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Abstract

:

Vinylogous enolate and enolate-type carbanions, generated by deprotonation of α,β-unsaturated compounds and characterized by delocalization of the negative charge over two or more carbon atoms, are extensively used in organic synthesis, enabling functionalization and C–C bond formation at remote positions. Similarly, reactions with electrophiles at benzylic and heterobenzylic position are performed through generation of arylogous and heteroarylogous enolate-type nucleophiles. Although widely exploited in metal-catalysis and organocatalysis, it is only in recent years that the vinylogy and arylogy principles have been translated fruitfully in phase-transfer catalyzed processes. This review provides an overview of the methods developed to date, involving vinylogous and (hetero)arylogous carbon nucleophiles under phase-transfer catalytic conditions, highlighting main mechanistic aspects.






Keywords:


phase transfer catalysis; stereoselective reactions; vinylogous reactions












1. Introduction


It is well-known that the resonance stabilization effect of a functional group is propagated through the π-electrons of one or more conjugated multiple bonds, according to the principle of vinylogy [1,2]. This basic concept has found several applications in organic synthesis, enabling the extension of reactivity to remote positions. One of the most popular declination of the principle of vinylogy concerns the enolate-based and closely related chemistry, as depicted in Scheme 1a. The deprotonation of the enolizable allylic γ-carbon of α,β-unsaturated carbonyl compounds under basic conditions, generates a resonance-stabilized dienolate which presents a pronounced electron density both at α and γ positions. Similarly, deprotonation of conjugated nitroalkenes, α,β-unsaturated nitriles, α,β-unsaturated sulfones and other electronpoor alkenes I, gives rise to π-extended enolate-type carbanions II, characterized by ambident reactivity towards a number of electrophiles, depending on experimental conditions and reacting partner. If, on one hand, reaction at α position is the same as expected for normal saturated pronucleophile (product III), on the other, involvement of the γ-carbon offers the opportunity for elongation or functionalization at remote position (vinylogous reaction leading to product IV). Notable examples of such reactivity are vinylogous aldol, Mannich, and Michael reactions.



Special cases of vinylogous systems are molecules in which the electronic effect of the unsaturated electron-withdrawing group is transmitted through an aromatic or an heteroaromatic moiety, thus stabilizing a negative charge at (hetero)benzylic positions (Scheme 1b,c). For the resonance effect to take place, the electron-withdrawing group and the reactive benzylic carbon should be ortho or para-positioned (XI and XIV in Scheme 1c), whereas in five-membered heterocycles they should be 1,2 or 1,4 mutually positioned (V and VIII in Scheme 1b). In order to emphasize the substantial difference with “normal” vinylogous processes, in this review we will refer to such processes as arylogous and heteroarylogous reactions. It should indeed be pointed out that deprotonation at such activated (hetero)benzylic carbons entails sacrificing the aromatic stabilization energy, as evidenced by the representative non-aromatic o-quinodimethane (oQDM) or p-quinodimethane (pQDM) canonical forms (VI, IX, XII, and XV in Scheme 1). This is especially true for carbocyclic aromatic substrates XI and XIV compared to heteroaromatic substrates V and VIII, due to the higher aromatic stabilization energy for the former. The “enolization” at the allylic γ-carbon of α,β-unsaturated compounds is therefore expected to be much easier than at the benzylic position of functionalized aromatic compounds XI and XIV, whereas an intermediate difficulty should be anticipated for the “enolization” of heteroaromatic precursors V and VIII. To confirm this, vinylogous transformations of alkene substrates I to products IV, basing on metal- and organocatalysis, are widely reported [3,4,5], and heteroarylogous transformations of V/VIII to give products VII/X are increasingly growing during recent years [3,6], as opposed to arylogous reactions, which are much rarer and mainly feasible with strongly activated substrates [7,8,9,10,11,12] or under special conditions, such as photocatalysis [13,14,15,16,17,18].



Phase transfer catalysis (PTC) has been a well-established methodology for over half a century, promoting reactions in two-phase immiscible systems [19,20,21,22,23]. Simple operational procedures, ease of catalyst separation and recycling, and absence of metal impurities and water sensitive reagents are some of the advantages provided by PTC, that have led to broad application both in small scale and industrial low cost, high performing, and environmentally benign processes [24,25,26,27,28]. The beginning of XXI century, in particular, has seen the explosion of the asymmetric PTC [29,30,31,32,33,34,35]. The inorganic base initiated reactions, involving the deprotonation of a moderately acidic substrate with the generation of a reacting organic anion, are the most commonly used phase transfer catalyzed processes in organic synthesis. However, this technique started to be applied to vinylogous precursors only recently. Such a developmental delay is quite surprising if one takes into account the unique benefits of PTC. A very important aspect, for instance, is the exceptional efficacy of base-initiated PTC in activating very weakly acidic pronucleophiles (pKa up to 23) despite non anhydrous conditions [36], matching or even exceeding the performances of homogeneous organic superbases. The presence of solid or highly concentrated aqueous alkali bases, makes it possible to generate strongly basic carbanions in non-hydrated form into the organic phase. This characteristic turns out to be useful in reactions of arylogous substrates which, as already mentioned, are hardly enolizable. In addition, to remain in the field of organocatalysis, PTC normally requires smaller catalyst loadings than aminocatalysis and N-heterocyclic carbene catalysis. Since it is well known that ion-pairing plays a key role in the mechanism of phase-transfer catalyzed processes, the regio- and stereoselectivity under such conditions are expected to be governed by interactions between the cation catalyst and the vinylogous enolate-type anion (II, VI, IX, XII, XV in Scheme 1) [37,38,39,40]. In fact, although site-selectivity of vinylogous reactions is often affected by intrinsic stereoelectronic features of reagents, the role played by the catalyst’s control in processes involving ion-pair intermediates has been demonstrated in many cases [41].



This review article aims to specifically focus on stereoselective methodologies involving vinylogous and arylogous carbon nucleophiles under PTC conditions, with a mechanistic discussion, wherever possible. Vinylogous, heteroarylogous, and arylogous reactions will be examined into three separate sections. In Figure 1 are summarized the pronucleophiles surveyed herein.




2. Reactions Involving Vinylogous Nucleophiles


2.1. γ-Butenolides and 2-Pyrrolinones


Both the γ-butyrolactone and γ-butyrolactam moieties are ubiquitous structural motifs in biologically relevant natural products and synthetic analogues, stimulating the development of a large number of stereoselective synthetic methodologies over the years [42,43,44,45,46]. One of the most widely used strategies involves the vinylogous reaction of conjugated (XVII) or deconjugated (XVIII) butenolides and pyrrolinones, or alternatively, of the corresponding silyloxydienes (XIX) [3,5,47,48,49,50]. Treating XVII or XVIII with Brønsted bases, or XIX with Lewis bases, leads to common dienolate intermediate (XX), exhibiting ambident α/γ nucleophilicity, with a normal preference for reaction at γ-carbon with most of electrophiles (Scheme 2). Silyloxyfurans and silyloxypyrroles are also used under Lewis acid catalysis or iminium ion catalysis [51,52,53,54].



Silyloxyfurans 1 can be activated by ammonium salt catalysts R4N+X− presenting a Lewis base anion X− (e.g., F−, ArO−, RCOO−). This species carries out the desilylative formation of nucleophilic dienolate intermediate 3. If the reaction of 3 with the electrophile leads to an oxyanion species, as for Mukaiyama aldol (4 in Scheme 3) and Mukaiyama–Michael additions, this can desilylate the substrate 1 continuing the catalytic cycle (Scheme 3; the example of Mukayama aldol process is depicted). Basically, R4N+X− is indeed an initiator, while the cyclically generated chiral ammonium dienolate 3 is involved in the asymmetric addition. For instance, enantioselective vinylogous Mukaiyama aldol reaction (VMAR) of 2-trimethylsilyloxy furan (6), promoted by Cinchona alkaloid derived ammonium phenoxide or carboxylates, in CH2Cl2 have been described [55,56]. Tetrabutyl ammonium fluoride (TBAF) in THF proved to promote the anti-diastereoselective vinylogous Mukaiyama–Michael reaction of 6 [57,58].



