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The design of a NHC-catalyzed methodology for the straightforward access to hitherto unknown axially chiral N-aryl phthalimides has provided a breakthrough in the field of multichirality control. Anticipating a formal (4 + 2) oxidative annulation, the use of NHC-derived chiral dienolate as ambident partner toward N-aryl maleimides unexpectedly yields original bis-succinimide-type compounds featuring a multichiral architecture with up to four stereogenic centers and two remote chiral axes. The overall pseudo-three components reaction between an enal and two equivalents of a N-aryl maleimide proceeds with excellent enantioselectivity and complete diastereoselectivity. This study illustrates the high synthetic potential of chiral NHC-activated dienolates for the rapid and highly diastereo-and enantioselective preparation of underexplored atropisomers in the pentatomic series, featuring multiple stereogenic elements including challenging Csp 2 N chiral axes. The practicality of this reaction is highlighted by a broad substrate scope and a scaled-up synthesis. Moreover, the easy base-induced transformation of the chiral bis-succinimide precursors allows to prepare the initially planned N-aryl phthalimide atropisomers with excellent retention of enantiopurity.

In the field of organocatalysis, while the control of central chirality is now well-established and widely applied in synthesis over the past two decades, the same cannot be said for the control of axial chirality. However, since Miller's preliminary work in 2010, [1] there has been growing interest in constructing structurally diverse axially chiral backbones via organocatalysis, [START_REF]Axially Chiral Compounds: Asymmetric Synthesis and Applications[END_REF] with a particular challenge in nitrogenous heterocycles. [3] Recent work shows that it is even possible to simultaneously control multiple centers of chirality, [4] or multiple Csp 2 Csp 2 stereogenic axes. [5] In contrast, catalytic asymmetric construction of enantiopure frameworks bearing multiple chiral elements still remains a high synthetic challenge. [6] Particularly, the control of non-adjacent two or more different chirality elements in a single operation has been scarcely studied. [7] This is even more acute when central chirality is combined with configurationally more labile pentatomic axially chiral Csp 2 N frameworks [START_REF] Colobert | reviews on C N axially chiral molecules[END_REF] ubiquitous in bioactive molecules, natural products, and chiral catalysts. [START_REF] He | For a recent review on catalytic atroposelective construction of pentatomic heterobiaryl scaffolds[END_REF] In this context, the enantioselective catalytic desymmetrization strategy of prochiral N-aryl maleimide derivatives offers an effective solution to control at the same time one stereocenter and one Csp 2 N chiral axis (Scheme 1a). [10] Built on this concept, we now propose an unexpected pseudo-three components NHC-catalyzed desymmetrization of simple N-aryl maleimides allowing for the first time the simultaneous control of up to six stereogenic elements including four carbon stereocenters and two remote Csp 2 N stereogenic axes in the challenging pentatomic series with excellent enantioselectivities and complete diastereoselectivities (Scheme 1b).

We initially aimed to harness NHC-derived chiral dienolates II as potential ambident partners [START_REF] Wang | axially chiral molecules catalyzed by an N-heterocyclic carbene[END_REF] toward N-aryl maleimides, anticipating a formal oxidative (4 + 2) annulation leading to hitherto unknown axially chiral N-aryl phthalimides (Scheme 2). [START_REF] Das | For a recent review on the conventional construction of the phthalimide core[END_REF] Such small molecules have emerged as a relevant class of biologically active compounds with thalidomide as the most famous member. Long associated with one of the biggest medical disaster, [13] thalidomide analogues have arisen renewed interest as multi-target drugs for the treatment of various diseases because of their pleiotropic effects. [14] More recently, thalidomide activity has been evaluated for the treatment of severe COVID-19. [15] Parented N-substituted phthalimide derivatives also represent attractive building-blocks for organocatalysts, dyes, materials and fluorescent probes synthesis. [16] The diverse and overlapping properties of these compound analogues suggest that such scaffold is a valuable template for drug discovery, especially since there is no relevant data regarding unexplored Naryl phthalimide-type atropisomers.

