

  symmetry-03-00084




symmetry-03-00084







Symmetry 2011, 3(1), 84-125; doi:10.3390/sym3010084




Review



Asymmetric Organocatalytic Reactions of α,β-Unsaturated Cyclic Ketones



Renato Dalpozzo 1,*, Giuseppe Bartoli 2 and Giorgio Bencivenni 2





1



Department of Chemistry, University of Calabria, Ponte Bucci cubo 12/c, I-87030 Arcavacata di Rende (Cs), Italy






2



Department of Organic Chemistry “A. Mangini”, University of Bologna, viale Risorgimento 4, I-40136 Bologna, Italy









*



Author to whom correspondence should be addressed; E-Mail: dalpozzo@unical.it.







Received: 18 February 2011; in revised form: 8 March 2011 / Accepted: 9 March 2011 / Published: 22 March 2011



Abstract

:

The 1,4-conjugate addition of nucleophiles to α,β-unsaturated carbonyl compounds represents one fundamental bond-forming reaction in organic synthesis. The development of effective organocatalysts for the enantioselective conjugate addition of malonate, nitroalkane and other carbon and heteroatom nucleophiles to cycloenones constitutes an important research field and has been explored in recent years. At the same time, asymmetric Diels-Alder reactions have been developed and often a mechanism has been demonstrated to be a double addition rather than synchronous. This review aims to cover literature up to the end of 2010, describing all the different organocatalytic asymmetric 1,4-conjugate additions even if they are listed as transfer hydrogenation, cycloadditions or desymmetrization of aromatic compounds.
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Abbreviations



	Ac
	Acetyl (MeCO)



	Bn
	benzyl (PhCH2)



	Boc
	tert-butoxycarbonyl (Me3COC=O)



	DCE
	1,2-dichloroethane



	DMF
	dimethylformammide



	MS
	molecular sieves



	NMM
	N-methylmorpholine



	PMP
	4-methoyphenyl (4-MeOC6H4)



	rt
	room temperature



	TBDPS
	tert-butyldiphenylsilyl



	TBAI
	tetrabutylammonium iodide



	TFA
	trifluoroacetic acid



	THF
	tetrahydrofuran



	TRIP
	3,3′-Bis(2,4,6-triisopropylphenyl)-1,1′-bi-2-naphthol cyclic monophosphate



	TSA
	p-toluenesulfonic acid (4-MeC6H4SO3H)



	Ts
	p-tosyl (4-MeC6H4SO2)








1. Introduction


1,4-Conjugate addition of nucleophiles to the β-position of α,β-unsaturated carbonyl compounds is one of the most frequently used reactions for bond formation. Originally [1], this reaction was restricted to the conjugate addition of an enolate to an α,β−unsaturated carbonyl (Michael reaction). Michael donors that contain active methylene centers can be directly applied, whereas simple carbonyl compounds had generally to be activated into more reactive species such as enolates or enamines. Now “Michael reaction” is often referred to the 1,4-addition of every nucleophile and a prefix indicating the nucleophilic species is generally added (e.g., oxa-, thia- or aza- for oxygen, sulfur and nitrogen nucleophiles, respectively). However 1,4-conjugate addition reaction is the most correct name.



Since stereogenic centers can be created in the course of the 1,4-conjugate addition reaction, much effort has been made to develop efficient catalytic stereoselective methods [2,3,4,5,6,7,8,9]. Carbocycles with more than one stereocenter are among the most broadly represented synthons found in natural products and medicinal agents. Moreover, the effect of conformational constraints in cyclic compounds can enhance the selectivity of the reaction, making cyclic enones especially effective in controlling the stereochemistry. Thus, the asymmetric 1,4-conjugate addition has been widely studied onto cyclic compounds.



Moreover, atom-economic chemical transformations that avoid additional reagents, waste, and working time and metal-free processes are highly desirable. In this environmentally friendly fashion, asymmetric organocatalysis that employs small chiral organic molecules to accelerate asymmetric reactions has become very attractive in recent years [10,11,12,13]. Organocatalysts provide a chiral environment to the process activating the nucleophile, the electrophile or both reagents through weak interactions, such as ion pairing (Scheme 1, Eq. 1), by deprotonation with a chiral base or by employing a chiral phase-transfer catalyst, or hydrogen bonding with molecules that coordinate the unsaturated substrate (Michael acceptor) decreasing its electron density, thus activating it toward nucleophilic attack by the Michael donor (Scheme 1, Eq. 2).



On the other hand, amino-catalysis has gained considerable attention among the strong interactions through covalent bonding strategies. In fact, the presence of a carbonyl group on the Michael acceptor allows the formation of an iminium species (Scheme 1, Eq. 3) or, alternatively for carbonyl-derived Michael donors, they can be activated via formation of enamines (Scheme 1, Eq. 4).



Often a proton source, either present in the molecule or externally added, is crucial to achieve elevated yields because it increases catalyst turnover, speeding up the hydrolysis rate of the functionalized iminium or enamine.



Finally, some organocatalyzed Diels-Alder reactions of cyclic enones have been found to occur by a stepwise mechanism; the first one being a 1,4-conjugate addition. These unconventional Diels-Alder reactions obtained by cascade reaction will also be described in this review and compared with classical synchronous reactions.



This review intends to cover literature on the organocatalyzed 1,4-conjugate additions of cyclic enones until the end of 2010. The surveyed literature covers papers specifically devoted to this topic; many papers indicate cyclic enones among the examples of conjugate addition to α,β−unsaturated carbonyl compounds, but they are reviewed only when they brought a prominent enhancement to chemical knowledge.




2. Transfer Hydrogenations


The simplest nucleophile that can be added to an α,β-unsaturated carbonyl compound is the hydride ion. Actually, the enantioselective transfer hydrogenation of a wide range of β-substituted carbocycles was carried out in 2006 by MacMillan et al. [14] and List et al. [15] (Scheme 2).



They both used Hantzsch esters (2) as the hydrogen transfer reagent but different organocatalysts, the (2S,5S)-5-benzyl-3-methyl-2-(5-methyl-2-furyl)-4-oxoimidazolidinium trichloro­acetate (4) by MacMillan et al. and a chiral binaphthol derived phosphate of l-valine (5) by List et al., that is a primary amine to reduce steric requirements in the iminium ion of the ketone with an enantiopure counterion. The reaction conditions are slightly different, MacMillan et al. reported 0 °C in diethyl ether and 20 mol % of catalyst 4; List et al. butyl ether at 60 °C but only 5 mol % of catalyst 5. Yields and enantiomeric excesses of reduced product 3 are comparable (66-89% yield, 88-96% ee for MacMillan et al. with respect to 68-99% yield, 84-98% ee for List et al.), but opposite enantiomers of the product 3 are obtained.



The possibility to accommodate severe steric constraints on the ketone component, and the scarce influence on the enantiocontrol with variation in its electronic nature, are among the advantages of MacMillan group’s reaction. Moreover, the structure of the dihydropyridine reagent seemed to have an important effect on the selectivity of the process, since improved enantiocontrol of the reaction was observed as the steric demand of the ester moiety increased. Finally, the stable iminium adduct of 3-benzyloxy-2-cyclopentenyl system is a suitable substrate for this reduction, since it generally undergoes β-benzyloxy elimination.



On the other hand, when List et al. used the opposite enantiomeric counteranion in the catalyst, interestingly, they obtained the same enantiomeric product, but with much lower enantioselectivity, illustrating a dramatic case of a matched/mismatched catalyst-ion pair combination. At the same time, List et al. affirmed that MacMillan catalyst worked under his reaction conditions with low conversion (40%) and enantioselectivity (50% ee).