Although the above-mentioned methods do not involve a phase-transfer mechanism, the underlying counterion directed stereocontrol suggests the feasibility of analogous processes, in which an insoluble (or water-soluble) Lewis base species X− is activated by a phase-transfer catalyst. With this idea in mind, our group developed a vinylogous Mukaiyama–Michael reaction (VMMR) of 6 with α,β-unsaturated ketones, using crown ethers as phase-transfer catalyst, in place of the ammonium salt, in the presence of stoichiometric amounts of KF suspended in an organic solvent (Scheme 4) [59]. The reaction works well in various solvents at low temperature (typically −78 °C), but interestingly, an extremely variable diastereoselectivity was observed depending on the medium dielectric constant. In fact, the very high anti-preference achieved in highly (e.g., DMF and CH3CN) and moderately polar (e.g., CH2Cl2) solvents switched to high syn-selectivity moving to a strongly non-polar solvent such as toluene. A similar diastereo-switching from syn to anti adduct was also observed moving from 18-crown-6 derivatives to 15-crown-5 derivatives in the same reaction medium. A strong anti-selectivity also resulted from reaction with catalytic amounts of TBAF under homogeneous conditions in many solvents, as well as from the phase-transfer catalyzed process with [2,2,2]-cryptand. On these grounds, we developed a diastereodivergent VMMR of 6 and α,β-unsaturated ketones, achieving anti or syn selectivity upon appropriate selection of the crown ether catalyst and the solvent (Scheme 4).



The above mentioned diastereo-switching behavior was rationalized by assuming the involvement of a nucleophilic dienolate/K+ ⊂ crown ether ion pair (analogous to dienolate/R4N+ ion pair 3, depicted in Scheme 3). Since the space above and below the positively charged K+ ⊂ 18-crown-6 ether is easily accessible, we proposed a very tight ion pair with these macrocycles, provided that a low dielectric constant solvent is used. DFT calculations of such contact ion pair, in which both the dienolate anion and the carbonyl group of the α,β-unsaturated ketone are coordinated to K+, demonstrated a strong preference for the exo-type approach, leading to the syn adduct (Figure 2a), in agreement with the experimental results [59,60]. On the other hand, we suggested that catalytic quaternary ammonium salts, 15-crown-5 derivatives, and [2,2,2]-cryptand, entail separated ion pairs, as a result of the hard accessibility of positive charge for R4N+, the sandwich K+ ⊂ (15-crown-5)2, and the cryptate K+ ⊂ [2,2,2]-crypt. High dielectric constant solvents should also give rise to well-separated ion pairs. Consequently, under those conditions, we suggested that the cation chelation effect no longer occurs, and the dienolate anion reacts as a “naked” nucleophile. DFT calculations of the reaction transition state between the “naked” dienolate and α,β-unsaturated ketone revealed a preference for the endo-type approach, leading to the anti-adduct, that was again in agreement with the experimental results (Figure 2b) [59,60].



An asymmetric direct vinylogous aldol reaction of (5H)-furan-2-ones catalyzed by in situ generated cinchona alkaloids derived 4-methoxy-phenoxide salts was also reported [61]. Despite the analogies with the VMMR of 6 described above, given the involvement of a catalytic Lewis base salt, this process is not performed under phase-transfer conditions, being all the components soluble in the reaction medium, and therefore not further discussed herein.



The group of Maruoka developed in 2017 the first enantioselective vinylogous Michael reaction (VMR) of 5-arylpyrrol-2-ones, catalyzed by binaphthyl-based chiral ammonium salts [62]. A distinctive feature of this methodology is the applicability to mixtures of α,β and β,γ-unsaturated lactams 8 and 9, via formation of a common dienolate intermediate (see XX in Scheme 2), without affecting the enantioselectivity to a significant extent. This is particularly convenient, taking into account the difficulty to synthetize selectively each of the two isomers. The best results were obtained using N-(2,4-dimethoxybenzyl)-γ-lactams 8,9 and the catalyst 10a, with very good γ-regioselectivity, good yields and high ee’s (Scheme 5). Fine tuning of catalyst structure and inorganic base also enabled the extension to 3- and 4-substituted substrates with good results (products 12–15 in Scheme 5). Apparently, the presence of 5-aryl, or heteroaryl, group is of paramount importance to make γ-carbon acidic enough. Indeed, 5-alkyl substrates reacted sluggishly and with poor yields and enantioselectivity. Finally, the authors demonstrated that the 2,4-dimethoxybenzyl group can be easily removed by treating with TFA, providing N-unprotected products without loss of enantiomeric purity.




2.2. α,α-Dicyanoalkylidenes


Compounds containing the α,α-dicyanolkylidene functionality are easily enolizable at the γ-position, as long as this is not a quaternary carbon atom (Scheme 6). Such pronucleophiles are among the most used substrates in vinylogous processes, with many type of catalysis [4,63,64]. Part of their success is also due to the easy cleavage of α,α-dicyanolkylidene, affording a carbonyl group. In other words, compounds XXII may be regarded as a “masked” ketone, and its vinylogous reaction considered as a viable alternative to the α-elongation/functionalization of less acidic carbonyl compounds. In addition, the α,α-dicyanovinylidene also presents electrophilic sites at cyano group and β-carbon, being thus suitable for further elaborations and tandem reactions.



Jørgensen and Niess first demonstrated that substrates XXII are compatible with phase-transfer conditions [65]. They developed a vinylogous enantio- and diastereoselective Mannich reaction of α,α-dicyanolkylidenes 16 with in situ generated N-Boc imines from α-amidosulfones 17, using liquid–liquid conditions and only 3 mol% of Lygo’s catalyst 18 (Scheme 7). Adducts 19 were obtained in high yields, d.r. and ee starting from aromatic six-membered derivatives 16a. The five-membered derivative 16b furnished similar stereoselectivities but lower yields. Apparently the increased flexibility of substrate structure entailed lower diastereomeric ratio, but no fall in enantioselectivity (products 19c,d). Very good results were also achieved with cyclic aliphatic substrates (products 19d,e), even though the lower reactivity required double amount of catalyst. The corresponding enantioenriched aminoketones were obtained by oxidative cleavage with KMnO4 without erosion of ee. Although adducts 19 have also been obtained in extraordinarily high yields and enantioselectivity, starting from preformed N-Boc imines, by using bifunctional organocatalysis [66], the present phase-transfer methodology offers the remarkable advantage of employing much more stable and easily manipulated α-amidosulfones 18.



Lin, Duan, and coworkers have recently tried, with a fair degree of success, to combine the above-mentioned advantages of phase-transfer catalysis and better performances of bifunctional catalysis, in this Mannich reaction [67]. A general improvement of stereoselectivities, compared to catalyst 18, were indeed achieved with both cyclic and acyclic dicyanoolefins and α-amidosulfones 17, by using the thiourea-functionalized cinchona alkaloid derived ammonium salt 20 (Scheme 8). These good results were preserved across a wide range of aromatic substituted substrates. Previous studies with N-benzylcinchonidinium chloride, on the other hand, furnished decreased level of enantioselectivity [68].



Cao, Wu, and coworkers demonstrated that only 1% mol of chiral phosphonium salt 22, could catalyze the vinylogous Mannich addition of acyclic α,α-dicyanoolefins 16f to N-Boc imine isatins 21 in high yields and ee’s, under base phase-transfer conditions (Scheme 9) [69]. It should be noted that the reaction conducted with the same substrates under homogenous bifunctional organocatalysis, furnished comparable results, but with much higher catalyst loading (10 mol%) [70]. Products 23 were submitted to mild oxidative cleavage with KMnO4, affording formal Mannich adducts of the corresponding acetophenone (24) with preservation of enantiomeric purity (Scheme 9). This phase-transfer catalyzed protocol was successfully applied for the enantioselective synthesis of the tert-butyl derivative 25. The products resulting from addition of propiophenone and tetralone derived α,α-dicyanoalkylidenes, however, turned out to be unstable under such conditions, undergoing subsequent attack of NHBoc group on one cyano group; such cyclization products were isolated in good yields and moderate enantioselectivities (26 and 27 in Scheme 9).




