Dimethylformamide Dmf 
  
Dkr 
  
-T-Bu 
  
Squaramide Organocatalyst Theo 
  
These De 
  
Doctorat De L'universite Paris-Saclay 
  
Par M Li 
  
Chen Sous 
  
Françoise Dumas 
  
Dr Franck Le 
  
Bideau Résumé 
  
  
  
  
  
-1,3-dimethylperhydro-1,3,2diazaphosphorine

Keywords: 

ACKNOWLEDGMENT

As I have been in France for almost four years, it is reluctant for me to say goodbye at the end of my graduation. Looking back, I would like to express my sincere gratitude to my advisors Dr. Francoise Dumas, who gave me an opportunity to study Ph.D in one of the most beautiful city, Paris. Thank you for her patience, inspirational, timely advice and constant encouragement to help me to study here. Her guidance helped me not only in my research and writing of this thesis, but also taught me how to independently think and complete the Ph. D project. I really enjoyed this free discussion atmosphere from which I learned a lot from the discussion of my project with her immense knowledge and perspectives on research. I could not have imagined having better advisor and mentor over the past four years.

I would like to thank Dr. Franck Le Bideau who gave me a lot of help in the experiments and modifing the thesis. He is a gentleman I've ever seen in French.

I also would like to thank Dr. Samuel Dagorne, who gave me much guidance in ROP and let the two different reaction systems linked by the same squaramide organocatalysts through the Hydrogen-bond assisted. Members of his research group, Dr. Christophe Fliedel, Dr. David Specklin and Jean-Charles Bruyere also gave me a lot of help when I communicated in Strasbourg. We enjoyed a great party for The World Cup there. Especially, Dr. David Specklin have provided assistance on the second chapter.

I would like to thank the members of our laboratory Lai Wei, Dr. Mohammad Kousara, Dr. Laith and Melodie Ferrat, those lovely people who supplied me a friendly and warmly environment for laboratory life. In particular, my brother Lai, he is not only good at cook SiChuan hot pot but also cooking chemicals.

I would like to thank Dr. Christine Thomassigny and Dr. Bruno, who gave me encouragement and guidance in the middle test.

I would like to thank Karine LeBlanc, who payed a lot of patience for hplc analyzed of all chiral samples. I would like to thank Bruno Figadere, who gave me an opportunity to join the team of "chimie des substances Naturelles". I would like to thank every members in BioCIS laboratory of Pharmacy Faculty those who struggle every day for human progress in the laboratory. I would also like to thank all the friends I met in France, it's you who gave me unlimited power to finish my Ph.D test.

Finally, I would like to thank China scholarship council for the financial support to enable my study and life in France. My dear father Kun Chen, mother Jun Yang for the most selfless help and spiritual support.

Table of Contents

Résumé de la thèse -1-

Introduction

La liaison hydrogène est l'une des forces d'interaction omniprésente existant dans la nature autour de nous. C'est une interaction intermoléculaire d'intensité intermédiaire entre un atome d'hydrogène déficient en électrons et une région de forte densité électronique. Les propriétés inhabituelles et complexes de l'eau, la capacité des protéines à se replier en structures tridimensionnelles stables, la fidélité de l'appariement des bases de l'ADN, et la liaison de ligands à des récepteurs sont parmi les manifestations de cette interaction non covalente omniprésentes de la liaison hydrogène. [START_REF]1.3.3 Initiator or Chain-End activation by a General Base The initiator or active chain ends plays an important role in classical anionic polymerization which can efficiently generate an alkoxide to mediate ring-opening by deprotonation even with non-coordinating counter-ions. 208 As shown in Scheme 2-5, the initiator/chain end was activated and attacked the carbonyl. This forms an open monomer with ester and alcohol ending group that could further propagate. In addition, milder general bases can also activate the initiator or chain end via hydrogen bonding. 209 Scheme 2-5. The mechanism of activation by base 2.1.4 Hydrogen-bonding organocatalysts for ROP We studied, in the first chapter, hydrogen bonding in organic catalysis. Catalysis employing hydrogen bonding for substrate activation has been shown to be an effective and versatile strategy in a wide variety of transformations, analogous to many enzymatic pathways. 210 Recently, hydrogen bonding activation was proved to be a very effective strategy for enhancing the rate and selectivity of ring-opening polymerization which can be divided into three types (Scheme 2-6): 1) Monofunctional catalyst through H-bond acceptor (A) to active the alcohol group (initiator and growing chain); 2) dual activation of both the carbonyl function (monomer) and the chain end (alcohol group) through H-bond donor and acceptor of a unique bifunctional catalyst (D-A); 3) a catalytic system composed of two species (D+A)[END_REF] La liaison hydrogène qui a une énergie élevée et est directionnelle, peut induire la déformation et polarisation de la liaison de valence du groupe de substrat lié. Ainsi, elle peut diminuer l'énergie de l'orbitale moléculaire la plus basse vacante (BV ou LUMO, de l'anglais Lowest Unoccupied Molecular Orbital) de l'électrophile et la densité électronique pour stabiliser l'état de transition formé au cours de la réaction, ce qui profite à l'attaque nucléophile et accélère le processus réactionnel.

Jusqu'à la fin du 20 ème siècle, la stratégie dominante pour la catalyse énantiosélective des réactions nucléophile-électrophile impliquait l'activation électrophile par des acides de Lewis chiraux centrés sur un métal et des enzymes. La catalyse utilisant de petites molécules organiques est connue depuis longtemps, mais n'est devenue un domaine de recherche en plein essor que plus récemment. 3 Au cours des dernières années, les chimistes organiciens ont développé de nombreuses petites molécules organiques donneuses de liaison(s) hydrogène comme catalyseurs efficaces en synthèse asymétrique. Il existe trois stratégies principales représentées dans la figure 1 En comparaison avec les catalyseurs métalliques, les catalyseurs sous forme de petites molécules organiques sont stables à l'eau et à l'air, leurs réactions sont plus simples pour la production à l'échelle industrielle, et ils sont particulièrement intéressants pour la synthèse de principes actifs de médicaments parce qu'ils ne font pas appel à des métaux toxiques dont les résidus pourraient contaminer les produits finaux. Par rapport à la catalyse enzymatique, la catalyse organique ou organocatalyse n'est pas spécifique de substrats : un catalyseur peut promouvoir plusieurs réactions en même temps et une grande diversité de substrats peut-être transformée. Par conséquent, la conception de nouveaux catalyseurs asymétriques organiques chiraux efficaces est d'une grande importance pour développer une technologie pratique en synthèse asymétrique.

3 Dalko, P. I. in Enantioselective Organocatalysis, Wiley-VCH, 2007.b) Dalko, P. I.; Moisan, L. Angew. Chem. Int. Ed.2004, 43, 5138-5175. Partie A Dans le cadre de la synthèse de composés biologiquement actifs (harringtonines, subérosanes), 4 du développement de la réaction de Michael asymétrique découverte précédemment au laboratoire, et de la recherche de procédés efficaces de synthèse catalytiques éco-compatibles, nous étions intéressés par le développement d'une approche organocatalytique de la réaction de Michael asymétrique pour l'élaboration de centres quaternaires stéréocontrôlés.

Parmi les différentes approches, l'organocatalyse asymétrique induite par liaison hydrogène a été largement développée, ce qui a bénéficié au développement et à l'application de plusieurs motifs donneurs de liaison hydrogène tels que urée, thiourée, guanidine, squaramide et ainsi de suite. De plus, le groupe donneur de liaison hydrogène peut être facilement combiné avec une base de Brönsted ou de Lewis pour former un catalyseur à double fonction pour activer à la fois le réactif électrophile et le nucléophile, ce qui fournit un environnement catalytique très efficace. Il existe de nombreuses directions importantes pour le développement de catalyseurs à donneurs de liaison hydrogène, telles que la modification de la structure de ces catalyseurs pour améliorer encore leur activité catalytique et leur énantiosélectivité, réduire la quantité de catalyseur, raccourcir les temps de réaction, qui tous reflètent les avantages des catalyseur à double fonction (catalyse duale), ainsi que l'expansion de ses applications en l'absence de solvants ou avec des solvants «verts» et d'autres milieux réactionnels, tout ceux-ci s'accordant avec l'idée actuelle des besoins d'une «chimie verte», et les exigences d'une «économie à faible émission de carbone».

Les réactions de Michael impliquant l'activation de composés 1,3-dicarbonylés nucléophiles et différents électrophiles tels que l'acroléine, les cétones vinyliques substituées, les sulfonates et phosphonates conjugués, les ènenitriles, les nitrooléfines, les maléimides et les alkynones ont beaucoup attiré l'attention pour la potentialité synthétique des produits synthétisés. 5 Une grande variété de composés stabilisés 1,3-dicarbonylés substitués par un groupe alkyle ou des équivalents synthétiques ont été utilisés avec succès en combinaison 4 Kousara, M.; Ferry, A.; Le Bideau, F.; Serré, K. L.; Chataigner, I.; Morvan, E.; Dubois, J.; Chéron, M.; Dumas, F. Chem. Comm. 2015, 51, 3458-3461. 5 .Voir par exemple : Blümel, M.; Chauhan, P.; Vermeeren, C.; Dreier, A.; Lehmann, C.; Enders, D. Synthesis 2015, 47, 3618-3628. avec des composés électrophiles très réactifs tels que les nitro-oléfines à cause de la transformation aisée du groupe nitro-en amine primaire. 6 D'autre part, en dépit de leur grande utilité synthétique, l'addition conjuguée asymétrique catalytique de cétones-substituées non activées dissymétriques cycliques ou acycliques reste un défi synthétique majeur. Au début de notre étude, en 2012, Carter 7 a rapporté une addition de Michael organocatalytique sans précédent avec des acrylates en utilisant comme organocatalyseurs des amine-thiourées permettant d'obtenir les adduits attendus avec d'excellents rendements et énantiosélectivités après 48 heures à 90 °C dans le toluène (Schéma 1). Nous présentons dans ce travail, nos résultats dans ce domaine. Nous nous sommes ainsi intéressés aux organocatalyseurs chiraux de type dual dérivés de squaramides (Schéma 1) qui ont été rapportés par le groupe de Rawal 8 comme une excellente alternative aux organocatalyseurs à base de thiourée, et de Jørgensen pour leur efficacité dans la réaction de Michael de cétoesters avec des acylphosphonates.9 

Selon la bibliographie, et afin d'explorer une transformation utile en un pot de cycloalcanones α-substituées pour produire des adduits de Michael contenant un centre carboné quaternaire, il nous faut construire une petite molécule organique comme nouvel organocatalyseur de type amine-squaramide chiral pour les activer. Grâce à divers catalyseurs bifonctionnels existants, nous nous sommes proposés d'utiliser les énantiomères purs de la diphényléthylènediamine pour la partie chirale du catalyseur car elle contient la fonction amine primaire et semble facilement accessible. De plus, cette amine chirale a montré son efficacité lorsqu'elle est incorporée dans une thiourée. 6 a) Bensa, D.; Constantieux, T.; Rodriguez, J. Synthesis. 2004, 923-927. b) Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X.; Takemoto, Y. J. Am. Chem. Soc. 2005, 127, 119-125. c) Ooi, T.; Ohara, D.; Fukumoto, K.; Maruoka, K.

Org. Lett., 2005, 7, 3195-3197. d) McCooey, S. H.; Connon, S. J. Angew. Chem. Int. Ed. 2005, 44, 6367-6370. e) Wu, F.; Li, H.; Hong, R.; Deng, L. Angew. Chem. Int. Ed. 2006, 45, 947-950. f) Smith, III, A. B.; Atasoylu, O.

; Beshore, D. C. Synlett. 2009, 2643-2646. 7 Kang, J. Y.; Carter, R. G. Org. Lett. 2012, 14, 3178-3181. 8 Malerich, J. P.; Hagihara, K.; Rawal, V. H. J. Am. Chem. Soc. 2008, 130, 14416-14417. Schéma 1. Organocatalyseurs bifonctionnels pour la réaction de Michael (Haut : Carter, Bas : notre travail) Afin de rendre cet organocatalyseur 4 facilement accessible et à moindre coût au laboratoire, nous avons tout d'abord étudié le processus de Corey10 pour synthétiser la 1,2diphényl-éthane-1,2-diamine chirale requise 9, et avons été amenés à réaliser une étude détaillée du processus de réaction. Nous avons montré que le taux de la réaction d'ouverture de l'hétérocycle 8 était contrôlé par le temps de réaction. Ainsi, après avoir ajouté du lithium et attendu sa dissolution complète, 2 heures de réaction, contre 30 minutes dans la publication de référence, ont conduit à un rendement en produit racémique 9 de 93%. A l'inverse, si le temps de réaction n'est pas suffisamment long après addition du lithium (30 minutes comme indiqué dans la bibliographie), le rendement en produit désiré 9 est plus faible (48%). Et après traitement, lorsque nous avons combiné les phases aqueuses, nous avons constaté avec surprise que des cristaux blancs se déposaient lentement sur la verrerie, cristaux correspondants à un second produit obtenu avec un rendement de 28%. Ce nouveau composé, non encore rapporté dans ce procédé, s'est avéré être la diamine méso 10. En utilisant l'acide (L)-(+)-tartrique, nous avons effectué la résolution optique du composé racémique 9, conduisant à la S,S-1,2-diphényl-éthane-1,2-diamine énantiomériquement pure à 96%.

L'acide tartrique D a conduit à l'antipode R,R de la diamine 9. Dans un second temps, des conditions sans solvant avec activation par micro-ondes ont été développées pour la réaction de Michael en utilisant la thiourée 3 utilisée par Carter, ce qui a permis une réduction conséquente du temps de réaction de 2 jours à quelques heures, et une réduction d'utilisation de composés organiques volatiles (COV), par rapport aux conditions décrites par Carter.

Schéma 2. Synthèse de la diamine 9.

Face à ce succès, nous avons entrepris d'étudier l'influence de la structure d'organocatalyseurs de type amine-squaramide bifonctionnels sur cette réaction de Michael.

Pour cela, nous avons tout d'abord développé un procédé de synthèse de nos catalyseurs sous activation par micro-ondes qui s'est avéré positif, avec une réduction du temps de réaction (1-2 heures) en conservant des rendements équivalents à ceux obtenus dans les conditions de reflux conventionnel (18-72 heures) (Schéma 3). Grâce à plus de 10 exemples, nous avons montré que les dérivés de type benzylamine vont générer à la fois les mono-et bissquaramides, avec jusqu'à 98% de rendement global pour le dérivé 14a et jusqu'à 62% pour les 3 étapes, alors qu'avec des substrats de type aniline, des mono-squaramides purs sont obtenus avec un rendement inférieur, mais les produits peuvent être utilisés directement dans l'étape suivante de bis-fonctionnalisation. Le processus de synthèse de nos nouveaux organocatalyseurs amine-squaramides permet de les obtenir avec des rendements jusqu'à 62%, après trois étapes, dont deux sous activation micro-ondes sans étape de purification, ce qui donne globalement des rendements plus élevés et est finalement plus pratique que la synthèse du catalyseur amine-thiourée rapportée par Carter qui requière une purification par chromatographie sur colonne.

Schéma 3. Synthèse des organocatalyseurs bifonctionnels

Ensuite, nous avons examiné l'influence des nouveaux organocatalyseurs aminesquaramides, en commençant par la 3-(2-amino-1,2-diphényl-éthylamino)-4-benzylaminocyclobut-3-ène-1,2-dione 4, dans la réaction de Michael de la 2-méthylcyclohexanone 16 avec l'acrylate de benzyle 17 (Schéma 4). Dans des conditions de reflux conventionnel, à la fois le rendement, l'énantiosélectivité (ee = excès énantiomérique) et la régiosélectivité (er = excès régioisomérique) sont mauvais (9% de rendement, 41% ee, 78% er). La raison en est que nos nouveaux organocatalyseurs bifonctionnels squaramides chiraux ont une faible solubilité ou sont totalement insolubles dans les solvants organiques parce qu'ils ont tendance à établir des liaisons hydrogène intermoléculaires, favorisées dans les solvants aprotiques. Ici, dans un environnement sans solvant du procédé sous micro-ondes, nous avons proposé d'augmenter la quantité de substrat, la 2-méthylcyclohexanone 16 jusqu'à l'utiliser comme solvant, en vue de convertir tout l'électrophile toxique et onéreux. Malheureusement, en changeant le temps de réaction et le rapport des substrats, l'organocatalyseur amine-squaramide 4 ne s'est pas révélé aussi efficace que le catalyseur de type thiourée (67% de rendement, 89% ee, 81% régiosélectif). Rev.,2007, 107, 5813-5840. 15 Peut après le début de notre étude, celle-ci a été validée par une autre équipe : 

Conclusion

Au cours de ce travail j'ai proposé une nouvelle synthèse de squaramides à fonction unique et duale pour activer avec succès des substrats dans une réaction de Michael asymétrique permettant le contrôle de centres quaternaires carbonés de façon régio-et stéréosélective à partir de cétones non activées, et pour la polymérisation contrôlée de lactide.

Dans une optique de chimie éco-compatible, les perspectives de ce travail sont prometteuses.

Work synopsis

The enantioselective construction of quaternary carbon centers (Scheme 1) is an important method to synthesize natural products and novel complex molecular targets, addressing the need to overcome systemic acquired resistance of antibiotics, to increase selectivity of designed therapeutic medicine, or to mechanistically outwit mutating cancer cells. 16 However stereoselective formation of all-carbon quaternary centers remains a significant challenge in synthesis due to the steric repulsion among the carbon substituents. In the field of modern chiral synthetic chemistry, catalytic asymmetric synthesis may be divided into three types. In addition to transition metal catalysis and enzymatic transformations, a third general approach to the catalytic production of enantiomerically pure organic compounds recently emerged: asymmetric organocatalysis. Organocatalysts are purely lowmolecular-weight organic molecules, i.e.composed of (mainly)carbon, hydrogen, nitrogen, oxygen, sulfur and phosphorus atoms, with no transition metals and other metals.

Organocatalysts are easy to handle and generally stable toward oxygen and water and can bestored for a long period of time. From a practical point of view, organocatalysts should be environmentally friendly and applicable to large-scale synthesis. Because of these advantages, organocatalysts have played an ever increasing and important role in catalytic asymmetric synthesis. 17

Scheme 1. General desymmetrization strategy to set all-carbon quaternary stereocenters.

Recently, the crucial functional role of hydrogen bonding in organocatalysis emerged because it allows, when connecting to an electrophile, to decrease the electron density of this 

Scheme 3. Co-catalytic systems for Michael reaction

In order to simplify the efficient microwave process, we proposed to split the bifunctional squaramide organocatalyst into two simple components synthesized from commercially available starting materials (Scheme 3). Chiral (S)-1-methyl-benzylamine was thus used to activate both five-and six-membered cycloalkanones to generate the reactive imine intermediates, while symmetric bis-squaramide catalysts were used to activate electrophilic substrates toward nucleophilic attack of these intermediates, via hydrogen bonding. This remarkable catalytic stereoselective method, named split method, showed excellent yields (up to 98%) and good enantioselectivities (up to 97%) with high regioselectivities (up to 94%).

Scheme 4. Co-catalytic system for ring opening polymerization of lactide

In our research for new applications in the field of organocatalysis, elaborated squaramide catalysts as well as the split method were also used in ring-opening polymerization (ROP) (Scheme 4). Through chain extension experiments, 1 HNMR and MALDI-TOF MS measurements, we confirmed that squaramide catalyst based systems can control ROP of rac-lactide. The poly-lactide obtained from different squaramide catalysts has a linearly increasing molecular weight with the monomer conversion keeping a narrow molecular distribution (Mw/Mn) ranging from 1.03 to 1.18 with high conversion (98%).

Based on the above results, we showed that our newly catalytic method "multiple hydrogen donors as co-catalytic systems" played a significant role in accelerating reactions, improving yields and stereoselectivities. In the future, we will apply it to a variety of other catalytic reactions.

Chapter 1:

Hydrogen-Bond organocatalysts in the Michael reaction

Introduction: History of urea and thiourea organocatalysts

Hydrogen bonding is one of the ubiquitous interaction forces existing in nature around us. It's an intermediate range of intermolecular interaction between electron-deficient hydrogen and a region of high electron density. The unusual and complex properties of bulk water, the ability of proteins to fold into stable three-dimensional structures, the fidelity of DNA base pairing, and the binding of ligands to receptors are among the manifestations of this ubiquitous non-covalent interaction of hydrogen bonding. In comparison with metal catalysis, organic small molecule catalysts are stable to water and air, their reactions are simpler for industrial scale-up and particularly interesting in drug synthesis because they do not imply toxic metals whose residues could contaminate the end products. Compared to enzyme catalysis, organic small molecule catalysis is not specific to substrates, and one catalyst can promote several reactions at the same time. Therefore, design of new effective chiral organic asymmetric catalysts has a great significance to develop practical chiral synthesis technology.

