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number of variations, including X-C and C-C bond formations, as well as asymmetric variants (Pd-AAA). In particular, when the substrate is a bis-allylic system, its interaction with a bisnucleophile may allow accomplishing an annulation reaction via a Pd-catalyzed cascade process (Scheme 1, bottom). Scheme 1. Top: generic Pd-catalyzed allylation. Bottom: generic Pd-catalyzed cascade allylic alkylation using a bis-allylic system and a bis-nucleophile. LG = leaving group.

Various combinations of carbon, nitrogen and oxygen bisnucleophiles have been used for the construction of a variety of vinyl substituted annulated systems. Although this chemistry can in principle lead to a number of regioisomeric products, the use of symmetric electrophiles and/or nucleophiles allowed to avoid such issue, and to adopt this strategy in total syntheses. The following paragraphs will be dealing with two types of bis-allylic electrophiles: acyclic ones, with 1,4-diacetoxybut-2-ene (DAB) and 2-methylene-1,3-propanediol diacetate (MPDA) being the most common (Scheme 2), as well as cyclic ones. Besides carbocycles [11] and heterocyclic compounds such as morpholines or piperazines, [ 12 ] oxazolidinones have been successfully synthesized using a Pd-catalyzed annulation strategy. The group of Tanimori [13] described in 2000 and 2003 new procedures for the preparation of oxazolidinones, such type of annulations being previously known only with ketones [14] and malonates. [ 15 ] Mixing 1,4-dimethoxycarbonylbut-2-ene (carbonate analog of DAB) and primary amines in the presence of (allyl)palladium(II) chloride dimer and diphenylphosphinoferrocene (dppf) lead to the formation of a wide range of oxazolidinones with good yields (56-70%). For example, allylamine reacted with 1,4-dimethoxycarbonylbut-2ene to give the corresponding N-allyloxazolidine with 70% yield (Scheme 3, eq. 1). Two years later, [16] the same group expanded the scope of the reaction to more complex amines, and demonstrated that the reaction does not work with anilines, amino-acids or -esters and hydrazines. Furthermore, although no stereoinduction could be obtained using a chiral enantiopure amine, good d.r. values were obtained by introducing a chiral ligand. The use of Pd2(dba)3•CHCl3 and L1 as a chiral ligand led to the formation of the desired oxazolidine in 13% yield and with a 95:5 d.r. (Scheme 3, eq. 2). The expected mechanism (Scheme 4) [17] involves attack of the primary amine on the η 3 -allylpalladium intermediate A [START_REF] Amatore ; Manas | Jutand and Moreno-Mañas demonstrated that oxidative addition from allylic carbonates is a reversible process, thereby confirming that  3 -allyl palladium alkoxycarbonates do not undergo spontaneous decarboxylation[END_REF] in turn generated by ionization of the bis-electrophile by the in situ generated Pd(0) complex. Subsequent cyclizationrather than ionizationleads to an allylic 7-membered carbamate, which undergoes a further ionization to generate the new η 3allylpalladium intermediate B. Finally, a 6-exo cyclization gives the desired oxazolidine and the Pd(0) catalyst. Bis-electrophilic reagents other than acetates and carbonates were also considered. For example, the group of Ozawa managed to directly use cis-2-butene-1,4-diol to prepare dihydrofurans in moderate to high yields (47-91%) in Pdcatalyzed annulation processes with β-diketones or β-ketoesters (Scheme 5). [19] The formation of dihydrofurans from DAB was known for a long time. [20] Scheme 5. Cis-butene-1,4-diol as a bis-electrophile for the synthesis of dihydrofurans.

Tetrahydroquinolines are a class of compounds that can be obtained through a Pd-catalyzed annulation between 2-amidophenyl-malonates and allylic bis-electrophiles. [START_REF] Wang | Enantiopure tetrahydroquinolines can also be prepared by cycloaddition between electron-poor alkenes and palladium-polarized aza-o-xylylenes obtained by ring opening of vinylbenzoxazinones[END_REF] For example, the group of Yoshida used this strategy to obtain these heterocycles in a the regio-and enantioselective way. [16,22] In particular, the reaction could give either sulfonyl-protected tetrahydroquinoline (Scheme 6, top) or Boc-protected tetrahydroquinoline (Scheme 6, bottom) depending on the nature of the protecting group on the starting aniline. After formation of the η 3 -allylpalladium intermediate, N-alkylation occurs first if the protecting group is a sulfonamide. Conversely, C-alkylation occurs first if the aniline is protected as a carbamate. This regioselectivity can be explained by the pKa difference between the sulfonyl-and carbamate-protecting anilines compared to that of the malonate. Scheme 6. Regioselectivity outcome of the synthesis of tetrahydroquinolines depending on the protecting group on the aniline part. PG = protecting group.

