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The art of creating new molecules has become one of the greatest achievements for organic chemists due to the necessity of pharma and agrochemical industries to test original structures for the development of new drugs, pesticides or agrochemicals.
As Mother Nature does, chemists try to emulate biosynthetic pathways through the development of new cascade reactions. More than a decade ago the major part of catalytic cascade reactions was ruled by organometallic chemistry. Metal complexes were able to activate starting materials and build, in a stereoselective fashion, new 3D scaffolds. However, some issues associated with organometallic chemistry need to be addressed, such as the use of inert atmosphere, expensive ligands, etc… that makes difficult to apply the reactions on a large scale or to face the topics related to green chemistry.[1] After the breakthrough of organocatalysis, a plethora of new organocascade reactions, showing exceptional levels of stereoinduction and using very soft conditions were developed.[2] However, despite this advantages, some issues must still be considered such as the poor chemical diversity or the use of highly activated nucleophiles or electrophiles. 
At the end of the last decade, the two words (organometallic and organocatalysis) converged in the development of new methodologies merging the advantages of both and achieving the synthesis of very complex structures. For example Córdova, Alexakis, Jørgensen, List, MacMillan, etc. joined organocatalytic and organometallic activation with excellent results.[3] 
Merging transition metal complexes with organocatalysts obviously enriches the chemical diversity thus allowing the use of some starting materials that cannot be used as such. This new approach based on synergistic catalysis (where the concurrent activation of both reactants allows the use of both unreactive substrates to form a new C-C bond), presents several advantages with respect to other type of multicatalysis, such as the easy optimization of each catalyst as well as no need of using expensive ligands.[4]
Inspired by these achievements and by Nature, we started a vigorous research plan in synergistic catalysis merging transition metal chemistry and organocatalysis. We want to merge the rich chemistry of the transition metals with the cheap and easy stereoselective prediction of the organocatalysts. In 2014, we developed the addition of benzoxazoles to MBH carbonates and enals combining metal Lewis acid and organocatalysts with good results.[5] Spurred by these initials results, we successfully proved that this synergistic concept could be expanded to the development of cascade reactions by joining three catalytic cycles (metal Lewis acid, iminium chemistry and enamine chemistry) for the synthesis of cyclopropanes in high yields and stereoselectivities.[6] 
Due to our interest in the enantioselective synthesis of carbocycles, we focused our attention in the development of a methodology based on synergistic catalysis for the synthesis of cyclopentanes. Opposite to their brother cyclohexanes that could be easily accessed by Diels-Alder reactions, the cyclopentane moiety represents a superior challenge as few methodologies are available for its synthesis. To cite a few examples: Pauson-Khand reaction,[7] Nazarov cyclization[8] or Au catalysed cyclization,[9] however, hardly any of them are enantioselective. With the advent of organocatalysis, several Michael initiated ring closure have been developed by Córdova,[10] Wang[11] and others,[12] however the need to use highly activated nucleophiles in the first step limited somehow the scope of these approaches. Córdova and coworkers in 2013 circumvented some of these limitations by using a different synergistic approach. The use of carbon pronucleophiles bearing an allyl acetate activated by Pd, with enals activated by secondary amines, opened a new gate in terms of access to cyclopentanes.[13] The requirement to use a strong pronucleophile is still limiting the scope of these reactions. Moreover, the syntheses of the starting materials are quite tedious, requiring the use of protecting groups and, in definitive, limiting their practical usefulness. In order to circumvent all the limitations and, at the same time, to develop a more atom economic process by avoiding the use of leaving groups, we thought that the use of vinyl cyclopropanes[14] could allow us to synthesize vinyl-cyclopentanes in a highly stereoselective fashion (Scheme 1).[15] 










Scheme 1. Previous works and our work. 
Several research groups have been working on the synthesis of cyclopentanes using vinyl cyclopropanes as starting materials.[16] For example Trost in 2011 reported a Pd catalyzed vinylcyclopropane addition to alkylidene azalactones, using chiral diphosphine ligands with excellent results.[17] Very recently Liu and coworkers reported the addition of vinylcyclopropanes to nitroolefines using chiral bis (tert-amine)ligands.[18]
Mindful of this, we conceived a simple one-pot cascade reaction for the synthesis of cyclopentanes. We envisioned that the use of vinylcyclopropanes (easily synthesized in one step from commercially available starting materials) that could be opened “in situ” in combination with enals, represents an excellent platform for the synthesis of cyclopentanes. In order to achieve this, we planned to use four catalytic cycles in a double synergistic cascade reaction. For the first time, two different synergistic reactions will be coupled in a cascade fashion without the need of inert atmosphere nor additional ligands.

Firstly, Pd will activate the opening of the cyclopropane to generate “in situ” the pronucleophile by an oxidative addition. This will lead to the formation of the zwitterion, followed by an organocatalyzed Michael addition. Next, the enamine intermediate will react with the allyl complex to generate the cyclopentane (Figure 1). The challenges that we must face are considerable. First, the possible autoquench of both catalysts (transition metal catalyst and organocatalysts) or the dual role of both catalysts to generate four different catalytic cycles. 



