Diastereoselective reactions induced by hydrogen-bond

Research on hydrogen-bond induced catalytic reactions began in the eighties, with biphenylenediol 2, which was reported by Hine and co-workers to catalyze ring-opening of the epoxy 1 and subsequent nucleophile addition of Et 2 NH. 24 This experiment showed that biphenylenediol 2 double hydrogen bond activation was extremely important relative to phenol single hydrogen bond activation, and greatly increased the efficiency of the catalytic reaction (Scheme 1-1).

Scheme 1-1. Biphenylenediol catalyzed epoxide-opening reaction 24 Hine, J.; Linden, S. M.; Kanagasabapathy, V. M. J. Org. Chem. 1985, 50, 5096-5099. In 1990, Kelly's team reported the biphenyl-enediol double hydrogen bond activation of Diels-Alder reaction that also significantly improved the response speed (Figure 1-2). 25 At the same time, Etter's 26 team found that diarylureas with meta-substituted electronwithdrawing groups on the aryl rings were capable of forming co-crystal complexes with a wide variety of hydrogen bond acceptors including themselves, thus providing the basis for future developments in organocatalysis. Through the literature above and in comparison with other hydrogen catalysts, thioureas and ureas are easy to synthesize, cheaper and easily tuned, which make them candidates of choice for further applications in the field of organocatalysis.

Monofunctional urea and thiourea catalysts

Since the proton on the nitrogen atom in the molecule of urea and thiourea derivatives has a certain acidity (pKa> 8.5), 29 it is capable to form hydrogen bonds with substrates or transition state that can effectively reduce the electron density and decrease the energy of the electrophile lowest unoccupied molecular orbital (LUMO). Those advantages are beneficial to nucleophilic attack and to accelerate the reaction.

In 1998, Jacobsen's group firstly used chiral urea and thiourea derivatives to catalyze asymmetric Strecker reaction of N-allyl imines 16 (Scheme 1-4). 30 A mechanistic study based on NMR, kinetic, structure-activity and theoretical analysis later confirmed 31 the crystallization model given by Etter. Thus, formation of hydrogen-bonds activates the electrophilic reagent, while the adjacent amino acid side chain induces asymmetric discrimination close to the reacting site via steric hindrance. systematic studies on the catalytic activity of substituted thioureas in a series of Diels-Alder reactions and 1,3-dipolar cycloadditions (Scheme 1-8, a). 41 They found that the relative effectiveness of these catalysts depend more on their substituents than on the reactants or solvents. Symmetrically rigid aryl thiourea bearing electron withdrawing groups bind more favorably, and as a consequence, thiourea catalyst 11, bearing CF 3 groups that can increase solubility, acidity and hydrogen-bondability, was found to be the most active catalyst. Based on the weak urea polarization with the ortho hydrogen on the phenyl ring, Mattson et al. recently proposed to tune the hydrogen bond donor catalyst activities through internal Lewis acid assistance, adding a boron atom onto this aromatic group as in compound 64. 46 This type of thio(urea) scaffold can affect the acidity, polarization and catalytic activity of the substrate and was applied to insertion of hydroperoxides with aryl diazoesters 65

(Scheme 1-10). 47

Scheme 1-10. Internal Lewis acid assisted hydroperoxide insertion reactions Catalytic reactions involving monofunctional urea and thiourea proceed through a single activation process, in which catalysts only activate one substrate.The possibility of incorporating two activation modes in the same catalyst was also proposed and led to the design and application of a large number of bifunctional catalysts based on the urea and thiourea frameworks.This will be the subject of the next chapter.

Development and application of bifunctional urea and thiourea-based organocatalysts

In recent years, urea and thiourea organic bifunctional small molecule catalysts have been rapidly developed, and have become an important part of small organic molecule catalysis (Scheme 1-11 types with good results (vide infra). 48 In the following part, we will introduce them through seven different types in detail.

Scheme 1-11. Typical chiral bifunctional catalyst model (left) exemplified with a thiourea Hbond moiety (right)

Takemoto thiourea catalyst

Based on the study of Curran, Jacobsen and Schreiner, Takemoto's group was first to introduce a tertiary amine group in a thiourea catalyst structure to generate a new bifunctional thiourea catalyst 69. They anticipated that the introduction of an additional basic, nucleophileactivating group in the thioura catalysts might facilitate a synergistic interaction between the functional groups and thereby lead to an efficient catalyst for the Michael reaction of malonate 68 with nitroalkene 67 (Scheme 1-12 

Bifunctional cinchona alkaloid-based thiourea organocatalysts

Cinchona alkaloids are abundant natural products that exist as pseudo-enantiomeric pairs, as exemplified by quinidine 109 and quinine 111 (Scheme 1-19). 65 They are readily accessible amine catalysts that could be used to generate either enantiomer of a chiral product of interest. Accordingly, numerous efforts demonstrated the potential of modified cinchona alkaloids as broadly useful chiral organic catalysts for asymmetric synthesis. 66

Scheme 1-19. Differences between quinine, quinidine, cinchonine and cinchondine Cinchona alkaloids are inexpensive starting materials readily available in both pseudoenantiomeric forms. They possess relatively rigid (but not completely locked) structures in which Brönsted base and hydrogen bond accepting functionalities are located at stereogenic centers in close proximity. 67 Furthermore, the C-9 stereocenter is a secondary alcohol, which can readily be transformed into a thio(urea) derivative via the corresponding primary amine.

The absolute configuration of the alcohol can be readily inverted if required, which allows the influence of the relative stereochemistry at the Lewis basic and Lewis acidic groups on both activity and selectivity to be modified. Therefore, in recent years, bifunctional thiourea catalysts derived from the cinchona alkaloids has shown a rapid development. We can summarize basic design principles for those kinds of catalysts as followed:

a) The C-9 stereocentre of Cinchona alkaloids can generate two available diastereomers; optically active products bearing quaternary chiral carbon stereocenters with high yields and enantioselectivities (Scheme 1-32, b). 96

Thiourea chiral diamine-derived catalysts

In 2006, Chen et al. described a highly efficient organocatalytic method for the asymmetric Michael addition of α-substituted cyanoacetates 185 to vinylsulfones 186 by readily available bifunctional thiourea-tertiary amine organocatalysts 189 (Scheme 1-33, a). 97 It was the first enantioselective catalytic reaction of α-aryl or alkyl cyanoacetates 185 which might involve a double-hydrogen bonding interaction between the NH of thiourea and a sulfone functionality to achieve good to excellent enantioselectivities (72-96% ee). Moreover, biologically important β-amino acids 98 efficient method to address a complete regioselective control of a catalytic, enantioselective

Michael addition using unsymmetrically functionalized ketones with an α,β-unsaturated electrophile (Scheme 1-36).

Scheme 1-36. Asymmetric reaction of chiral diamine-derived catalysts

Chiral amino alcohols derived thiourea catalysts

In 

Guanidine-thio(urea) type bifunctional compounds

In 2005, Nagasawa's group 118 reported for the first time a novel bifunctional catalyst 251 having an octadecyl-substituted guanidine and a thiourea functional group linked with a chiral spacer derived from phenylalanine which efficiently promoted the Henry reactions with high asymmetric induction (82-90% ee). As shown in Scheme 1-41, they supposed that: 1) 

Asymmetric catalytic reactions mediated by Squaramides

Comprehensive comparison between thio(urea) and squaramide

Due to their strong hydrogen bonding capability, squaramides have long been applied

in the field of molecular recognition, using di-hydrogen bonds to identify sulfonic acid, nitric acid, carboxylic acid anions and halogen anions. 131 Because of its unique hydrogen bond donor pattern, in which the structure is more rigid than thiourea, the distance between acidic hydrogens is wider. Squaramides are also more acidic than thiourea (Figure 1-4). The reason for such a late introduction of squaramides as catalysts might be that aminesquaramide was supposed difficult to dissolve in the weak polar organic solvents because of hydrogen bond auto-association. 133 For example, pure bilateral aromatic amine substituted amine-squaramides are insoluble in weak polar and moderately polar organic solvents, but the same substituted thioureas have larger solubility. Therefore, the first step of molecular recognition based on amine-squaramides in the past was always spliced to water-soluble ionic group. 134 Furthermore, the hydrogen bond-based asymmetric catalysis often requires weak polar organic solvent in order to reduce the hydrogen bond interference from solvent to catalysts and reactants, and therefore catalysts using amine-squaramide as hydrogen bond donors have not attracted attention. In fact, later studies showed that amine-squaramides decorated with groups such as tertiary amines have certain solubilities in weak polar organic solvents.

Scheme 1-46. Tertiary amine-squaramide catalyzed Michael reaction

Although amine-squaramide motif has been widely used in the application of molecular recognition in the mid-1990s, before 2008 it was only used in hydride reduction, as mentioned in the application of chiral catalysis. 135 Compared with thioureas and others, we can say amine-squaramide "slept for many years, missing a lot of good times" as a hydrogen bond catalyst. However, once amine-squaramides were found to be useful hydrogen bondinduced bifunctional catalysts in organic synthesis, they developed rapidly, thanks to the easymodification of squaramide structures, their special rigid structures and the research experience chemists had in the area of tertiary amine thiourea catalysts applications. Many widely used chiral source in previous time, such as chiral diamine 189, DPEDA 214, 9-epiamino cinchona 113 were also associated with squaramide and showed excellent catalytic 133 We can attribute the superior catalytic efficiency of amine-squaramide over thiourea to its longer hydrogen-hydrogen bond distance (average values: 2.72 Å vs 2.12 Å), making the dihydrogen bond of amine-squaramide more efficient to induce nitroolefin activation.

Moreover, other unique properties of amine-squaramide should also be taken into account.

From the known crystal structure of chiral tertiary amine-squaramide 279, we can see that the distance between two hydrogen atoms of N-H bond is 2.852 Å (Figure 1 which as acceptors were directed by the squaramide motif through a H-bonding interaction (Scheme 1-56). 165 After an intramolecular cyclization reaction via an acyl-transfer process, products were obtained in 97% yield and good dia-and enantioselectivities (97% ee, >99:1 dr).

Scheme 1-56. Asymmetric Michael cascade reaction of ,-unsaturated acyl phosphonates

Other types of squaramide catalyzed asymmetric Michael reactions

Bifunctional tertiary amine-squaramide organoctalysts

Recently, the enantioselective synthesis of and -aminophosphonic acids has received considerable attention as a result of their increasing applications in peptide and medicinal chemistry. 166 In 2007, Wang et al. were first to catalyze, using Takemoto thiourea catalyst 69, the enantioselective conjugate Michael addition of diphenyl phosphite 345 to nitroolefins 344 leading to very low yields and poor enantioselectivities within a long reaction time (21% yield, 8% ee, 24 h). 167 In 2010, Rawal's group proposed the squaramide scaffold 348 instead of the thiourea skeleton 70 and obtained high yields and relatively good enantioselectivities (up to 98% yield, 81% ee, 45 minutes). 168 It confirmed the superiority of squaramide over thiourea structures, as previously mentioned. To optimize the catalyst, they performed a brief study on the relationship between catalyst structures and reaction enantioselectivities. Through changing the substituents on the nitrogen atom of the squaramide catalysts, they found that higher enantioselectivities were observed for the cyclic amine derivatives (squaramide organocatalyst) which allowed product formation in 69-99% yield and 95-99% ee. This success was attributed to the relative conformational rigidity of these substituents (Scheme 1-57). 

Results and discussion: Bifunctional squaramides-based organocatalytic asymmetric

Michael additions of unactivated ketones to electrophilic alkenes

Efficient access to complicated structures bearing all carbon quaternary stereogenic centers (QCC) still remains a challenge in asymmetric synthesis in connection with the synthesis of biologically active compounds (harringtonines, 182 suberosanes 183 ...), and the asymmetric Michael reaction of chiral imines discovered earlier in our laboratory. 184 With the pursuit for efficient green catalytic synthesis methods, recently, small organic molecule catalysis as a new asymmetric catalytic method has become a powerful tool in organic synthesis and an environmentally-friendly alternative to metal catalysis. Among the challenges to be addressed in that field, we were interested in the development of an organocatalytic Michael approach to such QCC elaboration.

Among organocatalytic activations, hydrogen bond-induced asymmetric catalysis is one of the branches of small organic molecule catalysts that has been extensively developed, not only benefiting from development and application of several hydrogen bond donor groups such as urea, thiourea, guanidine, amine-squaramide and so on, but also from combined effects of Brönsted or Lewis bases to form dual-function catalysts able to activate both electrophilic and nucleophilic reagents at the same time. Through modification, the structure of hydrogen bond catalysts can further enhance its catalytic activity and reaction enantioselectivities, reducing the amount of catalyst and shortening the reaction times.

Moreover, expanding their applications in the absence or using green solvents and other reactions media, is an important developing direction for hydrogen-induced catalysts for the future, in accordance with the current idea of "green chemistry" and "low-carbon economy" requirements.

182 Yang, H.; Sun, M.; Zhao, S.; Zhu, M.; Xie, Y.; Niu, C.; Li, C. J.Org. Chem. 2013, 78, 339-346. 183 

Design of a new chiral bifunctional squaramide organocatalyst

Michael reactions involving primary amine-based thiourea organocatalysts 393 were widely used to activate dicarbonyl nucleophiles compounds and different electrophiles such as acrolein, substituted vinyl ketones, conjugated sulphonates, phosphonates, enenitriles, nitroolefins, maleimides and alkynones due to the easy transformation of primary amine tautomerizing slowly and selectively to more substituted enamine. 185 In this way, a wide variety of alkyl-substituted-1,3-dicarbonyls or synthetic equivalents have been extensively and successfully used in combination with highly reactive electrophiles such as nitroolefins. 49,186 On the other hand, catalytic asymmetric conjugate additions with simple unsymmetrical -substituted cyclic or acyclic unactivated ketones, of broad synthetic value, still remains an important synthetic challenge and was unmet at the origin of this project. In 2012, Kang and Carter 19 reported the unprecedented organocatalytic Michael addition of the less reactive alkyl-substituted cycloalkanones with acrylates using thiourea-based dual catalysts such as 393 in excellent yields and enantioselectivities after 48 hours at 90 °C in toluene (Scheme 1-64).

Scheme 1-64. Seminal work of Carter and proposition for a new bifunctional organocatalyst

Herein, we present an alternative solvent-free microwave-assisted version of this reaction with SQAMs dual catalysts which allows a consequent reduction of the reaction time.

Compared with diamine-thiourea dual organocatalysts we turned our attention to more robust chiral squaramide derivative catalysts 394 which were first reported by Rawal's group as an efficient alternative to the corresponding thiourea-based catalysts. 132

Synthesis of chiral (1R, 2R)-(+)-1,2-Diphenylethylenediamine

In order to explore this useful one-pot transformation of α-substituted cycloalkanones to produce Michael adducts containing all-carbon quaternary stereocenters and compare with Carter's results, we proposed to construct a new bifunctional chiral amino-squaramide organocatalyst 394 (starting) with enantiomerically pure chiral diphenylethylenediamine 400

for the enamine activation to control the stereoselectivity and regioselectivity of the studied Michael reaction. Owing to its price (187 euros/g, ALDRICH), we first followed E. J.

Corey'sprocedure for its synthesis (Scheme 1-65).187 

Scheme 1-65. Synthesis of the chiral 1,2-Diphenyl-ethane-1,2-diamine.

The process involves the preparation of di-imine 398 from benzil 396 and cyclohexanone 397, which is reduced by lithium in ammonia to an intermediate aminal in which two stereogenic centers were created giving rise potentially to a meso diamine 399b and the desired trans derivative 399a. Due to important 1,2-steric interactions in the C-5 cycle, an equilibrium occurs between the two anionic forms 401 and 402 which evolves toward the most favored anti configuration (Figure 1234567). However, a first trial in the litterature conditions led to a 48:28 mixture of diamine 399 obtained after hydrolysis (30 min). We then decided to increase the amount of ammonia and to allow the system to equilibrate during 2 h to complete 

A new useful microwave process in synthesis of bifunctional squaramide organocatalysts

In order to obtained bifunctional squaramide organocatalysts, we first synthesize a series of mono-substituted squaramide according to litterature procedure (Scheme 1-66, A).

Interestingly, we found that with different nucleophile substrates obtained various products. In In second step, we also designed and compared the classical and the microwave methods to synthesize our new squaramide organocatalysts 404-413c. After 2 hours under microwave conditions with a simple filtration step, we obtained up to 99% yield of pure products (Table 1-1, entry 13). In comparison with reflux or room temperature reaction conditions (see table 1-1), this procedure gave excellent yields with dramatically shorter reaction times. Hence, we obtained 62% yield of our new squaramide bifunctional organocatalysts by the efficiently two steps of microwave process without purification step. Compared with synthesis of thiourea (Scheme 1-67) catalyst 393, it is a bit convenient and gives a higher yield.

Scheme 1-67. Preparation of thiourea 393

Evaluation of bifunctional squaramide organocatalyzed in asymmetric Michael reations

The aim of the study was to construct an all-carbon-substituted quaternary-carbon stereogenic center at the -position of cyclic ketones in a catalytic version. We first reproduced Carter's protocol (Table 1-2, entry 1), and adduct 417 was obtained in only 92% yield, 98% ee and 87% re in our hands after measured by 1 HNMR. Eventually, the best result (67% yield, 89% ee) was obtained in solvent free conditions, using a 5/1 ketone/acrylate ration, under microwave irradiation at 100 o C, and for 12 hours (entry 7). If these results were not better than those reported by Carter's group, it is worth noting that squaramide organocatalyst 404c was easy to recover after the catalytic process by precipitation and the recovery rate was up to 75% (entry 13). These conditions were next used to test more efficientlly squaramide organocatalysts 405c, 407c, 408c, 411c and 412c but no yield improvements were observed. Through comparative analysis from the microwave instrument we considered that automatic microwave power is proportional to the yield. Based on the instrument security reasons it automatically adjusts the power around 0 W, which lead us to have a very bad result even if we use the theory more active catalyst (after entry 13). We checked by [ D 23 measurement (optical activity) that our SQAMs cataltst 404c returned the same absolute configuration of the Michael adduct than the one obtained with Carter's thiourea that is the R,R catalyst give the R product.

Many years ago, one of the most potent methodologies for the enantioselective construction of quaternary carbon centers was reported, based on the asymmetric aza-ene Michael reaction using chiral optically active 1-phenylethylamine with electron-deficient substrates to generate reactive intermediate enamine to lead regio-and stereoselectively to Michael adducts (Figure 1-8, right). 189 Through analysis of the mechanism which was rationalized based on combined DFT calculations and kinetic analysis, Michael addition catalyzed by bifunctional squaramide organocatalyst to generate cycloketones 417 totally had four possible conformations with the same energy around 2 kcal/mol. But there are only one possibility in which hydrogen-carbon bond distance is less than 3 Å and a good energy for the aza-ene process. As shown in the left of Figure 8 red line, the distance between hydrogen to carbon is 2.79 Å. Hence, for minimum steric effects, the two hydrogen-bond of nitrogen atom of squaramide organocatalyst will activate the electron-deficient substrate through Re-face to approach the enamino ketone. This will form two seven-membered stable pseudo-cycles allowing the reaction to proceed completion with a third six-menmbered pseudo-cycle which we marked it by colors. In this reaction, and in contradiction with Carter's results, we identified up to 11% of a mixture of the corresponding regiomers 418 by HPLC-MS, 1 HNMR and 13 CNMR. Because unsymmetrical -cycloalkanones 415 was first condensed with bifunctional squaramide organocatalyst to form imine compound TS 1 as an initial product, which can be easily spontaneous in equilibrium with the enamine tautomer TS 2. Based on Curtin-Hammett principle, our main product is 417 (Figure 1-10) with the quaternary carbon center. Indeed, in the transition state resulting from Michael addition of imines to electrophilic substrate, proton transfer from nitrogen atom to the α-center of the electrophile is a concerted process with creation of the key carbon-carbon bond. In TS 1, the NH bond is syn to the carbon-carbon double bond and consequently the internal concerted proton transfer is allowed. In contrast, TS 2 does not allowed such a transfer, for obvious geometrical reasons (bulky phenyl ring). fully characterize these regioisomers 418, we followed the conditions reported by House and Schellenbaum 190 for the synthesis of their methylester analogues (Scheme 1-68). The secondary enamine of 2-methylcyclohexanone 415 with pyrrolidine was reacted with benzyl acrylate 416 according to House's protocol in refluxing dioxane for 2 days, affording a mixture of the racemic tertiary expected Michael adducts 417 and 418 after hydrolytic workup, along with a small proportion (15%) of the quaternary adduct 417. Indeed, it is known from the pioneering work of Stork 191 that the enamine 423 owing to its particular stereoelectronic effects, reacted with electrophilic alkenes to give predominantly the less hindered 2,6-disubstituted cyclohexanone products. This enamine, which existed as a mixture of the less substituted enamine 424 (15%) and the more substituted one 423 (85%) in equilibrium in 190 House, H. O.; Schellenbrum, M. J. Org. Chem. 1963, 28, 34-38. 191 Stork, G.; Landesman, H. K. J. Am. Chem. Soc. 1956, 78, 5128. dioxane, delivers a mixture of the 3 expected isomers (418a/418b/417 = 39/4/5). This proportion reflected the initial preponderant 85% proportion of enamine 423. The regiosisomer 418 had the 2,6-cis configuration, which was capable of existing in a conformation with both substituents equatorial. This last hypothesis was confirmed by a complete NMR study including COSY, HMBC, HSQC and NOESY experiments. As shown in Scheme 1-68, H6 and H2 are axial with a J ax-ax around 12 Hz, H3 and H5 are also axial with a large diaxial coupling constant aound 12 Hz (NMR see experimental part). or the methyl by an isopropyl (434) slightly decreases the enantioselectivities. However, a tert-butyl group ( 435) as a substitute for the methyl group was inert in this Michael reaction probably because of the large steric hindrance generated by this group. Eventually, nonaromatic group such as substituents 1-cyclohexylethylamine ( 436) and iso-bornylamine (437) led to poor enantioselectivities because electrophilic substrates can easily direct the enamine approach through Re and Si faces with small energy difference as calculated by Prof. Tran

Huu Dau (H Re -H si = 0.2 kcal/mol). Therefore, because (S)-(-)-1-phenyl ethylamine 428 is a cheap chiral primary amine and offers the same efficiency as the other chiral amine, it was chosen for the study of Michael reaction.