Two years later, they investigated an enantioselective variant by using a chiral diphosphine. [22 ] Thus, using BINAP, a tosyl-protected aniline gave the best results, though, in a low yield (36 % yield, 56% ee). However, switching to aniline, which carries a nosyl protecting group, greatly enhanced the enantioselectivity. Each regioisomer (+) and (-) could be selectively isolated depending on the base and the solvent used (Scheme 7). While working with potassium carbonate as the base in 1,4-dioxane at 80°C gave (+) in 79% yield and 99% ee, (-) was isolated in a moderate 46% yield and 92% ee when using potassium phosphate as the base in THF at reflux. Harvey [23] and Tanimori [24] reported the use of cyclic allylic bis-electrophiles for the preparation of bicyclic dihydrofurans from bis-nucleophiles such as dimedone, dimethyl-1,3-acetonedicarboxylate or hydroxypyrones. In particular, the former group demonstrated that by the judicious choice of the leaving groups on the bis-electrophile, the initial C-allylation of the bisnucleophile could be selectively directed to position 5 of the biselectrophile and the subsequent O-allylation to position 2 of the bis-electrophile (Scheme 8). As previously observed in similar cases, [25] the reaction was stereoconvergent, the cis-and transbis-electrophiles providing only cis-fused tricyclic compounds. Scheme 8. Pd-catalyzed methods for the synthesis of polycyclic dihydrofurans.

The mechanism of this transformation [26] is expected to be as described below (Scheme 9). Ionization of the bis-electrophile by expulsion of the carbonate anion first generates the transient η [START_REF] Mundy | For a selection of ancient reviews[END_REF] allylpalladium intermediate A. Then, the carbonate counterion deprotonates the bis-nucleophile, and the resulting enolate reacts with the bis-electrophile via C-alkylation, to give B, as well as via O-alkylation, to give intermediate B', which has been isolated and characterized by X-ray diffraction. On the one hand, the former intermediate is the only one that is prone to undergo a second ionization to generate the new η 3 -allylpalladium complex C by silyloxy anion displacement. An intramolecular Oallylation generates the final tricyclic furan derivative and regenerates the starting Pd(0) complex. On the other hand, the O-allylated intermediate B' can be reinjected into the catalytic cycle through reionization by Pd(0). More recently, while studying a route towards the total synthesis of members of the aeruginosin family, our group developed a method to rapidly access the 2-carboxyl-6hydroxyoctahydroindole (CHOI) core structure found in those natural products. [ 27 ] Depending on the use of a stepwise or pseudo-domino sequence for the preparation of the CHOI core, two different regioisomers of a precursor hexahydroindole (HHI) structure could be isolated (Scheme 10).

The first attempts to access the HHI structure were done via a 4-step process. The allylic chloroacetate bis-electrophile was firstly treated with p-methoxybenzylamine in a Pd(0)-catalyzed amination furnishing the PMB-protected allylic amine in 77% yield. The reaction is completely chemoselective, since the η 3allylpalladium intermediate formed comes exclusively from the release of the chloride anion. Condensation between the allylic amine and methyl malonyl chloride generates the corresponding allylamide in 84% yield. An one-pot intramolecular allylation provided the ester-substituted Δ 4,5 -HHI in 80% yield in the presence of sodium hydride. Therefore, creating the C-N bond before the C-C bond releases the Δ 4,5 -HHI ring (Scheme 10, top). Access to this structure was also possible in one synthetic step (decarboxylation under the Krapcho conditions). The regioisomeric Δ 6,7 -HHI was obtained via a pseudo-domino approach, inspired from an old work of Mori et al. [28] (Scheme 10, bottom). Recently, Liu, Zhang et al. reported an enantioselective approach to tetracyclic scaffolds via annulation between sulfonylimine-derived bis-nucleophiles and cyclic allylic biselectrophiles. [29] Excellent enantioselectivities (ee 90-99.8%) of the targeted tetracyclic sulfonamines were obtained using the catalytic system [allylpalladium(II) chloride dimer / t-Bu-RuPHOX] and when the active methylene is stabilized by an aryl (R 2 ) group (Scheme 11). Lower enantioselectivities (68%) were obtained when the bis-electrophile is a cyclopentene derivative. Lower yields (45%) were also obtained when the bis-electrophile is a cyclohepetene derivative. The key step in the enantioselective total synthesis of huperzine A reported by the group of Bai is a Pd-catalyzed annulation of an allylic bis-electrophile. [ 30 ] Although the Trost DACH ligands were reported to give excellent enantioselectivities in the Pd-catalyzed allylation of α-alkyl βketoesters [31] and other annulation reactions, [32 ] in this specific case good enantioselectivities were obtained only with the ferrocenylphosphines ligands developed by Hayashi. [ 33 ] Specifically, the catalytic system [(allyl)Pd(II)Cl]2 / ligand L2] gave the best results in terms of yield and enantioselectivity for the synthesis of the bridged β-ketoester precursor, which is an advanced precursor of the target molecule (Scheme 12). Scheme 12. Enantioselective preparation of bridged β-ketoesters via a Pdcatalyzed annulation towards in route to the total synthesis of huperzine A. TMG = tetramethylguanidine. The preparation of even more complex structures was additionally illustrated by the group of Trost, who showed the power of this method in the total synthesis of agelastatin A. [34] The Pd-catalyzed annulation between the Weinreb amide of a 2carboxypyrrole and the diBoc derivative of cis-cyclopent-4-ene-1,3-diol in the presence of the DACH chiral ligand (R,R)-L3 gave the desired tricyclic bromopyrrole in 82% yield and 97.5% ee (Scheme 13, top). Interestingly, the reaction tolerates the presence of a bromine atom on the pyrrole ring without competing oxidative addition to the in situ formed Pd(0) species. Another example of molecular complexity straightforwardly obtained through a Pd-catalyzed annulation has been reported by the group of Cook while developing a cascade sequence toward the core structure of neosarpagine. [35] In this case, the bridged polycyclic indole derivative is the result of an annulation between a cyclic β-keto γ'-amino ester bis-nucleophile and DAB bis-electrophile (Scheme 13, bottom). Scheme 13. Generation of complex molecular scaffolds in route to the synthesis of the natural products agelastatin A and neosarpagine.