To our surprise, when enal 1 a was reacted with one equivalent of prochiral ortho-tert-butyl maleimide 2 a in the presence of triazolium salt A, cesium carbonate as base for the generation of the active NHC catalyst and 3,3'-5,5'-tetra-tert-butyl-4,4'-diphenoquinone (TTBDQ) as the oxidant in toluene at room temperature, the expected axially chiral phthalimide 4 aa could not be observed in the mixture. Instead, a bissuccinimide adduct 3 aa, arising from the unexpected reaction of two maleimide units and featuring multiple stereogenic elements including three stereogenic centers and two stereogenic Csp 2 N axes was isolated as the sole product of the reaction, in a promising yield of 63%, high enantioselectivity and as a single diastereomer among the 32 possible stereoisomers (Scheme 3).

Encouraged by this reactivity allowing the highly stereoselective construction of polychiral molecules in one single step starting from simple prochiral materials, we decided to explore optimal reaction conditions for this unique process. Table 1 summarizes the key results of our optimization studies using prochiral maleimide 2 a (2 equiv.) and enal 1 b as model substrates, the latter incorporating a fluorine atom for more convenient NMR [START_REF]During the evaluation process of our manuscript, an organocatalyzed-atroposelective desymmetrization of prochiral N-aryl maleimides has been published, offering a direct access to enantioenriched phthalimide atropisomers: S. Mondal, S. Mukherjee[END_REF] F reaction monitoring. Based on our initial reaction conditions at 25 °C, the desired bis-succinimide could be isolated in good yield with excellent enantioselectivity and only one diastereomer (Entry 1).

Because a significant amount of aldehyde decomposition was observed at this temperature, leading to impure product in the end, reaction was conducted at 10 °C with similar yield and stereoselectivity without detrimental degradation (Entry 2). On the other hand, decreasing the temperature to 0 °C gave lower conversion and did not improve the enantioselectivity (Entry 3). Changing the solvent to tetrahydrofuran (THF) led to a significant decrease in yield (Entry 4). The use of stronger organic bases lowered the yield even further, most probably through decomposition of the maleimide starting material (Entry 5). Interestingly, no other oxidants proved to be potent in this reaction aside from TTBDQ, and in all cases no reaction was observed (Entry 6). Finally, switching azolium salt precatalyst A to B (Bode's catalyst) allowed the reaction to proceed smoothly, giving slightly higher yield with an almost intact enantiomeric ratio, and no reaction occurred with more acidic N-C 6 F 5 pre-catalyst C (Entries 7 and8). Because minor differences in terms of yield and stereoselectivity were observed, we decided to keep those complementary pre-catalysts A and B (Entries 2 and 7) for the scope of the reaction as in many cases, improved yields or enantioselectivities can be observed with one or the other.