Scheme 1-69. Evaluation of chiral auxiliaries for Michael reaction

Preparation of bis-substituted organocatalysts in Michael reaction

We designed a new co-catalytic system (a split version of the dual catalysis system), based on the association of two commercially available or easily synthesized products to catalyze asymmetric Michael reaction (Scheme 1-70). We used (S)-(-)-1-phenylethylamine 428 as the chiral part of this combination to control the stereoselectivity of the Michael reaction and activate the unsymmetrically functionalized ketones. Furthermore, in order to effectively complete through one step the Michael addition, we proposed to add different bissquaramide organocatalysts differing by their acidities. In order to compare with squaramide catalysts, we also synthesized a few corresponding thio(urea) catalysts 449-451 (Scheme 1-71) applied in the Michael reaction.

Scheme 1-70. Design of the co-organocatalysts system there is an increase by 40% yield with this squaramide catalyst. We also examined two other kinds of chiral primary amines and both of them gave bad results (table 1-4, entry 15 and16).

With good reaction conditions in hand, we embarked on the comparison of different organocatalysts. W conditions: 150 W, closed system; a Isolated yield. b Determined by 1 H NMR spectroscopic analysis of the reaction mixture. c Enantiomeric excesses for compound 417 determined by chiral HPLC and and regioisomeric ratio by 1 H NMR.

As shown in table 1-5, commercially available products like squaric acid 438, thiourea and urea as organocatalysts can efficiently improve the yield of the Michael reaction (table 1-5, entry 1, 2, 3). Through comparing different substituent groups, thiourea derivatives showed excellent catalytic activity always giving the highest yields (up to 99%), whatever their substituent groups (table 12345entry 5,8,10). In contrast, squaramide organocatalysts revealed superior enantioselectivity with moderate yields, probably because of the longer H-bond distances (relative to the activating NH functions) found in these catalysts. Urea derivatives have shown poor activity in both yields and enantioselectivies. By comparing the following four categories in Table 5, we can summarize that symmetrical substituted (Table 1-5, entry 8 and9) structures are more active than asymmetric structures (Table 1-5, entry 10 and 11), benzylamine being more active than aniline, and CF 3 groups also enhancing the activity.

We designed and synthesized a variety of bis-squaramide organocatalysts under optimal conditions (diethyl squarate and 2 equivalent of amine, EtOH, μW, 1-2 h, 50-90% yield) and compared their catalytic activities. With the greatest electron withdrawing effect and more acidic protons found for anilines. Benzyl amine derivatives (405b, 408b) showed better catalytic activity and stereoselectivity than phenyl amine derivatives (443, 444). We compared the different substituents on the aromatic group such as the fluoride group in the para position (408b), the linear electron-donating group (NMe 2 , 445), the electron withdrawing group (OMe in meta site, 409b) and naphthalene 410b. Catalysts bearing trifluoromethyl groups showed superior catalytic activities and enantioselectivities in Michael reaction. The C 2 -symmetrical chiral squaramide organocatalyst 407b gave a lower yield (73%, Table 1-6, entry 3) but good regioselectivities. The monosquaramides 439 and 442 (Table 1-6, entry 7 and 10) bearing an acidic OH group led to lower enantioselectivities, showing the importance of the bis squaramide catalysts. W conditions: 150 W, closed system; a Isolated yield. b Determined by 1 H NMR spectroscopic analysis of the reaction mixture. c Enantiomeric excesses for compound 417 determined by chiral HPLC and and regioisomeric ratio by 1 H NMR.

Finally, we expanded the scope of the Michael reaction to electrophiles (Table 1234567). Under the best reaction conditions (microwave process) previously obtained using catalyst 405b, we obtained excellent yields with three electrophilic reagents. Once again, squaramide organocatalyst 405b can be easily recovered through filtering and directly reused at least one time with small loss of selectivitiy. Unfortunately, except with benzyl acrylate (table 1-7, entry 4), we did not obtain very good enantioselectivities, however decreasing the regioisomers proportion. These results could be explained in terms of steric hindrance with a decrease in ee going from the more to the less crowding groups of the electrophiles: CO 2 Bn (ee = 74-96%) > CO 2 nBu (ee = 69-78%) > CO 2 Me (ee = 71-74%) > CN (ee = 59-61%). 

Conclusion and outlook

In order to explore a useful one-pot transformation of α-substituted cycloalkanones to produce Michael adducts containing all-carbon quaternary stereocenters, we first tested different known or unknown bifunctional catalysts based on the presence of both a Brönsted acid, to activate the electrophile and an amine to activate the nucleophile. Owing to their high costs, we first chose to synthesize (1R,2R)-(+)-and (1S,2S)-(-)diphenyl-1,2-ethylenediamine and discovered that the corresponding desired trans compound could be obtained depending on the reaction conditions along with the achiral meso analogue. These chiral ligands, as well as phenylethylamine, and naphthylethylamine were next engaged in a new micowave assisted synthesis of squaramides, leading to the desired compounds in two steps with decrease reaction times and slightly improved yields in comparison with the classical method. Through different experiments using our new organocatalyst series we found that microwave activation is also suitable for catalytic one-pot transformations of unsymmetrical ketones to produce Michael adducts exhibiting a stereocontrolled all-carbon quaternary center (up to 90% ee).

This method thus provides an environment-friendly access (neutral, neat, green activation) to these compounds and our new dual organocatalysts can be recovered by simple filtration (> 50% yield) and re-used (>50% yield and 77% ee).

In order to simplified organocatalytic reaction and to reduce the steps to access the organocatalysts (toward a global green process), we also tested a new co-catalytic system using the commercially available chiral auxiliary (S)-(-)-1-phenylethylamine to activate the nucleophiles and bis-squaramides as proton donor to activate the electrophiles. Satisfactorily, our new methodological tool was successfully used in our microwave assisted process to deliver after only 2 hours, the desired Michael adducts with excellent yields (up to 98%) and enantioselectivities (up to 98%), although with still a small proportion of the regioisomer (14%).

In the future, based on this co-catalytic system, we propose to explore other scope of the reaction. Similarly, we will continue to expand the simple synthesis of squaramide organocatalysts to improve the enantioselectivity of linear or small molecule substrates. In order to demonstrate the synthetic value of our method, we will embark on its application to a concrete case with the total synthesis of a marine natural product.

Chapter 2

Ring opening polymerization by squaramides organocatalysts

Introduction: Biodegradable materials

Since the 20 th century, human productivity had increased exponentially and so did the demand for non-renewable resources such as oil and plastic products. Nowadays, the use of fossil resources based products is facing two major world issues: environmental pollution and shortage of resources. To solve these problems, many developed countries have restricted the use of non-degradable materials through legislation. Considering the environmental impact and the future shortage of fossil resources, the development of biodegradable materials originated from renewable resources has become a global concern. Based on the degradation mechanism, degradable plastics can be divided into three categories: biodegradable plastic, photodegradable plastic and chemically degradable plastic, the biodegradable and photodegradable plastics being more widely used.

The mechanism of photodegradation is based on photosensitizer releasing energy to the main chain, leading to degradation of the material under natural light conditions. However the photodegradation of materials is affected by light intensity, temperature, humidity and other conditions. Furthermore, the photosensitizers contain heavy metals which prevent their use in some fields such as food contact packaging, medical and so on. 193 Thus, by the end of 20th century, research on photodegradable materials tends to stagnate.

The American Society for Testing and Materials (ASTM) consider that biodegradable plastics are plastics that decompose to CO 

Polylactides as biodegradable materials

Poly(lactic acid), also known as polylactide 452 (PLA), belongs to the family of aliphatic polyesters and is a biodegradable thermoplastic that can be produced from renewable Therefore, polymers derived from lactic acid may be good candidates for environmentfriendly materials.

The structure of PLA is shown in Figure 2 

Synthesis of polylactic acid

High molecular weight PLA can be obtained using different routes. The green method for the production of L-lactic acid consists in an enzymatic hydrolysis of starch followed by fermentation of the glucose. In contrast, a chemical synthesis route is also widely used as it allows for the direct production of quantities of racemic lactic acid (rac-LA). In general, there are three methods which can be used to produce high molecular mass PLA (Mw>100000 g/mol): a) direct condensation polymerization; b) azeotropic dehydrative condensation; c) polymerization through lactide formation (Scheme 2-1). 

Direct condensation polymerization

The direct condensation polymerization method is operating under high temperature and vacuum conditions. The lactic acid will undergo intermolecular condensation through dehydratation to form polymers. This method has been widely used for PLA preparation as it is easy to operate and starts with low raw material costs. However, formation of water can induce depolymerization, and consequently, high molecular mass polymers are difficult to obtain (usually Mw<5000 g/mol, PDI=2), implying the use of chain coupling agents for an extra synthetic step. 202 Moreover, the process is not well controlled resulting in PLA with high polydispersity index (PDI), no control of the tacticity and some coloration. For these limitations, this technology has practically been discontinued.

Azeotropic dehydrative condensation

This method can yield high molecular weight PLA without the use of chain extenders or adjuvants. It needs to remove water by reduced pressure distillation at 130 °C, and to use solvents and catalysts providing impurities, and needing extra purification steps.

Polymerization through lactide formation (ring-opening polymerization)

Ring-opening polymerization (ROP) is the process most commonly used due to the possibility of an accurate control of the reaction through catalyst design and reaction conditions tuning. Thus the resulting polymers can be synthesized with controlled properties, broadening the application fields. The structural modulation of sulfonamides can effectively activate the monomer through cooperative dual hydrogen-bonding while the amine activates the alcohol (Scheme 2-18) to give up to 96% conversion (Mw=17680 g/mol) and narrow molecular weight distributions after 5 h (PDI=1.07). 

Co-catalytic systems of squaramides and triethylamine for the ROP of lactide

Unfortunately, bifunctional squaramide catalysts do not reveal to be very active for ROP of lactide in the tested conditions. It could be due to the rigid structure of squaramide catalysts, and their poor solubility in most aprotic solvent. Indeed, it was observed that most catalysts formed suspension in dichloromethane and slowly catalyzed the polymerization of lactide at room temperature. Interestingly, when we added stoichiometric amounts of triethylamine, the catalysts showed superior activity. Therefore, we proposed that the tertiary amino groups of bifunctional squaramide catalysts are forceless, and are not able to effectively attract the nucleophile in order to favor the cyclic esters attack (initiator and growing chain end). The cheap commercially available triethylamine has the same effect than the tertiary amine of the catalyst and activate the initiator/growing chain. As part of our exploration of modular catalytic systems based upon separate dual functionalities, we were interested in a combination of two distinct donor and acceptor hydrogen bond structures.

Thus, we proposed a co-catalytic system by using only commercial and easily available compounds excluding any supplementary synthetic steps. The simple squaramide organocatalysts used are byproducts of the chapter I synthesized as bifunctional catalysts (Hbond donor) that will be associated with triethylamine (H-bond acceptor) to form a cocatalytic system in the ROP of lactide (Scheme 2-22). As shown in Table 2-3 entry 1-4, when using squaric acid 438 as catalyst, the PLA chain length closely matches the theoretical value and a narrow polydispersity is observed (PDI=1.13). The amount of monomer can also be increased up to 40 equivalents with a ROP process remaining controlled. Since the simple co-catalytic system of squaric acid and triethylamine was able to catalyze the ROP of Lactide, we proposed to use in the same conditions the catalyst 441, which shows a stronger hydrogen-bond donor ability to rationalize the activating ability of each component in the reaction. Also two tests shown in table 2-3 demonstrate that both the squaramide catalyst and the triethylamine are necessary for the ROP process to take place efficiently (table 2-4, entry 1 and 2). A control experiment was carried out with a large amount of triethylamine in the ROP of rac-lactide which led to a significantly lower monomer conversion (37% after 144 h) (table 2-4, entry 4). As we saw the activation provided by triethylamine is essential to the process, however, we also observed that the presence of triethylamine is increasing the solubility of the squaramide catalyst as there is no activity and no apparent dissolution of the catalyst in entry 1. In order to determine the optimal molar ratio of catalyst 441 to Et 3 N for the controlled ROP of rac-lactide, we executed polymerizations with different ratios: Cat.441/Et 3 N/BnOH/Lactide=1/20/2/120 ( Conditions: room temperature under nitrogen concentration lactide.

1 Determined by 1 HNMR. [START_REF]1.3.3 Initiator or Chain-End activation by a General Base The initiator or active chain ends plays an important role in classical anionic polymerization which can efficiently generate an alkoxide to mediate ring-opening by deprotonation even with non-coordinating counter-ions. 208 As shown in Scheme 2-5, the initiator/chain end was activated and attacked the carbonyl. This forms an open monomer with ester and alcohol ending group that could further propagate. In addition, milder general bases can also activate the initiator or chain end via hydrogen bonding. 209 Scheme 2-5. The mechanism of activation by base 2.1.4 Hydrogen-bonding organocatalysts for ROP We studied, in the first chapter, hydrogen bonding in organic catalysis. Catalysis employing hydrogen bonding for substrate activation has been shown to be an effective and versatile strategy in a wide variety of transformations, analogous to many enzymatic pathways. 210 Recently, hydrogen bonding activation was proved to be a very effective strategy for enhancing the rate and selectivity of ring-opening polymerization which can be divided into three types (Scheme 2-6): 1) Monofunctional catalyst through H-bond acceptor (A) to active the alcohol group (initiator and growing chain); 2) dual activation of both the carbonyl function (monomer) and the chain end (alcohol group) through H-bond donor and acceptor of a unique bifunctional catalyst (D-A); 3) a catalytic system composed of two species (D+A)[END_REF] Calculated from the molecular weight of Lactide * [equiv of Lactide] * conversion/ [equiv of BnOH] 3 Observed by GPC in THF using polystyrene standards with a correction factor of 0.58.

The GPC spectrum of the PLA prepared via ROP of rac-lactide by the catalyst 441

shows a monomodal and well defined polymer, exhibiting narrow polydispersity (Figure 2-12), which further confirms the controlled character of the ROP. The MALDI-TOF spectrum of the PLA samples agrees with a linear PLA bearing an OBn group at the end and some transesterification reactions during the ROP process (Figure 2-15). Indeed, it can be noticed that the difference between two of the major peaks on the spectrum is 143.95 (the mass of a lactide unit) while the difference between a major peak and the adjacent minor peak is of 71.89 (the mass of half a lactide unit), confirming the occurrence of transesterification reaction during the polymerization. These detrimental chain transfer reactions can also help to rationalize the shorter chain length (vs theoretical value). Later, we used several squaramide catalysts bearing 1-phenyl-ethylamine as one of the two amine functional groups and various substituents for the second one, to evaluate their catalytic activity in ROP. With these different Squaramide catalysts, as the acidity of the substituents was increased, the activity in ROP decreased. So for some catalysts we reduced the number of rac-lactide equivalents to obtain high conversion in a reasonable time.

We can clearly see that PLA obtained from different Squaramide catalysts all keeps a narrow PDI ranging from 1.03 to 1.18. With the same chiral group, catalyst 441 with a 3,5-bis-trifluoromethyl-benzylamino group had a better activity as 91% of 120 equivalent of rac-lactide are converted in 14 h ( be that the structure of squaramide is more rigid than thiourea, the distance between acidic hydrogens being wider and these hydrogens more acidic than those in thiourea. The GPC data also agree with a monomodal and well-defined polymer of narrow polydispersity (Figure 2-22), consistent with a controlled ROP reaction. 

Evaluation of the catalytic effect and conclusion

In order to produce metal-free and well-defined polymers of environmental and medical significance, we proposed a green method based on a hydrogen bond donor in conjunction with a hydrogen bond acceptor to achieve the ring-opening polymerization of cyclic esters. With the same concept, Takemoto's bifunctional chiral organocatalysts composed of thiourea and tertiary amino groups was widely used in ROP of lactide. In our initial experiments, we first synthesized squaramide-based bifunctional catalysts as we anticipated that these catalysts with a more rigid structure, a broader hydrogen distance and increased acidity could be efficient non-covalent organocatalysts in living polymerization.

Unfortunately, squaramide bifunctional catalysts didn't shows good activity in ROP of lactide unlike Takemoto's catalysts. Despite tests in various solvent, we could not overcome the solubility problems of the squaramide catalysts which hindered their ability to promote efficiently the ROP process. With small amounts of alcohol initiator and after enough reaction time, the squaramide bifunctional catalysts with electron-deficient aromatic group revealed an higher activity (83% conversion, 159 h) than the corresponding non-substituted squaramide catalyst (62% conversion, 264 h). However, with the addition of a large equivalent of triethylamine, as an additional independent hydrogen bond acceptor, we observed an increase in activity for the formation of PLA with a narrow polydispersity (84% conversion after 120 h and PDI=1.14).

Due to the apparent inefficiency of the intramolecular tertiary amino groups of the bifunctional squaramide catalysts to act as hydrogen acceptors and activate the nucleophilic initiator and growing chain end we decided to explore a modular co-catalytic system based upon separate functionalities. Thus, we proposed a co-catalytic system composed of only commercial and easily available compounds excluding any supplementary synthetic steps.

Initially, we used squaric acid with hydroxyl proton associated with triethylamine to promote the ROP of rac-lactide. A first example that showed a low activity, with 97% conversion of 40 equivalents of lactide in 264 h, with however a control polymer mass and polydispersity.

Next, in order to improve the catalytic activity, we screened several catalysts in a Lactide/BnOH/Catalyst/Et 3 N=120/2/1/120 system in dichloromethane. These tests showed us than as the acidity of the catalyst increased, the activity in the ROP decreased. Through chain extension experiments we confirmed however that the co-catalytic system of squaramide derivatives with Et 3 N can control the ROP of rac-lactide. The controlled nature of these polymerization were confirmed by 1 HNMR, SEC and MALDI-TOF analysis of the polymers, that consistently showed a controlled mass, a narrow PDI and only small amount of transesterification. Furthermore we also observed that the ROP process could proceed in the presence of air.

With the most active squaramide based catalysts 441, we also started to expand the system to the formation of other biodegradable polymers formed by the ring-opening polymerization of ε-capro-lactone (ε-CL) and trimethylene carbonate (TMC). Hence, we think that the initial selection of squaramide catalyst is not optimal for the ROP process. In the future, we will continue to expand the simple synthesis of squaramide organocatalysts to improve the enantioselectivity of linear or small molecule substrates, we could also change triethylamine for other more efficient tertiary amines such as(-)-sparteine, MTBD, DBU and so on. optical rotations were measured in solution using sodium light (D line, 589 nm) with concentrations in g/100 mL.

Experimental part

Enantiomeric excess (ee) of the corresponding chiral product was determined bychiral HPLC analysis with a Daicel Chiralpak AD column under WATERS 600E SYSTER CONTROLLER automatic machine (0.46 x 25 cm, hexane/2-propanol = 99:1, flow rate 1.0 cm 3 /min, λ= 254 nm).

Reaction under microwave irradiation

The reactions under microwave are performed with a CEM Discover apparatus allowing temperature control of the irradiation power and pressure (up to 20 bar) in pyrex glass tubes with thick wall hermetically capped (aluminum caps with Teflon-coated rubber seal).

Size-exclusion chromatography (SEC) analysis

The number-average, weight-average molar masses (Mn and Mw, respectively 

MALDI-TOF analysis

Mass spectra were acquired on a time-of-light mass spectrometer (MALDI-TOF-TOF-Autoflex II TOF-TOF, Bruker Daltonics, Bremen, Germany) equipped with a nitrogen laser ( λ= 337 nm) at the "Service de Spectrometrie de Masse de l'Institut de Chimie de Strasbourg" (Strasbourg, France) and run in a positive mode. An external multi-point calibration was carried out before each measurement using the singly charged peaks of a standard peptide mixture (0.4μm in water acidified with FlexAnalysis 3.0 software).

