent behavior. As data in equation 

1 illustrate, the C5-catalyzed reaction of allyl esters/thioesters 29 

with nitrostyrene produced a mixture of - and -addition 

products 30 and 31, respectively. Thioesters resulted more 

reactive and selective than the parent esters. However, while the 

minor -adducts were obtained as essentially single isomer in 

some cases,[27] the respective major -adduct was obtained with 

diastereo- and enantioselectivities from low to moderate. 

 

 

Given the observations noted above, and owing to the easy 

conversion of the ketol moiety into diverse functionalities,[28] we 

decided to examine the suitability of allyl ketols as allylester 

equivalents. As the results in Table 4 show, it was very gratifying 

to observe that the reaction of the allyl ketols 32–35[29] with 

nitroolefins 7 in the presence of 5 mol% C5 led tothe 

corresponding-addition adduct 36–42 in high yield, essentially 

complete diastereoselectivity and ee’s typically higher than 95%. 

These results, especially the high dr, might be related to the 

strong preference for Z-enolate formation from these bulky 

ketols, as the corresponding E-enolate would present 

destabilizing 1,3-allylic interactions. Adduct 36 was easily 

transformed, via reduction and subsequent diol oxidation, into 

aldehyde 43 which was later converted into ketone 8Aa thus 

confirming the stereochemical assignment. Alternatively, 36 was 

also correlated to thioester 30B through oxidative cleavage and 

coupling of the resulting carboxylic acid 44 with thiophenol. In 

each case, reactions occurred clean and without double bond 

isomerization nor epimerization. 

 
 
Table 4. Catalytic reactions with allylic ketols 32–35 and further elaboration.

[a] 

 

 

[a] Reactions carried out at 0.2 mmol scale, using 1.1 equiv. of nitroolefin 

and 5 mol% C5 at r.t., unless otherwise stated, in 0.4 mL CH2Cl2. 

Diastereomeric ratios determined by 
1
H NMR analysis of crude sample. 

Yields of isolated product after chromatographic purification. ee determined 

by chiral HPLC. [b] After 16 h of reaction. NDC: nicotinium dichromate. 

 

In addition to these elaborations, the most obvious is the 

selective reduction of the double bond that affords products 

formally derived from the -alkylation of nonsymmetric aliphatic 

ketones, which is difficult to achieve regioselectively. For 

example (eq 2) exposure of 9Aa to H2 over Pd on charcoal 

provided compound 45 almost quantitatively. 
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In conclusion, we have demonstrated that tertiary 

amine/squaramide bifunctional catalysts are able to promote the 

addition reaction of allyl ketones to nitroolefins not only with very 

good enantio- and diastereocontrol, but also exclusive -site 

selectivity. Different subsets of readily available allyl ketones, 

including those with an alkyl-, aryl-, alkynyl- and hydroxyalkyl 

sidearm, all participate well, giving access to a variety of -

branched ketone products with generally two vicinal tertiary 

carbon stereocenters as essentially single isomer. Under similar 

catalytic conditions, allyl(thio)esters showed inferior /-site as 

well as stereo-selectivity, but the use of allyl ketols as superb 

allylester equivalents can remediate this limitation. This study 

complements previous efforts[9-11] to switch the innate -reactivity 

of most vinylogous enolate equivalents (conjugation preserved) 

into -reactivity (conjugation disrupted) and set the basis for 

further developments. 
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