With the optimized conditions in hands, we set our mind to investigate the scope of the reaction. To our delight, the conditions were quite general and numerous aldehydes were tolerated (Scheme 4). Both catalysts gave excellent results when performing the reaction with the phenyl substituted unsaturated aldehyde 1 a. Similarly, both electron withdrawing (1 c-d) and donating (1 e-f) groups were tolerated for the reaction, leading to the corresponding bis-adducts 3 ca, 3 da, 3 ea and 3 fa in good yields with excellent enantioselectivities. It is worth mentioning that, in most cases, the two catalysts gave the desired product with almost complete enantioselectivity. Similarly, a naphthyl-functionalized aldehyde 1 g gave the desired product 3 ga in 83% yield and 94% ee. The stereoselectivity could be improved by employing Bode's catalyst (pre-cat. B) at the expense of the conversion. Moreover, heteroaromatic rings 1 h could be employed in this reaction without significant decrease in yield of 3 ha, though with lowered enantioselectivities with both catalysts. Substitutions around the aryl moiety of the maleimide was possible with generally good results. The addition of an iodine atom in para position of the six-membered ring (2 b) led to the formation of the bis-succinimide 3 ab in a similar manner. Finally, alkynylated Michael acceptor 2 c was transformed in a diminished yield, and with lower enantiomeric excess, to 3 ac. In addition, the absolute configuration of compound 3 fa could be unambiguously determined by single X-ray crystallographic analysis and parented compounds were assumed to be analogue (Figure 1). [START_REF]CCDC 2191981 contains the supplementary crystallographic data[END_REF] As expected for an enantioselective domino sequence, both enantiomers of each product are easily accessible by using one enantiomer of the catalyst or the other. To our delight, either enantiomer of compound 3 ba could be selectively prepared from model substrates 1 a and Table 1. Optimization of the bis-addition process conditions. Entry Variations from optimized conditions Yield (%) [a] ee (%) [b] 1 25 °C 72 [c] 90 2 optimized conditions 76 91 3 4 5 6 7 8 0 °C THF as solvent using DBU or Et 3 N using p-chloranil or DDQ using pre-cat. B using pre-cat. C 58 63 47-52 nr [d] 79 nr [d] 87 --87 -- [a] Yields are for isolated compounds. [b] Determined by chiral HPLC. [c] Degradation was observed. [d] No reaction was observed. 4). Finally, to further demonstrate the potential of this simple one-pot protocol, model 1 mmolescale reactions were carried out for 72 h with a reduced loading of the catalytic mixture (5 mol%), and furnished the expected adducts 3 aa and 3 ba in good yields (94% and 73%, respectively) with preserved enantioselectivity (90 and 93% ee, respectively). (Scheme 5). Although the t-butyl group is extremely popular around atropoisomeric atropisomeric reactions due to its bulkiness increasing the barrier to enantiomerization, it would be interesting to move away from this standard. By employing a the methyl/phenyl orthoortho'-disubstituted maleimide 2 d, we could expand the scope of the reaction with original substituents assuring the configurational stability of the corresponding atropisomers (Scheme 6). Thankfully, the reaction proceeded well with those Michael acceptors and the bis-adducts were still obtained as single diastereomers with decent yields and high enantioselectivities. The phenyl-substituted aldehyde 1 a gave 3 ad in moderate yield and good enantioselectivity with the pre-catalyst A but both could be improved with Bode's pre-catalyst B, which resulted less efficient in the case of the naphthyl derivative 3 gd. Comparable results were observed with electron-donating substituents in para position (3 ed and 3 fd), though in these cases, precatalyst A gave consistently better enantiomeric excess. This trend was reversed when dealing with electron-withdrawing substituents (3 bd and 3 cd).

In an effort to expand the reaction even further, the challenging γ-ethyl-substituted enal 1 i was used in this reaction with maleimide 2 a and should provide an extra stereogenic center in the final adduct 3 ia (Scheme 7). Delightfully, the corresponding adduct was obtained as only one diastereomer, out of the 64 possible stereoisomers, showcasing the complete control over the stereogenic outcome of the reaction allowing the simultaneous control of six stereogenic elements including four stereogenic carbon atoms and two remote Csp 2 N axes. The reaction had to be extended to 36 h to have acceptable conversions of the aldehyde, and the desired product 3 ia was isolated from a complex mixture in 40% yield with pre-catalyst A. Finally, using the challenging 3,3-dimethyl acrolein 1 j [18] the expected adduct 3 ja could be isolated with same high stereocontrol but in only 29% yield due to significant degradation of 1 j.

We believe that the mechanism proceeds via the generation of the Breslow intermediate I, which upon oxidation furnishes the chiral azolium dienolate II (Scheme 8). The latter can then add onto the prochiral maleimide 2 and subsequently perform the desymmetrization of the prostereogenic axis. The resulting intermediate III can then cyclize through an addition/ elimination sequence to regenerate the active catalyst and release the key enantioenriched cyclohexenone intermediate IV. As seen with the results obtained throughout the study, the supposedly easy oxidation towards the corresponding phenol 4 does not occur, and instead, a second completely diastereoselective conjugate addition of the β-ketoamide moiety onto a second equivalent of Michael acceptor happens to yield the observed bis-succinimide 3.

To get further insight into the process, a threecomponent reaction involving model aldehyde 1 b and maleimide 2 a was attempted with two different competitive Michael acceptors such as nitrostyrene or gem-dimethyl cyclopentenedione (Scheme 9a). How- ever, under the optimized conditions, the cross-adduct could not be observed in the crude mixture and only the bis-succinimide adduct 3 ba was detected in a complex mixture. Changing the second Michael acceptor to the ortho,ortho'-disubstituted 2 d led to a mixture of the two corresponding homo-bis-succinimides 3 ba and 3 bd with the tert-butyl substituted adduct 3 ba being the major product in a 3.7/1 ratio (Scheme 9b). Finally, we decided to develop a base-induced elimination of one of the maleimide units in precursors 3, in an attempt to access the initially planned phthalimide framework 4 (Scheme 10). Subjecting the enantioenriched bis-succinimide compound 3 to two equivalents of potassium tert-butoxide at 40 °C gave the desired chiral phthalimide 4, without the requirement of an external oxidant. Following this procedure, a series of new chiral heterocycles has been developed with yields ranging from moderate to high. Moreover, in all cases, except for the naphthyl derivative, high to full retention of enantiopurity occurred with both tbutyl-and ortho,ortho'-disubstituted atropisomers.