Description of synthetic procedures and products

Please contact us for details: francoise.dumas@u-psud.fr 

Abstract:

Organocatalyzed asymmetric synthesis is a growing and rapidly expending reach field in view of green chemistry respectments. For our part we were interested in developing an organocatalysted Michael reaction takening advantage of H-bond catalysis and enamine activation allowing to control quaternary carbon center from unactivated ketone. y. Hence compared with well-known urea and thiourea organocatalysts with hydrogen bonds, we first to proposed bifunctional suqramide organocatalysts through one-pot transformation of unsymmetrical ketones to produce Michael adducts exhibiting a stereocontrolled quaternary cabon center in microwave process. With the deepening of the research, we designed a new co-catalytic system in Michael reaction. Through spliting bifunctional organocatalysts into two commercially available products or simple synthesized bis-squaramide catalysts as two distinct donor or acceptor hydrogen bonding structures, we obtained a excellent yield and enantioselectivities with high regioselectivities. Similarly, the bifunctional squaramide organocatalysts and co-catalytic system were also applicable to ring opening polymerizationto give a polylactides of narrow dispersity and controlled molecular masses.

  : a) un métal acide de Lewis chiral forme une liaison de coordination avec l'atome Y d'un oxygène/azote de C=O/C=N, b) un acide de Brönsted chiral active un électrophile par liaison H favorisant l'attaque nucléophile, c) une petite molécule (organocatalyseur) donneuse de 2 liaisons hydrogène.

Figure 1 .

 1 Figure 1. Modèles d'interactions de catalyseur métallique chiral et de petites molécules donneuses de liaison hydrogène organocatalyseurs (Ln*= ligand chiral, X = contre-ion, R*BH=acide de Brönsted chiral).

Schéma 4 .

 4 Évaluation des organocatalyseurs bifonctionnels de type amine-squaramides pour la réaction de Michael Cependant, il est important de noter que l'organocatalyseur squaramide est facile à récupérer après le processus catalytique par précipitation avec un taux de récupération de 75%. De plus, nous avons obtenu un rendement plus faible lorsque nous avons utilisé d'autres organocatalyseurs de type squaramide avec notre nouveau réacteur micro-ondes. Grâce à l'analyse comparative des expériences effectuées avec les deux instruments de micro-ondes, nous avons considéré que la puissance des micro-ondes en mode température automatique (100 °C par exemple) était proportionnelle au rendement. Pour des raisons de sécurité du nouvel instrument, un ajustement automatique de la puissance d'environ 20 W à 0 W a conduit à de moins bons résultats, même si nous avons utilisé des catalyseurs théoriquement plus actifs tels que 15a-j. Par la suite, nous avons démontré cette hypothèse à travers un grand nombre d'expériences dans lesquelles nous avons fait varier la puissance d'irradiation. Face à ce problème de reproductibilité, nous nous sommes proposé de concevoir un nouveau système organocatalytique plus efficace, en séparant nos organocatalyseurs bifonctionnels en deux produits plus simples (Schéma 5). La partie chirale serait une amine disponible dans le commerce et la partie donneuse de liaisons hydrogène un produit disponible ou de synthèse simple pour catalyser la réaction de Michael asymétrique. Nous espérions ainsi récupérer une partie de la réactivité, que nous pensions gênée par les contraintes stériques imposées par le catalyseur bifonctionnel. Schéma 5.Conception d'un système co-catalytique pour la réaction de Michael L'équipe avait déjà utilisé un grand nombre d'amines chirales pour obtenir des adduits de Michael énantiosélectivement (schéma 6). 11 Ces amines avaient été classées en deux catégories: celles portant un groupe aromatique et celles portant un substituant non aromatique. De manière surprenante, la modification des différents substituants sur le groupe aromatique n'a pas eu d'effet sur l'adduit de Michael 22. De plus, l'énantiosélectivité n'est pas influencée de manière significative en remplaçant le groupe phényle par un groupe naphtalène, ou le groupe méthyle par un groupe isopropyle. Cependant, l'utilisation d'un groupe tert-butyle comme dans le composé 30 en remplacement du groupe méthyle dans l'amine primaire chirale 23, empêche cette réaction de Michael. Ce manque de réactivité a été attribué à l'encombrement stérique généré par le groupe tert-butyle. Les substituants non aromatiques (1-cyclohexyléthylamine 31 et iso-bornylamine 32) conduisent à une mauvaise énantiosélectivité parce que les substrats électrophiles peuvent facilement réagir par les deux faces d'approche Re et Si de l'énamine intermédiaire avec une faible différence d'énergie confirmée par des calculs semi-empiriques par le Dr Tran Huu Dau (△H Re -△H Si = 0,2

  aromatiques comme la 3,4-bis-(4-fluoro-benzylamino)-cyclobut-3-ène-1,2-dione 44 ayant un groupe fluor en position para avec la 3,4-bis-(2-diméthylamino-éthylamino)-cyclobut-3-ène-1,2-dione 46 ayant un groupe ortho NMe 2 donneur d'électrons, la 3,4-bis-(3-méthoxybenzylamino)-cyclobut-3-ène-1,2-dione 45 ayant un groupe méthoxy donneur d'électrons en position méta et la 3,4-bis-(1-naphtalèn-2-yl-éthylamino)-cyclobut-3-ène-1,2-dione 37, nous avons trouvé que les groupes trifluorométhyle de 34 procurent aux SQAMs une activité catalytique supérieure et une meilleure énantiosélectivité dans la réaction de Michael. En outre, le catalyseur squaramide 3,4-bis-(1-(R)-phényléthylamino)-cyclobut-3-ène-1,2-dione 40 ayant un substituant chiral a conduit à un rendement en adduit de 73%. De plus, l'utilisation d'un catalyseur squaramide, la 3-hydroxy-4-(1-(S)-phényléthylamino)-cyclobut-3-ène-1,2-dione 39 portant d'un côté un groupe amide et de l'autre côté un groupe hydroxy conduit à une modeste énantiosélectivité et diminue l'activité catalytique de la 1-(S)phényléthylamine dans le système co-catalytique (rendement de 81%, 50% ee). Ceci montre que l'énantiosélectivité est dépendante des 2 liaisons hydrogène données par les amides du motif squaramide. Ceci pourrait être dû aussi à une situation des groupes chiraux 2dimethylamino éthylamine. Schéma 8. Organocatalyseurs bis-squaramides préparés et utilisés Enfin, nous avons travaillé avec 3 électrophiles différents pour montrer 'efficacité de notre système co-catalytique (

Figure 1 - 1 .

 11 Figure 1-1. Model of chiral metal catalyst and small-molecule hydrogen bond donors organocatalysts (Ln*= chiral ligand, X=counterion, R*BH=chiral Brönsted acid)

Figure 1 - 2 .Scheme 1 - 2 .

 1212 Figure 1-2. Bis-hydrogen-bonding interaction This important discovery has greatly inspired chemists to look for this kind of hydrogen bond donor small organic molecule catalysts like urea and thiourea. Only few years later, Curran's team reported the first use of diarylureas 4 and thioureas 5 to catalyze the allylation of cyclic sulfinyl radicals 6 with allyltributylstanane 7 (Scheme 1-2, a) and the Claisen rearrangement of allyl vinyl ethers 9 (Scheme 1-2, b). 27

Scheme 1- 7 .

 7 Scheme 1-7. The asymmetric transfer hydrogenation promoted by thiourea catalyst

Scheme 1- 8 .

 8 Scheme 1-8. Aryl thiourea-catalyzed Diels-Alder reactions

Figure 1 - 3 .

 13 Figure 1-3. Possible form of the ortho-protons with Lewis bases

99 Scheme 1 - 33 .

 99133 Scheme 1-33. Thiourea-tertiary amine catalyzed Asymmetric Michael and Mannich reaction

  Scheme 1-37. Friedel-Crafts alkylation catalyzed by thiourea catalyst

  Scheme 1-40. Chiral saccharide bifunctional amine-thiourea catalysts catalyzed asymmetric additions Recently, they also applied those strategies to other types or sugar-based organocatalysts for Michael additions.117 

C 2 -

 2 Scheme 1-41. Guanidine-thiourea heterobifunctional organocatalyzed Henry reactions

Figure 1 - 4 .

 14 Figure 1-4. Main differences between thioureas and squaramides as catalysts

  Figure 1-5. 3D-model of chiral cinchona alkaloid-based squaramide

Figure

  Figure 1-6. 3D-model of Takemoto chiral thiourea organocatalyst 70

  Scheme 1-55. Squaramide-catalyzed Michael cyclization reactions

  184 a) Tran Huu Dau, M. E.; Riche, C.; Dumas, F.; d'Angelo, J. Tetrahedron: Asymmetry. 1998, 9, 1059-1064. b) Camara, C.; Joseph, D.; Dumas, F.; d'Angelo, J.; Chiaroni, A. Tetrahedron Lett. 2002, 43, 1445 -1448. 

  the reaction. Luckily, we only obtained 93% of the trans racemic product 399a. Hence, we pleasantly demonstrated that the step B was controlled by both reaction time and protic solvent effects. As shown in step C (Scheme 1-61), the natural L-(+)-tartaric acid is used to generate the optical pure S,S-(-)-1,2-diphenyl-ethane-1,2-diamine and D-(-)-tartaric acid for the R,R-enantiomer.

Figure 1 - 7 .

 17 Figure 1-7. Process of synthesis racemic/meso 1,2-Diphenyl-ethane-1,2-diamine

  189 a) Tran Huu Dau M.-E.; Riche, C.; Dumas, F.; d'Angelo, J. Tetrahedron: Asymmetry. 1998, 9, 1059-1064. b) Chen, L.; Le Bideau, F.; Tran Huu Dau M.-E.; Wei, L.; Dumas, F. in preparation.

Figure 1 - 8 .

 18 Figure 1-8. Stereo-differentiation mechanism of aza-ene Michael reaction

Figure 1 - 9 .

 19 Figure 1-9. Simplified catalytic cycle for Michael Addition

Figure 1 - 10 .

 110 Figure 1-10. Factors determining the regioselectivity

Scheme 1- 68 .

 68 Scheme 1-68. Synthesis of the racemic authentic tertiary samples cis-418a and trans-418band the quaternary Michael adduct 417

  2 and H 2 O by the action of living organisms, usually bacteria. In the past seventy years, the use of biodegradable materials and the production of biopolymer had increased rapidly and are expected to grow exponentially in the near future (Figure2-1).193 a) Jones, P. H.; Prasad, D.; Heskins, M. EnvironmentalScience & Technology. 1974, 8, 919-923. b) Jakubowicz, I. Polymer Degradation and Stability.2003, 80, 39-43. 

Figure 2 - 1 .

 21 Figure 2-1. Actual and projected global biopolymer production capacity

- 3 .

 3 The preparation methods of PLA are mainly using lactic acid as a raw material. Because lactic acid molecules have an asymmetric carbon atom, they exist in two optically active configurations: the L-(+)-lactic acid 456 and D-(-)-Lactic acid 457. Only the L-(+) isomer exist naturally and is easily assimilated by living organisms. Lactic acid (2-hydroxy propionic acid) is a harmless acid composed of carbon, oxygen and hydrogen which can be absorbed, digested and used by most animals. Lactic acid is mainly produced through bacterial fermentation of carbohydrate found in wheat, saccharides rice, milk and other raw materials (Figure 2-2).
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 22 Figure 2-2. Production cycle of bioplastic materials

Figure 2 - 3 .

 23 Figure 2-3. The formation process of PLA

Figure 2 - 4 .

 24 Figure 2-4. Tacticity of PLA

Scheme 2 - 6 .Scheme 2 - 8 .

 2628 Scheme 2-6. General mechanism and the three different approaches for the H-bonding catalysis in the ROP of cyclic monomers

Figure 2 - 5 .

 25 Figure 2-5. SEC traces of isolated PLA prepared via ROP of rac-lactide by catalyst 504. Conditions (table 2-2, entry 5): 40 equiv. of rac-lactide, 2 equiv. of BnOH, 1 equiv. of catalyst 504, room temp in the glove box, 264 h, CH 2 Cl 2 , 62% conversion, Mn(gpc)=2480*0.58=1400, Mn(theo.)=0.62*144*200/10=1800, PDI=1.11.

Figure 2 - 6 .

 26 Figure 2-6. Mn(diamonds) and PDI(squares) versus monomer conversion (%) for polymerization of rac-Lactide with catalyst 504.

Figure 2 -

 2 Figure 2-7. Mn(diamonds) and PDI(squares) versus monomer conversion (%) for polymerization of rac-Lactide with catalyst 505.

Figure 2 -

 2 Figure 2-8. 1 HNMR spectrum of poly(rac-lactide). Conditions (table 2-2, Entry 10): 40 equiv. of rac-lactide, 2 equiv. of BnOH, 1 equiv. of catalyst 505, room temp in the glove box, 159 h, CH 2 Cl 2 , 83% conversion.

Figure 2 - 9 .

 29 Figure 2-9. SEC traces of isolated PLA prepared via ROP of rac-lactide by the squaric acid 438. Conditions (table 2-3, entry 3): 40 equiv. of rac-lactide, 2 equiv. of BnOH, 1 equiv. of catalyst 438, 40 equiv. of Et 3 N, room temp in the glove box, 216 h, CH 2 Cl 2 , 50% conversion, concentration lactide. Mn(gpc)=2442*0.58=1400, Mn(theo.)=0.50*144*200/10=1400, PDI=1.13.

Figure 2 -

 2 Figure 2-10. Mn(diamonds) and PDI(squares) versus % monomer conversion for polymerization of rac-Lactide with Squaric acid 438 and catalyst 403.

Figure 2 -

 2 Figure 2-11. Mn(diamonds) and PDI(squares) versus % monomer conversion for polymerization of rac-Lactide with Squaric acid 438 and catalyst 403.

Figure 2 -

 2 Figure 2-12. SEC traces of isolated PLA prepared via ROP of rac-lactide by the catalyst 441. Conditions (table 2-4, entry 14): 120 equiv. of rac-lactide, 2 equiv. of BnOH, 1 equiv. of catalyst 441, 120 equiv. of Et 3 N, room tempture in the glove box, CH 2 Cl 2 , 91% conversion, 14 h, concentration lactide. Mn(gpc)=12931*0.58=7500, Mn(theory)=0.91*144*120/2=7900.

Figure 2 -

 2 Figure 2-13. 1 HNMR spectrum of poly(rac-lactide). Conditions (table 2-4, entry 14): 120 equiv. of rac-lactide, 2 equiv. of BnOH, 1 equiv. of catalyst 441, 120 equiv. of Et 3 N, room temp, 14 h, CH 2 Cl 2 , 91% conversion.

Figure 2 -

 2 Figure 2-14. Mn(diamonds) and PDI(squares) versus monomer conversion(%) for polymerization of rac-Lactide with catalyst 441.

Figure 2 -

 2 Figure 2-15. MALDI-TOF spectrum of a PLA sample prepared by ROP of rac-lactide initiated by catalyst 441. Conditions (table 4, entry 14): 120 equiv. of rac-lactide, 2 equiv. of BnOH, 1 equiv. of catalyst 441, 120 equiv. of Et 3 N, room temp in the glove box, 14 h, CH 2 Cl 2 , polymer isolated at 91% conversion.

Figure 2 -

 2 Figure 2-19. Mn(diamonds) and PDI(squares) versusmonomer conversion (%) for polymerization of TMC with catalyst 441.

Figure 2 -

 2 Figure 2-20. 1 HNMR spectrum of poly(trimethylene carbonate) (PTMC). Conditions (table7, entry 5): 20 equiv. of TMC, 2 equiv. of BnOH, 1 equiv. of catalyst 441, 20 equiv. of Et 3 N, room temp, 159 h, CH 2 Cl 2 , polymer isolated at 83% conversion.

Figure 2 -

 2 Figure 2-21. MALDI-TOF spectrum of a PTMC sample prepared by ROP of trimethylenecarbonate (TMC) initiated by complex 441. Conditions (table 7, entry 5): 20 equiv. of TMC, 2 equiv. of BnOH, 1 equiv. of catalyst 441, 20 equiv. of Et 3 N, room temp, 159 h, CH 2 Cl 2 , polymer isolated at 83% conversion.

Figure 2 -

 2 Figure 2-22. SEC traces of isolated PTMC prepared via ROP of TMC by the catalyst 40. Conditions (table 7, entry 5): 20 equiv. of trimethylene carbonate (TMC), 2 equiv. of BnOH, 1 equiv. of catalyst 441, 20 equiv. of Et 3 N, room temp in the glove box, CH 2 Cl 2 , 83% conversion, 159 h, Mn(gpc)=1575*0.57=900, Mn(theory)=0.83*102*100/10=900, PDI=1.09.

  available reagents were used without further purification unless otherwise stated. Air sensitive experiments were carried out under N 2 using standard Schlenk techniques or in a nitrogen-filled MBraun Unilab glovebox. Dichloromethane, pentane, THF, toluene and diethyletherwere first dried through a solvent purification system (MBraun SPS) and stored for at least a couple of days over activated 3Å molecular sieves. Organic solutions wre concentrated by rotary evaporation (house vacuum, ca. 40 Torr) at 30 o C, unless otherwise noted. Analytical thin-layer chromatography (TLC) was performed using glass plates pre-coated with silica gel 60 F254 (0.25 mm thickness) impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet light (UV), and /or submersion in aqueous ceric ammonium molybdate solution (CAM), acidic p anisaldehyde solution (PAA), followed by brief (ca. 30s) heating on a stream of hot air (ca. 300 o C). Flash column chromatography was performed as described by Still et al. employing silica gel (60Å pore size, 40-63 mm).IR spectra were recorded as thin films for oils and for solids by the reflexion method on a FT IR spectrometer (Bruker Vector 22).NMR spectra were run at 300 or 400 MHz for 1 H, at 75 or 100 MHz for 13 C and 81 MHz for 31 P in CHCl 3 or in DMSO. Chemical shifts δare expressed in ppm downfield form TMS. Calibration was done using as internal standards the residual CHCl 3 signal(δ= 7.26) or the DMSO signal (δ= 2.50) for HNMR, and the deuterated solvent signal for CNMR (δ= 77.16 or 39.52 246 ). Data are reported as follows: chemical shift (multiplicity [s: singlet, d: doublet, t: triplet, q: quartet, Q: quintuplet, m: multiplet, b: broad), coupling constants (J) in Hertz, integration]. A combination of 2D COSY, HSQC, HMBC and nOe experiments was used to aid assignment and establish thee relative stereochemistry when necessary. Low resolution mass spectra were obtained with an ion trap (ESI source) by the FAB method. High resolution mass spectra were realized either by electronic impact (EI) or by electrospray impact (ESI) and atmospheric pressure chemical ionization (APCI). Melting points were measured on a digital melting point capollary apparatus and were uncorrected. Specific 246 R. Fulmer, G.; J. M. Miller, A.; H. Sherden, N.; E. Gottlib, H.; Nudelman, A.; M. Stoltz, B.; E. Bercaw, J.; I.Goldberg, K. Organometallics, 2010, 29, 2176-2179. 

  ) and molar mass distribution (Mw/Mn) of the polyesters (PLA) and poly(trimethylene carbonate) (PTMC) samples were determined by size exclusion chromatography (SEC) at 30 o C or 40 o C with Shimadzu LC20AD ultra-fast liquid chromatography equipped with a Shimadzu RID10A refractometer detector. Tetrahydrofuran (THF) was used as the eluent and the flow rate was set up at 1.0 mL/min. A Varian PLGel pre-column and a Varian PLGel 5μm were used. Calibrations were performed using polystyrene standards (400-100000 g/mol) and raw values of M n(SEC) were thus obtained.