Michael acceptor bearing an allylic leaving group as biselectrophile.

A bis-electrophilic substrate can also be constituted by an electron-poor alkene bearing an allylic leaving group. In this case, an appropriate bis-nucleophile can undergo a first Pdcatalyzed allylation followed by a Michael-type addition (Scheme 14). In 2016, Tong reported the synthesis of furopyranones through Pd-catalyzed oxa-[3+2]-annulation between acetoxy-2pyranones and 1,3-dicarbonyl compounds. The annulation involves a palladium-catalyzed allylation followed by an intramolecular oxa-Michael reaction (Scheme 15, left). [ 36 ] The authors also found that the use of quinine as catalyst instead of the palladium system affords regioisomeric furopyranones, deriving from an intermolecular Michael addition followed by SN2-type cycloacetalization (Scheme 15, right). 4-Hydroxycoumarins have also been recently used as bisnucleophiles in Pd-catalyzed domino allyllation / oxa-Michael addition. In particular, the group of Chen and Yang discovered that the enantioselectivity of the reaction was dependent on the reaction temperature [ 37 ] as well as on the Pd/chiral ligand ratio. [38] Thus, when working at 60°C and with a Pd/ligand ratio of 1:2, the corresponding (+)-tetracyclic coumarin derivative was obtained in 28% ee, whereas using a reversed 2:1 Pd/ligand ratio, the (-)-enantiomer was isolated in 33% ee. Furthermore, using a Pd/ligand ratio of 1:3, and performing the reaction at 60°C affords the (+)-tetracyclic coumarin in 65% ee, while performing the reaction at 10°C, gives the reversed enantiomer in 60% ee (Scheme 16). Scheme 16. Pd/ligand ratio-dependent and temperature-dependent enantioselectivity reversal in Pd-catalyzed domino allylation / oxa-Michael reaction.

In the frame of our studies on η 3 -allylpalladium chemistry applied to domino transformations, [27] our group developed an approach to bicyclic and tetracyclic lactams where we were able to control the chronology of the C-C and C-N bond-forming steps in a domino allylic alkylation / aza-Michael sequence. [39] Starting from ethoxycarbonyl N-tosyl acetamide as bisnucleophile and γ-benzyloxycyclohexenone as bis-electrophile, the bicyclic lactam could be regio-and stereoselectively obtained in 90% yield using the catalytic system [[allylPd(II)Cl]2 (5 mol%) / dppf (15 mol%)] at room temperature (Scheme 17, eq. 1). The introduction of 2 equiv. of DBU was necessary with Naryl, N-alkyl and N-Boc bis-nucleophiles. Building of more structurally complex lactams was also possible using bis-nucleophiles bearing o-haloaryl or ohalobenzyl moieties on the N-amide function through an allylation / aza-Michael / arylation] (ALAMAR) domino sequence. For instance, the tetracyclic lactam could be isolated in 85% yield from an N-o-bromophenyl substituted β-ketoamide (Scheme 17, eq. 2).

Our group also reported the Pd-catalyzed annulative domino processes between dimethyl-3-oxoglutarate as bis-nucleophile and cyclic γ-oxy-α,β-unsaturated ketones as bis-electrophiles. [40] In particular, we discovered that either dihydrofuran or bicyclo[4.3.0]nonane derivatives could be obtained at will using the same catalytic system, just by playing with the reaction temperature. The generation of these two different products has been rationalized on the basis of a reversible intramolecular O-1,4-adition of the allylation product at rt versus an irreversible C-1,4-addition / demethoxycarbonylation at high temperature (Scheme 18). Scheme 18. Mechanistic rationale for the annulation with dimethyl-3oxoglutarate as the bis-nucleophile.

The power of the above method has been cleverly exploited in the synthesis of complex natural products, which allowed to put into practice straightforward synthetic strategies. [41] In 1998 and 2003, the Desmaële group reported a palladium-catalyzed allylation followed by spontaneous intramolecular Michael addition. [ 42 ] Thus, a variety of combinations between active methylene compounds and methyl 6-acetoxymethyl-hepta-2,6dienoate were investigated, which provided a new access to methylene cyclohexane derivatives. The authors applied this strategy to the synthesis of erythramine, an alkaloid of the family of erythrines (Scheme 19). [43] Scheme 19. Pd-catalyzed annulation of methyl 6-acetoxymethyl-hepta-2,6dienoate with active methylene compoundstowards the total synthesis of (±)-dihydroerythramine.