2.3. α-Alkylidene Azlactones


Oxazol-5(4H)-ones, or azlactones, XXVI are versatile amino acid derived synthetic building blocks, thanks to their multisite reactivity (Scheme 10a) [71,72,73,74]. Deprotonation of the α-carbon gives birth to a vinylogous enolate XXVII that may react with electrophiles at oxygen, C-α and C-γ sites. On the other hand, electrophilic nature of carbonyl group sets the stage for tandem or cascade processes [72]. Substituted α-vinylidene oxazolones XXVIII, also known as Erlenmayer azlactones, are commonly regarded as synthetically useful Michael acceptors due to the presence of the additional β’ electrophilic site. However, α-alkylidene azlactones presenting an enolizable γ’-carbon may generate exocyclic vinylogous enolates XXIX after deprotonation (Scheme 10b). Such reactivity pattern was put in practice using base organocatalysts [75,76]. In addition, exploiting the electrophilicity of carbonyl group, organocatalyzed vinylogous aldol reaction/azlactone opening cascade processes were realized [77,78].



Recently, Jiang, Chang and co-workers studied the γ’-vinylogous Michael addition of α-alkylidene azlactones to 4-nitro-5-styrylisoxazoles, which are heteroarylogous Michael acceptors [79]. Reaction of 28a and 29a, conducted with catalytic amounts of organic superbase 1,1,3,3-tetramethylguanidine (TMG), was sluggish at room temperature, and furnished a 1:1 mixture of products 30a and 31a (Scheme 11). While the former product was the E-configured γ’-vinylogous Michael adduct, 30a was suggested to result from trapping of heteroarylogous Z-configured α-carbanion of 5-alkyl-4-nitroisoxazole (33) by the electrophilic carbonyl group, with subsequent azlactone opening. Moving to asymmetric PTC base conditions, using bifunctional urea ammonium salt 32, cyclization product 31a was obtained almost exclusively with high yield and ee. The authors proposed that γ’-vinylogous Michael/heteroarylogous azlactone opening cascade process is driven to completion due to better Z/E selectivity in the carbanion formation step, compared to the TMG catalyzed reaction. However, the higher basicity ensured by PTC, compared to superbase catalyzed process, plays a major role in speeding up the vinylogous Michael addition reaction (see also Section 3.1). According to the authors, the steric hindrance and the H-bonding interactions of the bifunctional ammonium catalyst 32, determines the Z-selectivity in the formation of dienolate 34, and also imparts stereocontrol in the subsequent conjugated addition (Scheme 12). A survey of different substrates provided good yield and excellent ee’s with several β-aryl and β-heteroaryl 4-nitro-5-vinylisoxazoles (31b, Scheme 13). The replacement of the olefinic methyl substituent with an ethyl group caused a sluggish transformation and a poor yield, with a small decrease of ee (31c, Scheme 13). A longer alkyl group was not tolerated. Moderate to high yields and very high enantioselectivities were achieved with substrates with cycloalkylidene substituted substrates, with remarkable enantiocontrol of three contiguous stereocenters (31d, Scheme 13). What is extremely useful is the easy removal of the 4-nitroxazole group, making electrophilic alkenes 29 the synthetic equivalent for the 1,2-dipolar synthon XXXI.





3. Reactions Involving Heteroarylogous Nucleophiles


As mentioned before, base catalyzed heteroarylogous reactions are generally more difficult to perform than ordinary vinylogous processes, since the stabilization of the heterobenzylic carbanion VI/IX is less effective compared to the functionalized allyl carbanion II (Scheme 1a,b). Such transformations are better conducted with aminocatalysis [3,6]. However, few examples using base promoted PTC have been reported and described in the following section.



3.1. 5-Alkyl-4-nitroisoxazoles


5-Alkyl-4-nitroisoxazoles have emerged as synthetically useful building blocks in organic synthesis in the recent years, due to the pharmacophoric properties of isoxazole unit and the facile transformation of the heterocyclic ring. The 4-nitroisoxazolyl group has electron-withdrawing features enabling moderate stabilization of negatively charged α-carbon. This aspect has been mainly exploited with the introduction of 5-alkenyl-4-nitroisoxazoles XXXII as Michael acceptors and dipolarophiles (Scheme 14a) [80,81,82,83,84,85,86]. On this principle, 5-alkyl-4-nitroisoxazoles XXXIV can behave as nucleophiles at heterobenzylic position, after deprotonation (Scheme 14b). The synthetic value is even more striking if one considers the facile cleavage of the nitroisoxazole framework to the carboxyl group, making intermediate XXXV a surrogate of a carboxylic acid enolate. However, such strategy proved to be challenging with homogeneous base catalysts, presumably due to the limited acidity of the heterobenzylic carbon, leading to long reaction times and low yields. Efficient transformations were only achieved turning to an electrophile activation strategy, by means of nucleophilic or iminium ion catalysis [87,88]. However, the pronucleophile-activation approach, through the action of a base, has been successfully implemented under PTC conditions, as shown below.



Coote, Jiang and coworkers described the heteroarylogous amination of 5-alkyl-4-nitroisoxazoles 36 with azodicarboxylates 37 catalyzed by the polyfunctional dipeptide-based guanidinium phase-transfer catalyst 38 (Scheme 15a) [89]. Under optimized conditions, with solid sodium acetate as the base in CPME (cyclopentyl methyl ether), hydrazides 39 were obtained with uniformly high yields and ee’s with diethyl or diisopropyl azodicarboxylates, regardless the electronic nature of substituents in 36. A lower level of enantioselectivity was instead observed with di-t-butyl azodicarboxylate. It should be stressed that reaction catalyzed by structurally related amino-thiourea and amino-urea organocatalysts under homogeneous conditions resulted in low yields and enantioselectivities. Synthetic elaboration of hydrazide 39a gave access to the protected α-aminoalcohol 41 without loss of enantiomeric purity (Scheme 15b). DFT calculations and NCI analysis revealed a preference for a transition state in which 37 is activated and suitably oriented by specific hydrogen bonding with both catalyst’s thiourea and amide N-H functional groups, whereas the nitroisoxazole α-carbanion/guanidinium ion pair is held by coulombic interaction as well as NH/NO2 hydrogen bonding (Figure 3). The model is in agreement with the attack on the Si-face of the (Z)-configured heterobenzylic carbanion which is experimentally observed.



The same polyfunctional guanidinium catalyst 38 showed to be effective in the heteroarylogous aldol reaction of 36 with paraformaldehyde [90]. Under similar conditions to those adopted for the amination reaction, aldol products 42 were formed in high yields and ee’s in most cases with a broad range of substrates 36, bearing alkyl, benzyl, aryl or heteroaryl substituents, except for some cases (e.g., for 3-phenyl-5-benzyl-4-nitroisoxazole, for which 48% ee and 73% yield was detected) (Scheme 16a). As expected, Si-selectivity was attained, suggesting a transition state very close to that assumed for amination reaction and depicted in Figure 3. Better performances of PTC over homogeneous Brønsted base catalysis were also established for this process. Despite the higher reactivity of paraformaldehyde compared to 37, amino-thiourea and amino-urea bifunctional bases proved again to be ineffective catalysts, whereas good conversions were achieved with superbase TMG. Fungicide 45 was synthetized by transformation of the nitroisoxazole ring into an aminopyrazole unit (Scheme 16b).