Titre:

  Nouveaux développements en catalyse asymétrique verte: application à la réaction de Michael et à la polymérisation par ouverture de cycle Mots clés : Michael asymétrique, chimie verte, squaramide organocatalyseurs, thiourée organocatalyseurs, Micro-ondes, anneau polymérisation d'ouverture, lactide Résumé : La liaison hydrogène est l'une des forces d'interaction omniprésente dans la nature autour de nous. C'est une interaction intermoléculaire d'intensité intermédiaire entre un atome d'hydrogène déficient en électrons et une région de forte densité électronique. Au cours des dernières années, les chimistes organiciens ont développé plusieurs petites molécules organiques donneuses de liaison(s) hydrogène. En raison de sa stabilité et de son caractère non-toxique, son utilité en synthèse organique est en accord avec le concept de la chimie verte. Ainsi par rapport aux catalyseurs organiques connus tels que l'urée et la thiourée presentant des liaisons hydrogenes, nous avons étudié les organo-catalyseurs bifonctionnels de squaramide par une transformation utile en un pot de cycloalcanones α-substituées pour produire des adduits de Michael contenant un centre carboné quaternaire dans le processus de micro-ondes. Avec l'approfondissement de la recherche, nous nous sommes proposé de concevoir un nouveau système organocatalytique plus efficace et plus simple, en séparant nos organocatalyseurs bifonctionnels en deux produits plus simples. La partie chirale serait une amine disponible dans le commerce et la partie donneur de liaisons hydrogène est un produit disponible ou de synthèse simple pour catalyser la réaction de Michael asymétrique. Nous avons obtenu un excellent rendement et énantiosélectivité avec une grande régiosélec tivité. De même, les organocatalyseurs bifonctionnel de squaramide et le système cocatalytique étaient également applicables à l'ouverture du cycle de polymerisation afin de donner des polylactides de dispersité étroite et de masses moléculaires contrôlées. Title :New developments in green asymmetric catalysis: Application to Michael reaction and ring opening polymerisation Keywords :Aymmetric Michael reaction, green chemistry, squaramide organocatalysts, thiourea organocatalysts, Microwave, ring opeing polymerisation, lactide

  

  

  

  

  En revanche, les organocatalyseurs SQAMs ont révélé une énantiosélectivité supérieure mais avec un rendement modéré. Nous pourrions attribuer ceci à la plus grande distance entre les hydrogènes dans les amine-squaramides puisque les dérivés de l'urée ont montré une faible activité à la fois pour le rendement et l'énantiosélectité. De même, on constate également que la structure substituée symétrique est plus active que la structure non-

	Schéma 7. Réaction de Michael co-catalytique
	Nous avons commencé par utiliser la 3,4-bis-benzylaminocyclobut-3-ène-1,2-dione symétrique, la benzylamine plus active que l'aniline et des groupes CF 3 en méta peuvent
	34, un sous-produit provenant de la première étape de synthèse des organocatalyseurs également augmenter l'activité.
	bifonctionnels de type squaramides (SQAMs), utilisée en mélange avec la (S)-(-)-1-Ensuite, nous avons conçu et synthétisé une variété d'organocatalyseurs de type bis-
	phényléthylamine 23 pour catalyser la réaction de Michael dans des conditions normales de squaramide dans des conditions optimales (Schéma 8). De toute évidence, les dérivés de

11 

Tran Huu Dau, M.E.; Riche, C.; Dumas, F.; d'Angelo, J. Tetrahedron:

Asymmetry. 1998, 9, 1059-1064. 

kcal/mol. 11 La (S)-(-)-1-phényléthylamine 23 ou son énantiomère, tous deux disponibles à faibles coûts dans le commerce, qui est l'auxiliaire chiral utilisé ci-dessus pourra activer les cétones -fonctionnalisées de façon régiosélective et asymétrique dans la réaction de Michael. Schéma 6. Evaluation d'amines chirales sur l'efficacité de la réaction de Michael Par ailleurs, afin de réaliser l'addition de Michael efficacement en une étape, nous nous sommes proposés d'ajouter différents organocatalyseurs de type bis-squaramide non seulement comme bases de Lewis 12 mais surtout comme donneurs de liaison hydrogène par ses amides primaires pour activer l'électrophile α,β-insaturé, conduisant après réaction à la formation d'un carbone quaternaire stéréocontrôlé. Avec l'utilisation intensive de (thio)urées comme comparaison, nous avons choisi des conditions optimales de réaction (schéma 7). reflux. L'adduit attendu a ainsi été obtenu avec un rendement moyen de 59% et une énantiosélective modeste. Nous avons alors considéré que la raison principale de cet échec pouvait être la faible solubilité du catalyseur squaramide. Lorsque le processus est réalisé sous micro-ondes, une nette amélioration de la réactivité (rendement de 82%) et de la sélectivité (74% ee) est observée. Ensuite, nous avons examiné l'influence du temps de réaction et des substrats avec le catalyseur 34 qui porte des groupes trifluorométhyle qui améliorent le caractère électrophile de l'acrylate de benzyle. Dans ce cas, nous avons obtenu, avec 20% de charge, l'organocatalyseur squaramide et l'amine primaire chirale en quantité stoechiométrique, pendant un temps de réaction plus court (2 heures) sous micro-ondes, le produit attendu avec 98% de rendement et 98% d'ee. Le SQAM 34 peut être facilement récupéré par filtration et réutilisé comme catalyseur au moins une fois (70% de rendement et 78% ee). Par rapport à l'essai à blanc, il y a une augmentation de 40% du rendement avec le catalyseur SQAM. Avec de bonnes conditions de réaction en main, nous nous sommes engagés sur la comparaison de différents organocatalyseurs. Étonnamment, les produits de base disponibles dans le commerce, comme l'acide squarique 36, la thiourée 54 et l'urée 55 comme organocatalyseurs améliorent efficacement le rendement de la réaction de Michael (Rendement: 82%, 76%, 73% et ee : 92%, 37%, 92% respectivement). En comparant différents groupements substituants, les dérivés de thiourée ont montré une excellente activité catalytique toujours avec le plus haut rendement global, jusqu'à 98% avec une proportion mineure de régioisomères que nous avons identifiés par synthèse d'authentique quel que soit le substituant. benzylamines ont montré de meilleures activités catalytiques et de contrôle de la stéréosélectivité que les dérivés d'anilines. En comparant l'effet de substituants des groupes
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Table 1 .

 1 Exploration des substrats de cycle (ROP, pour Ring Opening Polymérisation) du lactide, un ester cyclique bio-sourcé (dimère de l'acide lactique), nécessite toujours des catalyseurs métalliques, qui peuvent être coûteux, toxiques et difficiles à séparer du produit final. La ROP utilisant des organocatalyseurs a donc été développée rapidement au cours des dernières années, car elle produit des polymères sans traces de métaux et par un processus vert.

	l'organocatalyseur squaramide peut être facilement récupéré par filtration et directement
	réutilisé au moins une fois avec seulement une légère perte d'efficacité. Malheureusement, à
	l'exception de l'acrylate de benzyle (tableau 1, entrée 4), nous n'avons pas obtenu de très
	bonnes énantiosélectivités, mais nous avons observé une diminution de la proportion de
	régioisomères. Ces résultats pourraient être expliqués en termes d'encombrement stérique
	avec une diminution de l'ee allant de des groupes la plus encombrés aux groups les moins
	encombrés des oléfines électrophiles : CO 2 Bn (ee = 74-96%) > CO 2 nBu (ee = 69-78%) >
	CO 2 Me (ee = 71-74%) > CN (ee = 59-61%).		
	Entry n	EWG	Conditions	Yield (%) a	18/régio b ee (%) c
	1	0	CO 2 Me μW, 100 o C, 1 h 99	>99:1	74
	2	1	CO 2 Me μW, 100 o C, 1 h 83	>991	71
	3	0	CO 2 Bn μW, 100 o C, 2 h 99	>98:1	74
	4	1	CO 2 Bn μW, 100 o C, 2 h 98	86:14	99
	5 a, d	1	CO 2 Bn μW, 100 o C, 2 h 70	90:10	78
	6	0	CN	μW, 100 o C, 1 h 99	92:8	59
	7	1	CN	μW, 100 o C, 2 h 99	>99:1	61
	8	0	CO 2 nBu μW, 100 o C, 2 h 99	80:10	69
	9	1	CO 2 nBu μW, 100 o C, 2 h 73	86:14	78

). En utilisant nos meilleures conditions de réaction (1 équivalent de cétone: 0,5 équivalent d'électrophile: 0,55 équivalent d'amine chirale et 0,1 équivalent de catalyseur) avec le processus rapide sous micro-ondes, nous avons obtenu les adduits avec jusqu'à 99% de rendement (adduit attendu combiné avec le régioisomère jusqu'à 14%) avec différents réactifs électrophiles. En outre, après le processus de micro-ondes, a Isolated yield.

b 

Determined by 1 H NMR spectroscopic analysis of the reaction mixture. c Enantiomeric excesses for compound 18 determined by chiral HPLC and and regioisomeric ratio by 1 H NMR.

d 

Reused squaramide organocatalyst 34. Partie B Après avoir réussi à développer des organocatalyseurs de type squaramide comme donneurs de liaisons hydrogène dans la réaction de Michael pour accéder à des centres carbonés quaternaires contrôlés, nous avons considéré que ce mécanisme d'activation électrophile par donneurs de liaison hydrogène pouvait être une stratégie efficace dans le domaine de la polymérisation utilisant des monomères électrophiles tels que des lactones ou équivalents. Cette stratégie polyvalente utilisée dans une grande variété de réactions est biomimétique de nombreuses voies enzymatiques. 13 Ces dernières années, le développement de la recherche de matériaux biodégradables et biocompatibles s'est largement développé avec de nombreuses applications dans les domaines biomédicaux. Le poly-L-lactide (PPLA) et le poly-D,L-lactide(PDLLA) (Schéma 9) sont les polymères les plus couramment utilisés, étudiés et appliqués. Le PLLA est un polymère semi-cristallin (37% de cristallinité) avec une configuration régulière, une chaîne de carbones asymétriques et un point de fusion relativement élevé (160 °C). Ce polymère est utilisé pour fabriquer des dispositifs de fixation osseuse internes grâce à sa longue dégradation et absorption dans le temps (d'environ 3 ans). A l'inverse, le PDLLA existe sous un état amorphe avec une configuration irrégulière de sa chaîne de carbones asymétriques; ce polymère possède une demi-vie courte donc il peut être utilisé comme dispositif de libération contrôlée, matériau de support et d'ingénierie tissulaire. Cependant, le procédé de synthèse du PLA qui s'effectue via une polymérisation par 13 Par exemple, voir: a) Northrop, D. B. Acc. Chem. Res. 2001, 34, 790-797. b) Pihko, P. M. Angew. Chem. Int. Ed. 2004, 43, 2062-2064. c) Schreiner, P. R. Chem. Soc. Rev. 2003, 32, 289-296.

ouverture 14 Schéma 9. Réactions activées par un donneur de liaisons hydrogène Dans la première partie (A), nous avons exploité une variété d'organocatalyseurs de type squaramide pour la réaction de Michael asymétrique. Grâce à leur dualité, leur rigidité, leur grand angle de liaison hydrogène et leur acidité, les squaramides montrent une versatilité plus efficace et polyvalente dans une variété de transformations que les catalyseurs analogues à base de thiourée. Dans la partie B, nous nous sommes intéressés à l'utilisation de tels squaramides pour la polymérisation de lactides 15 conduisant à du PLA, un polymère plus compatible avec les systèmes biologiques. Les stratégies d'activation peuvent être divisées en trois types (Schéma 10): (i) activation par un catalyseur monofonctionnel par l'intermédiaire de liaisons H accepteur (D) au groupe alcool (amorçeur et chaîne de croissance); (ii) double 14 Kamber, N. E.; Jeong, W.; Waymouth, R. M.; Pratt, R. C.; Lohmeijer, B. G. G.; Hedrick, J. L. Chem.

  Enantioselective Aza-Henry ReactionIn addition to reactive nitro compounds, thiourea catalyst 69 also efficiently promoted the asymmetric Michael reaction of 1,3-dicarbonyl compounds with nitroolefins 77 53 and azodicarboxylates 80.54 Later, they planned to attach the thiourea to several polymer supports using ester moiety. The PEG-bound thiourea catalyst 83 showed better catalytic activity than those of the carboxypolystyrene HL resin-bound and TentaGel carboxy resin-bound thioureas thiourea 69 (Scheme 1-16, a).56 At the same time, they found that the chiral thiourea organocatalyst 92 can provide sufficient activation of organoboronic acids to facilitate stereocontrol in the Petasis-type transformations of quinolines with enantioselectivities up to 97% (Scheme 1-16, b). stable enolate intermediate 106a with 14.4 kcal/mol energy would be the preferred path for the following steps. Eventually, other Michael reactions were reported such as Michaelacetalization reactions, 61 1,6-Michael reactions, 62 Michael-aldol reactions 63 and different asymmetric Michael reactions.64 

	Wu et al. also reported that 1 mol% thiourea catalyst 69 can catalyze vinylogous aldol-
	cyclization cascade reaction of allyl pyrazoleamides 98 with isatins 97 (Scheme1-17, b). 59 Scheme 1-18. Detailed catalytic cycle of the conjugate addition of substituted
	β-keto-amides to MVK catalyzed by Takemoto's thiourea catalyst

).

49 

Meanwhile they proposed a reaction mechanism: thiourea would activate the unsaturated nitro compounds 67 by double hydrogen bonding, improving electrophilicity of unsaturated nitro compounds while tertiary amine could combine with the active hydrogen from malonic ester to generate enol type nucleophile thus improving its nucleophile capability. Due to the chiral catalyst control of small organic molecule, enol nucleophiles can attack unsaturated double bond through specific direction to generate the asymmetric Michael adduct 70. 50 48 For reviews on thio(ureas) organocatalysts, see: a) Akiyama, T.; Itoh, J.; Fuchibem, K. Adv.

Synth. Catal. 2006, 348, 999-1010. b) 

Taylor, M. S.; Jacobsen, E. N. Angew.

Chem. Int. Ed. 2006, 45, 1520-1543. c) 

Connon, S. J. Chem. Commun. 2008, 2499-2510. d) Connon, S. J. Synlett. 2009, 3, 354-376. d) Serdyuk, O. V.; Heckel, C. M.; Tsogoeva, S. B. Org. Biomol. Chem. 2013, 11, 7051-7071. 49 Okino, T.; Hoashi, Y.; Takemoto, Y. J. Am. Chem. Soc. 2003, 125, 12672-12673. 50 Guang, J.; Zhao, J. C. G. Tetrahedron Lett. 2013, 54, 5703-5706. Scheme 1-12. Enantioselective Michael Reaction of Malonates to Nitroolefins Catalyzed by bifunctional thiourea catalysts Based on the above studies, they carried out a series of studies on asymmetric Michael addition reactions. The bifunctional thiourea catalyst 69 was shown to play a key role in the Michael reaction of malononitrile 72 with α,β-unsaturated imides 71 that bear aryl and alkyl groups as α,β-substituents, and high yields and enantioselectivities were attained (Scheme 1-13). 51 Scheme 1-13. Enantioselective Michael addition to α,β-unsaturated imides Catalyzed by bifunctional thiourea catalysts At the same time, Takemoto et al. reported the first example of enantioselective aza-Henry reaction of various phosphinoylimines 74 with nitroalkanes 75, delivering the βnitroamines 76 with moderate to good enantioselectivities through chiral thiourea catalyst 69 (Scheme 1-14). 52 51 Hoashi, Y.; Okino, T.; Takemoto, Y. Angew. Chem. Int. Ed. 2005, 44, 4032-4035. 52 Okino, T.; Nakamura, S.; Furukawa, T.; Takemoto, Y. Org. Lett. 2004, 6, 625-627. Scheme 1-14. to catalyze the Michael reaction of trans-β-nitrostyrene 84. The reaction proceeded with good enantioselectivity and the immobilized chiral thiourea catalyst was recycled up to three times (Scheme 1-15). 55 Scheme 1-15. Bifunctional thiourea catalysts catalyzed different addition reactions In 2007, Takemoto's group reported the highly enantio-and diastereoselective Mannich reaction of cyclic 1,3-dicarbonyl compounds 87 with imine 88 catalyzed by the 53 Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X.; Takemoto, Y. J. Am. Chem. Soc. 2005, 127,119-125. 54 Xu, X.; Yabuta, T.; Yuan, P.; Takemoto, Y. Synlett. 2006, 1, 137-140. 55 Miyabe, H.; Tuchida, S.; Yamauchi, M.; Takemoto, Y. Synthesis, 2006, 19, 3295-3300. chiral 57 Scheme 1-16. Thiourea catalysts catalyzed Mannich and Petasis reactions In 2008, Takemoto's group succeeded in combining thiourea catalyst 69 and trifluoroethanol (TFE) to catalyze an asymmetric [3+2] cycloaddition of -amino malonate imines 94 with nitroolefins 95 to provide highly functionalized pyrrolidines 96 with high diastereo-and enantioselectivities (up to 98:1:1 dr, 92% ee). 58 As shown in Scheme 1-17a, the hydrogen-bonding association generated through enantioselective Michael addition delivered a zwitterionic intermediate I, which engaged in an intramolecular aza-Henry reaction. Later, 56 Yamaoka, Y.; Miyabe, H.; Yasui, Y.; Takemoto, Y. Synthesis. 2007, 16, 2571-2575. 57 Yamaoka, H.; Miyabe, H.; Takemoto, Y. J. Am. Chem. Soc. 2007, 129, 6686-6687. 58 Xie, J.; Yoshida, K.; Takasu, K.; Takemoto, Y. Tetrahedron Lett. 2008, 49, 6910-6913. 59 Li, T.-Z.; Jiang, Y.; Guan, Y.-Q.; Sha, F.; Wu, X.-Y. Chem. Commun. 2014, 50, 10790-10792.

Scheme 1-17. Takemoto's organocatalyzed cycloaddition reaction With the accumulated detailed knowledge of Takemoto's bifunctional organocatalyst 69 and reaction processes, a large panel of attractive structurally different skeletons was obtained leading to high levels of enantiocontrol and good yields. Recently, with deeper understanding of the reaction mechanism which was rationalized based on combined DFT calculations and kinetic analysis to explain the origin of the enantioselectivity, Michael addition was used to generate cyclopentanones 104 bearing controlled quaternary centers. As shown in Scheme 1-18, -ketoamides 100 exists under three tautomeric forms in equilibrium depending on the substitution of the nitrogen atom. 60 Hence, there are two possible catalytic pathways 101/102 involving the thiourea bifunctional organocatalyst. Transition state 105 has a relatively low energy barrier (ΔG = 1.1 kcal/mol) for the direct NH deprotonation of the amide hydrogen, but the subsequent steps are disfavored processes which require very high energy (> 46 kcal/mol

). Finally, compare to the starting β-ketoamide equilibrium 106b, the 60 Quintard, A.; Cheshmedzhieva, D.; del Mar Sanchez Duque, M.; Gaudel-Siri, A.; Naubron, J.-V.;Génisson, Y.; Plaquevent, J.-C.; Bugaut, X.; Rodriguez, J.; Constantieux, T. Chem. Eur. J. 2015, 21, 778-790. most 61 Hong, B.-C.; Kotame, P.; Lee, G.-H. Org Lett. 2011, 13, 5758-5761. 62 Pei, Q.-L.; Sun, H.-W.; Wu, Z.-J.; Du, X.-L.; Zhang, X.-M.; Yuan, W.-C. J. Org. Chem. 2011, 76, 7849-7859. 63 Zu, L.; Xie, H.; Li, H.; Wang, J.; Jiang, W.; Wang, W. Adv. Synth. Catal. 2007, 349, 1882-1886. 64 Ansari, S.; Raabe, G.; Enders, D. Monatsh. Chem. 2013, 144, 641-646.

