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Introduction

Atropisomers are a subclass of conformers arising from restricted rotation around a single sigma bond, which can be isolated as separate enantiomers when the barrier to rotation is high enough. [START_REF]Oki defined atropisomers as conformers that interconvert with a half-life of more than 1000 seconds, corresponding to an enantiomerization barrier of 93 kJ mol ˇ1 at room temperature[END_REF] Nonracemic atropisomers are widely represented in natural products, [2] and they also find numerous applications, for example, in chiral catalysts [3] and functional materials. [4] Over the past few decades, the enantioselective synthesis of atropisomers has attracted the attention of synthetic chemists, and great efforts have been made to construct atropisomers featuring one stereogenic axis. [5] On the other hand, implementing functional molecules with multiple stereogenic axes leads to intriguing and more complex topologies that may have unique applications in material science and catalysis. [6] Nature has proved its ability to build atroposelectively molecular systems; numerous complex natural products with multiple stereogenic axes exist and have important biological activities (Scheme 1, axes in red). [2,7] The pharmaceutical industry is also exploring several atropisomeric drug candidates with multiple stereogenic axes, such as BMS-986141, a reversible inhibitor of Bruton s tyrosine kinase. [8] This recent interest further drives the development in this area. However, compared to the huge efforts dedicated to the enantioselective preparation of molecules with multiple stereogenic C(sp 3 ) centers, the methods for the catalytic enantioselective construction of molecules with multiple stereogenic axes are rather limited. [START_REF]For selected diastereoselective strategies to optically active multi-axis systems[END_REF] Following the seminal work of Hayashi in 1989 on the synthesis of double-axis systems, [10] the last three decades have witnessed growth in this field, especially in recent years.

Nevertheless, the stereodivergency in accessing these molecules remains a daunting challenge, which has been addressed only three times, by control of either the substrate or the catalyst (see Schemes 14, 17, and 23). This Minireview will cover the development of this field, based on a classification of the multi-axis systems into five types (Scheme 2 a, types A-E) according to the distance between the stereogenic axes.

To direct enantioselective access to these attractive systems, the five following strategies have been developed to date (Scheme 2 b): 1) aryl-aryl cross-coupling, 2) (2+ +2+ +2) cycloaddition, 3) dynamic kinetic resolution, 4) central-to-axial chirality conversion, and 5) trapping chiral vinylidene-quinone methides (VQMs). These five elegant and complementary strategies will be described in detail in the next section. The enantioselective cross-coupling of aryl partners under transition-metal catalysis is one of the most important transformations for the preparation of axially chiral biaryls with one stereogenic axis. [2b, 11] Interestingly, the first example of enantioselective synthesis of atropisomers with two stereogenic axes through enantioselective cross-coupling was reported by Hayashi and co-workers in 1989 (Scheme 3 a). [10] The synthesis of the chiral 1,4-diaxial ternaphthalenes (R,R)-4 and (R,R)-5 was accomplished with the nickel-(S)-(R)-PPFOMe complex (NiBr 2 /L1), which catalyzed a highly enantioselective double Kumada cross-coupling between the Grignard reagent 1 and the corresponding dibromonaphthalenes 2 and 3. The stereochemical outcome of the double coupling was consistent with the stereoselectivity in the crosscoupling of Grignard reagent 1 and 1-bromonaphthalene (6) (Scheme 3 b). Based on the enantioselectivity of (R)-7 (80 % ee) and the Horeau chiral amplification principle, [12] (R,R)-5 could be isolated with a theoretical diastereo-and Atropisomers possessing multiple stereogenic axes are intriguing molecules with huge potential. However, only few approaches for their enantioselective synthesis are available due to the difficulties in assembling various stereogenic axes with high enantiocontrol. Only recently, innovative methods have emerged, opening new possibilities for the synthesis of this original class of atropisomeric compounds. This Minireview describes the development of this field based on a classification of the multi-axis systems according to the distance between the stereogenic axes and the strategy used to build them. In 2019, Shi and co-workers described the first highly enantioselective N-heterocyclic carbene (NHC)-Pd-catalyzed Suzuki-Miyaura cross-coupling reaction for the synthesis of atropisomeric biaryls. [13] A variety of axially chiral biaryls, heterobiaryls, and tetra-ortho-substituted biaryls were efficiently prepared in high yields with excellent levels of enantiocontrol from readily available substrates. These reactions tolerate a wide scope of heterocycles and functional groups, employ low catalyst loading, and proceed under mild conditions. In addition to this broad substrate scope, the authors also demonstrated the possible access to ternaphthalenes 5 a,b via a double Suzuki-Miyaura cross-coupling between dibromonaphthalene 3 and naphthylboronic acid 8 (Scheme 4). Key to the success of the reaction was the development and application of the very bulky C 2 -symmetric chiral NHC ligand L2 for the Pd catalyst.

