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Enantioselective organocatalytic activation of vinylidene-quinone methides (VQMs)

Vinylidene-quinone methides (VQMs) are highly electrophilic chiral reagents that can be generated in situ from 2-(phenylethynyl)phenols. They were characterized for the first time in 2012 but their enantioselective organocatalytic activation was addressed only very recently. Their specific reactivity has revealed innovative strategies notably for the control of axial chirality.

Vinylidene-quinone methides (VQMs) were synthesized and identified for the first time in 2012 by Freccero via excitedstate intramolecular proton transfer (ESIPT) by irradiation of ortho-alkynylphenols. 1,[START_REF]For pioneer, non-stereoselective synthetic transformations involving VQM intermediate, without direct experimental evidence[END_REF] These intriguing highly electrophilic intermediates are variants of well-known ortho-quinone methides (o-QMs) widely used in enantioselective transformations. 3 A critical feature of VQMs 2 is their intrinsic axial chirality that can be controlled during their generation from 2-alkynylnaphthols 1 with a chiral non-racemic organocatalyst (Scheme 1). 4 Once generated, VQMs can be involved in stereoselective cycloadditions or nucleophilic additions with transfer of chirality. This allows access to original centrally chiral enantioenriched polycyclic pyrans 3 or to axially chiral naphthols 4.

The first example of enantioselective activation of a VQM was described by the group of Irie in 2013 (Scheme 2). 5 The use of cinchonidine as the organocatalyst directly transformed symmetric bis-2-alkynylnaphthol 5a to axially chiral pyran 6a in good yield and moderate enantioselectivity through an intramolecular inverseelectron demand hetero-Diels-Alder reaction. This original strategy has been exemplified and developed last year by the group of Yan using a quinine-derived thiourea I for the organocatalytic activation. 6 Under these optimized conditions, this unique transformation proceeds highly chemo-and enantioselectively even with challenging non-symmetric bis-alkynylnaphthols 5b.

Recently, DFT calculations showed that the axial chirality of the VQM intermediate is generated during the protonation step (Scheme 3). 7 First, the thiourea moiety of the catalyst acts as a Brønsted acid to activate the functionalized naphthol 5, which is deprotonated by the tertiary amine moiety of the catalyst I to form the intermediate 7. Afterward, the alkyne is enantioselectively protonated by the ammonium salt of the catalyst to give the chiral VQM intermediate 8, via the transition state 9. Then, a transfer of chirality operates during the key intramolecular [4+2]-hetero-Diels-Alder cycloaddition leading to 6. Contemporaneously, the same two groups disclosed the peculiar reactivity of mono-2-alkynylnaphthols 10 bearing a pendent benzofuran ring as the dienophile. The resulting [4+2] cycloaddition provided centrally chiral oxygenated polyheterocycles 11. While moderate enantioselectivities were found with cinchonine and cinchonidine, 8a the bifunctional thiourea organocatalyst I gave excellent enantio-and diastereoselectivities (Scheme 4). 8b Moreover, deuterium-labelling experiments clearly established that the source of the hydrogen atom at C3 of 2 (Scheme 1) originated from the hydroxyl group of 1, via an organocatalyzed enantioselective 1,5-proton shift.

In complement to the previous work involving a benzofuran ring as the dienophile, Yan and co-workers showed that 2-alkynylnaphthols 12 bearing a bis-indole moiety could undergo intramolecular dearomatizing [4+2]-cycloaddition with VQMs to form fused indolines 13 with excellent stereoselectivities (Scheme 5). 9 In contrast to these cycloadditions, Deng and Yan described the first atroposelective nucleophilic addition of sodium arylsulfinates 14 to VQMs, generated by 1,5-proton shift from simple 2-alkynylnaphthols 1 with organocatalyst I (Scheme 6). 10 Axially chiral sulfone-containing styrenes 15 were obtained with excellent enantioselectivities and almost complete E selectivity.

L-Proline used as co-catalyst, whose configuration does not play a role in the enantiodiscrimination, allowed the in situ generation of an activated ammonium sulfinate salt with increased solubility and reactivity. A bidirectional version from 1,4-dialkynylnaphthalene-2,3-diols allowed for the efficient synthesis of the corresponding double axis chiral diols. 11 The same authors reached an increased level of complexity by the three-component enantioselective synthesis of multiaxis systems 18a (Scheme 7a). 12 The use of squaramide organocatalyst III in combination with N-iodosuccinimide (NIS) as an electrophile allows the transient generation of highly reactive iodo-functionalized tetrasubstituted chiral VQMs 19. Sulfinic acid 17 trapping afforded the desired vicinal diaxial styrenes 18a in good yields and excellent diastereo-and enantioselectivities. Starting from a racemic axially chiral substrate 16 (Scheme 7b), three stereogenic axes could be controlled in 18b through an additional kinetic resolution.

Sodium sulfinate can be replaced by 5H-oxazol-4-ones allowing the enantioselective synthesis of intriguing molecules bearing E,Z configurations, stereogenic carbon atoms and axially chiral styrenes. 13 In a very complementary manner to the work detailed in Scheme 4, the group of Irie showed that VQMs from 20, bearing a pendent indole moiety, evolved by hydroarylation at C3 rather than by a [4+2] cycloaddition like bis-indoles 12. 14 Hence, VQMs undergo atroposelective intramolecular Michael-type additions leading to axially chiral benzocarbazoles 21 (Scheme 8).

A more recent breakthrough in the emerging chemistry of VQMs is due to Tan and co-workers using chiral phosphoric acid (CPA) activation. This allows for the first time, nucleophilic addition of simple phenols 23 to either ortho-alkynyl-naphthols or -naphthylamines 22 affording the atropisomeric styrenes 24 in good yields and excellent enantiocontrol (Scheme 9). 15 Inspired by the well-known BINOL-type ligands used in enantioselective catalysis, these new axially chiral styrenes were named EBINOLs. These molecules were then derivatized into chiral phosphoric acids and chiral phosphoramidites, which were used with success as original catalysts in a series of enantioselective reactions, such as Friedel-Crafts, hydrogenation or Michael addition.

In conclusion, the use of chiral VQMs in enantioselective transformations is an emerging area of research and several very recent reports have shown their high potential in synthetic chemistry, notably in the control of axial chirality. This opens new possibilities and will have a deep impact on future developments in the synthesis of original atropisomeric compounds.
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