Figure 1. Proposed catalytic cycles 
As a proof of concept of this new double synergistic cascade reaction, we decided to use 1,3-indanedione derivative 6, that will show a good nucleophilicity and will lead to the synthesis of spiro compounds.[19] Moreover, indanones and their derivatives containing spirocyclopentane are common building blocks in biologically active compounds, drugs and in functional materials.[20] Probably the most important compound containing this motif is Fredericamycin A[21] which exhibits potent cytotoxicity and represents a novel anticancer drug lead. For these reasons a methodology that will deliver these structural motifs in a highly stereoselective fashion and in a single step is of great interest.
Based on our previous experience in synergistic catalysis and organocatalysis[22] we started the study of the reaction employing  compound 6 with cinnamaldehyde and testing several metals, solvents and temperatures. To our delight the reaction renders the final product with reasonable stereoselectivities and yields when CH3CN is used as the solvent and the reaction is run at 40 °C. 
Next we decided to explore the use of ligands in order to improve the stereoselectivity of the reaction. The use of phosphine ligands like dppe or PPh3 or the use of nitrogen ligands such as phenanthroline did not give any positive outcome in the reaction (entries 2-4; Table 1). Next we decided to study the effect of the solvent. Toluene, EtOAc and THF rendered the final products with improved diastereoselectivities and enantioselectivities while DMSO gave only complex mixtures (entries 5-8, Table 1). Further screening of the reaction conditions allowed us to find the optimized conditions by using EtOAc at room temperature. Toluene and CH3CN at room temperature allowed us to obtain the final products in good yields, with moderate diastereoselectivities and good enantioselectivities and when EtOAc was used, we got excellent conversions, diastereoselectivity and enantioselectivities (entries 9-11, Table 1). The reaction works at room temperature, in 14 hours, without the need of neither inert atmosphere nor additional ligands.

Table 1. Screening [a]


	Entry
	Ligand
	Solvent
	Temp
	Conversion [b]
	d.r.[c]
	Ee(%)[d]

	1
	-
	CH3CN
	40oC
	100%
	1:1
	nd/99

	2e
	dppe
	CH3CN
	40oC
	20%
	1.7:1
	78/99

	3f
	phe
	CH3CN
	40oC
	77%
	1:1.2
	53/99

	4g
	PPh3
	CH3CN
	40oC
	20%
	1.2:1
	41/99

	5
	-
	Toluene
	40oC
	68%
	4.3:1
	88/98

	6
	-
	THF
	40oC
	40%
	3.1:1
	87/99

	7
	-
	DMSO
	40oC
	c.m.[h]
	-
	-

	8
	-
	EtOAc
	40oC
	70%
	4.3:1
	92/99

	9
	-
	CH3CN
	r.t.
	86%
	3.4:1
	32/99

	10
	-
	Toluene
	r.t.
	46%
	5.6:1
	93/99

	11
	-
	EtOAc
	r.t.
	100%
	7:1
	99/n.d.[i]


[a] In a small vial, 1 equiv of 3a,1.2 equiv of 6, 5 mol% of Pd2(dba)3 and 20 mol% of I were added in 1 mL solvent at the temperature reported in the table [b] Determined by 1H NMR analysis of the crude mixture after 14h [c] Determined by 1H NMR analysis of the crude mixture [d] Determined by HPLC analysis of the crude mixture [e] 12 mol% [f] “phe” = phenanthroline (12 mol%) [g] 20 mol% [h] c.m. = complex mixture [i] n.d. = not determined
With the best conditions on hands, we decided to study the scope of the reaction in terms of the enals. To our delight the results were excellent in almost all the cases. The reaction with simple cinnamaldehyde renders the final product 7a in good yields and excellent stereoselectivities (87% yield, 7:1 d.r. and 99% ee). The reaction tolerates several functional electronwithdrawing groups in the aromatic ring, like p-CN (4b), p-NO2 (4d) or m-NO2 (4g), giving the final cyclopentanes in excellent yields (90-93%) and only slightly worse stereoselectivities (10-8:1 d.r. and 99-87% ee). Remarkably, the reaction tolerates the presence of halogens in the aromatic ring such as p-Br (4c), o-Br (4f) or p-F (4e) giving excellent yields, diastereo- and enantioselectivities. Only in the case of the m-Br the diastereoselectivity of the reaction is reduced (2.5:1) probably due to steric interactions. Aliphatic aldehydes such as Me (4i), Et (4j), Pr (4l), or heptyl (4k) gave the final cyclopentanes in excellent yields and stereoselectivities, the only substrate that has a different behavior is dienal 4m. The first surprise is that the dienal reacts by the second conjugated double bond exclusively instead of the middle double bond as previously reported in other organocascade reactions.[23] This makes that the conformation of the iminium transition state will not be as fixed as in the other cases, leading to the loss of facial discrimination and rendering the final product with low enantioselectivity (7m). However, as far as we are aware, this is the first example of a total regioselective reaction with dienal by the second conjugated double bond.




