In the same year, Zhu, Wu, and co-workers extended the use of β-acylaminophosphonium salts, previously introduced for the vinylogous Mannich addition of α,α-dicyanoolefins to N-Boc imine isatins (Scheme 9), to the related process involving 5-methyl- and 5-benzyl-4-nitroisoxazoles [91]. The sec-butyl derivative 46, structural analogue of 23, proved to be the most enantioselective catalyst, using K3PO4 as the inorganic base in chlorobenzene at −10 °C. Under such optimized conditions, a quite wide range of products, containing both the isoxazole and aminooxindole pharmacophores, were delivered in high to excellent yields and enantioselectivities (Scheme 17a). The authors speculated that the amide functional group might play a key role as a hydrogen bond donor in orienting and activating the N-Boc isatin electrophile (Scheme 17b). Some useful synthetic elaborations were also presented. Boc group has been substituted with an acyl group in two steps with minimal erosion of enantiomeric purity. Moreover, hydrolytic cleavage of isoxazole moiety of the derivative 47a, followed by esterification of the resulting carboxyl group, gave access to the synthetic precursor of AG-041R, a potent gastrin/CCK-B receptor agonist (Scheme 18).





4. Reactions Involving Arylogous Nucleophiles


While several organocatalytic methods involving vinylogous and heteroarylogous nucleophiles are now available in organic synthesis, the activation of arylmethyl nucleophiles is still a quite challenging task. The few examples reported are typically restricted to most enolizable substrates, bearing one or more electron-withdrawing groups on the aromatic ring [7,8,9,10,11,12]. However, PTC, due to the ease of generating poorly stabilized carbanions under non anhydrous conditions, appears to be an ideal complement to address this strategic gap. It should be stressed, indeed, that for most of arylogous reactions reported herein, organocatalytic equivalent approaches have not been described yet.



4.1. Anthrones


9-Anthrones are relevant molecules, due to their biological activity and applications in chemistry of materials [92,93], which represent a special case of arylogous substrates. The facile enolization at C-10, generating fully aromatic intermediate 9-anthrolate XXXVIII, enables straightforward functionalization or elongation promoted by weak base organocatalysts [94,95,96,97,98,99] (Scheme 19).



However, phase transfer catalysis remains the preferred strategy for reaction with alkylating agents [100,101]. In particular, asymmetric PTC is particularly recommended to achieve mono-alkylation products enantioselectively, avoiding racemization of the newly generated stereocenter. En route to the synthesis of the anthracycline antibiotic (+)-viridicatumtoxin B, Nicolaou and co-workers realized the diastereoselective C-alkylation of the polyoxygenated 9-anthrone 49 with the chiral allylic bromide 50 [102]. After an extensive screening of reaction conditions, intermediate 51 was obtained in 73% yield and 95/5 diastereomeric ratio with the cupreine derived phase-transfer catalyst 52 (Scheme 20). The authors demonstrated that no epimerization occurred during the process. Lower stereoselectivity was obtained with the chiral Brønsted base β-isocupreidine. Diastereomerically pure 51 was achieved after recrystallization and submitted to a 14 steps synthetic sequence to provide (+)-viridicatumtoxin B, so determining unambiguously its absolute configuration. The optical antipode (−)-viridicatumtoxin B was obtained in analogous way, through the intermediate ent-51, in the alkylation of 49 with ent-50 catalyzed by the pseudoenantiomer of salt 54 derived from cupreidine. In addition to the natural products, synthetic intermediates (+) and (−)-53 proved useful to prepare a library of synthetic analogues with comparable or even higher antimicrobial activity.




4.2. 2-Alkylidene-1-indanones


α-Alkylidene-indanones XL have been long neglected as arylogous nucleophiles in organic synthesis. The reason for this could be that deprotonation of endocyclic 3-carbon, generating a π-extended carbanion with partial dearomative 1-hydroxyl character XLI (Scheme 21), has proven difficult. For instance, while asymmetric aminocatalysis turned out to be an effective tool in generating 8-amino isobenzofulvene intermediates from indene 2-carbaldeydes, resulting in enantioselective cascade processes [103,104], it failed when applied to substrates XL [105]. In contrast, non-aromatic 4-amino fulvene intermediates are easily formed starting from vinylogous α-alkylidene-cyclopentenones, furnishing formal [4+2] cycloadducts in reaction with electrophilic alkenes [106]. However, the diastereoselective dimerization of 1-alkylidene-indanones, via anionic intermediate XLI, has been reported heating with alkoxide or inorganic bases in polar solvents [107,108]. The anion XLI resulting by deprotonation of XL is a resonance hybrid represented by a dearomative 1-enolate isobenzofulvene canonical form, along with aromatic C-3 and C-8 carbanion forms. However, despite the potential ambident nucleophilicity, reactions with Michael acceptors have been reported to occur selectively at the C-3 site resulting in a formal [10+2] cascade process (Scheme 21).



The sole example of asymmetric formal [10+2] cycloaddition of 2-alkylidene-1-indanones has been reported by Chen and coworkers, exploiting chiral phase-transfer catalysis [105]. Chiral amines failed to promote reaction of indanone 55a with 3-alkylidene oxindole 56a. Moderate conversion (30% yield) to the expected spiro cycloadduct 57a were instead achieved under PTC conditions, employing TBAB (tetrabutyl ammonium bromide). Unfortunately cinchonidine derived ammonium salts provided only traces of 57a. However, better results were attained with the more acidic nitro-substituted indanones 55b. In the presence of catalytic amount of quinidine derived ammonium salt 58 and Cs2CO3, cycloadducts 57b were released in good to excellent diastereoselectivities and high enantioselectivities (Scheme 22a). The opposite enantiomer was produced with the corresponding quinine derived catalyst. This methodology was also extended to other electron poor substituted 2-alkylidene-1-indanones and electrophilic alkenes with generally good results, with the exception of β-nitrostyrene and 4,4,4-Trifluoro-1-phenyl-2-buten-1-one, providing products 59–66. In addition, substitution of 4-nitro group by palladium catalyzed Suzuki coupling or via diazonium salt, gave access to further derivatives. Models for the ion pair involved and the transition states of both steps were also proposed by the authors (Scheme 22b). The ion pair 67 would be stabilized by hydrogen bonding and π-stacking interactions, orienting 55a in such a way that Si face is more exposed to the electrophilic attack of 56a. The observed diastereoselectivity would be governed by steric hindrance minimization in the transition state 68, with the aromatic ring of 56a far away from the substituted benzyl group of the catalyst. In the resulting ternary intermediate 69, the reactants would be arranged so that Re face attack would be favored, bringing to product 57a. However, whatever the true mechanism, the free OH group of catalyst 58 should play a key role, since the employment of the protected O-benzyl derivative led to a prevalence of the opposite enantiomer.




4.3. Phthalides


1(3H)-Isobenzofuranones XLIV, more commonly known as phthalides, are aromatic lactones widespread in natural sources and exhibiting a broad range of biological activities, capturing the interest of synthetic community [109,110]. A possible strategy aiming at the introduction of a stereocenter at C-3, is the generation of an arylogous enolate XLV, under the action of a sufficiently strong base, followed by the treatment with the appropriate electrophile (Scheme 23). Normally this approach requires the use of strong bases, such as metal amides, with poor control of the stereoselectivity [111,112,113,114]. Alternatively, the acidity of C-3 may be enhanced by directly introducing an additional unsaturated electron-withdrawing group at this site (e.g., COOR and CN), thus making possible enantioselective and diastereoselective reactions, even with catalytic amounts of moderately strong bases [115,116,117,118,119,120,121,122,123]. However, since these activated substrates are not strictly arylogous pronucleophiles, they will not be covered in this review.