In 2004, the group of Fürstner achieved the total synthesis of the antitumor agent TMC-69-6H. [ 44 ] The key step of this synthesis was a Pd-catalyzed [3+2]-C-C/O-C bond-forming annulation between 4-hydroxy-2-pyridone and a pyranyl acetate, which involved a palladium-catalyzed C-allylation followed by a spontaneous oxa-Michael reaction. In the presence of the chiral ligand (S,S)-L3 and [allylPd(II)Cl]2 the key tricyclic pyridone was obtained in 65% yield and an excellent enantioselectivity (Scheme 20). 

2.

Heterodipole / heterodipolarophile [⊖-⊕/δ ⊕ -δ ⊖ ] interactions.

Organocatalyst to generate a dipolarophile.

The group of Córdova recently reported a couple of highly enantioselective annulative domino allylation / Michael sequences based on the combined use of palladium-and organo-catalysislike prolinol derivative OC-1. The former example deals with the synthesis of vinylcyclopentane structures (Scheme 21, eq. 1) [ 45 ] while the latter generates vinylcyclopentane-containing spirocyclic oxindoles [ 46 ] (Scheme 21, eq. 2).

Scheme 21. Synergistic catalysis as a strategy for the highly enantioselective preparation of vinylcyclopentanes as reported by Córdova et al.

The mechanism of these transformations is expected to be as follows (Scheme 22). Condensation between the Hayashi-Jørgensen's [ 47 ] prolinol derivative A and the α,β-unsaturated aldehyde generates the iminium ion B, whose hydroxide counterion can deprotonate the activated methylene to generate the corresponding enolate C. Conjugate addition of this latter to the α,β-unsaturated iminium ion generates the new enamine intermediate D. Ionization of the allylic acetate moiety of E by the Pd(0) complex generates the corresponding enamine πallylpalladium complex E, which undergoes an intramolecular allylation to provide iminium ion F. Hydrolysis of this latter regenerates the organocatalyst A and provides the desired cyclopentane derivative. 

3-Acetoxy-2-trimethylsilylmethyl-1-propene as heterodipole.

Pd-catalyzed [3+2]-annulation reactions from 3-acetoxy-2trimethylsilylmethyl-1-propene (ASMP) are one of the most effective methods for the synthesis of five-membered carbocycles and heterocycles. Indeed, the interaction between 3-acetoxy-2-trimethylsilylmethyl-1-propene and a Pd(0) complex generates a zwitterionic complex (Pd-TMM) (Scheme 23). [48] The positive charge is stabilized by palladium, which prevents ring closing to methylidene cyclopropane and Pd(0). Scheme 23. Generation of TMM-Pd.

Furthermore, this stable 1,3-dipole favors the singlet state, which has a nucleophilic nature and reacts with a number of electrophilic dipolarophiles to provide five-membered ring systems (Figure 1). Pd-TMM, generated in situ from ASMP, gives [32+22π] cycloadditions with a number of electron-deficient olefins. For example, the reaction with dimethyl fumarate led to exclusively the trans cycloadduct, whereas the reaction with dimethyl maleate produced cis/trans mixtures of methylene cyclopentanes. This lack of stereospecificity suggests a stepwise, non-concerted mechanism (Scheme 24). The Pd-TMM species is a 1,3-dipole, prone to undergo [3+2]-cycloadditions with a number of dipoarophiles, [START_REF] For Reviews | Cycloaddition Reactions in Organic Synthesis[END_REF] as exemplified through the total synthesis of several natural and pharmaceutical products within the last two decades. [START_REF] Trost | For selected examples[END_REF] Scheme 24. Stepwise non-stereospecific mechanism in the cycloaddition of Pd-TMM.

The pioneering studies on enantioselective [3+2]cycloadditions [START_REF]more unsaturated unitsbeing them two separated molecules, or incorporated into a single molecular entitycombine with the formation of a cyclic adduct with a net reduction of the bond multiplicity. Therefore, a cycloaddition reaction may be regarded as a particular type of annulation reaction[END_REF] involving Pd-TMM 1,3-dipoles were based on covalently linked chiral auxiliaries. [START_REF] Trost | [END_REF] At that time, the design of chiral ligands was considered impractical, as the enantiodetermining step of the reaction was assumed to be the allylic substitution on the ionized Pd-TMM intermediate. However, using chiral phosphoramidite ligands [ 53 ] , Trost managed to obtain good yields (63-84%) and enantioselections (58-84% ee) [54] in the cycloaddition between Pd-TMM and α,βunsaturated carbonyl derivatives (ketones, esters, nitriles) to afford exo-methylene cyclopentanes (Scheme 25).

Scheme 25. Enantioselective catalysis in [3+2]-cycloadditions of Pd-TMM complexes in the presence of chiral phosphoramidites.