From a mechanistic point of view, MacMillan group’s stereoselectivity hypothesis was later supported by DFT calculations on the energies of the species involved in the different possible conformation and configuration of the iminium ion. Only one face of the more stable (E)-iminium intermediate is accessible to attack by the Hantzsch ester (Figure 1) [16].



List group’s hypothesis, instead, was not followed by further investigations. However, he assumed the reaction proceeds via an iminium-phosphate ion pair that may be stabilized by hydrogen bonding interactions. In addition, the phosphate counteranion may also interact with the Hantzsch ester via an additional hydrogen bond.




3. 1,4-Conjugate Additions of Carbon Nucleophiles


In this section, the 1,4-conjugate addition of carbon nucleophiles to unsaturated cyclic ketones carried out by means of organocatalysis will be compiled, including cascade reactions.



3.1. Malonates and Related 1,3-Dicarbonyls


The Michael addition of a malonate nucleophile to cyclic enones is considered a worthwhile subject in asymmetric catalysis of cyclic enones. Yamaguchi group’s pioneering work in the 1990s introduced l-proline rubidium salt as a catalyst for the addition of diisopropyl and di-tert-butyl malonates to cyclic enones with low to good enantioselectivities (35-88% ee) [17,18]. Then List and co-workers treated a mixture of acetone and l-proline (35 mol %) in DMSO with cyclohex-2-en-1-one [19]. The expected Michael adduct was actually formed, but the enantioselectivity was unsatisfactory (15% yield, 20% ee).



During the last decade, many papers appeared on the Michael addition of a malonate nucleophile to cyclic enones reaching high yields and enantioselectivity; many catalysts were suggested and are listed in Table 1. The particular features of these reactions will be highlighted below.



The fundamental mechanistic idea is that malonate must be deprotonated (pKa diethyl malonate = 13) and the anion can attack the iminium ion. Thus, piperidine was added to the reaction mixture for this purpose (entry 1, Table 1) [20,21]. As reported below, nitroalkanes (pKa MeNO2 = 10) need weaker bases. Then l-proline functionalized mesoporous silica was employed as the catalyst under the same reaction conditions (i.e., piperidine in dichloromethane) in the asymmetric diethyl malonate addition reaction to cyclohex-2-en-1-one: 7.5% l-proline vs. silica molar ratio was found to give the best result (61% conversion, 70% ee) at 40 °C. Interestingly, the L-proline functionalized mesoporous silica could be reused many times without losing significant stereoselectivity and can be easily recovered being in heterogeneous phase [29].



Most recently, catalysts have been designed with further intramolecular amino functions thus avoiding the addition of the co-catalyst. Thus, guanidine or diamine moieties are bound to the asymmetric core of the catalyst.



Among them, the conjugate addition of malonate to cyclic enones by modified cinchona alkaloid catalysis (entry 4, Table 1) was found to be strictly dependent on the presence of both the primary amine on diaminocyclohexane and thiourea moieties. Their absence causes in fact a drastic decrease in enantioselectivity. Also, stereochemistry is controlled by 1,2-diaminocyclohexane motif; in fact if (1R,2R)-1,2-diaminocyclohexane was replaced with (1S,2S)-1,2-diaminocyclohexane the configuration of the adduct is reversed. Comparing data in Table 1, this reaction appears the most fruitful for the R-enantiomer [24].



Interestingly, although restricted to only a few instances, guanidine catalysts (entries 2, 5, 6, Table 1) have been studied in detail. In fact, the pKa of guanidinium ion (pKa ≈ 13) is well suited for deprotonation of the malonate. Modification of the guanidine moiety with enantiopure frameworks were scarcely successful (entry 2, Table 1), although the chosen substrate was surely the worst for testing the enantioselectivity of the catalyst (see below).



Better results were obtained when a guanidine motif was linked to l-proline. Moreover, in these cases, the ability of guanidinium ion to efficiently complex malonate ion by both electrostatic interaction and two-directional hydrogen bonds is suitable for the efficient syn-orientation with respect to the pyrrolidine substituent of nucleophilic attack of malonate (Figure 2).



The enantioselectivity of the reaction was then found to be dependent on dilution and a concomitant decrease in catalyst loading that improved the enantioselectivity, but at the expense of the yield. This behavior was observed both in dichloromethane and 1,2-dichloroethane, but, in the latter case, decreasing the catalyst loading was less detrimental to the overall yield. The reason for the effect of dilution on the enantioselection was hypothesized, supposing that at higher reaction concentrations, deprotonation of the malonate is faster than iminium ion formation and therefore results in a direct conjugate addition of malonate anion to cyclohex-2-en-1-one (background reaction). The poor enantioselectivity observed in malonate as the reaction medium, supports this proposal. Lowering the concentration of malonate, the rate of malonate deprotonation by free catalyst is reduced to allow iminium ion formation [25].



Moreover, the use of carboxylic acid salts of the catalysts was explored to render faster iminium formation and to allow a carboxylate assisted deprotonation of malonate. Pivalic acid was found to be very efficient owing to the basicity of its counteranion [26].



It should be noted also that acyclic guanidine catalyst is very efficient with diethylmalonate, when other catalysts need bulky alkoxy frameworks to give high enantioselectivity [26].



The Yamaguchi group’s idea of aminoacid salts used as the catalyst, has been recently resumed by Yoshida and co-workers. They observed that lipophilic O-tert-butyldiphenylsilyl-l-serine lithium salt is an effective catalyst in non-polar solvents (Table 1, entry 7). Authors supposed that, in the imine intermediate, the relatively bulky methylene group comes to the less-hindered side rather than the vinyl group and the Lewis acidic lithium ion coordinates with the nitrogen atom both to reduce the electron density of the β-carbon and to hold the side chain of the amino acid on the Re-face (Figure 3). Thus adduct 8 has the S-configuration. This procedure appears, until now, the simplest available protocol in order to obtain the S-isomer of 8 [27].



All malonates and cyclic enones react generally smoothly to generate adducts with high yields and excellent enantioselectivities, except 2-cyclopentenone, which gives 88%, 64%, 47% yield and 30%, 63%, 55% ee under Ley [21], Ye [24], and Yoshida [27] conditions respectively. The reason is mainly that the conformational control of the iminium intermediate derived from cyclopent-2-en-1-one is more difficult than when other enones are employed as substrates. Calculations of the energy difference between iminium intermediate A and B optimized at the HF/6-31G(d) level of theory, showed no clear energy difference (ΔE = 0.8 kcal/mol, Figure 4) [30].



This difficulty has been overcome using a chiral diamine–acid combination catalyst in methanol [23]. At the HF/6-31G(d) level of theory, the transition states C has a minimum of energy over transition states, where methanol or malonate are not involved in hydrogen bonding with the catalyst. The hydrogen bonding system in C forms a proton relay system to activate the malonate nucleophile with the aid of the methanol molecule that could indirectly catalyze the Michael reaction. Actually, this flexible catalytic system behaves the opposite of the classical catalyst. In fact, worse enantioselectivities are observed with larger cyclic systems (Table 1, entry 8).



Many other 1,3-dicarbonyl compounds are strictly related to malonates, but these substrates are less studied.



For example, Tan and co-workers found that efficiency of guanidinium catalyst 9 (Scheme 3) suffers from the acidity of the CH2 group, and the reaction with dimethylmalonate was relatively slow, giving the Michael adduct only a 20% yield after 96 h and only with 47% ee. Thus, they employed catalyst 9 at the more acidic dithiomalonates or β-ketothioesters and they obtained significant improvements in both yields (85-99%) and ee values (90-98%) [31]. This reaction also represents the first example of the organocatalytic enantioselective Michael addition of 1,3-dicarbonyl donors to lactones: a very difficult reaction due to the labile nature of lactones under strongly basic and Lewis acidic conditions. In fact the reaction with 2(5H)-furanone (10) with the hindered dithiomalonate 11b, yielded 85% of the adduct 12e with 96% ee [31].



