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Straightforward Access to Densely Substituted Chiral Succinimides through Enantioselective Organocatalyzed Michael Addition of -Alkyl-Cyclic Ketones to Maleimides

A simple organocatalytic system provides efficient access to a series of densely substituted chiral succinimides bearing a quaternarytertiary carbon stereocenter sequence in good yields, high diastereo-and enantioselectivities through enantioselective conjugate addition of unreactive α-alkyl cyclic ketones to maleimides under microwave-assisted conditions.

Introduction

Owing to their highly congested nature, molecules incorporating stereocontrolled quaternary carbon centers (QCCs) are still the subject of methodological studies, 1 with the aim of opening new routes towards natural products and biologically active compounds. 2 For such purpose, conjugate addition referred as Michael reaction 3 is a powerful tool especially when performed under organocatalyzed 4 conditions. Most reported corresponding studies have been centered to pro-nucleophiles bearing only one nucleophilic site like aldehydes, 5 cyanoacetates, 6 or 1,3-dicarbonyl compounds. 7 In such a case, creation of the carbon-carbon bond is oriented either by a regio-blocking or a regio-directing group (Scheme 1) and Michael adducts incorporating the desired stereocontrolled QCC are obtained. A totally regioselective Michael reaction of -aryl ketones or -branched -carbonyls is usually due to the enhanced acidic character of -branched position, illustrating the role of a regio-directing group in the selectivity of the process. 8 For unactivated α-alkyl ketones, an increasing complexity results from the presence of two pro-nucleophilic sites and the possible concurrent formation of undesired regioisomers incorporating only tertiary carbon stereocenters (TCCs) (Scheme 1). Alkylation at the more hindered α-position of such α-alkyl cycloalkanones was solved at the stoichiometric level by d'Angelo et al. starting from pre-formed imines of the cheap and commercially available 1-phenylethylamine 1. 9 A plethora of nucleophiles and electrophiles, either substituted or not, were prone to successfully underwent this reaction. 10 A catalytic version was disclosed by Carter et al 11 involving acrylates as Michael acceptors and a thiourea-based dual organocatalytic pathway promoting enamine/Brønsted acid activations. Kotsuki et al. later reported 12 the enantioselective Michael addition of -alkyl cyclic ketones to acrylates promoted by (S)-1phenylethylamine 1 under high pressure conditions. The formation of small amounts (<5%) of undesired tertiary regioisomers (TCCs) was noticed (Scheme 1, a). Scheme 1. Organocatalytic strategy to access to densely substituted chiral Michael adducts having vicinal quaternary and tertiary stereogenic centers.

In a complementary approach, List et al. disclosed 13 the Michael addition of -alkyl cyclanones to t-butyl and i-propyl vinyl ketones catalyzed by phosphoric acid (S)-TRIP (Scheme 1, a). This enol catalysis based methodology was successfully applied to the synthesis of new Cashmeran odorants designed through molecular modeling. Using the same catalyst, Toste and Yang described a 1,4-addition of -methyl and n-butyl cyclohexanones to allenamides as a two-step alternative to the putative Michael addition involving acrolein as electrophile. 14

Results and discussion

Despite all these pioneering results (Scheme 1, a) contributing to enrich the access to quaternary carbon stereocenterscontaining molecules, no example of an organocatalyzed Michael reaction leading to the formation of adjacent stereogenic quaternary and tertiary carbon centers (Scheme 1, Please do not adjust margins Please do not adjust margins R 1 ≠ H) starting from unactivated α-alkyl cyclic ketones has been reported to date. Recently, a highly regio-and stereoselective Michael addition of stereogenic imine synthesized from allyl cyclopentanone to methyl crotonate and subsequent access to suberosanes, sesquiterpenes of marine origin were reported. 15,16 Facing an extra steric hindrance generated by βsubstitution in methyl crotonate, in comparison with acrylates or vinyl ketones, this 1,4-addition required high pressure to cleanly deliver the desired adduct incorporating a sterically crowded vicinal quaternary-tertiary chiral centers motif. 10f Despite extensive trials, we were not able to satisfactorily make this reaction organocatalytic using chiral primary amines bearing (dual activation) or not acidic functions and turned our attention to more reactive Michael acceptors. Thus, reacting methyl cyclopentanone with acyl phosphonates, α,βunsaturated keto esters or maleic anhydride in the presence of several primary amines mainly provided degradation products, inseparable mixtures of diastereomers or by-products from catalysts trapping. Maleimides, as prochiral β-substituted Michael acceptors, belong to an important class of compounds that have been successfully used in different asymmetric organocatalytic Michael additions, 17 providing an easy access to chiral-substituted compounds of interest because of the occurrence of the succinimide moiety in natural products and some clinical drugs. 18 Herein, we report the first organocatalyzed asymmetric Michael addition of unreactive -alkyl cyclic ketones to maleimides as βsubstituted electrophile leading to chiral succinimides bearing a quaternary-tertiary carbon stereocenters sequence promoted by primary amines/Brønsted acid co-activation (Figure 1: compounds 1-7/8) under microwave assisted conditions. [START_REF] Vandromme | MOL2NET, International Conference on Multidisciplinary Sciences[END_REF] Figure 1. Chiral primary amines 1-7 and co-catalysts 8 used in this study.