Electron-poor alkenes such as trifluoromethylalkenes [55] and nitroalkenes [56] have been used as substrates in diastereo-and enantioselective Pd-catalyzed [3+2]-cycloadditions. In all cases, excellent diastereomeric ratios and enantiomeric excesses were obtained in the presence of defined chiral palladium catalysts. Within the study on the use of disubstituted nitroalkenes as the dipolarophile, [56b] the authors investigated the influence of the substitution of the Pd-TMM precursor on the stereochemistry of the final product. From ASMP, a methylenecyclopropane bearing a 4-fluorophenyl substituent has been prepared with 93% yield, a diastereomeric ratio of 2.2:1 and a 96% ee of the major diastereoisomer (Scheme 26, eq. 1). If the 1,3-dipole precursor is substituted with a nitrile function, the stereochemistry of the product is completely reversed, as can be seen in the corresponding cycloaddition adduct obtained in a quantitative yield, in a fully diastereoselective fashion (d.r. >20:1) and with 98% ee (Scheme 26, eq. 2).

Scheme 26. Influence of the substitution of the Pd-TMM precursor on the stereochemistry of the [3+2]-cycloaddition product.

The remarkable different diastereoselectivity of these two reactions has been rationalized assuming that in the case of simple ASMP the favored stereodetermining approach between the reaction partners features an antiperiplanar disposition between the cationic Pd-TMM moiety and the C(sp 2 ) atom bearing the charged nitro function of the nitroalkene (Scheme 27). Conversely, in the case of the more stabilized nitrilesubstituted ASMP (ASMP-CN), the favored stereodetermining approach features an antiperiplanar disposition between the nitrile function of ASMP-CN and the C(sp 2 ) bearing the nitro function. Such a different disposition implies a more concerted, yet asynchronous, mechanism with respect to the previous case that can lead to increased diastereoselectivity.

Scheme 27. Model accounting for the different level of diastereosectivity between ASMP and ASMP-CN in cycloaddition with nitroalkenes.

The same group extended the scope of the dipolarophiles to imines [57] and aldehydes [58] for the preparation of pyrrolidine and tetrahydrofurane derivatives, respectively. [START_REF] Harwood | Vickers in Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry Toward Heterocycles and Natural Products[END_REF] In the presence of 5 mol% of Pd(dba)2 and 10 mol% of ligand (R,R,R)-L5, pyrrolidines were isolated in good to excellent yields (60-96%) and excellent enantioselectivities (85-93%) (Scheme 28, eq. 1).

Furthermore, a careful design of phosphoramidites from osubstituted BINOL derivatives, allowed them to obtain tetrahydrofuran scaffolds in good to excellent yields (62-100%) and with good to excellent enantioselectivities (Scheme 28, eq. 2). In this case, the introduction of a Lewis acid, to activate the aldehyde, was necessary. [60] Ligand (R,R,R,Sp)-L6 turned out to be successful in the enantioselective cycloaddition of the more challenging ketones, too. [61] The concerns associated to this functional group are due to: i) its problematic face discrimination; ii) its limited electrophilicity, iii) the presence of alkyl substituents. Worthy of note, the enantioselectivity turned out to be mainly controlled by the stereochemistry of the phosphorous atom. Otherwise, the group of Stockman recently reported a diastereoselective Pd-catalyzed [3+2]-cycloadditions between enantiopure tert-butane sulfinimines and ASMP leading to pyrrolidines with good diastereoisomeric ratios [62] (Scheme 29).

Scheme 29. Example of the diastereoselective preparation of pyrrolidines starting from tert-butanesulfinimines.

Besides investigations on the use of other dipolarophiles such as isocyanates [63] or carbon dioxide, [64] new reactivities with regard to Pd-catalyzed [3+2]-cycloaddition reactions have been recently highlighted.

For instance, the group of Trost found that nitroarenes could be used as dipolarophiles in dearomative Pd-catalyzed [3+2]cycloaddition procedures. [65] They showed that the reaction was efficient with nitroquinolines, nitroindoles, nitro-N-tosylpyrroles and electron-poor arenes such as nitrobenzenes and benzonitriles. For instance, Boc-protected tricyclic indoline could be isolated in a quantitative yield (Scheme 30, eq. 1).

An enantioselective variant could be also developed starting from alkyne-substituted ASMP in the presence of the chiral enantiopure bidentate ligand L8, giving the desired tricyclic pyridine derivative in 77% yield and 95% ee for the major diastereoisomer (Scheme 30, eq. 2).

Scheme 30. Dearomative Pd-catalyzed [3+2]-cycloaddition of nitroarenes.