The asymmetric Michael addition of 4-hydroxycoumarin (14), a cyclic 1,3-dicarbonyl compound, to cyclohept-2-en-1-one has been reported to occur with 78% yield and 94% ee using 9-amino-9-deoxyepiquinine TFA salt (13, Scheme 4) among the examples of a more general report on the conjugate addition of coumarin derivatives to unsaturated compounds [32].



Analogously, the conjugate addition of cyclic α-substituted ketoesters to cylopent-2-en-1-one and cyclohex-2-en-1-one, is reported among the instances of a general report on this reaction catalyzed by cinchona alkaloids (Scheme 5) [33].




3.2. Nitroalkanes


The base-catalyzed addition of nitroalkanes to cyclic enones is another fundamentally important preparative route to β-substituted cycloalkanones. In fact, the resulting nitroalkyl appendage and the resident carbonyl group can be chemically transformed into a variety of other functionally useful moieties.



The first example of a useful organocatalytic asymmetric version of this reaction was once more proposed by Yamaguchi and co-workers. [34] They succeeded in the addition of 2-nitropropane to cyclohex-2-en-1-one (59% ee) and cyclohept-2-en-1-one (79% ee) in the presence of rubidium l-prolinate, whereas enantioselectivity was substantially lower with nitromethane and 2-cyclohex-2-en-1-one (45% ee).



Then Hanessian’s group has done a great piece of work on this topic followed by other research groups over the years (Table 2).



Some features can be deduced from these studies. Above all, a base additive is often required. In Scheme 6, a plausible mechanism is depicted, where the catalytic cycle is based on l-proline as the catalyst, but can be extended to other catalysts with little modification, so it can be considered general. The high stereo-differentiation of the two enantiotopic faces arises from an approach of an ammonium nitronate 23, from interaction between the additive 21 and nitro derivative 20, from the less hindered Re-face of the double bond in the iminium ion 22. Notably, NMR studies showed that 2-nitropropane remained unchanged in the presence of piperazine, indicating that the equilibrium is not in favor of nitronate 23, but, evidently, enough quantities of nitronate 23 are however present during the catalytic cycle.



The presence of further non-covalent interactions, such as hydrogen bond between the iminium ion and the nitronate can invert this steric-directed stereoselection.



It should be noted that in virtue of its basicity, the additive can rapidly attack on the carbonyl group to give the corresponding iminium ions 24, thus catalyzing an asymmetric background reaction especially in very polar solvents [35].



Thus iminium ion 24 must be highly disfavored due to severe strain or steric effects with an accurate choice of the basic additive, rendering its population in the equilibrium negligible in comparison to the chiral iminium ion 22 from the organocatalyst [46].



Only trans-2,5-dimethylpiperazine, piperazine, piperidine, and morpholine, among the possible amines, provide this quality together with the basicity and the quasi-“optimal” spatial requirement as a countercation in the transition state; thus leading to the adduct with higher enantiomeric excess.



Another feature arising from the basic medium is the scarcely satisfactory results with nitromethane. The low yield of the nitromethane adduct can be likely attributed to a second addition reaction with another molecule of cycloenone [39,40]. However, increasing steric congestion of the substrate, this drawback can be overcome, as demonstrated by the reaction of 3-methylcyclohex-2-en-1-one with nitromethane under diethyl (2R)-tetrahydropyrro-2-ylphosphonate catalysis [43].



Finally, no stereocontrol was generally achieved at the exocyclic stereocentre, leading to very poor diastereomeric ratios when two stereocenters are formed. This poor selectivity is due to the acidity of the C-position near to the nitro group that undergoes epimerization under the basic conditions typically required for these reactions.



Comparison of the results for the nitroalkanes demonstrates the importance of steric effects for the reaction yields in many cases. The larger nucleophiles react slowly with the activated enone. The highest yield was therefore observed for nitromethane, but the highest selectivity with bulky nitroalkanes.



As in the case of malonates with Ye’s catalyst (entry 8, Table 2), the insertion of 1,2-diaminocyclohexane motif in the catalyst avoids the necessity of a co-catalyst and the configuration of the adduct depends on diaminocyclohexane stereochemistry [44]. Remarkably, 3-substituted cyclohex-2-enones endow adducts with 90-95% ee and 70-82% isolated yield. Notwithstanding the fact that a quaternary chiral carbon centre was produced, it is generally difficult to achieve high levels of selectivity. However, diastereoselectivity is not elevated owing to the cited epimerization by-process [44].



Under Pansare group’s conditions (entry 9, Table 2), the trend of nitroalkane addition in stereoselection was less predictable than with malonate, since lowering the catalyst loading, and increasing dilution, did not always increase enantioselectivity [25]. However, only in this reaction, nitromethane adduct does not react further, suggesting that these reaction conditions are mild enough to avoid further deprotonation of the substrate. Finally, products have the (S) configuration whereas most of l-proline derived catalysts provide the (R) products, owing to hydrogen bonding between nitronate and the protonated guanidine, as in the case of malonate (Figure 2).



A quite different approach was proposed by Maruoka and co-workers, who employed silylnitronates instead of nitroalkanes and N-spiro chiral quaternary ammonium bifluoride as the catalyst (Scheme 7). Both the (R,R)- [47] and the (S,S)-enantiomer [48] of the catalyst were employed with very good results. Scheme 7 shows results of the (R,R)-catalyst 27 [47], but very similar yields (94-99%), dr (from 64-36 to >95:5) and ee (81-93%) are reported for the (S,S)-catalyst 27’ [48].



Cyclopent-2-en-1-one gave moderate stereoselectivity, while high levels of catalytic efficiency and stereocontrol was observed with various silyl nitronates regardless of the length of carbon chain or the presence of additional oxygen-containing functional group. The most interesting feature is the high-obtained diastereoisomeric ratio, since the acidic reaction conditions did not allow the epimerization of the carbon bearing the nitro group. This served as a stimulus to attempt the construction of three consecutive stereo-defined carbon centers. The silyl enol ether 28, in fact, could react with electrophiles and the already present stereo-defined groups could address the diastereoselection. Actually, (R,R)-catalyst 27’ allowed the formation of compound 28 (n = 1, R = Et) in particularly high diastereo- and enantio-selectivity. Then the addition of N-bromosuccinimide, fluorotetraphenylbismuth or paraformaldehyde (mediated by dimethylaluminum chloride) allowed production of prevalent cis-α-bromo-, exclusive trans-α-phenyl- and α-hydroxymethyl- (as a single diastereoisomer, the geometry of which was not elucidated) cyclohexanone, respectively.



Recently α,β’-unsaturated β-ketoesters (29) have also been found to undergo addition of nitroalkanes in a quinine mediated transformation, where multiple stereocentres are formed in good stereoselectivity. For instance, significant results were achieved by employing 1-nitropropane, where essentially only one of the eight potential stereoisomers was isolated. Both the enol and keto form of compound 31 are monitored, but, very interestingly, the keto form is always a single diastereoisomer (with trans relationship between protons on the ring). Moreover, the interesting control of the selectivity in the α-position with respect to the nitro group has been ascribed to the use of quinine which is not a strong base, thus preventing the stereocentre epimerization (Scheme 8) [49].



As expected, employing quinidine (the “pseudo”-enantiomer of quinine) the major product is the opposite enantiomer of compounds as well as employing the quinine-based thiourea (32). Bromonitromethane (30e) led to the cyclopropyl derivative (see below). The desired adduct is obtained in good yields but in moderate enantioselectivity (52% ee).