  ) Thio(urea) have two co-planar hydrogen bonds which can react with Lewis base to activate the electrophile substrate; d) Other sides of aromatic ring groups of bifunctional Cinchona alkaloid thiourea catalysts need a strong electron-withdrawing effect to facilitate connectivity of thio(urea) hydrogen bonds with the substrate (Scheme 1-20). rates and enantioselectivies. This led to the proposal that the catalyst serves to activate both the nucleophile, by general base catalysis, and the enone by H-bonding (Scheme 1-21).69 As a conclusion to this study, Wynberg predicted: 70 found that the cinchonine-derived catalyst 114 could efficiently promote the addition of malonate ester derivatives to (E)-β-nitrostyrene 127 at -20 °C to furnish adduct 129 in excellent yields and with excellent enantioselectivities (Scheme 1-24, a). In a similar study, simple substances 172 and 173 through one-pot process, they only used 1 mol% of the cinchona alkaloid-derived thiourea 115 to obtain 174 in 90% yield and 99% ee. They proposed that the cinchona alkaloid-derived thiourea catalyst 115 is able to activate both the Michael donor and acceptor through non-covalent hydrogen bonding interactions between the bifunctional amine thiourea unit in 106. This strategy, by mimicking enzyme catalysis, differs from the one used in diarylprolinol TMS ether promoted thio-Michael-aldol dehydration process by employing the formation of a covalent-bonded iminium ion intermediate to foster the reaction.93 Later, Wu et al. also successfully used the same catalyst 115 to catalyze direct aldol reaction between gem-diols 175 and isatins 176. In this case, the amino group of the catalyst takes a proton from the addition product favoring the release of the trifluoroacetate group (Scheme 1-31, b).94 

	nitroalkenes 170, and allows an efficient synthesis of various structurally diverse CF 3 -
	containing oxime ethers with high yields and enantioselectivities (Scheme 1-30). 91
	Connon's group prepared a series of cinchona alkaloid derivatives to catalyze the same
	Scheme 1-22. First report of thiourea-substituted cinchona alkaloid mediated catalysis by reaction and demonstrated, by analogy with Soos's results, 72 that while neither epimerization
	Chen and co-workers of the dihydro analogue of the parent alkaloid at C-9 nor substitution of the C-9 hydroxy
	Soos and co-workers developed the thiourea-substituted quinine/quinidine-derived group with an N-aryl thio(urea) moiety without epimerization improved catalyst activity, a catalyst incorporating both modifications proved both highly efficient and selective (i.e. Scheme 1-30.Asymmetric intermolecular Oxa-Michael addition
	organic alkali to activate the nucleophilic reagent. Otherwise, the C-8 configuration can be readily inverted if required; Scheme 1-20. Thio(urea)-modified cinchona alkaloid catalysts: design elements and different catalyst types In 1977, Wynberg and Hiemstra were first demonstrating that cinchona alkaloids promote the enantioselective addition (6% < ee < 45%) of thiophenols to cyclic enones. 68 They observed that alkaloids that possess a free hydroxy group, such as cinchonidine 112, cinchona alkaloid catalysts 113-118 (Scheme 1-20) for the enantioselective addition of catalyst 117, Scheme 1-20). The high activity of 117 is underlined by the synthesis of the In 2007, Wang's group described other efficient, highly enantioselective and nitromethane to chalcones. 72 These organocatalysts were devised to study both the potential thienylnitroalkane 132 in 92% yields and 94% ee using as little as 0.5 mol% of catalyst 117 diastereoselective organocatalytic tandem Michael-aldol processes for the preparation of for bifunctional catalysis and the optimal relative stereochemistry at C-8 and C-9. Somewhat A short time later, Dixon's group 75 independently reported the design of similar catalyst systems in the asymmetric addition reactions of dimethyl malonate to nitroalkenes. Scheme 1-29. Formal [3+2] cycloaddition via tandem 1,2-addition / asymmetric intramolecular hetero-Michael addition catalyzed by aminothiourea catalysts Cinchona-alkaloid-derived amino-thiourea catalyst 115 can also efficiently catalyze Scheme 1-32. Cinchona alkaloid thiourea catalyzed other types of Michael reactions. Similarly, enantioselective cinchona alkaloid thiourea catalysts 180 can also catalyze under mild reaction conditions (Scheme 1-24, b). Scheme 1-26. Enantioselective Mannich Reaction by thiourea cinchona alkaoid catalyst other asymmetric intermolecular oxa-Michael addition of oximes to β-CF 3 -β-disubstituted other phospha-Michael reactions (Scheme 1-32, a) 95 or vinylogous Michael additions to give

b) Quinuclidine 110 must be close to thio(urea) groups, as a chiral inductor, and must bear an
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Cassani, C.; Martin-Rapun, R.; Arceo, E. Bravo, F.; Melchiorre, P. Nature Protocols 2013, 8, 325-344.
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For a review on Cinchona alkaloids see: Tian, S.-K.; Chen, Y.; Hang, J.; Tang, L.; McDaid, P.; Deng, L. Acc.

Chem. Res. 2004, 37, 621-631. 67 

Hoffmann, H. M. R.; Frackenpohl, J. Eur. J.

Org. Chem. 2004, 21, 4293-4312. 

ccinchonine 110, quinine 111, and quinidine 109, promoted conjugate additions with highest 68 Helder, R.; Arends, R.; Bolt, W.; Heimstra, H.;

Wynberg, H.Tetrahedron Lett. 1977, 25, 2181-2182. 

reaction "The scopes of the utility of hydroxy amines can perhaps be extended by constructing a catalyst containing a stronger base or a better hydrogen-bond donor. Perhaps other Michael reactions can then be performed which are not possible with bases like quinine." Scheme 1-21. Bifunctional alkaloid-mediated organocatalysis by Wynberg In view of the clear precedent set by Wynberg and the ready availability of cinchona alkaloid derivatives, it was somewhat surprising that this field did not undergo immediate rapid growth. In 2005, Chen and co-workers first reported bifunctional thiourea substituted cinchonidine 112 and cinchonine-derived catalysts 113/114, as highly active promoters of the Michael addition of thiophenol to unsaturated imides (they also reported addition of arylthiol to ,-unsaturated carbonyl), with low enantioselectivities (Scheme 1-22). 71 69 McDaid, P.; Chen, Y.; Deng, L. Angew.

Chem. Int. Ed. 2002, 41, 338-340. 70 

Hiemstra, H.; Wynberg, H. J. Am.

Chem. Soc. 1981

, 103, 417-430 71 Li, B.-J.; Jiang, L.; Liu, M.; Chen, Y.-C.; Ding, L.-S.; Wu, Y. Synlett 2005, 4, 603-606.

surprisingly (given how useful the "privileged" 73 core cinchona alkaloid structure and stereochemistry have proven as a basis of ligand/catalyst design in the past) the thiourea derivative of "natural" stereochemistry at C-9 (i.e. 113) exhibited no catalytic activity (quinine itself was also inactive) while its C-9 epimers (114 and 115) were both active and highly selective under identical conditions. The relationship between catalyst activity and the relative orientation of the thiourea and quinuclidine moieties strongly indicated that these systems operate via a bifunctional mechanism. Long reaction times were required to achieve satisfactory yields at ambient temperature, however heating the reactions to 50-75 °C resulted in more acceptable rates with low catalyst loadings (1-2 mol%) without an impractical erosion of either product yield or enantioselectivity (Scheme 1-23). 74

Scheme 1-23. Organocatalysis of the addition nitromethane to chalcone 125 72 Vakulya, B.; Varga, S.; Csampai, A.; Soos, T. Org.

Lett. 2005, 7, 1967-1969

.

73 

Yoon, T. P.; Jacobsen, E. N. Science. 2003, 299, 1691-1693. 74 Connon, S. J. Chem. Commun. 2008, 2499-2510. 75 Ye, J.; Dixon, D. J.; Hynes, P. S. Chem. Commun. 2005, 4481-4483.

Dixon 76 Scheme 1-24.Catalysis of the addition of dimethylmalonate to nitroolefins In 2006, Deng et al. developed the first highly enantioselective Friedel-Crafts reaction of indoles with imines using chiral organic catalysts 115 and 116 (Scheme1-25). With unprecedented scope for both indoles 133 and imines 134 and utilizing practical chiral catalysts, this reaction provides a direct and broadly useful catalytic enantioselective approach toward 3-indolyl methanamines, which should facilitate the asymmetric synthesis of biologically interesting indole compounds. 77 Its unique applicability to alkyl imines, in particular, should open new possibilities in the total synthesis of indole alkaloids and their analogues. 78 76 McCooey, S. H.; Connon, S. Angew. Chem. Int. Ed. 2005, 44, 6367-6370. 77 Wang, Y.-Q.; Song, J.; Hong, R.; Li, H.; Deng, L. J. Am. Chem. Soc. 2006, 128, 8156-8157. 78 Kutney, J. P.; Hibino,T.; Jahngen, E.; Okutani, T.; Ratcliffe, A. H.; Treasurywala, A. M.; Wunderly, S. Helv. Chim. Acta. 1976, 59, 2858-2882. Scheme 1-25. Enantioselective Friedel-Crafts Reactions of Indoles with Alkyl Imines In addition, with the same bifunctional cinchona alkaloid catalysts 114, 115 and 116, Dixon's group 79 first reported an efficient synthesis of 1,3-dicarbonyls 137 to N-Boc and N-Cbz aldimines which gave products 139 containing up to two adjacent stereocenters (Scheme 1-26, a). At the same time, Deng's group 80 also found a highly enantioselective direct asymmetric Mannich reaction of N-Boc aryl and alkyl imines 140 with malonates 141 by cooperative hydrogen-bonding catalysis (Scheme 1-26, b). Later, through a direct asymmetric Mannich reaction Peng et al. 81 also obtained products 146 with vicinal chiral tertiary and brominated quaternary stereogenic centers with excellent diastereo-and enantioselectivity (up to 99:1 dr, 99% ee) (Scheme 1-26, c).

79 Tillman, A. L.; Ye, J.; Dixon, D. J. Chem.

Commun. 2006Commun. , 1191Commun. -1193. 80 . 80 

Song, J.; Wang, Y.; Deng, L. J. Am.

Chem. Soc. 2006, 128, 6048-6049. 81 Li, J.; Du, T.; Zhang, G.; Peng, Y. Chem. Commun. 2013, 49, 1330-1332. 

Schaus 82 group also used the cinchona alkaloid-derived thiourea catalyst 117 to efficiently promote the aza-Henry reaction of nitroalkane 148 with acyl imines 147, affording optically active β-nitroamines 149 in good yields and enantioselectivities (Scheme 1-27).

Scheme 1-27. Asymmetric aza-Henry addition of nitroalkane

In 2006, Wang's group was first to use cinchona thiourea catalyst 117 to promote asymmetric conjugate addition of various nucleophilic enol species 150 to enones 151, providing versatile, highly enantiomerically enriched adducts.

83 

The conjugate adducts contain a variety of functionalities that are extremely useful building blocks in organic synthesis (Scheme 1-28, a).

84 

After two years, they successfully expanded the scope of cinchona alkaloid thiourea 115 organocatalysis to other Michael-Michael cascade reactions starting from 153 and 154 to afford thiochromanes 155 with the highly efficient creation of three new stereogenic centers (Scheme 1-28, b).
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These results suggested that the bifunctional cinchona alkaloid thiourea catalysts can also have synthetic limitations in multicomponent domino or auto-tandem catalysis.
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In the same year, Deng et al. have developed other unprecedented catalytic enantioselective conjugate additions of simple alkyl thiols 156 to α,β-unsaturated N-acylated oxazolidin-2-ones 157, providing a useful catalytic method for the synthesis of optically active chiral sulfur compounds, which are otherwise difficult to prepare by asymmetric catalysis (Scheme 1-28, c). 87 82 Bode, C. M.; Ting, A.; Schaus, S. E.

Tetrahedron. 2006, 62, 11499-11505. 83 

Wang, J.; Li, H.; Zu, L.; Jiang, W.; Xie, H.; Duan, W.; Wang, W. J. Am.

Chem. Soc. 2006, 128, 12652-12653. 84 

Unhale, R. A.; Rana, N. K.; Singh, V. K. Tetrahedron

Lett. 2013Lett. , 54, 1911Lett. -1915. 85 . 85 

Wang, J.; Xie, H.; Li, H.; Zu, L. S.; Wang, W. Angew. Chem. Int. Ed. 2008, 47, 4177-4179. 86 a) Varga, S.; Jakab, G.; Drahos, L.; Holczbauer, T.; Czugler, M.; Soos, T. Org. Lett. 2011, 13, 5416-5419. b) Saha, P.; Biswas, A.; Molleti, N.; Singh, V. K. J. Org. Chem. 2015, 80, 11115-11122. 87 Liu, Y.; Sun, B.; Wang, B.; Wakem, M.; Deng, L. J. Am. Chem. Soc. 2009, 131, 418-419.

procedure B, thiourea 113 first activates 164 via the attack of the tertiary amine of quinuclidine on its electrophilic C atom to give 168b, and subsequent addition of 159 allows formation of product 165 in its S configuration, after hydrogen transfert and ring closure. synthetically useful and medicinally important chiral thiochromanes 174 (Scheme 1-31, a). 92 Scheme 1-31. Asymmetric intermolecular tandem Michael-Aldol addition 91 Liu, L.-F.; Chen, J.-R.; Feng, B.; Hu, X.-Q.; Ye, L.-H.; Lu, .L.-Q.; Xiao, W.-J. Org. Biomol.Chem. 2014, 12, 1057-1060. 92 Zu, L.; Wang, J.; Li, H.; Xie, H.; Jiang, W.; Wang, W. J. Am. Chem. Soc. 2007, 129, 1036-1037. With 93 Lin, N.; Deng, Y.-Q.; Zhang, Z.-W.; Wang, Q.; Lu, G. Tetrahedron: Asymmetry. 2014, 25, 650-657.
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Chem. Int. Ed. 2013, 52, 5566-5570. 95 
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Commun. 2010, 46, 4806-4808. 
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  ).111 

	Cat*/ additive	solvent	temp. yield (255)	dr	ee
	237/nBuCO 2 H (20 mol%)	Neat	0 °C	89%	97:3	97%
	238/PhCO 2 H (10 mol%)	nhexane	r.t.	93%	98:2	98%
	238/PhCO 2 H (10 mol%)	H 2 O	35 °C	86%	>99:1 99%

110 Robak, M. T.; Trincado, M.; Ellman, J. A. J. Am.

Chem. Soc. 2007, 129,15110-15111. 111 Lattanzi, A. Synlett. 2007, 13, 2106-2110. 

Scheme 1-38. Sulfinyl urea and thiourea catalysts

1.1.3.5 Chiral pyrrolidine thio(urea) based organocatalysts

In 2006, Tang 112 and co-workers were first to design and synthesize pyrrolidinethio(urea)-based bifunctional organocatalysts 237 and 238, which have been successfully applied to the asymmetric Michael reaction of cyclohexanone 239 with both aryl-and alkyl nitroolefins. They proposed the pyrrolidine motif as part of a new bifunctional catalyst which can react with carbonyl compounds to form an enamine able to attack the nitroolefin from the re-face and finally afford product 241.

113 

One year later, Xiao's group 114 found a more efficient and environmental friendly procedure for direct Michael addition which can be performed in water, affording the corresponding nitro compounds 241 in 98% yield and 99% enantioselectivity (Scheme 1-39). 112 Cao, C.-L.; Ye, M.-C.; Sun, X.-L.; Tang, Y. Org. Lett. 2006, 8, 2901-2904. 113 a) Cao, Y.-J.; Lu, H.-H.; Lai, Y.-Y.; Lu, L.-Q.; Xiao, W.-J. Synthesis.2006, 3795-3800. b) Ban, S.-R.; Zhu, X.-X.; Zhang, Z.-P.; Xie, H.-Y.; Li, Q.-S. Eur. J. Org.Chem. 2013, 2977-2980. 114 Cao, Y.-J.; Lai, Y.-Y.; Wang, X.; Li, Y.-J.; Xiao, W.-J.Tetrahedron Lett. 2007, 48, 21-24.

Scheme 1-39. Michael addition reactions of cyclohexanone to trans-Nitroolefins catalyzed by pyrrolidine thiourea catalysts

1.1.3.6 Saccharide-Substituted chiral thiourea organocatalysts

Aspiring to imitate enzymatic synergistic cooperation of multicatalytic centers, Ma et

  the C(O)Me group with the phenyl group.129 Proton transfer and elimination then allowed formation of the (S)-enriched aza-MBH product. Later, their group has been engaged in a similar axially chiral binaphthyl scaffold thiourea-phosphine for other asymmetric reactions.

). They envisioned that thiourea moiety could activate nitroalkene by double H-bonding interactions and the nitronate anion of the resulting ion pair should non-covalently interact with the protonated DMAP via two hydrogen bonds. 126 124 Chang, Y.-W.; Yang, J.-J.; Dang, J.-N.; Xue, Y.-X. Synlett. 2007, 2283-2285. 125 Rabalakos, C.; Wulff, W. D. J. Am. Chem. Soc. 2008, 130, 13524-13525. 126 Miyabe, H.; Takemoto, Y. Bull. Chem. Soc. Jpn. 2008, 81, 785-795.

between 130 Scheme 1-45. Thiourea-phosphine organocatalysts catalyzed asymmetric addition reactions 129 Hu, F.-L.; Wei, Y.; Shi, M. Chem. Commun. 2014, 50, 8912-8914. 130 a) Zhang, X.-N.; Shi, M. ACS. Catal. 2013, 3, 507-512. b) Zhang, X. N.; Dong, X.; Wei, Y.; Shi, M. Tetrahedron. 2014, 70, 2838-2846. c) Deng, H.-P.; Shi, M. Eur. J. Org. Chem. 2012, 183-187.

  in asymmetric catalysis.Xie et al. 136 reported the chiral amine-squaramide derivatives 278 as a catalyst in borane reduction of prochiral ketones 280 leading to chiral secondary alcohols 281, obtained with up to 85% yield and 90% enantioselectivity (Scheme 1-46). They alsoreported 137 the first chiral ligand containing amine-squaramide group 277

	used in asymmetric catalysis in 2001 (Scheme 1-47).

Prohens, R.; Portell, A.

; Puigjaner, C.; Tomas, S.; Fujii, K.; Harris, K. D. M.; Alcobé, X.; Font-Bardia, M.;

Barbas, R. Cryst.Growth. Des. 2011, 11, 3725-3730. 134 

Alsman, J.; Parra, A.; Jiang, H.; Jorgensen, K. A. Chem. Eur. J. 2011, 17, 6890-6899. 135 Zhang, J.; Zhou, H.-B.;Lü, S.-M.; Luo, M. -M.; Xie, R-G..;Choi, M. C. K.; Zhou, Z.-Y.; Chan, A. S. C.;Yang, T. K. Tetrahedron:

Asymmetry. 2001, 12, 1907-1912. 

performance Scheme 1-47. Tertiary amine-squaramide catalyzed Michael reaction Later, Rawal and others designed and synthesized the first case of cinchona-derived amine-squaramide organic catalyst 279 and used it for catalyzing asymmetric Michael reaction of 1, 3-dicarbonyl compounds 282 with nitro olefins 283 (Scheme 1-47). 8 They found that catalytic reaction rates and selectivity were superior to the corresponding thiourea catalysts, especially in the model reaction of acetylacetone with nitrostyrene, which gave good yields and enantioselectivities (97% yield, 96% ee) with only 0.1 mol% of catalyst and 20 h reaction time. When they used other weak nucleophilic dicarbonyl compounds such as αsubstituted β-keto esters in the reaction, a slight increase in the amount of catalyst (2 mol%) carried out smoothly the reaction, and achieved very good yields and enantioselectivities (65-98% yield ,77-99% ee).

2 Asymmetric Michael reactions catalyzed by bifunctional cinchona alkaloid-based squaramide organoctalysts

  .132 Therefore, based on the inherent resemblances and differences with their urea/thiourea counterparts, chiral cinchona alkaloid-based ligands are also widely connected with squaramides to generate different bifunctional organocatalysts. The novel squaramide organocatalysts may offer better complementarity or even superiority in respect to reactivity Scheme 1-52, b).155 The experiments also revealed that the pyridyl group of Michael acceptors is crucial to promote direct vinylogous Michael addition reactions with high reactivity and stereoselectivity.293 could assist the substrates in order to orient the attack of the nucleophile from the Re face thus affording the R-configured intermediate. Subsequently, the transition state B evolves following an intramolecular Michael addition through the Si face to form the three contiguous stereocenters in the final product.158 Later, based on salient features of the cinchona-

	and stereo-induction. 140 squaramide catalysts, they expended the process to a wide range of substrates such as
	Inspired by the excellent work of Rawal et al., in 2010, Jorgensen's group also nitroalkenes, tosyl aminomethyl enones and enoates. 159
	reported chiral cinchona thioureas and squaramides as catalysts in a variety of highly
	stereoselective conjugate additions to α,β-unsaturated acyl phosphonates 287, using different
	carbon-based nucleophiles such as oxazolones, indoles, and 1,3-discarbonyl compounds. 141 It
	was shown that a cinchona-thiourea catalyst can provide products possessing a quaternary
	chiral center in high enantioselectivities only in the case of electron rich enones such as
	indoles and oxazolones. But, using 1,3-dicarbonyl as nucleophilic reagent 288, cinchona-
	squaramide catalysts 285/286 were more efficient to afford product in 45-73% yield and
	Scheme 1-51. Bifunctional cinchona squaramide catalysts catalyzed asymmetric aldol excellent enantioselectivities (91-95% ee). equilibrium between the bifunctional squaramide catalyst and the enol form could be cascade reactions
	enantioselective aza-Michael-Michael addition reaction to give highly functionalized employed to bring about the activation of anenolizable anhydride as a nucleophile, while In 2013, Wang et al. 154 also succeeded using cinchona-derived squaramides 293 to tetrahydroquinoline fused spirooxindole derivatives 325 with three contiguous stereocenters simultaneously activating the aldehyde through hydrogen bond donation/general acid catalysis (Scheme 1-51, a). Later, Du 152 and Chen's 153 group respectively reported an effective catalyze direct asymmetric vinylogous 1,6-Michael additions to furnish the corresponding (Scheme 1-53). For the proposed transition state model, we can see the multiple hydrogen Scheme 1-53. Scope of the asymmetric cascade aza-Michael additions
	Recently, chiral squaramides have been reported as a novel type of good hydrogen-tri-and tetra-substituted stereogenic centers, which were readily obtained in good yields with bonding donors in organocatalysis and successfully applied in various asymmetric adducts in high yields, diastereo-and enantioselectivities (Scheme 1-52, a) (up to >25:1 dr bonding of squaramide moiety which could activate and orientate the 3-yilidenoxindole 324 In 2014, relying on aminocatalysis and hydrogen bonding catalysis of asymmetric asymmetric aldol cascade reaction that has been developed for stereoselective construction of and 96% ee). Recently, based on this catalytic system, Yuan's group developed a highly substrate. And other substrate of 2-tosylaminochalcone 323 is deprotonated by the basic cinchona-squaramides organocatalytic Michael-Michael cascade reactions, Wang et al. have chiral spirocyclic derivatives by using readily available bifunctional cinchona squaramide catalysts. efficient protocol for γ,γ-disubstituted butenolide 320 derivatives in bearing two consecutive nitrogen atom of the quinine moiety. So the chiral bifunctional cinchona-squaramide catalyst developed a highly efficient and straightforward process for the enantioselective construction

138 Garau, C.; Quinonero, D.; Frontera, A.; Costa, A.; Ballester, P.; Deya, P. M. Chem. Phys.

Lett. 2003, 370, 7- 13

.