More recently, the group of Baik and Yoo reported a cascade reaction to access cyclopentane-fused heterocycles via a [3+2]-cycloaddition reaction between Pd-TMM and a zwitterionic pyridinium substrate. [66] With this cascade approach, imidazodihydro-[2H]-pyridines were isolated in moderate to excellent yields (58-99%) when using meta-chloro-substituted pyridinium moieties (Scheme 31, eq. 1). Likewise, regioisomeric imidazodihydro-[2H]-pyridines were obtained in moderate to good yields (41-85%) after AcOH addition, to bring about a stabilizing double bond shift (Scheme 31, eq. 2). The interaction between Pd-TMM and some 1,3-dipoles, normally used in [3+2]-cycloadditions with classical dipolarophiles, gives rise to [3+3]-cycloadditions. In the early 2000s, the group of Harrity reported the synthesis of piperidines through a [3+3]-cycloaddition reaction between Pd-TMM and aziridines. [67] The reaction proved to be efficient when starting from mono-as well as 1,1-disubstituted-N-tosylaziridines (Scheme 33, eq. 1), but not from fused bicyclic aziridines (Scheme 33, eq. 2). The same group applied this chemistry to the total synthesis of Nuphar alkaloids [68] as well as the alkaloid (-)-217 A. [69] Scheme 33. Examples of Pd-catalyzed [3+3]-cycloaddition from ASMP and aziridines.

In 2006, the group of Hayashi [70] reported the synthesis of hexahydropyridazines through a [3+3]-cycloaddition between TMM-Pd and 1-alkylidene-3-oxo-pyrazolidin-1-ium-2-ides, [ 71 ] which are stable azomethine imines. [ 72 ] Except when the azomethine imines are substituted with a tert-butyl group, the desired hexahydropyridazines were isolated in very good yields (70-92%) (Scheme 34, eq. 1). The same group reported an enantioselective [3+3]-cycloaddition between nitrones and arylsubstituted substituted ASMP. [ 73 ] Using ligand (S,S,S)-L9 (Scheme 34, eq. 2), exomethylene-1,2-oxazines were obtained in excellent yields (78-99%), good trans/cis ratio (76:24 to 89:11) and excellent enantioselectivities (89-93% ee).

Scheme 34.

[3+3]-cycloaddition reactions from azomethine imines and nitrones.

Very recently, the group of Trost extended the use of zwitterionic dipoles to oxyallylpalladium cations generated from silyloxyallylcarbonates. [ 74 ] By mixing these highly reactive species with linear or cyclic dienes, various tetrahydrofuran derivatives could be efficiently prepared via a [3+2]-cycloaddition procedure (Scheme 35, eq. 1). Under close reaction conditions, they also reported that cyclopentanones could be prepared from the former tetrahydrofurans by a palladium-catalyzed isomerization involving the formation of a new dipole by ring opening (Scheme 35, eq. 2).

Scheme 35. Examples of Pd-catalyzed [3+2]-cycloaddition through oxyallyl cations.

Alkylidene or vinyl cyclopropanes as heterodipoles.

Under Pd(0)-catalysis, it is also possible to obtain cycloaddition adducts from the interaction between alkylidene cyclopropanes (ACPs), or methylene cyclopropanes (MCPs when R = H), and alkenes or carbonyl derivatives (X=Y) (Scheme 36).

Scheme 36. Pd-catalyzed cycloaddition between alkylidene cyclopropanes and alkenes or carbonyl derivatives. This chemistry was pioneered by Binger and co-workers, [75] who studied α,β-unsaturated esters as dipolarophiles. Yamamoto, later reported analogous Pd-catalyzed [3+2]cycloadditions between methylene cyclopropanes and aldehydes or N-tosylimines (Scheme 37, top). [76] Although at a first glance it is tempting to think at a mechanism involving the previously described zwitterionic Pd-TMM complexes, these two approaches are distinct. Indeed, for example, alkylidene cyclopropanes substituted at the exo alkene led to different regioisomers depending on the dipolarophile (Scheme 37, bottom). [76b,77] Scheme 37. Pd-catalyzed [3+2]-cycloaddition of methylene cyclopropanes leading to different regioisomers.

These results suggest that the mechanism of this transformation involves a rapid σ-π-σ scrambling between the allylpalladium complexes (Scheme 38).

Scheme 38. The mechanism of the Pd-catalyzed cycloaddition between methylene cyclopropanes and alkenes.

Besides the work reported on the synthesis of tetrahydrofurans, [76a] pyrrolidines, [76b-c] and lactones [ 78 ] , 5azaindolizine derivatives have been made accessible by a Pdcatalyzed formal [3+2]-cycloaddition with ACPs in the presence of 5 mol% of palladium(0) tetrakistriphenylphosphine. [ 79 ] The proposed mechanism [80] involves an initial oxidative addition of the distal C-C bond of the alkylidene cyclopropane to the Pd(0) catalyst to afford the palladocyclobutane A (Scheme 39). Subsequent interaction with pyridazine generates the πallylpalladium intermediate C. A reductive elimination step then provides the bicyclic product D, which readily oxidizes to furnish the desired 5-azaindolizine. The group of Mascareñas reported the cycloaddition between ACPs and alkynes. [81] In the presence of Pd2(dba)3 and tri-iso-propylphosphite as the ligand, bicyclo[3.3.0]octenes were obtained with good to excellent yields (65-96%) within a short reaction time (Scheme 40, eq. 1). As alkylidene cyclopropanes can be prepared from cyclopropyl vinyl tosylate and functionalized malonates via Pd(0)-catalysis, [ 82 ] the authors showed that the domino allylation / [3+2]-cycloaddition could be performed efficiently (Scheme 40, eq. 2). An enantioselective version of the above [3+2]-cycloaddition has been later reported by the same group starting from unsaturated ACPs. [83] The best results were obtained by using the bulky phosphoramidite ligand (S,R,R)-L10 (Scheme 41). When the dipolarophile bears a conjugated diene instead of an electron-poor alkene, the [4+3]-cycloadditon is the favored over the [3+2]. 