Finally, the authors successfully achieved the addition of an electrophile, such as methyl vinyl ketone, on the Michael adduct intermediates (Scheme 9) [49]. Surprisingly, the resultant adduct from the nitromethane addition spontaneously cyclized to a bicyclic compound 33.



The examples proposed by Maruoka and Bella groups are clever applications of cascade reactions in this field. Actually, asymmetric organocatalytic conjugate addition of nucleophiles, followed by loss of a leaving group with cascade intramolecular ring closure, provides a highly efficient strategy for the synthesis of chiral cyclopropanes. These compounds are important structural motifs in many drugs and natural products and useful synthetic intermediates for organic synthesis. In particular, nitrocyclopropanes are a class of interesting cyclopropane compounds that found application as intermediates in many syntheses.



Historically, the first one-step enantioselective nitrocyclopropanation is through the phase transfer catalyzed reaction of α-bromocyclopentenone with nitromethane, but the yield (50%) and the enantioselectivity (62%) are moderate [50]. Arai et al. attempted also the de-nitro reduction to cyclopropane but with poor yield (26%). Other details of this reaction will be described later. Now most of the instances of cyclopropanation in order to form bicyclo[n.1.0]alkanes are carried out by bromonitromethane (29).



Scheme 10 describes the proposed mechanism. The formation of iminium cation 35 with the primary amine is generally promoted by an acid. On the other hand, a base deprotonates compound 30e forming the nitronate anion. The additional nitrogen atoms on the catalyst generate hydrogen bond(s) that put the bromonitroalkane anion over the cyclic double bond of iminium ion, owing to the spatial arrangement of the reported catalysts, and then an attack occurs from the Re-face of the cycle. Tautomerization of the imine intermediate results in the formation of nucleophilic enamine 36. Subsequent intramolecular substitution provides iminium ion 37, and, finally, the release of the catalyst by hydrolysis furnishes the nitrocyclopropane derivative 38 and allows the catalytic loop to re-start.



Based on this mechanism some catalyst-cocatalyst combinations have been proposed and they are summarized in Table 3.



From these reports, some interesting features can be seen. Tetrazole catalysis seems to suffer from both electronic and steric factors depending on the ring magnitude (entry 1, Table 3). In fact, 3-methoxycyclohex-2-en-1-one gives no reaction, whereas 3-methylcyclohex-2-en-1-one works well. On the other hand, methyl substitution in the 2- or 3-position on the cyclopent-2-en-1-one leads to the worst results under these conditions. Finally, 5-methyl-6-nitrobicyclo[3.1.0]hexan-2-one is the only substrate obtained as a 2:1 mixture of two diastereoisomers [51].



Cyclopent-2-en-1-one provided bycyclo compound 38 with good enantioselectivity, but in poor yield with thiourea derived catalyst (entry 4, Table 3), since the initial conjugate addition products of bromonitromethane with enones were recovered along with the nitrocyclopropane. [52] Conversely, only moderate enantioselectivity, but good yield was achieved with the very similar sulfonamide (entry 3, Table 3). Under these conditions, moreover, 3,5,5-trimethylcyclohex-2-en-1-one is unreactive probably due to its bulkiness [53].



Interestingly, the racemic 4-tert-amylcyclohex-2-en-1-one gave a single isomer with high enantioselectivity (up to >99% ee) under Cinchona alkaloid derived catalysis. Thus, these conditions were attempted to be applied in the kinetic resolution of 4-substituted cyclohex-2-en-1-ones. Actually, kinetic resolution efficiency depends on the bulkiness of the 4-substitutent. In fact, selectivity in the asymmetric nitrocyclopropanation decreases with smaller groups [55].




3.3. Other Carbon Nucleophiles


Malonates and nitroalkanes have been the most used compounds in the conjugate addition of nucleophiles to cyclic alkenones, since they are easily deprotonated. However, other examples of carbon nucleophiles are described in the literature and they are conveyed in this section.



For instance, cyclohex-2-en-1-one and cyclohept-2-en-1-one can enantioselectively dimerize in the 3-position in 90% and 80% yield with 88% ee and 87% ee, respectively, by using 3,4,5-tribenzyloxybenzyl cinchoninium bromide (39), as the catalyst (Scheme 11, for cyclohex-2-en-1-one) [56].



Interestingly, under these conditions only the most stable γ-anion is formed, as demonstrated by the non-reactivity of 4,4-dimethylcyclohex-2-enone. However, this anion has two reactive nucleophilic positions, but only the α-position reacts and the isomer arising from alkylation of the γ-position is never found. The only exception is represented by 3-methylcyclopent-2-enone, where the exocyclic γ-position partially overcomes the crowding of the formed quaternary centre.



β-Ketosulfones are very interesting compounds. For instance, Jørgensen and co-workers introduced benzothiazolyl-β-ketosulfones (41) as valuable starting material for the asymmetric synthesis of these compounds, using 9-amino-9-deoxyepiquinine TFA salt (42) as the catalyst in the first stage of the reaction [57]. In fact, they can be easily converted into enantioenriched alkenyl (44), alkynyl (45), and ketone derivatives (46) [57] as well as 6-substituted bicyclo[2.2.2]oct-5-en-2-ones (47) (Scheme 12) [58].



As observed in other reactions, cyclopent-2-en-1-one is responsible for the lowest enantioselectivities in the synthesis of 44 and 45, whereas the best results are obtained with cyclohept-2-en-1-one. As expected, the “pseudo”-enantiomer of the catalyst furnishes the products with virtually the same enantioselectivity and opposite configuration in this reaction, as well as in the previous described dimerization reaction.



Arai and co-workers used cyanomethylsulfone (49b) as well as nitromethane (49a) and cyanoacetate (49c) as the precursor for the synthesis of bicyclo[n.1.0] compounds under phase transfer catalysis (Scheme 13). In 1999, only pioneering works on organocatalysis were published and the governing parameters had not been discovered at that time. Thus, the better yield and selectivity often did not match each other, and were obtained under different reaction conditions for every tested compound [50].



α-Cyanosulfones (52) were later used in the reaction with acyclic and cyclic α,β-unsaturated ketones catalyzed by Cinchona alkaloid 53 [59]. In particular, the reaction of cyclic ketones is of interest for this review. (Scheme 14) Two stereocentres were simultaneously created in 58-81% yield, from 65:35 to 90:10 dr and 60-80% ee. The stereoselectivity control at the carbon ring as well as reactivity slightly decreased for cyclohept-2-en-1-one.



Χ-Ray analysis of crystals of compound 54 (Ar=Ph) allowed to unequivocally assign the (S,S) configurations for the two stereocentres and the same configuration was assigned to the other compounds. The same compound was submitted to the Baeyer-Villiger reaction that yielded the corresponding lactone with no erosion of the enantiomeric ratio.



The indole framework represents a privileged structure motif in a large number of natural products and therapeutic agents. In this regard, the development of effective asymmetric routes to indole architectures has attracted much attention. The pyrrole electron rich π-system of indole can undergo Friedel—Crafts alkylations or, from the downside, the C-3 position can act as a nucleophile and Michael-type-Friedel—Crafts reactions of these compounds are well known and has recently been reviewed [60,61].



Thus the reaction of indole with cyclohex-2-en-1-one was attempted but both stereoselectivity (29% ee) and chemical yield (56%) were decreased for this type of substrate with respect to acyclic substrates with 2 mol % of H8-BINOL phosphate as the catalyst in dichloromethane at room temperature. [62] On the other hand, Melchiorre and co-workers found that 9-amino(9-deoxy)epi-hydroquinine·2 d-N-Boc phenylglycine (10 mol%) yielded 65% of the product of the same reaction in 78% ee [63].