  



Scheme 2. Scope of the reaction
We propose a plausible mechanism as shown in Figure 2: in the presence of palladium complex the vinylcyclopropane 6 is cleaved by oxidative addition of the palladium[24] and the corresponding zwitterionic -allylpalladium intermediate 9 is generated. On the other hand, the enal reacts with the chiral secondary amine I to form the iminium intermediate 10. The carbon anion of the dipole acts as a nucleophile through a Michael addition to the iminium intermediate leading to an enolate intermediate 11 (first synergistic catalytic cycle). Next the enamine intermediate reacts intramolecularly with the previously generated allylic palladium via a 5-exo-trig cyclization furnishing, after protonation and reductive elimination of the Pd complex and hydrolysis of the iminium intermediate, the final cyclopentane compound 7 with the release of the catalysts, thus completing the catalytic cycle. Remarkably, the stereoselectivity of the reaction is perfectly controlled by the chiral secondary amine that blocks one of the faces of the iminium and enamine intermediates. The proposed mechanism is in agreement with the previously reported ones in similar organocascade reactions.










Figure 2. Proposed mechanism
The cis configuration between the allyl group and the aldehyde can be explained by the cyclic transition state proposed in Figure 2. In order to avoid steric interaction, the Pd of the allyl complex will be located on the opposite face respect to the enamine substituent. Next, the irreversible stereoselective intermolecular nucleophilic Si-facial attack, by the chiral enamine, will lead to the final cis configuration observed.






Figure 3. Proposed Transition State
The final (2S,3S,4R) configuration is in agreement with the mechanism proposed and with the previous works done with this type of catalysts, where the stereochemistry at the -position of the enal is perfectly controlled by the catalyst (I).[13]
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Figure 4 X-ray structure of compound 7e. The displacement ellipsoids are drawn at the 50% probability level.[25] 
Next we decided to expand the scope of the reaction by using interesting heterocycles, cyano esters or meldrum acid derivatives as starting materials. As it is depicted in Scheme 3, first we focused our attention on the synthesis of spiro heterocycles such as oxindoles and benzofuranones. Spirooxindoles and spirobenzofuranones are common motifs in many natural products such as gelsemine, spirotryprostatin B or marcfortine B among others. When vinyl cyclopropanes oxindoles or benzofuranones are used, the reaction renders the final spiro products in moderate yields, low to good diastereoselectivities and moderate to good enantioselectivities (12a, 13a). Next we decided to study the reaction using diester and cyanoester derivatives that could be excellent precursors for cyclic β-amino acids after amide conversion of one of the esters or by reduction of the cyano group. Surprisingly, the reaction with malonate derivatives did not give any conversion, probably for their low nucleophilicity. For this reason, we turned our attention to a more nucleophilic diester like Meldrum’s acid derivative. In this case we obtained the final product in good yields but moderate enantioselectivities and diastereoselectivities (14a). Finally, we tested the reaction with cyanoester derivatives, obtaining the final cyclopentane derivatives in excellent yields and stereoselectivities (15a, 15b).  Remarkably, in this last two examples we break 1 C-C bond and form 2 C-C bond with 4 consecutive stereocenters (1 quaternary) with total enantiocontrol and with excellent yields, showing that this approach could be a valid platform not only for the synthesis of spiro compounds but also for cyclic -amino acid derivatives. Unfortunately, when the reaction was tested with malonate derivatives (16) or ketoesters (17) the reaction did not render the final compounds.









Scheme 3. Scope of the reaction
[bookmark: _GoBack]In summary, we reported for the first time a double synergistic cascade reaction for the synthesis of cyclopentane derivatives. The reaction is simply catalyzed by the combination of Pd(0) complexes and chiral secondary amines giving the final products in excellent yields and stereoselectivities. We not only prove the viability of this approach for the synthesis of spiroindanones but also for the synthesis of spirooxindoles, spirobenzofuranones and β-amino acid precursors. Mechanistic studies and the expansion of the present methodology to other interesting scaffolds such as vinyl aziridines, epoxides, carbamates or carbonates are ongoing in our research laboratory and will be reported in due course.[26]

Experimental Section
General Procedure: In a closed vial were added in this sequence: the organic catalyst 2-(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine (20 mol% equiv), α,β-unsaturated aldehyde (1 equiv), vinyl-cyclopropane (1.2 equiv, 0.2 mmol), Pd2(dba)3 (5 mol% equiv) and EtOAc (1 mL). The reaction mixture was stirred at room temperature overnight. The crude was purified by flash column chromatography (n-hexane/EtOAc) to obtain the desired product.
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