139 

Ni, X.; Li, X.; Wang, Z.; Cheng, J.-P. Org.

Lett. 2014, 16, 1786-1789. 

reactions

142 

As presented in Scheme 1-48, the acryl phosphonate is hydrogen bonded to the squaramide motif, and in order to facilitate the deprotonation of 1,3-dicarbonyl compounds and nucleophilic attack, the alkene side chain should move to the steric less-demanding area away from the C-9 center of the catalyst. The subsequent conjugate addition through Si-face attack of the C=C bond is beneficial to aminesquaramide to form a double hydrogen bond.

143 

Later,

Dai et al. 144 

have also demonstrated that chiral cinchona-squaramide catalysts (285/286) can promote the sulfa-Michael conjugate addition under mild reaction conditions with good yields (up to 92%) and high enantioselectivities (up to 99% ee). Scheme 1-48. Squaramide-catalyzed conjugate addition of cyclic 1,3-dicarbonyl compound 288 In the same year, Du's group also developed a new series of chiral squaramide cinchona alkaloid-based organocatalysts 293/294 in the enantioselective Michael addition of nitroalkanes 291 to chalcones 290/292 (Scheme 1-49, a). 145 Wonderfully, they found that the higher enantioselectivity (93% ee) and yield (92% yield) of both the R and S enantiomers were observed at higher temperature (80 o C). One year later, they successfully applied the C 2symmetric quinine/hydroquinine -derived squaramides 297 in direct Michael addition of nitroalkanes 295 to nitroalkenes 296 with good results (Scheme 1-49, b). 146 145 Yang, W.; Du, D. M. Org. Lett. 2010, 12, 5450-5453. 146 Yang, W.; Du, D. M. Chem. Commun. 2011, 47, 12706-12708. Schene 1-49. Squaramide-catalyzed conjugate additions In 2011, Zhou et al. were first to prepare a new C 3 -symmetrical bifunctional cinchonine-squaramide organocatalyst 301 to promote the asymmetric Michael addition with excellent enantioselectivities and diastereoselectivities, the catalyst being easily reused for up to six times without distinct decrease in its efficiency (Scheme 50, a). 147 It showed us that C 3symmetrical ligands can reduce the number of possible diastereomers in catalytic intermediates, and create a more sterically encumbered chiral space as well, which might reduce disadvantages such as rotation and flexibility in enantiofacial control. 148 Later, through enantioselective Friedel-Crafts reactions 149 and asymmetric Michael additions of nitroalkenes 303 to ketosulfones 304 (Scheme 50, b), 150 C 3 -symmetric cinchonine-squaramide catalysts demonstrated good recovery and reused properties based on their poor solubilities. 147 Min, C.; Han, X.; Liao, Z.; Wu, X.; Zhou, H. -B.; Dong, C. Adv. Synth.Catal. 2011, 353, 2715-2720. 148 Han, X.; Dong, C.; Zhou, H. -B. Adv. Synth.Catal. 2014, 356, 1275-1280. 149 Han, X.; Liu, B.; Zhou, H. -B.; Dong, C. Tetrahedron: Asymmetry. 2012, 23, 1332-1337. 150 Han, X.; Wu, X.; Min, C.; Zhou, H. -B.; Dong, C. RSC Adv. 2012, 2, 7501-7505. Scheme 1-50. C 3 -symmetrical tertiary amine-squaramide catalyzed asymmetric reactions In 2012, through an aldol reaction, Connon et al. first demonstrated that homophthalic anhydride 308 could react with benzaldehyde 309 catalyzed by a bifunctional cinchona alkaloid squaramide catalyst 306 to generate a dihydro-isocoumarin structure with the formation of two new stereocenters in 98% yield, 97% ee, and 96:4 dr under convenient conditions. 151 They proposed that, in the absence of a powerful pro-nucleophile, the 151 Cornaggia, C.; Manoni, F.; Torrente, E.; Tallon, S.; Connon, S. J. Org. Lett. 2012,14, 1850-1853. 152 a) Ling, J.-B.; Su, Y.; Zhu, H.-L.; Wang, G.-Y.; Xu, P.-F. Org. Lett. 2012, 14, 1090-1093. b) Zhao, B. L.; Liu, L.; Du, D. M. Eur. J. Org. Chem. 2014, 7850-7858. 153 Amireddy, M.; Chen, K. Tetrahedron 2015, 71, 8003-8008. almost diastereo-and enantiomerical purities (up to 88% yield, >99:1 dr and >99% ee) 154 Zhong, Y.; Ma, S.; Xu, Z.; Chang, M.; Wang, R. RSC Adv. 2014, 4, 49930-49933. (156 Scheme 1-52. Direct vinylogous Michael addition reaction catalyzed by cinchona-squaramide catalysts The same year, Du et al. 157 reported an efficient cinchona-squaramide 293 catalysed 155 Wang, Z.-H.; Wu, Z.-J.; Huang, X.-Q.; Yue, D.-F.; You, Y.; Xu, X.-Y.; Zhang, X.-M.; Yuan, W.-C. Chem. Commun. 2015, 51, 15835-15838. 156 Zhang, J.; Liu, X.; Ma, X.; Wang, R. Chem. Commun. 2013, 49, 9329-9331. 157 Yang, W.; Du, D.-M. Chem. Commun. 2013, 49, 8842-8844. 158 Ghosh, A. K.; Zhou, B. Tetrahedron Lett. 2013, 54, 3500-3502. 159 a) Blümel, M.; Chauhan, R.; Hahn, R.; Raabe, G.; Enders, D. Org. Lett. 2014, 16, 6012-6015. b) Zhao, B.-L.; Lin, Y.; Yan, H.-H.; Du, D.-M. Org. Biomol. Chem. 2015, 13, 11351-11361.

364 1.2.3.2 Bifunctional binaphthyl-modified squaramide organoctalysts

  were employed.172 The bis(trifluoromethyl)phenyl group revealed a good catalytic activity in enantioselective Michael addition with lower catalyst loading and reaction times to give higher yields and excellent enantioselectivities (Scheme 1-60). Later, Tang et al. also Anthrone and its derivatives are important compounds in biochemical and medicinal applications as well as in material science.174 As part of a research program related to the development of synthetic methods for the enantioselective construction of stereogenic carbon centers,Kim et al. were first to describe the direct enantioselective conjugate Michael reaction of anthrone with nitroalkenes catalyzed by binaphthyl-modified squaramide organocatalysts 371 bearing both central and axial chiral elements with good yield (82%) and high enantioselectivities up to 91%.175 Later, based on anthrone derivatives, Dong et al.They proposed the two OH groups of binaphthyl moiety as providing hydrogen bondings to azodicarboxylate 374. And the tertiary amine of cinchonine moiety playing the role of the base to deprotonate -carbon of the carbonyl group, forming the enolate necessary to attack the electrophile, which leads to the formation of the products (Scheme 1-61).

	succeeded using the chiral tertiary squaramide catalyst 364b to catalyze the synthesis of a series of optically active brominated pyrazol-5-ones 366 bearing adjacent quaternary and tertiary stereocenters in high yields (82-99%) and good diastereoselectivities (99:1 dr) with squaramide organocatalysts 370 for the asymmetric Michael addition with formation of high levels of enantioselectivity (92-99% ee). successfully designed a new BINOL-quinine-squaramide 372 and C 2 -symmetric BINOL-quaternary carbon centers. 176
	Scheme 1-61. Asymmetric Michael addition catalyzed by BINOL-squaramide
	organocatalysts

Scheme 1-57. Squaramide-catalyzed Michael addition of diphenyl-phosphite to nitroalkenes Since the pioneering work reported by Rawal, chiral cyclic amine derivativesquaramide organocatalyst 351 have been developed and successfully applied in various asymmetric Michael reactions leading compounds bearing quaternary-tertiary stereocenters (Scheme 1-58). Du 169 and Wang's group 170 succeeded respectively in using a low squaramide catalyst loading (< 2 mol %)under mild reaction a condition affording the different corresponding adducts in high yields, good diastereoselectivities and excellent enantioselectivities. 169 Yang, W.; Wang, J.; Du, D.-M.Tetrahedron: Asymmetry. 2012, 23, 972-980. 170 Li, J.-H.; Du, D.-M.Org. Biomol.Chem. 2013, 11, 6215-6223. Scheme 1-58. Chiral cyclic amine derivatives-squaramide organocatalys catalyzed asymmetric Michael reactions Otherwise, considerable efforts and various approaches have been devoted to asymmetric sulfa-Michael additions by Du's group. 171 Through using small amount of squaramide 351, they provided an easy access to highly functionalized products with quaternary centers (Scheme 1-59). From the possible reaction mechanism for this sulfa-Michael addition, the basic nitrogen atoms of the tertiary amine can efficiently deprotonate thioacetic acid. Due to the steric hindrance generated (see Newman projection) product bearing the (1S, 2R)-configuration is preferentially formed. 171 a) Yang, W.; Du, D.-M. Org. Biomol. Chem. 2012, 10, 6876-6884. b) Yang, W.; Yang, Y.; Du, D.-M. Org. Lett. 2013, 15, 1190-1193.

unit 173 Scheme 1-60. Organocatalytic enantioselective Michael reactions using catalysts 172 Wang, Y.-F.; Wang, K.; Zhang, W.; Zhang, B.-B.; Zhang, C.-X.; Xu, D,-Q. Eur. J. Org. Chem. 2012, 3691-3696. 173 Wang, H.; Wang, Y.; Song, H.; Zhou, Z.; Tang, C. Eur. J. Org. Chem. 2013, 4844-4851. 174 a) Iwaura, R.; Ohnishi-Kameyama, M.; Iizawa, T. Chem. Eur. J. 2009, 15, 3729-3735. b) Zuse, A.; Schmidt, D.; Baasner, S.; Böhm, K. J.; Müller, K.; Gerlach, M.; Günther, E. G.; Unger, E.; Prinz, H. J. Med. Chem. 2007, 50, 6059-6066. addition 177 1.2.

3.3 Other kinds of bifunctional squaramide organocatalysts

  Recently, chiral organocatalysts were shown to be good candidates for immobilization, due to their robustness and their independence of metal cofactors, which suppresses the possibility of their deactivation by metal leaching. Thus, catalyst 381 was used in the Michael addition of diketone 379 onto several nitroolefin 380 to give the corresponding compounds 382 with excellent yields and enantioselectivities (Scheme 1-62 a).178 Catalyst 385 was used with the same success in the Michael addition of 383 onto nitroolefins 384.179 , different squaramide organocatalysts have been supported on a variety of inorganic materials, magnetic nanoparticles and other organic polymers. The activation mode of secondary amine and squaramide catalytic units displays excellent catalytic activity and high enantioselectivity in different asymmetric Michael addition (Scheme 1-63).

	Scheme 1-62. Squaramide organocatalyst catalyzed Michael additions

177 Gao, Y. Z.;

Liu, B.; Zhou, H.-B.; Wang, W.; Dong, C. RSC Adv. 2015, 5, 24392-24398. 178 

Kardos, G.; Soós, T. Eur. J. Org. Chem. 2013, 4490-4494. 179 Kasaplar, P.; Rodriguez-Escrich, C.; Pericas, M. A. Org. Lett. 2013, 15, 3498-3501.

Thus180 Scheme 1-63. Squaramide organocatalyst catalyzed Michael additions An original rotaxane based squaramide organocatalyst was also developed in Michael reaction. 181

Table 1 -

 1 1. Microwave-assisted synthesis of squaramide organocatalyst

	Entry Catalyst Conditions I	Yield (%) Entry Conditions II Yield (%)
	1	404c	r.t, 4 d	25	12	μW, 1.5 h	89
	2	404c	Reflux, 12 h	95	13	μW, 2 h	99
	3	405c	Reflux, 12 h	72	14	μW, 2 h	96
	4	406c	Reflux, 12 h	60	15	μW, 2 h	60
	5	407c	Reflux, 12 h	65	16	μW, 2 h	70
	6	408c	Reflux, 12 h	80	17	μW, 2 h	80
	7	409c	Reflux, 12 h	71	18	μW, 2 h	75
	8	410c	Reflux, 12 h	65	19	μW, 2 h	66
	9	411c	Reflux, 2 d	46	20	μW, 2 h	56
	10	412c	Reflux, 12 h	50	21	μW, 2 h	55
	11	413c	Reflux, 12 h	50	22	μW, 2 h	55
	μW conditions: 100 °C, 150 W, closed system.			

Table 1 - 2 .

 12 Green process for the Michael reaction

	Entry Conditions	Yield (%

) 417/418 c ee (%) d

  

	1 a	Toluene, 90 o C, 48h	92	87:13	98
	2	90 o C, 48h	87	86:14	98
	3	Toluene, μW, 100 o C, 15 min	18	59:41	Nd
	4	μW, 100 o C, 15 min	30	73:27	98
	5	μW, 100 o C, 1 h	25	83:17	96
	6	μW, 100 o C, 2 h	42	84:16	95
	7	μW, 100 o C, 4 h	94	88:12	96
	8	μW, 150 o C, 4 h	41	78:22	70
	9	μW, 100 o C, 12 h	74	55:45	92
	a Experiment was carried out in toluene(1 M) as reported by Carter et al.

b 

Isolated yield.

c 

Determined by 1 H NMR spectroscopic analysis of the reaction mixture.

d 

Enantiomeric excesses for compound 417 determined by chiral HPLC and regioisomeric ratio by 1 H NMR.

Table 1 - 3 .

 13 Evaluation of squaramide organocatalysts for Michael reaction Determined by 1 H NMR spectroscopic analysis of the crude reaction mixture. d Enantiomeric excesses for compound 417 determined by chiral HPLC and regioisomeric ratio by 1 H NMR.

	Entry Catalyst 469/470 Conditions	Yield (%) b 417/418 c ee (%) d
	1 a	404c	0.5:1 Toluene, 90 o C, 48 h	9	57:43	41
	2	404c	0.5:1 DMSO, 90 o C, 48 h	18	78:22	54
	3	404c	0.5:1 90 o C, 48 h	32	75:25	Nd
	4	404c	0.5:1 μW, 100 o C, 12 h	20	64:36	60
	5	404c	1:1	μW, 100 o C, 12 h	20	77:23	74
	6	404c	2:1	μW, 100 o C, 12 h	32	78:22	94
	7	404c	5:1	μW, 100 o C, 12 h	67	76:24	89
	8	404c	10:1 μW, 100 o C, 12 h	41	97:3	82
	9	404c	5:1	Toluene, μW, 100 o C, 12 h	46	60:40	Nd
	10	404c	5:1	DMSO, μW, 100 o C, 12 h	50	54:46	3
	11	404c	5:1	μW, 150 o C, 12 h	10	68:32	83
	11	404c	5:1	μW, 100 o C, 8 h	33	67:33	82
	12	404c	5:1	μW, 100 o C, 18 h	31	60:40	89
	13 e	404c	5:1	μW, 100 o C, 12 h	50	75:25	77
	14 f	405c	5:1	μW, 100 o C, 12 h	9	80:20	-
	15 f	407c	5:1	μW, 100 o C, 12 h	9	70:30	-
	16 f	408c	5:1	μW, 100 o C, 12 h	34	78:22	-
	17 f	411c	5:1	μW, 100 o C, 12 h	9	80:20	-
	18 f	412c	5:1	μW, 100 o C, 12 h	17	88:12	-
	19 f	404c	5:1	μW, 100 o C, 12 h	15	74:26	-

a Experiment was carried out in toluene (1 M) as reported by Carter et al.

b 

Isolated yield. c e Reused squaramide organocatalyst 404c. f New automatic Microwave reactor with lower power.

Table 1 -

 1 4. Evaluation of bis-squaramide organocatalysts 405b for Michael addition Isolated yield.c Determined by 1 H NMR spectroscopic analysis of the crude reaction mixture. d Enantiomeric excesses for compound 417 determined by chiral HPLC and regioisomeric ratio by 1 H NMR. e Reused squaramide organocatalyst 405b. f L-proloine used as chiral auxiliary. j D--phenylglycine used as chiral auxiliaryOtherwise, catalyst can easily be recovered and reused at least one time leading to 70% yield and 78% ee (table 1-4, entry 14). In comparison with blank test (table 1-4, entry 13),

	Entry 415/416/428/405b Conditions	Yield (%) b 417/418 c ee (%) d
	1 a	0.5:1:0.5:0.1	Toluene, 90 o C, 116 h	25	92:8	91
	2	0.5:1:0.55:0.1	Toluene, 90 o C, 116 h	59	95:5	90
	3	0.5:1:0.55:0.1	μW, 100 o C, 2 h	98	97:3	82
	4	0.5:1:0.55:0.1	μW, 100 o C, 4 h	86	98:2	82
	5	0.5:0.5:0.55:0.1 μW, 100 o C, 2 h	55	82:18	82
	6	1:0.5:0.55:0.1	μW, 100 o C, 2 h	98	86:14	98
	7	1.5:0.5:0.55:0.1 μW, 100 o C, 2 h	86	80:20	93
	8	2.5:0.5:0.55:0.1 μW, 100 o C, 2 h	51	75:25	94
	9	1:0.5:0.55:0.05	μW, 100 o C, 2 h	67	90:10	85
	10	1:0.5:0.1:0.1	μW, 100 o C, 2 h	75	85:15	83
	11	1:0.5:0.2:0.1	μW, 100 o C, 2 h	80	83:17	74
	11	1:0.5:0.3:0.1	μW, 100 o C, 2 h	77	84:16	81
	12	1:0.5:0.2:0.2	μW, 100 o C, 2 h	95	87:13	73
	13	1:0.5:0.55:0	μW, 100 o C, 2 h	61	92:8	90
	14 e	1:0.5:0.55:0.1	μW, 100 o C, 2 h	70	90:10	78
	15 f	1:0.5:0.55:0.1	μW, 100 o C, 2 h	40	20:80	63
	16 j	1:0.5:0.55:0.1	μW, 100 o C, 2 h	55	85:15	11
	W conditions: 150 W, closed system; a Experiment was carried out in toluene (1 M) as reported by
	Carter et al.					

b 

Table 1 -

 1 5. Comparison of the influence of squaramide, urea and thiourea organocatalysts in Michael reaction

	Entry Catalyst	415/416/428/Cat. Yield (%) a 417/418 b ee (%) c
	1	Squaric acid 438 1:0.5:0.55:0.1	82	85:15	92
	2	Thiourea	1:0.5:0.55:0.1	76	90:10	92
	3	Urea	1:0.5:0.55:0.1	73	60:40	32
	4	404b	1:0.5:0.55:0.1	89	84:16	95
	5	446	1:0.5:0.55:0.1	99	80:20	89
	6	449	1:0.5:0.55:0.1	65	90:10	77
	7	444	1:0.5:0.55:0.1	91	87:13	88
	8	448	1:0.5:0.55:0.1	99	92:8	84
	9	451	1:0.5:0.55:0.1	86	77:23	75
	10	447	1:0.5:0.55:0.1	99	90:10	77
	11	450	1:0.5:0.55:0.1	71	81:19	45

Table 1 -

 1 6. Evaluation of squaramide organocatalysts for Michael reaction

	Entry Catalyst	415/416/428/Cat. Yield (%) a 417/418 b ee (%) c
	1	404b	1:0.5:0.55:0.1	89	84:16	95
	2	405b	1:0.5:0.55:0.1	98	86:14	98
	3	407b	1:0.5:0.55:0.1	73	94:6	87
	4	408b	1:0.5:0.55:0.1	75	80:20	80
	5	409b	1:0.5:0.55:0.1	60	89:11	89
	6	410b	1:0.5:0.55:0.1	91	90:10	83
	7	439	1:0.5:0.55:0.1	81	74:26	50
	8	440	1:0.5:0.55:0.1	86	72:28	86
	9	441	1:0.5:0.55:0.1	61	85:15	89
	10	442	1:0.5:0.55:0.1	30	82:18	72
	11	443	1:0.5:0.55:0.1	56	90:10	84
	12	444	1:0.5:0.55:0.1	91	87:13	88
	13	445	1:0.5:0.55:0.1	59	95:5	88
	14	403	1:0.5:0.55:0.1	79	88:12	92

Table 1 -

 1 7. Exploration of electrophile scope in the Michael reaction Isolated yield. b Determined by 1 H NMR spectroscopic analysis of the reaction mixture. c Enantiomeric excesses for compound 417 determined by chiral HPLC and and regioisomeric ratio by 1 H NMR. d Reused squaramide organocatalyst 405b.