2-Oxoindoles, as well as benzofuranones, represent challenging substrates for conjugate additions and, owing to the abundance of indole and benzofuranone derived natural products bearing a quaternary stereocentre in the 3-position of the heterocycle, the asymmetric synthesis is very important. The 3-position of these heterocycles is acid enough to be easy deprotonated leading to nucleophiles that can attack unsaturated compounds. In particular, with cyclic enones they represent the access to functionalized molecules that contain vicinal quaternary and tertiary stereocentres. Recently the highly stereoselective addition of oxoindole (benzofuranone) to cyclic enones, using a readily available chiral primary Cinchona alkaloid amine catalyst (56) has been reported (Scheme 15) [64].



The most significant features of this reaction are the high degree of stereocontrol but decreased reactivity with 5-dimethylcyclohex-2-en-1-one, the classical and remarkably lower yield and enantioselectivity with cyclopent-2-en-1-one, and the almost perfect enantiocontrol with 3-phenyl-2-oxindole, albeit at the expense of the lowest diastereoselection. It should be noted that the “pseudo”-enantiomer 56’ allows the access to the other antipode of the products 57 in almost identical diastereo- and enantio-selectivity. Longer reaction times (72 h vs. 24 h) and higher catalyst loading (20 mol% vs. 10 mol%) are necessary for the reaction of benzofuranone.





4. 1,4-Conjugate Additions of Heteroatom Nucleophiles


In this section, the 1,4-conjugate additions, where sulfur, nitrogen, oxygen and selenium are the nucleophilic centers, are surveyed.



Among various types of this reaction, asymmetrical 1,4-conjugate addition of sulfur nucleophiles provides for example direct access to optically active sulfides that are versatile precursors for the synthesis of biologically interesting compounds.



The first asymmetric organocatalyzed (quinine 0.8 mol%) conjugate addition of a sulfur nucleophile (thiophenol derivatives and benzyl mercaptan) to cyclohex-2-en-1-one was achieved in 1977 by Wynberg et al. [65]. Very good yields (82-95%) and enantiomeric excesses of up to 46% were obtained. Various studies followed these preliminary results in order to improve the reaction with respect to the mechanism and reaction scope. These are listed in Table 4.



Wynberg himself performed a detailed mechanistic study of the cinchonidine-catalyzed addition of thiophenols to cyclic enones (Scheme 16). [66]



A bifunctional activation mode of the catalyst was proposed. The basic catalyst is supposed to deprotonate the thiol (58) as well as the electrophile to hydrogen bond to the catalyst β-hydroxy group and a ternary complex, formed by the protonated catalytic base, the thiolate anion and the enone, accounts for the transition state (60). The thiolate adds from the less hindered face that is the Re-face in the case of quinine depicted in Scheme 16. The authors also demonstrated that the addition of the thiophenolate anion to the β-carbon atom of the electrophile was indeed the rate and chirality-determining step. Reaction conditions and ee’s are reported in entry 2, Table 4.



However, also iminium ion catalysis can be employed in this reaction as demonstrated by catalysts reported in entries 6 and 9, Table 4.



The necessity of providing activation of the unsaturated carbonyl derivative by asymmetric catalysis as well as activation of the sulfur nucleophile envisaged to test the use of ionic liquid as the solvent. In fact, in these solvents nucleophilicity and dissociation constants are higher than in organic solvents.



Unfortunately, neat ionic liquids greatly improve the background addition of thiophenols to unsaturated ketones, so 15 organocatalysts were unsuccessful in addressing enantioselection [77].



The reaction has been found to be dependent on pressure; at 0.9 GPa yields were almost quantitative, but ee’s are lower than at atmospheric pressure (0.1 MPa) and their values are very poor (entry 3, Table 4) [69].



It should be noted that in the (thio)urea derived catalyst depicted in entries 5 [71] and 8 [75] (Table 4) water plays a very different role. In fact on the former reaction, molecular sieves have to be added as water scavenger, while in the latter the addition of 4 Å MS has a negative effect on the enantioselectivity of the reaction. The role of water on the enantioselectivity enhancement is not clear, but probably it plays a crucial role in non- or stabilizing the transition state via weak hydrogen bonding.



A quite different catalyst is the calyx[4]arene, proposed by Shimizu (entry 7, Table 4): an inherently chiral compound with no chiral residue. [74] The design of this catalyst contemplates an amino group and a hydroxy group to activate thiophenol by acid-base interaction and cyclohex-2-en-1-one by hydrogen bonding respectively, in order to obtain a transition state very similar to 60 and finally a bulky substituent (the 3,5-dimethylphenyl group) has selectively to block one of the enantio-face of cyclohex-2-en-1-one. However, the enantio selectivity of the reaction is unsatisfactory.



Most of the reactions reported in Table 4 used arylthiols as the nucleophiles. However, these compounds have little synthetic significance, since they are too stable to be converted into other useful organic motifs. In order to increase the synthetic value of the unsymmetrical addition of thiols to cyclic enones other sulfur nucleophiles were tested.



For instance the addition of benzylmercaptan is synthetically very interesting since benzyl group can be easily removed leading to free SH function. Unfortunately, Mukaiyama [64], Deng [70], and Shimizu [74], reported 1% ee (entry 1, Table 4) 21% (entry 4, Table 4) and 0% ee (entry 7, Table 4) respectively for the reaction of benzylmercaptan with cyclohex-2-en-1-one. Very recently, however, the addition of arylmethylmercaptans to cyclic enones has been successfully accomplished by a simple and commercially available catalyst: S-triphenylmethyl-l-cysteine (entry 9, Table 4) [76].



In 1981, Wynberg et al. reported the addition of thiocarboxylic S-acids (acetic and benzoic) to cyclohex-2-en- 1-one and 5,5-dimethylcyclohex-2-en-1-one in the presence of catalytic amounts of cinchonine and cinchonidine for the (S) and (R)-isomers respectively. The reaction was carried out in benzene, at ambient temperature for about 4 h yielding almost quantitatively products in about 50% ee. Authors claimed the possibility to convert the product for other interesting organic functionalities without affecting ee’s, but examples are not reported [78].



Also, for the addition of thiols, a cascade reaction has been proposed. In fact as described in Scheme 10 an enamine intermediate like 36, is formed under iminium ion catalysis. This compound acts as a nucleophile on any electrophilic motif present on the molecule. With this design in his mind, Cordova envisioned a simple catalytic route to the synthesis of tetrahydrothioxanthenones (65, X=S, Scheme 17) via an asymmetric domino reaction between 2-mercaptobenzaldehyde (62, X=S) and cyclic enones [79]. The reaction was carried out in dimethylformamide at −20 °C with good yields (70-78%) and moderate ee’s (38-62%).



The same reaction was then applied to the synthesis of tetrahydroxanthenones (65, X = O, n = 2) with very little modifications i.e., acetonitrile as the solvent, a reaction temperature of 40 °C, and the necessity of an acid co-catalyst such as 2-nitrobenzoic acid. [80] Moreover in this second paper, Cordova also substituted salicylic aldehydes, recovering 65 in moderate yields (51-56%) but with good ee’s (85-89%).



More recently for the same reaction, Xu et al. introduced the couple pyrrolidine-amino acid in order to obtain cooperative catalysis [81]. The idea was that the highly modular nature of the assembly should allow a more convenient optimization of the catalyst in order to achieve high enantioselectivity. Both partners are enantiopure but, notably, all the synthesized 65 showed the same R configuration, independent of the stereochemistry of the amino acid, implying that the pyrrolidine module plays the leading role in the enantioselectivity of the oxa-1,4-conjugate addition step (Figure 5).



Nevertheless, the best yields (86-95%) and enantioselectivities (80-98% ee) of this reaction are obtained with the couple 66/67 and they are much higher than Cordova’s, providing a very valuable entry to compounds 65, considering also the easy availability of the catalyst.