In 2017, taking advantage of the strong basicity of alkali hydroxides in non-polar solvents under PTC conditions, we realized the first true arylogous reaction of 3-arylphthalides [124]. In particular, a diastereoselective arylogous Michael reaction (AMR) of substrates 70 with α,β-unsaturated carbonyl compounds was developed, using catalytic amounts of solid KOH or K3PO4 and crown ethers (Scheme 24). After screening of catalysts and solvents, we achieved syn adducts 71 as single diastereomers in good yields in almost all cases examined using catalytic dibenzo-18-crown-6 in mesitylene, whereas a small decline of d.r. was observed for products 72 and 73. The use of stronger base KOH ensured shorter reaction times, although generally higher yields and occasionally improved d.r. were attained with K3PO4. Similar results were observed in other non-polar solvents such as toluene, and diverse 18-crown-6 derived catalysts. Interestingly, use of more polar solvents and 15-crown-5 derivatives or tetrabutyl ammonium bromide (TBAB) as the catalysts, led to a significant decrease of diastereoselectivity. This effect, already noted in the previously described VMMR of 7 (Scheme 4, Figure 2) [59], has been studied in detail for 3-unsubstituted phthalide derivatives (see below) and must be attributed to the involvement of a chelated model, which favors the exo approach between reactants and the consequent formation of the syn diastereomer. Another factor that should be stressed for this reaction is the superiority of PTC compared to the use of catalytic organobases. In particular, we found that catalytic amounts of triethylamine failed to promote the AMR [124], whereas superbases such as DBU and phosphazene P1-t-Bu-tris(tetramethylene) (BTPP) provided complete conversion after several days and with slightly lower d.r. compared to the metal hydroxide/crown ether system [125].



3-unsubstituted and 3-alkyl phthalides are less reactive than 3-aryl derivatives due to the less effective stabilization of the arylogous 1-oxyisobenzofuran enolate LV. As evidence, a reaction of 1(3H)isobenzofuranone with trans-chalcone, conducted under conditions illustrated in Scheme 24, furnished only traces of expected adduct [60]. In addition, using stoichiometric amounts of KOH and 20 mol % of dicyclohexane-18-crown-6, led to capricious results, with a maximum yield of 55% and 93/7 syn diastereoselectivity, mainly due to competing lactone opening. A suitable protocol for such inactivated substrates was devised using catalytic amounts of KOH and crown ether, along with stoichiometric N,O-bis(trimethylsilyl)acetamide (BSA, 75), at low temperature. The best balance between reaction times, yields and diastereoselectivity was attained by employing 18-crown-6 at −40 °C in toluene, with a few exceptions of less reactive substrates requiring higher temperatures (Scheme 25a). Under these conditions, good to excellent yields and syn diastereoselectivities were obtained in the arylogous addition to α,β-unsaturated ketones, esters and N-acyloxazolidinones. Also noteworthy was the application to 3-alkyl substrate, affording 77 in high yield and d.r., although the lower reactivity required to conduct the addition at −20 °C. The role of BSA in speeding up the process and reducing byproducts is probably the generation of base intermediate amide salt 78 and the enolate adduct trapping (Scheme 25b).



The effect of solvent and catalyst structure, as well as DFT calculations, supported a transition state model involving chelation to the alkali metal cation [60]. A key point to consider is that K+⊂18-crown-6 and analogous complexes are characterized by a positive charge which is readily accessible on the open faces of the macrocycle plane. This makes it very easy, under appropriate conditions (e.g., low dielectric constant solvents, such as toluene), the establishment of contact ion pairs and coordination complexes. In toluene, DFT calculations predict a preference for chelated transition state model characterized by an exo approach of the reactants, leading to the syn adduct (Figure 4a). As the dielectric constant of the solvent increases, causing a larger degree of ion pair separation and inhibiting coordination, the syn-anti diastereomeric ratio decreases accordingly. A small prevalence of the anti-adduct was indeed observed in DMF, as a result of a slight preference for the endo approach between reactants, correctly predicted also by DFT calculations performed on the “naked” 1-oxyisobenzofuran enolate in DMF (Figure 4b). In corroboration of this hypothesis, reaction performed with phase-transfer catalyst which generate hardly accessible cations, such as bulky quaternary ammonium salts, K+⊂cryptand and K+⊂15-crown-5 sandwich complexes, led to a low syn-anti ratio, determined by a weaker ion-pairing. Moderately accessible benzyl(trimethyl)ammonium salts furnished intermediate diastereoselectivity.




4.4. 2- and 4-Alkylnitroarenes


The generation and reaction of arylmethyl carbanions without using organometal chemistry is an extremely challenging task. The poor effectiveness of organobases is easy to understand if one takes into consideration, for instance, the low acidity of the benzylic carbon in alkylarenes monofunctionalized with one electron-withdrawing group at 2- or 4- position. In fact, the interposition of an arylene moiety between the leading electron-withdrawing group and the acidic carbon results in a conspicuous decrease of its acidity. By way of example, the pKa values of nitromethane in DMSO is 17.2, whereas the pKa of 4-nitrotoluene is 20.4 [126]. Accordingly, examples of aminocatalyzed and organobase catalyzed reaction of alkylnitroarenes are quite rare, and normally restricted to polyfunctional electronpoor substrates [7,8,9,11,12]. However, hydroxides in polar aprotic solvents, such as DMSO [127,128,129], or under phase-transfer conditions [130,131,132,133,134], are sufficiently strong bases to promote C-C bond formation or functionalization reaction at the benzylic position of 2- and 4-alkylnitroarenes.



Considering the unique properties of SCF3 group in enhancing the membrane permeability of drug candidates, there was recently and extraordinary interest in the asymmetric introduction of this functionality at chiral center [135,136,137]. However, an alternative strategy is the prior introduction of SCF3 at the prochiral center of the substrate, followed by an enantioselective reaction. In addition, the electron-withdrawing properties of this functional group contribute to enhance the reactivity of the carbon attached to it in base promoted processes. In this view, Zhao and coworkers recently described the phase-transfer catalyzed arylogous Mannich reaction of 2-(trifluoromethylthiomethyl)nitroarenes 80 [138]. Moderate to good yields, good diastereoselectivities, and a generally high level of enantioselectivity were attained with diversely functionalized substrates, by employing bifunctional phosphonium salt 81 (Scheme 26a). Similar results were also obtained by replacing the SCF3 with a SCF2CF3 in the substrate. The presence and the position of o-NO2 group proved to be crucial for activating the benzylic carbon site. In fact, no reaction occurred when the nitro group was removed or replaced by cyano or ester functionalities. m-Nitro derivative was also unreactive. Similar reactivity was observed with the p-nitro derivative, but stereoselectivity was disappointing. Moreover, organic base catalysis was also ineffective to promote the formation of 82. Transformation of the products to tetrahydrobenzodiazepin-2-ones was accomplished by deprotection of N-Boc, reduction of the nitro group, and final treatment with triphosgene. In the proposed transition state, catalyst 81 has been supposed to orient the reactants both through electrostatic interactions and hydrogen bonding (Scheme 26b).



An exceptionally interesting class of arylogous pronucleophiles are p-nitrobenzyl imines XLVII (Scheme 27). The deprotonation of these substrates generates an (aza-allyl)p-nitrobenzyl anion XLVIII, with extensive π-delocalization, which possesses two main nucleophilic sites at C-1 and C-3. Reaction with electrophiles at the C-3 benzylic site would lead to a normal arylogous C-C bond formation product XLIX. Even more intriguing is the product L arising from reaction at C-1, involving isomerization of C=N bond; this is actually a styrylogous transformation, since the electronic effect of NO2 is transmitted both through arylene and C=N π-systems. The most relevant aspect from the synthetic point of view, is that XLVIII features a reversal of polarity and reactivity at C-1 when compared to imines, behaving as a nucleophile instead of as an electrophile. As demonstrated by Wu and Deng, the presence of an electron-withdrawing substituent on the benzyl moiety is of paramount importance for activating such substrates, being 2-NO2 or 4-NO2 much more effective than 4-COOMe and 4-CF3, enabling the use of catalytic organobases [139]. In contrast, the formation of semistabilized aza-allyl anions starting from benzyl imines devoid of electron-withdrawing functional groups generally requires strong bases (e.g., metal amides or alkoxides) or transition metals activation [140].