Strategies for the Construction of Multiple-Axis Systems

The following year, Baudoin and Cramer reported an atroposelective intermolecular Pd-catalyzed CˇH arylation of 1,2,3-triazoles and pyrazoles. [14] They used a Pd 0 complex with the chiral monodentate phosphine ligand L3 for the arylation of a broad range of triazoles and pyrazoles in high enantio-Scheme 3. Enantioselective synthesis of axially chiral ternaphthalenes.

Scheme 2. Types of multi-axis systems and strategies for their construction. selectivity. Investigations of the deuterium kinetic isotope effect revealed that the CˇH activation is the rate-determining but not the enantio-determining step. Interestingly, the CȞ arylation of 1,5-dibromo-2,6-dimethoxynaphthalene ( 10) with two equivalents of 1-methyl-4-phenyl-1H-1,2,3-triazole ( 9) allowed the synthesis of the double-axis heteroatropisomer (M,M)-11 in good yield (76 %) and excellent enantiocontrol (> 99 % ee) without formation of the meso stereoisomer (Scheme 5).
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(2+ +2+ +2) Cycloaddition (Type B, C, and D Molecules)

The (2+ +2+ +2) cycloaddition is a privileged, atom-economical protocol for the assembly of substituted benzene rings via metallacyclopentadiene intermediates. It has demonstrated its potential in the enantioselective synthesis of biaryl atropisomers in the presence of chiral transition-metal complexes. [15] In 2004, 15 years after the pioneering work of Hayashi and co-workers, the group of Shibata described the second and general strategy for the enantioselective synthesis of biaryl atropisomers with a 1,4-diaxial arrangement, and reported the full details later (Scheme 6 a). [16] The use of iridium and (S,S)-MeDUPHOS (L4) as the transition-metal complex catalyst successfully achieved the enantioselective (2+ +2+ +2) cycloaddition of ortho-substituted diaryldiynes 12 and alkynes 13 with various functionalities to afford congested teraryl atropisomers 14 in good yield and excellent stereoselectivity. Through rational design, the same strategy was further utilized to forge the helically shaped chiral atropisomers 16 with four and eight consecutive axes through the cycloaddition of tetra-to octaynes 15 with alkynes 13 a in perfect enantioselectivity (Scheme 6 b). [17] In 2007, in complementary work, Tanaka and co-workers established a similar enantio-and diastereoselective (2+ +2+ +2) cycloaddition of diketodiynes 17 and monoalkynes 18 to give the teraryl atropisomers 19 featuring an anthraquinone structure with a 1,4-diaxial subunit in good yield and enantioselectivity (Scheme 7). [18] The diastereomeric ratio ranged from 2:1 to 8:1, depending on the substituents of the reaction partners. The authors revealed that the cationic rhodium-(S)-SEGPHOS complex used in the reaction was superior to Shibata s iridium-(S,S)-MeDUPHOS complex, as the latter failed to catalyze the cycloaddition with the electron-deficient diketodiyne.