A very particular oxygen nucleophile is hydrogen peroxide. Its addition to cyclic enones allows the epoxidation of the double bond. Actually, upon treatment with hydrogen peroxide and a catalytic amount of a chiral primary amine salt oxabicyclo[n.1.0], compounds are obtained with 33-84% yields and 92-99% ee [82]. Diamine salts, owing to their bifunctional mode of activation, can activate both the enone substrate via iminium ion formation and hydrogen peroxide via general base catalysis. The best results were achieved with (1R,2R)-1,2-diphenylethane-1,2-diamine mono-(S)-TRIP salt (68) and 9-amino-9-deoxyepiquinine bis-TFA salt (13) for the two possible enantiomers (Scheme 18). α-Substituted enones were unreactive under the reaction conditions.



Only one instance has been carried out on the organocatalytic asymmetric conjugate reaction of selenium nucleophiles: the addition of selenophenols to cyclohex-2-en-1-ones catalyzed by cinchonidine to afford products in very low enantioselectivities (up to 43% ee) reported by Wynberg et al. in 1979 (Scheme 19) [83].



The asymmetric 1,4-conjugate addition of nitrogen nucleophiles to α,β-unsaturated carbonyl compounds allows the preparation of optically active β-amino carbonyl compounds, the key intermediate in the synthesis of many biologically important compounds [7].



Hydrazine derivatives are interesting nucleophiles, since they are suitable substrates for further modifications and posses enhanced nucleophilicity. On the other hand, they could also be competitors to amine-based catalysts because they are basic and react quickly with carbonyl groups. However, hydrazones (69) can represent the best compromise in this dilemma [84].



In fact, they add stereoselectively to cycloenones in the presence of Cinchona alkaloid derivative (70) as the catalyst (Scheme 20). The enantioselectivity is very dependent on the ring size and substitution pattern of the ring, whereas the yields are comparable in all the reported examples. Once more, the worst enantioselectivity is obtained for cyclopent-2-en-1-one, and in the six-membered ring systems, steric hindering in position 4 does not allow the reaction. The racemic 5-isopropylcyclohex-2-en-1-one gives a mixture of diastereoisomers (71 cis/trans 1:2) each one with good enantiomeric excess.



Enantiomerically pure aziridine is another essential motif of biologically interesting compounds, as well as a valuable chiral synthon for the stereoselective preparation of useful amine derivatives. A smart strategy is using a sequential approach based on the use of a suitable compound that should first act as an N-centred nucleophile, and then should become electrophilic to facilitate an intramolecular cyclization step in a similar manner to that already used for nitroalkanes.



An O-tosylated hydroxycarbamate (72) was found to be a valuable compound with the iminium–enamine tandem sequence necessary for this reaction. Moreover, the catalyst for the reaction is an amino acid-Cinchona alkaloid salt and both the pseudo-enantiomers of the catalyst (73 and 73’, the same as 56 with different counterions) are available, so both optical antipodes of the aziridine can be prepared (Scheme 21) [85,86].



Interestingly, the sense of asymmetric induction is mainly driven by the chiral primary amine on the Cinchona partner, but, conversely from what has previously been observed [81], the chiral cocatalyst is important to improve the general efficiency of the aziridination. In fact, mismatched combinations of the partners gave lower reactivity and slightly decreased stereoselectivity.



Under the optimum conditions, aziridines are obtained in 33-98% yields and 61-99% ee’s with comparable results for the two enantiomers. The only limitation is the α-substituted cyclic enones that proved to be unreactive, as was observed in the previously reported epoxidation reaction [82].




5. Diels-Alder


The Diels–Alder reaction is one of the most powerful pericyclic reactions for the construction of six-membered functionalized cyclic frameworks. Great efforts have been devoted to the development of organocatalytic enantioselective versions of this reaction, as it allows in principle the formation of four contiguous asymmetric centers.



The first reported instance for cyclic enones dates from 2002, when MacMillan and co-workers used their catalyst 4 (Scheme 2) for the enantioselective addition of cyclopentadiene to cyclic enones (Scheme 22). [87] In that reaction, small rings were found to exhibit the lowest selectivities. Authors envisaged that the inherent conformational restrictions did not exclude participation of both cis- and trans-iminium isomers in the Diels-Alder event. With larger ring size dienophiles, the enhanced torsional freedom around the N=C-alkyl bond should increasingly shield the trans-iminium Re-face, thus improving asymmetric induction.



An example of asymmetric [3 + 2] dipolar cycloaddition has also been reported. A covalent-bonding (the amino group), and a hydrogen-bonding (the remote hydroxy) motif were necessary to ensure the best selectivity, since they allow synergistic interaction between the organocatalyst and the two reactants (Scheme 23). Under optimal conditions, better results were obtained with catalysis by 70 [88].



Excellent diastereoselectivity (dr > 99:1) was noted in all reactions and very similar enantioselectivity was obtained for the optical antipode when the “pseudo”-enantiomer of 74 was used. Substrates 75 with an electron-donating substituent displayed higher reactivity.



Further examples of Diels–Alder products under organocatalytic conditions have also been obtained using the cyclic enone as the diene. These reactions take advantage of either the keto-enol tautomerism enhanced by hydrogen-bonding catalysts, or the iminium-enamine tautomerism for covalent-bonding catalysts. Moreover, two mechanisms are described for each type of catalyst. In Scheme 24, they are pictured for covalent-bonding catalysis, but, with little modifications, it accounts also for hydrogen-bonding catalysis. The first hypothesis of mechanism is a true cycloaddition, where the catalyst forms a chiral enamine 77 with the cycloenone that undergoes [4 + 2]pericyclization by the dienophile, leading to formation of the corresponding enamine 78. Hydrolysis by water finally affords the desired Diels–Alder adduct 79 and releases the catalyst (Scheme 24, Eq. a). Alternatively, a stepwise mechanism has been proposed: addition of the enamine 77 to the activated “dienophile”, followed by intramolecular 1,4-conjugate addition onto the intermediate 80, and, finally, hydrolysis (Scheme 24, Eq. b).



During this review, an unconventional Diels-Alder obtained by cascade reaction as depicted in Scheme 24, Eq. B, was already described in Section 3.3 (Scheme 10) [58].



According to these mechanisms, a series of dienophiles was tested. For instance, nitrostyrenes were found to be good dienophiles in this reaction under l-proline derived catalysts. At first Cordova demonstrated that 64 coupled with 2,4-dinitrosulfonic acid (30 mol %) catalyzes this asymmetric Diels–Alder reaction in 65-95% yields and with high stereoselectivity [65-86 % ee of the major (>25:1) diastereomer] [89].



In another report, the same reaction was performed affording 55-98% yields and 83-96% with the catalytic couple 81 (from catalyst 66, coupled with trifluoromethylbenzoic acid, Scheme 25). [90] It should be noted that a curious solvent, East China Sea water, was used for this reaction. The fact that seawater significantly enhances the performance of the catalyst in this Diels–Alder reaction was explained by assuming that NaCl plays other roles in the process besides the salt effect, which might stabilize the transition state through a hydrogen-bonding interaction with the acid, and favor the hydrolysis step to finish the catalytic cycle. Actually, the reaction carried out in brine accomplished products in comparable yields and ee’s.



A formal [4 + 2] cycloaddition between the enolic forms of both cyclic enones and aldehydes has been recently reported (“Formal”-TS, Figure 6). Actually, the true reaction mechanism is a combination of conjugate addition of an enamine (from asymmetric catalyst and arylacetaldehydes) to the cyclic enone (TS-1, Figure 6), followed by a classical aldol condensation of the intermediate (TS-2, Figure 6) [91].