The established (4 + 2) cyclization/aromative elimination process encouraged us to further investigate the one-pot two-step synthesis of valuable phthalimides 4.

To our delight, for the model reaction involving 1 b and 2 a, the expected atropisomeric phthalimide 4 ba could be obtained (Scheme 11). Although the reaction gave a moderate 41% NMR yield, this result highlights the potentiality for an expedient one-pot two-step atroposelective synthesis of new axially chiral phthalimides.

In summary, we have explored and illustrated the high synthetic potential of chiral NHC-activated dienolate intermediates as synthetic platforms for the rapid and highly diastereo-and enantioselective preparation of underexplored atropisomers in the pentatomic series, featuring multiple stereogenic elements including challenging Csp 2 N chiral axes. Thus, a chiral NHC-catalyzed pseudo-three components reaction between an enal and two equivalents of a prochiral Naryl maleimide under oxidative conditions resulted in the formation of bis-succinimide adduct components, with high stereocontol of up to four stereogenic centers and two remote-controlled Csp 2 N chiral axes. The products are obtained as only one diastereomer, out of the 64 possible stereoisomers, and with excellent enantioselectivity. Upon treatment under basic conditions, these bis-adducts eliminate one equivalent of N-aryl maleimide to allow for the first time [START_REF]During the evaluation process of our manuscript, an organocatalyzed-atroposelective desymmetrization of prochiral N-aryl maleimides has been published, offering a direct access to enantioenriched phthalimide atropisomers: S. Mondal, S. Mukherjee[END_REF] a twostep direct access to hitherto unknown enantiomerically enriched N-aryl phthalimides. Interestingly, promising investigations regarding a one-pot version 

Experimental Section

General procedure for the synthesis of bis-succinimides 3: A flame-dried Schlenk tube, under argon, was charged with the NHC pre-catalyst A or B (0.01 mmol, 0.1 equiv.), Cs 2 CO 3 (3.3 mg, 0.01 mmol, 0.1 equiv.), maleimide (0.2 mmol, 2 equiv.), TTBDQ (82 mg, 0.2 mmol, 2 equiv.) and a solution of the enal (0.1 mmol, 1 equiv.) in dry toluene (4 mL, 0.025 M).

The mixture was stirred for 16 h at 10 °C. Then, all volatiles were removed in vacuo and the crude mixture was purified by flash column chromatography (Petroleum ether/ethyl acetate = 90/10 to 80/20) to yield the desired product 3.

General procedure for the synthesis of N-aryl phthalimides 4: A flame-dried Schlenk tube, under argon, was charged with the bis-succinimide adduct 3 (1 equiv.) and THF (0.2 M). The mixture was cooled to 0 °C before t-BuOK (2 equiv.) was added in one portion. The mixture was stirred at 0 °C for 30 minutes. Then, the tube was sealed and the mixture was stirred at 40 °C for 17 h. Upon completion, a saturated aqueous solution of NH 4 Cl was added. The aqueous layer was extracted 3 times with dichloromethane. The gathered organic layers were washed with brine, dried over Na 2 SO 4 , filtered and concentrated under vacuum. Purification of the crude mixture (Petroleum ether/ EtOAc/AcOH: 90/8/2) afforded the desired phthalimide 4.
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 1 Figure 1. X-ray analysis of 3 fa.

  Adv. Synth. Catal. 2023, 365, 1 -9 © 2023 The Authors. Advanced Synthesis & Catalysis published by Wiley-VCH GmbH 3 These are not the final page numbers! �� 16154169, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/adsc.202201175 by Cochrane France, Wiley Online Library on [18/01/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License 2 b under standard conditions with the same efficiency, in terms of yield and enantioselectivity using precatalysts B (79%, 87% ee) or ent-B (73%, 86% ee) (

Scheme 6 .
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