Next, with the established catalytic system, examples to construct 1,2-and 1,3-diaxially chiral systems were disclosed (Scheme 8). Alternatively, the enantioselective cycloaddition of 1,6-diyne 20 with alkynes 21, featuring a 2-substituted phenyl group and an N,N-dialkylamino formyl group at the terminus, gave the desired 1,2-diaxially chiral biaryl benzamides 22 in high yield with excellent enantio-and diastereo-Scheme 4. Enantioselective synthesis of axially chiral ternaphthalenes. selectivity in the presence of the rhodium-(S)-L6 complex as catalyst (Scheme 8 a). [19] In addition, the enantioselective cycloaddition of 2-methoxynaphthalene-derived 1,6-diyne 23 and 2-methoxynaphthalene alkynylester 24 with rhodium-(S)-SEGPHOS (rhodium-(S)-L5) afforded the 1,3-teraryl, 1,3diaxial compound 25 as a major diastereomer with good yield and enantioselectivity (Scheme 8 b). [20] Following their previous work, Shibata and co-workers also developed an enantioselective intramolecular (2+ +2+ +2) cycloaddition in 2006 (Scheme 9). [21] The same iridium-(S,S)-MeDUPHOS complex (see Scheme 6) smoothly catalyzed the intramolecular cyclotrimerization of various triynes 26 with terminal ortho-substituted aryl groups, affording the desired biaryl, 1,2-diaxial atropisomers 27 in good yield and enantioselectivity.

In related work, an interesting rhodium-(S)-xylyl-BINAPcatalyzed enantioselective intermolecular (2+ +2+ +2) cycloaddition of ynamides 28 and alkynes 29 was disclosed in 2007 by Hsung and co-workers towards the chiral, ortho-disubstituted N,O-biaryls 30 (Scheme 10). [22] This was the first example in which both the CˇC and CˇN axial chirality was set in one step, and the process provided the final product in good yield and enantioselectivity, even though the diastereocontrol was not perfect.

Dynamic Kinetic Resolution (Type A and C Molecules)

In recent years, the dynamic kinetic resolution (DKR) of racemic compounds has emerged as one of the most efficient methodologies for the synthesis of enantio-enriched atropisomers. [23] In this context, following their innovative work in this area, [24a] Miller and co-workers generated in 2014 a unique 1,1-diaxially chiral system through the enantioselective bromination of racemic benzamide 31 to give the corresponding tribromides 32 in the presence of the peptide catalyst I and 1,3-dibromo-5,5-dimethylhydantoin (DBDMH). [24b] The amide 32 features an Ar-CO axis (in red) and a C-N axis (in blue), connected to each other directly (Scheme 11). Interestingly, a kinetically controlled product distribution was observed initially, as (S-cis)-32 was detected to be the major product (trans:cis = 43:57) 2 h after the reaction had been quenched, while cis-31 was the minor product (trans:cis = 57:43) at the onset. Moreover, an isomerization of this system occurred at room temperature and the thermodynamic equilibrium was reached after 72 h. As observed, the trans:cis ratio increased from 43:57 to 76:24, and both er trans and er cis reached 79:21 from 66:34 and 88:12, respectively. This equilibrium was the result of the CˇN bond rotation at room temperature [(S-cis)-32 to (S-trans)-32, and(R-cis)-32 to (Rtrans)-32], which was circumstantially supported by X-ray structure analysis and DFT calculations. In addition, the authors confirmed that a concerted CˇN/ArˇCO bond rotation was responsible for the racemization of the amide 32 at higher temperature.

Later in 2019, Smith and co-workers established an elegant chiral counterion-mediated O-alkylation of atropisomeric amides in high enantioselectivity via DKR, and two interesting examples for the incorporation of two stereogenic axes were described (Scheme 12). [25] The key racemization process at the Ar-CO axis (in red) of 33 was facilitated by the intramolecular OˇH•••NCO hydrogen bond, which was demonstrated by quantum calculations. Thus, with the preinstalled ortho-substituted aryl group at the 8-position, the enantioselective O-alkylation of 33 catalyzed by catalyst II enabled the generation of 1,3-diaxial chiral amides 34 with in good yields and high enantioselectivities for both diastereomers.