In their first application of PTC, Deng and coworkers described the arylogous Michael addition of p-nitrobenzyl imines to α,β-unsaturated aldehydes [141]. In an attempt to perform the umpolung Michael addition of 1,1,1-trifluoroacetone derived p-nitrobenzyl imine (83a, R1 = Me) to crotonaldehyde, cinchona alkaloids derived Brønsted base catalysts were explored, obtaining no traces of C-C bond formation, but only the tautomerization product 88a, likely arising from the rapid C-1 protonation of the corresponding aza-allyl anion carried out by the catalyst’s conjugate acid. The expected Michael adduct 85a was instead achieved in variable amount, depending on temperature and catalyst’s structure, adopting phase-transfer conditions. Tautomerization product 88a prevailed at room temperature using N-benzyl cinchonine derived ammonium salts, whereas higher amounts of 85a were attained at −20 °C and using more hindered N-terphenylmethyl ammonium salt derivatives. The best results in terms of enantioselectivity, diastereoselectivity and 85/88 ratio were achieved with ammonium salt 84, with as low as 0.2 mol % of catalyst loading (Scheme 28a). Ee’s > 90% ee and d.r. > 90/10 were achieved with aryl, alkyl and alkenyl ketimines in the addition to aliphatic and aromatic β-substituted enals as well as to acrolein. The umpolung adducts 85 were transformed in situ to the corresponding aminoalcohol 86 or N-debenzylated aminoalcohol 87. Only minor amounts of isomerization products 88 were formed. Noteworthy, no traces of regioisomer 89 were detected in almost all the cases, except for adduct to cinnamaldehyde, which was accompanied by substantial amount of this byproduct. Products were also converted to pyrrolidine derivatives after removal of the p-nitrobenzyl group and subsequent reductive cyclization.



Despite their lower reactivity, p-nitrobenzyl imines 90 and 91, respectively derived from aromatic and α,β-unsaturated aldehydes, were also applied successfully to this umpolung Michael addition, although modification of the catalyst’s structure (92) and raising of catalytic amount to 2.5 mol % and temperature to 0 °C were needed (Scheme 28b). Umpolung products 93,94 were formed in excellent ee’s and directly converted into N-Boc aminoalcohols 95,96. However, with these substrates, especially 91, significantly higher amounts of undesired regioisomers 97 and 98 were detected. Products 96 were hydrogenated without any loss of ee.



Reaction with α-substituted enals, conducted under previously described conditions, led mostly to the formation of pyrrolidines 103, resulting from tandem Michael/intramolecular Mannich process [142]. The formation of this undesired byproduct was suppressed by addition of variable amounts of 4-chloro-2,6-dimethylphenol, which rapidly protonates the enolate adduct preventing its subsequent intramolecular addition to the imine group. Optimized stereoselectivity was reached with catalyst 99 (Scheme 29). The umpolung tandem Michael/protonation reaction of CF3-substituted p-nitrobenzyl imines 83 afforded products 100, that were converted in situ into amines 101 or 102 in good to high total yields, high d.r. and ee (Scheme 29a). Aryl-substituted substrates required stoichiometric amounts of 4-chloro-2,6-dimethylphenol to limit pyrrolidine byproducts 103. Lower amounts of 103 were instead detected with alkyl- and alkenyl-substituted imines, even with catalytic amounts of 4-chloro-2,6-dimethylphenol. Trace amounts of isomerization byproduct 88 were formed in all the cases. Good diastereoselectivities and excellent ee’s were also achieved with aromatic and heteroaromatic aldehyde derived imines 90, notably without any detectable amount of pyrrolidine byproducts even in the absence of phenol additive, although some minor quantities of C-3 regioisomers 106 were formed (Scheme 29b).



This methodology proved successful also using α,β-unsaturated ketones, after appropriate modification of the catalyst’s structure [143]. Both imines 83 and 90 reacted with high to excellent enantioselectivities with methyl vinyl ketone and 2-cyclopentenone using cinchoninium catalyst 107, whereas somewhat lower ee’s were observed in the addition to ethyl vinyl ketone (Scheme 30a,b). Yields obtained with 83 were high, and only minor amounts of tautomerization product 88 were detected (Scheme 30a). Michael addition of less reactive 90, carried out with larger quantity of catalyst, furnished moderate yields, and variable amounts of secondary regioisomer 110 were formed (Scheme 30b). Both with 83 and 90, the corresponding pseudo-enantiomeric cinchonidinium salt, led to the opposite enantiomers with slightly diminished yields and ee’s. The synthetic usefulness of this transformation was demonstrated in the enantioselective synthesis of indolizidine 111, a potent antinociceptive agent (Scheme 30c).



Yoshida and coworkers later showed that α(p-nitrobenzylimino)esters 112 can be employed as nucleophiles in Michael addition to acrolein for the asymmetric synthesis of α-amino acids [144]. These substrates are expected to be more reactive than imines 83, since the benzyl carbon is doubly activated by the arylogous effect of NO2 and the vinylogous effect of ester group. Thus the weaker aqueous base K2CO3 turned out to be sufficient in promoting the reaction, whereas KOH, CsOH, and K2CO3 led to partial decomposition of the starting materials. With optimal cinchoninium catalyst 113 (structurally related to 84, 92, 99, and 107), products 114 were formed in moderate to excellent enantioselectivity and acceptable yields, after in situ reduction of the aldehyde (Scheme 31). The addition occurred exclusively at the benzylic carbon, that is the most nucleophilic site of the aza-allyl anion intermediate, as also demonstrated by deuteration experiments. The opposite enantiomer was obtained with similar enantiopurity, by using the pseudo-enantiomeric cinchonidinium derived catalyst. In aryl substituted substrates (R1 = aryl), lower ee values were observed with electron-withdrawing substituents. The authors attributed this effect to a greater stabilization of the negative charge in the aza-allyl anion, that would result in a looser ion pair with the chiral ammonium catalyst. 3-hydroxypropyl amino esters were accessed by hydrogenolysis of the p-nitrobenzyl group. On the other hand, acidic treatment afforded a α-amino lactone 115.



Deng and Hu, with the aim to find a viable synthetic strategy to trifluoromethylated γ-amino acid derivatives, extended their previously developed umpolung Michael reaction to α,β-unsaturated acyl pirroles, that are synthetic surrogates of α,β-unsaturated esters [145]. With N-acryloyl pyrrole, N-terphenylmethyl catalysts, such as 84 and 92, were ineffective, with low level of enantioselectivity and moderate C-1/C-3 regioselectivity. Use of N-anthracenylmethyl quinidininium salt 116 (0.5–5 mol % of catalyst loading, depending on the substrate reactivity), in the presence of mesitol as additive, gave instead excellent results (Scheme 32a). The only exception was 1,1,1-trifluoroacetaldehyde derived imine, that turned out very reactive, but leading to a moderately enantiopure product. Products obtained from aryl substituted imines were isolated in lower yields, and accompanied by small amounts of isomerization and C-3-regioisomer byproducts 88 and 120a. The easy transformation of 117 into fluorinated γ-amino acid esters 118 and γ-lactam 119 were also performed. N-crotonoyl- and cinnamoyl pyrroles proved to be more challenging Michael acceptors. In fact, suitable reactivity could be reached only by increasing the electron-withdrawing character of the pyrrole ring, with the introduction of 2-CN substituent (Scheme 32b). Analyzing the X-ray structure of the N-anthracenylmethyl quinidininium phenoxide salt derived from 116, the authors clearly identified a π–π-stacking interaction between anthracenyl and nitrophenyl moieties. This furnishes useful insight on the enantioselective discrimination, suggesting that similar interactions are also involved in the N-anthracenylmethyl quinidininium/aza-allyl anion ion pair.