	Entry n	EWG	Conditions	Yield (%) a	471/472 b ee (%) c
	1 d	0	CO 2 Me μW, 100 o C, 1 h 99	>99:1	74
	2	1	CO 2 Me μW, 100 o C, 1 h 83	>991	71
	3	0	CO 2 Bn μW, 100 o C, 2 h 99	>98:1	74
	4	1	CO 2 Bn μW, 100 o C, 2 h 98	86:14	99
	5 a	1	CO 2 Bn μW, 100 o C, 2 h 70	90:10	78
	6	0	CN	μW, 100 o C, 1 h 99	92:8	59
	7	1	CN	μW, 100 o C, 2 h 99	>99:1	61
	8	0	CO 2 nBu μW, 100 o C, 2 h 99	80:10	69
	9	1	CO 2 nBu μW, 100 o C, 2 h 73	86:14	78
	W conditions: 150 W, closed system; a		

  resources, such as corn starch (in the United States and Canada), tapioca roots, chips or starch (mostly in Asia), or sugarcane (in the rest of the world). Degradation of PLA can also occur in vivo by hydrolysis of the ester bond and ultimately excreted in the form of CO 2 and H 2 O without effects on the environment. The bio-absorbable and biocompatible properties of PLA will lead to tremendous potential applications in both traditional and non-traditional domains where thermoplastics are employed. It has already been widely applied in drug controlled delivery systems, 194 internal fixation of bone fractures, 195 such as splints and other surgical structures, or tissue engineering 196 and so on.Polylactide 452 (PLA) was the first commercially available polymer made from renewable resources.197 The degradation of PLA mainly occurs through the hydrolysis of the ester bond and the rates of degradation are depending on medium properties such as pH, temperature, solvent and presence of biocatalysts, as well as on chemical compositions.Recently, the thermal degradation process attracted attention because: it can convert waste materials to more valuable fuels, it reduces the waste rate and it can replace fossil fuels as well as chemical reagents. In boiling water or steam conditions, PLA can be hydrolyzed into lactic acid which can be made of graft material or consumer packaging materials. 198 Rafael et al.199 found that under 180-350 °C after 30 minutes, PLA can finally hydrolyzed into L-lactic acid 456. Under certain circumstances it can also be decomposed into CO 2 and H 2 O.

Table 2 -

 2 1. The basic properties of polylactic acid

	Polymer	Tacticity	T g (°C) a	T m (°C) b
	PLA	Atactic	45-55	/
	PLA	Isotactic	55-60	170
	PLA	Syndiotactic	34	152
	PLA	Heterotactic	< 45	/
	PLA	Stereocomplex	65-72	220-230

a Glass transition temperature.

b 

Melting point.

  Synthesic methods for PLA production, adapted from Hartmann 201 201 Hartmann, M. H. "High Molecular Weight Polylactic Acid Polymers", in: Biopolymers form Renewable Resources 1st edition, Kaplan, D. L.Ed., Springer-Verlag Berlin Heidelgerg, Berlin ,1998, p. 367-411. 
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Scheme 2-1.

  203 As shown in Scheme 2-1, first the lactic acids are polymerized into low molecular weight PLA. Then the low molecular weight PLA can be pyrolyzed into cyclic dimer lactide under high temperature and high vacuum. After separation

	ester such as lactide: cationic polymerization, anionic polymerization and insertion
	polymerization (Scheme 2-2). 204
	Scheme 2-2. ROP mechanisms of rac-lactide
	2.1.3 Organic non-metal catalytic Ring-Opening Polymerization
	In today's world, people gradually began to focus on green chemistry and impact on
	the environment. In recent decades, a growing number of products, production processes and
	technologies started to respect some sustainability criteria. Processes that consume a lot of
	energy, non-renewable natural resources or produce environmental pollution such as
	greenhouse gases are considered unsustainable. Following the basis of enzyme catalysis,
	and purification, lactides can undergo ring opening polymerization in the presence of an Nederberg et al. first reported the use of 4-dimethylaminopyridine (DMAP) for ROP of
	initiator to obtain high molecular weight PLA. Currently, high molecular weight polylactide is lactide in 2001. 205 The field of organic catalysis for ROP has grown to the point that it now
	mainly obtained by ROP of lactide. There are three main mechanisms for the ROP of cyclic provides a powerful alternative to the use of more traditional metallo-organic catalysts. This
	polymerization pathway, which differs fundamentally from the one implying metal
	complexes, can be divided into four strategies.

204 a)

Kricheldorf, H. R. Chemospere. 2001, 43, 49-54. b) Sodergard, A.; Stolt, M. Progress Polymer Science. 2002, 27, 1123-1163. c

) Gupta, A. P.; Kumar, V. European Polymer

Journal. 2007, 43, 4053-4074. 205 

Nederberg, F.; Connor, E. F.; Moller, M.; Glauser, T.; Hedrick, J. L. Angew.

Chem. Int. Ed. 2001, 40, 2712. 

2 Result: Application of squaramide organocatalysts in the Ring- Opening-Polymerization 2.2.1 Design and synthesis of different kinds of squaramide catalysts

  

	In recent year, biodegradable materials which can replace the original tissue in the
	body system have been widely applied in biomedical fields. Poly-L-Lactide (PLLA) and Poly-
	D,L-Lactide (PDLLA) are one of the most commonly used. PLLA is a semi-crystalline
	heterotactic polymer and present a high melting point (185 °C) with applications in bone
	internal fixation devices due to its physical properties and its long degradation and absorption
	time of approximately 3 years. Conversely, PDLLA is usually obtained as an atactic
	amorphous polymer with low glass transition temperatures (Tg: 45-55 °C), which can quickly
	be absorbed by degradation for applications such as controlled drug delivery carrier material
	and tissue engineering scaffolds. However, industrial synthesis of these materials requires
	As part of our exploration of squaramide organocatalysts based on hydrogen bonding
	for substrate activation (Scheme 2-21), we were interested in squaramides as a versatile
	hydrogen-bond platform, which could also be tremendously efficient in non-covalent
	organocatalysis in living polymerization. Therefore, we first designed and synthesized some
	squaramide catalysts used for ROP.

238 Coulembier, O.; Sanders, D. P. Nelson, A.; Hollenbeck, A. N.; Horn, H. W.; Rice, J. E.; Fujiwara, M.; Dubois, P.; Hedrick, J. L. Angew.

Chem. Int. Ed. 2009, 48, 5170-5173. 239 

a) Alba, A. Schopp, A.; Delgado, A. P. D. S.; Cherif-Cheikh, R.; Martin-Vaca, B.; Bourissou, D. Journal of Polymer Science: Part A: Polymer chemistry. 2009, 959-965. b) Thomas, C.; Peruch, F.; Bibal, B. All Res. J. Chem. 2012, 3, 7-11. Scheme 2-20. Proposed synergistic catalysis mechanism for ROP of L-Lactide with squaramide catalysts 2.metal catalysts which can be difficult to separate and present possible toxicity. As residual metals could cause problems in the biological cycle, biomedical grade lactide needs to present no traces of it. Hence, the ring-opening polymerization with organocatalysts has developed rapidly in the last few years as it produces metal-free and well-defined polymers of environmental and medical significance. 245 As discussed in Part I, squaramide organocatalysts show a more effective and versatile strategy in a wide variety of transformations than the corresponding thiourea-based catalysts. 245 a) Kamber, N. E. Jeong, W.; Waymouth, R. M.; Pratt, R. C.; Lohmeijer, B. G.; Hedrick, J. L. Chem. Rev.2007, 107, 5813-5840. b) Dove, A. P. Macro Lett. 2012, 1, 1409-1412.

Table 2 -

 2 Experimental studies about H-bonded complexes demonstrated that H-bonding catalysts can activate reactants through weak interactions. Squaric acid 438 with hydroxyl proton showed more activity than catalyst 403 (97% conversion to PLA, 264 h, r.t) (table 2-3, entry 5). The chain length does not match the theoretical value, while the polydispersity remaining relatively narrow (PDI <1.2). 3. Commercial available squaric acid catalyzed ROP of rac-lactide

	Scheme 2-22. Proposed mechanism for the H-bonding catalysis in the ROP of cyclic
	monomers
	Initially, we attempted to directly use the commercially available squaric acid and

3,4-diethoxy-cyclobut-3-ene-1,2-dione 403 associated with triethylamine to catalyze the ROP of rac-lactide.

table 2

 2 The best results are obtained when triethylamine is present in the same proportion than rac-lactide with 90% conversion after 16 h, a Mn close to the expected value and an acceptable PDI (1.16) (table 2-4, entry 7).

	-4, entry 5), 1/80/2/120

conversion after 16 h with however a Mn lower than the expected value and a PDI slightly high at 1.22 (table 2-4, entry 8). These tests indicated that the increase of triethylamine load can effectively shorten the reaction time.

Table 2 -

 2 4. ROP of rac-lactide with Catalyst 441

	Entry	Solvent	Cat:Et 3 N:BnOH:Lactide	Time	Conv. 1	Mn(cal) 2	Mn(obs) 3	PDI 3
			(equiv.)	(h)	(%)	(g/mol)	(g/mol)	
	1	CH 2 Cl 2	1:0:2:40	19	0	0	0	0
	2	CH 2 Cl 2	0:20:1:20	19	0	0	0	0
	3	CH 2 Cl 2	1:40:2:40	19	95	2700	2700	1.20
	4	CH 2 Cl 2	0:60:1:60	144	37	3200	2200	1.10
	5	CH 2 Cl 2	1:20:2:120	48	91	7900	6300	1.10
	6	CH 2 Cl 2	1:80:2:120	40	98	8500	7600	1.25
	7	CH 2 Cl 2	1:120:2:120	16	90	7800	7300	1.16
	8	CH 2 Cl 2	1:180:2:120	16	95	8200	7400	1.22
	9	THF	1:20:2:120	20	0	0	0	0
	10	Toluene	1:20:2:120	20	10	0	0	0
	11	CH 2 Cl 2	1:120:2:120	2	24	2100	1900	1.08
	12	CH 2 Cl 2	1:120:2:120	5	65	5600	4600	1.08
	13	CH 2 Cl 2	1:120:2:120	9	79	6800	6500	1.03
	14	CH 2 Cl 2	1:120:2:120	14	91	7900	7500	1.18

  table 2-5, entry 22). Squaramide catalyst 440 showed a slightly less activity with para-methoxy-benzylamino, which needed 28 h to convert 90% of 120 equivalents of rac-lactide (table 2-5, entry 18). Catalysts 407b and 507, which contain multiple chiral centers, were much less active and did not show a better control of the ROP (table 2-5, entry 14 and 27). Moreover, catalyst 407a, containing only H-donnor amino group, is also much less active with 96% conversion of 40 equivalent of rac-lactide in 96 h (table 2-5, entry 6). As we increased the catalyst acidity using ethoxy group instead of hydroxyl with catalyst 439, the ring-opening activity was even lower with only 63% conversion of 40 equivalents of rac-lactide after 240 h (table 2-5, entry 11). Finally we also tried in ROP the thiourea catalyst 393, which has an unprotected activation amino group and two chiral centers. Compared with the same squaramide catalyst, thiourea catalyst is less active with 80% conversion of 40 equivalent of rac-lactide in 264 h (table 2-5, entry 32). The reason may

Table 2 -

 2 5. ROP of rac-lactide promotedby different organocatalysts

		Catalyst Cat:Et 3 N:BnOH:Lactide	Time	Conv 1 .	Mn(cal) 2	Mn(obs) 3	PDI 3
			(equiv.)	(h)	(%)	(gmol -1 )	(gmol -1 )	
	1	407a	1:40:2:40	3	10	300	400	1.06
	2	407a	1:40:2:40	6	25	700	700	1.12
	3	407a	1:40:2:40	18	46	1300	1500	1.11

Les numéros des molécules ne correspondent pas aux numéros dans le manuscrit. Les produits sont numérotés successivement pour faciliter la lecture.
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Work synopsis

-24-Chapter 1: Hydrogen Bonding in the Michael reaction

Abbreviation

Scheme 1-28. Catalytic asymmetric conjugated additions Otherwise, Matsubara et al. 88 reported a novel asymmetric formal [3+2] cycloaddition reaction via intermediates generated in situ from γ-hydroxy-α,β-unsaturated carbonyls 159 with aldehydes or imines 160 in the presence of the cinchona-alkaloid-derived amino-thiourea catalyst 113. As expected, 1,3-oxazolidines were formed as diastereomeric mixtures in 99% yield with modest enantioselectivity (Scheme 1-29, a). Later, when they used isocyanate 164 instead of imines, they found that the two absolute configurations of the enantiomers were controlled by the employed reaction procedure. 89 Through density functional theory computations, it can be clearly seen that cinchona alkaloid thiourea cataylsts have two ways to activate substrates and the detailed mechanism of the [3+2] cycloaddition catalysis was clearly understood. 90 As shown in the Scheme 1-29 b, carbamate 166 is the first species to be formed in procedure A, prior to interaction with thiourea H-bonds and cyclisation. In 88 Fukata, Y.; Asano, K.; Matsubara, S. Chem. Lett. 2013, 42, 355-357. 89 Fukata, Y.; Asano, K.; Matsubara, S. J. Am. Chem. Soc. 2013, 135, 12160-12163. 90 He, Q.; Huang, F.; Sun, C.; Xie, L.; Chen, D.-Z. Computational and Theoretical Chemistry. 2015, 1065, 50-59. Scheme 1-44. Use of DMAP/oxazoline-thiourea catalysts In 2007, Shi et al. were first to report other kinds of chiral thiourea-phosphine organocatalysts 275 they applied to the aza-Morita-Baylis-Hillman reaction of imine 273 under mild reaction conditions with excellent ee and yields. 127 The reaction works well when 5% benzoic acid was added, the phosphine acting with methyl vinyl ketone (MVK) 274 as a nucleophile to initiate the reaction and the thiourea group serving as a hydrogen-bonding donor to stabilize the in situ generated intermediate. 128 Synth.Catal. 2007, 349, 2129-2135. 128 Deng, H.-P.; Wang, D.; Wei, Y.; Shi, M. Beilstein.J. Org. Chem. 2012, 8, 1098-1104. of potentially biological interesting bioxindoles 328 with four contiguous stereogenic centers, of which two are spiro, all-carbon quaternary centers on a single cyclopentane ring. 160 Subsequently, Lin et al. reported an organocatalytic Michael-Michael aldol sequence that generated a series of poly substituted spiro cyclohexane oxindoles bearing six adjacent stereocenters in good yields and stereoselectivities (Scheme 1-54). Examination of the reaction mixture through HPLC/mass analysis returned surprisingly the formation of a significant proportion of other isomers that were determined on the basis of their authentic sample synthesis to be a mixture of the tertiary regioisomers 418. We suggested the latter regioisomers might be generated from the imine-enamine equilibrium between 415 and thiourea catalyst 393, which we would discussed later (page 79).

We next turned our attention to examine the influence of the microwave process under different conditions with known bifunctional thiourea organocatalysts 393, respectively, in the reaction of the unsymmetrical -cycloalkanones 415 and benzyl acrylate 416 in the presence of catalytic amounts of 393. In this case, it was shown that the microwave process was a useful method in Michael reaction which can efficiently reduce reaction times. Compared with Carter's reaction conditions (table 1-3, entry 1), microwave process (table 1-3, entry 7)

only needed 4 hours without solvent to complete with almost the same results. We also studied the influence of microwave reaction times and temperatures: longer reaction times will reduce the yield and QCC adduct, otherwise higher temperature affects the activity of the catalyst reducing both enantioselectivity and yield (table 1-3, entry 8).

Then, we used our new squaramide organocatalysts instead of thiourea catalyst in the Michael reaction (Table 123). Under toluene and DMSO at 90 °C (table 1-3, entry 1, 2) or without solvent (table 1-3, entry 3), using two equivalents of acrylate 416 in the presence of catalyst 404c, only poor yields of desired product were obtained after 48 hours. These results could be attributed to the observed poor solubility of the catalyst and we next tried other conditions using microwave conditions (W, 100 o C) but without noticeable improvement of yields.

Then we modified the ketone/acrylate ratio from 1/1 (entry 5) to 2/1 (entry 6) and 5/1 (entry 7) and 10/1 (entry 8) to obtain, after 12 hours under solvent free conditions, a significant increase in yield (respectively 18%, 58%, 67% and 41%). The best result obtained in term of ee was found for the 2/1 ratio (94%). And under the conditions of 10/1 ratio, the reaction afforded least regioisomer proportion (3 % only). Increasing temperature (entry 11) or adding polar solvent (entry 9 vs 10) led to a decrease of yield and an increase of regioiosmer ratio. Using DMSO provoked an increase in yield but only 3% ee were obtained following the same experimental conditions (entry 1 vs 2).

Scheme 1-71. Preparation of different bis-substituted organocatalysts

A green microwave-assisted version of organocatalytic asymmetric Michael reaction

We first used 3,4-bis-(3,5-bis-trifluoromethyl-benzylamino)-cyclobut-3-ene-1,2-dione 405b wich possesses CF 3 groups to enhanced its acidity and consequently the electrophilicity of benzyl acrylate, mixed with commercially available (S)-(-)-1-phenylethylamine 428 to catalyze Michael reaction of ketone 415 to benzyl acrylate 416 in toluene at 90 °C and thus obtained poor yields and ee (table 1-4, entry 1 and 2). These results are not as good as those reported by Carter using bifunctional thiourea organocatalysts, probably because of the poor solubility of the squaramide. We consequently turned our attention toward microwave processes which deliver high energy on short reaction times (table 1-4, entry 3 to 13) and could help the catalyst 405b disolve in the reaction medium. Then, we examine the influence of the reaction time and substrate ratio. In this case, it was rapidly confirmed that ee can be rised up to 98% with 20% mmol of catalyst, stoichiometric amounts of chiral auxiliaries, shorter reaction times (2 hours), under microwave reaction conditions (table 1-4, entry 6), but the reaction also delivered 10% regioismers not mentioned by Carter and co-workers. The minimum of regioismers (3%) was found with the 415:416 = 0.5:1 ratio (table 1-4, entry 3 and 4). Hence, we demonstrated that the excess of ketone 415 can efficiently improve the yield and enantioselectivity, but the excess ketone could easily react with chiral primary amine 416 to generate a lot of intermediate imines which can result in a spontaneous equilibrium to the tertiary regioisomers. The GPC spectrum of the PLA produced with initiator and racemic squaramide catalyst shows a monomodal and well-defined polymer, exhibiting narrow polydispersity (Figure 2-5), which further confirms the controlled character of the ROP. 3 Observed by GPC in THF using polystyrene standards and a correction factor of 0.58.

All Squaramide catalysts are robust and easily recyclable due to their poor solubility.

They are also not sensitive to water and oxygen, so we proposed to test their activity in ROP of rac-lactide in the presence of air. As shown in Table 2-6, the most active squaramide catalyst 441 was able to promote the ROP of lactide with 32% conversion of 120 equivalent of lactide after 18 h and 92% conversion after 240 h. We can observe however that the chain length are consistent with the expected value at the beginning of the reaction but are considerably lower at the end of the polymerization (table 23456entry 4). This can be explained by the long reaction time that allows considerable introduction in the reaction of water from the air, which can promote chain transfer reaction. The introduction of water molecules at the chains end was detected by MALDI-TOF analysis (Figure 2-16). 3 Observed by GPC in THF using polystyrene standards and a correction factor of 0.58.

Kinetic studies carried out for the squaramide catalyst are all consistent with a ROP proceeding in a controlled manner, with a linear correlation between the PLA Mn (corrected) and monomer conversion during the polymerization reaction under air conditions (Figure 2-16). 6, entry 4): 120 equiv. of rac-lactide, 2 equiv. of BnOH, 1 equiv. of catalyst 441, 120 equiv. of Et 3 N, room temp in the air, CH 2 Cl 2 , 92% conversion, 14 h, Mn(gpc)=7740*0.58=4500, Mn(theory)=0.92*144*600/10=7900, PDI=1.12.

As we succeeded in using a co-catalyst system consisting of a squaramide catalyst and triethylamine to control the ROP of lactide, we wanted to expand the study to ε-capro-lactone (ε-CL) and trimethylene carbonate 509 (TMC) that are other cyclic esters able to form biodegradable polymers through ring-opening polymerization. Unfortunately, the co-catalytic system showed poor catalytic activity that could only polymerize 83% of 20 equivalent of TMC after 159 hours. However, the polydispersity of the polymer are low (1.04-1.12) and the obtained PTMC chain lengths matched the theoretical values. 3 Observed by GPC in THF using polystyrene standards and a correction factor of 0.58.

The controlled character of the ROP is further substantiated by the linear correlation between the Mn (corrected) value of the formed PTMC and monomer conversion during the polymerization reaction (Figure 2-19).