Central-to-Axial Chirality Conversion (Type B, C, D, and E Molecules)

Central-to-axial chirality conversion has attracted much attention and has been used by several groups in recent years to forge and control axial chirality. [26] First hypothesized in 1955 by Berson, it was established by Meyers 30 years later in a diastereoselective approach. [27] In 2016, Sparr and coworkers developed a compelling and efficient enantioselective aldol condensation for the construction of oligo-1,2naphthylenes with one stereogenic axis (Scheme 13). [28] The natural amino acid l-isoleucine catalyzed the stereoselective intramolecular aldol addition of the in situ double-oxidation product of 35, and the conversion of the central chirality to the axial chirality during the dehydrative arene-forming process afforded the oligoarene 36 in 71 % yield and 90 % ee. To generate the second axis, a mixed-metal species 37, the building block for the preparation of 35, was added to build a similar aldol addition precursor unit 38. Thus, the in situ double-oxidation and the substrate-controlled diastereoselective arene-forming aldol condensation sequence formed the atropisomers 39 featuring two stereogenic axes with 1,2arrangement and a secondary P-helix substructure in 29 % yield and 79:21 dr.

To circumvent the low yield and diastereoselectivity, the authors developed recently a catalyst-controlled stereodivergent synthesis of extended oligomers with multiple stereogenic axes (Scheme 14). The strategy profited from the established iterative building block addition/stereoselective aldol sequence. [29] The catalyst-controlled stereodivergent synthesis, in which the obstacle is the catalyst-substrate mismatch, is a well-explored concept in the construction of molecules with multiple stereogenic centers. [30] In sharp contrast, this concept was unrecognized when the molecule contained two or more stereogenic axes until this seminal work was addressed. First, the in situ double oxidation of diol 40 followed by a (S)-pyrrolidinyl tetrazole III catalyzed enantioselective arene-forming aldol condensation afforded the biaryl atropisomer (S a )-41 in over 99:1 er. As demonstrated in Scheme 14, the chain elongation of (S a )-41 could be rapidly enabled by the mixed-metal species 37 to give the diol 42. Therefore, the (R a, S a )-43 with two stereogenic axes was accessed via the similar procedure without catalyst in 4:1 dr, which can be improved to 16:1 by the cinchonidine-derived catalyst IV. Intriguingly, the catalyst III inverted the selectivity to give the (R a, S a )-44 as the major product in 32:1 dr (catalyst-substrate mismatch). With the same strategy, the substrate-controlled (R a ,S a ,S a )-45 with three stereogenic axes was afforded in 7:1 dr. However, the ion-pairing catalyst IV proffered to give the mismatched stereoisomer (S a ,S a ,S a )-46 in 8:1 dr in this case. In addition, stereoisomers (R a ,S a ,S a ,S a )-47 and (S a ,S a ,S a ,S a )-48 with up to four stereogenic axes were Scheme 12. Enantioselective O-alkylation of atropisomeric amides. Scheme 13. Enantioselective synthesis of oligo-1,2-naphthylenes.

achieved efficiently. This compelling stereodivergent synthesis of atropisomers with multiple stereogenic axes endows the corresponding oligoarenes with a unique and promising topology. In addition, the electron-transfer property associated with the conjugation of this unique class of helical oligo-1,2-naphthylenes with [Ru(bpy) 3 ] 2+ photosensitizer was investigated recently. [31] Later in 2019, Zhou and co-workers reported a stepwise strategy to synthesize chiral 2,3-diarylbenzoindoles 52 featuring two stereogenic axes with a 1,2-arrangement in good yield and excellent stereoselectivity (Scheme 15). [32] The chiral phosphoric acid (CPA) VI catalyzed the formal (3+ +2) cycloaddition 1-styrylnaphthols 49 with azonaphthalenes 50 to construct the enantiomerically enriched dihydropyrrole precursors 51 in good yield and excellent diastereo-and enantioselectivity. Next, the oxidative aromatization with dichlorodicyanobenzene (DDQ) under mild conditions efficiently afforded the diarylbenzoindoles 52 through central-toaxial chirality conversion after the protection of phenolic hydroxyl group with p-toluene sulfonyl (Ts) group. Notably, this well-designed process was the first example of the conversion of two adjacent stereogenic centers into two ortho-stereogenic axes.