The authors claim the most interesting feature of this reaction is that, conversely from most of the reactions described in this review, the catalytic couple is not formed by an amine and an acid, but by two amines. A couple between a Cinchona alkaloid derivative and an aminoacid has already been used by other research groups and examples have also been reported in this review, too [63,81,85,86]. However, in previous reports, Cinchona alkaloid derivatives act as the catalysts and drive the enantioselectivity, whereas aminoacid sometimes improves the general efficiency of the catalyst trough matched/mismatched combinations. In the present reaction, the amine motif of the aminoacid plays the pivotal role to enhance enantioselectivity, whereas Cinchona alkaloid derivative plays only a synergic role.



The yields were unsatisfactory (20-55%); dr (10:1) and ee (72-90%) are good for arylacetalaldehydes, but not for β-methylarylcetalaldehyde [3(71% ee):1(80% ee)].



As well as Diels–Alder reaction being one of the most powerful C-C bond-forming reactions, its aza-modification enables the preparation of nitrogen-containing heterocycles. The dienophiles are imines or nitroso derivatives. In the latter version, the bicyclic compounds are valuable intermediates for the synthesis of enantio enriched amino diols.



The accepted mechanism for these formal “aza-Diels-Alder” reactions is actually a two-step Mannich-1,4-conjugate addition resembling Eq. 2, Scheme 22.



Some reactions are based on the Brønsted acid catalyzed activation of the imine by a chiral acid such as H8-BINOL (entry 1, Table 5) [92] or BINOL phosphate (entries 2 and 3, Table 5) [93] and of the ketone. This second activation step could also be performed by an achiral acid, if both activation processes behave cooperatively. Generally better results are obtained with more sterically shielding aryl groups on the BINOL catalyst [93].



The reaction proposed by Gong et al. was attempted in a one-pot, three-component, asymmetric manner by reaction of cyclohex-2-en-1-one with p-methoxyaniline and aromatic aldehydes, and furnished the products in good yields with enantioselectivities similar to those observed for the corresponding reactions with preformed aldimines [92].



The same approach was envisaged by Cordova and co-workers (entry 4, Table 5) [94], for the reaction of formaldehyde and the appropriate aniline derivative. This is the sole reaction applied to cyclic enones other than cyclohex-2-en-1-one. In fact it has been applied to 4,4-dimethylcyclohex-2-en-1-one and cyclohept-2-en-1-one with good results.



However, 3-substituted cyclohex-2-en-1-one failed to undergo the second 1,4-conjugate step and only the α,β-unsaturated Mannich adduct recovered 40% yield and 94% ee. Moreover, the reaction with cyclopent-2-en-1-one only furnished trace amounts of the aza-Diels–Alder adduct.



The p-dodecylphenylsulfonamide-modified l-proline catalyst, proposed by Carter et al., (85 entry 5, Table 5) which is readily available also in its enantiomeric form, allows the formal aza-Diels-Alder process to be obtained with a completely reversed endo/exo selectivity favoring exclusively the exo product [95]. However, the yields are very unsatisfactory, especially with ortho-substituted arylimines (19%).



Very interestingly, the same reaction, extended to include aliphatic imines structures, led to a divergent reaction pathway. In fact it did not result in the formation of the corresponding azabicyclo[2.2.2]octane 84, but of the bicyclo[2.2.2]octane 86 (Scheme 26) [95].



In addition, the nitroso Diels-Alder-type reaction is actually a sequential nitroso aldol-1,4-conjugate addition, rather than a concerted reaction.



Nitroso compounds are ambident electrophiles and only an appropriate amine framework of enamine from cyclic enone, and a proper choice of acidity of Brønsted acid catalyst, play contributing roles in O/N regioselectivities in the nitroso aldol reaction. Chiral alcohols exhibit complete N-selection and a high enantioselection with piperidine or morpholine enamines. In contrast, l-proline derivative catalysts exhibit high O selectivity [96]. Thus the reaction of morpholino diene (87) derived from 4,4-dimethylcylohex-2-en-1-one, conducted in the presence of the BINOL catalyst 88 at −78 °C, in a mixture with pentane/dichloromethane as the solvent, led to the synthesis of 2-oxa-3-azabicyclo[2.2.2]octan-5-one 90 in moderate to good yields and enantioselectivity (Scheme 25). [97] The corresponding 4,4-diphenyl derivative failed to undergo the second reaction step and only nitroso aldol adduct was recovered.



On the other hand, 3-oxa-2-aza bicycloketones were obtained with pyrrolidinyl tetrazole, at 40 °C, with MeCN as the solvent. When cyclohept-2-en-1-one was used as diene precursor, l-proline provided a better yield than pyrrolidinyl tetrazole, but 4,4-diphenylcyclohex-2-en-1-one is reactive only with pyrrolidinyl tetrazole as the catalyst. Yields are generally moderate, but enantioselectivity are very high (Scheme 27) [97,98].




6. Desymmetrization of Cyclohexadienones


Dearomatization of aromatic compounds provides a useful cyclic synthetic building block due to its high economy and simple elegance. When coupled with a desymmetrization process it affords enantioenriched material from commonly available precursors in rapid fashion. This second step (desymmetrization) has been recently performed by means of organocatalysis.



The requisite substrates are generally accessible from the corresponding phenols, but their preparation is out of topic in this review, and readers are invited to refer to the original papers to have more details for their synthesis.



The first report on this reaction was the synthesis of bicyclo[4.3.0]nonenones (94). This skeleton was synthesized from an achiral precursor (92), via asymmetric intramolecular 1,4-conjugate reaction with creation of three contiguous asymmetric centers in a single step using a cysteine derivative as the catalyst. Diastereo and enantioselectivity yields are very good (Scheme 28) [99].



The asymmetric intramolecular Stetter reaction on substrate 95 proceeds with very good enantioselectivities and yields leading to hydrobenzofurans 97 using a chiral triazolium salt as the catalyst (Scheme 29) [100]. With all substrates, the reaction showed the same 95/5 diastereoselectivity.



The reaction was then extended to 2,4,6-trisubstituted phenols as the precursors and it provided an almost exclusively enantiopure single isomer of hexahydrobenzofuranone in 62-86% yields. Moreover, 3,4,5-trimethylphenol provided the corresponding 97 analogue in 64% yield as a 95/5 mixture of diastereomers the most abundant of which was almost enantiopure. Finally, the carbocyle analogue of 97, which is a hydrindane, is isolated in 60% yield and 90% ee of the major diastereomer (dr > 95/5).



The reactions described until now require the isolation of the meso-cyclohexadienone (92 or 95), but recently Gaunt’s group envisaged the possibility of a one-pot reaction by the realization of a method to oxidize the phenol ring without affecting the sensitive aldehyde function. The optimum reagent was found to be hypervalent iodine reagent PhI(OAc)2 (Scheme 30) [101].



The reaction was extended to biarylphenol to obtain comparable results to benzo-fused structures like 100. When MeCN was used as the nucleophile, the corresponding amide was recovered through a Ritter-type reaction. Finally, the stereochemistry of the products can be rationalized on the basis of a transition state that involves an endo-like attack onto the Si-face of the meso-cyclohexadienone (Scheme 30, red figure). The unnatural prolinol derivative 99 prevalently led to the diastereomer with trans relationship between the incoming nucleophile and exocyclic CHO group.



Recently chiral phosphoric acid 102 was found to catalyze the enantioselective oxo-1,4-conjugate reaction, of cyclohexa-2,5-dien-1-ones (101) leading to highly enantioenriched 1,4-dioxane derivatives (103, Scheme 31) [102].