Vinyl-aziridines,

-oxiranes and -cyclopropanes as heterodipoles.

The Pd-catalyzed [3+2]-annulation of 1,3-dipolar species generated from vinyl aziridines, vinyl oxiranes and vinyl cyclopropanes (VCPs) and dipolarophiles has become a highly efficient strategy for the synthesis of five membered ring compounds. With these coupling partners, the η 3 -allyldipoles are prepared by a Pd(0)-induced ring opening of the 3-membered cycle (Scheme 42). Other related examples involve vinylcarbonates [84] and vinylcarbamates. [85] Since the seminal work of Tsuji [ 86 ] et al. on the [3+2]cycloaddition process between VCPs and α,β-unsaturated carbonyl derivatives and reports made after, [87] several groups transposed this strategy to vinyl epoxides and vinyl aziridines for the synthesis of tetrahydrofurans and pyrrolidines, respectively.

In 2002, the group of Yamamoto reported an original method to prepare pyrrolidines through a [3+2]-annulation between vinyl aziridines and electron-deficient alkenes (Scheme 43, eq. 1). [88] In this work, only alkenes bearing two electron-withdrawing groups were successful in the annulation. However, inspired by the work of Aggarwal et al. on the total synthesis of (-)-α-kainic acid, [89] Ding and Hou later found appropriate reaction conditions to react less electron-poor alkenes [90] (Scheme 43, eq. 2). A year later, the same group expanded the scope of the transformation to α,β-unsaturated ketones bearing one extra substituent on the alkene moiety. [91] In that case, vinyl epoxides were engaged as reaction partner leading to tetrahydrofurans in very good yields as well as excellent diastereo-and enantioselectivities in the presence of (R)-BINAP (Scheme 44, eq. 1). They also reported the enantioselective preparation of tetrahydrofurans from vinyl epoxides and more substituted alkenes. [ 92 ] This was made possible thanks to the use of trisubstituted nitroalkenes instead of trisubstituted enones, acrylates or acrylonitriles. For example, a 3-nitro-4-vinyl tetrahydrofuran derivative could be isolated in 70% yield, and an excellent diastereoisomeric ratio of 20:1 and 99% ee for the major diastereoisomer in the presence of (R)-BINAP as the chiral ligand (Scheme 44, eq. 2). Inspired by the number of organocatalyzed reactions, including the ones reported by Córdova et al. [45,46] on the stereoselective preparation of enantiopure cyclopentanes from allyl monoacetate dipoles, the group of Ratovelomanana-Vidal, Michelet and Vitale [93] as well as the groups of Jørgensen [94] and Rios [ 95 ] independently reported an enantioselective Pd(0)catalyzed [3+2]-cycloaddition between enals and VCPs under synergistic catalysis.

Starting from the bis-nitrile-substituted VCP, Ratovelomanana-Vidal, Michelet, Vitale et al. reported the use of p-nitrobenzoic acid as an additive, to avoid the polymerization of the VCP, [ 96 ] obtaining the vinyl cyclopentane labelled a as a major diastereoisomer in 83% yield and more than 99% ee under conditions A (Scheme 45, eq. 1). Using a similar catalytic system, but with benzoic acid instead of p-nitrobenzoic acid, the group of Jørgensen was able to obtain the vinylcyclopentane a as the major diastereoisomer with 90% yield and more than 99% ee under conditions B (Scheme 45, eq. 1).