Recently, a bidirectional enantioselective synthesis of bisbenzofuran atropisomeric oligoarenes was reported by our group (Scheme 16). Oligoarenes 58 (S-shaped) and 59 (Eshaped) featuring two distal stereogenic axes were obtained in good yield and stereoselectivity by a twofold central-toaxial chirality conversion from the oxidative aromatization of bis-dihydrobenzofuran precursors 56 and 57 with MnO 2 , respectively. [33] The bis-dihydrobenzofuran precursors were constructed thanks to a chiral squaramide VII catalyzed bidirectional stereoselective Michael addition/O-cyclization cascade of simple dihydroxylated aromatics 53 or 54 and chloronitroalkenes 55. The high level of enantioselectivity was due to the beneficial Horeau chiral amplification effect. Moreover, this bidirectional property facilitated a stereodivergent approach to nonsymmetrically functionalized Sshaped oligoarenes (Scheme 17). The mono-dihydrobenzofuran 60 was formed with one equivalent of chloronitroolefin 55 a in 55 % yield and excellent stereoselectivity (> 20:1 dr, 96 % ee). Next, the second dihydrobenzofuran motif was forged with chloronitroolefin 55 b utilizing VII or ent-VII to give the stereoisomers (2S,3S,7S,8R)-61 and (2R,3R,7S,8R)-62, respectively, in good yield and excellent diastereo-and enantioselectivities. Gratifyingly, the efficient chirality con-Scheme 14. Stereodivergent synthesis of oligomers with multiple stereogenic axes. Scheme 15. Enantioselective synthesis of axially chiral 2,3-diarylbenzoindoles.

version process afforded the corresponding bis-benzofuran diastereomers (aS,aS)-63 and (aS,aR)-64 in good yields and both with excellent enantiocontrols via oxidative aromatization.

Very recently, Bertuzzi and co-workers developed a closely related central-to-axial chirality conversion approach to construct enantiomerically enriched indole-quinoline atropisomers. [34] As an extension of this methdology, two examples of 1,3-diaxially chiral atropisomers were constructed (Scheme 18). The use of CPA VIII as the organocatalyst directly furnished the tetrahydroquinoline 67 a in good yield and enantioselectivity via an enantioselective Povarov (4+ +2)cycloaddition of 3-alkenylindole 65 and N-arylimine 66 a. Then the oxidative aromatization with DDQ triggered the chirality conversion step, affording the indole-quinoline atropisomers 68 a in 59 % yield and 94 % enantiomeric excess. In addition, the moderate 3:1 diastereomeric ratio was the result of the lower chirality conversion to the second axis. Similarly, the tetrahydroquinoline 67 b with two indole moieties was obtained in good yield and enantioselectivity from imine 66 b with VI as the catalyst. Interestingly, the second stereogenic axis with a five-membered indole ring was not configurationally stable at room temperature. Thus, the subsequent oxidation with m-CPBA afforded the final Noxide 68 b featuring two stereogenic axes with 1,3-arrangement in 60 % yield and good stereoselectivity (9.4:1 dr, 90 % ee).

Finally, in 2020, Tan and co-workers reported the first CPA-catalyzed atroposelective CˇH amination of electrophilic azoarenes with nucleophilic pyrroles and carbazoles [35] Scheme 16. Enantioselective synthesis of bis-benzofuran atropisomers. in which an organized hydrogen-bond network activates both the azoarene and the substituted heterocycle. [36] During the following rearomatization a central-to-axial chirality conversion is in effect, and the CˇH functionalized axially chiral arene is obtained in high atroposelectivity. A double enantioselective arene CˇH amination reaction was conducted with success with (S)-IX, from 2,6-diazonaphthalene 69 and carbazoles 70 as the nucleophiles to give the desired 1,5dicarbazole naphthalene derivatives 71 with excellent enantiocontrol (Scheme 19), and only moderate formation of the meso product (dr = 4:1).