Our study was initiated by taking α-methylcyclohexanone (9) and methyl maleimide (10b) as starting materials and racemic 1, with or without a carboxylic acid or 8a-c) as organocatalytic system (Table 1). Diastereomers 11b and 12b bearing a quaternary-tertiary carbon stereocenters sequence, their corresponding regioisomers 22 (Scheme 1 and ESI) and aza-Michael adducts 13b were expected as other potential products in this reaction. Without co-catalyst (entry 1), only aza-Michael product 13b resulting from the addition of the catalyst 1 on maleimide 10b was generated in 90% yield in toluene at 80 °C for 24 h. Acetic acid and p-substituted benzoic acids 8a-c were then added as co-catalysts improving desired products (11b/12b) yields (entries 2-5) up to 53% yield with pnitrobenzoic acid 8c (entry 5). Compound 11b was obtained as the major diastereomer, while 15% of aza-Michael adducts 13b were isolated as mixtures of diastereomers and 4 to 7% of regioisomers (see ESI) were detected in the transformation. To our delight, the yield was greatly improved applying microwave (µW) irradiation (entry 6) delivering in 79% yield, for 12 h, a mixture of diastereomers 11b and 12b in a good diastereoselectivity (dr = 82:18). We next evaluated a series of amines 1-7 (Figure 1) in the model reaction (Table 2) working at 100 °C under µW irradiation. Organocatalysts 2-5 (entries 2-7) of R configurations led to the formation of products (1S,3S)-11b and (1S,3R)-12b, unlike amine (S)-1 (entry 1) which promoted the production of succinimides (1R,3R)-11b and (1R,3S)-12b of opposite configurations. The latter, unlike Carter's results with different electrophiles, 11 proved to be the best compromise in this transformation in terms of yields (79%), diastereomeric ratio (75/25) and especially enantiomeric excess for major diastereomer 11b (87%), 1.5 times higher than that obtained by the best of its competitors 3 (entry 3). Lower yields (0-50%) were observed with dual catalysts 5-7 (entries 5-10) incorporating both an amine and an acid function. In particular, Carter's catalyst 5 (entry 5), used in the absence of co-catalyst 8c, led to the production of products 11b and 12b in only 25% yield, while the same reaction carried out without µW irradiation (entry 7) led to no transformation of starting materials.

Scope of the reaction of cyclohexanone 9 with respect to the maleimide was studied as shown in Table 3, following the optimized reaction conditions. In these reactions, 4-10% of undesired regioisomers (Scheme 1) were detected by 1 H NMR analysis and 4-15% of aza-Michael adducts 13 were isolated. Whatever the nature of the N-substituents of maleimides R, the desired products 11 and corresponding diastereomers 12 were all obtained in good yields (67-79%), diastereomeric ratio (up to 95/5) and high to excellent enantioselectivities for 11 (91-99% ee). The substrate scope was further evaluated by studying Michael reaction between α-methylcyclopentanone (14) and various maleimides 10 (Table 4), using either (S)-1 or (R)-1, in the presence of co-acid 8c (20 mol% each). As a consequence, depending of the antipodal amine used, either (1R,3R)-15 or its antipode were obtained as the major enantiomer. For simplification purposes, results are presented for amine (S)-1.