The alkyl group at the 4-position of the cyclohexadienone has great influence on the enantioselectivity and reactivity, both decreasing with bulkier groups. This reaction was also applied to the synthesis of cleroindicins C, D, and F, natural products isolated from Clerodendum indicum, where the R group in compound 101 is interestingly a peroxo group (104).



A borderline reaction with respect to the topic of this review, is the addition of aldehydes [103] and β-ketoesters [104] to 1,4-quinones using organocatalysts. Actually, it is a “formal” 1,4-conjugate addition to unsaturated cyclic enones, but the products are substituted aromatic compounds with α-stereocentres. This reaction allows an easy-to-control one-pot synthesis of complicated polycyclic and spiro chiral compounds (Scheme 32).




7. Conclusions


In this review, we wish to focus reader attention on the development of effective catalysts for the enantioselective conjugate additions of malonate, nitroalkane and other carbon and heteroatom nucleophiles, to cycloenones and to cycloaddition reactions, which constitutes an important research field in synthetic organic chemistry. This research has become more important in recent years as most of the products are either building blocks or key intermediates in the synthesis of biologically and naturally occurring compounds, as well as drugs. Much work can still be carried out in order to increase enantioselectivity and yields, as the reader will have noted, most of the reactions showed satisfactory results only in one of the two termini of the dilemma of asymmetric synthesis.
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Scheme 1. Main organocatalytic pathways: Michael acceptor (red), Michael donor (blue), asymmetric catalyst (magenta): (Eq. 1) ion pairing mechanism; (Eq. 2) Hydrogen bonding mechanism; (Eq. 3) Iminium ion (acceptor) mechanism; (Eq. 4) Enamine (donor) mechanism. 
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Scheme 2. MacMillan (top) and List (bottom) transfer hydrogenation reaction. 
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Figure 1. Calculated minimum energy transition state for MacMillan’s catalyst. 
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Figure 2. Envisaged transition state for the addition of malonates to cyclohex-2-en-1-one with guanidine catalysts. 
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Figure 3. Envisaged transition state for the addition of malonates to cyclohex-2-en-1-one with amino acid lithium salt catalyst. 
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Figure 4. Calculated most stable configurations of iminium ions of cyclopent-2-en-1-one (A, B) and of transition state (C) with involvement of methanol. 
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Scheme 3. Asymmetric addition of dithiomalonates or β-ketothioesters to cyclic enones. 
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Scheme 4. Asymmetric addition of 4-hydroxycoumarin to cyclohept-2-en-1-one. 
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Scheme 5. Asymmetric addition of cyclic α-substituted ketoesters to cyclic enones. 
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Scheme 6. Envisaged mechanism for the addition of nitroalkane mediated by piperazine. 
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Scheme 7. Asymmetric addition of silylnitronates to cyclic enones and its use in cascade reactions. 
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Scheme 8. Asymmetric addition of nitroalkenes to α,β’-unsaturated β-ketoesters. 
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Scheme 9. Asymmetric cascade reaction to α,β’-unsaturated β-ketoesters. 
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Scheme 10. Envisaged mechanism for the cascade cyclopropanation reaction. 
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Scheme 11. Asymmetric dimerization of cyclohex-2-en-1-one. 
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Scheme 12. Asymmetric addition of β-ketosulfones to cyclic enones and its use in synthesis. 






Scheme 12. Asymmetric addition of β-ketosulfones to cyclic enones and its use in synthesis.
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Scheme 13. Asymmetric synthesis of bicyclo[n.1.0] compounds. 
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Scheme 14. Asymmetric addition of α-cyanosulfones to cyclic enones. 
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Scheme 15. Conjugate addition of 2-oxoindoles or benzofuranones to cyclic enones. 
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Scheme 16. Proposed mechanism for the quinine-catalyzed addition of thiols to α,β-unsaturated cyclic ketones. 
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Scheme 17. Cascade reaction between 2-substituted benzaldehydes and α,β-unsaturated cyclic ketones: General reaction (top) and envisaged mechanism (bottom). 
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Figure 5. Best catalytic couple (left) and envisaged transition state by Xu et al. (right). 
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[image: Symmetry 03 00084 g005]







[image: Symmetry 03 00084 sch018 550]





Scheme 18. Enantioselective epoxidation of cyclic enones. 
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Scheme 19. Asymmetric addition of selenides to cyclohex-2-en-1-ones. 






Scheme 19. Asymmetric addition of selenides to cyclohex-2-en-1-ones.
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Scheme 20. Reaction (left), catalyst (right), envisaged transition states for cyclohex-2-en-1-one (bottom) for the addition of hydrazones to cyclic enones. 
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Scheme 21. Enantioselective aziridination of cyclic enones. 
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Scheme 22. Enantioselective addition of cyclopentadiene to cyclic enones. 






Scheme 22. Enantioselective addition of cyclopentadiene to cyclic enones.
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Scheme 23. Asymmetric [3 + 2] dipolar cycloaddition to cyclic enones. 
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Scheme 24. Cycloaddition (Eq. 1) and step mechanism (Eq. 2) for the formal organocatalytic Diels-Alder addition under covalent-bonding conditions. 






Scheme 24. Cycloaddition (Eq. 1) and step mechanism (Eq. 2) for the formal organocatalytic Diels-Alder addition under covalent-bonding conditions.
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Scheme 25. Asymmetric “pseudo” Diels-Alder reaction of nitrostyrenes and cyclic enones. 
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Figure 6. Formal [4 + 2] cycloaddition between the enolic forms of both cyclic enones and aldehydes (left). True transition states of the stepwise mechanism (center and right). 
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Scheme 26. Formal Diels Alder reaction of aliphatic imines. 
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Scheme 27. Formal nitroso Diels-Alder reaction: N-selectivity (top), O-selectivity (bottom). 
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Scheme 28. Intramolecular 1,4-conjugate addition with creation of three asymmetric centers. 
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Scheme 29. Asymmetric intramolecular Stetter reaction. 






Scheme 29. Asymmetric intramolecular Stetter reaction.
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Scheme 30. Reaction scheme (black), catalyst (magenta), envisaged transition state (red). 






Scheme 30. Reaction scheme (black), catalyst (magenta), envisaged transition state (red).
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Scheme 31. Enantioselective oxo-1,4-conjugate addition leading to 1,4-dioxane derivatives. 
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Scheme 32. “Formal” 1,4-conjugate addition to quinines. 
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Table 1. Malonate addition to cycloalkenones under various conditions and catalysts.
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	Entry
	Examples
	Catalyst
	Yield range (%)
	ee range (%) a
	Ref.





	1
	3
	 [image: Symmetry 03 00084 i002]

15 mol %,

piperidine100 mol%
	69-94
	30-93 (R)
	[20,21]



	2
	2
	 [image: Symmetry 03 00084 i003]

10 mol%
	77-82 b
	30-40 (R)
	[22]



	3
	1
	 [image: Symmetry 03 00084 i004]

20 mol%
	71
	90 (R)
	[23]



	4
	9
	 [image: Symmetry 03 00084 i005]

0.5-10 mol%
	64-95
	63-96 (R)
	[24]



	5
	1
	 [image: Symmetry 03 00084 i006]

10 mol%
	64
	86 (S)
	[25]



	6
	1
	 [image: Symmetry 03 00084 i007]

Ar = 2,6-i-Pr2 C6H3, 10 mol %
	89
	90 (S)
	[26]



	7
	10
	 [image: Symmetry 03 00084 i008]

30 mol%
	47-96
	55-87 (S)
	[27]



	8
	7
	 [image: Symmetry 03 00084 i009]

10 mol%
	23-98
	69-94 (S)
	[28]







a (R) and (S) descriptors assigned according to priority in formula 8; b Yields and ee’s refer to dibenzyl malonate and dibenzyl methylmalonate, respectively.
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