The frequent occurrence of tautomerization byproducts in the phase-transfer catalyzed Michael umpolung addition of p-nitrobenzyl imines, gave rise to the prospect of achieving an enantioselective isomerization process in the absence of the electrophilic partner. Following this aim, Deng and coworkers realized the asymmetric tautomerization of trifluoromethyl p-nitrobenzylimines 83 to α-trifluoromethyl(p-nitrobenzylbenzylidene)amines 88, promoted by cinchona alkaloid derived betaine 122 and catalytic K2CO3, with high to excellent levels of ee and low catalyst loading (Scheme 33a) [146]. Slightly lower enantioselectivities were obtained with the quinine-derived pseudoenantiomer of 122. Isotopic labelling studies supported the pivotal role of phenoxide group which carries out an internal deprotonation/protonation process following the prior generation of π-π imine-catalyst complex 124 (Scheme 33b). Control experiments revealed the paramount importance of the arylogous activation of the NO2 group, since benzylimines proved to be unreactive, whereas (p-methoxycarbonyl)imines were isomerized slowly and with lower ee (Scheme 33c). It is important to stress the superiority of this PTC methodology over the previously described Brønsted base catalyzed tautomerization of 83, which showed lower turnover efficiency and disappointingly different enantioselectivity in the production of the two optical antipodes [139].



One of the most evident drawbacks in the arylogous umpolung Michael addition and tautomerization of p-nitrobenzylimines 83 and 90, is the different effectiveness in the production of two enantiomers. In fact, while cinchoninium- and quinidinium-derived catalysts consistently led to Si face attack in >80% ee, pseudo-enantiomeric cinchonidinium- and quininium-derived salts generally results in Re face attack with significantly lower efficiency. This gap is especially pronounced with less reactive electrophiles such as N-alkenoyl pyrroles. A structural analysis of pseudoenantiomeric N-anthracenylmethyl catalysts proved helpful to clarify the origin of such discrepancy [147]. These studies demonstrated that cinchoninium and quinidinium cations feature a very accessible pocket which serves as a preferential coordination site for the aza-allyl anion, resulting in high catalytic efficiency and enantiodiscrimination. This pocket, in pseudo-enantiomeric cinchonidinium and quininium derivatives, is partially congested by the orientation of the vinyl group (Figure 5), giving rise to less stable and diverse modes of ion interaction, thereby reducing catalytic activity and enantioselectivity. To overcome this issue, Deng and coworkers synthetized a series of cinchonidinium and quininium 3-epimer derivatives possessing a quasi-enantiomeric cavity which serves as a preferential coordination site for the aza-allyl anion (Figure 5) [147]. These compounds, as anticipated, provided catalytic activities, product selectivity and stereoselectivity very similar or even higher than the corresponding cinchoninium and quinidinium salts for transformations reported in Scheme 28,Scheme 30,Scheme 32, and Scheme 33, with opposite enantioselection (Scheme 34).



α,β-Unsaturated esters are less reactive but more readily accessible substrates than alkenoyl pyrroles. In the attempt to perform the arylogous umpolung addition of 83 with these convenient substrates, Hu and Deng, found that catalysis with previously employed cinchoninium and quinidinium salts (e.g., the N-3,5-diphenyl-tBuO-benzyl and the N-anthracenylmethyl ammonium salts) led to major amounts of isomerization and tandem Michael/Mannich addition byproducts. Fortunately, a significant improvement of the enantioselectivity and a major suppression of undesirable reaction pathway was achieved by introducing a bulkier group at C-6′ quinoline position and by adding 4-chloro-2,6-dimethyl phenol [148]. With catalyst 134, products deriving from addition to various acrylic esters were delivered in good yields and high ee values (Scheme 35a). In spite of the disappointing catalytic activity and enantioselectivity of the quinine pseudoenantiomer of 134, the optical antipodes of adducts 135 could be obtained by employing its 3-epimer 136, with even higher yields and ee’s. The addition to unsaturated lactones required the adjustment of the catalyst’s and additive’s structures, ultimately resulting in excellent level of diastereo- and enantioselectivity with salt 137 and mesitol. In facts, the adducts to 2(5H)furanone were formed in almost or totally enantiopure form, and the reaction with homologous 5,6-dihydro-2H-pyran-2-one resulted in only minor decrease of enantioselectivity (Scheme 35b). Similar results and reversal of enantioselection were achieved with the 3-epi-quininium salt 140.





5. Conclusions and Outlook


Stereoselective vinylogous processes are gaining prominence in organic synthesis, making possible the construction of remotely polyfunctionalized molecules in a stereoselective manner. Particularly relevant are the reactions involving vinylogous enolate and related carbanions, in which the stabilizing effect of the unsaturated electron withdrawing groups is propagated through a conjugated π-system. Conjugated olefinic substrates are the most commonly used and reactive nucleophilic substrates. Although in early years vinylogous synthesis was dominated by metal promoted processes, asymmetric organocatalysis has assumed an increasing pivotal role in this field, as witnessed by the most recent review papers on this topic. Amines and Brønsted base organic catalysts are normally reactive enough to enable the activation of easily enolizable conjugated olefinic substrates. On the other hand, despite the advantages offered by PTC in terms of low environmental impact, easy process scalability and handling procedures, its application in this context has long been overlooked. However, in recent years, there have been an increasing number of phase-transfer catalyzed reactions involving vinylogous nucleophiles. The examples reported in this review demonstrate the competitiveness of onium and crown ether catalysts under non anhydrous phase transfer conditions, often resulting in similar or higher stereochemical outcomes combined with smaller catalytic loadings compared to organocatalysts (e.g., the Mannich addition of acyclic α,α-dicyanoolefins to N-Boc imine isatins and the Michael addition/lactone opening tandem reaction of α-alkylidene azlactones to 4-nitro-5-styrylisoxazoles). In addition, the rapid progress of computational studies applied to PTC has made it possible to shed light on the origin of stereoselectivity, thus boosting the design of novel and more effective catalysts. This will certainly bring to a progressive expansion of the scope of vinylogous pronucleophiles in the near future.