In this series, a minor quantity of aza-Michael adducts 13 and regioisomers were detected by 1 H NMR analysis of the crude reaction mixtures. Pure samples were isolated for analysis purposes. The electronic nature of the R groups of maleimide, from donor (entries 2-5) to attractor (entries 6-12) as well as that of their respective larger or smaller sizes did not significantly influence products distribution in these reactions, giving good yields (58-71%), good to excellent diastereoselectivities (67/33 to 98/2) and enantioselectivities for compounds 15 (75-98% ee). We propose the following mechanism (Scheme 2) to explain the influence of a co-acid on the reaction process. Without acidic assistance, aza-Michael addition of the primary amine catalyst on the maleimides would be favored delivering quantitatively aza-Michael adducts 13.

In the presence of an acid, formation of imines 17 would predominate and deliver, via an equilibrium, the reactive Michael donor (thermodynamic) enamines 18a prone to react with the maleimides 10. The resulting imines 19 would then be hydrolysed to generate major diastereomers (1R*,3R*)-11 (n = 1) or (1R*,3R*)-15 (n = 2) bearing a quaternary-tertiary carbon stereocenters sequence, along with minor amount of the corresponding diastereoisomers (1R*,3S*)-11 (n = 1) or (1R*,3S*)-15 (n = 2) resulting from a compact exo approach. This mechanism and the stereochemical outcome of this reaction are based on previous studies implying stoichiometric addition of transient enamines on different Michael acceptors. 10,20 The preference for the formation of diastereomers 11 and 15 was thus explained (for a detailed discussion, see the electronic supporting information) according to our empirical model and related experimental and theoretical 20 studies, arising from a syn compact approach of the enamine 18a by the electrophiles 10 in an endo orientation delivering imines 19. Diastereoisomers (1R*,3S*)-11 (n = 1) or (1R*,3S*)-15 (n = 2) result from a syn compact approach of 18a by 10 in an exo orientation.

Please do not adjust margins Please do not adjust margins This favored stereochemical outcome was further confirmed by an X-ray diffraction analysis of the major maleimide adduct (1S,3S)-15b (Figure 2) issued from the reaction performed with the antipodal amine (R)-1, all other parameters being unchanged, as described in table 4. More sterically hindered structures as products 20 and 21 were also synthesized through reaction of maleimide 10b with the corresponding cyclopentanones in 59 and 83% yield, respectively, 87% and 83% ee's. Notably, potential diastereomers and regioisomers were not obtained in these transformations.

Conclusions

To conclude, we have developed an unprecedented organocatalyzed pathway to succinimide derivatives bearing a quaternary-tertiary carbon stereocenters sequence via a Michael process involving unactivated α-alkyl cyclic ketones and β-substituted electrophiles under microwave-assisted conditions. The catalytic system used, composed of unchanged chiral primary amine and co-carboxylic acid both commercially available at low cost, has made it possible to perform this crowded Michael reaction. It promotes a fourfold control, including chemoselectivity through the addition of carboxylic acid co-catalyst (C vs N Michael addition), regioselectivity at the more substituted α-position, as well as diastereo-and enantioselectivity in good yields, enantio-and diastereoselective excesses given the high steric hindrance generated in the desired succinimides exhibiting a sequence of adjacent stereogenic quaternary and tertiary carbon centers. This methodology paves the way to an easy access to chiralsubstituted compounds of interest owing to the occurrence of the succinimide moiety in natural products and some clinical drugs. 18 Synthetic applications and extension of this methodology to other cycloalkyl ketones and other βsubstituted electrophiles will be published in due course.
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Scheme 2 .

 2 Scheme 2. Proposed mechanism explaining the influence of co-acid on the course of the reaction and the preferred α-alkylation of enamines 18a.

Figure 2 .