Starting from a different VCP, Rios and Meazza managed to obtain the desired spiro-vinyl cyclopentane in 87% yield and an excellent 99% ee without using an acid additive (Scheme 45, eq. 2). Excellent enantioselectivities could also be obtained starting from VCPs bearing two different electron-withdrawing groups on the cyclopropane motif. [97] Vitale et al. as well as Hyland et al. independently reported a diastereoselective dearomative Pd-catalyzed [3+2]-cycloaddition between VCPs and 3-nitroindoles as dipolarophiles. [ 98 ] The former group obtained fused tricyclic compounds in good to excellent yields and good diastereoselectivities (Scheme 47). Notably, the reaction conditions tolerate the presence of halogen atoms on the indole ring. Furthermore, 2-nitroindoles reacted also successfully, giving the corresponding isomeric cyclopentannulated indolines in quantitative yield and excellent diastereocontrol. The diastereoselectivity of the reaction was rationalized on the basis of a model (Scheme 47). After the formation of the zwitterionic η 3 -allylpalladium species, its carbanionic moiety undergoes a Michael-type addition on the 3nitroindole followed by diastereodiscriminating intramolecular allylation step. The diastereoselection is rationalized on the bassis of a working model. Assuming that the latter step takes place under kinetic control, the disposition between the reacting moieties that leads to the cis isomer (Scheme 47, top) is expected to be favored over the alternative one, as its allyl moiety occupies a less strained pseudo-equatorial position. Soon later, the group of Hyland reported a similar strategy (Scheme 47, bottom). Enantioselective versions of these transformations have been reported later by the groups of Shi and Wang. [ 99 ] Depending on the electron-withdrawing substituent on the VCP, either the cis or trans enantiomers could be obtained. Usually, if the electron-withdrawing groups are cyano, the cis isomer is constantly isolated. On the contrary, the trans isomer is obtained when the electron-withdrawing groups are esters. With ligands L12 and L13, Shi and Wang respectively generated the (+)cyano-substituted cycloadduct with an excellent yield of 92% as well as with an excellent 92% ee for the major cis diastereoisomer and the (-)-ester-substituted cycloadduct with a moderate yield of 53% and an excellent 93% ee of the major trans diastereoisomer. By replacing the VCP by a vinyl aziridine, the group of Ryan and Hyland managed to prepare pyrroloindolines, [ 100 ] whose skeletons are found in a large number of natural products such as psychotrimine or psychotriasine. The cis or trans diastereoisomers could be selectively prepared depending on the substitution of the aromatic ring of the 3-nitroindole. When the indole ring is substituted at C-4, then the cis-isomer is the major one. In all the other cases, the trans diastereoisomer is the favored one.

Enantioselective versions of the formation of pyrroloindolines have been also reported by the group of Ding and Hou [101] as well as the group of Wang. [99b] Depending on the ligand used, either the cis or the trans isomer could be obtained. The ferrocenyl ligand L14 has been used by Ding, Hou et al. to generate a vinyl pyrroloindoline for example with 94% yield and 89% ee (Scheme 49, top). The trans diastereoisomer has been obtained thanks to the use of the indane-BOX ligand L15 by the group of Wang in 81% yield and 90% ee (Scheme 49, bottom). This type of chemistry can be expanded to other types of cycloadditions other than [3+2] such as [6+4]-cycloadditions [102] or [5+3] cycloadditions for instance. [103] This non-exhaustive minireview intended to give recent developments in the use of η 3 -allylpalladium chemistry for domino annulative reactions. The numerous examples in annulations and cycloadditions, the enantioselective variants developed as well as the various applications in total synthesis showed that this chemistry, pioneered in the 60's, is still a great inspiration for a huge number of groups. Certainly, this field of research will still continue in the upcoming decades to generate new developments. 
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Scheme 20 .
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Scheme 22 .
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 1 Figure 1. Qualitative molecular orbital interaction diagram between the πsystem of Pd-TMM and that of a generic electrophilic dipolarophile.
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 28 Scheme 28.Examples for the synthesis of pyrrolidines and tetrahydrofurans by a Pd-catalyzed [3+2]-cycloaddition from ASMP and imines or aldehydes.
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 31 Scheme 31.Regioselective cascade reactions involving a Pd-catalyzed [3+2]cycloaddition followed eventually by an intramolecular cyclization.
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 39 Scheme 39. Proposed mechanism for the generation of 5-azaindolizine derivatives by Pd(0)-catalyzed formal [3+2]-cycloaddition of ACPs.
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 40 Scheme 40. Examples of Pd-catalyzed intramolecular [3+2]-cycloaddition of ACPs with alkynes.
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 41 Scheme 41. Enantioselective generation of bicyclo[3.3.0]octanes via Pd(0)catalyzed [3+2]-cycloaddition with an alkylidene cyclopropane.
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 43 Scheme 43. Evolution of the alkene reactivity in Pd-catalyzed [3+2]annulations with vinyl aziridines.
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 44 Scheme 44. Pd(0)-catalyzed [3+2]-cycloaddition reactions of more substituted and less reactive alkenes.
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 45 Scheme 45. Synergistic catalysis helps getting excellent ee's for the Pd(0)catalyzed [3+2]-cycloaddition between VCPs and enals.
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 46 Scheme 46. Proposed mechanism for the Pd(0)-and amine-catalyzed stereoselective [3+2]-cycloaddition of VCPs and enals.
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 47 Scheme 47. Top: diastereoselective Pd-catalyzed [3+2]-cycloaddition of VCPs with 3-nitroindoles leading to all cis major diastereoisomer. Dppe = diphenylphosphinoethane. Bottom: Reversal of diastereoselectivity from the diethyl VCP ester to the di(trifluoroethyl) VCP ester.
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 48 Scheme 48. Enantioselective Pd-catalyzed [3+2]-cycloadditon of VCPs with 3nitroindole.
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 49 Scheme 49. Diastereo-and enantioselective synthesis of pyrroloindolines via Pd(0)-catalyzed [3+2]-cycloaddition of vinyl aziridines and 3-nitroindoles.
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Scheme 42. General reactivity pattern of VCPs, vinyl epoxides and vinyl aziridines under Pd(0)-catalysis.
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