Deserving special mention are the vinylogous systems in which the electron-withdrawing effect of the leading group is propagated through an heteroaromatic or an aromatic moiety, that we call, for convenience, heteroarylogous and arylogous systems, respectively. Since the stabilizing effect of the anion is weaker, the enolization and subsequent reaction of such substrates is significantly more challenging, especially for arylogous ones. Considerable progress has been made in the organocatalyzed heteroarylogous reactions, of which several examples have been recently reported. On the other hand, a generation of arylogous carbanions promoted by organocatalysts is especially difficult, and the few examples described to date are restricted to very reactive polyfunctionalized aromatic substrates. In this regard PTC provides big advantages, being able to generate reactive carbanions from weakly acidic substrates under non anhydrous conditions, whereas the use of moisture and air sensitive metal bases, inert atmosphere and anhydrous solvents are usually required in homogeneous systems. Our review showcases examples of phase-transfer processes involving heteroarylogous and arylogous nucleophiles where homogeneous organocatalysis proved to be unsuccessful. From this point of view, it is no accident that the range of (hetero)arylogous carbon nucleophiles used in PTC reactions is wider than vinylogous substrates to date, and it is destined to further increase in the next few years. In our opinion, in facts, the application of novel weakly acidic pronucleophiles in arylogous reactions under environmentally low impact and undangerous non anhydrous conditions, represents one of the more promising frontier areas to be explored.
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Scheme 1. General outline of processes involving vinylogous enolates and related π-extended carbanions: (a) Vinylogous reactions; (b) heteroarylogous reactions; (c) arylogous reactions. Group X=Y is an unsaturated electron-withdrawing group: e.g., (R)C=O, (RO)C=O, CHO, NO2, CN, (R)SO2. Z is a heteroatom. E+ is a generic electrophile. 
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Figure 1. Vinylogous and (hetero)arylogous pronucleophiles employed in PTC processes. Blue halos indicate the preferential nucleophilic site. The leading electron-withdrawing group is marked in green. 
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Scheme 2. Vinylogous reactions of butenolides, pyrrolidones, and the corresponding silyloxydienes with electrophiles. 
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Scheme 3. Stereoselective vinylogous aldol reaction of silyloxy furans catalyzed by a (chiral) ammonium salt. X− is a Lewis base anion (e.g., F−, ArO−, RCOO−). The general mechanism is outlined in the box. Chirality centers are indicated with *. 
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Scheme 4. Diasteoreodivergent VMMR of 2-trimethylisilyloxy furan catalyzed by crown ethers. 
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Figure 2. DFT calculations of the transition states for the VMMR of 2-trimethylsilyloxy furan and trans-chalcone. Relative energies of the transition states, expressed in kcal/mol, are shown in blue: (a) Chelated model of the transition state involving the dienolate/K+ ⊂ dicyclohexane-18-crown-6 tight ion pair; (b) Model of the transition state involving the “naked” dienolate anion. 
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Scheme 5. Enantioselective VMR of 5-arylpyrrol-2-ones. 
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Scheme 6. Vinylogous reaction of α,α-dicyanoalkylidene compounds under base conditions. 
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Scheme 7. Vinylogous Mannich reaction of α,α-dicyanoalkylidenes promoted by Lygo’s catalyst 18. 
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Scheme 8. Vinylogous Mannich reaction of α,α-dicyanoalkylidenes catalyzed by the cinchona alkaloid derived thiourea-ammonium salt 20. 
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Scheme 9. Vinylogous Mannich reaction of α,α-dicyanoalkylidenes and N-Boc isatins catalyzed by chiral phosphonium salt 22. 
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Scheme 10. Multisite reactivity of azlactones: (a) Vinylogous enolate derived from α-substituted azlactones; (b) vinylogous enolate derived from α-alkylidene azlactones. Yellow halos indicate electrophilic sites, blue halos indicate nucleophilic sites. E+ is a generic electrophile. 
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Scheme 11. Vinylogous Michael/Heteroarylogous lactone opening cascade reaction of 28a and 29a catalyzed by TMG or by the bifunctional ammonium salt 32 under phase-transfer conditions. 
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Scheme 12. Plausible origin of the stereoselectivity in the vinylogous Michael/Heteroarylogous lactone opening cascade reaction of α-alkylidene azlactones catalyzed by 32. 
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Scheme 13. Plausible origin of the stereoselectivity in the vinylogous Michael/Heteroarylogous lactone opening cascade reaction of α-alkylidene azlactones and 4-nitro-5-styrylisoxazoles catalyzed by 32. 
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Scheme 14. Heteroarylogous reactivity of 5-alkenyl and 5-alkyl-4-nitrooxazoles. Yellow halos indicate electrophilic sites, blue halos indicate nucleophilic sites. E+ is a generic electrophile. Nu− is a generic nucleophile. 
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Scheme 15. Heteroarylogous amination of 5-alkyl-4-nitroisoxazoles catalyzed by 38. (a) Scope of reaction; (b) synthetic elaboration. 
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Figure 3. Model of the favorite transition state in the heteroarylogous amination of 5-alkyl-4-nitroisoxazoles catalyzed by 38, resulting from DFT calculations and NCI analysis. Green spotted lines represent hydrogen bonds, blue spotted line represents forming C-N bond. 
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Scheme 16. Heteroarylogous hydroxymethylation of 5-alkyl-4-nitroisoxazoles catalyzed by 38. (a) Scope of reaction; (b) synthetic elaboration. 
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Scheme 17. Heteroarylogous Mannich reaction 5-alkyl-4-nitroisoxazoles and N-Boc isatins catalyzed by chiral phosphonium salt 46. (a) Scope of reaction; (b) Plausible transition state. ‡ identifies the transition state. 
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Scheme 18. Formal synthesis of AG-041R. 
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Scheme 19. Arylogous reactivity of 9-anthrones. E+ is a generic electrophile. 
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Scheme 20. Synthesis of enantiomerically pure viridicatumtoxin B, employing diastereoselective C-alkylation of the anthrone 49. 
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Scheme 21. Arylogous [10+2] cascade process of 2-alkylidene-1-indanones with Michael acceptors. Blue halos indicate potential nucleophilic sites. Yellow halos indicate electrophilic sites. 
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Scheme 22. Cascade [10+2] cycloaddition of 2-alkylidene-1-indanones to Michael acceptors catalyzed by the ammonium salt 58. (a) Scope of reaction; (b) plausible models for the ion pair and transition states of the two steps. ‡ identifies the transition state. 
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Scheme 23. Arylogous 3-elongation/functionalization of phthalides. 
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Scheme 24. Diastereoselective arylogous Michael reaction of 3-aryl phthalides with α,β-unsaturated carbonyl compounds, catalyzed by KOH/dibenzo-18-crown-6. 
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Scheme 25. Diastereoselective arylogous Michael reaction of 3-unsubstituted and 3-alkyl substituted phthalides with α,β-unsaturated carbonyl compounds, catalyzed by KOH/18-crown-6. (a) Scope of reaction; (b) Plausible mechanism. 
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Figure 4. DFT calculations of the transitions states for the AMR of 1(3H)isobenzofuranone and trans-chalcone. Relative energies of the transition states, expressed in kcal/mol, are shown in blue. (a) Chelated model of the transition state involving the dienolate/K+ ⊂ 18-crown-6 tight ion pair in toluene; (b) Model of the transition state involving the “naked” dienolate anion in DMF. 
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Scheme 26. Arylogous Mannich reaction of 2-(trifluoromethylthiomethyl)nitroarenes catalyzed by chiral phosphonium salt 81. (a) Scope of reaction; (b) Plausible transition state. 
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Scheme 27. Ambident reactivity of p-nitrobenzyl imines. 
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Scheme 28. Umpolung Michael reaction of p-nitrobenzyl imines with α,β-unsaturated aldehydes catalyzed by 84 and 92. (a) Reaction of imines derived from 1,1,1-trifluoromethyl ketones; (b) Reaction of imines derived from aldehydes. 
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Scheme 29. Umpolung Michael reaction of p-nitrobenzyl imines with α-substituted enals catalyzed by 99. (a) Reaction of imines derived from 1,1,1-trifluoromethyl ketones; (b) Reaction of imines derived from aldehydes. 
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Scheme 30. Umpolung Michael reaction of p-nitrobenzyl imines with α,β-unsaturated ketones catalyzed by 107. (a) Reaction of imines derived from 1,1,1-trifluoromethyl ketones; (b) reaction of imines derived from aldehydes; (c) enantioselective synthesis of antinociceptive agent 111. 
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Scheme 31. Umpolung Michael reaction of α(p-nitrobenzylimino)esters with acrolein catalyzed by 113. 
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Scheme 32. Umpolung Michael reaction of p-nitrobenzyl imines with N-alkenoyl pyrroles catalyzed by 116. (a) Use of acryloyl pyrroles; (b) use of crotonoyl and cinnamoyl pyrroles. 
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Scheme 33. Asymmetric tautomerization of p-nitrobenzyl imines catalyzed by 122. (a) Scope of the reaction; (b) suggested mechanism involving internal proton transfer; (c) effect of the arylogous electron-withdrawing group after 24 h. 
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Figure 5. Three-dimensional structures of the N-anthracenyl-O-PYR quinidinium, quininium, and 3-epi-quininium cations obtained from X-ray analysis (the red arrows show the cavity which serves as a preferential coordination site for the aza-allyl anion. 
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Scheme 34. Asymmetric Michael additions and tautomerization reaction of p-nitrobenzyl imines cata-lyzed by 3-epi-cinchonidinium and 3-epi-quininium salts. (a) Use of α,β-unsaturated N-acyl pyrroles; (b) use of substituted or unsubstituted enals; (c) use of various enones; (d) asymmetric isomerization of trifluoromethyl imines. 
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Scheme 35. Umpolung Michael reaction of p-nitrobenzyl imines with α,β-unsaturated esters catalyzed by 134/136 and 137/140. (a) Use of acrylic esters; (b) Use of α,β-unsaturated lactones. 
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