 2 Figure 2. Thermal ellipsoid plot (left) of the molecular structure of (3S)-1-methyl-3-[(1S)-1-methyl-2-oxocyclopentyl]-2,5-pyrrolidinedione 15b (right). Most of the H atoms have been omitted for clarity. The ellipsoids enclose 50% of the electronic density.This organocatalytic process is driven by the concerted (but non synchronous) C-C bond creation and H-transfer from the nitrogen atom of the transient enamine to the α-carbon atom of the electrophile 10 (18a → 19). The endo compact concerted pathway leading to the quaternary adduct 19 has lower activation energy than the pathway leading to a zwitterionic intermediate (ZI, scheme 2) delivering after prototropy the α'regioisomers 22, although the loose anti approach of the tertiary enamine 18b by the electrophile 10 is lower in energy than the more hindered compact one implying enamine 18a (Curtin Hammett like mechanism and steric control). Also, when pure quaternary adducts 15f and its corresponding minor diastereomer 16f were separately reacted in the presence of primary amine 1 under the reaction conditions used in that reaction, no transformation in mixtures of diastereomers 15f/16f were observed excluding the possibility of a thermodynamic control in our case (see ESI page S114) and possible isomerization.21 Inspired by asymmetric Michael atroposelective desymmetrization of maleimides reported byBencivenni et al., 20 atropoisomers (M,1R,3R)-15ma and (P,1R,3R)-15mb

Figure 3 .

 3 Figure 3. Exploration of the substrate scope with respect to maleimide and cyclopentanone. Reaction conditions: (S)-1 (20 mol%), 8c (20 mol%), 70 °C, µW, 12 h.

Table 1 .

 1 Screening of the reaction conditions. Determined by 1 H NMR. c Combined yields of aza-Michael adducts isolated by flash chromatography. d 4-7% of side regioisomer (Scheme 1) was detected by 1 H NMR of the crude.

	Entry	Conditions	Yield a	dr b [%]	Yield c
			11b+12b	11b/12b	13b
	1	24 h	0%	0	18%
	2	AcOH (20 mol%), 24 h	7%	nd	nd
	3	8a (20 mol%), 24 h	26%	88/12	15%
	4	8b (20 mol%), 24 h	15%	nd	nd
	5 d	8c (20 mol%), 24 h	53%	71/29	15%
	6 d	8c (20 mol%), 12 h, µW	79%	82/18	nd

a Combined yields of 11b and 12b isolated by flash chromatography.

b 

Table 2 .

 2 Screening the effect of various amines as organocatalysts.

	Entry	Amine	Yield a [%]	dr b [%]	ee c [%]
			11b+12b	11b/12b	11b

a Combined yield of 11b and 12b isolated by flash chromatography. b Determined by

1 

H NMR. c Determined by chiral HPLC. d (S)-1 catalyzed the formation of opposite enantiomers (1R,3R)-11b/12b. e Reaction without co-catalyst 8c.

f 

At toluene reflux for 24 h.

Table 3 .

 3 Scope of reaction of 9 with respect to the maleimide. a

	Entry	Maleimide (R)	Yield b [%]	dr c [%]	ee d [%]
			11+12	11/12	(1R,3R)-11
	1	10a (H)	70	>95/5	99
	2	10b (Me)	79	82/18	92
	3	10e (cyclohexyl)	77	nd	93
	4	10f (Ph)	67	nd	98
	5	10i (4FC6H4)	70	nd	91

a 4-10% of regioisomers (Scheme 1) were detected by 1 H NMR and 4-15% of aza-Michael adducts 13 were isolated. b Combined yields of 11 and 12 isolated by flash chromatography. c Determined by 1 H NMR. d Determined by chiral HPLC.

Table 4 .

 4 Scope of reaction of -methyl cyclopentanone 14 with respect to the maleimide. a

	Entry	Maleimide (R)	Yield [%] b	dr c [%]	ee d [%]
			15+16	15/16	15
	1	10a (H)	67	75/25	77
	2	10b (Me)	67	78/22	92
	3	10c (iBu)	65	85/15	90
	4	10d (iPr)	61	>98/2	90
	5	10e (Cyclohexyl)	63	73/27	>98
	6	10f (Ph)	77	89/11	82
	7	10g (4MeOC6H4)	60	80/20	88
	8	10h (4MeC6H4)	77	74/26	89
	9	10i (4FC6H4)	67	69/31	87
	10	10j (4ClC6H4)	68	67/33	88
	11	10k (4BrC6H4)	71	73/27	87
	12	10l (4NO2C6H4)	77	71/29	75

a Minor quantities of aza-Michael adducts 13 and regioisomers were detected by

1 

H NMR of the crude reaction mixtures. b Combined yields of 15 and 16 isolated by flash chromatography. c Determined by 1 H NMR. d Determined by chiral HPLC.
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