Trapping Vinylidene-Quinone Methides (Type B, D, and E Molecules)

Vinylidene-quinone methides (VQMs) were synthesized and identified for the first time in 2012 by Freccero and utilized by the group of Irie in 2013 for the first atroposelective transformation. [37] In recent years, these intriguing highly electrophilic intermediates have shown their huge potential for the construction of axially chiral compounds. [38] A critical feature of VQMs is their intrinsic axial chirality, which can be controlled during their generation from 2alkynylnaphthols with a chiral nonracemic organocatalyst. In this context, the group of Yan developed a series of elegant methods for the enantioselective synthesis of atropisomers. [39] In 2018, this group disclosed a bidirectional enantioselective construction of 1,4-diaxially chiral bis-styryl diols 74 from 1,4dialkynylnaphthalene-2,3-diols 72 with organocatalyst X (Scheme 20). [39b] First, the chiral VQMs-1 intermediate was generated through an enantioselective prototropic rearrangement in the presence of squaramide catalyst X. Next, bidirectional addition of in situ generated sulfone anion from a-amido sulfone 73 to VQMs-1 gave the diols 74 in good yield and excellent stereoselectivity. A preliminary study was conducted to show the potential of these chiral diols as chiral ligands.

At the same time, they achieved a more complex system with up to three stereogenic axes by an enantioselective threecomponent reaction (Scheme 21). [39d] The highly reactive transient iodo-substituted chiral VQMs-2 intermediate was generated by the squaramide XI-catalyzed enantioselective electrophilic substitution of alkynylphenols 75 with N-iodo-succinimide (NIS). Thereafter, the trapping of this intermediate with sulfinic acid 76 afforded the vicinal styrenes 77 a with two stereogenic axes with a 1,2-arrangement in good yields and excellent stereochemical outcome (Scheme 21 a). Moreover, the standard conditions were efficient for the kinetic resolution of racemic axially chiral substrates 75, affording the final styrenes 77 b, which feature three stereogenic axes, with selectivity factors higher than 68 (Scheme 21 b).

Continuing this work, the same group stepped forward to demonstrate a smart design for the synthesis of optically active carbo[6]helicenes 79 featuring two distal stereogenic axes (Scheme 22). [39g] The organocatalyst X efficiently transferred the rationally designed ortho-alkynylphenols 78 to helicenes 79 with high diastereo-and enantioselectivity via the corresponding chiral VQM intermediate VQMs-3. In Scheme Enantioselective synthesis of axially chiral styrenes.

addition, mechanistic studies revealed that the first cyclization produced a reaction intermediate containing a stereogenic axis. This was evidenced by the isolation of the monocyclization product 80 with 99 % ee after only 8 h of reaction (Scheme 23). The remaining helix and stereogenic axis were generated through a dynamic kinetic resolution. This work featured a stereodivergent approach to access the diastereomers of this intriguing scaffold through catalyst control. As shown in Scheme 23, the helicene (P,5aR,12aR)-79 a and its diastereomer (M,5aR,12aS)-81 were generated from the monocyclization product 80 in good yields and excellent enantioselectivities in the presence of X and its pseudoenantiomer XII, respectively.

Miscellaneous (Type D and E Molecules)

Very recently, Shibata and co-workers reported a cycloisomerization strategy closely related to a (2+ +2+ +2) cycloaddition for the enantioselective synthesis of mono-and bisaxially chiral polycylic hydrocarbons (PAHs). [40] A dibenzometallacyclopentadiene complexe intermediate 83 is generated from 82 a-c by regioselective cleavage of the biphenylene units assisted by the alkyne moiety, in the presence of a rhodium catalyst and the diene ligand L7. Then, a bidirectional enantioselective insertion of the alkyne moiety into the RhˇC bond, followed by reductive elimination terminates the double cyclization affording the desired PAHs 84 a-c in good yields and only little formation of the meso diastereomers (Scheme 24).

Summary and Outlook

The first glimpses of the tremendous potential of the enantioselective synthesis of atropisomers possessing multiple stereogenic axes have been possible in recent years. Innovative methods for the elaborate assemblage of atropisomers with multiple axes have overcome the often low configurational stability of the stereogenic bond and the difficulty of the stereochemical control. Spurred on by the intriguing topologies of these multiple-axis systems, the future will witness the continuous development of their enantioselective synthesis. However, the stereodivergency, for which many smart solutions have been developed over the years for multiple stereogenic centers containing molecules, is still in its infancy for multiple axially chiral atropisomers and remains a huge synthetic challenge. This unique class of atropisomers is expected to have new applications in different fields, following the increasing diversity of the multiple axially chiral scaffolds available.
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